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The O-polysaccharides of bacterial lipopotysaccharides are in general regular, periodic polymers 
with diverse structures that contain, in many instances, comparatively rare monosaccharides. The 
oligosaccharides that constitute the repeating units of these polysaccharide antigens provide a de- 
manding challenge in terms of glycoside synthesis, an objective which is particularly important since 
these structures act as antigenic determinants which are valuable markers of bacterial infection. Ad- 
vances in glycoside synthesis together with the ancillary techniques of chromatographic separation 
and high resolution NMR spectroscopy have permitted rational synthesis of such oligosaccharides 
to be planned, successfully completed and have in a limited number of instances, even allowed 
small polysaccharides, representative of the O-polysaccharide, to be synthesized via polymerization 
of synthetic repeating units. The most intensive synthetic efforts have focused on the O-antigens of 
Salmonella, Shigella, and E. coli, although increasing attention is being given to the synthesis of anti- 
genic determinants of other Gram-negative pathogens, including those of Brucella. 
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1 Survey of Synthesized and Structurally Defined O-Antigens 

1.1 Introduction 

The lipopolysaccharides (LPS) of most Gram-negative bacteria, pathogenic for 
humans and animals, carry an O-polysaccharide component. Morphologically the 
colonies of such organisms have a smooth rather than rough appearance. The latter 
are often associated with LPS that lack this structural component and, as a con- 
sequence, the designations smooth (S) and rough (R) indicate the presence or absence 
of an O-polysaccharide [1]. During the course of  bacterial infection, a humoral and 
cellular response is mounted most often with specificity for antigenic determinants of 
the O-polysaccharide and, ultimately, immunity to reinfection by the causative bac- 
terium can be established [2]. The antibodies produced to unique cell-surface antigens 
constitute diagnostic markers by which the infectious agent can be subsequently 
identified. Consequently, these antigens or their fragments may be used both as 
diagnostic markers of specific infectious agents and possibly may even serve as vac- 
cines in special circumstances [2]. The lipopolysaccharide molecule itself, due to its 
toxic lipid A component, is unsuitable for this purpose [3] and hence synthetic variants 
of  the O-polysaccharide antigen become attractive candidates as chemically defined 
antigens for diagnostic and prophylactic purposes [2]. 

The advances that have led to the almost routine synthesis of  tri- and tetrasaccha- 
rides began in the early 1970s and included a new approach to a-glycosides, the 
halide-ion catalyzed glycosylation [4], and the introduction of improved heavy metal 
catalysts such as silver trifluoromethanesulfonate (triflate) [5]. Numerous other 
technical and conceptual advances punctuated the intervening period and reference 
to these developments are to be found in the cited literature of several reviews [6--9]. 

1.2 Lipopolysaccharide Structure 

A general architecture of LPS has been established based in large part upon extensive 
studies of Salmonella LPS [10]. The picture of LPS that has emerged and been con- 
firmed in general detail for most LPS has three well-defined regions (Fig. 1). The 
O-specific antigen (also called somatic antigen or O-polysaccharide) is a polysaccha- 
ride generally consisting of from 5 to 40 repeating units that may contain between 

< O - C H A I N  > ~  CORE- - ->~L ip i d  A--> 

Ib Ab Io Ab 

Fig. 1. Schematic representation of the three distinct regions of LPS. The repating unit structure of 
the O-polysaccharide may be recognized by antibodies with specificities for determinants associated 

with the terminal non-reducing residues (antibody type 1 b) or internal sequences often spanning more 
than one repeating sequence (cf. Refs. [72, 73]) 



Synthesis of Oligosaccharides Related to Bacterial O-Antigens 

one to seven monosaccharides [3, 10]. This component is biosynthesized by addition 
of single repeating units to the reducing end of the growing O-polysaccharide and then 
completed polysaccharide is translocated to a specific monosaccharide close to or 
at the non-reducing terminus of an oligosaccharide core, which is composed of ap- 
proximately ten monosaccharides. This core is biosynthesized, prior to O-chain 
attachment, by sequential introduction of monosaccharides to the third region, 
Lipid-A, a hydrophobic segment which anchors the assembly in the outer membrane 
of the Gram-negative bacterial cell wall. 

It should be noted that the biosynthetic assembly involves polymerization of a 
specific repating unit structure, which is termed the biological repating unit as op- 
posed to the chemical repating unit [11]. The latter term refers to the repeating unit 
structure elucidated by analytical techniques, which rely on chemical fragmentation 
of the polysaccharide and thus reflects the relative resistance of inter-residue glycosidic 
bonds to cleavage. Consequently, structural analysis of O-polysaccharide rarely 
yields information on the biological repeating unit, a structural feature that is generally 
difficult to establish. The antigenic specificity of chemical repeating units can differ 
appreciably from those of the biological sequence [2], a fact which may have consider- 
able relevance to the planning of synthetic targets and strategies. 

1.3 Salmonella O-Polysaccharides Structures 

The structures of the O-antigens of Salmonella serogroups A, B, D, and E were amongst 
the first to be studied structurally [11] and biosynthetically [12, 13]. These serogroups 
also comprise by far the largest clinically important group of Salmonella responsible 
for gastrointestinal infections [2]. 

A linear sequence of Man-Rha-Gal is to be found in the repeating units of all O- 
polysaccharides belonging to these serogroups, A-E. The repeating units of serogroups 
A, B, and D are closely related (Table 1) and share a common linear Man-Rha-Gal 
sequence, which is branched at 0-3 of the mannose residue by a 3,6-dideoxyhexose, 
the stereochemistry of which defines the A, B, and D, serogroups. These tetrasaccha- 
ride repeating sequences are presented together with the original literature reporting 
the structural elucidation in Table 1. In this regard it is to be noted that the erroneous 
determination of the configuration of rhamnopyranose as 13 in structures belonging 
to serogroup B was never corrected in the original literature and this was perpetuated 
in several reviews. In both the serogroup A and D polysaccharides, this linkage was 
correctly assigned as an a-L-rhamnopyranose despite the difficulty of unambiguously 
identifying this feature. A similar error was made for the equally problematic manno- 
pyranosyl linkage but this was corrected following the results of enzymatic and bio- 
synthetic studies [17, 19]. Thus, it is now clear that in all antigens of the serogroups 
A, B, and D1 both mannose and rhamnose residues are involved as c~ linkages [20]. 
The exception is the serogroup D2 where the mannose residue not only adopts the 13 
configuration but also is substituted by galactose at 0-6 instead of 0-2. Elaboration 
upon these serogroup A, B, and D structures by the action of a phage-induced gluco- 
syl transferase, introduces branching on the galactose residue of the main chain at 
either position 4 or 6 [10]. Since this modification occurs after polymerization, not 
every repeating unit is glucosylated [10, 14]. Despite this additional level of complexity 
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Table 1. Salmonella serogroups A, B, and D 

Salmonella Group Biological Repeating Units 
(O Facotrs) 

References References 
to Structural to 
Studies Synthetic 

Work 

Group A 
S. paratyphi [2)-~-D-Manp(1 ~ 4)-a-L-Rhap(l --* 3)-~-D-Galp(1] 14 26-28, 33, 
(1, 2, 12) 3 4 34, 37 

T T 
1 1 

~-D-Parp C~-D-Glcp 
Group B 

S. typhimurium [2)~-D-Manp(1 --* 4)-~-L-Rhap(1 ~ 3)-~-D-Galp(1] 15-19 30-32, 
(1, 4, 5, 12) 3 4/6 34-36, 38 

T T 
1 1 

U-D-Abep ~-Glcp 
S. bredeney 2-O-Ac-~-D-Abep 40 
(1, 5, 12) 

Group D~ 
S. typhi [2)-a-D-Manp(1 ~ 4)-a-L-Rhap(l ~ 3)-a-D-Galp(1] 19. 21 24, 28, 29 
(9, 12) 3 4 33, 34, 37 

T T 
1 1 

C~-D-Tyvp CC-D-Glcp 
Group D 2 

S. strasbourg [6)-[3-D-Manp(1 ~ 4)-a-L-Rhap(1 ~ 3)-~-D-Galp(1] 21-23 25, 39 
(9), 123, 46) 3 4 

T T 
1 1 

et-D-Tyvp ~-D-Glcp 

the principal antigenic specificity involves the 3,6-dideoxyhexose moieties, for which 
the term immunodominant was originally introduced [11]. Thus, most synthetic ap- 
proaches address this major antigenic feature [32-36], although attempts, principally 
by Kotche tkov  and co-workers [39], have been made to incorporate the second branch 
point involving a-glucosylation o f  the main chain galactose residue (Table 1). Sero- 
group B structures are known in which 0-2  of  the 3,6-dideoxy-a-D-xylo-hexopyranose 
residue carries an O-acetyl group [14]. This structural feature radically alters the anti- 
genic specificity (O-factor 4 changes to O-factor  5) of  antibodies directed toward the 
branching residue but the intrinsic difficulty o f  introducing and maintaining an O- 
acetate throughout  de-protection stages has limited at tempts to synthesize deter- 
minants with O-factor 5 specificity [40]. 

Much  of  the current knowledge of  the biosynthesis of  bacterial O-polysaccharide 
assembly was derived from early studies of  the polysaccharides of  Salmonella sero- 
group E [13]. This group consists of  a series of  four  closely related structures be longing  
to the serogroups E1 ~ E4 (Table 2). The basic main chain sequence of  three mono-  
saccharides, Man-Rha-Gal ,  seen in the D2 serogroup is the structural element of  
all four polysaccharides; however, in serogroups Ex, E2 and E3, E4 the variation oc- 
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curs by changes in the configuration and position of glycosidic linkages rather than 
via branching by distinct hexose residues. The polysaccharides of  serogroups E1 
and E2 are amongst  the simplest of  the Salmonella O-polysaccharides and, conse- 
quently, a t tempts to prepare synthetic polysaccharides involved these structures 
[48-50]. The work which formed the basis for the approach is referenced in Table 2 
and covers the synthesis of  tri- and tetrasaccharide determinants of  the El-E4 struc- 
tures prepared for  the most part  as biological repeating units [50-56]. Salmonella 
membrane  preparations have also been used to polymerize trisaccharide repeating 
units, prepared using glycosyl transferase and nucleoside diphosphate sugars [58]. 

Table  2. Salmonella serogroup E 

Salmonella Group Biological Repeating Units 
(O Factors) 

References References 
to Structural to 
Studies Synthetic 

Work 

S. anatum 
(3, 10) 

S. newington 
(3, 15) 

S. minneapolis 
(3, (15), 34) 

S. senftenberg 
(1, 3, 19) 

Group EL 
[6)-[3-D-Manp(1 ~ 4)-~-L-Rhap(1 ~ 3)-a-D-Galp(1] 

Group E2 
[6)-I~-o-Manp( 1 ~ 4)-a-L-Rhap( 1 ---, 3)-[3-o-Galp(1 ] 

41~,3 

41, 42, 44 

34, 50, 51, 
54, 58-61, 
64 

48-51, 54, 
58, 60, 62, 
63 

Group E 3 
[6)-13-D-Manp(1 --, 4)-a-L-Rhap(1 --. 3)-13-D-Galp] 41, 45 55 

4 
t 
1 

a-D-Glcp 
Group E4 
[6)-13-D-Manp(l ~ 4)-a-L-Rhap(1 ~ 3)-a-D-Galp(1] 46, 47 56, 57 

6 
T 
1 

~-D-Glcp 

Fragments of  the basic repeating unit structures of  the serogroups A - E  have been 
prepared [59-63], in one case as an allyl glycoside, which was subsequently co-poly- 
merized with acrylamide to provide a highly active antigen [61, 62]. The synthesis of  
a disaccharide representative of  the Salmonella serogroup C antigen in which abe- 
quose is linked c~-1,3 to a-L-rhamnopyranose has also been reported [64]. 

1.4 Shigella O-Polysaccharides 

Shigel la f lexner iLPSs  comprise a large family of  interrelated O-polysaccharide 
structures, the simplest of  which belongs to the Y variant polysaccharide (Table 3). 
This has a tetrasaccharide repeating unit containing three L-rhamnose residues and 
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2-acetamido-2-deoxy-D-glucose and is the basis for a series of elaborations involving 
ct-glucosylation and O-acetylation [65-68]. The serological classification and identi- 
fication of specific O-factors is less well established than the Kauffman-White scheme 
[69] for Salmonella. Recently, the basis of the previously proposed O-factor scheme 
for Shigellaflexneri[70] has been questioned [71-73]. Nevertheless, the structural 
details of these polysaccharides are well established and several extensive synthetic 
approaches have been mounted, centered mainly upon the simplest Y variant repeating 
unit [74-83, 88] - -  and more recently extended to in.clude the X, 5a, and 5b structures 
[84-87]. In addition, structural variations designed to probe features of the antibody 
combining site have been the subject of recent studies in this area [89-91]. 

A synthetic S. flexneri Y antigen containing ten repeating units has been prepared 
[881. 

The S.flexneri serotype 6 structure is in fact unrelated to the other S.flexneri 
repeating units and should be classified separately [20]. One of the two proposed 
structures [92, 93] has been the target of a synthetic study which provided a branched 
tetrasaccharide structure [94] and separate work gave a disaccharide monoacetate 
structure [95]. 

The O-polysaccharides of Shigella dysenteriae are structurally very distinct from 
those of the S. flexneri [20] and have been the subject of synthetic studies in which a 
branched pentasaccharide of the serotype 2 antigen was prepared [96]. 

1.5 E. coli and Klebsiella O-Polysaccharides 

Although the O-antigens of these organisms provide a rich variety of complex struc- 
tures, the synthesis of antigenic determinants of only a few structures has been at- 
tempted. The synthesis of the 3,6-dideoxy-a-L-xvlo-hexopyranose-containing struc- 
ture orE. coli 0111 has been attempted but only to the trisaccharide level of complexity 
[97]. A very elegant synthesis of E. coli 075 antigen has been reported [98] and the 
oligomannose determinant of the 09 antigen [99] was also successfully prepared. 

Even fewer structures corresponding to Klebsiella O-antigens have been synthesized 
although elements of the 0-7 LPS have been prepared [100]. 

Finally, a synthesis of the determinant of the enterobacterial common antigen 
which is not a true O-antigen has been reported [101]. 

1.6 Other O-Polysaccharides 

The O-antigens of Brucella species are homopolymers of ct-1,2-1inked 4,6-dideoxy-4- 
formamido-D-mannopyranose residues in which there may be ct-l,3 linkages [102, 103]. 
The Yersinia 0:9 antigen is a similar 1,2-1inked homopolymer but contains no 1,3 
linkages. A related structure N-acylated by 3-deoxy-L-glycero-tetronic acid in place 
of the formate group is produced by Vibrio cholerae Inaba and Ogawa strains [104]. 
These structures have been the subject of synthetic work [105-107]. 

O-Antigens from Aeromoanas salmonicida [108] and Pseudomanas [109] have also 
been the subject of synthetic efforts [110, 111]. 



Synthesis of Otigosaecharides Related to Bacterial O-Antigens 

2 Synthesis of Salmonella Oligosaeeharides 

2.1 Salmonella Serogroups A, B, C, and D 

Chemical synthesis of disaccharide elements of these oligosaccharides marks the 
beginning of systematic synthetic studies of the antigenic determinants of bacterial 
O-antigens [24-31]. The 3,6-dideoxyhexoses, which are the immunodominant mono- 
saccharides of each serogroup, were an intrinsic synthetic challenge since their syn- 
thesis in a form suitable for use as gtycosyl donors was a prerequisite to successful 
synthesis. Early synthetic approaches used in the identification of the 3,6-dideoxy- 
hexoses [112-114] were judged unsuitable for subsequent incorporation into synthetic 
strategies for disaccharide synthesis. Recently, p-nitrobenzoylation of 3,6-dideoxy- 
hexoses synthesized from 1,4-1actones [115, 116] shows that the reducing mono- 
saccharide may indeed be a useful starting point for synthesis. Numerous syntheses of 
the 3,6-dideoxyhexoses have been reported [112-114, 117-123, and references cited 
therein] but the most frequently adopted routes for subsequent exploitation in glyco- 
sylation reactions have used a common methyl hexopyranoside precursor in which 
the 3-deoxy function is first introduced followed by deoxygenation at C-6, or starting 
from a 6-deoxyhexose the deoxygeneration at C-3 is the final step in the preparation 
of starting material. 

Typical examples of these two approaches are to be seen in syntheses of 3,6-dideoxy- 
D-arabino-hexose [29, 33, 121] and 3,6-dideoxy-D-xylo-hexose [35, 118, 122]. Methyl 
4,6-O-benzylidene-a-D-glucopyranoside (1) is converted in a one-flask reaction and 

HO OCH3 OCH~ 

7 2 

8z01 

OCH 3 OCH3 

3 R i = Br 4 

Ri = H 5 

high yield to the 2,3-anhydro-compound (2) via the 2-O-tosylate and reduction by 
LiAIH4 affords the 3-deoxy-mannopyranoside (3) [124] from which a 6-bromo-deoxy 
derivative (4) is easily prepared by the Hanessian-Hullar reaction [125]. Reduction 
affords methyl-4-O-benzoyl-3,6-dideoxy-~-D-arabino-hexopyranoside (5) [29, 33]. 
Methyl 6-deoxy-a-D-galactopyranoside (6) may be generated by either the deoxy- 
genation of 1,2: 3,4-di-O-isopropylidene-a-D-galactopyranose followed by a Fischer 
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glycosylation [35] or from methyl 2,3-di-O-benzoyl-4,6-O-benzylidene-~-D-galacto- 
pyranoside [122]. Subsequent formation of the R and S 3,4-O-benzylidene acetals 
(7a and 7b) followed by N-bromosuccinimide actel opening gave the 3-bromo-deri- 

HO 0 BzO 
~ . ~ . .  0 CH3 CH3 0 

H O ~ ~ H O  OCH3 HO 6CH3 CH 3 

6 7a 8 
7b 

BzO 

Br CH3 0 ~ 0  

OCH3 HO ~CH3 

9 10 

vative (8) and, in the case of the s-series (cf. Ref. [35, 126]), also methyl 3-O-benzoyl- 
4-bromo-a-D-glucopyranoside (9). Reduction provides the target monosaccharide 
glycoside (10). Severyl convenient syntheses of paratose, 3,6-dideoxy-ribo-hexose, 
using the aforementioned approaches, have been described [32, 33, 37], and as well 
direct conversion of methyl 13-D-glucopyranoside to the 3,6-dichloro-3,6-dideoxy- 
allopyranoside by chlorosulfation [120] or the bromo analogue with triphenylphos- 
phine, bromine, and imidazole [122] are practical routes, together with recent modi- 
fication of the chlorosulfation approach [1 t9]. 

Finally, as already noted, simple and elegant lactone chemistry [115, 116] starting 
from the readily available 1,4-galactonolactone (11) and HBr/HOAc yields crystalline 

OH -- 0 -- 

~-UNc OAc 

CH~OH CHeBr CH 3 

II 12 13 

0 

CH3 14 

10 
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6-bromo-6-deoxylactone (12) from which the 3,6-dideoxy-l,4-1actones (13) are 
obtained by hydrogenolysis in the presence of triethylamine, via a I]-elimination 
reaction that provides a 2,3-unsaturated lactone, which is reduced to 13. The deacety- 
lated 3,6-dideoxy-i,4-1actone is then reduced under controlled conditions to give the 
3,6-dideoxy-D-xylo-hexose (14). This compound was utilized further as its 2,4-di-O-p- 
nitrobenzoyl glycosyl bromide [36]. Since acetylated lactones undergo this j3-eli- 
mination, tyvelose may in principale be prepared by HBr/HOAc bromination of the 
3-deoxy-D-arabino-hexono-l,4-1actone obtained from either D-manno- o r  D-glucono- 
1,4-1actones [115, 116]. 

The branching 3,6-dideoxyhexoses are exclusively c~-linked to the main chain 
mannose residues of the O-polysaccharide and for paratose and abequose this re- 
quires the formation of a 1,2-cis-glycopyranoside bond [8]. Thus, glycosyl halides 
with the ribo and xylo configuration are required with a nonparticipating group at 
O-2. In the case of tyvelose, 3.6-dideoxy-D-arabino-hexopyranose, glycosyl halides 
with participating protecting groups lead to the desired 1,2-trans-glycosidic bond 
formation. Thus, 2,4-di-O-benzoyl a-D-arabino-hexopyranosyl bromide [29] or 
chloride [33, 34, 37] have been used in the synthesis of the serogroup D1 O-factor 9 
oligosaccharides. GeneraIly, abequose and paratose methyl glycopyranosides have 
been dibenzylated or the respective 4-O-benzoates may be monobenzylated at 0-2 
employing neutral- or acid-catalyzed benzylation condictions [30, 32, 33, 35-37]. 
Direct conversion of the protected methyl pyranosides to glycosyl halides has em- 
ployed hydrogen chloride or hydrogen bromide [27, 31], dichloro- or dibromomethyl 
methyl ether [33, 35] or chloro- or bromotrimethylsilane [34, 37]. Alternately, the 
less direct aqueous hydrolysis of the methyl glycoside, followed by formation of the 
1-O-nitrobenzoates, has been recommended to yield cleaner gtycosyl bromide pre- 
parations [34]. 

Employing glycosyl donors of the above type and a simple monosaccharide ac- 
ceptor such as methyl 2-O-benzyl-4,6-O-benzylidene-a-D-mannopyranoside or the 

p-NOaBzO 

8r 

16 

OC&H4NO ~ 

15 

" ~  0"" '~ 08zl 
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corresponding p-nitrophenyl glycoside 15, various disaccharides have been prepared 
by Garegg's group [24-32]. These authors noted that 2,4-di-O-p-nitrobenzoyl-a-D- 
xylo-hexopyranosyl bromide (16), which was more readily available than the cor- 
responding 2,4-di-O-benzyl derivative, reacted with the selectively protected manno- 
side (15) in the presence of mercuric cyanide to give almost exclusively the e-linked 
disaccharide (17). Recent systematic studies of the synthesis of related disaccharides 
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R 1 

(CH2)eCOeCH 3 

R z = R 4 = OH, R ~ = R 3 ='1-I 18 
R I = R 4 = H, R 2 = R 3 = OH 19 
R I = R a = OH, R e = R 4 = H 20 
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using toluene nitromethane as solvent gave poor stereoselectivity with ~: [3 ratios 
close to 1 : 1 [36]. Syntheses oftri- and tetrasaccharide [33-35, 38] involving this linkage 
have, therefore, employed non-participating groups at 0-2 of the glycosyl halides 
derived from abequose and paratose. 

Three branched trisaccharides (18, 19, and 20) in which the mannose residue was 
glycosylated by each of the three 3,6-dideoxyhexose isomers, were synthesized from 
a common disaccharide precursor (21). The latter was constructed from 8-methoxyl- 
carbonyloctanol 3-O-benzoyl-4,6-O-cyclohexylidene.~-p-mannopyranoside 22 and 
tetra-O-benzyl-~-D-galactopyranosylchloride (23). Transesterification of disaccharide 
24 leads to the selectively protected disaccharide 21 which was reacted with the ap- 

CH3O~ /ORe O~c 3~--~0~ (CH~)eCO2CH3 

O(CHz)sCO~CH328 ~0 
29 

Bzlr~ 

30 0 ( CH e) aCO~CH 3 
R ~ = Ac 31 
R z = H 3 2  

13 
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propriate derivatives of abequose 25, tyvelose 26, and paratose 27 to yield the fully 
protected branched trisaccharides of serogroups B 18 [35], D1, 19, and A 20 [33]. 
Deprotection was performed by hydrogenolysis in acetic acid and transesterification 
where appropriate. A similar sequence of glycosylation was used by Bock and Meldal 

BzlO 

B z l ~  

33 

8 ~ f ~ "  OBz 

\\oo  

0 (CH:=,)sCO~CH 3 

3~ 
H~OH 
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3 OH 
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[36-38] in the construction of a series of branched tetrasaccharides. The common 
trisaccharide precursor 28 was synthesized from 8-methoxycarbonyloctanol 2,3- 
O-cyclohexylidene-~-L-rhamnopyranoside (29) and 2-O-acetyl-3,4,6-tri-O-benzylet-D- 
mannopyranosyl chloride (30) which gave disaccharide (31). Selective deprotection 
of the mannose residue 31 ~ 32 followed by silver triflate promoted glycosylation at 
0-2 of manno'se by 6-O-acetyl-2-O-allyl-3,4-di-O-benzoyl~-D-galactopyranosyl bro- 
mide (33) gave the linear trisaccharide 34. Removal of allyl and cyclohexylidene 
groups, acetylation and hydrogenolysis of the benzyl ether groups gave a tri-hydroxy 
mannose derivative, which was converted to the trisaccharide alcohol 28 by ace- 
talation with 1-ethoxycyclohexene. In addition to the three tetrasaccharides cor- 
responding to chemical repeating units of the serogroup A, B, and D1 O-antigens 
[37, 38], a variety of derivatives, deoxygenated in the branching residue, were synthesiz- 
ed [37]. These included the 2,3,6-trideoxy-~-D-threo-hexopyranosyl (35) and 3,4,6- 
trideoxy-a-D-erythro-hexopyranosyl (36) branched tetrasaccharides. A point of 
interest during the deprotection of these acid-sensitive tetrasaccharides and the 
natural abequose isomer was the inclusion of ethylene glycol in acetic acid to catalyze 
the hydrolysis of the 4,6-O-cyclohexytidene acetal [37, 38] under mild hydrolytic 
conditions, thereby avoiding the loss of the acid labile 3,6-dideoxyhexose or trideoxy- 
hexoses. Conventional aqueous hydrolysis of the acetal caused considerable loss of 
the dideoxy- or trideoxy a-D-hexopyranosyl residues. 

Linear tetrasaccharides representing the biological repeating units of the serogroup 
A, B, and D1 polysaccharides were synthesized from a common linear trisaccharide 
precursor (37), which was in turn built by sequential 1,2-trans-glycosidations. The 
synthetic scheme, in contrast to the usual practice, employed benzoate and acetate 
esters as persistent blocking-groups for hydroxy functions, and benzyl ethers and 
chloroacetates for temporary protection. Since this strategy demanded hydrogenolytic 
steps, the functionality of the aglycone used for subsequent coupling of the deblocked 
oligosaccharide to protein was converted from a p-nitrophenyl galactopyranoside 
to the p-trifluoroacetamidophenyl galactopyranoside (38) at the outset of the syn- 
thesis. The rhamnose building unit 39 used for the first glycosylation step contained 
a 4-O-chloroacetyl group, the selective removal of which from the resultant di- 
saccharide 40 gave the glycosyl acceptor 41 for chain elongation with 2-O-acetyl- 
tri-O-benzyl~-D-mannopyranosyl bromide (30). Hydrogenolytic cleavage of the 
benzyl ethers of 42 and introduction of a 4,6-O-benzylidene group gave the trisaccha- 
ride precursor 37, from which the three target structures were prepared by glycosylation 
with the appropriate 3,6-dideoxyhexopyranosyl halides [34]. 

The synthesis of a pentasaccharide corresponding to the reported structure for the 
Salmonella strasbourg repeating unit used a block synthesis [39]. This strategy employ- 
ed a trisaccharide, tyv-man-rha used in an orthoester glycosylation reaction with 
a disaccharide, Glc-Gal to yield a branched pentasaccharide in which the 
glucose residue is the branching residue responsible for O-factor 123 in the natural 
antigen. The weakness of this synthetic approach was the acid lability of the 3,6- 
dideoxyhexopyranosyl(1 ~3)mannopyranose linkage when the trisaccharide pre- 
cursor 43 was converted to the glycosyl bromide 44 prior to synthesis of the corre- 
ponding orthoester 45. Reaction of this orthoester with benzyl 2,6-di-O-benzyl-4-O- 
(2,3,4-tri-O-benzyl-6-O-benzoyl-a-D-glucopyranosyl)-13-D-galactopyranoside 46 under 
conditions established for orthoester glycosylations gave a 17 ~ yield of the penta- 

15 



David R. Bundle 

~ ~--r~-'x on~ 

CH3.~ ~ u ~ \  BzO OC~H4NHCOCF3 

,zo " -  ~ . ~ 0  BzO 37 

OC6H4NHCOCF3 

38 

Br 

BzO Bz~ 

39 

BzO 
OBz 0 

3/ ~"011 OC6H4NHCOCF 3 

BzO 

16 

R I = CICH~CO ~;0 
R t = H ,~I 

BzlO 

B z l O , ~  BzO 

BzO OC~H*NHCOCF3 

BzO ~2 



Synthesis of Oligosaccharides Related to Bacterial O-Antigens 
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saccharide, which on deblocking was shown to be a mixture of the desired penta- 
saccharide 47 and a tetrasaccharide devoid of tyvelose residues. 

Starting from 1,5-anhydro-2,3,4-tri-O-benzoyl-6-deoxy-D-arabino-hex- 1-enitol (48), 
an unusual approach to the synthesis of disaccharides of serogroup A and D has 
applied the allylic rearrangement glycosytation procedure of Ferrier [127] to obtain 
an ~-D-erythro-hex-2-enopyranosyl residue in the disaccharide 49a. Reduction of the 
2-enopyranose double bond gave both the paratose (ribo) 49b and tyvelose (arabino) 
49c products [28]. 
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The immunodominant feature of O-factor 5 is a 2-O-acetyl-3,6-dideoxy~-D-xylo- 
hexopyranosyl residue. So far no successful attempts to incorporate this feature into 
larger oligosaccharides have appeared. Immunochemical studies using a p-amino- 
phenyl glycoside of this monosaccharide, prepared by partial acetylation and chro- 
matographic resolution of the resulant mixture, have been reported [(40)]. 

2.2 Salmonella Serogroup E 

The structures of O-polysaccharide repeating units of the serogroup E are a closely 
related set of four subgroups, all possessing a linear trisaccharide element, man- 
rha-gal (Table 2). The four subgroups El-E4 are generated by variation of the ano- 
meric configuration of the linkage between galactose and mannose and also by 
branching ~-D-glucopyranosyl residues at either 0-4 or 0-6 of the galactose unit. 

Since the mannose residue is exclusively [3-1,4-1inked to C~-L-rhamnose this disaccha- 
ride has been prepared by one of two methods. A method based upon epimerization at 
C-2 [136] and elaborated by Garegg's group [128] was used to create a [3-glucopyrano- 
side 50a by 1,2-trans glycosyiation of benzyl 2,3-O-isopropylidene-~-L-rhamnopy- 
ranoside using 2-O-acetyl-3,4,6-tri-O-benzyl-~-D-glucopyranosyl chloride. After 
de-O-acetylation and oxidation of the alcohol 50b to a [3-arabino-hexopyranosidulose 
50c, reduction gave a resolveable mixture of 13-mannopyranoside 50d and the cor- 
responding J3-glucopyranoside ([51], cf. Ref. [59]). This disaccharide was converted 
to a mannosyl-rhamnosyl halide and tested for res.ctivity with three selectively pro- 
tected derivatives of galactose, t,2: 5,6-di-O-isopropylidene-galactofuranose, 1,2-O- 
isopropylidene-4,6-O-ethylidene-~-D-galactopyranose 51 and benzyl-2,6-di-O-acetyl 
-[3-D-galactopyranoside. The 4,6-O-ethylidene derivative 51 was found to be the most 
effective [51-54], taking into account deprotection of 52, and the separate and eventual 
utilization of the resultant trisaccharide 53 for polysaccharide synthesis [48-50]. The 
second method employed to reach 53 used sequential chain extension starting from 
51. In this case the [3-mannopyranosyt residue was introduced via the 4,6-di-O-acetyl- 
2,3-O-carbonyl-~-D-mannopyranosyl bromide first reported by Gorin and Perlin 
[129] and prepared by an improved procedure in this work [52]. 

The first synthesis of a biologically specific heteropolysaccharide made use of tri- 
saccharide 53, which was used to synthesize oligomeric forms of the Salmonella 
newington O-polysaccharide with molecular weights in the range 2000-5000 Daltons. 
The principle of the method was to construct a 1,2-O-cyanoethylidene derivative 55 
from the glycosyl halide 54. The CN-exo and endo isomers or their mixtures were 
effective and stereospecific glycosylating reagents and in the presence of triphenyl- 
methylium perchlorate and trityl ether, 1,2-trans-glycosides were formed stereospeci- 
fically [49]. Thus, when a bifunctional trisaccharide (55) with a trityl ether at the 
site of chain extension and a 1,2-O-cyanoethylidene group at the reducing terminus 
is reacted under these conditions, the chemical polymerization of the building units 
is accomplished. The deprotected polysaccharide possessed serological activity 
appropriate to its polymeric nature. The glycoside linkage established between the ga- 
lactose and mannose residues by polymerization was demonstrated to be exclusively [3. 
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Block syntheses of hexa- and nonasaccharide have been recorded using conventional 
glycosyl halide block synthesis but based upon chemistry used to synthesize the tri- 
sacharide building units [50]. 

Repeating units corresponding to the O-antigens of Salmonella muenster and 
Salmonella minneapolis serogroup E3 [55] and Salmonella senftenberg serogroup E4 
[57] have both utilized the disacharide unit 56 as the glycosyl donor to, respectively, 
Glc(1--, 4)Gal 57 or Glc(1 ~ 6)Gal 58a or 58b disaccharide alcohols. The synthetic 
schemes utilized the orthoester method to establish the c~-r.-Rha(1 ~ 3)-D-Gal linkage 
of the target branched tetrasaccharides. 
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3 Synthesis of Shigella Antigens 

A considerable synthetic effort has been expended upon the O-antigens of the Shigella 
flexneri repeating units, especially those of variant Y and X, and the serogroup 5a 
and 5b structures. A notable synthesis of the Shigella dysenteriae structure has also 
been accomplished. 

3.1 Shigella Flexneri Variant Y 

The simplest structure of the Shigellaflexneri O-antigens is that of variant Y, which 
is a linear tetrasaccharide (Table 3). All permutations of frame shifted di- and tri- 
saccharides, together with three of the four possible tetrasaccharide sequences, were 
synthesized for this structure [74-79]. The synthesis of the tetrasaccharide sequence 
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R h a ~  Rha~Rha-GlcNAc that corresponds to the biological repeating unit is shown 
and incorporates the essential elements of the synthetic approach adopted in the 
synthesis of the entire series of these structures [78]. The glycosyl donor 2-O-acetyl- 
3,4-di-O-benzyl-~-I.-rhamnopyranosyl chloride (59) provides the structural unit 
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B z l C ~  
BzlO ~Ac 
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~ U~  ~ ~:~O(CH a)eCOaCH3 

"O NHiqc 
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') BC OeCH3 
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R = ~Ic 61  

R =H 62 

R = c H 3 " ~  
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which becomes the glycosyl acceptor for chain extension at O-2" following glycosy- 
lation to give disaccharide 60. Transesterification of this 2"-acetate can be achieved se- 
lectively in the presence of benzoate groups of trisaccharide 61 [76]. Ultimately, the 
tetrasaccharide 63 was obtained following glycosylation of 62 by 59. It was observed 
during attempts to prepare the disaccharide segment 13-D-GlcNAc(1---,2~-L-Rha 
that glycosylation of the 0-2 position of rhamnose residues by derivatives of D- 
glucosamine, to give either of the frame-shifted tetrasaccharide sequences Rha-Rha- 
GlcNAc-Rha [78] or GlcNAc-Rha-Rha [77] was most effectively accomplished 
by 3,4,6-tri-O-acetyl-2-deoxy-2-phthalimido-D-glucopyranosyl bromide [130]. Aceto- 
chloroglucosamine [ 131] and its 1,2-oxazoline [ 132] derivative, both of which are well- 
known glycosylating intermediates, were ineffective reagents for chain extension at 
this site [74]. 

Sequential introduction of monosaccharide building blocks was employed during 
the e.arly phase of studies on Shigellaflexneri variant Y, but more recently effective use 
has been made of oligosaccharide block synthesis [79, 80, 81, 83]. The key intermediate 
for the synthesis of penta- to heptasaccharides was identified as the rhamnose tri- 
saccharide 64, in which the reducing rhamnopyranose residue possessed a nonglyco- 
sylated 0-2 atom, thereby rendering feasible the incorporation of a participating 
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ester function, which would provide adequate stereo-control over the glycosylation 
reaction to ensure the exclusive formation of a 1,2-trans-glycosidic bond [82]. The 
allyl 2-O-benzoyl-4-O-benzyl-a-L-rhamnopyranoside (65), together with the previously 
exploited rhamnopyranosyl chloride (59), provided in two glycosylation steps the 
key trisaccharide 64. Transesterification of the 2'-O-acetyl moiety prior to the second 
chain extension to give 64 used acid catalysis rather than the base-catalyzed reaction 
used in the earlier studies. As noted by Byramova et al. [133], these conditions are less 
likely to result in loss of material due to competing transesterification of benzoate 
esters. The trisaccharide allyl glycoside 64 was reacted to give the reducing trisaccha- 
ride 66 which reacted smoothly under rigorously anhydrous conditions with the Vils- 
meier-type reagent ([Me~-N=CHC1]C1-) to provide the glycosyl donor molecule 67. 
This reacted with disaccharide acceptor 68 under silver triflate promotion to give the 
pentasaccharide-69 which was deprotected in the usual manner to give the penta- 
saccharide glycoside that corresponds to the biological repeating unit plus one residue 
(Rha-Rha-Rha-GlcNAc-Rha). 
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Using this strategy and the key trisaccharide donor molecule 67, both hexasaccha- 
ride 70 and heptasaccharides 71 have been prepared [83]. In the latter case, an allyl 
glycoside obtained after selective de-O-acetylation of 64 is used as a glycosyl acceptor 
for tri-O-acetyl-2-deoxy-2-phthalimido-13-D-glucopyranosyl bromide [130]. The tetra- 
saccharide obtained was selectively deprotected in a manner which ensured removal 
of only acetate and phthalimido groups. Following introduction of the 4,6-O-benzyli- 
dene group the selectively blocked tetrasaccharide 70 was reacted with the trisaccha- 
ride glycosyl donor 67 to give the protected heptasaccharide 71. Synthesis of the hexa- 
saccharide 72 employed a related strategy but used the trisaccharide acceptor 73. 

Employing the cyanoethylidene derivative approach [49] to polymerize synthetic 
repeating units Byramova et al. [88] have achieved a synthesis of a S.flexneri Y poly- 
saccharide containing ten repeating units. Although the polymerized sequence did not 
correspond to the biological repeat, good immunological activity was reported. 

3.2 Shigella Flexneri Serogroups 5a, 5b and Variant X 

The synthesis of antigenic determinants of the variant X and serogroup 5 lipopoly- 
saccharides exploited a multifunctional rhamnose intermediate 74a or 74b, which 
possessed a persistent blocking group at 0-4 and distinct non-persistent protecting 
groups at 0-2 and 0-3 [86]. In addition, the methyl glycoside was capable of being 
converted to a glycosyl halide so that 74 served as a source for both potential glucosyl 
donor 75 or one of two acceptors 76 or 77. Thus, the possible combinations of these 
intermediates with 2-O-acetyl-3,4-di-O-benzyl-~-L-rhamnopyranosyl chloride 59 and 
3,4,6-tri-O-acetyl-2-deoxy-2-phthalimido-13-D-glucopyranosyl bromide [130] allowed 
for branching to be incorporated at either the rhamnose a or b residue (residues a 
and b refer to the first and second rhamnose residues of the biological repeating unit 
Table 3). In the case of the variant X or serogroup 5a structures, branching by a single 
~-D-Glc residue occurs at 0-3 of rhamnose residue a and b, respectively, while 
branching glucose residues at both sites provides the 5b antigen (Table 3). It was decided 
to synthesize the 5b pentasaccharide 78, which contains all residues and glycosidic 
linkages involving branching vicinal to the main chain extension sites. Glycosylation 
of 76 by the corresponding glycosyl chloride 75, gave the disaccharide 79. Transesteri- 
fication of 79 provided the disaccharide alcohol 80, which was converted to the linear 
trisaccharide 81 by reaction with 3,4,6-tri-O-acetyl-2-deoxy-2-phthalimido-J3-D- 
glucopyranosyl bromide [130]. Exploratory work on the synthesis of the branched X 
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trisaccharide, 13-D-GlcNAcp(1--,2)-[~-D-Glcp(1 ~3)]-~-L-Rhap had established the 
necessity of converting the phthalimido to an acetamido group for efficient intro- 
duction of the branching ~-D-Glc residue [86]. Therefore, trisaccharide 81 was con- 
verted to its acetamido derivative prior to removal of the 3- and 3'-allyl groups to give 
the diol 82. The mon alcohol 83 was obtained as a side product of the de-allylation 
reaction. Glycosylation of 82 and 83 by tetra-O-benzyl-~-D-glucopyranosyl bromide 
then gave, respectively, the fully protected derivatives of the 5b pentasaccharide frag- 
ment 84 and the 5a tetrasaccharide sequence 85. The relatively inefficient glycosylation 
of the diol 82 in a stereospecific fashion resulted in poor yields of 84 indicating that 
a sequential glycosylation of the 3- and 3'-hydroxyl group would be a preferred ap- 
proached to the doubly branched structure 78. 

An approach of this type was reported independently by Gomtsyan et al. [87]. 
These authors used either a branched trisaccharide 86 [84] or a linear trisaccharide 
87 [85] in reaction with tetra-O-benzyl-~-D-glucopyranosyl bromide to prepare the 
tetrasaccharide 88. This was converted to the alcohol 89 and glycosylated by 3,4,6- 
tri-O-acetyl-2-deoxy-2-phthalimido-~-D-glucopyranosyl bromide [130]. In agreement 
with similar reactions reported by Wessel and Bundle [86], the yield of desired product 
90 was very low when silver triflate was the promoter. However, conditions that 
employed mercuric cyanide and mercuric bromide in acetonitrile gave the penta- 
saccharide 90 in good yield. In general, both groups attempting the synthesis of the 
branched X, 5a and 5b structures experienced poor selectivity for ¢t-glucosylation 
reactions with tetra-O-benzyl-a-D-glucopyranosyl bromide as the glycosyl donor 
[86, 87]. 

3.3 Shigella Dysenteriae 

The pentasaccharide repeating unit of Shigella dysenteriae serotype 2, a branched 
pentasaccharide containing exclusively ¢~-glycosidic bonds, was synthesized by Paul- 
sen and Biinsch [96]. This demanding synthesis was accomplished by a 3 + 2 block 
synthesis, and the scheme adopted illustrates many interesting themes of current 
approaches to complex glycoside synthesis. The branched trisaccharide which eventu- 
ally becomes the glycosyl bromide 91 was constructed sequentially, building up 
from a 2-azido-2-deoxyl-l,6-anhydrogalactose residue (92) and introducing first the 
~-D-GlcNAc residue, as its azido derivative, at 0-3 followed by introduction at 0-4 
of a 2-azido-2-deoxy-galactopyranosyl unit (93). Controlled acetolysis was used to 
open the 1,6-anhydro-ring and the resultant 1-O-acetate (94) was reacted with ti- 
tanium tetrabromide to give 91. This glycosyl donor was used to prepare a tetra- 
saccharide by reaction with the monosaccharide 95 or the disaccharide acceptor 
96 reaction welt the full repeating unit 97. 

4 Synthesis of Antigenic Determinants of E. coli 

The colitose-containing repeating unit of the E. coli 0111 polysaccharide antigen has 
been the subject of some synthetic work. The 3,6-dideoxyhexose was synthesized from 
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L-fucose [126] and subsequently used to prepare a branched trisaccharide. This 
trisaccharide ~-L-Col(1 ~ 3)[~-L-Col(1 --- 6)]-~-D-Glc forms a crucial element of the 
pentasaccharide repeating unit (structure: see Ref. [20] p 301) and was synthesized 
as an 8-methoxycarbonyloctyl glycoside [97]. 

The branched tetrasaccharide repeating unit of E. coli 075 was synthesized as both 
the reducing oligosaccharide and its 8-methoxycarbonyloctyl glycoside. The synthetic 
approach was to construct a branched trisaccharide and in a block synthesis glyco- 
sylate the forth residue, creating in the process an ~-D-Gal(1---,4)~-L-Rha linkage 
[98]. The glycosyl donor for the block synthesis, which contained two linages that 
require special care to construct, namely a [3-D-mannopyranosyl and an ~-D-gluco- 
saminyl linkage, was prepared by first generating the [3-mannose bond. The manno- 
pyrannosyt bromide 98 with a non-participating benzyl group at 0-2 was coupled to 
the 1,6-anhydro-galactose derivative 99 in the presence of silver silicate catalyst 
(silver zeolite has been reported to accomplish similar results [ 137]). The acetyl groups 
were removed from the disaccharide 100 and the primary hydroxy group of 101 was 
selectively benzoylated to give 102, which was glycosylated by the 2-azido-2-deoxy- 
glucopyranosyl bromide 103 using a mixture of mercuric cyanide and mercuric 
bromide. Model studies in support of this synthesis established that the order of 
reactivity of glycosyl halides increases according to the ring substituents present on 
the glycosyl halide in the sequence O-acetyl < O-glucosyl < O-benzyl. The order 
of selectivity toward or-glycoside formation was the reverse. On the other hand, this 
selectivity could be improved by decreasing the reactivity of the glycosyl halide or by 
decreasing the nucleophilicity of the hydroxyl groups of the alcohol component, in 
the case of highly reactive halides [98]. Accordingly, the moderately active catalyst 
Hg(CN)2/HgBr2 was used with the trisaccharide glycosyl halide 104 (obtained from 
105) and the selectively protected benzyl rhamnoside 106 or the 8-methoxycarbonyl- 
octyl rhamnoside equivalent 107. In this way both reducing and functionalized 
repeating unit were obtained [98]. 

5 Synthetic Brucella Oligosaccharides 

The structures of the classical A and M antigens of Brucella were recently shown to 
be hompolymers of 4,6-dideoxy-4-formamido-a-D-mannopyranose [102, 103]. The 
A antigen was an ~-l,2-1inked polymer, while the M antigen was also linear but was 
composed of a pentasaccharide repeating unit of four ~-1,2- and one ~-l,3-1inked 
residues. 

Synthesis of oligosaccharides with the A structure ranging from di- up to penta- 
saccharide have been completed. A common intermediate (108) was used to prepare 
either glycosyl donor 109 or glycosyl acceptor 110 molecules. The intermediate 108 
was in turn derived from 111, synthesized from D-mannose in 9 steps [105, 106]. These 
two intermediates (110 and 109) allowed efficient synthesis of a trisaccharide by 
employing silver triflate as the promotor in sequential glycosylation reactions. The 
2'-O-acetyl group of the disaccharide being easily removed to provide an alcohol for 
the second glycosytation step [105, 106]. 

32 



Synthesis of Oligosaccharides Related to Bacterial O-Antigens 

CH 3 OR I N31~'~I~F 0 N- CH3Ho~7 CH30R~ 

R ~ ~  H R 3 ~ ,  

OCH 3 OCH 3 R ~ 

R I = no ,  R P = B z l  108 

R t = H, R ~ = Bz I  I I 0  

R I = Rc, R e = H I19 

I I I  R ~ = C l ,  R e = ~c 109 

R I = S E t ,  R 2 = lqc I12 

R ~ = R ~ = Ac I13 
R I = S E t ,  R 2 = H l l 4  

R I = B r ,  R 2 = Ac I f 5  

CH3 lqc 0 0 

8 z l ~  

8 z l ~  

SEt 
115 

0~H3 Rc 0 0 

B z l ~  

8zl 0 ~ ~ ~  

Bz I O B ~  0 

8 z 1 ~ 1  

R ~ = OCH3 I17 R 1 = O(CH~)BCO~CH 3 118 

In order to extend the synthesis to higher oligosaccharides, the S-ethyl-thioglyco- 
side I12 was prepared from the diacetate 113. This unit then served as-a monomeric 
building unit or, following transesterification to 114 and silver triflate-mediated glyco- 
sylation by the bromide 115, derived from 112 by reaction with bromine, a disaccharide 
building unit or, following transesterification to 114 and silver triflate mediated glyco- 
S-ethyl-glycosides and mono- or disaccharide acceptors, odd or even number oligo- 
mers were constructed, containing 3, 4, and 5 monosaccharide residues. In addition, 
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the aglycone could be varied easily to give either methyl glycoside 117 or 8-methoxyl- 
carbonyloctyl glycosides 118. The 1,3-linkage present in the M antigen [103] could 
also be prepared using a derivative such as 119. In this way a full range of  A- and M-type 
sequences were prepared [107]. 

6 Future Prospects 

Chemical synthesis can now be used with great effect in the preparation of  complex 
oligosaccharides in the range of  tri- up to heptasaccharides. In particular cases, 
practical syntheses of  larger oligomers may be possible, although in general the obsta- 
cles to effective syntheses rapidly increases for oligomers larger than a pentasaccharide. 
Thus, deca saccharides and higher target structures appears at present to depend upon 
the development of  new methodologies. 

A radically different conceptual approach to oligosaccharide synthesis will be re- 
quired if larger oligomers are to be chemically synthesized in an efficient manner. 
Therefore, it appears that enzymatic synthesis holds the greatest promise for the ela- 
boration of  such large oligomers and small polysaccharides. First steps have already 
been reported in this area as applied to O-polysaccharides [58]. Since the enzyme 
complex responsible for the construction and polymerization of  repeating units is 
membrane bound, it seems certain that progress in this area will be slow. It is encourag- 
ing to note, however, that the genes responsible for the synthesis and assembly of  one 
bacterial O-polysaccharide, that of  Vibrio cholerae have been cloned and expressed 
in E. coli [135]. Potential access to the genes coding for enzymes that perform O-poly- 
saccharide synthesis is thus within sight. Chemical synthesis of  biological repeating 
units in combination with enzymatic polymerization by bacterial polymerase may be 
a first step toward taylored, complex polysaccharides produced by enzymes. 
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Synthetic photochemical applications to carbohydrates are described by photosubstitution, photo- 
addition, photoizomerisation, photoreduction, and photoxidation reactions. The use of photoremov- 
able protecting groups in osidic syntheses is also evoked. 

The recent development of such radical reactions using photoinitiators is mainly due to their regio 
and stereoselectivities interpreted in terms of stabilized conformations of carbohydrate radicals by 
stereoelectronic factors. The preferential s-attack of anomeric radicals is a well documented example 
of such transformations. 

Some new methodologies using single electron transfer reactions are also indicated in this review. 
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Synthetic Saccharide Photochemistry 

1 Introduction 

I.I Introductory Remarks 

In recent years, the introduction of modern instrumentation has changed the orien- 
tation of research in the photochemistry of carbohydrates. After the first studies of 
the physical properties of irradiated reaction mixtures, identification of photopro- 
tation of research in the photochemistry of carbohydrates. After the first studies of 
the physical properties of irradiated reaction mixtures, identification of photopro- 
ducts was then undertaken and finally, an increasing use of free radical reactions 
including photochemical ones was applied to the synthesis of complex organic 
ads. 

This use of free radical reactions offers an alternative to ionic reactions which are 
well known in carbohydrate Chemistry. The neutral conditions and mild work-up 
of these phototransformations are often of  great interest in the synthesis of multi- 
functional molecules. 

The knowledge of photoreaction mechanisms and of the structures of intermediate 
radicals is also of particular interest in the understanding of many structural modi- 
fications of sugars. For instance, radicals which are not solvated and less susceptible 
to steric factors adopt specific conformations determined by stereoelectronic effects 
which can explain some regio and stereoselectivities of many photochemical reactions 
in carbohydrates. 

The purpose of this article is to briefly review those synthetic photochemical re- 
actions with mono- and oligosaccharides used as specific substrates or as chiral 
synthons in synthesis. This article follows the excellent general and complete review 
published in 1981 by R. W. Binkely [1] in the "Advances in Carbohydrate Chemistry 
and Biochemistry". 

The adopted plan follows the different types of photochemical reactions [substi- 
tutions, additions, rearrangements, reduction, oxidation, photolabile protections] 
with the presentation of some typical synthetic examples and of some mechanistic 
aspects. 

1.2 Abbreviations 

Ac acetyl 
AIBN azobisisobutyronitrile 
Ade adenine 
Bn benzyl 
Bu butyl 
Bz benzoyl 
DCNB p-dicyanobenzene 
DME dimethoxyethane 
DMF N,N-dimethylform amide 
DMSO dimethylsulfoxide 
Et ethyl - 
HMPA hexamethylphosphoric triamide 
LAH lithium aluminum hydride 
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LDA lithium diisopropylamide 
Me methyl 
Mol molecular 
Ms methanesulfonyl 
NBS N-bromosuccinimide 
P phenanthrene 
PCC pyridinium chlorochromate 
Ph phenyl 
Piv pivaloyl 
T f  trifiyl 
TFA trifluoroacetic acid 
THF tetrahydrofuran 
TMS trimethylsilyl 
Tr trityl 
Ts p-toluenesulfonyl 
Ura uracile 

2 Photosubstitutions 

Photochemical substitutions of carbohydrates can be differentiated by describing 
the carbon atom which is transformed in the reaction. This deals with reactions where 
the photochemical event is the breaking and the creation of a bond in a carbohydrate 
moiety: 
- -  at the anomeric or proanomeric position 
- -  at non-anomeric positions. 

2 . 1  P h o t o s u b s t i t u t i o n s  a t  t h e  A n o m e r i c  o r  P r o a n o m e r i c  C a r b o n  

2.1.1 Anomeric Hydrogen Photoabstraction 

The anomeric hydrogen photoabstraction leading to substitution products is ge- 
nerally obtained by the creation of new bonds such as: 
- -  carbon-halogen bonds 
--  carbon-oxygen bonds 

2.1.1.1 Carbon-Halogen Bond Formation 

The photobromination with N-bromosuccinimide [bIBS) of  aldopyranosyt and fu- 
ranosyl derivatives can efficiently take place at non-anomeric, positions to give 
5- or 4-bromo derivatives, respectively (Sect. 2.2.1. I). However, other ~-substituents 
on the anomeric carbon such as halogens, nitrile and other electron withdrawing 
groups can change the regioselectivity of this substitution to yield only 1-a-bromo 
1-deoxy sugars. 

This regioselectivity results from the "capto dative effect" of intermediate radicals 
which are stabilized by the presence of one electron-donor and one electron-acceptor 
substituents [2]. The stereoselectivity of a-bromosubstitution is in agreement with the 
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theory of "'kinetic anomeric effect" for the preferential axial hydrogen abstraction 
at the anomeric center of heterocyclic acetals and carbohydrates [3-7]. This pre- 
ferential cleavage can be explained by the presence of an antiperiplanar relationship 
between C-H bond and a non-bonding electron pair on the ring oxygen [3-7]. 

These new compounds such as 2 [8, 9] derived from 1 are of great interest for 
synthetic purposes because of the double functionality of the "pseudoanomeric" center 
(Scheme 1). 

AcO--"~ _ 

A c O ~ X  
A c O - " ~  

h,, 
OAc Ac() 8r 

2 

° 1 

Cac j 

Scheme 1 

In the case of 1-halogeno 1-deoxy sugars, the competition of photobromination 
at C-5 or C-1 depends on the halogen and its configuration. The regioselectivity of 
the reaction at C-1 decreases from anomeric chlorides to fluorides, and the c~-deri- 
vatives are less reactive or inert for the anomeric substitution. 

"Proanomeric" carbons substituted by similar withdrawing endocyclic groups 
are photobrominated with higher regio and stereoselectivities. Thus, the presence 
at C-2 of oxo or oximino functions increases the radical reactivity at the C-I center. 
High yields of ~-bromo substituted carbohydrates 4 [10, 11] are obtained from 3. 

This photobromination process is useful for the synthesis of di- and trisaccharides 
with central ]3-D-mannose, ~-D-glucosamine and 13-D-mannosamine as basic units 
[12-13] such 5 (Scheme 2). The favourable position of the carbonyl group is very in- 
fluential since similar photobrominations of 4-uloses result in substitution at the C-5 
position confirming the importance of captodative effects in the carbohydrate moiety. 

The anomeric bromination can result from photosubstitution of other positions 
in the ring moiety. Very recenly, bromination of fully protected I-2-O-benzylidenated 
pyranoses with bromotrichloromethane and U.V. light or NBS yields 2-O-benzoyl 
glycosylbromides which may be converted in situ to glycosides and disaccharides in 
good yields (Scheme 2). These reaction conditions are compatible with protective 
groups like esters (acetates, benzoates, tosylates) and silyl ethers. 

2.1.1.2 Carbon-Oxygen Bond Formation 

The anomeric hydrogen abstraction can be obtained by an intramolecular "Barton 
type" reaction rising hydroxyalkylglycosides in presence of iodine and mercury 
oxide under irradiation. This methodology, is used for the synthesis of anomeric 
spiroorthoesters [6 and 7 in scheme 3). 
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nBut'N+Br- JI 

This photocyclization proceeds in a "one pot" reaction with photolytic cleavage 
of the intermediate carbone-mercury bond and subsequent hydrogen abstraction 
through a probable hypoiodite intermediate 6 [15 a]. With secondary alcohols (R = H), 
the reaction is less efficient than with primary ones (R' = H), and mainly undergoes 
a retention of configuration at the anomeric carbon [15b] by abstraction of the ~- 
anomeric hydrogen. 

Both reactions are of interest for the synthesis of analogs of a new class of anti- 
biotics called "orthosomycins" [16]. 
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2.1.2 Anomeric Carbon-Heteroatom Cleavage 

The main photocleavages of anomeric carbon-heteroatoms bonds are classified as: 
- -  carbon-halogen photolysis 
- -  carbon-oxygen photolysis 

2.1.2.1 Carbon-Halogen Cleavage 

The photochemistry of 1-deoxy 1-halogenosugars has been developed in recent years 
to create new bonds at the anomeric carbon such as: 
- -  carbon-hydrogen or deuterium bond 
- -  carbon-carbon bond 

Anomeric Halosugars. 

Metal hydrides reduce 1-~-anomeric halosugars into 1-[~-deoxy sugars with inversion 
of configuration by a SN 2 mechanism. On the contrary, the use of Bu3SnD under 
photochemical conditions yields deoxy sugars with retention of configuration with a 
stereoselectivity of  90 % according to Scheme 4 [17a]. 

I f  both ~ and t3-halogenosugars 8a and 8 c are reduced to the same anomeric mixture 
with the predominant deuterio compound 10, an easier cleavage of the axial anomeric 
carbon-bromine bond is observed with shorter times of photoreactions. 

In comparison, the stereoselectivity of  the radical reduction slightly decreases if 
the anomeric center is substituted by an electron withdrawing substituent (CN) 
using AIBN as radical initiator [17b]. The corresponding radical is supposed to be 
more planar than pyramidal to explain the lower degree of stereoselectivity for the 
reduction process of 8b into 9. 

C-Glyeosylation 

The preceding photoreduction of 1-halosugars with tin hydride under photolytic 
conditions can be carried out in the presence of electron-poor alkenes to form a 
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Scheme 4 

carbon-carbon bond coupling according to Scheme 5. This photosubstitution occurs 
with ~-bromo or 13-phenylselenosugars 11 and 12 to give 13 with a similar stereo- 
selectivity in favour of the axial arrangement of the C-glycosidic bond [I 8, 19]. These 
stereoselectivities are of interest for the formation of axial C-C bond which is dif- 
ficult to create at the anomeric center of sugars. This radical reaction has been ex- 
tensively applied for the carbofunctionalization of carbohydrates and an "Organic 
Synthesis" procedure has recently appeared for the preparation of C-glycosides 
[18b]. 

A cO .--"'~ AcO~"'% 

. 

nBu3SnH 
AcO Y AcO~ I 

Z 
13 

11 X=H ,Y=Br 

12 X=SePh ,Y=H 

Z= CN ,COOMe 

Scheme 5 

According to ESR measurements, the intermediate glycosyl radical exists in the 
boat-like conformation [20], which was previously observed in some photoproducts 
of spirocyclization (Sect 2.2). This preferred conformation of the pyranosyl radical 
results from the stabilizing interaction of the single occupied p orbital with the cr*- 
Lumo of the adjacent [~-C-OR bond (Scheme 6). 

Using this methodology, ~-C-dissacharides [21] and a-C-mannosides such 14 
are synthesized by radical intermediates which can adopt chair conformations 
(Scheme 7). 
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AcO')0Ac 

AcO 

t 
This anomeric stabilization of radicals is also observed using halonitrosugars such 

as 1-C-nitroglycosyl halides [22] 15. Captodative stabilization of the alcoxy nitro 
radicals explains the radical-chain substitution with mild nucleophiles such as ma- 

lonate or nitroalkane anions to form 16 (Scheme 8). 

0-~0 

/5 16 

Scheme 8 

2.1.2.2 Carbon-Oxygen Cleavage 

Using a binary sensitizing system (phenanthrene P/DCNB: p-dicyanobenzene) in 
acetonitrile solution, O-aryl glycosides are transacetalized with alcohols after ge- 
neration of aromatic radical cations [23]. According to kinetic anomeric effects, the 
c~-side attack of nucleophiles to cyclic oxocarbenium ions follows scheme 9. 

p hu .- 1 p *  DCNB 
-nCNB; m 

Scheme 9 

%, 

1 ÷ P 
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This transacetalization seems useful for intra or intermolecular glycosidation after 
photoirradiation of glucosides 17 in the same preceding conditions via a one electron 
exchange mechanism: 1,6-anhydro sugar 18 or 2-deoxyglycoside 19 [ct: 13 = 55:45) 
are obtained in good yields (Scheme 10). 

IvL~12.~ O~ ~, MeO~ 
0Me RI=H  M e O ~ O  ~ octanol-1 

R=0Me R=H.F~:Me Me0 O--CeH17(n) 
OMe R / 

18 17 19 

Scheme 10 

2.2 Photosubstitutions at Non-Anomer ic  Carbons 

2.2.1 Non-anomeric Hydrogen Photoabstraction 

2.2.1.1 Photobromination 

The most efficient photosubstitution reaction, with many applications in synthesis, 
is the photobromination method developed by FERRIER's group [24]. The sub- 
stitution of H-5 is regioselective and stereoselective for pentopyranosides [25], hexo- 
pyranosides [26], 1-6 anhydrosugars [27], uronic acids [24, 28] heterocyclic derivatives 
from deoxyinosones [29], nucleosides [30, 31], e tc . . ,  using bromine or N-bromo- 
succinimide in carbon tetracloride under irradiation. 
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OAc OAc OAc 0Ac 
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OAc Br OAc 

~ A  O'~Ade BzO de B~ 2~ BzOU 
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Scheme 11 
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All these transformations are obtained in good yields and 5-bromo derivatives are 
often crystalline and easy to separate. By-products can be bromides or dibromides 
with halogen substituent at C-1 and C-5, but the regioselectivity of photobromination 
at C-5 results from the easier formation of tertiary radicals. The ~-bromination 
confirms the stereoselectivity of the substitution reaction with the preferential ab- 
straction of axial H-5. 

Photobrominationwith bromine occurs atC-4with 1-O-acetyl-2,3,5,6-tetra-O-ben- 
zoyl-13-D-glucose 20 or o-galactose 21 giving the same mixture of 4-monobrominated 
compounds 22 + 23 from which the D-galacto epimer 22 can be isolated in high 
yields [30a]. These results confirm the formation of the same intermediate radical 
indicated in Scheme 12. 

BzO 

I 
OBz 

2O 

NoBrS 
Br 2 

hv 

3, oA 1 
=zo- J 

Nss J O " ~  Ac 

hv 

CSz OBz 
21 

8r 2 8r 2 @ . 
Olz / OBz I I 

OBz OBz OBz OBz OBz 
22 25 23 

t  o..o c  o\o, c 
BzOCH2 ~ : = = ~  OBz / 

OBz O B z ~ " ~ ~  
OBz OBz OBz 
24 24" 

Scheme 12 

Nethertheless, more complex mixtures are obtained with the same compounds 
when treated with NBS (formation of orthoamide 25 in good yields). 

2.2.1.2 Applications in Synthesis of C-4, C-5, C-6 Photobrominated Carbohydrates 

The facile photobromination at C-4 or C-5 position of different furanose and pyranose 
derivatives has many applications for further modifications of carbohydrates, mainly 
by elimination and substitution reactions. 
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a) Different examples of elim&ations [30] are given in Scheme 12 showing the syn- 
thesis of endo 24 and exo 24' cyclic unsaturated sugars. 
In the pyranose series, the 6-deoxy hex-5-eno-pyranose derivatives obtained from 

C-5 photobrominated carbohydrates reacted with mercury (II) salts by an intra- 
molecular aldol process to give 13-hydroxy-cyclohexanones according to Scheme 13. 

0 

HgCI2 

OBZ H2 0 == 
Bz Me Qcetone BZ H 

I 
OTs OTs 

T 
H /HgX 0 

ON 

Scheme 13 

These reactions were applied to the synthesis of phenol derivatives [32], amino- 
glycoside antibiotics [33] e tc . . ,  and are of great interest in other synthetic applications. 
b) In the field of substitution reactions, a more recent application ofphotobromination 
reactions is described for the synthesis of L-iduronic acid derivatives from D-gtu- 
curonic acid analogs 26. The C-5 photobrominated product 27 is reduced with tri-n- 
butyltin hydride to give a mixture of starting material and the L-idopyranuronate 28 
by a supposed rapidly interconverting radical [29] (Scheme 14). 

The functionalization at C-6 of 1,6-anhydro sugars using the previously described 
photobromination process allows the synthesis of chirally deuterated hydrosy methyl 
groups in the gtucopyranose series [34] (Scheme 15). Similar sequences can be used 
in the galacto [35] and ribo series [36]. 

2.2.2 Non-anomeric Carbon-Heteroatom Cleavage 

Non-anomeric positions can be regioselectively transformed by radical substitutions 
of halosugars or sulfur derivatives to yield mainly C-branched sugars by creation of 
new C-C bonds. 

2.2.2.1 Halosugars and Unsaturated Sugars 

Photolysis of iodosugars in alcohol solution is of great interest to obtain deoxy sugars, 
but in the presence of tri-n-butyltin hydride and poor electron alkenes, equatorial 
carbon-carbon bonds are obtained with a high stereoselectivity at C-4 position [39] 
from 29 forming mainly 30. 

At C-2 position, carbohydrate radicals were formed starting from unsaturated 
sugars by acetoxymercuration followed by reduction of the carbon-mercury bond 
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Scheme 15 

with tin hydride in the presence of an electron-poor alkene [40]. For this reaction, 
axial attack of the intermediate predominates if vicinal substituents are both axial 
[5] (Scheme 16) to afford a mixture of 31 + 32 (4:2). 

2.2.2.2 Sulfur Derivatives 

Similar homolysis of  xanthates derived from galacto compounds 33 by a tin radical. 
can form deoxy sugars or, in the presence of acrylonitrile, C-branched sugars at C-3 
such as 34 [37, 38] according to Scheme 17. 
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Radical chain reactions can take place via organotin reagent without hydrogen 
donors such as allyttin [38, 39]. This methodology has been applied to synthesize 
some important chiral precursors of natural products (for example pseudomonic 
acid). Thus, the pentose derivative 35 affords the compound 36 with retention of 
configuration via the carbohydrate radical R" at C-4 position [Scheme 18]. 
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All these syntheses of non-anomeric C-branched sugars show the influence of neigh- 
boring oxygenated groups as for the the preceding photosubstitutions at the anomeric 
positions. The importance of stereoelectronic effects seems predominant for all these 
radical reactions. 

3 Photoadditions 

Photoaddition reactions occur at the double bond of unsaturated sugars by: 
--  cycloaddition with formation of three or four-membered carbo or heterocyclic 

compounds. 
- -  creation of a new ~ bond without cyclization. 

3 . 1  P h o t o c y c l o a d d i t i o n s  

3.1.1 Syntheses of Three-Membered Cyclic Compounds 

3.1.1.1 Carbocyclic Compounds 

Cycloaddition to ¢t-~-unsaturated carbonyl systems represented by different carbo- 
hydrate enones yield "annulated" osides. These bicyclic molecules are used for syn- 
thesis of carbocyclic systems using the stereochemical information issued from sugar 
moieties. 

Unsaturated sugar 37 is used as the starting material for cyclopropanation by non- 
photochemical means to form cyclopropanopyranoside 38 and, by further degradation 
and cis-trans isomerization, ch~santhemic derivatives 39 (Scheme 19) [41]. 

A stereoselective photochemical addition of diazomethane to unsaturated uronate 
40 undergoes a pyrazoline derivative 41 which, after photolysis, leads to cyclopropano- 
furanoside 42 [42]. 

Ph~-~O ~ 0 
Ph'~o~O~IoM e ,~ O ~ ¢ ~ O M  e ~- 

37 38 39 CO0 Me 

M 000 . O  ot. o¢ 
40 41 42 

Scheme 19 
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These annulated bicyclic systems are of interest for further synthesis of complex 
macrolide antibiotics. 

3.1.1.2 Heterocyclic Compounds 

Photoannelation of glycals by nitrenes affords the I-2 aziridine intermediates which 
are transformed into aminosides 43 in the presence of alcohols [43]. A similar a~proach 
with a photochemical s-addition of N-haloamides to glycals is also possible°to yield 
mainly 1-2 trans aminosides (Scheme 20) [44a]. This similar preferential ~-addltion 
is in contrast with the reported 13-addition on the 13-face of the thioacetyl radicals 
[44b]. 

This limited methodology must be compared to a new approach for the synthesis 
of 2-amino 2-deoxycarbohydrates based on the cycloaddition of azodicarboxylates 
on glycals. This 14 + 21 cycloaddition is initiated by irradiation at 350 nm and seems 
highly stereoselective. After hydrolysis and reduction, compounds like 43 (Z = Ac) 
are obtained in good yields [45]. 
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3.1.2 Syntheses of Four-Membered Cyclic Compounds 

3.1.2.1 Carbocyclic Compounds 

A few examples of ]2 + 2] photocycloadditions of olefins on carbohydrate enones 
have been recently reported. The main results are described in the preceding review 
[1] on photochemical reactions of sugars. 

The use of these cyclobutano sugars has been developed for the synthesis of natural 
products such as grandisol [47]. Both enantiomers of this pheromone are available by 
12 + 21 photoaddition of ethylene to methyl hex-2-enopyranosid-4 ulose 44. After 
further manipulations, (+)  and (--) grandisol (45, 46) are synthesized following 
Scheme 2 I. 
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o ~ ~ . . o  t~-2~c~"~" IMeLi 
Me z BnBr 

Me 
44 

Scheme 21 
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I (*) I Me ~ - ~  ~ r f i,,,.0 H 

45 Z.6 

More recently, acetylene is reported to give under irradiation a photoadduct 48 
with enone 47 by s-attack [46], After deacetoxylation and ionic rearrangement, a 
simple approach to the synthesis of optically active trichothecene seems possible 
[46a] using the rearranged cyclopenteno bicyclic compound 48 (Scheme 22). 
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Scheme 22 48 

3.1.2.2 Heterocyclic Compounds 

The Paterno-Btichi photocycloaddition to glycals occurs with a total regioselectivity 
according to the stability of the supposed intermediate radicals. Acetone in presence 
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of isopropanol adds to D-glucal to form oxetane 49 or C-glycoside 50. These products 
are formed by competitive addition of alcohol and acetone depending on their con- 
centrations [48]. (Scheme 23). 

Ac07 / -O OH 
KoAc 7" 
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Scheme 23 

ecetone/]soproponol 1:9 
hv 

AcO 

o 
;9 

Ac0 ] 

hv I aceto~/isopropGnol 9:1 

The regio and ~-stereoselectivity of this low-yield cycloaddition again prove the 
structural stability of the intermediate diradical with a preferential anomeric semi- 
occupied orbital in an axial orientation. Similar observations can be made in the 
furanoside series [48]. 

This type of [2 + 2[ photocycloaddition [49] is possible with ketosugars on one of 
the double bond of furan. The less crowded adducts 51 and 52 are formed with equa- 
torial C-C bonds as shown in Scheme 24. 

0 O 0  0 0 

,Lo; o 07 
51 52 

Scheme 24 

3.2  P h o t o a d d i t i o n s  without  C y c l i z a t i o n s  

The formation of a single bond by photoaddition on unsaturated carbohydrates is 
mainly performed on: 
- -  enol ether double bonds 
- -  enones and other unsaturated systems. 
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3.2.1 Photoaddition to Enol Ethers 

3.2.1.1 Nitrogen Reagents 

The addition of chloro azide CIN 3 on the double bond of glycals proceeds by either 
an ionic or a radical mechanism depending on experimental conditions. Under UV 
irradiation, in solvents of low polarity and in the absence of oxygen, radical addition 
is predominantly regio- and stereoselective [51, 52]. The double bond reactivity is 
affected by the substituent at C-3 position and its inductive effect. Therefore, the 
presence of acetates lowers the reactivity, but azidosides are formed following Scheme 
25. 

A ~ ) I ~  A c O n  

I 
N3 

53 

AcO 7 

< Ac /h -c' 

Scheme 25 

Some other nitrogen compounds are also formed by carbamoylation of glycals 
using a photochemical regi0specific process which consists of the addition of the 
amide radical only to C-1 [53]. The addition mixture remains complex because of  
stereoisomers 54 (mainly ~) and competitive addition products with acetone such 
as 55. 
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The development of such addition reactions for synthetic purposes remains limited 
because of the complexity of the photochemical reaction mixtures. Nevertheless, 
a facile synthesis of dihydroshowdomycin [54] uses the same type of photoaddition 
of amides on unsaturated sugars following Scheme 26. 

