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Synthesis, structure and midkine binding of
chondroitin sulfate oligosaccharide analogues†

Myriam Torres-Rico, Susana Maza, José L. de Paz * and Pedro M. Nieto *

The preparation of chondroitin sulfate (CS) oligosaccharide mimetics, more easily synthesized than

natural sequences, is a highly interesting task because these compounds pave the way for modulation of

the biological processes in which CS is involved. Herein, we report the synthesis of CS type E analogues

which present easily accessible glucose units instead of glucuronic acid (GlcA) moieties. NMR experiments

and molecular dynamics simulations showed that the 3D structure of these compounds is similar to the

structure of the natural CS-E oligosaccharides. In addition, fluorescence polarization (FP) and saturation

transfer difference NMR (STD-NMR) experiments revealed that the synthesized CS-like derivatives were

able to interact with midkine, a model heparin-binding growth factor, suggesting that the presence of the

GlcA carboxylate groups is not essential for the binding. Overall, our results indicate that the synthesized

glucose-containing oligosaccharides can be considered as functional and structural CS mimetics.

Introduction

Chondroitin sulfate (CS) is a structurally heterogeneous poly-
saccharide belonging to the glycosaminoglycan (GAG) family
that participates in a wide range of biological processes.1

Chondroitin sulfate E (CS-E) is a particular type of this polysac-
charide, characterized by the disulfated disaccharide unit
GalNAc(4,6-di-OSO3)-β(1 → 4)-GlcA-β(1 → 3). Although CS-E
sequences constitute a minor part of naturally existing CS, this
sulfation motif plays a relevant role in central nervous system
development, growth factor signaling and pathogen attach-
ment.2 For example, it has been demonstrated that CS-E tetra-
saccharides specifically recognize certain proteins, modulating
neuronal growth.3,4 One of these proteins is midkine, a
heparin binding growth factor that is also involved in cancer
and inflammation.5,6

Structurally defined CS oligosaccharides are required to
establish structure–activity relationships and study CS-protein
interactions at the molecular level. Thus, several research
groups have reported the chemical synthesis of CS
oligomers,7,8 including CS-E domains.9–14 However, despite
recent impressive advances,15 the preparation of CS sequences
is still a complicated task. The synthesis of well-defined CS
analogues, which mimic the natural CS sequences and are
more easily synthesized, is an attractive alternative. Reported

CS/GAG mimetics16 include multivalent systems,17–20 sulfated
carbohydrate derivatives21–26 and non-carbohydrate sulfated
compounds.27–29 These mimetics could potentially modulate
the CS-protein interactions that are responsible for critical bio-
logical processes. In this context, Mallet and coworkers pub-
lished in 2013 the synthesis of CS-E oligosaccharide analogues
where the galactosamine units were replaced by galactose
building blocks.30 This modification facilitated the access to
these compounds because lactose was employed as starting
material, avoiding the use of expensive galactosamine moi-
eties. In vitro and in vivo biological experiments demonstrated
the ability of these analogues to mimic natural CS-E.

Inspired by this, we report here the preparation of a novel
type of CS-E oligosaccharide mimetics containing glucose
instead of glucuronic acid (GlcA). In particular, the synthesis
of tetrasaccharide 1 and pentasaccharide 2 is described
(Fig. 1). The synthetic access to natural CS-E sequences is ham-

Fig. 1 Structures of CS oligosaccharide mimetics 1 and 2. Pyranose
rings labelling with letters A–D (or A–E) is employed throughout the
text. MP = 4-methoxyphenyl.
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pered by the use of GlcA units that are considered as disarmed
building blocks due to the presence of the electron-withdraw-
ing carboxylic acid at position 5. Thus, glycosyl donors derived
from GlcA are often associated with low-yielding glycosylation
reactions.31,32 We envisioned that the replacement of GlcA by
easily accessible glucose units would facilitate the synthesis of
CS-E like oligosaccharides. In this manuscript, we also study
the 3D structure of the synthesized analogues by NMR and
molecular dynamics (MD) simulations. Moreover, the inter-
action between these compounds and midkine was analyzed
by fluorescence polarization (FP) and saturation transfer differ-
ence NMR (STD-NMR) experiments. The preparation of deriva-
tives such as 1 and 2 enabled us to study the importance of
carboxylic acid functions in the interactions between CS and
midkine by comparison with the natural GlcA containing
oligomers.

Results and discussion
Synthesis of CS mimetics

For the synthesis of these CS mimetics, we employed known
monosaccharide building blocks 7 14 and 8 33 as starting
materials (Scheme 1), easily prepared from D-galactosamine
hydrochloride and 1,2;5,6-di-O-isopropylidene-α-D-glucofura-
nose, respectively. Disaccharide 9 was obtained in high yield
(82%) by glycosylation between 8 and trichloroacetimidate
donor 7. 1,2-trans Glycosidic linkage was exclusively formed
due to the presence of the N-trifluoroacetyl (N-TFA) participat-
ing group. Disaccharide 9 was then transformed into adequate
donor and acceptor to prepare the tetrasacharide derivative by
2 + 2 coupling. Acetate groups were selectively removed by
using p-toluenesulfonic acid in a CH2Cl2/MeOH mixture.
Introduction of the silylene group on triol 10 using di-tert-
butylsilyl bis(trifluoromethanesulfonate) (tBu2Si(OTf)2) in pyri-
dine afforded disaccharide acceptor 11 in 94% yield. The pres-
ence of this orthogonal silylene protecting group at positions 4
and 6 of the galactosamine units allowed the selective sulfa-
tion of these positions at the end of the synthetic route to

generate CS-E related sequences. Levulinoylation of the
remaining 3-OH followed by oxidative removal of the 4-methoxy-
phenyl group using ceric ammonium nitrate (CAN) provided
the 1-hydroxy sugar 12. Trichloroacetimidate 13 was prepared
in high yield by treatment with trichloroacetonitrile and
K2CO3.

With donor and acceptor disaccharides in hand, we studied
the 2 + 2 coupling to yield tetrasaccharide 14 (Scheme 2).
Building block 11 was first reacted with 1.5 equiv. of donor 13
under trimethylsilyl trifluoromethanesulfonate (TMSOTf) cata-
lysis at 0 °C. The corresponding tetramer 14 was obtained in
only 22% yield. 19F NMR spectrum showed two singlets at δ =
−75.6 and −75.7 ppm corresponding to the two trifluoroacetyl
moieties. When this glycosylation was performed at room
temperature with 2.5 equiv. of donor, using TMSOTf as the
promoter, tetrasaccharide 14 was isolated in 44% yield. A
similar result (47%) was obtained by using 3 equiv. of donor
13 and tert-butyldimethylsilyl trifluoromethanesulfonate
(TBSOTf) activation at room temperature (Scheme 2).
Therefore, an excess of glycosyl donor (2.5–3 equiv.) at room
temperature was required to produce tetrasaccharide 14 in an
acceptable yield due to the low reactivity shown by disacchar-
ide 11. A similar glycosylation outcome was previously
obtained by us when using the equivalent GlcA disaccharide
building blocks.14

Next, silylene groups were selectively removed by treatment
with an excess of (HF)n·Py complex in THF at 0 °C (Scheme 2).
Microwave-assisted sulfation34 using SO3·Me3N complex in
DMF gave tetrasulfated derivative 5 as sodium salt after purifi-
cation by size exclusion and silica gel chromatographies and
treatment with Dowex-Na+ ion-exchange resin. 1H and 13C
NMR spectra showed the typical downfield shifts of the signals
at sulfated positions. Basic hydrolysis of esters and trifluoro-
acetyl amides was carried out by treatment with H2O2/LiOH and
NaOH. The released amino groups were then selectively acetyl-
ated to afford 3 in good yield after size exclusion chromato-

Scheme 1 Reagents and conditions: (a) TMSOTf, CH2Cl2, 0 °C, 82%; (b)
p-toluenesulfonic acid, CH2Cl2/MeOH, 69%; (c) tBu2Si(OTf)2, Py, 94%;
(d) Lev2O, DMAP, CH2Cl2; CAN, CH2Cl2/CH3CN/H2O, 88%; (e) Cl3CCN,
K2CO3, CH2Cl2, 94%. DMAP = 4-(dimethylamino)pyridine.

Scheme 2 Reagents and conditions: (a) TBSOTf, CH2Cl2, 47%; (b)
(HF)n·Py, THF, 0 °C, 99%; (c) SO3·Me3N, DMF, 100 °C, microwave (MW)
heating, 84%; (d) LiOH, H2O2, THF; NaOH, MeOH; Ac2O, Et3N, MeOH,
85%; (e) H2, Pd(OH)2/C, H2O/MeOH, 98%.
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graphy. Finally, the benzyl ethers were removed by hydrogen-
ation over Pd(OH)2/C to give fully deprotected compound 1.
The structure of 1 was confirmed by NMR and mass spectro-
scopic analysis.

For the preparation of CS related pentamer 2, we first
accomplished the synthesis of trisaccharide 17 by 2 + 1 coup-
ling of trichloroacetimidate 13 and known monosaccharide
acceptor 16 35 (Scheme 3). Remarkably, this glycosylation pro-
ceeded better than the condensation between 13 and 11, and
the trisaccharide was isolated in 56% yield by employing only
1.5 equiv. of donor at room temperature under TMSOTf acti-
vation. Increasing the amount of 13 (up to 2.5 equiv.) did not
lead to a better result. Treatment of 17 with hydrazine mono-
hydrate gave trisaccharide 18, ready for elongation at 3-OH.
Glycosylation of 18 with trichloroacetimidate 13 at room temp-
erature afforded pentasaccharide 19 (Table 1). When using 1.5
equiv. of donor, pentasaccharide was isolated in low yield
(entries 1 and 2). Increasing the amount of activator (up to
60 mol% with respect to the donor)36 did not improve the
result (entry 3). Interestingly, silylene functionalities proved to
be stable under these highly acidic reaction conditions. The

yield of 19 was finally raised to 52% (+24% of unreacted accep-
tor 18) by using 3 equiv. of donor and TBSOTf activation at
room temperature (entry 4). 1H and 13C NMR spectra were
assigned by using 2D experiments (COSY and HSQC). Three
19F NMR signals appeared at δ = −75.5, −75.8 and −76.0 ppm
for the trifluoroacetyl moieties. Cleavage of the silylene groups
followed by extensive sulfation under microwave heating
afforded hexasulfated, water soluble pentamer 6 (Scheme 3).
The NMR chemical shifts of the H-4 and H-6 protons in galac-
tosamine residues confirmed the presence of sulfate groups at
these positions (Table 2). The 4,6-di-O-sulfation was also sup-
ported by the changes in the chemical shifts of C-4 and C-6
carbons in galactosamine units (Table 2). Hydrolysis of esters
and amides involved treatment with H2O2/LiOH followed by
aqueous NaOH. Although this two-step saponification pro-
cedure is typical for deprotection of uronic acid containing
oligosaccharides, avoiding the β-elimination side reaction,37

we also obtained a better yield using this method in compari-
son with the direct treatment with aqueous NaOH in MeOH.
The three amino groups were then selectively acetylated with
acetic anhydride and triethylamine in MeOH to afford dibenzy-
lated 4 in excellent yield. Finally, hydrogenolysis of 4 gave the
fully deprotected pentasaccharide 2. The NMR and mass
spectra were in good agreement with the structure.

Fluorescence polarization (FP) experiments

With compounds 1 and 2 in hand, their interactions with
midkine were analysed in order to demonstrate that these
derivatives are mimetics of the natural products. As mentioned
before, midkine is a relevant protein target that binds heparin
and CS-E. Sulfated intermediates 3–6 were also included in
this study because we have previously demonstrated that com-
pounds displaying hydrophobic functionalities strongly bind
to midkine protein.38 In order to calculate relative binding
affinities and obtain IC50 values, a FP competition experiment
was used.33,35 As previously reported, the FP of samples con-
taining a fixed amount of protein and fluorescent probe and

Scheme 3 Reagents and conditions: (a) 13, TMSOTf, CH2Cl2, 56% and
unreacted 16 (26%); (b) NH2NH2·H2O, Py/AcOH, CH2Cl2, 95%; (c) 13,
TBSOTf, CH2Cl2, 52% and unreacted 18 (24%); (d) (HF)n·Py, THF, 0 °C,
97%; (e) SO3·Me3N, DMF, 100 °C, MW heating, 78%; (f ) LiOH, H2O2, THF;
NaOH, MeOH; Ac2O, Et3N, MeOH, 89%; (g) H2, Pd(OH)2/C, H2O/MeOH,
quantitative.

