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Abstract Coordination-insertion copolymerization of ethylene with polar vinyl monomers offers a direct route to functionalized polyolefins, en-
abling regular incorporation of polar groups under mild conditions and superior microstructural control compared with post-functionalization or
radical routes. The persistent polar monomer problem—the tendency of polar groups to coordinate to or poison active metal sites—motivates
the focus on late-transition-metal catalysts, chiefly Ni and Pd. Recent advances in ligand design, catalyst engineering, and monomer modifica-
tion have improved comonomer incorporation, suppressed chain transfer, and enhanced thermal robustness. Mechanistic studies now resolve
2,1- versus 1,2-insertion, ligand-induced chelate isomerization, and polar-monomer-promoted chain-transfer pathways. This feature article sur-
veys nickel- and palladium-based catalytic systems reported from 2020 onward for copolymerization of ethylene with fundamental polar
monomers, with an emphasis on acrylates, while also covering acrylic acid, vinyl acetate, butyl vinyl ether, acrylonitrile, acrylamide, vinyl silyl
ethers, and selected disubstituted monomers, categorizing recent advances by key ligand classes ([N,N], [N,0], [P,0]) and linking mechanism, se-
lectivity, and polymer properties to guide catalyst design and scale-up.
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1 INTRODUCTION

Polyolefins, and polyethylene in particular, underpin the mod-
ern industry owing to their abundant feedstock and scalable
processing.") The global polyolefin market is projected to ex-
ceed USD 200 billion by 2024 and expand at an average annual
growth rate of approximately 5.4% by 2030.5! The hydrocarbon
backbone of polyethylene confers chemical resistance and pro-
cessing robustness, while tunable crystallinity, melting point,
and mechanical properties enable applications ranging from
commodity packaging to engineered parts.*-*! The same non-
polar backbone limits the surface wettability, interfacial adhe-
sion, dyeability, and compatibility @ with  polar
substrates—shortcomings that constrain multiphase designs
and high-performance interfaces.”="! Traditional approaches
to functionalized polyolefins—post-polymerization modifica-
tion, radical copolymerization, and olefin metathesis-derived
pathways—retain value but suffer intrinsic drawbacks. Post-
modification often induces chain scission, crosslinking, and
poorly defined microstructures.'°-' Alternatively, the conven-
tional high-pressure radical copolymerization of ethylene with
polar comonomers requires extreme conditions and yields
broad, highly branched products. Controlled radical methods,
such as reversible addition-fragmentation chain transfer poly-
merization (RAFT), atom transfer radical polymerization (ATRP),
and nitroxide-mediated polymerization (NMP), improve struc-
ture control; however, their applications in direct ethylene/po-
lar comonomer copolymerization are hampered by the instabil-
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ity of the propagating ethylene radical and the high energetic
barrier for reversibly activating the dormant chain end.l'>'4 Ad-
ditionally, olefin metathesis routes are limited by restricted
monomer availability, high catalyst costs, and challenges in re-
moving residual metals from the polymer product.'”!

In contrast, coordination-insertion copolymerization of
ethylene with polar monomers, mediated by well-defined
transition-metal complexes, offers a direct route to incorpo-
rate polar functionality under milder conditions with superior
microstructural control.['6-19 The central obstacle, the polar
monomer problem, lies in the strong coordination or poison-
ing of metal active sites by polar groups, which promotes -H
elimination, chain transfer, and catalyst deactivation.l2?] The
Ziegler-Natta and metallocene systems, primarily based on
early transition metals (e.g., Ti and Zr), are typically hard Lewis
acids with high oxophilicity. Consequently, Lewis basic polar
monomers tend to coordinate strongly to these electrophilic
metal centers, blocking ethylene coordination, and leading to
irreversible catalyst poisoning.2'-251 By contrast, late transi-
tion metals, notably nickel and palladium, are softer Lewis
acids with intrinsically reduced oxophilicity, so metal-het-
eroatom interactions are weaker and more reversible. This
fundamental electronic distinction renders Ni and Pd cata-
lysts significantly more tolerant to polar functional groups.
When paired with judiciously designed ligands (e.g., bulky a-
diimine or phosphine-sulfonate), these Ni/Pd systems can fur-
ther destabilize dormant metal-chelate resting states, there-
by facilitating continuous chain growth. Crucially, the inher-
ent capacity of these Ni/Pd catalysts to undergo chain walk-
ing and tolerate impurities makes them particularly promis-
ing candidates for the direct synthesis of functionalized poly-
olefins with tunable microstructures.l26-3% |deally illustrating
this structural versatility, Brookhart's bulky cationic a-diimine
Ni/Pd complexes pioneered chain-walking routes to highly
branched, ester-functionalized polyethylene,31-401  while
Drent’s phosphine-sulfonate Pd platforms demonstrated ac-
cess to linear functionalized polyethylene.#'-48! Building on
these foundations, recent ligand engineering of phosphine-
phenolate Ni systems—introducing enhanced steric bulk and
electronic tuning—has materially improved activity and
molecular weight (MW) control, renewing momentum in the
field.l49-521

Focusing on the advances reported since 2020, this feature
article examines nickel- and palladium-based systems for the
copolymerization of ethylene with fundamental polar
monomers, emphasizing acrylates while also encompassing
acrylic acid, vinyl acetate, butyl vinyl ether, acrylonitrile, acry-
lamide, vinyl silyl ethers, and selected disubstituted
monomers (Fig. 1). Progress is organized according to major
ligand classes ([N,N], [N,O], and [P,0]), with correlations drawn
between mechanistic features, insertion selectivity, and poly-
mer microstructure to inform rational catalyst design and as-
sess their potential for future scale-up. Particular emphasis is
placed on the thermal robustness for industrial solution poly-
merization and heterogenization strategies to prevent reac-
tor fouling, bridging the gap between academic research and
industrial implementation.

2 NICKEL CATALYSTS

The abundance and low cost of nickel have driven sustained ef-

O 0} O (0}

MA EA tBA nBA
O (0] O (0]
0.

\)]\o/\/ \)J\O,Ph VLO/\C3F7 VLO/\/ ~

AlA PA HFBA EGMA
\)l\ A0

o \ﬂ/\ﬂ/ \)J\OH N
AAEA

. SN \Q/B\/ 0
A
g \//‘o g o S, Sy

BVE VTMS VTES AAmM AN

Fig. 1 Chemical structures of representative polar monomers.

forts to develop high-performance Ni catalysts for coordination-
insertion copolymerization. Early Ni systems were largely re-
stricted to a narrow set of polar-modified norbornene deriva-
tives and a few w-functionalized olefins.”>*4 Progress in ligand
design and catalyst architecture has broadened the
comonomer scope of Ni catalysts to include fundamental polar
monomers such as acrylates, with marked gains in activity and
MW control.P>=7) Nevertheless, relative to palladium, the nick-
el center exhibits higher oxophilicity, rendering the efficient
copolymerization of ethylene with acrylates particularly chal-
lenging. Recent work can be grouped into several ligand fami-
lies—bidentate [N,N], [N,O], and [P,O] frameworks, as well as
other tailored Ni complexes—and focuses on two comple-
mentary strategies.l'”%>°1 One strategy increases local steric
shielding and tunes electronic donation to suppress undesired
chain transfer and 3-H elimination, thereby raising the polymer
MW. The other employs constrained or dynamic architectures to
improve tolerance toward polar comonomers and promote in-
sertion. The following sections examine representative imple-
mentations of these strategies, summarize the performance
metrics in ethylene copolymerization with fundamental polar
monomers, and provide mechanistic insights that inform next-
generation Ni catalyst design.

2.1 [N,N] Ni Catalysts

2.1.1 a-Diimine Ni catalysts

Conventional a-diimine Ni catalysts are typically inactive for
ethylene/methyl acrylate (MA) copolymerization under mild
conditions, historically requiring harsh conditions for polar in-
corporation.”® However, precise ligand design, targeting steric
environments and secondary interactions, has recently over-
come these limitations.¢"]

Gao et al. exploited noncovalent Ni-phenyl contacts in
“sandwich” dibenzobarrelene-derived a-diimine nickel cata-
lysts 1 bearing 8-(p-substituted-phenyl)naphthyl substi-
tuents to enable the direct copolymerization of ethylene with
MA (Fig. 2).162 Catalytic performance correlated with the
strength of noncovalent Ni-phenyl interactions (Me > OMe >
CF3) rather than the simple electron-donating capability of
the substituents (OMe > Me > CF3), and the Me variant 1b de-
livered an activity of 6.9x103 g-mol-"h-' to yield lightly
branched poly(ethylene-co-methyl acrylate) (EMA) (incorpo-
ration: 2.1 mol%; 44 brs/1000C) at 1.0 mol-.L-" MA, while re-
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Fig.2 a-Diimine Ni catalysts.

taining activity (4.5x103 g-mol-"-h-") and increasing MA incor-
poration to 5.2 mol% at 100 °C. DFT calculations indicated
that the Ni-aryl contact destabilized the MA o-complex, low-
ered AAG for conversion to the active m-complex, and en-
abled 2,1-insertion followed by ethylene insertion with little
chelate-size bias, producing polymers containing internal,
side-chain, and terminal MA units akin to radical EMA.

Distinct from traditional strategies for constructing axial
shielding—such as utilizing sandwich-type arylamines or in-
troducing bulky steric hindrance at the ortho-positions of ary-
lamines—Liu et al. implemented an “occupancy” strategy in
macrocyclic a-diimine Ni(ll) catalysts 2 by introducing axial
anagostic Ni--H—C contacts that sterically and electronically
block axial approach and suppress associative chain transfer
(Fig. 2); meso-(S,R)-2a, though moderately active (1.3x10°-
2.9%x10° g-mol-"-h-1), afforded ultra-high molecular weight
(UHMW) copolymer (M,,=927 kg-mol-') with MA incorpora-
tion of 0.67 mol%.1%3] Crystallography and DFT showed that
the axial anagostic H--Ni interaction impeded the monomer
approach and stabilized the active site via persistent weak in-
teractions, maintaining a pseudo-14-electron state that sup-
pressed chain transfer without requiring ligand dissociation.

2.1.2 Pyridine-imine Ni catalysts

Pellecchia et al. systematically correlated pyridine-C6 sub-
stituents with iminopyridyl Ni copolymerization performance
(Fig. 3).° The highly hindered 3a exhibited the highest activity
(1.5%10* g'mol~"-h~") and low M,, (4.5 kg:-mol™") but minimal MA
incorporation (0.5 mol%), whereas the less hindered 3c—al-
though less active—produced highly branched, low-M, oil
with MA up to 35 mol% (M,=0.3 kg-mol™"). Additionally, the in-
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Fig.3 Pyridine-imine Ni catalysts.

vestigation demonstrated that the activation protocol and sol-
vent strongly influenced B-H elimination and chain walking,
thereby dictating the in-chain versus terminal placement of MA
units. Extending this theme, Pellecchia et al. incorporated
dibenzocycloheptyl groups into the iminopyridyl skeleton to
curb the formation of oily products and successfully synthe-
sized solid, semi-crystalline EMA copolymers.[®” Structure-prop-
erty analysis revealed that ethyl variant 4b favored high activity
and in-chain insertion (1.0 mol% MA; M, 3.3 kg-mol™), bulkier
isopropyl analog 4c lowered activity, but increased M, (4.0
kg-mol™") and incorporation (2.0 mol%) with mixed insertion
patterns (in-chain and end-of-chain MA incorporation), while
electron-withdrawing halogens (4d and 4e) maximized MA up-
take (up to 2.5 mol%) at the cost of activity.