3.2.1.20xycarbinyl Radicals 

A general study of the photochemical addition of 2-propanol and 1,3-dioxolane to 
unsaturated sugars [48, 55, 56] shows the following order of reactivity (see Scheme 27) 
and yields mixtures of stereoisomers. 
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Scheme 27 
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Ac 

Recently, more efficient photochemical additions are described on the enol bonds 
at C-5, C-6 of unsaturated sugars. For example, chloracetonitrile reacts as a radical 
precursor on 56 and yields 57 in the presence of Bu3SnH 5 (Scheme 28). 

CN 

c,cH2c. Aco  o 
\ 9 Ac / 1  h, " 
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I I 
0Ac OAc 

56 57 

Scheme 28 

3.2.2 Photoaddition to Enones and other Unsaturated Systems 

3.2.2.1 Nitrenes 

Photochemical c~-addition of a nitrene to 1-isocyano sugars leads to the carbodiimide 
which adds water yielding glycosylurea or malonic acid to form potential glycosyl- 
barbiturate synthons [57] (Scheme 29). 
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3.2.2.20xicarbinyl Species 

The photosensitized 1-4 addition of alcohols to hexenopyranosuloses first reported 
by B. Fraser Reid and coworkers [58 a] has been developed with other studies on 
photoadditions of oxycarbinyl species such as polyols, acetals, dioxolanes, aldehydes. 
A mechanistic study on this photoaddition has been recently detailed [58 b] showing 
that the important photochemical event is hydrogen abstraction from methanol, 
for example, to form the hydroxymethyl radical. 

The syntheses of these new C-branched sugars by regioselective and often stereo- 
selective processes are obtained in better yields than with the precedingly mentioned 
glycals. The alkylation occurs at the less hindered side; however, with methanol, 
some mixtures of isomeric C-branched sugars are obtained (Scheme 30). 
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Similarly, irradiation of unsaturated nitro derivatives in 1,3 dioxolane affords 
the addition of the 1,3-dioxolan-2 yl group with a low stereoselectivity [58 c]. 

By photoaddition of other oxycarbinyl functionalized radicals, 1--4 ketols, 1-4 keto- 
ketals and 1-4 diketones are formed and a review of the main results has been pub- 
lished [59, 60]. Applications concerning the synthesis of natural C-branched sugars 
such as pillarose are given using this photoaddition methodology [61]. 

4 Intramolecular Phototransformations of Carbohydrates 

Intramolecular photochemical reactions need the presence of light sensitive groups 
such as carbonyls to induce transformations by s-cleavage (Norrish I reaction) or by 
7-H-abstraction (Norrish II reaction). 

"- HO ~ OH 

Scheme 31 

The net effect is decarbonylation, cyclization and stereoisomerization which are 
linked to the structure of the carbohydrate moiety. The main results describe carbo- 
hydrates bearing a carbonyl group on the aglycone (Norrish I) or on the ring (Nor- 
rish II). 

4.1 Photolysis of Ketosugars 

The a-cleavage of ketosugars has been mainly studied by P. M. Collins and his group 
and their principal results have been reviewed [1]. 

The differentiation of ketosugars by the position of their carbonyl group on the 
ring allows a comparative study of their photolytic abilities. 

4.1.1 2-Ketuloses 

To avoid Norrish II photolysis of pyranosid-2-uloses derivatives containing aglycones 
derived from primary and secondary alcohols, t-butoxy derivatives 58 can be success- 
fully photolyzed by a Norrish I reaction to yield, by C-l, C-2 cleavage and diradical 
formation, compounds 59 [30 %) and 60 [40 ~) (Scheme 32) [62]. 

In a similar way 1,6 anhydro 2-ketopyranoses 63 of the xylo, ribo and psico series 
underwent stereoselective ring contraction by decarbonylation (Scheme 33). 

Similar compounds, such as diluse 61 yield by photolytic decarbonylation reaction 
[64], pentulose derivatives 62 by a favoured cleavage at C-2, C-3. 
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Scheme 33 

4.1.2 3-Ketuloses 

For compounds such as 63, a more complex rearrangement replaces the decarbonyla- 
tion reaction [65]. This photoisomerization yields lactone 64 by s-cleavage at C-2, 
C-3 position (Norrish I) and hydrogen transfer from C-1 to C-3 followed by a stereo- 
selective nucleophilic attack at the carbonyl group by the terminal carbon of the elec- 
tron-rich double bond and final ring closure (Scheme 34). 

This mechanism, which does not clarify the stereoselectivity of these transforma- 
tions, is in contest with an eventual intramolecular 12 + 2[ cycloaddition of the alde- 
hydic intermediate which can afford a 12,6[ dioxa bicyclo [3.1.1.l heptane system which 
could also be capable of giving 64. 
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4.1.3 4-Ketuloses 

Irradiation of pyranosid-4 ulose derivatives such as 65 undergo decarbonylation to 
yield furanoside 66 by preferential C-3, C-4 cleavage [66]. This is confirmed by the 
separation of its epimer 67 containing a 2-3 transfused system derived from a diradical 
intermediate Scheme 35). 
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[ °X° 

Scheme 35 

In the 1,6-anhydro series [63], 4-ketuloses are photodecarbonylated to yield the 
same kind of compounds as the preceding 2-ketuloses (Scheme 33). 

4.2 Photolysis of Oxoalkylglycosides 

The photoabstraction of the anomeric hydrogen by any excited carbonyl group on 
the aglycone of oxoalkylglycosides 68 leads to anomeric diradicals which are trans- 
formed into lactones, spiro compounds, or O-vinyl glycosides depending on the length 
of the chain of the aglycone (Scheme 36). 

If the irradiation of 68 (n = 0, R = CH 3) is closely connected to photoxidation 
processes which will be described later, the photocyclization reaction is the source 
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Scheme 36 

of anomeric spiro compounds which are of interest for a synthetic approach to ana- 
logs of ionophore antibiotics. 

The photocyclization reaction is more efficient with 13-anomers, and the new C--C 
bond created at the anomeric center is obtained by preferential axial anomeric hydro- 
gen abstraction followed by carbocyclization. Norrish II reactions generally result 
from hydrogen abstraction at the 7-position according to Scheme 31 to give cyclo- 
butanols or degradation products. For 68, (n = 1) photoabstraction at the g-position 
of the anomeric hydrogen leads to cyclopentanols 69 (Scheme 37) [67]. 
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Scheme 37 

This methodology is valuable for similar derivatives in the D-manno [68], L-ara- 
bino [69] and 2-deoxy or 2,3-deoxy [70] series. Parallel work [71] on the O-formyl and 
O-acetyl phenyl 13-o-glucopyranoside 70 and its ~-anomer 71 yield compounds 72 
and 73. The epimerization of 72 in acidic conditions leads to the more stable com- 
pound 73 by anomeric effect. Stereoelectronic effects can explain the twist-boat con- 
formations of 69 and the chair conformation for the manno analog established by 
x-ray cristallography [72-73]. 
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Scheme 38 

The results clearly show that the same kinetic anomeric effects governs these intra- 
molecular cyclization reactions as well as the preceding anomeric hydrogen abstrac- 
tions described in intermolecular photochemical substitutions. 

The s-anomeric hydrogen of compound 74 is too far away to permit abstraction 
and the Norrish II process results from the y-hydrogen abstraction of the aglycone 
chain. In this way, O-vinylglycosides 75 can be formed [74] (Scheme 39). 
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Scheme 39 

Similarly, the photolysis of unsaturated or-glycoside 76 leads to the vinylglycoside 77 
in low yields. This on thermolysis undergoes a ]3.3[ sigmatropic rearrangement to 
yield the C-branched sugar 78 (Scheme 40) [74]. 

Ac0- I A C 0 " l  A c 0 n  oK-O o.  oK-O o h v  D A = 

Ac Ac 

0 
76 77 

H 
Scheme 40 

64 



Synthetic Saccharide Photochemistry 

5 Photoreduction and Photoxidation Reactions of Sugars 

5.1 Photoreduction 

5.1.1 Photodeoxygenation 

Radical deoxygenation of sugars can be realized with suitable alcohol derivatives such 
as esters (acetates, pivaloates), sulfur compounds (xanthates, thiocarbamates, tri- 
fluoromethylsulfonates) according to the general Scheme 41. 

R-O--H "- R - O - X  h~ .- [R/~'~_)~] " JR'] H'= R--H 

Scheme 41 

5.1.1.1 Acetates 

Irradiation of non-absorbing monoacetates on sugars at any positions on the ring 
in a hexamethyl phosphotriamide solution (HMPA) with 5 ~o water leads in excellent 
yields to deoxy sugars [75-79]. This methodology is of particular interest for sterically 
hindered hydroxyl groups found in D-fructopyranose derivative 79 as well as in s-g- 
fucopyranoside 80 which are difficult to obtain by classical methods (Scheme 42). 
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Scheme 42 

In the case of 2,3-diacetylglucosides, 2,3-dideoxyhexopyranosides are also ob- 
tained. This method shortens reaction paths and is used in photolytic trideoxygenation 
to give, for example, amicetose [80]. 

If this process seems particularly useful for small quantities of acetates; some diffi- 
culties are observed for the deoxygenation of larger quantities of substrates which 
necessitate longer times of photolysis and leads to lower yields of deoxygenation pro- 
ducts [81]. 
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5.1.1.2 Pivaloates 

The pivaloyl group which can be regioselectively introduced in carbohydrates [82], 
is photolyzed under preceding conditions to deoxygenated compounds [83], in better 
yields than for acetates or aromatic esters. 

Different protecting groups such as acetonides, t-butyl dimethyl silyl derivatives 
proved to be stable under these experimental conditions, but the benzylidene group is 
completely cleaved. The rate of photodeoxygenation is greater at the secondary posi- 
tions [82], as indicated in Scheme 43, with the regioselective photolysis of dipivaloate 
to give a mixture of monodeoxy and dideoxy derivatives (81) in low yields. 

PivO"'~ ~ h,, 0 . ~ - ~ 0  PivO'~ -O Me 

Piv~)OMe OMe OMe 
81 

M•eO•o t h~ taMPA/H20 H H ~ o ,  
2.H* " MeO~'L~"J~OH 

. '  Me 

Scheme 43 

This photochemical deoxygenation was applied to the synthesis of 81, and 82 [84]. 

5.1.1.3 Benzoates 

A recently reported regioselective photoreduction of benzoates by photosensitized 
electron transfer reaction was applied to nucleosides [85]. In presence of N-methyt- 
carbazole as the electron donor sensitizer and in an isopropanol, water solution, 
m-trifluoromethylbenzoates of adenosine 83 or benzoates of uridine 84 give deoxy- 
genated products in good yields (73 %). 

This interesting methodology broadens the preceding electron transfer reduction 
of acetates and pivaloates, and seems very efficient for synthesizing protected 2'- 
deoxy uridine such as 85 in high yields (85 %) (Scheme 44). 

5.1.1.4 Trifluoromethane Sulfonates, Thiocarbamates and Xanthates 

The deoxygenation reaction by similar single electron transfer process is also useful 
for the reduction of mesylates, while tosylates regenerate by hydrolysis the alcohol 
[86, 87] in the presence of base without epimerization. High yields are obtained in 
general, while in alcoholic solution, N,N-dimethyl thiocarbamates lead to reduction 
products in low yields with a predominant deprotection process [88] (Scheme 45). 

In the case of xanthates, no photoreduction is observed but a more complex de- 
protection of acetonide groups at C-5, C-6 is obtained with subsequent formation of 
orthotrithiocarbonates in the presence of air [89]. 

66 



Synthetic Saccharide Photochemistry 

O 
A r " ~ " O - ~  O ' ~  Ade 

83 X CF3 
,---- X=OCO 6 

h,, L X=H 

BzO 7 ~ . ~  Ura 

X Y 84 
X=Y=OBz ---Th ~ 
X=Y=H ,. 

85 

S i / 0 " - ~  0 " ~  Ura 

Si / X=H Y=OCO--~ ' 

" ~ ' " r "  x :~ : . .  ' : '  I ~ 

Scheme 44 

T fO~H NO0 HMPA ~ %~ 
Me hv H~OM e 

\COOMe \COOMe 

X O  HMPA m, O 
hv 

S 

Me2N 0 MeOH 0 O 

Scheme 45 

0 0 

o~ 

5.2 Photoxidation 

5.2.1 Photoxidation of Protected Carbohydrates 

The previously described Norrish II reaction is used in the photolysis of pyruvate 
esters of carbohydrates and nucleosides [90-94]. The presence of different protecting 
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groups (esters, tritylethers, benzylidene acetals) does not affect this useful oxidation 
process (Scheme 46). 

o 

CHO 

~ o ~  ~, ~ "  ~ o ~  ~ / 
I t 
OAc OAc 

0 

0 O CH 3 
0 

Scheme 46 

o 
TrO~o/0 "~'~ N~ 

This methodology was applied to the synthesis of L-streptose [91] and methyl 
eZ-D-mycaroside [95 a]. The difficulty of this photochemical oxidation originates from 
the sensitivity of pyruvates to hydrolysis. This approach seems limited to small quan- 
tities of substrates but does not need any separation technique as in oxidation by 
pyridinium chlorochromate [95 b]. Nethertheless, phototysis of pyruvates of partially 
protected derivatives of O~-D-9lucofuranose and ~-D-fructofuranose in benzene yields 
the corresponding oxidized products in excellent yields [96]. 

The Norrish II type rearrangement can also explain the photochemical reactivity 
of glycosides 86 [97] leading to lactones 88 as for less stable pyruvates 87. 

The high-yield photolytic oxidation of 86 does not depend on the configuration of 
the anomeric center and similar photolyses are possible with unsaturated sugars such 
as 89 to give unsaturated lactones 90 in lower yields. The hydrogenated derivative 91 
is also photolyzed into the corresponding saturated lactone 92 [97] (Scheme 47). 
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5.2.2 Photodegradation of  Free Carbohydrates 

Photoreactions of aldoses such as D-glucose and D-galactose in methanol, in the 
presence of titanium (IV) chloride induced a regioselective bond cleavage, at C-5, 
C-6 position and gave pentodialdose derivatives 93 and 94 [98]. In contrast, under 
the same photolytic conditions but in the presence of iron (III) chloride. D-glucose, 
D-mannose and D-galactose in pyridine provided 4-O-formyl aldopentopyranoses in 
a clean reaction and in moderate yield, after a selective bond cleavage at the C-l, 
C-2 position [100]. This reaction is depicted for D-matmose to give the derivative 95. 

With ketoses such as D-fructose, photoreaction in the presence of iron (111) chloride 
yields D-erythrose as the single product [99]. This transformation provides high yield 
and results from a C-2, C-3 cleavage of the intermediate ferric complex. 

All these photoreactions are of interest for purposes of mechanistic studies but have 
not yet been applied to synthetic targets. 

6 Photoremovable Protecting Groups of Carbohydrates 

The use of protecting groups, for which the regeneration of any protected function 
could be realized by a photochemical way, is rather attractive to avoid rigorous chemi- 
cal treatment of sensitive substrates such as carbohydrates. This approach has been 
tested with different functional groups (acetals, carbonates, nitrates, dithiocarbamates, 
and carbamates) in complex carbohydrate syntheses and was reviewed in 1980 [101]. 

6.1 Benzyl Acetals 

6.1.10-Benzylidene Acetals 

Simple benzylidene acetals of carbohydrates are photochemically cleaved in a way 
similar to the well-used N-bromosuccinimide process regioselective ring opening 
process into bromodeoxysugars. 

In contrast, the regioselectivity of this photochemical cleavage does not depend on 
the configuration of the acetalic benzylidene carbon. Thus, there is no need to separate 
diastereoisomeric pairs prior to ring opening [102] (scheme 49). The same product 97 
is formed regardless of whether the phenyl group in 96 is endo or exo to the pyranose 
ring. The key intermediate results from the photobrornination of the benzylidene 
group which is hydrolyzed to give an unstable orthoacid. This orthoacid is transformed 
into hydroxybenzoates 97. 

This light-initiated NBS reaction is similar to the photolysis of o-nitrobenzylidene 
acetals but'is a one-step process instead of the following two-step procedure. 

6.1.2 o-Nitrobenzaldehyde Acetals 

o-Nitrobenzaldehyde acetals of carbohydrates are good temporary blocking groups 
which, on UV irradiation, followed by oxidation of the resulting nitroso groupS, 
yield 2-nitrobenzoyl sugars with a free hydroxyl group. 

The substitutions by o-nitrobenzyl groups are used for dioxolane and 1,3-dioxane 
derivatives, but the photochemical cleavage is only partially regioselective. However, 
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Scheme 49 

the scope of this photoremoval was broadened by their application to anomeric 
2-nitrobenzyl glycosides [103] in different mono and oligosaccharide series with the 
indicated major regioisomer formed (Scheme 50). 
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OAc ~ 0  ~ 

Scheme 50 
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COOMe OMe 
A~O0 0 0 0 

major(4:1 ] 

The o-nitrobenzyl group was also used in nucleotide synthesis with the preparation 
of 2-O-(o-nitrobenzyl) ribonucleoside for oligoribonucleotide synthesis (Scheme 51) 
[104-106]. 

Resistant to acids and bases and without a tendency to migrate, this group is stable 
for all the reactions employed in the synthesis of oligonucleotides. It is photolytically 
cleaved under a controlled pH without affecting the pyrimidine or purine bases [107, 
108]. It has also been used as a photoremovable protecting group for the phosphate 
function [109]. 
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6.2 Carbamates and Nitrates 

6.2.1 N-Benzyloxycarbonyl Derivatives 

The benzyloxycarbonyl has been used as a photoremovable protecting group for the 
amino function in aminosugars [110]. 

The photolysis of carbamates remains limited to mono derivatives but more com- 
plex molecules containing three or more N-benzyloxycarbonyl groups lead to mix- 
tures. 

Nevertheless, under the same conditions, methyl-2,6-dideoxy-2(benzyl-oxycarbo- 
nyl) amino 6-bromo-a-D-glucopyranoside 98 yields methyl 2,6-dideoxy-2-amino-6- 
bromo-c~-o-glucopyranoside 99 which shows a greater stability of the C--Br  bond 
in the photolytic treatment (Scheme 52). 

R R 

OR1 hv ,- OR 1 

HO ~ / HO -,a / 
I I 
NH NH2 

o 
B n O ~  R = OH,Br 

98 R 1 = H,Me 99 

Scheme 52 

6.2.2 Nitrates and other Nitrogen Protecting Groups 

The interest of-nitrates as protecting groups for carbohydrates is that they are stable 
in acidic conditions, but their stability in the presence of base is limited. Their depro- 
tection is carried out by catalytic hydrogenolysis or by nucleophilic attack ofhydrazine. 
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Photolysis of sugar nitrates in the presence of hydrogen donors represents an effi- 
cient technique for their cleavage with the intermediate formation of alkoxy radicals. 

R O - N O  2 - ~  [RO" "NO2] ~ohol ROH 

This alkoxy radical can explain the observed inversion of configuration at the C-3 
position of 1,2-5,6 di-O-isopropylidene 3-O-nitro-a-D-allofuranose 100 during the 
deprotection. The cleavage of the C2, C-3 bond is a possible explanation for the epi- 
merization [111] into 101 (Scheme 53). 

o2No o,/ 
100 101 

o o I 

Scheme 53 

Except for this particular example, quantitative deprotections were observed for 
other sugar nitrates without modification of the sugar moiety. Some other N-deriva- 
tives such as diphenyl hydrazino substituents introduced by triflate displacement at 
the C-6 position of galactose residues were photolyzed but in low yields [112]. This 
group remains of limited interest for any further use in synthesis. 

7 Conclusions 

The recent applications of photochemical reactions to carbohydrates are in accordance 
with the great development of radical reactions in organic synthesis this last decade. 

Photochemistry provides mild reaction conditions for the formation of different 
new bonds especially C--C bonds. The study by ESR methods of glycosyI radicals 
and theoretical approach confirming the importance of the "anomeric effect" in 
stabilizing radicals explain the remarkable stereoselectivity of these reactions. The 
preferential s-attack of anomeric radicals is one of the most interesting results pub- 
lished in the recent literature. The development of new methodologies using sugar 
radicals or/and radical reagents should be an alternative way to many transformations 
of carbohydrates over the next years. 

After a long period of studies using the electrophilic character of the anomeric 
center of sugars, some recent result show the possibility of "umpolung" of this carbon 
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using strong electron-withdrawing groups. According to "captodative effects" which 
stabilize radicals  and confirming the importance o f  "stereoelectronic effects" in car- 
bohydra te  chemistry, photochemical  reactions with sugars should be regio- and stereo- 
control led and should find a wide use in total  syntheses o f  natural  products  using the 
"chiron approach". 

Photochemical  reactions are usually run in homogeneous  solutions but  recent 
developments are found in the l i terature on photoreact ions  in solide state, on solid 
matrix,  or  in a micellar environment [113]. These new methodologies  have not  yet 
been appl ied to carbohydrates  but  should be of  great interest in the near future. 

The increasing use of  spin-labeled carbohydrates  [ t 14] and the syntheses of  enzyme- 
activated irreversible inhibitors (suicide substrates) such as diazoketo sugars [115] 
and azideoxy sugars [116] for glycosidases implicate that  those compounds  will serve 
as potent ial  photoaffinity-labeling reagents fo arbohydrate-binding proteins.  

With  increasing theoretical and practical  knowledge in photochemistry,  synthetic 
applicat ions of  photochemical  reactions to carbohydrates  are a powerful  tool  for 

further research. 
Acknowledgements: The author  thanks Dr. L. Ludwikowska for her help in the pre- 
para t ion o f  the manuscript .  
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The chemical syntheses of the carbohydrate portions of the naturally occurring glycolipids derived 
from the sphingosine bases (as well as the syntheses of the complete glycosphingolipids) and of myo- 
inositol-containing lipids derived from esters of glycerol, which were reported between 1977 and 1987, 
are reviewed. This article therefore brings up to date a previous review published in Chemistry and 
Physics of Lipids (1980) 26: 287. Since this is a very active field of research, most of the new synthetic 
techniques introduced into carbohydrate chemistry in the last decade are discussed. The syntheses of 
sphingosine bases and glycerol derivatives from carbohydrate precursors acting as 'chiral templates' 
are also reviewed with a more historical perspective. 
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1 Introduction 

This chapter will cover work published in this field in the last ten years and will thus 
be an update of a previous article [1] which reviewed the field up to the end of 1977. 
Because of the large amount of work published in this area, this review is selective 
rather than complete. The synthesis of glycoglycerolipids (see Ref. [2] for an excellent 
review of the structures of these lipids) has been reviewed recently [3] as has the syn- 
thesis of the serologically active glycolipids from Mycobacterium leprae [4]. The 
extensive early work on the synthesis of lipid A, based on an incorrect structure, 
has been reviewed [5, 6] (see Refs. [7-11] for more recent work). This review will 
therefore deal mainly with the work on glycosphingolipids (see Refs. [12-20] for 
excellent reviews of the structures and biochemistry of these lipids) and also covers 
the synthetic work on myo-inositol-containing lipids. Significant advances have been 
made during the last ten years in oligosaccharide synthesis and this is reflected in the 
more sophisticated approach to glycolipid synthesis. The use of 2-azido-2-deoxy 
sugar derivatives by Paulsen and his co-workers has allowed the synthesis of 1,2-c/s- 
glycosides of 2-amino-2-deoxy sugars which are present in some immunologically 
interesting glycolipids and the continued introduction of new protecting groups 
and manipulative methods has also made an impact. The synthesis of glycosides of 
N-acetyl-neuraminic acid is being studied in greater detail and this will ultimately 
lead to the synthesis of the more complex gangliosides which are of general scientific 
significance. Some excellent review articles [22-32] on oligosaccharide synthesis 
have been written by researchers active in the area of glycolipid and glycoprotein 
synthesis. 

Since the synthesis of glycolipids involves the synthesis of both the lipid and the 
oligosaccharide portions, we shall also discuss that part of the recorded lipid synthetic 
work which has involved the use of carbohydrates. In fact, some of the first-recorded 
applications of carbohydrate molecules as "chiral templates" are to be found in the 
lipid field particularly with the use of 1,2:5,6-di-O-isopropylidene-D-mannitol [33] 
as a precursor of chiral glycerot derivatives for the synthesis of phospholipids and 
glycolipids based on glycerol and with the use of glucosamine derivatives for the 
synthesis of phytosphingosines [34] and since this area has not previously been review- 
ed, it will be treated with a more historical perspective. 

As well as the synthesis of natural glycolipids, we shall discuss the synthesis of 
portions of the oligosaccharide of the natural lipid which may be the epitope of an 
immunologically interesting glycolipid and/or glycoprotein since the linking of the 
otigosaccharide portion to the lipid is an extension of this work which is not always 
reported. 

2 Use of Carbohydrates as Chiral Templates for the Synthesis 
of the Lipid Portion of Glycolipids 

2.1 Sphingosine Bases 

The first recorded use of carbohydrates as templates for the synthesis of the sphingo- 
sine bases was for the preparation of N-benzoylphytosphingosine (6) [34, 35]. The 
oxazoline derivative (1) which is readily prepared from D-glucosamine [36] was con- 
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verted by very mild methanolysis and subsequent mesylation and reformation of  an 
oxazoline into the phenyloxazoline (2). This, on methanolysis and subsequent period- 
ate oxidation, gave the aldehyde (3) which was condensed with a long-chain Wittig 

/O--CH 2 /O-CH 2 
Me2C t Me2C ] 

Y 
Ph 

1" 2 

\ 9  
i I 

HO NHBz 

5 

Ac=CH3CO- ; Bz= PhCO- ; Bn=PhCH2- ; 
A[[=CH2-CH-CH 2-  ;Phth= phthaloy[ ; 
Ms = S02Me 

W 
Me 

0 N 

Ph 
3 R=CHO 
• 4 R=(CH2 }13Me 

CH20H 

~ NHBz 

(CH2113Me 

6 

reagent and the product hydrogenated to give (4). Opening of the oxazoline ring by 
acid gave an O-benzoyl derivative which was converted into a benzamido derivative 
under basic conditions; subsequent hydrolysis of the glycosidic bond gave (5) which 
was reduced with sodium borohydride to N-benzoylphytosphingosine (D-ribo-2- 
benzamido 1,3,4-trihydroxyoctadecane) (6). 

A further synthesis of phytosphingosine (11) was achieved [37] from n-galactose 
via 3,4,6-tri-O-benzyl-D-galactose. Reduction of the latter and subsequent acetonation 
gave the galactitol derivative (7), and this on mesylation and reaction with potassium 

CH 20Bn CH 2OBn CH 20Bn 

Me2C_ -1-  CH (CH2)13Me 
"O-CH z IRI 

7 R~=OH; R2=H ..°R =O 11 
8 R 1= H • R2= N P h t h  IOR=CH(CH2)11Me 

phthalimide gave the phthalimido derivative (8). Hydrolysis of the isopropylidene 
derivative and periodate oxidation of the product gave the aldehyde (9) which was 
condensed with a long-chain Wittig reagent to give (10). Hydrogenation to remove 
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benzyl groups and reduce the olefinic group and subsequent removal of the phthali- 
mido group with hydrazine gave phytosphingosine (11). Mulzer and Brand [38] 
have prepared D- and L-ribo- and arabino-Cls-phytosphingosine from D-mannitol 
via 2,3-O-isopropylidene-D-glyceraldehyde. Condensation of the latter with a long- 
chain Wittig reagent and eventual replacement of the secondary hydroxyl group, 
with inversion, by a phthalimido group (using triphenylphosphine, diethylazodi- 
carboxylate and phthalimide -- Mitsunobo reaction) and hydroxylation of the double 
bond with osmium tetroxide and N-methylmorpholine N-oxide gave a mixture of 
isomers which were separated by chromatography. 

Dihydrosphingosine (20) was prepared by Reist and Christie [39] from 1,2:5,6- 
di-O-isopropylidene-D-glucofuranose which was converted into the 3-amino-3-de- 
oxyallose derivative (12). Hydrolysis of (12) and subsequent periodate oxidation 
gave the aldehyde (14) which was condensed with the Wittig reagent and the product 
hydrolysed to give a mixture of cis- and trans-isomers (16) in which the c&-isomer 
predominated. Periodate oxidation and subsequent reduction-with sodium boro- 
hydride gave (18) and this on hydrogenolysis gave the dihydrosphingosine (20). 

/O-CH2 
Me2C~.o4 CH=CH(CH2)12Me 

M e 2 ROOC- NH 0 e2 RO - ROOC-NH OH 

12 R=Bn 14 R=Bn 15 R=Bn 

13 R=Et 15 R=Et 17 R= Et 

18 R= Bn 
19 R=Et 
20 R= (CH2)14Me 
21 R= HC=CH(CH2)12Me 

CH2OH CH2OH 

OH -~-OH 

R CH 
II 
CH(CH2)12Me 

20 18 
21 19 

For the preparation of sphingosine (2 I), which has a trans-olefinic linkage, Reist 
and Christie [40] started from the ethoxycarbonyl deri,cati~ces (13) and (15) and modified 
the conditions of the Wittig condensation so that the product (17) was predominantly 
the trans-olefin. Periodate oxidation and subsequent borohydride reduction of (17) 
gave (19) and the ethoxycarbonyl group was removed with barium hydroxide to give 
sphingosine (21). 

Ogawa and co-workers [41, 42] have also described a synthesis of the N-acyl sphin- 
gosine (ceramide) (27) from the aldehyde (22) derived from 1,2:5,6-di-O-isopropyli- 
dene-D-glucofuranose. This was condensed with a Witfig reagent to give an ap- 
proximately equal mixture of tl:e cis- and trans-olefins (23) and irradiation of the 
mixture gave a product containing 94% of the trans-olefin. The trans-olefin (23) 
was converted into the mesylate and the isopropylidene group hydrolysed to give 
(24) which was oxidised with periodate and the product reduced with borohydride. 
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Subsequent treatment with ethyl vinyl ether gave the ethoxyethyl ether (25). The 
mesyl group was replaced by sodium azide to give (26) and the azide group reduced 
to an amine which was acylated with lignoceric acid (tetracosanoic acid); removal 
of the protecting groups with acid gave the ceramide (D-erythro-2-acylamido-l,3- 
dihydroxy-octadec-trans-4-ene) (27). 

(.CH2)12Me CH2OCH(OEt)Ne CH2OH 
R O 

/ 
H ~ / ~ " O ~  i RI-@-R 2. 

o. . - t o .  
CH ICIH II 

O/CMe2 OH HC(CH2)12Me HC(CH2112Me 
22 R=CHO 24 25 RI=OMs;R2=H 27 
23 R=CH----CH(CH2)12Me 26 RI=H; R2=N 3 

CH2ORt 

28 R2= Bn 
29 R2=Ct 

R 1 = CH2OMe 

CH2OR 1 

.To , .To. 
C C CH 

"R2 E I II~l H~ 
I I I 
R 2 (CH2)13 Me (CH2)13 Me 

30 R2= H 32 R2= H 34 35 
31 R2=Br 33 R2=(CH2).I3Me 

Obayashi and Scb_losser [43] have briefly described syntheses of erythro-sphingo- 
sine and threo-sphingosine from D-mannose and D-ribono-l,4-1actone, respectively. 
For the synthesis of erythro-sphingosine (35) D-mannose was converted into benzyl 
2,3:5,6-di-O-isopropylidene-manno-furanosides and hydrolysis of the 5,6-O-iso- 
propylidene group followed by periodate oxidation and borohydride reduction and 
protection gave the methoxymethyl ether (28). This was converted into the chloride 
(29) which gave the 2,3-dihydrofuran (30) in 56 % yield on treatment with lithium -- 
ammonia and subsequent protection of the free hydroxyl group. Bromination of 
(30) and treatment of the product with base gave the bromo-2,3-dihydrofuran (31) 
which was treated with butyl lithium followed by water to give the acetylene (32). 
Alkylation of (32) gave the alkyl acetylene (33) in 64 % yield which was converted 
via the mesylate into the azide (34) which gave the erythro-sphingosine (35) in ca. 
15 % yield from (33). 

For the synthesis of threo-sphingosine (40), D-ribono-l,4-1actone was converted 
into the protected derivative (36) which after reduction was converted into the chloride 
(37). This was converted via the 2,3-dihydrofurans (38) and (39), as described above 
for the synthesis of the erythro-sphingosine, into the threo-sphingosine (40). 

Schmidt and Zimmerman [44] have prepared C2o-erythro-sphingosine (44)from 
4,6-O-benzylidene-D-galactose. This was cleaved with periodate to give the D-threose 
derivative (41) which, with a Wittig reagent in the presence of lithium bromide, gave 
predominantly the trans-olefin (42). This was converted via the trifluoromethane 
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sulfonate into the azide (43) which was deprotected and reduced with hydrogen sulfide 
to give the C20-sphingosine (44) which was converted into the known triacetate. 

R~OCH2 RIOCH 2 C.H 2 OH 

0 . /0  R10 R 2 HC_(CH2)13M e 
CMe 2 

36 Re,R3= 0 38 R2=H .40 
37 R2R3= H,C[ 39 R2=Br 

R1 =CH2OMe 

o\ CH o\  CH2 0 
H O / H O / H-J--OH 

R CH CH 
II II 

HC-(CH2)14Me HC-(CH2)14Me 

41 R=CHO H 
42 R= C=C(CH2h4Me 

H 

43 44 

Kiso and his co-workers [45, 46] have also prepared erythro-sphingosine and the 
N-acyl derivatives ("ceramides", 48) from galactose or xylose using similar proce- 
dures. I>Xylose was converted into 3,5-O-isopropylidene-D-xylofuranose which was 
oxidised with periodate to the aldehyde (45) (which was also obtained from 4,6-0- 
isopropylidene-r~-galactopyranose on treatment with periodate). The Wittig reaction 
with (45) gave a mixture of the cis- and trans-isomers (46) which were separated in 
crystalline form by chromatography. Each was converted via the mesylates into the 
azides (47) which were reduced to the amines and acylated to give the ceramides (48) 
on acid hydrolysis. Alternatively, the azides (47) were deacetonated and reduced to 
give the free sphingosines. 

CH20,~ H --l-N 3 OMe z H+NHCOR HT °"cH °H 
R CH CH 

II i1 
CH(CH2)12Me CH (CH2)12Me 

45 R=CHO 47 48 
46 R=CH- CH(CHz)12Me 

Gigg and Conant [47] have described the synthesis of the oxirane (49) as an inter- 
mediate for the synthesis of the protected sphingosine derivative (52). The oxazoline 
(1) was converted into the allyl furanoside (cf. 2) which gave the oxirane (49). The 
copper-catalysed Grignard reaction on (49) should give (50) which can be converted 
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into (51) and this should give the trans-sphingosine derivative (52) on ene formation 
using the Corey-Winter procedure [48, 49]. Phenyloxazoline derivatives of sphingo- 
sine (52) have been used by Shapiro et al. [50, 51] for the synthesis of sphingomyelin. 

Several elegant syntheses of sphingosine bases --  not involving carbohydrate deri- 
vatives --  have also been reported recently [52-62, 313]. 

CH2OH CH2OH 
H2 C" "~ O (CH2)12Me ~N~._p h ~N~,'-Ph 
J ~ O A / I  ~ O A f l  ~ OH CH 

HO H! 
0 .,~ N 0 ,,~ N (CH2)I2M e (CH2)I2M e 

Ph Ph 
49 50 51 52 

2.2 Glycerol Derivatives 

Baer and Fischer [33] recognised early the value of D-mannitol for the preparation 
of chiral derivatives of glycerol in lipid synthesis. 1,2:5,6-Di-O-isopropylidene-D- 
mannitol (53) was cleaved with lead(IV) acetate to give the glyceraldehyde derivative 
(54) and this was reduced to give the 1,2-O-isopropylidene L-glycerol (55) which was 
used as a precursor for the synthesis of glycerol-containing lipids. This series of reac- 
tions for the synthesis of (54) and (55) has been extensively investigated in order to 
improve the conditions and yields (for reviews see Refs [63-65]). The method has also 
been used for making the enantiomer (56) starting from L-mannitol, but the latter is 
not readily available and ascorbic acid (57) is a better starting material. The acetonide 

O--CH2 OCH2 CH20,,. CH2ORt 
Me2C(o.Ur - Me2C~ @o)CMe2 ~ 

53 54 R=CHO 55 57 Rl=R2=H 
55 R=CH2OH 58 R 1 , R2=>CMe2 

CH20R CH2OBn 
0_4- 

CH2OH HOOCH2 

CH2OBn 
59 GO 

r CH2OR] c++l 
L CH2OHJ 2 

61 R=Bn 
62 R=COR 1 

84 



Synthesis of Glycolipids 
(58) of ascorbic acid was converted [66-68] by borohydride reduction, alkali treatment 
and subsequent lead (IV) acetate oxidation into 1,2-O-isopropylidene-D-glycerol (56). 
The latter has also been prepared from L-arabinose [69]. The conversion of the enan- 
tiomeric glycerol acetonides into lipids based on glycerol via their allyl or benzyl 
ethers has been used extensively [70, 71]. 

3,4-O-Isopropylidene-D-mannitol [72] is readily prepared by hydrolysis of 1,2:3,4: 
5,6-tri-O-isopropylidene-D-mannitol and after alkylation gives the 1,2,5,6-tetra-O- 
alkylmannitot on acidic hydrolysis and this is readily .converted into 1,2-di-O-alkyl- 
L-glycerol (59). The benzyl (59, R = Bn) [73, 74], allyl (59, R = All) [75] and but-2- 
enyl (59, R = C H 2 - - C H = C H - - M e  ) [75, 76] ethers have been prepared in this way 
as intermediates for the synthesis of lipids. 

The readily available [77, 78] 1,6-di-O-benzoyl-3,4-O-benzylidene-2,5-O-methy- 
lene-D-mannitol has been converted [79] into the benzyl ether (60), which on periodate 
oxidation and borohydride reduction gives the methylene acetal (61) which readily 
gives 1-O-benzyl-L-glycerol for use in lipid synthesis. The acyl derivative (62) has been 
used [80] in glycolipid synthesis by gtycosidation of the hydroxyl group. 

3 M o n o g l y c o s y l  Ceramides 

Schmidt and Klager [81] have synthesized the glucosylceramide (67) by condensation 
of the synthetic racemic erythro-3-O-benzoyl-ceramide (63) with O-(2,3,4,6-tetra-O- 
acetyl~-D-glucopyranosyl) trichloroacetimidate (64) in dichloromethane with boron 
trifluoride etherate as a catalyst. The diastereoisomeric products (66) were separated 
by column chromatography and hydrolysed by base to give the cerebroside (67, with 
natural configuration) as well as the isomer with the opposite configuration in the 
sphingosine portion. 

CH 2 OH CH 2 OR1 

HSNHCOR CO4~2OR ?O-- O ~---O\ O--CH2 

I~" OR 1 7 HSNHCOR = / 
IH R C(=NH)CCt 3 
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HC-(CH2)12Me 
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65 R = Me3CCO 
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70 R 1 =R 2 =H 
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Schmidt and Zimmerman [82] have also condensed the imidate (65) with the syn- 
thetic azido derivative (68) to give (69) in high yield, which on basic hydrolysis gave 
(70). The azido group of (70) was reduced to the free amine with hydrogen sulfide in 
aqueous pyridine to give the glucosyl sphingosine ("glucopsychosine") which was 
N-acetylated to give glucosylceramides. (For a review of the synthetic work in this 
area see Ref. [28]). 

Ogawa and co-workers [83] have used the galacto-analog of the imidate (64) to 
prepare galactosylceramides (73) from ceramides (72) containing either the (R)- or 
(S)-isomers of the t-butyldimethylsilyl ether of 2-hydroxytetracosanoic acid which 
were prepared from the protected sphingosine derivative (71). Condensation of the 
ceramide (72) containing the (R)-acid derivative with the galactosyl imidate gave, 
after deprotection, a galactosyl ceramide with an NMR spectrum identical to that 
of the natural lipid. 

CH2OCH(Me)OEt CH2OH ~ C, H2OH 
H4NH 2 H +NHCOCI- (CH 2}21Me H ~/zL----- 0 , ~  CH2 
HTOCH(Me)OEt HTOH OSiPh2But 'x,~H / H-7LNHcOR 

CH CH H-~--OH 
HC--ICH2)12 Me HC-ICH 2]12 Me OH CH 

I1 
HC-(CH2)12 Me 

71 72 73 

C, H2OH OH CH2OH 
H4NHCOCH(CH2)13M e /I--O\ O--CH2 OH 
HtOSiPh2But ~?H ~ HTLNHcO~H(CH2)I3M e 

CH Mle 14 HO "4 ( H_I_OH 
H I OH 

HC_(CH2)2C= CI CH Me H 
H (CH2JsMe HC-(CH2)2C= C 

I i 
H (CH 2)sMe 

74 75 

Mori and Funaki [84] have prepared a glucosyl ceramide from the protected cera- 
mide (74) containing the (R)-2-hydroxyhexadecanoic acid derivative of sphingadiene. 
Condensation of (74) with acetobromoglucose in the presence of mercury(II) cyanide 
and subsequent deprotection gave the glucosyl ceramide (75) which is biologically 
active and induces fruiting in the fungus Schizophyllum commune [85]. Ceramides 
protected in this way were first used by Tkaczuk and Thornton [55] for the synthesis 
of cerebrosides. 

A glucosyl ceramide containing L-glucose (and also containing 14C labelling in the 
pahnitoyl group of the ceramide) has been synthesised [86] from acetobromo-L-glu- 
cose and a derivative of racemic N-patmitoyl-erythro-sphingosine in the presence of 
mercury(II) cyanide. The product was not affected by a glucocerebrosidase which 
hydrolyses the natural cerebroside, containing D-glucose, and thus it should accumu- 
late in vivo and mimic the effects of the accumulation of the normal B-glucosyl cera- 
mide in Gaucher disease. 
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CH20H CH20H 
HO /[--~--0" O--CH2 / / ' L - ~  O" O-OH2 H-~-NHCOR CH2OH 

HTOH 
~1 f H-l--OH HOCH2 H-l--OH CH 

OH CH CH II II HC-(CH2)I2Me II HC-(CH 2)12 Me HC-(CH 2)12 Me 
75 77 79 

Ceramides have often been prepared [87], for partial syntheses of other glycolipids, 
from the readily available natural galactosyl ceramides (76) of bovine brain using 
the Smith degradation. Periodate oxidation of (76) and subsequent reduction gave 
the acetal (77) of glycolaldehyde which was very readily hydrolysed by dilute acid to 
give the ceramide (79). Direct acid hydrolysis of the cerebroside (76) required much 
more vigorous acidic conditions resulting in the cleavage of the N-acyt group and 
allylic rearrangements in the sphingosine molecule. These ceramides contain the same 
mixture of sphingosine bases and fatty acids found in the natural lipid. 

Ceramides prepared in this way have been used for the partial synthesis of the S-L- 
fucopyranosyl ceramide (84) (a compound previously isolated from metastatic human 
carcinoma). Condensation [88] of 2,3,4-tri-O-benzyl~-L-fucopyranosyl bromide (80) 
with an unprotected ceramide in the presence of tetraethylammonium bromide in di- 
chloromethane and subsequent chromatographic purification gave (81) which on cata- 
lytic hydrogenation gave the saturated fucosyl ceramide (84). The dichloroacetamido 
derivative (82) was prepared similarly and converted into the free sphingosine derivati- 
ve (83) by the action of barium hydroxide. 

.~-------- 0 Br 
~'Me BnO~ 

BnO \ v 
1 
OBn 

80 

,4--------0.. O--CH2 . 4 - - - - - 0 \  O--CH2 

OBn CH OH (CH2)14M e 
H~-(CH2)12Me 

81 R=CO(CH2)nMe 84 R={CH2)nMe 
82 R= COCHC[ 2 
83 R=H 

Shapiro and co-workers have described [89] (in a paper submitted just before the 
death of this pioneer in the field of glycosphingolipid synthesis -- for a review of his 
extensive work in this area see Ref. [1]) a synthesis of the thio-analogue (88) of glucosyl 
ceramide (and the saturated derivative) from 2,3,4,6-tetra-O-acetyl-l-mercapto-13-D- 
glucopyranose (86) and the 1-deoxy-l-iodoceramide derivative (85) in the presence 
of 1,8-diazabicyclo[5.4.0]undec-7-ene. The product (87) was deacylated with methano- 
lic barium methoxide to give (88). 

A partial synthesis of cerebroside sulfate ['sulfatide', the glycoside of ceramide 
with galactose 3-sulfate, (90)] was achieved [90] by acylating the sphingosine galacto- 
syl 3-sulfate (89) (obtained by basic hydrolysis of natural sulfatide) with palmitoyl 
chloride or D-2-acetoxypalmitoyl chloride (and subsequent basic hydrolysis of the 
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f ToR  
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HC-(CH2)12Me 
87 RI=Ac ; R2=Bz 
88 R~=R2 =H 

acetyl group). Partial syntheses of glucosyl ceramide by reacylation of glucosyl 
sphingosine (obtained by basic hydrolysis of natural glucosyl ceramide) with palmitic 
acid in the presence of dicyclohexylcarbodiimide have also been described [91]. 

Deuteration of galactosyl ceramide by sonication in deuterium oxide -- tetra- 
hydrofuran in the presence of Raney nickel at 40 °C has been investigated [92]. Most 
of the incorporation of deuterium occurred at C-3 and C-4 of the galactose residue 
and into the allylic double bond. Tritium labelling of the 6-positions of the sugars in 
glucosyl and galactosyl ceramides was achieved by oxidation of the hydroxymethyl 
groups with chromium trioxide-graphite and subsequent reduction of the aldehydes 
produced with tritiated potassium borohydride [93]. 

4 Diglycosyl Ceramides 

4.1 The gal-I~-(1 ~ 4)-glc (Lactose) Linkage 

Schmidt and Zimmermann [82] condensed the glycosyl imidate (91) with the azido- 
derivative (68) in the presence of boron trifluoride -- etherate to give the ~l-lactoside 
in high yield. Further processing as described above for the glucosyl sphingosine deri- 
vative gave the lactosyl ceramide (93). Ogawa and his co-workers [95] have also pre- 
pared the lactosyl ceramide (93) in good yield by condensation of the glycosyl fluoride 
(92) with the sphingosine derivative (63) in the presence of tin(II) chloride, silver per- 
chlorate and molecular sieves in chloroform and subsequent deprotection. Kanemitsu 
and Sweeley [96] have prepared lactosyl ceramide with two different radioactive labels 
by first preparing a 1-14C fatty acid-labelled ceramide usingthe Ogawa method [as 
described for t_he preparation of (27)]. This unprotected ceramide was converted into 
a lactosyl ceramide by reaction with acetobromolactose and mercury(II) cyanide in 
benzene and subsequent deprotection. The product was oxidised to the 6'-aldehydo 
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derivative using galactose oxidase and subsequent reduction with tritiated sodium 
borohydride gave the doubly-labelled lactosyl ceramide. 

CH2OR 1 CH 2OR 1 
RI 0 /L----o. o /J o 

OR I OR I 

CH20H CH20H 

HO / L -~-O.  0 / [ - - ~ 0 .  O--CH2 

OH OH CH 
II 

HC-(CH2)12Me 
91 R 1 =Me3CCO ; R2=OC(--NH)CC[3 93 
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CH2OBn CH2OBn CH20H CHzOH 

RiO ~ - - ~ 0 .  0 / . [ - - ~ 0 .  OBn HO / L -~ -O .  O ) O OMe 

OBn OBn OH OH 

94 R1,R2=)CHPh 97 R=All 

95 R]=Bn ; R2=H CH2OR 1 CH2OBz 
95 RI=R2=H R20 .,.J'-----O. 0 / J ~ O .  OMe 

OBz OBz 

98 R1,R2= >CHPh 
99 RI=R2=H 

Because lactose is the basic unit of all mammalian glycosphingofipids, a consider- 
able amount of research has been devoted to providing suitably protected derivatives 
for further elaboration into oligosaccharides related to those occurring in glycolipids. 

The benzylidene derivative (94) has been converted into the alcohol (95) [97, 98] 
using the diborane -- trimethylamine -- aluminium chloride reagent [99] and into 
the diol (96) [95, 100, I01]. Veyri~res has converted methyl [3-1actoside (and the cor- 
responding allyl lactoside) into the 3-O-allyl ether (97) in good yield [102] by alkyla- 
tion of the dibutylstannylene derivative in the presence of tetrabutylammonium iodide 
[103, 104], and this was converted into the alcohol (98) and the triol (99) [105]. Veyrir- 
res [106] has also converted (97) into the per-p-bromobenzyl derivative and deallyl- 
ated the product to give a derivative with a free 3'-hydroxyl group. The diol (100) [ 107] 
has been converted by the stannylation procedure [108, 109] into the alcohol (101) 
[110, 111]. The partially acetylated benzyl [3-1actoside (103) [101, 112, 113] has been 
converted into the alcohol (104)via the orthoacetate [113]. 

The perbenzoyl derivative (105)[114, 115] has been prepared via the 4',6'-O-iso- 
propylidene derivative of lactose and the methyl lactoside (106) via the 4',6'-O-ben- 
zylidene derivative [116]. Benzoylation of lactose has given a perbenzoyl derivative 
with a free 3-hydroxyl group [117, 118]. 

The 6'-O-benzyl-methylthioglycoside (107) was prepared[ll9] by opening the 
4',6'-O-benzylidene derivative with the sodium cyanoborohydride -- hydrogen chlo- 
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ride reagent [120, 121]. Bundle [122] has prepared a mixture of the 3',4'- and 4',6'-0- 
cyclohexylidene derivatives of methyl [3-1actoside which on benzylation and sub- 
sequent hydrolysis of the cyclohexylidene groups gave a mixture of the corresponding 
diols which were converted into the perbenzylated lactose derivative (102) with a 
free 4'-hydroxyl group by benzylation of the tin derivatives. 

CH20R 1 CH 20Bn CH2OAc CH 20Ac 

R20 / L [ -  o .  o / "L~ ' -O.  OR 3 R'O / [~- - - -O.  0 / L - - ' - O  OBn 

I I l 1 
OBn OBn OAc OAc 

100 RI=R;~=H; R3=Bn t03 RI=H 
101 RI=R3=Bn;R2=H 104 RI=Ac 
f02 RI=BnzR2=H; R3=Me 

OBz OBz OBz OBz 

105 Rt=H ; R2=OBz 107 
105 RI=OMe ; R2=H 

CH 20Bz CH2OAc CH20R 1 CH20H 

OAc OAc OH OR 3 

109 R1,R2=>CHPh; R3=H 
110 R1,R2=>CHPh; R3=Bn 
111 RI=Bz ; R2=H;R3=Bn 

/08 

The 8-methoxycarbonyloctyl derivative of lactose has been prepared from lactose 
octaacetate in the presence of tin(IV) chloride or from acetobromolactose in the 
presence of silver triflate [123, 124] and converted into the derivative (108) with a free 
4'-hydroxyl group [125] via the 4',6'-O-benzylidene derivative. The benzyl lactoside 
(109) was converted into the benzyl ether (110) by the action of benzyl bromide and 
tetrabutylammonium bromide on the dibutylstannylene derivative [126] and this was 
converted into the benzoate (11 I). Phase transfer benzylation of the benzyl lactoside 
(112) has given the lactose derivative (113) with a free 3-hydroxyl group in 38% 
yield [118]. 1,6-Anhydrolactose has also been used for the preparation of the pro- 
tected lactose derivative (114) [ 127]. 

The open-chain derivative (115) of lactose prepared by the action of dimethoxy- 
propane [128-130] has also been used to prepare the lactose derivative (116) contain- 
ing a free 2'-hydroxyl group [131]. 
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CH20R CH 2 0 

Bn ~H Bn 

OBn OBn 

114 R=Bn 
114o R=H 

4.2 Glycosyl  Ceramides Containing the gal-a-(1 ~ 4)-gal Linkage 

The normal mammalian triglycosyt ceramide which accumulates in Fabry's disease 
(due to the genetic deficiency of an c~-galactosidase) has the structure: 

gal-~-(1 --* 4)-gal-13-(1 --+ 4)-glc-13-(I --* 1)-CER.. 

This trisaccharide sequence is also known as the pK antigenic determinant and it is 
also believed that glycolipids containing the gal-~-(1 --, 4)-gal-13-(1 --* x) linkage may 
act as receptor sites in the epithelium of the urinary tract for adhesion by pathogenic 
fimbriated Escherichia coil [132, 133]. There has thus been considerable incentive to 
investigate the synthesis of molecules containing the gal-~-(1 --, 4)-gal linkage and 
several methods have been developed since the previous review [1]. 

CH2OBn 
0 

BnO~ OBn ~/~R 

OBn 
117 R=Br 
118 R=CI. 

CH2OBz CH20R 1 CH2OR2 

~[ i/ OMe R3 

OBz OR 1 OR 2 

119 120 RI=Bn; R2=Bz ~ R3=Me 
121 RI=R 2 =R3=Ac 

Reist and co-workers [134] condensed the galactosyl bromide [117] with the pro- 
tected galactose derivative (I 19) under "halide ion-catalysed" conditions [25] to give 
the disaccharide (120) and this was deprotected, acetylated and acetolysed to give the 
acetylated gal-a-(l ~ 4)-gal disaccharide (121). Under similar conditions, conden- 
sation of (117) with the protected lactose derivative (106) gave the trisaccharide 
(122) [116] and this was converted into the acetylated methyl glycoside (123) contain- 
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ing the complete trisaccharide sequence of the Fabry glycolipid. A 13C-NMR study 
of the derivatives (121) and (123) was also described [135]. 

CH2OR 1 CH2OR 2 CH2OR 2 
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124 125 R=Ac 
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OAc OAc OAc 
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Shapiro and Acher [136] condensed the gal-a-(1 ~ 4)-gal derivative (124) [pre- 
pared by the action of hydrogen bromide in acetic acid on the previously described 
peracetyl derivative [137] with the 1,6-anhydroglucose derivative (125) [or (126) which 
was superior since acyl migration was reduced] to give the trisaccharide (127). This 
was acetolysed and converted into the glycosyl chloride and condensation of the latter 
with the benzoyl ceramide (63) and subsequent deprotection gave the complete Fabry 
glycolipid. 

Garegg and Hultberg [114] condensed the galactosyl chloride (118) with the ben- 
zoate (128) in the presence of silver triflate to give (129) in high yield. Hydrogenolysis 
of (129) and subsequent benzoylation gave the perbenzoate (130) which was converted 
into the bromide (131 ). Condensation of (131) with p-nitrophenol in the presence of 
silver imidazolate and zinc chloride and subsequent deprotection gave the 13-1inked 
p-nitrophenylglycoside of the gal-~-(1 --. 4)-gal disaccharide. Condensation of the 
galactosyl chloride (118) with the benzoylated lactose derivative (105) gave [114] the 
trisaccharide (132) which on hydrogenolysis and benzoylation gave the perbenzoyl 
derivative (133) and this was converted into the bromide (134). Condensation of (134) 
with methanol or p-nitrophenol in the presence of silver imidazolate and zinc chloride 
followed by basic hydrolysis gave the corresponding 13-glycosides of the trisaccharide. 
Jacquinet and Sinai, [115] have described a similar route to the free trisaccharide (135) 
via the derivatives (132) and (133), 
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Sinai, and co-workers [138] have also described the preparation of the free disaccha- 
ride gal-a-(1 --, 4)-gal in good yield by condensation of the imidate (136) with the 
galactose derivatives (137) and subsequent deprotection (hydrogenolysis or aceto- 
lysis). Magnusson and co-workers [I39] have prepared this disaccharide by a combi- 
nation of enzymatic and chemical degradations of polygalacturonic acid. Magnusson 
and co-workers [140] also converted the free disaccharide via the peracetate into the 
glycosyl bromide (139) which in the presence of silver triflate and base reacted with 
2-bromoethanol to give the 2-bromoethyl glycoside which on deacetylation gave 
(140). This bromo-compound (140) could be coupled with methyl 3-mercaptopro- 
pionate to give the disaccharide (141) with a spacer arm suitable for coupling to pro- 
teins [t41,142]. Magnusson and co-workers [I43] also coupled the glycosyl bromide 
(139) with the gluco analog of (138) in the presence of silver triflate to give a 13-1inked 
trisaccharide which on catalytic hydrogenation in glacial acetic acid (which did not af- 
fect the bromine atom) and acetylation gave (142). Reaction of(142) with methyl 3-mer- 
captopropionate and cesium carbonate and deacetylation gave (143) suitable for 
coupling to protein or reaction of (142) with octadecanethiol and deacetylation gave 
the "neoglycolipid" (144), with the Fabry-p ~ oligosaccharide sequence. 

In order to investigate in more detail the combining site on the 13-methyl glycoside 
of the gal-a-(1 --* 4)-gal disaccharide ("methyl urobioside") recognised by the p-tim- 

93 



Jill Gigg and Roy Gigg 

briae of E. coli, Garegg and Oscarson [144] prepared the 6-deoxy, 6'-deoxy and 6,6'- 
dideoxy derivatives of the J3-methyl glycoside of the disaccharide. Condensation of 
the chloride (118) with the methyl galactoside (145) in the presence of silver triflate 
and subsequent hydrogenolysis gave the disaccharide (146). Compound (146) was 
converted into the 4',6'-O-benzylidene derivative (147) and the product acetylated 
and treated with N-bromosuccinimide to give the bromide (149 a). This on deacylation 
and catalytic hydrogenation gave the 6'-deoxy derivative [D-fuc-~-(1 --* 4)-gal-OMe]. 
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O O OCH2CH2R 
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OH OH 
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141 R=S(CH2} 2 CO2Me 

CH2OR1 (~H2OR1 CH2OR1 
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The 4',6'-O-benzylidene derivative (147) was selectively debenzoylated to give (148) 
and this was converted into the 6-deoxy-6-iodo derivative (149)by treatment with the 
triphenylphosphine -- imidazole -- iodine reagent [145]. Compound (149) was hydro- 
genolysed and deacetylated to give the 6-deoxy derivative [gal-~-(1 --, 4)-D-fuc-OMe]. 
Acetylation of compound (149)and subsequent treatment with N-bromosuccinimide 
gave the 6'-bromo-6-iodo-dideoxy derivative (149b) which was converted by hydro- 
genolysis and deacylation into the 6,6'-dideoxy derivative [o-fuc-~-(1 --, 4)-D-fuc- 
OMe]. 

For similar reasons, that is to investigate the inhibition of adhesion of pathogens 
to glycotipid receptors in host cells, Magnusson and co-workers [146] have prepared 
the 3-O-methyl-, 3-deoxy-3-C-methyl and the 3-deoxy derivatives of the 13-methyl 
glycoside of the disaccharide gal-c~-(l --, 4)-gal. The 13-methyl galactoside (150) was 
converted into the benzyl ether (151) using benzyl trichloracetimidate [147] and then 
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this was hydrolysed to (152) and methylated to give (153). Oxidation of (152) with 
oxalyl chloride in dimethylsulfoxide gave the 3-keto derivative which was treated with 
the Wittig reagent (derived from triphenylmethylphosphonium bromide) and the 
product reduced to give the 3-deoxy-3-C-methyl derivative (•54). Deoxygenation of 
the S-methyl dithiocarbonate [148] of compound (155) with subsequent deacetylation 
and benzylation gave the 3-deoxy-derivative (156). The benzylidene group in com- 
pounds (153), (154) and (156) was opened by sodium cyanoborohydride -- hydrogen 
chloride [120, 121] to give the derivatives (157), (158), and (159), respectively. These 
were condensed with the galactosyl bromide (117) in the presence of tetraethylammo- 
nium bromide to give the or-linked disaccharide and subsequent deprotection gave the 
required derivatives of the t-methyl glycoside of gal-a-(1 ~ 4)-gal. 

Norberg et al. [149] have also synthesised the disaccharides gal-~-(1 ---, 2)-L-rha 
and gal-a-(1 ~ 2)-D-man as analogs of"methyl urobioside" to investigate the binding 
by the fimbriae of virulent E. coli strains. 

The human blood-group Pl-antigenic determinant has the terminal trisaccharide 
sequence: 

gal-a-(1 ~ 4)-gal-~-(1 ~ 4)-glcNAc 

and this trisaccharide has been synthesised by two groups. Sinai' and co-workers [150] 
condensed acetobromogalactose with the glucosamine derivative (160) [151] in the 
presence of silver triflate and 2,4,6-trimethylpyridine to give the 13-1inked disaccharide 
and subsequent deacetylation gave (161) and this was converted into the 3',4'-O-iso- 
propylidene derivative which was benzylated and the product hydrolysed to give (162). 
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Benzylation of the dibutylstannylene derivative of (162) gave the derivative (163) in 
which only the 4'-hydroxyl group was free. Compound (163) was condensed [152] with 
the chloride (118) in the presence of silver triflate, 2,4,6-trimethylpyridine and mole- 
cular sieves to give the a-linked trisaccharide (164) in high yield and this on hydro- 
genolysis gave the trisaccharide (165) which was active as a selective inhibitor of  the 
Pl-anti-P1 system. A similar sequence of reactions gave the trisaccharide derivative 
(166) which was also converted into (165). 

CH2OBn CH;tOR 1 CH2OBn 

HO "4 I Bn N f N  ( OBn 
NHAc OR 1 NHAc 

160 t61 RI=R2=H 
162 RI=Bn; R2=H 
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Magnusson and co-workers [153] prepared the brom0ethyl glycoside of the same 
trisaccharide by condensing the acetobromodisaccharide (139) with the glucosamine 
derivative (167) [154] in the presence of silver triflate and tetramethylurea to give the 
derivative (168). Hydrogenolysis in acetic acid followed by acetylation gave (169) 
which was condensed with methyl 3-mercaptopropionate to give (170). Depththaloyla- 
tion, N-acetylation and de-O-acetylation then gave the trisaccharide with a spacer- 
arm suitable for coupling to protein. 

The same trisaccharide sequence has been prepared by Anderson and co-workers 
[155] in the following way. Condensation of the galactosyl chloride (172) with the 
glucosamine derivative (171) in the presence of silver triflate, tetramethylurea and 
2,6-dimethylpyridine (to preserve the tetrahydropyranyl group) gave the N-acetyl- 
lactosamine derivative (173) which was converted into (174) by acid hydrolysis. Con- 
densation of (174) with the bromide (117) in the presence of silver carbonate and silver 
triflate [156] ga~,e the protected trisaccharide (175). In Anderson's study this was 
converted by basic hydrolysis into the alcohol (176) which was condensed with tri- 
benzylfucopyranosyl bromide to give an ~-fucosyl derivative. Deprotection gave a 
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tetrasaccharide which is an isomer of the blood-group B (type 2) antigenic deter- 
minant. 

The major glycolipid of human erythrocytes known as globoside (P-antigen) has 
the structure: 

NAcgal-13-(1 --, 3)-gal~-(l --, 4)-gal-13-(1 ~ 4)-glc-13-(1 --, 1)-CER 

being derived biosynthetically from the Fabry glycolipid (p~ antigen) by addition of 
a 13-1inked N-acetyl galactosarnine residue. The carbohydrate sequence was first 
synthesised by Paulsen and co-workers [111]. Condensation of the azido derivative 
(177) [157] with the 1,6-anhydrogalactose derivative (178) in the presence of  silver 
silicate gave the 13-1inked disaccharide (I 79) which was converted into the acetate (180). 
Acetolysis of (180) using trifluoroacetic acid --  acetic anhydride and subsequent 
treatment of the product with titanium(IV) bromide gave the glycosyl bromide (181). 
This was condensed with the lactose derivative (101) in the presence of  silver carbo- 
nate and silver perchlorate to give the or-linked tetrasaccharide (182) in 32% yield. 
Further processing involving conversion of the azido group to the acetamido group 
(reduction with nickel(II) chloride --  sodium borohydride and acetylation), de-O- 
acetylation and hydrogenolysis of the benzyl groups gave the tetrasaccharide sequence 
of the globoside. Swedish workers [119] have prepared the thiomethyl glycoside of the 
same tetrasaccharide. They prepared the protected thiomethyl lactoside (107) and 
condensed this with the unstable glycosyl bromide (I 84) [containing a free 2-hydroxyl 
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group and prepared by the action of bromine on the thiomethyl glycoside (183)] in 
the presence of silver triflate to give the m-linked tetrasaccharide (185) in 66 % yield. 
This could be converted into the corresponding glycosides (186) by the action of 
methyl triflate and an alcohol (R'OH) and subsequent deprotection gave glycosides 
of the free tetrasaccharide. They recommend the thioglycosides since they are stable 
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under conditions for glycosidation and manipulation of protecting groups, can be 
converted into glycosyl-donating halides by the action of halogens and act as glycosyl 
donors in the presence of methyl triflate [158]. 

5 Glycosphingolipids Containing N-Acetylgalactosamine 

5.1 IS-Linked N-Acetylgalactosamine 

5.1.1 Asialoganglioside GM2 

Tay Sachs globoside NAcgal-13-(t ---, 4)-gal-13-(1 --, 4)-glc-t3-(1 ~ 1)-CER is the 
asialo derivative of the ganglioside (Tay-Sachs ganglioside, GM2) which accumulates 
in Tay-Sachs disease (a genetic disorder due to the deficiency of a 13-N-acetyl-galactos- 
aminadase) in which the N-acetylneuraminic acid is attached in s-linkage to the 3-posi- 
tion of the galactose residue. 

It was first synthesised by Shapiro in 1973 (for a review see Ref. [1]) and recently 
several syntheses of the oligosaccharide portion have been described using modern 
methods of glycoside synthesis. 

Bundle and co-workers [122] prepared a glycosyl bromide (192) of a protected 
galactosamine derivative from the glucosamine derivative (187)[159] as follows. 
Condensation of the bromide (187) with t-butanol in the presence of silver salicylate 
gave the glycoside (188) which was deacetylated and partially benzoylated to give (189) 
and this was converted into the mesylate (190). The mesylate was treated with sodium 
acetate and a crown ether in N,N-dimethylformamide to give the galactosamine deri- 
vative (191) in good yield and this was converted into the bromide (192) with hydrogen 
bromide in acetic acid or methyl dibromomethyl ether. The bromide (192) was con- 
densed with the protected ]3-methyl lactoside (102) in the presence of silver perchlo- 
rate -- silver carbonate (I :20) to give the trisaccharide (194) in 49 % yield. This was 
deacylated and the phthalimido group removed with hydrazine hydrate [174] and the 
product N-acetylated and hydrogenolysed to give the 13-methyl glycoside of Tay 
Sachs globoside (GM2). 

CH 20Ac CH20Bz 0 
OI~AC O ~  R~N.~L~ O~l~ CNle3 AcojH2OR //~ B r 

NPhth NPhth NPhth 
187 R=Etr 189 RI=H; R2=OH 192 R =Bz 
188 R=OCMe 3 1gO RI=H; R2=OSO2Me t92 R =Ac 

t91 RI=OAc,R2=H 

The lack of availability of galactosarnine has stimulated other workers to reinvesti- 
gate the inversion of the 4-hydroxyl group of glucosamine for the preparation of this 
sugar for use in glycoside synthesis. Thus, Nashed [160] has treated the p-bromo- 
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CH2OBz CH2OBn CH2OBn 
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benzene sulfonate of the glucosamine derivative (195) with sodium benzoate in 
hexamethylphosphorotriamide to give the galactosamine derivative (196) in high 
yield. The allyl group was isomerised to the prop-l-enyl group by the action of pal- 
ladium-charcoal and this was converted into the methyl oxazoline (197) by the action 
of mercury(II) chloride -- mercury(II) oxide [161]. The oxazoline (197) is a potential 
glycosidating agent for 13-N-acetylgalactosamine synthesis. More recently, Nashed 
[162] has used cesium benzoate in N,N-dimethylformamide for the conversion of the 
p-bromobenzenesulfonate of (195) into (196) in high yield. Debenzoylation of (196) 
and conversion of the product into the 4,6-O-benzylidene derivative followed by 
benzylation and acidic hydrolysis gave the benzyl ether (198) which was converted 
into the dibutylstannylene derivative and reaction of this with benzyl bromide and 
tetrabutylammonium iodide in toluene [103] gave the dibenzyl ether (199) in high 
yield. The cesium benzoate-N,N-dimethylformamide method was first used by An- 
derson and Nashed [163] for the conversion of the p-bromobenzenesulfonate of the 
glucosamine derivative (200) into the benzoate of (199). 

The azido analogs of galactosamine derivatives were developed by Paulsen pri- 
marily for et~-l,2-glycoside synthesis in the amino-sugar series (see Sect. 5.2) but the 
preparation of these derivatives also provides a route to galactosamine derivatives 
from more readily available sugars and they have more recently been used for 1,2- 
trans-glycoside synthesis in the amino-sugar series. Paulsen initially used the epoxide 
(201) derived from 1,6-anhydrogalactose which could be readily converted into the 
azide (202) and its O-protected derivative and hence into the bromide (203) (and other 
derivatives) by acetolysis and subsequent reaction with titanium(IV) bromide [164] 
and these s-bromides could be converted into 13-glycosides using silver carbonate as 
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a catalyst [ 165]. Lemieux and Ratcliffe [ 166, 167] developed a route to the azidogalac- 
tose derivative (207) by the addition of sodium azide in the presence of ceric ammo- 
nium nitrate to the galactal (204) to give a mixture in which the anomeric azidonitrates 
(206) were the major products (75 %). Treatment of the crude product with lithium 
iodide in acetonitrile converted these to the ~-azido iodide (207) and brief treatment 
of this with tetraethyl ammonium chloride in acetonitrile gave the crystalline 13-chlo- 
ride (208) which was isolated in 31% yield from triacetyl D-galactal (204). Lemieux 
and co-workers had earlier developed a successful route to glucosamine derivatives 
by the reduction of the 2-oximino derivatives but this was not so successful in the 
garactosamine series since the reduction of the 2-oximino derivatives gave a large 
proportion of the 2-amino-2-deoxy-o-talose derivatives together with the 2-amino- 
2-deoxy-D-galactose derivatives [168]. Khorlin and co-workers [169, 170] prepared 
the azido galactose derivatives by the addition of halogen azides to glycals. Thus, treat- 
ment of (204) with chlorine azide and subsequent treatment of the product with mer- 
cury(II) acetate gave the anomeric acetates (209) in 66 700 yield. Addition of the halogen 
azide to the benzyl glycal (205) was much more rapid and the corresponding 2-azido- 
2-deoxy-•-galactose derivative was isolated in high yield (82 ~).  The effect of a mix- 
ture of alkyl or acyl groups on the rate of reaction of chlorine azide with substituted 
D-galactal was studied in detail [171] and it was found that an acetyl group on the 
3-position was important in slowing the reaction. 

CH2OR 

204 R:Ac 
205 R=Bn 

R 
21~ R=N3 
212 R=NPhth 

R 1 OBn OBn 

214 ~=N 3 ;R2=H 
215 Rl=NPhth ; R2=Bn 
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Lemieux and co-workers [125] have used the azidobromide (210) prepared as 
described above by the "azido-nitrati0n" route to prepare the phthalimido bromide 
(193). The glycosyl bromide (210) was converted into the allyl glycoside (211) and this 
was deacetytated and the azido group reduced with hydrogen sulfide [172] and the 
amino group converted into the phthalimido group with phthalic anhydride. Acety- 
lation gave (212) which was deallylated using the Wilkinson catalyst [173] and the 
free sugar was converted into the glycosyl bromide (193) by using the Vilsmeier rea- 
gent [I72]. Condensation of the bromide (193) with th~ 8-carboxymethyloctyl lactose 
derivative (108) using silver triflate and 2,4,6-trimethylpyridine in nitromethane gave 
the trisaccharide derivative (213) and this on deprotection [by deacylation with sodium 
methoxide in methanol and dephthaloylation with hydrazine hydrate [174] followed 
by N-acylation] gave the 13-(8-carboxymethyloctyl) glycoside of the asialo GM2 tri- 
saccharide suitable for coupling to protein. 

Paulsen and co-workers [175, 101,100] studied the glycosidation of the benzyl [3- 
lactoside (96) with different glycosylating agents derived from galactosamine. The 
bromide (193) in the presence of silver nitrate gave 13-glycosides at both the 3- and 
4-hydroxyl groups in equal proportions whereas the bromide (203) in the presence of 
silver silicate or silver carbonate gave the [3-glycoside (214), linked at the 4- 
position in 76% yield. By reduction and deprotection this was converted into the 
trisaccharide of asialo GM2. 

