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ABSTRACT: Several propositions have been made about the mechanism in wRinte@iates controlled radical
polymerization that include (1) exclusive activation of an alkyl halide initiator by exceptionally acti%&oCu
generate a propagating radical and d €pecies, (2) instantaneous disproportionation dfiGi Cl’ and CUl

in “catalytic” solvents such as DMSO, and (3) deactivation of the radical by tGestablish an equilibrium
between active and dormant polymer chains. It was further postulated that the activation and deactivation processes
in this technique, entitled single-electron-transfer living radical polymerization (SET-LRP), occur via outer-
sphere electron transfer (OSET) to produce alkyl halide radical anion intermediates. We report herein on our
own investigation of the aforementioned mechanism using Cu complexes of tris[2-(dimethylamino)ethyl]Jamine
(MesTREN). Model studies were employed to quantify disproportionation ofNG¢TREN in DMSO, DMF,

and MeCN, where comproportionation of @Quith Cu' to form Cu was slow but dominant in all three solvents.
Relative activation rates of alkyl halides by Cand Cu with MesTREN were studied; reactions catalyzed by
Cu/MesTREN were significantly faster than those employind Rolymerization of methyl acrylate proceeded

in a similar manner in both DMSO and MeCN at 25 initiated by an alkyl halide using either €and Me-

TREN, CU/MesTREN, or a slow dosing of CIMesTREN. These studies ultimately indicate that in addition to
slowly activating alkyl halides Cualso acts as a reducing agent, regeneratingaCtivator from accumulated

Cu', thereby emulating the mechanism activators regenerated by electron transfer in atom transfer radical
polymerization (ARGET ATRP). The possibility of OSET among copper species and alkyl halides was evaluated
on the basis of literature data and found to be negligible in comparison to an atom transfer process (i.e., inner-
sphere electron transfer).

Introduction polymerization at 110C catalyzed by C&r/2,2-bipyridine?>-27)

. . . R can then propagate with a vinyl monomég)( terminate
The extensive development of controlled radical polymeri with another R (k), or be reversibly deactivated in this

zation techniques in the past decade has ultimately provided” ..~ N . - .
synthetic polymer chemists with the necessary means to craft azgg'gﬁirﬁgge?y é(urg/let d b/ L t(hkgeacé'rs\’/i\gt]gﬁttzg}g];tff?égggﬁfns
host of unique materials otherwise unattainable with conven- Y y P » they

tional polymerization methods# One technique in particular, are always present to some degree in any radical polymerization

. 0
atom transfer radical polymerization (ATRPhas been excep- process. Under normal ATRP conditions, between 1 and 10%

fonly sl n e peparaionof varos (copomers o 7 1905 [T, W s recieh v 3 Dh et
precise composition, topology, and functionafity® of both d 9 : y

high and low molecular weight, and from a large variety of of radicat-radical termination irreversibly consumes 2 equiv

lamides, acrylonitrile, vinyl acetate, and othef4:2° Several » PO

recent advances have been made (discussed herein) that allo"ce all of the activator was c_:onsume(_j. .
The rate of polymerization in ATRP is governed by a ratio

the overall required concentration of ATRP metal catalyst to of the concentration of activator to deactivator (i.e., MY

be lowered from parts per thousand to parts per mifiiof? ML di p -

These new developments have generated much enthusiasm foﬁ>< t ) according to eq £

those interested in adopting ATRP on an industrial s¢a@f . n 1

course, any optimization of the methods will necessitate a R = KI[MI[R'] = K[M] Kargp[R=X]([Mt /LJ/[XMt ""/L])

thorough understanding of their mechanism. (1)
The “living” nature of polymer chains in ATRP arises from

an equilibrium between propagating radicals&Rd dormant |y yrinciple, therefore, the absolute amount of metal catalyst
halide capped chainsX that is established with the aid of @ ¢4 e decreased without affecting the rate of polymerization.
transition metal catalystHomolytic cleavage of RX by a However, fast rates cannot be maintained without a sufficient
metal complex activator ML generates (with an activationrate  ghg|yte amount of catalyst under normal ATRP conditions due
constantkse) the corresponding higher oxidation state metal 5 the aforementioned radical termination reactions. By ef-
halide complex deactivator XMt™/L and a radical R (A fectively employing CBor F€ as reducing agents to lower the
representative example of this process is illustrated in Schemegount of accumulated ®uby reducing it to Cy it was
1, where the values of the rate constants refer to a styrenegemonstrated that ATRP could be made significantly f28téf.
This concept was essentially the precursor to a new technique
* Corresponding author. E-mail: km3b@andrew.cmu.edu. known as activators regenerated by electron transfer (ARGET)
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Scheme 1. Representitive ATRP Equilibrium
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ATRP 213539 for which it was demonstrated that the overall direct activation by Cuand with question marks related to the
concentration of metal catalyst could be dramatically lowered extent of disproportionation of Cand activation by Cu The
(to 1-50 ppm) while maintaining control over the polymeri- ARGET ATRP mechanisf#3%is represented in parallel fashion,
zation to high conversion by employing organic reducing agents where CQ principally serves to regenerate 'Cand where
such as sugars, ascorbic acid, hydrazine, amines, and phenolactivation occurs predominantly by C{Of course, a small

to maintain an appropriate balance of [Cand [CU']. Free contribution of the direct reaction between alkyl halides and
radical initiators such as AIBN were employed in a similar way Ci® must initially take place.)

. X . )
g)sr(?gil:i?aetocr:g V}’gr igl](mfgjén%%\rlz?écralfe'ne?qg:z:%%d I((Iré)xvg) From strictly a thermodynamic perspective, the dominant role
ATRP 22 9 of CW’ in either of these proposed mechanisms is not im-

mediately clear. Consider an energy level diagram (Figure 1)
containing all relevant intermediate species in the SET-LRP and
ARGET ATRP mechanisms, where the same number of each

