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e effects in sterically enhanced
cobalt ethylene polymerisation catalysts;
a combined experimental and DFT study†

Zilong Li, a Yanping Ma, *ab Tian Liu,a Qiuyue Zhang, a Gregory A. Solan,*b

Tongling Liang a and Wen-Hua Sun *ac

The fluoro-substituted 2,6-bis(arylimino)pyridine dichlorocobalt complexes, [2-{CMeN(2,6-(Ph2CH)2-

3,4-F2C6H)}-6-(CMeNAr)C5H3N]CoCl2 (Ar = 2,6-Me2C6H3 Co1, 2,6-Et2C6H3 Co2, 2,6-iPr2C6H3 Co3,

2,4,6-Me3C6H2 Co4, 2,6-Et-4-MeC6H2 Co5), were synthesized in good yield from the corresponding

unsymmetrical N,N,N′-ligands, L1–L5. Besides characterization of Co1–Co5 by FT-IR spectroscopy, 19F

NMR spectroscopy and elemental analysis, the molecular structures of Co2 and Co5 were also

determined highlighting the unsymmetrical nature of the terdentate ligand and the pseudo-square

pyramidal geometry about the metal center. When either MAO or MMAO were employed as activators,

Co1–Co5 were able to achieve a wide range of catalytic activities for ethylene polymerisation. Co5/MAO

exhibited the highest activity of the study at 60 °C (7.6 × 106 g PE mol−1 (Co) h−1) which decreased to

3.3 × 106 g PE mol−1 (Co) h−1 at 80 °C. In addition, it was found that the polymerisation activity

increased as the steric hindrance imparted by the ortho groups was enhanced (for MMAO: Co3 > Co5 >

Co2 > Co1 > Co4), a finding that was supported by DFT calculations. Furthermore, it was shown that

particularly high molecular weight polyethylene could be generated (up to 483.8 kg mol−1) when using

Co5/MMAO at 30 °C, while narrow dispersities (Mw/Mn range: 1.8–4.7) and high linearity (Tm > 131.4 °C)

were a feature of all polymers produced. By comparison of Co3 with its non-fluorinated analogue using

experimental data and DFT calculations, the substitution of fluorides at the meta- and para-positions was

demonstrated to boost catalytic activity and improve thermal stability.
Introduction

Bis(imino)pyridine-cobalt and -iron complexes have been thor-
oughly investigated since the late 1990s, due in large part to
their ability to promote the polymerisation/oligomerisation of
ethylene with high efficiency.1–3 Against this backdrop, a wide
variety of structural variations have been developed that can
inuence the performance of these late transition metal cata-
lysts and the resulting polymer properties.4–13 With particular
regard to the bis(arylimino)pyridine ligand framework, a good
proportion of the developments have focused on systematic
Beijing National Laboratory for Molecular

demy of Sciences, Beijing 100190, China.

s.ac.cn

ester, University Road, Leicester LE1 7RH,

Selective Oxidation, Lanzhou Institute of

ces, Lanzhou 730000, China

(ESI) available: Figures and additional
omplexes, and resultant polymers;
DFT calculations. CCDC 2201737 and
a in CIF or other electronic format see
changes to the N-aryl substituents, with the result that
a plethora of different substitution patterns for the N-aryl
groups now exist.14–17 Elsewhere, key advances have seen the
fusion of cycloalkyl groups to the central pyridine unit, variation
of groups on the imine-carbon, and the integration of this
N,N,N-ligand into a binucleating framework.18–21

In terms of the N-aryl substitution pattern, the introduction
of sterically hindered groups or electron donating/withdrawing
groups to the ortho-positions of the N-aryl group have proved
pivotal in controlling catalytic activity, thermal stability and for
the polyethylene generated, molecular weight and various
microstructural properties. Likewise, the nature of the substit-
uent on the para-position can also be inuential on the catalyst
performance and polymer properties. For example, Wu's
group22 explored the use of bis(arylimino)pyridine-iron catalysts
appended with N-2-R1-4-R2-6-sec-phenethylphenyl groups and
found that the nature of both the R1 and R2 substituents to be
critical to the thermostability of the catalyst and the molecular
weight of the polymer.

Over the years, our group has synthesized an assortment of
bis(imino)pyridine-iron and -cobalt complexes appended with
sterically hindered benzhydryl (CHPh2) groups to the ortho-
and/or para-positions of the N-aryl groups (e.g. A–G, Chart
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Chart 1 Developments in benzhydryl-containing bis(imino)pyridine-
iron and cobalt complexes; R1 or R2 = H or alkyl.

Scheme 1 Preparative routes to L1–L5 and their cobalt complexes
Co1–Co5.
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1).5,14,15,23–29 For example, for symmetrical A, bearing benzhydryl
groups at the 2- and 6-positions, both the iron and cobalt
species were inactive for ethylene polymerisation. It was
proposed that the huge steric hindrance imparted on both sides
of the metal hinders the coordination of ethylene, which makes
the polymer chain difficult to propagate. On the other hand,
unsymmetrical C containing benzhydryl groups at the 2- and 4-
positions of just one N-aryl group, is highly active but the
molecular weight of polyethylene is lowered.27,28 For its 2,6-
substituted comparator D, high thermal stability and high
ethylene polymerisation activity (22.4× 106 g PEmol−1 (Fe) h−1)
are displayed and with the added benet of no oligomeric
fractions.24 When the para-methyl substituent in D is
substituted with a chloride (E), the thermal stability is slightly
lower, but the molecular weight of the polyethylene increases.5

In this article we set out to develop the 2,6-dibenzhydryl-
substituted class of unsymmetrical bis(imino)pyridine-cobal-
t(II) complex shown for D–F (Chart 1). In particular, we were
interested in exploring the effect of introducing electron with-
drawing uoride groups at the para- and meta-positions groups
of the CHPh2-substituted N-aryl group (Chart 1) on catalyst
activity, thermal stability and polymer properties. To allow
some ne-tuning, the R1/R2 groups on the second N-aryl group
are systematically varied (viz. Me/H, Et/H, i-Pr/H, Me/Me, Et/
Me). A comprehensive ethylene polymerisation study is then
undertaken that probes the inuence of changes in the type/
amount of co-catalyst, temperature, pressure and run time. In
addition, the synthetic details and characterization data for all
ligands and cobalt complexes are disclosed. Finally, DFT
calculations are performed to probe the experimental ndings
and in particular how the introduction of uoride substituents
and sterically hindered ortho groups impact on the catalysis.
Fig. 1 ORTEP representation of Co2. The thermal ellipsoids were set
at the 30% probability level, while the hydrogen atoms have been
removed for clarity.
Results and discussion
Synthesis and characterization of L1–L5 and Co1–Co5

The unsymmetrical bis(imino)pyridines, 2-{CMeN(2,6-
((C6H5)2CH)2-3,4-F2C6H)}-6-(CMeNAr)C5H3N (Ar = 2,6-Me2C6H3

L1, 2,6-Et2C6H3 L2, 2,6-iPr2C6H3 L3, 2,4,6-Me3C6H2 L4,
2,6-Et-4-MeC6H2 L5), were prepared via a Schiff base conden-
sation reaction of the corresponding 1-(6(1-(arylimino)ethyl)
pyridin-2-yl)ethan-1-one (aryl = 2,6-dimethylphenyl S1, 2,6-
diethylphenyl S2, 2,6-diisopropylphenyl S3, 2,4,6-
© 2023 The Author(s). Published by the Royal Society of Chemistry
trimethylphenyl S4, 2,6-diethyl-4-methylphenyl S5) with 2,6-
dibenzhydryl-3,4-diuoroaniline in toluene at reux using p-
toluenesulfonic acid as the catalyst (Scheme 1).7,30 All ve
bis(imino)pyridines have been characterized by IR and multi-
nuclear NMR spectroscopy (1H, 13C, 19F) and elemental analysis.