To avoid the limitations of alkyl-aluminum activation, Harth
et al. developed air-stable alkylated iminopyridyl Ni precur-
sors 5, which were activated by borane-halide abstraction to
generate well-defined cationic centers with inner-sphere
CIB(C4F5)5~ pairing (Fig. 3).¢! The combination of tight ion
pairing and sterically demanding dibenzocycloheptyl sub-
stituents, which impose a significant rotational barrier, effec-
tively suppresses chain transfer pathways. Consequently, the
bulky catalyst 5g afforded high-molecular-weight EMA
(M,=35.8 kg-mol-'; incorporation: 2.2 mol%) with moderate
activity (3.8x103 g-mol-"-h-"), while also successfully incorpo-
rating vinyltriethoxysilane (5.9 mol%) and vinyl acetate (0.26
mol%), respectively. Computational studies revealed that this
inner-sphere pairing modulated dormant states, facilitating
microstructure control without compromising activity.

2.2 [N,O] Ni Catalysts

Following Grubbs’ seminal introduction of neutral salicylaldimi-
nato [N,O] Ni catalysts, continuous structural modulation has
been pursued, with studies revealing that these systems inher-
ently undergo chain walking to yield branched micro-
structures.l>>*7.581 However, the efficient incorporation of fun-
damental polar monomers (e.g., acrylates) using salicylaldimi-
nato Ni catalysts remains challenging, primarily because of the
competitive coordination of Lewis basic functionalities that
form stable chelates, which hinder olefin insertion and facilitate
B-H elimination.”® Consequently, improved frameworks em-
ploying cationic precursors, bimetallic architectures, or en-
hanced steric/electronic shielding have been developed to miti-
gate these limitations, as illustrated by the representative vari-
ants in Figs. 4—6.

Chen et al. introduced a cationic a-imino-ketone Ni plat-
form that combines synthetic simplicity with pronounced
monomer selectivity (Fig. 4).°9 For ethylene/MA copolymer-
ization, catalyst 6 exhibited modest performance, giving MA
incorporation up to 0.6 mol%, together with a moderate
copolymerization activity of 2.5x103 g-mol-"-h-" and an M,, of
17.9 kg:-mol-'. In contrast, the same scaffold proved highly
permissive toward siloxane comonomers: copolymerization
of ethylene with vinyltrimethoxysilane (VTMS) yielded an ac-
tivity of 2.2x10° g-mol--h-" with incorporation reaching 10.8
mol%, demonstrating that the open spatial framework selec-
tively accommodates silicon-containing monomers. Building
on this motif, Jian et al. introduced an “ortho-F” modification
to mitigate carbonyl coordination.l’?l The parent non-fluori-
nated catalyst (7a) was fully deactivated in ethylene/MA

https://doi.org/10.1007/5s10118-026-3621-x
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copolymerization because of strong ketone-Ni binding. By
contrast, introduction of ortho-difluoro substitution (7d) re-
stored MA tolerance, affording an activity of ca. 5.0x103
g-mol--h-1 and yielding EMA with an M,, of 6.0 kg-mol-' and
0.9 mol% incorporation, suggesting that proximal F provide a
competitive weak coordination interaction (Ni--F) with the
metal center that competes with the carbonyl group to sup-
press deleterious chelation.

To overcome the temperature limitations (20-80 °C) of pre-
vious systems, Wang et al. incorporated bulky diphenylamino
substituents into the a-imino-ketone scaffold, enhancing
thermal stability up to 150 °C (Fig. 4).7" In ethylene/MA
copolymerization at 110 °C, the bulky catalyst 8d surpassed
the less hindered 8a, delivering superior activity (1.3x10°
gmol--h-1 versus 2.5x10* g-mol--h-') and M, (1.5x10°
g-mol-T versus 1.6x10% g-mol-'). Catalyst 8d also maintained
high activity, and M,, with n-butyl acrylate (nBA) and heptaflu-
orobutyl acrylate (HFBA) (nBA: 1.3x10° g-mol--h-'; HFBA:
4.3x10* g:'mol-"-h-"; both yielding M,;>100 kg-mol-'), but the
performance dropped sharply with highly hindered phenyl
acrylate (PA), which gave low activity (2.2x10% g-mol-'-h-1),
low incorporation (0.5 mol%), and lower M,, (47 kg-mol-'). No-
tably, the bulky catalyst 8d exhibited exceptional robustness
in a 2 L scale-up homopolymerization at 150 °C, maintaining
catalytic activity exceeding 107 g-mol-'-h-'. This demonstra-
tion of thermal stability and high productivity highlights its
significant potential for application in the high-temperature
solution copolymerization of ethylene with polar monomers.

While steric bulk enhances the thermal stability, incorpo-
rating stimuli-responsiveness offers dynamic control over the
catalytic environment. Jiang et al. introduced a photoswitch-
able dinuclear Ni platform bridged by a stiff-stilbene (1,1"-bi-
indane) unit; E—Z isomerization at 365/405 nm reversibly
modulated the Ni--Ni distance, steric environment, and elec-
tronic coupling (Fig. 5)./2 In ethylene/VTMS copolymeriza-
tion, dinuclear (2)-Ni-9 afforded superior incorporation com-
pared with its (E)-isomer (3.1 mol% versus 1.7 mol%). Notably,
the (2)-form uniquely enabled ethylene/MA copolymeriza-
tion, whereas the (E)-analog was inactive. Mechanistic studies
suggested that the proximal Ni centers in the Z-isomer facili-
tated cooperative coordination of the polar monomer, there-
by mitigating single-site poisoning and enhancing uptake.

Expanding the utility of bimetallic cooperativity beyond
photoswitching to functional tolerance, Tang et al. exploited
the Ni-=Ni cooperativity to enable the direct copolymeriza-
tion of ethylene with protic monomers without prior mask-
ing.”3! Inspired by a tetranuclear precursor, the dinuclear cat-
alyst 10b (Ni--Ni separation=3.259 A), activated by Et,AlC|, ef-
fected ethylene/acrylic acid (AA) copolymerization, deliver-
ing an activity of 3.0x10° g-mol-"-h~' and 2.6 mol% incorpora-
tion at 30 °C, while retaining catalytic stability up to 90 °C (Fig.
6). DFT calculations suggested that bimetallic cooperation
lowered the insertion barrier and facilitated carboxylate dis-
sociation via proton transfer, thereby preventing chelation-
driven deactivation. Furthermore, catalyst 10 enables an un-
usual tandem ethylene/acrylamide (AAm) copolymerization
to furnish cyanated polyethylene (>99% —CN selectivity)
with activities reaching 4.1x105 g-mol-'-h-1.741 Mechanistic
studies supported a sequence involving 2,1-insertion fol-
lowed by Et,AlCI-promoted dehydration/isomerization, which
effectively converted the amide functionality to a nitrile,
thereby circumventing permanent catalyst poisoning.

2.3 [P,O] Ni Catalysts

[P,Ol-type Ni catalysts, including phosphine-sulfonate, phos-
phine-phenolate, phosphine-enolate, and bisphosphine
monoxide (BPMO) families, represent a premier platform for di-
rect ethylene/polar-monomer coordination-insertion copoly-
merization. In these motifs, the anionic X-type O-donor (pheno-
late, sulfonate, or enolate) provides a robust o-anchor that stabi-
lizes the Ni center and enhances polar tolerance, while the neu-
tral P-donor modulates electron density and steric shielding;
this soft P-hard O complementarity effectively suppresses chain
transfer by creating an electronic asymmetry that stabilizes the
active site against polar-group poisoning, elevating MW and en-
abling significant comonomer incorporation./”!

2.3.1 Bisphosphine monoxide Ni catalysts

Systematically developed by Nozaki et al., the BPMO family con-
stitutes a hybrid P/O donor class characterized by an asymmet-
ric P,O coordination environment. In this motif, an oxidized
P=0 moiety serves as the robust O-donor paired with a neutral
phosphine, effectively implementing the “soft P-hard O” strate-
gy to achieve high catalytic performance.’6~7?

Wang et al. addressed the intrinsically poor chain-initiation
efficiency of allyl-Ni catalysts by preparing 2-methylallyl-initi-
ated BPMO Ni complex 11 (Fig. 7).8% The 2-methylallyl motif
was found to improve initiation, presumably because in-
creased steric bulk weakened chelation of the initiator to the

https://doi.org/10.1007/5s10118-026-3621-x
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Ni center, and ortho-substituted diaryl variant 11b achieved
the best performance in ethylene polymerization with an ac-
tivity of 4.0x106 g-mol--h-. Notably, these catalysts also pro-
mote ethylene/MA copolymerization, affording MA incorpo-
ration of up to 7.0 mol% with predominantly in-chain inser-
tion. Shifting focus from the initiating group to the electronic
tuning of the ligand skeleton, Tan and co-workers investigat-
ed substituent effects on the phosphorus atom to tune the
polymerization behavior of Ni catalysts 12.[81 The incorpora-
tion of a methoxy group (12d) lowered the Mulliken electron
density at the nickel center and accelerated ethylene inser-
tion, delivering an activity of 1.0x10* g-mol-'-h-1, yielding
EMA with an M, of 6.6 kg-mol-' and 2.2 mol% incorporation.
DFT calculations correlated the experimentally observed ac-
tivity increase with the reduced Mulliken charge at the Ni cen-
ter induced by the substituent.

In addition to electronic modulation, restricting conforma-
tional freedom has been pursued to enhance catalyst robust-
ness. Do and co-workers developed Ni catalysts 13 by com-
bining ligand rigidification (via ortho-aryl substitution) with
secondary metal cation modulation (Fig. 7).82 By restricting
the conformational dynamics in solution, the optimized cata-
lyst 13b achieved an ethylene/MA polymerization activity of
2.8x10% g-'mol-'-h-1. Coordination of Li* to pendant ether oxy-
gens on 13b further enhanced the activity to 8.1x10%
g-mol--h-1 and enabled 4.5 mol% MA at a higher monomer
concentration (1.0 mol-L-"). Although it exhibited a slightly
lower activity, the 13b/Na* variant delivered the highest MA
incorporation of 8.1 mol%. Mechanistic studies indicated that
ligand rigidification improved thermal stability and sup-
pressed chain transfer, while secondary-cation binding in-
creased metal electrophilicity, thereby facilitating polar
monomer coordination and insertion.

2.3.2 Phosphine-carbonyl Ni catalysts

Jian et al. introduced an “N-bridge” strategy for [P,O] Ni cata-
lysts, replacing a weak ketone linker with a coordinating amide
and generating P-carbonyl Ni catalysts 14 (Fig. 8).° The N-
bridged 14a enabled MA incorporation of 3.3 mol%, but exhib-
ited low activity and low polymer MW. The introduction of bulky
aryl substituents afforded catalyst 14¢, which retained MA in-
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corporation (1.8 mol%) while boosting polymerization activity
to 8.3x10% g-mol™"-h™" and increasing copolymer M, to 14.1
kg-mol™'. Catalyst 14c also copolymerized ethylene with butyl
vinyl ether (BVE) (incorporation: 2.0 mol%; M,: 4.6 kg-mol™).
Mechanistic studies attributed these improvements to rein-
forced [P,0] chelation and increased steric shielding, which sup-
pressed oligomerization and chain transfer. Tan et al. extended
this framework, showing that electron-donating isopropyl
groups (15d) suppressed 3-H elimination, raising polyethylene
M, to 183.6 kg-mol™' (Fig. 8).5) When applied to ethylene/MA
copolymerization, a low-steric indolinone scaffold (15i) deliv-
ered the highest activity (4.0x10* g-mol~"-h~") but lower M, (37.5
kg-mol™" versus 48.7 kg:-mol™') and MA incorporation (1.1 mol%
versus 1.6 mol%) compared to the bulkier phenyl analogue 15b,
illustrating that reduced framework sterics enhanced ethylene
coordination and activity yet tended to promote chain transfer
and weaken polar-monomer capture. Such trade-offs under-
score the need to balance the framework rigidity and electronic
effects for the target polar monomers.

