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Facile access to diverse polyethylenes via neutral
salicylaldiminato nickel catalysts+

%xa,b

Qiankun Li,*® Hongliang Mu @2 *@ and Zhongbao Jian
A new family of neutral salicylaldiminato nickel(i) catalysts (Ni1l—Ni5) is developed with various well-
designed ortho substituents to the phenoxy moiety and these show moderate to high catalytic activity for
ethylene polymerization as single-component catalysts. Compared to the classical Grubbs-type neutral
nickel(n) catalyst Ni-An, the polymer obtained has lower molecular weight and significantly higher (2-5
times, up to 110 branches/1000C) branching degree. Polyethylene materials from solid semi-crystalline
plastic (T, = 108 °C) to polyethylene wax and polyethylene oil can thus be facilely accessed. In particular,
through the cooperative work of N-aryl groups and ortho substituents, the upgraded catalysts Ni6é and
Ni7 produce polymers with high molecular weight while retaining high branching degree, thus leading to
polyethylenes with excellent elastic properties (tensile strength: 4.3 and 18.4 MPa, strain at break:
~1500%, strain recovery value (SR): 54% and 67%). This work overcomes the established difficulty in simul-
taneously improving polymer molecular weight and branching degree using neutral nickel(i) catalysts,
enlightening new ideas for catalyst design.

Introduction

Polyolefins, although very simple in chemical composition,
have found applications in every aspect of our daily life and
have become the largest class of synthetic polymers since they
have various forms such as thermoplastic, elastomer, wax and
oil." Most commercial polyolefin products are derived from
early transition metal catalysts such as titanium, zirconium
and chromium catalysts that mediate polymerization in the
presence of co-catalysts like alkyl aluminum or borates.™
Since Brookhart et al. discovered nickel(n) and palladium(u)
catalysts supported by a-diimine ligands,>® late transition
metal catalysts have received tremendous attention over the
past 30 years and have been proved to be very versatile in acces-
sing diverse polyolefins.”>®

In contrast to extensive studies on cationic a-diimine nickel
(u) catalysts with the activation of co-catalysts, another mile-
stone in catalyst studies, neutral salicylaldiminato nickel(u)
catalysts, discovered by Johnson et al.>” and Grubbs et al.,**>°
have better tolerance toward polar media but have attracted
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much less attention in terms of the production of diverse poly-
olefins. Unlike the a-diimine nickel(u) catalysts, the active
center of this type of catalyst is electrically neutral, and thus it
allows ethylene polymerization without the help of Lewis-
acidic co-catalysts.>* > After rigorous modification in recent
years, this type of catalyst has been able to generate not only
moderately branched polyethylene with moderate molecular
weight, but also highly linear or lightly branched ultrahigh-
molecular-weight polyethylene and low-molecular-weight
hyperbranched polyethylene via the modification of versatile
N-aryl motifs (Chart 1).***° It is noteworthy that current
reports on the effect of structural modification of neutral sali-
cylaldiminato nickel(n) catalysts indicate a simultaneous fluc-
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Chart 1 Influence of substituents on the properties of neutral salicylal-

diminato nickel(i) catalysts.
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tuation for both polymer molecular weight and branching
degree with polymerization conditions. Consequently, even
though highly linear high-molecular-weight or highly
branched low-molecular-weight polyethylene products can be
facilely obtained, it is rather difficult to synthesize high-mole-
cular-weight polyethylene with high branching degree, which
is a prerequisite for elastic polyethylene. This balance between
chain propagation/chain transfer and chain walking/chain
propagation has been extensively achieved by using cationic
a-diimine nickel(n) catalysts, and is highly desirable for
neutral nickel(u) catalysts such as salicylaldiminato-type cata-
lysts in view of their apparent merits.

