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The last 15 years have witnessed a burgeoning interest 
in the chemistry of glycoconjugates, which result from 
the covalent linkage of a sugar moiety called glycan 
with a protein (glycoprotein) or a lipid (glycolipid). 
Intensive research on the biomedical front is presently 
concerned with the various aspects of glycoconjugates 
such as the bacterial polysaccharides, cell surface 
glycoproteins and glycolipids, and other complex pro- 
teoglycans of immunological significance which are 
involved in a host of biological processes. The oligo- 
saccharide parts of the glycolipids, glycoproteins, and 
bacterial lipopolysaccharides have received much at- 
tention and have acquired an importance as great as 
that of protein and nucleic acids. Their functions are 
less well understood, but it is clear that the oligosac- 
charide moieties of glycoproteins and other glycocon- 
jugates of biological membranes play a key role in cell- 
cell and cell-virus recognition. This may be due to the 
fact that strongly hydrophilic glycan chains will nor- 
mally be located at the outer surface of molecules in 
aqueous environments, which render them available 
for interaction with other molecules. Some important 
biological roles of the oligosaccharide moiety of gly- 
coconjugates to be noted are as follows: (1) The 
differences in oligosaccharide structures are responsible 
for blood group activities and, more generally, are 
involved in ontogenesis and oncogenesis as differen- 
tiation antigens.*12 (2) The nature and extent of 
glycosylation of proteins determines the half-life of their 
survival in the blood streams. (3) The contact between 
the oligosaccharides initiates the invasion of cells by 
viruses and initiates the production of antibodies toward 
the invading virus. (4) The oligosaccharides may be 
involved in enzyme action. 

The structural diversity of the complex carbohydrates 
of glycoconjugates has been much more appreciated 
over the past few years because, due to the vast 
improvements in analytical techniques, hundreds of 
complex carbohydrate structures have been determined. 
Synthetic studies of these complex molecules could not 
only provide chemical evidences for or against the 
proposed stereostructures but also be directed to supply 
enough of such synthetic oligosaccharides for the 
biological studies in medical and biotechnological 
research. 

The aim of this review is to report the progress toward 
the establishment of reliable methods for the prepa- 
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ration of 2-amino-2-deoxyglycopyranosides. This im- 
portance derives mainly from the natural occurrence 
of the numerous glycosides of N-acetylglucosamine 
which are widely distributed in living organisms where 
they constitute building blocks of glycoconjugates such 
as peptidoglycans, mucopolysaccharides (hyaluronic 
acids, keratan sulfates, and inner and outer core regions 
of glycoproteins). They are also encountered in the 
human milk, in blood group substances, in bacterial 
lipopolysaccharide antigens where they constitute part 
of the epitopes, and in plants. A sulfated and acetylated 
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glucosamine oligosaccharide is recognized by root cells 
of leguminous plants and acts as a signal for symbiotic 
host-specificity of rhizobia ba~ te r i a .~  This recent 
example shows that receptors for amino sugars are also 
present on plant cells. 

A great number of reviews or books devoted to the 
oligosaccharide synthesis have appeared in the litera- 
t~re . ' -*~ In these articles, the part concerning the 
synthesis of 2-amino-2-deoxy sugars was most often 
restricted to a few paragraphs due to the enormous 
scope of the subject. Of course, the methods used for 
the glycosylation of the 2-amino-2-deoxy sugars were 
directly derived from that reported for 'usual" carbo- 
hydrates. Nevertheless, some of these glycosylation 
methods were very specifically designed for the field of 
the 2-amino-2-deoxy carbohydrates. These methods 
take into account the differences of valences or nu- 
cleophilicities between oxygen and nitrogen atoms and 
are different from the methods already described in 
thegeneral oligosaccharide synthesis. This is the reason 
why this review article will be focused exclusively on 
all the glycosylation aspects concerning the 2-amino- 
2-deoxy sugars. Other important aspecta concerning 
the protective groups or the stereochemistry of the 
acceptor alcohols, will be mentioned in this article, but 
not treated with any more detail, in order to tightly 
restrict the field of this article to the glycosylation 
processes. 

11. l lm General Reaction Mechanism 

The glycosylation reaction is a very sophisticated 
procedure subject to many controversies and disputes. 
Recently, the use of very precise techniques (e.g. high- 
field 'H and '% NMR, mass spectrometry, or high- 
pressure liquid chromatography) allowed a better 
knowledge of the glycosylation processes, but these 
methods also pointed out the high degree of complexity 
of a very simple reaction, such as the condensation of 
a glycopyranosyl bromide with an alcohol. 

Despite this high complexity, some important fea- 
tures concerning the glycosylation process are now well 



Synmesis ot OQoaacchaMcm ot 2-A*2&xy Sugnra 

Scheme I 

chsmlcal R&w. 1992, Vd. 92. No. 6 1169 

Scheme I1 

INSOLUBLE 
PROMOTER HO "OH +y..x /O 

4 PARTLY r x .  - Y  
SOLUBLE A X 
PROMOTER 

......................... /,&y 

B R l N  ) f n ,  

\ 

Js ~ o w . . . m  .... 

R'oH 

INSOLUBLE 
PROMOTER HO "OH +y..x /O ......................... 
PARTLY r x .  - Y  /,&y 4 Js ~ o w . . . m  .... 

8 R l N  \e. C 0 l l l l ) l l i  A R1N x 

understood and these should be kept in mind in order 
to design a retrwynthetic scheme for the preparation 
of a given oligcaaccharide. These features will be 
exemplified in the field of the 2-amino-2-deoxy car- 
bohydrates. 

The so-called glycosylation procedure is the creation 
of a carbon-oxygen bond via a nucleophilic substitution 
pattern. This substitution involves the anomeric 
position ((2-1) of the carbohydrate containingthe leaving 
group (X, Scheme I), which is often called the glyco- 
sylationdonorA,withone hydroxylgroupofthealcohol 
( R I O H , d e d  theglycosylationacceptor) which is often, 
itself, either a mono or oligosaccharide. The reaction 
usually is realized in the presence of an activator which 
also acta as an acid scavenger and which is called the 
reaction promoter. The role of the promoter is toassist 
the departure of the anomeric leaving group (X) in a 
way which avoids the formation of the oxocarbenium 
ion C resulting, most of the time, in a lack of stereo- 
selectivity and affordingmixturesofa-andj3-glycosides 
(G and F, respectively). Promoters are often used in 
catalytic amounts (e.g. Lewis acids with oxygenated 
leaving groups X) but can also combine with X in 
stoichiometric proportions. 

In order to achieve 1,2-trans-glycosylations, two 
approaches were reported to be of general use. The 
mostwidely used method involvedaglymylation donor 
containing a participating group as the amino protective 
function. The formation of a cyclic intermediate D by 
anchimeric assistance resulted in a shielding of the 'a- 
face" of the donor allowing the reaction of the acceptor 
alcohol on the '&face" only and thus affording the 1,2- 
trans-glycoside F with a high degree of stereoselectiv- 
ity.*' This approach has been used in the Koenigs- 
Knorr reactions, in the so-called 'oxazoline" and 
'phthalimido" procedures and in other miscellaneous 
glycosylation reactions which will be detailed in this 
article. Another method reported for the synthesis of 
1,2-tram-glycosides F involved the use of 1,2-cis-2- 
amino-2-deoxy-a-D-glycopyranosyl halides A (having 
an amino nonparticipating protective group) and an 
insoluble promoter able to shield the "a-face" of the 
donor during the substitution (E) with the acceptor 
alcohol. The above method was used mainly with 
2-azido-2-deoxy donors and insoluble promoters, but 

the reported 1,2-trans stereoselectivities were often 
lower than those observed with the donors containing 
C-2 participating groups. 

Finally, the syntheses of 1,2-cis-glycosides G should 
fit two main requirements Le., a nonparticipating group 
as amino protection and a leaving group which is in a 
1,2-transorientationwithrespectto the C-Ssubstituent 
(B). Due to the higher reactivities and lower stabilities 
of such donors B, the above derivatives were often 
prepared in situ by an exchange of leaving groups from 
the C-1 epimers A. In the cases where the attack of the 
acceptor alcohols (R'OH) on the 'a-face" of the donor 
were faster than the reverse epimerization process 
(leading back to A), good 1,2-cis-glycosylation stereo- 
selectivities were achieved. In the field of the 2-amino- 
2-deoxysugars, this procedure WBS applied with 2-azido- 
2-deoxyglycoppanosyl donors and soluble (or partly 
soluble) promoters. 

I I I .  Schematic Representatlon Used In Thls 
Artlcle 

In order to avoid the multiplication of reaction 
schemes and formulae in this review article, we will use 
a simplified symbolism reported recently." 

Thus formula H (Scheme 11) will represent any fully 
protected carbohydrates having the j3-D-ghco config- 
uration irrespective of the protective groups and/or the 
number of sugar residues glycosylated on this unit. 
Furthermore, formula I will represent any protected 
monosaccharide or oligosaccharide with the a-D-gluco 
configuration containing a free HO-4 group, and a 
2-azido-2-deoxy function regardless of the other sub- 
stituent units and/or protective groups. Formula J, 
will represent any mono- or oligosaccharide fully 
protected or substituted on the 2, 3, and 4 positions 
and having the&~configuration. If necessary, formulae 
such a K and L will represent respectively any 2-ac- 
etamido-2-deoxy fully protected mono or oligoglyco- 
pyranoside of j3-~ anomeric configuration and any 
oligosaccharide in which a 2-azido-2-deoxy-,3-~-galac- 
topyranosyl unit is substituted on HO-3 by any fully 
protected @+mono- or j3-D-oligosaccharide. 

In several instances where the structures and con- 
figurations of the donors and/or acceptors are of crucial 
importance, the official symbolism will be used, but it 
should be understood that they will correspond to 
protected structures. For example a j3-~-Galp-1-.4)- 
D-GlcpNPht donor will represent a fully protected 
(unless otherwise stated) lactosaminyl donor and not 
the free lactosamine disaccharide. 

This simplified symbolism will be, of course, accom- 
panied by complementary explanations in the text or 
on the formulae themselves. In certain unavoidable 
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Scheme I11 
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circumstances, for the sake of clarity, the full structure 
of the glycosyl acceptors or donors will be reported as 
is. 

I V. Koen&s-Knorr Reactions 
The Koenigs-Knorr reaction is one of the oldest 

methods for the preparation of 1,2-truns-glycosides 
involving per-0-acetylated glycopyranosyl halides as 
donors and silver saltszz as promoters. 

In the 2-amino-2-deoxy series the 2-acetamido-3,4,6- 
tri-0-acetyl-2-deoxy-a-~-glycopyranosyl halides la and 
lb (Scheme 111) possess different properties than the 
corresponding 2-0-acetyl derivatives. The glycopyr- 
anosyl bromides la (D-ghC0 and D-gUlUCtO configura- 
tions) are u n ~ t a b l e , ~ ~ - ~ ~  whereas the glycopyranosyl 
chlorides lb are more stable but less reactive.z8 

The glycopyranosyl halides la  and lb were used for 
the glycosylation of simple alcohols (which were used 
in excess) in the presence of mercuric cyanide as the 
promoter.s31 The 1,2-truns-glycosides 2 were obtained 
with a good degree of stereoselectivity in addition to 
the oxazoline side product 3, which reduces the yield 
of the glycosylation reaction. 

In addition to the 2-acetamidoglycopyranosyl donor 
derivatives la and lb, other amides were used with 
participating protecting group at C-2; such as the 
2-ben~amido,2-dichloroacetamido,3~~~~ 2-trifluoroace- 
t a m i d ~ , ~ ~ b ~  and 3-hydroxymyristic acid  amide^.^^^^^ 

In the synthesis of glycopeptides, Koenigs-Knorr 
glycosylation reaction permitted the preparation of the 
p-D-GlcpNAc-(l-+O)-Ser and p-D-GalpNAc-(l+)-Ser 
glycoside derivatives in moderate  yield^.^"^^ 

In the field of oligosaccharide synthesis, this glyco- 
sylation method has been restricted to the primary 
hydroxyl position a t  C-6; for example p-~-GlcpNR- 

GlcpNR-(1+6)-~-GlcpNR (lipid A  derivative^),^^-^^ or 
more complex  oligosaccharide^^^ were synthesized in 
moderate yields. 

Due to the low reactivities of the aforementioned 
glycopyranosyl donors, regioselective reactions have 
been achieved in the Koenigs-Knorr glycosylation of 
acceptors containing HO-4 (or HO-3) and HO-6 free 
d i ~ l s ~ ~ - ~  to afford the respective p-( 1-4)-disaccharides. 

Several improvements of the Koenigs-Knorr method 
for the synthesis of 2-amino-2-deoxyglycosides have 
been introduced to enhance the nucleophilicity of the 
acceptor moiety, as for example: tritylation according 
to the Bredereck’s p r o ~ e d u r e , 4 ~ * ~ ~ $ ~ ~  the use of 1,6- 
anhydro and the use of open-chain 
carbohydrates.61*6z Other improvements were also 
introduced using solid-phase ~ynthesis,6~@~ cadmium 
carbonates5 or tin(I1) trifluoromethanesulfonate66 as 
promoter. 

In conclusion, the Koenigs-Knorr reaction in the 
series of the 2-amino-2-deoxy sugars is limited to the 
formation of simple 1,2-truns-glycosides of reactive 
acceptor alcohols possessing a primary hydroxyl group 

(1-4)-~-Galp,4~* p-~-GalpNR- (1-4)-D-Galp,32p45 p-D- 

A 
1 NHCOR 

OAc 
A 
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A - AC 
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(which are generally used in excess), in the presence of 
mercuric cyanide as the promoter. When this method 
was extended to the glycosylation of secondary alcohol 
position of the various acceptors, the reported yields 
were usually very 

V. Oxazollne Method 

The oxazoline method is an extension of the Koenigs- 
Knorr glycosylation method which was discussed in 
the previous section. The oxazolinium ion 4 (Scheme 
IV) formed by abstraction of the anomeric leaving group 
X from the glycopyranosyl donor 1, can lose a proton 
to afford the oxazoline 3. The latter is quite stable and 
can be used as a glycopyranosyl donor in further 1,2- 
trans-glycosylation reactions. In acidic medium, the 
protonation of the oxazoline 3 reforms the oxazolinium 
ion 4, which either can be reacted with an acceptor 
alcohol to afford the expected 1,2-truns-glycoside 5 
(pathway a) or eliminate the C-2 proton to afford the 
2-acetamido glycal side product 6 (pathway bIes7 

A. Preparatlons of Oxazollnes and Oxazollnlum 
Ions 

2-Methy1(3,4,6-tri-0-acetyl-1,2-dideoxy-a-~-gluco- 
pyrano) [ 2,1-dl-2-oxazoline 3 was prepared by Khorlin 
and Z ~ r a b y a n ~ - ~ l  from 2-acetamido-3,4,6-tri-O-acetyl- 
2-deoxy-a-~-glucopyranosyl chloride (1, X = a-C1, R = 
CH3) in the presence of a silver salt and a base (pyri- 
dine or 2,4,6-trimethylpyridine). Preparations and re- 
activities of hexopyranose oxazolines and oxazolinium 
ions have been reviewed recently.7z Numerous other 
glycosylation systems (leaving groups of donor/pro- 
motadbase) have been described in the literature. These 
systems operate according to the same reaction (Scheme 
IV).73*74 

The oxazolinium ions 4 can be formed directly from 
the glycopyranosyl precursors 1 without isolation of 
the oxazoline donors 3. Thus 1-0-acetylated derivatives 
(1, X = 0-OAc) have been employed with various acids75 
and Lewis acids such as Z n c l ~ , ~ ~  SnCL,77 A1C13,78 TM- 
SOTf,79+80 FeC12,8l and FeC13.8z-85 It is to be noted that 
1,2-truns-glycopyranosyl donor precursors (1, X = P- 
OAc) are better models for the formation of the ox- 
azolinium ions 4 than the corresponding 1,2-cis donors, 
because of the anchimeric assistance of the C-2 par- 
ticipating group.86~87 
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When the corresponding glycopyranosyl halide pre- 
cursors (1, X = a-Br or a-C1) are used for the formation 
of the oxazolinium ions, the 1,Ztrans configuration is 
favored over the 1,2& orientation by addition of tet- 
raalkylammonium  halide^.^.^^ 

More drastic methods for the preparation of oxazo- 
line 3 and oxazolinium ions 4 have been described in 
the literature, but unfortunately these are not applicable 
to oligosaccharide syntheses.*g3 On the other hand, 
recent methods were reported for the preparation of 
the oxazolines 3, which were more compatible with oli- 
gosaccharide syntheses, such as the use of 1-propenyl 
fl-D-glycosides (1, X = OCH=CHCH3) and mercuric 
saltsg4pg5 or the use of anomeric phosphate (1, X = OPO- 
(0H)Z) and triethylamine.% 

The most commonly used oxazolines were the me- 
thyloxazolines 3 (R = CHd, which after glycosylation, 
afforded the 8-D-glycosides 5 possessing the natural 
N-acetyl function. Other alkyl oxazolines have been 
used as glycosylation donors in which R = phen- 

0Me,83797 and R = H.'02J03 Beside fully acetylated 
derivatives, partially 0-benzylated oxazolines have also 
been reported.lo4 

yl,W'3,@497-100 R = CHzC1,83W97J01 R = CHzPh or CHz- 
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B. Giycosylation Reactions Using the Oxazoiine 
Donors 

Most of the glycosylation methods described in the 
literature deal with simple acceptor alcohols and the 
glycosylation yields are often difficult to compare as 
the stoichiometries of reactants used (donodacid cat- 
alyst) are different. Generally in these cases the 
acceptors were used in excess. 

In the original procedure of Zurabyan and K h ~ r l i n , ~ ~ ~ ~  
p-toluenesulfonic acid was used as a catalyst for the 
glycosylation reactions which were performed in re- 
fluxing nitromethane and toluene as solvent. Good gly- 
cosylation yields (40-70 % ) were reported for reactive 
acceptor alcohols (methanol,lo5 allyl alcohol,36 benzyl 
a l ~ o h o l , ~ ~ J ~  p h e n 0 1 , ~ ~ J ~ ~ J ~ ~  2,2-bis(bromomethyl)eth- 
anollOg) and either monosaccharide or disaccharide gly- 
copyranosyl donors.87J1e112 This procedure has been 
exploited for the preparation of a novel series of 6- 
aminohexanol derivatives of D-glUCOSamine in yields 
varying from 47 % to 62 76 .90J11J13-115 

When acceptors containing secondary alcohols were 
used for this glycosylation method, byproducts, such 
as the 2-acetamido-~-glycal 6 (Scheme IV) were ob- 
tained. 

