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ABSTRACT

Pletcher, Paul Daniel, Ph.D., Purdue University, August 2016. Kinetics and Mechanisms
of Amine Bis-phenolate Polymerization Catalysts Featuring Titanium, Zirconium, or
Hafnium Centers. Major Professor: Mahdi Abu-Omar.

The story of Group IV metallocene polymerization catalysts has been a tremendous
success in the ability to tune chemical reactivity through structural design. As new,
nonmetallocene catalyst systems are being investigated, there has been a lack of
quantitative relationships for predicting optimal catalyst design for both desired reactivity
and polymeric properties. By utilizing a rational catalyst design strategy that focuses on
obtaining a quantitative kinetic analysis of all relevant chemical steps from a family of
related catalysts, we have attempted to correlate the fundamental reactivity within the
olefin polymerization mechanism to distinctive chemical structures. Such studies have
revealed both predictive, quantitative correlations and new, unexpected reactivity in a

family of Group IV amine bis-phenolate catalysts.



CHAPTER 1. QUANTITATIVE KINETIC ANALYSIS OF SINGLE-SITE OLEFIN
POLYMERIZATION CATALYSIS

1.1 Introduction

The ability to convert olefins and a-olefins into high molecular weight materials
via insertion between metal and alkyl chain is one of the fundamental chemical reactions
that has built the modern world, with projected estimates of nearly 170 billion kg of
materials produced by 2018.! The discovery of heterogeneous Ziegler-Natta catalysts has
eventually led to homogeneous catalysts capable of systematic design.>> Further progress
in terms of cocatalyst design from methylaluminoxane (MAQO) to well-defined, molecular
borate/aluminate/aminate catalysts have allowed for kinetic and chemical reactivity
studies.® In fact, the field of organometallic, coordination-insertion polymerization has
developed a mature understanding in terms of the different types of fundamental chemical
reactions.”” In contrast, development of quantitative structure-functional relationships has
lagged. The hope and purpose behind this research has been to develop kinetic models in
terms of Group IV olefin polymerization to discover chemical descriptors that can be used

to develop the next generation of catalysts and polymeric materials.



Systematic development of qualitative relationships between structure and function
with Group IV catalysts featuring metallocene ligands has suggested that rationale design
of olefin polymerization species may be possible.> Through careful kinetic and
computational analysis, a study by Abu-Omar and coworkers on the polymerization of 1-
hexene through different Titanium cyclopentadienyl/aryloxide catalysts has shown a
quantitative structure-function relationship between the ion pair separation energy of the
cationic Ti center to the inner-sphere MeB(CsFs)3 counter anion and the propagation rate
constant.”® Despite this example of correlating catalyst chemical structure to reactive
functionality, there is a lack of fundamental, quantitative studies connecting structure and
function.

The development of group IV coordination catalysts and polymeric products has
been accelerated through the development of high-throughput screening processes. Such
design strategies have led to Dow’s catalyst systems for block copolymer products'® or the
rapid development of phenoxy imine catalysts.!! These studies often rely solely on catalytic
activity on monomer (ethylene, a-olefins, or multiple monomers) consumption and
analysis of the polymer produced. Reliance on these limited measurements fails to capture
both the entire mechanism and the associated rate constants for each step. Without such
information, developing quantitative chemical descriptors for rational catalyst design
remains an elusive goal.

In the attempt to replicate the success of structure-activity relationships studies in

3 an overall

heterogeneous systems, such as with CO oxidation'? or water gas shift reaction, !
design strategy has been conceptualized, Figure 1.1. After synthesis of a catalyst family,

an array of quantitative studies of the kinetics, structural, and polymer bulk properties will



be analyzed to understand the behavior of both the chemical reactivity of the catalyst as
well as the corresponding polymer properties that arise from the corresponding rate
constants. Through analysis of a family of catalysts, a forward model can be quantified to
develop catalyst descriptors that can be used as an inverse search for new group IV
compounds. Alternatively, an inverse model approach to the coordination polymerization
design scheme exists: experiments with a known family of catalyst structures produces
polymeric materials which can be used to describe properties such as molecular weight,
tacticity, or other structural features that influence the polymer bulk properties. For the
purpose of this thesis, the forward model approach will be utilized to study and determine
catalyst descriptors for the purpose of designing new catalysts and polymeric materials.
This requires and relies on the acquiring an overall mechanism with quantified kinetic rate

constants for each elementary step.
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Figure 1.1 Idealized Group IV Coordination Polymerization Design Scheme



In many reports, rate constants for elementary steps in the catalyst cycle are
determined over limited conditions and do not capture the entirety of the mechanism or
assume total catalyst participation.'*!” For example, a common method of determining
catalytic activity is to run an experiment in a massive loading of monomer before
quenching the reaction at a specified time and weighing the mass of polymeric material.'®
This experiment captures a single measurement point and assumes total catalyst
participation, no catalyst deactivation, and a fast induction period. Such experiments only
consider one elementary step of the mechanism instead of breaking down the results into
the complete collection of different chemical reactions. In recent years, kinetic analysis
including a comprehensive collection of a diverse set of multi-response data that comprises
monomer consumption, production and quantification of vinyl end groups, and active site
analysis has shown the potential to not only capture the entirety of the catalytic mechanism
but also quantify the rate constants of all elementary steps.'>!® This has been further
improved through the inclusion of time-evolved molecular weight distributions of the
polymeric material.!” Through this level of analysis, reliable rate constants can be matched
to catalyst molecular architecture to build a forward model for reliable descriptor
determination.

Using the aforementioned analysis tools, it is possible to consider a-olefin insertion
polymerization as a collection of six distinctive steps: (1) activation, (2) initiation, insertion
of the first olefin molecule, (3) propagation, repeated insertions of successive monomers
(in a 1,2-fashion), (4) 2,1 mis-insertion (and possible recovery by a 1,2-insertion), (5) chain

transfer, and (6) reinitiation (Scheme 1.1).
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Scheme 1.1 Simple mechanism for a-olefin polymerization

The first step of catalysis is activation by abstraction of an alkyl group (-R*) from
the precatalyst by a Lewis acid activator (co-catalyst), ka. For most cases, the abstraction
of the R* is caused directly by either protonation or direct a-carbon abstraction. In the
specific case where R* = 'Pr, a B-hydride is abstracted from one of the Pr groups to form

isobutene and an ion pair consisting of the activated metal center and activator, Scheme



1.2.29 After the cation-anion pair is formed, initiation, with the rate constant denoted as ki,

occurs through the first olefin insertion.

AH
+A :<—H--A

+
LigM —— | LigM, — Ligm_ * ﬁ/
g (1) Activation 9 J
by H-abstraction
ka

Scheme 1.2 Unique initiation and activation from 'Pr starting groups on the precatalyst

Propagation, kp, is the portion of the cycle where an olefin inserts into the metal-
carbon bond, typically in a 1,2-fashion for a-olefins to grow the chain length. In the
formation of long polymer chains, this phase dominates the catalysis. During this
propagation period, a catalyst site can undergo a 2,1 mis-insertion of an a-olefin and may
form a dormant site that removes the catalyst from the catalytic cycle, Kmis. This dormant
species may return to an active site through a recovery, Krec, 1,2-insertion of an a-olefin.
Chain transfer typically occurs when the polymer chain undergoes an interaction with the
metal center to separate the two, Ket. This process has been known to be either monomer
dependent or monomer independent, forming a metal-hydride. The subsequent insertion of
an olefin into the metal-hydride is known as reinitiation, Kreinitiaion, and allows for more
polymer chains to grow.

While previous works have expounded on the importance of obtaining a rich set of
multi-response data to determine both the exact catalyst mechanism and the robust rate

constants for the elementary steps involved,'*!” this chapter and works contained within



will focus on the understanding factors that control the steps within the traditional
coordination insertion catalytic mechanism as well as utilizing more exotic pathways for
further catalytic control. Further developments of these pathways will be examined more

closely in Chapters 3, 4, and 5.

1.2 Activation

The development and study of olefin coordination insertion polymerization has
relied on forming a stable, zwitterionic complex. Originally, heterogeneous Ziegler-Natta
catalysts of titanium chloride on magnesium chloride could be reacted with alkyl
aluminums to form such species.?! In homogeneous systems, the fortuitous discovery of
methylaluminoxanes (MAO) would allow for methylation of halogenated Group IV
catalysts before subsequent methyl abstraction to form an ion pair.?> However, such
systems require several hundredfold excess of MAO to catalyst to prepare the zwitterion.?’
Development and experimentation of well-defined, molecular Lewis acids has allowed for
replacements to MAO (1) to a series of different borane (2), borate (3/4), aluminate (5),

and other fluorinated species (6), Figure 1.2.24
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Figure 1.2 Different structures of common activators: (1) MAO (2) borane (3-4) borates
(5) aluminate and (6) aminate activators

The reaction between the catalyst and molecular activators can produce a series of
different zwitterionic pairs and potential side products based off of the catalyst/activator
identities. The tris(pentafluoroaryl) borane (FAB) is a unique activator in that it can act as
both an inner or outer sphere counter ion depending on the both the extracted alkyl group

24-25

and the steric hindrance surrounding the metal active site, while trityl salts form

protonated triphenyl methane side products, and protonated-amine-type activators that
cleave an alkyl group from the precatalyst using the proton and form an amine side product

326

that is capable of coordinating to the metal center, scheme 1.3.”> These interactions will

have a further impact that will be discussed later in section 1.4 and chapter 5.
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Scheme 1.3 Activation products between different molecular activators and catalysts

1.3 Initiation

The initiation of an olefin into the first metal-alkyl bond in typically a unique event
whose elementary reaction is distinct from the normal propagation event. Typical alkyl
initiating groups for this class of catalysts are methyl, isopropyl, and benzyl groups, the
identity of which can have a pronounced effect on polymerization.?” The rate of initiation
directly affects the polydisperisive index (PDI) of the growing chains i.e. a slow initiation
relative to propagation will cause a large distribution in the Mw while a fast initiation is
necessary but not solely sufficient in producing a narrow polymer distribution.?® The type
of ion pair, inner- or outer-sphere, can also be a contributing factor in the ability in entering
the catalytic cycle.”” Reports with inner-sphere precatalysts with benzyl alkyl groups have
been shown to have no activity to 1-hexene polymerization while in some cases have been

shown to have some reactivity towards ethylene or acetylene insertion.-3°
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1.4 Propagation and Misinsertion

The propagation step of the polymerization reaction, Kp, constitutes the bulk of the
monomer consumption and one of the most important reactions within the cycle. While the
exact active site structure to the insertion mechanism has not been experimentally proven,
the Cossee mechanism has become the dominant model for coordination insertion
polymerization.>! Theoretical calculations have been used to predict the formation of an
agostic a-hydrogen stabilizing the polymer-metal bond for outer-sphere zwitterions.*> The
subsequent coordination of an olefin to the metal center displaces either the agostic a-
hydrogen or the coordinated inner-sphere anion, called the ion pair separation energy
AE'®S %¢ The interaction of the olefin with the metal center weakens the double bond before
breakage of the metal-polymer bond and subsequent insertion of the olefin into the
polymer-metal bond. For many a-olefins, the insertion is predominately determined by
sterics where a 1,2-insertion is the preferred mode of insertion.>* In contrast, there have
been reports of predominately 2,1-insertion preferred propagation in sterically bulky Ti
phenoxy imine catalysts.** Further studies into olefin insertion with the copolymerization
of ethylene with polar monomers have shown an electronic dependence into the insertion
mode, where polar monomers with electronic donating groups discriminate a 1,2-insertion
while electronic withdrawing groups will direct the olefin to a 2,1-insertion.?

The effect of sterics and electronics of the catalyst itself also plays a complex role
on the propagation rate constant. The role of electronics on the insertion of ethylene into
polyethylene chains is said to be stabilized by electronic donation while electronic
withdrawing groups have also been shown to increase or decrease the propagation rate for

a-olefins.® For sterics, increasing bulk can lower monomer insertion while decreasing
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steric bulk can reduce the stability of the catalyst and drastically reduce the active species’
lifetime.’” Furthermore, sterics can also have further influences on other aspects of the
catalytic mechanism.*®

Another important influence on the propagation rate constant is the ion pair
separation energy between the anionic activator and the cationic metal center.”*?> The
AE™S is the energy required to remove the coordinated ion from the cationic metal center,
freeing an empty coordination site for next olefin to dock before insertion. The identity of
the activated cocatalyst is of particular importance to the scale of this binding energy

between the  zwitterion pair.*’

Using activators such as the trityl
tetrakis(pentafluoroaryl)borate or MAO, the ion pairing energy is typically weaker and
allows for facile docking of olefins.*® With FAB cocatalysts, the anion produced can have
tremendous effect based on the initiating group. Benzyl initiating groups have been
reported to make for a “sticky” ion pair that reduces overall catalytic activity.?**> When
the initiating group is instead a methyl group, the ion pair becomes strong enough to
become an inner sphere coordinated cocatalyst-catalyst.>* DFT calculations in conjunction
with kinetic experiments have shown that the AE™S can be the dominating influence on the
propagation rate constant.”

The enthalpy of 1-hexene polymerization, AEP°Y, has been reported as -23 kJ/mole
to -20 kJ/mole while the entropy of the system is always negative since the process takes a
large number of monomer compounds and reduces the total number of chemical species to
form the longer polymer chains.*! The activation energy for the propagation step can be

further reduced into a three, or potentially 2, step mechanism that contains a possible

dissociation of the zwitterionic pair, an equilibrium docking of the polymerizing olefin,
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and the subsequent insertion of the olefin into the metal-polymer chain, Scheme 1.4. In

Scheme 1.4, it is possible that dissociation of the inner-sphere ion pair occurs in tandem

through with the docking of the incoming monomer. The rate controlling step of these

interactions should be identifiable through the reaction order of olefin in the monomer

consumption kinetics. For many catalysts, the kinetic experiments show a first order

monomer dependence and show an increase in the catalyst activity when run in a more

polar solvent.'® Both of these factors suggest that the AE™® is the key factor in controlling

the propagation rate constant, similar to the studies with the Ti aryl phenoxide catalysts in

polyhexene polymerization mentioned previously, as the insertion step should not show a

first order dependence on monomer or solvent polarity.*
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The insertion step is also an important step due to the stereoregularity of the
polymeric chain for polymers containing a-olefins. The structure of the polymer chain can
form either an isotactic form, a syndiotactic form, or a mixture of the two forms called
atactic.*” The two proposed mechanisms used to explain this phenomenon are either
catalytic site or enantiomeric directing control over the tacticity of the polymer product.**
43 Catalyst site control has been correlated strongly to the symmetry of the catalyst active
site while enantiomeric site control has been linked closely to the temperature of the
reaction, where the reaction pathway with the lowest activation energy produces a singly
tactic product due to the interaction of the docking monomer to the tacticity of the last
inserted monomer of the polymer chain.

While the insertion of an a-olefin occurs primarily through 1,2-insertion, it is
possible for 2,1-insertion of an a-olefin to occur to act as a misinsertions, Kmis, shown in
scheme 1.5.* This step within the mechanisms has a tremendous effect on the polymer
molecular weight distribution, chain growth, and vinyl formation.*> A 2,1-misinserted
monomer can act as either a dormant site to the chain growth process, affecting polymer
PDI by preventing activity at this particular catalyst site while other active sites continue
to grow, or even cause immediate chain transfer, reducing the size of polymer chain

lengths.'® The implications of the formation of these catalyst sites will be discussed in

section 1.5 and section 1.6.
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Scheme 1.5 (A) Numbering convention for insertion of a-olefins (B) mechanisms of kp and
Kmis

1.5 Recovery

A dormant site, formed via 2, 1-insertion, can reenter the cycle through the recovery
elementary step, Krec. This particular elementary reaction rate has been particularly difficult
to analyze since misinsertion occurs so infrequently, relative to 1,2-insertion, and has been
a lack of experiments to discriminate this rate constant from the rest of the mechanism.
Regardless, some reports have shown there is a particular metal based effect on the
recovery rate constant.*® In addition, this reaction rate constant, like all rate constants that
are monomer dependent, can be effected by catalyst electronics.*’ Such a step in the overall
mechanism is important when compared to the chain transfer elementary step, and is shown
in Scheme 1.6. The formation of regioerrors appear when the recovery elementary step

occurs more frequently than the chain termination of the last, misinserted monomer.
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Scheme 1.6 (A) Reaction pathway producing a regioerror by recovery from a misinserted
site and (B) types of errors in the polymer that form from a recovery step

1.6 Chain Transfer

One of the most fundamental changes in the kinetic mechanism is the elementary
chain transfer reaction, kct. The magnitude of this rate constant has tremendous effects on
both the length and PDI of the MWD.* Tuning this elementary reaction in conjunction
with the propagation rate constant can shift the product distribution from an oligomer

product to a polymer one.* Factors affecting this rate constant include catalyst sterics,>

51 t.52

activator/cocatalysts,”” and the presence of a chain transfer agent.”> Moreover, this rate
constant is unique in the fact that it can be monomer independent or monomer dependent
depending on the monomer or catalyst structure, each mechanism shown in Scheme 1.7.

Most important, the mechanism produces a metal-hydride after chain transfer. A metal-



16

hydride species can reenter the catalyst cycle via the reinitiation elementary step to
continue to produce new polymer products.

In terms of catalyst sterics, it has been shown that the monomer dependence of
polyolefin termination process is strongly tied to catalyst structure.>® The relative openness
of the active site affects both monomer independent and monomer dependent chain
transfer.>* Reduced steric bulk has been correlated to chain transfer to monomer, a process
where a beta-hydride is transferred from the outgoing polymer to a docked monomer.*
Furthermore, the sterics of these catalysts are shown to correlate to the amount of chain
transferred product.’® Such a chemical descriptor is important in design of future catalysts
or polymer products.

The chain transfer rate constant has also been shown to be influenced by the identity
of cocatalyst. Work by Marks and Bochmann have independently shown that the nature,
inner- or outer-sphere, and the identity of the outer-sphere anion have a large effect on the
type and amount of chain terminated products. Metallocenes using inner-sphere zwitterions
using FAB over the Trityl salts showed higher amounts of vinylidene terminated chain
ends while vinylene chain ends remained unaffected.?*

The presence of chain transfer agent also has a tremendous effect on the MWD.*’
One such species is molecular hydrogen. The presence of molecular hydrogen causes
coordination and sigma bond metastasis to form a protonated polymer chain and metal-
hydride. Subsequently, metal alkyl species such as diethyl zinc or trimethyl aluminum can
cause chain transfer from the active metal center to the zinc or aluminum center.’® The
diethyl zinc compound is also a known chain shuttling agent capable of moving the

polymer chain from metal center to metal center while trimethyl aluminum can act either



17

as a chain shuttling agent or as a chain termination agent where the polymer ends its growth

on the organoaluminum complex.’® The different chain transfer pathways are shown in

Scheme 1.7.
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Scheme 1.7 (A) Chain transfer from B-hydride elimination, (B) chain transfer to monomer,
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Another important influence on the chain transfer rate constants is the reaction
temperature for the monomer independent process.®® The thermodynamics of the chain
transfer reaction are described as an endothermic process that breaks a weaker metal-
carbon bond for a stronger metal-hydride. This feature of the chain transfer elementary step
has a tremendous effect on the MWD of the polymer product. As such, reports in the
literature on the molecular weight (Mw) and PDI of the produced polymer can be tuned to
produce ultralong Mw polymers with PDIs closer to unity by dropping the reaction
temperature.S!

While the prevailing wisdom is that each catalyst will exhibit either monomer
dependent or monomer independent chain transfer, it may be possible that a catalyst
exhibits both pathways but with one pathway more dominate at a certain reaction
temperature. A combination of mechanisms would be difficult to measure and would
require experiments at many different reaction conditions to determine the monomer order

for this elementary reaction.

1.7 Reinitiation
The metal-hydride complex produced during the monomer independent chain
termination pathway can complete the mechanistic cycle through insertion of olefin into
the metal hydride. Thorough studies on the olefin insertion process into metal-hydride have
shown both a range of different activity and possible products.®? In the presence of olefins,
the magnitude of this rate constant also influences both the consumption of monomer and

the MWD of the polymeric products. It has been reported that slow reinitiation, Kreintitiation,
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of monomer results in a metal-hydride at acts as a dormant site in the polymerization
cycle.!” Other reports have shown that the insertion of olefin into metal hydrides is one of

the fastest rate constants within the cycle, being faster or on par with kp.!7%¢

1.8 Vinyl Isomerization or Chain Walking

The activation, insertion, and transformation of vinylidene substituted polymeric
hydrocarbons has been reported in high temperature copolymerization of ethylene with 1-
hexene.®® These mechanisms have been further explored by the Bercaw lab with the use of
a 5 coordinate Zr carbene oligomerization catalyst for the reaction to 1-hexene as well as
other Zr and Ti oligomerization catalysts.>*>* The formation of these products through the
insertion of a vinylidene chain end into a metal-hydride before subsequent B-hydride,
Scheme 1.8, transfers produces an incredibly stable trisubstituted olefinic product. Further
reactivity of one such species or the polymerization of vinylidene terminated species has

not been found in the literature.