Ogawa and co-workers [107] have condensed the bromide (193) with the lactose 
derivative (101) in the presence of silver triflate and molecular sieves in dichloroethane 
to give the trisaccharide (215) in high yield. This was deacetylated and then dephthaloy- 
lated with butylamine in boiling methanol and the product N-acetylated to give (216). 
On hydrogenolysis and acetylation this gave the peracetate (217) which was deacety- 
lated at the anomeric position by the action of hydrazine hydrate [176] to give the free 
sugar (218). This was treated with sodium hydride and trichloroacetonitrile [28, 177] 
to give the imidate (219). Condensation of the imidate with the benzoyl ceramide (63) 

CH2ORI CH2OR2 CH2OR2 

o 

NHAc OR2 OR2 
216 RI=H; R2=Bn; R3=OBn ~R~'=H 
217 R I=R2=Ac ; R3=H ; R~,=OAc 
218 RI=R2=Ac ; R3=H ; R~=OH 
219 RI= R2= Ac; R3=H ; Rz,=OC(=NH)CCI3 

CH2OR 1 CH2OR 1 CH2OR 1 

='o o_ ) - : - - o .  o ) C - o .  

NHAc OR 1 OR1 CH 
II 

220 R1 =Ac ; R2=Bz HC-  (CH2)12Me 

221 RI=R2 =H 
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in the presence of boron trifluoride etherate and molecular sieves gave the protected 
asialo GM2 (220) in 38 ~ yield and this on de-O-acylation gave asialo GM2 (221). 

A related glycolipid (222) has been synthesised by Ogawa and co-workers [95]. 
Condensation of the glucosyl-phthalimido bromide (187) with the lactose derivative 
(96) in the presence of silver triflate gave glycosidation preferentially at the 3'-hydroxyl 
group (72 ~,  with 23 ~ on the 4'-hydroxyl group) and the product was then glycosy- 
lated on the 4'-hydroxyl group with the galactosyl-phthalimido bi-omide (193) in the 
presence of silver silicate to give the tetrasaccharide (223) in 76 ~o yield. This was 
dephthaloylated by reduction with sodium borohydride [178] and converted into the 
peracetate by further deprotection and acetylation. The 1-O-acetyl group was removed 
with hydrazine acetate [176] and the product converted into the glycosyl fluoride 
[179, 180] with diethylaminosulfur trifluoride (DAST). Condensation of the fluoride 
with 3-O-benzoyl ceramide (63) in the presence of silver perchlorate -- tin(II) chloride 
and subsequent treatment of the orthoester produced with trimethylsilyl triflate gave 
the 13-glycoside in 22 ~ yield. Deprotection then gave the glycolipid (222). 

NAcgal-/3-(1-z,)- } gat-/3-(l-Z,)-gtc-/3-(1-1)CER 
NAcgtc-/3 - (1-3)- 

222 

NPhth ~ OBn OBn 
/ 

CH2OAe ] CH2OAc R20 CH2OR1 3 
j o / )--:-o 

/ 
223 NPhth OAc R 4 

224 R1,R2=/NCHPh;R3=OA[[; R4=N3 
225 R1,R2=Ac; R3=Br ; R4=NPhth 

OAc NPhth OAc OAc 

225 

5.1.2 Asialoganglioside GM1 

The ganglioside GM1 contains another galactose residue joined in 13-1inkage to the 
3-position of N-acetylgalactosamine of Tay Sachs ganglioside and asialo GM1 thus 
has the structure: 

gal-13-(1 --* 3)-NAcgal-13-(1 ~ 4)-gal-13-(1 --* 4)-glc-13-(1 --* 1)-CER 
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The 13-8-methoxycarbonyloctyl glycoside of the oligosaccharide portion of asialo 
GM1 was first prepared by Sabesan and Lemieux l125] as an extension of their work 
on the synthesis of the corresponding derivative of asialo GM2 described above. 
The azido compound (211 ) was deacetylated and converted into the 4,6-O-benzylidene 
derivative and this was condensed with acetobromogalactose in the presence of silver 
trifiate to give the disaccharide (224) which was converted into the phthalimido bro- 
mide (225) using a similar route to that described above for the preparation of the 
bromide (210). Condensation of the bromide (225) with the 8-methoxycarbonyloctyl 
lactoside (108) using silver triflate gave the tetrasaccharide derivative (226) which was 
deprotected as described above for the deprotection of (194) to give the 13-8-methoxy- 
carbonyloctyl glycoside of the oligosaccharide portion of asialo GM1. 

CH2OAc CHzOR CH2OAc CH2OAc 
RO O AcO Ac0 /J-- : - - -O. 0 R__~lO ~ . 0Al l  A c 0 )  O. o~cO_~t) O x R  , 

OAc N 3 OAc R 3 

227 R=Bz 229 RI=OAt[; R2=H; R3=NPhth 
228 R=Ac 230 RI=Br; R2=H; R3=NPhth 

231 R I=H ; R2=Br ; R3=N 3 
CH2OAc CH2OAc CH2OBn CH2OBn 

^ AcO / ::). O _ _  1 O. O_ ) O. 0an 

? 
OAc N 3 OBn OBn 

232 

. / 0  X.CH., CH2OBn CH2OSn 

NHAc OBn OBn 
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P~ulsen and Paal [181] prepared the disaccharide (227) by condensation of 1,2,3,4,6- 
penta-O-acetyl-~-D-galactopyranose with allyl 2-azido-4,6-di-O-benzoyl-2-deoxy-~- 
D-galactopyranoside in the presence of trimethylsilyltriflate and converted this into 
the acetate (228) and then into the N-phthaloyl derivative (229). This was deallylated 
and converted into the 1-O-acetate which gave the glycosyl bromide (230) on reaction 
with titanium(IV) bromide. Condensation of the bromide (230) with the lactose deri- 
vative (96) in the presence of silver silicate or mercury salts gave only the [3-(1 --* 3) 
linked tetrasaccharide. However, the azido-bromide (231), in the presence of silver 
carbonate or silver silicate gave the [3-(1--,4) linked tetrasaccharide derivative (232) 
which on processing as described above for compound (214)gave the free tetra- 
saccharide corresponding to the oligosaccharide portion of asialo GM1. 
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In the synthesis of the glycolipid asialo GMI described by Ogawa and co-workers 
[107] the trisaccharide derivative (215) (used in the synthesis of asialo GM2) was con- 
verted into the 4,6-O-benzylidene derivative (233) and this was condensed with aceto- 
bromogalactose in the presence of mercury(II) cyanide and molecular sieves to give 
the B-linked acetylated galactose derivative in 97 % yield. The product was deprotected 
and acetylated to give the peracetyl derivative (234) of the tetrasaccharide which was 
converted into the free sugar (235) with hydrazine hydrate. Compound (235) was 
converted into asialo GM1 via the imidate as described above for the synthesis of 
asialo GM2 from the imidate (219). 

OAc NHAc OAc OAc 

23; R: Ac 
235 R=H 

5.2 Glycosphingolipids Containing s-linked N-Acetyigalactosamine 
Residues 

The a-linked N-acetylgalactosamine residue is present in the immunologically interest- 
ing glycolipid known as the Forssman antigen and related glycolipids, as well as being 
part of the determinant of the blood-group A glycolipids and glycoproteins. The effi- 
cient preparation of a-linked derivatives of glucosamine and galactosamine had been 
a major obstacle in o ligosaccharide syntheses until Paulsen and co-workers in 1975 in- 
troduced the use of the 2-azido-2-deoxy derivative. Since the previous review [1] con- 
siderable progress has been made in this field including efficient syntheses of the penta- 
saccharide of the Forssman antigen and oligosaccharide portions of the blood-group A 
substances. The routes used by various workers for the synthesis of 2-azido-2-deoxy- 
galactosyl halides, since the pioneering work of Paulsen, have been reviewed in 
Sect. 5.1 

5.2.1 The Pentasaccharide of the Forssman Antigen 

In early work [165] on the synthesis of the pentasaccharide (236), the azide (237) was 
condensed with (238) [an intermediate in the preparation of (237)]in the presence 
of silver perchlorate and polyvinylpyridine to give the a-linked disaccharide (239) 
in 60 % yield and this on acetolysis gave the disaccharide (240) which contains the 
potential terminal disaccharide unit of the Forssman antigen. Compound (240) was 
converted into the glycosyl bromide with titanium(IV) bromide under carefully con- 
trolled conditions [182] and condensed with 1,6-anhydro-2,4-di-O-benzyl-D-galacto- 
pyranose in the presence of silver carbonate to give the potential terminal trisaccha- 
ride (241) of the Forssman antigen. 
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NAcgGt-o~-(1- 3)- NAcga[-/3-(1-3)-ga[ - ~-( 1-4 )-ga[-/3-(1-4)-gtc 
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After extensive investigations by Paulsen and co-workers on the reaction para- 
meters for the synthesis of the glycosidic linkage [23, 156, 164, 165, 183], e.g., the 
effects of substituents on the reactivity of glycosyl halides (ether protection giving 
glycosyl halides with higher reactivity than those with acyl protection), the effects of 
substituents on the reactivity of the acceptor alcohol and the activities of various cata- 
lysts (silver carbonate -- silver perchlorate being a highly active catalyst and tetra- 
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ethytammonium bromide being considered weakly active) they adopted a different 
approach [184] for the synthesis of the trisaccharide (241) from that described above. 

In this study they condensed the u-glycosyl bromide (243) with the disaccharide 
(245) in the presence of silver carbonate - -  silver perchlorate to give the u-linked tri- 
saccharide (241) in 58 % yield or the bromide (244) with the disaccharide (246) in the 
presence of the mixed silver catalysts to give the u-linked trisaccharide (242) in 63 % 
yield. In the earlier approach, the preparation of the [3-chloride (237) required a pre- 
vious treatment of the s-bromide with tetraethylammonium chloride under carefully 
controlled conditions. 

Acetolysis of (241) and subsequent treatment of the 1,6-di-O-acetate produced 
with titanium(IV) bromide gave the u-glycosyl bromide (247). This was condensed 
with the lactose derivative (248) (substitution with deuterated benzyl groups made it 
possible to interpret the NMR spectra [185]) in the presence of silver carbonate --  sil- 
ver perchlorate to give the u-linked pentasaccharide (249) in 38 % yield, and this was 
deprotected to give (236). 

CH 2OBz CHzOR 
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In a different approach to the pentasaccharide chain of the Forssman antigen, 
Paulsen and B/insch [182, 186] condensed the bromide (244) with the phthalimido- 
derivative (250) in the presence of silver carbonate --  silver perchlorate to give the 
u-linked disaccharide (251) which was acetolysed and the product converted into the 
glycosyl bromide and condensed with the galactose derivative (252) in the presence of 
silver triflate to give the 13-1inked trisaccharide (253). This was acetolysed and the pro- 
duct treated with-titanium(IV) bromide and the glycosyl bromide produced condensed 
with the lactose derivative (248) in the presence of silver carbonate --  silver per- 
chlorate to give the u-linked pentasaccharide (254). 
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The azido group was reduced with sodium borohydride --  nickel(II) chloride and 
the resulting amine acetylated. The O-acyl groups were removed with sodium meth- 
oxide and the phthalimido group then cleaved with hydrazine and the resulting amino 
group acetytated. Finally, the benzyl groups were removed by hydrogenolysis to give 
the pentasaccharide (236). 

CH2OAc CH2OAc CH2 - 0 

N3 NPhth OBn 
253 
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The synthetic pentasaccharide showed similar antigenic specificity to the Forssman 
glycolipid but because of the absence of the lipid portion did not form a stable com- 
plex with the Forssman antibody [187]. 

The crystal structure and solution conformation of the fully acetylated NAcgal-~- 
(1 -~ 3)-NAcgai disaccharide have been studied [188]. 

5.2.2 The Determinant of the Blood-group A Glycolipid 

The first-recorded synthesis of the terminal trisaccharide (255) of the blood-group A 
substance was recorded by David and his coworkers [189, 190] using an entirely novel 
approach to glycoside synthesis involving a cycloaddition reaction between the 3-0- 
(but-l,3-dienyl) ether of galactose (256) and the (--)-menthyl ester of glyoxylic acid. 
After isomerisation of the product with boron trifluoride etherate the or-linked di- 
saccharide (257) was isolated in 43 % yield. This was deallylated and the product 
condensed with 2,3,4-tri-O-benzyl-~-L-fucopyranosyl bromide to give (258). After a 
series of reactions involving lithium aluminium hydride reduction, epoxide forma- 
tion, Sharpless isomerisation and tritylation, the product (259) was oxidised to the 

L-fuc-e-(1-2]- tga[ 
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ketone, the double bond hydroxylated and the ketone converted to the oxime which 
was acetylated to give (260) in 85 % yield from (259). Reduction of the oxime (260) 
with lithium aluminium hydride gave the s-linked galactosamine derivative [(261) 
(54%) together with the talosamine derivative (262) (11%)]. Deprotection of (261) 
gave the trisaccharide (255) of the blood-group A substance. Reduction of the inter- 
mediate ketone to the galactose derivative also gave the B blood-group trisaccharide 
and various other analogs could be made from the intermediates. 

O~ 
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261 RI= NHAc; R2=H ;R3= ~x-L-perbenzytfucose 
262 RI=H ;R2=NHAc;R3=~x-L-perbenzy[fucose 

Paulsen and co-workers [191] synthesised the trisaccharide (263) representing the 
afucosyl end group of the blood-group A (type 1) determinant from the disaccharide 
(264). This was acetylated and deacetonated and the product converted into the 
acetate (265) via the 3',4'-orthoacetate. Condensation of (265) with the azido-chloride 
(237) in the presence of silver perchlorate gave the s-linked trisaccharide (266) which 
was deprotected to give (263). 

For the synthesis of the tetrasaccharide unit (267) of the blood-group substance A 
(type 1 ), Pautsen and Kol~i~ [192, 193] prepared the benzoate (269) by partial benzoyl- 
ation of the diol (268) and condensed this with 2,3,4-tri-O-benzyl-~-L-fucosyl bromide 
in the presence of tetraethylammonium bromide to give (270) in 82% yield. The 
benzoyl group was removed to give (271) and this was condensed with the chloride 
(274) in the presence of silver carbonate --  silver perchlorate to give the tetrasaccha- 
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ride (276) in 46 ~ yield or with the bromide (275) in the presence of mercury(II) 
cyanide --  mercury(II) bromide to give (276) in 63 ~ yield. Deprotection of (276) 
gave the tetrasaccharide (267). 

The intermediate trisaccharide (270) on deprotection gave the blood-group H 
(type 1) trisaccharide (278), and (271) was also condensed with tetra-O-benzyl- 
galactopyranosyl bromide in the presence of silver carbonate --  silver perchlorate 
or mercury(II) cyanide to give a tetrasaccharide derivative which was converted into 
the blood-group B (type 1) tetrasaccharide (279). The blood-group A (type 2) tetra- 
saccharide (280) was prepared from the ~-anomer of the bromide (275) by Paulsen 
and co-workers [156] via an intermediate trisaccharide used for the preparation of 
the blood-group B (type 2) tetrasaccharide (see Sect. 6.1). 

Khorlin and co-workers [194, 195] prepared the blood-group A (type 1) tetra- 
saccharide (267) from the chloroacetate (272). This was condensed with 2-O-benzyl- 
3,4-di-O-p-nitrobenzoyl-~-L-fucopyranosyl bromide to give the 2-O~-L-fucosyl 
derivative and after removal of the chloroacetyl group with thiourea the product was 
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condensed with the chloride (274) in the presence of silver carbonate --  silver per- 
chlorate to give the tetrasaccharide (277) in 82 % yield. They also condensed the di- 
saccharide (271) with the chloride (274) under similar conditions to give (276) in 
60% yield. Deprotection of (276) or (277) gave the tetrasaccharide (267). The H 
(type 1) trisaccharide (278) was also prepared in this work by deprotection of the 
intermediate trisaccharides and the afucosyl A (type 1) trisaccharide (263) was also 
prepared by reaction of the chloride (274) with the disaccharide (273), prepared from 
(272) by acetylation and dechloracetylation with thiourea. 

6 Glycosphingolipids Containing the Gal-I]-(1 ~ 4)-NAcglc 
(N-Acetyllactosamine) and the Gab[i-(1 ~ 3)-NAcglc Residues 

6.1 The N-Acetyllactosamine Residue 

Many mammalian glycolipids including the blood-group substances have the N- 
acetyllactosamine residue as part of their oligosaccharide sequence (see Refs. [12-18]). 
This disaccharide unit defines the blood-group substances of "type 2" to distinguish 
them from those containing the gal-13-(1 ~3)-NAcglc unit which are described as 
"type 1". The occurrence of this linkage in the glycolipids has stimulated many 
synthetic approaches to derivatives of this disaccharide which can be elaborated into 
more complex oligosaccharides. 

Ponpipom et al. [113] converted peracetyl lactal by the nitrosyl chloride route 
[25] into the lactosamine derivative (281) which was converted into the glycosyl 
chloride (282). Lemieux and co-workers [172] studied the preparation of the chloride 

CH20H CH20H CH2OA¢ CH2OAc 

I ] eo I 
HO NH 2 OAc NPhth 

281 282 RI=C[ ; R2=H 
282 Rl=Br; R2=H 
284 R1,R2=H,OAc 
285 RI=OH; R 2 =H 

.CH2OAc CH2OR1 

r r 
NPhth NPhth 

285 R=OAc 289 R I=H ; R2=OBn 
287 R =OBn 290 R 1 =Bn ; R2=OBn 

288 R = SPh 291 R 1 =Bn; R2=OCH2CC[ 3 
292 R 1 =Ac ; R2=SPh 
293 RI=Bn ; R2= OCHzCH2Br 
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(282) from the peracetyl lactal in detail using both the nitrosyl chloride route and the 
azido nitrate route [166] and condensed [196] the chloride (282) with 8-methoxy- 
carbonyloctyl 2-O-benzoyl-4,6-O-benzylidene-13-D-galactopyranose. The correspond- 
ing bromide (283) has also been prepared by Arnap and L6nngren [197] from per- 
acetyl lactal using the azido nitration route. Ogawa and co-workers [198] have also 
prepared the chloride (282) as a "lactosaminyl donor" by a different route. Treat- 
ment of the acetate (286) with the tributyltin derivative of benzyl alcohol and tin(IV) 
chloride gave the benzyl glycoside (287) in high yield and this was converted via the 
4,6-O-benzylidene derivative into the diol (289). Compound (289) was converted 
by benzylation of the tributyltin derivative [108, 199] into (290). This was condensed 
with acetobromogalactose in the presence of mercury(II) bromide and molecular 
sieves and the product processed to give the chloride (282). Using similar techniques 
Ogawa and co-workers [200] have also prepared the lactosamine derivative from the 
glucosamine derivative (291) and also prepared [201] the thioglycoside (292) as an 
acceptor molecule for syntheses of this type. The 13-acetate (286) was converted into 
the ~-thioglycoside (288) in 657o yield by the action of the tributyltin derivative of 
thiophenol and tin(IV) chloride. Magnusson and co-workers [154] have also prepared 
a lactosamine derivative, with a spacer-arm suitable for coupling to protein, from 
the bromoethyl glycoside (293). 

Ponpipom et al. [113] condensed the chloride (282) with the lactose derivative (104) 
in the presence of silver triflate to give the 13-1inked tetrasaccharide in high yield and 
this on deprotection gave the ]3-benzyl glycoside of gal-[3-(l~4)-NAcglc-13-(l-,3)- 
gal-[3-(1 o4)-glc which has the oligosaccharide sequence of the glycolipid known as 
paragloboside. 

The oxazoline derivative (294) of lactosamine has been used extensively by Khorlin 
and co-workers [112], by Veyri6res and co-workers [202] and by Tejima and co- 
workers [203] as a glycosyl donor. Veyri6res [202] prepared a series of derivatives 
of galactose using this glycosylating agent and it was found that the trisaccharide 
gal-[3-(l~4)-NAcglc-[3-(l~6)-gat was recognised by antibodies directed against the 
I blood-group glycolipid, whereas the gal-13-(1-,4)-NAcglc-]3-(1 ~3)-gal trisaccharide 

CH2OAc CH2OAc CH2OR .CH2OBn 
,~cO ,~ : - - -O O ) O HO J n - - O  O , ' L - - - O  

294 295 R = 8n 
296 R=H 

I 
NHAc_ OR 1 NHAc OR2 NHAc 

297 R=H 299 RI=Ac; R2=Sn 
298 R=Bn 300 RI=R2=H 
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was more active with antibodies directed against the i-glycolipid [204]. Veyri~res 
et al. [I10] prepared a dimer of N-acetyllactosamine by condensing the oxazoline 
(294) with the lactosamine derivative (295). Compound (295) was prepared from the 
glucosamine derivative (297) as follows. The dibutylstannyl ether of (297) was ben- 
zylated in the presence of tetraethylammonium bromide to give the 6-O-benzyl 
derivative (298) in high yield and this was converted into (296) and hence (295) by 
conventional methods. Condensation of the oxazoline (294) with the diol (295) in 
the presence of toluene p-sulfonic acid gave the tetrasaccharide derivative (299) in 
52 % yield with preferential reaction at the 3-hydroxyl group. Deprotection of (299) 
gave the dimer of N-acetyllactosamine (300) which was used for studies of the Ii 
blood-group activity. Lactosaminyl derivatives of mannose were also prepared by 
Veyri~res and co-workers [205, 206] from the oxazoline (294) for investigations of the 
Ii blood-group activity and other lactosaminyl derivatives of mannose were prepared 
by Arnarp and co-workers using glycosyl bromide (283) [197, 207-209]. 

Veyri~res and co-workers [210] improved a previously reported [211] method for 
the preparation of N-acetyllactosamine by the reduction of 2-benzylamino-2-deoxy- 
4-O-(J3-D-galactopyranosyl)-D-gluconitrile. The 2-amino-2-deoxy-4-O-(13-D-galacto- 
pyranosyl)-D-glucose formed in this reaction was used by Veyri6res and co-workers 
[212] as an intermediate for a new synthesis of /he  chloride (282). The lactosamine 
derivative (284) was treated with hydrazine --  acetic acid [ 176] or with piperidine in tet- 
rahydrofuran to de-O-acetylate specifically the anomeric position and give the free 
sugar (285) which was converted by the Vilsmeier reagent [172] into the chloride 
(282). From the chloride (282) they prepared [212] the protected methyl glycoside 
(301) and this was condensed with the chloride (282) in the presence of silver triflate 
and 2,4,6-trimethylpyridine [159] to give the tetrasaccharide (303) in good yield and 
this on acetolysis gave the acetate (304). The acetate (304) was converted into the 

CH20R CH~OR 

HO 0 0 /I~--0. OMe 

OR NHPhth 

301 R=Ac 
302 R=H 

chloride (305) and this was condensed with the diol (301) in the presence of silver 
triflate to give the 13-(1 ~3)-linked hexasaccharide in 40 % yield. On deprotection and 
N-acetylation this gave the [3-methyl glycoside of  gal-13-(1-*4)-NAcglc-13-(l~3)- 
gal-13-(1--,4)-NAcglc-13-(1--,3)-gal-13-(l~4)-NAcglc which was found in biological 
tests to be the most potent synthetic inhibitor of anti-i antibodies so far prepared. 

The methyl 3'-O-allyl-13-1actoside (97) prepared by Veyrirres by the allylation of the 
dibutylstannylene derivative in the presence of tetrabutylammonium bromide [102] 
was converted into the per-p-bromobenzyl ether and deallylated to give (306). This 
was condensed[106] with the chloride (282) in the presence of silver triflate to give a 
tetrasaccharide in 68 % yield. This was far superior to the condensation of the oxa- 
zoline (294) with (306) which gave a very low yield (9 %) of tetrasaccharide. Depro- 
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tection of the tetrasaccharide gave the [5-methyl glycoside of gal- [5-( 1 ~ 4)-NAcglc-[3- 
(l~3)-gal-13-(1 ~4)-glc which was also used for studies with the anti-Ii system. 

Veyrirres et al. [102] also showed that allylation of the dibutylstannylene derivative 
of the lactosamine derivative (302) in the presence of tetrabutylammonium bromide 
gave the 3'-O-allyl ether in 56 % yield. 

/•H2OAc C, HzOAc . CH2OAc CH2OAc oy  oo ,o, o o .  o/, AcO / 

OAc NHPhth OAc 

303 RI=Hi R2=OMe 
304 R 1 =Ac; R2 =OAc 
305 RI=Ac; R2=C[ 

RO ~ 0 .  0 /CLP~O. OMe 

OR OR 

306 R= p-BrPhCH2 307 

NHPhth 

CH2OAc CH2OAc 

OAc NPhth 

CH2OAc CHzOAc CH2OR1 CH2OBz 

 co) o.o. 0 % / - - 0 .  o_ O.e 

OAc NPhth OBz OBz 

308 R 1,R 2= ~>CHPh 
309 RI=R2=H 

In continuation of their studies of the blood-group Ii-active glycolipids, Veyrirres 
et al. [105] converted methyl 3'-O-allyl lactoside (97) into the benzylidene derivative 
(98) and condensed this with the lactosamine imidate derivative (307) [213] in the 
presence of boron trifluoride -- etherate at --20 °C to give the tetrasaccharide (308) 
in 75 % yield. The benzylidene group was hydrolysed to give the diol (309) and this 
was condensed with the imidate (307) in the presence of trimethylsilyl triflate with 
reaction specifically at the primary alcohol to give a hexasaccharide in 80 % yield. 
Deprotection and N-acetylation gave the hexasaccharide with two 13-N-acetyllactos- 
aminyl groups attached to methyl 13-1actoside at the 3' and 6' positions. The same 
hexasaccharide has been prepared [214] using an immobilised cyclic multienzyme 
system capable of generating UDP-D-gal and transferring this to the 4-hydroxyl 
group of glucosamine in synthetic methyl 3',6'-di-O-(2-acetamido-2-deoxy-13-o- 
glucopyranosyl)-13-1actoside, i.e. generating lactosaminyl residues. Similar enzymatic 
systems had been described previously by WhJtesides and co-workers [215, 216] and 
by David [217]. Tejima and co-workers [203] prepared the same hexasaccharide by 
the condensation of the oxazoline (294)with the lactose derivative (114a) and sepa- 
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ration of the 6'-lactosaminyl derivative (24.5 %) from the 3',6'-lactosaminyl derivative 
(53.5 %) by chromatography. Deprotection gave the 3',6'-bL~-lactosaminyl lactose. 

Tejima et al. [218] found that partial tosylation of the 1,6-anhydrolactose derivative 
(310) gave the 2-O-tosyl derivative (311) in 25 % yield and this was converted into the 
epoxide (312) which could be converted into the anomeric azides (313) and hence 
into N-acetyllactosamine. Tejima et al. [219] have also prepared peracetyl lactosamine 
from the 1,6-anhydro derivative (314). 

PhC.HHTO ~ H 2  ~H 2 0 

OH OR 

310 R=H 
311 R= S02PhpMe 

CH2OAc CH2OAc 

OAc N 3 

313 R1,R 2 =OAc.H 

,co/2o   ° 

OAc NHAc 

314 

o 
~. ~,/', ~CH 2 C H 2 - - O  
rn~g. I " I " I 

O / - - O  O. / - - O .  I 

OH 
312 

CH2OR 1 CH2OBn 

R20 ~ O  O ~ - - - O  

" 2  " F 
OR ~ NHAc 

315 R1--R2--R3=R4 --Ac 
316 RI=R4=Bn; R2=R3=H 
317 R I=R3=R4=Bn; R2=H 
318 R 1 ,R2=) CHPh; R3=Bz ; R 4 =H 
319 R1,R2=) CHPh; R3 =Bz i Rt'= az-L-perbenzy[fucose 
320 Rl=Bzl R2=H; R3=R 4 =Bn 

Sina~ and his co-workers [150] prepared the N-acetyllactosamine derivative (315) 
by the condensation of acetobromogalactose with the glucosamine derivative (298) 
which was prepared [151] by reaction of the 6-O-tosylate of (297) with the sodium 
salt of benzyl alcohol. Compound (315) was converted via the 3',4'-O-isopropylidene 
derivative into the diol (316) which was condensed with the imidate (136) [138, 220] 
in the presence of toluene p-sulfonic acid to give the ct-galactosyl derivative at the 3'- 
position of the diol (316) in 74% yield. Deprotection gave the trisaccharide gala- 
( I - ,  3)-gal-13-(1-*4)-NAcglc which had previously been isolated as a hydrolysis product 
of the blood-group B (type 2) substance. Attempted galactosidation [150] of (317) 
with the imidate (136) gave no reaction under conditions where the corresponding 
galactose derivatives did react and Sina~ therefore concluded that the axial 4'-hy- 
droxyl group of lactosamine is much less reactive than the same position in galactose 
derivatives. 

In continuation of this work, Sinai, and co-workers [221] prepared the terminal 
tetrasaccharide of the blood-group B (type 2) glycolipid which has N-acetyllactos- 
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amine substituted at the 2'-position with an ~-L-fucosyl residue and at the 3'-position 
with an ~-D-galactosyl residue. The lactosamine derivative (318) was condensed with 
the L-fucosyl imidate (321) [222] to give the 2'-O-a-L-fucosyl derivative (319) in 89 ~o 
yield. The benzoyl group was hydrolysed and the product condensed with the D- 
galactosyl imidate (136) to give the 3'-O-a-D-galactosyl derivative (323) in 90 % yield. 
Deprotection of (323) gave the B (type 2) blood-group tetrasaccharide (324). The 
terminal trisaccharide (325) of the B blood-group first prepared by Lemieux and co- 
workers [25] has also been prepared by Jacquinet and Sina~ [220] using the imidate 
procedure. Aug6 and Veyribres [223] also prepared (325) by condensation of 2,3,4,6- 
tetra-O-benzyl-~-D-galactosyl bromide with the stannylene derivative (326) in the 
presence of lithium iodide in hexamethylphosphorotriamide. The equatorial 3-hy- 
droxyl group was preferentially glycosidated to give predominantly the s-linked 
disaccharide (327) (74 %). Deallylation of (327) and subsequent ~-fucosylation at the 
2-hydroxyl group (32 %) and deprotection gave (325). Martin-Lomas and co-workers 
[224] have also prepared (325) via the disaccharide (328). 

Me Bn R1 
Bn R2 

OBn 
321 RI=H~ R 2 =OC(['4e)=N--NIe 
322 R '~ =Br; R2=H 

O~ 
CH2OBn Phr.~ " CH 2 CH ::.OBn 

BnO .J O -  ~'"0 ~ O  O . J - -  0 

BnO NHAc 

BnO x] I /  
OBn 323 

get-~x-(1-3)- } gat-,x-('[-3) - [ 
L-fuc- ~-(1-2)- _ gr,[ -/9(1-4) NAcglc L-fuc - ~-(1"2) - J gat 

324 325 

/ O  CH2OBno BnO CH2OBno HO CH2OBo BnO CH2OBno. BnO / ~H'- O. ~ 

OAt[ OBn OAII OBn OAIt 
326 327 328 

Paulsen and co-workers [156] have also prepared the blood group B (type 2) tetra- 
saccharide (324) from the lactosamine derivative (318). They attached the 2'-O-L- 
fUCosyl residue using the fucosyl bromide (322) in the presence ofmercury(II) bromide 
and molecular sieves and obtained (319) in 80 % yield. Removal of the benzoyl group 
and glycosidation with 2,3,4,6-tetra-O-benzyl-~-galactopyranosyl bromide in the 
presence of mercury(II) bromide and molecular sieves at 20 °C or with silver triflate -- 
silver carbonate at --25 °C gave the 3'-O-~-D-galactosyl derivative (323) in 80% 
yield. In this paper Paulsen discusses in detail the conditions (reactivity of alcohol, 
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halide and catalysts) affecting the outcome ofct-glycoside synthesis. The intermediate 
protected trisaccharide (319) was also used [156] for the synthesis of the related tetra- 
saccharide of the blood-group A (type 2) substance (see Sect. 5.2). 

Paulsen and Schnell [225] have also converted the lactosamine derivative (315) 
into the derivative (320) and condensed this with the azidoglucosyl bromide (329) 
in the presence of silver perchlorate --  silver carbonate to give an or-linked trisaccha- 
ride which was deprotected to give the trisaccharide NAcglc-a-(1--.4)-gal-13-(1-*4)- 
NAcglc which has been shown to be present in blood-group substances. 

CH2OBn CH2OBn 

BnO O ~ B n  j//~Br ~?Bn i / , /  kJ~Bn  / 

N 3 OR 2 NHAc 
329 330 R l=tetrahydropyrany[; R2=Bz 

33t R 1 =H; R2=Bz 
332 R t =tetrahydropyrany[; R 2 =H 
333 R 1 =H; R2=,~-L- perbenzy[fucose 

Nashed and Anderson [155] prepared an isomer of the blood-group B (type 2) 
tetrasaccharide with lactosamine substituted at the 4'-position with an C~-D-galactosyl 
residue and at the 2'-position with an Ct-L-fucosyl residue. For this purpose, the lactos- 
amine derivative (331), prepared via (330), was ¢t-glycosylated with tetrabenzyl- 
galactosyl bromide in the presence of silver carbonate and silver triflate and the benzoyl 
group removed from the product so that the 2'-position could be fucosylated with the 
bromide (302) in the presence of bromide ion. If the fucose residue was added first 
to the lactosamine derivative (332), then the product (333) [which was converted into 
the trisaccharide of the blood group H (type 2)] would not react with the tetrabenzyl- 
galactosyl bromide. 

CHzR 1 CHzOAc 

4, / 
OAc NPhth 

334 R 1 =l; R2=OBn 
335 RI=H; R2=OBn 
336 RI=H; R2=Br 
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338 RI=H; R2=OAtt 
339 Rl=OBzl R2=H 

L-fuc-~-(1"3)_- ] 
gal-/2-(1-4) NAcgtc 

341 
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In an extensive investigation Lemieux and co-workers [226] prepared several 
fucosyl derivatives of 8-methoxycarbonyloctyl 13-1actosaminide. The 2'-O-~-L-fucosyl 
derivative [blood-group H (type 2)] trisaccharide and the related 6-deoxy-2'-O-~-L- 
fucosyl derivative, the 3-O-~-L-fucosyl derivative ("X-hapten") and 3,2'-di-O-~-L- 
fucosyl derivative ("Y-Hapten") were prepared for binding studies with the lectin I 
of Ulex europaeus. Lemieux and co-workers [227] have also condensed the chloride 
(282) with 1,2:3,4-di-O-isopropylidene-6-C-methyl-~-D-galactopyranose and after 
deprotection used the trisaccharide for studies of the binding site of anti-I antibodies 
[228]. For similar reasons the 6'-deoxy derivative (335) of lactosamine was prepared 
by reduction of the 6'-iodo derivative (334) with tributyltin hydride and this was 
converted into the glycosyl bromide (336) which was condensed with 1,2:3,4-di-O- 
isopropylidene-D-galacto-pyranose and the product deprotected to give the 6-deoxy- 
D-gal-13-(1 -* 4)-NAcglc-J3-(1 ~ 6)-D-gal. 

Further research by the same group [229] involved conversion of the lactosamine 
derivative (337) into the 2'-deoxy- (338) or 3-deoxy- (339) derivatives by conversion 
of the corresponding alcohols into the phenylthiocarbonate derivatives followed by 
reduction with tributylstannane. 

The blood-group H (type 2) trisaccharide L-fuc<t-(1-*2)-gal-13-(l~4)-NAcglc 
was also prepared by Matta and co-workers [230] by glycosidation of the lactosamine 
derivative (340) with the fucosyl bromide (322) in the presence of bromide ion and 
subsequent deprotection. 

CH2OAc CH2OR1 

AcO / J - - ~ 0 ,  O / [ ~ - - - - 0 _ _  

( (o o 
OAc NHAc 

342 R2=Atti RI=Ac or Bn 
343 R2=H;R l=Ac or Bn 
344 R l=Ac or Bn, R2= ~-L-perbenzylfucose 

L- fuc-c~-(143)- } 
gat-/9-(l"~3)- NAcgtc 

345 

Jacquinet and Sina~ [231] synthesised the trisaccharide (341) considered to be the 
possible determinant of the Lewis e (Le ¢) antigen. Condensation of (322) with com- 
pounds (343), both prepared via the allyl ethers (342), in the presence of bromide ion 
gave the trisaccharides (344) in 85 ~ yield in both cases. Deprotection of these gave 
(341). 

6.2 The Gal-[~-(1 ~ 3)-NAcgle Residue 

6.2.1 The Lewis a Determinant 

The Lewis a (Le a) blood-group trisaccharide determinant (345) first synthesised by 
Lemieux and co-workers [25] was also prepared by Sina~ and co-workers [222] using 
the imidate procedure [232]. Condensation of the fucosyl imidate (321) with the di- 
saccharide (346), prepared via the allyl ether (347), in the presence of toluene p- 
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sutfonic acid in nitromethane at 20 °C gave the trisaccharide (348) (85 ~ )  which was 
deprotected to give (345). Attempts to condense acetobromogalactose with the di- 
saccharide (351), prepared from (350), were unsuccessful. 

o co o o O  o o 

OAc NHAc OBn NHAc 

346 R l=Bn; R2=H 350 R=A[[ 
347 R~=Bnl R2=A[L 3.57 R=H 
348 R 1 =Bn; R2=~-L-perbenzy[fucose 
349 R l=Ac; R2=H 

Khorlin and co-workers [233] also prepared (345) using a combination of chloro- 
acety! and 2-tetrahydrofuranyl protecting groups to prepare the disaccharide (349) 
which was converted into the diphenylcyclopropenyl ether and fucosylated in the 
presence of silver perchlorate in 34 ~ yield. They also observed that a glucosamine 
derivative glycosylated at the 4-hydroxyl group could not be glycosylated subsequently 
at the 3-hydroxyl group. 

,co o.o_ 
OAc NHAc 

352 R~,RZ= ~CHPh 
353 RI=Bn; R2=H 
354 R l=Bn; R2= ~-L-perbenzy[fucose 
355 R1,R2= ~CMe 2 

L-fuc-~-(1-4)- } 
L-fuc-~-(1-2)-ga[ -/3-(1-3)- NAcglc 

355 

In a further synthesis of (345) by Rana and Matta [234], the disaccharide (353), 
prepared by the action of sodium cyanoborohydride --  hydrogen chloride [120, 121] 
on the benzylidene derivative (352), was condensed with the fucosyl bromide (322) 
to give the trisaccharide (354) in 82 ~ yield. 

6.2.2 The Lewis b Determinant 

The Lewis b (Le b) blood-group tetrasaccharide determinant (356) was synthesised by 
Matta and co-workers [235] via the disaccharide (355) which was deacetonated and 
deacetylated and the product converted into the pertrimethylsilyl ether (357). Treat- 
ment of (357) with pyridine --  acetic anhydride - -  acetic acid [236] caused acetylation 
of the primary hydroxyl groups and subsequent treatment with acidic methanol gave 
(358). This was converted into the 3',4'-O-isopropylidene derivative (359) which was 

119 



Jill Gigg and Roy Gigg 

condensed with the bromide (322) in the presence of bromide ion to give the tetra- 
saccharide (360) which gave (356) on deprotection. 

CH2OR1 CH20R 1 

M I /  R40 M 
OR 4 NHAc 

357 RI=R2=R3 =RZ=SiMe3 
358 RI=Ac; R2=R3=R4=H 
359 RI=Ac; R2,R3= ~CMe 2 ; R4=H 
360 RI=Ac; R2,R 3 = ~CMe 2 ; R 4= ~-L-perbenzytfucose 

L-fuc- c~-(1-2)-gaL_fuc_~_(1.4)_-#-(1-3)- } NAcgic -/9-(1-3)-ga(-~-0 -4}-g{c-/2-(1-1 J CER 
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Ogawa and co-workers [97] have synthesised the complete glycosphingolipid (361) 
containing the terminal tetrasaccharide (356) of the Le b antigen attached to lactosyl 
ceramide. The lactose derivative (95), prepared by the action of trimethylamine --  
borane and aluminium chloride [99] on the benzylidene derivative (94), was condensed 
with the thioglucoside (362) in the presence of methyl triflate and molecular sieve to 
give the trisaccharide (363). This was deacetylated and the product (364) condensed 
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with the thiogalactoside (365) in the presence of copper(II)bromide, tetrabutyl- 
ammonium bromide, mercury(II) bromide and molecular sieves [98] to give the tetra- 
saccharide (366) with a 13-galactosyl linkage at the 3-hydroxyl group. Deacetylation 
of (366) and acetonation gave (367) and this was condensed with the 13-thiofucoside 
(369) in the presence of the same catalysts to give the bis-fucosylated product (368) 
in 68 % yield. This was deprotected and converted into the peracetylhexasaccharide 
and the 1-O-acetyl group removed with hydrazine --  acetic acid [176]. The free hy- 
droxyl group was treated with diethylaminosulfur trifluoride (DAST) to give the 
glycosyt fluoride. This was condensed with a 3-O-benzoyl ceramide (63) in the presence 
of silver triflate --  tin(II) chloride and molecular sieve in low yield (9 %) to give the 
protected glycolipid which on de-O-acylation gave (361). 

7 Sialic Acid-containing Glycosphingolipids - -  Gangliosides 

Synthetic work in this area has been hindered by several factors ; despite some recent 
excellent chemical and biochemical syntheses of N-acetylneuraminic acid and derivativ- 
es [237-247, 283] and the development of improved methods for its isolation from 
natural sources [248-250], this compound is still a very expensive starting material 
for the synthetic chemist. Moreover, the problem of obtaining c~-glycosides (such as 
occur in the gangliosides) with high specificity and in good yield remains a challenge 
and has stimulated some interesting research. 

During the period under review many methods have been developed for the syn- 
thesis of simple alkyl glycosides of N-acetylneuraminic acid with the object of getting 
high yields and anomeric specificity [94, 251-254] and these have been extended to 
the synthesis of oligosaccharides. The synthesis of alkyl thioglycosides has also been 
studied [255]. We shall first discuss the work developed on the condensation of N- 
acetylneuraminic acid derivatives with the primary hydroxyl group of other sugars 
and then the more recently developed investigations with the secondary hydroxyl 
groups since both of these are relevant to the syntheses of gangliosides (see Refs. 
[12, 13, 15, 18] and [20] for the structures of the natural gangliosides). 

7.1 Condensation with Primary Hydroxyl Groups of Sugars 

In 1982, a Dutch group [256] condensed the chloride (370) with the galactose derivative 
(373) in the presence of silver salicylate in benzene at 20 °C to give the or-linked di- 
saccharide (374) in 65 7O yield together with 3 70 of the 13-1inked disaccharide. However, 
with the glucose derivative (375) no disaccharide was obtained with silver salicylate 
but with silver triflate [257] and 2,4,6-trimethytpyridine in a mixture of ether and 
nitromethane the or-linked disaccharide was obtained in 11.5 7o yield but the major 
product (46 ~o) was the 13-1inked disaccharide together with a common by-product 
in these reactions, the unsaturated derivative (376) (40 70). Brandstetter and Zbira! 
[258] found that the condensation of  (370) with the a- or 13-methyl glycosides of 2,3,4- 
tri-O-benzyl-D-glucopyranoside in the presence of silver triflate and 2,4,6-trimethyl- 
pyridine in dichloromethane gave 40 7O of the 13- and 10 % of the or-linked disaccharide. 
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In 1982, Paulsen and Tietz [259,260] condensed the chloride (370) with the di- 
saccharide derivative (379) (with preferential reaction at the primary hydroxyl group) 
using mercury(II) cyanide --  mercury(II) bromide (3 : 1 ) in dichloromethane at 20 °C 
for 3 days to give 22 % of the =- and 23 % of the 13-1inked disaccharides together with 
the unsaturated derivative (376). Under these conditions the galactose derivative 
(373) and the chloride (370) gave 36 % ct- and 48 % I~-linked disaccharide. Using silver 
carbonate with (370) and (373) the major product was the unsaturated derivative 
(376) together with 20 % of or-linked disaccharide whereas with the chloride (370) 
and 1,2:3,4-di-O-isopropylidene-a-D-galactopyranose in the presence of silver car- 
bonate, 67~o of the or-linked disaccharide was formed. 

AcO OAc ~ O2Me 
AcOCH2-qL--I-7~-O-TL-O--CH2 

AcNH--Z~P'~J _ I 
OAc BnO<oBn O OBn ? 

OBn 

CH2OH 

(pri)2si / Bn 
OI/Si(pri) 2 NHAc 

374 375 

R20 OR 3 CH20H CH2OBn 
R'OCH2-qL'-I-T~-O'~"CO2Me HO /L----'O OJ o OBn 

OAc Bn 

376 RI=R2=R3=Ac I / 
377 R2=H ; RI=R3=Ac 08n N 3 
378 RI=H; R2=R3=Ac 379 

CH2OH CH2OH .CH2OBn 

BnO ' - . , , J '~O OBn HO--) O O J - - ~ O  OAc 

N 3 OBn NPhth 
380 381 

Paulsen and his co-workers [261] condensed an excess of the chloride (370) with the 
galactose derivative (380) using mercury(II) cyanide --  mercury(II) bromide (3:1) 
in dichloromethane during 5 days to give 42 % of ~- and 36 % of the 13-1inked di- 
saccharides [yields based on (380)]. Silver silicate, triflate or saticylate gave only 
ca. 10% of disaccharides. Using the same mixture of mercury salts together with 
molecular sieves Paulsen and Tietz [262, 263] condensed an excess of the chloride 
(370) with the disaccharide derivative (381) to give approximately equal amounts 
(25 % each) of the ct- and 13-1inked disaccharides [on the primary hydroxyl group 
of (381)] together with the elimination product (376). The products were acetylated 
and used as trisaccharide donors and condensed with a mannose derivative containing 
a free 2-hydroxyl group in the presence of trimethylsilyl triflate to give tetrasaccha- 
rides. 
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CH20H CH2OAc CH2OBn CH2OH CH 2 O  -oo / 

OAc NHAc OBn OBn 

382 R=Bn 384 

383 R=At[ CH=R 

CH2OR @0Bn 

,)------0 AcNH-I-- 

BnO xI Me 
O ~  

OBn -1-- /CMe2 
385 R= H i01 CH20 
386 R =CH(CO2Me)P(OMe)2 387 R = 0 

388 R= C'H 2-OC(CO2Me)= 

BnO XI 1/ ONe 

OBn 

Kitajima et al. [264] used the mixture of mercury salts and molecular sieves in 1,2- 
dichloromethane to condense (370) with the trisaccharide derivative (382) to give 
similar tetrasaccharides [on the primary hydroxyl group of (382)] with again equal 
amounts (30 % each) of ct- and [3-1inked derivatives. With the allyl glycoside (383) 
under the same conditions 48 % of~- and 33 % of [3-1inked glycosides were obtained 
[265]. The ct-isomer was used to prepare [265] the undecasaccharide characteristic of 
the complex type of glycan of glycoproteins. 

Furuhata et al. [266] condensed the chloride (370) with the disaccharide derivative 
(384) using the mixture of mercury salts in dichloromethane at 20 °C for 60 hours 
to give 21% of  0r- and 8 % of j3-1inked disaccharide together with 60% of elimination 
product (376). 

The chloride (370) has been converted [250] into the fluoride (372) which is so 
much more stable than the chloride that both the acetyl and carbomethoxy groups 
can be hydrolysed with base without affecting the fluoro group. The corresponding 
allyl ester of the fluoride (372) has been condensed [267] with 1,2 : 3,4-di-O-isopropyli- 
dene~-D-galactopyranose in the presence of boron trifluoride --  etherate to give the 
disaccharides with an ct:[3 ratio of 1:5. The corresponding aUyl ester of the chloride 
(370) with silver carbonate and Drierite gave [267] the disaccharide with an ~:13 
ratio of 6 : 1. 

A novel approach to glycosidation with N-acetylneuraminic acid was adopted by 
Sin@ [268]. Reaction of (385) with diazotrimethylphosphonoacetate in the presence 
of rhodium acetate gave the phosphonate (386) as a mixture of diastereoisomers which 
were allowed to react with the aldehyde (387) in the presence of sodium hydride in 
tetrahdrofuran to give a mixture of E- and Z-isomers (388) which were separated. The 
isopropylidene groups were hydrolysed and the products cyclised with mercury(II) 
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trifluoroacetate each isomer cyclising stereospecifically to give the a-anomer (389) 
or the 13-anomer. Demercuration of (389) with triphenyltin hydride gave the ct- 
anomeric disaccharide derivative (390). 

HO OH R1 
HOCH2 I I F--O--/L-R 2 

Ac NH-J...-7----.~R3 OBn CH20- / _ _  
389 RI=CO2Me; R3=HgCt; R 2= " - - ~ - ~ . ~ ( ) ~ .  

390 RI=CO2Me, R3=H; R 2 = " ~ n O [ " ~  O B n / ~ . , q  ( OMe 

OBn 

7.2 Condensation with Secondary Hydroxyl Groups of Sugars 

The work described in the previous section has set the scene for the more difficult 
problem of the glycosidation of secondary hydroxyl groups of carbohydrate deriv- 
atives where elimination to give the unsaturated derivative (376) is a more severe 
problem. 

CH2OBn , ~ CH20R 2 CH2OR2 

I 
OBn 0R 2 0R 2 

391 392 RI=H; R2=R3=Bn 
393 RI=R2=R3=Ac 
394 RI=R2=Ac; R3=H 
395 RI=R2=Acl R3=C(=NH)CCt3 

CH2OAc (~H2OAc 396 R2=R3=Bn; RI= CH2OAc 

OAc OAc NPhth 

397 

Ogawa and Sugimoto [269] condensed the chloride (370) with the galactose deriv- 
ative (391) (the equatorial 3-hydroxyl group reacting preferentially)with mercury(II) 
cyanide --  mercury(II) bromide and molecular sieves to give a 15 ~ yield of disac- 
charide [based on chloride (370)] with an ~:13 ratio of 2:3. Condensation [269] of 
(370) with the lactose derivative (96) under the same conditions gave an 18% yield 
of disaccharide with an ~: 13 ratio of 1 : 2. The isomers were separated by chromato- 
graphy and deprotection of the at-linked derivative (392) gave a sialosyl lactose identical 
with the natural trisaccharide. Acetylation of (392) [270] and subsequent hydro- 
genolysis and acetylation gave (393) which was treated with hydrazine acetate to 
give (394). This was converted into the trichloroacetimidate (395), by the action of 
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sodium hydride and trichloroacetonitrile [28], and this was condensed with a 3-0- 
benzoylceramide (63) in the presence of boron trifluoride-etherate and molecular 
sieves to give a 13-1inked glycoside in 37% yield. Deprotection gave hematoside 
(ganglioside GM3) completely identical with the natural glycolipid, this being the 
first recorded synthesis of a ganglioside. 

Condensation [270] of the chloride (370) with the allyl lactoside (397) as described 
above for the preparation of (392) gave a 6 % yield of the 13-1inked N-acetylneuraminic 
acid derivative (on the 3'-hydroxyl group) and none .of the cz-linked material. The 
product was acetylated and deallylated to give (398) and this was converted into the 
trichloroacetimidate (399) which was condensed with the 3-O-benzoylceramide to 
give the 13-N-acetyl-neuraminyl derivative of hematoside ("epi-hematoside"). 

The synthetic hematoside was immunologically identical [271] with the natural 
material when compared using a mouse monoclonat antibody (M2590) directed 
against syngenic B-16 melanoma cells but the "epi-hematoside" did not react with 
the monoclonal antibody. 

CH2OAc CH2OAc 
AcO I 0 I 0 

AcO OAc 9 L/----- \°- / - 
AcOCH2_-~-T~O.~R I ~.'x~ ~ L/x. ( " )~ ' /C "X~ OR2 

Ac N H - ~ / r  ' '  ~ / "x,,,I-AC / 
OAc I I 

OAc OAc 
398 RI=CO2Nle ; R2=H 
399 R 1 =C02Me ; R 2 =C(= NH )CC[ 3 

NAcg°l-/3-(l"4)- 1 got-/3-(1-/-, ) - glc-/3-(1-1)- CER 
NANA - ~- (2-3)- J 
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get -/3-(1-3) -NAcga[ -/3-(1 - 4 ) - / 
NANA - ~- (2-3)- I gq -/3-(1-4)-glc -/3-(1 -1)-CER 

GM[ 401 

CH2OAc CH2OAc CH2OAc 

AcO 0 _. 0 ) 0 

r "  ( (OC=NH 
NHAc // OAc OAc 

AcO 0Ac MeO~C/ 402 R = Ac 
AcOCH2AcNH~ 0 403 R = CH2OAc 
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Paulsen and yon Deessen [272] improved the yield using the bromide (371) instead 
of the chloride (370) in condensations with the lactose derivative (96) in the presence 
of silver carbonate --  silver perchlorate (30:1) and molecular sieve in toluene at 
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0 °C during 2 days. A 36% yield of a 1:1, c~:13 mixture was obtained but again the 
unsaturated derivative (376) was the major product due to elimination. 

Ogawa et al. [273] have described the total synthesis of the gangliosides GMI 
(401) and GM2 (400) from (392). Condensation of the trisaccharide (392) with the 
phthalimido galactosyl bromide (193) in the presence of silver triflate and molecular 
sieves gave a 60 % yield of the 13-galactosyl derivative (396). The carbomethoxy group 
was first de-esterified with lithium iodide in pyridine and then, as a result of a series 
of deprotection and reprotection manipulations (as described in previous sections), 
(396) was converted into imidate (402) which was condensed with a 3-O-benzoyl- 
ceramide and the product (11%) deprotected to give the ganglioside GM2 (400). 

Similarly, condensation of the disaccharide derivative (404) [125] via the imidate 
(405) with the trisaccharide (392) in the presence of boron trifluoride -- etherate gave 
a pentasaccharide in 40 % yield and this was converted into the imidate (403), using 
the same techniques as described for the preparation of (402). Condensation (33 
yield) of the imidate (403) with a 3-O-benzoylceramide (63) and deprotection of the 
product gave the ganglioside GM1 (401). 

CH2OAc CH2OAc 
AcO ~ - ~ 0 .  oAC.~lO/L'-~O. OR R AcO OAc ? AcNH AcO'~Br 

OAc NPhth 

404 R=H 406 R=Br 
405 R= C(=NH )CC[ 3 407 R =OR 1 

CH20H 
AcO OAc 0 

AcOCH2~o'~CO2Me ~ 0t'c O ~ B n  O ~  
Pc NH-W-,-'/'~ A cO CH2 .-~-1-7--~ 0 ..~... COrM e AcO I - ~ . z Br A c N H - - - ~  BnO N t O M e  OAc I - 

OBn 
408 409 

In order to overcome the major problem of elimination in the glycosidation of 
secondary hydroxyl groups of sugars by N-acetylneuraminic acid derivatives Oka- 
moto and co-workers [274-276] have developed some new derivatives of N-acetyl- 
neuraminic acid for glycosidation reactions. Bromination of the unsaturated derivative 
(376) gave the crystalline dibromide (406) [276] and condensation of this with model 
alcohols in the presence of silver triflate gave good yields [cholesterol (88 %), methyl 
2,3,4-tri-O-benzyl-~-D-glucopyranoside (70%) and methyl 2,4,6-tri-O-benzyl-13-D- 
galactopyranoside (50 %)] of disaccharides. Due to steric hindrance these were un- 
fortunately entirely B-glycosides (407) but no elimination occurred. These glycosides 
were readily debrominated with tri-n-butylstannane to give [3-sialosyl derivatives. 

Condensatio~a [276] of the bromide (406) with the unsaturated derivative (377) 
gave the [3-linked disaceharide (408) (58 %) which was brominated at the double bond 
and the glycosyl bromide produced condensed with the glucoside (409) to give, in 
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42 % yield, a trisaccharide containing two 13-1inked neuraminic acid derivatives (sub- 
stituted with bromine at the 3-position) which was readily debrominated. 

AcO OAe 0 AcO OAc X 
Ac0CH2A~CO2Me Ac 0 C H 2-t--]-T~0 -'/L'c02Me AcNH...Z.~f..~ 0 H 

0Ac 0Ac 
410 4t t  X=CI 

412 X= Br 
CH20Bn 

H0) 0 ~ H  f/~O" 0Me 

0Bn 
413 

Okamoto et al. [275] converted the unsaturated derivative (376) into the epoxide 
(410) which with boron trifluoride-etherate and the corresponding titanium(IV) 
halide gave the glycosyl halides (411) and (412). Condensation of the chloride (411) 
with (409) in the presence of silver triflate gave a-linked (21%) and 13-1inked (18 %) 
disaccharides containing a 3-hydroxy-N-acetylneuraminic acid derivative. The 
hydroxyl group was removed by first converting it into the phenoxythiocarbonate 
[R-OC(S)OPh] followed by reduction with tri-n-butylstannane and azobisisobutyro- 
nitrile in toluene. 

With the bromide (412) and the glucoside (409) in the presence of silver triflate in 
benzene at 20 °C both the s-linked (28 %) and the 13-1inked (53 %) disaccharides 
were obtained. In toluene at --  10 °C more of the ~- (64 %) and less of the 13- (15 %) 
linked disaccharides were formed. The major product was the B-linked disaccharide 
(32 %) using mercury(II) cyanide and mercury(II) bromide as catalysts. 

Reaction of the bromide (412) [275] with the galactose derivative (413) (with pre- 
ferential reaction at the 3-hydroxyl group) in the presence of silver triflate in benzene 
at 20 °C gave an cz:13 yield ratio of 23:48% whereas in toluene at --15 °C it was 
37:15 % for the two disaccharides. 

Condensation [274] of the bromide (4t2) with the unsaturated derivative (378) 
using silver triflate gave an ~: 13 yield ratio of 42:21% and condensation of (412) 
with (377) gave 26:8 %. From these results the authors concluded that the 3-[3-hy- 
droxyl group on the neuraminic acid halide prevents dehydrohalogenation and 
assists glycosidation. 

7.3 Enzymatic Syntheses of Sialyloligosaccharides 

In order to try to overcome some of the problems associated with chemical synthesis 
of oligosaccharides containing N-acetylneuraminic acid, Sabesan and Paulson [277] 
have used a combination of chemical and enzymatic methods using purified sialyl- 
transferases in the presence of CMP-N-acetylneuraminic acid and synthetic acceptor 
molecules to give sialyl derivatives of oligosaccharides which were characterised by 
NMR. Thus, methyl 13-o-galactopyranoside, methyl 13-D-lactoside and N-acetyl- 
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tactosamine were converted into the 6-sialosyl derivatives using the enzyme 13-galacto- 
sidem-2,6-sialyltransferase. In all, ten sialyloligosaccharides were prepared on the 
10-20 ~tmol scale using these techniques. 

Thiem and Treder [278] have used immobilised enzymes [216] for the separate 
syntheses of N-acetyllactosamine and CMP-N-acetylneuraminic acid. These were 
allowed to react in solution in the presence of the sialyltransferase to give the 6'-N- 
acetylneuraminyl glycoside on the 50 ~tmol scale. 

7.4 Partial Syntheses of Gangliosides 

Alkaline hydrolysis of isolated natural gangliosides [279, 280] has given derivatives 
in which the N-acyl group on sphingosine and the N-acetyl group of neuraminic acid 
were hydrolysed preferentially with only a small amount of hydrolysis of the N-acetyl 
group of galactosamine. These diamino-derivatives were reacylated preferentially 
at the sphingosine amino-group in a two-phase system using fluorescent fatty acids 
or with a temporary protecting group and the neuraminic acid amino group sub- 
sequently reacetylated. Removal [279] of the protecting group on the sphingosine 
amino-group gave "lyso-gangliosides" which were reacylated with a labelled fatty 
acid. Double labelling [279] was also achieved with labelled acetate (for the neuraminic 
acid) and labelled fatty acid (for the sphingosine). 

Gangliosides have also been radioactively labelled [281] by oxidation of the ga- 
lactose or N-acetylgalactosamine residue with galactose oxidase and reduction of the 
aldehydo-group produced with tritiated sodium borohydride or by oxidation of the 
allylic hydroxyl group of sphingosine with dichlorodicyanoquinone and reduction 
of the ketone produced in the same way. The 3-axial-hydrogen of free neuraminic 
acid exchanges specifically with deuterium oxide at pH 9 during 6 hours [282]. 

8 Myo-Inositol-Containing Glycolipids 

The large amount of work in this area reported by Russian workers and covered in 
our previous review [1] has also been reviewed by the Russian workers [284]. These 
glycolipids have recently acquired a vastly increased biological interest since the 
discovery that various agonists at the cell surface stimulate a phospholipase which 
releases ~-myo-inositol 1,4,5-trisphosphate from the membrane-bound phosphatidyl- 
inositot-4,5-bisphosphate. The released inositot trisphosphate acts as a "second 
messenger" by mobilising intra-cellular calcium ions [285-290]. 

Mannosides ofphosphatidylinositol are important serologically active components 
of Mycobacterium tuberculosis. For the synthesis of the 2-O-mannosyl derivative 
(421), Stepanov et al. [291] treated the chiral prop-l-enyl ether (414) [and the cor- 
responding racemic prop-l-enyl ether and racemic benzoate (415)] with the ortho- 
esters (416) or (417) to give the disaccharide (418) [from chiral (414) and acetate (416)] 
in moderate yield. The disaccharide obtained from racemic (414) contained a high 
proportion of (418) as a result of asymmetric synthesis. Acidic hydrolysis of (418) 
gave in low yield (30%) the alcohol (419). 
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Condensation [292] of (419) with 1,2-di-O-palmitoyl-L-glycerol 3-phosphate in 
the presence of 2,4,6-triisopropylbenzene sulfonyl chloride in pyridine gave (420) in 
88 % yield. Deprotection by hydrogenolysis of the benzyl groups and specific removal 
of the acetyl groups with hydrazine hydrate gave the naturally occurring glycolipid 
(421) in 65 % yield. 

Since the benzyl ether protecting groups preclude the synthesis of the phospholipid 
with unsaturated fatty acids, Shvets et al. [293] also studied the corresponding deriv- 
atives of 2-O-mannopyranosyl-myo-inositol protected, by acetyl groups on the ino- 
sitol residue. For this purpose the racemic acetate (422) was condensed with [Lben- 
zoylpropionic acid in the presence of dicyclohexylcarbodiimide to give the derivative 
(423) which was glycosylated with the orthoester (425) and the [3-benzoylpropionate 
group removed with hydrazine [294] to give the mixture of diastereoisomers (424). 

H ~ . ~ O B n  Me_ OBut 
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a~O--~m-~OBn OBo R o °~R ~ ° 
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CH2OAc CH2OR1 Me(CH2h4CO0@ 

o<O o<O AC Ac R 1 121 O%~/O/CH2 
Ac R I - T / / 6 ~  o/r~OH 

OBn /~-~Z~p-OR 2 
BnO ~/Jl~OBn R 20 -#f/~G-O R 2 
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418 R=CH=CH--Me 420 R~=Ac; R2=Bn 
419 R=H 421 R]=R2=H 

Me OR 
OAc AcOQH2 
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422 RI=R2 =H Ac 
L23 RI=H; R2=COCH2CH2COPh 
424 RI= ~-D-peracetytmGnnose; 

R2=H 
425 R= Et 
426 R= 1,2:3,4-di-o-cyctohexytidene-rnyo-inosito[ 
427 R= chiro[ 1,2: 5,6-di-o-cydohexytidene-myo-inositol 
428 R= ch ira[ 2,3: z,,5-di-o-cyc[ohexytidene-myo-inosito[ 

Because of problems encountered in the removal of the prop-l-enyl group in the 
above synthesis of the mannosyl-phosphatidylinositol, Shvets et al. [295] investigated 
the formation of the mono-tetrahydropyranyl ethers of the racemic inositol derivatives 
(429) and (430) arid separated the isomeric mono-tetrahydropyranyl ethers from both 
by chromatography. Although the 1-O-tetrahydropyranyl ether preponderated in 
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the product from (430) the selectivity was not good and approximately equal quantities 
of the mono-ethers were obtained from (429). 

HO OH 

o2  oO. 
429 R=Ac r ~  0 OH 
430 R = Bn ~ 431 432 

CH2OAc CH20CO(CH2)16 Me 
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AcO ~] .. )~-~OBn Ho~O H 
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OBn OR 
433 Me 434 435 R =H 
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In continuation of their studies of the resolution of myo-inositol derivatives via 
their orthoesters with sugar derivatives, Evstigneeva et al. [296] converted the racemic 
1,2:3,4-di-O-cyclohexylidene-myo-inositol (431) by transesterification with the man- 
nose orthoester (425) into a mixture of diastereoisomers (426) formed by esterification 
of the 5- and 6-positions of (431). One of the four possible isomers was separated by 
crystallisation and the other three were obtained by preparative TLC. Partial hydrolysis 
of the resolved isomers gave both enantiomers of 1,2-O-cyclohexylidene-myo-inositol 
(432). 

The same group of workers [297] has used the mannose orthoester (425) and the 
glucose orthoacetate (433) for glycosylations of racemic 1,2,4,5,6-penta-O-benzyl- 
myo-inositol [434]. The diastereoisomeric acetylated c~-mannosides of (434) (16% 
and 20 %) and acetylated 13-gtucosides of 434 (16 % and t3 %) were separated in low 
yield by preparative TLC and converted into the chiral benzyl ethers (434). The 
isolation and separation of the diastereoisomeric glucosides was the most practical, 
but the yields in both cases indicate a low degree of asymmetry in the syntheses. 
Similar glycosidations of racemic 1,4,5,6-tetra-O-benzyl-myo-inositol (430) and 
isolation of the products by preparative-TLC and subsequent benzylation and hy- 
drolysis of the glycosides also gave the chiral benzyl ethers (434). 

Shvets and co-workers (298) have also prepared chiraI 1-O-benzyl-myo-inositols 
by benzylation of the mannose orthoesters (427) and (428) with subsequent acidic 
hydrolysis. They were also prepared by partial benzylation of chiral 1,2:5,6-di-O- 
and 2,3:4,5-di-O-cyctohexylidene-myo-inositols. These chiral monobenzyl ethers are 
potential intermediates for the synthesis of chiral inositol pentakisphosphates. 
Reaction of the orthoester (427) [299] with benzoyl chloride or diphenylphospho- 
chloridate in pyridine at 20 °C gave little reaction, whereas at 80 °C the orthoester 
group was replaced and both hydroxyl groups of the inositol derivative were acylated 
(or phosphorylated). 
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Racemic 4-O-benzyl-l,6:2,3-di-O-cyclohexylidene-myo-inositol has been resolved 
via the L(+)-O-acetylmandelates to give both chiral 4-O-benzyl-myo-inositols [300]. 
Benzoylation of these and removal of the benzyl groups by hydrogenolysis followed 
by condensation with the fucosyl imidate (321) and deprotection gave 4-O-~-L- 
fucopyranosyl-D-myo-inositol identical with a compound isolated from human urine. 

Shvets and co-workers [301] have described a new synthesis of the phosphatidyl- 
inositol (435) by phosphorylation of the orthoester (437), derived from 2,3:4,5-di-O- 
cyclohexylidene-L-myo-inositol, with 1,2-di-O-stearoyl-L-glycerol 3-phosphate in 

°'°R' 

o . ~  OR 

437 R~=H 438 R=H Me 
R2=CH2OAc Y 439 R= IPI(NHPh)2 

o o,y o 
440 

AcO N v "  

the presence of 2,4,6-triisopropylbenzene sulfonyl chloride in pyridine and subsequent 
removal of cyclohexylidene and orthoester groups with dilute sulfuric acid. By this 
method phosphatidylinositols with unsaturated fatty acids should also beavailable. 

Phosphatidylinositols containing spin-labelled fatty acids have been prepared by 
the same group [302] by acylating the primary hydroxyl group of the phosphodiester 
formed from 2,3,4,5,6-penta-O-acetyl-DL-myo-inositol and OL-glycero1 1-phosphate 
in the presence of the potassium salt and anhydride of the spin-labelled fatty acid and 
then acylating the secondary hydroxyl group with palmitic acid in the presence of 
carbodiimidazole. Hydrazinolysis was used to specifically remove the acetyl groups 
from the inositol. 

Phosphatidylinositol containing fluorescent fatty acids has also been prepared 
[303] by synthesising a phosphatidylcholine containing fluorescent fatty acids and 
then using a phospholipase D, in the presence of inositol, to effect an ester inter- 
change. 

Shvets et al. [304] prepared six chiral inositol bisphosphates (L-myo-inositol 4,5-, 
1,6-, 1,4-, 5,6-, 3,4-, and 3,6-bisphosphates)by phosphorylation of the corresponding. 
chiral di-O-cyclohexylidene-myo-inositols with diphenylphosphochloridate in pyridine 
followed by removal of the phenyl-protecting groups by hydrogenation with Adams 
catalyst and acidic hydrolysis of the cyclohexylidene groups. However, phosphoryl- 
ation of the diol (438) [305] with diphenylphosphochloridate was not successful due 
to cyclic phosphate formation, but (438) was phosphorylated with the reagent (440). 
Hydrolysis of the product (439) with acetic acid gave the diol (441) in 50 ~ yield. 

Condensation of (441) [306, 307] with 1,2-di-O-stearoyl-DL-glycerol 3-phosphate 
in the presence- of 2,4,6-triisopropylbenzene sulfonyl chloride in pyridine gave a 
mixture of the required products (442) (52 ~)  and the isomer (443) (26 ~)  which were 
separated by chromatography. The anilino groups were removed from (442) by the 
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action of isopentyl nitrite in pyridine -- acetic acid and the benzyl groups removed 
by hydrogenolysis to give the mixture of isomers of phosphatidylinositol bisphos- 
phate (436). 

R I O~ OBn 

BnO~OP(NHPh)2 
O O 

O=P(NHPh)2 

/-,41 R I =R2=H 
442 Rl=H;R2=distearoy[g[ycero[ phosphate 
443 R 1 = distearoytgtycero[ phosphate ; R2=H 

RIO~oBn 

BnO R34~O OR3 

447 RI=Bn; R2=R3 =H 

448 RI=R2=H~ R 3=AIr 
449 R] =H ~ R2= [-menthoxyacetyt 

450 RI=H; R2=R3=A[[ 

451 RI=Bn; R2=R3=AII 
452 RI=R 2 =Bnl R3=H 

45,., 3 R 1 =R 2 =Bn; R3= P (OCH2CH2CN) 2 

O 

454 

O 
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RIO 4..---q--..~.-OR 2 
O 

O=P(OH) 2 

444 RI=H; R2=P(O)(OH) 2 
445 R 1 =R2 =p(o)(OH)2 

445 RI=p[o)(OH) 2 ;R2=H 

Because of the current biological interest [312] in the inositol trisphosphate (444) 
[derived from the glycolipid (436)] and its metabolites (445) and (446), synthesis in 
this field is currently very active although little has been published so far. Racemic 
1,2:4,5-di-O-isopropylidene-myo-inositol was synthesised [308] and converted into 
racemic 1,2,4-tri-O-benzyl-mvo-inositol (447) [309] as an intermediate for the syn- 
thesis of the trisphosphate. Ozaki and co-workers [310] have described the resolution 
of racemic (448) via the 1-menthoxyacetate (449). The enantiomer (448)was converted 
via the allyl ether (450) into (451) and this on deallylation gave chiral (447) which 
was phosphorylated with the reagent (440) and the product deprotected as described 
by Shvets et al. in the synthesis of the fipid (436) to give D-myo-inositol 1,4,5-trisphos- 
phate (444). The racemic tetra-O-benzyl ether (452) has been phosphorylated using 
the reagent (454) and the product condensed with 2-cyanoethanol and oxidised to 
give (453) which was deprotected with sodium in liquid ammonia to give racemic 
inositol 4,5-bisphosphate [311]. 
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The three dimensional structure of oligosaccharides determines their interaction with receptors and 
hence is important for their biological activity. Conformational analysis of oligosaccharides makes 
the three dimensional structure available. The analysis of the conformation of oligosaccharides is 
usually determined by a combination of computational methods and experimental techniques. NMR 
spectroscopy is the most important experimental tool. The calculational techniques cover a wide 
range with most emphasis put into force field calculations. Conformational flexibility plays an im- 
portant role in many though not in all oligosaccharide structures. Glycosidic linkages to a side chain 
of a pyranose ring are more flexible than are linkages to the pyranose ring. The major attempts are 
described to determine the three dimensional structure of oligosaccharides with the exception of 
homooligomers. This review covers eonformational analyses of blood group antigens of N-linked 
and of O-linked oligosaccharide chains, of glycolipids, of oligosaccharides related to O-specific poly- 
saccharides of bacteria, and of oligosaccharides related to proteoglycans. 
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1 Introduction 

Conformational Aspects of Oligosaccharides 

This review presents a brief account on the conformation of biologically active oligo- 
saccharides. Emphasis will be put on the conformationat analysis ofheterooligomers. 
The conformational preferences of some disaccharides will be included for reference 
purposes. Conformational aspects of homo-oligomers and homopolymers will not 
be discussed. 

Biological or chemical or physical properties of an oligosaccharide are largely 
determined by what is exposed to the outer surface. Most interactions with other 
molecules will occur at the surface of the molecules. Therefore, stereo plots of CPK 
models are used to illustrate the conformations of the three dimensional structures 
discussed. 

The importance of the conformation of oligosaccharides towards an understanding 
of the biological function is widely accepted [1, 2, 3, 4, 5, 6]. In crystals most mole- 
cules adopt usually one single conformation. However, in solution there are generally 
some dynamic variations of the preferred conformation. Furthermore, in solution 
there may be more than one preferred conformation. The resulting mixture of con- 
formations usually undergoes a fast interconversion and most experimental techni- 
ques, like NMR, show only results which are time averaged over all conformations. 
Because of the importance of the conformation of the oligosaccharides in solution, 
this review will present mainly results from experimental studies in solution and data 
from calculations. 