Subsequently, the 1 : 1 reaction of cobalt(II) chloride hexa-
hydrate with L1–L5 in a mixture of solvents composed of
dichloromethane and ethanol at room temperature gave on
work-up, [2-{CMeN(2,6-(Ph2CH)2-3,4-F2C6H)}-6-(CMeNAr)
C5H3N]CoCl2 (Ar = 2,6-Me2C6H3 Co1, 2,6-Et2C6H3 Co2,
2,6-iPr2C6H3 Co3, 2,4,6-Me3C6H2 Co4, 2,6-Et-4-MeC6H2 Co5), as
green powders in good yields (Scheme 1). All cobalt complexes
were characterized by elemental analysis, 19F NMR and FT-IR
spectroscopy, while Co2 and Co5 were additionally the subject
of single crystal X-ray diffraction studies.

In the FT-IR spectra of L1–L5, the vC]N stretching vibrations
appeared in the range 1630–1638 cm−1, while in Co1–Co5 these
bands were shied to lower wavenumber/intensity (1584–
1587 cm−1) as is characteristic of metal coordination.26,31 Both
ligands and complexes gave distinct signals for the para- and
meta-uoride substituents in their 19F NMR spectra that
RSC Adv., 2023, 13, 14–24 | 15
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Fig. 2 ORTEP representation of Co5. The thermal ellipsoids were set
at the 30% probability level, while the hydrogen atoms have been
omitted for clarity.

Table 2 Catalytic evaluation of Co1–Co5 using MMAO as co-catalysta

Entry Precat. Al : Co
T
(°C)

t
(min) Activityb Tm

c (°C) Mw
d Mw/Mn

d
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increased in separation on coordination (e.g. for L1 d −135.2
and −144.3 ppm vs. d −94.5 and −158.3 ppm for Co1).

Single crystals of Co2 and Co5 were grown as described in
the Experimental Section. Perspective views of Co2 and Co5 are
depicted in Fig. 1 and 2; selected bond lengths and angles are
listed in Table 1. The structures of Co2 and Co5 are similar
differing only in the substitution pattern of one of the N-aryl
groups (viz. 2,6-diethylphenyl Co2, 2,6-diethyl-4-methylphenyl
Co5) and will be described together. Each structure contains
a cobalt center coordinated by two chloride ligands and three
nitrogen donors from the chelating N,N,N′-ligand to form
a distorted square pyramidal geometry. The square base of the
pyramid is lled by N1, N2, N3, and Cl1 with Cl2 occupying the
apical position. Above the basal plane sits the cobalt atom at
a distance of 0.611 Å in Co2 and 0.556 Å for Co5, which is
similar to that seen in a number of structurally related
analogs.25,26 Of the three cobalt–nitrogen distances, the central
Co–Npyridine bond length [2.077(4) Å for Co2 and 2.072(3) Å for
Co5] is the shortest, reecting the constrictions of the N,N,N′-
pincer ligand and the stronger donor properties of the central
pyridine unit. The Co–Nimine distances although similar in
Table 1 Selected bond lengths and angles for Co2 and Co5

Co2 Co5

Bond length (Å)
Co1–Cl1 2.2554(14) 2.2565(10)
Co1–Cl2 2.3017(14) 2.3014(10)
Co1–N1 2.183(4) 2.220(3)
Co1–N2 2.077(4) 2.072(3)
Co1–N3 2.158(4) 2.180(3)

Bond angles (deg)
N2–Co1–N1 73.21(15) 72.58(11)
N2–Co1–N3 73.72(16) 74.38(11)
N3–Co1–N1 139.31(16) 140.88(11)
N1–Co1–Cl1 97.72(11) 97.08(8)
N1–Co1–Cl2 105.10(11) 102.94(7)
N2–Co1–Cl1 159.25(12) 155.86(8)
N2–Co1–Cl2 91.96(12) 92.48(8)
N3–Co1–Cl1 105.05(13) 104.77(9)
N3–Co1–Cl2 99.04(12) 98.82(8)
Cl1–Co1–Cl2 108.57(6) 111.30(4)

16 | RSC Adv., 2023, 13, 14–24
length show some modest variation with Co1–N1 marginally
longer than Co1–N4 [2.183(4) vs. 2.158(4) Å (Co2); 2.220(3) vs.
2.180(3) Å (Co5)]. These differences are in line with the
increased steric attributes of the N-2,6-bis(diphenylmethyl)-3,4-
diuorophenyl group, while the poorer donor properties of this
imine nitrogen due to the electron withdrawing uoride
substituents may also play a contributing factor. As in common
for this class of complex, the planes of the N-aryl groups are
inclined towards perpendicular with respect to the adjacent
pyridine unit, as shown by the dihedral angles (75.3°, 88.1°,
Co2; 74.1°, 88.1°, Co5).25,26 There are no noteworthy intermo-
lecular contacts.
Ethylene polymerisation studies

Aer a perusal of the literature, it was apparent that nearly all
bis(imino)pyridine-cobalt complexes reach optimal catalytic
performance for ethylene polymerisation when activated with
either modied methylaluminoxane (MMAO) or methyl-
aluminoxane (MAO). Hence, both of these aluminium co-
catalysts were used in this work, while Co5 was chosen as the
test precatalyst to permit an optimization of the reaction
parameters. Systematic changes in the reaction temperature,
Al : Co molar ratio, run time, and ethylene pressure are inde-
pendently undertaken for both Co5/MMAO and Co5/MAO
systems before extending the corresponding set of optimized
conditions to the remaining precatalysts, Co1–Co4. Typically,
the polymerisation runs were performed in toluene at 10 atm
ethylene pressure over 30 min run time; the full set of data are
collected in Tables 2 and 3. In all cases, differential scanning
calorimetry (DSC) and gel permeation chromatography (GPC)
1 Co5 2000 20 30 2.8 135.6 355.7 2.3
2 Co5 2000 30 30 4.2 135.3 483.8 1.8
3 Co5 2000 40 30 2.9 135.6 271.2 2.1
4 Co5 2000 50 30 1.6 130.3 182.6 2.3
5 Co5 2000 60 30 0.5 134.0 145.0 1.9
6 Co5 1500 30 30 3.9 135.9 288.2 2.1
7 Co5 1750 30 30 4.1 135.3 481.5 1.8
8 Co5 2250 30 30 4.4 135.4 412.2 1.8
9 Co5 2500 30 30 4.0 135.5 383.3 2.3
10 Co5 2750 30 30 3.2 135.3 271.4 1.9
11 Co5 2250 30 5 15 136.5 422.6 1.9
12 Co5 2250 30 15 6.1 135.2 480.5 1.8
13 Co5 2250 30 45 3.0 134.7 511.9 2.2
14 Co5 2250 30 60 2.4 135.4 573.2 2.4
15e Co5 2250 30 30 2.7 136.2 327.5 3.1
16 Co1 2250 30 30 3.3 135.7 274.8 2.1
17 Co2 2250 30 30 3.7 135.2 418.3 2.3
18 Co3 2250 30 30 4.6 135.1 332.2 2.3
19 Co4 2250 30 30 3.0 135.9 253.4 2.8

