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Abstract: The cobalt(II) chloride N,N,N-pincer complexes, [2-{(2,4-(C15H13)2-6-FC6H2)N=CMe}-6-
(ArN=CMe)C5H3N]CoCl2 (Ar = 2,6-Me2C6H3) (Co1), 2,6-Et2C6H3 (Co2), 2,6-i-Pr2C6H3 (Co3), 2,4,6-
Me3C6H2 (Co4), 2,6-Et2-4-MeC6H2 (Co5), and [2,6-{(2,4-(C15H13)2-6-FC6H2)N=CMe}2C5H3N]CoCl2
(Co6), each containing at least one N-2,4-bis(dibenzosuberyl)-6-fluorophenyl group, were synthesized
in good yield from their corresponding unsymmetrical (L1–L5) and symmetrical bis(imino)pyridines
(L6). The molecular structures of Co1 and Co2 spotlighted their distorted square pyramidal geome-
tries (τ5 value range: 0.23–0.29) and variations in steric hindrance offered by the dissimilar N-aryl
groups. On activation with either MAO or MMAO, Co1–Co6 all displayed high activities for ethylene
polymerization, with levels falling in the order: Co1 > Co4 > Co5 > Co2 > Co3 > Co6. Indeed, the
least sterically hindered 2,6-dimethyl Co1 in combination with MAO exhibited a very high activity of
1.15 × 107 g PE mol−1 (Co) h−1 at the operating temperature of 70 ◦C, which dropped by only 15%
at 80 ◦C and 43% at 90 ◦C. Vinyl-terminated polyethylenes of high linearity and narrow dispersity
were generated by all catalysts, with the most sterically hindered, Co3 and Co6, producing the
highest molecular weight polymers [Mw range: 30.26–33.90 kg mol−1 (Co3) and 42.90–43.92 kg mol−1

(Co6)]. In comparison with structurally related cobalt catalysts, it was evident that the presence of
the N-2,4-bis(dibenzosuberyl)-6-fluorophenyl groups had a limited effect on catalytic activity but a
marked effect on thermal stability.

Keywords: cobalt; ethylene polymerization; dibenzosuberyl; ortho-fluoride; thermal stability; linear
polyethylene; high activity

1. Introduction

The deployment of late transition metal (e.g., Fe, Co, Ni, Pd) complexes as catalysts
in ethylene polymerization has been extensively investigated since the groundbreaking
discoveries in the mid-to-late 1990′s [1–4]. Much of the interest in the area stems from their
ease of preparation and their ability to generate various types of industrially important
polyethylenes, ranging from highly linear to highly branched with differing levels of
end-group unsaturation [3–6].

Regarding iron and cobalt catalysts, most incorporate the tridentate 2,6-bis(arylimino)
pyridine ligand frame (A, Figure 1). Indeed, for this class of catalyst, numerous studies have
been dedicated to exploring the relationships between structure and productivity, as well as
the properties of the resulting polymers [1,2]. As a consequence, factors such as the choice of
metal center and the substitution pattern displayed by the N,N,N-ligand have been shown
to be of crucial importance. Furthermore, such variations to the chelating ligand structure
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can also impact the thermal stability of the catalyst, with poor thermal stability being a
characteristic that has, in part, limited their industrial application [1,2,6–8]. In most cases,
these structural modifications have been concerned with the N-aryl groups and, in particu-
lar, the influence of substituents with differing steric and electronic properties [1,2,5,8–22].
As a more recent modification, the fusion of carbocyclic rings to the central pyridine in A
has seen improvements in both catalytic performance and thermal stability [23–35].

Figure 1. Structural modifications to the ligand framework in 2,6-bis(arylimino)pyridine-iron(II) and
-cobalt(II) chloride complexes, A–F, including the target of this work, G.

As an on-going theme in our research, we have been interested in developing families
of unsymmetrical bis(imino)pyridine–iron and –cobalt complexes that contain one fixed
N-aryl group and the other variable. For example, precatalysts of type B (Figure 1) incorpo-
rate a N-2-benzhydryl-4,6-dimethylphenyl group as the fixed aryl group, while the other
aryl group offers a means to fine-tune performance through steric and electronic variation.
Indeed, iron and cobalt examples of B exhibit very good catalytic activity [36], while C
(Figure 1), bearing two sterically hindered ortho-benzhydryl groups along with an electron-
donating para-methyl group, not only display high catalytic activity but also enhanced
thermal stability (C, Figure 1) [37–42]. Moreover, analogues of C with the para-methyl
group replaced by electron-withdrawing substituents have seen further improvements, par-
ticularly for iron [39–47]. Incorporation of fluoride into the benzhydryl periphery has also
led to catalysts displaying high activity and good thermal stability [43,44]. Elsewhere, the
positioning of benzhydryl groups within the N-aryl ring has been the subject of a number of
reports. For instance, cobalt-containing DCo (Figure 1), affixed with a N-2,4-dibenzhydryl-
6-methylphenyl group, exhibited exceptional catalytic activity (up to 18.1 × 106 g of PE
mol−1 (Co) h−1), while the thermal stability was somewhat reduced [48,49].

As a development of our work using benzhydryl as a substituent on the N-aryl ring,
we have also been interested in employing dibenzosuberyl groups, in which the two phenyl
groups in benzhydryl have been tethered by an ethyl linker [50–53]. For example, ECo
(Figure 1), the dibenzosuberyl equivalent of DCo, displayed comparatively higher thermal
stability, while the polyethylene was of similarly high molecular weight [52,53]. As a more
recent finding, the introduction of fluoride in conjunction with two benzhydryl groups
on the N-aryl ring has seen the disclosure of cobalt-containing FCo (Figure 1). Indeed, FCo
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exhibited very high catalytic activity and superior thermal stability [54]. Similarly, the
bis(4,4’-difluorobenzhydryl) counterpart of F showed promising performance in terms of
catalytic productivity and thermostability [55,56].

In order to further refine our understanding of the factors that influence catalytic
performance and temperature resilience in this type of polymerization catalyst, we tar-
geted in this work a series of bis(imino)pyridine-cobalt precatalysts appended with N-2,4-
bis(dibenzosuberyl)-6-fluorophenyl groups (G, Figure 1). We anticipated that the electronic
effect of the 6-fluoride in close proximity to the central metal and the steric effect imposed
by the dibenzosuberyl groups, along with the anticipated acidity of its methine protons,
might have some impact on catalytic performance and particularly on thermal stability.
With this in mind, we disclose five distinct examples of unsymmetrical cobalt precatalysts
differing in the steric and electronic properties of the second N-aryl group and one sym-
metrical example bearing two N-2,4-bis(dibenzosuberyl)-6-fluorophenyl groups. These
new complexes were subjected to a comprehensive polymerization evaluation that probed
the type and amount of co-catalyst, reaction temperature, run time, and ethylene pressure.
The results of this study are then compared to previously reported cobalt examples of B–F
(Figure 1). In addition, the preparative details for the six novel 2,6-bis(imino)pyridines and
their cobalt precatalysts are reported in detail.

2. Results and Discussion

The unsymmetrical 2,6-bis(arylimino)pyridines, 2-{(2,4-(C15H13)2-6-FC6H2)N=CMe}-
6-(ArN=CMe)C5H3N (Ar = 2,6-Me2C6H3) (L1), 2,6-Et2C6H3 (L2), 2,6-i-Pr2C6H3 (L3), 2,4,6-
Me3C6H2 (L4), and 2,6-Et2-4-MeC6H2 (L5), were obtained in two steps in satisfactory
overall yield (Scheme 1). Firstly, the condensation of 2,6-diacetylpyridine with one molar
equivalent of N-2,4-bis(dibenzosuberyl)-6-fluoroaniline afforded the imine-ketone 2-{(2,4-
(C15H13)2-6-FC6H2)N=CMe}-6-(O=CMe)C5H3N as the main product, along with some
2,6-{(2,4-(C15H13)2-6-FC6H2)N=CMe}2C5H3N (L6) as the by-product. Treatment of the
imine-ketone intermediate with the corresponding aniline, 2,6-R1

2-4-R2C6H2NH2, under
acid catalyzed conditions, gave L1–L5. The N-2,4-bis(dibenzosuberyl)-6-fluoroaniline was
not commercially available and was prepared using a reported procedure [57–59].

Further reaction of L1–L6 with anhydrous cobalt(II) chloride in a mixture of ethanol and
dichloromethane generated [2-{(2,4-(C15H13)2-6-FC6H2)N=CMe}-6-(ArN=CMe)C5H3N]CoCl2
(Ar = 2,6-Me2C6H3) (Co1, 2,6-Et2C6H3 (Co2), 2,6-i-Pr2C6H3 (Co3), 2,4,6-Me3C6H2 (Co4),
2,6-Et2-4-MeC6H2 (Co5) and [2,6-{(2,4-(C15H13)2-6-FC6H2)N=CMe}2C5H3N]CoCl2 (Co6) in
good yields (Scheme 1). All of the organic compounds were characterized by IR, 1H, 13C,
and 19F NMR spectroscopy and elemental analysis, while Co1–Co6 were analyzed by
elemental analysis, 19F NMR, and IR spectroscopy, and Co1 and Co2 were analyzed by
single crystal X-ray diffraction.

