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Abstract

The discovery by Brookhart and Gibson that late transition metals supported by
diimine ligands could sustain high activity for ethylene polymerization deposed the long-
standing practice of employing only early metal d° catalytic systems. This thesis focuses
on our studies towards elucidation of the mechanism and determination of the nature of
the active species responsible for the exceptional catalytic behaviour of the bis-
iminopyridine-Fe derivative. Alkylation of the catalyst precursor in Chapter 2 with a
bulky, stable alkyl has shown a pronounced ability of the ligand system to be involved in
the reactivity of the metal center, resulting in numerous transformations to the ligand
backbone, including alkylation of the pyridine ring and the imine-C atom, deprotonation
of the ketimine methyl groups, and dimerization and reduction. In Chapter 3, alkylation
of the catalyst precursor with a more reactive alkyl led to reduction of the system by two
electrons, with the ligand system being the recipient of the additional electrons at the
expense of the metal center. Unexpectedly, the reduced system is also active for ethylene
polymerization, producing polymer with the same activity and polymer quality as the
divalent precursor, suggesting that activation of the catalyst involves an initial two
electron reduction of the system. Further studies in Chapter 4, exploring activation of the
complex with aluminum alkyls, have observed reduction of the metal center and

transmetallation of the reduced ligand from Fe to Al as a possible deactivation pathway.
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The ability of the ligand to accept negative charge and assemble multi-nuclear structures
leads to the proposed active species as a zwitterionic, cationic Fe alkyl.

Expanding the reactivity studies to complexes of Cr in Chapter 5 highlights
increased catalytic activity upon reduction towards a pseudo-monovalent Cr complex.
Once again, the ligand accepts the added electron density and this ability to host electrons
in the n* orbital appears to be the rationale behind the catalytic activity experienced by
the later-metal systems.

Chapters 6 and 7 develop the reduction chemistry of bis-iminopyridine complexes
of Fe and Cr respectively, revealing several dinitrogen complexes of Fe, and ultimately
reduction and partial hydrogenation of a bridging Cr-N, complex towards complete
cleavage of the N-N triple bond. Chapter 8 introduces two new Co-N; complexes and
describes a spontaneous reductive coupling of the dianionic version of the ligand upon
complexation to Co, forming a dimeric, double dinitrogen complex.

Incorporating the knowledge acquired in preceding chapters, two potential ligand
scaffolds (dipyrroles and Schiff base pyrroles) were explored in Chapter 9 as supporting
ligands for late metal polymerization catalysts. Although the results of catalytic testing
remain preliminary, the pyrrole ligands continue to be of interest due to their ability to

assemble heteropolymetallic clusters with potential for small molecule activation.
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Expect the Unexpected.
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Chapter One

Introduction

Polyethylene: A Brief History of its Discovery’

Occasions of serendipity are particularly abundant when it comes to scientific
research. Louis Pasteur expressed this idea fittingly when he stated “where observation is
concerned, chance favours only the prepared mind”.' The history of polyethylene (PE) is
no exception, given that most of the major breakthroughs have transpired through
unforeseen events. Were it not for the instincts and inquisitiveness of the early
polyethylene pioneers, the world could be a very different place today.

Polyethylene made its debut in 1898 in the lab of the German chemist Hans von
Pechmann, naively christened polymethylene after the repeating —CH,- units. Colleagues
Eugen Bamberger and Friedrich Tschimer isolated the white, waxy substance while
heating diazomethane.' However, as the saying goes, necessity drives invention and the
need for a synthetic polymer was not great enough at the turn of the century to warrant
further study. Thus, full appreciation of polyethylene was postponed 35 years until its
second, entirely coincidental, discovery.

The year was 1933 and Britain’s ICI (Imperial Chemical Industries) was
undertaking widespread research into high pressure reactions intended for the dyestuffs
industry. The reaction between benzaldehyde and ethylene at 1700 atm yielded an
unexpected sample of polyethylene (after having accidentally been left over the

weekend). Realizing the potential of such a material, discoverers Eric Fawcett and
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Reginald Gibson undertook numerous attempts to reproduce the reaction, unluckily
resulting in an explosion and subsequent fire due to a burst pressure joint near the oil
thermostat. Due to the dangerous nature of the high pressure reactions, ICI management
immediately cancelled all high pressure research until the advent of safer apparatuses.

In 1935, armed with the latest in high pressure equipment, Micheal Perrin of ICI
revived the polyethylene research. Withdrawing to an isolated building (incidentally with
thicker walls) a whopping 8g of polyethylene was produced on their first attempt.
Numerous subsequent efforts, however, yielded less than satisfactory results,
demonstrating once again the poor reproducibility of this chemistry. Approximately 200
reactions later, it was discovered that trace amounts of oxygen present in the ethylene
feed were needed to initiate the radical polymerization process, forming large amounts of
branched (or low density) polyethylene (LDPE). Commercial production of LDPE began
in 1939, the year Germany launched their attack on Poland, marking the beginning of
World War II. The timing could not have been more fortuitous, for LDPE proved
extremely important as an insulator in air and ship borne radar cables, technology that
ultimately enabled the triumph of Britain in the Battle of the Atlantic.’

Chance prevailed yet again with the discovery of high density polyethylene
(HDPE). Unlike the soft, limited-use LDPE, HDPE was much stiffer, stronger and heat
resistant, thereby drastically increasing the number of potential applications. In 1951,
Hogan and Banks at Phillips Petroleum unintentionally invented the first low-pressure
method for the linear polymerization of ethylene over a Cr-oxide supported catalyst.”
Roughly two years later, Karl Ziegler, a non-polymer chemist, published the equally
exciting formation of HDPE with a completely different low-pressure catalytic system
based on titanium-halides and aluminum alkyls, a discovery that would earn him the 1963
Nobel Prize in Chemistry (shared with Giulio Natta).?

The simultaneous discoveries of the Phillips and Ziegler catalysts led to the
commercialization of both processes by the end of the 1950’s. Although Ziegler’s catalyst
required much lower pressures of ethylene, the Phillip’s Cr catalyst was much cheaper,
thereby superseding the need for more specialized equipment. Regrettably, the new
plastics were plagued by problems of cracking and softness, leading to the manufacture

of a plethora of useless, off-specific plastic. The growing mass of squandered polymer
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threatened the extinction of numerous chemical companies. Salvation came in the form of
a plastic hoop approximately one meter in diameter: the hula-hoop. Wham-O Toy
Company bought the dejected polymer, saving the companies from bankruptcy and
enabling research to progress towards the development of improved polymers and
catalyst systems.'

The breakthroughs depicted herein highlight the fortuitous induction of
polyethylene to the world. As Louis Pasteur said, “chance favours the prepared mind”.
This could not be truer of the intuition, curiosity and determination displayed by chemists

in the development of ethylene polymerization.

Ziegler-Natta Polymerization of Ethylene

At the time of the discovery of his catalytic system, Karl Zielger was director of
the Kaiser Wilhelm (later Max Planck) Institute for Coal Research at Miilheim an der
Rubhr, presumably conducting research in an unrelated field. An organic chemist at heart,
however, he found it much more appealing to study the organic chemistry of aluminum
alkyls. Prior to the historic discovery, he and his student, Erhard Holzkamp, were
attempting the preparation of higher aluminum alkyls by heating triethylaluminum in the
presence of ethylene when they inadvertently isolated butene.' Realizing the importance
of this outcome, an intensive investigation ensued, eventually recognizing the presence of
trace colloidal Ni in the reactor as the perpetrator. Prompted by these results, the
chemistry of organoaluminum compounds with various transition metal salts was
developed, displaying facile polymerization of ethylene to linear polymers at atmospheric
pressure. Of the reactions tested, the system produced by the reaction of aluminum alkyls
with titanium tetrachloride proved the most valuable. Consequently, a whole new area of
research was established, encouraging many others to explore the chemistry of
organometallic compounds in catalysis and shaping the direction of polymerization
research for years to come.*

Despite the onslaught of research, attempts to discern mechanistic details of the
polymerization were plagued by the heterogeneous nature of the catalytic system. The
most accepted proposal that emerged was suggested by Cossee and Arlman.’ It was

proposed that upon combining the titanium halide and the aluminum alkyl in diesel oil or
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petrol, the TiCly becomes reduced to TiCls, which precipitates out as a-TiCl; crystallites.
TiCl; on the surface of the particles reacts with the aluminum alkyls to generate easily
accessible Ti-C bonds through halide exchange. The presence of a vacant site on the
exposed Ti center encourages approach and side-on n-bonding of an ethylene monomer.
The proximity of the Ti-C bond to the activated ethylene molecule facilitates insertion of
the monomer into the metal-alkyl bond via a cyclic transition state, thereby lengthening
the alkyl group by two carbon units and regenerating the adjacent vacant site. Repeated
coordination and insertion of ethylene into the growing polymer chain constitutes the
chain propagation mechanism suggested by Cossee and Arlman, shown in Scheme 1.1.°

Various available chain termination pathways will be discussed in a subsequent section of

the introduction.
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Homogeneous Single-Site Catalysts for Ethylene Polymerization
Although of historical and commercial significance, the catalytic system
discovered by Ziegler was not without fault. The resulting polymer was consistently beset

with wide molecular weight distributions, perhaps due to the participation of more than
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one catalytic species throughout the polymerization. Hence came a very important stage
in the evolution of PE; the introduction of homogeneous, single-site catalysts.* These
species were discrete chemical compounds with nearly identical catalytic behaviour and
promoted greater control over the resulting molecular weight distributions. The first
complexes emerged in 1957 by Breslow, Newburg and Natta.® Their titanocene
Cp,TiCl/AIR,Cl system afforded polymers with a more distinct structure not obtainable
using Ziegler’s heterogeneous system. Although the activities were much too low to be of
commercial significance, the distinct, homogeneous nature of the catalysts furnished a
greater opportunity for studying the polymerization process.

Research in ethylene polymerization has since focused on two main areas: 1)
studies aimed at determining the mechanism of olefin polymerization by transition metal
catalysts, and 2) exploiting the newly gained knowledge towards the design of new and
improved catalytic systems. Subsequent studies by numerous groups have since
contributed significantly to our knowledge of cocatalyst function, generation of the active

species and the mechanism of olefin insertion.*

Mechanism of Ethylene Polymerization

The isolation of discrete cationic metal alkyls proved extremely important for the
development of the mechanism of polymerization. By studying the reactivity of the
cationic metal alkyls with H, and olefins, valuable insights into chain initiation,
propagation and termination were obtained. Compiling the research in olefin
polymerization to date, a generally accepted mechanism can be described for the
activation of the catalyst and insertion and polymerization of the monomer.* Scheme 1.2
displays the activation of a typical Group 4 metallocene catalyst with an aluminum alkyl
and the ensuing polymerization of ethylene. The sequence of events upon addition of
activator is most likely chloride abstraction and subsequent alkylation of the metal center,
followed by cationization with AIR3 to produce a cationic metal alkyl ‘active’ species.
This species can either be present as a contact ion pair or a solvent-separated ion pair.
The contact ion pair is regarded as the dormant state, in which the co-catalyst is actually
bonded to the catalyst through an alkyl bridge. The solvent-separated ion pair, on the

other hand, is the catalytically active species, in which the cationic active metal center
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and the anionic co-catalyst are completely separated, opening a vacant site on the metal

center. An equilibrium exists between the two states in the catalyst system.*’

Scheme 1.2
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Cationization of the metal center enhances the Lewis acidity of the electron
deficient d° metal center and encourages approach and side-on coordination of the
ethylene molecule to the newly-vacant coordination site. The position of the activated
monomer adjacent to the M-C bond supports the formation of a four-membered cyclic
transition state, promoting insertion of the olefin into the M-C bond. From here,
polymerization proceeds via subsequent cycles of fixation and insertion of the ethylene
monomer into the growing alkyl chain.* The length and final structure of the resulting
polymer depend on the catalyst system and cannot be predicted.

