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Abstract: Conventional metal-catalyzed organic radical reactions and living radical polymerizations (LRP)
performed in nonpolar solvents, including atom-transfer radical polymerization (ATRP), proceed by an inner-
sphere electron-transfer mechanism. One catalytic system frequently used in these polymerizations is based
on Cu(l)X species and N-containing ligands. Here, it is reported that polar solvents such as H,O, alcohols,
dipolar aprotic solvents, ethylene and propylene carbonate, and ionic liquids instantaneously disproportionate
Cu()X into Cu(0) and Cu(ll)X, species in the presence of a diversity of N-containing ligands. This
disproportionation facilitates an ultrafast LRP in which the free radicals are generated by the nascent and
extremely reactive Cu(0) atomic species, while their deactivation is mediated by the nascent Cu(ll)X, species.
Both steps proceed by a low activation energy outer-sphere single-electron-transfer (SET) mechanism.
The resulting SET-LRP process is activated by a catalytic amount of the electron-donor Cu(0), Cu,Se,
Cu,Te, Cu;S, or Cu,0 species, not by Cu(l)X. This process provides, at room temperature and below, an
ultrafast synthesis of ultrahigh molecular weight polymers from functional monomers containing electron-
withdrawing groups such as acrylates, methacrylates, and vinyl chloride, initiated with alkyl halides, sulfonyl

halides, and N-halides.

Introduction

Metal-catalyzed living radical polymerization (LRP) initiated
with alkyl halides! sulfonyl halides andN-halide$ has been
accomplished in organic and aqueous m¥diaas well as in
ionic liquids2 mostly for activated monomers such as styrefié,
acrylates@ "5 methacrylate$? 237 and acrylonitrile® Complex

macromolecular architectures, such as dendrimers, have alsc;1

been synthesized by metal-catalyzed LRP.
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Metal-catalyzed LRP is considered to proceed by an inner-
sphere electron-transfer mechanism in which a low oxidation
state metal complex acts as the catalyst, mediating a fast
exchange between radicals and their dormant alkyl halide
species&foh2bThe equilibrium between active and dormant
species is shifted toward the dormant species by an excess of a
igh oxidation state catalyst generated by a small extent of
bimolecular radical dimerization during the initial stages of the
polymerization. This concept is known as internal suppression
of fast reactions or the persistent radical effect (PREhe
inner-sphere radical process is also known as atom-transfer
radical addition (ATRA). The corresponding radical polymer-
ization was, therefore, named atom-transfer radical polymeri-
zation (ATRP)*¢fNonactivated monomers that generate stable
alkyl halide dormant species, such as vinyl acetate, vinyl
chloride, and ethylene, do not and are not expected to polymerize
by the current generation of ATRP cataly$6f specific interest
is vinyl chloride (VC) because it has proven impossible to
polymerize by any living mechanist. Recentlyt'ab our
laboratory reported the metal-catalyzed LRP of VC initiated by
CHI3; and mediated by a competition between outer-sphere
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Scheme 1. Mechanism of SET-LRP Table 1. Enomo Of Various Cu Catalysts Calculated Using HF/DFT
Methods
EHOMO
Kact Cu'X/L (eV) catalyst method
—7.00 CuyTe HF/LACVP+*//B3LYP/LACVP*
Kais —7.34 CuSe HF/6-3%G*//B3LYP/6-31G*
—7.62 Cu(0) UHF/6-33G*//UB3LYP/6-31G*
—7.67 CuS HF/6-3H%G*//B3LYP/6-31G*
. 0 Il o
PX Cu +  CuXL Py kK J+nM -8.26 Cu0 HF/6-31+G*//B3LYP/6-31G*
—8.84 Cul HF/6-3%G*//B3LYP/6-31G*
—-9.71 CuBr HF/6-3%+G*//B3LYP/6-31G*
—10.24 CuCl HF/LACVP-*//B3LYP/LACVP*

electron-acceptor alkyl halide, sulfonyl halide, brhalide
initiator 112b Subsequently, the Cu(l) generated in this step
Pn-Pn instantaneously disproportionates into Cu(ll) and Cu(0) species.
single-electron transfer (SEMYand degenerative chain transfer The disproportionation of Cu(l) in ¥ has been known for
(DT) mechanisms (SET-DTLRP). This polymerization proceeds over 100 years (eq 1) and proceeds in the presence of chelating
at 25 °C in HO and uses Cu(0) and/or “nascent” Cu(0) compounds with an equilibrium constamy(s, eq 2) of about
generated in situ by the disproportionation of various Cu(l) 107.12
precursors as a catalyst. In this polymerization, Cu(0) species

act as electron donors, and the initiator and dormant propagating 2Cu(I)X<&*i Cu(0)+ Cu(IX, (1)
species act as electron acceptors. The Cu(l) species generated
during the formation of radicals spontaneously disproportionate Kge = [CU(IX,] [Cu(1)X] 2_-1ft0 10 )

into extremely reactive nascent Cu(ll) and Cu(0) atomic species

that mediate the initiation and the reversible termination. This Previously, we have shown that Cu(l) spontaneously dispro-
disproportionation generates, by a self-regulated mechanism, inportionates in HO in the presence of tris(2-aminoethyl)amine
situ, the Cu(ll) species that, in the case of VC, would not be (TREN) and poly(ethylene imine) (PE}2 The very reactive,
accessible by a conventional PRE mechanism since the radicahascent Cu(ll) species generated from the disproportionation
polymerization of VC is dominated by chain transfer to reaction provide the reversible deactivati@g{g of the radicals
monometettabrather than bimolecular termination. By this into dormant alkyl halide species. Cu(0) promotes the reactiva-
mechanism, the inactive Cu(l) species are spontaneouslytion of the dormant species. Both processes occur by an SET
consumed and the catalytically active Cu(0) species are continu-mechanism. To assess the electron-donating character of Cu(0)
ously produced. Here, we report that, under suitable conditions, gng various Cu(l) species, théifowo values were calculated.
the DT part of the SET-DTLRP2can be eliminated and the g, correlates with the ionization potentia)and therefore,
newly elaborated LRP becomes SET-LRP. This polymerization estimates the electron-donor ability of various Cu derivatives.
process takes place inx8, protic, dipolar aprotic, and other  Taple 1 reports thEromo in electronvolts (V) for Cu(0), CuCl,
polar solvents that, in the presence dfigands (Supporting CuBr, Cul, CyO, CwS, CySe, and Cgle. Cu(0) is known to
Scheme SS1), were discovered to disproportionate Cu(l) into pe an efficient single-electron donor agéhin addition, CyO,
Cu(0) and Cu(ll). These solvent and ligand combinations also cy,S CySe, and CiTe were investigated because our labora-
favor an SET process® SET-LRP occurs under very mild  tory has developed them as the most efficient self-regulated
reaction conditions, at room temperature and below, uses acatalysts for LRP initiated with sulfonyl halides ahehalides
catalytic rather than a stoichiometric amount of catalyst, and, j, nonpolafed3.7.15eand polar solvent&jn ionic liquids2 and
although proceeds ultrafast, generates polymers with unprec-for SET-DTLRP of VC in BO 112 Their mechanism of catalysis
edently high molecular weight. SET-LRP is general and applies for any of the previously reported LRP reactions, however, is
to both nonactivated and activated monomers containing not known. CuCl, CuBr, and Cul were studied because,

