874

CHIMIA 2018, 72, No. 12

CHEMISTRY TiES LINKING JAPAN TO SWITZERLAND

doi:10.2533/chimia.2018.874

Chimia 72 (2018) 874-881 © Swiss Chemical Society

Chemistry of 1,2-Anhydro Sugars

Gefei Li, Masato Noguchi, Kazunari Serizawa, and Shin-ichiro Shoda*

This paper is dedicated to the memory of my mentor, Professor Teruaki Mukaiyama, the originator
of the Lewis acid-catalyzed Aldol reaction.

Abstract: The 1,2-anhydro sugars are a class of valuable and versatile intermediates in carbohydrate chemistry.
In the first part of this article, a review is given on preparation methods of 1,2-anhydro sugars that are suitably
protected. Protected 1,2-anhydro sugars have been widely used as glycosyl donors for the synthesis of glycosyl
compounds such as oligosaccharides and nucleosides. In the second part, a brief history and the chemistry
of unprotected 1,2-anhydro sugars is described. In the past few years, our research group has developed pro-
tection-free methods for synthesis of glycosyl compounds through unprotected 1,2-anhydro sugars as reactive
intermediates based on the concept of ‘direct anomeric activation’. In this article, the one-step preparation of
glycosyl compounds such as thioglycoside derivatives and glycosyl azides by using formamidinium-type de-
hydrating agents is presented. Furthermore, the initial results on the first detection of unprotected 1,2-anhydro
sugar intermediates by NMR measurements are shown along with their full structure characterizations.
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1. Introduction

The 1,2-anhydro sugars possess a skel-
eton where a six-membered pyranose ring
and a three-membered oxirane ring are
fused sharing the anomeric position and
the C2 position. In the history of carbohy-
drate chemistry, 1,2-anhydro sugars have
established their firm position as useful
intermediates for the preparation of O-, C-
and N-glycosyl compounds. The existence
of a distorted linkage makes 1,2-anhydro
sugars extremely reactive such that ring-
opening reactions takes place easily at the
anomeric position by the attack of a nu-
cleophile, generating a free OH at the C2
position. In 1922, Brigl reported the syn-
thesis of 1,2-anhydro-o.-D-glucopyranose
triacetatel!l and since then, this compound
has been commonly called ‘Brigl’s an-
hydride’ among carbohydrate chemists.
However, the application of 1,2-anhydro
sugars did not gain much attention in early
times, because the synthesis via the distort-
ed cyclic structure presented several tech-
nical hurdles. It was not until the 1990s that
the extensive use of protected 1,2-anhydro
sugars emerged in the synthesis of com-
plex oligosaccharides and N-glycosides. A
large number of examples using protected
1,2-anhydro sugars as intermediates have

been reported by Danishefsky’s group!?!
based on the discovery of the easy access
to protected 1,2-anhydro sugars by the ep-
oxidation of the corresponding glycals (cy-
clic enol ethers of sugars having a double
bond between the anomeric position and
the C2 position) with a mild oxidizing
agent, dimethyldioxirane (DMDO). In ad-
dition to the development of 1,2-anhydro
pyranoses (six-membered ring), it has also
been shown that protected 1,2-anhydro
furanoses (five-membered ring) are prom-
ising glycosyl donors for the synthesis of
nucleosides.

Another turning point of 1,2-anhydro
sugar chemistry was the discovery of the
direct conversion of unprotected sugars to
1,6-anhydro sugars in our research group
by using a formamidinium-type dehydrat-
ing agent, 2-chloro-1,3-dimethylimidazo-
linium chloride (DMC), where unprotected
1,2-anhydro sugars were speculated as the
key intermediates towards the intramo-
lecular nucleophilic substitution of the hy-
droxy group from the 6 position.3! These
findings triggered the protection-free
synthesis of glycosyl compounds in aque-
ous media through unprotected 1,2-an-
hydro sugars as reactive intermediates.
Furthermore, in 2017, we firstly detected
the unprotected 1,2-anhydro species by
low-temperature NMR spectroscopy that
allowed optimization of protection-free
synthesis of glycosyl compounds.[*] In
this review, an account is given of devel-
opments in 1,2-anhydro sugar chemistry,
including synthetic methodologies of pro-
tected and unprotected 1,2-anhydro sugars,
and their applications in the synthesis of
oligosaccharides and glycoconjugates.
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2. Synthesis of Protected
1,2-Anhydro Sugars

