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Abstract: The synthesis of novel well-defined alkyne side chain functional polymers featuring narrow
molecular weight distributions (PDI ) 1.09-1.17) by living radical polymerization is described. Grafting of
protected and unprotected carbohydrates is achieved via either a C-6 or an anomeric azide (R or â) onto
these polymers by Cu(I)-catalyzed “click chemistry”, providing a simple and efficient route to synthetic
glycopolymers. The strategy provides an extremely powerful tool for the synthesis of libraries of materials
that differ only in the nature of the sugar moiety presented on a well-defined polymer scaffold. A library of
multivalent ligands were then prepared following a “coclicking” synthetic protocol, and the reactivity of these
glycopolymers in the presence of concanavalin A and Ricinus communis agglutinin, model lectins able to
selectively bind appropriate mannose and galactose derivatives, respectively, was assessed.

Introduction

“Click chemistry” is a term used to describe several classes
of chemical transformations that share a number of important
properties which include very high efficiency, in terms of both
conversion and selectivity under very mild reaction conditions,
and a simple workup.1,2 The Cu(I)-catalyzed version of the
Huisgen 1,3-cycloaddition3,4 has been recently receiving atten-
tion as a highly efficient and stereoselective reaction coupled
with excellent functional group compatibility. These important
features (often simply referred to as “click”) almost allow for
the tailor-made synthesis of complex materials including
dendrimers,5-8 bioconjugates,9-12 therapeutics,13-15 function-

alized polymers,16-20 affinity chromatography supports,21 and
sugar derivatives.22-28 In addition, click strategies have been
used as an approach to synthetic cyclodextrins29 and the
decoration of cyclic peptides by glycosylation.28 Synthetic
glycochemicals have attracted increasing interest as carbo-
hydrates are involved in a number of important biological
processes involving highly specific events in cell-cell recogni-
tion, cell-protein interactions, and the targeting of hormones,
antibodies, and toxins.22,30-33 Sugars are information-rich
molecules, and an increasingly large number of known lectins
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are able to recognize subtle variations of oligosaccharide
structure and act as decoders for this carbohydrate-encoded
information.34 Gaining insight into the factors that control these
phenomena may open the way for the development of new anti-
infective, anti-inflammatory, and anticancer therapeutics and
agents.22,28,30,35,36

Synthetic glycopolymers are receiving increasing attention
as simple monosaccharides have weak interactions with protein
receptors and thus only illicit a weak response to in vivo events
mediated by carbohydrate-protein binding.37-40 In nature, often
both protein-binding carbohydrates and lectins exist in higher
order oligomeric structures presenting multiple binding sites
acting as “polydentate” donors which help to circumvent the
intrinsic weak binding limitations related to the use of monova-
lent ligands.40,41 The enhancement in activity that can be
achieved with appropriate synthetic multivalent polymers as
compared to the corresponding monovalent ligands is known
as the “glycoside cluster effect”.34,42-44

The synthesis of glycopolymers featuring well-defined mac-
romolecular architectures (chain length, blocks, stars) is an
interesting target in this field, and a number of synthetic
techniques are being employed to achieve this. Controlled radical
polymerization of carbohydrate-containing monomers offers one
promising synthetic route to achieve new glycopolymers;
however, only a relatively small number of examples have been
reported in the literature thus far.45-52 One contributing reason

is the inherent difficulties in the synthesis of the requisite
carbohydrate monomers, the compatibility of these highly
functionalized monomers with the conditions of living radical
polymerization, and in some cases subsequent deprotection to
reveal the carbohydrate epitope.

Copper(I)-catalyzed Huisgen 1,3-dipolar cycloaddition is a
particularly attractive route for the synthesis of new synthetic
glycopolymers as the reaction conditions are compatible with
unprotected sugar azides, as long as suitable “clickable”
polymers are available.53 The synthetic strategy developed in
this current work is outlined in Figure 1. Since a large variety
of carbohydrate-based materials can be obtained starting from
the same alkyne containing clickable polymer, the method
appears to be particularly useful for preparing libraries of sugar
polymers featuring materials with identical size and structural
architectures of the polymer backbone but differing only in the
nature of the pendant sugar moieties to control the properties
due to the multiple carbohydrates rather than the polymer
backbone. The use of an alkyne monomer with azidosugars was
also considered attractive over the reverse, an azide polymer
with alkyne functional sugars, from a safety perspective as this
reduces the number of azide groups in the same molecule and
utilizes well-documented azido functional sugars.