Table 2 1H and 13C NMR chemical shift ranges (in ppm) for galactosa-
mine units of compounds 20 and 6 (before and after sulfation,
respectively)

Compound H-4 H-6 C-4 C-6

20 3.94–4.04 3.44–3.94 66.3–68.2 61.6–62.5
6 4.87–4.89 4.08–4.44 72.4–76.8 67.8–68.9

Table 1 Glycosylation reactions between trisaccharide 18 and disaccharide 13

Entry Donor 13 (equiv.) Promotor/amount Isolated yield 19 (%) Recovered acceptor 18 (%)

1a 1.5 TMSOTf, 20 mol%b 30 49
2a 1.5 TBSOTf, 20 mol%b 34 40
3a 1.5 TBSOTf, 60 mol%b 34 42
4a 3 TBSOTf, 20 mol%b 52 24

a The glycosylations were run in CH2Cl2 at room temperature. bmol% with respect to the donor.
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increasing concentrations of the different CS mimetics was
measured (Fig. 2 and ESI†). The resulting inhibition curves
were fitted and IC50 values, defined as the CS mimetic concen-
tration required for 50% inhibition, were determined (Table 3
and ESI†). These binding affinities were compared with those
previously obtained for CS-E tetrasaccharide derivatives
bearing GlcA units (Fig. 3).38 Fully deprotected tetra- and pen-
tasaccharides 1 and 2 bound to midkine in the high micro-
molar range (IC50 = 189 and 130 µM, respectively). Previously
synthesized CS-E tetrasaccharide 21 showed a similar affinity
(IC50 = 254 µM, Fig. 3).38 Therefore, our data indicated that
glucose containing oligosaccharides 1–2 mimicked the natural
CS-E sequences and were able to recognize midkine, with binding
affinities in the same range. Regarding partially deprotected
compounds 3 and 4 (Table 3), our results indicated that the
presence of hydrophobic benzyl groups enhanced the binding
to midkine giving valuable information for the design of high-
affinity ligands (compare IC50 values of 1–2 and 3–4). These
results are in good agreement with previous reports pointing
out interesting biological activities and protein binding pro-
perties of GAG mimetics containing hydrophobic scaffolds or
groups.39–41 Thus, fully protected derivatives 5 and 6 showed a
≈30–50 fold inhibition increase in comparison with the fully
deprotected oligosaccharides 1 and 2 (Table 3). Importantly,
these molecules were soluble in water at 100 µM concentration
(5 in the presence of 1% of DMSO). These results suggest that
compounds such as 3–6 can be useful for the modulation of

CS-protein interactions and the subsequent biological
activities.

Three-dimensional structure of CS mimetics by NMR and
molecular dynamics (MD)

In order to determine the 3D structure of the compounds pre-
viously described, we decided to perform an NMR analysis.42

This study would allow us to compare the structure of the CS
mimetics and the natural oligosaccharides, with particular
emphasis in potential changes coming from the replacement
of the carboxylate moieties by hydroxymethyl groups.

For this purpose, we recorded NMR spectra of the syn-
thesized oligosaccharides in pure water. The 3JHH coupling
constants for 1–4 were calculated (see Tables S1 and S3†) to
analyse the ring conformations. On the other hand, we also
obtained the interprotonic experimental distances for 1–4 (see
Tables S2 and S4†) from NOESY experiments (Fig. 4 and S7†)
at variable mixing times by using the initial rate approxi-
mation.43 In particular, the interglycosidic NOE were analysed
to estimate the interglycosidic distances and define the glyco-

Fig. 2 Representative inhibition curves showing the ability of com-
pounds 1–6 to inhibit the interaction between midkine (63 nM) and
fluorescent probe (10 nM). 100% residual midkine/fluorescent probe
complex indicates 0% inhibition while 0% residual complex means 100%
inhibition. In order to calculate the IC50 values, the curves were fitted to
the equation for a one-site competition interaction model.

Fig. 4 NOESY spectrum of tetrasaccharide 3 at 1.5 mM, 300 K and
600 MHz, in D2O, mixing time 1000 ms.

Fig. 3 Structure and IC50 value of CS-E tetrasaccharide derivative 21.

Table 3 IC50 values for CS mimetics obtained in FP midkine competition assays

Compound 1 2 3 4 5 6

IC50
a (µM) 189 ± 107 130 ± 80 154 ± 35 83 ± 1 3.6 ± 1.3 3.8 ± 0.1

a The IC50 and the error represent the average and the standard deviation from at least two independent experiments.
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sidic linkage geometry. Internal ring distances between non-
consecutive protons were used to confirm the conformation
estimated by 3JHH.

In all the cases measured, the coupling constants were com-
patible with the 4C1 conformation of the pyranose rings (see
Tables S1 and S3†). We also confirmed the 4C1 conformation
by analysing the intra-ring H1–H3–H5 distances; in all cases
they were compatible with the expected chair (see Tables S2
and S4†). Once evaluated the conformations of the individual
sugar rings, we studied the interprotonic distances between
both sides of the glycosidic linkages. The arrangement of all
the glycosidic linkages can be detected by the observation of
NOE between the anomeric proton and the proton ipso relative
to the glycosidic linkage for syn-Ψ arrangements (H1–H4 distance
for GalNAcβ(1 → 4)Glc linkages and H1–H3 for Glcβ(1 → 3)
GalNAc bonds; for example, see Fig. 4: interglycosidic peaks
H1D–H4C, H1C–H3B, H1B–H4A). In all the cases, they were
compatible with a prevalence of the syn-Ψ rotamer while signs
of the presence of the anti-Ψ conformer were absent beyond
the limit of sensitivity (5%).

The NMR analysis of fully protected derivatives 5 and 6 in
D2O was severely hampered due to solubility problems (5) and
signals overlapping and broadening (6). In any case, no evi-
dences for different ring conformations or other glycosidic
linkage arrangements were detected for 6.

Overall, the NMR results qualitatively agree with the obser-
vations for natural CS oligosaccharides.14 For deprotected oligo-
saccharides 1–2, and also for partially protected 3–4 and fully sub-
stituted 6, in spite of the large steric hindrance of the
substituents, the arrangement of the glycosidic linkages and the
sugar ring conformations were the same as in the CS case.14

Therefore, the replacement of GlcA units by glucose moieties, in
spite of changing the charges balance of the oligosaccharide,
does not have influence on the global three dimensional
arrangement.

Next, MD simulations were carried out and the results were
compared with the NMR experimental data. We calculated the
MD trajectories using AMBER software with GLYCAM para-
meters for pyranoses (see experimental part for details).
Tetrasaccharide 1 and pentasaccharide 2, the two compounds
with no benzylic substituents in their backbone, yielded aver-
aged 3D structures compatible with the experimental obser-
vations, 3JHH and NOEs (Tables S1–S4†). Their 3D shapes can be
described as a high pitch helical structure, almost quasilinear,
with four residues per turn, which is virtually a linear and
elongated shape (Fig. 5). All the sugar rings have a monoconfor-
mational behavior being in 4C1 conformation, and the glycosi-
dic linkages are in a syn-Ψ disposition (see ESI† for puckering
coordinates and Φ,Ψ trajectories). The introduction of an extra
GalNAc residue at the reducing end in 2 does not influence the

Fig. 5 Three-dimensional structures for each oligosaccharide randomly taken from MD simulations. (A) Tetrasaccharide 1 (500 ns MD); (B) penta-
saccharide 2 (500 ns MD); (C) tetrasaccharide 3 (8 ns MD-tar); (D) pentasaccharide 4 (50 ns MD-tar); (E) tetrasaccharide 5 (8 ns MD-tar); (F) penta-
saccharide 6 (250 ns MD).
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behaviour of the glycosidic linkages nor the ring pucker. This is
in full agreement with the previous NMR analysis.

When we performed a similar study for 3 and 4, we found
theoretical results in disagreement with the experimental
observations (Tables S1–S4†). The conformations of the
glucose rings displaying benzyl groups at position 3, became
incompatible with the experimental observations with frequent
visits to the equator of the Cremer-Pople puckering sphere.
Then, we decided to explore the time-averaged restrained MD
(tar-MD) solution to solve this artefact by restraining the intra-
ring H1–H3–H5 distances to the experimental ones.44 This
strategy only should affect to the conformation of the corres-
ponding ring, fixing the conformation without affecting any
other structural issues. Then, we back-calculated the NMR
magnitudes from the tar-MD structures and they showed an
excellent agreement with the experimental observations
(Tables S1–S4†). All the coupling constants were compatible
with 4C1 chair conformations of the sugar rings. Furthermore,
the calculated interprotonic distances were also compatible
with the experimental ones.

In particular, in the case of 3, when we run a short tar-MD
of 8 ns, the simulations became compatible with the experi-
mental results with all the rings in 4C1 conformation (Fig. 6,
top). The introduction of these restrictions not only fixed the
six membered ring conformations but also yielded a glycosidic
linkages behavior compatible with the NOESY observations,
that corresponds with a syn-Ψ geometry (Fig. 6, bottom). We
do not have an explanation for this performance as the restric-
tion at the ring are not directly related with the glycosidic
linkage geometry. In addition, a reduction on the flexibility of
the glycosidic linkages was observed. For 4, the tar-MD needed
more time (50 ns) to reach the agreement with the experi-
mental data (see ESI†).

STD-NMR experiments

Finally, we performed an NMR analysis on the complexes
between midkine and the synthesized CS mimetics.45–47 Thus,
we recorded NOESY and STD-NMR experiments at different
saturation times for 1–4 in the presence of 20 µM midkine.
The reference experiments (in the absence of protein) were
recorded in the same buffer (10 mM phosphate, 150 mM NaCl
pH = 7.5) used to measure the interactions in order to guaran-
tee the same motional behaviour with or without midkine,
avoiding the potential effects in the NMR spectrum of the salt
concentration. The signals of the sugar ligands in the com-
plexes appear at the same chemical shift that they were
assigned in the absence of the protein. The formation of the
complex was confirmed by an appreciable broadening, sign of
complex formation as the sign of the NOE effect cannot be
used because it is already negative for the free compound.

All the compounds 1–4 gave STD signals compatible with
the binding to midkine (see Fig. 7 and ESI†). They suggest a
disordered complex, as a single complex cannot justify the
results obtained. The STD signals were compatible with mag-
netization arising from all the spatial directions: top, down,
left and right. This can be explained when several complex

geometries are coexisting in the binding site. Similar STD
results were obtained for the interaction between natural CS
tetrasaccharides and midkine.14

Conclusions

We have developed a synthetic approach for the preparation of
a new type of CS analogues where the GlcA units were replaced

Fig. 6 Top: Puckering coordinates (θ) for the different pyranose rings
(A–D) of tetrasaccharide 3 during a MD-tar simulation of 8 ns. Bottom:
Trajectories of the glycosidic angles (Φ,Ψ) for each glycosidic linkage of
the compound 3 along a 8 ns MD-tar simulation.

Fig. 7 Binding epitopes of 3 (A) and 1 (B) from STD NMR experiments
with midkine.

Organic & Biomolecular Chemistry Paper

This journal is © The Royal Society of Chemistry 2021 Org. Biomol. Chem., 2021, 19, 5312–5326 | 5317

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
M

ay
 2

02
1.

 D
ow

nl
oa

de
d 

on
 5

/1
2/

20
24

 1
2:

48
:2

1 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/D1OB00882J


by more easily accessible glucose moieties. The designed pro-
tecting group strategy allowed us to control the stereochemistry
of the glycosidic bonds and introduce the sulfate groups
at positions corresponding to biologically active CS-E.
Although glucose containing building blocks showed only
moderate reactivity in 2 + 2 and 2 + 3 coupling reactions, tetra-
saccharide 1 and pentasaccharide 2 were successfully
synthesized.

Experimental 3JHH coupling constants and NOE-derived
interprotonic distances for the synthesized oligosaccharides
were consistent with a 3D structure in which all the monosac-
charide rings adopt 4C1 chair conformations and the glycosidic
linkages present syn-Ψ dispositions. MD simulations sup-
ported the NMR experimental data, indicating a 3D shape
similar to the natural CS-E oligosaccharide structure.

On the other hand, FP competition assays demonstrated
that the synthesized oligosaccharides lacking the carboxylate
functions of GlcA units were able to mimic CS-E sequences
and interact with growth factor midkine in the micromolar
range, suggesting that the CO2

− group is not essential for the
interaction. Our data also showed that sulfated intermediates
3–6 were more potent inhibitors, confirming that the presence
of hydrophobic substituents strongly enhanced the binding.
The interaction was also demonstrated by STD-NMR experi-
ments. We found that the STD effects were extended along the
entire sugar chain. These results are compatible with the coex-
istence of random sugar orientations, without a dominant
one, in the protein binding site.

In summary, the reported oligosaccharides can be con-
sidered as functional and structural CS-E mimetics with poten-
tial applications in the study of CS-protein interactions and
the modulation of the corresponding biological processes.

