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Abstract—In this short review article, several glycosylation methods that were developed in our laboratories, including stereocon-
trolled glycosylation using 2,6-anhydro-2,6-dideoxy-2,6-dithio sugars for obtaining 2,6-dideoxy glycosides, C-glycosylation employ-
ing unprotected sugars, environmentally benign glycosylation utilizing heterogeneous solid acids and ionic liquids, are recounted. In
addition, representative and significant applications of these methods to the synthesis of complex natural products are described.
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1. Introduction

Many carbohydrate-containing natural products are
found in nature as important biological substances. A
large number of recent studies on these glycomolecules,
which possess mono- and oligosaccharides, such as pro-
teoglycans, glycoproteins, glycolipids, and antibiotics
have shed light on the significance of their carbohydrate
parts (glycons) in molecular recognition for the trans-
mission of biological information.! Therefore, it is now
recognized that carbohydrates are at the heart of a multi-
tude of biological events. With this stimulating biologi-
cal background, the efficient synthesis of not only
carbohydrates themselves, but also carbohydrate-con-
taining complex natural products is becoming more
and more important in the field of organic chemistry
and chemical biology.” Consequently, efficient glycosyl-
ation methods, which are among the most fundamental
and important reactions of carbohydrates, are of parti-
cular interest in the synthesis of biologically important
glycosubstances.® In this short review article, several gly-
cosylation methods that were developed in our laborato-
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ries, including stereocontrolled glycosylation using
2,6-anhydro-2,6-dideoxy-2,6-dithio sugars for obtain-
ing 2,6-dideoxy glycosides, C-glycosylation employing
unprotected sugars, environmentally benign glycosyl-
ation utilizing heterogeneous solid acids and ionic lig-
uids, are discussed. In addition, representative and
significant applications of these methods to the synthesis
of complex natural products are also described.

2. Development of glycosylation methods and their
applications to natural products synthesis

2.1. Glycosylations using 2,6-anhydro-2,6-dideoxy-2,6-
dithio sugars and their applications to the synthesis of
erythromycin A

In nature, many types of 2,6-dideoxy-a- and B-glycosides
frequently appear in bioactive natural products, such as
the macrolide antibiotics, aureolic acid antibiotics,
anthracycline antibiotics, and cardiac glycosides, among
others (Fig. 1). The stereocontrolled formation of 2,6-
dideoxy glycosides, however, has been a formidable
task and a long-standing problem in synthetic organic
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Figure 1. Some bioactive natural products possessing 2,6-dideoxy sugars.

chemistry. A representative study in this area is the
elegant synthesis of the aureolic acid antibiotics reported
by Roush’s group.* In this context, we developed
a highly stereocontrolled glycosylation method using
2,6-anhydro-2,6-dideoxy-2,6-dithio sugars as glycosyl
donors for the efficient synthesis of both 2,6-dideoxy-o-
and B-glycosides.” Furthermore, we successfully applied
this glycosylation method to the synthesis of the clini-
cally useful antibiotic, erythromycin A.°

The main reasons why the highly stereocontrolled gly-
cosylation of the 2,6-dideoxy sugars is difficult are the
lack of stereodirecting anchimeric assistance from both
the C2 and C6 positions and the low stability of the gly-
cosidic linkage due to the lack of an electron-withdraw-
ing C2 substituent. To overcome these problems, we
designed as novel glycosyl donors the conformationally
rigid 2,6-anhydro-2,6-dideoxy-2,6-dithio sugars, which
have a sulfur bridging the C2 and C6 positions. These
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2,6-Anhydro-2,6-dideoxy-2,6-dithio glycosyl donor

Figure 2. 2,6-Dideoxy and 2,6-anhydro-2,6-dideoxy-2,6-dithio sugars.

glycosyl donors have the following novel distinctive fea-
tures as shown in Figure 2: (1) the donor has a very rigid
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structure due to the bicyclic ring system; (2) the donor is
a good precursor to 2,6-dideoxy glycoside; and (3) the
stereoselectivity of the glycosylation is not affected by
the anomeric effect in the same manner as the more
usual chair conformers because of its unusual boat
conformation.

We  synthesized the 2,6-anhydro-2,6-dideoxy-
2,6-dithio glycosyl donors 1, 2, and 3 from the corre-
sponding known methyl glycosides and tested them in
glycosylation reactions. We first found that the glycosyl-
ations of the phenylthio glycoside 1 with several alco-
hols promoted by NBS (or CH;OTf) showed some
excellent features (Fig. 3). Thus, it was found that the
glycosylations of 1 with alcohols including primary, sec-
ondary and tertiary alcohols in several solvents, such as
dichloromethane, 1,2-dichloroethane, diethyl ether, tetra-
hydrofuran, acetonitrile, and toluene, proceeded very
rapidly at low temperature to give the corresponding
2,6-anhydro-2,6-dideoxy-2,6-dithio a-glycosides in excel-
lent yields. Remarkably, the stereoselectivity of the
glycosylations was highly o-selective in all cases. It
was also demonstrated that the stereoselectivity of the
glycosylations was independent of both the solvent
and the configuration of the anomeric center of the
donor. Furthermore, we found that the glycosylations
of fluoride 2 and several alcohols with many kinds of
activators, such as SnCl,/AgClO4, SnCl,, TMSOTT,
Cp,ZrCl,/AgClO,, Cp,HfCl,/AgClO,, or AgBF,, pro-
ceeded under mild conditions to afford the correspond-
ing o-glycosides with high stereocontrol in excellent
yields (Fig. 4). Again, the stereoselectivity was indepen-

dent of the glycosylation conditions including the acti-
vator and solvent. In drastic contrast, the 2,6-anhydro-
2,6-dideoxy-2,6-dithio B-glycosides were exclusively ob-
tained for glycosylations of alcohols in dichloromethane
using glycosyl acetate 3 and these alcohols (Fig. 5).
Thus, we found that the glycosylations of 3 with several
Lewis acids, such as SnCl,, Tf,O, TMSOTf, and
TrClOy, proceeded smoothly at low temperature to give
the corresponding 2,6-anhydro-2,6-dideoxy-2,6-dithio
B-glycosides with high stereocontrol in excellent yields.
The stereoselectivity of the glycosylations was indepen-
dent of the Lewis acid activator. We next examined
for solvent effect of the unexpected and high B-stereo-
selective glycosylation reactions. Therefore, the glycosyl-
ations of 3 using TMSOTT in solvents, such as 1,2-
dichloroethane, diethyl ether, tetrahydrofuran, acetoni-
trile, and toluene, were tested. It was interesting to note
that the a-glycosides were exclusively produced in
diethyl ether and tetrahydrofuran, while the B-anomers
were predominantly obtained in acetonitrile and toluene
and 1,2-dichloroethane as well as in dichloromethane.
Also, it was found that the ratio of the f-anomer was in-
creased by long reaction times, even in the case of
diethyl ether and tetrahydrofuran and the B-glycoside
was produced in reasonable yield by treatment of the
corresponding a-glycoside with only the Lewis acids in
dichloromethane, acetonitrile, and toluene and 1,2-
dichloroethane. These results indicate that although
these Lewis acids are considerably deactivated in diethyl
ether and tetrahydrofuran, they are strong enough in
dichloromethane, acetonitrile, toluene, and 1,2-dichlo-
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Figure 3. Glycosylations of 1 using NBS or MeOTT{.
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Figure 4. Glycosylations of 2 under several conditions.
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Figure 5. Glycosylations of 3 under several conditions.

roethane to reverse the glycosylation reaction and
that thermodynamic control is responsible for the high
B-stereoselectivity.

