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Abstract: Recent progress in the application of homogeneous iron and cobalt catalysts
in ethylene oligo-/polymerization is reviewed with particular emphasis placed on the
tuning of catalyst performance through the introduction of controlled amounts of ring
strain to the ligand frame. While new examples of catalysts bearing the prototypical
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bis(arylimino)pyridine continue to emerge in the literature, the last decade has witnessed
a number of key advances concerned with the fusion of carbocyclic units to the
N,N,N-pincer manifold with a view to enhancing both the catalytic activities and thermal
stability of their resultant catalysts. Some notable examples include iron complexes
containing aryl-fused imino-phenanthroline ligands, which have proved highly active
catalysts for ethylene oligomerization and indeed have shown considerable industrial
promise on the pilot plant scale. Elsewhere, bis(arylimino)pyridines incorporating singly
or doubly fused cycloalkyl units with the ring sizes anywhere between five- and
eight-membered have been systematically developed and have proved versatile supports
for both metal centers. More significantly, clear correlations between structure and
activity as well as oligo-/polymer properties are a feature of these strain-adjustable
catalysts. In many cases, linear vinyl-polyethylenes are accessible which are in demand
for the production of long-chain branched copolymers, functional polymers as well as

coating materials.

Keywords: Tron/cobalt catalysts; N,N,N-Pincer ligands; Ethylene oligo-/polymerization;
Bis(arylimino)pyridine; Imino-phenanthroline; a-Olefins; Fused units;
Vinyl-polyethylenes; Functional polymers.

1. Introduction

Over recent years there have been some notable advances in the development of
well-defined homogeneous catalysts based on earth-abundant base metals [1-12]. In
particular, iron and cobalt complexes supported by pincer ligands have been shown to
promote a wide variety of important transformations including, (i) the hydrogenation of
olefins, carbonyl compounds, carboxylic acid derivatives and CO> [13-29], (ii) the
dehydrogenation of alcohols, amines and alkanes [30-35], (iii) transfer hydrogenation
reactions [36] and (iv) dehydrogenative cross-coupling [37-39]. Perhaps more
significantly, iron and cobalt complexes have proved potent catalysts for not only olefin

polymerization [40-51] but also for shorter chain oligomerization reactions [43,46,51].
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Indeed, the recent integration of iron catalyst technology into a five-hundred ton process

for making a-olefins in China highlights the vast industrial significance of such catalysts

[46].

In order to explore the full scope and versatility of these industrially promising
polymerization catalysts we have, over the last decade or so, been concerned with a
systematic exploration of the structural features of the pre-catalyst and in particular the
auxiliary ligand that dictates catalyst performance. The first examples of iron and cobalt
catalysts displaying high activity were first disclosed some twenty years ago [52-56].
Indeed, these first generation systems based on bis(arylimino)pyridine pincer ligands (A,
Figure 1) were capable of generating either oligomers (mainly o-olefins) or highly linear
polyethylene depending on the steric properties of the N-aryl groups. Subsequently, a
second generation of catalysts incorporating both subtle and more dramatic changes to
the parent N,N,N-bis(arylimino)pyridine framework have emerged that not only allow
exceptional performance and high thermal stabilities but are also capable of promoting a
broad range of oligomer and polymer properties [43,46,51]. While catalysts bearing the
prototypical A (Figure 1) continue to see some important developments as symmetrical
and unsymmetrical derivatives [43-51], the disclosure of carbocyclic-fused N, N, N-pincer
ligands (B and C, Figure 1) represents a notable recent advance in the field [43,46,51].
In particular, the central pyridine donor of an N, N, N ligand can be fused by either aryl or
saturated cycloalkyl rings, the latter being amenable to their introduction as singly (B,
Figure 1) or doubly (C, Figure 1) fused units with the alkyl ring sizes anywhere from
five- to eight-membered [43,46,51]. The net effect of these ring variations is to influence
the strain and chelation properties of the tridentate ligand which in-turn affects the
catalytic performance, thermal robustness, polymer properties and oligomeric
distributions.
<Figure 1>

In this review it is the objective to cover key developments in iron and cobalt catalyst
technology that have occurred in the last decade with a focus on making correlations

between pre-catalyst/ligand, co-catalyst, thermal stability and the microstructure of the
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resulting polymers and oligomers. For reviews and book chapters covering the first
decade since the initial discovery of such catalysts, the reader is directed towards a

number of leading references [44,45,47-50].

2. Fe/Co pre-catalysts bearing bis(arylimino)pyridines

In 1998, the Brookhart [52] and Gibson [53,54] groups independently disclosed
bis(arylimino)pyridine-iron and -cobalt pincer complexes as catalysts for ethylene
oligo-/polymerization. These initial studies found that activation of 1 (M = Fe, Co; X =
Cl, Br) (Figure 2), incorporating alkyl groups at the ortho- and para-positions of the
N-aryl groups, with methylalumoxane (MAO) [53,54] or modified methylaluminoxane
(MMAO) [52] resulted in high activity in ethylene polymerization (up to 206.0 x 10°g
PE mol!(Fe) h! and 17.0 x 10° g PE mol!(Co) h'! for Ar = 2.4,6-trimethylphenyl;
reaction conditions: isobutane as solvent, 10 bar of ethylene, reaction time 1 h, 50 °C).
More importantly, these catalysts promoted the formation of high density/highly linear
polyethylene with high molecular weight (My~10° g mol™') [54]. By contrast, catalysts
containing N-aryl groups substituted by less bulky substituents at the ortho-positions (2,
Figure 2) generated oligomers displaying Schulz-Flory distributions (with activities up
to 10° g (oligomer) mmol™! (Fe) h™'at 90 °C) [55,56].

<Figure 2>

In subsequent years considerable efforts have been devoted to modifying the
bis(arylimino)pyridine pincer framework with the purpose of enhancing the catalytic
activities and thermal stability of their complexes. These efforts have mainly
concentrated on varying the substituents on the N-aryl group with the aim to affect the
steric hindrance and electronic properties of the complexes and in-turn the
polymerization activities and polymer microstructure [43-51]. In addition, studies
directed to modifying the imine-N and imine-C substituents as well as the central

pyridine unit have seen some developments.

The Qian group in 2002 investigated the use of bis(arylimino)pyridine-iron and cobalt
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complexes 3 bearing 2,6-dihalide substituted N-aryl groups (Figure 3) [57,58].
Examples bearing fluoride substituents exhibited by far the highest activity amongst this
series while the fluoride-substituted iron complexes exhibited high selectivity (> 93%)
for linear a-olefins [57,58]. On the other hand, derivatives bearing chloride or bromide
substituents at both ortho-positions afforded relatively lower activities but produced
highly linear polyethylene with high molecular weight (= 10® g mol!). Moreover, the
introduction of iodide substituents led to increased activity [58].

<Figure 3>

The influence of the para-substituent on the N-aryl rings in bis(arylimino)pyridine-iron
complexes 4 (Figure 4) has been studied by the Alt group [59]. In the presence of MAO,
the resultant catalysts can oligo-/polymerize ethylene to give highly linear products with
the size and the electronegativity of the para-substituents playing an important role in
determining activity [59]. (Table 1). For Br and I, both the size and the electronegativity
of the substituents play an important role, while the size of the substituents was the
decisive factor with the iodo derivatives giving higher polymerization activity (14.6 x
107 g PE mol'(Fe) h'') along with an increased content of higher molecular weight
olefins (Mw= 10.2 x 10* g mol!) (entries 1-3, Table 1). By contrast, with more bulky
alkynyl groups at the para-positions the molecular weight of the polymeric products was
found to significantly increase (entry 4, Table 1) [59].

<Figure 4>

<Table 1>

<Figure 5>
The Alt group has also investigated the use of a series of bis(arylimino)pyridine-based
iron complexes S in which the imine-carbon is linked to an w-alkenyl group (Figure 5)
[60]. It was found that complexes containing two ortho-substituents on the N-aryl rings
only produced linear polyethylene with high molecular weight (~10° g mol™') and broad
molecular weight distributions with the highest activity (up to 51.9 x 10°g PE mol™'(Fe)
h'!') shown with MAO as co-catalyst. Conversely, with only one ortho-substituent on the

N-aryl rings, the complexes produced, depending on the bulk of the substituent, either
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mixtures of polymer and oligomer or solely oligomers [60].

