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We report the sequential construction of a set of multivalent structures using 
cyclotriphosphazene (CTP) units, which were extensively used as primary or secondary cores 
implementing branching. The utilization of classical convergent and divergent approaches, 10 

together with accelerated dendritic strategies comprising orthogonal sequences, double-
exponential and double-stage methodologies will be documented and discussed. 
Straightforward generation of non-conventional glycodendritic systems with surfaces rich in 
selectable headgroups, despite a low number of dendrimer generation, was achieved with the 
efficient assembly of highly functionalized AB3 and AB5 nanosynthons. The versatility of the 15 

methodology allowed access to a wide variety of structurally diversified platforms. The 
synthesis was completed by peripheral functionalization with spacered saccharides. The 
resulting architectures can be drawn as classical globular topologies, also dumbbell shapes and 
“onion peel” design, referred to as hypercores, wedged hypermonomers, glycoclusters, and 
glycodendrimers. The convenient implementation of controlled topological diversification is 20 

considered instrumental for providing sensitive and potent tools to delineate rules for structure-
activity relationships in carbohydrate-protein (lectin) interactions, with possibility to tailor size, 
valency, ligand density, and topology. To illustrate the applicability of this approach for 
construction of biologically active glycoconjugates, competitive surface plasmon resonance 
studies were performed with a bacterial virulence factor and a human adhesion/growth-25 

regulatory lectin and showed multivalent effects. 

Introduction 

Dendrimers emerged in the late 1970s as monodisperse 
and hyperbranched macromolecules, whose topologies are 
likened to three-dimensional tree-like fractal Lichtenberg 30 

patterns.1 Their fascinating architecture has since been 
associated to unique mechanical, biophysical and 
biochemical properties, largely governed by an 
extraordinarily high density of active surface 
functionalities.2 Historically, functional groups were first 35 

introduced at the periphery of homogeneous and inert 
dendritic matrices by classical convergent3 and divergent4 
approaches, often leading to product mixtures. As an 
additional conceptual drawback, the desired stepwise 
dendritic growth from a central core required tedious 40 

repetitive synthetic steps, at that time involving 
deprotection/activation sequences that result in rather slow 

enhancement in the number of added groups at branch ends 
in each generation. Gradually, the development of 
advanced synthetic approaches based on accelerated 45 

procedures5 and orthogonal sequences5a,6 gave rise to 
sophisticated dendritic architectures of enhanced structural 
diversity with programmable properties. As a result, while 
maintaining strict control over the final structures, more 
complex multifunctional dendrimers have recently been 50 

described with compositional diversity including 1) 
different nature and spatial geometries of terminal 
functions,5a,7 2) a scaffold allowing orthogonal post-
modification8 or integrating bioactive moieties,9 in contrast 
to the previously added inert structural elements, 3) 55 

different branched building blocks at each generation, as 
reported in “layer-block”10 or “onion peel” dendrimers.11 
As a result, straightforward access to innovative dendritic 
materials nowadays drives their ongoing integration into 
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cutting-edge research fields ranging from 
to medicine.12 Owing to their potential to mimic natural 
glycoconjugates and even membrane surfaces, in terms of 
topology,13 glycodendrimers are considered as valuable 
tools in the quest to crack the sugar code.5 

pioneering investigations by Yariv et al.
1960s,15 synthetic macromolecular and monodisperse
systems, for example glycoclusters
glycodendrimers,17 also coined as artificial 
glycoconjugates, have been developed as 10 

Notably, the use of suited multivalent structures
combining selected scaffolds and glycomimetic design,
improve our understanding of recognition mechanisms
between the protein interpreters of the glycocode, namely 
the lectins,18 and their cognate epitope15 

selectivity and specificity. Consequently, 
interactions attributed to the well-documented
cluster effect”,19 promises to provide important 
mechanistic insights into this aspect of 
information transfer, underlying bacterial/viral adhesion 20 

and infection,17a,b tumor cell adhesion and aggregation
and application of vaccines.21 Combin
hydrophilic/hydrophobic and rigidity/flexibility balances, 
associated with adequate density and spatial presentation 
of epitopes, appear to be key factors 25 

interactions.22 In this report, we elaborate dendrimer 
generation from a distinct core system. Starting from 
beginning of the 1990s,23 the potential of
based dendrimers as scaffolds with
biodegradable and biocompatible properties30 

realized.24 Steps toward applications as 
carriers, anti-HIV agents or fluorescent imaging agents, to 
name a few, have already been taken
experience with glycosylated derivatives
cyclotriphosphazene (CTP)-centered glycodendrimers35 

still rather limited. To the best of our knowledge, only 
studies described their production. Besides purely synthetic 
reports on the first glycoclusters described in 1983
more recently for xyloside derivatives
inflammatory28 and anti-adhesin properties40 

been described. 
 Based on these encouraging observations, we 
here, by adapting the large panel of dendritic approaches 
encompassing well-known convergent, divergent and 
accelerated approaches, synthesis and testing 45 

functionalized CTP derivatives. A family 
glycodendrimers containing up to 90 glycotopes in 
variety in topologies and core frames were prepared
properly characterized. This study complement
extends earlier investigations proposed by Majoral50 

who nicely demonstrated the versatility of multivalent 

This journal is © The Royal Society of Chemistry [year]

edge research fields ranging from nanoengineering 
Owing to their potential to mimic natural 

membrane surfaces, in terms of 
glycodendrimers are considered as valuable 

.14 Following the 
et al. in the early 

ynthetic macromolecular and monodisperse 
glycoclusters16 and 

also coined as artificial 
have been developed as synthetic tools. 

multivalent structures, 
glycomimetic design, can 
recognition mechanisms 

between the protein interpreters of the glycocode, namely 
epitopes, in terms of 

Consequently, studying 
documented “glycoside 

provide important 
this aspect of biological 

bacterial/viral adhesion 
cell adhesion and aggregation,20 

ombining controlled 
hydrophilic/hydrophobic and rigidity/flexibility balances, 
associated with adequate density and spatial presentation 

factors for optimizing 
In this report, we elaborate dendrimer 

Starting from the 
the potential of phosphorus-

with remarkable 
properties is being 

as drug or gene 
fluorescent imaging agents, to 

taken.25 However, 
derivatives, particularly 

glycodendrimers, is 
o the best of our knowledge, only six 

Besides purely synthetic 
described in 198326 and 

xyloside derivatives,27 anti-
adhesin properties11a,29 have then 

Based on these encouraging observations, we report 
the large panel of dendritic approaches 

known convergent, divergent and 
synthesis and testing of 

family of original 
glycotopes in a 

were prepared and 
This study complements and 

earlier investigations proposed by Majoral et al., 
demonstrated the versatility of multivalent 

phosphorus-based dendronized 
surface-block, layer-block, and segment
via divergent strategies.30 The main 
developed flexible approach is 
biologically active moieties, i.e.70 

controlled number and density, to the periphery
diversity relative to the scaffold itself 
by implementing branching units
conjugate a distinct size and shape associated with a 
unique spatial and three-dimensional distribution of 75 

epitopes. NMR (1D, 2D, diffusion)
gel permeation chromatography (
afforded valuable insights to prove 
required uniformity.  

The main goal of the study 
that the extensive use of one particular branching unit in all 80 

synthetic facets of dendritic constructio
series of glycosylated architectures with a complex but 
programmable structural heterogeneity
document bioactivity of the sugar headgroups and the 
structural types of design competitive 85 

resonance (SPR) assays were used 
lectins, i.e. LecA from Pseudomonas aeruginosa
naturally processed form of a human lectin(trGal
lectins were chosen due to their physiological relevance as 
virulence factor and regulator of cell adhesion and 90 

respectively. 
 80 

Results and discussion 
 
Synthesis: 
 
The synthetic strategy was essentially based on the 
construction of a series of symmetrical and 
propargylated CTP-based synthons to 
growth. Efforts were first directed
specific alternated up and down95 

hexapropargylated derivative 1
with congeners in both solid state and solution

Figure 1. Structure and ORTEP representation at 50% ellipsoid 95 

probability of hexapropargylated
Hydrogen atoms were omitted for clarity.

