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Abstract

Glycoconjugates are present in various bioactive natural products and medicianlly important compounds;
therefore, the development of novel and efficient glycosylation reactions is an important objective in organic
synthesis. Thioglycosides are glycosyl donors that can act as protected glycosides at the anomeric position and
can be selectively activated by the appropriate reagents under mild conditions. Although numerous methods
employing oxidizing agents as an activator of the thioglycoside are currently available, more versatile
approaches are still required to attain higher chemical yield and anomer selectivities. We have found that
trivalent hypervalent iodine reagents, such as phenyliodine diacetate (PIDA) and phenyliodine
bis(trifluoroacetate) (PIFA), display a much greater reactivity than heavy metal oxidizers or monovalent
iodonium species to activate the thioglycosides. We now report novel O- and N-glycosylation reactions of the
thioglycosides, activated by a combination of the hypervalent iodine reagent and Lewis acid.
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1. Introduction

The development of glycosylation reactions for the efficient synthesis of naturally-occurring or synthesis
bioactive glycosides is an important topic in organic chemistry. For the glycosylation reaction, glycosyl donors
are activated by various activators to react with glycosyl acceptors to generate a glycosidic bond as well as a
new asymmetric center at the anomeric carbon. Thus, an efficient glycoside synthesis should be precisely
controlled not only for forming either an a or [ glycosidic linkage but also for reacting with some of the
hydroxyl or amino groups of the acceptor substrates. A number of glycosylation methods has been developed
based on variations in the activating groups of the glycosyl donor, nucleophilic nature of the hydroxyl group of
the acceptor, kinds of activators, and solvent.> However, the development of new and efficient glycosylation
reactions is still desired to attain higher chemical yields and anomer selectivities. The Schmidt method using
glycosyl chloroimidates and the Suzuki method using glycosyl fluorides have been estimated to be excellent
methods. However, recently, thioglycosides have been widely employed as the glycosyl donor among the
many kinds of donor substrates. In general, the sulfide bonds are unaffected under the conditions for the
protection or deprotection of hydroxyl and amino groups, thus can behave as a protecting group of the
anomeric position. Meanwhile, the C-S bond can be specifically activated using appropriate reagents. The
thioglycoside activation methods reported to date can be classified into four main categories based on the
reagents used: i.e., (1) metal oxidizers, (2) halonium reagents, (3) organosulfur reagents, and (4) single-
electron transfer (SET) reagents (Scheme 1).
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Scheme 1. Thioglycoside activation methods for glycosylation
All of the above-listed activators produce thionium cationic species, which act as intermediates in the
glycosylation reaction. Classical methods entailing the use of heavy metal salts as activators, such as mercury
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and lead ions, were often employed, despite being highly unfavorable in terms of the impetus for green
chemistry.3®* Van Boom and his colleagues reported the use of a stoichiometric amount of N-iodosuccinimide
(NIS) as the halonium species and a catalytic amount of trifluoromethanesulfonic acid (TfOH) as the
promoter.”® This method is less toxic than typical protocols that use heavy metal oxidizers and is widely
adopted in natural product synthesis. Despite its usefulness, NIS has a disadvantage that it has no modifiable
groups in the structure such as an aromatic ring. Structural modification of the reagents could control the
reactivity in case the reaction yield is poor. Thus, we describe in the present article, our recent development
for the glycosylation reaction of thioglycosides using hypervalent iodine(lll) reagents, of which the structure
can be modified by replacing substituents on the aromatic ring or ligands on iodine(lll). The most important
advantage of this protocol is the use of environmentally-benign metal-free conditions.

2. Glycosylation of Thioglycosides as Sugar Donors using Hypervalent lodine Reagents

Since the 1990s, green chemistry has become increasingly relevant. In this regard, low-toxic and safe
hypervalent iodine reagents have been attracting attention as alternatives to heavy metal oxidizers. To date,
we have developed several synthetic reactions using hypervalent iodine reagents and applied them to the
total syntheses of bioactive natural products. We have developed a simple method for the synthesis of
heterocyclic compounds by applying this methodology to intramolecular ring-closing reactions.>!4 Kita, one of
the authors, also developed a method for the introduction of azide groups at the a-position of the sulfides,
entailing sulfur oxidation via the formation of active iodonium intermediates using hypervalent iodine(lll)
reagents, thereby providing a new method for the synthesis of heterocyclic compounds.'>'® The total
synthesis of the natural product, makaluvamine F, has been achieved using the developed methodology
(Scheme 2).17:18
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Scheme 2. The synthesis of makaluvamine F involving sulfur oxidation

