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ABSTRACT: A series of nine linear quadridentate ligands with amine, pyridine, and quinoline donor
groups of different steric and electronic demand were prepared for complexation with CuX and CuX;
halide salts. Select Cu(ll) complexes were reacted with either AgPFs or NaBPh, to generate dicationic
di-PF¢ salts and monocationic halo-BPh, complexes, respectively. These Cu complexes with different
oxidation states, counterions, and chelate ligands were screened as catalysts for the atom transfer radical
polymerization (ATRP) of methyl methacrylate (MMA) in toluene or anisole solution at 80 °C. Catalysts
were generated in situ or were isolated prior to subsequent introduction to the reaction media. Copper
metal was added to all polymerizations of precomplexed catalyst systems (i.e., all Cu(ll) complexes and
those prepared ahead of time from CuBr). Molecular weight vs percent monomer conversion and Kinetics
plots are provided to illustrate the level of control that was achieved under various conditions. PDIs of
poly(methyl methacrylate) (PMMA) products were generally low (~1.1—1.4). Reaction rates exhibited
the following trend: [Cu(ligand)X]BPh, > Cu(ligand)X > Cu(ligand)X;, with the last of these showing
longer induction periods. In general, reactions were faster and more controlled in anisole than in toluene.
Polymerizations were slower with catalysts made from ligands bearing fluorine substituents than with
nonfluorinated analogues. Other Cu systems with bulky quinoline or methylpyridine groups in the terminal
positions tended to exhibit poor reactivity and/or molecular weight control. Consistent with the accepted
mechanism of ATRP, analysis of tacticity indicates no special stereoselectivity was observed in

polymerizations run with catalysts bearing chiral quadridentate ligands.

Introduction

Atom transfer radical polymerization (ATRP) has
allowed for significant advances in control over molec-
ular weights and architectures in macromolecular syn-
thesis.! Numerous styrene and acrylate monomers have
been polymerized using transition metal catalysts in
conjunction with alkyl or sulfonyl halide initiators.22 It
is assumed that the metal is involved in reversible
halide abstraction from the initiating and propagating
species, generating small quantities of radicals at equi-
librium and a formally oxidized metal halide species.
Metal complexes that are capable of interconverting
between oxidation states differing by one unit with
concomitant changes in coordination number are fre-
quently employed. These include Cu(l) to Cu(ll)X, Ni-
(1) to Ni(11)X, or Ru(l1) to Ru(I11)X, among other metal
systems. The field of ATRP catalyst development is
growing rapidly, and numerous systems have been
described. Those that have been investigated most
thoroughly to date tend to fall into two general catego-
ries: (1) metal phosphine and organometallic com-
pounds based on Ru,* Rh,> Fe,® Ni,”8 and Re,? which
have been explored in detail by the research groups of
Sawamoto and Jéréme; or (2) traditional coordination
compounds, most commonly based on copper. Complexes
with bipyridinel®~12 and chelating amines!®~15 have
been pioneered by Matyjaszewski, whereas pyridyl-
methanimine61’ chelates have been studied by Haddle-
ton and co-workers.

Though much has been accomplished with known
ATRP catalysts, very few of these lend themselves to
convenient, systematic tuning of the steric and elec-
tronic environment around the metal center. Examples
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of systems that have been varied most extensively to
date include copper bpy catalysts. These have been
modified with substituents on the bpy ligand, in large
part to improve catalyst solubility in nonpolar reaction
media.l%1® A variety of copper salts have also been
explored. Anions of different donor strengths include
halides,101° triflates,?° and carboxylates,?! as well as
noncoordinating counterions such as hexafluorophos-
phate, PFs~.22 Since pyridylimine ligands are conve-
niently prepared from carbonyl compounds and amines
by Schiff base condensation, the generation of numerous
derivatives of Cu(l) complexes of this ligand set has also
been straightforward.’®17 The optimization of ATRP
reactions using copper in conjunction with a plethora
of chelating amine ligands is also under investigation.18

Recently, we undertook the synthesis of a series of
linear quadridentate ligands bearing pyridine or quino-
line donors and both chiral and achiral diamine groups.
Complexation of these ligands to many first-row metal
ions (M(Il) = Mn, Fe, Co, Ni, Cu, Zn; M(l1l) = Fe, Co)
has also been investigated.?? Since all three components
of these ligands may be readily varied—the diamine
backbone, the terminal donor groups, as well as the
nonchelating alkyl groups on the tertiary nitrogen
centers—we have suggested that these systems could
be ideal for investigations of the influence of steric and
electronic factors on a wide variety of catalytic reactions,
in both small molecule and polymer synthesis.?® Since
these quadridentate chelates are hybrids of known
amine and pyridine ligands commonly used in controlled
polymerization reactions, it was of interest to us to
employ copper complexes of this series as ATRP cata-
lysts. The versatility of picolylamine chelates and their
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amenability to systematic tuning has also recently been
appreciated by Matyjaszewski and co-workers.1>18 Pre-
liminary studies described herein were concerned with
the influence of catalyst preparation, copper halide salts
of different oxidation states including some with non-
coordinating counterions, and variations in electronic
and steric features of the ligand on the polymerization
of methyl methacrylate (MMA) in toluene and anisole
solution at 80 °C.

Ligand Preparation. A series of linear quadriden-
tate ligands (1—9) was prepared to assess the effect of
steric and electronic factors on catalyst reactivity. These
ligands are comprised of consecutive five-membered
metallochelate rings. It has been noted that this ring
size is optimal for achieving control in copper-catalyzed
ATRP reactions.'® Bulky quinoline (qn) and methylpy-
ridine (pyMe) containing ligands were prepared for
comparison with those bearing pyridine (py) groups. The
reactivities of catalysts made from ethylenediamine (en)
backbone ligands are contrasted with those generated
from bulkier R,R-cyclohexanediamine (R,R-cn) ones.
Moreover, ligands were alkylated with benzyl (Bn)
groups as well as a fluorinated benzyl analogue (FsBn)
in order to explore the effect of subtle electronic differ-
ences on reactivity. These variations are expected to be
reflected in the reaction kinetics since ATRP reactions
tend to be sensitive to catalyst oxidation potentials—
the signature of the electron richness of the metal
center.1820.25 Moreover, steric factors influence the ac-
cessibility of the initiator and propagating species to the
metal center.16:1820.26 | jgands are designated in the
following manner: the internal diamine (en or R,R-cn)
is indicated first, followed by the noncoordinating benzyl
group (Bn or FsBn) in parentheses, and then the
terminal donor groups (py, gn, or pyMe).
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The quadridentate ligands 1—9 were formed in three
easy steps by previously described methods.2324 Schiff
base condensation between a diamine (or a diammo-
nium salt in the presence of a base) and a pyridyl or
quinoline aldehyde was followed by reduction of the
resulting imine with sodium borohydride in methanol
solution. Subsequent alkylation of the internal second-
ary amine nitrogen was accomplished by deprotonation
with NaH, followed by reaction with various alkyl
halides.?” Quadridentate ligands were purified by flash
column chromatography on silica gel or, in some cases,
by recrystallization.

