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ABSTRACT: Detailed investigations of the polymerization of ethylene by (a-diimine)nickel(ll) catalysts
are reported. Effects of structural variations of the diimine ligand on catalyst activities, polymer molecular
weights, and polymer microstructure are described. The precatalysts employed were [{(2,6-RR'CgH3)—
N=C(Nap)—C(Nap)=N—2,6-RR'CsH3)} NiBr,] (Nap = 1 8-naphthdiyl) (4a, R = CF3, R' = H; 4b, R = CF;,
R’ = CHg; 4¢, R = C¢Fs, R' = H, 4c, R = C¢F5, R' = ,R=C¢Fs, R" =CHs; 4e,R = CH3, R' = H, 4f,
R = R = CHa; 49, R = R' = CH(CHa),), [{(2,6-CeHs(i-Pr)2)~N=C(CH,CH,CH,CH,)C=N—(2,6-CsH(i-
Pr)2)} NiBr:] (5), and [{(2,6-CsH3(i-Pr);)—N=C(Et)C(Me)=N-—(2,6-CsH3(i-Pr),)} NiBr;] (6). Active polym-
erization catalysts were formed in situ by combination of 4—6 with modified methylaluminoxane. In
general, as the bulk and number of ortho substituents increase, polymer molecular weights, turnover
frequencies and extent of branching in the homopolyethylenes all increase. Effects of varying ethylene
pressure and temperature on polymerizations are also reported. The degree of branching in the polymers
rapidly decreases with increasing ethylene pressure but molecular weights are not markedly affected.
Temperature increases result in more extensive branching and moderate reductions in molecular weights.

Catalyst productivity decreases above 60 °C due to catalyst deactivation.

Introduction

The development of well-defined early-transition-
metal- and lanthanide-based catalysts for the polymer-
ization of ethylene and o-olefins has been the subject
of intense recent study.! These homogeneous catalysts
represent a significant technological advance over tra-
ditional heterogeneous Ziegler—Natta systems in that
insight into mechanisms of polymerization can be
gained, and rational changes to the catalyst structure
can be used to control polymer microstructure and
properties. Although early metal catalysts currently
dominate industrial polymerization processes, there has
been a trend toward the development of catalysts
containing late-transition-metal elements. Relative to
early-transition-metal catalysts, these systems have the
potential to yield polymers with different microstruc-
tures and should be less oxophilic and therefore more
tolerant of functionalized monomers. Currently, well-
defined catalysts based on complexes of cobalt,2*
rhodium,>® nickel,”~24 palladium,82526 platinum,® and
iron?-2° have been reported to polymerize olefins.

A major focus of our work has involved the develop-
ment of olefin polymerization catalysts based upon
cationic o-diimine complexes of nickel and palladium
of general structure 1, the first report of which appeared
in 1995.89 Alternatively, active catalysts may be readily
generated and used in situ by reaction of dibromide 11
with methylaluminoxane (MAQO). Subsequently, other
groups have reported olefin polymerizations using iden-
tical or closely related catalyst systems.17:19723 These
catalysts polymerize ethylene and o-olefins to high
molecular mass polymer with activities of the nickel-
(1) system comparable to early-transition-metal sys-
tems. Dramatic differences in the microstructure and
properties of polymers made using these nickel- and
palladium-based catalysts are observed as compared to
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polymers made using early metal Ziegler—Natta and
metallocene technology. For example, branching in
polyethylene prepared with nickel(Il)- or palladium(I1)-
based catalysts can vary from highly branched to linear,
and the properties thus vary from soft elastomers to
rigid plastics, respectively. The polymer properties
observed are greatly dependent on reaction conditions,
ligand structure, and the metal. For example, catalysts
lacking bulky substituents in the ortho aryl positions
have been found to oligomerize ethylene selectively to
a-olefins.112 Furthermore, bulky nickel(ll) catalysts
have been shown to catalyze the living polymerization
of a-olefins (i.e., propylene, 1-hexene, etc.) at —10 °C,
and thus provide access to diblock and multiblock
copolymers.19 Palladium-based catalysts have proven to
be tolerant of certain functional groups and will copo-
lymerize alkyl acrylates with ethylene and a-olefins.2526
Recently, internal olefins such as cyclopentene have
been polymerized with both nickel- and palladium-based
catalysts, forming a unique high molecular weight poly-
(cyclopentene) with 1,3-enchainment via an addition
mechanism rather than the expected 1,2-enchain-
ment.13:30

A general mechanism for the polymerization has been
proposed and is shown in Scheme 2. The catalyst resting
state for the Pd(l1) systems is the alkyl olefin complex
A as established by 'H NMR spectroscopy.83! The same
resting state applies in the Ni(ll) systems at low
temperature.3? The turnover-limiting step is the migra-
tory insertion reaction to yield an intermediate cationic
alkyl complex B. This species has been shown to be a
B-agostic species in the Pd(Il) systems,1331 put for
simplicity is shown in Scheme 2 without the M—g-H—C
interaction. Metal migration (chain running) along the
alkyl chain can occur in these species via -H elimina-
tion/readdition reactions (to C and D) as shown in
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Scheme 1. (a-Diimine)—Ni(ll) and —Pd(ll) Olefin Polymerization Catalysts/Catalyst Precursors
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Scheme 2. Proposed Mechanism of Propagation for the Preparation of Branched Polyethylene Using Ni(ll)
Catalysts
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Scheme 2.8:9:26.31 (A similar proposal was made by Fink
to account for structures of 1-hexene oligomers from
certain Ni(ll) catalysts.)!415 These migration reactions
occur without chain transfer. Successive migratory
insertion and ethylene trapping cycles from A leads to
a linear polymer. Insertion following chain running
leads to the introduction of branches in the polymer
chain. The greater the extent of chain running prior to
insertion the more highly branched the polymer.8933 In
the case of nickel, trapping and insertion are competitive
with chain running, and thus the extent of branching
is sensitive to ethylene pressure, decreasing with in-
creasing ethylene pressure.

A critical feature of these catalysts is that, unlike
most late metal systems, the rate of chain transfer (k)
is much slower than the rate of propagation (kp), and
thus a high polymer results from polymerization of
ethylene and a-olefins. The key feature leading to slow
chain transfer is the presence of bulky ortho aryl
substituents which are situated above and below the

axial positions of the square planar complex. Generally,
the more sterically encumbering the substituents, the
higher the polymer molecular weights (i.e., the greater
ko/Ket). Initially, the slow rate of chain transfer was
ascribed to a slow associative displacement of the
unsaturated polymer chain as a result of the bulky ortho
substituents blocking axial approach of the monomer
(see Scheme 3). Recent calculations by Ziegler et. al.
have suggested that chain transfer occurs by direct 3-H
transfer to monomer in the alkylolefin resting state A
and that this barrier increases with increasing steric
bulk of the ortho substituents.343> Currently, no firm
experimental evidence is available which distinguishes
these mechanisms. Several other theoretical analyses
of these systems have appeared which agree in large
measure with the mechanistic details derived from our
experimental studies.36:37

In this paper, as a followup to our initial communica-
tion,® we report on our detailed investigations of the
polymerization of ethylene using (a-diimine)nickel(l1)
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Scheme 3. Proposed Mechanism of Chain Transfer
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catalysts. To gain more insight into the factors control-
ling the activity of the catalysts and the effect of catalyst
structure on polymer structure and properties, we have
examined several aryl-substituted o-diimine systems
with variable ortho substituents including isopropyl,
methyl, trifluoromethyl, and pentafluorophenyl groups
as well as variations in substitution at the backbone
carbon atoms of the o-diimine ligand. The effect of
temperature and ethylene pressure on activity and
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polymer microstructure, and the effect of catalyst
structure on chain transfer and catalyst lifetime will
also be presented.

6

Results and Discussion

A. Synthesis of a-Diimine Ligands and Corre-
sponding Nickel(11) Bromide Complexes. The a-di-
imine ligands and the corresponding nickel(ll) dibro-
mide complexes prepared for study are summarized in



Macromolecules, Vol. 33, No. 7, 2000

Schemes 4 and 5, respectively. Compounds le—g are
known,%8 and certain aspects of the polymerization
behavior of activated complexes 4f and 4g have been
previously reported by us.8 Compounds 1e—g, 2, and 3
were prepared using the formic acid-catalyzed conden-
sation of the appropriate aniline with the corresponding
diketone in methanol. These conditions were not optimal
for the preparation of a-diimines containing electron-
withdrawing groups. Thus 1a—d were prepared by the
reaction of diketone with amine in the presence of
catalytic amounts of H,SOy, in toluene with removal of
water by azeotropic distillation. We have fully charac-
terized the previously unknown ligands by H, 13C, and,
where appropriate, °F NMR spectroscopy as well as
elemental analysis. Compounds 1a—d exhibit a complex
fluctional behavior in solution which involves intercon-
version between (E, E) and (E, Z) forms as well as net
rotation about the carbon—nitrogen aryl bond to inter-
convert syn and anti isomers. A complete analysis of
this fluctional behavior is beyond the scope of this paper,
but a similar behavior has been reported.3 Interest-
ingly, 2 was isolated and characterized spectroscopi-
cally, not as the a-diimine but rather as the imine/
enamine tautomer. This tautomerization has also been
observed for a similar compound which was reported
by van Asselt and co-workers,%® as well as a 5-diimine
ligand reported by Feldman et al.16

As previously reported, the nickel(11) dibromide com-
plexes were readily obtained from reaction of the
o-diimine with (DME)NIiBr,.%° Characterization of these
complexes was difficult because of their poor solubility
in organic solvents, and the fact that they are para-
magnetic, and thus high-resolution NMR spectroscopic
analysis is not possible. Fortunately, crystals of 4c and
4d which were suitable for X-ray diffraction analysis
were obtained by slow diffusion of pentane into a
dichloromethane solution of the Ni(ll) complexes.