Vinylidene
. i . . R/ R
. R R/ R\ Ins.into M-H e Chain Walking 4 R
LigM-H + ~ — LigM ——> LigM-H + —

n

Scheme 1.8 Chain walking mechanism of M-H with vinylidene terminated polymers



20

1.9 Lewis Base Coordination and Influence on Polymerization

The development of molecular cocatalysts featuring Lewis bases such as N,N-
dimethyl anilinium tetrakis(pentafluoroaryl) borate has raised the question of the
interaction of the N,N dimethyl aniline or even other Lewis base with the activated metal
center in a batch scale reaction.?® Reports by Schrock where different Lewis bases were
added to batch polymerization reactions showed no effect or even reaction inhibition.®
Incredibly, there have been recent reports of Lewis acids modifying the reactivity of the
metal center into producing unique products based on the identity of the Lewis bases.** The
coordination of the base to the metal center seems to be an irreversible binding for some
systems that can reduce the chain transfer rate constant by increasing steric congestion
around the metal center and increase the relative activity of the olefin polymerization by
increasing the regioselectivity of the olefin insertion to reduce the number of dormant
secondary sites. This reactivity has yet to be replicated in the literature reports for other

systems.

1.10 Degenerative Chain Transfer

One of the interesting and unexpected interactions with the electropositive group
IV organometallic complexes that comprise this field of catalysis is the ability to form alkyl
or halogenated bridged species to relieve the strain of electron deficiency.”’ Using
molecular cocatalysts in a substiochiometric amount, it has been noted repeatedly that the
an unactivated precatalyst species can displace the anion and form an unstable bridged
metal dimer that can break apart to have the different catalyst sites active for

polymerization at separate times, Scheme 1.9. This feature has a remarkable impact on the
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catalyst cycle through subsequent discrimination of the catalyst species towards primary

4 as well as producing polymers with blocks of alternating isotatic chains in

insertion, !
reports from the Sita laboratory.”! Copolymerization studies from the Marks lab with
different degenerative Zr and Ti catalysts showed equivalent or greater activity when
compared to catalysts with 1:1 ratios of catalyst:activator.”” Additional reports from the
Abu-Omar lab show that the degenerative alkyl group includes benzyl initiating groups
and increases the initiation rate constant for 1-hexene polymerization.!”® Unfortunately,

there has been a lack of research on the effect of degenerative chain transfer on the

bimetallic or oligomerization Group IV catalysts.

Lig|\7|1/ R
+LigM2<§
Lig’\w;h/Polyn(R) . LigMz/\Powm(R) R —|+ Ligl\J;I(\POIyn('? LigMQ/POIym(R)
R LigM;”  “MyLig R
Poly,(R) Polym(R)
Kp,m1 =\R =\R

Kp,m2

Scheme 1.9 Degenerative group transfer from a substiochiometric amount of activator

1.11 Modeling and New Understanding of a-Olefin Insertion Catalysts

In this thesis, kinetic analysis has been applied to a series of different Group IV
amine bis-phenolate complexes, first reported by Kol and coworkers,”* using boron-based,

molecular activators. The work that follows can be separated into two distinctive areas.
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Chapters 2, 3, and 4 look to model structure-activity relationships in a-olefin
polymerization of catalyst families already reported in the literature while chapters 5 and
looks into new reactivity of 5 coordinate Zr amine bis-phenolates, catalyst structures shown
in Figure 1.3. Building off of the work previously published by previous members from
this collaboration, Chapters 2, focuses on my contributions to the comparison of pendant
and metal centers for select Zr/Hf catalysts. Chapter 3 covers comparisons with Ti metal
centered polymerization catalysts and the effects of metal electronics and sterics to the
effect of polymerization. In Chapter 4, a brief overview on the quantitative effects of

temperature on the polymerization mechanism is explored.

Catalyst/B(CsFs)3 (0.25-1.00 mol %)
gy Ph
25 °C, toluene n

Bu Bu Bu

Ak
( ) Bn (B) Bn
O//,'l\l/l‘\\\Bn O//"Zl ‘\\Bn
x” | 0 | 0
—N N

Figure 1.3 Catalyst systems studied in this work where (A) constitutes catalysts studied
quantitatively for structure activity relationships while (B) represents a catalyst with
featuring new reactivity.

In terms of structure-activity comparisons, there has been some important

qualitative discoveries. Quantitative kinetic studies were undertaken with catalysts
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containing a series of different metal centers and pendants to probe the effects of structure
to catalytic activity.!”*® From these studies, it was shown that for the zirconium precatalyst
containing a SMe pendant, there was a change in chain transfer mechanism for the
unimolecular (B-H elimination) chain transfer in making vinylidene terminated polymer
chains in comparison to THF, Py, and NMe:z pendants. While the THF, Py, and NMe:
pendant catalysts showed a direct correlation between the Zr-pendant bond distance in the
precatalyst crystal structures and the Kvinylidene rate constant, the Zr[SMe] catalyst showed
the formation of vinylidene terminated polymers became dependent on the concentration
of monomer if this bond distance grew too long. Furthermore, similar studies were repeated
with Hf centered catalyst featuring Py and NMe: pendants. These catalysts showed an order
of magnitude reduction of activity for reactions between monomer and catalyst (Kini, Kp, Kmis,
and Krec) and a similar dependence in the monomer independent chain transfer reaction rate,
Kvinylidene, and the Hf-pendant bond length.

From this basic entrance to the effect of ligand and metal center, a third study was
conducted focusing on the synthesis and reactivity studies of Ti amine bis-phenolate
catalysts.*® Again a linear relationship was shown between the metal-pendant crystal
structure bond length and the Kvinylidene rate constant, showing the dependence of chain
termination reactions on catalyst sterics. The metal center has a pronounced effect on the
number of 2,1-insertions, where the trend follows Ti > Zr > Hf. This was followed by
counting the number of regioerrors through the simple equation below, Equation 1.1, where
a regioerror is considered a misinserted monomer within a polymer chain, not a vinylene
chain terminated polymer or a dormant catalyst site from a 2,1-insertion as those errors are

at the polymer end. Additionally, it was shown that the longest polymers should be
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produced using with the metal center as Zr > Ti> Hf in comparison to the literature reported
trend of Ti > Zr > Hf. This study has outlined the need for experiments requiring consistent
reaction conditions from the same starting concentrations to allow for comparative studies

between catalyst systems.

# Regioerrors = # Misinsertions — #Vinyidene — # Secondary Sites Equation 1.1

The next logical step after determining the mechanisms and related rate constants
at 25 Celsius was to perform temperature dependent studies to calculate the thermodynamic
quantities of Eyring enthalpy and entropy. Such a study focused on a series of different Zr
based amine bis-phenolate catalysts containing the THF, NMez, and SMe pendants over a
40-degree range of temperatures. The calculations showed adequate fits for the rate
constants kp and ket while other constants could not be fit to a high degree of precision.

Recent reports with the effect of activators and Lewis base on the reactivity of 5
coordinate Zr polymerization catalysts have refocused our group’s attention on a
previously reported Zr amine bis-phenolate catalyst that exhibited rapid deactivation when
paired with the FAB activator.>® Reactions with the trityl tetrakis(pentafluoroaryl) borate
and N,N dimethyle anilinium tetrakis(pentafluoroaryl) borate activators showed distinct
reactivity with the trityl activator converting over 99% of the initial monomer into short,
oligomer products. Further reactivity was studied using different monomers, different
temperatures, substiochiometric amounts of trityl activator, and the addition of

stiochiometric/substiochiometric Lewis base. These changes were able to shift the product
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distribution towards shorter chains, in the case of higher temperatures and
substiochiometric activator, or to form polymers, with the addition of Lewis base.

In previous work through our group we have shown the potential insight that can
be obtained by obtaining rigorous kinetic data to distinguish and calculate quantitative rate
constants for the fundamental rate constants within the polymerization mechanism. In this
work, we hope to show a new method of rational catalyst development by understanding
and predicting catalyst reactivity by the addition of structural characteristics. Beyond that,
we also look to examine new, unexplained phenomena in coordination insertion

polymerzation using state-of-the art kinetic analytical methods.
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CHAPTER 2. EFFECTS OF PENDANT LIGAND BINDING AFFINITY ON CHAIN
TRANSFER FOR 1-HEXENE POLYMERIZATION CATALYZED BY SELECT
SINGLE-SITE ZIRCONIUM AND HAFNIUM AMINE BIS-PHENOLATE
COMPLEXES

2.1 Introduction
The production of polyolefins is a major chemical industry with the current capacity
of ca. 110 billion kg per year.! While most of these polyolefins are made using
heterogeneous Ziegler-Natta catalysts, a growing interest has focused on developing new
homogeneous single-site catalysts due to the potential for controlling catalytic activity, and
subsequently polymer properties.>>* In the past decades, an explosion of research into
different homogeneous, Group IV catalyst designs have included metallocenes, constrained

geometry, aryloxide, aminodate, Salan, and amine bis-phenolate ligand designs. >~

Reproduced with permission from Steelman, D. K.; Xiong, S.; Pletcher, P. D.; Smith, E.;
Switzer, J. M.; Medvedev, G. A.; Delgass, W. N.; Caruthers, J. M.; Abu-Omar, M. M.
Journal of the American Chemical Society 2013, 135, 6280. DOI: 10.1021/ja401474v

Reproduced with permission from Steelman, D. K.; Pletcher, P. D.; Xiongs, S.; Switzer, J.
M.; Medvedev, G. A.; Delgass, W. N.; Caruthers, J. M.; Abu-Omar, M. M.
Organometallics, 2013, 32, 4862. DOI: 10.1021/0m4006005
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In developing these catalysts, intuitive understanding on the relationship between
catalyst structure and polymer structure has been used successfully in designing new
catalysts systems, such as Dow’s catalysts for olefin block copolymer synthesis.®
Unfortunately, directly comparing kinetic rate constants of families of catalytic systems to
determine the controlling chemical descriptors has not been realized. Due to the difficulty
in determining the fundamental rate constants for the relevant steps within the catalytic
mechanism, this field has relied on the chemist’s intuition to design the next generation of
olefin polymerization catalysts. As an alternative to this intuition based method, we have
instead focused on rational catalyst design methods based on correlating quantitative rate
constants to catalyst structure.

In the heterogeneous fields of carbon monoxide oxidation’ and water gas shift,?
there has been a shift in research design to include computational and kinetic experiments
into design of experiments called discovery informatics. By correlating experimental
activity measurements to binding energies of the catalyst to different substrates for a series
of different catalysts, predictive volcano plots have been constructed to show which
catalyst system will show an eruption of activity and which systems will exhibit lower
activity. In the polymerization field, there has been an encouraging report by Abu-Omar
and coworkers on correlating the ion pair separation energy between the zwitterionic pair
of Ti aryl phenoxides with MeB(C¢Fs)s of individual catalyst structures to the propagation
rate constant. ° We have used this framework and past successes in predicting both new
catalysts and polymer structures by first obtaining quantitative kinetic rate constants in 1-

hexene polymerization.
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Focusing on a particular catalyst family, we have studied the I1-hexene
polymerization reactivity of an amine bis-phenolate ligand system first reported by Kol
and coworkers, shown in Figure 2.1. !% ! In particular, the catalyst structures 5a, 2b, and
3b will be discussed here within the context that they were reported. The work presented
was done in collaboration with Dr. Jeffrey Switzer of Purdue Chemical Engineering, where
he provided the modeling of all experimental data. The experimental data collection and
kinetic the modeling of the catalysts 2a, 3a, 4a, and 1b were completed by Dr. David K.
Steelman and Dr. Silei Xiong, respectively. The experimental data collection and kinetic
the modeling of the catalyst 1a was completed by Dr. David K. Steelman and Dr. Jeffrey

Switzer, respectively.

1a-5a or 1b-3b/B(CgFs); 1:1.1
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Figure 2.1 1-hexene polymerization catalyzed by zirconium and hafnium amine bis-
phenolate-type catalysts when combined with the activator B(CsFs)s. Catalysts 5a, 2b,
and 3b will be discussed in reference to the reactivity of the other catalysts
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In the reported studies of zirconium and hafnium amine bis-phenolate catalysts, Kol
reported that the metal (M), the pendant ligand (X), and the distance between M-X had
implications on both reactivity and chain transfer. '° Using this observation, we focused on
quantifying both the rate constants within the polymerization mechanism for the purpose
of finding chemical descriptors. We will show in following sections that a minimal set of
rate constants can be used to completely describe the datasets of monomer consumption,
vinyl formation, active site counting, and time-evolution of the molecular weight
distribution.

Considering the influence of metal and X on overall catalytic mechanisms, the
metal has a considerable effect on the reaction rate constants between catalyst and
monomer. Zirconium catalysts with analogous pendants exhibited an increase in activity
by roughly an order of magnitude when compared to their hafnium counterparts.'!
Focusing on changes to the ligand structures, the identity of the pendant has a considerable
effect on both olefin insertion reactions and the vinylidene specific termination chain
transfer reaction rate constants.

Of the catalysts studied for Group IV coordination insertion polymerization of
olefins, zirconium compounds have been the most studied. However, there are often
comparative studies between complexes containing identical ligands with zirconium and
hafnium metal centers. These metals access the same electropositive 4+ oxidation state and
are similar in size. In fact, many crystal structures of analogous Zr and Hf complexes are
nearly identical.'>'* However, the reactivity of these species towards olefin polymerization
can be drastically different due to differences in the metal electronics. Zr compounds are

typically reported with much larger activities compared to their Hf counterparts. >4 This
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is typically rationalized as the difference between the enthalpies of the metal-carbon bond:
Zr-C bonds are typically weaker than Hf-C bonds and may allow for more facile olefin
insertion.!® Furthermore, in metallocene catalyst systems, it is typically Hf catalysts that
exhibit larger molecular weight, Mw, polymers when compared to those made from
zirconium analogues.?1°

In the area of chain transfer, this process most commonly occurs through 4
distinctive mechanisms. These mechanisms include: (1) a monomer independent B-H
elimination to form a vinylidene or vinylene terminated end; (2) a monomer dependent
elimination reaction where the incoming monomer accepts a f-H from the metal-polymer
chain and results in a vinylidene or vinylene terminated end; (3) cleavage of the M-Polymer
bond through the use of a chain transfer agent, such as molecular hydrogen, or (4) chain
transfer to activator, where the polymer chain transmetallates between the Group IV
catalyst to an aluminum alkyl activator to form a non-growing polymer chain on the Al and

a new smaller alkane attached catalyst center.

Looking through the chemical literature, the intuitive method of controlling chain
transfer typically relies on steric bulk to reduce the chain transfer pathway for these types
of catalysts.'® Bercaw and co-workers observed that catalysts with an open metal center
led to faster propagation but also increased B-H elimination. They speculated that an
increased active site could more easily accommodate a docking monomer for insertion or
B-H agostic bonding interactions necessary for B-H elimination.!” These insights have led

to modifications to late transition metal catalysts, based on Fe, Co, and Ni, with bulky
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ligands systems to bias ethylene insertion towards polymer products over short chain
oligomers.'®

Detailed computational studies on ethylene polymerization using a variety of
organometallic catalysts by Ziegler and coworkers have suggested that the activation
energy for chain transfer is influenced by both the metal and the presence of steric bulk.!
They concluded that B-H transfer to monomer is preferred versus B-H elimination, except
with low concentrations of monomer or when the coordination of monomer to the catalyst
center is severely hindered. These findings have been used by a range of laboratories to
reduce chain transfer to produce high molecular weight polymers under a variety of
conditions.?’-%?

The identity of the cocatalyst activator also has an impact on the effect of chain
transfer. Systems such as V(acac); or metallocenes can exhibit different pathways, B-H
chain transfer pathway or chain transfer to activator, depending on the alkylaluminum
activator present.”>* Using fluorinated aryl borane/borate/aluminum activators, Marks and
coworkers have looked at the effect of catalyst-cocatalyst ion pair on chain transfer.?® Their
work, along with those of Bochmann and coworkers, found that the ion pair has a direct
effect on both the preferred termination pathway and the magnitude of such a rate 2>

In this study, we describe a detailed kinetic analysis for catalysts 5a, 2b, and 3b in
relation to other zirconium and hafnium catalysts. Contained in Table 2.1, the relevant rate
constants of these systems, as well as similar catalysts, have been analyzed to observe the
appearance of certain trends. Using a minimum number of necessary reaction steps to

describe the entire data set for each catalytic system, rate constants were optimized such

that the predictions of the polymer molecular weight distribution matched those observed
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experimentally. These data sets include monomer consumption kinetics, molecular weight
evolution of the growing polymer chains, active-site counts of deuterated polymer chain
ends, and analysis of terminated vinyl groups. The chain transfer mechanisms and
corresponding rate constants as the pendant ligand (X) changes will be discussed. A linear
quantitative structure-activity relationship (QSAR) between the logarithm of the chain

transfer rate constant and the M-X bond length will be shown and discussed.

2.2 Experimental Procedure

General Procedure: All manipulations were performed under a dry, inert
atmosphere in a glove box or at a vacuum manifold using air sensitive techniques under N2
or Ar atmosphere. Toluene and pentane were distilled over activated alumina and a copper
catalyst using a solvent purification system (Anhydrous Technologies) and degassed
through freeze-pump-thaw cycles. Both solvents were stored over activated molecular
sieves. Tetrabenzylzirconium was purchased from STREM and used as received. The
monomer 1-hexene was purchased from Aldrich and purified by distillation over a small
amount of dimethyl bis(cyclopentadienyl)zirconium and stored over molecular sieves.
Tris(pentafluorophenyl)boron was purchased from STREM and purified by sublimation.
Diphenylmethane was purchased from Aldrich and stored over molecular sieves. CH30D
was purchased from Cambridge Isotopes and used as received. Ds-toluene was used as
received and stored over molecular sieves. 'H and ’H NMR experiments were performed

on a Varian INOVA600 MHz or Bruker DRX500 MHz spectrometer.
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The ligands and precatalysts (5a. 2b, and 3b) were prepared following modified

literature procedures.'®!!

Synthesis of 6,6"-(((2-(methylthio)ethyl)azanediyl)bis(methylene))bis(2,4-di-
tert-butylphenol), 'Bu-ONSMeQO ligand. The synthesis procedure is based on
literature,'®!! Scheme 2.1. In a typical synthesis, an 80 mL reaction vessel was charged
with 2,4-di-tert-butylphenol (8.87 g, 42.6 mmol), 2-(methylthio)ethylamine (2.0 mL, 22
mmol) and 37% histological grade formaldehyde (8 mL, 71 mmol), and distilled water,
and a stir bar while maintaining a maximum volume of 80 mL. The biphasic reaction
mixture was placed in a CEM microwave reactor and allowed to warm to 100 °C over 5
min while stirring. The reaction was allowed to stand at 100 °C for 30 min, and then cooled
to room temperature. The aqueous layer was removed, and cold, dry methanol was added
to the organic phase. This mixture was shaken for 30 min, and the resulting solid isolated

by vacuum filtration. The crude ligand product was purified by crystallization from ethanol

(30% vield).

n—

OH OH

Scheme 2.1. Synthesis of the ‘Bu-ON>M¢O ligand
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Synthesis of Zr['Bu-ONSMeQO]Bn,. The synthesis procedure is based on
literature,'®!" Scheme 2.2. In a typical synthesis, a 100 mL flask was charged with
tetrabenzylzirconium (1.17 g, 2.57 mmol), 20 mL toluene, and a stir bar and fitted with a
rubber septum. A second 100 mL flask was charged with the ‘Bu-ON>™°O ligand (1.43 g,
2.70 mmol) and 20 mL of toluene. The two flasks were placed under an inert atmosphere,
and the ligand solution was added to the tetrabenzylzirconium solution via a cannula. The
reaction was allowed to warm to 60 ° C and stir for 2 hours resulting in a yellow solution.
The solution was evaporated to dryness and washed with pentane. The resulting solid (84%
yield) was recrystallized by vapor diffusion of pentane into a precatalyst/toluene solution

to afford an analytically pure complex.

