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Ligand Steric and Fluoroalkyl Substituent Effects on Enchainment
Cooperativity and Stability in Bimetallic Nickel(II) Polymerization ACHTUNGTRENNUNGCatalysts

Michael P. Weberski, Jr., Changle Chen, Massimiliano Delferro,* and Tobin J. Marks*[a]

Introduction

Pronounced enchainment cooperativity effects between co-
valently linked group 4 metal centers in binuclear CGC
(constrained geometry catalyst) olefin polymerization cata-
lysts, such as C2-Zr2 and C1-Zr2, have been reported from
this laboratory.[1] These catalysts include significantly en-
hanced polyethylene branching and remarkably increased
co-monomer enchainment selectivity with respect to mono-
metallic analogues M1 (Scheme 1).[1b, 2] Note, some aspects of
these processes mimic binuclear metalloenzyme cooperative
effects in how substrates are selectively activated and con-
centrated.[3–5] The proposed pathway by which these cata-
lysts produce novel macromolecular architectures involves

Abstract: The synthesis and characteri-
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1,8-naphthalenediolato}-bis-NiII-ACHTUNGTRENNUNG(methyl)(trimethyl-phosphine)
[ACHTUNGTRENNUNG(CF3)FI2-Ni2)], are reported. The dif-
fraction-derived molecular structure ofACHTUNGTRENNUNG(CF3)FI2-Ni2 reveals a Ni···Ni distance
of 5.8024(5) �. In the presence of eth-
ylene and Ni ACHTUNGTRENNUNG(COD)2 or B ACHTUNGTRENNUNG(C6F5)3 co-
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density Mw =92 000 polyethylenes
(7 methyl branches per 1000 C). In the
bimetallic catalysts, Ni···Ni cooperative
effects are evidenced by increased
product polyethylene branching in eth-
ylene homopolymerizations (~3 � forACHTUNGTRENNUNG(CF3)FI2-Ni2 vs. monometallic ACHTUNGTRENNUNG(CF3)FI-
Ni), as well as by enhanced norbornene

co-monomer incorporation selectivity,
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hibit significantly enhanced thermal
stability versus the less sterically en-
cumbered dinickel catalyst {2,7-di-[(2,6-
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Scheme 1. Group 4 monometallic and bimetallic olefin polymerization
catalysts.
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secondary interactions between weakly basic monomer func-
tionalities (e.g., C�H, Ph) and the proximate active catalytic
centers, as suggested by low temperature 1H NMR spectros-
copy[6] and DFT calculations (Figure 1).[7] In group 4 mediat-
ed polymerizations, the magnitude of these cooperative ef-
fects scales approximately inversely with metal···metal dis-
tance.[1b]

Recently, the scope of these cooperativity effects was ex-
tended from group 4 CGC to phenoxyiminato systems,
building on the mononuclear catalysts of Grubbs[8] and
Fujita.[9] Similar to the binuclear CGC catalysts, binuclear
group 4 phenoxyiminato-based FI2-M2 catalysts (M=Ti, Zr;
Scheme 1) display increased a-olefin co-monomer enchain-
ment selectivity in ethylene copolymerizations.[10] Specifical-
ly, selectivity for 1-hexene, 1-octene, and highly encumbered
1,1-disubstituted cycloalkene enchainment, as well as

a marked increase in activity over the corresponding FI-M
monometallic analogues (M= Ti, Zr; Scheme 1), is ob-
served. Interestingly, the Ti versus Zr reactivity patterns in
these bimetallic phenoxyiminato catalysts are very different
from those in the CGC systems, for example, FI2-Zr2 is
a more active ethylene polymerization catalyst than is FI2-
Ti2.

[10a]

The area of group 10 olefin polymerization catalysis,[11] in
particular NiII complexes,[12,13] has received much recent at-
tention[14] since the pioneering discovery of bulky aryl-sub-
stituted cationic a-diimine NiII and PdII catalysts by Broo-
khart and co-workers[15] (Scheme 2). These catalysts effect
the polymerization of ethylene at high rates and the copoly-

merization of ethylene with polar co-monomers, such as
acrylates, vinyl ketones, and silyl-vinyl ethers.[14d, j, 8, 15d] De-
tailed mechanistic studies reveal that these catalysts produce
highly branched polyethylenes through sequences of rapid
b-H elimination and subsequent reinsertion, that is, “chain-
walking”.[11i, 16] Highly active, neutrally-charged NiII phen-
oxy-iminato ethylene polymerization catalysts reported by
Grubbs[8] (Scheme 2) are tolerant toward polar solvents and
are competent to enchain polar-substituted norbornenes
into polyethylene backbones.

We recently reported that neutrally-charged mononuclear
NiII catalysts ACHTUNGTRENNUNG(CH3)FI-Ni and ACHTUNGTRENNUNG(CF3)FI-Ni (Scheme 2) afford
markedly different product polyethylenes and at very differ-
ent rates: ACHTUNGTRENNUNG(CH3)FI-Ni produces densely branched oligomers
with Mw = 1.4 kgmol�1, whereas in contrast, ACHTUNGTRENNUNG(CF3)FI-Ni pro-
duces modestly branched polyethylenes with Mw =

Scheme 2. Examples of NiII olefin polymerization catalysts.

Figure 1. a) Schematic of proposed bimetallic catalyst–substrate activa-
tion/binding in ethylene-co-hexene polymerization catalysis mediated by
binuclear catalysts C2-M2 and C1-M2 ; P1, P2, P3 =polymer fragment.
b) DFT modeling of bimetallic 1-octene binding to the R,R diastereoiso-
mer of the C1-Zr2 dication. The agostic interaction with a 1-octene meth-
ylene group is circled.
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92 kgmol�1 at 6.5-times the polymerization activity.[17] From
2D 19F, 1H HOESY NMR spectroscopy and molecular mod-
eling it was argued that the remote ligand CF3 groups can
engage in C�F···H�C interactions[18] with hydrogen atoms
on the b-carbon of Ni-alkyl/polymeryl groups,[9b, d, 17,19] disfa-
voring conformers required to access the favorable syn-peri-
planar conformation preceding b-H elimination (Scheme 3).
This interaction yields catalysts that produce dramatically
higher Mw polyethylenes with significantly less branching
than the non-fluorinated analogues.

In related work, bimetallic nickel(II) catalyst FI2-Ni2

(Scheme 2) was shown[6,20] to increase polyethylene branch
formation as well as co-monomer enchainment selectivity,
including that of polar norbornenes and acrylates, over that
of monometallic FI-Ni. Nevertheless, FI2-Ni2 undergoes sig-
nificant thermal deactivation, forming a catalytically inactive
bis-ligated species on exposure to temperatures above 40 8C
(Scheme 4).[6,20]

In an effort to better understand ligation effects on coop-
erativity and stability in this system, we report here the syn-
thesis and properties of new bimetallic NiII phenoxyiminato-
based catalysts ACHTUNGTRENNUNG(CH3)FI2-Ni2 and ACHTUNGTRENNUNG(CF3)FI2-Ni2 (Scheme 5)
that contain sterically encumbered and fluorocarbon-substi-
tuted polyaryl substituents. Among the interesting findings,
it is found that these bulky substituents significantly sup-
press catalyst deactivation through the redistribution path-
way shown in Scheme 4. Details of this deactivation path-
way are scrutinized here, and an unexpected monometallic
polymerization-active intermediate ACHTUNGTRENNUNG(CF3)FI2-Ni(OH) is
identified and shown to contribute significantly to polyethy-
lene production at 50 8C. All evidence argues that the pre-
dominant deactivation pathway for bimetallic ACHTUNGTRENNUNG(CH3)FI2-Ni2

and ACHTUNGTRENNUNG(CF3)FI2-Ni2 does not involve ligand redistribution, but
rather reductive elimination of an Ni�H functionality to
yield the corresponding protonated ligand and Ni0. Further-
more, we report that Ni ACHTUNGTRENNUNG(COD)2 functions here as a “non-in-
nocent” co-catalyst and is also capable of mediating ethyl-
ene polymerization in the presence of the free ligand liber-
ated during ACHTUNGTRENNUNG(CH3)FI2-Ni2, ACHTUNGTRENNUNG(CF3)FI2-Ni2 and ACHTUNGTRENNUNG(CF3)FI2-
Ni(OH) thermolysis. Finally, marked catalyst center···cata-
lyst center cooperative effects are observed in ethylene-co-
norbornene polymerizations, with ACHTUNGTRENNUNG(CH3)FI2-Ni2 and

ACHTUNGTRENNUNG(CF3)FI2-Ni2 displaying significantly greater norbornene en-
chainment selectivity than their monometallic counterparts.

Results

A principal goal of this study was to investigate ligand sub-
stituent steric and fluorocarbon effects on the polymeri-
zation cooperativity and chain transfer characteristics as

well as thermal stability of bi-
metallic NiII ethylene polymeri-
zation catalysts. Sterically en-
cumbered ligand terphenyl sub-
stituents are introduced with
the aim of possibly suppressing
intermolecular redistribution
processes (Scheme 4) and as-
sessing the effects of bulky and
fluorocarbon substituents
(Scheme 3). The ethylene poly-
merization behavior of the bi-
metallic catalysts ACHTUNGTRENNUNG(CH3)FI2-Ni2

and ACHTUNGTRENNUNG(CF3)FI2-Ni2, as well as
their corresponding monome-

Scheme 3. Newman projections illustrating how (ligand)F···H ACHTUNGTRENNUNG(alkyl) interactions disfavor the syn-periplanar
conformation, which facilitates b-H elimination.

Scheme 4. Proposed thermal deactivation pathway of bimetallic NiII cata-
lyst FI2-Ni2.

Scheme 5. Bimetallic NiII catalysts investigated in this study.
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tallic analogues ACHTUNGTRENNUNG(CH3)FI-Ni and ACHTUNGTRENNUNG(CF3)FI-Ni,[17] are first in-
vestigated. Ethylene-co-norbornene polymerizations are
also conducted to investigate the nature of metal center···-
metal center cooperativity that these catalysts might display.
Specific attention is focused on the deactivation pathways
these bimetallic ethylene polymerization catalysts traverse
at elevated temperatures. A polymerization active inter-
mediate, ACHTUNGTRENNUNG(CF3)FI2-Ni(OH), is identified in the deactivation
pathway of bimetallic catalyst ACHTUNGTRENNUNG(CF3)FI2-Ni2. In 50 8C ethyl-
ene polymerizations when using catalyst ACHTUNGTRENNUNG(CF3)FI2-Ni2,ACHTUNGTRENNUNG(CF3)FI2-Ni(OH) accounts for a significant fraction of the
polyethylene production.

Catalyst synthesis : The ligand reagent 2,7-diformyl-1,8-nap-
thalenediol (1) was obtained by a previously published syn-
thesis route,[10, 21] whereas the hindered terphenyl amines
were prepared by using Suzuki cross-coupling procedures.[22]

The bimetallic ligands ACHTUNGTRENNUNG(CH3)H2FI2 and ACHTUNGTRENNUNG(CF3)H2FI2 were syn-
thesized through condensation reactions between 1 and the

appropriate terphenyl amine (Scheme 6). The condensations
were carried out by using a Dean–Stark apparatus with a cat-
alytic amount of formic or p-toluenesulfonic acid, and pro-
ceeded slowly, presumably because of the steric encum-
brance of the terphenyl amine. The reactions proceed via
isolable half-condensation products (2),[23] which react with
a second equivalent of amine, affording the product over
the course of 3 and 7 days for ACHTUNGTRENNUNG(CF3)H2FI2 and ACHTUNGTRENNUNG(CH3)H2FI2,
respectively, in refluxing toluene. Both ligands are purified
by recrystallization from toluene/methanol. 1H NMR analy-
sis of ACHTUNGTRENNUNG(CH3)H2FI2 and ACHTUNGTRENNUNG(CF3)H2FI2 solutions left standing in
air for several days evidence significant hydrolytic decompo-
sition, yielding the corresponding half-condensation product
and 1 equiv free amine.[24] Similar to the previously reported
phenoxyiminato bimetallic ligand H2FI2,[10] both ACHTUNGTRENNUNG(CH3)H2FI2

and ACHTUNGTRENNUNG(CF3)H2FI2 undergo dynamic structural rearrangement
processes (keto-amino/enol-imine tautomerism, Figure 2)[25]

in solution that are sufficiently slow on the NMR time-
scale[26] to resolve a single dissymmetric species below about

Scheme 6. Synthesis of bimetallic ligands ACHTUNGTRENNUNG(CH3)H2FI2 and ACHTUNGTRENNUNG(CF3)H2FI2.

