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Synthesis of heparin-like oligosaccharides
on polymer supports

Rafael Ojeda, Olimpia Terenti, José-Luis de Paz and Manuel Martin-Lomas

Grupo de Carbohidratos, Instituto de Investigaciones Quimicas, CSIC, Américo Vespucio s/n, 41092, Sevilla, Spain

The biological functions of a variety of proteins are regulated by heparan sulfate glycosaminoglycans. In order to facilitate
the elucidation of the molecular basis of glycosaminoglycan-protein interactions we have developed syntheses of heparin-
like oligosaccharides on polymer supports. A completely stereoselective strategy previously developed by us for the
synthesis of these oligosaccharides in solution has been extended to the solid phase using an acceptor-bound approach.
Both a soluble polymer support and a polyethylene glycol-grafted polystyrene resin have been used and different strategies
for the attachment of the acceptor to the support have been explored. The attachment of fully protected disaccharide
building blocks to a soluble support through the carboxylic group of the uronic acid unit by a succinic ester linkage, the
use of trichloroacetimidates as glycosylating agents and of a functionalized Merryfield type resin for the capping process
allowed for the construction of hexasaccharide and octasaccharide fragments containing the structural motif of the regular
region of heparin. This strategy may facilitate the synthesis of glycosaminoglycan oligosaccharides by using the required

building blocks in the glycosylation sequence.
Published in 2004.
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Introduction

Heparan sulfate glycosaminoglycans regulate important biolog-
ical functions by interacting with a variety of heparin-binding
proteins [1]. Unfortunately, the investigation of the molecu-
lar basis of these polysaccharide-protein interactions faces se-
rious difficulties as a consequence of the diversity and the
structural heterogeneity of heparan sulfate [2]. Heparan sul-
fate glycosaminoglycans constitute a family of closely related
linear polysaccharide species—which includes heparin— consist-
ing of unsulfated and variously sulfated sequences of alternat-
ing 1 — 4 linked D-glucosamine and L-iduronic or D-glucuronic
acid units [3,4]. These sequences are distributed in different do-
mains along the linear polysaccharide chain. The size of these
chains, the sequence of alternating units and the negative charge
distribution and orientation within the different domains seem
to play an important role in the glycosaminoglycan-protein
interaction processes [3]. The recognition in the early eight-
ies that a structurally unique pentasaccharide sequence within
heparin binds antithrombin with high selectivity, strongly sug-
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gested that glycosaminoglycan-protein interactions are saccha-
ride specific [5]. For fibroblast growth factors 1 and 2 (FGF-
1 and FGF-2) which, with the exception of antithrombin, are
the heparin binding proteins which have been more thoroughly
studied [6], minimal carbohydrate binding motifs have been
proposed [7]. However, the information available from crystal-
lographic analysis of complexes of these proteins with heparin
fragments reveals diverse patterns of stoichometry, contact sites
and orientation [8—11]. It is generally agreed that the structural
heterogeneity of the glycosaminoglycan is in part responsible
for these apparently conflicting evidences and that the avail-
ability of homogeneous glycosaminoglycan fragments with
precisely defined molecular structures would decisively con-
tribute to decipher the molecular mechanism of these biological
interactions.

As a part of a program on the molecular basis of the regula-
tion of FGF-1 activity by heparin we have previously synthe-
sized several heparin-like hexasaccharides and octasaccharides
composed of variously sulfated 1 — 4 linked D-glucosamine
and L-iduronic acid units [12—15]. These synthetic molecules
present a heparin-like three dimensional structure and a well
defined spatial distribution of negative charge in solution
[12—17], and, therefore, constitute excellent tools to investigate
the molecular mechanism of FGF activation. They were syn-
thesized using a convergent modular strategy which permitted
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Scheme 1. General retrosynthetic analisis of heparin-like oligosaccharides.

to control the size of the final product and the pattern of sul-
fate groups along the oligosaccharide skeleton [15]. Effective
as this approach might be, the synthesis of the diversity of
oligosaccharides required for extensively investigating these
biological interactions demands further simplification and au-
tomation. As in most areas in glycobiology, the development
of efficient solid phase synthesis conditions to construct these
oligosaccharides on automated synthesizers is much needed
[18-20]. It may be expected that the solution phase modular
approaches to the synthesis of glycosaminoglycan fragments
recently reported by us [12-15] and by several other authors
[21-24] will allow for the synthesis on solid support. There-
fore we have investigated the possibility of extending our so-
lution phase approach to the synthesis of glycosaminogly-
cans on polymeric supports. A preliminary communication
of part of the results of this investigation has recently ap-
peared [25]. We now give a full account of this study. In
spite of the considerable effort devoted to the synthesis of gly-
cosaminoglycan oligosaccharides [26] after the seminal con-
tributions on the antithrombin-binding pentasaccharide [27],
only a preliminary communication on the synthesis of O-
methylated heparan sulfate—like oligomers on a soluble poly-
mer support had appeared in the literature when we started this
investigation [28].

Results and discussion

Our synthetic approach in solution was based on disaccharide
building blocks with protecting group patterns specifically de-
signed to control the stereochemistry of the glycosidic link-
ages and the location of the sulfate groups [12—15] (Scheme 1).
The D-glucosamine unit always occupied the non reducing end.
This monosaccharide sequence, which was first designed for the
construction of heparan sulfate glycosaminoglycan fragments
by Lay el al. [21], complements those obtained by chemi-
cal or enzymatic degradation of natural glycosaminoglycans.
As wusual in most glycosaminoglycan syntheses [26,27],
O-sulfation positions were differentiated by temporary acyl
group protection while permanent benzyl groups were used
to protect the remaining hydroxyl functions. A «-isopropyl
group, which resulted to be a convenient structural feature in
the final oligosaccharide construct for NMR based interaction
studies, was directly introduced at the reducing end building
block [12—15]. The trichloroacetimidate method [29] was used
in all glycosylations. Using this approach, a series of four
hexasaccharides and two octasaccharides, including I and II
which contain the sequence and the sulfation pattern of the
regular region of heparin, were effectively prepared [12-15]
(Figure 1).
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Figure 1. Hexa- and octasaccharide of the regular region of heparin.

Since these general experimental features were key for the
synthesis in solution, the synthesis on polymeric support was
accordingly planned on these basis using the same synthetic
scheme and keeping the protecting strategy and the glycosyla-
tion method.

The only previously reported polymer supported prepara-
tion of heparan sulfate-like oligosaccharides was carried out
on polyethylene glycol (PEG) also using a n + 2 block synthe-
sis strategy in which, contrary to our approach, a conveniently
protected D-glucopyranose unit, mimicking the D-glucosamine
moiety, occupied the reducing end of the disaccharide building
blocks [28]. An acceptor bound approach was used in which
the conveniently protected disaccharide glycosyl acceptor was
attached to PEG through the hydroxymethyl group of the D-
glucopyranose unit by a succinoyl ester linker and the elonga-
tion of the oligosaccharide chain was carried out by repetitive
glycosylation of the 4-OH group of the L-iduronate unit of the
acceptor with a conveniently protected glycosyl donor.

We have investigated the extension of our solution phase syn-
thesis also using the acceptor bound approach and an ester-type
linker [30] which was compatible with our solution phase chem-
istry. Both a soluble polymer support (PEG w-monomethyl
ether, MPEG) [31] and a PEG-grafted polystyrene resin, which
provide a solution-like environment, have been used and sev-
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eral attachment sites of the disaccharide acceptor to the poly-
mer support have been investigated. The usual sulfation pat-
terns of naturally occurring heparan sulfate glycosaminogly-
cans [3,4] involve positions R I'R2 R3,and R>. A highly con-
vergent synthetic approach to construct a diversity of molecules
with different sequence and charge distribution should, in prin-
ciple, avoid these positions for attachment to the support (Fig-
ure 2). Problems associated with the established synthesis
of L-iduronate monosaccharide building blocks [32-34] also
precluded R* as attachment position. Therefore we have es-
sentially investigated approaches in which the attachment of
the acceptor include the anomeric reducing end and the car-
boxylate group of the L-iduronate unit although the feasibil-
ity of a scheme based on the attachment to the solid support
through the hydroxymethyl group of the D-glucosamine unit,
as previously reported [28], was also explored for comparison
purposes.

We first studied a direct attachment of the disaccharide gly-
cosyl acceptor to the support using a PEG-grafted polystyrene
resin (ArgoGel™) functionalized with an amino group. This
resin was successfully functionalized with disaccharide 3 which
was prepared from 1 [12] by reaction with succinic anhydride.
The functionalized resin 4 was obtained with a resin loading of
0.35 mmol/g. Following our previous solution phase chemistry,
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I
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Retrosynthetic analisis of the disaccharide repeating unit in the heparin regular region.
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times).

the resin bound glycosyl acceptor 5 was obtained from 4 by
hydrolysis of the benzylidene acetal and subsequent selective
benzoylation. A preparative sample was cleaved from the resin
by treatment with hydrazine acetate to yield 6 which was com-
pletely characterized. Coupling of § with donor 2 in the presence
of TMSOTT at room temperature gave 7 in 90% yield after three
glycosylation cycles. A resin aliquot was cleaved as before to
give tetrasaccharide 8 that was fully characterized. The elonga-
tion of the oligosaccharide chain proceeded by successive on
bead generation of the glycosyl acceptor as described above
and subsequent glycosylation steps with glycosyl donor 2. Af-
ter two elongation cycles octasaccharide 9 was cleaved from

the resin and characterized. The final yield was 10% from §
after eight steps (Scheme 2).

A parallel study was carried out using the soluble polymer
support MPEG. MPEG was fuctionalized by reaction with
disaccharide 3 after activation with diisopropylcarbodiimide.
NMR analysis showed a 90% linkage. Cleavage of the
benzylidene acetal in 10 gave 11 and selective benzoylation
of 11 yielded glycosyl acceptor 12. Glycosylation of 12 with
trichloroacetimidate 2 as described above afforded 13 from
which tetrasaccharide 8 was released after three glycosylation
cycles. The final yield was 20% from 10 after four steps
(Scheme 3).



Synthesis of heparin-like oligosaccharides on polymer supports

3 —

OBz
MeQ,C~ OBn 0
HO (o)
BnO N3 (0] o

5 @ 12 PivO

| |
I

Ph" N0
%

BnO

OBz
wozc OBn
MeO,CAOBn O 0
0 BnO N3 O%»v
Ny O

183

3 O

8 O8no N /%wo}\/\é/

PivO
10

\b
OH

BnO Ny O

O—@ OMeO,C~.0Bn 9
0

1 PivO

of\/v"@

0]

PivO

PivO 13

le

B

PivO s

OBz
/YO Ie) /%Oélwfozc
Ph MeO,G~.0Bn O
[e; no N O/%/ 3

OBn
O OH

PivO

Scheme 3. (a) i. DIC, DMAP, CH,Cl,, MPEG; ii. AcO, Py, 90%; (b) EtSH, pTsOH, CH.Cly; (c) BzCN, EtzN, CH3CN, —30°C; (d)
TMSOTf, CH,Cl, (three times); (e) hydrazine acetate, THF, 20% four steps.

It can be concluded that both the PEG grafted polystyrene
resin and the soluble polymer support led to similar results us-
ing this synthetic scheme and that both strategies can be used
to construct the oligosaccharide skeleton of these heparin-like
oligosaccharides. As developed in this investigation, this ap-
proach leads to anomeric mixtures. Although a process could
be envisaged allowing to stereoselectively introduce a given
functionality at the anomeric position, it should be taken into
account that the installation of different groupings at the reduc-
ing end of the oligosaccharide chain for structural or biological
investigation, or as handles for binding studies, is more conve-
niently performed on the starting disaccharide module than on
the final oligosaccharide construct [15].

Next the feasibility of the process using an attachment strat-
egy through hydroxymethyl group of the D-glucosamine unit,
similar to that previously reported [28] for building blocks with
the reverse sequence, was explored. Diol 14 [12] was selec-
tively transformed into the 6- O-succinoyl derivative 15 in 78%
yield using stannilidene activation. The carboxyl group in 15
was in turn activated as above and condensed with MPEG to
give the disaccharide acceptor 16. Glycosylation of 16 with
trichloroacetimidate 2 afforded 17 from which tetrasaccharide
18 was cleaved. The overall yield was 36% from 16 after two

glycosylation cycles. For the reasons discussed above this strat-
egy was not further investigated (Scheme 4).