<Figure 6>
Elsewhere, the Herrmann group explored a variety of iron complexes 6a-f (Figure 6)
bearing symmetrical and unsymmetrical bis(arylimino)pyridines as pre-catalysts for the
polymerization of ethylene and propylene using MMAO as activator [61]. 6b exhibited
activities as high as 107 g PE mol™ (Fe) h! bar’! for ethylene polymerization while the
activity for the oligomerization of propylene was far lower. In contrast, due to the
introduction of bulky biphenyl groups, 6d showed very low activity for the
polymerization of either ethylene or propylene [61]. The activity of the unsymmetrical
pre-catalyst 6e was found to be similar to symmetrical 6b and 6c, viz. 8.0 x 10" g PE
mol™! (Fe) h'! bar!. The molecular weights of the polymeric materials were slightly
higher for 6e than in the case of 6b. However, use of 6e for propylene polymerization
was less successful [61].

<Figure 7>
Ionkin and co-workers have explored the effect of a cyano group at the para-position of
an N-aryl group on the catalytic performance of bis(arylimino)pyridine iron(Il) and
iron(IIT) complexes 7 (Figure 7) [62]. Notably cyano-containing 7b maintained high
activity even at 120 °C and, what is more, produced a-olefins with higher K values [K =
ratepropagation/(fat€propagation + Tat€chain transfer) = (moles of Cni2)/(moles of Cp)] in its
Schulz—Flory distribution when compared with 7¢ and less of the heavier insoluble
fractions of a-olefins than observed for cyano-free 7a [62].

<Figure 8>
In addition, the Ionkin group has studied the influence of boryl-substitution in
iron(Il)-containing 8 on the production of a-olefins (Figure 8) [63]. Notably,
unsymmetrical 8a-c exhibited greater thermal stability but were less productive than
symmetrical complex 7¢ (Figure 7); a more desirable product Schulz—Flory distribution
was an added benefit of 8a-c [63].

<Figure 9>
The effect of chain length in N-alkenyl-substituted bis(arylimino)pyridine-iron and

-cobalt complexes 9 was subject to an investigation by the Erker group (Figure 9) [64].
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The results showed that when the N-substituent is an allyl group (n = 1), the activity of
the catalyzed oligomerization reaches a maximum of 4.7 x 10%g PE mol™! (Fe) h! but
decreases with an increase in the CH» chain length [64].

<Figure 10>
The role played by substituents on the 4-position of the central pyridine ring on the
catalytic performance of bis(arylimino)pyridine-iron and -cobalt complexes 10 [65]
(Figure 10) has been studied by the Campora group. While the introduction of 4-alkyl
groups generally increases the solubility of the complexes, the impact on the catalytic
activity was rather limited. However, the polyethylene products exhibit higher molecular
weight and broader molecular weight distributions. For example, GPC analyses of the
polymers produced by 10c (Fe) revealed much higher values of M, (up to 1.8 x 10° g
mol ') and a larger polydispersity index (PDI = 21) than that observed by 10a (Fe) and
10b (Fe) (Mwup to 8.3 x 10* g mol™!, PDI = 2.7 — 7.9). It has been suggested that this
may be due to self-immobilization occurring via co-polymerization of the pendant
alkenyl group in 10¢ [65].

<Figure 11>
Wu and co-workers have investigated the use of iron and cobalt complexes 11 (Figure 11)
bearing para-nitro substituted 2,6-bis(2,6-R>-phenylimino)pyridines for ethylene
polymerization [66]. It was observed that the iron-containing 11b exhibited increased
catalytic activities (6.00 x 10°g PE mol™! (Fe) h™! bar!) relative to the protio-substituted
counterpart 6a (4.80 x10°g PE mol! (Fe) h'! bar!). This was attributed to the strong
electron-withdrawing properties of the nitro groups leading to an increased Lewis acidic
character at the cationic iron center in the active species. The steric properties of the
ortho group in such iron catalytic systems also played a significant role in controlling
the catalyst activity and mass of the polymer as exemplified by 11a (R! = Me) which
showed much lower polymerization activities than the ortho-isopropyl analog 11b [66].

<Figure 12>
Xie et. al. focused on the unsymmetrical bis(arylimino)pyridine-iron complexes 12
(Figure 12), containing alkyl and halide substituents, and their effect on ethylene

oligomerization. The catalytic activities of 12 (R'=Me, R?=H, X!=F or Cl, X?>= X*=
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H), using MMAO as co-catalyst, can exceed 10° g mol! (Fe) h™! bar !, which is higher
than that of the Me- or F-substituted symmetric 2,6-bis(arylimino)pyridine-iron(II)
complexes [67]. The products obtained were mainly linear a-olefins (up to 98%) with
the distribution falling between Cs and Cas; no polymer products were detected. The
catalytic performance, especially the oligomer distribution, could be tuned by synergistic
steric and electronic effects. Electron withdrawing halide groups could also exert an
influence on the catalytic behavior of unsymmetrical bis(arylimino)pyridine-substituted
iron complexes, such that ligands containing halide substituents enhanced the catalytic

performance [67,68].

In order to improve the thermal stability of late transition metal pre-catalysts,
considerable efforts have been directed towards devising means to address this
performance limitation. In particular, the introduction of more sterically bulky N-aryl
groups to the bis(arylimino)pyridine ligand frame have been the subject of multiple
reports and indeed this modification has produced some very encouraging results
[43-51].
<Figure 13>

The Wu group has studied the use of three iron complexes 13a-c (Figure 13) containing
bulky N-aryl groups for ethylene polymerization [69]. In the presence of MAO, complex
13b (R! = Me), containing an N-2,4-dimethyl-6-sec-phenethyl group, exhibited a better
activity and produced much higher molecular weight (My ~ 1.2 x10° g mol™)
polyethylene than that observed using the singly ortho-substituted analogs 13a and 13¢
(R! = H) as well as the well-documented symmetrical 2,6-diisopropylphenyl-substituted
complex 6a [69]. More importantly, even at 70 °C, pre-catalyst 13b maintained a high
activity and displayed relatively stable kinetics although leading to the formation of
products of lower molecular weight at elevated temperature (M, = 2.3 x 10* g mol™! at
70 °C). All the products were linear polyethylenes displaying bimodal or broad
molecular weight distributions, which was attributed to the co-existence of two chain
transfer pathways. The amount of the low molecular weight fraction increased on

increasing the Al/Fe ratio [69].



Over the last five years, our group has also been interested in improving the catalytic
activity and thermal stability of bis(arylimino)pyridine-iron and -cobalt complexes
[43,46,51]. In particular we have found that the introduction of sterically demanding
benzhydryl groups and their derivatives into the N,N,N-ligand frame of their iron and
cobalt catalysts can be influential (14-30, Figure 14) [70-81]. For example,
iron-containing 14 [70], 16 [72,73], 21 [75], 23 [77], 25 [77], 27 [78], 29 [80] (Figure 14,
R!'= Me, Et, i-Pr, R>= H, Me) all showed outstanding catalytic activity in the order of
107 g PE mol! (Fe) h'! and good thermal stability (maintained high activity at over 60 °C)
for ethylene polymerization (see Table 2).
<Figure 14>

With regard to 14, 16 and 21 (Figure 14), activation with either MAO or MMAO
resulted in high activity producing polyethylene of moderate My (12 - 340 kg mol™)
without any trace of oligomeric species [70,72,73]. When the para-R group is Me, the
iron pre-catalysts 14a (Figure 14) in combination with MMAO exhibited high activity
up to 22.4 x 10% g PE mol!(Fe) h'' at 80 °C and the products were all strictly linear
polyethylene with broad molecular weight distributions [70]. When the para-R group is
Cl, with the same co-catalyst, 16b (Figure 14) showed higher activities (up to 24.6 x 10°
g PE mol!(Fe) h'!) for ethylene polymerization than analog 14 at 60 °C. Furthermore,
the polyethylene generated showed higher molecular weight (M, = 42.0 kg mol™!) than
that seen by 14 (My = 25.5 kg mol') (see Table 2) [72,73]. By stark contrast, the
symmetrical iron complexes 18 and 20 (Figure 14) bearing two bulky
2,6-dibenzhydrylphenyl groups showed only poor activity with only trace amounts of
polymers detectable which has been credited to the presence of too much steric bulk
[70,72,73]. Meanwhile, a family of unsymmetrical diphenylmethyl-containing
bis(arylimino)pyridine-iron and -cobalt complexes 21 and 22 (Figure 14) still displayed
high activity and thermal stability for ethylene catalysis [75,76]. On treatment with
either MAO or MMAQO, all the iron pre-catalysts possessed good thermo-stability and
exhibited high activities (up to 22.7 x 10° g PE mol'(Fe) h') towards ethylene

polymerization, producing highly linear polyethylene [75].



