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ABSTRACT: Design of catalysts for Ni-catalyzed olefin polymerization
predominantly focuses on ligand design rather than the activation process O—( a40°c,400psi i’ips' \_D
when attempting to achieve a broader scope of polyolefin micro- and ; . HDPE  LLDPE

R = TEoS, CO;Me, AC
macrostructures. Air-stable alkyl-or aryl-functionalized Ni'' precatalysts were —_—

40, 60 °C, 400 PSI

designed which eliminate the need of in situ alkylating processes and are
activated solely by halide abstraction to generate the cationic complex for CH NG LopE
olefin polymerization. These complexes represent an emerging class of olefin | =~ =~ " A=N s N-ar Copolymer (up 0 6.0 mo%)
polymerization catalysts, enabling the study of various cocatalysts forming Lower M, Solective Short-Chain Branching Distribution
. . . . . with Reaction Temperature
either inner- or outer-sphere ion pairs. It is demonstrated that an Polymer 5127 Branches/1000 Carbons
O] q q q 7\
organoboron cocatalyst activation produces a well-defined ion pair, which C?_(N_ A Reversible Inner-Sphere lon Pair
. g g . . \ro TOF > 10% h**
in contrast to ill-defined organoaluminum cocatalysts, can directly activate . . N M, up 0 206,000 gimol
~Cl

Polymer

the complex by halide abstraction to yield comparatively higher molecular
weight homo/copolymers. Under high ethylene pressure, broader branching
densities and the gradual incorporation of short-chain branches were achieved, circumventing the need for elaborate ligand design
and copolymerization with a-olefins. The underlying chain-walking mechanism and ion pair interactions were further elucidated by
DFT calculations. A phenyl group on the bridging carbon functioned as a rotational barrier, producing higher molecular weight
polymers compared to methyl-substituted analogs. Here, we provide a perspective to manipulate the iminopyridyl Ni" system,
leveraging ion pair interactions and ligand design to govern polyolefin molecular weights and microstructures.

KEYWORDS: catalysis, ion pairs, olefin polymerization, iminopyridyl nickel complexes, organoboron cocatalyst

B INTRODUCTION nylcarbenium tetraphenylborate (TBCF), showed dramatic
differences in catalytic activity and stereoselectivity."> The
difference in the catalytic activity using these organoboron
cocatalysts was attributed to the notion that smaller counter-
ions favored inner-sphere ion pairs, which could compete with
monomer coordination and reduce catalytic activity, and
bulkier counterions preferred noncoordinating outer-sphere
ion pairs, increasing catalytic activity (Flgure 1A). 10,16

The development of the Brookhart-type catalysts launched
the field of late-transition metal-catalyzed olefin polymerization
(Figure 1B)."” While these a-diimine Pd" and Ni"' complexes
are highly tolerant of polar monomers and provide control over
polymer microstructure through their unique “chain-walking”
mechanism, investigations into the effect of the influence of the
counterion for these catalytic systems are limited.'® Diimine
Pd"/Ni" complexes can be designed with halide and carbyl

The success of polymeric materials is rooted in their versatility,
high performance, and affordable production.'™ Among these
materials, polyolefins continue to make up about half of the
polymer production due to their exceptional chemical
resistance and tunable material properties.” In general, the
physical properties of polyolefins are directly related to their
molecular weight (MW) and microstructure, which is highly
dependent on the involved catalytic system. Over the years,
there has been a surge in the development of ligands aimed at
the control of the polymer microstructure to influence material
properties. However, effective microstructure control has
required the use of increasingly complex ligands.’

Olefin polymerization systems rely not only on the transition
metal complex but also on the cocatalyst used for
activation.”™” The ionic interaction between the metal complex
and the counterion significantly impacts the catalytic activity
and polymer architecture in early transition metal-catalyzed
olefin polymerizations.'’™"* For olefin polymerization reac-
tions, this cation—anion interaction can exist as either inner- or
outer-sphere ion pairs. Using well-defined alkyl-abstracting
organoboron cocatalysts to activate zirconocene complexes,
such as tris(pentafluorophenyl)borane (B(C4F;);) and triphe-
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Figure 1. Ion pairs for olefin polymerization. (A) Activation of early
transition metal complexes using alkyl abstracting inner- and outer-
sphere counterions in comparison to (B) activation of a-diimine Pd
complexes with halide abstracting activators and in-situ activation of
a-diimine Ni complexes by halide abstracting/alkylating organo-
aluminum cocatalyst methylaluminoxane (MAO).

ligands for actlvatlon by both organoaluminum and organo-
boron cocatalysts."'

Although alkylated diimine Ni complexes exist, they can
suffer from poor stability."” *° *'* For example, in 1980, Dieck
reported that diimine Ni dimethyl complexes are stable up to 0
°C.*"** Switching to the sterically bulkier alkyl group, R =
CH,SiMe; exhibits higher thermal stability; however, compre-
hensive activation and polymerization studies have not been
reported.”’ Highly stable alkylated Ni complexes for polymer-
ization remain elusive.

Diimine Ni" analogs intended for olefin polymerization
reactions were predominantly designed containing dihalide
ligands limiting the activation to bifunctional organoaluminum
cocatalysts such as methylaluminoxane (MAO), which
functions through halide abstraction and metal alkylation for
coordination insertion polymerization. Unfortunately, there are
few catalytic systems that allow for the investigation of
counterion effects in [N,N]-chelated Ni"!
instance, only two cationic carbyl diimine Ni! complexes are
reported for olefin polymerization due to lability of the Ni—C
bond, rendering them thermally unstable (Figure 2A).'%"
Similarly, 7*-coordinated cationic diimine Ni complexes
isolated with a PF4~
also require organoaluminum cocatalysts for olefin polymer-
ization (Figure 2B).”* Alkylsilane substituted diimine Ni
complexes which could copolymerize ethylene and vinyl-
trialkoxysilanes require an activation with a combination of
B(C4Fs); and Li(B(C4Fs),) and are also air-sensitive (Figure
2C).”> While thermally sensitive dimethyl diimine Ni
complexes have been reported, they are limited to activation
with organoboron cocatalysts which abstract an alkyl group to
afford the cationic active species (Figure 2D).”!