Transition-metal-mediated living radical polymerization (TMM-
LRP, often termed ATRP)54,55is well established and versatile,
has good tolerance toward most functional groups, and allows
excellent control over the polymer architecture. Thus, TMM-
LRP was chosen as the polymerization technique for the
synthesis of the required alkyne functional materials. A protected
alkyne monomer was used, following the work of Van Hest
and co-workers,17 who recently reported the synthesis of
R-functional alkyne polymers obtained by ATRP starting from
a trimethylsilyl-protectedalkyne initiator as the homopolym-
erization of unprotected propargyl methacrylate leads to poly-
mers having a relatively broad molecular weight distribution.20

The synthetic strategy developed was employed for the
preparation of a small representative library of glycopolymers
that have been used as multivalent ligands for lectin binding
studies. The interaction of various lectins with a number of
synthetic glycopolymers has been previously reported.56-59
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Figure 1. Retrosynthetic approach toward side chain carbohydrate functional polymers.
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These materials have been employed for a range of potential
applications covering lectin clustering studies56,60-67 and for the
evaluation of cell-surface interactions.68-74 The possibility of
using a combination of the two versatile synthetic methodologies
click and TMM-LRP was attractive as excellent control over
the multivalent ligand properties is associated with the advan-
tages related to the robustness of both these processes (tolerance
toward a number of functional groups and solvents, use of
technical grade solvents, including water, and relatively inex-
pensive starting materials).

Results and Discussion

Synthesis of the Clickable Alkyne Polymers.Trimethylsilyl
methacrylate monomer1 was prepared in one step from
commercially available 3-(trimethylsilyl)propyn-1-ol and meth-
acryloyl chloride.O-Benzyl R-bromoester275 was chosen as
the initiator since both the aromatic and the benzylic protons
can be used as1H NMR internal standards for the determination
of the number average molecular weight (Mn(NMR)) of the
corresponding polymers (Scheme 1). Both homo- and copo-
lymerization of1 with MMA and mPEG300MA in the presence
of a CuIBr/N-(n-ethyl)-2-pyridylmethanimine catalyst76 gave
excellent first-order kinetic plots, indicating a good control over
the polymer molecular weight and molecular weight distribution
(Figure 2 and Table 1). For the homopolymerization of1, it is
noted that the polydispersity index (Mw/Mn) of the purified
polymers is as low as 1.15, even at relatively high monomer
conversion (>80%). To verify the versatility of the synthetic
strategy proposed, several polymers with very different solubili-
ties in both organic and aqueous solvents were prepared. Methyl
methacrylate (MMA) and methoxy(poly(ethylene glycol))300

methacrylate (mPEG300MA) were chosen as model comonomers
as they furnish hydrophobic and hydrophilic copolymers,
respectively. Moreover, poly(ethylene glycol)s have been shown

not to illicit nonspecific protein binding, which is important in
the interpretation of the lectin binding reported later.77

Interestingly, preliminary attempts using TBAF-mediated
removal of the trimethylsilyl protecting group afforded polymers
with a terminal alkyne content lower than expected. We
suspected that the reason behind this behavior was related to
the basicity of TBAF, and we were pleased to find that the
addition of acetic acid as a buffering agent was sufficient to
provide the expected terminal alkyne polymers in virtually 100%
yields.78 The complete removal of the trimethylsilyl groups was
confirmed by both1H NMR, with the appearance of the
CtCH signal at 2.5 ppm along with the disappearance of the
Si(CH3)3 signal at 0.2 ppm, and FT IR analysis with the alkyne
C-H stretching frequency at 3291 cm-1. The SEC analysis also
revealed that, as expected, the hydrodynamic volume of the
polymers decreased after deprotection while the polydispersity
index remained almost unchanged. The use of a low-angle laser
light scattering (LALLS) detector (5°) for SEC analysis allowed
us to determine the absoluteMw values of the polymers before
and after the removal of the trimethylsilyl group. The results
obtained,Mw(3b) ) 19800 andMw(4b) ) 13000, combined
with the relative polydispersity indexes of these polymers, gave
an indication of the number average molecular weights,
Mn(3b) ) 17300 andMn(4b) ) 11300, which agreed well with
the data obtained by1H NMR analysis (Mn(NMR)(3b) ) 17700
andMn(NMR)(4b) ) 11200).

