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The Brookhart-type a-diimine nickel and palladium catalysts are one of the most examined systems in the

field of olefin polymerization. Even after more than twenty years of extensive research, they continue to

attract a lot of attention. In addition to their ease of synthesis and structural versatility, the chain walking

capability and great polar group tolerance represent some of their most fascinating features. Followed by

some brief descriptions of the chain walking mechanism, this review summarizes some recent advances

in a-diimine ligand modifications. Specifically, it is categorized into three aspects: modifications of N-aryl
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substituents, modifications of ligand backbone structures, and the utilization of dinucleating ligands.
Influences of steric and electronic effects on catalytic properties are demonstrated. Some recent develop-
ments in copolymerizations of olefins with polar comonomers to produce functionalized polyolefin

1. Introduction

Polyolefins have been playing pivotal roles in the polymer
industry as well as in our daily lives." After two decades of
research, late-transition metal catalysts based on Ni and Pd for
olefin polymerization have received extensive attention owing
to their low oxophilicity, and correspondingly the potential in
copolymerizing olefins with polar comonomers.>” Specifically,
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the seminal studies by Brookhart and co-workers on the dis-
covery of cationic a-diimine-based Ni and Pd catalysts (Fig. 1)
really marked the start of this new era in olefin polymerization
studies.”® Branched polyolefins are generally produced by
early transition metal catalyzed ethylene copolymerization
with a-olefins. In contrast, this type of catalyst (C1la and C1b)
can produce branched polyolefins using only ethylene as the
feedstock. This is achieved through their characteristic chain
walking process, which has been extensively studied both
experimentally and theoretically.>® More importantly, the
palladium catalysts are able to copolymerize olefins with polar
comonomers to afford copolymers containing functional
groups without the pre-protection of the polar groups.””®

Recently, phosphine-containing palladium catalysts have
emerged as powerful alternatives for ethylene copolymeriza-
tion with polar comonomers.”>' Some of these catalysts pos-
sessed comparably even better properties than a-diimine palla-
dium catalysts in copolymerization reactions. However, the
Brookhart-type a-diimine-based precatalysts continue to be of
great research interest for the reasons that include: (i) the ease
of synthesis for both the ligands and the metal complexes, (ii)
the versatility of the ligand structures, (iii) the ability to tune
the polymer microstructures such as branching and topolo-
gies, etc.>”> As a matter of fact, it is truly amazing that great
efforts are still being made nowadays concerning Brookhart
catalysts from all around the world, even after twenty years of
intensive research.

Over the past few years, there have been numerous review
articles concerning a-diimine Ni and Pd catalysts, with aspects
including the chain walking mechanism, ligand structures,
different monomers, and polymer properties.”> > However,
there have been some major advances recently concerning
catalyst developments,*® which allowed far greater control over
the polymerization process as well as polymer microstructures.
Most importantly, the suitable polar monomer substrate scope
has been significantly expanded through these catalyst devel-
opments. Here we will summarize some of the advances in
a-diimine ligand developments since 2013, as well as some
new and challenging monomers that this class of catalysts can
address through these ligand improvements. First, the chain
walking mechanism is briefly discussed for readers who are
not familiar with this field. The a-diimine ligand family has
continued to grow rapidly. It seems that this is only limited by
the chemists’ imagination and their synthesis capabilities. We
do not intend to provide a comprehensive review of all the
a-diimine ligands in this field. Instead, only selected examples
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Fig. 1 Brookhart's Ni and Pd a-diimine-based precatalysts.*>
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in recent years will be discussed. Special attention is paid to
the cases with unique catalytic properties. Finally, a-diimine
Ni and Pd mediated copolymerization of olefins with polar
comonomers will be described. The polar monomer substrate
scope with Brookhart type catalysts has been greatly expanded
in recent years; much of the success has been enabled through
ligand modifications.

2. Chain walking mechanism

2.1. Chain walking ethylene polymerization

In ethylene polymerization, these Brookhart catalysts demon-
strated good thermal stability and high activities to yield high
molecular weight polyolefins with unique branched structures
because of the chain walking process. Fink and co-workers®*
originally presented a possible chain walking mechanism
which was subsequently developed by Brookhart and co-
workers.”® Scheme 1 shows the mechanism of insertion and
chain walking for ethylene polymerization. The chain propa-
gation, chain transfer, and chain walking or isomerization are
the major steps. During controlled chain walking polymeriz-
ation, the cationic metal center migrated along the polymer
backbone through a rapid B-H elimination reaction and
reinsertion with opposite regio-chemistry. This can occur
many times before ethylene trapping. Subsequently, methyl
and longer chain branches were generated from ethylene trap-
ping and insertion of the secondary metal-alky species. As
such, alkyl chains included Me, Et, n-Pr, n-Bu, and sec-Bu
branches and longer chains can be generated in ethylene
polymerization.>??

Recently, Gao and co-workers have proposed a different
mechanistic model for the a-diimine Ni catalyzed ethylene
chain walking process.>® One-step chain walking followed by
ethylene insertion gives a methyl branch. Meanwhile, long-
chain branching (LCB) is obtained by ethylene insertion into
the primary Ni-alkyl species originating from nickel migration
to the methyl terminal, because of restricted ethylene insertion
into the secondary Ni-alkyl species with an a-ethyl or a bulkier
alkyl.