Improvements to this glycosylation method have been 
introduced in order to overcome the harsh conditions 
used in the original procedure. Thus the use of 1,2- 
dichloroethane116 and other chlorinated ~ o l v e n t s ~ ~ J ~ ~ J l 8  
avoided the precipitation of the oxazolinium p-tolue- 
nesulfonate salts and allowed this reaction to be 
performed at  a lower temperature. Also, the use of 
other acid catalysts increased the glycosylation 

A more recent improvement for the formation of 1,2- 
trans-glycosides was introduced by Kiso and Ander- 
S0n83,84 which used the peracetylated P-D-glucosamine 
derivative 7 as the glycopyranosyl donor and stoichi- 
ometric amount of ferric chloride as the promoter. It 
should be mentioned that this glycosylation reaction 
may be performed at 60-80 "C in dichloroethane, and 

yields.9839,119 

R /. 
9 "COR 

10 I '  

R 

OPO(OW, 
11 NHCOR 

R, R3, R4: lipid chains 

the media can be buffered by the addition of the base 
NJV,N',N'-tetramethylurea,lg especially in the case of 
acceptors possessing acid labile protecting groups. In 
the Kiso-Anderson procedure the oxazolinium ions 4 
are formed in situ and the P-glycosides 5 are obtained 
in better yields than with the original procedure of 
Zurabyan and Khorlin.83-85~97J20Jz1 

The method was very recently studied in detail in 
the case of 1,3,4,6-tetra-O-acetyl-2-chloroacetamido- 
2-deoxy-~-~-glucopyranose (7, R = CHzC1) as the donor 
and several monosaccharidic acceptors. The reactions, 
performed in the presence of ferric chloride as the 
promoter, afforded the expected &disaccharides with 
good stereoselectivities except with the allyl 2-aceta- 
mido-3,6-di-O-benzyl-2-deoxy-cu-~-glucopyranoside ac- 
ceptor where the stereoselectivity was lost (a$ = 1:2).lZ2 
It should be noted that a transglycosylation from the 
acceptor-aglycon to the donor was observed in two 
exampleslZ2 which could constitute a limitation to the 
method. 

Finally, it is important to note that the oxazoline 
glycosylation method has been employed successfully 
only in some cases for the field of oligosaccharide 
synthesis. In the case of disaccharidic oxazoline donors, 
the glycosylation yields were affected by their intrinsic 
molecular structures, thus lower yields were obtained 
for the j3-~-GlcpNAc-(l-.4)-~-GlcpN-oxazoline do- 

and higher yield for p-~-GlcpNAc-( 1-3)-~- 
GlcpN-oxazoline donor.lZ4 Selective 0-(1-6) glycosy- 
lation of HO-4, HO-6 free diol containing acceptors 
were successfully achieved by several g r o ~ p s . ~ ~ ~ ~ ~ ~ , ~ ~ ~ l ~ ~ 6  
Some important examples will be discussed in the 
following sections. 

1. Synthesis of Lipid A Analogues 

Due to its biological importance, numerous ap- 
proaches were developed for the synthesis of the lipid 
AlZ7 backbone 11 (Scheme V) which is a constituent 
part of bacterial lipopolysaccharides. 
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The oxazoline glycosylation procedure was extremely 
suitable for such syntheses, which involved the simul- 
taneous creation of a @-(146) linkage and the amide 
function, which resulted from the direct opening of the 
oxazoline ring. Model disaccharides such as @-~-Glcp- 
NAc-(1-+6)-~-GlcpNAc 9 (R = Me, R3 = R4 = Ac) were 
first studied, which did not involve the introduction of 
the fatty acids on the hydroxyl and amine functions 
(Scheme V). Better yields (50-7076 )101J17J23J28 for this 
glycosylation were obtained, when an excess of the ox- 
azoline donor 3 (2-3 equiv with respect to the glycosyl 
acceptor 8) rather than when stoichiometric amounts 
were used (yield 35-40%).129 

For the proper synthesis of lipid A analogues, the 
oxazoline glycosylation method was used to afford the 
respective @-(1-6) glycosidic linkage followed by the 
introduction of the phosphoryl group on C-1 (Scheme 
V). Thus the oxazoline donor 3 (R = lipid chain) was 
used for the glycosylation of the free HO-6 D - G ~ c ~ N R  
acceptor 8 (R = lipid chain) to afford the @-(1+6) dis- 
accharide 9 which was transformed into the phosphate 
disaccharide 11 via the intermediacy of the oxazoline 
disaccharide 10. 

An important feature of the oxazoline glycosylation 
method for the synthesis of the @-(1-6) disaccharide 
9 worth mentioning is that good glycosylation yields 
were reported when glycopyranosyl donors 3 and 
acceptors 8 were used, in which R is a linear lipid 
chain.120J3+132 When R was a branched chain (3-hy- 
droxpyristic acid), @-elimination of the side chain of 
the lipid was observed during the glycosylation 

The difference in reactivity between the HO-4 
secondary and HO-6 primary hydroxyl groups of the 
diol-glycosyl acceptor 8 (R4 = H) was once again 
exploited for the regioselective synthesis of @-( 1-6) 
glycosidic linkages.37J20J31J32 The chemical transfor- 
mation of disaccharide 9 into the disaccharide oxazo- 
line donor 10 was achieved by the methods described 
in section A, and this latter compound 10 was reacted 
with phosphoric acid derivatives to afford the C-1 phos- 
phorylated compound 11 in moderate yields (30430%) 
and with a low stereoselectivity.52J20J34-139 

2. Glycosylations Involving 0-Galactose Acceptors 

a. Creation of @-(1+6)-Linkages. Due to the 
widespread occurrence of @-D-GlcpNAc-(l-6)-~-Galp 
and @-~-GalpNAc-( 1+6)-~-Galp moieties in oligosac- 
charides of biological interest such as the proteogly- 
cans, glycolipids, and blood groups substances,lM the 
synthesis of these epimeric disaccharide units was 
achieved using the so-called oxazoline procedure. The 
syntheses of the aforementioned @-(1-6) disaccharides 
were achieved in good yields (60-80 % ) using an excess 
of the glycopyranosyl donors 3 having either the 
D-g~ucos4~s6~97~104~141-143 or D-gulucto c o n f i g ~ r a t i o n ' ~ ~ J ~ ~  
and the suitably protected ~ - G a l p  acceptors. Similar 
yields were obtained for the syntheses of higher oli- 
gosaccharides containing the same @-(1+6) disaccha- 
ride units under the same conditions (excess of the 
glycopyranosyl donor 3).146-1m 

B41-6) regioselective glycosylation reactions were 
also achieved with glycosyl acceptors containing diols 
located at  either HO-3 and H0-654 or HO-4 and 
H0-6144J51-153 in moderate yields (less than 50%). 

step.36,37,120,133 
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b. Creation of B-( 1-3)- and 8-( l-l)-Linkages. 
In the case of galactosyl acceptors containing either a 
HO-3 or HO-4 free hydroxyl group, moderate yields of 
glycosylation were reported (20-65% ) even when excess 
of the oxazoline donor 3 (2-4 equiv) was used.1'J4J46JM-1m 
These glycosylation yields were not drastically improved 
using Kiso and Anderson's modifi~ation.~-Q7 When the 
galactosyl acceptor containing the vicinal HO-3 and 
HO-4 free diol was condensed with the oxazoline 

a weak regioselectivity was reported for the 
preferred HO-3 equatorial p o s i t i ~ n , ~ ~ l J ~  affording a 
mixture of @-(1+3) and @-(1+4) disaccharides and also 
p41-3) and @-(1+4) branched trisaccharides. 

3. Glycosyhtions Involving 0-Mannose Acceptors 

@-~-GlcpNA~-(l-+n)-~-Manp disaccharide units are 
largely encountered in glycans of glycoproteins and their 
syntheses have been approached by the oxazoline 
procedure. Unfortunately, due to the low nucleophilic- 
ities of the secondary hydroxyl groups of D-mannOSe, 
the glycosylations using either the D-GlcpN-oxazoline 
3 or @-~-Galp-(l-.4)-D-GlcpN-oxazoline (lactosamine) 
d o n ~ r s l ~ l - ~ ~ ~  were restricted only to the HO-6 primary 
hydroxyl group of the mannose acceptor. 

As previously described, regioselective glycosylations 
were also achieved using mannose acceptor containing 
HO-4 and HO-6 free di01.163J65 Here again 6-(1-.6) 
disaccharides were exclusively formed. 

Glycosylation reaction involving a HO-2 hydroxyl 
group of various, open-chain mannose dimethyl acetal 
acceptors with the oxazoline donor 3, afforded mediocre 
yields of the expected 04-2) disaccharide prod- 

Glycosylations of HO-3 hydroxyl group of the man- 
nose acceptor, with the lactosamine-oxazoline donor, 
afforded low yields of the corresponding @-(1-3) oli- 
gosaccharide,168 whereas, by comparison, the glycosy- 
lation using the corresponding HO-3 free galactose 
acceptor afforded 84% yield of the expected @-(1+3) 
oligo~accharide.'~~ 

4. Glycosyhtions with Other Acceptors 

Various syntheses have also been reported in low 
yields (20-43 % ) for the @-~-GlcpNAc-(l-4)-~-Glcp- 
NAc (chitobiose) disaccharide unit starting from the 
oxazoline donor 3 (used in large excess) and properly 
protected HO-4 free D-glucosamine accepto~.11611'J4,16~173 
It should be mentioned that, by comparison, the HO-6 
position Of D-gh" ine  derivatives were glycosylated 
with good yields (82-86%) using the oxazoline ap- 
p r 0 a ~ h . l ~ ~  Higher oligosaccharides of the type D-Manp- 
(1+4)-~-oGlcpNAc-(l~4)-~-oGlcpNAc were also syn- 
thesized starting from the same acceptors and ~ - M a n p -  
(1-.4)-~-GlcpN-oxazoline d o n ~ r s . l ~ ~ - ' ~ '  

In the field of glycopeptides the oxazoline glycosy- 
lation method showed some success with serine and 
threonine a c ~ e p t o r s . ~ ~ J ~ ~ J ~ ~ J ~ ~  

The reaction of oxazoline donors with alditol open- 
chain acceptors afforded modest yields using p-tolu- 
enesulfonic acid as a ~ a t a l y s t . ' ~ ~ J ~ ~ J ~  These glycosy- 
lation yields were increased by using Kiso and 
Anderson's m o d i f i c a t i ~ n ~ ~ ~ J ~ ~  or by using trimethyls- 
ilyl trifluoromethanesulfonate and tetramethylurea as 
acid catalyst.162 

ucts.lg6.167 
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Finally, the oxazoline glycosylation method has also 
been extended to the five-membered ring system in 
which either the glycosyl d0n01S98~99.105.182 or the ac- 
c e p t o r ~ ~ ~ ~ , " ~  were furanoses. 

C. Concluslon 

The oxazoline procedure and its various improve- 
ments allowed the successful synthesis of 1.2-trans- 
glycosides and oligosaccharides. The main advantage 
of this method lies in the obtention of @-glycosides in 
their natural N-acetyl form, which most of the time is 
an extremely useful feature. The main limitation of 
this glycosylation procedure is due to the harsh con- 
ditions (high temperature and acidity) required for this 
condensation, which make it incompatible for the use 
of acceptors of low nucleophilicities needing prolonged 
reaction times. Onedrawbackresultingfrom the above 
conditions is the partial anomerization of @-glycosidic 
bonds; another drawback is the possible migration of 
acid-sensitive protective groups such as acetals. Finally, 
the oxazoline glycosylation method seems to be re- 
stricted to the reactive free hydroxyl positions of the 
acceptors (mainly the primary alcoholic functions HO- 
6 of hexopyranose acceptors). 

Better glycosylation methods (mostly the so-called 
phthalimido procedure) which are extremely more 
successful for the condensations of acceptors of low 
reactivities will he presented in the next section. 

VI. Phthallmldo Glycosylatlon Method 

In 1976 Lemieux et al. introduced the use of 2-deoxy- 
2-phthalimidoglycosyI halides 12 in glycosylation re- 
actions as an important and reliable method for the 
preparation of 2-amino-2-deoxy-@-~-glycopyran~ides.'pl 
In the presence of the soluble silver trifluoromethane- 
sulfonate-collidine complex, 3,4,6-tri-O-acetyl-2-deoxy- 
2-phthalimido-@-o-glucopyranosyl bromide glycosylat- 
ed simple alcohols or 2,2,2-trichloroethanol as well as 
monosaccharidic acceptors in excellent yieldsLm (Scheme 
VI). The reaction can be conducted at  room temper- 
ature or even below 0 "C. 

The success of this method relied on the rapid 
abstraction of the halogen to liberate the strongly de- 
localized intermediate 13, which has a pronounced 
tendency to form the 1,2-trans-glycoside 14. The 
marked obstruction to the formation of 1,2-cis-glyco- 
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sides was attributed to the evident steric hindrance 
arising from the phthalimido group. 

After the glycosylation step, the deprotection of the 
phthalimido function into the free amino group could 
he achieved by subsequent hydrazinolysis using 85% 
hydrazine hydrate in 95% ethanol a t  reflux.Is3 Deph- 
thaloylation could also be performed with butylamine 
in refluxing methanol,l%-l" sodium borohydride,'*'J" 
hydrazine acetate,la9 or hydroxylamineL" to afford the 
free amine. 

The following sections will deal with the phthalim- 
ido method utilizing the various 2-deoxy-2-phthalim- 
ido glycopyranosyl halide donors and different pro- 
moters such as silver triflate, silver zeolite, silver 
salicylate, mercuric cyanide, mercuric cyanidemercuric 
bromide, and silver perchlorate-silver carbonate. 

The final part of this section will deal with the Lewis 
acid catalyzed glycosylation methods, which were 
derived from the original phthalimido procedure, in 
which the halide leaving group of the 2-deoxy-2-ph- 
thalimidoglycosyl donor has been replaced by an im- 
idate, acetate, or a thioether according to Scheme VI 
(X = @-OC(NH)CC13, @-OAc, or 8-SR). 

A. Uses of 2-Deoxy-2-phthallmldo+glycopyran- 
osyl Halldes as Donors 

The usual preparation of 2-deoxy-2-phthalimidogly- 
copyranosyl halide donors involved the reaction of the 
2-amino-2-deoxy sugar precursors with phthaloic an- 
hydride in the presence of a base, followed by peracety- 
lation and treatment with hydrogen halideL91,L92 (closure 
of the phthalimido ring occurs during the acetylation 
step). 

The chemical syntheses and properties of both the 
anomeric forms of 3,4,6-tri-O-acetyl-2-deoxy-2-phthal- 
imido-D-glucopyranosyl halides 12 (X = Br, C1, I) have 
been described by Lemieux et and it was proven 
that the j3-form is the more stable. It was also shown 
that, during glycoside synthesis with the "phthalimido 
method", there waslittleadvantagein usingthe 2-deoxy- 
2-phthalimido-@-glycopyranosyl bromide donor instead 
of an anomeric mixture. Although all the glycosyla- 
tions reported initially utilized the 2-deoxy-2-phthal- 
imido-j3-glycopyranosyl bromide, the @-chloride donor 
was more often used in view of its greater stability. A 
variety of properly protected 2-deoxy-2-phthalimido 
halide donors of D-ghCOSamine and D-galactosamine, 
and a multitude of disaccharides and trisaccharides of 
2-deoxy-2-phthalimido halide donors have been used 
in diverse glycosylation reactions and will be described 
in the following section. 

1. ffilucose and BGlucosamine Acceptors 

Lipid A analogues @-~-GlcpNPht-(l--6)-D-GlcpN- 
Pht were synthesized by reaction of a 2-deoxy-2-ph- 
thalimidoglucopyranosyl donor 12 with either a free 
HO-6 and HO-4 GlcpNPht acceptorLz0 or a 6-0-trityl- 
GlcpNPht acceptorLs3 (15, Scheme VII). 

The first chitobiose synthesis achieved by the ph- 
thalimido method was effected by condensation of sto- 
ichiometric amounts of both the glycosyl acceptor 2,2,2- 
trichloroethyl3,6-di-O-acetyl-2-deoxy-2-phthalimido- 
@-o-glucopyranoside'" (15, Rz = phthaloyl, Scheme VII) 
with the donor 3,4,6-tri-O-acetyl-2-deoxy-2-phthalim- 
idn-@-o-glucopyranosyl bromide 12, in the presence of 
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Scheme VI1 
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silver triflate and collidine, to afford the corresponding 
1,2-trans-chitobiose disaccharide 16 (Rz = phthaloyl) 
in 51% yie1d.l" 

Similar glycosylation of 2,2,2-trichloroethyl 3.6-di- 
0-benzyl-2-deoxy-2-phthalimido-@-o-glucopyran- 
oside (15, Rz = phthaloyl) with the fl-phthalimido 
glycopyranosyl bromide donor 12 in the presence of 
silver triflate and a proton s c a ~ e n g e r ' ~ ~ ' ~ '  afforded the 
chitobiosederivative in61 OE yield. On theother hand, 
when the glycosylation was realized in the presence of 
silver zeolite a9 the promoter, similar 841-4) glyco- 
sylation yields were obtained.Ig8 The reported yields 
ofglycosylations for differently protected phthalimido 
donors and HO-4 free o-glucosamine acceptors in the 
sameconditionsranged from 22% to94% .1Rl.'hs.'R9.'*zm 

A comparison of the glycosylation efficiencies of six 
standard 2-deoxy-2-pht halimidoglucopyranosyl donors 
toward HO-4 free glucosamine acceptors was recently 
published and constitutes a valuahle tool for the 
synthesis of chitobiose derivatives.'"" 