To further modulate ligand hemilability, a “ring-closure” (or
cyclizing) strategy was subsequently applied to construct
P-carbonyl Ni catalysts 16 featuring five-, six-, and seven-
membered N-rings (Fig. 9).85 Catalytic performance in-
creased with ring size: the seven-membered 16d exhibited
optimal behavior at 30 °C (activity: 3.3x103 g-mol-"-h-"; M,: 1.8
kg-mol-'; MA incorporation: 3.1 mol%), whereas 16c (six-
membered) was far less active, and a noncyclic reference
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(16f) gave similar incorporation but substantially lower MW.
Structure-property analysis indicated that longer methylene
bridges increased the N-donor electron density, stabilized
carbonyl—Ni coordination, and, together with added steric
bulk, suppressed chain transfer, thus enabling simultaneous
gains in activity and MW.

2.3.3 Phosphine-phenolate Ni catalysts
Originating from neutral SHOP-type complexes, [P,O] Ni cata-
lysts have evolved into premier platforms for ethylene/polar-
monomer copolymerization.®*#”)  Foundational work by
Klabunde et al. enabled the incorporation of spacer-separated
functional olefins, while Gibson et al. demonstrated MMA toler-
ance’®# Following stability improvements via backbone
aromatization,”? Li et al. achieved high ethylene polymeriza-
tion activity (1.1x10” g-mol™-h™") and produced UHMW poly-
norbornene using well-defined complexes.”?2 Concurrently,
Shimizu et al. highlighted the critical role of aryl substituents in
governing acrylate insertion.”®) More recently, attractive Ni-aryl
interactions have been shown to suppress B-H elimination.l*!
Collectively, these studies underscore steric and electronic tun-
ing as the central design principles; building on these insights,
representative state-of-the-art variants are discussed below.
Since 2012, Li et al. systematically investigated phosphine-
phenolate Ni catalysts and found that increasing the steric
bulk at the phenoxide ortho positions exerted a negligible im-
pact on the polymerization activity, whereas steric tuning at
the phosphine substituent proved decisive for both ethylene
homo- and co-polymerization performance.[59.9192951 Switch-
ing the aryl scaffold from phenyl to naphthyl, they prepared
C8-substituted phosphine-naphtholate Ni complexes 17 (Fig.
10).1509] DFT calculations indicated that the naphtholate
backbone was more electron-withdrawing than phenoxide
(Ni partial charge: +0.289 versus +0.279), which enhanced the
electrophilic activation of ethylene. For ethylene/MA copoly-
merization, the C8-phenyl derivative 17b afforded MA incor-
poration of 3.7 mol% while exhibiting a polymerization activi-
ty of 3.7x10% g-mol-"-h-1 (versus 2.8x10* g-mol-"-h-1 for its
phenoxide analogue). Reducing steric congestion (17a) fur-
ther increased MA incorporation to 7.6 mol% and enabled
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copolymerization with dimethyl itaconate (DMI), producing
linear polyethylene with difunctional end-groups. To counter-
act the naphthyl scaffold’s tendency to promote $-H elimina-
tion and lower MW, Li et al. developed phosphine-dihydron-
aphtholate catalysts 18.°71 The bulky axial-substituted 18c
performed best in ethylene/MA copolymerization, delivering
high activity (2.5x10* g-mol-"-h-') and molecular weight
(M,,=35.8 kg:'mol-") at 0.1 mol-L-? MA, significantly outper-
forming less hindered 18a, and achieving 8.2 mol% incorpo-
ration at 0.8 mol-L-' MA with a relatively high M,, (11.8
kg-mol-') despite reduced activity (3.0x103 g-mol-'-h-1).
Mechanistic work attributed these improvements to axial
steric shielding, which favored the in-chain insertion of polar
monomers over terminal insertion.

Beyond phosphorus substituents, groups positioned adja-
cent to the phenoxide oxygen proved equally decisive. Build-
ing on the seminal axially sterically hindered catalyst (23-ref)
reported in 2018, an ortho-CF; modified catalyst (19) was ap-
plied to ethylene/allyl acrylate (AlA) copolymerization (Fig.10)
to furnish copolymers containing five- and six-membered po-
lar rings.l>%%81 Under 1 MPa ethylene and 0.1 mol-L-! AlA, the
catalyst produced copolymers with M,, values up to 59.4
kg-mol-" (versus 19.5 kg-mol-' for a phosphine-sulfonate Pd
benchmark), with AIA incorporation tunable between 1.0 and
5.2 mol%. Mechanistic analysis revealed distinct selectivity
between acrylate and allylic double bonds (2,1- versus 1,2-in-
sertion), enabling the coexistence of pendant allyl/acrylate
units and lactone motifs. Remote electronic tuning proved
similarly effective: an ortho-CF; substituted Ni catalyst (20b)
outperformed an m-xylene analog (20c), delivering a poly-
merization activity of 5.0x10* g-mol~'-h~! with an MA incorpo-
ration of 1.7 mol% and an M, of 147 kg-mol-'.°9 The same
catalyst also catalyzed ethylene/VTMS copolymerization to
produce copolymers with M,, values up to 267 kg-mol-' (activ-
ity: 5.0x10* g-mol-"-h-T; incorporation: 0.1 mol%). Together,
these studies emphasized the synergistic roles of remote
electronic tuning and Ni-O noncovalent axial shielding in
preserving the high MW and polar-monomer tolerance.

While ortho-substituents critically govern steric shielding,
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the electronic properties of the ligand backbone can be fine-
ly tuned at remote positions. The influence of para-sub-
stituent effects on phosphine-phenolate Ni catalysts 21 was
investigated by Zou et al., who found that electron-donating
groups (—OMe and —®Bu) outperformed electron-withdraw-
ing analogs (Fig. 10).[90 Catalyst 21b (tBu) delivered the high-
est ethylene/MA activity (3.6x10% g-mol-"-h-") and 1.7 mol%
incorporation. When applied to the copolymerization of ethy-
lene and tert-butyl acrylate (tBA), this complex delivered a
peak activity of 6.4x10* g-mol-'-h-1 with an M, of 51 kg-mol-".
Mechanistic analysis suggested that electron donors in-
creased the electron density at the Ni center to suppress -H
elimination, whereas electron-withdrawing groups enhanced
the oxophilicity and promoted catalyst poisoning. Subse-
quently, a Lewis acid modulation strategy was employed, in-
corporating N donors to coordinate external acids (e.g.,
Zn(OAc),), thereby increasing steric congestion (Fig. 10).[101
For the copolymerization mediated by 22¢, Zn(OAc), addi-
tion raised polymer M,, (from 22.3 kg-mol-! to 32.8 kg-mol-1)
while maintaining activity (1.6x10% g-mol-'-h-1) and MA incor-
poration (1.2 mol%). Notably, the system tolerated tempera-
tures up to 150 °C in ethylene/tBA copolymerization (activity:
2.4x10° g-mol--h-1; M,: 9.3 kg-mol-), as the induced steric
shielding suppressed thermally driven chain transfer. Finally,
similar N donors were introduced at the ortho-position of the
phenoxy group to enhance the thermal robustness of the
phosphine-phenolate Ni catalysts (Fig. 10).501021 At 120 °C,
the carbazole-substituted catalyst 23b achieved a polymer-
ization activity of 5.6x10% g-mol-"-h-1, with 2.8 mol% MA in-
corporation and an M,, of 14.2 kg-mol-!, significantly outper-
forming the benchmark 23-ref (activity: 1.6x10% g-mol--h~';
incorporation: 1.7 mol%). This 3.5-fold increase in activity con-
firms that combining electron donation with steric protec-
tion effectively shields the metal center against thermal and
polar group deactivation.

To further push the limits of molecular weight while main-
taining high activity, Jian et al. further increased the steric
bulk of the phosphine donor to resolve the activity/MW
trade-off in ethylene/acrylate copolymerization (Fig. 10). The
resulting catalyst 24, featuring bulky isopropoxy substituents,
delivered exceptional activity (4.0x106 g-mol-'-h-1) and ultra-
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high MWs (M,: 1000-2700 kg-mol-'), overcoming traditional
limitations.['03.194 Mechanistic analysis indicated that, al-
though the bulky isopropoxy groups limited tBA incorpora-
tion (<1.0 mol%), these substituents effectively suppressed S-
H elimination, thereby preserving chain growth. Consequent-
ly, the resulting UHMW copolymers displayed outstanding
mechanical properties, achieving a tensile strength of 44 MPa
(comparable to UHMWPE) with an elongation at break of
450%, which increased to 147 MPa after drawing (draw
ratio = 3.1).

Beyond pursuing ultra-high molecular weights at mild tem-
peratures, significant efforts have been directed toward im-
proving the catalyst performance at industrially relevant ele-
vated temperatures. Over the past five years, Agapie’s group
has concentrated on the high-temperature Ni-catalyzed
copolymerization of ethylene with acrylates, making signifi-
cant strides in ligand design for [P,O]-type catalysts, particu-
larly phosphine-phenolate and phosphine-enolate systems.
To address the trade-off between activity and comonomer in-
corporation, Agapie et al. introduced an “O-side steric bulk”
strategy. Comparing a POP-Ni catalyst bearing hemilabile
methoxy side chains (25) with a rigid naphthyl-backbone
analog (26), they found that the flexible catalyst 25 exhibited
superior performance at 90 °C: an activity of 6.6x10°
g-mol--h-1, 2.11 mol% tBA incorporation, and an M,, of 55.1
kg-mol-! (Fig. 11).'0%] In contrast, rigid 26 maintained ther-
mal stability but suffered from a lower incorporation (0.73
mol%), and M,, (10.1 kg-mol-"). Kinetic experiments and DFT
calculations attributed the enhanced incorporation to faster
ether-assisted cis-trans isomerization that placed the grow-
ing alkyl trans to P and lowered the insertion barrier, a pro-
cess facilitated by the more flexible coordination sphere of
the POP variant. Building on catalyst 25, Agapie et al. ex-
plored the heterobimetallic modulation.l'%! They found that
the ZnCl,/ZnBr, coordination to side-chain phosphine pro-
duced a crystallographically observed “diamond core”, which
occupied vacant coordination sites (on Ni) and blocked olefin
binding, thereby causing catalyst deactivation. In contrast,
the in situ addition of Al(O'Pr); raised polymerization activity
by 60% (to 9.4x105 g-mol-"-h-") while maintaining 2.2 mol%
tBA incorporation and high MW, an effect attributed to sub-
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tle steric/electronic modulation rather than strong side-chain
binding.

