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In response to injury or inflammation the damaged tissue
releases cytokines, which trigger the expression of P-selectin
followed by E-selectin on the endothelium. The initial
recognition of the tetrasaccharide sialyl Lewis X (sLex) of
the terminal unit of surface glycoconjugates by the selectins
leads to leukocyte ªrollingº followed by protein ± protein
interactions (integrins CD 11/18, ICAM-1 ligand) and extrav-
asation of leukocytes into the endothelium.[1] Thus, blocking
the sLex/selectin interactions at an early stage of the
inflammatory cascade, especially the P-selectin/ligand inter-
actions, has been considered to be an effective way of treating
acute and perhaps chronic inflammatory diseases.[2]

Although sLex is being clinically evaluated for the treat-
ment of reperfusion injury, it must be administered by
injection at high doses, as it binds the selectins weakly and
is orally inactive and unstable in the blood. However, the
structure of sLex has served as a useful guide for designing
simpler and better low molecular weight compounds as
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selectin antagonists.[3] On the basis of the crystal structure of
E-selectin, NMR studies of the conformations of sLex in
solution and bound to E-, P-, and L-selectin,[5] and structure/
activity studies on sLex derivatives and mimetics,[6] the
essential functional groups and their spatial arrangement
required for binding of the sLex epitope to the selectins have
been elucidated. By using this recognition model, numerous
structurally diverse low molecular weight sLex mimetics have
been prepared (Figure 1).[3, 7] Some of them exhibit an affinity
towards the selectins equal to or higher than that of sLex.
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Figure 1. The tetrasaccharide sialyl Lewis X (1) and the fucopeptide 2 as
an oligosaccharide mimic.

Recently, interest in solid-phase syntheses has increased
dramatically, since they allow combinatorial chemistry to be
performed for the discovery of biologically active compounds
and for optimization of lead structures.[8] In particular, the
parallel synthesis of individual compounds on solid phases is
considered to be a promising approach to rapid optimization
of previously identified lead structures. Here we report on our
efforts to develop new strategies for the parallel and/or
combinatorial synthesis of a substance library of O- and C-
fucosylpeptides structurally related to 2, which is nearly as
active as sLex towards E-selectin.[7a]

Fucose, which contains the three hydroxyl groups required
for recognition of sLex by E-selectin, was retained as the only
carbohydrate moiety in the mimic, while GlcNAc was
replaced by l-threonine and its derivatives. Anchoring the
fucose ± GlcNAc surrogate through its 3,4-cis-diol unit[9]

enables the bidirectional elongation of the glycosylated amino
acid while bound to the solid support. N-terminal elongation
allows the elaboration of optimal substitutions for the
galactose and sialic acid residues. C-terminal modifications[10]

can be used to install additional functionalities that interact
with new groups in selectins.[7b, 11] The use of Fmoc ± peptide
chemistry and the application of an orthogonal protective-
group strategy (R1�All, R2�
Fmoc, R3�Bn; for abbrevia-
tions, see legends to schemes),
as well as the reversible immobi-
lization of the 3,4-cis-diol moiety
of fucose by a highly acid labile
linker group, enable the rapid
and bidirectional assembly of
fucosylpeptides.

The synthesis of orthogonally
protected a-fucoside 4 is depict-
ed in Scheme 1. l-Fucose was
converted into ethylthiofucoside