electron-withdrawing functional groups, such as vinyl chloride  gepending on the structure of the initiator, they are expected to
and other halogenated monomers, acrylates, and methacrylatege transient, inactive species, as outlined in the reaction

It also applies to organic reactions and tolerates a diversity of mechanism in Scheme 1. The results from Table 1 are
functional groups.
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Figure 1. UV—vis spectra of (a) CuBr(0.01 mmol/mL, red) and CuBr
(0.01 mmol/mL, green) in DMSO (both CuBand CuBr are soluble in
DMSO without ligand); (b) CuB¥Mes-TREN (0.01 mmol/mL, red) and
CuBr/Mes-TREN (0.01 mmol/mL, green) in DMSO; (c) Cubpy, 1/3
(0.005 mmol/mL, red) and CuCl/bpy, 1/3 (0.005 mmol/mL, green/blue) in
DMSO at 25°C after 12 h (blue) and at 78C (green); (d) CuB#N-n-
propyl-2-pyridylmethanimine, 1/2 (0.01 mmol/mL solution) and C\Br/
n-propyl-2-pyridylmethanimine (0.005 mmol/mL, green/blue) in DMSO at
25 °C after 12 h (green) and at 7€ after 12 h (blue).

rewarding. According to the data from Table 1, the most efficient
electron-donor SET catalysts are Ta followed by CuSe, Cu-

(0), CuwS, and CgO. Under the polymerization conditions these
Cu derivatives disproportionaté? and therefore, their role in
catalysis is determined by the ratio between their rate of
disproportionation and direct activation by SET.

Cul, CuBr, and, specifically, CuCl are very poor electron

Deoxygenated mixtures containing solvent, ligand, and Cu-
(DX or Cu(l)X 2 were prepared, and their UWis spectra were
recorded after 10 min in order to allow the sedimentation of
Cu(0) at the bottom of the U¥Vvis cell, unless otherwise
noted™aThe Cu(ll)X; solution was used as a standard to assess
the disproportionation of Cu(l)X. Figure la shows that, in the
absence of a ligand, CuBr does not disproportionate in DMSO.
However, complete and instantaneous disproportionation of
CuBr into CuBp and Cu(0) occurs in the presence of tris(2-
dimethylaminoethyl)amine (MeTREN) in DMSO (Figure 1b).
When Me-TREN was replaced with 2:bipyridine (bpy),
disproportionation of CuCl was also observed in DMSO, but it
was not as fast as that in the presence oVIREN in DMSO
(Figure 1c). A survey of different combinations of ligands and
solvents is available in Supporting Figures SF1 to SF2&-Me
TREN, TREN, PEI, bpyN,N,N',N",N"-pentamethyldiethylene-
triamine (PMDETA), and many oth&-ligands disproportionate
Cu(l)X into Cu(ll)X, and Cu(0), not only in pHD212put also
in protic solvents (MeOH, EtOH, ethylene glycol, diethylene
glycol, triethylene glycol, 2-(2-ethoxyethoxy)ethanol, tetra-
ethylene glycol, glycerine, HEMA, phenols), dipolar aprotic
solvents (DMSO, DMF, DMAc, NMP, etc.), ionic liquidsand
ethylene and propylene carbonate, but not i,CN which is
a good stabilizing ligand for Cu(l)X and, therefore, does not
favor disproportionation. HoweveN-n-propyl-2-pyridyl-meth-
animiné®in DMSO does not disproportionate CuBr (Figure 1d).
This suggests that, from the ligands investigated (SS1), only
Haddleton’s ligant may mediate an inner-sphere “ATRP”
metal-catalyzed LRP in both nonpolar and polar solvents.
Therefore, any combination of catalyst, ligand, and solvent that
favored disproportionation of Cu(l) into Cu(0) and Cu(ll) in
this study is expected to be efficient in mediating SET-LRP.

Selecting Initiators. The inner-sphere atom transfer
mechanisr#.9h11dis known to show a strong dependence of
the metal-catalyze#,.: on the nature of the halogen from the
structure of R-X. In two independent series of experiments
the ratiokae(R—Br)/kace{ R—CI) was in the range of £&o 9 x
10*.1" However, in the case of the outer-sphere mecharkgm,
has a much smaller dependence on the nature of the halogen
from R—X. For example the ratiokae(R—1)/Kac( R—Br) ~
Kac{ R—Br)/kac{R—CI) ~ 1 to 1018 Based on these data, it is
expected that the range of initiators available for the case of
metal-mediated SET-LRP must be much broader than that for
the case of the metal-mediated inner-sphere process. Alkyl
halides, sulfonyl halides, and-halides containing Cl, Br, and
| as the halide must be efficient in the case of SET-LRP
(Supporting Scheme SS2). In the case of metal-catalyzed inner-

donors although they are catalysts of choice for inner-sphereSphere ATRP, iodine-containing initiators undergo a competition

ATRA and ATRP!&f Since the lifetime of Cu(l)X is very short
in comparison with that of Cu(0) and Cu(lI)$pecies, during
reaction conditions that favor disproportionation of Cu(l) into
Cu(ll) and Cu(0), the SET catalytic activity of Cu(l)X halides
can be neglected. Therefore, Te, CySe, Cu(0), CsS, and
CwO (but not Cu(l)X) are expected to provide the most efficient
catalysts for the SET-LRP.