Different ligand backbone structures and their N-aryl sub-
stituents (Scheme 2) can provide various coordination environ-

longer branches
further chain-walking

chain propagation chain-walking
P P
N P > + P +\P +
(S | iy T T i = i
N/+77 H H SH H
M = Ni and Pd Z Z \ z \
P = polymer P
L = NN = diimine ligand
9 LI\7I>} +NP G LP uG)\/
H 7 7

chain transfer ins_l ins.l

methyl branch ethyl branch

Scheme 1 Mechanism of chain walking ethylene polymerization.
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Scheme 2 Influence of the chain walking process by ligand structures
and polymerization conditions.

ments and electronic and steric influences over the metal
center, which correspondingly modulate the chain walking be-
havior and control the polymer microstructures.®?” For
example, it has been demonstrated that the substituents on
the backbone of a-diimine ligands can significantly influence
the molecular weights and branching densities of the poly-
ethylene products.®®**? The ligand electronic effect is also
highly important.**** For example, Guan and co-workers
showed that the electron withdrawing substituent can increase
the electrophilicity of the metal center, which favors chain
propagation to yield higher molecular weight polyethylenes
(PEs).*® Furthermore, polymer topology can be controlled via
polymerization conditions (Scheme 2).5?° For example, Guan
and co-workers demonstrated that polyethylene topology can
be changed from a hyperbranched structure at low ethylene
pressures to a relatively linear structure at high pressures.’”**
Interestingly, Long and co-workers have recently demonstrated
that the polyethylene microstructure can be tuned by visible
light irradiation.*

2.2. Chain walking o-olefin polymerization

The mechanism for chain walking a-olefin polymerization is
outlined in Scheme 3.®* Consecutive 1,2-insertion of
a-olefins gives an n-alkyl (C,,) branch, while 1,2-insertion fol-
lowed by chain walking and insertion gives a methyl branch
(w,2-enchainment).*® In contrast, 2,1-insertion and complete
chain walking lead to chain-straightening with the formation
of a long methylene sequence (w,1-enchainment).** Coates
and co-workers have recently revised and updated the mechan-
istic picture of o-olefin insertion pathways to analyze and
explain the overall branching microstructure (Scheme 3).*® The
3C NMR analyses of poly(a-olefins) produced from monomers
with '*C-labeled carbons showed 2,1- or 1,2-insertion from the
primary chain end position (1°), the penultimate chain end
position (2p°), secondary positions on the polymer backbone
(2°), and previously installed methyl groups (1m°). Therefore,
various branched polyolefins containing methyl, different alkyl
branches and long methylene sequences can be obtained.*®*
In a similar situation to ethylene polymerization, the chain
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walking process is influenced by ligand structures and
polymerization conditions.

Living a-olefin polymerization is an important technique to
obtain predictable polymer molecular weights as well as block
copolymers.” In addition, the control of the chain walking
process to achieved regio- and stereo-selectivity in a-olefin
polymerization represents a great challenge.**”>* Coates and
co-workers reported living polymerization of propylene and
higher a-olefins catalyzed by a C,-symmetric chiral sec-phe-
nethyl substituted o-diimine nickel complex.’®®" The regio-
selectivity of these catalysts varied significantly with reaction
temperatures: regioregular polypropylene (PP) with a high iso-
tactic content was generated at —60 °C, but regioirregular PP
was formed at elevated temperature.®® Therefore, regio-block
PP can be generated by changing the polymerization tempera-
ture. Guan and co-workers showed that some cyclophane
a-diimine nickel catalysts can realize living propylene polymer-
ization at 50-75 °C.>*7® Recently, Coates and co-workers have
a-diimine-nickel complexes catalyzed
1-butene polymerization in a stereo-retentive fashion to yield
semicrystalline polyolefin, i.e., poly(1-propylpentan-1,5-diyl).>*

demonstrated that

3. Modified Brookhart-type a-diimine
catalysts

Ligand structures are crucial in determining the properties of
Brookhart catalysts. Significant advances have been made in
the design and modifications of the ligand backbones and the
N-aryl substituents.>**® 1t is well established that bulky N,N-
diaryl-substituents were required to enable high stability, high
activity, high polymer molecular weights and high melting
temperatures (Ty,). In this section, we categorize the studies on
ligand modifications into three classes: (1) modifications of
the N-aryl substituents (Fig. 2-14), (2) modifications of the
ligand backbone (Fig. 15-17), and (3) utilization of dinucleat-
ing ligands (Fig. 18-21).

This journal is © The Royal Society of Chemistry 2019
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3.1. Modifications of the N-aryl substituents

In 2013, Long and co-workers reported studies of some cat-
ionic ortho-dibenzhydryl substituted o-diimine nickel com-
plexes C2 (Fig. 2).”’7>° These complexes displayed remarkable
thermal stability, maintaining high activity of up to 2.85 x 10°
g PE (mol Ni h)™" (100 °C, 10 min).”” In addition, moderately
branched polyethylenes (63-75 branches/1000 C) with high M,

Polym. Chem., 2019, 10, 2354-2369 | 2357
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Fig. 13 Structure of N-aryl a-diimine Ni- and Pd-based catalysts.®6~8

values (>6 x 10° ¢ mol™") and narrow polydispersities (M,,/M,
< 1.31) were generated. This type of catalyst showed the charac-
teristics of living polymerization even at 75 °C. It is well known
that sterically bulky substituents in a-diimine systems can
improve catalyst stability and polymer molecular weights.
However, the great performances of catalysts C2 exceeded
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plexes with a bulky bridged backbone °>~11

general expectations, and inspired numerous research groups
to further study related ligands and catalysts.

Because of the sterically bulky nature, it is quite challen-
ging to prepare these a-diimine ligands. In the initial reports,
quite low yields (ca. 10%) were reported for the ligand
synthesis.””>° In 2015, Chen and co-workers developed a
modified procedure, which can synthesize this type of ligand
at yields of above 90%.%°° Utilizing the modified procedure,
some ligands containing either electron-donating or electro-
withdrawing groups (OMe, Me, Cl and CF3) were prepared. The
corresponding o-diimine palladium catalysts C3 (Fig. 2) dis-

This journal is © The Royal Society of Chemistry 2019
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naphthalene- and biphenylene-bridged dinuclear
120,121

played high thermal stability, high activities of up to 3.2 x 10°
g PE (mol Pd h)™" (60 °C, 15 min), and high polymer M,, (up to
538 000) in ethylene polymerization. More interestingly, semi-
crystalline low-density branched (23-29/1000 C) PEs with high
Tm of up to 99 °C were obtained. Semicrystalline ethylene/
methyl acrylate copolymers can also be generated through
copolymerizations. This represents a very unique property for
these and subsequently developed diarylhydryl based

This journal is © The Royal Society of Chemistry 2019
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a-diimine palladium precatalysts. The majority of the pre-
viously reported a-diimine based palladium precatalysts led to
the formation of highly branched (usually >80/1000 C) poly-
ethylenes or copolymers. As such, totally amorphous polymeric
materials with very poor mechanical properties were obtained.
The ability to suppress the chain walking process and produce
semicrystalline polar functionalized polyolefins is highly
fascinating.

