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Ahatrac-Sialic acid is located at the non-reducing ends of carbohydrate chains of glycoproteins and 
glycolipids and plays an important role in biological processes. The synthesis of sialylated oligosaccharides 
has been encouraged in order to clarify their vital functions. In the synthesis of sialylated oligosaccharides, 
the most difficult problem remaining is the stereoselective glycosidation of sialic acid by the creation of the 
a-glycosidic linkage. This Report discusses enxymic and synthetic approaches to the glycosidation of siahc 

acid by new methodologies. 

1. INTRODUCT’ION 

Sialic acids are N-acyl derivatives of neuraminic acid, 5-amino-3,5-dideoxy-D-glycero-D-galacto-2- 
nonulopyranosonic acid such as N-acetylneuraminic acid (NeuSAc, Fig. 1). Sialic acid residues are 
located at the non-reducing ends of glycoproteins and glycolipids, and play an important role in 
biological phenomena,‘** including the transport of ions, amino acids, and viruses through 
membranes.’ Sialic acid is strongly and preferentially complexed with the calcium ion at pH 7 in a 
ratio of 1 : 1 .4 Gangliosides are animal glycerosphingolipids which contain sialic acid. They are 
recognized as binding sites for enzymes, hormones, toxins, &tins, bacteria and viruses. s7 They are 
principally located in the outer cell-surface of plasma membranes. In these situations, sialic acid 
serves as a carbohydrate with a central function and it is mainly responsible for the negative charge 
of cell surfaces. After Tsuji ef al.* reported that the ganglioside, GQ,,, (Fig. 2), in a few nanomolar 
concentration, showed remarkable enhancement of cell growth and neurite outgrowth in neuro- 
blastoma cell lines, then sialylglycoconjugates became important synthetic targets. Stereoselective 
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Fig. I. Conformation of N-acetylneuraminic acid. 

synthesis of NeuSAc glycosides is of outstanding interest in order to provide tools for the study of 
biological functions. For these objectives, not only the naturally occurring a-glycosides but also the 
unnatural /I-glycosides are targets. 

The synthesis of NeuSAc glycosides is challenging because the carboxyl group is attached to the 
anomeric position. This reduces its reactivity in glycosidation. Furthermore because it is a 3deoxy 
sugar the formation of the 2,3-dehydro derivative may be observed when the anomeric hydroxyl 
group is activated. Many attempts have been made to overcome these difficulties because NeuSAc 
is available from various sources. 9-‘2 This Report describes new methodologies for enzymic and 
synthetic approaches to glycosides of sialic acid. 

2. ENZYMIC GLYCOSIDATION 

The sialic acid, NeuSAc, is synthesized in uioo from N-acetylmannosamine and pyruvic acid 
and this process is catalyzed by N-acylneuraminate pyruvate lyase (EC 4.1.3.3). CMP-sialic acid 
synthetase (EC 2.7.7.43) converts NeuSAc to the activated form, CMP-NeuSAc, which is incor- 

GOI GolNAc GOI GIG CW 

Fig. 2. Structure of ganglioside CX&,. 



Glycosidation of sialic acid 

Scheme 1. 

porated into the non-reducing ends of glycolipids and glycoproteins with the aid of sialyltransferases 
(EC 2.4.99. I). 

Recently enzymic synthesis has been widely adopted as one of the useful routes to natural 
products with restriction of substrate. This technique is applicable to the glycosidation of sialic 
acids with a-glycosidic linkages. N-Acylneuraminate pyruvate lyase has the tolerance to catalyze 
the formation of various kinds of sialic acids having variants at C-5 not only from N-acetyl- 
mannosamine but also from many hexopyranoses.‘s’6 CMP-sialic acid synthetase is also able to 
activate modified sialic acids at 5- and 9-positions (Fig. 1) (iglycoloylamino, 5-hydroxy, 9-0- 
acetyl, 9-amino, 9-fluoro, etc.) to yield the corresponding CMP-sialic acids. ‘7-2o On the other hand 
sialyltransferases have a strict substrate specificity because they recognize the second sugar unit and 
the glycosidic linkage. 

Thiem ef ~1.~’ synthesized (52%) NeuSAc(a2-6)Gal(BI-4)GIcNAc (2) in a 0. I mmol scale from 
LacNAc (1) and CMP-Neu5Ac by the use of immobilized /I-Gal ct2-6 sialyltransferase (Scheme 1). 
Sabesan et al. have synthesized ten types of sialyloligosaccharides using three kinds of sialyl- 
transferases by a skillful combination of chemical and enzymic methods (Scheme 2).22 The di- 

51 R- (CH2) 5CH3 & 

(m)Gal (bl-4)GlcNAc ~2-6 mialyl+ranaf.ram.. CUP-NouSAc 
(b)CaI (~1-3(4~)GlcNAc a2-3 rlmlyltran~f.r~m.. CMP-NeuSAc 
(c)Gal (Cl-S(O)GlcNAc ~2-3 1lalyltrmnrf.ra8e. CUP-Neu5Ao 

Scheme 2. 
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sialylated tetrasaccharide was synthesized by double sialylation using different sialyltransferasesz3 
CMP-NeuSAcs modified at the 9-position of NeuSAc (Fig. 1) by for examples g-NH* or 9-FITC 
can be transferred to the corresponding glycoconjugate by sialyltransferase. ‘9*20 Enzymic glyco- 
sidation does not require protecting groups and the immobilized enzyme can be used repeatedly. 
However, the disadvantage of the enzymic approach for glycosidation is that the individual enzyme 
has to be prepared and this can present difficulties. Furthermore this technique is not applicable for 
the synthesis of /?-glycosides which are required for the investigation of the structurefunction 
relations. 

3. CHEMICAL GLYCOSIDATION 

Organic synthesis can yield a reasonable amount of oligosaccharides of high purity. 

3.1. 0-Glycosides from 2-akoxy-2jl-halo-NeuSAc derivatives 
Many groups have investigated the glycosidation of NeuSAc with varying degrees of success. 

The first attempt was made in 1965 by Meindl et aLz4 who used 5-acetamido-4,7,8,9-tetra-O- 
acetyl-2-chloro-~-D-g~ycero-D-ga~acto-2-non~opyranoso~c acid as the donor and succeeded in the 
synthesis (30-50%) of various glycosides using Koenigs-Knorr reaction conditions. The free acid 
can create problems so the corresponding methyl ester 8, first prepared by Kuhn et a1.,29 has been 
widely used in glycosidation. The methyl a-glycoside 9 was obtained by treating 8 with silver 
carbonate in methanol : the methyl /I-glycoside 11 was prepared by refluxing a methanol solution 
of NeuSAc with acid (Scheme 3). This method is useful for the a-glycosidation of NeuSAc with high 
reactive alcohols, phenols, and sugar alcohols (Table 1). Unfortunately in the case of less reactive 
acceptors such as secondary or hindered hydroxyl groups of sugars, the main product comes to 
be the 2,3-dehydro-NeuSAc derivative 14 formed by intramolecular elimination. In order to raise 
the glycosidation yield and increase the a-selectivity a new promoter has been developed (Entry 16, 
23). In addition the acceptor has been activated (Entry 67), the protecting groups of NeuSAc were 
changed (Entry 68, 69), and minimization of the number of protecting groups in acceptor was 
examined in order to reduce steric bulk (Entry 89). 