2,3,4,6-Tetra-O-acetyl-â-D-glucopyranosyl azide (12), 2,3,4,6-
tetra-O-acetyl-â-D-galactopyranosyl azide (13), and methylR-D-
6-azido-6-deoxymannopyranoside (14) were employed as model
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Scheme 1 a

a Reagents and conditions: (a)N-(n-ethyl)-2-pyridylmethanimine/CuBr,
toluene, 70 °C; (b) N-(ethyl)-2-pyridylmethanimine/CuBr, MMA or
(mPEG300)MA, toluene, 70°C; (c) TBAF, acetic acid, THF,-20 to +25
°C; (d) R1N3, (PPh3)3CuBr, DIPEA.
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sugar azide reagents for the click reaction to investigate the
versatility of this approach to attach protected and unprotected
carbohydrates via either a C-6 or anR or â anomeric azide
following established synthetic protocols (Chart 1).

The conditions chosen for the click reaction of the sugar
azides to the alkyne-containing polymers were modified from
those reported by Hawker and co-workers for the synthesis of
several dendritic libraries, with [(PPh3)3CuBr] as the catalyst,
in the presence of DIPEA.6 Removal of the trimethylsilyl
protecting group was accompanied by a decrease in the polymer
molecular mass, while after conjugation of the azide sugar

derivatives a substantial increase in the polymer hydrodynamic
volume was observed (Figure 3).1H NMR and FT-IR analysis
confirmed that the conversion of the alkyne groups into triazoles
was achieved at close to 100% yield, while the molecular weight
distribution of the polymers did not significantly change during
both the deprotection and click reactions.

Synthesis of Multivalent Ligands and Preliminary Experi-
ments in Lectin Conjugation Reactions.Subsequently, we
implemented this synthetic strategy for the preparation of
different classes of sugar polymers, and in particular, we focused
our attention toward materials able to bind appropriate lectins.
Concavalin A (Con A) was chosen as the modelR-mannose-
binding lectin, due to its involvement in a number of biological
processes, with the bulk of literature focusing on both its
chemical and its biological behavior.79-83 Con A is an aggregate

Table 1

polymer
monomer

A monomerB Mn(NMR) Mn(theor) Mw/Mn(SEC) notes

3a 1 14900 6000 1.16 homopolymer from1
4a 1 8500 1.15 obtained by deprotection of3a
3b 1 17600 7600 1.17 homopolymer from1
4b 1 11200 1.11 obtained by deprotection of3b
6 1 MMA a 8900 5700 1.09 statistical copolymer
7 1 MMA a 8200 1.09 obtained by deprotection of6
9 1 mPEG300MAb 11900 7800 1.12 statistical copolymer
10 1 mPEG300MAb 11100 1.15 obtained by deprotection of9

a MMA content in the polymer, 82% (mol/mol); MMA feed composition, 71%.b mPEG300MA content in the polymer, 84% (mol/mol); mPEG300MA feed
composition, 83%.

Figure 2. Homo- and copolymerization of1 using2 as the initiator with
MMA or mPEG300MA as the comonomer in toluene solution at 70°C.
Reaction conditions: (3a) [1]0:[2]0:[CuBr]:[ligand] ) 40:1:1:2; (6)
[1]0:[MMA] 0:[2]0:[CuBr]:[ligand] ) 20:50:1:1:2; (9) [1]:[mPEG300-
MA]:[ 2]:[CuBr]:[ligand] ) 5:25:1:1:2. (a) First-order kinetic plots. (b)
Dependence ofMn andMw/Mn on the monomer conversion.

Figure 3. SEC analysis of the protected polymer3a, after removal of the
trimethylsilyl group (4a), and after reaction with the glucose azide derivative
12.

Chart 1. Azidosugar Derivatives Used in the Synthesis of
Carbohydrate Comb Polymers

Table 2

polymer precursor azidosugar Mn(NMR) Mw/Mn(SEC)

5a-12 4a 12 27000 1.13
5a-13 4a 13 25500 1.13
8-12 7 12 10900 1.08
8-13 7 13 10800 1.08
11-14 10 14 12600 1.14

A R T I C L E S Ladmiral et al.

