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ABSTRACT

A highly enantio- and diastereoselective synthesis of r-L-rhodinose, �-D-olivose as well as the trisaccharide portion of landomycin A from
achiral acetyl furan has been developed. The key transformations include the palladium-catalyzed glycosylation, Myers’ reductive rearrangement,
diastereoselective dihydroxylation, and regioselective Mitsunobu inversion. A Mitsunobu reaction on a six member ring cis-1,2-diol was found
to chemoselectively discriminate between equatorial and axial alcohols and to stereoselectively convert cis-1,2-diol into anti-1,2-diol.

The landomycins, a unique class of angucycline-type anti-
biotics, display potent antitumor and antibacterial activity.1

Landomycin A (1),2 the most complex member of the family,
was first discovered in 1990 as the principle product of
Streptomyces cyanogenus S136 bearing a deoxysugar con-
taining hexasaccharide made up of two repeating trisaccha-
rides (R-L-rhodinose-(1f3)-�-D-olivose-(1f4)-�-D-olivose)
(Figure 1). Of particular interest, landomycin A possesses
significant antitumor activity against a range of 60 cancer
cell lines.3 The structure-activity relationship (SAR) studies
suggested that the high cytotoxic activity of landomycin A
depends on the length of the glycan chain, in which
Landomycin B, J, E, D, I with shorter sugar side chain
(Figure 1), showed diminished cytotoxic activities. Although
it is known that landomycin A interacts with DNA, inhibits
DNA synthesis, and halts G1/S cell cycle progression,4 the

specific mechanism of action of landomycin A on cancer
cells has not yet been determined. As part of a program aimed
at the synthesis and biological study of carbohydrate contain-
ing natural products, we became interested in the synthesis
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Figure 1. Structures of landomycins A, B, J, E, D, and I.
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of the trisaccharide portion of Landomycin E, which is the
repeat unit of the hexasaccharide portion of Landomycin A.
Ultimately, we hope to use this trisaccharide to study its
properties in cellular transportation and DNA binding ability
(Scheme 1).

While there are no reports of the total synthesis of
landomycin A,2c,5 the synthesis of the hexasaccharide
fragment has been completed by three groups (Sulikowski,
Yu, and Roush).6 In contrast to the previous syntheses of
the landomycin A hexasaccharide, which derived their
asymmetry from carbohydrate starting material, we were
interested in a de novo asymmetric approach that would use
asymmetric catalysis to install the 22 stereocenters of the
landomycin A hexasaccharide from achiral starting materials.
While we previously have had some success using our Pd-
catalyzed glycosylation and postglycosylation reactions for
the synthesis of several naturally occurring structural motifs,
the landomycins offered the opportunity to apply this
methodology for the synthesis of new carbohydrate subunits
(e.g., R-L-rhodinose and �-D-olivose).7,8 For example, the
�-D-olivose required the development of new postglycosy-
lation transformations. In particular, we anticipated a need
for a new transformation that allowed for the net 1,2-trans-
diequatorial addition of two hydroxyl groups across a six-
membered ring alkene.

Strategically, the two trisaccharide derivatives 8 and 9 can
be coupled together to build the final hexasaccharide in a fashion

akin to the approach by Sulikowski and co-workers (P ) Ac).6b

The trisaccharide 8 could easily be prepared from 9, which
allows us to maximize the convergency. By means of a
sequence of palladium catalyzed glycosylations and subsequent
postglycosylation modifications9 we foresaw the trisaccharide
9 as being derived from one unit of the R-L-pyranone 10 and
two units of �-D-pyranone 11. Finally, the R-L-rhodinose
precursor pyranone 10 and �-D-olivose precursor pyranone 11
could be easily prepared from achiral acylfuran 12.

Previously, we have shown that the R- and �-stereoisomers
of either enantiomer of pyranones 10 and 11 can be prepared
from acyl furan 12 by employing an enantioselectively Noyori
reduction (12 to 13/ent-13),10,11 an Achmatowicz oxidation,
and diastereoselective tert-butyl carbonate formation (Scheme
2).12 The �-pyranone 11 and ent-11 can be isolated in ∼50%

yield when the Boc-protection was preformed at elevated
temperature ((Boc)2O/NaOAc in benzene at 80 °C). Alter-
natively, R-pyranones 10 and ent-10 can be selectively
prepared (R:� ) 3:1) at low temperatures (-78 °C).

Our planned synthesis of landomycin A hexasaccharide
was built up from the previous successful approach to
2-deoxy-�-glycoside associated with digitoxin.13 To do this
would require the selective conversion of the allo-stereo-
chemistry of digitoxose into the gluco-stereochemistry of
olivose. That is to say, invert the C-3 axial alcohol to a C-3
equatorial alcohol, which we hoped to achieve without any
unnecessary protection/deprotection steps.