a Conditions: cobalt precatalyst (2.0 mmol), toluene (100 mL), 10 atm
ethylene. b Activity: 106 g PE per mol Co per h. c Measured using
differential scanning calorimeter (DSC). d Mw in kg per mol. Mw and
Mw/Mn measured by gel permeation chromatography (GPC). e 5 atm.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Catalytic evaluation of Co1–Co5 using MAO as co-catalysta

Entry Precat. Al : Co
T
(°C)

t
(min) Activityb Tm

c (°C) Mw
d Mw/Mn

d

1 Co5 1750 40 30 3.3 134.8 132.6 2.5
2 Co5 1750 50 30 2.2 132.4 41.2 4.7
3 Co5 1750 60 30 7.6 132.2 45.8 3.9
4 Co5 1750 70 30 5.6 133.3 48.2 2.8
5 Co5 1750 80 30 3.3 133.1 41.5 1.8
6 Co5 1250 60 30 3.5 131.4 23.2 3.3
7 Co5 1500 60 30 5.4 133.2 33.1 2.2
8 Co5 2000 60 30 2.3 132.8 48.3 3.5
9 Co5 2250 60 30 2.3 131.9 39.9 3.5
10 Co5 1750 60 5 10.8 135.0 38.9 1.9
11 Co5 1750 60 15 13.2 135.7 42.3 2.1
12 Co5 1750 60 45 6.3 134.6 50.3 2.1
13 Co5 1750 60 60 5.3 133.3 62.2 2.3
14e Co5 1750 60 30 2.7 132.0 29.4 2.0
15 Co1 1750 60 30 1.8 133.3 51.5 3.8
16 Co2 1750 60 30 1.9 132.0 30.5 2.2
17 Co3 1750 60 30 6.0 135.5 112.5 2.1
18 Co4 1750 60 30 2.3 131.4 45.5 3.8

a Conditions: cobalt precatalyst (2.0 mmol), toluene (100 mL), 10 atm
ethylene. b Activity: 106 g PE per mol Co per h. c Measured using
differential scanning calorimeter (DSC). d Mw in kg per mol. Mw and
Mw/Mn measured by gel permeation chromatography (GPC). e 5 atm.
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are used to measure various polymer properties (e.g. Mw,Mw/Mn

and Tm), while high-temperature 1H/13C NMR spectroscopy is
employed to explore the microstructural properties of selected
polymeric samples.

Catalytic evaluation of Co1–Co5 using MMAO. In order to
determine the optimal run temperature, Co5/MMAO was
initially screened at temperatures between 20 °C and 60 °C with
the Al : Co molar ratio xed at 2000 : 1 (entries 1–5, Table 2). The
highest activity of 4.2× 106 g PE mol−1 (Co) h−1 was observed at
30 °C which then declined as the temperature was further
increased reaching a minimum of 0.5× 106 g PE mol−1 (Co) h−1

at 60 °C. It would appear that catalyst deactivation accounts for
the loss of activity at higher operating temperatures. The
highest molecular weight polyethylene (Mw = 483.8 kg mol−1)
was obtained at 30 °C and then steadily fell as the temperature
was raised reaching 145.0 kgmol−1 at 60 °C (Fig. 3). This nding
Fig. 3 GPC traces of the polyethylene obtained using Co5/MMAO at
different temperatures (entries 1–5, Table 2).

© 2023 The Author(s). Published by the Royal Society of Chemistry
would suggest that chain transfer becomes more important as
the temperature is increased.31–33 In terms of the polymer dis-
persities obtained across the temperature range, these
remained narrow and unimodal in all cases (Mw/Mn range: 1.8–
2.3), indicative of single-site active species.

Subsequently, the inuence of the Al : Co molar ratio on
catalyst performance and polymer properties was investigated
using Co5/MMAO (entries 2, 6–10, Table 2). On varying the ratio
from 1500 : 1 to 2750 : 1, it was found that the peak polymeri-
sation activity (4.4 × 106 g PE mol−1 (Co) h−1) was attained
using 2250 equivalents of the co-catalyst. Nonetheless, the
range in activities (3.9–4.4 × 106 g PE mol−1 (Co) h−1) was
narrow which would suggest the amount of co-catalyst
employed had limited effect on polymerisation activity. On
the other hand, the molecular weight of the polyethylene was
more inuenced by the Al : Co molar ratio. By increasing the
ratio from 1500 : 1 to 2000 : 1, the molecular weight increased
reaching a maximum value of 483.8 kg mol−1, whereas at ratios
in excess of 2000 : 1, it decreased achieving a value of 271.4 kg
mol−1 at 2750 : 1 (Fig. 4). This latter observation would suggest
that chain transfer from the cobalt catalyst to the alkyl
aluminium species starts to become operational with larger
amounts of co-catalyst.17,34,35

Next, we examined the activity/time prole of Co5/MMAO, by
performing the polymerisation runs over pre-determined times
of 5, 15, 30, 45, and 60 min (entries 8 and 11–14, Table 2); the
run temperature and themolar ratio of Al : Co were kept at 30 °C
and 2250 : 1, respectively. Aer 5 min (entry 11, Table 2), the
highest activity of 15 × 106 g PE mol−1 (Co) h−1 was reached,
which then subsided reaching a value of 2.4 × 106 g PE mol−1

(Co) h−1 aer 60 min. Indeed, such high activity early in the
polymerisation is commonplace in cobalt ethylene polymeri-
sation catalysis with gradual catalyst deactivation considered to
occur over longer run times.7,36

When the ethylene pressure was reduced from 10 atm to 5
atm (entries 8 and 15 in Table 2), the catalytic activity declined
signicantly, while the polymer dispersities broadened. Never-
theless, the polyethylene exhibited similar molecular weights
over the two different pressures.
Fig. 4 GPC traces of the polyethylene obtained using Co5/MMAO at
different Al : Co molar ratios (entries 2, 7–11, Table 2).