Meanwhile, the activation through MAO limits the in-depth
study on the influence of cocatalysts and reaction conditions to
tailor polymer microstructures due to limited understanding of
the anionic macrostructure of MAO.”® The ability to
investigate inner- and outer-sphere ion pairs to govern
polymeric properties is contingent upon a carbyl Ni
precatalyst.'" Therefore, it is crucial to develop a robust carbyl
Ni'! precatalyst activatable by a variety of cocatalysts to
evaluate the impact of counterions on [N,N]-chelated Ni"
complexes, because the catalytic activity and the type of
polymeric material produced can be influenced by the
activation method and the choice of cocatalyst.”” > The

complexes. For

anion, are temperature sensitive and
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Figure 2. Selected examples of [N,N]-chelated nickel olefin polymerization complexes. Carbyl [N,N]-chelated Ni complexes A—E and dihalide
iminopyridyl Ni complexes with aryl imine (I-V), pyridine (VI), and bridging carbon (VII-IX) modifications. In this work, benchtop-stable carbyl

iminopyridyl Nil complexes are reported.
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shift from intricate ligand design to utilization of ion pairs
could offer control over polymer microstructure and MW.

Specifically, we seek to create an aryl-functionalized Ni
precatalyst, activated solely by a halide abstraction, eliminating
the need for an alkylation process to generate the cationic
complex for olefin polymerization. These complexes would
serve as an ideal system for a variety of activators, expanding
beyond the limitation of organoaluminum cocatalysts. Thus,
we selected iminopyridine ligands, with the [N,N]-ligand
backbone serving as a diimine analog and the pyridine moiety
acting as a stronger o-donor to stabilize the labile Ni—C
bond.”" Notably, benchtop-stable iminopyridyl mesityl Ni"
complexes have been pre;)ared (Figure 2E) for use in Negishi
cross-coupling reactions.”” Iminopyridine ligands have been
extensively used in olefin polymerization, with the Ni
complexes exhibited similar catalytic activity compared to
their a-diimine analogues.

However, traditional ligand design focusing on increasing
steric bulk on the aryl imine produced lower MW polymers,
seemingly contradicting the established trend reported for late-
transition metal complexes where increasing axial steric bulk
on the metal center favored chain-propa§ation and vyielded
higher MW polymers (Figure 21-III).>*~ ® We hypothesize
that the steric bulk of the single aryl imine moiety cannot
sufficiently contribute to the effective blockage of the metal
center to limit chain-transfer. These complexes could produce
moderate MW polyethylene (PEs) (M, < 26,000 g mol™") at
ambient conditions with the development of the “half-
sandwich” iminopyridine ligands (Figure 2IV), where the
“aryl cap” of the 8-arylnaphthyl imine aggressively shielded a
single axial site.”” Guo and Dai later introduced a rotation-
restricted strategy using rigid benzosuberyl substituents
(Figure 2V), enhancing axial shielding and yielding moderate
MW PEs (M, < 24,000 g mol™!) and high MW PEs when
combined with the “half-sandwich” scaffold.”*~*' Alternatively,
substituents at the 6-position of the pyridine (Figure 2VI)
increased the mol % incorporation of polar monomers, but
occupy the same coordination plane as ethylene and the
growing polymer chain, promoting chain-transfer and the
production of low MW PEs and oligomers. (M, < 1700 g
mol™1).#4

Therefore, we sought to explore the impact of steric bulk on
the substituent on the imino-carbon, commonly referred as
bridging carbon, by introducing a phenyl group as a “rotational
barrier”, which would restrict the aryl imine substituents in
their mobility and increase axial bulk to limit chain-transfer.
Surprisingly, few iminopyridyl Ni complexes have been
designed with substituents other than a hydrogen or methyl
group on the carbon.** Laine et al. varied the bulk with
hydrogen, methyl, and phenyl groups, but the MW was
inconsistent with the steric bulk (Figure 2VII).** Zohuri and
co-workers found that replacing the methyl bridging
substituent with a phenyl group led to a significant decrease
in M, suggesting bulkier bridging carbon substituents
negatively affect polymerization (Figure 2VIII).** Zubris and
co-workers alternatively explored alkyl groups on the bridging
carbon but only produced low MW polymers (M, < 1600 g
mol™") with an ethyl substituent (Figure 21X).*

In this contribution, we disclose the synthesis of an emerging
class of benchtop, air-stable iminopyridyl Ni"" complexes, C1—
C8, which feature an o-tolyl ligand as the carbyl substituent as
the aryl ligand has been found to produce benchtop-stable
bipyridine Ni! complexes.”’ We investigate the significance

and effect of the ion pair for ethylene polymerization, and its
role in tailoring branching characteristics and density of the
produced PE with respect to the reaction conditions. The
complexes are designed with a focus on a rotational barrier
provided by either a methyl or phenyl group on the bridging
carbon and the ortho-substituents on the aryl imine. Various
cocatalysts such as modified-MAO, sodium tetrakis[3,5-
bis(trifluoromethyl) phenyl]borate (NaBArF), silver tetrakis-
[3,5-bis(trifluoromethyl) phenyl]borate (AgBArF), and orga-
noboranes were evaluated for ethylene polymerization.
Furthermore, we demonstrate the use of B(C4Fs); as the
primary cocatalyst for carbyl Ni'' iminopyridyl complexes,
producing active complexes and yielding high MW PE (M, >
100 kg mol™") compared to known nonhalf sandwich and half-
sandwich iminopydridyl complexes.

