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In an effort to improve upon the seminal work of Sharpless and
Masamune1 in their use of asymmetric catalysis for the enantiose-
lective synthesis of the hexoses, we developed an alternative de
novo approach to various hexoses.2 Our approach relied upon the
use of the Achmatowicz reaction in conjunction with the catalytic
asymmetric synthesis of furan alcohols.2,3 To further improve the
scope of our approach, we desired to develop a route that would
use diastereoselective catalysis to control coupling at the anomeric
center and in turn allow for the de novo preparation of oligosac-
charides.

For this de novo synthesis of natural and unnatural oligosac-
charides, we were interested in investigating the use of palladium-
catalyzed allylation reactions.4 In contrast to typical glycosylation
reactions, Pdπ-allyl reactions customarily proceed with excellent
stereocontrol. In addition to being a catalytic reaction, the reaction
has the added advantage that it can be accomplished under quite
mild conditions without the stoichiometric use of strong Lewis acid
promoters.

Herein we describe our discovery of a palladium(0)-catalyzed
reaction that selectively converts 2-substituted 6-tert-butoxycarboxy-
2H-pyran-3(6H)-ones into 2-substituted 6-alkoxy-2H-pyran-3(6H)-
ones. Recently, Feringa reported a similar palladium-catalyzed trans-
formation.5,6 Finally we demonstrate that the 2-alkoxy-substituted
pyranone products can be transformed into typical pyranohexoses
by a simple reduction/oxidation sequence.

We initially tried to generate a diastereomeric Pdπ-allyl
intermediate of5 from the triacetoxy glucal1 but were unsuccessful
at ionizing the C-3 equatorial acetate under typical Pdπ-allyl-
forming conditions (Scheme 1).7 We next investigated pyrans3a
and3b in the reaction hopeful that an axial leaving group at the
C-1 position would be more conducive for Pdπ-allyl formation.
We had previously prepared pyrans3a and3b in various stereoi-
someric forms via asymmetric catalysis and thus decided to use
them for our investigation.8,9 Fortuitously, moving the leaving group
to C-1 proved to be the solution for generating both diastereomeric
Pd π-allyl intermediates from either C-1 axial or equatorial
carboxylates. Evidence for this ionization can be seen when the
Pd intermediates are reacted with the traditional Pdπ-allyl
nucleophiles (i.e. various anions of malonates and phenols) products
are formed with net retention of stereochemistry.10 Unfortunately,
in our hands the same Pdπ-allyl intermediates did not react with
the simplest of alcohols. Thus, we decided to try to generate the

presumably more electrophilic Pdπ-allyl intermediate8 from the
corresponding pyranones6a-c (Scheme 2).8,11

To our delight, success was achieved for alcohol nucleophiles
when using the more oxidized pyrans6a and6b with benzoate12

or pivaloate leaving groups.5 Our final reaction optimization
involved changing the C-1 leaving group to atert-butyl carbonate,
which in general lead to significantly faster and cleaner reactions
(6c, Scheme 3).13 For instance, when the pyranone6cR was treated
with a slight excess of alcohol (1.2 equiv) in the presence of
catalytic amounts of Pd2(dba)3‚CHCl3 and PPh3 (∼1:1 ratio),
pyranones with anR-alkoxy group10R were formed in excellent
yields (Table 1). Similarly, theâ-pyranone6câ reacted under
identical conditions to afford pyranones with aâ-alkoxy group
10â.14

The reaction is very general in terms of alcohol steric hindrance.
For instance, both methanol andt-BuOH couple to form either of
the desiredR- or â-C-1 acetal in excellent yields (Table 1). There
seems to be little difference between theR- or â-substrates (6cR
vs 6câ) in terms of reaction time or yield.15 The reaction occurs
rapidly (<30 min) at temperatures from 0°C to room temperature
and in solvents, such as Et2O, THF, and CH2Cl2. The reaction can
be catalyzed with various sources of palladium(0); however, Pd2-
(dba)3‚CHCl3 is our preferred Pd(0) precursor. A palladium/
phosphine ratio of 1:2.5 appears to be ideal with the effective
catalyst (Pd(PPh3)2) loading in the range of 0.5-5 mol %, which
consistently yields products in the range of 70-89%.16