Figure 2. Variable-temperature 1H NMR (400 MHz, 1,1,2,2,-tetrachloroethane) stack plot spectra for the keto-amine tautomerism in ACHTUNGTRENNUNG(CH3)H2FI2 (T coa-
lescence�80 8C).
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808, with a rate constant (kcoal)
of approximately 28 s�1 and
DG� (353 K) of about 18 kcal
mol�1, typical of such tautomer-
isms.[27] The proposed solution
structure is consistent with the
solid-state molecular structure
(see below), and the spectral
coalescence temperature is not
significantly affected by the ter-
phenyl ring substituents.

The disodium salts ofACHTUNGTRENNUNG(CH3)H2FI2 and ACHTUNGTRENNUNG(CF3)H2FI2 are
prepared by stirring the free li-
gands with excess NaH in dry
THF for 2 days.[28] The bimetal-
lic catalysts ACHTUNGTRENNUNG(CH3)FI2-Ni2 andACHTUNGTRENNUNG(CF3)FI2-Ni2 are then prepared
by treating the ligand disodium
salts with 2 equiv trans-NiClMe-ACHTUNGTRENNUNG(PMe3)2

[29] in benzene and tolu-
ene, respectively (Scheme 7).
The ACHTUNGTRENNUNG(CH3)FI2-Ni2 synthesis pro-
ceeds cleanly on stirring in benzene at room temperature,
overnight; however, the use of these conditions for theACHTUNGTRENNUNG(CF3)FI2-Ni2 synthesis leads to the isolation of small
amounts of NiCl2ACHTUNGTRENNUNG(PMe3)2

[29] and other unidentified byprod-
ucts. These can be minimized by slowly warming the reac-
tion mixture from �78 to 25 8C over a period of 7 h in tolu-
ene. Monometallic catalysts ACHTUNGTRENNUNG(CH3)FI-Ni and ACHTUNGTRENNUNG(CF3)FI-Ni
were prepared according to literature procedures.[17]

In investigating any reactivity that bimetallic ligandACHTUNGTRENNUNG(CF3)H2FI2 might exhibit toward bimetallic NiII complex

ACHTUNGTRENNUNG(CF3)FI2-Ni2, a comproportionation reaction was discovered
that cleanly affords complex ACHTUNGTRENNUNG(CF3)FI2-Ni(OH) in high yield
(Scheme 8). Complex ACHTUNGTRENNUNG(CF3)FI2-Ni(OH) is prepared by stir-
ring equimolar amounts of ACHTUNGTRENNUNG(CF3)H2FI2 and ACHTUNGTRENNUNG(CF3)FI2-Ni2 at
50 8C in benzene, overnight. Removal of the volatiles affords
spectroscopically pure ACHTUNGTRENNUNG(CF3)FI2-Ni(OH).

Molecular structure of binucleating ligand (CF3)H2FI2 :
Single crystals of ligand ACHTUNGTRENNUNG(CF3)H2FI2 were grown by slow
evaporation of a CDCl3 solution. A displacement ellipsoid
plot of ACHTUNGTRENNUNG(CF3)H2FI2 is shown in Figure 3. Selected bond dis-
tances and angles are included in the Figure caption.ACHTUNGTRENNUNG(CF3)H2FI2 crystallizes in triclinic space group P1̄ with two
molecules in the asymmetric unit. The structure displays two
intramolecular hydrogen bonds (the H atoms H1 and H2
were found in the electron density difference map) between
O1�H1···O2 (1.65(5) �), and N2�H2···O2 (1.92(4) �),
which form two six-membered pseudo-rings.[30] The distance
between phenol O2 atom and imine N2 atom (2.56(2) �) is
shorter than the average distance found in the Cambridge
Crystallographic Data Centre (CCDC) (2.67(1) �), whereas
the distance between phenol atom O1 and phenol atom O2
(2.52(3) �) is negligibly different from the average distance
(2.55(2) �) found in the CCDC.[31] The solid-state structure
of ACHTUNGTRENNUNG(CF3)H2FI2 displays a dissymmetric orientation and tauto-
merization is evidenced by elongation of the C1�O1 and
C34�N2 distances. The tautomerization and hydrogen bond-
ing present in ACHTUNGTRENNUNG(CF3)H2FI2 are similar to that previously re-
ported in the less sterically encumbered bimetallic ligand,
H2FI2.[10] The crystal packing is dominated by intermolecular
C�H···F�C hydrogen bonds[18a,c–e] at distances ranging from
2.49–2.52 �; these C�H···F distances are typical of interac-
tions of this type.[18a,c–e]

Scheme 7. Synthesis of bimetallic catalysts ACHTUNGTRENNUNG(CH3)FI2-Ni2 and ACHTUNGTRENNUNG(CF3)FI2-
Ni2.

Scheme 8. Comproportionation reaction of ACHTUNGTRENNUNG(CF3)FI2-Ni2 and ACHTUNGTRENNUNG(CF3)H2FI2 to afford ACHTUNGTRENNUNG(CF3)FI2-Ni(OH).
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Molecular structure of binuclear precatalyst (CF3)FI2-Ni2 :
Single crystals of ACHTUNGTRENNUNG(CF3)FI2-Ni2 were grown by slow evapora-
tion of an n-hexane solution under N2. A displacement ellip-
soid plot of ACHTUNGTRENNUNG(CF3)FI2-Ni2 is shown in Figure 4. Selected bond
distances and angles are included in the Figure caption.
Complex ACHTUNGTRENNUNG(CF3)FI2-Ni2 crystallizes with one-half of a mole-
cule of n-hexane in the asymmetric unit (Z= 2) in space
group P1̄. The configuration about each Ni in ACHTUNGTRENNUNG(CF3)FI2-Ni2

shows the trimethylphosphine ligands to be positioned trans
to the imine functionalities; both Ni atoms in ACHTUNGTRENNUNG(CF3)FI2-Ni2

adopt a distorted square-planar coordination geometry.
Around Ni1, atoms P1 and C1 are displaced + 0.500(2) and
�0.324(3) �, respectively, from the Ni1/O1/N1 mean plane;
around Ni2, atoms P2 and C2 are displaced �0.559(2) and
+0.279(3) �, respectively, from the Ni2/O2/N2 mean plane.
Significant twisting of the Ni square planes is also observed
in ACHTUNGTRENNUNG(CF3)FI2-Ni2 (Figure 5). Around Ni1, the plane containing
the naphthalene backbone (PL 1=C9�C18) and the plane
containing Ni1 and the atoms directly bound to Ni1 (PL 2=

Ni1/O1/N1/C1/P1) display a dihedral angle of 19.11(5)8. The
dihedral angle between PL 1 and the mean plane defined by
Ni2 and the atoms directly bound to Ni2 (PL 3=Ni2/O2/N2/
C2/P2) is found to be 37.48(4)8, whereas the dihedral angle
between the two planes containing Ni1 and Ni2 (PL2 and
PL3, respectively) is 53.69(4)8.

Despite the distorted square-planar geometry in the solid
state, ACHTUNGTRENNUNG(CF3)FI2-Ni2 and all other catalysts reported evidence
diamagnetic NMR chemical shifts in solution. The Ni�
ligand bond metrics (Ni�Ophenol, Ni�Nimine, Ni�Cmethyl, Ni�
Pphosphine, C=Nimine, C�Ophenol, Figure 4, caption)[32] are very
similar in each Ni center in ACHTUNGTRENNUNG(CF3)FI2-Ni2, and are also very
similar to the previously reported structure of monometallic

Figure 3. ORTEP plot of the molecular structure of dinucleating ligandACHTUNGTRENNUNG(CF3)H2FI2. Thermal ellipsoids are drawn at the 50 % probability level.
Hydrogen atoms are drawn as arbitrarily small spheres. Selected bond
distances (�) and angles (8): C1�O1 1.343(3); C9�O2 1.282(3); C2�C11
1.460(4); C8�C34 1.390(4); C34�N2 1.323(4); C11�N1 1.278(4); aC2�
C11�N1 122.2(3); aC8�C34�N2 123.2(3); aC1�C2�C11�N1 178.9(3);
aC9�C8�C34�N2 �2.1(5).

Figure 4. ORTEP plot of binuclear precatalyst ACHTUNGTRENNUNG(CF3)FI2-Ni2. Thermal el-
lipsoids are drawn at the 50% probability level. H atoms and solvent
molecules are omitted for clarity. Selected bond distances (�) and angles
(8): Ni1···Ni2 5.8024(5); Ni1�C1 1.941(2); Ni2�C2 1.943(2); Ni1�P1
2.1528(7); Ni2�P2 2.1391(7); Ni1�N1 1.929(2); Ni2�N2 1.944(2); Ni1�O1
1.896(2); Ni2�O2 1.899(2); aN1�Ni1�C1 94.60(9); aN2�Ni2�C2
94.23(9); aC1�Ni1�P1 85.17(8); aC2�Ni2�P2 86.84(7); aP1�Ni1�O1
89.53(5); aP2�Ni2�O2 89.49(5); aO1�Ni1�N1 93.19(7); aO2�Ni2�N2
91.83(7); aN1�Ni1�P1 166.31(6); aN2�Ni2�P2 164.81(6); aO1�Ni1�
C1 167.61(9); aO2�Ni2�C2 169.76(9).

