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ABSTRACT: The effect of electron-donating and -withdrawing groups on the ligands of Pd(II) R-diimine
olefin polymerization catalysts on catalyst stability, activity, and polymer molecular weight is investigated.
The polyethylene molecular weight and the productivity of catalysts bearing substituted bis-
(aryl)dimethyldiazabutadiene (Me2DAB) and bis(aryl)acenaphthenequinonediimine (BIAN) ligands were
analyzed over time at room temperature and 40 �C tomonitor catalyst stability and chain transfer processes.
The introduction of electron-donating groups led to a dramatic increase in polymer molecular weight, with
polymer chains still growing after 24 h of polymerization. The amino-substituted Me2DAB analogue
afforded polymer of more than twice the molecular weight compared to the polymer made with the
unsubstituted analogue after 24 h of polymerization. The unsubstituted catalysts and those bearing
electron-withdrawing groups, however, reached a maximal molecular weight, generally lower, after a
comparatively short time, which was presumably due to higher chain transfer rates. Electron-donating
groups also provided increased stability to the catalysts leading to longer catalyst lifetimes. Both of these
effects are likely due to stabilization of the reactive, electron-deficient, and coordinatively unsaturated alkyl
agostic intermediate, the reactivity of which is key to both chain transfer and decomposition processes.

Introduction

Since the discovery of cationic Ni(II) and Pd(II) catalysts
15 years ago,2 the development of late-transition-metal cata-
lysts for the polymerization of olefins has been spurred by their
high functional group tolerance and their ability to incorporate
useful comonomers.2-9 These systems, the cationic Ni(II) and
Pd(II) R-diimine catalysts in particular, have also become especi-
ally attractive due to their ability to afford novel branched
polymers in a controllable manner. While research in neutral
Ni(II) and Pd(II) catalysts has recently taken off due to further
improvements on functional group tolerance and thermal stabi-
lity,10-15 the original cationic Ni(II) and Pd(II) R-diimine cata-
lysts are the subjects of a large body of work. The Pd(II) catalysts
are particularly well-studied because of their unique ability to
introduce chain branching, giving rise to varied polymer archi-
tectures that have made them subjects of numerous mechanistic
investigations.6,16-20 Because of this ability to control polymer
topology and the aforementioned tolerance of polar olefins,
the Pd(II) R-diimine catalysts have been employed in the con-
struction of complex polymeric structures in a simple, one-pot
syntheses.9,21,22

Despite these special attributes, these catalysts suffer from
relatively low thermal stability, as evidenced by their rapid
decomposition anddrastically reducedpolymermolecularweight
at temperatures above 50 �C.16 Furthermore, polymerization
under low olefin concentrations or in the presence of polar
comonomers leads to greatly reduced catalytic activities. The
combination of low thermal stability and activity at desired
conditions hinders further development of this family of catalysts
and advocates the need to develop improved catalyst systems.

Previous research on Pd(II) R-diimine catalyst performance
has focused primarily on ligand structure as opposed to ligand

electronics, which are widely known to play a substantial role in
various organometallic reactions.23-25 Recent reports have de-
scribed the placement of substituents onto R-diimine ligands and
their effect on the σ-donating ability to Pd(II) and thus the Lewis
acidity of the metal.26,27 In response, we carried out an investiga-
tion of the polymerization behavior of a series of Pd(II)R-diimine
catalysts bearing substituents in the para-aryl position on the
ligand aromatic rings.28 We discovered that this substitution was
able to perturb the metal electronics in a regular manner, as
evidenced by the remarkably linear correlation observed in the
stretching frequencies of the corresponding carbonyl complexes.
Furthermore, several trends were observed in the physical prop-
erties of the resulting polymers. The introduction of substituents
of increasing electron-donating ability led to catalysts that
afforded polymers of higher molecular weight, slightly reduced
branching density, and a corresponding shift toward less den-
dritic polymer topologies. In the case of copolymerizations with
methyl acrylate, a clear and pronounced trend of increasing
acrylate incorporation ratio and overall tolerance to polar func-
tionalitywas also observed over the range of substitution explored.

In contrast to the significant trends previously described, the
effect of substitution on other catalytic properties such as activity
and thermal stability were difficult to discern with the data then
available.28 Since then, more detailed experiments have been
performed on the substituted R-diimine complexes of types 1 and
2 (Chart 1) which we now describe herein. Particular emphasis of
the new study was placed on the elucidation of trends in catalyst
thermal stability through careful observation of polymerization
over time. Further analysis on the dependence of polymer
molecular weight (MW) on substitution will also be presented.