Since NeuSAc is a 3-deoxy sugar it is difficult to avoid competitive elimination. Neighboring- 
group participation is not expected when 12 is used as a donor. As the anomeric carbon of NeuSAc 
is quaternary, glycoside formation is inhibited. However, by using this method gangliosides GM47’ 
and GMJ73*75 have been synthesized by Ogawa’s group. 

Among many glycosides obtained by this method, phenyl, indolyl and umbelhferyl glycosides 
(Entry 28-38) are artificial substrates which produce a dye or a fluorescence after sialidase treatment. 

Ls !.L 
Scheme 3. 
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Table 1. Glycosidation of the acetyl protected donors J.J, with R-OH 

Donor Acceptor 
IQltry x Y 

Glycoaides(lJ) Ref 
(R-OH) Promoter a(x) pcx, 

1 Cl H a3m 
2 Cl H CH3KH2140H 

3 Cl H CH3(CH2)5OH 

4 Cl H CH3tCHZ)gOH 

5 Cl H AcOCH~KH~)+H 

6 Cl H AcOCH2 KHz) 4OH 

7 Cl H cyclohexanol 
8 Cl H cyclohexylmethanol 
9 Cl H m-Chlorobenzyl alcohol 

10 Cl H m-bromobenzyl alcohol 
11 Cl H m-iodobenzyl alcohol 
12 Cl H p-mthoxybenzyl alcohol 
13 Cl H n-BuO2CCH20H 
14 Cl H Me02CCH2OH 
15 Cl H BnOCH2CH2OH 
16 Cl H CH3OH 
17 Cl H CH2=CHCH2OH 
16 Cl H benzyl alcohol 
19 Cl H Z-HNCH2CH2OH 
20 Cl H Z-HNCH2CH2OH 
21 Cl He CH3OH 
22 Cl He CH30H 
23 Cl He CH30H 
24 Cl Me CH3CH20H 
25 Cl Me (CH3)2CHOH 
26 Cl Me KH313CCH20H 
27 Cl He CH2=CHCH2OH 
20 Cl H phenol 
29 Cl Me p-ni trophenol 
30 Cl He E-nltrophenolc 
31 Cl He m-methoxyphenol 
32 Cl He 2-hydroxypyridined 

33 Cl Me “Ow /or c 

H 

34 Cl He 
35 Cl He 
36 Cl He 
37 Cl Me 
38 Cl He 

““m 
I e 

C 

C 

42m3 
Ag2Co3 
Ag2C03 
Ag2Co3 
Ag2w7 
Ag2Co3 
Ag2CO3 

Ag2a3 
Ag2m3 
Ag2Co3 
Ag2co3 
Ag2C03 
Ag2m3 
r\s2C% 
Ag2co3 
Ag polymaleate 
Ag polymaleate 
Ag polymaleate 
Ag polymaleate 
Ag polymaleate 
Ag2C03 
Ag2C03 
Ag salicylate 
Ag salicylate 
Ag salicylate 
Ag salicylate 
Ag salicylate 

Ag2CO3 

Ag2CO3 
____ 

Ag2CO3 
____ 

40 24 
42 24 
47 24 
29 24 
30 24 
45 24 
50 24 
30 24 
48 24 
47 24 
30 24 
45 24 
31 25 

7” 25 
24 26 
63 27 
57 27 
64 27 
58’ 27 
14a 20 
do-sob 29 
30b 30 
89 31 
88 31 
04 31 
67 31 
94 32 
18 6 33 
51 34 
57 35 
17 ? 36 
19 5 20 

--__ 16 37 

CdC03 61 38 
Cdco3 0 39 
____ 63 39 

Ag2a3 50 40 
--__ 68 41 
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Table 1. (continued) 

Donor Acceptor 
Entry x y 

Glycosides(u) Ref 

(R-OH) Prom ter cm) pm, 

39 

40 

41 

42 

43 

44 

45 

46 

41 

40 

49 

50 

51 

52 

53 

54 

55 

Cl ne HO HgKN)2, HgBr2 37 24 

OAc He TKXrT’f 0 ? 

Cl He 

8 

n-7 figKNI2, HgBr2 16 27 

Cl We no CnR2n+ 1 n=ll Hg(CNI2, HgBr2 11 12 
Cl He n=lti HgVW2, HgBr2 27 32 

Cl He HO CnH2n+l n=lC lig(CNI2, HdBr2 25 21 

Cl He ~wC&?n+ 1 Rl=Ac,n=17 mf 27 30 

Cl He “0 Rl=Bz,n=17 AgOTf 26 31 

Cl He R1=Bz.n=23 AgOTf 21 25 

Cl Ne cholesterol A.Wf 33 37 46,47 

Cl Ue cholesterol Wf 30 30 48 

Cl 

Cl 

Cl 

Ue 
Ne 
Ue 

R1.H h2co3 30 0 

R1=H Hb(CM2, HdBr2 40 10 

Rl=F HgKN)2, HbBr2 11 12 

Cl Me 
Cl Ue 

R1.R2=lsopropylidene &2CO3 0 0 

R1 ,R2=Ac A6’OTf 9 22 

42 

43 

44 

44 

44 

44 

45 

45 

45 

49,so 

49.50 

49,so 

49 

51 

NHBI 

.J$ 
ClHe H o 34 AC A0 

4mf a 14 51 
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Table 1. (continued) 

Donor Acceptor Glycosides(~) Ref 
Entry x y (R-OH) Promoter aw pw 

66 Cl He 

67 Cl Ue 

58 Cl Ue 

59 Cl Me 

60 Cl Me 

61 Cl He 

62 Cl Bn 

63 Cl Me 

64 Cl Ne 

65 Cl Ue 

66 Cl He 

67 Cl He 

68 

69 

Cl ally1 

F ally1 

70 

71 

Cl He 

Cl Me 

Rl R2 

AC AC 
R’ 

&2a3 
He Bn AgOTf 

R1 R2 R3 R4 R5 

H,OAc AC AC AC hZm3 
H Bn AC -SI(Pr)20(Pr)2SI- AgOTf 

Bn H -COCHzCQ 1Hz3 H H,q(CN)2- 

-13k?7 MRr2 

R1 R2 

AC AC &2CO3 

Bn Bn Ag sallcylate 

R’ Bn Bn HIUCWZ, HbBr2 
R’b MBn Bn Ag salicylate- 

H 

(n-Bu)qN*Br- 
HO K 

MZC03 40 7 60,61 

BF3*Et2 7 37 60,61 

17a 

10 40 

0 22 

26 35 

52 

53 

54 

47 

16” 

lZf 46f 

23 11 

(416 (0) 

52 

54 

55 

laa 52 

65 3 56 

36 48 57 

43 58 

36h 23h 59 

R1 R2 R3 

Bn Bn Bn Hg(CNI2.HgBr2 42 36 

R’ ally1 H H, AxOTt 41 8 

62 

63 
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Table 1. (continued) 

Donor Acceptor Glycosides(~) Ref 

Entry x y (R-OH) Promoter a(x) p(x) 