[ on

—_—
+  Zr(Bn) - 2x C;Hg ‘

Scheme 2.2. Synthesis of the Zr['Bu-ONM°O]Bn: catalyst

NMR scale polymerization of 1-hexene with Zr[tBu-ONSMéQ]Bn; at 25 °C. The
procedure for NMR scale polymerization is based on literature.’” For a typical
polymerization, Zr['Bu-ON*¢O]Bn: (6.0 mg, 0.0075 mmol) was dissolved in 0.5 mL

toluene in a small vial and sealed with a screw-cap septum. The vial containing the
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precatalyst solution was pierced with a 1 mL syringe. The vial and syringe were placed in
an N2 bag and allowed to equilibrate to 25 °C. Tris(pentafluorophenyl)boron (3.8 mg,
0.0075 mmol), 1-hexene (0.124 grams, 1.47 mmol), and diphenylmethane (13.9 mg 0.082
mmol) were added to a 2 mL volumetric flask and diluted to the mark with d3-toluene. This
solution was placed in an NMR tube and sealed with a septum. The monomer/activator
solution was placed in the spectrometer and allowed to equilibrate to 25 °C using a VT
controller. A measurement was taken to determine the initial concentration of monomer
relative to the internal standard. The NMR tube was removed from the spectrometer, and
the catalyst precursor solution was added to the activator/monomer solution by piercing
the septum while the syringe remained in the N2 bag. The reaction mixture was allowed to
shaken for 30 seconds and injected back into the spectrometer. Measurements were taken
at predetermined time intervals until the reaction reached completion. Each sample was
prepared for GPC analysis by evaporation over mild heat before dissolution in hexanes and
filtration through an alumina plug to remove the quenched catalyst. Evaporation of solvent
yielded clear, colorless poly(1-hexene). The array of spectra was collected on an INOVA
600 MHz spectrometer and analyzed using MestReNova.

Batch polymerization of 1-hexene with Zr['Bu-ONSMéQ]Bn; at 25 °C. The
procedure for Manual Quench is based on literature.?’ For a typical polymerization, Zr['Bu-
ONSMQ]Bn2 (0.024 g, 0.030 mmol) was dissolved in 3.0 mL toluene and placed in a small
vial that was sealed with a screw-cap septum. The vial containing the precatalyst solution
was pierced with a 3 mL syringe. The vial and syringe were placed in an N2 bag and
allowed to equilibrate to 25 °C. Tris(pentafluorophenyl)boron (0.061 grams, 0.12 mmol),

and 1-hexene (1.81 g, 21.4 mmol) were dissolved in 25 mL of toluene. A 1 mL aliquot of
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this solution was removed for quantification of the initial monomer concentration through
NMR analysis. A 7 mL aliquot of this solution was placed in a flask, and the flask was
sealed with a septum and moved from an Nz filled glovebox to a vacuum manifold and
placed under argon. The monomer/activator solution was allowed to equilibrate to 25 °C
using a temperature-controlled silicone oil bath. The catalyst precursor solution was added
to the activator/monomer solution by piercing the septum while the syringe remained in
the N2 bag. The resulting yellow solution was allowed to stir until a selected time point and
quenched with 1 mL of d4-methanol. A 1 mL aliquot from the quenched solutions was
removed and a 0.5 mL solution of d-toluene spiked with diphenylmethane as an internal
standard for quantification of 1-hexene consumption (via 'H NMR on Varian Inova600).
Each sample was prepared for GPC analysis by evaporation over mild heat before
dissolution in hexanes and filtration through an alumina plug to remove the quenched
catalyst. Evaporation of solvent yielded clear, colorless poly(1-hexene).

In the case of vinyl analysis, A 1 mL aliquot was worked up as described above.
The resulting polymer was dissolved in CDCIl3, and diluted to the mark in a 2 mL
volumetric flask. Diphenylmethane was used as an internal standard and the method of
standard additions was used in quantification of the end groups by 'H NMR. All end-group
analysis measurements were taken on a Bruker DRX500 spectrometer at 25 °C.

In the case of 2H analysis, the remaining quenched reaction solution (8 mL) was
worked up as described above. The resulting polymer was dissolved in CH2Cl2, and diluted
to the mark in a 2 mL volumetric flask. de-benzene was used as an internal standard and
the method of standard additions was used in quantification of active sites by 2H NMR. All

active site measurements were taken on a Bruker DRX500 spectrometer at 25 °C.
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Gel Permeation Chromatography (GPC) Analysis. The procedure used to
analyze polymer samples using GPC methods was taken from Novstrup et al.,” and it is
summarized below. Poly(1-hexene) samples were added to THF at room temperature and
allowed to dissolve for 4 h. Solutions were then passed through a 0.2 pum filter to remove
any particulate matter. The GPC analysis was performed on a Waters GPCV 2000 for
system la and 3a, and on a Viscotek GPCmax VE 2001 for system 2a, 4a, and 5a. On the
Waters GPCV 2000, samples were injected through a 101.3 pL injection loop and passed
through two Polymer Laboratories PLGel 5 um Mixed-C columns in series in a 45 °C oven
at a flow rate of 1.0 mL min-1. On Viscotek GPCmax VE 2001, samples were injected
through a 200 pL injection loop and passed through three Viscotek T6000M 10 pm General
Mixed Org columns in series in a 35 °C oven at a flow rate of 1.0 mL min'. The analysis
made use of the differential RI detector and a capillary viscometer. Molecular weights were
assigned by way of a universal calibration curve created with polystyrene standards ranging
from 580 g mol-1 to 3,114,000 g mol-1. The calibration was verified through the analysis
of a broad standard, SRM 706a, provided by the National Institute of Standards and
Technology.

Synthesis of 6,6'-(((pyridin-2-ylmethyl)azanediyl)bis(methylene))bis(2,4-di-
tert-butyl-phenol), 'Bu-ONPYO ligand. The synthesis procedure is based on literature,!*!!
Scheme 2.3. In a typical synthesis, an 80 mL reaction vessel was charged with 2,4-di-tert-
butylphenol (24.7 g, 119 mmol), 2-picolylamine (7.0 mL, 68 mmol) and 37% histological
grade formaldehyde (24.0 mL, 319 mmol), and distilled water, and a stir bar while
maintaining a maximum volume of 80 mL. The biphasic reaction mixture was placed in a

CEM microwave reactor and allowed to warm to 100 °C over 5 min while stirring. The
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reaction was allowed to stand at 100 °C for 10 min, and then cooled to room temperature.
The aqueous layer was removed, and cold, dry methanol was added to the organic phase.
This mixture was shaken for 30 min, and the resulting solid isolated by vacuum filtration.

The crude ligand product was purified by crystallization from ethanol (34% yield).

X
N
OH Z OH
= OH "N
2 |
N N + 2 j\ —_—
H H - 2x H,O
NH,

Scheme 2.3. Synthesis of the ‘Bu-ON™YO ligand

Synthesis of Hf[tBu-ON™O]Bn,. The synthesis procedure is based on the
literature procedure of the zirconium analog'®!!, Scheme 2.4. In a typical synthesis, a 100
mL flask was charged with tetrabenzylhatnium (2.00 g, 3.68 mmol), 20 mL toluene, and a
stir bar and fitted with a rubber septum. A second 100 mL flask was charged with the ‘Bu-
ON™O ligand (2.11 g, 3.87 mmol) and 20 mL of toluene. The two flasks were placed
under an inert atmosphere, and the ligand solution was added to the tetrabenzyhatnium
solution via a cannula. The reaction was allowed to warm to 60 ° C and stir for 2 hours
resulting in a colorless solution. The solution was evaporated to dryness and washed with
pentane. The resulting solid (62% yield) was recrystallized by vapor diffusion of pentane

into a precatalyst/toluene solution to afford an analytically pure complex.
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Scheme 2.4. Synthesis of the Hf['Bu-ON?YO]Bn: catalyst

NMR scale polymerization of 1-hexene with Hf[tBu-ONPYQO]Bn; at 25 °C. The
procedure for NMR scale polymerization is based on literature.’’ For a typical
polymerization, Hf['Bu-ON"YO]Bn2 (6.9 mg, 0.0075 mmol) was dissolved in 0.5 mL
toluene in a small vial and sealed with a screw-cap septum. The vial containing the
precatalyst solution was pierced with a 1 mL syringe. The vial and syringe were placed in
an N2 bag and allowed to equilibrate to 25 °C. Tris(pentafluorophenyl)boron (4.2 mg,
0.0083 mmol), 1-hexene (0.126 grams, 1.50 mmol), and diphenylmethane (9.7 mg 0.058
mmol) were added to a 2 mL volumetric flask and diluted to the mark with d3-toluene. This
solution was placed in an NMR tube and sealed with a septum. The monomer/activator
solution was placed in the spectrometer and allowed to equilibrate to 25 °C using a VT
controller. A measurement was taken to determine the initial concentration of monomer
relative to the internal standard. The NMR tube was removed from the spectrometer, and
the catalyst precursor solution was added to the activator/monomer solution by piercing
the septum while the syringe remained in the N2 bag. The reaction mixture was allowed to
shaken for 30 seconds and injected back into the spectrometer. Measurements were taken

at predetermined time intervals until the reaction reached completion. Each sample was
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prepared for GPC analysis by evaporation over mild heat before dissolution in hexanes and
filtration through an alumina plug to remove the quenched catalyst. Evaporation of solvent
yielded clear, colorless poly(1-hexene). The array of spectra was collected on an INOVA
600 MHz spectrometer and analyzed using MestReNova.

Batch polymerization of 1-hexene with Hf['Bu-ON™Q]Bn; at 25 °C. The
procedure for Manual Quench is based on literature.?” For a typical polymerization, Hf['Bu-
ONPYO]Bn2 (0.083g, 0.090 mmol) was dissolved in 6.0 mL toluene in a small vial that was
sealed with a screw-cap septum. The vial containing the precatalyst solution was pierced
with a 10 mL syringe. The vial and syringe were placed in an N2 bag and allowed to
equilibrate to 25 °C. Tris(pentafluorophenyl)boron (0.053 grams, 0.103 mmol), and 1-
hexene (1.60 g, 19.0 mmol) were added to a 25 mL flask and diluted to the mark with
toluene. This solution was diluted to 26 mL with I mL of toluene, and 1mL of the resulting
solution was removed for quantification of the initial monomer concentration through
NMR analysis. The flask was sealed with a septum and moved from an N2 filled glovebox
to a vacuum manifold and placed under argon. The monomer/activator solution was
allowed to equilibrate to 25 °C using a temperature-controlled silicone oil bath. The catalyst
precursor solution was added to the activator/monomer solution by piercing the septum
while the syringe remained in the N2 bag. The resulting yellow solution was allowed to stir
while aliquots were removed at selected times and each was injected into a 10 mL
volumetric flask containing 1 mL of deutero-methanol. A 1 mL aliquot from the quenched
solutions was removed and a 0.5 mL solution of d-toluene spiked with diphenylmethane
as an internal standard for quantification of 1-hexene consumption (via 'H NMR on Varian

Inova600). Each sample was prepared for GPC analysis by evaporation over mild heat
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before dissolution in hexanes and filtration through an alumina plug to remove the
quenched catalyst. Evaporation of solvent yielded clear, colorless poly(1-hexene).

In the case of vinyl analysis, A 1 mL aliquot was worked up as described above.
The resulting polymer was dissolved in CDCIl3, and diluted to the mark in a 2 mL
volumetric flask. Diphenylmethane was used as an internal standard and the method of
standard additions was used in quantification of the end groups by 'H NMR. All end-group
analysis measurements were taken on a Bruker DRX500 spectrometer at 25 °C.

In the case of *H analysis, the remaining quenched reaction solution (8 mL) was
worked up as described above. The resulting polymer was dissolved in CH2Clz, and diluted
to the mark in a 2 mL volumetric flask. de-benzene was used as an internal standard and
the method of standard additions was used in quantification of active sites by 2H NMR. All
active site measurements were taken on a Bruker DRX500 spectrometer at 25 °C.

Synthesis of 6,6-((dimethylamino)methylazanediyl)bis(methylene)bis(2,4-di-
tert-butylphenol), ‘Bu-ONNMe2Q ligand. The ligand synthesis procedure is based on
literature,'®!! Scheme 2.5. In a typical synthesis, a 30 mL reaction vessel was charged with
2,4-di-tert-butylphenol (7.62 g, 36.0 mmol), N,N-dimethylethylenediamine (1.89 mL, 15
mmol) and 37% histological grade formaldehyde (3.00 mL, 36 mmol), 6.7 mL of distilled
water. The biphasic reaction mixture was placed in a CEM microwave reactor and allowed
to warm to 100 °C over 10 min while being stirred. The reaction mixture was allowed to
stand at 100 °C for 10 min, and then cooled to room temperature. The aqueous layer was
removed, and cold, dry methanol was added to the organic phase. This mixture was shaken
for 30 min, and the resulting solid was isolated by vacuum filtration. The crude ligand

product was purified by crystallization from ethanol (52% yield).
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NMe,

Scheme 2.5. Synthesis of the tBu-ONYM¢2Q ligand

Synthesis of Hf(*Bu-ONNMe20)Bn,. The catalyst synthesis procedure is based on
literature, Scheme 2.6.!%!! In a typical synthesis, a 100 mL flask was charged with
tetrabenzylhafnium (2.00 g, 3.68 mmol), 20 mL toluene, and a stir bar and fitted with a
rubber septum. A second 100 mL flask was charged with the ‘Bu-ON™<2Q ligand (2.03 g,
3.87mmol) and 20 mL of toluene. The two flasks were placed under an inert atmosphere,
and the ligand solution was added to the tetrabenzylhafnium solution via a cannula. The
reaction mixture was allowed to warm to 65 °C and stir for 2 h, resulting in a bright yellow
solution. The reaction mixture was then allowed to cool to yield small yellow crystals
(2.3597 g). By 'H NMR analysis the product appeared to be ca. 92% pure. Recrystallization
by vapor diffusion of pentane into a toluene solution of Hf'Bu-ON¢2Q]Bn; afforded an

analytically pure complex (72% yield).
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Scheme 2.6. Synthesis of the Hf['Bu-ON™M¢2Q]Bn catalyst

NMR scale polymerization of 1-hexene with Hf['Bu-ONNMe2Q]Bn; at 25 °C.
The procedure for NMR scale polymerization is based on literature.?’ For a typical
polymerization, Hf['Bu-ONYM¢2Q]Bn2 (6.6 mg, 0.008 mmol) was dissolved in 0.5 mL
toluene in a small vial and sealed with a screw-cap septum. The vial containing the
precatalyst solution was pierced with a 1 mL syringe. The vial and syringe were placed in
an N2 bag and allowed to equilibrate to 25 °C. Tris(pentafluorophenyl)boron (4.2 mg,
0.0083 mmol), 1-hexene (0.1262 grams, 1.5 mmol), and diphenylmethane (9.5 mg, 0.056
mmol) were added to a 2 mL volumetric flask and diluted to the mark with d3-toluene. This
solution was placed in an NMR tube and sealed with a septum. The monomer/activator
solution was placed in the spectrometer and allowed to equilibrate to 25 °C using a VT
controller. A measurement was taken to determine the initial concentration of monomer
relative to the internal standard. The NMR tube was removed from the spectrometer, and
the catalyst precursor solution was added to the activator/monomer solution by piercing
the septum while the syringe remained in the N2 bag. The reaction mixture was allowed to
shaken for 30 seconds and injected back into the spectrometer. Measurements were taken

at predetermined time intervals until the reaction reached completion. Each sample was
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prepared for GPC analysis by evaporation over mild heat before dissolution in hexanes and
filtration through an alumina plug to remove the quenched catalyst. Evaporation of solvent
yielded clear, colorless poly(1-hexene). The array of spectra was collected on an INOVA
600 MHz spectrometer and analyzed using MestReNova.

Batch polymerization of 1-hexene with Hf['Bu-ONNMe2Q]Bn; at 25 °C. The
procedure for manual quench is based on literature.?’ For a typical polymerization, Hf['Bu-
ON™e20]Bn; (0.0756 g, 0.09 mmol) was dissolved in 6 mL of toluene. This solution was
placed in a small vial and sealed with a screw-cap septum. The vial containing the catalyst
precursor solution was pierced with a 10 mL syringe. The vial and syringe were placed in
an N2 bag and allowed to equilibrate to 25 °C. Tris(pentafluorophenyl)boron (0.0528 g,
0.103 mmol), and 1-hexene (1.80 g, 18.75 mmol) were added to a 25 mL volumetric flask
and diluted to the mark with toluene. A 1 mL aliquot of this solution was removed for
quantification of the initial monomer concentration through NMR analysis. 24 mL aliquot
of this solution was placed in a 50 mL flask which was sealed with a septum and moved
from an N2 filled glovebox to a vacuum manifold and placed under argon. The
monomer/activator solution was allowed to equilibrate to 25 °C using a temperature-
controlled silicone oil bath. The catalyst precursor solution was added to the
activator/monomer solution by piercing the septum while the syringe remained in the N2
bag. The resulting yellow solution was allowed to stir while aliquots were removed at
selected times and each was injected into a 10 mL volumetric flask containing 1 mL of
deutero-methanol. A 1 mL aliquot from the quenched solutions was removed and a 0.5 mL
solution of d-toluene spiked with diphenylmethane as an internal standard for

quantification of 1-hexene consumption (via 'H NMR on Varian Inova600). Each
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quenched sample was prepared for GPC analysis by evaporation over mild heat before
dissolution in hexane and filtration through an alumina plug to remove the quenched
catalyst. Evaporation of solvent yielded clear, colorless poly(1-hexene).

For vinyl/end group analysis, a 1 mL aliquot was worked up as described above.
The resulting polymer was dissolved in CDCIl3, and diluted to the mark in a 2 mL
volumetric flask. Diphenylmethane was used as an internal standard and the method of
standard additions was used for quantification of the end groups by 'H NMR. All end-
group analysis measurements were taken on a Bruker DRX500 spectrometer at 25 °C.

In the case of ’H NMR analysis for the active-site count, the remaining quenched
reaction solution (8 mL) was worked up as described above. The resulting polymer was
dissolved in CH2Cl», and diluted to the mark in a 2 mL volumetric flask. Ds-benzene was
used as an internal standard, and the method of standard additions was employed in
quantification of active sites by 2H NMR. All active site measurements were taken on a

Bruker DRX500 spectrometer at 25 °C.

2.3 Results
Here we present a complete kinetic analysis for 1-hexene polymerization by
catalysts 5a, 2b, and 3b. In approaching each system, we followed our previously
developed kinetic modeling method?® based on the analysis of multi-response data that
includes GPC traces where we did not make any a priori assumptions about the elementary
reaction steps taking place. However, when this independent analysis was completed for
each catalyst system, it emerged that all three systems described herein follow a similar

kinetic mechanism including initiation, propagation via normal insertion, 2, 1-misinsertion,
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recovery from misinsertion, and two types of chain transfer resulting in the formation of
vinylidene and vinylene species. The kinetic steps are illustrated in Scheme 2.7. The
activation step is fast on the timescale of polymerization and as a result was not used in the
kinetic modeling. Chain transfer resulting in vinylidene and vinylene terminated polymers
follows either unimolecular (monomer independent) B-H elimination or bimolecular -H

transfer to monomer.

Activation Chain Transfer
R R -H elimination
monomer independent
R R
B(CeFs)3 Ph
- = [ . +
er(;(? M= a.zr Cx,_Q Ph - A"*MW — JL * A----M-H Kuinyiidene
“('»BB: b. Hf N"\,"T\Ph \—B(CsFs)s  ka Bu/n Bu” “POL
[¢] X = 1. THF o] (fast)
R 2. Pyr R Bu Ph By
3. NMe, . + Ph N — P A Kvinylene
R R='Bu 4 Furan R <A""MJ A — ATMH
5. SMe Bu/n POL
Initiation By Bu Ph -H transfer to
. . Ph . B . monomer
AN~ = A M K Ph
u
_ o+ — _ + Bu kvmy/ldens
_ o W — o i
Propagation Bu/n Bu POL
Bu Ph g Ph
u
i M+—)_/ \— A RAM Bu PhBu B
R === k 4 \— Bu _ + Uk
Bu/n P A---M . __ . A""Mf vinylene
Bu’/n POL

Misinsertion

Ph gy Bu Ph
A-- fMW = - 7'\;% Knis Reinitiation
Bu/n Bu’/n Bu

- + \— _ Bu Kreinitiation
A----M-H e (fast)

Recovery

Bu Ph By
I \— -+
A"’MW = A”iM/\(Ponmer Krec
Bu/n Bu

Scheme 2.7. The elementary kinetic steps used in fitting the data for catalysts 5a, 2b, and
3b. The ordinary differential equations (ODESs) that describe the mass-action kinetics
associated with this mechanism are provided in Section 2.2.
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Examining the available data, the reasons for the mechanism (Scheme 2.7) are as

follows:

I. Misinsertion (Kmis) and recovery (Krec) are necessary because

1.

We observe two types of chains attached to the active sites (primary and secondary)
in active-site counting experiments with MeOD quenches (*H NMR of isolated
polymer gives 6 0.83 (DH2C—Polymer) and 1.22 (DH(Bu)C—Polymer).

When analyzing the produced polymer, there are two types of vinyl end groups are
observed: one with a terminal double bond at the end of the chain (vinylidene), and
another with an internal double bond inside the chain (vinylene). We believe the
latter arises from chain transfer of misinserted chains.

