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â-cyclodextrin has been transformed into an initiator for copper(I)-mediated living radical polymerization
via successive acetylation, ring opening, and condensation reactions. This glycoinitiator has been successfully
used to prepare a range of methacrylate polymers, which show all characteristics of living polymerization.
Poly(methyl methacrylate) is prepared with anMn of 10 100 g/mol (theoreticalMn ) 10 900) and
polydispersity of 1.09. Excellent first-order kinetics and an evolution of mass with time are presented.
Hydrophilic polymers based on poly(ethylene glycol), glucose and tertiary amine monomers are successfully
prepared with terminal maltoheptose units. Polymerization of styrene results in a broadening of the
polydispersity to 1.48 while maintaining good control over theMn. The acetyl protecting groups on the
maltoheptose terminal unit are easily removed in all cases to give the hydroxylated sugar, as shown by
NMR. These results demonstrate the applicability of utilizing glycoinitiators as a new, versatile route to a
wide range of glycopolymers. The polymerization chemistry is inert to the sugar functionality allowing
glyco units to be precisely placed within a synthetic macromolecule with all the associated advantages of
living polymerization.

Introduction

There is an increasing interest in polymers having sugar
residues,glycopolymers, as a result of their potential
advantageous physicochemical and structural properties.1,2

Naturally occurring polysaccharides are present in a range
of glycoproteins, glycolipids, etc. and play key roles in a
wide range of biochemistry as a result of excellent biorec-
ognition properties. Synthetic polymers that contain sugar
moieties can be expected to act as model compounds with a
wide range of differing properties depending upon the
comonomers utilized. To date, many synthetic glycopolymers
have been synthesized by conventional free radical poly-
merizations of vinyl monomers with pendant saccharide
residues.1 Conventional free radical polymerization of a
glycomonomer with appropriate comonomers yields poly-
mers where the sugar functionality is statistically distributed
along the chain according to the reactivity ratios of the
monomer pair. Such comonomers can range from being
extremely hydrophilic to hydrophobic in nature and from
being functional or nonfunctional with all intermediary values
easily attainable. Even where the biorecognition site is
statistically distributed useful biofunctionality has been
demonstrated. Polymers containing maltoheptose units as side
chains from poly(methyl methacrylate) have been demon-
strated to have anti-HIV activity and blood anticoagulant
activity.3a Other synthetic vinyl polymers containing statisti-
cal distributions ofD-glucaric residues have been shown to
inhibit the activity of â-D-glucuronidase.3b Thus, the con-
struction of synthetic glycoconjugates which can potentially
participate in a range of processes by the attachment of sugars

to polymeric molecules is of significant current interest.
Recently well-defined, low-polydispersity glycopolymers
have been achieved by several novel polymerization meth-
ods4 including controlled/“living” radical polymerizations.5

The use of controlled and living radical polymerization
methods allows for the sugar containing part of the molecule
to be precisely placed within the macromolecule as blocks,
termini, etc.6 This offers an attractive advantage over
traditional methods in that the exact location of a recognition
site within a macromolecule has important consequences with
regards bioactivity. The use of living radical and in particular
transition-metal-mediated living radical polymerization offers
an extremely robust synthetic protocol which is inert to many
different types of initiators and various types of monomers.7

In our laboratory, we have been developing catalysts for
living radical polymerization based on copper(I) halides and
alkylpyridylmethanimine ligands.8 We have also been de-
veloping the synthesis of functional initiators and monomers
so as to prepare well-defined polymers with novel effects
and properties.9 Our current interest has focused on the
synthesis of carbohydrate-based polymers by living radical
polymerization in which carbohydrates have been used to
synthesize initiators and monomers in order to prepare
synthetic polymers with well-defined sugar functionality at
specific places within each macromolecule. Herein we report
the use of an oligosaccharide-carrying initiator suitable for
living radical polymerization as derived fromâ-cyclodextrin
(â-CD) in order to precisely synthesize a novel type of
glycopolymer, viz. a block copolymer consisting of a
maltoheptose terminus and a well-defined, low-polydispersity
synthetic poly(methacrylate). The focus of the current paper
is to report a versatile approach to glycopolymers, which
has the potential to be used for all vinyl-containing gly-
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comonomers and sugar-based initiators as derived from
condensation of hydroxyl functionality with appropriate acyl
halides as described herein. As such the chemistry has the
potential to be widely applied. The example used is based
on â-cyclodextrin, a readily available and inexpensive sugar
residue.