12 Cl Ue 

73 Cl Ue 

74 Cl He 

75 

76 

77 

78 

79 

80 

Cl Me R=Bn 

Cl Ue R=al lyl 

Cl Ue 
Cl Me 

CI He 

Cl Me 

61 Cl ne 

Hg(CN)2, HgBr2 21 0 64 

R1 R2 

Bn N3 

AC NPhth 

Hg(CNI2, HgBr2 22 23 67,65 

Hb(CN)2, HdBr2 25 27 66,67 

bR 
Hb(CN)2. MBr2 
Hg(CN)2, HgBrg 

Hi3(CN)2, HgBr2 6 6 70 

Hg(CN)2, HxBr2 12 19 71 

AgC104, Ab2CG3 10 a 72 

L no Bn 

A&@03 

Ab2C03 

34 30 66 

48 33 69 

lla 52 

52 
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Table 1. (continued) 

Donor Acceptor Glycostdesf~) Ref 
Rutry R y (R-OH) Promoter at%) p(x) 

a2 Cl Me R1=OBn ttWN)2, HsBr2 6 12 70.73 

a3 Br Me Rl=OBn m104, A92GO3 16 19 74 

a4 Cl He Rl=OBn H~fcN)2, HbBrs 7h 16h 75 

85 Br We Rl=N3 m104, UPC03 21 22 76 

66 Br l4e Rl=N3 &X104, &2a3 ? ? 77 

07 

80 

69 

Br Ue &ClO4, Ad2GO3 0 10 72 

Cl We M(CN)2, hBr2 17 9 42 

Cl Ue HdCNl2, UBr2 55 20 78 

aYleld after complete deprotection. bYield after deacetylation. cSodium 
salt was used. dSitver salt was used. eTetrabutylammoniuia salt vas used. 
fYield after desilylatlon followed by acetylation. SHydroxyl groups of the 
donor were protected by chloroacetyl groups. hThe acceptor was activated 
with dibutyltln oxide and yield was based on the acceptor. tThe ace tyl 

protected Neu5Gc methyl ester was used as a donor. 

Glycosides of dialkyl glycerol, ceramide, and cholesterol (Entry 39,40,45-49) show strong neurite 
outgrowth activities in very low concentrations comparable with that of gangliosides.43*7’82 The 
lyso-type glyceryl glycosides (Entry 41-44) have inhibitory activity towards phospholipases.44 The 
nucleoside derivatives (Entry S&55) influence the metastasis of lung cancer by inhibition of sialyl- 
transferase.83**4 

3.2. GIycosidation using 3-substituted NeuSAc derivatives 
To increase the efficiency of glycosidation and influence a-selectivity the introduction of sub- 

stituents into the 3-position of NeuSAc have been examined to prevent the elimination reaction. 
This pioneer work was carried out by Okamoto et a1.,46*47*8S90 who used 14 and checked the 
reactivity of its 2,3-double bond. This gave new and useful glycosyl donors. 
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=X-Oh. F. Cl. Br 
Y-H.Me. Bn. allyl 

Be, 8-olycoaidea 

Scheme 4. 

IA 

The compound 14 was easily prepared in high yield by treatment of peracetyLNeu5Ac methyl 
ester with trimethylsilyl triflate (TMSOTf)g’-93 or by direct treatment of Neu5Ac methyl ester with 
acetic anhydride containing a catalytic amount of sulfuric acid. 94*9s The 2,3-double bond of 14 has 
high reactivity : chemical treatment easily gave adducts (Scheme 5, Table 2). *’ Bromination of 14 
gave the 2/&3c+dibromide 15a (Entry 1). The dibromide 15a is a useful glycosyl donor. The 3-axial 
position is blocked by the bromo group and this prevents the elimination reaction (see below). 
Treatment of 14 with N-bromosuccinimide (NBS) gave two bromohydrins, the trans-diaxial adduct 
15b and the rruns-diequatorial adduct 16b. These were separable by a column chromatography and 
their stereochemistry was determined by J3.4 values (3.7 and 11.0 Hz) in their ‘H-NMR spectra. In 
this bromohydrination, the product ratio was influenced by reaction temperature (Entry 24) : low 
temperature gave the diequatorial adduct 16b predominantly and the thermodynamically more 
stable adduct 15b was the main product at higher temperatures. This phenomenon was reproducible 
in the iodohydrination (Entry 5, 6). Though haloglycosidation is a useful technique,96 only the 
bromomethoxylation of 14 was successful.97 

Compound 14 resisted direct epoxidation, so the [runs-diaxial bromohydrin 19 was converted 
to the epoxide 17 by treatment with base (Scheme 6). This means that the conformation ‘Cs is more 

AcOe- Tab’r2 ) Acov-’ + 

15a--?1_ 

Scheme 5. 

Table 2. Addition reaction of u 

Reaction 

Entry Reaction System p./oC Ttme/b 

1 Br2, CH2CI2 0 0.2 

2 NBS, MN-H20 20 6.0 

3 NBS, DUSO-H20 -20 0.5 

4 NBS, ii&N-H20 80 0.2 

5 NIS. MN-H20 20 8.0 

6 NIS, W&N-H20 60 0.5 

7 NBS, HeOH 20 1.0 

Br Br &#93) 

Br OH &,&A$391 MCSS) 

Br OH j,&( 8) j&84, 

Br OH m(73) WC231 

I OH j&(66) m(38) 

I OH l&(72) &(24) 

Br Oue M(37) Z(65) 

*Isolated yield. 
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_r 

07% BFB- OE t 2 

*co&_e AcQgj_. Act_. 

m 2 3rrF -22.6Hr !z 

64% AoF 

I 

AcoA& 

OOue 

F 
H 

AC 

Scheme 6. 

stable. The epoxide 17 was also subjected to the glycosidation reaction as a donor and gave the cis- 
halohydrins 18,19 and 20 in quantitative yields. For the determination of the anomeric configuration, 
the bromohydrin 20 was treated with silver fluoride and this gave the fluorohydrin 21 ( J3u,F = 15.0 
Hz). This agreed with a reported value,” which was different from that reported for the /l-isomer 
18 (22.6 Hz). 

In this way functionalization of the 2,3-double bond of 14 gave five new glycosyl donors, 15a, 
17, 18, 19 and 20, and their glycosidation ability was examined. 

Glycosidation of the 2/I,3a-dibromide 15a with the properly protected glucoside 22, galactoside 
25 and NeuSAc derivative 28 in the presence of silver Mate (AgOTf) gave only the corresponding 
$g$;psides, 23.26 and 29, due to steric protection of the a-face by the bromo-substituent (Scheme 

’ . The 3a-bromo group of the glycosides obtained was easily reduced with tributylstannane to 

c 
2) (n-b) 4SnH 

a R-OH 
a X-Br (50%) 
2’-J X-H (08%) 

. 
a R-OH 
a X-Br (70%) 
~XX-H (07%) 

2& R-OH dAc 

a X-Br (58%) 
=X-H (05%) 

Scheme 7. 
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3.z l 
AdYTY. rt. 0. Sh 

CKU. 

aJ. X-Br (98%) 

X 
a X-H (00%) 

Scheme 8. 

yield the corresponding glycosides, 24, 27 and 30 in high yields. This is the simplest way for the 
preparation of /I-glycosides stereospecifically. This is the first example of the synthesis of NeuSAc(2- 
8)NeuSAc having a b-linkage. This procedure will be applied to the stereospecific synthesis of 
unnatural sialylglycoconjugates which are required for structure-function studies. This method 
provides new tactics for the elongation of the sugar chain by repetition of the same operation 
(Scheme 8). The dineuraminyl saccharides, 29 and 30, have a 2,3-double bond in the second NeuSAc 
unit so this can be quantitatively converted to the corresponding tribromide 31 and dibromide 32 
by treatment with bromine. These were used as glycosyl donors in the second glycosidation with 
the glucoside 22 giving the trisaccharides, 33 and 34, the bromo groups of which were removed by 
reduction with tributylstannane giving the NeuSAc(B2-8)NeuSAc(/?l-6)Glc derivative 35. 