Currently, two methods have been
commonly employed for the synthesis of
protected 1,2-anhydro sugars. In the first
method, the intramolecular nucleophilic
attack of an oxyanion to the anomeric
carbon atom leads to the formation of
a 1,2-anhydro skeleton. This strategy is
straightforward where the logic of synthe-
sis is the same as that of the synthesis of
ethylene oxide (oxirane) through the intra-
molecular substitution of a carbon having a
good leaving group by a hydroxyl group on
the adjacent carbon atom. In the traditional
method of Brigl, glucopyranose pentaac-
etate (1) is treated with phosphorus pen-
tachloride in carbon tetrachloride to yield
acetylated  2-O-trichloroacetyl-glucosyl
chloride (2, Scheme 1).[!l Thereafter, the
resulting chloride 2 is treated with ammo-
nia to achieve the selective deprotection
of the trichloroacetyl group, delivering
glucosyl chloride 3 having a free hydroxy
group on the C2 position. Finally, the intra-
molecular nucleophilic substitution of the
B-isomer of 3, which is promoted by fur-
ther reaction with ammonia, gives Brigl’s
anhydride 4.

By using a similar synthetic strat-
egy using an intramolecular substitution,
Sondheimer and co-workers synthesized
1,2-anhydro mannopyranose 5 through the
ammonia-triggered reaction of 3,4,6-tri-
O-benzyl-o-mannopyranosyl chloride (6,
Scheme 2A).I5! Potassium zert-butoxide-
mediated intramolecular ring closure of
B-galactopyranosyl fluoride 7 also gave
1,2-anhydro galactose 8 quantitatively via
the 2-OH intermediate (Scheme 2B).[0
The alternative pathway of intramolecular
substitution consists of the introduction of
a leaving group at C2 and the subsequent
ring closure. Treatment of 1-hydroxy sugar
9 bearing a p-toluensulfonyl (Ts) group at
C2 with potassium fert-butoxide gave the
corresponding 1,2-anhydro sugar 10 in
good yield (Scheme 2C).["]

The second method for the synthesis
of 1,2-anhydro sugar 11 is the direct ep-
oxidation of the corresponding glycals
12 by using oxidants such as dimethyl-
dioxirane (DMDO) (Scheme 3). Inspired
by Murray’s work,8] Danishefsky and
co-workers developed a simple method
for the preparation of 1,2-anhydro sugars
via DMDO-mediated epoxidation of pro-
tected glycals. When 3,4,6-tri-O-benzyl
glucal and 3,4,6-tri-O-#-butyldimethylsilyl
glucal were used as starting materials, the
reactions proceeded stereoselectively, af-
fording gluco-type epoxide derivatives.
However, the use of 3,4,6-tri-O-acetyl
glucal gave a mixture of gluco-type and
manno-type products.[2l The studies that
followed focused on the alternatives to

DMDO, because the challenge was how
to scale up the synthesis using limited
amounts of DMDO. A one-step epoxida-
tion of glycals using m-chloroperoxyben-
zoic acid (mCPBA) and potassium fluoride
(KF) in anhydrous dichloromethane was
demonstrated by Chiappe and co-work-
ers. The epoxidation of 3,4,6-tri-O-acetyl
glucal preferably gave gluco-type epox-
ide by using this synthetic method with
low yield (25%, gluco:manno = 8:2).°1
Perfluoro-cis-2,3-dialkyloxaziridines were
also reported as oxidant in the epoxida-
tion of glycals, giving rise to a mixture
of diastereomers.[10] Moreover, treatment
of 3,4,6-tri-O-benzyl-D-glucal with diaryl
sulfoxide and triflic anhydride (Tf,0) se-
lectively gives the corresponding 1,2-an-
hydro glucose derivative in the presence of
triethylamine and methanol.'!l It should
be noted that the epoxidation occurs on-
ly after the addition of nucleophile (i.e.
MeOH) to activate the glycal intermediate.
Since dioxiranes can be generated in situ
from the reaction of ketones and potassi-
um peroxymonosulfate (oxone), Dondoni
and co-workers demonstrated a multi-
gram epoxidation of 3,4,6-tri-O-benzyl-D-