The experimental determination of the conformation of oligosaccharides has been 
made possible in the recent years by the use of 2-D-NMR and especially NOE-NMR 
measurements. The 2-D-NMR experiments allow the assignment of all protons and 
carbons of even very complex structures at high magnetic field [7]. Starting from 
this point a precise determination of the NOE values across the glycosidic bond gives 
a good estimate of the preferred conformation of the glycosidic bond [8]. This, in turn, 
will then be confirmed by further interpretation of the chemical shifts in comparing 
them to reference compounds. All NMR techniques supply time averaged values, 
i.e. NOEs, chemical shifts, coupling constants. Usually NMR spectroscopy alone 
does not give an unambiguous assignment of a specific conformation but rather 
supplies limits for the conformations. Calculations of the preferred conformations 
of oligosaccharides are very important as they allow an assignment and an inter- 
pretation of the experimental parameters. Therefore, usually only a combination of 
experimental and theoretical approaches is sufficient to solve the solution conforma- 
tion of an oligosaccharide. 

2 Methods for the Determination of Oligosaccharide Conformations 

Very many properties of oligosaccharides are determined by a unique group --  the 
acetal fragrnent~tt C1 in aldoses or C2 in ketoses. This fragment shows unique effects : 
the anomeric effect and exo anomeric effect which represent two important facts 
ruling the conformations of oligosaccharides [9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19]. 
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2.1 Relevance of Conformations of Glycosidic Linkages 

It is widely accepted that the major factor ruling the overall shape of an oligosaccharide 
is the conformation of the glycosidic linkage. The description of the dihedral angles 
is made with reference to the hydrogen atoms at both sides of the glycosidic link in 
the ease where two secondary alcohols are encountered, i.e. 1-1, 1-2, 1-3, and 1-4 
linkages in hexopyranoses. In an A-B-C-D fragment, the definition of the dihedral 
angle of the B-C bond and its sign is obtained by: i) oriented the molecule that you 
view parallel to the B-C bond with either B or C pointing to you, ii) rotating the front 
side bond vector, A-B or  C-D, until the atoms A and D are in an eclipsed position 
(one is behind the other), and iii) if the rotation was clockwise the angle has a positive 
sign, if counterclockwise the angle has a negative sign. The two dihedral angles are 
named cp for the H 1-C 1-O 1-Cagly¢o n fragment and ~ for the C 1-O l-Caglcon-Haglyeo n frag- 
ment. In case of a 1-6 bond in hexopyranoses, or more generally a primary alco- 

OH 

Orlng C 2 125 
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.o o 
H O ~ \ ~ O ~ o ~  Cx 

 VL-o; H, 
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a [5 -D-Cellobiose b c 
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" o ~  / 
O H ~ c o  H-6 O-6 H-6 H-6S 
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Fig. 1 a-£ Definition of the dihedral angles dp, ~ and 0~. a Glycosidic bond defining qb and ~k, b Newman 
projection along the OI ' -CI '  bond with definition of the sign of the ~ angle, c Newman projection 
along the C4-O1' bond with the definition of the ¢/angle, d 1,6 glycosidic bond with the definition of 
the co angle, e, f Newman projections along the C5-C6 bond with two conformers representing the 
gt conformer, 06  gauche to 05 and trans to C4, and the gg conformation, O6 gauche to 05 and C4, 
of the ¢o angle 
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hol, the ~ angle is measured with reference to the carbon atom next to the primary 
alcoholic group, i.e. to C5 in hexoses. The additional degree of freedom in a 1--6 
linkage is defined by the free rotation of the primary hydroxymethyl group around 
the C5-C6 bond. This conformation is described by the co angle which is defined by 
the atoms O6--C6-C5-O5. In cases where an ambiguity may arise which atom is used 
as a reference atom, a superscript to the Greek letter designating the angle specifies 
the atom that is used as a reference. The three mainly populated conformers of a 
C5-C6 fragment are the staggered conformations which are termed gg, gt, and tg 
respectively (cf. Fig. 1). However, in rare occasions eclipsed conformations may 
also be found as in the X-ray structure of panose where a hydrogen bond causes one 
hydroxymethyl group to adopt an eclipsed conformation [20]. 

2.2 N M R - D e t e r m i n a t i o n  of  Ol igosacchar ide  Conformations  

There is a variety of methods for the determination of the structure of oligosaccharides. 
Different techniques are available for the determination of solution conformations 
and crystal structures respectively. The following section will deal with the most 
frequently used techniques. 

N M R  spectroscopy has developed during the last few years into a very powerful 
method to establish both the conformation of an oligosaccharide in solution and in 
the crystalline state, The solution conformation of a saccharide can be determined 
generally by the combination of 13C-NMR and 1H-NMR techniques. 2-D methods 
became available in the last few years and are prerequisites for the elucidation of the 
three dimensional structure of  an oligosaccharide [7], Both NOE measurements [21] 
as well as "traditional" determination of coupling constants and chemical shifts are 
important tools for the determination of preferred conformations. 2-dimensional 
methods have greatly improved the accessibility of  these parameters from complex 
molecules. 

Determination of NOEs across the glycosidic bond (Fig. 2) represent the most 
important tool for the conformational analysis of the glycosidic bond [8, 21]. As a 
result of  the NOE measurement one obtains an averaged distance between the glyco- 
sidic and the aglyconic hydrogen atoms [22]. Subsequently, this distance can be 
converted into a range of dihedral angles qo and ~ which fit the observed NOE [23]. 

OH 

I ri "ori ! z . . - - o a  

13 -D-Cel lobiose  

Fig. 2. Determination of the NOE 
across the glycosidic bond to esti- 
mate the distance between the two 
protons neighboring the glycosidic 
bond. The distances of the irra- 
diated proton to others within the 
same ring serve as calibrations for 
the interglycosidic NOE 

145 



Bernd Meyer 

Because of the dependence of the NOE with the r-6 the transcription of the observed 
NOE to the conformation of the glycosidic bond is not unequivocally possible. Con- 
formations with a low statistical weight and eventually a large NOE are highly over- 
represented in the time averaged interpretation of the NOEs. An increase in the distance 
of two protons by just 12~ causes the NOE between these two protons to decrease 
by a factor of two. Thus the deduction of a single conformer from NOE experiments 
usually leaves some uncertainty because the determination of the distance between 
the two protons involved overestimates the conformations with short contact between 
them. 

However, if there is not only one NOE across the glycosidic bond but two or more 
the determination of the conformation based solely on NMR spectroscopy becomes 
feasible. The occurrence of several interglycosidic NOEs gives much more precise 
values of the dihedral angles q0 and ~ because the two parameter system of the two 
angles is then determined from two independent NOEs [24]. 

To overcome the problem of the precision of the determination of the conformation 
of the dihedral angle from the NOE measurements it is advisable to support the 
interpretation by the fine analysis of changes in chemical shifts of protons close to 
the glycosidic bond. They will often show marked changes in their values due to a 
change in the preferred conformation [23]. These changes might arise from aniso- 
tropies and/or from the relatively close proximity of a lone pair of an oxygen or 
nitrogen atom. These changes are dependent on r -3 and hence will give in accordance 
with the NOE data a higher reliance of the interpreted conformation. 

Additionally, the determination of the 3J(13C, 1H) coupling constants across the 
glycosidic bond can improve the value of the conformational analysis [25]. These 
coupling constants are directly dependent on just one dihedral angle and would thus 
allow its direct determination. There is a restriction because the 3j(13C, ~H) coupling 
constants vary only slightly with the variation of the dihedral angles of the glycosidic 
bonds [26, 27]. For this reason the two parameters 3Jc, m and 3Jcx ,m are not very 
precise measures of the preferred conformation but support the data obtained by 
other methods. 

In special cases the measurement of the 4J(1H, ~H) coupling constant across the 
glycosidic bond gives useful information for the determination of the conformation ot 
the glycosidic bond. This parameter is --  as well as the NOE --  dependent on two 
dihedral angles which will let the interpretation be ambiguous [28]. Thus, this para- 
meter may just complement other data. 

The determination of the conformation of 1,6-linkages requires that the confor- 
mation of the C5, C6 bond is established, in addition to conformation of  the glyco- 
sidic bond. Besides the standard techniques for obtaining the coupling constants 
interpretation of the cross peak patterns in phase sensitive COSY spectra proved to 
be very valuable [29, 30]. 

Measuring deuterium isotopic multiplet patterns in ~3C-NMR spectra of partially 
OH ~ OD exchanged mono- or oligosaccharides gives information on the acceptor 
or donor function of hydroxygroups in hydrogen bonds [31]. The partially O-deu- 
terated compounds were prepared by dissolving them in a 1 : 1 mixture of H20 and 
D20 dried and subsequently dissolved in dimethylsulfoxide for NMR spectroscopy. 
An analogous way was described using ~H-NMR spectroscopy [32, 33]. 

Recently the analysis of solid state NMR spectra has led to the conclusion that 
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the chemical shift of  the carbon atoms attached to the glycosidic oxygen are strongly 
dependent on the dihedral angles q0 and ~ of the glycosidic bonds. Apparently there 
is linear correlation of the conformation of the C1-O1 and O1-Cx bond over a range 
of approximately 10-15 ppm [34, 35]. A similar correlation was reported from the 
comparison of 13C-NMR chemical shifts and dihedral angles calculated by the HSEA 
method [3@ The regression analysis gave the dihedral angle q~ = 5.3 x AS [ppm] - -  
54.2 and ~ = 5.1 x A5 [ppm] - -  56.9, where A5 is the change in chemical shift caused 
by the glycosylation of CI '  and C4 respectively. 

2.3 X-Ray Analysis 

X-ray analysis gives the best data of the conformation of an oligosaccharide - -  un- 
fortunately in an environment which is not the same as in biological systems, i.e. the 
crystal structure may deviate quite strongly from the solution conformation of an 
oligosaccharide. Furthermore, higher oligosaccharides do not tend to crystallize, 
which may be due to an unfavorable packing of  the structures in the solid state. Until 
now there has been no general way to get single crystals from molecules with more 
than four monosaccharides. 

Nonetheless, there is one macromolecule - -  the Fc fragment of the human IgG 1 
Immunoglobulin - -  with a complex carbohydrate structure attached to it which 
allowed the determination of the decasaccharide conformation down to atomic 
resolution [37, 38] (cf. below). Another system which allowed the resolution of the 
oligosaccharide structure is the rabbit IgG 1 Fc-fragment [39]. 

Some important contributions to the conformational analysis of oligosaccharides 
have come from the determination of the structure of oligosaccharides which form 
complexes with protein. In this context the complex of lysozyme with chitohexaose 
[40] and the phosphorylase complex with maltoheptaose [41, 42] and maltopentaose 
[43] have been resolved to atomic resolution. 

2.4 Optical Spectroscopy 

The optical rotatory dispersion (ORD)/circular dichroism (CD) family of methods 
including the vacuum UV technique are applicable in special cases of glycoside 
linkages [44, 45, 46]. The measurements of the circular dichroism of an oligosaccharide 
is a good indicator of  the conformation of the glycosidic bond if the oligomer contains 
repeating units, i.e. a repeating mono- or disaccharide, and if the effect resulting from 
the glycoside is not overlapped by strong effects of carboxyl- or amido-groups [47]. 
The circular dichroism will generally give cumulative effects of  all glycosidic bonds; 
whereas the above mentioned methods will give distinct information on each in- 
dividual bond. 

2.5 Theoretical Calculations 

The already mentioned difficulties in the experimental determination of the confor- 
mation of glycosidic bonds have provoked high efforts towards calculating the pre- 
ferred conformations of oligosaccharides. There have been many different approaches 
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in the last few years to find solutions to the problem of the computation of oligo- 
saccharides. The range of methods reaches from ab initio methods to simple distance 
restriction maps for the evaluation of the conformation of oligosaccharides. 

The following sections contain a very short description of the advantages and dis- 
advantages of  different calculation methods. A more detailed discussion is available 
[481. 

2.5.1 Ab Initio Calculations 

Ab initio programs are based on molecular orbital theory with the atomic orbitals 
constructed from a number of Gaussian probability functions• One of the vital criteria 
for the precision of the calculation is given by the number of  Gaussian functions 
used (basis set) in the ab initio calculation which describe the atomic orbitals. In 
general, ab initio calculations contain the least amount of  assumptions of  all types 
of programs discussed below. Although the most reliable results would be obtained 
from ab initio calculations of oligosaccharides only very few examples are reported 
in the literature (cf. below). The reason is the long computation time which becomes 
even longer if a full geometry optimization is associated with the calculation. Another 
restriction results from the number of orbitals allowed in the programs. Thus, only 
small representative fragments of oligosaccharides have been calculated by ab initio 
calculations on a high level, with large basis sets. 

2.5.2 Semi Empirical Calculations 

Semi empirical quantum mechanical programs are sometimes used for the calculation 
of oligosaccharides. Mainly the MINDO/3 [491, MNDO [50], and PCILO [51] pro- 
grams are used. From these, only the last two are expected to give accurate results in 
the calculations of oligosaccharides. In fact most calculations are performed with the 
PCILO program (cf. Sect. 2.5.3). The advantage of these programs in contrast to 
the force field programs referred to below is the relative high precision in the deter- 
mination of the geometry of the minimum energy conformers and the additional 
information on electronic parameters of the studied molecule, like the charge distri- 
bution or orbital coefficients. The disadvantage is the long computation time required 
if a full geometry optimization is carried out - -  even for small molecules like di- 
saccharides. 

2.5.3 Force Field Programs 

There are a large number of  different force field approaches published• The following 
section deals only with those programs most frequently used in the calculation of 
oligosaccharides. The other programs deviate from the described ones usually only 
by either the parametrization or the use and/or the weighting of the individual func- 
tions which contribute to the force field. 

The force field approach assumes that it is possible to describe the geometry of a 
molecule by a set of  mechanical equivalents. Changes in bond length are, for example, 
represented by-a modified Hook's  law V(r) = 0.5 x k s x ( r -  r0) 2 for a spring or 
bending of  a bond angle is modelled by a bending potential V B = k B x (0 - -  00) 2, 
where kB, ks, ro, and 0o are parameters that are dependent on the incorporated atom 
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types. However, the most important term in unstrained molecules describes the non 
bonded interactions. Non bonded atoms may have either a repulsive or an attractive 
interaction. Non bonded atoms are attracted to each other if they have a distance 
longer than the energy minimum which is at a distance a little bit shorter than the 
sum of the van der Waals distances of the two atoms. The non bonded interactions are 
approximated by Kitaigorodsky, Lennard-Jones, or Buckingham potential functions. 
Additionally, certain stretch-bend and torsional potentials may be used. Dipol-dipol 
interaction energy, hydrogen bond potentials, and partial atomic charges are some- 
times included in the total energy. These functions have the problem that their eva- 
luation requires a assessment of the dielectricity constant at a distance of a few solvent 
molecules. However, the dielectricity constant is inadequate because it is defined for a 
particular solvent only at a distance of many solvent molecules, where the orientation 
of any individual solvent molecule is unimportant. In contrast, usually dipols or 
partial charges which contribute a significant portion to the energy are only separated 
by some highly oriented solvent molecules. 

The MM2 program [52] is by far' the most widely used force field program in the 
area of hydrocarbon or moderately polar molecules and numerous publications have 
demonstrated its usefulness. Still the anomeric center had not until recently been 
properly defined by the force field parameters. Now there are parameters available 
which include the proper treatment of acetal fragments and hence reproduce the 
anomeric as well as the e x o  anomeric effect accurately [53]. Due to the full optimization 
of the geometry the MM2 program can treat only a limited number of atoms. 

An extension of the MMI program [54] developed by Jeffrey et al. [55] is named 
MMI-CARB. This version is also adapted to the special situations which are found 
in oligosaccharides and reproduces the geometries of  a number of model glycosides 
well. 

A series of  simplified force fields was created by Rasmussen et al. [56, 57]. The 
PEF400 [58] and PEF300 (potential energy function) and variants here of are used for 
the calculation of  disaccharides and monosaccharides (cf. below). The parametri- 
sation of this force field program includes atomic charges which (in variant PEF422) 
differ for the anomeric carbon and the other carbon atoms. The parametrization is 
obtained from ab initio calculations. 

A simplified force field is developed by Lemieux et al. [23, 24] who established the 
secondary structure of oligosaccharides by the calculation of the non bonded inter- 
actions between the monosaccharide constituents of a disaccharide. In order to ac- 
count for the exo anomeric effect an additional term is included in the force field 
calculation that rules the rotameric distribution at the C1-O 1 bond of the glycosidic 
linkage EEA (kcal/mol) = A x (1--cos qo) + B x (1 - -  cos 2q~) + C x (1 - -  cos 3q0)+ 
D. Parameters for this potential function which is different for the ~ (A = 1.58, 
B = --0.74, C = --0.70, and D = 1.72) and the l3 anomer (A = 2.61, B = --1.21, 
C = --1.18, and D = 2.86) are obtained from ab initio calculations of dimethoxy- 
methane [59]. The conformations of the pyranose rings are kept at their fixed geometry 
as established by X-ray or neutron diffraction studies. This approach was justified by 
a large number of  NMR spectroscopic studies which demonstrated that there is no 
change in the conformation of the pyranose rings. Exceptions to this rule are known 
only for the conformationally labile iduronic acid (cf. below). This simple procedure 
yields very reliable minimum energy conformations when compared to experimental 
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data in solution or in the crystalline state [8]. The mapping of the disaccharide bonds 
allows an estimation of the conformational flexibility of the glacosidic bond. 

An extension to this procedure for the calculation of simpler oligosaccharides was 
made by the introduction of the GESA program, which uses the same potential energy 
functions but allows the simultaneous relaxation of all relevant parameters at the 
same time [60]. This feature is of great importance in the calculation of linear oligo- 
saccharides with 1-6 linkages and specially branched oligosaccharides. 

2.5.4 Molecular Dynamics Calculations 

A completely different method for assessing the favoured conformation is the mole- 
cular dynamics calculations [61, 62]. Until now only a few molecules have been 
calculated using this approach [63, 64, 65, 66] (cf. below). Recently a modified set of 
potential energy function based on the CHARMM force field has been published 
[67]. The usual problem in the optimization procedure utilized by all the programs 
mentioned above is the uncertainty whether the global minimum has been found yet 
or whether the located energetically favored conformations are just local minima 
with an energy above the global one. This particular problem is tackled in a different 
way by the molecular dynamic calculations. Using one of the potential functions as 
described above in the force field section, the minimum energy of a molecule is deter- 
mined by simulating the thermal motion of the molecule in very short intervals in the 
femtosecond range. This requires that Newton's equation of motion be solved numeri- 
cally. At the beginning of the calculation, all atoms are assigned random velocities and 
directions of motion. The magnitude of the velocities determines the temperature of 
the system. The next conformation of the molecules is evaluated by considering both 
the current motion of the atoms and the forces from the force field by which the atoms 
are held together. The trajectories of the molecular parameters are then followed 
over a certain period of time (usually several picoseconds). This allows the dynamics 
of molecular motion to take place in the computer. Using this procedure even higher 
energy varriers can be passed if a sufficiently high (artificial) temperature is selected 
at the beginning of the process. Thus, the general problem of finding the global mini- 
mum is attacked by following the conformational motion of the molecule over a 
period of time under the assumption that the minimum energy conformer will be 
adopted by the molecule due to Boltzmann's law. Molecular dynamics calculations 
have produced outstanding results for proteins where a huge number of  minima 
prohibits standard forve field calculations to find global minima. However, in oligo- 
saccharides we find a fairly different situation with many fewer individual minima and 
many fewer degrees of freedom. 

3 Calculation of Small Fragments Related to Oligosaccharides 

Jeffrey et al. have calculated the energy of  several conformations of dimethoxymethan 
as these are representative examples for the glycosidic bonds in ct- or ]3-anomers 
(cf. Fig. 3) [59].-The calculations were carried out on the RHF/4-31G level. The ob- 
tained potential energies for the conformations of 0 °, 90 °, 180 °, and 270 ° dihedral 
angles respectively revealed the presence of a strong e x o  anomeric effect in acetal 
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moieties. Calculations on the most advanced 6-31 G* level for dihydroxymethane [59] 
revealed a principal confirmation of the former calculations with respect to the ener- 
getical order of the staggered conformations found at the 4-31G level [68] but with de- 
creased energy differences between the individual staggered conformations. 

Calculations of the conformations of l-O-acylacetalfragments - -  methoxymethyl- 
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formate and methoxymethylacetate - -  on the RHF/4-31G level (cf. Fig. 4) showed 
the presence of two minima with respect to the q~-angle ( H I - - C - - O - - C )  of 90 ° and 
180 ° respectively [69]. The conformations at (p = 180 ° are lower in energy than those 
with (p = 90 °. The values of the (p-angle in X-ray crystal structures of  co- and 13- 
glycosidic acylated structures range from 70 ° to 120 ° with an average of the absolute 
value ofq~ = 90 ° for both the ct- and the [3-anomer. The deviation in the experimental 
value and theoretical prediction of the (p-angle is explained from the differences 
between a real pyranose ring and the models used. P yranoses have the C2 of the ring 
at the position where the model compound only has a hydrogen atom. 

Using the same level of approximation calculations on 1-methoxyethanol and 1,1- 
ethanediol [70] showed that the conformations following the e x o  anomeric effect are 
those with the lowest energy and thus supported the explanation given above for the 
discrepancies resulting from the lack of a C-2 atom in the calculation of the 1-O-acyl 
fragments. 

It has recently been pointed out that the bond angle X - - C - - Y  in the X-ray structures 
over wide range of heterocyclic acetals is larger than the tetrahedral angle if the 
exocyclic substituent X is axial and thus obeys the anomeric effect whereas the bond 
angle is smaller than the tetrahedral angle if the e x o  cyclic substituent is equatorial [71]. 
Glycosides with simple alcohols show values of 112 ° for ~-anomers and 108 ° for 13- 
anomers; in glycosides the angles are 113.5 ° for s-glycosides and 111.8 ° for 13-glyco- 
sides. These changes are in accordance with the interactions of MOs which are used 
to explain the anomeric effect. Ab initio calculations on the STO 4-31G vasis set are 
used to show that the effects can be quantitatively reproduced. 

The e x o  anomeric effect was described as being more dependent on the solvent 
for a 13-anomer than for an <x-anomer [72]. A solvent which can donate hydrogen bonds 
to the ring oxygen like water will strengthen the e x o  anomeric effect. 

4 Conformational Aspects of Mono- and Disaccharides 

4.1 Monosaccharides 

In many force fields, the conformation of the pyranose ring is not varied. Thus, the ring 
structures of  the monomers are not included in the optimization procedure. Some 
force field programs and the semi empirical programs optimize the ring geometry in 
addition to the interglycosidic bonds. Some of these data will be referred to in the 
following section. 

The conformation of D-Glucose was calculated by Rao et al. using a potential 
energy procedure [73]. The pseudo rotation energy map of the ring was calculated to 
find the local and global minima for e-D-glucose and 13-D-glucose respectively. The 
authors conclude that the glucose may undergo changes in its ring conformation with 
a rotation of up to 10 ° in the dihedral angles but with almost no change in energy. The 
1C4-conformation is calculated to have a higher energy content of  approximately 
3 kcal/mol more than the 4C1-conformation. The anomeric ratio of  many aldoses 
along with the preferred ring conformation were calculated [74]. The agreement with 
experimental data is generally good except for D-galactose where the calculation gives 
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0q[3 = 43/57 and the experimental value in water is 27/73. Differences caused by the 
solvation of glucose are not considered in the calculation. Therefore, the result must be 
due to a parametrisation, which mimics the solvation effect by water quite accurately. 
Rasmussen [56, 75] calculated S-D-glucose and [3-D-glucose with the PEF series of 
force fields. The anomeric ratio of D-glucose could be predicted within experimental 
error. 

The semi empirical quantum chemical calculations of N-acetyl-[3-D-glucosamine 
and N-acetyl-13-D-muramic acid [76, 77] have been use& to determine the orientation 
of the side group. The results from the empirical potential energy calculations [78] 
are compared to the CNDO, PCILO, and MNDO results. It turned out that the dif- 
ferent methods for calculating the preferred conformations gave quite different rela- 
tive energies for the conformers. Generally, the PCILO energy agrees better with the 
empirical results than the CNDO or MNDO energies do. The conformation of the 
N-acetyl group is in accordance with the experimentally obtained conformation. The 
6-hydroxymethylgroup is calculated to adopt only the tg orientation in the preferred 
conformations that are not present in solution within experimental error as deter- 
mined by NMR spectroscopy [29]. PCILO calculations suggested that the N-acetyl 
group is important to the conformation of a neighboring 13-(1-40 bond [79]. 

The MD (molecular dynamics) simulation of o-glucose using the parametrization 
of the PEF422 force field was made [63, 64]. The dihedral angles describing the ring 
conformation are in good agreement with the experimental values. On the other hand, 
the orientation of the 6-hydroxymethyl group is not properly represented by the force 
field. It is calculated to be mainly in the gt conformation, never in the gg and ap- 
proximately 25 % in the tg conformation. This phenomenon is thought to be so be- 
cause the hydrogen bond between OH-6 and 0-4 is formed in vacuo more easily than 
in water. However, this does not account for the lack of the gg conformer. 

4.2 Disaccharides 

This section will present only a short selection from the numerous reports on the 
conformation of disaccharides. Maltose, for example, has attracted a lot of interest 
with numerous papers dealing with its conformational properties of which only a 
few have been selected. 

An ab initio calculation with a minimal basis set of  both ¢t- and [3-gtucopyranose 
as well as [3-maltose results in the correct prediction of the energetical order of the 
two glucose anomers as well as the two conformations of [3-maltose [80]. But the less 
favored conformer contains an energy which is higher by a factor of approximately 6 
compared to the results of the FF300 calculation (cf. below). 

Evaluation of the coupling constants 3j and 3j in dependence of the CA-, HI" CI ',/-14 

solvent was used to demonstrate changes in the conformation of the glycosidic bond 
in going from polar solvents (water) to unpolar solvents (dioxane) [81]. In order to 
be able to determine the coupling constants from the 13C-NMR spectra methyl-[3- 
maltoside was C-deuterated at positions 2, 3, 6, 2', 3', 4', and 6'. The coupling con- 
stants were measurectin D20  , DMSO-d 6, and dioxane-d s and changed from 3Jc4,m, = 
4.0 Hz (water) to 4.3 Hz (dioxane) and 3Jcv,n4 = 4.5 Hz (water) to 5.3 Hz (di- 
oxane) respectively. These changes were rationalized using a solvation model for 
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maltose [82] with four different conformations.  The conformations used are cha- 
racterized by their to/~ values o f -  10°/5 °, - -20° / - -15  °, - -40° / - -30  °, and --30°/160 °. 
The changes in the population of  these four conformers  were predicted to be up to 
15 ~ when the solvent is changed f rom water to dioxane. The experiment supported 
this calculation. 

Rasmussen et al. [83] have described the calculation of  [3-o-maltose using the 
PEF300. They obtained four minima within 5 kcal/mol characterized by the angles 
(p/~ o f - - 2 1  °/--24° (0.4 kcal/mol), 17°/19 ° (1.0 kcal/mol), - -66° / - -43  ° (1.5 kcal/mol), 
and - -29° / - -168  ° (2.0 kcal/mol). The energetically most favored and that with the 
highest energy correlate quite well with the calculation by Tvaroska [82] mentioned 
above. 

Lipkind et al. present their calculations of  the conformational  mot ion of  maltose 
[84, 85] based on the assumption that only non bonded interactions and a torsion 
potential around the glycosidic bond are necessary to describe the energy of  a glyco- 
side. They conclude that for maltose there are four conformers with to/~ - -70° / - -35  ° 
(60~) ,  - -20° / - -10  ° (27~) ,  300/25 ° (10~) ,  and - -30° / - -160  ° (3~) .  The authors 
point out t h a t  3Jc, H coupling constants are better described by this four state approach 
than by a single conformation.  

These findings are in contrast  to the X-ray structures obtained so far  from maltose 
derivatives which all show dihedral angles close to - - I 0 ° / - - t 0  °. The complex of 
maltoheptaose with phosphorylase A also shows these particular conformations of  the 
glycosidic bonds to be to = - -  15 ° and ~ = - -15 ° at the ends and tO = - -40  °, ~ = - -3  ° 
or (p = - -15 °, ~ = --35 ° in the middle of  the chain [42]. 

Methyl-13-D-lactoside was studied for its conformational  preferences [86]. 13C- 
enriched lactosides were synthesized enzymatically and then analyzed by 13C- and 
1 H - N M R  methods. From coupling constants 3Jc4 m, = 3.8 Hz a n d  3Jc2 CA.' = 3.1 Hz 
the angle tO is determined to approximately 40 ° and from 3Jcl,r w = 4.9 Hz, 3 J c l , c  3, = 

= 0 Hz, a n d  3Jcl ,c s, = 1.6 Hz the angle ~ is determined to approximately 15 °. 
Cellobiose is also in the focus of  interest with respect to its conformational  features. 

Rasmussen et at. [87] used the PEF300 force field program and they calculated for 
13-D-cellobiose five conformers at the glycosidic bond within 3 kcal/mol, namely 

Fig. 5. Conformation of cellobiose from X-ray crystal structure analysis as a space filling stereo plot'. 
The reducing end is to the right 
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~p/~ = 51°/0 ° (0.4kcal/mol), --10°/--29 ° (0.9kcal/mol), 164°/5 ° (1.3 kcal/mol), 
21°/172° (1.9 kcal/mol), and 67°/--157 ° (2.8 kcal/mol). 

Tvaroska showed in a model calculation of the solvation of these conformations 
of 13-cellobiose that in water the conformer with (p = 51 ° and ~ = 0 ° is the most 
preferred one [88]. This one is close to the X-ray crystal structure conformation. The 
calculated populations of the five conformers change quite a bit in going from a polar 
solvent (water) to an unpolar one (dioxane). 

An extensive N M R  study of various 1,4-1inked disaccharides with O and L-mono- 
saccharides mixed in disaccharides has been performed [89]. Two different groups 
of disaccharides were defined, one containing p-DE-, ~-LD-, and Ct-DD-disaccbarides 
and the other containing O~-DL-, Ct-LD-, and l~-Do-disaccharides. Each group of di- 
saccharides exhibits specific changes in chemical shifts due to glycosidation of the 
hydroxygroup-4 which are different between the groups. The changes in chemical 
shifts were correlated to the preferred conformation of the disaccharides obtained by 
HSEA calculations. The results were used to predict the 1H-NMR and laC-NMR 
chemical shifts of  1,4-linked polysaccharides. 

Lipkind et al. [85, 90] used their above mentioned procedure to calculate the con- 
formations of  methyl-I~-cellobioside conformations with (p/~ of 30°/--40 ° (39 ~) ,  
550/20 ° (38~),  --20°/--25 ° (10~o), and 30°/175 ° (13~o). They support their cal- 
culations with the 3Jc, H coupling constants across the glycosidic bond. Although 
these authors use a torsional potential around the glycosidic C1-O1 bond, they as- 
sume that the e x o  anomeric effect does not exist. This was later criticized by Lemieux 
et al. [72] (cf. below). 

The proposal of a conformation at the glacosidic bond with an upside down orient- 
ation of the two monomeric constituents has its support from experimental data of 
completely different origin. Thiem et al. were able to show that the kinetic isopropyli- 
denation of cellobiose in refluxing pyridine yields an isomer in low yield which has 
the glycosidic bond fixed via an isopropylidene bridge across the rings from OS' to 
06. This implies an upside down orientation of both rings compared to its normal 
conformation [91, 92]. 

Cellobiose octaacetate and 1,6-Anhydro-13-cellobiose hexaacetate are compared 
with respect to their glycosidic conformation [93, 94]. For ceUobiose octaacetate it 
was concluded that the conformation in solution is close to that one determined by 
X-ray crystal structure analysis to ~p = 45 ° and ~ = 16 ° (Fig. 5) whereas the 1,6- 
anhydro derivative is demonstrated by use of NOEs, relaxation data, and coupling 
constants 3Jc,rt to adopt torsional angles of q~ = 25 ° and ~ = 45 ° respectively. 

The conformation of sucrose and the hydrogen bonds in aqueous solution are 
analyzed via HSEA calculations and N M R  spectroscopic studies [95, 96]. It  was found 
experimentally that the Cl-hydroxymethyl group of the fructose shows a strongly 
hindered rotation due to a hydrogen bond between Olfr c and O2~c. These observ- 
ations are in full agreement with the conformation calculated by the HSEA approach. 
The direct experimental proof for the hydrogen bond was obtained by the isotopic 
shifts using a DEO/H20 solvent mixture. The dihedral angles for the calculated 
minimum energy conformer are q0 = --20 ° and ~cl-frc = 80 ° (Fig. 6). This study 
was later confirmed by a determination of the 13C-NMR relaxation rates [97]. 

Gentiobiose octaacetate was analyzed by N M R  spectroscopy and HSEA cal- 
culations [98]. The calculations were performed with the conformations of the hydro- 
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Fig. 6. Conformation of sucrose as obtained by HSEA minimization of the conformational 
energy in a space filling stereo plot. The 13-D-fructosyl residue is to the front 

xymethyl group o f  the reducing glucose fixed to - -60  ° (gg) and 60 ° (g t )  respectively. 
The values for the cp = 55 ° and ~ - 190 ° were the same for both conformations of  
the co-angle (cf. Fig. 7), the X-ray data are ~0 = 61 °, ~ = 205 °, andco = - -60  ° [99]. 
These conformations were shown to be consistent with a number  o f a H - N M R  para-  
meters. A previous force field calculation had yielded the dihedral angles q~ = 64u, 

= 120 °, and cp = - -60  ° where especially the ~-angle deviates from the X-ray struc- 
ture [100]. 

Ohrui et al. [101, 102] greatly facilitated the accessibility of  stereospecifically C6- 
deuterated hexoses with a new short and efficient synthesis. These compounds  can be 
utilized to study the conformer equilibrium at the C5-C6 bond with high accuracy, 
because of  the unambiguous assignment of  the coupling constants to the protons pro-S 
H6 and pro-R H6 and because of  the smaller loss o f  magnetization from the enhanced 
proton H6 to the other in an N O E  experiment (cf. below). 

Galactobiose,  I3-D-Gal-(1-6)-[3-D-Gal, was shown by PEF300 and PEF400 cal- 
culations to be very flexible around the glycosidic bond [103]. The differences bet- 
ween the PEF300 and PEF400 force field programs led to quite different sets of  
populat ions of  the individual conformers.  In the PEF300 calculation there is an 
approximately equal distribution of  the 13 conformers whereas the PEF400 calcul- 
ation yields only four significant populated conformers.  F u r t h e r m o r e  the" highest 
populated conformer  in the PEF400 violates the e x o  anomeric  effect and has the 6- 
hydroxylmethylgroup of the reducing galactose in the unfavored g g  conformation,  
it is described by cO = 159 °, t~ = - -115 °, and co = - -53 °. This one is chosen to model 
the interaction between the immunoglobulin AJ539 and the polymer galactan [104]. 
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Fig. 7a, b. Conformations of gentiobiose, [3-D-Glc-(1--6)-D-Glc, from HSEA optimization of the 
conformational energy with the ~-angle at the reducing glucose fixed to a the gg (--60 °) and b the gt  
(60 ° ) conformation respectively as space filling stereo plots. The reducing end is to the right 

In a detailed analysis of  the 13C-NMR chemical shifts o f  several 1-1'-glycosides 
Pavia et al [105] have demonstrated the importance of  the e x o  anomeric effect to rule 
also the conformations of  these non reducing disaccharides. 

Various analogs of  disaccharides have been synthesized where the glycosidic oxygen 
is replaced by a CH2-grou p [106, 107, 108, 109]. Analogs o f  cellobiose, gentiobiose, 
isomaltose, and simple methyl glycosides were studied. The analysis o f  their con- 
formation in solution was performed by 1H-NMR spectroscopy. Due to the CH 2- 
group instead o f  an oxygen the preferred conformation can easily be studied by ana- 
lysis of  the coupling constants across the pseudo glycosidic bond. It was concluded 
that the conformation of  the C-glycosides follows the conformation of  the normal 
disaccharides - -  even for the 1,6 linked pseudo disaccharides which show an extended 
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zigzag conformation along the in~erglycosidic bond. The importance of 1,3 diaxial 
interactions in adopting preferred conformations was emphasized [106]. The ge- 
neralization, however, that stereoelectronic effects are not the "major effects ruling 
the conformation of glycosides, seems to be too straight forward: 1) The additional 
hydrogen atoms at the CHz-group are strongly favoring the staggered conformation. 
2) In simple disaccharides, the exo anomeric effect does not change the conformation 
which would be adopted, due to only steric interactions and, the effect narrows only 
the potential well and becomes more important in case of compiex oligosaccharides 
where steric factors are less favorable in the conformation which follows the exo 

anomeric effect [110]. 

5 Blood Group Antigens 

Blood group antigens are the first compounds studied with respect to their con- 
formation both by NMR and computational methods [23, 24]. In the meantime a 
variety of studies have appeared on the preferred conformations of these antigens. 

~-L-Fue- 1-2)-13-D-GaI-(I-3)-I$-D-GlcNAc-(1-3)-13-D-Gal 

H-determinant type I 

13-D-GaI-(I - 3)-I3-D-GlcNAc-(I-3)-13-D-Gal 
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~-L-Fuc 

Leb-determinant type II 
Y-determinant (without the reducing 13-D-Gal) 

C~-L-Fuc-(I-2)-]3-D-Gal-(1-4)-13-D-GIcNAc-(I-6)-13-D-Gal 
3 3 
I I 

a-D-GalNAc C~-L-Fuc 

A-determinant type II 

C~-L-Fuc-(l-2)-8-o-Gal-( I-4)-I3-D-GIcNAc-(I-6)-13-D-Gal 

~-D-Gal ~-L-Fuc 

B-determinant type II 

Lemieux et al. [23, 24] have demonstrated the powerful capabilities o f  the confor- 
mational analysis of  blood group determinants by HSEA calculations in combination 
with N M R  analyses. The terminal trisaccharide o f  the B-antigen 0~-e-Fuc-(1-2)- 
(~D-Gal-3)-I~-D-Gal was shown by N M R  spectroscopy to adopt a conformation which 
is the same as obtained from the HSEA calculation. F rom the 1H-NMR NOEs,  
1H-NMR relaxation times, and an interpretation of  the differential chemical shifts 
it was concluded that the e x o  anomeric effect is a very important factor for the pre- 
diction of  the conformation of  oligosaccharides. Negation of  this factor would lead to 
a shift in the conformer equilibrium towards smaller ~0 angles. The <p and ~ angles 
describing the B-trisaccharide are Ct-L-Fuc-(1-2)-13-D-Gal 550/20 ° and Ct-D-Gal-(1-2)- 
13-D-Gal - -650/--50 ° for the conformer with an energy of  --3.16 kcal/mol (cf. Fig. 8). 
A second conformation with an energy contents of  --2.02 kcal/mol was found to be 
present which differed in the conformation of  the 0C-D-Gal-(1-3)-13-D-Gal linkage 

Fig.  8. ConformaIions of the terminal B-trisaccharide of blood group antigens, 0~-L-Fue(1-2)-[0C-D- 
GaI-(1-3)-]-13-D-Gal from HSEA optimization of the conformational energy as space filling stereo 
plots. The reducing end is to the right 
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Table 1. Calculated dihedral angles qo and ~ using the HSEA approach [23] 

Type I: 
~-D-Gal-3 C t - L - F u c - 2  [3-D-Gal-3 Ct-L-Fuc-4 13-D-GIcNAc-3 

Le a 55 o/10 ° 55 °/25° 
H 50°/10 ° 60°/10 ° 
Le b 45°/15 ° 55°/10 ° 550/25 ° 
B --65°/- -50 ° 55°/20 ° 55°/10 ° 55°/25 ° 60°/--10 ° 

Type I!:  
Ct-D-Gal-3 et-L-Fuc-2 [3-D-Gal-4 C t - L - F u c - 3  [3-D-GIcNAc-6 

X 55°/10 ° 55°/25 ° 
H 55°/15° 55°/0° 
Y 50°/10 ° 55°/15 ° 50o/25 o 
B --65°/--55 ° 50°/15 ° 55°/10 ° 50o/25 ° 50°/130 o 

with ~ = --30 ° and ~ = --45 °. The HSEA calculation of the blood group related 
antigens is summarized in Table 1. 

The problem of the flexibility of the 1-6 glycosidic link in the type II oligosaccha- 
rides was approached by the synthesis of the [3-D-Gal-(1-4)-~-D-GlcNAc-(1-6)- 
(6-C-CH3)q3-D-Gal trisaccharides with R and S configuration at C-6 of the reducing 
galactose, respectively [110]. As mentioned above the C5-C6 bond is the primary 
source for the flexibility of 1-6 linked glycosides. In the case of the ~-D-GlcNAc- 
(1-6)-]3-D-Gal disaccharide there is a large variety of conformations within 0.5 kcal/ 
mol for all possible staggered conformations around the c0-angle. It could be shown 
that by stabilizing the tg-conformer through the additional C-7 methyl group, the 
D-epimer proved to be a good inhibitor of the anti-I Ma monoclonal antibody whereas 
the L-epimer is not. In fact, the D-epimer is a better substrate than the native oligo- 
saccharide with D-galactose [111]. 

Rao et al [112, 113] have used a Scheraga potential [114] modified with electrostatic 
contributions [115]. The dihedral angles defining the minimum energy conformations 
are listed in Table 2. It was shown that different antigens of  the same class but dif- 
ferent type adopt a very similar overall shape and differ mainly in the orientation 
of the central [3-D-GIcNAc residue. This feature is used to explain the cross reactions 
of the type I and type II 'antigens in certain sera. Generally the type II antigens have 
a much higher degree of conformational freedom as is evident from the high number 
of minima. Predominantly these minima are due to the flexible 1-6 bond between 
the I3-GlcNAc-(1-6)-I3-Gal. For many glycosidic bonds an agreement of the con- 
formations obtained in this work with those from the experimentally verified HSEA 
calculation named is found. In a few cases, steric crowding leads to conformations 
with (p angles which contradict the exo anomeric effect. Furthermore, the conforma- 
tions of the ~-L-fucosyl residues are calculated to have different angles. 

The solution conformation of the trisaccharide from the non reducing end of  type II 
antigens was determined using 13C-NMR coupling constants of 13C-enriched 
synthetic oligomers [116, 117]. Using 3j and 3j coupling constants the con- C,C C,H 
formations of the 13-D-Gal-(1-4)-13-D-GlcNAc glycosidic linkage to q~ = 60 ° and 

= 15 ° and the 0t-L-Fuc-(1-2)-13-o-Gal glycosidic linkage to q~ = 55 ° and q = 0 °. 
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Table 2. Calculated conformation of the blood group antigens using the modified Scheraga potential 
[97, 98] 

Type I: 
et-o-Gal-3 
o r  

~-D-GalNAc-3 

Ct-L-Fuc-2 13-D-Gal-3 a-L-Fuc-4 I]-D-GlcNAc-3 

H 40o/24 ° 59°/9 ° 54°/15 ° 0.0 
Le" 59°/15 ° 320/220 55°/15 ° 0.0 

64°/1 t ° --200/--29 ° 55"/15 ° 0.3 
Le b 35°/24 ° 60°/12 ° --22°/--30 ° 55°/15 ° 0.0 
A --65°/--57 ° 40°/25 ° 59°/9 ° 54°/15 ° 0.0 
B --650/--57 ° 40°/25 ° 59°/9 ° 54°/15 ° 0.0 

28°/8 ° 40°/25 ° 59°/10 ° 54°/15 ° 0.5 
H 39°/24 ° 57°/--1 ° 51°/--65°/--59 ° 0.0 

40°/24 ° 57°/--1 ° 56°/--50°/--174 ° 0.6 
Le a 59°/I1 ° --220/--26 ° 51°/--65°/--60 ° 0.0 

56°/12 ° --220/--27 ° 56°/--50°/180 ° 0.6 
Le b 40°/23 ° 61°/11 ° --23°/--26 ° 51°/--65°/--60 ° 0.0 

40°/23 ° 61 °/11 o --23°/--27 ° 56°/--50°/180 ° 0.6 
A --640/--57 ° 40°/25 ° 57°/--2 ° 51 °/--64°/--59 ° 0.0 

--650/--56 ° 40°/25 ° 57°/--1 ° 56°/--51°/--175° 0.6 
B --65°/-:-56 ° 400/25 ° 57°/--1 ° 52°/ - -64° / - -60  ° 0.0 

290/8 ° 40°/25 ° 57°/--1 ° 51 °/--64°/--61° 0.4 
--650/--57 ° 400/25 ° 56°/--1 ° 57°/--49°/--176 ° 0.7 

These  exper imenta l  da ta  suppor t  the values ob ta ined  f r o m  the ca lcula ted  dihedral  
angles o f  va r ious  sources. 

Analys is  by 1 H - N M R  techniques  and  different  ca lcu la t ion  me thods  by Bush et  at. 

[118] showed  that  the m i n i m u m  energy c o n f o r m a t i o n  ob ta ined  by the  Hopf inge r  

po ten t ia l  as well  as the H S E A  potent ia l  descr ibed the exper imenta l  da ta  for  the  ter- 

mina l  A - b l o o d  group  te t rasacchar ide  very  well, whereas  the modi f ied  Scheraga  po-  

tent ial  did no t  reproduce  the exper imenta l  da t a  - -  N O E  and  longi tudina l  re laxat ion  

t imes - -  adequate ly .  T h e  glycosidic b o n d  o f  fucose  showed  ca lcula ted  and  experi-  
menta l  va lues  o f  t o = 60 ° and ~ = 10 ° and that  o f  N-ace ty l -ga lac tosamine  showed 

to = - - 7 0  ° and  ~ = - - 4 0  °. 
Us ing  the  modi f i ed  Scheraga po ten t ia l  [119], the c o n f o r m a t i o n s  o f  several  ol igo-  

saccharides  re la ted to  b lood  group substances  were calcula ted and  the c o n f o r m a t i o n s  
c o m p a r e d  with  the results f rom N M R  and  C D  spectra [120]. The  N O E s  depend 

s t rongly on  the t empera tu re  which is caused by different  cor re la t ion  t imes  (xc) o f  
the individual  monosaccha r ide  const i tuents  o f  the o l igosacchar ides  and no t  due  to a 

change  o f  the preferred con fo rma t ions  with tempera ture .  The  ca lcula ted  dihedral  

angles for  the  H- type  I and  type II di- and  t r isaccharides are  shown in Tab le  3. Dis tan-  
ces ca lcu la ted  f r o m  N O E  da ta  across the glycosidic  bonds  were  used to  verify the 

calcula ted s t ructures  which are in g o o d  agreement  with the exper imenta l ly  deter-  

m ined  c o n f o r m a t i o n s  o f  the c o m p o u n d s  in solut ion.  The  da t a  ob ta ined  in this s tudy 

are s imilar  to those p roposed  earl ier  [24]. The  C D  da ta  in con junc t ion  wi th  the 

3J~H_N_C_ m coupl ing  cons tan t  o f  the amide  g roup  were  used  to show the  ra ther  
r igid t r a n s  or ien ta t ion  o f  the  N - H  bond  and  the C 2 - H 2  bond.  La te r  Bush  et  al. [121] 

con f i rmed  tha t  the  previously  establ ished [23, 24] c o n f o r m a t i o n s  do  no t  change  when 
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Table 3. Calculated dihedral q~ and ~ angles for the H-type I and II di- and tri- 
saccharides [120] 

Fuc-Gal GaI-GlcNAc 

50°/10 ° ~-L-Fuc-( 1-2)-I]-D-Gal 
~-D-GaI( 1-3)-I3-D-GlcNAc 
[3-D-GaI-( 1-4)-13-~GIcNAc 
at-L-Fuc-(1-2)-13-D-Gal-(1-3)-13-D-GIcNAc 
~-L-Fuc-( 1-2)-13-D-GaI-( 1--4)-13-D- GIcNAc 

5OO/lO o 
70°/10 o 

40°/20 ° 50°/10 ° 
300/30 ° 60°./10 ° 

blood group H and blood group A oligosaccharides are studied by NMR in non 
aqueous solution. 

A large number of  synthetically prepared variants of several blood group substanes 
were analyzed with respect to their minimum energy conformations. The goal of these 
studies was to determine the specificity of the binding of the antigens to lectins or 
monoclonal antibodies. It was shown by Lemieux et al. [122, 123, 124, 125, 126, 127] 
that the correlation between the minimum energy conformation and the binding 
properties of  the antigens can be explained by the relative size and the orientation of 
hydrophobic and hydrophilic epitopes on the surfaces of these molecules. Only the 
6-hydroxymethylgroup orientation has to be changed from the preferred conformation 
in solution to the bound state to explain the experimental cross reaction data of the 
chemically modified antigens. 

6 N-Type Oligosaccharides of Glycoproteins 

N-type oligosaccharides form a large family of differently branched oligosaccharides 
with a common core structure linked to asparagine residues. A representative formula 
of the bisected tetraantennary complex type structure is given below. Most of the 
discussion in this section will focus on complex type oligosaccharides. The sugar units 
of the complex type oligosaccharides will be numbered by italic numerals in this sec- 
tion following the scheme below. 

B-D-GaI-(I-4)-13-D-GIcNAc 
8' 7' ~ 6  

13-D-GaI-( 1-4)-[3-D-GIcNAc-( l -2 ) - a -D-Man\  

6' [5"°-GaI'45'-13"D'GIcNAcJ4' ~ 6  
13-D-GIcNAc-( 1-4)- [3-D-Man-( I-4)-13-D-GIcNAc-(1-4)-13-D-GIcNAc-Asn 

13-D-GaI-(I-4)-13-o-GIcNAc ~-L-Fuc 
1' 8 7 ~ 6  

13-D-GaI-(I-4)-13-o_-GIcNAc-(1-2)-~-D-Man 
6 5 4 

Bisected Pentaantennary N-linked Oligosaccharide 
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The terminal lactosamines of these structures may be present more than once and 
may carry neuramic acids at the terminal end. This family of structures has attracted 
a lot of interest with respect to their conformation during the last years because they 
are major constituents in glycoproteins. An important question is the interaction 
of these oligosaccharides with the protein part. 

A large number of data is available which proves indirectly the conformational 
influences of substitution patterns at a monosaccharide. The concept of structure 
reporter groups for the elucidation of the structures of complex oligosaccharides using 
NMR spectroscopy has been shown to be extremely valuable [128]. An analogous 
treatment of carbon spectra has been described [129, 130]. The carbon as well as the 
proton spectra show very specific changes in the chemical shifts which are dependent 
on the type and pattern of substitution by other glycosidic bonds. This, in turn, can 
only be indicative if there is a certain preferred conformation of the particular frag- 
ment which remains undisturbed by remote changes in the branching pattern. 

6.1 The N-Glycosidic Bond 

1-N-Acetyl-13-o-glucopyranosylamine was analyzed as a model compound for the 
N-glycosidic bond [131]. It was shown by X-ray structure analysis and CD spectra 
that the H1 and the amide proton are t rans  oriented. This is the same orientation as 
previously described for crystalline 13-D-GlcNAc-N-Asn[132, 133]. A force field 
calculation of the 13-D-GlcNAc-N-Asn fragment carrying an asparagine residue with 
an N-methylamide at the carboxylgroup and a N-acetyl functional group at the amine 
group [134] resulted in many different conformations of the asparagine residue both 
with a cis and a trans relationship between the H1 and the amide proton. These cis 
or trans conformations are not ideal but twisted by approximately 30 ° from the peri- 
planar arrangement. 

A circular dichroism measurement along with the determination of the coupling 
constants of  the amide proton with the H1 proton of the chitobiose gives evidence that 
a t rans  orientation is also adopted in larger complex type oligosaccharides linked to 
asparagine [135]. Because the individual contributions of the different amides are 
independent from one another in the circular dichroism of  these oligosaccharides, it is 
suggested that no interections between the amide groups takes place and thus an ex- 
tended conformation is proposed for the molecules. 

6.2 Analysis of Linear Model Oligosaccharides 

From the analysis of 13C NMR chemical shifts the ~ angle in chitobiose should ex- 
hibit a value of approximately 10 ° more positive than that of cellobiose and thus 
resulting in ~ = 0 ° [136]. 

A trisaccharide fragment of the N-type oligosaccharides (at-D-Man-(1-3)-13-D- 
Man-(1-4)-I3-D-GlcNAc) including the central 13-D-Man has been obtained as single 
crystals. The dihedral angles of the glycosidic bonds which were obtained from an 
X-ray analysis are summarized in Fig. 9 [137]. This conformation is very closely related 
to the conformations calculated or determined experimentally in solution by NMR 
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techniques (cf. below). The trisaccharide shows an extended structure with a slight 
bend at the central 13-o-mannose. 

_ 5 8 ° / - 1 9  ° 48° / -1  ° 

0t- D-Man-(l-3)-13-D-Man-(1-4)-~-D-GIcNAc 

Trisaccharide of the core region of the N-linked Oligosaccharide 

Fig. 9. (9- and t~-angles obtained in the X-ray structure of the trisaccharide [137] 

Fig. 10. Conformation of the core trisaccharide of the N-type oligosaccharides U-D-Man-(1-3)-t-o- 
Man-(l-4)-t-D-GlcNAc as obtained from the X-ray crystal analysis as space filling stereo plots. 
The reducing end is to the right 

Table 4. Dihedral angles q0/~ of the 3-branched trisaccharide; 
C¢-D-Man-(1-3)-13-D-Man-(1-4)-t-D-GlcNAc, and pentasac- 
charide, l-o-Gal-( 1-4)-t-D- GlcNAc-( 1-2)-a-D-Man-(1-3)-l- 
D-Man-(1-4)-t-o-GlcNAc, from GESA calculations and 
NMR spectroscopy 

Glycosidic Bond q0/~ ~0/~ 

l-D- Gal-( 1-4)-]3-D-GIcNAc 55/2 
t-D-GlcNAc-( 1-2)~-D-Man 53/22 
~-D-Man-(1-3)-13-D-Man --48/-- 13 --47/-- 13 
p-o-Man-(I-4)-I3-D-GIcNAc 56/1 56/t 

GESA calculations and N M R  studies of  synthetic tri- and pentasaccharides show 
a rather rigid conformation of  this par t  o f  the larger N-type oligosaccharides [30, 138] 
(cf. Table 4). The dihedral angles of  the tri- and pentasaccharide o f  the 1-3 branch 
imply a stretched out conformation of  this par t  of  the N-type oligosaccharides. Except 
for these global minima, there are no other local minima found which indicates a fairly 
rigid conformation of  the tri and the pentasaccharide (cf. Table 4). Further  support  
comes from the fact that at tachment of  the 1-6 branch to the central 13-o-mannose 
does not  change the conformation of  the ~-(1-3) bond [138] (cf. Table 6). 
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Table 5. Dihedral angles cp/q or q~/~ and o) of the trisaccharide, a-D-Man-(1-6)-[3-D-Man-(t~l)-13-D - 
GlcNAc, and pentasaccharide, I~-D-GaI-(I-4)-]3-D-GIcNAc-(1-2)-a-D-Man-(1-6)-I3-D-Man-(1-4)-13-D- 
GlcNAc, of the 6-branch from GESA calculations [30, 138] 

Glycosidic Bond ¢p/~ (p/~t ~p/~ <p/~ q)/~ 

[3-D-Gal-(1 ~4)-[$-D-GlcNAc 55/3 
[3-D-GIcNAc-( 1-2)-a-D-Man 44/--5 
CX-D-Man-( 1-6)-I]-D-M an --58/177 --51/188 --50/87 --52/79 

50 75 37 38 
13-D-Man-(1--4)-13-D-GIcNAc 53/9 57/12 59/--2 59/--6 
E (kcal/mol) 0.0 0.47 1.17 0.0 

55/2 
55/24 

--53/157 
--56 

58/6 
1.51 

a 

Fig. l l a ,  b. Stereo plots of the space filling models of the conformations of the 1,6 linked a trisaccha- 
fide, Ct-l)-Man-(1-6)-[3-D-Man-(l--4)-13-D-GlcNAc, and b pentasaccharide, 13-D-Gal-(I--4)-I]-D-GlcNAc- 
( 1-2)-a-D-Man-( 1-6)-[3-D-Man-( 1-4)-13-D-GlcNAc, of N-type oligosaccharides obtained from GESA 
optimization of the conformational energy, The reducing end is to the fight 
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The calculated structures of minimal energy contents could be experimentally 
verified by extensive NMR analysis [138]. Of special interest is the change of  the con- 
formation comparing the trisaccharide to the pentasaccharide. This could be inter- 
preted as an artifact resulting from the calculation in vacuo which would force the 
non bonded attractions between the branch (6-antenna) and the core to change the 
conformation to a backfolding of the branch towards the reducing end. But the NMR 
spectra of the pentasaccharide supported this conformational change [138]. The 
interactions between the branch and the core are mainly hydrophobic in nature and 
thus are still active as a conformational factor if these compounds are dissolved in a 
hydrophilic solvent like water. 

The special problem of the conformational analysis - -  the orientation of the glyco- 
sylated 6-hydroxymethy!groups in these oligosaccharides - -  is of major importance 
because of  the large differences in the global shape that are induced via conformational 
changes in this part of the molecule. 

A detailed inspection of the coupling constants 3j and 3j of several manno- 5,6' 5,6 
sidic oligosaccharides utilizing phase sensitive COSY spectra has been reported [29]. 
The population analysis based on these coupling constants shows the preference of 
the gg conformation over gt while tg is not found within the precision of the ana- 
lysis. 

The N M R  analyses of the mannobiosides U-D-Man-(1-3)-~-D-Man-O-Me and m-D- 
Man-(1-6)-a-D-Man-O-Me from the core region haye been reported [139, 140]. The 
glycosylation of the 6-hydroxymethylgroup of methyl ~-D-mannoside causes a change 

Fig. 12a, b. Stereo plots of the space filling models of the conformations of the t,6 linked disaccharide 
et-D-Man-(l-6)-13-D-Man-O-Me proposed by Carver: a gt conformation and b gg conformation of 
the hydroxymethyl group at the J3-I)-Man residue. The reducing end is to the right 
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in the coupling c o n s t a n t  3J5, 6 from 2.2 and 6.0 Hz to 1.8 and 4.5 Hz. This is inter- 
preted in terms o f  a changed rotamer population. A potential energy calculation with 
fixed values for the co-angle of  60 ° (gt) and - -60 ° (gg) yields q~ = - -60  ° and @ = 150 ° 
for both C5- -C6  rotamers (Fig. 12) [140]. 

Using the same approach for the analysis of  the conformation of  the s -o-Man-  
(1-3)-13-D-Man bond revealed that the disaccharide ~-D-Man-(1-3)-13-o-Man and the 
trisaccharide ~-D-GlcNAc-(1-2)-a-D-Man-(1-3)-13-D-Man adopt the same conforma- 
tion for this bond with (p = - -50  ° and ~t = - -10  ° [141]. The 13-(1-2) bond has cal- 
culated values of  q~ = 40 ° and ~ = 30 ° (Fig. 12). These dihedral angles are in good 
agreement with the observed NOEs of  these compounds. 

After criticism [142] of  the in~terglycosidic NOEs observed in the previously described 
study a very precise approach towards the conformational analysis o f  the ~-(1-3) bond 
was performed by NOE  measurements of  specifically deuterated compounds [143]. 
The conformation was determined earlier by several interglycosidic NOEs to protons 
that have their resonances in an area o f  high spectral overlap. The synthesis o f  C- 
deuterated di- and trisaccharides made an unequivocal assignment of  the enhanced 
signals possible. Thus, the enhancements o f  H2, H3, and H4 o f  the 13-D-mannose upon 
irradiation o f  H1 . . . .  as well as the enhancement o f  H5 . . . .  upon irradiation of  
HSI~mR . are indicative of  the rigid conformation at the glycosidic bond and con- 
firmed the previous study. 

6.3 Biantennary Structures 

The biantennary structures exhibit two branches at the central J3-D-Man. In the fol- 
lowing section several approaches to this particular conformational  problem are 
described. The results are divided into synthetically derived substructures and the 
studies on biochemically obtained materials. 

13-D-Gal-(l-4)-[3-o-GlcNAc-(l-2)-u-D-Man-\ 
6' 5' 4' 

x 
6 

13-D-Man-(1-4)-13-D-GlcNAc-(1-4)-IS-D-GIcNAc-Asn /~ 2 ~ 

13-o-Gal-(I-4)-13-D-GIcNAc-(1-2)-a-D-Man- a-L-Fuc 
6 5 4 1' 

Biantennary N-linked decasaccharide 

Table 6. Dihedral angles ~0/¢/or 9/~/c0 of the tetrasaccharide, 0~-D- 
Man-( 1-6)-[C~-D-Man-(1-3)]-13-D-M an-( 1-4)-I]-D-GIcNAc, calculat- 
ed by the GESA program [30] 

CX-D-Man-6 a-D-Man-3 [3-D-Man-4 E (kcal/mol) 

--58°/179°/48 ° --48°/--13 ° 57°/7 ° 0.0 
--49°/--168°/75 ° --48°/--13 ° 58°/11 ° 0.4 
--47°/91°/35 ° --48°/--13 ° 58°/--4 ° 1.8 
--52°/171°/--53 ° --47°/--13 ° 59°/--2 ° 2.0 
--52°/128°/--52 ° --48°/--12 ° 60°/--I ° 3.0 
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6.3.1 Synthetic Structures 

Results of the conformational analysis of the biantennary tetrasaccharide by NMR 
and GESA calculations showed no changes for the ~-(1-3) and the ~-(1-6) bonds in 
comparison to the corresponding linear trisaccharides, which proves that the two 
u-mannosidic linkages are independent of each other (Table 6) [30]. 

c~-D-M4n- 

13-D-Man-( 1-4)-~-D-GIcNAc 

~_o_Man / 3 2 

4 
N-linked core tetrasaccharide 

Fig. 13. Stereo plots Of the space filling model of the gt conformation of the biantennary tetrasaccha- 
fide, et-D-Man-(1-6)-[a-D-Man-(l-3)-]-B-D-Man-(1-4)-~-I>GlcNAe, of the N-type oligosaeehafides 
with lowest energy contents obtained from GESA opimization. The reducing end is to the right 

In an investigation of the conformation of the synthetically obtained heptasaccha- 
ride the dihedral angle co of the [3-mannose was fixed at 60 ° (gt) or --60 ° (gg) and tlae 
other glycosidic linkages were optimized one by one using the HSEA program [144]. 
Each glycosidic bond was optimized in this procedure as being independent of the 
other. Supported by NMR chemical shifts and NOEs about 30-40 ~ gg- and 60-70 % 
gt-conformer are assigned (Table 7). 

13-D-GaI-(I-4)-[3-D-GIcNAc-(I-2)-c~-o-Man-\ 
6' 5' 4' 

6 
13-D-Man 

13-'o-Gal-( 1-4 )-13- o-GIcN Ac-(1-2)-~-o-Man - / 3 /  
6 5 4 

Biantennary N-linked heptasaccharide 
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t O 

Fig. 14a, b. Stereo plots of the space filling models of the two conformations proposed for the bi- 
antennary heptasaccharide, I~-D-GaI-(1,4)-13-D-GlcNAc-(1-2)~-D-Man-(1-6)-[13-t~-GaI-(1-4)-13-D-Glc- 
NAc-( 1 ~2)-a-D-Man-( 1-3)-]-I]-D-Man, of the N-type oligosaccharides with the 0~ angle at the 13-D-man- 
nose fixed to the a gg (--60 °) and b gt (60 °) rotamer respectively. The reducing end is to the fight 
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Table 7. Dihedral angles of  the heptasaccharide calculated by the HSEA approach with the co angles 
set to - -60  ° (gg) and 60 ° (gt) respectively [144] 

6 ' -5 '  5 ' -4 '  4'-3" 6-5 5-4 4-3 

gg 550/5 ° 55°/10 ° - - 5 0 ° / _ 1 7 0  ° 550/5 ° 55°/10 ° - -50° / - -15  o 
gt 550/5 ° 55°/ t0 ° - -50o/ - -160  ° 550/5 ° 55o/10 o _ 5 0 o / _ 1 5  ° 

The octasaccharide which carries an additional N-acetylglucosamine at the reducing 
end in comparison to the heptasaccharide was prepared by an independent synthesis. 
This compound shows a different conformational behavior than the heptasaccharide 
[122]. The minimum energy conformation, as calculated by the GESA program, 
shows the trisaccharide at the 6-position of the B-mannose bent back towards the 
reducing end. This particular effect is in qualitative agreement with the observation 
of the conformational difference between the tri- and the pentasaccharide described 
above. The NMR anaIysis of this octasaccharide confirms the calculated structure. 
One important fact for the correct prediction of the cortformational data was the 
simultaneous treatment of all independent parameters in the optimization procedure 
( T a b l e  8). 

~-D-Gal-(1-4)-f3-o-GlcN Ac..( l-2)-o~-o-Man. \ 
6' 5' 4' ~ 6  

13-D-Man-(I-4)-13-D-GIcNAc 
3 

13 -o -Ga l - ( I -4 ) - I3 -D-GIcNAc- ( I -2 ) -~ -D-Man . / / 3  

2 

6 5 4 

N-linked biantennary octasaccharide 

Table g. Dihedral  angles tp, ~, and co o f  the structure of  
the biantennary N-type octasaccharide from the GESA 
calculation [122] 

a b 

6 ' -5 '  13-(1-4) 550/2 ° 

5 ' -4 '  13-(I-2) 47o/0 ° 
4 ' -3  a - ( l -6)  --54°/79 ° 
6-5  t~-(1-4) 550/2 ° 
5 - 4  13-(1-2) 52°/23 ° 
4 -3  et-(1-3) - -47° / -14  ° 
3 - 2  13-(1-4) 570/--5 ° 
cop-u~-a 38 ° 
E (kcal/mol) 0.0 

54°/2 o 
54o/21 o 

--55°/147 ° 
55 °/2 o 
52o/24 ° 

- 4 7 ° / - - 1 4  ° 
57 °/7 ° 

_ 5 7  ° 
1.71 
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Fig. 15. Stereo plots of the space fiUing models of the two conformations calculated for the biantennary 
octasaccharide, ~3-~-Ga~-( ~-4 )-~3-r>-G~cNA~-( ~-2 )~-D-Man-( ~-6)-[~3-~-Ga~-( ~ 4  )-~3-D-G~ NA~-( ~-2 )- 
~-D-Man-(t-3)-]-13-D-Man-(I--4)-I3-D-GlcNAc, of the N-type oligosaccharides using the GESA 
program. The reducing end is to the right 
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6.3.2 Asparagine Linked Oligosaccharides 

The structure of  the complex type decasaccharide is analyzed by X-ray crystallography 
of the Fc-fragment of the human immunoglobulin IgG 1 [37, 38]. This was the first 
example of an X-ray structure of a glycoprotein with the carbohydrate resolved to 
atomic resolution in theelectron density map. The conformation of the bisected struc- 
ture has the 6-hydroxymethyl group of the 13-o-mannose in the gt-conformation with 
a dihedral angle of (o = 68 °. This proves that the assumption of the (o-angle as being 
always in its ideal conformation is not justified by crystal structure analysis. Th e  
dihedral angles of the u-(l-6) bond are (p = --57 ° and ~ = 171 ° which results in an 
almost rectangular orientation of the trisaccharide 6'-5'-4' with respect to the core 
3-2-1. The trisaccharide 6-5-4 is in an extended orientation relative to the core (Ta- 
ble 9). The report of  an X,ray of rabbit IgG1 subsequently showed a similar confor- 
mation [39]. The core structure of the N-type chain attached to asn-165 of the in- 
fluenza virus hemagglutinin is reported [145] to adopt a conformation similar to that 
described by Deisenhofer and Huber for the IgG 1 [37, 38]. 

13-o-Gal-(t-4)-13-D-GlcNAc-(l-2)~-o-Man-\ 
6' 5' 4' 

x ,  

6 
I]-D-Man-(I-4)-I3-D-GIcNAc-(I-4)-13-D-GlcNAc-Asn 

3 6 
2 I 

13-D-GaI-( 1-4/q3- D-GlcNAc-(1-2)-~-u-Man- ~-L-Fuc 
6 5 4 l' 

N-linked biantennary decasaccharide 

The conformation of the decasaccharide linked to an asparagine residue has been 
determined by Carver et al. [146, 141] by NMR spectroscopy assisted with potential 
energy calculations. They conclude that the trisaccharide 6'-5'-4' is in two different 
conformations with respect to the core caused by the m-angle of the 13-mannose result- 
ing in one conformation (gg) bent back towards the core and one (gt) with the tri- 
saccharide almost perpendicular to the core trisaccharide. These calculatioris were 
performed with the (0-angle fixed to 60 ° (gt) and --60 ° (gg) respectively. According 
to the NMR spectroscopic analysis these conformations should be approximately 
equally populated as derived from the coupling constants 3J5, 6 and 3Js, 6, which were 
interpreted from the H6-~-D-Man signal of the NOE difference spectrum. By contrast, 
the conformational energy of these two conformers differs by 4 kcal/mol which 
would make the gt conformer populated to approximately 0.1 ~.  A discrepancy be- 
tween the larger observed and smaller computed NOE at the ct-(1-6) branch is ex- 
plained via a change in the correlation time at this rather flexible branching point. 
The ct-(1-3) bond is demonstrated to retain the same conformation as derived for the 
smaller fragments of this molecule (cf. above). 

Homans et al. [142, 147] have strongly criticized the deterrriination of the confor- 
mation of the ct-(1-3) linkage proposed by Carver et al. [143]. These authors in 
turn have ruled out the criticism by demonstration of  the NOEs present in spe- 
cifically deuterated model oligosaccharides where ambiguity is no longer possible 
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Table 10. Calculated dihedral angles of asparagine linked otigosaccharides [130, 125] 

co-13-Man high bisected complex bisected 
mannose hybrid complex 

C~-D-Man-6 --60 ° 
60 ° 

13-D-GIcNAc-2 
13-o-Gal 
CX-D-Man-3 
13-D-Man-4 --60 ° 

60 ° 
13"D'GIcNAc-4 .... --6Q ° 

60 ° 
~X-L-Fuc-6 --60 ° 

60 ° 
~-D-GlcNAc-4bi~ecting 
Energy (kcal/mol) --60 ° 

60 ° 

--400/200 ° --40°/140 ° --60°/120 ° --60°/120 ° 
--60°/160 o --60°/160 ° --60~'/180 ° --60~/180 ° 

400/30 ° 40°/30 ° 
300]--20 ° 300/--20 ° 

--50°/--10 ° --50°/--.10 ° 
60°/--20° 60°/-- 10° 50°/-- I 0 ° 50°/-- 10 ° 
50o/0 o 500/0 ° 30°/--50 ° 30o/--50 ° 

30°/--50 ° 30°/--5~ 
50o/--10 ° 50o/--10 ° 
60°/150 ° 60°/150 ° 
60°/180 ° 60o/180 ° 

60o/10 ° ~f~o/lOO 
0.8 0.4 0.0 u.~, 
0.0 0.0 4.0 5.0 

Fig. 16. Stereo plots of space filling models of the two preferred conformations calculated by a po- 
tential energy calculation for the biantennary octasaccharide, f~-D-Gal-(1-4)-f3-D-GlcNAc-(1-2)..~-o- 
Man-(~-6)-[~3-~-Ga~-(~-4)-f3-t)-G~cNAc-(~-2)..~-D-Man-(~-3)]-f3-~-Man-(~-4)-~3-D-G~cNAc~ of N-type 
oligosaccharides. The conformations were obtained in keeping the co angle of the 13-D-mannose fixed 
to the gg (---60 °) and rotamer. The reducing end is to the right 

(cf. above) .  D u e  to the small  N O E s  ob ta ined  at the ~-(1-6)  l inkage 4 " 3  H o m a n s  et al. 

conc lude  tha t  there is a high flexibility wh ich  leads to  m a n y  con fo rma t ions  present  in 

so lu t ion  at  this l inkage [142, 148, 149]. G iven  all the facts descr ibed above,  this inter-  

p re ta t ion  wou ld  no t  explain the chemica l  shift  effects observed  f rom the anomer i c  
conf igura t ion  tha t  are caused by the  ct, 13 ra t io  o f  the  oc tasacchar ide  in so lu t ion  [30, 

138] (cf. above) .  
A m o r e  detai led analysis by the  same g roup  ut i l iz ing coup l ing  cons tants  showed  

the  6 -hydroxymethy lg roup  o f  the Z-D-Man to  have  app rox ima te ly  equal  popu la t ions  

(40 70:55 70) o f  the gg and  gt c o n f o r m a t i o n s  wi th  o-angles  o f  55 ° and 70 ° respect ively 

[150, 151]. In  a compa r i son  o f  results f r o m  M M 2  and  M N D O  calculat ions,  very  large 

dev ia t ion  in the  energy o f  the gg and  the  gt c o n f o r m a t i o n  were  found.  Even  the corn- 
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parison of the results of only MNDO calculations showed differences if the con- 
straints in the optimization of the geometry for the rotamer population of  the C5--C6 
bond of the l~-D-mannose were altered. The results obtained without constraints gave 
the gt conformation of the 6-hydroxymethyl group with 94 % population, which is 
known to be almost entirely absent in water solution. 