RSC Adv., 2023, 13, 14–24 | 17
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Fig. 5 Variations in catalytic activity and molecular weight of the
polyethylene obtained using Co1–Co5 (entries 8, 16–19, Table 2);
MMAO used as the co-catalyst in each case.

Fig. 6 GPC traces of the polyethylene obtained using Co5/MAO at
different Al : Co molar ratios (entries 3 and 6–9, Table 3).

Fig. 7 Variations in catalytic activity and molecular weight of the
polyethylene displayed using Co1–Co5 (entries 3, 15–18, Table 3);
MAO used as the co-catalyst in each case.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
D

ec
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 2

/1
0/

20
26

 1
0:

04
:3

6 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
On the basis of the most effective set of polymerisation
conditions established for Co5/MMAO, the performance of the
remaining catalysts Co1–Co4 was then studied (entries 8, 16–19,
Table 2). Overall, the catalytic activities for all ve complexes fell
between 3.0× 106 g PE mol−1 (Co) h−1 and 4.6× 106 g PE mol−1

(Co) h−1, with their relative levels decreasing in the order: Co3 >
Co5 > Co2 > Co1 > Co4 (Fig. 5). Conversely, the impact of the
para-R2 group (R2 = H: Co1–Co3 vs. R2 = Me: Co4, Co5) is less
obvious. In addition, all catalysts produced high molecular
weight polyethylene (253.4–418.3 kg mol−1) with narrow dis-
persities (Mw/Mn range: 1.8–2.8).

Catalytic evaluation of Co1–Co5 using MAO. To allow
a comparison with the MMAO investigation, we also explored
using MAO as an activator for all ve cobalt precatalysts.
Complex Co5 was again employed as the test catalyst to opti-
mize the conditions; the results of the evaluation are listed in
Table 3.

Initially we looked at the effect of the run temperature on the
performance of Co5/MAO. With the Al : Co molar ratio set at
1750 : 1, the highest activity of 7.6 × 106 g PE mol−1 (Co) h−1 was
reached at 60 °C (entry 3, Table 3). Notably, this catalytic activity
far exceeds the maximum level seen for Co5/MMAO (4.2 × 106 g
PE mol−1 (Co) h−1) at 30 °C. Clearly, Co5/MAO displays better
thermal stability which would point towards the benecial effects
of MAO as a co-catalyst and its impact on the active species. On
the other hand, the molecular weight of the polyethylene drop-
ped to 45.8 kg mol−1, which was almost one-tenth of that seen
with MMAO. The reason behind this decrease in Mw most likely
stems from temperature induced chain transfer.37 However,
when the operating temperature was increased to 80 °C, the
activity decreased by more than a half, while the molecular
weight of the polymer also decreased (entry 5, Table 3).

With the reaction temperature retained at 60 °C, the Al : Co
molar ratio of Co5/MAO was incrementally adjusted between
1250 : 1 and 2250 : 1 (entries 3 and 6–9, Table 3). Examination of
the data revealed the optimal activity was established with the
ratio at 1750 : 1 which coincides with the value selected during
the temperature screening step. When the molar ratio was
18 | RSC Adv., 2023, 13, 14–24
increased above 1750 : 1, the catalytic activity converged to only
30% of the optimal activity (entries 8, 9, Table 3). As for the
molecular weight of the polymers, these reached a peak of 48.3
kg mol−1 at a ratio of 2000 : 1 and then decreased at higher
ratios (Fig. 6), a nding that can be attributed to termination
pathway involving chain transfer of the polymer to the co-
catalyst.38,39

Next the effect of run time on the activity of Co5/MAO was
investigated with the temperature kept at 60 °C and the molar
ratio at 1750 : 1. Dissimilar to the Co5/MMAO study, the activity
reached a peak aer 15 min (13.2 × 106 g of PE mol−1 (Co) h−1)
and then slowly declined attaining a value of 5.3 × 106 g of PE
mol−1 (Co) h−1 aer 1 h (entries 3, 10–13, Table 3). It is evident
that Co5/MAO displays not only higher activity than Co5/
MMAO, but also maintains a more uniform activity/time prole
and requires a longer induction period to achieve optimal
performance.

With the most effective set of conditions identied for Co5/
MAO (viz. Al : Co molar ratio of 1750 : 1, run temperature of 60 °
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 13C NMR spectrum of the polyethylene obtained using Co5/
MAO along with an inset showing the vinylic region of its 1H NMR
spectrum (entry 3, Table 3); both spectra were recorded in tetra-
chloroethane-d2 at 100 °C.
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C, run time of 30 min), the four other cobalt catalysts, Co1–Co4,
were similarly evaluated; the results are displayed alongside
Co5 in Table 3 (entries 3, 15–18). Inspection of the data revealed
that these cobalt catalysts exhibited a wider range in activities
spanning from 1.8 to 7.6 × 106 g of PE mol−1 (Co) h−1 when
compared to that found withMMAO (3.0 to 4.6× 106 g PEmol−1

(Co) h−1). In terms of their relative performance, their catalytic
activities decreased in the order: Co5 > Co3 > Co4 > Co2 ∼ Co1
(Fig. 7). This order differs to some degree from that found with
MMAO, which plausibly reects the stability of the active
species formed using MMAO over MAO under the higher
temperature conditions. Nevertheless, the correlation between
steric hindrance and activity remains largely the same with
bulkier ortho-substituents leading to higher activity. Further-
more, the dispersities of the polymers remained narrow for all
ve catalysts (Mw/Mn range: 2.1–3.9), highlighting the well-
controlled nature of these polymerisations.

Inuence of the para- and meta-uorides

To appreciate the inuence posed by the introduction of uo-
rides to the para- and meta-positions of the N-aryl group in this
work, the activity and molecular weight of Co3 were compared
with those of structurally related cobalt-containing precatalysts
D,23 E24 and F25 (Fig. 8); MAOwas employed as co-catalyst in each
case. At rst glance, it is clear that the catalytic systems bearing
electron withdrawing para-groups (Cl (E), NO2 (F) and F (Co3))
displayed higher polymerisation activity than with para-methyl
D. With particular regard to Co3, this proved the second most
productive system (6.0 × 106 g of PE mol−1 (Co) h−1) behind Cl-
containing E, highlighting how variations in electronegativity of
the halide can impact on the overall effectiveness of the catalyst.
On the other hand, Co3 produced polyethylene with the lowest
molecular weight of this series which relates the relative ease of
chain termination.

Microstructural properties of the polyethylene

As given in Tables 2 and 3, the melting points displayed by the
polyethylenes fell between 130.3 °C and 136.5 °C, which is
characteristic of highly linear polyethylene.16,17,30 In order to
Fig. 8 Comparison of catalytic activity and polymer molecular weight
obtained using Co3 and that for cobalt-containing D, E, F; MAO used
as a co-catalysts in each case under comparable polymerisation
conditions.