. type of atom is included in each step so that valid relative
weight polymers of methyl acrylate (MA) were also prepared o 0a1isons of the energies can be made. It is well-known that

with this technique in a relatively short time (a few hours or 4o ~tivation of Rby Cu'X, complexes with a ligand to give

less) using DMSO as the solvent and an amount @fré‘,ngi_ng CuX and R—X (as in reverse ATR#) favors the dormant side
from parts per thousand to parts per milliBA new mechanism of the ATRP equilibrium (CIX + R—X, see Scheme B)or

was proposed to occur under these conditions, entitled single-g|se the polymerization would not be “living”. Thus, the products
electron-transfer living radical polymerization (SET-LRP), that  of this reaction are significantly lower in energy than the starting
was postulated to involve (1) exclusive activation of R by materials, as illustrated in Figure 1 (an extraXCis included

an exceptionally active Cispecies to generate (in the presence in the products and reactants in order to keep the number of
of complexing ligand) Rand a CUX species, (2) instantaneous  halogen and copper atoms constant for each step in this figure).
disproportionation of two CX into CWw’ and CUX; in Spontaneous disproportionation of two'Eunolecules into C8
“catalytic” solvents such as DMSO, and (3) deactivation of R and ClfX,, as required by the SET-LRP mechanism, suggests
by Cu'X; to establish an equilibrium between active and the energy of the products of disproportionation must be lower
dormant polymer chains. (Note that the'Cand Cli-containing still, as presented on the right-hand side of Figure 1. Since no
species are complexed with a ligand L which is omitted for significant deactivation of a‘by CUX is reported to occur in
simplicity.) The proponents of SET-LRP contend the activation the literature, the activation barrier for this process must be larger
and deactivation processes in this technique occur via outer-than that for deactivation of a*RBy Cu'X,. Looking at the
sphere electron transfer (OSET) to produce alkyl halide radical activation barriers of the steps in reverse, it should be easier
anion intermediates and the corresponding €ations and for CuX rather than CRto activate R-X. Thus, if dispropor-
furthermore that SET-LRP is somehow less susceptible to sidetionation is not complete (governed by the equilibrium constant
reactions and radical termination as some function of the processfor disproportionation), C should dominate in the role as
occurring via OSET (in contrast to normal ATRP, which they activator.

accept as occurring via inner-sphere electron transfer (ISET), Cuw° in the presence of a ligand is certainly capable of
where the activation of RX by Cu and subsequent generation activating alkyl halideg%4445Therefore, the left-hand side of

of Cu' is accompanied via a halogen-bridged transition state). Figure 1 suggests that in solvents such as acetonitrile, where
The SET-LRP mechanism as presented in ref 42 is illustrated there is virtually no disproportionation of ©( Cu® would be

in Scheme 2, supplemented with a half-circle arrow representingthe more active species from a thermodynamic point of view.

Recently, a system using €in the presence of tris[2-
(dimethylamino)ethyllamine (M@ REN) ligand was applied to
the polymerization of vinyl chloride (VCY¥#*High molecular
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Figure 1. lllustration of hypothetical activation barriers and energy levels for the activation of RX ByCGuX when disproportionation or
comproportionation dominates (the complexing ligand L is omitted in this figure for clarity).

Scheme 3. Activation/Deactivation and Disproportionation/

Equations 2 and 3 can further be rearranged in the form
Comproportionation Equilibria in the Cu °—Cu'X—Cu" X,—RX

System kact,0: Kjeacto 1 )

k eacl .

CuX + Cu'Y, + R e GUX + CU'X + RX Kaot  Kaeact Kaisp
Keonct Kact K It is known that CtiX; is a better deactivator than Buspecies
ka:}\\ea“ C‘Jr"/p//k/dis . (Kdeact™ Kdeact 9-4% 51 Consequently, the PMR dictates according
ol + Culx, + RX to eq 4 that activation must be significantly faster with')XCu
2

than with C® (Kact > Kact9 for systems that favor dispropor-
However, Cd can also act as a reducing agent to compropor- tionation Kaisp > 1). Thus_, the proposed SET-LRP mechanfSm,
tionate with ClX; and return CIX activator to solution (as W'th prgferred deactivation by CX; (kdea,c‘> kdeac",a' preferrgd
proposed in ARGET ATRP). Whether the overall preferred aCtivation by C8 (Kacto > kac), and dominating disproportion-
(lower energy) pathway for activation of-RX will proceed ation Kaisp > 1), violates the PMR. _ _
through comproportionation and subsequent activation By Cu e were therefore prompted to reinvestigate the predominant
vs a direct reaction with Cwill depend in part upon the relative ~ role of Ci in living radical polymerization in several organic
activation barriers for reduction of @M, compared with ~ solvents. The equilibrium constant of disproportionatiQpy,
activation of R-X. Additionally, whether Cl is responsible ~ which is related to the relative energies of' Eut- CuX and
for activating more or less polymer chains than>XCwill also CW + Cu'X; in Figure 1, is reported hereafter for various
depend upon the surface area of the insolublé catalyst.

solvents and measured in the presence of ligand (WKgkg
The three equilibria from Figure 1, which coexist in the becomeﬂ(ﬁisp. see eq 6)Kgisp can also be calculated from the

reaction system, can be conveniently presented as the cycleNernst equation knowing the redox potentials of the/Cuf
shown in Scheme 3. and CU/Cu couples (see eq 5, wheRis the universal gas

The principle of microscopic reversibility (PMEy48 de- constant (1.987 cal mot K1), T is the absolute temperature,
mands that five of the six rate constants for the processes showrandF is the Faraday constant (96 500 C ).
in Scheme 3 be independent, while the sixth one is related to 0y 1 o/
the other five via eq 2. log Ko, = E°(Cd/cd) — E(Cu'/Cd) 5)

P 2.30RTF*

@)

We also compare the kinetics of the activation processes by
I i iti i _

The application of the PMR to the system in Scheme 3 leads to .Cuf;.and (?u)l\jlxvnh agi;ltlsogal m(;)dl\sll Séllj\ld'es’ ltesttthg polyhmer]r
some important conclusions. First, the equilibrium constant of lzation of n an € .(SO Vents in whic
the process of activation of alkyl halide RX by Cand dlsproportlona_non of C'uand_comproportlc_matlon of Cand
deactivation of the produced radical by '®uwhich can be Cu' are domlnant., respectlvely,. accordlng to ref 42), gnd
termed Karre, depends upon the “standard” ATRP equilibrium eva}luate the effectiveness of various’Gpecies as ponmer|-
constant (RX activation by C¥ and radical deactivation by zation catalysts. We also evaluate, on the basis of available
Cu'X5) and the extent to which Cx disproportionates. These

literature data, the possibility of outer-sphere electron transfer
constants will be very much solvent- and ligand-dependent: between copper species and alkyl halides.

kact,d(deackdisp = kdeact,(kcom;kact

Experimental Section
kact,O _ Ko — kcomp kact — KATRP (3)
kdeact,o ATRP kdisp kdeact Kdisp

