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SUMMARY: Polymers prepared by atom transfer radical polymerization (ATRP) have well-defined end
groups, predetermined by the initiator used. A typical initiator is an alkyl halide from which the halogen is
transferred to one chain end. To remove the halogen end group, dehalogenation with trialkyltin hydride has
been used. Procedures for the removal of the polymer halogen end groups are described, one of them being a
one-pot reaction where the dehalogenation of the polymer chain ends occurs immediately after polymeriza-
tion.

Introduction
Atom transfer radical polymerization (ATRP) is a con-
trolled free radical polymerization process which enables
the preparation of polymers with predictable molecular
weights, low polydispersities (M

—
w/M

—
n a 1.3) and with

well-defined functional end groups1–4). The use of initia-
tors containing functional groups and the conversion of
the halide end groups into other functional end groups
has already been demonstrated in previous reports2, 5, 6). In
this paper, the replacement of the halogen end group by a
hydrogen is described.

The presence of halogen (end) groups in polymer
chains may not be desirable, for example during the pro-
cessing of the polymer. Therefore, an easy procedure to
replace the halogen by hydrogen end groups is needed.

A wide range of procedures is available for conducting
an organic halide hydrogenolysis, some of them proceed-
ing via a free radical pathway7–9). Trialkyltin hydrides are
common dehalogenation reagents which react with
organic halides via a free radical chain mechanism
(Scheme 1)10). The trialkyltin radical, generated by means
of a radical initiator such as AIBN (2,29-azobisisobutyro-
nitrile) or by photolysis of distannanes, abstracts the halo-
gen atom from the organic halide providing an organic
radical. This radical reacts subsequently with a trialkyltin
hydride with the formation of the reduced product and a
new trialkyltin radical.

At 258C, the rate constantk for the reaction of an alkyl
halide with the trialkyltin radical, is in the order ofk =
107 M–1 N s–1 for X = Br and aboutk = 102 M–1 N s–1 for X =
Cl. The hydrogen atom transfer from the tin hydride to
the carbon radical is also very fast,k9 L 104–106 M–1 N s–1

at 258C9, 11, 12). At least one equivalent of tin hydride is
required for complete hydrogenolysis.

Since ATRP is a ‘living’ radical polymerization process
which uses an organometallic complex to establish an
equilibrium between active and dormant chain ends, all
chains are terminated by halogens (dormant species) but
re-activation with the formation of a radical is possible
(Scheme 2)3, 13). Therefore, by adding at least one equiva-
lent of trialkyltin hydride at the end of the polymerization
reaction, it should be possible to convert all halogen
chain ends into hydrogen end groups.

In order to investigate the feasibility of the dehalogena-
tion reaction using a CuBr/ligand system as radical gen-
erator, model studies were performed. 1-Phenylethyl bro-
mide, methyl 2-halopropionate and ethyl 2-bromoisobu-
tyrate were used as model compounds for the end groups
of respectively polystyrenes, polyacrylates and poly-
methacrylates. Afterwards, low molecular weight poly-
mers with bromine and chlorine end groups were pre-
pared and subsequently dehalogenated. The transforma-
tion of the end groups was observed using different analy-
tical methods such as1H NMR, MALDI-TOF MS (matrix
assisted laser desorption ionization, time of flight mass
spectrometry) and ESIMS (electrospray ionization mass
spectrometry).
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Scheme1: Dehalogenation of analkyl halideRX with tributyl-
tin hydride

Scheme2: Mechanism of ATRP
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Experimental part

Materials

Methyl acrylateand methyl methacrylatewere purified by
distillation, styrenewas filtered through alumina. Benzene
wasdistilled from CaH2, thendegassedby bubblingnitrogen
through. THF was distilled from Na/benzophenone.CuBr
waspurified by stirring in aceticacid, washingwith metha-
nol thendrying. All other reagents,purchasedfrom Aldrich
or Acros,wereusedasreceived.

Analysis

GPC measurementswere carried out using a Waters 510
liquid chromatographypump equippedwith four Phenogel
columns(100Å, 1000Å, linear andguard)in serieswith a
Waters 410 differential refractometer. GPC was calibrated
using linear polystyreneor poly(methyl methacrylate)stan-
dards.A 300MHz Bruker NMR spectrometerwasusedfor
1H NMR analysis.MALDI-T OF MS spectra(in linearmode)
wereobtainedusinga PerSeptiveBiosystemsVoyagerElite
instrument,equippedwith a N2 laserat 337nm. Dithranol,
0.1M in THF, dopedwith Na+, wasusedasthe matrix solu-
tion. ESIMS was conducted using a Finnegan LCQ,
equippedwith an octupoleand an ion trap massanalyzer.
Polymersolutions(10–4 M in methanol,dopedwith Na+) were
injected.The sprayvoltagewas 0.02kV, the capillary vol-
tage0.07V.