glucal (99% yield, gluco-type only), and
3,4,6-tri-O-benzyl D-galactal (99% yield,
galacto-type only) in a biphasic system.
The DMDO-epoxidation of 3,4,6-tri-O-
acetyl glucal selectively gave gluco-type
epoxide by oxone with high yield in large
scale (87 % yield, gluco:manno = 7:1).112
In addition, reactions using a metallopor-
phyrin catalyst were investigated. Che
and co-workers!!3l employed ruthenium
or manganese porphyrin as a catalyst for
the epoxidation of glycals, affording an
anomeric mixture of the corresponding
1,2-anhydro sugars. The poly(ethylene
glycol)-supported metalloporphyrin was
also investigated by the same research
group, achieving a 99% conversion from
O-acetyl-D-glucal with high diastereose-
lectivity (gluco:manno = 9:1).0141

3. Protected 1,2-Anhydro Sugars as
Glycosyl Donors

3.1 O-Glycosylation

In the 1950s, Lemieux and Huber used
Brigl’s anhydride 4 for the first chemical
synthesis of sucrose 13 (Scheme 4) and

Scheme 1. Synthesis
of Brigl’s anhydride 4.
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Scheme 2. Synthesis of protected 1,2-anhydro sugars via intramolecular nucleophilic substitution.
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Based on Danishefsky’s strategy, Kong  boronic ester to activate protected 1,2-an-
oP oP . .
and co-workers prepared glycopeptides hydro glycosyl donors 17, affording the
o [O] PO o . . . . . . .S
PO — = via stereoselective O-glycosylation of corresponding 1,2-cis-glycosides in high
PO = PO . 13 . . . . . . ..
™ IS L-serine.[8] Some bioactive oligosaccha- yields under mild reaction conditions.

P: Ac, Bn, Me, TES...

[O]: DMDO, mCPBA/KF, Ar,SO/Tf,O/EtsN/MeOH,
Ruthenium or manganese Porphyrin

Scheme 3. Synthesis of protected 1,2-anhydro
sugars via oxidation of glycals.

maltose.l!15] However, the mechanism for
the o-selective glycosidic bond forma-
tion was not clear. In the absence of ac-
ceptors, treatment of Brigl’s anhydride
with hot alkali led to the formation of
levoglucosan (1,6-anhydro glucose).[16]
These reports clearly revealed that 1,2-an-
hydro sugars are useful intermediates for
O-glycosylation.

From the late 80s to 90s, Danishefsky
and co-workers reported several works
with regard to the O-glycosylation using
1,2-anhydro sugars including solid-phase
oligosaccharide synthesis.[>17] In contrast
to Lemieux’s results, the B-linked oli-
gosaccharides 14 were stereoselectively
prepared from per-O-benzylated 1,2-an-
hydro sugars (10 and 15) in the presence
of multi-equivalents of zinc chloride
(Scheme 5).

rides and glycoconjugates such as tetrameric
arabinogalactans!'%! were also successfully
synthesized by the Lewis acid-assisted one
monosaccharide-elongation process using
1,2-anhydro sugars as glycosyl donors. In
addition, the important substrates for gly-
cosyl transferases, UDP-sugars, have been
prepared by the direct coupling of 1,2-an-
hydro sugars with uridine diphosphate.[20]
Advanced activation strategies have
been developed for the stereocontrolled
O-glycosylation using protected 1,2-an-
hydro sugars as glycosyl donors. In
principle, opening of an oxirane ring is
promoted by the action of an acid cata-
lyst. However, side reactions such as hy-
drolysis as well as low stereoselectivity
are the concerns of using strong acids. In
using 1,2-anhydro sugars as a glycosyl
donor, Yu and co-workers disclosed that
an improved yield could be obtained with
Ph.PAuOTT catalyst instead of anhydrous
zinc chloride.l?!l Boronic esters 16 have
been proposed for the stereoselective
glycosylation based on an intramolecu-
lar aglycon delivery strategy (Scheme
6). Takahashi and Toshima and co-work-
ersi?21 used a glycosyl-acceptor-derived
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Scheme 4. First chemical synthesis of sucrose using Brigl’s anhydride.
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Aryl boronic acids were also reported as
an aryl source to produce phenolic gly-
cosides via the aromatic O-glycosylation
of 1,2-anhydro sugars in the presence of
a base.[23] Furthermore, tunable stereose-
lectivity was found in the glycosylation
of 1,2-anhydro sugars with phenol de-
rivatives by varying the metal ion of the
base.[>4]