Materials. Tris[2-(dimethylamino)ethyllamine (M@REN) was
synthesized according to literature procedifesll other Cu
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Figure 2. Comproportionation of ClBro/MesTREN (initial concentra-
tion 2.5 mM) in the presence of €{10% excess) and MEREN

(concentration equal to the total amount of Cu) at°25in MeCN,

DMSO, and DMF. The inset is an expansion of the first 4 h.
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Figure 3. Comproportionation of CiBr./MesTREN (initial concentra-

tion 2.5 mM) in the presence of €({10% excess) and disproportion-
ation of 5.0 mM CUBr/MesTREN in DMF at 25°C. The dashed lines

do not represent a fit of the data but rather are present to guide the
eye.

complexes, reagents, and solvents used in this study were obtaine
from Aldrich. Methyl acrylate (MA) was passed through a column
filled with basic alumina to remove inhibitor. All monomers,
ligands, and solvents were deoxygenated by purging with nitrogen
for at leas 1 h prior to usage. Gupowder (<75 um in diameter)
was used in all model studies and polymerizations, unless otherwis
specified.

Analyses. Monomer conversions were determined using a
Shimadzu GC 14-A gas chromatograph equipped with a FID
detector and J&W Scientific 30 m DB WAX Megabore column.
Molecular weights and molecular weight distributions were deter-

mined on a gel permeation chromatography (GPC) system consist-

ing of a Waters 515 pump, a Waters 717plus autoinjector, Polymer
Standards Service columns (Styroget, 1B, 1% A), and a Waters

2410 RI detector against polystyrene standards using THF as the

eluent at a flow rate of 1 mL/min (38C). All spectroscopic
measurements were performed on a Cary 5000 UV/vis/NIR
spectrometer (Varian).

Comproportionation Experiments. Cu'Br, (0.0056 g, 0.025
mmol) and CA8 powder <75 um, 0.0017 g, 0.0275 mmol) were
weighed on a small glass slide, which was inserted and left in a
Schlenk flask. The flask was closed with a stopper attached to a
quartz cuvette and was then evacuated and backfilled with nitrogen

€,
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stirred in a water bath at 2%, and spectra were collected at various
time intervals. Before collecting the spectrum, the flask with the
cuvette was placed inside the spectrometer and left there for 10
min to allow precipitation of any insoluble material. The decrease
in the CUBr,/MesTREN concentration was monitored from the
absorption at 970 nm. The extinction coefficients of the complex
at this wavelength in the presence of 2 equiv excess of ligand
were measured separately and were 439.5, 458.1, and 47L.7 M
cm~tin MeCN, DMF, and DMSO, respectively. Similar experi-
ments were carried out using the Cu®esTREN complex in
DMSO; the absorbance maximum of this complex in DMSO in
the presence of-12 equiv of ligand was at 940 nmags, = 499.1
M~1cmL

Representative Polymerization A Schlenk flask was charged
with CuP or CUBr (0.0435 mmol). It was then closed, evacuated,
and back-filled with nitrogen several times, and deoxygenated MA
(9 mL, 96.6 mmol), MeTREN (11.5¢L, 0.0435 mmol), and DMSO
or MeCN (4.5 mL) were added. After four freezpump—thaw
cycles, the flask was filled with nitrogen. After melting the reaction
mixture and warming to room temperature, an initial sample was
taken and the sealed flask was placed in a thermostated oil bath at
25 °C. The initiator methyl 2-bromopropionate (MBP) (48:5,
0.435 mmol) was then added into the solution to start the reaction.
Samples were taken at timed intervals and analyzed by GC and
GPC to follow the progress of the reaction.

Slow Dosing of CuBr/MeTREN. MA and DMSO or MeCN
were deoxygenated by bubbling with nitrogen for 1 h!'Bw (0.279
mg, 1.25x 1076 mol), M&TREN (0.33uL, 1.25 x 1076 mol),
DMSO or MeCN (1.9 mL), and anisole (0.5 mL as internal
standard) were injected from a stock solution into a nitrogen-purged
flask. MA (4.5 mL, 50 mmol) was added, and an initial sample
was taken against which conversion would be monitored. After the
flask was placed in a 28C thermostated oil bath, MBP (5.22 mg,
0.0313 mmol in 0.625 mL of DMSO) was added. A solution of
CuBr (3.59 mg, 0.0250 mmol) and MEREN (6.6 uL, 0.0250
mmol) in 2.1 mL of DMSO was then added over 5 h. Samples
were taken at timed intervals and analyzed by GC and GPC to
follow the progress of the reaction.

Model Studies of Activation. A 10.0 mM stock solution of
PhCHCI (12.6 mg, 0.1 mmol) was prepared with 18.1 mg (0.1
mmol) of trichlorobenzene (TCB) internal standard in 10.0 mL of
MeCN. 9.9 mg (0.1 mmol) of CCl was added to a separate
Schlenk flask, and the flask was evacuated and back-filled with
nitrogen several times. 3 mL of nitrogen purged MeCN was then

éidded to the Schlenk flask. In a 10 mL round-bottom flask, 23.0

mg of MesTREN (0.1 mmol) along with 1 mL of MeCN was added,
subjected to three freezpump-thaw cycles, and then transferred

to the Schlenk flask with Cu via a nitrogen-purged syringe. Finally,
1 mL of the PhCHCI and TCB stock solution and 15.6 mg of
TEMPO (0.1 mmol) were added to another 10 mL round-bottom
flask and degassed by three freepeimp—thaw cycles. After this
solution was transferred to the Schlenk flask via a nitrogen-purged
syringe, the reaction began. A time zero sample was immediately
taken for GC analysis. The heterogeneous reaction was carried out
at room temperature with constant stirring. Samples were taken at
timed intervals to monitor (by GC) consumption of PhCHwith

time. GC was performed using a Schimadzu GC-17A, an AOC-
20i autosampler, and a J&W Scientific DB 608 column (30xm
0.53 mm) with a FID detector.