As the most convenient option it was envisaged to attach the
first disaccharide module to the solid support through the car-
boxylate group. For this to be feasible the L-iduronate unit to
be attached had to be suitably functionalized to be linked to the
solid support. The synthesis of the L-iduronate building blocks
is lengthy and time consuming [32-34]. These building blocks
are currently prepared in our laboratory according to a proce-
dure [34] which affords multigram amounts of L-iduronic acid
methyl esters. For the sake of practicality and in order to make as
much use as possible of the previously developed solution phase
chemistry we decided to keep the established L-iduronate syn-
thesis procedure and to convert the methyl L-iduronate build-
ing blocks into suitable hydroxyl ester derivatives that could be
linked to the solid support. We envisioned this transformation
using a transesterification reaction to obtain a 2-hydroxyethyl
uronate. It has been reported that transesterification of highly
funtionalized esters effectively takes place in mild conditions
in the presence of catalytic dibutyltin oxide [35]. The feasibil-
ity of this approach was tested with methyl uronate 20 readily
prepared from 19 [33] (Scheme 5). Compound 20 could be
transformed to 21 that was reacted with succinic anhydride to
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afford hemisuccinate 22. Compound 22 was then condensed
with MPEG to give the support bound iduronic ester 23.
Cleavage from the support was also conveniently performed
using the transesterification reaction in refluxing methanol [35].

With this promising result the solid phase synthesis was
planned from disaccharide 24 [12]. Transesterification of 24
gave 25 that was reacted with succinic anhydride to give

hemisuccinate 26. Compound 26 was then used to obtain the
functionalized MPEG 27. As above, glycosyl acceptor 29 was
prepared from 27 after removal of the benzylidene acetal to
give 28 and regioselective benzoylation. Glycosylation with
donor 2 at room temperature gave the corresponding resin
bound tetrasaccharide 31 (Scheme 6). Four glycosylation cy-
cles were performed to assure completion. The glycosylation
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Scheme 5. (a) Ac,O, DMAP, Py, 93%; (b) ethylene glycol, Bu,SnO, toluene, 115°C, 85%; (c) Succinic anhydride, DMAP, Py, 98%;
(d) MPEG, DCC, DMAP, CHCly, 100%; (e) Bu,SnO, MeOH, 65°C, 92%.
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step was followed by capping using a procedure developed
in our laboratory. This procedure is based on previously re-
ported resin-aided capture-release strategies [36] in which the
tagged unreacted PEG-bound components are captured onto
the solid phase by chemoselective reaction with a function-
alized resin [37]. In our approach, the free hydroxyl groups
of the soluble MPEG-bound glycosyl acceptor are selectively
and efficiently esterified by an insoluble Merryfield resin func-
tionalized with an acid-ended tether and filtered off from the
reaction mixture. After the capping step, glycosyl acceptor 33
was prepared after removal of the benzylidene group in 31 to
give diol 32 and regioselective benzoylation. From tetrasaccha-
ride 33 the oligosaccharide construct was further elongated ei-
ther by glycosylation with trichloroacetimidate 34 [12] to yield
35 or by a further reaction with trichloroacetimidate 2 to give
37 and subsequent glycosylation of hexasaccharide acceptor
39, prepared in the usual way via 38, with trichloroacetimi-
date 2 to afford 40. Cleavage of the fully protected oligosac-
charides from 35 and 40 was attempted by transesterification
in refluxing methanol [35]. However, some partial deacyla-
tion was observed. Therefore 35 and 40 were directly sub-
mitted to basic conditions. Treatment with LiOOH and then
with hydroalcoholic KOH removed acyl, methoxycarbonyl
and succinoyloxy carbonyl groups to afford the known par-
tially protected oligosaccharides 36 and 41 respectively (Fig-
ure 3) [12] which showed 'H NMR spectra identical in all
respects to those of samples previously prepared using solu-
tion phase chemistry (Scheme 6). From 36 and 41 hexasaccha-
ride I and octasaccharide II respectively have been previously
prepared [12].

In conclusion, the solution phase modular approach previ-
ously developed by us for the synthesis of heparin-like oligosac-
charides with different size and charge distribution [12-15]
allows for the synthesis of these molecules on a soluble poly-
mer support (MPEG) or on a PEG-grafted polystyrene resin
(ArgoGel™). The best results have been obtained using MPEG
as polymer support, a succinoyl ester linker and attaching the
starting disaccharide acceptor through the carboxylate group
of the L-iduronate unit taking advantage of a mild transesteri-
fication reaction in the presence of dibutyltin oxide. The diver-
sity of disaccharide modules already prepared [12—15] for the
solution phase synthesis of several oligosaccharides will per-
mit the straightforward preparation of a diversity of heparin-

BnO
BnO

36 n=
41 n=2

Figure 3. Partially protected oligosaccharides 36 and 41.
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like oligosaccharides for biological investigation. The reported
modular synthetic procedure constitutes a convenient method
for the solid phase preparation of other glycosaminoglycan frag-
ments by combining the different building blocks as required
in the glycosylation sequence.

Experimental section
General procedures

Thin layer chromatography (TLC) analyses were performed
on silica gel 60 F,s4 precoated on aluminium plates (Merck)
and the compounds were detected by staining with sulfuric
acid/ethanol (1:9) or with anisaldehyde solution [anisaldehyde
(25 mL) with sulfuric acid (25 mL), ethanol (450 mL) and
acetic acid (1 mL)] followed by heating at over 200°C. Col-
umn chromatography was carried out on silica gel 60 (0.2-0.5
mm, 0.2-0.063 mm or 0.040-0.015 mm; Merck). Optical ro-
tations were determined with a Perkin-Elmer 341 polarimeter.
'H- and 3C-NMR spectra were acquired on Bruker DPX-300
and DRX-500 spectrometers and chemical shifts are given in
ppm (§) relative to tetramethylsilane as an internal reference
or relative to D,0O. Elemental analyses were performed with a
Leco CHNS-932 apparatus, after drying analytical samples over
phosphorous pentoxide for 24 h. Mass spectra (fast atom bom-
bardment, FAB MS) were carried out by the Mass Spectrom-
etry Service, Facultad Quimica, Seville, with a Kratos MS-80
RFA spectrometer. MALDI-TOF MS were recorded on a GSG
system. ArgoGel™-NH, resin was purchased from Argonaut
Technologies.

Methyl (succinoyl 4-O-(2-azido-3-0-benzyl-4,6-di-O-
benzylidene-2-deoxy-a-D-glucopyranosyl)-3-O-benzyl-2-O-
pivaloyl-a, B-L-idopyranosyd)uronate (3)

To a solution of 1 [12] (160 mg, 0.21 mmol) in pyridine (3
mL), succinic anhydride (86 mg, 0.86 mmol) and a catalytic
amount of DMAP were added. After stirring overnight, H,O
(1 mL) was added and stirring continued for a more hour. The
mixture was diluted with CH,Cl, (50 mL) and washed with HCI
1M solution (2 x 40 mL) and H,O (2 x 40 mL). The organic
layer was dried (MgSQ,) and concentrated in vacuo to afford
3 (181 mg, 100%). TLC 0.42 (Toluene 6/Acetone 1). 'H-NMR

o)
O HO,C OBn /wozc OBn
0 HO, OBn
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(500 MHz, CDCl3): § 7.44-7.24 (m, 15H; 3 Ph); 6.28 (d, J =
3.5 Hz, 0.35H; H-1 B): 6.28 (d, J = 1.7 Hz, 0.65H; H-1 o);
5.52 (s, 1H; Ph-CH- and B); 5.08 (dd, J = 3.5 Hz, 1.7 Hz,
0.65H; H-2 «); 4.99 (1, J = 3.5 Hz, 0.35H; H-2 B); 4.96 (d,
J = 3.5 Hz, 0.35H; H-1' B); 4.91-4.88 (m, 1.65H; H-1' «, 1
Ph-CH; « and B); 4.77-4.69 (m, 3.35H; H-5 8, 3 Ph-CH, « and
B); 4.58 (d, J = 2.6 Hz, 0.65H; H-5 a); 4.29 (dd, J = 9.5 Hz,
4.5 Hz, 1H; H-6a" « and B); 4.19 (t, J = 3.5 Hz, 0.65H; H-
3 a); 4.12 (t, J = 3.5 Hz, 0.35H; H-4 B); 4.04-3.87 (m, 3H;
H-3 B8, H-4 «, H-3/, H-5 « and B); 3.74 (s, 3H; COOMe «
and B); 3.66-3.62 (m, 2H; H-4', H-6'b « and B); 3.38-3.36
(m, 1H; H-2" @ and B); 2.68-2.61 (m, 4H; OCO—CH,—CH,
—COOH): 1.24 and 1.18 (25, 9H; C(CHz)s) @ and B). 3C-NMR
(125 MHz, CDCl3): 6 177.9, 177.4,176.5, 170.7, 170.0, 168.7,
168.0 (C=0); 137.8-126.1 (Ph); 101.6 (Ph-CH-); 100.1 (C-1’
®); 99.6 (C-1" 8); 91.9 (C-1 B); 90.6 (C-1 w); 82.5 (C-4’ o and
B);76.1,75.8,75.2,74.9,74.8,74.1,73.5,73.4,70.6,68.5,67.6,
63.4, 63.1, 63.0, 52.4, 39.1, 38.9, 28.8, 28.7, 28.4, 27.3, 27.1,
27.0.

Functionalization of ArgoGel-NH,

Methyl 4-O-(2-azido-6-0O-benzoyl-3-0-benzyl-2-deoxy-o-D-
glucopyranosyl)-3-O-benzyl-2-O-pivaloyl-a, 5-L-
idopyranosuronate (6)

To a mixture of 3 (66 mg, 77 umol), HOBt (104 mg, 0.77
mmol) and ArgoGel-NH, (184 mg, 77 pumol; initial loading
0.42 mmol/g) swollen in a 1:1 mixture of DMF and CH,Cl,
(3 mL) under an argon atmosphere, DIC (24 uL, 0.15 mmol)
was added dropwise at room temperature. After shaking for
24 h, the reaction mixture was filtered off, and the resin was
washed with H,O (2 x 10 mL), DMF (2 x 3 mL), THF (2 x
3 mL) and CH,Cl, (2 x 3 mL). Finally, Ac;O (1 mL) and
pyridine (2 mL) were added and the mixture was shaken for
6 h. Then, the reaction mixture was filtered off, and the resin
was washed with H,O (2 x 3 mL), DMF (2 x 3 mL), THF
(2 x 3 mL), CH,Cl, (2 x 3 mL) and dried to give 4 in 84%
yield according to the weight gain of resin (54 mg, 65 pwmol).
After drying the resin in vacuum until the weight remained
constant, the new loading was determined to be 0.35 mmol/g.

To a suspension of 4 (65 umol), swollen in dry CH,Cl,
(4 mL), EtSH (40 upL, 0.52 mmol) and pTsOH (18 mg,
66 umol) were added. After shaking for 18 h under an ar-
gon atmosphere, the reaction was filtered off, and the resin
was washed with H,O (2 x 4 mL), DMF (2 x 4 mL), THF
(2 x4 mL) and CH,Cl, (2 x 4 mL). Finally, the resin was
dried at high vacuum until the weight remained constant. To
resin-bound diol (59 pmol), swollen in dry CH3CN (8 mL)
at —30°C, BzCN (11 mg, 85 pumol) and one drop of Et;N
were added. After shaking for 1 h at that temperature, the re-
action was filtered off, and the resin was washed with H,O
(2 x 5 mL), DMF (2 x 5 mL), THF (2 x 5 mL) and CH,Cl,
(2 x 5 mL). Finally, the resin was dried at high vacuum until
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the weight remained constant to yield 5 (304 mg, 58 pmol,
89%).