The crystal structure of 4c (Figure 1) with a 2-pen-
tafluorophenyl substituent crystallized with two mol-
ecules of water coordinated to nickel, making this a six-
coordinate octahedral complex. As in related struc-
tures,'738 the aryl rings of the a-diimine lie nearly
perpendicular to the plane formed by the metal and
coordinated nitrogen atoms. Of particular note is the
C, symmetry of the complex about the nickel atom, with
the pentafluorophenyl rings in a anti conformation
above and below the coordination plane. Similarly,
complex 4d (Figure 2) crystallizes with the pentafluo-
rophenyl rings in the anti conformation, but in this case,
no water was coordinated to the tetrahedral nickel
center. However, in both cases, this does not preclude
the alternative conformation in which the pentafluo-
rophenyl groups are in a syn conformation. In both
structures, the pentafluorophenyl rings are oriented
with the face of each ring directed approximately over
the axial sites of the nickel atom.

B. Polymerization Experiments at 35 °C. While
well-defined catalysts of the type [(c-diimine)Ni(CHs)-
(solv)]™ BAr'y (Ar' = 3,5-(CF3)2CsHs; solv = OEt,) can
be prepared, these salts are exceedingly sensitive to
moisture, air, and heat.832 A much more convenient
method for generation of catalysts involves in situ
activation of the nickel(ll) dibromide complexes with
methylaluminoxane (MAO) or its derivatives.8® In this
study, we have consistently employed modified methyl-
aluminoxane (MMAO; see Experimental Section for
details) as the activator. To make meaningful compari-
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Figure 1. Molecular structure of 4c. Selected bond lengths
(A) and angles (deg): Ni(1)—Br(11) 2.493(1), Ni(1)—Br(12)
2.612(8), Ni(1)—0(101) 2.063(3), Ni(1)—0(102) 2.100(3), Ni(1)—
N(101) 2.109(4), Ni(101)—C(102) 1.283(6), C(102)—C(103)
1.515(7), C(103)—N(104) 1.280(6), N(1)—N(104) 2.093(4); Br-
(11)—Ni(1)—Br(12) 174.41(3), N(101)—Ni(1)—N(104) 80.3(1),
Ni(1)—Ni(101)—C(102) 111.0(3), Ni(101)—C(102)—C(103) 134.9-
(5), C(102)—C(103)—N(104) 117.6(4), C(103)—N(104)—Ni(1)
112.1(3).

Figure 2. Molecular structure of 4d (molecule 1). Selected
bond lengths (A) and angles (deg). Molecule 1: Ni(1)—Br(1)
2.323(1), Ni(1)—N(1) 2.035(7), Ni(1)—C(2) 1.296(11), C(2)—
C(2)a 1.48(2); Br(1)—Ni(1)—Br(1)a 117.43(7), N(1)—N(1)—N(1)a
82.4(3), Ni(1)—Ni(1)—C(1) 111.6(6), Ni(1)—C(2)—C(2)a 117.2-
(7). Molecule 2: Ni(2)—Br(2) 2.288(1), Ni(2)—N(31) 2.013(6),
N(31)—C(32) 1.279(11), C(32)—C(32)b 1.47(2); Br(2)—Ni(2)—
Br(2)b 123.44(8), N(31)—Ni(2)—N(31)b 83.0(3), N(2)—N(31)—
C(32) 110.6(5), N(31)—C(32)—C(32)b 117.7(7).

sons of the effect of catalyst structure on catalyst
activity and polymer structure and properties, all data
were collected under similar conditions. A temperature



2324 Gates et al.

Macromolecules, Vol. 33, No. 7, 2000

Table 1. Polymerization Data for Experiments at 35 °C, 1 atm of C,H4

mol of reacn branches tra;gi{g:]]zl(oc)
catal temp time TOF per 1000
entry catalyst (x106) (°C) (min) (x1073/h) Mp?2 PDI carbons Ty Tm
1 da 2.0 30 30 150 4100P 31¢ 92, 107
2 4b 2.0 35 30 45 240 000 25 75 —-40 56
3 4c 2.8 35 20 4 1020 29¢
4 4d 3.7 35 20 5 41 400 4.4 34 107
5 de 10 35 30 8 920bP 3¢
6 af 2.0 35 30 24 14 300 1.8 67 —44 29, 60
7 49 1.6 35 30 56 125 000 1.8 106 -17
8 5 1.8 35 30 30 268 000 15 108 -8
9 6 1.8 35 30 15 171 000 1.6 101 —52 -2

a Molecular weights of the polymers were determined by GPC (using a universal calibration) in trichlorobenzene at 135 °C. ® Molecular
weights of low molecular weight samples were determined by end group analysis using 'H NMR spectroscopy. ¢ Branching numbers for
low molecular weight samples (M, < 5000) were corrected for end groups.

Table 2. Polymerization Experiments at 35 °C, 200 psig of CoHa

mol of reacn branches thermal
catal temp pressure time TOF per 1000 transitions
entry catalyst (x106) (°C) (psig) (min) (x107%/h) Mp2 PDI carbons (°C)
1 4a 1.1 35 200 20 1100 3800P 5¢ 125 (Tm)
2 4b 2.0 35 200 20 500 400 000 33 27 127 (Tm)
3 4c 1.7 35 200 20 650 970P 5¢
4 4d 0.5 35 200 20 1100 73 700 2.6 4 134 (Tm)
5 de 5.0 35 200 20 230 1300° 2¢
6 4f 15 35 200 10 1600 59 200 25 13 128 (Tm)
7 49 0.83 35 200 10 2400 337 000 1.8 24 110 (Tm)
8 5 0.89 35 200 10 1600 844 000 1.7 39 100 (Tm)
9 6 0.95 35 200 10 900 766 000 1.7 28 96 (Tm)

a Molecular weights of the polymers were determined by GPC (using a universal calibration) in trichlorobenzene at 135 °C. ® Molecular
weights of low molecular weight samples were determined by end group analysis using *H NMR spectroscopy. ¢ Branching numbers for
low molecular weight samples (M, < 5000) were corrected for end groups.

of 35 °C was chosen for the initial polymerization
experiments because of the ease in maintaining constant
temperature in both the ambient pressure runs and,
more importantly, the high pressure runs. The reactions
at high ethylene pressures are observed to exotherm
rapidly as the reactor is pressurized and throughout the
polymerization run. Thus, a reaction starting at room
temperature (25 °C) can rapidly warm to >60 °C
throughout a 10—20 min experiment without efficient
cooling. The most reproducible reaction temperatures
for runs conducted at 35 °C were obtained when the
reactor was initially stabilized at 27 °C; upon addition
of the activator (MMAO) and the catalyst, and subse-
guent pressurization with ethylene, the temperature in
the reactor then rapidly rose to 35 °C within ca. 30 s,
where it could be maintained by cooling with an ice-
cooled water circulator for the rest of the run (10 or 20
min).

1. Effects of Varying Ligand Structure on Cata-
lyst Activity and Polymer Properties. The results
for ethylene polymerization experiments conducted at
1 atm and 35 °C are shown in Table 1, and polymeriza-
tions run at 35 °C and 200 psig (ca. 15 atm) are
summarized in Table 2. Reactions run at 1 atm of
ethylene pressure suffer from monomer mass transport
limitations at this low ethylene concentration,*® and
therefore accurate comparisons of catalyst turnover
frequencies (TOF)*! are difficult under these conditions.
Monomer mass transport is not a factor when the
ethylene pressure is raised to 200 psig, and thus, a more
accurate determination of the high turnover frequencies
attainable by these catalysts is possible. In addition,
comparison of trends in turnover frequencies for these
catalysts can be made at this pressure.

A striking feature observed in the data is that the
catalysts with only one ortho substituent on the aryl

rings, R [R = CF3; (4a), CsFs (4c), CH3 (4e); Table 1,
entries 1, 3, and 5], do not yield a high molecular weight
polymer but instead produce oligomers for which olefinic
end groups could be detected by 'H NMR spectroscopy
(% a-olefin: 4a, 55%; 4c, 35% 4e, 37%). Integration of
the olefinic H resonances with respect to the methylene
resonances gave degrees of polymerization (DP) less
than 150.

When a methyl substituent is introduced into the
remaining ortho position of these catalysts the polymer
molecular weight increases dramatically (see Table 1).
For example, if 4a (2-CF3) is compared with 4b (2-CF3,
6-CH3), the M, increases from 4100 to 240 000. Similar
trends are noted for 4c (2-CgFs) vs 4d (2-CgFs, 6-CH3)
(M, = 1020 and 41 400, respectively) and 4e (2-CH3) vs
4f (2,6-CHz) (M, = 920 vs 14 300). Polymerizations
carried out at 200 psig and 35 °C (Table 2) exhibit
similar trends. For example, 4a yields polyethylene with
M, = 3800 while 4b yields polyethylene with M, =
400 000. Similarly, molecular weights of polyethylenes
formed by catalysts 4d and 4f under these conditions
were significantly higher than polyethylenes prepared
with 4c and 4e, respectively. These observations are all
in accord with our previous observation that increased
steric bulk in the axial sites will lead to a decrease in
the rate of chain transfer relative to the rate of
propagation.