Results

The Pd(II) complexes 1a-g bearing R-diimine ligands with
backbonemethyl substituents, thebis(aryl)dimethyldiazabutadiene*Corresponding author. E-mail: zguan@uci.edu.
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(Me2DAB) ligands, and a series of aryl substituents ranging from
strongly donating amino to withdrawing nitro groups have been
described previously.28 Since we frequently work with catalysts
derived from R-diimine ligands bearing the aromatic bis-
(aryl)acenaphthenequinonediimine (BIAN) backbone, we also
prepared in this study two new substituted BIAN analogues 2a
and 2e, bearing amino and chloro substitution, respectively, to
accompany the existing unsubsituted complex 2d. The BIAN
ligands 3a and 3e were prepared by condensation of acenaphthe-
nequinone with the appropriate substituted aniline in metha-
nol and catalytic formic acid (Scheme 1).29 The corresponding
Pd(II) complexes were then prepared by displacement of 1,5-
cyclooctadiene (COD) from the precursor Pd(COD)MeCl.30

Polymerizations were carried out at 1 atm of ethylene pressure
in toluene-chlorobenzene mixtures by direct in situ activation of
the methyl chlorides 1a-g and 2a,d,e by the addition of an excess
of sodium tetrakis(3,5-bis(trifluoromethyl)phenyl)borate (NaBAF)
to solutions of the complexes.31 To accurately monitor catalyst
activity, thermal stability, and polymer chain growth, aliquots of
known volume were periodically taken from the polymerization

mixtures. Catalyst productivities were determined by measure-
ment of polymer yield, and polymer properties were then deter-
mined as a function of time to examine the time-dependent
behavior of the catalysts. Details of the polymerizations can be
found in Tables 1 and 2.

Catalyst Thermal Stability. The results of the catalyst
activity and stability analysis at room temperature (22 �C)
for catalysts 1a-g bearing the Me2DAB series ligands are
shown in Figure 1a as a collection of catalyst productivity, in
terms of polymer mass per mole of catalyst, versus time
profiles. The trends in catalyst activity and stability over
the ligand substitution series were complicated by the exist-
ence of substituent-specific effects. As previously reported,28

the nitro-substituted catalyst 1g was deactivated almost
immediately after the initiation of polymerization. This
instability might be attributed to a side reaction facilitated
by the nitro group involving prompt reduction of Pd(II) to
palladium black, which could be seen in the reaction mixture
after a short time. The dimethylamino-substituted catalyst
1a and unsubstituted catalyst 1d were the most active and

Chart 1. Aryl-Substituted Pd(II) r-Diimine Complexes

Scheme 1. Synthesis of Diimines 3a and 3e and Pd(II) Complexes 2a and 2e

Table 1. Properties of Polyethylene Produced at 22 �Ca

Mn (kg/mol)b

entry catalyst 3 h 24 h Mw/Mn
c Rg (nm)d Be

catalyst
lifetime (h)f

1 1a 220 627 1.25 27.2 ( 1.1 95.5 >24
2 1b 192 433 1.31 23.2 ( 2.1 95.9 24
3 1c 193 425 1.34 23.0 ( 2.5 95.3 24
4 1d 225 253 1.15 15.1 ( 4.1 95.2 >24
5 1e 241 261 1.17 14.2 ( 4.1 96.7 12
6 1f 332 400 1.18 20.3 ( 4.7 96.7 6
7 1g 170 178 1.50 13.9 ( 3.5 100.3 3
8 2a 39.4 70.4 1.28 10.0 ( 6.8 103.9 >24
9 2d 32.8 43.5 1.31 N/Ag 103.8 >24
10 2e 30.4 34.0 1.37 N/Ag 106.3 >24
a Initial polymerization conditions: 5.0 μmol of catalyst and 1.5 equiv

of NaBAF in 25 mL of 3:1 toluene/chlorobenzene, 1 atm of ethylene
pressure. Aliquots of 5 mL of the polymerization mixture were taken at
3, 6, and 12 h, and the remaining mixture was collected at 24 h.
bNumber-averaged molecular weight at 3 and 24 h aliquots obtained
from SEC-MALLS. cPolydispersity obtained from SEC-MALLS for
24 h aliquots. dRadius of gyration obtained from MALLS for 24 h
aliquots. ePolymer branching density per 1000 carbons obtained from
1H NMR for 24 h aliquots. fCatalyst lifetimes estimated from Figure 1.
g Rg too small for accurate measurement by MALLS.