If the glycosidation reaction is of the SN2 type then the epoxide 17 would be expected to yield 
cr-glycosides. Treatment of 17 with methanol in the presence of acidic catalysts such as proton acid, 
Lewis acid, or [H+] resin gave only the a-glycoside in nearly quantitative yield. On the other hand, 
when 17 was treated with the less reactive acceptors, 22 and 25, in the presence of either antimony 
pentacholoride or TMSOTf then only the P-glycosides were obtained in moderate yields (Scheme 

9). ‘* To confirm the anomeric configurations, the hydroxy-glycosides, 36 and 38, were thio- 
carbonylated and reduced with tributylstannane (the Robins’ method94 giving the protected 
NeuSAc(/?Z6)Glc and Neu5Ac(/?2-3)Gal derivatives, 24 and 27, which were identical with the 
authentic samples obtained from the dibromide 15a. 

As shown in Scheme IO and Table 3, the fluorohydrin 18 was recovered intact under glycosidation 
conditions in which the 2/I-fluoro-NeuSAc derivative 12 was glycosidated with the partly protected 
galactopyranose (Table 1, Entry 69). Glycosidation of the chlorohydrin 19 with two molar equi- 
valents of 22 by the use of AgOTf gave a mixture of a- and p-glycosides. The chlorohydrin 19 was 
more reactive than the fluorohydrin 18 but glycosidation with the secondary alcohols of sugars did 
not proceed.86.89 

The bromohydrin 20 was an efficient glycosyl donor. Even with equimolar amounts of the 
acceptor, the glycosidation yield did not decrease severely (Entry 6) : or-selectivity increased when 
condensation was carried out at lower temperatures (Entry 7). This result demonstrates that kinetic 
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--- R-OC (-8) OPh (05%) 
@R-H (06%) 

Bn? RBn 

~XX-F 
L&X-Cl 
ax-B’ 

m R-OH (54%) 
N R-OC C-6) OPh (83%) 
27 R-H <OS%) 

Scheme 9. 

Tmble 3 
c 

AcQ H 9 \ 

$f ,“:iiii C-B) OPh (05%) 
42 R-H (97%) 

Scheme 10. 

Table 3. Glycosylation of a with u, .& or a 

Acccp tor Reactton Glycoetdes(W 
Entry Donor (sot.eputv) Prow&r Solvent TeBp Tilse $jceccM Bq3) 

1 18 2.0 EiF3*OEt2 KlCH212 rt 2.0h no glycosidcs 

2 18 2.0 AdOTf benzene r t l.Oh no glycosides 

3 19 2.0 AgOTf benzene rt O.Sh 33 25 

4 20 2.0 Wf benzene rt 1Omin 38 60 

5 20 2.0 Hg(W2,HgBr2 WCH2)2 rt 2.Sd 6 32 

6 20 1.0 AgoTf benzene rt 1Oain 28 53 

7 20 1.0 WTf toluene -1OOC 2Smin 64 16 
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q?t~S7%) # R-OH 
8-mnomer (15%) 

9(42X, +J R-OH 
d-anoner (21%) 

&$(24X) a R-OH 
8-snorer (28%) 

;a (26%) dAc 

I9-anoaer (8%) 4AR-OH 

Scheme II. 

control is required to yield a-glycosides preferentially. The use of large excesses of the acceptor in 
glycosidation of the 2-halo-NeuSAc derivative 12 makes this condensation very efficient. By this 
method glycosidation of 20 with various acceptors containing Gal, Lac and NeuSAc was successful 
(Scheme 1 1).8’~86~*9*90 Glycosidation with the 3,4-unprotected galactoside 43 in the presence of 
AgOTf gave the a-glycoside 44 (37%) together with the /?-anomer (15%). When the 2,4,6-&O- 
benzylated /I-galactoside was used, no glycoside was formed due to the steric bulk of the 4-0-benzyl 
group.*6*8Y The lactoside 45 was glycosylated with 20 giving a mixture of a- and /?-anomers because 
the reaction was carried out in toluene-1 ,Zdichloroethane (1 : 1) at higher temperatures due to the 
low solubility of 45. 

Dineuraminyl saccharide having the a2-9 linkage mode, which was found in the sugar moiety 
of the meningococcal serogroup C,‘oo*‘o’ was synthesized with good stereoselectivity by glyco- 
sidation of the bromohydrin 20 with the acceptor 47 prepared from the NeuSAcZen methyl ester in 
two steps.85*90 The main objective in the synthesis of sialylglycoconjugates is how to make the a2-8 
bond between two sialic acids. This linkage was synthesized for the first time by employing the 
above glycosidation method. Thus, 20 was treated with the S-O-free NeuSAc methyl ester 49 to 
give the a-anomer 50 (26%) and the corresponding /I-anomer (8%). The hydroxyl groups of the 
dineuraminyl saccharides were removed by the Robins’ reduction. This methodology established 
new tactics for the a-glycosidation of NeuSAc instead of methods using the classical donor 12. 

In order to raise r-stereoselectivity Ogawa’s group developed an approach using the phenyl- 
selenenyl (PhSe) lo2 and the phenylsulfenyl (PhS) lo3 groups instead of the hydroxyl group as an 
auxiliary in the 3/3-position of NeuSAc. For introduction of the PhSe group the acetyl group of 14 
was converted into the benzyl group (76%) by deacetylation, benzylation, followed by esterification 
(Scheme 12). The benzyl protected 2,3-dehydro derivative 51 was treated with PhSeOAc in the 
presence of TMSOTf giving a mixture of the acetoxy-selenide 52 and the hydroxy-selenides, 53 
and 54, which were converted by deacetylation and epimerization with sodium methoxide to the 
equilibrium mixtures of 53 and 54 in the ratio of 34 : 66. By repeating this epimerization of 53 the 
3&selenenyl compound 54 was obtained (83%). The DAST treatment of 54 gave the fluoride 55 in 
an anomeric mixture (a : /I > 20 : 1). lo2 
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z X-OAc. R’-H. R2-3,Ph (79%) 
s X-OH. RI -H. R2-B.Ph (11 X) 

3 

is. 

w X-OH. R’ -SePh. R2-H ( EX) 83% 

Scheme 12. 

In the glycosidation of 55 the use of a combination of AgOTf and SnC12 as a promoter in carbon 
tetrachloride gave the best yield and a-stereoselectivity. When treated with the glucoside 22 only the 
a-glycoside 56 was obtained (72%). The side-product was the 2,3dehydro compound 51 (Scheme 
13). In the case of the lactoside 58 the desired a-glycoside 59 was obtained (20%). The regio-isomer, 
that is, 4’-O-glycoside was also formed (5%). The phenylselenenyl groups of the glycosides obtained 
could be directly removed by reduction with tributylstannane. 

The PhS group was expected to provide more efficient neighboring-group assistance (Scheme 
14). The 2,3-dehydro NeuSAc methyl ester 51 was treated in a similar manner as 14 giving the 

BnO H 

R-OH 
. 