It is significant to note that the molecular weight
distributions of polyethylene formed by 4b and 4d at 1
atm are 2.5 and 4.4, respectively, which are substan-
tially broader than those for the polyethylenes produced
by the other catalysts. A possible explanation for this
broadening is that two isomers of complexes 4b and 4d
are present, a C, symmetric form, and a Cs symmetric
form. Species of both symmetries may be formed when
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the nickel complexes are synthesized;*? thus, the broad-
ening of the molecular weight distribution may be
attributable to the presence of more than one type of
catalyst in solution. However, it was not possible to
resolve a bimodal feature by GPC, and we have no
additional evidence for a two-site catalyst system.

The measured turnover frequencies (TOF's) of these
catalysts are affected by several variables and are often
difficult to interpret.*®* For example, for highly active
catalysts, mass transfer limitations may apply, and at
1 atm of ethylene pressure, it is clear that these effects
do limit observed turnover frequencies of the active
catalysts in Table 1. Catalyst instability can reduce
calculated TOF's in runs over extended time periods or
at high temperatures (see below) relative to conditions
where no catalyst decay occurs. In cases where insoluble
polymer is formed, TOF's often fall when catalysts
become heterogeneous due to precipitation. In addition,
of course, TOF’s are affected by electronic!? and steric
effects of substituents. Under conditions reported in
Table 2 (low catalyst loading, 200 psig, 35 °C, short
reaction time), previous experiments,* together with
those discussed below, suggest that mass transfer
limitations do not apply, the catalyst resting state is
the nickel alkyl ethylene complex, and catalysts are
stable over these time periods at 35 °C. Thus, the
observed differences in TOF's in Table 2 can be largely
attributed to substituent effects.

The basic trend observed, consistent with previous
observations, is that increases in the bulk of the ortho
substituents result in increased TOF's. For example, the
TOF of 4g (2,6-di-iPr) is 2.4 x 106 h~1 compared to the
less bulky 4f (2,6-di-Me) of 1.6 x 10% h—!. Consistent
with this trend, the TOF of the monomethyl substituted
catalyst, 4e, drops to 2.3 x 10°% h™1. Similarly, the TOF
of 4d (2-Ce¢Fs, 6-CH3) of 1.1 x 108 h1 is about twice
that of the TOF of the less bulky 4c (2-CgFs) of 6.5 x
105 h™% The one catalyst pair which exhibits the
opposite trend is 4a (2-CF3) with a measured TOF of
1.1 x 10% h=t vs 4b (2-CF3, 2-CH3) with a TOF of 5.0 x
105 h™1. A possible explanation here may involve the
rapid precipitation of the high molecular weight polymer
formed by 4b and thus, even under these conditions,
reduction of the measured TOF due to precipitation.

The mono-CF3 substituted catalyst 4a is considerably
more active than the mono-CHj3 system 4e (1.8 x 10°
h™1vs 2.3 x 10°> h~1 TOF). While part of the explanation
may be steric, the fairly similar sizes of —CF3 vs —CH3;
groups suggests also that the electron-withdrawing
nature of the —CF3 group, which results in a more
electrophilic nickel center, may increase the TOF. This
result is consistent with substituent effects noted in
ethylene oligomerization reactions.!2

Since the catalyst resting state under these conditions
is the alkyl olefin complex, the TOF's (assuming no
complications as enumerated above) will simply be the
rate of migratory insertion. The fact that bulkier sub-
stituents accelerate this rate can be ascribed to more
relief of strain in going from the more crowded ground-
state alkyl olefin complex to the less crowded transition
state.3®

A strong correlation exists between the magnitude of
steric bulk exerted by the ortho substituents and the
degree of branching observed in the resulting polymers.
The branching numbers for polyethylene can be deter-
mined by 'H NMR spectroscopy using the ratio of the
number of methyl groups to the overall number of
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carbons (e.g., methyl + methylene + methine),*> and
are reported as branches per thousand carbons.

In general, the branching numbers were observed to
increase with more steric bulk (Table 1). For example,
in experiments run under 1 atm of ethylene pressure,
the branching number determined for polyethylene
prepared using catalyst 4f is 67, whereas 106 branches
were observed when bulkier 4g was employed. In
addition, a comparison of the branching numbers for the
series of catalysts with single substituents in the 2-
position of the aryl rings (i.e., 4a, 4c, and 4e) and
catalysts containing substituents in the 2- and 6-posi-
tions (i.e., 4b, 4d, 4f, and 4g), shows that the branching
is consistently higher for the latter catalysts. For
example, catalyst 4a (2-CF3) yields polyethylene with
31 branches per thousand carbons whereas the bulkier
catalyst 4b (2-CF3, 6-CHp3) affords polyethylene with 75
branches per thousand carbons.

These observations suggest that trapping of the
intermediate alkyl cation (e.g., B, Scheme 2) by ethylene
is slowed by bulky substituents more than the rate of
chain running. Thus, more chain running and branching
can occur in the catalysts that bear bulky substituents
relative to those which possess less bulky substituents.
The same trend is also noted in the 200 psig polymer-
izations (Table 2); however, at this increased pressure
branching is reduced for all catalysts since the rate of
trapping and insertion is now faster for all catalysts.
This feature will be further illustrated and discussed
below.

In our earlier communication, we reported that
changes to the a-diimine backbone can have a remark-
able effect on polymer microstructure and catalyst
activity.® We have investigated this backbone effect
further using complexes 4g, 5, and 6, all of which
contain the same bulky 2,6-di(isopropyl)phenyl groups
as imine substituents. Complex 4g contains a planar
acenaphthyl backbone, whereas the other two catalysts,
5 and 6, contain saturated alkyl groups as substituents
on the backbone carbons. All three catalysts are very
active polymerization catalysts (entries 7—9, Tables 1
and 2) with turnover frequencies on the order of 105h
at 1 atm and 108/h at 200 psig. Catalyst 4g exhibits a
slightly higher turnover frequency (2.4 x 108/h at 200
psig) than 5 and 6 (1.6 x 10% and 9.0 x 10%h,
respectively).

Although the turnover frequencies are higher for 4g,
the molecular weights of polyethylene produced with
catalyst 4g are less than the molecular weights for
polyethylene produced with catalysts 5 and 6. For
example, for polymerization experiments conducted at
200 psig, the molecular weight (M) of polymer gener-
ated from catalyst 4g was 337 000 whereas from cata-
lysts 5 and 6 the molecular weights were 844 000 and
766 000, respectively. A significant effect of the alkyl-
substituted backbone is that the molecular weight
distributions of the polyethylene are less than those
produced by the planar acenaphthyl systems. This effect
on molecular weight distributions can be seen clearly
in Figure 3, which shows the GPC chromatograms for
polyethylene produced with catalysts 4g, 5, and 6 at 1
atm and 35 °C. The polydispersity of polyethylene
formed with catalysts 5 (Figure 3b) and 6 (Figure 3c)
are 1.5 and 1.6, respectively (1 atm of ethylene; 35 °C),
compared with 1.8 for the polymer produced by 4g
(Figure 3a) under identical conditions. When the eth-
ylene pressure is raised to 200 psig, polydispersities
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Table 3. Effect of Varying C>H4 Pressure on Polymer Properties and Catalyst Activities

mol of reacn branches thermal
catal temp pressure time per 1000 transitions
entry catalyst (x106) (°C) (psig) (min) TOF (x1073/h) Mp2 PDI carbons (°C)
1 4a 11 35 200 20 1100 3800P 5¢ 125 (Tm)
2 4a 0.8 35 400 20 1300 4100P 4¢ 131 (Tm)
3 da 0.8 35 600 20 2800 4000° 2¢ 119 (Tm)
4 4b 2.0 35 200 20 500 400 000 3.3 27 127 (Tm)
5 4b 2.0 35 400 20 560 533 000 2.8 5 130 (Tm)
6 4b 2.0 35 600 20 1000 314 000 3.7 7 131 (Tm)
7 4c 17 35 200 20 650 970P 5¢
8 4c 1.8 35 400 20 970 715 3¢
9 4c 1.9 35 600 20 1600 7760 2¢
10 4d 0.5 35 200 20 1100 73700 2.6 4 134 (Tm)
11 4d 0.5 35 400 20 1300 94 000 2.2 1 137 (Tm)
12 4d 0.5 35 600 20 1200 90 300 2.3 1 138 (Tm)
13 4f 15 35 200 10 1600 59 200 25 13 128 (Tm)
14 af 15 35 400 10 1900 64 400 2.2 12 126 (Tm)
15 af 15 35 600 10 2500 59 300 2.6 5 132 (Tm)
16 49 0.83 35 200 10 2400 337 000 1.8 24 110 (Tm)
17 49 0.83 35 400 10 3700 226 000 24 19 106 (Tm)
18 49 0.81 35 600 10 3000 318 000 2.4 17 119 (Tm)
19 5 0.89 35 200 10 1600 844 000 17 39 100 (Tm)
20 5 0.85 35 400 10 2800 1010 000 1.7 11 108 (Tm)
21 5 0.91 35 600 10 2600 799 000 1.9 11 114 (Tm)
22 6 0.95 35 200 10 900 766 000 1.7 28 96 (Tm)
23 6 0.86 35 400 10 2000 1 030 000 1.6 16 105 (Tm)
24 6 0.86 35 600 10 2300 1 000 000 1.6 15 105 (Tm)

a Molecular weights of the polymers were determined by GPC (using a universal calibration) in trichlorobenzene at 135 °C. ® Molecular
weights of low molecular weight samples were determined by end group analysis using 'H NMR spectroscopy. ¢ Branching numbers for
low molecular weight samples (M, <5000) were corrected for end groups.
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Figure 3. GPC chromatograms of polyethylene produced at
35 °C and 1 atm (ethylene) using catalyst: (a) 4g; (b) 5; (c) 6.

increase slightly, but still remain below 2.0. The fact
that molecular weight distributions remain below 2
under these conditions implies that the M, values are
not yet limited by chain transfer and longer reaction
times would produce higher molecular weight materials.