Selecting Ligands and SolventsA UV —vis spectroscopy

study was performed to assess the activity of various solvents

(in addition to HO) and ligands for the disproportionation of
Cu(l) into Cu(ll) and Cu(0). Representative examples of-tV
vis experiments are shown in Figure 1.
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[MAJ[MBPY/[Cu(0))/[Meg-TREN] = 222/1/1/1 for [MBP]o/[Cu(0)ly = 1/1 (mole/mole) (Figure 2a, b). The
(a) 100 4 b)) O T A2 reaction time is similar when [MBR[Cu(0)]o = 1/0.1 (mole/
~ 80 o o lis mole) (Figure 1c, d) and even with some excess of externally
< g 2 18y added CubBr (in addition to the one generated by dispropor-
s E 5 10l 1 1'6§: tionation) (Figure 2e, f). In all cases, kinetic plots show an
g 40 % & a 1142 internal first order of reaction in monomer and growing species,
§ 20 = ; 5F U o ;mm 12 and the resulting poly(methyl acrylate) (PMA) has a low
7 0 . molecular weight distribution. Additional examples with MBP
0 10 20 30 40 50 0 5 10 15 20 and BPN initiators are depicted in SF29, SF30, and SF31. These
Time (min) M_(th)x 10° figures also describe the LRP of several different acrylates. The
[MA)/[MBP]/[Cu(0))/[Meg-TREN] = 222/1/0.1/0.1 amount of catalyst can be decreased from 100% versus the
() 1% 3 d) e 2 initiator to 10% and even to_l%. When it contains less than
~ o} < 25 o e l1s 10% catalyst, the reaction mlxturg is .colo.rless.
< 12 § T2t External Orders of the Polymerization in [Cu(0)]o, [Cu-
§ %[ 115 E 0 1 1'6§: Br]o, and [DMSO]p. Kinetic experiments, processed according
g 401 N £ & sl O 1142 to the method used previous®y provided the external orders
E ol %7C | 5= = o m:é 112 of reaction of the polymerization in [Cu(Q)][DMSO],, and
© k *° = 0.0574 min” 0' . [CuBry]o (Figure 3). As expected for the mechanism illustrated
0 10 20 30 40 0 6 12 18 in Scheme 1, a complex, less than one, order of reaction in
Time (min) M (th) x 10° [Cu(0)]o is observed. The orders of reaction in [DM$Q@hd
[MAY[MBP)/[Cu(0))[Meg-TRENJ/[CuUBr,] = 222/1/0.1/0.12/0.02 [CuBry]o are about one. This demonstrates the expected catalytic
) 1 3 M 18 2 effect of DMSO in this reaction and gstablishes that the LRP
= sl < 125 '8 may be performed at a reasonably high rate in the presence of
3 ° . : . . . .
< 12 B S . a high concentration of CuBrThese data provide instructions
% 601 14 SE o 1-6§g on how to control the rate of polymerization. For example, the
g 40t w1 26 142 amount of DMSO used in these experiments can be less than
§ 2 »c 055 ; 12 the amount of monomer. Therefore, the reaction mixture can
' be diluted with only a catalytic amount of solvent and be
0 20 40 &0 0 6 2 18 performed almost in bulk.
Time (min) M_(th)x 10° Synthesis of Ultrahigh Molecular Weight PMA by Cu-

Figure 2. Kinetic plots for the Cu(0)-mediated living radical polymerization ~ (0)/Mes-TREN Catalyzed LRP Initiated with MBP. The
of methyl acrylate (MA) at 25°C in DMSO, initiated with methyl simplest test of the efficiency of a living polymerization is to
2-bromopropionate (MBP) using M@REN as a ligand (conditions: MA  assess its ability in the synthesis of polymers with ultrahigh
=2mL, DMSO=1mL, [MAJo= 7.4 mol/L, and [MALIMBP]o = 222). molecular weight, i.e with number average molecular weight
(My) larger than 18 Previously the highest molecular weight
linear polymers synthesized by the inner-sphere LRP metal-
catalyzed technique wer&l, = 300 000 for polyf-butyl
methacrylate}>* M, = 367 000 for poly(methyl methacrylaté}:
Mn = 554 000 for poly(methyl acrylat€2°andM, = 823 000
for poly(tert-butyl acrylateoc

Figure 4 shows representative examples of kinetic experi-
ments in which [MA}Y[MBP]o = 11 000 (Figure 4ad) and
22 200 (Figure 4e, f). PMAs wittM, = 690 000 Mw/M, =
1.10), 950 000N1/M;, = 1.12), and 1 420 00M,/M,, = 1.15),

between inner-sphere and degenerative tralisfet is expected
to be eliminated in the case of the outer-sphere SET-LRP
process.

SET-LRP of Acrylates Initiated with Methyl-2-bromopro-
pionate (MBP) and 2-Bromopropionitrile (BPN) and Cata-
lyzed with Cu(0)/Mes-TREN in DMSO. Cu(0)/bpy-catalyzed
LRP of acrylates initiated with sulfonyl halides in nonpolar
solvents at high temperatures was reported by our labof&tdry
and was shown to be accelerated by many additives, including

ethylene glycol52 Mixtures of Cu(0)/Cu(ll)X% or even Cu(0) ; \ . N
alone were used to catalyze the LRP initiated with alkyl halides "€SPECtVely, with a narrow molecular weight distribution were
obtained in 3, 6, and 10 h, respectively. The higher molecular

at high temperature in bulk and in nonpolar solvéfitd.was iaht ol btained by SET-LRP ts significantl
concluded that Cu(0) increases the rate of the reaction since it V19Nt Polymers obtained by St - suggests signincantly
less termination and a much higher rate of polymerization at

reduces Cu(ll)X to Cu(l)X, the latter being considered the . .
catalysti®bdCu(0) alone was shown to provide poor control room temperature than those in previous metal-catalyzed LRP
performed in nonpolar solvents at higher temperatgre:3

of molecular weight and molecular weight distribution since 2 .
These are remarkable results considering that the reaction