A completely different approach to elucidate the conformation of  N-type oligo- 
saccharides is used by Gallot et al. [152, 153] who determined the conformation of 
the N-type biantennary structures by linking the oligosaccharide to a lipophilic 
aglycon which is capable of intercalation into membranes. The lamellar structure 
formed in water solution was analyzed. These newly synthesized glycolipids are in- 
corporated into double layers which are then analyzed by X-ray diffraction and freeze- 
fracture electron microscopy. From the periodicity of the diffraction pattern the dist- 
ances of the planes of the oriented membranes with the intercalated glycolipids are 
obtained.. Under the assumption that the distance between the membranes is mainly 
caused by the oligosa¢charide chains, the authors obtain estimates of the longitudinal 
stretching of the carbohydrate part. The distances obtained at different concentrations 
of the glycolipid/lipid system are interpreted in terms of  a changed oligosaccharide 
conformation. At low concentrations of the glycolipid in the lipid membrane, the "T"- 
shaped [154] conformation causes a distance of 22 A and at high concentrations the 
"Y"-shaped [154] conformation causes a distance of 32 A between the lipid layers. 

Montreuil has proposed the terms "T"-,  "Y"-, "bird" and "broken" wing shape 
for the description of the conformations of N-type oligosaccharides [154, 155].- These 
terms, although illustrative, highly simplify the conformational orientation of  the 
different parts of the molecule with respect to the others. The more elaborate characte- 
rization of the molecule via its dihedral angles is required to describe the conformers 
at the glycoside bonds adequately, because within each of the families of conforma- 

$)II {({5))Ui(U}UP :l)i)t)Ui)llk) ,IltlllIilUIIlll kl l 

• 

U U U  U U L . ~ . ~ U  U L ) U U L )  U - L) L) L) 

I r ' ; " ~  " ~"---I I t I ~ ' ' - 1 t  I l i t  - - ' ~  ~ - - i I  t i i t - - "  ~ - i  I 

lY///I/l) ¢ l/Ill) l(I/L5 l//tII: ///IITJ t//il 
_u • u.u u muuum%o u,m uu UmUo H um~a u 

• o Q o  • o o o  o ° B  • • • 0 ° Q • I P ~  
O I b  lIP 0 I D I  0 0 0  I1~ 0 ID O01D • • 

I1(1 U (tllIl)[I (1 Z) 5 
O N  u u ON u u u moo o m u u u m u u u m  u 
• O~O ~ O OBO OO O OO0 O D • • 

Fig. 17. Model of the synthetic 
glyeolipid obtained from the bi- 
antennary decasaccharides incor- 
porated in a membrane system 
with a) a high and b) a low con- 
centration of the glycolipid in the 
membrane. Determination of the 
distance of the membranes yields 
the proposed conformations of 
the N-type biantennary oligosac- 
charides 
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tions defined above, variations of the three dimensional structure may occur which 
have significance in biological processes. 

[3-D-Man-(1-4)-~-D-GlcNAc 

~_o.Man/~ 2 
4 

Branched tetrasaccharide 

o o :n\ 
6 

~-D-TaI-(I-4)-13-D-GIcNAc 
3 

~ . o _ M a n . / 3  2 

4 

4-Epimer at the central 13-mannose of the branched tetrasaccharide 

\ 6  
13-o-4-deoxy-Man-( l-4)-f3-~-GlcNAc 

~_~.Man/~ 2 
4 

4-deoxy isomer of the branched tetrasaccharide 

Modified tetrasaccharides of the branch point of the core were synthesized and 
their conformation analyzed by NMR spectroscopy and GESA calculations [156]. 
The tetrasaccharide having the 13-D-mannose substituted by 4-deoxy mannose or by 
the 4-epimer D-taloSe appear to have the same overall conformation as the native 
substrate and have the 6-branched ~-D-mannose folded back to the reducing end. 

The differences between the conformation of the oligosaccharide in the X-ray 
structure of the immunoglobulin IgG 1 [37, 38] and the calculated and experimentally 
verified structure of the decasaccharide in solution [138] challenged the computation 
of the glycoprotein. The influence of  the aglycon was analyzed by the calculation of the 
decasaccharide attached to the CH2 domain of the Fc fragment of the IgGx jmmuno- 
globulin [157]. Because of the dimeric nature of the glycoprotein at first only one half 
of the glycoprotein was used in the calculation. In order to simplify the computational 
effort only the amino acids which are members of the Cn2-domain are treated to 
model the influences of  the aglycon on the conformation of  the oligosaccharide. The 
energy of that ~:onformer which is in agreement with the X-ray study dropped from 
approximately 10 kcal/mol relative to the energy minimum to 6 kcal/mol when at- 
tached to the monomeric aglycon (Table 11). The modelling of the dimeric glycopro- 
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Fig. 18c-e. 

Fig. 18a--g. Space filling models of 
the calculated and experimental 
conformations of the desaccha- 
ride 13-D-Gal-(1 ~)-13-D-GIc:VAc- 
(1-2)-~-D-Man-(I-6)-[13-D-Gal- 
( 1 4)-~3-D-Glc?v2Nc- ( I-2)-:J-D- 
Man-(l-3)]-j3-o-Man-( 1--¢)-[3-D- 
GlcNAc-( t-4)@-L-Fuc-( 145)]-~3- 
D-GlcNAc-Asn. Stereo plots of a 
the conformation with the lowest 
energy and b a reIative energy of 
9.6 (kcal/moi) (conformation si- 
milar to the X-ray structure (of. text 
and c) c Conformation of the no- 
nasaccharide From the X-ray 
structure of ~he IgG~ with 
the reducing end at the 
bottom, central p-D-mannose 
viewed from the bottom, ~-(1-6) 
trisaccharide at the top left and 
a-(l-3) disaccharide at the top 
right, d same conformation as in 
c viewed from the side showing 
the planar arrangement of the 
core trisaccharide with reducing 
end to the right, fucose to the top, 
:t-(l-3) disaccharide points out of" 
the plane, a-tl-6) trisaccharide 
goes into the plane of the paper, 
e nonasaccharide attached to the 
protein showing the close proxi- 
mity of the >(1-6) trisaccharide 
and the core of the oIigosaccha- 
ride to the protein, the "~-(1-3) 
disaccharide points away from 
the protein, f total assembly of the 
Fc f r a ~ e n t  of the IgG, with the 
dimeric protein and two nona- 
saccharides attached to Ash-297, 
g same as f viewed from the top 
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Table 11. Calculation of the relative energy of the N-type decasaccharide of the IgG 1 attached to the 
monomeric protein aglycon a-d and two decasaccharides attached to the dimeric protein aglycon 
from the Fc fragment [138] 

Glycosidic a b c d dimeric gp 
bonds 

6'-5' (13 1-4) 53°/1 ° 590/6 ° 55°/1 ° 580/3 ° 56°/--1 ° 
5'~, ' (13 1-2) 47°/-16 ° 60°/9 ° 59°/22 ° 56°/12 ° 550/26 ° 
4'-3 ( 1 - 6 )  -580/82 ° -27°/82 ° -53°/12 ° - -52°/ -172 ° -55°/172 ° 
6-5  (13 1-4) 56° / -0  ° 55°/-1  ° 560/5 ° 560/0 ° 560/-3 ° 
5 - 4  (13 1-2) 520/22 ° 520/22 ° 690/33 ° 52°/23 ° 51°/25 ° 
4 -3  ( 1 - 3 )  - 4 8 ° / - 1 3  ° - 4 7 ° / - 1 4  ° - 4 2 ° / - 2 2  ° - -48° / -14  ° - 3 9 0 / - 3  ° 
3 -2  (13 1-4) 57°/--1 ° 58°/--1 ° 56°/--1 ° 61°/14 ° 28°/--19 ° 
2-1 (13 I-4) 49°/1 ° 47°/5 ° 47°/--8 ° 57°/--8 ° 33°/--44 ° 
1'-1 ( 1 - 6 )  54°/103 ° 49°/94 ° 490/94 ° 50°/94 ° 63°/--170 ° 
Omega 3 33 ° 45 ° 149 ° 75 ° 73 ° 
Omega 1 47 ° 49 ° 55 ° 56 ° --45 ° 
E (kcal/Mol) 0,0 1.9 2.6 5.7 --50.3 

tein wi th  two  decasacchar ides  and the d imer ic  pro te in  ag lycon  represented  by its 
CH2-domain  amino  acids yielded only  one  c o n f o r m e r  wi th  a reasonable  energy which 

tu rned  ou t  to be identical  in its c o n f o r m a t i o n  to tha t  f r o m  the  X- ray  crystal  s t ructure  

analysis. Al l  o the r  con fo rma t ions  wi th  a lower  energy in the m o n o m e r  showed 

energies o f  several  thousand  kca l /mol .  This  proved  that  the G E S A  calculat ions  are 

even capable  o f  reproduc ing  the c o n f o r m a t i o n  o f  a ca rbohydra te  mo ie ty  a t t ached  to a 

pro te in  aglycon.  

6.4 Triantennary, Tetraantennary, and Bisected Structures 

An extensive N M R - s t u d y  o f  the t r i an tennary  sugar  chains o f  ca l f  fetuin by 500 M H z  

N M R  spec t roscopy revealed that  the  c o n f o r m a t i o n  o f  the hyd roxyme thy lg roups  in 

GlcNAc-1  and  GlcNAc-2  are  different  [158]. The  J5,6 and  the  J6,6, coup l ing  constants  

differ for  G l c N A c - 2  c o m p a r e d  to all o ther  G l c N A c  residues in these structures.  This 

f inding was expla ined by a c o n f o r m a t i o n  o f  the 6-branch which is fo lded back  towards  
the reduc ing  end o f  the s t ructure  and  thus influences the c o n f o r m a t i o n  o f  the 

GlcNAc-2 .  

A s tudy o f  two  synthetic m o d e l  c o m p o u n d s  which  are re la ted to  the b ranch  poin t  

in t r i an tennary  and te t raan tennary  o l igosacchaf ides  conc luded  that  the con fo rma t io -  

nal  degrees o f  f r eedom for the 1,6 l inkages are restr icted in the  b ranched  t r isacchar ide  

due to in terac t ions  between the two G l c N A c  residues [159]. The  values for  the di- 

hedra l  angles q0, ~,  and co were de te rmined  by 1 H - N M R  spec t roscopy ,and  force  field 

calcula t ions  which  included hyd rogen  b o n d i n g  terms.  F o r  the  t r i sacchar ide  two con-  
fo rmat ions  were  calculated to q0 = 55 °, ~ = 90 ° o r  252 '°, and  co = 60 °. The  N M R  
spec t rum showed  however  only one  " v i r t u a l "  confor r~a t ion  wi th  t ) =  190 °. It  

represents  the  average  o f  the two ca lcula ted  c o n f o r m a t i o n s  and  results f r o m  the 

s low N M R  t ime scale. It  was conc luded  that  the c o n f o r m a t i o n  o f  the 1,2 l inkage could  

only be cor rec t ly  predicted in accordance  with  the N M R  da ta  when  a hydrogen  
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bonding term was included in the calculations which resulted in q0 = 40 ° and qt = - -5  °. 
This 13-(1-2) linkage is different than that found in other 13-(1-2) linked GlcNAc 
residues [141]. 

[3-D-GlcNAc-( 1-6)-a-D-Man-O Me 

Branch point disaccharide of triantennary and tetraantennary oligosaccharide 

13-D-GIcNAc 

13-D-GlcNAc-( 1 --2)-7-D- Man-O Me 

Branch point trisaccharide of triantennary and tetraantennary oligosaccharide 

Cumming and Carver pointed out that it is important to consider not only the mini- 
mum energy conformers but rather a weighted average of the conformations in order 
to be able to interpret effects from time averaged experimental techniques like N M R  
spectroscopy [160, 161]. Averaging of the conformations becomes more important 
as the flexibility of  a glycosidic bond increases and more conformational states be- 
come possible, but may also be important in glycosidic bonds to "normal" secondary 
alcohols [162]. 

The N M R  analysis and GESA calculation of the bisected pentasaccharide shows 
that the preferred conformation of the C5--C6 bond of the 13-D-mannose is gg (Ta- 
ble 12) [163]. Thus, the introduction of the [3-D-GlcNAc at the 4-position o f  the [3-D- 
Man results in a change of the preferred conformation of the C5--C6 bond from gt 
to gg. 

6 
~3-t>- GIcNAc-0-4)-!3-D-Man-(1-4)-13 -D-GIcNAc 

3 
9 / 3  2 

:t-D-Man- 
4 

Bisected N-linked pentasaccharide 

Homans et al. [150] have analyzed the conformations of bisected structures by 
measuring the coupling constants 3j and 3j They conclude from a chemical 5,6' 5,6" 
shift analysis that the conformation of the C6~-D.Man of the pentasaccharide is 

Table 12. Dihedral angles cp/~ and q~/~/0~ of the bisected pentasaccharide calculated by the GESA 
program [138] 

~-D-Man-(1-6)-~-D-Man --59/152/--66 --58/155/--67 --57/179/48 
13-D-GlcNAc--( 1-4)-{3-D-M an 58/3 61/--4 57/--3 
Ct-D-Man-( 1-3)-I)-D-Man --48/-- 15 --42/2 --41/5 
l]-D-Man-( 1-4)-I3-D-GIcNAc 59/-- 2 58/-- 2 56/7 
E (kcal/mol) 0.0 0.2 1.8 
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Fig. 19, Stereo plots of space filling models of the conformation of minimum energy calculated by 
the GESA program for the biantennary bisected pentasaccharide, c~-D-Man-(I~)-[13-D-GlcNAc- 
(1-4)]-[~-D-Man-(1-3)]-I3-D-Man-(I-4)-f3-D-GlcNAc, of the N-type oligosaccharides. The reducing 
end is to the right 

equally popu la ted  by the gg and gt conformer whereas th, e bisected undecasaccharide 
shows coupl ing constants 3j __ 3j = 2.0 Hz only in accord with a single gg 5,6' 5,6 
conformat ion  at the 13-D-Man. 

~-o-Man-. 

13-D-GlcNAc-( l-4)-13-D-Man-( 1-4)-13-D-GIcNAc-( I-4)-13-D-GIcNAc-Asn 

9 2 1 

z - D - M a n - -  ~-L-Fuc 
4 1' 

Bisected biantennary core structure of the N-linked oligosaccharides 

~-D-GaI-( l-4)-13-o-GlcNAc-(1-2)-~-D-Man-\ 
6' 5' 4' 

x ,  

6 
~-D-GIcNAc-(I-4)-[3-D-Man-(1-4)-13-D-GIcNAc-(1-4)-~-D-GIcNAc-Asn 

3 6 

~-D-GaI-(I-4)-~-D-GIcNAc-(1-2)-~-D-Man- ~-L-Fuc 
6 5 4 1' 

Bisected biantennary undecasaccharide 

F rom N M R  spectroscopic analyses of  bisected structures of  the complex type [141, 
164], it became clear that the relative or ientat ion of  the ct-(l=3) bond is only slightly 
affected in the ~-angle,  which then has a value o f - - 2 0  ° after the at tachment  o f a  [3-D- 
GlcNAc at the 4-posit ion of  the ~-D-Man. The ~-D-GlcNAc at the 4-posi t ion o f  the 
~-mannose has ~o = 60 ° and ~ = 10 ° (Table I0). 
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The changes of the preferred conformation around the ~-(1-6) bond at the 13-man- 
nose was studied by NOE and coupling constant analysis in the NMR spectra of dif- 
ferent bisected structures [146]. It is concluded that the preferred conformation of  the 
o~-angle is the gg conformation with coupling constants 3J5,6, = 3J5,6 = 2.0 Hz. This 
implies an interaction between the trisaccharide 6'-5'-4'- and the bisecting {3-D-GlcNAc 
7. 

These findings of the conformational analysis have led to an attempt to explain 
the substrate specificity of the glycosyl transferases during the biosynthesis [164, 165, 
166]. The 13-D-GlcNAc-transferases have a high selectivity for structures that do not 
have a bisecting [3-D-GlcNAc at the 4-position of the [3-mannose. Therefore, the bi- 
secting [3-D-GlcNAc acts as a stop signal during the biosynthesis [167]. A possible 
explanation for the high specificity to the substrate is the conformation for the tri- 
saccharide 6'-5'-4' with respect to the core: the biantennary complex type a pre- 
fers the gt conformation and the bisected biantennary complex type prefers the 
gg conformation which reorients the 6-1inked trisaccharide in space upon introduction 
of  the bisecting I3-D-GlcNAc 7. 

It was noted that the conformation of an oligosaccharide may change depending 
on the protein environment where it is bound [162]. The changes in conformation 
may cause enzymes to exhibit different activities depending on the site where the oligo- 
saccharide is bound. This was called "site directed" processing by enzymes. 

6.5 High Mannose and Hybrid N-Type Oligosaccharides 

c~-D-Man-(1-2)-a-D-Man \ 
6 

a-o-Man-(l-2)-~-D-Man-(l-3)-et-o-Man \ 
6 

~-D-Man-(1-~4)-IB-D-GIcNAc-(1-4)-[3-o-GlcNAc-Asn 
3 / 

~-D-Man-(1-2)-ct-o-Man-(1-2)-~-D-Man" 

High Mannose Type Undecasaceharide 

~x-D-Man-(l-2)-a-D-Man 
\ 6  

a-D-Man-(1-2)-a-D-Man-(1-3)-~-D-Man 
N 

6 
(I3-D-GlcNAc-(1-4)-)-I3-D-Man-(1-4)-I3-D-GIcNAc-(I-4)-I3-D-GIcNAc-Asn 

3 / 
]3-D-GaI-( 1-4)-[3-o-GleNAc-( l-2)-~-D-Man 

Hybrid Type of N-Type Oligosaccharides 

In comparing complex and hybrid type structures it is assumed that the ~ angle at 
the ~-D-Man-(1-3)-13-D-Man linkage changes only by --10 ° [141]. Thus, the bisected 
hybrid type structures have dihedral angles of cp = --50 ° and ~ = --20 ° for the 
~-(1-3) bond and q0 = 60 ° and ~ = 10 ° for the newly formed I3-D-GlcNAe linkage 
at the 4-position of the [3-mannose 3. 
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Homans et al. [150] conclude from the analysis of the H5, H6 coupling constants 
to  3J5, 6, = 3J5, 6 = 2.0 Hz obtained from triple quantum fdtered COSY 2D NMR 
spectra that the high mannose type oligosaccharides have exclusively the gg confor- 
mation at the 6-hydroxymethylgroup of the [3-mannose 3. A study using combined 
N M R  and calculational techniques including MNDO and molecular dynamics ap- 
proaches was published [65]. It was shown that the heptasaccharide has two flexible 
1-6 linkages and the undecasaccharide has a much more restricted conformational 
space for the same linkages. This is explained by interaction of the extended chains. 

0~-D-Man \ 
6 

D-Man-(1-3)-~-D-Man\ 
6 

13 -D- Ma n -(1--4)-{3 -o-GlcNAc-( 1-4)-13 -D-t31cNAc-Asn 
3 

cx.o-Man - /  

The enzymatic synthesis of  a hybrid type oligosaccharide on the hen ovalbumin 
with 13C-enriched galactose allowed the measurement of  the 13C-NMR spectra of  the 
whole glycoprotein and additionally, the determination of the correlation times of the 
protein and the oligosaccharide to 25 ns and 40-80 ns, respectively [168]. This implies 
that the carbohydrate, at least in its terminal monosaccharide constituents, has a 
much higher flexibility than the protein, and its flexibility is only little impeded by the 
attachment to the protein. 

7 O-Type Oligosaccharides of Glycoproteins 

O-type oligosaccharides form another important group of carbohydrate structures 
found as parts of  glycoproteins. They are either linked to serine or threonine of the 
protein backbone. 

Pavia et al. have determined the crystal and solution conformation ofct-D-manno- 
pyranosyl-O-threonine [169]. This compound shows a conformation with dihedral 
angles ~p = --35 ° and ~t = 3 °. The bond angle at the glycosidic oxygen is found to have 
the very small value of z = 113 °. Furthermore, does the conformation of the threo- 
nine residue change upon glycosylation from a trans to a gauche relation between H,  
and H a . 

A 13C-NMR study of the preferred conformation of O-glycosyl serine or threonine 
gave for an ~-glycosid of threonine angles of q~ = --60 ° and ~ = 0 ° in accordance 
with the above mentioned X-ray structure, 13-glycosides of  threonine gave q~ = 60 ° 
and ~ = 60 ° [105]. 

The conformation of the 13-D-GIcNAc-(1-6)-~-D-GalNAc bond found in O-type 
glycopeptides was determined by means of a stereospeciflc deuteration at the 6-posi- 
tion of the galactosamine [170]. The conformation of  the C5--C6 bond of  the galactos- 
amine was determined by N M R  spectroscopy for the trisaccharide 13-D-GIcNAc-(1-6)- 
[13-D-Gal-(1-3)]~-D-GatNAc, the disaccharide I3-D-Gal-(1-3)-~-D-GalNAc, and s-D- 
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H[aql 
X[CqO-t) ~ X - 2 )  

H(C-I~ _ H ~ -  81 

Fig. 20. Conformation of ct-o-mannopyranosyl-O-threonine as obtained from X-ray crystallography 

GalNAc. The disaccharide and the trisaccharide show no change in coupling constants 
and thus conformation. This finding implies that the glycosidation does not affect the 
conformation of the C5--C6 bond. However, the conformation of the hydroxymethyl 
group in ct-o-GalNAc does differ from both the disaccharide and the trisaccharide 
in having a higher population of the tg conformation and a lower proportion of the gt 
conformation. 

From a Monte Carlo simulation, Bush et al. [171] concluded that Ct-D-GalNAc-O- 
Thr has its preferred conformations at the glycosidic bond around tO = --30 ° and 

= --60 ~ which shows a qualitative agreement of the tO angle with the above named 
experimental results but the ~ angle deviates quite strongly. 

An N M R  study of~-o-GalNAc-(l-O)-[N-carbobenzoxy]-Thr-Ala-Ala-OMe in di- 
methylsulfoxide revealed that the N-acetyl group of  the galactosamine has an impor- 
tant role for the conformation of the O-glycosidic linkage [172]. The N-acetyl amide 
hydrogen is coordinated to the carbonyl of  the threonine, or the carbonyl oxygen of 
the N-acetate group is coordinated to the amide hydrogen of  the threonine. The type 
of the coordination is dependent on the size of  the protecting group at the N-terminus. 

An N M R  study and force field calculations of a disaccharide tripeptide related to 
the structure found in antifreeze glycoprotein (AFGP), Ala-[~-D-Gal-(I-3)~-D- 
GalNAc-O-]Thr-Ala, in aqueous solution also suggests that the preferred conforma- 
tion shows a close distance between the N-acetyl amide proton and the earbonyl atom 
of  threonine [173]. The dihedral angles of the disaccharide were determined to tO = 
50 ° and ~ = 40 ° for the 13-linkage and to to = --40 ° and ~ (CI ' - -OI ' - -CI3--Cct)  
= 150 ° for the or-linkage. It was pointed out that the molecule has a hydrophobic 
and a hydrophilic side. The conformation of the AFGP was analyzed by N M R  tech- 
niques. A study of the properties of  fraction 8 of the AFGP [174], which contains 
mainly ~-D-GaI-(1-3)-a-D-GalNAc-O-Thr, by 13C-NMR, 1H-NMR, and CD tech- 
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niques leads to the conclusion that AFGP fraction 8 is in an extended rod-like con- 
formation at low temperature, whereas at higher temperature it becomes a flexible coil. 

The fractions 3-5 with a molecular weight of  less than 23.5 kDa are subjected to 
an N M R  analysis at 500 MHz [175]. The NOE enhancement across the glycosidic 
bond is stronger than the intramolecular enhancement upon irradiation of H I '  which 
is used as an argument for a rather rigid conformation of the glycosidic bond with a 
distance between H I '  and H3 of less than 3.0/~. 

The N M R  spectroscopic study of  two glycopeptides from calf fetuin found different 
chemical shifts for identical trisaccharides linked to different amino acids of the pep- 
tide [176]. One trisaccharide, O~-D-NeuNAc-(2-3)-~5-D-Gal-(1-3)-~-D-GalNAc, is found 
attached to either Glu-Ala-Pro-Ser-Ala or two trisaccharides are linked to Gly-Pro- 
Ser-Ala-Thr-Pro-Ala. However, the two identical sugar parts showed different chemi- 
cal shifts, this was interpreted that the sugar chains either have different conforma- 
tions or are interacting with the peptide or with the second oligosaccharide chain in 
different ways. 

8 Mixed O- and N-Glycoproteins 

The conformation of the glycoprotein glycophorin A has been deduced from CD 
spectra [177]. Setting the bisected biantennary N-type oligosaccharide into the con- 
formation suggested by N M R  [146], the carbohydrate covers the protein backbone 
from Asn-26 to Lys-30. This particular sequence is difficult to degrade by an Edman 
procedure. The O-type glycosides force the protein backbone into an extended con- 
formation by the close packing of O-type glycosides. Additionally, the neuramic acid 
attached to the 06  of the N-acetylgalactosamine of the O-type chains is closely packed 
along the protein backbone. This feature is used to explain the resistance of the neu- 
ramic acid towards enzymatic cleavage by sialidase. 

9 Glycolipids 

Globoside was studied via N M R  spectroscopy [178]. The observed inter- and intra- 
residue NOEs are consistent with the conformation of the glycosidic bonds as pre- 
dicted by the exo anomeric effect. The intergiycosidic distances of  the protons neigh- 
boring the glycosidic oxygens are estimated to 2.4 + 0.1 A. 

13-D-GalNAc-(1-3)<t-D-Gal-( 1-4)-[3-D-GaI-( 1-4)-[3-D-Glc-ceramide 

Globoside 

In a later study from the same group, a comparison between an HSEA calculation, 
and an HSEA calculation combined with distance constraints implementing the 
distances from the N M R  study was performed [179, 180]. The changes obtained in the 
minimum energy conformation of the three different glycosidic linkages in globoside 
show very different behavior on implementing the distance constraints. The I3-D- 
GalNAc-(1-3)=a-D-Gal bond shows a change from the pure HSEA calculation from 
q~ = 60 °, ~ = --10 ° to q0 = 40 °, ~ = --50°, the ¢-D-Gal-(1-4)-I3-D-Gal bond changes 
t h e  values from cp = --40 °, ~ = --10 ° to q~ = --50 °, ~ / =  --10 °, and the [3-D-Gal- 
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(1-4)-[3-D-Glc bond from q0 = 60 °, ~ = - - 1 0  ° to q0 = 20 °, ~ = 0 °. I t  is pointed out 
that  the use o f  a single conformer for the interpretat ion of  time averaged experimental  
da ta  is an oversimplification. I t  was a t tempted  to reduce this drawback by checking 
a two state model  which takes two conformat ions  into account  and averages the ob- 
served parameters  of  these calculations. However,  no major  improvement  in fitting 
the experimental  da ta  could be obtained.  

A recent s tudy of  globoside using N M R  data  and a force field parametr iza t ion  for 
the A M B E R  program has been published [ 181]. This new approach included a feature 
to add opt ional  pseudo potentials to account  for N M R  constraints.  This force field 
led to some changes in the torsional  angles determined earl ier  (cf. above). The [3-D- 
GalNAc-(1-3)-a-D-Gal  bond shows q~ = 44 °, ~ = - -62  °, the ~-D-Gal-(1-4)-I3-D-Gal 
bond  q9 = - -50  °, ~ = - -23  °, and the [3-D-Gal-(1-4)-13-D-Glc bond q~ = 68 °, ~ = - -23  °. 
Using distance constraints these values changed for the I3-D-GalNAc-(I-3)-a-D-Gal 
bond  to cp = 22 °, ~ = - -43 °, for the C~-D-Gal-(1-4)-I3-D-Gal bond to cO = - -39  °, 

= - -20  °, and for the [3-D-Gal-(1-4)-I3-D-Glc bond to cp = 53 °, ~ = - -13  °. 

Fig. 21 a, b. Conformation of globoside calculated by the HSEA program a without and b with con- 
straint imposed via a potential function to account for the observed NOEs. Stereo plots with the reduc- 
ing end to the right 
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Fig. 22. Hydrophobic epitope on the convex side of the disaccharide, :t-D-Gal-(1-4)-t~-Gal, which is 
proposed to be an important factor for the binding specificity of the uropathogenic bacteria 

The binding of  a uropathogenic E. coli to the C~-D-GaI-(1-4)-D-Gat sequence whether 
internal or terminal in the glycolipid was rationalized using HSEA and GESA cal- 
culations [182]. It could be shown that a largely hydrophobic surface lies on the con- 
vex side o f  this particular fragment. This part of  the molecule is assumed to be respon- 
sible for the binding of  the bacteria. 

A PCILO calculation gives for tlae minimum energy conformer o f  the [3-D-GalNAc- 
(1-3)-I3-D-Gal disaccharide fragment (p = 33 ° and ~ = 21 ° [183]. The conformer 
with tp = 40 ° and t) = 21 ° had a relative energy o f  1.0 kcal/mol and that with to = 
--41 ° and ~ = --13 ° already 4.4 kcal/mol. 

The Forssman antigen is composed of  an ~-D-GalNAc linked to the 3 position of  
the terminal [3-D-GalNAc of  globoside I. The terminal disaccharide ~-D-GlcNAc- 
(1-3)-a-D-GlcNAc of  the Forssman antigen was analyzed by N M R  spectroscopy, 
HSEA calculations, and X-ray crystallography of  the peracetate [184]. The dihedral 
angles are obtained from the X-ray crystal structure to to = - -37  ° and ~ = - -22  °, 
and from the HSEA calculation to tp = --45 ° and ~ = - -35 °. The experimental 
evidence that this conformation is also adopted in solution is gained by N M R  experi- 
ments. 

The terminal disaccharide o f  the Forssman antigen was also studied using PCILO 
calculations [185]. The minimum energy conformation of  ~-o-GalNAc-(1-3)-I3-D- 
GalNAc was found by using P C I L O  calculations to have tO = - -57  ° and ~ = - -37  °, 
the energetically next favorable conformer has tp = --41 ° and ~ = - - 5 0  ° and an 
energy content of  0.5 kcal/mol. The conformations obtained could be grouped into 
three distinct areas on the (p/q map. The second set o f  these areas is represented by 
to = - -40 ° and ~ = --30 ° for its midpoint on the surface. This conformation then 
agrees well with that one obtained by X-ray crystallography [186] or H S E A  calcula- 
tions. 

Upon  sialylation o f  O-type oligosaccharides there are some long range shift effects 
in the 13C-NMR spectrum which are not easily attributable to a direct effect by the 
neuramic acid- residue because of  the long distance of  the sialylated 6-hydroxygroup 
to the site o f  the shift effect [187]. The sialylation of  the 6 ' -hydroxygroup o f  methyl 
[3-D-N-acetyl-lactosamine causes a deshielding of  2 ppm at the C4 of  the glucosamine. 
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It is proposed that this effect is only due to the hydrated carboxyl group of  the neura- 
mic acid. 

Berman showed from a detailed analysis of  the ~3C-NMR spectra of several sialy- 
lated oligosaccharides that the conformation of an ~-(2-3) bond gives a linear extension, 
whereas the attachment of the a-D-NeuNAc to the 6-hydroxygroup yielded into a 
'folded back' conformation of the neuramic acid [I 88]. 

Differences in the thermodynamic properties of globoside and asialo-GM~ are ex- 
plained by conformational differences of these glycosphingolipids [189]. The globo- 
side adopts a bent conformation due to its 0t-linked galactose, while the asialo Gux 
shows a stretched out conformation. The lipid monolayers studied by differential 
scanning calorimetry showed for the globoside a lower transition temperature of 
40.5 °C and an energy of AH = 2.0kcal/mol, while the asialo GM1 has a transition 
temperature of 54.0 °C and an energy of AH = 4.2 kcal/mol. These data agree well 
with the denser packing of the asialo GM1 compared to globoside, which is a direct 
effluent of  the bent conformation in the former one. 

13-D-GaI-(1-3)-13-D-GalNAc-(1-4)-~-D-GaI-( 1-4)- 13-D-Glc ceramide 

Asialo-Gu1-Ganglioside 

From ~3C-NMR relaxation data of GD~ a, it was shown that the C1 of the ceramide 
is much more mobile than the adjacent parts of  the molecule, both the C2--C3 of the 
ceramide as well as the carbohydrate part [190]. This is interpreted in terms of a hinge 
function of the C 1 in order to facilitate the movement of the carbohydrate with respect 
to the ceramide and hence to the membrane. 

13-D-GaI-( I -  3 )-13-D-Ga lN Ac-(1-4 )-13-o-GaI-(1-4)-13-D-G lc-ceramid e 
3 3 
f f 
2 2 

Zt-D-NeuNAc ~t-D-NeuNAc 

GDta-Ganglioside 

13-o-Gal-(l-3)-13-o-GalNAc-(l-4)-[3-D-Gal-(l-4)-[3-D-Glc-ceramide 
3 
I 
2 

:t-D-NeuNAc 

GM1-Ganglioside 

[3-o-GalNAc-(1-4)-13-o-Gal-(1-4)-13-o-Glc-ceramide 
3 [ 
2 

ct-o-NeuNAc 

GM2-Ganglioside 

The conformation of oligosaccharides related to Gul and Gra 2 gangliosides are 
calculated by the HSEA method [191]. The dihedral angles for the Gul ganglioside 
are listed in Table 13. Special focus was on the conformation of  the neuramic acid 
glycosidic bond-to the 3-position of the 13-D-galactose. From calculation as well as 
from NOE measurements, it became clear that the neuramic acid adopts a conforma- 
tion witti the carboxylgroup almost antiperiplanar to the C3 of the 13-galactose. The 
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Fig. 23. Calculated minimum energy conformation of the GMl-ganglioside using the HSEA program. 
Stereo plot with the reducing ends to the top 

Table 13. Calculated dihedral angles qo and t~ for 
the GMl-ganglioside [191]. The (p-angle of the 
neuramic acid glycosidic bond is defined with 
respect to C 1 NeuNAc 

13-D-Gal-(1-3)-13-D-GalNAc 55/10 
13-D-GatNAc-( 1-4)-I3-D-Gal 55/10 
13-D-GaI-( 1-4)-13-D-GIc 55/0 
~-D-NeuNAc-( 1-3)-[3-D-Gal -- 165/-- 15 

conformations at the other glycosidic bonds were also established experimentally by 
N M R  spectroscopy and are in agreement with the calculations. 

Wynn et al. have described a potential energy calculation which utilizes the non 
bonded interaction and a term for the electrostatic interaction with the inclusion of 
'directed chargers', localized in certain atomic orbitals [192, 193]. With this potential, 
they obtained for the [3-D-glucosyl-ceramide a conformation which is similar to the 
X-ray crystal structure of ]3-D-Gal-ceramide [194]. The calculation of the ~-o-NeuNAc- 
(2-3)-[3-o-Gal disaccharide shows a conformation with q0 cl = 120 ° (determined from 
the stereoplot presented in the publication) which is inconsistent with the data ob- 
tained by Sabesan et al. [191], who were able to show that their calculated conforma- 
tion with q0 = 165 ° is in agreement with NOE data. 

The preferred conformations of  the gangliosides GM1, G m, GM3, Gma, and Go1 b 
have been studied by the computation of their potential energies [195]. The calculated 
dihedral angles for the minimum energy conlbrmations are summarized in Table 14. 
It is evident that the neuramic acid conformation is predicted in agreement with the 
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H S E A  calcula t ion  and  N M R  data  [191]. Interest ingly,  GM3 conta ins  a different con-  
fo rma t ion  of  the neuramic  acid compared  to Gee and  GM1, whereas the t e rmina l  
neu ramic  acid in Gmh is expected to show the same q0 angle as Gee and  thus differing 
f rom all o ther  neuramic  acid con fo rma t ions  s tudied here. The different shapes of  the 
molecules are discussed in terms of  their  specific b ind ing  o f  cholera and  te tanus  toxins.  

[3.o_Gal-( I-3)-13-D-GalNAc-(1-4)-13-D-GaI-(1-4)-13-D-Gtc-ceramide 
3 
I 
2 

Ct-D-NeuNAc-(2-8)-~-D-NeuNAc 

Got b-Ganglioside 

Table 14. Calculation of the dihedral angles (p and ~ of the gangliosides GM1, Gin, GM3, Gma, and 
Go1 b [167]. 

GM3 GMZ GMI GDla Grab 

I3-D-Gal-4-1~-D-Glc 530/4 ° 60°/0 ° 60°/0 ° 600/0 ° 60°/0 q 
13-D-GalNAc-4-13-D-Gal 29°/14 ° 26°/14 ° 280/6 ° 25°/14 ° 
I3-D-Gal-3-13-D-GalNAc 50°/11 o 320/_4 ° 50o/10 o 
~-D-NeuAc-3-I3-D-Gal --670/--7 ° --157°/--25 ° --158°/--24 ° --156°/--24 ° --157°/--21 ° 
Ct-D-NeuAc-3-13-D-Gal(term) --740/0 ° 
Ct-D-NeuAc-8-Ct-D-NeuAc --70°/--6 ° 

Fig. 24. Calculated minimum energy conformation of the GDla-ganglioside using a potential energy 
function. Stereo plot with the reducing end to the right 
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10 Oligosaecharides Related to O-Specific Polysaccharides 

Bock et al. have analyzed ten oligosaccharides related to the O-antigen of Shigella 
flexneri (Y-PS), which is a polymer with a repeating unit of [-(1-3)-~-L-Rha-(1-3)-13- 
D-GIcNAc-(1-2)-~-L-Rha-(1-2)~-L-Rha-]n [23, 196]. From the detailed analysis of  
the N M R  chemical shifts as well as the NOEs, it became evident that the conformations 
of  the glycosidic bonds are in agreement with those predicted by HSEA calculations. 
The dihedral angles of the minimum energy conformer are shown in Table 15. The 
N M R  parameters are the same for the oligosaccharides and the polymer, which de- 
monstrates the conservation of the oligomer conformations in the polymer and thus 
the lack of high order phenomena in the polymer. The polymer has a helical structure 
with an identity period of eight monosaccharides. 
The preferred conformation of the trisaccharide a-L-Rha-(1-2)-~-L-Rha-(1-2)-~-L-Rha 
which is common to the Streptococcal group B polysaccharide and the Shigellaflex- 
neri antigen referred to above was found to be similar to that one determined earlier 
for the Shigetla oligosaccharides [197]. 

A study of the conformation of Salmonella O-antigens of serogroups A, B, and D 1 
by HSEA calculations and NMR has been described [198, 199]. As can be seen from 

Fig. 25. Octasacchadde, [-~-L-Rha-(1-3)~I3-D-GIcNAe-(1-2)-~-L-Rha-(I-2)-~-L-Rha-(1-3)-]2, repres- 
enting two repeating units from the ShigellaflexneriYPS O-antigen obtained from HSEA calculations. 
Stereo plot with the reducing end to the top 

Table 15. Dihedral angles ~0 and ~ of the Y-PS 
of ShigellaflexneriO-antigen by HSEA cal- 
culations [196] 

~l,1, 

~X-L-Rha-( 1-3)-[~-D-GlcNAc 40 / 15 
[3-D-GleNAc-( 1-2)-~-L-Rha 50/10 
et-L-Rha-( l-2)-a-L-Rha 45/15 
~-L- Rha-( 1-3).-~-L-Rha 50/15 
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the dihedral angles in Table 16 by comparing the entries under disaccharides with the 
other columns, the conformation of the glycosidic bonds are only slightly dependent 
on the presence of the other glycosidic linkages, except for the case in which an s-o- 
Glc is attached to 4-OH of the ~-D-Gal which changes the conformation of the S-L- 
Rha-(1-3)~-D-Gal drastically. Thus, the backbone remains invariant among the three 
serogroups analyzed but changes its structure when going to the factor 12 structure. 
Although the minimum energy conformations, as shown in Table 16, are often not 
altered by additional glycosides, the degrees of  freedom of motion around the glyco- 
sidic bonds may be drastically reduced as demonstrated by energy contour maps. 
The 3,6-dideoxy-sugars are exposed to the outer side of the helical backbone of the 
polymer [200]. This feature is used to explain the antigenicity of  the different struc- 
tures. A 1H- and 13C-NMR study with a discussion of differential chemical shifts and 
interresidue NOEs proved the calculated structures to be present in solution [199]. 

Using X-ray crystal structure data or, alternatively, coordinates which are generated 
due to geometric criteria gives, as a consequence, only an insignificant small difference 
with respect to the calculated minimum energy conformation. This was demonstrated 
later after obtaining an X-ray crystal structure of  3,6-dideoxy-~-D-arabio-hexo- 
pyranose [201] became possible. 

[-(1-2)<t-D-Man-(I--4)-O~-L-Rha-(t-3)-z~-D-Gal-] 
2 3 3 4] (6) 

| 
R ~-D-GIc 
1 5 

Serogroup A: R = 3,6-dideoxy-~-D-ribo-hexopyranosyl (paratose) 
Serogroup B: R = 3,6-dideoxy-~-D-xylo-hexopyranosyl (abequose) 
Serogroup D1 : R = 3,6-dideoxy~-D-arabino-hexopyranosyl (tyvelose) 
Factor 12: R = 3,6-dideoxy-~-D-xylo-hexopyranosyl (abequose) 

Salmonella landau serogroup N antigen is a polysaccharide with the repeating unit 
[-(1-2)-~-D-PerNAc-(1-3)~-L-Fuc-(1-4)-13-D-GIc-(1-3)-~-D-GalNAC-]R where Per is per- 
osamine, 4-amino-4,6-dideoxy-D-mannose. The conformation of this polysaccharide 
has been calculated using the GESA program, and the conformation obtained has been 
compared to the experimental NOEs from one and two dimensional NMR spectro- 
scopy [202]. The calculated structure agrees with the experimentally determined con- 

Table 16. Calculated dihedral angles qo and ¢/of the Salmonella O-antigens serogroups A, B, and D 1 
in their minimum energy conformation [201] 

Disaccharides Pentasaccharides Hexasaccharide factor 12 

A B D i B 

4-2 --46/--19 --46/--23 --44/--19 --46/--22 --45/--18 
2-3 --39/-- 13 --36/I --36/-- 1 --36/-- 1 --36/-- 1 
3-4 49/4 50/6 50/6 50/6 28/21 
1-2 --48/--8 --51/--14 --51/--12 --51/--13 --51/--14 
5-4 --40/--10 --36/--22 
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Fig. 26. Octasaccharide, [--[~-D-Abe-(1-3)]-a-o-Man-(1--4)~-L-Rha-(1-3)-a-D-Gal-(1-2)-]2, repres- 
enting two repeating units of the Salmonella O-antigen serogroup B. Stereo plot with the reducing 
ends to the bottom left. The exposure of the abequose to the outer surface is evident 

formation to yield the dihedral angles (q~/qt)~-D-PerNAc-(1-3)-a-L-Fuc to --50 °/--12 ° 
a-L-Fuc-(1-4)-I]-D-Glc to 43°/7 °, [3.-D-Glc-(1-3)-a-D-GalNAc to 54°/15 °, and a-D- 
GalNAc-(1-2)-a-D-PerNAc to --43 °/--23 °. 

The conformation of  the backbone of the Klebsiella polysaccharide K~a[-(1-3)-~-L- 
Rha-(1-3)-]3-D-Glc-]n has been calculated using a force field which includes terms for 
non bonded interactions, the exo anomeric effect, and hydrogen bonds [203]. The cal- 
culated data were checked using N M R  spectroscopy. The I3-D-Glc-(1-3)-~-L-Rha bond 
shows dihedral angles (p/~ of 10°/40 ° and 30°/--60 ° with approximately equal energy, 
the C~-L-Rha-(1-3)-I3-D-Glc bond shows only one major conformer with (p/~ equal to 
20°/_45 o. 

A conformational analysis of  the Neisseria meningitidis serogroup B and C poly- 
saccharides has been performed [204]. These polysaccharides are homopolymers of 
N-acetylneuramic acid linked ~-(2-8) in the group B serotype or c~-(2-9) in the group C 
serotype, respectively. Using a force field program which calculates the energy only 
from short range interactions the conformation of  the disaccharide bonds are deter- 
mined and compared to the results of N M R  analyses. Due to the additional problem 
of the free rotation of the side C7-C8-C9 fragment of  the neuramic acids, this part of 
the molecule attracted the major attention. From N M R  analysis of the coupling con- 
stants, it became clear that in the case of  the ct-(2-9) linkage the conformation of the 
side chain is retained compared to the monomer with a trans orientation of H7 and 
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Fig. 27a, b. Tetrasaccharide with two repeating disaccharide units from Klebsiella capsular poly- 
saccharide K,, in its two energetically favored conformations 

H8, but in case of the a-(2-8) linked polysaccharide there is a change in the conforma- 
tion of the side chain orientation to a gauche relationship between H7 and H8 reflected 
by the coupling constant of 3J7,8 = 3.5 Hz compared to 3J7,8 = 9,l HZ in the a-(2-9) 
linked disaccharide. 

The group B meningococcal polysaccharide is an a-(2-8) linked polymer of neuramic 
acid. The smallest oligosaccharide that binds to antibodies was found to have a mini- 
mal length of ten residues. A study of different oligomers by NMR spectroscopy 
revealed that the conformation of the interglycosidic bonds changes between the inter- 
nal parts of the oligomers and the two terminal bonds [205]. The internal bonds adopt 
a conformation close to that of colominic acid. The terminal glycosidic bonds show 
coupling constants of J7,, = 9.1 and 6.7 Hz, respectively. These changes in the con- 
formation at the cutoff of the chain were used to interpret the required minimum 
length of the oligomers for binding to the antibody as only the internal hexamer 
shows the correct conformation for binding. 

The change of the side chain conformation as was found in comparing a-(2-8) and 
a-(2-9) linked neuramic acids (cf. above) have been supported by a study on the 
E. coli K92 capsular polysaccharide, which is a polymer made by alternating a-(2-8) 
and a-(2-9) linked neuramic acids [-9)-c(-~-NeuNAc-(2-8)a-~-NeuNAc-(2-],, [206]. 
Again, the a-(2-8) linkage causes the two protons H7 and H8 at the aglyconic part to 
be gauche and the a-(2-9) linkage causes a trans orientation. 

Neisseria meningitidis serogroup K polysaccharide is composed of two N-acetyl- 
p-D-mannuronic acids, one of which is 0-acetylated [-(~-~)-P-D-M~~NA~A-(~-~)-P-D- 
(490-Ac)-ManNAcA-I,, [207]. It was shown to adopt the expected conformation with 
the protons across the glycosidic bonds H1, and H3, or H1, and H4, to be close 
together as demonstrated by large 'H-NMR nuclear Overhauser enhancements. 

The conformation of the core region of the lipopolysaccharides of Citrobacter 
036 was calculated using the MM2 program and the results compared to NOE data 
[208]. Qualitatively, NOE data agreed with the calculated conformation. However, 
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all sugars with a galactose configuration showed the gg conformation for the hydroxy- 
methyl group, which is not populated in solution. 

11 Oligosaccharides from Proteoglycans 

The polysaccharides from proteoglycans have been very extensively analyzed by 
means of X-ray and CD spectroscopy [209,210]. This section will review only the 
newer developments based on NMR and conformational calculations. 

L-Iduronic acid is a component of heparin as well as dermatan sulfate. This mono- 
saccharide unit has a unique feature, as its ring conformation cannot be regarded as 
independent of its substituents due to a small energy difference between the 4C1, the 
'So, and the 'C4 conformer [211]. Heparin as a polymer was shown by analysis of the 
'H-NMR coupling constants to contain the L-iduronic acid exclusively in the 'C, 
conformation [212]. The antithrombin active pentasaccharide and shorter fragments 
of this active portion of the heparin polymer, however, adopt different conformations, 
as demonstrated by the unusual high coupling constants 3J2,3 in the iduronate resi- 
dues [213, 2141. The conformation that is most likely is a skew boat, 'So for the pyra- 
nose ring of the iduronic acid. This has been shown by molecular mechanics calcula- 
tions to be an energetically favoured conformer, even for an iduronic acid carrying a 
sulfate methyl ester or the ionic sulfate group at oxygen 0 2  [215, 2161. The 'So con- 
formation was found to be the most probable one for the AT I11 active pentasaccha- 
ride. This feature of the iduronic acid residue complicates the analysis of oligomers 
of heparin drastically because both the conformational flexibility of the glycosidic 
bonds and also that of the pyranose ring itself will change the overall shape of the 
oligomer or polymer. 

In the disaccharide with a-L-iduronic-acid-2-sulfate linked to the 4-OH of 2,5- 
anhydro-mannose, which is obtained from heparin by nitrous acid degradation, the 
conformation of the iduronic acid was found to be 'C4 and to be independent of tem- 
perature in the range from 20 OC to 90 OC [217]. 

A thorough NMR analysis of synthetic oligosaccharides related to the penta- 
saccharide binding to antithrombin I11 revealed the preferred conformations of the 
rings and the glycosidic bonds [218, 2191. It was concluded that the iduronate ring 
prefers the 'So conformation but changes its conformation towards a 'C4 conforma- 
tion when a 2-sulfate is present. Furthermore, a sulfamido substituent in the 2' posi- 
tion of the nonreducing end of the iduronic acid tends to stabilize the 'So conforma- 
tion. The trisaccharide a-~-GlcNSO~-3,6-di-0-SO~-(1-4)a-~-IduA-2-O-SO~-(1-4)a- 
D-G~cNSO,-~-O-SO, shows at low salt concentrations a2So conformation which 
changes to a 'C4 conformation in the presence of 3 M NaCl. A GESA calculation of 
a nonsulfated trisaccharide, a-D-GlcNAc-(1-4)a-L-Ido-(1-4)a-D-GlcNAc, gave cp = 
-37" and \I, = -31" for the 'So conformation of the idose and cp = -4" and \I, = 

-36" for the 4C1 conformation 
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In dermatan sulfate a vacuum UV circular dichroism study showed that the iduro- 
nate ring is present only in the 1C 4 conformation [220]. This applies to the solution 
as well as to the dried films. The evidence obtained from X-ray diffraction on crystal- 
line fibers is just the opposite. According to this study, iduronate should adopt a 
4C 1 conformation in the solid state [221]. 

12 Antibiotics 

The conformational analysis of antibiotics is very important in order to be able to 
establish a structure activity relationship (SAR) and thus gain more insight into the 
way the antibiotics act in the living organism. 

12.1 Aminoglycosides 

Mallams et al. [222, 223, 224] have determined the solution conformation of a large 
series of semisynthetic aminoglycoside antibiotics from the sisomycin, kanamycin 
and gentamycin family of  compounds using 13C-NMR spectroscopy. A detailed 
analysis of the changes in the chemical shifts gave information about the relative 
orientation of the glycosidic bonds. The conformations around the glycosidic bonds 
were not determined with the precision required to present torsion angles but still 
have given rise to a general description of  the preferred conformation at the glyco- 
sidic centers. 

The normal orientation of the glycosidic and aglyconic part of the molecules shows 
both C - - H  bond vectors adjacent to the glycosidic oxygen to be parallel. The glyco- 
sidic bonds at C-4 and C-6 of the streptamine residue show both a small clockwise 
rotation from the conformation described above to relieve some strain built up by 
dipolar or steric effects. Only in the case of  1-epi stereochemistry in the streptamine 

Ho R  NHCO 
(2,, , 

C(3)~C(4 )/'H C(5)~'C(6)/H V 

O H O H O , ~ H  

C(2') C(2") C(2") 

Fig. 28. Conformations around the glycosidic bonds of aminoglycoside antibiotics as proposed on 
the basis of 13C-NMR chemical shift analysis 
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OH 

CH3H N ' ~ ~  OH H2NH 2 

O O O H I H ~ N H  2 

Sisomycin 

OH H2N o  
C H 3 H N ~  OH 

o 
H z N ~_.~.,-,"--,,,~,.~ N H 2 

Gentamycin A 

Scheme 1. Aminoglycoside antibiotics: Sisomycin and Gentamycin derivatives 

the glycoside linkage to 0-6 of the streptamine is rotated clockwise by 120 ° compared 
to the parallel orientation of both C-H bond vectors. All conformations deduced 
from 13C-NMR chemical shift differences put the C 1-O1 bond in the rotamer which 
follows the e x o  anomeric effect. 

From differential shielding effects in 13C-NMR spectra Wright et al. [225] con- 
cluded that the most likely conformations of the glycosidic bonds of a series of genta- 
mycin derivatives are in accordance with the e x o  anomeric effect. Furthermore, the 
C-H vectors on both sides of the glycosidic bond are supposed to be in an almost 
parallel orientation, which is in agreement with the expectation. 

The conformations of streptomycin and streptomycylamine derivatives are cal- 
culated using the Hopfinger potential functions [226]. The conformations are opti- 

H2N H 
H\C(~)/C(S) 

C(2') Fig. 29. Conformations around the glycosidic bonds of aminoglycoside 
antibiotics with 1-epi stereochemistry at the streptamine as proposed 
on the basis of ~3C-NMR chemical shift analysis 
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mized in a hydrophilic/hydrophobic phase boundary simulated via different dielectric 
constants in two different volumes of the space. The orientation of these conformers 
with respect to the negatively charged bilayers of phospholipids is simulated by the 
interaction of the aminoglycosides with four phosphatidylinositol molecules forming 
a monolayer. These data are used to show the interaction between the monolayer 
fragment and the carbohydrate to be both ionic and hydrophobic in nature. Ex- 
perimental and calculated values of the hydrophogic/hydrophilic balance are used for 
comparison. The conformations obtained differ from ~hose usually observed in gly- 
cosides dissolved in water. 

12.2 Deoxy Oligosaccharides 

Berrnan et al. have determined the conformation of chromomycin A3 by 1H-NMR 
spectroscopy in an unpolar solvent [227]. The conformation was determined via 
interresiude NOEs, which showed that there are contacts between the ends of the 
oligosaccharide chains, thus requesting a conformation with both chains bent to 
each other while the aromatic system is exposed. The mechanism of the interaction 
of this antibiotic with DNA was shown in a preliminary study to be consistent with an 
intercalation process [228]. A note added in proof states that NOEs are not in agree- 
ment with an intercalation procedure. 

However, a recent study by Patel et al. found that chromomycin m 3 forms a dimer 
in the complex with DNA and adopts a stretched conformation [229]. Hereby the 
disaccharide comes close to the trisaccharide, and hence interresidue NOEs are 
observed. Furthermore, strong shielding effects are observed which can only be 

H~C0~ CH 

B O ~ O  

A 

CH 3 CH 3 0 
HO O. 

° 

H3c~O~ 0 C 

H 3 C - - C 0 ~ " 7 ~  
il OH E 
o 

 CHs OH 
O ~  CH 3 

Scheme 2. Chromomycin A 3 

OH 
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explained by a close proximity of  the sugars to the aromatic tings of the chromo- 
mycin. The dimerization would also explain the above mentioned NOEs for the 
solution structure [227]. 

The conformational analysis of  a trisaccharide from the antibiotic kijanimycin 
(cc-L-Dig-(1-3)~-L-Dig-(1-3)-~-L-Dig) formed of digitoxose, 2,6-dideoxy-D-ribo- 
hexopyranose, by determination of the NOEs revealed u equivocally the conform- 
ation of  this oligosaccharide because of interresidue enhancements from the reducing 
unit to the terminal unit [230]. The short distance between the units 1 and 3 impose 
a strong limitation on the range of the dihedral angles at the glycosidic bonds to 
q0 = 60 ° and ql = 50 ° at the non reducing unit and to q~ = 40 ° and ~ = 70 ° at the 
inner one. The proposed conformations are in agreement with the earlier report based 
on the 13C-NMR chemical shift analysis [231]. 

The conformation of the glycosidic linkage of daunomycin was determined by 
N M R  NOE spectroscopy to q0 = 40 ° and ~ = - -5  ° [232]. 

13 Miscellaneous 

The solution conformation of acarbose has been studied by HSEA calculations and 
NM R spectral data [233]. The valienamine shows angles of q~ (H 1 '"-C I " ' -N  1'"-C4) = 
= --34 ° and ~ (CI ' " -NI ' " -C4-H4)  = --19 ° at the pseudo glycosidic linkage to the 
4-amino-4,6-dideoxy-~-D-glucose. This conformation requires short distances across 
the pseudo glycosidic bond which are proved to be present by NOE experiments. It 
is shown from a comparison with maltotetraose in its minimum energy conformation 
that both compounds adopt a very similar overall conformation, thus explaining the 
glucosidase inhibition by acarbose. 

6CH2OH 

H() N I C-H3 

H O I  C I-t20H 

H O ~ o  H 

Scheme 3. Acarbose (glucosidase inhibitor) 
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Fig. 30. Conformation of acarbose in comparison to maltotetraose as obtained from HSEA caIcu- 
lations 

The conformation of the synthetic putative ligatin receptor has been determined by 
its phosphorus carbon and phosphorus hydrogen coupling constants [234]. The 
pseudo-saccharide bond to phosphorus adopts a normal conformation and obeys 
the e x o  anomeric effect. The total shape of this pseudo disaccharide is a 'stretched out' 
conformation. 

R I/ 

|CH~OH 
R ' ~ \ "  J o  o 

H o . ~ , , , ~  II 

u /  OCH 2 OH 

0 ~ N ~ R ) 2  

Scheme 4. Ligatin receptor 

The role of the carbohydrate chains in the digoxin family of compounds is analyzed 
from the conformational point of view. Digitoxose could be shown by 1H-NMR 
spectroscopy to adopt in both the ct- and the 13-anomeric forms, predominantly the 

° 

1,2 

HO 
H 

Scheme 5. Digitoxigenin and uzarigenin as aglycons of cardiac glycosides 

201 



Bernd Meyer 

4C 1 chair form [235]. Potential energy calculations of  digitoxigenin-~-L-rhamnoside, 
digitoxigenin-13-D-digitoxoside, uzarigenin-~-L-rhamnoside, and uzarigenin-13-D-6'- 
deoxyallose showed different minima [236]. 

The data obtained here without the special treatment of  the glycosidic bonds differ 
from the expectation of  the conformation based on activity studies. 13-D-Digitoxosyl- 
o-digitoxigenin is calculated to have an energy of  approximately 7 kcal/mol above the 
energy minimum for the proposed binding conformation. 

Table 17. Dihedral angles ~p and ~ of the cardiac glyco- 
sides [236] 

~/~ 

a-L-Rha-O-digitoxigenin 25°/5 ° 
13-D-Dig-O-digitoxigenin 0°/0 ° 
~-L-Rha-O-uzarigenin 30°/--50 ° 
13-D-6'-Deoxyallosyl-O-uzarigenin 60°/--20 ° 

A comparison between the crystal structure data available for cardiac glycosides 
and potential energy calculations using the Hopfinger potential [237] showed major 
agreement [238]. All X-ray structures o f  13-D-digitoxosides show conformations of  the 
glycosidic bond within the 6 kcal/mol contour line. The X-ray values of  the q0 angles 
range from 24 ° to 53 ° and the ~ angles from --53 ° to +57  °. CC-L-Rhamnosides of  di- 
gitoxigenin have conformations in the crystal which are all near the 6 kcal/mol 
contour line in the potential energy calculation, qb angles vary from 34 ° to 57 ° and 
angles form two groups at - -40 ° and + 4 0  °. 

The bacterial cell walls o f  bacteria contain a peptidoglycan - -  mureine -- ,  which 
has a carbohydrate core formed by a chitin polymer with every second I3-D-GlcNAc 
linked in an ether bond to a 2-O-D-lactic acid via the 3-hydroxygroup, called N-acetyl- 
muramic acid, [--(1-4)-~-D-GlcNAc-(1-4)-~-D-(1-3)-O-[2'-O-D-lactyl]-GlcNAc-]. In 
order to model the polymer PCILO calculations of  the two repeating disaccharides 
were undertaken [239, 240]. The obtained minimum energy conformations for 13-9- 
GlcNAc-(1-4)-[3-D-MurNAc showed q) = 53 ° and ~ = 1 ° and for [3-D-MurNAc- 
(1--4)-~-D-GlcNAc q) = 37 ° and ~ = 7 °. Thus mureine is considered to have a dif- 
ferent conformation than chitin, which adopts a twofold helical axis. 

Formanek has concluded from the periodicities determined from X-ray diffraction 
data of  the bacterial cell walls that the conformation of  the polysaccharide backbone 
should be chitin-like with a twofold helical axis [241,242]. 

The relative ability to act as substrates to ~-L-fucosyl transferases was interpreted 
in terms of  the preferred conformation of  N-acetyl-lactosamine and lacto-N-biose I 
[243]. Both substrates are fucosylated in vitro by the H-blood group related enzyme 
to give the a-L-Fuc-(1-2)-D-Gal bond or by a Lewis gene dependent fucosyl trans- 
ferase to give the C~-L-Fuc-3 or 4-GlcNAc bond respectively. These transferases act 
on the different substrates similarly because o f  the close resemblance of  the topo- 
graphies in the neighborhood of  the aglyconic hydroxygroup in the minimum energy 
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Fig. 31. Conformation of the disaccharides forming repeating unit of the backbone of mureine from 
PCILO calculations 

conformation. Hydrophobic as well as hydrophilic parts of the substrates are involved 
in the binding to the enzyme, which is demonstrated by several deoxy derivatives of 
fucosyl receptors. 

14 Concluding Remarks 

The examples from the literature demonstrate the powerful methods available for 
the determination of the secondary structure. Although most of  the referred studies 
have not included solvent interactions, the preferred conformation of the oligosaccha- 
rides when dissolved in water do not seem to be dependent on the inclusion of the 
water interaction. In contrast to this, the inclusion of polar terms in the calculation 
of the oligosaccharides causes problems and often leads to the prediction of wrong 
conformations, because of the difficulty of assessing the magnitude of the dielectricity 
constant in close proximity. 

Another problem that has not yet been solved is the flexibility of the oligosaccha- 
ride bonds. Due to their population, the different conformers contribute to the physical 
observables and a change in the predicted properties is expected, but only when the 
minimum energy conformation is taken into account or when the total conformer 
distribution is used. 
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1 Introduction 

The selective protection of carbohydrates and their derivatives by alkyl groups is a 
subject of continuing interest (for previous reviews, see Refs. [1-3]) and has recently 
assumed increased importance as a result of the current widespread use of such car- 
bohydrates as protecting units for polysaccharide, complex oligosaccharide, and 
glycoprotein syntheses, or as a source of chiral building blocks for the synthesis of 
natural products. The classical approach to these ethers, based on some kind of 
protection of several, usually more reactive hydroxyl groups, followed by alkylation 
with an excess of a reagent and deprotection, becomes now more and more displaced 
by direct regioselective mono-, di-, or trialkylation. No doubt, the classical three- 
step procedure, based on the formation of  cyclic acetals, cyclic boronates, anhydro 
derivatives or, eventually, on a partial acylation, remains unequalled for some of the 
carbohydrate derivatives. The same is true for SN 2 displacement of sugar sulfonates 
or for an oxirane ring opening by alkoxides, for the shortening, lengthening, and other 
changes of an alkylated carbohydrate chain but, in most cases, the overall yield of 
the desired product is unsatisfactory, the procedures are tedious and complicated. 
The long and cumbersome 16-step synthesis [4] of methyl 3,6-di-O-methyl-[3-D- 
galactopyranoside with an overall yield of about 1% can serve as an example when 
compared with recent direct regioselective alkylation at these two positions (see, 
e.g.. Sect. 3.3). The evolution of separation techniques plays also an important role ; 
all of the partially methylated derivatives of methyl CZ-D-mannopyranoside, methyl 
~-D-galactopyranoside, methyl [3-D-xylopyranoside can now be conveniently pre- 
pared [5, 6] by partial methylation of methyl glycosides followed by separation of the 
whole mixture of isomers by liquid chromatography. Only this direct, regioselective 
alkylation approach will be treated in this article. In addition, partial dealkylation 
has been included (for previous review, see Ref. [7]), as well as the reductive cleavage 
of cyclic acetals, because of their rapid development in the past ten years. 

Of the numerous alkyl protecting groups known [8, 9], only those widely used in 
synthetic chemistry of carbohydrates will be discussed. Methyl ethers --  with hundreds 
of selective methylations far exceeding the scope of the review --  were excluded for 
their unimportant role as synthetic intermediates (great majority of partial methyla- 
tions are carried out to complete the list of  reference compounds for the methylation 
analysis of polysaccharides, or simply to prepare ethers widely occurring in biologi- 
cally important molecules). 

Several strategies are now employed to obtain the regioselective protection of mul- 
tiple hydroxyl groups by alkylation and, in most of them, the product distribution 
depends on the relative reaction rate constants of the hydroxyl groups in the starting 
polyol as well as on the relative rate constants of the partially atkylated compound. 
Care must be taken in generalizing the results obtained since the reactivity of a hydroxyl 
group frequently changes during the course of the multi-stage alkylation, and the 
assessment of the relative reactivities of the polyol hydroxyl groups based on the pro- 
duct distribution at only one degree of substitution can lead to erroneous conclusions. 
For Kuhn methylation of methyl 4-O-methyl-[3-D-xylopyranoside, for instance, the 
relative reactivity is OH-2 > OH-3 despite the fact that the 3,4-dimethyl ether can 
be isolated as the major partially methylated product, simply because its rate of dis- 
appearance is substantially lower compared to that of the 2,4-isomer [10]. Several 
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methods of numerical analysis of experimental data were developed [11-17] to help 
with these problems, they can offer a quantitative basis for discussions on relative 
reactivities of hydroxyl groups with various alkylating agents. 

2 Benzyl Ethers 

Recent investigations related to the synthesis of complex saccharides and modified 
sugar analogs strongly indicate the advisability of using partially O-benzylated car- 
bohydrate derivatives as the key intermediates. The persistent protecting benzyl ether 
grouping is stable and not prone to migration under the conditions of the Koenigs- 
Knorr reaction, it can be split off without affecting the glycosidic bond. As a result, 
different approaches were developed for the preparation of such suitable "aglycons" 
at will, with high regioselectivity. Both the selection of reaction conditions and choice 
of the starting carbohydrate (~- or 13-anomer, glycoside or 1,6-anhydro sugar) are 
used to control the site of benzylation, and as the number of available techniques be- 
comes enormous, the selective benzylation now in most cases surpasses the classical 
pro tection-benzylation-deprotection sequence. 

Generally, liquid chromatography methods are used with partial benzylation, both 
for analytical and preparative work. All theoretically possible mono-, di-, and tri- 
benzyl ethers of methyl a-D-glucopyranoside have been separated by GLC via the 
trimethylsilyl ethers [18]. Simple and unambiguous localization of the benzyl group in 
the monobenzyt ethers of methyl glycosides follows from the electron-impact mass 
spectrometric fragmentation [19]. Benzyl-~,~-2H ethers can be used to simplify [20-22] 
NMR spectra assignment, deuterated benzyl bromide or chloride being easily avail- 
able [20, 21]. 

2.1 Direct Partial Benzylation 

There is a broad assortment of benzylation techniques [23, 24] where the use of limited 
reaction time, limited amount of base or alkylating agent results in partial benzylation 
of hydroxyl groups. In most cases, we have to deal with a solid-liquid two-phase sys- 
tem with the corresponding drawbacks, and as the preparative data at only one level 
of substitution are usually available, generalizations are far from being easy due to dif- 
ferences between the hydroxyl group reactivity in the first and the second stage, 
respectively. For a particular carbohydrate, the regioselectivity differs from the 
reagent to reagent and depends frequently on the solvent used. 

B e n z y l  B r o m i d e  - -  S i l v e r  O x i d e  - -  N , N - D i m e t h y l f o r m a m i d e  

The reaction is relatively slow and easily controled even with a large excess of reagent. 
The primary hydroxyl group in methyl 2,3-di-O-benzyl-~-D-galactopyranoside is 
benzylated as first [25, 26]. After 18 h stirring at ambient temperature, about 50% 
of 2,3,6- and < 10% of 2,3,4-tri-O-benzyt derivative have been isolated, together 
with 4 0 ~  of unreacted starting material [25]. The 13-anomer reacts in a similar way [26]. 
In sucrose bermylation [27], however, the primary positions are not among the most 
reactive hydroxyl groups, the order being 2 > 3' > I' > 3 (ratio of 80: 10:3: 1). 

There seems to be a difference between the secondary equatorial hydroxyl groups 
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OH-2 and OH-3 in methyl 4-O-methyl-13-o-xylopyranoside [28] or alkyl 4,6-0- 
benzylidene-t3-D-glucopyranoside [29] (cf. Ref. [30] ; for discussion of the discrepanc?? 
observed, see Ref. [10]). This preponderance of position 2 over 3 appears also in 
methyl 4,6-O-benzylidene-a-D-mannopyranoside, the axially oriented hydroxyl group 
being substantially more reactive than the equatorial one [31-33]. Some 55~ of 2-0- 
benzyl and 19~o of 3-O-benzyl derivative have been isolated, together with 10~o of 
2,3-di-O-benzyl and 16~ of the starting material [33]. 

Acetyl group migration or removal have been observed in the benzylation of phenyl 
2,3,4-tri-O-acetyl-[3-D-glucopyranoside [34] and benzyl 2-acetamido-3,6-di-O-acetyl- 
2-deoxy-a-D-glucopyranoside [35]. Delicate benzylation of the primary hydroxyl 
group in benzyl 2-acetamido-4-O-benzoyl-3-O-benzyl-2-deoxy-~-D-glucopyranoside 
could be realized [36] in 48% yield using benzene instead of N,N-dimethylformamide 
at 65 °C. Anhydrous conditions and freshly prepared silver oxide seem to be neces- 
sary precautions [24, 37, 38]. For allyl 3-O-benzoyl-2,6-di-O-benzyl-a-o-galacto- 
pyranoside, e.g., the benzoyl migration occurred in one instance, when silver oxide a 
month old was used [38, 39]. As the ageing of silver oxide as well as the purity of DMF 
and reagents were found to affect also the selectivity of Kuhn alkylation [10], some 
problems with reproducibility of this heterogeneous reaction must be calculated with. 

B e n z y l  B r o m i d e  - -  B a r i u m  O x i d e  - -  N , N - D i m e t h y l f o r m a m i d e  

The primary hydroxyl group of various 3-O-protected N-acetyl-glucosaminides (1) 
has been selectively benzylated by stirring the carbohydrate with approx. 1 molar 
equiv, of benzyl bromide, excess barium oxide and barium hydroxide octahydrate in 

CH20 H Rl=OBn; RE=H: R3=AII 
0 R 2 RI=OBn; R2=H; R3=Bn 

O ~ R  RI=OAII; R2=H; R3=Bn 
H 1 RI=H; R2=OAll • R3=Bn 

NHAc R I=H; R2=OC6H4NO2_p; R3=B n 

(i) 

DMF in the dark at room temperature for many hours [40-43] (for this compound, 
a two-step procedure based on regioselective tosylation of OH-6 followed by SN2 dis- 
placement with sodium benzoxide proved more practical [44, 45]). Barium carbonate 
[46] or sodium hydroxide [43] as a base have also been used.Without protection of OH-3, 
the order of reactivity seems to be OH-6 > OH-3 > OH-4; 40~  of 3,6-di-O-benzyl 
and 20~  of 3,4,6-tri-O-benzyl derivative have been isolated after 4 days stirring with 
2 molar equiv, of benzyl bromide [41]. Ultrasonication increases the rate of this ben- 
zylation substantially [47]. 

Partial benzylation of methyl 4,6-O-benzylidene-[3-D-mannopyranoside with 1.2 
molar equiv, of benzyl bromide yielded 3-O-benzyl (66~), 2-O-benzyl (16~), and 
2,3-di-O-benzyl (10 ~ )  derivative, together with 8 ~ of unreacted starting material [33]. 

213 



Jan Stan6k 

Under the same conditions, the reactivity of hydroxyl groups is OH-2 > OH-3 for 
methyl 4,6-O-benzylidene~-D-glucopyranoside, and OH-3 > OH-2 for the 13-ano- 
mer [48] or for the corresponding galactopyranoside [49]. The hydroxyl group in posi- 
tion 2 is the most reactive in sucrose benzylation [27]. It seems that the cis-OR substi- 
tuent activates the adjacent equatorial hydroxyl group [33] in benzytations in the 
presence of barium oxide. 

B e n z y l  Bromide  - -  Sodium Hydr ide  - -  N , N - D i m e t h y ) f o r m a m i d e  or D i m e t h y l  Sulf-  

ox ide  

Alkylations with sodium hydride in dipolar aprotic solvents usually proceed very 
efficiently and with high yields [50]. Dibenzyl ether, the major byproduct when alkali 
hydroxide is used, is not formed even under forcing conditions necessary for benzyla- 
tion of sterically hindered hydroxyl groups [51]. Under limiting conditions of base, the 
rate of formation, the stability, and the rate of further reaction of competing alkoxides 
determine the distribution of products. 