A cationic metal alkyl active species was suggested as early as 1961 by Shilov;®

an idea that was supported by the electrochemical studies of Dyachkovskii describing
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ethylene insertion at a cationic metal alkyl center.” Eisch, however, was the first to
structurally characterize the insertion product from the reaction of Cp,TiCl,/AlMeCl,
with Me;SiC=CC¢H; in 1985.1° Nevertheless, a structurally characterized cationic metal
alkyl héld never been isolated to support these claims. |
Expanding research beyond aluminum-based co-catalysts, Jordan et al. were the
first to isolate and structurally characterize a cationic metal alkyl species from the
reaction of Cp,ZrMe, with an equimolar amount of AgB(CeHs)s.' Fascinatingly,
polymerization proceeded upon addition of ethylene and in the absence of added co-
catalyst, substantiating the identity of the active species as a coordinatively unsaturated
cationic metal alkyl. It is therefore understood that the main role of the aluminum co-
catalyst in the homogeneous metallocene system is ultimately that of promoting the

formation of a cationic metal alkyl.*

The Role of the Activator

Initially, various Lewis acidic aluminum alkyls, or aluminum alkyl halides, were
employed as activators in homogeneous metallocene catalytic systems. Despite
improving the quality of the polymer and also the understanding of the polymerization
mechanism, the activity of these systems remained too poor to be considered for
commercial applications. The main role of the co-catalyst is the generation of the active
species via alkylation and abstraction of a halide or alkyl from the metal center to give a
coordinatively unsaturated cationic metal alkyl. Besides the use of aluminum alkyls to
afford the active species, other methods of cationic metal alkyl formation were
discovered, such as abstracting a methyl group from an already alkylated metal center via
protonation with [HNR3][B(CsHs)s]*' or via reaction with a strong Lewis acid like
B(CeFs);" or a trityl borate salt, [(C¢Hs);C][B(C¢Fs)s]."* In each of these cases, the
presence of a large anionic borate unit promotes formation of a solvent-separated ion pair
and the presence of a vacant site adjacent to the M-C bond.

The success and consequent enthusiasm generated by the use of these and other
Lewis acids galvanized research in homogeneous metallocene catalysis. The culmination
was reached with the completely coincidental discovery of MAO. Upon the accidental

addition of water to Cp,TiEtCVAIEtCl,, Reichert and Meyer noticed a considerable
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enhancement of the rate of ethylene polymerization.ls Similar effects were noticed by
Long and Breslow in the comparable system, szTiClz/AlMezCl.16 The extraordinary
results were attributed to the formation of dimeric aluminoxane, CIMeAl-O-AlMeCl,
which is expected to be a stronger Lewis acid than AlMe,Cl and therefore a more
efficient activator. In 1980, Kaminski and Sinn performed the controlled addition of H,O
to the otherwise-inactive halogen-free Cp,ZrMe,/AlMe; system, achieving the highest
levels of catalytic activity ever seen for ethylene polymerization (increased by orders of
magnitude compared to the original system).17 These results led to the discovery of the
highly efficient activator methyl aluminoxane (MAO). The MAO-activated systems
offered higher productivities and polymer with narrower polydispersities, translating to
lower costs and cleaner polymer and making MAO the preferred catalyst activator to this
day.4

Although the use of MAO as a cocatalyst has become ubiquitous, the poorly
characterized structure of MAO complicates mechanistic studies and makes
determination of the active species much more difficult.'® It is believed to be composed
of -MeAIO- units in a polymeric array, with variable amounts of free AlMes. Similarities
to other aluminum activators allow alkylation of the metal centers, and the Lewis acidic
properties of MAO encourage halide or alkyl abstraction from the metal center to create a
vacant site. It is believed that the extended structure of the anionic MAO helps it to
remain separated from the metal center, maintaining the cationic nature of the active
species with consequent increased activity of polymerization.'® Unfortunately, large
amounts of MAO are generally necessary to activate the catalysts (1000-15000
equivalents), which is a severe drawback in terms of financial considerations. On the
positive side, MAO is an excellent scavenger of water, the presence of which in trace

amounts could abate or even destroy the catalyst.'®

Chain Termination Pathways

The growth of the polymer chain can be interrupted on the metal center in a
number of ways (Scheme 1.3). The most common chain termination pathway involves p-
hydride transfer (or elimination) from the polymer chain to either the coordinated

1 . .
monomer or the metal center.'” In recent years, another mechanism has been observed in
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some early and late metal systems, in which the growing chain is transferred to the Al
center of the cocatalyst, termed chain transfer to aluminum.'”*?*% This pathway could
either be the sole termination pathway at play, or may occur in combination with -H
transfer. In each case, the active metal catalyst is regenerated after elimination of the

polymer chain.

Scheme 1.3
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The resulting polymer chain is characterized according to its length, nature of the
end groups and the amount of branching, and these characteristics are the result of the

relative rates of chain propagation, termination and branching throughout the
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polymerization.* Chain termination is an important factor when it comes to the
microstructure of the resulting polymer. The appearance of the end-groups in the resultant
polymer is an indication of the mechanism, being either fully saturated for chain transfer

to Al or 50% olefinic for B-hydride elimination.

Design of New Catalysts

Over the years, single-site catalysis research has progressed through modifications
to the ligand environment, increasing our understanding of the polymerization
mechanisms while maintaining a high level of catalytic activity.* Chart 1.1 highlights a
handful of the interesting systems to emerge during the evolution of single-site catalyst
research. The first major adaptation of the cyclopentadienyl ligand environment was the
installation of a bridging atom between two Cp rings (either Si or C, displayed by
complex 1.1).>> These new ligands, termed ansa-metallocenes, infused important
stereochemical control to the resulting polymer structure when employing racemic
versions of the ligand (mainly important for stereospecific propylene polymerization).?*
The 1980’s saw the emergence of the next generation of Ziegler-Natta catalysts, labeled
as non-metallocenes and yet based on the presence of one Cp ring, incorporating alkoxy
or amido cyclopentadienyl systems (complex 1.2).2> Bercaw et al. were the first to
introduce the dialkylsilyl-bridged-alkylimido Cp ligands, or constrained geometry
ligands, forcing the angle of the bidentate ligand to be less than 115°.%** The rationale
behind the geometry constraints was based on the more open nature of the metal center
for increased monomer incorporation. Under the technological name “INSITE” (DOW),
new families of ethylene-olefin copolymers emerged, characterized by narrow

polydispersities and long chain branching,>>*
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Chart 1.1
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The next evolution in ligand design was initiated following the observation that

non-Cp complexes, such as simple bis-amido-Zr (1.3 in Chart 1.1), could also polymerize

ethylene in the presence of MAO with competitive activity and producing excellent

polymers.”® Soon after, Schaverien introduced Ti chelating-phenoxide complexes as
catalysts for ethylene and propylene polymerization (1.4)°" and several other groups

followed suit.”® These findings marked the new era of the so-called non-Cp, or

alternative, Ziegler-Natta catalysts. The main issues surrounding this research were of

course the appropriate selection of donor atoms, the fine tuning of steric hindrance, the

influence of ligand architecture on polymer quality and catalyst activity, among other

characteristics. The rejuvenated enthusiasm and consequent flourishing activity led to the

discovery of a large variety of diversified systems and numerous reviews have been

published on the subject.*
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Late Transition Metals as Olefin Polymerization Precatalysts

The use of first row late transition metal complexes as catalysts for olefin
polymerization is an interesting alternative to the ubiquitous presence of group 4 systems
described previously. Cheaper, and in some cases more environmentally benign (Fe), late
metal systems assemble a new set of characteristics that contrast to the previously-
established prerequisites for a successful catalyst system. The successful use of late
metals?'?>! for classical cationic Ziegler-Natta catalysis has broken the paradigm in this
field requiring early metals in high oxidation states sporting high Lewis acidity. Unlike
the electrophilic d° metals, late metals carry more electron density in proximity to the
core, presumably diminishing the attraction of the weakly basic ethylene molecule. In
addition, the lability of the metal-alkyl bond among late metals makes their catalysts
more susceptible to B-H elimination.

Prior to the mid-nineties, only a few examples of late transition metal catalysts
existed. Nonetheless, their vulnerability towards B-H elimination made them an attractive
option for ethylene oligomerization. For example, Shell had already been exploiting a Ni
oligomerization catalyst (shown as complex 1.5 in Chart 1.2) for years in the Shell
Higher Olefins Process (SHOP).?’ In 1992, a cationic Co(IIl) complex was described
which unconventionally polymerized ethylene to high molecular weight, low
polydispersity polymers, albeit with low activities (1.6).>° A huge evolutionary leap
occurred in the mid-90’s with the discovery of a family of late transition metal systems as
active catalysts for ethylene polymerization (Chart 1.2). Johnson, Killian and Brookhart
introduced diimine complexes of Group 10 (1.7)*' that became the first examples of late
transition metals able to polymerize ethylene and higher olefins to high molecular weight
polymers with increased activities. The long established paradigm assigning solely
electron deficient early metals to polymerize olefins had been challenged, initiating the
study of more late metal imino systems. The largest, most important discovery was
pioneered simultaneously by the groups of Brookhart and Gibson.?' Separately, the first
ever Fe based ethylene polymerization system was published, supported by a bis-
iminopyridine ligand backbone (1.8), producing highly linear, high molecular weight
polymers with activities that rivaled those of the metallocenes. This breakthrough

propelled research towards understanding the unique abilities of this system to sustain
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catalytic activity at a late metal center and spurred the development of other transition

metal systems based on this ligand.
Chart 1.2
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Although the bis-iminopyridine ligand had been known for some time in
traditional coordination chemistry,”” its popularity as a supporting ligand for late
transition metal olefin polymerization catalysts was rejuvenated by the Brookhart and
Gibson discoveries.”’ When bound to late transition metals (Fe, Co) the resulting
complexes were capable of a high level of catalytic activity and the resulting polymers
were high molecular weight and very linear in nature. In particular, the Fe-derivative
portrayed the highest level of catalytic activity for ethylene polymerization when
activated with MAO, ranging from 600 to 20,600 g/mmol-h-atm, and produced high
molecular weight polymers (148,000 — 611,000). The analogous Co system displayed
activities approximately an order of magnitude less than the Fe system and achieved
lower molecular weight polymers (14,000 — 257,000). The perspectives for
commercialization introduced by these results were particularly attractive since they
offered a cheaper and more environmentally friendly option (Fe) for the polyolefins
industry. The anticipated onslaught of research into these and other transition metal
analogues opened a Pandora’s Box of ligand transformations (vide infra) and ultimately
engendered more questions than previously imagined pertaining to the role assumed by

the ligand and the mechanism operating during the polymerization.
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The Bis-iminopyridine Ligand
Central to the findings described above was the utilization of a simple ligand, a
neutral tridentate Schiff base, buried and forgotten in the ancient coordination chemistry
- of late metals.’? The synthesis of the ligand is a relatively straight-forward acid-catalyzed
condensation between the corresponding aniline and diacetyl pyridine (Scheme 1.4).2' An
excess of aniline is used to ensure complete conversion to the desired product, as is often

the case in Schiff base syntheses.

Scheme 1.4
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The ligand was regarded as particularly promising and, as shown in the following
~ chapters, has attracted considerable interest in the literature. In fact, there are several
important characteristics of the ligand system with respect to steric and electronic effects
that were expected to lead to increased control during ethylene polymerization. The use
of three strong N-donor atoms ensures tridentate meridional coordination of the ligand to
the metal center with the aryl groups on the imine function situated perpendicular to the
planar backbone formed by the pyridine ring and the imino groups. The presence of
substituents in the ortho-positions of the aryl rings instills flexibility with respect to steric
bulk and protection of the active metal center. Larger substituents can hinder rotation of
the aryl ring about the N-C bond, in turn introducing added stabilization at the metal
center. Other possibilities involve altering the group attached to the imino-C atom. The
most popular arrangement involves a methyl group, but the aldimine version has also

d,2"*? as well as other derivatives containing larger groups like phenyls®’

33bc.34

been synthesize
or even heteroatom substituents.

From an electronic perspective, the ligand has several advantages. Not only can
the presence of electron withdrawing or donating groups on the imino-aryl rings or the

pyridine ring introduce a degree of electronic control, but the presence of a planar



Chapter 1 15

conjugated backbone with low lying n* orbitals may also confer interesting electronic
properties to the systems.

Coordination of the ligand to the metal center occurs without difficulty, resulting
in a pentacoordinate, square pyramidal metal center retaining two chlorine ligands (the
differences between the Fe and Co structures are minor). Scheme 1.5 shows an example

of the possible complexes.

Scheme 1.5
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Ethylene Polymerization by Bis-iminopyridine Fe and Co complexes
The first results published by Brookhart and Gibson concerning the
polymerization of ethylene by the Fe and Co systems involved a standard polymerization

stu dy.21,22

The sample system chosen for discussion is shown in Scheme 1.5, where R, =
R, = Pr, R; = H and Ry = Me® and the conditions employed during the testing include the
use of toluene as a solvent, 500 equivalents of MAO as the cocatalyst, room temperature,
1 bar ethylene pressure and a reaction time of 30 minutes. Variations to the reaction
conditions will be discussed later in the text.