Density functional theory (DFT) studies support the
establishment of a reversible inner-sphere anion coordination
with CIB(C¢Fs);~, which reduces the overall catalytic activity,
but allows the production of higher MW polymers. Moreover,
the activation of these complexes with B(C4F;); allows for the
study that the substituent on the bridging carbon greatly
influences the polymer MWs through a rotational restriction of
the ortho-substituents on the aryl imine moiety. The chain-
walking behavior leads to controlled branching densities and
short-chain branching distributions, ranging from methyl to
butyl, depending on the reaction temperature (0—80 °C),
producing polymers with diverse macrostructures. DFT studies
also support a proposed mechanistic pathway to elucidate the
underlying chain-walking mechanism. Complex C7 is used to
evaluate the efficacy of the carbyl iminopyridyl Ni complexes
for copolymerization with polar monomers. In addition, a
single catalyst can generate several types of PEs, such as high-
density PE (HDPE), linear low-density PE (LLDPE), and low-
density PE (LDPE) with controlled branching densities,
circumventing the need for copolymerization with a-olefins.
These carbyl Ni" iminopyridyl complexes are competitive
catalysts for olefin polymerization in which not only the MW
but also the microstructure can be tuned by cocatalyst
selection and ligand design, which is desired for a one-
complex/one-monomer catalytic system.

B RESULTS AND DISCUSSION

Design and Development of Carbyl Iminopyridyl
Nickel Catalysts. A series of iminopyridine ligands (L1—L8)
were synthesized using a one-step condensation reaction of the
aniline with the targeted ketone and were isolated in high
yields (Figure 3a).? AS46,4849 Ligands L1, L3, LS, and L7
feature a methyl group on the bridging carbon atom and a
varied steric bulk on the aryl imine moiety, ranging from
isopropyl to benzosuberyl groups, whereas ligands L2, L4, L6,
and L8 have a phenyl group on the bridging carbon. Notably,
the m-xylyl substituents (LS and L6) and the benzosuberyl
substituent (L7 and L8) have only been investigated in
iminopyridyl Pd complexes with a methyl group on the
bridging carbon.”® The complexations were achieved either by
ligand exchange using (PPh;),Ni(o-Tol)Cl or by oxidative
addition with Ni(COD), and 2-chlorotoluene (Figure 3b),
forming iminopyridyl Ni! catalysts C1—C8 in good yields
(66—92% for C1—C7 and 10% for C8, Figure S2). We found
that the more traditional route using Ni(COD), imposed
challenges and resulted in low yielding reactions. In contrast,
the alternative route using ligand exchange between a
commercially available nickel precursor ((PPh;),Ni(o-Tol)ClI)

https://doi.org/10.1021/acscatal.4c02708
ACS Catal. 2024, 14, 13136—-13147
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Figure 3. Synthesis of carbyl iminopyridyl Ni' complexes. (a)
Synthesis of iminopyridine ligands L1-L8. (b) Complexation of
ligands to form Ni" catalysts C1—C8.

and the iminopyridine was more practical for the majority of
the complexes with the exception of C4 and C6 which
achieved higher yields using the Ni(COD), oxidative addition
pathway.

The structures of C1, C3, C4, CS, C7, and C8 were
determined by single-crystal X-ray diffraction, revealing in all
cases square planar geometries (Figure 4). In addition, the
square planar configuration allowed for Ni'! complexes C1-C7
to be fully characterized by '"H NMR and "*C NMR (Figures
$3—520). The topographic steric maps quantify the steric
effect on the metal center imposed by the rotational barrier of
the bridging carbon on the aryl imine substituents.”’ Catalysts
Cl1, C3, CS and C7 illustrate the steric influence provided by
the aryl imine moiety on the blockage of the metal center.
However, the inclusion of the phenyl group on the bridging
carbon atom increases the buried volume percentage to 47.0%
for C4 and 54.5% for C8 compared to their methyl analogues
(45.1% for C3 and 47.6% for C7). These data support our
hypothesis that the substituent on the bridging carbon atom
can introduce a rotational barrier, enhancing the shielding of
the metal center. This is achieved by constraining the rotation
of the ortho-aryl imine substituents, thereby imposing greater
axial bulk and potentially retarding chain-transfer mechanisms.

Air- and Moisture Stability. During the synthesis of the
complex series, we noticed a stability and robustness in
atmospheric environments. Therefore, we thought to conduct
a more detailed study to confirm their benchtop stability.
Complexes C1 and C3 were selected as representative
complexes for air- and moisture stability tests. Here, we
subjected the complexes to open air and were analyzed by 'H
NMR spectroscopy for any signs of degradation. After 3 weeks

c1 c ca

More Bulky More Bulky More Bulky

~——y i |/ i:t
T lessBulky o "7 lLessBulky T Less Bulky
Vo 43.1% Vo 45.1% Vot 47.0%
c5 c7 c8

More Bulky More Bulky More Bulky

Less Bulky Less Bulky T LessBulky

Voo 44.9% Voo 47.6% Vo 54.5%

Figure 4. X-ray structures of carbyl iminopyridyl Ni complexes. Stick
models, steric maps, and Vy,% of C1, C3, C4, CS, C7, and C8.

of taking aliquots, we did not find any decomposition or
degradation of complexes (Figures $150 and S151). A vigorous
moisture sensitivity test was conducted by treating the
complexes with excessive amounts of pure water. The 'H
NMR analysis of the dried crude samples showed a
decomplexation of C1 of only 13.4% and 18% for C3 (Figures
$152 and S153). These studies illustrate the high stability of
the complexes and were therefore referred to as “benchtop”
stable.

Cocatalyst Study. We selected C1 as a model to study the
counterion effect for ethylene polymerization by using various
cocatalysts. Preliminary polymerizations with C1 were
conducted by in situ activation with modified-MAO
(MMAO) and diethylaluminum chloride (Et,AlCI) at 20 °C
(Table 1, entry 1, 2). The MW of the polymers was analyzed
using high-temperature gel permeation chromatography (HT-
GPC) and was found to be 6.5 and 4.0 kg mol ™', respectively.
Although the organoaluminum cocatalysts produced a highly
active species (TOF > 535,700 h™'), the polymerization
reaction resulted in a higher dispersity (P = 2.47 and 2.11) for
the isolated polymers. The in situ activation of C1 with
NaBArF produced PE with higher MW (M, = 8.5 kg mol™},
Table 1, entry 3). However, the catalytic activity was poor
(TOF = 12,900 h™'). We suggest that the sodium cation is
unable to efficiently abstract the halide from the metal center,
leading to lower productivity. The poor activity was addressed
with AgBArF, which produces AgCl with greater lattice energy
than NaCl, implying a stronger halide abstraction.”” Activating
with AgBATrF produced a 12 times more active catalyst (TOF =
162,900 h™"), but reduced the polymer MW to 6.4 kg mol ™
(Table 1, entry 4). Other commonly used cocatalysts, such as
NaBF, and AgPF,, were investigated but were found to
produce no polymer, illustrating the significant impact the ion
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Table 1. Ethylene Polymerization of C1 with Different Cocatalysts”