AOOTZ, snc I 2 
ccl& rt 

BnQ H Cocue clR 
BnO 

BnO 

a Y-SoPh (20%) 
m Y-H (95%) 

z R-OH 

Scheme 13. 
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Scheme 14. 
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Scheme 15. 

two bromohydrins, 61 and 62. The 3-axial bromo-adduct 61 after phenylthiolation followed by 
epimerization with DBU yielded the 3/I-PhS derivative 63. The 3equatorial bromo adduct 62 was 
directly converted to 63 by treatment with PhSH and potassium r-butoxide. Halogenation of 63 with 
either DAST, (Me*N) ,P-CC14, or (Me2N)3P-CBr., gave the fluoro, chloro and bromo derivatives, 64, 
65, and 66, respectively. lo3 Among these halohydrins, the most promising donor was the bromo- 
hydrin 66. It is noteworthy that dramatic improvement of yield was observed in the glycosidation, 
especially, with the secondary alcohols, 58 and 69 (Scheme 15). The PhS group was also reduced 
with tributylstannane. lo3 Recently by using this glycosidation method and the elongation technique 
of the sugar chain employed in the synthesis of the trisaccharide 35, ganglioside GD3 and GMlb 
were synthesized in a stereoselective manner. ‘04*105 In conclusion, the 3/?-PhS-NeuSAc derivative 
among many donors so far examined gives the best glycosidation yield and a-stereoselectivity. 
Unfortunately it still leaves a problem that the preparation of the donor 66 requires multiple reaction 
steps. 

Attempt to solve this problem was examined by Kondo et al. who used a direct introduction 
method of the 3/I-PhS group by the addition of phenylsulfenyl chloride to the 2,3-double bond of 
NeuSAc (Scheme 16). lo6 The adducts were separated giving the major 3/?- and the minor 3a-PhS 
derivatives, 71 and 72. The former 71 was glycosidated with various acceptors in the presence of 
AgOTf to give the a-glycoside 73 in good yield (Table 4). lo7 The 3/?-PhS group of 73 was easily 
removed by reduction with tributylstannane affording the glycoside 74. They also succeeded in the 
direct second glycosidation of the fluoro-dineuraminyl saccharide obtained in Entry 7 without the 

l)R-OH 

I 

2) (n-Baa> SSnH 
AgOT* AIBN 

(Table 4) 

Scheme 16. 
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Entry 

Table 4. Glycosidation of a with R-OHIO7 

Acceptor 
(R-OH) Solventa Yield of z;t (X) 

1 A 70 

* 

A 42 

70 
66 

50 

It1 R2 
6 R20 AC H A 45 
7 H AC c 42 

asolvents employed are: A, acetonitrile-toluene; B, 1,2-dichloroethane- 
toluene; C, dichloronthane-toluene. 

necessity of functionalization of the second NeuSAc unit.“’ In this method the problem remaining 
is to raise the glycosidation yield for the synthesis of the dineuraminyl saccharide having ~~2-8 
linkage. However, taking into account the studies mentioned above this problem may be solved if 
the corresponding 2-bromo donor can be synthesized. 

3.3. S-Glycosides and their conversion to 0-glycosides 
The replacement of an oxygen atom by a sulfur atom is often adopted to modify biological 

function. For example, 9- and 6-thio-sialic acids have been synthesized and the 2-azido derivative 
of the latter is a strong sialidase inhibitor. ‘09*“0 An interesting aspect of 2-thiosialic acid is that 
epimerization at the anomeric position is not observed. 

The first synthesis of thioglycosides was reported by Pivalova et al. but assignment of con- 
figuration at the anomeric positions of the product was doubtful. ’ ” In 1980 the Merck group 
synthesized the thioglycoside 76 for targeting studies (Scheme 17). ‘I2 Thioglycosidation of the 
peracetyl NeuSAc methyl ester 12 with 75 in the presence of BFS* OEtz gave the B-glycoside 76 
(2 1%) in preference to the c+glycoside. 

For stereoselective thioglycosidation of NeuSAc Hasegawa et al. developed a new method which 
uses the sodium salts of 2a- and 2/?-thio-NeuSAcs, 78 and 80 (Scheme 18).“3*“6 Thus, treatment 
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dAc 
-& abud. 8 (21%) 

Scheme 17. 

of 12 (X = Cl, Y = Me) with potassium thioacetate gave the 2a-thioacetate 77. On the other 
hand, when 12 was treated with silver fluoride this yielded the a-fluoride which was subjected 
to thioacetoxylation with thioacetic acid and BF,*OEtz giving the 2/?-thioacetate 79. When the 
thioacetates, 77 and 79, were treated with equimolar amounts of sodium methoxide at -40°C 
this yielded the corresponding sodium salts, 78 and 88, respectively. Alkyl 2a-thioglycosides were 
synthesized by condensing 78 with hexyl, dodecyl and octadecyl bromides.‘” In the same way, 
disaccharides were synthesized using 6-bromo-hexopyranoses, 81,83, and 85, ’ I4 3-O-trifluoromethane- 
sulfonyl(Tf)gulopyranoses, 87 and 89, ’ ’ 5 and S-bromocytidine derivative 91’16 (Scheme 
19). The /I-thio-glycosides are also obtainable from the /?-SNa 80 in the same manner. Using 
this method a photo probe, 4-azido-2nitrophenyl a-thioglycoside was also synthesized.“’ 

~1 R2R3 R4Rs s 

cu. OAC OAC H 

I 
RI R2 

R3 R4 R-Ott 
f@cJox, Ii lwwvllh H 
&8 (22%) AC H A0 Me 

Scheme 19. 
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As a new 0-glycosidation method, the thioglycosides were converted to 0-glycosides’ ’ &I21 using 
mainly dimethyl(methylthio)sulfonium triflate (DMTST) by the method originally developed by 
Pavenscroft et al. ‘22*‘23 This method used the methyl and phenyl cc-thioglycosides 93 obtained by 
methylation of 78 and by thiophenylation to the chloride 12 (X = Cl, Y = Me). As shown in Table 
5, many 0-glycosides 94 were synthesized by this method (Scheme 20). The ratio of a- and fl- 
anomers in this reaction was influenced by the solvent : dichloromethane gave the /I-anomer whereas 
acetonitrile gave the a-anomer predominantly. By reducing the number of protecting groups glyco- 
sidation yield and stereoselectivity were increased (Entry 7, 9, 11). Other promoters such as 
PhSeOTf and PhHgOTf were less effective. Ganglioside GM, have been synthesized by application 
of DMTST method. ‘24 

Table 5. Conversion of S-glycoside 93. into Q-glycoslde 9,& 

Donor Acceptor Glycosldes(w Ref 
Entry y UMH) Proxoter Yield(%) a:p 

6 

I 

a 

9 

10 

11 

12 

13 
14 

He 
He 
Ne 
He 
He 

Me 

Me 

He 

Me 

Ue 

Me 

He 

Ph 

CH3OH DNTSTa quaat 5:2 119 
CH3KH213OH DKTST quan t 2:s 119 
CH3fCH2)+H DHTST 90 1:1 119 

CH3tCH2)lSOtl DNTST a3 2:5 119 

cyclohexanol WST 95 2:6 119 

AckH 

tii 

HO 

DMTST 61 3:7 119 

DMTST 69b l:o 120 

DUTST 50 6:s 119 

DKTST 43b l:o 120 

DNTST 5 l:o 119 

DKTST 47b l:o 120 

PhSemf 63 16: 84 121 

PhSeOTf 70 41:59 121 
PhHmf 24 5:1 118 

aDinethyl(aethylthto)sulfonlum trlflate. bYteld based on the acceptor. 
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Scheme 21. 