Experimental
General synthetic procedures

Thin layer chromatography (TLC) analyses were performed on
silica gel 60 F254 precoated on aluminium plates (Merck) and
the compounds were detected by staining with cerium(IV)
sulfate (1 g)/ammonium molybdate tetrahydrate (21 g)/sulfuric
acid (30 mL) solution in water (0.47 L) 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. Column chromatography was carried out on
silica gel 60 (0.2–0.063 mm or 0.040–0.015 mm; Merck).
Optical rotations were determined with a PerkinElmer 341
polarimeter. 1H-, 19F- and 13C-NMR spectra were acquired on a
Bruker Avance III-400 spectrometer. Unit A refers to the redu-
cing end monosaccharide in the NMR data. Electrospray mass
spectra (ESI MS) were carried out with an Esquire 6000 ESI-Ion
Trap from Bruker Daltonics. High resolution mass spectra (HR
MS) were carried out by CITIUS (Universidad de Sevilla).
Microwave-based sulfation reactions were performed using a
Biotage Initiator Eight synthesizer in sealed reaction vessels.

4-Methoxyphenyl O-(3,4,6-tri-O-acetyl-2-deoxy-2-trifluoroace-
tamido-β-D-galactopyranosyl)-(1 → 4)-2-O-benzoyl-3-O-benzyl-6-
O-pivaloyl-β-D-glucopyranoside (9). Donor 7 (148 mg,
0.27 mmol) and aceptor 8 (102 mg, 0.18 mmol) were coevapo-
rated with toluene, concentrated in vacuo and dissolved in dry
CH2Cl2 (2.5 mL) in the presence of freshly activated 4 Å mole-
cular sieves (225 mg). After stirring for 15 min at 0 °C, TMSOTf
(250 µL of a 0.22 M solution in dry CH2Cl2) was added under
an argon atmosphere. After stirring for 1.5 h at 0 °C, the reac-
tion mixture was neutralized with Et3N, filtered, and concen-
trated to dryness. The residue was purified by column chrom-
atography (toluene–EtOAc 3 : 1) to afford 9 as a colorless oil
(141 mg, 82%). TLC (toluene–EtOAc 3 : 1) Rf 0.25; [α]20D +5° (c
1.0, CHCl3);

1H-NMR (400 MHz, CDCl3): δ 7.99 (d, 2H, Ar), 7.68
(d, 1H, JNH,2 = 9.6 Hz, NH), 7.60 (t, 1H, Ar), 7.46 (m, 2H, Ar),
7.29–7.15 (m, 5H, Ar), 6.92 (m, 2H, Ar), 6.75 (m, 2H, Ar), 5.47
(t, 1H, J1,2 = J2,3 = 8.3 Hz, H-2), 5.36 (d, 1H, J3,4 = 2.6 Hz, H-4′),
5.10 (dd, 1H, J2,3 = 11.2 Hz, H-3′), 5.02 (d, 1H, H-1), 4.93–4.68
(2d, 2H, CH2(Bn)), 4.61 (d, 1H, J1,2 = 8.3 Hz, H-1′), 4.41–4.31
(m, 3H, H-2′, 2 × H-6), 4.03–3.85 (m, 5H, H-3, H-4, H-5′, 2 ×
H-6′), 3.75 (m, 4H, H-5, Me (OMP)), 2.16–2.03 (3s, 9H, OAc),
1.27 (s, 9H, C(CH3)3);

13C-NMR (100 MHz, CDCl3): δ 179.3,
170.5, 170.3, 170.1, 165.1 (5 × CO), 157.8 (q, JC,F = 37.9 Hz,
COCF3), 155.6–114.4 (Ar), 115.8 (q, COCF3), 100.9 (C-1′), 100.6
(C-1), 79.9, 77.5 (C-3, C-4), 74.8 (CH2(Bn)), 73.5 (C-5), 72.8
(C-2), 71.0 (C-5′), 69.9 (C-3′), 66.1 (C-4′), 62.7 (C-6), 60.8 (C-6′),
55.6 (Me (OMP)), 51.5 (C-2′), 39.0 (C(CH3)3), 27.1 (C(CH3)3),
20.6–20.4 (3 × CH3); HR MS: m/z: calcd for C46H52F3NO17Na:
970.3080; found: 970.3088 [M + Na]+.

4-Methoxyphenyl O-(2-deoxy-2-trifluoroacetamido-β-D-galac-
topyranosyl)-(1 → 4)-2-O-benzoyl-3-O-benzyl-6-O-pivaloyl-β-D-
glucopyranoside (10). Compound 9 (3.31 g, 3.48 mmol) was
dissolved in CH2Cl2/MeOH (30 mL/3.3 mL) and p-toluenesulfo-
nic acid was added (2.02 g, 10.4 mmol). After stirring for 17 h
at room temperature, the reaction mixture was diluted with
CH2Cl2 and washed with saturated aqueous NaHCO3 and
brine. The organic phase was dried (MgSO4), filtered and con-
centrated to dryness. The residue was purified by column
chromatography (CH2Cl2–MeOH 20 : 1) to afford 10 as a white
amporphous solid (1.99 g, 69%). TLC (CH2Cl2–MeOH 20 : 1)
Rf 0.27; [α]20D +41° (c 1.0, CHCl3);

1H-NMR (400 MHz, CDCl3/
CD3OD 9 : 1): δ 7.97 (d, 2H, Ar), 7.61 (t, 1H, Ar), 7.46 (m,
2H, Ar), 7.20–7.05 (m, 5H, Ar), 6.87 (m, 2H, Ar), 6.71 (m,
2H, Ar), 5.33 (t, 1H, J1,2 = J2,3 = 9.0 Hz, H-2), 5.00 (m, 2H,
H-1, CH2(Bn)), 4.60 (d, 1H, CH2(Bn)), 4.42 (d, 1H, J1,2 = 8.2
Hz, H-1′), 4.35 (br d, 1H, J6,6 = 11.4 Hz, H-6), 4.13 (m, 2H,
H-6, H-2′), 3.98 (t, 1H, J3,4 = J4,5 = 9.3 Hz, H-4), 3.90–3.80
(m, 3H, H-3, H-4′, H-6′), 3.75–3.71 (m, 4H, H-5, Me (OMP)),
3.64 (dd, 1H, J3,4 = 2.9 Hz, J2,3 = 10.7 Hz, H-3′), 3.56 (br d,
1H, H-6′), 3.44 (m, 1H, H-5′), 1.24 (s, 9H, C(CH3)3);

13C-NMR
(100 MHz, CDCl3/CD3OD 9 : 1): δ 179.2, 165.5 (2 × CO),
158.6 (q, JC,F = 37.9 Hz, COCF3), 155.5–114.4 (Ar), 116.1 (q,
JC,F = 287.9 Hz, COCF3), 100.6 (C-1′), 100.3 (C-1), 80.5 (C-3),
76.6 (C-5′), 76.2 (CH2(Bn)), 75.7 (C-4), 73.5 (C-5), 72.6 (C-2),
70.6 (C-3′), 68.5 (C-4′), 62.9 (C-6), 62.1 (C-6′), 55.5 (Me
(OMP)), 53.8 (C-2′), 38.9 (C(CH3)3), 26.9 (C(CH3)3); HR MS:
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m/z: calcd for C40H46F3NO14Na: 844.2763; found: 844.2754
[M + Na]+.

4-Methoxyphenyl O-(2-deoxy-4,6-O-di-tert-butylsilylene-2-tri-
fluoroacetamido-β-D-galactopyranosyl)-(1 → 4)-2-O-benzoyl-3-
O-benzyl-6-O-pivaloyl-β-D-glucopyranoside (11). Compound 10
(1.06 g, 1.29 mmol) was dissolved in dry pyridine (Py, 26 mL)
and cooled (0 °C). Di-tert-butylsilyl bis(trifluoromethanesulfo-
nate) (518 µL, 1.54 mmol) was added at 0 °C and the mixture
was stirred at room temperature for 30 min. The reaction was
quenched with MeOH (5.2 mL), diluted with EtOAc (300 mL),
and washed with 1 M HCl, saturated aqueous NaHCO3, and
brine. The organic phase was dried (MgSO4), filtered and con-
centrated to dryness. The residue was purified by column
chromatography (toluene–EtOAc 4 : 1) to afford 11 as a white
amporphous solid (1.17 g, 94%). TLC (toluene–EtOAc 3 : 1) Rf
0.28; [α]20D +9° (c 1.0, CHCl3);

1H-NMR (400 MHz, CDCl3): δ 7.91
(m, 2H, Ar), 7.56 (t, 1H, Ar), 7.49 (d, 1H, J2,NH = 9.2 Hz, NH),
7.41 (t, 2H, Ar), 7.23–7.04 (m, 5H, Ar), 6.87 (m, 2H, Ar), 6.73
(m, 2H, Ar), 5.41 (t, 1H, H-2), 4.98 (d, 1H, J1,2 = 7.6 Hz, H-1),
4.95 (d, 1H, CH2(Bn)), 4.66 (m, 2H, H-6a, CH2(Bn)), 4.39 (d,
1H, J3,4 = 3.3 Hz, H-4′), 4.36 (d, 1H, J1,2 = 8.5 Hz, H-1′), 4.29 (m,
1H, H-2′), 4.24–4.15 (m, 3H, H-6b, H-6′a, H-6′b), 3.88 (t, 1H, J2,3
= J3,4 = 8.0 Hz, H-3), 3.78–3.68 (m, 5H, H-4, Me (OMP), H-5),
3.55 (ddd, J2,3 = 10.8 Hz, H-3′), 3.33 (br s, 1H, H-5′), 2.73 (d,
1H, J3,OH = 11.7 Hz, OH), 1.22 (s, 9H, C(CH3)3), 1.05, 1.04 (2s,
18H, Si(C(CH3)3)2);

13C-NMR (100 MHz, CDCl3): δ 179.7, 165.3
(2 × CO), 158.4 (q, JC,F = 37.0 Hz, COCF3), 155.7–114.6 (Ar),
116.1 (q, JC,F = 288.0 Hz, COCF3), 102.6 (C-1′), 100.4 (C-1), 80.7
(C-3), 79.8 (C-4), 75.1 (CH2(Bn)), 73.7 (C-5), 73.1 (C-2), 72.2
(C-3′, C-5′), 71.8 (C-4′), 66.6 (C-6′), 62.6 (C-6), 55.7 (Me (OMP)),
53.7 (C-2′), 39.2 (C(CH3)3), 27.7, 27.5 (Si(C(CH3)3)2), 27.3
(C(CH3)3), 23.5, 20.7 (Si(C(CH3)3)2); HR MS: m/z: calcd for
C48H62F3NO14NaSi: 984.3784; found: 984.3776 [M + Na]+.

O-(2-Deoxy-3-O-levulinoyl-4,6-O-di-tert-butylsilylene-2-tri-
fluoroacetamido-β-D-galactopyranosyl)-(1 → 4)-2-O-benzoyl-
3-O-benzyl-6-O-pivaloyl-α,β-D-glucopyranose (12). Lev2O
preparation: LevOH (527 µL, 5.06 mmol) was added at 0 °C to
a solution of 1,3-dicyclohexylcarbodiimide (527 mg,
2.53 mmol) in CH2Cl2 (9.5 mL). After stirring for 5 min at
room temperature, the mixture was cooled and filtered, and
the urea precipitate was washed with additional CH2Cl2
(3.5 mL) to give 13 mL of a 0.19 M Lev2O solution.

Lev2O (13 mL of a 0.19 M solution in CH2Cl2) was added at
room temperature to a mixture of 11 (811 mg, 0.843 mmol)
and DMAP (16 mg, 0.13 mmol). The mixture was stirred for
1.5 h, diluted with CH2Cl2, and washed with saturated
aqueous NaHCO3, and brine. The organic phase was dried
(MgSO4), filtered and concentrated to dryness to give the
corresponding levulinated disaccharide that was directly used
in the next step without further purification.