Subsequently, the polyethylene branching density can be
further lowered to 6/1000 C by two ortho-diarylhydryl-based
a-diimine palladium catalysts C4a and C4b (Fig. 2) containing
naphthalene or (benzo)thiophene groups.®™®> Most impor-
tantly, very high-molecular-weight polar functionalized copoly-
mers possessing relatively linear microstructures and high 7,
values were directly synthesized by copolymerization of ethyl-
ene with polar monomers. The ligand electronic effect was
investigated in a class of dibenzhydryl-ligated nickel a-diimine
catalysts C5a and C6 (Fig. 3).°> The CF;-substituted nickel cata-
lyst displayed exceptionally high thermal stability and catalytic
activity at elevated polymerization temperatures. The corres-
ponding sterically hindered di(4-X-phenyl)methyl-ligated ace-
naphthene-nickel catalysts C5b (Fig. 3) possessing different X
substituents (OMe, Me, ‘Bu and Ph) were also synthesized.®*
All of these catalysts were highly catalytically active at the level
of 10° g PE (mol Ni h)™" toward ethylene polymerization, and
yielded semicrystalline polyethylenes with M, values larger
than one million. In addition, these catalytic systems main-
tained high catalytic activity and high M,, values at tempera-
tures of up to 100 °C.

Based on these studies, Chen and co-workers have recently
explored ethylene and 1-hexene polymerization studies using a
class of ortho-dibenzhydryl-based unsymmetric Ni and Pd
a-diimine catalysts (C7 and C8a-c, Fig. 4) containing systemati-
cally varied ligand sterics.®>®® The branching structures and
M,, values of the polymers obtained by these catalysts can be
regulated via catalyst structures as well as polymerization con-
ditions. The total branching degrees of the polyethylenes
obtained were decreased with increasing o-diimine ligand
sterics and decreasing reaction temperatures.’® The 1-hexene
polymerization results indicated that increasing ligand sterics
led to enhancement of the chain straightening phenomenon.®®
The comonomer incorporations and copolymer microstruc-
tures can also be tuned in C8a-c catalyzed ethylene copolymer-
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ization of methyl acrylate. These palladium catalysts also gen-
erated various branched carboxylic acid-functionalized poly-
olefins with better control over material properties.®”

Sun and co-workers synthesized a family of 2,6-dibenz-
hydryl-based unsymmetrical diiminoacenaphthene nickel cata-
lysts (C9a and C10, Fig. 5) bearing different substituents for
ethylene polymerization.®®*”* Electron-withdrawing groups (F,
Cl, NO,) led to great thermal stability and high activities of up
to 107 g PE (mol Ni h)™". They also synthesized a class of 2,6-
dibenzhydryl-based unsymmetrical nickel catalysts C11 (Fig. 5)
containing one ring-size variable ortho-cycloalkyl substituted
N-aryl groups.”® Ethylene polymerization using these nickel
complexes displayed high activities of up to 1.75 x 10’ g PE
(mol Ni h)™ (30 °C, 5 min), and generated hyperbranched and
moderately branched polyethylene elastomers with M, values
in the range of 2.14-6.68 x 10°> g mol " and T}, values as low as
44.2 °C. They recently synthesized some dibenzhydryl-based
unsymmetrical o-diimine palladium complexes C9b (Fig. 5)
bearing different substituents.”*”> These palladium complexes
activated by methylalminoxanes (MAO) showed high activities
for norbornene (NB) homopolymerization, producing in-
soluble polymers. E-NB copolymerization can also be achieved
using these palladium catalysts.

Recently, Jordan and co-workers have synthesized some
ortho-menthyl-substituted a-diimine-based nickel precatalysts
(C12a and C12b, Fig. 6) with both the syn and anti conformers
for ethylene polymerization.”® ortho-Menthyl-substituted C12b
has a preference for the syn conformation, and displayed high
activities of (2.5-6.6) x 10° g PE (mol Ni h)™" (22 °C, 15 min).
However, these syn-anti conformers of menthyl-substituted
C12b exhibited substantially different polymerization beha-
viors. The M,, values and branching densities of the polyethyl-
enes generated by the syn conformer were higher than those
generated by the anti conformer. The 1-hexene polymerization
using the syn conformer showed a greater preference for 6,1-
enchainment to afford poly(1-hexene) with a high chain-
straightening content (syn 50% vs. anti 41%, Scheme 3).