3.4. N-Glycosides 
There are only two reports concerning N-glycosides of NeuSAc (nucleoside type). Sakaguti et 

al. synthesized the 2-nitroimidazole nucleoside 96 as part of the study of radiosensitizer agents.“’ 
The modified Lowy-Davoll method was employed for the glycosidation of 12. The imidazole 95 
gave the only B-glycoside 96 (36%) (Scheme 21). Glycosidation of the peracetyl NeuSAc methyl 
ester 12 with TMS protected uracils, 97 and 99, in the presence of tin(W) chloride afforded mixtures 
of the a- and /?-nucleosides, 98 and 100, respectively.‘26 On the other hand when the chloride 12 
was treated with 97 and 99 using the Ag,COj catalyst only the /?-glycosides 98 and 100 were 
produced. 

4. TOTAL SYNTHESIS 

The total synthesis of NeuSAc glycosides, which involves the construction of NeuSAc 
moiety, is also an attractive target. By the use of an intramolecular oxymercuration-demercuration 
reaction ethyl fl-glycoside’27 and sialyl disaccharidest2* have been synthesized. The stereoselective 
synthesis of sialyl conjugates has been reported by Danishefsky et al. ‘29 by a method which involves 
a hetero Diels-Alder reaction of the fury1 diene and 2-(phenylseleno)propionaldehyde. These 
methods are not practical because multiple steps are required. 

5. DETERMINATION OF THE ANOMERIC CONFIGURATION 

In the glycosidation study of NeuSAc, one of the difficult problems is how to determine the 
anomeric configuration. Several methods to solve this problem have been reported. Enzymic (sial- 
idase)29.30 and chemica125*29.50*‘26 hydrolysis, CD64s’3e’32 and ‘H-NMR36*‘7*60*‘33 studies have led 
to the elucidation of the stereochemistry of the anomeric position. The difference in the hydrolysis 
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rates of a- and /I-glycosidic bonds with sialidase or a dilute acid is applicable only to the non- 
protected glycosides. The CD method is not applicable to glycosides which have chromophores 
such as acyl groups. The NMR method is a rapid, simple, and nondestructive method and has 
been widely used. However, the usual methods (J,,* and Jc_‘.H_‘) to determine the anomeric con- 
figuration of aldopyranoses cannot be applied to NeuSAc because the anomeric position bears 
no hydrogen atom. Therefore empirical rules for the acetyl protected NeuSAc glycosides have 
been used : (1) a-H-3 eq > /3-H-3 eq,13’ (2) a-H-4 < j?-H-4,3’*s7 (3) a-J7,8 > ~-57,g,46.47~85.86~LL&90 
(4) c(_IH_9’_H_91 < B_(H_9’_H_91.46.4’.R5.86.88-90 The rules I and 2 cannot be used for the special 
aglycones such as uracils. The rules 3 and 4 are applicable to the glycosides even if they are 
substituted at the 3-position of NeuSAc. 

Very recently the ‘%Z-NMR method has been developed as a general technique. ‘34 This is based 
on the Karplus relationship of Jc_I.H_3ax of NeuSAc. In the gated proton-decoupled or selective 
proton decoupled 13C-NMR spectra, the a-anomer gives a doublet C-l signal whereas the fi-anomer 
gave a singlet. This method cannot be used for the C-3 axially substituted glycosides, but it is useful 
that a low frequency (100 MHz for ‘H) is sufficient for the measurement. 

I. 
2. 
3. 
4. 
5. 

6. 

7. 

8. 
9. 

10. 
II. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 
21. 
22. 
23. 

Sehauer, R. Ed. Sialic Acids. Chemistry, Metabolism and Function ; Chap. D. pp. 59-76. Springer-Verlag : Wien, 1982. 
Rosenberg, A. ; Sehengrund, C.-L. Eds. Biological Roles of Sialic Acid; Chap. 4. Plenum: New York, 1976. 
Sehauer, R. Adv. Carbohydr. Chem., Biochem. 1982.40, 131. 
Jaques, L. W. ; Brown, E. B. ; Barrett, J. M. ; Brey, W. S. ; Weltner, W. Jr. J. Biof. Chem. Iw7,25.?, 4533. 
Svennerholm, L. ; Meidl, P. ; Dreyfits, H. ; Urbun, P.-F. Eds. Srrucrure and Function of Gangliosides; Plenum : New 
York, 1980. 
Ledeen, R. W. ; Yu, R. K. ; Rapport, M. M. ; Suzuki, K. Eds. Ganglioside Strucrure, Funcfion and Biomedical Polenfial; 
Plenum : New York, 1984. 
Paulson, J. C.; Rogers, G. N.; Carrel, S. M. ; Higa, H. H. ; Pritchett, T.; Milks, G. ; Sabesan, S. Pure Appt. Chem. 
1%4,56,797. 
Tsuji, S. ; Arita, M. ; Nagai, Y. J. B&hem. 1%3,94,303. 
Svennerholm, L. Methods Enzymol. 1963.6.453. 
Sehauer, R. ; Wirth-Peitz, F. ; Faillard, H. Hoppe-Seyler’s Z. Physiol. Chem. 1970,351, 359. 
Czarniecki, M. F.; Thornton, E. R. J. Am. Chem. Sot. 1977,99,8273. 
NeuSAc isolated from cow’s milk is available. 
Auge, C. ; David, S. ; Gautheron, C. ; Veyrieres, A. Tetrahedron L&t. 1985,26,2439. 
Auge:, C.; Gautheron, C. J. Chem. Sot., Chem. Commun. 1987,859. 
Kim, M.-J. ; Hennen, W. J. ; Sweers, H. M. ; Wong, C.-H. J. Am. Chem. Sot. 1% 110,6481. 
Aug& C. ; Bouxom. B. ; Cavaye, B. ; Gautheron, C. Terra/r&on I.&r. 1989,30,2217. 
Sharma, M. ; Korytnyk, W. J. Carbohydr. Chem. FB2-83, I, 3 II. 
Auge, C. ; Gautheron, C. Tetrahedron Letr. 1!%8,29,789. 
Gross, H. J. ; Brossmer, R. Glycoconjugare J. 15B8,5,411. 
Gross, H. J. ; Brossmer, R. Eur. J. Biochem. 1988,177,583. 
Thiem, J. ; Treder, W. Angew. Chem., In?. Ed. Engl. 19%,25, 1096. 
Sabesan, S. ; Paulson, J. C. J. Am. Chem. Sot. l!B6,108,2068. 
de Heij, H. T. ; Kloosterman, M. ; Koppen, P. L. ; van Boom, J. H. ; van den Eijnden, D. H. J. Carbohydr. Chem. 19118, 
7,209. 