the Cu(l)X species generated cannot react with radicals to - _ . o
produce the dormant alkyl halidég:b conditions used were not optimized. Radical polymerizations
Figure 2 shows examples of LRP of methyl acrylate (MA) .a”d LRPs of acrylates are known fo be accompanied by
catalyzed by MBP/Cu(0)/MeTREN carried out at 25C in intramolecular chain transfer to polymer and, therefore, to
. . . . hed polyacrylates when the reaction is performed
DMSO. Complete conversions are obtained in less than 50 min proc_iuce branc .
P at high temperature®.The analysis of the HSQC and HMBC
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Z.; Matyjaszewski, KMacromoleculed998 31, 7999-8004. (c) Cheng, 8652. (b) Wayland, B. B.; Basickes, L.; Mukerjee, S.; Wei, M.; Fryd, M.
G. L.; Hu, C. P.;Ying, S. KJ. Mater. Catal. A: Chem1999 144, 357— Macromolecules997, 30, 8109-8112. (c) Percec, V.; Ramirez-Castillo,
362. (d) Johnson, R. M.; Ng, C.; Samson, C. C. M.; Fraser, C. L. E.; Popov, A. V.; Hinojosa-Falcon, L.; Guliashvili, 3. Polym. Sci., Part
Macromolecule200Q 33, 8618-8628. A: Polym. Chem2005 43, 2178-2184.
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Figure 3. Determination of the external order of reaction in [Cug0)CuBr2]o, and [DMSO} for the Cu(0)/Me-TREN-catalyzed polymerization of methyl
acrylate (MA) in DMSO at 25C initiated with methyl 2-bromopropionate (MBP). [MIMBP]o = 200/1; (a) Ink,2°Pvs In[Cu(0)}, ratio [Cu(O)/[MA] o
was varied from 0.01 to 1 at an equal ratio of [Cu§@)Mes-TREN]o (MA =2 mL, DMSO= 1 mL, [MA], = 7.4 mol/L); (b) Ink:2°°vs [DMSQO},, DMSO
was varied from 0.2 to 0.8 mL with 1.8 mL of MA. ([MAJIMBP]o/[Mes-TREN]W/[Cu(0)]o = 200/1/0.4/0.4); (c) Irk2PPvs —In[CuBr2]o, ratio of [CuBg]o/
[Cu(0)]o was varied from 0.1 to 2, [MeTREN], was equal to sum of [Cu(Q)land [CuBglo. ([MA] o/[MBP]o/[Cu(0)]o = 200/1/0.4).

[MA][MBPY/[Cu(0))/[Mes-TREN]/[CuBry] = 11,000/1/2/2.4/0.4 [MAJ/[CHCI3)[Cu(0)V/[Mes-TRENJ/[CuCl,] = 222/1/0.1/0.12/0.02
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Figure 4. Kinetic plots for the Cu(0)-mediated living radical polymerization ~ Figure 5. Kinetic plots for the Cu(0)-mediated living radical polymerization

of MA initiated with methyl 2-bromopropionate (MBP) at 26 in DMSO
using Me-TREN as a ligand. Conditions: (a and b) MA2.5 mL, DMSO
= 2.5 mL, [MA]o = 5.55 mol/L, and [MA}[MBP], = 11 000; (c and d)
MA =5 mL, DMSO= 2.5 mL, [MA]o = 7.4 mol/L, and [MA}[MBP]o

of MA initiated from: CHC}, CHBrs, CHI3 using Me-TREN as a ligand.
Conditions: (a and b) MA= 1 mL, DMSO= 1 mL, [MA]o = 5.55 mol/L,
and [MA]o/[CHCI3]o = 222; (c and d) MA= 1 mL, DMSO= 1 mL, [MA]o
= 5.55 mol/L, and [MA}/[CHBr3]o = 222; and (e and f) MA= 2 mL,

= 11 000; (e and f) MA= 2 mL, DMSO = 4 mL, [MA], = 3.7 mol/L, DMSO = 1 mL, [MA]o = 7.4 mol/L, and [MA}/[CHIz]o = 222.

and [MA]o/[MBP], = 22 200.
CHCI3, CHBr3, and CHI3 as Monofunctional and Bifunc-

NMR spectra of linear poly(-butyl acrylate) obtained at 2% tci:onal Inigatgrs f%r tge 'C‘:RF(; /Of MA Cata'Yzed bégu(oa{
revealed no detectable branching in the polymer sample uzTe, CSe, CuS, ClO/MesTREN in DM br The
(Supporting Figures SF57 and SF58). A linear PMA, free of simplest monofunctional and difunctional initiatb's° for the

branching, was obtained in the polymerization executed at 25 SYNthesis ofa.w-difunctional telechetic polyacrylates with
o different or identical chain ends are CHCCHBTr3;, and CHb.

Figure 5 shows kinetic experiments for all initiators with Cu-
(0)/Mes-TREN as the catalyst. Only CHE fequires a small
amount of additional Cu@lto control the LRP. The most
important message provided by this figure is that the apparent

(21) (a) Farcet, C.; Belleney, J.; Charleux, B.; Pirri,NRacromolecule2002
335, 4912-4918. (b) Plessis, C.; Arzamendi, G.; Alberdi, J. M.; van Herk,
A. M.; Leiza, J. R.; Asua, J. MMakromol. Chem., Rapid Commuz003
24, 173-177.
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[MAJ/[CHBr3)/[Cu(0))/[Mes-TREN] = 11,100/1/1/1

The bifunctional CH{ and the monofunctional CHghnd

(a)100 P Sppew— 3 (b)1000 3 CHBr3 initiators were also tested for the synthesis of uItrghigh
gl oeTmn 25 . goof molecular weight linear PMA. The results of selected kinetic
3:— < 2 E sool. 1%° . experiments using these initiators are presented in Figure 6.
'g T 1.5§ ) 12 &, PMA with an My up to 1 400 000 and a narrow molecular
2 aor 1 % & o1 R = weight distribution is easily accessible in a reasonable reaction
S 05 S°200f S time. The best results using CHGIs an initiator were obtained
o R when a small amount of Cughdditive was used to regulate
0 300 600 900 1200 0 200 400 600 800 1000 the polymerization. The nature of the haloform does not
Time (min) M, (th) x 10 significantly change the kinetic parameters (includig®® of
[MAJ[CHBr3)/[Cu(0))[Mes-TREN] = 22,200/1/1/1 these polymerizations under similar reaction conditions. This
(c) 80 P SppT—— Gl 3 observation was also valid (seg above) when various. haloforms
S ol ' 24 _ 9 o0l o 1ss were employed for the synthesis qf low molecular vvgght PMA
= 18 g . (Figure 5). The use of these easily available and inexpensive
g 40t S G 80 12 &, solvents as dual mono- and bifunctional initiators for the
“é’ 12 % @ = synthesis of ultrahigh molecular weight PMA could be attractive
S 06~ =40 . >115 from an industrial point of view and for the synthesis of AB,
| ABA, and more complex block copolymers that are not

| | . 0
0 300 600 900 1200

Time (min)

0

400 800 1200 1600

M_(th)x 10°

[MAJ[CHCI5)[Cu(0)/[Meg-TRENJ/[CuCl,] = 18,000/1/1/1.2/0.2

accessible with the more expensive monofunctional and bifunc-
tional initiators based on MBP.