Originally, these quadridentate ligands were designed
to adopt C, symmetric cis a topologies upon chelation
to octahedral metal centers, with chiral variants likely
to form single diastereomers.?® The “zigzag” shape of
cis a complexes is analogous to that of many ansa
metallocenes. The potential of this ligand design for
olefin polymerization catalysts has also been recognized
by Rieger et al.?8 It is not anticipated, however, that
topological or stereochemical control will be achieved
upon complexation of chiral ligands to copper centers
for the following reasons. Copper(ll) complexes are
noted for their “plasticity”,2° that is, their tendency to
alternate between four-, five-, or six-coordinate geom-
etries in response to even quite subtle changes in the
ligand set, solvent conditions, or reaction medium. It is
also not uncommon for several species of different
coordination number to be present at once in solution.3°
There exists considerable precedent for this kind of
structural variation with quadridentate picolylamine
systems.3! Furthermore, it is not uncommon for com-
plexes with the Cu(l) oxidation state to adopt two-,
three-, and four-coordinate structures. However, since
complexes that are five-coordinate and higher are rare,
six-coordinate cis a topologies are unlikely.3> Moreover,
the widely accepted mechanism for ATRP, wherein the
catalyst abstracts a halide from RX, and monomer
reacts with the resulting radical, R*, outside the coor-
dination sphere of the metal, seems to preclude stereo-
controlled polymerization of simple monomers through
the use of chiral ATRP catalysts.?¢ The tacticity of
certain PMMA products was examined nonetheless, to
further verify that this is the case.

Synthesis of Copper Catalysts. There are many
ways of generating active ATRP catalysts using nitrogen
ligands, copper salts, and additives. Most commonly,
catalysts are prepared by the reaction of ligands with
copper salts in situ, in the presence of monomer. Copper
halides are used most frequently,°~19 although other
salts have also been employed.29=22 The Cu(l) halides
are typically purified prior to their inclusion in the
reaction mixture. However, commercial CuX reagents
can also be used as received, since the presence of Cu-
(1) impurities actually improves control during the
establishment of equilibrium in the initial stages of the
ATRP reaction.?122 This has been proven through the
intentional introduction of varying amounts of Cu(ll)
salts to Cu(l)X-catalyzed reactions.?! It has also been
shown that reactions may be run in the presence of
oxygen as long as small amounts of Cu(0) are added to
the reaction mixture. Any Cu(ll) that is generated by
air oxidation is thus reduced to the active Cu(l) catalyst
by copper metal.3” Similarly, more stable Cu(ll) salts
may be used in place of Cu(l) species if sufficient Cu(0)
is present in the reaction medium to generate the Cu-
(1) catalyst by a redox reaction.?° These findings were
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Table 1. Electronic Absorption Spectral Data (190—1100 nm) for Precomplexed Catalyst Systems in Methylene Chloride

catalyst description wavelength (nm)2
Cu{en(Bn)py}Br pale green powder 228 (7870), 262 (8250), 299 sh, 757 (287)
Cu{en(Bn)py}Br2 pale blue-green solid 262 (14 000), 301 sh, 774 (310)
Cu{en(FsBn)py}Bre pale green powder 232 (10 000), 260 (12 000), 320 sh, 780 (140)
Cu{en(Bn)pyMe} Brb pale green powder 229 (10 600), 263 (11 000), 335 (3420), 710 (54)
Cu{en(Bn)gn} Br® orange powder 236 (52 000), 318 (9400), 750 (190)

[Cu{en(Bn)py} CI](BPhy)
[Cu{en(Bn)py} Br](BPhy)
[Cu{en(Bn)py}1(PF¢)2
Cu{R,R-cn(Bn)py}Br°
Cu{R,R-cn(Bn)py}Br>
Cu{R,R-cn(FsBn)py}Br
Cu{R,R-cn(Bn)pyMe} Brb
Cu{R,R-cn(Bn)gn}Br®
[Cu{R,R-cn(FsBn)qn}]Brd
[Cu{R,R-cn(FsBn)py} CI](BPha)
[CUW{R,R-cn(FsBn)py}](PFe)2°

green needles

green needles
blue-violet needles
yellow-green powder
green solid

green powder

orange powder
yellow powder
yellow-green powder

pale yellow-green powder

blue microcrystalline solid

236 (24 000), 259 sh, 299 sh, 771 (270)
231 (34 000), 260 sh, 276 sh, 291 sh, 779 (130)

262 (9600), 288 (4300), 642 (850)

229 (10 400), 261 (6640), 294 (5140), 358 (2380), 730 (35)
229 (8700), 262 (6900), 314 (3990), 728 (201)

230 (10 000), 261 (7600), 286 (5400), 346 (2600), 764 (52)
229 (10 000), 265 (9000), 350 (2900)

237 (26 000), 289 (6900), 322 (6500), 410 (2100)

241 (30 000), 281 sh, 316 (10 000), 322 (10 000), 394 (2400)
235 (26 000), 260 sh, 289 sh, 740 (130)

262 (13 000), 294 (6000), 584 (250)

a Extinction coefficients (M~ cm~1) are given in parentheses. sh = shoulder. P Catalyst systems formed from CuBr and indicated ligand
in air may be mixtures of Cu(l) and Cu(ll) species. ¢ Range: 190—820 nm. 9 No evidence of paramagnetic Cu(ll) species.

taken into account in the preparation of Cu complexes
of ligands 1—9 for screening as catalysts for the atom
transfer radical polymerization of MMA.

A variety of different catalyst preparation conditions
were explored. Ligands were combined with CuBr to
generate catalysts in situ, and for en(Bn)py 1, reactions
were run with both purified and unpurified CuX for
comparison. It was also of interest to see what effect it
might have on ATRP reactivity if CuX and CuX; salts
were reacted with ligands, and the resulting complexes
were isolated and purified as solids prior to submission
to the reaction media for catalyst screening. Reaction
of Cu(l) halides with ligands under inert atmosphere
could lead to copper(l) quadridentate products. How-
ever, since the presence of Cu(ll) species in the reaction
media enhances control, we reasoned that any oxidation
of Cu(l) products to Cu(ll) during catalyst synthesis
might be addressed through the introduction of Cu(0)
into the polymerization reaction media. Thus, a much
more convenient approach was taken. Commercial CuX
salts were used as received and were combined with the
appropriate ligand in ethanol. For certain ligand—metal
combinations, quinoline-containing ligands in particu-
lar, solutions were refluxed to facilitate dissolution.
Reaction solutions were concentrated, and the resulting
residues were typically recrystallized from CH,ClI,/Et,0.