Upon addition of MAO and ethylene to the solution of catalyst in toluene, an
immediate exotherm was observed, highlighting a lack of induction period. The activity
of the catalyst peaks near the onset of polymerization, decreasing with time to a final
value only 10-20% of the initial activity. These particular observations appear to be
standard for all conditions and modifications to the ligand backbone. Under the

conditions outlined above, the Fe system achieves an activity of approximately 650

g/mmol-h-atm, compared to the Co analogue activity of 450 g/mmol-h-atm. Both systems

* Throughout the remainder of the thesis, the abbreviation *Ar’ will refer to an aryl ring containing these
substituents [Ar = 2,6-Pr,CsHs].
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produce highly linear polyethylene. A GPC of the polymer indicates a difference between
the two metal systems. The polymer obtained by the Fe precatalyst displays a bimodal
distribution of the molecular weight (peaks at ~3,000 and 46,000, shown in Figure 1.1),
whereas the cobalt precatalyst produces polymer with a single molecular weight peak
centered at 14,000. The polydispersity index is large for both samples; however, when
taken separately, the lower molecular weight fraction of the Fe polymer has an

individually smaller PDI compared to the higher molecular weight fraction.
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Figure 1.1: Gel permeation chromatogram of polymer from LFeCl,/MAO

End group analysis is an important technique for determining the mechanism of
chain termination operating during the catalytic cycle.* Comparing the polymer samples
obtained from the separate metal centers highlights a distinct difference in the preferred
chain termination pathway followed by each metal system.”* Even within the Fe system,
two different polymer samples are obtained and can be separated by Soxlet extraction.
End-group analysis of the single polymer sample produced by Co reveals a 1:1 ratio of
vinyl to saturated ends, indicative of chain termination via B-H transfer to monomer or
metal. Similar observations can be made on the high molecular weight fraction from the

Fe system. On the other hand, the low molecular weight fraction is almost exclusively
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composed of fully saturated ends, a positive consequence of chain termination via chain
transfer to aluminum. The bimodal nature of the Fe polymer may either be the result of
two separate active centers during catalysis, or a change in the active center with time.
Indeed, the ratio of the fractions does change over time.” Early in the polymerization, the
lower molecular weight fraction is the main termination mechanism. As time progresses,
the number of aluminum species available for chain transfer decreases, resulting in a
subsequent decrease in the rate of chain transfer to aluminum. On the other hand, the rate
of B-H transfer remains the same throughout the run. Therefore, after a longer reaction
time, the amount of high molecular weight polymer is larger. Embedding of the catalytic
Fe center in the polymer after a prolonged catalytic run may also explain the change in
molecular weight distribution over time, making transfer of the growing chain to an
aluminum center more difficult.

Regardless of the structural similarities between the Fe and Co precatalysts, the
difference in catalytic activities and resulting polymer indicate that the Fe and Co systems
follow different chain termination pathways, suggesting the formation of different active
species in each case. In addition, the Fe precatalyst engages in more than one chain
termination pathway and therefore may also involve the formation of two separate active

species.

Modifications to the Catalytic System

Over the course of catalytic testing of these remarkable catalytic systems, several
trends were observed upon adjusting variables such as ligand substituents, type and
concentration of co-catalyst, pressure of ethylene and temperature of the system.”* Not
only were the activities of the catalyst affected, but the nature of the resulting polymer
was also influenced by subtle changes to the system, including molecular weight,
molecular weight distribution and end-group ratios, while still maintaining a high degree
of linearity. Alterations to the electronics and sterics of the ligand system play a large role
with respect to the isolated products.

The most obvious steric modification introduced into these systems consists of
variations in the ortho-groups on the aryl rings. Many exploratory studies have been

undertaken in this direction and reveal that a decrease of the steric bulk leads to an
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increase in the activity of the catalyst, as well as to a decrease in the molecular weight of
the polymer, to the extent of obtaining oligomers in the absence of ortho-groups (R?*=R}
= H).> Increasing steric bulk with the presence of a cyclopentyl group in the ortho-
position actually stabilizes the system even more, retaining more activity at higher
temperatures.’® The presence of only one bulky ortho-substituent per aryl ring also results
in oligomerization.39 Interestingly, the use of an asymmetric ligand, in which one aryl
group has steric bulk (in the form of ‘Pr groups) and the other bears no substituents, also
results in oligomerization, whereas an increase of the sterics by addition of two ortho-
methyl groups to the unsubstituted aryl ring results in polymerization. However, making
the second aryl group asymmetric by incorporating only one ortho-methyl group
produces polymers and oligomers simultaneously.*® Complete removal of one imine
function by condensing only one side of the diacetyl pyridine also gives catalysts for the
oligomerization of ethylene."' The combination of these results indicate that the active
center is stabilized by the presence of steric bulk in the ortho-positions, in turn hindering
the process of chain transfer and therefore achieving higher molecular weight of the
polymer. On the other hand, decreased steric bulk increases the activity of the catalyst,
opening up the active center and increasing the rate of chain propagation as well as chain
termination.

Although the substituent on the imino function has no direct effect on the metal
center, a combination of electronic and steric factors may still be found when altering the
group. In going from a ketimine (R4 = Me) to an aldimine (R4 = H) a large decrease in
reactivity, as well as molecular weight, is observed.”? The differences could be related to
the freedom of rotation of the aryl ring. Therefore, the rate of propagation is decreased
more than the rate of termination.

In an interesting study, Gibson et al. incorporated a heteroatom imino substituent,
R4 = XR, onto the Fe system.>* When X = O and R = Me, the catalyst was inactive under
the normal conditions. This result was explained by assuming reversible binding of the
Lewis acid cocatalyst to the oxygen atom, somehow resulting in catalyst destabilization.
In changing the heteroatom from oxygen to sulfur, the catalyst remains active for
ethylene polymerization, although with lower activity and producing polymer of lower

molecular weight. It appears the softer nature of the sulfur atom may lead to weaker
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bonding to the activator. Increasing the steric bulk around the heteroatom to prevent
activator binding (with R = 2,6-Me;C¢H3) also results in active catalysts, with the oxygen
derivative giving a somewhat low activity but an increase in the polymer molecular
weight. The sulfur derivative, on the other hand, combines the electronic effects of the
.soft donor and the steric effects of the aryl ring to form a catalyst with comparable, if not
higher, activity. More importantly, the presence of the sulfur group leads to an increase in
the catalyst lifetime.

Varying the concentration of the MAO activator has been also analyzed in detail
and displays an increase in the activity of the catalyst as a function of the activator
concentration,” evidently the result of an increase in the number of active sites being
generated. The distribution of molecular weights in the polymer is also affected by an
increase in the concentration. The close analysis of a gel permeation chromatogram of a
polymer produced by these catalysts clearly shows that as the concentration of MAO is
increased, the lower molecular weight peak grows, due to chain transfer to aluminum.
This can be explained by the fact that increasing the concentration of MAO invariably
increases the amount of free TMA in the system. By increasing the number of aluminum
centers available for chain transfer chain termination becomes increasingly probable.
Consequently, a decrease in the concentration to 250:1 [Al:Fe] gives a unimodal
molecular weight distribution, completely comprised of high molecular weight polymer.

Varying the identity of the cocatalyst also has an effect on the polymerization.
The use of aluminum alkyls leads to a slight decrease in the activity of the catalyst, and
the activity decreases with time at a much faster rate than with MAO,? presumably a
result of decreased catalyst stability. Also, chain transfer to aluminum becomes the major
chain transfer mechanism, displaying almost complete suppression of the p-H transfer
pathway and a narrower polydispersity of the lower molecular weight fraction. However,
increasing the concentration of the aluminum alkyl activator eventually decreases the
activity of the catalyst, either by catalyst decomposition or formation of stable contact ion
pairs, thereby blocking the coordination site necessary for coordination and insertion of
ethylene on the cationic metal center. The use of chlorinated aluminum alkyls was found
to deactivate the system, perhaps through the similar formation of stable p-chloro Al-Fe

complexes.”
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Increasing the pressure of the ethylene feed gives a higher yield of polymer and
more of the higher molecular weight fraction, while maintaining the activity.” The yield
of polymer increases linearly with the increase in pressure, indicating that chain
propagation is first order in ethylene concentration. Since the rate of B-H transfer is also
first order in ethylene, the fraction of high molecular weight polymer from B-H transfer
increases while the lower molecular weight polymer from chain transfer to Al remains
constant.

Variations in the temperature of the catalytic run can also affect the resuits. The
catalytic system is more productive at lower temperatures, since an increase in the reactor
temperature leads to a decrease in the activity and the molecular weight.”> This may be
due to decreased stability of the presumed Fe-alkyl intermediate at higher temperatures.
Decomposition may occur via reductive elimination (B-hydride elimination followed by
reduction); a common pathway for late transition metal alkyls that may be exacerbated by
the increased temperature of the reaction medium.

Finally, it is interesting to examine the influence of reaction time on the catalytic
cycle. Running the reaction for a shorter period of time shows that the lower molecular
weight fraction is produced early on in the polymerization.?* The rate of chain transfer to
Al is therefore greater than B-H transfer. However, as the reaction time increases, the
chain termination pathway tends to favour B-H transfer. The concentration of Al co-
catalyst is at its highest at the beginning of the polymerization. As the aluminum centers
become occupied with polymer and the catalyst becomes imbedded in the growing
polymer chains, the rate of chain transfer to aluminum decreases; a victim of diffusion-
controlled chain transfer. The rate of B-H transfer however, remains constant throughout
the run. Therefore, after longer reaction times, the amount of vinyl-ended polymer, or the

higher molecular weight fraction, increases.

Mechanistic Studies of the Bis-iminopyridine Catalytic Systems

Despite the variety of polymerization studies, involving modifications to the
ligand and variations in the reaction conditions, important questions remain regarding the
reaction mechanism. The elucidation of the reaction mechanism is not a purely academic

exercise but is essential to gain control over the polymerization and in turn over the
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quality of the polymer produced by the reaction. For one, the ability of a late metal center
to attract and coordinate a free ethylene monomer in a sufficiently labile fashion to enable
catalytic transformations was originally thought to be a difficult event, considering the
increased electron density at the metal center compared to the early metal systems. Also,
late transition metal alkyls are known to be susceptible to reductive elimination; a
condition non-conducive to the formation of high molecular weight polymers.
Fundamental questions regarding the mechanism must therefore be answered in order to
design more improved late transition metal catalyst systems.

As discussed above, analysis of the polymer samples has proven extremely
helpful in determining the mechanism of chain transfer acting in these systems. Many
groups have pursued intensive investigations on these complexes, with the goal of
isolating and characterizing active species of the catalytic system, or any possible
intermediates of the activation step. The use of a cocatalyst in these systems is paramount
and the role of MAO in activating the catalyst is generally assumed to be that of an
alkylating and cationizing agent. Activation of the late metal bis-iminopyridine systems is
therefore believed to follow the same general mechanism, generating a 14 electron
cationic metal alkyl as the active species which then follows the typical polymerization
mechanism of Ziegler-Natta catalysts (described by the Cossee-Arlman mechanism of
coordination/insertion of ethylene into the growing chain).’ Despite numerous efforts,*>**
and plentiful theoretical investigations,*® isolation of the active species in the Fe system
remained elusive.

One of the main goals of this thesis was the determination of the active species in
the bis-iminopyridine Fe precatalyst. However, in the interests of chronological order and
heightened anticipation, a full discussion of the Fe system is detailed later in the
introduction and continued in Chapters 2, 3 and 4. The ability of the bis-iminopyridine
ligand to support catalytic activity with late metals encouraged testing of this ligand
system with other transition metals. Studies completed with V,*’ Cr,*® and Mn***® in our
laboratory displayed very interesting characteristics with regards to the ligand system,
ultimately proving its non-ancillary nature. The knowledge gained not only by our group,
but also by several others, in studying numerous complexes of the bis-iminopyridine

ligand have suggested that activation of the Fe-analogue may not follow the typical
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Cossee-Arlman mechanism as previously envisaged. As such, a detailed investigation of
the behaviour of this fascinating ligand system is included throughout the introduction

prior to the discussion of the Fe catalyst.