4826 J. AM. CHEM. SOC. 9 VOL. 128, NO. 14, 2006



of 26 kDa monomeric units in higher order oligomeric structures.
In the pH range 5.0-5.6, Con A exists exclusively as dimers,
while at higher pH the dimers associate into tetramers, with
the tetramer being the predominant form at pH 7.0.44 Each
monomeric unit possesses one coordination site with the ability
to selectively bindR-gluco- andR-mannopyranoside derivatives,
with the manno configuration at C2 preferred.56,84

The alkyne functional homopolymer4b was used as the
starting material for the parallel synthesis of a library of
polymers differing only in the amount of Con A-binding
mannose ligand, obtained by “coclicking” reactions of appropri-
ate mixtures of mannose- and galactose-based azides (Scheme
3). The purpose of this was to study the binding ability of these
new materials with the Con A lectin. In particular, we were
interested in deriving the influence the amount of mannopyra-
noside moieties has on the nature of polymer-protein interac-
tions, in a study analogous to that described by Kiessling and
co-workers for multivalent displays prepared by ROMP
polymerization.60

The coclicking strategy is attractive as it allows for the
preparation of a range of materials featuring identical macro-
molecular properties (polymer architecture,Mn, Mw/Mn) that only
differ in their binding epitope density.85 An added advantage
related to the use of this approach is that this functionalization
of the polyalkyne materials can be carried out under extremely

mild conditions using nonexpensive starting materials easily
obtainable on a multigram scale.â-Galactopyranoside units were
employed to dilute the mannopyranoside epitopes present on
the multivalent polymer ligands. Sugar azides are useful
precursors normally employed for the synthesis of aminosugar
derivatives and were prepared following the synthetic protocol
shown in Scheme 2. Briefly, a peracetylated hexose, either
manno- or galactopyranose, was treated with 3-bromo-1-
propanol in the presence of BF3‚OEt2 to give the bromides16
and 20, respectively. The desired azide functional monomers
18 and 22 were obtained by conversion of the bromide
intermediates into the corresponding azides17 and 21 and
subsequent removal of the acetate protecting groups.

Experimental conditions employed for the coclicking reactions
were similar to those used for the synthesis of the polymers5,
8, and11 except that DMSO was employed as the solvent and
triethylamine was used as the base.86 SEC analysis of the product
polymers in DMF eluent87 showed that all of these polymers
feature virtually identical molecular weights and molecular
weight distributions. Again, the use of LALLS detection for
the SEC analysis allowed us to determine the absolute weight
average molecular weight (Mw) of the polydentate ligands (Table
3).88 Again, the results obtained matched the theoretical values

(79) Lin, S. S.; Levitan, I. B.Trends Neurosci.1991, 14 (7), 273-7.
(80) Phondke, G. P.; Sainis, K. B.; Joshi, N. N.J. Biosci1983, 5 (Suppl. 1),

137-48.
(81) Bittiger, H.; Schnebli, H. P. InConcanaValin A as a Tool; Wiley: New

York, 1976; p 656.
(82) Poste, G. InAdVances in Experimental Medicine and Biology, ConcanaValin

A; Chowdhury, T. K., Weiss, A. K., Eds.; Plenum Press: New York, 1975;
Vol. 55, pp 117-152.

(83) Mironov, S. L.Trends Neurosci.1992, 15 (1), 13.
(84) Goldstein, I. J. InAdVances in Experimental Medicine and Biology,

ConcanaValin A; Chowdhury, T. K., Weiss, A. K., Eds.; Plenum Press:
New York, 1975; Vol. 55, pp 117-152.

(85) A few examples of different postfunctionalization approaches leading to
functional glycopolymers have been reported: (a) Gestwicki, J. E.; Strong,
L. E.; Borchardt, S. L.; Cairo, C. W.; Schnoes, A. M.; Kiessling, L. L.
Bioorg. Med. Chem.2001, 9 (9), 2387-2393. (b) Uzawa, H.; Ito, H.; Izumi,
M.; Tokuhisa, H.; Taguchi, K.; Minoura, N.Tetrahedron2005, 61 (24),
5895-5905.

(86) DMSO was chosen as the solvent because of its ability to solubilize both
the poly(propargyl methacrylate) starting material4b and the final clicked
polymers. A number of many other different reaction conditions and
catalysts [see, for example: (a) Chan, T. R.; Hilgraf, R.; Sharpless, K. B.;
Fokin, V. V. Org. Lett. 2004, 6 (17), 2853-2855. (b) Lewis, W. G.;
Magallon, F. G.; Fokin, V. V.; Finn, M. G.J. Am. Chem. Soc.2004, 126,
9152-9153] could, in theory, be efficiently employed. Given the satisfac-
tory results obtained with the (PPh3)3CuBr/triethylamine/DMSO catalyst
system, no further investigation was carried out in this direction.