The secondary sites (Zr-CH(Bu)-Polymer) do not accumulate over time. We
assume this is the case because they are able to recover via normal 1-hexene
insertion.

Although there is an alternative explanation for points 1 through 3, namely, that
there are two different sites growing separately, it is expected that such a
mechanism would at least under some experimental conditions produce bimodal
MWD. The fact that none of the systems exhibit a bimodal MWD and all yield

narrow PDI values strongly suggest that these systems are single-site catalysts.

II. Chain transfer reactions are necessary because we observe polymer chains with vinyl

end groups. It should be noted that there are two possible mechanisms through monomer

dependent and monomer independent pathways. The monomer dependent pathway (B-H

transfer to monomer) results in an active site with one repeat unit, while the monomer

independent pathway (B-H elimination) results in the formation of a zirconium hydride.
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There is an ongoing discussion whether the insertion of a monomer in the zirconium
hydride i.e. re-initiation (Kreinitiation) is facile or hindered as compared to the normal initiation
(ki) for a given catalyst system. If the rate constant of re-initiation (Kreinitiation) of the
zirconium hydride is slow, it effectively renders affected catalyst sites inactive, which in
turn has an effect on the monomer consumption curve, active sites count, and the MWDs.
As a result the value of the re-initiation rate constant (Kreinitiation) can be determined. On the
other hand, when the rate constant of the re-initiation of zirconium hydride is fast, the data
are usually not sensitive enough to determine its value precisely, similarly to how the data
are not sensitive enough to determine the normal initiation rate when it is not significantly
slower than the propagation rate. In practice we have set the re-initiation rate to be equal
to the propagation rate in cases when the re-initiation rate is determined to be fast.

An important caveat is that the catalyst participation for each system may vary and
not be 100%. The catalyst participation can be estimated from the active site counting
experiments (quench with MeOD followed by 2H NMR analysis of polymer chains). Also,
for the systems where the chain transfer is low (catalysts la and 5a) the catalyst
participation is readily estimated from the slope of Mw vs. conversion plot, which is linear
in these cases. When applicable, these two methods give consistent results.

For each system we simultaneously fit the following: (1) monomer consumption,
(2) MWD, (3) active site counts, and (4) end group counts. The data set usually includes
several initial conditions of different [Clo (C = precatalyst/B(C¢Fs)3) and [M]o (M = 1-
hexene). For some conditions, multiple repeats were carried out, and the results were
consistent when small variation in active-site catalyst participation was accounted for;

however, only one repeat is shown in the figures below.
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In determining error margins of the estimates for the six rate constants for each
catalyst system (see Scheme 2.7), the following considerations apply: (1) the experimental
data has an inherent error resulting from the measurement procedure. Specifically, the
NMR spectrum is characterized by the uncertainty of roughly 5% for the peak integration;
the GPC trace is characterized by the uncertainty of the weight average, Mw, of
approximately 3%, where the uncertainty in the shape of the distribution is more difficult
to ascertain (see discussion in reference 28). However, these estimates are based on the
best experimental conditions, such sufficient concentration of the species of interest in the
case of NMR, which holds for the monomer concentration. (2) In the case of the active
sites and vinyl end group analyses, the concentrations are relatively low, causing the
uncertainty to increase. Three separate measurements were performed for each sample,
where the concentration varied slightly from measurement to measurement. The standard
deviation calculated on the basis of these three measurements is compared to the inherent
NMR integration error, and the larger error is chosen. (3) In the case of the GPC
measurements, repeat runs result in minimal scatter such that the GPC curves appear
overlapping. This, however, should not be taken as an actual estimate of the experimental
error, since the error in the GPC measurements may be systematic rather than random due
to various reasons described in the literature.?® Instead, we assumed that the potential error
in the GPC outputs caused by the uncertainty in the dn/dc values, inter-detector time, etc.,
amounts to at most a 10% up or down shift of each slice molecular weight and hence the
shift of the entire MWD. (This actually translates in the -0.05/+0.04 shifts on log scale).

For most of the studied systems, error from the GPC measurements were determined to
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cause the largest uncertainty in the rate constants, and therefore this method was used to
generate the uncertainty reported in this paper.
In the rest of this section we provide first the detailed analysis including fits to the

data for each catalyst system, and then a summary of all the rate constants in Table 2.1

Zr-SMe catalyst 5a. The experimental data along with the kinetic modeling fits
are presented in Figure 2.2.
The specific features of this system are:

(1) secondary Zr-polymer sites (Zr-CH(Bu)-Polymer) resulting from misinsertion
dominate over primary active-sites (Zr-CHz-Polymer). The model-based
explanation is that the kmis/kp ratio is high while Krec/kp is low. These values for this
catalyst are similar to those for catalyst 1a, where secondary sites are roughly equal
to primary sites.

(2) vinylene end groups, which are formed from chain transfer of secondary sites, are
more abundant than vinylidene end groups. This is because of the higher
concentration of secondary sites rather than a larger Kvinylene rate constant.

(3) vinyl groups form via chain transfer to monomer, affording second-order rate
constants. The data, however, is not definitive, and a first-order reaction (B-H
elimination) cannot be definitively ruled out. In either case, the vinyl concentrations
are relatively small, and the effect of the chain transfer rate constants on the
responses other than the vinyl end group analysis data (e.g. the MWDs) is small.

(4) the total active site concentration (primary plus secondary) decreases over the

course of the reaction. In addition, the monomer consumption slows late in the
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reaction. These behaviors imply a first order (in catalyst) deactivation reaction. The
deactivation rate constant is approximately half of the initiation rate constant, with
the result that the total active site concentration remains low throughout the
reaction.

(5) while 100% of the catalyst is available to initiate (in contrast to the other systems
where only a fraction participates), no more than about one third (ca. 33%) of the

zirconium active sites contain a growing polymer chain at any time
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Figure 2.2. Multi-response data set with fits for Zr['Bu-ON3M°O]Bn2/B(CeFs)3 catalyst 5.
(A) Monomer consumption of selected NMR scale reactions having catalyst to monomer
ratios of 1:100 (red, [Clo = 3.0 mM, [M]o = 0.30 M), 1:200 (green, [CJo = 3.0 mM, [M]o =
0.60 M), and 1:400 (cyan, [CJo = 1.5 mM, [M]o = 0.60 M). Symbols are data, solid lines
are modeling fits. (B) MWDs of the polymer resulting from the reactions shown in (A).
Solid curves are data, dashed curves are fits. (C) Active site counts of selected batch scale
reaction with three quenches using MeOD at different reaction time. [CJo = 3.0 mM, [M]o
= 0.60 M. Black symbols: primary active-site count; blue symbols: secondary active-site
count. Solid curves are modeling fits. (D) Vinyls analyses of selected batch scale reaction
with three quenches at different reaction time. [CJo = 3.0 mM, [M]o = 0.60 M. Black
symbols: vinylidene count; blue symbols: vinylene count. Squares are vinyls counts taken
after 12 h. Lines represent kinetic modeling fits.
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Hf-Pyridine catalyst 2b. The experimental data along with the kinetic modeling
fits are presented in Figure 2.3.
The specific features of this system are:

(1) Catalyst participation is nearly 100%;

(2) In case of the batch scale experiments, significant catalyst deactivation is observed
as evidenced by bending of the monomer consumption curve in Figure 2.3C and
the steep decline in primary active site counts over the course of the reaction in
Figure 2.3E. In case of the NMR scale experiments, the deactivation either does not
occur or is much less significant. For that reason, deactivation is not considered as
part of the catalytic reactions;

(3) The amount of chain transfer is relatively high as evidenced by the significant
vinylidene concentration in Figure 2.3F and the fact that MWD does not change
much after 30% conversion of the monomer. The vinylidene formation is via a
monomer independent reaction as evidenced by the upward curvature in the
vinylidene concentration versus monomer conversion plot (Figure 2.3F);

(4) The vinylene end group concentration is much lower than that of vinylidene (Figure
2.3F), where the vinylene formation is via monomer dependent reaction as

evidenced by the linear accumulation in Figure 2.3F.
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Figure 2.3. Multi-response data set with fits for catalyst 2b. NMR-scale experiments: (A -
B); (A) Monomer consumption. Data: symbols, fits: lines. (B) MWDs at the end. {Blue,
Red, Green}: [Clo = {3.0, 3.0, 6.0} mM and [M]o = {0.30, 0.60, 0.60} M. Data: solid,
fits: dashed. Batch scale experiments ([Clo = 3.0 mM, [C]o = 0.60 M): (C - F). (C)
Monomer consumption. Data: symbols, fit: line. (D) MWDs at: — 1694 s, — —4352 s, ---
10963 s. Data: black, fits: magenta. (E) Active site counts. Primary - filled circles
(data)/solid line (fit); secondary - open circles (data)/dashed line (fit). (F) End group
analysis. Filled circles (data)/solid line (fit): vinylidene; open circles (data)/dashed line
(fit): vinylene. In (A), black circles same as in (C) for comparison.

Hf-NMe; catalyst 3b. The experimental data along with the kinetic modeling fits are
presented in the Supporting Information. The specific features of this system are:

(1) Catalyst participation is approximately 40%;
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(2) There is a decline in active catalyst sites over the course of the reaction, although it
is not as steep as in Systems 1b and 2b;

(3) No secondary catalyst sites were measured, although a small amount of vinylene
end groups were detected. This peculiar behavior was also observed for the
EBIZrMe2/B(CeFs)3 catalyst.®> Vinylene is typically expected to form following
chain transfer of secondary sites. It is likely in this system that secondary sites do
form, but they rapidly undergo either chain transfer or monomer-dependent
recovery. Since no secondary sites are observed even late in the reaction when
monomer concentration is low, a fast monomer independent chain transfer event is

more probable.

2.3.1 Detailed Kinetic Modeling
The modeling perspectives used in this communication (i) start with the simplest
possible polymerization mechanism, (ii) determine if it fits the data, and (iii) if it does not
fit the data within experimental error, postulate the next simplest mechanism. Using this

procedure the simplest model consistent with the data is discovered.

2.3.1.1 Kinetic Modeling of Zr['Bu-ONSM¢O1Bn> Catalyst System (5a)

The results for system 5 were somewhat unique among the five systems studied as
this was the only system where the data could be modeled with the assumption that 100%
of the precatalyst is available for polymer growth. However, the data could also only be

reconciled with the introduction of a first order deactivation pathway. To demonstrate this,



61

Figure 2.4 shows the best possible fit by optimization of representative vinyl and MWD
data from batch scale experiments quenched at different reaction times. While rate
constants can be selected to satisfy the monomer consumption data reasonably well, there
is a tradeoff in fitting the vinyl and MWD data. The model with slow initiation and fast
chain transfer fits the MWDs moderately well but fits the vinyls poorly (cyan curves in
Figure 2.4), while the model with fast initiation and slow chain transfer does the opposite
(red curves in Figure 2.4). Neither of these model types matches the active site behavior
well at the end of the reaction. Introducing a deactivation pathway, which seems intuitively
reasonable based on the shape of the monomer consumption and active site data, allows a
good fit of all data simultaneously (i.e. green curves in Figure 2.4), where all of the catalysts

1s active.
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Figure 2.4. Experimental data for three selected batch scale reactions, quenched at
different reaction times. [C]o = 3.0 mM, [M]o = 0.60 M. Black: data. Colored lines
represent kinetic modeling fits. Red: ki =kp=6.5 M s}, kmis=0.11 M' 57!, krec = 0.029
M1 s Kdene = 0.0012 M! 7!, Kene = 0.0008 M! 57!, active site fraction = 0.38; Cyan: ki =
0.080 M s! ko =7.9 M s, kmis = 0.12 M 57!, krec = 0.024 M 57!, Kdene = 0.0035 M"!' s~
! Kene = 0.0012 M 57!, active site fraction = 0.38; Green: ka = 0.0079 s’!, all other rates
are in Table 1. (A) Monomer consumption data. (B) Vinyl measurements. Filled
symbols/solid lines: vinylidene count; open symbols/dashed lines: vinylene count. (C)
Active site measurements. Filled symbols/solid lines: primary site count; open
symbols/dashed lines: secondary site count. (D) MWD data at (from left to right) 81 s,
371,983 s.
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One concern with determining a model for this catalyst system is predicting the
vinylidene data. In one experiment where vinylene concentrations were measured (Figure
2.4B), the vinylene concentration appears to be relatively high at the lowest monomer
conversion, where there is minimal additional increase in vinylene concentration as the
polymerization proceeds. This implies that vinylene formation slows down later into the
reaction, and therefore likely depends on monomer concentration. When plotted as
vinylene concentration vs. monomer conversion a straight line is expected (in the absence
of events that alter catalyst concentration, which do occur in this system), whereas when
chain transfer is monomer independent the line would curve upwards. The behavior seen
in the data is most closely modeled by monomer dependent vinylene formation (Figure 2.5,
green curve) rather than monomer independent vinylene formation (Figure 2.5, blue curve),
although no rate constants could be found that were completely satisfactory at fitting the
initial measurement. One possible issue is the uncertainty in the NMR measurement of
vinyl concentration at such low values, which may cause errors even larger than displayed

in the figure.
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Figure 2.5. Vinyl concentration data for three selected batch scale reactions, quenched at
different reaction times. [C]o = 3.0 mM, [M]o = 0.60 M. Black: data. Colored lines
represent kinetic modeling fits.; Green: Monomer dependent vinylene formation: kd =
0.0079 s!, all other rates are in Table 1; Blue: Monomer independent vinylene formation:
ki=0.018 M!s!, kp=11.9 M s, kmis = 0.20 M! s, krec = 0.038 M 57!, kdene = 0.0018
M1 s Kene = 0.00026 s, ka = 0.0081 s™!, active site fraction = 1.0. Filled symbols/solid
lines: vinylidene count; open symbols/dashed lines: vinylene count.

2.3.1.2 Kinetic Modeling of Hf'Bu-ON"YQ1Bn2 Catalyst System (2b)

2.3.1.2.1 Mechanism I. Living Polymerization

Again, we start by using the living polymerization model. It is immediately
apparent from the monomer consumption data (2.6A) that the logarithm of monomer
consumption is not linear. It is therefore not surprising that this simplified model is
inadequate to fit the data. The MWD fits are also poor (Figure 2.6B), predicting higher

MW than expected MWDs.
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Figure 2.6. Modeling using Mechanism [; data (A) monomer consumption from three
batch quenches at 1694, 4352, 10963 s (circles), (B) corresponding MWD of each quench
(bold solid lines); fits (dashed lines); rate constants: ki = kp = 0.55 M! s!. [C]o = 3.0 mM,
[M]o = 0.60 M.

2.3.1.2.2 Mechanism II. Vinylidene Formation Via Chain Transfer

Vinyl end groups were measured during polymerization of this system, indicating
that chain transfer is likely present. Inclusion of a chain transfer pathway into the kinetic
mechanism will also produce the smaller MW chains that we expect compared with
Mechanism I, and it will also produce broader distributions. We start with only vinylidene
formation because it is the dominant vinyl species. Vinylidene may form in a unimolecular
reaction, i.e. B-H elimination (Mechanism II(i)), or it may form in a bimolecular reaction
with monomer, i.e. B-H transfer (Mechanism II(i1)). The elimination reaction results in the
formation of Hf-H species. For the current mechanism it is assumed that these species
enchain monomer at a rate equal to the propagation rate. Results of the model fits are in

Figure 2.7. One additional comment is that the active sites reported in Figure 2.7C only
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represent long chain active sites, that is, chains longer than two repeat units. Smaller chains

are lost in polymer workup, and so the active site prediction of the model corrects for this.
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Figure 2.7. Modeling using Mechanism II; data (A) monomer consumption from three
batch quenches at 1694, 4352, 10963 s (circles), (B) corresponding MWD of each quench
(bold solid lines); fits (colored lines), (C) primary active site concentration; circles: data;
solid lines: fit, (D) vinylidene concentration vs. monomer conversion; circles: data; lines:
fit. [Clo=3.0 mM, [M]o = 0.60 M. Blue: Mechanism II(i), rate constants: ky = 0.087 M™!
s, Kvinylidene = 0.0046 s7'. Red: Mechanism II(ii), rate constants: kp = 0.08 M 7!, kuinylidene
=0.005 M s,
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Both mechanisms shown in Figure 2.7 have advantages and disadvantages. The
elimination mechanism (blue) captures the drop in active site concentration and the
curvature of the vinyl concentration, but the transfer mechanism (red) has a better absolute
fit to the distributions and vinyl data. In either case, additional refinement to the mechanism

is necessary.

2.3.1.2.3 Mechanism III. Misinsertion with Slow Recovery and Monomer Independent
Chain Transfer

Additional data was collected for this system that shows that secondary Hf-alkyls
are present during polymerization. To account for such a species, a monomer misinsertion
reaction has been added to the mechanism, along with a slow recovery rate, which allows
for secondary site accumulation. (The absence of a recovery rate altogether would lead to
an ever increasing concentration of secondary sites over the course of the reaction, which
is not supported by the data.) These reaction steps, along with monomer independent chain
transfer, were used to predict the data, and the result is in Figure 2.8. The fit does an
excellent job at fitting all the data shown except for the secondary active sites. Also, this
model does not have the capability to fit vinylene data (not shown in Figure 2.8). An

alternate mechanism is therefore required.
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Figure 2.8. Modeling using Mechanism III; (A) monomer consumption from three batch
quenches at 1694, 4352, 10963 s (circles), (B) corresponding MWD of each quench (bold
solid lines) with different fits; fits (dashed lines), (C) active site concentrations; filled
circles: primary sites, open circles: secondary sites; solid line: primary site fit; dashed
line: secondary site fit, (D) vinylidene concentration vs. monomer conversion; circles:
data; line: fit. Rate constants: ki = kp = 0.14 M s™!, Kvinylidene = 0.0029 s°!, kmis = 0.00097
M s, Kree = 0.00024 M 571, [Clo = 3.0 mM, [M]o = 0.60 M.

2.3.1.2.4 Mechanism IV. Slow Initiation and Chain Transfer
The overprediction of the active site concentrations and the underprediction of the
MWD peaks in Mechanism II suggest that chain initiation may be slow relative to

propagation. If this mechanism is amended by a slow initiation process (in the absence of
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misinsertion) the resulting model prediction can be improved, as shown in Figure 2.9. As
in Mechanism II, Mechanism V(i) uses B-H elimination (monomer independent), while

Mechanism IV(ii) uses B-H transfer.
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Figure 2.9. Modeling using Mechanism IV; data (A) monomer consumption from three
batch quenches at 1694, 4352, 10963 s (circles), (B) corresponding MWD of each quench
(bold solid lines); fits (colored lines), (C) primary active site concentration; circles: data;
solid lines: fit, (D) vinylidene concentration vs. monomer conversion; circles: data; lines:
fit. [C]o= 3.0 mM, [M]o = 0.60 M. Blue: Mechanism IV(i), rate constants: kp = 0.27 M"!
sh, ki=0.00049 M 57!, kinylidene = 0.0057 s™!. Red: Mechanism IV(ii), rate constants: kp =
0.44 M s, ki=0.00017 M 57!, Kvinylidene = 0.023 M s7.
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Relative to Mechanism II, the elimination mechanism (blue) is much improved
compared to the transfer mechanism (red). Nonetheless, there is still the need for a model

that can predict secondary active sites, which have not yet been shown due to clarity.