For ligands with pyridyl donor groups (1-3 and 5—7),
green solutions resulted upon reaction with Cu(l) salts
in ethanol. Solids that are pale green in color, indicative
of the presence of Cu(ll), were isolated after precipita-
tion of the complexes from CH,CI,/Et,O. Since com-
plexes are likely to be mixtures of Cu(l) and Cu(ll)
species, this precluded characterization of the catalysts
as unique products. Nonetheless, 'H NMR spectra were
recorded and broad signals were observed, indicating
the presence of paramagnetic d° Cu(ll). Electronic
absorption spectral data for precomplexed copper
catalyst systems in CH,CI, solution are provided in
Table 1. Molar conductivity measurements of 1 mM
acetonitrile solutions reveal that, on average, complexes
are 1:1 electrolytes (Am = 69—99 Q-1 mol~! cm?).
That is, complexes may be formulated as monocat-
ionic [Cu(ligand)]X or possibly [Cu(ligand)X]X species,
with halide counterions in the outer sphere. Solvent
complexes, [Cu(ligand)(solvent)]X and [Cu(ligand)(sol-
vent)X]X, would also be consistent with the observed
conductivity data. In contrast, the bulkier quinoline-
containing ligands 4, 8, and 9 produced yellow or

orange- yellow complexes upon combination with Cu(l)
salts. 'TH NMR analysis of the product obtained upon
reaction of CuX with 9 indicated a diamagnetic d'° Cu-
(1) species. There was no evidence of signal broadening
attributable to Cu(ll) byproducts. These data suggest
that bulkier ligands better stabilize the lower Cu(l)
oxidation state. This might be rationalized in the
following manner. Steric interactions between terminal
quinoline groups prevent the adoption of the planar
copper coordination geometry favored by Cu(ll).8
Nonplanar, tetrahedral ligand environments are more
ideally suited for Cu(l) species.3® Moreover, steric bulk
around the metal center could destabilize or even
prevent halide ligand coordination, again favoring the
lower oxidation state for copper.

There is considerable precedent for Cu(ll) complexes
of these and related Cu(ll) picolylamine ligands.3'~34 For
this study, complexes of cupric halides were prepared
in ethanol using the appropriate CuX; salt, followed by
precipitation from CH.CI,/Et,O, analogous to Cu(l)
complexes. Again, ligands react with CuX, salts im-
mediately upon mixing. These d® Cu(ll) systems are
paramagnetic and are typically 1:1 electrolytes in ace-
tonitrile solution (Ay = 110—-116 Q7! mol™! cm?).
Depending on the specific halide counterion and the
steric bulk of the ligand, green, teal, or blue solutions
are commonly generated.182431-34 This is consistent
with five- and six-coordinate structures and with what
has been previously observed for these systems in the
solid state via X-ray crystallographic analysis.1831 As
expected, differences in the electronic absorption spectra
of Cu(ll) complexes correlate with structural and elec-
tronic variations. Complexes of the fluorinated ligand
2 display an absorption band in the visible region (Amax
= 780 nm) at a lower energy than for the complex of
the analogous nonfluorinated analogue 1 (Amax = 757
nm). A similar observation was made for the complexes
of the R,R-cn backbone ligands 5 and 6 [Cu{R,R-cn(Bn)-
py}1Br: Amax = 730 nm; Cu{R,R-cn(FsBn)py}Br: Amax
= 764 nm]. Thus, decreased chelate donor strength
correlates with lower energy UV/vis bands. It should
also be noted that complexes with the more substituted
R,R-cn backbone ligands possess higher energy d—d
transitions than those bearing ethylenediamine (en)
donors.

More reactive ATRP catalysts have been generated
through the replacement of cuprous halides, CuX, with
copper salts that contain a more loosely associated
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triflate ligand, CuOTf,2 or a noncoordinating hexafluo-
rophosphate counterion, CuPF¢.22 Thus, it was also of
interest to prepare Cu(ll) quadridentates with nonco-
ordinating counterions. Di-PFg salts, [Cu(ligand)](PFs)2,
of ligands 1 and 6 were generated by combining aceto-
nitrile solutions of [Cu(ligand)Cl,;] with AgPFes. The
green solutions turned blue upon mixing, with concomi-
tant precipitation of AgCI. Purification from CH,Cl,/
MeOH yielded blue solids that are 2:1 electrolytes (Am
= 218-236 Q! mol~1 cm?). Consistent with the color
changes observed, lower coordinate Cu(ll) hexafluoro-
phosphate complexes of ligands 1 and 6 show higher
energy d—d absorption bands in UV/vis spectra than the
higher coordinate Cu(ll) precursors. X-ray crystal-
lographic analysis of a related hexafluoroantimonate
complex of ligand 6, [Cu{R,R-cn(FsBn)py}](SbFs)2, in-
dicated a four-coordinate square-planar structure in the
solid state.?* Since dicationic di-PFg species could exhibit
limited solubilities in typical ATRP reaction media,
tetraphenyl borate salts were also prepared. Reaction
of the Cu complexes [Cu{en(Bn)py} Cl;], [Cu{en(Bn)py}-
Br;], and [Cu{R,R-cn(FsBn)py} Cl,] with NaBPh4 in CHs-
CN generated blue solutions. After workup and purifi-
cation by recrystallization from CH,Cl,/MeOH, green
needles were obtained. These complexes are ~1:1 elec-
trolytes (CH3CN) (Apy = 79—96 Q1 mol~1 cm?), which
suggests a [Cu(ligand)X]BPh, formulation, and the
replacement of only one of the original halides by a
noncoordinating BPh,~. Attempts were made to replace
both halides and to prepare the dication, [Cu{en(Bn)-
py}1(BPhy),, using AgBPh,.3° However, the poor solubil-
ity of AgBPh, in common polar and nonpolar organic
solvents, combined with its instability, precluded the
synthesis of the dicationic Cu(l1) complex by this route.

Cu complexes of ligands 1—9 were investigated by
cyclic voltammetry. Unfortunately, only multiple, ir-
reversible processes were evident in the voltammo-
grams. Fluorination of the quadridentate ligand for
other metal complexes of this ligand series, namely Mn-
(11), Co(11), and Fe(l1), resulted in the expected increase
in metal oxidation potential relative to unfluorinated
parent compounds. For example, Fe{en(Bn)py}Cl, and
Fe{en(FsBn)py}Cl, show a difference of 80 mV in their
oxidation potentials, which provides an estimate of the
electronic differences that might be expected as a result
of ligand fluorination.1®

Polymerization Reactions. The polymerization of
methyl methacrylate was performed at 80 °C in either
toluene or anisole solution using ethyl 2-bromoisobu-
tyrate as the initiator. Before carrying out systematic
studies on the effect of electronic and steric factors of
copper quadridentates on reactivity and molecular
weight control, it was important to determine what was
necessary in terms of monomer purification, catalyst
preparation, and other general reaction conditions.
Haddleton and co-workers have shown that copper
imine catalysts work well even when MMA is not
purified. In some cases, inhibitors in commercial MMA
actually enhanced reaction rates.*® Moreover, it has
been demonstrated that it is possible to run reactions
in air if Cu(0) is added to the reaction mixtures. Yet,
reactions run under an ambient atmosphere in toluene
solution using precomplexed Cu{R,R-cn(Bn)py}Br and
unpurified monomer produced polymers with high PDIs
(~1.3—3.3). In many cases, multimodal GPC traces were
observed. Hence, all subsequent reactions were run
under a nitrogen atmosphere using monomer that had
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40 2
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Figure 1. Comparison of My vs percent monomer conversion
plots for MMA polymerizations in anisole at 80 °C promoted
by en backbone catalysts of different oxidation states, Cu{en-
(Bn)py} Br (in situ) (W) and Cu{en(Bn)py}Br, (precomplexed)
(a). (— = M(calcd); corresponding open symbols represent
PDIs).