Table 2. Properties of Polyethylene Produced at 40 �Ca

Mn (kg/mol)b

entry catalyst 3 h 24 h Mw/Mn
c Rg (nm)d Be

catalyst
lifetime (h) f

1 1a 231 234 1.39 18.9 ( 3.8 94.4 6
2 1b 246 275 1.33 19.5 ( 2.7 96.8 12
3 1c 255 271 1.36 19.1 ( 2.3 95.8 12
4 1d 230 252 1.37 19.0 ( 2.5 94.6 6
5 1e 249 256 1.32 18.8 ( 1.9 97.3 3
6 1f 195 195 1.28 13.9 ( 3.8 97.1 3
7 2a 24.6 24.2 1.27 N/Ag 104.1 6
8 2d 19.1 19.3 1.24 N/Ag 107.1 24
9 2e 17.0 19.6 1.21 N/Ag 106.7 12
a Initial polymerization conditions: 5.0 μmol of catalyst and 1.5 equiv

of NaBAF in 25 mL of 3:1 toluene/chlorobenzene, 1 atm of ethylene
pressure. Aliquots of 5 mL of the polymerization mixture were taken at
3, 6, and 12 h, and the remaining mixture was collected at 24 h.
bNumber-averaged molecular weight at 3 and 24 h aliquots obtained
from SEC-MALLS. cPolydispersity obtained from SEC-MALLS for
24 h aliquots. dRadius of gyration obtained from MALLS for 24 h
aliquots. ePolymer branching density per 1000 carbons obtained from
1H NMR for 24 h aliquots. fCatalyst lifetimes estimated from Figure 2.
g Rg too small for accurate measurement by MALLS.
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stable at room temperature, exhibiting productivities that
were still increasing after 24 h.Among the other catalysts, Cl-
and CF3-substituted catalysts 1e,f showed high activity
initially but appeared to undergo complete deactivation
within 6-10 h while catalysts 1b,c were still active after 24 h.
Thus, the following stability trend can be summarized for
substituted Me2DAB catalysts at room temperature: NO2 ,
CF3∼Cl<Me∼OMe<H∼NMe2. The BIAN-based cata-
lysts (Figure 1b)were found tobe roughlyhalf as active at room
temperature as the Me2DAB-based catalysts, in agreement
with published reports of ethylene homopolymerizations.4 All
three BIAN catalysts 2a,d,e gave results comparable to one an-
other and appeared to have higher stability in general than the
Me2DAB-based systems. For clarity, tables of the actual pro-
ductivities are given inTable S1 of the Supporting Information.

The sensitivity of the catalysts to temperature was inves-
tigated by conducting analogous experiments at 40 �C. The
low thermal stability of NMe2-substituted catalyst 1a at
40 �C was particularly striking. The reasons for the rapid
deactivation of 1a at elevated temperature are unclear,
although it will be seen that this is a general phenomenon
for amino-substituted catalysts. Otherwise, the same trend in
stability was observed. On the basis of the data shown in
Figure 2a and with the amino catalyst excluded, the follow-
ing trend of stability at 40 �C can be generalized for the
Me2DAB series catalysts: NO2 , CF3 ∼ Cl < H ∼ Me ∼
OMe. Most of the Me2DAB series of catalysts appear to be
deactivated after∼10 h of polymerization, and none of them
remained active after 24 h of polymerization at 40 �C. The
high productivity seen after short polymerization times is
evidence of initial activities that are higher than at room
temperature, although only the most stable catalysts 1b and

1c were stable for long enough to have higher overall
productivities after a 24 h polymerization period. Among
the BIAN series catalysts (Figure 2b), catalyst 2a, like 1a,
deactivated quickly at 40 �C, presumably by the same
process. On the other hand, 2d and 2e exhibited higher
thermal stability compared to their Me2DAB analogues.
For example, catalyst 2e was significantly more stable than
1e, an effect that likely resulted from the rigidity of the planar
acenaphthyl backbone (see below). The productivities are
tabulated in Table S2 of the Supporting Information.

