CH(phenol)-bridged  bis(imino)pyridines as compartmental
supports for diiron precatalysts for ethylene polymerization:

exploring cooperative effects on performance

Qiang Chen,” Wenjuan Zhang,"** Gregory A. Solan,"’* Randi Zhang,” Liwei Guo,’ Xiang Hao,"

and Wen-Hua Sun"**

" Key Laboratory of Engineering Plastics, Institute of Chemistry, Chinese Academy of Sciences,
Beijing 100190, China. E-mail: whsun@iccas.ac.cn.

¥ School of Materials Science and Engineering, Beijing Institute of Fashion Technology, Beijing
100029, China. E-mail: zhangwj@bift.edu.cn

' Department of Chemistry, University of Leicester, University Road, Leicester LE1 7RH, UK.
E-mail: gas8@le.ac.uk

#State Key Laboratory for Oxo Synthesis and Selective Oxidation, Lanzhou Institute of Chemical
Physics, Chinese Academy of Sciences, Lanzhou 730000, China

ABSTRACT: A family of six CH(phenol)-bridged bimetallic bis(imino)pyridine-iron(II) chlorides,
CH(C6Hs-4-OH) {2'~(4-C¢Hz-2,6-(R")2N=CMe)-6"-(2",6"-(R?)2-4-(R*)CsH2N=CMe)CsH3N } ,Fe,Cls

[R! = R?=Me, R® = H Fel; R! =R?>=Et, R? = H Fe2; R! = Me, R?> = Et, R = H Fe3; R! = Me, R?
= i-Pr, R> = H Fe4; R! = R? = R3 = Me Fe5; R! = R? = Et, R* = Me Fe6], has been synthesized by
the reaction of the corresponding compartmental ligand with two equivalents of FeCl.-4H20. The
molecular structure of Fe6 reveals an intramolecular Fe---Fe separation of 10.152 A, with pairs of
Fe6 assembling through intermolecular OH:--Cl hydrogen bonding interactions. On activation with
MAO or MMAO, Fel - Fe6 exhibited both good thermal stability and very high activity for
ethylene polymerization with the least sterically bulky Fel the standout performer (up to 2.43 x 10’
g-mol”!(Fe)-h! at 60 °C). Notably, Fel/MAO showed almost double the activity of a structurally
related mononuclear catalyst while the resultant polyethylene exhibited much higher molecular
weight. In general, the polymeric materials are highly linear and have a tendency to display bimodal
distributions that is influenced by the amount of co-catalyst employed. End-group analysis of the
polymers generated using MMAO activation reveals chain ends composed of vinyl and saturated

groups (propyl and isobutyl), while with MAO a preference for propyl end groups is observed.



INTRODUCTION

The emergence of bis(imino)pyridine-iron complexes as highly active catalysts for the
polymerization of ethylene at the end of the 1990°s has been the driving force behind numerous
follow-up studies.! In the main, these have focused on modifications to the bis(imino)pyridine
supporting ligand and indeed progress in this field has been the subject of a number of reviews and
book chapters.? Elsewhere, the incorporation of more than one polymerization-active iron center on
the same ligand framework has emerged as an attractive target due to potential synergic effects
caused by the close proximity of the active sites.’> With regard to the supporting compartmental
ligand, scaffolds based on linked bis(imino)pyridines have proved most effective with many of the
resulting multinuclear iron complexes reported to display not only high activities but also
performance characteristics that can be quite different to their mononuclear counterparts.** For
example, the macrocyclic trinuclear 2,6-bis(imino)pyridine-iron complex A (Chart 1) exhibited a
much longer lifetime than its mononuclear analogue and produced much higher molecular weight
polyethylene with a unimodal distribution.® Similarly, the methylene-bridged bis(imino)pyridine
complex B (Chart 1) produced polyethylenes with high molecular weight but with broad
dispersities,” while the biphenyl-bridged bis(imino)pyridine complexes C (Chart 1) showed superior
thermal stability and higher activities when compared to their mononuclear comparators.® In
addition, Takeuchi’s group reported the ‘double-decker’ complex D (Chart 1) which showed good
activity at high operating temperatures and produced polyethylenes with narrow molecular weight

distributions.’
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Chart 1 Reported multinuclear bis(imino)pyridine-iron precatalysts, A — D, along with E to be
developed in this work

In this report we are concerned with developing a series of diiron ethylene polymerization
precatalysts of type E (Chart 1), in which the two metal centers are located within the N,N,N
pockets of a methylene-bridged bis(imino)pyridine that has been additionally appended with a
phenol group. We reasoned that the phenol moiety would be proton responsive during precatalyst
activation and potentially affect the net charge of the active metal centers and in turn the
polymerization performance.!®!? Indeed, we have recently reported that the cobalt analogues of E
display high activities for ethylene polymerization producing highly linear polyethylenes with high
levels of vinyl chain ends.!* Given the general tendency of bis(imino)pyridine-iron complexes to
show higher activity than their cobalt analogues, we herein disclose our polymerization results for
six examples of E in which the steric and electronic profile of the N-aryl groups within the

compartmental ligand have been systematically varied. In addition, the effect of aluminoxane
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co-catalyst, temperature, run time and pressure are explored and the resulting catalytic
performances and polymer properties compared with B and C (Chart 1) as well as a mononuclear
iron comparator. Full synthetic and characterization data is also presented for all the new complexes

and ligands.

RESULTS AND DISCUSSION
Synthesis and characterization
The diiron(II) complexes,
CH(C6Hs-4-OH) {2'-(4-C¢H-2,6-(R")2N=CMe)-6'-(2",6"-(R?)2-4-(R*)CsH2N=CMe)CsH3N } ,Fe,Cls
[R! = R?=Me, R® = H Fel; R! =R?>=Et, R? = H Fe2; R! = Me, R?> = Et, R = H Fe3; R! = Me, R?
= j-Pr, R® = H Fe4; R! = R? = R? = Me Fe5; R! = R? = Et, R?> = Me Fe6], have been prepared as
green solids in good yield by treating the corresponding compartmental ligand, L1 - L6, with two
molar equivalents of FeCl>-4H>O in freshly distilled THF at room temperature (Scheme 1). All the
ferrous complexes are air stable in the solid state but show some evidence for oxidation on
prolonged standing in solution in the air. Each complex has been characterized by FT-IR
spectroscopy, elemental analysis and in the case of Fe6 by single crystal X-ray diffraction.
Compounds L1 - 14 have  been  reported  previously,'? while
CH(C6Hs-4-OH) {2'-(4-C¢H-2,6-(R")2N=CMe)-6'-(2",6"-(R?)2-4-(R*)CsH.N=CMe)CsH3N}, (R! =
R? = R? = Me L5; R! = R? = Et, R? = Me L6) are new and have been synthesized by reacting the
corresponding diamine, CH(C¢Ha-4-OH)(4-C¢H2-2,6-R12NH,), (R! = Me, Et), with just over two
equivalents of the appropriate 2-acetyl-6-aryliminopyridine,

