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Low-molecular-weight (MW) ethylene oligomers with hyper-
branched microstructures are often difficult to be synthesized by traditional
catalytic processes. In this study, a series of N-terphenyl iminopyridyl ligands
and the corresponding Pd(II) and Ni(II) complexes bearing remote
conjugated substituents with different electronic effects (H, Me, F, Cl, and
tBu) were synthesized in a simple and efficient way. These Pd(II) and
Ni(II) complexes were highly effective in the ethylene oligomerization and
co-oligomerization with methyl acrylate (MA). Low-MW ethylene
oligomers with hyperbranched microstructures were generated using the
iminopyridyl Pd(II) and Ni(II) complexes in ethylene oligomerization.
More importantly, polar functionalized ethylene—MA co-oligomers with low
MWs and varying incorporation ratios were generated via ethylene and MA
co-oligomerization using the Pd(II) complexes. Most notably, these
ethylene oligomers obtained by different metal species showed a significant
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difference in microscopic chain architectures. The remote conjugated electron effect showed little effect on the polymerization
parameters of the iminopyridyl system, which is very different from those of the salicylaldiminato system.

N-terphenyl iminopyridyl ligands, Ni(I) and Pd(II) complexes, hyperbranched ethylene oligomers,

ethylene—MA co-oligomers

Low-molecular-weight (MW) ethylene oligomers with hyper-
branched microstructures are often difficult to be synthesized
by traditional catalytic processes, and they may be emlployed as
functional additives in surface modifiers or lubricants.” The key
to the preparation of these hyperbranched materials is the
selection of catalysts. These catalysts are required to have
strong chain walking and chain transfer ability in ethylene
oligomerization concurrently." Considering the above require-
ments, the known functionality of late-transition-metal
catalysts, such as neutral N,O-salicylaldiminato Ni(I[)'~* and
cationic Ni(II)- and Pd(II)-a-diimine catalysts,”~" may be
particularly important. For example, Mecking et al.' reported
that low-MW hyperbranched ethylene oligomers were
accessible by ethylene oligomerization reactions with Ni(II)-
salicylaldiminato catalysts (Scheme 1a). N-Terphenyl motifs
with remote alkyl substituents may favor the formation of these
highly branched oligomers. Unfortunately, the catalyst is not
able to directly catalyze the copolymerization of ethylene and
vinyl polar monomers. Milani et al. successfully used the less
bulky, unsymmetrical bis(aryl-imino) acenaphthene Pd(II)
catalysts (Scheme 1b)° to produce hyperbranched ethylene
oligomers and ethylene/methyl acrylate (MA) co-oligomers
with a high incorporation ratio (~14.7 mol %). However, due
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to the easy rotation of C=N—Ar without hindrance by the
bulky o-aryl substituents, the catalytic activity and stability
could not be endured during the polymerization process.
Recently, hyperbranched ethylene oligomers were successfully
obtained using the benzyl Ni(II) complexes of S-aryl-2-
iminopyrrolyl ligands (Scheme 1c) in ethylene polymerization
conducted by Gomes et al.* In this case, the highly branched
microstructures (100—115/1000 C) were characterized with
random distribution of methyl (40—60%) and longer branches
(>C4, 30—40%), including the sec-butyl branches.

The common feature of the above systems is that there is
only one-side steric hindrance in the axial direction of the
metal centers. The iminopyridyl Pd(II) and Ni(II) complexes
also display only one steric hindrance in the axial location
(Chart 1). In addition to the a-diimine systems, a number of
bidentate [N,N] iminopyridine ligands have been reported
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Scheme 1. Representative Ni(II) and Pd(II) Catalysts for the Synthesis of Hyperbranched Ethylene Oligomers or Ethylene—
MA Co-oligomers
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Scheme 2. Synthesis of Iminopyridine Ligands and the Corresponding Iminopyridyl Ni(II) and Pd(II) Complexes
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(Chart 1).” The first example of ethylene polymerization usin and Brookhart et al.”~** modified the iminopyridyl systems,
an iminopyridine Ni(II) catalyst was reported by Laine et al." mainly through the introduction of ortho-aryl bulky sub-
in 1999 (Chart 1a). After that, Sun, Jian, Gao, Kress, Daugulis, stituents, modification of the pyridine backbone, and
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Figure 1. Solid-state molecular structures of Ni3 (2109732) and Pd4 (2109733) at the 30% probability level. All solvent molecules and hydrogen

atoms are omitted for better clarity.