Model Equilibrium Studies. 3.8 mg (0.06 mmol) of Cuwas
added to a Schlenk flask joined to a quartz UV cuvette. The Schlenk
flask was carefully sealed. The flask was evacuated and backfilled
with nitrogen five times. 3 mL of deoxygenated MeCN was added
into the flask via a nitrogen-purged syringe through the sidearm.
11.5 mg (0.05 mmol) of M@REN in 1 mL of MeCN was added
to a round-bottom flask, subjected to three freegemp—thaw
cycles, and then added to the Schlenk flask through the sidearm

several times. Deoxygenated solvent (10 mL) was added (concen-via a nitrogen-purged microsyringe. The contents were stirred until

tration of Cd was 2.5 mM) followed by MgTREN (13.9ulL,
0.0525 mmol; 1 equiv vs the total Cu). In other experiments,
different amounts of ligand were used. The reaction mixture was

a colorless solution was obtained. In another round-bottom flask,
12.6 mg (0.05 mmol) of PhCj&l and 18.1 mg (0.05 mmol) of
TCB along with 1 mL of MeCN were added and also subjected to
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Table 1. Disproportionation Equilibrium Constants of Cu'Br/MesTREN in Various Solvents at 25°C

[CU"Br/MesTREN]eq, MM

solvent [CUBr2)o, MM [CW0o, MM [MegTREN]p, mM ([Cu"Bro/Mes TREN]e{[CU''Br]o) log Kgisp
DMSO 2.5 2.75 5.25 0.700 (0.280) —-1.29
DMSO 25 2.75 10.50 0.304 (0.122) —1.04
DMSO 2.5 2.75 15.75 0.067 (0.027) —-1.51
DMF 2.5 2.75 5.25 0.254 (0.102) -2.20
MeCN 2.5 2.75 5.25 <0.026 (<0.010) <—4

three freeze pump—thaw cycles. The initiator solution was then

transferred to the Schlenk flask via a nitrogen-purged microsyringe.

The absorbance at a wavelength corresponding td.theof the

whole spectral region examined (400400 nm, Figure S9).
When the cuvette with the solution was left for sufficiently long
time (>3 h), allowing the produced Cto settle, the absorbance

generated X Cu' complex was monitored at timed intervals. The \yag very close to that determined from comproportionation

concentration of the deactivator generated in the system was
calculated using independently determined values of the extinction

coefficients for the CUX,/L,, complexes (X= halogen and L=
ligand). Other combinations of alkyl halides and' @omplexes

experiments. Figure 2 illustrates the reduction of' Gpecies
by CWP, as determined by monitoring absorption at 970 nm in
MeCN (eg7o(CU'Bro/MesTREN) = 439.5 Mt cm™ in the

were studied in a similar fashion. At the same time, samples were Presence of +2 equiv of free METREN), DMSO ¢g70= 471.7

taken at timed intervals to monitor the consumption of PhHCIH
with time by GC.

Results and Discussion

I. Model Studies on Disproportionation. The solvent
dependence of the disproportionation equilibrium for noncoor-
dinated Cu ions has been thoroughly studied in the liter&fure.
Values ofKgyisp as defined in eq 5 and obtained from electro-
chemistry range from POM~1 in water, where Cliis well
solvatecb4>5 to 1021 M~1 in acetontrile, where Cus well
stabilized?®57 In solvents such as DMSO, which have little
“preference” to solvate either Car CU', Kgisp is near unity
(0.2—0.3 M1).58-60 |n the presence of a complexing ligand L
that stabilizes Cuand CUf to a different degree, the dispro-

M-t cm™1), and DMF €970 = 458.1 Mt cm™1) at 25°C. In
MeCN, comproportionation to form CuBr/MEREN was virtu-
ally complete, in agreement with earlier observations that CuBr/
MesTREN is stable toward disproportionation in this solvént.
In DMF and DMSO, comproportionation was less efficient (i.e.,
disproportionation more pronounced). In all cases, the compro-
portionation process is not fast and takesh to consume 50%
of CU'Bro/MesTREN, undoubtedly a product of the heterogene-
ity of the reaction and influenced by the size and surface area
of Cl0. (A 10% excess of Cluwas employed to ensure a
sufficient concentration of the species was available to fully
comproportionate with CiBr,.)

The disproportionation equilibrium not only depends on
solvent, ligand, and temperature but can be also affected by

portionation process in eq 6 is influenced and characterized bythe concentration of free ligand. Figure S4 shows the concentra-

a new equilibrium constari(gisp as shown in eq 7 for ligands
forming 1:1 complexes (wheteisp is the equilibrium constant
in the same solvent in the absence of L, ghdndp" are the
stability constants of the Cuand CU complexes with L,
respectively).

Khai
disp
=—=ocu'L +cuf +L

cu'l + cu'L (6)
Lo [Cu'L][L] _ B K
disp | 2 | 2 disp
[ci] () g
Halide ions, which are always present in ATRP reactions,
can coordinate to the Gwcomplex as well as form counterions
of the coordinatively saturated Cand CU{X species. The effect
of different counterions and their relative concentration on the

disproportionation equilibrium is currently under investigation,

and a few examples are illustrated in the Supporting Information,

tion of CuBrR, species remaining in a solution of DMSO after
reduction by CBas a function of variable free ligand concentra-
tion. As anticipated from eq 6, the addition of excess ligand
enhances comproportionation. The concentration dfXGIlL

at equilibrium was used to calculate the disproportionation
equilibrium constant according to eq 7. The values of log
(Kgisr) obtained from the three experiments were very similar,
ranging from—1.0 to —1.5. Additionally, the same value of
Iog(KgiSp) could be obtained either starting only with '8t/
MesTREN and following disproportionation or starting with €u
MesTREN and CUBro/MesTREN and following compropor-
tionation (Figure 3). The disproportionation equilibrium constant
values obtained from all experiments are summarized in Table
1. Caution should be exerted when interpreting the results of
model studies intended to quantify disproportionation of Cu
when it is observed that [(!8r;] at equilibrium has exceeded
half the initial value of [Ct]. This is, needless to say, impossible

if disproportionation of Cliis the only means by which ®us

but a thorough study of this phenomenon is beyond the scopeintroduced to the system; such an observation (see Supporting

of this paper. The bromide ion is therefore used exclusively
throughout this study, and in any calculation of disproportion-

Figures 1, 3,7, 8, 10, 11, 13, 17, 20, and 23 in ref 42) indicates
either oxidation of Cuby adventitious air or incorrect absorption

ation equilibrium constants, the bromide counterions are not measurements due to light scattering by’ @articles.

treated as individual species.