Synthesis of Ultrahigh Molecular Weight 8- and 4-Arm

(e) 60 " 0,000 T 3 (1000 ——— 3 Star PMA. The .Cu(O) based catalytic system was also utilized
3 50} P : _2'5,- o ool " 15s for the synthesis of 4- and 8-arm §tar PMA. The bromopro-
T 40 12 § % sool o pionate based 4-armed (4BrPr derived from pentaerythiitol)
2 %0 {158 © 2 &, and 8-armed (8BrPr derived fromtért-butyl calyx[8]arenelf
$ 5 28°C 1 & & 400) = (Supporting Scheme SS2) initiators were used in these experi-
§ 10 los= =200 A o —>1"° ments. Representative kinetic plots of LRP of MA initiated with
N ..., 0m ) 4BrPr and 8BrPr star-shaped initiators are shown in Figures 7
0 200 400 600 800 1000 0 200 400 600 800 1000 and SF40 to SF42. In all experiments, the monomer conversion
Time (min) M, (th) x 10° reaches up to 90%. The plots of IN[MAIMA] , as a function

of time and those of experimental versus theoretitgincrease
linearly. TheM,/M, values remain very low throughout the
polymerization. These results indicate the living nature of these
polymerizations and the absence of ststar coupling as well
as of other side reactions. It is remarkable that both 4- and 8-arm
star PMA with anM, up to 1 000 000 can be obtained in a
rate constant of propagatiok,{’f) does not depend strongly  living manner at room temperature in a very short time (SF40
on the structure of the haloform. Although this is a complex to SF42). The decreased catalyst concentration (Figure 7a and
rate constant, its trend resembles that observed in other SET-) as well as the use of a small amount of Cus an additive
mediated process€sand differs from that seen in ATRA and  (Figure 7c and d) provide an excellent control of the polym-
ATRP 119 Additional kinetic experiments mediated by Cu(0) erization, yielding high molecular weight 4- and 8-arm PMA
are shown in Figures SF32 and SF33, while kinetic experimentswith a low molecular weight distribution. Reports on the
mediated by CO, CwS, CuySe, and Cple are depicted in  synthesis of multiarm star polyacrylates and polymethacrylates
Figures SF34, SF35, SF36, SF37, SF38, and SF39. Under thesasing the same 4BrPr and 8BrPr and other multifunctional
reaction conditions, CHXwith X = ClI, Br provide monofunc- initiators under inner-sphere metal-catalyzed LRP conditions are
tional initiators, while X= | behaves as a bifunctional initiator  available!d”.15¢fAll previous synthetic procedures required high
(SF51 to SF58). The resulting PMAs are telechelic in the case polymerization temperatures and long reaction times and were
of CHCl; (SF51) and CHBy(SF52, SF53), with their two chain  performed in nonpolar solvents.
ends having different chemical functionalities (one derived from | Rp of MA Initiated with Haloforms and Catalyzed by
initiator and one from growing species) and reactivities. When Cu(0), CwO, Cu,S, CwSe, CyTe/TREN in DMSO. The
iodoform is used as an initiator, the resultant polymer contains simplest and the least expensive ligands that can be used in
two chain ends which at low conversion are different. However, thjs LRP are TREN and PEI. They were previously used in the
at high conversion and high [M]l] o ratio the two chain ends | Rp of VC in H,0 together with the same cataly$ta*Figure
exhibit identical structure and reactivity (SF55). A detailed 8 provides several examples of kinetics that demonstrate the
kinetic analysis of this process and demonstrations of its very fast synthesis of different medium molecular weight (Figure
synthetic capabilities will be reported. 8 a, b) and very high molecular weight PMAs (Figure 8c, d).
Synthesis of Ultrahigh Molecular Weight PMA by Cu- This polymerization can be carried out in the presence or
(0)/Mes-TREN Catalyzed LRP Initiated with Haloforms. The absence of CuX(Figures 8, SF43, SF44). Catalysis by,Ou
initiators CHBg and CHC} were used to demonstrate the CuwS, CySe, and CpTe/TREN in DMSO was demonstrated
synthesis of ultrahigh molecular weight PMA (Figure 6). by the kinetic experiments summarized in Figure SF45. The

Figure 6. Kinetic plots for the Cu(0)-mediated living radical polymerization
of MA initiated from CHBR using Me-TREN as a ligand. Conditions:
MA = 2 mL, DMSO = 4 mL, [MA], = 3.7 mol/L. (a and b) [MAY
[CHBr3]o = 11 100; (c and d) [MAJ[CHBr3]o = 22 200; (e and f) [MA}/
[CHCI3]o = 18 000).
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[MA)/[8BrPr)/[Cu(0))/[Mes-TREN] = 1,110/1/0.5/0.5
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Figure 7. Kinetic plots for the living radical polymerization of MA initiated
with (a and b) (8BrPr)5,11,17,23,29,35,41,47-aed-butyl-49,50,51,52,
53,54,55,56-0ctakis-(2-bromopropionyloxy) calyx[8]arene (conditions: MA
=1 mL, DMSO= 0.5 mL, [MA]o = 7.4 mol/L, and [MA}/[8BrPr]y =

11 100); (c and d) (4BrPr) pentaerythritol tetrakis(2-bromopropionate)
(conditions: MA= 2.5 mL, DMSO= 2.5 mL, [MA], = 5.55 mol/L, and
[MA] o/[4BrPr]p = 11 100) using Mg TREN as a ligand.

[MAJ/[CHBr3)/[Cu(0))/[TRENJ[CuBr,] = 222/1/0.1/0.2/0.1
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Figure 8. Kinetic plots for the Cu(0)-mediated living radical polymerization
of MA initiated from CHB#r; using TREN as a ligand. Conditions: (a and
b) MA =2 mL, DMSO= 1 mL, [MA], = 7.4 mol/L, and [MA}/[CHBr3]o

= 222; (c and d) MA= 2 mL, DMSO= 2 mL, [MA]o = 5.55 mol/L, and
[MA] o/[CHBr3]o = 11 100.

resulting PMA contains two different chain ends one derived
from initiator and one from growing species that have different

reactivities (SF52, SF54). This suggests new strategies for the

synthesis of multifunctional block copolymers and other com-
plex architectures.