regulation of electronic effects (Chart 1a). These iminopyridyl
Pd(II) and Ni(II) catalysts generally yield highly branched
polymers with low-to-moderate MWs.”> Recently, we have
developed a series of palladium and nickel catalysts with a half
“sandwich” 8-aryl-naphthyl substituent or rotation-restricted
dibenzosuberyl groups, which can catalyze ethylene polymer-
ization to yield high-MW polyethylene.”>~*® More importantly,
the corresponding palladium catalysts allow the production of
the polar functionalized polyethylene with a high MW and
incorporation ratio (~24 mol %) (Chart 1b,c).”” Pellecchia
and Milani et al.’*>*' used the iminopyridyl Ni(Il) catalysts
with bulky substituents in the 6-position of pyridine to
generate hyperbranched ethylene oligomers and polar func-
tional ethylene oligomers in ethylene (co)oligomerization.
However, the existence of 6-position substituents greatly
affects the coordination—insertion of ethylene, thus resulting in
the low polymerization and copolymerization activity of the
system.

In this study, we designed and synthesized a series of N-
terphenyl iminopyridyl Pd(II) and Ni(II) complexes (Chart
1d), inspired by Mecking’s Ni(II)-salicylaldiminato catalysts
(Scheme 1a). These PA(II) and Ni(II) complexes were highly
effective in the ethylene oligomerization and co-oligomeriza-
tion with MA for preparing hyperbranched ethylene oligomers
and ethylene/MA co-oligomers.

Terphenyl amines A1—AS containing remote substituents with
different electronic effects were synthesized via the Suzuki
coupling reaction of 4-substituted phenylboronic acid and 2,6-
dibromo-4-methylaniline. Condensation with 2-acetylpyridine
using the template-type method afforded the iminopyridine
ligands L1—LS, which involved the zinc template complex
synthesis and the removal of zinc chloride (Scheme 2).°***
The ligands were obtained in high yields (70—80%) with no
chromatography involved and characterized by using 'H, "*C,

920

Table 1. Ethylene Oligomerization with Ni(II) Catalysts”

Mﬂ
Act? (NMR) M? M/MS7 B°

Ent. Precat. T/°C yield/g
1 Nil 30 0.92 5.52 2.8 2.2 1.41 66
2 Nil S0 1.17 7.02 2.4 2.1 1.42 67
3 Nil 70 1.12 6.72 1.6 1.7 1.36 68
4 Ni2 30 1.14 6.84 2.6 2.4 141 65
S Ni2 50 1.21 7.26 2.0 2.0 1.42 68
6 Ni2 70 1.05 6.30 1.7 1.9 1.35 71
7 Ni3 30 1.02 6.12 2.6 2.4 1.42 59
8 Ni3 50 1.14 6.84 2.1 2.1 1.43 62
9 Ni3 70 1.04 6.24 1.5 1.7 1.36 65
10 Ni4 30 1.08 6.48 1.6 1.5 1.46 54
11 Ni4 50 1.15 6.90 1.4 1.4 1.45 62
12 Ni4 70 1.14 6.84 1.4 1.2 1.36 63
13 Nis 30 0.99 5.94 1.6 2.2 1.40 57
14 Nis S50 1.29 7.74 1.0 1.8 1.43 61
15 Nis 70 1.01 6.06 0.9 1.4 1.32 70

