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I.  Introducllon 
Recently, an enormoua amount of precise biological 

studies of naturally occurring products such as mem- 
branes, cell walls, and antibiotics and the mechanisms 
of action of these substances have shed light on the 
biologicalsignificance of the glycons of glycoconjugates 
(glycoproteins, glycolipids) and antibiotics in molecular 
recognition for the transmission of biological informa- 
tion.' With the stimulant biological background, the 
0-glycosylation method, which is a crucial synthetic 
organic methodology to attach sugar to the other sugar 
moietiesorothermolecules (aglycon), is again becoming 
more and more important. Since the major historical 
advance of the Koenigs-Knorr method was shown in 
1901, considerable attention has been directed toward 
the efficiency of the 0-glycosylation method. From a 
synthetic standpoint, the efficiency of the O-glycosy- 
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lation reaction generally involves a high chemical yield, 
regioselectivity, and stereoselectivity. Among them, 
high regioselectivity was easily realized by the selective 
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protection of the hydroxyl group of the glycosyl 
acceptor. Therefore, many organic chemists have 
focused on the high chemical yield and high stereose- 
lectivity of this reaction. This review concentrates on 
the new progress in 0-glycosylation methods after 1980 
including historically indispensable protocols before 
1980. Some selected elegant applications of a glyco- 
sylation reaction for the synthesis of biologically 
attractive natural products are also included. This 
article mainly deals with the development of new 
glycosyl donors with specific functionality and their 
activating methods. However, since the general aspects 
of the 0-glycosylation method have been very well 
reviewed in the past? the present article particularly 
emphasizes the recent special approach to the highly 
stereoselective syntheses of (1) 2-deoxyglycosides and 
(2) P-D-mannoglycosides, both of which having had 
difficult problems for a long time in this field. 2-Deoxy- 
glycosides are widely found in biologically important 
natural products, especially in antitumor antibiotics. 
/?-D-Mannoglycosides are indispensable substances in 
the glycoproteins. For a survey on the general current 
methodological advances, glycosyl donors are roughly 
classified into 14 groups based on the type of anomeric 
functional group and their activating methods which 
are discussed in an earlier part of this review: (1) 
glycosyl halide, (2) thioglycoside, (3) 1-0-acyl sugar, 
(4) ortho ester, (5)  1-0- and S-carbonate, (6) trichlor- 
oimidate, (7) 4-pentenyl glycoside, (8) phosphate deri- 
vative, (9) 1-0-sulfonyl glycoside, (10) 1-0-silylated 
glycoside, (11) 1,Zanhydro sugar, (12) 1-hydroxyl sugar, 
(13) glycal, and (14) others. Further new attractive 
concepts in this area include (1) armed sugar-disarmed 
sugar, (2) conformational assistance of glycosyl donor, 
and (3) double stereodifferentiation in glycosylation 
are also reviewed in detail in the last section. 

Toshima and Tatsuta 

Table 1. Glycosidation of Glycosyl Bromide or Chloride 
by Use of Heavy Metals 

‘->X (Br or Cl) - ROH ‘-0 

‘1. ‘1. F O R  

activator acid scavenger drying agent ref(@ 
AgClOi Ag2ClOs Drierite 2a-hj,l, 6 
AgOTf 4 3 2 0  molecular sieves 

HgO 
&&03 CdCOs 

I I .  Glycosyl Hallde 

A. Glycosyl Bromide and Chloride 

The use of glycosyl bromide or chloride as an effective 
glycosyl donor in the glycosylation reaction was first 
introduced by Koenigs and Knorr in 190L3 In relation 
to the anomeric stereochemistry of the glycosylation 
reaction, three significant basic methods, the neigh- 
boring group assisted method for construction of 1,2- 
trans-glycosides such as fl-gluco or cy-manno type 
glycoside, the in situ anomerization method4 for syn- 
thesis of cy-gluco or cy-manno type glycoside, and the 
heterogenic catalyst methodsfor preparation of /?-man- 
noglycoside (see section XV1.B) were developed in this 
area.2df The well-known classical Koenigs-Knorr meth- 
od used heavy metal salts (mainly silver and mercury 
salts) as activating reagents. A variety of heavy metal 
salts such as AgOTf, Ag20, Ag2C03, AgC104, AgN03, 
Ag-silicate, Hg(CN)2, HgBr2, HgCl2, and HgL6 and their 
combined use were employed in this area (Table 1).2a-hjJ 
The order of reactivity of some representative catalysts 
was generally confirmed.2d-f Further, Ag2C03, AgzO, 
HgO, CdC03, S-collidine, and TMU were frequently 
used as an acid scavenger and water was generally 
removed by Drierite and molecular sieves during these 
glycosylation reactions.2a-hJJ On the other hand, other 
glycosylation methods using glycosyl bromide and 
chloride in the absence of any metal were also 

Agio s-couidine 

HeBr, 
Hg(CN)2 TMU 

NgC12- 
HgI2 

Table 2. Glycosidation of Glycosyl Bromide or Chloride 
by Use of Lewis Acid 

ROX ‘-0 

‘r, ‘r, 
)-S.OR ‘->X (Br or CI) - 

activator X ref 
SnC4 SnBua 9 
BFvOEb SnBus 9 
Sn(OTf)z-collidine H 10a 
Sn(OTf)z-TMU H 10b 
TrC1-ZnCl2 H 11 

Table 3. Glycosidation of Glycosyl Bromide or Chloride 
by Phase-Transfer Catalyst 

catalyst conditions ref(s) 
EtsN+CHzPhBr CHCl$HzO/NaOH 12a,b 
EtaN+CHzPhCl- CH2CldHzO/NaOH or KOH 12c 
Me(CHz)laN+MesBr CH&ldHzO/NaOH 12d 
B&N+Br CHtCldHzO/NaOH 12e 
BuN+HSO~- CH&12/HzO/ 12f 

NaOH or NaHCOx 

widely studied. Lemieux and co-workers7a introduced 
a mild glycosylation in the presence of BQNBr and one 
of the most representative applications of this method 
led to the elegant syntheses of several blood group 
antigenic determinantse7W Also, the glycosylation 
reactions which involved a transformation of glycosyl 
bromide into the corresponding onium salts by EtaN, 
PhsP, and MezS were developed by Schuerch and co- 
workers.8 Further, several Lewis acids such as SnC4F 
BF3.EhO 19 Sn (OTf) 2-collidine , loa Sn (OT f) 2-TMUlOb 
and TrC1-ZnC1211 produced nontoxic and nonexplosive 
activating reagents of their halides in this field (Table 
2). The glycosylations of aryl alcohols using a phase- 
transfer catalyst such as Et3N+CHzPhBr-,12a*b 
EW+CH@hC1-,1” Me(CH2)16N+Me&-,’2d B ~ + B F , -  
or B Q N H + S O ~ - ~ ~ ~  were also developed (Table 3). 
Recently, Sasaki et al.13 offered a new glycosylation 
method using glycosyl bromide in the presence of 
hindered amines such as 2,6-lutidine or TMU under 
high-pressure conditions. Nishizawa and his co-work- 
erd4 developed a thermal glycosidation of glycosyl 
chloride in the presence of TMU as an acid scavenger 
without any metal salts and the method was effectively 
applied to their synthesis of cyc1o-L-rhamnohexoselk 
which was the first cyclooligosaccharide of the L series. 
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B. Glycosyl Fluorlde 

The use of glycosyl fluoride as a glycosyl donor with 
a fluorophilic activator, SnClZ-AgClOd, was first in- 
troduced by Mukaiyama et al. in 1981.15 After the first 
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great advance in this field, Nicolaou and his co-workerslB 
made extensive studies of its application in the synthesis 
of natural products such as avermectinlk including the 
useful preparation of glycosyl fluoride from another 
glycosyl donor, thioglycoside (Scheme 1). One of the 