24. Meindl, P. ; Tuppy, H. Monarsh. Chem. 1965, 96, 802. 
25. Holmquist, L. ; Brossmer, R. FEBS L&t. 1972,22,46. 
26. Holmquist, L. Acta Chem. Stand. 1974, B28, 1065. 
27. Eshenfelder, V. ; Brossmer, R. Carbohydr. Res. 1980.78, 190. 
28. Holmquist, L. ; Brossmer, R. Hoppe-Seyler’s Z. Physiol. Chem. 1972,353, 1346. 
29. Kuhn. R. ; Lutz, P. ; MacDonald, D. L. Chem. Ber. 1966,99,61 I. 
30. Yu, R. K. ; Ledeen, R. J. Biochem. 1969,244, 1306. 
31. van der Vleugel, D. J. M. ; van Heeswijk, W. A. R.; Vhegenthart, J. F. G. Carbohydr. Res. 1982,102, 121. 
32. Roy, R. ; Lafeniere, C. A. ; Gamian, A. ; Jennings, H. J. J. Carbohydr. Chem. 1!387,6, 161. 
33. Meindl, P. ; Tuppy, H. Monatsh. Chem. 1%7,98, 53. 
34. Pivalova, I. M.; Khorlin, A. Y. Izu. Akad. Nauk SSSR, Ser. Kh&n. 1%19,2785. 
35. Eschenfelder, V. ; Brossmer, R. Carbohydr. Res. 1981,162,2%. 
36. Tuppy, H. ; Palese, P. FEBS Lerr. 1969.3.72. 
37. Esehenfelder, V.; Brossmer, R. Glycoronjugare J. 1987,4, 171. 
38. Thomas, J. J. ; Folger, E. C. ; Nist, D. L. ; Thomas, B. J. ; Jones, R. H. Anal. Biochem. l!U8,88,461. 

REFERENCES 



5856 K. OKAMOTO and T. GOTO 

41. 
42. 
43. 
44 
45. 
46. 
47. 
48. 

49. 
50. 
51. 
52. 
53. 
54. 

55. 
56. 
57. 
58. 
59. 
60. 
61. 
62. 
63. 
64. 
65. 
66. 
67. 
68. 
69. 
70. 
71. 
72. 
73. 
74. 
75. 
76. 
77. 
78. 
79. 
80. 
81. 

82. 
83. 
84. 
85. 
86. 
87. 
88. 
89. 
90. 
91. 
92. 
93. 
94. 
95. 
96. 
97. 
98. 
99. 

100. 
101. 

Baggett, N. ; Marsden, B. J. Curbohydr. Res. 1982,110, 11 
Warner, T. G. ; O’Brien, J. S. Biochemistry 1979, I& 2783. 
Myers, R. W. ; Lee, R. T. ; Lee, Y. C. ; Thomas, G. H.; Reynolds, L. W.; Uchida, Y. Anal. B&hem. 1980, 101, 166. 
Ogawa, T. ; Sugimoto, M. Curbohydr. Res. 1984,128, Cl. 
C&ella, M. .Sy ; Acher, A. J. ; Le&en, R. W. Inl. J. Deul. lyeurosci. W88,6,319. 
Shimizu. C. : Achiwa. K. Chem. Pharm. BUN. 1989.37,2258. 
Kiso, Ml ; Nakamura, A.; Hasegawa, A. J. Carbohy&. Chem. 1!%7,6,411. 
Okamoto, K. ; Kondo, T. ; Goto, T. Chem. L.M. 19E6, 1449. 
Okamoto, K.; Kondo, T.; Goto, T. Terrahedron 1987,43, 5909. 
Sato, S.; Fujita, S.; Furuhata, K.; Ogura, H. ; Yoshimura, S.; Itoh, M. ; Shitori, Y. C/rem. Phurm. Bull. 1987, 35, 
4043. 
Ogura, H. ; Furuhata, F. ; Iwaki, K.; Takahashi, H. Nucleic Acids Res. 1981,23. 
Ogura, H.; Furuhata, K.; Itoh, M.; Shitori, Y. Carbohydr. Res. 1986, 158, 37. 
Sato, S. ; Furuhata, K.; Itoh, M.; Shitori, Y.; Ogura, H. Chem. Phurm. Bull. l!I88,36,914. 
Khorlin, A. Y. ; Privalova, I. M. ; Bystrova, I. B. Carbohydr. Res. 1971, 19,272. 
Brandstetter, H. H. ; Zbiral, E. Monatsh. Chem. 1983, lld, 1247. 
van der Vleugel, D. J. M. ; Zwikker, J. W. ; Vliegenthart, J. F. G. ; van Boeckel, S. A. A. ; van Boom, J. H. Curbohydr. 
Res. 1982, IO5, 19. 
Shimizu, C.; Ikeda. K.; Achiwa, K. Chem. Pharm. Bull. 1988,36, 1772. 
van der Vleugel, D. J. M. ; Wassenburg, F. R. ; Zwikker, J. W. ; Vliegenthart, J. F. G. Carbohydr. Res. 1% 104,221. 
Paulsen, H. ; Tietz, H. Curbahydr. Res. lW, 125.47. 
Pozsgay, V. ; Jennings, H. J. ; Kasper, D. L. J. Carbohydr. Chem. 1981,6,41. 
Murase, T. ; Kartha, K. P. R. ; Kiso, M. ; Hasegawa, A. Curbohydr. Res. 1989,195, 134. 
Kunz, H.; Waldmann, H. J. Chem. Sot., Chem. Commw. 1985,638. 
Kunz, H. ; Waldmann, H. ; Klinkhammer, U. Helu. Chim. ACM 1988, 71, 1868. 
Pausen, H. ; von Deessen, U. ; Tietz, H. Carbohydr. Res. 1985,137.63. 
Iijima, H. ; Ogawa, T. Carbohydr. Res. 1988, 172, 183. 
Furuhata, K. ; Anamwa, K. ; Itoh, M. ; Shitori, Y. ; Ogura, H. Chum. Phurm. Bull. 1986.34.2725. 
Paulsen, H. ; Tietz, H. Angew. Chem., Inf. Ed. Engl. 1982,21,927. 
Paulsen, H.; Tietz, H. Angew. Chem. 1985,97, 118. 
Paulsen, H. ; Tietz, H. Carbohydr. Res. 1935,144,205. 
Kitajima, T. ; Sugimoto, M. ; Nukada, T.; Ogawa, T. Curbohydr. Res. 19&Q, 127, Cl. 
Ogawa, T. ; Sugimoto, M. ; Kitajima, T.; Sadozai, K. K.; Nukada, T. Tetrahedron Left. 1986,27,5739. 
Ogawa, T. ; Sugimoto, M. Curbohydr. Rex 1985, 135, C5. 
Numata, M. ; Sugimoto, M. ; Koike, K. ; Ogawa, T. Carbohydr. Res. 1!%7,163,209. 
Marra, A. ; Sinay, P. Gazz. Chim. Ital. 1987, I1 7,563. 
Sugimoto, M. ; Ogawa, T. Glycoconjugate J. 1985.2, 5. 
Paulsen, H. ; von Deessen, U. Carbohydr. Res. 1986,146, 147. 
Numata, M. ; Sugimoto, M. ; Shibayama, S. ; Ogawa, T. Carbohydr. Res. 1988,174, 73. 
Paulsen, H. ; von Deessen, U. Carbohydr. Res. 1988,175,283. 
Sinay, P. Biochimie 1988, 70, 1455. 
Shimizu, C. ; Achiwa, K. Curbohydr. Res. 1987, 166, 314. 
Ledeen, R. W. ; Cannella, M. S. NATO ASISer. 1987, H7,491. 
Tsuii. S. : Yamashita. T.: Tanaka. M. : Naaai. Y. J. Neurochem. 1!%8,50,414. 
Kaio; T.‘; Ito, J.; Tanaka, R. ; Suzuki; Y. YHirabayashi, Y.; Matsumoto, M.; Ogura, H.; Kato, K. Brain Res. 1988, 
438,277. 
Ito, J. ; Kato, T.; Okumura-Noji, K.; Miyatani, Y. ; Tanaka, R.; Tsuji, S. ; Nagai, Y. Brain Res. 1989,481, 335. 
Kijima, I. ; Ezawa, K. ; Toyoshima, S. ; Furuhata, K. ; Ogura, H. ; Osawa, T. Chem. Phurm. Bull. 1982,30, 3278. 
K&ma-Suda, 1. ; Toyoshima, S. ; Itoh, M. ; Furuhata, K. ; Ogura, H. ; Osawa, T. Chem. Phurm. Bull. F&35,33,730. 
Okamoto, K. ; Kondo, T. ; Goto, T. Terrahedron L&r. 1986,27, 5229. 
Okamoto, K. ; Kondo, T. ; Goto, T. Tetrahedron L&I. 1986,27,5233. 
Okamoto, K. ; Kondo, T.; Goto, T. Bull. Chem. Sot. Jpn. 1987,60,631. 
Okamoto. K. ; Kondo, T. ; Goto, T. Bull. Chem. Sot. Jpn. 1987,60, 637. 
Okamoto. K. i Kondo, T. i Goto, T. Tetrahedron 1981;43, 5919. 
Okamoto. K.: Kondo. T.: Goto. T. Tetrahedron 1988.44, 1291. 
Claesson,‘A.;‘Luthman, K. Actcl’Chem. Stand. 1982, j6.716. 
Zbiral, E. ; Brandstetter, H. H. ; Christian, R. ; Schauer, R. Liebigs Ann. Chem. W87, 781. 
Schmid, W. ; Christian, R. ; Zbiral, E. Tetrahedron L&f. 1988,29, 3643. 
Flashner, M. Carbohydr. Res. 1981,94, 123. 
Furuhata, K. ; Sato, S.; Goto, M.; Takayanagi, H.; Ogura, H. Chem. Pharm. Bull. lS8,36, 1872. 
Lundt, 1. ; Thiem. J. ; Prahst, A. J. Org. Chem. 1984.49, 3063. 
Julina, R. ; Muller, I. ; Vasella, A. ; Wyler, R. Curbohydr. Res. 1987, 164,415. 
Sharma, M. N.; Eby, R. Carbohydr. Res. 1984,127,201. 
Robins, M. J.; Wilson, J. S. J. Am. Chem. Sot. 1981, 103, 932. 
Jennings, H. J.; Bhattachajee, A. K. Carbohydr. Res. 1979,55, 105. 
Gotschlich, E. C.; Fraser, B. A.; Nishimura, 0. ; Robbins, J. B.; Liu, T.-Y. J. Biol. Chem. 1981.256.8915. 