Single crystals of Co1 and Co2 employed for the X-ray studies were grown by slow
diffusion of n-heptane into a dichloromethane solution of the corresponding complex.
Perspective views of both are shown in Figures 2 and 3, while selected bond lengths and
angles are provided in Table 1. Crystallographic parameters are given in the supporting
information (Table S1 from Supplementary Materials). The structures of Co1 and Co2 were
similar and will be described as a pair. Each comprised a single cobalt center bound by a
N,N,N-chelating bis(arylimino)pyridine and two chloride ligands to complete a geometry
that can be best described as distorted square pyramidal. More accurately, this distortion
can be quantified using the geometric tau value (τ5). This parameter can be defined from
the equation τ5 = (β–α)/60, where β is the largest angle and α is the second largest angle in
the coordination sphere. A tau value of zero is indicative of a perfect square pyramid and a
value of one for a perfect trigonal bipyramid [49–57,60–64]. For Co1 and Co2, the τ5 values
were 0.23 and 0.29, respectively, reflecting some degree of distortion from a perfect square
pyramid. In each structure, the three nitrogen atoms N1, N2, and N3, along with Cll, formed
the basal plane, while Cl2 occupied the apical site and the cobalt center itself sat above the
basal plane, by approximately 0.147 Å and 0.137 Å, respectively. With regard to the cobalt-
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nitrogen bond lengths, the central Co(1)–N(1) distance [2.035(2) Å Co1, 2.0512(12) Å Co2]
was noticeably shorter than Co(1)–N(2) [2.238(2) Å Co1, 2.1810(12) Å Co2] and Co(1)–N(3)
[2.260(2) Å Co1, 2.1784(11) Å Co2], indicating more effective coordination of the Npyridine
with the cobalt atom. Similar findings have been reported in the literature [45,46,48–56].
For Co1, the exterior Co-Nimine bond lengths also showed some minor variation, with
Co1-N3 slightly longer than Co1-N2, although this was not reproduced in Co2. The N(2)–
C(8) [1.281(3)–1.2819(19) Å] and N(3)–C(2) [1.271(3)–1.2851(18) Å] bond lengths in both
complexes were typical of C=N double bonds. In addition, the N-aryl planes were inclined
towards the perpendicular with respect to the N,N,N-chelating plane, with some modest
variation in the dihedral angles (76.3◦, 78.3◦ Co1; 77.7◦, 83.3◦ Co2). Similar inclinations have
been observed in other unsymmetrical bis(arylimino)pyridine complexes [36–46,50–56].
As a variation between the two structures, the ortho-dibenzosuberyl group in Co1 was
positioned on the same side as apical Cl2, while in Co2, the ortho-fluoride adopted this
position. Within each ortho-/para-substituted dibenzosuberyl group, the central seven-
membered ring was puckered on account of the three sp3-hybridized carbon atoms. There
were no intermolecular contacts of note.

Scheme 1. Synthetic route to the bis(arylimino)pyridine derivatives (L1–L6) and their cobalt(II)
chloride complexes (Co1–Co6).
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Figure 2. ORTEP representation of Co1 with the thermal ellipsoids set at 30% probability level. All
hydrogen atoms have been omitted for clarity.

Figure 3. ORTEP representation of Co2 with the thermal ellipsoids set at the 30% probability level.
All hydrogen atoms have been omitted for clarity.

19F NMR spectroscopy was performed on L1–L6 and Co1–Co6 in order to probe the
effect of the fluorine environment and metal complexation on chemical shift. As expected,
the spectra of the free ligands showed single peaks for the ortho-fluoride with chemical
shifts of approximately δ −128.7 ppm (Figure S1 from Supplementary Materials), which
compared to a range of between δ –146.9 and –129.3 ppm for Co1–Co5 (see Figure 4
for representative spectra). Evidently, complexation with the paramagnetic Co(II) ion
resulted in an upfield shift and a broadening of the fluorine resonances. Interestingly, the
spectrum of symmetrical Co6 showed major and minor peaks at δ –146.9 and −145.8 ppm,
respectively (see Figure S2 from Supplementary Materials), which suggested the existence
of two isomers in solution [55,56].
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Table 1. Selected bond lengths (Å) and angles (◦) for Co1 and Co2.

Co1 Co2

Bond Lengths (Å)

Co(1)–N(1) 2.035 (2) 2.0512 (12)
Co(1)–N(2) 2.238 (2) 2.1810 (12)
Co(1)–N(3) 2.260 (2) 2.1784 (11)
Co(1)–Cl(1) 2.2370 (8) 2.2424 (4)
Co(1)–Cl(2) 2.2673 (8) 2.2960 (4)
N(2)–C(10) 1.437 (3) 1.4292 (18)
N(3)–C(46) 1.449 (3) 1.488 (2)
N(2)–C(8) 1.281 (3) 1.2819 (19)
N(3)–C(2) 1.271 (3) 1.2851 (18)
C(15)–F(1) 1.350 (3) 1.3591 (17)

Bond Angles (◦)

N(1)–Co(1)–N(2) 74.87 (8) 73.56 (4)
N(1)–Co(1)–N(3) 74.78 (8) 73.97 (4)
N(2)–Co(1)–N(3) 149.16 (8) 138.63 (4)
N(1)–Co(1)–Cl(1) 135.22 (6) 156.00 (4)
N(2)– Co(1)–Cl(1) 95.29 (6) 99.83 (3)
N(3)–Co(1)–Cl(1) 102.35 (6) 99.46 (3)
N(2)–Co(1)–Cl(2) 101.27 (6) 101.57 (3)
N(3)–Co(1)–Cl(2) 94.49 (6) 103.81 (3)
Cl(1)–Co(1)–Cl(2) 113.91 (3) 113.233 (18)
N(1)–Co(1)–Cl(2) 110.86 (6) 90.76 (3)

Figure 4. 19F NMR spectra of L1, L4, and L5, along with those for their corresponding complexes
Co1, Co4, and Co5; recorded in CDCl3 at ambient temperature.

In the FT-IR spectra of Co1–Co6, the stretching vibrations for the C=Nimine bonds
appeared in the range of 1623–1632 cm−1, which compared to 1641–1651 cm−1 for the free
bis(imino)pyridines, L1–L6. This reduction in wavenumber was in accordance with the
effective coordination of the imine nitrogen donor atoms to the metal center [36–39,48–57].
The elemental analyses of Co1–Co6 were consistent with the proposed LCoCl2 composition.
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3. Ethylene Polymerization Studies

Previous work in the area indicated that aluminoxanes, such as MAO (methylalumi-
noxane) or MMAO (modified methylaluminoxane), are effective co-catalysts for generating
the active bis(imino)pyridine-cobalt catalyst [13,14,36–42,48–57]. Accordingly, both MAO
and MMAO were used during the catalytic evaluation of Co1–Co6, and their catalytic
performance was compared. To identify an effective set of reaction conditions for the
polymerizations, Co1 was initially selected and parameters such as temperature, Al:Co
molar ratio, run time, and ethylene pressure were systematically investigated with the
ethylene pressure kept at 10 atm. All runs were performed in toluene as the solvent.

3.1. Optimization of Polymerization Conditions Using Co1/MAO

With Co1/MAO initially employed as the test catalyst system, the influence of run
temperature was first investigated with the Al:Co molar ratio fixed at 2000:1 and the run
time set at 30 min (runs 1–7, Table 2).

Table 2. Optimization of the polymerization conditions using Co1/MAO a.

Run T (◦C) t (min) Al:Co PE (g) Activity b Mw
c Mw/Mn

c Tm (◦C) d

1 30 30 2000 1.82 2.43 16.80 2.43 130.4
2 40 30 2000 2.14 2.85 14.72 2.67 129.5
3 50 30 2000 2.83 3.77 11.15 2.63 128.9
4 60 30 2000 4.54 6.05 9.26 2.63 128.5
5 70 30 2000 8.61 11.48 7.40 2.42 127.7
6 80 30 2000 7.36 9.81 6.74 2.37 127.1
7 90 30 2000 4.92 6.56 5.44 2.27 126.1
8 70 30 1500 6.85 9.13 7.52 2.47 127.6
9 70 30 1750 8.02 10.70 7.75 2.37 128.2
10 70 30 2250 7.43 9.91 7.27 2.41 127.8
11 70 30 2500 6.37 8.49 7.07 2.29 127.8
12 70 30 3000 5.60 7.47 6.33 2.16 128.4
13 70 05 2000 2.57 20.56 6.73 2.27 127.3
14 70 15 2000 4.61 12.29 7.22 2.27 128.0
15 70 45 2000 9.02 8.02 7.53 2.46 127.6
16 70 60 2000 10.51 7.01 8.23 2.34 127.6
17 e 70 30 2000 3.87 5.16 6.27 2.55 127.2
18 f 70 30 2000 0.71 0.95 2.92 2.40 123.2

a General conditions: 1.5 µmol of Co1, 100 mL toluene, 10 atm C2H4, b 106 g of PE mol−1 (Co) h−1, c Mw : kg
mol−1

, determined by GPC, d determined by DSC, e 5 atm of C2H4, f 1 atm of C2H4.