This journal is © The Royal Society of Chemistry [year] 

 moieties to access complex 
block, and segment-block dendrimers 

The main advantage of the 
is the efficient conjugation of 
i.e. spacered lactosides with a 

, to the periphery. Structural 
diversity relative to the scaffold itself was also investigated 

branching units that confer to each 
conjugate a distinct size and shape associated with a 

dimensional distribution of 
iffusion), mass spectrometry and 

gel permeation chromatography (GPC) measurements 
valuable insights to prove assumptions on their 

study was to validate the concept 
the extensive use of one particular branching unit in all 

synthetic facets of dendritic construction could generate a 
series of glycosylated architectures with a complex but 

heterogeneity. In order to 
bioactivity of the sugar headgroups and the 

competitive surface plasmon 
were used with two different 

Pseudomonas aeruginosa and a 
form of a human lectin(trGal-3). Both 

lectins were chosen due to their physiological relevance as 
virulence factor and regulator of cell adhesion and growth, 

The synthetic strategy was essentially based on the 
of a series of symmetrical and asymmetrical 

based synthons to ensure dendritic 
directed towards confirming the 

up and down geometry of 
1,31 as recently determined 

in both solid state and solution (Figure 1).32 

 
Structure and ORTEP representation at 50% ellipsoid 

probability of hexapropargylated cyclotriphosphazene 1. 
Hydrogen atoms were omitted for clarity. 
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 Recrystallization in a mixture of Et
and resolution of the single-crystal structure by X
diffraction analysis led to the expected double tr
pattern with three branches located above the central ring 
and the other three below (See SI for X5 

recrystallization protocol). The characteristic nearly planar 
cyclotriphosphazene ring with a slight twisted
conformation was also observed under these conditions
We next turned our attention towards the synthesis of 
functionalized AB5-type building blocks10 

commercially available hexachlorocyclotriphosphazene
(N3P3Cl6). In this context, a desymm
occurred efficiently in our hands through a “1+5” 
sequence, as recently described.33 This strategy was based 

Scheme 1. Synthesis of asymmetrical AB5-type polypropargylated

Five units of monopropargylated hydroquinone 30 

were then introduced with an 87% yield under similar 
conditions, except for the use of a large excess of phenol 
and Cs2CO3. Once again, multinuclear NMR spectroscop
confirmed the structure of the protected AB
block 5. Notably, 1H NMR-spectroscopical monitoring35 

indicated agreement for relative integrations of the five 
propargylic protons (δ4.65 and δ2.52 ppm) compared to 
the one of the three methyl of the Boc protecting group 
(δ2.52 ppm). Furthermore, 31P NMR also illustrated 
completion of the reaction with a symmetrical triplet signal 40 

at δ9.8 ppm. Classical TFA-mediated deprotection
followed by amidation in the presence of an excess of 
DIPEA and chloroacetyl chloride afforded synthon

© The Royal Society of Chemistry [year] Journal Name

ation in a mixture of Et2O/EtOH/hexanes 
crystal structure by X-ray 

diffraction analysis led to the expected double tripodal 
pattern with three branches located above the central ring 

for X-ray data and 
ation protocol). The characteristic nearly planar 

ring with a slight twisted-boat 
under these conditions. 

We next turned our attention towards the synthesis of 
building blocks from 

commercially available hexachlorocyclotriphosphazene 
metrization process 

ntly in our hands through a “1+5” 
This strategy was based 

on the preliminary single displacement of chlorine by a 
para-substituted phenol. The reaction 
five-fold introduction of distinct phenol30 

facilitate further functionalization
from the mono-incorporation of 
aminophenol 2334 on N3P3Cl6
optimized stoichiometries (core/
freshly recrystallized from hexanes35 

precursor 3 in 60% yield (Scheme 1)
transformation leading to monosubstituted
monitored by 31P NMR spectroscopy 
presence of characteristic doublet and triplet signals at 22.4 
and 12.9 ppm, respectively (2J40 

type polypropargylated CTPs 6 and 9. Inserts: 31P NMR zoomed sections of 

ive units of monopropargylated hydroquinone 435 
87% yield under similar 

except for the use of a large excess of phenol 4 
multinuclear NMR spectroscopy 

confirmed the structure of the protected AB5 building 
spectroscopical monitoring 

indicated agreement for relative integrations of the five 
2.52 ppm) compared to 

of the three methyl of the Boc protecting group 
P NMR also illustrated 

completion of the reaction with a symmetrical triplet signal 
mediated deprotection, 

followed by amidation in the presence of an excess of 
DIPEA and chloroacetyl chloride afforded synthon 6. It 

will represent a key-building block for the 
complex phosphazene-based dendritic architectures. 
inverted sequence was also investi
obtain synthon 9. Mono-introduction of phenol derivative 
4 was performed with a 54% yield, followed by complete 60 

replacement of the remaining five chlorine atoms with 
Removal of the five NBoc-protecting groups
in the presence of TFA in DCM 
corresponding salt. Final functionalization with 
chloroacteyl chloride under basic65 

desired inverted AB5 system
steps. 

Glycosylation was achieved 
lactoside 1036 used as a monomer or 

Journal Name, [year], [vol], 00–00  |3 

the preliminary single displacement of chlorine by a 
The reaction was followed by the 

fold introduction of distinct phenolic derivatives to 
functionalization. The synthesis started 
incorporation of NBoc-protected p-

6, under basic conditions with 
optimized stoichiometries (core/2/base: 2/1/5 eq. with core 

exanes) to furnish the desired 
(Scheme 1). As expected, this 

transformation leading to monosubstituted 3 can be 
P NMR spectroscopy that detects the 

oublet and triplet signals at 22.4 
J (P,P) = 59 Hz).33 

 

P NMR zoomed sections of intermediates. 

building block for the synthesis of 
based dendritic architectures. The 

inverted sequence was also investigated in parallel to 
introduction of phenol derivative 

was performed with a 54% yield, followed by complete 
remaining five chlorine atoms with 2. 

protecting groups in 8 occurred 
TFA in DCM to obtain the 
Final functionalization with 

under basic conditions furnished the 
system 9 in a 48% yield over two 

was achieved with the azide of spacered 
monomer or presented in a 
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multivalent display to enable multiplication of 
glycotope. Such wedge-like structures were 
synthesized from 1→337 and 1→5 branching motifs, 
the known polypropargylated AB3 TRIS-
1137b and AB5 phosphazene-centered 5 

respectively (Scheme 2). In this context, standard 
conditions were applied for the three-fold grafting of 
obtain halogenated dendron 12. A modified protocol 

Scheme 2. Functionalized azido-terminated 
derivatives (14 and 15) used to elaborate complex phosphazene architectures

In both cases, NMR spectroscopy 
completion of the reactions by revealing disappearance of 20 

characteristic signals of propargylic functions 
of multi-click reactions. Interestingly, 31P NMR spectra of 
glycosylated dendrons 13 and 15 indicated a multiplet 
ranging from δ9.4 to 10.2 ppm. This phenomenon, in 
accordance with observations made by Majoral25 

due to a slightly different distribution of lactoside
terminated branches around the phosphazene core to 
optimize space occupation, provoking slight modifications 
of angles around the phosphorous atoms. In addition, the 
introduction of the azido function in the last step of the 30 

sequence was also monitored by FT-IR spectroscopy 
on the presence of a band at 2100 cm−1 (See SI

The first members of the CTP-based family 
lactosylation were constructed around 1, 

This journal is © The Royal Society of Chemistry [year]

multiplication of the 
like structures were easily 

5 branching motifs, i.e. 
-based derivative 
 compound 6, 

In this context, standard CuAAc38 
fold grafting of 10 to 

. A modified protocol 

involving a stoichiometric use of Cu15 

necessary to properly access the AB
congener 13. Introduction of azido focal function was 
efficiently performed on both precursors 
presence of NaN3 and NaI in DMF to furnish dendrons
and 15, respectively, with good yields.20 