An aliquot of resin-bound acceptor 5 (52 mg, 10 pwmol) was
swollen in dry THF (1 mL). Then, hydrazine acetate (1 mg,
30 pumol) was added and the reaction shaken for 2 h. AcOEt
(2 mL) was added and the reaction was filtered off and then the
resin washed with CH,Cl, (2 x 3 mL). The resin was washed
with CH,Cl, (5 x 3 mL), H,O (2 x 3 mL), DMF (2 x 3 mL),
THF (2 x 3mL) and CH,Cl, (2 x 3mL). The organic layer was
concentrated to 3—4 mL and then passed through a short filter
of silica (eluent: AcOEt). The combined fractions containing
the desired product were concentrated and purified by flash
chromatography (2:1 hexane/AcOEt) to yield 6 (7 mg, 92%).
TLC 0.73 (Hexane 1/AcOEt 2). '"H-NMR (500 MHz, CDCl5):
6 8.01-7.31 (m, 15H; 3 Ph); 5.36 (br s, 0.7H; H-1 «); 5.19
(d, J =8.0 Hz, 0.3H; H-1 8); 5.02 (d, J = 3.1 Hz, 0.7H; H-
1" «); 495 (d, J =3.5 Hz, 0.3H; H-1' 8); 4.89-4.59 (m, 7H;
H-2, H-5, H-6'a, 4 Ph-CH; « and B); 4.41-4.39 (m, 1H; H-
6'b @ and B); 4.12-3.50 (m, 5H; H-3, H-4, H-4’, H-5/, OH-1
a and B); 3.79 (s, 3H; COOMe « and B); 3.27-3.02 (m, 2H;
H-2', OH-4 « and B); 1.26-1.13 (2s, 9H; C(CHj3)3)). MALDI-
TOF MS (positive mode, DHB-matrix) m/z 786 (M + Na™),
802 (M +KH).

Methyl O-(2-azido-3-0-benzyl-4,6-di-O-benzylidene-
2-deoxy-a-D-glucopyranosyl)-(1 — 4)-O-(methyl
3-0-benzyl-2-O-pivaloyl-a-L-idopyranosyluronate)-(1 — 4)-
O-(2-azido-6-0-benzoyl-3-0-benzyl-2-deoxy-o-D-glucopyra-
nosyl)-(1 — 4)-3-O-benzyl-2-O-pivaloyl-a, B-L-idopyrano-
suronate (8)

Resin-bound acceptor 5 (550 mg, 0.140 mmol) was swollen in
a solution of 2 (460 mg, 0.52 mmol) in dry CH,Cl, (2.5 mL),
shaken for 30 min and cooled at 0°C. TMSOTf (3.1 uL,
20 pumol) was added and the reaction mixture was shaken at
room temperature for 3 h. The reaction was filtered off and then
the resin washed with CH,Cl, (2 x 6 mL), H,O (2 x 6 mL),
DMF (2 x 6 mL), THF (2 x 6 mL) and CH,Cl, (2 x 6 mL).
The glycosylation and washing were repeated three times in
the same conditions. Finally, the resin was dried at high vac-
uum until weight remained constant to yield 7 in 90% accord-
ing to the weight gain of resin (92 mg, 0.125 mmol). Then, 7
(36 mg, 6.9 umol) was treated as described above for cleav-
age to yield 8 (9 mg, 87%). Traces of 6 (<1 mg) were also
detected. TLC 0.47 (Hexane 1/AcOEt 1). '"H-NMR (500 MHz,
CDCl3): 6 8.06-7.24 (m, 30H; 6 Ph); 5.52 (s, 1H; Ph-CH-«
and B); 5.42-5.34 (m, 2H; H-1a, H-1c o and B); 5.03—4.94 (m,
3H; H-1b, H-1d, H-2¢ « and B); 4.91-4.47 (m, 13H; H-2a, H-
S5a, H-5¢, H-6b, H-6'b, 8 Ph-CH; « and 8); 4.31-4.26 (m, 1H;
H-6d o« and B); 4.12-3.88 (m, 4H; H-3a, H-3c, H-4a, H-4c «
and B); 3.88-3.19 (m, 16H; H-2b, H-2d, H-3b, H-3d, H-4d, H-
4d, H-5b, H-5d, H-6'd, OH-1a, 2 COOMe « and 8); 1.22-1.17
(m, 9H; C(CH';)3)) C78H88024N6 (1493605), FAB MS m/z
1516 (M +Nat +H*).
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Methyl isopropyl O-(6-O-acetyl-2-azido-3,4-di-O-benzyl-
2-deoxy-a-D-glucopyranosyl)-(1 — 4)-O-(methyl 3-O-benzyl-
2-O-pivaloyl-a-L-idopyranosyluronate)-(1 — 4)-O-(2-azido-
6-0-benzoyl-3-0-benzyl-2-deoxy-o-D-glucopyranosyl)-

(1 — 4)-O-(methyl 3-0-benzyl-2-O-pivaloyl-a-L-idopyrano-
syluronate)-(1 — 4)-0-(2-azido-6-O-benzoyl-3-O-benzyl-
2-deoxy-a-D-glucopyranosyl)-(1 — 4)-O-(methyl 3-O-benzyl-
2-0O-pivaloyl-a-L-idopyranosyluronate)-(1 — 4)-O-(2-azido-
6-0-benzoyl-3-0-benzyl-2-deoxy-o-D-glucopyranosyl)-

(1 — 4)-3-0O-benzyl-2-0-pivaloyl-a, B-L-idopyranosuronate
9).

Octasaccharide 9 was prepared according a procedure for chain
elongation. This procedure consists on the generation of resin-
bound acceptor (hydrolysis of benzylidene acetal followed by
selective acylation, see above) and subsequent glycosylation
(see above) with donor 2. Resin-bound disaccharidic acceptor
5 (220 mg, 56 umol) was glycosylated with donor 2 to yield
the resin-bound tetrasaccharide. This compound was elongated
once more to yield the corresponding resin-bound hexasaccha-
ride which was submitted to a last cycle of elongation affording
the resin bound octasaccharide. Finally, cleavage of products
was performed according to the procedure described above and
purified by flash chromatography (5:1 Toluene/EtOAc) to yield
9 (16 mg, 10% from 5, 8 steps). TLC 0.53 (Hexane 1/AcOEt
1). 'TH-NMR (500 MHz, CDCl3): § 8.05-7.26 (m, 60H; 12 Ph);
5.50 (s, 1H; Ph-CH-« and 8); 5.52-5.41 (m,4H; H-1a, H-1¢, H-
le,H-1g @ and B); 5.03—4.38 (m, 34H; H-1b, H-1d, H-1f, H-1h,
H-2a, H-2¢, H-e, H-2g, H-5a, H-5¢, H-5e, H-5g, H-6b, H-6'b,
H-6d, H-6'd, H-6f, H-6'f, 16 Ph-CH, « and f); 4.16-3.28 (m,
27H; H-3a, H-3c, H-3e, H-3g, H-4a, H-4c, H-4e, H-4g, H-2b,
H-2d, H-2f, H-2h, H-3b, H-3d, H-3f, H-3h, H-4b, H-4d, H-4f,
H-4h, H-5b, H-5d, H-5f, H-5h, H-6'h, H-6h, OH-1a « and B);
3.77, 3.38, 3.33, 3.28 (4s, 12H; 4 COOMe); 1.20, 1.16, 1.14,
1.13 (4s, 36H; 4 C(CH3)3)). Ci156H174043N12 (2985.192); FAB
MS m/z 3007 (M + Na*t +2H™).

Methyl (MPEG-succinoyl 4-O-(2-azido-3-O-benzyl-4,6-di-
O-benzylidene-2-deoxy-a-D-glucopyranosyl)-3-O-benzyl-2-
O-pivaloyl-a, B-L-idopyranosyd)uronate (10)

To a mixture of 3 (101 mg, 0.119 mmol), MPEG (358 mg,
72 pmol) and a catalytic amount of DMAP in dry CH,Cl,
(2mL), DIC (28 uL, 0.177 mmol) was added dropwise at room
temperature. After stirring for 10 h, the volume was reduced to
1 mL and Et,O (10 mL) was added with vigorous stirring until
precipitation. The precipitate was filtered off and dried. Then,
Ac,0 (1 mL) and pyridine (2 mL) were added and the mixture
was stirred for 6 h. Et;O (20 mL) was added with vigorous
stirring until precipitation. The precipitate was filtered off and
dried at high vacuum to yield 10. NMR analysis showed 90% of
linkage. Significant spectral data: 'H-NMR (500 MHz, CDCl5):
8 6.25(d, J =3.7Hz,0.7H; H-1 B); 6.08 (d, / =2.8 Hz, 0.3H;
H-1 «); 5.48 (s, 1H; Ph-CH- « and 8); 5.04 (dd, J =4.8 Hz,
2.6 Hz, 0.3H; H-2 «); 4.96 (t, J/ =4.4 Hz, 0.7H; H-2 B); 4.91
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(d, J =3.6 Hz, 0.7H; H-1' B); 4.82 (d, J = 3.6 Hz, 0.3H; H-1'
«); 4.884.64 (m, 4.7H; H-5 B, 4 Ph-CH, « and B); 4.54 (d,
J =3.3 Hz, 0.3H; H-5 «); 4.27-3.88 (m, 2H; H-3, H-4 « and
B); 3.35-3.29 (m, 1H; H-2' « and B); 1.20 and 1.18 (2s, 9H;
C(CH3)3) /3 and 06).

Methyl (MPEG-succinoyl 4-O-(2-azido-3-O-benzyl-2-deoxy-
a-D-glucopyranosyl)-3-0-benzyl-2-O-pivaloyl-«,
B-L-idopyranosyd)uronate (11)

To a solution of 10 (384 mg, 66 wmol), previously coevaporated
with toluene, in dry CH,Cl, (4 mL), EtSH (26 L, 0.33 mmol)
and catalytic pTsOH were added. After stirring for 10 h, the
volume was reduced to 2 mL and Et,O (25 mL) was added with
vigorous stirring until precipitation. The precipitate was filtered
off and dried at high vacuum to yield 11. Significant spectral
data: 'H-NMR (500 MHz, CDCl3): § 6.29 (d, J = 3.7 Hz, 0.7H;
H-1 8);6.11 (d, J =2.2 Hz, 0.3H; H-1 «); 5.05 (m, 0.3H; H-2
a); 5.00-4.89 (m, 1.7H; H-1" « and B8, H-2 B); 4.85-4.69 (m,
4.7H; H-5 B, 4 Ph-CH; « and B); 4.57 (d, J =3.1 Hz, 0.3H;
H-5 «); 4.23-3.98 (m, 2H; H-3, H-4 « and B); 3.26-3.16 (m,
1H; H-2' @ and B); 1.21 and 1.19 (2s, 9H; C(CH3)3) B and o).

Methyl (MPEG-succinoyl 4-0-(2-azido-6-0-benzoyl-
3-0-benzyl-2-deoxy-a-D-glucopyranosyl)-3-O-benzyl-2-
O-pivaloyl-«, B-L-idopyranosyd)uronate (12)

To a cooled (—20°C) solution of 11 (365 mg, 64 pwmol), previ-
ously coevaporated with toluene, in dry CH3CN (7 mL), BZCN
(16.6 mg, 0.128 mmol) and catalytic EtzN were added. After
stirring for 45 min, MeOH (1 mL) was added and the reaction
was allowed to warm to room temperature. The volume was
reduced to 3 mL and Et,O (40 mL) was added with vigorous
stirring until precipitation. The precipitate was filtered off and
dried at high vacuum to yield 12. Significant spectral data: 'H-
NMR (500 MHz, CDCl3): 6 6.25 (d, J =3.5 Hz, 0.7H; H-1 8);
6.03 (brs, 0.3H; H-1 «); 5.02 (m, 0.3H; H-2 «); 4.99—4.88 (m,
1.7H; H-1' @ and B, H-2 B); 4.85-4.54 (m, 6H; H-5, H-6'a, 4
Ph-CH; « and B); 4.38 (m, 1H; H-6'b « and B); 4.17-3.97 (m,
2H; H-3, H-4 « and B); 3.24-3.07 (m, 1H; H-2 o and B); 1.19
and 1.17 (2s, 9H; C(CHj3)3) B and ).