When the temperature was increased from 30 to 70 ◦C, the catalytic activity steadily
increased, reaching a peak level of 11.48 × 106 g of PE mol−1 of Co h−1 at the higher
temperature (run 5, Table 2). Above 70 ◦C, some loss in activity was observed, with lev-
els decreasing to 9.81 × 106 g of PE mol−1 of Co h−1 at 80 ◦C and then to 6.56 × 106 g
of PE mol−1 of Co h−1 at 90 ◦C. Clearly, the active species generated using Co1/MAO
displayed good thermal stability with only a 15% reduction in performance at 80 ◦C.
It would seem probable that this latter dip in effectiveness was due to partial deactiva-
tion of the active species and/or lower solubility of the ethylene monomer at elevated
temperature [36–46,49,52–57]. In contrast, the molecular weight of the polyethylene dis-
played a gradual decrease when the temperature increased from 30 to 90 ◦C, with Mw
values dropping from 16.80 to 5.44 kg mol–1 (Figure 5). This reduction in molecular weight
was ascribed to increased rates of chain transfer reactions as compared to chain propagation
at higher run temperatures [38–46,49,52–55].
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Figure 5. GPC curves showing logMw of the polyethylenes produced using Co1/MAO as a function
of the reaction temperature (runs 1–7, Table 2).

Next, the amount of MAO employed was systematically varied by altering the Al:Co
molar ratio for Co1/MAO from 1500:1 to 3000:1 with the run temperature retained at
70 ◦C (runs 5, 8–12, Table 2). At 2000:1, the highest catalytic activity of 11.48 × 106 g of
PE mol−1 of Co h−1 was achieved (run 5, Table 2), which then declined at higher ratios
reaching a low point of 7.47 × 106 g of PE mol−1 of Co h−1 at 3000:1 (run 12, Table 2).
In terms of the molecular weight of the polyethylene, the highest value of 7.75 kg mol–1

was attained at 1750:1 (run 9, Table 2) and then progressively decreased as the ratio was
raised from 2000:1 to 3000:1 (runs 10–12, Table 2). The corresponding GPC curves are given
in Figure S3 (Supplementary Materials). It would seem likely that this drop in Mw was
due to increased rates in chain transfer and termination reactions in the presence of larger
amounts of co-catalyst [48,50,52–55,64–67].

With the Al:Co molar ratio retained at 2000:1 and the temperature set at 70 ◦C, the
time/activity profile of Co1/MAO was investigated at selected intervals between 5 and
60 min (runs 5, 13–16, Table 2). Examination of the results indicated an inverse relationship
between catalytic activity and run time, with a peak performance observed after 5 min
(20.56 × 106 g of PE mol−1 of Co h−1), which then proceeded to drop-off and reached
its lowest value after 60 min (7.01 × 106 g of PE mol−1 of Co h−1). These results further
highlighted the short induction period required to produce the active species (run 13,
Table 2) and, moreover, its appreciable lifetime even over longer run times. Meanwhile,
the molecular weights of the polyethylenes increased over a prolonged reaction time and
remained narrowly dispersed in all cases. The GPC curves of the resulting polyethylenes
are collected in Figure S4 (Supplementary Materials).

To explore the influence of ethylene pressure on Co1/MAO, the polymerization runs
were additionally performed at 5 and 1 atm (runs 5, 17, and 18, Table 2). The results showed
a clear correlation between pressure and catalytic activity, as well as the molecular weight
of the polyethylene, with higher pressures leading to improved catalytic performance and
higher molecular weight polymers. In particular, the catalytic activity displayed at 5 atm
of ethylene was almost half that displayed at 10 atm, while the molecular weight of the
polyethylene lowered to 6.27 kg mol−1 (run 17, Table 2). In comparison, at 1 atm, the
catalytic activity dramatically decreased to 0.95 × 106 g of PE mol−1 of Co h−1 while the
polymer molecular weight declined to 2.92 kg mol−1 (run 18, Table 2). These observations
suggested that a high pressure of ethylene was favorable for coordination and insertion,
which was likely related to the increased solubility of the ethylene monomer. The GPC
curves as a function of ethylene pressure are given in Figure 6.
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Figure 6. GPC curves showing logMw of the polyethylenes produced using Co1/MAO as a function
of the ethylene pressure (runs 5, 17, and 18, Table 2).

As a general observation for all the different polymerization runs performed using
Co1/MAO (runs 1–18, Table 2), the polyethylenes showed a narrow dispersity (Mw/Mn
range: 2.16 to 2.67; runs 1–18, Table 2), suggesting well-controlled polymerizations as the
result of single-site active species.

3.2. Optimization of Polymerization Conditions Using Co1/MMAO

With MAO now replaced with MMAO, a similar strategy was employed to optimize
the performance of Co1/MMAO. The complete set of results are collected in Table 3.

Table 3. Optimization of the polymerization conditions using Co1/MMAO a.

Run T (◦C) t (min) Al:Co PE (g) Activity b Mw
c Mw/Mn

c Tm (◦C) d

1 30 30 2000 1.43 1.91 20.14 2.42 131.2
2 40 30 2000 1.87 2.49 14.36 2.47 130.2
3 50 30 2000 2.54 3.39 11.67 2.54 129.5
4 60 30 2000 3.28 4.37 8.05 2.45 128.2
5 70 30 2000 4.86 6.48 7.28 2.38 128.0
6 80 30 2000 3.72 4.96 6.42 2.25 127.2
7 90 30 2000 1.85 2.47 5.53 2.33 126.4
8 70 30 1500 3.12 4.16 7.60 2.34 127.9
9 70 30 1750 3.97 5.29 7.45 2.31 128.1
10 70 30 2250 5.63 7.51 7.09 2.51 127.9
11 70 30 2500 3.85 5.13 6.64 1.94 128.2
12 70 30 3000 2.74 3.65 3.67 2.45 128.7
13 70 05 2250 2.14 17.12 6.68 2.06 128.0
14 70 15 2250 3.48 9.28 6.90 2.31 127.6
15 70 45 2250 5.92 5.26 7.09 2.10 127.8
16 70 60 2250 6.41 4.27 7.91 2.12 128.0
17 e 70 30 2250 2.15 2.87 5.51 2.34 127.7
18 f 70 30 2250 0.53 0.71 3.58 1.92 124.1

a General conditions: 1.5 µmol of Co1, 100 mL toluene, 10 atm C2H4,
b 106 g of PE mol−1 (Co) h−1, c Mw: kg

mol−1, determined by GPC, d determined by DSC, e 5 atm of C2H4, f 1 atm of C2H4.

By running the polymerizations at temperatures between 30 and 90 ◦C (runs 1–7,
Table 3), a peak activity of 6.48 × 106 g of PE mol−1 of Co h−1 was again observed at 70 ◦C
(run 5, Table 3). However, this activity level was not as high as that observed for Co1/MAO
at the same temperature. Nonetheless, the optimal temperature of 70 ◦C again highlighted
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the high thermal stability of this class of catalyst [40–46,49,52–57]. At temperatures in
excess of 70 ◦C, the catalytic activity decreased to 4.96 × 106 g of PE mol−1 of Co h−1 at
80 ◦C and then to 2.47 × 106 g of PE mol−1 of Co h−1 at 90 ◦C (runs 6 and 7, Table 3),
highlighting once again the appreciable resilience of the active species to high operating
temperature. The molecular weights of the polyethylenes showed a similar trend to that
observed with MAO, with the values decreasing from 20.14 to 5.53 kg mol−1 when the
temperature was raised from 30 to 90 ◦C (Figure 7). The generated polyethylenes displayed
a reasonably narrow dispersity across the temperature range (runs 1–7, Table 3).

Figure 7. GPC curves showing logMw of the polyethylenes produced using Co1/MMAO as a function
of the reaction temperature (runs 1–7, Table 3).

The response of Co1/MMAO to variations in Al:Co molar ratio was then explored by
altering the ratio from 1500:1 to 3000:1 (runs 5, 8–12, Table 3) with the temperature set at
70 ◦C. The results revealed a gradual increase in catalytic activity, reaching a maximum
of 7.51 × 106 g of PE mol−1 of Co h−1 at 2250:1 (run 10, Table 4). Further increases in the
amount of co-catalyst led to a reduction in activity, with the lowest value of 3.65 × 106 g of
PE mol−1 of Co h−1 obtained at 3000:1 (run 12, Table 3). On the other hand, the molecular
weights of the polyethylenes steadily decreased from 7.60 kg mol−1 to 3.65 kg mol−1 (runs
5, 8–12, Table 3) as the ratio increased (Figure S5 from Supplementary Materials). This
finding aligned with increased rates of both chain transfer and termination reactions at
higher concentration of co-catalyst [48,50,52–55,64–67].