Figure 5. a) View of the ACHTUNGTRENNUNG(CF3)FI2-Ni2 molecular core with H atoms, sol-
vent molecules, and terphenyl groups omitted for clarity. b) Plane num-
bering scheme for the core structure of binuclear complex ACHTUNGTRENNUNG(CF3)FI2-Ni2.
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catalyst ACHTUNGTRENNUNG(CF3)FI-Ni,[17] and are within the distance
range typical of square-planar salicylaldiminato NiII

complexes.[32] In addition, these negligible differen-
ces in lengths and angles between ACHTUNGTRENNUNG(CF3)FI2-Ni2 and
the salicylaldiminato NiII complex family indicate
that the electron-withdrawing groups CF3 do not
significantly alter the electronic structure near the
Ni center through inductive effects, however, weak
fluorocarbon ligand–polymer product interactions
can affect the course of ethylene polymerization
(Scheme 3).[17] As expected, the crystal packing ofACHTUNGTRENNUNG(CF3)FI2-Ni2 is dominated by intermolecular aro-
matic C�H···F�C hydrogen bonding[18a, c–e] at distan-
ces ranging from 2.51–2.52 �. The Ni1···Ni2 dis-
tance observed in ACHTUNGTRENNUNG(CF3)FI2-Ni2 is 5.8024(5) �, one
of the shortest Ni···Ni distances reported to date in
bimetallic neutrally charged NiII catalysts,[1a,6, 14k,20, 33]

However, this is far longer than the sum of Ni
atomic van der Waals radii (3.26 �)[34] and indicates
no significant chemical interaction. Note that this
value is significantly smaller than in previously re-
ported CGC-based bimetallic catalysts C1-Zr2 and C2-Zr2

that have Zr···Zr distances of 7.392(3) and 8.671(3) �
(Scheme 1), respectively.[2e]

Ethylene homopolymerization experiments : ComplexesACHTUNGTRENNUNG(CH3)FI2-Ni2, ACHTUNGTRENNUNG(CF3)FI2-Ni2, ACHTUNGTRENNUNG(CH3)FI-Ni, ACHTUNGTRENNUNG(CF3)FI-Ni, andACHTUNGTRENNUNG(CF3)FI2-Ni(OH) are found to be active ethylene polymeri-
zation catalysts in the presence of Ni ACHTUNGTRENNUNG(COD)2 as a phosphine
scavenger/co-catalyst ; relevant data are collected in Tables 1
and 2. In the absence of co-catalyst, negligible polyethylene
is obtained with the catalysts reported here. Typical ethylene
homopolymerization experiments were conducted with cata-
lyst (5 mmol) in toluene (50 mL) under a continuous ethyl-
ene pressure (8.0 atm) for 10 min by using conditions mini-
mizing mass transport and exotherm effects.[1b, 2d–g] The poly-
meric products were characterized by 1H and 13C NMR
spectroscopy, and molecular weight by GPC with viscome-
try/refractive index detection versus a polystyrene standard.
Polyethylene branch numbers were quantified by 1H NMR
spectroscopy.[33a, d,e, 35]

At room temperature, bimetallic catalysts ACHTUNGTRENNUNG(CF3)FI2-Ni2

and ACHTUNGTRENNUNG(CH3)FI2-Ni2 display ethylene polymerization activities
(21 and 9 kg polymer mol�1[Ni]h�1 atm�1, respectively;
Table 1, entries 2 and 4) similar to that previously reported
for FI2-Ni2 (7.1 kg polymer mol�1[Ni] h�1 atm�1).[20] However,
ethylene polymerizations mediated by monometallicACHTUNGTRENNUNG(CH3)FI-Ni and ACHTUNGTRENNUNG(CF3)FI-Ni are significantly more rapid[17]

than in the case of the bimetallic catalysts. The microstruc-
tures of the polyethylenes produced by these catalysts vary
greatly depending on the ligand terphenyl substitution.
Thus, the polyethylenes produced by both methylterphenyl
catalysts [ ACHTUNGTRENNUNG(CH3)FI-Ni and ACHTUNGTRENNUNG(CH3)FI2-Ni2] are low molecular
weight, highly branched, grease-like materials (e.g., Mw =

1400; PDI= 1.1 for ACHTUNGTRENNUNG(CH3)FI-Ni ; Mw =3800; PDI= 2.0 forACHTUNGTRENNUNG(CH3)FI2-Ni2). In marked contrast, CF3-substituted catalystsACHTUNGTRENNUNG(CF3)FI-Ni and ACHTUNGTRENNUNG(CF3)FI2-Ni2 produce far higher molecular
weight polyethylenes (e.g., Mw = 92 000; PDI= 2.4 forACHTUNGTRENNUNG(CF3)FI-Ni) with appreciably less branching versusACHTUNGTRENNUNG(CH3)FI2-Ni2 and ACHTUNGTRENNUNG(CH3)FI-Ni.

Monometallic ACHTUNGTRENNUNG(CF3)FI2-Ni(OH), when activated with Ni-ACHTUNGTRENNUNG(COD)2, is an active ethylene polymerization catalyst at
room temperature (Table 1, entry 5) and at 50 8C (Table 2,
entries 4 and 5). At room temperature, ACHTUNGTRENNUNG(CF3)FI2-Ni(OH) ex-
hibits four-times the activity and produces a significantly
lower Mw product polyethylene than bimetallic ACHTUNGTRENNUNG(CF3)FI2-Ni2.
At 50 8C, the reactivity trends of these catalysts are similar,
with ACHTUNGTRENNUNG(CF3)FI2-Ni(OH) displaying 20.7-times greater activity
than bimetallic ACHTUNGTRENNUNG(CF3)FI2-Ni2, and producing bimodal poly-
ethylenes with a high Mw shoulder (entry 4; Figure S22 in
the Supporting Information). Due to the high polymeri-
zation activity of ACHTUNGTRENNUNG(CF3)FI2-Ni(OH) relative to ACHTUNGTRENNUNG(CF3)FI2-Ni2,
and in order to minimize mass transport and exotherm ef-
fects,[1b, 2d–g] polymerizations with ten-times lower catalyst
loading (entry 5, 0.5 mmole) were also used. In the present
study minimizing exotherms was critical since temperature
has a large influence on polymer Mw, and the polymer Mw

Table 1. Ethylene polymerization data for experiments at room tempera-
ture.[a]

Entry Catalyst Polymer
yield [g]

MwACHTUNGTRENNUNG(�103)[b]
PDI[b] Total Me

per
1000 C[c]

Act.[d]

1 ACHTUNGTRENNUNG(CF3)FI-Ni[e] 1.661 92.0 3.0 7 250
2 ACHTUNGTRENNUNG(CF3)FI2-Ni2 0.280 25 2.4 40 21
3 ACHTUNGTRENNUNG(CH3)FI-Ni[e] 0.253 1.4 1.1 88 91
4 ACHTUNGTRENNUNG(CH3)FI2-Ni2 0.120 3.8 2.0 91 9
5 ACHTUNGTRENNUNG(CF3)FI2-

Ni(OH)
0.546 11 2.3 44 82

[a] All polymerizations carried out under constant 8.0 atm ethylene pres-
sure with 5.0 mmol catalyst and 2.0 equiv Ni ACHTUNGTRENNUNG(COD)2/Ni for 10 min in
50 mL toluene. Entries performed in duplicate. [b] From GPC versus
polystyrene standards in (g mol�1). [c] By 1H NMR assay. [d] kg polymer
mol�1[Ni]h�1 atm�1. [e] Data from ref. [17].

Table 2. Ethylene polymerization data for experiments at 50 8C.[a]

Entry Catalyst Polymer
yield [g]

Mw

(� 103)[b]
PDI[b] Total Me

per
1000 C[c]

Act.[d]

1 ACHTUNGTRENNUNG(CF3)FI-Ni[e] 3.042 7.9 2.2 40 460
2 ACHTUNGTRENNUNG(CF3)FI2-Ni2 0.293 11 2.9 47 22
3 ACHTUNGTRENNUNG(CF3)FI2-Ni2

[f] 0.640 5.1 1.8 45 48
4 ACHTUNGTRENNUNG(CF3)FI2-Ni(OH) 3.040 6.4 1.8 63 456
5 ACHTUNGTRENNUNG(CF3)FI2-Ni(OH)[g] 0.515 6.9 2.0 57 193
6 ACHTUNGTRENNUNG(CH3)FI-Ni[e] 0.490 1.7 1.5 99 7
7 ACHTUNGTRENNUNG(CH3)FI2-Ni2 0.360 1.8 1.7 98 27
8 Ni ACHTUNGTRENNUNG(COD)2 + (CF3)H2FI2[h] 0.006 880/6.1[i] 6.2/1.8[i] 65 0.03

[a] All polymerizations carried out under constant 8.0 atm ethylene pressure with
5.0 mmol catalyst and 2.0 equiv Ni ACHTUNGTRENNUNG(COD)2/Ni for 10 min in 50 mL toluene. Entries per-
formed in duplicate. [b] From GPC versus polystyrene standards in (g mol�1). [c] By
1H NMR assay. [d] kg polymer mol�1[Ni] h�1 atm�1. [e] Data from ref. [17]. [f] Polymeri-
zation carried out under constant 8.0 atm ethylene pressure with 5.0 mmol catalyst and
1 equiv B ACHTUNGTRENNUNG(C6F5)3/Ni for 10 min in 50 mL toluene. [g] Polymerizations carried out under
constant 8.0 atm ethylene pressure with 0.5 mmol catalyst and 2.0 equiv Ni ACHTUNGTRENNUNG(COD)2/Ni
for 40 min in 50 mL toluene. [h] Polymerizations carried out with 40 mmol Ni ACHTUNGTRENNUNG(COD)2

and 10 mmol ACHTUNGTRENNUNG(CF3)H2FI2 for 40 min in 25 mL toluene at 8.0 atm ethylene pressure.
[i] GPC trace exhibits bimodal molecular weight distribution.
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was used to probe the mechanism of bimetallic catalyst de-
composition (vide infra). Under these lower concentration
conditions, catalyst ACHTUNGTRENNUNG(CF3)FI2-Ni(OH) displays 2.3-times
lower activity than in the previous experiment, but produces
a monomodal polyethylene. The nature of the polyethylenes
obtained from ACHTUNGTRENNUNG(CF3)FI2-Ni(OH) relative to bimetallicACHTUNGTRENNUNG(CF3)FI2-Ni2 have significant implications for the deactiva-
tion pathways of the bimetallic catalysts (vide infra). It will
be shown later that ACHTUNGTRENNUNG(CF3)FI2-Ni(OH) is the predominant
catalytically-active deactivation product of bimetallicACHTUNGTRENNUNG(CF3)FI2-Ni2.

All of the present terphenyl-substituted catalysts display
appreciable ethylene polymerization activity at 50 8C
(Table 2). In all cases, polyethylene molecular weights are
significantly depressed and branch densities increased com-
pared to room temperature polymerizations, except forACHTUNGTRENNUNG(CH3)FI2-Ni2, for which the Mw and branch density remain
nearly the same as in the room temperature polymerization.

Catalyst thermal stability studies of the present bimetallic
catalysts reveal that both ACHTUNGTRENNUNG(CH3)FI2-Ni2 and ACHTUNGTRENNUNG(CF3)FI2-Ni2 ex-
hibit falling ethylene polymerization activity over time
(Table 3, Figure 6), with catalyst ACHTUNGTRENNUNG(CF3)FI2-Ni2 exhibiting
greater stability at 50 8C than ACHTUNGTRENNUNG(CH3)FI2-Ni2. The polyethy-
lenes produced by bimetallic catalysts ACHTUNGTRENNUNG(CH3)FI2-Ni2 andACHTUNGTRENNUNG(CF3)FI2-Ni2 at 50 8C show bimodal GPC traces that can be
attributed to the formation of catalytically competent deac-
tivation products (vide infra).

Similarly, when 25 8C polymerizations with the use ofACHTUNGTRENNUNG(CH3)FI2-Ni2 and ACHTUNGTRENNUNG(CF3)FI2-Ni2 are allowed to continue for
2 h, GPC analysis shows that higher Mw polyethylene begins
to form.[36] In contrast, 25 8C polymerizations when using bi-
metallic catalysts ACHTUNGTRENNUNG(CH3)FI2-Ni2 and ACHTUNGTRENNUNG(CF3)FI2-Ni2 produce
monomodal polyethylene when the polymerization time is
40 min. Investigations of the catalyst deactivation pathway
will be discussed below.