LRP of MMA Initiated with 2,2-Dichloroacetophenone
(DCAP) and Phenoxybenzene-4Disulfonyl Chloride (PDSC)
Catalyzed by Cu(0)/PMDETA and bpy in Dipolar Aprotic
Solvents.Two examples of preliminary, nonoptimized kinetic
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Figure 9. Kinetic plots for the Cu(0)-mediated living radical polymerization
of MMA initiated with the following: (a and b) 2,2-dichloroacetophenone
(DCAP) (conditions: MMA= 1 mL, DMSO= 0.5 mL), [MMA], = 6.2
mol/L, and [MMA]o/[DCAP], = 200) using PMDETA as a ligand; (c and
d) phenoxybenzene-4;disulfonyl chloride (PDSC) (conditions: MMA=

1 mL, NMP = 0.5 mL, [MMA]o = 6.2 mol/L, and [MMA}/[PDSC} =
200) using bpy as a ligand.

experiments are presented in Figure 9. The first one is initiated
with DCAP and catalyzed by Cu(0)/PMDETA in DMSO (Figure
9a, b). The second one is initiated with the bifunctional PDSC
(Supporting Scheme SS2) and catalyzed with Cu(0)/bpy in
NMP. Both experiments were performed at 26. Since
sulfonyl halides are known to undergo side reactions in the
presence of DMS&2and of aliphatid\N-containing ligandg?b
the classic bpy ligand employed previously with sulfonyl halide
initiator~>715was used. These two examples demonstrate a
dramatic acceleration when compared with related experiments
carried out in nonpolar solventsd.246.7.15Additional kinetic
experiments are presented in Figures SF46 and SF47.

LRP of VC Initiated with CHBr 3 and Catalyzed with Cu-
(0), Cw0, CuzS, Cu:Se, CyTe/TREN in DMSO. Previously,
the SET-DTLRP of VC initiated with CHland catalyzed by
the same catalytic systems in® at 25°C was reported’ab
The resulting PVC contains two functional chain ends that were
used in further functionalization and block copolymerization
experiments. However, since GHi$ a good chain transfer agent
and the polymerization mixture was heterogeneous, a two-stage
kinetic process leading to a limited VC conversion was observed.
CHBr; would be a less reactive, more UV and thermally stable,
and less expensive initiator for the LRP of VC. Since reactivity
studies on MA have demonstrated little difference between the
nature of X from the structure of RX and its ke, reaction
conditions for the LRP of VC initiated with CHBrwere
investigated. M@ TREN as ligand in conjunction with Cu(0)
mediates the polymerization of VC only to low conversion.
However, the replacement of M&REN with TREN in DMSO
provided a rewarding result that is determined by the difference
between the ratio of the rates of activation/deactivation mediated

(22) (a) Boyle, R. EJ. Org. Chem.1966 31, 3880-3882. (b) Gurr, P. A;;
Mills, M. F.; Qiao, G. G.; Solomon, D. H?olymer2005 46, 2097-2104.
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[VCY[CHBr3)/[Cu(0)V[TREN] = 350/1/1/1 [VCJ/[CHBr3)/Cu(0)/[TREN] = 350/1/1/1*
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[VCV[CHBr3)/[Cu(0))/[TREN] = 350/1/0.5/0.5 Figure 11. Kinetic plots for the living radical polymerization of VC initiated
(c)100 4 (d) 32 3 with CHBr; using TREN as a ligand (conditions: V€ 2.2 g, DMSO=
k = 0.0079 min'’ l = 68% 2 mL, [VC]o = 8.8 mol/L, and [VCH[CHBr3]o = 350). * denotes Cu(0)
$8of 3 ~ o4l o5 catalyst was used as a wire wrapped on the magnetic stirring bar.
o< g =
S %of , o 5 sl O 12 &, Mechanistic Considerations.The experimental observations
g 40F g % S = that Cu(l)X formed in situ undergoes spontaneous dispropor-
8§ 20 1 = ; 8 0 115 tionation under the polymerization conditions and that most of
© o these polymerizations do not require externally added Cu(ll)-
® 50 100 150 200 250 ® 5 16 24 3 Xz deactivator demonstrate that the active catalyst is the nascent
Time (min) M_(th)x 107 Cu(0) atomic species (Scheme 1). WhenT& CySe, CuS,
[VC]/[CHBr3]/[Cu(0)]/[TREN] = 700/1/1/1 and ClQO are Used, depending on the ratio between SET
() 100 4 (D s0 3 initiation and disproportionation they also can act as initial
| k™=00027 min” = 75% electron-donor catalysts. The rather interesting question is the
8 g ° “or 125 following: By what mechanism are the radicals formed under
S 60 5 xsor 1, s° these conditions? Several experimental observations as well as
§ o ) & 2l s’ literature data help to elaborate the most probable mechanistic
§ » E 9=10 D:m?_ 15 hypothesis for the activation of the dormant species. On one
© = hand, theky°P during LRP of MA strongly depends on the
O e0 300 450 600 B "0 30 a0 &0 concentration of DMSO used in the polymerization mixture
Time (min) M_(th)x 107 (Figure 3b). Increasing DMSO concentration leads to faster

Figure 10. Kinetic plots for the Cu(0)-mediated living radical polymeri- poI_ymenzaﬂon while mamtamm_g gooq control over .m0|eCUIar
zation of VC initiated with CHBs using TREN as a ligand (conditions: ~ Weight and molecular weight distribution. If the radicals were
VC = 2.2 g, DMSO= 2 mL, [VC], = 8.8 moliL). formed through an inner-sphere homolytic atom-transfer process,

h i . h | . fIike in the case of ATRA and ATRF; then the polymerization
by these two ligands. Figure 10 shows selected experiments o rate and, hence, th,®® would have to exhibit very little

preliminary experiments catalyzed with different concentrations dependence on the polarity of the reaction medium. The rate of

ofv(\:/gE]O)/TREN apd ,DMS% 90% VC . b a reaction in which radical intermediates are involved is not
;;[ ggt opt|m|zat|on, a ZUtf 270 T cor|1ver3|_on (;:an € strongly dependent on the polarity of the medium. In principle,
reached in a very short period of time. The molar ratio [Ciar the opposite effect should be observed, i.e., the polymerization

[C_U(O)]O can be reduced from 1/1 (Figu_re 19 a, b) to 1/0.5 rate must decrease when the monomer, catalyst, and/or initiator
(Figure 10 ¢, d) and to 1/0.1 (SF48) with higher rates than concentrations decrease. This observation is an indication that

i i initi lab qQj X i X i
previously reported W'th CHlas the |n|t|.ator.1. Smce the the formation of radicals occurs by a different mechanism. One
amount of DMSO used m_the_se polymerlz_anons_ IS very Sm‘?”' option is that ionic intermediat&sare involved in the rate-
at the end of the polymerization the reaction mixture contains limiting step of the radical formation. In this case, the rate of

a V\{pite _solidfP;]/C FE)\I/asticizeq with Tome ?]MSO'_ 'rl;herefore, radical generation must dependent strongly on the polarity of
purt |cat|ct>1n I(') t Z c req;nres only v(;/as |ng.w£|[ 26 o:j' the reaction medium and this was indeed observed experimen-
MgOH.T € .|m|t.e amount of Cu(0) pow er require to me 'at_e tally (Figure 3b). The radicals are most likely generated through
this polymerization suggested that Cu(0) wire or any other solid the decomposition of radical-anion intermedidtethat are

fqrm of a C(;u alloy would E_e sufficient to promote_it. Indeed, binitially formed by the SET reaction between Cu(0) species and
Figure 11 demonsrates this concept (compare Figure 10 a, the halogen-containing substrates, such as the initiator, and