Table 4. Screening of Co1–Co6 with either MAO or MMAO under optimized conditions a.

Run Precat. Co-Cat. PE (g) Activity b Mw
c Mw/Mn

c Tm (◦C) d

1 Co1 MAO 8.61 11.48 7.40 2.42 127.7
2 Co2 MAO 7.03 9.37 13.06 2.54 129.8
3 Co3 MAO 3.91 5.21 30.26 2.47 132.9
4 Co4 MAO 7.54 10.05 8.10 2.29 128.4
5 Co5 MAO 6.88 9.17 13.38 2.53 129.9
6 Co6 MAO 2.43 3.24 42.90 2.28 132.8
7 Co1 MMAO 5.63 7.51 7.10 2.51 127.9
8 Co2 MMAO 3.42 4.56 13.40 2.35 130.0
9 Co3 MMAO 2.90 3.87 33.90 1.88 132.7
10 Co4 MMAO 5.16 6.88 8.07 2.61 128.0
11 Co5 MMAO 3.28 4.37 13.93 2.32 130.0
12 Co6 MMAO 2.06 2.74 43.92 2.03 132.4

a General conditions: 1.5 µmol of cobalt precatalyst, 100 mL toluene, 10 atm C2H4, 70 ◦C, 30 min, Al:Co ratio of 2000:1
(MAO) and 2250:1 (MMAO), b 106 g PE mol−1 (Co) h−1, c kg mol−1 determined by GPC, d determined by DSC.
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The impact of run time on Co1/MMAO was then explored between 5 and 60 min
(runs 10, 13–16, Table 3) with the temperature maintained at 70 ◦C and the Al:Co molar
ratio set at 2250:1. Similar to the results observed with MAO, the peak level of 17.12 × 106 g
of PE mol−1 of Co h−1 was found after 5 min (run 13, Table 3). Over a prolonged reaction
time, a gradual decrease in catalytic activity was observed, reaching a value of 4.27 × 106 g
of PE mol−1 of Co h−1 after 60 min (runs 16, Table 3). Nonetheless, the levels of activity
after longer run times remained appreciable, highlighting the good lifetime of the active
species. In terms of the polyethylenes, a gradual increase in molecular weight was observed
over time (Figure S6 from Supplementary Materials).

To explore the influence of ethylene pressure on Co1/MMAO, we then investigated
this parameter using the most effective conditions identified in terms of run temperature
and Al:Co molar ratio (runs 10, 17, and 16, Table 3). As with the MAO study, the highest
catalytic activity was achieved at the highest pressure of ethylene. At 5 atm, the catalytic
activity dropped to 2.87 × 106 g of PE mol−1 of Co h−1, while at 1 atm the catalytic
activity lowered to 0.71 × 106 g of PE mol−1 of Co h−1. Similarly, the molecular weight
of the polyethylene dropped to 5.51 kg mol−1 at 5 atm (run 17, Table 3) and then fell
further to 3.58 kg mol−1 at 1 atm (run 18, Table 3). It would seem probable that less
effective mass transfer of the ethylene monomer at lower pressure accounted for the
observations described above. The GPC curves are given in Figure 8. As a final remark,
under all polymerization conditions employed using Co1/MMAO, the dispersity of the
polyethylenes (Mw/Mn) was in the range 1.92 to 2.54 (runs 1–18, Table 3), indicating the
single-site nature of the active species.

Figure 8. GPC curves showing log Mw of the polyethylenes produced using Co1/MMAO as a function
of the ethylene pressure (entries 10, 17, and 18, Table 3).

3.3. Screening of Co1–Co6 with MAO and MMAO

Finally, all the remaining cobalt complexes, Co2–Co6, were investigated as precatalysts
for ethylene polymerization using the corresponding set of optimized reaction conditions
identified with either Co1/MAO (reaction temperature = 70 ◦C, Al:Co molar ratio = 2000:1,
run time = 30 min, PC2H4 = 10 atm) or Co1/MMAO (reaction temperature = 70 ◦C, Al:Co
molar ratio = 2250:1, run time = 30 min, PC2H4 = 10 atm). The results are displayed in
Table 4.

By utilizing MAO as co-catalyst, all cobalt precatalysts displayed high catalytic activity
for ethylene polymerization (range: 3.24–11.48 × 106 g of PE mol−1 of Co h−1) with the
relative order following: Co1 > Co4 > Co5 > Co2 > Co3 > Co6 (runs 1–6, Table 4). At
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the top end of the range were Co1 and Co4, which both contain the least sterically bulky
ortho-methyl (R1) substituents (runs 1, 4, Table 4). Conversely, Co3, bearing the bulkier
ortho-isopropyl substituents, exhibited lower activity, while symmetrical Co6, incorporating
two N-2,4-bis(dibenzosuberyl)-6-fluorophenyl groups, was the least active of the series
(runs 3, 6, Table 4). On the other hand, Co3 and Co6 generated the highest molecular
weight polyethylenes of 30.26 and 42.90 kg mol−1, respectively. Variations in the molecular
weight of the polyethylene as a function of precatalyst are shown in Figure 9. These
findings suggested that bulkier substituents inhibited chain transfer and protected the
active species [42–46,52–57].

Figure 9. GPC curves showing log Mw of the polyethylenes produced using Co1–Co6 with MAO as
activator in each case (runs 1–6, Table 4).

Similarly, using MMAO, the catalytic performance of Co2–Co6 was investigated using
the optimum conditions established with Co1/MMAO (runs 7–12, Table 4). At first glance, it
was evident that the activities for all six cobalt precatalysts mirrored the order observed with
MAO: Co1 > Co4 > Co5 > Co2 > Co3 > Co6. However, these systems generally displayed
lower catalytic activities (range: 2.74–7.51 × 106 g of PE mol−1 of Co h−1), which could
plausibly be attributed to the different activation processes involved with each co-catalyst.
Nevertheless, steric influences imparted by the N-aryl substituents once again played a
key role on performance, with the least hindered 2,6-dimethyl Co1 and Co4 falling at the
top end of the catalytic range (runs 7, 10, Table 4). Likewise, the highest molecular weight
polyethylene was generated using the bulkiest precatalysts, Co6 (Mw = 43.93 kg mol−1)
and Co3 (Mw = 33.90 kg mol−1) (runs 9, 12, Table 4). The GPC curves of the polyethylenes
generated using Co1–Co6/MMAO are shown in Figure 10. As was noted in the initial
studies using Co1/MAO or Co1/MMAO, the polymers produced using Co1–Co6 were
narrowly dispersed, with Mw/Mn values falling in the range of 1.88 to 2.61, highlighting
the good control and single-site nature of the active species.
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Figure 10. GPC curves showing logMw of the polyethylenes produced using Co1–Co6 with MMAO
as activator in each case (runs 7–12, Table 4).

3.4. Microstructural Features of the Polyethylenes

As is apparent from Tables 2–4, all of the polyethylene samples produced in this
work displayed melting points (Tm) in the range 126.1–132.9 ◦C, values that are typical
of linear polyethylenes. Indeed, bis(imino)pyridine-cobalt catalysts have a history for
forming polymers with very little branching [1–6,60,64–71]. To investigate the structural
composition of these polyethylenes in more detail, selected samples generated using the
more active catalysts that were activated using MAO and MMAO, were investigated using
1H and 13C NMR spectroscopy. To allow suitable solubility, these samples were dissolved
in deuterated C2D2Cl4 at high temperature and their spectra were recorded at 100 ◦C.

Firstly, a sample obtained using Co1/MAO at the optimal temperature of 70 ◦C
(Mw = 7.40 kg mol−1, run 5, Table 2) was recorded and analyzed using approaches detailed
in the literature [36,45–48,52–59,68–71]. The 1H NMR spectrum displayed characteristic
peaks for a vinyl-terminated polyethylene displaying high linearity (Figure 11). In par-
ticular, a high intensity singlet at δ 1.30 ppm for the –(CH2)n– repeat unit was observed
along with two less intense downfield multiplets at δ 5.91 and δ 4.98 ppm in a 1:2 intensity
ratio, which was assigned to the vinyl end group (–CH=CH2). In addition, a weak signal
for the protons on the carbon adjacent to vinyl group (Hc) were visible more upfield at
δ 2.12 ppm, while the protons belonging to methyl end group (Hf) were detected most
upfield at δ 0.98 ppm. On the other hand, signals for He and Hf could not be observed and
were presumably masked by the signal for –(CH2)n– repeat unit, while Hd could be just
identified at δ 1.54 ppm.