 

terminated spacered (tetraethylene glycol-based) β-lactosides (10) or
elaborate complex phosphazene architectures. 

 confirmed the 
disappearance of 

characteristic signals of propargylic functions in the course 
P NMR spectra of 

indicated a multiplet 
9.4 to 10.2 ppm. This phenomenon, in 

by Majoral et al.,33a is 
due to a slightly different distribution of lactoside-

phosphazene core to 
optimize space occupation, provoking slight modifications 

phosphorous atoms. In addition, the 
on in the last step of the 

IR spectroscopy based 
See SI). 

based family with 
 on which azides 

10 and 14 were incorporated. 50 

performed in CuAAc conditions to provide h
cluster 16 from 10 in an 84% yield
involving dendronized 14 furnished the 
congener 17 via a convergent approach and 
comparable efficiency. The application of a standard 55 

Zemplén protocol gave compounds 
17, respectively (Scheme 3). The 
illustrated completion of the multiple 
notably for 17, with the entire disapp
belonging to the precursor’s propargyl60 

and 2.64ppm. In addition, all the 
each triazole protons presented in the external section 
in perfect agreement with those of the 
internal region (18 vs 6, respectively

This journal is © The Royal Society of Chemistry [year] 

stoichiometric use of CuII reagent was 
access the AB5 glycosylated 

. Introduction of azido focal function was 
efficiently performed on both precursors 12 and 13 in the 

and NaI in DMF to furnish dendrons 14 
with good yields. 

 
or corresponding dendronized 

were incorporated. Bioconjugation was 
conditions to provide hexavalent 

84% yield. Similar conditions 
furnished the octadecavalent 

a convergent approach and with a 
comparable efficiency. The application of a standard 

compounds 18 and 19, from 16 and 
The 1H NMR spectra clearly 

completion of the multiple click process, 
the entire disappearance of signals 

precursor’s propargyl functions at δ4.65 
In addition, all the relative integrations of 

presented in the external section were 
in perfect agreement with those of the newly formed 

, respectively). 
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Scheme 3. Synthesis of hexa- (18) and octadecavalent (

Pentavalent hypermonomer 15 was then extensively used 
for diversified strategies that covered the large spectrum of 
accelerated dendritic synthesis. Initially, decavalent 5 

dumbbell-shape lactosylated compound 
synthesized using dipropargylated tetraet
as a suitable complementary partner for the double click 
reaction. De-O-acetylation using 1M MeONa in MeOH 
quantitatively generated 22. Orthogonal desymmetrization 10 

was also considered with the coupling of 
straightforwardly generate the heteromultifunctional 
precursor of Janus system 23 in good yield
reactive chloro N-acetyl peripheral appendages (Scheme 

Cite this: DOI: 10.1039/c0xx00000x 
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decavalent (19) lactosylated derivatives around CTP core. 

was then extensively used 
diversified strategies that covered the large spectrum of 

accelerated dendritic synthesis. Initially, decavalent 
shape lactosylated compound 21 was 

tetraethylene glycol 2039 
as a suitable complementary partner for the double click 

acetylation using 1M MeONa in MeOH 
. Orthogonal desymmetrization 

was also considered with the coupling of 9 and 15 to 
straightforwardly generate the heteromultifunctional 

in good yield, containing five 
acetyl peripheral appendages (Scheme 

4). Due to the non-equivalent nature of all five substituents 
around both phosphazene cores, 
spectrum with particular differences 
of precursor 15 (Figure 2). Notably, the appearance of two 30 

signals at δ8.96 and δ8.60 ppm
of peripheral amides (integrations of 2 and 3, respect
was observed, together with the signal of 
newly formed internal triazole group at 
Furthermore, signals of new methylene linkages showed 35 

up clearly at δ5.46 and ~δ4.20 ppm with expected relative 
integrations, corresponding to internal 
−NtriazoleCH2CONH− and peripheral −NHCOC

Dynamic Article Links►
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equivalent nature of all five substituents 
e cores, 23 gave a 1H NMR 

with particular differences in comparison to that 
(Figure 2). Notably, the appearance of two 

8.60 ppm originating from both sets 
of peripheral amides (integrations of 2 and 3, respectively) 

the signal of the proton of the 
newly formed internal triazole group at δ8.05 ppm. 
Furthermore, signals of new methylene linkages showed 

4.20 ppm with expected relative 
corresponding to internal 
− and peripheral −NHCOCH2Cl−. 
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Scheme 4. Synthesis of dumbbell-shape decavalent derivative (

 

Figure 2. Comparison of 1H NMR spectra (CDCl5 

compound 23 (top). Observed proton integrations are indicated in italic
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shape decavalent derivative (22) and the heterofunctionalized form 23. 

H NMR spectra (CDCl3, 600 MHz) of 15 and 23 with the appearance of characteristic signals 
proton integrations are indicated in italics below each signal of 23. 
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with the appearance of characteristic signals for asymmetrical 
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Although beyond the scope of this work, we can 
envision a subsequent transformation of compound 
based on our recent investigations on orthogonal 
transformations of N-chloroacetylated derivatives
high functional group tolerance strategies5 

multiple CuAAc couplings subsequent to 
introduction of azido functions on 23
reactions with thiol-terminated partners would represent 
methods of choice to integrate relevant entities
glycans, other targeting moieties or drugs10 

In order to explore the flexibility of our global 
synthetic approach and to enhance the density of termini 
using a limited number of steps, key-dendron
coupled to different complementary polypropargylated 
cores through accelerated convergent approaches15 

known trivalent template 2441 was subjected
CuAAc conditions in the presence of 
pentadecavalent system 25 in an excellent yield of 86%
(Scheme 5). Similar treatment with 1
efficient and rapid synthesis of the first G(1)20 

glycodendrimer scaffolded over two different layers of 
CTP cores, containing twice the number of epitopes.
tricontavalent lactodendrimer 26 was obtained in 77% 

Scheme 5. Synthesis of glycodendrimers containing 15 (
convergent dendritic approach. 

Cite this: DOI: 10.1039/c0xx00000x 
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the scope of this work, we can 
subsequent transformation of compound 23 

recent investigations on orthogonal 
chloroacetylated derivatives with 

high functional group tolerance strategies.40 For instance, 
subsequent to the mild 

23 or multiple SN2 
terminated partners would represent 

relevant entities, e.g. suited 
targeting moieties or drugs. 

In order to explore the flexibility of our global 
synthetic approach and to enhance the density of termini 

dendron 15 was also 
coupled to different complementary polypropargylated 
cores through accelerated convergent approaches. The first 

subjected to classical 
conditions in the presence of 15 to produce 

in an excellent yield of 86% 
1 allowed for the 

synthesis of the first G(1)-
scaffolded over two different layers of 

, containing twice the number of epitopes. Thus, 
was obtained in 77% 

yield, corresponding to an excellent 96% yield per 
individual click reaction. Despite the apparent congestion 
generated by the dendron, the 
distribution around cyclotri
with the flexibility of the 50 

adequately exhibit reactive complementary functions to 
ensure the reactions in THF/H
traces of the propargylic protons’ signal from each 
precursor, i.e. at δ3.14 ppm for 
ppm for 1, were detected, thus confirming completion of 55 

the multi-click process. Once again, 
groups under basic conditions 

with deprotected β-lactoside, from 
MALDI-TOF experiments afforded 
tricontavalent conjugates 2660 

molecular weight signal ([M+Na]
~23750 Da, respectively. In addition, iterative 
fragmentation patterns were observed in both cases with 
successive losses of dendron
species (Figure 3). Interestingly, these regular losses were 65 

also seen for acetylated 26
deconvolution, see SI). 