CAN (5.0 mL of a 0.67 M solution in H2O) was added to a
solution of the levulinated compound (0.843 mmol) in
CH2Cl2/MeCN (1 : 2; 45 mL). After stirring for 2 h at room
temperature, the reaction mixture was diluted with EtOAc,
washed with H2O, saturated aqueous NaHCO3, and brine. The
organic phase was dried (MgSO4), filtered and concentrated to

dryness. The residue was purified by column chromatography
(CH2Cl2–MeOH 80 : 1 → CH2Cl2–MeOH 70 : 1) to afford 12 as
light yellow foam (704 mg, 88%, two steps, mixture of α/β
anomers). TLC (CH2Cl2–MeOH 30 : 1) Rf 0.31, 0.41; 1H-NMR
(400 MHz, CDCl3) (data for α anomer): δ 7.93 (m, 2H, Ar), 7.55
(m, 1H, Ar), 7.46 (d, 1H, J2,NH = 9.0 Hz, NH), 7.41 (m, 2H, Ar),
7.24–7.10 (m, 5H, Ar), 5.48 (t, 1H, J1,2 = J1,OH = 3.8 Hz, H-1),
5.09–4.99 (m, 2H, CH2(Bn), H-2), 4.76–4.59 (m, 3H, CH2(Bn),
H-3′, H-6a), 4.59–4.50 (m, 3H, H-2′, H-4′, H-1′), 4.21 (dd, 1H,
H-3), 4.18–4.05 (m, 4H, H-5, H-6b, H-6′a, H-6′b), 3.63 (m, 1H,
H-4), 3.28 (br s, 1H, H-5′), 2.90 (d, 1H, OH), 2.76–2.57 (m, 4H,
CH2(Lev)), 2.18 (s, 3H, CH3(Lev)), 1.25 (s, 9H, C(CH3)3), 1.06,
1.01 (2s, 18H, Si(C(CH3)3)2);

13C-NMR (100 MHz, CDCl3) (data
for α anomer): δ 206.5, 179.6, 172.6, 165.9 (4 × CO), 157.8 (q,
JC,F = 37.2 Hz, COCF3), 138.6–127.4 (Ar), 116.0 (q, JC,F = 288.1
Hz, COCF3), 102.4 (C-1′), 90.1 (C-1), 79.8 (C-4), 77.9 (C-3), 75.0
(CH2(Bn)), 73.7, 73.5 (C-2 and C-3′), 71.8 (C-5′), 69.5 (C-4′), 69.1
(C-5), 66.6 (C-6′), 62.1 (C-6), 50.6 (C-2′), 39.3 (C(CH3)3), 37.9
(CH2(Lev)), 29.8 (CH3(Lev)), 28.3 (CH2(Lev)), 27.7, 27.5 (Si
(C(CH3)3)2), 27.4 (C(CH3)3), 23.4, 20.7 (Si(C(CH3)3)2); HR MS:
m/z: calcd for C46H62F3NO15NaSi: 976.3733; found: 976.3725
[M + Na]+.

O-[O-(2-Deoxy-3-O-levulinoyl-4,6-O-di-tert-butylsilylene-2-tri-
fluoroacetamido-β-D-galactopyranosyl)-(1 → 4)-2-O-benzoyl-3-
O-benzyl-6-O-pivaloyl-α,β-D-glucopyranosyl] trichloroacetimi-
date (13). Trichloroacetonitrile (2.71 mL, 26.5 mmol) and
K2CO3 (88 mg, 0.64 mmol) were added to 12 (506 mg,
0.53 mmol) in dry CH2Cl2 (8.5 mL) under an argon atmo-
sphere. After stirring at room temperature for 14 h, the
mixture was filtered and concentrated to dryness. The residue
was purified by chromatography on a short column of silica
gel (hexane/EtOAc 2 : 1 + 1% Et3N) to afford 13 as a white foam
(545 mg, 94%, mixture of α/β anomers). TLC (CH2Cl2–MeOH
50 : 1) Rf 0.36 and 0.31; 1H-NMR (400 MHz, CDCl3) (data for β
anomer): δ 8.58 (s, 1H, NH), 7.91 (m, 2H, Ar), 7.55 (m, 1H, Ar),
7.43–7.36 (m, 3H, Ar, NH), 7.23–7.10 (m, 5H, Ar), 5.97 (d, 1H,
J1,2 = 6.6 Hz, H-1), 5.50 (t, 1H, J2,3 = 6.9 Hz, H-2), 4.87 (d, 1H,
CH2(Bn)), 4.79 (dd, 1H, J2,3 = 11.0 Hz, J3,4 = 3.1 Hz, H-3′), 4.74
(d, 1H, CH2(Bn)), 4.61–4.45 (m, 4H, H-1′, H-4′, H-6a, H-2′), 4.26
(dd, 1H, J5,6a = 2.3 Hz, J6a,6b = 11.9 Hz, H-6b), 4.14–4.05 (m,
2H, H-6′a, H-6′b), 3.95 (t, 1H, J3,4 = 6.8 Hz, H-3), 3.87–3.82 (m,
2H, H-4, H-5), 3.30 (br s, 1H, H-5′), 2.74, 2.58 (2 m, 4H,
CH2(Lev)), 2.17 (s, 3H, CH3(Lev)), 1.22 (s, 9H, C(CH3)3), 1.01,
1.00 (2s, 18H, Si(C(CH3)3)2); ESI MS: m/z: calcd for
C48H62Cl3F3N2O15SiNa: 1119.3; found: 1119.3 [M + Na]+.

4-Methoxyphenyl O-(2-deoxy-3-O-levulinoyl-4,6-O-di-tert-
butylsilylene-2-trifluoroacetamido-β-D-galactopyranosyl)-(1 →
4)-O-(2-O-benzoyl-3-O-benzyl-6-O-pivaloyl-β-D-glucopyranosyl)-
(1 → 3)-O-(2-deoxy-4,6-O-di-tert-butylsilylene-2-trifluoroaceta-
mido-β-D-galactopyranosyl)-(1 → 4)-2-O-benzoyl-3-O-benzyl-6-
O-pivaloyl-β-D-glucopyranoside (14). Donor 13 (136 mg,
0.124 mmol) and aceptor 11 (40 mg, 0.042 mmol) were coeva-
porated with toluene, concentrated in vacuo and dissolved in
dry CH2Cl2 (1.8 mL) in the presence of freshly activated 4 Å
molecular sieves (135 mg). After stirring for 15 min at room
temperature, TBSOTf (190 µL of a 0.13 M solution in dry
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CH2Cl2) was added under an argon atmosphere. After 40 min,
the reaction mixture was neutralized with Et3N, filtered, and
concentrated to dryness. The residue was purified by silica gel
column chromatography (toluene–acetone 9 : 1) and Sephadex
LH 20 chromatography (CH2Cl2–MeOH 1 : 1) to obtain 14 as a
white amorphous solid (37 mg, 47%). TLC (toluene–acetone
6 : 1) Rf 0.49; [α]20D +24° (c 1.0, CHCl3);

1H-NMR (400 MHz,
CDCl3): δ 7.94 (m, 4H, Ar), 7.55 (m, 2H, Ar), 7.40 (m, 4H, Ar),
7.20–7.07 (m, 12H, 2NH, Ar), 6.86 (m, 2H, Ar), 6.70 (m, 2H, Ar),
5.44 (t, 1H, J1,2 = J2,3 = 7.6 Hz, H-2A or C), 5.15 (t, 1H, J1,2 = J2,3
= 7.4 Hz, H-2A or C), 5.00 (m, 2H, H-1A, H-1C), 4.84 (m, 4H,
H-1B, H-3D, CH2(Bn)), 4.71 (d, 1H, CH2(Bn)), 4.61 (m, 2H,
H-1D, CH2(Bn)), 5.54 (d, 1H, J3,4 = 3.1 Hz, H-4D), 4.48 (d, 1H,
J3,4 = 2.5 Hz, H-4B), 4.42 (m, 3H, H-2D, H-6aA, H-6aC), 4.32
(dd, 1H, J5,6b = 4.7 Hz, J6a,6b = 12.1 Hz, H-6bA or C), 4.20–4.02
(m, 4H, H-6bA or C, H-6aD, H-2B, H-6bD), 3.99–3.92 (m, 4H,
H-6aB, H-6bB, H-3B, H-3A or C), 3.84–3.79 (m, 2H, H-3A or C,
H-4A or C), 3.77–3.71 (m, 5H, H-4A or C, H-5A or C, Me
(OMP)), 3.62 (m, 1H, H-5A or C), 3.29 (br s, 1H, H-5D), 3.07 (br
s, 1H, H-5B), 2.75 (m, 2H, CH2(Lev)), 2.59 (m, 2H, CH2(Lev)),
2.17 (s, 3H, CH3(Lev)), 1.21, 1.17 (2s, 18H, C(CH3)3), 1.00, 0.97,
0.92 (3s, 36H, Si(C(CH3)3)2);

13C-NMR (100 MHz, CDCl3): δ

206.5, 179.1, 178.3, 172.8, 165.3 (6 × CO), 157.8 (2q, COCF3),
155.6–114.5 (Ar), 115.9, 115.7 (2q, COCF3), 101.6 (C-1D), 101.1
(C-1B), 100.2, 100.0 (C-1A, C-1C), 80.9, 80.5 (C-3A, C-3C), 78.6,
78.0 (C-4A, C-4C), 75.5 (C-3B), 74.6 (C-5A or C), 74.2 (CH2(Bn)),
73.8, 73.7 (C-5A or C, CH2(Bn)), 73.4, 73.1 (C-2A, C-2C), 72.8
(C-3D), 72.3 (C-4B), 71.9 (C-5B, C-5D), 69.5 (C-4D), 66.8, 66.6
(C-6B, C-6D), 63.5, 62.8 (C-6A, C-6C), 55.7 (Me (OMP)), 52.9
(C-2B), 51.0 (C-2D), 39.1, 38.9 (C(CH3)3), 38.0 (CH2(Lev)), 29.8
(CH3(Lev)), 28.3 (CH2(Lev)), 27.7, 27.6, 27.4, 27.2 (Si(C(CH3)3)2,
C(CH3)3), 23.4, 23.3, 20.7, 20.6 (Si(C(CH3)3)2);

19F NMR
(376 MHz, CDCl3): δ −75.6 (s, 3F), −75.7 (s, 3F); HR MS: m/z:
calcd for C94H122F6N2O28Si2Na: 1919.7519; found: 1919.7500
[M + Na]+.

4-Methoxyphenyl O-(2-deoxy-3-O-levulinoyl-2-trifluoroaceta-
mido-β-D-galactopyranosyl)-(1 → 4)-O-(2-O-benzoyl-3-O-benzyl-
6-O-pivaloyl-β-D-glucopyranosyl)-(1 → 3)-O-(2-deoxy-2-trifluoro-
acetamido-β-D-galactopyranosyl)-(1 → 4)-2-O-benzoyl-3-O-
benzyl-6-O-pivaloyl-β-D-glucopyranoside (15). An excess of
(HF)n·Py (88 µL, 3.4 mmol) was added at 0 °C under an argon
atmosphere to a solution of 14 (32 mg, 17 µmol) in dry THF
(1.7 mL). After 24 h at 0 °C the mixture was diluted with
CH2Cl2 and washed with H2O, saturated NaHCO3 solution and
H2O. The organic layers were dried (MgSO4), filtered and con-
centrated in vacuo to give 15 (27 mg, 99%) as a white amor-
phous solid. TLC (toluene–acetone 3 : 2) Rf 0.26; 1H-NMR
(400 MHz, CDCl3/CD3OD 4 : 1): δ 7.95 (m, 4H, Ar), 7.58 (m, 2H,
Ar), 7.43 (m, 4H, Ar), 7.16–7.01 (m, 10H, Ar), 6.83 (m, 2H, Ar),
6.67 (m, 2H, Ar), 5.28 (dd, 1H, J1,2 = 8.0 Hz, J2,3 = 9.7 Hz, H-2A),
5.06 (dd, 1H, J1,2 = 7.9 Hz, J2,3 = 9.6 Hz, H-2C), 4.98–4.93 (m,
3H, CH2(Bn), H-1A), 4.86 (dd, 1H, J2,3 = 11.1 Hz, J3,4 = 3.1 Hz,
H-3D), 4.72 (d, 1H, H-1C), 4.53–4.41 (m, 5H, H-1D, CH2(Bn),
H-6aA or C, H-2D), 4.40 (d, 1H, J1,2 = 8.2 Hz, H-1B), 4.22 (br d,
1H, H-6aA or C), 4.11 (br t, 1H, H-2B), 4.05–3.90 (m, 6H,
H-6bA, H-6bC, H-4D, H-4B, H-4A, H-4C), 3.87–3.75 (m, 5H,

H-6aB, H-6aD, H-3C, H-3A, H-3B), 3.68 (s, 3H, Me (OMP)),
3.64–3.58 (m, 2H, H-5A, H-5C), 3.52–3.45 (m, 3H, H-6bB,
H-6bD, H-5B or D), 3.39 (m, 1H, H-5B or D), 2.75 (m, 2H,
CH2(Lev)), 2.53 (m, 2H, CH2(Lev)), 2.15 (s, 3H, CH3(Lev)), 1.21,
1.17 (2s, 18H, C(CH3)3);

13C-NMR (100 MHz, CDCl3/CD3OD
4 : 1): δ 208.7, 179.3, 172.6, 165.8, 165.7 (6 × CO), 158.0 (2q,
COCF3), 155.7–114.6 (Ar), 116.2 (q, JC,F = 287.1 Hz, COCF3),
115.9 (q, JC,F = 287.7 Hz, COCF3), 101.3 (C-1C), 100.5 (C-1A,
C-1D), 100.3 (C-1B), 80.9 (C-3A), 80.6 (C-3C), 79.3 (C-3B), 76.7,
76.6, 76.5 (2 × CH2(Bn), C-5B, C-5D), 75.4, 75.1 (C-4A, C-4C),
73.8, 73.6 (C-5A, C-5C), 73.1 (C-3D), 72.9 (C-2C), 72.8 (C-2A),
68.1 (C-4B), 66.2 (C-4D), 62.9, 62.5, 62.3, 62.2 (C-6A, C-6B,
C-6C, C-6D), 55.7 (Me (OMP)), 52.3 (C-2B), 51.2 (C-2D), 39.2,
39.1 (C(CH3)3), 38.1 (CH2(Lev)), 29.8 (CH3(Lev)), 28.1
(CH2(Lev)), 27.1 (C(CH3)3); HR MS: m/z: calcd for
C78H90F6N2O28Na: 1639.5477; found: 1639.5465 [M + Na]+.