In the 13C NMR spectrum of this polyethylene sample (Figure 12), the signal for the
–(CH2)n– repeat unit took the form of an intense resonance at δ 30.00 ppm. On either side of
this peak, weaker signals for the methylene carbons, Cc, Cd, and Cf, could be detected, with
the methyl chain end observed most upfield at δ 14.2 ppm. Conversely, the vinylic carbons,
Cb and Ca were found most downfield at δ 139.61 and 114.39 ppm, whereas the signal for
the carbon atom Cc adjacent to this vinyl end group appeared at δ 33.98 ppm. Notably,
the integral ratio of the methyl and vinyl end (Cg:Ca) in 13C NMR spectrum was found to
be approximately 1:1, which provided support for a vinyl-terminated polymer. Overall,
this observation of a vinyl end group in both the 1H NMR and 13C NMR spectra implied
that β-hydrogen elimination represented the termination pathway in this polymerization
process [50–53,70,71].
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Figure 11. 1H NMR spectrum of the polyethylene generated using Co1/MAO (run 5, Table 2);
recorded in C2D2Cl4 at 100 ◦C.

A similar analysis was performed on the 1H and 13C NMR spectra of the polyethylene
afforded using Co1/MMAO at 70 ◦C (Mw = 7.09 kg mol−1, run 10, Table 3). As was noted
above, signals characteristic of a vinyl-terminated polyethylene with high linearity were
evident (Figures S7 and S8 from Supplementary Materials) [36,45–48,52–59,68–71]. Clearly,
β-hydrogen elimination again accounted for the key termination pathway when using
MMAO as co-catalyst.

Figure 12. 13C NMR spectrum of the polyethylene generated using Co1/MAO (run 5, Table 2);
recorded in C2D2Cl4 at 100 ◦C.
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3.5. Comparative Study of the Current Catalyst System with Previously Reported Examples

To facilitate a comparison of the current class of precatalysts with related unsymmetri-
cal cobalt(II) chloride precatalysts [36,37,48,52,54], Figure 13 presents various performance
data for previously reported B–F alongside that for G. All the tests were carried out under
optimal reaction conditions at PC2H4 = 10 atm using MAO as the co-catalyst.

Figure 13. Comparison of catalytic activity, optimal run temperature, and polymer molecular weight
data for G (this work) with that obtained using B–F. All runs were performed under optimized
conditions at 10 atm of C2H4 using MAO as the activator.

Several notable findings emerged from inspection of the figure. Firstly, the highest
optimal run temperature was displayed by G (70 ◦C); for B–F this temperature fell any-
where between 30 and 60 ◦C. This observation lent support for the beneficial effect of the
introduction of a N-2,4-bis(dibenzosuberyl)-6-fluorophenyl group on the thermal stability
of the cobalt catalyst. In terms of catalytic activity, G (11.5 × 106 g of PE mol−1 (Co)
h−1) was the third most active system, with only D [48] and F exceeding it under optimal
operating conditions. Nonetheless, G was more active than B [36], C [37], and E [52], as
well as several other reported precatalysts bearing N-aryl substituents appended with
electron withdrawing/donating groups in combination with benzhydryl groups [39–42,45].
Evidently, the presence of the N-2,4-bis(dibenzosuberyl)-6-fluorophenyl group did not
significantly enhance activity. In terms of the molecular weight of the polyethylene, that
generated with G (30.3 kg/mol) was higher than that with F [54], although less than that
produced using B–E. However, it would seem most likely that this relatively low molecular
weight polymer was due to the higher run temperature leading to a higher rate of chain
transfer compared to B–E.

4. Experimental
4.1. General Considerations

Manipulations of all air and/or moisture sensitive compounds were undertaken using
standard Schlenk techniques under inert nitrogen atmosphere conditions. All solvents
prior to use were distilled under nitrogen. The aluminum-alkyls, methylaluminoxane
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(MAO, 1.46 M in toluene), and modified-methylaluminoxane (MMAO, 1.93 M in n-heptane)
were purchased from Akzo Nobel Corp. (Nanjing, China), while the high-purity ethy-
lene was bought from Beijing Yanshan Petrochemical Co. (Beijing, China). All other
reagents were purchased from either Aldrich (Beijing, China) or Acros (Beijing, China).
The N-2,4-bis(dibenzosuberyl)-6-fluoroaniline was prepared according to a described
procedure [52,53,58,59]. The 1H, 13C, and 19F NMR spectra of all bis(imino)pyridines
and their precursors were recorded on a Bruker DMX 400M Hz NMR (Bruker, Karlsruhe,
Germany) at ambient temperature using TMS as an internal standard. The FT-IR spectra
were recorded on the Perkin Elmer Spectrum 2000 FT-IR spectrometer (Shanghai, China).
The elemental analyses were carried out on a Flash EA 1112 microanalyzer (Thermo Elec-
tron SPA, Beijing, China). The molecular weight (Mw) and dispersity (Mw/Mn) of the
polyethylenes were measured using a PL-GPC 220 instrument (PL, Shropshire, UK) operat-
ing at 150 ◦C and using 1,2,4-trichlorobenzene as the eluting solvent. The melting points of
the polyethylenes were measured using differential scanning calorimetry (Q2000 DSC; TA
Instruments, New Castle, DE, USA) under a nitrogen atmosphere. Typically, a PE sample
of 5.0 mg was heated to 160 ◦C at a heating rate of 20 ◦C min−1 and maintained for 3 min
at the same temperature to remove its thermal history. This sample was then cooled to
−20 ◦C at a rate of 20 ◦C min−1. The 1H and 13C NMR spectra of the polyethylenes were
recorded in deuterated 1,1,2,2-tetrachloroethane at 100 ◦C. Sample preparation typically in-
volved taking a known amount of polyethylene (90–100 mg) and dissolving it in deuterated
1,1,2,2-tetrachloroethane (2.0 mL) at high temperature before an aliquot was transferred
to a 5 mm standard glass NMR tube. Inverse-gated 13C NMR spectra were recorded on a
Bruker DMX 300 MHz spectrometer (Bruker) with the number of scans anywhere between
1798 and 1935. The conditions used for the spectral analysis were as follows: a spectral
width of 22675.7 kHz, acquisition time of 0.7225 s, relaxation delay of 5.0 s, and pulse width
of 15.5 µs.

4.2. Synthesis of 2-{(2,4-(C15H13)2-6-FC6H2)N=CMe}-6-(O=CMe)C5H3N

To a round-bottom flask containing 2,6-diacetylpyridine (3.30 g, 20.2 mmol) in toluene
(100 mL) was added 2,4-bis(dibenzosuberyl)-6-fluoroaniline (10.02 g, 20.2 mmol), before a
Dean-Stark trap was fitted. The reaction mixture was stirred under reflux for 10 min and
then a catalytic amount of p-toluenesulfonic acid (ca. 15 mol%) was slowly added. After a
further 6 h under reflux, the reaction mixture was allowed to cool to room temperature, at
which point all volatiles were evaporated under reduced pressure. The resulting residue
was then purified by column chromatography (on basic alumina) using an eluent composed
of petroleum ether and diethyl ether (25:2) to afford the title compound as a pale yellow
solid (4.36 g, 34%). Mp: 203–205 ◦C. 1H NMR (400 MHz, CDCl3, TMS): δ 8.52 (d, J = 7.9 Hz,
Py–H, 1H), 8.13 (d, J = 7.7 Hz, Py–H, 1H), 7.97 (t, J = 7.8 Hz, Py–H, 1H), 7.26–6.85 (m, Ar–H,
14H), 6.58 (s, Ar–Hm, 1H), 6.32 (d, J = 11.2 Hz, Ar–H, 2H), 6.12 (s, Ar–Hm, 1H), 5.16 (s,
–CH–, 1H), 4.98 (s, –CH–, 1H), 3.02–2.86 (m, –CH2–, 3H), 2.81 (s, –CH3, 3H), 2.80–2.72 (m,
–CH2–, 5H), 1.63 (s, –CH3, 3H). 13C NMR (100 MHz, CDCl3, TMS): δ 200.2, 170.7, 155.1,
152.3, 140.8, 140.7, 139.8, 137.1, 135.0, 134.0, 131.3, 130.6, 127.3, 126.7, 126.1, 125.7, 125.0,
122.5, 112.6, 112.4, 57.7, 56.2, 32.3, 25.7, 16.2. TMS FT-IR (KBr cm−1): 3051 (w), 3060 (w),
3012 (w), 2926 (w), 2836 (w), 2829 (w), 1704 (υ(C=O), s), 1649 (υ(C=N), s), 1584 (w), 1528
(w), 1491 (m), 1463 (w), 1429 (w), 1364 (s), 1309 (m), 1234 (m), 1150 (w), 1120 (w), 1078 (w),
1042 (w), 1014 (w), 990 (w), 940 (w), 892 (w), 828 (w), 816 (m), 790 (w), 760 (s), 734 (m),
701 (m), 668 (w).