Modelstudies

Themodelcompounds1-phenylethylbromide,methyl2-bro-
mopropionate,methyl 2-chloropropionateor ethyl 2-bromo-
isobutyratewere dissolved in benzene(0.5M) and CuBr/
N,N,N9,N99,N99-pentamethyldiethylenetriamine (1%) were
added.Then,1.1 equivalentof tributyltin hydridewasadded
andsamplesweretakenat regulartime intervals.The deha-
logenationreactionwasfollowed by GCanalysis.

Preparationof pMA-Br andsubsequenthydrogenolysis

Method1: Methyl acrylate(5 ml, 55.5mmol), 2,29-dipyridyl
(bipy, 514mg, 3.3mmol), CuBr (15.7mg, 1.1mmol),
methyl 2-bromopropionate(0.3ml, 2.6mmol) and ethylene
carbonate(5 g) werestirredfor 2 h at 908C. Then,tributyltin
hydride (2.1ml, 7.8mmol) wasaddedand the reactionwas
further stirredfor 3 h at 908C. The polymerwaspurified by
passing the reaction mixture through alumina and by
repeatedprecipitationin hexane.

1H NMR (CDCl3): d = 4.3 (1CH(COOMe)1Br) hasdis-
appearedafterdehydrogenation.

ESIMS:m= 87+ n(86) + 1 + 23 (Na).
Method 2: Methyl acrylate (5 ml, 55.5mmol), CuBr

(204mg, 1.3mmol), N,N,N9,N99,N99-pentamethyldiethylene-
triamine(225mg, 1.3mmol) andmethyl 2-bromopropionate
(0.3ml, 2.6mmol) werestirredat 608C for 1 h. Afterwards,
the polymer was purified by passingthrough alumina and
precipitationin hexane.

Furtherhydrogenolysis:

a) pMA-Br, CuBr, N,N,N9,N99,N99-pentamethyldiethylene-
triamineandtributyltin hydrideweremixedin degassedben-
zeneat a 1/0.5/0.5/3ratio andthe reactionmixture wasstir-
red overnight at 608C. The polymer was purified as men-
tionedbefore.

b) pMA-Br, AIBN (2,29-azobisisobutyronitrile)and tribu-
tyltin hydride were mixed in benzeneat a 1/0.5/3ratio and
treatedasmentionedabove.

Preparationof pSty-Brandsubsequenthydrogenolysis

Styrene(3 ml, 26 mmol), CuBr (0.111 g, 0.8mmol), ethyl-
bromobenzene(0.13ml, 1 mmol) and N,N,N9,N99,N99-penta-
methyldiethylenetriamine(0.13g, 0.8mmol) werestirredfor
3.5 h at 858C. Tributyltin hydride(0.8ml, 3 mmol) andben-
zene(3 ml) wereaddedandthereactionmixturewasfurther
stirred for 3 h. The polymer was purified by precipitation
(36) in methanol.

1H NMR (CDCl3): d = 4.5(1CH(Ph)1Br) hasdisappeared
after dehydrogenation.MALDI-T OF MS: m = 105 + n(104)
+ 1 + 23 (Na).

Preparationof pMMA-Br andsubsequenthydrogenolysis

Methyl methacrylate (3 ml, 28mmol), CuBr (0.1g,
0.7mmol), 2,29-dipyridyl (0.33g, 2.1mmol), ethyl 2-bro-
moisobutyrate (0.2ml, 1.4mmol) and p-methoxybenzene
(3 g) werestirredat 858C for 1.5h. Then,tributyltin hydride
(1.1ml, 4.2mmol) wasadded,the mixture was further stir-
red for 3 h andthe polymerwaspurified by precipitationin
hexane.

MALDI-T OFMS: m= 101+ n(100)+ 1 + 23 (Na).

Resultsand discussion
The compounds 1-phenylethyl bromide, methyl 2-halo-
propionateand ethyl 2-bromoisobutyrate were used as
end group models for respectively polystyrene, poly-
(methyl acrylate) and poly(methyl methacrylate). They
were dissolved in degassedbenzene(0.5M solution) and
reactedwith 1.1 equivalent of tributyltin hydrideat room
temperature.As radical generator, a catalyst complex
used in ATRP, CuBr/N,N,N9,N99,N99-pentamethyldiethyl-
enetriamine, was used.Under thesereactionconditions,
GC analysisshowed that thedehalogenation reaction was
very fast. For 1-phenylethyl bromide, methyl 2-bromo-
propionateandethyl 2-bromoisobutyrate,80%of thebro-
mine was replacedby hydrogenwithin lessthan 2 min.
Thereaction of methyl2-chloropropionate proceededsig-
nificantly slower, 80% of the reactionbeing completed
after 10 min. The apparentreaction rate constant was
1.56 10–2 M–1 N s–1 at room temperature. The results of
these model studies indicate that the dehydrogenation
reaction proceedsfastandthatonly a slight excessof tri-
butyltin hydride is needed.

In order to investigatethe dehalogenation of polymer
chains, halogen-terminated,low molecular weight poly-
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mers were prepared by ATRP. Poly(methyl acrylate),
polystyreneandpoly(methyl methacrylate)wereprepared
underdifferent experimental conditions,listedin Tab.1.