entry cocatalyst time (min) yield (g) productivity (kg mol™'y; h) TOF (10%)(h™") B/1000C® M,° (kg mol™") b T4 (°C)
1° MMAO (200 equiv) S 3.0 18,000 642.9 27 6.5 247 109.3
2°  EtAICI (200 equiv) s 2.5 15,000 5357 40 40 211 102.7
3 NaBArF (1.2 equiv) 10 0.3 360 12.9 26 8.5 1.98 108.3
AgBAIF (1.2 equiv) 10 38 4560 162.9 kY) 6.4 200 1052
s AgBAIF (12 equiv) 5 32 7680 2743 41 46 2.17 104.6
6 B(C¢Fy); (10 equiv) 10 2.4 2880 102.9 25 114 1.93 108.6

“Conditions: 5 umol of C1, 400 psi ethylene, 45 mL of toluene, 20 °C. “Determined by '"H NMR in D,-tetrachloroethane at 125 °C. “Determined
by GPC in 1,2,4-trichlorobenzene at 160 °C using polystyrene calibration. “Determined by differential scanning calorimetry. “2 pmol of CI.
fncluded 10 equiv of B(C4F;); TOF = Turnover Frequency, M, = Number-Average Molecular Weight, D = Dispersity, T, = Melting

Temperature.

pair has on olefin polymerization. To further enhance catalytic
activity, (B(C4Fs);) was used as an additive, with reports
showing that the organoborane promotes ethylene polymer-
izations with diimine Ni"" catalysts.”> Although the sequential
addition of both B(C4Fs); and AgBArF significantly increased
the activity of C1 (TOF = 274,300 h™'), the MW of the
resulting PE decreased to 4.6 kg mol™' (Table 1, entry 5).
While the dispersity remained consistent when only using
AgBATF, it increased to 2.17 with the addition of B(C4Fs)s.
This increase in dispersity suggested a simultaneous addition
of AgBArF and B(C4Fs); could generate active species with
differing ion pairs. Remarkably, activating C1 with only
B(C4Fs); produced PE with the highest MW for the tested
cocatalysts (M, = 11.4 kg mol™") and exhibited good catalytic
activity and lowest dispersity (TOF = 102,900 h™!, D = 1.93,
Table 1, entry 6). We hypothesized that the B(C4F;); can
abstract the halide and generate the B(C¢F;);-Cl anion. For
instance, Erker and Le Gendre®* showed that BCF selectively
abstracts a chloride from titanecene complexes generating a
frustrated Lewis pair with a B(C¢F;);-Cl anion which has an
inner-sphere coordination. This report motivated us to
investigate if a similar phenomenon occurs with our complexes.
Therefore, a '”F NMR was conducted and a shift in all three
peaks of the fluorenes of B(C¢F;); was observed which implies
the formation of B(C¢Fs);-Cl (Figure S149). Additionally, we
believe that aryl ligand abstraction by B(CF;); is unlikely for
two reasons: Ni(I) halides complexes are not known to initiate
polymerization, and Ni(I) halides tend to dimerize, and such
dimers are very stable and therefore catalytically inactive. For
these reasons, we strongly believe that the B(C4F;); activates
the complex by halide abstraction.

In transition metal polymerization catalysis, it is known that
inner- or outer-sphere ion pairing is attributed to different
catalytic activity of the metal center. During polymerization,
monomer insertion occurs at the open site of the active
catalyst; however this coordination site can be occupied by the
cocatalyst.55 Weakly coordinating anions, such as BArF~,
should prefer outer-sphere ion pairs, facilitating monomer
coordination and higher catalytic activity.® However, this
leads to the more S-CH agostic species, which can lead to
chain-transfer to monomer by B-H elimination and lower
MWs, as observed experimentally with the activation of C1
with AgBArF. Activation with B(C4Fs); produces CIB(C¢Fs);~
as the counterion and more favorably lead to inner-sphere ion
pairs, blocking the vacant coordination site and competing
with monomer coordination and the formation of S-CH
agostic species.'® This inner-sphere coordination would reduce
the overall catalytic activity, but would also lead to a lower
impact of chain-transfer reactions and to higher MW

polymers,”” as observed with the activation of C1 with
B(CgF;);. This study suggests that the use of B(C4F;); for Ni-
catalyzed ethylene polymerization has a profound influence on
the chain-propagation to access high MW polymers via an
inner-sphere ion pair interaction.

DFT Study for Counter lon Interaction. To validate the
above proposition of a stronger inner-sphere interaction for the
CIB(C¢Fs);~ anion, a computational investigation was
conducted. The DFT calculations aimed at elucidating the
structural and energetic differences in the interaction of the
cationic nickel catalyst with the BArF~ and CIB(CF;);~
anions. The ligand was initially simplified to the unsubstituted
pyridine-imine, NC;H,-2-CH=NH, and the PE chain was
truncated to a propyl group, generated by insertion of an
ethylene molecule into the Ni-CH; bond, for a full quantum
mechanical (QM) approach. However, later calculations also
addressed the system with the real ligand (L1) at the QM/MM
level (Figure S, Top). The geometry optimizations were
conducted in the presence of a polarizable continuum with the
permittivity of dichloromethane and thermal corrections were
applied to obtain standard Gibbs energy values in condensed
medium (298 K, 1 mol/L). The cation—anion interaction was
investigated only for the most stable Ni—Pr isomer, namely the
P-agostic complex with the propyl group trans to the pyridine
ring (Figure S140). At the full QM level on the simplified
system, for both anions, the addition with displacement of the
P-agostic CH ligand is exoergic. The addition of ethylene
lowers the Gibbs energy of the system by —12.8 kcal mol ™/,
whereas the anion coordination lowers it by —13.2 kcal mol™
for CIB(C¢Fs);~ and —S.1 kcal mol™" for BArF~ (Figure S,
Bottom). The coordination site left open by dissociation of the
propyl C—H function is saturated by interaction with a Cl lone
pair for the former anion and an F lone pair for the latter one.
The suitability of the QM/MM approach was first tested by
reoptimizing handling the three noninteracting C4H;-3,5-
(CF;), groups of the BArF anion at the molecular mechanics
level, yielding comparable stabilization (—5.5 vs —S.1 kcal
mol™") and metric parameters (Figure S141). The results of
the QM/MM calculations for the model system with ligand L1
are shown in Figure S. Views of the optimized molecules are in
Figure S143.