The total synthesis of the fl-~-GlcpNAc-(l-4)-D- 
MurpNAcconstituent repeatingunit of theglycanchain 
of the bacterial cell wall peptidoglycan waseffected by 
reacting the @-phthalimidoglycosyl donor 12 with the 
acceptor benzyl 2-acetamido.6-0. henzyl-2-deoxy-3-0- 
[(R~-l-(methoxycarbonyl~ethyll-a-~-glucopyran- 
oside. This reaction was realized with a 3-fold excess 
of the glycosyl donor. I t  is interesting to mention that 
thisreactiondidnot proceed belowOOCand was totally 
inhibited by the presence of bases.m The same 
disaccharide was also synthesized in 85% yield with a 
1,Ganhydro derivative of o-MurpNAc as donor and 
silver triflate as the promoter.2n5 

Thesynthesesof the trisaccharidesfl-o-Manp-(l-4)- 
fl-o-GlcpNAc-(l-4)-o-GlcpNAc (representingapaid 
structure of the core region of the carbohydrate chain 
of N-glycoproteinP and of @-n-CalpNAc-( 1-4)-@-D- 
C l c p N A c - ( l - 2 ~ - ~ - M a n p ~ " ~ ~ ~ ~  (partial structure of 
lutropin carbohydrate chains) were realized in good 
yields, respectively, by reactionof thefl-pManp-(l-4)- 
B-o-ClcpNPht or o-CalpNPht donors and the appro- 
priate HO-4 free n-glucosamine acceptors. 

This method also allowed the synthesis of 6-0- 
CalpNAc-( l-4)-&O-Gkpm from donors I2 (o-galacto 
series) and the properly protected acceptors. 

2. ~w3lactose and &lactosamine Acceptws 

a. 2-Deoxy-2-phthalimid~~glucopyranosyl Don- 
ors. ~-o-ClcpNAc-(1-3)-rrCalp (locfo-N-biose I1 dis- 
accharide) which occurs as part of the structure of 
human blood groups A, B, H, and Le" substances was 
synthesized by the condensation of the 8-phthalimi- 
doglucosyl bromide 12 with the suitably protected free 
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HO-3 acceptors in good yields21"212 in the presence of 
silver triflate-collidine and molecular sieves. A yield 
of 78% was also reported for the synthesis of the same 
disaccharide using a l,&anhydro a~cep to r .2~~  

The 841-2) disaccharide isomer fl-o-ClcpNPht- 
(l-Z)-o-Galp was obtained under similar condensation 
conditions, using a free HO-2 acceptor in 80% 

The glycosylation of the HO-3 acceptor trideuteri- 
omethyl 2-0-benzoyl-4,6-0-benzylidene-@-~-galact~py- 
ranoside, with the phthalimido-fl-o-glucopyranosyl bro- 
mide 12 in the presence of silver zeolite as the promoter 
gave a higher yield than when effected in the presence 
of silver triflate.214 The glycosylation of the related 
HO-3 acceptors with the phthalimido-fl-glucopyrano- 
syl bromide 12 in the presence of silver zeolite and in 
the absence of a base afforded 80% of an a:@ mixture 
of the corresponding (1-3blinked disaccharide~.~'~ It 
is interesting to notice that addition of soluble bases 
such as collidine or tetramethylurea completely sup- 
pressed the disaccharide formation. The formation of 
the expected @-(1-3)-linked disaccharide @-~-Glcp- 
NPht-(l-3)-@-o-Galp-OCD3 was obtained in 75% 
yield, when silver triflate was used in conjunction with 
a nonnucleophilic base (2,6-di-tert-butyl-4-methylpy- 
ridine).215 Similarly, free HO-3 D-galactose disaccha- 
ridic acceptors were used for the synthesis of a 
trisaccharide [~-D-GlcpNAc-(l-3)-a-D-Galp-(l-4)-L- 
Rhapl related to the lipopolysaccharide of Escheri- 
chia coli 075216 oratrisaccharide [fl-o-GlcpNAc-(1-3)- 
@-D-Galp-(1-4)-D-GlCp]217.2'8 intermediate in the 
synthesis of a sialyllactotetraosylceramide. 

Condensations of the HO-bcontaining acceptors 8- 
(methoxycarbonyl)octyl2-(N-acetylbenzamido)-3,4di- 
O-benzoyl-2-deoxy-a-o-gala~pyranoside and Mmeth- 
oxycarbony1)octyl 2-acetamido-2-deoxy-3,4-0-iso- 
propylidene-a-D-galactopyranoside were effected re- 
spectively with the donors phthalimido-@-D-glucopy- 
ranosyl chloride and phthalimido-@-o-lactosaminyl 
chloride to afford the corresponding 8-(1-6) antigenic 
determinant oligosaccharides containing the @-~-Clcp- 
NAc-(l+)-a-D-GalpNAc unit.219 

A series of core chain trisaccharides were synthesized 
by condensation of the peracetylated disaccharidic 2- 
phthalimido glycopyranosyl chlorides, derived from lac- 
tosamine and lacto-N-biose. Thus the reaction of the 
above donors with the primary hydroxyl of 1,2:3,4-di- 
0-isopropylidene-a-D-galactopyranose proceeded in the 
presence of silver triflate-collidine to afford the cor- 
responding trisaccharides @-o-Galp-(1-4)-fl-o-Glcp- 
NPht-( l+)-D-Galp and 8-D-Galp-(1-3)-@-D-GIcpN- 
Pht-(l-6)-D-Galp in respectable yields (>75% LzZo 
Furthermore, the same donors were used with 7-deoxy- 
@+(and a-D)-glycero-o-galactoheptopyranose accep- 
tors to afford the expected 84-6)  trisaccharides in 
36% and 65% yields, respectively.221 

The tetrasaccharide repeating unit of the capsular 
polysaccharide of Streptococcus pneumoniae [fl-D- 

Glcp] was prepared by the condensation of the ap- 
propriate donor, namely 6-0-acetyl-3-0-benzoyl-4-0- 
(2,3,4,6-tetra-O-benzoyl-fl-o-galactQpyran~yl)-2-d~xy- 
2-phthalimido-o-glucopyranosyl bromide and the HO- 
S'containing 1,2-0-(l-cyanoethylidene)-D-lactose accep- 
tor.222,223 Furthermore, the tetrasaccharide [B-D-Galp- 
(1-4)-fl-o-GlcpNPht-(I-3)-@-D-Galp-(l-4~- 

Galp-(l-4)-fl-DGl~pNA~-(l-3)-fl~D-Galp-(l-4)-@-D- 
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D-Glcpl related to paragloboside was prepared in 83 7% 
yield.224 

The total stereo- and regiocontrolled synthesis of the 
ganglioside GM2225 17 has been reported and the 
tetrasaccharide moiety was prepared by condensation 
of the donor phthalimido-8-D-glycopyranosyl bromide 
12 with the HO-4’ galactose containing trisaccharide in 
the presence of silver triflate-molecular sieves 4A in 
dichloromethane in 60% yield.226 

P-D-GalpNAc-( 1->4)-P-ffialp-(l->4)-P-pGlcp-Cer 
7 

u-D-NeuAc-(Z 

1 7  

The method was extended to the sequential synthesis 
of trisaccharide and branched pentasaccharide 18 by 
twice condensing a phthalimido-@-D-lactosaminyl donor 
with a galactose acceptor in respective yields of 72% 
[@-(1-3) trisaccharide] and 46 % [@-(l--S) pentasac- 
 har rid el.^^^ 

P-D-Galp-( 1->4)-P-D-GlcpNPht-( 1 

\ 6  

18 

b. 2-Deoxy-2-phthalimido-~-galactopyranosyl 
Donors. A terminal nonreducing precursor @-(1+3)- 
linked trisaccharide of the Forssman antigen [CY-D- 
GalpNs-(l-3)-@-~-GalpNPht-( 1+3)-~-GalpI was pre- 
pared by condensing the disaccharide glycosyl bromide 
6-0-acetyl-3-0-[ 6-O-acetyl-2-azido-3,4-di-O-benzoyl-2- 
deoxy-c~-~-galactopyranosyll-4-0-benzyl-2-deoxy-2-ph- 
thalimido-D-galactopyranosyl bromide with the 1,6- 
anhydr0-2,4-di-O-benzyl-@-~-galactopyranose in the 
presence of silver triflate-collidine in good yields.228s229 

Glycosylation of an axial HO-4’ containing lactose 
acceptor with 4-0-acetyl-3,6-di-0-benzoyl-2-deoxy-2- 
phthalimido-D-galactopyranosyl bromide donor failed 
to occur under the standard conditions (silver tr if late 
collidine). This condensation was successful when silver 
perchlorate and silver carbonate were used as promoters 
and afforded the corresponding @-(l-U-linked trisac- 
charide in 38% yield.230 A better yield (82%) was 
obtained with 3,4,6-tri-O-acety1-2-deoxy-2-phthalimido- 
D-gdaCtOpYranOSyl bromide as the donor, in the pres- 
ence of silver perchlorate (or silver perchlorate-silver 
carbonate) as the promoter, and differently protected 
D-lactose a c ~ e p t o r s . ~ ~ ~ , ~ ~ ~  Condensation of the phthal- 
imido chloride 12 (X = CY-C~) with the same acceptor 
under the same conditions using silver perchlorate and 
silver carbonate as promoters afforded 54% of the 
expected @-(1+4)-linked t r i s a c ~ h a r i d e . ~ ~ ~  It is inter- 
esting to note that when the acceptor was changed for 
another one having the 6’-0-benzoyl protective group, 
namely methyl 2,3,6-tri-O-benzoyl-4-0-(6-O-benzoyl- 
2,3-d~-~-benzyl-@-~-galactopyranosyl)-@-~-glucopyra- 
noside, only 8% of the @-(l+l)-linked trisaccharide 
was obtained.230 The glycosylation on HO-4’ was also 
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described for the synthesis of a constitutive trisaccha- 
ride derivativeB3 of sialy1pentaosylceramidesm isolated 
from Tay-Sachs brains. 

3. Regioselective Glycosylations 
Regioselective glycosylation of a free HO-4 and HO-6 

diol acceptor benzyl 3-O-benzyl-2-deoxy-2-phthalimido- 
8-D-glucopyranoside with the phthalimido-B-D-glu- 
copyranosyl bromide in the presence of silver triflate 
and tetramethy1ureal2O afforded the corresponding 
@-(l--S) disaccharide in high yield which was used for 
the preparation of the phosphorylated disaccharide 
skeleton 11 of lipid A (Scheme V). 

Also glycosylation of the trideuteriomethyl 2,3-di- 
O-benzoyl-@-Dgalactopyranoside diol acceptor, with the 
phthalimido-8-D-glucopyranosyl bromide 12 (X = Br) 
in the presence of silver zeolite (and the absence of 
collidine) afforded the @-(1+6)-linked disaccharide in 
79 7% yield.215 

Regioselective glycosylations of the diol containing 
acceptor me thy1 4,6- O-benzylidene- 1 - thio-@-D-gdacto- 
pyranose with the a-phthalimidoglucosyl bromide 12 
in the presence of silver triflate-collidine afforded 55% 
of the &(1-3)-linked disaccharide, together with 12 7% 
of the @-(1+2)-linked isomer. The obtained @-(1-3)- 
linked disaccharide was used for the synthesis of the 
globotetraose P - a r ~ t i g e n . ~ ~ ~  

The regioselective glycosylation of a free HO-3’ and 
HO-4’ D-lactose acceptor using different catalyst sys- 
tems were described by Paulsen and c o - ~ o r k e r s . ~ ~ ~ ~ ~  
Therefore, the acceptor benzyl 2,3,6-tri-O-benzy1-4-0- 
(2,6-di-O-benzyl-@-D-galactopyranosyl)-@-D-glucopyra- 
noside was condensed with the phthalimido-8-glyco- 
pyranosyl bromide 12 (X = Br) usingvariousconditions. 
In the presence of silver triflate-collidine this homog- 
enous glycosylation afforded 83 % of the @-(1-3)-linked 
trisaccharide, together with the @-(1+4) trisaccharide 
(10% ). When the same reaction was effected with silver 
silicate as the promoter and molecular sieves 4A under 
heterogenous catalysis mode, the glycosylation occurred 
mainly on the axial group HO-4’, affording the 8-( 1-4)- 
linked trisaccharide (86 % yield), together with the 
@-( 1-3)-linked isomer in 8 % yield.237 

Glycosylation of the same diol containing acceptor 
with hexa-0-acetyl-2-deoxy-2-phthalimido-@-~-lac- 
tosaminyl bromide under homogeneous catalysis (silver 
triflate) afforded the @-(1+3)-linked tetrasaccharide 
in 65% yield, whereas heterogeneous catalysis (silver 
silicate) qffordq maiply the @- 1-4) tetrasaccharide.238 
When 4,6-di-O;acety1-3-0-(2, s ,4,6-tetra-O-acetyl-@-D- 
galactopj.rzlnosyl)-2-deoxy-2-~hthalimido-~-galactopy- 
ranosyl bromide was reacted with the same diol acceptor 
under homogeneous catalysis using mercuric cyanide 
and mercuric bromide, the corresponding @-(1+3)- 
linked trisaccharide was obtained in 25 % yield.236p239 
When 3,4,6-tri-O-acetyl-2-deoxy-2-phthalimido-~-ga- 
lactopyranosyl bromide was used as the donor, good 
yields but a poor regioselective glycosylation trend were 
observed.239 

Also, glycosylation of the HO-3’ of the diol acceptor 
methyl 3,6-di-O-acetyl-4-0-(2,6-di-O-acetyl-@-~-galac- 
topyranosyl)-2-deoxy-2-phthalimido-@-~-glucopyrano- 
side (containing free HO-4’ and HO-3’ groups) with a 
disaccharidic 8-phthalimido glucopyranosyl chloride 
donor 12 in the presence of silver triflate-collidine 
afforded the expected @-(1+3)-linked tetrasaccharide 
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in 64% yield.240 The latter was further transformed 
into glycopyranosyl chloride and condensed again with 
the same acceptor to give the @-(1+3)-linked hexa- 
saccharide.241 

Actually, the regioselectivity in the glycosylation of 
diol acceptors seems to be affected not only by the 
nature of the promoter but also by the type of protective 
groups surrounding the diol system. Ester protective 
groups generally enhance the difference of reactivities 
between the hydroxyl functions, whereas ether pro- 
tective groups may reduce their acceptor abilities. 

Recently the synthesis of a tumor-associated Lex 
glycosphingolipid was realized by stepwise glycosylation 
with a trisaccharide 2-phthalimidoglucopyranosyl flu- 
oride donor with silver triflate and hafnium cyclopen- 
tadienyl chloride as the promoter.242 The acceptors 
were HO-3 and HO-4 free diols on galactose units (di-, 
penta-, and octasaccharide) and regioselective glyco- 
sylations occurred on the HO-3 position with respective 
yields of 9196,8476, and 79%. 

During the synthesis of lacto-N-triosylceramide and 
related glyco~phingolipid,~~~ it was noticed that the 
regioselectivity outcome of the glycosylation of the diol 
acceptor benzyl 2,3,6-tri-O-benzy1-4-0-(2,6-di-O-benzyl- 
@-D-galactopyranosy1)-@-D-glucopyranoside with the 
donor @-phthalimido glucopyranosyl bromide 12 (X = 
Br) was affected by the polarity of the solvent used. 
Thus, in nonpolar solvents such as 1,2-dichloroethane 
or toluene, the glycosylation of the acceptor in the 
presence of silver triflate and molecular sieves afforded 
almost equal amounts of the D41-3)- and p41-4)- 
linked trisaccharides, whereas the @-(1+3)-linked 
trisaecharide was obtained as the major product, when 
the reaction was performed in nitromethane. 

4. L-Rhamnose and L-Talose Acceptors 

Great strides in the investigation of the immunode- 
terminant region of the 0-specific polysaccharide 19 of 
Shigella flexneri serotype Y243-247 were achieved by the 
use of artificial antigens synthesized by the phthalimido 
method. The disaccharide MN was prepared by the 
condensation of 3,4,6-tri-O-acetyl-2-deoxy-2-phthal- 
imido-D-glucopyranosyl bromide with the HO-2 ac- 
ceptor 8-(methoxycarbonyl)octyl3,4-di-0-benzyl-a-~- 
rhamnopyranoside in the presence of silver triflate- 
collidine to afford the corresponding @-(1+2) di- 
saccharide in good yields.248p249 Glycosylation of a 
similar free HO-2 acceptor with Hg(CN)z-HgBrz as 
promoter and the donor 3-O-acetyl-4,6-di-O-benzoyl- 
2-deoxy-2-phthalimido-~-glucopyranosyl bromide af- 
forded the P-(l-.2)-linked disaccharide MN in good 
yields.250,251 
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->f)-P-~-GlcpNAc-( 1->2)-a-~-Rhap-( 1 ->2)-a-~-Rhap-(l->3)-a-~-Rhap-( 1-> 

M N 0 P 

19  

Other preparations of the MN d i s a c ~ h a r i d e ~ ~ ~ t ~ ~ ~  were 
reported for the synthesis of S. flexneri building blocks 
and effective use was then made of oligosaccharide block 
synthesis. Thus the syntheses of trisaccharide MN0254 
and of tetrasaccharide MNOP were achieved in high 
yields,255 often in the form of 8-(methoxycarbonyl)octyl 
glycoside.249,250,256,257 

Glycosylation of a free HO-2’ rhamnose containing 
tetrasaccharide acceptor with 3,4,6-tri-O-acety1-2- 
deoxy-2-phthalimido-@-~-glucopyranosyl bromide using 
mercuric cyanide and mercuric bromide as promoters 
in acetonitrile using the so-called “vacuum technique” 
afforded the expected branched pentasaccharide 20 in 
69% yield.258 It should be noted that silver triflate 
assisted glycosylations afforded very low yields of this 
pentasaccharide, in agreement with similar reactions 
reported by Wessel and Bundle.249s259 

P-D-GlCpNPht a-~-Glcp 
1 1 

1 
3 

1 
2 

20 

Glycosylation of the acceptor 4-0-benzyl-1,2-0-ben- 
zylidene-a-L-rhamnopyranoside with the 2-deoxy-2-ph- 
thalimido-a-D-glucopyranosyl bromide donor 12 in the 
presence of silver triflate-collidine afforded the desired 
@-(1-.3) disaccharide in addition to a @-(1+1) trehalose 
type disaccharide due to a migration of 1,2-0-benzyli- 
dene group.260 The same disaccharide fragment [ b - ~ -  
GlcpNAc-( l+S)-~-Rhap] of Streptococcus group A 
polysaccharide was prepared in 64 76 yield from donor 
12 and a HO-3 free p-nitrophenyl L-rhamnopyranoside 
acceptor.261 

The backbone disaccharide of the main heteropoly- 
meric chain of the 0-specific polysaccharide of Pseudo- 
m o w  maltophilia [@-~-GlcpNAc-( 1+3)-c~-~-Talp] was 
also synthesized by glycosylation of the HO-3 free 
containing L-talose acceptor with a phthalimidoglu- 
copyranosyl bromide donor in the presence of mercuric 
cyanide and mercuric bromide.262 