With both the 2,6-anhydro-2,6-dideoxy-2,6-dithio
o- and B-glycosides in hand, they were efficiently con-
verted to the desired 2,6-dideoxy sugar derivatives using
two methods (Fig. 6). The first was standard hydrogeno-
lysis, using Raney-Ni (W4) as a catalyst in ethanol at
40 °C, of the corresponding 3,4-deprotected derivatives,
which were obtained by the prior hydrolyses of the 3,4-
di-O-acetyl-2,6-anhydro-2,6-dideoxy-2,6-dithio  glyco-
sides. The second procedure was the reductive desulfur-
ization of the protected glycosides using freshly
prepared Bus;SnH and AIBN in toluene at reflux. The
latter method is useful for the chemoselective desulfur-
ization in the presence of other functional groups
affected by hydrogenolysis, such as double bonds.

We confirmed that the high reactivity of the 2,6-an-
hydro-2,6-dideoxy-2,6-dithio sugars under a variety of
glycosylation conditions resulted from the electron
donating nature of the sulfur at the C2 position, and that
the rate of the glycosylation reaction was strongly affected
by the oxidation state of the sulfur. Thus, glycosidations
of both the sulfinyl fluorides 4 and 5 as well as sulfonyl
fluoride 6 with alcohols under similar conditions as those
used for fluoride 2a did not proceed at all (Fig. 7).

The remarkably high stereoselectivity of glycosyl-
ations with these donors could be explained as follows.

A) 1. Hydrolysis (NaOMe, MeOH, rt., 30min.), 90%
2. Desulfurization (H,, Raney-Ni (W4), EtOH, 40 °C), 80%

!
AcO@% VO Hoﬁvo
| f

B) 1. Desulfurization ( BuzgSnH, AIBN, PhMe, reflux), 71%
2. Hydrolysis (NaOMe, MeOH, rt., 30min), 93%

Figure 6. Conversion of 2,6-anhydro-2,6-dideoxy-2,6-dithio glycosides
into 2,6-dideoxy glycosides.
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Figure 7. Activated (armed)-sugar and deactivated (disarmed)-sugars.

Because the configuration of the newly forming glyco-
side bond is completely independent of the configuration
of the anomeric position of the donor, these reactions
must proceed via a Syl type reaction pathway, and
the oxocarbenium ion intermediate formed in these reac-
tions is A (Fig. 8). Two major interactions must be con-
sidered when evaluating the face to which the alcohol
will approach A. One is the repulsive electronic inter-
action between the bridging sulfur atom and the alcohol
with it approaches the anomeric center from the B-face.
The other is the 1,3-diaxial repulsion between the C3
substituent and the alcohol when it approaches from
the o-face. When the glycosylation proceeds under
kinetic conditions, the repulsive electronic interaction
strongly impedes the reaction. Consequently, the alco-
hol predominantly attacks the a-face of A, and the con-
figuration of the formed glycoside bond is maintained
during the reaction (Fig. 8, path a). Indeed, no isomer-
ization was observed when either the 2,6-anhydro-2,6-
dideoxy-2,6-dithio o- or B-glycosides were exposed to
the glycosylation conditions used for 1 and 2. Alterna-
tively, a sulfonium-ion intermediate B resulting from
the participation of the sulfur was considered for the
induction of the a-stereoselectivity. In contrast, under
thermodynamic conditions, even if the a-bond forma-
tion preferentially occurs, the a-glycoside bond is
cleaved and then the thermodynamically stable B-glyco-
side bond, which arises from the 1,3-diaxial interaction,
finally forms (Fig. 8, path b). Interestingly, both effects
strongly influence the stereoselectivity of the glycosyl-
ation of the 2,6-anhydro-2,6-dideoxy-2,6-dithio glycosyl
donors under all glycosylation conditions due to the
very rigid conformation of the donor.
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Figure 8. Presumed mechanism of the glycosylation of 2,6-anhydro-2,6-dideoxy-2,6-dithio sugars.
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Figure 9. Structure of erythromycin A (7).

Based on these results, we applied this glycosylation
method to the synthesis of several natural products.
Among them is a typical and medicinally important
macrolide antibiotic, erythromycin A (7, Fig. 9). Wood-
ward’s classic total synthesis of erythromycin A made it
clear that the most difficult task after the aglycon syn-
thesis was the stereoselective introduction of the acid-
sensitive 2,6-dideoxy sugar, L-cladinose, to the very
poorly reactive C3 hydroxyl group.” Our method over-
came this problem. Our approach for the synthesis of
7 from its aglycon, (95)-9-dihydroerythronolide A (8),
began with the selective conversion of 8 into the C9
and C11 protected aglycon 11 in three steps (Scheme
1). Treatment of 8 with p-anisaldehyde dimethylacetal
and a catalytic amount of camphorsulfonic acid affor-
ded 9 with high regioselectivity. The isopropylidenation
of 9 using 2-methoxypropene and PPTS also regioselec-
tively proceeded to give the C9 and C11 O-isopropylid-
ene product 10. Subsequent reductive deprotection of
the p-methoxybenzylidene group of 10 by hydrogeno-
lysis using Pd(OH), gave the first key aglycon 11. The

glycosylation of 11 with the thioglycoside 12 using the
modified Woodward procedure with AgOTf and 4 A
molecular sieves in dichloromethane/toluene at
0—25 °C for 4 h proceeded regio- and stereoselectively
to afford the desired C5 glycosylated B-glycoside 13 as
the sole anomer in 63% yield. Glycosylation of lactone
13 with the phenylthio glycoside precursor to L-cladi-
nose (15) using several activators, such as NBS or
NIS, was next examined. However, it was found that
only undesired products including N-formylated com-
pounds were isolated as major components. Therefore,
the N,N-dimethyl group of 13 was oxidized by m-CPBA
to give the corresponding N-oxide 14. At this stage, the
glycosylation of 14 with glycosyl donor 15 in the pres-
ence of NIS, TfOH, and 4 A molecular sieves in
degassed dichloromethane under argon at —35°C
proceeded very rapidly to give the desired a-glycoside
16 as the sole isolated product in 90% yield. Removal
of the isopropylidene acetal of 16 under mild acidic con-
ditions using 50% AcOH/H,O afforded 17 with minimal
cleavage of the glycoside bond of the 2,6-anhydro-2,6-
dideoxy-2,6-dithio moiety in 16. Subsequent treatment
of 17 with H, in the presence of catalytic amounts of
Raney-Ni (W4) caused the simultaneous desulfurization
of the 2,6-anhydro-2,6-dideoxy-2,6-dithio sugar, the
reduction of the N-oxide and removal of the benzyl
and carbomethoxy groups to produce (9S5)-9-dihydro-
erythromycin A (18). To selectively oxidize the C9
hydroxyl group of 18, the N,N-dimethyl group of 18
was again oxidized by m-CPBA to afford the corre-
sponding N-oxide 19. Selective oxidation was eventually
achieved under Saigo-Mukaiyama conditions using
(n-BuzSn),0 and Br, to give the desired C9 keto-com-
pound 20. Finally, the N-oxide of 20 was reduced by
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Scheme 1. Synthesis of erythromycin A (7) by the glycosylation using 2,6-anhydro-2,6-dideoxy-2,6-dithio sugars.