Our group has also studied several kinds of bis(arylimino)pyridine-iron and -cobalt
complexes 23-26 (Fig 14) bearing only one ortho-substituted diphenylmethyl group.
High catalytic activity of up to 15.7 x 10% g PE mol™! (Fe) h'! in the presence of either
MAO or MMAO (Table 2) [77] was observable. The iron pre-catalysts 23 and 25 show
much higher activity than their cobalt analogs 24 and 26 (up to 3.2 x 10° ¢ PE mol™ (Co)
h!), while the iron systems generally produced polyethylene of broad molecular weight
distribution [41]. In comparison with the dibenzhydryl-containing iron pre-catalysts 14,
16 and 21 (Figure 14) [70,72,75], 23 and 25 displayed relatively lower activity in the
presence of either MAO or MMAO, indicating that dibenzhydryl-substituted N-aryl
groups enhanced the catalytic performance of their metal complexes [77].
< Table 2>

With an eye to balancing high thermal stability with high activity in
bis(arylimino)pyridine-iron and -cobalt catalysts, 27-30 (Figure 14) containing bulky
unsymmetrical N,N,N-tridentate bis(arylimino)pyridines in which difluorobenzhydryl
groups have been appended to the ortho-/para-positions, have been investigated [78-80].
On activation with MMAOQ, all these iron and cobalt complexes displayed high activities
towards ethylene polymerization at 60 °C, with the cobalt examples generally showing a
slightly lower activity (up to 7.6 x 10°g PE mol! (Co) h™! in 15 min for 28) than their
iron analogs (up to 3.5 x 107 g PE mol™! (Fe) h™! in 15 min for 27). Comparison of 27 (Fe)
and 28 (Co), containing two ortho-substituted difluorobenzhydryl groups [78,79], with
29 (Fe) and 30 (Co) based on a 2,4-substitution pattern, a relatively lower activity (up to
2.0 x 10’g PE mol™! (Fe) h! for 29; 3.7 x 10%g PE mol! (Co) h! for 30) was shown
when using either MAO or MMAO as activator [78-80]. Recently,
bis(arylimino)pyridine-iron ~ complexes 31  (Figure 14) containing the
benzhydrylnaphthyl group have been shown to exhibit slightly higher activities (up to
8.5 x10%g PE mol! (Fe) h'') and better thermal stability at elevated temperatures (up to
80 °C) with MMAO as co-catalyst [81]. Using cobalt in place of iron, the catalytic
activities for ethylene polymerization of 15, 17, 22, 24, 26, 28 and 30 were shown to be

one order of magnitude lower (Table 2) than the corresponding iron pre-catalysts [71-80].
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In addition, polymers obtained via the cobalt-containing 15, 17, 22, 24, 26, 28 and 30
(Table 2) possessed narrower molecular weight distributions, indicative of a single-site

active species [71,74,76,77,79,80].

3. Aryl-fused N,N,N-ligands and their Fe/Co pre-catalysts
While changes to the parent bis(arylimino)pyridine ligand structure have led the way
[43,46,51] in the quest for higher catalytic activity, better thermal stability and more
control of the polymer microstructure, the emergence of more significant modifications
to the N, N,N framework have been reported.

<Figure 15>
Around 2002, our group investigated the use of a series of N,N,N-bearing late transition
metal complexes ligated by 2,9-bis(arylimino)-1,10-phenanthroline ligands for
oligomerization and/or polymerization [82]. The cobalt complexes 33 (Figure 15)
showed high to good catalytic activities for ethylene oligomerization, but the iron
complexes 32 (Figure 15) showed only low activities for ethylene polymerization. The
latter observation was ascribed to the detrimental coordination of the additional imino
group to the metal (Fe or Co) center during propagation thereby impeding ethylene
coordination and thus decreasing the catalytic activity [82]. The same result was also
reported by Gibson’s group [83]. Given this undesirable coordination,
2-imino-1,10-phenanthroline derivatives and their iron and cobalt complexes 34-37
(Figure 15) were reported by our lab for the first time in 2006 [84-87]. Independently,
the Solan group was also aware of the beneficial properties of
2-imino-1,10-phenanthrolines in late transition metal catalysis and reported their
findings on cobalt in 2006 [88]. As expected, the iron complexes 34 (R = Me, R! = Et,
R?= H) exhibited the highest activity (up to 4.91 x 10’ g mol! (Fe) h™!) for ethylene
oligomerization among its analogs 35-37, and with high selectivity for a-olefins (> 94%)
(Table 3) with oligomers displaying Schulz—Flory distributions [48-51]. Of particular
note, iron-containing 34b (R = Me, R! = Et, R?= H) has been used in a 500 ton per year
pilot process for making a-olefins [46,84,85].

<Table 3 >
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In addition, it was found that the ortho-substituents on the N-aryl group in
iron-containing 34 (Figure 15) affected the activity and the nature of the hydrocarbon
product formed. For example, with ortho-Et substituents, 34b (R = Me, R! = Et, R>= H)
afforded the highest activity, while electron withdrawing ortho-substituents such as
halides decreased the ethylene reactivity (Br > Cl > F) [84]. Meanwhile, variation of the
R substituent on the imino-C of the ligands, 2-(ArN=CR)-1,10-phenanthroline, also
resulted in changes to the catalytic performance. The aldimine (R = H, 34a),
phenyl-ketimine (R = Ph, 34c¢) and ethyl-ketimine (R = Et, 34d)
1,10-phenanthroline-iron complexes showed relatively lower catalytic activities than
was observed for 34b (R = Me) (Table 3) [84-87]. All the oligomers exhibited
Schulz—Flory distributions. Interestingly, when compared with their analogs 34a-c
[48,49], 34d containing an ethyl substituent on the imino-C showed better thermal
stability (10 °C higher when compared to 34b, Table 3) with either MAO or MMAO as
co-catalyst and displayed a higher content of a-olefins (Cs-Ci6) and a lower content of
C4[86]. However, when a phenyl-substituted group was introduced at the 9-position of
the 1,10-phenanthroline [59], the corresponding iron complexes 36a-b (Figure 15 and
Table 3) showed much lower activities [1.9 x 10° g mol™! (Fe) h™!, Table 3] when
compared to 34a-d (ca. 1/25" of that seen for 34d). In addition, the products contained
much higher amounts of the short chain C4 (major product, > 90%) and Cs fractions and
no evidence for polymer formation [48,49,53]. Replacement of the imine group with
benzimidazoles resulted in iron and cobalt 38 and 39 bound by
2-(benzimidazol-2-yl)-1,10-phenanthrolines. All these complexes exhibited good to high
catalytic activities toward ethylene oligomerization with MMAO as activator and
showed good selectivity for a-olefins (mainly C4 and Ce) [90]. On the other hand, the
introduction of a methyl group at the 9-position of the phenanthroline moiety led to a
decrease in oligomerization activity and a slight increase in the a-Cs selectivity [54].
Replacing the imidazole group by a 2-benzoxazole or an oxazoline, the corresponding
iron and cobalt complexes 40-43 (Figure 15) displayed much lower activity with the
resulting oligomers composed mainly of 1-butene and I-hexene while the a-C4

selectivity was lower [91]. Once again, when using cobalt instead of iron, the catalytic
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activity for ethylene oligomerization of the pre-catalysts 33, 35, 37, 39, 41 and 43 was
lower than the corresponding iron pre-catalysts [82,87-91].
<Figure 16>
Our group has also studied the catalytic behavior of iron and cobalt complexes 44-50
(Figure 16) containing alternative aryl-fused N,N,N ligand sets for ethylene
oligo-/polymerization [92-98]. Iron-containing 44 (Figure 16), bearing a
2-quinoxalinyl-6-iminopyridine, showed in the presence of MAO high activity (1.2 X
10° g mol™! (Fe) h!) for ethylene oligomerization with C4 as the major product (~95%) at
atmospheric pressure [92]. On the other hand, their cobalt counterparts, 45, showed only
moderate activities toward ethylene oligomerization with MMAO as co-catalyst. For
example, the catalytic activity of 45 (Figure 16) was 1.67 x 10° g mol™! (Co) h! for
oligomerization and the C4 percentage was 96%. Both the activity and the content of the
longer-chain oligomers was enhanced with increasing ethylene pressure [92]. In addition,
for iron-based 44, mixtures of oligomers and polyethylene waxes were in some cases
yielded with overall good activity (up to 8.56 x 10° g mol! Fe h'! for polymerization and
2.24 x 10° g mol™! (Fe) h'! for oligomerization) [92]. Elsewhere, iron and cobalt 46-48
(Figure 16) containing 2-(2-benzimidazolyl)-6-(1-(arylimino)ethyl)pyridines have also
been reported, all of which revealed high activity (up to 4.11x10° g mol™!' (Fe) h'!)
towards ethylene oligomerization; some formation of polyethylene waxes was also
evident (see Table 4) [93-95].
<Table 4>