The measurement of productivity after short reaction
times permitted the analysis, althoughwith limited accuracy,
of intrinsic catalyst activity. At 22 �C, the Me2DAB series
catalysts exhibited turnover numbers after 3 h that varied by
as much as a factor of 2 (Figure 1a) if NO2-substituted 1g is
excluded. The electron-deficient catalysts 1e and 1f seemed
more active than the electron-rich analogues 1b and 1c. The
CF3-substituted catalyst 1f appeared to have the highest
initial activity at 22 �C, which was further supported by the
high polymer MW afforded by the catalyst after short
reaction times (see below). Curiously, substitution had little
effect on the apparent catalyst activity of the three BIAN
catalysts until the temperature was increased to 40 �C, upon
which a similar trend could be seen. For the Me2DAB series
at higher temperatures the opposite trend was observed: the
electron-rich catalysts (aside from amino-substituted 1a)
exhibited higher activities. This effect, contrary to what
was seen at room temperature, probably stemmed from the
low thermal stabilities of the electron-poor catalysts and
their appreciable decomposition at 40 �C after only 3 h, lead-
ing to a detrimental effect on catalyst productivity. Because
the observed productivity is dependent on both the inherent

Figure 2. Plots of catalyst productivity vs time at 40 �C for (a) Me2DAB series catalysts 1a-g and (b) BIAN series catalysts 2a,d,e.

Figure 1. Plots of catalyst productivity vs time at 22 �C for (a) Me2DAB series catalysts 1a-g and (b) BIAN series catalysts 2a,d,e.
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activity and stability of the catalysts, it is difficult to decon-
volute and separately analyze the two individual properties
from the current experimental data.

Polymer Molecular Weight. The MW of polyethylene obta-
ined by the catalysts in the polymerizations above was mea-
sured by multiangle laser light scattering (MALLS) analysis
after separation by gel permeation chromatography (GPC).
A significant dependence on substituent was observed in the
data with an overall trend of higher MW polymer produced
fromcatalystsbearingmoreelectron-donating ligands.Asshown
in Table 1, polymers of high number-averaged molecular
weight (Mn) were produced with the electron-rich Me2DAB
catalysts 1a-c (entries 1-3). Catalyst 1a afforded polymer
of more than double the Mn of the unsubstituted catalyst 1d
(entry 4) after a polymerization period of 24 h at room tem-
perature. The BIAN catalysts afforded lower MW polymer
than the Me2DAB catalysts because of an increased rate of
chain transfer (entries 8-10), which is in agreement with pre-
vious studies,6,16 although the same trend was evident. The
Mn of polymer produced by 2awas nearly twice that of catalyst
2dafter 24hofpolymerization.Polymer chain growthbehavior
at 22 �C can be seen in the MW vs time profiles in Figure 3.
Further discussion of polymerMWcan be found in the follow-
ing section.

At 40 �C,Mn peaked early during polymerizations with all
the catalysts as a result of increased chain transfer and
catalyst decomposition rates (Table 2). Overall, there was
less influence from the para-aryl substituents at this tem-
perature, and the R-diimine backbone substituent instead
became the most dominant structural feature controlling
MW. Although both chain transfer and deactivation pro-
cesses were expected to become more prevalent at higher
temperature, catalyst deactivation was likely more signifi-
cant among Me2DAB catalysts than BIAN catalysts due to
the lower stability of the former.

Discussion

Results from these polymerization experiments lend further
support to the previously identified role of ligand electronics on
catalyst stability. The presence of electron-donating groups on
the R-diimine ligands has an overall stabilizing effect on the
catalysts and slows the rate of deactivation processes (with
exception of the dimethylamino-substituted catalyst at high
temperatures). Although the decomposition pathways are still
not well understood, detailed mechanistic studies by Brookhart
have detected the products of C-H activation of the ligand with
coordinatively unsaturated Pd(II) intermediates.16 This inter-
mediate is most likely alkyl agostic complex 5, which forms after
migratory insertion of bound olefin in alkyl olefin complex 4

(Scheme 2). This highly electrophilic agostic complex is presumed
to undergoC-Hactivation of the diimine isopropyl groups in the
2,6-aryl positions, affording palladacycle 6. Electron-donating
R-diimine ligands could stabilize intermediate 5 by making the
metal center less reactive towardC-Hactivation. Intuitively, this
process should become more favorable as metal electrophilicity
increases.