O

O

HO
HO

FmocNH

OBn

O

OAllO

HO
HO

OH
O

O
O

SEt
OBn

OH
L-fucose 3

a-e

4

     f, g

Scheme 1. a) Ac2O, 4-DMAP, pyridine, 0!20 8C; b) EtSH, BF3 ´ Et2O,
0!20 8C (60 %, two steps); c) NaOMe (cat.) in MeOH, 20 8C; d) 2,2-
dimethoxypropane, cat. p-TsOH ´ H2O, CH2Cl2, 20 8C (94 %, two steps, a/
b� 1:7); e) NaH, BnBr, TBAI (cat.), THF (84 %, 100 % b); f) Fmoc-Thr-
OAll, CuBr2/TBAI, CH2Cl2, DMF; g) aqueous AcOH, (80 %, 1 % TFA).
All� allyl, Bn�benzyl, 4-dmap� 4-(dimethyamino)pyridine, Fmoc� 9-
fluorenylmethyloxycarbonyl, TBAI� tetrabutylammonium iodide, TFA�
trifluoroacetic acid, Thr� threonine, Ts� toluenesulfonate.

3 (five steps, 47 % overall yield) by standard methods. By
using CuI2/[Bu4N]I,[12] Fmoc-protected l-threonine allyl ester
was glycosylated with 3 to give selectively the a anomer
(a/b� 9/1). Cleavage of the acetonide with 80 % aqueous
acetic acid containing 1 % TFA followed by column chroma-
tography gave fucoside 4 as the pure a anomer (64% yield,
two steps).

Treatment of the diol 4 with the dimethyl acetal 7 and a
catalytic amount of p-TsOH ´ H2O gave a diastereomeric
mixture of benzylidene acetals 5 (Scheme 2). The bifunctional
linker 7 was easily derived from commercially available 4-
formylbenzoic acid by formation of the dimethyl acetal and
reduction of the acid group (62 %, two steps). By using a
moderate excess (2.1equiv) of the alcohol 5 and DIC/4-
DMAP activation, 5 was immobilized nearly quantitatively
(0.24 mmol gÿ1) on a carboxyl-functionalized poly(ethylene
glycol) graft copolymer resin(PEG-PS) to give 6.[13] The
loading was determined by photometric analysis of the
cleaved Fmoc groups and gravimetrically by means of the
product released from the resin with aqueous acetic acid
(80 %� 2 % TFA). The diol 4 was liberated quantitatively
without any detectable cleavage of the acid-sensitive a-
fucosidic bond. Thus, the combination of the para-acylox-
ymethylbenzylidene acetal (p-AMBA) anchor group and
PEG-PS solid support achieved maximal loading, recovery
of excess reagent, appropriate swelling of the solid support,
desirable stability of the acetal linkage during synthesis, and
selective cleavage by a weak acid.

Starting with 0.8 mmol resin-bound 6, we conducted a
parallel synthesis of sLex mimetics 8 on a preparative scale
(Scheme 3). At branching points of the synthesis, the material
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Scheme 2. Immobilization of fucoside 4 on a carboxyl-functionalized PEG-PS resin by anchor group 7. a) 7, p-
TsOH (cat.), CH2Cl2, 20 8C; b) DIC, 4-DMAP (cat.), CH2Cl2, 20 8C, 18 h, 100 % (0.24 mmol gÿ1). p-AMBA�p-
(acyloxymethyl)benzylidene acetal anchor group, DIC� diisopropylcarbodiimide, PEG-PS� poly(ethylene
glycol) graft copolymer; for other abbreviations, see legend to Scheme 1.
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was divided into equal parts in the dry state. Allyl cleavage[14]

with Pd0 and dimedone as a scavenger liberated the
C-terminus of the fucosyl ± threonine conjugate, which was
subsequently modified. Esterification was best accomplished
with a large excess of alcohol and activation by a mixed
anhydride,[15] and amide bonds were formed by standard
methods of peptide synthesis. Our model studies revealed
that C-terminal functionalization on solid phase proceeds
with high yield and no racemization. A peptide synthesis
consisting of removal of the Fmoc groups, amino acid
coupling, and cleavage of the benzylidene acetal anchor
groups under weakly acidic conditions afforded the protected
fucosylpeptides 8 in high yields (Table 1). Diketopiperazines
and compounds formed by cleavage of the a-fucosidic bond
were not detected on analysis of the crude cleavage products
by mass spectrometry. To obtain homogeneous materials for
biological evaluation, fucosylpeptides 8 were purified by
chromatography on silica gel. Yields of 8 range from 47 to
65 % (based on the initial loading); this corresponds to an
average yield of 90 ± 94 % per step. Removal of the benzylic
protecting groups by catalytic hydrogenation afforded the
mimetics 9.