To better understand the role of the co-catalyst in these
polymerizations, ethylene polymerizations were conducted
at 50 8C by using B ACHTUNGTRENNUNG(C6F5)3 in place of Ni ACHTUNGTRENNUNG(COD)2 as the co-
catalyst and ACHTUNGTRENNUNG(CF3)FI2-Ni2 as the catalyst (Table 2). Polymeri-
zations with B ACHTUNGTRENNUNG(C6F5)3 as co-catalyst are 2.2-times more
active than analogous Ni ACHTUNGTRENNUNG(COD)2 co-catalyzed polymeri-
zations, albeit with a significant decrease in product Mw (5.1
vs. 11 K). Additionally, the B ACHTUNGTRENNUNG(C6F5)3 co-catalyzed polymeri-
zations produce monomodal polyethylenes, whereas Ni-ACHTUNGTRENNUNG(COD)2 co-catalyzed polymerizations produce bimodal
polyethylenes at 50 8C. Interestingly, it is found that Ni-ACHTUNGTRENNUNG(COD)2 functions as a “non-innocent” co-catalyst. In the
presence of free ligand [ ACHTUNGTRENNUNG(CF3)H2FI2], Ni ACHTUNGTRENNUNG(COD)2 is capable
of polyethylene production at 50 8C (Table 2) with low activ-
ity. The polyethylene produced by the combination of Ni-ACHTUNGTRENNUNG(COD)2 and ACHTUNGTRENNUNG(CF3)H2FI2 is bimodal, displaying two very dif-
ferent product polyethylene Mw values, 880 and 6.1 K. It will
be shown that during the deactivation of the bimetallic cata-
lysts reported here, free ligand is liberated. The Ni ACHTUNGTRENNUNG(COD)2

co-catalyst (typically used in excess) can then react with the
free ligand and contribute to polyethylene production at
50 8C.

Ethylene-co-norbornene polymerization experiments : Ethyl-
ene+ norbornene copolymerizations were carried out by
using catalysts ACHTUNGTRENNUNG(CH3)FI2-Ni2, ACHTUNGTRENNUNG(CF3)FI2-Ni2, ACHTUNGTRENNUNG(CH3)FI-Ni, andACHTUNGTRENNUNG(CF3)FI-Ni with Ni ACHTUNGTRENNUNG(COD)2 as co-catalyst. Data are summar-
ized in Table 4, with the norbornene content of the copoly-
mers determined by 13C NMR spectroscopy.[35c,37] Bimetallic
catalyst ACHTUNGTRENNUNG(CH3)FI2-Ni2 introduces approximately three-times

Table 3. Ethylene polymerization data as a function of polymerization
time at 50 8C.[a]

Catalyst TimeACHTUNGTRENNUNG[min]
Polymer
yield [g]

Activity[b]ACHTUNGTRENNUNG(CH3)FI2-Ni2 10 0.360 27ACHTUNGTRENNUNG(CF3)FI2-Ni2 10 0.293 22ACHTUNGTRENNUNG(CH3)FI2-Ni2 20 0.406 15ACHTUNGTRENNUNG(CF3)FI2-Ni2 20 0.506 19ACHTUNGTRENNUNG(CH3)FI2-Ni2 40 0.533 10ACHTUNGTRENNUNG(CF3)FI2-Ni2 40 0.693 13ACHTUNGTRENNUNG(CH3)FI2-Ni2 60 0.546 6.8ACHTUNGTRENNUNG(CF3)FI2-Ni2 60 0.799 10ACHTUNGTRENNUNG(CH3)FI2-Ni2 90 0.545 4.5ACHTUNGTRENNUNG(CF3)FI2-Ni2 90 1.077 9

[a] Polymerizations were out in 50 mL toluene under constant 8.0 atm
ethylene pressure at 50 8C with 5.0 mmol catalyst and with 2.0 equiv Ni-ACHTUNGTRENNUNG(COD)2/Ni. [b] kg polyethylene mol�1[Ni] h�1 atm�1.

Figure 6. Temporal characteristics of ACHTUNGTRENNUNG(CH3)FI2-Ni2 and ACHTUNGTRENNUNG(CF3)FI2-Ni2 poly-
merization activity at 50 8C.

Table 4. Ethylene-co-norbornene copolymerization data.[a]

Catalyst Polymer
yield

[g]

Mw

(� 103)[c]
PDI[c] Total Me

per
1000 C[d]

Act.[e] NB
incor.[f]

[%]ACHTUNGTRENNUNG(CF3)FI-
Ni[a]

0.979 68 2.9 21 150 <0.5ACHTUNGTRENNUNG(CF3)FI2-
Ni2

[b]
0.064 16 2.8 44 0.6 3.0ACHTUNGTRENNUNG(CH3)FI-

Ni[a]
0.133 3.4 1.7 79 20 2.1ACHTUNGTRENNUNG(CH3)FI2-

Ni2
[b]

0.063 4.5 2.2 93 0.6 7.0

[a] Polymerizations carried out under constant 8.0 atm ethylene pressure
with 5 mmol catalyst, 225 equiv of norbornene, and 2 equiv Ni ACHTUNGTRENNUNG(COD)2/Ni
for 10 min in 50 mL toluene. [b] Polymerizations carried out under con-
stant 8.0 atm ethylene pressure with 10 mmol catalyst, 225 equiv of nor-
bornene, and 2.0 equiv Ni ACHTUNGTRENNUNG(COD)2/Ni for 40 min in 50 mL toluene.
[c] From GPC versus polystyrene standards in (g mol�1). [d] By 1H NMR
assay. [e] kg polymer mol�1[Ni] h�1 atm�1. [f] Molar percentage from
13C NMR spectroscopy.[37]
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more norbornene than does monometallic analogueACHTUNGTRENNUNG(CH3)FI-Ni (norbornene content=7.0 vs. 2.1 %, respective-
ly). Fluoroalkyl-substituted catalysts ACHTUNGTRENNUNG(CF3)FI2-Ni2 andACHTUNGTRENNUNG(CF3)FI-Ni introduce less norbornene than the methyl-sub-
stituted analogues, however, bimetallic ACHTUNGTRENNUNG(CF3)FI2-Ni2 introdu-
ces six-times more norbornene than does its monometallic
analogue ACHTUNGTRENNUNG(CF3)FI-Ni (norbornene content=3.0 vs. <0.5 %,
respectively). In all cases, catalyst productivity is lower in
the ethylene-co-norbornene polymerizations than in analo-
gous ethylene homopolymerizations. The chain branch den-
sities and PDI�s of the ethylene-co-norbornene polymers are
similar to those of the corresponding ethylene homopoly-
mers.

Catalyst deactivation experiments : The catalyst deactivation
products arising from ethylene polymerizations when usingACHTUNGTRENNUNG(CH3)FI2-Ni2 were investigated by analysis of the post-poly-
merization materials. Ethylene polymerizations were con-
ducted under continuous 8.0 atm ethylene pressure at 50 8C
for 50 min. After the desired run time, the reactor pressure
was reduced to 1.0 atm ethylene pressure and the volatiles
removed, in vacuo. 1H NMR spectroscopic analysis of the
residue indicates formation of the free ligand in addition to
a large amount of black Ni0. The free ligand formed duringACHTUNGTRENNUNG(CF3)FI2-Ni2 deactivation can undergo further reaction withACHTUNGTRENNUNG(CF3)FI2-Ni2 and form 2 equiv ACHTUNGTRENNUNG(CF3)FI2-Ni(OH) (Scheme 8).
Under the conditions investigated, no evidence of bis-ligated
products is observed.[8,38]

Discussion
Ethylene homopolymerization : Several trends are evident
when the ethylene polymerization characteristics ofACHTUNGTRENNUNG(CH3)FI2-Ni2, ACHTUNGTRENNUNG(CF3)FI2-Ni2, ACHTUNGTRENNUNG(CH3)FI-Ni, and ACHTUNGTRENNUNG(CF3)FI-Ni are
compared. First, the installation of CF3 substituents inACHTUNGTRENNUNG(CF3)FI2-Ni2 and ACHTUNGTRENNUNG(CF3)FI-Ni produces polyethylenes with
significantly higher molecular weight relative to the methyl-
substituted terphenyl catalysts (Mw = 92 vs. 1.4 K, respective-
ly, for ACHTUNGTRENNUNG(CF3)FI-Ni and ACHTUNGTRENNUNG(CH3)FI-Ni at room temperature).
We have previously argued that weak C�F···H�C interac-
tions between CF3 substituents remote to the catalytic
center and a C�H unit on the growing polymer chain likely
disfavor chain transfer in ACHTUNGTRENNUNG(CF3)FI-Ni by destabilizing the
syn-periplanar conformation generally thought to facilitate
b-H elimination (Scheme 3).[17] For catalyst ACHTUNGTRENNUNG(CH3)FI-Ni, the
absence of such interactions favors the correct conformation
for elimination. We expect similar C�F···H�C interactions
to be operative in ACHTUNGTRENNUNG(CF3)FI2-Ni2 and to be largely responsible
for the dramatic differences in Mw and branching character-
istics of the polyethylenes produced by ACHTUNGTRENNUNG(CF3)FI2-Ni2 versusACHTUNGTRENNUNG(CH3)FI2-Ni2. In terms of ethylene polymerization activity at
25 8C, mononuclear ACHTUNGTRENNUNG(CF3)FI-Ni is 2.7-times more active thanACHTUNGTRENNUNG(CH3)FI-Ni, whereas binuclear ACHTUNGTRENNUNG(CF3)FI2-Ni2 is 2.3-times
more active than ACHTUNGTRENNUNG(CH3)FI2-Ni2. At 25 8C, both mononuclear
catalysts display higher ethylene polymerization activities
than do the bimetallic analogues, presumably reflecting in-

creased steric repulsion in the latter catalysts. At 50 8C, ob-
served polymerization rates for CF3-substituted terphenyl
catalysts ACHTUNGTRENNUNG(CF3)FI2-Ni2 and ACHTUNGTRENNUNG(CF3)FI-Ni are increased relative
to room temperature polymerizations, indicating enhanced
thermal stability versus the CH3� substituted analogues. The
increased thermal stability of fluorinated catalysts ACHTUNGTRENNUNG(CF3)FI2-
Ni2 and ACHTUNGTRENNUNG(CF3)FI-Ni may reflect suppression of b-H elimina-
tion via the aforementioned C�F···H�C interaction, since b-
H elimination has been shown to be a key step in the deacti-
vation of monometallic NiII ethylene polymerization cata-
lysts,[38] and will also be shown to be important in the deacti-
vation of the present bimetallic catalysts (vide infra). Non-
fluorinated catalysts ACHTUNGTRENNUNG(CH3)FI2-Ni2 and ACHTUNGTRENNUNG(CH3)FI-Ni deacti-
vate rapidly at 50 8C. The thermal stability of ACHTUNGTRENNUNG(CH3)FI2-Ni2

and ACHTUNGTRENNUNG(CF3)FI2-Ni2 was further investigated by conducting eth-
ylene polymerizations at 50 8C for varying reaction times
(Table 3, Figure 6). Although both bimetallic catalysts evi-
dence a fall in ethylene activity over time, CF3-substitutedACHTUNGTRENNUNG(CF3)FI2-Ni2 displays significantly higher thermal stability
than does ACHTUNGTRENNUNG(CH3)FI2-Ni2. During ethylene polymerizations at
50 8C, all product polyethylene Mw values are depressed rel-
ative to 25 8C polymerizations, presumably reflecting more
favorable/entropically driven b-H elimination at higher tem-
peratures.