In the literature, the reported electronic effects on C-H acti-
vation reactivity are complex and seem case dependent.23,32,33 It
is thus difficult to rationalize the trends regarding electronic
effects on the stability of Pd(II) R-diimine polymerization cata-
lysts based on existing examples. It is known that ligand steric
effects play a significant role in complex stability. For example,
catalysts with smaller 2,6-dimethyl groups on the aryl rings are
known to show increased stability compared to the isopropyl-
substituted analogues described herein because access of the
smaller 2,6-dimethyl groups to the metal is restricted.16 The
rigidity of the diimine backbone also imparts a positive effect
on stability for this reason,34 at least partly explaining the higher
stabilities of the BIAN series complexes when compared to the
Me2DAB complexes. From these observations, it is possible that
the substitution of electron-donating groups could decrease the
favorability of C-H activation by perturbing the ligand geome-
try to limit the close approach of the metal to the ligand axial
alkyl moieties. It has been observed in R-diimine complexes,
however, that the Pd-Ncoordination strength has little influence
onmetal-ligand bond lengths,35 likely resulting in little change in
complex geometry as substituents are introduced. Finally, elec-
tron-deficient R-diimine ligands should be more prone to decom-
plexation, which could provide an additional route to catalyst
decomposition. To the best of our knowledge, this route of
deactivation has not been explored.

The ultimately reachable polymer MW is dependent on three
distinct processes, in which polymer chain growth (catalyst
activity) is offset by the negative effects of chain transfer and
catalyst decomposition. The relative importance of each of these
rates onMWcontrol canbedetermined for each catalyst from the
above thermal stability and MW data. The stabilities of all the
catalysts can be estimated from the approximate time of complete
catalyst deactivation and is shown in Tables 1 and 2 as “catalyst
lifetime”. In the first case, catalysts 1d, 2d, and 2e (Table 1, entries
4, 9, and 10), although quite stable at 22 �C, nevertheless
exhibited little increase in Mn after an initial period of polymer
growth. Chain transfer was thus concluded to be an important
chain termination process leading to maximal MW after short
reaction times. On the other hand, catalyst deactivation can be
concluded as being significant among the less robust electron-
deficient catalysts 1e-g (Table 1, entries 5-7) in addition to
chain transfer. Nitro-substituted catalyst 1g represents an ex-
treme example in which decomposition occurred completely

Figure 3. Plots of number-averaged MW vs time at 22 �C for (a) Me2DAB series catalysts 1a-g and (b) BIAN series catalysts 2a,d,e.
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during the initial rapid chain growth phase, leading to small
amounts of low-MW polymer of high polydispersity. Although
chain growth with CF3-substituted catalyst 1f was also of short
duration, it produced polymers of the highest MW for 3 h
polymerization time. This suggests that the intrinsic activity of
the catalyst was higher than that of the others and able to offset
the higher chain transfer or decomposition rates. Similar activity
enhancement appeared to take place with chloro-substituted 1e
aswell, albeit to a lesser extent. Lastly, catalysts 1a-c and 2awere
not only stable over the course of the polymerization runs but
also afforded polymers of steadily increasingMn during that time
(Table 1, entries 1-3 and 8, and Figure 3). These electron-rich
catalysts exhibited both low chain transfer and low catalyst
decomposition rates, thereby giving polymers of high MW after
sufficient polymerization time.

The positive effect on polymer molecular weight from the
presence of an electron-rich R-diimine ligand can be attributed to
two effects. First, the stability of the catalyst itself is increased,
which allows for a longer active polymerization time. In addition,
the chain transfer rate is appreciably reduced, resulting in a longer
residence time of a single polymer chain on the metal. The means
by which substitution affects the chain transfer rate remains
unclear, although some insight can be gained by examination of
the polymerizationmechanism, represented in Scheme 3. The two
most important species in the catalytic cycle are the alkyl olefin
complex 4, the catalyst resting state, and the coordinatively
unsaturated alkyl agostic insertion product 5. The alkyl agostic

complex can undergo a wide range of transformations, including
β-hydride elimination to olefin hydride complex 7. As proposed
by Brookhart and co-workers,4,5,16 chain transfer in the Pd(II)
R-diimine systemproceeds by an associativemechanismbywhich
the axial approach of ethylene displaces the growing polymer
chain.16-18 A more strongly electron-donating ligand could
stabilize the electron-deficient agostic complex 5 and reduce the
rate of β-hydride elimination and formation of 7 and subsequent
chain transfer. In fact, a small decrease in the polymer branching
density B (branches per 1000 carbons, Tables 1 and 2) of about
5% from electron-deficient catalyst 1g to 1a supports this
hypothesis, since the chain walking mechanism responsible for
branching requires the formation of olefin hydride complexes like
7. In addition, a more strongly electron-donating ligand could
stabilize the cationic intermediates such as 4 and 7, making the
coordination of the incoming ethylene more difficult. In other
words, the dz2 orbital of the Pd(II) is pushed to higher energy by a
more strongly donating ligand, decreasing its tendency to co-
ordinate incoming ethylene.