(87) All the multivalent ligands prepared are soluble in water, DMSO, and DMF.

Scheme 2 a

a Reagents and conditions: (a) 3-bromo-1-propanol, BF3‚OEt2, -20 °C to ambient temperature, (b) NaN3, DMF, 100 °C, (c) CH3ONa(cat.), CH3OH,
ambient temperature.

Scheme 3. Synthesis of the Polymers Employed for Con A Binding Studies, DP(x + y) ) 90
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expected for the glycopolymer products.1H NMR analysis
confirmed that the molar ratio of the two different sugar moieties
in the polymers was essentially analogous to the18:22 initial
ratio employed in the coclicking reactions.

In biological processes the rate of the clustering events
occurring at the cell surface is a crucial parameter, with a time
scale that ranges from seconds to hours.60 The influence of the
epitope density on the rate of ligand-lectin aggregation was
assessed by a turbidimetric assay,60,89-91 and the results are
shown in Figure 4. The clustering rates of Con A in the presence
of an excess of different multivalent ligands was monitored by
measuring changes in the absorbance atλ ) 420 nm of
appropriate solutions of the lectin and functional polymers in
HEPES buffer at pH 7.4. In the case of the fully mannose-
functionalized polymer23 the absorbance reached a plateau and
remained almost constant until the end of the measurement,
indicating that this multivalent ligand was able to quickly
precipitate virtually all of the Con A present in solution.

When polymers featuring a lower epitope density were used,
the observed absorbance increased continuously with time,
consistent with that previously described by Kiessling for
macromolecular ligands obtained by ROMP which was ascribed
to higher order aggregation of partially soluble conjugates
formed in the early stages of measurement.60 The initial
clustering rates were employed for the determination of ag-

gregation rate constants, expressed as arbitrary units per minute
(AU/min). The values obtained indicate that under these
experimental conditions the rate of the clustering process
decreased with a decrease in epitope density. A control
experiment using the multivalent ligand27 revealed that the
fully galactopyranose-functionalized ligand was unable to
precipitate the Con A lectin. Aggregates formed in these
experiments were then treated with a large excess ofR-methyl
mannopyranoside, a competitive monodentate ligand, and the
decrease in the absorbance with time was monitored. The
stability of the polymer-lectin conjugates was directly propor-
tional to the polymer epitope density (see the Supporting
Information).

Quantitative precipitation (QP) experiments were carried out
to determine the stoichiometry of the polymer-Con A conju-
gates. Measurement of the polymer concentration necessary to
quantitatively precipitate the lectin from a solution with a known
concentration of Con A allowed the determination of the average
number of Con A tetramers bound by each polymer chain.92

This was found to increase with an increase in the mannose
content increasing from 0 to 75% (Table 4).93 Beyond this value
the number of bound lectin tetramers appeared to remain
constant, presumably indicating that for high epitope density
steric effects may hamper further lectin coordination.60

Synthesis of Fluorescent Multivalent Displays.The ver-
satility of the strategy developed allows, in principle, addition
of a number of further different functionalities into the polymer
backbone, as long as the derivatives carrying the desired function
contain the required azide group. The possibility of coclicking
a visibly fluorescent tag in the polymeric scaffold appeared
attractive, as the resulting multivalent ligands presenting both
binding elements and a reporter unit are known for being
extremely useful in protein-carbohydrate binding interaction
studies.94,95Fluorescent glycopolymers have been employed in
a range of applications including cell surface interactions,96,97

anticancer therapy,98 lectin recognition analysis,99,100PEGylation
chemistry,101 L-selectin binding,94 and spermatozoa stability
studies.102 Living radical polymerization can be used to prepare
visibly fluorescent polymers by employing either a fluorescent
initiator or a monomer.103

(88) Jeng, L.; Balke, S. T.; Mourey, T. H.; Wheeler, L.; Romeo, P.J. Appl.
Polym. Sci.1993, 49 (8), 1359-1374.

(89) Kitano, H.; Sumi, Y.; Tagawa, K.Bioconjugate Chem.2001, 12 (1), 56-
61.

(90) Roy, R.; Page, D.; Perez, S. F.; Bencomo, V. V.Glycoconjugate J.1998,
15 (3), 251-263.