As part of our approach to the digitoxin trisaccharides,
we have shown the axial alcohol of the C-3/C-4 cis-diol in
allo-sugars could be regioselectively acylated via the known
stereoelectronically controlled ortho-ester hydrolysis (i.e., 14
to 15 via 16, Scheme 3).13,14 We postulated that a similar
stereoelectronic control could govern the protonation and
subsequent Mitsunobu-type opening of a dioxyphosphorane
fused to a six membered ring, as in 18 the one formed from
the reaction of 17 with PPh3 and DIAD.15 Thus, selective
protonation of the initially formed pentacoordinated
dioxyphosphorane 1816,17 should preferentially form the
oxyphosphonium betaine 19, which after subsequent SN2
displacement of Ph3PO by p-nitrobenzoate ion should afford
the C-3-OPNBz regioisomer 20.
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Scheme 1. Retrosynthetic Analysis of Landomycin A
Hexasaccharide

Scheme 2. Synthesis of D/L-R/�-Boc-pyranones
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To our delight, the direct Mitsunobu reaction18 on the diol
17 gave only the C-3 equatorial nitro-benzoate product 20
in 64% yield along with 30% recovered 17 (Scheme 3). Upon
basic hydrolysis, ester 20 was converted to the 2-deoxy-�-
glucose 21, which has the desired �-olivose stereochemistry
(2,6-dideoxy-�-glucose). The stereochemistry was confirmed
by 1H NMR coupling constant analysis. The coupling
constant 3JH3-H4 in diol 17 is 3.0 ppm, which is the typical
axial-equatorial proton coupling constant; while in diol 21,
the axial-axial 3JH3-H4 equal to 8.4 ppm.19

With this highly chemoselective discrimination and ste-
reoselective inversion of the 1,2-diol established, we then
applied this transformation to the synthesis of landomycin
A monosaccharide �-D-olivose (Scheme 4). As the starting
point, both the enantiopure pyranones R-L-10 and �-D-11
were diastereoselectively prepared as the major products
(Scheme 2).9a,13 Subjecting pyranone 11 to the following

4-step sequence: palladium catalyzed glycosylation with
BnOH, Luche reduction20 of the keto group, Myers’ reduc-
tive 1,3-allylic transposition21 and dihydroxylation,22 gave
exclusively the diol 22 in 56% overall yield.13 Under
Mitsunobu reaction conditions, the digitoxose 22 was cleanly
converted to protected �-D-olivose 23 in 71% yield while
the benzoate group also served as a temporary protecting
group. A simple hydrolysis of benzoate group with K2CO3

fashioned the monosaccharide �-D-olivose 24 in 98% yield.
With a viable route to the �-D-oliVo-sugar 24 in hand, our

efforts turned to the construction of the di- and trisaccharide
(Schemes 5 and 6). Thus, the oliVo-sugar 23 and �-D-
pyranone 11 were subjected to the typical palladium-
catalyzed glycosylation conditions, which afforded the C-4
glycosylated disaccharide 25 in 85% yield with complete
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Scheme 3. Synthesis of 2-Deoxy-�-glucose from
2-Deoxy-�-allose

Scheme 4. Synthesis of Monosaccharide �-D-Olivose
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stereocontrol at the anomeric center (Scheme 5). Luche
reduction of the keto-group in pyranone 25 provided a
mixture of allylic alcohols, which when exposed to the
Myers’ reductive 1,3-allylic transposition conditions provided
olefin 26 in 83% yield for two steps. At this stage, the
replacement of p-nitrobenzoyl group (PNBz) is necessary
because another Mitsunobu reaction will take place and these
two hydroxyl groups will need to be differentiated. Thus,
the p-nitrobenzoate group was easily hydrolyzed with K2CO3

and MeOH to give alcohol 27 in 98% yield. Protection of
the alcohol with TBSCl provided the olefin 28 in 72% yield.
The dihydroxylation of 28 gave exclusively the diol 29 in
95% yield.

When applying the regioselective Mitsunobu reaction to
diol 29, the benzoate 30 was afforded in 85% yield. Because
the C-3 free hydroxy group will be the glycosyl acceptor
for next glycosylation, the protection of the C-4 alcohol and
deprotection of C-3 benzoate are needed. Thus, treating the
alcohol 30 with TBSCl provided the silyl ether 31 in 82%
yield. The initial effort toward the hydrolysis of benzoate in
31 with K2CO3 and MeOH proved to be troublesome, giving
the desired product 32 along with the C-3-OTBS product in
a ratio of 1:1.4. Presumably the C-3-OTBS product is formed
by a base promoted TBS group migration from C-4 hydroxy
group to C-3 hydroxy group. A much cleaner reaction
resulted from the reduction of the benzoate 31 with DIBAL-
H, which gave alcohol 32 in 99% yield.

The last sugar of the trisaccharide was R-L-rhodinose,
which was derived from the R-L-pyranone 10 (Scheme 6).
The glycosylation of alcohol 32 and R-L-10 provided the
trisaccharide pyranone 33 in 95% yield, which underwent

Luche reduction to give exclusively the allylic alcohol 34
in 93% yield. Because the stereochemistry of the C-4
hydroxy group was not identical to the target compounds, it
had to be reversed. Gratifyingly, this was achieved by
Mitsunobu reaction, which gave the desired product 35 in
97% yield. Upon hydrolysis, the benzoate in 35 was removed
to give the alcohol 36 in 98% yield. The diimide reduction
of the olefin in 36 provided the trisaccharide 37. Finally,
the landomycin A and E trisaccharide 38 was achieved by
removing the two TBS groups with TBAF (97%). Overall,
the trisaccharide 38 was prepared from the achiral acylfuran
12 in 22 steps and 4.5% overall yield.

In conclusion, a highly enantioselective route to landomycin
E trisaccharide 38 has been developed. The key transformations
include: the palladium catalyzed glycosylation reaction, Myers’
reductive rearrangement, diastereoselective dihydroxylation, and
the regioselective Mitsunobu reaction. This is the first example
of the chemoselective discrimination and stereoselective inver-
sion of the 1,2-diol on a sugar system using a direct Mitsunobu
reaction on diol. The preparation of other analogues as well as
landomycin A and E are ongoing.
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Scheme 5. Synthesis of Disaccharide Benzyl
�-D-Olivose-(1f4)-�-D-olivose

Scheme 6. Synthesis of Landomycin A and E Trisaccharide
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