Fucosylpeptides 9 a ± h were tested against E- and P-
selectins in a cell-free assay system.[16] With polyvalent sLea

attached to a polyacrylamide[16a] in the E-selectin binding
assay, all members of the fucosylpeptide library showed only
moderate binding affinities, whereby phosphonate fucopep-
tide 9 h was the most active (IC50� 0.7 mm). While the

biological activity of the fucopepti-
des towards E-selectin decreased
with increasing chain length of the
C-terminal residue (XR1), the oppo-
site was observed in the P-selectin
assay: Binding affinity generally in-
creased significantly on addition of a
tris(ethylene glycol) decyl ether res-
idue (ester or amide linkage). The
ester derivative 9 c binds 53 times
more strongly than the ethyl deriva-
tive 9 a. An increase of biological
activity is also observed for the
corresponding amide 9 d, which
binds 100 times more strongly than
9 a. The influence of the N-terminal
residue R3 on binding to P-selectin
seems to be limited; the phospho-
nate fucopeptide 9 h (IC50� 17 mm)
has the highest activity. Comparing
the values for the two selectins shows
that fucosylpeptides 9 d (� 100-fold)
and 9 h (almost 200-fold) inhibit P-
selectin significantly more strongly
than E-selectin.

We have developed a new synthet-
ic strategy for the parallel synthesis
of fucopeptides as sLex mimetics on
a solid phase. Linking the sugar
through a highly acid sensitive 1,2-
diol protecting and anchoring group

(p-AMBA) enables variable functionalization of the N- and
C-termini of glycopeptides. This provides access to a library of
sLex mimetics by parallel or combinatorial synthesis and
allows rapid optimization of the biological activity of a known
lead structure. Some members of the fucopeptide library
exhibit high selectivity and activity against P-selectin in cell-
free assay systems. Work is in progress to test the versatility of
p-AMBA based immobilization methodology in other syn-
thetic areas involving 1,2- and 1,3-diol units, for example, the
synthesis of complex oligosaccharides on solid phases.

Experimental Section

Immobilization of 5 : Carboxyl-functionalized resin (3.85 g, 0.26 mmol gÿ1,
corresponding to 1.0 mmol of functional groups) was dried for several
hours under high vacuum. Then 4-DMAP (12.2 mg, 0.1 mmol), DIC
(1.5 mmol), and a solution of alcohol 5 (1.545 g, 2.1 mmol) in dry CH2Cl2

(16 mL) were added, and the suspension was gently shaken for 14 h at room
temperature. The reaction mixture was transferred into a peptide synthesis
vessel, filtered, and the resin washed thoroughly with dry CH2Cl2 and dried
under high vacuum to give 4.32 g of material. The combined filtrate was
concentrated in vacuo, and unchanged alcohol 5 (740 mg, 1.0 mmol, 48%)
was recovered after purification by column chromatography on silica gel.
Cleavage of the Fmoc groups from the dry resin followed by photometric
analysis revealed a loading of � 0.24 mmol gÿ1 (� 1.04 mmol on resin,
100 % functionalization).