Scheme 1 
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Scheme 2 

QTBS 

F +  
H O y ( C H 2 ) 1 2 M e  + 'Buoco 

N3 'BUOC 

SnCI2-AgOTf, CH2Ch, O°C, 4h 

f 

I' 
Trimeric Le' glycadphineolipid 

1 



1506 

Scheme 3 

Chemical Reviews, 1993, VO~. 93, NO. 4 Toshima and Tatsuta 

H O G  

BnO BnO .so- 
BnO 

OBn 
SnC12-AgOTl + - 

Ei20, 20°C, 44h 

79%, dp=l.e/l 

F 

I 

I 1 4  

HO) 

a-Cydodextrin 

Scheme 4 

notable advantages of the glycosyl fluoride as a glycosyl 
donor is due to its higher thermal and chemical stability 
as compared to the low stability of other glycosyl halides. 
Therefore, glycosyl fluoride can be generally purified 
by an appropriate distillation and even by column 
chromatography with silica gel. Having such favorable 
synthetic attributes, a number of specific fluorophilic 
reagents were developed (Table 4), for instance SnC12- 
TrClO4 (Mukaiyama et  al.)," SiF4 (Noyori et al.),18 
TMSOTf (Noyori et al.),18 BF3-Et20 (Nicolaou et al.,lpa 
Kunz et al . ,1pb9c  and Vozny et al.'W), TiF4 (Thiem et 

al.),20 SnFr (Thiem et a l . ) , 2 O  Cp2MC12-AgClO4 (M = Zr, 
Hf; Suzuki et al.),2' Cp2ZrCl2-AgBF4 (Suzuki et al.)F2 
CpzHfCl2-AgOTf (Suzuki et al.22 and Nicolaou et a l . 2 9 ,  
MezGaCl (Kobayashi et al.)," and Tf2O (Wessel et al.).B 
The initial promoter, SnC12-AgClO4, was effectively 
applied to Nicolaou's ~ y n t h e s e s ~ ~ + ~  of several types of 
glycosphingolipids (Scheme 2) and Ogawa's cyclodex- 
trin synthesis (Scheme 3).n Also, Suzuki and his co- 
workers21c elegantly applied their original activators, 
Cp2MC12-AgC104 (M = Zr, Hf), to their total synthesis 
of mycinamicin IV (Scheme 4) .  Nishizawa et a1.28 
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Table 4. Glycosidation of Glycosyl Fluoride 

'1. 
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Table 6. Glycosidation of Thioglycoside 
t-0 R'OH I-0 

P S R  - 
'r. 

activator SR ref(s) activator X ref(@ 
SnClzAgClO4 
SnClz-TrClO4 
TMSOTf (cat.) 
SiF4 (cat.) 

TiF4 
SnF4 
CpzMClt-AgClO4 (M = Zr or HO 
CpzZrClrAgBF4 
CpaHfClz-Ag OTf 
MezGaCl 
Tfzo 

BFs-EhO 

H 
H 
TMS 
TMS 
H 
H 
H 
H 
H 
H 
H 
H 

15,16 
17 
18 
18 
19 
20 
20 
21 
22 
22,23 
24 
25 

Ho 
Baiyunoside 

employed Noyori's reagent, TMSOTf, in their baiyun- 
oside synthesis (Scheme 5) .  

I I I .  lbloglycoslde 
Thioglycosides have been extensively studied as a 

useful glycosyl donor due to their high stability in many 
organic operations. Thioglycoside is also a good inter- 
mediate for the preparation of the corresponding 
glycosyl fluoride.'& Up to now, several different kinds 
of alkyl- and arylthio groups, including the heterocyclic 
thio groups, were developed with their appropriate 
activating reagents (Table 5). Since Ferrier et al.29 first 
introduced a mercury salt, HgS04, as a glycosylation 
promoter of thioglycoside, other thiophilic metal salts 
such as HgClp (Ferrier et al.29 and Wiesner et a l .39 ,  
PhHgOTf (Garegg et al.),3l Hg(0Bz)p (van Cleve),32 Hg- 
(NO& (Hanessian et al.),53 Cu(0Tf)p (Mukaiyama et 
al.),M and Pd(ClO4)p (Woodward et a l . ) 3 6 9 a  appeared in 
this field. Among them, HgC1p was employed in 
Wiesner's digitoxin synthesism (see section XV1.A) and 
Pd(ClO4)p was effectively used in Woodward's eryth- 
romycin A synthesis35 and Wuts' synthetic studies of 
avermectinaM Ogawa and his co-workers recently 
developed the combinational use of CuBrp-BQNBr- 
AgOTP' and the use of PhSeOTP as effective pro- 
moters of thioglycosides. The former activator was 
applied to their glycospingolipids ~yntheses37~ while 
the latter promoter was employed in their cyclogly- 
cosylations in the mannooligose series.*J On the other 
hand, as alternative activation methods without any 
metal salts, oxidative reagent, Brp, was used by Koto 

Pd(C104)z 
CuBrz-BhNBx-AgOTf 
PhSeOTf 
AgOTf-Brp 
NBS 

IDCP 

Me1 
MeOTf 
MeSOTf 
DMTST 
TrClOl (cat.) 
AgOTf 

NIS-TfOH 

NOBF4 

TBPA 
-e 

SPh 
SEt, SPh 
SPh 
SPh 
SPY 

s-?;o 

SPY 
SMe, SEt 
SMe 
SEt 
SPh 
SMe, SEt, SPh 
SEt 
SMe 
SPY 
SEt 
SMe, SEt, SPh 
SMe, SEt, SPh 
SCN (ROTr) 

Ph 
N*N 

SEt, SPh 
SPh 

S d N  N 

29 
29,30 
31 
32 
33 
34 

35,36 
37 
38 
40 
41 
43,44,45 
46 
47 
48 
49 
50 
51,52 
53 
54 

58 
56,57 

Scheme 6 

9 

Scheme 7 

OTBDMS 
NBS 

OTBDMS 

+ 
0 MeCN-THF, -42°C 

79-95%, +>20/1 

and and later Kihlberg et reported the 
confirmational use of AgOTf-Brp for the in situ 
activation of ethylthioglycosides. Along this line, 
Nicolaou and co-workers41 introduced NBS as a milder 
and more practical glycosylation promoter of phenyl 
thioglycosides and the applications were demonstrated 
in their synthesis of a tylosin derivative41 (Scheme 6) 
and the synthesis of the disaccharide moiety of olivo- 
mycin A by Roush et al.42 (Scheme 7). Fraser-Reid et 
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Scheme 8 
,OBn 

Toshlma and Tatsuta 

Scheme 10 

SMe AcHN 
OAc 

+ 
DMTST 

MeCN, -15OC, 24h 
- + 

0 NHCOzBn 

BnO 
Bnb I 

74%, a/B=4/96 HNYYCo2Bn 0 NHC02Bn 

Scheme 9 

OBn 

A ~ O ? $ - O ~ ~ ~ , ~  BnO OBn 

AcO OAC NPhth ,, 
" G B n  

6746, !3-anomer 

al.43 and van Boom et alS4 independently announced 
NIS-TfOH to effectively activate both disarmed methyl 
and ethyl thioglycosides. Similarly, Sasaki et al.& also 
reported NBS-TfOH in his synthesis of the oligosac- 
charide moiety of nephritogenoside (Scheme 8). Fur- 
ther, in the extended glycosylation studies of thiogly- 
cosides by van Boom's group,& IDCP was found to be 
an appropriate promoter in the selective glycosylation 
reaction& of an armed thiosugar and a disarmed 
thiosugar, the concept of which was originally inves- 
tigated by Fraser-Reid (see section XVILA). Another 
oxidative agent, NOBF4, was introduced by Pozsgay 
and J e n n i n g ~ . ~ ~  The alkylating agents such as Me1 
(Mereyala et a1.F and MeOTf ( L O ~ I I ) ~ ~  also offered a 
new significant entry to the direct activation of 
thioglycosides. LOnn4%eported the synthesis of several 
oligosaccharides, which were parts of glycoproteins, by 
MeOTf and ethyl thioglycosides (Scheme 9). Alkyl 
sulfenyl triflate, MeSOTf, generated from MeSOBr and 
AgOTf was used in Garegg's glycosylation meth0d.m 
On the other hand, DMTST was first introduced by 
Fugedi et ales1 while Hasegawa et al. has widely 
investigated the glycosidations of sialic acids2"+ using 
DMTST and also applied it to their gangliosides 
syntheses6a* (Scheme 10). Kochetkov and his co- 
workersm very recently announced the use of a cyanothio 
group, and Ogura and co-workers" have developed a 

SE = 2-(trimelhyisilyl)ethyl 

OAc 

AcHN 
OBz 

OAc 

47%- a-anomer 

Scheme 11 
10 mow 

OAc TCD, 
&SEt - A**S-C,i AcO 

+ A?) OBn 20°C,4h CH2CIz OBn 

-UAC 

,OAc 

BnO 
0- 

A S - & $ , S E t  AcO 
OBn 

82%. a-anuner 

Scheme 12 
Dh 

OBn 

MeCN OR 

Scheme 13 

TMSOTf 

R=Ph, Me 

(1-phenyltetrazol-5-y1)thio (ST) group as a new thio 
functional group at  the anomeric position of the glycosyl 
donor. The former group can be distinguished from 
ethythio group and effectively activated by a catalytic 
amount of TrC104 in the presence of tritylated alcohol 
to exclusively give 1,2-cis-glycosidic linkages (Scheme 
11). The latter one can be promoted by AgOTf under 
mild conditions (Scheme 12). Ogawa and Ito= reported 
a novel glycosidation of thioglycosides with sulfenate 
esters in the presence of TMSOTf (Scheme 13). As a 
new trend, Sinay et al.s and Balavoine et aLs7 inde- 
pendently developed electrochemical glycosylation 
methods of phenyl thioglycosides via a radical cation 
generated by electrochemical oxidation. In relation to 
the above concept, the glycosylation by TBPA, which 
is a one-electron-transfer homogeneous reagent, was 
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Scheme 14 