The Vanadium System

The non-ancillary nature of the ligand backbone was unequivocally demonstrated
during studies of the V(III) analogue.’ Akin to its late metal congeners, the VCls
complex displayed a high level of catalytic activity for ethylene polymerization when
activated by MAO. However, reaction of the precursor with MeLi or MAO in the absence
of ethylene did not generate the expected V-alkyl product. Instead, the ligand system
became the object of nucleophilic attack, undergoing methylation at the ortho-position of
the pyridine ring. The result was the formation of a monoanionic ligand and the creation
of a vacant coordination site at the metal center (Scheme 1.6). The activity and polymer
quality obtained by the new pentacoordinate species was identical to the VCl; precursor,

suggesting the presence of the same active species in both cases.
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Further reaction with excess MeLi not only alkylated the metal center, but the
pyridine ring as well, once again demonstrating the susceptibility of the pyridine ring to
nucleophilic attack. Two monovalent, anionic V dialkyls were isolated from the reaction
mixture, a consequence of Me-group attack at either the ortho-Me group or the meta-
position of the pyridine ring (Scheme 1.6). In either case, the second attack by a
carbanion resulted in a two electron reduction of the metal center and subsequent catalyst
deactivation. These observations provided the first indication of possible direct

involvement of the ligand.

The Chromium System

The capacity of the ligand to support catalytic activity for both early and late
transition metals advised a further investigation into the behaviour of the analogous mid-
transition metals, such as Cr and Mn. The rationale behind the choice of these two metals
is somewhat contrasting. Chromium is the element used by industry for the Phillips
catalytic process.2 Instead, manganese seems to be the most reluctant metal in terms of
providing polymerization catalysts. Given the spectacular performance of complexes of
the bis-iminopyridine ligand system, an investigation on the Cr and Mn derivatives seems
to be appropriate.

Surprisingly, the bis-iminopyridine-CrCl; complex displayed unexpectedly low
catalytic activity for ethylene polymerization (MAO activation, room temperature and 1
atm pressure of ethylene).”® A slew of similar Cr-bis-iminopyridine complexes, obtained
by varying ligand substituents and ligand symmetries, were tested independently by the
groups of Small*®® and Esteruelas.>*® Conditions could be optimized to achieve extremely
high levels of catalytic activity, similar to those of the Fe-‘supercatalyst’. The divalent Cr
complex was also tested for catalytic activity for the polymerization of ethylene, as well
as for propylene.*****’! Separate studies investigating a possible relationship between
both oxidation states in the catalytic cycle have resulted in varying opinions. UV-VIS
studies of Small suggest reduction of the trivalent complex upon activation with the
aluminum co-catalyst, towards the divalent precursor,’® whereas Esteruelas proposed that

the original trivalent state is preserved in the catalytically active species.**?
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Parallel studies were undertaken in our lab to examine the_reactivity of the
trivalent complex with different alkylating agents, unveiling a recurring penchant for

8 Reacting the trichloride complex with BzMgCl

reduction to the divalent state.*
introduced a series of unprecedented ligand transformations, resulting in a dinuclear
complex of two divalent Cr alkyls supported by a dimerized hexadentate dianionic ligand
(Scheme 1.7). The intricate reaction can be rationalized in three steps: 1) one electron
reduction of the metal center by the first equivalent of alkyl; 2) alkylation of the metal
center and the para-position of the pyridine ring by two more equivalents of BzMgCl,
and 3) cycloaddition of two separate units through C-C bond formation between the

pyridine meta-carbons.

Scheme 1.7
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Reduction of the metal center is similar to that observed in the vanadium case®’

and also, as we shall see later, for numerous other metals. Although the subsequent
alkylation of the metal center is relatively straight-forward, nucleophilic attack of the
pyridine para-C is not nearly so obvious. Whether the alkylation is the direct result of

attack at the para-position, or whether it is due to migration of the alkyl from the metal
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center has not been determined. The driving force for the subsequent dimerization may be
explained in terms of spin density accretion at the meta-Cs following pyridine alkylation.
Addition of AlMe; to the trivalent Cr complex also resulted in reduction of the
metal center by one electron (Scheme 1.8).*® The remaining CI atoms are found bridging
two separate AlMe; moieties. Although reduction of the trivalent precursor to Cr(II) may
be the primary mechanism upon activation, formation of this particular species appears to
be a deactivation pathway, since polymerization of ethylene does not proceed under the

usual conditions.

Scheme 1.8
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The Manganese System

Despite the similar geometry and high spin electronic configuration as the Fe and

Co congeners,”’

the Mn congener is not an active catalyst precursor for ethylene
polymerization under mild reaction conditions.*** Regardless, a thorough investigation
ensued, prompted by the desire for an increased understanding of this system. The
reaction of LMnCl, with 2 MeLi led directly to reduction and alkylation of the metal
center to LMn'Me (Scheme 1.9).* Results to date suggest that facile reduction of the
metal center appears to be a general trend in the chemistry of this ligand system. On the
other hand, addition of 2 equivalents of LiCH,SiMe; resulted in the isolation of two
products.”® In the first complex, the divalent metal center is tetracoordinated to the alkyl
and the ligand, which has become dianionic by deprotonation of both iminomethyl
groups. An ether-solvated Li countercation completes the structure. The second product is
a Mn dimer in which each metal center has been alkylated and reduced by one electron

(Scheme 1.9). The dimerization is realized by C-C bond formation between two former

methyl imino groups which, as a result of the reaction, have been deprotonated by the
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alkylating agent. Deprotonation of the second methyl group by another equivalent of

alkyl may lead instead to the other byproduct of this unusual reaction.
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The transformations observed with the Mn system illustrate not only the
stabilizing ability of the ligand towards rare, low-valent states, but also the possibility of
deprotonating the imino methyl groups to form novel dianionic ligands or dimerized
neutral ligands. The results delineated thus far show the unique ability of the ligand to
undergo a variety of transformations and to engage in internal redox processes with the
metal center upon addition of activators or alkylating agents. The deciding factors
favouring one transformation over another were unknown at the time this work was
undertaken, but appear to be related to the nature of the metal center and the strength of

the alkylating agent.
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The Cobalt System

Despite structural similarities, the Fe and Co precatalysts of the bis-iminopyridine
ligand behave differently towards ethylene polymerization.?' Upon activation with MAO
the Co congener displays a lower catalytic activity for ethylene polymerization than the
Fe derivative under the same conditions, producing highly linear polyethylene of a much
lower molecular weight. GPC analysis of the polymer displays a unimodal distribution of
molecular weights with a large polydispersity, compared to the bimodal distribution of
molecular weights for the polymer made by the Fe catalyst. The lower molecular weight
fraction of this polymer consists mainly of saturated ends, with low levels of vinyl
unsaturation, indicative of a main termination pathway involving chain transfer to Al,
with fewer incidental B-H transfer events. On the other hand, the polymer generated by
the Co catalyst, as well as the smaller, high molecular weight fraction of the polymer
generated by the Fe derivative, contain a 1:1 ratio of vinyl to saturated ends, due to
dominant chain termination via B-H transfer to the monomer or metal center.’* The
difference in polymer quality suggests a profound difference in the structure and nature of
the active site performing the polymerization. In agreement with this statement,
mechanistic studies of both systems have lead to different conclusions, and the results of
the Co derivative are discussed below.

According to the established Ziegler-Natta polymerization mechanism, the active
species in the LCo"'Cl, catalyst precursor is expected to be a 15 electron cationic metal
alkyl, LCo"R”. Simultaneous studies by the groups of Gal and Gibson towards isolation
of the active species describe the addition of MAO or MeLi to the divalent precursor to
afford reduction of the metal center to the monovalent species, LCo'Cl (Scheme 1.10).%
Alternatively, the monovalent complex can be formed by direct reduction of LCo!'Cl,
with metallic Zn. Alkylation of the fnetal center proceeds in a subsequent step with a
second equivalent of MeLi, or via reaction with other nucleophilic alkyls (MeMgBr,
Bz,Mg, LiCH,TMS), to form LCo'R (Scheme 1.10). Although none of the alkyl
derivatives are active for ethylene polymerization per se, once activated by MAO they
exhibit identical activities and polymer qualities as the divalent precursor. Reduction of

the catalyst by one electron has therefore been established as the first step towards
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activation of the catalyst with MAO, discounting the formation of a cationic Co" alkyl as

the active species and raising questions about the possible chain initiation mechanism.

Scheme 1.10
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Prying further into the mechanism, addition of the Lewis acid B(C¢Fs); to
LCo'Me leads to methide abstraction and dinitrogen fixation by the resulting cationic Co'
center (Scheme 1.11).°%° In the presence of ethylene, the end-on dinitrogen unit is
replaced by a m-bound ethylene molecule and polymerization proceeds, albeit with
extremely low activity (11 g PE/mmol-h-atm). The conclusions that can be drawn thus far
are that the active species initially formed upon activation by MAO is a cationic Co'
species, as opposed to a Co-alkyl. Erker ef al. reported similar observations, including Cl
abstraction from LCo'Cl by addition of Li[B(C¢Fs)4] and trapping of a cationic Co'
species devoid of an alkyl and yet capable of polymerizing ethylene in very low yields
(Scheme 1.11).” The possibility that the observed activity is the result of trace alkyls
present in the reaction mixture has not been excluded. Nevertheless, these results
question the identity of the active species and the pre-established necessity for transition

metal 6-bound alkyls to initiate polymerization in late transition metal systems.
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Numerous pathways can be envisaged for the initiation of the polymer chain,
including reaction of the bound ethylene molecule with a Lewis acid to generate a
zwitterionic Co(III) species, formation of a metallacyclopentane by oxidative coupling of
two ethylene units, or even C-H bond activation of the coordinated ethylene to form a
Co(Ill) vinyl hydride, among others.>>>* Recently, two Zr systems employing similar
silylamido-cyclopentadienyl ligands have also challenged the traditional Ziegler-Natta
paradigm by polymerizing ethylene in the absence of an apparent transition metal o-
alkyl.” In these cases, the initial C-C bond forming step is believed to proceed via alkyl
transfer from the countercation-bound methyl group, originally abstracted from the metal
center by the activator, to the coordinated ethylene. Gibson et al. completed an interesting
study involving deuterium labeling of the metal-bound methyl group in LCo'Me,
demonstrating incorporation of —CDj; to the saturated ends of the resulting polymer.>*
Therefore, initiation of polymerization involves incorporation of the alkyl groups from
the cocatalyst, most likely proceeding via nucleophilic attack of the pre-abstracted

methide on the Co center and coordination of the Lewis acid to the bound ethylene,
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oxidizing the metal center to Co(Ill) in the process (Scheme 1.12). Chain propagation

may then proceed by ethylene insertion into either Co-C bond.
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Besides activation by MAO or B(C¢Fs)3, polymerization of ethylene by LCo'Me
could also be triggered by addition of Li[B(CgFs)s].>*® A plausible ligand specific
activation mode was offered by Erker, describing interaction of the Li cation with one
arm of the ligand, creating a vacant site at the metal center for approach of an ethylene
unit (Scheme 1.13). The lability of the imino N atom is not without precedent, as shown

33be It is

by the modified ligand, where n-bonding to the aryl group stabilizes the complex.
therefore conceivable that ethylene could also act as a suitable stabilizing donor for the

metal center.
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The experimental observations presented above illustrate an unexpected activation
mode for the Co-bis-iminopyridine precatalyst. Contrary to the formation of a cationic
divalent Co alkyl as the active species, activation with MAO affords instead one electron

reduction of the metal center to give an alkyl-free Co(I) cationic unit. The unusual
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activation pathway implies an alternative mechanism of ethylene polymerization than
previously assumed and raises questions as to the mechanism involved in catalysis by the

Fe derivative.

The Aluminum System

Preliminary studies by Gibson®® and Grassi®’ exploring the reaction between the
bis-iminopyridine ligand and aluminum activators once again demonstrated the complex
nature of these systems. Upon simple coordination of the ligand to AlMes, one of the
imino functions on the ligand backbone becomes alkylated (Scheme 1.14). In an effort to
assess the reactivity of the bis-iminopyridine-Al complexes as cationic aluminum alkyls
for ethylene polymerization, B(C¢Fs); was added to the imino-alkylated adduct to abstract
a methyl group.’® Small amounts of solid polyethylene were isolated after ethylene was

passed over the resulting cationic Al alkyl.

Scheme 1.14
Et
Ar
N/
4 X
\/(:I\/ A|R2X \)\/j\k R N_ N——:O\|<
\AII—N’ N R
\ R=Et Me A~ \A X ~Ar
X =Me, Cl ; N
5 Ar
R X Et
(CeFs)3
R =Me, X =Me
~
|| CHs
N
N | N CaHa 80-120 g PE/mmol/h/atm
A7 AT TAr
@
&)
CHs MeB(CsF5)3

Budzelaar et al. completed a more in-depth study of the reactivity between
various aluminum activators and the ligand system.’® NMR studies revealed the presence

of several products upon addition of the aluminum complexes to the ligand. Besides
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alkylation at the imino-C atom, other products included alkylation of the ortho and para-
positions of the pyridine ring. Another unexpected product from the reaction with
AIEt,Cl was a strange dimer whose dinuclear structure is realized through C-C bond
formation between adjacent meta-carbons from two identical units (Scheme 1.14). The Al
center remains coordinated to an alkyl moiety, a Cl atom and the ligand, which has in
turn been alkylated at the para-position of the pyridine ring. These observations are
analogous to the reactivity witnessed on chromium.”® The trend emerging from the
chemistry summarized above is that the ligand becomes susceptible towards nucleophilic
attack by alkylating agents at various positions of the ligand backbone. To better
elucidate this point, reactivity studies were therefore attempted with various alkylating

agents in the absence of transition metals.