standard hydrogenolysis using Raney-Ni (W4) as a
catalyst to give erythromycin A. Thus, this novel O-gly-
cosylation method, when used with several types of 2,6-
anhydro-2,6-dideoxy-2,6-dithio glycosyl donors, allows
the stereocontrolled synthesis of the 2,6-dideoxy glyco-
sides that frequently occur in clinically useful anti-
biotics.

2.2. C-Glycosylations of unprotected sugars and their
applications to the synthesis of urdamycinone B

Many biologically interesting C-glycosides, such as aryl
C-glycoside antibiotics, are found in nature, and several
types of C-glycosides, such as alkyl and allyl C-glyco-
sides, are useful chiral building blocks for the synthesis
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of optically active natural products. Although remark-
able progress has been made in C-glycoside synthesis,®
the development of simple and practical C-glycosylation
methods remains one of the central problems in syn-
thetic organic chemistry. The use of unprotected sugars
as glycosyl donors in glycosylation reactions undoubt-
edly has considerable advantages. The main reasons
why glycosylations of unprotected sugars are difficult
are the undesirable generation of self-coupling products
of the glycosyl donor and the deactivation of a glycosyl-
ation reagent by the free hydroxyl groups of the glycosyl
donor. However, we have succeeded in developing aryl’
and allyl'® C-glycosylations utilizing unprotected sugars
and we achieved the total synthesis of urdamycinone
B,'! a prototypical member of the C-glycosyl angucy-
cline antibiotics.

Over the past several years, aryl C-glycoside antibio-
tics such as the angucyclin and pluramycin families have
attracted considerable attention due to their significant
biological properties and architecturally interesting
structures (Fig. 10).!? 2-Deoxy sugars are the most com-
mon and important class of the sugar residues in these
molecules. In this context, we were challenged to deve-
lop aryl C-glycosylation methods employing unprotected
sugars. For this purpose, we developed a new approach,
which was based on the difference in the stability
between the C-glycosidic and O-glycosidic bond. Thus,
if we could find a reaction that cleaves any O-glycoside
bond and then forms a C-glycoside bond, C-glycosyl-
ation using an unprotected sugar as the glycosyl donor
would be achieved (Fig. 11).

During our initial attempts in searching for such a
reaction, we examined the aryl C-glycosylation of a gly-
cosyl donor possessing a methyl glycoside because it is
one of the most stable O-glycosidic bonds. If a methyl
glycoside is converted into a C-glycoside, then any O-
glycosidic bond could be cleaved and converted to a
C-glycosidic bond. We found that the C-glycosylation
of the methyl glycoside 21 with 2-naphthol using
20mol% of TMSOTf/AgClO, (1:1) proceeded
smoothly to give the corresponding aryl B-C-glycoside

OH

+ HO
HO g @o OH

------ O-glycoside bond
o X gly
N H Stable
| +R
= .
Q e C-glycoside bond

Figure 11. Concept of aryl C-glycosylation using an unprotected
sugar.

in 99% vyield (Fig. 12). In addition, we confirmed that
this reaction process involved the O—C-glycoside rear-
rangement, which was similar to the Lewis acid-cata-
lyzed C-glycosylation mechanism proposed by
Komentani'* and Suzuki.'

With this favorable result in hand, we found after fur-
ther study that the TMSOT{/AgClO, activator system
was not deactivated by the hydroxyl groups and could
effectively activate the anomeric oxygen of the glycosyl
donor leading to the aryl C-glycosylation of a totally
unprotected sugar. Thus, we found that the aryl
C-glycosylations of the unprotected methyl glycoside
22 and reducing sugar 23 with several phenol and naph-
thol derivatives using TMSOTf/AgClO, proceeded
smoothly under mild conditions to afford the corre-
sponding unprotected o-hydroxyaryl B-C-glycosides in
high yields (Fig. 13).

In subsequent studies on this project, we investigated
a more practical method not employing AgClO,4, which
is an undesired reagent, especially in large-scale experi-
ments and industrial processes, due to its hazardous

Aquayamycin (a angucyclin)

Pluramycin A (a pluramycin)

Figure 10. Molecular structures of the representative aryl C-glycoside antibiotics.



K. Toshima | Carbohydrate Research 341 (2006) 1282—-1297 1289

AcO HO
AcO OMe

21

Figure 12. Aryl C-glycosylation of 21 using TMSOT{/AgClO,.
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50 0
Ho/ﬁ\\mox * \“

22: X=Me
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Figure 13. Aryl C-glycosylations of 22 and 23 using TMSOT{/AgClO,.

and explosive properties. After many attempts to iden-
tify an activator with no hazardous or explosive proper-
ties, we found that although an acyl-protected glycosyl
donor (e.g., 21) was not suitable in glycosylations using
TMSOTT, the reactions of the 22 and 23 with several
phenol and naphthol derivatives in the presence of
TMSOTT proceeded efficiently to afford the correspond-
ing unprotected o-hydroxyaryl B-C-glycosides in high
yields. These results clearly indicated that unprotected
sugars can be very versatile glycosyl donors in the aryl
C-glycosylation reaction when promoted by TMSOTf
(Fig. 14). At this stage, we confirmed that, in the case
of 23, the combined use of TMSOT{/AgClO,4 sometimes
gave better results than the use of TMSOTf. When the
TMSOT{/AgClO, promoter system is used, the true
activating species for the glycosyl donor is presumably
TMSCIO, and/or HCIO,, which is generated due to
the presence of the free hydroxyl groups on the glycosyl
acceptor and donor, while TMSOTTf and/or TfOH is the
activating species when TMSOTT is used.