Computational studies by Morokuma and co-workers have
suggested that the barrier to hydride reinsertion in complex 7 is
extremely low (less than 1 kcal/mol), and thus this intermediate
exists only briefly.36,37 Further theoretical calculations by Ziegler
and co-workers have proposed that the alkyl ethylene complexes
4 themselves may be prone to chain transfer by a concerted
hydride shift from polymer chain to bound ethylene (alkyl olefin
complexes 4, 40, and 400 are all capable of undergoing chain

Scheme 3. Possible Chain Transfer Pathways in Pd(II) r-Diimine-Catalyzed Polymerization

Scheme 2. Catalyst Decomposition via C-H Activation of Agostic Complex 5
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transfer as long as the alkyl group contains a β-hydrogen).38,39

Since these computational models also predict a transition state
geometry with ligands in the axial sites, electronic changes to
the ligands should affect this mechanism in a manner similar to
the more traditional associative chain transfer mechanism dis-
cussed above. Because neither proposed mechanism has been
disproved, both remain potential routes for chain transfer in the
Pd(II) R-diimine polymerization system and deserve consideration.

Conclusions

A series of Pd(II) R-diimine polymerization catalysts posses-
sing a range of electron-donating and -withdrawing groups
were examined to probe the effects of substitution on catalyst
activity, thermal stability, and polymer chain growth. The poly-
mer yield and polymer molecular weight were analyzed at fixed
time increments during polymerization to monitor the catalytic
behavior and obtain insight on the relative importance of chain
transfer and catalyst decomposition. Several catalysts bearing
substituted Me2DAB ligands bearing dimethyl backbones and a
few BIAN-type catalysts with rigid aromatic backbones were
studied.

Limited information was obtained regarding intrinsic catalyst
activity that indicated an increase in activity with more electron-
withdrawing substituents. A far clearer trend was observed in
catalyst stability, in which catalysts bearing electron-donating
groups underwent deactivation far more slowly than their elec-
tron-deficient analogues. The amino-substituted catalysts did not
follow these trends at higher temperatures, becoming dramati-
cally less stable under such conditions for unknown reasons.
Overall, the increased stability of the electron-rich catalysts likely
results from stabilization of the reactive electrophilic and co-
ordinatively unsaturated alkyl agostic intermediates.

A pronounced dependence of polymer MW on the ligand
electronic properties was also observed. Catalysts bearing stron-
ger electron-donating groups were able to produce polymer of
increasingMn at prolonged reaction time. Therefore, it was con-
cluded that these catalysts are in fact more resistant to chain
transfer than the unsubstituted catalysts or analogues bearing
electron-withdrawing groups. Presumably, the stronger electron-
donating character of the ligands of these catalysts stabilizes the
alkyl agostic catalytic intermediate, inhibiting β-hydride elimina-
tion and subsequent chain transfer.

Experimental Section

General Considerations.All catalyst handling was carried out
in a Vacuum Atmospheres glovebox filled with nitrogen. All
other moisture and air-sensitive reactions were carried out in
flame-dried glassware using magnetic stirring under a positive
pressure of argon or nitrogen. Removal of organic solvents was
accomplished by rotary evaporation and is referred to as con-
centrated in vacuo. Flash column chromatography was per-
formed using forced flow on EM Science 230-400 mesh silica
gel. NMR spectra were recorded on Bruker DRX400 and
DRX500 FT-NMR instruments. Proton and carbon NMR
spectra were recorded in ppm and were referenced to indicated
solvents at indicated temperature, if different than ambient.
Data were reported as follows: chemical shift, multiplicity (s=
singlet, d=doublet, t=triplet, q=quartet), integration, and
coupling constant(s) in hertz (Hz). Multiplets (m) were reported
over the range (ppm) at which they appear at the indicated field
strength. Elemental analysis (for new compounds) was per-
formed by Atlantic Microlab, Norcross, GA.

Materials. Toluene, tetrahydrofuran (THF), diethyl ether,
and dichloromethane were purified by passing through solvent
purification columns following the method introduced by
Grubbs and are referred to as dry.40 Unless otherwise stated,
all solvents and reagents were purchased from commercial sup-
pliers and used as received. Unsubstituted ligands and Pd

complexes,4,5 2,6-diisopropyl-4-(dimethylamino)aniline,41 4-chloro-
2,6-diisopropylaniline and all substituted Me2DAB series li-
gands and Pd complexes,28 Pd(COD)MeCl,42 and sodium
tetrakis(3,5-bis(trifluoromethyl)phenyl)borate43 (NaBAF)were
prepared by known literature procedures. Chlorobenzene
(Aldrich, anhydrous) was used as received.