Fmoc cleavage and amino acid coupling: After swelling in DMF and
removal of excess DMF, the resin was suspended in DMF/morpholine (1/1,
0.6 mL per 100 mg dry resin) and shaken for 1 h at room temperature
(step c, Scheme 3) or suspended in DMF/piperidine (3/2) and shaken for
10 min at room temperature (step e, Scheme 3). After washing with dry
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Scheme 3. a) [Pd(PPh3)4] (cat.), dimedone, THF, 20 8C, 18 h; b) R1OH, 2,6-dichlorobenzoyl chloride,
pyridine, CH2Cl2/DMF (1/1), 20 8C, 18 h; or R1NH2, HBTU, HOBT, NMM, CH2Cl2/DMF (1/1), 20 8C, 4.5 h;
c) DMF/morpholine (1/1), 20 8C, 1 h; d) FmocNHCHR2CO2H, HBTU, HOBT, NMM, DMF, 20 8C, 4 h;
e) DMF/piperidine (3/2), 20 8C, 10 min; f) R3CO2H, HBTU, HOBT, NMM, DMF, 20 8C, 4 h; g) aqueous
AcOH (80 %, 2% TFA), 20 8C, 2� 18 ± 22 h; h) H2, 10% Pd/C, EtOH/THF/H2O, 20 8C, 3 ± 4 h. HBTU� 2-
(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate, HOBT� 1-hydroxybenzotria-
zole, NMM�N-methylmorpholine; for other abbreviations, see legend to Scheme 1.
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DMF (6� , 1 mL per 100 mg dry resin ), a pre-stirred (5 ± 10 min) solution
of the acids used for coupling (3equiv for step d and 6 equiv for step f,
Scheme 4), HOBT, NMM, and HBTU (1.6 equiv, 2.2 equiv and 1.05 equiv,
based on the amount of acid) in dry DMF (0.2 ± 0.25m in acid) was added to
the resin. After shaking for 4 ± 4.5 h at room temperature, the coupling
reaction was terminated by filtration, and the resin was washed with DMF
and CH2Cl2 (6� each).

Cleavage from the resin: A suspension of resin in aqueous AcOH (80 %,
0.9 mL per 100 mg dry resin) containing 2% TFA was shaken for 18 ± 22 h
at room temperature. After filtration and washing three times with AcOH
(80 %), the cleavage procedure was repeated. The filtrate was concentrated
in vacuo, and residual AcOH and H2O were removed by coevaporating
twice with dry toluene. The colorless to slightly yellow oil or solid was
purified by column chromatography on silica gel to afford material that was
homogeneous according to HR-MS, 1H, and 13C NMR spectroscopy.