2. Effects of Changes in Ethylene Pressure on
Polymer Properties. A series of polymerization ex-
periments in which the ethylene pressure was varied,
but the temperature held at 35 °C, is summarized in
Table 3. These data can be compared to that in Table 1
for polymerizations carried out at 1 atm of ethylene
pressure. The most significant effect noted in these
studies is a trend toward more linear, less branched
polymers as the ethylene pressure is increased. For
example, catalyst 4f (2,6-di-CHs3) exhibits 67 branches

per thousand carbons at 1 atm which drops to 13
branches per thousand carbons at 200 psig and to ca. 5
branches per thousand carbons at 600 psig of ethylene.
Melting points (T's) determined using DSC range from
60 °C (a broad transition) to 132 °C (sharp transition)
for these branching numbers. Similarly, catalyst 5 yields
polyethylene containing 108 branches per thousand
carbons at 1 atm of ethylene, 39 branches per thousand
carbons at 200 psig, and 11 branches per thousand
carbons at pressures of 400 and 600 psig. T, values for
these likewise increase with decreasing branching.
Catalyst 4b (2-CF3, 6-CHy3) yields polyethylene with 75
branches per thousand carbons at 1 atm of ethylene,
27 branches per thousand carbons at 200 psig, and 5—7
branches per thousand carbons at 400 and 600 psig. An
unusual feature of the polyethylene made at 200 psig
is that despite it having 27 branches per thousand
carbons, the Tp, is remarkably high (127 °C) in com-
parison to the other polyethylene samples with similar
branching numbers (see entry 4).

The trend of decreased branching with increasing
ethylene pressure in these cases reinforces our earlier
observations. In essence, chain running occurs in the
cationic alkyl complex (B; Scheme 2) and the lifetime
of this complex (and thus the extent of chain running)
is decreased as ethylene concentration increases. The
rate of insertion (chain growth) will either be indepen-
dent of ethylene pressure if the resting state is pre-
dominantly the alkylolefin complex (A; Scheme 2) or
increase with ethylene pressure if a significant fraction
of the catalyst rests as the cationic alkyl complex (e.g.,
if the polymerization is mass transfer limited).

There is little variation of molecular weight with
ethylene pressure for individual catalysts. The small
variations observed are likely due to variations in
experimental conditions (e.g., polymer precipitation and
variable extent of catalyst decay) since no clear trend
is observed as pressure is varied. The trends apparent
in comparing different catalysts are consistent with the
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Table 4. Polymerization Data for Experiments at 1 atm of C>H4 and 35, 60, and 85 °C

mol of reaction branches trantgiirggl(oc)
catal temp time TON per 1000
entry catalyst (x108) (°C) (min) (x1073) Mp2 PDI carbons Ty Tm
1 4b 2.0 35 30 23 240 000 25 75 —40 56
2 4b 2.0 60 30 3.8 56 000 2.8 90 —44
3 4b 2.0 85 30 dec N/A
4 49 1.6 35 30 28 125 000 1.8 106 -17
5 49 1.6 60 30 17 48 600 2.7 122 —65 —43
6 49 1.6 85 30 5 27 000 2.7 124 —67
7 5 1.8 35 30 15 268 000 15 108 -8
8 5 2.1 60 30 10 139 000 2.0 115 —60 -30
9 5 1.6 85 30 1.8 56 000 1.9 136 —60
10 6 1.8 35 30 7.5 171 000 1.6 101 —52 -2
11 6 2.1 60 30 5.5 129 000 1.6 100 —40 -17
12 6 1.7 85 30 0.6 42 000 2.2 112 —53 —-17
a Molecular weights of the polymers were determined by GPC (using a universal calibration) in trichlorobenzene at 135 °C.
Table 5. Polymerization Data for Experiments at 200 psig of C;H4 and 35, 60, and 85 °C
mol of reacn branches tra;;i{$§I(°C)
catal temp pressure time TON per 1000 I St
entry catalyst (x106) (°C) (psig) (min) (x1073%) Mp2 PDI carbons Ty Tm
1 4b 2.0 35 200 20 170 400 000 3.3 27 127
2 4b 2.0 60 200 20 140 237 000 3.3 46 102
3 4b 2.0 85 200 20 30 68 000 4.4 52 -37 81
4 4ad 0.5 35 400 20 430 94 000 2.2 1 137
5 4d 0.5 60 400 20 950 53 900 1.9 12 130
6 4d 0.5 85 400 20 520 29 400 2.1 19 121
7 af 15 35 200 10 270 59 200 25 13 128
8 af 15 60 200 10 150 22 800 2.3 25 114
9 4f 2.0 85 200 10 25 12 900 29 44 90, 114
10 49 0.83 35 200 10 400 337 000 1.8 24 110
11 49 0.82 60 200 10 230 155 000 1.8 58 —42 68
12 49 0.82 85 200 10 70 62 700 1.9 83 —45 24
13 5 0.89 35 200 10 270 844 000 1.7 39 100
14 5 0.89 60 200 10 130 395 000 1.7 60 —42 57
15 5 0.92 85 200 10 50 211 000 1.8 93 -50 20
16 6 0.95 35 200 10 150 766 000 1.7 46 96
17 6 0.83 60 200 10 100 331 000 1.9 73 —44 54
18 6 0.92 85 200 10 10 196 000 1.8 85 —49 23

a Molecular weights of the polymers were determined by GPC (using a universal calibration) in trichlorobenzene at 135 °C.

discussions above for the 1 atm results; that is, increas-
ing the steric bulk of ortho substituents results in
increasing polymer molecular weight. For catalyst 6, M,,
values reach 1 x 108 and are not yet limited by chain
transfer processes since M,/Mp values are still below
2.

C. Polymerization Experiments at Higher Tem-
peratures. The experiments described above have all
been carried out at 35 °C. In this section, we report
polymerizations at higher temperatures and the impact
of increasing temperature on catalyst activities and
lifetimes as well as on polymer branching and molecular
weights.

In general, at 60 °C and above, catalyst lifetimes are
sufficiently short that they have a significant impact
on the total turnovers (TON) which can be achieved over
10—30 min time periods. While a decrease in ethylene
solubility at increased temperatures may play a role, it
is clear that the major effect on total turnover number
is catalyst decay. Table 4 reports polymerizations car-
ried out at 1 atm and temperatures of 35, 60, and 85
°C. For catalyst 4b (2-CF3, 6-CH3) the TON calculated
for a 30 min run decreases from 23 000 at 35 °C to 3800
at 60 °C. At 85 °C, catalyst decay is sufficiently rapid
that no polymer is isolated. Similar behavior is observed
for 4g, 5, and 6 except that at 85 °C some activity is
observed for these catalysts.

Table 5 reports polymerizations at 200 psig at 35, 60,
and 85 °C. At 200 psig of ethylene pressure, considerably
higher TON'’s are achieved relative to 1 atm runs. In
general, TON's at 60 °C decrease by a factor of 2 or less
relative to those observed at 35 °C, but at 85 °C TON's
drop off quite significantly. For example, for 4b the TON
decreases from 170 000 (20 min run) at 35 °C to 140 000
at 60 °C, but then drops to 30 000 at 85 °C. For 4d (2-
CsFs, 6-CH3) the TON increases to 950 000 at 60 °C from
430 000 at 35 °C and then drops to 520 000 at 85 °C.

The productivity of catalyst 5 was examined over 10—
20 min reaction times at 60 and 85 °C at 200 psig (see
Table 6). At 60 °C there is a significant increase in TON
from the 10 min run (130 000) to the 20 min run
(200 000) indicating that a significant fraction of the
catalyst is still active after 10 min. However, at 85 °C
the minor increase in TON at 20 min (64 000) relative
to 10 min (53 000) reaction time indicates that most of
the catalyst has deactivated after 10 min at 85 °C.

The mode of catalyst decay is unknown. One possibil-
ity for decay is a C—H activation of an ortho alkyl
substituent.*® Thus, our motivation for preparing cata-
lysts containing ortho —CgFs and —CF3 substituents was
the possibility that these catalysts would exhibit much
higher stabilities than those possessing ortho— alkyl
substituents. We have noted that TON's for polymeriza-
tions using catalyst 4d (2-C¢Fs, 6-CH3) remain high for
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Table 6. Catalyst Lifetime Data for 5’MMAO at 200 psig of C;H, and 60 and 85 °C

mol of reacn branches
catal temp pressure time TON per 1000
entry (x109) (°C) (psig) (min) (x1079) Mp2 PDI carbons
1 0.89 60 200 10 129 395 000 1.7 60
2 0.84 60 200 20 201 407 000 1.8 71
3 0.92 85 200 10 53 211 000 1.8 93
4 0.93 85 200 20 64 205 000 1.8 93

a Molecular weights of the polymers were determined by GPC (using a universal calibration) in trichlorobenzene at 135 °C.