2-(CMe0)-6-{(CMe=N(2,6-(R?)2-4-R3C¢H1)} CsHsN (R? = R?> = Me; R? = Et, R} = Me), in
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ortho-xylene at reflux (Scheme 1). Both L5 and L6 have been characterized by 'H/'3C NMR and
FT-IR spectroscopy as well as by elemental analysis. Notably, the <OH resonance in their 'H NMR

spectra, recorded in DMSO-ds, could be observed around ¢ 9.23.
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Scheme 1 Synthetic route to bimetallic Fel — Fe6

Single crystals of Feé suitable for the X-ray determination were grown by slow diffusion of
diethyl ether into a dimethylformamide solution of the complex. A view of Fe6 is shown in Figure 1;
selected bond lengths and angles are collected in Table 1. The structure consists of two iron atoms
that are each bound to three nitrogen donors belonging to L6 and two chloride ligands to complete
distorted trigonal bipyramidal geometries at each metal center. Within each NN, N pocket, the

central Fe-Npyridine bond lengths of 2.127(4) A [Fe(1)-N(2)] and 2.093(4) A [Fe(2)-N(5)] are shorter



than the exterior Fe-Nimine ones [Fe(1)-N(1) 2.248(5), Fe(1)-N(3) 2.250(4), Fe(2)-N(4) 2.200(4) and
Fe(2)-N(6) 2.201(4)]; an observation that is common to many bis(imino)pyridine-iron
complexes.'!* The sp>-hybridization of the bridging methylene unit [C(21)-C(20)-C(13) 112.5(4)°]
leads to the two N,N,N-chelation planes [N(1)-N(2)-N(3) and N(4)-N(5)-N(6)] being inclined at an
angle of 76.58° which in turn results in the iron centers being separated by a distance of 10.152 A.
The N-aryl rings are almost perpendicular to the adjacent pyridine rings with dihedral angles of
85.19° and 88.26° for Fe(1) and 76.79° and 83.38° for Fe(2). In addition, the presence of the OH
functionality on the phenol unit results in neighboring molecules assembling via Cl--*HO

intramolecular hydrogen bonding interactions (3.163 A, see Figure 2).

Figure 1 ORTEP representation of Fe6. The thermal ellipsoids are shown at the 30% probability
level while the hydrogen atoms and the positional disorder present in some ethyl groups, have been

omitted for clarity.



Figure 2 Pairing of molecules of Fe6 through intermolecular Cl:-*HO hydrogen-bonding

Table 1 Selected bond lengths (A) and angles (°) for Fe6

Bond Lengths (A)
Fe(1)-N(1) 2.248(5) Fe(2)-N(6) 2.201(4)
Fe(1)-N(2) 2.127(4) Fe(2)-N(5) 2.093(4)
Fe(1)-N(3) 2.250(4) Fe(2)-N4) 2.200(4)
N(1)-C(2) 1.283(6) N(6)-C(46) 1.440(7)
N(1)-C(57) 1.433(6) N(6)-C(44) 1.294(7)
N(2)-C(3) 1.343(6) N(5)-C(43) 1.333(6)
N(©2)-C(7) 1.329(7) N(5)-C(39) 1.337(6)
N(3)-C(10) 1.438(6) N(4)-C(38) 1.278(6)
N(3)-C(8) 1.275(6) N(4)-C(30) 1.436(6)
Bond Angles (°)
N(2)-Fe(1)-CI(1) 128.22(13) N(5)-Fe(2)-Cl(4) 154.36(13)
N(3)-Fe(1)-CL(2) 98.99(11) N(4)-Fe(2)-CI(3) 101.16(13)
N(1)-Fe(1)-CL(2) 98.39(13) N(6)-Fe(2)-CI(3) 103.32(13)
CI(2)-Fe(1)-CI(1) 108.88(6) Cl(3)-Fe(2)-Cl(4) 113.31(6)
C(3)-N(2)-C(7) 121.4(5) C(39)-N(5)-C(43) 121.3(4)
C(2)-N(1)-C(57) 120.3(5) C(44)-N(6)-C(46) 120.3(5)
C(8)-N(3)-C(10) 121.7(4) C(38)-N(4)-C(30) 121.5(4)
C(21)-C(20)-C(13) 112.5(4) C(21)-C(20)-C(27) 114.7(4)

In comparison with the corresponding free ligand, the v(C=N)imine stretching frequencies
in the IR spectra for Fel - Fe6, are each shifted to lower wavenumber by ca. 20 cm’!, in
agreement with coordination of all four imine nitrogen atoms. Their v(O-H)phenot absorptions

fall around 3300 cm™ supportive of the hydrogen bonding observed in the crystal structure
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of Fe6. Furthermore, the microanalytical data for all six complexes are consistent with each

structure adopting a composition based on [(L)Fe2Cly].

Ethylene polymerization
To explore the performance characteristics of Fel — Fe6 as precatalysts for ethylene polymerization,
methylaluminoxane (MAQO) and modified methylaluminoxane (MMAO, AlMeO:Al-i-BuO 3:1)
were chosen as the co-catalysts to allow two parallel studies. Indeed, such aluminoxanes have
shown themselves as among the most effective co-catalysts for activating mononuclear
bis(imino)pyridine-iron(Il) halide complexes and indeed differences in catalytic performance and
polymer properties have been noted between the two activators.*'* To allow an optimization of the
conditions, Fel was selected as the test precatalyst in each study. The polymerizations were
typically performed in toluene at 10 atm CoH4 over 30 minute run times. All the polymers have
been characterized by gel permeation chromatography (GPC) and differential scanning calorimetry
(DSC). In addition, high temperature NMR spectroscopy was employed to examine the structural
properties of selected polymer samples.
(a) Catalytic evaluation of Fel — Fe6/MAQO. To determine the optimal conditions using MAO as
co-catalyst, the effects of temperature, Al:Fe molar ratio, pressure and reaction time were all
investigated with Fel as the precatalyst; the results are collected in the Table 2.