“Conditions: Ni(II) complexes (1 gmol, calculated by the number of
nickel metal centers), S00 equiv of Et,AlC], 1 mL of CH,Cl,, 20 mL
of toluene, polymerization time (10 min), 6 atm. “Activity (Act.) =
10® g/(mol Ni-h). M, (NMR) (kg mol™) calculated from the 'H
NMR intensity ratio of unsaturated end groups vs the overall integral.
9M,, is in units of kg mol ™!, determined by GPC in THF at 40 °C. °B
= branches per 1000 carbons, determined by 'H NMR spectroscopy,

= 1000 X 2(Icu,)/3(Icu,sch + Icw,), corrected for saturated end

groups.

F NMR (Figures S3—S13), and mass spectroscopy (Figures
$26—S30). The reaction with 1.0 equiv of dimethoxyethane
NiBr, in dichloromethane at ambient temperature yielded
Ni(II) complexes Nil—NiS in excellent yields (84—94%)
(Scheme 2). The purity and identity of Nil—NiS were
examined by matrix-assisted laser desorption ionization time-
of-flight mass spectrometry (MALDI-TOF MS) (Figures S31—
S35) and elemental analysis. Similarly, the corresponding
Pd(II) complexes Pd1—PdS were synthesized by exposing the
ligands L1-LS to 1,5-cyclooctadiene PdMeCl (Scheme 2) in
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Figure 2. Comparisons of yield (a), MW (b), and branching density (c) of ethylene oligomers obtained with catalysts Nil—Ni$ at 30—70 °C.
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Figure 3. Plots of yield vs time for complex Ni3 at 30 (blue) and 70
(red) °C.

Table 2. Ethylene Oligomerization with Pd(II) Catalysts”

Ent. Precat. T/°C Yield/g Act” M, (nmr)” B
1 Pd1 30 0.93 3.1 519 84
2 Pd1 Ny 1.54 S.1 338 85
3 Pd2 30 1.17 3.9 544 89
4 Pd2 S0 1.78 59 260 93
S Pd3 30 1.44 4.8 339 66
6 Pd3 N 2.24 7.5 285 71
7 Pd4 30 1.81 6.0 382 67
8 Pd4 50 3.51 11.7 265 72
9 Pds 30 0.86 29 787 97
10 Pds S0 1.78 59 35S 103

“Reaction conditions: Pd(II) catalyst (10 ymol), NaBArF (2.0 equiv),
CH,Cl, (40 mL), polymerization time (3 h), ethylene (4 atm).
bActivity is in units of 10* g mol™ h™'. “MWs (g mol™") calculated
from the 'H NMR intensity ratio of unsaturated end groups vs the
overall integral. “B = 1000 X 2(Icn,)/3(Icn,sc + Icw,), B = branches
per 1000 carbons, determined by 'H NMR spectroscopy, corrected
for saturated end groups.

dichloromethane at ambient temperature. The obtained Pd(1I)
complexes were verified by 'H, *C, ’F NMR, (Figures S14—

Table 3. Ethylene—MA Co-oligomerization with Pd(II)
Catalysts”

Ent. Precat. yield (g) Actt Xy (mol %) Mn(NMR)d B¢
1 Pd1 3.78 15.75 3.86 284 89
2 Pd2 2.81 11.70 4.41 287 91
3 Pd3 3.93 16.38 3.28 271 83
4 Pd4 472 19.67 2.61 269 85
5 Pds 2.75 11.46 4.92 402 87
6 Pds 173 721 9.58 435 84
78 Pds 0.72 3.00 19.82 527 89

“General conditions: Pd(1I) catalyst (20 gmol), NaBArF (2.0 equiv),
polymerization time (12 h), ethylene (4 atm), total volume of CH,Cl,
and MA (20 mL), MA (0.5 M), temperature (30 °C). bActivity (10 ¢
mol™ h™!). “X,;4 = MA incorporation (mol %). “M, (NMR) IS in units
of g mol™!, MWs calculated from the '"H NMR intensity ratio of
unsaturated end groups vs the overall integral. B = Number of
branches per 1000 C, as determined by 'H NMR spectroscopy. The
polar functional branches are added to the total branches, corrected
for saturated end groups. JMA = 1.0 M. MA = 2.0 M.