4.3. Synthesis of 2-{(2,4-(C15H13)2-6-FC6H2)N=CMe}-6-(ArN=CMe)C5H3N (L1–L5)
4.3.1. Ar = 2,6-Me2C6H3 (L1)

A mixture of the imine-ketone 2-{(2,4-(C15H13)2-6-FC6H2)N=CMe}-6-(O=CMe)C5H3N
(1.01 g, 1.58 mmol) and 2,6-dimethylaniline (0.25 g, 2.06 mmol), along with a catalytic
amount of p-toluenesulfonic acid (ca. 15%) in toluene, were loaded into a round-bottom
flask equipped with a Dean-Stark trap. The reaction mixture was stirred under reflux for
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6 h and then allowed to cool to room temperature before all volatiles were removed under
reduced pressure. The resulting residue was purified by column chromatography (using
basic alumina) using a mixture of petroleum ether and diethyl ether (25:2) as the eluent
to give L1 as a yellow powder (0.68 g, 8%). Mp: 254–256 ◦C. 1H NMR (400 MHz, CDCl3,
TMS): δ 8.47 (d, J = 7.6 Hz, Py–H, 1H), 8.42 (d, J = 8.0 Hz, Py–H, 1H), 7.94 (t, J = 7.8 Hz,
Py–H, 1H), 7.22–7.06 (m, Ar–H, 19H), 6.52 (d, J = 11.2 Hz, Aryl–H, 1H), 6.36 (s, aryl–Hm,
1H), 5.13 (s, –CH–, 1H), 5.09 (s, –CH–, 1H), 3.01–2.93 (m, –CH2–, 3H), 2.83–2.79 (m, –CH2–,
1H), 2.70–2.62 (m, –CH2–, 3H), 2.52–2.48 (m, –CH2–, 1H), 2.18 (s, –CH3, 3H), 2.08 (s, –CH3,
6H), 1.67 (s, –CH3, 3H). 13C NMR (100 MHz, CDCl3, TMS): δ 171.3, 167.3, 155.0, 154.7, 151.8,
149.4, 148.8, 140.6, 140.5, 140.1, 140.0, 139.8, 139.1, 136.7, 135.0, 134.4, 134.3, 131.4, 131.2,
131.0, 130.6, 130.1, 127.9, 127.3, 127.2, 127.1, 126.9, 126.3, 126.1, 126.0, 125.7, 125.5, 123.0,
122.7, 122.2, 112.6, 112.4, 57.7, 57.4, 56.2, 32.3, 31.3, 18.0, 16.4. 19F NMR (470 MHz, CDCl3): δ
–128.68. FT-IR (KBr cm−1): 3060 (w), 3022 (w), 2930 (w), 2889 (w), 2827 (w), 1645 (υ(C=N),
s), 1581 (w), 1493 (w), 1452 (m), 1360 (s), 1301 (w), 1247 (w), 1202 (m), 1130 (m), 1101(w),
1050 (w), 1021 (w), 994 (w), 961 (w), 934 (w), 872 (w), 8061 (m), 771 (s), 718 (m), 687 (w).
Anal. Calcd. for C53H46N3F·0.5H2O (752.98): C, 84.54; H, 6.29; N, 5.58. Found: C, 84.60; H,
6.29; N, 5.37.

4.3.2. Ar = 2,6-Et2C6H3 (L2)

Using a similar procedure as described for the synthesis of L1, L2 was prepared as a
yellow powder (0.34 g, 26%). Mp: 212–214 ◦C. 1H NMR (400 MHz, CDCl3, TMS): 1H NMR
(400 MHz, CDCl3, TMS): δ 8.45 (d, J = 8.0 Hz, Py–H, 1H), 8.42 (d, J = 8.0 Hz, Py–H, 1H), 7.94
(t, J = 7.8 Hz, Py–H, 1H), 7.22–7.09 (m, Ar–H, 17H), 7.20 (Ar–Hm, 1H), 6.87 (d, J = 11.2 Hz,
Ar–H, 2H), 6.36 (s, Aryl–Hm, 1H), 5.12 (s, –CH–, 1H), 5.08 (s, –CH–, 1H), 3.00–2.95 (m,
–CH2–, 3H), 2.70–2.56 (m, –CH2–, 4H), 2.74–2.34 (m, –CH2–, 5H), 2.19 (s, –CH3, 3H), 1.61 (s,
–CH3, 3H), 1.17 (t, J = 7.4 Hz, –CH3, 6H). 13C NMR (100 MHz, CDCl3, TMS): δ 171.3, 167.0,
155.0, 154.7, 151.8, 149.4, 147.8, 140.6, 140.5, 139.8, 136.7, 135.0, 134.4, 134.3, 131.5, 131.2,
127.3, 126.7, 126.1, 126.0, 125.8, 123.3, 122.7, 122.2, 112.6, 112.4, 57.7, 56.2, 32.3, 24.6, 16.8,
16.4, 16.3, 13.8. 19F NMR (470 MHz, CDCl3): δ –128.64. FT-IR (KBr cm−1): 3060 (w), 3010
(w), 2956 (m), 2922 (w), 2854 (w), 1650 (υ(C=N), s), 1580 (w), 1554 (w), 1510 (w), 1481(w),
1443 (m), 1427 (m), 1382 (w), 1357 (m), 1319 (w), 1304 (w), 1241 (w), 1217 (w), 1188 (w), 1116
(m), 1081 (w), 1049 (w), 1016 (w), 961 (w), 924 (w), 886 (w), 840 (w), 772 (w), 762 (m), 736 (s),
712 (w), 662 (w). Anal. Calcd. for C55H50N3F·0.5H2O (781.03): C, 84.58; H, 6.58; N, 5.38.
Found: C, 84.77; H, 6.59; N, 5.04.

4.3.3. Ar = 2,6-i-Pr2C6H3 (L3)

Using a similar procedure as described for the synthesis of L1, L3 was prepared as a
yellow powder (0.38 g, 28%). Mp: 243–245 ◦C. 1H NMR (400 MHz, CDCl3, TMS): δ 8.45 (d,
J = 7.6 Hz, Py–H, 1H), 8.41 (d, J = 7.6 Hz, Py–H, 1H), 7.95 (t, J = 8.0 Hz, Py–H, 1H), 7.22–7.00
(m, Py–H, 17H), 6.88 (d, J = 7.2 Hz, Ar–H, 1H), 6.46 (s, Ar–Hm, 1H), 6.25 (d, J = 11.2 Hz,
Ar–H, 1H), 6.36 (s, Ar–Hm, 1H), 5.12 (s, –CH–, 1H), 5.09 (s, –CH– 1H), 3.01–2.95 (m, –CH2–,
3H), 2.80–2.70 (m, –CH2–, 5H), 2.52–2.36 (m, –CH–, 2H), 2.21 (s, –CH3, 3H), 1.68 (s, –CH3,
3H), 1.19 (t, J = 6.4 Hz, –CH3, 12H). 13C NMR (100 MHz, CDCl3, TMS): δ 171.3, 167.1, 155.0,
154.7, 146.7, 140.5, 139.8, 136.6, 135.8, 135.0, 134.4, 131.4, 127.2, 126.6, 126.1, 125.6, 123.6,
123.0, 122.6, 122.2, 112.5, 112.3, 57.6, 56.1, 32.2, 28.3, 23.2, 22.9, 17.1, 16.4. 19F NMR (470 MHz,
CDCl3): δ –128.69. FT-IR (KBr cm−1): 3058 (w), 3008 (w), 2957(m), 2918 (w), 2862 (w), 1651
(υ(C=N), s), 1588 (w), 1564 (w), 1512 (w), 1491(w), 1448 (m), 1429 (w), 1392 (w), 1359 (m),
1321(w), 1301 (w), 1239 (w), 1219 (w), 1191 (w), 1156 (w), 1114 (m), 1078 (w), 1046 (w), 1013
(w), 957 (w), 928 (w), 895 (w), 844 (w), 817 (w), 778 (w), 765 (m), 751 (s), 741 (s), 717 (w),
682 (w). Anal. Calcd. for C57H54N3F·0.5H2O (809.09): C, 84.62; H, 6.85; N, 5.19. Found: C,
84.50; H, 6.88; N, 5.51.
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4.3.4. Ar = 2,4,6-Me3C6H2 (L4)

Using a similar procedure as described for the synthesis of L1, L4 was prepared as a
yellow powder (0.42 g, 32%). Mp: 217–219 ◦C. 1H NMR (400 MHz, CDCl3, TMS): δ 8.46 (d,
J = 7.6 Hz, Py–H, 1H), 8.42 (d, J = 8.0 Hz, Py–H, 1H), 7.94 (t, J = 7.8 Hz, Py–H, 1H), 7.22–6.91
(m, Ar–H, 16H), 6.87 (d, J = 7.6 Hz, Ar–H, 1H), 6.96 (s, Ar–Hm, 1H), 6.52 (d, J = 11.2 Hz,
Ar–H, 1H), 6.36 (s, Ar–Hm, 1H), 5.12 (s, –CH–, 1H), 5.09 (s, –CH–, 1H), 3.01–2.96 (m, –CH2–,
3H), 2.83–2.47 (m, –CH2–, 5H), 2.31 (s, –CH3, 3H), 2.18 (s, –CH3, 3H), 2.04 (s, –CH3, 6H),
1.67 (s, –CH3, 3H). 13C NMR (100 MHz, CDCl3, TMS): δ 171.3, 167.5, 155.1, 154.6, 151.8,
149.4, 147.8, 146.3, 140.6, 140.5, 139.8, 136.6, 135.0, 134.4, 134.3, 132.2, 131.4, 131.2, 130.6,
128.6, 127.3, 127.1, 126.7, 126.1, 125.7, 125.3, 122.7, 122.2, 112.6, 112.4, 57.7, 56.2, 32.3, 31.3,
20.8, 17.9, 16.4. 19F NMR (470 MHz, CDCl3): δ –128.67. FT-IR (KBr cm−1): 3060 (w), 3014
(w), 2963 (w), 2894 (w), 2860 (w), 1644 (υ(C=N), s), 1576 (w), 1542 (w), 1491 (s), 1447 (w),
1428 (w), 1386 (w), 1351 (m), 1293 (w), 1256 (w), 1221 (s), 1192 (w), 1124 (m), 1078 (w), 1045
(w), 1011 (w), 981 (w), 938 (w), 890 (w), 848 (s), 809 (w), 755 (s), 710 (w), 682 (w). Anal.
Calcd. for C54H48N3F·0.5H2O (767.00): C, 84.56; H, 6.44; N, 5.48. Found: C, 84.47; H, 6.54;
N, 5.16.