3.2 C-Glycosylation

Another important application of
1,2-anhydro sugars is the preparation of
C-glycosides. In 2017, Yu and co-work-
ers reviewed C-glycoside syntheses with
1,2-anhydro sugars as glycosyl donors.[25]
Ring opening of 1,2-anhydro sugars for
C-glycosylation often relies on the partici-
pation of an organometallic C-nucleophilic
acceptor under electrophilic/cationic or
radical pathways. Reactions of 1,2-an-
hydro sugars with organolithium/26! and
Grignard reagents?’! usually lead to varied
stereoselectivity depending on the sub-
strates and reaction conditions (Scheme
7A). Organoaluminum, -zinc, -boron
and -zirconium prefer to give 1,2-cis
C-glycosides 18281 (Scheme 7B), whereas
reactions of organocuprates (Gilman re-
agent)[291 favor 1,2-trans C-glycosylation
(Scheme 7C). Treatment of 1,2-anhydro
sugars with metal reagents such as Sml, !
and CP,TiCLP!! gives anomeric radicals
for a-selective C-glycosylation (Scheme
7D).

Walczak and co-workersi32! have de-
scribed a novel approach for the stereose-
lective synthesis of C-aryl glycosides 19.
In their method, the O-benzyl 1,2-anhydro
sugar 14 is activated with Bu SnMgMe
giving rise to a glycosyl stannane species
20 which couples with aryl halides through
a Pd-catalyzed highly stereoretentive
cross-coupling reaction (Scheme 8).

3.3 N- and S-Glycosylation

Not limited to oligosaccharide syn-
theses, Danishefsky and co-workers used
protected 1,2-anhydro sugars as glycosyl
donors for the synthesis of nucleosides 21
via the ZnCl, mediated N-glycosylation
(Scheme 9).131 Thereafter, Kong and
co-workers revealed that the reaction of
1,2-anhydro-5-0-acetyl-3-O-benzyl-o.-D-
xylofuranoside with a trimethylsilylated
thymine derivative in the absence of Lewis
acid afforded N-xylofuranosyl thymidine
in good yields.34 Recently, the azida-
tion of O-benzyl 1,2-anhydro sugars with
sodium azide in acetonitrile by using a
catalytic amount of ceric ammonium ni-
trate has been demonstrated, giving rise to
B-glycosyl azides in good yields.!33!
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The 1,2-anhydro sugars have also
been used as efficient glycosyl donors for
S-glycosylation. The TMSOTf-catalyzed
ring opening of a protected 1,2-anhydro
sugar 10 with bis(trimethylsilyl) sulfide
led to the formation of o-glucosyl thiol
22 as the major product (Scheme 10A).[30]
The oxirane ring-opening glycosylation re-
action between 10 and N-acetyl-L-cysteine
methyl ester produced the cysteine thio-
glycoside 23 in the presence of Lewis acid
(Scheme 10B).371 Recently, treatment of
10 with Et,NH and CS, enabled the in situ
generation of glycosyl dithiocarbamates
24 (Scheme 10C), which could be acti-

vated by copper triflate for the B-selective
O-glycosylation.[38]

3.4 Other Reactions Using
Protected 1,2-Anhydro Sugars as
Glycosyl Donors

Protected 1,2-anhydro sugars have
also been documented in the synthesis of
some special carbohydrate derivatives.
Glycosyl fluorides are obtained by the
treatment of protected 1,2-anhydro sug-
ars with excess amounts of tetrabutylam-
monium fluoride.[3! Hydride addition to
endocyclic 1,2-anhydro sugars offered an
efficient route to differentially protected

TMSO
=N

1 N
RO o \ /?—OTMS
_— >
ZnC|2
OrR? O

Scheme 9. Synthesis
o of nucleosides using
1,2-anhydro-sugar
l-j\)j/ donors.
(O \
1
R'O 0
OR? OH
21