+ B n O q  BnO 

BnO oMe 

Scheme 16 
1. Tf20 

1-0 0 2.ROH,baw 1-0 
P P h  - 

'r, 

Scheme 16 

1-0 0 ROH,MgBr2*Et20 1-0 
)V{Ph - 

'r, 0 NaHC03,THF 

Bf 

very recently demonstrated by Sinay et al.68 (Scheme 
14). Further, the use of phenyl sulfoxide sugar as a 
new glycosyl donor in the presence of Tf2O was 
demonstrated by Kahne et alas9 (Scheme 15). On the 
other hand, Ley and his collaboratorsm developed a 
glycosylation method using phenyl sulfone as a new 
anomeric functional group in the presence of MgBr2.- 
Et20 and NaHC03 (Scheme 16). 

b Q. =i 
DNQBr - 

MeCN, r. 1. .  20mh 

IV.  7-0-Acyl Sugar 
An advantage of the 1-0-acylated glycosyl donor in 

the glycosylation method (Table 6) is undoubtedly the 
easiness of its preparation. The most representative 
anomeric functional group in this area is the acetyl 
group. Since Helferich et a l a  developed the glycosi- 
dation of 1-0-acetyl sugar with phenol in the presence 
of TsOH or ZnC12, several Lewis acids have appeared 
as effective promoters in the glycosylation, for instance 
SnC4 (Lemieux:z Hanessian et al .9 ,  FeCl3 (Kiso and 
Anderson,& LernePb), BFyEt20 (Magnusson et al.) ,66 
TMSOTf (Ogawa et al,),ss and TrC104 (Mukaiyama et 

Table 6. Glycosidation of 1-@Acyl Sugar 

)YO-Acyl - 1-0 

'r, 
~ ~~ ~~~ 

acyl activator X ref(e) 

SnC4 H 6 2 , 6 3  
FeCh H 64 
BFs-EhO H 65 
TMSOTf H 66 
TrClO4 H 67 
SnCk-Sn(OTf)z (cat.) TMS 70 
SnCb-AgClO, (cat.) TMS 71 
GaCkAgClO4 (cat.) TMS 72 
K-10 montmorillonite H 73 

COCHzBr TrClO, H 67 
Bz FeCh H 64b 

TMSOTf (cat.) TMS 77 
COC&-p-NOz TMSOTf H 74 

BFa-EhO H 75 

Ac TeOH or ZnClz H 61 

COPY Cu(OM2 or Sn(0Tf)z H 78 

= TBPA 

96%, cdk4.6'1 

al.).67 The TMSOTf activator was applied to Scharf s 
synthesis of the disaccharide moiety in avermectinsm 
(Scheme 17)' and BF3-Et20 was used in Gurjar's 

Scheme 17 
OMe 

+ - 
PAC -78OC, 22h 

OMe 
I 

75%. a-anomer 

synthetic studies of the glycopeptidolipid antigen" 
(Scheme 18). TrC104 was also employed for activation 
of the 1-0-bromoacetyl gro~p.6~ Mukaiyama and his 
co-workers also introduced the combinational use of 
SnCb-Sn(OTf)2,70 SnCb-AgC104,71 or GaCls-AgC10472 
and found that catalytic use of these promoters was 
good enough to perform the glycosylation reactions of 
the 1-0-acetyl sugar with trimethylsilylated alcohol. 
Thus, 1,2-cis-a-glucosides and -a-ribosides were pre- 
dominantly obtained from 1-0-acetylglucoses and 4- 
boses, respectively, both of which had a nonparticipating 
group. K-10 m~ntmoril lonite~~ was recently used as a 
new inexpensive catalyst in the glycosylation of a simple 
alcohol such as methanol or benzyl alcohol. On the 
other hand, other acyl groups, such as the benzoyl and 
p-nitrobenzoyl groups were employed as good anomeric 
leaving groups and could be activated by FeCls 
(Lerner),Mb TMSOTf (Terashima et al.),74 or BFs-EhO 
(Russo et al.).76 Terashima and his co-workers used 
the 1-0-(p-nitrobenzoy1)glycosyl donor and TMSOTf 
with their anthracycline antibiotics synthesis7' (Scheme 
19) while Scharf and collaborators76 applied Terashi- 
ma's method to their synthetic studies of everninomicin 
antibiotics (Scheme 20). Along this line, Charette et 

reported that the catalytic use of TMSOTf 
promoted the glycosidation of 1-0-benzoyl sugar with 
the trimethylsilyl ether of alcohol. Very recently, 
Kobayashi et aL78 introduced a novel glycosyl donor, 
glycosyl 2-pyridinecarboxylate, which could be activated 
by Cu(OTf)2 in Et20 or Sn(0Tf)z in MeCN to pre- 
dominantly produce the corresponding a- or p-gluco- 
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Scheme 18 

Me&oMe 

BnOoBn OH BFs*Et2O Me&oMe 

+ - BnOoBn 0 

Toshlma and Tabuta 

OAC CH~CIZ, -2OOC 
BnO 

BnO 
OBn 

430/0. a-anomer 

M e d o " '  - BnOoBnO 

- + 
CH2CI2, -20°C 

M e O  50%, a-anomer Me 
Me0 

Scheme 19 
TMSOTf, CHzCk-Et20, 

"FO-!+NO~ -15'C, 2.5h 

NHCOCFa pNOzC,H4CO 

W o o ,  a-anomer 

73%, a-anomer 

side, respectively. The 2-pyridinecarboxylate group 
design was based on the remote activation concept 
which was originally defined by Hanessian.33 

V. Ortho Ester 
The ortho ester method, in particular, has been widely 

studied by Kochetkov and co-workers and employed 
for construction of l,2-trans-glycosidic linkages (Table 
7). A tert-butyl ortho ester first appeared as a glycosyl 
donor with 2,6-dimethylpyridinium perchlorate as the 
best pr~moter. '~ To eliminate their disadvantages, the 
modified 1,2-0-(l-cyanoethylidene) derivatives were 
prepared from the corresponding glycosyl halides by 
treatment with KCN in the presence of n-BQNBr in 
CHsCN and used in the glycosylation of the trityl ethers 
of the alcohols. Several glycosylation promoters of the 
1,2-O-(l-cyanoethylidene) group were introduced, for 
instance TrBF4 (Kochetkov et  al.),WTrClOr (Kochetkov 
et al.),8l and AgOTf (Kochetkov et al.).82 Also, the 1,2- 
0- [1-[@-methylphenyl)thiolethylidenel group was em- 
ployed in the ortho ester glycosylation method. This 
functional group was effectively activated by TrC104 
(Kochetkov et al.)= and NIS-TfOH (van Boom et al.).@ 

Table 7. Glycoaidation of Ortho Ester 

t!4e 1,2-tmns glycoside 

R activator X ref 
O - t B ~  Tr 79 

CN TrBF4 (cat.) Tr 80 
TrClO4 (cat.) Tr 81 
AgOTf (cat.) Tr 82 

SEf S-Ca-p-Me TrClO, (cat.) Tr 83 
NIS-TfOH H 84 

In the case of NIS-TfOH, it was not necessary to protect 
the glycosyl donor with a trityl group. On the other 
hand, Kunz et al.= recently reported anew glycosylation 
method using a new glycosyl donor, 1,2-0-[1-[[N-(l- 
phenylethy1idene)aminol oxyll-2,2-dimethylpropyli- 
denel glucopyranoside, in the presence of BFs-EhO in 
CH2Cl2 (Scheme 21). 
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Scheme 21 

ROH 

ROH=c+"terol, 82%, B-anomer 

VI.  7-0- and S-Carbonate 
Some representative methods are summarized in 

Table 8. Since Pougny86 developed the glycosylations 
using 1-0-xanthate glycosyl donors in the presence of 
BFs-EhO, Ley and his collaborators have extensively 

