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ABSTRACT

The first synthesis of hexasaccharide 1 representing a repeat unit of a polysaccharide specific to the vegetative cell wall of Bacillus anthracis
is reported. The synthetic hexasaccharide is equipped with an n-pentenyl handle at the reducing terminus to allow for further functionalization.
Key transformations during the synthesis are the conversion of a glucose into a mannosazide residue, a (2 +2) coupling, followed by double
r-galactosylation to furnish the hexasaccharide, and global deprotection under Birch conditions.

Infections caused by the Gram-positive, spore-forming soil
bacteriumBacillus anthracisresult in very serious disease.1,2

The durable form of the pathogen, the spores, is remark-
ably resistant to physical stress3 and has been used as a
biowarefare agent. Inhalation of spores that are ground into
fine particles that penetrate the lungs of people will kill
most victims if treatment does not commence within
24-48 h. The intentional release of anthrax spores through
contaminated letters caused the death of five people and
widespread panic among the U.S. population in autumn 2001.
Following these events, intensified efforts to detectB.
anthracisidentified unique molecules on the surface of the
bacteria.

A unique tetrasaccharide2 (Figure 1) on the surface ofB.
anthracis spores was discovered4 and synthesized shortly
thereafter.5 Antibodies against this carbohydrate are able to
detectB. anthracisendospores in a highly selective manner.6

Carbohydrate-protein conjugates are currently evaluated in
challenge studies in animal experiments. Once inhaled,
anthrax spores germinate to produce vegetative cells within
30 min. An effective anthrax-subunit vaccine would likely
contain multiple antigens. Recently, another potential car-
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bohydrate antigen, the major cell wall polysaccharide3, was
isolated from vegetative cells and structurally characterized
(Figure 1).7 This polysaccharide is also species-specific and
differs even from that of the closely relatedB. cereusstrains.
The terminal repeating unit has not been described.7 How-
ever, any hexameric repeating unit itself constitutes an
attractive target for potential vaccine development and
pathogen detection.8

Here, we describe the first total synthesis of the hexa-
saccharide repeating unit1 containing a terminaln-pentenyl
glycoside for subsequent functionalization and attachment
to a carrier protein.

The doubly branched hexasaccharide1 reveals several
challenging linkages such as twoR-galactosidic linkages, an
R-linkage to a glucosamine residue and aâ-linkage to a
mannosamine unit. Our retrosynthetic analysis of fully
protected hexasaccharide4 (Figure 2) dissects the target
molecule into two terminalR-galactose building blocks59

and two disaccharide partsA andB. For partA two building
blocks 6 and 8 are identified. TheN-acetyl group of the
glucosamine of partA is masked as an azide to ensure
R-selectivity in the (2+2) glycosylation. The azide containing
building block 6 is derived from a precursor used in
carbohydrate antigen synthesis.10 Building block 8 is well-
known for the successful construction of terminalâ-galactose
units.11 Trichloroacetyl-protected glucosamine7 is used for
partB, and contains already the pentenyl handle that allows
for further transformations, into either an aldehyde6,12 or a
thiol.12a,13 The â-mannosamine linkage is introduced via
inversion of the C2-hydroxyl of glucose following construc-
tion of theâ-glucosidic bond with9.

The key carbohydrate subunits6,10 7,14 and 915 were
readily prepared from known intermediates by using standard
protecting group transformations (Scheme 1). With these
monosaccharide building blocks in hand, the synthesis
commenced with the union of glucosaminen-pentenyl
glucoside7 and glucose thioglycoside9 to form aâ(1f4)
glycosidic linkage.

The challengingâ-mannosamine linkage was thus installed
by creating thetrans-glucosidic linkage, readily prepared
with the help of the participating fluorenylmethoxycarbonate
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Figure 2. Retrosynthetic analysis.

Figure 1. Carbohydrate structures fromBacillus anthracis: The
spore surface tetrasaccharide2 and the repeating hexasaccharide3
of vegetative cell walls.
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(Fmoc) group in C2.16 The Fmoc group was subsequently
cleaved and the C2 stereocenter was inverted via displace-
ment of the triflate by tetrabutylammonium azide to furnish
disaccharide18 that contains the mannosamine motif.15b,17

Benzylidene protection of the C4 and C6 hydroxyls of the
glucose unit proved to be essential for the successful
inversion. Selective benzylidene ring opening yielded dis-
accharide acceptor19 ready for glycosylation (Scheme 2).

Differentially protected lactosamine building block22was
prepared from galactose phosphate8 (Scheme 3). The

pivaloyl (Piv) group as neighboring-participating group in
C2 ensured the selective creation of theâ-linkage. Experi-
ments to use the thioglycoside20 for direct glycosylation
with 19 proved unsuccessful. Thus, we converted the

Scheme 1. Synthesis of6, 7, and9

Scheme 2. Synthesis of Disaccharide19

Scheme 3. Synthesis of Disaccharide22

Scheme 4. Assembly of Hexasaccharide1
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thioacetal via the hemiacetal21 into glycosylN-phenyltri-
fluoroacetimidate22. This leaving group is a very attractive
alternative18 to the commonly used glycosyl trichloroacetimi-
dates.19 Glycosylation of disaccharide19 with N-phenyltri-
fluoroacetimidate22 in a mixture of dichloromethane and
diethyl ether afforded selectively tetrasaccharide23with the
correspondingR-glucosaminic linkage (Scheme 4).

To complete the synthesis, tetrasaccharide23 was treated
with triethylamine to remove selectively the Fmoc group20

and afforded tetrasaccharide acceptor24. This acceptor was
glycosylated with galactose building block5 to yield 25.
Pentasaccharide25was treated with hydrazine monohydrate
to remove the levulinoyl ester. The final glycosylation with
galactose building block5 afforded hexasaccharide4.
Extensive spectroscopic investigations were performed to
identify the three diagnosticR-linkages, thereby confirming
the correct stereochemistry. Sodium in liquid ammonia
removed all permanent protecting groups and transformed
the azide moieties into amines. To afford NHAc groups the
completely deprotected carbohydrate was acetylated with a
mixture of acetic anhydride, pyridine, and DMAP. The
outcome of the Birch deprotection was shown to be highly
dependent on the neutralizing conditions: Using Amberlite

acidic resin we obtained low yields (15%) presumably since
the fully deprotected hexasaccharide stuck to the resin.
Employing acetic acid instead to neutralize resulted in greatly
improved yield (57%). Fragments from destructive fragmen-
tation could be observed as well. Saponification of27 finally
yielded the desired target compound1. Comparison of key
regions in the NMR spectra of1 and 3 confirmed the
structural assignment of the isolated polysaccharide repeating
unit.21

In conclusion, we have reported a convergent total
synthesis of aBacillus anthracishexasaccharide repeating
unit of the major vegetative cell wall polysaccharide. The
target molecule was functionalized with a pentenyl handle
at the reducing terminus for conjugation to carrier proteins
or for attachment to microarrays. Our approach also allows
for facile synthesis of modifications and shorter sequences.
Immunological studies as well as the preparation of derivates
are under investigation. Results will be reported in due
course.
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