Both comproportionation and disproportionation of Cu com-
plexes were evaluated in model studies usinggNREN as a
complexing ligand in several relevant solvents following rigor-
ous deoxygenation. In disproportionation experiments, the Cu
complex of MgTREN was formed in a deoxygenated solvent,

and spectra were collected at timed intervals. The dispropor-

tionation reaction was quite rapid, with the solution becoming
visibly blue/green in the first minute of the reaction. However,
the finely dispersed CGlgenerated via disproportionation caused

Il. Polymerization of Methyl Acrylate (MA). As discussed,
control attained in polymerizations of MA conducted in DMSO
in the presence of CIMesTREN was ascribed in ref 42 to a
mechanism involving exclusive activation of-iX by CLP,
subsequent generation of GUMesTREN, and instantaneous
disproportionation of the Cispecies to (re)generate Cand a
Cu' deactivating species. While we have just demonstrated that
slow comproportionation of the &X/MesTREN species actually
dominates in DMSO, a certain amount of 'Guill dispropor-
tionate under polymerization conditions. We now compare

significant light scattering and large apparent absorbance in thepolymerization results for MA in both DMSO and MeCN; in
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Figure 4. (left) Kinetic plot and (right) plot oM, andM,/M, vs conversion for MA polymerization catalyzed by C[MA]J/[MBP]/[Cu °)/[Me¢s
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Figure 5. (left) Kinetic plot and (right) plot oM, andM,/M, vs conversion for MA polymerization catalyzed by C[MA]J/[MBP]/[Cu °)/[Me¢s-

TREN] = 2000/1/1/1; 25°C; MA/DMSO or MeCN= 1/1 viv.

the latter solvent, disproportionation can essentially be neglected kinetic plots has been observed in ARGET ATRP systems when

Additionally, systems based on €were compared with those
based on Cufrom which convincing evidence to support the
true polymerization mechanism in the presence of €auld
be deduced.

It must be noted that CBr/MesTREN is among the most
active catalysts to have ever been employed in APRRs
previously reported, bulk polymerization of MA with an
equimolar amount of catalyst relative to initiator is extremely
fast (for a targetedM, = 20000 g/mol) and noticeably

an insufficient amount of reducing agent (i.e. %0was available
to regenerate the Cuactivator consumed by termination
reactions.

When the concentration of MBP is lowered approximately
10-fold such that a higher molecular weight is targeted and an
equimolar amount of Cland MBP are employed, control over
molecular weight is retained, and polydispersity improves
significantly (Figure 5). The polymerization rate still begins to
slow at higher conversion, which again is consistent with

exothermic. Without appropriate means to cool the system, the ARGET ATRP for a system with an insufficient amount (or

reaction mixture starts boiling within a few minut&s-owever,
when the amount of catalyst is reduced 40 mol % vs
initiator, better control over polymerization can be achieved.
Polymerization of more active ATRP monomers such as
methacrylates and styrene with CuBr/M&EN catalyst proves
even more challenging.

A. Cu®-Mediated Polymerization. Figure 4 illustrates the
evolution of molecular weights and polydispersities with
conversion for the polymerization of MA, initiated by methyl
2-bromopropionate (MBP), targeting low molar mass polymers
in the presence of 10% €and MgTREN relative to MBP, in
both MeCN and DMSO. The two polymerizations are well
controlled in terms of molecular weights agreeing with theoreti-
cal values, although polydispersity is quite high for most of the
reaction Wi./M, = 1.5). Given the proposition that two entirely

heterogeneous solution) of reducing agent. The same phenom-
enon is expected for SET-LRP, where '"Cghould be ac-
cumulated and Cu(activator) consumed.

B. Cu'-Mediated Polymerization. Polymerization of MA
catalyzed by CBr/MesTREN was also compared in both
DMSO and MeCN at 25C ([MA]/[MBP]/[Cu'Br]/[MesTREN]
= 2000/1/1/1 and 222/1/1/1). High conversion could not be
reached in any case (Figures 6 and S10). This can partially be
attributed to significant termination reactions resulting from a
high radical concentration generated by the exceptionally active
homogeneous Cicatalyst (consistent with previous literature
result$?).

However, detailed analysis of the GPC traces from these
reactions in both solvents showed an unusual tailing toward low
molar mass and essentially no shoulder at higher molecular

different mechanisms operate under these conditions, with oneweight that would be indicative of radical coupling (Figures 7

being “ultrafast”, the two polymerizations display an astonish-
ingly similar level of control and overall rate. In both solvents,
nonlinear first-order kinetics are observed. Similar curvature in

and S11). A plausible explanation for the observations is that
CUBIr/MesTREN, a relatively powerful reducing species, can
not only activate alkyl halides to generate radicals but can also
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Figure 6. Kinetic plot for MA polymerization with CIBr/MesTREN:
[MAJ/[MBP]/[Cu 'Br]/[MesTREN] = 2000/1/1/1 ; 25°C; MA/DMSO
or MeCN= 1/1 viv.
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the principal role of CRis to slowly introduce Cuactivator
back into solution (as in ARGET ATRP).

D. Retention of End-Group Functionality in Cu®-Mediated
Polymerization. It was previously claimed that termination
reactions, which would result in a loss of end-group functional-
ity, were below the threshold of what could be detected i Cu
mediated polymerizatiof? We attempted to verify this with
macroinitiators synthesized using GIMA)/[MBPJ/[Cu %/[Me¢-
TREN] = 222/1/0.1/0.1; 28C, in 50 vol % DMSO). Nanosized
CW° powder (100 nm) was used, and the reaction was quenched
after 5 min, having reached a conversion of 86% wth =
16 500 g/mol andV,/M,, = 1.24.

Despite the relatively narrow molecular weight distribution
of the macroinitiator, a significant amount of the chains (Figure
11) could not be extended ([MA]/[macroinitiator]/[€{[Mes-
TREN] = 222/1/1/1; 25°C; MA/DMSO = 1/3 v/v). Initiation
efficiency of the chain extension was calculated as only 51%
by multipeak analysis and integration of the GPC traces after
conversion of the weight distribution to number distribution.
(For slower reactions proceeding with a lower radical concentra-

reduce growing radicals to carbanions that would then react tion, chain end functionality is better preserved.)

rapidly with adventitious moisture or other protic impurities.

E. Effect of Cu® Size/Age.The size of the Cuparticles is

This side reaction would occur via outer-sphere electron transferknown to affect the rate of comproportionatiérand should

(OSET) and should depend on the amount of €hecies and
its relative reducing powe® Similar results have previously
been observed in acrylate polymerizafibas well as in the
polymerization of other electrophilic monomers such as acry-
lonitrile®3 when catalyzed by strongly reducing species. The
OSET side reaction between 'Gind radicals can be minimized
when a very small amount of catalyst is employed in ARGET
ATRP, allowing the production of higher molecular weight
polymers of acrylonitrile with less apparent tailiffy.

Figure S12 illustrates that, by lowering the relative amount
of catalyst to initiator to 10% and/or targeting a lower degree
of polymerization, good control can be achieved in both DMSO
and MeCN, in agreement with earlier repdits.