To elucidate the termination pathways, Agapie et al. com-
pared the catalysts with different axial shields (Fig. 11).[75107]
A highly shielded phenoxy derivative (27b) displayed excep-
tional activity (3.7x107 g-mol-"-h-") at 130 °C in a 550 mL
batch reactor, yielding a copolymer with low tBA incorpora-
tion (0.3 mol%) and an M,, of 15.6 kg-mol-. This performance
underscores the catalyst's scalability potential, as maintain-
ing high productivity at elevated temperatures is a prerequi-
site for industrial solution-phase copolymerization processes.
Notably, a novel Ni-alkyl complex derived from 27b, which
was generated after acrylate-induced B-H elimination and
subsequent acrylate reinsertion, was identified and character-
ized by crystallography. Experimental studies showed that -
H elimination rates increased with comonomer steric bulk
and were modulated by labile ligand concentration, indicat-
ing that strong axial protection blocked decomposition, al-
beit at the cost of reduced comonomer uptake.

Inspired by enzyme-like multimetallic sites, Agapie et al.
developed a single-component dinickel catalyst (28) (Fig.
11).30.1081 At 90 °C, catalyst 28 produced high-M,, copolymers
(up to 85.1 kg:-mol-") with tBA incorporation reaching 6.1
mol%, although the activity remained moderate (2.4x10°
g-mol-'-h-1). The subsequent addition of NaBArF, to generate
a 28-Na* species substantially increased activity (to 8.2x10°
g-mol-'-h-1, condition-dependent maxima higher) while low-
ering incorporation (0.8 mol%) and M,, (31.7 kg-mol-), a be-
havior rationalized by rapid substoichiometric Na* ex-
changes that shift the balance between chain growth and -H
elimination. To explore alternative chiral backbones for mi-
crostructure control, Guironnet et al. prepared BINOL-derived
mono- and trinuclear Ni complexes (29 and 30) and showed
that masking non-coordinating phenol OH groups as ethyl
ethers prevented the formation of low-activity trinuclear
species (30) (Fig. 11).['° The resulting mononuclear complex
29b (the ethyl-ether derivative bearing PEt;) performed best:
at 90 °C and 0.2 mol-L-" MA, this complex delivered 7.9 mol%
MA incorporation with an activity of 6.5x10* g:-mol-"-h-'. In
contrast, analogs retaining free phenols (29¢ and 29d) suf-
fered from intramolecular H-bonding or aggregation into in-
active trinuclear forms, thereby reducing MA incorporation to
about 1.0 mol%. Additionally, PEt; ligands offered superior
process control compared to pyridine analogs, which in-
duced uncontrolled exothermic behavior.

In addition to conventional electronic and steric modula-
tion, Agapie et al. introduced a “catalyst-editing” strategy in-
volving pendant phosphine alkylation followed by anion ex-
changeto access cationic catalysts 31 (Fig. 12).1'"% For ethy-
lene/tBA copolymerization at 90 °C, the methyl-substituted
phosphonium 31a achieved an activity of 1.1x106 g-mol-'-h-1
and an M,, of 84.7 kg-mol-', surpassing the activity and MW
using the neutral POP-Ni 25 (activity: 6.6x10° g-mol-"-h=1; M,
55.1 kg-mol-"), albeit with lower incorporation (0.59 mol%
versus 2.11 mol%). Both the phosphonium substituents and
counteranions proved critical: sterically demanding cations
(e.g., 31g) promoted termination and reduced MW, while the
weakly coordinating tetrakis[3,5-bis(trifluoromethyl)phenyl]-
borate (BAF) anion vastly outperformed trifluoromethanesul-

fonate (OTf) (31h, activity: 2.1x10° g-mol--h-'; M,: 8.2
kg-mol-1), thereby confirming that strong anion coordination
competes with olefin insertion.

Transitioning from solution-phase polymerization to indus-
trially preferred heterogeneous systems, Chen et al. devel-
oped an ion-anchoring strategy by tagging phosphine-phe-
nolate Ni ligands with anionic —ONa groups to enable strong
binding to inorganic supports (Fig. 13).'"1 The resulting sup-
ported catalyst, 32b-MgO, significantly outperformed its ho-
mogeneous precursor 32a (activity: 9.6x10% g-mol-'-h-1 ver-
sus 3.6x10* g-mol--h~'; MA incorporation: 2.5 mol% versus
1.1 mol%; M,,: 5.6x10% g-mol-1 versus 2.9x10* g-mol-1). Perfor-
mance depended on support (MgO > ZnO > Al,O; > SiO,); ba-
sic supports donated electron density through the ionic an-
chor, as evidenced by solid-state "TH MAS NMR and FTIR spec-
troscopic analyses, thereby mitigating polar-group poisoning
and enhancing thermal stability (up to 150 °C). Conversely,
acidic SiO, suppressed the incorporation to 0.1 mol%. Crucial-
ly, catalyst 32b-MgO demonstrated robust scalability for E-
tBA copolymerization in a 2.5 L reactor at 120 °C, yielding 39.0
g of polymer with controlled particle morphology and effec-
tively preventing the reactor fouling typical of homogeneous
systems.

Building on this work, a co-anchoring strategy on MgO was
developed to construct “polar bimodal” polyethylenes, suc-
cessfully reconciling the trade-off between catalyst poison-
ing induced by polar groups (which typically depresses activi-
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ty and MW) and the requirement for processable, mechanical-
ly robust polar materials.[''?! This approach combines a bulky
catalyst capable of producing high-MW copolymers (33) with
a less sterically hindered catalyst that exhibits high incorpora-
tion capability (34) on the MgO surface. The resultant
33/34-MgO system maintained a high polymerization activi-
ty (4.0x10° g-mol-'-h-T) while yielding high-molecular-weight
copolymers (Myy: 5.4x105 g-mol-") with a tBA incorporation of
0.7 mol%, offering a desirable balance between processabili-
ty and mechanical performance. Mechanistic studies attribut-
ed these benefits to molecular-level entanglement between
the high- and low-MW fractions and the suppression of mi-
croscopic phase separation. This unique microstructure con-
ferred high tensile strength (about 30.1 MPa) and large elon-
gation at break (ca. 880%). The applicability of these bimodal
resins was further validated through downstream processing
scale-up, enabling the continuous extrusion of smooth fila-
ments and the three-dimensional (3D) printing of complex
polar objects, highlighting their potential for industrial addi-
tive manufacturing.

2.3.4 Phosphine-enolate Ni catalysts

To enhance the high-temperature stability of phosphine-phe-
nolate Ni catalysts, Agapie et al. developed structurally analo-
gous non-aromatic phosphine-enolate Ni catalysts 35 featuring
“sandwich-type” axial shielding via ortho-phenoxy groups (Fig.
14).'31 At 110 °C, the optimized variant 35¢ reached a copoly-
merization activity of 7.7x10° g-mol~"-h~". Although tBA incor-
poration was modest (0.4 mol%-1.1 mol%), the resulting
copolymers were highly linear with M,, up to 9.5 kg-mol™, signif-
icantly outperforming unshielded analogues. Mechanistic evi-
dence linked the enhanced activity to the axial buried volume
%V, of the ligand: large ortho-phenoxy groups blocked the
axial coordination of carbonyl chelates, destabilized inactive
resting states, and suppressed chain transfer. Conversely,
strongly electron-withdrawing enolate substituents (e.g., —CFs)
promoted (-H elimination, lowering the MW. Complementary
to bidentate tuning, Agapie’s team showed that modulating the
labile ligand significantly improved performance: replacing
strongly coordinating PEt; with pyridine (py) in catalyst 35¢
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yielded an about 5-fold activity increase (to 2.4x107 g-mol~"-h™"
at 110 °C) with up to 1.6 mol% tBA incorporation and an M,, of
6.8 kg'mol™' (Fig. 14).l'%7) Kinetics studies confirmed that weaker
labile ligands shorten induction periods and reduced competi-
tion with olefins, thereby accelerating chain growth.

2.4 Other Unclassified Ni Catalysts

Inspired by phosphine-phenolate Ni systems, ligand motifs
were diversified to include phosphinobenzenamine and phos-
phine-imidate frameworks, yielding multiple new plat-
forms.l'"*115] Lj et al. reported tunable [P,N]-type Ni catalysts 36
(Fig. 15)."" A P-aryl, electron-withdrawing variant (36¢) deliv-
ered notably high MA incorporation (15.5 mol% at 80 °C) while
maintaining a polymerization activity of 2.3x10* g-mol™"-h~" and
an M, of 2.0x10* g-mol™". By contrast, an electron-donating,
bulky isopropyl-substituted analogue (36b) showed higher ac-
tivity (6.3x10* g-mol™-h™") but negligible MA uptake (0.12
mol%), underscoring that ligand electronics strongly govern po-
lar-monomer affinity. Moving from bidentate frameworks to
higher-denticity architectures, Gao et al. designed a neutral, tri-
dentate a-sulfonyl B-diimine Ni (37) that combined B-diimine
steric features with sulfonate-type electronics.!''® Complex 37a
achieved 10.2 mol% MA incorporation and an M,, of 2.28x10*
gmol™’, overcoming the typical trade-off between high
comonomer content and high MW. Mechanistic studies indicat-
ed that the sulfonate unit lowered Ni electrophilicity and pro-
vided axial protection, while DFT calculations predicted a pref-
erence for 2,1-insertion followed by chain walking, producing
highly branched EMA (37-48 brs/1000C). Ancillary-ligand stud-
ies showed a clear activity trend (PhCN < MeCN < THF < ligand-
free): the dimeric ligand-free species (37e) showed the highest
activity (3.5x10° g-mol~"-h") and 15.6 mol% MA incorporation,
whereas strongly coordinating benzonitrile (37b) suppressed
activity (1.6x10% g-mol~"-h=").l'"”]

In a distinct approach to developing neutral complexes
supported by monoanionic ligands, Nett et al. exploited imi-
date tautomerization to access phosphine-imidate Ni cata-
lysts (38).'"5] A high-steric, electron-poor variant (38f) proved
outstanding: at 90 °C, this complex delivered a copolymeriza-
tion activity of 2.5x106 g-mol-'-h-" and an M,, of 101 kg-mol-';
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although initial tBA incorporation was modest (0.4 mol%), op-
timization raised it to 2.6 mol%, demonstrating the platform’s
promise for high-MW, functionalized polyolefins. Mechanistic
evidence suggested that hemilabile ortho-alkoxy coordina-
tion stabilized the Ni center, whereas the imidate form en-
abled high activity in a neutral framework.