Methyl (MPEG-succinoyl O-(2-azido-3-O-benzyl-4,6-di-
O-benzylidene-2-deoxy-a-D-glucopyranosyl)-(1 — 4)-O-
(methyl 3-O-benzyl-2-O-pivaloyl-a-L-idopyranosyluro-
nate)-(1 — 4)-0-(2-azido-6-0O-benzoyl-3-0-benzyl-2-deoxy-
a-D-glucopyranosyl)-(1 — 4)-3-O-benzyl-2-O-pivaloyl-a,
B-L-idopyranosyd)uronate (13)

To a mixture of 12 (340 mg, 58 pmol), previously coevapo-
rated with toluene, and 2 (104 mg, 0.117 mmol) in dry CH,Cl,
(1 mL), TMSOTf (4 uL, 24 pmol) was added. After stirring
for 2h, one drop of Et;N was added. Et,O (30 mL) was added
with vigorous stirring until precipitation. The white precipi-
tate was recovered by filtration to yield 13. This glycosylation
was repeated twice more. Significant spectral data: 'H-NMR
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(500 MHz, CDCl3): 6 6.32 (d, J/ =4.4 Hz, 0.6H; H-1a 8); 6.13
(d, J =2.8 Hz, 0.4H; H-1a «); 5.46 (s, 1H; Ph-CH-« and B);
5.40-5.31 (m, 1H; H-1c « and B); 5.07-4.80 (m, 2H; H-1b,
H-1d «@ and B); 4.92-4.40 (m, 12H; H-5a, H-5¢, H-6a, H-6'a,
8Ph-CH; « and B); 4.24-3.90 (m, 4H; H-3a, H-3c, H-4a, H-4c
a and B); 3.41-3.19 (m, 2H; H-2b, H-2d « and B).

Methyl O-(2-azido-3-0-benzyl-4,6-di-O-benzylidene-2-deoxy-
a-D-glucopyranosyl)-(1 — 4)-O-(methyl 3-O-benzyl-2-
O-pivaloyl-a-L-idopyranosyluronate)-(1 — 4)-O-(2-azido-6-
0-benzoyl-3-0-benzyl-2-deoxy-a-D-glucopyranosyl)-(1 — 4)-
3-0-benzyl-2-O-pivaloyl-a, B-L-idopyranosuronate (8)

To solution of 13 (321 mg, 49 pumol) in dry THF (10 mL),
hydrazine acetate (5 mg, 55 pumol) was added and stirred for
8 h. AcOEt (3 mL) was added and concentrated to 2-3 mL.
Then, Et,O (30 mL) was added with vigorous stirring until
precipitation. The white precipitate was removed by filtration
and the soluble fraction concentrated to dryness and purified by
flash chromatography (2:1 Hexane/EtOAc), to yield 8 (20 mg,
20% from 10, four steps). Physical data were identical to those
described above for this compound.

Methyl (isopropyl 4-O-(2-azido-3-0-benzyl-2-deoxy-6-
O-succinoyl-a-D-glucopyranosyl)-3-O-benzyl-2-O-pivaloyl-
a-L-idopyranosyd)uronate (15)

To a solution of 14 (83 mg, 0.118 mmol) in dry toluene (5 mL)
at an argon atmosphere, dibutyltin dimethoxide (30 nL, 0.130
mmol) was added. Toluene (2.5 mL) was then removed by dis-
tillation and the tin acetal solution allowed to cool to room tem-
perature. This solution was added dropwise to a solution of suc-
cinic anhydride (13 mg, 0.130 mmol), pyridine (14.3 uL, 0.177
mmol) and a catalytic amount of DMAP in dry CH,Cl, (1 mL)
and stirred overnight. Then, H,O (1 mL) was added and stirring
continued one more hour. The mixture was diluted with CH,Cl,
(25 mL) and washed with NH,4Cl aqueous solution (15 mL) and
H,O (15 mL). The organic layer was dried (MgSQO,), concen-
trated in vacuo and the mixture was purified by flash chro-
matography (1:2 Hexane/EtOAc), to yield 15 (75 mg, 79%).
TLC 0.44 (Hexane 1/EtOAc 3). [oz]%’ = 4+8.4° (¢ =1, MeOH).
"H-NMR (500 MHz, MeOD): § 7.45-7.28 (m, 15H; 3 Ph); 5.25
(d, J =5.7 Hz, 1H; H-1); 5.08 (d, J = 3.6 Hz, 1H; H-1"); 5.02
(d, J=11.0Hz, 1H; 1 Ph-CH;); 4.91-4.74 (m, 5H; H-2, H-5, 3
Ph-CH,); 4.47 (dd, J =2.0 Hz, 11.9 Hz, 1H; H-6'a); 4.25 (dd,
J =5.5Hz,11.9 Hz, 1H; H-6'b); 4.21 (t, J = 5.4 Hz, 1H; H-4);
4.04-3.96 (m, 2H; H-3, CH(CHj3),); 3.89 (m, 1H; H-5); 3.84
(s, 3H; COOMe); 3.71 (dd, J =8.8 Hz, 10.2 Hz, 1H; H-3);
3.61 (dd, J =8.8 Hz, 9.9 Hz, 1H; H-4'); 3.36-3.33 (m, 1H;
H-2'); 2.66-2.59 (s, 4H; OCO—CH,—CH,—COOH); 1.23 (s,
9H; C(CH3)3); 1.22 and 1.18 (2d, J = 6.2 Hz, 6H; CH(CH3),).
BC-NMR (125 MHz, MeOD): § 180.0-165.0 (C=0);
138.0-125.8 (Ph); 98.2 (C-1'); 97.3 (C-1); 79.6 (C-3%); 76.5
(C-3); 75.1; 74.7; 73.5; 72.0; 71.7; 71.5; 71.4; 70.9 (C-4);
63.4; 63.3;63.0; 51.8; 38.8; 29.0; 26.7 (OPiv); 22.6, 21.1 (CH-
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(CHj3),). HR-FAB MS: m/z caled. for C39Hs5,05N3 824.3218;
found: 824.3222.

Methyl (isopropyl 4-0-(2-azido-3-0-benzyl-2-deoxy-6-
O-MPEG-succinoyl-o-D-glucopyranosyl)-3-O-benzyl-2-
O-pivaloyl-a-L-idopyranosyd)uronate (16)

To a mixture of 15 (81 mg, 0.101 mmol), MPEG (360 mg,
72 pumol) and a catalytic amount of DMAP in dry CH,Cl,
(3 mL), DIC (24 nL, 0.151 mmol) was added dropwise at room
temperature. After stirring for 10 h, the volume was reduced to
1 mL and Et,O (10 mL) was added with vigorous stirring until
precipitation. The precipitate was filtered off and dried. Then, to
a cooled (—20°C) solution of this solid in dry CH3CN (10 mL),
BzCN (8 mg, 60 umol) and catalytic Et3N were added. After
stirring for 45 min, MeOH (1 mL) was added and the reaction
was allowed to warm to room temperature. The volume was
reduced to 3 mL and Et,O (40 mL) was added with vigorous
stirring until precipitation. The precipitate was filtered off and
dried at high vacuum to yield 16. NMR analysis showed 40% of
linkage. Significant spectral data: 'H-NMR (500 MHz, CDCl;):
8 5.16 (d, J =4.5 Hz, 1H; H-1); 5.01 (d, J =3.7 Hz, 1H; H-
1'); 4.89 (t, J =4.9 Hz, 1H; H-2); 4.85-4.66 (m, 5H; H-5, 4
Ph-CH,); 4.56 (dd, J =3.2 Hz, 12.5 Hz, 1H; H-6'a); 4.16-3.91
(m, 3H; H-3, H-4, H-6'b); 3.16 (dd, J =3.7 Hz, 10.3 Hz, 1H;
H-2').

Methyl (isopropyl O-(2-azido-3-0-benzyl-4,6-di-O-
benzylidene-2-deoxy-a-D-glucopyranosyl)-(1 — 4)-O-(methyl
3-0-benzyl-2-O-pivaloyl-o-L-idopyranosyluronate)-(1 — 4)-
O-(2-azido-3-0-benzyl-2-deoxy-6-O-MPEG-succinoyl-a
-D-glucopyranosyl)-(1 — 4)-3-O-benzyl-2-0-pivaloyl-
o-L-idopyranosyd)uronate (17)

To a mixture of 16 (406 mg, 27 pumol), previously coevapo-
rated with toluene, and 2 (45 mg, 54 umol) in dry CH,Cl,
(1 mL), TMSOTT (0.6 1L, 3.4 umol) was added. After stirring
for 2 h, one drop of Et3N was added. Et,O (20 mL) was added
with vigorous stirring until precipitation. The white precipitate
was recovered by filtration to yield 17. This glycosylation was
repeated twice more. Significant spectral data: 'H-NMR (500
MHz, CDCl3): 6 5.46 (s, IH; Ph—CH—); 5.22 (br s, 1H; H-1c¢);
5.14 (br s, 1H; H-1a); 4.99-4.52 (m, 14H; H-1b, H-1d, H-2a,
H-2c¢, H-5a, H-5¢, 8 Ph-CH,); 3.31-3.24 (m, 2H; H-2b, H-2d).

Methyl (isopropyl O-(2-azido-3-0-benzyl-4,6-di-O-
benzylidene-2-deoxy-a-D-glucopyranosyl)-(1 — 4)-O-(methyl
3-0-benzyl-2-O-pivaloyl-a-L-idopyranosyluronate)-(1 — 4)-
O-(2-azido-3-0O-benzyl-2-deoxy-a-D-glucopyranosyl)-

(1 — 4)-3-0-benzyl-2-0-pivaloyl-a-L-idopyranosyd)uronate
(18)

To a solution of 17 (403 mg, 25 pumol) in CH,Cl, (2 mL),
MeONa (36 pumol) was added and stirred until complete cleav-
age from resin (TLC Hexane 3/EtOAc 2). The mixture was
diluted with CH,Cl, (30 mL) and washed with NH4ClI aqueous
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solution (20 mL) and H,O (20 mL). The organic layer was
dried (MgSO,), concentrated in vacuo. The white solid was
re-dissolved in CH,Cl, (2 mL) and Et,O (20 mL) was added
with vigorous stirring until precipitation. The white precipi-
tate was removed by filtration and the soluble fraction concen-
trated to dryness and purified by flash chromatography (4:1Hex-
ane/EtOAc), to yield 18 (14 mg, 36% from 16, two steps). TLC
0.44 (Hexane 3/EtOAc 2). [a]¥ = —1.0° (¢ =0.2, CH,Cl).
'H-NMR (500 MHz, CDCl3): § 7.45-7.22 (m, 25H; 5 Ph);
5.52 (s, 1H; Ph—CH—); 5.33 (d, J =5.1 Hz, 1H; H-1¢); 5.22
(d, J=4.9 Hz, 1H; H-1a); 5.03 (d, J = 3.6 Hz, 1H; H-1b);
4.99 (t, J =5.3 Hz, 1H; H-2c); 4.96 (d, J = 3.7 Hz, 1H; H-
1d); 4.93-4.88 (m, 3H; H-2a, 2 Ph-CH,); 4.78-4.63 (m, 8H;
H-5a, H-5¢, 6 Ph-CH,); 4.21 (dd, J =5.0 Hz, 10.3 Hz, 1H;
H-6d); 4.11 (t, J =5.4 Hz, 1H; H-4a); 4.05 (t, J =5.1 Hz, 1H,;
H-4c¢);3.97-3.61 (m, 1H; H-3a, H-3b, H-3c, H-3d, H-4b, H-4d,
H-5b, H-5d, H-6b, H-6'b, H-6'd, CH(CH3),); 3.32 (dd, J =3.8
Hz, 9.9 Hz, 1H; H-2d); 3.24 (dd, J =3.6 Hz, 10.2 Hz, 1H; H-
2b); 1.19 (2s, 18H; C(CHj3)3); 1.19 and 1.14 (2d, 6H; J =6.0
Hz, CH(CHj3),). 3C-NMR (125 MHz, CDCl3): § 180.0-165.0
(C=0); 137.3-126.1 (Ph); 101.5 (Ph—CH—); 99.1 (C-1d); 98.0
(C-1b); 97.7 (C-1c); 97.2 (C-1a); 82.4; 77.8; 77.4; 77.2; 76.9;
76.7;76.5; 76.4; 75.9; 74.8; 74.6; 73.7; 73.6; 73.4; 72.3; 71.3;
70.8; 70.6; 68.5; 6.3; 63.0; 62.9; 60.4; 52.2; 52.1; 38.9; 38.8;
31.6; 27.2; 27.1 (OPiv); 23.3, 21.1 (CH-(CH3),).