C. Slow Dosing of Cui to Polymerization. One approach

to suppressing OSET as a side reaction in the presence of

strongly reducing Cuspecies is to slowly feed the catalyst to
the reaction mixture at a similar rate it is consumed by the
persistent radical effect, effectively keeping [Clow at any
given time. A low [CU] would also keep radical concentrations
relatively low, thereby reducing the probability of radical
termination. Moreover, a major role of €in these solvents
(as will be discussed in more detail) is as a relatively mild
reducing agent working to reduce accumulated Gack into
Cu. Thus, a slow feeding of CBr/MesTREN to a polymeri-
zation essentially mimics a system in whichGlowly reduces
Cu'Bro/MesTREN.

The experiment was begun with a small amount of GUBr
MesTREN initially present, which ultimately allows better
control over the polymerization. Excellent control was observed,
as indicated by a linear increase of molecular weight with
conversion, low polydispersity (Figure 8), and a smooth
evolution of the entire distribution of polymer chains with
conversion without any observable tailing (Figure 9). These
results essentially mirror those of the Gaxperiments.

Additionally, ultrahigh molecular weight PMAM, >
2 000 000 g/mol) was synthesized in DMSO with a slow dosing
of CU to the system (Figure 10). In MeCN, molecular weights
higher than 600 000 g/mol were difficult to obtain due to the
relatively high transfer constant between MeCN and a methyl
acrylate radicat® Together with the model studies demonstrating
the propensity of Clito comproportionate, these results indicate

also, in principle, affect the rate of and control over polymer-
ization. Metal sheets, turnings, wire, and large particle size
powders are expected to catalyze slower polymerizations than
very small C{ particles. Table 2 summarizes some results of
MA polymerization using various types of €uNot only the

size and surface area of Tbut also its “age” affect the
polymerization rate (most likely related to a passivating oxide
layer or the amount of pristine @u While polymerization
catalyzed from Cliwire has a broad molecular weight distribu-
tion, better control could be obtained with wire in the presence
of a small amount of ClBr, complex. Additionally, the
difficulty of working with extremely low concentrations of €u

by using stock suspensions when synthesizing high molecular
weight polymers is discussed in the Supporting Information and
illustrated in Figure S13.

Ill. Model Studies on Activation Process.In order to better
understand all reactions involved and also to estimate the relative
contribution of R-X activation by C@ and Ct, several model
reactions were performed to gain a more comprehensive picture
of the C¥ system.

A. Activation Rate Constants in the Presence of CuBr/
MesTREN with and without Cu °. Activation rate constants
for numerous alkyl halides with various copper complexes in
ATRP have previously been measured by trapping radicals
generated during the activation step with a nitroxide radical in
order to avoid the back (deactivation) reaction (Schem& 4).

Cu/MesTREN is among the most reactive catalysts known
in ATRP. Activation is also strongly dependent on the structure
of the initiator. At room temperaturd: for benzyl chloride
(PhCHCI) with CUCI/MesTREN is 0.2 M1 s71, for MBP with
CUBI/MesTREN kot = 50 M1 s71, and for ethyl 2-bromophe-
nylacetate with CIBr/MegTREN Kyt = 6.5 x 10° M~1s71 (the
latter two values were extrapolated by comparison with different
ligands)®8 Because the reaction of @MesTREN with MBP
is too fast to measure precisely, the following kinetic studies
are conducted with benzyl chloride. Figure 12 presents the
kinetics of four reactions of benzyl chloride in MeCN with (a)
Cw and MeTREN, (b) CUCI/MesTREN in the absence of Cu
(c) 1 equiv each of Cli CUCI, and MeTREN, and (d) 1 equiv
of ClP and CUCl with 2 equiv of MeTREN. Because activation
of an alkyl halide by Ctiwas not observed to occur without
ligand, a sufficient amount of M@REN was employed
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Figure 7. GPC traces illustrating molecular weight evolution during MA polymerization withB@MesTREN: [MA]/[MBP]/[Cu'Br]/[Mes-
TREN] = 2000/1/1/1; 25°C; MA/DMSO or MeCN= 1/1 v/v.
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Figure 8. (left) Kinetic plot and (right) plot ofM, and M./M, vs conversion for MA polymerization with a slow feeding of '8t/MesTREN.
Relative concentration of all injected species: [MA]/[MBP]/[8d/[Cu"Br,)/[MesTREN] = 2000/1.25/1/0.05/1.05; 28C; MA/DMSO or MeCN
= 1/1 viv. A 2.1 mL solution containing 0.025 mmol &w/MesTREN in DMSO or MeCN was added ovB h to asystem with 4.5 mL of MA,
2.4 mL of solvent, 0.5 mL of anisole (internal standard), and théBE¥Me;TREN and MBP.
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Figure 9. GPC traces illustrating molecular weight evolution for MA polymerization with a slow feeding &rdesTREN. [MA]/[MBP/
[CU'Br])/[CuBr,)/[MesTREN] = 2000/1.25/1/0.05/1.05; 25C; MA/DMSO or MeCN= 1/1 v/v.

whenever Cliwas used. In all experiments, the nitroxide radical ultimately occurs predominantly with €and not with C@in
TEMPO was used in excess as the trapping species. MeCN.

Straight semilogarithmic plots were observed in all experi-  B. Reaction of PhCHCI with Cu%MesTREN in the
ments initially employing Cu The initial rates were essentially ~ Absence of a Nitroxide Radical Trap.While trapping radicals
the same with and without the presence of Q\lso, the initial with TEMPO in the previous experiment allowed a straight-
rate with C@® alone was very slow, although it became forward evaluation of activation kinetics, further insight into
progressively faster until it matched the rates of the other the complexity of the reaction of PhGEI with Cw° could be
experiments as Cuactivator was slowly generated and later attained in the absence of a radical trap. The consumption of
regenerated through comproportionation. The data thereforealkyl halide was monitored by gas chromatography while'[Cu
clearly demonstrate that the activation process, regardless ofwas simultaneously determined with spectrophotometric mea-
whether polymerization was initially catalyzed by Qur CU, surements. From the material balance of all reagents involved,
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Figure 10. (left) Kinetic plot and (right) plot oM, and M,,/M, vs conversion for MA polymerization with a slow feeding of '8t/MesTREN.
Relative concentration of all injected species: [MA]/[MBP]/[8t/[Cu"Br,])/[MesTREN] = 33300/1/1.5/0.05/1.55; 25C; MA/DMSO ~1/4 Vvv.