5. D-Mannose Acceptors 

The phthalimido method has been employed for the 
synthesis of the various @-glycosidic fragments present 
as building blocks in the complex fundamental struc- 
tures of the carbohydrate chain of N-glycoproteins of 
the lactosamine type structure 21. For example, the 
simplest disaccharide RS was obtained in 88% yield 
from a 2-deoxy-2-phthalimido-~-glucopyranosyl bro- 
mide donor and silver triflate-collidine as the pro- 
m0ter.~63,~6~ 

p-D-Galp.( I ->4)-P-D-GlcpNAc-(l 
Z A ‘  I 

p-D-Galp-( I ->4i-~-D-GlcpNAc-(  I .>Z)-a-D-Manp-( 1 

Q R S I  
P-D-MariP-( I ->4i-P-D-GlCpNAC-l I ->d)-P-D-GIcpNAc 

3 T  I: 
I 

V 

P- D -Gap 
W 

-GlcpNAc-(l 
X 

2 1  

The synthesis of the reducing trisaccharide [D-o-Galp- 
(1-4)-@-D-GlcpNPht-(l+2)-a-D-Manpl (QRS) which 
is a precursor of the partial structure of fetuin glyco- 
protein was achieved by the condensation of phthal- 
imido @-D-lactosaminyl bromide donor with a free axial 
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HO-2 mannose acceptor either in the presence of silver 
triflate-collidine in good yields,265267 or in the presence 
of silver triflate and molecular sieves 4A (94 % yield).268 
Glycosylation of the acceptor p-nitrophenyl3-O-benzyl- 
4,6-O-benzylidene-a-~-mannopyranoside with phthal- 
imido-@-lactosaminyl bromide was reported not to 
proceed in the presence of silver triflate-collidine but 
to occur under the Helferich modification in dry ac- 
etonitrile and in the presence of mercuric cyanide in 
31 % yield.269 

Glycosylation of the HO-2’ axial group of the man- 
nose disaccharide acceptor 8-(methoxycarbonyl)octyl 
3-0-ally1-2,4-di-O-benzyl-6-0-( 3,4,6-tri-O-benzyl-a-~- 
mannopyranosyl)-@-D-mannopyranoside with the ph- 
thalimido-&glucopyranosyl bromide 12 in the presence 
of silver triflate-collidine afforded 78% of the trisac- 
charide @-~-GlcpNPht-( l+2)-a-~-Manp- (l--S)-j3-~- 
Manp (RST).270 Analogues of the latter synthetic 
trisaccharide (RST) were used as specific substrates 
for the enzyme assay for GnT-V activity which measures 
the transfer of radiolabeled GlcpNAc from UDP-Glcp- 

Other oligosaccharides related to the N-glycoprotein 
structure 21 were prepared by this method; for example 
R(A’)S was synthesized in high yields (78-94%) by 
reaction of two 2-deoxy-2-phthalimido-/3-~-glucopyr- 
anosyl donors with a free HO-2 and HO-6 D-mannose 
a ~ c e p t o r . ~ ~ ~ ! ~ ~ ~  Furthermore, structures (A’ST) or 
[R(A’)ST] were prepared by the condensation of the 
free HO-2’ and HO-6’ mannopyranoside disaccharide 
acceptors and the phthalimido-/3-glucopyranosyl bro- 
mide (or chloride) 12 in the presence of silver triflate.275 
The protected tetrasaccharide R(A’)ST was obtained 
in 26% yield when the reaction was performed in ac- 
etonitrile and molecular sieves 4A. On the other hand, 
when the same reaction partners were reacted in dichlo- 
romethane, the /3-(1+6) trisaccharide A’ST only was 
formed in 71 % yield.276 Nevertheless, the tetrasac- 
charide R(A’)ST was obtained in 53% yield when the 
complex silver triflate-collidine was used as the pro- 
moter in di~hloromethane.~~~ This latter compound 
was used as a selective substrate for the enzyme N- 
acetylglucosaminyl transferase V(GnT-V).277 

The core pentasaccharide [RS(XY)T] was prepared 
by condensation of 3,4,6-tri-O-acetyl-2-deoxy-2-phthal- 
imido-D-glucopyranosyl chloride and a free HO-2’ and 

acceptor in 44% yield.27s 
In 1982 Paulsen and L e b ~ h n ~ ~ ~  were the first to 

prepare two basic sequences [QRSTU and QRS(WXY)- 
TU] as building blocks in N-glycoproteins, which both 
contained the @-~-GlcpNAc- (l+2)-~-Manp disaccha- 
ride residues. Furthermore, HO-2” mannose containing 
trisaccharide acceptors were condensed with the ph- 
thalimido-@-lactosaminyl bromide in the presence of 
silver triflate-collidine to afford, in high yields, the 
isomeric blocked pentasaccharides QRSTU and WX- 
YTU.2so 

Two other isomeric pentasaccharides representing 
unsymmetrical sequences of the carbohydrate chain of 
the N-glycoproteins of the lactosamine types were 
synthesized. Thus, the condensation of the HO-2” man- 
nose tetrasaccharide acceptor with the phthalimido- 
8-glucopyranosyl bromide in the presence of silver 
triflate-collidine afforded 61 % of the phthalimido pen- 

NAc.27132 

HO-2” a-~-Manp-( 1+3)-[a-D-Manp-(l~)]-a-DManp 
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tasaccharide XY (S)TU.281 Similarly, when the same 
glycosylation was effected with an isomeric HO-2” man- 
nose tetrasaccharide acceptor, a yield of 73% of the 
phthalimido pentasaccharide Rs(Y)TU was obtained.281 

A reducing pentasaccharide WX(B’C’)Y was pre- 
pared by the condensation of the diol acceptor benzyl 
3,6-di-O-benzyl-a-~-mannopyranoside with a phthal- 
imido-8-lactosaminyl bromide in the presence of silver 
triflate and collidine in good yields (72 % ).265*2‘33 Similar 
condensation was effected on the allyl 3,6-di-O-benzyl- 
a-D-mannopyranoside acceptor, with phthalimido-p- 
lactosaminyl bromide which afforded the desired pen- 
tasaccharide WX(B’C’)Y in 57% yield together with 
42 % of trisaccharide B’C’Y.282 The same methodology, 
starting from benzyl 2,4-di-O-benzyl-a-~-mannopyra- 
noside as the acceptor, and the same donor afforded 
the QR(ZA’)S fragment in 52% yield.z83 A hexasac- 
charide fragment of a complex type of glycan chain in 
glycoproteins was also synthesized from 3,4,6-tri-O- 
acetyl-2-deoxy-2-phthalimido-a-~-glucopyranosyl chlo- 
ride and the branched S(Y)T D-mannose acceptor.284 

The glycosylation of a free HO-2’ and HO-4’ S(Y)T 
acceptor with a phthalimido-8-lactosaminyl bromide 
donor in presence of silver triflate-collidine afforded 
a mixture of the p41-4) pentasaccharide B’C’Y(S)T 
(33% yield) and the expected heptasaccharide [WX- 
(B’C’)Yl(S)T (37% yield).285 

Other heptasaccharides [QRS(WXY)Tl representing 
portions of the glycan chains of fetal calf serum fe- 
t ~ i n ~ ~ ~ ~ ~ “ j  or octasaccharides from N-glycoproteins of 
the lactosaminic typeZso [QRS(WXY)TUl were also 
prepared in high yields by the phthalimido method as 
well as an isomeric hexasaccharide with a different 
branching mode.286 The nonasaccharide (QRS[ WX- 
(B’C’)Y]T} was also synthesized from a trimannoside 
acceptor [S(Y)Tl and a 2-deoxy-2-phthalimido-~-lac- 
tosaminyl bromide donor in 19% yield 

Indeed, the phthalimido method allowed the prep- 
aration of sophisticated structures such as the highly 
branched nona- or undecasaccharide portions of com- 
plex types of orosomucoid al-acid glycoprotein present 
in human serum.288 

Finally, the well-established phthalimido method 
successfully met the challenge of synthesizing most of 
the 2-amino-2-deoxy-/3-~-glycopyranosides. Thus, the 
condensation of the HO-2 monosaccharide acceptor 8- 
(methoxycarbony1)octyl 3,4,6-tri-O-benzyl-p-~-man- 
noppanoside with the different donors 4-0-acetyl-3,6- 
di-O- benzyl-2-deoxy-2-phthalimido-~-~-gluco- 
pyranosyl chloride and 3,6-di-O-benzyl-4-0-(4-O-acetyl- 
3,6-di-O-benzyl-2-deoxy-2-phthalimido-~-~-galactopy- 
ranosyl)-2-deoxy-2-phthalimido-~-glucopyranosyl chlo- 
ride afforded the corresponding @-(142)-linked di- 
saccharide and trisaccharide, in the presence of silver 
triflate-collidine, in high yield.207 It should be men- 
tioned that this latter trisaccharide contains the unusual 
sequence [~-GalpNAc-(l-.4)-8-~-GlcpNAc-( 1+2)-a- 
~ - M a n p ]  which seems to be unique to the pituitary 
glycoprotein hormone lutropin when sulfated on HO- 
4‘‘ po~ition.~O~ 

A trisaccharide related to the complex glycan chains 
[p-D-GlcpNPht- (1-.4)-b-~-Manp- (144) -8-~-GlcpN3] 
was synthesized in good yield (78% ) by the phthal- 
imido p r o ~ e d u r e . ~ ~ ~ , ~ ~ ~  This trisaccharide intermediate 
was further used for the synthesis of a highly branched 
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gosaccharides, have an obvious advantage over other 
methods because of their stability under a variety of 
conditions commonly encountered during the various 
manipulations of the carbohydrates. The use of stable 
S-glycosides such as glycopyranosyl is dependent on 
the nucleophilicity of the bivalent sulfur atom to elec- 
trophilic reagents such as N-bromosuccinimide (NBS),301 
N-iodosuccinimide in conjunction with triflic acid,mZ*m3 
or methyl trifluoromethanesulfonate (methyl tri- 
flate),304-307 which generate from the respective S-gly- 
cosides (12, X = 8-SR), a highly reactive sulfonium 
leaving group (12’, Scheme VI). This latter is displaced 
by anchimeric assistance of the participating group at  
C-2 to form the carbenium cation 13 which is attacked 
by the acceptor at  C-1 to form the corresponding 1,2- 
trans-glycoside 14 (Scheme VI). 

In 1985, Liinn reported that the glycosylation reaction 
effected between a thioglycoside donor and an acceptor 
in the presence of methyl triflate was an efficient route 
for 1,2- trans-gly~osides.~~~ Thus ethyl 3- 0- (2,3,4- tri- 
O-benzyl-a-cfucopyranosyl)-4,6-0-benzyl 
2-phthalimido-l-thio-~-~-glucopyranoside was reacted 
with the HO-2 free D-mannose acceptor benzyl 3,4,6- 
tri-0-benzyl-a-D-mannopyranoside in the presence of 
methyl triflate to afford 72% of @-(l+2)-linked trisac- 
charide. Similarly, condensation of an HO-2’ and HO- 
2” free diol D-mannOSe trisaccharide acceptor with the 
same thioglycoside afforded the heptasaccharide 22. 

a-~-Fucp-( 1->3)-B-~-GlcpNF’ht-( 1->2)-a-~-Manp-( 1 

‘6 

/ 3  

D-MW 

a-~-Fucp-( 1->3)-@GlcpNPht-( 1 ->2)-a-D-Manp-( 1 

nonasaccharide which represented the carbohydrate 
chain of the “bisected” structure of lactosamine-type 
N-glyc~proteins.~~’ 

Another synthetic approach to the latter fragment 
involved the glycosylation of an HO-2 mannose acceptor 
with a 2-phthalimidochitobiosyl bromide donor, fol- 
lowed by inversion of HO-4” of the nonreducing 
terminal unit (conversion Of D - g h C 0  into D-galact0 con- 
figuration).290 

B. Lewis Acid Catalyzed Glycosylations by 
+&Acetate and 1-Thiogiycosldes of 2-Deoxy- 
2-phthaiimldo-@-~-glycopyranosyl Donors 

Different conceptual approaches to oligosaccharide 
synthesis were also developed using either 2-deoxy-2- 
phthalimidoglycopyranosyl acetates or thioglycosides 
as potential donors. Lewis acid catalyzed glycosyla- 
tions have been previously employed for the activation 
of the C-0 bond at  the anomeric carbon atom in the 
synthesis of 1,2-trans-gly~osides.~~~ 

1. 0-Acetyl Leaving Groups 

Treatment of 1,3,4,6-tetra-O-acetyl-2-deoxy-2-ph- 
thalimido-P-~-glucopyranose~~~ (12, X = P-OAc, Scheme 
VI) with equimolar amounts of allyl or benzyl alcohol 
activated by stannylation and a Lewis acid (equimolar 
amounts) afforded high yields of the corresonding 8- 
glycosides.292 

Several Lewis acids such as tin t e t r a c h l ~ r i d e , ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  
boron trifluoride etherate,295 or trimethylsilyl trifluo- 
r o m e t h a n e s u l f ~ n a t e ~ ~ ~ ~ ~ ~ ~  were used successfully to 
activate the 8-anomeric 0-acetyl group to afford the 
1,2-trans-2-deoxy-2-phthalimidoglycosides. 

Lewis acid catalyzed condensation of a 8-acetate of 
2-deoxy-2-phthalimidoglucopyranose with the HO-4 
acceptor methyl 2-acetoamido-3,6-di-O-benzyl-2-deoxy- 
a-D-glucopyranoside (in the presence of trimethylsilyl 
trifluoromethanesulfonate) afforded the chitobiose dis- 
accharide in good yield.297 

Paulsen and Tietz used the oligosaccharide building 
block formed of N-acetylneuraminic acid and lac- 
tosamine as glycopyranosyl donor. The suitably pro- 
tected 8-acetate trisaccharide donor [p-~-Neup5Ac- 
(2-6)-P-~-Galp-(1-4)-P-~-GlcpNPht-OAcl was con- 
densed, in the presence of trimethylsilyl trifluo- 
romethanesulfonate, with either D-mannose acceptors: 
benzyl 3,4,6-tri-O-benzyl-cu-~-mannopyranoside or ben- 
zyl 6-0-acetyl-3,4-di-O-benzyl-cu-~-mannopyranoside to 
afford the blocked tetrasaccharide P-~-Neup5Ac-( 2-6)- 
P-~-Galp-( 1-4)-P-~-GlcpNPht- (l-P)-~-Manp in good 
yields.298,299 

Glycosylation of an HO-2 and HO-3 free diol 1,6- 
anhydro-D-mannopyranose acceptor with the @acetate 
of 2-deoxy-2-phthalimidoglucopyranose in the presence 
of trimethylsilyl trifluoromethanesulfonate as the pro- 
moter afforded a mixture of 84-2) and 8-(1+3) dis- 
accharides in 9 % and 7 74 yields, r e s p e ~ t i v e l y . ~ ~  Note 
that the above 84-21 disaccharide was synthesized 
in 86 % yield from a 2-deoxy-2-phthalimidoglucopyr- 
anosyl bromide donor and a 4C1 D-mannose acceptor.3w 

2. S-Alkyl Leaving Groups 

Glycosylation reactions based on the activation of 
1-thio-8-D-glycosides, for the synthesis of complex oli- 

22 

Methyl triflate condensation a t  room temperature 
of the trisaccharide donor ethyl 4-0-(2,3,4,6-tetra-O- 
acetyl-~-D-galactopyanosyl)-6-0-benzyl-3-0-(2,3,4-tr~- 
0- benz yl-a-~- fucop yranos yl) -2-deoxy- 2-phthalimido- 1 - 
thio-8-D-glucopyranoside with an HO-2 D-mannOSe 
acceptor afforded the expected tetrasaccharide together 
with small amounts of the glycal derived from the 
donor.305 The same tetrasaccharide was also prepared 
in 83% yield from the related phenyl thioglycoside 
donor and N-iodosuccinimide in conjunction with tri- 
flic acid as the promoter.303 

Other Lewis acids were used successfully to activate 
the 1-thioglycosides such as dimethyl(methy1thio)sul- 
fonium trifluoromethanesulfonate (DMTST) ,30&313 ni- 
trosyl tetraflu~roborate,~~~~~~~ phenylselenenyl tri- 
flate,3lG3’8 or a mixture of copper(I1) bromide, tetrabu- 
tylammonium bromide, and silver trifluoromethane- 
s~lfonate.3~91~~0 

Alkenyl sulfenyl halides such as methylsulfenyl 
bromide (MSB) and o-nitrobenzenesulfenyl chloride 
(NSC), in the presence of silver triflate, were used to 
activate a thioglycoside donor with the acceptor meth- 
yl 2-0-benzyl-4,6-O-benzylidene-a-~-glucopyranoside 
to afford the corresponding 8-( l-+3)-linked disaccha- 
ride in 95% and 64% yields using MSB or NSC, 

Another mode of activation of 1-thio-&glycosides 
involved the use of silver triflate and bromine. The 
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latter promoter was shown to give a high yield of P-D- 
GlcpNPht-( 1+2)-~-Rhap without using highly toxic 
promoters such as methyl triflate or DMTST.322 

Self-condensation of ethyl 6-0-acetyl-3-0-benzy1-2- 
deoxy-Zphthalimido- l-thio-~-~-glucopyranoside in the 
presence of methyl triflate afforded 70% of an oligo- 
meric mixture containing the chitobiose 

The total syntheses of the Forssman and Para 
Forssman antigens were achieved respectively by con- 
densation of the disaccharides [a-D-GalpNPht-( 1-3)- 
@-~-GalpNPhtI or [B-~-GalpNPht-(143)-P-~-GalpN- 
Phtl thioglycosides with the same HO-3” trisaccharide 
acceptor [a-~-Galp-(1-4)-P-~-Galp-(144)-P-~-Glcpl 
in nitromethane in the presence of BQNBr-CuBr2- 
silver triflate. Mixtures of pentasaccharides were 
obtained in 78% yield (a$ = 1 : lO)  and 65% yield (a:@ 
= 1:8) which were further transformed into the Forss- 
man antigen target compound 23324 and the Para 
Forssman epimer.325 

a-D-GalpNAc-( 1 ->3)-b-D-GalpNAc-( 1 ->3)-a-D-Galp-( 1 -A)-P-D-GaIp-( 1 ->4)-P-D-Glcp 

23 

Other compounds of biological interest were syn- 
thesized using the l-thio activation procedure. Thus 
the condensation of a GlcpNPht l-thio donor with a 
HO-3 (or HO-4) free D-r”OSamine acceptor allowed 
the preparation of &~-GlcpNPht-( 1 4 3 )  or (1-4)-~- 
ManpN3 related to the repetitive unit of Huemophilus 
influenme type D326 or type e,327 respectively. 

