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Scheme 1. Alkyl 2-O-protected-3-deoxy-hex-2-eno
sponding alkyl 3-deoxy-hexopyranosid-2-uloses (2).
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The glycosylation of alcohols by the new 2-O-MEM-substituted D-galactal-derived allyl epoxide affords
the corresponding alkyl 2-O-MEM-3-deoxy-b-D-threo-hex-2-enopyranosides through a completely
1,4-regio- and a highly to completely substrate-dependent stereoselective glycosylation processes. The
glycosides obtained can be regioselectively transformed into corresponding 3-deoxy-b-O-glycosides,
3-deoxy-b-D-threo-hexopyranosid-2-uloses, and 3,4-dideoxy-b-D-glycero-hex-3-enopyranosid-2-uloses,
which are useful synthetic tools for further transformations.

� 2010 Elsevier Ltd. All rights reserved.
Alkyl 2-O-protected-3-deoxy-hex-2-enopyranosides (1) are use-
ful synthetic intermediates,1 and, starting from 2-acetoxy-3,4,6-tri-
O-acetyl-D-glucal as the chiral precursor, have been prepared and
used in the synthesis of natural products such as tetrodotoxin and
okadaic acid, valuable antitumor agents,1a,b and Melillo’s lactone.1c

Moreover, compounds 1 can reasonably be transformed into corre-
sponding alkyl 3-deoxy-hexopyranosid-2-uloses (2), which are
useful for further functionalizations (Scheme 1).
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We recently found a new O-glycosylation protocol consisting of
the addition of O-nucleophiles (alcohols and partially protected
monosaccharides) to D-allal- (3, X = H) and D-galactal-derived allyl
epoxide (4, X = H): corresponding alkyl 2,3-dideoxy-a- (5, X = H)
and -b-hex-2-enopyranosides (6, X = H) were obtained, respec-
tively, in a completely 1,4-regio- and stereoselective fashion
(Scheme 2).2 In this connection, the possibility of an interesting
application of this original protocol to the regio- and stereoselec-
tive synthesis of the title compounds was envisaged: if the corre-
sponding 2-O-protected-epoxides 3 and 4 (X = OR2) showed a
behavior similar to 3 and 4 (X = H), in the addition reaction of alco-
hols, a stereoselective synthesis of alkyl 2-O-protected-3-deoxy-
hex-2-enopyranosides 5 and 6 (X = OR2) could be obtained
(Scheme 2).

Considering that among the different possibilities attempted,3 the
2-O-methoxyethoxymethyl (2-O-MEM) functionality turned out to
be the best protective group for our purposes, the experimental
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feasibility of the above described O-glycosylation process was
checked by means of the 2-O-MEM-substituted-D-galactal-
derived allyl epoxide 7, taken as an appropriate model (Scheme 3).

A retrosynthetic analysis indicated that epoxide 7 could be
obtained by cyclization under basic conditions of the trans-hydro-
xy mesylate 8, and could be prepared on its own from the appro-
priately O-protected-D-glucal 9 (Scheme 3). Our intention was to
introduce the 2-O-MEM-1,2-unsaturated moiety present in 7 and
8 by a glycosylation reaction of 9 with an appropriate nucleophile,
followed by elimination.

Fully protected D-glucal 94 was prepared by acetylation of the
residual OH-functionality of the known mono-O-TBS derivative
11 of 6-O-(benzyl)-D-glucal (10)2b (Scheme 4).

At this point, the synthetic protocol required a glycosylation
process which is able to introduce contemporaneously, in an
anti-stereoselective fashion, a hydroxy group on C(2) and a glyco-
syl acceptor on C(1), based on an element, such as S or Se, capable
to subsequently give, through the corresponding oxide (sulfoxide
or selenoxide), a b-syn-elimination.5

Gin’s direct oxidative glycosylation of alcohols by glycals is
known as a very effective protocol for the regio- and stereoselec-
tive synthesis, through the formation of an intermediate glycal
a-epoxide, of corresponding trans-2-hydroxy-b-O-glycosides.6 We
thought that the replacement of the alcohol-nucleophile, as de-
scribed in the original procedure, by an S- or Se-nucleophile might
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lead to what we needed. Actually, the application of the direct oxi-
dative glycosylation to p-thiocresol and PhSeH by the use of our
glycal 9 afforded, through the intermediate formation of glucal
a-epoxide 12, p-tolyl trans-2-hydroxy-b-thioglycoside 13 and phe-
nyl trans-2-hydroxy-b-selenoglycoside 14,4 respectively, in a com-
pletely stereoselective fashion, as desired (Scheme 4). It is
interesting to note that the complete anti-b-stereoselectivity found
in the glycosylation of PhSeH, under these conditions,4 is opposite
to the complete syn-a-stereoselectivity found by Danishefsky,
with the same nucleophile, in the glycosylation of tri-O-benzyl-
D-glucal under his original reaction conditions, which similarly
proceed through a corresponding glucal a-epoxide.7

The decidedly simpler protocol related to the synthesis of the
O-MEM selenoxide 16 and subsequent syn-elimination process
(one-pot reaction, 0 �C to room temperature, 93% yield, Scheme
5) compared with the alternative protocol by means of the
corresponding sulfoxide [two-step reaction, including a scantily
reliable and low yielding thermal elimination (90 �C), 23% yield]
(see Supplementary data) determined the preference of b-phe-
nylselenoglycoside 14 for the pursuit of the synthetic route to
epoxide 7.