4-Methoxyphenyl O-(2-deoxy-3-O-levulinoyl-4,6-di-O-sulfo-2-
trifluoroacetamido-β-D-galactopyranosyl)-(1 → 4)-O-(2-O-
benzoyl-3-O-benzyl-6-O-pivaloyl-β-D-glucopyranosyl)-(1 → 3)-O-
(2-deoxy-4,6-di-O-sulfo-2-trifluoroacetamido-β-D-galactopyrano-
syl)-(1 → 4)-2-O-benzoyl-3-O-benzyl-6-O-pivaloyl-β-D-glucopyra-
noside (5). Compound 15 (38 mg, 24 µmol) and sulfur triox-
ide–trimethylamine complex (131 mg, 0.94 mmol) were dis-
solved in dry DMF (3.5 mL) and heated at 100 °C for 30 min
using microwave radiation (35 W average power). The reaction
vessel was cooled and Et3N (300 µL), MeOH (1.5 mL) and
CH2Cl2 (1.5 mL) were added. The solution was first purified by
Sephadex LH 20 chromatography (CH2Cl2–MeOH 1 : 1). The
residue was then purified by silica gel column choromatogra-
phy (EtOAc–MeOH–H2O 36 : 5 : 3 → EtOAc–MeOH–H2O
24 : 5 : 3) and finally eluted from a Dowex 50WX2-Na+ column
(MeOH) to obtain 5 as sodium salt (40 mg, 84%, white amor-
phous solid). TLC (EtOAc–MeOH–H2O 24 : 5 : 3) Rf 0.28;
1H-NMR (400 MHz, CD3OD): δ 7.97 (m, 4H, Ar), 7.62 (m, 2H,
Ar), 7.46 (m, 4H, Ar), 7.20–7.02 (m, 10H, Ar), 6.84 (m, 2H, Ar),
6.72 (m, 2H, Ar), 5.27 (br t, 1H, H-2A), 5.25 (t, 1H, J2,3 = 9.8 Hz,
H-2C), 5.13 (d, 1H, J1,2 = 7.9 Hz, H-1A), 5.05 (dd, 1H, J2,3 = 11.3
Hz, J3,4 = 3.3 Hz, H-3D), 4.99 (2d, 2H, CH2(Bn)), 4.90 (m, 2H,
H-4B, H-4D), 4.78 (d, 1H, J1,2 = 7.8 Hz, H-1C), 4.75 (d, 1H, J1,2 =
8.3 Hz, H–1D), 4.70 (d, 1H, J1,2 = 8.1 Hz, H-1B), 4.61 (d, 1H,
CH2(Bn)), 4.55 (d, 1H, CH2(Bn)), 4.45–4.30 (m, 5H, H-6aA,
H-6aB, H-6aC, H-6aD, H-2D), 4.30–4.07 (m, 5H, H-6bA, H-6bB,
H-6bC, H-6bD, H-2B), 4.07–3.96 (m, 5H, H-4A, H-4C, H-3A,
H-3B, H-5B or D), 3.90 (t, 1H, H-3C), 3.88–3.82 (m, 2H, H-5B or
D, H-5A or C), 3.76 (m, 1H, H-5A or C), 3.68 (s, 3H, Me (OMP)),
3.31 (m, 2H, CH2(Lev)), 2.59 (m, 2H, CH2(Lev)), 2.13 (s, 3H,
CH3(Lev)), 1.25, 1.20 (2s, 18H, C(CH3)3);

13C-NMR (100 MHz,
CD3OD): δ 209.7, 180.1, 179.7, 173.9, 167.6, 167.1 (6 × CO),
159.4 (q, JC,F = 37.1 Hz, COCF3), 159.2 (q, JC,F = 37.4 Hz,
COCF3), 156.9–115.4 (Ar), 117.4 (q, JC,F = 287.3 Hz, COCF3),
117.2 (q, JC,F = 288.2 Hz, COCF3), 102.5 (C-1C), 101.3 (C-1D),
101.1 (C-1A), 101.0 (C-1B), 81.1 (C-3C), 80.9 (C-3A), 77.9 (C-4A),
77.2 (C-4C), 76.8 (C-4B), 76.4 (C-3B), 76.1, 75.4 (2 × CH2(Bn),
75.0 (C-5A or C), 74.7, 74.6, 74.4 (C-5A or C, C-5B or D, C-2C,
C-2A), 74.0 (C-5B or D), 72.4 (C-4D), 71.9 (C-3D), 68.5, 67.9
(C-6B, C-6D), 64.4, 64.2 (C-6A, C-6C), 56.0 (Me (OMP)), 54.1
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(C-2B), 52.5 (C-2D), 40.0, 39.9 (C(CH3)3), 38.5 (CH2(Lev)), 29.6
(CH3(Lev)), 29.2 CH2(Lev)), 27.8, 27.6 (C(CH3)3);

19F NMR
(376 MHz, CD3OD): δ −76.5 (s, 3F), −77.1 (s, 3F); ESI MS: m/z:
calcd for C78H86F6N2O40S4Na3: 2001.3; found: 2000.7 [M +
3Na]−.

4-Methoxyphenyl O-(2-acetamido-2-deoxy-4,6-di-O-sulfo-β-D-
galactopyranosyl)-(1 → 4)-O-(3-O-benzyl-β-D-glucopyranosyl)-(1
→ 3)-O-(2-acetamido-2-deoxy-4,6-di-O-sulfo-β-D-galactopyrano-
syl)-(1 → 4)-3-O-benzyl-β-D-glucopyranoside (3). H2O2 (30%,
412 µL) and an aqueous solution of LiOH (0.7 M, 252 µL) were
added at 0 °C to a solution of 5 (21 mg, 10.4 µmol) in THF
(1.1 mL). After stirring for 24 h at room temperature, MeOH
(2.1 mL) and an aqueous solution of NaOH (4 M, 519 µL) were
added. After stirring for 72 h at room temperature, the reaction
mixture was neutralized with Amberlite IR-120 (H+) resin, fil-
tered, and concentrated to give the desired diamine intermedi-
ate. Triethylamine (38 µL, 0.27 mmol) and acetic anhydride
(39 µL, 0.42 mmol) were added to a cooled (0 °C) solution of
this diamine derivative in MeOH (2.8 mL). Additional portions
of triethylamine (2 × 0.27 mmol) and acetic anhydride (2 ×
0.42 mmol) were added every 2 hours to complete the reaction.
After stirring for 7 h at room temperature, Et3N (300 µL) was
added and the mixture was concentrated to dryness. The
residue was purified by Sephadex LH 20 chromatography
column which was eluted with H2O–MeOH (9 : 1) to obtain 3.
This compound was then dissolved in H2O (2 mL) and
Amberlite IR-120 H+ resin was added (pH 3.0). The mixture
was immediately filtered, treated with 0.04 M NaOH (pH 7.1)
and lyophilised. The white solid was finally eluted from a
column of Dowex 50WX4-Na+ (H2O) to obtain 3 as sodium salt
(12.8 mg, 85%). TLC (EtOAc–MeOH–H2O 12 : 5 : 3) Rf 0.40;
1H-NMR (400 MHz, D2O): δ 7.61–7.38 (m, 10H, Ar), 7.13 (m,
2H, Ar), 7.00 (m, 2H, Ar), 5.05 (m, 2H, H-1A, CH2(Bn)), 4.98 (d,
1H, CH2(Bn)), 4.94 (d, 1H, J3,4 = 2.8 Hz, H-4B), 4.88, 4.85 (2d,
2H, CH2(Bn)), 4.74 (d, 1H, J3,4 = 3.3 Hz, H-4D), 4.73 (d, 1H, J1,2
= 8.5 Hz, H-1B), 4.65 (d, 1H, J1,2 = 8.2 Hz, H-1D), 4.53 (d, 1H,
J1,2 = 7.9 Hz, H-1C), 4.26 (dd, 1H, J5,6a = 4.7 Hz, J6a,6b = 11.0 Hz,
H-6aB or D), 4.21 (dd, 1H, J5,6a = 4.0 Hz, J6a,6b = 11.2 Hz, H-6aB
or D), 4.17–4.11 (m, 2H, H-2B, H-6bB or D), 4.08–3.87 (m, 10H,
H-6bB or D, H-3B, H-2D, H-5B, H-5D, H-4A, H-4C, H-6aA,
H-6aC, H-3D), 3.83 (s, 3H, Me (OMP)), 3.81 (t, 1H, J1,2 = J2,3 =
9.1 Hz, H-3A), 3.76–3.67 (m, 5H, H-6bA, H-6bC, H-2A, H-5A,
H-3C), 3.54 (br t, 1H, H-2C), 3.51 (m, 1H, H-5C), 2.07, 2.06 (2s,
6H, NHAc); 13C–NMR (100 MHz, D2O; selected data from
HSQC experiment): δ 104.0 (C-1C), 100.8 (C–1A), 100.5 (C-1D),
100.0 (C-1B), 81.3 (C-3A, C-3C), 76.4 (C-3B), 76.1 (C-4B), 75.2
(C-4D), 75.1 (C-5A), 75.0 (C-4C), 74.9 (C-4A), 74.8 (C-5C), 73.9,
73.3 (2 × CH2(Bn), 72.3 (C–2A), 72.0 (C-5B, C-2C), 71.7 (C-5D),
69.6 (C-3D), 67.4, 66.8 (C-6B, C-6D), 60.0 (C-6A, C-6C), 55.6 (Me
(OMP)), 52.9 (C-2D), 51.9 (C-2B); ESI MS: m/z: calcd for
C49H62N2O34S4Na2

2−: 698.1; found: 697.7 [M + 2Na]2−.
4-Methoxyphenyl O-(2-acetamido-2-deoxy-4,6-di-O-sulfo-β-D-

galactopyranosyl)-(1 → 4)-O-(β-D-glucopyranosyl)-(1 → 3)-O-(2-
acetamido-2-deoxy-4,6-di-O-sulfo-β-D-galactopyranosyl)-(1 → 4)-
β-D-glucopyranoside (1). A solution of 3 (12.8 mg, 8.8 µmol,
sodium salt) in H2O/MeOH (4.5 mL/0.5 mL) was hydrogenated

in the presence of 20% Pd(OH)2/C (25 mg). After 24 h, the sus-
pension was filtered over Celite, concentrated and lyophilised
to give 1 as a white amorphous solid (sodium salt; 11.0 mg,
98%). 1H-NMR (400 MHz, D2O): δ 7.12 (m, 2H, Ar), 7.00 (m,
2H, Ar), 5.07 (d, 1H, J1,2 = 8.0 Hz, H-1A), 4.95 (br s, 1H, H-4B),
4.74 (d, 1H, J3,4 = 2.9 Hz, H-4D), 4.69 (d, 1H, J1,2 = 8.2 Hz,
H-1B), 4.63 (d, 1H, J1,2 = 8.0 Hz, H-1D), 4.53 (d, 1H, J1,2 = 7.9
Hz, H-1C), 4.35–4.24 (m, 4H, H-6aB, H-6aD, H-6bB, H-6bD),
4.18–4.13 (m, 2H, H-5B, H-5D), 4.09 (m, 2H, H-2B, H-3B),
4.01–3.91 (m, 2H, H-2D, H-3D), 3.88–3.79 (m, 6H, H-6aA,
H-6aC, Me (OMP), H-3A), 3.73–3.57 (m, 7H, H-6bA, H-6bC,
H-3C, H-5A, H-4A, H-4C, H-2A), 3.51 (ddd, 1H, J4,5 = 9.3 Hz,
J5,6a = 2.1 Hz, J5,6b = 4.4 Hz, H-5C), 3.37 (dd, 1H, J2,3 = 9.1 Hz,
H-2C), 2.09, 2.07 (2s, 6H, NHAc); 13C-NMR (100 MHz, D2O;
selected data from HSQC experiment): δ 118.1, 115.0 (Ar),
103.8 (C-1C), 101.9 (C-1D), 101.5 (C-1B), 100.7 (C-1A), 80.6
(C-4C), 80.0 (C-4A), 76.6 (C-3B), 76.2 (C-4B), 75.2 (C-4D), 74.5
(C-3C, C-5A), 74.3 (C-3A), 74.1 (C-5C), 73.1 (C-5B or D), 72.5
(C-2A), 72.2 (C-2C), 72.1 (C-5B or D), 69.7 (C-3D), 68.2, 67.8
(C-6B, C-6D), 60.8, 60.0 (C-6A, C-6C), 55.8 (Me (OMP)), 52.7
(C-2D), 51.8 (C-2B); ESI MS: m/z: calcd for C35H50N2O34S4Na3

−:
1239.1; found: 1238.9 [M + 3Na]−.