© 2023 The Author(s). Published by the Royal Society of Chemistry
conrm this and obtain more information about their micro-
structural properties (e.g. polymer end groups and branching),
representative samples obtained using Co5/MAO and Co5/
MMAO have been analyzed by 1H and 13C NMR spectroscopy
(recorded in tetrachloroethane-d2 at 100 °C).

For the polymer sample produced using Co5/MAO (Mw =

45.8 kg mol−1; entry 3, Table 3), the 13C NMR spectrum revealed
as the only visible resonance for the polymer, a high-intensity
singlet at d 30.00 ppm assignable to the –(CH2)n– repeat unit
in line with the high linearity of the material (Fig. 9). By
contrast, the 1H NMR spectrum gave information on end group
composition with downeld resonances typical of an alkenyl
chain group end (RCH = CH2). This observation indicates that
b-H elimination or b-H transfer provides a key chain termina-
tion pathway.37 It is uncertain why the 13C NMR spectrum did
not reveal vinylic carbons but may relate to the strength of the
sample and solubility.

Additionally, the polymer sample with higher molecular
weight prepared using Co5/MMAO (Mw = 412.2 kg mol−1; entry
8, Table 2) was characterized by 13C NMR spectroscopy
(Fig. S22†). Once again the only detectable signal was for the
–(CH2)n– repeat unit at d 29.60 ppm. However, in this case the
1H NMR spectrum showed no evidence for vinylic protons
which is likely due to the higher molecular weight of this
sample.

DFT calculations

To study the inuence of the para- and meta-uoride substitu-
ents in Co3 along with the steric hindrance exerted by the ortho
groups on the catalytic activity, the ethylene insertion pathway
was computed by DFT calculations using the M06/6-31G**
method. In previous works, active catalysts can be generated by
treating Co(I) and Co(II) species with strong Lewis acid activators
like MAO, but the oxidation state of the active species is still
unclear.40–42 In this study we are concerned with making
a comparison of the transition state that contain a coordinated
ethylene and alkyl group.

As a cationic cobalt-alkyl species can display higher catalytic
activity than its neutral counterpart,43 we selected cationic
RSC Adv., 2023, 13, 14–24 | 19
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Scheme 2 Intermediates and transition states involved in the
proposed reaction pathway: 1 + C2H4 / 2 / TS2/3 / 3.
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cobalt-alkyl species 1 in Scheme 2 (viz. 1-iPr, 1-CHPh2 and 1-
Co3) as the starting structure to react with the ethylene. The
chain propagated structure 3 was produced via coordinated
intermediate 2 and transition state TS2/3. The Gibbs energy
proles of the reaction pathways (Scheme 2) for the three cobalt
species are displayed in Fig. 10 (le, middle and right); both the
doublet and quartet states were calculated. On inspection of the
gure, is apparent that the doublet state possesses a lower
energy than the quartet state in most cases. Exceptionally, the
chain propagated intermediate 3-iPr is particularly stable in its
quartet state (DG −43.44 kcal mol−1), as has been found in our
previous calculations.43 On the other hand, a similar nding is
not observed where the system contains the more sterically
demanding CHPh2 groups in the ortho positions. It would seem
plausible that the catalysts incorporating CHPh2 groups (1-
CHPh2 and 1-Co3) induce a less stable intermediate that reacts
further to generate polymers with higher molecular weight.

In terms of the energy barriers for the ethylene insertion step
(i.e. via TS2/3), these were found to decrease in the order: iPr
(7.72 kcal mol−1) > CHPh2 (6.69 kcal mol−1) > Co3
(5.56 kcal mol−1). This would suggest that the increase in the
steric hindrance at the ortho-positions makes the barrier to
Fig. 10 The Gibbs energy profiles for the ethylene insertion pathway 1
+ C2H4 / 2 / TS2/3 / 3, using 1-iPr (left) 1-CHPh2 (middle) and 1-
Co3 (right) as shown Scheme 2. Units in kcal mol−1.

20 | RSC Adv., 2023, 13, 14–24
ethylene insertion more facile, leading to higher polymerisation
activity. Furthermore, the relatively lower barrier in Co3 over
CHPh2 would suggest the electron withdrawing uorides in the
meta and para positions are contributing cooperatively with the
bulky CHPh2 groups. Moreover, these computational results
support the experimental observations, where the catalytic
activities for these three systems follow the order: Co3 (6.0 ×

106 g of PE mol−1 (Co) h−1) > CHPh2 (1.8 × 106 g of PE mol−1

(Co) h−1) > iPr (4.6 × 105 g of PE mol−1 (Co) h−1).1

Conclusions

In summary, the bis(arylimino)pyridine dichlorocobalt
complexes, Co1–Co5, comprising one N-2,6-
bis(diphenylmethyl)-3,4-diuorophenyl group and one steri-
cally variable N-aryl group have been successfully synthesized.
In addition, all ve complexes and their ligand precursors have
been fully characterized including in the cases of Co2 and Co5
by single crystal X-ray diffraction. On activation with either MAO
or MMAO, all complexes showed good catalytic activity for
ethylene polymerisation forming highly linear polyethylenes
with narrow dispersities (Mw/Mn range: 1.8–4.7); vinyl-end
groups were identied for lower molecular weight samples.
Notably, it was found that the polymerisation activity was
enhanced with an increase of the steric hindrance at the ortho
positions which was further supported by DFT calculations.
Moreover, the highest activity (7.6 × 106 g PE mol−1 (Co) h−1)
was achieved at 60 °C for Co5/MAO, highlighting the appre-
ciable thermal stability of this catalyst. On the other hand, the
highest molecular weight polymer (483.8 kg mol−1) was ach-
ieved using Co5/MMAO at 30 °C. On the basis of experimental
data and DFT calculations for Co3 and its non-uorinated
analogue, the substitution of uorides at the meta- and para-
positions was shown to enhance catalytic activity and raise
thermal stability.

Experimental
General considerations

All experimental operations that make use of compounds which
are sensitive to air and/or moisture were performed under
a nitrogen atmosphere using standard Schlenk techniques. The
toluene used for the ethylene polymerisation evaluation was
heated to reux over sodium for at least 10 h before distillation
was undertaken under a nitrogen atmosphere. Methyl-
aluminoxane (MAO, 1.38 M in toluene) and modied methyl-
aluminoxane (MMAO, 1.93 M in heptane) were provided by
Albemarle Corp. High purity ethylene was provided by Beijing
Yanshan Petrochemical Company and used as received. Other
reagents were purchased from Aldrich, Acros or local suppliers.
The 1H, 13C NMR and 19F NMR spectroscopic measurements for
L1–L5 as well as the 19F NMR spectra for cobalt complexes Co1–
Co5 were performed on a Bruker DMX 400 and 500 MHz (19F
NMR) instrument at room temperature using TMS as an
internal standard for 1H/13C NMR and CF3COOH as an external
standard. All chemical shis and coupling constants are given
in ppm and in Hz, respectively. Elemental analyses (C, H and N)
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Crystallographic data and structure refinement for Co2 and Co5