Another approach for developing the C-glycosyl-
ations using unprotected sugars was based on the differ-
ence in the formation rate between the C-glycoside bond
and O-glycoside bond. Thus, if we could find a reac-
tion in which C-glycosidic bond formation is faster than
O-glycosidic bond formation, C-glycosylation using
unprotected sugars could be achieved (Fig. 15). This
approach was investigated and realized in the allyl
C-glycosylations of unprotected glycals and allyltri-

Me HO
fra— 9@
Ho/ﬁ\\wox * \“

22: X=Me
23: X=H

Figure 14. Aryl C-glycosylations of 22 and 23 using TMSOTT.
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Figure 15. Concept of allyl C-glycosylation using an unprotected
sugar.

methylsilane. These glycosylations gave exclusively the
corresponding unprotected and 2,3-unsaturated allyl
a-C-glycosides, which are very versatile synthetic inter-
mediates for natural products syntheses.'”

We found that the unprotected glycal 24 was coupled
smoothly with allyltrimethylsilane using 100 mol % of
TMSOTS in dichloromethane at —78 °C for 0.5h to
afford only the unprotected and 2,3-unsaturated allyl
a-C-glycoside in 94% yield (Fig. 16). Self-coupling prod-
ucts, resulting from the O-glycosylation of 24, were not
detected at any stage of the reaction. Furthermore, it
was confirmed that the low temperature (—78 °C)
was important for the selective formation of the
C-glycoside bond. In addition, we found that the allyl

TMSOTY Me O
o2 1

HO O
HO

98%, o/B=1/>99 from 22
97%, o/B=1/>99 from 23
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HO —0 TMSOTY HO,—Q
Me ) + A~ SiMe; Me
; CH,Cl,, -78 °C, 0.5 h =
HO 94%, o/p=>99/1

24

Figure 16. Allyl C-glycosylation of 24 with allyltrimethylsilane.

C-glycosylations of several other unprotected glycals,
for example, D-glucal, p-galactal, and p-fucal, with
allyltrimethylsilane proceeded under similar conditions
to give the corresponding allyl a-C-glycosides in good
to high yields. Remarkably, the stereoselectivity of these
glycosylations was a-selective in all cases. For the gly-
cosylations of p-glucal, p-galactal, and p-fucal, the use
of acetonitrile as a co-solvent and the low glycal concen-
tration were crucial factors in obtaining high yields of
the desired allyl C-glycosides, due to their low solubility
in dichloromethane at —78 °C. Furthermore, we found
that the unprotected glycosyl donors were of higher
reactivity compared to the acyl-protected derivatives.
With these results in hand, we successfully applied this
method to the synthesis of the angucycline antibiotics.
The angucyclines with a unique benz[a]anthraquinone
as a common structure are a rapidly growing new class
of antibiotics. They show a variety of biological activi-
ties including antitumor activity and enzyme inhibition.
Among them is urdamycinone B (25), a prototypical
member of the C-glycosyl angucyclines, which is

" Urdamycinone B (25): R=H
Urdamycin B: R=

OH O
Urdamycinone B (25)

obtained from the antibiotic urdamycin B by careful
cleavage of the two O-glycoside moieties, which also
exhibits antitumor activity (Fig. 17). Elegant total syn-
theses of (—)-urdamycinone B, the enantiomer of the
natural urdamycinone B, and urdamycinone B have
been reported by Yamaguchi'® and Sulikowski,'’
respectively. We used the method described above to
carry out a highly effective total synthesis of urdamyci-
none B (25).

The retrosynthetic analysis of 25 is shown in Figure 18
along with our synthetic plan based on a key Diels—
Alder reaction between the diene 27 and the dienophile
28. Therefore, our synthetic approach began with the
synthesis of the unprotected C-glycosyl juglone 27 using
unprotected p-olivose (23). We first tried the direct aryl
C-glycosylation of juglone with 23. However, this reac-
tion did not proceed using either TMSOTf or
TMSOT{/AgClO, as activators. At this stage, it was
considered that these unfavorable results came from
the extremely low reactivity of the glycosyl acceptor,
juglone, due to the quinone skeleton. Therefore, we
investigated other syntheses of the unprotected C-glyco-
syl juglone 27. After many attempts to develop such a
synthesis, we finally developed the novel two-step syn-
thesis of the unprotected C-glycosyl juglone 27 from
the unprotected p-olivose (23) as shown in Scheme 2.
We found that the C-glycosylation of 1,5-naphthalene-
diol (30) and 23 using TMSOTT in acetonitrile at 25 °C
for 1 h proceeded smoothly to give the unprotected aryl
B-C-glycoside 31 in 65% yield as a single isomer. Fur-
thermore, it was found that the unprotected methyl p-
olivoside (22) also coupled with 30 under similar condi-
tions to afford 31 in comparable yield. Furthermore, it
was found that the photo-oxygenation of 31 was best
effected by irradiation with sunlight in z~-BuOH/CHCI;
under an oxygen atmosphere, which gave the desired
unprotected C-glycosyl juglone 27 in 57% yield along
with a 13% yield of 32.

Me
SiMe,Ph

OH O

Diels-Alder reaction

C-glycosidation using
Me unprotected sugar

Me
SiMe,Ph Me
(0] Me
HO + >
A oH 0 P Qf
23 o}
OH 0 SPh
29

Figure 18. Retrosynthetic analysis of urdamycinone B (25).
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OH
= (1
OH
TMSOTf, MeCN 30
25°C, 1h
65%
OH O,, sunlight o OH
Me o OO t-BuOH-CHCl3 (1:3), r. 1., 12 h . Me o ‘O
+
HO HO
HO 57% of 27 and 13% of 32 HO
OH
31 32
(PhMe,Si),Culi Me LDA, Ti,NPh, THE  Me # > 8nBug Me
33 78 525°C,1h 36
29 SiMe,Ph SiMe,Ph SiMe,Ph
94% (PhsP),Pd, LiCl
S DMF, 70 °C, 1 h
93% /
34 37
AD-mix-B, +BuOH-H,0
0°C, 12 h
92%
PhgP=CHSPh Me NalO,, THF-H,0 Me
40 25°C, 1.5 h
28 SiMe,Ph SiMe,Ph
THF, 25 °C, 0.5 h 87%
77%
0% HO OH
39 38
27 + 28
B(OAC)3, CHuCly, 25 °C, 2 h
then
air, DBU, CH,Cl,, 25 °C, 0.5 h Me

58%

OH O

HBF;*Et,0, CH,Cly, 25 °C, 2 h, 78% [__ 26: R=SiMe,Ph

KF, KHCO3, 31% H,0,, THF-MeOH, 25 °C, 14 h, 53% [,

O,, sunlight, MeOH, 25 °C, 24 h, 71%
then separation, 36% for 30, 35% for 43

Urdamycinone B (25) + HO
HO

41: R=SiMe,F
42: R=OH

OH O

Urdamycinone B C-3 epimer (43)

Scheme 2. Synthesis of urdamycinone B (25) by the glycosylation of an unprotected sugar.