4-Methoxyphenyl O-(2-deoxy-3-O-levulinoyl-4,6-O-di-tert-
butylsilylene-2-trifluoroacetamido-β-D-galactopyranosyl)-(1 →
4)-O-(2-O-benzoyl-3-O-benzyl-6-O-pivaloyl-β-D-glucopyranosyl)-
(1 → 3)-2-deoxy-4,6-O-di-tert-butylsilylene-2-trifluoroaceta-
mido-β-D-galactopyranoside (17). Donor 13 (246 mg,
0.224 mmol) and aceptor 16 (78 mg, 0.15 mmol) were coevapo-
rated with toluene, concentrated in vacuo and dissolved in dry
CH2Cl2 (3.6 mL) in the presence of freshly activated 4 Å mole-
cular sieves (285 mg). After stirring for 15 min at room temp-
erature, TMSOTf (204 µL of a 0.22 M solution in dry CH2Cl2)
was added under an argon atmosphere. After 45 min, the reac-
tion mixture was neutralized with Et3N, filtered, and concen-
trated to dryness. The residue was purified by column chrom-
atography (CH2Cl2–MeOH 40 : 1 → CH2Cl2–MeOH 30 : 1) to
obtain 17 as amorphous solid (123 mg, 56%) and unreacted 16
(20 mg, 26%). TLC (toluene–acetone 5 : 1) Rf 0.58; [α]20D +21° (c
1.0, CHCl3);

1H-NMR (400 MHz, CDCl3): δ 7.91 (m, 2H, Ar),
7.56 (m, 1H, Ar), 7.41 (m, 2H, Ar), 7.32 (d, 1H, J2,NH = 9.0 Hz,
NH-C), 7.15–7.07 (m, 5H, Ar), 6.92–6.88 (m, 3H, Ar, NH-A), 6.77
(m, 2H, Ar), 5.34 (d, 1H, J1,2 = 8.3 Hz, H-1A), 5.24 (t, 1H, J1,2 =
J2,3 = 8.0 Hz, H-2B), 5.17 (d, 1H, J1,2 = 7.6 Hz, H-1B), 4.88 (d,
1H, CH2(Bn)), 4.86 (dd, 1H, J2,3 = 11.0 Hz, J3,4 = 3.0 Hz, H-3C),
4.64 (d, 1H, J1,2 = 8.4 Hz, H-1C), 4.62 (d, 1H, CH2(Bn)), 4.60 (d,
1H, J3,4 = 2.6 Hz, H-4A), 4.55 (d, 1H, H-4C), 4.47–4.39 (m, 2H,
H-2C, H–6aB), 4.31–4.24 (m, 2H, H-3A, H-6bB), 4.17–4.08 (m,
4H, H-6aA, H-6bA, H-6aC, H-6bC), 3.99 (m, 1H, H-2A), 3.83 (t,
1H, H-3B), 3.75 (m, 4H, H-4B, Me (OMP)), 3.62 (m, 1H, H-5B),
3.37 (br s, 1H, H-5A), 3.30 (br s, 1H, H-5C), 2.74 (m, 2H,
CH2(Lev)), 2.58 (m, 2H, CH2(Lev)), 2.17 (s, 3H, CH3(Lev)), 1.22
(s, 9H, C(CH3)3), 1.07, 1.00 (2s, 36H, Si(C(CH3)3)2);

13C-NMR
(100 MHz, CDCl3): δ 206.7, 179.1, 172.7, 165.2 (4 × CO), 157.8
(q, JC,F = 37.5 Hz, COCF3), 157.7 (q, JC,F = 36.9 Hz, COCF3),
156.0–114.6 (Ar), 115.9 (q, JC,F = 288.4 Hz, COCF3), 115.6 (q,
JC,F = 288.4 Hz, COCF3), 101.7 (C-1C), 100.0 (C-1B), 99.4 (C-1A),
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80.7 (C-3B), 78.7 (C-4B), 75.0 (C-3A), 74.4 (CH2(Bn)), 74.1
(C-5B), 73.2 (C-2B, C-4A), 72.8 (C-3C), 71.9 (C-5C), 71.6 (C-5A),
69.5 (C-4C), 67.1 (C-6A), 66.7 (C-6C), 63.2 (C-6B), 55.7 (Me
(OMP)), 53.9 (C-2A), 51.0 (C-2C), 39.1 (C(CH3)3), 38.0
(CH2(Lev)), 29.8 (CH3(Lev)), 28.3 (CH2(Lev)), 27.7, 27.6, 27.4,
27.3 (Si(C(CH3)3)2, C(CH3)3), 23.4, 20.9, 20.6 (Si(C(CH3)3)2); HR
MS: m/z: calcd for C69H94F6N2O21Si2Na: 1479.5690; found:
1479.5671 [M + Na]+.

4-Methoxyphenyl O-(2-deoxy-4,6-O-di-tert-butylsilylene-2-tri-
fluoroacetamido-β-D-galactopyranosyl)-(1 → 4)-O-(2-O-benzoyl-
3-O-benzyl-6-O-pivaloyl-β-D-glucopyranosyl)-(1 → 3)-2-deoxy-
4,6-O-di-tert-butylsilylene-2-trifluoroacetamido-β-D-galactopyra-
noside (18). Compound 17 (190 mg, 0.130 mmol) was dis-
solved in CH2Cl2 (3.5 mL) and hydrazine monohydrate
(0.52 mL of a 0.5 M solution in Py/AcOH 3 : 2) was added. After
stirring at room temperature for 2 h, the reaction mixture was
quenched with acetone (0.8 mL). The mixture was diluted with
CH2Cl2 and washed with 1 M HCl aqueous solution, saturated
NaHCO3 aqueous solution and H2O. The organic layer was
dried (MgSO4), filtered and concentrated in vacuo. The residue
was purified by column chromatography (toluene–acetone
9 : 1) to afford 18 (168 mg, 95%) as a white amorphous solid.
TLC (toluene–acetone 9 : 1) Rf 0.15; [α]20D +10° (c 1.0, CHCl3);
1H-NMR (400 MHz, CDCl3): δ 7.89 (m, 2H, Ar), 7.56 (m, 1H,
Ar), 7.40 (m, 2H, Ar), 7.32 (d, 1H, J2,NH = 9.2 Hz, NH-C),
7.15–7.04 (m, 5H, Ar), 6.90 (m, 2H, Ar), 6.83 (d, 1H, J2,NH = 6.9
Hz, NH-A), 6.77 (m, 2H, Ar), 5.35 (d, 1H, J1,2 = 8.2 Hz, H-1A),
5.23 (t, 1H, J1,2 = J2,3 = 8.1 Hz, H-2B), 5.18 (d, 1H, J1,2 = 7.8 Hz,
H-1B), 4.92 (d, 1H, CH2(Bn)), 4.59 (m, 2H, H-4A, CH2(Bn)),
4.45–4.33 (m, 4H, H-6aB, H-1C, H-4C, H-6bB), 4.31 (dd, 1H, J2,3
= 11.2 Hz, J3,4 = 2.6 Hz, H-3A), 4.26–4.13 (m, 5H, H-6aC, H-2C,
H-6aA, H-6bA, H-6bC), 3.98 (m, 1H, H-2A), 3.80 (t, 1H, J3,4 = 8.2
Hz, H-3B), 3.75 (s, 3H, Me (OMP)), 3.70 (t, 1H, J4,5 = 7.9 Hz, H–

4B), 3.63–3.57 (m, 2H, H-5B, H-3C), 3.38 (br s, 1H, H-5A), 3.32
(br s, 1H, H-5C), 2.79 (d, 1H, J3,OH = 11.6 Hz, OH), 1.23 (s, 9H,
C(CH3)3), 1.07, 1.04, 1.01 (4s, 36H, Si(C(CH3)3)2);

13C-NMR
(100 MHz, CDCl3): δ 179.4, 165.2 (2 × CO), 158.3 (q, JC,F = 37.4
Hz, COCF3), 157.7 (q, JC,F = 36.9 Hz, COCF3), 156.0–114.6 (Ar),
116.03 (q, JC,F = 288.6 Hz, COCF3), 115.6 (q, JC,F = 289.1 Hz,
COCF3), 102.2 (C-1C), 100.0 (C-1B), 99.3 (C-1A), 80.7 (C-3B),
79.2 (C-4B), 75.1 (C-3A), 75.0 (CH2(Bn)), 74.2 (C-5B), 73.3
(C-4A), 73.1 (C-2B), 72.3 (C-5C), 71.9 (C-3C), 71.8 (C-4C), 71.6
(C-5A), 67.1 (C-6A), 66.5 (C-6C), 62.8 (C-6B), 55.7 (Me (OMP)),
54.0 (C-2A), 53.9 (C-2C), 39.2 (C(CH3)3), 27.7, 27.6, 27.4, 27.3
(Si(C(CH3)3)2, C(CH3)3), 23.5, 23.4, 20.9, 20.7 (Si(C(CH3)3)2);
HR MS: m/z: calcd for C64H88F6N2O19Si2Na: 1381.5322; found:
1381.5305 [M + Na]+.

4-Methoxyphenyl O-(2-deoxy-3-O-levulinoyl-4,6-O-di-tert-
butylsilylene-2-trifluoroacetamido-β-D-galactopyranosyl)-(1 →
4)-O-(2-O-benzoyl-3-O-benzyl-6-O-pivaloyl-β-D-glucopyranosyl)-
(1 → 3)-O-(2-deoxy-4,6-O-di-tert-butylsilylene-2-trifluoroaceta-
mido-β-D-galactopyranosyl)-(1 → 4)-O-(2-O-benzoyl-3-O-
benzyl-6-O-pivaloyl-β-D-glucopyranosyl)-(1 → 3)-2-deoxy-4,6-O-
di-tert-butylsilylene-2-trifluoroacetamido-β-D-galactopyrano-
side (19). Donor 13 (223 mg, 0.203 mmol) and acceptor 18
(92 mg, 0.068 mmol) were coevaporated with toluene, concen-

trated in vacuo and dissolved in dry CH2Cl2 (3.0 mL) in the
presence of freshly activated 4 Å molecular sieves (225 mg).
After stirring for 15 min at room temperature, TBSOTf (239 µL
of a 0.17 M solution in dry CH2Cl2) was added under an argon
atmosphere. After 40 min, the reaction mixture was neutralized
with Et3N, filtered, and concentrated to dryness. The residue
was purified by column chromatography (CH2Cl2–acetone
40 : 1 → CH2Cl2–acetone 30 : 1) to obtain 19 as a white amor-
phous solid (81 mg, 52%), and unreacted 18 (22 mg, 24%).
TLC (toluene–acetone 9 : 1) Rf 0.31; [α]20D +25° (c 1.0, CHCl3);
1H-NMR (400 MHz, CDCl3): δ 7.92 (m, 4H, Ar), 7.54 (m, 2H,
Ar), 7.39 (m, 4H, Ar), 7.22 (m, 2H, NH), 7.15–7.06 (m, 10H, Ar),
7.00 (d, 1H, J2,NH = 7.2 Hz, NH), 6.91 (m, 2H, Ar), 6.77 (m, 2H,
Ar), 5.34 (d, 1H, J1,2 = 8.3 Hz, H-1A), 5.21 (m, 2H, H-1B or D,
H-2B or D), 5.16 (t, 1H, J1,2 = J2,3 = 7.5 Hz, H-2B or D), 4.99 (d,
1H, J1,2 = 7.4 Hz, H-1B or D), 4.89–4.82 (m, 3H, H-1C, H-3E,
CH2(Bn)), 4.80 (d, 1H, CH2(Bn)), 4.64–4.59 (m, 4H, CH2(Bn),
H-1E, H-4A), 4.54 (br s, 1H, H-4E), 4.52 (m, 1H, H-6aB or D),
4.49 (br s, 1H, H-4C), 4.45–4.37 (m, 2H, H-2E, H-6aB or D),
4.31 (dd, 1H, J5,6 = 4.8 Hz, J6a,6b = 12.1 Hz, H-6bB or D), 4.25
(dd, 1H, J2,3 = 11.3 Hz, J3,4 = 2.5 Hz, H-3A), 4.17–4.13 (m, 3H,
H-6aA, H-6bA, H-6aE), 4.09–4.03 (m, 2H, H-6bE, H-6bB or D),
4.01–3.95 (m, 5H, H-2A, H-2C, H-3C, H-6aC, H-6bC), 3.83–3.79
(m, 2H, H-3B, H-3D), 3.76–3.71 (m, 5H, Me (OMP), H-4B, H–

4D), 3.64–3.57 (m, 2H, H-5B, H-5D), 3.35 (br s, 1H, H-5A), 3.28
(br s, 1H, H-5E), 3.07 (br s, 1H, H-5C), 2.75 (m, 2H, CH2(Lev)),
2.59 (m, 2H, CH2(Lev)), 2.17 (s, 3H, CH3(Lev)), 1.20, 1.18 (2s,
18H, C(CH3)3), 1.06, 1.00, 0.98, 0.96, 0.95, 0.93 (6s, 54H, Si
(C(CH3)3)2);