Witn I;iguhre 114, b). Higher mol_ecullar Vﬁeight PVC wasfobtained halogen-terminated polymeric chain ends. These considerations
with higher [VC}/[CHBrs]o ratios in the presence of Cu(0) are supported by literature data that show that dipolar aprotic

(gigugr)e 13 E’ f ,ang SF;'S)’ Gle, CugSeé CuS, anq ClblO as well as protic solvents facilitate fast SET reactions between
(SF49). Al kinetic data demonstrate an SET-LRP single stage electron donors (including Cu(0)) and various halogen-contain-

pr:ocess.l I_Dep(;r:;jéng on tt)hedrea_ctlor(; cond|t|bc_>fns and c?nv9r5|on,ing compounds (including haloforms and tetrahalomethai@3).
the resulting can be designed as a bifunctional Initiator - “a ge jeg of guantum chemical calculatiétfsvas performed

with two different or.identical chain ends. Therefore, it can be on model systems to verify the path that best describes the
used for the synthesis of AB and ABA block copolymers (SF59

to SF65). This telechelic PVC can also be used for the synthesis23) (a) Pause, L.; Robert, M.; Sarg, J.-M.J. Am. Chem. So@00Q 122,

B ; 9829-9835. (b) Cardinale, A.; Isse, A. A.; Gennaro, A.; Rosset, M.;
of new complex architectures based on PVC. Details of these g 5 15757\ eidn 562002 124 13533-13539. (¢) Costentin,
synthetic capabilities will be reported. C.; Robert, M.; Satant, J.-M.J. Am. Chem. So2003 125 10729-10739.

J. AM. CHEM. SOC. = VOL. 128, NO. 43, 2006 14163



ARTICLES

Percec et al.

Scheme 2. Relative C—X Bond Dissociation Energies in Methyl
2-Halopropionates?
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aHomolytic bond dissociation (top diagram) and formation and decom-
position of anior-radicals formed by an SET process (bottom diagram)
calculated using (U)B3LYP/6-32G*//(U)B3LYP/6-31+G* (for Cl and Br
case) or (U)B3LYP/LACVR*// (U)B3LYP/LACVP+* (for | case)
methods.

Scheme 3. Proposed Catalytic Cycle of SET-LRP Mediated by

Cu(0) Species in Polar Media
P

&{[P

to a similar ion cage composed of a radieahion [R- - -X}~

and a CuX/L' countercation. The mechanism depicted in
Scheme 3 was simplified in order to facilitate the understanding
of the main chemical events that might be involved in this
catalytic process. However, the goal of this report was not to
provide a complete mechanistic explanation of the SET-LRP
process mediated by nascent Cu(0) species but rather to develop
the SET-LRP synthetic method and to compare it with that based
on the inner-sphere process. More experimental and theoretical
studies are necessary to elucidate the hypothetic mechanism
outlined in Scheme 3. Investigations in this direction are in
progress and will be reported in due time. Nevertheless, the
SET-LRP reported here, together with its mechanistic hypoth-
esis, explains numerous literature examples in which an ac-
celeration of the “Cu(l)X"-catalyzed LRP initiated with alkyl
halides, sulfonyl halides, and\-halides was observed in
H,0 2% alcohols*97 ethyleneglycol?22lkDMSO24-9 DMF,24

CuX/L
11 Kais
+ CuXylL

KdIS
CuX/L

D+ nM

---x1"+ CuX*/L} k! dead ‘

experimental observation that the nature of the halogen doesand ionic liquids?? including a recent example of high molar

not affect the rate of polymerization of MA when Cu(0) catalyst
is used under similar conditions. The details of the quantum
chemical calculations performed are described in the Supporting
Information, and the results are shown in Scheme 2.

It is obvious that the homolytic €X bond dissociation

mass polymethacrylafés This reaction will also facilitate access
to complex organic synthesis by radical reactions performed
under mild conditiong® Research along this line will be
reported.

energy (BDE) in the initiators MCP (X CI), MBP (X = Br),

and MIP (X=1) (Supporting Scheme SS2) strongly depends
on the nature of the halogen and usually increases in the
following order: ClI> Br > | (Scheme 2, top diagram). The
calculated BDEs are in good agreement with previously
calculated values obtained for the same methyl 2-halopropionate
systems:3P The C-X bond dissociation energy depends very
little on the nature of the halogen (X) if it occurs through the
decomposition of the radicaknion formed via a SET process
(Scheme 2, bottom diagram). The generalized catalytic cycle
of SET-LRP is depicted in Scheme 3.

The reaction starts with an SET reaction between Cu(0)
species and the halogen-containing substrate (initiator or
halogen-terminated polymeric chain end). Any polar solvent,
including DMSO, facilitates the decrease of interaction between
the anion (X) and the electrophilic radical (R from the
radical-anion pair?® The radical-anion cluster and Cu/t