Monomolar benzylation of methyl 2,3-di-O-benzyl-~-D-galactopyranoside in 
DMF gave 2,3,6-tri-O-benzyl derivative in 73 ~o yield [52]. The primary 6-benzyl ether 
also forms the major part of the monobenzyl fraction obtained from methyl s-D- 
galactopyranoside or from its [3-anomer [53]. Interestingly, position 6 becomes less 
reactive than position 2 if 3,4-O-isopropylidene acetals is used to protect the other two 
secondary hydroxyl groups. The ratio of 2- and 6-benzyl ethers was found to be 11 : 1 
in the cz-anomer and 2.5:1 in the f3-anomer [53] (see also, Ref. [54]). Uridine [55], cyti- 
dine [56], and 4-(methylthio)uridine [56] also prefer OH-2' over the primary position 
when benzytated in dimethyl sulfoxide (for other benzyla~ions in this solvent, see 
Refs. [35, 57]). 

The hydroxyl group OH-4 seems to be the most reactive among the secondary ones 
in methyl ~-D-galactopyranoside, whereas OH-3 seems to be prefered in the 13-ano- 
mer [53] ; the yields are, however, too low for any conclusions. Axial hydroxyl group at 
C-4 is more reactive than the equatorial OH-3 in both methyl 2,6-di-O-benzyl-~-D- 
galactopyranoside and the [3-anomer [52] (see also, Ref. [58]), but the overall reactivity 
of the latter compound is substantially lower; more than 50% of unreacted methyl 
2,6-di-O-benzyl-[3-D-galactopyranoside were recovered after reaction with a slight 
molar excess of sodium hydride and benzyl bromide in DMF for 3 h at ambient tem- 
perature, whereas only small amounts of the ~-anomer remained unreacted under the 
same conditions [52]. Surprisingly, no 4-benzyl ether was isolated from the reaction of 
the corresponding 6-deoxy glycoside. This paucity of  4-benzyl ether in the selective 
monobenzylation of methyl ~-L-fucopyranoside can only partly be explained by its 
rapid conversion to 2,4-di-O-benzyl derivative, because the isolated amount of the 
dialkylated product (14%) is too low compared to the yield of the other two mono- 
benzylated compounds (32Uo of 2-O-benzyl and 16.5~o of 3-O-benzyl derivative [59]. 
The effect of C-5 substituent (methyl versus benzyloxymethyl) can play a more im- 
portant role here. Dimolar benzylation affords methyl 2,4-di-O-benzyl- and 2,3-di- 
O-benzyl- and 2,3-di-O-benzyl-~-L-fucopyranoside in approx. 3:1 ratio. These and 
other results by Flowers [59] are consonant with the lack of tendency for formation of 
vicinal dibenzyl ethers by this method. Thus, the ratio of 3 : 2 for 4- to 3-benzyl ether 
was observed for methyl 2-O-benzyl-~-L-fucopyranoside [59] as well as for 3-0-(2-0- 
benzyl-~-L-fucopyranosyl)- 1,2: 5,6-di-O-isopropylidene-~-D-glucofuranose [60]. 
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4,6-Di-O-benzyl-D-galactal was the main product of the dimolar benzylation of D- 
galactal with benzyl bromide, whereas 3,6-di-O-benzyl derivative was obtained with 
benzyl chloride from 1,2,O-(1-methoxyethylidene)-~-D-galactopyranose in 56% 
yield [61]. Reexamination of the results of partial benzylation [62] of methyl 4,6-0- 
benzylidene-~-D-mannopyranoside revealed [33, 63] that the 2-benzyl ether is in fact 
the dominant product, with the 2- to 3-ratio of 1.86: 1. Approximately equal propor- 
tions of monobenzyl derivatives have been obtained from 1,2-O-isopropylidene-3,6- 
di-O-allyl-myo-inositol [64]. 

Attempted sodium hydride mediated benzylation of methyl 3-O-benzoyl-4,6-O- 
benzylidene-13-D-galactopyranoside failed due to a benzoyl migration [65]. The acyl 
group migration and removal are also responsible for only 62 ~ yield of benzyl 
2-acetamido-3,6-di-O-acetyl-4-O-benzyl-2-deoxy-~-D-glucopyranoside. Thallium eth- 
oxide instead of sodium hydride or alkoxide successfully restrained the acetyl group 
migration in this reaction [35]. 

Benzyl Halide - -  Sodium Hydride - -  Aprotic Solvent 

Oxolane [66-69], 1,4-dioxane [70] or, eventually, an excess of benzyl bromide [71] or 
chloride [72, 73] are the solvents of choice complementing the dipolar aprotic sol- 
vents mentioned above. A catalytic effect of tetrabutylammonium iodide has been 
observed [66, 69] for this reagent system; 1,2:5,6-di-O-isopropylidene-~-D-gluco- 
furanose needs 24 h boiling with excess benzyl bromide and sodium hydride in oxo- 
lane for complete benzylation of the hindered secondary hydroxyl group, but 165 min 
at 20 °C are sufficient when 0.01 equiv, of the catalyst is present: Ion-pair formation 
is probably responsible for the increase of the alkoxide reactivity [66]. 

Methyl 2,3-di-O-benzyl-~-o-glucopyranoside gives 58% of 2,3,6- and 21% of 
2,3,4-tri-O-benzyl ether on reaction with 1.4 equiv, of sodium hydride and benzyl 
bromide [71]. In a remarkably selective reaction, 62 % of methyl 2,4,6-tri-O-benzyl-~- 
o-glucopyranoside result from the unprotected methyl ct-o-glucopyranoside [74]. 
Benzyl chloride has been used for this transformation, as well as for the efficient syn- 
thesis of methyl 2,4-di-O-benzyl-~-D-xylopyranoside [75]~ As expected, OH-2 in 
methyl 4,6-O-benzylidene-~-o-glucopyranoside is more reactive [71] than OH-3. 

Activation of the tertiary hydroxyl group by cis-oriented vicinal oxygen atom can 
be responsible for the difference in 3-C-(hydroxymethyl)-l,2-O-isopropylidene-[3-L- 
threofuranose (2) and -~-D-erythrofuranose (3) benzylation. The yield of 1 '-monoben- 
zyl ether is much lower (4.5 % versus 43 %~in the latter compound 3 where such an inter- 
action is possible, the l',3-dibenzyl ether being the main product [70]. 

0 0 

HOCH 2 OH 

Me Me 

(2) (3) 
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A difference between benzene and oxolane as a solvent has been observed in at- 
tempts for O-benzylation of allyl 2-acetamido-4,6-di-O-benzyl-2-deoxy-13-D-gluco- 
pyranoside [72, 73]. Extensive formation of the N-benzylated side products could be 
circumvented in the latter solvent provided that the reaction time is carefully con- 
trolled [76]. N-Trityl-5'-O-trityladenosine gave a mixture of 2'-0- and 3'-O-benzyl 
derivatives in 80 % yield when acetonitrile-1,4-dioxane (1 : 1 ) with 1-2 molar equiv, of 
water was used, whereas, with a dry solvent mixture, monobenzyl ethers could not be 
traced [77]. Attempted di-O-benzylation of 3'-O-trityluridine yielded the 2'-benzyl 
and 5'-benzyl ethers only, together with some N,O-dibenzylated products. An interest- 
ing side-product, 2',3'-O-diphenylmethyleneuridine, was formed under the reaction 
conditions by an attack of 0-2' alkoxide at the quaternary carbon atom of the trityl 
residue [78]. The amount of oxolane used has been made responsible [69] for the in- 
completeness of benzylation of 2,4-O-ethylidene-D-erythritol showing the preferential 
reaction at the secondary position. It seems, however, that a more probable reason 
is the shorter reaction time and a lower temperature compared to those used for com- 
plete benzylation, even though the purity of solvents is also of importance. No benzyl 
group migration has been observed [68] in the reaction of 3-O-benzoyl-6-O-(tert- 
butyldimethylsilyl)-D-glucal with potassium hydride and benzyl bromide in oxolane 
at 0 °C. 

Benzyl Chloride - -  Potassium Hydroxide - -  Aprotic Solvent 

Partial benzylation with powdered potassium hydroxide as a base and toluene as a 
solvent was used some 50 years ago for the preparation of 1,6-anhydro-2,4-O-benzyl- 
13-D-glucopyranose [79]. Since that time, other solvents, such as benzene [80--82], 
1,4-dioxane-toluene mixtures [83, 84], or excess benzyl chloride [82, 85] were used as 
well, with apparent effects on the regioselectivity. Thus, the axially oriented secondary 
hydroxyl group of 1L-1,2,3,4-tetra.-O-benzyl-chiro-inositol is more reactive than the 
equatorial one using benzyl chloride alone (ratio of  79:21 ), whereas the opposite is 
true (35:65) in benzene as a solvent [82]. Benzylation of myo-inositol derivatives in 
the latter solvent was also described [80, 81, 86]. 

Approx. a 1 : 1 mixture of 2,3- and 2,4-di-O-benzyl derivatives has been prepared 
from methyl 2-O-benzyl-~-L-fucopyranoside using 1,4-dioxane-toluene solvent mix- 
ture [83]. Surprisingly, no trac6 of 2,3-dibenzyl ether could be detected in the 
mixture of dibenzyl derivatives obtained from the unprotected methyl C~-L-fUCO- 
pyranoside, the 2,4- to 3,4- ratio being about [83] 3:2. Partial benzylation of allyl 
~-L-fucopyranoside gave similar results [84]. The isolation of 38 ~ of 2,2',3,6,6'-penta-, 
30 ~ of 2,2',6,6'-tetra-, and 7 ~ of 2',3,6,6'-tetra-O-benzyl derivative from the reaction 
of benzyl 3',4'-O-isopropylidene-fMactoside with benzyl bromide and potassium 
hydroxide suggests that the high nucleophilicity of OH-2' may arise from the intra- 
molecular hydrogen bond [85]. The effect of the alkali hydroxide used is apparent 
from the results of tribenzylation of methyl ~-D-galactopyranoside. The use of lithium 
hydroxide gave the 2,3,6-ether, whereas the use of potassium hydroxide and rubidium 
hydroxide gave the 2,4,6-ether as the main product [87]. No differences in the reacti- 
vity of OH-2 and OH-3 in methyl 5-O-triphenylmethyl-13-D-ribofuranoside were ob- 
served if potassium hydroxide in toluene was used [87@ 
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Benzyl Trichloroacetimidate - -  Trifluoroacetic Acid 

Though not yet used for direct partial benzylation, this mild and efficient procedure 
[88, 89] is very important as it is corfipatible with both acid- and alkali-sensitive groups 
in the molecule. For instance, a mixture of methyl 3-O-benzoyl-4,6-O-benzylidene- 
13-D-galactopyranoside, 2 molar equiv, of benzyl trichloroactimidate, and a catalytic 
amount of trifluoroacetic acid in dry dichloromethane -- hexane (1:2) was quenched 
after 12 h at room temperature by the addition of triethylamine to give the 2-benzyl 
ether in good yield. Phase-transfer or sodium hydride:mediated benzylation failed 
in this case due to benzoyl migration [65]. p-Nitrophenyl 2-O-benzyl-4,6-O-cyclo- 
hexylidene-~-D-mannopyranoside could also be prepared with this reagent only (via 
the 3-O-benzoyl derivative), as the direct partial benzylation of the diol with benzyl 
bromide and silver oxide failed to give a recognizable product [90]. 

Miscellaneous Benzylation Methods 

Excess benzyl bromide and triethylamine in the presence of tin(II)chloride catalyst 
were used [91] for partial benzylation of methyl ~-L-rhamnopyranoside and its 4-0- 
benzyl ether. Complexation of tin(II)chloride with vicinal c/s-disposed hydroxyl 
groups permitted selective benzylation at the 3- and 2-positions. Methyl 3-O-benzyl- 
or 3,4-di-O-benzyl-a-L-rhamnopyranoside, respectively, could be prepared in good 
yield by this method. No benzylation took place when benzyl chloride was used in- 
stead of benzyl bromide, or when other solvents than ethyl acetate or acetonitrile were 
tested. 

Benzylation of nucleosides with diazo(phenyl)methane in the presence of a cata- 
lytic quantity of tin(II)chloride dihydrate in a 1,2-dimethoxyethane-methanol mixture 
also showed a high regioselectivity for the vicinal diol system. Approximately a 1 : 1 
mixture of 2'- and Y-benzyl ethers was obtained for adenosine, cytidine, uridine, etc., 
without any attack at the primary hydroxyl group [92]. Similarly, glycerol gives 
2-O-benzylglycerol only, together with some unreacted starting material [93]. The 
yield was lower and the product much more difficult to purify when the reagent was 
prepared by oxidation of benzaldehyde hydrazone instead of from ~-diazobenzyl 
phenyl ketone [93]. In the presence of boron trifluoride etherate, diazo(phenyl)- 
methane converted benzyl 2-acetamido-3,6-di-O-acetyl-2-deoxy-~-D-glucopyranoside 
into the 4-benzyl ether in 59 % yield, without any acetyl group migration [35]. 

Partial benzylation of methyl 4,6-O-benzylidene-a-D-glucopyranoside by sequen- 
tial treatment with the Vilsmeier salt Me2N ÷ = CC1Ph 2 C1- and sodium tetluride has 
been reported, with unsignificant regioselectivity [94]. Benzylation of D-mannose with 
benzyl bromide in dimethyl sulfoxide in the presence of potassium hydroxide gave 
more than 95% of crystalline benzyl tetra-O-benzyl-13-D-mannopyranoside [95]. 
Perbenzyl derivatives of other hexoses and pentoses were prepared by this method [95], 
first used for the benzylation of glycosides [96]. Cellulose can be completely benzyl- 
ated in one step by using powdered sodium hydride and benzyl chloride in the sulfur 
dioxide --  diethylamine --  dimethyl sulfoxide system [97]. 

Benzyl trifluoromethanesulfonate has been shown to be a powerful benzylating 
agent (for review, see Ref. [98]). Benzylations with the in situ prepared reagent in the 
presence of 2,4,6-trimethylpyridine or similar bases proceed readily at --60 °C, where- 
in neither an acetyl group migration nor a loss of acetyl groups occurs [99, 100] (see 
also, Ref. [29]). 
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In the reaction of benzyl 3-azido-5-O-benzoyl-3,6-dideoxy-~-L-talofuranoside (4) 
with (diethylamino)sulfur trifluoride (DAST) the anomeric alkoxyl group migrated 
to the C-2 position and a fluorine atom entered into C-1 from the J3-side to give the 
2-benzyl ether 5 having ~-L-galacto configuration [101]. Methyl 2-O-benzoyl-5-O- 

Me 

N 3 OH 

DAST 

Me 
~-OBz 

N3 03S-NEt 2 
F 

M~ 

N 3 

(4) (5)  (79X) 

benzyl-3,6-dideoxy-a-D-arabino-hexofuranoside was obtained [102] by treatment of 
methyl 3,6-dideoxy-~-D-arabino-hexopyranoside with benzaldehyde in the presence 
of aluminium trichloride in an excellent, 95 % yield. The nine-membered bis-acetal A 
formed from the equilibrium mixture of pyranosides and furanosides is supposed to 
be the intermediate of this surprisingly regioselective reaction consisting in either inter 
or intra molecular hydrogen transfer, as depicted in formula B. 

Me 

M e l  ~"~'~C" Ph 

ALCL 3 

Me 
o o 

/.~,~ C'-. ph 
ALCL 3- 

A B 

2.2 Phase-Transfer Catalyzed Benzylation 

The phase-transfer technique is a simple and efficient tool for the benzylation of car- 
bohydrates. With benzyltriethylammonium chloride or tetrabutylammonium bro- 
mide as a catalyst, a mixture of aqueous, 50 ~ sodium hydroxide and benzyl bromide 
or chloride in benzene or dichloromethane solution gives a good yield of the fully 
protected product [103, 104], such as methyl 2,3-di-O-benzyl-4,6-O-benzylidene-a- 
D-glucopyranoside, when stirred at room temperature for several hours. The latter 
catalyst is slightly more efficient. Dichloromethane has been observed to produce 
methylene acetals from cis vicinal diols under comparable conditions [103]. 

At a lower, ca. 5 % base concentration the reaction is substantially slower and enab- 
les the isolation of monobenzylated products in much higher yields than corresponds 
to statistical product composition [105]. Supposing the alkoxide formed from the 
alcohol in the aqueous phase forms an ion-pair with the catalyst cation which is then 
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transferred into the organic phase and reacts there to produce an ether, the higher 
tendency of the monobenzyl derivative to remain in the organic phase (relative to the 
starting polyol) has been utilized to explain this preparatively important decrease of 
rate constants to the second stage ofbenzylation [105]. As the fully unprotected saccha- 
rides, however, are not easily alkylated under phase-transfer catalytic conditions 
(DMSO as a solvent can help in such a case [106]), other factors, such as the change 
of sterical demands of a neighbouring substituent (hydroxyl versus benzyloxy group) 
may be more important in the formation and reaction of bulky tetraalkylammonium 
alkoxide. 

Regioselective benzylation at the primary position of the 4,6-dioi has been observed 
in ct- (Ref. [107]) and 13-D-galacto [108, 109] series (see also, Ref. [110]). Benzyl 2,3,6- 
tri-O-benzyl-13-D-galactopyranoside was obtained crystalline first by this method in 
81% yield [108]. The preference is lower for D-gluco series [45, 105], benzyl 2-acet- 
amido-3-O-benzyl-2-deoxy-13-D-glucopyranoside gave [45] the desired 3,6-di-O-ben- 
zyl isomer in only 43 % yield, together with 31.5 % of 4,6- and 14.8 % of 3,4,6-tri-O- 
benzyl derivative. 

Among the secondary hydroxyl groups, the 2-position displays the highest reactivity 
because of a higher acidity. About 50 % of methyl 2-O-benzyl-4,6-O-benzylidene-13-D- 
glucopyranoside [105], its ~-anomer [105, 111], or trichloroethyl [112] or benzyl [113] 
analog have been isolated after several days boiling at 40 °C. Benzylation of methyl 4,6- 
O-benzylidene-~-D-manno- and -galactopyranoside has also been described [114, 115]. 
1,6-Anhydro-4-O-benzyI-13-D-mannopyranose [116, 116a], methyl 3,6-di-O-altyl-~-D- 
mannopyranoside [117], and methyl 4,6-di-O-benzyl-~-D-mannopyranoside [118, 119] 
(see also, Ref. [120]) were all preferentially etherified at OH-2. Methyl 4-O-benzyl- 
Ct-L-rhamnopyranoside gives a mixture of 71% 2,4-di-O-benzyl and 9% 3,4-di-O- 
benzyl derivatives [121,122] (for the D-enantiomer, see Ref. [123]), the 2,3-dibenzyl 
ether is the dominant product in the case of methyl 3-O-benzyl-~-L-rhamnopyrano- 
side benzylation [124]. 

Benzyl 2,6-dideoxy-~-L-ribo-hexopyranoside yielded 61% of 4-benzyl ether and 
20 % of 3-benzyl ether [125], but the alkylation of methyl 2-O-benzyl-~-L-fucopyrano- 
side [59, 109] and of some dicyclohexylidene-myo-inositols [126] was non-selective. 
Benzyl 2,6-di-O-benzyl-4-O- (2,3,4,6-tetra-O-benzyl-13-D-galactopyranosyl)-[3-D-gluco- 
pyranoside has been obtained [ 127] in 26 ~o yield by the phase-transfer catalytic proce- 
dure from benzyl 13-1actoside or, more conveniently, from its hepta-O-acetyl deriva- 
tive. The OH-2' is the secondary hydroxyl group preferentially benzylated here, and 
also in the 3',4'-O-isopropylidene derivative, probably due to the existence of an 
intramolecular hydrogen bond [127]. A large excess of benzyl bromide, tetrabutyl- 
ammonium hydrogensulfate, and the partially protected 1,6-anhydro-maltose 6 gave 

ph...~... 0___.. CHo CH~ 0 

OH 
(iPr:) 2Si -0-Si  (iPr) 2 

(5) 
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the 2,3-di-O-benzyl and probably 2-O-benzyl derivatives in 31% and 21% yield, 
respectively [29], when vigorously stirred in a mixture of toluene and 50 % aqueous 
sodium hydroxide during 2.3 h at -- 10 °C. The allylic hydroxyl group of 1,5-anhydro- 
2,6-dideoxy-L-arabino-hex-l-enitol (L-rhamnal) is less reactive [127a] than a hydroxyl 
group in position 4, the ratio of 3-benzyl and 4-benzyl derivatives being about 1:2. 
The reversed order of reactivity was observed [127 a] for the isomer having the L-lyxo 
configuration, i.e. for L-fucal. 

2.3 Dibutyltin Oxide Method 

Cyclic dibutylstannylene derivatives are formed when a suitable polyol is heated with 
an equimolar amount of dibutyltin oxide in methanol [128-130] or in benzene with 
azeotropic removal of water [58]. Such a stannylation enhances the nucleophilicity 
of one of the bound oxygen atoms, so that a high yield of mono-benzylated products 
is obtained by the action of benzyl bromide either in DMF [58, 109, 124, 128-137] or 
by 

I Bu2SnO=--[ BnBr=ll 
HO OH O \ / 0  HO OBn 

Sn / \ Bu Bu 
working in toluene or other apolar solvent in the presence ofa  quarternary ammonium 
halide as a catalyst [54, 136, 138-145]. The latter method seems to be more convenient 
(for a review see Ref[145a]). For instance, benzylation of the stannylene derivative 
of benzyl 2,3-di-O-benzyl-~-D-glucopyranoside in DMF at 100 °C for 3 h yields the 
2,3,6-tribenzyl ether only as a minor component (36 %) in an untractable mixture of 
products [135], whereas the other technique gives this compound in 80 % yield (16 h, 
80 °C) [54]. Coordination of the halide catalyst or the solvent to the tin atom seems 
to be necessary for the nucleophilicity enhancement. Instead of DMF, 1,4-dioxane 
[131], acetonitrile [131], or even an excess of benzyl bromide [146] were also efficient, 
whereas no reaction occured in benzene and other apolar solvents [54]. 

Substitution of a six-membered stannylene derivative involving the primary posi- 
tion always occurs at that position. Various 6-O-benzyl derivatives of D-gluco and 
o-galacto configuration have been prepared by this method in good yields [54, 135]. 
Treatment of allyl 2-acetamido-3-O-benzyl-2-deoxy-4,6-O-dibutylstannylene~-D- 
galactopyranoside with benzyl bromide in the presence of tetrabutylammonium iodide 
furnished 75 % of the 6-benzyl ether [141]. 

Five-membered stannylene derivatives of furanosides exhibit almost no regio- 
selectivity. A 1 : 1 mixture of 2'- and 3'-O-benzyl derivatives has been obtained from 
uridine [128]. Similarly, methyl 5-O-benzoyl-13-D-ribofuranoside gave a 2:3 mixture 
of 2-benzyl and 3-benzyl ethers in 70 % yield [147], a slightly better result (ratio of 1:3) 
was obtained-for the parent methyl 13-o-ribofuranoside [147@ The reversed ratio 
(4:1) was found for the ~-anomer, methyl 2-O-benzyl-~-o-ribofuranoside being the 
major product [147a]. 
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In contrast, the five-membered cyclic dibutylstannylene derivatives resulting from 
the reaction of dibutylfin oxide with pyranoid c& vicinal diols are substituted with high 
regioselectivi.ty for the equatorial oxygen atom. Allyl 2,6-di-O-benzyl-~-D-galacto- 
pyranoside gave essentially one product, allyl 2,3,6-tri-O-benzyl-~-D-galactopyrano- 
side, isolated in 72% yield [129, 130]. Selective benzylation has been accomplished 
also with benzyl 6-O-allyl-2-O-benzyl-[58], allyl 6-O-benzyl-2-O-(2-butenyl)-[132], 
and methyl 2,6-di-O-benzyl-7-D-galactopyranosides [109], benzyl 2,6-di-O-benzyl- 
J3-D-galactopyranoside [54], methyl 2-O-benzyl-~-h-fucopyranoside [59, 109], and with 
some fucopyranosyl disaccharides [60]. In the synthesis of the blood-group specific 
glycoprotein, stannylene derivative of benzyl 2-acetamido-4-O-(2,6-di-O-benzyl-13- 
D-galactopyranosyl)-3,6-di-O-benzyl-2-deoxy-<z-D-glucopyranoside gave again the 
monosubstituted products almost exclusively, with very high regioselectivity for the 
reaction at the equatorial oxygen [133]. The regioselectivity is not influenced by the 
anomeric configuration [148] ; dideoxy glycoside (7) was converted to the correspond- 
ing ether (8) in 95 % yield [145], the same yield being observed for the ~-anomer [148, 
149]. 

M e ~ O M e  Bu2SnO 
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I OH 
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Me~OMe 

Sn-Bu 
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_ B u  
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Methyl 4,6-O-benzylidene-2,3-di-O-butylstannylene-a-D-mannopyranoside reacts 
with benzyl bromide in an analogous fashion, it is benzylated almost exclusively at 
the equatorial 0-3 [129, 137]. Higher than 50% yields of the 3-O-benzyl derivative 
were obtained also from methyl 4-O-methyl-a-L-rhamnopyranoside [134] and its 
4-O-benzyl analog [122, 146], and 4-azido-4-deoxy [149a] analog. 

Stereoselective formation of the glycosidic bond can be achieved by this procedure. 
The dibutylstannylene complex of 3,4,6-tri-O-benzyl-D-mannose was converted into 
benzyl 3,4,6-tri-O-benzyl-13-D-mannopyranoside, useful intermediate for the syn- 
thesis of 2-deoxy-2-[18F]fluoro-D-glucose [138]. 

In the synthesis of D-tagatose from the more common D-fructose, 1-O-benzoyl- 
2,3-O-isopropylidene-13-D-fructopyranose afforded two products identified as 1-O- 
benzoyl-5-O-benzyl-2,3-O-isopropylidene-13-D-fructopyranose (97%) and its 4-0- 
benzyl isomer (2.8 %). The skew-boat 6S4(D) conformation with an oxygen atom at 
C-5 adopting a quasi-equatorial position is responsible for the unexpected regio- 
selectivity observed [136]. Conformational equilibria may also be a reason for the 
non-exclusive, though preferential substitution at O-3 of benzyl 4-O-benzyl-6-deoxy- 
~-L-talopyranoside (9)[142]. Even in this case, however, no tri-O-benzyl derivative 
was formed and no starting material 9 remained, the total isolated yield of 10 and 11 
being 87 %. 
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If the five-membered dibutylstannylene ring spans two equatorial positions, the 
outcome of the reaction is more complex. Benzyl 4,6-O-benzylidene-[3-D-galacto- 

OBn OBn OBn 

aria OH ano OH ano aBn 

(9) (i0) (552) (11) (32Y.) 

pyranoside yields [54] 65~ of a mixture of 3-O.-benzyl and 2-O-benzyl derivatives in 
the ratio of 5.5 : 1, methyl 4,6-O-benzylidene-13-D-glucopyranoside yields 90 ~ of a 
mixture with the ratio of 2.2 : 1 [140], and its ~-anomer again 90 ~ but 1:3.5 ratio [111]. 
Methyl 2,6-dideoxy-3-O-benzyl~-L-arabino-hexopyranoside can be synthesized from 
the corresponding diol in 70 ~o yield [148]. 

It should be noted that not only a hydroxyl group, but also an alkoxyl group in a 
cis relationship at an adjacent position, can activate the equatorial hydroxyl group 
via stannylation [131]. Negligible activation has been observed for isolated hydroxyl 
groups such as in the case of benzyl 3,6-di-O-benzyl-13-D-galactopyranoside [54]. 

Compounds with three or four free hydroxyl groups can also be used in the reaction 
with equimolar amount of dibutyltin oxide. Building the six-membered stannylene 
derivative does not occur when a five-membered ring is possible. Both benzyl [3-D- 
galactopyranoside and its 2-benzyl ether are substituted regioselectively at the equa- 
torial OH-3, leaving the primary hydroxyl group free [54]. Similarly methyl [3-D- 
galactopyranoside [144] and its ¢~-anomer [143] yielded 64~  of 3-O-benzyl derivative 
(see also, Ref. [131]). The 3-position of methyl ¢c-L-rhamnopyranoside [124] and me- 
thyl a-L-fucopyranoside [59] has been protected by this method as well. Interestingly, 
the result from benzyl 6-O-benzyl-13-D-galactopyranoside was very complicated [54], 
thus indicating some role of the C-5 substituent. The six-membered stannylene deri- 
vative of 1,6-anhydro-13-D-glucopyranose enables a regioselective substitution of the 
1,3-diaxially related pair of hydroxyl groups. Only 4-O-benzyl and 2-O-benzyl deri- 
vatives of this triol were isolated (61 ~ yield) in a ratio [149 b] of about 2:1. 

From methyl ~-D-glucopyranoside, 55~o of 2-O-benzyl and 18 ~ of 3-O-benzyl 
derivatives could be obtained using t,4-dioxane as a solvent. No monobenzyl deri- 
vative was observed under standard DMF solvent conditions [131]. Conformational 
equilibria 4C I ~ 1C 4 play a role in the results of alkylation of all-equatorial methyl 
]3-D-xylopyranoside and methyl [3-D-glucopyranoside [131]. 

Benzyl 4',6'-O-benzylidene-[3-1actoside with five free hydroxyl groups was con- 
verted to the dibutylstannylene intermediate by azeotropic removal of water from 
its mixture with 2.5 molar equiv, dibutyltin oxide in benzene, the reaction with benzyl 
bromide in the presence of tetrabutylammonium bromide then gave the 2,3'-di-O- 
benzyl derivative in 52~ yield [139]. When the 3',4'-O-isopropylidene analog was 
treated with 1.2 molar equiv, only, the 2-O-benzyl derivative was the main pro- 
duct [150]. 

222 



Preparation of Selectively Alkylated Saccharides as Synthetic Intermediates 

2.4 Bis(tributyl)tin Oxide Method 

Polyhydroxy compounds react with a limited amount of bis(tributyl)tin oxide in 
boiling toluene with continuous removal of water to give a mixture of tributylstannyl 
derivatives. As the tin atom of triallkylstannyl alkoxides is known to form a coordina- 
tion bond with a suitably oriented neighboring oxygen atom (OH, OMe, etc.), a rela- 
tively high regioselectivity of this partial stannylation can be expected, with the cor- 
responding regioselective enhancement of the nucleophilicity of carbohydrate oxy- 
gens. Even though the conditions necessary for the subsequent benzylation are rather 
vigorous (heating with benzyl bromide at ca. 90 °C for several days) so that the equi- 
libration of partially stannylated intermediates occurs, the regioselectivity of this 
benzylation sequence [151] is remarkably good (for a review see Ref. [145a]. A cata- 
lytic effect of tetrabutylammonium bromide described first for aUylation [152] (see 
Sect. 3.4) has been frequently used to improve the benzylation step, and N-methyl- 
imidazole seems to be even a better catalyst [150]. It should be noted that tributyl- 
stannyl intermediates are immediately hydrolyzed when spotted on plates of silica 
gel, and cannot be detected as such. 

OH OH OH I I (B%Sn)20= I ] ] BnBr= [ I I 
HO OH 0 ,.,,,,OH BnO OH 

Bu--Sn--Bu 
I 
Bu 

Primary hydroxyl groups are benzylated first, followed by equatorial hydroxyl 
groups having a cis oriented oxygen atom in vicinal position. Tributylstannylation 
of methyl Ct-D-glucopyranoside with 1.5 molar equiv, ofbis(tributyl)tin oxide followed 
by alkylation in benzyl bromide for 2 days at 80-90 °C gave a mixture of 48.6~ 
6-O-benzyl and 30.5 ~ 2,6-di-O-benzyl derivatives. Minor amounts of 3,6- (4.5 %) 
and 4,6- (6.0 %) were isolated as well [15 I, 153]. Methyl 13-o-galactopyranoside gives 
6-0- and 3,6-di-O-benzyl derivatives [151,154], just as methyl, benzyl, or p-nitro° 
phenyl Ct-D-mannopyranoside [151, 155, 156]. As no alternative approach for the 
regioselective introduction of two ether linkages directly at 0-3 and 0-6 seems to be 
available, this one is of preparative significance, despite its moderate yield. 

Systematic study of the selective benzylation of conformationally rigid 1,6-anhydro- 
13-D-hexopyranoses has been published recently [156a]. High regioselectivity has 
been observed for all configurations having cis orientation of vicinal hydroxyl groups, 
that is for six of the eight possible isomers. Benzylation of 1,6-anhydro-[3-D-gluco- 
pyranose and 1,6-anhydro-~-D-idopyranose was not selective. Best results were ob- 
tained with N-methylimidazol or tetrabutylammonium fluoride as a. catalyst [156a]. 

Treatment of benzyl 3',4'-O-isopropylidene-13-1actoside with 3 molar equiv, of 
bis(tributyl)tin oxide and subsequent reaction with benzyl bromide gave a complex 
mixture of products. When benzylation was carried out in the presence of tetrabutyl- 
ammonium bromide or N-methylimidazole, 50 % of the 2-O-benzyl derivative was 
obtained after some hours. After 7 days, the 2,6,6'-tri-O-benzyl derivative was the 
main product (38 %) [150]. 
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When applied to carbohydrates with only two hydroxyl groups, the reaction sche- 
mes becomes quite simple. Methyl 4,6-di-O-benzyl~-D-mannopyranoside is converted 
to 3,4,6-tri-O-benzyl derivative in 73 % yield [I 19]. Methyl 4-O-benzyl-~-L-rhamno- 
pyranoside [122] or methyl 2-O-benzyl-~-e-fucopyranoside [109] are attacked at 0-3, 
too. Methyl 4,6-O-benzylidene~-D-glucopyranoside gives 59.1% of 2-0- and 31.9 % 
of 3-O-benzyl derivative [111]. Derivatives of lactose[157] or maltose [158] were 
selectively protected by this method at a primary hydroxyl group OH-6' leaving the 
secondary OH-4' free. Various glycosides of N-acetylated 3-O-benzyl-D-glucosamine 
were benzylated at a primary position [45, 159-162] in order to obtain a key inter- 
mediate of glycoprotein oligosaccharide synthesis. However, attempts to shorten the 
multi-step synthesis by the application of the stannylation-benzylation sequence to 
the triol (12) showed a poor regioselectivity. Only 9.3 % of the desired 3,6-di-O-benzyl 
derivative could be isolated [163] after several days heating with benzyl bromide at 
100-105 °C. 

CH20H 
H01~-..~ 0 

H O ' ~ ~ O C H 2 C C 1 3  
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The fact that methyl 2,3- and 2,6-di-O-benzyl galactopyranosides give the same 
2,3,6-trisubstituted compound has been utilized in the synthesis of the trisaccharide 
moiety of gangliotriosyl-ceramide. The intermediate methyl lactoside having only 
the axial OH-4 of the galactose unit free resulted from a mixture of both penta-O- 
benzyl lactosides, thus avoiding the separation of the 4,6- and 3,4-O-isopropylidene 
precursors [164]. 

2.5 Copper Chelates 

Regioselective deactivation of the dianions of carbohydrate diols by complexing with 
copper salts (see Sect. 3.5) has been employed for their effective monobenzylation [165, 
166]. When benzyl iodide was used, the yield of monosubstituted product was higher 
than 85 % in almost every instance, the rest being accounted for an unreacted starting 
material. In no case was any disubstituted product isolated. Benzyl bromide gave 
< 20~o of alkylation in a reasonable time, benzyl chloride showed no reaction at all. 

The less acidic hydroxyl groups being more reactive in this alkylation sequence [166], 
the 3-benzyl ethers dominate in the reaction of 2,3-diols, and 4-benzyl ethers in the 
case of 4,6-diols. Thus, 95% of methyl 3-O-benzyl-4,6-O-benzylidene-~-D-manno- 
pyranoside together with 5 % of unreacted starting material have been obtained from 
methyl 4,6-O-benzylidene<t-D-mannopyranoside. Methyl 2,3-O-isopropylidene-~-D- 
mannopyranoside can be quantitatively transformed to the corresponding 4-O-ben- 
zyl derivative~ when treated with 2 molar equiv, sodium hydride in 1,2-dimethoxy- 
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ethane with the following addition of copper(II)chloride and boiling with 5 molar 
equiv, benzyl iodide for 24 h. Even for the unfavorable axial position in 1,6-anhydro- 
4-O-benzyl-13-D-mannopyranose (13) the yield of the expected ether (14) is very good. 

CH9 0 CH 2 ....... 0 CH~ 0 

OH 2. Bnl "~ OH .-~ OBn 

BnO BnO BnO 

(131 (141 (64Z) (15) (36%)  

Almost no regioselectivity has been observed for 3-O-benzyl-l,2-O-isopropylidene- 
C~-D-glucofuranose, the total yield of monosubstituted products being, however, 
imposantly high (88 %) [166]. 

2.6 Reductive Cleavage of Benzylidene Acetals 

The dioxane and dioxolane-type benzylidene acetals can be reductively cleaved to 
give a partially benzylated diol. Lithium aluminium hydride --  aluminium chloride, 
sodium cyanoborohydride --  hydrogen chloride, and borane --  trimethylamine --  
aluminium chloride are the reagents used with carbohydrate acetals. The regioselec- 
tivity in the reductive ring openings is the same with the all three reagents for dioxolane 
benzylidene acetals, but strongly varies with the reagent when the dioxane rings of 
4,6-O-benzylidene acetals of protected hexopyranosides are to be cleaved. For sodium 
cyanoborohydride --  hydrogen chloride, the benzyl group in the product is at 0-6 
and hydroxyl group OH-4 is free [167, 168]. The yields are generally high for all con- 
figurations tested [45, 47, 113, 167-173]. The corresponding reductions with lithium 
aluminium hydride and aluminium chloride, on the other hand, tend to give the oppo- 
site regioselectivity, particularly if the 0-3 protective group is bulky [174-181]. The 
difference in the opening 4,6-O-benzylidene acetals using the two methods may be 
explained by steric factors. The greater steric demand of a Lewis acid, as compared 
to a proton, directs the reductive opening using LiA1H4-A1C13 to take path (a). In 
NaBH3CN-HC1 reductions, however, the steric demand of the electrophile is much 
smaller, and the direction is governed by acidities of OH-4 and OH-6 (path b). The 
regioselectivity achieved with the third reagent, borane --  trimethylamine --  alu- 
minium chloride, depends on the solvent. The reaction in oxolane produces the 6-ben- 
zyl ethers in good yields, whereas the use of toluene gives the 4-benzyl ethers, in addi- 
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tion to degradation products. Stronger solvation of cationic intermediates in the 
former solvent has been used for explanation of this difference in regioselectivity [182]. 

The 4-O-benzyl compound was isolated as the main product of cleavage (> 65 %) 
of each of the alkyl 2,3-di-O-benzyl-4,6-O-benzylidene-gluco-, -manno-, and -galacto- 
pyranosides with LiA1H4-A1C13 reagent [176, 177, 180] (for comparison with the 
alternative tritylation sequence, see Ref. [183]). The yields are high even for 4,6-0- 
benzylidene derivatives having large substitutents, such as an 18-crown-6 moiety, 
at positions 2 and 3 [184], and for 3-O-allyl derivatives [.185, 186]. The less bulky group 
at C-3, such as methoxyl or hydroxyl group, tends to favor the formation of 6-0- 
benzyl compounds [176, 177, 180, 187]. The direction of cleavage is independent of 
the anomeric configuration, character of the aglycon moiety, and substitution at 
0 - 2  [176]. 

The reaction selectively distinguishes between the 5- and 6-membered acetal rings, 
the former being cleaved more rapidly [188, 189]. Benzyl 2,3(R):4,6(R)-di-O-benzyli-  
dene-a-D-mannopyranoside gives the 3-benzyl ether of 4,6-O-benzylidene glycoside 
in good yield [63, 189]. On prolonged treatment, of course, benzyl 3,4-di-O-benzyl-~- 
D-mannopyranoside can be prepared in a 52 % yield [190]. 

Cleavage of the dioxolane is selective and dependent on the configuration at the 
acetal carbon atom. The 3-O-benzyl derivative is formed from the 2,3(R)-, i.e., exo 
isomer mentioned above, whereas the other, endo isomer yields the 2-benzyl ether 
[63, 189]. Steric reasons are responsible for the validity of this rule that the exo dioxo- 
lane provides benzyt ether containing free axial hydroxyl group [188-197]. Even the 
1,2-O-benzylidene derivatives (16) and (18) give the benzyl glycoside (19) or 2-0- 
benzyl-aldose (17) according to the configuration at the acetal atom [198]. The even- 
tual presence of the other benzyl ether as a by-product is caused by the endo-exo iso- 
merization of dioxolane-type benzylidene acetals under the conditions of LiA1H 4- 
A1C1 a acetal ring cleavage [199]. 
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The hydrogenolysis of methyl 3,5-O-benzylidene-a- and -13-D-xylofuranoside deri- 
vatives gave 5-benzyl ethers as main products. In some cases the attack of the reagent 
occurred at the ring oxygen of the furanoside skeleton to yield 5-O-benzyl-1-O-methyl- 
xylitol derivatives [200]. 

For sodium cyanoborohydride --  hydrogen chloride reagent the direction of the 
reductive opening of the dioxolane acetals obeys the same rule, it depends on the 
stereochemistry at the asymetric, benzylidene acetal carbon [168, 169]. Methyl exo- 
2,3:4,6-di-O-benzylidene-a-D-mannopyranoside is cleaved in oxolane solution to give 
50 % of the 3,6-di-O-benzyl derivative, which is also the major product in the reaction 
of methyl 3-O-benzyl-4,6-O-benzylidene~-D-mannopyranoside. The 2-O-benzyl iso- 
mer (20) was cleaved nonselectively, indicating again the effect of the bulk of the 
C-3 substituent [169]. A compatibility of this reagent, as well as of borane --  tri- 

Ph~o~'CH 2 _ CH2OBn CH20H 

THF/HCI ~-- Jr- HO 
OoC 

OM~ OM~ OM~ 

(20) (21) (32%) (22) (30%) 

methylamine --  aluminium chloride one, with the presence of ester protecting groups 
should prove useful in synthetic carbohydrate chemistry [171, 182]. 

2.7 Debenzylation 

Of the variety of debenzylation methods (for review see Refs. [7, 23, 24]), acetolysis 
is the most frequently used for the. preparation of partially benzylated saccharides. 
As observed for hexitol derivatives tirst [201], primary benzyl ethers are split more 
rapidly than the secondary ones. Thus, 2,3,4,6-tetra-O-benzyl-D-glucopyranose was 
acetolyzed with acetic an.hydride --  acetic acid --  sulfuric acid reagent to give 1,6-di- 
O-acetyl-2,3,4-tri-O-benzyl-~.13-D-glucopyranose in a 9 5 ~  yield [202, 203]. When 
compared to tritylation-benzylation-detritylation sequence, the complete benzylation 
followed by selective acetolysis at the primary position has been found more con- 
venient also with D-mannose and D-galactose derivatives, either in the form of hemi- 
acetal, or glycoside, or orthoester [202, 204, 204a]. The detailed results obtained 
[205] with methyl 2,3,4,6-tetra-O-benzyl-a-D-glucopyranoside and methyl 2,4,6-tri- 
O-benzyl-a-D-glucopyranoside (23) show that the ease of cleavage of the benzyl ethers 

CH2OBn CH2OAc 

J° 
Bn Me Bnl3 ~ ' ~ f  [)Ac 

OBn OBn 

CH2OAc 

BnO ~ OAc 

OAc 

(23) (24l (25) 
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of D-glucopyranose follows the order C-6 > C-3 > C-2 > C-4. Depending on the 
reaction time, 2,4-di-O-benzyl or 4-O-benzyl derivative (24 or 25) could be isolated 
in higher than 50 ~ yield. With this in mind, the high reactivity of the 4-O-benzyl 
group (C-6 > C-4 > C-3 > C-2) under acetolysis using ferric chloride -- acetic 
anhydride reagent claimed recently [206] for D-gluco configuration seems suspicious, 
moreover without sufficient experimental support. Acetolysis of 3,4,6-tri-O-benzyl- 
1,2-O-(1-methoxyethylidene)-13-D-mannopyranose with 2 ~ sulphuric acid at 0-5 °C 
for 2 h gave 1,2,6-tri-O-acetyl-3,4-di-O-benzyl-a-o-mannopyranose in good yield 
[207, 207a]. On prolonged treatment at ambient temperature, the 3-benzyl ether 
was the major product [207]. Similar suceptibility of the 6-O-benzyl group on a man- 
nopyranosyl residue towards acetolysis was observed in the synthesis of oligosaccha- 
tides [116a] or in the case of methyl 2,4-di-O-acetyI-3,6-di-O-benzyl-~-D-manno- 
pyranoside which on acetolysis afforded 1,2,4,6-tetraacetate in 74.8~ yield [207a]. 
The steric hindrance caused by cis-vicinal neighboring substituent may be respon- 
sible for the slow reaction at 0-3 of the D-manno derivatives, just as described for 
selective acetolysis of benzyl ethers of myo-inositol [208]. 

As slight variations in acidity are sufficient to markedly alter the rate, some prob- 
lems with the reproducibility of the acid catalyzed acetolysis may be encountered. 
Careful monitoring of the reaction by 1H NMR spectroscopy, in preferance to TLC, 
is recommended [202]. 

Treatment of benzyl 2,3,4,6-tetra-O-benzyl-[3-n-glucopyranoside with a limited 
amount of sodium in liquid ammonia furnished 2,3,4,6-tetra-O-benzyl-o-gluco- 
pyranose as a principal product [209]. 

Heterogeneous catalytic transfer hydrogenolysis with palladium catalysts and 
formic acid [210], ammonium formate [210a, 210b], 2-propanol [211, 212, 212a], 
and cyclohexene [213] as a hydrogen donor provides a highly efficient and experi- 
mentally facile means for the removal of O-benzyl groups of carbohydrate derivatives. 
The reaction seems to be structure sensitive, 20 ~ of the 2-O-benzyl and 20 ~ of 3-0- 
benzyl derivative have been obtained [211] from methyl 2,3-di-O-benzyl-13-D-gluco- 
pyranoside using palladium on alumina in 2-propanol. Benzyl group in position 2 
of methyl 2,3-di-O-benzyl-4,6-O-benzylidene-~-D-glucopyranoside was regioselecti- 
vely cleaved [210b] using palladium on carbon and ammonium formate in methanol, 
the product, methyl 3-O-benzyl-4,6-O-benzylidene<~-D-glucopyranoside being iso- 
lated in 83~  yield. 

Complete series of 1,6-anhydro-2,3,4-tri-O-benzyl-~-n-hexopyranoses was used 
to follow the stereochemical aspects of this heterogeneous, catalytic transfer hydro- 
genolysis. When adjacent cis-disposed O-benzyl groups are present, one of them may 
act as hydrogen donor and partially O-benzoylated and O-benzylated derivatives can 
be obtained. For instance, a 1 : 1 mixture of 3,4-di-O-benzyl and 3-O-benzoyl-2-O- 
benzyl derivatives results from the hydrogenolysis of 1,6-anhydro-2,3,4-tri-O- 
benzyl-13-D-galactopyranose. On prolonged treatment, 70~o of 1,6-anhydro-3-O- 
benzoyl-13-D-galactopyranose can be isolated, together with some o-galactosan 
[212, 212 a]. The benzyloxy group in 1,3-diaxial relationship to the anomeric methoxyl 
group could be hydrogenolyzed on Pearlman's catalyst in ethanol even without cyclo- 
hexene added. Simple benzyl ethers, such as 1-benzyloxy-9-decene are not cleaved with 
this mixture. The methoxyl group might be acting as a second ligand to stabilize binding 
to palladium [214]. 
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Chemoselective catalytic hydrogenolysis (10 ~o Pd/C) of the glycosidic benzyl group 
of a 2-amino-2-deoxy-D-glucosederivative that carries another benzyl group protect- 
ing a 3-hydroxytetradecanoyl substituent at 0-3  has been applied in an efficient syn- 
thesis of lipid Y [215]. Benzyl ether is cleaved selectively in the presence ofp-methoxy- 
benzyl ether by Raney nickel hydrogenolysis [216]. 

Some other mild deprotection methods, such as ozone treatment followed by de- 
benzoylation [217], cleavage with alkylthiotrimethylsilane [218], ethanethiol -- boron 
trifluoride etherate [219], lithium --ethylamine [220], or anodic oxidation [221] 
could appear to be of potential value for partial deprotection. Important selectivity 
has been observed in the reaction of methyl 4-O-benzyl-6-deoxy-2,3-O-isopropyli- 
dene-~-D-mannopyranoside with dibromomethyl methyl ether and zinc bromide, 
4-O-benzyl-6-deoxy-2,3-O-isopropylidene-~-D-mannopyranosyl bromid..e being the 
only product (90%) after 5.5 h at ambient temperature. Prolonged treatment (21 h) 
is necessary to cleave the benzyl protectifig group from this useful synthon [221 a]. 
Similarly, 3-O-benzyl group of methyl 2,4,6-tri-O-benzoyl-3-O-benzyH3-D-galacto- 
pyranoside is not cleaved with excess of dichloromethyl methyl ether in the presence 
of fused zinc chloride catalyst under carefully controled conditions. The correspond- 
ing gtycosyl chloride (80 ~o yield), an important intermediate in the synthesis of oligo- 
saccharides, can of course be debenzylated on further treatment with the reagent 
[222]. 

Iodotrimethylsilane in acetonitrile converts [222a] benzyl 2,3-di-O-acetyl-4,6-di- 
O-benzyl-~-D-glucopyranoside in 15 min into benzyl 2,3-di-O-acetyl-4-O-benzyl-~-D- 
glucopyranoside (yield 68 %). Some 5 hours are necessary to cleave the second benzyl 
group in position 4, benzyl 2,3-di-O-acetyl-~-D-glucopyranoside being isolated in 
61 ~ yield [222 a]. 

After hydrogenolysis of 1,6:2,3-dianhydro-4-O-benzyl-[3-D-mannopyranose over 
10~ Pd/C in ethanol, the reductive cleavage of an oxirane as well as of the 1,6-an- 
hydro ring has been observed to give 1,5-anhydro-2-deoxy-D-arabino-hexitol as the 
final product [223]. 

3 Allyl Ethers 

Allyl ethers are useful temporary protecting groups in the chemical synthesis of car- 
bohydrate analogues and complex oligosaccharides since they can be removed in 
the presence of other protecting groups (e.g., acyl, benzyl, or acetal) and can also 
act as a nonparticipating substituent to effect, for instance, a-glycosylation. Their 
facile rearrangement to easily removable, labile prop-l-enyl ethers forms a basis 
of their increasing, convenient use [224, 225]. Allyl groups may be used as TLC 
tracers as they are selectively detected by potassium permanganate spray [43]. The 
advantage of the use of the perdeuterioallyl analogs for the 1H-NMR structure eiu- 
cidation of complex oligosaccharides was illustrated for the 2,6-dideoxy-L-ribo- 
hexose series [226]. Perdeuterioallyl bromide is easily prepared from propargylic 
acid [226]. 
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3.1 Direct Partial Allylation 

The great majority of experimental variants discussed for benzylation (see Sect. 2.1) 
has also been applied for the preparation of allyl ethers. Among them, the alkylation 
with allyl bromide and sodium hydride in a dipolar aprotic solvent is most frequently 
used for complete allylation. Reaction with the methylsulfinyl carbanion in DMSO 
to form an alkoxide, followed by the reaction with allyl bromide provides a convenient 
high-yield route to 2,3,6-tri-O-allyl-amylose [227]. With the limited amount of reagent, 
35% of methyl 2-O-allyl-3,6-dideoxy-~-D-xylo-hexopyranoside was synthesized 
from the corresponding glycoside [228]. The 2-allyl ether was the major product 
(43 % yield) of the reaction of methyl 4,6-O-benzylidene-~-D-glucopyranoside with 
allyl bromide and 1.1 equiv, of sodium hydride in benzene [71]. 

Sodium hydroxide-induced partial allylation was used for preferential reaction at 
the equatorial OH-4 in 1,6-anhydro-2-O-benzyl-t3-D-galactopyranose [229]. A similar 
reaction of allyl 2,6-di-O-benzyl-~-D-galactopyranoside with allyl bromide and so- 
dium hydroxide in benzene at room temperature was not as regioselective, the per- 
substituted 3,4-di-O-allyl derivative dominated in the reaction product [73]. A high, 
87 70 yield of the monoallyl derivative was obtained from t,2 : 5,6-di-O-isopropylidene- 
D-mannitol after the treatment with allyl bromide and sodium hydroxide in aqueous 
acetone [230]. 

Silver oxide in DMF was successfully applied for the regioselective reaction of 
(26) with allyl bromide to give compound (27) in 74~ yield [231]. Hydroxyl groups 
in positions 2 and 6 in cycloheptaamylose were selectively protected by reaction with 
allyl bromide, barium oxide, and barium hydroxide octahydrate in a DMF-DMSO 
mixture [232]. 

CH20S i Ph2CMe 3 CH2S i Ph2OMe 3 

O--CqOEt O--C~OEt 

( 2t5 ) ( 27 ) ( 7 4 x )  

Acid-catalyzed allylation with allyI trichloroacetimidate was used to protect the 
hydroxyl group without migration of any acyl group present in the molecule of 
saccharide [89]. Thus, methyl 3,4-di-O-allyl-2,6-di-O-benzoyl-~-D-mannopyranoside 
was obtained from the corresponding dibenzoate in 68 % yield using trifluromethane- 
sulfonic acid as a catalyst. 

3.2 Phase-Transfer Catalyzed Allylation 

The phase-transfer technique of partial alkylation introduced by Garegg in the carbo- 
hydrate-field (see Sect. 2.2) can be used also for the preparation of partially allylated 
derivatives. It was found that the reaction of benzyl 4-O-benzyl-~-L-rhamnopyrano- 
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side with allyl bromide under catalysis by tetrabutylammonium bromide gave 73 
of the 2-allyl ether. Only 9 ~ of the 3-O-allyl and tess than 5 ~ of 2,3-di-O-allyl deri- 
vative were formed, and negligible amounts of the starting diol remained unreacted 
[121,233] under conditions similar to those of benzylation. About 75 ~o of the 2-allyl 
ether was obtained also from the corresponding methyl 4-O-benzyl-~-L-rhamno- 
pyranoside [121] and from methyl 4,6-O-benzylidene~-D-mannopyranoside [234], 
even though, in the latter case, the reported conditions (50 % sodium hydroxide, 
20 h boiling) seem to be sufficient for complete allylation of both hydroxyl groups. 

When benzyl 6-O-trityl-7-D-mannopyranoside was allowed to react with allyl 
bromide under phase-transfer catalysis, the 3-allyl and 2-allyl ethers and the starting 
material were obtained in yields of 36%, 23%, and 24%, respectively [152]. The 
absence of the protective group at C-4 might be responsible for this difference in 
selectivity. 

3.3 Dibutyltin Oxide Method 

Following the methodology of regioselective enhancement of the nucleophilicity of 
equatorial hydroxyl groups through dibutylstannylation discussed thoroughly in 
Sect. 2.3, allyl 2,6-di-O-benzyl-~-D-galactopyranoside was convered [39, 129] via 
its 3,4-di-O-dibutylstannylene derivative, into allyl 3-O-allyl-2,6-di-O-benzyl-~-D- 
galactopyranoside in 79% yield. Allyl iodide in DMF for 1 h at 100 °C was necessary 
for complete monoallylation, as allyl bromide reacted too sluggish [129]. Similarly, 
methyl 3-O-allyl-4,6-O-benzylidene-~-D-mannopyranoside has been prepared from 
the corresponding 2,3-diol [137]. The myo-inositol derivative with unprotected vicinal 
cis diol grouping was also allylated at the equatorial position [64]. 3,4,6-Tri-O-benzyl- 
D-mannopyranose (28) was quantitatively converted into ally113-D-mannopyranoside 
(29) having a free axial OH-2 [235]. 

CH~OBn CH2OBn 
1. Bo2s o 

Reaction of benzyl 4-O-benzyl-~-L-talopyranoside [142] and methyl 4,6-O-benzyli- 
dene-13-D-glucopyranoside [140] was less regioselective, giving 54~ and 66%, re- 
spectively, of the 3-allyl ethers. No diallyl ethers were formed and no starting material 
remair/ed, the rest being the isomeric 2-allyl ether. In both cases, tetrabutylammonium 
bromide was used to catalyze the reaction of the 2,3-O-dibutylstannylene inter- 
mediate with allyl bromide. 

Benzyl 3-O-allyl-13-D-galactopyranoside with three free hydroxyl groups was 
converted into the 3,6-di-O-allyl derivative in 60 % yield, the fully unprotected benzyl 
13-D-galactopyranoside gave 85~ of benzyl 3-O-allyl-13-D-galactopyranoside [54]. 
All these results confirm that stannylation selectively activates an equatorial hydroxyl 
group which has an oxygenated function in a cis relationship at an adjacent position, 
even in the presence of a more reactive primary hydroxyl group. Methyl 13-D-galacto- 
pyranoside [131,236], methyl ~-D-galactopyranoside [131], and methyl a-o-manno- 
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pyranoside [235] behave similarly, they all produce only the 3-allyl ether in high yield. 
Other nonprotected methyl or phenyl hexopyranosides were monoallylated by this 
method with excellent regioselectivity [131]. Solvent variations can be used to modify 
the outcome of the reaction in some cases. Thus, the dibutylstannylated methyl 
e-o-glucopyranoside gave 74.8~ of both 2- and 3-allyl ether in the ratio of 79:21 
when 1,4-dioxane was used, whereas in acetonitrile the 2-O-allyl derivative was the 
only monoallylated product isolated in 46 ~o yield [131]. One step functionalization 
of methyl 13-1actoside through its dibutylstannylene complex afforded methyl 3'-0- 
allyl-13-1actoside with high regioselectivity [237]. 

3.4 Bis(tributyl)tin Oxide Method 

The highly regioselective, partial tributylstannylation of carbohydrates resulting in 
the nucleophilicity enhancement of the corresponding hydroxyl groups (see Sect. 
2.4) was successfully applied in the efficient preparation of partially allylated mono- 
saccharides. Stannylation of methyl c~-D-mannopyranoside with 1.5 molar equiv, of 
bis(tributyl)tin oxide afforded methyl 3,6-bis-O-tributylstannyl<t-D-mannopyrano- 
side as an unstable oil which was directly transformed into methyl 3,6-di-O-allyl- 
~-o-mannopyranoside. However, 7 days heating with allyl bromide at 80 °C were 
necessary to achieve a 70.9% yield, together with some 12.7% of the 3-allyl ether 
[151,238] (for the allylation of the corresponding benzyl glycoside, see Ref. [152]). 
When benzyt 6-O-triphenylmethyl-~-o-mannopyranoside (30) was treated under the 
same conditions, the reaction was even slower; only 31~o of the desired 3-O-allyl 

CHgOTr CH~OTr CH~OTr 
HO H°, 1. (Su3Sn)2t HO-~"-~HO HO-~A011 
HO~ 2. AllBr A1 i0~ -[- HO~ 

OBn OBn OBn 

(30) (31) (62Z) (32) (1~%) 

derivative (31) could be isolated from the mixture still containing 38 ~ of the starting 
triol [152]. Fortunately, it was found that the reaction of allyl bromide with the stan- 
nylated intermediate can be strongly accelerated by the addition of 0.1-0.3 equiv. 
of tetrabutylammonium bromide. After 48 h at 80 °C, 62 ~ of (31) nad 15 % of (32) 
were isolated from the mixture, no more starting material being recovered [152]. 
Similar results were obtained for allyl 6-O-triphenylmethyl-~-o-mannopyranoside 
[239]. Tetrabutylammonium iodide was found to be a more efficient catalyst but is 
not used since the presence of free iodine makes the isolation more difficult [152]. 

Partial stannylation of methyl 13-o-galactopyranoside leads to the formation of the 
3,6- and 2,3,6-stannylated derivatives which react with allyl bromide preferentially 
at 0 -6  and O-3 to give 50.7 % of the 3,6-di-O-allyl and 11.3 % of 6-O-allyl derivative 
[151,154]. N-Methytimidazole can be used to catalyze the reaction [240]. Methyl 
e~-D-glucopyranoside was converted into methyl 2,6-di-O-allyt-~-D-gtucopyranoside 
in a 41.8 % yield, accompanied with 23 ~ of the 6-allyl and 8 % of the 3,6-diallyl 
ether [151, 153]. 
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3.5 Copper Chelates 

Carbohydrate derivatives having vicinal hydroxyl groups (eq-eq or ax-eq) or those 
having free HO-4 and OH-6 are able to form copper complexes when mixed with 
sodium hydride and copper(II)chloride in the molar ratios of 1:2:1. The resulting 
dark-green solutions in oxolane or 1,2-dimethoxy-ethane react with excess of boiling 
allyl iodide for several hours to give excellent yield of monosubstituted products 
[165, 166]. The more acidic of the two hydroxyl groups generated an anion which 
bonds more tightly with copper, making its electrons less available for nucleophilic 
attack on allyl iodide, so that the other one reacts preferentially. Consequently, the 
3-allyl ethers [e.g. (34)] are the major products obtained from 2,3-diols [e.g. (33)], 
and the 4-allyl ethers from the 4,6-diols [166]. No disubstitution is observed, although 
both alkoxides generally react. Monoalkylation and the formation of one copper- 
iodide bond evidently decrease the reactivity of the second alkoxide [166]. In 3,4,6- 

CHgOBn CHgOBn CH2OBn 
^ l l I  _- + 

H O ~  NaH/CuC]2 A l l 0 ~  
DME H O ~  

OMe OMo OM~ 

(33) (34] (76X) (35] (19Y.) 

tri-O-benzyl-o-glucopyranose both free hydroxyl groups are acidic, i.e., both anions 
are deactivated to such a degree that neither react with allyl iodide. 

The regioselectivity is influenced by coordination of solvent molecules to copper 
central atom of complexes. This effect of solvent seems to be variable and not yet 
predictable but, nevertheless, it is of preparative value. Thus, methyl 2,3-di-O- 
benzyl~-D-glucopyranoside gave 61% of the 4-O-allyl and 15% of the 6-O-allyl 
derivative in 1,2-dimethoxyethane, whereas only 36 % of the former and 31 ~ of 
the latter were formed in oxolane, the rest being the unreacted starting material in 
both cases. Mono-O-allylated sucroses were prepared from the corresponding 
copper complexes in high yield using dimethyl sulfoxide as a solvent [24t]. 

3.6 Reductive Cleavage of Prop-2-enylidene Acetals 

Reductive cleavage of 4,6-O-prop-2-enylidene acetals, such as (36), with sodium 
cyanoborohydride --  hydrogen chloride in oxolane gives the corresponding 6-0- 
allyl derivatives [e.g. (37)] in good yield [242]. The reaction is compatible with the 

/0 ~CH 2 CH2OCH2CHCH 2 

CH2CHCH-O J 00Me NoBH3C N ~ NO J 00M~ 

THF/HC1 

OBz OBz 

(36) (37) 
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presence of ester or acetamido groups at other positions of the hexopyranoside. 
Opening of these acetals with lithium aluminium hydride -- aluminium chloride 
which gives the alternative regioselectivity (see Sect, 2.5) proceeds only in low yield 
[243]. 

3.7 Deallylation 

Of the methods described for the removal of the allyl protecting groups (for review 
see Refs. [7, 225]), the rearrangement of allyl ethers to labile prop-l-enyl ethers fol- 
lowed by dilute acid hydrolysis [244], or by mercury(II)chloride and mercury(II)oxide 
treatment [245], or by oxidative cleavage [246] is the most frequently used in the 
carbohydrate field. This rearrangement, readily achieved by treatment with potas- 
sium tert-butoxide in DMSO [246, 247], tris(triphenylphosphine)rhodium(I)chloride 
i n  the presence of 1,4-diazabicyclo[2.2.2]octane [248,249], palladium on carbon 
[250], palladium chloride and sodium acetate [251], diethylazodicarboxylate [252], 
or with trans-[Pd(NH3)2C12] [253] has a great yet unexplored potential for the prepar- 
ation of partially allylated carbohydrates, because its rate is expected to depend 
strongly on the structure. For example, allyl 6-O-allyl-~-D-galactopyranoside was 
quantitatively converted with the last-mentioned reagent into the corresponding 
prop-l-enyl analog in 60 min, whereas only a 30 70 isomerization could be observed 
for the more sterically hindered 6-O-allyl-l,2:3,4-di-O-isopropylidene-~-D-galacto- 
pyranose after 4 h [253]. It should be noted that the prolonged refluxing with this 
reagent in tert-butanol causes not only isomerization but also cleavage of the prop-1- 
enyl grouping formed. The higher stability of the prop-l-enyl grouping at the anomeric 
center enables a partial removal of allyl groups, without deprotection of the anomeric 
hydroxyl group [253]. In methyl 2,3-di-O-allyl-4,6-O-benzylidene-~-o-glucopyrano- 
side the 2-O-allyl group was found to rearrange more rapidly [245]. Tris(triphenyl- 
phosphine)rhodium(I)chloride isomerizes the allyl group significantly faster than 
the analogous but-2-enyl group [249]. Selective cyclization to acetals of the prop-1- 
enyl ethers having a hydroxyl group in a suitable position (see, e.g. the conversion 
[245] of 38 to 39) presents further possibilities of partial deprotection [245, 246, 253]. 

__0 --C.H 2 

N ( OCHCHCH 3 
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(38) (39) (57 %) 

4 Triphenylmethyl Ethers 

The triphenylmethyl (trityl) group remains the most frequently used for the temporary 
protection of primary hydroxyl groups (for review see Refs. [2, 3,254]) which can 
be conveniently regenerated from the corresponding ethers by mild acid treatment 
or by hydrogenolysis. Moreover, good crystallizing properties of trityl ethers, easy 
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analytical control of the course of tritylation, the steric bulk of this alkyl group, and 
other advantages made this protective group attractive also for secondary hydroxyl 
groups. Assignment of trityl residues in derivatized carbohydrates is simple using 
NMR data, especially with a two-dimensional, heteronuclear shift-correlated NMR 
technique [255]. 

Problems may appear in the chromatographic purification of trityl ethers ; depend- 
ing on the type and activity of the sorbent, the silica gel-catalyzed detritylation has 
been observed [256-259]. In 1962, Buchanan and Schwarz found it necessary to pre- 
treate with ammonium hydroxide the silica gel used for the chromatographic puri- 
fication of trityl derivatives [258]. 

In addition to standard syntheses in solution, even the solid-phase version has been 
developed, using a polymer-bound tritylation reagent [260-263]. With such temporary 
protection of the primary hydroxyl group, methyl 2,3,4-tri-O-benzoyl-c~-D-gluco- 
pyranoside has been prepared from methyl ~-D-glucopyranoside [260, 261]. 

4.1 Triphenylmethyl Chloride - -  Pyridine 

The classical method [2, 3] for the preparation of triphenylmethyl (trityl) ethers in- 
volves the reaction of the carbohydrate with trityl chloride in the presence, preferably 
as solvent, of pyridine at temperatures ranging from room temperature up to 100 °C. 
Only the tertiary hydroxyl group, such as in 1,2-O-isopropylidene-3-C-methyl-~-D- 
erythrofuranose [264], is resistant under these conditions. However, the selectivity 
for the primary position over the secondary one is fairly good due to a large steric 
requirement of N-triphenylmethylpyridinium cation from which the alkyl group is 
transferred to the alcohol. Hunreds of such applications with higher than 50 % yields 
of the isolated products partially tritylated at the primary positions can be found in 
the literature and will not be treated here. In suitable cases, such as the derivatives 
of ~-D-galacto configuration [265, 266] like benzyl 2-azido-2-deoxyq3-D-galacto- 
pyranoside (40) [267] the almost quantitative yield of the product (e.g. 41) can be 
obtained. In unsuitable cases, of course, the reactivity of the primary hydroxyl 

CH20H CH2OTc 

HO J 0 08n TnC1/Pyr'J. dine HO J 00Bo 

N 3 N 3 

(40) (41) (97%) 

groups can be very low. For example, methyl 4-O-methanesulfonyl-2,3-di-O-methyl- 
C~-D-galactopyranoside is almost impossible to be tritylated with the excess of reagent 
[268]. 

The observed differences [3] in the reactivity of primary hydroxyl groups were 
preparatively exploited in the structural modifications of oligosaccharides. The 
monomolar tritylation of phenyl ~-maltoside gives the 6'- to 6- ratio of about 1.3, 
whereas 2.9 is observed for phenyl [3-maltoside [269]. Generally, the orientation of 
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the anomeric group has an influence on the reactivity of OH-6 (see also, Refs. [270- 
272]). The 6'-O-trityl derivative dominates over the 6-O-trityl isomer also in the mono- 
molar tritylation of maltose [273, 274], In dimolar tritylation, of course, the 6,6'-di- 
O-trityl derivative is the major product [274, 275]. Small amounts of trityl 6'-0- 
trityl-[3-maltoside, 2,6'-di-O-trityl-a-maltose, and trityl 6,6'-di-O-trityl-[3-maltoside 
could also be isolated using an appropriate separation technique [275]. In malto- 
triose, as well as in its 1,6-anhydro derivative, the primary hydroxyl group at C-6" 
seems to be the most reactive [276]. 

Tritylation of sucrose has been explored intensively [277-282] to show the low 
reactivity of the primary hydroxyl group at C-1 of the 13-D-fructofuranosyl moiety. 
Monotritylation of raffinose afforded the 6'-trityl and 6"-trityl ethers in 1.7 and 9.4% 
yields [283], whereas the l',6',6"-tri-O-trityl derivative was the major product (20%) 
of the trimolar tritylation [284]. 

Attempted regioselective monotritylation of methyl 13-sophoroside was unsuccess- 
ful, it gave a mixture that was inseparable by column chromatography or fractional 
crystallization [285]. Similar problems were encountered for tritylation of Iaminari- 
biose [286] and cellobiose [287-289]. 

The hemiacetal hydroxyl group is more reactive than the other secondary ones. 
Thus, trityl 5-O-tritylpentopyranosides are obtained from pentoses when an excess 
of trityl chloride [290] or elevated temperature [291] is used. For D-lyxose, the ditrityl 
derivative is formed considerably even at room temperature with only one molar 
equiv, of the reagent. Under such conditions, the other three pentoses give the 5- 
trityl ethers in ca. 60 % yields [291]. Further re-investigation of the monotritylation 
of D-xylose at 50 °C revealed the 5-, 4-, 3-, and 1- substitution in the ratio [292] of 
100:25:0:36. 

Differences in the reactivity of secondary hydroxyl groups of nucleosides were 
studied very thoroughly. In 1934, Levene and Tipson prepared [293] the first ditrityl 
ether starting from 5'-O-trityluridine. It was later shown to be [294] the 2',5'-ditrityl 
ether, and both 2',5'- and 3',5'-di-O-trityl derivatives were then isolated in comparable 
yields from the tritylation of uridine by several research groups [295-301]. Further 
tritylation of the cis vicinal secondary hydroxyl group in these compounds was found 
not to be precluded from the sterical reasons [296-299] (cf. Ref. [295]), pertrityluridine 
(42) being isolated in a 1~,% yield. Similar results were obtained for 5'-O-acetyl- 
uridine [302], N-acetylcytidine [303], N-benzoylcytidine [304], and other nucleosides 
[300, 305,306]. However, an analogous treatment of 6-azauridine [295] or 6-azacyti- 
dine [307] gave the 5'-monotrityl ethers only. Tritylation of 1-(5'-O-trityl-13-D-ara- 

0 

N/H 
(C6H5) 3COCH 2 k , , / ~ 0  

(C51.-I 5) 3C0 OC (C6H 5) 3 
(42) 
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binofuranosyl)uracil yielded the 3',5'-ditrityl ether as the sole partially alkylated 
product [308, 309]. Partial tritylation of the anomeric mixture of methyl D-xylo- 
furanosides gave the 2,5-di-O-trityl derivative [310]. 

Just as in the case of nucleosides, the older results were re-investigated with novel 
methods also for tritylation of pyranosides. All the monotrityl ethers of methyl 13-D- 
xylopyranoside and methyl ~-D-xylopyranoside have been isolated recently [311] 
to complement the pioneering work by Hockett and Hudson [312]. The monotrityl 
fraction obtained [313] from methyl ~-L-fucopyranoside was now found [314] to 
consist of 2-0- and 3-O-trityl derivatives in the ratio of 3:2 (o-enantiomer has been 
actually studied). 

Selective tritylation of methyl ~-L-rhamnopyranoside yielded 57% of the 3-0- 
trityl derivative, together with 1% of the 2-0- and 3% of 4-O-trityl isomers. For 
methyl [3-L-rhamnopyranoside, 347o Of the 3-trityl and 17% of the 4-trityl ether 
were obtained [315]. Similarly, the 3,6-ditrityl ether is the major product of ditrityl- 
ation of methyl and benzyl ~-D-mannopyranosides [316]. The corresponding a-o- 
glucopyranosides yielded the 2,6-di-O-trityl derivative, whereas both the 2,6- and 
3,6-ditrityl ethers were isolated in the case of a-o-galacto configuration [316]. 