Table 8. Glycosidation of 1 - 0  and SCarbonate 
ROH 1-0 

'1. PR 
X activator ref 

Chemical Reviews, 1993, Vol. 93, No. 4 1511 

Cu(OM2 
DMTST 
MeSOTf 

w 
-S-C-OEt 

86 

87 

88 

89 
89 
90 

AgOTf or MeOTf 91 
-S-C-N 

studied the use of imidazole carbonate derivativess7 
and imidazolethiocarbonatesw in the glycosylation 
reaction. The former glycosyl donor was effectively 
activated by ZnBr2 and the latter one was promoted by 
AgC104. The latter combination was effectively applied 
to their total synthesis of avermectin BIaw (Scheme 
22). On the other hand, Sinay and co-workerssg recently 

Scheme 22 

Scheme 23 

MeCNfCH2C12 
-6O"C, 1 h 

82%, a-anomer 

Scheme 24 

7541%. 

introduced an anomeric S-xanthate as a leaving group 
of the glycosyl donor with Cu(0Tf)z or DMTST as its 
effective promoter. MeSOTf was also used by Lijnn et 
al. for the effective glycosylation of sialic acidw and 
applied it to their GMsganglioside synthesism (Scheme 
23). Very recently, the use of glycosyl l-piperidine- 
carbodithioates by activation of MeOTf or AgOTf in 
CH2Cl2 was also introduced by Fiigedi et Before 
these glycosylation methods, Mukaiyama et aLD2 de- 
veloped a glycosylation by the successive treatment of 
1,a-cyclic thiocarbonate with MeOSOzF and alcohol in 
the presence of CsF (Scheme 24). 

V I  I. Trlchlorolmldate 
Trichloroimidate-mediated glycosylation was an- 

nounced by Schmidt and his co-workers98 in 1980 as an 
alternative useful method to the classical Koenigs- 
Knorr procedure and now appears to be one of the most 
ideal glycosylation protocol (Table 9). Further, this 
method was very well reviewed in his own articles.@JJ 
Although the initial use of an imidate as a glycosyl donor 
was reported by Sinay in 1976,% the Schmidt's glyco- 
sylation method excels in many points. The thermally 
and chemically stable trichloroimidate glycosyl donor 
was easily synthesized from the corresponding l-hy- 
droxyl sugar by treatment of trichloroacetonitrile in 
the presence of a base such as K2CO3, NaH, or DBU. 
The glycosylation reaction was smoothly promoted by 
catalytic use of B F S - E ~ O ~ ~  TMSOTf,@ or CClsCHO96 
under mild conditions. Another Lewis acid, PPTS, was 
also used as an effective activator by Nicolaou et  al.m 
Recently, Urban and co-workersw investigated a new 
preparation of the trichloroimidate using cesium car- 
bonate as a base and the novel promoter, ZnBr2, for the 
Table 9. Glycosidation of Trichloroimidate 

ROH 4-0 

'r. PA 1-0 - 
~~ 

activator ref activator ref ~ .~ 

BFa-EhO 93a PPTS 96 
TMSOTf 2g ZnBra 97 
CCl&HO 95 

80%. 
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Scheme 25 

TMSOTf N3 

85%, a-anomer 

!HCOC23H47 

!HCOC23H47 

OBz 

TMSOTf 
CHC13 - 
32% 
8-anomer 

OH 

Ganglioside OD3 
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Scheme 28 

CH,Ch 80%, p-anomer 
TMsoTf I 

H o g 0  

(racemate) BnO OBn CCI, + Ho NkNMe2 

51%, p-anomer 1 TMSOTf 
CHzCh, O"C, 2Omin 

(+ diastereomer) 

Scheme 29 

Me 0 

Albsamidin 
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Scheme 30 

HOJ 

m (racemate) 

&le 

Schmidt’s glycosylation. Up to now, the trichloroim- 
idate method has been found to have wide applications 
in the synthesis of natural products, for instance 
Schmidt’s glycosphingolipids synthesesw (Scheme 25), 
Ogawa’s gangliosides synthesesss (Scheme 261, Nico- 
laou’s amphotericin B synthesiss (Scheme 27), Vasella’s 
allosamidin synthesislW (Scheme 28) and Barrett’s 
bulgecin C synthesis.lOl Very recently, Danishefsky et 
al.102 and Nicolaou et al.lO9 also effectively applied this 
glycosylation protocol to their synthetic studies of 
enediyne antibiotics, calicheamicin (Scheme 291, and 
its hybrid molecule (Scheme 30). 

V I I I .  4-Pentenyl Glycodde 
Fraser-Reid and his co-workers introduced a 4-pen- 

tenyl group as a new and effective leaving group at the 
anomeric center of the glycosyl donor in 1988.lM The 
4-pentenyl group was originally used as the only 
protective group of the 1-hydroxyl group of the sugar 
and it was found to be selectively deprotected by 
hydrolysis using NBS in CHsCN-H20.1°6 However, 
they found that when an alcohol was employed instead 
of water during the deprotection reaction conditions, 
the corresponding 0-glycoside was exclusively formed. 
The 4-pentenyl glycosides were usually prepared as a 
mixture of a- and @-anomers by the reactions of 
1-hydroxyl sugars and 4-pentenyl alcohol in the pres- 
ence of an acid catalyst. Their glycosylation reactions 
were promoted by IDCPlMJw or more the reactive NIS- 
TfOH” or NIS-EtsSiOTFW (Table 10). In these 
glycosylation studies, Fraser-Reid and his collaborators 
found a quite attractive and new concept in this area, 
“armed and disarmed sugar” 1 * 1 ~ ~ 0 8  which will be 
discussed later in detail in this review (see section 
VXI1.A). Very recently, Kunz et al.” and Fraser-Reid 
et al.l0 independently reported along these lines the 
use of 4-pentenyl esters as glycosyl donors (Scheme 
31). 

Table 10. Glycoridation of 4-Pentenyl Glycoride 
ROH 4-0 

activator ref(s) 
IDCP 
NIS-TfOH 
NIS-EhSiOTf 

104,106 
107 
108 

Scheme 31 

r ,x 1 

L J 

ROH 1 

IX.  Phoephete Derlvatlves 
Several glycosyl donors possessing a phosphorus atom 

in the leaving group at  the anomeric center have also 
been investigated (Table 11). Since phosphorus com- 
pounds can be easily modified by several kinds of other 
atoms, a wide variety of leaving groups with different 
properties can be designed. Hashimoto and Ikegami 
introduced glycosyl diphenyl phosphates,lll glycosyl 
diphenylphosphineimidates,l12 and glycosyl phospho- 
roamidateslls in this field. These glycosyl donors were 
effectively activated by TMSOTf or BFs-EhO to 
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BZO* 
BzO 

F 

OH 

EtOpOSid8 74%, panomer 

Table 11. Glycosidation of Phosphate Derivative Table 12. Glycosidation of 1-0-Silylated Sugar 

'->O-Tri&yUlyI - ROH 3-0 

'r. F O R  'r. 

X activator ref trialkylsilyl activator X ref(@ 
TMSOTf 111 TMS TMSOTf (eat.) TMS 117,118 

BFy Eta0 H 119 
TMSOTf (cat.)-Ph&n=S TMS 122 

e 
-O-P--(OPh)t 

-0-P-Ph, iTS BFs-EtO 
TMSOTf 112 TBS TMSOTf H 120,121 

iPh LPTS-BQNI 114 

BFvEkO 113 
TMSOTf 
kclo4 115a 
TrClOrIa 115b 
TrClO4 115c 

-S-P-(NMe*)z 

R 
: 

-O-P-(NMe2)Z 

-0-P-Me, 

predominantly afford 1,2-truns-@-linked glycosides even 
in the case of benzyl-protected glycosyl donors. Further, 
they found that S-glycosyl phosphorodiamidimidot- 
hioatesll' was promoted by LPTS-BUN to selectively 
give 1 ,Zcis-glycosidic linkages. The diphenylphosphi- 
neimidate method was applied to the glycosylation of 
podophyllotoxin (Scheme 32).112c On the other hand, 
Inazu and his co-workers115 developed several types of 
dimethylphosphinothioate as quite stable glycosyl 
donors and found that these were smoothly glycosidated 
by AgCl04,llb 12-TrC104,116b or TrC10411k in benzene. 

X. 1-0-Sulfonyl Glycoslde 
The use of 1-0-sulfonyl derivatives as a glycosyl donor 

produced major advantages in 1970-1980.kS Espe- 
cially, the 1-0-toluenesulfonyl group was widely studied 
by Schuerch's group.11s However, unfortunately, only 
few significant advances have appeared in this field 
since 1980 except for the @-D-mannoside synthesis by 
Schuerch et al. (see section XVLB). 