The order of activity follows 46a (R = H) [93] > 46b (R = Me) [94] > 46¢ (R = i-Pr) [95]
(Table 4) and was attributed to the electronic influences imparted by the R substituents.
The iron pre-catalysts 46b-¢ showed good to moderate catalytic activity (0.86 - 1.20 X
10° g mol! (Fe) h!, Table 4) for ethylene oligo-/polymerization [94, 95]. The resultant
oligomer and polyethylene waxes were composed of a-olefins and the oligomers were
shown to follow a Schulz-Flory distribution with some exceptions [94, 95. Furthermore,
the order of activity 46a (R = H) [93] > 48a (R = Me) [96] > 48b (R = Cl) [96] (Table 4)
highlights the role played by steric effects [93,96]. The iron complexes 48a-b bearing

2-(R-1H-benzoimidazol-2-yl)-6-(1-aryliminoethyl)pyridine  derivatives gave high
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activities (up to 3.03 x 10° g mol™! (Fe) h'!) for ethylene oligomerization (Table 4). All
oligomers produced were in the range of Cs—Css with very high selectivity for linear
a-olefins and high K values with no evidence of polymeric products detectable [96]. The
2-(B-benzothiazolyl)-6-[ 1 -(arylimino)ethyl]pyridine-iron complexes 50 (Fig 16, Table 4),
showed good activity up to 107 g mol™! (Fe) h'! for ethylene oligo-/polymerization, with
high selectivity for vinyl-terminated oligomers or polyethylene waxes [98]. By contrast,
their cobalt analogs 47, 49 and 51 (Fig 16) showed lower ethylene reactivity than the
iron complexes 46, 48 and 50 [93-95,97,98].
<Figure 17>

Gibson et al. investigated the use of iron complex 51 (Figure 17) bearing
6-aryliminoethyl-2,2'-bipyridine as the N,N,N-ligand for ethylene oligomerization
[83,99]. All these complexes showed low activity of 5.70 x 10% g mol! (Fe) h'! and
produced very low molecular weight oligomers [83]. It was suggested that the
“in-plane” steric crowding at the iron center by the terminal pyridine ring slowed down
the coordination and insertion of ethylene in 51 [83]. Subsequently, the Yasuda group
screened the catalytic behavior of iron complexes 52 (Figure 17) chelated by the
tri-pyridine derivatives for olefin polymerization [100]. Notably, 52 showed activities
for 1,2/3,4-polymerizations of isoprene and frans-1,4-polymerization of 1,3-butadiene
ranging from moderate to high in the presence of MMAO as co-catalyst [100]. The iron
and cobalt pre-catalysts 53 containing N-aryl-functionalized
2,6-bis[3(5)-pyrazolyl]pyridines (Figure 17) showed low activity (4.0 x 10° g mol! (Fe)
h'') for ethylene polymerization and gave highly linear polyethylene with high
molecular weight [101]. Concurrently, the iron and cobalt complexes 54 (Figure 17)
bearing bis(pyrazolyl)pyridine derivatives revealed some activity (2.0 - 9.7 x 10% g mol’!
(Fe/Co) h™') producing polyethylene of high molecular weight (2.6 - 3.5 x 10> g mol™),
particularly those possessing a methylene group positioned between the pyrazolyl and
pyridine rings [102,103]. The Tenza group has also studied the catalytic behavior of
bis(imidazole)/(carbene)pyridine-iron complexes for ethylene polymerization [104].
Symmetric iron complex 55 (Figure 17) exhibited lower activity (1.3 x10° g mol™! (Fe)

h'!) than its asymmetric analog 46 [93,94,104]. Bis(oxazoline)pyridine-iron complexes
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56 also showed very low activity (1.1 x10° g mol™! (Fe) h™") toward ethylene [105].

4. Cycloalkyl-fused bis(arylimino)pyridines and their Fe/Co pre-catalysts

During the last five years or so, we have been interested in the effect of ring strain on the
performance of nickel catalysts for ethylene polymerization [106]. In general, the ligand
design has involved the fusion of cycloalkyl groups to a pyridyl-imine ligand to form
new chelating N, N-ligands with variable binding capacity depending on the ring size of
the cyclolalkyl unit [e.g. 8-arylimino-5,6,7-tetrahydroquinoline D (Fig 18)]. Indeed, the
resultant catalysts have shown high activities and correlations between ring strain and
catalyst performance/polymer properties have become evident [106-110]. Inspired by
these results, we have been attracted by applying a similar strategy to the modification
of bis(arylimino)pyridines (A in Figure 18) and have successfully formed N,N,N ligands
of the type 2-(1-(arylimino)ethyl)-8-arylimino-5,6,7-trihydroquine (B, Figure 18), in
which a cyclohexyl unit is fused to one side of the pyridine [111,112]. As an extension to
this approach, our group has developed a series of iron and cobalt complexes 57-63
(Figure 19) and 65-69 (Figure 20) bound by a host of new pyridine-based N,N,N ligands
containing singly or doubly fused units with the alkyl ring sizes anywhere from five- to
seven [111-117,119-121]. In comparison with catalysts bearing the parent
N,N,N-bis(arylimino)pyridine framework, these second generation iron and cobalt
complexes have displayed exceptional performances for ethylene oligo-/polymerization,
superior thermal stabilities and promote the formation of polyethylenes with a range of
unusual properties [43,46,51].

<Figure 18>
<Figure 19>

The iron and cobalt pre-catalysts 57 and 58 (Figure 19) bearing 2-(1-aryl
imino)methyl-8-arylimino-5,6,7-tetrahydroquinolines, incorporating a six-membered
ring, exhibited high activities and good thermal stability for ethylene polymerization
with only polyethylenes isolable [111,112]. For iron-containing 57, all complexes
showed high activity (up to 1.5 x107 g PE mol! (Fe) h™!, Table 5) in the presence of

MAO at 50 °C generating highly linear polyethylene with moderate molecular weight
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(2.2 x 10* g mol!, Table 5) and bimodal molecular weight distributions [111]. With
regard to their cobalt analogs 58, high activities (up to 1.1 x107 g PE mol!' (Co) h'!,
Table 6) and better thermal stability (the optimal operational temperature is 60 °C, Table
6) were observable when compared to the prototypical 2,6-bis(arylimino)pyridine-cobalt
complex 1 [53,54] (Figure 2), while the resultant polyethylenes showed lower molecular
weight (waxes, ~10° g mol™") with narrower PDI’s (1.5) [112]. Chain-end analysis of all
the polymers generated using 57 and 58 revealed the presence of saturated alkyl groups
[111,112]. On the other hand, cobalt complexes 59 [113] bearing
2-(1-(arylimino)ethyl)-7-arylimino-6,6-dimethylcyclopenta[b]pyridines  (Figure 19),
containing a smaller five-membered cyclopentyl ring, showed much lower activities on
activation with MAO (2.89 x 10* g PE mol™! (Co) h™!, Table 6) than seen for 58 [112],
and the polyethylene obtained was of higher molecular weight (~10° g mol’!, Table 6)
[113]. On activation with MMAO, 59 exhibited moderate activity (3.6 x 10° g mol™! (Co)
h™!) towards ethylene oligomerization and the oligomers obtained displayed
Schulz—Flory distributions as characterized by the constant K [113]. Their variation in
catalytic performance may be due to the weak bonding between cobalt and the
imino-nitrogen linked to the pyridyl-fused cyclopentane. Even though the cobalt
complexes 59 developed are not great catalysts for ethylene, they do nevertheless
provide new concepts for ethylene polymerization research [113]. Pre-catalysts
incorporating seven-membered rings, 60-63 (Figure 19), have also been prepared and
screened for ethylene polymerization [114-117]. Either
2-(1-aryliminoethyl)-9-arylimino-5,6,7,8-tetrahydrocycloheptapyridyl-iron(Il) chlorides
60 or 2-(arylimino)benzylidene-9-arylimino-5,6,7,8-tetrahydrocyclohepta-[b]pyridine
-iron(II) chlorides 62, showed high activities (up to 1.5 x 10” g PE mol! (Fe) h™!, Table
5) [114, 115]. The polyethylene obtained with 60 showed a narrower molecular weight
distribution than the corresponding polyethylene generated with 62, while 62 showed
increased thermal stability (optimal run temperature at 70 °C) and longer lifetime than
their iron analogs 57 and 60 [111,114,115]. Interestingly, their cobalt analogues 61 and
63 (Figure 19) also displayed high activities (8.6 x 10° g PE mol™! (Co) h™!, Table 6) for