Firstly, the effect of temperature was explored as it has been shown to have a significant effect
on not only the polymerization activity of an iron catalyst but also the structure of the resultant
polymer.'> Hence, the polymerizations using Fel/MAO were conducted at different temperatures

between 40 and 80 °C with the Al:Fe molar ratio fixed at 1000 (runs 1 - 5, Table 2). The highest
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activity of 8.25 x 10° g(PE)-mol!(Fe)-h! was achieved at 60 °C and then steadily dropped as the

temperature was raised before reaching a credible 6.03 x 10° g(PE)-mol'(Fe)-h! at 80 °C,

highlighting the good thermal stability of this catalyst. Similarly, the molecular weight (M) of the

polyethylene reached a maximum of 207 kg-mol™! at 60 °C and then dramatically dropped as the

temperature was raised further. All the polyethylenes possessed broad but unimodal distributions

under these conditions (Mw/M, = 9.73 - 17.7), consistent with a uniform active species in the

polymerization process (Figure 3).

Table 2 Catalytic evaluation using Fel — Fe6/MAO?

Runs Precat. AlLFe T (°C) t(min) MassofPE(g) Activity® My  My/M¢ T (°C)
1 Fel 1000 40 30 7.90 3.95 163 14.3 136.3
2 Fel 1000 50 30 13.5 6.75 166 16.1 134.6
3 Fel 1000 60 30 16.5 8.25 207 17.7 133.6
4 Fel 1000 70 30 12.3 6.15 108 12.8 132.8
5 Fel 1000 80 30 12.1 6.05 99.5 9.73 132.6
6 Fel 1500 60 30 19.0 9.50 172 13.6 134.1
7 Fel 2000 60 30 21.0 10.5 160 10.7 131.7
8 Fel 2250 60 30 22.2 11.1 152 19.5 131.5
9 Fel 2500 60 30 25.1 12.6 121 14.5 131.7
10 Fel 2750 60 30 23.7 11.9 94.8 14.9 130.6
11 Fel 2500 60 5 7.46 22.4 37.3 7.80 128.5
12 Fel 2500 60 15 24.3 24.3 97.4 10.6 130.8
13 Fel 2500 60 45 26.7 8.90 187 15.5 131.9
14 Fel 2500 60 60 27.0 6.75 178 18.4 131.3
15f Fel 2500 60 30 0.61 0.31 105 14.3 131.0
168 Fel 2500 60 30 11.7 5.85 133 20.2 130.4
17 Fe2 2500 60 30 14.5 7.25 125 20.0 129.2
18 Fe3 2500 60 30 15.2 7.60 90.4 28.9 130.1
19 Fe4 2500 60 30 13.1 6.55 127 29.0 132.1
20 Fe5 2500 60 30 21.6 10.8 84.9 18.3 131.3
21 Fe6 2500 60 30 13.8 6.90 92.1 30.5 129.7
22 Fes 6-Me2pn 2500 60 30 5.40 5.40 21.4 8.49 128.5
23 B2 6-Me2ph" 2500 60 30 10.5 5.25 92.9 8.31 133.7

2 Conditions: 2.0 pmol of precatalyst, 10 atm C,Hj, toluene, total volume 100 mL;

b Activity: x 10° g(PE)-mol"'(Fe)-h';



¢ My, in kg-mol™;
4 My, and M,/M, determined by GPC;

¢ Determined by DSC;
f1 atm C,Hy;
g5 atm C,Hay;
h Binuclear iron complex B (R' = R?= Me) (Chart 1).
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Figure 3 GPC curves of the polyethylene obtained using Fel/MAO at different temperatures (runs
1 -5, Table 2)
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Figure 4 GPC curves of the polyethylene produced using Fel/MAO at different Al:Fe molar ratios
(runs 3, 6 — 10, Table 2)

Secondly, with the temperature maintained at 60 °C, the molar ratio of Fel to MAO was
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progressively increased from 1000 to 2750 (runs 3, 6 — 10, Table 2). A peak in activity of 12.6 x 10°
g(PE)-mol!(Fe)-h! was achieved at a ratio of 2500 above which a slight decrease was noted. In
terms of molecular weight, the My values were found to drop steadily from a maximum of 207
kg'mol! at an Al:Fe ratio of 1000 to 94.8 kg-mol! at 2750, in accord with more chain transfer to
aluminum at higher molar ratios (Figure 4). Interestingly, unimodal distributions were only
observed with lower amounts of MAO (Al:Fe = 1000, 1500), while bimodal distributions became
more apparent at higher ratios (Figure 4). Notably, on raising the Al:Fe molar ratio from 2000 to
2750, the lower molecular weight peak gradually became the more intense of the two peaks in the
distribution, consistent with chain transfer to aluminum becoming increasingly operative.'?

Thirdly, the effect of pressure was examined on the performance of Fel/MAO (runs 9, 15, 16,
Table 2). On reducing the ethylene pressure from 10 to 5 atm with the temperature kept at 60 °C and
the Al:Fe molar ratio at 2500, the activity decreased from 12.6 to 5.85 x 10° g(PE)-mol"!(Fe)-h™.
Similarly, with the pressure lowered to 1 atm the activity dropped even further to 0.31 x 10°
g(PE)-mol!(Fe)-h!. This pressure/activity correlation can be explained by the slower ethylene
coordination and insertion rate at lower ethylene pressures.!® On the other hand, no discernible
trends could be identified in the molecular weight with the My, values falling between 105 and 133
kg-mol ™! across the three pressures.

Fourthly, by fixing the Al:Fe molar ratio at 2500, the temperature at 60 °C and the pressure at
10 atm C,Ha, the catalytic lifetime of Fel/MAO was evaluated by running the reactions over 5, 15,
30, 45 and 60 minutes (runs 9, 11 — 14, Table 2). Inspection of the data reveals an extremely high

activity (up to 2.24 x 107 g(PE)-mol™'(Fe)-h') was observed after 15 minutes followed by a steady
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drop-off over longer reaction durations in accord with slow deactivation of the active species.!”
Nevertheless, even after 60 minutes a good activity of 6.75 x 10° g(PE)-mol!(Fe)-h! was still
achieved, highlighting the appreciable lifetime displayed by this catalyst. With regard to the
molecular weight of the polymer, it was found to increase from 37.3 to 178 kg-mol™! over time, a
similar upward trend was also noted for the molecular weight distribution (My/Mx: 7.8 to 18.4).
Finally, under the optimized conditions established for Fel/MAO [Al:Fe ratio at 2500, the
temperature at 60 °C, 10 atm C;H4], the catalytic performances of the remaining five precatalysts,
Fe2 - Fe6, were also evaluated; the results are discussed alongside that for Fel (runs 9, 17 - 21,
Table 2) and a structurally related mononuclear bis(imino)pyridine-iron complex (Fe2¢-me2ph,
Scheme 1: run 22, Table 2). As a general point, Fel - Fe6 exhibited higher activity (6.90 - 12.6 x
10° g(PE)-mol !(Fe)-h™!) than that seen with Fexe-meapn (Figure 5). In particular, the polymerization
activity displayed by Fel is more than double that observed for Fezs.meopn, highlighting the
apparent cooperative effects of the two iron centers on catalytic performance. In addition, the
molecular weight of the polymers generated by Fel - Fe6 was much higher (M range: 84.9 - 125
kg-mol™!) than that obtained using Fez ¢.me2ph (Mw = 21.4 kg-mol '), which would suggest that these
binuclear catalysts favor chain propagation over chain transfer. With particular regard to the Fel —
Fe6 series, the activity was found to fall in the order, Fel (Me, Me, H) > Fe5 (Me, Me, Me) > Fe3
(Me, Et, H) > Fe2 (Et, Et, H) > Fe6 (Et, Et, Me) > Fe4 (Me, i-Pr, H) implying that both steric and
electronic effects are influential. In terms of steric properties, the more bulky catalysts led to the
lowest polymerization activity with the most crowded Fe4 the lowest; this finding can be attributed

to the ethylene coordination and insertion steps being suppressed by the more sterically encumbered