Ligand Alkylation

Addition of MeLi to a suspension of the free ligand in ether resulted in
methylation of the pyridine nitrogen atom and tri-coordination of the ligand to the Li
cation, affording both a dinuclear® and mononuclear® species (Scheme 1.15). The
dinuclear complex features a Li-C bond from the first Li cation to the para-carbon of the
pyridine ring of the second unit. The tetra-coordination of the second Li is completed by
a molecule of ether, preventing further aggregation.

Nucleophilic attack at the relatively electron-rich N atom of the pyridine ring was
unprecedented and is obviously not preferred over alkylations at other positions. The N-
methylation appears to be reversible, seeing that reaction with a mild electrophile like
"PrBr abstracts the Me group and reverts the structure back to that of free ligand (Scheme
1.15).% Moderate heating of either the mononuclear or dinuclear species afforded mono-
deprotonation of one of the two imino-methyl groups and consequent anionization of the
ligand.”*® Deuterium labeling studies have shown that deprotonation of the ketimine
wings is not due to methyl migration through the ligand, but rather to primary

dissociation and subsequent attack by a Li-bound Me group.®!
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Scheme 1.15
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Reversible nucleophilic attack at the pyridine N atom has been uncovered as a
recurring theme in a recent paper by Gibson, concerning reaction of the‘tigand with other
main group alkyls, like MgR, and ZnR,, where R = Me, Et, ‘Pr.®' Unlike the MeLi
product, deprotonation of the imino-methyl groups is not an observed reaction pathway.
However, tautomerization may occur, where methyl migration from the N atom to the
ortho-position of the pyridine ring is found to be largely driven by steric factors. Perhaps
most intriguing is the perceived involvement of single electron transfer (SET) in the
mechanism of ligand alkylation, akin to the related chemistry of a-diimine® ligands

(Scheme 1.16). EPR studies have uncovered the presence of a radical intermediate.



Chapter 1 34
Scheme 1.16
AN N A
| — | ’R\ l R
N MR, B & N T
PO N N.
Ar/N N\Ar Ar/N\M/N\Ar A7 TS A
M = Mg, Zn R R
R = Me, Et, Pr
MR, j
_ \ _ _ § _
® B
N N
N | N o+
A M A ——— | AN Noar
/\ /\
L R R - L R R i

The potential of the deprotonated mono-anionic organolithium complex as a
supporting ligand for ethylene polymerization catalysts was intriguing. However, the
reaction is complex and not suitable for large scale preparation, due to the low yield and
presence of other intractable products.’®®! Therefore, the use of a different alkylating
agent was attempted, namely LiCH,Si(CH3);. Addition of one equivalent of
LiCH,Si(CH3);3 to a suspension of the intact ligand in THF lead to the isolation of a novel
dianionic ligand, in which both ketimine methyl groups have been deprotonated (Scheme
1.17).63 This behaviour may explain the related outcome upon addition of LiCH,Si(CH3);
to the MnCl derivative, as previously discussed (Scheme 1.9).*® Incidentally, this simple

preparation has allowed the rational preparation of the dianionic form of the ligand in

very large scale, therefore opening new perspectives for the chemistry of these systems.
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The Dianionic Ligand as a Supporting Ligand for Lanthanide Metals

The preparation of the modified dianionic ligand has encouraged a series of
reactivity studies to evaluate the coordination chemistry and catalytic activity of the
dianionic ligand supporting various transition metals. Nowhere has its use been more
significant than in the chemistry of the lanthanides (La, Nd), fueled by the surprising
inability to form complexes with the intact ligand and the hopes that anionization of the
ligand may improve binding to the metal center. Addition of the dilithium diamido ligand
to LnCl3(THF); (Ln = Nd, Cl) resulted in facile formation of the expected metathesis
products, maintaining the metal center in the trivalent state (Scheme 1.18).8%* The Nd

complex could also be recrystallized as an anionic DME adduct.
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The importance of lanthanide complexes as stereospecific butadiene
polymerization catalysts encouraged further reactivity testing. The Nd complex displays
an excellent catalytic activity for butadiene polymerization, forming cis-polybutadiene
with good yields and high selectivity.”® Attempted alkylations with a variety of Grignard
and organolithium reagents led only to intractable materials. In one attempt a successful
alkylation was achieved with allylMgBr on the DME-Nd adduct. The allyl unit and a Br
atom replaced both Cl atoms (Scheme 1.19).*> The Li countercation was maintained
outside the coordination sphere of the metal center. Interestingly, the allyl adduct was not

a highly active catalyst for butadiene polymerization.
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One question regarding the use of the new dianionic ligand was whether it could
stabilize low-valent metal centers as well as the neutral ligand. As expected, reduction of
the above dichloride complexes does not lead to the formation of rare divalent Nd
centers. Instead, the ligand is the recipient of the electron, undergoing C-C bond
formation between the methyl groups of two identical units* to form a similar dimeric

structure to that observed in the chemistry of Mn (Scheme 1.20).*
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Electronic Properties of the Ligand System

In regards to supporting catalytic activity towards ethylene polymerization, the
bis-iminopyridine ligand is a truly fascinating system, having gained attention by
transforming stereotypically benign late transition metals into unprecedented catalytic
systems.”’ Studies to date have unveiled unique chemical properties of the ligand,
revealing pronounced non-ancillary behaviour through direct involvement in the
reactivity of the metal center. The ligand system has been shown to undergo a variety of

47,58-61

transformations, including alkylation at all positions of the pyridine ring, alkylation
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59-61 48,63,64

or both ketimine methyl groups,

and even dimerization through the ketimine methyl groups**

of the imino-C atom,”*>® deprotonation of one
or the meta-positions of
the pyridine ring.***® However, it is the distinctive electronic properties of the ligand that
differentiate it from other systems. Certain electronic variations in the ligand backbone
result in termination of the catalytic activity, therefore highlighting an unusually
enhanced dependence on the electronic configuration of the ligand core. For example, if
the para-hydrogen atom on the pyridine ring is replaced with a chloride, the catalytic
activity of the Fe catalyst decreases tremendously.®®

In 2000, the first study on the electronic configuration of the ligand was
published, involving octahedral diligated complexes of various first row transition
metals.** It concluded that the ligand could bind either in a neutral fashion, or in a one
electron reduced form. In a following paper, computational studies revealed a low-lying
7* orbital on the ligand and the propensity for electron transfer from the metal t,, orbital
to the LUMO of the ligand.**® The metal-to-ligand charge transfer (MLCT) could be
characterized crystallographically by an elongation in the C=N bond lengths, as well as
by a small and yet visible contraction of the Cimine-Corho bond distances. The number of
electrons transferred could be quantified by comparing the ligand deformations to a Zn
reference complex. However, difficulties arise when determining whether the electron
has been transferred completely to the ligand system from the metal center, or whether a
more accurate description of the bonding situation is but an increased level of back-
donation from the metal center to the ligand. Distinguishing between the strongly back-
donating MLCT model and a purely biradical model is not possible by crystallographic
methods since in most cases, the overall bonding is the result of the two bonding
possibilities. The percentage of participation of one over the other will depend on the
nature, oxidation state and spin state of the metal center. Therefore, the degree of
reduction, as determined by the metal center, could dictate the nature of the
transformation, with certain transformations occurring more frequently than others. It will
depend on the energy difference in the metal d orbitals vs the LUMO of the ligand, as
well as any electron-pair repulsions in paired d-electrons. Variations in the degree of
reduction of the ligand may help to explain the multitude of transformations outlined thus

far.
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In an attempt to verify the electron accepting ability of the ligand, reduction
reactions were carried out in our lab. Reduction of the free ligand with metallic Li led to
the formation of two rare organotrilithium compounds (Scheme 1.21).%° The first
complex contains an intact ligand bound to three Li cations and displays a magnetic
moment of 1.30 pg. Although the value is slightly lower than expected for one unpaired
electron, an explanation may be provided by the existence of an antiferromagnetic
exchange between the radical anions, the existence of which are confirmed by a complex
25-line EPR spectrum centered around g = 2.001. The second species, also composed of
three lithium centers, has undergone deprotonation at one of the imine methyl groups and
hence is not paramagnetic in nature. Conversion of the first product to the second product
occurs readily upon heating, and implies a formal one electron oxidation through the loss
of one H atom. In accord, reduction with Li(naphthalenide) led only to the second
product (Scheme 1.21). Besides being a weaker reducing agent, the basicity of
Li(naphthalanide) may also promote deprotonation over reduction. Regardless, the
reduction of the ligand with Li has undeniably shown the exceptional ability of the ligand

-to accommodate up to three electrons in its delocalized n-system.
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The inherent electron accepting ability of the ligand may lead to the appearance of
low-valency at the metal center. An interesting example of this phenomenon involves a
pseudo-divalent Nd complex prepared in our lab. During an attempt to prepare a highly
reactive Nd(II) species, metallic Nd and I, were reacted in the presence of the ligand. The
isolated product is characterized by an intact ligand surrounding the metal center, which
is also coordinated to two iodide atoms and a molecule of THF (Scheme 1.22).** From
the formal point of view, the metal center appears to be in the +2 oxidation state.
However, the magnetic behaviour of the complex clearly indicates that the complex
actually consists of a Nd(II) center antiferromagnetically coupled to a ligand radical
anion. In this case, the ligand is the recipient of one electron from the metal center, to be

delocalized throughout the n-system.

Scheme 1.22
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The electron accepting ability of the ligand is not limited to lanthanides and
lithium complexes. Calculations by Budzelaar have highlighted that the Co center in the
one-electron reduced precursor to ethylene polymerization is indeed a divalent Co center
antiferromagnetically coupled to a ligand radical anion.®’ The phenomenon of ligand
reduction at the expense of the metal center appears to be a trend, and as such, examples

permeate the chapters of this thesis.

The Iron System

Although the bis-iminopyridine Fe system displays a higher level of catalytic
activity than any other derivative, up until recently less was known concerning its mode
of activation. Under the assumption of a straight forward Ziegler-Natta mechanism of

operation, several theoretical studies have been published despite the absence of
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experimentally isolated intermediates.*® Disagreements abound, however, concerning the
spin state of Fe in the active center (a 14 electron cationic Fe alkyl). On the basis of DFT

calculations, Ziegler predicted a low spin state for the active Fe center,*®® while
Morokuma** and Zhakarov** proposed a high spin species. In parallel, attempts were
made to experimentally isolate intermediates from the activation process. However, the
anticipated lability of the Fe dialkyl intermediate hampered efforts, apparently due to
facile reductive elimination, as experienced for numerous other Fe dialkyls.®®

Shifting attention towards the isolation of a halogenated cationic species as a
precursor to the monoalkyl cationic center, Gibson ef al. reacted the LFeCl, complex with
AgSbFg.** As expected, the Ag reagent abstracted one chloride, forming a cationic metal
center stabilized by the presence of a donor molecule in the empty coordination site
(Scheme 1.23). The presence of donor molecules may be eliminated with the use of a

dichelating monoanionic ligand, such as acac. The fully saturated, donor-free cation was

generated via reaction with Ag(acac) followed by NaBPh,.

Scheme 1.23
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The cationic complex is not active for the polymerization of ethylene unless
further activated with MAO. However, in the presence of MAO, activities comparable to
the original FeCl, complex were obtained, as well as nearly identical polymers, indicating
participation of the same active species.*” Although the results of Gibson do not provide
information with regards to activation of the catalyst with MAO, they do illustrate the
possibility of forming a cationic Fe(II) complex.