During attempts to identify the deactivation pathways
that these catalysts might undergo at elevated temperatures,
ethylene polymerizations were also conducted withACHTUNGTRENNUNG(CF3)FI2-Ni2 at 50 8C by using B ACHTUNGTRENNUNG(C6F5)3 as the phosphine
scavenging co-catalyst rather than Ni ACHTUNGTRENNUNG(COD)2 (Table 2,
entry 3). Interestingly, ethylene polymerizations utilizing B-ACHTUNGTRENNUNG(C6F5)3 as the co-catalyst are nearly 2.2-times more active
than polymerizations for which Ni ACHTUNGTRENNUNG(COD)2 is used as co-cata-
lyst. This increased activity is likely due to more efficient
phosphine abstraction by the very Lewis acidic B ACHTUNGTRENNUNG(C6F5)3,
forming the Me3P·B ACHTUNGTRENNUNG(C6F5)3 adduct.[39] Additionally, the poly-
ethylenes produced by ACHTUNGTRENNUNG(CF3)FI2-Ni2 at 50 8C with B ACHTUNGTRENNUNG(C6F5)3

as co-catalyst display monomodal GPC traces (Table 2,
entry 3); analogous polymerizations with the use of Ni-ACHTUNGTRENNUNG(COD)2 lead to bimodal traces. In the absence of Ni ACHTUNGTRENNUNG(COD)2

or B ACHTUNGTRENNUNG(C6F5)3 co-catalysts, none of the present catalysts dis-
plays significant polymerization activity. NiACHTUNGTRENNUNG(COD)2 and B-ACHTUNGTRENNUNG(C6F5)3 have been proposed to function as phosphine scav-
engers by abstracting PMe3, thus opening a Ni coordination
site for ethylene activation/-polymerization.[8d] In the present
systems, two factors may be responsible for the co-catalyst
requirement: 1) PMe3 is significantly more basic[40] than
PPh3, which is typically used in catalyst systems that are
active in the absence of phosphine scavenger, and 2) the
prodigious steric encumbrance in these catalysts may
impede associative ligand exchange between coordinated
PMe3 and incoming ethylene.[38b, 41]

Catalyst cooperativity effects : Several groups have synthe-
sized and investigated the ethylene polymerization charac-
teristics of bimetallic neutrally charged NiII catalysts
(Scheme 9).[1a, 42] Where X-ray diffraction data are available,
Ni···Ni distances are large, typically from 7.41 to 7.77 �, and
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reported cooperative effects are minimal.[33a,b, d, 42] In all of
the present 25 8C ethylene polymerizations (Table 1), bimet-
allic catalysts ACHTUNGTRENNUNG(CH3)FI2-Ni2 and ACHTUNGTRENNUNG(CF3)FI2-Ni2 introduce sig-
nificantly greater polyethylene branch densities than do the
corresponding monometallic controls, presumably reflecting
favorable agostic polymer C�H interactions between the
growing polymer chain and the second proximate metal
center, thus favoring branch formation (Scheme 10 b).

By conducting ethylene polymerizations with FI2-Ni2 over
a range of ethylene pressures,[6] it was shown that the origin
of the branching in these bimetallic catalysts is likely the
same as in the monometallic analogues, that is, rapid “chain-
walking” b-H elimination/reinsertion sequences.[38b] In the
case of fluorocarbon-substituted catalysts ACHTUNGTRENNUNG(CF3)FI2-Ni2 andACHTUNGTRENNUNG(CF3)FI-Ni, polyethylene branching would also be affected
by the proposed C�F···H�C interactions, which would sup-
press b-H elimination and chain-walking (Scheme 3). Thus,
the marked increase in branch density in the polyethylenes
produced by bimetallic ACHTUNGTRENNUNG(CF3)FI2-Ni2 relative to monometal-
lic ACHTUNGTRENNUNG(CF3)FI-Ni likely reflects the proximate metal centers
and agostic C�H···Ni interactions that favor branch forma-

tion (e.g., Figure 1), which are expected to be stronger than
the proposed C�F···H�C interactions.[43] At 50 8C, polyethy-
lene branch densities are increased for all catalysts (Table 2)
relative to 25 8C. In accord with this model, bimetallicACHTUNGTRENNUNG(CF3)FI2-Ni2 displays significantly more branching than
monometallic ACHTUNGTRENNUNG(CF3)FI-Ni. At 50 8C, differences in branch
densities introduced by catalysts ACHTUNGTRENNUNG(CH3)FI2-Ni2 and ACHTUNGTRENNUNG(CH3)FI-
Ni are similar.

In ethylene-co-norbornene polymerization experiments
catalyzed by ACHTUNGTRENNUNG(CH3)FI2-Ni2 and ACHTUNGTRENNUNG(CF3)FI2-Ni2, both catalysts
display approximately 3–6-times greater selectivity for nor-
bornene enchainment than do their monometallic counter-
parts (Table 4). These results parallel our previously report-
ed bimetallic NiII catalyst, FI2-Ni2 (Scheme 2), which dis-
plays somewhat greater (~3 �) norbornene selectivity than
its monometallic analogue.[20] Lee and co-workers also re-
ported bimetallic NiII salicylaldimine catalysts that mediate
ethylene+ polar norbornene copolymerization (Scheme 9,
G);[33c] although X-ray structural characterization of these
catalysts was not reported, computational geometry optimi-
zations suggest Ni···Ni distances ranging from 6.24–9.40 �;

Scheme 9. Examples of previously reported bimetallic neutrally charged NiII polymerization catalysts (A–J,[1a] K[42]).
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these catalysts were reported to incorporate 2–3-times more
polar-norbornene than a monometallic control. The greater
selectivity for norbornene enchainment relative to the mon-
onuclear catalysts reported here is consistent with the short-
er Ni···Ni distance, which—all other factors being equal—
would be expected to enhance catalyst center···catalyst
center cooperativity (Scheme 9).

An attractive enchainment pathway is one in which nor-
bornene p bonds to one Ni center and simultaneously binds
to the second Ni center via an agostic interaction
(Scheme 10 b), thereby pre-organizing the monomer for en-
chainment (similar to the DFT-computed catalyst–octane in-
teraction of Figure 1). Note that the present results reveal
a significant decrease in copolymerization activity upon ad-
dition of the norbornene co-monomer. The reduced rate of

ethylene-co-norbornene polymerizations versus correspond-
ing ethylene polymerizations was observed previously in
neutrally charged NiII catalysts.[14r] It is attributable to slug-
gish ethylene insertion into the severely encumbered Ni�
norbornyl bond. Indeed, norbornene displays this type of
chelating p donation/agostic bonding in several Rh, Ru, and
Cu complexes (Scheme 11, A, B, and C, respectively).[44]

Also, in norbornene homopolymerizations mediated by
monometallic cationic (allyl)Pd catalysts, such g-agostic spe-
cies were recently shown to be a key intermediate
(Scheme 11, D), and were fully characterized by X ray dif-
fraction and NMR spectroscopy.[45]

Catalyst deactivation : At 50 8C, all the catalysts reported
here, with the exception of ACHTUNGTRENNUNG(CF3)FI-Ni, undergo decomposi-
tion to form black Ni0. The deactivation pathway for mono-
metallic neutrally charged nickel(II) phenoxyiminato cata-
lysts is thought to involve reductive elimination of alkane
through bimolecular [N,O]Ni�H+ [N,O]Ni�alkyl reductive
elimination (Scheme 12).[38a]

For monometallic catalysts ACHTUNGTRENNUNG(CH3)FI-Ni and ACHTUNGTRENNUNG(CF3)FI-Ni,
our observations agree with this proposed pathway
(Scheme 12). For bimetallic catalysts ACHTUNGTRENNUNG(CH3)FI2-Ni2 andACHTUNGTRENNUNG(CF3)FI2-Ni2-mediated ethylene polymerizations at 50 8C,
Ni0 is observed visually, and free ligand formation by in situ
1H NMR spectroscopy. A pathway consistent with Ni0, free

Scheme 10. a) Proposed secondary agostic interactions in bimetallic cata-
lysts that may influence b-H elimination/re-insertion kinetics and afford
increased chain branching. b) Proposed chelating p/agostic C�H inter-
mediate facilitating increased norbornene incorporation in ethylene-co-
norbornene polymerizations mediated by catalysts ACHTUNGTRENNUNG(CH3)FI2-Ni2 andACHTUNGTRENNUNG(CF3)FI2-Ni2.

Scheme 11. Examples of Rh, Ru, Cu, and Pd norbornene complexes exhibiting g-agostic interactions.

Scheme 12. Proposed deactivation pathway for monometallic phenoxyi-
minato Ni catalysts.
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ligand, and our conclusion that the predominant chain trans-
fer pathway in these catalysts is b-H elimination[17] (yielding
Ni�H), is shown in Scheme 13. Here, elimination of a grow-
ing polymer chain via b-H transfer yields a Ni�H at one co-
ordination site (II), which undergoes reductive elimination
forming Ni0 and one ligand O�H group (IV). Repetition
then eliminates another Ni0 moiety and free ligand (VII).
Investigation of the reaction between ACHTUNGTRENNUNG(CF3)H2FI2 andACHTUNGTRENNUNG(CF3)FI2-Ni2 (Scheme 8) confirms that liberated free ligand
VII indeed undergoes reaction with the dinickel complex,
forming 2 equiv monometallic Ni species IV (Scheme 13). A
roughly analogous deactivation pathway was proposed for
monometallic neutral NiII anilinotroponate ethylene poly-
merization catalysts in which an Ni�H group undergoes re-
ductive elimination yielding Ni0 and free ligand.[38b] At
50 8C, bimetallic catalysts ACHTUNGTRENNUNG(CH3)FI2-Ni2 and ACHTUNGTRENNUNG(CF3)FI2-Ni2

both produce polyethylene, which has a bimodal molecular
weight distribution by GPC. For both catalysts, the minor
component of the GPC trace is higher Mw polyethylene. As
the polymerization time at 50 8C is increased, the proportion
of the higher Mw polyethylene fraction increases (Figure 7).
This observation suggests the formation of a new catalytic
species during the deactivation of ACHTUNGTRENNUNG(CH3)FI2-Ni2 andACHTUNGTRENNUNG(CF3)FI2-Ni2. In room temperature ethylene polymerizations
when using bimetallic ACHTUNGTRENNUNG(CH3)FI2-Ni2 and ACHTUNGTRENNUNG(CF3)FI2-Ni2, the
product polymers display monomodal GPC traces if the
polymerization time is held to 40 min. However, when the
polymerization time is increased to 120 min, a high Mw

shoulder, reminiscent of the high Mw polymer formed at
50 8C, appears.[46] To determine if species IV might be re-

sponsible for the high Mw frac-
tion, the ethylene polymeri-
zation properties of ACHTUNGTRENNUNG(CF3)FI2-
Ni(OH) were investigated.
Complex ACHTUNGTRENNUNG(CF3)FI2-Ni(OH),
when activated with Ni ACHTUNGTRENNUNG(COD)2,
is an active ethylene polymeri-
zation catalyst at room temper-
ature and at 50 8C (Tables 2 and
3). At 25 8C, ACHTUNGTRENNUNG(CF3)FI2-Ni(OH)
exhibits four-times the activity
of bimetallic ACHTUNGTRENNUNG(CF3)FI2-Ni2, and
at 50 8C, 20.7 greater activity
than bimetallic ACHTUNGTRENNUNG(CF3)FI2-Ni2

under the same polymerization
conditions. Microstructural
analysis of the polyethylenes
produced by ACHTUNGTRENNUNG(CF3)FI2-Ni(OH)
indicates lower Mw polyethy-
lene with similar branch num-
bers versus the polyethylenes
produced by ACHTUNGTRENNUNG(CF3)FI2-Ni2. In
previous work, the effects of in-
stalling an intramolecular hy-
drogen bond directed toward

a polymerization-active NiII center were investigated,[14c] and
it was concluded that installing the hydrogen bond adjacent
to the Ni center leads to a more electron-deficient catalyst
as shown below; see also ref. [14c]), increasing ethylene
polymerization activity and depressing product polyethylene
Mw. Similar conclusions can be drawn here when the poly-
merization results for ACHTUNGTRENNUNG(CF3)FI2-Ni(OH) and ACHTUNGTRENNUNG(CF3)FI2-Ni2 are
compared. GPC analysis of the polyethylenes obtained at
50 8C from ACHTUNGTRENNUNG(CF3)FI2-Ni(OH) shows that this complex is not
responsible for the high Mw shoulder present in the GPC

Figure 7. Normalized GPC traces with viscometry detection of polyethy-
lenes derived from catalyst ACHTUNGTRENNUNG(CF3)FI2-Ni2 at 50 8C under 8.0 atm ethylene
pressure, showing the appearance of a higher Mw polyethylene fraction as
polymerization time is increased.