(91) Ueno, T.; Tanaka, S.; Umeda, M.AdV. Drug DeliVery ReV. 1997, 24
(2, 3), 293-299.

(92) Khan, M. I.; Mandal, D. K.; Brewer, C. F.Carbohydr. Res.1991, 213,
69-77.

(93) Strictly speaking, the point at which the number of coordinated Con A
molecules no longer increases with the epitope density increasing lies
between 50% and 75%.

(94) Owen, R. M.; Gestwicki, J. E.; Young, T.; Kiessling, L. L.Org. Lett.2002,
4 (14), 2293-2296.

(95) Bovin, N. V.Glycoconjugate J.1998, 15 (5), 431-446.
(96) Gestwicki, J. E.; Strong, L. E.; Kiessling, L. L.Chem. Biol.2000, 7 (8),

583-591.
(97) Kamitakahara, H.; Suzuki, T.; Nishigori, N.; Suzuki, Y.; Kanie, O.; Wong,

C.-H. Angew. Chem., Int. Ed.1998, 37 (11), 1524-1528.
(98) David, A.; Kopeckova, P.; Kopecek, J.; Rubinstein, A.Pharm. Res.2002,

19 (8), 1114-1122.
(99) Disney, M. D.; Zheng, J.; Swager, T. M.; Seeberger, P. H.J. Am. Chem.

Soc.2004, 126 (41), 13343-13346.
(100) Ticha, M.; Kocourek, J.Carbohydr. Res.1991, 213, 339-43.

Table 3. Multivalent Ligands: Composition and Macromolecular
Features

polymer [R-mannoside](%)
[â-galactoside]

(%) Mw/Mn
a Mw

b Mw(theor)c

23 100 0 1.10 37700 38600
24 75 25 1.10 39300 38600
25 50 50 1.10 37300 38600
26 25 75 1.10 37700 38600
27 0 100 1.10 38100 38600

a Obtained by SEC analysis using DMF as the eluent with DRI detection.
b Obtained by SEC analysis using DMF as the mobile phase with LALLS
detection.c Mw(theor)) (Mw/Mn)Mn(theor).

Figure 4. Turbidimetry assay results.

Table 4. Quantitative Precipitation Assay Results for Con A with
Mannose-Containing Polymers

polymer
[mannose]

(%)
no. of Con A units
per polymer chain mannose:Con A

23 100 15 6.0
24 75 15 4.5
25 50 11 4.0
26 25 7 3.2
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We chose to continue to use the benzyl bromoester2 as the
initiator, as it allowed us to determine the molecular mass
Mn(NMR) of the corresponding polymers, and the visibly
fluorescent tag was introduced via azide28 (obtained in one
step from coumarin 343 and 3-azido-1-propanol), 2.5% mol/
mol in the reaction feed, along with the unprotected azidosugars
18 and22. An important advantage in using dye28 is that only
a relatively small percentage was required to confer high
fluorescence to the multivalent ligands.

Polymers 29 and 30 (Scheme 4) showed a maximum
absorbance atλ ) 436 nm with maximum emission atλ ) 485
nm, showing a Stokes shift of 49 nm. Grafting of azide28onto
the polymer backbone occurred with virtually no change in the
glycopolymer macromolecular features, with29 and30 being
analogous, apart from their fluorescence behavior, to polymers
23 and27, respectively (Table 5 and Figure 5).

The potential of these fluorescent glycopolymers as multi-
valent ligands was then qualitatively assessed. Solutions of the
fluorescent displays were analyzed by HPLC using a column
packed with immobilizedRicinus communisagglutinin I (RCA
I), a 120 kDa dimeric lectin isolated fromR. communis(castor
bean), as the stationary phase,104 with a fluorescence HPLC
detector. RCA I interacts selectively withâ-D-galactose units

and was therefore chosen as a conjugating substrate that could
complement the results previously obtained usingR-D-mannose-
binding Con A.

Preliminary attempts using 0.067 M PBS (pH 7.4) and 0.15
M NaCl as the mobile phase showed that while the mannoside-
based polymer29 was not retained by the column, the ligand
30 interacted with the RCA I stationary phase sufficiently
strongly that it was not eluted at all. Thus, several further mobile
phases containingD-galactose in different concentrations were
utilized. Due to its monotopic nature,D-galactose can only
weakly interact with the RCA I receptors. However, if present
in large excess, it competes with the multivalent display30 for
RCA I coordination, and the use of decreasing galactose
concentrations in the mobile phase resulted in increasing
retention times, with peaks featuring a typical broad shape with
tailing (Figure 6). These results indicate that the galactose-
containing display30 is able to strongly interact with RCA I,
and the use of similar synthetic glycopolymers as multidentate
ligands will be a subject for further investigation.