The group of Talsi completed an intensive investigation of the reaction of LFeCl,

with MAO and AlMe; monitored by 'H-NMR and 2H-NMR.* Unfortunately, the
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paramagnetic nature of Fe in these compounds prevents unambiguous assignment of the
resonances. Peak assignments were therefore made based on intensity and line width,
which correlates well with distance from the paramagnetic center. Talsi’s studies, in
combination with mass spectrometry experiments by Repo,** led to the suggestion that a
bimetallic species of Fe and Al may be formed. In addition, complete replacement of the
chloro groups with methyl groups was observed as a result of an increased concentration
of the cocatalyst. The nature of MAO as a stronger Lewis acid than AIR; is illustrated
nicely in the experiment outlined in Scheme 1.24. MAO is capable of abstracting a
methyl group from the metal center to form an ion pair, whereas addition of AlMe;

results in neutral bridging structures and a coordinatively saturated metal center.***’

Scheme 1.24

n MAO xs AlMe,

n=10-200; X =Cl
n =500-1000; X = Me

The species characterized by NMR may actually be considered as the dormant
states in the mechanism (due to the lack of empty coordination site). De-coordination of
the Lewis acidic AIMe; would generate a coordinatively unsaturated cationic divalent

metal alkyl as the high-energy intermediate that propagates polymerization. The



Chapter 1 42

equilibrium between the dormant and active states is the factor directing the catalytic
cycles.

In addition to controversies regarding the spin state of Fe in the catalytically
active species, the oxidation state of the Fe cent;r also became the center of a debate.
Contrary to Talsi and Repo’s conclusion of a divalent active Fe center,**** Gibson
proposed the formation of a trivalent active site upon addition of MAOQ, based on
comparative Mossbauer and EPR studies involving complexes of both oxidation states.*
Nevertheless, structural characterization of an actual active site or intermediate had not

been achieved by this point.

Aim of the Thesis

The preceding pages of this introduction have highlighted the unique and diverse
properties of the bis-iminopyridine ligand. Despite the wealth of information gathered for
other transition metal systems, the most active and promising catalyst, Fe, remains poorly
understood. The ambiguity of the mechanistic studies and the lack of concrete results
furnished by other groups encouraged us to pursue research aimed towards understanding
the system. The lofty goal of our curiosity-driven research was the isolation of the active
species responsible for the high activity displayed by the catalyst. In an attempt to furnish
the desired results, reactivity studies were undertaken involving reaction of the FeCl,
precursor with various alkylating agents and aluminum activators. Concomitant to our
work, other groups were pursing similar chemistry, publishing observations which mainly
furthered our results. A discussion of their work has been included in the following
chapters where deemed appropriate. Therefore, the first few chapters deal with the
reactivity of the Fe-bis-iminopyridine catalyst. Subsequent chapters expand our
knowledge of the unique bis-iminopyridine ligand and its derivatives on Co and Cr,
culminating in an extensive list of possible Fe-dinitrogen complexes and dinitrogen
cleavage by a reduced Cr complex. The last chapter tests the ability of a different N-

based ligand to support catalytic activity for late transition metals.

Chapter 2 outlines the multitude of transformations occurring upon alkylation with

LiCH,Si(CH3)s, including dialkylation of the metal center, alkylation of the ortho-
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position of the pyridine ring and the imino-C atom, deprotonation of both imino-methyl

groups and even reduction and dimerization towards a dinuclear mono-valent Fe alkyl.

In Chapter 3, the reactivity of the precursor in the presence of MeLi is explored.
Reduction by two electrons appears to be a prerequisite for formation of the active

species.

The intriguing observations regarding reaction with aluminum alkyls are included in
Chapter 4. Although our ultimate goal of isolating the active species was not fully
realized, the isolated deactivation products, as well as analysis of results from the
previous chapters, have aided in suggesting a possible reaction mechanism for the

system.

Chapter 5 follows an in-depth study of the Cr-bis-iminopyridine system, describing the
formation of a formally monovalent Cr complex exhibiting greater catalytic activity for
ethylene polymerization than the tri- or divalent congeners. Reactivity studies with
various alkylating agents and aluminum activators have isolated several products,

including a similar deactivation product as seen with the Fe precursor.

The theme of dinitrogen fixation is explored in Chapter 6, where reduction of the FeCl,
precursor leads to the isolation of various nitrogen-bound products. Unfortunately,
despite increased amounts of reducing agent, the dinitrogen moieties refused to be

reduced, instead adding electrons to the ligand backbone.

The culmination of dinitrogen chemistry is realized in Chapter 7, describing dinitrogen
activation and cleavage upon reduction of the bis-iminopyridine Cr complexes and
highlighting the difference in reactivity between the mid and late transition metals to

facilitate this transformation.
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Chapter 8 explores the complexation of CoCl, with the doubly-deprotonated dianionic
version of the ligand, leading to spontaneous dimerization of the ligand and reduction of

the metal center by one electron, as well as labile dinitrogen fixation.

Finally, Chapter 9 explores the use of another ligand system for late transition metals.
Although the catalytic activity of these new systems is non-existent, the macrocylic

structures assembled are of academic interest and are promising for future work.
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Chapter Two

Alkylation of the Bis-iminopyridine-FeCl, Precursor with
LiCH 2S iMe 3

Introduction

Regardless of the catalytic system considered for olefin polymerization, the metal-
carbon o-bond is at the foundation of this remarkable transformation. Although
disagreements abound with respect to the role of the activator, the presence of a cationic
metal center and the oxidation state of the metal in the catalytically active species, the
essential event in polymerization is the formation of a metal carbon c-bond.' Hence, the
most obvious preliminary step towards determining the mechanism of polymerization
almost always revolves around M-C c-bond formation and the factors which determine
both the reactivity and stability of this particular function. The importance of the M-C
bond has in turn boosted attention towards the preparation, characterization and reactivity
of homoleptic organo-transition metal complexes, in the interests of preparing single
component catalysts which do not require pyrophoric and dangerous aluminum or
expensive borane activators.

Unlike the main group metals, the formation of a transition metal alkyl is not a
trivial matter by any means. Throughout the early years, numerous attempts to isolate
seemingly simple complexes such as diethyliron or diethylcobalt were unsuccessful,
misleadingly promoting the idea that transition metal alkyls are not thermodynamically

stable. Contrary to this notion, however, transition metal alkyls are no less stable than
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main group alkyls,’ but their stability pivots mainly on kinetic considerations as opposed
to thermodynamic constraints. Unfortunately, transition metal alkyls suffer from facile
decomposition pathways, the most important being B-hydride elimination. In this process,
the B-hydrogen of the alkyl is transferred to the metal center through a four-membered
transition state, forming a metal-hydride o-bond and a weakly n-bound terminal C=C
double bond. In the case of first row transition metals, the metal center is easily reduced
by elimination of the hydride atom, generally resulting in the metal in its elemental form.?
One way to overcome this drawback is with the use of an alkyl free of B-hydrogens, such
as -CH,Si(CH3); or the neopentyl analogue. Only in this way have homoleptic Fe-alkyl
systems been isolated.

Contrary to the bleak outlook described above for Fe-C bonds, Fe-alkyls can be
stabilized by using ancillary ligands, like phosphines,’ cyclopentadienyl and CO,® which
on one hand greatly enhances the stability of the metal carbon bond, while on the other
substantially quenches the reactivity. More related to this work are the Fe-alkyls
supported by diamine or diimine ligands.” These complexes may be prepared relatively
easily from the original ligated dichloride precursors. Although similar in nature to the
FeCl,-bis-iminopyridine catalyst,® these species do not display the high degree of
catalytic activity for ethylene polymerization and are nonetheless susceptible to facile
reduction to the zero or monovalent state. It is therefore conceivable that, given the
outstanding activity of the bis-iminopyridine Fe catalyst,® the ligand provides the M-C
bond with the appropriate stability to disfavour termination pathways while maintaining
the high reactivity necessary for catalytic efficiency.

The attempts to isolate a dialkyl species from the bis-iminopyridine FeCl,
complex are described herein and involve the use of LiCH,Si(CHs); as the alkylating
agent. Although LiCH,Si(CH3); is not present in the actual catalytic run, and will
therefore not be involved in the polymerization, it was hoped that the lack of f-hydrogens
will provide the M-C bond with sufficient stability to be isolated. Given the complexity
of the behaviour of this non-innocent ligand and its frequent involvement in the reactivity
of the metal carbon bond, it will be important to monitor the alkylation of the Fe
complex. As seen in Chapter 1, alkylation of similar systems by several different

alkylating agents has led to nucleophilic attack at every position of the pyridine ring’ '
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and also the imine-carbon atom.'”!* Alkylation has also resulted in deprotonation of

Heel4 o1 both!™!?!1%18 ketimine methyl groups and initiated two separate

either one
dimerization pathways, either through the methyl imine groups,w"?"m”8 or through the
pyridine meta-carbons.'®'* The only instance in which the ligand was not attacked
during the alkylation was with the bis-iminopyridine-CoCl; precursor.19 However, in this
case, the metal center is reduced by one electron prior to alkylation. Needless to say,
alkylation of the bis-iminopyridine systems has never been straightforward, and as such,
simple dialkylation of the LFeCl, precursor would be rather surprising. For this reason,
the use of LiCH,Si(CH3); is even more advisable, as it increases the chance of isolating
characterizable products from the reaction mixture and will hopefully aid in uncovering
the secret behind the high activity displayed by the Fe system versus other transition
metals.

The aim of this study was to understand the chemistry of the Fe-C functionality in
the bis-iminopyridine Fe catalyst. Concurrent with the publication of this work, the
groups of Chirik’® and Campora®! independently published reports detailing the
formation of the Fe-dialkyl species from reaction of the bis-iminopyridine-FeCl,

precursor with LiCH,Si(CH3)s. Herein, we describe the extended results of the alkylation

of the bis-iminopyridine-FeCl, catalyst with LiCH,Si(CHj);.

Experimental Section

All operations were performed under a nitrogen atmosphere using standard
Schlenk techniques or in a purified nitrogen-filled dry-box. The THF complex of FeCl,
was prepared according to the standard procedure. The ligand 2,6-[2,6-
(‘Pr);PhN=C(CH;)]»(CsHsN),® the mono-'' and di-deprotonated'>'® derivatives and
LiCH,Si(CH3);* were prepared following published procedures. Infrared spectra were
recorded on a Mattson 9000 and Nicolet 750-Magna FT-IR instrument from Nujol mulls
prepared in a dry box. Samples for magnetic susceptibility measurements were weighed
inside a dry box equipped with an analytical balance and sealed into calibrated tubes and
the measurements were carried out at room temperature with a Gouy balance (Johnson
Matthey). Magnetic moments were calculated following standard methods and

corrections for underlying diamagnetism were applied to the data. Elemental analyses
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were performed on a Perkin-Elmer 2400 CHN analyzer. Data for X-ray crystal structure
determinations were obtained with a Bruker diffractometer equipped with a Smart CCD

area detector.

Preparation of {2,6—[2,6-(iPr)2PhN=C(CH3)]2(C5H3N)}FeClz_

A suspension of 2,6-[2,6-(‘Pr),PhN=C(CH3)]»(CsHsN) (2.05 g, 4.26 mmol) in THF was
added to a suspension of FeCl,(THF); 5 (1.00 g, 4.26 mmol) in THF and the resulting dark
blue mixture was stirred overnight. After evaporating the THF in vacuum, the residue
was dissolved in an appropriate amount of CH,Cl,, concentrated and layered with
hexane. Dark blue crystals of the bis-iminopyridine-FeCl, starting complex were grown
while sitting at room temperature for 2 days: 84% yield. Although this procedure is very
similar to published procedures® and prepares the identical compound, this synthesis
strictly avoids the use of water or alcohols, and as such, ensures a ‘dry’ starting complex

for further reactions. Full characterization of the material can be found in reference 8.

Preparation of {2,6-[2,6-(Pr);PhN=C(CH3)],-(2-CH,SiMe3)}(CsH3N)Fe(CH,SiMes)
2.1).

A suspension of FeCl(THF);s (0200 g, 0.85 mmol) and 2,6-[2,6-
(‘Pr),PhN=C(CH3)]o(CsH3N) (0.410 g, 0.85 mmol) in approximately 10 mL of THF was
stirred for four hours affording the usual dark blue colour. The suspension was cooled to
-35°C and mixed with a cooled solution of LiCH,SiMe; (0.168 g, 1.78 mmol) in THF.
The colour of the solution instantly changed from royal blue to dark reddish-orange upon
mixing. The solution was stirred for approximately one minute to ensure complete mixing
and evaporated to dryness, maintaining a cold temperature throughout the procedure.
Cold hexane was added to the dark brown residue and a dark reddish-orange suspension
was centrifuged to remove a substantial amount of insoluble material. The resulting
solution was allowed to stand at -35°C for 24 hours, upon which time the mother liquor
was removed from small dark crystals (recognized later as a small amount of 2.2),
concentrated and put back in the freezer for two days, resulting in the crystallization of
2.1 as dark red crystals (0.212 g, 0.30 mmol, 35% yield). Anal. Calcd. (found) for
C41HesFeN3S1 (%): C, 69.16 (69.05); H, 9.20 (9.18); N, 5.90 (5.87). IR (Nujol mull,
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cm™): v 3066 (w), 2929 (s), 1614 (m), 1568 (s), 1498 (s), 1363 (m), 1352 (m), 1321 (s),
1288 (m), 1242 (m), 1195 (m), 1143 (m), 1099 (w), 1056 (w), 1043 (w), 970 (w), 946
(w), 937 (w), 881 (s), 850 (s,b), 813 (m,b), 773 (m), 721 (m,b), 700 (m). et = 5.6 pg).