By refluxing with MEM-NEt3
+Cl� in THF, b-phenylselenoglyco-

side 14 was transformed into the corresponding 2-O-MEM deriva-
tive 15.8 Following a previously described protocol [Ti(O-i-Pr)4/
TBHP in CH2Cl2 in the presence of DIPEA, 0 �C to room temperature],9

2-O-MEM-b-phenylselenoglycoside 15 underwent a Sharpless-type
oxidation with the intermediate formation of selenoxide 16 which
was followed by spontaneous selenoxide b-syn-elimination with
the vicinal H(2) giving the 2-O-MEM-substituted glucal 17. Saponi-
fication (MeONa/MeOH) of glucal 17 afforded secondary alcohol 18
which was transformed (MsCl/Py) into the corresponding mesylate
19. Deprotection of 19 by the TBAF/THF protocol at 0 �C led to trans
hydroxy mesylate 8, the stable ultimate precursor of allyl epoxide 7
(Schemes 5 and 6).
Cl
F

9

11

O
BnO

OTBS
HO

O
BnO

OTBS
AcO

S

O

1) Ph2SO,
    Tf2O, TTBP,
    (MeOH), Et3N

2) p-Me-C6H4SH
       or PhSeH

Ac2O
Py

(ref. 4)
82%

zole 
ref. 2)

de 13 and b-selenoglycoside 14.

16

17

BS

O
BnO

OTBS
AcO

O
BnO

OTBS
AcO

SePh

OMEM

Se

OMEM

OMEM
BS

OMEM

 = H
 = Ms

Ti(O-i-Pr)4
TBHP

DIPEA
MeOH
CH2Cl2

MeONa
MeOH

Ph

O

93%

89%

s-hydroxy mesylate 8.



O
OBn

O O
H

1

δ+

route a
O OR1

BnO

HO

β-O-glycoside

β
a

O O

R1

OMEM

7A
O

Scheme 7. Rationalization of the substrate-dependent stereoselectivity in the

Scheme 6. Regio- and stereoselectivity of the glycosylation of alcohols and 1,2:3,4-di-O-isopropylidene-a-D-galactopyranose by epoxide 7 under protocol A and/or B.
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In the examination of the regio- and stereochemical behavior
of the new 2-O-MEM-substituted-D-galactal-derived allyl epoxide
7 with O-nucleophiles, the addition reactions with simple, low-
boiling alcohols, such as MeOH, EtOH, i-PrOH, and t-BuOH were
examined under protocol A reaction conditions (Scheme 6). The
reactions turned out to be completely 1,4-regioselective, with
the exclusive nucleophilic attack on the C(1) carbon of the allyl
system. No traces of the corresponding 1,2-addition products
were ever observed.

As for the stereoselectivity, the reactions with the less nucleo-
philic and more sterically hindered i-PrOH and t-BuOH, in spite
of the presence of a large amount of nucleophilic molecules (alco-
hol as the solvent) are completely b-stereoselective with the exclu-
sive formation of the corresponding alkyl b-O-glycosides 22b and
23b, respectively, with the same configuration (b) as the starting
epoxide. On the contrary, the reactions with the more nucleophilic
MeOH and EtOH are not stereoselective, and mixtures of the corre-
sponding anomeric methyl O-glycosides 20a and 20b (38:62) and
ethyl O-glycosides 21a and 21b (23:77) are obtained, respectively.
Even if not completely stereoselective, it is worth noting that, in
each mixture, the corresponding b-anomer 20b (62%) and 21b
(77%) with the same configuration as the starting epoxide is the
main product. However, in both cases, when the reactions are re-
peated under protocol B reaction conditions (Scheme 6), a decided
increase is observed in the b-stereoselectivity (90% with MeOH and
95% with EtOH), even if a completely b-stereoselective result is not
obtained, as it is with the structurally related allyl epoxide 4
(X = H) (Scheme 2).2b

Protocol B reaction conditions were used also for the reaction
with a partially protected monosaccharide such as 1,2:3,4-di-O-
isopropylidene-a-D-galactopyranose, for which protocol A reaction
conditions were not clearly possible. A complete b-stereoselective
O
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Scheme 8. Deprotection of 2-O-MEM functionality of 20b and 22b and sy
result was obtained with the exclusive formation of the b-linked
disaccharide 24b (Scheme 6).