Scheme 13. Proposed thermal deactivation pathway for bimetallic catalysts ACHTUNGTRENNUNG(CH3)FI2-Ni2 and ACHTUNGTRENNUNG(CF3)FI2-Ni2.
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trace of the polyethylenes pro-
duced by ACHTUNGTRENNUNG(CF3)FI2-Ni2 at 50 8C.
However, the data (Figure 8)
suggest that the polyethylene
produced by ACHTUNGTRENNUNG(CF3)FI2-Ni(OH)
is very similar to the major
polyethylene peak produced byACHTUNGTRENNUNG(CF3)FI2-Ni2 at 50 8C, arguing that intermediate IV

(Scheme 13) is responsible for significant polyethylene pro-
duction when bimetallic catalysts ACHTUNGTRENNUNG(CH3)FI2-Ni2 andACHTUNGTRENNUNG(CF3)FI2-Ni2 are employed at 50 8C. Due to the high poly-
merization activity of ACHTUNGTRENNUNG(CF3)FI2-Ni(OH) relative to ACHTUNGTRENNUNG(CF3)FI2-
Ni2, a small amount of ACHTUNGTRENNUNG(CF3)FI2-Ni(OH) produced duringACHTUNGTRENNUNG(CF3)FI2-Ni2 deactivation is capable of producing the bulk
of the polymeric product. Note that polyethylenes produced
at 50 8C when using ACHTUNGTRENNUNG(CF3)FI2-Ni(OH) as catalyst are mono-
modal when the catalyst loading is low (0.5 mmol; Figure 8).
However, the deactivation pathway depicted in Scheme 13
suggests that ACHTUNGTRENNUNG(CF3)FI2-Ni(OH) should produce bimodal
polyethylene similar to ACHTUNGTRENNUNG(CF3)FI2-Ni2. However, it is likely
that, due to the low catalyst concentration used in these
polymerizations, the amount of polyethylene produced by
reaction of free ligand, arising from deactivation ofACHTUNGTRENNUNG(CF3)FI2-Ni(OH), and Ni ACHTUNGTRENNUNG(COD)2 is a very minor compo-
nent. Furthermore, when polymerizations are conducted at
higher catalyst loadings (5.0 mmol) a bimodal polyethylene
is obtained (Figure S22 in the Supporting Information) with
a high Mw shoulder similar to the GPC traces of the polyeth-
ylenes produced at 50 8C by ACHTUNGTRENNUNG(CF3)FI2-Ni2 (Figure 7).

To help identify the species producing the high Mw poly-
mer in polymerizations with ACHTUNGTRENNUNG(CH3)FI2-Ni2 and ACHTUNGTRENNUNG(CF3)FI2-Ni2

at 50 8C, ethylene polymerizations were performed by usingACHTUNGTRENNUNG(CF3)FI2-Ni2 with B ACHTUNGTRENNUNG(C6F5)3 as the co-catalyst at 50 8C
(Table 2). In addition to approximately 2.2-times increase in
activity, GPC analysis of the polyethylenes obtained withACHTUNGTRENNUNG(CF3)FI2-Ni2 +B ACHTUNGTRENNUNG(C6F5)3 showed the absence of the high Mw

fraction that was observed in analogous polymerizations
when using Ni ACHTUNGTRENNUNG(COD)2 as co-catalyst (Figure 8). From these
observations, it appears likely that Ni ACHTUNGTRENNUNG(COD)2 contributes to
the formation of the high Mw polymer in the polyethylenes
produced by ACHTUNGTRENNUNG(CH3)FI2-Ni2 and ACHTUNGTRENNUNG(CF3)FI2-Ni2 at 50 8C. Keim
and Peuckert[47] showed that Ni ACHTUNGTRENNUNG(COD)2 undergoes reaction
with Ph2PCH2CO2H, to yield the active ethylene oligomeri-
zation catalyst [P,O]Ni ACHTUNGTRENNUNG(h3-C8H13). Indeed, in the presence of
other bidentate ligands with acidic hydrogen atoms, such as
hexafluoroacetylacetone, Ni ACHTUNGTRENNUNG(COD)2 is also active for ethyl-
ene oligomerization.[48] Based on deuterium labeling experi-
ments, it was shown that the formation of the active catalyst
occurs by direct protonation of an electron-rich Ni-coordi-
nated alkene. Ni ACHTUNGTRENNUNG(COD)2 was also shown to be an active eth-
ylene polymerization catalyst in the presence of [H ACHTUNGTRENNUNG(Et2O)2]

+

[BACHTUNGTRENNUNG(C6F5)4]
� (an acid source) with amidodiphosphine ligand

{(Ar)2P}2NMe (PNP).[49] Furthermore, Jordan and co-work-
ers concluded that the polymerization-active species is
[(PNP)Ni ACHTUNGTRENNUNG(CODH)]+[B ACHTUNGTRENNUNG(C6F5)4]

� , generated by protonation
of (PNP)NiACHTUNGTRENNUNG(COD) with [HACHTUNGTRENNUNG(Et2O)2]

+[BACHTUNGTRENNUNG(C6F5)4]
�

(Scheme 14).[49a]

In the pathway shown in Scheme 13, free ligand and Ni0

are produced during the deactivation of ACHTUNGTRENNUNG(CH3)FI2-Ni2 andACHTUNGTRENNUNG(CF3)FI2-Ni2 activated by Ni ACHTUNGTRENNUNG(COD)2. The results above
show that Ni ACHTUNGTRENNUNG(COD)2 in the presence of a protic ligand can
afford active ethylene oligomerization/polymerization-active
species. Since Ni ACHTUNGTRENNUNG(COD)2 is used in excess in the polymeri-
zations reported here, free Ni ACHTUNGTRENNUNG(COD)2 is doubtless present.
To investigate any additional role Ni ACHTUNGTRENNUNG(COD)2 might play
(other than phosphine abstraction) in these polymerizations,
reactions were also conducted at 50 8C by using a combina-
tion of the free ACHTUNGTRENNUNG(CF3)H2FI2 ligand and Ni ACHTUNGTRENNUNG(COD)2 (Table 2).
In situ reaction of ACHTUNGTRENNUNG(CF3)H2FI2 and Ni ACHTUNGTRENNUNG(COD)2 results in the
production of polyethylene with low activity (0.03 kg polye-
thylene mol�1[Ni] h�1 atm�1), and GPC analysis of the poly-
ethylenes produced by ACHTUNGTRENNUNG(CF3)H2FI2/Ni ACHTUNGTRENNUNG(COD)2 reveals a bimo-
dal behavior with one very high Mw component (880 K)
with a large PDI (6.1), and one component with a Mw more
typical of the systems investigated here (6.1 K). These re-
sults argue that Ni ACHTUNGTRENNUNG(COD)2 is a “non-innocent” co-catalyst
(phosphine-scavenger), and that reaction of Ni ACHTUNGTRENNUNG(COD)2 with
free ligand, generated during ACHTUNGTRENNUNG(CH3)FI2-Ni2 and ACHTUNGTRENNUNG(CF3)FI2-Ni2

catalyst thermolysis at 50 8C, plausibly yields a catalytic spe-
cies accounting for the high Mw fraction in the product
GPCs from the bimetallic catalysts.[50] Further support for
this hypothesis comes from the observation that the use of

Figure 8. Normalized GPC with viscometer detection of polyethylenes
derived from catalyst ACHTUNGTRENNUNG(CF3)FI2-Ni(OH) (Table 2, entry 5, 0.5 mmol) acti-
vated with Ni ACHTUNGTRENNUNG(COD)2, and ACHTUNGTRENNUNG(CF3)FI2-Ni2 activated with Ni ACHTUNGTRENNUNG(COD)2 or B-ACHTUNGTRENNUNG(C6F5)3 at 50 8C under constant 8.0 atm ethylene pressure.

Scheme 14. Formation of an active ethylene polymerization catalyst from
an L2Ni ACHTUNGTRENNUNG(COD) complex.
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B ACHTUNGTRENNUNG(C6F5)3 as a co-catalyst in place of Ni ACHTUNGTRENNUNG(COD)2 suppresses
the production of the high molecular weight fraction.

Conclusion

Two new sterically encumbered NiII bimetallic ethylene
polymerization catalysts, ACHTUNGTRENNUNG(CH3)FI2-Ni2 and ACHTUNGTRENNUNG(CF3)FI2-Ni2,
were synthesized and fully characterized. These catalysts are
active ethylene polymerization catalysts in the presence of
the phosphine scavengers/co-catalysts Ni ACHTUNGTRENNUNG(COD)2 or B-ACHTUNGTRENNUNG(C6F5)3. Catalyst center···catalyst center cooperative effects
are observed in ethylene-co-norbornene polymerizations,
with bimetallic catalysts ACHTUNGTRENNUNG(CH3)FI2-Ni2 and ACHTUNGTRENNUNG(CF3)FI2-Ni2 en-
chaining three- and six-times, respectively, more norbornene
than their monometallic analogues ACHTUNGTRENNUNG(CH3)FI-Ni and ACHTUNGTRENNUNG(CF3)FI-
Ni. The catalytic performance of ACHTUNGTRENNUNG(CH3)FI2-Ni2 and ACHTUNGTRENNUNG(CF3)FI2-
Ni2 exhibits greater thermal stability than previous, less en-
cumbered Ni2 catalysts, and at 50 8C, all of the new catalysts
exhibit appreciable ethylene polymerization activity. How-
ever, ACHTUNGTRENNUNG(CH3)FI-Ni, ACHTUNGTRENNUNG(CH3)FI2-Ni2, and ACHTUNGTRENNUNG(CF3)FI2-Ni2 evidence
gradual deactivation at 50 8C. The deactivation pathway forACHTUNGTRENNUNG(CH3)FI2-Ni2 and ACHTUNGTRENNUNG(CF3)FI2-Ni2 was investigated, and key
steps are proposed to be the reductive elimination from Ni�
H groups to form free (protonated) ligand and Ni0. An eth-
ylene polymerization-active intermediate ACHTUNGTRENNUNG(CF3)FI2-Ni(OH)
(IV in Scheme 13) in the deactivation process is identified as
that responsible for significant polyethylene production
when the bimetallic catalysts are utilized at 50 8C. The free
ligand formed in situ during bimetallic catalyst deactivation
can then undergo reaction with a dinickel species (I in
Scheme 13) to yield 2 equiv polymerization-active inter-
mediate ACHTUNGTRENNUNG(CF3)FI2-Ni(OH). Additionally, the free ligand can
react with the Ni ACHTUNGTRENNUNG(COD)2 co-catalyst, yielding a species capa-
ble of producing very high Mw polyethylene, which is very
unusual for group 10 catalysts. In place of Ni ACHTUNGTRENNUNG(COD)2, ethyl-
ene polymerizations co-catalyzed by B ACHTUNGTRENNUNG(C6F5)3 led to mono-
modal polyethylene production at higher activities.