Preparation of {2,6-[2,6-(Pr);PhN=C(CH3)]2}(CsH;N)Fe(CH,SiMe3); (2.2).

Method A. The preparation was carried out as above except the remaining hexane-
insoluble solids were dissolved in ether. The colour became dark purple and the mixture
was centrifuged to separate a dark purple solution from a small amount of colourless
solids. The ether solution was concentrated and kept at -35°C for 2 days, upon which
crystals of 2.2 suitable for X-ray analysis were isolated (0.180 g, 0.25 mmol, 30% yield).
Anal. Calcd. (found) for C41HesFeN3Si; (%): C, 69.16 (69.13); H, 9.20 (9.15); N, 5.90
(5.83). IR (Nujol mull, cm™): v 2931 (s), 2865 (s), 1645 (w), 1585 (w), 1548 (w), 1282
(s), 1259 (m), 1263 (s), 1193 (w), 1155 (m), 1135 (m), 1110 (w), 1097 (w), 973 (s), 916
(w), 894 (w), 850 (s,b), 823 (s), 775 (m), 727 (m,b). [Hegr = 5.6 Kg].

Method B. A solution of LiCH;SiMejs (0.168 g, 1.78 mmol) in ether (5 mL) was added to
a suspension of FeCly(THF);s (0.200 g, 0.85 mmol) in ether (5 mL) at -35°C. The
mixture began to turn yellow with swirling. The mixture was kept at -35°C with periodic
swirling for approximately two minutes. The resulting brownish-yellow suspension was
added to a cooled suspension of 2,6-[2,6-(‘Pr);PhN=C(CH3)h(CsHsN) (0.410 g, 0.85
mmol) in ether (10 mL). The colour instantly became dark purple and the mixture was
stirred for two minutes to ensure complete mixing. The reaction was then centrifuged to
remove a dark purple solution from insoluble white precipitates. Upon concentrating and
freezing at -35°C, dark purple block crystals of 2.2 were obtained (0.357 g, 0.50 mmol,
59% yield).

Method C. A solution of LiCH,SiMe; (0.170 g, 1.80 mmol) in THF (5 mL) was added to
a suspension of {2,6-[2,6-('Pr);PhN=C(CH3)}»(CsH;N)}FeCl, (0.500 g, 0.82 mmol) in 10
mL of THF at -35°C. The colour slowly changed from dark blue to dark brownish-red
and the suspension slowly dissolved into solution upon stirring. After stirring for
approximately 30 minutes, the solvent was evaporated and cold hexane was added to the
brown residue. The resulting suspension was centrifuged and a dark olive-green solution

(from which 2.4 crystallized) was separated from the dark precipitates. Diethyl ether was
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added to the precipitates and the solution was centrifuged to separate a dark purple
solution from white precipitates. Concentration of the solution and standing in the freezer

for two days afforded crystals of 2.2 (0.304 g, 0.427 mmol, 52% yield).

Preparation of {2-[2,6-(iPr)2PhN=C(CH3)]-6-[2,6-(iPr)zPhNC(CH3)(CHZSiMe3)]
(CsH3N)}Fe(CH,SiMes) (2.3).

A procedure identical to that described for complex 2.1 was followed. Crystals of 2.3
grew out of the same hexane solution as 2.1 but could be physically separated with the
help of a stereo-microscope due to their very distinct rectangular shape (0.055 g, 0.08
mmol, 10 % yield). Anal. Calcd. (found) for C4;HgsFeN3Si; (%): C, 69.16 (69.10); H,
9.20 (9.18); N, 5.90 (5.87).

Transformation of 2.3 to 2.2.

Addition of diethyl ether (10 mL) to crystals of 2.3 (0.055 g, 0.08 mmol) afforded a dark
purple solution from which dark purple crystals of 2.2 were isolated after freezing at
-35°C for two days (0.035 g, 0.05 mmol, 62% yield).

Preparation of {[2,6—[2,6—(iPr)zPhN-C=(CH2)]2(C5H3N)}F e(u-CHLi(THF); (2.4).

Method A. To a suspension of {2,6-[2,6-(iPr)2PhN=C(CH3)]2(C5H3N)}FeCly_ (0.500 g,
0.82 mmol) in THF (10 mL) a solution of LiCH,SiMe; (0.170 g, 1.80 mmol) in THF (5
mL) was added at -35°C. The colour slowly changed from dark blue to dark brownish-red
and the solids slowly dissolved with stirring. After stirring for approximately 30 minutes,
the solvent was evaporated and cold hexane was added to the brown residue. The
resulting suspension was centrifuged and a dark olive-green solution was separated from
dark precipitates (identified as 2.2 upon recrystallization in ether, 65% yield). The
solution was placed in the freezer overnight and then the mother liquor was removed
from a small amount of crystallized 2.2 and placed back in the freezer. Dark orange
crystals of 2.4 were grown from the hexane solution after standing at -35°C for 2 days
(0.098 g, 0.12 mmol, 15% yield). Anal. Calcd. (found) for C4sHesCIFeLiN3O; (%): C,
67.96 (67.93); H, 8.37 (8.31); N, 5.28 (5.24). IR (Nujol mull, cm™): v 2918 (s), 2854 (s),
1644 (m), 1572 (s), 1322 (m), 1279 (s), 1249 (m), 1236 (s), 1210 (w), 1193 (w), 1154
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(m), 1134 (m), 1107 (m,b), 1047 (s), 1005 (m), 972 (s), 890 (m), 848 (s,b), 822 (s), 773
(s), 727 (s). [Mefr= 5.8 pp).

Method B. A solution of {[2,6-{[2,6-('Pr)2CsH3]N-C=(CH,)}»(CsHsN)]Li(THF)} {Li
(THF)4} (0.727 g, 0.85 mmol) in THF was added to a suspension of FeCly(THF), 5 (0.200
g, 0.85 mmol) in THF (35 mL) at -35°C. The colour of the suspension was dark
brownish-red. After stirring for approximately 30 minutes, the solvent was evaporated
and cold hexane was added to the brown residue. The suspension was centrifuged to
eliminate a small amount of lightly-coloured material. Dark orange crystals of 2.4 were
grown from the hexane solution upon standing at -35°C for 2 days (0.379 g, 0.48 mmol,
56% yield).

Preparation of [{2,6-[2,6-(Pr);PhN-C=(CH,)]2(CsH3N)}FeCH,Si(CHz)3][Li(THF)4]
2.6).

A solution of LiCH,SiMe; (0.168 g, 1.78 mmol) in ether was added to a suspension of
FeCl(THF); 5 (0.200 g, 0.85 mmol) in ether at -35°C. The mixture was stirred for
approximately two minutes, upon which time the colour gradually became darker yellow-
brown. At this time, a solution of {2-[2,6-(‘Pr);PhN-C=(CH,)]-6-[2,6-(‘Pr),PhN-
CCH3)(CsH3N)} Li(THF) (0.476 g, 0.85 mmol) in ether, also kept at -35°C, was added.
The colour of the mixture became dark royal blue and stirring was continued for one
hour. The ether was evaporated and the resulting mass solubilized in THF. After
centrifugation and concentration, the THF solution was layered with hexane affording,
after standing for two days, reddish-brown crystals of 2.6 (0.430 g, 0.47 mmol, 55% total
yield). Anal. Calcd. (found) for Cs3HgSiN3FeLiOy4 (%): C, 69.18 (68.77); H, 9.42 (9.68);
N, 4.57 (5.01). IR (Nujol mull, cm™): v 2952 (s), 2855 (s), 1561 (s), 1523 (w), 1468 (s),
1434 (m), 1377 (m), 1367 (m), 1356 (m), 1320 (m), 1309 (w), 1283 (w), 1252 (m), 1228
(w), 1209 (w), 1176 (w), 1125 (w), 1101 (w), 1083 (w), 1040 (s), 1003 (m), 968 (w), 935
(w), 916 (w), 887 (s), 868 (s), 812 (m), 771 (m), 760 (m), 746 (m), 722 (m). [pefr = 5.6
Hs].
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X-ray Crystallography

All of the compounds 2.1-2.6 consistently yielded crystals that diffracted weakly,
and the results presented are the best of several trials. The crystals were mounted on thin
glass fibers using paraffin oil and cooled to the data collection temperature. Data were
collected on a Bruker AXS SMART 1k CCD diffractometer. Data for the compounds 2.1
and 2.6 were collected with a sequence of 0.3° w scans at 0, 120, and 240° in ¢. To obtain
acceptable redundancy data for compound 2.3, the sequence of 0.3° @ scans at 0, 90,
180, and 270° in ¢ was used. Initial unit cell parameters were determined from 50 data
frames collected at different sections of the Ewald sphere. Semiempirical absorption
corrections based on equivalent reflections were applied.”> Systematic absences in the

diffraction data-set and unit-cell parameters were consistent with monoclinic P2,/n for

2.1, orthorhombic Pbca for 2.2, triclinic P1 for 2.3, monoclinic P2;/n for 2.4 and
monoclinic P2,;/c for 2.6. Solutions in centrosymmetric space groups for all of the
compounds yielded chemically reasonable and computationally stable results of
refinement. The structures were solved by direct methods, completed with difference
Fourier synthesis, and refined with full-matrix least-squares procedures based on F°. The
compound molecules were located in common positions in the structures of all the
complexes. All non-hydrogen atoms were refined with anisotropic displacement
coefficients. All hydrogen atoms were treated as idealized contributions. All scattering
factors are contained in several versions of the SHELXTL program library, with the latest
version used being v.6.12.%* Crystallographic data and relevant bond distances and angles

are reported in Tables 2.1-2.3.
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Table 2.2. Selected Bond Distances (A) and Angles (deg) of Complexes 2.1-2.3

2.1

2.2

23

Fe(1)-N(1) = 2.224(3)
Fe(1)-N(2) = 2.015(2)
Fe(1)-N(3) = 2.160(3)
Fe(1)-C(41) = 2.036(3)
C(1)-C(2) = 1.499(5)
N(2)-C(3) = 1.473(4)
C(3)-C(4) = 1.516(4)
C(4)-C(5) = 1.338(5)
C(5)-C(6) = 1.429(5)
C(6)-C(7) = 1.371(4)
C(7)-N(2) = 1.366(4)
C(8)-C(9) = 1.489(5)
N(1)-Fe(1)-N(2) = 75.94(10)
N(1)-Fe(1)-N(3) = 121.88(10)
N(1)-Fe(1)-C(41) = 115.74(13)
N(2)-Fe(1)-N(3) = 78.37(11)
N(2)-Fe(1)-C(41) = 140.44(13)
N(3)-Fe(1)-C(41) = 117.27(13)

Fe(1)-N(1) = 2.271(3)
Fe(1)-N(2) = 2.018(3)
Fe(1)-N(3) = 2.213(3)
Fe(1)-C(34) = 2.061(3)
Fe(1)-C(38) = 2.062(4)
C(1)-C(2) = 1.506(5)
C(8)-C(9) = 1.498(5)
N(1)-C(2) = 1.305(4)
N(3)-C(8) = 1.304(4)
N(1)-Fe(1)-N(2) = 72.78(11)
N(2)-Fe(1)-N(3) = 73.92(11)
N(1)-Fe(1)-N(3) = 140.80(10)
N(1)-Fe(1)-C(34) = 94.01(12)
N(2)-Fe(1)-C(34) = 140.17(13)
N(3)-Fe(1)-C(34) = 98.50(13)

N(1)-Fe(1)-C(38) = 105.96(13))

N(2)-Fe(1)-C(38) = 107.68(13)
N(3)-Fe(1)-C(38) = 103.37(13)

C(34)-Fe(1)-C(38) = 112.09(15)