been purified by passage through basic alumina or
distillation from CaH,. Generally, new conditions were
tested for the parent complexes of en(Bn)py, 1, and/or
R,R-cn(Bn)py, 5, before complexes of other ligands of
different steric and electronic demand were screened.
Reactions were run using catalysts that were generated
in situ, as well as with catalysts that were prepared and
isolated prior to use in polymerizations. For catalysts
formed in situ, greater reaction rates and molecular
weight control were observed for CuBr:quadridentate
ratios of 1:1.5 as compared with reactions run with 1:1.1
ratios. And in the absence of Cu(0), reactions run with
ligands 1 or 5 that were precomplexed with CuBr
showed negligible reactivity.*42 Thus, Cu(0) was added
to all subsequent runs (for catalysts prepared from Cu-
(1) salts: Cu(0)/Cu(l) = 0.1:1; for catalysts prepared from
Cu(ll) salts: Cu(0)/Cu(ll) = 1:1).

To investigate the effect of catalyst electronics on
MMA polymerization, Cu complexes with different
oxidation states, complexes with coordinating and non-
coordinating counterions, and other sets bearing ligands
with and without electron-withdrawing fluorine groups
were compared. Copper(l) catalysts generated in situ
from CuBr and quadridentates and certain precom-
plexed Cu(l) and Cu(ll) systems with added Cu(0) are
viable catalysts for MMA polymerization. For example,
M, vs percent monomer conversion plots for Cu(l) and
Cu(ll) en(Bn)py, 1, reactions run in anisole (Figure 1)
and in toluene (Figure 2) are essentially linear, which
is one measure of the degree of control for a polymeri-
zation. However, measured molecular weights are higher
than calculated values, indicative of the loss of some
competent initiator species in the early stages of the
reaction during the establishment of equilibrium or of
poor initiation. Reactions of in situ catalysts in anisole
show slightly better control than do preformed ones in
toluene, as indicated by lower PDIs and a better match
with calculated molecular weights based on monomer-
to-initiator ratios, [M]o/[1]o. In toluene, reactions using
catalysts prepared from Cu(l) tend to be slightly more
controlled than those run with Cu(ll) species, but they
are comparable in anisole, as is indicated by the PDIs
of polymer products (Figures 1 and 2).
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Figure 2. Comparison of M, vs percent monomer conversion
plots for MMA polymerizations in toluene at 80 °C promoted
by precomplexed en backbone catalysts of different oxidation
states, Cu{en(Bn)py}Br (H) and Cu{en(Bn)py}Br; (4). (— =
Mn(calcd); corresponding open symbols represent PDIs).
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Figure 3. Kinetics plots for the polymerization of MMA in
anisole at 80 °C using Cu{en(Bn)py}Br (in situ) (@) and Cu-
{en(Bn)py}Br; (a) catalysts.

Kinetics plots reveal that reactions are faster and
generally more controlled in anisole as compared with
toluene. For example, in anisole, kinetics plots are first-
order with respect to monomer for Cu{en(Bn)py}Br
generated in situ (Kopps = 0.028 min~1) and for the Cu-
(1) catalyst (kops = 0.011 min~1) (Figure 3). In toluene,
reactions with the Cu(l)/1 precomplexed catalyst show
some S-shaped curvature in the kinetics plot (Kops =
0.007 min~1, estimated from linear regression of data),
whereas those with the Cu(ll) catalyst (kops = 0.012
min—1) have comparable rates but longer induction
periods as compared with anisole reactions (toluene,
~150 min; anisole, ~45 min) (Figure 4). Induction
periods have been observed for other ATRP catalysts
and have been attributed to the establishment of
equilibrium (i.e., reduction of Cu(ll) to Cu(l) by Cu(0)
before ATRP may proceed) or the consumption of
residual oxygen.816.36.37.41 Results obtained using ligand
5, R,R-cn(Bn)py, are similar to those for en backbone
systems. Again, precomplexed Cu(l)/Cu(0) systems show
faster reaction rates (Kops = 0.10 min—1), and polymers
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Figure 4. Kinetics plots for the polymerization of MMA in
toluene at 80 °C using precomplexed Cu{en(Bn)py}Br (®) and
Cu{en(Bn)py}Br, (a) catalysts.

exhibited slightly narrower molecular weight distribu-
tions as compared with those formed from Cu(I1)/Cu(0)
catalysts (kops = 0.003 min—1) in toluene solutions.

Noncoordinating counterions were also explored with
these Cu quadridentate systems. Hexafluorophosphate
salts, [Cu(ligand)](PFe)2, of 1 and 6 were nearly in-
soluble in the MMA/toluene reaction medium, and
negligible reactivity*! was observed even after 10 h. In
anisole, the reactions remained colorless for ~45 min,
after which time a blue color developed. The kinetics
plot confirms a ~30 min induction period followed by a
very slow rate of polymerization (Kqps = 0.0033 min~1).
Inspection of the My, vs percent monomer conversion plot
reveals, however, that polymerizations using this cata-
lyst system are uncontrolled, as is also evidenced by
multimodal GPC traces and high PDIs (~1.3—2.2).

More promising results were obtained with tetraphen-
yl borate salts.*® Polymerizations utilizing [Cu{en(Bn)-
py}Br](BPh,) resulted in accelerated reaction rates
relative to both Cu{en(Bn)py} Br and Cu{en(Bn)py}Br;
in both solvent systems. Anisole reactions exhibited a
short induction period (~5 min) and were essentially
complete after ~1.5 h (ks = 0.039 min~1). Linear
kinetics plots correlate with a constant number of
propagating species throughout the course of the reac-
tion (Figure 5). Corresponding My vs percent monomer
conversion plots are also linear for [Cu{en(Bn)py} Br]-
(BPhy) (Figure 6), though there is evidence of poor
initiation in anisole and in toluene. Although molecular
weight distributions remain relatively narrow (<1.3) up
to ~75% conversion for reactions with Br catalysts in
either solvent, they broaden significantly (~1.5—1.75)
beyond this point. Analogous to what has been observed
for Cu bipyridine catalysts with noncoordinating coun-
terions, increased rates are accompanied by some loss
of molecular weight control as compared with the parent
Cu()Br and Cu(l1)Br; systems.20:22