Results and Discussion

A four-step reaction (Scheme 1) was carried out from
commercially availableâ-CD to prepare the oligosaccharide
with protected hydroxyl groups carrying an initiator for living
radical polymerization, AcMH-Br. The final product was
purified by chromatography (silica gel) so as to obtain an
analytically pure compound. Living radical polymerization
of methyl methacrylate (MMA) was carried out in the
presence of an appropriate copper(I) complex AcMH-Br
as initiator. Figure 1 shows size exclusion chromatography
(SEC) curves of the initiator AcMH-Br and the PMMA thus

obtained as a function of time and conversion. The molecular
mass of the PMMA increases with increasing reaction time
with no detectable shoulder peak at the elution position of
the initiator after 15 min reaction time, theMw/Mn ratio
remains remarkably low in all cases, whereMw andMn are
the weight- and number-average molecular masses, respec-
tively. Figure 2 shows a first-order plot for the reaction. The
plot is linear, passing through the origin, indicating that the
concentration of propagating macromolecules stays constant
throughout the polymerization, interestingly about 90%
conversion is reached after 2 h. Figure 3 shows the evolution
of Mn andMw/Mn of the PMMA as a function of monomer
conversion. TheMn increases fairly linearly with conversion
remaining close to the theoretical value,Mn,theo, (Mn,theo )
MMMA([MMA]/[AcMH -Br]) × % conversion). This indi-
cates that the initiator efficiency of AcMH-Br is ap-
proximately 100%. The Polydispersity,Mw/Mn, stays below
1.2 throughout the reaction. These results confirm that the

Scheme 1. Synthesis Route to 1-O-(2-Bromo-2-methylpropionyl) Maltoheptaoside, AcMH-Br
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polymerization proceeds in a “living” fashion with negligible
contribution of termination and transfer reactions.

The resulting polymers were treated with sodium meth-
oxide in a mixture of chloroform and methanol to deprotect
the acetyl groups from the initiator moiety so as to obtain
PMMA having an oligosaccharide residue at theR-chain
terminus. Figure 4 shows typical1H NMR spectra of the
oligosaccharide-terminated PMMA taken before (a) and after
(b) the hydrolysis. The signals of acetyl group protons (1.9-
2.2 ppm in Figure 4a) have completely disappeared after the
hydrolysis. Furthermore, the signals correspondent to poly-
mer backbone and sugar residue can be observed in the
spectrum even after hydrolysis. These results confirm that
the deprotection of the acetyl groups proceeds quantitatively
while leaving the methyl ester groups of the polymer
backbone and the initiator unit unaffected.

These excellent results encouraged us to apply this system
to the polymerizations of various functional methacrylates;
see Table 1. Co-methacrylate monomers were chosen so as
to produce water-soluble polymers containing both cationic
and neutral hydrophilic functionality. The range of func-
tionality within the monomers serves to demonstrate the
applicability of this approach to methacrylates in general.
All methacrylate derivatives used here, including hydrophilic
(DMAEMA), hydrophilic macromonomer (PEGMA), and
sugar-carrying monomer (MAIpGlc), Scheme 2, were

polymerized with good control, giving low polydispersity
polymers. Unfortunately, reliable information about

Figure 1. SEC curves for the polymerization of MMA in toluene at
90 °C: [MMA]0/[AcMH-Br]0/[Cu(I)Br]0 ) 100/1/1.