The greater stabilization associated with the CIB(C4F;);~
coordination is obviously related to the greater donor power of
the Cl lone pair in the B—ClI bond, relative to the F lone pair in
the C—F bond of the BArF™ anion. In the structure of the
[Ni(NC,H,CHNH)(Pr)]*CIB(C¢Fs);~ adduct, the Ni—Cl
distance (2.250 A) is slightly longer than in the optimized
[Ni(NC;H,CHNH)(Pr)Cl] complex (2.225 A, a lengthening
by only 0.025 A), but the B—Cl distance (2.255 A) is much
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Figure 5. Cation—anion ion pair interaction with Cl1. Top:
Interaction between the [Ni(NC;H,CRNX)(Pr)]* cation (center)
and the BArF~ and CIB(C4F;s);™ anions (left) and ethylene monomer
(right). Bottom: Gibbs energy profile (values in kcal mol™") for the
(a) simplified ligand (X = R = H) at the full QM level; (b) ligand L1
(X = Dipp, R = Me) at the QM/MM level (the Dipp substituent in
the cation, the three C4F; groups in the CI-BCF anion and the three
noninteracting C¢H;-3,5-(CF;), groups in the BArF anion were
treated at the MM level).

longer than in the free CIB(C(Fs);~ anion (2.003 A, a
lengthening by 0.252 A)*® For the QM/MM calculation on
[Ni(NCsH,CMeNDipp)(Pr)]*CIB(C4Fs);~, the correspond-
ing distances are 2.264 A (Ni—Cl) and 2.695 vs 2.135 A for
B—Cl in the adduct and free CIB(C¢Fs);” anion, respectively
(Figure S143). Furthermore, the B atom is pyramidalized (sum
of the three CBC angles = 350.7° in the QM model, 353.2° in
the QM/MM L1 model) to a much lesser extent than in the
free CIB(C4Fs);~ anion (QM: 340.8°; QM/MM: 341.0°),
whereas the neutral B(C¢F;); Lewis acid has a planar B atom
(360°). These structural parameters suggest that the Ni—CI-B

bonding is better considered as a weak dative interaction from
the Cl ligand in the neutral [Ni(NC;H,CHNH)(Pr)Cl]
complex to the B atom in_the B(CgFs); Lewis acid (Ni—Cl
— B), rather than as a NiCl-B dative interaction from the
CIB(C¢Fs);~ anion to the [Ni(NC,H,CHNH)(Pr)]* cation.
The Gibbs energy of the [Ni(NC;H,CHNH)(Pr)Cl] +
B(C¢Fs); system is —12.2 kcal mol™ relative to the f-agostic
[Ni(NC;H,CHNH)(Pr)]* cation + CIB(C4Fs);~ anion,
namely only +1.0 kcal mol™ relative to the inner-sphere ion
pair (Figure S142). Thus, according to these calculations, the
Lewis acid—base interaction between [Ni(NC;H,CHNH)-
(Pr)Cl] and B(C(Fs), is weak but can furnish the S-agostic
alkyl complex as a kinetically competent intermediate and then
the ethylene adduct can form rather easily. In the structure of
the inner-sphere [Ni(NC;H,CRNX)(Pr)]*BArF~ ion pairs
(QM: X = R = H; QM/MM; R = Me, X = Dipp), the Ni—F
distance is 2.082 (QM) or 2.091 (QM/MM) A and the C—F
distance of the Ni-coordinated CF bond is 1.432 (QM) or
1429 (QM/MM) A, whereas all other noninteracting CF
bonds are a bit shorter (QM: 1.35—1.36 A; QM/MM: 1.382—
1.384 A), attesting the non-negligible effect of the F — Ni
interaction on the C—F bond. Comparison of the energetic
parameters for the simplified system (full QM, Figure S,
Bottom a) and for the better L1 model (QM/MM, Figure S,
Bottom b) suggests that the steric effect of the Dipp
substituent plays an important role particularly on the
monomer coordination and on the coordination of the bulkier
BArF~ anion, whereas it has a very minor destabilizing effect
on the addition of the CIB(C¢F;);~ anion.

In conclusion, the B(CF;); Lewis acid is able to activate the
Ni—Cl bond to remove the chloride ion from the nickel
coordination sphere, but the cation interaction with CIB-
(C4Fs);~ competes efficiently with the ethylene coordination,
whereas the BArF~ anion has essentially no retardation effect.
The inner-sphere [Ni(NC;H,CMeNDipp)(Pr)]*CIB(C4Fs);~
ion pair, better described as a [Ni(NC;H,CMeNDipp)(Pr)-
(Cl)]--B(C4Fs); Lewis acid—base adduct, is predicted to be
the resting state of the propagation process, rather than the
outer-sphere [Ni(NC;H,CMeNDipp)(Pr)(C,H,)]*CIB-
(C¢Fs);~ ion pair, and the energy span of the propagation
process is greater, resulting in a slower polymerization.’