13C-NMR (100 MHz, CDCl3): δ 206.6, 179.0, 178.5,
172.7, 165.3, 165.2 (6 × CO), 157.9 (q, JC,F = 36.9 Hz, COCF3),
157.8 (q, JC,F = 36.9 Hz, COCF3), 157.7 (q, JC,F = 36.9 Hz,
COCF3), 155.9–114.5 (Ar), 115.9 (q, JC,F = 288.1 Hz, COCF3),
115.7 (q, JC,F = 288.6 Hz, COCF3), 115.6 (q, JC,F = 288.6 Hz,
COCF3), 101.6 (C-1E), 100.6 (C-1C), 100.1, 99.5 (C–1B, C-1D),
99.4 (C–1A), 81.1, 80.6 (C-3B, C-3D), 78.1, 78.0 (C-4B, C-4D),
75.4 (C-3C), 74.8 (C-3A), 74.5, 74.4 (C-5B, C-5D), 74.2, 73.7 (2 ×
CH2(Bn)), 73.4 (C-2B), 73.3, 73.2 (C-2D, C-4A), 72.8 (C-3E), 72.4
(C-4C), 71.9 (C-5E, C-5C), 71.6 (C-5A), 69.5 (C-4E), 67.1 (C-6A),
66.8, 66.6 (C-6C, C-6E), 63.6, 62.9 (C-6B, C-6D), 55.7 (Me
(OMP)), 53.8, 53.3 (C-2A, C-2C), 51.0 (C-2E), 39.1, 39.0
(C(CH3)3), 38.0 (CH2(Lev)), 29.8 (CH3(Lev)), 28.3 (CH2(Lev)),
27.7, 27.6, 27.5, 27.4, 27.3 (Si(C(CH3)3)2, C(CH3)3), 23.4, 23.3,
20.9, 20.6 (Si(C(CH3)3)2);

19F NMR (376 MHz, CDCl3): δ −75.5
(s, 3F), −75.8 (s, 3F), −76.0 (s, 3F); HR MS: m/z: calcd for
C110H148F9N3O33Si3Na: 2316.9062; found: 2316.9160 [M + Na]+.

4-Methoxyphenyl O-(2-deoxy-3-O-levulinoyl-2-trifluoroaceta-
mido-β-D-galactopyranosyl)-(1 → 4)-O-(2-O-benzoyl-3-O-benzyl-
6-O-pivaloyl-β-D-glucopyranosyl)-(1 → 3)-O-(2-deoxy-2-trifluoro-
acetamido-β-D-galactopyranosyl)-(1 → 4)-O-(2-O-benzoyl-3-O-
benzyl-6-O-pivaloyl-β-D-glucopyranosyl)-(1 → 3)-2-deoxy-2-tri-
fluoroacetamido-β-D-galactopyranoside (20). An excess of
(HF)n·Py (152 µL, 5.8 mmol) was added at 0 °C under an argon
atmosphere to a solution of 19 (67 mg, 0.029 mmol) in dry
THF (3.0 mL). After 16 h at 0 °C the mixture was diluted with
CH2Cl2 and washed with H2O, saturated NaHCO3 solution and
H2O. The organic layers were dried (MgSO4), filtered and con-
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centrated in vacuo to give 20 (53 mg, 97%) as a white amor-
phous solid. TLC (toluene–acetone 1 : 1) Rf 0.32; 1H-NMR
(400 MHz, CDCl3/CD3OD 4 : 1): δ 7.93 (m, 4H, Ar), 7.59 (m, 2H,
Ar), 7.43 (m, 4H, Ar), 7.12–6.99 (m, 10H, Ar), 6.85 (m, 2H, Ar),
6.71 (m, 2H, Ar), 5.07–5.00 (m, 2H, H-2B, H-2D), 4.99 (d, 1H,
J1,2 = 8.5 Hz, H-1A), 4.97, 4.91 (2d, 2H, CH2(Bn)), 4.86 (dd, 1H,
J2,3 = 11.1 Hz, J3,4 = 3.2 Hz, H-3E), 4.71 (d, 1H, J1,2 = 7.9 Hz,
H-1B or D), 4.66 (d, 1H, J1,2 = 7.9 Hz, H-1B or D), 4.53–4.46 (m,
5H, H-1C, H-1E, CH2(Bn), H-6aB, H-6aD), 4.43–4.38 (m, 2H,
H-2E, CH2(Bn)), 4.13 (dd, 1H, J2,3 = 11.1 Hz, J3,4 = 2.9 Hz,
H-3A), 4.04 (d, 1H, H-4A), 4.03–3.94 (m, 4H, H-2C, H-4E, H-4C,
H-6bB or D), 3.94–3.76 (m, 8H, H-4B, H-4D, H-2A, H-6bB or D,
H-3C, H-3B or D, H-6aA or C or E), 3.74–3.68 (m, 6H, H-3B or
D, H-6aA or C or E, H-6bA or C or E, Me (OMP)), 3.59 (ddd, 1H,
J4,5 = 9.5 Hz, J5,6 = 1.9 and 5.7 Hz, H-5B or D), 3.55–3.44 (m,
5H, H-5A, H-5C, H-5E, H-6bA or C or E), 2.84–2.45 (m, 4H,
CH2(Lev)), 2.15 (s, 3H, CH3(Lev)), 1.20, 1.17 (2s, 18H, C(CH3)3);
13C-NMR (100 MHz, CDCl3/CD3OD 4 : 1): δ 208.7, 179.3, 179.2,
172.7, 166.0, 165.9 (6 × CO), 158.4 (m, 3 × COCF3), 155.7–114.7
(Ar), 116.3 (q, JC,F = 287.5 Hz, COCF3), 115.9 (q, JC,F = 287.5 Hz,
COCF3), 115.8 (q, JC,F = 287.5 Hz, COCF3), 101.3 (C-1B, C-1D),
100.5, 100.1 (C-1C, C-1E), 99.8 (C-1A), 80.7, 80.6 (C-3B, C-3D),
79.0 (C-3C), 78.2 (C-3A), 76.9, 76.8, 76.7 (2 × CH2(Bn), C-5B or
D, C-5A or C or E), 75.2, 75.1 (C-5A or C or E, C-4B or D), 74.3
(C-4B or D), 73.8, 73.7 (C-5B or D, C-5A or C or E), 73.2 (C-3E),
73.0 (C-2B, C-2D), 68.2 (C-4A, C-4C), 66.3 (C-4E), 62.5, 62.2,
61.8, 61.6 (C–6A, C–6B, C-6C, C-6D, C-6E), 55.8 (Me (OMP)),
52.9 (C–2A), 52.7 (C-2C), 51.3 (C-2E), 39.2 (C(CH3)3), 38.1
(CH2(Lev)), 29.7 (CH3(Lev)), 28.1 (CH2(Lev)), 27.1 (C(CH3)3); HR
MS: m/z: calcd for C86H100F9N3O33Na: 1896.5988; found:
1896.5979 [M + Na]+.

4-Methoxyphenyl O-(2-deoxy-3-O-levulinoyl-4,6-di-O-sulfo-2-
trifluoroacetamido-β-D-galactopyranosyl)-(1 → 4)-O-(2-O-
benzoyl-3-O-benzyl-6-O-pivaloyl-β-D-glucopyranosyl)-(1 → 3)-O-
(2-deoxy-4,6-di-O-sulfo-2-trifluoroacetamido-β-D-galactopyrano-
syl)-(1 → 4)-O-(2-O-benzoyl-3-O-benzyl-6-O-pivaloyl-β-D-gluco-
pyranosyl)-(1 → 3)-2-deoxy-4,6-di-O-sulfo-2-trifluoroacetamido-
β-D-galactopyranoside (6). Compound 20 (53 mg, 28 µmol) and
sulfur trioxide–trimethylamine complex (236 mg, 1.7 mmol)
were dissolved in dry DMF (5.0 mL) and heated at 100 °C for
30 min using microwave radiation (40 W average power). The
reaction vessel was cooled and Et3N (400 µL), MeOH (2.0 mL)
and CH2Cl2 (2.0 mL) were added. The solution was first puri-
fied by Sephadex LH 20 chromatography (CH2Cl2–MeOH 1 : 1).
The residue was then purified by silica gel column choromato-
graphy (EtOAc–MeOH–H2O 20 : 5 : 3 → EtOAc–MeOH–H2O
16 : 5 : 3) and finally eluted from a Dowex 50WX2-Na+ column
(MeOH) to obtain 6 as sodium salt (55 mg, 78%, white amor-
phous solid). TLC (EtOAc–MeOH–H2O 16 : 5 : 3) Rf 0.29;
1H-NMR (400 MHz, CD3OD): δ 7.95 (m, 4H, Ar), 7.62 (m, 2H,
Ar), 7.45 (m, 4H, Ar), 7.16–6.97 (m, 10H, Ar), 6.96 (m, 2H, Ar),
6.80 (m, 2H, Ar), 5.23 (m, 2H, H-2B, H-2D), 5.05 (dd, 1H, J2,3 =
11.3 Hz, J3,4 = 3.2 Hz, H-3E), 4.99, 4.95 (2d, 2H, CH2(Bn)), 4.89
(m, 2H, H-4E, H-4A or C), 4.87 (d, 1H, J3,4 = 3.0 Hz, H-4A or C),
4.80–4.73 (m, 4H, H-1A, H-1B, H-1D, H-1E), 4.64 (d, 1H, J1,2 =
8.2 Hz, H-1C), 4.55, 4.52 (2d, 2H, CH2(Bn)), 4.44–4.29 (m, 7H,

H-6aA, H-6aB, H-6aC, H-6aD, H-6aE, H-2E, H-6bA or C or E),
4.27–4.08 (m, 6H, H-2A, H-6bB, H-6bD, H-2C, H-6bA or C or E),
4.07–3.97 (m, 6H, H-4B, H-4D, H-3A, H-3C, H-5A or C or E),
3.92–3.83 (m, 3H, H-3B, H-3D, H-5A or C or E), 3.78–3.69 (m,
5H, H-5B, H-5D, Me (OMP)), 2.80 (m, 2H, CH2(Lev)), 2.59 (m,
2H, CH2(Lev)), 2.13 (s, 3H, CH3(Lev)), 1.26 (2s, 18H, C(CH3)3);
13C-NMR (100 MHz, CD3OD): δ 209.7, 180.1, 180.0, 173.9,
167.6 (6 × CO), 159.4 (q, JC,F = 37.1 Hz, COCF3), 159.3 (q, JC,F =
37.3 Hz, COCF3), 159.2 (q, JC,F = 37.0 Hz, COCF3), 156.9–115.5
(Ar), 117.4 (q, JC,F = 286.8 Hz, COCF3), 117.2 (q, JC,F = 287.3 Hz,
2 × COCF3), 102.6, 102.5 (C-1B, C-1D), 102.3 (C-1A), 101.2
(C-1E), 101.0 (C-1C), 81.1, 80.8 (C-3B, C-3D), 77.8, 77.2 (C-4B,
C-4D), 76.9 (C-3A or C), 76.8 (C-4A, C-4C), 76.3 (C-3A or C),
76.1, 75.5 (2 × CH2(Bn)), 75.0, 74.9 (C-5B, C-5D), 74.8, 74.7,
74.6, 74.5 (C-2B, C-2D, C-5A or C or E), 74.0 (C-5A or C or E),
72.4 (C-4E), 71.9 (C-3E), 68.9, 68.3, 67.8 (C-6A, C-6C, C-6E),
64.4, 64.2 (C-6B, C-6D), 56.0 (Me (OMP)), 54.0 (C-2C), 53.3
(C-2A), 52.5 (C-2E), 40.0 (C(CH3)3), 38.5 (CH2(Lev)), 29.6
(CH3(Lev)), 29.2 (CH2(Lev)), 27.8 (C(CH3)3);

19F NMR
(376 MHz, CD3OD): δ −76.5 (s, 3F), −76.9 (s, 3F), −77.1 (s, 3F);
ESI MS: m/z: calcd for C86H94F9N3O51S6Na4

2−: 1219.6; found:
1219.2 [M + 4Na]2−.