Glycosidation of sialic acid 5857 

102. Itoh, Y.; Ogawa, T. Tefrahedron Lea. 1987,28,6221. 
103. Itoh, Y.; Ogawa, T. Tetrahedron L&t. 1!288,29,3987. 
104. Itoh, Y. ; Numata, M. ; Sugimoto, M. ; Ogawa, T. J. Am. Chem. Sot. 1989, I I I, 8508. 
105. Sugimoto, M.; Fujikura, K. ; Nunomura, S. ; Horisaki, T.; Ito, Y.; Ogawa, T. Tetrahedron Letf. l!J90,31,385. 
106. Kondo, T. ; Abe, H.; Goto, T. C&m. Len. 1% 1657. 
107. Kondo, T. ; Abe, H. ; Goto, T. in preparation. 
108. Kondo, T. ; Tsukamoto, T. ; Goto, T. in preparation. 
109. Warner, T. G. Biochem. Biophys. Rex Commw. 1987,148, 1323. 
110. Mack, H. ; Brossmer, R. Terrahedron L&t. 1987,28, 191. 
I1 1. Pivalova, I. M. ; Kholin, A. Y. Izu. A&ad. Nuuk SSSR, Ser. Khim. 1969,278S. 
112. Ponpipom, M. M. ; Bugianesi, R. L. ; Shen, T. Y. Con. J. Chem. 19&0,58,214. 
113. Hasetrawa. A. : Nakamura. J. : Kiso. M. J. Curbohydr. Gem. 19%. 5. I I. 
114. Hase&wa; A. i Nakamura, J. i Kiso; M. J. Carbohydr. Chem. 1986,5.21. 
I IS. Kanie, 0.; Nakamura, J.; Itoh, Y.; Kiso, M. ; Hasegawa, A. J. Curbohydr. Chem. 1981.6, 117. 
116. Kanie, 0.; Nakamura, J. ; Kiso, M. ; Hasegawa, A. J. Curbohydr. Chem. 1987,6, 105. 
117. Warner, T. G. ; Lee, L. A. Carbohydr. Rex 1988,176,211. 
118. Kirchner, E. ; Thiem, F. ; Dernick, R. ; Heukeshoven, J. ; Thiem, J. J. Curbohydr. Gem. 1988, 7,453. 
119. Kanie, 0.; Kiso, M. ; Hasegdwa, A. J. Curbohydr. Chem. 1988, 7, 501. 
120. Murase, T. ; Ishida, H. ; Kiso, M.; Hasegawa, A. Curbohydr. Res. 1988, 184, Cl. 
121. Itoh, Y.; Ogawa, T. Tetrahedrun Lett. 1988,29, 1061. 
122. Pavenscroft, M. ; Roberts, R. M. ; Tillet, T. G. J. Chem. Sot., Perkin Trans. 2 19ll2, 1569. 
123. Fungedi, P. ; Garegg, P. E. Carbohydr. Res. 1986, 149, C9. 
124. Murase, T. ; Ishida, H.; Kiso, M. ; Hasegawa, A. Curbohydr. Res. 1989,188,71. 
125. Sakaguchi, M.; Webb, M. W.; AgrawaI, K. C. J. Med. Chem. 1982,25, 1339. 
126. Ogura, H. ; Fujita, H. ; Furahata, K. ; Itoh, M. ; Shitori, Y. C&-m. Phnrm. Bull. 1986,34. 1479. 
127. Beau, J.-M. ; Schauer, R. ; Haverkamp, J. ; Dorland, L. ; Vhegenthart, J. F. G.; Sinay, P. Curbohydr. Res. 1980,82, 

125. 
128. Paquet, F. ; Sinay, P. Tetrahedron Left. 1984, 25, 3071. 
129. Danishefsky, S. J. ; DeNinno, M. P. ; Chen, S. J. Am. Chem. Sot. 1!#8, 110, 3929. 
130. Keilich, G._ Brossmer, R. ; Eshenfelder, V. ; Holmquist, L. Curbohydr. Res. 1975,40, 255. 
131. Dickinson. H. R.: Bush. C. A. Biochembfrv 1975.14.2299. 
132. Melton, L: D. ; Morris, E. R. ; Rees, D. A._ Thorn,, d. J. Chem. Sot. Perkin 2, 1979, 10. 
133. Dabrowski, U. ; Friebolin, H. ; Brossmer, R. ; Supp, M. Tetrahedron Ler~. 1979,4637. 
134. Hori, H. ; Nakajima, T. ; Nishida, Y. ; Ohrui, H. ; Meguro, H. Tetrahedron L&r. 1988,29,6317. 