Chen and co-workers have recently synthesized some ortho-
dibenzhydryl substituted unsymmetrical o-diimine-based
palladium complexes (C13a and C13b, Fig. 7) with different
backbone structures and para-substituents (OMe, Me, Cl and
CF;).”” The ethylene and 1-hexene homopolymerization and
ethylene/methyl acrylate (MA) copolymerizations were investi-
gated by these catalysts. The electron-donating para-substi-
tuted C13a generated higher molecular weight polymers, and
exhibited higher thermal stability. Interestingly, these catalysts
produced monodisperse (co)polymers with narrow M,/M,
values of 1.30-2.05. The corresponding acenaphthene-nickel
catalysts containing both dibenzyhydryl and aryl moieties
showed great properties to offer polyethylenes with great
tensile and elastic properties.”® In a-olefin polymerizations,
this type of catalyst led to a linear monomer unit via the chain
walking process. In addition, polar functionalized polyolefins
were synthesized by the propylene copolymerizations with
10-undecen-1-ol and methyl 10-undecenoate. Sun and co-
workers also developed some unsymmetrical a-diimine nickel
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complexes (C14a”® and C14b,*® Fig. 7) bearing ortho-difluoro-
benzhydryl moieties. These nickel catalysts exhibited high
thermal stability and activities (10° g PE (mol Ni h)™"), generat-
ing high molecular weight PEs with relatively low branching
density and narrow M,/M, values. It is possible that the steri-
cally bulky dibenzhydryl-substituent prevents syn-anti isomeri-
zation in these two systems, or both isomers possess similar
properties in ethylene polymerization reactions.

Recently, Chen and co-workers have explored a family of
xanthene-containing o-diimine nickel and palladium com-
plexes (C15 and C16, Fig. 8) bearing different substituents
(OMe, Ph, CF; and NO,) at a remote position.®"** The steric
and electronic factors of the metal center remain largely
similar to each other. These palladium complexes C15 demon-
strated enhanced thermal stability and polymer molecular
weights in comparison with the classic Brookhart-type palla-
dium complex.®! The palladium catalyst containing a phenyl
group exhibited a much better catalytic activity of up to 2.5 x
10* g PE (mol Pd h)™" (20 °C, 12 h) than the rest of the palla-
dium complexes in ethylene polymerization, and produced
higher M, (up to 1.21 x 10> g mol™") PEs with slightly lower
branching density. Additionally, E-MA and E-NB copolymeriza-
tions were achieved using these palladium catalysts to produce
copolymers with high molecular weights. Their thermostable
nickel complexes C16 are very active of up to 6.9 x 10° g PE
(mol Ni h)™ (20 °C, 30 min), producing moderately branched
PEs with very high M, values of up to 1.53 x 10° g mol™.*?
Most importantly, the polyethylene products generated by the
Ph-substituted nickel catalyst using only ethylene as feedstock
possess excellent elastic properties. This provides an alterna-
tive strategy to prepare thermoplastic polyolefin elastomers
(TPEs).

Chen and co-workers have recently demonstrated that the
pre-installed two ferrocenyl units on the para-aryl position of
the palladium complex based a-diimine ligand can be oxidized
sequentially (C17a-d, Fig. 9).** The catalyst properties were
modulated via this stepwise redox process in ethylene and
1-hexene homopolymerization, as well as ethylene copolymeri-
zation with methyl acrylate, 5-norbornene-2-yl acetate (NB-Ac)
and norbornene. Most interestingly, the microstructures and
polydispersities of the produced polymers could be controlled
in this stepwise oxidation processes. The concept of redox con-
trolled olefin polymerization has also been realized in
a-diimine nickel systems as well as some palladium-based
catalysts.®* %"

Milani and co-workers have recently designed a family of
sterically open a-diimine palladium complexes C18a-e
(Fig. 10) bearing trifluoromethyl or methoxy substituents.®®
These complexes catalyzed the cooligomerization of ethylene
with methyl acrylate to generate cooligomers under mild con-
ditions. The ligand structures can significantly affect the cata-
Iytic properties. Ahmadjo and co-workers designed some
fluorinated nickel a-diimine precatalysts C19 (Fig. 10) posses-
sing various backbone structures.®*>*® The acenaphtho-
quinone-based catalyst in ethylene polymerization exhibited a
moderate activity of 1.4 x 10* g PE (mol Ni h)™ (30 °C,
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30 min).*? Despite the steric openness of these ligands, mole-
cular weights of up to 2.48 x 10° g mol ™" with good crystallinity
(58%) were generated. The introduction of ortho-fluorine into
the ligand’s N-aryl can effectively retard the p-hydride elimin-
ation through the influence of F-H bonds, leading to semicrys-
talline polymers.

Merna and co-workers designed some a-diimine-based Pd
and Ni complexes C20a-c (Fig. 11) bearing fluorinated alkyl
substituents at the para-aryl position.”* Propene and 1-hexene
were polymerized in a controlled manner by nickel catalysts
C20a and C20b at —10 °C, whereas palladium C20c allowed
controlled ethylene polymerization at 0 °C. The effect of para-
fluoroalkyl groups on the polymerization activities, thermal
stability and olefin chain walking process was not significant.
The branching densities of the polyolefins obtained by these
catalysts can be controlled by the ligand backbones and ortho-
aryl substituents.

Brookhart and co-workers have recently designed two
“sandwich” type naphthyl a-diimine Ni-based precatalysts
C21a (Fig. 12) containing two 8-p-tolylnaphthylimino moieties,
which provided strong shielding in the Ni axial positions.”?
These catalysts were shown to produce unique PEs with very
high branching densities of up to 152 branches/1000 C and
high molecular weights. Most importantly, some corres-
ponding derivative nickel C21b (Fig. 12) was reported by
Coates and co-workers and catalyzed higher a-olefin polymeriz-
ations by precision chain walking with a preference for the
w,1-enchainment (Scheme 3).>® Relatively low branched poly
(a-olefin)s that are highly “chain-straightened” semicrystalline
(T > 100 °C) were generated by these “sandwich” type cata-
lysts. In addition, they also reported the synthesis of TPEs
from the block copolymerization of 1-decene and ethylene
using C21b.°* Polyolefin-based block copolymers with good
crystallinity hard blocks were generated from 1-decene
polymerization by high 2,1-insertion. Recently, Brookhart and
co-workers have investigated some “sandwich”-type a-diimine
palladium catalysts C22 (Fig. 12)°” in ethylene polymerization.
These catalysts were used to conduct living ethylene polymeriz-
ation at 25 °C and produced hyperbranched PEs with
narrow M,/M, values (ca. 1.1). Comonomer incorporation
of up to 14% was achieved in ethylene/methyl acrylate
copolymerization.