4.3.5. Ar = 2,6-Et2-4-MeC6H2 (L5)

Using a similar procedure as described for the synthesis of L1, L5 was prepared as a
yellow powder (0.75 g, 54%). Mp: 234–236 ◦C. 1H NMR (400 MHz, CDCl3, TMS): δ 8.44 (d,
J = 8.0 Hz, Py–H, 1H), 8.41 (d, J = 7.6 Hz, Py–H, 1H), 7.93 (t, J = 7.8 Hz, Py–H, 1H), 7.20–6.94
(m, Ar–H, 16H), 6.87 (s, Ar–Hm, 1H), 6.51 (d, J = 10.8 Hz, Ar–H, 2H), 6.36 (s, Ar–Hm, 1H),
5.11 (s, –CH–, 1H), 5.08 (s, –CH–, 1H), 3.01–2.95 (m, –CH2–, 3H), 2.69–2.49 (m, –CH2–, 5H),
2.43–2.40 (m, –CH2–, 4H), 2.38 (s, –CH3, 3H), 2.18 (s, –CH3, 3H), 1.66 (s, –CH3, 3H), 1.15 (t,
J = 7.2 Hz, –CH3, 6H). 13C NMR (100 MHz, CDCl3, TMS): δ 171.3, 167.2, 155.2, 154.5, 145.3,
140.5, 139.8, 136.6, 135.0, 134.3, 132.4, 131.5, 131.1, 130.8, 127.3, 126.7, 126.6, 126.1, 125.7,
122.6, 122.2, 112.6, 112.4, 57.7, 56.2, 32.2, 24.6, 21.0, 16.8, 16.4, 13.9. 19F NMR (470 MHz,
CDCl3): δ –128.68. FT-IR (KBr cm−1): 3026 (w), 2966 (w), 2941 (w), 2870 (w), 2829 (w) 1648
(υ(C=N), s), 1579 (w), 1526 (w), 1490 (w), 1461 (s), 1418 (w), 1411 (w), 1356 (m), 1329 (w),
1305 (w), 1283 (w), 1240 (w), 1211 (s), 1180 (w), 1138 (w), 1114 (m), 1068 (w), 1034 (w), 992
(w), 938 (w), 908 (w), 892 (w), 854 (s), 826 (m), 784 (m), 756 (s), 714 (w), 667 (w). Anal. Calcd.
for C56H52N3F·1.5H2O (813.07): C, 82.73; H, 6.82; N, 5.17. Found: C, 82.50; H, 6.83; N, 4.94.

4.4. Synthesis of 2,6-{(2,4-(C15H13)2-6-FC6H2)N=CMe}2C5H3N (L6)

During the chromatographic purification process used to isolate the imine-ketone
2-{(2,4-(C15H13)2-6-FC6H2)N=CMe}-6-(O=CMe)C5H3N (see above), a second fraction was
removed from the column that was identified as bis(imino)pyridine L6 and isolated as
a pale yellow solid (3.24 g, 14%). Mp: 204–206 ◦C. 1H NMR (400 MHz, CDCl3, TMS): δ
8.44 (d, J = 8.0 Hz, Py–H, 2H), 7.98 (t, J = 8.00 Hz, Py–H, 1H), 7.21–7.01 (m, Ar–H, 26H),
6.80 (d, J = 4.0 Hz, Ar–H, 6H), 6.51 (Ar–Hm, 2H), 6.34 (s, Ar–Hm, 2H), 5.08 (s, –CH–, 2H),
3.00–2.94 (m, –CH2–, 5H), 2.72–2.68 (m, –CH2–, 8H), 2.45–2.21 (m, –CH2–, 3H), 1.55 (s,
–CH3, 6H). 13C NMR (100 MHz, CDCl3, TMS): δ 171.4, 154.5, 151.8, 149.4, 140.6, 140.5, 140.1,
140.0, 139.8, 136.4, 135.1, 134.4, 134.2, 131.4, 131.2, 131.0, 130.6, 130.1, 129.1, 128.3, 127.3,
127.1, 126.7, 126.3, 126.1, 126.0, 125.7, 122.7, 112.6, 112.3, 57.7, 56.2, 32.3, 31.3, 16.4, 16.3.
19F NMR (470 MHz, CDCl3): δ –128.66. FT-IR (KBr cm−1): 3026 (w), 2966 (w), 2941 (w),
2870 (w), 2829 (w) 1650 (υ(C=N), s), 1576 (w), 1536 (w), 1472 (w), 1452 (m), 1412 (w), 1356
(s), 1320 (w), 1301 (w), 1244 (w), 1228 (w), 1201 (m), 1176 (w), 1125 (m), 1056 (w), 1014
(w), 982 (w), 918 (w), 872 (w), 834 (m), 764 (m), 750 (s), 714 (w), 670 (w). Anal. Calcd. for
C81H65N3F2·0.5H2O (1126.52): C, 86.29; H, 5.90; N, 3.73. Found: C, 86.40; H, 5.68; N, 3.80.

4.5. Synthesis of [2-{(2,4-(C15H13)2-6-FC6H2)N=CMe}-6-(ArN=CMe)C5H3N]CoCl2 (Co1–Co6)
4.5.1. Ar = 2,6-Me2C6H3 (Co1)

To a Schlenk tube containing L1 (0.20 g, 0.27 mmol) and anhydrous CoCl2 (0.035 g,
0.27 mmol) was added dichloromethane (5 mL) and ethanol (5 mL). The reaction mixture
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was stirred at room temperature for 12 h. All volatiles were then removed under reduced
pressure and an excess of diethyl ether added to induce precipitation. The precipitate was
filtered, washed with more diethyl ether (3 × 15 mL), and dried to afford Co1 as a green
powder (0.15 g, 62%). FT-IR (KBr cm−1): 3057 (w), 3016 (w), 2926 (w), 2883 (w), 2828 (w),
1625 (υ(C=N), m), 1587 (s), 1572 (m), 1492 (m), 1471 (m), 1444 (m), 1421 (s), 1370 (m), 1310
(w), 1261 (s), 1215 (m), 1184 (w), 1162 (w), 1120 (w), 1045 (w), 1027 (w), 995 (w), 946 (w),
922 (w), 876 (w), 841 (w), 814 (m), 785 (w), 765 (s), 706 (m), 683 (w). 19F NMR (470 MHz,
CDCl3): δ −146.68. Anal. Calcd. for C53H46Cl2CoN3F·EtOH (919.87): C, 71.81; H, 5.70; N,
4.57. Found: C, 75.23; H, 5.73; N, 4.86.

4.5.2. Ar = 2,6-Et2C6H3 (Co2)

Using the same procedure and molar ratios as described for Co1, Co2 was isolated
as a green powder (0.14 g, 58%). FT-IR (KBr cm−1): 3064 (w), 3016 (w), 2965 (w), 2930 (w),
2878 (w), 2834 (w), 1623 (υ(C=N), m), 1588 (s),1571 (w), 1492 (m), 1470 (m), 1445 (s), 1420
(w), 1371 (m), 1312 (w), 1261 (s), 1214 (m), 1204 (w), 1169 (w), 1102 (w), 1061 (w), 1047 (w),
1028 (w), 999 (w), 949 (w), 916 (w), 879 (w), 841 (w), 809 (m), 791 (w), 769 (s),755 (s), 742
(m), 716 (w). 19F NMR (470 MHz, CDCl3): δ −141.96. Anal. Calcd, for C55H50Cl2CoN3F
(901.86): C, 73.25; H, 5.59; N, 4.66. Found: C, 72.99; H, 5.50; N, 4.67.