XI .  1-0-Sllylated Glycoslde 
In the employment of 1-0-silylated glycoside as a 

glycosyl donor, trimethylsilyl and tert-butyldimethyl- 
silyl groups were preferentially used (Table 12). Tietze 
and his co-workersll' introduced a new glycosylation 
reaction of 1-0-trimethylsilyl glycoside with phenyltri- 
methylsilyl ethers in the presence of a catalytic amount 
of TMSOTf as a Lewis acid and Glaudemans et al.118 
modified the method for the formation of the (1 - 
6)-oligosaccharide linkage using a 6-0-tert-butyldi- 

methylsilyl-protected glycosyl acceptor. Cai and his 
c o - w ~ r k e r s ~ ~ ~  also developed a method for the synthesis 
of alkyl 0-glycoside from 1-0-trimethylsilyl glycoside 
by the activation by BFa-EhO instead of TMSOTf. On 
the other hand, the 1-0-tert-butyldimethylsilyl glycosyl 
donor was used for the synthesis of 2-deoxy glycosides 
by Priebe et al." and was also employed in the 
anthracycline oligosaccharide synthesis by Kolar et 
(Scheme 33) Mukaiyama and his co-workers122 very 

Scheme 33 
0 OH COoMe 

TMSOTf 1 CH,Ch-Me&0,-35*C 

82%, a - a m i  

recently developed stereoselective glycosylation reac- 
tions of 1-0-trimethylsilyl sugars. Thus, 1,2-trans- 
ribofuranosides were predominantly synthesized by the 
glycosidation of 1-0-trimethylsilyl ribofuranose and 
trimethylsilyl ethers in the presence of a catalytic 
amount of TMSOTf and PhzSn=S as an additive while 
1,2-cis-ribofuranosides and 1,2-cis-glucopyranosides 
were selectively prepared by the addition of LiClO4 in 
the above reaction conditions. 
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activated by t-BuOK or NaH and then coupled with 
alkyl triflate. In the case of the secondary alkyl triflate 
as a glycosyl accepter, aprotic dipolar solvents, HMPT- 
DMF or HMPT-THF were effective for their glyco- 
sylations.lmh In relation to this glycosylation study, 
the glycosidation of partially 0-unprotected sugars with 
decyl triflate were interestingly investigated.lW On 
the other hand, the practical application of the Mit- 
sunobu reaction for the synthesis of an aryl glycoside 
from the 1-hydroxyl sugar was recently demonstrated 
by Roush's g r 0 ~ p . l ~ ~  Very recently, Mukaiyama and 
his co-workers developed an elegant method for the 
stereoselective direct syntheses of both l,2-cis- and 
trans-ribofuranosides from 1-hydroxylribofuranoses 
and alcohols or trimethylsilylated ethers by the com- 
binational uses of diphoephonium saltaiP~NEt,'3~ [1,2- 
benzenediolato(2-)-0,0'loxotitanium-Tf~O- 
'PrzNEt,l= or diphenyl suEde-Tf2O-CsF with or 
without lithium perchlorate.'" 

X I I .  1,2=Anhydro Sug8r 

Since the first 1,2-anhydro sugar, that is, Brigl's 
anhydride123 was reported in 1922, several uses of the 
1,2-anhydro sugar for the disaccharide synthesis were 
investigated.% However, few significant advances ap- 
peared in practical means until Danishefsky's recent 
studies" in 1989. Danishefsky and his co-workers 
developed a convenient method for the direct prepa- 
ration of the 1,e-anhydro sugar from glycal using 
dimethyldioxirane as an effective epoxidation reagent. 
They also investigated the wide use of the 1,a-anhydro 
sugar for the synthesis of several types of glycosides 
including glycosyl fluoride, thioglycoside, and so on. 
The 1,2-anhydro sugar was smoothly coupled with 
alcohol in the presence of ZnClz in THF under mild 
conditions to exclusively give the 1,2-trans-glycoside 
(Scheme 34). 

Scheme 34 
0-0 v 

X I  I I .  1-Hydroxyl Su#ar 

The direct formation of a glycosidic bond from the 
1-hydroxyl sugar has undoubtedly high efficiency in 
the glycosylation method (Table 13). The initial126 and 

Table 13. Glycoridation of 1-Hydroxyl Sugar 

)Y.OH - 4-0 

'r. 

activator X 
MsOH-CoBrrR'&JBrX H 

p-NO&&SO~Cl-AgOTf- H 
(R' = Et, Bu; X = Br, Clod 

Em-AcNMez 
*BuOK or NaH Tfor H 
DEAJI-PW H (R = aryl) 
nBQ=O-TfnWPr&JEk H or TMS 
PhzSn=S-Tf&CaF H or TMS 

TMS 

ref 
127 
- 

Glycal is a very versatile synthetic intermediate 
especially in the synthesis of 2-deoxy glycoside. Since 
Lemieux and his co-workersl% investigated that the 
reaction of glycal and simple alcohol in the presence of 
12, Ag salt, and base gave 2-deoxy-2-iodoglycoside in 
good yield, several more practical promoters, IDCP 
(Lemieux et  al.,lM Danishefsky et a l . l 9  NBS (Tatsuta 
et al.),l% and NIS (Thiem et al.),139 were introduced 
(Table 14). The preferentially obtained 2-deoxy-2-halo- 

Table 14. Glycoridntion of Glycal 

Redudive 
agent I-0 

1 >OR 

128 

130 
131 
132 
134 
133 

activator X ref(e) reductive agent 
IDCP I 136,137 HpPd 
NBS Br 138 HpRaney-Ni 
NIS I 139 or 
PhSeCl SePh 149 BurSnH-AIBN 
CSA H 153 
TsOH H 154 
Ph&HBr H 155 
AG50WX2-resin H 156 

several recently modified" Fischer-Helferich methods 
using an acid catalyst are now useful for obtaining 
simple glycosides such as methyl, benzyl, allyl, and 
simple thioglycosides which are widely used as chiral 
synthones.21 The team led by Koto, Morishima, and 
Zenln developed a glycosidation of the 1-hydroxyl sugar 
via glycosyl bromide as an intermediate using meth- 
anesulfonic acid, cobalt(I1) bromide, and tetraethy- 
lammonium perchlorate or tetrabutylammonium bro- 
mide. A one-stage approach via 1-0-sulfonyl glycoside 
by the treatment of 1-hydroxyl sugar with a mixture of 
p-nitrobenzenesulfonyl chloride, AgOTf, AcNMe2 and 
Et3N was also introduced by them." Along this line, 
Szeja" reported the glycosylation by TsCl under phase- 
transfer conditions. On the other hand, the anomeric 
0-alkylation method was announced by Schmidt et  al. 
in 1979.%JJ30 The 1-hydroxyl sugar was generally 

a-glycoside by these promoters was easily converted 
into the desired 2-deoxy-a-glycoside by reductive 
dehalogenation. Thus, Tatauta's method was effec- 
tively applied to his first total synthesis of carbomycin 
B, leucomycin A31M (Scheme 35) and tylosin141 and 
Kinoshita-Toshima-Tatauta's total synthesis of elaio- 
phylin (azalomycin B)142 (Scheme 36). Thiem's pro- 
cedure also found wide application, for instance in his 
kijanimicin oligosaccharides synthesisla (Scheme 37), 
Horton's anthracycline glycoside synthesis14 (Scheme 
38), Monneret's daunosamine disaccharides synthe- 
sis,la Danishefsky's avermectin synthesislM (Scheme 
39), and so on. The first use of IDCP by LemieuxlM 
lead to Danishefsky's recent studies of IDCP glycosy- 
lation (see section XVII.A).'S7 Thiem and Klaffke147 
recently improved the original NIS method by the 
transformation of an alcohol into the tin-alkoxide to 
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+ 

NBS 

1,3-dibromo-5,6 
or 

dimethyhydantoin 

MeCN-PhH 
-20 + 23%, 4h (*' 
11%, a-anomer 

- 

Scheme 36 &p + DEI-- 

IPDM 
OIPDMS i- 

o( CSA,CH2CC, O'C, 2h w 
80%, a-anomer 

1. NBS 
2. BQS~H-AIBN 

(30% overall yield, a-anomer) 

ipDMw8, .Qs ' '  QIPDMS o~ 

DEIPSO 3 0 + C H O W o  o$ HA i . 
\ \  CHO 'e,. 0 "  &I 0 

. "  0 - 
\"' ~ ''BH Elaiophylin (Azalomycin B) 

Scheme 37 

OBn &aom ''Z 1. PdC AcO- MPMO& N IS 
MW + - 

MeCN MPMO 
MeCN, r. I., 12h 
24%, a-anomer 

I NIS 1 r. I., OvBr night 
48%, a-anomer 

@Samn a AcO 

I 
MPMO 0 

OMe 
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Scheme 38 
O O H  

NIS + 

bAc Aw AcO I 

BU3SnH-AIBN 

65% 

- 
0 OH 0 q&y 

OMeO O H 4  

A& 

Scheme 39 

- NIS + 

I 1. NIS. 64%. a-anuner 

66%, a-anomef 

. .  