Yuan and co-workers prepared some naphthyl-a-diimine
Ni-based catalysts C23a-d and C24 (Fig. 13) bearing different
substituents (sec-phenethyl, methyl and H) at the o-naphthyl
position for ethylene polymerization.”® C23a yielded PEs with
highly branched structures and up to 2.8 x 10° g PE (mol Ni h
bar)™! (40 °C, 10 min) catalytic activities. Chen and co-workers
also conducted higher o-olefin polymerization using these
nickel catalysts C23a-d to afford poly(a-olefin)s with high
molecular weight.”” The polymerization results showed the
possibility of polymer structure control, via reaction tempera-
tures, ligand structures, and the types and concentration of
monomers. Specifically, increasing steric hindrance led to
enhanced 2,1-insertion. Carfagna and co-workers synthesized
some cationic palladium complexes C25a-c (Fig. 13) bearing
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a-diimine ligands with fused aromatic rings,”® and studied
their properties in the stereo-controlled copolymerization of
CO with vinyl arene.

Sun and co-workers studied that some 2-benzhydryl-
naphthyl-imino unsymmetrical nickel C26 (Fig. 14) catalyzed
ethylene polymerization at high activities,’® and generated PEs
with low branching densities of up to 12/1000 C and high T},
(up to 131 °C). The corresponding difluorobenzhydryl substitu-
ents in C27 (Fig. 14) led to high activities and high polyethyl-
ene molecular weights.'%°

3.2. Modifications of the a-diimine backbone structures

Compared with modifications of the N-aryl substituents, there
have been far fewer studies related to the modifications of the
a-diimine backbone structures. Wu and co-workers designed
two chiral a-diimine based nickel catalysts C28a and C28b con-
taining (1R)- and (1S)-camphyl backbones (Fig. 15) for olefin
polymerization."®" Interestingly, the structure chirality had no
obvious influence on the regioselectivity and catalytic activity.
Living chain walking polymerization of 1-hexene and propy-
lene in a wide range of temperatures was achieved. This
camphyl type nickel catalyzed propylene homopolymerization
at —60 °C in 45% 1,3-enchainment fraction to produce poly-
propylene with an obvious melting point. Sun and co-workers
explored some 4,5-bis(arylimino)pyrenylidene based dihalide
nickel C29 (Fig. 15) which catalyzed ethylene polymerization
with high activities of up to 4.4 x 10° g PE (mol Ni h)™" (40 °C,
15 min)."”

Recently, Chen and co-workers have designed some Ni- and
Pd-based a-diimine precatalysts C30a-e (Fig. 16) possessing
various groups on the acenaphthene-based backbone,'”
which demonstrated activities of up to 1.6 x 10” g PE (mol Ni
h)™" (20 °C, 10 min), and yielded branched PEs with molecular
weights of up to 4.2 x 10> g mol™". The sterically bulky nickel
complex C30e produced polymers with much lower branching
density and higher M, values than the other nickel complexes
and the classic complex C30f. Significant effects of the back-
bone substituents were observed on related palladium cata-
lyzed ethylene or E/MA (co)polymerizations. Once more, the
palladium catalyst C30e produced a PE and E/MA copolymer
with much higher M, values than the rest of the palladium cat-
alysts. Fu and co-workers also reported a similar a-diimine
nickel catalyst C31 (Fig. 16) for ethylene polymerization, which
demonstrated higher thermal stability and higher catalytic
activity than classic Brookhart-type a-diimine catalyst C30f at
elevated temperatures.'®*

Gao and He groups studied a family of three-dimensional
geometry Ni- and Pd-based a-diimine precatalysts C32 (Fig. 17)
bearing a dibenzobarrelene backbone.'®>'°® The precision
synthesis of functionalized polyolefins was achieved by Pd-
catalyzed living coordination copolymerization of ethylene
with various acrylate comonomers."® In this system, the mole-
cular weight, polydispersity, composition and branching topo-
logy of the E/MA copolymers can be tuned by changing ethyl-
ene pressure. These catalysts also showed high stability and
high activity in NB polymerization and copolymerization with
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5-norbornene-2-carboxylic acid methyl ester when activated by
B(C6F5)3."7'%® They also synthesized some similar nickel cata-
lysts €33 (Fig. 17) containing a bulky bis(a-diimine)
ligand.'*®"'° These catalysts demonstrated high thermal stabi-
lity and high catalytic activity toward NB polymerization. They
also studied a related 6,13-dihydro-6,13-ethanopentacene-
based nickel complex C34 (Fig. 17).""

3.3. Dinuclear a-diimine nickel and palladium catalysts

A large number of dinuclear Ni and Pd complexes as catalyst
precursors have been explored, and many of them have been
applied for olefin polymerization and copolymerization reac-
tions.""” However, only a limited number of Brookhart-type
dinuclear Ni and Pd precatalysts ligated by o-diimine were
reporeted."** ™' For example, Revankar and co-workers devel-
oped a family of dinuclear Ni and Pd complexes (C35a and
35b, Fig. 18) with different groups at the ortho-position of
aniline."'*'™ These complexes efficiently oligomerized ethyl-
ene up to 10° g oligomer (mol M h bar)™" high activities at
30 °C. In addition, dinuclear nickel complexes C35a exhibited
high selectivity towards 1-butene polymerization. Sun and co-
workers prepared a series of dinuclear nickel a-diimine com-
plexes (C36a-c, Fig. 18) with methylene bridged for ethylene
polymerization."*> Zohuri and co-workers reported some
bridged dinuclear nickel o-diimine precatalysts C37a and
C37b-f (Fig. 18) with alkyl- and 1,4-phenyl-linked based
ligands."'®'"” The ethylene polymerization results using
C37b-f suggested that these steric and electronic substituent
effects of oa-diimine ligands have significant influences on
polymerization behaviors."'® C37a and C37f polymerized
1-hexene to obtain low to high molecular weight poly(1-
hexene) with M,, of up to 1.7 x 10° ¢ mol *.'"” The higher
activities and lower level of branching densities were observed
for C37f in comparison with C37a.

