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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 At 25°C, the rate constartfor the reaction of an alkyl

Atom transfer radical polymerization (ATRP) is a con-halide with the trialkyltin radical, is in the order &f =

trolled free radical polymerization process which enablek? M * S for X =Brand abouk = 10° v~ - s* for X =
aFI' The hydrogen atom transfer from the tin hydride to

the carbon radical is also very fagt,= 10*~1¢ m*- s?

weights, low polydispersitiesM./M, < 1.3) and with . : S
g polycisp M ) at 25°C>112) At least one equivalent of tin hydride is

well-defined functional end group®. The use of initia- o f lete hvd s
tors containing functional groups and the conversion deguired for comp (?It_e_ y' rog_encIJ yslls. o

the halide end groups into other functional end groups $|nce ATRPIs a’living’ra Ical polymerization process
has already been demonstrated in previous repoftdn Wh"_:h uses an organometalllc complex to e_stabllsh an
this paper, the replacement of the halogen end group b);eﬁu_lllbrlum betv\_/een active and dormant chain en_ds, all
hydrogen is described. chains are terminated by halogens (dormant species) but

The presence of hglogen (end) groups jn polymés-z?]ctlvatlorlayvllt_rrl] thef forn;)atlogdpf a ;alldlca;I is poss!ble_
chains may not be desirable, for example during the pro* cheme 2) - [Nerelore, by adding at [east one equiva
cessing of the polymer. Therefore, an easy procedure tqf trla!kyltln hydride at thg end of the polymerization
replace the halogen by hydrogen end groups is needed.rea‘?t'on' |t_should be possible to convert all halogen
A wide range of procedures is available for conductin&haIn ends into hydrogen end groups.
an organic halide hydrogenolysis, some of them proceedecheme2: Mechanisn of ATRP
ing via a free radical pathway. Trialkyltin hydrides are
common dehalogenation reagents which react with
organic halides via a free radical chain mechanism Qp)\\\kt
(Scheme 2. The trialkyltin radical, generated by means .
of a radical initiator such as AIBN (2;azobisisobutyro-

nitrile) or by photolysis of distannanes, abstracts the halo- . , i
gen atom from the organic halide providing an organic In order to investigate the feasibility of the dehalogena-

radical. This radical reacts subsequently with a trialkyltifion reaction using a CuBr/ligand system as radical gen-

hydride with the formation of the reduced product and &rator, model studies were performed. 1-Phenylethy! bro-
new trialkyltin radical. mide, methyl 2-halopropionate and ethyl 2-bromoisobu-

tyrate were used as model compounds for the end groups
S.Chemd.: Dehalogenﬁon of analkyl halideRX with tr|butyl' of respective'y po|ystyrenesi po'yacry'ates and poly_
tin hydride methacrylates. Afterwards, low molecular weight poly-
R3SnH/ R3Sn-SnRy mers with bromine and chlorine end groups were pre-
pared and subsequently dehalogenated. The transforma-
RX + RySn’ —k . Rty R;SnX tion of the end groups was observed using different analy-
K| RySnH tical methods such dsl NMR, MALDI-TOF MS (matrix
assisted laser desorption ionization, time of flight mass
RH + RySn’ spectrometry) and ESIMS (electrospray ionization mass
spectrometry).

P,X + Cul/L —~=—= Pp° + XCP'L

monomer Pm+n
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Experimental part

Materials

Methyl acrylate and methyl methacrylatewere purified by

distillation, styrenewas filtered through alumina. Benzene
wasdistilled from CaH,, thendegassetby bubblingnitrogen
through. THF was distilled from Na/benzophenoneCuBr

was purified by stirring in aceticacid, washingwith metha-
nol thendrying. All otherreagentspurchasedrom Aldrich

or Acros,wereusedasreceived.

Analysis

GPC measurementsvere carried out using a Waters 510
liquid chromatographypump equippedwith four Phenogel
columns(100A, 1000A, linear andguard)in serieswith a

Waters 410 differential refractometer GPC was calibrated
using linear polystyreneor poly(methyl methacrylate)stan-
dards.A 300MHz Bruker NMR spectrometemwas usedfor

H NMR analysis MALDI-T OF MS spectra(in linearmode)
were obtainedusing a PerSeptiveBiosystemsVoyagerElite

instrument,equippedwith a N, laserat 337nm. Dithranol,
0.1wm in THF, dopedwith Na‘, wasusedasthe matrix solu-
tion. ESIMS was conducted using a Finnegan LCQ,

equippedwith an octupoleand an ion trap massanalyzer
Polymersolutions(10* m in methanoldopedwith Na*) were
injected. The sprayvoltage was 0.02kV, the capillary vol-

tage0.07V.