3 PALLADIUM CATALYSTS

Palladium-based catalysts, notably Brookhart- and Drent-type
complexes, have established the foundations of coordi-
nation-insertion copolymerization of olefins with polar
monomers.l'>2 While high material and processing costs have
impeded widespread industrial adoption, Pd complexes remain
invaluable tools for elucidating reaction mechanisms and tailor-
ing polymer microstructures. As d® late-transition-metal species,
Pd(ll) complexes are generally less electrophilic and less ox-
ophilic than many d° early transition-metal systems (e.g., Ti(IV)
and Zr(IV) metallocenes).l''®'2%) Moreover, compared with iso-
electronic d® Ni complexes, Pd analogs are less prone to irre-
versible coordination by polar functional groups and to catalyst-
decomposition pathways, which helps explain Pd'’s typically su-
perior comonomer tolerance and longer catalyst lifetimes in
many ethylene/polar-monomer systems.['”]

3.1 [N,N] Pd Catalysts

3.1.1 a-Diimine Pd catalysts

a-Diimine Pd catalysts are prized for pronounced chain-walking;
repeated alkyl migration along the growing backbone yields
highly branched topologies and densely functionalized side
chains, but also frequently produces largely amorphous poly-
mers with reduced crystallinity and mechanical str-
ength.B138121-1231 Thermal stability remains a critical challenge,
as the free rotation of N-aryl groups can compromise axial
shielding, which facilitates ligand C—H activation and 3-H elim-
ination, ultimately resulting in catalyst deactivation and reduc-
tion of polymer MW. To mitigate these problems, ligand design
has targeted both the steric and electronic tuning of the coordi-
nation sphere. Successful strategies include the following: (i)
very bulky ortho substituents on the N-aryl groups to restrict ro-
tation, (ii) rigid or axially constrained backbones to maintain
persistent axial protection, (iii) electronic adjustment of

a: Ar = Ph; b: Ar = 3,5-Me,CgH3
c:Ar= 3,5-(CF3)2CBH3

R @

etk ata q°

aryl/backbone units to balance insertion versus chain transfer,
and (iv) introduction of noncovalent interactions (aryl-metal or
m-1m stacking) to selectively stabilize chain-growth transition
states and raise the barrier to 3-H elimination. Taken together,
these approaches improved the control over branch density,
polar-monomer incorporation, and product MW.[%59.60,124]

Chen and co-workers prepared Pd catalysts 39a featuring a
combined ortho-diphenylmethyl substitution on the N-aryl
rings together with tri-methoxy groups.l'2! These modifica-
tions increased the axial buried volume from 71.6% (for the
para-monomethoxy analog) to 79.7% and stabilized the met-
al center through enhanced o-donation. In ethylene/MA and
ethylene/AA copolymerizations, the complex produced high-
MW copolymers (M,=31.6 and 48.8 kg-mol-', respectively) but
showed low comonomer incorporation (MA: 0.2 mol%; AA:
1.2 mol%), indicating that excessive axial shielding hindered
polar-monomer coordination. In contrast, the trifluoro ana-
log (39b) decomposed under the reaction conditions, under-
scoring the need to balance steric protection with insertion
(Fig. 16). Pursuing an orthogonal route to increase the effec-
tive local concentration of polar monomers, Chen et al. added
urea side chains to induce hydrogen-bonded self-assembly
into dynamic multinuclear aggregates.'26! The self-assem-
bling 40a increased MA incorporation to 3.2 mol% (versus 0.4
mol% for the non-hydrogen-bonding control 40c), albeit at
the cost of reduced polymerization rates and lower MW.

To overcome the tendency of conventional a-diimine Pd
catalysts to localize acrylates at the chain ends, Jian and
Mecking developed a strategy utilizing a rigid dibenzo-barre-
lene scaffold and arylamines bearing bulky axial pentip-
tycenyl substituents (Fig. 16).14% This design promoted unusu-
al 1,2-MA insertion and facilitated chain walking by enforcing
extreme axial confinement, while maintaining equatorial ac-
cessibility. Even at 90 °C, the catalyst 41 retained robust activ-
ity (1.5x10% g-mol-"-h-"), yielding high-MW EMA (M,=85
kg-mol-'; incorporation: 1.5 mol%; 158 brs/1000C). Notably,
this approach ensured high main-chain functionalization
(98% at 30 °C; 89% at 90 °C), affording ultra-highly branched
(up to 213 brs/1000C) elastomers with polarity distributed
along the backbone rather than at branch ends. Ligand de-
sign exploiting hemilabile motifs has emerged as an effective
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Fig. 16 a-Diimine Pd catalysts.
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approach to exert fine control over copolymer microstruc-
tures. Jian subsequently demonstrated that acrylonitrile (AN)
could serve as an inert polar regulator for catalyst 41: intro-
ducing 2000 equiv. of AN to an ethylene/MA copolymeriza-
tion lowered both MA incorporation (1.5 mol% to 0.4 mol%)
and activity, yet crucially reduced branching (158 brs/1000C
to 49 brs/1000C) without altering the main-chain functional-
ization topology.['27) This modulation enabled a sequential
feed route to block copolymers that combined very high- and
low-branching segments. Instead of using external additives,
internal ligand hemilability can be harnessed to modulate
chain growth. Milani et al. utilized hemilabile thiophene imine
Pd catalysts (42) to tune the insertion topology in
ethylene/MA copolymerization.['28] In trifluoroethanol (TFE),
the electron-deficient catalyst 42c outperformed the elec-
tron-rich 42b catalyst (activity: 1.0x10* g-mol-"-h-1 versus
2.8x103 g-mol-"-h-'; M,;: 27.0 kg-mol-! versus 14.7 kg-mol-),
with both yielding 3.0 mol% incorporation. Notably, switch-
ing the solvent from acetonitrile to TFE increased the fraction
of the main-chain MA units from 12% to 45%. Mechanistic
studies supported by 2D NOESY NMR spectroscopy indicated
that TFE formed hydrogen bonds with the inserted ester moi-
ety, thereby stabilizing an open-chain intermediate.

In addition to modulating the chain propagation, optimiz-
ing the initiation step is critical for catalyst design. More re-
cently, Chen et al. introduced allyl-pre-inserted a-diimine Pd
catalysts (43) (Fig. 16).'291 At 30 °C, 43b achieved an activity
of 1.4x10* g-mol--h-1, an M,, of 14.5 kg-mol-, and 0.7 mol%
MA incorporation, whereas at 80 °C, incorporation rose to 1.9
mol% while activity and M,, decreased to 6.5x103 g-mol-'-h-"
and 4.9 kg-mol-', respectively. DFT calculations and mecha-
nistic analyses indicated that in situ -H elimination from the
preinserted allyl group generated catalytically active Pd-H
species. However, the substantial initial steric demand simul-
taneously hampered monomer insertion and promoted chain
transfer, accounting for the observed activity-MW trade-off.

The introduction of stimuli-responsive functionalities into
the ligand skeleton offers a dynamic avenue for catalyst con-
trol. Peng and Zou combined a redox-active ferrocene unit
with stimuli-responsive substituents, including a photo-
switchable azobenzene (44a), cyano substituent (44b), or car-
boxylic acid (44c) (Fig. 16).'39 Photoisomerization of 44a
(trans—cis) increased the axial steric shielding and M,, from
13.2 kg:mol-' to 16.9 kg-mol-!, but reduced polymerization
activity from 9.3x103 g-mol--h-1 to 6.3x103 g:mol-"-h-! and
lowered MA incorporation from 2.1 mol% to 1.1 mol%. Oxida-
tion of the ferrocene unit to ferrocenium uniformly degraded
catalytic performance. Binding B(C4Fs); to 44b produced a
Lewis-acid—-modulated steric increase that increased M, to
16.4 kg-mol-' with modest losses in activity and incorpora-
tion. Notably, coordination of Na* to 44c rigidified the ligand
framework via cation-m interactions and delivered concurrent
gains in activity (9.0x103 g-mol-"-h-' versus 5.3x103
g-mol-"-h-1), M,, (19.7 kg-mol-! versus 13.3 kg-mol-'), and MA
incorporation (1.5 mol% versus 1.2 mol%).

Returning to the optimization of static ligand geometry,
Jian and co-workers developed a “flexibility + steric bulk” de-
sign strategy based on a 5-aminoindane core bearing
axial/ortho cycloalkyl substituents (Fig. 16).311 The cy-
clopentyl-substituted 45b retained activity of 3.0x10%

g-mol-1-h-1 at 90 °C, achieved MA incorporation of 2.9 mol%,
and afforded an M,, of 53 kg-mol-' (MA distribution: 15% in
main chain, 85% at branch ends). In comparison, the less ster-
ically demanding isopropyl analog (45a) produced high-M,
copolymers at lower temperatures (50-70 °C). Mechanistic
analysis attributed the thermal robustness and suppression of
chain transfer to the meta-type axial shielding effect ampli-
fied by the cycloalkyl conformational dynamics.

Parallel to N-aryl modifications, backbone engineering has
emerged as a fruitful strategy. In 2020, Gao introduced a rigid
dinaphthobarrelene-based Pd catalyst (46) featuring a 3D
confined coordination pocket (Fig. 17). At 25 °C, 46 outper-
formed the less hindered dibenzobarrelene-based
analog,['32133] achieving an activity of 3.8x10% g-mol--h-1, an
M,, of 39.9 kg-mol-', and an MA incorporation of 2.0 mol%.
Notably, at 50 °C, catalyst 46 achieved 5.2 mol% MA incorpo-
ration with narrow dispersity (PDI: 1.26), demonstrating that
3D confinement effectively suppresses chain transfer. The op-
timization of ring electronics highlighted that the electron-
rich OMe-substituted catalyst (47a), stabilized by intramolec-
ular C—H--OMe interactions (confirmed by single-crystal X-
ray diffraction), delivered a high M, (72.3 kg-mol-') at 25 °C
and sustained activity at 80 °C with MA incorporation reach-
ing 7.6 mol% (up to 9.5 mol% at 4.4 mol-L-! MA), there verify-
ing the cooperative benefits of electron-rich centers and lig-
and rigidity.['34] Alternatively, modifying backbone planarity
can drastically alter the steric environment. Liu et al. de-
signed de-aromatized acenaphthene ligands bearing ortho-
di-tert-butyl groups to create nonplanar, high-steric-demand
environments (%V,,, up to 63.1%) (Fig. 17).1'33 While the de-
aromatized framework improved the ortho-Pr substituted
48b (activity: 1.4x103 g-mol-"-h-'; MA incorporation: 2.7
mol%) over its planar analogue (48a), application of this mo-
tif to the already congested diarylmethyl system (48d)
proved counterproductive. Although MA incorporation with
48d reached 2.1 mol%, excessive steric hindrance severely
impeded chain propagation, reducing both the activity and
MW.