A 1.5 mL solution containing 0.005 mmol of @r/MesTREN in DMSO was added over 10 h to a system with 15 mL of MA, 60 mL of DMSO,
7.5 mL of anisole (internal standard), and the'By/MesTREN and MBP.
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10,000 100,000 Figure 12. Kinetics of the activation process of benzyl chloride by
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) . . ) ) MeCN; [TEMPO]= 20 mM, [PhCHCI] = 2 mM, [trichlorobenzene]
Figure 11. GPC traces illustrating molecular weight evolution for MA = 2 mM: (a) and (b) [Cl] = [MesTREN] = 20 mM; (c) [CW¥] =

chain extension from a macroinitiator prepared with nanosizetd Cu [Cu] = [MegTREN] = 20 mM; (d) [Ctf] = [Cu] = 20 mM, [Mes-
[MA]/[macroinitiator]/[Cu’)/[MesTREN] = 222/1/1/1; 25°C; MA/ TREN] = 40 mM.
DMSO = 1/3 v/v.

) —=—[RX]
it was possible to calculate the concentration of thespecies 12 +[Cu:'] ;
([CU1 = A[RX] — 2[Cu"]), and in a similar manner the residual % —4- [Cu=A[RX]-2[Cu]

=¥ [Cu’l= [RX+[Cu"T+(Cu"] -RX],)
\ A_ kA= A

CW ([Cu9 = [RX] + [Cu"] + ([Cuo — [RX]0), where the
latter term is employed since a slight excess of @URX is
used; Figure 13). These model reactions are only qualitatively
discussed here. In a following paper, a kinetic modeling
approach will be employed to fit all relevant rate constants,
including the rate of comproportionation, and to quantitatively
compare activation rate constants for°Gund Cu species.

It is clearly observed in Figure 13 that the concentration of
Cu' passes through a maximum and then decreases to a certain
equilibrium value. Additionally, Clis constantly accumulated,
even after the alkyl halide is consumed. This is consistent with

>
P

i
“
N

Concentration (mM)
[e7]

the slow comproportionation process. Similar results were 0 50 160 150 260
obtained when MBP was employed as the initiator (Figure S14). ) ]
IV. Outer-Sphere Electron Transfer (OSET) vs Inner- Time (min)

Sphere Electron Transfer (ISET). While it is generally Figure 13. Time-dependent concentration of Cu species and BhCH
accepted that activation in ATRP, or oxidation of the Cu species, Cl in MeCN as determined by gas chromatography and spectrophoto-
is accompanied by atom transfer in a concerted ISET processMetric measurements. [GMesTRENJ/[PhCHCI} [trichlorobenzene]

: . . = 12/10/10/10 mM.
under typical conditions with Cu-based catalysts (Scheme 5),
further support for this mechanism is provided with electro- outer-sphere electron transfer (OSET) might also be possible.
chemical arguments below. If the catalyst was sufficiently OSET can either occur stepwise or in a concerted fasiéh.
reducing and alkyl halides had sufficient electron affinity, an For aromatic halide8! it can proceed in two steps: (1) the
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Table 2. Effect of Size/Age of Clon ATRP of MA in DMSO at 25 °C?

MA/I/Cu%L time (min) conversion (%) M (g/mol) PDI Mn.th (@/mol)
100 nm 222/1/1/1 35 79 17 400 1.12 15 300
75um 222/1/1/1 8 82 19 800 1.24 15800
425um 222/1/1/1 30 87 20 300 1.24 16 800
40 um (old) 222/1/1/0.5 75 86 23 400 1.23 16 600
75um 222/1/1/0.5 9 86 20 600 1.26 16 600
wire (L=2cm,D =1 mm) 222/1/15/1 90 70 13 600 1.44 13500
wire (L=2cm,D =1 mm) 222/1/15/1/0.1 C\Br,» 120 78 15100 1.06 15100

a| = initiator MBrP; L = ligand M&TREN; in 25°C; MA/DMSO = 1/1 viv.

aromatic halide accepts an electron to form a radical anion with haloforms reported in ref 42 indicate ISET rather than OSET
an oxidized metal cation, and (2) heterolytic dissociation of the occurs under the conditions reported.

radical anion occurs to generate an organic radicahil a
halide anion X that migrates to the oxidized metal center
(Scheme 5). However, for most alkyl halid@§3OSET occurs
in one concerted step directly to form Bnd X~ (also known

The results of a recent DFT study (where only enthalpy was
calculated in the gas phaggyvere interpreted to suggest that
electron transfer to alkyl halides proceeds stepwise with the
formation of radical anions being more stable by=72 kcal/

as dissociative electron transfer, or DET) without the generation mol than the radical and halide pair that would form by
of an intermediate radical anion species. Moreover, since the dissociative electron transfer. However, entropy was not taken
redox potentials of many radicals with electron-withdrawing into account in these calculations. (Dissociation of a radical
groups (carbomethoxy or cyano) are much less negative thatanion generates three degrees of translational freedom to form
those of the corresponding alkyl halides, the radicals can be a radical and anion.) The typical entropy gain for the dissociation

irreversibly reduced to carbaniofis.

step should be-30 cal/mol K, corresponding to about 10 kcal/

The authors of ref 42 measured apparent rate constants ofmol at room temperature. Given the thermodynamic instability

propagation for acrylate polymerizations using chloroform,

bromoform, and iodoform initiators with Cuand cited the

of the radical anion species, a one-step DET rather than a two-
step process involving a radical anion intermediate should be

relative independence of the rate of propagation on the naturefavored in OSET. Moreover, all calculatiofisvere performed
of the halogen as evidence for an OSET mechanism. However,in the gas phase. In solution, solvation of halide anions should

according to literaturé® iodoacetonitrile is reducest1000 times
faster than bromoacetonitrile and the lattet000 times faster

further stabilize these speci&s’®1t was also reported that the
products of homolytic cleavage of alkyl halides @d X) are

than chloroacetonitrile, using the same homogeneous reducingenergetically less favored than the products of the heterolytic
agents. The peak potentials under heterogeneous conditions areleavage (Rand X°). However, the difference between the