ethylene polymerization and the resultant highly linear polyethylene waxes (~10* g mol™)
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were shown to possess vinyl chain-ends [116,117]. Notably, such unsaturated polymers
have some demand in the manufacture of long-chain branched copolymers, functional
polymers as well as coating materials [118].

<Figure 20>
Besides our group, other research teams have appreciated the compatibility of these
fused N,N,N ligand sets for supporting potent iron and cobalt catalysts [119]. For
example, doubly cycloalkyl-fused bis(arylimino)pyridine-iron and -cobalt complexes 64
and 65 (Figure 20) bearing 1,8-diimino-2,3,4,5,6,7-hexahydroacridines, have been
reported by Kim et al.. Notably, these complexes exhibited high activities (3.6 x 10° g
PE mol™! (Fe) h'! bar! and 2.9 x 10° g PE mol! (Co) h! bar') for ethylene
oligo-/polymerization [119]. However, one drawback with these catalysts is that their
polyethylenes and oligomers can sometimes be formed as mixtures and hence limiting
their interest in commercial applications.

<Table 5>

With the intent to obtain solely polymer or oligomer as the unique product from the
catalytic run, the a,a'-bis(arylimino)-2,3:5,6-bis(pentamethylene)pyridine-iron and
-cobalt complex pre-catalysts 66 and 67 (Figure 20) were developed in our lab [120,121].
Indeed, iron-containing 66, exhibited very high activities in the range of 10’ PE mol™
(Fe) h'' toward ethylene polymerization forming highly linear polyethylenes. Moreover,
the polymeric materials showed vinyl end-groups (—CH=CH,) generated through
B-hydride elimination as the termination process [84]. On the other hand, the cobalt
analogs 67 exhibited lower activities (3.69 x 10° g PE mol!' (Co) h™!) than 66 but still
produced highly linear polyethylenes with low molecular weights (~ 10° g mol™!) and
narrow PDI’s (ca. 2.1) [121].

Most recently, we have also studied the catalytic behavior of a series of
a,0'-bis(arylimino)-2,3:5,6-bis(hexamethylene)pyridine-cobalt pre-catalysts 68 (Fig. 20),
containing doubly-fused eight-membered rings in ethylene polymerization [122]. These
cobalt complexes 68, in the presence of MMAO, showed high activity (3.62 x 10° g PE
mol ! (Co) h™!) in ethylene polymerization and indeed similar to their cobalt analogs 67.

Conversely, pre-catalysts 68 with MAO as activator showed slightly lower activity (2.89
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x 10% g PE mol ™! (Co) h'!) than MMAO as co-catalyst [122]. Interestingly, the nature of
the co-catalyst employed had a dramatic effect on the molecular weight of the polymeric
material obtained. For example, using cobalt complexes in combination with MAO as
co-catalyst gave high density and high molecular weight polyethylene (M= 10> g mol™)
with narrow MWD (2.1 — 3.6). By contrast, using MMAO, strictly linear polyethylene of
relatively moderate molecular weight (My= 10* g mol™!) and broader MWD (10.1 - 23.8)
was obtained [122].
<Table 6>
To allow a comparison of the activities of the various cycloalkyl ring-fused iron and
cobalt pre-catalysts (57-68; all activated with MAO) as well as the properties exhibited
by their resultant polyethylenes (Figs. 19 and 20), the corresponding data has been
collected in Tables 5 and 6. On inspection of the results, the polyethylenes obtained with
catalysts containing either singly- or doubly-fused units based on seven-membered rings,
viz., 61, 63 and 66 (Figs. 19 and 20), display in each case vinyl functional groups as one
end of the chain [116,117,120]. As a representative example, the '"H NMR spectrum
(Figure 21) obtained using 63 reveals a downfield multiplet at 5.85 ppm and an apparent
triplet at 5.03 ppm, consistent with a 1-olefinic unit. This is complemented by the '*C
NMR spectrum (Figure 22) which reveals two single peaks between 140-110 ppm in
agreement with the presence of a vinyl-group as a chain-end. In addition, both the 'H
NMR and '*C NMR spectra confirm that the polyethylene samples were strictly linear
[116,117,120].
<Figure 21>
<Figure 22>

While further research into cycloalkyl-fused bis(arylimino)pyridine-iron and -cobalt
complexes as catalysts for alkene polymerization looks set to continue, similar structural
modifications can also be made to ketone-containing pyridylimines. For example, the
iron and cobalt complexes 69 and 70 (Figure 23) bearing the N, N, O ligand incorporating
a fused cycloheptyl unit have been evaluated as catalysts in ethylene
oligo-/polymerization [112]. On activation with MAO or MMAO, 70 exhibited good

activities (up to 2.2 x 10° g mol!(Co) h!) affording short chain oligomers (C4 — C30)
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with good a-olefin selectivity. Conversely, iron-containing 69 in the presence of MMAO,
displayed moderate activities (up 10.9 x10* g(PE) mol'(Fe) h!) for ethylene
polymerization forming low molecular weight linear polymers (up to 13.0 Kg mol™)
containing saturated n-propyl and i-butyl chain ends. However, it should be emphasized
that these complexes bearing N,N,O-tridentate ligands generally show lower activity
than the corresponding ones bearing N, N, N-tridentate ligands [120,121,123]. Elsewhere
it should be noted that cycloalkyl-fused N,N,N derivatives have not only proved
effective supports for iron and cobalt complexes but have also shown great promise in
chromium catalysis in which high activities toward ethylene oligo-/polymerization have
been reported [124-126].
<Figure 23>

In short, the ring size of the cycloalkyl-fused N,N,N ligand has a direct effect on the
binding capacity of the chelating support which in-turn influences the activity of the

resulting catalyst and oligomer/polymer products.

5. Mechanistic understanding of Fe/Co catalysts in ethylene polymerization

As a recurring theme from the discussion above, iron and cobalt catalysts can often form
mixtures of oligomers and polymers, e.g., linear a-olefins accompanied by waxes or
polymers from ethylene oligomerization or multimodal or broad molecular weight
distributions for ethylene polymerization [43,46,51,119]. Given these observations,
researchers around the world have been keen to study the catalytic mechanism of such
systems. It is generally accepted that bis(arylimino)pyridine-iron and -cobalt catalysts
propagate by a Cossee-Arlman mechanism [127], in which sequential ethylene
coordination and migratory insertion of the bound ethylene into a metal alkyl bond occur
before some form of chain terminates occurs. However, the formation, the nature, and
the reactivity of the intermediates involved still need to be investigated and elucidated.
Furthermore, the paramagnetic nature of the catalysts, the multiple oxidation states
possible for iron, or the potential non-innocence of the ligands all present further hurdles
that hinder their characterization. Nevertheless, some progress has been made and

discussed below [43-45].
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5.1 The active iron species

Based on the growing experimental and computational data, the non-innocence of the
bis(arylimino)pyridine ligand has been demonstrated [7-15]. Recently, Bryliakov and
Talsi used '"H NMR and EPR spectroscopy to identify key active species [128-131].
Through a series of sophisticated NMR experiments, the interaction between the
[(L1)FeClz] [129] and [(L2)FeCly] [130,131] and various aluminum-based activators
such as MAO, AlMes/B(CsFs)3, AlMes and Al(iBu); was revealed (Scheme 1).