4-Methoxyphenyl O-(2-acetamido-2-deoxy-4,6-di-O-sulfo-β-D-
galactopyranosyl)-(1 → 4)-O-(3-O-benzyl-β-D-glucopyranosyl)-(1
→ 3)-O-(2-acetamido-2-deoxy-4,6-di-O-sulfo-β-D-galactopyrano-
syl)-(1 → 4)-O-(3-O-benzyl-β-D-glucopyranosyl)-(1 → 3)-2-acet-
amido-2-deoxy-4,6-di-O-sulfo-β-D-galactopyranoside (4). H2O2

(30%, 336 µL) and an aqueous solution of LiOH (0.7 M,
205 µL) were added at 0 °C to a solution of 6 (21 mg, 8.4 µmol)
in MeOH (1.2 mL). After stirring for 24 h at room temperature,
MeOH (1.5 mL), an aqueous solution of NaOH (4 M, 420 µL)
and H2O (0.5 mL) were added. After stirring for 72 h at room
temperature, the reaction mixture was neutralized with
Amberlite IR-120 (H+) resin, filtered, and concentrated to give
the desired diamine intermediate. Triethylamine (47 µL,
0.33 mmol) and acetic anhydride (48 µL, 0.51 mmol) were
added to a cooled (0 °C) solution of this diamine derivative in
MeOH (2.2 mL). Three additional portions of triethylamine
(0.33 mmol each) and acetic anhydride (0.51 mmol each) were
added every 2 hours in order to complete the reaction. After
stirring for 8 h at room temperature, Et3N (300 µL) was added
and the mixture was concentrated to dryness. The residue was
purified by Sephadex LH 20 chromatography column which
was eluted with H2O–MeOH (9 : 1) to obtain 4. This compound
was then dissolved in H2O (2 mL) and Amberlite IR-120 H+

resin was added (pH 3.0). The mixture was immediately fil-
tered, treated with 0.04 M NaOH (pH 7.1) and eluted from a
column of Dowex 50WX4-Na+ (H2O) to obtain 4 as sodium salt
(14 mg, 89%) after lyophilization. TLC (EtOAc–MeOH–H2O
10 : 5 : 3) Rf 0.14; 1H-NMR (400 MHz, D2O): δ 7.58–7.38 (m,
10H, Ar), 7.12 (m, 2H, Ar), 7.00 (m, 2H, Ar), 5.08 (d, 1H, J1,2 =
8.6 Hz, H-1A), 5.01–4.97 (m, 3H, H-4A, CH2(Bn)), 4.93 (d, 1H,
J3,4 = 2.7 Hz, H-4C), 4.88–4.82 (m, 2H, CH2(Bn)), 4.76–4.73 (m,
2H, H-4E, H-1C), 4.64 (d, 1H, J1,2 = 8.3 Hz, H-1E), 4.55, 4.52
(2d, 2H, J1,2 = 7.8 Hz, H-1B, H-1D), 4.39–4.19 (m, 6H, H-2A,
H-6aA, H-6aC, H-6aE, H-6bA or C or E, H-5A or C or E),
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4.16–3.88 (m, 13H, H-3A, H-2C, H-6bA or C or E, H-2E, H-3C,
H-5A or C or E, H-3E, H-4B, H-4D, H-6aB, H-6aD), 3.83 (s, 3H,
Me (OMP)), 3.76–3.65 (m, 4H, H-6bB, H-6bD, H-3B, H-3D),
3.60–3.46 (m, 4H, H-2B, H-2D, H-5B, H-5D), 2.07, 2.06, 2.05
(3s, 9H, NHAc); 13C-NMR (100 MHz, D2O; selected data from
HSQC experiment): δ 104.0 (C-1B, C-1D), 100.6 (C-1E), 100.4
(C-1A), 100.1 (C-1C), 81.4 (C-3B, C-3D), 76.5 (C-3C), 76.4 (C-3A),
76.2 (C-4C), 76.0 (C-4A), 75.2 (C-4E), 75.0 (C-4B, C-4D), 74.7
(C-5B, C-5D), 73.4 (2 × CH2(Bn)), 72.4 (C-5A or C or E), 72.1
(C-2B, C-2D), 71.8 (C-5A or C or E), 69.6 (C-3E), 67.5, 67.1, 66.8
(C-6A, C-6C, C-6E), 60.0 (C-6B, C-6D), 55.6 (Me (OMP)), 52.9
(C-2E), 51.8 (C-2C), 51.3 (C–2A); ESI MS: m/z: calcd for
C57H73N3O45S6Na4

2−: 901.6; found: 901.1 [M + 4Na]2−.
4-Methoxyphenyl O-(2-acetamido-2-deoxy-4,6-di-O-sulfo-β-D-

galactopyranosyl)-(1 → 4)-O-(β-D-glucopyranosyl)-(1 → 3)-O-(2-
acetamido-2-deoxy-4,6-di-O-sulfo-β-D-galactopyranosyl)-(1 → 4)-
O-(β-D-glucopyranosyl)-(1 → 3)-2-acetamido-2-deoxy-4,6-di-O-
sulfo-β-D-galactopyranoside (2). A solution of 4 (7.1 mg,
3.9 µmol, sodium salt) in H2O/MeOH (4.5 mL/0.5 mL) was
hydrogenated in the presence of 20% Pd(OH)2/C (14 mg). After
24 h, the suspension was filtered over Celite, concentrated and
lyophilised to give 2 as a white amorphous solid (sodium salt;
6.5 mg, quantitative). 1H-NMR (400 MHz, D2O): δ 7.11 (m, 2H,
Ar), 6.99 (m, 2H, Ar), 5.07 (d, 1H, J1,2 = 8.5 Hz, H-1A), 4.98 (d,
1H, J3,4 = 3.0 Hz, H-4A), 4.94 (br s, 1H, H-4C), 4.74 (d, 1H, J3,4 =
2.7 Hz, H-4E), 4.67 (d, 1H, J1,2 = 8.0 Hz, H-1C), 4.62 (d, 1H, J1,2
= 7.9 Hz, H-1E), 4.54 (m, 2H, H-1B, H-1D), 4.38–4.23 (m, 8H,
H-2A, H-6aA, H-6aC, H-6aE, H-6bA, H-6bC, H-6bE, H-5A or C
or E), 4.17–4.06 (m, 5 H, H-5A or C or E, H-3A, H-3C, H-2C),
4.00–3.91 (m, 2H, H-2E, H-3E), 3.86–3.81 (m, 5H, H-6aB,
H-6aD, Me (OMP)), 3.70–3.59 (m, 6H, H-3B, H-3D, H-6bB,
H-6bD, H-4B, H-4D), 3.54–3.48 (m, 2H, H-5B, H-5D), 3.42–3.34
(m, 2H, H-2B, H-2D), 2.09, 2.07, 2.04 (3s, 9H, NHAc); 13C-NMR
(100 MHz, D2O; selected data from HSQC experiment): δ 103.6
(C-1B, C-1D), 101.8 (C-1E), 101.4 (C-1C), 100.5 (C-1A), 80.1
(C-4B, C-4D), 76.2 (C-3A, C-3C), 76.0 (C-4A), 75.9 (C-4C), 74.9
(C-4E), 74.0 (C-3B, C-3D), 73.8 (C-5B, C-5D), 72.3, 72.2 (C-5A,
C-5C, C-5E), 72.0 (C-2B, C-2D), 69.4 (C-3E), 67.5 (C-6A, C-6C,
C-6E), 60.0 (C-6B, C-6D), 55.6 (Me (OMP)), 52.4 (C-2E), 51.4
(C-2C), 51.3 (C-2A); ESI MS: m/z: calcd for C43H61N3O45S6Na4

2−:
811.5; found: 811.2 [M + 4Na]2−.

FP assays

FP measurements were performed in 384-well microplates
(black polystyrene, non-treated, Corning). FP was recorded
using a TRIAD multimode microplate reader (from Dynex),
with excitation and emission wavelengths of 485 and 535 nm,
respectively. The fluorescent probe (a fluorescein labelled
heparin-like hexasaccharide previously prepared in our lab)35

was dissolved in PBS buffer (10 mM, pH 7.4). Recombinant
human midkine (Peprotech) was dissolved in PBS buffer
(10 mM, pH 7.4) containing 1% BSA (bovine serum albumin).
Compounds 1–4 were dissolved in PBS buffer (10 mM, pH 7.4).
1 mM stock solutions of compounds 5 and 6 were prepared in
PBS/DMSO 9 : 1 (v/v) and serial dilutions were then performed
in PBS buffer (10 mM, pH 7.4).

For the determination of the IC50 values, we recorded the
FP from wells containing 20 µL of a 125 nM midkine solution
and 10 µL of a 40 nM probe solution in the presence of 10 µL
of inhibitor solution, with concentrations ranging from 2 mM
to 0.1 µM. The microplate was shaked in the dark for 5 min,
before reading. The total sample volume in each well was
40 µL and the final buffer composition was PBS + 0.5% BSA.
The final concentrations of fluorescent probe and midkine in
each well were 10 nM and 63 nM, respectively, while the final
inhibitor concentration ranged from 500 µM to 25 nM. The
average polarization values of three replicates were plotted
against the logarithm of inhibitor concentration. Two control
samples were included in the competition experiment. The
first one only contained fluorescent probe and afforded the
expected minimum polarization value for 100% inhibition; the
second one contained midkine and probe, in the absence of
inhibitor, and gave the maximum polarization value corres-
ponding to 0% inhibition. Blank wells contained 20 µL of
protein solution and 20 µL of a 125 µM inhibitor solution and
their measurements were subtracted from all values. The
resulting curve was fitted to the equation for a one-site compe-
tition: y = A2 + (A1 − A2)/[1 + 10^(x − log IC50)] where A1 and A2
are the maximal and minimal values of polarization, respect-
ively, and IC50 is the inhibitor concentration that results in
50% inhibition. At least two independent experiments were
carried out for each IC50 calculation.

Nuclear magnetic resonance

Experiments were performed in a Bruker Avance III 700 MHz
fitted with a QCI 5 mm cryoprobe for 1H, 13C, 15N, 31P with
cold preamplifiers in 1H, 13C and 2H channels or in 600 MHz
Avance III fitted with a QCI 5 mm cryoprobe for 1H, 13C, 15N,
19F with cold preamplifiers in 1H, 19F, 13C and 2H channels, at
298 K. STD-NMR samples were prepared in 300 μL of 99.9%
D2O buffer containing 10 mM phosphate pD 7.5 and 150 mM
NaCl. Ligand and midkine concentrations were 1.0 mM and
20 µM, respectively. NMR pulse sequences from the manufac-
turer library were used for the assignment.

STD NMR experiments were carried out with watergate
solvent suppression and a 10 ms spin-lock filter after the 90°
pulse to reduce residual signals from the protein. For selective
protein saturation, cascades of 50 ms Gaussian shaped pulses
at a field strength of circa 50 Hz were employed, with a delay of
1 ms between successive pulses.45 The on-resonance and off-
resonance frequencies were set to 1.7 ppm and 40 ppm,
respectively. Blank experiments were performed to assure the
absence of direct saturation of the ligand proton signals. The
relaxation delay was properly adjusted so that the experiment
time length was kept constant (5.0 s). STD NMR experiments
were performed with 512–256 scans. Saturation times were of
1, 1.5, 2.0, 3.0, 4.0 and 5.0 s.

To avoid relaxation interference in STD, STD0 were calcu-
lated from the STD initial slopes.48,49 To do so, the evolution
of the STD with the saturation time (tsat) was fitted to the
equation STD (t ) = a(1 − exp(−bt )), where the parameter a rep-
resents the asymptotic maximum of the STD build-up curve
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(STDmax), b is a rate constant related to the relaxation pro-
perties of a given proton that measures the speed of the STD
build-up (ksat), and t is the saturation time (tsat). Thus, the
STD0 values were obtained as the product of the ab
coefficients.

Molecular dynamics (MD)

All starting structures were constructed with MAESTRO suite
(Schrödinger, LLC, New York, NY, 2019). Partial charges were
obtained from GLYCAM50 or derived from the molecular
electrostatic potential, MEP, using the RESP method.51 The
procedure has been developed under GLYCAM06 force fields
available in the R.E.D web server. The partial charges for SO3

groups were established according to the protocol of GLYCAM.
The prep and frcmod files were obtained by antechamber

and parmchk modules in AmberTools using each residue of
each sugar and the set of partial charges. By means of AMBER
12 version, the topology and coordinates initials were built
with tLEAP module, where both tetrasacharides and penta-
sacharides were neutralized with sodium ions and immersed
in a TIP3P water box as explicit solvent.52 This procedure was
carried out using GLYCAM06 as force files and parm99
parameters.

To achieve system equilibrium, we followed a protocol that
consisted in several steps. Firstly, an initial energy minimiz-
ation of the solute in the water box was performed followed by
a minimization of the entire system, including sodium ions.
Next, the system was heated from 0 K to 300 K at a constant
volume, and then equilibrated at a constant pressure (1 bar).
At this point, the final step was the production dynamics simu-
lations, with an overall length from 200 to 500 ns. The coordi-
nates of the trajectories were saved each picosecond. We run
the first steps of simulations with sander.MPI and the final
production with pmemd.MPI extension, belonging to AMBER
program.

For those mimetics that presented some distortions in their
conformations, we carried out time-average distance restrained
MD (MD-tar) simulations. This procedure has a shorter length
(8–50 ns). NOE-derived distances between H1–H3, H1–H5 and
H3–H5 protons were employed as restraints. The trajectories of
all simulations were analyzed with cpptraj module of Amber12.
All protocols have been described in detail in the ESI.†
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