Table 7. Ethylene Polymerization Activity vs Time for 4c/Mmao?2

mol of reacn ethylene branches

catal time temp pressure TONP % per 1000

entry (x106) (min) (°C) (atm) (x1079) Mp¢ o-olefin® carbons®
1 1.7 20 35 15 22 970 90 5
2 11 60 35 15 64 770 87 7
3 11 120 35 15 130 960 91 8
4 11 180 35 15 198 970 90 5
5 0.8 240 35 15 244 960 86 6
6 24 30 0 1 3.2 1020 77 5
7 2.5 60 0 1 6.1 1000 78 7
8 14 120 0 1 12.2 890 79 4
9 1.6 180 0 1 16.8 750 79 4
10 11 240 0 1 17.6 790 78 5

a Reaction conditions: 200 mL of toluene (entries 1—5) or 100 mL of toluene (entries 6—10), 1700 equiv of Al/equiv of Ni. ® Turnover
number. ¢ Determined by 'H NMR spectroscopy (corrected for end groups).
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Figure 4. Ethylene flow profiles in polymerization reactions
of 4c/MMAO in toluene under 200 psig of ethylene pressure.
Line 1: 400 mL of toluene 35 °C. Line 2: 400 mL of toluene,
60 °C. Line 3: 200 mL of toluene, 35 °C.
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20 min runs at 60 and 85 °C and 200 psig of ethylene.
However, we chose catalyst 4c (2-CgFs) for stability
studies since the low molecular weight polyethylene
formed (ca. 900 M) does not form an insoluble polymer
in the reactor, resulting in inactivity due to precipitation
and inaccessibility of catalyst sites.4” Results of a set of
experiments monitoring productivity over time periods
from 20 min to 4 h are summarized in Table 7. At 35
°C, 200 psig of ethylene, the productivity increases
essentially linearly with time (entries 1—-5). Thus, under
these conditions, very little catalyst decomposition is
occurring over this time period under these conditions.
A similar set of experiments at 0 °C, 1 atm (entries
6—10) shows that activity does begin to decrease after
3—4 h, suggesting that catalyst stability is greater at
higher ethylene pressures for this system.

Monomer flow measurements using 4c/MMAO were
conducted to gain additional data concerning catalyst
activity. These data are summarized in Figure 4. At 35
°C and 200 psig of ethylene pressure, very slow catalyst
deactivation was observed over a 5 h time period. The

decay rate was independent of catalyst concentration.
At 60 °C, the catalyst decay rate was considerably
accelerated. Qualitatively, the stability of this catalyst
is not significantly different from those bearing ortho
alkyl substituents studied above. This latter experiment
suggests that C—H bond activation is not a major route
for deactivation of catalysts bearing ortho alkyl substit-
uents.

The molecular weight of the polyethylene produced
by each catalyst was found to decrease as the temper-
ature was increased. For example, when catalyst 4b (2-
CF3, 6-CHj3) is employed at 200 psig, the molecular
weight drops from M, = 400 000 when carried out at
35 °C to M, = 237 000 at 60 °C and M, = 68 000 at 85
°C. Similar effects are also observed with all the other
catalysts, with a decrease in M, of approximately 50%
upon increasing the temperature by 25 °C. These results
suggest that at higher temperatures there is an increase
in the rate of chain transfer, although further complica-
tions with catalyst degradation may also affect molec-
ular weights. The distribution of molecular weights is
also observed to increase as the reaction temperature
is increased.

The branching numbers are observed to increase
dramatically with increasing temperature with a cor-
responding decrease in T, values. For example, the
branching numbers obtained for catalyst 5 increase from
39 per thousand carbons at 35 °C to 60 per thousand
carbons at 60 °C to 93 per thousand carbons at 85 °C.
This trend can be clearly observed by a comparison of
the 'H NMR spectra shown in Figure 5. The small
doublet observed at 6 = 0.83 ppm which is assigned to
the methyl branches increases in intensity relative to
the methylene resonances at 6 = 1.24 ppm as the
temperature is increased. Also, the methine resonances
which are observed as broad resonances at 6 = 1.1 ppm
increase with increasing temperature. Furthermore, the
fact that the methyl resonances are split into doublets
indicates that the branches in these polyethylenes are
mainly CHs; branches, however the small shoulder
visible at 6 = 0.80 ppm suggests the presence of other
longer branches.
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Figure 5. 'H NMR spectra (300 MHz, C¢DsBr, 120 °C of
polyethylene prepared with catalyst 5/MMAO at 200 psig of
ethylene showing the effect of reaction temperature on branch-
ing.

E. Thermal Properties of Highly Branched Poly-
ethylenes. The physical appearance of the unprocessed
polyethylene samples isolated from the reactor varies
dramatically as the nature of the catalyst structure
changes. For example, polymers formed with bulky 2,6-
di(isopropyl)phenyl-substituted catalysts (4g, 5 and 6)
at 1 atm and 35 °C are clear, colorless rubbery materi-
als, whereas with catalyst 4b a white rubbery material
is formed. At 200 psig, the polymer formed with 4b is a
tough flexible white solid, and with 4g, 5, and 6, the
materials are rigid solids.

To gain insight into the thermal properties of these
highly branched polyethylenes, we have characterized
the polymers by differential scanning calorimetry
(DSC).“8 The linear polymers (<5 branches per thousand
carbons) were found to exhibit melt transitions (Tn's)
between 125 and 135 °C, which is typical of high-density
polyethylene (HDPE) which has a T, of 135 °C.*° For
example, the linear polyethylene produced at high
pressures with catalyst 4d (see Table 3) has a branching
number of only 1 per thousand carbons and a Ty, of
137—138 °C. With other bulky catalysts (4g, 5, and 6),
the branched materials produced at similar pressures
exhibit melting points of ca. 100 °C.

A complex thermal behavior is observed for the highly
branched polyethylenes prepared at 1 atm or 200 psig,
which we attribute to the irregularity of the polymer
structure. For example, the polyethylene produced at
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Figure 6. DSC thermograms of polyethylene prepared at 200
psig with catalyst 5: (a) 35 °C; (b) 60°; (c) 85 °C.

35 °C with catalysts 5 and 6 (108 and 101 branches per
thousand carbons, respectively) show melting transi-
tions below room temperature (—8 and —2 °C, respec-
tively), and each also exhibit a second-order transition.
As the branching numbers increase (at higher temper-
atures), the second-order transition becomes more pro-
nounced, and the melting points shift to lower temper-
ature and occur over a much broader temperature
range. For example, Figure 6 shows the DSC thermo-
grams for polyethylene prepared using catalyst 5 at 200
psig at temperatures of 35, 60, and 85 °C. The polyeth-
ylenes produced at 35 °C (Figure 6a) and 60 °C (Figure
6b) exhibit broad melting transitions on the heating
curves; however, they are much sharper upon crystal-
lization on the cooling curve. In addition, the second-
order transition at ca. —42 °C, which is barely visible
on the heating curve, is clearly observed on the cooling
curve. The second-order transition is observed upon
repeated scanning of the sample between —100 and 140
°C. This transition is even more pronounced for the
polymer obtained from catalyst 5 at 85 °C (Figure 6c¢).

It is worth noting that the thermal properties of low-
density polyethylene have been studied extensively, and
three second-order transitions have been observed. The
o transition usually occurs between 30 and 120 °C, the
f transition is typically detected between —30 and +10
°C, and the y transition is seen in the range of —150 to
—120.5051 The second order transitions observed in this
study are likely g transitions, which are usually ob-
served using dynamic mechanical techniques,?? and
have been attributed to the onset of motion at branch
points.*951 The unique highly branched structures of the
present polymers makes the second-order transitions
detectable by DSC. We have also carried out a dynamic
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Figure 7. DMA of polyethylene produced using 4g/MMAO (200 psig, 60 °C) with sampling frequencies of 10, 5, 2, 1, and 0.5 Hz
(for clarity, only the 10, 5, and 1 Hz slices are shown). The top curve corresponds to E' while the bottom curve corresponds to

tan(A).

mechanical analysis (DMA) experiment on a polyeth-
ylene fiber produced using catalyst 4g (200 psig, 60 °C)
(Table 5; entry 11), which is shown in Figure 7. The 8
transition is clearly observed at —30 °C (1 Hz) as the
peak maximum in the tan(A) curve. This transition was
observed at —42 °C by DSC. In addition, the y transition
was also detected at —126 °C. These results are consis-
tent with those previously reported for low-density
polyethylene.

Summary

Several conclusions can be drawn from these studies
which reinforce our earlier observations concerning
effects of ethylene pressure, temperature, and ligand
variation on these ethylene polymerizations. All of the
effects are completely consistent with our proposed
mechanistic scheme for chain growth.

(1) As the bulk of the ortho aryl substituents on the
o-diimine ligand increases, the molecular weights of the
polyethylenes increase. With mono ortho substituted
aryl a-diimine catalysts, M, values as low as ca. 1000
are seen, while with the bulkiest ortho diisopropyl-
substituted systems, M, values reach 10°.