Analogously to the same reaction with the related epoxides 3
and 4 (X = H), the glycosylation of alcohols by epoxide 7 was ratio-
nalized by a coordination (hydrogen bond) between the oxirane
oxygen and the O-nucleophile. In this way, the nucleophile (alco-
hol) is guided to the b-face of 7, reacting through conformer
7A,10 which is suitably arranged for an entropically favored attack
on the C(1) carbon from the same side as the oxirane ring (route a,
Scheme 7). The corresponding 2-O-MEM-2,3-unsaturated-b-O-gly-
cosides 20–24b, with the same configuration as the starting epox-
ide, are consequently obtained in a directly substrate-dependent
stereoselective process.11

Procedures were tried in order to deprotect the 2-O-MEM func-
tionality and transform b-O-glycosides 20–24b into the corre-
sponding 3-deoxy-b-hexopyranosid-2-uloses: methyl (20b) and
i-propyl b-O-glycoside 22b were taken as suitable models for
checking the possibility of this transformation.

After observing that the usual deprotection protocol for the
O-MEM protective group (ZnCl2 in Et2O for 12 h at room
temperature) led to an extensive decomposition of the pseudogly-
cal system of 22b, a completely different approach was tried
(Scheme 8).
glycosylation of O-nucleophiles by allyl epoxide 7.
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Scheme 9. Deprotection of 2-O-MEM functionality of 22b and synthesis of enone 33.
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The oxymercuration of i-propyl O-glycoside 22b (an enol ether)
with Hg(OAc)2 in THF/H2O indicated a very fast consumption of the
starting material (TLC), and the possible formation of 3-acetoxy-
mercuryl hemiacetal 25 (R1 = i-Pr) in a reasonable equilibrium with
the corresponding 3-acetoxymercuryl ketone 26 (R1 = i-Pr). Actu-
ally, the subsequent addition of NaBH4 and aqueous 4 N NaOH
determined the formation of an almost 1:1 mixture of the diaste-
reoisomeric 3-deoxy-b-D-lyxo- (27)12 and -b-D-xylo-hexopyrano-
sides (28),13 as the contemporary demercuration and reduction
product of the intermediate ketone 26 (R1 = i-Pr).

In this way, the clean deprotection of glycoside 22b was
achieved, but the carbonyl function at C(2) was lost. To our delight,
the replacement of NaBH4–4 N NaOH protocol with Et3SiH as the
demercuration agent turned out to be effective for our purposes
and, starting from methyl O-glycoside 20b, the desired hydroxy
ketone 29 was obtained as the only reaction product (Scheme 8).14,15

In a further attempt to affect the deprotection of 22b (or 20b),
a methoxymercuration–demercuration approach was tried
(Scheme 9). In this way, the reaction of enol ether 22b with
MeOH/Hg(OAc)2 followed by demercuration (NaBH4/aqueous 4 N
NaOH) of the intermediate 3-acetoxymercuryl acetal 30 led to an
almost 1:1 mixture of 4-hydroxy acetal 31 and the corresponding
a,b-unsaturated derivative 32.16 In order to avoid the elimination
process, no aqueous 4 N NaOH was added in the demercuration
step of intermediate 30, and only NaBH4 was used. Under these
modified conditions, 4-hydroxy acetal 31 turned out to be the only
reaction product. However, once again, the elimination process
could not be completely eliminated. Actually, the subsequent
hydrolysis of the acetal functionality of 31, necessarily carried
out under acid conditions (0.01 N aqueous HCl/acetone), afforded
the desired deprotection which was, also in this case, accompanied
by a simultaneous elimination reaction, with the formation of en-
one 33,17 as the only final product (Scheme 9).18

In conclusion, we have demonstrated the possibility of synthesiz-
ing stereoselectively 2-O-MEM-3-deoxy-b-D-threo-hex-2-enopyr-
anosides, such as 20–24b, by the application of the directly
substrate-dependent glycosylation process to the new 2-O-MEM-D-
galactal-derived allyl epoxide 7. The 2-O-MEM-b-O-glycosides
obtained can be successfully transformed into corresponding
27- and 28-type 3-deoxy-b-O-glycosides, 29-type 3-deoxy-b-hexo-
pyranosid-2-uloses, and 33-type 3,4-dideoxy-b-hex-3-enopyrano-
sid-2-uloses, which are useful synthetic intermediates for further
transformations, for which a synthetic procedure, starting from a
common precursor, is not presently available. A new mild protocol
for the deprotection of the vinyl-O-MEM functionality and the
formation of the corresponding ketone is also described.
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