<Scheme 1>

The ion pairs [(L2)Fe(u-Cl)(u-Me)AlMex ] [MeMAO]T or [(L2)Fe
(u-Ch(u-Me)AlMe:] [MeB(CeFs)3] were formed when using MAO or AlMe3/B(CoFs)3
as the activators (Scheme 1), while iron(Il)-aluminum-bridged neutral species were
proposed with an alkylaluminum [129-131]. With respect to the [(L2)FeCl]/MAO
system, different types of ion-pair complexes are accessible, depending on the number
of equivalents of MAO employed. For an Al/Fe ratio of less than 200:1, [(L2)Fe
(u-Cl)(u-Me)AlMe> ] IMeMAO] has been shown, while at ratios of greater than 500:1,
[(L2)Fe(u-Me)2AlMe;] [MeMAO] has been identified (Scheme 1) [44,45,132-134].
However, the species obtained are more complicated than appears on first inspection and
indeed the non-innocent behavior of the bis(arylimino)pyridine ligand has been invoked.
For example, in the bimetallic intermediate [(L17)Fe®(u-X)(u-R)AI(R)2] (X = Cl or R,
and R = iBu), delocalization of an electron over L1 has been proposed [130-131]. The
debate around the oxidation state of the active species for the catalyst is still open and
fueled by many spectroscopic [135-137] and theoretical [139—-141] studies. The Gibson
group has shown that 100% conversion to a species displaying a +3 oxidation state
occurs on treating [(L1)FeCly] with MAO by using Mdossbauer and EPR spectroscopy
[136]. On the other hand, Scott ef al. have postulated a complex that is formally zero
valent [142]. In a recent DFT study performed by de Bruin and coworkers, they have
again concluded that a trivalent oxidation state is most likely, in this case based on an

oligomerization catalyst composed of 2 (Fig 2)/MAO system [143].
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The synthesis and reactivity of potential intermediates [144-149] also could provide
support for the observations mentioned above, although the observed species may not be
representative of the catalytic system formed under operating conditions. For example,
the Chirik group investigated a number of cationic iron(II) species as intermediates in
ethylene polymerization [144,148]. Complexes [(L1)Fe(CH2SiMes)(S)]" [BPh4] (S =
Et;O or THF) and [(L1)Fe(CH2SiMe2CH2SiMes)(S)] [MeB(CeFs)3]™ (Figure 24) were
isolated and characterized by single crystal X-ray diffraction. These model
bis(arylimino)pyridine-iron(Il)-alkyl cations were obtained by dialkylation of
[(L1)FeCl2] followed by subsequent alkyl abstraction by a boron-based compound
(Figure 24). When in contact with ethylene, these isolated single-component cationic
systems exhibited moderate catalytic activities (up to 9.42 x 10° g PE mol'!(Fe) h™! bar™')
affording highly linear polymers with high My (up to 3.17 x 10° g mol!) and relatively
narrow molecular weight distributions (1.6 ~ 2.5) [147]. Through the isolation of such
cationic (as well as neutral and anionic) bis(arylimino)pyridine-iron alkyl complexes
(Figure 24), the same group also later showed the redox non-innocence of the
bis(arylimino)pyridine chelate [149].
<Figure 24>

Recently, Campora et al. utilized single crystal X-ray diffraction and in situ '"H NMR
spectroscopy in the characterization of intermediates formed by the reduction of
[(L1)Fe(CH2SiMes)2] by AlMe; [150]. A neutral [(L1)Fe(II)Me] intermediate (Figure 24)
was observed as the final product of the reaction in which a single electron reduction of
the chelating ligand was suspected. When treated with ethylene, the species in the
polymerization reaction were monitored by 'H NMR spectroscopy [151]. Using NMR
spectroscopy, Gibson and Britovsek observed that the process of binding of the ethylene
monomer to the mono-methyl complex and the growth of the alkyl chain on the iron
center via ethylene insertion [152]. These results present direct evidence of a
coordination—insertion mechanism when ethylene is oligomerized by such propagating
species, in line with the H/D scrambling and mass spectrometric experiments, and hence
supporting a Cossee—Arlman mechanism [127,152]. However, in comparison with their

cationic analogues, the considerably lower activities and polymer molecular weights
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question their involvement in the catalytic multi-component ethylene polymerization
process. Recently, in a combined experimental and theoretical study, the de Bruin group
described the activation process of a single-site ethylene oligomerization catalyst with a
novel and well-defined phenoxyaluminum, [PhOAIMex]> [153]. When compared to
either AlMe; or MAO, the resulting catalyst is less active than with MAO. Nevertheless,
this well-defined species presents interesting features and a feasible path for further

characterization study and catalytic optimization [153].

5.2 The active cobalt species

As with iron, the mode activation of bis(arylimino)pyridine-cobalt halide complexes
with MAO has been the subject of a number of investigations which have shown some
interesting findings. Using ds-labeled bis(arylimino)pyridine (L1) as an example, *H
NMR spectroscopy has been used to monitor the activation of [L14CoCl2] with MAO
(Scheme 2) and subsequent interaction with ethylene [154,155].

<Scheme 2>

With regard to [L14sCoCl2]/MAO, reduction of the cobalt(Il) complex to cobalt(I) halide
is followed by conversion to a cobalt(I) methyl species before conversion to a cobalt(I)
cationic species, has been demonstrated [44,45,154,155]. When the cationic species was
treated with ethylene the adduct [L1sCo(n?-C2H4)][MeMAO] was generated which
represents a likely precursor to the active species (Scheme 2). By running the
polymerization with [L14CoCly] and per-deuterated MAO, polymers could be obtained
with CD3 end-groups, consistent with an abstracted methide group being re-incorporated
into the polymer. Based on this finding it has been proposed that a methide group from
[MeMAO]™ can attack the cobalt center with concomitant electrophilic attack by the
Lewis acid on the bound ethylene to afford the zwitterionic cobalt dialkyl active species
[155]. Chain growth can then place via either of the cobalt-carbon bonds. Notably, the
isolated bis(arylimino)pyridine-cobalt(I)-methyl complex does not insert olefins but on
treatment with MAO or a borate activator, is active for ethylene polymerization

[149,154-159].
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5.3 Propagation and chain transfer pathways/theoretical studies

As highlighted above the mechanism of propagation for both iron and cobalt catalysts is
considered to follow a Cossee-type mechanism [127], in which ethylene coordination
and migratory insertion of the bound ethylene into a metal alkyl bond sequentially occur
before chain transfer terminates the reaction. In general, four different chain transfer
pathways can be identified [43-46,56]. In the first pathway, the process of chain transfer
to the aluminum terminates the reaction and forms polyethylenes with saturated
alkyl-containing chain ends [44,45,56]. This process has also been observed for
Ziegler-Natta systems [160], group 4 metallocenes [161-163] and lanthanocenes [164]
and is dependent upon the alkyl aluminum concentration. The vinyl-polyethylenes can
be obtained by three further distinct chain-transfer pathways (Scheme 3). Two make use
of kinetically distinct B-H transfer to metal processes (Scheme 3, distinguished in blue
or red) and a third involves B-H transfer to monomer (Scheme 3). Commonly, p-H
transfer to metal (via blue route, Scheme 3) is the key chain-transfer process and often
takes place with late transition metal catalysts. This B-H elimination reaction is
independent of monomer concentration, provided that the subsequent step, the
associative displacement of the polymer chain by monomer, is fast. Otherwise, this
chain-transfer process becomes a B-H transfer to metal (red route, Scheme 3), which is
kinetically indistinguishable from B-H transfer to monomer (Scheme 3). Overall, for
B-H-transfer reactions to the metal or the monomer, one unsaturated chain end per
polymer chain (vinyl end-groups) will be the outcome, whereas chain transfer to
aluminum results in fully saturated polymer chains [44,45,56].