2. Bu&H-AIBN, 78% 
3. LiEtaBH, 97% 

Avermedin A,, 

Scheme 40 
,OBn 

ph-o* OBn 

1. Br2NS02Ph 
CH2C12 

2. NH41, EtOH - 
or 

H2NSO2Ph 
IDCP 
CH2CI.L 

HO* 

phTo% - OSEM 

OBn NHS02Ph KHMDQDMF 
-40°C + r. 1. X=Br or I 

81%, p-anomer 

1 

30%, p-anomer 

1 

allosamidin 
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Scheme 41 
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synthesis of oleandomycinlMb (Scheme 43) and Waka- 
matsu's synthetic study of elaiophylin.l6% On the other 
hand,BFs-EtaOlS7and SnC&lawereused asglymsylation 
promoters which afforded the 2,3-unsaturated glycoside 
resulting from the allylic rearrangement (the Ferrier 
reaction) of glycal (Scheme 44). Scheme 42 

p+ sbcb' A Ph-s s-Ph 

R O S  RO / + - R 0 a o R  
Ro SPh 

Scheme 43 

Oleandomycin 

Scheme 44 
OR 

enhance the reactivity of the glycosyl acceptor. Very 
recently, Danishefsky and his co-workersla developed 
the sulfonamidoglycosylation reaction of glycal by the 
combinational use of IDCP and benzenesulfonamide 
or the use of NJV-dibromobenzenesulfonamide to 
effectively prepare the 2-amino-2-deoxy-~-glycosides. 
This method was elegantly applied to their total 
synthesis of allosamidinlab (Scheme 40). Sinaji and 
his co-w~rkers l~~ developed an alternative approach 
using PhSeCl as a glycosyl activator and this method 
was used in Barrett's avermectin a-disaccharide syn- 
thesis." Recently, the addition of the phenyl sulfenate 
ester to glycal in the presence of TMSOTf and the 
electrophilic activation of glycal by phenylbis(phe- 
ny1thio)sulfonium salt were announced by Ogawa et 
al.161 (Scheme 41) and Franck et al.lsZ (Scheme 42), 
respectively. In these glycosylation methods, 2-deoxy- 
2-(phenylthio)-@-glycosides, which were generally con- 
verted into the 2-deoxy-/3-glycoside by hydrogenolysis 
using b e y - N i  as a catalyst, were produced with 
moderate stereoeelectivity. On the other hand, CSA," 
TsOH,lM triphenylphosphine hydrobromide,IM and 
AG50 WX2-resinlM appeared in this field to directly 
obtain the desired 2-deoxy-a-glycoside from glycal. 
Among them, the glycoeylation by CSA was effectively 
employed in Kinoshita-Toshima-Tatsuta's total syn- 
thesis of elaiophylinla (Scheme 36), Tatauta's total 

XV. Others 

Vasella et al.169 recently introduced a new approach 
to glycoside synthesis using the glycosylidene carbene 
generated from the diazirine sugar as a novel type of 
glycosyl donor. The glycosylidene carbene reacted with 
alcohol in the absence of any additive (Scheme 45). 

Scheme 45 

r 1 

I a%, al&1/2 

The redox glycosylation via reductive methylation of 
a thionoester intermediate was reported by Barrett et 
al.le0 (Scheme 46). The thionoester was prepared by 

Scheme 46 

Lawessonk 
OH 

BnO 

rcBuLi + - 

esterification of a 1-hydroxyl sugar followed by Lawes- 
son thionation. On the other hand, the use of phenyl 
selenoglycoside as anew glycosyl donor and its selective 
activation over ethyl thioglycoside by AgOTf and Kz- 
COS were demonstrated by Pinto et  al.lel (Scheme 47). 
Further, Noyori and his co-workers reported the 
photochemicalleZ and electrochemicalla glycosidations 
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Scheme 47 

Toshim and Tatwte 

of 0-protected and unprotected aryl glycosides as a 
new trend. 

XVI. Speclal Methods 

A. 2-Deoxyglycoside Synthesis 
Several types of a- and @-2-deoxyglycosides fre- 

quently appear in naturally occurring bioactive sub- 
stances such as aureolic acid antibiotics, anthracycline 
antibiotics, cardiac glycosides, avermectins, erythro- 

J..... 

Mo Me OM0 

85%, a-anomer 

mycins, or recently discovered enediyne antibiotics 
(Figure 1). However, the efficient glycosidation of 
2-deoxy sugar, especially, @-selective glycosidation has 
been along-standing problem in this field.lW The main 
reasons why highly stereocontrolled and efficient gly- 
cosidation of a 2-deoxy sugar is difficult are the lack of 
stereodirecting anchimeric assistance from the C-2- 
position and the low stability of a glycosidic bond of a 
2-deoxy sugar in acidic conditions due to the lack of an 
electron-withdrawing C-2-substituent. Thiem and his 

Avermectin B1, Digitoxin 

OM. 

Olivomycin A Esperamicin A1 Acladnomycin 

Figure 1. Some repreeentative antibiotics having 2-deoxy (2,6-dideoxy) sugar. 
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Brio SePh Ih  

OBn Ph3SnH OBn 81V0, a/B=1/9 
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BnO 

+ 
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Scheme 51 

X=OAC, CI, OC(NH)CCl3 

co-workerdM introduced the use of 2-bromo-2-deox- 
yglycosyl bromides which have a bromide as a temporary 
participating group at the C-2 position for the @-selective 
glycosylation of complex aglycons. Silver triflate- 
promoted glycosidation of the 2-bromo-2-deoxy glycosyl 
bromides predominantly gave the corresponding 8-g- 
lycosidee which were effectively converted into the 
desired 2-deoxy-0-glycosides by reductive debromin- 
ation. Combinational application of this methodology 
and "method were effectively used in their con- 
vergent syntheses of the aureolic acid oligosaccha- 
rideslw-' (Scheme 48). Thiophenyl, selenophenyl, and 
N-formylamino groups were also employed as other 
temporary participating groups at  the C-2 position 
which could be easily removed after glycoside formation. 

In the method introduced by Nicolaou et al.,l@ 2-deoxy- 
2-phenylthioglycosyl fluoride was prepared from the 
corresponding phenyl thioglycoside uiu 1,2-migration 
with DAST and ita glycosylation using SnC12 selectively 
gave both a- and @-glycosides by selecting a solvent in 
the reactions (Scheme 49). Beau and his co-workerslss 
synthesized 1,2-trans-acetoxy selenides by treatment 
of glycals with PhSeCl and AgOAc and their glycosyla- 
tions using TMSOTf predominantely afforded the 
&glycosides (Scheme 50). On the other hand, several 
derivatives of N-formylglucosamine were employed as 
a glycosyl donor by Sinajr et al.lS7 and the resulting 
@-glycosides obtained using TMSOTf were converted 
into the corresponding 2-deoxy-@-glycosides via the 
radical reduction of the intermediate isonitriles (Scheme 
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51). On the other hand, Wiesner and co-workersNJm 
reported an effect due to the participation by the 
p-methoxybenzoyl group attached to the C-3 position 
(Scheme 52). However, Binkley et al.lS9 suggested that 
the participation from the C-3 position was not the 
dominating characteristic of glycosyl donors possessing 
an acyloxy group at the C-2 position. Recently, Toshima 
and T a t s ~ t a l ' ~  have designed conformationally rigid 
glycosyl donors, which have a thio bridge between the 
C-2 and C-6 positions, for the highly stereocontrolled 
syntheses of both 2,6-dideoxy-a- and ,&glycosides 
(Figure 2). 2,6-Dideoxy sugar is a most common and 
important class of 2-deoxy sugars in bioactive natural 
products. Both glycosidations of 2,6-anhydro-2-thio 
sugars possessing a phenylthio group as an anomeric 
leaving group with NBS and glycosidations of 2,6- 
anhydro-2-thio fluorides with several Lewis acids in 
the presence of alcohols exclusively afforded the 

90%, a-anomer 

corresponding 2,6-anhydro-2-thio-ar-glycosides in high 
yields. In contrast, 2,6-anhydro-2-thio-,3-glycosides 
were predominantly obtained by the glycosidations of 
2,6-anhydro-2-thio sugars having an acetoxy group at 
the C-1 position with alcohols in the presence of a Lewis 
acid. Further, the obtained 2,6-anhydro-2-thio-a- and 
0-glycosides were both effectively converted into the 
desired 2,6-dideoxy-a- and /3-glycosides in high yields 
by hydrogenolysis using k e y  Ni or radical desulfu- 
rization using n-BmSnH and AIBN (Scheme 53). This 
novel method offered a new trend in highly stereose- 
lective glycosylation, that is, effective utilization of the 
constructional features of the glycosyl residue in the 
stereoselective glycosylation reaction. Indeed, this 
method was effectively applied to their total synthesis 
of erythromycin A from its aglycon, erythronolide A 
and the 2,6-anhydro-2-thioglycosyl donor corresponding 
to ~-cradinose~~Oc (Scheme 54). On the other hand, the 
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2 , W i  sugar 2,6Mh*2-thb WQaf 

1. has a very rigid strudure of the 2,6anhydr&-Ihb bridge. 