With the unprotected C-glycosyl juglone 27 as a
dienophile for the Diels—Alder reaction in hand, our
attention next turned to the preparation of an appropri-
ate diene. For this purpose, cyclohexanone 34, which
was obtained using 3-methyl-2-cyclohexen-1-one (29)
and silylcuprate 33, was selected as the starting material.
Cyclohexanone 34 has a phenyldimethylsilyl group as a
masked hydroxyl group. Regioselective enolate forma-

tion of 34 with LDA and trapping of the intermediate
enolate with Tf,NPh afforded only the desired regio-
isomer of the vinyl triflate 35. The cross-coupling reac-
tion of vinyl triflate 35 and vinyltributyltin (36) using
a catalytic amount of (Ph;P),Pd and LiCl in DMF
yielded diene 37. At this stage, we found that the dihydr-
oxylation of 37 by the Sharpless reaction using the bulky
AD-mix- proceeded with good regioselectivity to afford
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the desired diol 38. Oxidative cleavage of 38 using
NalO,4 gave the a,B-unsaturated aldehyde 39. Finally,
Wittig reaction of 39 with triphenyl(phenylthiomethyl-
ene)phosphine (40) gave only the desired E,E-diene 28.

The Diels—Alder cycloaddition between the unpro-
tected C-glycosyl juglone 27 and the diene 28 using
B(OAc); followed by treatment of the resulting Diels—
Alder product with 1,8-diazabicyclo[5.4.0Jundec-8-ene
(DBU) in air afforded the cycloadduct 26 in 58% overall
yield. The high regioselectivity came from the coordina-
tion of B(OAc); between the C5 hydroxyl group and the
C4 carbonyl oxygen in 27 and the electron donating nat-
ure of the thiophenyl group in 28. Next, 26 was treated
with HBF4Et,O to afford fluoride 41, which was then
treated with KF, KHCO3;, and 31% H,0, to give ter-
tiary alcohol 42. Finally, regioselective oxygenation of
42 was successfully carried out by mild photo-oxygena-
tion, in which a solution of 54 in methanol was exposed
to sunlight, thus furnishing urdamycinone B (25) and its
C3 epimer 43.

The present novel aryl and allyl C-glycosylations
using unprotected sugars as simple glycosyl donors
offered promising new entries to practical and effective
syntheses of the totally unprotected aryl and allyl C-gly-
cosides. Furthermore, the total synthesis of the C-glyco-
syl angucycline, urdamycinone B, by a novel strategy
including the highly stereoselective aryl C-glycosylation
of an unprotected sugar, was also achieved.

2.3. Environmentally benign glycosylations using
reusable heterogeneous solid acids and ionic liquids

The greening of chemical glycosylations may include the
use of reusable catalysts and solvents. Before we started
this project, only Florent and Monneret had reported
chemical glycosylations using montmorillonite K-10 as
a solid-supported acid.'® Unfortunately, however, the
method did not reach a practical level and the reusabil-
ity of the solid acid was not mentioned. In this context,
we developed several glycosylation methods using reus-
able heterogeneous solid acids, for example, glycosyl-
ations with glycals,'® glycosyl fluorides,” glycosyl
sulfoxides,”! and glycosyl phosphites®> as the donors
and montmorillonite K-10, sulfated zirconia (SOg4/
Zr0,), and Nafion-H as environmentally friendly hetero-
geneous solid activators. Montmorillonite K-10,
Nafion-H, and SO,/ZrO, work well as Bronsted
and/or Lewis acid(s). These heterogeneous solid acids
are well known as environmentally benign catalysts in
organic synthesis because they can be easily recovered
from the reaction mixture by filtration and then reused.
Moreover, neutralization of the reaction mixture is not
required after the reaction is completed. Consequently,
extraction of the product from the reaction mixture
using an organic solvent is not needed in the work-up
process. In addition, we recently realized the stereoselect-

ive glycosylations using acidic ionic liquids, ionic liquids
containing a protic acid, as reusable and dual catalyst/
solvent systems.?

The most representative method using a hetero-
geneous solid acid is the stereocontrolled glycosylations
of glycosyl fluorides using SO4/ZrO, as the activator.
Because the proton is a hard acid and fluoride is a hard
base by the HSAB rule, we expected that these solid
acids would be effective activators of glycosyl fluorides.
As we expected, it was found that the glycosylations of
the totally benzylated o-mannopyranosyl fluoride 44
and cyclohexylmethanol using the solid acids, Montmo-
rillonite K-10, Nafion-H, and SO,/ZrO,, proceeded
smoothly to afford the corresponding mannopyranoside
in high yields. Furthermore, SO4/ZrO, was shown to be
superior to the other catalysts with respect to both the
chemical yield and o-stereoselectivity. We next tested
glycosylations of 44 and cyclohexylmethanol using
SO4/ZrO, in various solvents such as acetonitrile,
dichloromethane, toluene, tetrahydrofuran, and diethyl
ether. These studies revealed that acetonitrile was the
best solvent to selectively obtain the o-mannopyran-
oside, and the use of 5 wt % activator was sufficient to
perform this reaction at 40 °C with quite satisfactory
chemical yield and o-stereoselectivity. Moreover, inter-
estingly, the stereoselectivity of the glycosylation was
dramatically changed by the solvent, and predominately
B-stereoselectivity was observed when diethylether was
used as the solvent. Finally, we found that the use of
5 A molecular sieves as an additive in the glycosylation
in diethyl ether led to not only a high chemical yield,
but also to a good stereoselectivity for the f-mannopyr-
anoside. Thus, the glycosylations of 44 with several alco-
hols using 5 wt % SQ4/ZrO, in acetonitrile at 40 °C for
15h gave exclusively the corresponding o-mannopyr-
anosides, while glycosylations employing 100 or
200 wt % of the same activator in the presence of equal
amounts of 5 A molecular sieves in diethylether at 25 °C
for 15h afforded the corresponding B-mannopyran-
osides in high yields with good stereoselectivities
(Fig. 19).

Furthermore, based on the results of the stereocon-
trolled a- and B-mannosidations, we successfully applied
this glycosylation method to the stercocontrolled syn-
thesis of 2-deoxy glycosides. Thus, the glycosylations
of the benzylated 2-deoxy-a-glucopyranosyl fluoride 45
and several alcohols using 5 wt % SQO4/ZrO, in aceto-
nitrile at 25 °C for 1 h predominantly gave the corre-
sponding  2-deoxy-a-glucopyranosides, while the
glycosylation employing 100 wt % of the same activator
in the presence of five times the amount of 5 A mole-
cular sieves in diethyl ether at 0 °C for 1 h afforded the
corresponding 2-deoxy-p-glucopyranosides in high yields
with good stereoselectivities (Fig. 20). These optimized
conditions for selectively obtaining either the 2-deoxy
o- or B-glycosides (e.g., the reaction temperature and
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Figure 19. Glycosylations of 44 using SO,4/ZrO,.

BnO
BnO
BnO
100 wt% SQO4/ZrO,
BnO 500 wt% MS 5A
BnO Et,O
0°C,1h

98% (0/B=19/81)

Figure 20. Glycosylations of 45 using SO4/Z1rO,.

time, and the ratio of SO4/ZrO, and 5 A molecular sieves)
differed significantly from those used for the stereocon-
trolled mannosylations. This is due to the higher reactiv-
ity of the 2-deoxyglycosyl donor 45 compared to that of
the mannosyl donor 44.

