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The de novo enantioselective synthesis of the hexoses
stands as a challenge to asymmetric catalysis.1 Despite
some germinal efforts toward the hexoses, notably by
Masamune/Sharpless (epoxidation),2 Danishefsky (Diels-
Alder),3 Johnson/Hudlicky (enzymatic desymmetrization),4
and Wong/Sharpless (osmium/enzyme),5 there still does not
exist a practical, nonenzymatic route to the hexoses.6 As part
of our program aimed at investigating the biological role of
oligosaccharides, we are interested in the synthesis of
analogues of the anti-HIV agent kakelokelose (Scheme 1).
Kakelokelose is a polysulfated â-oligomannosugar, isolated
as an oligomer from the Pacific tunicate Didemnum molle.
It has been proposed that the biologically active form is an
oligosaccharide.7 We are particularly interested in studying
oligosaccharide analogues of the all D-, all L-, and mixed D,L-
oligosugar structures. Consequently, we required an efficient
approach to both D- and L-mannose. The ideal route would
allow for the synthesis of other mixed D- and L-oligosaccha-
rides, such as the D-mannose-L-gulose portion of bleomycin.8
Herein, we would like to present our discovery of an
expeditious route to mannose, gulose, or talose using Sharp-
less’s dihydroxylation reaction to set the D- or L-configuration
depending on the ligand used.

We have targeted differentially protected D- and L-
mannose 1 as building blocks for the assembly of analogues
of kakelokelose (Scheme 1). We desired a route in which the
synthetic efficiency is better than traditional protection/
deprotection strategies from mannose and is amenable to
both D- and L-mannose. The ideal synthesis should also start
from a commercially available starting material that is even
cheaper than D-mannose.9,10 The strategy outlined below has
led to a highly stereocontrolled synthesis of D- or L-mannose
in only five steps and in approximately 39% yield from
furfural (Scheme 2). Our approach relies upon the use of

catalytic asymmetric osmium chemistry on vinylfuran 3
developed by Ogasawara11 and augments the earlier work
of Achmatowicz.12

To accomplish this goal we, as have others, recognized
that substituted furyl alcohols possess the proper C-5
stereochemistry for the hexopyranoses.13 Crucial to this
approach is a simple three-step route toward pyranone 6b
(Scheme 3). We envision 6b as the linchpin molecule that
will be amenable for the synthesis of all the possible
stereoisomers of the hexoses. A key part of this sequence is
our ability to convert furfural into an ether solution of
vinylfuran.14 This one-step in situ process for the generation
of vinylfuran constitutes a significant improvement in terms
of overall efficiency. A 2 M solution of vinylfuran can be used
directly in the t-BuOH/H2O AD-mix reaction mixture de-
veloped by Sharpless.12,15 The (DHQ)2Phal ligand gave an
85% yield of (R) diol 2(R) from furfural in 90% ee.16 The
(DHQD)2Phal ligand afforded (S) diol 2(S) in an 85% yield
with a 92% ee.17 The absolute configuration is based upon
the Sharpless mnemonic15 and Mosher ester analysis.18 Diol
2 can be selectively protected with TBSCl (90%) to give furan
5, which smoothly rearranges to hemiacetal 6a when
oxidized with NBS.19 Hemiacetal 6a exists as an equilibrat-
ing mixture of anomers, diastereomerically enriched mix-
tures of 6a equilibrate to a (1:1) mixture of anomers in
deuterated chloroform. Our hopes of taking advantage of the
difference in reactivities of axial versus equatorial anomeric
alcohols were realized when hemiacetal 6a was treated with
benzoyl chloride at -78 °C to produce pyranone 6b (>20:1
ratio of diastereomers). This result appears to be general
for acid chlorides as pivaloyl chloride (>10:1) showed similar
selectivity, whereas TBSCl gave approximately a 1:1 mixture
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of anomers.20 Pyranone 6b was easily purified by filtering
through silica gel and isolated as a single diastereomer in a
56% yield from 2. With the two stereocenters of 6b intro-
duced, the molecule was poised for introduction of the
remaining functionality of the hexoses (Scheme 3).

Pyranone 6b was stereoselectively reduced under the
Luche conditions (NaBH4/CeCl3, -78 °C)21 to give alcohol
7a22 as the only observable stereoisomer (>95%), which can
be protected without purification to give ethyl carbonate 7b
or benzyl carbonate 7c, each in 80% yield. Three partially
protected mannosugars were produced via a completely
diastereoselective dihydroxylation reaction of 7a, 7b, or 7c
in ∼90% yield in each case (Scheme 3).23 A differentially
protected mannose was easily achieved upon treatment of
diol 1b with trimethyl orthoacetate to form a cyclic ortho
ester in situ, which was hydrolyzed to the axial acetate 1d.
The differentiated mannosugar 1d was formed in a 62% yield
with a regioselectivity greater than 25:1.24

The C-4 isomer of 7d, allylic alcohol 8, can also be easily
produced by performing a Mitsunobu reaction on 7d (Scheme
4). Key to this transformation is the selective hydrolysis of
a p-nitrobenzoyl ester in the presence of the anomeric ester.
Although this operation can be performed on benzoate 6b,
more reproducible results are observed when pivolate 6c is
used. Reduction of pyranone 6c under the Luche conditions
yielded allylic alcohol 7d as a single diastereomer in 95%
yield. Exposure of 7d to the Mitsunobu reaction conditions
(PPh3, DEAD, p-nitrobenzoic acid (PNBOH)) yielded a
p-nitrobenzoic ester (65%) which was selectively hydrolyzed
with Et3N in MeOH to yield the axial alcohol 8 (90%).25

Finally, access to 8 extends this versatile synthetic
strategy to other hexoses, as illustrated by the synthesis of

protected talose 9 and gulose 10 (Scheme 5). Treatment of
allylic alcohol 8 with OsO4/NMO in t-BuOH/H2O afforded
an 80% yield of the protected gulose isomer 10.26 Amazingly,
the protected talose isomer 9 can be selectively produced
upon treatment of 8 with the TMEDA adduct of OsO4
(80%).27 Unfortunately for this system, the hydroxy-directed
delivery of a cis diol requires an axial alcohol; exposure of
7a to the identical conditions only yielded the mannose
isomer 1a. The relative configurations of 1a, 9, and 10 were
determined by examining relevant coupling constants and
NOE’s from a series of 1H NMR, 1H,1H-COSY, and 1H NOE
experiments. The relative and absolute configurations of the
gulose sugar 10 were confirmed by single-crystal X-ray
analysis (see Supporting Information).

In summary, we have developed a practical five-step
synthesis of both D- and L-mannose from furfural (39% yield).
This route is amenable to multigram scale preparation.
Similarly we have also extended this methodology to D- and
L-gulose and D- and L-talose in comparable yields (19%). We
are currently investigating an epoxide ring opening approach
to the other isomers of the hexoses. We feel this new route
to L-sugars will be very beneficial for the synthesis of natural
and unnatural oligosaccharides.
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