9b : colorless hygroscopic solid; 1H NMR (500 MHz, D2O): d� 4.95 (d, J�
3.5 Hz, 1 H), 4.68 (br s, 1H), 4.54 (d, J� 7.2 Hz, 1 H), 4.44 (q, J� 6.1 Hz,
1H), 4.22 (dq, J� 10.6, 7.2 Hz, 1H), 4.12 (dq, J� 10.6, 7.2 Hz, 1 H), 3.97 (m,
1H), 3.74 ± 3.69 (m, 5H), 3.60 (dd, J� 12.1, 6.4 Hz, 1H), 2.62 ± 2.52 (m, 4H),
1.24 (t, J� 7.1 Hz, 3H), 1.15 (br d, J � 6.4 Hz, 6H); HR-MS: m/z calcd for
C20H34O13N2Cs: 643.1115 [M�Cs]� , found: 643.1139. 9d : colorless hygro-
scopic solid; 1H NMR (500 MHz, D2O): d� 4.94 (d, J� 3.7 Hz, 1H), 4.53
(d, J� 9.0 Hz, 1H), 4.44 (br s, 1H), 4.41 (d, J� 6.3 Hz, 1H), 3.89 ± 3.87 (m,
1H), 3.75 ± 3.52 (m, 16 H), 3.43 (t, J� 6.7 Hz, 2H), 3.31 ± 3.36 (m, 2H), 2.29
(t, J� 7.1 Hz, 2H), 2.24 (t, J� 7.4 Hz, 2H), 1.81 (t, J � 7.3 Hz, 2 H), 1.55 ±
1.50 (m, 2 H), 1.28 ± 1.21 (m, 14 H), 1.18 (d, J� 6.1 Hz, 3 H), 1.14 (d, J�
6.4 Hz, 3 H), 0.83 (br t, J� 6.6 Hz, 3 H); HR-MS: m/z calcd for
C35H65O15N3Cs: 900.3470 [M�Cs]� , found: 900.3498. 9 e : colorless hygro-
scopic solid; 1H NMR (500 MHz, D2O): d� 4.94 (d, J� 3.5 Hz, 1H), 4.70
(br s, 1H), 4.58 (d, J� 7.2 Hz, 1 H), 4.42 ± 4.35 (m, 2 H), 4.18 ± 4.16 (m, 1H),
3.97 ± 3.96 (m, 1 H), 3.74 ± 3.55 (m, 16H), 3.42 (t, J� 6.5 Hz, 2 H), 2.64 ± 2.53
(m, 4 H), 1.53 (br s, 2 H), 1.30 ± 1.23 (m, 14 H), 1.17 (d, J� 6.1 Hz, 3H), 1.15
(d, J� 6.4 Hz, 3H), 0.85 (br t, J� 6.5 Hz, 3H); HR-MS: m/z calcd for
C34H62O16N2Cs: 887.3154 [M�Cs]� , found: 887.3184.
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Complex Fluids Based on the Flexible One-
Dimensional Mineral Polymers [K(MPS4)]1
(M�Ni, Pd): Autofragmentation to Concave,
Cyclic (PPh4)3[(NiPS4)3]**
Julien Sayettat, Lucy M. Bull, Jean-Christophe P.
Gabriel, SteÂphane Jobic, Franck Camerel, Anne-Marie
Marie, Marc FourmigueÂ, Patrick Batail,* Raymond
Brec,* and ReneÂ-Louis Inglebert

In memory of Jean Rouxel

The discovery of the lyotropic nematic phase of LiMo3Se3 in
N-methylformamide,[1] a rare example of a liquid crystal
based on a mineral core, was achieved 70 years after the
pioneering work of the German physicist H. Zocher.[2] This
event, soon followed by the study of the nematic behavior of
V2O5 ribbons[3] and smectic clays[4] in water, has aroused acute
interest in the development of solution-phase chemistry of
charged, all-inorganic molecules. The motivation for such
investigations is the prospect of unraveling the organic/
inorganic interfacial chemistry and physics of unprecedented
anisotropic fluids based on one- and two-dimensional, charg-
ed, extended mineral polymers.[5, 6]

The solid-state chemistry of transition metal chalcoge-
nides[7] is abound with low-dimensional motifs, such as

11[Mo3Se3]ÿ . Their dimensionality arises from the balance
between the strong covalent character of the transition
metal ± chalcogen bonds within the negatively charged chains
or slabs and their effective ionic screening by alkali metal
cations.[8, 9] A recent example is the series of transition metal
chalcogenide phosphates KMPS4 (M� Ni, Pd) with infinite
anionic chains 11[MPS4]ÿ .[10] Here we demonstrate 1) that
KMPS4 compounds are soluble in polar organic solvents such
as dimethylformamide (DMF) and dimethyl sulfoxide
(DMSO), and form complex fluids made up of flexible
inorganic polymers; 2) that [(NiPS4)3]3ÿÐan unprecedented,
concave trimetallic thiophosphate molecular trianion adopt-
ing pseudo-C3v symmetryÐis formed in DMF at room
temperature from the autofragmentation and rearrangement
of 11[NiPS4]ÿ ; and 3) that it is possible to follow the dissolution
and fragmentation processes with mass spectrometry, solu-
tion-state 31P NMR spectroscopy, and transmission electron
microscopy (TEM). Thus, the contrasting behavior and
stability of the Ni and Pd phases can be revealed.

In accordance with their highly anisotropic bonding,
KNiPS4 and KPdPS4 are soluble in polar organic solvents
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