12



environment.'*® With regard to electronic effects, the presence of a para-methyl group is shown to
exert a negative influence on the polymerization activity, which is borne out by comparison of Fel
with Fe5 and Fe2 with Fe6: Fel (R? = H) > Fe5 (R? = Me) and Fe2 (R? = H) > Fe6 (R* = Me). In
terms of molecular weight, no clear trends could be identified with variations in the N-aryl group
substitution pattern, with the M, values falling in the range 90.4 — 125 kg-mol!. As seen with
Fel/MAO at higher Al:Fe molar ratios, the GPC curves of the Fe2 — Fe6/MAO again show broad

bimodal distributions (Mw/M, range: 8.49 - 30.5) (Figure 6).
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Figure 6 The GPC curves of the polymers obtained using Fel — Fe6 with MAO as co-catalyst; the
data for Fe2 s-mc2pn/MAO is also displayed

All the polymers generated using Fel — Fe6/MAO display melt temperatures between 128.5
and 136.3 °C which would suggest highly linear structures. To confirm this assertion and shed some
light on the polymer end groups, a '>*C NMR spectrum was recorded on the polyethylene obtained
using Fel/MAO at 60 °C (run 9, Table 2). Examination of the spectrum reveals an intense peak at 0
29.4 which corresponds to the carbon atom belonging to the -(CH2),- repeat unit of a linear
polyethylene (Figure 7).'* In addition, weaker peaks at & 13.7 (a), 22.4 (b) and 31.7 (c) can be
assigned to a propyl end group while no vinyl carbons could be detected in the downfield region.
The "H NMR spectrum on the other hand, not only supports the *C NMR assignments but also
reveals under close inspection a weak -CH=CH.> peak at 6 5.1 which would suggest a very low vinyl
content in this high molecular weight polyethylene (Figure 7). Hence, these findings indicate that
both chain transfer to aluminum and some B-H elimination/transfer are operative as termination
pathways which in turn likely accounts for the bimodality observable in the GPC traces with large

amounts of MAO.
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Figure 7 '3C NMR spectrum of the polyethylene obtained using Fel/MAO (run 9, Table 2), along
with an insert of the 'H NMR spectrum; both spectra recorded at 100 °C in

1,1,2,2-tetrachloroethane-d>

(b) Catalytic evaluation of Fel — Fe6/MMAQ. To explore the effects of co-catalyst on the catalytic
activity exhibited by Fel — Fe6 as well as on the properties displayed by the resultant polymers, all
six precatalysts were subject to an additional polymerization screen using MMAO; the results are
gathered together in Table 3. Once again Fel was used as the test precatalyst to allow an
optimization of the reaction parameters.

With the Al:Fe ratio set at 1000, the temperature of the polymerization using Fel/ MMAO was
varied between 40 and 80 °C with the optimal polymerization activity of 1.08 x
107g(PE)-mol !(Fe)-h™! attained at 60 °C (runs 1 - 5, Table 3). Further raising the temperature led to
a gradual decrease in the activity with the catalyst notably still operating effectively at 80 °C (7.15 x

10° g(PE)-mol!(Fe)-h™"); similar good thermal stability was also noted for Fel/MAO. The
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molecular weight (M,) of the polyethylene decreased sharply from 240 to 30.7 kg-mol! on raising

the temperature from 40 to 80 °C which can be attributed to the faster chain transfer rate and lower

ethylene concentration at higher temperature.'®!” This observation notably contrasts with that seen

with the polymers obtained using Fel/MAO in which a maximum in molecular weight (207

kg-mol ') was seen at 60 °C.

Table 3 Catalytic evaluation using Fel — Fe6/MMAO?

Runs Precat. AlLFe T (°C) t(min) MassofPE(g) Activity® My MM T (°C)
1 Fel 1000 40 30 8.83 5.89 240 15.0 1359
2 Fel 1000 50 30 9.21 6.14 81.1 16.9 131.5
3 Fel 1000 60 30 16.2 10.8 71.9 11.4 132.1
4 Fel 1000 70 30 13.6 9.07 55.5 7.43 132.1
5 Fel 1000 80 30 10.7 7.13 30.7 5.54 131.5
6 Fel 1500 60 30 18.7 12.5 61.1 15.2 131.6
7 Fel 2000 60 30 19.5 13.0 53.6 17.3 129.2
8 Fel 2500 60 30 22.5 15.0 46.9 12.4 131.3
9 Fel 2750 60 30 24.7 16.5 39.3 16.8 129.0
10 Fel 3000 60 30 18.6 12.4 29.8 11.0 129.7
12 Fel 2750 60 5 5.76 23.0 9.22 9.57 124.0
13 Fel 2750 60 15 17.0 22.7 19.3 8.55 128.1
14 Fel 2750 60 45 25.1 11.2 43.6 18.4 128.3
15 Fel 2750 60 60 25.2 8.40 45.3 21.2 128.0
16f Fel 2750 60 30 0.49 0.33 16.6 11.9 127.3
17¢ Fel 2750 60 30 13.0 8.67 29.7 14.3 129.3
18 Fe2 2750 60 30 15.8 10.5 49.1 25.8 127.3
19 Fe3 2750 60 30 16.1 10.7 25.0 20.9 127.3
20 Fed 2750 60 30 14.0 9.33 76.2 333 129.4
20 FeS 2750 60 30 17.6 11.7 344 13.5 128.6
21 Fe6 2750 60 30 14.3 9.53 101 26.2 131.9
22 Fes 6.Me2pn 2750 60 30 9.70 12.9 40.6 12.3 129.1
23 B2.6-Me2ph” 2750 60 30 19.9 13.2 95.7 19.8 129.8

4 Conditions: 1.5 pmol of precatalyst, 10 atm C,Hj, toluene, total volume 100 mL;

b Activity: x 10° g(PE)-mol"'(Fe)-h';
¢ My in kg-mol™';
4 M, and My/M, determined by GPC;

¢ Determined by DSC;

f1 atm CoHy;
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g5 atm C,Hay;
h Binuclear iron complex B (R' = R?= Me) (Chart 1).