2. auld be a & preavsor of 2,6dideoxy glycoside. 

3. The selectivity of glyaxylath would nd be aneued 
by the anomeric effect. 

Figure 2. 

Scheme 55 

interesting highly stereoselective syntheses of 2-deoxy- 
,&glycosides using alkoxy-substituted anomeric radicals 
were reported by two independent groups. Crich and 
his co-worker~l'~ developed the preparation of 3-deox- 
yulsonic acid glycosides from glycals and their reductive 
decarboxylation for the stereoselective syntheses of 
2-deoxy-8-glycosides (Scheme 55). Kahne et  also 
synthesized the hemithio ortho ester from the lactone 
via the thionolactone and showed that the treatment 
of the hemithio ortho ester with n-BusSnH and AIBN 
predominantly gave 2-deoxy-8-glycoside due to the high 
stability of a-directed anomeric radical (Scheme 56). 
Very recently, van Boom et al.173 reported that the NIS- 
TfOH-mediated stereospecific glycosidation of ethyl 
(or phenyl) 2-0- (phenoxythiocarbony1)- 1-thioglymides 
gave access to valuable 1,2-trans-linked oligosaccharides 
which afforded the respective 2-deoxy-a-manno- or 

Scheme 57 
s 

O-&OPh 

R=Ph or Et 

(1.2-tnms) 

2-deoxy-/3-glucopyranoside by desulfurization using 
Raney Ni (Scheme 57). 

B. @sMannoglycoside Synthesis 

The 8-manno-type linkage is a very important 
element in carbohydrate chains of glycoproteins. How- 
ever, the stereoselective formation of a fl-D-mOnnOpy- 
ranoside bond is an especially difficult type of linkage 
to realize due to the steric repulsion of the l,2-cis 
configuration and the instability due to the anomeric 
effect. In contrast, its isomer, a-D-mannopyranoside, 
is exclusively produced in the presence of a participating 
group at the C-2 position. Paulsen et al.6 introduced 
a significant method for highly stereoselective &D- 
mannopyranosides syntheses using benzyl-protected 
a-glycosyl bromides and insoluble silver catalysts such 
as silver oxide or silver silicate (Scheme 58). This 

Scheme 58 

protocol is now well known as the heterogenic catalyst 
method. These reactions involved a replacement of 
the C-1 substituent with inversion. Schuerch et al.116G 
developed the use of sulfonyl groups at the C-1 and C-2 
positions. Treatment of the 2-0-mesyl-1-0-tosylman- 
nosy1 donor with several alcohols in AcCN exclusively 
afforded the corresponding 8-mannopyranosides with 
high stereoselectivities in high yields (Schemes 59). On 

Scheme 59 

AcCN 
OTs e r. t., 48h 

me 78%, d$=ll4.9 

the other hand, Kunz and his co-worker~l~~ recently 
reported &mannoside syntheses from &glucoside via 
intramolecular substitution of the triflate group at the 
C-2 position by the phenylurethane moiety at the C-3 
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position with inversion of the C-2 configuration (Scheme 
60). Very recently, two other groups demonstrated 
unique approaches which focused on the configuration 
of the C-2 hydroxy group of P-mannopyranose. These 
methods commonly involved the formation of an 
intermolecular mixed acetal of the C-2 hydroxyl group 
and glycosyl acceptor and a glycosylation by intramo- 
lecular migration of the glycosyl acceptor to the 
anomeric position of the glycosyl donor. Indeed, 
Hindsgual et al.175 used NIS as a promoter of the 
intramolecular reaction of ethyl thioglucoside (Scheme 
61). Similarly, Stork et al.17s employed a mixed Si- 
acetal and applied Kahne’s method for activation of 
the phenyl sulfoxide of the glycosyl donor (Scheme 62). 
In these cases, the corresponding a-anomers were not 
produced at  all. 

X V I I .  Other Topics 

A. Armed Sugar-Disarmed Sugar 

Fraser-Reid and his co-workers1m107bJ08 found a quite 
new and unique concept in the glycosylation reaction 
in 1988. In their extensive glycosylation studies of 
4-pentenyl glycosides, the glycosyl donor possessing an 
acyloxy group with electron-withdrawing properties at  
the C-2 position was found to be much less reactive 
than the corresponding glycosyl donor having a benzyl 
group at  the same position (eq 1 in Figure 3). The 
activated glycosyl donor and the deactivated glycosyl 
donor were called “armed sugar” and “disarmed sugar”, 
respectively, by Fraser-Reid. Several pairs of armed- 

0 
73%, p-anomer 

disarmed sugars are listed in Figure 3. This method- 
ology made it possible to attach the armed sugar to the 
disarmed sugar, which had the same leaving group at  
the anomeric position, with high selectivity. In this 
glycosylation reaction, the self-coupling product of the 
disarmed sugar was not detected at  all. Further, the 
obtained disarmed oligosaccharide could be converted 
into the armed oligosaccharide by transformation of 
an acyloxy group into a benzyl group at the C-2 position 
in two steps. The main reason for deactivation of the 
disarmed sugar is accounted to be the instability of the 
intermediate oxonium ion by a neighboring positive 
charge resulting from an electron-withdrawing group 
at  the C-2 position (Figure 4). They also showed a 
armed and disarmed pair of reactants for synthesis of 
2-deoxyoligosaccharides by using 2-bromo alcohol as a 
glycosyl acceptorlm (eq 2 in Figure 3). Although high 
stereoselectivity at  an anomeric position was not 
realized in the 4-pentenylglycosylation methods, this 
concept opened a very convenient and useful way for 
the block synthesis of oligosaccharides. Van Boom and 
collaborators46a introduced a new glycosylation reaction 
with this concept using thioglycosides and IDCP as a 
promoter (eq 3 inFigure 3). In relation to these studies, 
Fraser-Reid et al.lo7 and van Boom et al.” independently 
found that even these disarmed sugars could be 
activated by a more reactive activator such as NIS- 
TfOH. Further, Fraser-Reid et al.“ reported a selective 
saccharide coupling by torsional effects in glycosides 
possessing an acetal protecting group (eq 4 in Figure 
3). On the other hand, Danishefsky and his co-workers 
very recently applied this concept to the stereoselective 
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glycosylation reaction of glycals in the presence of IDCP 
(eq 5 in Figure 3). In this case, differentiation of the 

C-3 protecting group of glycal was a significant factor 
for selective coupling. Toshima et al.170eJ also intro- 
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duced new armed and disarmed sugars in their highly 
stereocontrolled glycosylation method using 2,6-anhy- 
dro-2-thio sugars (eq 6 in Figure 3). The reactivities 
of 2,6-anhydro-2-sulfinyl- and 2,6-anhydro-2-sulfonyl- 
glycosyl donors were both found to be much lower than 
that of the corresponding 2,6-anhydro-2-thio glycosyl 
donor. Therefore, the 2,6-anhydro-2-thioglycosyl donor 
was selectively coupled with the corresponding 2,6- 
anhydro-2-sulfinyl glycosyl acceptor to afford the 
disarmed oligosaccharide with high stereocontrol in high 
yield. Further, the obtained disarmed oligosaccharide 
could be easily converted into the armed oligosaccharide 
by simple reduction of the sulfoxide moiety using LAH. 
This method was effectively applied to stereoselective 
synthesis of avermectin's 2,6-dideoxy-a-disaccharide 
moiety.170f 