ArNdC(An)-C(An)dNAr, Ar � 2,6-iPr2-4-NMe2C6H2

(NMe2NNAn, 3a). To a suspension of 2,6-diisopropyl-4-
(dimethylamino)aniline (1.497 g, 6.79 mmol) and acenaphthe-
nequinone (0.557 g, 3.056 mmol) in 20 mL of methanol was
added 0.5 mL of formic acid. The mixture was heated to reflux
with stirring for 4 h, cooled, and filtered. The solid was washed
with cold methanol and dried in vacuo to afford 3a as a purple
solid (1.566 g, 79%). 1H NMR (500 MHz, CDCl3): δ 0.95
(d, 12H, J=6.8 Hz), 1.22 (d, 12H, J=6.7 Hz), 2.90-3.15
(m, 16H), 6.72 (s, 4H), 6.78 (d, 2H, J=7.2 Hz), 7.36 (t, 2H, J=
7.6 Hz), 7.84 (d, 2H, J=8.2 Hz). 13C NMR (125MHz, CDCl3):
δ 23.41, 23.57, 29.0, 41.6, 109.0, 123.4, 128.02, 128.63, 129.98,
131.26, 136.4, 139.40, 140.76, 148.3, 162.1. HR-MS calcd for
[C40H50N4 þ H]þ: 587.4114. Found: 587.4127.

ArNdC(An)-C(An)dNAr, Ar � 2,6-iPr2-4-ClC6H2 (
ClNNAn,

3e). To a suspension of 4-chloro-2,6-diisopropylaniline (2.34 g,
11.1 mmol) and acenaphthenequinone (0.906 g, 4.97 mmol) in
30 mL of methanol was added 1.0 mL of formic acid. The
mixture was allowed to stir at room temperature overnight and
was filtered, and the solid was washed with cold methanol. The
solid was recrystallized in 10:1 ethanol/chloroform and dried in
vacuo to afford 3e as an orange solid (1.736 g, 61%). 1H NMR
(500MHz, CDCl3): δ 0.96 (d, 12H, J=6.8Hz), 1.22 (d, 12H, J=
6.8 Hz), 2.98 (septet, 4H), 6.78 (d, 2H, J=7.2 Hz), 7.25 (s, 4H),
7.44 (t, 2H, J=7.6 Hz), 7.93 (d, 2H, J=8.2 Hz). 13C NMR
(125 MHz, CDCl3): δ 23.07, 23.40, 29.0, 123.64, 124.12, 128.24,
129.33, 129.58, 129.97, 131.4, 137.7, 141.1, 146.0, 161.6.HR-MS
calcd. for [C36H38N2Cl2 þ H]þ: 569.2490. Found: 569.2494.

(NMe2NNAn)PdMeCl (2a).Toasolutionof3a (0.880g,1.50mmol)
in 40 mL of CH2Cl2 was added 398 mg of Pd(COD)MeCl
(1.50 mmol), and the solution was stirred for 3 h at room tempera-
ture. The mixture was concentrated, and the residue was dried
in vacuo overnight to afford 2a as a dark green solid (1.080 g,
97%). 1H NMR (400 MHz, CDCl3): δ 0.85 (s, 3H), 0.90 (d, 6H,
J=6.9Hz), 0.95 (d, 6H, J=6.9Hz), 1.37 (d, 6H, J=6.8Hz), 1.47 (d,
6H, J=6.7 Hz), 3.05 (s, 6H), 3.07 (s, 6H), 3.39 (septet, 4H, J=6.8
Hz), 6.66 (d, 1H, J=7.2 Hz), 6.70 (s, 2H), 6.71 (s, 2H), 6.87 (d, 1H,
J=7.2Hz), 7.43 (t, 1H, J=7.7Hz), 7.45 (t, 1H, J=7.7Hz), 7.97 (d,
1H, J=8.0 Hz), 8.02 (d, 1H, J=8.1 Hz). 13C (125MHz, CDCl3): δ
3.6, 23.38, 23.48, 23.82, 24.10, 28.85, 29.35, 40.79, 40.88, 107.99,
108.15, 124.41, 124.75, 127.00, 127.75, 128.63, 128.79, 130.20, 130.69,
131.23, 132.36, 133.61, 139.15, 140.07, 143.4, 149.74, 150.20, 168.3,
172.7. Anal. Calcd for C41H53N4ClPd: C, 66.21; H, 7.18; N, 7.53.
Found: C, 65.94; H, 7.09; N, 7.30.