Subsequently, various sulfide oxidation methods using other reagents have been reported, but only a few
reports have been published about the glycosylation of thioglycosides via activation by hypervalent iodine.?
Herein, a readily available thioglycoside, methyl 2,3,4,6-tetra-O-acetyl-1-thio-B-D-glucopyranoside 1a, was
used as a glycosyl donor, and methyl 2,3,4-tri-O-benzyl-a-D-glucopyranoside 2 was used as the acceptor, and
the reaction conditions were optimized (Table 1). Initially, the reaction was performed in CHCl, using
phenyliodine diacetate (PIDA) in an equimolar amount to 1a in the presence of trifluoromethanesulfonic acid
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(TfOH) at room temperature; however, the reaction did not proceed and the desired product was not
obtained (Entry 1). Therefore, we conducted the reaction at -78 °C under otherwise unchanged conditions and
obtained the desired glycosylated product 3a in 20% yield (Entry 2). Next, phenyl iodinebis(trifluoroacetate)
(PIFA) was used as the iodine reagent in combination with TfOH to obtain product 3a in 40% yield (Entry 3).
However, when the reaction was carried out using Phl(OH)OTs, the desired product was not produced (Entry
4). Furthermore, we attempted to use trimethylsilyl trifluoromethanesulfonic acid (TMSOTf) as a Lewis acid,
but the yield was not improved by changing the additive (Entry 5). Although the role of TfOH is unclear, it is
suggested that it coordinates to the carbonyl oxygen of the trifluoroacetate of PIFA to reduce the electron
density of iodine and that this function plays an important role in the activation of thioglycosides and the
formation of cationic intermediates. The reaction of alcohol 2 with the cationic intermediate is considered to
have produced the glycosylated product 3a. Interestingly, glycosylation using methyl 2-deoxy-2-phthalimido-
3,4,6-tri-O-acetyl-1-thio-B-D-glucopyranoside 1b as a glycosyl donor instead of 1la provided the desired
product 3b in 83% vyield (Entry 6). Thioglycoside containing a phthalimide group at the C-2 position of the
pyranose ring was found to be a more useful glycosyl donor for the glycosylation reaction.

Table 1. Optimization of hypervalent-iodine(lll)-mediated glycosylation reaction conditions

lodine(lll) Regent (1 equiv.)

OAc
OA OH
5 0 Additive (2 equiv.) /5%*/0 o
SMe AcO
AcO + BnO AcO BnO
AcO R BnO—~Bno CH,Cl, MS4A R “Bn0~>%no
OMe 3h OMe
1a: R = OAc 2 (1 5 eqUiV.) 33: R = OAc
1b: R = NPhth 3b: R = NPhth
Entry Donor I (1) Additive Temp (°C) Yield (%)
1 1a PIDA TfOH r.t. trace
2 1a I TfOH -78 20
3 1a PIFA TfOH TfOH 40
4 1a PhI(OH)OTs TfOH TfOH trace
5 1a PIFA TMSOTf TfOH 35
[ 6 1b I TfOH TfOH 83 j

Next, we examined the substrate scope for this glycosylation reaction employing the optimized conditions
shown below (Scheme 3). It was found that the glycosylation reaction smoothly proceeded at room
temperature when various alcohols were used as sugar acceptors, and the corresponding products were
obtained in good yields. The reaction also proceeded with the use of secondary alcohols, such as (-)-menthol,
B-cholestanol, fenchol, and 2-adamantanol, and the corresponding glycosylated compounds 3c-3f were
obtained in good yields. Furthermore, a decrease in the yield was not observed when 1-adamantanol, a bulky
tertiary alcohol, was used, affording the desired glycosylated product 3g. The reaction smoothly proceeded
when (+)- and (-)-borneol were used, and the corresponding products 3h and 3i were obtained in good yields.
In this case, the reaction B-selectively proceeded due to the involvement of the adjacent phthalimide groups.
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Scheme 3. Glycosylation substrate scope

3. Extension to Disaccharide Synthesis

Having achieved glycosylation of the methyl thioglycosides (1a, 1b) with various alcohols using hypervalent
iodine(lll), we embarked on its application for oligosaccharide synthesis. For the synthesis of oligosaccharides,
the key step is attributed to the selective and high-yielding formation of the glycosidic linkages. Our
glycosylation protocol, in which the thioglycosides are used as sugar donors in the presence of PIFA/TfOH as
an activator, can avoid the by-production of anomeric isomers and seemed to allow the oligosaccharide
synthesis in good vyields. Thus, we initially applied our hypervalent-iodine-mediated glycosylation reaction to
the disaccharide synthesis.