2.3.1.2.5 Mechanism V. Slow Initiation, Chain Transfer, and Misinsertion with Slow
Recovery

To account for all observed species, the additions to all previous mechanisms are
here considered simultaneously. Monomer independent vinylidene formation is preferred
to monomer dependent formation due to its ability to predict the curvature in the vinylidene
data. In addition, chain transfer following misinsertion of monomer is added due to the
vinylene groups that are observed. Vinylene may potentially form via monomer
independent B-H elimination or monomer dependent B-H transfer to monomer. Both are
presented in Figure 2.10, with blue representing elimination and red representing transfer.
The vinylene fits in Figure 2.10D show that the monomer dependent transfer reaction is
preferred due to its linear behavior, similar to the data. However, neither series of pathways
is able to capture the late reaction monomer concentration behavior. Additional changes to

the model are necessary.
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Figure 2.10. Modeling using Mechanism V; data (A) monomer consumption from three
batch quenches at 1694, 4352, 10963 s (circles), (B) corresponding MWD of each quench
(bold solid lines); fits (colored lines), (C) active site concentrations; filled circles:
primary sites, open circles: secondary sites; solid line: primary site fit; dashed line:
secondary site fit, (D) vinylene concentration vs. monomer conversion; open circles:

data; dashed lines: fit. [C]o= 3.0 mM, [M]o = 0.60 M. Blue: Mechanism V(i), rate
constants: kp = 0.25 M s7!, ki = 0.00064 M 57!, Kvinylidene = 0.0052 5!, Kvinylene = 0.0004 s~
L kmis = 0.0005 M 57!, krec = 0. Red: Mechanism V(ii), rate constants: kp = 0.26 M 57!, ki
=0.00062 M 57!, Kvinylidene = 0.0053 57!, Kvinylene = 0.0016 M 57!, kmis = 0.00056 M! 57!,
krec = 0.00087 M s7!.
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2.3.1.2.6 Mechanism VI. Slow Initiation, Chain Transfer, Misinsertion with Slow
Recovery, and Deactivation

In order to account for the monomer consumption behavior, a deactivation reaction
is assumed to occur. This reaction in first order in active catalyst concentration and does
not involve monomer. This reaction may be due to air sensitivity of the catalyst or a poison
introduced during the experiment. When this pathway is added to Mechanism V, the result
is much improved. This model is reported in the main text, and the rate constants are
reported in Table 2.1, along with the values: Kvinylene = 0.00097 M 57! and Kdeactivation =
0.00020 s™'. This model also provides a good fit of data collected in smaller NMR-scale

experiments, which were performed at different initial concentrations (Figure 2.11).
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Figure 2.11. Modeling using Mechanism VI; data (A) monomer consumption from three
NMR trials (circles), (B) corresponding endpoint MWD (bold solid lines); fits (dashed
lines). Blue: [C]o = 3.0 mM, [M]o = 0.30 M, Red: [C]o = 3.0 mM, [M]o = 0.60 M, Green:
[Clo=6.0 mM, [M]o = 0.60 M. Rate constants: reported in Table 3.1.
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2.3.1.3 Kinetic Modeling of HI['Bu-ONYM¢2()1Bn; Catalyst System (3b)

2.3.1.3.1 Mechanism I. Living Polymerization

As before, we start by using the living polymerization model with the initiation rate
constant equal to the propagation rate. The monomer consumption data (Figure 2.12A) is
somewhat accurate, but the MWD fits are very poor (Figure 2.12B), predicting

distributions that are much narrower than the data and have incorrect peak MWs.
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Figure 2.12. Modeling using Mechanism I; data (A) monomer consumption from three
batch quenches at 310, 788, 1961 s (circles), (B) corresponding MWD of each quench
(bold solid lines); fits (dashed lines); rate constants: ki = kp = 0.30 M s, [CJo = 2.85
mM, [M]o=0.60 M.

w

2.3.1.3.2 Mechanism II. Vinylidene Formation Via Chain Transfer

To account for the broader distributions and vinyl species measured by experiment,
chain transfer will also be included in the mechanism. Vinylidene groups may once again
be formed through either a B-H elimination (monomer independent; Mechanism II(1))

pathway or a B-H transfer to monomer (mechanism II(ii)) pathway. Both are compared in
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Figure 2.13. The elimination pathway (blue) seems to provide a better fit of the vinylidene

data due to its ability to predict an upward curve at higher monomer conversion.
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Figure 2.13. Modeling using Mechanism II; data (A) monomer consumption from three
batch quenches at 310, 788, 1961 s (circles), (B) corresponding MWD of each quench
(bold solid lines); fits (colored lines), (C) primary active site concentration; circles: data;
solid lines: fit, (D) vinylidene concentration vs. monomer conversion; circles: data; lines:
fit. [Clo=2.85 mM, [M]o = 0.60 M. Blue: Mechanism II(i), rate constants: kp = 0.49 M™!
s, Kvinylidene = 0.0023 s7'. Red: Mechanism II(ii), rate constants: kp = 0.30 M 57!, kvinylidene

=0.0054 M s,
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2.3.1.3.3 Mechanism III. Slow Initiation and Chain Transfer

A slow initiation rate constant may be present in this system. Its effect can be seen
in the initial points of the monomer consumption data. Furthermore, a slow initiation rate
would push the early MWDs to higher molecular weights. When this model is fit to the
data, an improved fit can indeed be seen (Figure 2.14). This mechanism is an improvement
over Mechanism II, but it still lacks the ability to predict vinylene end groups (not shown

in Figure 2.14), and it over predicts the concentration of active sites late in the reaction.
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Figure 2.14. Modeling using Mechanism IV; data (A) monomer consumption from three
batch quenches at 310, 788, 1961 s (circles), (B) corresponding MWD of each quench
(bold solid lines); fits (colored lines), (C) primary active site concentration; circles: data;
solid lines: fit, (D) vinylidene concentration vs. monomer conversion; circles: data; lines:
fit. [Clo=2.85 mM, [M]o = 0.60 M. Blue: Mechanism III(i), rate constants: kp = 0.44 M
sh, ki=10.0030 M s7!, kinylidene = 0.0023 s™!. Red: Mechanism I1I(ii), rate constants: kp =
1.1 M7's, ki=0.0015 M s7!, Kvinylidene = 0.023 M s7!.

2.3.1.3.4 Mechanism IV. Slow Initiation, Chain Transfer, and Incomplete Catalyst
Participation

Mechanism II1(1) is preferable to Mechanism III(i1) due to its ability to capture the

curve in the vinylidene data (Figure 2.15D). However, this mechanism over predicts the
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primary active site concentration (Figure 2.15C). In addition, the early time MWD has a
higher MW than predicted. Both of these differences may be accounted for with the
assumption that not all of the catalyst actively participates in the reaction. This new
assumption is used to predict the data in Mechanism IV, along with a monomer-dependent
reaction that will generate vinylene species. No secondary active sites were detected, so
the model predicts that vinylene is formed from a reaction involving a primary active site
and a monomer even though the true reaction may involve a two step process of monomer

misinsertion followed by fast chain transfer. The result for this model is in Figure 2.16.
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Figure 2.15. Modeling using Mechanism IV; data (A) monomer consumption from three
batch quenches at 310, 788, 1961 s (circles), (B) corresponding MWD of each quench
(bold solid lines); fits (red lines), (C) active site concentrations; circles: primary sites;
solid line: fit, (D) vinyl concentration vs. monomer conversion; filled circles: vinylidene
concentration, open circles: vinylene concentration, solid line: vinylidene fit, dashed line:
vinylene fit. [CJo=2.85 mM, [M]o= 0.60 M. Red: Mechanism IV, rate constants: kp =
0.95 M1 st ki=0.037 M 57!, Kvinylidene = 0.0055 s7!, kmis = 0.0012 M! s! (forms
vinylene), active catalyst = 42%. Rates also reported in main text.

Additional data was collected for this catalyst in NMR scale reactions with
different initial catalyst and monomer concentrations. The fit using Mechanism IV and
the rate constants in the main text (also in the Figure 2.15 caption) to these data are in

Figure 2.16.
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Figure 2.16. Modeling using Mechanism IV; data (A) monomer consumption from four
NMR trials (circles), (B) corresponding endpoint MWD (bold solid lines); fits (dashed
lines). Blue: [C]o = 6.0 mM, [M]o = 0.60 M, Green: [C]o = 6.0 mM, [M]o = 0.30 M,
Magenta: [Clo = 3.0 mM, [M]o = 0.60 M. Red: [C]o = 3.0 mM, [M]o = 0.30 M. Rate
constants: reported in Figure 3.20 caption.
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2.4 Discussion
In this chapter, the complete set of kinetic rate constants for a zirconium amine bis-
phenolate catalyst system and two hafnium amine bis-phenolate catalysts systems have
been presented. By successfully fitting the diverse data sets using comprehensive kinetic
modeling, the 1-hexene polymerization mechanisms for these catalysts (5a, 2b, and 3b)
have been shown to consists of the following elementary reaction steps: initiation, normal
propagation, misinsertion, recovery, and chain transfer, with these values shown in Table

2.1 along with other Zr and Hf catalysts.



Table 2.1. Rate constants for 1-hexene polymerization by M[tBu-ON*O]Bn2/B(CsF5)s catalysts 1a-5a and 1b-3b.?

M Zr(a) Hf(b)
X THF (1) Py (2) NMe: (3) Furan (4) SMe (5)° THF (1) Py (2) NMe; (3)
M—X/ A 2.37 2.51 2.59 2.69 2.89 233 2.47 2.56
ki M1 gt 0.08 0.017 0.16 0.0031 0.017 0.04 0.0017 0.04
ky/ M1 g7t 8.0 1.35 11 3.52 12 0.53 0.20 0.95
kmis/ M 57! 0.054 0.077 0.055 0.0064 0.20 0.0081 0.00028 0.0012¢
Kree/ M1 57! 0.047 0.052 0.04 0° 0.036 0.06 0.0002 N/A
Kvinytidene (103)/ 871 0.14 1.34 12.2 1.00 0 0.84 3.8 5.5
Kvinytene (10%)/ s7! 0.051 0.44 8.72 0 0 0.27 0 b
Kyinylidene (1073)/ M! 57! 0 0 0 12.1 22 0 0 0
Kvinytene (107%)/ M s°! 0 0 0 6.9 0.95 0 Fast 0

“In toluene at 25 °CSee Figure 2.1 for precatalyst structures and Scheme 2.1 for reactions steps. ® The misinsertion reaction in the
system 3b mechanism is followed immediately by monomer independent B-H elimination to form vinylene.

I8
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As shown in in Table 2.1, the M-X bond distances were determined by single crystal
X-ray crystallography and the catalyst structures were organized by increasing bond length
for catalysts with the same metal center. Comparing this structural trend to the reaction rate
constants, it is clear that the size of this M-X bond distances as well as the identity of the
metal center has an effect on the chain transfer reaction pathway that produces vinylidene
terminated polymers. Catalysts 1a-3a and 1b-3b exhibit increasing monomer independent
vinylidene termination, Kvinylicene, with increasing M-X distance while catalysts 4a and 5a
exhibited monomer dependent chain transfer. We believe that this specific chain transfer
pathway is controlled by the catalyst sterics where the increased size in the active site
correlates to increased chain transfer. In fact, a quantitative structure activity relationship,
QSAR, can be calculated for 1a-3a and 1b-3b between the logarithm of the M-X bond
distance and the Kvinylidene rate constant, shown in Figure 2.17. Along this line of reasoning,
there is a point where the decreased steric bulk opens up enough that the chain transfer path
way changes from a monomer independent mechanism to a monomer dependent

mechanism, such as in catalyst 5a.

—o—Zr

1
vinylidene (S )

23 2.4 25 2.6
Bond Length (Angstrom)

Figure 2.17 Kvinylidene (s1) vs M-X distance for 1a-3a and 1b-3b
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In terms of other reaction rate constants and mechanistic insight, the Hf catalysts
2b, and 3b exhibited decreasing kmis while the Zr catalyst 5a exhibited the largest Kmis. This
suggests that the Hf catalysts seem to disfavors M-Csecondary bond formation while the 5a is
more amendable to this type of insertion due to the different metal and sterically open
active site. Furthermore, the Hf catalysts exhibit very fast chain transfer of the secondary
carbon to form vinylene terminated groups when compared to their Zr analogues, along
with a change in mechanism to a monomer dependent kvinylene. These changes suggest that
the identity of the metal center can play a dynamic role in terms of overall activity, 2,1-

insertion, and the subsequent recovery or chain transfer of the misinserted sites.

2.5 Conclusion

Two relatable kinetic study of three catalytic systems based on Zr and Hf amine
bis-phenolate complexes has been completed. Having determined the quantitative,
elementary rate constants for initiation, propagation, misinsertions, recovery, and chain
transfer, we have found a QSAR relating the distance between the metal-to-pendant crystal
structure distance to the monomer-independent, vinylidene-forming chain transfer rate
constant kvinylidene for Hf catalysts 2b and 3b. The zirconium catalyst 5a did not follow
such a correlation as we believe that the larger M-X distance causes a change in mechanism
to become a monomer-dependent Kvinylidene rate constant. Such insights are valuable in
designing new catalysts and show the nuance required in determining mechanistic insight

of catalyst structure.
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CHAPTER 3. QUANTITATIVE COMPARATIVE KINETICS OF 1-HEXENE
POLYMERIZATION ACROSS GROUP IV BIS-PHENOLATE CATALYSTS

3.1 Introduction

Homogeneous olefin polymerization catalysts provide a well-defined, single-site
structure that is attractive to study because a deeper understanding of structure—function
relationships can be developed.'* Such relationships are not only interesting academically
but also industrially as polyolefin capacity is projected to grow to nearly 170 billion kg by
2018.> While much of the underlying organometallic reaction chemistry of olefin
polymerization has been uncovered over the past decades,’ quantitative kinetic data
enabling direct comparison of the rate constants of elementary steps is lacking. Many of
the structure—function relationships have been driven by qualitative comparisons based on
activity measurements or turnover frequency (TOF).” Caution must be exercised in using
TOFs, as they represent a combination of rate constants—i.e. multiple effects are
embedded in one measurement—and are strongly dependent on the reaction initial
conditions. A feature of catalytic olefin polymerization that makes it an excellent candidate
for quantitative kinetic studies is the richness of data that can be obtained from time-
dependent batch reactions. In recent years, it has been demonstrated how a data set
including monomer consumption, active site counting, and vinyl end group analysis can

robustly determine the catalytic mechanism and quantify rate constants.®°
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A primary example is the comparison of different group IV metal centers for
organometallic olefin polymerization. Reports of group IV dichloride metallocenes
utilizing methylaluminoxane (MAO) cocatalysts reveal that the ethylene polymerization
activities are ordered by metal center: Zr > Ti > Hf.!” These observations are rationalized
via difference in metal-carbon bond enthalpies, i.e. breaking a strong Hf—carbon bond via
monomer insertion results in a lower TOF while more labile Ti/Zr—carbon bonds allow for
higher TOFs.!% This activity trend has also been reported in constrained geometry
catalysts.!" Additional work by IThm and coworkers suggest that the difference in activity
between the Ti and Zr catalysts could be attributed to deactivation of Ti active sites.!
Additionally, computational work by Ziegler and coworkers showed increases to the
monomer insertion activation energy going down group IV (Ti < Zr < Hf).'"> They
rationalized that while this trend did not match the experimental trends, side reactions
reduced the number of Ti active sites, whereas their calculations reflected the reactivity of
the metal center. Furthermore, experimental polyethylene activities by group IV
bis(phenoxy-imine) catalysts exhibit a different trend (Zr > Hf > Ti), which could be the
result of unstable Ti species.!? These studies underscore the fact that the metal center is
only one of many factors (e.g. active site concentration) that influence the activity
measurement,®!%!1

The polymerization activity of linear a-olefins, e.g. 1-hexene, by group IV catalysts
does not necessarily follow the metallocene polyethylene activity trends. Group IV [OSSO]
bis(phenolato)/tris(pentafluoroaryl) borane (B(CeFs)3) systems® yield 1-hexene activity

trends of Ti > Zr > Hf,'* while group IV [ONNO] Salan/B(CsF5)3 systems instead exhibit
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1-hexene activity trends of Zr > Ti ~ Hf.!*® These studies suggest that the monomer is
another factor that influences the activity of group IV catalysts.

Within the activity measurement of a-olefins, the salient reaction is the propagation
step, typically by 1,2-insertion. A 2,1-insertion is regarded as a misinsertion and directly
affects polymer properties.'* For some catalysts, a 2,1-insertion results in immediate chain
termination. This produces a vinylene terminated polymer and reduces the overall
molecular weight (Mw) and molecular number (Mn) of the polymer. For other systems, a
2,1-insertion produces an inactive catalyst, a dormant site that reduces the rate of
polymerization.'* The dormant catalyst can chain terminate or recover to the active species
via 1,2-insertion and the formally misinserted monomer then becomes a regioerror.>!4

The type of a-olefin insertion affects the regioselectivity. For some metallocene
catalysts, increased steric bulk suppresses 2,1-misinsertion.!**!> Alternatively, some
nonmetallocene systems, with overly constrained sterics, have been reported to propagate
normally a 2,1-insertion.!® Marks and coworkers also reported that binuclear constrained
geometry catalysts influenced the mechanism of ethylene—styrene copolymers by
increasing 1,2-insertion for styrene.!” Regioselectivity is also affected by monomer
electronics.'® Nozaki and coworkers, as well as others, noted that the regioselectivity of
functionalized monomers shows a dependence on the electron donating (1,2-insertion
favored) or electron withdrawing (2,1-insertion favored) substituents of the monomer in
copolymerization with ethylene for palladium catalysts."”

Prior to this report, we are not aware of studies that use quantitative kinetic
modeling tools to study the influence of the group IV metal center on misinsertions and

regioerrors of 1-hexene.?’ However, there are some literature examples on the effect of
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group IV metal center on regioselectivity and regioerrors. The Oliva group was able to
affect the regioselectivity in styrene insertion for hydro-oligomerization; specifically, by
changing the metal center from Zr to Hf while reacting p-methyl styrene instead of styrene,

they increased selectivity for the 1,2-insertion product.?!

They reasoned that the change in
regioselectivity was due to increased electron density at the incoming metal—carbon bond
for Hf and p-methyl styrene, where the increased electron density favors 1,2-insertion over
2,1-insertion. Also, Busico et al. reported a ~4x drop in polypropylene regioerrors
catalyzed by Hf Salans when compared to Zr Salan catalysts.??

Polymer chain length is an important feature in olefin polymerization. The average
length of a polymer chain at the moment termination occurs is related to the ratio of the
propagation rate to the chain transfer rate, which is typically inferred from the endpoint
polymer Mn. Polyethylene polymerization studies of group IV metallocene catalysts reveal
that the highest Mn polymers are produced by the metal center in the order of Ti > Hf >
Zr.!° These values are indicative of differences between metal—carbon to metal-hydride
bond strengths among the group IV metal centers.'’® Computational work by Ziegler et al.
also supports the conclusion that changes in the metal-carbon and metal-hydride bond
enthalpies are an important factor in the termination reaction.?

In this study, we describe detailed kinetics of the Ti catalysts 1a—3a, Figure 3.1, and
compare these rate constants to those for Zr (1b—3b) and Hf (1c—3c) catalysts, in Table
3.1.°%%d The M—X bond length for these catalysts is ordered as M-THF < M—Pyridine <
M-NMe:. These catalysts were initially synthesized and studied by Kol and co-workers.?*"

26 Using TOFs and Mx from the end of reaction, they determined a 1-hexene activity trend

of Zr > Hf > Ti and polymer Mn trend of Ti > Zr > Hf; however, they did not determine
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how the underlying fundamental rate constants change with the metal site. In this study, we
will quantitatively show the difference in magnitude of elementary rate constants across
the group IV catalysts. The effect of metal on 2,1-insertion and regioerrors is quantified.
The polymer Mn, which is influenced by the ratio of the propagation rate to the termination
rate, follows the trend of Zr > Ti > Hf, which is different compared to the relationship
reported by Kol using the Mx reported from the end of reaction. Finally, we show a linear
relationship between the logarithm of the rate constant of vinylidene formation and the
precatalyst Ti—pendant bond length that is similar to the relationships observed previously

with other group IV complexes.”

1-5/B(CgF5)3 (0.25-1.00 mol %)
e Ph
25 °C, toluene n
Bu Bu Bu
Bn
~ = N
X/ | o X NS /
2 L ’
M = Ti (@), Zr (b), Hf ()

Figure 3.1. 1-hexene polymerization catalyzed by titanium/zirconium/hafnium salan-type
catalysts 1a-3¢ when combined with the activator B(CesFs)3

3.2 Experimental Procedure

General Procedure: All manipulations were performed under dry inert
atmosphere in a glove box or at a vacuum manifold using air sensitive techniques under N2
or Ar atmosphere. Toluene and pentane were distilled over activated alumina and a copper

catalyst using a solvent purification system (Anhydrous Technologies) and degassed
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through freeze-pump-thaw cycles. Both solvents were stored over activated molecular
sieves. Tetrabenzylzirconium was purchased from STREM and used as received. The
monomer 1-hexene was purchased from Aldrich and purified by distillation over a small
amount of dimethyl bis(cyclopentadienyl)zirconium and stored over molecular sieves.
Tris(pentafluorophenyl)boron was purchased from STREM and purified by sublimation.
Diphenylmethane was purchased from Aldrich and stored over molecular sieves. CH30D
was purchased from Cambridge Isotopes and used as received. Ds-toluene was used as
received and stored over molecular sieves. '"H and 2H NMR experiments were performed
on a Varian INOVA600 MHz or Bruker DRX500 MHz spectrometer.

The ligands and precatalysts (1a-3c) were prepared following modified literature
procedures.?*?® We describe herein the details for the titanium based systems. The

zirconium/hafnium analogs, previously described in Chapter 2, will not be shown here.