To investigate the mechanism of the present unusual
stereocontrolled glycosylations, we examined the effect
of the leaving group of the glycosyl donor and its stereo-
chemistry. For this purpose, we prepared another glyco-
syl donor, the corresponding p-mannopyranosyl
sulfoxide 46 possessing a P-stereochemistry at the Cl1
position, and then examined the glycosylation with
cyclohexylmethanol under conditions similar to those
employed for the glycosyl donor 44. It was found that
when the glycosylation was performed using SO4/ZrO,
in acetonitrile, the o-mannopyranoside was selectively
obtained, while that with the same activator in the pres-
ence of 5 A molecular sieves in diethyl ether, the reac-
tion predominantly afforded the B-mannopyranoside
(Fig. 21). These results showed exactly the same ten-
dency as observed in the glycosylations using o-manno-
pyranosyl fluoride 44. From these results, it was clear
that the o- and B-stercoselectivities of the present
glycosylations are independent of both the leaving
group at the anomeric position of the glycosyl donor

45 5 wt% S0O,/Zr0, _BnO
Co TSR
MeCN n \/O

25°C, 1h 0
98% (0/p=88/12)

and its configuration. Therefore, these glycosylations
proceed via an Syl type reaction and involve the oxo-
carbenium ion intermediate C as shown in Figure 22.
When acetonitrile is used as a solvent, the alcohol
attacks the a-face of the anomeric center of C, due to
the steric interaction of the axial B-hydroxy group at
the C2 position and the anomeric effect, to generate
the a-glycosidic bond (Fig. 22, path a). It is known that,
in some cases, acetonitrile is coordinated with the a-face
of the anomeric center of oxocarbenium ion intermedi-
ates, and then the alcohol attacks the B-face. However,
in the present case, acetonitrile is probably coordinated
to Zr on SO4/ZrO, rather than C. Therefore, the solvent
effect of acetonitrile leading to PB-stereoselectivity was
not observed. On the other hand, when diethyl ether
was used as the solvent, the solvent can coordinate with
both Zr on SO4/ZrO, and the o-face of intermediate C
due to the bidentate coordinating nature of diethyl
ether. Therefore, SO4/ZrO, coordinates with the a-face
of the intermediate C through the solvent like the triflate
formation proven by Crich and Sun.** Consequently,
the alcohol attacks the less hindered B-face of the oxo-
carbenium intermediate C to form the B-glycosidic bond
(Fig. 22, path a). In this case, the 5 A molecular sieves
would play the important role of replacing the water

B
S\ S(O)Ph

300 Wt% SO4/ZrO,
BnO OBn 300 wt% MS 5A
0
Bno/&lﬂ/o
BnO Et,O

25°C,3h

99% (0/B=19/81) HO

Figure 21. Glycosylations of 46 using SO,/ZrO,.
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Figure 22. Presumed mechanism of the glycosylations using SO4/ZrO».

originally coordinated with the Zr in SO4/ZrO,, with
diethyl ether, which will increase the diethyl ether coor-
dinated points on the surface of SO4/ZrO-.

Recently, ionic liquids have been described as some of
the most promising environmentally benign reaction
media. They have several benefits compared to conven-
tional organic solvents. For example, they are nonvola-
tile, immiscible with some organic solvents, reusable and
can be designed. In this context, we developed a glycos-
ylation method using an ionic liquid as an environmen-
tally benign reaction solvent. In addition to our work,
Yadav,” Poletti’® and Pakulski®’ also independently re-
ported glycosylations using ionic liquids.

In these studies, we used an acidic ionic liquid, that is,
an ionic liquid containing a protic acid possessing a
common anion with the ionic liquid as a dual catalyst/
solvent system. We found that the glycosylations of
the diethyl phosphite 46 and several alcohols using
HNTTf, (1 mol % to Cemim[NTf,] ) in Cgmim[NTf,] at
25°C for 1 h smoothly proceeded to give the corre-
sponding glycosides in good to high yields (Fig. 23).
This result clearly indicated, for the first time, that an

BnO
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acidic ionic liquid was effective as a solvent/catalyst sys-
tem for chemical glycosylation. Furthermore, we con-
firmed that the use of the ionic liquid, Cemim[NTf,], is
equal or more effective than those of the conventional
organic solvents in terms of yield and stereoselectivity.
In addition, we confirmed the ionic liquid recycling.
After the extraction of the products with a mixture of
5:1 hexane/ethyl acetate, drying at 25 °C/1 mmHg for
12 h, the recovered Cgmim[NTf,] containing HNTf,
was reused many times without any loss in efficiency.
We noted that the homogeneous protic acid, HNTf,,
was recovered in the ionic liquid, Cemim[NTf,], and
no further addition of HNTf, was needed to repeatedly
perform the glycosylation. Overall, the present glycosyl-
ation method using an acidic ionic liquid has some envi-
ronmentally benign features. Distillation of the solvent
with a drying agent is not needed to provide anhydrous
conditions for chemical glycosylation, because a nonvol-
atile ionic liquid can be dried under reduced pressure.
Furthermore, neutralization of the reaction mixture
using aqueous media is not required after the reaction
is complete; extraction of the products with an organic

ﬂ HNTH,
BnO Cemim[NTf,]
BnO OP(OE), + HOVO smimiNTe] B”O% /\O
OBn
46 25°C,1h
reaction cycle  yield/% a/f ratio
0 91 18/82
. /—\ +
Cemim[NTf,]: 1 87 18/82
eMim| 2]Me’N\7N\/\/\/Me
“NTf, 2 89 19/81
3 89 18/82
4 90 18/82
5 89 17/83

Figure 23. Glycosylations of 46 using an acidic ionic liquid.
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Figure 24. B-Stereoselective gycosidations of 47 induced by an acidic ionic liquid.

solvent is sufficient. In addition, both the catalyst and
the solvent can be recovered and reused many times.

Another promising feature of ionic liquid is their abil-
ity to be designed. In our previous studies, we expected
that the stereoselectivity of the glycosylation would be
strongly influenced by the ionic liquid as a solvent.
Many glycosylation reactions involve an oxocarbenium
ion intermediate, which could interact with an anionic
species. Therefore, if an oxocarbenium ion intermediate
could interact with an anionic species contained in ionic
liquid, a stereoselective glycosylation induced by the
ionic liquid would be achieved.