Under the standard reaction conditions, the corresponding glycosylated compounds were obtained in
good vyield (Scheme 4). In this case, conducting the reaction at -78 °C led to an improvement in the yield.
When thioglycoside 1a and the benzoyl-protected acceptor bearing a hydroxyl group at the 6-position were
used, the desired glycosylated product 3j was obtained in high yield. Similarly, the use of an acetal-protected
acceptor gave the desired product 3k in good vyield. Gratifyingly, the glycosylation of galactose at the 4-
position gave the corresponding product 3l in 55% yield. Glycoprotein glycans are a remarkably diverse group
of molecules, classified according to their binding mode to proteins, with particularly structurally complex
glycans often expressing glycoconjugates important for glycosylation at their terminus, such as galactose.
However, glycosylation reactions at the axial hydroxyl group at the 4-position of galactose are rare, and
generally low-yielding; therefore, obtaining the glycosylated galactose product in 55% yield is a notable
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achievement, demonstrating the usefulness of this reaction. The reaction generally provided moderate yields,
although the yields were lower when the reaction was performed with a donor, confirming that products 3m
and 3n were obtained in a B-selective manner. Moreover, it was found that when a galactose derivative was
used as the sugar donor, favourable reactivity was maintained and glycosyl product 3o was obtained in 63%
yield.2? This is an example of a reaction between a glycosyl sugar donor with an electron-withdrawing group,
and a glycol-acceptor with an electron-donating group, which is generally considered challenging.?!

PIFA (1 equiv.)

2
R4 OR? o ) R4 OR o
TfOH (2 equiv.) 0 —
N . e o
R20 = CH,Cly, MS4A R20 R
(1 5 eql.“v.) 3 h, _78 OC
1b : R' = NPhth, RZ = Ac, R® = OAc, R* = H
1c :R'"=R%®=0Ac, R2=Ac,R*=H
1d: R' = NPhth, R? = Ac, R® = H, R* = OAc
OAc 6]
(6] OA
0 0 o o OBz
AcO BzO ACO
AcO e L N~ O™ AcO B o)
z BzO
0 0 P OMe
3j 69% 3k 59% 3l 55%

OAc AcO OAc

o 0 o) o o) (03 o
¢ BzO Bn
AcO OAc  BzO AcO N—C BnO—"Bno
BZOOMe o OMe
3m 40% 3n 63%

Scheme 4. Scope of glycosylation for disaccharide synthesis

4. Development of Glycosylation Reactions using Thioglycosides Derived from Odorless
Thiols

Next, we turned our attention to optimizing the mercaptane moiety of the thioglycoside. Methyl trimethyl-
silyl sulfide and benzenethiol are commonly used for the preparation of the appropriate thioglycosides;
however, paying attention to the working environment is important since an unpleasant odor is generated
during preparation of the thioglycosides and glycosylation reactions. Kajimoto and his colleagues developed p-
dodecylbenzenethiol and p-octyloxybenzenethiol as odorless alternatives to benzenethiol. We then employed
the odorless thioglycoside 1e as the donor substrate for our glycosylation reaction. 2+23

The results are summarized in Scheme 5. The reaction conditions and the acceptor substrates were the same
as those in Scheme 3. The reaction with the glycosyl donor 1e afforded the corresponding products in higher
yields than for the reaction with 1b.?*
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OAc
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Scheme 5. Scope of glycosylation using thioglycosides derived from odorless p-octyloxybenzenethiol

A trisaccharide synthesis was also challenged using a disaccharide 4 as the donor and a benzylated
glycoside 2 as the acceptor substrate (Scheme 6). The reaction smoothly proceeded providing the desired
trisaccharide 5 in high yield (82%).% Although various methods for the synthesis of the oligosaccharides have
been reported to date, most of them, except for the Danishefsky method, depend on the glycosylation starting
from the reducing end.?® The general strategy is sometimes not suitable for use in the final stages of the total
synthesis due to their limited substrate scope and low yields. We have now confirmed that the present
method could provide another synthetic strategy for oligosaccharide synthesis because the glycosylation in

Scheme 6 proceeds from the non-reducing end.
OAc

o odorless thiol OH
S o
Aco/%/
AcO + BnO
N OCgH47 BnO—"Bno
0 OMe
2
(1.5 equiv.)