Previously, it has been reported that halide exchange
between chloride catalysts and bromide initiators can
improve the molecular weight control in ATRP reactions
by helping to ensure that initiation is fast relative to
propagation.® Polymerizations using a chloride catalyst,
[Cu{en(Bn)py}CI](BPhy), in anisole and toluene reached
~90% conversion in ~1.5 h (Kops = 0.025 min~1) and ~4
h (keps = 0.006 min~1), respectively. Thus, rates are
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Figure 5. Kinetics plots for the polymerization of MMA in
anisole at 80 °C catalyzed by [Cu{en(Bn)py}Br]BPh, (H) and
[Cu{en(Bn)py}CI]|BPh, (4).
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Figure 6. Number-average molecular weight versus percent
conversion plot for the polymerization of MMA at 80 °C in
anisole promoted by catalysts with noncoordinating tetra-
phenyl borate counterions, [Cu{en(Bn)py} Br]BPh, (l) and [Cu-
{en(Bn)py}CI]BPh, (a). (— = My(calcd); corresponding open
symbols represent PDIs).

comparable to reactions run with Cu{en(Bn)py}Br
under similar reaction conditions in the respective
solvents (and presumably would be faster than for Cu-
{en(Bn)py}Cl, though this catalyst was not tested). In
addition, narrow molecular weight distributions (PDI
< 1.1) and excellent correlation between My, and M;-
(calcd) values were noted (Figure 6). Halide exchange
between the bromide initiator and less reactive chloride
catalyst may be responsible for improved control in
MMA polymerization. The chloride complex of the
bulkier R,R-cn backbone ligand, [Cu{R,R-cn(FsBn)py}-
CI](BPhy), also initiated MMA polymerization in toluene
with an induction period of ~10 min and complete
monomer conversion in less than 2 h. Compared to
reactions with the en backbone ligand, these systems
show poor molecular weight control; molecular weights
rapidly reached a plateau value of M,, = ~26 000, and
broader PDIs (~1.4) were observed throughout the
course of the reaction.
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Figure 7. Kinetics plots for the polymerization of MMA in
anisole at 80 °C employing catalysts with varying backbone
and electronics, Cu{en(Bn)py}Br (W), Cu{R,R-cn(Bn)py} Br (4),
and the fluorinated Cu{R,R-cnFs(Bn)py} Br (®), generated in
situ.

In addition to varying metal oxidation states, halide
ancillary ligands, and inner- and outer-sphere coun-
terions, the electronic nature of copper catalysts was
also modified by the introduction of fluorine substit-
uents on the quadridentate ligands themselves. The en-
(FsBn)py, 2, R,R-cn(FsBn)py, 6, and R,R-cn(FsBn)gn, 9,
chelates were combined with CuBr to generate Cu{en-
(FsBn)py} Br, Cu{R,R-cn(FsBn)py}Br, and Cu{R,R-cn-
(FsBn)gn}Br in situ in anisole and as preformed cata-
lysts for reactions run in toluene. Polymerizations were
slower and much more sensitive to reaction conditions
when electron-withdrawing fluorinated ligands were
present. Anisole reactions with en backbone ligands
with and without fluorination exhibited good molecular
weight control. Kinetics were first-order with respect
to monomer (Figure 7). Reactions with en(FsBn)py
exhibited slightly slower rates (Kqps = 0.026 min~1) than
those for en(Bn)py (Kopbs = 0.028 min~1), as is expected
for a more electron-deficient metal center that is harder
to oxidize to Cu(ll). The less reactive catalyst gives rise
to slightly more controlled polymerization. Calculated
molecular weights based on [M]o/[1]o show slightly better
correlation with experiment for the fluorinated ligand;
however, PDIs are comparable to those for polymers
made from en(Bn)py (Figure 8). In both cases, Mp vs
percent monomer conversion plots are linear. For the
R,R-cn backbone ligand, however, more significant
differences were observed between the catalysts with
and without electron-withdrawing fluorine substituents
on the chelating ligand. Again, the fluorinated ligands
react more slowly, i.e., after ~1.5 h, percent monomer
conversion for R,R-cn(Bn)py: 78% (Kops = 0.015 min~1);
R,R-cn(FsBn)py: 21% (kops = 0.002 min~1). Molecular
weight distributions for both systems remained narrow
(<1.2) (Figure 9). For the bulkier quinoline analogues,
8 and 9, poor molecular weight control was observed in
both cases.

As for cyclohexyl backbone chelates, reactions em-
ploying preformed catalysts in toluene also displayed
dramatic differences between fluorinated and nonflu-
orinated ligands. Again, though polymerizations with
1 and 5 proceeded smoothly, those with en(FsBn)py, 2,
R,R-cn(FsBn)py, 6, and R,R-cn(FsBn)gn, 9, gave very
low conversions in 10 h trial reactions (8%, ~6%, and
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Figure 8. Comparison of M, vs percent monomer conversion
plots for the polymerization of MMA promoted by en backbone
catalysts with different electronic features, Cu{en(Bn)py}Br
() and the fluorinated Cu{enFs(Bn)py}Br (a), generated in
situ at 80 °C in anisole. (— = Mjy(calcd); corresponding open
symbols represent PDIs).
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Figure 9. Comparison of M, vs percent monomer conversion
plots for the polymerization of MMA promoted by R,R-cn
backbone catalysts with different electronic features, Cu{R,R-
cn(Bn)py} Br (M) and the fluorinated Cu{R,R-cnFs(Bn)py}Br
(a), generated in situ at 80 °C in anisole. (— = Mjy(calcd);
corresponding open symbols represent PDIs).

1%, respectively). Polymer products of reactions utilizing
Cu{R,R-cn(FsBn)py}Br exhibited narrow molecular
weight distributions (PDI ~1.16), which suggests that
this more electron-deficient catalyst might simply have
an exceedingly long induction period.** However, GPC
analysis of trace amounts of polymer isolated upon
workup of 10 h reactions employing Cu{R,R-cn(FsBn)-
gn}Br revealed that molecular weight control was poor
as evidenced by a multimodal GPC trace. Trial reactions
were also run with complexes bearing both fluorinated
ligands and noncoordinating counterions. While com-
parable reaction rates and reasonable molecular weight
control were observed for the en(Bn)py systems, Cu{en-
(Bn)py}Br and [Cu{en(Bn)py} CI]BPh,, reaction rates
and molecular weight control differs considerably for
Cu{R,R-cn(FsBn)py}Br and [Cu{R,R-cn(FsBn)py}ClI]-
BPhy. Again, the CuBr/6 catalyst exhibited slow rates
and low monomer conversion but good control, whereas
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the CuCl—BPh,/6 catalyst promoted complete monomer
conversion in <2 h but with poor control. Molecular
weights reached a plateau value,? and PDIs were broad
throughout the reaction. Finally, reactions run with the
sparingly soluble [Cu(en(FsBn)py)](PFe). catalyst gave
rise to ~8% conversion after 10 h, but once again
molecular weight control was poor (PDI ~1.67). Thus,
preformed complexes with fluorinated chelates pre-
sented here are no longer viable catalysts for the
controlled polymerization of MMA in toluene solution
due to either slow reaction rates or poor molecular
weight control as compared with their nonfluorinated
counterparts. In summary, the introduction of electron-
withdrawing groups onto the chelating ligands often
influences MMA polymerization in a dramatic way,
particularly in less polar toluene, further supporting the
importance of electronic factors (i.e., metal oxidation
potentials) on ATRP reactivity, as previously noted by
Matyjaszewski.1825