Ethylene Polymerization Study with C1-C8. Since
B(C4Fs); has been found to be an exceptional activator for this
system yielding higher MW materials, we sought to investigate
the substituent effect using B(C4Fs); for all iminopyridyl
complexes. Ethylene polymerizations were conducted at 20 °C
with 400 psi of ethylene pressure, yielding the results

Table 2. Ethylene Polymerization of C1—-C8 at 20 °C“

entry catalyst time (min) yield (g) productivity (kg mol™'y; h)

1° C1 10 2.4 2880

2 C3 10 1.7 1020

3 Cs 10 1.6 960

4 Cc7 10 0.8 480

5¢ C2 60 1.5 300

6 C4 60 0.9 90

7 Cé 60 1.2 120

8 C8 180 0.5 167

TOF (10%)(h™")  B/1000C® M, (kg mol™') o T, % (°C)

102.9 25 11.4 1.93 108.6

36.4 30 7.8 1.94 101.0

34.3 37 11.7 1.97 99.7

16.8 26 153.7 1.77 101.5

10.7 36 6.9 1.92 102.1

32 49 23.8 1.75 112.0

43 45 37.0 1.62 82.9

0.6 42 713 2.06 91.5

“Conditions: 10 ymol of Ni catalyst, 10 equiv of B(C¢Fs)3, 400 psi ethylene, 45 mL of toluene. “Determined by 'H NMR in D,-tetrachloroethane
at 125 °C. “Determined by GPC in 1,2,4-trichlorobenzene at 160 °C using polystyrene calibration. ?Determined by differential scanning
calorimetry. °S ymol of Ni. TOF = Turnover Frequency, M,, = Number-Average Molecular Weight, D = Dispersity, T, = Melting Temperature.
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Table 3. Ethylene/Polar Monomer Copolymerization of C7

entry monomer (M) temp. (°C) yield (g) TOF (10%)(h7") B/1000C® M. °© (kg mol™) b incorp.b (mol %) T, (°C) ng (°C)
1° 40 32 114 57 111.6 1.71 68.7 —36.0
2 VTEoS [0.5] 40 0.8 0.7 52 66.3 1.60 3.1 56.2 =55.0
3 VTEoS [0.5] 60 12 2.1 69 33.0 1.68 46 272 —64.7
4 VTEoS [1.0] 40 0.45 0.4 S50 48.1 1.79 5.9 46.8 —63.6
€ MA[0.1] 40 0.15 0.06 61 55.6 1.57 0.34 73.1 -392
6% MA [0.1] 60 0.3 0.1 83 35.8 1.66 22 26.4 -51.9
7% VAc [0.25] 60 0.5 0.2 78 53.3 1.65 0.26 46.9 —49.8

“Conditions: 20 ymol of C7, 1.2 equiv of AgBArF, 400 psi ethylene, 45 mL of toluene, 120 min. Determmed by "H NMR in D,-tetrachloroethane
at 125 °C. “Determined by GPC in 1,2,4-trichlorobenzene at 160 °C using polystyrene calibration. “Determined by differential scanning
calorimetry. °10 gmol of C7, 60 min.”10 umol of C7 £240 min. [M] = molar concentration, TOF = Turnover Frequency, M,, = Number- -Average
Molecular Weight, D = Dispersity, T,, = Melting Temperature, VTEoS = vinyltriethoxysilane, MA = methyl acrylate, VAc = vinyl acetate.

Table 4. Ethylene Polymerization of C1 at 0—80 °C“

branching distribution (%)

tem time  yield productlvlty TOF M’ T’
entry (°C (min)  (g) (kg mol ) (10)(h™") (kgmol™) P® (°C) B/1000C® Me Et Pr Bu Am ILg
1 0 30 L1 440 15.7 65.1 165 1278 S 100 0 0 0 0 0
2 20 10 2.4 2880 102.9 114 193 1086 25 943 35 22 0 0 0
3 40 10 1.8 2160 77.1 37 1.66 644  56(46)° 800 47 29 26 21 76
4 60 10 22 2640 94.3 2.0 1.51 93  95(72)° 740 62 41 26 34 97
s 80 10 0.7 840 30.0 1.0 174 —236 127(81)° 664 7.5 45 28 66 121

“Conditions: S ymol of Ni catalyst, 10 equiv of B(C¢Fs);, 400 psi ethylene, 45 mL of toluene ’Determined by GPC in 1,2,4-trichlorobenzene at
160 °C using polystyrene calibration. “Determined by differential scanning calorimetry. “Determined by 'H NMR in D,-tetrachloroethane at 125
°C. “Branching density corrected for saturated end groups. /Determined by '*C NMR in D,-tetrachloroethane at 125 °C. Percentages of branch
length determined from relative intensity ratios of methyl (1B,, 1B,, 1B;), methylene (2B,, 3B;) or methine (brB,,) signals of the respective

branch. TOF = Turnover Frequency, M,, = Number-Average Molecular Weight, D = Dispersity, T,, = Melting Temperature, Me = Methyl, Et =

n

Ethyl, Pr = Propyl, Bu = Butyl, Am = Amyl, Lg = Large.

m

summarized in Table 2. Complexes with the methyl group on
the bridging carbon atom (C1, C3, CS, and C7) highlight the
effect of increasing the steric bulk on the aryl imine moiety. No
significant difference in MWs was observed for the polymers
produced by C1, C3 and C5 (M, = 114, 7.8, and 11.7 kg
mol™"), in line with the marginal increase of the calculated
V' %. Although the V3, ,% increases to only 47.6% in C7, the
polymers produced have the highest MWs of the methyl
bridging carbon series (M, = 153.7 kg mol™') with lower
dispersity (D = 1.77) at 20 °C. This is over 10 times higher
than any previously tested complex with a methyl-substituted
carbon bridging and S times higher than similar catalysts
activated with organoaluminum (Table 2, entry 4).*" The data
suggests that the benzosuberyl ligand provides a rigid steric
environment that orients the aryl moiety closed to the metal
center and further supports the hypothesis that higher MW
materials can also be achieved with a more rigid ligand design.

Complexes with the phenyl group on the bridging carbon
(C2, C4, C6, and C8) should increase the rotational restriction
of the aryl imine substituents. C2 exhibited low catalytic
activity (TOF = 10,700 h™") and lower in MW (M, = 6.9 kg
mol™') compared with C1. Surprisingly, C4 exhibited a
completely different result and was able to produce PE with
MW more than triple compared to C3 (M, = 23.8 kg mol™")
(Table 2, entry 6). The polymerization results of C4 supported
our hypothesis that the phenyl substituent on the bridging
carbon atom acts as a rotational barrier and is key for
producing higher MW polymers. Like C4, C6 produced much
higher MW PE (M, = 37.0 kg mol™") with lower dispersity
(Table 2, entry 7) and further confirmed our hypothesis, where
bulkier bridging carbon substituents can provide higher
shielding to the metal center. As for C2, the isopropyl group
is not bulky enough even with the phenyl group acting as a
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rotational barrier, thus resulting in low MW PEs. Synthetic
challenges in preparing pure and isomer-free ligands, low
complexation, and turnover yields, classified C8 as a complex
with undesirable properties. The data suggests that emphasis
on the design of ligands with a rotational barrier provided by
the bridging carbon atom substituent may be more eftective at
producing higher MW polymers.