Furthermore, the condensation of a l-thio disaccha- 
ridic phthalimido donor with a H0;3 free ~ - G a l p  
acceptor gave rise to the a-~-Fucp-(l-.3)-P-~-GalpN- 
Pht-(l-3)-/3-~-Galp related to the Lex tumor associated 
antigen.310 

Finally, a &( 1-%3)-D-hCtoSamine dimer was prepared 
in 88% y&ld by reaction of an ethyl 2-deoxy-2- 
phthalimido-l-thio-P-D-glycopyranoside donor and a 
free HO-3’ D-lactosamine acceptor in the presence of 
DMTST and 2,6-di-tert-butyl-4-methylpyridine (DT- 
BMP) as the promoter.328 The latter tetrasaccharide 
was used as an intermediate in the synthesis of a 
monofucosyl heptaaaccharide corresponding to a tumor- 
associated 

C. Uses of 2-Deoxy-2-phthalimido 
Glycopyranosyi Trichloroacetlmldates as 
Glycosyiation Donors 

In 1983, Schmidt et al. introduced the use of 2-deoxy- 
2-phthalimidoglycopyanosyl imidates as glycosyl do- 
nors for the preparation of 2-amino-2-deoxy-P-~- 
glyc~pyranosides.~~~ The 8-imidates 12 [Scheme VI, 
X = @-OC(NH)CC131 were obtained by reaction of 
carbohydrate hemiacetals with trichloroacetonitrile in 
the presence of a base. The glycosylation reactions were 
then conducted in dichloromethane or 1,2-dichloroet- 
hane, at low temperature (-20 “(2-40 “C) with either 
boron trifluoride etherate or trimethylsilyl trifluo- 
romethanesulfonate as the catalyst. 

The tetrasaccharide @-~-Galp-( 1+4)-P-~-GlcpNPht- 
(l~>-[~-~-GlcpNPht-(1-3)l-~-~-GalpN~-OR occur- 
ring as part of the O-glycoproteins was thus synthesized 
by a stepwise condensation of two different 2-deoxy- 
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2-phthalimido-&~-glucopyranosyl imidate donors on 
the same 2-azido-2-deoxy-~-~-galactopyranoside ac- 
~ e p t o r . ~ ~ ~ l ~ ~ ~  

The phthalimido imidate procedure has been used 
with D-glucosamine or D-lactosamine donors for the 
glycosylation of the HO-21s6p331 or H0-4332-334 of the 
D-mannosamine moiety of oligosaccharides in order to 
create the P-D-GlcpNPht-(l-2)-~-Manp and 6-D- 
GlcpNPht-(l-.4)-~-Manp linkages found in the glycan 
chain of glycoproteins. 

This method was also used for the creation of 6-D- 
GlcpNPht-(l-.n)-D-Galp linkages involving the HO- 
4226 or H0-6335 position of the D-galaCtOSe acceptor. 
Furthermore, 2-deoxy-2-phthalimido-~-~-glucopyra- 
nosy1 imidate was reacted, in the presence of boron 
trifluoride etherate, with the HO-3 position of D-guhcto- 
mono~acchar ide ,~~~ -disaccharide,335 or -trisaccha- 
ride336ds7 acceptors, with high yields (over 70 % ). 
2-Deoxy-2-phthalimido-/3-~-lactosyl imidates were 

also used for the preparation of more complex oli- 
gosaccharides. For example, Ogawa et al. prepared 
tetrasaccharide (E’F’G’H’) and hexasaccharide (E’F’E’F- 
’G’H’) derivatives in a stereocontrolled total synthesis 
of a sulfated heptaosylceramide 24 (D’E’F’E’F’G’H’). 
The synthesis of compound 24 was achieved by glyc- 
osylation of HO-3’ of P-D-Galp-(l-4)-P-D-Glcp (G’H’) 
acceptor with a lactosaminyl donor (E’F’), catalyzed 
by trimethylsilyl trifluoromethanesulfonate in 86 9% 
yield.s8 After deprotection of the HO-3”’of the terminal 
galactose unit of the intermediate E’F’G’H’, a new 
glycosylation with the same donor then afforded the 
expected hexasaccharide E’F’E’F’G’H’ in 81 % yield.339 

S0,->3)-~rAXcpA-( 1 ->3)-I~-D-G~-(1->4)-~-D-GlcpNPhr-(1-~3)1,-~-o-Galp-(  I ->4)-P-D-Glcp-(l -*e1 
D‘ E’ F’ G’ H’ 

1 4  

By using the difference in reactivities of HO-3 and 
HO-4 in the D-galactose series, Veyrieres et al. were 
able to synthesize polylactosamine fragments [P-D- 
Galp-(l-4)-P-~-GlcpNPht-(l-3)1, (n = 2, 4) by a 
blockwise synthesis approach240>340 with a lactosaminyl 
donor and a lactosamine acceptor containing free HO- 

The same difference in reactivities of HO-3 and HO-4 
of a D-galactose unit was also exploited for the synthesis 
of oligosaccharides related to the structure of glyco- 
sylceramides 25. The glycoheptaosyl derivative of a 
stage-specific embryonic antigen SSEA 1 [I’(O’)- 
J’K’L’M’N’] was prepared by a regiospecific P-( 143) 
condensation of the P-imidate donor I’(0’)J’ with a 
K’L’M’N’ acceptor (containing free HO-3”’ and HO- 
4”’) in 79 % yield.341 The octasaccharide portion of the 
Lex octaosylceramide [I’(O’) J’K’(P’)L’M’N’] was also 
synthesized stepwise from the free HO-3’ D-galactose 
acceptor M’N’ and the same donor to afford the 
pentasaccharide K’(P’)L’M’N’ in 53 % yield. After 
deprotection of HO-3”’ and HO-4”’ of the latter 
intermediate pentasaccharide, glycosylation with the 
same donor afforded the aforementioned octasaccharide 
in 78% yield.342 

It was established that the glycosylation of HO-3’ of 
the M’N’ acceptor with the I’(0’) J’ donor was realized 
in higher yields when the HO-4’ position of the acceptor 
was also free.342-343 This observation was confirmed by 
the low yield of coupling (22%) of a P-~-Galp-(1+3)- 

3’ and HO-4’. 
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8-D-GalpNPht imidate donor with a free HO-3" a-D- 
Galp-(1~4)-8-o-Galp-(l-4)-8-~-Glcp-OBnacceptor to 
afford a pentasaccharide related to a stage-specific 
embryonic antigen SSEA 3.3'3 

A low yield (31%) was also reported for the glyco- 
sylation of the same trisaccharidic acceptor with a 8- 
~-GalpNPht-(l-3)-@-~-GalpNPht imidate as the do- 
nor thus affording the pentasaccharide moiety of the 
Para Forssman antige11.3~~ In this latter case, an 
increase of the glycosylation yield (58% ) was reported 
when using a 8-thioglycoside as the donor.325 

Very recently, a synthesis of allosamidine was de- 
scribed from a 2-deoxy-2-phthalimidoallopyranosyl im- 
idate donor and a 2-deoxy-2-phthalimidoallopyranoside 
acceptor in the presence of trimethylsilyl trifluo- 
romethanesulfonate as the promoter. The ,T-~-Allp- 
NPht-(l-4)-~-AllpNPht disaccharide thus obtained 
in 80 % yield was further reacted with racemic allosam- 
izoline to afford the expected all~samidine.~' 

D. Other Modes of Anomerlc Actlvatlon 
4-Pentenyl3-0-benzyl-2-deoxy-4,6-O-isopropylidene- 

2-phthalimido-8-~-glucopyranoside was shown to un- 
dergo iodonium ion induced coupling with a variety of 
sugar alcohols togive@-disaccharides inverygood yields. 
Several linkages were thus created stereospecifically 
such as B-D-GlcpNPht-(l-n)-o-Glcp (n = 3, 4, 6).'% 
2-Deoxy-2-phthalimido-~-glucopyranosyl4-penten- 

oaks were also used as glucosylation donors, through 
an electrophile-induced lactonization with [(s-col- 
lidine)2I]+ClO~-, to afford stereospecifically the 1,2- 
trans-glucoside in good 

Phenyl selenoglycosides were very recently reported 
as novel versatile glycosylation donors. A selective 
activation of the phenylseleno leaving group could be 
achieved in the presence of an ethyl thioglycosidic 
function (silver trifluoromethane sulfonatelpotassium 
carbonate as the pr~moter)? '~ 

The efficiencies of six standard 2-deoxy-2-phthal- 
imidoglucopyranosyl donors toward thesame acceptors 
were recently reported. A very valuable comparison 
between various leaving groups could, therefore, be 
obtained for the synthesis of 2-deoxy-2-phthalimidoglu- 
copyrano~ides .~~ 

E. Conclusion 
Since ita introduction in the field of oligosaccharide 

synthesis, the so-called 'phthalimido procedure" has 
found a wide range of applications for the preparation 
of complex molecules. 

Most of the time, the glycosylations effected with 
2-deoxy-2-phthalimido donors were found to show a 
complete 1.2-trans stereospecificity. Yields were gen- 
erally high, even with unreactive alcohols and, fur- 
thermore, the method has been recently improved by 
the use of various leaving groups such as trichloroace- 
timidates or 1-thioalkyl groups. 

Bamxlb et al. 

Scheme VI11 
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Very sophisticated oligosaccharides, including uronic 
acid acceptors347 were built up using the phthalimido 
procedure in key steps. This method can, presently, 
be considered as the method of choice for the synthesis 
of 1,2-trans-glycosides of the 2-amino-2-deoxy sugars. 

It could be pointed out, nevertheless, that the cleavage 
of the amino protective group requires alkaline con- 
ditions which could constitute a drawback to the method 
in a few  instance^.^'^ 

VII. Glycosylatlons Uslng 2-Azldo-2-deoxy 
Donors 

The azido function was shown to be a nonpartici- 
pating group which did not cause steric hindrance and, 
therefore, could possibly be used as the amino protective 
group of donors for 1,2-cis-glycosylation reactions. 
Furthermore, reduction of the azido group could afford 
the free amino group. 

A. Preparallons of 2-Arldo-2-deoxy Sugar 
Donors 

The most widely used reaction for the preparation of 
the 2-azido analogues was the azidonitration of glycals 
developed by Lemieux and co-w~rkers~'~*~" in 1979. 
This reaction occurred by the addition of ceric am- 
monium nitrate and sodium azide on protected glycals 
26, to afford epimeric mixtures of 2-azido-2-deoxy-l- 
0-nitropyranoses 27 and 28 (Scheme VIII). The ster- 
eochemistry of the addition favored the formation of 
the equatorial 2-azido derivative 27 with respect to the 
axial 2-epimer 28. I t  should be mentioned that this 
addition reaction is regiospecific with all glycals and 
stereoselective mostly in the cases of acetylated D-ga- 
lactal  derivative^.^'^ Besides D-glUCa1351.352 and D-ga- 
lactal, these reactions have also been extended to other 
peracetylated monosaccharidic g l~ca ls ,3~~,~"  disaccha- 
ridic g l y c a l ~ , 2 ~ . ~ ~ " ~ ~  and glycals derived from glycu- 
ronic acids.35g 

When protective groups other than acetates were 
used,m362 the stereoselectivity of this addition reaction 
sometimes exhibited some  difference^^^^-^^ which fa- 
vored the formation of the 2-axial azido epimer 38.351 
Finally, the epimeric 2-azido-1-0-nitro derivatives 27 
and 28 were transformed into the corresponding 2-azi- 
doglycopyranosyl halide (or trichloroacetimidate) do- 
nors29 and30which were usedfor further glycosylation 
reactions. More recently, an anomeric S-xanthate wa8 
obtained from the epimeric mixture of 27 and 28 and 
used as a glycosylation d0nor.3~~ 

Another method for thepreparationofBazidosugam 
involved the opening of 1,6:2,3-dianhydrohexopyranose 
derivatives 31 (Scheme IX) withsodiumazidetoafford, 
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regie and stereoselectively, the corresponding 2.3-trans 
diaxial 2-azido derivative 32. This latter compound 
was transformed into the corresponding 2-azidoglyco- 
pyranosyl halide donor 29 via the opening of the 1,6- 
anhydro ring. This method has been successfully 
applied to the syntheses of 2-azido monosaccharidic 
glycopyranosyl halide d ~ n ~ r s * ~ . ~ ~ ~ ~ ~  as well as to the 
syntheses of 2-azido disaccharidic glycopyranosyl halide 
d0nors .3~“~~~  

Preparation of the 1,6-anhydro-2-azido-2-deoxy in- 
termediates 32 has been improved using more reactive 
 nucleophile^^^^^^'?^ and using these intermediates 32 as 
acceptors in glycosylation r ea~ t ions .3~~~3~0~3~  

Other methods were reported for the preparation of 
the 2-azido-2-deoxyglycopyranosyl donors which were 
not of general use but, nevertheless, should he men- 
tioned in this rationale. Thus the addition of halogeno 
azides on suitably protected g l y ~ a l s ~ * ~ . ~ ~ ~  afforded, 
regioselectively, 2-azido-2-deoxyglycopyranosyl halides. 
The nucleophilic substitutions of the 2-sulfonate de- 
rivatives with azides were also reported to afford the 
2-azido derivatives in good y i e l d ~ . 3 ~ ~ - ~ ~ ’ ?  The diazo 
transfer on 2-amino-2-deoxyaldoses was also reported 
to give an easy access to 2-azido-2-deoxy sugars.388 
Finally, the opening of 2,3-cyclic su l f a t e~ ,3~~  the syn- 
thesis of 2-azido-2-deoxy-D-glucopyranose in eight steps 
from D-glUC0Samine3” and the migration of the azido 
function from C-1 to C-2 with (dimethy1amido)sulfur 
trifluoride ( D A S T F  were also reported. 

B. Glycosylatlon Reactions Using 
2-Arido-2deoxy Sugar Donors 

Preparation of 1,2-cis- and 1.2-trans-glycosides of 
2-azido-2-deoxysugm from the various 2-azido-2-deoxy 
glycopyranosyl donors was affected by the nature of 
the anomeric leaving groups and the promoters used in 
these glycosylations. The glycopyranosyl halides were 
the most commonly used donors in such condensations, 
and the stereoselectivities of these glycosylation reac- 
tions, were strongly dependent on the nature of the 
promoters (soluble or insoluble). On the other hand, 
the stereochemistry ofthe glycosylation reactionsusing 
imidates as leaving groups ofthe 2-azido-2-deoxy donon 
was shown to be strongly dependent not only on the 
promoters used, but also on the nature of the acceptor 
and the orientation of the leaving groups (Le., 01 or 8). 

Also, a free HO-1 reducing 2-azido-2-deoxy-D-galac- 
tose was used as the donor with serine or threonine 
acceptors in the presence of triflic anhydride in ace- 
tonitrile to afford the glycopeptides a-D-GalpNs-(l-O)- 
Ser (or Thr).392.393 

More recently, the thioglycosides were introduced as 
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glycosyl donors which were used for various successful 
glycosylations. Each of the above methods will he 
discussed separately in the following sections. 

1. Anomeric Halide Leaviflg Oroups 
a. Soluble Promoters Leading to the  Synthesis 

of 1.2-cis-Glycosides. As was discussed in the general 
reaction (Scheme I) for the glycosylation reaction, the 
ideal formation of the 1,2-cis-glycosides required the 
presence of a nonparticipating amino protective group. 
The approach of the acceptor alcohol should he directed 
onthesamesideasthec-2substituent. Also,theamino 
protective group should not be bulky, and the leaving 
group must he situated in a 1,2-trans relationship. This 
ideal situation was met in the syntheses of oligosac- 
charides of biological interest using glycopyranosyl 
donors (e.g. D-glucosamine or D-gdaCtQSamine) in which 
the nitrogen atom and the anomeric leaving group were 
in the equatorial orientation. Thus, in the case of 
glycopyranosyl halides, this preferred situation was 
attained either by the use of @-anomeric halides 29b 
(Scheme X) or by the use of the so-called in situ 
anomerization of halide anomeric mixtures.= 

Due to the instability of the @-anomeric glycopyra- 
nosy1 bromides, only @-chlorides 29b (X = C1) were 
used as glycopyranosyl donors in the 
and D-ga~acto370~‘0’-405 series, whereas the anomeric 
glycopyranosyl bromides 29a (X = Br) were involved 
in the in situ anomerization process. 