S24), MALDI-TOF MS (Figures S36—S40), and elemental
analysis.

The single crystals of Ni3 and Pd4 were prepared by
layering their CH,Cl, solution with a diethyl ether—dichloro-
methane mixture (v/v = 1/1) and pure diethyl ether
sequentially (Figure 1). The complex Ni3 formed as a
centrosymmetric dimer structure, in which each nickel atom
was bridged by two bromine atoms and one iminopyridine
ligand. The square-pyramidal coordination sphere was
completed by a terminal bromine atom at the metal center.
Meanwhile, the complex Pd4 crystallized as a monomer and
displayed a square-planar geometry at the Pd(II) center. The
ortho-aryl groups in both molecular structures oriented away
from the metal centers. These findings indicate that the axial
shielding performance of the complexes with aryl substituents
may be low at the metal centers, which in turn leads to a chain-
transfer reaction during polymerization.

(a) Yield (g) (b) My (g/mol) © BD (/1000C)
4 1000 30 50
3 800 30 50 100
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2
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Figure 4. Comparisons of yield (a), MW (b), and branching density (c) of ethylene oligomers obtained with catalysts Pd1—PdS at 30 °C (blue)

and 50 °C (red).
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Table 4. Microstructure Analysis with Fractional Amounts of Different Branch Lengths”

Ent. oligomers branches/1000 C methyl® (%)
1v Ni3-30 59 55

2k Ni3-50 62 52

3° Ni3-70 65 50

4° Pd3-30 66 16

5° Pd3-50 71 13

67 Pd3-MA 83 13

ethyl® (%) propyl® (%) S, Cu.” (%) sec-butyl” (%)
2 3 38 2
3 3 39 3
3 3 40 4
8 2 70 4
7 2 71 7
S 2 76 4

“Percentages of different branch lengths can be calculated from the relative intensity ratios of the methyl (1B,, 1B,, 1B;, 1B,, S1, and sec-butyl)
signals of the respective branches in the *C NMR spectra. Ethylene oligomers obtamed by using Ni3 at 30—70 °C (Table 1, entries 7—9).
“Ethylene oligomers obtained by using Pd3 at 30 and S0 °C (Table 2, entries 5—6). “Ethylene/MA co- oligomer obtained by using Pd3 at 0.5 M

MA (Table 3, entry 3).

Following activation with 500 equiv of Et,AIC], the Ni(1I)
complexes exhibited very high activities toward ethylene
oligomerization (5.52—7.74 X 10° g:mol™"h™!, Table 1).
The ethylene oligomers derived from Nil—Ni$ demonstrated
alow MW (ca. 1-2 kg/mol) and high branching density (54—
71/1000 C). All the ethylene oligomers exhibited an oily or
waxy form. In general, the oligomerization activity was hardly
affected by the catalysts and the reaction temperature, and the
oligomerization yields were ca. 1.0 g (Figure 2a). These results
show that the remote electron effect of the catalysts and the
oligomerization temperature have little effect on the activity,
which may be due to the balance of catalyst stability, mass
transfer effect, and ethylene solubility with temperature. The
plots of yields versus time for complex Ni3 at 30 and 70 °C are
shown in Figure 3 (Table S1). Oligomer productions increased
almost linearly versus time over 20 min at both low and high
temperatures. These results indicated that complex Ni3 has
good thermal stability toward ethylene oligomerization. As the
temperature increased from 30 to 70 °C in the Ni(Il) system,
the MW of the yielded ethylene oligomers was reduced, while
the branching density was elevated (Figure 2b,c). This may be
attributed to the increasing ratios of chain transfer-to-the chain
growth and chain walking-to-chain growth with increasing
temperature.”*~*' Furthermore, the remote electronic effects
(H, Me, F, Cl, and tBu) showed little improvement toward the
branching density, MW, and catalytic activity of the Ni(II)
system, which was different from the previously reported
salicylaldiminato nickel system and a-diimine nickel sys-
tem.”*™*° It should be noted that lowly branched polyethylene
with a high MW was obtained using the symmetrical a-diimine
nickel catalyst based on similar terphe 271 amines, which is
contrary to the results of our system.**™*