Experimental Section

Materials and methods : All manipulations of air-sensitive materials were
performed with rigorous exclusion of O2 and moisture in oven-dried
Schlenk-type glassware on a dual manifold Schlenk line, interfaced to
a high-vacuum line (10�6 Torr), or in a N2-filled vacuum atmospheres
glove box with a high capacity recirculator (<1 ppm O2). Argon (Airgas,
prepurified grade) was purified by passage through a supported MnO
oxygen-removal column and an activated Davison 4A molecular sieve
column. Ethylene (Airgas) was purified by passage through an O2/mois-
ture trap (Matheson, model MTRP-0042-XX). Norbornene was dried
over sodium and transferred, in vacuo, to a Teflon-sealed storage flask.
Diethyl ether and tetrahydrofuran were distilled from Na/benzophenone
ketyl. Hydrocarbon solvents (benzene, n-pentane, n-hexane, toluene)
were vacuum transferred from Na/K alloy. [D6]Benzene (Cambridge Iso-
tope Laboratories, 99+ atom %D) was stored over Na/K alloy, in vacuo,
and vacuum transferred immediately prior to use. All other deuterated
solvents were used as received (Cambridge Isotope Laboratories, 99+

atom %D). Tris(pentafluorophenyl)borane, B ACHTUNGTRENNUNG(C6F5)3, was a gift from Al-
bemarle Corporation (Baton Rouge, LA). The borane was purified by

high-vacuum sublimation (80 8C/10�6 Torr). The reagents trans-NiMeCl-ACHTUNGTRENNUNG(PMe3)2,
[29] 2,7-diformyl-1,8-dihydroxynaphthalene (1),[10a, 21] and the ter-

phenyl amines[22] were prepared according to literature procedures. Ni-ACHTUNGTRENNUNG(COD)2 (COD =1,5-cyclooctadiene) was purchased from Strem; p-tolue-
nesulfonic acid monohydrate and formic acid were purchased from
Sigma–Aldrich. The monometallic catalysts ACHTUNGTRENNUNG(CH3)FI-Ni and ACHTUNGTRENNUNG(CF3)FI-Ni
were prepared according to literature procedures.[17]

Physical and analytical measurements : NMR spectra were taken on
Varian Hg400 (400 MHz, 1H; 100 MHz, 13C; 162 MHz, 31P; 376 MHz,
19F), Varian Ic 400 (400 MHz, 1H; 100 MHz, 13C), Varian Inova 500
(500 MHz, 1H), and a Bruker Avance III 500 (500 MHz, 1H; 125 MHz,
13C) NMR spectrometers. Chemical shifts (d) for 1H and 13C are refer-
enced to TMS, internal solvent resonances relative to TMS, and the poly-
mer CH2 backbone. Chemical shifts (d) for 31P and 19F are referenced to
the external standards 85% H3PO4 and CFCl3 dissolved in CDCl3, re-
spectively. NMR spectra of air-sensitive samples were acquired in Teflon
valve sealed J. Young NMR tubes. NMR analysis of polymers was carried
out in 1,1,2,2-[D2]tetrachloroethane at 120 8C with d1= 10 s. Polymer
NMR spectra were assigned, and polyethylene branch numbers were cal-
culated, according to the literature procedures for polyethylene[33a, d,e,35]

and ethylene-co-norbornene.[37] Gel permeation chromatography (GPC)
was carried out in 1,2,4-trichlorobenzene (stabilized with 125 ppm BHT)
at 150 8C on a Polymer Laboratories 220 instrument equipped with a set
of three PLgel 10 mm mixed-B LS columns with differential refractive
index and viscosity detectors. Molecular weights were determined
through universal calibration relative to polystyrene standards. Elemental
analyses were performed by Midwest Microlabs, Indianapolis, Indiana.

Synthesis of 2,7-diACHTUNGTRENNUNG[2,6-(3,5-dimethylphenyl)]imino-1,8-dihydroxynaphtha-
lene, (CH3)H2FI2 : Under N2, a Schlenk flask (100 mL) was charged with
activated molecular sieves (1.7 g), 0.241 g (1.12 mmol) of 2,7-diformyl-
1,8-dihydroxynaphthalene (1), 1.35 g (4.48 mmol) of 2,6-(3,5-dimethyl-
phenyl)aniline, benzene (35 mL), and formic acid (5 drops). The resulting
mixture was refluxed for 7 days during which time the reaction color
changed from orange to red. The reaction mixture was allowed to cool
and was then filtered to remove the sieves. The volatiles were next re-
moved from the filtrate, in vacuo, and the resulting dark red oil was tritu-
rated with methanol, affording an orange solid. The orange solid was
washed with diethylether, cooled to �10 8C, and filtered. This red solid
was recrystallized from a 1:9.5 mixture of toluene and methanol, afford-
ing 0.357 g (0.456 mmol, 41 % yield) of microcrystalline red solid.
1H NMR (500 MHz, CDCl3, 25 8C, TMS): d =14.14 (s, OH), 13.47 (d,
NH), 8.50 (s, HC=N), 7.87 (d, NH-CH=C), 7.37 (s, Ar), 7.23–7.11 (m,
Ar), 7.08 (s, Ar), 7.05 (s, Ar), 7.02 (s, Ar), 6.82 (s, Ar), 6.77 (s, Ar), 6.42
(d, Ar), 6.22 (d, Ar), 2.33 (s, H3C-Ar), 2.24 ppm (s, H3C-Ar); 13C NMR
(125 MHz, CDCl3, 25 8C, TMS): d =183.98, 163.68, 159.83, 158.12, 149.78,
141.38, 140.00, 138.78, 137.81, 136.96, 135.96, 133.62, 130.66, 129.57,
129.47, 128.25, 127.90, 127.01, 126.81, 123.68, 118.67, 116.72, 116.30,
115.65, 108.60, 21.31 ppm; elemental analysis calcd (%) for C56H50N2O2:
C 85.90, H 6.44, N 3.58; found: C 86.04, H 6.59, N 3.71.

Synthesis of 2,7-di ACHTUNGTRENNUNG[2,6-(3,5-di-trifluormethylphenyl)]imino-1,8-dihydroxy-
naphthalene, (CF3)H2FI2 : A round-bottom flask (250 mL) was charged
with 0.709 g (3.28 mmol) of 2,7-diformyl-1,8-dihydroxynaphthalene (1),
3.90 g (7.54 mmol) of 2,6-(3,5-di-trifluoromethylphenyl)aniline, 62 mg
(0.33 mmol) of p-toluenesulfonic acid monohydrate, and toluene
(70 mL). The reaction mixture was refluxed by using a Dean–Stark trap
for 3 days. The solvent was then removed under reduced pressure, and
the resulting orange oil was triturated with methanol affording a red
solid. This solid was washed with methanol (20 mL) to remove the half-
condensation product. The excess aniline was then removed by recrystall-
izing the solid from a 1:9.5 mixture of toluene and methanol. This afford-
ed 3.04 g (2.50 mmol, 76% yield) of red solid. Crystals suitable for X-ray
analysis were obtained by slow evaporation of a CDCl3 solution ofACHTUNGTRENNUNG(CF3)H2FI2. 1H NMR (500 MHz, CDCl3, 25 8C, TMS): d=13.62 (d, NH),
13.32 (s, OH), 8.39 (s, HC=N), 7.92 (s, Ar), 7.74 (s, Ar), 7.57 (s, Ar), 7.51
(d, Ar), 7.40 (m, Ar), 7.02 (d, Ar), 6.83 (d, Ar), 6.50 (d, Ar), 6.24 ppm (d,
Ar); 13C NMR (125 MHz, CDCl3, 25 8C, TMS): d =184.77, 163.91, 161.71,
157.36, 150.02, 142.44, 141.76, 139.62, 134.82, 134.11, 132.92, 132.65,
132.21, 131.52, 131.29, 130.98, 130.84, 130.54, 129.67, 129.19, 128.77,
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128.38, 128.33, 125.44, 125.29, 124.58, 124.11, 122.40, 122.29, 121.93,
120.59, 118.15, 117.85, 115.94, 109.62, 21.56 ppm; 19F NMR (376 MHz,
CDCl3, 25 8C): d =�63.41, �63.56 ppm; elemental analysis calcd (%) for
C56H26N2F24O2: C 55.73, H 2.16, N 2.31; found: C 55.02, H 2.31, N 2.27.

Representative procedure for the synthesis of sodium salts (CH3)FI2-Na2

and (CF3)FI2-Na2 : Under N2, a Schlenk flask (100 mL) was charged with
2.66 g (2.19 mmol) of ACHTUNGTRENNUNG(CF3)H2FI2 and 0.210 g (8.75 mmol) of NaH. To
this was added dry THF (30 mL) via syringe. This red-orange mixture
was allowed to stir for 48 h. The reaction mixture was then filtered and
the volatiles were removed, in vacuo. The resulting red-orange solid was
washed with n-pentane (50 mL) and dried under high vacuum, overnight,
yielding 2.42 g (1.93 mmol, 88% yield) of orange solid.

Synthesis of {2,7-di-[2,6-(3,5-di-methylphenylimino)methyl]-1,8-naphtha-
lenediolato}-bis-NiII-(methyl)(trimethylphosphine), (CH3)FI2-Ni2 : Dry
benzene (20 mL) was added to a flask containing 0.590 g (0.713 mmol) ofACHTUNGTRENNUNG(CH3)FI2-Na2. This mixture was then added slowly via cannula to a ben-
zene solution (30 mL) of 0.373 g (1.43 mmol) of trans-NiMeCl ACHTUNGTRENNUNG(PMe3)2.
An immediate red color change was observed. Due to the low solubility
of ACHTUNGTRENNUNG(CH3)FI2-Na2 in benzene, the reaction mixture was transferred via can-
nula back to the original ACHTUNGTRENNUNG(CH3)FI2-Na2 flask. The reaction mixture was
allowed to stir at room temperature, overnight. The reaction mixture was
then filtered and the filtrate was concentrated, in vacuo. Dry n-pentane
(15 mL) was then added via syringe, precipitating an orange solid. After
filtration and drying under high vacuum, 0.654 g (0.605 mmol, 85 %) ofACHTUNGTRENNUNG(CH3)FI2-Ni2 was isolated. 1H NMR (500 MHz, [D6]benzene, 25 8C,
TMS): d =7.74 (d, 4JPH =8.6 Hz, 2H, 5- and 6-H), 7.58 (s, 4 H, 10-, 12-,
13-, 14-H), 7.44 (d, 3J ACHTUNGTRENNUNG(H,H) =7.7 Hz, 2H, 7- and 9-H), 7.36 (d, 3J ACHTUNGTRENNUNG(H,H) =

7.5 Hz, 2H, 16- and 18-H), 7.19, �7.12 (m, 6 H, 8-, 17-, 19-, 20-, 22-, 23-
H), 6.82 (s, 2H, 11- and 15-H), 6.75 (s, 2 H, 21- and 24-H), 6.66 (d, 3J-ACHTUNGTRENNUNG(H,H) =8.4 Hz, 2 H, 3- and 4-H), 6.36 (d, 3J ACHTUNGTRENNUNG(H,H) = 8.4 Hz, 2H, 1- and 2-
H), 2.23 (s, 12H, Ar-CH3), 2.12 (s, 12 H, Ar-CH3), 0.97 (d, 2J ACHTUNGTRENNUNG(P,H)=

9.2 Hz, 18H, P ACHTUNGTRENNUNG(CH3)3), �0.97 ppm (d, 3J ACHTUNGTRENNUNG(P,H) =7.1 Hz, 6 H, Ni-CH3);
13C NMR (125 MHz, [D6]benzene, 25 8C, TMS): d=169.65, 166.07,
150.16, 144.82, 141.19, 141.19, 141.03, 137.61, 137.30, 137.27, 136.90,
133.80, 130.53, 130.32, 128.91, 128.85, 128.59, 128.35, 128.16, 127.97,
125.28, 124.08, 115.24, 113.49, 21.65, 13.89 (d, 1J ACHTUNGTRENNUNG(P,C)=26.3 Hz, P ACHTUNGTRENNUNG(CH3)3,
�13.44 ppm (d, 2J ACHTUNGTRENNUNG(P,C)=43.6 Hz, Ni-CH3); 31P NMR (162 MHz,
[D6]benzene, 25 8C): d=�10.42 ppm; elemental analysis calcd (%) for
C64H72N2Ni2O2P2: C 71.13, H 6.72, N 2.59; found: C 71.25, H 6.67, N,
2.60.