To address the inherent trade-off between comonomer in-
corporation and MW in a-diimine Pd catalysts, Dai's group es-
tablished a coherent design paradigm centered on two com-
plementary strategies: “dynamic steric promotion of inser-
tion” and “remote/axial interactions for MW enhancement”
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Fig.17 a-Diimine Pd catalysts.
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(Fig. 18). Dai initially exploited flexible substituents to create
dynamically adaptive active sites that balance the incorpora-
tion and MW. For instance, to address thermal deactivation in
rigid systems, flexible cycloalkyl variants were found to effec-
tively suppress ligand C—H activation: cyclohexyl-substitut-
ed 49d achieved an activity of 1.1x10* g-mol-"-h-" and pro-
duced a high-MW copolymer (M,: 104.6 kg-mol-'; MA incor-
poration: 1.0 mol%).['36! Building on this, the collaborative
modulation of axial sterics and backbone rigidity proved to
be broadly effective. A “flexible-sandwich” design demon-
strated that cyclohexyl substitution (50b) raised M, relative to
cyclopentyl (50a) (40 kg-mol-' versus 24 kg-mol-").['37] Fur-
thermore, combining a rigid dibenzobarrelene backbone
with flexible axial cycloalkyls generated complementary
structure-property relationships: the cyclopentyl derivative
(51a) attained the highest MA incorporation (2.8 mol%) and
branching (117 brs/1000C), while the bulkier cyclohexyl vari-
ant (51b) yielded the highest M,, (193.6 kg-mol-") with lower
incorporation (0.85 mol%).['381 A follow-up study reinforced
this trend, showing that increasing axial bulk (52a versus
52b) raised activity (1.67x103 g-mol-"-h-! versus 3.3x103
g-mol--h-1) and M,, (20 kg-mol-' versus 40 kg-mol-") but low-
ered MA incorporation (from 3.9 mol% to 1.5 mol%), high-
lighting a predictable trade-off between axial shielding and
comonomer accessibility.[39]

Other geometric constraints and dynamic substituents be-
yond the cycloalkyls were explored. Introducing benzo-fused
cyclopentyl units created open axial pockets by displacing or-
tho-aryls away from the axial trajectory, thereby promoting
both chain transfer and bulky monomer insertion. As a result,
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53a achieved 20.7 mol% MA incorporation (at 4.0 mol-L-" MA)
but produced low-M,, oligomers (5 kg-mol-").l'4%1 Similarly, a
dynamic benzyl-substituted catalyst (54b, %V,,,: 59.4%) bal-
anced activity (6.3x103 g-mol-"-h-') and M, (24.4 kg-mol-1)
with moderate MA incorporation (1.5 mol%), confirming that
modest, mobile steric bulk facilitates the coordination of
bulky polar comonomers without severely penalizing chain
growth.l'*1l Remote electronic tuning and substituent effects
introduce further tradeoffs. Para-OMe modification of the di-
arylmethyl backbone (55¢) induced ligand twisting via steric
repulsion, increasing MA incorporation to 3.0 mol% at the ex-
pense of M,, (1.4-3.2 kg-mol-1).['42]

Asymmetric substituents have also been shown to gener-
ate more open coordination spaces. The asymmetric ace-
naphthene catalyst 56a (bearing an OMe group) provided an
open catalytic pocket, delivering high MA incorporation (10.7
mol% at 30 °C) and hyperbranched topologies (121
brs/1000C), albeit with low M,, (3.1 kg-mol-1).[431 Additionally,
backbone heteroatoms modulated performance via soft/hard
interactions: S-containing 57¢ promoted chain transfer (low
M,: 1.6 kg-mol-") via soft-soft interactions, whereas O-analog
57b enabled higher MA incorporation (2.1 mol%).['*4 Fur-
thermore, introducing a second coordination layer via a
bridged imine-dibenzyl motif yielded 58b, which leveraged
N-atom interactions with the growing chain's 8-H to suppress
chain transfer/chain-walking, producing a higher M, (13.6
kg-mol-) and incorporation (2.6 mol%) with reduced branch-
ing (48 brs/1000C) compared to the N-diphenyl control
(58a).l'51 Systematic halogenation studies revealed a deli-
cate balance between substituent size and electronic effects:
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Fig. 18 a-Diimine Pd catalysts.
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the Br-substituted analogue (59¢) significantly increased M,
(34.1 kg:mol-T) but suppressed incorporation (0.7 mol%), the
Cl-analogue (59b) yielded the highest activity in the series
(1.8x10% g-mol-"-h-"), illustrating the intrinsic competition be-
tween steric shielding and comonomer access.['4¢]

Collectively, these studies underscore that catalyst perfor-
mance is governed by a multidimensional interplay between
sterics, electronics, and backbone flexibility. In general, bulky
and strongly donating ligands promote activity and MW,
whereas electron-deficient or spatially accessible centers fa-
vor incorporation at the cost of activity. Importantly, these
goals are not mutually exclusive; precise tuning of remote
sterics and axial shielding can balance high activity with sub-
stantial functionalization, offering clear design guidelines for
future catalyst optimization.

3.1.2 Pyridine-imine Pd catalysts

Owing to their strong o-donation and modularity, pyridine-
imine Pd complexes are widely employed in ethylene/polar-
olefin copolymerization.!”! These catalysts typically yield highly
branched functionalized oligomers with high polarity. Since
2020, Dai's group has systematically explored this platform,
strategically varying the substituent volume, remote electronics,
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and backbone flexibility to delineate the key structural parame-
ters governing ethylene/MA copolymerization (Fig. 19).

Dai and co-workers first established how ligand sub-
stituent orientation and electronic effects dictate the copoly-
merization performance. Early work probed distinct axial ster-
ic motifs: compared with 60 and 61 (%V,,,: 50.7%), catalyst
62 (%V,,,: 57.4%), featuring outward-facing phenyl rings, pro-
vided enhanced axial shielding.['4”] Under 4 atm ethylene and
1.0 mol-L=" MA, catalyst 62 delivered an incorporation of 8.4
mol% and an M, of 12.9 kg-mol-, substantially outperform-
ing the inward-facing analogues. Building on this, the more
sterically biased 63a increased MA incorporation to 13.8
mol% under the same conditions, albeit with lower polymer-
ization activity (2.6x103 g-mol--h-') and reduced M, (5.3
kg-mol-).1481 Replacing the rigid 8-phenylnaphthyl sub-
stituent with flexible alkyls (Me, n-Bu) likewise affected the
balance of activity, incorporation, and M,.['*! The n-butyl-
substituted 64c achieved 10.2 mol% MA incorporation (at 1.0
mol-L=" MA), with an activity of 3.4x103 g-mol-"-h-" and M,, of
5.5 kg-mol-, surpassing the rigid 8-phenyl analogue 63b (in-
corporation: 7.5 mol%). Structure-activity analysis indicated
that flexible alkyl chains provided sufficient axial shielding to
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Fig. 19 Pyridine-imine Pd catalysts.
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suppress chain transfer, whereas their dynamic, smaller steric
footprint lowered the barrier to coordination for both ethy-
lene and MA, enabling simultaneous gains in activity and in-
corporation. Similarly, catalyst 65a, bearing a remote flexible
cyclohexyl substituent, outperformed its fully rigid counter-
part, 65b.['501 At 30 °C with 1.0 mol-L-! MA, the flexible 65a
gave an activity of 5.2x103 g-mol-"-h-' and 11.9 mol% MA
(versus 8.5 mol% for 65b). Notably, increasing the MA con-
centration to 2.0 mol-L~" further raised incorporation to 19.7
mol%.

Alternative geometric constraints have also been explored.
Constraining the N-aryl moiety with cyclic substituents forces
the neighboring aryl rings away from the metal axis, thereby
creating a more open axial pocket.['>l Consequently, catalyst
66a exhibited exceptional affinity for MA, producing
oligomers (M,=300 g-mol-") with incorporations up to 23.7
mol% and a branching density of ca. 159 brs/1000C. Combin-
ing remote flexible cycloalkyl groups with bulky diarylmethyl
substituents also improved performance.['52! Specifically, cat-
alyst 67b bearing a remote cyclohexylmethyl unit combined
high MA incorporation (7.1 mol%-9.6 mol%) with the highest
activity (1.3x103 g:-mol-"-h-") in the series, significantly out-
performing the less flexible 67¢ (2.1x102 g-mol-"-h-T).

Imparting flexibility to the ligand backbone demonstrated
comparable efficacy. More recent efforts have targeted the
MW bottleneck via “rigid-flexible” hybrid and extreme-envi-
ronment designs by combining a flexible backbone with dis-
tinct arylamines (68-70).['>3! Catalyst 69 employed a “rota-
tion-restricted” strategy by fusing a flexible 5,6,7,8-tetrahy-
dro-8-quinoline backbone with bulky dibenzosuberyl sub-
stituents, which suppressed chain transfer and achieved an
M,, of 49.5 kg-mol-" with 4.6 mol% MA incorporation.

Further investigations into flexible monoarylmethyl sub-
stituents revealed differentiated control of insertion versus
chain transfer: a sterically compact 71a achieved the highest
MA incorporation (18.3 mol%), whereas a bulky naphthyl-
methyl derivative 71c limited polar coordination but marked-
ly increased activity (6.0x103 g-mol-'-h-7) and M, producing
hyperbranched copolymers with polar groups at long branch
ends.>4 A subsequent advance employed dual-axial shield-
ing (flexible 8-benzyl plus 2-diarylmethyl) to reconcile high in-
corporation and high MW. The sterically open, single-sided
catalyst 72a showed higher activity (1.1x10% g-mol-'-h-1) and
incorporation (17.8 mol%), whereas the doubly shielded 72b
suppressed chain transfer and raised M, by roughly seven-
fold to 8.4 kg-mol-' while maintaining adjustable incorpora-
tion (7.3 mol%-12.6 mol%).['>5]

Fine-tuning of ligand electronics is equally vital. The
methyl-substituted, electron-donating catalyst 73a exhibited
the highest MA incorporation (15.1 mol%) despite modest ac-
tivity (9.8x102 g-mol-'-h-") and low M,, (633 g-mol-'), whereas
electron-withdrawing F/Cl substituents (73c and 73d) in-
creased branching (up to 174 brs/1000C) and reduced M,,.l'>6]
A similar electronic modulation was observed for the N-ter-
phenyl iminopyridyl Pd catalysts.['>7] Although electron-with-
drawing groups (e.g., Cl in 74d) boosted the activity, the elec-
tron-donating ‘Bu-substituted 74e maximized MA incorpora-
tion (19.8 mol%). These palladium species facilitated deep
chain walking; notably, the electron-withdrawing F-substitut-

ed 74c produced hyperbranched co-oligomers featuring
unique “branch-on-branch” architectures and predominant
long-chain branching (up to 83% of the total branches). Con-
sistent with this trend, single-sided asymmetric catalysts gen-
erally yield low MW copolymers.l'>8] However, installing a
bulky dibenzosuberyl motif (75e) imparted substantial axial
steric hindrance to retain high MA incorporation (15.2 mol%)
while raising M, to 3.4 kg-mol-' (homopolymer M, up to 185.6
kg-mol-"), thereby mitigating the chain-transfer liability of
conventional single-sided steric designs.

Overall, increasing the steric hindrance on the aniline frag-
ment (diarylmethyl, naphthyl, fused rings) in pyridine-imine
Pd systems typically suppresses chain transfer and enhances
both MW and activity, yet tends to reduce MA incorporation.
Conversely, flexible or semi-sandwich substituents favor high-
er incorporation at the cost of a lower MW. Notably, remote
electronic modulation of the pyridine-imine backbone has a
limited direct impact on incorporation, but can modulate ac-
tive-site stability and thus polymerization activity under spe-
cific conditions.

3.1.3 Amine-imine Pd catalysts

Amine-imine Ni and Pd catalysts utilize tunable N,N-bidentate
ligands to modulate the competition between chain growth
and transfer.'>*-1%4 Specifically, in ethylene/polar-monomer
copolymerizations mediated by Pd analogs, while typically
yielding highly branched or low-MW products, strategies in-
volving axial shielding and asymmetric “mixed-sandwich” de-
signs have partially reconciled MW with incorporation, al-
though polar-monomer tolerance and thermal robustness re-
main areas for improvement.

Gao et al. investigated electronic effects of para-sub-
stituents in catalysts 76 (Fig. 20).l'5] The electron-rich cata-
lyst 76a achieved the best overall performance (activity:
1.4x103 g-mol--h-1; M,: 12.1 kg-mol-T; MA incorporation: 3.2
mol%), whereas the electron-deficient analog 76d exhibited
significantly lower activity (3.3x102 g-mol-"-h-"), M, (4.8
kg-mol-1), and incorporation (0.8 mol%). Mechanistic analysis
indicated that increased electron donation reduced metal ox-
ophilicity, thereby enhancing polar-monomer tolerance and
favoring direct insertion over chain walking.
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Fig.20 Amine-imine Pd catalysts.