Chen and co-workers reported the synthesis of some binuc-
lear nickel and palladium catalysts (C38a and 38b, Fig. 19)
bearing conjugated a-diimine ligands.'*® Under similar con-
ditions, C38a showed high activities of up to 1.05 x 10° g PE
(mol Ni h)™ (22 °C, 30 min) in comparison with the corres-
ponding mononuclear catalyst. Interestingly, two separate
peaks were observed in the GPC curves of the PEs obtained by
these palladium catalysts C38b. Sun and co-workers also
designed two dinuclear nickel catalysts (C39a and 39b, Fig. 19)
supported by 4,5,9,10-tetra(arylimino)pyrenylidenes."*® These
nickel catalysts demonstrated high stability and activities of
4.20 x 10° ¢ PE (mol Ni h)™ (30 °C, 15 min) in ethylene
polymerization, and produced relatively linear PEs (7-14
branches/1000 C) with high Ty, (up to 132 °C).

Chen and co-workers further synthesized some xanthene-,
naphthalene- and biphenylene-bridged a-diimine dinuclear
nickel complexes C40 and C41 (Fig. 20) bearing different sub-
stituents and backbones."**'*! These dinuclear nickel com-
plexes showed good thermal stability in the polymerization of
ethylene and high catalytic activity of up to 10° ¢ PE (mol Ni
h)™". Interestingly, these Ni catalyst systems led to semicrystal-
line PEs with higher M,, values and relatively linear structures
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compared with their mononuclear analogues. The polymeriz-
ation results indicated that the Ni-Ni cooperativity effect
invoked by these dinucleating ligands may be able to suppress
the B-H elimination reaction and retard the process of chain
walking. Interesting differences were observed by dinuclear
palladium complexes C42 (Fig. 20) in ethylene (co)polymeriz-
ations versus their monomer nuclear analogue in terms of
polymer M,, values and activity."*' In ethylene-methyl acrylate
copolymerizations, the mononuclear palladium complex can
incorporate appreciable amounts of comonomer, whereas C42
cannot incorporate any comonomer.

Takeuchi and co-workers developed two double-decker
a-diimine dinuclear catalysts C43a and C43b (Fig. 21) bearing
a macrocyclic ligand."®*™*** In ethylene polymerization, dinuc-
lear complex C43b displayed higher activity compared with the
corresponding mononuclear catalyst and C43a. The polyethyl-
enes obtained by C43a and C43b were less branched than
those made with a mononuclear one. C43a and C43b catalyzed
copolymerization to afford branched E-MA copolymers con-
taining some acrylate units incorporated on the polymer back-
bone."”* The polymerization of a-olefins by C43b occurred
with high selectivity “chain-straightened” in a w,1-enchain-
ment (>80%, Scheme 3) and generated high-linearity solid
polymers,">* while the mononuclear analogues produced oily
oligomers as a result of low selectivity in 1,2- or 2,1-insertion.
In addition, C43b catalyzed copolymerization of E with acrylic
anhydride to afford the copolymer containing the repeating
unit from acrylic anhydride.’** These studies clearly indicated
that structures of a-diimine ligands can strongly influence the
polymerization processes.

4. Copolymerizations of olefins with
polar monomers

In the process of exploring various Brookhart catalysts, various
olefinic monomers have been  polymerized and
copolymerized.?”*"'*>"1*” The applicable monomers have also
been rapidly growing to include linear®'** and
branched"?**3* a-olefins, cycloalkyl substituted
a-olefins,"*>3¢  cycloolefins,”  dienes,’*® trienes,'**'*°
internal olefins,'*'*** norbonene type monomers,'**'** and
different polar comonomers.>?”?® 1t should be noted that the
continuous interest in Brookhart-type catalysts largely orig-
inates from their capabilities in copolymerizations of olefins
with polar functionalized comonomers. The introduction of
some polar functional substituents into polyolefins can signifi-
cantly improve their properties and broaden their applications.
Concerning industrially relevant polar comonomers, or the so
called fundamental polar monomers, a-diimine palladium cat-
alysts only worked for acrylates, vinyl ketones, silyl vinyl
ethers, etc."””'" A lot of specially designed polar
monomers,””*® such as the ones bearing long spacers between
the double bond and acrylate group, are also suitable polar
comonomers. However, many other fundamental polar mono-
mers (such as vinyl ether, vinyl acetate, vinyl halide, acrylo-
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nitrile, styrene, etc.) completely shut down ethylene polymeriz-
ation due to various reasons, such as cationic polymerization,
f-X elimination, and/or formation of a stable metal
chelate."*®°° The expansion of the polar monomer substrate
scope through catalyst improvements represents a major chal-
lenge in this field. Compared with palladium, nickel is much
more oxophillic and less tolerant towards polar monomers. In
the presence of large amounts of cocatalysts or additives, and
under harsh conditions, o-diimine nickel catalysts were
demonstrated to copolymerize ethylene with methyl acry-
late.”®* The utilization of low-cost nickel a-diimine catalysts to
address the polar monomer problem represents another fasci-
nating challenge in this field.

Chen and co-workers showed that ortho-dibenzhydryl-based
palladium catalysts C3 led to the formation of semicrystalline
E/MA copolymers with M, of up to 1.9 x 10* g mol™",** and
low branching density (25/1000 C). The sterically bulky cata-
lysts C3 mediated efficient copolymerization of ethylene with
acrylate or acrylic comonomers (Group B, Scheme 4) with rela-
tively linear microstructures (as low as 9/1000 C) and high
melting temperatures (T, close to 120 °C). These “slow chain
walking” palladium catalysts still cannot copolymerize ethyl-
ene with many fundamental polar monomers (Group A,
Scheme 4). However, with some CH, spacers between the polar
groups and the double bond, the polar monomers of group C
are suitable comonomers for catalysts C4a.®" Notably, the con-
ventional Brookhart a-diimine palladium catalysts will
undergo fast chain walking, which brings the metal center
close to the polar groups and the subsequent termination reac-
tions will completely shut down copolymerizations. The slow
chain walking feature of C4 is the key factor for the successful
expansion of the polar monomer substrate scope.