Methyl (dimethylthexylsilyl 2,4-di-O-acetyl-3-0-benzyl- -
L-idopyranosyd)uronate (20)

To a solution of 19 (300 mg, 0.68 mmol) in pyridine (4 mL),
Ac,0 (2 mL) and a catalytic amount of DMAP were added.
After stirring overnight, the mixture was diluted with CH,Cl,
(25 mL) and washed with HCI1 1N solution (2 x 15 mL) and
H,O (2 x 20 mL). The organic layer was dried (MgSQy), con-
centrated in vacuo and the mixture was purified by flash chro-
matography (3:1Hexane/EtOAc), to yield 20 (332 mg, 93%).
[@]® = +24.1° (¢ = 1,CH,Clp). 'H-NMR (500 MHz, CDCl5):
7.40-7.28 (m, 5H; 1 Ph); 5.12 (br s, 1H; H-4); 5.10(d, J =1.4
Hz, 1H; H-1); 4.94 (br s, 1H; H-2); 4.76 (2d, J = 11.8 Hz, 4H;
2 Ph-CH,); 4.62 (d, J/ =2.1 Hz, 1H; H-5); 3.86 (d, / = 2.7 Hz,
1H; H-3); 3.76 (s, 3H; COOMe); 2.06 (s, 3H; OAc); 2.03 (s, 3H;
OAc); 1.61 (m, 1H; CH(CHj3),); 0.87-0.82 (4s, 12H; C(CHs3),
and CH(CH3),); 0.23-0.14 (2s, 6H; Si(CH3),). '*C-NMR (75
MHz, CDCl3): § 170.5, 170.4, 168.4 (C=0); 137.4-128.2 (Ph);
93.3 (C-1); 74.1 (C-3); 73.3 (Ph-CH,); 72.9 (C-5); 68.1 (C-2);
67.5 (C-4); 52.8 (COOCH3); 34.4, 25.8, 21.3, 20.6, 20.2, 19.0,
18.7, —1.6, —3.3 (OAc, OTDS). HR-FAB MS: m/z calcd. for
Ca6HapO0Si 525.2520; found: 525.2494.

2-Hydroxyethyl (dimethylthexylsilyl 2,4-di-O-acetyl-3-
O-benzyl-B-L-idopyranosyd)uronate (21)
To a solution of 20 (220 mg, 0.42 mmol) in toluene (2 mL),

ethylene glycol (7 mL) and Bu,SnO (10 mg, 42 umol) were
added. After stirring overnight at 110°C, CH,Cl,(10 mL) and
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H,O (3 mL) were added. The hydroalcoholic layer was ex-
tracted with CH,Cl, (4 x 20 mL). The organic layer was dried
(MgSO0,) and concentrated to dryness. The mixture was puri-
fied by flash chromatography (2:1Hexane/EtOAc), to yield 21
(197 mg, 85%). TLC 0.15 (Hexane 2/EtOAc 1). [a ] = +24.5°
(c=1, CH,Cly). 'H-NMR (300 MHz, CDCl3): § 7.41-7.26
(m, 5H; 1 Ph); 5.21 (br s, 1H; H-4); 5.11 (br s, 1H; H-1);
4.94 (br s, 1H; H-2); 4.73 (s, 4H; 4 Ph-CH,); 4.64 (d, J =2.6
Hz, 1H; H-5); 4.41-4.34 (m, 1H; 1 OCO—CH,—CH,—OH);
4.22-4.15 (m, 1H; 1 OCO—CH,—CH,—OH); 3.83-3.80 (m,
3H; OCO—CH,—CH,—OH, H-3); 2.06 (s, 3H; OAc); 2.05
(s, 3H; OAc); 1.61 (m, 1H; CH(CHj3),); 0.88-0.79 (4s, 12H;
C(CH3); and CH(CH3),); 0.23-0.15 (2s, 6H; Si(CH3),). *C-
NMR (125 MHz, CDCl3): 6 170.4,170.1, 167.6 (C=0); 137.0-
127.8 (Ph); 92.9 (C-1); 74.0 (C-3); 72.9 (Ph-CH,); 72.6 (C-
5); 67.6 (C-2); 67.0 (C-4); 66.9 (OCO—CH,—CH,—0OH); 60.7
(OCO—CH,—CH,—O0OH); 34.0, 24.9, 20.8, 20.2, 19.8, 18.6,
18.3, —1.9, —3.6 (OAc, OTDS). HR-FAB MS: m/z calcd. for
C,7H43040Si 555.2625; found: 555.2597 [M + H]*.

2-succinoyloxyethyl (dimethylthexylsilyl 2,4-di-O-acetyl-3-
O-benzyl-B-L-idopyranosyd)uronate (22)

To a solution of 21 (183 mg, 0.33 mmol) in pyridine (4 mL),
succinic anhydride (100 mg, 1 mmol) and a catalytic amount
of DMAP were added. After stirring overnight, H;O (1 mL)
was added and the solution was stirred for a more hour. The
mixture was diluted with CH,Cl, (50 mL) and washed with HCI
IN solution (2 x 40 mL) and H,O (2 x 40 mL). The organic
layer was dried (MgSO,) and concentrated in vacuo to afford 22
(212 mg, 98%). TLC 0.17 (Hexane 1/EtOAc 1).[0[]%)0 = +20.8°
(¢ =1, CH,Cl,). '"H-NMR (300 MHz, CDCl3): § 7.41-7.26 (m,
5H; 1 Ph); 5.14 (br s, 1H; H-4); 5.11 (br s, 1H; H-1); 4.94 (br
s, 1H; H-2); 4.73 (m, 4H; 4 Ph-CH,); 4.64 (d, J = 1.8 Hz, 1H;,
H-5); 4.42-4.29 (m, 4H; OCO—CH,—CH,—0CO); 3.85 (br
s, 1H; H-3); 2.65 (s, 4H; OCO—CH,—CH,—COOH); 2.05 (s,
3H; OAc); 2.04 (s, 3H; OAc); 1.60 (m, 1H; CH(CHj3),); 0.87—
0.83 (4s, 12H; C(CHj3), and CH(CHj3),); 0.22-0.14 (2s, 6H;
Si(CH3),).!3C-NMR (75 MHz, CDCl3): § 176.1, 172.6, 170.6,
170.5, 167.7 (C=0); 137.8-128.2 (Ph); 93.3 (C-1); 74.1 (C-3);
73.3 (Ph-CHy,); 72.8 (C-5); 68.0 (C-2); 67.4 (C-4); 63.3, 62.6
(O—CH,—CH,—0); 34.4, 29.3, 29.2, 25.2, 21.3, 21.2, 20.6,
20.2,18.9,18.7,-1.6,-3.3 (CO—CH,—CH,—CO, OAc, OTDS).
HR-FAB MS: m/z calcd. for C31Hy60;3SiNa 677.2605; found:
677.2592 [M]*.

MPEG-2-succinoyloxyethyl (dimethylthexylsilyl
2,4-di-O-acetyl-3-0O-benzyl-B-L-idopyranosyd)uronate (23)

A mixture of 22 (115 mg, 0.18 mmol), MPEG (700 mg,
0.14 mmol) and a catalytic amount of DMAP, previously co-
evaporated with toluene, was dissolved in CH,Cl, (S mL). Then,
DCC (39 mg, 0.19 mmol) was added and the reaction was stirred
overnight at room temperature. The volume was reduced to 2
mL and Et;O (30 mL) was added with vigorous stirring until
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precipitation. The white precipitate was filtered off and dried
at high vacuum to yield 23. Significant spectral data: 'H-NMR
(500 MHz, CDCl3): 7.28-7.03 (m, 5H; 1 Ph); 5.01 (br s, 1H; H-
4);4.99 (brs, 1H; H-1);4.82 (brs, 1H; H-2);4.73 (2d, J =11.8
Hz, 2H; 2 Ph-CH,); 4.53 (d, J = 1.6 Hz, 1H; H-5); 4.34-4.17
(m, 4H; OCO—CH,—CH,—0CO); 3.74 (br s, 1H; H-3); 1.93
(s, 3H; OAc); 1.92 (s, 3H; OAc); 1.49 (m, 1H; CH(CH3),);
0.76-0.69 (4s, 12H; C(CH3), and CH(CH3),); 0.11-0.03 (2s,
6H; SI(CH3)2)

Methyl (dimethylthexylsilyl 2,4-di-O-acetyl-3-0-benzyl-
B-L-idopyranosyd)uronate (20)

To a solution of 23 (779 mg, 0.14 mmol) in MeOH (5 mL),
Bu,SnO (3.4 mg, 13.8 umol) was added. After stirring
overnight at room temperature, the mixture was diluted with
CH,Cl, (25 mL) and washed with H,O (15 mL). The aqueous
layer was extracted with CH,Cl, (3 x 25 mL). The combined
organic layers were dried (MgSQOy) and the mixture was puri-
fied by flash chromatography (3:1Hexane/EtOAc), to yield 20
(66 mg, 92%). Physical data were identical to those described
above for this compound.

2-Hydroxyethyl (isopropyl 4-O-(2-azido-3-0-benzyl-4,6-di-
O-benzylidene-2-deoxy-o-D-glucopyranosyl)-3-O-benzyl-2-
O-pivaloyl-a-L-idopyranosyd)uronate (25)

To a solution of 24 (98 mg, 0.124 mmol) in toluene (3
mL), ethylene glycol (9 mL) and Bu,SnO (300 mg, 1.24
mmol) were added. After stirring for 5 days at 135°C, CH,Cl,
(10 mL) and H,O (3 mL) were added. The hydroalcoholic
layer was extracted with CH,Cl, (4 x 20 mL). The organic
layer was dried (MgSOy). The volume was reduced to 10 mL
and then filtered through Celite. The filtrate was concentrated
to dryness. The mixture was purified by flash chromatogra-
phy (3:1—0:1Hexane/EtOAc), to yield 25 (83 mg, 81%) and
unreacted starting material (15 mg, 15%). TLC 0.26 (Hex-
ane 7/BtOAc 3). [@]® = —41.1° (¢ 0.9, CHCl3). 'H-NMR
(500 MHz, CDCl3): é 7.46-7.24 (m, 15H; 3 Ph); 5.56 (s, 1H;
Ph-CH-); 5.28 (d, J =5.5 Hz, 1H; H-1); 5.07 (d, J =3.8 Hz,
1H; H-1'); 4.95 (t, J =5.8 Hz, 1H; H-2); 491 (d, J=11.0
Hz, 1H; 1 Ph-CH,); 4.78-4.72 (m, 4H; H-5, 3 Ph-CH,); 4.35-
4.28 (m, 2H; H-6'a, 1 OCO—CH,—CH,—O0H); 4.20—4.17 (m,
1H; 1 OCO—CH,—CH,—OH); 4.11 (dd, J =6.6 Hz, 5.1 Hz,
1H; H-4); 4.06-4.01 (m, 3H; H-3, H-3’, H-6'b); 3.94 (m,
1H; CH(CHj),); 3.76-3.66 (m, 4H; H-4/, H-5', OCO-CH,-
CH,-OH); 3.34 (dd, J=3.8 Hz, 10.1 Hz, 1H; H-2'); 2.39
(br s, 1H; OCO—CH,—CH,—OH); 1.21 (s, 9H; C(CHs3)3);
1.20 and 1.15 (2d, 6H; J = 6.5Hz, CH(CH3),). *C-NMR (125
MHz, CDCl3): 6 177.2, 169.8 (C=0); 137.8-125.9 (Ph); 101.5
(Ph—CH—); 99.4 (C-1'); 97.3 (C-1); 82.5 (C-4'); 76.1; 75.0;
74.9; 73.7; 71.7; 68.6 (OCO—CH,—CH,—OH); 67.1 (C-3’);
63.1; 62.9 (C-2'); 60.3 (OCO—CH,—CH,—OH); 38.8, 29.7,
27.2 (OPiv); 23.5,21.9 (CH-(CH3),). HR-FAB MS: m /7 calcd.
for C43H53N3013Na 842.3476; found: 842.3482.
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2-succinoyloxyethyl (isopropyl 4-O-(2-azido-3-O-benzyl-4,6-
di-O-benzylidene-2-deoxy-o-D-glucopyranosyl)-3-O-benzyl-
2-0O-pivaloyl-a-L-idopyranosyd)uronate (26)