Synthesis of 6,6’-((((Tetrahydrofuran-2-yl)methyl)-azanediyl)bis(methylene))bis(2,4-
di-tert-butylphenol), Bu-ONT"FO ligand (1). In a typical synthesis,?*?® Scheme 3.1, an
80 ml reaction vessel was charged with 2,4-di-tert-butylphenol (6.19g, 30.0 mmol), 2-
(aminomethyl)tetrahydrofuran (1.55 mL, 15 mmol), and 37% histological grade
formaldehyde (6.00 mL, 80 mmol), distilled water, and a stir bar while maintaining a
maximum volume of 80 ml. The biphasic reaction mixture was placed in a CEM
microwave reactor and allowed to warm to 100°C over 5 min while stirring. The reaction
was allowed to stand at 100°C for 30 min and cold, dry methanol was added to the organic

phase. This mixture was shaken for 30 min and the resulting solid was isolated by vacuum
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filtration. The crude ligand product was purified by crystallization from ethanol (28%

yield).

OH (0]
OH
{ 0 —_—> OH N
2 + 0] + 2
HAH - 2X HQO
NH,

Scheme 3.1. Synthesis of the Bu-ON™FQ ligand (1)

Synthesis of Ti['Bu-ONTHFO]BnN; (1a). In a typical synthesis,?*?® Scheme 3.2, a 100 ml
flask was charged with titanium(IV) tetrachloride (.361 g, 1.9 mmol), 20 ml toluene, and a
stir bar before being fitted with a rubber septum. A second 100 ml flask was charged with
1 (1 g, 1.9 mmol) and 20 ml of toluene. A third 100 ml flask, 2 equivalents of
benzylmagnesium chloride (3.8 ml, 3.8 mmol) and 20 ml of diethyl ether were charged.
The three flasks were placed under an inert atmosphere, and the ligand solution from the
second flask was slowly added to the tetrachlorotitanium solution in the first flask via
cannula. The reaction stirred for 2 hours while nitrogen was bubbled through the solution.
Afterwards, the solvent were evaporated off and 20 ml of diethyl ether were added. The
contents of the third flask were then transferred via cannula dropwise into the first flask.
After stirring for 2 hours, the solution was filtered and the resulting liquid was removed
yielding a dark red product. Subsequent crystallization in pentane afforded analytically

pure compound 1a (>90% yield).
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Scheme 3.2. Synthesis of the Ti['Bu-ON™OQ]Bn: catalyst

Synthesis  of  6,6"-(((pyridin-2-ylmethyl)azanediyl)bis(methylene))bis(2,4-di-tert-
butylphenol), 'Bu-ONPYO ligand (2). This synthesis procedure is based on previous
literature,?*? Scheme 3.3. In a typical synthesis, an 80 mL reaction vessel was charged
with 2,4-di-tert-butylphenol (24.7 g, 119 mmol), 2-picolylamine (7.0 mL, 68 mmol) and
37% histological grade formaldehyde (24.0 mL, 319 mmol), and distilled water, and a stir
bar while maintaining a maximum volume of 80 mL. The biphasic reaction mixture was
placed in a CEM microwave reactor and allowed to warm to 100°C over 5 min while
stirring. The reaction was allowed to stand at 100°C for 10 min, and then cooled to room
temperature. The aqueous layer was removed, and cold, dry methanol was added to the
organic phase. This mixture was shaken for 30 min, and the resulting solid isolated by
vacuum filtration. The crude ligand product was purified by crystallization from ethanol

(34% yield).
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Scheme 3.3. Synthesis of the ‘Bu-ONYO ligand (2)

Synthesis of Ti['Bu-ONPYO]Bn; (2a). In a typical synthesis,?*?% Scheme 3.4, a 100 ml
flask was charged with titanium(IV) tetrachloride (.35 g, 1.8 mmol), 20 ml toluene, and a
stir bar before being fitted with a rubber septum. A second 100 ml flask was charged with
2 (1 g, 1.8 mmol) and 20 ml of toluene. A third 100 ml flask, 2 equivalents of
benzylmagnesium chloride (3.8 ml, 3.8 mmol) and 20 ml of diethyl ether were charged.
The three flasks were placed under an inert atmosphere, and the ligand solution from the
second flask was slowly added to the tetrachlorotitanium solution in the first flask via
cannula. The reaction stirred for 2 hours while nitrogen was bubbled through the solution.
Afterwards, the solvent were evaporated off and 20 ml of diethyl ether were added. The
contents of the third flask were then transferred via cannula dropwise into the first flask.
After stirring for 2 hours, the solution was filtered and the resulting liquid was removed
yielding a dark red product. Subsequent crystallization in pentane afforded analytically

pure compound 2a (>90% yield).
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Scheme 3.4. Synthesis of the Ti['Bu-ONYO]Bn catalyst

Synthesis of 6,6'-((dimethylamino)methylazanediyl)bis(methylene)bis(2,4-di-tert-
butylphenol), 'Bu-ONNMe2Q ligand. The ligand synthesis procedure is based on
literature,?*?6 Scheme 3.5. In a typical synthesis, a 30 mL reaction vessel was charged with
2,4-di-tert-butylphenol (7.62 g, 36.0 mmol), N,N-dimethylethylenediamine (1.89 mL, 15
mmol) and 37% histological grade formaldehyde (3.00 mL, 36 mmol), 6.7 mL of distilled
water. The biphasic reaction mixture was placed in a CEM microwave reactor and allowed
to warm to 100°C over 10 min while being stirred. The reaction mixture was allowed to
stand at 100°C for 10 min, and then cooled to room temperature. The aqueous layer was
removed, and cold, dry methanol was added to the organic phase. This mixture was shaken
for 30 min, and the resulting solid was isolated by vacuum filtration. The crude ligand

product was purified by crystallization from ethanol (52% yield).
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OH OH

Scheme 3.5. Synthesis of the ‘Bu-ON™<2Q ligand (3)

Synthesis of Ti[tBu-ONNMe2Q]Bn;. In a typical synthesis,*?® Scheme 3.6, a 100 ml flask
was charged with titanium(IV) tetrachloride ( .361 g, 1.9 mmol), 20 ml toluene, and a stir
bar before being fitted with a rubber septum. A second 100 ml flask was charged with 3 (1
g, 1.9 mmol) and 20 ml of toluene. A third 100 ml flask, 2 equivalents of benzylmagnesium
chloride (3.8 ml, 3.8 mmol) and 20 ml of diethyl ether were charged. The three flasks were
placed under an inert atmosphere, and the ligand solution from the second flask was slowly
added to the tetrachlorotitanium solution in the first flask via cannula. The reaction stirred
for 2 hours while nitrogen was bubbled through the solution. Afterwards, the solvent were
evaporated off and 20 ml of diethyl ether were added. The contents of the third flask were
then transferred via cannula dropwise into the first flask. After stirring for 2 hours, the
solution was filtered and the resulting liquid was removed yielding a dark red product.

Subsequent crystallization in pentane afforded analytically pure compound 3a (>90%

yield).
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Scheme 3.6. Synthesis of the Ti['Bu-ONN™¢2Q]Bn; catalyst

NMR Scale Polymerization of 1-Hexene Arrays. The procedure for NMR scale
polymerization is based on literature.” As an example of a typical reaction, Ti['Bu-
ON™FQ]Bn2(1a) (16.9 mg, 0.0225 mmol) was dissolved in 1.5 mL of toluene and sealed
in a vial with a screw-cap septum. This vial was pierced with a 1 mL syringe and placed in
an N2 bag and equilibrated to 25 °C. B(C¢Fs)3 (63.4 mg, 0.124 mmol), 1-hexene (1.89 g,
22.5 mmol), and CPh2H2 (37.9 mg 0.225 mmol) were added to a 5.0 mL volumetric flask
and diluted with ds-toluene. 1 ml of this solution was placed in an NMR tube with a septum.
The monomer solution was placed in the spectrometer and equilibrated to 25°C by a VT
controller. An initial concentration of monomer was taken. The catalyst solution was drawn
out of the vial into the syringe and then added to the activator/monomer solution by
piercing the NMR tube’s septum while the syringe remained in the N2 bag. The reaction
mixture was shaken for ca. 30 s and returned to the spectrometer. Spectra were acquired at
predetermined time intervals until completion. Each sample was prepared for GPC analysis
by evaporation of solvent under low heat, dissolution in hexanes, and then filtration through

an alumina plug to remove dead catalyst. After evaporation of hexanes, polymer was placed
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under reduced pressure overnight to yield clear, colorless poly(1-hexene). 'H spectrum was

collected on an INOVA 600 MHz spectrometer and analyzed using MestReNova.

Batch Polymerization of 1-Hexene. The procedure for manual quench was conducted
similarly to the array experiments. After an initial point measurement, catalyst was injected
and the reaction was shaken for ca. 30 s. The reaction proceeded to a predetermined time
before being quenched with ds-methanol. The quenched reaction was analyzed by 'H NMR
to verify monomer conversion. The same work up analysis was used to yield clear,
colorless poly(1-hexene). For vinyl end group analysis, the resulting polymer was
dissolved in CDCl3 and analyzed by 'H NMR using CPh2H> as an internal standard by
method of standard additions. For °H analysis of active sites, the polymer was dissolved in
CH2Cl2 and analyzed by ’H NMR. D¢-benzene was used as an internal standard, and the
method of standard additions was used in quantification of active sites by 2H NMR. Both

vinyl and active sites were measured using a Bruker DRX500 spectrometer at 25 °C.

Gel Permeation Chromatography (GPC) Analysis. Poly(1-hexene) was dissolved in
THF to concentrations between 5 and 10 mg mL™! for 4 hours. The samples were filtered
and injected at 35 °C into a Viscotek TDAmax GPC equipped with refractive index,
viscosity, and two light scattering detectors (7° and 90°). Calibration was performed using
a known narrow polystyrene standard. The data analysis was performed on the proprietary

OmniSEC software with triple detection methodology.
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3.3 Results
The strategy we used to produce a kinetics-based model to describe the polymerization
data was as follows:

1. Choose the simplest mechanism (i.e. least number that will account for the types
of chemical species observed. For example, if vinylidene groups are observed
through the appropriate NMR measurements then a reaction must exist in the
model that accounts for their creation.

2. For the given reactions, attempts to fit the data to the model by varying the values
of the rate constants or other model parameters.

3. Ifthe given model cannot be made to fit the data for any set of model parameters,
modify the model by adding a minimal amount of new reactions to account for the
discrepancies between the model and data, then repeat step 2 until the model is

satisfactory.

As an example, we present here the method used to develop the model for catalyst 1a, that
is, the catalyst with a titanium metal center and a tetrahydrofuran-based pendant ligand. In
addition to the molecular weight distributions, 'H NMR signals were collected and
interpreted to represent the monomer concentration, vinylidene and vinylene end group
concentration, and both primary and secondary carbon bonded to titanium. The reaction

steps modeled are shown in Scheme 3.7.
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Scheme 3.7 Elementary reaction rate constants used in the modeling of 1a-3a



3.3.1

Detailed Kinetic Modeling

3.3.1.1 Kinetic Modeling of Ti['Bu-ON"MOQ]Bn, Catalyst System (1a)

Model A: Base Model

o

dwt/d(log MW)

=
o

[MI/MI]

(b)

3 X 10 §

s (0 L

: 2 ; | (]

© == )
> »

£l e z o

> ® a" —

b - - (8]

- L L <

0 5 10 15 —

Time (s) x 10"

101

Figure 3.2. Polymerization data (black) and kinetic fits (red) for 1a/B(CeFs)3/1-hexene at
25°C. Reaction conditions: [1a] = 9.0 mM, [B(CesF5)3] = 9.9 mM, [1-hexene] = 900 mM.

(a) MWDs at 14150 s (solid), 45630 s (dashed), 134040 s (dotted). (b) Monomer

concentration, (c) vinyl concentration (filled points and solid line represent vinylidene,
open points and dashed line represent vinylene), and (d) active site concentration (filled

points and solid line represent primary carbon—metal active sites resulting from 1,2-
insertion, open points and dashed line represent secondary carbon—metal active sites

resulting from 2,1-insertion/misinsertion). The model used is Model A described in the
supplementary information.
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Based solely on the presence of the aforementioned species, the simplest mechanism that
describes the presence of these chemical groups includes the following reactions:

1. Chain growth by propagation (kp)

2. 2,1-misinsertion of monomer (Kmis)

3. Chain transfer of catalyst site to form vinylidene (Kvinylidene)

4. Chain transfer of misinserted site to form vinylene (Kvinylene)

This model would also assume that the rate constants for the initiation process (insertion
of the first monomer following activation) and the re-initiation process (insertion of the
first monomer following chain transfer) are equal to the propagation rate constant. It also
assumes that activation is rapid and complete. With these four rate constants as parameters
certain features of the data can be fit (Figure 3.3); however, the complete set of data cannot
be fit simultaneously. The main features that the model fails to fit are (i) the broadness and
peak positions in the molecular weight distributions, (ii) the curvature in the vinyl
concentration (both for vinylidene and vinylene), and (iii) the drop in secondary active sites.
Since none of the reactions in the current model can be removed, we conclude that at least

one additional reaction pathway must be added to model the experimental data.
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Model B: Model A + Recovery of Misinserted Site
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Figure 3.3. Polymerization data (black) and kinetic fits (red) for 1a/B(CeFs)3/1-hexene at
25°C. Description of figures is the same as in Figure S1. The model used is Model B
described in the supplementary information.

One of the key deficiencies of Model A was the continuous accumulation of secondary
active sites, while the data show that secondary sites follow closely with primary active
sites and decrease after an initial maximum. Model A does allow for consumption of
secondary sites through vinylene formation, but the low measured value of vinylene
concentration limits the rate at which these groups can be consumed. Therefore, we add

the following reaction:
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5. 1,2-insertion of monomer following 2,1-misinsertion (Krec)

This additional reaction converts secondary sites to primary sites, which allows the two
sites to interconvert without creating additional vinyls. Allowing the rate constants to adjust
to produce the best possible fit (Figure 3.4), we see that there are still deficiencies in this
model, including (i) the molecular weight distributions are still too narrow, (ii) the rate of
monomer consumption does not decrease late in the reaction, and (iii) active site

concentrations are over-predicted.
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Model C: Model B + Slow Initiation
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Figure 3.4. Polymerization data (black) and kinetic fits (red) for 1a/B(CsFs)3/1-hexene at
25°C. Description of figures is the same as in Figure S1. The model used is Model C
described in the supplementary information.

We observe that the molecular weight distributions in Models A and B are too narrow and
have too low of a molecular weight. One reaction pathway known to create this effect is a
slow chain initiation reaction:

6. Chain initiation (ki)

In the earlier models this reaction was implicitly included; however the rate constant was
assumed to be equal to the propagation rate constant. The difference here is that initiation
is allowed to be much slower than propagation. The initiation reaction involves the very

first insertion of a monomer into an activated catalyst site. Chemically, initiation involves
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inserting a monomer into a metal-benzyl bond rather than into an already growing polymer
chain, and a different reaction rate constant may be expected.

The best model fit of the experimental data based on the six reactions of Model C is shown
in Figure S3. The broad molecular weight distribution can now be modeled; however the
peak positions are still found to be too low. One way to allow the model to produce higher
molecular weight distributions is to increase the ratio of the propagation rate constant to
the chain transfer rate constants. From Figure 3.5, we see that we can neither increase kp
nor decrease Kvinylene Or Kvinylene without drastically reducing the quality of the monomer
consumption fit or the vinyl fit. Another fault of the model is its inability to match the

slowdown in the monomer consumption rate late in the reaction.



107

Model D: Model C + Catalyst Deactivation
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Figure 3.5. Polymerization data (black) and kinetic fits (red) for 1a/B(CeFs)3/1-hexene at
25°C. Description of figures is the same as in Figure 3.2. The model used is Model D
described in the supplementary information.

Both the monomer consumption data and the active site concentration data can be
interpreted as describing a system where the total concentration of active catalyst decreases
over time. Based on this interpretation, the following reaction is included:

7. Catalyst deactivation (Kd)

The reaction is assumed to be independent of monomer concentration. Chemically, the
reaction may be interpreted as the reaction of the catalyst with oxygen or some other agent
that irreversibly deactivates the site from further polymer growth. No vinyl group is formed
in this reaction. Because the polymerization is so slow, it is not unusual to assume that there

is a slow rate of deactivation that becomes apparent at long reaction times.
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The improvement of Model D over the previous models can be seen in Figure S4,
specifically with the monomer consumption and the active site concentration predictions,
which now have the same qualitative features as the data. However, the molecular weight
distribution predictions are still low while the active site concentrations are mostly too high.
As with Model C, increasing the ratio of the propagation rate constant to the chain transfer
rate constants will not improve the overall fit.

Model E: Model D + Partial Active Sites

So far, the models used have assumed that the initial concentration of catalyst is fixed at
the experimentally measured value. However, many single-site olefin catalysts are known
to not fully participate in polymerization. It remains unclear whether this is due to
incomplete activation, catalyst poisoning, or some other route. In any case, the following
parameter is added to the mechanism:

8. Active catalyst fraction (Xactive)

In terms of modeling, this parameter serves as a multiplication factor for the initial catalyst
concentration. The inclusion of this parameter allows for the following adjustments to the
model fit: As Xactive 18 decreased from 1, the primary and secondary active site
concentrations will drop. This means that for a fixed kp the slope of the monomer
consumption curve will decrease toward zero. To compensate, the model value of kp is
typically increased along with the decrease in Xactive in order to maintain a monomer
consumption fit. However, this change to kp will increase the ratio of propagation to chain
transfer, which increases the peak position of the model molecular weight distributions.

In the case of catalyst 1a this model addition exactly accounts for the deficiencies found in

Model D. The model fit is shown in Figure 3.6. This fit corrects the offset in the molecular
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weight distributions while maintaining the monomer consumption and vinyl concentration
fits. It also improves over the Model D fit by providing a closer fit to the active site
concentrations.

This procedure was also followed for catalyst systems 2a and 3a. The same
chemical mechanism was found to fit the data, where the rate constants and active catalyst

fraction parameter had unique values for each system.
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Figure 3.6. Data (black) and fits (red) for 1a/B(CcFs)3/1-hexene at 25 °C. Conditions:
[1a] = 9.0 mM, [B(C¢Fs)3] = 9.9 mM, [1-hexene] = 900 mM. (a) MWDs at 14150 s
(solid), 45630 s (dashed), 134040 s (dotted). (b) Monomer concentration, (¢) Vinyl
concentration (filled points and solid line represent [vinylidene], open points and dashed
line represent [vinylene]), and (d) active site concentration (filled points and solid line
represent primary active sites resulting from 1,2-insertion, open points and dashed line
represent secondary active sites resulting from 2, 1-insertion/misinsertion).
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3.3.1.2 Kinetic Modeling of Ti['Bu-ON*YO]Bn2 Catalyst System (2a)

Model Predictions for 2a. The model fit for catalyst system 1a appears in Figure 3.6. The
model fit for catalyst system 2a appears in Figure 3.7. The rate constants associated with

these fits are in the main text Table 3.1.
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Figure 3.7. Polymerization data (black) and kinetic fits (red) for 2a/B(CeFs)3/1-hexene at
25°C. Reaction conditions: [2a] = 9.0 mM, [B(CsFs)3] = 9.9 mM, [1-hexene] = 1800 mM.
(a) MWDs at 24000 s (solid), 74240 s (dashed), 304282 s (dotted). (b) Monomer
concentration, (c¢) vinyl concentration (filled points and solid line represent vinylidene,
open points and dashed line represent vinylene), and (d) active site concentration (filled
points and solid line represent primary carbon—metal active sites resulting from 1,2-
insertion, open points and dashed line represent secondary carbon—metal active sites
resulting from 2,1-insertion/misinsertion). The rate constants from the kinetic fitting
appear in Table 3.1.
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3.3.1.3 Kinetic Modeling of Ti['Bu-ONYM¢20Q1Bn, Catalyst System (3a)

Model Predictions for 3a. The model fit for catalyst 3a appears in Figure 3.8. The rate

constants associated with these fits are in the main text Table 3.1.
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Figure 3.8. Polymerization data (black) and kinetic fits (red) for 3a/B(CeFs)3/1-hexene at
25°C. Reaction conditions: [3a] = 9.0 mM, [B(CsFs)3] = 9.9 mM, [1-hexene] = 1800 mM.
(a) MWDs at 3870 s (solid), 10800 s (dashed), 21600 s (dotted). (b) Monomer
concentration, (c¢) vinyl concentration (filled points and solid line represent vinylidene,
open points and dashed line represent vinylene), and (d) active site concentration (filled
points and solid line represent primary carbon—metal active sites resulting from 1,2-
insertion, open points and dashed line represent secondary carbon—metal active sites
resulting from 2,1-insertion/misinsertion). The rate constants from the kinetic fitting
appear in Table 3.1.
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3.4 Discussion

Herein, we present the experimental data and a quantitative kinetic analysis for 1-
hexene polymerization by Ti catalysts 1a—3a. The procedure used to eliminate inadequate
mechanisms and to arrive at the final polymerization mechanism for 1a—3a is provided in
Chapter 3.3. Each system was studied independently and no a priori assumptions were
made with respect to elementary steps. The principle of parsimony (Occam’s razor) was
applied, where the mechanism with the least number of reactions that can satisfy the kinetic
data was adopted. From this independent analysis of the Ti catalysts, 1a—3a, the kinetic
mechanism was found to be similar to that observed for the Zr and Hf analogues.