The coupling reaction works equally well for various chiral al-
cohols, such as: menthol9e(Table 1), the three amino acids9h-j
(Table 2), and the threeD-sugars9k-m (Table 2). In all of these
cases no diastereomers were observed when optically pure enones
were used.17

A possible explanation for the improved reactivity of the
pyranones withtert-butoxycarboxy leaving groups is that the
reaction does not generate a carboxylic acid as the reaction proceeds;
instead, t-BuOH and CO2 are generated.18 Evidence for this
decarboxylation reaction can be seen when more hindered alcohols
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are used as nucelophiles. When the tertiary alcohol adamantol was
used, a significant amount of thetert-butyl acetal byproduct10f
was formed (34% in both theR andâ case). This result is consistent
with the formation of the less reactivetert-butyl alcohol as the
reaction proceeds. This problem could easily be solved in terms of
glycosylation yield by adding additional enone6cR or 6câ (see
Table 2), or by switching to the pyranones with the less reactive13

pivaloate leaving group (6bR or 6bâ).19

The glycoside products can easily be converted into eitherL- or
D-hexopyranoses by a two-step reduction/oxidation sequence. This
was demonstrated for six of the Pd catalyzed glycosylation products
10R(a, b, g, h, i, k) by exposure to NaBH4 at -78 °C in CH2Cl2
and CH3OH (Scheme 4). The NaBH4 reduction produced equatorial
alcohols11R with complete stereocontrol and high yields (78-
96%, Table 3). Similarly, the resulting allylic alcohols11R could
be diastereoselectively oxidized to give themanno-triols 12R in
excellent yields (72-89%) with complete stereocontrol.

In summary, we have developed a practical palladium catalyzed
glycosylation reaction. This three-step protocol allows for the
incorporation of eitherD- or L-manno-pyranose on to an assortment
of alcohols with excellent stereocontrol. We believe this route is
amenable to multigram-scale preparation of various natural and
unnatural glycosides and are currently investigating this approach
for the preparation of unnatural oligosaccharides. We feel this new
efficient route to unnatural glycosides will be very beneficial for
the synthesis of natural and unnatural oligosaccharides.
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Table 1

entry
alcohol
9a−g

acetal
10a−g

yield of
10R (%)

yield of
10â (%)

yieldc of
10fâ (%)

1b CH3OH 10a 87 85 0
2 BnOH 10b 89 85 0
3 PhOH 10c 85 76 2
4 CyOH 10d 88 80 2
5 menthol 10e 82 72 12
6 t-BuOH 10f 78 75 NA
7d adamantol 10g 54 52 34

a Typical reaction conditions were performed with a 1:1.2 ratio of6c to
9 at room temperature and in a 0.5 M CH2Cl2 solution.b This reaction was
run in a 0.5 M THF solution.c The reactions with6câ were more prone to
t-BuOH glycosylation.d The byproducts10fR is also formed (34%) when
6cR is reacted with adamantol.

Table 2

alcohol
9h−n

glycoside
10h−n

yield of
10R (%)

yield of
10â (%)

yield of
10fâ (%)

1 9h 10h 87 85 1
2 9i 10i 90 84 2
3 9j 10j 90 86 0
4 9k 10k 82 79 0
5b 9l 10l 82 79 0
6 9m 10m 85 83 0

a Typical reaction conditions were performed with a 2:1 ratio of6c to 9
at room temperature and in a 0.5 M CH2Cl2 solution.b Products10l were
isolated as a 2:1 (C2:C3) mixture of monoglycosides.

Scheme 4

Table 3

enone
6R

yield of
11R (%)

yield of
12R (%)

enone
6R

yield of
11R (%)

yield of
12R (%)

1 a 84 72 4 h 87 78
2 b 90 84 5 i 91 73
3 g 78 83 6 k 96 89
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