During the above-mentioned copolymerization studies, it
was found that polar monomers of group D (Scheme 4)
quenched the C4a mediated ethylene polymerization.®!
Although the chain walking process is efficiently slowed down,
the occasional chain walking can still bring the metal center
close to the ClI/OH groups and induce termination reactions.
Strategies to address this issue are currently being explored in
order to further expand the polar monomer substrate scope.
Recently, Chen and co-workers have designed a family of Ni
and Pd a-diimine complexes C44a-d (Fig. 22) with nitrogen-
containing second coordination spheres.'®” For the nickel cat-
alysts, PEs with highly linear structures (branching < 1/1000 C)

Group B 77 COOMe {4 §OOMeA (OO g g |

Group C AOMe o~ _Ohc - _Ph NgHNgl Ngr

2+ Py C3 and C4

GroupA Z 0By # COAc  # CN

Group D A >C! AOH

Scheme 4 Direct synthesis of polar functionalized semicrystalline
copolymers using slow chain walking palladium catalysts.®%-¢*
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Fig. 22 Structures of Ni and Pd a-diimine catalysts bearing nitrogen-
containing second coordination spheres.**?

and high T,,, (>130 °C) were obtained. For the palladium cata-
lyst C44d, polyethylenes with moderately branched structures
(ca. 70/1000 C) were generated. This suggested that the chain
walking tendency of C44d is lower than that of classic
Brookhart a-diimine palladium catalysts (ca. 100/1000 C), but
much higher than that of the previously reported “slow chain
walking” catalysts (C2 and C3, 6-25/1000 C). However, C44d
can mediate efficient ethylene copolymerizations with the
group D polar comonomers. Control experiments and compu-
tational results revealed the critical roles of the metal-nitrogen
interactions in these (co)polymerization reactions.

Jordan and co-workers developed some amide-functiona-
lized a-diimine palladium catalysts C45a-d (Fig. 23) containing
-CONHMe or -CONMe, groups on the N-phenyl rings.'** In
ethylene polymerization, 'Pr-substituted C45c¢ and C45d
showed a higher activity of 10’ g PE (mol Ni h)™" than C45a
and C45b with ortho-dibenzhydryl groups, and yielded
branched (77-81 branches/1000 C) PEs with M,, values in the
range of 2.6-60 x 10* g mol™". In ethylene copolymerization,
the incorporated levels of MA (Scheme 5) and acrylic acid (AA)
using C45a were higher than 45b and "Pr-substituted C8a.

Kaminsky and co-workers first investigated the E-NB
copolymerization studies using classic Brookhart-type palla-
dium catalysts,"> which displayed significantly higher NB
incorporation ability than metallocene catalysts.">® Clearly,
a-diimine palladium catalysts possess great reactivity towards
norbornene monomers and great tolerance towards the ester
type polar groups. However, the reactivity of a-diimine palla-
dium catalysts towards polar functionalized norbornene mono-
mers has not been explored over a very long period of time.

h*<
Ph C45aR=H C45c R=H
C45b R = Me C45d R = Me

Fig. 23 Amide-functionalized a-diimine Pd catalysts.*>®
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Scheme 5 Copolymerizations of ethylene and norbornene derivatives
or some nitrogen-containing monomers.8*

Only recently, Chen and co-workers have studied the
ethylene copolymerizations with a family of polar functiona-
lized norbornene type comonomers or nitrogen-containing
monomers (NB-NP, NB-OAc and NP, Scheme 5) using para-
methoxy substituted o-diimine palladium catalyst C13a."?®
Branched high molecular weight copolymers (55-89/1000 C;
M, up to 125000) with good comonomer incorporations
(1.1-9.1%) were obtained. In addition, the same group
reported the properties of C15 (Fig. 8) in ethylene copolymeri-
zations with NB and NB-Ac (Scheme 5).*' The phenyl-substi-
tuted catalyst showed much higher activity, and produced a
much higher M, (up to 132 500) copolymer with slightly lower
NB (14%) and NB-Ac (1.67%) incorporation ratios than the rest
of the catalysts.

Acrylic acid (AA) is a quite challenging polar monomer to
be incorporated during olefin polymerization, due to the pres-
ence of both oxygen and hydroxyl polar groups. Successful
copolymerizations have been achieved using phosphine-sulfo-
nate palladium catalysts."®” > Recently, Chen and co-workers
have investigated the copolymerization of 1-octene with AA
(Scheme 6)'®° catalyzed by sterically bulky a-diimine palladium
catalysts (C4a and C8a-c, Fig. 2 and 4), producing branched
copolymers (58-98/1000 C) with high comonomer incorpor-
ation (1.07-15.7%) and high M,, values of up to 40400. This
copolymerization behavior provides an alternative strategy to
prepare carboxylic acid functionalized branched polyolefins.

Recently, a major breakthrough in polar monomer sub-
strate scope expansion has been achieved by Brookhart and co-
workers (Scheme 7)."*"'°* They studied a-diimine Pd-catalyzed
ethylene copolymerization of vinyltrialkoxysilanes (VTE0S) to
afford copolymers with highly branched structures (ca. 100
branches/1000 C) and low molecular weights.'®" Incorporation
ratios from 0.25 to 2.0 mol% were generated with little rate
retardation relative to ethylene polymerization. Compared with
traditional catalytic systems, the sandwich-type catalyst pro-
duced polar functionalized copolymers with higher M,, values

= C4a and C8a-c
+ ZOCOOH ——————>

AA

1-Octene-AA Copolymer

Scheme 6 Copolymerization of 1-octene with acrylic acid catalyzed by
a-diimine Pd catalysts.*®°
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Scheme 7 Cationic a-diimine-based Pd- and Ni-catalyzed ethylene
copolymerization with vinyltrialkoxysilanes. 662

and narrow M,/M, values of 1.2-1.4. More importantly, mul-
tiple trialkoxysilyl groups can be incorporated per polymer
chain.