Figure 2. First-order plot for the solution polymerization of MMA in
toluene at 90 °C: [MMA]0/[AcMH-Br]0/[Cu(I)Br]0 ) 100/1/1.

Figure 3. Evolution of Mn and Mw/Mn as a function of monomer
conversion for the solution polymerization of MMA in toluene at 90
°C: [MMA]0/[AcMH-Br]0/[Cu(I)Br]0 ) 100/1/1. The full line in the figure
represents the theoretical prediction.

Figure 4. 1H NMR spectra taken (a) before and (b) after the
hydrolysis of AcMH-PMMA. (a) CDCl3 and (b) DMSO-d6.
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PDMAEMA could not be obtained by our current SEC
system, presumably due to some interaction between the
polymer and the column resin. The backbone isopropylidene-
protected glycopolymer (PMAIpGlc) was treated with formic
acid to obtain a novel type of well-defined, water-soluble
glycopolymer with sugar residues both along the backbone
and at the chain end. In the case of styrene (ST) polymer-
ization, the polydispersity of the product broadens, but the
molecular mass remains close to the theoretical value. This
is similar to that observed when living radical polymerization
of styrene is carried out using other types of 2-bromo-2-
methylpropionyl initiator.9

Summary

In conclusion, a glyco-derived initiator with a peracety-
lated oligosaccharide residue is an effective initiator for
copper(I)-mediated living radical polymerization of meth-
acrylates to give low-polydispersity polymers with expected
molecular masses. The system is applicable to various
methacrylate derivatives including hydrophilic monomer and
macromonomer, resulting in good control of the polymeri-
zation. The hydrolysis of the obtained polymers provided
various types of oligosaccharide-terminated polymers with
well-defined structures. Thus, the present work provides a
route to well-defined polymers with an oligosaccharide
residue. The obtained polymers would be expected to express
particular solution or solid properties that would arise from
amphiphilic character, and some biological function due to
the particular properties of sugar residues. Studies on these
properties are underway now and will be the topic of a
forthcoming full paper.

Experimental Section

Reagents:â-Cyclodextrin hydrate (Avocado) was dried
in vacuo at 80°C with phosphorus pentoxide overnight
immediately prior to use. Styrene, methyl methacrylate, and
dimethylaminoethyl methacrylate (DMAEMA) were ob-
tained from Aldrich and purified by passing through a
column of activated basic alumina to remove inhibitor. Sugar-
carrying monomer, MAIpGlc, was synthesized according to
the method described previously.5b Poly(ethylene glycol)
methyl ether methacrylate (PEGMA, averageMn ca. 475)
was used as received from Aldrich. All other reagents were
commercially obtained and used without further purification.

Measurements.The SEC analysis was carried out on a
system equipped with a guard column and two 30 cm mixed
C column (Polymer Laboratories) with differential refractive

index detection using tetrahydrofuran (THF) at 1 mL/min
as an eluent. Poly(methyl methacrylate) (PMMA) and poly-
(styrene) (PST) standards were used to calibrate the SEC
system.1H NMR and13C NMR spectra were recorded on a
Bruker AC300 and a Bruker AC400 spectrometer.

Synthesis of 1-O-(2-Bromo-2-methylpropionyl) Mal-
toheptaoside (AcMH-Br, Scheme 1). AcMH-Br was
synthesized via a four-step reaction. (1)â-cyclodextrin (â-
CD) was acetylated with acetic anhydride in pyridine in the
presence of catalytic amount of 4,4′-(dimethylamino)pyri-
dine, giving peracetylatedâ-CD, 1, in quantitative yield. (2)
1 was treated with a mixture of acetic anhydride/concentrated
sulfuric acid (49:1,V:V) at 55 °C for 20 h, giving O-
acetylmaltoheptaose,2, in 40-50% yield.10 (3) 2 was treated
with benzylamine in THF for 24 h at room temperature to
selectively deacetylate at the reducing end of the oligosac-
charide, providing peracetylated maltoheptaose having a
hydroxyl group at the reducing end,3, in 60-70% yield.3a