Although, in general, the N-aryl groups in neutral salicylal-
diminato nickel(u) catalysts play the most important role in
determining the microstructure of polyethylene, little work has
been devoted to systematic study on the ortho substituents to
the phenoxy moiety, and the types of substituents are also very
limited (Chart 1). In the seminal work of Grubbs et al., a bulky
phenolate substituent (e.g., 9-anthracenyl) has been proved to
be the most important condition for such catalysts producing
high-molecular-weight polymers.”® 1t is believed that the
smaller alkyl or aryl substituent leads to poor activity and cata-
lyst instability due to easy bis-ligation deactivation when 2,6-
diisopropryl substituents are used in the imine moiety.*®

In this contribution, we develop a new substitution pattern
adjacent to the phenoxy moiety to prepare a family of new
neutral salicylaldiminato nickel(n) catalysts that are able to
efficiently promote ethylene polymerization without any co-
catalyst. These substituents facilitate the catalytic preparation
of polyethylenes with a wide range of branching degrees, so
that materials from semi-crystalline solid polyethylene to poly-
ethylene wax and polyethylene oil are available by simply
tuning the polymerization conditions. By further cooperation
with the appropriate N-aryl group, the ability to elevate
polymer branching degree and to generate high-molecular-
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weight polymer is fully taken advantage of, and polyethylene
elastomer with good mechanical properties that was previously
difficult to access using this type of catalyst has been obtained
using ethylene as the sole feedstock.

Results and discussion

Most of the reported neutral nickel(u) catalysts based on the
salicylaldimine framework use conventional ortho substituents
(e.g., tert-butyl, halogen, phenyl, anthracenyl, etc.) of the
phenoxy moiety in the ligand,*****' and more studies are
needed for the design of new substituents to broaden the
application of neutral salicylaldiminato nickel(u) catalysts. In
this work, we use a series of different types of substituents that
had not been applied at this position or even in this catalyst
system, for example, dibenzhydryl, diphenyl amine and their
analogues with various linkages. These variations exert great
influence on catalytic performance and will provide more
information that is currently lacking for neutral salicylaldimi-
nato nickel(u) catalysts.

Phenol backbones containing amine substituents adjacent
to the phenoxy moiety were synthesized via Cu-mediated cross-
coupling reactions, while the C-containing substituent was
introduced through the reaction promoted by zinc chloride in
high yield, in which the presence of a tert-butyl group at the
para-position would be required. The resultant phenols
reacted with paraformaldehyde in the presence of ethylmagne-
sium bromide to give target salicylaldehydes, which led to the
production of desired ligands (L1-L5) after condensation with
2,6-diisopropylaniline. The nickel(i) complexes Ni1-Ni5 could
easily be obtained by the reaction of the corresponding
ligands with NiMe,(tmeda) in the presence of excess pyridine
(Scheme 1). The occurrence of singlets at —0.76 ppm to
—0.60 ppm for Ni-CH; resonances in "H NMR spectra signifies
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Scheme 1 Preparation of salicylaldimine ligands and the corresponding neutral nickel(i) catalysts.
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successful coordination reactions, which is also supported by
13C NMR spectroscopy (see the ESIf for details).

The solid-state structure of the catalyst Ni3 was further
determined by X-ray single crystal diffraction analysis (Fig. 1).
The bond angles of 01-Ni1-C6 (172.10(10)°) and N1-Ni1-N2
(176.18(9)°) reveal that the complex Ni3 adopts a near square-
planar geometry around the nickel centre, and the Ni-C and
Ni-N distances are close to those reported for a similar
complex.>® The pyridine ligand is situated at the trans position
of the bulky N-aryl group, which is similar to that reported for
other nickel-methyl pyridine complexes.”>”* This solid-state
structure of Ni3 is also consistent with its solution structure,
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Fig. 1 Molecular structure of the nickel() complex Ni3.

Table 1 Ethylene polymerization with neutral nickel(i) catalysts?
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as evidenced by the "H-"H NOESY NMR spectrum (Fig. S317),
in which only Ni-CH,/'Pr-CH; (—0.69,1.47), Ni-CH,/'"Pr-CH
(—0.69, 4.08) and Ni-CH;/Py-CH (—0.69, 8.92) can be observed.
In this structure, the aliphatic linkage between the two phenyl
groups and the sp*-hybridized carbon connected to the back-
bone bring about a distorted conformation for the dibenzosu-
beryl substituent, which points away from the metal centre.
This is in sharp contrast to the conventional rigid and planar
9-anthracenyl substituent in the classical catalyst Ni-An
(Scheme 1), which certainly would lead to different catalytic
properties.