Modelstudies

Themodelcompoundd.-phenylethybromide,methyl 2-bro-
mopropionatemethyl 2-chloropropionater ethyl 2-bromo-
isobutyratewere dissolvedin benzene(0.5m) and CuBr/
N,N,N’,N”,N"-pentamethyldiethylenetriamine (1%) were
added.Then,1.1 equivalentof tributyltin hydridewasadded
andsampleswveretakenat regulartime intervals. The deha-
logenatiorreactionwasfollowed by GC analysis.

Preparationof pMA-Brandsubsequenrtydrogenolysis

Method1: Methyl acrylate(5 ml, 55.5mmol), 2,2-dipyridyl
(bipy, 514mg, 3.3mmol), CuBr (15.7mg, 1.1mmol),
methyl 2-bromopropionat€0.3ml, 2.6 mmol) and ethylene
carbonatd5 g) werestirredfor 2 h at 90°C. Then,tributyltin
hydride (2.1 ml, 7.8 mmol) was addedand the reactionwas
further stirredfor 3 h at 90°C. The polymerwas purified by
passing the reaction mixture through alumina and by
repeategrecipitationin hexane.

'H NMR (CDCl): 6 = 4.3 (—CH(COOMe)—Br) hasdis-
appearedfterdehydrogenation.

ESIMS:m=87+n(86)+ 1+ 23(Na).

Method 2: Methyl acrylate (5ml, 55.5mmol), CuBr
(204mg, 1.3mmol), N,N,N,N”,N’-pentamethyldiethylene-
triamine (225mg, 1.3 mmol) andmethyl 2-bromopropionate
(0.3ml, 2.6 mmol) werestirredat 60°C for 1 h. Afterwards,
the polymer was purified by passingthrough alumina and
precipitationin hexane.

Furtherhydrogemlysis:
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a) pMA-Br, CuBr, N,N,N',N”,N’-pentamethyldiethyne-
triamineandtributyltin hydrideweremixedin degassethen-
zeneat a 1/0.5/0.5/3ratio andthe reactionmixture was stir-
red overnightat 60°C. The polymer was purified as men-
tionedbefore.

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

Preparationof pSty-Brand subsequerttydiogenolysis

Styrene(3 ml, 26 mmol), CuBr (0.111 g, 0.8 mmol), ethyl-
bromob@zene (0.13ml, 1 mmol) and N,N,N',N”,N"-penta-
methyldiethylenaiamine(0.13g, 0.8 mmol) werestirredfor
3.5h at85°C. Tributyltin hydride (0.8 ml, 3 mmol) andben-
zene(3 ml) wereaddedandthe reactionmixture wasfurther
stirred for 3 h. The polymer was purified by precipitation
(3 x) in methanol.
'H NMR (CDClL): § = 4.5(—CH(Ph)—Br) hasdisappeared

after dehydrogenationMALDI-T OF MS: m = 105+ n(104)
+1+23(Na).

Preparationof pMMA-Brandsubsequerttydrogenolysis

Methyl methacrylate (3ml, 28 mmol), CuBr (0.1g,
0.7mmol), 2,2-dipyridyl (0.33g, 2.1mmol), ethyl 2-bro-
moisolutyrate (0.2ml, 1.4mmol) and p-methoxybenzene
(3 g) werestirredat 85°C for 1.5 h. Then,tributyltin hydride
(1.2 ml, 4.2mmol) was added,the mixture was further stir-
red for 3 h andthe polymerwas purified by precipitationin
hexane.
MALDI-T OF MS: m=101+ n(100)+ 1 + 23 (Na).

Resultsand discussion

The compounds 1-phenylehyl bromide, methyl 2-halo
propionate and ethyl 2-bromoisdutyrate were used as
end group models for respetively polystyrere, poly-
(methyl acnylate) and poly(methyl methacylate). They
were dissdved in decassedbenzeng0.5m soluion) and
readed with 1.1 equvalentof tributyltin hydrideat room
temperature. As radical gererator a catalyst complex
used in ATRP CuBrN,N,N',N",N"-pentametyldiethyl-
enetiamine, was used.Under thesereaction conditions,
GC analysisshowa thatthe dehabgenatim readion was
very fast For 1-phenylehyl bromide, methyl 2-bromo-
propionateandethyl 2-bromoisdutyrate,80% of the bro-
mine was repaced by hydrogenwithin lessthan 2 min.
Thereadion of methyl2-chloropropionag procee@d sig-
nificantly slower, 80% of the reactionbeing complete
after 10 min. The apparentreaction rate constat was
156 102 m*-s? at room temperatug. The results of
these model studiesindicate that the dehydogenatio
readion proceeddastandthatonly a slight excesof tri-
butyltin hydride is neeard.

