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Heparan sulfate (HS), a member of the glycosaminoglycan

family, is a linear sulfated polysaccharide interacting with
and regulating the activity of numerous proteins.1 HS is
composed of an alternation of uronic acids units (1f4) linked
to R-(1f4)-linked 2-deoxy-2-aminoglucosyl units. It is one
of the most heterogeneous biopolymers because various
epimerization and sulfation patterns (sulfoforms) may occur
along the chain. The uronic acid may be either D-glucuronic
or L-iduronic, while O-sulfation may occur on position 2 of
the uronic acid and 3 or 6 of the amino sugar. The
glucosamine nitrogen may be sulfated, acetylated, or less
frequently, unmodified, leading to 48 possible disaccharides.
The diversity grows exponentially with the polymer length,
leading to 2304 possible tetrasaccharides, 110592 hexasac-
charides, and more than 5 × 106 octasaccharides.2 After the
commercialization of Arixtra,3 a synthetic HS-like pentasac-
charide that catalyzes the activity of antithrombin III, it is
anticipated that new drugs will emerge from the identification
of HS fragments able to control the activity of other
therapeutic targets, such as cytokines, chemokines, FGFs,
or other growth factors.1,2,4,5 The development of method-
ologies allowing access to this huge molecular diversity, that
is, the preparation of HS fragments with defined structures,
is thusat the forefrontofcurrent research inglycochemistry.3–16

The combinatorial nature of the HS polymer has struck
several glycochemists and various modular synthesis schemes
have been proposed,7–11,15 but to our knowledge, these
strategies have not yet been implemented into multiparallel
or mixture syntheses. In a domain close to HS fragment
synthesis, we have shown that solution-phase split-pool
synthesis was an ideal tool to generate all the disaccharide
sulfoforms of chondroitin sulfate (another glycosaminogly-
can).17 However, although this work, as well as studies
performed in others fields of glycochemistry, have shown,
in the late 1990s, that mixture synthesis could be efficiently
used to prepare oligosaccharide libraries,18 there have been
few further developments of such methodologies, mainly
because oligosaccharide mixtures are not really suitable for
biological tests. Recently, the use of mixture synthesis

followed by final demixing has been introduced in other area
of organic chemistry, and this is beneficial both from the
advantages of mixture synthesis and from the delivery of
pure compounds for biological tests.19 We thus decided to
test whether such an approach could be used to speed up
the preparation of HS fragment libraries. On the basis of
chemistry we developed in the past decade in the synthesis
of individual HS oligosaccharides,4a,8,10,14,20 we planned to
perform mixture syntheses of HS fragments by oligomerizing
the suitably protected disaccharide building blocks 1–38,10

(Figure 1). For the demixing step, we decided to rely on the
synthetic scheme being designed to generate, prior to the
final hydrogenolysis step, mixtures of oligosaccharides
containing different sulfate/benzyl groups ratios, which are
thus “charge tagged”. As example, tetrasaccharide 11
contains eight charges/five Bn groups; tetrasaccharide 12 has
seven charges/six Bn groups, and tetrasaccharide 13 has six
charges/seven Bn groups. A mixture of those three com-
pounds should thus be easily demixed by chromatography
on a RP-C18 stationary phase. In this approach, charge
tagging is used in a way similar to the fluorous tagging
recently introduced by the group of D. P. Curran.19

As a poof of concept for this “mixture synthesis/demix”
approach, we decided to prepare the small library of isolated
tetrasaccharides 14–16 (scheme 1). Donor 4 can be obtained
in high yield from disaccharide 1.4a On the other hand,
treatment of disaccharides 1–3 with TFA gave acceptors 5–7
in nearly quantitative yields.20 We first wanted to perform
some model experiments on small scale to check whether a
glycosylation reaction involving one donor and three accep-
tors could be performed with enough synthetic efficiency
for a mixture synthesis. It is indeed known that fragments
from the repetitive sequence of heparin, may be assembled
with high stereoselectivities and yields from building block
similar to 1.4a,5b,c,16,21 However, when working on more
heterogeneous structures than the repeating unit of heparin,
glycosylation reactions become less predictable especially,
but not only, when working with glucuronic acceptors.14,20,22