All these nickel(n) complexes were used as single-com-
ponent catalysts for ethylene polymerization at 30 °C-90 °C
(Table 1), and the classical catalyst Ni-An was chosen for com-
parison (Table 1, entry 1). In general, catalysts in this work
exhibited better or comparable catalytic activities for ethylene
polymerization (Table 1, entries 3, 7, 11 and 15), except for Ni5
(Table 1, entry 19). The polymer molecular weights were all
lower, and the branching degrees were conspicuously higher
(Fig. 2), indicating faster chain transfer and faster chain
walking for this family of catalysts. This may be attributed to
the reduced steric hindrance of the substituents adjacent to
the phenoxy moiety.

Although the number of atoms of the substituents in Nil-
Ni5 are similar to that in Ni-An, the sp*>-hybridized carbon or

Entry Cat. T (°C) Yield (g) Act.” (10%) M, ° (kDa) M, ¢ (kDa) Mo /My, © Brs? T ¢ (°C)
1 Ni-An 50 1.97 7.9 18.6 35.8 1.9 18 112
2 Ni1 30 0.53 2.1 18.4 33.6 1.8 24 108
3 Nit 50 2.19 8.8 5.8 11.5 2.0 43 94
4 Ni1 70 1.49 6.0 2.6 4.8 1.9 67 77
5 Nit 90 0.81 3.2 (1.8 — — 91 —
6 Ni2 30 0.61 2.4 11.2 24.5 2.2 28 108
7 Ni2 50 2.68 10.7 3.3 6.6 2.0 42 96
8 Ni2 70 3.27 13.1 1.5 2.9 1.9 64 83
9 Ni2 90 1.81 7.2 (1.4 — — 75 —
10 Ni3 30 0.43 1.7 21 3.3 1.6 73 —
11 Ni3 50 2.15 8.6 (1.4)/ — — 84 —
12 Ni3 70 1.83 7.3 (0.9 — — 94 —
13 Ni3 90 1.05 4.2 (0.9)" — — 97 —
14 Ni4 30 0.91 3.6 9.2 17.5 1.9 48 89
15 Ni4 50 1.41 5.6 3.1 6.0 1.9 73 —
16 Ni4 70 2.21 8.8 1.7/ — — 99 —
17 Ni4 90 1.69 6.8 (1.4 — — 110 —
18 Ni5 30 0.05 0.2 1.6 2.4 1.5 66

19 Ni5 50 0.22 0.9 1.2 1.7 1.4 83

20 Ni5 70 0.15 0.6 (1.5 — — 88

21 Ni5 90 Trace — — — — —

22 Ni6 30 0.76 3.0 154.1 261.1 1.7 24

23 Ni6 50 1.28 5.1 115.7 204.1 1.8 54

24 Ni6 70 0.88 3.5 71.9 137.6 1.9 70

25 Ni6 90 0.65 2.6 29.0 61.4 2.1 94 —
26 Ni7 30 0.65 2.6 154.2 224.2 1.5 24 103
27 Ni7 50 0.81 3.2 76.8 143.7 1.9 58 69
28 Ni7 70 0.93 3.7 50.2 85.4 1.7 77 —
29 Ni7 90 1.73 6.9 24.3 46.7 1.9 92 —

“Reaction conditions: nickel(u) catalyst (5.0 umol), toluene (100 mL), ethylene (8 bar), time (30 min). ? Activity is in the unit of g mol™ h™,
¢ Determined by GPC in 1,2,4-trichlorobenzene at 150 °C using a light scattering detector. ¢ brs = number of branches per 1000C, as determined
by 'H NMR spectroscopy. ° Determined by DSC.”/ M, determined by "H NMR spectroscopy.
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Fig. 2 Molecular weight (kDa) and branching degree (brs/1000C) of
polyethylenes generated by different nickel(n) catalysts at 50 °C and
comparison of Ni-An with Ni1l—Ni5.

nitrogen connected to the phenolate backbone (Ni1 and Ni2)
creates a sharp contrast to that for the 9-anthracenyl group in
Ni-An. The planar 9-anthracenyl group extends across the sali-
cylaldimine backbone with a certain torsion angle (ca. 65° for
the acetonitrile complex® and 84° for the triphenylphosphine
complex®’), while the steric hindrance of substituents in Ni1-
Ni5 is farther from the nickel centre, which leads to less
effective shielding. It is thus reasonable to believe that the
additional linkage (Ni3-Ni5) would inevitably exacerbate this
situation by restricting the degree of freedom in the substitu-
ents so that even less shielding of the metal centre and higher
tendency of chain transfer are expected, leading to polymers
with lower molecular weights and higher degrees of polymer
branching.