PIFA (1 equiv.) OAC

TOH (2 equiv) .o %0 o
CH,Cl AcO o Bno

-78°C

82%
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Scheme 6. Trisaccharide synthesis from thioglycosides derived from odorless p-octyloxybenzenethiol
5. N-Glycosylation of Thioglycosides

Since the glycosyl derivatives with carbon-nitrogen (C-N) bonds at the anomeric position are known to play an
important role in a variety of biological events,?’?° the development of useful N-glycosylation reactions is an
important endeavor. However, the N-glycosylation methods are relatively underdeveloped compared to the
O-glycosylation reactions. Among the N-glycans, the glycosylazoles do not only show a potent inhibitory
activity against the glycosidases and glycosyltransferases, but are also attractive molecules used as
biologically-inactive linkers. Thus, the development of efficient methods for accessing these glycosyl azoles has
received considerable attention. Various types of N-bonded glycosyl triazoles have been reported, most of
which are generally synthesized via the Huisgen [3 + 2] cycloaddition; however, due to the use of an unstable
monovalent Cu catalyst and its persistent property, a tedious procedure to remove the Cu residue after the
reaction is necessary.3031

As mentioned above, we have recently developed the glycosylation of thioglycosides using hypervalent
iodine(lll) reactants as activators. Thus, a simple method for the synthesis of glycosyl azoles using hypervalent
iodine reagents as activators was investigated. First, the glycosylation of thioglycoside 1b with 1,2,3-
benzotriazole 6a was investigated. However, product 7a was obtained in only moderate yield when PIFA was
used in the presence of TfOH, which had given good results in our previous glycosylation reactions. Therefore
the use of additives was investigated, and N-glycosylated 7a was obtained in good yield when the reaction was
conducted at 80 °C in dichloroethane using TMSOT( as the Lewis acid (Scheme 7).

N:N
OAc N PIFA (1 equiv.) OA(; N
(o) i\ Acid (2 equiv.) A /%/
AcO S + N oy o)
AcO N (CHz)chz c OAc
OAc H
1f 6a 7a
(1.5 equiv.)

Acid; TfOH atr.t.; 46%

TMSOTfatr.t.; 67%
TMSOTY at 80 °C; 85%

Scheme 7. Optimization of N-glycosylation with thioglycoside 1f

Next, we examined the substrate scope using the optimized conditions (Scheme 8). It was found that the
N-glycosylation of 1f smoothly proceeded with the 1,2,3-triazoles and the corresponding products were
obtained in good yield as follows. 1,2,3-Triazole 6b produced silicide product 7b in satisfactory vyield.
Furthermore, 1,2,3-triazoles 6¢ and 6d bearing an aryl group at the 4-position gave the corresponding
products 7c and 7d in moderate yields. Triazoles 6e and 6f bearing halogen-substituted aryl groups gave the
corresponding glycosyl azoles 7e and 7f. When thioglycosides derived from galactose were reacted, the
corresponding products 7g and 7h were obtained in satisfactory yields.
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r2 OAc R N=
o N PIFA (1 equiv.) R2 OAc N =N
R’ N TMSOTY (2 equiv.) o NN
AcO + \N R'] R
OAc H DCE, 24 h AcO OAC
80 °C
1f :R'=0Ac, R?=H 6b-h 7b-f
1g:R"=H, R? = OAc (2.0 equiv.)
OAc  N=N OAc  N=N OAc N=N
! O, Nz O, Nz
o)
ACO%N Y ACO’%&/ Acoée/ Me
AcO OAG AcO OAc AcO OAc
7b 47% 7¢c 51% 7d 53%
OA =N
OAc  N=N oC N'I\l Y
(0] N~/ AcO Cl
ACO Br ACO OA
AcO OAc ¢
0,
7e 54% 7t a%
AcO  oac AcO  oAc
0 N, o NNy
N~ N
AcO OAc ={ AcO OAc
, Ph
0,
9 34% 7h 43%
Br

Scheme 8. Scope of N-glycosylation

Recently, this reaction has been extended to the practical N-glycosylation of thioglycoside 1h derived from
the odorless p-octyloxybenzenethiol.3?

To demonstrate the practicality and efficiency of the developed method, scaled-up reactions were
performed. It was possible to synthesize the N-glycosylated product 7a on a gram scale (2 mmol) from the
reaction of the thioglycoside 1h obtained from the odorless p-octyloxybenzenethiol and benzotriazole 6a

(Scheme 9).
PIFA (1 equiv.)
N { TMSOTf (2 equiv.)
1h + N > 7a
N
H

DCE, 24 h
80 °C
2 mmol 6a 65%

(2.0 equiv.)
Scheme 9. Large scale synthesis of 7a
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6. Conclusions

Metal-free glycosylation reactions using hypervalent iodine reagents, which are environmentally more benign
reagents than heavy metal ions, were successfully developed. Using the present method, disaccharides can be
easily synthesized then a three connected glycan can be generated by repeating the same reaction. Hopefully,
this developed glycosylation method, in which environmentally benign organoiodine(lll) reagents and odorless
p-octyloxybenzenethiol were used, will contribute to the establishment of clean manufacturing technologies
in the glycosciences. It is expected that the efficient synthesis of cyclic peptides, oligosaccharides/nucleic
acids, glycopeptides, and other compounds will contribute to the development of life science research.
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