1-deoxy sugars.l*0l Reactions with carbon
nucleophiles such as Grignard reagents
with inversion of configuration produces
L-sugars in a pyranosidic form.[*!l Some
carbohydrate-fused heterocycles 25 such
as cis-1,2-fused 1,3-oxathiolan-, 1,3-0x-
aselenolan-, and 1,3-oxazolidin-2-imine
carbohydrate derivatives have been pre-
pared by treatment of 1,2-anhydro sugars
26 with potassium thiocyanate, potassium
selenocyanate, and sodium cyanamide, re-
spectively (Scheme 11).[42]

4. History of Unprotected
1,2-Anhydro Sugars

In contrast to reports on protected sugar
derivatives, papers on unprotected 1,2-an-
hydro sugars are few and even the existence
of these compounds has been wrapped in
mystery for nearly a hundred years. In
1920, Pictet and Castan claimed the synthe-
sis of an unprotected 1,2-anhydro sugar.[43!
However, Brigl disputed their results in
1929.1441 Since then, unprotected 1,2-an-
hydro sugars have only been recognized
as undetectable intermediates in the alka-
line hydrolysis of phenyl B-glucoside!*3! or
alcoholysis of B-glucosyl fluoride in the
presence of a strong base, sodium methox-
ide.[*61 Thus, the use of unprotected 1,2-an-
hydro sugars as intermediates for protec-
tion-free glycosylation has been greatly
overlooked.

Our investigation of unprotected 1,2-an-
hydro sugars originates from the direct syn-
thesis of sugar oxazolines, bicyclic sugar
derivatives having a fused structure of a
six-membered pyranose ring and a five-
membered oxazoline ring, in aqueous me-
dia. In traditional carbohydrate chemistry,
the synthesis of sugar oxazoline derivatives
necessitates a tedious process involving
carefully designed protection/deprotection
approaches. To develop an environmentally
benign process, we tried to find a new meth-
od for the preparation of sugar oxazolines
without using protecting groups, and finally
discovered a one-step protocol by using a
formamidinium-type dehydrating agent in
aqueous media.l[*”l Thereafter, this dehydrat-
ing agent was subjected to reaction with glu-
cose, leading to the first one-step synthesis
of 1,6-anhydro sugars 27 from unprotected
sugars (Scheme 12).13] Interestingly, the re-
action with 2-deoxy sugars did not proceed,
strongly suggesting that the 1,2-anhydro
sugar 29 is the key intermediate for the
intramolecular substitution of the hydroxy
group from the 6 position. Since 2009,
the unprotected 1,2-anhydro sugars gener-
ated by the direct treatment of native sugars
with 2-chloro-1,3-dimethylimidazolinium
chloride (DMC) have become widely used
among many carbohydrate chemists in the
synthesis of glycosyl compounds such as
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glycosyl azides and thioglycosides (direct
anomeric activation).

4.1 Unprotected 1,2-Anhydro
Sugars as Reactive Intermediates
With the direct anomeric activation
technique using DMC, subsequent re-
search focused on the selection of ap-
propriate nucleophiles for glycosylation
in aqueous media through unprotected
1,2-anhydro sugar intermediates (Scheme
13). In principle, glycosidic compounds
can be regarded as dehydrative conden-
sation products between hemiacetals and
aglycons. An intermolecular dehydrative
condensation is, however, extremely dis-
advantageous in water due to the large
negative values of standard Gibbs energy
of formation of glycosidic bonds. Our

strategy for dehydrative condensation in
water can be achieved via two elemental
reactions: an intramolecular dehydrative
condensation (Step 1) and the addition
of a nucleophile to the anomeric center
(Step 2).181 The first step has an entropi-
cal favorability over intermolecular reac-
tions, and the second step does not require
any dehydrative property because it has
already been achieved in the first step.
Hence, the selection of an appropriate nu-
cleophile displays a key factor for the sec-
ond intermolecular addition which would
be affected by the competitive reactions
from intramolecular 1,6-cyclization and
hydrolysis (Scheme 13).