The bulky triphenylmethyl group can be introduced also at the sterically hindered 
axial position of 1,6-anhydro sugars. With 3 molar equiv, of the reagent at 85-90 °C 
for 24 h, more than 8% of 2-acetamido-l,6-anhydro-2-deoxy-3-O-trityl-13-o-gluco- 
pyranose (45) has been obtained [317] from (43). The 4-trityl ether [i.e., (44)] was, 
of course, the major product, just as in the case of tritylation of 1,6-anhydro-2-O-p- 
toluenesulfonyl-13-D-glucopyranose [318] or., 1,6-anhydro-2-O-benzyl-[3-D-glucopyra- 
nose [229]. 

CH3 0 CH3 0 CH 2 '0 

HO NHAc TwO NHAc HO NHAc 

(43) (44) (66.9 %) (45) (83 %) 

4.2 Miscellaneous Tritylation Techniques 

The application of tritylpyridinium tetrafluoroborate, easily obtained from trityl 
tetrafluoroborate and pyridine, presents definitive advantages [319, 320] over the 
classical procedure discussed in the previous section. Acetonitrile solvent simplifies 
the workup procedure, the substantially shorter reaction times enable the use of only 
a slight excess of the reagent. Preferential tritylation of the primary hydroxyl group in 
carbohydrates is especially convenient with this method. 

A combination of trityl tetrafluoroborate or perchlorate with 2,4,6-tri(tert-butyl)- 
pyridine instead ofpyridine enables an almost quantitative tritylation of the secondary 
hydroxyl group in 1,2:5,6-di-O-isopropylidene-a-D-glucofuranose in 10 min at room 
temperature [321]. The more readily available 2,6-di(tert-butyl)-4-methylpyridine 
was used [322] in combination with trityl perchlorate for the selective tritylation of 
methyl 2,6-di-O-acetyl-a-D-galactopyranoside at the equatorial OH-3. Combination 
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of trityl perchlorate with 2,4,6-collidine presents another attractive alternative [323- 
325]. 

The electron-donating effect of pyridine substituents becomes especially evident 
with 4-dimethylaminopyridine. Methyl C~-D-glucopyranoside reacts with 1.1 molar 
equiv, of trityl chloride, 1.5 molar equiv, of triethylamine, and a catalytic amount 
of 4-dimethylaminopyridine in DMF to give 88 % of the 6-trityl ether after only 
several hours at room temperature [326]. With the classical method, the yield was 
61% and some difficulties with the formation of addition complexes of the product 
with pyridine were encountered [326]. Surprisingly, pyfidine still remains frequently 
used as a solvent in combination with this effective catalyst [327, 328]. Of the two 
secondary hydroxyl groups of methyl 4,6-O-benzyl-a-D-mannopyranoside [119] or 
methyl 4-O-benzyl-a-L-rhamnopyra.noside [122], the equatorial OH-3 was protected 
first. Tritylation of methyl 2-O-benzyl-a-L-fucopyranoside (46) proceeded readily 
to give (47) in 70% yield [109]. 

OMe OMe 

MU-2°7 Tr:lJ t ..-Mo2NP  

HO HO 

(46) (47) (70 %) 

Monotritylation of D-xylose in HMPT with trityl chloride in the presence of silver 
acetate gave 5-, 4-, 3-, and 1-trityl ethers in the ratio of 100:57:49:0, quite different 
of that of the classical procedure [292]. Nucleosides were partially tritylated with 

~ OMe 

TrO OH 

(48) 

trityl chloride in dichloromethane with 4-A molecular sieve as a neutral acid sca- 
venger [329]. The selectivity of this method can be increased by the addition of pyri- 
dine [329]. 

Activation of hydroxyl groups via tributylstannylation (see Sect. 2.4) was used in 
the partial tritylation of methyl ~-D-glucopyranoside with trityl chloride [153]. 
Stannylation effectively enhances the reactivity of OH-6 and OH-2 to give 53.6 % of 
the corresponding ditrityl ether. Surprisingly, 37.3 % of methyl 3,4,6-tri-O-trityl-a-D- 
glucopyranoside were also isolated, the 1C4(D ) conformation (48) being more stable 
in deuterochto~oform than the expected 4C 1 (D). A sterically demanding electrophile 
trityl chloride shows different regioselectivity than benzyl or allyl bromide; the 
treatment of the partially stannylated methyl 13-D-galactopyranoside with trityl 
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chloride for 35 h at 55-60 ~C afforded 71.6~o of the 2,6-ditrityl ether [154] (cf. Sects. 
2.4, 3.4). 

4.3 Detritylation 

As indicated by a large number of procedures described, detritylation seems to be a 
problematic operationJ Low yields, formation of by-products, glycoside cleavage 
(see, e.g., purine deoxynucleoside derivatives), and especially the acyl migration, often 
accompanying the acid-catalyzed detritylations (80 % acetic acid at reflux [330-333], 
hydrogen chloride in methanol [334] and other solvents [335-338], hydrogen bromide 
in acetic acid [339-342], etc. [3]), are attracting permanent interest of researchers. 
Detritylation with aqueous trifluoroacetic acid [343], sometimes diluted with butanol 
[344], copper(II)sulfate in boiling benzene [345], powdered anhydrous zinc bromide 
in dichloromethane [329], boron trifluoride etherate and methanol in aprotic sol- 
vents [346], aqueous tetrafluoroboric acid in acetonitrile [347], or iodotrimethyl- 
silane [222a, 348] were developed and used successfully to avoid hydrolysis or mi- 
gration of acetyl groups, the lasttwo methods being superior. The easily available 
pyridinium perchlorate in nitromethane-methanol mixtures is another effective 
catalyst for detritylation of otherwise acetylated glycosides [349]. It should be noted 
that the acidity of pyridinium chloride is also sufficient for complete detritylation 
[350]. For reductive detritylation, sodium or lithium in liquid ammonia were applied 
[351-353]. These reagents are, however, unattractive for use with nucleoside derivatives 
since the thymine ring is reduced as well. In such cases, the reaction with naphthalene 
radical-anion in HMPT has been effective [354]. 

For partial detritylation, however, only the classical methods were used. 3',5'-Di- 
O-trityluridine was partially detritylated to about the same extent at C-Y and C-5' 
by heating with 80% acetic acid at 50 °C for 1 h. By contrast, 2',5'-di-O-trityluridine 
was not detritylated under these conditions, but required a temperature of 80 °C 
to yield 20 % of the 2'-trityl ether and traces of 5'-trityl ether [355]. Different reactivity 
of trityl groups was also observed for 3',5'-di-O-tritylthymidine, resulting in 38 
of the 3'- and 6}o of the 5'-trityl ether [356]. Removal of trityl groups from deoxy- 
nucleosides is much slower at the 3'- than at Y-position also with finely powdered 
zinc bromide catalyst, probably due to the absence of the neighboring oxygen-chelat- 
ing site [357]. Selective loss of the 5'-O-trityl group of 2',5'-di-O-trityluridine occurred 
on treatment with methyltriphenoxyphosphonium iodide in DMF-containing pyri- 
dine [358]. 

Catalytic hydrogenolysis of trityl ethers [3, 335, 359, 360] on platinum, palladium, 
or Raney nickel has been used for the preparation of partially tritylated carbohydrate 
derivatives. Partial hydrogenolysis of 3',5'-di-O-trityluridine gave 5'-O-trityluridine 
as the only monotritylated product [302]. Similarly, formation of the 5'-trityl ether 
was favored in the reaction of 3',5'-di-O-tritylthymidine [356]. 2'-O-Trityluridine 
has been obtained, albeit in poor yield, from 2',5'-di-O-trityluridine [302]. Some 
selectivity for the primary C-5 position was observed also for trityl 2(or 3),5-di-O- 
trityl-D-riboside-[361]. Catalytic hydrogen transfer cleavage by using palladium and 
2-propanol as hydrogen donor may offer some selectivity in the removal of this 
protecting group [211]. 
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5 Miscellaneous Arylalkyl Ethers 

5.1 Arylmethyl  Ethers 

The substituted arylmethyl group can offer various advantages over the traditional 
benzyl-protecting group. Thus, 2-nitrobenzyl ethers of carbohydrates are of interest 
because they are readily removed by photolysis [362, 363] in methanol and DMF 
(see also, the cleavage of 2-nitrobenzyl glycosides [363 a, 363 b]), the 4-methoxybenzyl 
group can be cleaved in the presence of benzyl ethers by DDQ oxidation [216] or by 
using cerium(IV)ammonium nitrate in aqueous acetonitrile [364], solid 4-chloro- 
benzyl chloride is less lachrimatory than benzyl chloride and the corresponding ethers 
are more readily crystalline [365], etc. Methods of preparation of such partially al- 
kylated carbohydrates parallel those discussed in Sect. 2. 

Mixtures of photolabile 2'- and 3'-O-(2-nitrobenzyl)ribonucleosides were obtained 
in good yields when adenosine, uridine, cytidine, and inosine were treated with 2- 
nitrophenyldiazomethane in the presence of tin(II)chloride [362]. The dibutylstan- 
nylene approach has been used for the preparation of 2'-(4-nitrobenzyl)uridine [366]. 
2-Nitrobenzyl chloride and sodium hydride in DMF gave the T-ethers in 26-37 % 
yield, depending on the starting nucleoside [363, 367]. 

Treatment of adenosine with 4-methoxybenzyl bromide and sodium hydride yielded 
the 2'-ether selectively, whereas both 2'- and Y-ethers resulted from the tin(II)chloride 
catalyzed reaction with 4-methoxyphenyldiazomethane [368]. A I : 1 mixture of 2'- 
and 3'-O-(4-methoxybenzyl)uridine has been obtained by the dibutylstannylene 
approach [369]. Either 6- or 4-O-(4-methoxybenzyl) derivatives were obtained from 
Garegg's sodium cyanoborohydride redutive cleavage (see Sect. 2.6) of methyl 4,6- 
O-(4-methoxybenzylidene)-~-D-gluco- and galactopyranosides, depending on the 
type of catalyst and solvent. Trifluoroacetic acid catalyzes the formation of primary 
6-O-(4-methoxybenzyl) derivative, whereas the sterically more demanding chloro- 
trimethylsilane activates preferentially 0 -6  to give 4-O-(4-methoxybenzyl) isomer 
[364]. Similarly, the reductive cleavage of allyl glycoside 49 gave the 4-ether 50 [370]. 

IO--~H2 
MoOC6HsCH-O // 0 

OAll 

N 3 

NaBH3CN 

CH20H 
MeOC6H5CH2-O / 0 

N 3 

(49) (50) 

11 

Methyl 4-O-(4-methoxybenzyl)2,3-di-O-methyl-~-D-glucopyranoside has been prep- 
ared [371] by Liptak's procedure (see Sect. 2.6). This lithium aluminium hydride -- 
aluminium trichloride method was also used in the synthesis of 4-hydroxy-3-methoxy- 
benzyl [372], 4-hydroxy-3,5-dimethoxybenzyl [372], and 1-phenylethyl [373] ethers 
from the 4,6-ffcetals derived from vanillin, syringealdehyde, and acetophenone. 
Various vinylbenzyl ethers were prepared by the reaction of carbohydrates with 
vinylbenzyl chloride, and copolymerized with styrene [374]. 

240 



Preparation of Selectively Alkylated Saccharides as Synthetic Intermediates 

The remarkable regioselective cleavage of the 4-chlorobenzyl group at 0 -2  with 
the simultaneous inversion of the anomeric configuration of methyl 2,3,5-tris-O- 
(4-chlorobenzyl)-[3-D-ribofuranoside (51) with tin(IV)chloride gave a partially pro- 
tected glycoside 52 in 83 % yield [374a]. The relative orientation of the 4-chlorobenzyl- 
oxy groups plays an important role, the corresponding arabinofuranoside and lyxo- 
furanoside do not react in this way. 

ROCH2 O QMe ROC' H2 O 

. 

HzO Me 
I I 
OR OR OR OH 

(51) (52) (83%) 

R = 4-CIC6H4CH 2 

5.2 Diarylmethyl Ethers 

The diphenylmethyl protecting group has been introduced to complement the benzyl 
-- trityl series. Diphenylmethylation of carbohydrate hydroxyl groups may be ef- 
fected by the uncatalyzed thermal reaction with diazo(diphenyl)methane in benzene 
or acetonitrile solution. No marked selectivity for any particular hydroxyl group 
was observed under these conditions [375]. However, in the presence of catalytic 
amounts of tin(II)chloride, methyl 4,6-O-benzylidene-a-D-mannopyranoside (53) 
gave a high yield of 3-O-diphenylmethyl derivative (54). The more convenient and 
easily available reagents diazo[bis(4-methylphenyl)]methane, diazo[bis(4-chlorophe- 
nyl)]methane, diazo[bis(4-methoxyphenyl)]methane, and 9-diazofluorene gave similar 
results. It should be noted that methyl 4,6-O-isopropylidene-~-D-mannopyranoside 
showed less pronounced selectivity of alkylation [376]. 

Ph"~O-.-q OH Ph-'-~O.--~ O H 
o 0 ~ L ~  Ph2CN2 . OHO~.  ~ 
H SnCl2 Ph2C 

OMe OMe 

(53) (54) (70 %) 

5.3 Triarylmethyl Ethers 

The introduction of methoxy substituents increases the ease of removal of trityt 
groups under acid conditions, but also decreases the selectivity for the primary 
hydroxyl group [377]. As a compromise, the monomethoxytrityl and dimethoxy- 
trityl groups found widespread use for the protection of primary positions of glyco- 
sides (see, e.g. Ref. [378]) and, especially for the OH-5' function of nucleosides [377]. 
The use of 6-nitroquinoline instead of pyridine was described [379] to improve the 
selectivity of monomethoxytritylation of nucleosides and nucleotides bearing free 
amino groups. A general and rapid procedure was developed for the preparation and 
isolation of 5'-O-dimethoxytrityl derivatives [380]. 

The selectivity can be further improved by turning to the more bulky triarylmethyl 
groups, such as bis(4-benzyloxyphenyl)phenylmethyl [381], 4-bromophenacyloxy- 
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phenyldiphenylmethyl [381], or tris(4-benzoyloxyphenyl)methyl [382] group. Thus, 
methyl ~-D-glucopyranoside carrying the latter group at 0 -6  could be isolated in 81 
yield after some 20 rain treatment with 1.2 molar equiv, of the corresponding tri- 
arylmethyl bromide in pyridine -- triethylamine mixture at 65 °C. Even higher yields 
were obtained for various nucleoside derivatives [382]. Under acid conditions, this 
protecting group is ca. 5 times more stable than the trityl group, but it can be easily 
removed by treatment with 0.5 M sodium hydroxide [382]. For the removal of the 4- 
bromophenacyloxyphenyldiphenylmethyl group, mild reduction with zinc and 20 ~o 
acetic acid is efficient [381]. 

5.4 Miscellaneous Ethers 

The use of the p-nitrophenylethyl group, a very versatile blocking group in nucleo- 
sides, has been reviewed recently [383, 384]. The 2,3-diphenylcyclopropen-l-yl group 
has been introduced in the carbohydrate field in the search for an ether group which 
cleaves to form a stable cation, like the trityl group, but in addition can be introduced 
readily at secondary hydroxyl groups [385]. Thus, benzyl 2-acetamido-3,6-di-O- 
acetyl-2-deoxy-~-D-glucopyranoside (55) treated with a slight excess of 2,3-diphenyl- 
1-cyclopropen-l-ylium perchlorate and 2,4,6-trimethylpyridine in acetonitrile or 
benzene at room temperature yielded 53 % of ether 56. Mixtures of 2'- and 3'-protected 
ribonucleosides were obtained from the alkylation of nucleosides with 1-oxido-3- 

CH2OAc C. H2OAc 

HO ~1 / OBn Bn 
I I 
NHAc NHAc 

(55) (56) (53%) 

methyl-2-pyridyldiazomethane in the presence of tin(II)chloride [386]. 2-Pyridyl- 
methyl, 2-quinolylmethyl, and similar ethers were prepared by the reaction of  cor- 
responding chlorides under phase-transfer conditions [387]. 

6 Silyl Ethers 

The role of silyl ethers in carbohydrate synthesis increased enormously in the last 
decade with the introduction of novel types of protecting groups, especially with the 
introduction of the tert-butyldimethylsilyl group [388, 389]. High selectively and 
manipulative convenience of the reagent, ca. 104 times increased stability of ethers 
against hydrolysis compared to the traditional trimethylsilyl group, and good crystal- 
lizing properties of the products are responsible for this success. From similar reasons, 
some authors prefer the tert-butyldiphenylsilyl ethers which are easily detected due 
to a strong UV-absorbance and are unaffected by conditions that hydrolyze the tert- 
butyldimethylsilyl group [390]. The high selectivity for the primary hydroxyl group 
has been observed in carbohydrates also for other, less readily available reagents, 
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such as chlorotriisopropylsilane [391-394], tert-butylchloromethoxyphenylsilane 
[395], and others [392, 393]. The easily accessible chlorodimethyl-(l,l,2-trimethyl- 
propyl)silane can find wide use in carbohydrate synthesis as well [395 a]. Preparative 
applications of the trimethylsilyl group for a partial protection of hydroxyl groups 
are scarce, its domain remains in GLC analysis of volatile persilylated derivatives. 

6.1 Tr imethyls i ly l  Ethers 

Despite the fact that the differencies in the rates of reaction of sterically hindered and 
unhindered hydroxyl groups towards various trimethylsilylating agents are well 
established [396-398], the numer of preparative partial trimethylsilylation results 
is very low in carbohydrates. The ethers are too susceptible to solvolysis in protic 
media and, consequently, partial silylation is not easily controlled, the results can 
vary from run to run [399]. 

For aldohexoses, OH-l, OH-2, and OH-6 seem to be particularly reactive [399,400]. 
Nevertheless, the initial product of the treatment of D-altro-3-heptulose (coribse) 
with chlorotrimethylsilane in pyridine is claimed to have a free hemiacetal hydroxyl 
group [401]. 1,6-Anhydro-13-D-glucopyranose yielded 87% of  the 2,4-disilyl ether 
[402]. 

Selective hydrolysis can be used to remove the 0 - 6  protecting group of methyl 2,3,4,6- 
tetrakis-O-(trimethylsilyl)-~-D-glucopyranoside [403, 404]. Under properly controlled 
conditions, selective cleavage at one or both of the primary positions of pertrimethyl- 
silylated ct,~-trehalose has been achieved [405]. The simple heteronuclear IH29Si 
chemical shift correlated two-dimensional NMR spectroscopy enables the assign- 
ment of positions of trimethylsilyl substituents [406]. Interestingly, octakis-O-(tri- 
methylsilyl)sucrose is a stable, crystalline material which has been even proposed as 
an internal standard for GLC [407]. 

6.2 Tert-butyldimethylsilyl Ethers  

Both primary and secondary hydroxyl groups react rapidly [389, 408412] under 
classical Corey conditions [388] with tert-butylchlorodimethylsilane in DMF in the 
presence of imidazole catalyst. The primary hydroxyl group reacts preferentially, 
the ratio of products being dependent on the amount of imidazole present. For thy- 
midine, the highest, ca. 75'.'/o yield of 5'-ether has been obtained [389, 408] with a ratio 
of nucleoside : tert-butylchlorodimethylsilane :imidazole near 1 : 1.1:2.2. Similar 
results were obtained with other deoxyribonucleosides [389, 408], as well as with 
uridine [410, 411,413], adenosine [410, 411], cytidine [414], guanosine [414], and their 

CH20H CH2OSiMe2CMe 3 

' 0 Me3CM~2SiCI/Im/OMF 'O~Q~'3 
iM~e~'~,I 25°C. 14 h ~ Me 

HO'~mmm~P" OMe H Me 
I OH OH 

(57) (58) (98 %) 
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derivatives [411,413-415]. Methyl 2-deoxy-3-C-methyl-~-D-ribo-hexopyranoside (57) 
yielded [4I 6] 98 % of the silyl ether (58), the selective protection of the primary OH-6 
was also achieved for other hexopyranosides [417, 418]. 

Among the secondary hydroxyl groups of ribonucleosides, the T-OH is slightly 
more reactive than 3'-OH towards this reagent [41 I, 414, 419, 420]. The higher re- 
activity of OH-2 has been observed also for methyl Ct-D-glucopyranoside [421,421 a], 
its 13-anomer [421, 421 a], and 4,6-O-benzylidene derivative [422]. With 3.2 molar 
equiv, of the reagent, 84 70 of methyl 2,6-bis-O-(tert-butyldimethylsilyl)-a-D-galacto- 
pyranoside and 1470 of 2,3,6-tris-O-(tert-butyldimethylsilyl)-~-D-galactopyranoside 
were isolated [421a]. A synthetically useful yield of the last mentioned compound 
(57 70) can be achieved with 4.3 molar equiv, of the reagent. The 2,6-disilyl ether 
dominates over the 3,6-disilyl isomer also in the reaction product of methyl Zt-D- 
mannopyranoside (50% and 3370), but the ratio is reversed (3570 and 4370) for 
methyl fI-D-galactopyranoside [421a]. l',2:4,6-Di-O-isopropylidenesucrose yielded 
86% of 3',4',6'-trisilyl ether, leaving thus the OH-3 of D-glucose unit unprotected 
[4231. 

The reagent reacts selectively with the allylic hydroxyl group of 6-deoxyglycals; 
95 % of 3-O-(tert-butyldimethylsilyl)-L-rhamnal were isolated after 2 h reaction at 
room temperature, in addition to 3 % of the 4-silyl and 2 % of 3,4-disilyl ethers [424]. 
Reinvestigation of this reaction by Thiem and coworkers revealed that temperatures 
below --20 °C are necessary in order to achieve such a high regioselectivity. At room 
temperature, a complicated mixture of products was obtained [127a]. Derivatives 
of N-acetylneuraminic acid such as 59 were also partially silylated with efficiency 

HO H ONe 

HO 0 C02Ne 

gH 

RO H ONe 

RO 0 CO2Ne 
HO • 

OR 

R = $i He z ~H~ 3 
(59) (60) (70%) 

[425,426]. Substitution of 1,2,4-triazole for imidazole as the activating agent can be 
advantageous in some special cases as it prevents the simultaneous acyl group mi- 
gration [427]. 

On prolonged treatment with tert-butylchlorodimethylsilane and imidazole in 
DMF, silyt group migrations between vicinal cis [424, 428, 429] and even trans [430] 
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hydroxyl groups have been observed. About 20~o of 2',5'-bis-O-(tert-butyldimethyl- 
silyl)uridine were found to isomerize to 3',5'-disilyl ether in 24 h. The isomerization 
is almost negligible in dry aprotic solvents like pyridine, oxolane, acetonitrile, but 
it is much faster in protic solvents like methanol [428]. In the latter solvent, equili- 
brium state is reached in only several hours, with the 2'-isomer (e.g., 61) generally 
preponderating over the 3'-isomer (e.g., 62) in nucleosides [411,414, 415, 419, 420, 428]. 
Migration is slower for pyranosides than in the ribonucleoside field, no changes 
were detected in methanol during 24 h. However, considerable 3 ~ 2 migration 
occured when methyl 3,6-bis-O-(tert-butyldimethylsilyt)-~-D-mannopyranoside was 
treated with imidazole --  DMF [421a]. Methyl 3,6-bis-O-(tert-butyldimethylsilyl)- 
13-D-glucopyranoside isomerized on treatment with diethylazodicarboxylate and tri- 
phenylphosphine to give 83% of 4,6- and 10% of the 2,6-isomer [421]. 

The silylation with tert-butylchlorodimethylsilane in pyridine as a solvent and 
catalyst is substantially slower but gives much more selectivity [411,414, 431,432]. 
For example, 2',5'-disilyluridine is obtained in 65 % yield after a 48-h reaction in 
pyridine, but in only 46 % after a 2-h reaction in DMF --  imidazole mixture [414]. 
With one molar equiv, of the reagent, methyl ~-D-glucopyranoside gave the 6-silyl 
ether in virtually quantitative yield, its secondary hydroxyl groups reacted slowly 
even with a large excess of tert-butylchlorodimethylsilane [432]. Primary hydroxyl 
groups in D-glucal [431] or in L4ditol derivative [433] were selectively protected as 
well. Similarly, 3.5 molar equiv, of the reagent converted sucrose into l',6,6'-tris- 
O-(tert-butyldimethylsilyl)sucrose almost exclusively [432]. For this disaccharide, 
the use of a limited amount of tert-butylchlorodimethylsilane in pyridine have led to 
the 6,6'-disilyl ether isolable in 36 % yield without chromatography [434]; the re- 
action starts with OH-6' of the D-fructose unit [432]. 

High selectivity of tert-butylchlorodimethylsilane for the primary hydroxyl group 
is observed with 4-dimethylaminopyridine catalyst [435-438]. About 89 % of  5'-O- 
(tert-butyldimethylsilyl)uridine resulted from the application of this method in DMF 
using triethylamine to regenerate the catalyst [435]. No significant differentiation 
between secondary hydroxyl groups could be traced from the results of dimolar 
silylation of common methyl glycopyranosides [421 a]. The selectivity achieved with 
N,O-bis(tert-butyldimethylsilyl)acetamide or tert-butyldimethylsilylimidazole was 
also slightly better when compared to classical imidazole catalyzed technique [391, 
392). The polymeric reagent tert-butylchlorodimethylsilane --  polyvinylpyridine was 
effective for the selective protection of the primary hydroxyl group in methyl 2,3- 
dideoxy-~-D-erythro-hex-2-eno-pyranoside [439]. 

o o # 
..~..H t.4e3CMe2SiO~,~ ~ 

%'02? 
OH OH OH OH 
(63) (64) (95 %) 

245 



Jan Stan~k 

Silver nitrate displayed a pronounced effect on the selectivity of silylation [380, 392, 
440, 441]. The treatment of uridine (63) with 2.2 molar equiv, of each tert-butylchloro- 
dimethylsilane and silver nitrate in oxolane led to the exclusive formation of 5'-0- 
silyl derivative 64 in 95 % isolated yield [380]. Under analogous conditions, 1,2-O- 
isopropylidene-~-o-glucofuranose was selectivity silylated at 0-6, and 1,2-O-isopro- 
pylidene-~-o-xylofuranose at 0-5, with 94-96 % yield [442]. Combination of silver 
nitrate with pyridine resulted in disilylation of nucleosides at 0-5' and 0-2'  with ex- 
cellent selectivity. Interestingly, the selectivity for secondary hydroxyl groups is 
reversed with a combination of silver nitrate and 1,4-diazabicyclo[2.2.2]octane as 
a base. Such a disilylation led to 3',5'-bis-O-(tert-butyldimethylsilyl) derivatives in as 
high yields as 94 %. Other soluble silver salts, e.g., silver perchlorate, behaved simi- 
larly [380]. 

For the removal of this protecting group, tetrabutylammonium fluoride in oxolane 
is the most frequently used [388, 389, 409-41 l]. A much simpler reagent to prepare, 
potassium fluoride --  crown ether, has been introduced for the same purpose [427]. 
Silyl group at 0-2'  of nucleosides is cleaved more rapidly [411] than at 0-5'.  Acyl 
migrations occurred under the tetrabutylammonium fluoride-catalyzed desilyla- 
tion [432, 434, 443]. Differencies between the primary and secondary position were 
also observed for acid- or base-catalyzed solvolysis [391,409-412]. 5'-O-(Tert-butyl- 
dimethylsilyl)nucleosides are much more labile towards acid than either 2'- or 3'- 
silyl ethers [391,410-412], whereas the situation is reversed for base hydrolysis [411]. 
N-Bromosuccinimide in aqueous DMSO is another alternative for the removal of 
this type of silyl group [444]. 

6.3 Tert-butyldiphenylsilyl Ethers 

To selectively block the primary hydroxyl group, the tert-butyldiphenylsilyl group is 
now frequently chosen instead of the traditional trityl group because of the relative 
ease of preparation of the required derivative in high yield, its stability under mild acid 
conditions, and the ease and convenience with which the group may be removed on 
treatment with fluoride ion [390]. For instance, the reaction of methyl ~-o-gluco- 
pyranoside with 1.1 molar equiv, of tert-butylchlorodiphenylsilane in DMF con- 
taining 2.2 equiv, of imidazole for 4 h at 25 °C afforded 80 % of the corresponding 
6-O-(tert-butyldiphenylsilyl) derivative [390]. Similar conditions were used for the 
6,6'-disilyl ether of methyl 2-O-benzyl-3-O-a-D-mannopyranosyl-~-D-mannopyrano- 
side [445], whereas the 6,6'-disilyl ether of sucrose was prepared in 78 % yield by the 
action of 3 molar equiv, of tert-butylchlorodiphenylsilane in pyridine and 4-dimethyl- 
aminpyridine [446]. The fact that tert-butytdiphenylsilyl group is fairly stable under 
benzyl bromide --  silver oxide --  N,N-dimethylformamide benzylating conditions 
(note, that the base catalyzed hydrolysis of this group is an unavoidable side reaction 
during benzylation in the presence of sodium hydride or barium oxide) makes the 
conversion of methyl 13-D-galactopyranoside (65) in its 2-O-benzyl derivative 68 via 
66 and 67 quite feasible [446a]. 
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Secondary hydroxyl groups also react if  sufficient amount  o f  tert-butylchlorodi- 
phenylsilane - -  imidazole - -  D M F  reagent is used. The less hindered OH-2 of  1,4- 
anhydro-5,6-O-isopropylidene-D-glucitol  was silylated in more than 78 % yield [447]. 
Of the two secondary hydroxyl groups of  the 4 ' ,6 ' -O-isopropylidene-~-D-glucopyra- 
nosyl par t  of  a kinetic acetonation product  o f  maltose, that one at  C-3'  was selectively 
protected [448]. 

Imidazole or pyridine mediated silylation o f  1,2-O-[1-exo-ethoxy)ethylidene]-~-D- 
glucopyranose failed to give a high yield of  the 6-silyl ether due to some polymerizat ion 
and side reactions. Activation of  hydroxyl  groups via a t r ibutylstannyl intermediate 
followed by the te t rabutylammonium bromide  catalyzed reaction with tert-butyl- 
chlorodiphenylsi lane was more successful [231], the 6-O-silyl derivative being iso- 
lated in 87 % yield..The lability of  this protecting group under  benzylation with benzyl 
bromide  and sodium hydride at_ 0 °C has been observed [449]. 
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"Pseudo-sugar" is the name of a class of compounds in which a ring-oxygen of a hexopyranoid sugar 
is replaced by a methylene group. There are thirty-two theoretically possible stereoisomers in the 
pseudo-sugar family, including anomer-like compounds. The first pseudo-sugar was synthesized by 
G. E. McCasland and his coworkers in 1966. The most accessible starting material for the synthesis 
of pseudo-sugars was the Diels-Alder adduct of furan and acrylic acid. The Diels-Alder adduct was 
readily resolved by means of optically active amines as resolution reagents into the two antipodes, 
which were then used as starting compounds for the synthesis of enantiomeric pseudo-sugars. Also, 
a chiral synthesis from true sugars has been used for the preparation of enantiomeric pseudo-sugars. 
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1 Introduction 

The term "pseudo-sugar" is the name of a class of compounds in which a ring-oxygen 
of a sugar is replaced by a methylene group. Therefore, there are two types of pseudo- 
sugars : pseudo-pyranose and pseudo-furanose, but in this review article the term pseu- 
do-sugar is restricted to pseudo-pyranoses especially pseudo-hexopyranose, since 
pseudo-hexopyranoses and their derivatives have been extensively studied up to the 
present, while only a little is known on pseudo-furanose. The term "pseudo-sugar" 
was first proposed by G. E. McCasland in 1966 when he and his coworkers synthesized 
a first pseudo-sugar, namely pseudo-a-DL-talopyranose [1]. They prepared two more 
pseudo-sugars: pseudo-13-DL-gulopyranose [2] and pseudo-a-DL-galactopyranose [3] 
in 1968. He suggested in his paper [1] that pseudo-sugars may possess some biological 
activities, due to their structural resemblances to natural true sugars. Hope has been 
expressed that, in some cases, a pseudo-sugar will be accepted by enzymes or biological 
systems in place of a corresponding true sugar, and thus may serve to inhibit the 
growth of malignant or pathogenic cells. 

In fact, several biologically active pseudo-sugars and their derivatives have been 
found in Nature in the last two decades. It was especially notable that a first naturally 
occurring pseudo-sugar: pseudo-a-D-galactopyranose (1) was discovered as an anti- 
biotic in 1973 [4] seven years after McCasland's prediction. Prior to the discovery 
of pseudo-galactose 1, pseudo-trisaccharididc validamycin antibiotic had been dis- 
covered in 1970 in a fermentation broth of Streptomyces hygroscopicus var. limoneus 
[5]. Validamycin A (2), a main component of the validamycin complex, exhibited 
strong inhibitory activity against a sheath blight of rice plants and a damping off of 
cucumber seedlings which were caused by an infection of  Pellicularia sasakii and 
Rhizoctonia solani [5] (Scheme 1, 2). 

HO OH HO_ OH 

H H 

~-D-gatacto~ranose pseudo-e~-D-gatactopyranose 
1 

H O . . ~  OH 

H O ~ ' 7 ~  / OH 
HO 

Vatidamycin A 
2 

Schemes 1, 2 

Recently, pseudo-oligosaccharidic enzyme-inhibitors: acarbose (3) [6], trestatins 
(4) [7], adiposins (5) [8], S-AI [9, 10], and oligostatins [11, 12] have been found in 
fermentation beers (Scheme 3, 4, 5). 
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Schemes 3, 4, 5 

In the pseudo-sugar family there are 32 theoretically possible stereoisomers, in- 
eluding anomer-like compounds, and up to the present time, all the predicted sixteen 
racemie pseudo-sugars have been prepared, as well as ten optically active enantiomers. 
In the present review, preparations of pseudo-sugars, pseudo-13-fructopyranoses and 
biological effects of pseudo-sugars will be described. 
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2 Synthesis of Racemic Pseudo-sugars 

The first McCasland's pseudo-sugar, pseudo-c~-DL-talopyranose (9) was synthesized 
from 4-acetoxy-2,3-dihydroxy-5-oxo-cyclohexanecarboxylic acid (6)as follows [13]. 
Reduction of the oxo acid 6 with sodium borohydride and subsequent esterification 
with methanol and trifluoroacetic acid, followed by acetylation gave methyl (1, 2, 3, 
4/5)-2, 3, 4, 5-tetraacetoxycyclohexanecarboxylate (7). Hydrogenation of 7 with li- 
thium aluminium hydride and successive acetylation yielded pseudo~-DL-talopyra- 
nose pentaacetate* (8). Hydrolysis of 8 in ethanolic hydrochloric acid gave pseudo- 
~-DL-talopyranose 9 in 23 % overall yield from 6 [1] (Scheme 6). 

HO COOH AcO,COOMe AcO_ OAc H ? ~ . ~  

. . - 

AcO 0 AcO ()Ac AcO OAc HO OH 
6 7 6' 9 

Scheme 6 

Then, pseudo-13-DL-gulopyranose (14) was synthesized by hydroxylation of 2,5-di- 
hYdroxy-3-cyclohexene-l-methanol triacetate (12), which was prepared by Diels- 
Alder cycloaddition of 1,4-diacetoxy-l,3-butadiene (10) and allyl acetate (11), with 
osmium tetroxide and hydrogen peroxide and successive acetylation as the penta- 
acetate (13). Analogous hydrolysis of 13 in ethanolic hydrochloric acid afforded the 
free pseudosugar 14 in 33 % yield from 12 [2] (Scheme 7). 

AcO = ~ O A c  
+ " /~-" ~OAc '-~OH 

AcO AcO OAc OH OAc HO 
10 11 12 13 14 7 

Scheme 7 

When the first pseudo-sugar, pseudo-~-oL-talopyranose pentaacetate 8 was heated 
in 95 % acetic acid containing a small volume of concentrated sulfuric acid, it under- 
went an epimerization on C-2 through an intermediary cyclic acetoxonium ion (15) 
which was formed by an anchimeric assistance of the neighboring acetoxyl group, 
pseudo-~-DL-galactopyranose pentaacetate (16) was obtained in 14% yield, after 
conventional acetylation. Hydrolysis of the pentaacetate 16 gave pseudo-~-DL-galac- 
topyranose (17) in 71% yield [3] (Scheme 8). 

* For the sake of convenience, the numbering of a pseudo-sugar has been used tentatively in this 
article in the analogous numbering of a true hexopyranose. 
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8 15 CH? 15 17 

Scheme 8 

Two other pseudo-sugars pseudo-13-DL-galactopyranose (28) and pseudo-~-DL- 
altropyranose (29) were prepared as pentaacetates from myo-inositol (18)[14]. 
O-Cyclohexylidenation of myo-inositol 18 gave 1,2-O-cyclohexylidene-rnyo-inositol 
(19), which was converted into 1,2-O-cyclohexylidene-3-O-p-toluenesulfonyl-myo- 
inositol (20) by preferential tosylation. Exclusive epoxidation of 20 with methanolic 
sodium methoxide afforded 1,2-anhydro-5,6-O-cyclohexylidene-chiro-inositol (21) 
and hydrogenation of 21 with lithium aluminium hydride in tetrahydrofuran (THF) 
gave 1,2-O-cyclohexylidene-5-deoxy-chiro-inositol (22)in 32% overall yield from 
19 I15]. O-Isopropylidenation of 22 with 2,2-dimethoxypropane and successive Pfitz- 
ner-Moffatt oxidation with dimethylsulfoxide (DMSO) and acetic anhydride gave 
5,6-O-cyclohexylidene-2-deoxy-3,4-O-isopropylidene-chiro-inosose-1 (23). Reactions 
of the ketone 23 with diazomethane gave 1,1'-anhydro-5,6-O-cyclohexylidene-2-de- 
oxy-l-C-hydroxymethyl-3,4-O-isopropylidene-chiro-inositol (24) and its stereoisomer 
(25) in 82 and 9 % yields, respectively. Nucleophilic opening of the oxirane ring of the 
major product 24with hydriodic acid gave 1,2,3,4,6-penta-O-acetyl-5-deoxy-6-C- 
Oodomethyl)-chiro-inositol (26), after acetylation. Beta-elimination reactions of 26 by 
heating with zinc powder in glacial acetic acid resulted in a formation of the exocyclic 
olefin (27). Hydroboration of 27, followed by oxidation with hydrogen peroxide, and 
successive acetylation afforded pseudo-13-DL-galactopyranose pentaacetate (28), pseu- 
do-~-DL-altropyranose pentaacetate (29) and 6-deoxy-pseudo-a-DL-altropyranose 
tetraacetate (30) in 13, 17 and 13% yields, respectively [14] (Scheme 9). 

Since a preparation of pseudo-sugars from myo-inositol seemed to be unexpectedly 
laborious, as well as having a long reaction process, Diels-Alder cycloaddition has 
been attempted to obtain a more convenient starting material. The cycloaddition of 
furan (31) as an electron-rich diene and acrylic acid (32) as an electron-deficient dieno- 
phile has been carried out in the presence of hydroquinone as a polymerization-inhibi- 
tor to give known endo-7-oxabicyclo[2.2.1]hept-5-ene-2-carboxylic acid (33) in a good 
yield (45 %) [16] which had been obtained in a poor yield by a previous reaction [17, 
18]. Compund 33 was found to be the most important starting compound for a syn- 
thesis of pseudo-sugars by the following reactions. 

Hydroxylation of 33 with hydrogen peroxide in formic acid resulted in a formation 
of exo-9-hydroxy-2,7-dioxatricyclo[4.2.1.Ol'S]nonan-3-one (34) by a spontaneous 
lactonization of an initially formed glycol. Reduction of 34 with lithium aluminium 
hydride in THF and successive acetylation gave exo-5, endo-6-diacetoxy-endo-2-(acet- 
oxymethyl)-7-oxabicac!o[2.2.1]heptane (35). Cleavage of the 1,4-epoxide linkage of 
35 was carried out by heating in a mixture of acetic acid, acetic anhydride and sulfuric 
acid in a sealed tube, and a crude product was acetylated to give an approximately 1 : 1 
mixture of two pseudo-sugar polyacetates. The mixture was successfully separated 
by column chromatography to give pseudo-a-DL-galactopyranose pentaacetate 16 and 
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pseudo-13-DL-glucopyranose pentaacetate (36) in 19 and 18 % yields, respectively. 
Hydrolysis of the pentaacetate 16 in methanolic sodium methoxide gave paeudo-a- 
DL-galactopyranose 17, and an analogous hydrolysis of 36 gave pseudo-o-DL-gluco- 
pyranose (37) in quantitative yields [16, 20] (Scheme 10). 

0 

Co.,Loo. 
C00H 

31 32 33 

Scheme 10 
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Four new pseudo-sugars having c~-ido, a-manno, [3-altro and 13-manno configura- 
tions have been synthesized from the Diels-Alder adduct 33 by the following method. 
Bromolactonization of 33 with hypobromous acid gave 2-exo-bromo-4,8-dioxatri- 
cyclo[4.2.1.03,7]nonan-5-one (38). Reduction of 38 with lithium aluminium hydride, 
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followed by acetylation afforded endo-2-acetoxy-endo-6-(acetoxymethyl)-exo-3-bro- 
mo-7-oxabicyclo[2.2.1]heptane (39) [20]. Acetolysis of 39 in a mixture of acetic acid, 
acetic anhydride and sulfuric acid in a sealed tube gave 2-bromo-2-deoxy-pseudo-~- 
DL-galactopyranose tetraacetate (40) and 2-bromo-2-deoxy-pseudo-[3-DL-glucopyra- 
nose tetraacetate (41) in 31 and 13 ~ yields, respectively. Nucleophilic displacement 
of 40 with an acetate ion and successive acetylation gave pseudo-~-DL-idopyranose 
pentaacetate (42) in 31 ~ yield and known pseudo-~-DL-galactopyranose pentaacetate 
16 in 10 ~ yield. The displacement reaction involved a. formation of an intermediary 
2,3-cyclic acetoxonium ion. An analogous displacement reaction of 41 with an acetate 
ion gave pseudo-a-oL-mannopyranose pentaacetate (44) in 29 ~o yield and pseudo-[3- 
DL-altropyranose pentaacetate (46) in 27 ~ yield. A displacement reaction of 41 by 
a benzoate ion, instead of the acetate ion, proceeded in a direct SN2 mechanism af- 
forded pseudo-~-DL-mannopyranose pentaacetate (48) in a yield of 49 ~o. Hydrolysis 
of 42, 44, 46 and 48 in methanolic sodium methoxide gave pseudo-ct-DL-idopyranose 
(43), pseudo-a-DL-mannopyranose (45), pseudo-~-DL-altropyranose (47) and pseudo- 
13-DL-mannopyranose (49), respectively [20] (Scheme 11). 
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HOBr ) 

33 38 

16 + 

Scheme 11 
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A c O . . ~  
RO ' ' "  OR BroAc 

42 R=Ac 40 
43 R=H 

OR 
44 R=Ac 
,45 R=H 

0 

Ac0 CH2OAc 

39 

1 
• 

AcO"-~--"T~OAc RO"--~.-"~'OR 
Br OR 

41 48 R=Ac 
49 R=H 

OR 
46 R=Ac 
47 R=H 

On the other hand, when 39 was heated with hydrogen bromide in acetic acid, 1,2- 
di-O-acetyl-(1,3/2,6)-3,4-dibromo-6-(bromomethyl)-l,2-cyclohexanediol (50) was ob- 
tained, which was converted into 1,2-di-O-acetyl-(1,3/2)-3(bromomethyl)-5-cyclo- 
hexene-1,2-diol (51) by debromination with zinc dust in glacial acetic acid [21]. Hydro- 
xylation of 51 with osmium tetroxide, and successive acetylation yielded 1,2,3,4- 
tetra-O-acetyl-6-brom0-6-deoxy-pseudo-~-DL-glucopyranose (52). Nucleophilic sub- 
stitution reactions of 52 with sodium acetate gave pseudo-~-DL-glucopyranose penta- 
acetate (53), which gave pseudo-~-DL-glucopyranose (54) by usual hydrolysis [22]. 
Alternatively, the pentaacetate 53 was obtained as a minor component in a poor yield 
by nucleophilic substitutions of 2,3,4-tri-O-acetyl-l,6-dibromo-l,6-dideoxy-pseudo- 

263 



Tetsuo Suami 

13-DL-glucopyranose (55)with sodium benzoate and subsequent exchange of protective 
groups from benzoyl to acetyl groups [23] (Scheme 12). 

A c 0 - ~  A c 0 ~  
39---  Ac 0 -.4,.....-~k~ B r Ac 0.---~-,~ 

50 Br 51 

Scheme 12 

-----,,- Ac 0 "~ , .~  
52 Ac00Ac 

R 0 - - ' S ~  

54 R=H 
T 
Br 

A ~ , ~ 0 ~  Br 

55 

Pseudo~t-DL-allopyranose (61) has been prepared from 54 by epimerization of the 
C-3 configuration as follows. O-Isopropylidenation of 54 with 2,2-dimethoxypropane 
gave 1,2:4,6-di-O-isopropylidene-pseudo-~-DL-glucopyranose (56). On oxidation with 
ruthenium tetroxide and sodium metaperiodate, 56 gave the 3-oxo derivative (57), 
which was converted into 1,2: 4,6-di-O-isopropylidene-pseudo-et-DL-allopyranose (58) 
exclusively by catalytic hydrogenation under the presence of Raney nickel. Convert- 

• tional acetylation of 58 furnished the 3-O-acetyl derivative (59). Hydrolysis of 59 with 
aqueous acetic acid, followed by acetylation afforded pseudo<t-DL-allopyranose 
pentaacetate (60), which gave the free pseudo-sugar 61 on usual alkaline hydrolysis 
[22] (Scheme 13). 

xO:  
54 "- H O . ~ o  0 "- 

56 ~ 57 0 ~.~ 

Scheme 13 

58 H0 ,.~0 

60 R=Ac R 
61 R=H 

Similarly, O-isopropylidenation of pseudo-13-DL-glucopyranose 37 [20] gave 1,2:4,6- 
di-O-isopropyIidene-pseudo-13-DL-glucopyranose (62) and 2,3:4,6-di-O-isopropyli- 
dene-pseudo-13-glucopyranose (63) in 26 and 39 % yields, respectively. Oxidation of 
the former compound 62 with ruthenium tetroxide and sodium metaperiodate gave 
the 3-oxo derivative (64), which gave 1,2:4,6-di-O-isopropylidene-pseudo-~-DL-allo- 
pyranose (65) on analogous catalytic hydrogenation. Acetylation of 65 afforded the 
3-O-acetyl derivative (66). Hydrolysis of the isopropylidene group in aqueous acetic 
acid, followed by acetylation gave pseudo-l~-DL-allopyranose pentaacetate (67). Usual 
hydrolysis of 67 gave pseudo-l~-DL-allopyranose (68) [22] (Scheme 14). 
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While O-benzylidenation of pseudo-~-DL-galactopyranose 17 [3] with ~,a-dimetoxy- 
toluene gave two stereoisomers (69) and (70) of 1,2: 4,6-di-O-benzylidene-pseudo-~- 
Dc-galactopyranose in 25 and 22 % yields, respectively. Concerning a configuration 
of the phenyl group in 1,2-O-benzylidene group, 69 and 70 were tentatively assigned 
as two stereoisomers by their tH NMR spectra. Oxidation of the former isomer 69 with 
ruthenium tetroxide and sodium metaperiodate gave the 3-oxo compound (71), which 
was converted into 1,2: 4,6-di-O-benzylidene-pseudo-~-DL-gulopyranose (72) by reduc- 
tion with sodium borohydride. Hydrolysis of 72 in aqueous acetic and successive 
acetylation afforded pseudo-~-oL-gulopyranose pentaacetate (73), which on hydro- 
lysis provided pseudo-~-DL-gulopyranose (74) [22] (Scheme 15). 
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Furthermore, one of the hitherto unknown two pseudo-sugars, pseudo-13-DL-ido- 
pyranose (77) was synthesized from readily accessible (1,2,4/3)-5-(hydroxymethyl)-5- 
cyclohexene-l,2,3,4-tetrol (75) [24]. Catalytic hydrogenation of 75 in the presence of 
platinum catalyst gave pseudo-[3-De-idopyranose pentaacetate (76) after acetylation. 

265 



Te~uo Suami 

Hydrolysis of 76 in methanolic sodium methoxide gave pseudo-l]-DL-idopyranose 77 
[22] (Scheme 16). 

HO /OAc HO - 

AcO 0 ~Ac OH 
AcO OAc H0 

75 76 77 

Scheme 16 

The last unknown pseudo-sugar, pseudo-13-DL-talopyranose was prepared from 
2-bromo-2-deoxy-pseudo~-DL-galactopyranose tetraacetate (78) [20]. When 78 was 
heated with methanolic sodium methoxide and subsequently acetylated, 1,6-anhydro- 
pseudo-~-DL-galactopyranose triacetate (80) was obtained. The reaction involved 
an intramolecular rearrangement with a migration of an epoxide ring from an ini- 
tially formed 2,3-epoxide (79) to the 1,6-ether compound 80. In fact, the 2,3-epoxide 79 
has been isolated from the reaction mixture at an early stage of the reaction. As the 
reaction progressed, the originally formed 79 disappeared, which then transformed 
into an intermediary 1,2-epoxide, and finally, concentrated in the 1,6-anhydro deri- 
vative. 

Deacetylation of 80 in methanolic sodium methoxide and successive O-isopropyli- 
denation with 2,2-dimethoxypropane gave 2-O-acetyl-3,4-O-isopropylidene-l,6-an- 
hydro-pseudo-13-DL-galactopyranose (81), after acetylation. Removal of the acetyl 
group of 81, followed by oxidation with ruthenium tetroxide and sodium metaperio- 
date afforded the 2-oxo derivative (82). Catalytic hydrogenation of 82 under the 
presence of platinum catalyst and acetolysis in a mixture of acetic acid, acetic anhydride 
and sulfuric acid gave pseudo-l~-DL-talopyranose pentaacetate (83) [25] (Scheme 17). 
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Now, all the predicted sixteen stereoisomers of racemic pseudo-sugars have been 
synthesized and their physical constants are listed in Table 1. The first three pseudo- 
sugars 9, 14 and 17 have been synthesized by McCasland and his coworkers. The two 
pseudo-sugar pentaacetates 28 and 29 were prepared from myo-inositol. All the re- 
maining eleven pseudo-sugars have been synthesized from the Diels-Alder adduct 
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Table I. Physical constants of oL-pseudo-sugars 

Configuration Pentaacetate Free References 
M.p. (C) M.p. (C) 

u-Allopyranose 120-121 o syrup [22] 
~-Allopyranose 110-I 11 o 185-186 ° [22] 
ct-Altropyranose 115-116 o _ [14] 
!3-Altropyranose 106-107 ° 143.5-144.5 ° [20] 
~-Galactopyranose 147-148 °* 173-174 o, [3] 

137-I 38 ° 167-168 ° [20] 
[3-Galactopyranose 123-124 ° - -  [14] 
c~-Glucopyranose 110-111 o 146-147 ° [21], [22], [23] 
[~-Glucopyranose 111-112 o syrup [16], [20] 
~-Gulopyranose 109-110 ° 139-140 ° [22] 
t3-Gutopyranose 132-133 °* syrup [2] 
~-Idopyranose 106-I07 o 154.5-156 ° [20] 
~-Idopyranose syrup syrup [22] 
cc-Mannopyranose 99.5-100 ° syrup [20] 
~-Mannopyranose 123-125 ° 198-199 ° [20] 
a-Talopyranose 109-110 °* 160-162 °* [1] 
[3-Talopyranose I 17-119 ° --  [25] 

M.ps. were measured in a capillary tubes in a liquid bath, and m.p. marked with asterisk was deter- 
mined on a hot-plate. 

of  furan  and acrylic acid. Therefore ,  the D ie l s -Alde r  adduct  33 was the mos t  useful 

s tar t ing mater ia l  for  the synthesis o f  a wide  var ie ty  o f  pseudo-sugars .  

0 0 0 

" OOH 

C O O H  

86 88 87 

Scheme 18 

3 Synthesis of Enantiomeric Pseudo-sugars 

As the Die l s -Alder  cyclic adduct  33 has been recognized  as the mos t  accessible s tar t ing 

c o m p o u n d  for  the synthesis o f  racemic  pseudo-sugars ,  a resolut ion  o f  33 has been 
a t t empted  to prepare  enant iomer ic  pseudo-sugars ,  s tar t ing f rom an optical ly act ive 

an t ipode  o f  33. I t  has been revealed that  33 was readi ly  separa ted  into the enan t iomers  
by using opt ica l ly  active ~-methy lbenzy lamines  as resolut ion  reagents.  

W h e n  33 was mixed  with an equ imo la r  a m o u n t  o f  (R ) - (+ ) -~ -me thy lbenzy l amine  

in e thanol ,  a mix ture  o f  two crystal l ine salts, [ ( + ) - a m i n e  + ( - - ) - a d d u c t - ]  and  [ ( + ) -  

amine  + ( + ) - a d d u c t - ]  was obtained.  F rac t i ona l  crystal l izat ion o f  the mix ture  f rom 
e thanol  gave the former  salt [ ( + ) - a m i n e  + ( - - ) - a d d u c t - ]  (84) in 42 % yield as an opti-  
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cally pure salt, m.p. 137.5-138.5 °C, [ct]~ 7 --66.4 ° (methanol). Similarly, by using 
(S)-(--)-a-methylbenzylamine, an opticall3~ pure salt of [(--)-amine + (+)-adduct-]  
(85), m.p. 137.5-138.5 °C, [ct]r~ z7 +66.7 ° (methanol)was obtained. 

Optically active adducts: (--)-adduct (86), m.p. 97-98.5 °C, [ct]~ z --111.8 ° (etha- 
nol), and (+)-adduct (87), m.p. 97-98.5 °C, [@22 + 110.7 ° (ethanol), can be recovered 
from the respective salts by treating an each solution with an ion-exchange resin, 
Dowex 50W X2 [26] (Scheme 18). 

Before we use these optically active adducts as starting materials for a synthesis of 
enantiomeric pseudo-sugars, their absolute configurations must be learned. Fortuna- 
tely, bromolactonization of the (--)-adduct 86 with hypobromous acid gave a nice 
crystalline bromolactone (88), m.p. 117-118.5 °c, [cx]~ s +92 ° (chloroform), whose 
absolute configuration has been established by a X-ray crystal structure analysis as 
(3S)-(+)-exo-2-bromo-4,8-dioxatricyclo[4.2.1.O3,7]nonan-5-one (Fig. 1). According- 
ly, it has been discovered that the (--)-adduct 86 corresponds to the o-series of pseudo- 
sugars, and the antipode (+)-adduct 87 belongs to the L-series [26, 27]. 

Starting from the (--)-adduct 86, two enantiomeric pseudosugars: pseudo-a-I> 
galactopyranose 1, and pseudo-13-o-glucopyranose (93) have been synthesized by 
analogous reactions employed in the preceding synthesis of the corresponding racemic 
pseudo-sugars [16]. That is, hydroxylactonization of 96 with hydrogen peroxide in 
formic acid gave the tricyclic hydroxylactone (89), m.p. 107-108 °C, [c~]~ z +47.9 ° 
(ethanol). Hydrogenation of 89 with lithium aluminium hydride and successive acety- 
lation afforded the bicyclic triacetate (90), which was converted into pseudo-s-D- 
galactopyranose pentaacetate (91), m.p. 143-144 °C, [cq~ ° +43.2 ° (chloroform), and 
pseudo-13-D-glucopyranose pentaacetate (92), m.p. I 15-116 °C, [~]~o + 13.8 ° (chloro- 
form), in 27 and 34 ~ yields, respectively, by usual acetolysis. Hydrolysis of 91 in 
methanolic sodium methoxide gave pseudo-c~-o-galactopyranose 1, m.p. 161.5 to 
162.5 °C, [cqg 3 +66.3 ° (water) [27] that was identical with an authentic sample in 

Fig. 1. Molecular structure of the bromo lactone (2) 
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all respects [4]. Analogous hydrolysis of 92 gave pseudo-13-o-glucopyranose (93) as 
a syrup, [~]2o + 13.0 ° (water) [27] (Scheme 19). 

O 0 
AcO R O ~ . . . O R  RO OR 

R O - - ~ O R  RO 

COOH AcO "~'OAc OR ROoR 

#6 89 90 92R=Ac 91R=Ac 
93R=H 1R=H 

Scheme 19 

Furthermore, Paulsen and his coworkers [28] synthesized compound 1 by another 
synthetic route, starting from naturally occurring quebrachitol: 1L-2-O-methyl- 
chiro-inositol (94). O-Demethylation of 1L-3,4:5,6-di-O-isopropylidene-2-O-methyl- 
chiro-inositol (95) with boron tribromide gave 1L-chiro-inositol (96), which was con- 
verted into 1L-l,2:3,4 : 5,6-tri-O-isopropylidene-chiro-inositol (97), m.p. 216.5 °C, 
[ct]~ ° +35.96 ° (chloroform). Restricted hydrolysis of 97with 95~  aqueous acetic 
acid yielded 1L-1,2:5,6-di-O-isopropylidene-chiro-inositol (98), m.p. 153.2 °C, [ct] 2° 
--25.8 ° (chloroform). Mono-O-benzylation of 98 with benzyl bromide, tetraethyl- 
ammonium iodide and 20 ~ sodium hydroxide solution gave 1L-4-O-benzyl-l,2: 5,6- 
di-O-isopropylidene-chiro-inositol (99), m.p. 72.5 °C, [ct] 2° +43.4 ° (chloroform). 
Oxidation of 99 with dimethyl sulfoxide and oxalyl chloride afforded 1L-4-O-benzyl- 
1,2:5,6-di-O-isopropylidene-chiro-inosose-3 (100) as a syrup, [ct] 2° --77.15 ° (chloro- 
form). Wittig reaction of 100 with methyl(triphenyl)phosphonium bromide and n- 

20 butyUithium gave the exocyclic olefin (101), [ct]o --84.0E (chloroform). Hydroboration 
of 101 with boron hydride, followed by a reaction with hydrogen peroxide gave 1L-4- 
O-benzyl-3-deoxy-3-C-(hydroxymethyl)- 1,2:5,6-di-O-isopropyfidene-allo-inositol 
(102) as a syrup, [ct] 2° +0.7 ° (chloroform). Protection of the primary hydroxyl group 
with (2-methoxyethoxy)methyl chloride, followed by catalytic hydrogenolsis over 
palladium charcoal gave 1L-3-deoxy-l,2:5,6-di-O-isopropyfidene-3-C-[(2-methoxy- 
ethoxy)methoxymethyl]-allo-inositol (103), [ct]~ ° --30.0 ° (chloroform). By a reaction 
with carbon disulfide and methyl iodide, 103 was converted into the S-methyl-dithio- 
carbonate derivative (104), MZD ° --71.34 ° (chloroform). Deoxygenation of 104 with 
tri-n-butyl tinhydride afforded 1,2:3,4-di-O-isopropylidene-6-O-(2-methoxyethoxy) 
methyl-pseudo-~-D-galactopyranose (105), [~]2o _73.53 ° (chloroform). Hydrolysis 
of 105 with methanolic hydrogen chloride and successive acetylation gave pseudo-s- 
D-galact opyran ose pentaacetate 91, m.p. 144 °C, [~]~0 + 35.16 ° (chloroform). Hydro- 
lysis of 91 gave pseudo-~-D-galactopyranose 1, m.p. 161 °C, [c~] 2° + 47,9 ° (methanol) 
[28] (Scheme 20). 

Also, psudo-13-D-mannopyranose (115) has been synthesized from 99 by the fol- 
lowing reactions [28]. Halogenation of 99 with triphenylphosphine, imidazole and 
iodine gave 1L-4-O-benzyl-3-deoxy-3-iodo-l,2:5,6-di-O-isopropylidene-allo-inositol 
(106), m.p. 77.4 °C, [ct] 2° --30.1 ° (chloroform). Treatment of 106 with lithium alu- 
minium hydride-resulted in a formation of two endocyclic olefins (107) and (108) in 
an approximately 1:2 ratio. Oxidation of 108 with dimethyl sulfoxide and oxalyl 
chloride gave the enone (109) as a syrup, [ct]~ ° --68.11 ° (chloroform). Stereoselective 

269 



Tetsuo Suami 

. 

LZ.~OH o o k ~ O ~  " H " 
HO OH O7c. 

94 "~ 95 HO 96 97 

o><. o><, o~ '~^  o ><, 
• , ,. ,)~.~U ~ , . ~  C H 2 

. . 

(...7---.£~ OBn 
[ 0 oL?~. 

98 O~ 99 0~/.. 100 101 

o , o  o o,o E  C,oO  ii:o E 

't'- 1o2 f "  lo3 
104 

,,- 91 ,- 1 

Scheme 20 

alkylation of 109 with ethyl 2-hthio-1,3-dithian-2-carboxylate afforded the 2-(ethoxy- 
carbonyl)-l,3-dithian-2-yl derivative (110), m.p. 71.5 °C, [~]~o +28.9 ° (chloroform). 
Reduction of 110 with lithium aluminium hydride and successive acetylation gave 
the compound (111), m.p. 106 °C, [c(]2o ° +66.71 ° (chloroform). Deprotection of 111 
with mercuric oxide and mercuric chloride, reduction with sodium borohydride and 
successive acetylation gave a mixture of two stereoisomers (112). O-Deacetylation of 
112 with methanolic sodium methoxide, followed by oxidative cleavage with sodium 
metaperiodate gave an aldehyde, which was further converted into 1,6-di-O-acetyl- 
4-O-benzyl-2,3-O-isopropylidene-pseudo-13-o-mannopyranose (113) by reduction with 
sodium borohydride and subsequent acetylation. Exhaustive deprotection of 113 and 
successive acetylation gave pseudo-13-D-mannopyranose pentaacetate (114), m.p. 
119 °C, [~]~o +2.9 ° (chloroform). O-Deacetylation of 114 gave pseudo-6-D-manno- 
pyranose (115), m.p. 217 °C, [~]~)o +11.9 ° (methanol) [28] (Scheme 21). 

Six other enantiomeric pseudo-sugars having ~-D-gluco, 13-L-altro, a-L-altro, 13-L- 
allo, ~-o-manno and 13-L-manno configurations have been prepared by a chiral syn- 
thesis, starting from an appropriate true sugar. The first two pseudo-sugars were 
synthesized from L-arabinose, the next three pseudo-sugars were from D-glucose, and 
the last one was from D-ribose. 

Selective O-tritylation of a primary hydroxyl group of L-arabinose diethyl dithio- 
acetal (116) with trityl chloride and 4-dimethylaminopyridine (DMAP), successive 
benzylation with benzyl bromide, and O-detritytation with p-toluenesulfonic acid, 
followed by tosylation gave 2,3,4-tri-O-benzyl-5-O-tosyl-L-arabinose diethyl dithio- 
acetal (117), [ct]~ s --2 ° (chlo(Eoform). Cleavage of the diethyl dithioacetal group with 
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mercuric chloride and calcium carbonate gave the parent aldehyde (118), which was 
• 2 0  convertedinto2,3,4-tri-O-benzyl-5-deoxy-5-iodo-L-arabmose(ll9),[~]D +9°  (chloro - 

form), by a reaction with sodium iodide. Cyclization of 119 with dimethyI malonate 
and sodium hydride, and subsequent acetylation provided the cyclohexane derivative 
(120), [~]19 -JF 10.7 ° (chloroform) and the tetrahydropyran derivative (121), [~]19 ..{_ 7.7 ° 
(chloroform), in 43 and 33 ~ yields, respectively. The crucial cyclization involved a 
nucleophilic attack of the malonic ester carbanion to the aldehyde group at the first 
step of the reaction. And then, a substituted malonic ester carbanion attacked on the 
C-5 of  the sugar moiety to give 120, or a hydroxyl group formed in the first step at- 
tacked on the C-5 to give 121. 

Thermal decarboxylation of 120 yielded the cyclohexene derivative (122) [~]~7 + 64 ° 
(chloroform), by the beta-elimination. Hydrogenation of 122 with lithium aluminium 
hydride gave the compound (123). Hydroboration of 123 with diborane gave the 
pseudo<~-D-glucopyranose derivative (124), m.p. 98-100 °C, [c~]~ 1 + 20 ° (chloroform), 
and the pseudo-13-L-altropyranose derivative (127), [~]~o _ 2 4  ° (chloroform), in 34 and 
35 ~o yields, respectively, after oxidation with hydrogen peroxide and subsequent 
acetylation. O-Debenzylation of 124 with sodium in liquid ammonia, and successive 
acetylation gave pseudo-~-D-glucopyranose pentaacetate (125) as a syrup, [a]~z + 37 ° 
(chloroform), which was converted into pseudo-~-D-glucopyranose (126), [c~]~ s + 30 ° 
(methanol), on hydrolysis. Analogous reactions of 127 gave pseudo-13-L-altropyranose 

21 +7  ° (chloroform) and its free form (129), [c~]~ 4 --49.5 ° (meth- pentaacetate (128), cz D 
anol) [29] (Scheme 22). 

Another synthetic reaction for 126 has been reported by a French research group 
[30], starting from D-glucose, but a detail of the reaction has not been described• 

More recently, a facile synthesis of 126 and pseudo-a-L-glucopyranose (137) has 
been described [32]. When the bromolactone 38 was heated with glacial acetic con- 
taining hydrogen bromide and subsequently acetylated, DL-(1,3,5/2,4)-2,3-diacetoxy- 
4,5-dibromocyclohexane-l-carboxylic acid (130) was obtained [31]. Resolution of 130 
with optically active ~-methylbenzylamines provided the enantiomer (131), m.p. 
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180-181 °C, [c~]~ 9 --5.1 ° (ethanol), and the antipode (132), m.p. 180-181 °C, [~]21 
+ 5.2 ° (ethanol), in 49 and 44 % yields, respectively. Compound 131 was found to be 
a good precursor for pseudo-sugars of D-series, by the fact that 131 was obtainable 
from 88 whose absolute confguration had been unequivocally established by the 
X-ray crystal structure analysis [27]. Esterification of 131 with methanol gave methyl 
(1S)-(--)-(l,3,5/2,4)-2,3-diacetoxy-4,5-dibromocyclohexane-l-carboxylate (133), m.p. 
140-141 °C, [~]~o _15.5 o (chloroform). Elimination reaction of 133 with zinc dust 
in acetic yielded methyl (1S)-(--)-(1,3/2)-2,3-diacetoxy-4-cyclohexene-l-carboxylate 
(134), m.p. 45--47 °C, [e]~8 --22 ° (chloroform). Hydroxylation of 134 with osmium 
tetroxide and hydrogen peroxide, followed by acetylation afforded methyl (1S)-(+)- 
(1,3/2,4,5)-2,3,4,5-tetraacetoxycyclohexane-l-carboxylate (135), m.p. 79-80 °C, [~]~a 
+ 56 ° (chloroform). Reduction of I35 with lithium aluminium hydride and successive 
acetylation gave pseudo-a-D-glucopyranose pentaacetate 125 as a syrup, [a]~l + 57 ° 
(chloroform). Hydrolysis of 125 gave 126, [~]~1 + 67 ° (methanol) [32]. 

Analogous reactions from 132 gave pseudo-~-L-glucopyranose pentaacetate (136), 
[~]~o _56  ° (chloroform), which was converted into pseudo-~-L-glucopyranose I37, 
[~1~1 _67 ° (methanol), on hydrolysis [321 (Scheme 23). 

Pseudo-a-L-altropyranose (154) was synthesized from D-glucose. D-Glucose was 
converted into 1,2:5,6-di-O-isopropylidene-a-D-ribo-hexofuranos-3-ulose (138) by a 
known procedure [33]. Wittig reaction of 138 with acetylmethylenetriphenyl phospho- 
rane gave known 3-C-(acetylmethylene)-3-deoxy-l,2: 5,6-di-O-isopropylidene-~-D- 
ribo-hexofuranose [34] (139). Catalytic hydrogenation of 139 over Raney nickel and 
successive oxidation with pyridinium chlorochromate (PCC) gave 3-C-(acetylmethyl)- 
3-deoxy-l,2:5,6-di-O-isopropylidene-a-D-allofuranose (140), m.p. 36.5-37.0 °C, [~]zD° 
+82.1 ° (chloroform). Selective hydrolysis of 140 with aqueous acetic acid gave the 
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1,2-O-isopropylidene derivative (141), m.p. 69.0-69.5 °C, [ct] 24 +79.7 ° (chloroform). 
Periodic acid oxidation of 141 afforded the aldehyde (142), which was converted into 
8,9-O-isopropylidene-3-oxo-7-oxabicyclo[4.3.0]non-4-ene-8,9-diol (143), m.p. 48.0 
to 49.0 °C, [cz]~ v --45.3 ° (chloroform), by an intramolecular aldol condensation with 
1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) and successive dehydration with acetic 
anhydride and pyridine. Epoxidation of 143 with hydrogen peroxide gave the epoxide 
(144) as a major product (96% yield) and another epoxide (145) as a minor product 
(3 % yield). Reduction of 144 with sodium borohydride afforded two compounds (146), 
syrup, [c~]~ 7 +26.1 ° (chloroform), and (147), m.p. 141-143 °C, [~]~7 +63.2 ° (chloro- 
form) in a 4 : 1 ratio. Nucleophilic opening of the oxirane ring of 146 by hydroxide 
ions gave exclusively 8,9-O-isopropylidene-7-oxabicyclo[4.3.0]nonane-3,4,5,8,9-pen- 
tol (148), m.p. 159-161 °C, [~]2s _6 .6  ° (methanol), by migration of the oxirane ring 
and subsequent trans diaxial opening. The reaction involved a migration of the oxirane 
ring with an anchimeric assistance of the vicinal hydroxyl group. The compound 148 
was also obtained from 147 by an analogous reaction. 

O-Benzylation of 148 with benzyl bromide in the usual manner yielded the tri-O- 
benzyl derivative (149), [~]~7 _0.8  ° (chloroform). On hydrolysis with aqueous acetic 
acid, 149 gave the compound (150), which was further converted to the compound 
(151) by sodium borohydride reduction. Periodic acid oxidation of 151 and successive 
sodium borohydride reduction gave 5,6-di-O-acetyl-2,3,4-tri-O-benzyl-pseudo-~-L- 
altropyranose (152), [~]~6 _25.7 ° (chloroform), after conventional acetylation. Re- 
ductive cleavage of 152 with sodium in liquid ammonia and subsequent acetylation 
afforded pseudo-c~-L-altropyranose pentaacetate (153), m.p. 84-85 °C, [ec]~ 6 --13.7 ° 
(chloroform). Hydrolysis of 153 gave 154, [{z]~ 5 --43.6 ° (methanol) [35] (Scheme 24). 

Two pseudo-sugars of 13-L-allo and C~-D-manno have been prepared from the pre- 
ceding intermediate 143 as follows. Reduction of 143 with diisobutyl aluminium hy- 
dride afforded the 3-hydroxyl derivative (155), which gave the 3-O-acetyl derivative 
(156) on acetylation. Hydroxylation of 156 with osmium tetroxide and hydrogen 
peroxide gave the compound (157), m.p. 154-155 °C, [(~]21 +71.5 ° (chloroform), as a 
main component (53 % yield) and an unidentified compound, m.p. 191-t93 °C, [~]~2 
--7.9 ° (chloroform), as a minor component (6 % yield). On acetylation, 157 was con- 
verted into the tri-O-acetyl derivative (158), m.p. 66-67 °C, [a]23 +41.8 ° (chloroform). 
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O-Deacetylation of 158 and successive O-benzylation gave the tri-O-benzyl derivative 
(159), [cx]~ 1 + 36.7 ° (chloroform). When 159 was hydrolyzed with aqueous acetic acid 
and subsequently hydrogenated with sodium borohydride, the compound (160), [c~]~ 2 
+ 4.4 ° (chloroform), was obtained. Periodic acid oxidation of 160 and reduction with 
sodium borohydride afforded 4,6-di-O-acetyl-l,2,3-tri-O-benzyl-pseudo-13-L-allopyr- 
anose (161), [~]~8 _40.2 ° (chloroform), after acetylation. Catalytic hydrogenolysis 
of 161 and successive acetylation gave pseudo-13-L-allopyranose pentaacetate (162), 
m.p. 135-136 °C, [~]~n 8 +3.7 ° (chloroform) [36]. (Scheme 25). 

The aldehyde (163), which was prepared from 160 by periodic acid oxidation, was 
further converted into pseudo~-D-rnannopyranose as follows. Dehydration of 163 with 
mesyl chloride and pyridine, and subsequent reduction with lithium aluminium hydride 
gave (3S, 4R, 5S)-3,4,5-tris(benzyloxy)-l-cyclohexene-l-methanol (164). Hydroxyla- 
tion of 164 with diborane and hydrogen peroxide yielded 4,6-di-O-acetyl-1,2,3-tri-O- 
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benzyl-pseudo-a-o-mannopyranose (165), after usual acetylation. Catalytic hydro- 
genolysis of 165 in the presence of palladium catalysts, and successive acetylation 
gave pseudo-a-D-mannopyranose pentaacetate (166), m.p. 80-81 °C, [cz]~ 9 +27.8 ° 
(chloroform) [36] (Scheme 26). 