<Scheme 3>

6. Conclusions and outlook

The discovery of highly active iron and cobalt catalysts some twenty years ago has
proved a landmark in the development of late transition metal olefin polymerization
catalysts. In this account, we have shown there are still important advances to be made
in this relatively established field. In particular, we have documented the outcomes of

our program to introduce robust modifications to the parent bis(arylimino)pyridine
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pincer ligand and its derivatives through the fusion of carbocyclic units. These structural
variations have provided a means of modulating the activity of the metal catalyst during
the ethylene oligo-/polymerization process. While some modifications have resulted in
decreased catalytic activity, the development of  cycloalkyl-fused
bis(arylimino)pyridine-iron and -cobalt catalysts that show exceptionally high activities
and good temperature stability highlights the true potential of this approach. Importantly,
the size of the fused ring can impact on the oligomer/polymer distribution with mixtures
apparent with six-membered rings, while other ring sizes display a preference for either
oligomer or polymer. Furthermore, it can also affect the chain end-type with the
seven-membered-fused derivatives of iron and cobalt displaying an inclination for vinyl
chain-ends. Nevertheless, strictly linear microstructures are a feature of all the oligomers
or polymers developed using these iron and cobalt catalysts. Perhaps most significantly,
carbocyclic fused N,N,N-iron complexes have finally shown genuine industrial promise
with an imino-phenanthroline-iron complex being successfully employed to make
a-olefins on in a 500 ton pilot plant managed by Sinopec in China. The relatively low
cost of this system based on an earth-abundant base metal, coupled with its high
efficiency, suggests that such catalysts are likely to attract future industrial interest.
Overall, we feel the work described herein should help fuel new academic endeavors
directed towards targeting late-transition metal pre-catalysts, which in-turn will deliver

new oligomers and/or polymer products for potential commercial end-uses.
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GLOSSARY
DFT Density Functional Theory
DSC Differential Scanning Calorimetry
¢ PE mol! (M) h! Grams of polyethylene per mole of metal
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catalyst per hour

GPC Gel Permeation Chromatography
K value The probability of propagation
MAO Methylaluminoxane
MMAO Modified methylaluminoxane
MWD Molecular weight distribution
My, Weight-average molecular weight
M, Number-average molecular weight
NMR Nuclear magnetic resonance
PDI Polydispersity index
PE Polyethylene
py Pyridine
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Scheme 3 Two potential mechanisms for the formation of vinyl-polyethylenes [44,45,56]
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Table 1 Catalytic performance of para-halide- and alkyl-substituted bis(arylimino)pyridine-iron

pre-catalysts [59]¢

Entry X Activity® My My PDI®
1 Br 4.11 1.94 9.29 4.80
2 I 14.66 2.27 10.24 451
3 H 2.79 0.67 9.09 13.61
4 9] 8.98 1.62 15.80 9.70

2Solvent: 250 ml n-pentane, activator: MAO, Fe:Al = 1:2500, 10 bar ethylene;

®x 10’g PE mol'!(Fe) h'!;

¢ Determined by GPC and M,, My, x 10* g mol’!.
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Table 2 Variation in the polyethylene properties as a function of the iron and cobalt pre-catalyst

structure and temperature.?

Temp./
Pre-cat. e?ép Act.b M Mo/M,E T./°CY  Ref.
14
o 80 224 25.5 5.1 129.7 70
a/ Mo (M = Fe)
P b 15
40 9.9 324.0 3.0 1334 71
(M = Co)
o ﬁv R 16 60 24.6 42.0 5.1 1287 72
Clph “(;“"'gt;@\w (M _ Fe) . . . .
s 17 30 9.1 340.0 3.0 135.1 74
(M= Co)
21
7 70 22.7 18.1 5.1 128.0 75
T& I (M = Fe)
a 22
40 13.8  103.0 3.2 1326 76
(M = Co)
\ 23
» 60 15.3 34.5 6.9 1304 77
% \nﬂ/ (M = Fe)
o’ \CI 24
20 3.2 84.4 2.6 133.5 77
(M = Co)
25

N 60 8.68 13.5 4.0 127.9 77
\(@\( Ph (M = Fe)

Ph 'J\,\‘A/N Ph 26
/&LC' o /\ék 20 2.0 47.0 2.1 133.0 77

M =Co)
FPh ‘ t 270
o N Rl 60 35.2 94.5 13.0 131.8 78
/é;fl\/mg j@\ (M = Fe)
ke, N 28¢
60 13.7 14.1 2.1 132.1 79
M =Co)
o (el 2 60 20.5 15.2 6.4 127.8 80
N FPh (;/'\‘/l\/CI :©\ (M _ Fe) . . . .
o e 30
(M = Co) 60 3.7 13.2 2.8 132.9 80
=Co
°" Yo 7@ 3 70 15.8 29.9 9.3 129.2 81
(M =Fe)

2 Ethylene pressure 10 atm., 30 min, toluene as solvent and MMAO as activator.
x 10° g PE mol! (M) h'!, M= Fe or Co.

¢ Determined by GPC, M,.: Kg mol.

4 Determined by DSC.

¢15 min.
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Table 3 Catalytic performance of 2-imino-1,10-phenanthroline-iron complexes”

Oligomers Waxes
Pre-cat. (2 pmol)  Activity® (x 10°) K % a-0° Ayt (x 10%) Ref.
(Jn
AP 13.3 0.58 >94 48.6 84,85
C\;4a‘<:| R]@x R?
(A
‘ &
My 49.1 0.62 >94 14.6 84,85
C\;4bCIRD©\R2
L,
| ”"5«*2“7@ 23.0 0.52 >95 3.2 84,85
mﬁ%
‘ /N\,Jgf“ﬁ 13.9 0.70 >95 12.1 86
34c® : *
(& o
Lo 0.40 080  >99 trace 87
36a : "
(L e,
Loy 1.94 0.80 >99 trace 87

36b

2 General conditions: Al/Fe = 1000, temperature 40 °C, time 1 h, 100 mL toluene, MAO as activator
and 10 atm ethylene.

b Activity for oligomers: g mol™' (Fe) h™\.

¢ 0-Olefin percentage determined by GC and GC-MS.

4 Activity for polyethylene (wax): g mol™! (Fe) h™\.

¢ Al/Fe = 1500, temperature 50 °C.
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Table Catalytic performance using
2-(2-benzimidazolyl)-6-(1-(arylimino)-ethyl)pyridine-iron pre-catalysts®
Oligomers Waxes
Pre-cat. (2 pmol) Activity® (x10°) K % 0-0° At (x10%) Ref.
&Q 4.11 046  >99 3.40 93
Y((j\(@ 1.20 0.53 >95 3.60 94
ﬁy@ 0.86 0.60 98 4.48 95
Cl 4’&:CI R2
@ﬁ&é 3.03 0.66 >99 trace 96
Cl4sa§IR1 K
C@p‘/\(@\( R
hj, b 2.82 0.71 >98 trace 96
UCRER
Sj/@\(
at 11.00 0.43 >96 491 96

o
4
ca’ o R2

509

2 General conditions: Al/Fe = 1000, temperature 20 °C, time 30 min, 100 mL toluene, MMAO as

activator and 10 atm ethylene.

bActivity for oligomers: g mol™" (Fe) h™".
¢ 0-Olefin percentage determined by GC and GC-MS.
dActivity for polyethylene (wax): g mol™! (Fe) h™\.

°Al/Fe =200, 30 °C.

fAl/Fe = 200, 30 °C, MAO as activator.

£ Al/Fe =750.
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Table 5 Variation in polyethylene properties as a function of the iron pre-catalyst structure,

temperature and activity; MAO activation®

Pre-cat. Temp./°C  Activity® My  Mu/M* Chain-end types! Ref.
ﬁr 50 15.60 22.7 6.3 both alkyl 111
\:\;}53 60 9.03 314 9.7 both alkyl 114
50

jem . 70 1561 189 123 both alkyl 115
%;é; 30 3.71 27.7 3.6 both alkyl 119
CFI? 60 12.38 18.3 18.1 vinyl/alkyl 120

2 Ethylene pressure 10 atm., toluene as solvent and MAO as activator.

®x 10° g PE mol™! (Fe) h'!.
¢ Determined by GPC, M, : Kg mol-'.

4 Determined by 'H and 3C NMR spectroscopy.
¢ Reaction conditions: ethylene pressure 1.3 bar.
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Table 6 Variation in polyethylene properties as a function of the cobalt pre-catalyst structure,
temperature and activity; MAO activation®

Pre-cat. Temp.°C  Activity® — My© My/M,  Chain-end types!  Ref.
®
AR 60 10.90  0.90 1.5 both alkyl 112
C|’58"'C|
e
Nl 50 002 3252 5.2 both alkyl 113
c
>
ok 50 8.15 32 1.8 vinyl/alkyl 116
o o M
Sd 60 8.65 4.6 22 vinyl/alkyl 117
af o
ke
wN—do b 30 2.98 0.8 1.5 both alkyl 118
Clssgl
e
g 40 3.69 4.6 2.1 vinyl/alkyl 121
c 7’C|
e
hdo A 30 289 423.0 2.7 alkyl-end 122

68

2 Ethylene pressure 10 atm., toluene as solvent and MAO as activator.
bx 10° g PE mol™! (Co) h™".

¢ Determined by GPC, M, : Kg mol'.