(24) (a) Robinson, K. L.; Khan, M. A.; de Paz Banez, M. V.; Wang, X. S.;
Armes, S. P.Macromolecule2001, 34, 3155-3158. (b) Wang, X.-S.;
Armes, S. P.Macromolecules200Q 33, 6640-6647. (c) Wang, X.-S.;
Lascelles, S. F.; Jackson, R. A.; Armes, SCRem. Commuri999 1817
1818. (d) Wang, X.-S.; Jackson, R. A.; Armes, SMRcromolecule200Q
33, 255-257. (e) Zeng, F.; Shen, Y.; Zhu, S. S.; Pelton,JRPolym. Sci.,
Part A: Polym. Chem2000Q 38, 3821-3827. (f) Bontempo, D.; Maynard,
H. D. J. Am. Chem. So@005 127, 6508-6509. (g) Lobb, E. J.; Ma, |;
Billingham, N. C.; Armes, S. PJ. Am. Chem. SoQ001, 123 7913~
7914. (h) McDonald, S.; Rannard, S.NMacromolecule®001, 34, 8600~
8602. (i) Kimani, S. M.; Moratti, S. CJ. Polym. Sci., Part A: Polym.
Chem.2005 43, 1588-1598. (j) Bontempo, D.; Heredia, K. L.; Fish, B.
A.; Maynard, H. D.J. Am. Chem. So2004 126, 15372-15373. (k) Perrier,
S.; Gemici, H.; Li, S.Chem. Commun2004 604-605. (I) Percec, V.;
Guliashvili, T.; Popov, A. VJ. Polym. Sci., Part A: Polym. Cher2005
43, 1948-1954. (m) Percec, V.; Guliashvili, T.; Popov, A. V.; Ramirez-
Castillo, E.J. Polym. Sci., Part A: Polym. Cher2005 43, 1935-1947.
(n) Percec, V.; Guliashvili, T.; Popov, A. V.; Ramirez-Castillo, E.; Hinojosa-
Falcon, L. A.Polym. Sci., Part A: Polym. Cher2005 43, 1660-1669.
(o) Percec, V.; Guliashvili, T.; Popov, A. V.; Ramirez-Castillo, E.; Coelho,
J. F. J.; Hinojosa-Falcon, L. Al. Polym. Sci., Part A: Polym. Che2005
43, 1649-1659. (p) Bontempo, D.; Li, R. C.; Ly, T.; Brubaker, C. E.;
Maynard, H. D.Chem. Commur2005 4702-4704. (g) Monge, S.; Darcos,
V.; Haddleton, D. MJ. Polym. Sci. Part A: Polym. Chei2004 42, 6299
6308 (r) Mao, B. W.; Gan, L. H.; Gan, Y. YPolymer2006 47, 3017

3020
countercation must be in close proximity in the so-called caged (25) (a) Bellus, DPure Appl. Chem1985 57, 1287-1838. (b) Pirrung, F. O.

ion pair, thus further facilitating decomposition of the radical
anion into the electrophilic radical and the anion {XThe
reaction between a radical and the deactivator gZligand in
polar media is a more complex process. One of the possible
mechanisms may involve the transfer of the halide anion X
from the deactivator to the propagating macroradicaldading
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H.; Hlemstra H.; Speckamp, W. N.; Kaptein, B.; Schoemaker, H. E.
Synthesi51995 458—472. (c) Igbal, .].; Bhatia, B.; Navyar, N. IChem.
Rev. 1994 94, 519-564. (d) Kamigata, N.; Shimizu, TRev. Heteroat.
Chem.1997 17, 1-50. (e) Gossage, R. A.; van de Kuil, L. A.; van Koten,
G. Acc. Chem. Red998 31, 423-431. (f) Clark, A. J.Chem. Soc. Re
2002 31, 1-11. (g) Delaude, L.; Demonceau, A.; Noels, A. Fop.
Organomet. Chen2004 11, 155-171. (h) Severin, KCurr. Org. Chem
2006 10, 217-224. (i) Quebatte, L.; Thommes, K.; Severin, K.Am.
Chem. Soc2006 128 7440-7441.
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Conclusions drawing groups. Without optimization, polymers wid, in the

The disproportionation of Cu(l)X species into Cu(0) and Cu- range Of_l'SX _106 with a narrow m_olecul_ar weight_qlistr_ibution_
()X » species in alcohals, dipolar aprotic solvents, ethylene and are o_btalned ina s_hort reaction time v_wth_no purlflca_ltlon._ This
propylene carbonate, and ionic liquids in the presence of areact_lon also applies to th(_a polymerization of_a diversity O_f
diversity of N-containing ligands is reported. This discovery functlon_al monomers and is expected to fa_10|l|tate the rapid
complements the well-known disproportionation of Cu(l)X in synthe3|§ of ComP_'ex mac_:romolegdla_nd organi® compqunds
H,0. In water, alcohols, dipolar aprotic solvents, ethylene and _under mild conditions. Since activation and deact_lvatlon steps
propylene carbonate, and ionic liquids, Cu(0) and its alloys as " _SET'LRP are expected to _be faster than chain transfer to
powder, wire, or any other form (Figure 11, SF50),8e, Cy- m_mators and/or dormant spec_le_s_of the general structw_fe(R
Te, CuS, and CyO and the nascent, extremely reactive atomic With X = Cl, Br, 1, all these initiators can be used without
Cu(0) and Cu(ll)% species obtained by disproportionation all cpmpetlltlon with degeneratlye phaln tr.ansfer. Preliminary
mediate an ultrafast LRP of acrylates, methacrylates, and vinyl Simulations of the SET-LRP kinetic experiments demonstrated
chloride at room temperature and below, initiated with alkyl that, .und'er sgltable reaction conditions, the extent of blmolgcular
halides, sulfonyl halides (Figure 9 and SF47), andalides termm.atlon is below the level detectable by any ava|llable
(SF47). This polymerization proceeds by an outer-sphere ggeTanalytical method. Recently, accelerated methods for the inner-
mechanism in which Cu(0) species act as electron donors, andSPhere metal-catalyzed ATRP process were also repgited.
the dormant initiator and propagating—X species act as
electron acceptors. By contrast with other metal-catalyzed LRPs
including ATRP, in which excess Cu(llp&pecies are created
by the undesired radical dimerization, here, the Cu@Bpecies
responsible for the reversible deactivation of the radicals are
formed by the disproportionation of Cu(l)X. The previously
reported metal-catalyzed LRP, including ATRP, generate radi-
cals by an inner-sphere process that requires a high activation Supporting Information Available: Experimental section
energy. The outer-sphere SET process involved in this new containing materials, techniques, synthesis, structural analysis,
polymerization has a very low activation energy. Therefore, aqditional kinetic experiments, and method used in the quantum
SET-LRP involves very fast activation and deactivation steps chemical calculations. Also complete ref 13a. This material is

and negligible bimolecular termination at room temperature. ayailable free of charge via the Internet at http:/pubs.acs.org.
Since activation takes place at room temperature in the presence

of excess Cu(ll)%, an extremely good control of the reaction JA0654842

is accomplished with only a very small amount of catalyst. This
provides an ultrafast polymerization of both activated and (26) (&) Min, K. Gao, H.. Matyjaszewski, KI. Am. Chem. So2005 127,

. X o . 3825-3830. (b) Jakubowski, W.; Min, K.; Matyjaszewski, Klacromol-
nonactivated functional monomers containing electron-with- ecules200§ 39, 39-45.

Acknowledgment. Financial support by the National Science
’Foundation (DMR-0548559 and DMR-0520020) and the P. Roy
Vagelos Chair at Penn are gratefully acknowledged. A.W. and
A.S. acknowledge the Swedish Foundation for Strategic Re-
search (Grant A 302:132) for financial support during their study
at Penn.

J. AM. CHEM. SOC. = VOL. 128, NO. 43, 2006 14165