Several glycosides and oligosaccharides 33 were 
prepared using the 2-azido-2-deoxy-@-D-glycopyranosyl 
chlorides as donors, in the presence of silver salta as 
promoters but, unfortunately, this method was re- 
stricted to reactive alcohol  acceptor^^^^^'^ due to the 
weak leaving group properties of the anomeric chloride 
ion. Nevertheless, this reaction wassuccessfully applied 
to the syntheses of 2-azido-2-deoxy-a-D-galactopyra- 
nosides of L-serine and  threonine.^^'?-^^^ 

I t  should he mentioned that the unstable and more 
reactive 2-azido-2-deoxy-@-D-glycopyranosyl bromides 
29b (X = Br) were prepared in situ by equilibration of 
the stable a-bromide anomer 29a and engaged in a one- 
pot reaction in the presence of both the acceptor alcohol 
and the promoter. The in situ anomerization using the 
so-called “common ion method”88 was achieved using 
tetraethylammonium bromide.”,“’? The fundamental 
mechanism of this reaction has already been described 
by Lemieux et  a1.,88 and it was shown that the rate of 
anomerization of bromide 29a to 29b was faster than 
the glycosylation reaction leading from 29a to the 
@-glycoside 33b. Also, it was demonstrated that the 
rate of conversion of the @-bromide 29b into the 
a-glycoside 33a was faster than the rate of reverse 
anomeric epimerization (29b into 29a). 
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The yields and stereoselectivities of the glycosyla- 
tion products obtained while using 2-azido-2-deoxy- 
D-glycopyranosyl halides as donors were shown to be 
strongly dependent on several parameters, such as the 
donor, the acceptor alcohol, and the promoter which 
often precluded any prediction concerning the stere- 
oselectivity of the glycosylation reaction. Nevertheless, 
some general principles can be drawn from the literature 
for the synthesis of 2-azido-2-deoxy-l,2-cis-glycosides. 
Thus, with reactive acceptors, the donors of low reac- 
tivities (e.g. 2-azido-2-deoxy-~-~-glycopyranosyl chlo- 
rides) can be used in the presence of promoters of low 
reactivity (e.g. AgZO, Ag2C03, C ~ C O S ) ~ ~  or medium 
reactivity [e.g. Hg(CNI21. With unreactive acceptors, 
the donors of higher reactivities (e.g. 2-azido-2-deoxy- 
cY-D-glyCOpyranOSyl bromides) should be used in the 
presence of a reactive promoter allowing the in situ 
formation of a P-anomeric reactive species 1e.g. Hg- 
(CN)Z-HgBrz, silver triflate, or AgC104-AgzC031, 

The reactivities of the various promoters or mixtures 
of promoters have often been d i s ~ ~ s s e d . ~ ~ ~ * ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  The 
choice of the appropriate promoter should actually be 
made not only with respect to its involvement in the 
glycosylation procedure itself, but also with respect to 
the stabilities of the protective groups of both the donor 
and the acceptor in its p r e s e n ~ e . ~ ~ , ~ ~ ~  

More recently, 2-azido-2-deoxy-~-glycopyranosyl flu- 
orides were also used as donors with some success.4~422 

On the other hand, the reactivities of the 2-azido- 
2-deoxyglycopyranosyl donors were shown to be strongly 
dependent on their protective groups and configura- 
tions. Thus, it  was often reported that the reactivity of 
the donor increased with the increasing number of ether 
protective groups (mainly benzyl) and decreased with 
the increasing number of ester protective groups (mainly 
acetates).3m~402~411~418~423~424 Furthermore, the reactivity 
is most often higher with donors in the D-galacto than 
in the D-glUC0 c ~ n f i g u r a t i o n . ~ , ~ * ~ ~ ~  The aforementioned 
general principles were applied for the synthesis of 
various glycosides and oligosaccharides of biological 
interest. 

i. Simple Alcohol Acceptors. The glycosylations of 
simple alcohols (methanol, allyl, benzyl, or cyclohexyl 
alcohols) were studied in the 2-azido-2-deoxy-~-glucose 
series3~,358*395.425~4z6 as well as in the 2-azido-2-deoxy- 
~ - g a l a c t o s e ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  or -D-"In0Se428 series. The gly- 
cosylations were usually in favor of the 1,2-cis isomer, 
but due to the high reactivity of the aforementioned 
acceptor alcohols, the stereoselectivities were often 
reported to be poor and strongly dependent on the 
promoter and solvent Several acceptor alco- 
hols having bridging arm properties such as function- 
alized phenols356,429~430 or functionalized alkyl 
 hai ins^^^,^^^,^^^ were used as linear acceptor alcohols. 
Also, glycosylations of partly protected inositols were 
r e p ~ r t e d . ~ ~ ~ ? ~ ~ ~  The stereoselectivities were acceptable 
in these latter examples but the yields were sometimes 
low. 

ii. Glycopeptides. Syntheses of glycopeptides in- 
volving an &-linkage between D-galactosamine and L- 
serine or L-threonine have been widely used. Thus, 
the reaction of 3,4,6-tri-0-acetyl-2-azid0-2-deoxy-a-~- 
galactopyranosyl bromide with suitably protected L- 
serine or L-threonine in the presence of mercuric 
bromide-mercuric cyanide as the promoters, afforded 

Banoub et el. 

the expected glycopeptide with a medium stereoselec- 
tivity (a:@ = 5:1),410,411 mainly due to the high reactivity 
of the donor. Recently better stereoselectivities were 
reported with the same donor by using AgC101-Agz- 
CO3 as the promoters.415-416s434 The reaction of the cor- 
responding 3,4,6-tri-O-acetyl-2-azido-2-deoxy-~-~-glu- 
copyranosyl chloride as a donor of lower reactivity was 
proven to be more favorable for such g l y c o s y l a t i o n ~ , ~ ~ ~ ~ ~  
mainly in the presence of AgzCOa-AgC104 as promot- 

In the case of disaccharidic d o n 0 r s , ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 3 5  the 
reactivity was shown to be strongly dependent on the 
number of acetyl functions present on the latter.416 
Thus, the reaction of 4,6-di-O-acety1-3-0-(2,3,4,6-tetra- 
O-acetyl-~-~-galactopyranosyl)-2-azido-2-deoxy-a-~-ga- 
lactopyranosyl bromide with properly protected serine 
or threonine was realized with a medium stereoselec- 
tivity (a$ = 6:l) while the reaction performed with the 
corresponding 4,6-di-O-benzoyl donor afforded the 
expected glycopeptide with good yields and stereose- 
lectivities in the presence of AgC104-AgzC03 as the 
 promoter^.^^^^^^^ When AgC104 only was used as the 
promoter, some stereospecific glycosylations were re- 
ported,415p437 but it should be mentioned that lower ste- 
reoselectivities (a:@ = 6:l to 3:l) were also obtained 
with the same p r o m ~ t e r . ~ ~ ~ , ~ ~ ~  

It should be noted that the amino acid protective 
groups were also shown to interfere with the course of 
the glycosylation reactions.413 These side reactions will 
not be detailed in this review article, which is devoted 
to the glycosylation aspects only. In conjunction with 
the methods already described in this rationale, gly- 
cosylations using 2-azido-2-deoxy sugar halides allowed 
the preparation of products of very high biological 
importance such as asialoglycophorin A 
or interleukin I1 fragments.414 

iii. Selected Oligosaccharides. The 1,2-cis glyco- 
sylation procedure using 2-azido-2-deoxyglycopyrano- 
syl halides as donors and promoters allowing the in situ 
formation of 1,2-trans leaving groups has been well 
documented in the field of disaccharides. 

Donors possessing the D-galacto configuration were 
reported to afford good yields and good stereoselec- 
tivities by reaction with various D-galactose acceptors 

4,380,440 H0-64069411), D-galaCtOSamine (HO- 

with L-fucose acceptors (H0-3363). 
The synthesis of the blood group substance A type 

2 , cY-D-GalpNAc- (1-3) - [ CY-L-FUCP- (1+2) 1 -8-D-Galp- 
(1-4)-~-GlcpNAc was realized with 3,4,6-tri-O-acetyl- 
2-azido-2-deoxy-cu-D-galactopyranosyl bromide as a 
donor and the properly protected trisaccharidic ac- 
ceptor. Due to the low reactivity of the acceptor, several 
promoters were tested and the yields were shown to 
increase with the addition of increasing amounts of 
HgBrz to the Hg(CN)z promoter or by the use of silver 
triflate at  low temperature in order to keep a good 1,2- 
cis stereoselectivity to the glycosylation p r o c e ~ s . ~ ~ ~ , ~ ~ ~  

Good results, with respect to yields and 1,2& ste- 
reoselectivities, were also reported from donors having 
the D-gluco configuration and acceptors of the D- 
galactose series (H0-3,213,4411442 H0-4237-419), D-glu- 
cosamine (H0-3,369~395~399~419 H0-6443) as well as D- 
fucose,444 or ~-g lycero -~-manno-hep tose~~~ series. 

eas,410,414 

(H0-3,228,370,400,403,405,417,439 H0,6406), D-glucose (HO- 

3228,229,324,370,3~9.400,~~4~4~3,440), D-glucosamine (H0,3370), or 
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A good 1.24s stereoselectivity was also reported with 
a 2-azido-2-deoxy-~-idopyranosyl d~nol* '~  whereas a 
lower stereoselectivity was observed when 2-azido-2- 
deoxy-D-xylopyranosyl donors were used.u7 

I t  should he mentioned that 1,banhydro derivatives 
of D-galaCtoSe and D-galactosamine were often used as 
acceptors in the above glycosylation reactions in order 
to increase the reactivity of the free hydroxyl groups. 
Such an approach constituted, for example, the key 
steps of the synthesis of the repeating unit of Strep- 
tococcus pneumoniae type I?79 
io. Regioselectiue Glyeosylatiom. Regioselective 

glycosylations were attempted on benzylated lactose 
acceptor diols [@-D-Galp-(1-4)-D-GIcpl having free 
HO-3' and HO-4', with 2-azido-2-deoxy-D-glycopyra- 
nosy1 bromides. In the presence of promoters allowing 
the formation of equatorial leaving groups, no regi- 
oselectivity has been observed, and both 1,2& regio- 
isomers were recovered in comparable yield~.2%-~39 
Nevertheless, the glycosylation of the same acceptor 
diol with a donor of low reactivity, afforded a better 
regioselectivity of the 1,Zcis glycosylation (toward the 
HO-3'position) but the yields were drastically affected 
(29% yield only) by this change.238 

u. Synthesis of Heparin Fragments. Very recently, 
2-azido-2-deoxy-a-~glucopyran~yl bromides have been 
used in the synthesis of heparin fragments. Heparin 
34 is a sulfated oligosaccharide which exhibits an- 
tithrombin a ~ t i v i t y " ~ ~ " ~  and contains two 1.2-cis-glu- 
cosaminyl linkages (e.g. QR'  and S'T' in Scheme XI). 

Nonsulfated oligosaccharidic fragments S'T','50 
STU',"51 and Q'R'S'452 weresynthesized from aproperly 
protected 2-azido-2-deoxy-a-D-glucopyranosyl bromide 
and the appropriate acceptor derivatives of D-g1UCU- 
ronic (R') or L-iduronic (T') acid and in the presence 
of reactive promoters such as silver triflate-collidine 
or HgBr2. The nonsulfated tetrasaccharide (R'S'TU') 
was mostly prepared by reaction of the fully protected 
donor35 (fragment R'S') with the acceptor 36 (fragment 
T'U') in the presence of silver triflate-collidine as the 
promoter hut also with silver triflate only (which 
afforded a better 1,2-cis stereoselectivity of the glyc- 
osylation, but also a lower yield with protective groups 
fragile in acidic medi~m)~"orAg2CO~-AgC10~.*~ After 
removal of the HO-4 protective group from the D-gh- 
curonic acid moiety (fragment R'), the fully protected 
fragment R'S'T'U' was used as the acceptor with 6- 
O-acetyl-2-azido-3,4-di-O-henzyl-2-deoxy-a-~-glucopy- 

Chemical Revlaws. 1992. Vol. 92. No. 6 1183 

ranosyl bromide as the  don^+^^-'" under the same 
conditions reported for the condensation of fragment 
R'S' with T'U'. The stereoselectivities of these latter 
steps of 1,2-cis glycosylation were reported to be high 
(70-81 % ),'25.45'.458 and their yields could be almost 
quantitative (96%).317 

Similar syntheses were also reported for sulfated he- 
parin fragments459 or for fragments in which the L-id- 
uronic acid moiety (T') has been replaced by L- 
idopyranose,w,"l D-XyIOpyIanOSe,"* (Rbglyceric acid,'63 
or D-ghCUrOniC acid.4M All of these syntheses involved 
the same approach with a few modifications due only 
to the nature of the acceptor (mono- or oligosaccha- 
ride). 

b. InsolublePromotere Leading to the Synthesis 
of 2-Azid~2-deoxy-8-~-glywpyranwides. The meth- 
ods already discussed in the preceding sections were 
not useful for the synthesis of the 1,2-cis-glycosides of 
o-mannosamine. In effect, a 2-amino participating 
group should lead to 1,2-tram-glycosides and the use 
of a soluble promoter with a 2-azido-2-deoxy-~-man- 
nopyranosyl halide as donor should lead to the same 
a-anomeric 2-azido-2-deoxy-~-mannopyranoside. 

As was seen in the general glycosylation mechanism 
(Scheme I), the 1,2-cis-glycosides of D-"InOSamine 
might he formed starting from a donor containing a 
nonparticipating group on the C-2 (E with axial NR2) 
position and an insoluble catalyst able to shield the 
"a-face" of the donor to favor the approach of the 
acceptor alcoholon the '&face" and avoid the formation 
of an oxocarbenium intermediate (C) whichwould result 
in a loss of stereocontrol. Silver carbonate was the first 
insoluble promoter used in the synthesis of 1,2-tram- 
@-glycosides of the 2 - a z i d o - 2 - d e o x y - ~ g l u c o ~ ' ~ ~ , ~ ~ ~ ~ ~ ~ ~  
and D-gUlQCt03'0 series, and the method was then 
extended to the synthesis of 1,2-&-glycosides of D- 
mannosamine. Further improvements were realized 
later by the use of silver zeolites466 or supported silver 
salts (silicage1,"'silica/aluminaW). In order to achieve 
the best 8-stereoselectivity, it was reported that the 
reaction should be performed in solvents of low polarity 
(toluene) and by using the most reactive donors351~444~469 
and acceptor 

The reactivities of the donors were shown to be 
strongly dependent on their protective  group^."^ Thus 
ether protection of HO-3 and HO-6 as well as ester 
protection of HO-4 seemed to favor the @-glycosylation 
by comparison with ester protection of HO-3 and HO-6 
and ether protection of H0-4.471-473 Furthermore, it 
was demonstrated that the @-stereocontrol of the 
reaction with 2-azido-2-deoxy-a-~-glycopyranosyl ha- 
lides was better with donors having the D-gUhCtO or 
D - m "  configuration than with the corresponding 
D-gkLCO  epimer^.'^'^"^ 

i. Simple Alcohol Acceptors. The glycosylations of 
simple primary alcohols were generally reported to 
afford the expected @-glycosides in high yields and with 
good stereoselectivities in the D-glUCO'18~m~474~477 as well 
as in the D - ~ n a n n O ~ ~ ~  series, except with donors of lower 
reacti~ities.'~~."~ 

ii. Selected Oligosaccharides. A wide range of 
applications of the method were reported in the field 
of@-(1-6) oligosnccharides involving a 2-azido-2-deoxy- 
a-D-glycopyranosyl bromide as the glycosylation donor 
and the HO-6 primary and reactive hydroxyl group of 
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the acceptor. Thus the following linkages were created 
with a good stereoselectivity: @-~-GlcpN3-(1+6)-~- 
G 1 ~ p N , 4 ~ ~ * ~ ~ ~ s ~ ~  @-~-GlcpN3-( 1-.6)-~-Galp,~~~ and @-D- 

The most important improvements in the synthesis 
of 1,2-trans-@-oligosaccharides with respect to the so- 
called oxazoline or phthalimido procedures were found 
in the preparation of compounds of biological interest 
containing functions which are labile in alkaline and/ 
or acidic medium and could not survive drastic con- 
ditions. An antigenic fragment related to S.  pneu- 
moniae type 13781379 was thus synthesized from 3,6-di- 
O-acetyl-2-azido-4-O-benzyl-2-deoxy-a-~-galacto- 
pyranosyl bromide as the donor with the properly 
protected ribitol receptor (HO-1 free) in the presence 
of silver silicate at -20 "C with a good yield (61 96) and 
a good P-stereoselectivity. A phosphodiester function 
was further introduced on the above prepared fully 
protected disaccharide and the amino-free antigen could 
subsequently be recovered without cleavage of the 
fragile phosphodiester bond. 

Another interesting example was reported by Paulsen 
et al.445 in the field of lipopolysaccharidic antigens. The 
reaction of 3,4,6-tri-0-acetyl-2-azido-2-deoxy-a-~-glu- 
copyranosyl bromide with benzyl 2,3,5,6-tetra-O-benzyl- 
a-L-glycero-D-manno-heptopyranoside as the acceptor 
in the presence of silver silicate at  -50 "C afforded 
mainly the @-disaccharide (93 96, a:@ = 1:14) related to 
the core lipopolysaccharide of Vibrio ordalii. Glyco- 
sylation of the same acceptor and donor in the presence 
of silver triflate (soluble promoter) afforded the a-dis- 
accharide (7696, a:@ = 7.51) related to the core 
lipopolysaccharide of Aeromonas hydrophila and Bor- 
detella pertussis. 

Glycosylations using various monosaccharide accep- 
tors containing free HO-4, HO-3, or HO-2 and promoted 
by insoluble silver salts were reported in the literature 
thus affording the following linkages respectively: @- 
~-GalpNs-  (144)  -D-Galp ,482 @-~-ManpNs- ( 1 4 4 ) - ~ -  

ManpN3-(1-.4)-~-Rhap,~~' @-~-GalpN3-(1-.3)-~- 

(1-,3)-~-FucpN,~~~ @-D-GalpNs- ( 1 - . 2 ) - ~ - R h a p . ~ ~ s ~ ~  
i i i .  Regioselective Glycosylations. Selective glyco- 

sylations involving the HO-3' and HO-4' of lactose 
acceptors were studied in detail because of their 
involvements in the field of gangliosides and blood group 
substances. Thus, 6-O-acetyl-2-azido-3,4-di-O-benzyl- 
2-deoxy-a-~-glucopyranosyl bromide was regio- and ste- 
reoselectively condensed on the HO-4' position of a 
properly protected lactoside acceptor (HO-3' and HO- 
4' free) in the presence of silver silicate as the pro- 
moter.236p237 Condensation of the less reactive homol- 
ogous 2-azido-2-deoxylactosaminyl donor with the same 
acceptor afforded the four possible regio- and stereoi- 
s o m e r ~ ~ ~ ~  under the same reaction conditions. 

The reactions of 3,4,6-tri-O-acetyl-2-azido-2-deoxy- 
a-D-galactopyranosyl bromide or 4,6-di-O-acety1-3-0- 
(2,3,4,6-tetra-O-acetyl-@-D-galactopyranosyl)-2-azido- 
2-deoxy-a-~-galactopyranosyl bromide with a benzylated 
lactoside acceptor (HO-3' and HO-4' free) in the 
presence of an insoluble catalyst afforded the @-(1--4) 
tri- or tetrasaccharide respectively in a regio- and ste- 
reoselective manner.239 This regioselectivity toward 
HO-4 with respect to HO-3 was also reported with ben- 

ManpN3-( 1+6)-D-Gl~p.~'~ 

G1~~,3~194'3 P-D-ManpN3- ( 1 + 4 ) - D - G 1 ~ p N , ~ ~ ~ , ~ ~ ~ p ~ ~ ~  8-D- 

Galp,3707484 @-D-GlcpNs-( 1-3)-D-Gdp,476 O-D-ManpNg- 

Banoub et el. 

Scheme XI1 
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zyl 2,6-di-O-benzyl-@-~-galactopyranoside~~~ or a 
2-azido-2-deoxy properly protected la~tos ide~ '~  as the 
acceptor diol and was attributed to a masking com- 
plexation of the promoter with the more reactive HO-3 
position. 