160 
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Scheme 26 

The last hitherto known pseudo-sugar is pseudo-13-L-mannopyranose, which has 
been synthesized from o-ribose. 2,3,4-Tri-O-bezyl-5-O-(t-butyldiphenylsilyl)-D-ribose 
diethyl dithioacetal (168), [~]~6 _3 .3  ° (chloroform), was obtained from o-ribose di- 
ethyl dithioacetal (167) [37] by sequential reactions of O-tritylation of the primary 
hydroxyl group, O-benzylation, O-detritylation and O-silylation with t-butyldiphenyl- 
chlorosilane. Cleavage of the dithioacetal group of 168 gave the aldehyde (169) by a 
reaction with mercuric chloride in acetonitrile. When 169 reacted with dimethyl malo- 
nate in a mixture of acetic anhydride and pyridine, the unsaturated condensation 
product (170), [a]~9 _5.6  ° (chloroform), was obtained. Catalytic hydrogenation of 
170 over Raney nickel, and removal of the silyl group with tetraammonium fluoride 
afforded the compound (171), [~]~9 _7 .2  ° (chloroform). Oxidation of 171 with PCC 
gave an intermediary aldehyde, which underwent an intramolecular aldol condensa- 
tion to give the cyclohexane derivative (172), m.p. 134--136 °C, [a]32 + 12.1 ° (chloro- 
form), after acetylation. Thermal decarboxylation of 172 gave the cyclohexene deri- 
vative (173), [~]~9 _53.3 ° (chloroform). Pseudo-13-L-mannopyranose pentaacetate 
(174), _,19.s [cqo --1.1 ° (chloroform), was prepared from 173 by sequential reactions of 
reduction with lithium aluminium hydride, hydroxylation with lithium aluminium 
hydride, hydroxylation with diborane and hydrogen peroxide, catalytic O-debenzyla- 
tion over palladium black and usual acetylation [38] (Scheme 27). 

Thus, ten optically active pseudo-sugars are known and their physical constants 
are listed on Table 2. 
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4 Pseudo- p-fructopyranose 

It has been revealed that pseudo-13-DL-glucopyranose 37 and pseudo-~-DL-galacto- 
pyranose 17 are almost as equally sweet as D-glucose and D-galactose, respectively [39]. 
This is not surprising, because a common molecular feature of a sweet tasting com- 
pound has been established as a bifunctional entity of AH (a proton donor) and B 
(a proton acceptor) components, together with a third hydrophobic component (X) 
[40, 41, 42]. The required distance between AH and B is approximately 3.0 A, and the 
X component is located 3.5 A from AH and 5.5 A from B [41, 43]. In the D-glucopyra- 
nose molecule, the OH group on C-4 is assigned to be AH, the OH group on C-3 is 
ascribed to B, and the CH 2 group on C-6 is assigned to be X [44]. The geometry of 
a pyranose ring is practically the same as that of  a cyclohexane ring, and hence, the 

3sA x 

3.0 A HO / 0 
k\ H ~ O H  H O ~ O H  

B ~'~s.s~ OH OH 

p-D-glucopyranose Pseudo -/3-D-gtuco~ranose 

AH 
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x O ~ H O H  OH OH 
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/3-D- fructopyranose Pseudo-/3- D- f ructopyranose 

Scheme 28 
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sweetness eliciting components may exist on some pseudo-sugars. Also, the relative 
sweetness of L-glucose is about the same as that of D-glucose [45] and hence, pseudo- 
L-glucopyranose may taste as sweet as its D-enantiomer. 

Among naturally occurring carbohydrates, D-fructose is the most sweet sugar, and 
pseudo-[3-fructopyranose might be as equally sweet as fructose, since the intense sweet- 
ness of o-fructose arises only from a [5-D-fructopyranose form [40, 46, 47]. The sweet- 
ness eliciting tripartite, AH, B and X, in the [3-o-fructopyranose is assigned to the 
OH group on C-2, the OH group on C-1 and the CH 2 group on C-6, respectively. On 
the pseudo-~-fructopyranose molecule, the tripartite may exist in the same positions 
(Scheme 28). 

4.1 Synthesis of Racemic Pseudo-p-fructopyranose 

To substantiate the above-mentioned prediction, pseudo-J3-oL-fructopyranose (180) 
has been synthesized by the following two routes. Debromination of OL-(I,3/2)-I,2- 
diacetoxy-3-bromomethyl-5-cyclohexene 51 [21] with DBU afforded the diene (175). 
Preferential epoxidation of the exocyclic double bond with m-chloroperbenzoic acid 
(mCPBA) gave the spiro epoxide (176). Opening of the oxirane ring of 176 with acetate 
ions, and subsequent acetylation with acetic anhydride and 4-dimethylaminopyridine 
(DMAP) gave the tetra-O-acetyl derivative (177). O-Deacetylation of 177 and succes- 
sive epoxidation with mCPBA, followed by acetylation yielded the epoxide (178). 
The epoxidation proceeded stereoselectively with a eis-directing effect of the vicinal 
hydroxyl group [48] to give 178 as the primary product. 

Reductive cleavage of the oxirane ring of 178 with lithium aluminium hydride, 
followed by acetylation with acetin anhydride and DMPA afforded pseudo-[3-DL-fruc- 
topyranose pentaacetate (179), m.p. 147-148 °C, in an overall yield of 6~o. O-De- 
acetylation of 179 gave pseudo-J3-DL-fructopyranose 180 as a syrup [49, 50] (Scheme 29). 

0 OAc 

~OAc ~ -OAc c ~ ~OAc 
AcO AcO AcO AcO 

51 175 176 177 

Scheme 29 

OH OAc OH 
~ O A ¢  /--........,-~...10A c ~ O H  

/ O A c  AC 60Ac HO OH AcO 
178 179 180 

A facile synthesis of 180 with a better yield has been developed as follows. O-De- 
acetylation of 51 with hydrochloric acid gave OL-(l,3/2)-3-bromomethyl-5-cyclo- 
hexene-1,2-diol (181). Stereospecific epoxidation of 181 with mCPBA and subsequent 
acetylation gave-the epoxide (182), which afforded the exocyctic methylene derivative 
(183) by dehydrobromination with silver fluoride [51]. Reductive cleavage of the 
oxirane ring of 183 with lithium aluminium hydride, followed by acetylation yielded 
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the compound (184). Epoxidation of 184 with nCPBA gave the spiro epoxide (185) 
selectively. Opening of the oxirane ring by acetate ions and successive acetylation 
with acetic anhydride and pyridine gave the tetra-O-acetyl derivative (186), or with 
acetic anhydride and DMAP gave 179. Compounds 186 and 179 were readily converted 
into 180 by usual hydrolysis. The overall yield was 21% [49, 50] (Scheme 30). 

51 ••oHCI-tzBr ~ ' v ~ C H z B r  
" " ~ " ~ " " ' ~  0Ac 

OH OAc 
181 182 

OH Q 
~ ~ 0 A c  OAc ~ 0  

180 " ,, Ac 
ACU OAc A¢IJ OAc 

186 185 

Scheme 30 
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4.2 Synthesis of Enantiomeric Pseudo-~-fructopyranoses 

The above-mentioned facile synthesis of 180 can be applied for a preparation of enan- 
tiomeric pseudo-13-fructopyranoses [52], starting from the optically active antipodes 
of the Diels-Alder adduct, as follows. 

Bromolactonization of the (--)-Diels-Alder adduct 86 [26] with hypobromous acid 
gave (3S)-(+)-exo-2-bromo-4,8-dioxatricyclo[4.2.1.O3"7]nonan-5-one 88 [27]. Reduc- 
tion of 88 with lithium aluminium hydride and successive acetylation gave (1S)-endo- 
3-acetoxy-endo-5-(acetoxymethyl)-exo-2-bromo-7-oxabicyclo[2.2.1]heptane (187), 
m.p. 76-78 °C, [~]22 +54 ° (ethanol) [53]. Cleavage of the anhydro linkage with 
hydrogen bromide in acetic acid afforded (1R)-(1,3,5/2,4)-3,4-diacetoxy-l,2-dibromo- 
5-(bromomethyl)cyclohexane (188), m.p. 126-128 °C, [ct]o ~ --1.4 ° (chloroform). De- 
bromination of 188 with zinc dust in acetic acid gave (1R)-(1,3/2)-2,3-diacetoxy-1- 
(bromomethyl)cyclohex-4-ene (189), m.p. 56-58 °C, [~]~9 _2.2 ° (chloroform) [53]. 
O-Deacetylation of 189with hydrochloric acid in ethanol yielded (1R)-(1/2,6)-6- 
(bromomethyl)-3-cyclohexene-l,2-diol (190), m.p. 76-77 °C, [et]g 7 + 29 ° (chloroform). 
Expoxidation of 190 with mCPBA gave (1R)-(1,2,3,5/4)-3,4-di-O-acetyl-l,2-anhydro- 
5-(bromomethyl)cyclohexane (191), m.p. 125-126 °C, [ct] 23 --3.6 ° (chloroform). 
Regioselective reduction of 191 with diborane and sodium borohydride, followed by 
acetylation gave (IR)-(1,2,4/3)-l,2,3-triacetoxy-4-(bromomethyl)cyclohexane (192), 
m.p. 114-115 °C, [~]~ + 3.8 ° (chloroform). Dehydrobromination of 192 with silver 

fluoride and pyridine afforded (1R)-(1,2/3)-l,2,3-triacetoxy-4-methylenecyclohexane 
(193), m.p. 71-72.5 °C, [~]~ --47 ° (chloroform). Stereoselective epoxidation of 193 
with mCPBA gave (1R)-(1,2/3,4)-l,2,3-tri-O-acetyl-4,7-anhydro-4-(hydroxymethyl) 
cyclohexane-l,2,3,4-tetrol (194), syrup, [ct]~ 3 --43 ° (chloroform). Opening of the 
oxirane ring of 194 with acetate ions, followed by conventional acetylation gave 
1,3,4,5-tetra-O-acetyl-pseudo-I]-D-fructopyranose (195), m.p. 111-112 °C, [ct] 2t --50 ° 
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(chloroform). O-Deacetylatio n of 195 gave pseudo-[3-fructopyranose (196), syrup, 
[a]~2 _ 5 7  ° (methanol) [54] (Scheme 31). 

(3R)-(--)-exo-2-Bromo-4,8-dioxatricyclo[4.2.1.O3"V]nonan-5-one (197), m.p. 114 
to 115 °C, [c~]~ ° --  t 05 ° (water), was prepared from the (+)-Diels-Alder adduct [26] 
87 by analogous bromolactonizatiori [54]. The antipode of 187 (198), m.p. 73.5- 
74.5 °C, [~]~8 _69  ° (chloroform), was prepared from 197 by analogous reduction. 
The antipode of 188 (199), m.p. 130-I31 °C [~]~s _ 6 9  ° (chloroform), was prepared 
from 197 by analogous reduction. The antipode of 188 (199), m.p. 130-131 °C, 
[cQ~ v --0.8~ (chloroform), was obtained by analogous cleavage of the anhydro linkage 
of 198 [54]. The antipode of 189 (200), m.p. 52-53 °C, [c~]~ 1 + 2.5 ° (chloroform), was 
obtained by analogous debromination of 199. The antipode of 190 (201), m.p. 76- 
77 °C, [c~]zo 1 --36 ° (chloroform) was prepared by analogous O-deacetylation of 200. 
Similarly, the antipode of 191 (203), m.p. 125-126 °C, [~]~7:4-1.5 ° (chloroform), was 
obtained from 201 by epoxidation. The antipode of 192 (203), m.p. 115-116 °C, 
[~]~7 _3 .2  ° (chloroform) was obtained by analogous reduction of 202. The antipode 
of 193 (204), m.p. 70.5-72.5 °C, [c~]~ 2 +38 ° (chloroform), was obtained from 203 by 
analogous dehydrobromination. The antipode of  194 (205), syrup, [cc]~ 3 + 37 ° (chloro- 
form), was obtained from 204 by analogous epoxidation. The L-enantiomer: 1,3,4,5- 
tetra-O-acetyl-13-L-fructopyranose (206), m.p. 113.5-114.5 °C, [ct] 24 +46 ° (chloro- 
form), was obtained from 205 by analogous opening of the oxirane ring and sub- 
sequent acetylation. Pseudo-[3-L-fructopyranose (207), syrup, [et] 23 +57 ° (methanol) 
was obtained from 206 by analogous O-deacetylation [54] (Scheme 32). 

Pseudo-13-DL-fructopyranose 180 was found to be nearly as sweet as ])-fructose. 
The D-enantiomer 196 and the L-antipode 207 were also as sweet as D-fructose, but 
196 was somewhat sweeter than207. The small but observable difference in sweetness 
of 196 and 207 might be due to a stereogeometrical deformation of interrelations 
between the sweetness eliciting tripartite and a sweet receptor. 
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5 Biological Effect of Pseudo-sugars 

Besides the sweetness of pseudo-sugars, a pseudo-sugar may have a biological activity, 
as expected earlier, owing to its structural close resemblance to a true sugar. 

As mentioned earlier in this article, pseudo-~-D-galactopyranose 1 has been found 
in a fermentation broth of Streptomyces sp. MA-4145 as an antibiotic [4]. The po- 
tency of the antibiotic was rather low. A concentration of about 125 ug/ml is required 
to produce a standard inhibition zone of 25 mm (diameter) against Klebsiellapneu- 
moniae MB-1264, using 13 mm assay discs in a discplate assay. A sample of  the 
synthetic pseudo~-DL-galactopyranose 17 [3] showed to be about half as potent as 
the natural product 1 in the same assay system, thus indicating that the L-enantiomer 
is probably inactive. 

A n  inhibition of glucose-stimulated insulin release has been studied by using 
pseudo-~-DL-glucopyranose 54 as a glucokinase inhibitor. That is, 54 and pseudo-13- 
DL-glucopyranose 37 were used as synthetic analogs of D-glucose anomers to study 
the mechanism of glucose-stimulated insulin release by pancreatic islets. And it 
was found that pseudo-sugar was neither phosphorylated by liver glucokinase, nor 
stimulated an insufin release from islets. Incubation of the islets with 54 resulted in an 
accumulation of the pseudo-sugar, probably the D-enanfiomer, in the islets. Com- 
pound 54 inhibited both glucose-stimulated insulin release (44 % inhibition at 20 mM) 
and islet glucokinase activity (36 % inhibition at 20 mM), but 37 did not show any 
activity. 

These results strongly suggested that the inhibition of glucose-stimulated insulin 
relase by 54 was due to the inhibition of islet glucokinase by the pseudo-sugar, providing 
an additional evidence for the essential role of islet glucokinase in glucose-stimulated 
insulin [55]. 
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6 Conclusion 

All the theoretically predictable sixteen racemic pseudo-sugars have been synthesized, 
as well as the ten enantiomers. The most accessible starting material for the synthesis 
was the Diels-Alder adduct 33 of  furan and acrylic acid. Furthermore, the adduct 33 
was readily resolved by means of  optically active ct-methylbenzylamines into the two 
antipodes 86 and 87, which were also used for the preparation o f  enatiomeric pseudo- 
sugars. A chiral synthesis from true sugars was another prominent method for the 
preparation of  the enantiomers. The remaining twenty two unknown enantiomeric 
pseudo-sugars will be prepared by either one of  the two methods in the near future. 

The chemistry of  pseudo-sugars is quite a newly opened field of  chemistry, and their 
biological effects have not been well studied yet. But sweetness, antibiotic activity, 
and inhibition o f  a glucose-stimulated insulin release have been observed in pseudo- 
sugars. Concerning their sweetness, some pseudo-sugars were equally as sweet as 
corresponding true sugars, and non mutarotat ion in pseudo-sugars is of  great 
advantage for the study of  the molecular mechanism of  sweetness. 

The molecular features o f  pseudo-sugars closely resemble those of  true sugars, and 
hence, a sugar or an amino sugar moiety o f  an antibiotic, such as an aminocyclitol 
antibiotic, might be replaced by a pseudo-sugar or a pseudo-amino sugar without 
any detrimental effect to their biological activity, thus, providing new antibiotics 
that might be active against a resistant strain of  a microorganism. 
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1 Introduction 

Complex glycosylated compounds like macrolides, anthracyclines, aureolic acids, 
cardiac glycosides, orthosomycines and tetronic acids are of considerable scientific 
as well as pharmaceutical interest. Obviously, each of them is responsible for certain 
therapeutic effects with respect to different diseases. Anthracyclines and aureolic 
acids are applied in cancer chemotherapy, orthosomycines are active as antibiotics 
against Gram-positive bacteria, and the cardiac glycosides are used in the treatment 
of cardiac insufficiency. 

In all cases, 2,6-dideoxy sugars of the D- or L-series are common and important 
parts of these various molecules. In general, the specific therapeutic effect is thought 
to be caused by the aglycone, and the sugar residue to be responsible mainly for regula- 
ting the pharmacokinetics. Thus, parameters like bioavailability, resorption, distribu- 
tion, or therapeutic width are influenced by the carbohydrate moieties. By modifica- 
tion of the carbohydrate moiety it is, e.g., possible to enhance the efficacy of unspecific 
aglycones like anthracyclines or aureolic acids, or also to reduce possible side effects. 
Such as approach is followed in the field of class-I and -II anthracyclines in order to 
decrease their considerable cardiotoxicity. 

Carbohydrate chemistry is engaged in the synthesis and variation of deoxy sugar 
chains, where a wide set of protective groups and stereoselective glycosylation techni- 
ques are required. This contribution centers on stereoselective syntheses of mono- 
and oligosaccharides in the field of 2,6-dideoxy- and, in particular cases, branched- 
chain sugars, and summarizes modern synthetic glycosylation reactions which have 
been developed for this special kind of carbohydrate chemistry. 

2 Biosynthesis of Deoxy Sugars 

Natural occurring 2,6-dideoxy oligosaccharides of the D-series are [3-glycosidically 
linked, those of the L-series represent ~-glycosides. The absolute configuration at 
the anomeric center, however, is similar in both cases. 

Recently, some knowledge was acquired concerning nature's approach to the 
synthesis of dideoxy sugars. 6-Deoxygenation of glucose seems to follow a redox 
pathway via the nucleotide glucoside dTDP-glucose with oxidoreductase which leads 
to a 6-deoxy-4-uloside [1]. 

As shown in the biosynthesis of granaticin, a hydride shift occurs intramolecularly. 
This process is mediated by an enzyme-bond pyridine nucleotide. A concerted abstrac- 
tion of H-4 as a hydride in la  and a C-5 deprotonation in 2a leads to the 4,5-enol 
ether 3a. The reduced form of the pyridine nucleotide transfers the hydride to C-6, 
simultaneously releasing a hydroxide to give 4a. Final tautomerization yields the 
dTDP-4-keto-6-deoxy-sugar in D-xylo configuration 4a. In other enzymes of the 
oxidoreductase type, the active site may show a different configuration. Thus, the 
intermediate 3a can be protonated from "above" at C-5 to yield the L-arabino isomer 
of 4a [2]. The stereochemistry of this mechanism was demonstrated by double labelling 
(cf. 1-4b series), and as a net result proved a suprafacial 4--*6 hydride shift. 
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In contrast to previous studies [3], recent research shows that there are two or 
probably more ways for 2-deoxygenation, one by inversion (chlorothricin) and another 
one by retention (granaticin) of  the C-2 configuration [4]. Starting with the activated 
4-keto glycoside 4a via enolization at C-3 (5), the 3-uloside 6 is obtained. Formation 
of  a Schiff base with pyridoxamine phosphate leads to 7. This undergoes a 1,4- 
elimination of water favored by a six-membered transition state furnishing a conju- 
gated system. The resulting 2,3-olefin sugar derivative of  enimine structure 8 is reduced 
by N A D H  and protonated at C-2. Following cleavage of the 2-deoxy azomethine, 
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Scheme 2 

the 3-keto derivative enolizes to the more stable 4-uloside. Mechanistic studies proved 
the formation of the differently labelled 2,6-dideoxy-4-keto-D-threo glycosides 9 
and 10. 

C ~ ~ " ~ 0  2 H 3 

~o2c-..~ St.s. - A 

"NH 3 
11 

Scheme 3 

H3C ~ l ' f  1 
OH OdTDP 

12 

The methyl-branch is introduced at the C-3 position of tautomer 11 of the keton 9 by 
an electrophilic_attack with active methione (S-methyl-5'-adenosyl methionine). Thus 
the 2,6-dideoxy-4-keto-3-C-methyl-D-erythro glycoside 12 results which after reduc- 
tion furnishes, e.g., D-mycarose (cf. also Ref. [5]). 
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3 Glycosylation of 2-Deoxy Sugars 

The basic concepts of glycosylation have been known for more than eighty years. 
Nevertheless, the selective formation of a full acetal still represents one of the major 
challenges in carbohydrate chemistry. Within the recent decade, a number of attractive 
approaches for the glycosylation of simple alcohols as well as more complex aglycons 
including sugar derivatives have been developed [6, 7]. In all cases a high stereo- 
selectivity is desired, and it seems, simple transfer of a procedure used for a certain 
sugar series does not necessarily apply to other isomeric series. 

High stereoselectivity in glycoside synthesis is of major concern. Furthermore, 
the high prices of  certain aglycones or sugars should be considered, and often only 
a single isomer is needed for the biologically active form of a pharmaceutical. Glyco- 
sylation procedures, which are presently applied in the normal sugar series, make use 
of a neighboring group adjacent to the anomeric center either by means of a real 
anchimeric assistance or by operation of steric influence [6, 7]. 

Evidently the particular problems in the chemical synthesis of 2-deoxy sugar glyco- 
sides are aligned with the missing neighboring group, and are also associated with 
the enhanced lability of their glycosyl halides. This implies a special handling of known 
tools in carbohydrate chemistry or the development of new techniques. 

3.1 Classical Techniques 

A typical Koenigs-Knorr reaction may outline the problems mentioned above. 
Treatment of the ct- or ~-glycosyl halide (the former being slightly more stable owing 

CH3 O CH3 O 

x 

13 ~ Ag" ~ 14 

CH3 ,~,.® 

RO RO - ~ >  -H" ' 
15 

CH3 0- 

16 

R'OH 

CH3 0 CH30 

OR' 

Scheme 4 17 18 
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to the anomeric effect) in the 2,6-dideoxy-D-arabino-series (13) or (14) with an alcohol 
in the presence of a silver promoter is supposed to proceed via an oxocarbenium ion 
intermediate (15). After nucleophilic attack of the alcohol, both the protonated 
precursors are formed, which after release of the proton give the ct- and 13-glycosides 
17 and 18. Mostly the former prevails, probably again by the operation of an anomeric 
effect. The intermediate 15 may be also stabilized by subsequent loss of the 2-H 
which leads to the glycal (16). This is an often observed by-product in 2-deoxy sugar 
glycosylation thus decreasing the yields of the wanted glycosides. 

By glycosylation of 19 with the halide 20 following Helferich conditions (HgBr2, 
HgO), a typical but acceptable amount of the desired s-glycoside 21 (40 ~ )  of a 2,6- 
dideoxy sugar in the L-series was obtained which represents the A-B disaccharide 
unit of aclacinomycin A [8]. 

H C OCH3 

HO I 
COCF 3 19 

~ HgCI 2 / HgO 

4~. CH2C[ 2 
40 % 

BI" 
H3C~ 

Ac0 0Bn 20 

OCH~ 
H 3 C ~  "~ 

u I 
H3C 0 COCF 3 

AcO 21 

Scheme 5 

Obviously there is a need for more generally valid and more stereoselective pro- 
cedures. 

3.2 Formation of 2-Deoxy-~-glycosides 

There is no steric guidance for an approaching nucleophile in this series because 
neighboring groups are lacking. The following example will outline the general 
aspect to this concept: 

Treatment of the glycal 22 with an electrophile E + leads to intermediate 23 which 
will be favored owing to the operating of an inverse anomeric effect. Nucleophific 
attack from the opposite side affords the s-glycosidic finkage and trans-configurated 
bonds in 24. This approach was developed and often proved valid in several cases 
of ~-L- and ~-D-oligosaccharide formation using N-iodsuccinimide as suitable iodo- 
nium donor [9]. 
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The succinimide anion obtained by the NIS heterolysis is frequently observed to 
compete with a less potent nucleophile in NIS glycosylations. This leads to glycosyl 
succinimides like 25 in the 2-deoxy-D-arabino case [10] which, owing to the marked 
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inverse anomeric effect of that group, adopts predominantly an inverted 1C4(D ) 
chair conformation. 

A modification of the NIS procedure [11] makes use of 2,4,4,6-tetrabromo-2,5- 
hexadienone (TBCO) [12]. In the presence of iodine, TBCO generates I + and the 
non-nucleophilic 2,4,6-tribromophenolate which does not interfere with any other 
nucleophile. 

The 2-deoxy function may be regenerated from the 2-halo derivatives by reduction 
with tributyl stannic hydride, NiCI2fNaBH4, or hydrogen/palladium on charcoal. 
The latter should be carried out in the presence of base in order to quench the resulting 
acid. Another method following the same concept is the oxyselenation-deselenation 
of glycals [ 13] : 

no•OBno 
B nO /0 ,~.ePh 

PhSeCt J- ~ 0  
B n  0 ROH Bn 

R 

26 27 

OR 
H3C H3C--,.. OR 3C7.~0~ 

AcO O~ BF3"Ef20 j , __ A c 0---,/~ 

28 29 30 

Scheme 8 

Phenylselenyl chloride adds to the double bond of the glycal 26 to give a phenyl- 
selenoxonium ion which is trans-opened by an approaching nucleophile to the gly- 
coside 27. Other electrophiles have also been used like p-toluenesulfonic acid, bromine, 
or iodine. Acid conditions, however, may cause destruction of labile 2-deoxy sugar 
products and the value of such reagents will be diminished by this evident disadvantage. 

The Lewis acid-mediated allylic rearrangement of glycals like 28 to glycosides 29 
known as the Ferrier-reaction is well known in carbohydrate chemistry [14-16]. It 
yields predominantly 0~-configurated hex-2-enopyranosides (cf. 29), either in the o- 
or L-sugar series. These may be hydrogenated to glycosides like the 2,3,6-trideoxy- 
species 30. 

3.3 Fo rma t ion  o f  2-Deoxy-l i -glycosides 

As mentioned above, there is particular need for 13-stereospecific glycosylation in the 
2-deoxy sugar series. Wiesner et al. [17] have developed a method which starts with 
4-(p-methoxy)-benzoyl-3-methylurethane digitoxose 31. On treatment with the agly- 
con and p-toluene sulfonic acid, the 13-glycoside 32 is obtained in 83% with an 13 :~- 
ratio of 7: 1. 
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In this case the substituent at C-3, is believed to account for the stereoselectivity 
by formation of  the charged intermediate 33. Similar to this case is the HgC12-promoted 
glycosylation [18] of  a corresponding thioglycoside like 35 with the aglycon, compo- 
nent 34. This leads predominantly to the 13, 1-*4-disaccharide 36. 
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The glycosylation is supposed to operate via a 1,3-O-(p-methoxy)-benzoxoniumion 
37. This approach may be characterized as a 1,3-anchimeric assisted process in which 
the configuration at C-3 is responsible for the anomeric orientation. 

In recent studies, acceptable yields of/3-configurated 2-deoxy glycosides by applica- 
tion of the NIS reaction to uronic ester glycals like 38 have been reported [19]. By 
N M R  studies the equilibrium conformation of the glycal 38 is shown to be shifted 
towards the inverted half-chair or half-boat conformation [SH4(D)]. 
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Owing to the Curtin-Hammett principle, the ratio of the iodonium intermediates 
39 and 40 does not reflect the distribution of the conformers in 38 (SH 4:4H 5 --- 95: 5). 
Thus, both the 2-deoxy-2-iodo-a-mannoside 50 and the 2-deoxy-2-iodo-13-glucoside 
51 are formed in almost equimolar amounts. Similar results are observed in glycals 
with nitrile or carboxamide functions [11]. 

Another procedure known as the dibromomethyl-methyl ether method (DBE- 
method) [20] leads to 2-deoxy-2-bromo-[3- and in some cases to 2-deoxy-2-bromo-c~: 
glycosides. As with the NIS reaction, this represents an indirect synthesis of 2-deoxy 
sugars, because the C-2 halide substituent may be cleaved in a subsequent step. 
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For instance, starting with a 2,3-di-O-isopropylidene-ct-D-mannopyranoside 52, an 
attack by dibromomethyl-methyl ether (DBE) yields the 2,6-dideoxy-2-bromo-3-O- 
formyl~-D-glucopyranosyl bromide 53. In the presence of a silver salt, predominantly 
13-glycosides like 54 are formed [21-23]. Little is known about the mechanistic aspects, 
however, the stereoselectivity favors a 1,2-bromonium ion intermediate. 

Recently, a stereospecific 1,2-migration was shown [24] to occur by treatment of 
various 2-hydroxy sugar derivatives like glycosides, acetates, azides, and thioglycosides 
with an excess of diethylamino sulfur trifluoride (DAST). Products of this migration 
are glycosyl fluorides (both ~ and 13 anomers) reportedly carrying the previously 
anomeric substituent in an inverted configuration at C-2. Apart from its application 
potential in the normal sugar series it also allows the preparation ofct- and 13-2-deoxy 
glycosides when starting from phenylthio glycosides. 
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H3C°4" 1 H3CO.&,,,"\-'~F A~°'-V'A~ o l 
SPh SPh OEH3 
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X H ~ 61 X H 59 

Scheme 13 

The manno thioglycoside 55 on treatment with DAST give the 2-deoxy-2-phenyl- 
thio-glucosyl fluoride as anomeric mixture 56. On glycosylation with the 6-hydroxy- 
glucoside 57 in dichloromethane and the presence of SnC12, the ct,1-+6 disaccharide 
58 is obtained exclusively (92 %), which on reduction with Raney-Nickel yields the 
2'-deoxy derivative 59. 

In contrast, with ether as the solvent and otherwise the same conditions, 56 and 57 
were condensed to give again exclusively (92 %) the 13,1 ~6-1inked derivative 66 which 
in turn could be reduced similarly to 61. 

The plausible but somewhat speculative attempts to interpret the stereochemical 
outcome resembles the previously reported stereoselectivities in glycosylations of 
glycosyl fluorides [25] many of which could not be confirmed in other studies [26, 27]. 
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4 Anthracycline Antibiotics 

Malignant carcinomas are defined by pathologic transformations of the genetic 
information and cell proliferation. Such cancer is characterized by unregulated high 
mitotic activity leading to tumors and metastases. Obviously, surgery is indicated only 
in cases of localizable tumors. X-irradiation therefore represents an additional therapy. 
Several antitumor therapeutics like the anthracyclines can exert specific effects on 
the genetic material. Generalized neoplasms like cancers of blood and lymphatic 
tissues can be treated [28, 29]. Owing to their excellent therapeutic width, anthra- 
cyclins are particularly suited for such applications [30]. Anthracyctines belong to 
a group of antibiotic compounds which occur as intermediates in the metabolism 
of several Streptomyces species. Their aglycon consists of a tricyclic quinoide chromo- 
phor with a functionalized cyclohexane moiety attached [30]. The various substitution 
patterns are outlined in Scheme 14. 

II 6 
o 

Scheme 14 

X 
1~.1 ~0 ~13 /+,6,11: H, OH, OCH 3 

/t ~'lg 10: H, OH, C0 2 CH 3 
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Adriamycin is one of the best-studied members for the interaction with human cell 
tissues and genetic material. Its activity is believed to be based on the formation of 
intercalation complexes with the DNA. This results in a change of its helical shape 
and causes the total inhibition of transcription which terminates the ability of cell 
separation [31]. Obviously, all fast-proliferating tissues are damaged by anthracyc- 
lines. Side effects like bone marrow depression can also be understood by such a 
mechanism. In cooperation with a disarrangement of the plasmatic calcium content, 
this NADPH-dependent redox cycle causes a large number of radical reactions which 
effect a high cumulative cardiotoxicity [32]. Another parameter may also be the 
inhibitory effect on cardiac guanylate cyclase, which can be altered by substitution 
of the methyl ketone side chain by long-chain hydrocarbons [33]. 

Thus, the development of new anthracycline antibiotics is of interest in which the 
therapeutical width is enhanced by decreasing toxicity and increasing specificity. 
Several screening methods are presently available in clinical tests. One is carried 
out by measurement of the survival rate of mice, induced with P 388 leukemia car- 
cinoma [30, 32]. Other methods are based on in-vitro tests; either the 50 % inhibitory 
concentration (ICso) of nucleosomal RNA synthesis is measured or the growth of 
tumor cell cultures like HeLa is observed [34]. 

In all cases, the sugar residues are attached to the 7-hydroxy group and this is the 
point of interest to carbohydrate chemistry. Until present, only the 3-amino-2,3,6- 
trideoxy sugars daunosamine (62) and rhodosamine (63) were found to be ct-glycosi- 
dically linked to this position. The other saccharides 2-deoxy-L-fucose (64), L-cineru- 
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lose (65), and L-amicetose (66) occur in the oligosaccharide chains of the class-II 
anthracycline antibiotics. 

H3C~~.JO H 
HO NR2 

Daunosamine R = H 

Rhodosarni ne R = F.H 3 

62 

63 

H 3 C ~ O H  

2- Deoxy-L-fucose 64 

~ _ ~ 0  H H o H ' ~ / ~  0 H 

L -C ineru lose  65 L-Amicetose 66 

Scheme 15 

Daunorubicin (67) found independently by Di Marco et al. [35] and Du Bost et al. [36] 
was the first antileucemic agent in this group [37]. Adriamycin (68), discovered by 
Arcamone et al. [38] in 1969, marked an advantage in the development of chemo- 
therapeutics. It is presently one of the most valuable substances in cfinical application 
[39]. Modifications carried out both in the aglycone and the saccharide residue are 
still of main interest. 

0 HO 0 

H3CO 0 H 0 0 

R I=H,  R 2 = OH, R 3 = H 67 

RI=H, R2= OH, R 3 = OH 68 

R 1=OH, R 2= H, R 3 = H 69 

Scheme 16 

Certain N-alkylation products [40] of daunosamine show a decreased ability for 
intercalation and eliminated the inhibitory action on cardiac guanylate cyclase as 
mentioned above [33]. The epimeric C-4' derivative (69), the sugar of which is called 
epi-daunosamine, extended the medical value to adriamycin-resistant carcinoma [41]. 

Oligosaccharide anthracyclines like aclacinomycin (70), dehydroaclacinomycin 
(71) [42, 44] and marcellomycin (72) [45] are known as "class-II" anthracyclins [45]. 
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4.1 Synthesis of Class I Sugars and Glycosides 

Anthracyclines isolated from soeptomyces show a 2,3,6-trideoxy-3-amino-L-lyxo- 
configurated sugar :t-attached to the aglycon. Therefore, the first interest centered 
on the synthesis of aminodeoxy sugars in the L-lyxo series, e.g., daunosamine [46-50]. 
Several new glycosides were prepared [51] in order to evaluate structure-activity 
relationships. 
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The glycosides 72, 74, and 75 are usually available by nucleophilic substitution 
reactions at C-3 of precursors, furnished with good leaving groups, like methane- 
sulfonyloxy and trifluormethanesulfonyloxy substituents. Alternatively, oxirane ring 
opening of 2,3-anhydro sugars may be applied. Usually the 4,6-O-benzylidene group 
is opened by Hullar-Hanessian cleavage, followed by formation of an exocyclic 
glycal in the presence of silver fluoride. A final hydrogenation step affords the 2,3,6- 
trideoxy-3-amino-13-L-(72) or m-D-glycosides (74-75). Selective N- and O-protection, 
and acetolysis followed by acetylation leads to the glycosyl precursors 73, 76 and 77. 

In order to simplify these preparations, Boivin et al. [52] made use of the allylic 
rearrangement reaction (Ferrier type) which was one of the first accesses to 3-amino 
glycals. By use of azide as the nucleophile, the L-arabino configurated glycal 78 
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(R=Bz)  leads to four products. Both the ct- and 13-hex-2-enopyranosyl azides 79 
and 80 undergo a [3.3]-sigmatropic hetero-Cope rearrangement and stereospecifically 
give the 3-azido glycals 81 and 82, respectively. Unfortunately, the desired compound 
82 shows the lower yield in this mixture. Subsequent reduction with LiAII-I 4 leads to 
both the 3-amino glycals 83 and 84. After separation, the latter is N- and O-acylated, 
and on treatment with daunomycinone in the presence of toluenesulfonic acid the 
4'-epidaunosaminide 85 is obtained. 

Heyns et al. [53] started with di-O-acetyl-L-rhamnal (28) which after reaction 
with sodium azide in the presence of boron trifluoride etherate as Lewis catalyst 
gave again the four products 79-82 (R=Ac). Subsequent quenching with NIS and 
the aglycone led to ristosamine and acosamine glycosides 86 and 87. 

79 + 80 1 
II II 
81 + 82 (R= Ac} 

1. NIS, C6H110H 

2. NiCI2, NQBH~ 

3. Ac20 / Py 

AcNH (~C6Hll 0C6Hll 

Ac 0-~/" ~ Ac O~/.f/ 
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Scheme 20 

OBn N~ OBn 

H3C H3C 

AcO "3 I AcO I 

88 89 

A corresponding sequence from di-O-acetyl-fucal gives a mixture of the precursors 
of benzyl daunosaminide 88 and the epimeric compound 89 [54]. By this NIS quench- 
ing method, enhanced yields of the equatorial 3-azido compounds are obtained. 

Most recently reported glycosylations with daunosamine and related 3-deoxy-3- 
amino epimers start with acetyl daunosamine [55] or silvertriflate and anomeric 
chlorides [56]. By use of trimethylsilylmethanesulfonate (TMSOTf), 1,4-di-O-p- 
nitrobenzoylated daunosamines 91 could be stereospecifically attached to (+)-4- 
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demethoxydaunorubicinone 90 to give 92. This very promising approach to or-gly- 
cosides is carried out very smoothly at low temperatures (--15 °C) [57]. 
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An interesting synthesis of a methyl-branched anthracycline has been reported [58]. 
The methyl-branched 3-amino-ribo derivative 93 was opened by Hullar-Hanessian 
reaction to 94, transformed into the exocyclic glycal 95, inverted at C-5 and reacted 
to the glycal precursor 96. Its treatment with the aglycone and p-toluenesulfonic 
acid gave the derivative 97. 
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Also 2'-halo-3'-hydroxy derivatives of various anthracyclinones show a high 
activity against P 388 mouse leukemia in certain in-vivo tests. A compound like 98 
has been prepared in the 2-deoxy-2-iodo-a-u-manno-series by Horton et al. [59, 60] 
starting from di-O-acetyl-L-rhamnal (28). Similarly, Thiem et al. have also successfully 
prepared the tetracenomycinone-C glycoside 99 [61]. From 4-O-acetyl-3-O-(p- 
methoxy)-benzyl-L-fucal (102) the glycoside derivatives 103 and 104 in the talo-series 
were obtained. 
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Starting with L-fucal (100), the stannylidene derivative 101 is prepared. As supposed 
by i19Sn-NMR studies [62], the dimeric species is cleaved preferentially at the apical 
position. Thus, the subsequent opening by p-methoxybenzyl chloride affords the 
equatorial benzyl ether which, following Steglich acetylation, gives the glycal 102. 
Its NIS glycosylation with tetracenomycinone-C as well as daunomycinone leads to 
the glycosides 103 and 104, respectively [63]. 
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By use of the Ferrier reaction with boron trifluoride catalysis, the formation of 
both the epimeric s-linked hex-2-enopyranosides 105 [64] and 106 [65] is achieved. 

H3 c O-daunomycinone 

R 1 =OAc, R 2 = H 105 

R1 = H, R 2 = OAc 106 

,f 
R I = C ~'NH [Ct3 

_ R 2 = COC[!. 3 
\ [ [ [  3 

I07 

Scheme 24 

108 109 

Fraser-Reid [66] as well as Cardillio et al. [67] have developed the oxazoline pro- 
cedure by which 4-O-trichloroacetimido-hex-2-enopyranosides 107 are treated with 
an iodonium source [(I+Coll)C1Q - or NIS [64]] to give the 3,4-oxazoline precursors 
103 which are opened to the aminosugar glycosides 109. 

4.2 Synthesis  o f  Class II Oligosaccharides and Glycosides 

One of the first disaccharides prepared in this group was published by E1 Khadem 
et al. [68]. 

~ H 3 ~ / ~ O R  H3 OpNBz H3 OBn 1. TsOH 
+ • 

pNBzI3NHCOCF3 HO 2. H 2 / Pd-C 0 
H3C C " ~ " "  n ---J o 

110 111 ~ . ' /  R = Bn 112 

pNSz/N'HCOC~3 R = H 113 
Scheme 25 

On acid-catalyzed glycosylation of 110 with the rhodinoside 111, the disaccharide 
112 is formed. This, after hydrogenolytic cleavage of the benzyl ether gives the 2,3,6- 
tride~xy-4-~-[2~3~6-tride~xy-N-trif~u~racety~-4-~-p-nitr~benz~y~-~-L-lyx~-hex~pyra- 
nosyl]-L-threo-hexopyranose (113) in 20 ~ yield. 
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It became evident rather early that an axial 4-OH group is tess-nucteophilic than 
the equatorial one. Attempts for a direct glycosylation at 4-OH furnished low yields, 
unless there is some flexibility in the saccharide conformation. Therefore, a new syn- 
thetic strategy is requested by which the glycosylation step is preponed to the equatorial 
4-hydroxy group of the corresponding ]9-sugar derivative. As depicted in Scheme 26, 
the model saccharide 114 shows the correctly, equatorially oriented hydroxy group 
in the *C 1 chair conformation. Its synthetic equivalent 115 with the exocyclic enol 
ether structure bears the 6-deoxy functionality for the L-series. 

Ic/,, ( L- ) ~C 1 ( L ) ~C 1 ( D ) 

114 115 116 
Scheme 26 

Another retrosynthetic step leads to the 6-deoxy-6-iodo derivative 116. Throughout 
this sequence the relative configuration between positions 3 and 4 remains constant, 
however, altogether the D-ribo componed 116 will be transformed into the L-lyxo 
derivative 114. 
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By Ferrier glycosylation of di-O-acetyl-L-rhamnal (28) with the epoxide derivative 
117 the disaccharide 118 is obtained. This is trans-opened by lithium iodide according 
to Ftirst-Plattner's rule. Upon different ways, two interesting products are obtained, 
either the original C-B disaccharide of aclacinomycin A 120 or its C-5 epimer 119 
which contains one sugar in the D-configuration [69]. 

Starting from methyl 2-deoxy-4,6-O-benzylidene-3-O-mesyl-~-D-arabino-hexopyr- 
anoside (121), a SN2 reaction by use of sodium azide in HMPT at 140 °C and NBS- 
cleavage gives compound 122. Following transglycosylation with benzyl alcohol 
and deprotection by Z6mplen transesterification to 123, acid-catalysed glycosylation 
with tri-O-acetyl-2-deoxy-L-fucose 124 affords the disaccharide 125. Upon treatment 
with silver fluoride, subsequent hydrogenolytic reduction and acetylation the disaccha- 
ride derivative 126 is received, which represents the A-B moiety of aclacinomycin A. 
After a hydrogenolytic deprotection, a further acid-catalyzed glycosylation with 
daunomycinone is performed to give 127 in 9 % yield [70]. 
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Br 

H3C H3 0Ac 
Bn 

Ac0 UAC 125 AcO 0Ac 124 

126 \\ 
O- dQunomycinone 

127 
Scheme 28 

Further studies by Monneret's group [8, 71] furnished the trisaccharide portions 
of marcellomycin 135 and dihydroaclacinomycin 136. 

Both Monneret syntheses are quite similar to the disaccharide way mentioned above, 
except for a final NIS glycosylation step, by which the terminal saccharide C is 
attached. Glycosylation of the 2-deoxy fucosyl bromide 130 with the daunosaminide 
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129 under Helferich conditions yields the disaccharide 131 (40 %). Following deacetyla- 
tion to 132, an NIS reaction with either di-O-acetyl-L-fucal (133) or O-acetyl-L- 
amicetal (134) gives the trisaccharide derivatives 135 (68 %) or 136, respectively. 

By consequent use of the NIS-alkoxygenation procedure combined with the 
retrosynthetic approach (Scheme 26), Thiem et al. [64, 72] prepared the trisaccharide 
143. The D-ribo-configurated 3-azido glycoside 137 is attached to the glycal 138 by 
NIS to give the disaccharide 139. Treatment of the hex-2-enopyranoside 141 with 
lithium aluminum hydride leads to the L-amicetal 134. Its NIS glycosylation with 
140 affords the trisaccharide precursor 142. This is deiodinated by radical reduction 
with tributyl stannic hydride at both the C-2' and C-2" positions. The deblocked com- 
pound is iodinated at C-6 by the use of triphenyl phosphine/NIS [73, 74] and reduced 
to give an exocyclic glycal by means of a smooth elimination step with diazabicyclo- 
[5.3.0]undec-7-ene (DBU), which is much better in yield than the one with silver 
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fluoride described above. Final hydrogenation with inversion of the unit A and acetyla- 
tion gives the sugar portion 143 of dihydroaclacinomycin A. 
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R=H 

5 Aureolic Acids 

Aureolic acids are a group of tetrahydroanthracene oligosaccharide antibiotics the 
name of which relates to their characteristic golden appearance. The most prominent 
members chromomycin A 3 (144), olivomycin A (145), and mithramycin (146) 
represent potent cytostatics which, even though they are extremely toxic, enjoy 
selected clinical application in the treatment of malignant tumors [30]. Mithramycin, 
however, is the member of this list which is approved for clinical use in the U.S. 
Recent developments led to modified derivatives which display improved activities; 
all these control cancer-induced hypercalcemia and calciurea. Their cytostatic 
activities are assumed to result from strong and selective inhibitions of the DNA- 
dependent RNA synthesis. The mechanism, however, seems to differ from that of 
the anthracycline intercalation. The inhibition of the DNA-dependent RNA poly- 
merase requires the presence of Mg 2 + ions and an interaction occurs predominantly 
at guanosine-rich regions [76]. 
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There is another important difference concerning the therapeutic width. The dosis 
curativa minima (ED) is very similar to the dosis to&rata maxima (LD). This results 
in a therapeutic index, defined as the quotient of LDso and EDso close to I. The effect 
is attributed to the digitalis-like shape of the oligosaccharide side chains, which cause 
cardiotoxicity. Nevertheless, the R N A  synthesis inhibitory effect is attributed to 
the carbohydrate moieties. The influence of aglycon modifications in comparison 
to those in the sugar residue is rather small. 

Earlier studies proved the structure of the almost similar tetrahydrocenone aglycons 
in 144-146 with the chiral five-carbon side chain at C-3 as well as those of the individual 
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monosaccharides [77, 78]. This interglycosidic linkage to oligosaccharide units was 
deduced by applying Klyne's rule, but this was not convincing throughout [79]. 
The complete sugar sequence as well as the direction and type of their interglycosidic 
linkages were assigned by extended NMR-spectroscopy and supported by syntheses 
[80-83]. There are only minor deviations between chromomycin A 3 (144) and olivo- 
mycin A (145) although they are produced by different Streptomyces strains. In 
both these compounds, a differently substituted ~,l--*3-1inked bis-2,6-dideoxy-lyxo- 
unit B-A is attached to the phenolic site at C-6. Their E-D-C trisaccharide shows a 
terminal 3-C-methyl-branched sugar, L-olivomycose E, linked via an cql~3-bond 
to the 13,1--,3 connected dimeric olivosyl-otivose D-C. In mithramycin (146) the 
B-sugar is a 2,6-dideoxy-arabino unit attached to A via a 13,1 --+3 linkage. In the E-D-C 
trisaccharide part, only 13,1-,3 linkages occur. The D-C unit is similar as before, and 
the terminal sugar again is of the 3-C methyl-branched type, but this time it is D- 
mycarose. 

Starting from methyl 2,6-di-O-acetyl-3,4-O-isopropylidene-~-o-galactopyranoside 
(147), photolytic deoxygenation at C-2 and C-6 leads to the D-lyxo compound. 
Cleavage of the isopropylidene ring with trifluormethane sulfonic acid to 148 and 
monoacetylation with N-acetyl imidazole gives both the acetates (149) and (150), 
useful for further synthesis. Boron trifluoride-mediated methylation of 149 occurs 
with diazomethane regioselectively at C-4 without acetyl migration to give 151. 
The latter is transformed into the reactive 2,6-~-D-lyxo-hexopyranosyl bromide 152 
by the trimethylsilyl halide (TMSX) procedure [84]. The stereoselective condensation 
step with 150 yields only the ~,1 ~3-linked disaccharide 153 [85], and this proceeds 
via the well-known halide ion-catalyzed glycosylation mechanism. 
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Structure elucidation of the B-A disaccharide portion of mithramycin was also 
carried out by synthesis and tH- and t3C-NMR comparison with the original com- 
pound. As it turned out later, the D-arabino-[3,1 --* 3-D-lyxo configuration was shown 
to be correct [80, 81]. Upon treatment of di-O-acetyl-D-rhamnal (154) with NIS in 
the presence of water, the 2,6-dideoxy-2-iodo-hexopyranose is formed. Reductive 
cleavage of the 2-iodo function by hydrogenolysis and acetylation in pyridine gives 
the 2,6-dideoxy sugar. The glycosylation is carried out after application of the TMSX- 
approach via the bromide 155, and subsequent glycosylation in the presence of silver 
triflate with 150 as the reducing unit to give the a- and [3,1 ~3-linked derivatives 156 
and 157. Under carefully optimized conditions, a yield of approx. 60 ~ and an a: [3 
ratio of 2:1 is obtained [80, 81]. Obviously, this more-or-less classical approach is 
tedious and not as stereospecific as wanted. 
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Both chromomycin A a (1.44) and olivomycin A (145) are further furnished with 
a C-3 methyl-branched sugar, namely L-olivomycose, which is cz-glycosidically linked 
to the 3 position of the sugar unit D. For this synthetic purpose the NIS reaction is 
ideally suited, provided a high yielding procedure for the precursor glycal is at hand. 
Following Klemers approach[86], treatment of methyl 2,3-O-benzylidene-~-L- 
rhamnopyranoside (158) with methyl lithium gives the L-olivomycal (160) and L- 
mycaral (161) in a 7:2 ratio. After abstraction of the axial H-3, an electrocyclic ring- 
opening sequence is terminated by the loss of the anomeric methoxy group. This leads 
to the intermediate 3-keto glycal 159, the carbonyl function of which is attacked 
immediately by another equivalent of methyl lithium. A previous method [87] for 
their preparation applied an aUylic oxidation of unblocked L-rhanmal with manganese 
dioxide, and following a similar nucleophilic attack at the carbonyl site with methyl 
lithium, a 7: 3 ratio of 160 and 161 is obtained. 
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By attachment of O-acetyl-L-olivomycal (162) to the methyl 4,6-O-benzylidene 
glycoside (164), the ct, l~3-1inked disaccharide is obtained. By Hullar-Hanessian 
cleavage and a subsequent radical reduction of both the 2'- and 6-halo functions 
with BuaSnH, the E-D moiety 165 is obtained [88]. 

For the synthesis of the D-C portion, two different concepts were followed either 
by modification of laminaribiose (166) [89] or by a stereospecific 13,1 ~3-glycosylation 
[20]. Laminaran is isolated from seaweeds or from Poria cocos Wolf, degraded by 
selective acetolysis, and the lower oligomers separated by preparative HPLC [90]. 
Following acetylation, the heptaacetyl laminaribiosyl bromide is prepared and trans- 
formed into the disaccharide glycal 167 by the classical approach in 93 ~ yield. The 
2-deoxy-2-iodo-~-glycoside is formed by application of the NIS procedure; after 
deprotection and subsequent 4,6-O-benzylidenation, the precursor 168 for the radical 
formation of the 6,6'-dibromo-6,6'-dideoxy derivative is at hand. This compound 
may be further reduced to methyl-3-O-(~-D-chinovosyl)-a-D-olivoside (169). 

Much more critical, however, is the introduction of the 2'-deoxy function. This 
can be achieved after selective 3'-O-benzoylation to 170, xanthation at the 2' position 
to 171 and reductive cleavage (Bu3SnH) to 172 following Barton's method [91]. Further 
radical ring opening by the Hullar-Hanessian procedure and final reduction leads to 
the D-C disaccharide 173 [92]. 

The stereospecific glycosylation makes use of the dibromomethyl methyl ether 
(DBE) method [20]. Starting from methyl mannoside 174, the compound 175 is 
obtained, the dioxolane ring-opening reaction of which with DBE gives a 2,6-dideoxy 
glucosyl bromide 176. This is ~-glycosylated with benzyl alcohol and the formyl- 
protecting group cleaved to give the []-benzyl glycoside 177. The glycosylation is 
promoted by silver triflate and optimized reaction conditions give the ~- (178) and 
the I]-disaccharide 179 in 92 ~ yield and an et:13-ratio of 1:7. 

The precursor 179 is deblocked at C-3' and reduced with Bu3SnH to give 181. 
By NIS reaction the olivomycal 162 could not be attached neither to compound 180 
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nor to 181. However, the 3',4'-unblocked compound 182 regio- and stereospecifically 
leads to the trisaccharide 183 [23]. After acetylation and deiodination the E-D-C 
moiety 184 of olivomycin A and chromomycin Aa is obtained. 

Mithramycin shows a completely B-linked chain of D-configurated saccharides. 
This requires a totally different approach for the synthesis which is also done by 
application of the DBE method. The previously obtained disaccharide 180 is 13- 
glycosylated with the monosaccharide precursor 176 to give the trisaccharide 185. 
After reductive debromination (BuaSnH), an acid deformylation deblocked the C-3" 
position which is oxidized with pyridinium dichromate. Nucleophilic attack at the 
carbonyl group by methyl lithium affords a I : 1.2 mixture of 186 and 187 none of 
which is the desired compound [93]. Obviously, the methyl branch is formed exclusively 
in the axial way. 
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Scheme 38 
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Equatorially positioned methyl-branched derivatives may be obtained by reductive 
cleavage ofspiro epoxides [94]. Thus the Peterson olefination ofl88gives the exocyclic 
3"-methylene function in 189. By means of a Sharpless epoxidation the allylic 4"- 
hydroxy group should determine the chirality of the resulting epoxide. However, 
the Sharpless method does not show any reaction neither in a monosaccharide model 
system nor in this trisaccharide precursor [95]. Amazingly, the classical epoxidation 
with m-chloroperbenzoic acid is employed to give exclusively the desired (3"R) 
epoxide 190 in excellent yield. These results may be associated with a sufficient chiral 
induction of the stereochemical information at C-I", C-4", and C-5". A subsequent 
reduction furnishes the original E-D-C trisaccharide sequence 191 of mithramycin 
[95, 96]. 

6 Cardiac Glycosides and Related Antibiotics 

Cardiogenic insufficiency represents a widespread disease in modern industrial 
societies, which explains the particular request for appropriate therapeutic agents. 
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Its treatment with cardiac glycosides remains problematic owing to their small thera- 
peutic width. Too low doses do not show effects and enhanced doses lead to heart 
inactivation during the systole. 

Cardiac glycosides cause a positive inotropic effect which means an increase of 
the cardiac beat volume by enhanced contraction ability. The reason for this is 
supposed to be aligned with the direct inhibition of the transport enzyme sodium/ 
potassium-ATPase. The decrease of sodium ions enhances the calcium ion concentra- 
tion, which activates the myofibrillic enzyme and inactivates proteins like tropo- 
myocine and tropomine. Till present, a final proof for this hypothesis is lacking, the 
toxicity, however, is definitely aligned with these effects [97]. 

In general, pharmacokinetics are considerably influenced by the saccharide portion, 
which consist mainly of 13,1--,4-interglycosidically linked 2,6-dideoxyhexoses of 
D-ribo configuration [98]. The typical 13,1~4-1inked cardiac glycosides shown in 
Scheme 40 are digoxin (192) and digitoxin (193). 

A mainly cql ~3-1inked oligosaccharide type in the L-series is represented by the 
antibiotic kijanimycin (194), isolated in 1981 as a metabolic product of Actinomadura 
kijaniata from Kenian soil and structurally elucidated by Mallams et al. [99-101]. 
The sugars A, B, and C are c~,l --,3-1inked, and at the B unit another 2,6-dideoxy L-ribo 
sugar D is 13,1 --,4-glycosidically attached. Kijanimicin belongs to the class of macrolide 
antibiotics which are defined as polyoxygenated 12-40-membered ring lactones, 
furnished commonly with deoxy or amino deoxy saccharides. 
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Macrolides, in contrast, are bacteriostatics and fungicides by inhibition of ribosomal 
translation. Several members of this group cause the same effects on mitrochondrial 
ribosomes and are antineoplastic agents. Kijanimicin is active against anaerobic 
bacteria - -  and malaria - -  and it also shows cytostatic activity. Kijanimicin may be 
counted among the group of tetronic acids like the tetrocarcines and antherimycines, 
all of which contain L-digitoxose residues. 

One of the first attempts to synthesize cardiac glycosides was made by Zorbach 
et al. in 1963 [102] by Fischer glycosylation. After treatment of digitoxigenin and 
unprotected digitoxose in dioxane with a saturated solution of hydrogen chloride in 
dichloromethane, 5.4% of the cz- and 4.5 % of the desired 13-glycoside were isolated 
after chromatographic purification. 

Later is was shown that syntheses using peracetylated digitoxose [103] or digitoxosyl 
bromide [104], the former in presence of acid, the latter with a silver salt promotor, 
gave only slightly enhanced yields of 13-glycosides with 13:a ratios up to 3:2. 

A number of 1 --,4-1inked anomerically modified oligosaccharides can be obtained 
by NIS glycosylations. By treatment of the 2,3-anhydro-a//o derivative 195 with 
lithium iodide the trans-opening predominantly gives the 2-deoxy-2-iodo-altro 
glycoside 196, which in turn can be reductively eliminated to furnish the D-digitoxal. 
After acetylation to 197 and glycosylation with a second molecule of allo-epoxide 
195, the disaccharide 198 is obtained in 72 % yield. 
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Following nickel boride reduction, the disaccharide 199 results which by a similar 
treatment first with lithium iodide and then with methyl lithium gives the disaccharide 
glycal 200. Another glycosylation with 195 and NIS leads to the trisaccharide digi- 
toxose derivative 201 (53 %) [105]. 

Glycosylation of methyl 2,3-anhydro-6-desoxy-c~-o-allopyranoside (195) with 
acetobromoglucose 202 in the presence of silver triflate gives the 13,1 ~ 4-1inked di- 
saccharide 203 in yields between 12 ,%0 and 30 % depending on the type of bases used. 
Nucleophilic opening of the epoxide with LiI • 2 H20 in dichloromethane gives the 
more stable trans-diaxial product 204 (51%) according to the Ftirst-Plattner rule 
predominantly. The trans-diequatorial, crystalline gluco-configurated side product 
was isolated in 13 %. Nickel boride reduction affords the acetylated methyl digilanido- 
bioside 205. 

After MeLi-mediated elimination and acetylation digilanidobial, the disaccharide 
glycal 206 is obtained. This provided a useful intermediate for the formation of the 
trisaccharide 207 which could be prepared by NIS glycosylation again with 195 in 
29 % yield [106]. 

The ~,l--,4-Iinked bis-digitoxoside 208 after treatment with triethyl orthoacetate 
and subsequent acetylation, gives both the diastereomeric orthoester intermediates 
209. Acid-catalyzed Y,4'-orthoacetate opening leads to both the Y,Y- and the 3,4'- 
diacetates 210 and 211 in the ratio 3:1. NIS glycosylation of 210 with digilanidobial 
206 furnished the central c41-,4-1inkage in 212, and following reduction the tetra- 
saccharide species 213 results [107]. 
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Recently, Wiesner et al. [108] succeeded in a stereoselective 13-glycosylation in 
the D-ribo series by use of an anchimeric assistance from the 3 position. The 3-O-p- 
methoxy-benzoyl group is supposed to form the 1,3-acyloxonium ion intermediate 
215 either starting from an c~- or 13-configurated ethyl thioglycoside precursor (214). 
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These are obtained by treatment of the anomerically free digitoxose in 96 ~ with 
thioethanol and p-toluene sulfonic acid in dichloromethane. The coupling of the 
thioglycoside is performed in dichloromethane, in the presence of HgC12, CdCO 3, 
and a drop of dimethylformamide. A reaction time of two days is required to give 
the 13-glycoside 216 in 59~  yield with only small amounts (2.3~o) of the undesired 
~-anomer. After selective removal of the p-nitrobenzoyl protecting group at the C-4 
position (by stirring with a saturated solution of ammonia in ethanol) 217 is subjected 
to another glycosylation with 214 under the same conditions. The disaccharide 218 
is obtained. Tho trisaccharide synthesis is performed similarly by repeating the same 
procedure twice over. Deblocking of 218 affords 219 which is again glycosylated 
with the monosaccharide precursor 214 to give 220 in 58 ~o yield. 

319 



Joachim Thiem and Werner Klaffke 

Similarly, a 1,3-anchimeric assistance is thought to operate in the case of an urethane- 
protecting group at the C-3 position in 221. On hydrolysis with aqueous acetic acid 
at 110 °C for 40 rain, the anomeric mixture 222 is obtained. The coupling with a 
modified digitoxigenin derivative (digi*OH) 223 is catalyzed with p-toluene sulfonic 
acid in dichloromethane and benzene for 45 min. For purification and separation 
of the anomeric mixture 224 obtained in this step, deblocking of both the 3- and 4- 
hydroxy groups to 225 is necessary. Following silica gel chromatography, the mixture 
is obtained in 83 ~ yield with a 13 :s-ratio of 7 : 1. The mechanism is supposed to proceed 
via the charged species 227 and rather not an uncharged urethane. Further trans- 
formations are necessary to generate the 13-digitoxigenin glycoside 226 from the 
[3 derivative of 225 [17]. 
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The naturally occurring ~,l~3-1inked oligosaccharides of, e.g., kijanimicin are 
synthesized either in a stepwise manner or following a one-pot procedure [109]. 
Starting with the 4-O-benzyl-L-digitoxal (228) [10], NIS is added in solution in a half- 
equimolar amount. Then the same aliquote of glycal 228 and NIS is added under the 
same conditions. Subsequently, addition of a half-molar equivalent of NIS and benzyl 
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alcohol quenches the oligomerization. Thus, the homogeneously substituted tri- 
saccharide product 229 is obtained in 20 % yield. A final hydrogenation step affords 
the natural trisaccharide derivative 230 of kijanimicin. 
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In order to devise a synthesis of the tetrasaccharide, a discrimination between the 
4-, 4'-, and 4"-hydroxy groups is necessary, and different protecting groups in these 
positions are required. By NIS-glycosylation of the 4'-O-p-methoxy-benzylated 
disaccharide 232 with the glycal 231, the trisaccharide derivative 233 is obtained. 
Removal of the 4'op-methoxybenzyl group by oxidative cleavage using DDQ leads 
to the trisaccharide 234 unprotected at the 4' position. In order to achieve a 13,1 --,4- 
linkage, the in situ prepared glycosyl chloride 235 is attached to 234 in the presence 
of silver triflate. This synthesis comprises the first preparation of a fully protected 
kijanimicin tetrasaccharide 236 [109]. 

70rthosomycine Antibiotics 

Another group of carbohydrate antibiotics was isolated and structurally elucidated 
several years ago [111]. In contrast to the compounds mentioned before, these are 
predominantly characterized by a larger oligosaccharide chain. In some cases benzoic 
acid derivatives like the dichloroisoeverninic acid (unit A in 237-243) are part of 
the molecule. The most important and characteristic feature is located in some of 
the anomeric linkages of the oligosaccharide chain. Several 2,6-dideoxy sugars are 
attached via a unique interglycosidic spiro ortholactone linkage, replacing the normal 
acetal junctions. Members of this group are flambamycin 237 [112], the avilamycins 
238 and 239 [113, 114], and the everninomycins 240-243 [115]. Another branch of 
orthosomycins are hygromycin B [116, 117] and several destomycins like, e.g., desto- 
mycin A (244) [118-122], furnished with an aminocyclitol aglycone. Other antibiotics 
like curamycin [123] are classified as members of the same group, owing to their 
similar biological behavior. 

Flambamycin 237 and the everninomycin complex were isolated from Streptomyces 
hygroscopicus and Micromonospora carbonacea. Curamycin and avilamycin were 
obtained from culture broth of different Streptornyces. The biological effect of everni- 
nomycin, e.g., is a high in vitro activity against Gram-positive bacteria, especially 
penicillin-resistant strains. This fact is of particular interest because an increase of 
penicillin resistances was reported within the last years, owing to the extensive use 
of this antibiotic. Everninomycin shows no activity against Gram-negative bacteria 
like E. coli [115, 124], though it does affect Gram-positive bacteria like strepto- 
and staphylococci. Unless applied i.v.; everninomycin and flambamycin, show no 
toxicity in mice. Furthermore, avilamycin advantageously has shown no mutagenicity. 
The antibacterial effect was shown to operate via protein synthesis perturbation [125]. 
By blocking of the binding site of aminoacyl-t-RNA, a ribosomal attachment is 
inhibited. This results in an interuption of the translation step and thus a defect in 
peptide processing. 

In these particular compounds, the synthesis is facing three main problems: the 
oligosaccharide assembly in "normal" glycosidic linkages, the introduction of alkyl 
branches in pyranose rings, and the generation of the special anomeric orthoesters. 
Some of the interglycosidic bonds between normal sugars were shown to be 13 and 
thus modern Koenigs-Knorr variations were adapted for this aim. 

More difficult to construct, however, are the p-linkages in the case of 2-deoxy 
sugar glycosides. The B-C disaccharide subunit comprises such a problem. Starting 
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with the 2,6-dibromo-2,6-dideoxy-glucosyl bromide 245, glycosylation with the regio- 
selectively blocked glycoside 246 gives the desired 13,1 ~4-1inkage in 73 7o yield and 
a 13 :s-ratio of 5 :-1. The 13-compound 247 is reductively transformed into the disaccha- 
ride 248, which in turn can be oxidized by bromine/water to give the bamflalacton 
249 [126]. 
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In an alternative approach, the same terminal disaccharide B-C is prepared by the 
NIS reaction using the uronal 38 (R=COOCH3) [19]. Here, the strict ct-selectivity 
is modified into a ct:13-ratio of approx. 1:1 [127]. The key step of this synthesis is 
a glycosylation of 38 as electrophilic acceptor with the nucleophilic 1,6-anhydro-3-O- 
benzyl-2,6-di,Jeoxy-D-arabino species 250 obtained in a number of steps from 
levoglucosan. The iodonium intermediate obtained from 38 is opened to give a con- 
siderable amount of the desired 13-glycoside 252 in addition to the c(,1 ~4-anomer 
251 (61%, ct:13-ratio 1:1). Following the anhydro ring opening to 253, reductions, 
and a number of further steps, the desired B-C target molecule 254 is obtained which 
again is transformed into bamflalactone 249 [127]. 

The E-F disaccharide moiety of flambamycin and its interglycosidic isomer are 
obtained by application of silver triflate-promoted condensations [I 28]. Starting with 
methyl ct-o-mannopyranoside, the 4 and 6 positions are protected with the divalent 
1,1,3,3-tetraisopropyldisiloxyl group (TIPS) to give 255. Following the acid-mediated 
shift of the 8-membered towards a more stable 7-membered ring system in 256, 
a blocking of both the equatorial 3 and 4 positions is achieved. Thus, the remaining 
C-6 and the secondary C-2 positions are methylated with MeI/Ag20 (Purdie condi- 
tions) to give the 2,6-dimethyl product 257. After cleavage of the TiPS-group by 
fluoride ion catalysis and careful regioselective benzylation by application of the 
phase transfer method, the aglycone precursor 258 (sugar unit F) is obtained. The 
E-compound precursor is synthesized from acetobromogalactose. The intermediate 
benzyl 2,3-O-benzyl-~-o-galactopyranoside (259) can be tosylated selectively at the 
primary hydroxy function, and following a hydride reduction, the fucoside 260 is 
obtained. Upon treatment with MeI/KOH in dimethyl formamide (Kuhn-methyla- 
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tion) as well as benzyl ether hydrogenolysis, 4-O-methyl-D-fucose (261) results. By 
peracetylation and reaction with HBr/acetic acid, its or-bromide 262 is prepared. 
The glycosylation of the latter with 258 is performed in nitromethane/toluene at 
--78 °C to yield the modified trimethyl fucosyl-mannoside 263 (72 %), the precursor 
of the E-F disaccharide [128]. 

In recent years considerable work has been done in the field of branched-chain 
sugars by several groups [129]. Three major methods for the introduction of a methyl- 
branch into ulosides (keto glycosides) shall be outlined. All of them make use of the 
carbonyl functionality, either at the electrophilic carbonyl center or at the nucleo- 
philic position adjacent to the carbonyl function. A 3-uloside like, e.g., 264 may be 
methyl-branched by use of methyl lithium or methyl magnesium iodide to give either 
265 or 266. Alternatively, 264 on Wittig olefination gives the exocyclic olefin sugar 
267, which on epoxidation with m-chloroperbenzoic acid may give both the spiro 
epoxides 268 and 269. Their reduction leads to both the epimeric branched-chain 
sugars 265 or 266, respectively [129]. 
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By application of the Klemer-Rhodemeyer method [130], a base abstraction of 
a proton adjacent to the carbonyl group of the keton 270 occurs and thus an inter- 
mediate enolate is formed. This is subsequently attacked by the approaching electro- 
phile Met to give 271 in 60% yield [131]. 

It is the latter approach which is advantageously applied in the synthesis of D- 
and L-nogaloside [132]. The former target molecule is obtained from methyl 2,3-di-O- 
isopropylidene-ct-D-rhamnopyranoside (272). Pyridinium dichromate oxidation is 
carried out to give the 4-uloside 273, the methylation of which occurs upon treatment 
with lithium diisopropylamine/methyl iodide to give 274 in 72% yield. In this bio- 
mimetic process only the axial methyl-branched product is generated with regio- 
selectivity and stereospecificity. Acid-catalyzed dioxolane ring cleavage, acetylation, 
uloside reduction, and deacetylation yields methyl ~t-D-evaloside (275). The corre- 
sponding enantiomer L-nogaloside was obtained similarly [132]. 
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R = CH 3 27/4 

The remaining central problem in the synthesis of orthosomycin glycosides is the 
generation of the complex anomeric spiro orthoesters. Two general approaches are 
leading to the desired structures, either by starting with a lactone or a glycal. Yoshi- 
mura et al. [133, 134] obtained the anomeric orthoesters starting with, e.g., the gluco- 
nolactone 276 and, e.g., the methyl-branched silyl ether-protected diol 277. Under 
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277 

OR 0 

278 

trimethylsilyltrifluoromethane sulfonate (TMSOTf) catalysis in dichloromethane, 
the corresponding product 278 was formed. The method gives good yields if simple 
diols are involved; in case of more complex derivatives, the yield is considerably 
lower (like approx. 10~ for 278, R=  Bn). This was the first method published, the 
mechanism of which is supposed as follows. 

Employing the lactone 279, the trimethylsilyl cation generates a positive charge 
at the anomeric carbon position of 280. The corresponding triflate anion recombines 
with one of the silyl ethers in 281 and yields the alkoxide 282 and a molecule of catalyst. 
After nucleophilic attack, 283 is formed, and by a subsequent intramolecular reaction, 
the orthoester 284 is obtained simultaneously releasing a molecule of hexamethyldisil- 
oxane. 

Descotes et ai. developed a stereoselective photocyclisation procedure of hydrox- 
alkyl glycosides to give spiro orthoesters [135]. By oxymercuration of the glycal 154 
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with ethylene glycol as a model diol, the 2-deoxy-2-acetoxymercuri-glycoside 285 
is formed as an anomeric and 2-epimeric mixture. This is reductively transformed 
into the 2-deoxy compound 286. Irradiation with visible light in the presence of iodine 
and mercury(II)oxide gives the spiroorthoester 287 [136]. 
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x 0 ~ /  

2. NaBH¢ X = Hg0Ac 285 
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Previous work of Sinaij et al. [137] established the method of diastereoselective 
conversion of glycals into anomeric spiro orthoesters using the oxyselenation- 
elimination sequence. Recently, the C-'D.unit of everninomycin itself was synthesized 
[138]. Methyl ~-D-evermicoside 289, the D-ring precursor is prepared conventionally. 
Its condensation with the 3,4-di-O-benzyt-D-rhamnal (288) using phenyl-selenyl 
chloride in acetonitrile is shown to occur regiospecifically. In contrast to the expecta- 
tion, glycosytation is observed via the tertiary 3-position to give the disaccharide 290. 
After sodium metaperiodate oxidation, the diastereomeric mixture of phenylselen- 
oxides 291 is obtained. Heating to 120 °C in toluene in the presence of vinylacetate 
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and d i i sop ropy lamine  as base results in the fo rma t ion  o f  bo th  o r tho lac tones  292 
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