—1.24,-1.58, and—2.0 V, respectively, vs SCE, confirming

energies of both states reflects only the electron affinity of

the strong dependence of the reduction potential on the naturehalogens and has no correlation with the energetics of the ISET

of the halide’? (0.059 V corresponds to 1 order of magnitude

in the equilibrium constant of electron transfer at room tem-

and OSET processes illustrated in Scheme 5.
Below, information on the redox properties of all species

perature.) By contrast, differences in reactivity of alkyl halides involved in the polymerization, including Cu in all its oxidation
are much smaller in atom transfer processes. Alkyl bromides states as well as-RX and R, is used in an effort to differentiate

are on average onky20 times more active than alkyl chlorides,

OSET and ISET processes. Wand other§ have measured

and methyl 2-iodopropionate is only 1.5 times more reactive the redox properties of various €U complexes in MeCN,

than methyl 2-bromopropionaf Thus, similar reactivities of

Scheme 4. Trapping of Alkyl Radicals with Nitroxide Radicals

kact
ML + R-X —  X-M"'L + R®
Kgaget
k}ﬂ ke "0-N
R-O-N
Scheme 5. ISET vs OSET Processes
ISET - AT?
[ R---X---CuXIL |
kact
Cu'X/L + R-X — Cu'X,L+R" K
Kgeact X
| kt‘\
OSET? \

[Cu"X/L] + [R-X]'— [Cu"x/L]* + X+ R

and they are generally in the range0.1 to—0.3 V vs SCE
(cf. Table 3). Unfortunately, information on the redox potentials
of R—X and R is quite limited”® Nevertheless, Table 3 does
include some (irreversible) reduction peak potentials for several
alkyl halides as well as organic radicals. While precise
thermodynamic information cannot be attained from irreversible
data, some relevant trends still merit discussion.

The location of the reduction peak ofX depends strongly
on the nature of the halide, occurring betwee?.0 and—1.3

Table 3. Redox Potentials of Cu Catalysts, Alkyl Halides, and
Organic Radicalst

compound Ei, V (MeCN) ref
CuBr/MesTREN —0.300 77
CUuBI/TPMA —0.245 77
CuBr/PMDETA —0.075 77
CuBr/(bpy) 0.035 77
NCCHy —0.69 €, DMF) 73
PhCH* —1.45 Ep) 80
PhCHBr —1.80 €p) 81
ICH:CN —1.24 €, DMF) 72
BrCH,CN —1.60 €, DMF) 72
CICH.CN —2.00 €, DMF) 72
EtCIOAC —2.05 €, DMF) 82

aAll potentials given vs SCEE, = irreversible reduction peak;

MesTREN = tris[2-(dimethylamino)ethyllamine, TPMAe tris[(2-pyridyl)-
methyllamine, PMDETA= N,NN',N",N""-pentamethyldiethylenetriamine,
bpy = 2,2-bipyridine, EtCIOAc= ethyl chloroacetate.
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Scheme 6. OSET in the Presence of Protic Impurities

X
— ML+ RO 3 RH
P

S-H

continuous generation of Cthroughout a reaction of RX with
CW/MesTREN via the slow reduction of accumulated'Cu
(6) The side reaction of OSET between catalysts and
propagating radicals can be lowered under ARGET ATRP
conditions, where the catalyst concentration is minimized,
thereby allowing the production of higher molecular weight
polymers than can be attained under normal ATRP conditions.
(7) The predominant involvement of €in the activation
- ! process violates the principle of microscopic reversibility, which
general trend for RX employed in ATRP and their corre-  \yoy|d otherwise require fast deactivation of propagating radicals
sponding radicals. It suggests that if activation ef>Rby CL° by CUBI/MesTREN to reversibly form C
were to proceed via OSET (as has been proposed for the SET- " (g) || of the experimental observations can be fully explained
LRP system), ponr_nerlz_atlon might be_accompamed_ by a loss by the existing ATRP mechanism, wherein Cacts as a
of chain end functionality from reduction to carbanions (see requcing agent and can also contribute to the activation process.
Scheme 6), which would quickly terminate in the presence of The proposed involvement of unquantifiable “nascent” atomic

adventitious moisture and would further result in a broad cp a5 the most likely activator is therefore unwarranted (cf.
molecular weight distribution from significant “tailing” in the  occam's razor).

GPC traces.

Indeed, such tailing is observed when the ATRP of electro-  acknowledgment. The authors thank the National Science
philic monomers (such as acrylonitrile and acrylates) are ggundation (DMR-05-49353 and CHE-07-15494) and the
catalyzed by very active/reducing Ceatalysts under normal  mempbers of the CRP Consortium at Carnegie Mellon University
ATRP conditions (cf. also Figure 7}.This has been attributed  for their financial support as well as the entire Matyjaszewski
to OSET from the catalyst to ‘RHowever, much higher  group for helpful discussions and experimental assistance. We

molecular weights with less tailing could be achieved under thank one of the reviewers for helpful comments concerning
ARGET ATRP conditions, where catalyst concentrations are the PMR.

smaller and consequently OSET to radical chain ends is much

less pronouncetf. The fact that perfectly monomodal distribu- Supporting Information Available: Electronic spectra for all
tions of high molecular weight acrylate polymers have reportedly comproportionation and disproportionation experiments as well as

ML + R

V for haloacetonitrile (vs SCE in DMFY. The*CH,CN species

is much easier to be reduced.69 V) than the analogous alkyl
halide’3 Similarly, the reduction peak of benzyl bromide occurs
at —1.80 V, while PhCH is reduced at-1.45 V. This is a

been achieved when catalyzed by°Guggests OSET to*Rs
not significant, and is even less likely with less oxidizing RX.

Conclusions

Overall, the results presented in this work demonstrate that
methyl acrylate polymerization mediated by®Gasembles the
ARGET ATRP mechanism in the organic solvents investigated.
Activation occurs predominantly with Cwhile C contributes
to the activation process only to a small degre€’ &sio works
to slowly reduce (i.e., comproportionate with) 'Githereby
regulating the ratio of Cuactivator to Cli deactivator. Some
more detailed conclusions include the following:

(1) Disproportionation is limited in DMSO and DMF, and it
is negligible in MeCN. When 2.5 mM C'Bry/MesTREN is
dissolved in the presence of a 10% excess &f&ul sufficient
excess of ligand, 28%, 10%, andl% of Cd' remains after
equilibrium is reached in DMSO, DMF, and MeCN, respec-
tively. Comproportionation dominates but is slow due to the
heterogeneity of the system.

(2) Rates and control in polymerizations starting witH Gu
CW in either DMSO or MeCN are similar. GIMesTREN
ultimately catalyzes a more efficient polymerization tharl/Cu

kinetic plots,M, andM,,/M, vs conversion data, and GPC traces
for select polymerizations. This material is available free of charge
via the Internet at http:/pubs.acs.org.
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