To a solution of 25 (75 mg, 91 umol) in pyridine (3 mL), suc-
cinic anhydride (55 mg, 0.55 mmol) and a catalytic amount
of DMAP were added. After stirring overnight, H,O (1 mL)
was added and stirring continued for a more hour. The mix-
ture was diluted with CH,Cl, (50 mL) and washed with HCI
IM solution (2 x 40 mL) and H,O (2 x 40 mL). The or-
ganic layer was dried (MgSO,) and concentrated in vacuo to
afford 26 (83 mg, 98%). TLC 0.41 (Toluene 5/Acetone 1).
[@]® = —50.9° (c = 1, CHCIl3). 'H-NMR (500 MHz, CDCl5):
8 7.44-7.24 (m, 15H; 3 Ph); 5.52 (s, 1H; Ph-CH-); 5.12 (d,
J =3.8 Hz, 1H; H-1); 5.00 (d, J =3.8 Hz, 1H; H-1'); 4.94
(t, J=4.3 Hz, 1H; H-2); 490 (d, J =11.1 Hz, 1H; 1 Ph-
CH,); 4.81-4.69 (m, 4H; H-5, 3 Ph-CH,); 4.37-4.21 (m, 5H;
H-6"a, OCO-CH,-CH,-0CO); 4.14 (m, 1H; H-4); 3.99-3.93
(m, 4H; H-3, H-3’, H-6'b, CH(CH3),); 3.76-3.66-3.61 (m, 2H;
H-4', H-5); 3.33 (dd, J =3.8 Hz, 10.0 Hz, 1H; H-2'); 2.57 (s,
4H; OCO—CH,;—CH,—COOH); 1.22 (s, 9H; C(CHj3)3); 1.21
and 1.16 (2d, J =6.5 Hz, 6H; CH(CH3),). *C-NMR (125
MHz, CDCl3): § 177.6, 171.8, 168.8 (C=0); 137.8-126.1 (Ph);
101.5 (Ph—CH—); 99.4 (C-1'); 97.4 (C-1); 82.5 (C-4'); 76.2;
76.1;75.4;74.8; 72.9; 71.2; 69.7; 69.2; 68.6; 63.2; 63.0; 62.7;
61.9; 38.8,27.2 (OPiv); 23.5, 21.9 (CH-(CH3);). HR-FAB MS
m/z 942 (M + Na'). Anal. calcd. for C47Hs57N30,4-H,0: C
60.18%, H 6.34%, N 4.48%; found: C 60.23%, H 6.40%, N
4.50%.

MPEG-2-succinoyloxyethyl (isopropyl 4-O-(2-azido-3-O-
benzyl-4,6-di-O-benzylidene-2-deoxy-o-D-glucopyranosyl)-
3-0-benzyl-2-0O-pivaloyl-a-L-idopyranosyd)uronate (27)

A mixture of 26 (80 mg, 87 umol), MPEG (325 mg, 65 pwmol)
and a catalytic amount of DMAP, previously coevaporated with
toluene, was dissolved in CH,Cl, (3 mL). Then, DIC (20 uL,
0.12 mmol) was added and the reaction was stirred overnight at
room temperature. The volume was reduced to 2 mL and Et,O
(35 mL) was added with vigorous stirring until precipitation.
The white precipitate was filtered off and dried at high vac-
uum to yield 27. "H-NMR analysis confirmed the completion
of the reaction. Significant spectral data: 'H-NMR (500 MHz,
CDCls): 6 5.48 (s, 1H; Ph—CH—); 5.08 (d, J =3.8Hz, 1H; H-
1); 497 (d, J =3.7 Hz, 1H; H-1"); 4.88-4.86 (m, 2H; H-2, 1
Ph-CH,); 4.76-4.65 (m, 4H; H-5, 3 Ph-CH,); 4.09 (m, 1H; H-
4); 3.93-3.89 (m, 2H; H-3, CH(CHj3),); 3.29 (dd, J =3.7 Hz,
10.0 Hz, 1H; H-2').

MPEG-2-succinoyloxyethyl (isopropyl 4-O-(2-azido-3-
O-benzyl-2-deoxy-a-D-glucopyranosyl)-3-O-benzyl-2-
O-pivaloyl-a-L-idopyranosyd)uronate (28)

To a solution of 27 (630 mg, 0.1 mmol), previously coevap-
orated with toluene, in dry CH,Cl, (6 mL), EtSH (120 uL,
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1.5 mmol) and pTsOH (8 mg, 30 umol) were added. After stir-
ring for 10 h, the volume was reduced to 3 mL and Et,O (40
mL) was added with vigorous stirring until precipitation. The
precipitate was filtered off and dried at high vacuum to yield 28.
Significant spectral data: 'H-NMR (500 MHz, CDCl;): § 5.16
(d, J =4.9 Hz, 1H; H-1); 5.04 (d, J = 3.3 Hz, 1H; H-1"); 4.90
(t, J =4.9 Hz, 1H; H-2); 4.80-4.70 (m, 5H; H-5, 4 Ph-CH,);
4.11 (m, J =5.5 Hz, 1H; H-4); 3.95 (m, J =5.5 Hz, 1H; H-3);
3.90 (m, 1H; CH(CH3),); 3.15 (dd, J =3.3 Hz, 10.1 Hz, 1H;
H-2)).

MPEG-2-succinoyloxyethyl (isopropyl 4-O-(2-azido-6-
0-benzoyl-3-0-benzyl-2-deoxy-a-D-glucopyranosyl)-3-
O-benzyl-2-0-pivaloyl-a-L-idopyranosyd)uronate (29)

To a cooled (—20°C) solution of 28 (605 mg, 0.1 mmol), previ-
ously coevaporated with toluene, in dry CH3CN (12 mL), BzZCN
(20 mg, 0.15 mmol) and catalytic Et3;N were added. After stir-
ring for 45 min, MeOH (1 mL) was added and the reaction
was allowed to warm to room temperature. The volume was
reduced to 3 mL and Et,O (40 mL) was added with vigorous
stirring until precipitation of 29. Significant spectral data: 'H-
NMR (500 MHz, CDCl3): § 5.12 (d, J =4.6 Hz, 1H; H-1); 5.01
(d, J =2.8 Hz, 1H; H-1"); 4.86—4.59 (m, 7H; H-2, H-5, H-6'a,
4 Ph-CH,); 4.40 (m, 1H; H-6'b); 3.92-3.85 (m, 3H; H-3, H-4,
CH(CHj3),); 3.16 (m, 1H; H-2").

MPEG-2-succinoyloxyethyl (isopropyl O-(2-azido-3-
0-benzyl-4,6-di-O-benzylidene-2-deoxy-a-D-glucopyrano-
syl)-(1 — 4)-O-(methyl 3-O-benzyl-2-O-pivaloyl-o-
L-idopyranosyluronate)-(1 — 4)-0-(2-azido-6-0-benzoyl-
3-0-benzyl-2-deoxy-a-D-glucopyranosyl)-(1 — 4)-3-
O-benzyl-2-0O-pivaloyl-a-L-idopyranosyd)uronate (31)

To a mixture of 29 (602 mg, 0.1 mmol), previously coevapo-
rated with toluene, and 2 (178 mg, 0.2 mmol) in dry CH,Cl,
(3 mL), TMSOTT (5 uL, 30 wmol) was added. After stirring for
2 h, one drop of Et3N was added and the volume was reduced
to 2 mL. Et;O (30 mL) was added with vigorous stirring until
precipitation. The white precipitate was recovered by filtration.
This glycosylation was repeated three times more. Then, a mix-
ture of the resulting MPEG derivative, PS-Suc-COOH (400 mg,
0.49 mmol) and a catalytic amount of DMAP were swollen in
dry CH,Cl, (7 mL) and DIC (134 iL, 0.8 mmol) was added.
After shaking overnight, the mixture was filtered and resin was
washed with CH,Cl, (3 x 10 mL). The combined organic fil-
trates were concentrated to 3-4 mL. Et,O (40-50 mL) was added
with vigorous stirring until precipitation of pure MPEG-bound
disaccharide 31. Significant spectral data: 'H-NMR (500 MHz,
CDCl3): 6 5.49 (s, 1H; Ph—CH—); 5.34 (d, J =4.6 Hz, 1H;
H-1c); 5.05 (d, J =3.6 Hz, 1H; H-1a); 4.96-4.91 (m, 2H; H-
1b, H-1d); 4.93 (m, 1H; H-2c¢); 4.87 (m, 1H; H-2a); 4.76 (m,
1H; H-5a); 4.59 (m, 1H; H-5¢); 4.10 (m, 1H; H-4a); 4.00 (m,
1H; H-4c¢); 3.90-3.89 (m, 2H; H-3a, H-3c¢); 3.32-3.25 (m, 2H;
H-2b, H-2d).
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MPEG-2-succinoyloxyethyl (isopropyl O-(2-azido-3-0O-
benzyl-2-deoxy-a-D-glucopyranosyl)-(1 — 4)-O-(methyl
3-0-benzyl-2-O-pivaloyl-o-L-idopyranosyluronate)-(1 — 4)-
O-(2-azido-6-0-benzoyl-3-0-benzyl-2-deoxy-a-
D-glucopyranosyl)-(1 — 4)-3-O-benzyl-2-O-pivaloyl-a-
L-idopyranosyd)uronate (32)

To a solution of 31 (625 mg, 96 ;xmol), previously coevaporated
with toluene, in dry CH,Cl, (6 mL), EtSH (120 nL, 1.5 mmol)
and pTsOH (13 mg, 50 umol) were added. After stirring for
10h, the volume was reduced to 3 mL and Et,O (40 mL) was
added with vigorous stirring until precipitation. The precipitate
was filtered off and dried at high vacuum to yield 32. Significant
spectral data: 'H-NMR (500 MHz, CDCls): § 5.38 (br s, 1H;
H-1c¢); 5.07 (br s, 1H; H-1a); 5.06-4.94 (m, 2H; H-1b, H-1d);
4.98 (m, 1H; H-2c¢); 4.88 (m, 1H; H-2a); 4.76 (m, 1H; H-5a);
4.59 (m, 1H; H-5¢); 4.12 (m, 1H; H-4a); 4.05 (m, 1H; H-4¢);
3.93 (m, 1H; H-3c); 3.90 (m, 1H; H-3a); 3.20-3.14 (m, 2H;
H-2b, H-2d).

MPEG-2-succinoyloxyethyl (isopropyl O-(2-azido-6-
O-benzoyl-3-0-benzyl-2-deoxy-o-D-glucopyranosyl)-(1 — 4)-
O-(methyl 3-0-benzyl-2-O-pivaloyl-a-L-idopyranosyluro-
nate)-(1 — 4)-0-(2-azido-6-0-benzoyl-3-O-benzyl-2-deoxy-
o-D-glucopyranosyl)-(1 — 4)-3-0-benzyl-2-O-pivaloyl-o-
L-idopyranosyd)uronate (33)

To a cooled (—15°C) solution of 32 (565 mg, 88 umol), pre-
viously coevaporated with toluene, in dry CH3CN (11 mL),
BzCN (18.6 mg, 0.14 mmol) and catalytic Ets;N were added.
After stirring for 45 min, MeOH (1 mL) was added and the
reaction was allowed to warm to room temperature. The vol-
ume was reduced to 3 mL and Et,O (40 mL) was added with
vigorous stirring until precipitation of 33. Significant spectral
data: "H-NMR (500 MHz, CDCls): § 5.33 (d, J =4.8 Hz, 1H;
H-1c¢); 5.06 (d, J =3.5 Hz, 1H, H-1a); 4.98-4.95 (m, 2H; H-
1b, H-1d); 4.93 (m, 1H; H-2c¢); 4.87 (m, 1H; H-2a); 4.77 (m,
1H; H-5a); 4.60 (m, 1H; H-5¢); 4.12 (m, 1H; H-4a); 4.05 (m,
1H; H-4c¢); 3.89 (m, 2H; H-3a, H-3¢); 3.32-3.16 (m, 2H; H-2b,
H-2d).