(2) Increased steric bulk of the ortho substituents also
increases the extent of branching in the polyethylenes
as well as the turnover frequencies. The electron-
withdrawing substituent, o-CF3, appears to increase the
TOF more than expected based simply on steric effects,
and is consistent with earlier observed electronic effects.

(3) Catalysts bearing alkyl substituents on the back-
bone carbon atoms tend to give higher molecular weight
polymers with more narrow molecular weight distribu-
tions than the catalysts bearing the planar aromatic
acenaphthyl backbone. Catalyst activities are compa-
rable.

(4) Increases in ethylene pressure lead to dramatic
reductions in the extent of branching in the polymer
presumably due to an increased rate of trapping and
insertion relative to the rate of chain isomerization
which is independent of C,H,.

(5) Increases in polymerization temperatures result
in increased branching and decreased molecular weights.

Catalysts are stable over hours at 35 °C, but lifetimes
are reduced to minutes at temperatures above 60 °C.
The catalyst decay mechanism is unknown, but results
with fluorinated ortho substituents show decay is likely
not due to C—H bond activation of ortho alkyl substit-
uents.

The physical properties of the homopolyethylenes
produced by these catalyst systems vary widely depend-
ing on the extent of branching and polymer molecular
weight. It is clear from these studies that structural
variations of the a-diimine ligand coupled with the
conditions of polymerization (temperature and ethylene
pressure) can be used to control branching and molec-
ular weight in a predictable way. Thus, variably branched
polyethylenes can be produced without the use of an
o-olefin comonomer (as is required for early metal
catalysts) with properties which not only span the range
of HDPE to LLDPE to LDPE but also include amor-
phous, elastomeric homopolymers.

Experimental Section

General Methods. All manipulations of air- and/or water-
sensitive compounds were performed using standard high-
vacuum or Schlenk techniques. Argon was purified by passage
through columns of BASF R3—11 catalyst (Chemalog) and 4-A
molecular sieves. Solid organometallic compounds were trans-
ferred in an argon-filled Vacuum Atmospheres drybox. *H, 13C,
and °F NMR spectra were recorded on Bruker Avance-500,
-400, -300, or Varian Gemini 300 MHz spectrometers. Chemi-
cal shifts are reported relative to residual CHCI; (6 7.24 for
'H), CDCl; (6 77.00 for 3C), and CCIsF (6 0.00 for °F). *H
NMR spectra of polyethylene were taken in C¢DsBr at 120 °C.
Ethylene flow measurements were made with an Omega FMA-
869 mass flowmeter and recorded with an Omega RD-853-T
paperless recorder. High-temperature gel permeation chro-
matography (GPC) was performed by DuPont (Wilmington,
DE) in 1,2,4-trichlorobenzene at 135 °C using a Waters HPLC
150C equipped with Shodex columns. A calibration curve was
established with polystyrene standards and universal calibra-
tion was applied using Mark—Houwink constants for polyeth-
ylene (k = 4.34 x 1074 o = 0.724). Differential scanning
calorimetry was recorded on a Seiko Instruments DSC 220
calibrated with the melting transition of indium. Samples were
heated to ca. 50 °C above their Ty, and cooled rapidly to —120
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Scheme 6. Labeling Schemes Used To Report NMR Data for 1a, 1c, 1d, and 2
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°C and held for 20—30 min prior to scanning (scan rate: 10
°C/min). Dynamic mechanical analysis was carried out using
a Seiko Instruments DMS210 with a scan rate of 2 °C/min
between —150 and +50 °C, and frequencies of 10, 5, 2, 1, and
0.5 Hz. The polyethylene fibers were used as obtained from
the reaction for the elemental analyses which were performed
by Atlantic Microlab of Norcross, GA. Labeling diagrams for
1a, 1c, 1d, and 2 are given in Scheme 6.

Materials. Toluene, diethyl ether, pentane, and methylene
chloride were purified using procedures recently reported by
Pangborn et al.’® High pressure polymerizations were per-
formed in a mechanically stirred 1000 mL Parr autoclave.
Polymer-grade ethylene (99.5%) was purchased from National
Specialty Gases and used without further purification. 7% Al
(wt %) and 6.4% Al solutions of modified methylaluminoxane
(MMAO) in heptane (d = 0.73 g/mL) containing 23—27%
isobutyl groups were purchased from Akzo Nobel. Diimine
ligands 1le—g, 2, and 3 as well as nickel(I1) bromide complexes
4—6 were prepared according to modified literature proce-
dures.t383954 Acenaphthenequinone, aniline, 1,2-cyclohex-
anedione, iodopentafluorobenzene, 2,6-diisopropylaniline, 2,3-
pentanedione, o-toluidine, 2-trifluoromethylaniline, and (DME)-
NiBr,, were purchased from Aldrich Chemical Co. CsDsBr was
purchased from Cambridge Isotope Laboratories and stored
over activated 4 A molecular sieves. 2-(Pentafluorophenyl)-
aniline® and 2-methyl-6-trifluoromethylaniline® were pre-
pared according to literature procedures.

Synthesis of (ArN=C(An)-C(An)=NAr) (Ar = 2-CF3C¢Hy,)
(1a). Acenaphthenequinone (2.73 g, 15.0 mmol) and o-trifluo-
romethylaniline (6.43 g, 40.0 mmol) were stirred in toluene
(100 mL) and sulfuric acid (1 drop) was added. The solution
was refluxed for 3 days using a Dean—Stark trap to collect
H,0 eliminated. K,COj3 (5 g) was added at room temperature,
the solution filtered and toluene removed in vacuo. The orange
solid obtained was dissolved in CH,CI; (40 mL) and pentane
(40 mL) was added. After 1 d at —30 °C, yellow-orange crystals
formed which were isolated by filtration, and washed with
pentane (2 x 10 mL), and dried in vacuo. Yield of la=5.70 g
(81%). Two isomers are observed by NMR in a 3.8:1 ratio (C,D,-
Cly, 295 K); the major isomer has C, or Cs symmetry, while
all resonances are unique for the minor isomer (C; symmetry).
Many of the NMR resonances corresponding to the minor
isomer are obscured by those from the major isomer and are
therefore not reported. '"H NMR (500 MHz, C,D,Cl,, 295 K,
major isomer): 6 7.86 (d,J =8.0 Hz, 2 H, a), 7.73 (d, J = 8.0
Hz, 2 H, d), 7.57 (dd, J = 8.0, 7.5 Hz, 2 H, f), 7.34 (dd, J = 8.5,
75Hz,2H,b),7.31(dd,J=8.0,7.5Hz,2H,¢e),7.04 (d, I =
8.0 Hz, 2 H, g), 6.57 (d, J = 7.0 Hz, 2 H, ¢). 3C NMR (75 MHz,
CDCls, 293 K, major isomer): ¢ 161.4, 149.9, 141.9, 132.9,
131.7 (g, *Jcr = 284 Hz, CF3), 131.1, 129.3, 128.3, 127.8, 126.9
(9, 3Jck = 4.5 Hz), 124.0, 123.8, 118.8, 117.2 (q, 2Jcr = 32 Hz).
F NMR (376 MHz, C,D,Cl,, 293 K, major isomer): ¢ —61.6
(br s, CF3). Anal. Calcd for CsHi14FsN2: C, 66.67; H, 3.01; N,
5.98. Found: C, 66.55; H, 3.04; N, 5.92.

H) 2
CH,)

Synthesis of (ArN=C(An)—C(An)=NAr) (Ar = 2-Me-6-
CF3CgHs) (1b). Acenaphthenequinone (0.91 g, 5.0 mmol) and
2-methyl-6-trifluoromethylaniline (1.9 g, 11 mmol) were stirred
in toluene (40 mL), and sulfuric acid (2 drops) was added. The
solution was refluxed for 1 day using a Dean—Stark trap to
collect H,O eliminated. The ruby-red solution was filtered
while still hot into a clean flask containing 5 g of K,CO3, and
allowed to stand for 15 min. A second filtration to remove K-
COs, and solvent removal in vacuo, yielded an orange solid.
The crude product was purified by column chromatography
on 200—400 mesh, 60-A silica gel using a gradient of 5% ethyl
acetate/1% triethylamine/hexanes (initial) to 50% ethyl acetate/
1% triethylamine/hexanes (final). The product eluted as the
first major orange band and was isolated after solvent removal
as a yellow solid. Yield of 1b = 1.0 g (40%). The product NMR
resonances are broad at room temperature; however, at 248
K the product exists as four distinct isomers (49:30:14:7 ratio).
The two major isomers have C, or Cs symmetry, while the two
minor isomers have C; symmetry. *H NMR (500 MHz, C,D»-
Cl,, 248 K, most abundant isomer): ¢ 7.88 (d, J = 8.4 Hz, 2
H), 7.56 (d, J = 7.2 Hz, 2 H), 7.45 (d, J = 7.6 Hz, 2 H), 7.35
(pseudo t, 2 H), 7.20 (pseudo t, 2 H), 6.47 (d, J = 7.2 Hz, 2 H),
2.04 (s, 6 H, CHg). ¥C{*H} NMR (125 MHz, C,D,Cl,, 243 K,
most abundant isomer): ¢ 162.4, 148.3, 141.4, 135.1, 131.1,
130.1, 128.9, 128.8, 127.1, 126.4 (q, *Jcr = 293 Hz), 124.9,
124.2,123.4,117.7 (q, 2Jce = 31 Hz), 18.0. °F NMR (376 MHz,
C,D,Cl4, 243 K, most abundant isomer): ¢ —61.3 (s, CF3). Anal.
Calcd for CysHisFsN2: C, 67.74; H, 3.65; N, 5.64. Found C,
67.83; H, 3.68; N, 5.57.