To investigate how steric features of the ligands affect
reactivity of Cu catalysts, quadridentates were varied
both in the diamine backbone and at the terminal donor
positions. The influence of the ligand backbone was
explored through the comparison of the reactivities of
en and R,R-cn systems. Narrow molecular weight
distributions (PDI < 1.2) and linear M, vs percent
conversion plots were observed for Cu catalysts of both
1 and 2 and 5 and 6 pairs, shown in Figures 8 and 9,
respectively. In anisole, the R,R-cn ligands show slower
rates of reaction than en ligands (Figure 7); however,
in toluene, this trend is reversed. In some respects, it
is surprising that backbone substitution remote from
the reaction center influences reactivity in such mea-
surable ways. However, in addition to changing the
electronic nature of the complex, the R,R-cn ligand is
bulkier and more rigid. This may restrict conformational
degrees of freedom and influence interactions between
the nonchelating alkyl substituents, —Bn or —FsBn, and
the reactive center. Prior 'H and 13C NMR studies on
diamagnetic Zn(l1) complexes of these quadridentate
chelates have indicated that subtle variations in the
ligand backbone (en to methyl-substituted S-pn or R,R-
cn) can often lead to differences in metal coordination
number and geometry. Bulkier R,R-cn systems are more
likely to dissociate halide ligands from their inner
spheres to adopt lower coordinate structures.?* Faster
reaction rates for Cu R,R-cn systems vs en ones suggest
that similar dissociative phenomena could be occurring
with the copper series in toluene. This hypothesis gains
further support from the fact that catalysts with non-
coordinating counterions and, thus, lower coordination
numbers also tend to be more reactive. However, the
fact that the rate trend is reversed in anisole, a more
polar solvent, runs counter to this argument. Catalyst
solubility and the extent to which the various precom-
plexed Cu catalysts are oxidized to Cu(ll) could also be
playing a role in the observed trends.

Steric effects were also explored through variation of
the terminal donor groups of the quadridentate, from
pyridine, to methylpyridine, and quinoline. In the en
series, slightly increased rates were observed for cata-
lysts with bulky quinoline groups, en(Bn)gn, 4, versus
the less hindered ligand, en(Bn)py, 1. However, kinetics
plots show a steady upward curvature®® and, thus, an
increase in rate throughout the course of the reaction.
The My vs percent monomer conversion plot and PDIs
for reactions with Cu{en(Bn)gn}Br are also not consis-
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Table 2. Comparison of Fractions of Diads and
Persistence Ratios of PMMA Generated from Selected
Copper Catalysts

stereochemistry?

catalyst mm mr rr m r )

Cu(1)Br 0.0221 0.312 0.666 0.178 0.822 0.938
Cu(4)Br 0.0256 0.340 0.635 0.195 0.805 0.924
Cu(5)Br 0.0267 0.339 0.635 0.196 0.804 0.931

amm = isotatic triads; mr = atactic triads; rr = syndiotactic
triads; m = meso diads; r = racemic diads; p = persistence ratio
= 2(m)(r)/(mr).

tent with controlled polymerizations. In contrast, en
catalysts prepared from 6-methylpyridine ligands 3 and
7 as well as the R,R-cn(Bn)gn system, 8, all showed
negligible reactivity?! after 10 h. Others have made
similar observations, in which too much steric bulk at
the metal centers makes them less accessible for reac-
tion with initiating and propagating centers, thus
hindering halide abstraction.® Though the overall steric
bulk of quinoline ligands 4 and 8 would seem to be
greater than that of methylpyridines 3 and 7, the sp?
hybridized quinoline ring could exert very different
steric demand on the reactive center as compared with
an sp® methyl substituent in this position. It should also
be noted that, for other metal ions, quite different
geometries and ligand topologies have been observed
with quinoline ligands relative to their pyridine ana-
logues, due to the fact that it is not possible to accom-
modate bulky groups in planar structures.3® We specu-
late that this might also account for the observed
differences in reactivity.

Polymer Microstructure. Polymers synthesized in
toluene using precomplexed Cu(L)Br (L = 1, 4, 5) were
subjected to 13C NMR analysis to determine main chain
tacticity from the backbone quaternary carbons (triad
region, 44—46 ppm) according to the assignments
proposed by Peat and Reynolds.** Triad fractions, diad
fractions, and persistence ratios, p, for the PMMA
backbones are listed in Table 2. These data are most
consistent with Bernoullian statistics in which tacticity
is dependent upon the last unit of the growing chain
end only.*> Ratios did not vary appreciably with in-
creased sterics in either the ligand backbone (1 vs 5) or
at the apical donor groups on the tertiary amine ligand
(1 vs 4).3646 The lack of stereochemical control implies
diffusion of the radical species away from the transition
metal center prior to subsequent monomer addition.
These results further confirm that chiral ATRP catalysts
have little or no influence on polymer microstructure
for simple monomers such as MMA and thus lend
further support to the generally accepted mechanism
of ATRP.1

Conclusion

In summary, variation of steric and electronic features
of quadridentate ligands bearing amine and pyridine
donor groups leads to differences in ATRP catalyst
reactivity. Moreover, reactions starting from CuBr and
CuBr; salts of a given ligand produce polymer products
with similar molecular weight control; however, cata-
lysts generated from CuBr salts tend to react at faster
rates. Reactions with catalysts generated in situ in
anisole are generally faster and more controlled than
comparable or precomplexed catalysts run in toluene.
This could be due to enhanced solubility, to the fact that
oxidization to Cu(ll) is facilitated in the more polar
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solvent, or to a combination of other factors that
influence ATRP reaction rates and control. Abstraction
of halides and replacement with noncoordinating BPh,~
counterions leads to even more reactive systems, analo-
gous to what has been previously observed for Cu bpy
catalysts. Improvements in reaction rates sometimes
correlate with diminished molecular weight control.
However, for BPh,~ salts of the en(Bn)py ligand this
was addressed by a halide exchange strategy,'® thus
giving rise to the optimal quadridentate catalyst ex-
plored in this study. Polymerizations with [Cu{en(Bn)-
py} Cl]BPh, displayed good initiation, strong correlation
between measured and calculated molecular weights,
narrow molecular weight distributions, and reasonable
rates of reaction. Dicationic PFg~ salts, in contrast,
suffer from poor solubility in toluene and anisole solu-
tions and thus are not effective catalysts for the ATRP
of MMA under these conditions. The less electron-rich
ligands bearing fluorine substituents are less reactive
than nonfluorinated analogues, most significantly so in
toluene solution, wherein molecular weight control is
typically poor.