MPEG-2-Succinoyloxyethyl (isopropyl O-(6-O-acetyl-2-
azido-3,4-di-O-benzyl-2-deoxy-o-D-glucopyranosyl)-(1 — 4)-
O-(methyl 3-0-benzyl-2-O-pivaloyl-a-L-idopyranosyluro-
nate)-(1 — 4)-0-(2-azido-6-0O-benzoyl-3-O-benzyl-2-
deoxy-a-D-glucopyranosyl)-(1 — 4)-O-(methyl 3-O-benzyl-2-
O-pivaloyl-a-L-idopyranosyluronate)-(1 — 4)-O-(2-azido-6-
O-benzoyl-3-0-benzyl-2-deoxy-o-D-glucopyranosyl)-(1 — 4)-
3-0-benzyl-2-O-pivaloyl-o-L-idopyranosyd)uronate (35)

To a mixture of 33 (270 mg, 41 pmol), previously coevaporated
with toluene, and 34 (82 mg, 85 umol) in dry CH,Cl, (1.5 mL),
TMSOTT (2.1 uL, 12.8 umol) was added. After stirring for 1 h,
one drop of Et3N was added and Et,O (25 mL) was added with
vigorous stirring until precipitation. The white precipitate was
recovered by filtration. This glycosylation was repeated three
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times more. Then, a mixture of the resulting MPEG derivative,
PS-Suc-COOH (300 mg, 0.38 mmol) and a catalytic amount of
DMAP were swollen in dry CH,Cl, (5 mL) and DIC (70 uL,
0.41 mmol) was added. After shaking overnight, the mixture
was filtered and resin was washed with CH,Cl, (3 x 10 mL). The
combined organic filtrates were concentrated to 2-3 mL. Et,O0
(30-40 mL) was added with vigorous stirring until precipitation
of pure MPEG-bound disaccharide 35. Significant spectral data:
"H-NMR (500 MHz, CDCl3): § 5.53 (d, J =4.2 Hz, 1H; H-1e);
5.37 (d, J =5.1 Hz, 1H; H-1c¢); 5.13 (m, 1H; H-2e); 5.08 (d,
J =3.8 Hz, 1H; H-1a); 4.98-4.84 (m, 3H; H-1b, H-1d, H-1f);
4.93 (m, 1H; H-2¢); 4.89 (m, 1H; H-2a); 4.76 (m, 1H; H-5a);
4.65 (m, 1H; H-5e); 4.47 (m, 1H; H-5¢); 4.12 (m, 1H; H-4a);
4.11 (m, 1H; H-3e); 4.00 (m, 1H; H-4e); 3.95 (m, 1H; H-4c¢);
3.90 (m, 1H; H-3a); 3.86 (m, 1H; H-3c); 3.31-3.16 (m, 3H;
H-2b, H-2d, H-2f); 1.92 (s, 3H; OAc).

Isopropyl O-(2-azido-3,4-di-O-benzyl-2-deoxy-o-
D-glucopyranosyl)-(1 — 4)-O-(methyl 3-O-benzyl-a-L-idopy-
ranosyluronic acid)-(1 — 4)-O-(2-azido-3-0-benzyl-2-deoxy-
a-D-glucopyranosyl)-(1 — 4)-O-(methyl 3-O-benzyl-o-
L-idopyranosyluronic acid)-(1 — 4)-O-(2-azido-3-0-benzyl-
2-deoxy-a-D-glucopyranosyl)-(1 — 4)-3-O-benzyl-
a-L-idopyranosyduronic acid (36)

To a solution of 35 (100 mg, 13 wmol) in THF (2 mL) at —5°C,
H,0; 30% (0.7 mL) and a 1 M aqueous solution of LiOH (1.1
mL) were added. After stirring for 24 h at room temperature
MeOH (1 mL) and a 3 N aqueous solution of KOH (2 mL) were
added. After stirring for 24 h more the reaction was neutralized
with acidic resin (IRA-120H™), filtered and concentrated. The
residue was purified by Sephadex LH-20 (1:1 MeOH-CH,Cl,).
Finally, fractions containing 36 and free MPEG were combined,
concentrated and re-dissolved in MeOH/CH,Cl, 1:1 (1.5 mL).
Et,O (13 mL) was added and the mixture was cooled (0°C).
The white precipitate was separated by filtration and the organic
layer was concentrated in vacuo to yield pure 36 (11 mg, 37%
from 26, 8 steps). The physical data for 36 were identical in all
respects with the reported values [12].

MPEG-2-succinoyloxyethyl (isopropyl O-(2-azido-3-O-
benzyl-4,6-di-O-benzylidene-2-deoxy-o-D-glucopyranosyl)-
(1 — 4)-0O-(methyl 3-0-benzyl-2-O-pivaloyl-a-L-idopyrano-
syluronate)-(1 — 4)-0-(2-azido-6-O-benzoyl-3-O-benzyl-2-
deoxy-o-D-glucopyranosyl)-(1 — 4)-O-(methyl 3-O-benzyl-2-
O-pivaloyl-a-L-idopyranosyluronate)-(1 — 4)-O-(2-azido-6-
0-benzoyl-3-0-benzyl-2-deoxy-a-D-glucopyranosyl)-(1 — 4)-
3-0-benzyl-2-0O-pivaloyl-o-L-idopyranosyd)uronate (37)

To a mixture of 33 (280 mg, 41 pmol), previously coevapo-
rated with toluene, and 2 (90 mg, 0.1 mmol) in dry CH,Cl,
(1.5 mL), TMSOTf (2.5 uL, 15 pwmol) was added. After stir-
ring for 1 h, one drop of EtsN was added and the volume was
reduced to 1 mL. Et;O (10-15 mL) was added with vigorous
stirring until precipitation. The white precipitate was recovered
by filtration. This glycosylation was repeated three times more.
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Then, a mixture of the resulting MPEG derivative, PS-Suc-
COOH (300 mg, 0.38 mmol) and a catalytic amount of DMAP
were swollen in dry CH,Cl, (5 mL) and DIC (80 uL, 0.48
mmol) was added. After shaking overnight, the mixture was
filtered and resin was washed with CH,Cl, (3 x 7 mL). The
combined organic filtrates were concentrated to 2-3 mL. Et,0O
(20-30 mL) was added with vigorous stirring until precipita-
tion of pure MPEG-bound disaccharide 37. Significant spectral
data: "H-NMR (500 MHz, CDCl3): § 5.48 (s, 1H; Ph—CH—);
5.41(d, IH; H-1e, J =5.5Hz); 5.36 (d, 1H; H-1c, J =4.9 Hz);
5.07 (d, 1H; H-1a, J = 3.7 Hz); 5.01-4.86 (m, 3H; H-1b, H-1d,
H-1f); 4.96 (m, 1H; H-2e); 4.93 (m, 1H; H-2c); 4.87 (m, 1H;
H-2a); 4.77-4.46 (m, 3H; H-5a, H-5c, H-5e); 4.12-3.98 (m,
3H; H-3a, H-3c, H-3e); 3.94-3.86 (m, 3H; H-4a, H-4c, H-4e);
3.37-3.22 (m, 3H; H-2b, H-2d, H-2f).

MPEG-2-succinoyloxyethyl (isopropyl O-(2-azido-3-O-
benzyl-2-deoxy-a-D-glucopyranosyl)-(1 — 4)-O-(methyl
3-0-benzyl-2-O-pivaloyl-a-L-idopyranosyluronate)-(1 — 4)-
O-(2-azido-6-0-benzoyl-3-0-benzyl-2-deoxy-a-D-glucopy-
ranosyl)-(1 — 4)-O-(methyl 3-O-benzyl-2-O-pivaloyl-a-
L-idopyranosyluronate)-(1 — 4)-O-(2-azido-6-0-benzoyl-3-
O-benzyl-2-deoxy-a-D-glucopyranosyl)-(1 — 4)-3-O-benzyl-
2-0O-pivaloyl-a-L-idopyranosyd)uronate (38)

To a solution of 37 (260 mg, 35 ;wmol), previously coevaporated
with toluene, in dry CH,Cl, (3 mL), EtSH (40 uL, 0.4 mmol)
and pTsOH (11 mg, 40 umol) were added. After stirring for 10
h, the volume was reduced to 2 mL and Et,O (20-25 mL) was
added with vigorous stirring until precipitation. The precipitate
was filtered off and dried at high vacuum to yield 38. Significant
spectral data: 'H-NMR (500 MHz, CDCl3): § 5.44-5.37 (m,
2H; H-1c, H-1e); 5.04 (m, 1H; H-1a); 4.97-4.89 (m, 3H; H-1b,
H-1d, H-1f); 4.96-4.91 (m, 2H; H-2¢, H-2¢); 4.84 (m, 1H; H-
2a); 4.71 (m, 1H; H-5a); 4.50-4.42 (m, 2H; H-5c, H-5e); 4.08
(m, 1H; H-4a); 4.01-3.96 (m, 2H; H-4c, H-4e); 3.93-3.83 (m,
2H; H-3c, H-3e); 3.85 (m, 1H; H-3a); 3.31-3.08 (m, 3H; H-2b,
H-2d, H-2f).

MPEG-2-succinoyloxyethyl (isopropyl O-(2-azido-6-
O-benzoyl-3-0-benzyl-2-deoxy-a-D-glucopyranosyl)-

(1 — 4)-O-(methyl 3-0O-benzyl-2-0-pivaloyl-a-L-idopyrano-
syluronate)-(1 — 4)-0-(2-azido-6-0O-benzoyl-3-0-benzyl-2-
deoxy-a-D-glucopyranosyl)-(1 — 4)-O-(methyl 3-O-benzyl-
2-0-pivaloyl-a-L-idopyranosyluronate)-(1 — 4)-O-(2-azido-
6-0-benzoyl-3-0-benzyl-2-deoxy-a-D-glucopyranosyl)-

(1 — 4)-3-0O-benzyl-2-0O-pivaloyl-a-L-idopyranosyd)uronate
(39)

To a cooled (—15°C) solution of 38 (260 mg, 35 pwmol), previ-
ously coevaporated with toluene, in dry CH3CN (5 mL), BzZCN
(8 mg, 60 umol) and catalytic EtzN were added. After stirring
for 45 min, MeOH (1 mL) was added and the reaction was al-
lowed to warm to room temperature. The volume was reduced
to 2 mL and Et,O (20 mL) was added with vigorous stirring
until precipitation of 39. Significant spectral data: 'H-NMR
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(500 MHz, CDCl3): § 5.43-5.31 (m, 2H; H-1c, H-1e); 5.04 (m,
1H; H-1a); 4.99-4.91 (m, 3H; H-1b, H-1d, H-1f); 4.96-4.90
(m, 2H; H-2¢, H-2¢); 4.85 (m, 1H; H-2a); 4.74 (m, 1H; H-5a);
4.48 (m, 2H; H-5¢, H-5¢); 4.10 (m, 1H; H-4a); 4.00 (m, 2H;
H-4c, H-4e); 3.88 (m, 1H; H-3a); 3.87 (m, 2H; H-3c, H-3e);
3.33-3.12 (m, 3H; H-2b, H-2d, H-2f).