 

Synthesis of glycodendrimers containing 15 (27) and 30 (28) peripheral β-lactoside moieties
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yield, corresponding to an excellent 96% yield per 
. Despite the apparent congestion 

generated by the dendron, the predicted up and down 
cyclotriphosphazene cores together 

the branches were assessed to 
adequately exhibit reactive complementary functions to 

in THF/H2O mixture. Notably, no 
propargylic protons’ signal from each 
3.14 ppm for 24 (in DMSO-d6) and δ2.54 

, thus confirming completion of 
Once again, removal of protecting 

conditions led to conjugates 27 and 28 

, from 25 and 26, respectively. 
experiments afforded isotopic patterns for 

26 and 28 with the expected 
+Na]+ adducts) at ~32550 and 

, respectively. In addition, iterative regular 
patterns were observed in both cases with 

successive losses of dendronized and monomeric triazole 
Interestingly, these regular losses were 

26 in ESI+ technique (after 

 

moieties through an accelerated 
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a) 
Figure 3. MALDI-TOF spectra of glycodendrimers with 
regular fragmentation patterns with successive loss of monomeric or dendronized species.

The investigation of accelerated methodologies towards 
the development of multivalent dendrons
units was next extended using pentapropargylated AB5 

secondary core 6, on which lactosylated dendrons
15 were successfully grafted (Scheme 6). 
catalyzed cycloadditions efficiently gave access to 
AB15 system (29) in a 73% yield. These encouraging 
results prompted us to push the limits of this strategy 10 

further, proposing the synthesis of G(1) lactosylated
dendron 31 containing 25 termini with the application of a 
double-exponential methodology. An excellent 83% yield 
was observed for the construction of the 
the use of a double-exponential methodology from 15 

orthogonally functionalized key-synthon 
and as earlier observed for 15 and 17
multiplet ranging from δ8.9 to 10.4 ppm 
the 31P NMR spectrum, originating from the distinct 
geometrical environment of each CTP layer that 20 

slightly different chemical shifts. Also of interest, 
subsequent derivatizations on the apparently buried focal 
chloroacetylated function could be easily monitored by 
and 13C NMR spectroscopy, since distinctive 

This journal is © The Royal Society of Chemistry [year]

 

 
 

b) 
glycodendrimers with a) protected (26) and b) deprotected (28) β-lactoside

loss of monomeric or dendronized species. 

investigation of accelerated methodologies towards 
multivalent dendrons carrying sugar 

was next extended using pentapropargylated AB5 
dendrons 14 and 
Once again, CuI-

efficiently gave access to the first 
These encouraging 

results prompted us to push the limits of this strategy 
proposing the synthesis of G(1) lactosylated 

with the application of a 
An excellent 83% yield 

 AB25 wedge via 
exponential methodology from 

 6. As expected, 
17, the complex 
 was observed in 

from the distinct 
geometrical environment of each CTP layer that caused 

s. Also of interest, 
subsequent derivatizations on the apparently buried focal 
chloroacetylated function could be easily monitored by 1H 

since distinctive −COCH2Cl 

signals are clearly visible for both structures (45 

43.5 ppm, respectively). For instance, chlorine replacement 
by an azido function furnished 30
spectra indicated total disappearance of focal 
methylene signal. A down-field shifted signal at 
corresponding to −COCH2N3 50 

NMR spectrum. It is worth to mention that a novel
accelerated convergent approach using AB
hypermonomer 30 and a complementary tripropargylic
phloroglucinol-based template has 
Interestingly, NMR spectra unambiguously indicated the 55 

three-fold CuI-catalyzed coupling of the hypermonomer 
around the core, with the absence of 
propargylic signals (See SI for the synthetic sequence, 
related structures and discussions). 
spectroscopic data supported the integrity of the desired 60 

structure. Unfortunately, in contrast with other structures 
presented, analytical efforts towards the complete 
characterization of the resulting structure containing 45 
epitopes were unsuccessful.  

 

This journal is © The Royal Society of Chemistry [year] 

 

lactosides (DHB matrix), indicating 

signals are clearly visible for both structures (δ4.20 and 
43.5 ppm, respectively). For instance, chlorine replacement 

30, whose 1H and 13C NMR 
spectra indicated total disappearance of focal halogenated 

field shifted signal at δ52.1 ppm 
 was observed in the 13C 

to mention that a novel, highly 
accelerated convergent approach using AB15 

and a complementary tripropargylic 
based template has also been tested. 

NMR spectra unambiguously indicated the 
catalyzed coupling of the hypermonomer 

around the core, with the absence of the characteristic 
for the synthetic sequence, 

related structures and discussions). Preliminary 
pectroscopic data supported the integrity of the desired 

structure. Unfortunately, in contrast with other structures 
presented, analytical efforts towards the complete 
characterization of the resulting structure containing 45 
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Scheme 6. Synthesis of large lactosylated wedge
function through an accelerated convergent strategy

The aim to cover all aspects of accelerated dendritic 
approaches around one type of synthon5 

investigate the elaboration of CTP-based “
cores”. Toward this end, corresponding 
were successfully synthesized according to a known 
strategy based on the use of poly-thioacetylated cores and 
complementary N-chloroacetamide-terminated dendrons.10 

In this context, using standard basic and reductive 
conditions (NaOH/NaBH4 in EtOH) on 
of known aliphatic (32) or aromatic (
formation of highly symmetrical icosa-
propargylated (35) hypercores, respectively15 

accomplished (Scheme 7). The reduced number of 
synthetic steps and the generation of a high density of 
functions without prerequisite activations constitute 
notable advantages in the quest for routes to achieve 

Cite this: DOI: 10.1039/c0xx00000x 
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wedge-like hypermonomers containing 15 (29-30) and 25 (31
through an accelerated convergent strategy. 

cover all aspects of accelerated dendritic 
approaches around one type of synthon prompted us to 

based “multifunctional 
corresponding “hypercores”5i,5j 

synthesized according to a known 
thioacetylated cores and 

terminated dendrons.37 
standard basic and reductive 
in EtOH) on 6, in the presence 

) or aromatic (33) cores,37b the 
- (34) and triconta-

) hypercores, respectively, was 
The reduced number of 

synthetic steps and the generation of a high density of 
without prerequisite activations constitute 

routes to achieve rapid 

dendritic growth. Satisfactory yields w
both derivatives, with reduced reaction time
insolubility of the products in ethanolic media
purification easy, since excess of soluble reactants was 
removed by successive EtOH washing. 40 

fact that attempts involving 
conditions (excess of 1M MeONa in MeOH with similar 
but simplified systems)40 generated desired derivatives but 
in lower yields and with more tedious purification.
satisfactory mass spectrometry results45 

compound 34 (high resolution ESI
[M+2Na]2+ and [M+3Na]3+ adduct
patterns (Figure 4), 1H and 13C 
confirmed the completion of the multiple S
both cases. The high symmetry 50 

with the presence of distinct pair of signals corresponding 

Dynamic Article Links►
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31) epitopes and one reactive focal 

atisfactory yields were obtained for 
both derivatives, with reduced reaction times (3h). The 
insolubility of the products in ethanolic media made their 

since excess of soluble reactants was 
removed by successive EtOH washing. Noteworthy is the 
fact that attempts involving previously optimized 
conditions (excess of 1M MeONa in MeOH with similar 

generated desired derivatives but 
in lower yields and with more tedious purification. Besides 

pectrometry results, especially for 
(high resolution ESI+), whose experimental 

adducts matched the theoretical 
C NMR spectra unequivocally 

the completion of the multiple SN2 reactions in 
igh symmetry led to simple 1H spectra 

with the presence of distinct pair of signals corresponding 
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to the –CH2– in each inner section (δ3.39 and 2.84 ppm for 
34 and δ4.12 and 3.28 ppm for 35), with expected relative 
integrations (Scheme 7). In addition, the presence of a 
specific and unique signal in 13C NMR spectra, 
corresponding to the central quaternary 5 

carbons in 34 and 35 (δ44.0 and 136.2 ppm

Scheme 7. Synthesis of hypercores 34 and 35
NMR spectra (CDCl3, 600 MHz) indicating completion of S

15 

Figure 4. Zoomed section of isotopic distributions of 
(top) and [M+2Na]2+ (bottom) adducts for 34
Experimental signals are in blue and theoretical
red. 