B. Conformatlonal Assistance of Glycosyl Donor 

Recently, Toshima and Tatsutal78 demonstrated a 
highly stereoselective glycosylation by conformational 
assistance of the glycosyl donor. In a number of 
glycosylation studies, many factors such as the type of 
leaving group at  the anomeric position, their promoter, 
the temperature, the solvent and the substituents of 
the sugar were widely examined in order to get high 
stereoselectivity. On the other hand, little attention 
has been paid to the conformation of the glycosyl donor 
in anomeric stereoselectivity. Toshima and Tatsuta 
designed the conformationally rigid glycosyl donor 1 
possessing a 3,4-0-isopropylidene group and showed 
that the selectivities of the glycosidations of 1 with 
several alcohols by NBS were much higher than those 
of the glycosyl donor 2 having the same configuration 
(Scheme 63). Therefore, it seems reasonable to un- 

Scheme 63 

APh 

derstand that the high stereoselectivity of the glyco- 
sylation reaction of l resulted from both the strong 
repulsion of the l,&diaxial interaction between the C-3 
substituent and the approaching alcohol which was 
generated from ita conformational assistance and the 
anomeric effect179 (Figure 5). The MM2 calculation of 
the conformations of the reactive oxonium interme- 

J aaivatoc 

L J OR 
Bglycoside aglycoside 

Figure 5. 

diates using new MM2 parameters for the oxonium ions 
recently published by HouklsO also assisted in this 
explanation.181 The boat type of oxonium intermediate 
3 deriving from the glycosyl donor 2 does not locate as 
a stable form in optimization and is transformed into 
the stable conformation 4 during minimization of the 
energy. In contrast, MM2 calculations and the Boltz- 
mann distribution of the comformers indicated that 
the thermodynamic equilibrium of the conformations 
5 and 6 deriving from 1 at 25 OC would exist in a ratio 
of 53:47 (Figure 6). These results strongly suggested 

3 4 

5 
Figure 6. 

6 

that the conformational assistance of the glycosyl donor 
as well as other factors mentioned above was an 
indispensable factor in glycosylation stereoselectivity 
and could be used for controlling the stereoselectivity. 

C. Double Stereodlfferentlatlon 
( Matched-Mismatched Glycosylatlon) 

Van Boeckel et al.182 very recently indicated very 
interesting and unexpected glycosylation results. In 
general, it is believed that the glycosyl donor possessing 
an acyloxyl group with a participating function at  the 
C-2 position exclusively gave the corresponding 1,2- 
trans glycoside with quite high stereoselectivity in any 
glycosylation reaction. However, they clearly showed 
that even the stereoselectivity of glycosidation of the 
C-2 benzoyl-protected glycosyl donor was dramatically 
changed by the structure of the glycosyl acceptor 
(Scheme 64). They also suggested that steric interaction 
between a glycosyl donor and an acceptor in the 
transition state strongly influenced the stereochemical 
results of glycosylations and when a desired configu- 
ration of the anomeric position is needed the protecting 
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Scheme 64 
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groups or the conformation of the glycosyl donor and/ 
or acceptor may have to be changed. 

XVIII .  Concludlng Remarks 
In spite of considerable progress in the O-glycosy- 

lation method, a powerful method and general aspects 
for glycosylation has not yet appeared from the point 
of view of chemical yield and stereoselectivity. There- 
fore, we always ask the question as to which method is 
the most suitable in our synthesis. Further, general 
chemical methodologies for the 0-glycosylation of a 
totally unprotected free sugar and the 0-glycosylation 
in water such as enzymatic glycosylationla have still 
not been realized. Does a single powerful method in 
the glycosylation area really exist? In the future, two 
alternative ways may determined an efficient glyco- 
sylation reaction. One way is development of a more 
general method. Another way is creation of the special 
method which is peculiar to each type of sugar con- 
sidering the feature of each sugar structure. A repre- 
sentative example of the latter is the 2,6-anhydro-2- 
thio sugar method for 2,6-dideoxy glycosides synthesis. 
Since sugar is an indispensable biosubstance in our life 
activity, the study of 0-glycosylation will be continued 
for a long time. 

Notes Added In Proof 
After submission of the original manuscript, several 

reports have appeared in the literature. These works 
are briefly mentioned below under the appropriate 
sections where they should be inserted. 

Section 1I.A. Nishizawa et al. reported a zinc salts 
catalyzed a-rhamnosylation using glycosyl chloride as 
glycosyl donor.'" 

Section 111. Kusumoto and his co-workers reported 
the use of iodosobenzene-triflic anhydride as an effi- 
cient promoter for glycosylation reaction of thiogly- 
cosides.l@ 

Section IV. A novel stereoselective glycosidation 
of pentaacylglucopyranose and alkyl silyl ether using 
methyltrichlorosilane and silver perclorate was demon- 
strated by Mukaiyama et al." Also, Mukaiyama et al. 
reported a new glycosylation promoted by a catalytic 
amount of Sn(0Tf)z for synthesis of 2-amino-2-deoxy- 
@-D-gluco- and -galactopyranoside~.~~~ 

Section VII. Nicolaou et  al. effectively applied 
trichloroimidate method to his elegant first total 
synthesis of enediyne antibiotics, caliheamicin yl'.lM 

I 
NPhth 

75%. B-anomor 
(matched-pair) 

Section XIV. Toshima et al. reported that glycosi- 
dation of glycal with alcohol by DDQ as a catalytic 
promoter proceeded to give the corresponding 2,3- 
unsaturated glycosides in high yields.lW 

Section XV. A new glycosidation of 3,4-dimethoxy- 
benzyl 2-deoxyglucopyranosides by DDQ was reported 
by Inanaga et al." Higashi et al. developed a glyco- 
sylation method by combined use of trimethylsilyl 
halide and zinc triflate to promote several glycosyl esters 
and alkyl glycosides as glycosyl donors.lgl 

Section XV1.A. Toshima et al. accomplished a 
highly stereoselective total synthesis of 2,6-dideoxy- 
trisaccharide of olivomycin A by the application of 
glycosylation reactions using 2,6-anhydro-2-thio sug- 
ars.192 

Section XVIB. A similar method to Stork's protocol 
which involved intramolecular glycosidation with a 
silylene-connected aglycon described in this section was 
independently announced by Bols for stereoselective 
synthesis of a-glucosides.19~ 

Abbrevlatlons 
Ac acetyl 
AIBN 2,2'-azobisisobutyronitrile 
Ar aryl 
Bn benzyl 
Bz benzoyl 
Bu butyl 
t-Bu tert-butyl 
CP c yclopentadien yl 
CSA dl-10-camphorsulfonic acid 
DAST (diethy1amido)sulfur trifluoride 
DBU l,&diazabicyclo[5.4.0lundec-7-ene 
DCC NJV-dicyclohexylcarbodiimide 
DDQ 2,3-dichloro-5,6-dicyano-1,4-benzoquinone 
DEAD diethyl azodicarboxylate 
DEIPS diethylisopropylsilyl 
DIBAL diisobutylaluminum hydride 
DMF dimethylformamide 
DTBP 2,6-di-tert-butylpyridine 
DMTST dimethyl(methy1thio)sulfonium trifluoromethane- 

sulfonate 
E t  ethyl 
HMPA hexamethylphosphoric triamide 
IDCP iodonium dicollidine perchlorate 
IPDMS isopropyldimethylsilyl 
KHMDS potassium bis(trimethylsily1)amide 
LAH lithium aluminum hydride 
LPTS 2,64utidinium p-toluenesulfonate 
mCPBA m-chloroperoxybenzoic acid 
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Me 
Ms 
MPM 
NBS 
NIS 
Pent 
P h  
Phth 
Pr 
i-Pr 
PPTS 
Pv 
r. t. 
SE 
SEM 
TBPA 

TBS 
TES 
Tf 
THF 
TMS 
TMU 
Tr 
TPS 
Ts 

methyl 
methanesulfonyl 
p-methoxybenzyl 
N-bromosuccinimide 
N-iodosuccinimide 
4-pentenyl 
phenyl 
phthal 
propyl 
isopropyl 
pyridinium p-toluenesulfonate 
pivaloyl 
room temperature 
2- (trimethylsily1)ethyl 
[2-(trimethylsilyl)ethoxylmethyl 
tris(4-bromopheny1)a"oniumyl hexachloroan- 

timonate 
tert- butyldimethylsilyl 
triethylsilyl 
(trifluoromethy1)sulfonyl 
tetrahydrofuran 
trimethylsilyl 
1,1,3,3-tetramethylurea 
triphenylmethyl 
tert- butyldiphenylsilyl 
p-toluenesulfonyl 
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