On varying the Al:Fe ratio from 1000 to 3000 with the temperature maintained at 60 °C, the
highest activity for Fel/ MMAO of 1.64 x 107 g(PE)-mol'(Fe)-h”! was achieved with a ratio of
2750 (c.f- 2500 with MAO). The molecular weight of the polyethylene decreased gradually from
71.9 to 29.8 kg-mol ! on upping the ratio of Al:Fe, in line with increased chain transfer to aluminum
with larger amounts of MMAO. As with the Fel/MAO study, the GPC traces showed a bimodal
distribution at higher molar ratios (Al:Fe > 1000), which suggests two different termination
pathways are operational (Figure 8). Indeed, as previously observed, the lower molecular weight

peak became the major peak with higher amounts of MMAO. !¢

0.8 -
0.6 -
=
(@]
ko)
O, 044
2
©
0.2 1
0.0 -
I I I I I
2 3 4 5 6
logMW

Figure 8 GPC curves of the polyethylene produced using Fel/ MMAO at different Al:Fe molar
ratios (runs 3, 6 - 10, Table 3)

The performance of Fel/MMAO over time was also investigated by performing the
polymerization at intervals between 5 and 60 minutes with the Al:Fe molar ratio fixed at 2750 (runs
9, 12 - 15, Table 3). Unlike with Fel/MAO, the highest productivity of 2.30 x 10’

g(PE)-mol!(Fe)-h! was achieved after 5 minutes (c.f 15 minutes for Fel/MAO), suggesting the
17



induction period can be significantly reduced when using MMAO as co-catalyst. Even so, the
activity gradually decreased over longer reaction times with the onset of catalyst deactivation.'’
However, despite this deactivation, the catalytic activity after 60 minutes remained high (8.40 x 10°
g(PE)'mol!(Fe)-h'), once again highlighting the long lifetime of these bimetallic catalysts. As
would be expected, the molecular weight gradually increased from 9.22 to 45.3 kg-mol™! over the
course of the 60 minutes while the molecular weight distribution became broader (Mw/My: from
9.57 to 21.2).

The ethylene pressure also had a striking effect on the catalytic performance of Fel/ MMAO,
which is similar to the results obtained using Fel/MAO. On lowering the pressure from 10 to 1 atm
(runs 9, 16, 17; Table 3), the polymerization activity significantly decreased from 16.5 to 0.33 x 10°
g(PE)-mol!(Fe)-h"!. By contrast to that seen using Fel/MAO, a downward trend in the molecular
weight of the polyethylene is discernible in this case as the pressure was lowered.

Based on the optimized conditions determined using Fel/MMAO [viz., Al:Fe ratio at 2750,
temperature at 60 °C, 10 atm CoHs], the performance of Fe2 - Fe6 as ethylene polymerization
precatalysts was also assessed (runs 18 - 22, Table 3). Comparison of these data with that obtained
for Fel, reveals the catalytic activities for all six precatalysts fall in the order: Fel (Me, Me, H) >
FeS (Me, Me, Me) > Fe3 (Me, Et, H) > Fe2 (Et, Et, H) > Fe6 (Et, Et, Me) > Fe4 (Me, i-Pr, H).
Indeed, this order is similar to that found with MAO with both steric and electronic factors within
the compartmental ligand influential. Once again, the least sterically bulky Fel is the most active
and, when compared with the results obtained involving MAO activation, Fel/ MMAO is the more

productive [16.6 x 10° g(PE)-mol!(Fe)-h™! vs. 12.6 x 10° g(PE)-mol!(Fe)-h™! for Fel/MAO].
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Conversely, the most bulky system, Fed4, is the least active precatalyst but forms the polymer of the

highest molecular weight (My = 76.2 kg mol™") though less than that obtained with MAO (My, = 127

kg mol! using Fe4/MAO); such a finding can be accredited to the bulkier substituent impeding

chain transfer leading to more effective propagation.’’ When compared with Fez¢.mc2pn, only Fel

exhibited higher activity while Fe2 - Fe6 were slightly less productive, results that differ from those

observed using MAO (Figure 9). As seen with the polymers formed using Fel — Fe6/MAO, all the

polyethylenes in this MMAO study possessed bimodal distributions as opposed to a unimodal one

observed using Fe2 6-me2pn/MMAO (Figure 10).
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Figure 11 '°C NMR spectrum of the polyethylene obtained using Fel/MMAO (run 9, Table 3),
along with an insert of the 'H NMR spectrum; both spectra recorded at 100 °C in
1,1,2,2-tetrachloroethane-d>

To gain information as to the structural properties of the polyethylene and to ascertain any
influence of the co-catalyst on this structure, the polymeric material obtained using Fel/MMAO at

60 °C (run 9, Table 3) was selected as a representative example and characterized by high
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temperature 'H and '3C NMR spectroscopy. As seen with the MAO study, the polymer is highly
linear as evidenced by the intense signal at § 29.5 in the '*C NMR spectrum (Figure 11). This
observation is further supported by the 7w value of 129.0 °C which is typical of a highly linear
polyethylene and indeed compares favorably to the values obtained for other samples in this
MMADO study. In the '"H NMR spectrum signals at § 5.0 (H.) and 5.9 (Hy) are characteristic of a
vinyl (CH=CH>) end group (Figure 11), which is backed up by the presence of downfield vinylic
carbon resonances (a and b) in the 3C NMR spectrum. In addition, the upfield peaks at 6 13.7 (d),
22.4 (e) and 31.7 (f) can be ascribed to a propyl end group,'® while the even weaker resonances at ¢
27.8 (j), 29.1 (h) and 39.0 (i) can be assigned to an isobutyl end-group.?! These variations in chain
ends lends further support to B-H elimination (or transfer to monomer) and chain transfer to
aluminum being operative.!*>!822 The first of these accounts for the formation of the vinyl chain
end while the presence of an isobutyl group indicates that chain tranfer to Al(7-Bus) and its
derivatives present in MMAO can also occur.?!>?* It is unclear why with MAO the termination
pathway is biased towards chain transfer to aluminum but it could be due to the increased content of
trimethylaluminum present in commercial MAO solutions. Nevertheless, it would seem probable
that these two termination routes (as with the MAO study) account for the bimodal distribution seen
in the GPC curves although the presence of two dissimilar iron active sites cannot be ruled out.