4 Determined by 'H and '3C NMR spectroscopy.

¢ Reaction conditions: ethylene pressure 1.3 bar.
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A Boqo ™A €123

Figure 1 Evolution of the bis(arylimino)pyridine ligand frame (A) through incorporation of
carbocyclic-fused units to give B and C [43,46,51-54]

RfYOYR“‘S YOY
Neawrrnel
\M/
C[ X/ XHj@

1 M = Fe, Co; X = Cl, Br

Figure 2 First generation bis(arylimino)pyridine-iron(Il) and -cobalt(II) pre-catalysts 1 and 2 [52-56]

G

X X2~ FCIBrI
M = Fe, Co

Figure 3 Halide-substituted bis(arylimino)pyridine-iron and -cobalt complexes 3 [57,58]

% ,J Jﬁ Me
=H,3,Br, | O

4

Figure 4 Para-halide- and alkyl-substituted bis(arylimino)pyridine-iron pre-catalysts 4 [59]

‘ X

r1% N7 R

&\i/ﬁ R2
e

R3 RS é|n RS R3

R4 R4
n=2,3;X=CH, ©_alkenyl
R'- R5 = H, alkyl, ®-alkenyl

5

Figure 5 Bis(arylimino)pyridine-iron complexes, 5, containing w-alkenyl imine-C substituents [60]
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X 6a Ar', Ar? = 2,6-diisopropylphenyl
| _ 6b r1 , Ar2 = 1-anthracenyl
N L, 6c ! Ar2=2-isopropylphenyl
6d 1, Ar? = 2-biphenyl
Ar1/ \ie_,/ \Ar2 ge 1= 2,6-diisopropylphenyl, Ar2 = 1-anthracenyl
Cl Tl 6f 1= 2,6-diisopropylphenyl, Ar2 = 2-isopropylphenyl

Figure 6 Symmetrical and unsymmetrical bis(arylimino)pyridine-iron complexes 6 [61]

\
\

ﬁ“ o, @“

R= H,Me,Br; X=Cl,Br;n=2,3
7a R'=H

7c
7b 1=CN

Figure 7 Bis(arylimino)pyridine-iron(II)/(II) complexes 7 [62]

o
N R!
m/%/ i Re B =0, R=RO=H 0
— e/
/ - 8bR2~ g, R'=R3=H o 5
cl -
Tl R %,

R® gc 8=g, R'=R2=H
R = Me, Br

8

Figure 8 Bis(arylimino)pyridine-substituted iron complexes, 8, containing boryl groups [63]

X

»
N
"o’ o

M=Co,Fe;n=1t04
9

Figure 9 Bis(arylimino)pyridine-iron and -cobalt complexes, 9, appended with N-alkenyl groups [64]

102 = M cMe,Ph
\M/ _
100 R =M pp
R=CH
10¢ * = M ch=ch,
M = Co, Fe

Figure 10 4-Pyridyl substituted bis(arylimino)pyridine-iron and -cobalt complexes 10 [65]
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R NG R R; Me iPr Me iPr
,J | L‘ R2 NO,NO,NO,NO,
\/M_/ M| Fe Fe Co Co
R2 R1CI Tl R R?

Figure 11 Nitro-substituted bis(arylimino)pyridine-iron and -cobalt complexes 11 [66]

X

N

@E&u : I)

= Me, Et, F; R2=
X =F, Cl, H, Me
12

Figure 12 Unsymmetrical bis(arylimino)pyridine-iron complexes, 12, with alkyl and halide N-aryl
substituents [67]

X

7

R’ N R’

N N

O ar O 13aF;1-H R?= CH,
R2 R2 13bR1-CH R2= CH
13c 1= H, R2= OCH,
13

Figure 13 Bis(arylimino)pyridine-iron complexes bearing bulky ortho-substituted N-aryl groups 13
[69]

R1
\M_/ \M_f \M,/
c’ o c’ c’ ol
R R R2 R R2
P bh

R =Me, M = Fe (14), Co (15) R =Me, M = Fe (18 Co (19) M = Fe (21), Co (22)
R=Cl, M= Fe (16), Co (17) R=Cl, M=Fe (20)
‘ X
\
FPh _
1
Ph FPh 'J T N R
Ph —
\M/ \M/ CI/ >
g Cl
a’ ¢ jij\ ca’ R R?2
FPh “PhF
M = Fe (23), Co (24) M = Fe (25), Co (26) M = Fe (27), Co (28)
‘ X
1 N/
Ph
Cl/ " Cl/ :,
M = Fe (29), Co (30) 31
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Figure 14 Benzhydryl-substituted bis(arylimino)pyridine-iron and -cobalt complexes 14-31 [70-81]

N R!
N\l\\/l/
Ar_ W? CI/ “Cl R R? CI/ “Cl R
M = Fe (34); R = H (34a), _
M = Fe (32); Co (33) Me (34b) Et (34c), ph (34d) ’;{"_—&e (gf]), Co (37);
M= C0235) R=H Me,Ph

N N
\,\l,l/N \,\l,l/'\l
c’ a’ "o 1 a’ R R
M =Fe (38), Co (39); R = H, Me; M = Fe (40), co (41); M = Fe (42) co (43);
= H, Me, Et, i-Pr, Bn R = H, Ph; R"=H, Me, t-Bu R=H, Ph: R'= H, Me

Figure 15 Iron and cobalt complexes, 32-43, bearing phenanthroline-imines and related ligands [82-91]

/\/(j\/ Y(j\/
AR O
c’ 7
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M = Fe (44) co (45) Mz E¢(48e, epi47)

«@ Co
|/ Ty Cl R?

R =Me (48a) Cl (48b g ll\\/lll = Co (49y,

X = ’
X= Fe (50, co (51)

Figure 16 Aryl-fused N, N, N-iron and -cobalt pre-catalysts 44-50 [92-98]

ARBNE

\ _— =
M
. R
c’

51 R'=H, Me, 3,5-M,CgHy’
2,4,6-Me3CgHy; R2= H, t-Bu

[ L ﬁ(
(/ln "N )n N P2 o) =z o)
R R N N
] OALAD “\Je/“}{
XX ' B Br

53 M =Fe, Co

BY Br

M=Fe,Co,n=0,1

54x=cl Br 55 56

Figure 17 Related N, N,,,N-iron and -cobalt pre-catalysts 51-56 [83,99-105]
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Ar~ A SAr Ar~ B SAr D SAr

Figure 18 Cyclohexyl-fused bis(arylimino)pyridines (B) as inspired by D and A [52-54,106-112]

P \M/ “Ar

r \M/ Ar Ar
|

M = Fe (57) Co (58) M = Co (59)

mf@

M = Fe (60) co (61) M =Fe (62), co (63)

Figure 19 Singly cycloalkyl-fused (arylimino)pyridyl iron and cobalt pre-catalysts 57-63 [111-117]

X X
| “ | — | D
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N N N—Co-N

\M_,—
Ar~ . ~SAr ~M—
‘7 A . Ar Ar’ Ar
cr < c’ c’ o
M = Fe (64) Co (65) M = Fe (66), Co (67) 68

Figure 20 Doubly cycloalkyl-fused bis(arylimino)iminopyridine-iron and -cobalt pre-catalysts 64-68

[119-122]

[}

141312110 9 8 7
Figure 21 Representative 'H NMR spectrum of the vinyl-polyethylene obtained using cobalt complex

63[117]
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Figure 22 Representative 13C NMR spectrum of the vinyl-polyethylene obtained using cobalt complex

63 [117]

g @ O O
Me Et ClI F

M = Fe (69) Co (70) 212

Figure 23 Iron and cobalt complexes bearing cycloalkyl-fused N,N,O ligands [123]
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“SSiMes, Me
S = Et,0, THF; Ar = 2,6- Pr,CgHs
_ . ) [(L1)FeCHs3]
[(L1)Fe(CH2SiMes)(S)] [BPh4]

Figure 24 Isolable bis(arylimino)pyridine-iron alkyl complexes [148,149]
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