Fe(1)-N(1) = 2.433(3)
Fe(1)-N(2) = 2.130(3)
Fe(1)-N(3) = 1.960(3)
Fe(1)-C(38) = 2.045(4)
C(1)-C(2) = 1.499(6)
N(3)-C(8) = 1.477(5)
C(8)-C(9) = 1.533(5)
N(1)-Fe(1)-N(2) = 69.27(12)
N(1)-Fe(1)-N(3) = 145.82(13)
N(1)-Fe(1)-C(38) = 99.55(15)
N(2)-Fe(1)-N(3) = 78.49(13)
N(2)-Fe(1)-C(38) = 156.75(16)
N(3)-Fe(1)-C(38) = 114.62(16)

Table 2.3. Selected Bond Distances (A) and Angles (deg) of Complexes 2.4-2.6

24

25

2.6

Fe(1)-N(1) = 2.013(6)
Fe(1)-N(2) = 2.095(6)
Fe(1)-N(3) = 2.022(6)
Fe(1)-Cl(1) = 2.318(2)
N(1)-C(2) = 1.380(9)

C(1)-C(2) = 1.362(10)
N(3)-C(8) = 1.375(9)

C(8)-C(9) = 1.344(10)

Fe(1)-C(34) =2.05 Fe(1)-N(1) = 2.094(4)

N(1)-C(2) = 1.31
C(1)-C(2) = 1.50
N(3)-C(8) = 1.31
C(8)-C(9) = 1.49

Fe(1)-N(2) = 2.138(4)
Fe(1)-N(3) = 2.078(4)
Fe(1)-C(34) = 2.068(5)
N(1)-C(2) = 1.360(6)

N(3)-C(8) = 1.354(6)
C(1)-C2) = 1.337(7)
C(8)-C(9) = 1.356(7)

CI(1)-Li(1) = 2.362(13)
N(1)-Fe(1)-N(2) = 75.7(3)
N(1)-Fe(1)-N(3) = 151.3(3)
N(1)-Fe(1)-CI(1) = 104.25(19)
N(2)-Fe(1)-N(3) = 75.7(3)
N(2)-Fe(1)-Cl = 177.48(18)
N(@3)-Fe(1)-CI(1) = 104.44(19)
Fe(1)-Cl(1)-Li(1) = 171.0(4)

N(1)-Fe(1)-N(3) = 145.67(15)
N(2)-Fe(1)-C(34) = 155.4(2)
N(1)-Fe(1)-C(34) = 107.1(2)
N(2)-Fe(1)-N(3) = 74.08(16)
N(1)-C(2)-C(1) = 127.6(5)
Fe(1)-C(34)-Si(1) = 128.6(3)
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Complex 2.1. Complex 2.1 consists of an Fe atom coordinated to the three nitrogen
atoms of the ligand system [Fe(1)-N(1) = 2.224(3) A, Fe(1)-N(2) = 2.015(2) A, Fe(1)-
N(3) = 2.160(3) A] which has been alkylated at one of the two pyridine ring ortho-
positions (Figure 2.1). One silylated-alkyl group is also attached to Fe [Fe(1)-C(41) =
2.036(3) A], providing the metal center with a severely distorted tetrahedral coordination
geometry [N(1)-Fe(1)-N(2) = 75.94(10)°, N(1)-Fe(1)-N(3) = 121.88(10)°, N(1)-Fe(1)-
C(41) = 115.74(13)°, N(2)-Fe(1)-N(3) = 78.37(11)°, N(2)-Fe(1)-C(41) = 140.44(13)°,
N(3)-Fe(1)-C(41) = 117.27(13)°]. The consequence of the pyridine ring alkylation and
resulting loss of aromaticity can be noticed in the ring deviation from planarity and the
expected variation in bond lengths compared to the precursor8 [N(2)-C(3) = 1.473(4) A,
C(3)-C(4) = 1.516(4) A, C(4)-C(5) = 1.338(5) A, C(5)-C(6) = 1.429(5) A, C(6)-C(7) =
1.371(4) A, C(7)-N(2) = 1.366(4) A]. The other geometrical parameters of the ligand do
not show significant features and are comparable to those of the vanadium catalyst that

underwent a similar distortion upon alkylation with MAO.’

Figure 2.1. Partial thermal ellipsoid plot for 2.1 with the ellipsoids drawn at the 30%
probability level. Hydrogen atoms have been omitted for clarity.
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Complex 2.2. The structure showed a pentacoordinated Fe atom bound to the three
nitrogen atoms of the intact ligand [Fe(1)-N(1) = 2.271(3) A, Fe(1)-N(2) = 2.018(3) A,
Fe(1)-N(3) = 2.213(3) A] and two alkyl units [Fe(1)-C(34) = 2.061(3) A, Fe(1)-C(38) =
2.062(4) A] (Figure 2.2). The overall coordination geometry around the metal center may
be regarded as distorted square pyramidal with the basal plane defined by the three
nitrogen atoms of the ligand system and the C atom of one of the two the alkyl groups
[N(1)-Fe(1)-N(2) = 72.78(11)°, N(2)-Fe(1)-N(3) = 73.92(11)°, N(3)-Fe(1)-C(34) =
98.50(13)°, C(34)-Fe(1)-N(1) = 94.01(12)°, N(1)-Fe(1)-N(3) = 140.80(10)°, N(2)-Fe(1)-
C(34) = 140.17(13)°]. The axial position is occupied by the second alkyl moiety [C(38)-
Fe(1)-N(1) = 105.96(13)°, C(38)-Fe(1)-N(2) = 107.68(13)°, C(38)-F(1)e-N(3) =
103.37(13)°, C(38)-Fe(1)-C(34) = 112.09(15)°]. The ligand system is basically intact as a
result of the coordination and does not show any significant features with respect to the

structures of other MCl, derivatives [M =V, Cr, Mn, Fe, Co, Ln].g'w’18

Figure 2.2. Partial thermal ellipsoid plot for 2.2 with the ellipsoids drawn at the 30%
probability level. Hydrogen atoms have been omitted for clarity.
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Complex 2.3. The structure of 2.3 consists of a tetracoordinate Fe atom surrounded by
the ligand system which has undergone alkylation similar to the case of 2.1 (Figure 2.3).
However, instead of being attached to the pyridine ring ortho-position, the alkyl group is
found connected to one of the two former imine C atoms. The coordination sphere of the
metal center is defined by the three N atoms of the alkylated ligand system and the C
atom of one alkyl group [Fe(1)-N(1) = 2.433(3) A, Fe(1)-N(2) = 2.130(3) A, Fe(1)-N(3)
= 1.960(3) A, Fe(1)-C(38) = 2.045(4) A]. The coordination geometry of Fe is distorted
between square planar and tetrahedral [N(1)-Fe(1)-N(2) = 69.27(12)°, N(1)-Fe(1)-N(3) =
145.82(13)°, N(1)-Fe(1)-C(38) = 99.55(15)°, N(2)-Fe(1)-N(3) = 78.49(13)°, N(2)-Fe(1)-
C(38) = 156.75(16)°, N(3)-Fe(1)-C(38) = 114.62(16)°]. The alkylation of the ligand
Cimine atom causes a substantial distortion and deviation from planarity in that region of
the molecule. The quaternization of the former imine C atom is reflected in bond
distances and angles as expected for the disappearance of the conjugation [N(3)-C(8) =
1.477(5) A, N(3)-C(8)-C(7) = 108.0(3)°]. The Fe-N distance is also shorter than the

others as a result of the acquisition of anionic character of that particular N atom.

Figure 2.3. Partial thermal ellipsoid plot for 2.3 with the ellipsoids drawn at the 30%
probability level. Hydrogen atoms have been omitted for clarity.
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Complex 2.4. The molecule consists of a four-coordinate Fe atom (Figure 2.4) bonded to
the three nitrogen atoms of the newly-modified ligand [Fe(1)-N(1) = 2.013(6) A, Fe(1)-
N(2) =2.095(6) A, Fe(1)-N(3) = 2.022(6) A] and a chlorine atom [Fe(1)-Cl(1) = 2.318(2)
A)]. The chlorine atom bridges one Li cation solvated by three molecules of THF [CI(1)-
Li(1) = 2.362(13) A]. The Fe center is found in a slightly distorted square planar
geometry [N(1)-Fe(1)-N(2) = 75.7(3)°, N(2)-Fe(1)-N(3) =75.7(3)°, N(3)-Fe(1)-Cl(1) =
104.44(19)°, CI(1)-Fe(1)-N(1) = 104.25(19)°, N(1)-Fe(1)-N(3) = 151.3(3)°, N(2)-Fe(1)-
CI(1) = 177.48(18)°]. The ligand system displays very short distances between the imino-
C’s and the ketimine methyl-C’s [C(1)-C(2) = 1.362(10) A, C(8)-C(9) = 1.344(10) A},
typically indicating that the former Me group has been deprotonated with consequent
formation of a C=CH, function. In turn, there is a parallel increase in the adjacent

C=Nimine bond lengths [N(1)-C(2) = 1.380(9) &, N(3)-C(8) = 1.375(9) A].

Figure 2.4. Partial thermal ellipsoid plot for 2.4 with the ellipsoids drawn at the 30%
probability level. Most hydrogen atoms have been omitted for clarity.
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Complex 2.5. Despite numerous attempts, the diffraction data of complex 2.5 was never
good enough for a complete anisotropic refinement. However, the connectivity could be
established in one case, and a representative structure is shown in Figure 2.5. The
complex is a symmetry generated dimer, with identical Fe centers surrounded by the
ligand system and an alkyl group [Fe(1)-C(34) = 2.05 A] in a distorted square planar
arrangement. The bimetallic nature is realized by a C-C bond between the ketimine
methyl C’s of two equal units. Other ligand features are as expected for the ligand in its

intact state.

Figure 2.5. Ball and stick drawing of 2.5.

Complex 2.6. The crystal structure of 2.6 (Figure 2.6) is very similar to 2.4 except for the
alkyl unit and lithium cation solvated by four molecules of THF and unconnected to the
Fe-containing anion. The bond distances and angles of the distorted square planar atom
are very comparable [Fe(1)-N(1) = 2.094(4) A, Fe(1)-N(2) = 2.138(4) A, Fe(1)-N(3) =
2.078(4) A]. The Fe-C distance [Fe(1)-C(34) = 2.068(5) A] also compares well with
those of 2.1, 2.2, 2.3, and 2.5. The coordination geometry around the Fe center displays a
significant deviation from planarity [C(34)-Fe(1)-N(2) = 155.41(18)°; N(1)-Fe(1)-N(3) =
145.67(15)°, N(1)-Fe(1)-N(2) = 73.34(17)°]. The dianionic character of the ligand system
is witnessed by the short C-C distances [C(1)-C(2) = 1.337(7) A, C(8)-C(9) = 1.356(7) A]
formed by the C atom attached to the imine functions, describing a definite C-C double
bond character. By the same token, the C-N distances are elongated compared to the

those found in complex 2.2 [N(1)-C(2) = 1.360(6) A, N(3)-C(8) = 1.354(6) A].
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Figure 2.6. Partial thermal ellipsoid plot for 2.6 with the ellipsoids drawn at the 30%
probability level. Most hydrogen atoms have been omitted for clarity.

Results and Discussion

The reaction of LiCH,SiMe; with the dark blue 2,6-[2,6-(‘Pr),PhN=C
(CH3))2(CsH3N)FeCl,, prepared in situ by reacting the neutral 2,6-[2,6-
(‘Pr);PhN=C(CH3)]»(CsH;N) ligand with FeCl,(THF), 5, was carried out in THF at -35°C
(Scheme 2.1). Dark red crystals of the divalent {2,6-[2,6-(‘Pr),PhAN=C(CH3)],-2-
CH;SiMe; } (CsH3N)Fe(CH,SiMes) (2.1) were isolated after separation from the insoluble
materials and fractional crystallization in pure hexane. In turn, the hexane-insoluble
fraction was recrystallized from cold ether, affording large, dark purple crystals of {2,6-
[2,6-(‘Pr);PhN=C(CH3)],}(CsH3N)Fe(CH,SiMes); (2.2) (Scheme 2.1). The formulae and
connectivity of both complexes have been elucidated by X-ray crystal structures (Figures
2.1 and 2.2).
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Scheme 2.1
FeCly(THF); 5 +
R= CstI(CH3)3
THF . Ar= 2,6-(’PT)206H3
s | 2LR
y
N R

The formation of complex 2.1 is the result of two distinct processes. The first is
the alkylation of the pyridine ring ortho-position. Similar to the case of the vanadium
analogue,” this may be explained by the presence of a substantial displacement of
negative charge from the ring ortho-carbon atom in the starting 2,6-[2,6-
('Pr),PhN=C(CH3)]»(CsH3N)FeCl, adduct, which makes this particular position more
susceptible to nucleophilic attack. The ortho-alkylation has a major impact on the
molecular structure since the consequent 