(4) To a cold solution of3 (4 g, 1.94 mmol) in dry
dichloromethane (20 mL) with triethylamine (0.4 mL, 2.91
mmol) was added 2-bromoisobutyryl bromide (0.48 mL, 2.91
mmol) dropwise at 0°C. The mixture was magnetically
stirred for 2 h at 0°C and then for 4 h atroom temperature.
The system was diluted with dichloromethane (170 mL) and
washed successively with 1 N aqueous HCl solution (200
mL), 5% aqueous NaHCO3 (200 mL), and pure water (200
mL × 2). The organic layer was dried over anhydrous
sodium sulfate. After the solvent was removed, the residue
was purified by flash silica gel column chromatography with
a 2:5 toluene/ethyl acetate mixture as an eluent and then was
recrystallized from ethanol to yield a white powder as a final
product (3.15 g, 73%).13C NMR (CDCl3, 75 MHz): δ 20.6,
20.7, and 20.9 (CH3CO), 30.1 and 30.3 (R-CH3), 54.6 (CBr),
60.4-62.6, 67.9-74.8, 92.5, and 95.7 (sugar carbons),

Table 1. Polymerization Data for the Living Radical Polymerization Initiated with AcMH-Bra

monomer [M]0/[I]0/[Cu]0/[L]0b T/°C t/h convn/% Mn,GPC Mn,theor
e Mw/Mn

MMA 100/1/1/2 90 2 87 10 100c 10 900 1.09c

ST 70/1/1/2 110 15 91 10 700d 8 900 1.48d

PEGMA 30/1/1/2 90 72 80 11 500c 13 600 1.15c

MAIpGlc 80/1/1/2 90 21 88 16 500c 25 300 1.21c

DMAEMA 70/1/1/2 90 8 82 11 300

a Concentration of monomer ) 50 wt %. Toluene was used as the solvent except for styrene, for which p-xylene was used. b [M]0, [I]0, [Cu]0, and [L]0
represent initial concentrations of monomer, AcMH-Br, CuIBr, and ligand, respectively. c Estimated by PMMA-calibrated SEC. d Estimated by PST-
calibrated SEC. e Mn,theo ) MMMA([MMA]/[AcMH-Br]) × % conversion.

Scheme 2. Monomers Used in This Work
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169.5-169.9 (CdO). Anal. Calcd for C90H121O59Br: C,
48.54; H, 5.49. Found: C, 47.61; H, 5.41.

Typical Polymerization Procedure.A Schlenk flask was
charged with a predetermined amount of Cu(I)Br, to which
a mixture of monomer, solvent (toluene orp-xylene),
AcMH-Br, andn-propyl-2-pyridylmethanimine, as a biden-
tate ligand for copper complexation, was quickly added. The
mixture was immediately degassed by three freeze-pump-
thaw cycles and then purged under a nitrogen atmosphere.
The polymerization reaction was carried out in an oil bath
thermostated at a predetermined temperature for a prescribed
time while stirring. As for kinetic experiments, the polym-
erization solution was sampled at suitable time period
throughout the reaction by a gastight syringe. The sample
solution was passed through a short alumina column to
remove the copper complexes. Molecular mass and molecular
weight distribution were determined by SEC. Monomer
conversion was estimated by gravimetry by taking to constant
weight in a vacuum oven at 50°C. Final polymer products
were further purified by reprecipitation with a dichlo-
romethane/petroleum ether system and dried in a vacuum
oven.

Deprotection of Polymers with Acetylated-Oligosac-
charide Residue:A solution of PMMA-AcMH (620 mg)
in CHCl3 (10 mL), MeOH (10 mL) and 1 M NaOCH3 in
MeOH (150 mg) was stirred for 1 h at room temperature.
After neutralization of the system with a small amount of
Amberlite IR-120 (H+ form) and then filtration, the solvent
was evacuated off. The resulting polymer was further dried
in vacuo.
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