In the following years, a series of use-
ful nucleophiles were discovered in our
group for the aqueous glycosylation re-

Scheme 12. Direct

synthesis of Cl” ¢l 10
1,6-anhydro sugars OH \l:l Z N OH
from unprotected E \ /
glycopyranoses by HO 0 OH DMC -0
using 2-chloro-1,3-di- HO Et;N, H,O/MeCN
methyl-imidazolinium OH oH 27 On
chloride (DMC).
DMC
OH \ OH ’\
N HO (0)
H o
Ty |
oM o 29 ©
(0]
OH OH
DMC -0
HO 0 — X
HO OH
28 OH

actions via the unprotected 1,2-anhydro
sugar intermediates in the presence of
DMC. In addition, a newly designed
dehydrative condensing agent, 2-chlo-
ro-1,3-dimethyl-1H-benzimidazol-3-ium
chloride (CDMBI) was employed to over-
come some disadvantages derived from
hygroscopic DMC.#9 In all cases, the
nucleophilic opening of the oxirane ring
occurs via anomeric attack to give the
B-glycosides in a stereoselective manner.
We began the study with the addition of ar-
yl thiolsl5% to the reaction mixture of sug-
ars and DMC for the synthesis of a range
of S-aryl glycosides 30 (Scheme 14A).
Thereafter, we continued this work and
proposed a mechanism for the synthesis of
various 2-pyridyl 1-thioglycosides!5! and
direct introduction of a detachable fluo-
rescent tag (4-methyl-7-thioumbelliferyl
group)B2! to the anomeric center of un-
protected sugars. It should be highlighted
that, according to the present method, not
only unprotected monosaccharides but
also unprotected oligosaccharides can be
converted to the corresponding S-glycosyl
derivatives, which would greatly expand
the utility of aryl 1-thioglycosides in car-
bohydrate chemistry. This protocol was
adopted by the groups of Winssinger,!3!
Fairbanks,54l and Rademann!33! for the
DMC-mediated S-glycosylations.

The DMC-mediated azidation was
also studied carefully. Glycosyl azides
are among the most important synthetic
intermediates in sugar chemistry. The re-
cent developments of ‘click chemistry’[5%
have dramatically increased the potential
of sugars possessing an azide function as
precursors for glycoarrays and glycocon-
jugates. With the addition of sodium azides
to the reaction mixture of sugars and DMC,
B-selective syntheses of various glycosyl
azides 31 have been achieved (Scheme
14B).557

Dithiocarbamate is an important re-
agent used in radical reactions such as
reversible addition-fragmentation chain
transfer (RAFT) polymerization.[581 When
the anomeric carbon is modified with a
dithiocarbamate group, glycosyl radicals
can be generated as a useful intermediate
for a range of glycosylated reactions.[> In
2016, we proposed a protection-free ap-
proach towards the synthesis of glycosyl
dithiocarbamates 32 in aqueous media by
using dithiocarbamate salts as nucleophiles
(Scheme 14C).[01 In some cases, the car-
bon disulfide and secondary amines were
used as the alternative nucleophiles for the
designed dithiocarbamate structures.

The S-alkylthiosulfates (Bunte salts)
have attracted our interest because they
are stable, easy-to-handle crystalline sub-
stances, and they have proven to be highly
versatile synthetic intermediates in organ-
ic reactions used by pharmaceutical and
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OH

O
n(HO)%‘OH

DMC

-H,O Step 1

Scheme 13.
Dehydrative process
in aqueous media:
Formation of 1,2-an-
hydro sugars by intra-
molecular dehydrative
cyclization (Step 1)
and the subsequent
nucleophilic attack at
the anomeric position
(Step 2).

surfactant manufacturers.lo!l In 2018, we
expanded the DMC activation strategy to
the synthesis of glycosyl-Bunte salts 33
with the addition of sodium thiosulfate
(Na,S,0,) as nucleophile (Scheme 14D).
1621 The application of glycosyl Bunte-salts
has also been demonstrated with transfor-
mation reactions into other glycosyl com-
pounds such as a 1-thio sugar 34, a glyco-
syl disulfide 35, a 1,6-anhydro sugar, and
an O-glycoside.