To allow for a comparison of the catalytic performance of Fel with the previously reported
diiron precatalysts B2 e-meopn and Cae-meopn, Chart 2 lists selected molecular weight, dispersity,
activity as well as optimal operating temperature data. With respect to methylene-bridged B2 6-me2ph,

precatalyst Fel, which differs only in the appended phenol group, showed enhanced thermal
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stability as well as higher activity for ethylene polymerization. We propose that this improved
performance can been accredited, in part, to the OH group undergoing reaction with the
aluminoxane co-catalyst resulting in a change in net charge at the two active sites.!® On the other
hand, when compared with biphenyl-bridged C>s.mcorn, Fel showed higher activity at 60 °C. It is
noteworthy that mononuclear bis(imino)pyridine-iron catalysts are known to suffer from
deactivation issues and short lifetimes at higher temperatures and indeed much effort has been
dedicated to try and overcome these limitations.!**?* Notably, Fel reaches its optimal performance
at 60 °C and, what is more, maintains this high activity even after one hour. Furthermore, Fel has

been shown to operate effectively even at 80 °C.
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My _ g.31 9 mol
Mu/Mn . mol_, h
Activity = 5.25 x 106 9 01 1
2 ,6-Me2Ph

T= G%QC 10,

My _111gmol

"Gl E E

f\-'e Ml M
L, h
< Activity = 8.50 x 106 9 M0 1
C
=
\ (o]
T=8929 « 10,
My _ — 145 g mol™
MuwlMn
69 mol_4 h_4

Activity =12.6 x 10

Ar =

Chart 2 Comparative performance data of Fel with related binuclear iron precatalysts; MAO used
as co-catalyst in each case
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CONCLUSIONS

The methylene-bridged bimetallic bis(imino)pyridine-iron complexes Fel — Fe6, each substituted
with a phenol group, have been successfully synthesized and characterized by IR spectroscopy and
elemental analysis. The molecular structure of Fe6 was confirmed by single crystal X-ray
diffraction. On activation with MAO or MMAO, Fel — Fe6 displayed high activities for ethylene
polymerization with the least sterically encumbered Fel the most active and capable of operating
effectively at temperatures up to 80 °C. Of particular note, Fe1/MAO showed more than double the
activity displayed by mononuclear Fesgs.meopn, While the polyethylene possessed much higher
molecular weight. Furthermore, the presence of the phenol unit on the ligand manifold of the
bimetallic precatalyst has been shown to be beneficial to not only the thermal stability of the active
catalyst but also the productivity. All the polymers are highly linear with bimodality a common
feature of their distributions. Analysis of the polymer end groups obtained using MMAO reveals
chain ends based on vinyl, propyl and isobutyl while with MAO propyl ends were identified as the
major type, findings that highlight the competition in termination pathways that can operate in these

polymerizations.

EXPERIMENTAL SECTION

General Considerations: All manipulations involving air and moisture sensitive compounds were
carried out under a nitrogen atmosphere using standard Schlenk techniques. Toluene was refluxed
over sodium and distilled under nitrogen prior to use. Methylaluminoxane (MAO, 1.46 M solution

in toluene) and modified methylaluminoxane (MMAO, 2.00 M in n-heptane) were purchased from
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Akzo Nobel Corp. High purity ethylene was purchased from Beijing Yansan Petrochemical Co. and
used as received. Other reagents were purchased from Aldrich, Acros or local suppliers. NMR
spectra for the ligands were recorded on a Bruker DMX 400 MHz instrument at ambient
temperature using TMS as an internal standard, while the NMR spectra of the polyethylenes were
recorded on a Bruker DMX 300 MHz instrument at 100 °C in 1,1,2,2-tetrachlorocthane-d> with
TMS as an internal standard. IR spectra were recorded on a Perkin-Elmer System 2000 FT-IR
spectrometer while elemental analyses were performed using a Flash EA 1112 micro-analyzer.
Molecular weights and molecular weight distributions (Mw/Mn) of the polyethylenes were
determined using PL-GPC220 instrument at 150 °C with 1,2,4-trichlorobenzene as solvent. The
melt temperatures of the polyethylenes were measured from the fourth scanning run on a
Perkin-Elmer TA-Q2000 differential scanning calorimeter (DSC) under a nitrogen atmosphere. In

1

the procedure, a sample of about 5.0 mg was heated to 160 °C at a rate of 20 °C min" and

maintained for 2 min at 160 °C to remove the thermal history and then cooled at a rate of 20 °C
min' to 20 °C. Ligands L1 — L4 were prepared as reported in the literature.!> Compounds
CH(CgHs-4-OH)(4-CsH2-2,6-R2NH>), (R! = Me, Et) and
2-(CMe0)-6-{(CMe=N(2,6-R%-4-R>C¢H2)}CsH3N (R? = R?® = Me; R? = Et, R = Me) were
prepared according to literature procedures.”> Complex Bag.meopn Was prepared according to the
literature procedure.’

Synthesis of LS. A catalytic amount of p-toluenesulfonic acid (ca. 0.15 g) was added to a solution

of 2-(CMeO)-6-{(CMe=N(2.4,6-Me3CeH)} CsHsN (2.80 g, 10.0 mmol) and CH(CeHs-4-OH)

(4-CeH2-2,6-MexNH»)2 (1.40 g, 4.0 mmol) in o-xylene (100 mL) and the resulting mixture stirred
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and heated to reflux for 12 h. On cooling to room temperature, the solvent was removed by rotary
evaporation and the residue purified by column chromatography with petroleum ether/ethyl acetate
(12:1) and a few drops of triethylamine as eluent affording L5 as a yellow solid (0.60 g, 17%). 'H
NMR (400 MHz, CDCl;3): 6 8.49 (d, J = 7.6 Hz, 4H, Py-H), 7.92 (t, J = 8.0 Hz, 2H, Py-H), 7.00 (d,
J= 8.0 Hz, 2H, Ph-H), 6.92 (s, 4H, Ar-H), 6.89 (d, J = 6.0 Hz, 4H, Ar-H), 6.63 (d, J = 8.7 Hz, 2H,
Ph-H), 5.39 (s, 1H, (Ar);-CH-Ph), 2.31 (d, /= 7.6 Hz, 12H, -CHs), 2.26 (s, 6H, -CH3), 2.04 (s, 24H,
-CHz). '"H NMR (400 MHz, DMSO-dp): 6 9.25 (s, 1H, -OH); 8.44 (d, J = 8.0 Hz, 4H, Py-H), 8.10 (t,
J=8.0 Hz, 2H, Py-H), 6.98 (d, J = 8.0 Hz, 2H, Ph-H), 6.90-6.85 (s, 8H, Ar-H), 6.72 (d, J = 8.0 Hz,
2H, Ph-H), 5.32 (s, 1H, (Ar)2>-CH-Ph), 2.26-2.16 (m, 18H, -N=CCH; and -CHj3), 2.04 (s, 24H,
-CH3). 3C NMR (100 MHz, CDCl5): 6 168.2, 167.6, 155.4, 155.2, 154.6, 146.6, 146.3, 139.7, 137.0,
136.7, 132.4, 130.6, 129.2, 128.7, 125.5, 125.4, 122.5, 122.4, 115.3, 55.3, 46.0, 20.9, 18.3, 18.0,
16.9, 16.6, 11.0. FT-IR (KBr, cm™): 2963 (w), 2916 (m), 2856 (w), 1640 (s, vc=n), 1614 (w), 1571
(w), 1511 (m), 1474 (s), 1446 (m), 1363 (s), 1323 (w), 1295 (w), 1256 (m), 1212 (s), 1170 (w),
1145 (s), 1120 (m), 1077 (w), 1022 (m), 967 (w), 883 (w), 851 (m), 818 (s), 792 (m), 738 (m), 668
(w). Anal. Calcd. for CsoHs2NsO (954.59): C, 81.34; H, 7.17; N, 9.65. Found: C, 81.30; H, 6.99; N,
9.29%.