All of the iminopyridine Pd(II) complexes were employed as
catalytic system components during the ethylene oligomeriza-
tion process. The oligomerization reactions with complexes
Pd1-PdS were performed after adding 2 equiv of sodium
tetrakis(3,5-bis(trifluoromethyl)phenyl)borate (NaBArF) as a
chloride ion abstractor. The results of ethylene oligomerization
with complexes Pd1—PdS are summarized in Table 2. All the
Pd(1I) complexes exhibited moderate catalytic activities and
yielded colorless oils with low densities under experimental
conditions. Notably, the branching density and catalytic
activity of the obtained ethylene oligomers increased with
increasing temperature, whereas the MW tended to decline.
These findings demonstrate that the elevated temperatures
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favor chain transfer and chain walking reactions over chain
propagation, while they also increase the rates of ethylene
insertion (Figure 4). The experiments of the influence of the
remote conjugated electronic effects (H, Me, tBu, F, and Cl)
on ethylene oligomerization revealed that the catalysts Pd3—
Pd4 with electron-withdrawing substituents (F and Cl) yielded
low-MW ethylene oligomers with high catalytic activities
(Figure 4a,b), which were in good agreement with previous
findings.””** The complex PdS with an electron-donating and
bulky tBu group yielded the highest MW and branching
density of ethylene oligomers at ambient temperature (Table 2,
entry 9).

Our recent studies reported that the iminopyridyl Pd(1I)
catalysts could be effective for the copolymerization of olefins
(ethylene or propylene) and polar monomers, leading to the
generation of a series of polar functionalized polyolefin
components with high incorporation ratios and tunable
MWs.>°"* In this study, polar functionalized ethylene/MA
co-oligomers with low MWs and varying incorporation ratios
were generated via the ethylene/MA co-oligomerization using
complexes Pd1—Pd5 (Table 3). The Pd(II) complexes
exhibited moderate (10* g mol™' h™') co-oligomerization
activities, which were lower than their homo-oligomerization
activities, probably due to the inhibitory effect of the polar
functional substituents (Table 3 vs 2). Similar to ethylene
homo-oligomerization, the catalysts Pd3—Pd4 with electron-
withdrawing substituents (F and Cl) resulted in lower MW
ethylene/MA co-oligomers with higher catalytic activities and
lower incorporation ratios than the catalysts Pd1—Pd2 and
PdS. Furthermore, the catalyst PdS with the electron-donating
and bulky tBu group yielded the highest MW ethylene/MA co-
oligomers with the highest incorporation ratio (402, 4.92 mol
% at 0.5 M MA; Table 3, entry S) compared with other
catalysts Pd1—Pd4. With increase in the MA concentration,
the co-oligomerization activities decreased, while the incorpo-
ration ratios and MWs were significantly enhanced. For the
ethylene/MA co-oligomers from Table 3, entry 7, more than
one polar functionalized group per chain on average were
obtained.