3.2[N,0] Pd Catalysts

3.2.1 Anilinonaphthoquinone Pd catalysts

Cai and Shiono developed anilinonaphthoquinone-Pd
systems.['%% Subsequent immobilization of these complexes on
silica via hydrogen bonding yielded the heterogeneous catalyst
77/Si0,, which delivered moderate activity (2.5x10* g-mol~"-h™")
and unexpectedly high M, (up to 98 kg-mol™") by utilizing sup-
port-ligand interactions to retard chain transfer (Fig. 21).'°7) In
contrast, supporting the catalyst on Lewis-acidic ‘Bu;Al/SiO, (78)
maintained comparable activity but drastically reduced both M,,
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Fig.21 Anilinonaphthoquinone Pd catalysts.

(ca. 5 kg-mol™") and incorporation (0.2 mol%-0.4 mol%), as the
aluminum species lowered the effective electron density at the
Pd center to increase olefin electrophilicity and accelerate chain
transfer.l'®! From a scale-up perspective, these heterogeneous
strategies offer a critical advantage of strictly controlling the
polymer morphology. The resulting copolymers replicate the
spherical shape of the silica support, thereby effectively elimi-
nating the stickiness and reactor fouling issues typically associ-
ated with polar copolymers produced by homogeneous
analogs, making them suitable candidates for continuous in-
dustrial slurry processes.

3.3 [P,0] Pd Catalysts

3.3.1 Phosphine-sulfonate Pd catalysts

Drent-type phosphine-sulfonate Pd catalysts remain the bench-
mark for linear copolymer syntheses.*':'%) Modulating the ster-
ic environment serves as a key handle for tailoring catalyst
properties: enhanced steric or axial bulk suppresses chain trans-
fer to boost MW and activity, albeit often at the cost of
comonomer uptake, whereas more open or flexible sterics facil-
itate incorporation, but typically compromise MW. Electronic ef-
fects primarily influence activity through active-site stabilization,
with electron-withdrawing groups often enhancing both activi-
ty and MW, whereas direct effects on insertion selectivity are
generally modest.['7%171]

Beyond the standard steric and electronic parameters, sec-
ondary interactions between the metal center and ligand
pendants can provide additional stabilization. Incorporating
sp2-hybridized N-donors (carbazole and pyrrole) into phos-
phine-sulfonate ligands allows tuning of secondary
metal-ligand interactions via weak Pd-N contacts (Fig.
22).'721 Single-crystal analysis of carbazole derivative 79a re-
vealed a contact distance of 3.56 A that substantially im-
proved its thermal stability. In ethylene/MA copolymerization,
79a achieved an activity of 4.1x10% g-mol-"-h-1, M,, of 45.6
kg-mol-', and 9.3 mol% incorporation; notably, comparably
high activity (3.9x10* g-mol-"-h-') and incorporation (6.3
mol%) were sustained in ethylene/AA copolymerization. By
comparison, the pyrrole analog 79b was less active (2.0x10%
g-mol--h-1) but achieved higher MA incorporation (13.0
mol%). The addition of B(C¢F;); accelerated chain transfer (up
to ca. 670-fold), roughly doubling the activity but lowering
the MW.

Complementing these secondary interaction studies, the
direct modulation of steric hindrance at the phosphine donor
remains a primary tool for tuning catalyst performance. By
probing ortho-steric effects in asymmetric phosphine-sul-
fonate Pd systems (80), Jian et al. varied the phosphine-aryl
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alkoxy bulk (0-OMe, 0,0-(OPr),) (Fig. 22).11731 Increasing ortho-
bulk from 80a to 80d produced only modest activity changes
(2.2x10%-3.1x10* g-mol-"*h-") but raised copolymer M,
(38-63 kg-mol') and reduced MA incorporation (4.5
mol%-3.0 mol%), a trade-off attributed to the simultaneous
suppression of 3-H elimination and polar-monomer coordina-
tion. An intermediate-steric catalyst (80c) uniquely achieved
high incorporation of both MA (9.5 mol%) and AA (8.3 mol%)
under low ethylene pressure, outperforming more hindered
analogues.

Remote ligand tuning via para-substitution on the sul-
fonate aryl (81a—81c) was applied to enhance polymeriza-
tion performance (Fig. 22).'74 By adjusting the active-site
charge and buried volume, the highly conjugated 81b ex-
celled in copolymerizing ethylene with ethylene glycol
methyl ether acrylate (EGMA), achieving high activity (3.6x106
g-mol--h-") and molecular weight (M,,=221 kg-mol-'), along
with the incorporation of 0.87 mol%. Consequently, the re-
sulting copolymer exhibited exceptional tensile properties
(elongation at break: 974%; strength: 45 MPa) and could be
further crosslinked via a third monomer (5-vinyl-2-nor-
bornene) to enhance the elastic recovery.

To access vitrimer-capable polyolefins, catalyst 81d, bear-
ing bulky axial substituents, was utilized to copolymerize
ethylene with acetoacetoxyethyl acrylate (AAEA), yielding an
activity of 2.20x10° g-mol-'-h-1, an M,, of 235 kg-mol-', and 0.6
mol% incorporation (Fig. 22). A structurally similar nor-
bornene-derived comonomer delivered significantly higher
incorporation (9.5 mol%); this high incorporation, combined
with the acetoacetate side chains, facilitated dynamic cova-
lent crosslinking, producing vitrimer networks with balanced
thermo-mechanical and reprocessing performance.[*5173]

3.3.2 Bisphosphine monoxide Pd catalysts

BPMO ligands have emerged as a versatile class of [P,0] chelates
for Pd-catalyzed ethylene/MA copolymerization. Nozaki's semi-
nal work established that cationic BPMO-Pd complexes could
copolymerize ethylene with various vinyl polar monomers to
yield linear copolymers, albeit with lower activities than those of
phosphine-sulfonate systems.’®’”! However, the inherent mod-
ularity of the BPMO scaffold, which offers multiple sites for ster-
ic and electronic modification, has motivated extensive struc-
tural optimization aimed at bridging this performance
gap./8176l
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By exploiting asymmetric benzothiophene-based frame-
works, Jian et al. demonstrated the critical importance of bal-
ancing the P-substituent sterics and electronics (Fig. 23).['77]
While the sterically exposed variant 82a (%V,,: 45.6%)
proved inactive in ethylene/MA copolymerization, the elec-
tron-donating o-methoxy-phenyl derivative 82b (%V,:
48.2%) achieved an optimal balance, delivering an activity of
1.6x10% g-mol-"-h-! with 3.4 mol% incorporation, alongside
effective copolymerization of AA (2.6 mol% incorporation)
and AN (0.8 mol% incorporation). In contrast, the electron-de-
ficient fluoro-derivative 82c and excessively bulky 82d exhib-
ited diminished performance. Subsequent investigations into
the electronic nature of the P=O0 donor revealed distinct
structure—property relationships.['761781 The electron-defi-
cient catalyst 83a produced a low-M, copolymer (1.3
kg-mol-1), which was attributed to a weak trans effect that
amplified chain transfer. Conversely, employing a strongly
donating phosphoramidate (83e) increased the electron den-
sity at the Pd center, effectively suppressing 8-H elimination.
This electronic modulation (83e) substantially improved MA
copolymerization performance—yielding an activity of
1.5%x10% g-mol-1-h-1, 5.0 mol% incorporation, and an M,, of 7.4
kg-mol-'—and expanded the substrate scope to include BVE
(0.4 mol%), VAc (0.3 mol%), and AN (1.0 mol%), confirming
that enhancing P=0 donation within a bulky scaffold is a vi-
able strategy for raising MW and broadening tolerance.

To expand the structural diversity further, an indole-
bridged N(sp?)—C(sp?) BPMO catalyst (84) was
introduced.l'791 A clear trade-off was observed: while the steri-
cally encumbered catalyst 84b excelled in ethylene ho-
mopolymerization (activity: 5.6x10% g-mol--h-'; M,: 81.6
kg-mol-1), this complex failed to copolymerize ethylene with
MA. In contrast, the strongly donating dimethylamino-substi-
tuted analog 84f displayed superior functional group toler-
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Fig.23 Bisphosphine monoxide Pd catalysts.

ance, catalyzing ethylene/MA copolymerization with activity
of 1.8x10% g-mol-"-h~' and 3.3 mol% incorporation. Moreover,
84f successfully incorporated BVE (incorporation: 0.3 mol%;
M,: 5.1 kg-mol-') and AN, demonstrating that pairing an in-
dole scaffold with strong P=0 donation significantly en-
hanced copolymerization capability.

3.3.3 Phosphine-carbonyl Pd catalysts

Extending the N-bridge concept from Ni to Pd analogs, Jian
et al. employed these rigid phosphine-amide ligands to enforce
intramolecular [P,0] chelation (Fig. 24).*¥) The sterically bulky
biphenyl-substituted catalyst 85¢ achieved the best balance in
ethylene/MA copolymerization (activity: 6.7x10> g-mol~-h™";
M,,: 6.1 kg:mol~'; incorporation: 2.4 mol%). In contrast, the less
hindered 85b yielded lower activity and MW but exhibited a
broader substrate scope. This catalyst successfully copolymer-
ized BVE with an activity of 5.0x10* g-mol~"-h™" (incorporation:
0.5 mol%; M,,: 7.0 kg:-mol™") and AA with an activity of 1.2x10*
g-mol™-h~! (incorporation: 0.2 mol%; M, 1.2 kg:-mol™"), demon-
strating that the N-bridge motif strengthens metal-ligand bind-
ing (as evidenced by ligand exchange experiments) and pro-
motes polar-monomer insertion.

In addition to structural rigidification, the systematic varia-
tion of backbone substituents provides fundamental insights
into catalyst behavior. Zhu et al. correlated backbone elec-
tronics and sterics with the performance of phosphine—car-
bonyl Pd catalysts (86) (Fig. 24).84 The introduction of an
electron-donating isopropyl group (86d) strongly sup-
pressed chain transfer, yielding high-M,, copolymers (57.6
kg-mol-") with 1.8 mol% MA incorporation. Conversely, the
methyl-substituted variant 86b achieved higher incorpora-
tion (3.5 mol%) but lower M,, (23.2 kg-mol-'), whereas the
cyclic 86i suffered from reduced M,, (12.2 kg-mol-1). Notably,
86b proved to be versatile, copolymerizing AA with 3.3 mol%
incorporation (activity: 8.0x103 g-mol-'-h-1; M,,: 24.4 kg-mol-")
and allyl acetate (ALA) with 1.1 mol% incorporation (activity:
2.5%103 g-mol-"-h-1; M,,: 31.5 kg-mol-"), confirming that elec-
tron-donating backbone substituents mitigated 3-H elimina-
tion and enhanced MW.