This journal is © The Royal Society of Chemistry [year]

3.39 and 2.84 ppm for 
), with expected relative 

). In addition, the presence of a 
C NMR spectra, 

quaternary and aromatic 
ppm, respectively), 

further emphasized the monodispersity of the structures. In 
accordance with our previous
observations unambiguously 
unwanted polymerization process through oxidation of 15 

thiols generated in situ. 

35 containing 20 and 30 peripheral propargylated functions, respectively, together with 
completion of SN2 reactions. 

 
isotopic distributions of [M+3Na]3+ 

34 (ESI+−HRMS). 
in blue and theoretical patterns are in 

The introduction of epitopes35 

first proceeded through the application of a divergent 
methodology. In that context, 
conjugation using monomeric azido
(1.7 eq./propargylic function) 
macromolecules 36 and 37 40 

respectively (Scheme 8). Similar 
observed, corresponding to an excellent 
individual reaction. Characterization
particularly gave predictable signals with expected relative 
integrations, comparing distinct 45 

triazole (δ7.85 ppm, 20H), and internal C
ppm, 8H) protons. In addition, the absence of propargylic 
signals, both in 1H and 13C NMR 
the completion of the multiple process

 

 

This journal is © The Royal Society of Chemistry [year] 

further emphasized the monodispersity of the structures. In 
previous investigations,37b these 

unambiguously allowed to exclude an 
polymerization process through oxidation of 

 
propargylated functions, respectively, together with 1H 

of epitopes around these hypercores 
first proceeded through the application of a divergent 
methodology. In that context, CuAAc-mediated 

azido lactoside 10 in excess 
(1.7 eq./propargylic function) efficiently afforded 

 with 20 and 30 termini, 
imilar yields of 74% were 

observed, corresponding to an excellent ≥ 98% yield per 
haracterization of 36 by1H NMR 

signals with expected relative 
distinct H4gal (δ5.30 ppm, 20H), 

7.85 ppm, 20H), and internal CqCH2S− (δ2.80 
ppm, 8H) protons. In addition, the absence of propargylic 

C NMR spectra further confirmed 
the completion of the multiple processes. 
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Scheme 8. Synthesis of icosa- (36) and tricontavalent (
accelerated divergent approach. Conditions to create a controlled number of structural defects from 

Interestingly, the use of sub-stoichiometric quantities of 
lactoside 10 (16.0 eq. for 20 propargylic functions) 5 

generated a mixture of multivalent species 
defects (36a), harboring unreacted internal propargylic 
functions whose presence (~4) can be clearly 
NMR spectroscopy (Figure 5). For this 
expected remaining alkyne signals at δ2.53 and ~4.10 

in the structures were seen. Together with characteristic 
signals at ~δ78.0 and 76.0 ppm, an even
signal at δ56.1 corresponding to peripheral 
in 13C NMR spectroscopy was clearly 
COSY and HSQC experiments reinforced15 

correlations (See SI). From a synthetic perspective, 
monitoring of introduction of structural defects aimed at 
confirming the integrity and monodispersity of 
macromolecules elaborated via optimized protocols
an excess of lactosides, i.e. 36, 20 

deprotected 38. Eventually, access to straightforward post
functionalization can be considered with the subsequent 
grafting of complementary azido-probes, 
such as carbohydrates or drugs to remaining propargylated 
functions present in 36a. 25 

Cite this: DOI: 10.1039/c0xx00000x 
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) and tricontavalent (37 and 38) glycodendritic structures from hypercores
onditions to create a controlled number of structural defects from 34 are mentioned in grey

stoichiometric quantities of 
(16.0 eq. for 20 propargylic functions) 

multivalent species with structural 
unreacted internal propargylic 

clearly detected by 
(Figure 5). For this special case, the 

2.53 and ~4.65 ppm 
. Together with characteristic 

n even more intense 
peripheral −OCH2C≡CH 
clearly detectable. 2D 

reinforced all the expected 
). From a synthetic perspective, 

monitoring of introduction of structural defects aimed at 
spersity of flawless 

optimized protocols with 
 37 and resulting 

Eventually, access to straightforward post-
functionalization can be considered with the subsequent 

probes, guiding moieties 
remaining propargylated 

The same hypercores 34
used for the synthesis of hypervalent
decorated with 60 and 90 epitopes from the 
trivalent dendron 14 with optimized stoichiometries
eq./propargyl). This approach differed from the on50 

previously described by the 
and lactosylated wedges, thus 
convergent double-stage approach
based dendrons generated more 
resulting in the placement of 55 

based on different functional groups and building blocks
around a central core moiety.
glycodendrimers have been synthesized around an 
aliphatic or aromatic core, surrounded 
AB5-phosphazene and external AB60 

rapid dendritic growth from 2 steps
sequences generated densely packed
compounds 39 and 40 with yields 
for the latter inside-out approach, 
yields per individual triazole formation (Scheme 9).65 
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) glycodendritic structures from hypercores 34 and 35 through an 
are mentioned in grey. 

34 and 35 were subsequently 
used for the synthesis of hypervalent glycoconjugates 
decorated with 60 and 90 epitopes from the anchorage of 

with optimized stoichiometries (1.7 
This approach differed from the one 

the combined use of hypercores 
lactosylated wedges, thus representing an accelerated 

approach. The presence of TRIS-
based dendrons generated more complex structures 
resulting in the placement of concentric and distinct layers 

functional groups and building blocks 
. In this respect, “onion peel” 

glycodendrimers have been synthesized around an 
aliphatic or aromatic core, surrounded successively by 

hosphazene and external AB3-TRIS-based layers. A 
rapid dendritic growth from 2 steps-20×3 or -30×3 
sequences generated densely packed, lactose-bearing 

with yields similar to those observed 
out approach, i.e. with excellent ≥ 98% 

yields per individual triazole formation (Scheme 9). 
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Figure 5. 1H NMR (600 MHz, CDCl3) comparison between perfect 
defective congeners 36a presenting an average of 1
ppm for OCH2C≡CH in this particular case). 

The present methodology thus represents 5 

alternative to the divergent sequences described earlier by 
our group for the elaboration of “onion peel” structures.
A similar protocol ensuring presence of structural defects 
was further applied to confirm that a limited number o
remaining propargylated functions in a more complex 10 

structure can also be monitored by NMR. To this end, a 
sub-stoichiometric amount of 14 (17 eq. for 20 propargylic 
functions) and core 34 were engaged under classical click 
chemistry conditions. As expected, the entirety of the 
dendron was consumed at the end of the reaction, as 15 

indicated by TLC. More notably, 1H NMR (600 MHz) and 
DOSY spectra of 39a revealed the ~3 
remaining buried propargylic functions with

Cite this: DOI: 10.1039/c0xx00000x 
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) comparison between perfect monodisperse icosavalent macromolecule 
presenting an average of 16 peripheral termini and 4 buried propargylic functions

represents an elegant 
alternative to the divergent sequences described earlier by 
our group for the elaboration of “onion peel” structures.11a 

nsuring presence of structural defects 
limited number of 

in a more complex 
can also be monitored by NMR. To this end, a 

(17 eq. for 20 propargylic 
were engaged under classical click 

ted, the entirety of the 
dendron was consumed at the end of the reaction, as 

H NMR (600 MHz) and 
revealed the ~3 signals from 

with characteristic 

chemical shifts (δ2.60 for C≡
OCH2C≡CH in this particular case), although at the limits 
of detection. Spectra of flawless structure 35 

well with those of defective 39a
absence of the characteristic propargylic signals 
13C NMR spectroscopy (notably at 
corresponding to −OCH2C≡CH, 
145000 scans at 150 MHz, 40 

acetylation of 40 completely took place 
nonacontavalent derivative 
glycodendrimer with 630 peripheral OH
efficiently built in a reduced number of synthetic steps and 
represents on its own a hyperfunctionalized platform for 45 

further modification or direct applications.
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icosavalent macromolecule 36 and mixture of 

buried propargylic functions (δ2.53 for C≡CH and ~4.65 

≡CH and ~4.75 ppm for 
CH in this particular case), although at the limits 

pectra of flawless structure 39 compared 
39a, with the unequivocal 

absence of the characteristic propargylic signals in 1H and 
(notably at δ56.1 ppm 

≡CH, 3 days of acquisition, 
, See SI). Finally, de-O-

completely took place to afford 
nonacontavalent derivative 41. Note that this 

peripheral OH functions was 
efficiently built in a reduced number of synthetic steps and 
represents on its own a hyperfunctionalized platform for 

or direct applications. 
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Scheme 9. Synthesis of hexaconta- (39) and nonacontavalent (
35, via a double-stage convergent approach. Conditions to create a controlled number of structural defects from 
stoichiometric amount of dendron 14 are also indicated.