The mechanism includes activation, initiation, propagation via 1,2-insertion, 2,1-
misinsertion, recovery from misinsertion, and monomer-independent chain transfer
reactions that give vinylidene and vinylene end groups. The elementary kinetic steps are
shown in Scheme 1. For each system, we followed a previously developed kinetic modeling
method analyzing (1) monomer consumption, (2) MWD, (3) active site concentration, and
(4) vinyl end group concentration over the course of the reaction. Active sites were
determined by quenching the reaction with ds-methanol and using ?H NMR spectra in
quantifying polymer—deuterium tags. Active sites that underwent 1,2-insertion of 1-hexene
are defined as primary sites and those that underwent 2,1-insertion as secondary sites. Both
are distinguishable and quantified by the 2H NMR analysis. The complete kinetic analysis
for the Zr (1b—3b) and Hf (1c-3c) based systems has been reported previously.”*

Examination of the rate constants in Table 3.1 shows the rate of initiation for the
Ti-based catalysts is slower than that for propagation for all three catalysts. For 1a and 3a

initiation is 2040 times slower than propagation; for 2a initiation is approximately 300
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times slower than propagation. The rates of misinsertion for the three catalysts are between
15-50 times slower than for propagation, while the rates of misinsertion and recovery are
always the same order of magnitude within each system. Vinyl formation (both vinylidene
and vinylene) is monomer independent. For 1a and 2a vinylidene formation is much faster

than vinylene formation, but for 3a vinylene formation dominates.



Table 3.1. Rate constants for 1-hexene polymerization with the Ti/Zr/Hf[tBu-ON*O]Bn2/B(CsFs)3 catalysts 1a-3¢.?
M Ti Zr HE
[ON*O] THF Py NMe> THF Py NMe> THF Py NMe>
M—X A 2.26 2.43 2.55 237 2.51 2.59 2.33 2.47 2.56
ki(10%)/ M1 57! 800 (+200/- 1,600 (+400/- | 400 (+200/- 400
2.97 (+/-.48) 172 (+-.047) | 7.5 (+/-.5) 100) 170 (+/-200) 200) 100) 176240 | 410020y
80,000 13,500 9,500
k(104 M- §°1 121 (+12/-14) 48 (+51-6) | 179 (+/-23) (+8,000/- (+2,000/- 11(1)60880(; -3 ’32(())0()” - 2,0(;(()) é)”)/ | @700
2,000 1,000) ’ 900)
PPV 540 (+260/-
kmis(10%)/ M s 3.11 (+/-.29 3.3 (+-7) 3.6 (+.9/-.5) 30) 77 (+5/-4) | 550 (+70/-40) | 81 (+2/-10) | 2.8 (+.2/-0) | 12 (+3/-0)
L 132 (+3.4/- | 470 (+210/- 400 (+300/- | 600 (+40/-

4 11 C
krec(104)/ M s 2.37 (+/-2) 7.9 (+/-1.1) 2.4) 20) 52 (+12/-9) 200) 50) 2 (+0/-2) 0
Kuinylidene(10%)/ 57! 0172 (+/-.001) | .436 (+/-.024) 423 1.40 13.4 (+0/-1) | 122 (+8/-6) | 8.4 (+.2/-4) | 38(+3/2) | 55(+-2)

4 : : : : (+.038/-.043) (.14+/-2) : ' A
00541 031 51
. 4) /o1 _ . . _ nd d e
Kvinyene(10%)/s (+00025-00028) | (+/-0027) | A28 | (onigzy | 441 (H-03) | 872(R704) | 2.7 (+756) | 2% Order Fast

n toluene at 25 °C. See Figure 1 for pre-catalyst structures. Error bars have been omitted for clarity; a full table with error bars is included in Section 2 of
the SI. Error values were typically (= 10%) of the respective rate constant except in the cases of kmis for 2a/3a/2b/3b (= 20%), and Krec for 3a/2b (+ 25%) and
3b (£ 66%). *These crystal structure values were obtained from either literature or in the case of 1b reported herein. °A value of zero means that the model
did not require the inclusion of this reaction step. “The vinylene rate constant is fast and is monomer-dependent. °The model requires a vinylene chain
transfer to immediately occur after a misinsertion.

148!
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The complete set of rate constants for the Ti catalysts from this study allows direct
comparisons to the rate constants for the Zr and Hf analogues. All rate constants for the Ti
catalysts 1a—3a are roughly two orders of magnitude slower than those of the Zr catalysts
and an order of magnitude slower than for the Hf catalysts. Focusing on the propagation
rate constant, Zr (8.0 M s!) is the largest, then Hf (0.53 M s'!), and finally Ti (0.0121
M1 sy for ligand (1). While differences in propagation between Zr/Hf catalysts are
possibly due to electronic differences in the metal, as indicated by the larger Hf—carbon
bond enthalpy,?’ steric crowding may contribute to the reduced activity of the Ti catalysts
for 1-hexene polymerization. The metal-ligand bond distances as detailed in Figure 3.9
were determined from the precatalyst crystal structures and are given in Table 3.2. The
metal-ligand bond lengths for Ti catalysts la—3a are significantly shorter, i.e. ~0.8
angstroms, than the Zr analogues 1b—3b. Contractions of these key bond lengths result in

a smaller active site that partially blocks the interactions between catalyst and monomer.

Figure 3.9 Molecular representation of 1a-3b with key bond distances in Table 3.2



Table 3.2. Key bond lengths for 1a-3b for Figure 3.9%2426

Pendant THF Py NMe,
Metal Ti/Zt/Hf Ti/Zr/Hf Ti/Zr/Hf
X-M 2.26/2.37/2.33 2.43/2.51/2.47 2.55/2.59/2.56
Bond
N-M 2.36/2.44/2.42 2.35/2.46/2.43 2.38/2.45/2.42
Length
O1-M 1.88/2.00/1.98 1.86/2.00/1.98 1.85/2.00/1.98
A)
02-M 1.87/1.99/1.99 1.90/2.00/1.99 1.87/1.99/1.98

A focus on single active species containing different metal centers reveals that the
kmis and Krec rate constants show a unique trend across the ligand family. These rate
constants for Ti catalysts increase as the M—X bond distance increases, suggesting a steric
influence on 2,1-insertion and recovery. This is in contrast to the changes in Kmis and Krec
for Zr and kmis for Hf, where the rate constants do not correlate with the pendant bond
length. Interestingly, Hf catalysts exhibit a reverse trend from that for Ti with regard to Krec,
i.e. Hf catalysts exhibited a decrease in the recovery rate constant as the pendant bond
length increased. Combined with fact that Hf-Py and Hf-NMe: display rapid chain transfer
of secondary inserted sites, Hf catalysts 2¢ and 3c exhibited less dormancy when compared
to 1c, Ti catalysts 1a—3a, and Zr catalysts 1b—3b. This suggests that the changes in metal
center and ligand design can have a significant effect on monomer misinsertions, the
percent of regioerrors in a polymer chain, and the polymer length via chain transfer

following 2,1-insertions.
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Calculating the percent of misinserted monomers into a primary polymer site can
be done by comparing the rate of the misinsertion reaction rate to the sum of the rates of

all monomer insertion reactions for a primary active site; specifically,

2,1-Ins. [C*][M]Komis — kmis
Alllns.  [C][M](kp+kmis)  kp+kmis

% Misinsertions =~ Equation 3.1

where [M] = [1-Hexene] and [C*] = concentration of primary active catalyst. The results

of these calculations for each metal catalyst are shown in Table 3.3.



Table 3.3 Calculations and values used to calculate the number of regioerrors in each polymer

Ti-THF Ti-Py Ti-NMe: | Zr-THF Zr-Py Zr-NMe, | Hf-THF Hf-Py Hf-NMe»
[Catalyst]o 0.009 0.009 0.009 0.003 0.003 0.005 0.003 0.003 0.003
[Monomer]o 0.9 1.8 1.8 0.6 0.6 0.5 0.6 0.6 0.6
Time (sec) 134000 304000 21600 331 3200 158 3915 10960 3000
Remaining [Monomer] 1.47E-01 | 1.77E-01 | 3.20E-01 | 1.28E-02 | 3.31E-04 | 5.99E-02 | 2.23E-03 | 8.28E-02 | 1.90E-03
[1,2-insertion] + [Recovered] 7.34E-01 | 1.53E+00 | 1.45E+00 | 5.83E-01 | 5.97E-01 | 4.38E-01 | 5.90E-01 | 5.20E-01 | 6.03E-01
[Misinsertions] 1.83E-02 | 9.53E-02 | 2.81E-02 | 3.88E-03 | 3.29E-03 | 2.14E-03 | 8.58E-03 | 6.38E-04 | 6.98E-04
% Misinserted monomers 2.43% 5.87% 1.90% 0.66% 0.55% 0.49% 1.43% 0.12% 0.12%
Ave. % Misinsertions by Metal 3.40% 0.56% 0.12%
kmis/kp 2.58% 6.86% 2.01% 0.68% 0.57% 0.50% 1.53% 0.14% 0.13%
[Secondary Sites] 9.00E-04 | 1.68E-04 | 4.79E-04 | 1.51E-03 | 5.83E-04 | 6.13E-04 | 2.05E-04 | 1.67E-04 0.00
[Vinylene] 1.05E-04 | 5.45E-04 | 8.01E-03 | 2.19E-05 | 1.41E-03 | 8.32E-04 | 3.21E-04 | 4.16E-04 | 6.98E-04
% Misinsertions followed by CT 0.603% 0.573% 29.003% 0.924% | 51.895% | 54.632% | 3.837% 88.423% 100%
% Recovered Misinsertions 99.397% | 99.427% | 70.997% | 99.076% | 48.105% | 45.368% | 96.163% | 11.577% 0.000%
% Regioerrors in the polymer 2.4% 5.8% 1.3% 0.65% 0.26% 0.22% 1.4% 0.014% 0.000%
Ave. % Regioerrors per Metal 3.2% 0.38% 0.007%

8I1
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Going from Ti to Zr to Hf, the number of 2,1-insertions decreases, which is similar to the
results seen by Busico and coworkers.?? On average, the Ti catalysts exhibited ~3.4% 2,1-
insertions as compared to Zr and Hf catalysts that exhibit ~0.56% and ~0.12% 2,1-
insertions, respectively. The Hf catalyst 1c stands as an outlier to this trend, as it had an
increased amount of 2, 1-insertion, 1.43%. Figure 3.10 shows the effect on metal center on

Equation 3.1 using data for catalysts 1a-3c from Table 3.1.

10.0

1.00

% Misinsertions

0.10

THF Py NMe,

Figure 3.10 % Misinsertions reactions using Equation 3.1 and Table 3.1 for 1a-3c

The percentage of 2,1-insertion has direct implications on the polymer MWD and
the number of regioerrors within the polymer chain. As shown in Scheme 3.7, a catalyst
species containing a misinserted monomer can either recover to the active polymerization
species by a 1,2-insertion, forming a regioerror polymer defect, or perform a B-hydride
elimination to form a metal hydride and a vinylene chain terminated polymer. Using the
rate constants from Table 3.1, the number of 1-hexene misinsertions was compared to the

concentration of vinylene terminated groups and secondary active sites; thus the percent of
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polymer regioerrors, Figure 3.11A, and the percent of vinylene terminated polymers
following 2,1-misinsertion were determined. Literature experimental values for regioerrors

in poly(1-hexene) by Kol and coworkers?*

using a Ti amine bis-phenolate catalyst
featuring a methoxy pendant and regioerrors in polypropylene by Busico and coworkers*

using Zr/Hf Salan catalysts are also shown in Figure 3.11A for comparison (catalyst

structures shown in Figure 3.11B).
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Figure 3.11 (A) % Regioerrors calculate for catalysts 1a-3c and (B) other catalysts

Comparing values of Equation 3.1 with Figure 3.11, one finds that Ti catalysts 1la—
3a exhibited very little chain transfer after a 2,1-insertion but instead produced longer
polymers containing an average of ~3.2% regioerrors, compared to 3.4% misinsertions.
This is consistent with the regioerrors reported by Kol and coworkers for poly(1-hexene)
polymer produced by the Ti['Bu-ON°™*O]Bnzcatalyst, ~4% regioerrors.* However, they
reported < 1% regioerrors in poly(1-hexene) produced by catalyst 1c while the kinetic

model using rate constants given in Table 1 predicts a slightly larger 1.3% regioerrors for
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the same catalyst.>* Zr catalysts 2b/3b consistently exhibit rapid chain transfer after a 2,1-
insertion, producing shorter, vinylene-terminated polymer chains and ultimately retained <
0.3% regioerrors in the resulting polymer, compared to the ~0.5% misinsertions calculated
from Equation 3.1. The regioerrors incorporated by Hf catalysts 2¢/3c into polymer chains
were even lower, 0.0014% and 0.0% respectively, because these catalysts preferred rapid
chain transfer to produce a vinylene end group over recovery. These results are consistent
with Busico and coworkers’? findings, Figure 3.11A, where Zr catalysts showed increased
amounts of regioerrors when compared to analogous Hf catalysts. However, Zr—THF and
Hf-THF catalysts produced more polymer regioerrors, i.e. 0.65% and 1.4%, respectively.
The deviation for these catalysts may be due to the increased steric interference caused by
the shorter M—X distance. While we do not fully understand the nature of this interaction,
we note that Coates et al. also reported increased 2,1-insertions as they increased steric
bulk in their Ti phenoxyimine catalysts.'®

In summary, the percentages of regioerrors associated with Ti and Zr catalysts were
fairly consistent across the different ligands and monomers, with the Ti catalysts exhibiting
the most regioerrors. The regioerrors for the Hf catalysts were typically lower than for the
Ti and Zr catalysts but can be influenced by changes with the ligand system.

These observations on the metal’s influence on misinsertion and termination rate
constants are important for future catalyst design. A higher selectivity toward vinylidene-
terminated products may be possible by choosing Hf over Ti/Zr metal centers. Reducing
regioerrors within the polymer could also be accomplished by changes in metal center
rather than designing bulkier ligand architectures. In fact, Rieger and coworkers have

already shown that the reduction in regioerrors by using Hf catalysts produces higher
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quality ultrahigh molecular weight polypropylene elastomers when compared to Zr
analogues.?® Furthermore, regioselectivity in the insertion a-olefins into metal-carbon
bonds seems to follow the trend hinted at by Oliva, Nozaki, and others; specifically, the
number of 2,1-insertion increases as the reaction center becomes electron deficient, and the
number of 1,2-insertion increases as the electron density increases. This trend is also seen
for 1-hexene insertions as the metal center changes from Ti to Zr to Hf. This observation
may be applicable to the design of other nonpolymerization catalyst systems that involve
the insertion of a-olefins, such as hydroformylation or for cross-coupling Heck reactions.
The number of 1,2-insertions a polymer undergoes at a single primary active site
before chain termination is given by the ratio of the propagation rate and the termination
rate. Ignoring all other reactions except 1,2-insertion and vinylidene reaction rates, we can

estimate the propensity of a catalyst to produce longer or shorter chains; specifically,

Rate 1,2—ins. _ Kp[C'][M] ~_  Kkp[M]
Rate 1,2—term.  Kyinyldene[C'] Kyinyldene

Prop. vs. Term. Equation 3.2

where [M] = [1-Hexene], [C*] = concentration of the primary active catalyst. For a constant
[M], the average length of polymers from different catalyst systems can be ordered along
the trend found by computing kp/kvinylidene. At 25°C the Zr catalysts 1b—3b should produce
longer polymer chains than the Ti (1a—3a) and Hf (1¢c—3c) based on the rate constants from

Table 3.1 and Equation 3.2, shown in Figure 3.12.
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Prop. to Term.

THF Py NMe,

Figure 3.12 Ratio of propagation to termination for 1a-3c using Table 3.1/Equation 3.2

However, this result is not consistent with previous literature that suggests that Ti
catalysts produce the highest Mw.?*® To determine if the other reactions had an effect on
the polymer length, calculations using the rate constants from Table 3.1 for batch
polymerization were performed with the initial conditions of [1-Hexene]o = 600 mM and
[Catalyst]o = 3.0 mM for each of the nine catalysts. To control for incomplete catalyst
participation and catalyst deactivation reactions, the catalyst participation was fixed at 100%
and modeled without a catalyst deactivation step. The results of these computer simulations
conducted to 95% monomer consumption are shown in Figure 3.13. When identical initial
monomer concentration and catalyst participation were enforced, the resulting Mn with
respect to the metal center are ordered as Zr > Ti > Hf. However, the trend for Mn as
reported in the literature is Ti > Zr > Hf, as the Ti catalysts were reported as essentially

living poly(1-hexene) catalysts.+2
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Figure 3.13 Polymer Mx calculated using k’s from Table 3.1 with identical initial
conditions and complete catalyst participation

The apparent discrepancy can be resolved by understanding the conditions in which
the reported activity experiments in the literature were conducted. Zr/Hf catalysts, when
tested for reactivity in neat solutions of 1-hexene, were active enough to raise the reaction
media temperature to a boil from the exothermic AHmn to produce polymers with shorter
Ms, commiserate to reactions held at higher temperatures.”> Kol and coworkers then
“tamed” the reactivity by diluting the reaction media with an inert, nonpolar solvent that
gave both a lower catalytic activity and longer polymer chains, indicative of a lower
reaction temperature.?> In both of these experiments, the reaction temperature was neither
controlled nor monitored. The effect of temperature on the catalytic mechanism has
tremendous effect on the polymer M, influencing both the values of kp and Kvinylidene in
Equation 3.2, for each of these active catalysts. In contrast, the 1-hexene activities for the
amine bis(phenolate) Ti catalysts were reported from experiments in neat 1-hexene; the

TOFs for these systems were low enough that the experiments did not bring the reaction
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media to a boil despite the higher concentration of 1-hexene.?* Therefore, the polymer M
of the Ti catalysts are influenced by the effect of the monomer concentration, a larger [M]
in Equation 3.2 produces an inflated polymer Mn value compared to experiments run at
lower monomer concentrations, while the Mn of the Zr/Hf catalysts is affected strongly by
the reaction temperature, changing Kp and Kvinylidene in Equation 3.2. Combined with the fact
that activity experiments do not account for the percent of active catalysts participating in
the catalytic cycle, another key factor affecting polymer M, activity measurements and
end point MWD analysis should be used with caution when comparing catalysts when
potential reaction temperature changes, inequivalent monomer loading, catalyst
participation, or even catalyst deactivation can distort actual chemical trends.

The implications of this more detailed knowledge in terms of polymer engineering
should not be ignored. Consider a process to produce long chains of poly(1-hexene). This
could be accomplished by using a high monomer batch process with a Ti amine bis-
phenolate catalyst. Alternatively, a semibatch process featuring a Zr metal centered catalyst
could be utilized, where cooled 1-hexene is continually fed into a thermally-regulated
reactor to maintain a constant temperature. Between the two processes, the Zr system could
potentially produce longer polymers with fewer regioerrors, use less catalyst material, and
be faster than the alternative Ti batch system. The design of this polymerization reactor
system comes directly from knowing the polymer mechanism and associated rate constants
in Table 3.1.