Nil and Ni2 exhibited comparable catalytic activities
(Table 1, entries 2-9) at low temperatures, with Ni2 being more
thermally stable. Ni1 reached a maximum catalytic activity at
50 °C, followed by a decreased catalytic activity with increasing
temperature, but was still more active (by ca. 1.5 times) at
90 °C than at 30 °C; in comparison, Ni2 demonstrated the
highest activity at 70 °C, which was about 1.5 times more than
the maximum value for Nil. The molecular weight of the
polymer generated by Ni2 was about half that of Ni1, which
was essentially the case at each temperature. The polymer
branching degree was similar between Nil and Ni2 at lower
temperatures, giving semi-crystalline polyethylenes with
melting temperatures ranging from 94 to 108 °C (Table 1,

(°C) 60 80 100 120 140 160

\a)ﬁl* a) b)
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entries 2, 3, 6 and 7, e.g., Fig. 3a), which was similar to that
using the classical catalyst Ni-An. At 90 °C, Nil and Ni2
afforded a wax-like polymer with decreased molecular weight
and higher branching degree, which showed a very weak
melting peak (e.g., Fig. 3c). Nil achieved a much higher
polymer branching of 91 brs/1000C (entries 5 vs. 9) at 90 °C to
give polyethylene oil. Current state-of-the-art production of
lubricant base oil uses a-olefin polymerization promoted by
metallocene or non-metallocene systems, and a cationic nickel
(n)-promoted process using ethylene as the monomer has also
been patented.>® The use of a single-component catalyst and
ethylene as the sole monomer is no doubt of great interest as
an alternative route.

Comparison of catalytic performances using Nil and Ni3
(Table 1, entries 2-5 vs. entries 10-13) revealed the effect of
the aliphatic linker in Ni3. Similar catalytic activities were
observed, coupled with a significant drop in the polymer mole-
cular weight. In the meantime, branching degree was much
higher after the introduction of the linker (entries 4 vs. 12, 67
vs. 94 brs/1000C), allowing the production of clear polyethyl-
ene oil at 50-90 °C (entries 11-13).

When the linker was further replaced with a conjugated one
(Ni5) (Table 1, entries 18-21), the catalytic activity plummeted
and the reduced catalyst thermal stability did not even support
an active polymerization reaction at 90 °C (Table 1, entry 21).
Moreover, similar to that for Ni3, this linking pattern also
resulted in a much lower polymer molecular weight and
higher branching degree than that for Nil. In the same way as
for Ni1 and Ni5, a significant increase in branching degree was
achieved by introducing a linkage when moving from Ni2 to
Ni4 (Table 1, entries 6-9 vs. entries 14-17). The >C NMR spec-
trum of the polymer in entry 16 (Fig. 3d and 4) indicated exten-
sive chain-walking during polymerization. Methyl branching
was the dominant branching pattern, which occupied more
than half of the total 91 branches (calculated by *C NMR),
second to which were butyl and longer branches (21 brs/
1000C); ethyl branches (7.3 brs/1000C) and sec-butyl branches
(10.4 brs/1000C) were also observed.

Polyolefin elastomers are typically prepared industrially by
copolymerization of ethylene with a-olefins promoted by cata-
lysts based on early transition metal catalysts, such as metallo-

c) d

Fig. 3 DSC curves (left) and photographs (middle and right) of the representative polyethylene samples with diverse microstructures: (a) (Table 1,
entry 2), (b) (Table 1, entry 24), (c) (Table 1, entry 4) and (d) (Table 1, entry 16).
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Fig. 4 C NMR spectrum of polyethylene oil in CDCls at 25 °C (Table 1, entry 16).

cenes and constrained geometry catalysts (CGC), and represen-
tative commercial polyolefin elastomers have been presented
by DOW (e.g., Engage™ and Infuse™), LG (e.g., Lucene™),
Mitsui (e.g., Tafmer™) and others.”® The advent of late tran-
sition metal catalysts has enabled the production of similar
materials from ethylene alone via chain walking. In this
aspect, a-diimine catalysts based on nickel(n) and palladium(u)
have been proved to be the most efficient. Salicylaldiminato
nickel(n) catalyst as another famous late transition metal cata-
lyst system, however, has been less successful in this respect
owing to the fact that the polymer molecular weight is inextric-
ably bound up with branching degree.