Besides NMR-spectroscopical 5 

characterization of the novel set of dendritic structures was 
completed with GPC and mass spectrometry measurements 
(Table 1). Remarkably, in all cases except for 
data indicated very low polydispersity index
acetylated compounds (PDIs (Mw/Mn) ≤10 

narrow Gaussian patterns and Mw values
with the ones obtained with MS 
Complementary biophysical investigations were also 
conducted to evaluate the size progression and the 
dimensional shapes of all the multivalent derivatives. In 15 

this context, diffusion NMR spectroscopy has recently 
become a method of choice to obtain information

Cite this: DOI: 10.1039/c0xx00000x 
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) and nonacontavalent (40 and 41) “onion peel” glycodendritic structures from hypercores
stage convergent approach. Conditions to create a controlled number of structural defects from 

are also indicated. 

spectroscopical analysis, the 
dendritic structures was 

ass spectrometry measurements 
(Table 1). Remarkably, in all cases except for 40, GPC 

very low polydispersity indexes for 
≤ 1.08) with single 
s that compare well 

the ones obtained with MS experiments. 
Complementary biophysical investigations were also 

to evaluate the size progression and the three-
dimensional shapes of all the multivalent derivatives. In 
this context, diffusion NMR spectroscopy has recently 

information on the 

hydrodynamic behavior of 
measuring their diffusion coefficient
solvent.22b,41,42 The size of the glycodendrimers containing 
the acetylated and the deprotected
particularly their solvodynamic radii, was estimated 35 

pulsed-field-gradient stimulated echo (PFG
experiments using bipolar pulse pairs
current delay (BPP-LED) in CDCl
at 25°C.43 Stimulated echoes were used
attenuation due to transverse relaxation40 

gradient pulses reduce gradient art
the overall diffusion coefficient 
increasing field gradient strength was applied. 
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) “onion peel” glycodendritic structures from hypercores 34 and 

stage convergent approach. Conditions to create a controlled number of structural defects from 34 and sub-

hydrodynamic behavior of macromolecular species by 
measuring their diffusion coefficients in a given 

the glycodendrimers containing 
the deprotected derivatives, and more 

particularly their solvodynamic radii, was estimated by 
gradient stimulated echo (PFG-STE) NMR 

bipolar pulse pairs-longitudinal-eddy-
LED) in CDCl3 and D2O, respectively, 

Stimulated echoes were used, they avoid signal 
attenuation due to transverse relaxation, while bipolar 
gradient pulses reduce gradient artifacts.44 To determine 

coefficient (D) of each construct, an 
increasing field gradient strength was applied. D values 
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were determined by the average of individual values 
corresponding to the decay of the signal intensity of 
different protons located at different level in the molecule 
(Table 2). Interestingly, mono-exponential behavior was 
observed for specific, distinctive and common protons (i.e. 5 

at δ5.34 ppm relative to H4gal for acetylated derivatives and 
at δ7.90 ppm for Htriazole of hydroxylated compounds), 
which manifested as a linear decay of the logarithm of the 
signal intensity as a function of the gradient strength 

squared (See SI). This behavior was consistent with the 10 

spherical and unimolecular character of the evaluated 
glycodendrimers and also observed from other protons 
located either in internal regions, including the dendritic 
core and connecting branches, or in the peripheral 
saccharidic belt (results not shown). In this context, 15 

application of the Stokes-Einstein equation directly yielded 
the corresponding solvodynamic diameters (ds = 2×rs), 
using viscosities determined for pure deuterated solvents. 

Table 1 GPC and mass spectrometry data for peracetylated dendritic derivatives. 

Cpd 
GPCa,b,c Mass spectrometryd 

Mw Mn PDI (MW/Mn) Calcd Mw Found Technique 

15 5462 5367 1.02a 5247.7180 1750.2466 [M+3H]3+ ESI+-HRMS 

16 6882 6764 1.02a 6041.0072 1511.5123 [M+4H]4+ ESI+-HRMS 

17 21740 21350 1.02b 18008.6 18008.5 [M+H]+ ESI+ (deconv.) 

21 10410 10180 1.02b 10772.8 10772.5 [M+H]+ ESI+ (deconv.) 

23 7981 7889 1.01a 6449.7757 1636.6848 [M+4Na]4+ ESI+-HRMS 

25 18970 18820 1.01a 16074.6 16074.1 [M+H]+ ESI+ (deconv.) 

26 35320 34480 1.03b 32523.3 
32523.7 [M+H]+ ESI+ (deconv.) 

32550.1 MALDI-TOF 

30 16580 15400 1.08a 15221.1 15220.6 [M+H]+ ESI+ (deconv.) 

31 26040 25230 1.03b 27309.0 27241.4 MALDI-TOF 

34 4625 4540 1.02c 4272.7557 2137.3851 [M+2H]2+ ESI+-HRMS 

35 7152 6399 1.12a 6467.7 6468.9 MALDI-TOF 

36 25870 24610 1.05b 21031.3 21098.1 MALDI-TOF 

37 42710 39580 1.08b 31600.9 31478.0 MALDI-TOF 

39 76570 75530 1.01b 60908.9 ~ 60000-centered Gaussian MALDI-TOF 

a GPC was performed using THF as eluent. 20 
b GPC was performed using (CHCl3/Et3N (1%)) as eluent. 
c GPC was performed using CHCl3as eluent. 
d Exact mass values are indicated in italics when high-resolution analyses were performed (ESI+-HRMS). Low-resolution mass values 
were obtained using MALDI-TOF (DHB matrix) or ESI+ (after deconvolution, [M+H]+ adducts) techniques. Mass spectrometry data for 
fully deprotected compounds (18, 19, 22, 27, 28, 38, and 41) and 40 are detailed in SI section. 25 

 
As expected, D values revealed the increase of the 
solvodynamic diameters as the number of peripheral 
epitopes was enhanced, under similar solvent conditions. 
Consistent tendencies were observed throughout the same 30 

acetylated or deprotected compounds comprising dendrons 
and globular clusters and dendrimers with solvodynamic 
diameters ranging from 2.6 to 10.1 nm. Interestingly, 
despite distinct dendritic templates, identical values were 
obtained for pentadecavalent systems 25 and 29 (entries 6 35 

and 2). Coherent results were also obtained when 
comparing diameters of dendron 31 and that of 
corresponding “flawless” glycodendrimer 26 (6.8 and 7.5 
nm, respectively) (entries 3 and 9). On the contrary, 

scaffolding around different dendritic cores generated 40 

slight discrepancies in diameter values for acetylated or 
deprotected tricontavalent systems (26 vs 37 and 28 vs 38, 
respectively). In addition, related to the series of protected 
derivatives built around hypercores, i.e. 36, 37, 39 and 40, 
no trends could be established, because the pentaerythritol 45 

core alternatively generated either smaller (39 vs 40) or 
bigger (36 vs 37) systems compared to the corresponding 
benzene core. It is noteworthy that the presence of 
carbohydrates with their tetraethylene glycol spacer 
properly counterbalanced the hydrophobic character of 50 

multiple benzene units surrounding each N3P3 center to 
furnish water-soluble compounds, even reaching a high 
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concentration (typically ~15 mg in 300 
Notably, except for the small hexavalent
solvodynamic diameters ranging from 5.3 to 7.2 nm were 
calculated, irrespective of the number of epitopes or 
branching units’ sequences. 5 

Table 2 Determination of diffusion data and solvodynamic 
diameters of multivalent conjugates by 
spectroscopy experiments 

Entry Cpd Valency 
D

(×10-10 

Acetylated dendronsb 

1 15 5 3.10
2 29 15 1.57
3 31 25 1.19

Acetylated macromolecules

4 16 6 2.76
5 21 10 2.47
6 25 15 1.65
7 17 18 1.48
8 36 20 1.17
9 26 30 1.08
10 37 30 1.34
11 39 60 1.07
12 40 90 0.81

Hydroxylated macromolecules

13 18 6 1.10
14 22 10 0.75
15 27 15 0.70
16 19 18 0.67
17 28 30 0.56
18 38 30 0.65
19 41 90 0.60

a See general procedures and the Supporting Information
extraction of the diffusion rate and calibration of the gradient 
strength. D was determined as the average value calculated from 
the decays of different proton resonances located at distinct 
in the structure. 
b Viscosity at 25oC for CDCl3: η = 0.540 mPa.s.
c Viscosity at 25oC for D2O: η = 1.097 mPa.s.
d The error on the measurement was estimated 
coefficients to be below 5%. 