To confirm our hypothesis, we examined the glycosyl-
ations of the glucopyranosyl fluoride 47 and alcohols
using several ionic liquids containing a protic acid. We
found that the stereoselectivity of the glycosylation
was highly dependent on the catalyst-solvent system.
Thus, Csmim[NTf,] containing HNTf, provided the
a-stereoselectivity with good yield, while Csmim[OTf]
with HOTY afforded the highest B-stercoselectivity with
high yield. It was confirmed that the stereoselectivity
of the glycosylation using 47 was quite similar to that
using the corresponding a-anomer, thus showing that
the stereoselectivity of the glycosylation is independent
of the configuration at the anomeric center of the glyco-
syl donor, and that this reaction proceeds via an Syl
type pathway and involves an oxocarbenium ion inter-
mediate. Furthermore, it was also confirmed that the
stereoselectivity of the glycosylation was dependent on
the ionic liquid, not the protic acid. Based on these
results, we found that the a-stereoselectivity observed
using Cgmim[NTTf,] containing HNTf, resulted from
the anomeric effect, while the B-stereoselectivity shown
using Cemim[OTf] with HOTf was due to the a-oriented
coordination of the trifluoromethanesulfonate anion
from the ionic liquid with the oxocarbenium ion

intermediate (Fig. 24). Furthermore, we designed
and synthesized 1-(3-cyanopropyl)-3-methylimidazo-
lium trifluoromethanesulfonimidide (CNC;mim[NTf,])
containing a cyano group, and examined glycosylations
using a protic acid, HNTT,, in the ionic liquid. We found
that p-stereoselectivity was induced. These results
strongly suggest that the cyano group in the side chain
of the imidazolium cation coordinates with the oxo-
carbenium intermediate and significantly affects the
stereoselectivity of the glycosylation (Fig. 24).

Thus, we demonstrated a novel and stereocontrolled
strategy for the direct syntheses of both the o- and
B-manno- and 2-deoxyglucopyranosides using a hetero-
geneous solid acid. These results, including a simple pro-
tocol and high stereoselectivity, should be instructive for
further research that employs heterogeneous solid acids
in glycosylation reactions. In addition, we presented
novel glycosylations using an acidic ionic liquid, that
is, an ionic liquid containing a protic acid, as a novel
and reusable dual catalyst/solvent system. Furthermore,
the effect of the ionic liquids on the stereoselectivity of
the glycosylation was clearly demonstrated. These
results should also be instructive for further research
that uses ionic liquids for stereoselective and environ-
mentally benign glycosylation reactions.

3. Conclusion

We have developed several novel glycosylation methods,
including the stereocontrolled glycosylations using 2,6-
anhydro-2,6-dideoxy-2,6-dithio sugars for obtaining
2,6-dideoxy glycosides, C-glycosylations employing
unprotected sugars, environmentally benign glycosyl-
ations utilizing heterogeneous solid acids and ionic lig-
uids, and applied them to the synthesis of natural
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products. However, a general chemical method for gly-
cosylation has still not been realized. Furthermore, gen-
eral aspects for the synthesis of glycomolecules have not
yet been ascertained from the point of view of yield and
stereoselectivity. A major breakthrough will be needed
before any given glycomolecule can be synthesized by
fully controlled chemistry. In addition, environmentally
benign chemistry on carbohydrates, ‘green carbohydrate
chemistry’, must be established in this century. Because
carbohydrates are indispensable biosubstances in our
life activities, the study of carbohydrate chemistry has
a prosperous future.

Acknowledgements

I wish to sincerely thank my many co-workers who are
individually mentioned in the references for their bril-
liant contributions. I gratefully acknowledge the Minis-
try of Education, Culture, Sports, Science, and
Technology, Japan, including a Grant-in-Aid for the
21st Century COE program ‘KEIO Life Conjugate
Chemistry’ for the financial support over the years.

References

1. (a) Carbohydrates in Chemistry and Biology; Ernst, B.,
Hart, G. W., Sinay, P., Eds.; Wiley-VCH: Weinheim,
2000; Vols. 1-4, (b) Glycoscience, Chemistry and Chemical
Biology; Fraser-Reid, B. O., Tatsuta, K., Thiem, J., Eds.;
Springer: Berlin, 2001; Vols. 1-3.

2. (a) For selected reviews, see: Preparative Carbohydrate
Chemistry; Hanessian, S., Ed.; Marcel Dekker: New York,
1997; (b) Nicolaou, K. C.; Mitchell, H. J. Angew. Chem.,
Int. Ed. 2001, 40, 1576-1624; (¢) Toshima, K. Synthesis of
Carbohydrate Containing Complex Natural Compounds.
In The Organic Chemistry of Sugars; Levy, D. E., Fiigedi,
P., Eds.; CRC Press: Boca Raton, 2006; pp 575-627.

3. For selected reviews, see: (a) Schmidt, R. R. Angew.
Chem., Int. Ed. Engl. 1986, 25, 212-235; (b) Sinay, P. Pure
Appl. Chem. 1991, 63, 519-528; (c) Toshima, K.; Tatsuta,
K. Chem. Rev. 1993, 93, 1503-1531; (d) Boons, G.-J.
Tetrahedron 1996, 52, 1095-1121; (e) Davis, B. G. J.
Chem. Soc., Perkin Trans. 1 2000, 2137-2160.

4. (a) Roush, W. R.; Murphy, M. J. Org. Chem. 1992, 57,
6622-6629; (b) Roush, W. R.; Lin, X. F. J. Am. Chem.
Soc. 1995, 117, 2236-2250; (c) Roush, W. R.; Hartz, R. A_;
Gustin, D. J. J. Am. Chem. Soc. 1999, 121, 1990-1991.

5. (a) Toshima, K.; Mukaiyama, S.; Ishiyama, T.; Tatsuta,
K. Tetrahedron Lett. 1990, 31, 3339-3342; (b) Toshima,
K.; Mukaiyama, S.; Ishiyama, T.; Tatsuta, K. Tetrahedron
Lett. 1990, 31, 6361-6362; (c) Toshima, K.; Nozaki, Y.;
Mukaiyama, S.; Tatsuta, K. Tetrahedron Lett. 1992, 33,
1491-1494; (d) Toshima, K.; Nozaki, Y.; Inokuchi, H.;
Nakata, M.; Tatsuta, K.; Kinoshita, M. Tetrahedron Lett.
1993, 34, 1611-1614; (e) Toshima, K.; Mukaiyama, S.;
Nozaki, Y.; Inokuchi, H.; Nakata, M.; Tatsuta, K. J. Am.
Chem. Soc. 1994, 116, 9042-9051.

6. (a) Toshima, K.; Mukaiyama, S.; Yoshida, T.; Tamai, T.;
Tatsuta, K. Tetrahedron Lett. 1991, 32, 6155-6158; (b)
Toshima, K.; Nozaki, Y.; Nakata, M.; Tatsuta, K.

Kinoshita, M. Tetrahedron Lett. 1993, 34, 5761-5764; (c)
Toshima, K.; Nozaki, Y.; Mukaiyama, S.; Tamai, T.;
Nakata, M.; Tatsuta, K.; Kinoshita, M. J. Am. Chem. Soc.
1995, 117, 3717-37217.