Synthesis of {2,7-di-[2,6-(3,5-di-trifluoromethylphenylimino)methyl]-1,8-
naphthalenediolato}-bis-NiII-(methyl)(trimethylphosphine), (CF3)FI2-Ni2 :
A Schlenk flask (100 mL) was charged with 2.00 g (1.50 mmol) ofACHTUNGTRENNUNG(CF3)FI2-Na2 and 0.785 g (3.00 mmol) of trans-NiMeCl ACHTUNGTRENNUNG(PMe3)2. Toluene
(150 mL) was added to this mixture via cannula at �78 8C. The reaction
mixture was allowed to stir at �78 8C for 15 min. The reaction mixture
was then warmed to �42 8C and stirred for 3.5 h after which time the re-
action mixture turned red. The reaction mixture was then placed in
a �10 8C water bath and stirred for 75 min. The resulting cerise-colored
reaction mixture was then allowed to warm to room temperature and
was stirred for an additional 3 h. The reaction mixture was then filtered
and the volatiles were removed from the filtrate, in vacuo. The solid ob-
tained next was triturated with n-pentane to yield 1.60 g (1.06 mmol,
73% yield) of red solid. Single crystals suitable for X-ray diffraction
were grown from the slow evaporation of an n-hexane solution in the
glovebox. 1H NMR (500 MHz, [D6]benzene, 25 8C, TMS): d= 8.29 (s, 4H,
10-, 12-, 13-, and 14-H), 7.73 (s, 2H, 11- and 15-H), 7.68 (s, 2H, 21- and
24-H), 7.63 (s, 4H, 19-, 20-, 22-, and 23-H), 6.97–6.90 (m, 6H, 5-, 6-, 7-, 8-
, 9-, and 17-H), 6.80 (dd, 3J ACHTUNGTRENNUNG(H,H) =6.9 Hz, 4J ACHTUNGTRENNUNG(H,H) =2.3 Hz, 2 H, 16-, and
18-H), 6.38 (d, 3J ACHTUNGTRENNUNG(H,H) =8.4 Hz, 2 H, 3- and 4-H), 6.26 (d, 3J ACHTUNGTRENNUNG(H,H) =

8.4 Hz, 2H, 1- and 2-H), 0.81 (d, 2J ACHTUNGTRENNUNG(P,H)=9.9 Hz, 9 H, P ACHTUNGTRENNUNG(CH3)3),
�1.36 ppm (d, 3J ACHTUNGTRENNUNG(P,H)=6.5 Hz, 6H, Ni-CH3); 13C NMR (125 MHz,
[D6]benzene, 25 8C, TMS): d =170.15, 165.53, 150.16, 145.78, 142.76,
142.12, 134.45, 134.20, 133.79, 131.78, 131.51, 131.27, 130.88, 130.77,
125.87, 125.07, 124.97, 123.49, 122.90, 122.80, 120.94, 114.94, 13.28 (d, 1J-ACHTUNGTRENNUNG(P,C)=28.5 Hz, P ACHTUNGTRENNUNG(CH3)3), �13.61 ppm (d, 2J ACHTUNGTRENNUNG(P,C)= 44.6 Hz, Ni-CH3);
31P NMR (162 MHz, [D6]benzene, 25 8C): d=�9.46 ppm; 19F NMR
(376 MHz, [D6]benzene, 25 8C): d=�62.89, �63.07 ppm; elemental analy-
sis calcd (%) for C64H48N2F24Ni2O2P2: C 50.83, H 3.20, N 1.85; found: C
50.98, H 3.39, N 1.85.

Synthesis of {2,7-di-[2,6-(3,5-di-trifluoromethylphenylimino)methyl]-1-hy-
droxy-8-naphthalene-diolato}-NiII-(methyl)(trimethylphosphine),
(CF3)FI2-Ni(OH): A Schlenk flask (25 mL) was charged with 0.240 g
(0.198 mmol) of ACHTUNGTRENNUNG(CF3)H2FI2, 0.300 g (0.198 mmol) of ACHTUNGTRENNUNG(CF3)FI2-Ni2, and
toluene (20 mL). The resulting red solution was then stirred at 50 8C,
overnight, after which the volatiles were removed, in vacuo, leaving a red
solid. The solid obtained was triturated with n-pentane and dried under
vacuum affording 0.401 g (0.294 mmol, 74 % yield) of orange solid.
1H NMR (500 MHz, [D6]benzene, 25 8C, TMS): d=12.83 (s, 1H, OH),
8.31 (s, 1 H, Ar-H), 8.09 (d, 1 H, Ar-H), 7.91 (s, 4H, Ar-H), 7.89 (s, 4 H,
Ar-H), 7.75 (s, 2 H, Ar-H), 7.69 (s, 2H, Ar-H), 6.98–6.88 (m, 6H, Ar-H),
6.86 (s, 1H, Ar-H), 6.78 (d, 1H, Ar-H), 6.44 (d, 1H, Ar-H), 6.26 (d, 1H,
Ar-H), 0.54 (s, 9H, P ACHTUNGTRENNUNG(CH3)3), �1.34 ppm (s, 3 H, Ni-CH3); 13C NMR
(125 MHz, [D6]benzene, 25 8C, TMS): d=167.88, 166.50, 162.56, 161.75,
150.53, 149.74, 142.44, 142.31, 141.62, 133.77, 132.26, 131.99, 131.86,
131.73, 131.60, 131.46, 131.33, 131.07, 130.97, 130.78, 130.74, 127.46,
127.30, 127.07, 126.71, 125.13, 125.08, 124.90, 122.96, 122.73, 121.25,
120.79, 120.50, 118.81, 116.86, 116.66, 115.93, 112.86, 12.37, �13.65 ppm;
31P NMR (162 MHz, [D6]benzene, 25 8C): d=�12.06 ppm; 19F NMR
(376 MHz, [D6]benzene, 25 8C): d=�63.11, �63.23 ppm; elemental analy-
sis calcd (%) for C60H37N2F24NiO2P: C 52.85, H 2.73, N 2.05; found: C
52.62, H 2.78, N 2.13.

General procedure for ethylene polymerization experiments : In a typical
experiment, an oven-dried thick-walled glass pressure vessel (350 mL)
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was charged in the glovebox with Ni catalyst (5 mmol), 2.0 equiv Ni-ACHTUNGTRENNUNG(COD)2 per Ni, dry toluene (50 mL), and a large magnetic stir bar. The
pressure vessel was then interfaced to a high-pressure line and the solu-
tion was degassed. The reactor was warmed to the desired temperature
by using a water or oil bath, and allowed to equilibrate for 5 min. With
rapid stirring, the reactor was then pressurized to 8.0 atm pressure ethyl-
ene, which was maintained during the course of the polymerization.
After the desired run time, the reactor was vented and the contents
poured into acidic methanol. The precipitated polymer was collected by
filtration, washed with methanol, and dried at 60 8C, overnight, under
high vacuum.

General procedure for ethylene polymerization experiments with catalyst
(CF3)FI2-Ni(OH) (Table 2, entry 4): An oven-dried thick-walled glass
pressure vessel (350 mL) was charged in the glovebox with 1 mL
(0.5 mmol) of a 0.5 mm dry toluene solution of ACHTUNGTRENNUNG(CF3)FI2-Ni(OH),
2.0 equiv Ni ACHTUNGTRENNUNG(COD)2 per Ni, dry toluene (49 mL), and a large magnetic
stir bar. The pressure vessel was then interfaced to a high-pressure line
and the solution was degassed. The reactor was warmed to 50 8C by using
an oil bath, and allowed to equilibrate for 5 min. With rapid stirring, the
reactor was then pressurized to 8.0 atm pressure ethylene, which was
maintained during the course of the polymerization. After the desired
run time (40 min), the reactor was vented and the contents poured into
acidic methanol. The precipitated polymer was collected by filtration,
washed with methanol, and dried at 60 8C, overnight, under high vacuum.

General procedure for ethylene-co-norbornene polymerization experi-
ments : In a typical experiment, an oven-dried thick-walled glass pressure
vessel (350 mL) was charged in the glovebox with Ni catalyst (5.0 mmol),
2.0 equiv Ni ACHTUNGTRENNUNG(COD)2 per Ni, dry toluene (23.5 mL), and a large magnetic
stir bar. The pressure vessel was then interfaced to a high-pressure line
and the solution was degassed. The reactor was warmed to the desired
temperature by using a water or oil bath, and allowed to equilibrate for
5 min. The reactor was then pressurized to 1.0 atm ethylene pressure and
1.5 mL from a 0.74 m norbornene solution in toluene was immediately in-
jected. The norbornene solution had been degassed and the aliquot was
taken under an atmosphere of purified ethylene. With rapid stirring, the
reactor was then pressurized to 8.0 atm ethylene pressure, which was
maintained during the course of the polymerization. After the desired
run time, the reactor was vented and the reaction mixture was poured
into acidic methanol. The precipitated polymer was collected by filtra-
tion, washed with methanol, and dried at 60 8C, overnight, under high
vacuum.

General procedure for analysis of ethylene polymerization deactivation
products : An oven-dried thick walled glass pressure vessel (350 mL) was
charged in the glovebox with 10.8 mg (10.0 mmol) ACHTUNGTRENNUNG(CH3)FI2-Ni2, 11.0 mg
(40.0 mmol) Ni ACHTUNGTRENNUNG(COD)2, dry toluene (25 mL), and a large magnetic stir
bar. The pressure vessel was then interfaced to a high-pressure line and
the solution was degassed. The reactor was next warmed to 50 8C by
using an oil bath, and allowed to equilibrate for 5 min. With rapid stir-
ring, the reactor was then pressurized to 8.0 atm ethylene pressure, which
was maintained during the course of the polymerization. After 50 min
the reactor was vented to 1.0 atm ethylene pressure. The glass pressure
vessel was then interfaced to a Schlenk line and all volatiles were re-
moved, in vacuo. Air-free 1H NMR (C6D6) analysis of the residue con-
firmed the formation of free ligand.

X-ray crystal structure determinations of (CF3)H2FI2, and ACHTUNGTRENNUNG(CF3)FI2-Ni2 :
Intensity data for ACHTUNGTRENNUNG(CF3)H2FI2 and ACHTUNGTRENNUNG(CF3)FI2-Ni2 were collected at �173 8C
on a Bruker AXS APEXII diffractometer equipped with a CCD area de-
tector by using graphite-monochromated MoKa [l=0.7107 �,ACHTUNGTRENNUNG(CF3)H2FI2] or CuKa [l =1.5418 �, ACHTUNGTRENNUNG(CF3)FI2-Ni2] radiation. All data were
corrected for absorption by using an empirical correction. Structure solu-
tions and refinements were obtained by using SIR-92[51] or SHELXS-
97[52] with direct methods and were refined on F2 with the use of full-
matrix least-squares techniques. All aromatic hydrogen atoms were re-
fined with a riding model. All non-hydrogen atoms were refined aniso-
tropically and hydrogen atoms were either located in the difference map
or were refined with a riding model. Crystallographic results are summar-
ized in Table S1 of the Supporting Information. CCDC-869747 [forACHTUNGTRENNUNG(CF3)H2FI2], -869748 [for 2-CH3], and -869750 [for ACHTUNGTRENNUNG(CF3)FI2-Ni2], contain

the supplementary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Ligand Steric and Fluoroalkyl
Substituent Effects on Enchainment
Cooperativity and Stability in Bimet-
allic Nickel(II) PolymerizationACHTUNGTRENNUNGCatalysts

Ni-ce cats : Two neutrally charged
bimetallic phenoxyiminato NiII ethyl-
ene polymerization catalysts are
reported. Significant Ni···Ni coopera-
tive effects are evidenced by increased
product polyethylene branching in eth-
ylene homopolymerizations and by
enhanced norbornene co-monomer
incorporation selectivity in ethylene–
norbornene copolymerization than
monometallic controls.
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