Copolymerization. The copolymerization of ethylene with
a small percent incorporation of polar monomers (2—S mol %)
can introduce functionalities that combine the high strength
and durability of PE with improved chemical resistance,
adhesion, polarity, and mechanical properties. Numerous Ni
complexes have been reported for the copolymerization of
ethylene with polar monomers, utilizing various ligands such as
a-diimine, phosphine-sulfonate, salicylaldimine, and N-hetero-
cyclic carbene, among others.”” However, iminopyridine
ligands have predominantly been reported for ethylene
copolymerization in the form of Pd complexes, capable of
producing copolymers with both high molecular weights and
percentages of methyl acrylate (MA) and acrylic acid
incorporation.*”**%*®! In comparison, dihalide iminopyridyl
Ni" complexes can only produce low MW copolymers with
moderate MA incorporation (4.8 kg mol™" with 2.4 mol %).*"
We selected C7 for ethylene/polar monomer copolymerization
as the complex can produce high MW PE at ambient
conditions. Interestingly, C7 produced ethylene/MA copoly-
mers (Table 3, entries S and 6) with higher MW (35.8 kg
mol™") and 2.2 mol % incorporation. Additionally, we tested
vinyltriethoxysilane (VIEoS) and vinyl acetate (VAc), which
have never been reported as comonomers for iminopyridyl Ni"!
complexes. With 0.5 M VTEoS loading, C7 produced
copolymer with moderate MW (66.3 kg mol™) and 3 mol
% incorporation (Table 3, entry 2). Increasing the loading to
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Figure 6. Mechanism and Gibbs energy diagram for chain-walking mechanism. (a) Chain-walking and propagation mechanism with Gibbs energies
for reaction temperatures from 0 to 80 °C. (b) Free energy diagram for chain-walking and propagation for C1 calculated from DFT at 60 °C. TS:
transition state; BHE: f-hydride elimination; RI: reinsertion; MC: monomer coordination.

1.0 M nearly doubled the mol % incorporation with a slight
decrease in MW to 48.1 kg mol™" (Table 3, entry 4). For
copolymerization with VAc, C7 produced copolymers with
MWs of 53.3 kg mol ™ and incorporation of 0.26 mol % (Table
3, entry 7).

Branching Density and Distribution. To confirm the
thermal stability of the carbyl complexes, C1 was assessed at

13143

reaction temperatures ranging from 0 to 80 °C. The complex is
still highly active in polymerization reactions up to 60 °C,
which is indicative of good thermal stability (TOF = 94,300
h™"). However, at 80 °C, the activity dramatically decreases to
30,000 h™" which suggests catalyst degradation. We observed
that the MW of PEs from Cl1 is highly dependent on the
reaction temperature. With decreasing temperatures, the MW
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of PEs increased to 65.1 kg mol™" at 0 °C (Table 4, entry 1).
Only oligomers were generated at temperatures above 40 °C
(Table 4, entry 4, 5). A similar trend was observed in the
iminopyridyl Ni"" catalysts C2—C7, with C4 producing high
MW polymers at 0 °C (M, = 164.6 kg mol™") and 5.6 kg mol™*
at 60 °C with the addition of the rotational barrier provided by
the bridging carbon (Table S1).

Surprisingly, the branching density of PEs obtained from C1
exhibited a linear relationship with respect to the reaction
temperature under high pressure conditions where chain-
walking should be suppressed (Figure S1).” '"H NMR and
differential scanning calorimetry (DSC) showed that the PEs
obtained from C1 at 0 °C had 5 branches/1000 carbon atoms
and a T, of 127.8 °C, classifying the polymer as HDPE. At 20
°C, the branching density increased to 25 branches/1000
carbon atoms and a decrease in T, to 108.6 °C, characteristic
of LLDPE. A wax-like LLDPE was obtained at 40 °C, with a
branching density of 56 branches/1000 carbon atoms and a T,
of 64.4 °C. An LDPE-like material was generated at 60 °C with
a branching density of 95 branches/1000 carbon atoms and a
T, of 9.3 °C, and an oligomeric oil was formed at 80 °C
(Table 3, entries 1—5). A similar linear branching trend was
observed with complexes C2—C7 in the same reaction
temperature range. For example, C4 ranged from 18
branches/1000 carbon atoms at 0 °C to 104 branches/1000
carbon atoms at 60 °C. We suggest that the unique control of
the branching density exhibited by the carbyl Ni'! complexes is
influenced by the iminopyridine ligand in combination with
the inner-sphere organoboron/Ni ion pair and reaction
temperature. In comparison to “half-sandwich” iminopyridyl
Ni"' complexes, their branching density is limited to a range of
79 to 125 branches/1000 carbon atoms at 25 and 70 °C.°* In
summary, a single catalyst can produce several types of PEs
with broad branching densities. This versatility is achieved
without the need for expensive comonomers, making it highly
desirable in polyolefin syntheses and processes. We point out
that it is unusual for these complexes to produce a wide variety
of PE at high pressures, where chain-walking should be
retarded.