Synthesis of L6. Using the same procedure described for the synthesis of LS5, but using as
CH(CeH4-4-OH)(4-CsH2-2,6-Eto:NH>)2 as the diamine and
2-(CMe0)-6-{(CMe=N(2,6-Et,-4-MeC¢H2)} CsH3N as the 2-acetyl-6-aryliminopyridine, L6 was
isolated as a yellow solid (0.57 g, 14%). 'H NMR (400 MHz, CDCls): § 8.48 (d, J = 7.6 Hz, 4H,

Py-H), 7.92 (t, J = 8.0 Hz, 2H, Py-H), 7.03 (d, J = 4.4 Hz, 2H, Ph-H), 6.95 (s, 6H, Ar-H), 6.91 (s,
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2H, Ar-H), 6.64 (d, J = 8.4 Hz, 2H, Ph-H), 5.45 (s, 1H, (Ar),-CH-Ph), 2.44-2.27 (m, 34H, -CH>CH3
and CH3), 1.17-1.07 (m, 24H, -CH3). '"H NMR (400 MHz, DMSO-ds): 6 9.23 (s, 1H, -OH), 8.42 (d,
J=28.0 Hz, 4H, Py-H), 8.10 (t, J = 8.0 Hz, 2H, Py-H), 7.00 (d, J = 12.0 Hz, 2H, Ph-H), 6.92-6.90 (m,
8H, Ar-H), 6.72 (d, J = 8.0 Hz, 2H, Ph-H), 5.39 (s, 1H, (Ar);-CH-Ph), 2.30-2.17 (m, 34H, -CH>CH3
and CHs), 1.17-0.99 (m, 24H, -CHs). '*C NMR (100 MHz, CDCl3): 6 167.8, 167.3, 155.4, 155.2,
154.2, 145.6, 145.4, 139.9, 137.3, 137.0, 132.6, 131.2, 131.1, 130.6, 127.4, 127.3, 126.8, 122.3,
115.2, 55.6, 46.0, 24.8, 24.7, 21.1, 17.2, 16.9, 14.0. FT-IR (KBr, cm™): 2964 (m), 2929 (w), 2870
(W), 1640 (s, vc=N), 1571 (w), 1511 (m), 1457 (s), 1363 (s), 1324 (w), 1244 (m), 1207 (s), 1170 (w),
1144 (w), 1120 (s), 1076 (m), 994 (w), 884 (w), 866 (W), 857 (m), 816 (s), 738 (m), 668 (W). Anal.
Calcd. for Ce7H78N6O (983.40): C, 81.83; H, 8.00; N, 8.55. Found: C, 81.50; H, 8.10; N, 8.27%.
Synthesis of Fel. L1 (0.17 g, 0.20 mmol) and FeCl>-4H>O (0.080 g, 0.40 mmol) were combined in
a Schlenk tube, previously purged three times with argon, and charged with THF (10 mL). The
reaction mixture was then stirred at room temperature overnight. The resulting precipitate was
filtered, washed with diethyl ether and dried under reduced pressure to give Fel as a green solid
(0.18 g, 82%). FT-IR (KBr, cm™): 3356 (w, von), 2915 (w), 2851 (w), 1689 (w), 1619 (m, vcn),
1589 (s), 1510 (m), 1473 (s), 1443 (m), 1371 (m), 1264 (s), 1213 (s), 1171 (w), 1102 (w), 1029 (m),
989 (w), 887 (w), 830 (s), 771 (s), 736 (w), 662 (W), 593 (W), 528 (w), 421 (w). Anal. Calcd. for
Cs7HssClyFeaNgO (1094.21): C, 62.43; H, 5.33; N, 7.66. Found: C, 62.24; H, 5,71; N, 7.35%.
Synthesis of Fe2. Using the same procedure as described for the synthesis of Fel with L2 as the
ligand, Fe2 was obtained as a green powder (0.16 g, 66%). FT-IR (KBr, cm™): 3332 (w, von), 2969

(W), 2932 (w), 2875 (W), 1689 (w), 1618 (m, ve=n), 1587 (s), 1511 (m), 1461 (s), 1443 (m), 1371
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(m), 1340 (w), 1264 (s), 1211 (s), 1171 (w), 1103 (w), 1028 (m), 988 (w), 887 (w), 835 (s), 810 (s),
770 (m), 738 (w), 674 (w), 592 (w), 528 (w), 477 (w), 439 (w), 421 (w). Anal. Calcd. for
CesH74ClyFeaNgO (1206.34): C, 64.58; H, 6.17; N, 6.95. Found: C, 64.22; H, 6.50; N, 6.65%.
Synthesis of Fe3. Using the same procedure as described for the synthesis of Fel with L3 as the
ligand, Fe3 was obtained as a green powder (0.13 g, 56%). FT-IR (KBr, cm™): 3309 (w, von), 2969
(W), 2932 (w), 2874 (w), 1688 (w), 1617 (m, vc-n), 1587 (s), 1511 (m), 1470 (m), 1448 (s), 1371 (s),
1335 (w), 1263 (s), 1214 (s), 1172 (w), 1106 (w), 1028 (w), 976 (w), 840 (s), 808 (s), 771 (m), 739
(W), 675 (w), 611 (W), 525 (w), 434 (w). Anal. Calcd. for Cs1HssClaFeaN6O (1150.28): C, 63.56; H,
5.77; N, 7.29. Found: C, 63.26; H, 5.99; N, 6.92%.