To optimize the hemilabile phosphine-amide catalysts, Jian
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et al. employed a cyclization strategy to yield N-bridged Pd
catalysts with variable ring sizes (87) (Fig. 25).[8%] Catalytic per-
formance correlated with ring size; seven-membered 87d
outperformed acyclic analogs, delivering 4.1 mol% MA incor-
poration with a polymerization activity of 1.5x10% g-mol-'-h-’
and M,, of 1.3 kg-mol-'. Moreover, catalyst 87d exhibited
broad substrate tolerance, enabling the copolymerization of
ethylene with tBA (activity: 8.3x103 g-mol-'-h-1; incorporation:
4.9 mol%) and AA (activity: 8.0x102 g-mol-'-h-'; incorporation:
3.9 mol%), respectively. Mechanistically, the larger ring struc-
ture was credited with increasing the N-atom electron densi-
ty, thereby stabilizing the active species against deactivation.
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3.4 Other Unclassified Pd Catalysts

In addition to the widely studied Pd systems described above,
several alternative catalysts have been developed to enable the
copolymerization of ethylene with fundamental polar
monomers. For instance, Cai et al. introduced [P,N]-type phos-
phinobenzenamine Pd catalysts, revealing that increased steric
bulk is critical: complex 88b (%V,,: 51.6%) markedly outper-
formed the less hindered 88a (%V,,,,: 46.9%) by delivering supe-
rior thermal stability and high activity at 100 °C (Fig. 26).'8%
Nevertheless, MA incorporation remained a challenge: catalyst
88b reached only 0.1 mol% incorporation (activity: 5.0x103
g-mol=-h7"), and the bulkier 88e nearly completely suppressed
MA insertion. Although tolerance toward long-chain esters (e.g.,
5-hexenyl acetate, 1.85% incorporation) was observed, these re-
sults suggest that the electronic nature of the [P,N] backbone is
generally less favorable for acrylate incorporation than the [P,0O]
framework.

In addition to phosphine-based ligands, architectures
based on strong o-donating carbon centers have been inves-
tigated. Building on the robust imidazo[1,5-alquinolin-9-
olate-1-ylidene (1zQO) platform, a class of neutral, fused N-
heterocyclic carbene (NHC)—O chelates known for polar tol-
erance, Akita and Nozaki appended a methoxyethoxy side
chain to enable external regulation (Fig. 26).'81.1821 Without
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additives, catalyst 89 yielded moderate MA incorporation (1.1
mol%), with an M,, of 11.7 kg-mol-'. Addition of LiBArF, sub-
stantially increased copolymerization activity (4.3x103
g-mol-T-h-1 versus 2.4x103 g-mol-'-h-') and incorporation (1.1
mol% versus 1.3 mol%), but reduced M, to 1.4 kg-mol-'.
Mechanistic studies indicated that Li* coordination to the
side chain decreased the electron density at the Pd center, ac-
celerating chain transfer, whereas larger cations (Na* and Cs*)
or coordinating anions suppressed incorporation.

4 CONCLUSIONS AND OUTLOOK

Substantial progress has been made in the coordination-inser-
tion copolymerization of ethylene with fundamental polar
monomers, driven primarily by innovative ligand design strate-
gies for Ni and Pd catalysts. It is now evident that the delicate in-
terplay between steric shielding and electronic perturbation
governs chain-transfer rates, f-H elimination propensities, and
the coordination of polar monomers, thereby directly dictating
polymer MW, topology, and comonomer incorporation. Al-
though Pd-based platforms generally deliver superior insertion
selectivity and often the best overall performance, their broader
application remains constrained by cost and supply considera-
tions. Conversely, Ni catalysts, benefiting from their lower cost
and greater abundance, have witnessed marked gains in ther-
mal stability, impurity tolerance, comonomer incorporation, and
achievable MW through backbone rigidification, axial-interac-
tion engineering, and judicious electronic tuning. Notably,
phosphine-phenolate and related phosphine-enolate nickel cat-
alysts have advanced across multiple fronts, including robust-
ness, activity, and MW control, positioning them as the most
promising candidates for near-term industrial applications
(Table 1).

Looking forward, six research thrusts warrant prioritization.
First, achieving a deeper mechanistic resolution of the ele-
mentary steps is imperative. Integrating high-fidelity DFT and
wavefunction methods with microkinetic modeling and ma-
chine-learning-assisted screening will enable truly quantita-
tive, predictive ligand design. Second, the widespread adop-
tion of in situ and operando spectroscopies (e.g., rapid-scan
IR, time-resolved NMR, XAS/XES, and stopped-flow MS) along-
side rapid sampling kinetics is essential for capturing active
species dynamics and transient intermediates under realistic
conditions. Third, catalyst engineering should emphasize
modular, tunable frameworks that synergize constrained
three-dimensional geometries with adjustable axial interac-
tions, hemilabile sites, and ion-pairing strategies to enhance
polar tolerance without sacrificing activity. Fourth, the field
urgently requires standardized reporting metrics (including
temperature, pressure, concentration, TOF, MW distributions,
and chain-transfer rates, e.g., unifying activity units to
g-mol-T-h-1 versus TOF) to enable rigorous cross-study com-
parisons and facilitate data-driven discovery. Fifth, the
comonomer scope should be expanded to include bio-de-
rived and sustainable polar monomers, accompanied by par-
allel assessments of feedstock availability, life cycle impacts,
and downstream processability. Sixth, industrial translation
necessitates that thermal stability at elevated temperatures
(e.g., >130 °C for solution processes) and heterogenization
strategies to prevent fouling be integrated early in discovery
campaigns, ensuring that promising homogeneous systems
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Table 1 Overview of copolymerization of ethylene with fundamental polar monomers using Ni and Pd catalysts (2020—2025) 2.

Activity ©

¢ Incorporation

Catalyst precursors Polar monomers ® (g-mol-"h1) (g-m?)l*) (mol%) Polymer characteristics Ref.
a-Diimine Ni catalysts MA, nBA 103-10° 10-10° 0.6-5.2 Branched copolymers [62,63]
Pyridine-imine Ni catalysts MA 102-10* 102-10* 0.2-35.0 Hyperbranched oils to [64-66]
VAC 103 104 03 semi-crystalline solids [66]
VTES 10%-10° 10* 3.1-5.9 [66]
[N,O] Ni catalysts MA, nBA,PtBA, HFBA, 103-10° 103-10° 0.2-5.4 Branched copolymers [69-72]
A
VTMS 10%-10° 103-10* 1.6-10.8 [69,71,72]
AA, AAm 10%-10° 103-10* 0.1-2.6 [73,74]
Bisphosphine monoxide Ni MA 103-10* 102-10* 0.3-8.1 Linear copolymers [80-82]
catalysts VTMS 104 103 24-42 1811
Phosphine-carbonyl Ni catalysts MA, AIA 102-10* 102-10* 0.7-4.4 Lightly branched [83-85]
BVE 102 10° 2.0-26 copolymers 1831
Phosphine-phenolate Ni MA, nBA, tBA, AIA 10%-108 10%-10° 0.3-8.2 Linear copolymers [75,96—112]
catalysts VTMS 10 105 0.1 [99]
DMI 103-10* 103-10* 0.4-1.8 [96]
Phosphine-enolate Ni catalysts tBA 105-107 103-10% 0.4-3.5 Linear copolymers [107,113]
a-Diimine Pd catalysts MA 102-10* 103-10° 0.2-20.7 Highly branched [40,125-146]
AA 103-10% 10* 0.7-2.1 copolymers [125,135]
Pyridine-imine Pd catalysts MA 102-10* 102-10* 1.0-23.7 Hyperbranched oilsto  [147-158]
high-MW copolymers
Amine-imine Pd catalysts MA 103 103-10* 0.8-3.2 Branched copolymers [165]
Phosphine—sulfonate Pd MA, nBA, EGMA, 103-10° 10%-10° 0.2-13.0 Linear copolymers [172,175]
catalysts AAEA,
AA 103-10* 103-10* 4.1-83 [172,173]
Bisphosphine monoxide Pd MA 10%-10° 103-10* 0.3-7.1 Linear copolymers [81,177-179]
catalysts VAC 103 103 03 [178]
BVE 10* 103 0.3-0.4 [178,179]
VTMS 103 103 2.1 [177]
AA, AN 103-10* 10%-103 0.3-6.2 [177-179]
Phosphine-carbonyl Pd catalysts ~ MA, tBA, AIA 103-10% 10%-10* 0.7-4.9 Linear copolymers [83-85]
BVE 10* 10° 0.5 [83]
AA 10%-10% 103-10* 0.2-3.9 [83-85]

2 Selected data from the representative systems discussed in this feature article. ® Monomers are classified as acrylates, VAc, BVE, vinylsilanes, and AA/AN,
according to the type of polar group and the difficulty of copolymerization. € The activities and molecular weights should only be taken as a measure of the

order of magnitude.

can be transformed into robust and reactor-compatible
forms. Notably, very recently we have developed an innova-
tive neutral NAO-type a-ketocarboxamide nickel catalyst plat-
form and proposed the high-temperature solution polymer-
ization method for the synthesis of ethylene-acrylate copoly-
mers. Owing to the exceptional thermostability (150 °C) of the
a-ketocarboxamide nickel catalyst, at the industrially pre-
ferred 110-150 °C, ethylene-acrylate copolymers with high
molecular weights of 103-627 kDa were obtained.[83]

In summary, the path ahead calls for tighter integration of
computation, mechanistic spectroscopy, and practical cata-
lyst engineering. By coupling parametric ligand design with
standardized metrics and application-aware testing, the com-
munity can realistically move from landmark laboratory
demonstrations to commercially viable routes for functional-
ized polyolefins.

BIOGRAPHY

2026 Rising Scholar: Zhong-bao Jian is a full professor at the
Changchun Institute of Applied Chemistry (CIAC), Chinese
Academy of Sciences since 2017. He obtained his PhD at CIAC in
2013. He then became an Alexander von Humboldt Fellow and
did postdoctoral researches at the University of Konstanz, Ger-

many (2013-2015), and at the University of Mlnster, Germany
(2015-2017). His current research interests at CIAC include
olefin polymerization, polyolefin synthesis, optical polyolefin
and sustainable polyolefin. He has published > 100 papers and
authorized > 20 patents.

Conflict of Interests

The authors declare no interest conflict.

ACKNOWLEDGMENTS

This work was financially supported by the National Natural
Science Foundation of China (Nos. U23B6011, 22501275), and
the Jilin Provincial Science and Technology Department
Program (No. 20250102080JC).

REFERENCES

1 Hustad, P. D. Frontiers in olefin polymerization: reinventing the
world’s most common synthetic polymers. Science 2009, 325,
704-707.

https://doi.org/10.1007/5s10118-026-3621-x


https://doi.org/10.1126/science.1174927
https://doi.org/10.1007/s10118-026-3621-x
https://doi.org/10.1007/s10118-026-3621-x
https://doi.org/10.1007/s10118-026-3621-x
https://doi.org/10.1007/s10118-026-3621-x
https://doi.org/10.1007/s10118-026-3621-x
https://doi.org/10.1007/s10118-026-3621-x
https://doi.org/10.1007/s10118-026-3621-x

2080

10

11

Li, K. K. and Jian, Z. B./ Chinese J. Polym. Sci. 2026, 44, 2062-2085

Graphical Abstract

Recent Advances in Nickel- and Palladium-catalyzed Copolymerization of Ethylene with Fundamental

Polar Monomers

Kang-Kang Li and Zhong-Bao Jian

Changchun Institute of Applied Chemistry, Chinese Academy of
Sciences

This feature surveys 2020—present Ni/Pd catalysts for
ethylene copolymerization with fundamental polar
monomers, linking [N,N], [N,Q], and [P,0] ligand platforms
to mechanisms, microstructure, and scale-up priorities.
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