(ClNNAn)PdMeCl (2e). To a suspension of 3e (250 mg,
0.439 mmol) in 20 mL of diethyl ether was added 116 mg of
Pd(COD)MeCl (0.439 mmol), and the solution was stirred
overnight at room temperature. The mixture was filtered, and
the solid was washed with cold diethyl ether then dried in vacuo
overnight to afford 2e as a red solid (282 mg, 88%) found to
contain ∼12% of the monochlorinated side product. 1H NMR
(500MHz, CDCl3): δ 0.86 (s, 3H), 0.92 (d, 6H, J=6.9 Hz), 0.97
(d, 6H, J=6.9 Hz), 1.39 (d, 6H, J=6.7 Hz), 1.48 (d, 6H, J=
6.8Hz), 3.29-3.41 (m, 4H), 6.62 (d, 1H, J=7.3Hz), 6.82 (d, 1H,
J=7.2Hz), 7.32 (s, 2H), 7.38 (s, 2H), 7.52 (t, 1H, J=7.8Hz), 7.54
(t, 1H, J=7.8 Hz), 8.09 (d, 1H, J=8.1 Hz), 8.13 (d, 1H, J=
8.3Hz). 13C (125MHz, CDCl3): δ 4.0, 23.29, 23.57, 23.74, 24.14,
29.13, 29.58, 124.53, 124.99, 125.13, 125.21, 126.41, 127.17,
129.13, 129.27, 131.45, 131.63, 131.92, 133.24, 134.22, 139.96,
140.67, 140.76, 141.77, 144.1, 168.1, 172.4. Anal. Calcd for
C37H41N2Cl3Pd þ 0.15 C37H42N2Cl2Pd: C, 61.55; H, 5.74; N,
3.88. Found: C, 61.74; H, 5.69; N, 3.87.

In-Situ-Activated Polymerization Procedure. An oven-dried
50mL two- or three-neck flask fittedwith septa and awater-cooled
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condenser (for elevated temperature polymerizations) was
charged with 10 μmol of Pd(II) complex and 15 μmol of NaBAF
under an inert atmosphere. A 3:1 ratio of toluene to chloroben-
zene was added to bring the reaction volume to 25 mL. Ethylene
was added by slowly bubbling through the reaction mixture to
maintain ambient pressure during the course of the polymeri-
zation. Temperature was controlled by placement in an external
oil bath as needed. After 3, 6, and 12 h, 5.0 mL aliquots of the
polymerizationmixtures were taken and placed into preweighed
vials and dried overnight under soft vacuum at 70 �C. After the
withdrawal of each aliquot, the volume of remaining mixture
wasmeasured by syringe. After 24 h the leftovermixture (∼10mL)
was dried by the same means. The yield of polymer and catalyst
turnover number (TON) were calculated from the mass of poly-
mer and the amount of catalyst in each aliquot, as determined
from the remaining mixture volume to account for solvent
evaporation and/or polymer generation.

SEC-MALLSCharacterization of Polymers.19,20 All the poly-
mers were characterized by size-exclusion chromatography
(SEC) coupled to a multiangle laser light scattering detector
(MALLS) for obtaining both polymer MW (Mn and Mw) and
Rg. Measurements were made on highly dilute fractions eluting
from a SEC consisting of a HP Aglient 1100 solvent delivery
system/auto injector with an online solvent degasser, tempera-
ture-controlled column compartment, and an Aglient 1100
differential refractometer. A 30 cm column was used (Polymer
Laboratories PLgel Mixed C, 5 μm particle size) to separate
polymer samples. The mobile phase was THF, and the flow rate
was 1.0 mL/min. Both the column and the differential refract-
ometer were held at 35 �C. A 30 μL sample of a 2 mg/mL
solution was injected into the column. A Dawn DSP 18-angle
light scattering detector (Wyatt Technology, Santa Barbara,
CA) was coupled to the SEC to measure both theMW and sizes
for each fraction of the polymer eluted from the SEC column.
ASTRA 4.7 software from Wyatt Technology was used to
acquire data from the 18 scattering angles (detectors) and the
differential refractometer and computeMn andMw from classi-
cal light scattering treatments.
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