The ability to produce a wide range of branching densities
resulted in the production of diverse materials and prompted
further investigation into their unique microstructures. The
material properties of the PE suggest a branching micro-
structure commonly achieved through a-olefin copolymeriza-
tion, which introduces short-chain branches (SCBs). It has
been understood that the controlled incorporation of SCBs,
where the branch length is S carbon atoms or less, can
dramatically impact the mechanical properties of PE.**
Therefore, the analysis of the branching microstructure of
polymers produced by C1 under high ethylene pressure was
conducted using quantitative '*C NMR sﬁpectroscopy (Figures
$58—863) and is included in Table 4.°%%°

At 0 °C, only methyl branches are observed. Increasing the
temperature to 20 °C induces the incorporation of ethyl, and
propyl branches. Additional ethyl and propyl branches were
observed in the polymer at 40 °C, with butyl, amyl, and long-
chain branches (LCBs) being detected. At 60 and 80 °C,
incorporation of short- and long-chain branches gradually
increased at the expense of methyl branches. Current imine-
chelated Ni"" complexes must utilize low pressure conditions
and/or elaborate ligand designs to 7promote chain-walking and
tailor the polymer microstructure.””®® However, this strategy is
not effective as the incorporation of SCBs is negligible. Since

our system produces SCBs under high pressure conditions and
is not supported by established mechanistic understandings, we
sought to further investigate the underlying chain-walking
mechanism through computational studies. Therefore, addi-
tional DFT calculations were conducted for C1 with respect to
temperatures ranging from 0 to 80 °C.

DFT Calculations for Chain-Walking Mechanism. The
polymerization is modeled from the -CH agostic species 1,
the resting state, with a propagating polymer chain (Figure
S144). The metal can either chain-walk across the polymer or
produce branches at key intermediates 1, 3, §, 7, 9, and 11 via
ethylene coordination (Figure 6a). The Gibbs energy profile at
60 °C serves as a representative data set to discuss the
branching distribution and free energies (Figure 6b). The
remaining Gibbs energy profiles are included as Figures S145—
S148. From these profiles, it can be determined that higher
reaction temperatures enable the gradual incorporation of
longer branches due to increased thermal energy (k,T), which
is consistent with the branching distribution reported in Table
3. The first pathway is a coordination/insertion of ethylene to
produce a linear polymer (Linear), where monomer
coordination must overcome an energy barrier (TS;mc) of
16.3 kcal mol™' and is exergonic by 3.9 kcal mol™.
Alternatively, the agostic species 1 can undergo f-hydride
elimination (TS,gye) to form the olefin z-complex 2, with an
energy barrier of 12.2 kcal mol™". This complex can then
undergo 2,1-reinsertion (TS,3p;), with an energy barrier of S.1
kcal mol™!, generating in the new B-CH agostic species 3, a
process exergonic by —12.6 kcal mol™' and more favorable
than direct ethylene coordination—insertion by 4.7 kcal mol™".
Species 3 can again either undergo monomer coordination
(TS;mc) with an energy barrier of 8.1 kcal mol™ to produce a
methyl branch (Methyl) or S-hydride elimination (TS,pyg) for
further chain-walking. However, with a 13.0 kcal mol™" energy
barrier for chain-walking, methyl branch formation is more
favorable, and is the predominant branch experimentally
observed at all temperatures.

Once the agostic species 3 crosses the barrier TS, pyy, it
forms olefin #-complex 4, which can undergo 3,2-reinsertion
(TS4sp;) with a minimal barrier of only 3.0 kcal mol™,
resulting in the S-CH agostic complex § in an exergonic step
(—6.1 kcal mol™"). Following the formation of complex §, f3-
elimination must overcome a barrier of 23.2 kcal mol™
(TSepup)- In contrast, the barrier for ethylene insertion to
produce ethyl branched (Ethyl) is significantly lower at 5.2
kcal mol™" (TSgyc) and occurs in a mildly exergonic step
(—0.3 kcal mol™"). After f-elimination from complex 5, the
subsequent reinsertion step is barrierless for all reaction
temperatures, leading to the spontaneous formation of f-CH
agostic complex 7. The overall chain-walking step from § to 7
is endergonic by 5.3 kcal mol™". The large energy barrier from
S to 7 confirms the preference for higher precent incorporation
of ethyl branches over propyl branches across all reaction
temperatures. From complex 7, the barrier for propyl branch
formation (TS;yc) is 6.5 kcal mol™!, which is slightly lower
than the barrier of 9.2 kcal mol™' (TSgpyg) for S-elimination
leading to complex 8, which then spontaneously converts to
complex 9 at temperatures above 40 °C. Following this, f-
elimination to olefin 7-complex 10, followed by the 6,5-
reinsertion to B-CH agostic complex 11 is the precursor to
form amyl branches. The f-elimination step is endergonic by
13.0 kcal mol™" with an activation barrier of 16.6 kcal mol™*
(TS opup), yet the reinsertion step is exergonic and
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thermodynamically favorable. Although the high activation
barrier value of 22.3 kcal mol™ for reinsertion (TS;o;r1)
suggests a low amount of amyl branches, reactions above 60 °C
have greater percent incorporation (Table 3, entries 3—5) due
to the increase in the total thermal energy in the system. This
increase in thermal energy subsequently also produces larger
chain branches (Lg).

B CONCLUSIONS

In this work, benchtop-stable iminopyridyl Ni(II) complexes
were prepared bearing an o-tolyl carbyl substituent which
allows for the study of the effect that ion pairs have on olefin
polymerization. Early transition metal complexes demonstrate
the importance of the counterion in controlling polyolefin
microstructures, but the influence and impact of counterion
effects in late transition complexes, specifically for [N,N]-
chelated Ni"" complexes have been largely unexplored, due to
the absence of a suitable thermodynamically stable complexes.
We demonstrated that the well-defined, inner-sphere CIB-
(C¢Fs);~ counterion provides an altered resting state for
propagation, inhibiting key intermediates responsible for chain-
walking and chain-termination, thus producing higher MW PE
with controlled short-chain branching distributions. This
branching control provided materials with properties com-
parable to HDPE, LLDPE, and LDPE. Additionally, we
demonstrated that the substituents on the bridging carbon can
act as a rotational barrier imposing more axial bulk around the
metal center which favors chain-propagation. This emphasizes
the importance of substituent placement on the bridging
carbon moiety, instead of the more traditional ligand design
focusing on the aryl imine. We anticipate that this study will
invigorate the exploration of a broader scope of activators and
inner-sphere counterions with the extensive iminopyridine or
related diimine ligand catalog for the synthesis of polyolefins
with tailored branching characteristics and properties.
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