TheCuBr/ligand systemaswell asAIBN wereusedas
radicalgenerators in the dehalogenation reactionof puri-
fied pMA-Br (No. 2, Tab.1). Under the experimental
conditions, listed in Tab.2, dehalogenation occurred
completely, without the occurrenceof any sidereactions.
TheCuBr/ligandsystemandthechemicalinitiator AIBN
are thus both suitableas radical source.Dehalogenation
of the polymer chains should therefore be possible in a
one-potreaction, immediately afterthepolymerization.

In thefirst entry(No. 1, Tab.1), pMA-Br waspolymer-
izedin ethylenecarbonate at 908C andat about95%con-
version– aftera samplewaswithdrawn from thereaction
mixture – tributyltin hydride (3 eq. towards the end
groups)wasadded.After stirring for 3 h under the same
reaction conditions,the polymer waspurified by precipi-
tation (seeExperimentalpart). Whenthe1H NMR spectra
of bothpolymer samples, beforeandafter treatmentwith
tributyltin hydride,were compared, it wasobserved that
after the treatment,the peakat 4.3ppm correspondingto
1CH(COOMe)1Br had disappeared. As shown in
Fig. 1, the ESIMS spectrashowrespectively pMA-Br (m

Fig. 1. ESIMSspectrumof respectivelypMA-Br andpMA-H
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= 87 + n(86) + 79/81+ 23) andpMA-H (with Na+, major
seriesor with H+, minor series). Additional experiments
showedthat a smallerexcessof tributyltin hydride (1.5
eq.) was sufficient to obtain complete dehalogenation
within 1 h.

The presenceof a solventis important in order to mix
the polymer with the tributyltin hydride. As demon-
strated,the dehalogenationreactioncan be conducted in
solventssuchasethylenecarbonate, benzeneor p-meth-
oxybenzene.In case thepolymerization reactionwasper-
formed in bulk, benzenewasadded simultaneouslywith
thetin hydride andthemixturewasvigorously mixed.

Bromine endgroupsaremoreeasily transformed than
chlorineendgroups,therefore,pMA-Cl wassynthesized
and treated with tin hydride. The ESIMS spectrum

showed that dehalogenation wascomplete(F95% deha-
logenation)after 3 h reaction at 608C, asno peaks corre-
sponding to pMA-Cl were observed.

The dehalogenation reaction is also useful for other
polymersas demonstrated respectively with polystyrene
(No. 4) andpoly(methylmethacrylate) (No. 5, Tab.1). In
both cases,MALD I-TOF MS spectrashowed theconver-
sion of the bromine into hydrogenend groups.As an
example, details of the MALD I-TOF MS spectra of
pMMA-Br andpMMA-H areshown in Fig. 2. The peaks
in the pMMA-Br spectrum correspondto m = 115 +
n(100)+ 79/81 + 23. Theminor peaks aredueto the loss
of the bromine end group. The peaksin the pMMA-H
spectrum correspond to m = 115 + n(100) + 1 + 23. The
minor peaks,with mass15 a.m.u. lower, apparentlycor-
respond to the lossof a methyl group, which could have
beenoccurred during the MALD I processor during the
functionalization process.For polystyrene, the dehalo-
genation observedin the MALD I-TOF MS spectrawas
supportedby the 1H NMR spectrum: the peakat 4.5ppm
corresponding to 1CH(Ph)1Br disappearedcompletely.

Fig. 2. MALDI-T OFMS spectrumof respectivelypMMA-Br andpMMA-H

Tab.1. Reactionconditionsfor thepreparationof low molecu-
lar weightpolymersby ATRP

No. Polymer Ratio
CuX/ligand

Solvent Temp.
in 8C

M
—

n
a) M

—
w/M

—
n
a)

1 pMA-Br CuBr/bipy1/3 ethylene
carbonate 90

2100 1.2

2 pMA-Br CuBr/Lb) 1/1 – 60 1680 1.1
3 pMA-Cl CuCl/L 1/1 – 60 1460 1.2
4 pSty-Br CuBr/L 1/1 – 85 2960 1.1
5 pMMA-Br CuBr/bipy1/3 p-methoxy-

benzene 85
9200 1.2

a) Molecular weightandpolydispersitiesdetermined by GPC.
b) L = N,N,N9,N99,N99-pentamethyldiethylenetriamine.

Tab.2. Reactionconditionsfor the dehalogenation of purified
pMA-Br (No. 2, Tab.1)

Polymer Radical
source

Reducing
agent

Solvent Temp.
in 8C

pMA-Br CuBr/l Bu3SnH benzene 60
pMA-Br AIBN Bu3SnH benzene 60
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Conclusion
From this work we canconcludethat the dehalogenation
of polymers,prepared by ATRP, occurredreadily with tri-
butyltin hydride in a one-pot reaction. It was demon-
strated that for polystyrene, poly(methyl acrylate) and
poly(methyl methacrylate) with bromine or chlorine end
groups,the halogenendgroups werereplacedby hydro-
genupon addition of a slight excessof tributyltin hydride
at the end of the polymerization.Purified polymer was
dehalogenated with tributyltin hydride in combination
with theradicalsource,AIBN.
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