It is interesting to mention, at  this point, that the 
corresponding 2-deoxy-2-phthalimidoglycopyranosyl 
donors were reported to afford preferentially the @- 
(143) glycosides with the same acceptor diolsz3e239 in 
the presence of a soluble promoter, which complements 
the scope of the 2-azido-2-deoxyglycosylation approach. 

In summary, the 2-azido-2-deoxy-~-glycopyranosyl 
halides (possessing an equatorial C-2 substituent) could 
afford the 1,2-cis-glycopyranosides in the presence of 
soluble promoters allowing the in situ formation of a 
@-leaving group of high reactivity. On the other hand, 
the use of insoluble promoters with 2-azido-2-deoxy 
donors (irrespective of the orientation of the C-2 sub- 
stituent) gave rise to @-D-glycopyranosides with various 
acceptor alcohols; this approach was especially relevant 
in the case of D-mannosamine donors. 

In both cases (soluble or insoluble promoter) the 
yields and stereoselectivities were strongly dependent 
on the relative reactivities of both the donors and the 
acceptors. A tight compromise should be found in each 
case with respect to the nature of the donor, the acceptor 
and the promoter, since yields and stereoselectivities 
were often opposed.476 

2. Anomeric Zmidate Leaving Groups 

This method developed by Schmidt and co-workers6 
was first used in the D-glucose series48a and then applied 
to other structures4a9 and also to the 2-azido-2-deoxy- 
D-glUCOSe and -D-galaCtOSe.3m The trichloroacetimi- 
date leaving group was introduced on the anomeric 
position from a reducing carbohydrate precursor V' 
(Scheme XII) and trichloroacetonitrile in alkaline 
medium, via the alkoxy intermediates W' and X'. 

With a weak base (e.g. potassium carbonate), the 
kinetically favored @-anomer (Y') was formed predom- 
i n a n t l ~ . ~ ~  Alternately the use of a strong base (e.g. 
sodium hydride) allowed the formation of the ther- 
modynamically stable a-anomer (2') in high yield. The 
aforementioned trichloroacetimidates Y' and Z' were 
used as glycosylation donors with Lewis acids as 
promoters. Starting from the a-imidates 2' the glyc- 
osylation of alcohols promoted by boron trifluoride 
e t h e r a t e  proved  t o  be highly s te reose lec-  
t i ~ e , ~ 6 ~ * ~ ~ ~ ~ ~ 6 ~ , ~ ~ ~ ~ ~ * ~ ~ ~  thus affording mainly the 8-gly- 
cosides in good yields, whereas the promotion by tri- 
methylsilyl trifluoromethanesulfonate exhibited a lower 
s t e r e o s e l e ~ t i v i t y . ~ ~ ~ ~ ~ ~  Nevertheless, this latter Lewis 
acid was used successfully in the promotion of the gly- 
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cosylation reactions using the p-imidate Y‘ as donor, 
which afforded, stereoselectively, the a - g l y ~ o s i d e s . ~ ~ * ~ ~ ~  

Many examples have been reported concerning the 
synthesis of 2-azido-2-deoxy-j3-~-glycopyranosides from 
2-azido-2-deoxy-a-~-glycopyranosyl trichloracetimi- 
dates and BF3.Et20 as the promoter. The following 
linkages involving either mono- or oligosaccharide 
donors and acceptors were created @-~-GlcpN3- (1-6)- 
~ - G a l p N  and p-~-GlcpN~-(  1-3)-~-GalpN,3~~p~~l p-D- 

D - G ~ c ~ ~  and B-~-GalpN3-(1-.3)-~-Galp.~~ The re- 
ported yields and stereoselectivities were generally high 
except in the latter example496 involving a tetrasac- 
charidic donor, a disaccharidic acceptor and zinc 
chloride as the promoter (a:@ = 1:1.7). 

4-0-Allyl-(or benzyl)-2-azido-3,6-di-0-benzyl-2-deoxy- 
a-r>-glucopyranosyl trichloroacetimidates were also used 
as donors with a properly protected muramic acid 
acceptor to afford the expected @-(1-4) disaccharides 
related to the bacterial peptidoglycans. The reported 
yields and stereoselectivities were high when BF3-Eb0497 
was used as the promoter, whereas the stereoselectiv- 
ities were lower in the presence of trimethylsilyl trif- 
luoromethanesulfonate as the promoter (a:@ = 1:1.6).490 
The other glycosidic linkage found in the bacterial pep- 
tidoglycan [/3-~-MurpNAc-(1-.4)-~-GlcpNAcl was ob- 
tained in moderate yield (38%) using the same meth- 
odology, starting from an a-~-MurpN3 donor and a D- 
GlcpN3 acceptor .498 

The syntheses of glycopeptides using 2-azido-2-deoxy- 
D-glyCOpyranOSyl trichloroacetimidates have been well 
documented. The simplest glycopeptide a-~-GalpNAc- 
(l+)-Ser was prepared from the a-trichloroacetimi- 
date of the 2-azido-2-deoxy-~-galactopyranose.~~~~ The 
glycosylation of a properly protected hydroxyproline 
acceptor by the 2-azido-2-deoxy-a-~-glucopyranosyl 
trichloroacetimidate afforded, in the presence of 
BF3aEt20, a @-glycopeptide intermediate in the syn- 
thesis of Bulgecinine and Bulgecin C.500 

The synthesis of the main mucin fragments 37 
involved a multistage process (Scheme XIII). 

Thus various a-trichloroacetimidate donors A W ’  (A” 
= ~ - G a l p  or ~-GlcpNd were reacted with the properly 
protected L-serine in the presence of trimethylsilyl tri- 
fluoromethanesulfonate as the promoter to afford the 
expected a-glycopyranosyl serine derivatives A“B”C“ 
with weak s e l e c t i v i t i e ~ . ~ ~ . ~ ~ ~  On the other hand, the 
use of the 6-anomeric imidate of the donor A”B” 
afforded the a-glycopyranosyl serine fragment A”B”C” 
with a high degree of stereoselectivity using the same 
promoter.491 After removal of protective groups on the 
B” part, both HO-4 and HO-6 free diols A”B”C” (A” 
= ~ - G a l p  or ~-GlcpNd were separately glycosylated 

GlcpNT( 143)-r>-Gl~pN,~l D-~-GlcpN3-( l + ) - ~ - G l ~ p , ~  
@-D-GlcpN3-( 1+3)-D-Galp,4921494*4g6 @-D-GalpNg-( 1-4)- 
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with the a-imidate donor D”E” in the presence of 
BFs-EtzO as the promoter. A new p-(1-6) glycosidic 
bond was thus created in a stereoselective and regi- 
oselective manner to afford tetrasaccharides A”(D”E”)- 
B”C” with high yields (81% and 80% yield, respec- 
t i ~ e l y ) . ~ ~ > ~ ~ ~  This elegant synthesis of main mucin 
fragments illustrated the scope and limitations of this 
method. 
2-Azido-2-deoxyglycopyranosyl imidates could be 

used for the synthesis of a- as well as j3-oligosaccha- 
rides depending on the anomeric orientation of the 
leaving group and on the promoter used. However, the 
high stereo- and regioselectivities reported above were 
not reproducible with similar acceptor diols containing 
an anomeric p-tert-butyldimethylsily1)oxy group. An- 
other strategy for the preparation of sialooligosaccha- 
rides related to mucin fragments, in which the serine 
moiety was introduced at  the last stage, exhibited lower 
stereoselectivities and y i e l d ~ . ~ ~ l - ~ ~  

3. Use of Thioglycosides and S-Xanthates as 
G&cosyhtion Donors 

As already mentioned in the sections devoted to the 
phthalimido procedure, p-thioalkyl glycosides could be 
used as glycosylation donors in the presence of various 
promoters such as methyl triflate,3M>305 dimethyl(me- 
thy1thio)sulfonium triflate (DMTST) ,3°815M or tetraflu- 
oroborate (DMTSB),605 alkyl sulfenyl triflates,321 phe- 
nylselenenyl triflate,316 nitrosyl tetrafluoroborate,314 or 
halonium-forming species.301,432,506 This activation of 
the anomeric center was extended to the 2-azido-2- 
deoxyglycosylation donors. In these reactions the 8- 
anomeric leaving groups were reported to be sulfonium 
ions formed by reaction of the thioether with the 
promoters, the reaction of which afforded mainly the 
a - g l y ~ o s i d e s . ~ ~ ~ ~ ~ ~ ~  The a-stereoselectivities of the re- 
actions were reported to be favored in solvents of low 
polarity, avoiding the loss of stereocontrol due to the 
formation of the oxocarbenium intermediate C (Scheme 
I). 

A few examples only have been reported to 
date1479604,508 using this strategy. Paulsen and co- 
w o r k e r ~ ~ ~ ~  thus described the synthesis of the main mu- 
cin fragments (Scheme XIII) via this glycosylation 
approach. Several methyl (or ethyl) 2-azido-2-deoxy- 
1-thio-8-D-galactopyranosides (mono- or oligosaccha- 
rides) were reacted with the properly protected serine 
acceptors in the presence of methyl triflate or DMTST 
as the promoters in solvents of low polarities (ether 
and dichloromethane/ toluene respectively) The 
reported yields were generally good (7&94 7% ) but the 
a-stereoselectivities were shown to be strongly depend- 
ent on the promoter (usually better with DMTST than 
with methyl triflate) and on the protective groups 
(better with 0-benzyl than with 0-acetyl groups). The 
yields, and especially stereoselectivities, decreased 
drastically when the sizes of the oligosaccharides 
involved in the reactions increased. The cleavage of 
/3-(l+) glycosidic bonds was also reported in such gly- 
cosylation  condition^.'^^ 

The aforementioned inconveniences reduce the field 
of application of this method which is much more 
valuable for the synthesis of 1,2-trans-glycosides (with 
amino protective group participation) than for the 
preparation of 1,2-cis-glycosides of the 2-azido-2-deox- 
yglycopyranosyl donors. 
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Very recently, 2-azido-2-deoxy-j.3-S-xanthates were 
introduced as efficient glycosylation donors. The 
aforementioned donors were obtained in two steps by 
azidoxanthation of protected D-gdaCtd and the glyc- 
osylations were realized in the presence of a thiophilic 
promoter. The stereoselectivities of the glycosylation 
steps were shown to be strongly dependent on the 
solvent used. Thus, when the reaction was carried out 
in dichloromethane, the 1,2& orientation was observed 
with DMTST or Cu(I1) triflate as the p r ~ m o t e r , ~ ~ ' ~ ~ ~ ~  
whereas in acetonitrile, the 1,2-trans glycosylation was 
observed with both preceding p r o m o t e r ~ ~ ~ ~ v ~ ~ ~  and also 
with tris(4-bromopheny1)a"onium hexachloroanti- 
monate511 which acts by one-electron oxidation of the 
sulfur atom. 

Benoub et ai. 

C. Conclusion 
Due to the small size of the azido protective group, 

2-azido-2-deoxyglycopyranosyl donors constitute re- 
active intermediates of general use. 

Several anomeric leaving groups (halides, trichloro- 
acetimidates, l-thioalkyl) can be used thus opening the 
scope of the reaction. 

Depending on the leaving group and the promoter 
used, 2-azido-2-deoxyglycopyranosy1 donors can induce 
either a 1,2& or a 1,2-trans stereochemistry. In 1,2- 
trans glycosylations, the above method is preferable to 
the oxazoline or phthalimido procedure for the depro- 
tection of compounds which is otherwise impossible in 
an acidic or alkaline medium. Nevertheless, the 2-azido- 
2-deoxyglycopyranosy1 derivatives constitute, in proper 
conditions, the donors of choice for the synthesis of 
1,2-cis-glycosides of the 2-amino-2-deoxy sugars. 

V I I I .  Mlscellaneous Methods 
Several other glycosylation methods have been re- 

ported in the literature (although not fundamentally 
different from those previously described) which cir- 
cumvent some of the inconveniences encountered 
during the glycosylation step and/or during the removal 
of the amino-protecting group of the glycosylated 
product. 

A. Glycosyiations Using Oximino Intermediates 
Lemieux et al. introduced the nitrosyl chloride 

method in the 1970s. The addition of nitrosyl chloride 
to an acetylated glycal 26 led to the formation of a 
dimer adduct 38 (Scheme XIV) which reacted with the 
acceptor alcohol to afford an oximino intermediate 39, 
which usually had the a-anomeric c o n f i g u r a t i ~ n . ~ ~ ~ ~ ~ ~ ~  
The a-stereoselectivity and the yields were very good 
with simple acceptor or monosa~charides,5'~ 
but significant amounts of the glycosylated @-anomer 
were observed, or yields were shown to be strongly 
decreasing, with more sophisticated donors or accep- 
t o r ~ . ~ ~ , ~ ~ ~ ~ ~ ~  In the case of diol acceptors, the reaction 
can also be r e g i o s e l e c t i ~ e . ~ ~ ~ . ~ ~ ~  

The syntheses of 2-oximino glycoside derivatives 
39520-522 were also reported starting from a 2-keto 
intermediate treated with hydroxylamine or starting 
from a glycopyranosyl bromide possessing a C-2 oxi- 
mino ester function 40 and alcohol acceptors in the 
presence of heavy metal sa1ts.523-525 The stereoselec- 
tivity of the aforementioned reaction was found to be 

Scheme XIV 
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sensitive to the nature of the different promoters used. 
Thus the condensation of 3,6-di-O-benzoy1-4-0-(2,3,4,6- 
tetra-O-benzoyl-@-D-galactopyranosyl)-2-0- (benzoylox- 
imino)-2-deoxy-cu-~-glucopyranosyl bromide and 1,2: 
3,4-di-O-isopropylidene-a-~-galactose afforded the j.3- 
trisaccharide (81% yield) in the presence of silver 
carbonate and iodine as whereas the a- 
trisaccharide was obtained in 77% yield when silver 
triflate, iodine, and collidine were used as promoters.524 
Nevertheless, the 0-stereoselectivity for this type of 
glycosylation reaction has been indicated to prevail most 
of the time as opposed to when the reaction is carried 
out from the dimer a d d u ~ t . ~ ~ 3  

The reduction of the aforementioned oximino gly- 
coside derivatives 39 could result in the formation of 
the two C-2 epimers of the 2-amino-2-deoxyglycosides 
41 and 42. Thus the hydrogenation with palladium 
and charcoal was reported to show a very low stereo- 
selectivity affording the respective epimers 41 and 42 
in the ratios ranging from 1:l to 1:2.5.526 Similarly, the 
reduction with lithium aluminum hydride was reported 
to show low stereoselectivities and low It 
was found that the best stereoselective reduction was 
obtained, after acetylation of the oximino intermediate, 
with diborane in oxolane. When the reduction of the 
free oximino derivative 39 was performed in the above 
conditions, the yields of the 2-amino products were high, 
whereas, the stereoselectivity remained Also, it 
was reported that such reductions could lead to the 
corresponding 2-hydroxyamino derivatives of the parent 
oxime 39.517 

When the above reductions were effected after acety- 
lation of the oximino function (Le. on the N-acetylated 
oximino function), the stereoselectivity was drastically 
increased and favored the formation of the 1,248-2- 
amino-2-deoxyglycoside 41 (Scheme XIV). 

The enhancement of this stereoselectivity was more 
evident with the acetylated derivative 39 having the 
D-arabino configuration rather than with the corre- 
sponding D-lyxo epimer. Thus the D-arabino-oximino 
intermediate 39 was shown to afford preferentially the 
amino derivative with the D-gluco configuration over 
the D-manno epimer, whereas the D-lyxo-oximino 
intermediate 39 afforded a mixture of D-galacto and 
D-tab epimers in similar q u a n t i t i e ~ . ~ ~ ~ - ~ ~ ~  An improve- 
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ment in 1.2-cis stereoselectivity was also shown during 
the reduction of 2-(benzoyloximino)-&~-arabinopyr- 
anosides affording /3-~mannopyranosidea.~" The above 
strategy (addition of nitrosyl chloride to glycals and 
subsequent reduction) was successfully applied to the 
syntheses of 1,2-cis-oligosaccharides of immunological 
in te resP  and 1,2-cis-aminoglycosides containing an- 
tibiotics such as streptomycin519 and gen tamyc in~ .~~"~~  

It should be noted that the reduction of the ketone 
derived from the oximino intermediate 39 with sodium 
borohydride constitutes also a viable route for the 
formation of 2-hydro~ylated-1,2-cis-glycoside.~"" 

B. Glycosylatlons Using 
2-Dialkylphosphoramidate Donors 
3,4,6-Tri-O-acetyl-2-(dialkylphosphoramid0)-2- 

deoxy-a-D-glucopyranosyl halides 43 (R = Ph, Bn, 4- 
N02-Ph, 4-I-Bn; X = a-CI, a-Br; Scheme XV) have 
been reported as glycosylation donors.534 When simple 
alcohol acceptors (MeOH, BnOH) were used in excess 
with silver carbonate as promoter, @-glycosides were 
obtained in good yields (7586% ) and with a good ste- 
reoc~ntrol.~~'  In the case of monosaccharide acceptors 
possessing a free HO-6 primary hydroxyl g r o ~ p " . ~ ~ ~ . ~ ~ ~  
or a reactive secondary position (i.e. glycerol5"), gly- 
cosylation reactions using mercuric cyanide as the 
promoter afforded the &glycosides with good stereo- 
selectivities and moderate yields. With less reactive 
acceptors low yields and low stereoselectivities were 
observed, leading to a$ anomeric and 
to side products such as the 1-cyano derivatives 43 (X 
= D-CN) and the phenyl glycoside 43 (X = B-OPh) 
resulting from the partial hydrolysis of the phospho- 
ramidate functi0n.5~~ 

After the glycosylation step the diphenylphospho- 
ramidates could be deprotected chemioselectively by 
catalytic hydrogenation over Adam's ~ a t a l y s t . ~ ~ ' . ~ ~ ~ . ~ ~  
Furthermore, the deprotection of all of the alkylphos- 
phoramidates could usually be achieved through trans- 
esterification with benzyl alcohol and ammonia, fol- 
lowed by the hydrogenolysis over palladium on charcoal 
of the so-formed dibenzylphosph~ramidates.~~~~~~~~~~~ 

C. Glycosylatlons Using 2-[(2,4-DlnHrophenyl)- 
amino] Donors 

The donors 44 (Scheme XV) were prepared by the 
action of l-fluoro-2,4-dinitrobenzene on 2-amino-2- 
deoxy sugars followed by acylation and treatment with 
hydrogen b r ~ m i d e . ~ ~ . ~ ' ~  