This study was limited to the polymerization of MMA
using Cu catalysts and specific reaction conditions (i.e.,
temperature, loading, solvents). Further modification of
reaction parameters could lead to enhanced reaction
rates and molecular weight control. For MMA, it would
be important to further address the issue of poor
initiation in future studies. The excellent control ob-
served with [Cu{en(Bn)py}CI]BPh, in anisole suggests
that bromide initiators coupled with CuCl in place of
CuBr for in situ catalyst generation might be promising.
Further modification of chelates, namely with electron-
rich donating substituents,!® could also lead to increased
reaction rates while still maintaining acceptable mo-
lecular weight control. The potential of other metal
guadridentate complexes to serve as ATRP catalysts
could be further investigated,*” and it also remains to
apply this series of catalysts to the ATRP of other
monomers and initiators under various reaction condi-
tions. The results reported herein clearly demonstrate
that copper complexes of picolylamine chelates are well-
suited for systematic ATRP catalyst tuning. This family
of ligands shows great promise for further application
in atom transfer radical polymerization as well as other
areas of chemistry.

Experimental Section

Materials. Ligands en(Bn)py, 1, en(FsBn)py, 2, en(Bn)gn,
4, R,R-cn(Bn)py, 5, R,R-cn(FsBn)py, 6, R,R-cn(Bn)pyMe, 7,
R,R-cn(Bn)gn, 8, and R,R-cn(FsBn)gn, 9, and [Cu{R,R-cn(Fs-
Bn)py}](PFs). were prepared as previously described.?32428
Ethyl 2-bromoisobutyrate (98%), CuBr (minimum 98%), and
CuBr; (99.999%) were obtained from Aldrich. Copper metal
(powder) was purchased from Fisher. All other reagents and
solvents were used as received.

Instrumentation. Polymers were characterized by GPC in
CHCI; using a Hewlett-Packard 1100 system equipped with a
vacuum degasser, a diode array detector, with a Polymer Labs
“mixed c¢” guard column and two GPC columns, and with Wyatt
Technology Corp. (WTC) DAWN multiangle laser light scat-
tering (MALLS) and Optilab refractive index detectors and
accompanying WTC Astra software. Unless otherwise indi-
cated, a dn/dc value of 0.059 mL/g (PMMA in CHCI3) was used
for MALLS molecular weight determination.*® '"H NMR and
13C NMR spectra were recorded using a GE QE 300 spectrom-
eter. Electronic absorption spectra were recorded on a Hewlett-
Packard 8453 or 8452A diode array spectrophotometer in
CH,Cl; or CH3CN solution. Cyclic voltammetric measurements
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were made at room temperature with a Bioanalytical Systems
model CV-50W instrument on dichloromethane solutions that
contained 0.1 M tetra-n-butylammonium hexafluorophosphate
(TBAH) as the supporting electrolyte at scan rates of 50 and
100 mV/s. Either a glassy carbon or a platinum working
electrode in conjunction with a Pt-wire auxiliary electrode were
utilized. Potentials were referenced to the aqueous Ag/AgCl
electrode or the nonaqueous (CH3CN) Ag/AgNO; electrode.
Elemental microanalyses were performed on a Perkin-Elmer
model 2400 series I CHNS/O analyzer.

en(Bn)pyMe, 3. The en(Bn)pyMe ligand was synthesized
by the procedure described previously for en(Bn)py with the
following exceptions.? 6-Methyl-2-pyridinecarboxaldehyde was
used instead of 2-pyridinecarboxaldehyde for the Schiff base
synthesis. The Schiff base was obtained as a pale off-white
solid. Yield: 1.21 g (95%). The secondary diamine was obtained
as a white solid. Yield: 0.740 g (60%). After alkylation, in the
final step of the workup, the tertiary diamine product precipi-
tated from the acidic aqueous solution upon addition of the
NaOH solution. The resultant white solid was collected and
washed with additional H,O and EtOAc. Yield: 0.378 g (31%).
IH NMR (300 MHz, CDCls): ¢ 2.50 (s, 6H), 2.67 (s, 4H), 3.57
(s, 4H), 3.69 (s, 4H), 6.96 (d, J = 7.3 Hz, 2H), 7.20—7.31 (br
m, 12H), 7.46 (t, J = 7.7 Hz, 2H).

Preparation of Metal Complexes. Copper(l) complexes
were prepared by addition of EtOH solutions of CuBr to CH»-
Cl,/EtOH solutions of the free ligands. For the quinoline
ligands 4, 8, and 9, reaction solutions were refluxed for 30 min
to facilitate dissolution of metal salt and ligand. Unless
otherwise indicated, the CuBr was used as received. Room-
temperature solutions were concentrated via rotary evapora-
tion. The resultant residues were dissolved in a minimal
amount of CH,ClI,, were filtered through glass wool, and were
precipitated from rapidly stirring Et,O. Solids were collected
by filtration, were washed with Et,O, and then were dried in
vacuo. Deviations from these general procedures are indicated
below for the respective compounds.

Cu{en(Bn)py}Br. CuBr (0.111 g, 0.770 mmol) was sus-
pended in EtOH (2 mL) and then was added to an EtOH
solution (3 mL) of en(Bn)py, 1 (0.325 g, 0.769 mmol). The green
solution was concentrated via rotary evaporation and purified
by the standard procedure to give a lime green powder. Yield:
0.172 g (63%). Am = 89 Q1 mol~! cm?.

Cu{en(Bn)py} Br from Purified CuBr. CuBr was purified
as reported by Keller et al.*® for reaction with 1 by the standard
procedure to give a pale green powder. Yield: 0.098 g (33%).

Cu{en(Bn)py}Br,:*/>,CH,Cl,-/,CH3;CH,OH. This complex
was purified by recrystallization from EtOH/Et,O and was
obtained as aqua needles after preparation by the general
procedure. Yield: 0.281 g (84%). Ay =116 Q=1 mol~t cm?. UV/
vis [CH3CN, 4 (nm), €max (M~ cm™1)]: 262 (12 000), 302 (5800),
777 (320) Anal. Calcd for C29H33N40o.5C|CUP2F12: C, 4980,
H, 4.82; N, 7.88. Found: C, 49.94; H, 5.22; N, 8.18.

Cu{en(FsBn)py}Br. Pale green solid. Yield: 0.119 g (51%).
Am = 69 Q71 mol~t cm?.

Cu{en(Bn)pyMe}Br. Lime green powder. Yield: 0.298 g
(61%). Am = 92 Q7 mol~t cm?.

Cu{en(Bn)qn}Br. Mustard yellow powder. Yield: 0.183 g
(65%). Am = 82 Q7 mol~t cm?.

[Cu{en(Bn)py}](PFs)2. CuCl,-2H,0 (83.3 mg, 0.489 mmol)
and en(Bn)py, 1, (0.206 g, 0.488 mmol) were refluxed in CHs-
CN (1 mL) for 3 h. The blue solution was then cooled to room
temperature (RT), and AgPFs(s) (0.247 g, 0.976 mmol) was
added. After stirring for 30 min, the solution was filtered
through a frit to remove a white precipitate. The resulting
bright blue solution was concentrated via rotary evaporation.
The blue residue was recrystallized from CH,Cl,/MeOH to give
blue needles. Yield: 0.238 g (63%). Am = 236 Q! mol~* cm?.
UV/vis [CH3CN, 4 (nm), €max (Mt cm™1)]: 261 (13 000), 295
(6000), 632 (340).