There have also been some recent advances in a-diimine
Ni-catalyzed ethylene copolymerization with polar monomers.
For instance, Brookhart and co-workers achieved copolymeri-
zation of ethylene with VTEoS (Scheme 7) using cationic
(o-diimine)NiMe(CH;CN)" catalysts/B(C¢Fs); at 60 °C to give
variously branched (5-60 branches/1000 C) copolymers with
high molecular weights."® Incorporation ratios ranging
between 0.23 and 10.0 mol% with multiple -Si(OEt); groups
incorporated per polymer chain were achieved.

Recently, Chen and co-workers have reported the prepa-
ration of silicon-functionalized polyolefin materials through
subsequent dehydrogenative silylation catalysed by the pyri-
dine-diimine cobalt catalyst and ethylene copolymerization
using the classic a-diimine nickel catalyst (Scheme 8(I)).*®*
The allylsilanes with both the silanes functional groups and
internal double bond were first prepared from dehydrogenative
silylations of different terminal olefins and alkylsilanes using
a pyridine-diimine cobalt-catalyst.'®®  Subsequently, an
a-diimine traditional nickel -catalyst [(2,4,6-Me;CqH,)N=C
(Me)],NiBr, can mediate efficient ethylene copolymerizations
with these allylsilanes to produce silicon-functionalized poly-
olefins. This provides an alternative strategy to utilize in-
expensive and widely available starting materials such as

® Ar—N_ O N-Ar
) N -
R TN Z AN
N N—co—N . —B Br . 0
+ A 0|’O‘C| ~Ar MAO Hin
R__Zn, SR m
R3SiH NaO'Bu N2

R=EtPr,oEt (I

_ 2 s

N
RsSiH

\ ' |
N N Near SiR3
“Pg
C] ((n

Scheme 8 Preparation of polyolefins containing silicon-functionalities
by ethylene (co)polymerization.'6>~16%
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olefins and silanes. Guironnet and co-workers demonstrated
that the synthesis of semitelechelic polyethylene via the cat-
ionic o-diimine Pd-catalyzed chain-transfer ethylene (co)
polymerization by various silanes as chain-transfer agents
(Scheme 8(11)).*°®> The polymer end-group structure and mole-
cular weight were effectively tuned via varying the types of
silanes and their concentration.

Coates and co-workers prepared a chiral sec-phenethyl
based a-diimine nickel catalyst C46 (Fig. 24) containing a
dibenzobarrelene-bridged backbone,'®® which showed great
properties in ethylene polymerization. The catalyst system
yielded highly linear PEs with higher M, values and narrow
M,,/M, values. Catalyst C46 showed living polymerization be-
havior at room temperature and generated PE with high T}, of
up to 135 °C and a highly linear structure at —20 °C. Besides,
copolymerization of ethylene with methyl 10-undecenoate
(Scheme 4) was realized to afford high molecular weight (up to
1.05 x 10° g mol ') ester-functionalized copolymers with very
low branching densities.

Wu and co-workers also demonstrated that a family of
dibenzobarrelene-bridged a-diimine nickel C47 (Fig. 24) cata-
lysed ethylene polymerization with activities of up to 10" g PE
(mol Ni h)™.'®” The bulky ligand backbone led to high
thermal stability and improved tolerance towards polar
groups. These catalysts were stable at temperatures of up to
100 °C. Moreover, ethylene copolymerization with methyl
10-undecenoate was conducted in a living manner (Scheme 4).
Conley and co-workers prepared some sulfated zirconia sup-
ported a-diimine nickel catalysts and applied them in ethylene
copolymerization with methyl 10-undecenoate.'®® Plenio and
co-workers designed some bowl-shaped diimine nickel cata-
lysts with two pentiptycenyl-substituents, and studied their
properties in ethylene copolymerization with various comono-
mers including methyl 10-undecenoate.*®’

5. Conclusion and outlook

The Brookhart-type nickel and palladium complexes ligated by
a-diimine have attracted considerable attention for olefin
polymerization during the past two decades. Their catalytic
properties are strongly influenced by ligand structures as well
as polymerization conditions (temperature, types and concen-
tration of monomers), which subsequently effectively influence

This journal is © The Royal Society of Chemistry 2019
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the properties of the resulting polymers and copolymers. Most
importantly, their chain walking capabilities provide great
potential for the control of polymer microstructures.

In this review, we first briefly discussed the chain walking
mechanism of Brookhart-type catalysts in ethylene polymeriz-
ation and a-olefin polymerization. Subsequently, some recent
advances in catalyst developments were summarized.
Specifically, the modifications of N-aryl substituents and of the
ligand backbone structure, as well as the utilization of dinu-
cleating ligands, were described. Finally, the applications of
some of the newly developed a-diimine Ni and Pd catalysts in
olefin copolymerizations with polar comonomers were demon-
strated. Special attention was paid to the examples where a
new polar comonomer substrate scope was enabled through
the utilization of new catalysts. The Brookhart-type Ni and Pd
catalysts ligated by a-diimine are easy to synthesize, extremely
versatile, tolerant towards various functional groups, and
capable of generating numerous polymer microstructures that
are difficult to access otherwise. Because of these superior and
unique properties, they continue to be of great research inter-
est even after twenty years of extensive research. It is believed
that this research enthusiasm will continue, and we will see
more novel catalysts as well as novel polyolefin materials.
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