The “C NMR analysis indicated the branching patterns of
ethylene oligomers and ethylene/MA co-oligomers (Table 4
and Figures S and 6). All oligomers and co-oligomers
contained hyperbranched structures, as evidenced by the
existence of sec-butyl groups.*”*" For example, in the *C
NMR spectrum of the ethylene oligomer in entry S, Table 2,
resonances at 11.50 and 19.42 ppm confirm the formation of
sec-butyl branches (Figure Sa,b). The oligomerization temper-
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Figure 5. Detailed analysis of the '*C NMR spectrum of hyperbranched ethylene oligomers obtained by using Ni3 at 70 °C (Table 1, entry 9, a)
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are labeled as xBy, where y is the branch length and x is the carbon, starting from the methyl end with 1. The methine groups for the different
branch lengths are labeled as brBy. A and B are the methyl groups of a sec-butyl branch.

ature not only affects the total branching of ethylene oligomers
but also affects the branching distribution. A higher
oligomerization temperature enhances the proportion of
long-chain branching of ethylene oligomers, especially the
branch-on-branch moiety (Table 4, entries 1—S5), which
suggests that hyperbranching in this system can be tuned by
temperature. Particularly, the ethylene oligomers obtained
from Ni(Il) complexes mainly comprised methyl branches
(50—55%) and significant amounts (38—40%) of long-chain
branches, while those obtained by Pd(II) complexes had less
bulkier compositions of methyl branches (13—16%) and
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significantly higher amounts of long-chain branches (70—
71%). This shows that the Pd(II) species can carry out more
in-depth chain isomerization and give a more topological
molecular structure than the corresponding nickel species. The
3C NMR spectrum of the ethylene—MA co-oligomer from
entry 3, Table 3, reveals the presence of methyl, ethyl, n-
propyl, and long-chain branches, an internal double bond, an
obvious ester carbonyl group, and a branch-on-branch moiety
(Figure 6). The observed findings indicate that the ethylene—
MA co-oligomer is hyperbranched, and the COOMe units are
predominately incorporated at the end of the co-oligomer
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branches. The differential scanning calorimetry analysis
revealed that all low-MW hyperbranched oligomers and
ethylene/MA co-oligomers appeared as viscous fluids and
did not exhibit any phase transitions (melting or crystal-
lization).

In summary, a series of N-terphenyl iminopyridyl ligands and
the corresponding Pd(II) and Ni(II) complexes bearing
remote conjugated substituents with different electronic effects
(H, Me, tBu, F, and Cl) were synthesized and characterized.
The Pd(II) and Ni(II) complexes were used for ethylene
oligomerization and co-oligomerization with MA. In the
ethylene oligomerization catalyzed by Ni(II) complexes,
Nil—Ni$ showed extremely high catalytic activities (5.52—
7.74 x 10° g-mol™"-h™") and generated highly branched (54—
71/1000 C) ethylene oligomers with low MWs (ca. 1-2 kg/
mol). In the ethylene oligomerization catalyzed by Pd(II)
complexes, Pd1—Pd5 exhibited moderate catalytic activities
(ca. 10* g mol™" h™") and yielded highly branched (66—103/
1000 C) ethylene oligomers with low MWs (260—787 g/mol).
The Pd(II) catalysts with electron-withdrawing substituents (F
and Cl) generated lower MW ethylene oligomers with higher
activities when compared to those with electron-donating
substituents. For ethylene—MA co-oligomerization, similar
results were obtained with regard to the branching density,
catalytic activity, and MW. In addition, the ethylene oligomers
and ethylene—MA co-oligomers produced by N-terphenyl
iminopyridyl Pd(II) and Ni(II) complexes contained hyper-
branched structures. Notably, the ethylene oligomers obtained
using Ni(II) complexes mainly comprised methyl branches and
considerable amounts of long-chain branches, while those
obtained using Pd(II) complexes had less bulkier compositions
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of methyl branches and significantly higher amounts of long-
chain branches (up to 83%). These results indicate that the N-
terphenyl iminopyridyl catalysts are very conducive to the
preparation of hyperbranched ethylene oligomers and co-
oligomers with various microstructures. The remote con-
jugated electron effect showed little effect on the polymer-
ization parameters of the iminopyridyl system, which is very
different from the salicylaldiminato Ni(II) system.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acspolymersau.1c00039.
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