Apart from our DMC strategy, Hocek
and co-workers reported another approach

for the formation of an 1,2-anhydro sugar
36 under modified Mitsunobu reaction
conditions (Scheme 15).1031 They treated
the 5-O-trityl protected ribose 37 with
P(n-Bu), and 1,1'-(azodicarbonyl)dipi-
pendlne (ADDP) in acetonitrile to pro-
duce 36 in nearly quantitative conversion.
The oxirane ring opening using various
nucleophiles revealed the versatile appli-
cability of this anhydro intermediate. The
5-O-protected 1,2-anhydro sugar 36 was
shown to be stable for at least one month
in situ if kept under low humidity.

4.2 First Detection of Unprotected
1,2-Anhydro Sugars

The existence of unprotected 1,2-an-
hydro sugars has been rationalized by a the-
oretical study for levoglucosan formation
from phenyl B-glucoside.[¢4 Bennet and
co-workers reported that the hydrolysis of
p-nitrophenyl glycosides proceeds through
amechanism involving formation of 1,2-an-
hydro sugar intermediates.[®5] However, the
direct experimental observation of unpro-
tected 1,2-anhydro sugars had not been
achieved in spite of their potential utilities in
organic synthesis. In 2017, we were able to
detect the unprotected 1,2-anhydro aldopy-
ranose in the DMC-mediated reaction mix-
ture for the first time with low-temperature
NMR spectroscopy (Fig. 1).141 Proton NMR
showed a doublet peak attributed to the ano-
meric proton at 5.10 ppm with a small cou-
pling constant of 2.0 Hz. Compared with
the *C NMR of o-aldopyranosel®! (C1 at
92.9 ppm, C2 at 72.5 ppm), a 15 ppm up-
field shift was observed for the 1,2-anhydro
aldopyranose (C1 at 78.7 ppm, C2 at 56.5
ppm), which clearly supports the existence
of an oxirane ring, because the carbons in
an oxirane ring are known to be detected at
higher magnetic fields than those of other
cyclic ethers due to the large ring distortion.
The first observation and characterization
of 1,2-anhydro sugars can be attributed to
the mildness of the reaction conditions of
the intramolecular dehydration reaction in
aqueous media through the use of formami-
dinium-type agents.

(K R— c CH
N/
O N Cllck reaction

E reduction ‘ é
31 OH

B | NaNg
S
NaS” NR'R
HO (0] ArSH Ho o
HO S-Ar €«—— 00
OH A C
(0]
30 32
D | NayS,0,4
OH
o 1
HO S— s ONa
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OH
o NBS
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1-deoxy suagr

R R2

J/
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Scheme 14. Synthesis of various carbohydrate derivatives through unprotected 1,2-anhydro sugars.
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Scheme 15.
Formation of 1,2-an- 0 OH
hydro sugars under TFOAQN
modified Mitsunobu $ %,
reaction conditions. HO “OH
37
Nu
—_—

(0]
o TrOAQ',//
allO

HO
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MeCN, rt
36

o Nu

HO  OH

5. Conclusion and Perspectives

Protected and unprotected 1,2-an-
hydro sugars represent a class of impor-
tant intermediates in the field of synthetic
carbohydrate chemistry and can be used
to achieve regio- and stereo-selective
glycosylation reactions. A variety of ad-
vanced promoters have been developed
to open the oxirane ring resulting in
stereoselective glycosylation reactions.
Encouraged by the direct synthesis of
sugar oxazoline in aqueous media, the
direct anomeric activation strategy al-
lows for the preparation of unprotected
1,2-anhydro sugars in situ by using a
chloroformamidinium-dehydrating agent
and these intermediates can be detected
using low-temperature NMR spectros-
copy. A variety of attractive carbohydrate
derivatives such as 1,6-anhydrosugars,
glycosyl azides, thioglycosides and gly-

cosyl Bunte-salts are produced in good
yields stereoselectively starting from the
corresponding unprotected monosaccha-
rides or oligosaccharides. The appearance
of a new basic methodology enables us
to meet many challenges in carbohydrate
chemistry. Even polysaccharides such as
cellulose and amylose can be modified
at their reducing ends by using DMC-
mediated activation in heterogeneous
systems. Presently, we are developing
the first enzymatic glycosylation reaction
with unprotected 1,2-anhydro sugars as
novel glycosyl donor substrates for gly-
coside syntheses.
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