Synthesis of (ArN=C(An)—C(An)=NAr) (Ar = 2-(CsFs)-
CeHa) (1c). To a stirred solution of 2-(pentafluorophenyl)-
aniline (1.0 g, 3.8 mmol) in 100 mL of toluene were added
acenaphthenequinone (0.32 g, 1.7 mmol) and H,SO, (0.01 mL,
0.1 mmol). After the reaction was refluxed for 48 h, the solvent
was removed on a vacuum line, leaving the crude product as
an orange residue. The crude orange residue was purified by
column chromatography (15% ethyl acetate/hexanes, 60 mm
silica gel) to yield the product as an orange solid. Yield: 0.4 g
(30%). Two isomers are observed by NMR in a 3.5:1 ratio
(CDCls, room temperature); the major isomer has a C, axis or
C; plane of symmetry, while all resonances are unique for the
minor isomer (C; symmetry). Many of the NMR resonances
corresponding to the minor isomer are obscured by those from
the major isomer, and are therefore not reported. *H NMR (300
MHz, CDCls, 293 K, major isomer): 6 7.92 (d, 3Jun = 8.1 Hz,
2 H,e), 7.49 (dt, 3Jun = 7.6 Hz, 4Jun = 1.8 Hz, 2 H, j), 7.41 (t,
8Jun = 8.1 Hz, 2 H, d), 7.39 (t, 3Jun = 7.6 Hz, 2 H, k), 7.35
(broad d, 3Jyn=7.6 Hz, 2 H, 1), 7.12 (d, 3Jun = 8.1 Hz, 2 H, ¢),
7.04 (d, 3Jyn = 7.6 Hz, 2 H, i). *C{*H} NMR (75 MHz, CDCls,
293 K, major isomer): 6 162.2 (a), 150.5 (h), 144.0 (broad d,
Jcr = 264 Hz, 0), 141.9 (g), 140.7 (broad d, *Jcr = 226 Hz, q),
138.4 (broad d, *Jce = 257 Hz, p), 132.1 (f), 131.3 (b), 130.6
(e), 129.5 (d), 128.0 (j), 127.6 (1), 124.9 (k), 124.0 (c), 119.0 (C-
9), 116.9 (m), 113.5 (t, 2Jcr = 23 Hz, n). °F NMR (282 MHz,
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CDCls, 293 K, major isomer): 6 —139.0 (broad, 4 F, Fortho),
—155.1 (t, 3Jpr = 17.0 Hz, 2 F, Fpara), —162.9 (broad, 4 F, Freta).
Anal. Calcd for CssHisF10N2: C, 65.07; H, 2.12; N, 4.22.
Found: C, 65.12; H, 2.17; N, 4.22.

Synthesis of 2-Methyl-6-(pentafluorophenyl)aniline.
Under a nitrogen atmosphere, a stirred solution of CsFsl (13.2
g, 44.9 mmol), o-toluidine (16.1 g, 149 mmol), and acetonitrile
(150 mL) in a Pyrex flask was irradiated with a medium-
pressure mercury lamp (450 W) for 3 days at 80 °C. The
mixture was concentrated, and the residue was extracted with
diethyl ether (100 mL). The ether solution was then washed
with 5% aqueous NaHCO; and dried over MgSQO,4, and the
solvent was removed. Excess o-toluidine was removed via
vacuum distillation. The oily residue was purified using
column chromatography (6% diethyl ether/hexanes, 60 mm
silica gel) to give 2-methyl-6-(pentafluorophenyl)aniline as a
white powder (0.3 g, 3%). 2-Methyl-3-(pentafluorophenyl)-
aniline and 2-methyl-4-(pentafluorophenyl)aniline were also
produced; the identity of the desired isomer was confirmed by
X-ray crystallography. *H NMR (300 MHz, CDCls, 293 K): 6
7.17 (d, 3Jpn = 7.4 Hz, 1 H, Ar—H), 6.93 (d, 3Jpn = 7.4 Hz, 1
H, Ar—H), 6.78 (t, 3Jun = 7.4 Hz, 1 H, Ar—H), 3.55 (br s, 2 H,
NH>), 2.23 (s, 3 H, CHs). 13C{*H} NMR (75 MHz, CDCls, 293
K): 6 144.4 (m, Ar C-F), 142.8 (s, C = N), 140.8 (m, C-F), 137.9
(m, Ar C-F), 131.8 (t, Jcr = 7.5 Hz, CCH3), 129.0 (s, Ar C-H),
123.2 (s, Ar C-H), 118.1 (s, Ar C-H), 113.3 (dt, 2Jcr = 23 Hz,
4-]CF = 7.6 Hz, Cipso of Ce¢Fs ring), 110.8 (S, C-(Cer)), 17.6 (m,
CHs). 1°F NMR (282 MHz, CDCls, 293 K): ¢ —139.0 (dd, 3Jer
= 22.1 Hz, *Jer = 7.9 Hz, 2 F, Fortno), —154.5 (t, 33 = 22.1
Hz, 1 F, Fpara), —161.2 (dt, 3Jer = 22.1 Hz, *Jee = 7.9 Hz, 2 F,
Fmeta). Anal. Calcd for Ci3HgFsN: C, 57.15; H, 2.95; N, 5.13.
Found: C, 57.13; H, 2.91; N, 5.11.

Synthesis of (ArN=C(An)—C(An)=NAr) (Ar = 2-Me-6-
(C6F5)CsH3) (1d). To a stirred solution of 2-methyl-6-(pen-
tafluorophenyl)aniline (1.2 g, 4.4 mmol) in 50 mL of methanol
were added acenaphthenequinone (0.33 g, 1.8 mmol) and
formic acid (0.10 mL, 2.6 mmol). The solution was stirred at
room temperature for 48 h, and then the solvent was removed
to yield an orange residue. The residue was purified via column
chromatography (5% ethyl acetate/hexanes, 60 mm silica gel)
to give 1d as a yellow powder (0.4 g, 32%). An equilibrium
between two isomers exists; following chromatography, a 90:
10 ratio of isomers is seen, which shifts to a 50:50 ratio after
24 h in CDCl; at room temperature.

Isomer 1. *H NMR (300 MHz, CDCls;, 293 K, isomer 1): 6
8.1-6.7 (br m, 12 H, Ar—H), 2.03 (s, 6 H, CH3). 13C{*H} NMR
(75 MHz, CDCl3, 293 K): 0 161.7 (a), 149.1 (h), 146—135
(multiplets for o, p, q), 140.6 (g), 132.1 (f), 130.9 (b), 129.6—
129.5 (e and (i), 128.5 (d), 127.8 (j), 126.5 (l), 124.1 (k), 122.9
(c), 115.0 (m), 113.9 (t, 2Jcr = 15 Hz, n), 17.4 (CH3). 1°F NMR
(282 MHz, CDCls, 293 K): ¢ —136.2 (dd, 3Jrr = 22.3 Hz, “Jgr
= 7.7 Hz, 2 F, Fortno), —139.0 (dd, 3Jpr = 22.3 Hz, 4Jpr = 7.7
Hz, 2 F, Fortho), —155.6 (t, 3Jee = 22.3 Hz, 2 F, Fpara), —162.3
(dt, 3J|:|: =223 HZ, 4\:||:|: =77 HZ, 2 F, Fmeta), —163.5 (dt, 3J|:|:
= 22.3 Hz, *Jgr = 7.7 Hz, 2 F, Freta).

Isomer 2: 'H NMR (300 MHz, CDCl3, 293 K): 6 8.1-6.7
(br m, 12 H, Ar—H), 2.05 (s, 6 H, CH3). *C{*H} NMR (75 MHz,
CDCls, 293 K): 0 162.5 (a), 149.3 (h), 146—135 (multiplets for
0, p, q), 140.9 (g), 132.3 (f), 131.0 (b), 129.6—129.5 (e and (i),
128.6 (d), 127.9 (j), 125.9 (I), 124.1 (k), 123.1 (c), 115.6 (m),
113.7 (t, 2Jce = 15 Hz, n), 17.9 (CHs). **F NMR (282 MHz,
CDClg, 293 K): 6 —137.2 (dd, 3Jgr = 21.7 Hz, *Jrr = 5.9 Hz, 2
F, Fortno), —139.6 (dd, 3Jgr = 22.0 Hz, *Jrr = 6.2 Hz, 2 F, Fortho),
—155.0 (broad t, 3Jer = 14.1 Hz, 2 F, Fpara), —162.9 (broad,
2 F, Fmeta), —163.3 (broad, 2 F, Fnewa). Anal. Calcd for
CasHisF10N2: C, 65.90; H, 2.62; N, 4.04. Found: C, 65.61; H,
2.58; N, 3.90.