The aforementioned amino protective group was 
supposedly nonparticipating and was expected to be 
1,2-cis-glycoside producing. However, the steric hin- 
drance of this participating group led mainly to the 
formation of anomeric glycosylation mixtures. Some 
examples of reactions giving rise to 1,2-cis-glycosides 
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as the major derivatives were reported when the 
acceptor alcohol was used as the solvent (Le. solvoly- 
sis)." Poor stereoselectivities were obtained when the 
reaction was performed in tetrahydrofuran, where the 
tetrahydrofuranyl oxonium ion intermediates should 
act as good leaving  group^."^,^^ With monosaccha- 
ride acceptors the stereochemistry of the glycosylation 
reaction was rather unpredictable. When insoluble 
promoters were used such as Ag*C03:47 AgClO4- 
B U ~ N , " ~  and AgC104-AgzC03-collidine,~g the stereo- 
selectivity was mainly oriented in favor of the 1,2-cis 
anomers (a:@ ratio varying from 2.5 to 4.0) in moderate 
yields (30430% ). When soluble promoters were used 
(mercuric salts) the stereoselectivity of the glycosyla- 
tion was mainly in favor of the 1,2-trans  isomer^^^.^^.^^' 
in the 0-ghC0 series buta 1,2& glycoside was reported 
in the D-gdaCtO series.552 

D. Glycosylatlons Using 
2-[(4-Methoxybenzylldene)amlno] Donors 

Another nonparticipating amino protective group 
used in glycosylation reactions was the 4-methoxyben- 
zylidene group. The glycopyranosyl donors 45 (X = 
a-Br, Scheme XV) were prepared from D-glUCOSamhe 
and 4-methoxybenzaldehyde, followed by conventional 
acetylation and treatment with hydrogen bromide.5u 

When AgzC03 was used as the glycosylation promoter 
with simple acceptor alcohols (MeOH, BnOH), 1,2- 
trans-glycosides were obtained in good yields (55- 
60% )?34 With  monosaccharide^^^^^"^,^^^ or ~ - s e r i n e ~ ~  
acceptors the glycosylation reactions using the same 
promoter afforded mixtures of anomeric glycosides with 
a low stereoselectivity and very poor yields. When 
mercuric cyanide was used as the promoter with ami- 
noinositol acceptors, the corresponding a-glycosides 
were obtained in good yields (>50% ), thus affording a 
good method for preparation of aminoglycoside anti- 
biotics such as neamine5s6.557 and lividomycin B.558,558 
A synthesis of dihydrostreptobiosamine fragment was 
realized by condensation of the enantiomeric L-gluco 
form of donor 45 with a free HO-2 isopropylidene 
derivative of benzyl dihydrostreptoside as the accep- 
tor.560 

Recently it was shown by Mama and Sinajr that the 
N-(4-methoxybenzylidene) group had participating 
tendencies in the glycosylation reactions.%l These 
authors showed that when an 0-benzyl-protected a- 
D-glucopyranoside acceptor with a free HO-6 was gly- 
cosylated with compound 45 as the donor, in the 
presence of silver triflate and collidine as the promoter, 
the 8-(1-6) disaccharide was obtained in good yields 
(79%, p:a = 91).s61 Also, they showed that, when the 
free HO-4 isomeric acceptor was glycosylated under 
the same conditions, an anomeric mixture of the cor- 
responding (1-4)-disacchardies was obtained in mod- 
erate yield (47%, a$ = 1:l). 

When thesame glycosylation reaction was performed 
in the presence of mercuric cyanide as the promoter, 
it was shown that the corresponding @-glycoside 45 (X 
= @-OR) was obtained together with the a-glycoside 45 
(X = a-OR) in which addition of HCN had occurred on 
the double bond of the amino protecting group. 

A new mode for activating the anomeric position of 
N-(4-methoxybenzylidene) derivatives has been re- 
cently reported in which a 4-pentenyl glycoside (45, X 
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was reported to be formed in 40% yield from the 
corresponding @-acetylated compound 47 (R = Bn) in 
the presence of a Lewis acid.98 

Other 1,2-trans glycosylations were also reported in 
moderate yields (42-46% 1, using similar donors (46, X 
= C1, R = Et, Bn, CHzCH2Cl) and methanol or benzyl 
alcohol as the acceptor, in the presence of silver salts 
as  promoter^.^^ 

As far as we are concerned, we have recently reported 
the glycosylation of model alcohols (isopropyl alcohol, 
cyclohexanol, tert-butyl alcohol, and 2,2,2-trichloro- 
ethanol) by several donors 46 (X = a-Br, R = Me, Et, 
All,585 Bn, CH2CC13, and p-nitrobenzyl) and 47 (R = 
Me, Et, All, Bn, CH2CCl3, p-nitrobenzyl, and tert- 
butyl),% in the presence of different promoters. Thus 
in the presence of mercuric cyanide all of the glyco- 
pyranosyl bromide donors 46 afforded the expected 1,2- 
trans-glycosides in good yields except in the case of the 
weakly nucleophilic trichloroethanol. It is to be men- 
tioned that when the alkyl group of the carbamate 
function was able to accommodate a positive charge (R 
= All, Bn, or p-NOzBn) the oxazolidinone 48, already 
reported by Paulsen and co-workers,640 was obtained 
as a side productm in addition to the expected 
@-glycosides 49. It is important to mention that this 
elimination reaction (Scheme XVI, pathway b), af- 
fording the oxazolidinone 48 from the ambident aza- 
dioxocarbenium ion F", has never been observed in our 
hands when the 8-acetate 47 was used as the glycosy- 
lation donor and trimethylsilyl trifluoromethane- 
sulfonate as the promoter. In this latter Lewis acid 
catalyzed glycosylation method, all of the donors 47 
(except when R = t-Bu) reacted with the same four 
acceptor alcohols already mentioned, to afford the 
expected @-glycosides in good to very good yields (50- 
95%).5& 

The 2-(allyloxycarbonylamino) derivative 47 (R = 
All) was studied in more details for the Lewis acid 
catalyzed glycosylation  reaction^.^^ The amino func- 
tion of the so-formed @-glycosides could be easily 
deprotected in a chemiospecific manner [Pd(O) com- 
plexes] after the glycosylation step to afford the free 
amino group containing  glycoside^.^^ Thus, following 
the 2- (allyloxycarbonyl) procedure several monosac- 
charide or oligosaccharide acceptors were efficiently 
glycosylated to afford structural units of antigenic 
fragments, glycans building b l o ~ k s ~ ~ - ~ ~ ~  or glycopep- 
tides.67I 

The alkoxycarbonyl approach has been successfully 
applied for the syntheses of lipid A intermediates. Thus 
the donors 46 (X = Br, C1; R = CHzCC4, Bn) were 
reacted with D-glUCOSamine acceptors (with free HO-6 
or free HO-6 and HO-4) in the presence of mercuric 
cyanide as the promoter to afford the expected 841-43) 
disaccharides in good to very good yields (40-94 ?4 )?72678 

Compound 46 (X = a-Br; R = CH2CCl3) was shown 
to be a 1,2-trans and a 1,2-cis glycosylation donor as 
well, depending on the promoter used. Thus, when 
zinc chloride (1 equiv) combined with trityl chloride (1 
equiv) was used as a promoter, very good yields and 
high @-stereoselectivities (8:a = 99:l) were observed. 
In contrast, when zinc chloride (or bromide) only was 
used as the promoter, the a-glycosides were obtained 
stereoselectively (a:@ = 99.1) in good yields.s79 

Recently, various anomeric activations were de- 

N i = X .  

AcO&oRl AcO 

OR 
4 9  0 

4 8  

= /3-0-Pent) led to the formation of the corresponding 
1,2-cis-glycosides. The promoter used for such glyc- 
osylation reactions, was the complex collidine-iodinium 
perchlorate, and the corresponding 1,2-cis-glycosides 
were obtained in good yields (60-68% ) and stereose- 
lectivities.lW 

In summary, the above mentioned results involving 
glycosylation reactions using 2- [(4-methoxybenzylide- 
ne)aminol donors showed contradictory results with 
regard to the various stereoselectivities of the products 
and no rationale can be made for their use in glyco- 
sylation reactions. 

E. Glycosylatlons Using 2 4  Alkoxycarbonylamlno) 
Donors 

N- (Alkoxycarbonyl) derivatives of 2-amino-2-deoxy 
sugars 46 and 47 (Scheme XVI) have been used as 
valuable glycosylation donors since they allowed che- 
mioselective preferential deprotection of the amino 
protective group. It was anticipated that the carbamate 
protective group could be involved in C-2 anchimeric 
assistance to afford the cyclic azadioxocarbenium 
intermediate F" the formation of which should be more 
favored than the corresponding oxazolinium ion662 
which was already described in the oxazoline procedure 
(section V). 

The first example reported in the literature involved 
a glycosylation using the 3,4,6-tri-O-acetyl-2-(benzy- 
loxycarbonylamino)-2-deoxy-a-D-glucopyranosyl bro- 
mide (46; X = a-Br, R = Bn) as donor and methanol 
in excess as acceptor, in the presence of Ag2C03 as 

to afford the corresponding @-methyl 
glycoside in moderate yield. It was shown that using 
the same donor and benzyl 2-acetamido-4,6-0-ben- 
zylidene-2-deoxy-a-~-glucopyranoside as acceptor, in 
the presence of mercuric cyanide as the promoter, the 
oxazolidinone 48 was obtained in almost quantitative 
yield together with the 3-0-benzyl ether derivative (8 % ) 
of the acceptor alcohol."0 Nevertheless, when a 
2- (benzyloxycarbonylamino)cyclohexanol acceptor was 
used in the same conditions, the expected @-glycoside 
was obtained.563 The aforementioned oxazolidinone 
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scribed in the literature. Thus the dimethylphosphi- 
nothioate has been proposed as a good anomeric leaving 
group. The 3,4,6-tri-O-benzyl glycopyranosyl donor 
related to 46 [X = OP(Me)ZS, R = Bnl was prepared 
and reacted with various alcohol acceptors in the 
presence of iodine as an activator and triphenylmethyl 
perchlorate as a catalyst.580 In this method the reported 
yields were good with reactive alcohols only (45-72 % ), 
whereas with unreactive acceptors the main product 
was the 3,4,6-tri-O-benzyl oxazolidinone related to 4tLm1 
3,4,6-Tri-0-benzyl-2-(benzyloxycarbonylamino)-2- 

deoxy-a-D-glucopyranosyl bis(dimethy1amino) phos- 
phate was used as glycosylation donor with an epi- 
podophyllotoxin alcohol derivative as the acceptor and 
boron trifluoride etherate as the promoter to afford a 
2- (benzyloxycarbonylamino)-2-deoxy-@-~-glucopyrano- 
side in 74% yield.582 It  should be mentioned that the 
same acceptor alcohol was also reacted separately with 
both anomers of 3,4,6-tri-O-benzyl-2-(benzyloxycarbo- 
nylamino)-2-deoxy-~-glucopyranose in the presence of 
boron trifluoride etherate. Starting from the @-anomer, 
the @-glucoside, obtained in 72 ?% yield, contained traces 
only of the isomeric a-glucoside, whereas starting from 
the a-donor, the stereoselectivity of the reaction was 
somewhat lower (80% yield, a:@ = 17:1).583 
3,4,6-Tri-O-acetyl-2-deoxy-2-(trichloroethoxycarbo- 

nylaminO)-a-D-glUCOpyranOSyl trichloroacetimidate [46, 
X = OC(NH)CCL; R = CH2CC131 was also used recently 
as a donor in the presence of trimethylsilyl trifluo- 
romethanesulfonate for the glycosylation of a free HO-2 
D-mannose acceptor.273 

In summary the 2-(alkoxycarbonylamino) approach 
for the synthesis of 1,2-trans-glycosides of 2-amino-2- 
deoxy sugars seems an alternative to the well-known 
glycosylation methods. In addition to good glycosy- 
lation yields, the stability of the amino protective group 
(except in strong alkaline medium) and the possibility 
of a chemioselective or chemiospecific cleavage of the 
latter into the free amino group offer viable routes to 
a wide variety of new oligosaccharides. 

F. Other Glycosylatlon Methods 
Several other glycosylation methods will be men- 

tioned in the following section. 
@-Phenyl glycosides were prepared by reaction of the 

2-alkylamidoglycopyranosyl chlorides with the sodium 
salt of p h e n ~ l . ' ~ J ~ ~ J ~ ~  

Alkyl glycosides of the 2-amino-2-deoxy sugars were 
prepared by solvolysis of anomeric esters.584 

The Fisher method using 2-alkylamido-2-deoxy-~- 
glucopyranose donors and boron trifluoride etherate,3O 
hydrochloric acid:% or triflic acid5@ as catalyst afforded 
the 1,2-cis-glycosides in moderate yields (30-67 ?% ), 
whereas when hydrogen fluoride was used, 1,2-trans- 
glycosides were obtained in good yields.5s7 

Several other protecting groups of the amino function 
have also been reported. For example, @-carbonyl 
enamines (the deprotection of which could be achieved 
with either chlorine or bromine5@) and benzyl sulfona- 
mides (which could be deprotected by catalytic hy- 
d r o g e n a t i ~ n ~ ~ ~ )  were shown to be participating groups 
in glycosylation reactions promoted by silver salts. 
Derivatives of urea,59o 2,2,2- trichloro- 1,l-dimethylethyl 
 carbamate^,^^'!^^^ N-acylphenyloxazoline,593 and N-  
formyl derivatives Of  D-glUCOSamine'02~'03 were also used 
for 1,2-trans glycosylation reactions. The applicability 
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of these glycosylation methods were nevertheless re- 
stricted to a few examples. It could be mentioned that 
an NMR study on several of the above donors and their 
1,2-trans glycosylation products was reported in the 
literature.594 

The recent introduction of the thioalkyl leaving group 
of some of the aforementioned glycopyranosyl donors 
afforded better 1,2-trans glycosylation yields.595 

Finally, we would like to report on two recent methods 
of 1,2-trans glycosylation of 2-amino-2-deoxy sugars 
starting from glycals. 

The addition of iodoazide IN3 on 3,4,6-tri-O-acetyl- 
D-g1Ud or D-galaCtal26 afforded mixtures of 1,2-trans- 
2-deoxy-2-iodo-~-glycopyranosyl azides 50 and 5 1, in 
which the a-anomer 50 was more predominant (i.e. 
 manno no and D - ~ U ~ O  configurations, Scheme XVII).596v597 

Both 2-iodo azide compounds derived from D-glUCal 
(50 and 51) were separately treated with triphe- 
nylphosphine in the presence of alcohol to afford- 
2-amino phosphonium salts of 1,2-trans-glycosides in 
good yields. The removal of the phosphonium pro- 
tective group, without isolation of the intermediate 52, 
followed by acetylation of the amino function, afforded 
the respective 1,2-trans-2-acetamidoglycosides 53 in 
overall yields of 40-80% .597 

Similarly, 2-iodoglycopyranosyl azides were trans- 
formed into 2-iodoglycopyranosyl phosphor amid ate^^^ 
and used as glycosylation donors to afford 1,2-trans- 
glycosides.598 The same approach was used in the 
synthesis of 1,2-trans-2-halo-l-sulfonamido hexoses 
from glycals and subsequent reaction with alcohols to 
afford 1,2-trans-gly~osides.~~~ This latter methodology 
was applied recently to the synthesis of the chitinase 
inhibitor allosamidine.600 

The [4+21 cycloaddition of dibenzylazodicarboxylate 
on per-(tert-butyldimethylsily1)ated D-glycds were re- 
ported t~ give dihydraoxadiazine intermediates (Scheme 
XVIII) which could react in acidic medium to afford 
1,2-trans-glycosides. The cycloaddition yields (70- 
80 ?% ) and the yields of the opening of the cycloadducts 
(80-90 % ) were high with primary alcohols.601~602 
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The deprotection of the amino function by hydro- 
genation over Raney nickel afforded the free amino 
containing 1,2-trans-glycoside in very good yields (73- 
98%). Unfortunately an important limitation of the 
method is that it could not be extended to acetylated 
gl ycals . 602 

IX.  Concluslon 
Interest in the glycosylation reactions has witnessed 

an increase in importance in the last two decades. This 
renewal of interest can be attributed to the discovery 
of the role played by oligosaccharides in recognition 
phenomena which greatly benefitted the field of gly- 
cosylation of the above derivatives. We believe that 
this review article is a complete and accurate repre- 
sentation of the various syntheses of the 2-amino-2- 
deoxy carbohydrates. 

In conclusion, the syntheses of 1,2-trans-glycosides 
of the 2-amino-2-deoxy carbohydrates were derived 
from the pioneering work of Koenigs and Knorr. 

The oxazoline procedure which can be considered a 
logical application of this pioneering work remains an 
up-to-date method for the glycosylation of reactive 
acceptors, since the 1,2-trans-glycosides were obtained 
in their natural 2-acetamido form. Nowadays, more 
sophisticated procedures allow the synthesis of almost 
any oligosaccharide containing this 1,f-trans linkage 
irrespective of the reactivity of the acceptor alcohol. 
The phthalimido procedure constitutes the method of 
choice for the synthesis of 1,2-trans-glycosides of the 
2-amino-2-deoxy sugars. Other methods described in 
this rationale, including the use of 2-azido-2-deoxy- 
glycopyranosyl donors and the use of 2-alkoxycarbonyl 
derivatives of the 2-amino-2-deoxy carbohydrates, show 
some promise in this field. They allow the cleavage of 
the amino protective group (after the glycosylation step) 
in various, and sometimes neutral, conditions. 

The synthesis of 1,2-cis-glycosides of the 2-amino- 
2-deoxy carbohydrates are less numerous but the recent 
introduction of the azido group as a small nonpartic- 
ipating protective group for the amino function, greatly 
enhanced progress in the field. A complete knowledge 
of the reaction mechanisms was necessary for the 
successful design of 1,2-cis glycosylations. The role of 
the solubility of the promoter in the reaction solvent, 
the in situ anomerization of the leaving group, the 
reactivity of the acceptor, and the nature and orientation 
of the leaving group constitute the main controlling 
factors for such stereoselective reactions. 

Finally, progress has been made in oligosaccharide 
synthesis due to the introduction of imidates as 
glycosylation donors and very recently of l-thioglyco- 
sides in the presence of thiophilic promoters. These 
stable but, nevertheless, very reactive derivatives will 
probably open new prospects in the field of the 2-amino- 
2-deoxy carbohydrates. 
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