For these model experiments, the three acceptors 5–7 were
mixed in an equimolar ratio and condensed with 1.3 equiv
of imidate 4. The reactions were performed in CH2Cl2 at
-30 °C in the presence of TMSOTf (Scheme 1). After three
hours at this temperature, the reaction was quenched with
NEt3, warmed to room temperature (RT), and directly
purified by exclusion chromatography on Sephadex LH-20.
The fractions containing the highest molecular weight
compounds were pooled and analyzed by RP-C18 HPLC.
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Figure 1. Set of disaccharide building blocks for the combinatorial
synthesis of HS fragments.
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Evaporative light scattering (ELS) detection and LC-MS were
respectively used for quantification and peak identification.23

As expected, the pooled fractions contained only tetrasac-
charides, confirming that LH-20 chromatography can be
efficiently used to separate tetrasaccharides from disaccharide
side products derived from 4 and from unreacted acceptors
after a mixture glycosylation. Quantitative analysis of the
data, obtained from three independent competitive glycosy-
lations, revealed that tetrasaccharides 8 and 9 were obtained
in quantitative yields and full R-stereoselectivities.24 For
tetrasaccharide 10, lower yields (18-12%) and diastereo-
selectivities24 (90/10 to 86/14 R/� ratios) were obtained. Such

results are consistent with data obtained in this and other
laboratories, showing that glycosylations on position 4 of
L-iduronyl acceptors, in a 1C4 conformation, proceed gener-
ally in high yields and full R-stereoselectivity, while glyco-
sylations on position 4 of D-glucuronyl acceptors, in a 4C1

conformation,proceedinloweryieldsandstereoselectivities.14,20,22

Although tetrasaccharides 8-10 were not present in equimo-
lar ratios after competitive glycosylations, we decided to
capitalize on these results and perform, on a preparative scale,
glycosylation, followed by the functionalization/deprotection
steps, leading to tetrasaccharides 14–16 to test the efficiency
of the charge tagging-based demixing (Scheme 1).

During the preparative mixture synthesis of HS library,
all the reactions were followed by RP-C18 HPLC to ascertain
a full conversion of the starting materials and the presence
of only three major components in the library. It should be
noted that a key point in the success of the mixture synthesis
part of this work was the careful optimization of an efficient
deprotection/sulfation scheme allowing, in each step, the
transformation of each disaccharide in high yields. All
purifications following glycosylation, functionalization, or
deprotection reactions were performed by LH-20 chroma-
tography. IR spectra were also recorded on the purified
tetrasaccharide mixtures to follow the appearance or removal
of functional groups. We first performed a preparative
mixture glycosylation, as described above, starting from 0.3
mmol of each acceptor 5–7 (21–24 mg) and 1.17 mmol of
donor 4 (108 mg). After purification, the library of tetrasac-
charides 8–10 was deacetylated by transesterification with
MeOH using K2CO3 as base. After neutralization with ion-

Scheme 1. Mixture Synthesis and Parallel Debenzylation of an HS Tetrasaccharide Librarya

a Reaction conditionts: (a) TMSOTf (0.1 equiv % 4), 1.3 equiv 4, CH2Cl2, -30 °C, 3 h; (b) K2CO3, MeOH, RT, 18 h; (c) H2, Pd/BaSO4, 0.1 M pyridine,
MeOH/THF 2/1, 24 h; (d) pyridine · SO3, pyridine, 24 h RT, then 16 h 50 °C; (e) LiOH, H2O2, nBuOH/THF 1/1, 0 °C, 3 h, then KOH, RT 57 h (yields over
the five steps after RP-C18 semi preparative HPLC 20% (11), 22% (12), and 4% (13)); (f) H2, Pd(OH)2/C, 100 mM phosphate buffer pH 7.0/tBuOH 6/4,
73% (16) to quant. (14 and 15).

