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Human cancer cells are often characterized by the presence
of tumor-associated glycosphingolipids (GSL).[1] Several GSL
antigens have been identified as adhesion molecules that may
promote tumor cell metastases. Active immunization with
GSL can induce or enhance antibody titers and several studies
indicate that these antibodies can suppress metastasis.[2]

Danishefsky and co-workers synthesized the saccharide
moiety of the tumor-associated antigen Globo-H[3] (1) using
the glycal assembly strategy. The final product was substituted
with an anomeric allyl moiety (!2), which after oxidation to
an aldehyde moiety, allowed coupling to the carrier protein

keyhole limpet hemocyanin (KLH, Megathura crenulata).
High levels of antibodies in patients with progressive and
recurrent prostrate cancer could be raised by vaccination with
the conjugate.[4] Schmidt and co-workers prepared the pro-
tected Globo-H hexasaccharide by employing the trichloro-
acetimidate methodology.[5]

Herein we report an alternative approach for a highly
efficient synthesis of the Globo-H hexasaccharide 3. For the

first time we demonstrate that a hexasaccharide can be
assembled in five consecutive glycosylations without the need
for any intermediate protecting group manipulations. The
new approach gives the readily available building blocks 4, 5,
6, 7, 8, and 9 (Scheme 1) of the protected hexasaccharide 19,
which was deprotected to yield target compound 3
(Scheme 3). The key feature of the new glycosylation

Scheme 1. Building blocks for 3.

sequence is a combination of two-directional glycosylation
approaches (see below) with chemoselective and orthogonal
glycosylations.[6] These strategies exploit both the differences
in the reactivities of anomeric leaving groups and the subtle
control of nucleophilicities of sugar hydroxyl groups and silyl
ethers. The aminopropyl spacer was incorporated for well-
defined conjugation to a carrier protein.[7]

Classic strategies for oligosaccharide assembly are charac-
terized by the manipulation of protecting groups between
each glycosylation step. Such manipulations increase the
linearity and decrease the efficiency of oligosaccharide
assembly. Two-directional glycosylation strategies and che-
moselective- or orthogonal-glycosylation approaches con-
dense the process of oligosaccharide synthesis by removing
the need for unmasking procedures. In a two-directional
glycosylation strategy a saccharide derivative first acts as a
glycosyl donor and the resulting product is immediately used
as a glycosyl acceptor in the next coupling step.[8] This reaction
sequence can be performed with glycosyl donors and accep-
tors that both have a free hydroxyl group. It is critical that the
hydroxyl group of the glycosyl acceptor is significantly more
reactive than the hydroxyl group of the glycosyl donor to
avoid self-condensation of the glycosyl donor. A complemen-
tary method exploits the finding that a thioglycoside protect-
ed as a silyl ether (for example, triethylsilyl, tert-butyldime-
thylsilyl) can act both as a glycosyl donor and acceptor. In
general, silyl ethers are sufficiently stable under N-iodosuccin-
imide/trimethylsilyl trifluoromethanesulfonate (NIS/
TMSOTf)[9] or iodonium dicollidine perchlorate (IDCP)[10]

mediated glycosylations. Thioglycosides of these derivatives,
therefore, can act as glycosyl donors. However, the products
of these coupling reactions are suitable acceptors[11] when
glycosylated with glycosyl fluorides in the presence of
[Cp2ZrCl2]/AgOTf (Cp�cyclopentadienyl, Tf� trifluorome-
thanesulfonyl).[12] Chemoselective glycosylation strategies are
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based on the ability to control the reactivity of anomeric
leaving groups in such a way that building blocks can be
coupled with decreasing anomeric reactivities without the
need for any protecting-group manipulations between the
glycosylations. Orthogonal-glycosylation approaches use sac-
charide building blocks containing leaving groups with
orthogonal reactivities that can therefore be activated inde-
pendently.

The building blocks 4,[13] 5,[14] 7,[15] and 9[16] were synthesized
by standard manipulations. The preparation of glycosyl
fluoride 6 was more complicated (Scheme 2). The synthesis
started with the protection of the amino functionality of the

Scheme 2. Synthesis of building block 6. a) TrocCl, NaHCO3, H2O then
Ac2O, pyridine (78 % over two steps); b) HBr/HOAc (33 %), CH2Cl2;
c) Ag2CO3, acetone/water (100 % over two steps); d) DAST, CH2Cl2,
ÿ40 8C (92 %, a :b� 5:1); e) K2CO3, MeOH (75 %) then PhCH(OMe)2,
CSA, MeCN (78 %).