MPEG-2-succinoyloxyethyl (isopropyl O-(6-O-acetyl-2-
azido-3,4-di-O-benzyl-2-deoxy-a-D-glucopyranosyl)-(1 — 4)-
O-(methyl 3-0-benzyl-2-O-pivaloyl-a-L-idopyranosyluro-
nate)-(1 — 4)-O-(2-azido-6-0-benzoyl-3-O-benzyl-2-deoxy-
a-D-glucopyranosyl)-(1 — 4)-O-(methyl 3-O-benzyl-2-0O-
pivaloyl-a-L-idopyranosyluronate)-(1 — 4)-O-(2-azido-6-O-
benzoyl-3-0-benzyl-2-deoxy-o-D-glucopyranosyl)-(1 — 4)-O-
(methyl 3-O-benzyl-2-O-pivaloyl-a-L-idopyranosyluronate)-
(1 — 4)-0-(2-azido-6-0-benzoyl-3-0-benzyl-2-deoxy-a-
D-glucopyranosyl)-(1 — 4)-3-0-benzyl-2-O-pivaloyl-a-
L-idopyranosyd)uronate (40)

To a mixture of 39 (260 mg, 35 pmol), previously coevaporated
with toluene, and 34 (84 mg, 88 umol) in dry CH,Cl, (1.5 mL),
TMSOTT (2.2 nL, 13 pmol) was added. After stirring for 1 h,
one drop of Et;N was added and Et,O (25 mL) was added with
vigorous stirring until precipitation. The white precipitate was
recovered by filtration. This glycosylation was repeated three
times more. Then, a mixture of the resulting MPEG derivative,
PS-Suc-COOH (320 mg, 0.39 mmol) and a catalytic amount of
DMAP were swollen in dry CH,Cl, (5 mL) and DIC (70 uL,
0.41 mmol) was added. After shaking overnight, the mixture
was filtered and resin was washed with CH,Cl; (3 x 10 mL).
The combined organic filtrates were concentrated to 2—-3 mL.
Et,O (25-35 mL) was added with vigorous stirring until pre-
cipitation of pure MPEG-bound disaccharide 40. Significant
spectral data: 'H-NMR (500 MHz, CDCl3): § 5.53 (m, 1H; H-
1g); 5.45-5.35 (m, 2H; H-1c, H-1e); 5.12 (m, 1H; H-2g); 5.07
(m, 1H; H-1a); 4.99-4.82 (m, 4H; H-1b, H-1d, H-1f, H-1h);
4.97-4.92 (m, 2H; H-2¢c, H-2e); 4.88 (m, 1H; H-2a); 4.75-4.41
(m, 4H; H-5a, H-5c, H-5e, H-5g); 4.13-3.90 (m, 4H; H-4a,
H-4c, H-4e, H-4g); 4.10 (m, 1H; H-3g); 3.89 (m, 1H; H-3a);
3.88-3.85 (m, 2H; H-3c, H-3e); 3.35-3.14 (m, 3H; H-2b, H-2d,
H-2f, H-2h) 1.92 (s, 3H; OAc)

Isopropyl O-(2-azido-3,4-di-O-benzyl-2-deoxy-a-D-glucopy-
ranosyl)-(1 — 4)-O-(methyl 3-O-benzyl-a-L-idopyranosylu-
ronic acid)- (1 — 4)-0-(2-azido-3-O-benzyl-2-deoxy-o-
D-glucopyranosyl)-(1 — 4)-O-(methyl 3-O-benzyl-o-
L-idopyranosyluronic acid)-(1 — 4)-O-(2-azido-3-0-benzyl-
2-deoxy-a-D-glucopyranosyl)-(1 — 4)-O-(methyl 3-O-benzyl-
a-L-idopyranosyluronic acid)-(1 — 4)-O-(2-azido-3-O-
benzyl-2-deoxy-a-D-glucopyranosyl)-(1 — 4)-3-O-benzyl-
a-L-idopyranosyduronic acid (41)

To a solution of 40 (270 mg, 35 wmol) in THF (5 mL) at —5°C,
H,0, 30% (2.1 mL) and a 1 M aqueous solution of LiOH (2.4
mL) were added. After stirring for 24 h at room temperature
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MeOH (2 mL) and a 3 N aqueous solution of KOH (3 mL) were
added. After stirring for 24h more the reaction was neutralized
with acidic resin IRA-120 H), filtered and concentrated. The
residue was purified by Sephadex LH-20 (1:1 MeOH-CH,Cl,).
Finally, fractions containing 41 and free MPEG were combined,
concentrated and re-dissolved in MeOH/CH,Cl, 1:1 (1.5 mL).
Et,O (15 mL) was added and the mixture was cooled (0°C).
The white precipitate was separated by filtration and the organic
layer was concentrated in vacuo to yield pure 41 (26 mg, 26%
from 26, 11 steps). The physical data for 41 were identical in
all respects with the reported values [12].

Acknowledgments

We thank the Direccién General de Investigacion for financial
support (Grant BQU 2002-03734).

References

1 Conrad HE, Heparin-Binding Proteins (Academic Press, San
Diego, 1998).

2 Capilal, Lindhardt RJ, Heparin, Protein interactions, Angew Chem
Int Ed 41, 390-412 (2002).

3 CasuB, Lindahl U, Structure and biological interactions of heparin
and heparan sulfate, Adv Carbohydr Chem Biochem 57, 159-206
(2001).

4 Lindahl U, Kjellen L, The Biology of the Extracellular Matrix:
Proteoglycans (Academic Press, New York, 1987).

5 Thunberg L, Bickstrom G, Lindahl U, Further characterization
of the antithrombin-binding sequence in heparin, Carbohydr Res
100, 393—410 (1982).

6 Faham S, Linhardt RJ, Rees DC, Diversity does make a difference:
Fibroblast growth factor-heparin interactions, Curr Opin Struct
Biol 8, 578-86 (1998).

7 Kreuger J, Salmivirta M, Sturiale L, Giménez-Gallego G, Lindhal
U, Sequence analysis of heparan sulfate epitopes with graded
affinities for fibroblast growth factors 1 and 2, J Biol Chem 276,
30744-52 (2001).

8 Faham S, Hileman SE, Fromm JR, Lindhardt RJ, Rees DC, Hep-
arin structure and interactions with basic fibroblast growth factor,
Science 271, 1116-20 (1996).

9 DiGabriele AD, Lax I, Chen DI, Svahn CM, Jaye M, Schlessinger
J, Hendrickson WA, Structure of a heparin-linked biologically ac-
tive dimer of fibroblast growth factor, Nature 393, 8127 (1998).

10 Schlessinger J, Plotnikov AN, Ibrahimi OA, Eliseenkova V, Yeh
BK, Yayon A, Linhardt RJ, Mohammadi M, Crystal structure of a
ternary FGF-FGFR-heparin complex reveals a dual role for heparin
in FGFR binding and dimerization, Mol Cell 6, 743-50 (2000).

11 Pellegrini L, Burke DF, Von Delft F, Mulloy B, Blundell TL, Crys-
tal structure of fibroblast growth factor receptor ectodomain bound
to ligand and heparin, Nature 407, 1029-34 (2000).

12 de Paz JL, Angulo J, Lassaletta JM, Nieto PM, Redondo-Horcajo
M, Lozano RM, Gimenez-Gallego G, Martin-Lomas M, The acti-
vation of fibroblast growth factors by heparin: Synthesis, structure,
and biological activity of heparin-like oligosaccharides, Chem-
Biochem 2, 673-85 (2001).

13 Ojeda R, Angulo J, Nieto PM, Martin-Lomas M, The activation
of fibroblast growth factors by heparin: Synthesis and structural



Synthesis of heparin-like oligosaccharides on polymer supports

18

19

20

21

22

23

24

25

26

study of rationally modified heparin-like oligosaccharides, Can J
Chem 80, 673-85 (2002).

Lucas R, Angulo J, Nieto PM, Martin-Lomas M, Synthesis and
structural study of two new heparin-like hexasaccharides, Org
Biomol Chem 1, 2253-66 (2003).

de Paz JL, Ojeda R, Reichardt N, Martin-Lomas M, Some key
experimental features of a modular synthesis of heparin-like
oligosaccharides, Eur J Org Chem 3308-24 (2003).

Angulo J, Nieto PM, Martin-Lomas M, A molecular dynamics
description of the conformational flexibility of the L-iduronate ring
in glycosaminoglycans, Chem Commun 24867 (2003).

Angulo J, Ojeda R, de Paz JL, Lucas R, Nieto PM, Lozano RM,
Redondo-Horcajo M, Gimenez-Gallego G, Martin-Lomas M, The
activation of fibroblast growth factors (FGFs) by glycosaminogly-
cans: Influence of the sulfation pattern on the biological activity
of FGF-1, ChemBioChem 5, 55-61 (2004).

Seeberger PH, Haase WC, Solid-Phase oligosaccharides synthesis
and combinatorial carbohydrate libraries, Chem Rev 100, 4349-93
(2000).

Plante OJ, Palmacci ER, Seeberger PH, Automated solid-phase
synthesis of oligosaccharides, Science 291, 1523-7 (2001).
Palmacci ER, Plante OJ, Seeberger PH, Oligosaccharide synthesis
in solution and on solid support with glycosyl phosphates, Eur J
Org Chem 595-606 (2002).

La Ferla B, Lay L, Guerrini M, Poletti L, Panza L, Russo
G, Synthesis of disaccharidic sub-units of a new series of
heparin related oligosaccharides, Tetrahedron 55, 9867-80
(1999).

Haller M, Boons GJ, Towards a modular approach for heparin
synthesis, J Chem Soc Perkin Trans 1, 814-22 (2001).

Haller M, Boons GJ, Selectively protected disaccharide building
blocks for modular synthesis of heparin fragments, Eur J Org
Chem 2033-8 (2002).

Orgueira HA, Bartolozzi A, Schell P, Litjens REJN, Palmacci
ER, Seeberger PH, Modular synthesis of heparin oligosaccharides,
Chem Eur J 9, 140-69 (2003).

Ojeda R, de Paz JL, Martin-Lomas M, Synthesis of heparin-like
oligosaccharides on a soluble polymer support, Chem Commun
2486-7 (2003).

For a reviews see Tamura J, Recent advances in the synthetic stud-

27

28

29

30

31

32

33

34

35

36

37

195

ies of glycosaminoglycans, Trend Glycosci Glycotechnol 13, 65—
88 (2001).

For a review see van Boeckel CAA, Petitou M, The unique
antithrombin III binding domain of heparin: A lead to new
synthetic antithrombotics, Angew Chem Int Ed 32, 1671-90
(1993).

Dreef-Tromp CM, Willems HAM, Westerduin P, van Veelen
P, van Boeckel CAA, Polymer-supported solution synthesis of
heparan-sulphate like oligomers, Biorg Med Chem Lett7,1175-80
(1997).

Schmidt RR, Kinzy, Anomeric-oxygen activation for glycoside
synthesis: The trichloroacetimidate method, Adv Carbohydr Chem
Biochem 50, 21-123 (1994).

Excoffier G, Gagnaire D, Utille JP, Selective cleavage of anomeric
acetyl groups of acetylated glycosyl residues by hydrazine, Car-
bohydr Res 39, 368-73 (1975).

Douglas SP, Whitfield DM, Krepinsky JJ, Polymer-supported so-
lution synthesis of oligosaccharides, J Am Chem Soc 113, 5095-7
(1991).

Jaquinet JC, Petitou M, Duchaussoy P, Lederman I, Choay J,
Torri G, Sinay P, Synthesis of heparan fragments-a chemical
synthesis of the trisaccharide O-(2-deoxy-2-sulfamido-3,6-di-
O-sulfo-alpha-D-glucopyranosyl)-(1 — 4)-O-(2-O-sulfo-alpha-
L-idopyranosyluronic  acid)-(1 — 4)-2-deoxy-2-sulfamido-6-O-
sulfo-D-glucopyranose heptasodium salt, Carbohydr Res 130,
221-41 (1984).

Ojeda R, de Paz JL, Martin-Lomas H, Lassaletta JM, A new route
to L-iduronate building-blocks for the synthesis of heparin-like
oligosaccharides, Synlett 8, 1316-8 (1999).

Lubineau A, Gavard O, Alais J, Bonnaffe D, New accesses to
L-iduronyl synthons, Tetrahedron Lett 41, 307-11 (2000).
Baumhof P, Mazitschek R, Giannis A, A mild and effective method
for the transesterification of carboxylic acid esters, Angew Chem
Int Ed 40, 3672—4 (2001).

Ando H, Manabe S, Nakahara Y, Ito Y, Solid-phase capture-release
strategy applied to oligosaccharide synthesis on a soluble polymer
support, Angew Chem Int Ed 40, 4725-8 (2001).

A. Kirshing, H. Monenschain, R. Wittenberg, The “resin-capture-
release” hybrid technique: a merger between solid- and solution-
phase synthesis, Chem Eur J 6, 4445-50, (2000).