As reported by Fréchet et al.,45 this observation might 
indicate that these pseudo-amphiphilic macromolecules 10 

have aromatic moieties tightly packed in the center and 
expose polar entities at the periphery T
data related to these water-soluble dendrimers supported 
the absence of inter-molecular aggregation phenomena in 
solution, especially in more diluted conditions encountered 15 

in the following biochemical investigations
Obviously, bioactivity of the sugar headgroups is implied 
due to their presentation at the surface. In order to prove 

© The Royal Society of Chemistry [year] Journal Name

concentration (typically ~15 mg in 300 µL of D2O). 
hexavalent 18, similar 

solvodynamic diameters ranging from 5.3 to 7.2 nm were 
calculated, irrespective of the number of epitopes or 

Table 2 Determination of diffusion data and solvodynamic 
diameters of multivalent conjugates by diffusion NMR 

D 
 m2.s-1)a 

ds (nm) 

 

3.10 2.6 
1.57 5.1 
1.19 6.8 

macromoleculesb 

2.76 2.9 
2.47 3.3 
1.65 5.1 
1.48 5.5 
1.17 7.0 
1.08 7.5 
1.34 6.2 
1.07 7.6 
0.81 10.1 

macromoleculesc 

1.10 3.6 
0.75 5.3 
0.70 5.7 
0.67 5.9 
0.56 7.2 
0.65 6.2 
0.60 6.6 

Supporting Information for 
and calibration of the gradient 

was determined as the average value calculated from 
located at distinct levels

= 0.540 mPa.s. 
= 1.097 mPa.s. 

estimated for of the diffusion 

this observation might 
amphiphilic macromolecules 

aromatic moieties tightly packed in the center and 
The linearity of the 

soluble dendrimers supported 
aggregation phenomena in 

in more diluted conditions encountered 
investigations (See SI). 

Obviously, bioactivity of the sugar headgroups is implied 
their presentation at the surface. In order to prove 

this assumption, we perfo
monitored by SPR. 

SPR studies: 
 
The relative binding affinities of 45 

dendrimers were evaluated by competitive SPR 
using two different galactoside
from the Gram-negative bacteri
(LecA)41,46 and 2) the proteolytically processed form 
human adhesion/growth-regulatory galectin50 

Both proteins have biomedical relevance
LecA (or PA-IL) is a virulence factor that is involved in 
the pathogenesis of P. aeruginosa
or cystic fibrosis (CF) patients.
multifunctional protein has diverse physiological counter55 

receptors including glycan and peptide motifs, with roles in 
anoikis/apoptosis regulation, matrix interactions and auto
immune disease progression.48

with its tail of nine non-triple helical collagen repeats and a 
N-terminal peptide connected 60 

recognition domain, Gal-3 is able
oligomers with polyvalent ligands.
truncation by matrix metalloproteinases removes this 
terminal tail, with minor, if any, influence on glycan 
reactivity,47,49c posing the question on its reactivity to 65 

multivalent glycans. 
For the competitive inhibition studies
thio]-propyl β-D-lactoside 42
CM5 sensor surface (Biacore) by using the manufacturer’s 
amide coupling methodology, to a level of ~23060 

(Figure 6). For the determination of IC
equilibrium mixtures of lectins (1.5 µM for LecA and 7.5 
µM for trGal-3) were incubated with increasing 
concentrations of glycodendrimers or monomeric 
references and used as analytes flowing over the surface of 65 

lactoside 42. As a blank reference, ethanolamine was 
immobilized onto one path of the flow cell of the sensor 
chip (See SI for detailed protocols).
 

Figure 6. Structures of lactoside derivatives immobilized on the 
SPR chip (42), and monomeric references (
competitive SPR studies. CTP-65 

control. 
 
To properly ascertain a cluster effect, monomeric reference 65 
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this assumption, we performed an interaction study 

The relative binding affinities of several lactosylated 
dendrimers were evaluated by competitive SPR assays 

different galactoside-specific lectins: 1) a lectin 
negative bacterium P. aeruginosa 

proteolytically processed form of the 
regulatory galectin-3 (trGal-3).47 

have biomedical relevance. Homotetrameric 
a virulence factor that is involved in 

P. aeruginosa in immunocompromised 
or cystic fibrosis (CF) patients. Concerning Gal-3, this 
multifunctional protein has diverse physiological counter-

including glycan and peptide motifs, with roles in 
anoikis/apoptosis regulation, matrix interactions and auto-

48 In its full-length form, i.e. 
triple helical collagen repeats and a 

nected to the carbohydrate 
3 is able to readily form 

oligomers with polyvalent ligands.49 Of note, proteolytic 
truncation by matrix metalloproteinases removes this N-
terminal tail, with minor, if any, influence on glycan 

posing the question on its reactivity to 

For the competitive inhibition studies, 3-[2-[aminoethyl]-
250 was immobilized onto the 

CM5 sensor surface (Biacore) by using the manufacturer’s 
methodology, to a level of ~230 RU 

For the determination of IC50 values, 
equilibrium mixtures of lectins (1.5 µM for LecA and 7.5 

3) were incubated with increasing 
concentrations of glycodendrimers or monomeric 

as analytes flowing over the surface of 
. As a blank reference, ethanolamine was 

of the flow cell of the sensor 
for detailed protocols). 

 
Structures of lactoside derivatives immobilized on the 

), and monomeric references (43 and 44) for 
-based 45 represents a negative 

cluster effect, monomeric reference 
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43 with the full linker was synthesized, together with its 
congener 44 without the tetraethylene glycol spacer. 
Furthermore, in order to exclude the influence of non-
specific interactions generated by the dendritic template 
itself, a CTP core 45 containing 6 hydroxyl groups by the 5 

underivatized spacer was also used as a negative control 

(See SI for syntheses of 43, 44 and 45). The affinity of 
both lectins towards the bound lactoside in the presence of 
different concentrations of glycodendrimers was measured 
and is reported in Table 3. 10 

 

 
Table 3 IC50 values of glycodendrimers and monomers derived from competitive inhibition SPR studies. 

Cpd Valency 
LecAa,b trGal-3 a,b 

IC 50 (µM) r.p.c r.p./sugar IC50 (µM) r.p.c r.p./sugar 

43 1 958 ± 34 1 1 164 ± 10 1 1 

18 6  5.38 ± 0.14d 178 30             0.55 ± 0.03 298 37 

22 10             3.20 ± 0.20 299 30             0.31 ± 0.02 529 53 

27 15             4.10 ± 0.20 233 16             0.39 ± 0.01 420 28 

19 18             3.08 ± 0.30 311 17             0.38 ± 0.03 431 24 

28 30             1.90 ± 0.18 504 17             0.30 ± 0.01 546 18 

38 30             2.40 ± 0.11 399 13             0.22 ± 0.03 745 24 

41 90             0.85 ± 0.09 1127 13             0.16 ± 0.01 1025 11 

a Non-specific interactions were not observable when negative control 45 was used. No signal observed for negative control αMe-Man.  
b The use of monomeric reference 44 as inhibitor generated IC50 values above 2 mM for both lectins. 
c
 Relative potency. 

d The use of its congener containing 6 peripheral lactosides but lacking spacer moieties had an IC50 of 30.8 µM with LecA. 