Conclusion

In summary, a novel series of comb sugar polymers have
been prepared by Huisgen 1,3 dipolar cycloaddition of appropri-
ate sugar azides with poly(methacrylates) bearing terminal
alkyne functionalities. These clickable materials have been
prepared by TMM-LRP of (trimethylsilyl)propargyl methacry-
late with excellent control over the polymer properties, with
Mw/Mn of the purified products between 1.09 and 1.16. Removal
of the TMS protecting groups was carried out under mild
conditions with full retention of the terminal alkyne groups. The
grafting of protected and unprotected carbohydrates via either
a C-6 or anR or â anomeric azide onto the polymer backbone
was successfully performed via a Cu(I)-catalyzed click reaction.

(101) Ladmiral, V.; Monaghan, L.; Mantovani, G.; Haddleton, D. M.Polymer
2005, 46 (19), 8536-8545.

(102) Fleming, C.; Maldjian, A.; Da Costa, D.; Rullay, A. K.; Haddleton, D.
M.; St. John, J.; Penny, P.; Noble, R. C.; Cameron, N. R.; Davis, B. G.
Nat. Chem. Biol.2005, 1 (5), 270-274.

(103) Haddleton, D. M.; Rullay, A. K.; Limer, A. J.; Carrington, S.; Keely, S.;
Brayden, D.Polym. Prepr. (Am. Chem. Soc., DiV. Polym. Chem.)2004,
45 (2), 253-254.

(104) RCA I columns have been employed for studying the binding ability of
galactose-bearing copolymer micelles: Bes, L.; Angot, S.; Limer, A.;
Haddleton, D. M.Macromolecules2003, 36 (7), 2493-2499

Scheme 4. Synthesis of Fluorescent Multivalent Ligands 29 and
30

Table 5. Properties of the Fluorescent Polymers Prepared in This
Study: Composition and Macromolecular Features

polymer [R-mannoside](%) [â-galactoside](%) Mw/Mn
a Mw

b Mw(theor)c

29 100 0 1.15 38800 40400
30 0 100 1.16 38100 40700

a Obtained by SEC analysis using DMF as the eluent with DRI detection.
b Obtained by SEC analysis using DMF as the mobile phase with LALLS
detection.c Mw(theor)) (Mw/Mn)Mn(theor).

Figure 5. Galactose-containing multivalent displays: nonfluorescent (27)
and fluorescent (30) polymers (0.5 mg mL-1 solutions in DMSO).

Figure 6. Affinity HPLC analysis of the ligand30 using an immobilized
RCA I lectin-packed column. Conditions: 66.7 M PBS (pH 7.4), 150 mM
NaCl, ambient temperature. Different concentrations ofD-galactose in the
mobile phase were employed in each run. For comparative purposes the
areas of all of the chromatograms have been normalized with respect to
concentration.
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A number of mannose- and galactose-containing multidentate
ligands for lectin binding studies were prepared by simulta-
neously reacting different sugar azides onto a polyalkyne
methacrylate backbone. This coclicking approach successfully
coupled the advantages of controlled radical copolymerization
with a highly efficient postfunctionalization process, leading to
a library of multivalent displays that only differ in their epitope
density. In addition, fluorescent ligands were prepared by simply
adding a visibly fluorescent azide tag, namely, a coumarin 343
derivative, to the reaction mixture. Their behavior was then
tested in the presence of model lectins able to selectively bind
mannose (Con A) and galactose (RCA I) units. In the case of
Con A this study showed that both the clustering rate and the
stoichiometry of the polymer-protein conjugates depend on the
epitope density of the displays employed.

The synthetic strategy proposed is quite general, as the
protocol that had been successfully employed for the synthesis
of sugar polymers can in principle be applied to a wide range
of functional molecules, even ones containing functionalities
that are not compatible with the conditions employed in TMM-

LRP, opening the way for the synthesis of a wide range of
precision materials. Moreover, in view of the biological ap-
plication of carbohydrate polymers analogous to those described
in the present work, the strategy appears to be an extremely
powerful tool for the synthesis of libraries of materials that differ
only in the nature of the sugar moiety presented on a well-
defined polymer scaffold.
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