Co2 Co5

Crystal colour Brown Brown
Empirical formula C52H47Cl4CoF2N3 C53H49Cl4CoF2N3

Formula weight 952.65 966.68
Temperature/K 170.00(11) 169.97(11)
Crystal system Monoclinic Monoclinic
Space group Cc Cc
a/Å 23.8272(3) 24.2166(3)
b/Å 14.5493(2) 14.6821(2)
c/Å 16.0514(2) 16.4823(2)
a/° 90 90
b/° 125.0950(10) 127.0490(10)
g/° 90 90
Volume/Å3 4552.89(11) 4677.22(11)
Z 4 4
rcalc g cm−3 1.39 1.373
m/mm−1 5.498 5.36
F(000) 1972 2004
Crystal size/mm3 0.15 × 0.1 × 0.05 0.15 × 0.12 × 0.08
2Q range for data collection/° 7.582 to 150.576 7.562 to 150.714
Index ranges −29 # h # 29, −18 # k # 14 −30 # h # 30, −17 # k # 18

−19 # l # 19 −19 # l # 20
Reections collected 16 783 16 345
Independent reections 7537 [Rint = 0.0351, Rsigma = 0.0390] 5983 [Rint = 0.0268, Rsigma = 0.0267]
Data/restraints/parameters 7537/2/563 5983/2/573
Goodness-of-t on F2 1.041 1.027
Final R indexes [I >= 2s(I)] R1 = 0.0509, wR2 = 0.1403 R1 = 0.0379, wR2 = 0.1039
Final R indexes [all data] R1 = 0.0523, wR2 = 0.1416 R1 = 0.0389, wR2 = 0.1046
Largest diff. peak/hole/e Å−3 2.66/−0.61 1.38/−0.49
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were performed on a Flash EA 1112 microanalyzer. FT-IR
spectra were recorded using a PerkinElmer System 2000 FT-IR
spectrometer. The molecular weights and molecular weight
distributions (Mw/Mn) of the polyethylenes were measured using
a PL-GPC220 instrument at 160 °C with 1,2,4-trichlorobenzene
as the solvent. Data collection and processing were performed
using Cirrus GPC Soware (Beijing, China) and Multi Detector
Soware (Beijing, China). The calibrants employed for con-
structing conventional calibration (Polystyrene Calibration
KitS-M-10) were provided by PL Company (Beijing, China). The
true averagemolecular weights of polyethylene were achieved by
inputting the Mark-Houwink constants of polyethylene; K
(0.727) and a (40.6) were provided by PL Company (Beijing,
China). The samples were dissolved at a concentration of 1.0 to
2.5 mg mL−1 depending on the molecular weights. The DSC
traces and melting points of the polyethylene were obtained
from the second scanning run on a PerkinElmer TA-Q2000 DSC
analyzer under a nitrogen atmosphere. During the procedure,
a sample of about 4.0–6.0 mg was heated to 160 °C at a heating
rate of 20 °C min−1, followed by 5 min at 150 °C to remove the
thermal history and then cooled at a rate of 20 °C min−1 to
−20 °C. High temperature 1H and 13C NMR spectra of the
polyethylenes were recorded on a Bruker DMX 500 MHz
instrument at 100 °C in deuterated 1,1,2,2-tetrachloroethane
with TMS as an internal standard. All computational work was
carried out by density functional theory (DFT) using the
Gaussian 09 soware.44 A hybrid meta-GGA level density func-
tional M06 (ref. 45) in conjunction with 6-31G** basis set was
© 2023 The Author(s). Published by the Royal Society of Chemistry
adopted for all atoms. Solvent effect was considered for the fully
optimized structures by using the integral equation formalism
polarizable continuum model (IEFPCM)46 with the radii and
cavity-dispersion-solvent structure terms given in Truhlar and
co-workers' SMD solvation model47 for the solvent effect
correction of toluene: 3 = 2.3741. An ultrane integration grid
(99 590) was used for numerical integrations. Thermal correc-
tions were calculated within the harmonic potential approxi-
mation on optimized structures under T = 298.15 K and 1 atm
pressure. The keto-imine compounds, 1-(6(1-(arylimino)ethyl)
pyridin-2-yl)ethan-1-one (aryl = 2,6-dimethylphenyl S1, 2,6-
diethylphenyl S2, 2,6-diisopropylphenyl S3, 2,4,6-trimethyl-
phenyl S4, 2,6-diethyl-4-methylphenyl S5), were prepared
according to literature routes via the interaction of 2,6-diac-
etylpyridine with the corresponding aniline in methanol with
formic acid as promoter at 0 °C.48

Synthesis of 2-{CMeN(2,6-(Ph2CH)2-3,4-F2C6H)}-6-(CMeNAr)
C5H3N. (a) Ar = 2,6-Me2C6H3 L1. To a round bottomed ask
containing toluene (100 mL) was added a mixture of S1 (0.54 g,
2.00 mmol), 2,6-dibenzhydryl-3,4-diuoroaniline (1.38 g, 3.00
mmol) and a catalytic amount of p-toluenesulfonic acid. The
resulting solution was stirred at reux for 6 h. Aer cooling to
room temperature, the solvent was evaporated under reduced
pressure and the residue puried by alumina column chroma-
tography (100/1 petroleum ether/ethyl acetate), affording L1 as
a green powder (0.59 g, 42%). FT-IR (cm−1): 3030(w), 2962(w),
2918(w), 1949(w), 1636(m), 1596(m), 1495(m), 1473(m),
1447(m), 1416(m), 1364(m), 1322(m), 1259(s), 1199(m),
RSC Adv., 2023, 13, 14–24 | 21
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1075(vs), 1014(vs), 931(m), 864(m), 798(vs), 764(vs), 695(vs). 1H
NMR (400 MHz, CDCl3, TMS): d 8.46–8.44 (d, J = 7.2 Hz 1H, Py-
H), 8.23–8.21 (d, J = 7.2 Hz, 1H, Py), 7.91–7.87 (t, J = 7.8 Hz, 1H,
Py), 7.31–6.74 (m, 24H, Ph), 5.40 (s, 1H, –CHPh2), 5.31 (s, 1H, –
CHPh2), 2.10 (s, 3H, CH3), 2.06–2.05 (d, J = 4.0 Hz, 6H, CH3),
1.10 (s, 3H, CH3).

13C NMR (100 MHz, CDCl3, TMS): d 169.95,
165.10, 153.12, 152.48, 146.64, 142.96, 141.02, 140.64, 139.59,
138.35, 134.81, 127.67, 126.50, 126.46, 126.29, 126.00, 125.89,
124.54, 124.48, 124.14, 123.37, 123.33, 121.05, 120.35, 120.20,
49.86, 47.16, 15.93, 15.12, 14.34. 19F NMR (470 MHz, CDCl3):
d −135.6, −144.1. Anal. calcd. for C49H41F2N3 (709.88): C, 82.91;
H, 5.82; N, 5.92. Found: C, 82.86; H, 5.74; N, 5.88%.