Synthesis of Fe4. Using the same procedure as described for the synthesis of Fel with L4 as the
ligand, Fe4 was obtained as a green powder (0.19 g, 79%). FT-IR (KBr, cm™): 3332 (w, von), 2962
(m), 2925 (w), 2867 (w), 1690 (w), 1616 (m, vc-N), 1586 (s), 1510 (m), 1464 (s), 1439 (s), 1366 (s),
1322 (w), 1263 (s), 1214 (s), 1173 (w), 1104 (w), 1027 (w), 836 (s), 803 (s), 767 (m), 673 (w), 594
(W), 524 (w), 476 (w), 438 (W), 419 (w). Anal. Calcd. for C¢sH74ClsFerNgO (1206.34): C, 64.58;
H,6.17; N, 6.95. Found: C, 64.97; H, 6.32; N, 6.61%.

Synthesis of FeS. Using the same procedure as described for the synthesis of Fel with L5 as the
ligand, FeS was obtained as a green powder (0.20 g, 89%). FT-IR (KBr, cm™): 3310 (w, von), 2960
(W), 2915 (w), 2857 (w), 1697 (w), 1614 (w, vc=n), 1587 (s), 1512 (m), 1475 (s), 1438 (m), 1370 (s),
1263 (s), 1263 (s), 1216 (s), 1173 (w), 1101 (w), 1028 (w), 850 (m), 810 (s), 736 (m). Anal. Calcd.
for CsoHeClsFeaNgO (1124.68): C, 63.01; H, 5.56; N, 7.47. Found: C, 62.77; H,5.31; N, 7.11%.

Synthesis of Fe6. Using the same procedure as described for the synthesis of Fel with L6 as the
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ligand, Fe6 was obtained as a green powder (0.22 g, 87%). FT-IR (KBr, cm™): 3240 (w, von), 2965
(m), 2928 (w), 2873 (w), 1699 (w), 1613 (m, vc-N), 1585 (s), 1512 (m), 1459 (s), 1371 (s), 1364 (s),
1213 (s), 1173 (w), 1151 (w), 1101 (w), 1027 (w), 854 (m), 806 (s), 735 (m). Anal. Calcd. for
Ce7H73ClsFeaN6O (1236.89): C, 65.06; H, 6.36; N, 6.79. Found: C, 65.19; H,6.00; N, 6.57%.
Ethylene polymerization at 5 or 10 atm C2H4

The polymerizations at 5 or 10 atm C;Hs were carried out in a 250 mL stainless steel autoclave
equipped with a mechanical stirrer and temperature controller. In addition, the reactor was equipped
with a thermocouple to detect the reaction temperature and some control of any exotherm generated
could be achieved by adjusting the water flow in the steel tube inside the autoclave. The autoclave
was evacuated and refilled with nitrogen two times and then with ethylene one time. The precatalyst
were then dispersed in toluene by using ultrasonic shaking due to its poor solubility in toluene.
When the required temperature was reached, the precatalyst (2.0 pmol for MAO and 1.5 pmol for
MMADO) in toluene (25 mL) was injected into the autoclave under an ethylene atmosphere (ca. 1
atm). Any residual precatalyst was washed into the autoclave with toluene followed by the addition
of more toluene (50 mL). The required amount of co-catalyst (MAO, MMAO) and additional
toluene were added successively by syringe taking the total volume of solvent to 100 mL. The
autoclave was immediately pressurized with 5/10 atm C2H4 and the stirring commenced. After the
required reaction time, the reactor was cooled with an ice/water bath and the excess ethylene
released. The reaction was then quenched with 10% hydrochloric acid in ethanol and the
precipitated polymer collected, washed with ethanol and then dried under reduced pressure at 50 °C

to constant weight and weighed.
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Ethylene polymerization at 1 atm ethylene pressure.

The polymerization at 1 atm C2H4 was carried out in a Schlenk tube. Under an ethylene atmosphere
(1 atm), Fel (2.0 umol for MAO and 1.5 pumol for MMAO) was added followed by toluene (30 mL)
and then the required amount of co-catalyst (MAO, MMAO) introduced by syringe. The resulting
solution was stirred at 60 °C under 1 atm CoH4. After 30 min, the pressure was vented and the
mixture quenched with 10% hydrochloric acid in ethanol. The polymer was washed with ethanol,
dried under reduced pressure at 50 °C and then weighed.

Crystallographic studies

An X-ray diffraction study on a crystal of Fe6 was carried out on using a Rigaku Sealed Tube CCD
(Saturn 724+) diffractometer with graphite-monochromated Mo-K, radiation (A = 0.71073 A) at
173(2) K; the cell parameters were obtained by global refinement of the positions of all collected
reflections. Intensities were corrected for Lorentz and polarization effects and empirical absorption.
The structure was solved by direct methods and refined by full-matrix least-squares on F2. All
non-hydrogen atoms were refined anisotropically and all hydrogen atoms were placed in calculated
positions. Structure solution was performed using SHELXT (Sheldrick, 2015)%* and structure
refinement performed using SHELXL (Sheldrick, 2015).2® During the structural refinement, the
solvent was squeezed (Fe6) with PLATON software.?’ Crystal data and processing parameters for
Fe6 are summarized in Table 4.

Table 4 Crystal data and structure refinement details for Fe6

Empirical formula Cs7H78Cl4FeaNsO
Formula weight 1236.85
Temperature/K 173.15
Wavelength/A 0.71073
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Crystal system

monoclinic

Space group P2i/c
a/A 23.6388(8)
b/A 17.3226(3)
c/A 18.5225(5)
Alpha/® 90
Beta/® 93.052(3)
Gamma/°® 90
Volume/A3 7573.9(4)
Z 4
Dcaled /(g cm™) 1.085
wmm! 0.563
F(000) 2600.0
Crystal size/mm3 0.126 x 0.068 x 0.056
0 range/° 3.222 -53
-29<h<29
Limiting indices -21<k<21
-23<1<23
No. of rflns collected 125676
No. unique rflns 23928
R(int) 0.1217
No. of params 778
Completeness to 0 1.000
Goodness of fit on F? 1.126
. o R;=0.1041
Final R indices [1 > 2o(1)]
wR, =0.2224
Lo R1=0.1453
R indices (all data)
wRy = 0.2444
Largest diff. peak and hole/(e A-3) 0.98/-0.29
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CH(phenol)-bridged bis(imino)pyridines as compartmental supports for diiron precatalysts for

ethylene polymerization: exploring cooperative effects on performance
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Bimetallic catalysts for ethylene polymerization are disclosed which display good thermal stability,
very high activity and moreover highlight the importance of the diiron core and the phenol unit on

performance.
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