commercially available N-acetylgalactosamine hydrochloride
(10) as a 2,2,2-trichloroethylcarbamate by reaction with 2,2,2-
trichlorethyloxycarbonyl chloride (TrocCl) in aqueous
sodium bicarbonate.[17] The product obtained was acetylated
with acetic anhydride in pyridine to give compound 11[18] in an
overall yield of 78 %. The anomeric acetyl moiety of 11 was
replaced by a fluoride atom in a three-step procedure. Thus,
treatment of 11 with HBr in acetic acid/dichloromethane gave
bromide 12,[17] which was immediately hydrolyzed with
Ag2CO3 in acetone/water to give lactol 13[19] in a quantitative
overall yield. Treatment of 13 with diethylaminosulfur tri-
fluoride (DAST)[20] in dichloromethane gave the glycosyl
fluoride 14 as a separable mixture of anomers (a :b� 5:1). The
individual anomers of 14 were converted into the partially-
protected derivatives 6a/b (overall yield 78 %) by removal of
the O-acetyl protecting groups with potassium carbonate in
methanol followed by treatment with benzaldehyde dimethyl-
acetal in acetonitrile in the presence of a catalytic amount of
camphorsulfonic acid (CSA). This reaction sequence demon-
strates that glycosyl fluorides can undergo several protecting
group manipulations and are stable to mildly acidic and basic
reaction conditions.

With significant quantities of building blocks in hand, the
assembly of fully protected hexasaccharide 19 could be
performed (Scheme 3). Thus, IDCP-mediated glycosylation
of the fully protected thioglycosyl donor 4 with semi-
protected glycosyl acceptor 5 in dichloromethane/diethyl
ether gave 15 as a single anomer in a 70 % yield (Scheme 3).
The observed chemoselectivity is based on the fact that
6-deoxy-sugars are more reactive glycosyl donors than their
6-hydroxy counterparts. Furthermore, thioethyl glycosides are
considerably more reactive than analogous thiophenyl glyco-

Scheme 3. Synthesis of hexasaccharide 3. a) IDCP, CH2Cl2/Et2O (1/5), 4-�
molecular sieves; b) NIS/TMSOTf, 4 � molecular sieves, MeCN, ÿ40 8C;
c) Cp2ZrCl2, AgOTf, CH2Cl2, 4-� molecular sieves; d) 1. Zn, HOAc;
2. Ac2O, pyridine; 3. Pd(OAc)2, EtOH, H2.

sides.[21] The anomeric thiophenyl moiety of 15 could be
activated with the more thiophilic reagent NIS/TMSOTf and
reaction with the glycosyl fluoride 6a gave trisaccharide 16 as
a separable mixture of anomers.[22] An intractable mixture of
products was obtained when the same reaction was performed
with 6b, probably as a result of the b-fluoride being much
more reactive and activated under the glycosylation condi-
tions. The lower reactivity of the a-anomer can be rationalized
on the basis of its ground state being stabilized by a strong
anomeric effect. Also a low recovery of trisaccharide was
obtained when a derivative of 6 was used in which the Troc
protecting group was replaced by a phthalimido group. In this
case the bulky phthalimido group shields the hydroxyl group
at C-3 and thus reduces its nucleophilicity.

Next we focused on the assembly of trisaccharide 18. Thus,
the NIS/TMSOTf-mediated glycosylation of the partially
protected lactosyl donor 7 with spacer 8 gave 17 as a pure b-
anomer in a yield of 67 %. Mass spectroscopic analyses of the
crude reaction mixture revealed no self-condensation or
oligomerization of 7. This expected result is based on the
higher reactivity of the primary hydroxyl group of 8 relative to
the secondary axial hydroxyl group of 7. The anomeric
selectivity of this glycosylation is based on the formation of
an intermediate a-nitrilium ion,[21] which is substituted by the
alcohol to give a b-anomer.[23, 24] Compound 17 was immedi-
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ately used in an IDCP-mediated glycosylation with 9 to give
the trisaccharide 18 as the only anomer.

The fully-protected hexasaccharide 19 could be obtained by
the coupling of trisaccharides 16 with 18 in the presence of
[Cp2ZrCl2]/AgOTf in dichloromethane. The reaction was
almost instantaneous and the product was isolated in an
89 % yield. No desilylated acceptor was observed and the
reaction was significantly slower when the coupling was
performed with a trisaccharide acceptor that had a free
hydroxyl group. These results indicate that a triethylsilyl
(TES) moiety activates the glycosyl acceptor in a [Cp2ZrCl2]/
AgOTf-mediated glycosylation. However, the same protect-
ing group is perfectly stable in an IDCP-mediated glycosyla-
tion.

Compound 19 was deprotected in a three-step procedure.
Thus, the Troc protecting group was removed by treatment
with activated zinc in acetic acid and the resulting amino
functionality was acetylated with acetic anhydride in pyridine.
Finally, the benzyl ethers, the benzylidene acetal, and the
benzyloxycarbonyl moiety were removed by catalytic hydro-
genation over palladium to give the target compound 3 in a
yield of 84 %. Analysis of the product by 1D (1H, gocsy;
800 MHz) and 2D NMR spectroscopy (gCOSY, HSQC,
TOCSY, and gHMBC) confirmed the correct anomeric
configuration of each glycosidic linkage.[25]

In conclusion, we have described a highly convergent
approach for the synthesis of a spacer-modified hexasacchar-
ide derived from the tumor-associated antigen Globo-H. The
fully-protected hexasaccharide 19 could be efficiently assem-
bled within five glycosylation steps after the preparation of
the readily available building blocks. It is to be expected that
similar strategic principles can be used for the synthesis of
other oligosaccharides of biological importance.
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