4.5.3. Ar = 2,6-i-Pr2C6H3 (Co3)

Using the same procedure and molar ratios as described for Co1, Co3 was isolated as a
green powder (0.13 g, 54%). FT-IR (KBr cm−1): 3060 (w), 3016 (w), 2963 (w), 2928 (w), 2867
(w), 1623 (υ(C=N), m), 1591 (m), 1568 (m), 1561 (w), 1496 (s), 1465 (w), 1441 (w), 1418 (s),
1384 (w), 1370 (s), 1314 (m), 1201 (w), 1184 (w), 1162 (w), 1101 (w), 1061 (w), 1046 (w), 1026
(w), 991 (w), 978 (w), 938 (w), 878 (w), 843 (w), 813 (w), 797 (w), 785 (w), 769 (s), 760 (m),
742 (w). 19F NMR (470 MHz, CDCl3): δ –129.32. Anal. Calcd, for C57H54Cl2CoN3F·EtOH
(975.98): C, 72.61; H, 6.20; N, 4.31. Found: C, 72.60; H, 5.86; N, 4.43.

4.5.4. Ar = 2,4,6-Me3C6H2 (Co4)

Using the same procedure and molar ratios as described for Co1, Co4 was isolated
as a green powder (0.16 g, 70%). FT-IR (KBr cm−1): 3058 (w), 3011 (w), 2959 (w), 2921 (w),
2864 (w), 1632 (υ(C=N), w), 1589 (υ(C=N), s), 1577 (w), 1546 (w), 1471 (m), 1456 (s), 1423 (s),
1399 (w), 1369 (m), 1320 (w), 1291 (w), 1259 (s), 1219 (s), 1189 (w), 1160 (w), 1122 (w), 1100
(w), 1081 (w), 1030 (m), 1000 (w), 977 (w), 942 (w), 883 (w), 850 (m), 811 (m), 769 (s), 760 (s),
747 (w). 19F NMR (470 MHz, CDCl3): δ –145.14. Anal. Calcd, for C54H48Cl2CoN3F (887.83):
C, 73.05; H, 5.45; N, 4.73. Found: C, 72.67; H, 5.23; N, 4.73.

4.5.5. Ar = 2,6-Et2-4-MeC6H2 (Co5)

Using the same procedure and molar ratios as described for Co1, Co5 was isolated
as a green powder (0.14 g, 56%). FT-IR (KBr cm−1): 3061 (w), 2961 (w), 2928 (w), 2893 (w),
2830 (w), 1626 (υ(C=N), m), 1588 (m),1572 (w), 1515 (w), 1494 (m), 1458 (m), 1448 (w), 1422
(s), 1371 (s), 1340 (w), 1318 (w), 1261 (s), 1189 (w), 1158 (w), 1120 (w), 1098 (w), 1058 (w),
1030 (m), 984 (w), 946 (w), 921 (w), 881 (w), 861 (w), 841 (w), 815 (m), 769 (s), 758 (s), 745
(w). 19F NMR (470 MHz, CDCl3): δ −137.97. Anal. Calcd. for C57H55Cl2CoN3 (911.91): C,
73.44; H, 5.72; N, 4.59. Found: C, 73.19; H, 5.85; N, 4.50.

4.6. Synthesis of [2,6-{(2,4-(C15H13)2-6-FC6H2)N=CMe}2C5H3N]CoCl2 (Co6)

Using the same procedure as described for L1, but using L6 (0.15 g, 0.135 mmol) and
CoCl2 (0.0175 g, 0.135 mmol), Co6 was isolated as a pale green powder (0.11 g, 73%). FT-IR
(KBr cm−1): 3059 (w), 2956 (w), 2930 (w), 2891 (w), 2833 (w), 1618 (υ(C=N), m), 1581 (m),
1570 (w), 1520 (w), 1488 (m), 1454 (w), 1440 (w), 1418 (s), 1374 (m), 1338 (w), 1316 (w), 1264
(s), 1187 (w), 1160 (w), 1124 (w), 1092 (w), 1061 (w), 1028 (m), 980 (w), 941 (w), 918 (w),
887 (w), 852 (w), 833 (m), 812 (w), 766 (s), 754 (s), 720 (w). 19F NMR (470 MHz, CDCl3): δ
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−145.83, −146.89. Anal. Calcd. for C81H65Cl2CoN3F2·0.5EtOH (1271.30): C, 77.47; H, 5.39;
N, 3.31. Found: C, 77.09; H, 5.58; N, 3.48.

4.7. Procedures for the Ethylene Polymerization Runs at 1, 5, and 10 atm
4.7.1. Ethylene Polymerization at 5 and 10 atm Pressure

These runs were performed in a stainless-steel autoclave (250 mL) equipped with a
mechanical stirrer and an ethylene pressure and temperature control system. In a typical
procedure, the autoclave was evacuated and refilled with nitrogen gas; this process was
repeated three times. After the final evacuation, ethylene was introduced to provide an
ethylenic atmosphere inside the autoclave, at which point a solution of the corresponding
precatalyst (1.5 µmol) in toluene (25 mL) was injected, followed by more toluene (25 mL).
Then, the required amount of a co-catalyst (MAO, or MMAO) was loaded, followed by the
addition of more toluene (50 mL). Finally, the autoclave was pressurized with ethylene (5
or 10 atm) and stirring commenced at a rate of 400 rpm. Upon completion of the reaction,
the stirring was stopped, the reactor was cooled to room temperature, and the pressure
slowly released. The contents of the autoclave were quenched with hydrochloric acid (10%)
in ethanol and the polymer further washed with ethanol. Finally, the polymer was filtered,
dried under reduced pressure at 40 ◦C, and weighed.

4.7.2. Ethylene Polymerization at 1 atm Pressure

The polymerizations undertaken at 1 atm of C2H4 were carried out in a Schlenk vessel.
Under an atmosphere of ethylene (ca. 1 atm), the cobalt precatalyst (1.5 µmol) was added
to the vessel, followed by toluene (30 mL) and then the required amount of co-catalyst
was introduced by syringe. The resulting solution was stirred at 30 ◦C under an ethylene
atmosphere (1 atm). After 30 min, the pressure was slowly released and the solution was
quenched with 10% hydrochloric acid in ethanol. The polymer was washed with ethanol,
dried under reduced pressure at 40 ◦C, and then weighed.

5. Conclusions

Five types of unsymmetrical 2,6-bis(arylimino)pyridine cobalt(II) complex (Co1–Co5),
each incorporating one N-2,4-bis(dibenzosuberyl)-6-fluorophenyl group together with
one sterically and electronically variable N-aryl group were successfully prepared. The
symmetrical comparator Co6, containing two N-2,4-bis(dibenzosuberyl)-6-fluorophenyl
groups, was also prepared. All compounds, including the free ligands (L1–L6), were
characterized by various spectroscopic techniques, including single crystal X-ray diffraction
for Co1 and Co2. Upon activation with MAO or MMAO, Co1–Co6 displayed high activities
for ethylene polymerization, with levels reaching as high as 1.15 × 107 g PE mol−1 (Co) h−1

at 70 ◦C. Notably, this peak level of performance was observed using the least sterically
protected precatalyst, Co1, in combination with MAO. Conversely, the most sterically
hindered precatalysts, Co3 and Co6, were capable of generating the highest molecular
weight polyethylenes in the range of 30.26–33.90 kg mol−1 (Co3) and 42.90–43.92 kg mol−1

(Co6). As a key point, the catalytic activity remained significant at temperatures in excess
of 70 ◦C [9.81 × 106 g PE mol−1 (Co) h−1 at 80 ◦C and 6.56 × 106 g PE mol−1 (Co) h−1 at
90 ◦C]. Evidently, the introduction of a N-2,4-bis(dibenzosuberyl)-6-fluorophenyl group
contributes to the catalyst’s good thermal stability, highlighting a structural feature that
could be integrated into industrially relevant catalysts for ethylene polymerization.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/catal12121569/s1, X-ray diffraction analysis; Table S1: Details of the
crystal data and structure refinement parameters for Co1 and Co2. References [72,73] are cited in the
Supplementary Materials; Figure S1: 19F NMR spectra of L1–L6; Figure S2: 19F NMR spectra of L2,
L3 and L6 along with those for Co2, Co3 and Co6; Figure S3: GPC curves showing log Mw for the
polyethylene produced using Co1/MAO as a function of Al:Co molar ratio (runs 5, 8–12, Table 2);
Figure S4: GPC curves showing log Mw for the polyethylene produced using Co1/MAO as a function
of reaction time (runs 5, 13–16, Table 2); Figure S5: GPC curves showing log Mw for the polyethylene
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produced using Co1/MMAO as a function of Al:Co molar ratio (runs 5, 8–12, Table 3); Figure S6: GPC
curves showing log Mw for the polyethylene produced using Co1/MMAO as a function of reaction
time runs 10, 13–16, Table 3); Figure S7: 1H NMR spectrum of the polyethylene produced using
Co1/MMAO (run 10, Table 3); recorded in C2D2Cl4 at 100 ◦C; Figure S8: 13C NMR spectrum of the
polyethylene produced using Co1/MMAO (run 10, Table 3; recorded in deuterated C2D2Cl4 at 100 ◦C.
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