7. Woodward, R. B.; Logusch, E.; Nambiar, K. P.; Sakan,
K.; Ward, D. E.; Au-Yeung, B.-W.; Balaram, P.; Browne,
L. J.; Card, P. J.; Chen, C. H.; Chenevert, R. B.; Fliri, A.;
Frobel, K.; Gais, H.-J.; Garratt, D. G.; Hayakawa, K.;
Heggie, W.; Hesson, D. P.; Hoppe, D.; Hoppe, 1.; Hyatt,
J. A.; Ikeda, D.; Jacobi, P. A.; Kim, K. S.; Kobuke, Y.;
Kojima, K.; Krowicki, K.; Lee, V. J.; Leutert, T.
Malchenko, S.; Martens, J.; Mattews, R. S.; Ong, B. S.;
Press, J. B.; Rajan Babu, T. V.; Rousseau, G.; Sauter, H.
M.; Suzuki, M.; Tatsuta, K.; Tolbert, L. M.; Truesdale, E.
A.; Uchida, I.; Ueda, Y.; Uyehara, T.; Vasella, A. T.;
Vladuchick, W. C.; Wade, P. A.; Williams, R. M.; Wong,
H. N.-C. J. Am. Chem. Soc. 1981, 103, 3210-3213, 3213—
3215, 3215-3217.

8. For selected reviews, see: (a) Postema, M. H. D. Tetra-
hedron 1992, 40, 8545-8599; (b) Jaramillo, C.; Knapp, S.
Synthesis 1994, 1-20; (c) The Chemistry of C-Glycosides;
Levy, D. E., Tang, C., Eds.; Pergamon Press: Oxford,
1995; (d) Du, Y.; Linhardt, R. J. Tetrahedron 1998, 54,
9913-9959.

9. (a) Toshima, K.; Matsuo, G.; Tatsuta, K. Tetrahedron
Lett. 1992, 33, 2175-2178; (b) Toshima, K.; Matsuo, G.;
Ishizuka, T.; Nakata, M.; Kinoshita, M. J. Chem. Soc.,
Chem. Commun. 1992, 1641-1642; (c) Toshima, K.
Matsuo, G.; Nakata, M. J. Chem. Soc., Chem. Commun.
1994, 997-998; (d) Toshima, K.; Matsuo, G.; Ishizuka, T.;
Ushiki, Y.; Nakata, M.; Matsumura, S. J. Org. Chem.
1998, 63, 2307-2313.

10. (a) Toshima, K.; Ishizuka, T.; Matsuo, G.; Nakata, M.
Tetrahedron Lett. 1994, 35, 5673-5676; (b) Toshima, K.;
Matsuo, G.; Ishizuka, T.; Ushiki, Y.; Nakata, M.
Matsumura, S. J. Org. Chem. 1998, 63, 2307-2313.

11. (a) Matsuo, G.; Miki, Y.; Nakata, M.; Matsumura, S.;
Toshima, K. Chem. Commun. 1996, 225-226; (b) Matsuo,
G.; Matsumura, S.; Toshima, K. Chem. Commun. 1996,
2173-2174; (c) Matsuo, G.; Miki, Y.; Nakata, M.
Matsumura, S.; Toshima, K. J. Org. Chem. 1999, 64,
7101-7106.

12. For selected reviews, see: (a) Hansen, M. R.; Hurley, L. H.
Acc. Chem. Res. 1996, 29, 249-258; (b) Carreno, M. C.;
Urbano, A. Synlett 2005, 1-25.

13. Kometani, T.; Kondo, H.; Fujimori, Y. Synthesis 1988,
1005-1007.

14. (a) Matsumoto, T.; Katsuki, M.; Suzuki, K. Tetrahedron
Lett. 1988, 29, 6935-6938; (b) Matsumoto, T.; Katsuki, T.;
Jona, H.; Suzuki, K. J. Am. Chem. Soc. 1991, 113, 6982~
6992.

15. Ferrier, R. J. J. Chem. Soc. 1964, 5443-5449.

16. Yamaguchi, M.; Okuma, T.; Horiguchi, A.; Ikeura, C.;
Minami, T. J. Org. Chem. 1992, 57, 1647-1649.

17. Boyd, V. A.; Sulikowski, G. A. J. Am. Chem. Soc. 1995,
117, 8472-8473.

18. Florent, J.-C.; Monneret, C. J. Chem. Soc., Chem.
Commun. 1987, 1171-1172.

19. Toshima, K.; Ishizuka, T.; Nakata, M. Synlett 1995, 306—
308.

20. (a) Toshima, K.; Kasumi, K.; Matsumura, S. Synlett 1998,
643-645; (b) Toshima, K.; Kasumi, K.; Matsumura, S.
Synlett 1999, 813-815; (¢) Toshima, K.; Nagai, H.;
Kasumi, K.; Kawahara, K.; Matsumura, S. Tetrahedron
2004, 60, 5331-5339.

21. Nagai, H.; Kawahara, K.; Matsumura, S.; Toshima, K.
Tetrahedron Lett. 2001, 42, 4159-4162.



22.

23.

K. Toshima | Carbohydrate Research 341 (2006) 1282—1297

(a) Nagai, H.; Matsumura, S.; Toshima, K. Tetrahe-
dron Lett. 2002, 43, 847-850; (b) Nagai, H.; Matsum-
ura, S.; Toshima, K. Chem. Lett. 2002, 1100-1101; (c)
Nagai, H.; Matsumura, S.; Toshima, K. Carbohydr.
Res. 2003, 338, 1531-1534; (d) Nagai, H.; Sasaki, K.;
Matsumura, S.; Toshima, K. Carbohydr. Res. 2005,
340, 337-353.

(a) Sasaki, K.; Nagai, H.; Matsumura, S.; Toshima, K.
Tetrahedron Lett. 2003, 44, 5605-5608; (b) Sasaki, K.;

24.
25.

26.

27.

1297

Matsumura, S.; Toshima, K. Tetrahedron Lett. 2004, 45,
7043-7047.

Crich, D.; Sun, S. J. Org. Chem. 1996, 61, 4506-4507.
Yadav, J. S.; Reddy, B. V. S.; Reddy, J. S. S. J. Chem.
Soc., Perkin Trans. 1 2002, 2390-2394.

(a) Poletti, L.; Rencurosi, A.; Lay, L.; Russo, G. Synlett
2003, 2297-2300; (b) Rencurosi, A.; Lay, L.; Russo, G.;
Caneva, E.; Poletti, L. J. Org. Chem. 2005, 70, 7765-7768.
Pakulski, Z. Synthesis 2003, 2074-2078.



	Novel glycosylation methods and their application to natural products synthesis
	Introduction
	Development of glycosylation methods and their applications to natural products synthesis
	Glycosylations using 2,6-anhydro-2,6-dideoxy-2,6-dithio sugars and their applications to the synthesis of erythromycin A
	C-Glycosylations of unprotected sugars and their applications to the synthesis of urdamycinone B
	Environmentally benign glycosylations using�reusable heterogeneous solid acids and ionic liquids

	Conclusion
	Acknowledgements
	References