Synthesis of 2. A solution of 2,6-diisopropylaniline (2.66
g, 15.0 mmol) in methanol (20 mL) was added to 1,2-
cyclohexanedione (0.73 g, 6.5 mmol). Formic acid (ca. 1 mL)
was added to the light yellow solution. After the mixture was
stirred for 2 days at room temperature, a white solid precipi-
tated from the red solution and was separated by filtration.
The white solid was washed with methanol (3 x 5 mL). NMR
analysis indicates the product exists as the imine/enamine
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tautomer (2). Yield of 2 = 1.27 g (45%). *H NMR (500 MHz,
CDCls, 293 K): ¢ 7.25—7.05 (m, 6 H, Ar—H), 6.43 (s, 1 H, N-H),
482 (t, J =5Hz, 1 H, e-H), 3.27 (septet, I =7 Hz, 2 H, l or
I"), 2.84 (septet, I =6.9 Hz, 2 H, I' or I), 2.20 (m, 4 H, d and b),
1.74 (quintet, 3 =5Hz, 2 H,c),1.22,1.202 x d,J =7 Hz, k
and k'). 23C{1H} NMR (126 MHz, CDCls, 293 K): 6 162.1 (a),
147.3 (h"), 145.8 (g), 139.6 (f), 137.0 (g'), 136.4 (h), 126.5 (j or
i), 123.4 (i), 122.9 (i), 106.1 (e), 29.4 (b), 28.4 (I'), 28.3 (l), 24.2
(d), 23.30 (c), 23.25 (k'), 22.9 (k). Assignments were made using
HMQC and HMBC experiments. Anal. Calcd for CzoHa2N2: C,
83.67; H, 9.83; N, 6.50. Found: C, 83.32; H, 9.79; N, 6.67.

Synthesis of (ArN=C(Et)—C(Me)=NAr) (Ar = 2,6-C¢Hs-
(i-Pr)2) (3). A solution of 2,6-diisopropylaniline (4.23 g, 23.9
mmol) in methanol (5.0 mL) was added to 2,3-pentanedione
(2.15 g, 11.5 mmol). Formic acid (ca. 0.5 mL) was added to
the light yellow solution and the reaction mixture was stirred
for several days. The product was isolated using a chromato-
graphic separation on silica gel (0—10% gradient of ethyl
acetate in hexanes). The product was a viscous yellow oil which
solidified on standing. Yield of 3 = 1.25 g (26%). *H NMR (500
MHz, CDCl3, 293 K): 6 7.1 (m, 6 H, Ar—H), 2.73 (septet, J =
6.9 Hz, 4 H, CHMe,), 2.56 (q, J = 7.6 Hz, 2 H, CH,CHs), 2.05
(s, 3 H, CHs), 1.23, 1.19, 1.17, 1.14 (all d, J = 6.9 Hz, 24 H,
CHMey), 1.06 (t, J = 7.6 Hz, 3 H, CH,CHa). *C{*H} NMR (126
MHz, CDCls, 293 K): 6 172.0, 167.8 (2 x C=N), 146.2, 145.7
(2 x ipso-Ar), 135.2, 135.0 (2 x ortho-Ar), 123.7, 123.5 (2 x
para-Ar), 123.0, 122.8 (2 x meta-Ar), 28.4 (CH(CHj3),), 23.2
(CH(CHsa)y), 22.7 (CH2CHg3) 22.2 (CH(CHa),), 17.2 (CH3), 10.6
(CHy). Assignments were made using an HMQC experiment.
Anal. Calcd for CyoH42N2: C, 83.20; H, 10.11; N, 6.69. Found:
C, 83.24; H, 10.11; N, 6.67.

Synthesis of (ArN=C(An)—C(An)=NAr)NiBr, (Ar =
2-CF3C¢H,) (4a). (DME)NIBr; (111 mg, 0.36 mmol) and 1a
(187 mg, 0.40 mmol) were combined in a Schlenk flask under
an argon atmosphere. CH,Cl; (20 mL) was added, and the
reaction stirred at room temperature for 18 h. The supernatant
liquid was removed, and the product washed with 2 x 10 mL
of Et,O and dried in vacuo. The product was isolated as a red-
brown powder (220 mg, 89% yield).

Synthesis of (ArN=C(An)—C(An)=NAr)NiBr, (Ar =
2-Me-6-CF3;CgHs) (4b). Following the above procedure, 4b was
isolated as a red powder in 94% yield.

Synthesis of (ArN=C(An)—C(An)=NAr)NiBr, (Ar =
2-(CsFs)CesH4) (4c). Following the above procedure, 4c was
isolated as a yellow powder (0.3 g, 42% yield). Crystals suitable
for an X-ray diffraction experiment were obtained by slow
diffusion of pentane into a saturated dichloromethane solution
of 4c. Anal. Calcd for C3sH14BroF1oN2Ni: C, 48.97; H, 1.60; N,
3.17. Found: C, 48.77; H, 1.64; N, 3.08.

Synthesis of (ArN=C(An)—C(An)=NAr)NiBr, (Ar =
2-Me-6-(CsFs)CsH3) (4d). Following the above procedure, 4d
was isolated as an orange powder (0.25 g, 42% yield). Crystals
suitable for an X-ray diffraction experiment were obtained by
slow diffusion of pentane into a saturated dichloromethane
solution of 4d. Anal. Calcd for CssHigBroFioN2Ni: C, 50.10;
H, 1.99; N, 3.07. Found: C, 49.88; H, 1.94; N, 3.03.

Synthesis of (ArN=C(CH,;CH,;CH,CH,)C=NAr)NiBr;
(Ar = 2,6-CgHs(i-Pr),) (5). Following the above procedure, 5
was isolated as a red powder in 48% yield.

Synthesis of (ArN=C(Et)—C(Me)=NAr)NiBr; (Ar = 2,6-
CeH3(i-Pr)2) (6). Following the above procedure, 6 was isolated
as a red powder in 84% yield.

General Procedure for 1 atm Polymerizations. Toluene
(100 or 200 mL) was added to a flask under 1 atm of ethylene
pressure at the desired temperature (regulated by a water
bath). MMAO (1.6 mL; Al:Ni = 1000—3000) was added to the
stirred solution, and the temperature was allowed to equili-
brate for 10—15 min. The appropriate Ni(ll) complex was
dissolved/suspended in 5 mL of toluene and was rapidly added
to the reaction mixture. The polymerization mixture was
stirred for 20 or 30 min under 1 atm of ethylene then was
quenched by addition of methanol, acetone, and ca. 5 mL of 6
M HCI. Polyethylene precipitated from solution, and was
isolated by removal of the solvents and dried in vacuo. For
the 85 °C runs, the polymer did not precipitate from the
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Table 8. X-ray Crystallographic Data for 4c and 4d

4d
formula NiBI’2C36H13F10N2020(1/3)H20 NiBr2C3gH13F10N2
FwW 925.05 911.07
cryst class triclinic monoclinic
space group P2/c
color yellow orange
a(h) 14.3043(6) 17.3143(8)
b (A) 15.0408(6) 11.3596(5)
c(A) 25.9407(11) 19.8097(9)
o (deg) 96.9580(10)
p (deg) 105.2400(10) 113.3180(10)
y (deg) 107.5340(10)
V (A3) 5011.4(4) 3578.0(3)
z 6 4
D(calc) (g cm~3) 1.839 1.691
Re [I > 30(1)] 0.047 0.060
Rw (all data) 0.050 0.074
GoF 2.01 1.96

a Definition of R indices: Rg = Y (F, —

guenched reaction mixture, and had to be isolated by solvent
evaporation on a rotary evaporator, followed by washing with
HCI (6 M), methanol, and acetone and drying in vacuo.

General Procedure for High-Pressure Polymeriza-
tions. A 1000 mL Parr autoclave was heated under vacuum
at 60 °C for several hours and then was cooled and backfilled
with ethylene. Toluene (200 mL) and MMAO (1.6 mL; Al:Ni
= 1000—3000) were added, the autoclave sealed, and the
ethylene pressure raised to ca. 50 psig. The reaction temper-
ature was established and the mixture allowed to stir for 15
min. The autoclave was then vented, the precatalyst solution/
suspension added, and the autoclave sealed and pressurized
to the desired ethylene pressure while stirring. For 35 °C runs
the temperature was maintained by cooling with an ice/water
cooled circulator. The reaction was quenched by venting the
autoclave followed by addition of methanol or acetone. The
precipitated polymers were filtered from solution and dried
in vacuo.

Ethylene Flow Rate Measurements. A mechanically
stirred 1000 mL Parr autoclave under an ethylene atmosphere
was charged with 198 mL of toluene and MMAO. The reactor
was sealed and pressurized with ethylene to 200 psig, and the
temperature was allowed to equilibrate at the reaction tem-
perature. Once the system reached equilibrium, the ethylene
flow baseline was established with a mass flowmeter posi-
tioned between the ethylene supply cylinder and the autoclave.
The reactor was vented, and a suspension of 4c (0.6 mg, 7 x
1077 mol) in toluene (2 mL) was transferred into the reactor
via cannula. The reactor was repressurized to 200 psig with
ethylene, and the temperature maintained within 1 °C of the
desired reaction temperature. Ethylene flow rates were re-
corded at 5—15 s intervals throughout the duration of the
reaction.

Crystallographic Structural Determinations. Crystals
of 4c and 4d suitable for X-ray crystallography were grown
at room temperature from a saturated CH,CI; solution with
slow diffusion of diethyl ether. Single crystals were mounted
in oil on the end of a fiber. Intensity data were collected on a
Bruker SMART 1K diffractometer with CCD detector using
Mo Ko radiation of wavelength 0.710 73 A using 0.3°
corrected intensity data. The structures were solved by direct
methods and refined by least squares techniques using the
NRCVAX® suite of programs. All non-hydrogen atoms were
refined to ride on the atoms to which they were bonded. Crystal
data, data collection, and refinement parameters®® are listed
in Table 8.
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