In view of the ability of ortho substituents in catalysts Nil-
Ni5 to effectively elevate polymer branching degree, we are
interested in the possibility to construct polyethylene elasto-
mers using this family of catalysts. From the polymerization
results using Nil to Ni5, however, the dilemma between
polymer molecular weight and branching degree still exists.
Maintaining the ortho substituents, we then designed Ni6 and
Ni7 by introducing to catalysts Ni3 and Ni5 dibenzosuberyl
groups, which have been proved to be highly effective in sup-
pressing chain transfer in our previous works."”*® We aim to
achieve the synergistic effect of the substituents at the ortho
position and in the arylamine, affording higher molecular
weight polymers with high branching degree, which is crucial
for polyolefin elastomers.

Ni6 and Ni7 shared the same ortho substituents with Ni3
and Ni5, respectively, while ethylene polymerizations using
these two catalysts showed a markedly improved performance
in terms of polymer molecular weight. For Ni7 vs. Ni5, catalytic
activity was obviously another key parameter where progress

3200 | Polym. Chem., 2023, 14, 3196-3202

was made after introducing dibenzosuberyl groups (entries
18-21 vs. 26-29). For these two new catalysts, the polymer
branching degree increased with temperature, in which
process the polymer molecular weight did decrease but
remained at a high level of M,, > 50 kDa. This allowed for a
proper balance between polymer molecular weight and
branching degree, which gives rise to decent elastic materials.
For example, polyethylene with molecular weight of 85.4 kDa
and branching degree of 77 brs/1000C was achieved using Ni7
at 70 °C (entry 28). This polymer sample showed high strain at

20 - 54
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Fig. 5 Stress—strain curves and plots of hysteresis experiments of the
polyethylene samples generated by Ni6 and Ni7: Table 1, entry 24 (a and
b), entry 28 (c and d).
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break of 1523%, and its tensile strength was 4.3 MPa. After
extending this polymer to 300% strain for 10 cycles, a strain
recovery (SR) value of 67% was witnessed (Fig. 5c¢ and d).
Under otherwise identical conditions, Ni6 produced polymer
with molecular weight of 137.6 kDa and 70 branches per 1000
carbon atoms (entry 24). Much higher tensile strength (18.4
MPa) and similar elongation at break (1484%) were achieved,
although the SR value decreased slightly (Fig. 5a and b). For
neutral salicylaldiminato nickel(n) catalysts, the polymer mole-
cular weight and branching degree always move together, and
it is thus very difficult to obtain high-molecular-weight poly-
ethylene with high branching degree, especially when no acti-
vator is used. The polymers in entries 24 and 28 represent a
rational combination of properties that had not been pre-
viously achieved for this type of catalyst in ethylene polymeriz-
ation. The results in this work now enable the use of neutral
salicylaldiminato nickel(u) catalyst as a promising candidate
that generates polyolefin elastomer without the need for
a-olefin co-monomers.

Conclusions

Differing from related pioneering studies, in this contribution
a new family of ortho substituents for the phenoxy moiety in
the neutral salicylaldiminato nickel(n) catalyst is rationally
designed and installed and enables ethylene polymerization
without the use of co-catalysts to produce polymers with much
higher branching degrees, relative to conventional catalysts
bearing the 9-anthracenyl group. Based on this key feature of
high branching degree, the other key parameter of high mole-
cular weight for polyethylene is further accessed by installing
simple dibenzosuberyl groups into the N-aryl fragment. This
generates polyethylene materials with diverse microstructures
and properties, including semi-crystalline polyethylene plastic,
polyethylene elastomer, polyethylene wax and polyethylene oil,
derived from ethylene as the sole feedstock. Adjusting the
value of both molecular weight and branching degree in late
transition metal-mediated ethylene polymerization is one of
the most promising characteristics. This always occurs in a cat-
ionic a-diimine system. This strategy of combining the advan-
tages of substituents at two different key positions enables the
use of neutral salicylaldiminato nickel(u) catalyst as a new can-
didate to produce diverse polyethylenes, which is expected to
inspire the design of other catalyst systems.
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