 
In each case, simple exponential binding profiles were 15 

obtained (See SI for sensorgrams and related inhibitory 
curves). First, the IC50 value for monomeric reference 43 
and LecA is in the high micromolar range, which is 
consistent with the one previously published.11b Overall, 
multivalent systems exhibited greatly improved affinity in 20 

both cases compared to reference 43. More specifically, 
relative potencies for LecA approached 200 for the 
weakest ligand 18 with its six epitopes and exceeded 1000 
for the best partner 41. Although lactosides represent rather 
weak ligands for LecA,51 low millimolar values were 25 

obtained in our investigations for all the tested 
glycodendrimers, with an apparent “glycoside cluster 
effect” for the candidates 18 and 22 harboring six and ten 
epitopes, respectively. In these cases, a 30-fold potency 
enhancement of each lactoside located at the periphery was 30 

obtained in comparison to monomeric reference 43. The 
benefit of the ethylene glycol repeats as aglycones was also 
investigated during comparative studies involving 
hexavalent 18 and its corresponding analog lacking the 
spacer, indicating a 6-fold decrease in activity for the 35 

latter. This observation may be attributed to both beneficial 
“aglycone-assisted” binding events52 and a favorable 
display of the epitopes. Interestingly, activities recorded 
for hexa-, deca-, pentadeca-, and octadecavalent systems 
(18, 22, 27, and 19, respectively) compared very well with 40 

that of the octadecavalent “onion peel” derivative 
described by our group in the same conditions.11b Similar 
tendencies were observed with trGal-3: high nanomolar 
IC50 values ranging from 550 to 160 nM were recorded. A 
gradual increase in activity was observed as a function of 45 

the scaffold valence increment for the entire series. In 
addition, a “dendritic effect” could be seen (r.p./sugar ≥ 11 
in all cases). Using full-length Gal-3 and starburst 
glycodendrimers, their IC50 values and corresponding 
relative inhibitory potencies had been determined from 50 

competitive solid-phase assays and indicated only a small 
enhancement of activity with increasing generation.53 
These observations were specific to Gal-3; significant 
increases in potency were observed for homodimeric Gal-1 
and a plant toxin with two contact sites for sugars per 55 

subunit. Another observation concerned relative affinities 
per sugar (Table 3). The more potent multivalent 
constructs contained the lowest number of lactosides, 
notably for the dumbbell-shaped decavalent 22 (r.p./sugar 
= 53). Interestingly, this particular shape already proved 60 

more potent than globular cluster analogs in influenza 
virus-related investigations, so far without a clear 
explanation.54 This tendency was seen for both lectins. 
Within the set of G(0) derivatives comprising 27, 19, 28, 
and 38, the variation of the central core was attributable to 65 

slight differences in affinity. Although both tricontavalent 
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conjugates 28 and 38 were constructed around distinct 
central cores but likely establishing a similar specific 2-
fold tripodal orientation of the dendrons,32,37 different and 
divergent results were observed with the two lectins of 
separate design. Overall, all assays proved bioactivity of 5 

the sugar headgroups, encouraging systematic structure-
activity studies, on a proof-of-principle basis. 

In a nutshell, at this stage the results implied that a 
“dendritic effect” was more effective with low-valency 
derivatives, while overall activity linearly increased with 10 

ligands presenting a high density in epitopes. As 
consequence, relative potencies per sugar stagnated or 
diminished when more than 15 epitopes were at the 
periphery, and, as concluded from agglutination assays 
with vesicles,55 not all the residues will likely participate in 15 

the mechanisms of action. Slight discrepancies also 
suggested that the scaffold itself may take an active part in 
the recognition process,56 IC50 values can reflect 
reassociation, the high density of ligands favoring 
consecutive rebinding, or sterical recognition process for 20 

high valency glycodendrimers. Interestingly, as recently 
highlighted by Widmalm et al.57 with glycofullerenes, the 
accessibility of peripheral ligands represents a critical 
parameter for avidity, and the probability of interaction is 
enhanced when branching units with flexible linkers are 25 

used to locally increase ligand density. In our study, 
observed individual relative potencies for the conjugates 
may be biased by a lack of accessibility. In this respect, it 
is therefore intriguing that a surface display of lactosides 
with sub-maximal density in glycodendrimersomes 30 

obtained by self-assembly of amphiphilic Janus 
glycodendrimers gave optimal activity for galectin-
dependent aggregation, this system providing an 
alternative vesicle (exosome/cell)-like platform for 
designing surface mimetics.36,58 Of note, the surface can be 35 

further tailored by implementing dendrimers, as membrane 
glycoproteins let branched N- and O-glycans become 
surface presented.13 
 

Conclusions 40 

This study describes synthetic aspects of dendrimer 
construction around phosphorous-based building blocks 
with tailored chemical modifications. The application of 
robust nucleophilic substitutions and CuI-catalyzed click 
chemistry, coupled with the use of hyper-functionalized 45 

and orthogonal branching units, resulted in multivalent 
architectures with a wide but tightly controlled structural 
diversity. In addition, the flexibility of this global approach 
allowed for the decoration of the constructs with 
saccharidic residues, providing tools to examine the 50 

relation of topological sugar presentation to lectin activity, 
an example for an application of the synthetic products. 
The growth of sphere for functionalization was easily and 
straightforwardly achieved in a reduced number of 
synthetic steps and high-yielding chemical reactions. 55 

Hence, rapid generation of an elaborate family of 
multivalent conjugates comprising hypercores, 
hypermonomers, glycoclusters, dumbbell-shaped or 
globular glycodendrimers and heterogeneous “onion peel” 
analogs containing up to 90 lactose moieties as glycotopes, 60 

has been accomplished. Their integrity and desired 
uniformity were ascertained by classical multinuclear 
NMR spectroscopy and mass spectrometry together with 
additional biophysical diffusion NMR and GPC 
investigations. Competitive SPR studies performed with 65 

two different lectins taught us that 1) our synthetic 
approach furnished potent ligands with an enhancement in 
activity of each epitope presented at the periphery of the 
constructs as compared to a monomeric reference, even 
with non-optimized peripheral units and 2) the size, 70 

valency, shape and radial distribution of epitopes 
influenced the behavior of the derivatives as ligands. It 
appeared that the multiplication of CTP-layers was 
detrimental to the optimal presentation of terminal 
lactosides to the lectins in this case. Although 75 

glycodendrimers described herein appeared to adapt 
globular topologies as determined by diffusion NMR 
experiments, a recent study suggested that low generation 
cyclotriphosphazene-based structures with highly 
hydrophobic scaffolds and bearing terminal anionic 80 

azabisphosphonate groups may also access unidirectional 
conformations in response to biological receptors, this 
observed in molecular dynamics simulations in water.59 

Our initial results pave the way for further 
investigations towards the rationalization of the 85 

preferential binding mode(s). More specifically, 
considering the encouraging results for low-valency 
constructs, notably with dumbbell-shaped structures, 
complementary studies on symmetrical or Janus-type 
analogs built around AB5, AB15 or AB25 wedge-like 90 

dendrons connected onto different spacers with adapted 
length and rigidity/flexibility balance could represent 
tempting additions to complete the series. On the side of 
the proteins, looking exemplarily at galectins, which of ten 
form a network in situ,60 progress toward the design of 95 

inhibitors exploiting valency as discriminatory factor can 
be expected due to initial experience with 
triiodobenzene/pentaerythrirol-based glycoclusters and 
glycocalixarenes.49a,61 As ensuing perspective, considering 
the variety of synthetic approaches described in this work, 100 

CTP-scaffolds could represent useful dendritic templates 
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for the presentation of structurally optimized epitopes in 
anti-adhesins or in drug-targeting nanomaterials and as 
antigens in vaccination.21 
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