Figure 2. HPLC chromatograms of compounds 11, 12, and 13 after
demixing (UV detection at 220 nm; see Supporting Information
for chromatographic conditions).
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exchange resin (H+) and purification, a strong νOH signal in
the IR spectrum of the mixture ascertained the unmasking
of hydroxyl groups. The azido moieties were then reduced
under H2 atmosphere, using Pd/BaSO4 as catalyst and 0.1
M pyridine to prevent hydrogenolysis of the benzyl groups.
In this step, the allyl groups were also converted into n-propyl
moieties. After purification, the IR spectra of the mixture
showed complete disappearance of the νN3 signal confirming
the completion of the azido group reduction. O and N-
sulfation were then performed at 50 °C using pyridine · SO3

complex as sulfating agent and pyridine as the solvent.4a

Saponification of the methyl esters was performed subse-
quently using lithium hydroperoxide followed by potassium
hydroperoxide5c to give tetrasaccharides 11–13 as a three
member library. The HPLC analysis of this mixture con-
firmed the presence of three major components along with
minor impurities. As expected, compounds 11-13 have very
different retention times on RP-C18 (see Figure 2), and we
decided, as planned, to demix the library members at this
stage of the synthesis. A simple RP-C18 flash chromatog-
raphy allowed us to isolate 21 mg of 11, 17 mg of 12, and
4 mg of 13 already highly pure as determined by 1H NMR
(see Supporting Information). Semipreparative HPLC was
then used to further purify the three tetrasaccharides to full
homogeneity. The high purity of each isolated tetrasaccha-
ride, 11-13, was confirmed by HPLC analyses with each
of them giving a single peak as shown in Figure 2. After
this second purification, we obtained 11 mg of 11 (20% over
the 5 mixture synthesis steps), 12 mg of 12 (22%), and 2
mg of 13 (4%). The lower yield of the glycosylation reaction
on acceptor 3 (16-11% for the R-stereoisomer) explains by
itself the lower global yield obtained for 13. To confirm the
structures of each compound, MS and NMR analyses were
performed. Molecular ions corresponding to the expected
mass25 were obtained using LC-MS analysis. The R-anom-
ericity of the glycosidic linkages created at the first step of

the mixture synthesis was then confirmed using 1H and
1H-13C HSQC experiments; as shown in Figure 3, repre-
senting an expansion at the anomeric proton and carbon
regions of the HSQC of each compound, no correlation peak
corresponding to a �-linkage can be found in the spectra of
11 and 12, while a single cross peak in the �-region can be
found for compound 13. This last crosspeak corresponds to
the anomeric center involved in the linkage between the
GlcUA and reducing end unit of tetrasaccharide 13. More-
over, the 1H and 13C chemical shifts as well as JH1-H2

coupling constants were measured for the newly created
anomeric centers from 1H spectra and 1H-13C HSQCs. The
obtained values (δ1H ) 5.31–5.35 ppm and δ13C ) 98.4–99.1
ppm, with JH1-H2 ) 3.5 Hz) confirm, as expected, the
exclusive or major formation of R linkages in the glycosy-
lation step and thus the occurrence of natural linkages in
the synthesized tetrasaccharides.

Finally, parallel hydrogenolyses (Scheme 1) were per-
formed in standard conditions using Pd(OH)2 as catalyst in
a 6/4 mixture of 100 mM phosphate buffer pH 7.0/tBuOH.
Yields ranging from quantitative (14 and 15) to 73% (16)
were obtained in this last step.

We have thus shown that multistep mixture synthesis,
followed by charge tagging-based demixing, is an appealing
methodology to increase the speed of preparation of HS
fragments with different structures. This strategy allowed us
to save 10 steps and 10 purifications with respect to a
multiparallel synthesis, while still allowing the isolation of
pure oligosaccharides at the end of the process. It is
anticipated that such a mixture synthesis/demix strategy will
also be applicable to the synthesis of longer HS fragments
as long as the synthesis is designed to obtain library members
having different sulfate/benzyl ratios. It may thus represent
a promising alternative or complementary tool to solid-phase
synthesis26 for the preparation of HS fragments libraries. The

Figure 3. 1H-13C HSQC spectra of compounds 11-13 in the anomeric proton and carbon regions. The arrows point the crosspeaks
corresponding to the three anomeric centers involved in the mixture glycosylation. Chemical shifts and JH1-H2 coupling constants are also
given for these centers.
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preparation of other tetrasaccharides, as well as longer
fragments, is underway and will be reported in due course.
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