[Cu{en(Bn)py}CIl](BPh,)-:CH;OH. CuCl,2H,0 (0.116 g,
0.680 mmol) and 1 (0.223 g, 0.668 mmol) were refluxed in CH3-
CN (2 mL) for 1 h. The green solution was then allowed to
cool to RT prior to addition of a CH3CN solution (1.3 mL) of
NaBPh, (0.469 g, 1.37 mmol). A blue solid immediately
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precipitated from the solution, and the resulting blue suspen-
sion was stirred for ~30 min. The pale blue powder was
collected by filtration, was washed with additional CH;CN, and
then was dissolved through the frit with CH,CI, to remove a
white solid. The blue filtrate was concentrated, and the residue
was recrystallized from CH,Cl,/MeOH to give green needles.
Yield: 0.391 g (67%). Am = 79 Q71 mol~* cm?. UV/vis [CHs-
CN, A (nM), €max (M~ cm™1)]: 260 sh, 293 sh, 762 (220). Anal.
Calcd for Cs3HssN,OCIBCu: C, 72.93; H, 6.24; N, 6.42.
Found: C, 72.67; H, 6.24; N, 6.48.

[Cu{en(Bn)py}Br](BPh,)-CH;OH. This compound was
synthesized as described above for [Cu{en(Bn)py}CI](BPhy)
except that CuBr; was used instead of CuCl,. The product was
recrystallized from CH.CIl,/MeOH to give green needles.
Yield: 0.169 g (72%). Am = 82 Q7! mol~* cm?. UV/vis [CHs-
CN, 2 (nm), emax (M~ cm~1)]: 260 sh, 290 sh, 777 (200). Anal.
Calcd for CssHssN4,OBrBCu: C, 69.40; H, 5.93; N, 6.11.
Found: C, 68.91; H, 6.07; N, 6.12.

Cu{R,R-cn(Bn)py}Br. Mint green powder. Yield: 0.061 g
(77%). Am = 98 Q71 mol~t cm?). UV/vis [CH3CN, A (nm), €max
(M=t cm™1)]: 262 (9900), 311 (5600), 730 (250).

Cu{R,R-cn(Bn)py}Br,-*/,CH,Cl,-*/;,CH3;CH,0OH. The Cu-
(1) catalyst was synthesized as above for Cu{R,R-cn(Bn)py} -
Br except that CuBr,; was used instead of CuBr. The product
was obtained as a pale green powder. Yield: 0.095 g (73%).
Am =120 Q71 mol~* cm?. Anal. Calcd for Cz35H40N4O05CIBI-
Cu: C, 52.56; H, 5.27; N, 7.32. Found: C, 52.42; H, 5.72; N,
7.40.

Cu{R,R-cn(FsBn)py} Br. Lime green powder. Yield: 0.116
g (37%). Am = 96 Q7 mol~t cm?2.

Cu{R,R-cn(Bn)pyMe} Br. Pale yellow-green powder. Yield:
0.146 g (58%). Am = 97 Q7 mol~t cm?.

Cu{R,R-cn(Bn)gn}Br. Yellow-orange powder. Yield: 0.087
g (60%). Ay = 99 Q7! mol~t cm?.

Cu{R,R-cn(FsBn)gn}Br-CH,Cl,*CH3CH,OH.* This com-
pound was recrystallized from MeOH/Et,O to give yellow
needles. Yield: 0.134 g (73%). Am = 113 Q7! mol™t cm?. 'H
NMR (CDCl;, 300 MHz): ¢ 1.49 (1.45—1.52) (m, 2H), 1.70
(1.64—1.75) (m, 2H), 2.02 (2.00—2.04) (m, 2H), 2.55 (2.52—2.57)
(m, 2H), 4.06 (d, J = 13.5 Hz, 2H), 4.34 (4.28—4.40) (m, 6H),
7.56 (7.54—7.59) (m, 2H), 7.66 (7.63—7.68) (m, 2H), 7.79 (7.75—
7.82) (m, 4H), 7.98 (d, J = 7.3 Hz, 2H), 8.42 (d, J = 7.7 Hz,
2H). UV/vis [CH3CN, A (nm), €max (M~ cm™)]: 285 sh, 309
(9600), 321 (9800), 395 (2700). Anal. Calcd for Cs3HzsN4OF10-
Cl;BrCu: C,50.09; H, 3.71; N, 5.43. Found: C, 50.59; H, 3.90;
N, 5.65.

[Cu{R,R-cn(FsBn)py} CI](BPhy). This compound was syn-
thesized as described above for [Cu{en(Bn)py} Cl](BPh,) except
that R,R-cn(FsBn)py, 6, was used instead of 1. Pale lime-green
solid. Yield: 0.278 g (63%). Am = 96 Q71 mol~* cm?2. UV/vis
[CH3CN, 4 (nM), emax (M~ cm™1)]: 260 sh, 273 sh, 286 sh, 351
(2700), 676 (39).

Representative Procedures for M,, vs Percent Conver-
sion Studies. Reactions with preformed catalysts prepared
from CuX: Cu{R,R-cn(Bn)py}Br (0.058 g, 0.934 mmol) and
copper metal (1.6 mg, 0.025 mmol) were added to a Schlenk
tube. The system was subjected to three evacuation/nitrogen
fill cycles. MMA (2.41 g, 24.1 mmol) followed by toluene (2.16
g, ~2.5 mL) and ethyl 2-bromoisobutyrate (0.019 g, 0.096
mmol) were added to the reaction vessel, which was subse-
quently sealed under nitrogen and heated in an 80 °C oil bath.
After the designated times, aliquots (~0.5 mL) were removed,
transferred to small, tarred round-bottom flasks, and rapidly
cooled in an ice water bath. All volatiles were removed in
vacuo, and percent conversion was determined by gravimetric
analysis. Molecular weight analysis was conducted prior to
purification. Reactions with preformed Cu(ll) catalysts: Reac-
tions were run as above, but 1 equiv of Cu(0) was used per
equivalent of Cu catalyst. Reactions with catalysts formed in
situ: In situ polymerizations were conducted in an analogous
manner except that the CuBr and the appropriate ligand were
added to the Schlenk tube, and no Cu(0) was added. Reagent
loadings: initiator/CuBr/ligand/MMA = 1/1/1.5/250; 1:1 MMA.:
solvent (v/v) (solvent = anisole or toluene).
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General Procedure for Preparative Reactions for
Determination of Polymer Tacticity. Preparative reactions
were performed as described above with the following excep-
tions. After cooling, reaction mixtures were dissolved in CH,-
Cl, and were transferred to a round-bottom flask for concen-
tration via rotary evaporation. The resultant residues were
purified by passage of THF solutions through basic alumina,
followed by precipitation from THF/heptanes (2 times). After
collection by filtration, the polymer samples were dried in
vacuo for ~1 d to give white powdery solids. Typical yield:
~50%.
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