(b) Ar = 2,6-Et2C6H3 L2. Using a similar procedure as
described for L1 but with S2 as the ketone, L2 was isolated as
a green powder (0.54 g, 37%). FT-IR (cm−1): 3028(w), 2963(m),
2935(w), 2869(w), 1970(w), 1631(m), 1595(m), 1494(m), 1475(m),
1447(m), 1420(m), 1366(m), 1321(w), 1292(m), 1261(s), 1193(m),
1080(s), 1017(s), 925(m), 865(m), 797(vs), 767(s), 743(m),
696(vs). 1H-NMR (400 MHz; CDCl3, TMS): d 8.44–8.42 (d, J =
7.6 Hz 1H, Py-H), 8.23–8.21 (d, J = 7.6 Hz, 1H, Py), 7.91–7.87 (t, J
= 7.8 Hz, 1H, Py), 7.30–6.73 (m, 24H, Ph), 5.40 (s, 1H, –CHPh2),
5.31 (s, 1H, –CHPh2), 2.48–2.30 (m, 4H, –CH2CH3), 2.11 (s, 3H,
CH3), 1.18–1.13 (m, 6H, CH3), 1.11 (s, 3H, CH3).

13C NMR (100
MHz; CDCl3; TMS): d 169.92, 164.80, 153.08, 152.42, 145.63,
140.96, 140.58, 139.54, 138.30, 134.76, 129.07, 129.03, 127.61,
127.21, 126.42, 126.39, 126.22, 125.94, 124.47, 124.41, 124.07,
123.87, 121.28, 120.25, 120.08, 119.96, 119.85, 114.67, 49.79,
47.10, 22.49, 15.07, 14.64, 11.66. 19F NMR (470 MHz, CDCl3):
d −135.6, −144.1. Anal. calcd. for C51H45F2N3 (737.94): C, 83.01;
H, 6.15; N, 5.69. Found: C, 82.92; H, 5.95; N, 5.62%.

(c) Ar = 2,6-iPr2C6H3 L3. Using a similar procedure as
described for L1 but with S3 as the ketone, L3 was isolated as
a green powder (0.84 g, 22%). FT-IR (cm−1): 3060(w), 3027(w),
2960(m), 2923(w), 2866(w), 1947(w), 1637(m), 1605 w), 1575(w),
1494(m), 1473(s), 1449(s), 1420(m), 1365(m), 1324(m), 1244(m),
1194(m), 1104(s), 1078(s), 1003(m), 967(m), 930(m), 907(w),
861(w), 818(m), 792(m), 765(s), 695(vs). 1H NMR (400 MHz;
CDCl3, TMS): d 8.43–8.41 (d, J = 7.6 Hz 1H, Py-H), 8.22–8.20 (d, J
= 7.6 Hz, 1H, Py), 7.91–7.87 (t, J = 7.8 Hz, 1H, Py), 7.31–6.76 (m,
24H, Ph), 5.34 (s, 1H, –CHPh2), 5.31 (s, 1H, –CHPh2), 2.79–2.12
(m, 2H, –CH2(CH3)2), 2.12 (s, 3H, CH3), 1.19–1.16 (m, 12H, CH3),
1.12 (s, 3H, CH3).

13C NMR (100 MHz, CDCl3, TMS): d 169.99,
164.91, 153.12, 152.48, 144.35, 140.99, 140.61, 139.59, 138.34,
134.81, 133.73, 133.69, 127.66, 127.25, 126.46, 126.42, 126.26,
125.98, 124.51, 124.45, 124.12, 121.58, 120.98, 120.33, 120.10,
120.00, 49.79, 49.84, 47.14, 26.26, 21.20, 20.87, 20.85, 15.12,
15.04. 19F NMR (470 MHz, CDCl3): d −135.6, −144.1. Anal.
calcd. for C53H49F2N3 (765.99): C, 83.11; H, 6.45; N, 5.49. Found:
C, 82.94; H, 6.27; N, 5.36%.

(d) Ar = 2,4,6-Me3C6H2 L4. Using a similar procedure as
described for L1 but with S4 as the ketone, L4 was isolated as
a green powder (0.26 g, 7%). FT-IR (cm−1): 3030(w), 2959(w),
2913(w), 2880(vw), 2162(w), 1973(w), 1639(s), 1602(m),1 566(m),
1472(s), 1447(m), 1417(m), 1363(m), 1322(m), 1261(m),
1214(m), 1145(m), 1111(s), 1077(s), 1005(s), 931(m), 905(m),
854(m), 817(s), 794(s), 744(m), 696(vs). 1H NMR (CDCl3, TMS):
d 8.44–8.42 (d, J= 7.6 Hz, 1H, Py-H), 8.21–8.19 (d, J= 7.6 Hz, 1H,
22 | RSC Adv., 2023, 13, 14–24
Py), 7.89–7.85 (t, J= 7.8 Hz, 1H, Py), 7.30–6.73 (m, 23H, Ph), 5.39
(s, 1H, –CHPh2), 5.30 (s, 1H, –CHPh2), 2.30 (s, 3H, CH3), 2.09 (s,
3H, CH3), 2.02–2.01 (d, J = 4.4 Hz, 6H, CH3), 1.10 (s, 3H, CH3).
13C NMR (100 MHz, CDCl3, TMS): d 169.99, 165.31, 153.28,
152.45, 144.15, 141.05, 140.66, 139.61, 138.37, 134.78, 130.26,
127.68, 127.28, 126.57, 126.51, 126.47, 126.30, 126.01, 124.54,
124.49, 124.15, 123.23, 123.18, 120.35, 120.13, 114.93, 114.75,
49.87, 47.17, 18.72, 15.86, 15.14, 14.30. 19F NMR (470 MHz,
CDCl3): d −135.6, −144.1. Anal. calcd. for C50H43F2N3 (723.91):
C, 82.96; H, 5.99; N, 5.80. Found: C, 82.82; H, 5.87; N, 5.74%.

(e) Ar = 2,6-Et2-4-MeC6H2 L5. Using a similar procedure as
described for L1 but with S5 as the ketone, L5 was isolated as
a green powder (0.45 g, 30%). FT-IR (cm−1): 3029(w), 2963(m),
2932(w), 2870(w), 1953(w), 1638(s), 1602(m), 1566(m), 1494(m),
1475(s), 1450(s), 1420(m), 1363(s), 1322(m), 1296(m), 1260(m),
1243(m), 1221(m), 1296(m), 1260(m), 1243(m), 1221(m),
1208(m), 1146(m), 1118(s), 1076(s), 1007(m), 931(m), 863(m),
802(s), 764(m), 744(m), 697(vs). 1H NMR (CDCl3, TMS): d 8.43–
8.41 (d, J = 7.2 Hz 1H, Py-H), 8.21–8.19 (d, J = 7.6 Hz, 1H, Py),
7.89–7.86 (t, J = 7.8 Hz, 1H, Py), 7.30–6.75 (m, 23H, Ph), 5.39 (s,
1H, –CHPh2), 5.30 (s, 1H, –CHPh2), 2.39–2.31 (m, 3H, CH3), 2.36
(s, 4H, –CH2CH3), 2.10 (s, 3H, CH3), 1.25–1.12 (m, 6H, –

CH2CH3), 1.11 (s, 3H, CH3).
13C NMR (100 MHz, CDCl3, TMS):

d 165.03, 153.25, 152.41, 141.00, 140.62, 139.58, 138.34, 134.75,
130.44, 128.97, 127.65, 127.24, 126.46, 126.42, 126.25, 125.97,
124.63, 124.45, 124.10, 120.27, 120.04, 49.82, 22.52, 18.95,
15.11, 14.62, 11.80. 19F NMR (470 MHz, CDCl3): d −135.6,
−144.1. Anal. calcd. for C52H47F2N3 (751.97): C, 83.06; H,
6.30; N, 5.59%. Found: C, 83.14; H, 6.15; N, 5.66%.