In orderto investigatethe dehabgenatim of polymer
chans, halogen-termnated,low molecuar weight poly-
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Fig. 1.

mers were preparel by ATRR Poly(methyl acrylate),
polystyrere andpoly(mettyl methacylate) were prepared
underdifferert experimenal conditions,listedin Tab. 1.
The CuBr/ligard systemaswell asAlBN wereusedas
radicalgeneratos in the dehabgenatia reactionof puri-
fied pMA-Br (No. 2, Tab.1). Under the experimetal
conditions, listed in Tab.2, dehabgenatiom occured
completly, without the occurrence of any sidereactiors.
The CuBr/ligandsystemandthe chemicalinitiator AIBN
are thus both suitableas radical source.Dehdogenation
of the polymer chans shoud therebre be possble in a
one-potreadion, immediatey afterthe polymerizatian.

ESIMS spectrunof respectivelypMA-Br andpMA-H

In thefirst entry (No. 1, Tab.1), pMA-Br waspolymer-
izedin ethylenecarbonag at 90°C andat about95%con
version— aftera samplewaswithdrawn from the readion
mixture — tributyltin hydride (3 eq. towards the end
groups)wasadded.After stirring for 3 h under the same
readion conditions,the polyme was purified by precipk
tation (seeExperimentalpat). Whenthe'H NMR spectra
of both polymer samplesbeforeandafter treatmentwith
tributyltin hydride, were comparel, it was obsened that
after the treatmentthe peakat 4.3 ppm comespondingo
—CH(COOMe)—Br had disapeared. As shown in
Fig. 1, the ESIMS spectrashowrespectivey pMA-Br (m
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Fig.2. MALDI-T OF MS spectrunof respectivelypMMA-Br andpMMA-H

Tab.1. Reactionconditionsfor the preparatiorof low molecu-
lar weightpolymersby ATRP

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

No. Polymer Ratio Solvent Temp. M® M,/M? Polymer Radical Reducing Solvent  Temp.
CuX/ligand in °C source agent in°C

1 pMA-Br  CuBr/bipy1/3 ethylene 2100 1.2 pMA-Br CuBr/l Bu;SnH  benzene 60
carbonge 90 pMA-Br AIBN BusSnH  benzene 60

2 pMA-Br CuBr/l®1/1 - 60 1680 1.1

3 pMA-CI CuCliL11 - 60 1460 1.2

4 pSty-Br CuBr/L1/1 - 85 2960 1.1

5 pMMA-Br CuBr/bipy1/3 E—methoxyés 9200 1.2 showed that detalogenatn was complete(=95% deha
enzene

3  Molecular weightandpolydispesitiesdeterming by GPC.
® L =N,N,N,N’,N’-pentaményldiethylenetrianine.

=87+ n(86) + 79/81+ 23) andpMA-H (with Na', major
seriesor with H*, minor seies). Additional experimeits
showedthat a smaller excessof tributyltin hydride (1.5
eg.) was sufficient to obtain conplete dehabgenatim
within 1 h.

The presenceof a solventis importart in orderto mix
the polymer with the tributyltin hydride. As denon-
strated,the dehdogenationreactioncan be conduced in
solventssuchas ethylenecarbon#e, benzneor p-meth
oxybenzae.In cas the polymeization reactionwasper
formedin bulk, benzenewvas addeal simultareouslywith
thetin hydride andthe mixture wasvigorousy mixed.

Bromine end groupsare more eadly transfamedthan
chlorine end groups,therefore,pMA-Cl was syntheged
and treated with tin hydride. The ESIMS spectrin

logenation)after 3 h readion at 60°C, asno peals corre-
spording to pMA-CI were observed

The dehalogeation reacton is also usefil for other
polymers as demonstraté respectiely with polystyrene
(No. 4) andpoly(methyl methacrylag) (No. 5, Tab.1). In
both cages,MALD I-TOF MS spectrashowed the conver
sion of the bromine into hydrogenend groups.As an
exanple, details of the MALDI-TOF MS spectra of
pMMA-Br andpMMA-H areshown in Fig. 2. The peaks
in the pMMA-Br spectum correspondto m = 115 +
n(100)+ 7981 + 23. The minor peals aredueto theloss
of the bromine end group. The peaksin the pMMA-H
spectum correspndto m = 115+ n(100) + 1 + 23. The
minor peaks,with mass15 a.m.u. lower, apparently cor-
respnd to the lossof a methyl group which could have
beenoccured during the MALD | processor during the
functionalizaton process.For polystyrene,the dehdo-
geration observedin the MALD I-TOF MS spectrawas
supprtedby the *H NMR spectrum the peakat 4.5 ppm
correspontihg to —CH(Ph)—Br disappeagd conpletely.
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Conclusion

From this work we cancorcludethat the dehdogenation
of polymers preparel by ATRP, occuredreadly with tri-

butyltin hydride in a onepot readion. It was denon-
strated that for polystyrene poly(mehyl acrylate) and
poly(mettyl methacylate) with bromine or chlorine end
groups,the halogenend groups were replacedby hydro-
genupan addtion of a slight excesf tributyltin hydride
at the end of the polymerization. Purified polymer was
dehalogented with tributyltin hydride in combiration
with theradicalsource AIBN.
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