Synthesis of [2-{CMeN(2,6-(Ph2CH)2-3,4-F2C6H)}-6-(CMe-
NAr)C5H3N]CoCl2. (a) Ar = 2,6-Me2C6H3 Co1. Under a nitrogen
atmosphere, a mixture of L1 (0.11 g, 0.15 mmol), CoCl2$6H2O
(0.027 g, 0.12 mmol), dichloromethane (10 mL) and ethanol (5
mL) was stirred at room temperature for 6 h. All volatiles were
then removed under reduced pressure to give a concentrated
solution. An excess of diethyl ether was added to induce
precipitation and the precipitate collected by ltration and
washed with diethyl ether (3 × 10 mL) yielding Co1 as a green
powder (0.065 g, 64%). FT-IR (KBr, cm−1): 3064(w), 3027(w),
2958(w), 2918(w), 2860(w), 2158(w), 1971(w), 1622(m), 1585(m),
1494(s), 1474(s), 1427(m), 1372(m), 1325(m), 1261(s), 1217(m),
1085(m), 1008(m), 939(m), 913(w), 860(w), 813(m), 768(s),
704(vs). 19F NMR (470 MHz, CDCl3): d −94.5, −158.3. Anal.
calcd. for C49H41F2N3Cl2Co (839.72): C, 70.09; H, 4.92; N, 5.00.
Found: C, 69.88; H, 5.13; N, 4.87%.

(b) Ar = 2,6-Et2C6H3 Co2. The synthesis of Co2 was carried
out using a procedure andmolar ratios similar to that described
for Co1, but with L2 used in place of L1. Following work-up, Co2
was isolated as a green powder (0.095 g, 94%). FT-IR
(KBr, cm−1): 3063(w), 2972(w), 2937(w), 2878(w), 2161(m),
1974(w), 1617(w), 1587(m), 1496(m), 1476(s), 1449(m), 1424(m),
1365(m), 1324(m), 1266(m), 1207(m), 1078(m), 1007(m), 940(m),
862(m), 812(m), 770(s), 739(m), 703(vs). 19F NMR (470 MHz,
CDCl3): d −93.1, −158.0. Anal. calcd. for C51H45F2N3Cl2Co
(867.77): C, 70.59; H, 5.23; N, 4.84. Found: C, C, 70.34; H,
5.45; N, 4.74%.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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(c) Ar = 2,6-iPr2C6H3 Co3. The synthesis of Co3 was carried
out using a procedure andmolar ratios similar to that described
for Co1, but with L3 used in place of L1. Following work-up, Co3
was isolated as a green powder (0.051 g, 94%). FT-IR
(KBr, cm−1): 3057(w), 2961(m), 2920(w), 2866(w), 2161(w),
1971(w), 1584(m), 1495(m), 1473(s), 1450(s), 1371(m), 1323(m),
1269(m), 1208(m), 1103(m), 1078(m), 1028(m), 1003(m), 938(m),
863(w), 806(m), 769(s), 699(vs). 19F NMR (470 MHz, CDCl3):
d −92.5, −157.6. Anal. calcd. for C53H49F2N3Cl2Co (895.83): C,
71.06; H, 5.51; N, 4.69. Found: C, 70.96; H, 5.57; N, 4.64%.

(d) Ar= 2,4,6-Me3C6H2 Co4. The synthesis of Co4 was carried
out using a procedure andmolar ratios similar to that described
for Co1, but with L4 used in place of L1. Following work-up, Co4
was isolated as a green powder (0.038 g, 50%). FT-IR
(KBr, cm−1): 3061(w), 3034(w), 2951(w), 2923(w), 2916(w),
2840(w), 2160(w), 1974(w), 1617(w), 1588(m), 1496(m), 1477(s),
1449(m), 1425(m), 1365(m), 1325(m), 1265(m), 1221(m),
1196(m), 1079(m), 1009(m), 939(w), 858(m), 816(m), 771(m),
736(m), 703(vs). 19F NMR (470 MHz, CDCl3): d −94.7, −158.0.
Anal. calcd. for C50H43F2N3Cl2Co (853.75): C, 70.34; H, 5.08; N,
4.92. Found: C, 70.12; H, 5.23; N, 4.74%.

(e) Ar = 2,6-Et2-4-MeC6H2 Co5. The synthesis of Co5 was
carried out using a procedure and molar ratios similar to that
described for Co1, but with L5 used in place of L1. Following
work-up, Co5 was isolated as a green powder (0.13 g, 94%). FT-
IR (KBr, cm−1): 3032(w), 2972(w), 2925(w), 2878(w), 2162(w),
1974(w), 1619(w), 1586(m), 1496(m), 1477(s), 1449(m), 1423(m),
1363(m), 1325(m), 1263(s), 1219(m), 1078(m), 1031(m),
1010(m), 939(m), 862(m), 814(m), 7701(s), 735 (s), 702(vs). 19F
NMR (470 MHz, CDCl3): d −93.3, −157.9. Anal. calcd. for C52-
H47F2N3Cl2Co (881.80): C, 70.83; H, 5.37; N, 4.77. Found: C,
70.74; H, 5.59; N, 4.55%.
X-ray crystallographic studies

Single crystals of Co2 and Co5 for X-ray diffraction studies
were grown by diffusing diethyl ether onto dichloromethane
solutions of the corresponding complex at ambient temper-
ature. By employing a XtaLAB Synergy R HyPix diffractometer
equipped with graphite monochromated Cu-Ka radiation (l
= 1.54184 Å) at 173(2) K, cell parameters were obtained by
global renement of the positions of all collected reections.
Intensities were corrected for Lorentz and polarization
effects and empirical absorption. Structure solution was
performed by direct methods and rened by full-matrix least
squares on F2. All non-hydrogen atoms were rened aniso-
tropically and all hydrogen atoms were placed in calculated
positions. Using Olex2,49 the structure was solved by the
SHELXT50 structure solution program employing Intrinsic
Phasing by and rened with the SHELXL51 renement
package using the Least Squares minimization. Details of the
X-ray structure determinations and renements are provided
in Table 4.
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