With regard to the polymer termination process, it has been previously shown that
the chain transfer rate constant (Kvinylidene) for 10—3b/1c—3c catalysts correlates to the metal—

pendant (M—X) bond lengths.” A plot of the logarithm of Kvinylidene for catalysts la—3a
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versus the M—X bond length in the precatalyst structures forms a linear relationship as
shown in Figure 3.14. Surprisingly, the Ti catalysts have a slope comparable to that for the
Hf catalysts. At this time, we do not have a clear understanding of the features of the
molecular structure that govern the B-hydride agostic interactions necessary for chain
transfer other than that the size of a catalyst’s active site (M-X bond distance) can be
directly correlated to the monomer-independent vinylidene chain transfer rate constant.
The pendant sterics could directly influence the polymer chain transfer or some other factor
could influence both the M—pendant bond length and the B-hydride elimination reaction.
Regardless, this key bond length is a chemical descriptor that can be used in designing
processes that are targeted either to reduce the vinylidene termination rate, producing long

polymers, or increase the vinylidene termination rate, thus producing oligomers.
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Figure 3.14 Log kvinylidene vs 1a-3¢c M-X bond lengths
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3.5 Conclusions

A comprehensive kinetic study of three catalytic systems based on hafnium amine
bis-phenolate complexes has been completed, and the relevant rate constants and
elementary reaction steps were robustly determined for each system. The mechanism
includes initiation, normal propagation, misinsertion, recovery, and chain transfer. In
conjunction with the previous study of zirconium analogs, this report allows for the first
quantitative comparison between similarly ligated hafnium and zirconium based olefin
polymerization catalysts. The most important findings are: the one order of magnitude
decrease in kp for the hafnium catalysts; an overall decrease in all monomer dependent
reaction steps; and the correlation between the logarithm of monomer independent chain
transfer and the hafnium pendant ligand (Hf-X) bond distance. The last observation is
similar to the one previously reported for zirconium systems, but in case of the hafnium
catalysts the dependence is 2.7 times weaker. However, it is also interesting that there does
not appear to be such a correlation that can be drawn for the propagation rate constant.
Subsquent studies are ongoing to ascertain the dependence of kp on the steric and electronic

nature of the pendant. Furthermore, this work has been submitted to ACS Catalysis.*’
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CHAPTER 4. KINETIC MODELING FOR THE DETERMINATION OF
THERMODYNAMIC ACTIVATION PARAMETERS OF SELECT ZIRCONIUM
AMINE BIS-PHENOLATE CATALYSTS FOR I-HEXENE POLYMERIZATION

4.1 Introduction
The effect of reaction temperature on the polymerization of a-olefins by single-site
catalysts has been rigorously studied by a number of research teams. These studies show

1d-£,2

that catalyst activity increases,! polymer chain length decreases and stereoregularity

Ibc.e2-3 \yith increasing reaction temperature. The clear kinetic reasoning for these

decreases
effects is that the competing reactions of chain transfer, epimerization, and regioerrors
increase more quickly than the increases in the propagation rate constant. Though initial
reports by Andresen et al. in the 1970s on ethylene polymerization by alkylaluminum-
activated titanium metallocenes exist in the literature,'? it has only been very recent that

more precise studies have begun to probe activation parameters in single-site

polymerization.

The results and discussions sections were contributed by Dr. Jeffery Switzer of Purdue
Chemical Engineering.
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One of the most difficult problems obtaining reliable activation parameters is the
challenge in obtaining robust kinetic rate constants at a series of reaction temperatures. As
such, less precise parameters, such as activity, are often measured. Polymerization activity,
here described as the growth rate constant for a particular catalyst with the units of polymer
mass per catalyst site per unit time, provides a simple measurement on the number of
catalytic turnovers for a catalyst, and is both academically and industrially important. Alt
and Koppl presented a comprehensive review in 2000 on the activity of ethylene
polymerization by Group IV metallocenes in the attempt to correlate catalyst structure to
literature reported activity measurements.* While they ultimately identified that the amount
of steric crowding near the active site influenced polymerization activity, they were unable
to find a quantitative relationship based on reported catalyst activity measurements.

The cause for the lack of quantitative correlations between activity and catalyst
structure is due to a host of different causes. One of the most commonly accepted reasons
is that catalyst dormancy or deactivation can reduce catalytic turnover as the reaction
precedes in time. Furthermore, polymerization activity is not equivalent to a catalyst’s
propagation rate constant as measured in batch reactions; activity decreases over time as
less monomer is present while a rate constant is independent on the changing monomer
concentration. It is clear that obtaining quantitative rate constants of elementary reactions
within the polymerization mechanism is the only reliable method to determine stucture
activity relationships and reliable activation parameters

In an attempt to obtain rate constants, Rytter and coworkers analyzed ethylene and
propylene polymerization reactions utilizing zirconium dichloride -catalysts with

methylaluminoxane (MAO) activators.” Measuring catalytic activity over a 100 °C
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temperature range, they looked at catalytic activity over time. While their models included
initiation by first insertion of olefin into the catalysts, propagation, dormant site formation,
chain termination, and catalyst deactivation. Modeling the data gave rise to propagation
rate constants that would differ over an order of magnitude to the traditionally reported
activity measurements and allowed for activation parameters to be calculated. Using these
values, they were able to have predict catalytic activity at temperatures not directly studied.

Following Rytter and coworker’s success, a series of studies were reported where

6a-c,7 6a-d,8

the propagation,® initiation, chain transfer, and deactivation’ rate constants were

successfully measured. However, the activation parameters for these rate constants were

only determined in a few select cases.*“#”

Liu and coworkers published a complete kinetic
analysis of the rac-(CoHa(1-indenyl)2)ZrMe2/B(CeFs)s catalyst system in the
polymerization of 1-hexene.® Collecting data over a 60°C temperature range, they
calculated activation parameters for the initiation, propagation, and chain transfer reaction
rate constants. Interestingly, they chose to analyze the data response of each rate constant
separately at different temperature, instead of calculating the rate constants for the entire
mechanism at each temperature as a whole, and would apply this methodology to the
formation of polypropylene.®® These studies have led to a multitude of activation parameter
studies for several MAO activated catalysts systems. **10 In light of these reports, groups
have hypothesized that catalysts having relatively large, more negative entropy’s of
activation (<30 cal mol™! K'!') with small enthalpy’s of activation (~5-10 kcal mol ™)
exhibited slower propagation rate constants when compared to more active, industrially-

used catalysts.!%
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While these insights have provided tremendous new understanding on the nature of
catalyst activity, it is important to ensure that the kinetic methods used to study these
catalysts are able to produce the most accurate rate constants. In a study by Novstrup et
al.,'' a simultaneous fitting of all kinetic data was applied to the previously mentioned
study by Liu and coworkers for 1-hexene polymerization. By also utilizing the precise
shape of the molecular weight distribution (MWD) over time, a correction factor was
needed for the propagation rate constant at 0°C to correctly fit the data. This suggests that
the piecemeal approach to kinetic modeling may not provide the required accuracy for
analysis of activation parameters over a large temperature range.

In this chapter, we examine 1-hexene polymerization kinetics and mechanism for
three zirconium amine bis-phenolate catalysts, Figure 4.1, over a 40°C temperature range,
including the kinetic data at 25 °C that has been discussed in previous work.'? Models
including rate constants for initiation, propagation via 1,2-insertion, misinsertion via 2,1-
insertion, recovery, chain transfer, and reinitiation, Scheme 4.1, have been analyzed and

different temperatures to examine the thermodynamic activation parameters.

1-3/B(CgFs)s 1:1.1

0.5 mole% catalyst loading Ph
" W
-20°C to 35°C, toluene n

Figure 4.1 Zr amine bis-phenolate catalysts studied in a wide temperature range 1-3
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Scheme 4.1 Mechanism and elementary rate constants used for modeling catalysts 1-3

4.2 Experimental Procedure

General Procedure: All manipulations were performed under dry inert atmosphere
in a glove box or in a vacuum manifold using air sensitive techniques under N2 or Ar
atmosphere. Solvents were distilled over activated alumina and a copper catalyst using a
solvent purification system (PPT- Pure Process Technology) and degassed before being
stored over activated molecular sieves. Tetrabenzylzirconium was purchased from STREM
and used as received. The monomer 1-hexene was purchased from Aldrich and purified by
distillation over a small amount of dimethyl bis(cyclopentadienyl)zirconium and stored
over activated molecular sieves. Tris(pentafluorophenyl)boron was purchased from
STREM and purified by sublimation. Diphenylmethane was purchased from Aldrich,

degassed, and stored over molecular sieves. CD30OD was purchased from Cambridge
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Isotopes and used as received. Ds-toluene was degassed and stored over molecular sieves.
'H and 2H NMR experiments were performed on a Varian INOVA600 MHz or Bruker
DRX500 MHz spectrometer. The ligands and precatalysts were prepared following
literature procedures.!?

NMR scale quenched polymerization of 1-hexene with Zr[tBUON*Q]Bn; (X =
SMe, THF, NMey): The time dependent concentrations of different species were
monitored by quenching the samples using ds-methanol at times representing 30%/60%/90%
conversion of initial 1-hexene amount. The procedure for NMR scale polymerization is
based on literature.'?®® As an example of a typical polymerization, Zr[tBuONS™*O]Bn;
(21.0 mg, 0.02625 mmol) was dissolved into 3.5 ml toluene using a stir bar. Three 1 mL
aliquots of the precatalyst solution were then separated into vials containing pierceable
screw-top caps. A 3 ml syringe, needle, and a vial containing the precatalyst solution were
placed into a N2 bag. The vial in the bag was submerged into a constant temperature bath
at the requisite temperature At 35 °C an oil bath was used, at 0 °C an ice bath was used, at
—17 °C a dichlorobenzene/dry ice bath was used, and at —20 °C an acetone/dry ice bath was
used. Meanwhile, tris(pentafluorophenyl)boron (14.1 mg, 0.0275 mmol), 1-hexene (0.4208
grams, 5 mmol), and diphenylmethane (8.4 mg, 8.33 mmol) were added to a 5 mL
volumetric flask and diluted to the mark using ds-toluene. A 1.5 mL aliquot of this stock
solution was added into each of three NMR tubes containing a pierceable septum. These
monomer/activator solutions were then placed into a spectrometer and allowed to
equilibrate to room temperature, and the initial monomer concentration was taken relative
to the diphenylmethane standard. The sample was taken to the respective temperature bath

and allowed to equilibrate to temperature. The catalyst solution was then added to the
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monomer/activator solution by piercing the cap while the syringe remained in the N2 bag.
The reaction mixture was then shaken for 30 seconds outside of the bath before being
returned. The reactions were quenched at different times. Each sample was dried, dissolved
in hexane, filtered through alumina to remove dead catalyst, dried again, and placed under
vacuum for 12 hours to get a total polymer weight.

The material was analyzed by '"H NMR to verify the conversion of monomer in
accordance with literature procedure.!?®® For vinyl analysis, 1.2 mL of CDCls was added
to the dried polymer to completely dissolve the polymer. A 1 mL aliquot was removed and
placed into an NMR tube. Diphenylmethane (70.0 mg, 0.42 mmol) dissolved in CDCl3 in
a 5 mL volumetric flask was used as an internal standard using the method of standard
additions, where 10 microliter aliquots were added to the sample to quantify the amount of
end groups through '"H NMR. The sample was then dried and reweighed to compare what
percentage of polymer was quantified to determine total concentration of vinyl groups. The
two polymer samples were recombined and dried.

For ?H analysis, a similar procedure to vinyl analysis was followed. Following
quenching, 1.2 mL of dichloromethane was added to the dried polymer sample, and the
polymer was dissolved. A 1 mL aliquot was removed and placed into a NMR tube. As a
standard, de-benzene (80.0 mg, 0.95 mmol) was dissolved in dichloromethane in a 5 mL
volumetric flask. The sample was then analyzed utilizing the method of standard additions.
The sample was then dried and weighed to determine the percentage of polymer analyzed
and total amount of active sites from deuterium labeling. The procedure listed above was
used for all catalyst systems, with the measured amounts adjusted to provide the desired

experimental concentrations.
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Gel permeation chromatography (GPC) analysis: The procedure used to analyze
polymer samples using GPC methods was taken from Novstrup et al.,!! and it is
summarized below. Poly(1-hexene) samples were added to THF at room temperature and
allowed to dissolve for 4 h. Solutions were then passed through a 0.2 pum filter to remove
any particulate matter. The GPC analysis was performed on a Viscotek TDAmax. Samples
were injected through a 200 pL injection loop and passed through three Viscotek T6000M
10 um General Mixed Org columns in series in a 35 °C oven at a flow rate of 1.0 mL min™"'.
The analysis made use of the differential RI detector, a viscometer, and two light scattering
detectors angled at 90° and 7°. Molecular weights were assigned by way of the triple
detection calibration method. System parameters were calibrated with a 99,000 g mol™!
polystyrene standard. The calibration was verified through the analysis of a broad standard,
SRM 706a, provided by the National Institute of Standards and Technology.

Kinetic modeling analysis: In order to determine the kinetic models for each data
set, the methods described in our previous work have been employed.'?* Such methodology
was found sufficient to produce good fits in almost all cases, with poor fits being ascribed
to experimental problems. Errors in the rate constants were assigned by using the standard
errors as calculated through the weighted least squares optimization routine, also described

in our previous work.!?

Catalyst synthesis: Catalysts synthesized here are included in Chapter 2.
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4.3 Results

Three catalyst systems were studied to gauge the effects of temperature changes on
1-hexene polymerization. The precatalysts were: Zr-tBusfON*O]Bn2 [X = SMe (1), THF
(2), NMe:2 (3)]. In all cases, B(CcFs)3 was used to activate the precatalyst. All experiments
were carried out in toluene. Each catalyst system was studied at three temperatures: 1 was
studied at —17 °C, 22 °C, and 35 °C; and 2 and 3 were studied at —20 °C, 0 °C, and 25 °C.
The mechanisms and rates for 1 at 22 °C and 2-3 at 25 °C have been previously
published.?

Kinetic modeling methods discussed in previous work have been used to obtain
kinetic mechanisms and rate constants that provide good fits of the data sets collected. In
all cases, the data sets consisted of the following: monomer concentration, vinylidene and
vinylene concentration, primary and secondary deuterium incorporation following catalyst
quenching, and molecular weight distribution of the polymer product, all as a function of
reaction time. The mechanisms were not assumed a priori to follow the same mechanism,
but many similarities were seen.

In the following figures, the model fits are color-coded by the corresponding
catalyst as follows: SMe pendant (1): Green; THF pendant (2): Red; NMe:2 pendant (3):
Blue. Black will represent experimental data, regardless of the catalyst that was used.

The data and model fits for 1-3 that have not been previously published are shown in Figure

4.2. The following comments can be made regarding the data:
(1) In all cases, both primary and secondary deuterium labels were discovered. The
labels, which originate on the quenching agent, CD30D, are assumed to affix to the

growing end of the polymer, and their concentrations therefore represent the active
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(iii)

(iv)
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site concentration before quenching. The presence of both primary and secondary
sites is evidence that monomer misinsertion (that is, 2,1-insertion) occurs at some
rate in all cases.

In all cases, both vinylidene and vinylene groups were discovered. Vinylidene
groups are assumed to originate from a chain transfer pathway (either monomer
dependent or independent) where the reactant is a primary active site (a primary
carbon is bonded to the metal), whereas vinylene groups originate from secondary
active sites (a secondary carbon is bonded to the metal).

Assuming that active site concentrations are constant (which they all roughly are,
as seen in Figure 4.2d), vinyl groups will either form linearly with time
(independent of monomer concentration) or will have a decreasing growth rate
(dependent on monomer concentration). As seen in Figure 4.2, the vinyl formation
rate always decreases late in the reaction at these temperatures. The vinyl formation
pathways are therefore monomer dependent. This typically occurs through a B-H
transfer to monomer pathway.

All experiments shown were carried out with a 200:1 ratio for 1-hexene:precatalyst.
If polymerization were “living,” one would expect a maximum chain length of
approximately 16,800 g mol™! (about 4.2 on the log scale). However, despite chain
transfer reactions decreasing the chain length, in each case the maximum polymer
molecular weight exceeds this value. The mechanism must account for this in some
manner. Three possible mechanistic features that will achieve higher-than-living
molecular weight are: (i) initiation is slow compared to propagation, (ii) the

secondary sites are slow to insert additional monomers, and (iii) not all of the



141

precatalyst activates or otherwise participates in polymerization. In each of these

three cases, the amount of working catalyst is reduced, effectively increasing the 1-

hexene:catalyst ratio. Each method has a different effect on the other data features

and can therefore be distinguished from the rest. It can be seen from the rate
constants, shown in Tables 4.1, 4.2 and 4.3, that all three of these features exist for
all catalysts to some degree.

These clues were used to assist in model selection and optimization. The chemical
mechanisms include the following reactions: (i) propagation, (ii) initiation (which is
sometimes slow compared to propagation), (iii) misinsertion and recovery, (iv) monomer
dependent vinylidene and vinylene formation, and in some cases (v) monomer independent
catalyst deactivation. Catalyst participation was also less than 100% in all cases. The
similarity of all these models allows us to compare rate constants and activation parameters
among all reaction temperatures and catalysts. The rate constants corresponding to the
models (including previously published rates for comparison) are shown in Tables 4.1, 4.2
and 4.3.

Ultimately, good fits were produced for the majority of the data. The most striking
exception is the molecular weight distribution fit for 2 at 0 °C. The early experimental
distribution (shown in black in Figure 4.2) is predicted to have a shape quite similar to the
later distributions, but shifted to a lower molecular weight. However, the model prediction
shows a distribution with a much steeper high molecular weight tail. It is possible to select
an alternative model that fits the early distribution well, but all such models heretofore

discovered fit the later distributions and the vinyl and active site data poorly.
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Figure 4.2 Data and model fits for 1-hexene polymerization by 1-3/B(CsF5s)3 in toluene.
[1-3]o = 3 mM; [B(CcFs)3]o = 3.3 mM; [1-hexene]o = 600 mM. Black: data; color: model
fits. The rate constants for the models are in Tables 4.1, 4.2, and 4.3. Row (i): 1 at —

17 °C; Row (ii): 1 at 35 °C; Row (iii): 2 at —20 °C; Row (iv): 2 at 0 °C; Row (v): 3 at —
20 °C; Row (iv): 3 at 0 °C. Column (a): monomer consumption; Column (b): molecular
weight distributions at times corresponding to data in column 1; Column (c): vinylidene
(solid) and vinylene (open) concentrations; Column (d): primary (solid) and secondary
(open) active site concentrations.
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Table 4.1. Rate constants for 1 at different temperatures

—17°C 22 °C 35°C
prs,l 0411 =+ 0.017 123 + 4.1 1691 + 027
leﬁ“i;,l 0.0051 + 0.0007 | 020 =+ 0.07 | 0315 + 0.014
leie;,l 0.00348 + 0.00046 | 0.0359 + 0.0009 | 0.0696 =+ 0.0029

(lé‘?;yﬁ“fsl 0.1054 + 00048 | 22 + 05 | 1980 + .35

(lol?)i“ﬁ“i’sl 0.0184 = 0.0009 | 0949 + 0028 | 256 =+ 0.06

M,lfis,l 0.00146 =+ 0.00028 | 0.0172 =+ 0.0013 0.17 <ki <kp
ka

(103 s 0.127 + 0.013 79 + 12 0

Catalyst

0475 =+ 0.028 1 + 0 04171 + 0.0021

participation
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Table 4.2. Rate constants for 2 at different temperatures

20 °C 0°C 25°C
M,klps,l 0.1720 + 0.0022 | 1.751 + 0016 | 80 + 05
leffi;,l 0.0081 =+ 0.0015 | 0.0173 + 0.0015| 0.054 + 0.015
leie‘;,l 0.0272 + 0.0049 | 0.0365 + 0.0026 | 0.047 =+ 0.012

(lé<§i;‘y§j[*e?esl 0.087 =+ 0.007 | 0381 = 0.042 1%t order

a 012)1@[1 o1] 00949 & 00043 | 046 = 0.06 1%t order
M,l?s,l 0.00252 + 0.00019 0.046 0006 0.015
(101(3(; o 0.107 £ 0.010 0 0

pafé‘ct?lz;ton 0.815 = 0031 | 0652 = 0.009 varies
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Table 4.3. Rate constants for 3 for different temperatures

20 °C 0°C 25°C
MEPS,I 0723 + 0010 | 38 + 010 | 119 + 12
le?‘i;,l 0.0152 + 0.0014| 0.106 =+ 0.009 | 0.082 =+ 0.009
le{e‘;,l 0.0367 + 0.0027| 0.174 + 0.012 | 0.116 + 0.028
(lé‘gi;‘yf\ij[“"}esl 0406 + 0.040 | 513 =+ 0.16 1%t order
(lol?)i“ﬁni o1] 0224 = 0007 | 190 = 0.09 1%t order
M,lfis,l 0.087 + 0.035 0.2 <ki<kp 0.11
(101(3[; s 0 0
parCt?Ct?;Zfiton 0.4960 = 0.0036 | 0.4787 + 0.0042 varies
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The rate constants in Tables 4.1, 4.2, and 4.3 are shown graphically in Figure 4.3.
They are displayed in an Arrhenius plot to identify linearity. Figure 4.3a shows that kp
obeys typical Arrhenius behavior for all catalyst over the temperature range studied. Figure
4.3 also shows that other than ki, the remaining rate constants (Kmis, Krec, Kvinylidene, and Kvinylene)
for 1 obey Arrhenius behavior as well. For 2 and 3, ki, kmis, and krec have some deviation
from Arrhenius behavior. The most striking feature of Figure 4.3 is that in several cases
the temperature independent rate constant at 0 °C is about the same or is faster than the

value at 25 °C.
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With regard to chain transfer, while the mechanism for 1 is the same at all
temperatures, there appears to be a change in the chain transfer mechanism for 2 and 3
when the temperature changes. As previously noted, at the lower temperatures (—20 and
0 °C) vinyl groups form more slowly as monomer is consumed. Our published results show
that at the higher temperature (25 °C) vinyl groups form at a constant rate regardless of the
monomer concentration. Thus the low temperature chain transfer rate constants for 2 and
3 cannot be compared to the high temperature rate constants. We may still extract activation
parameters for monomer dependent chain transfer from the two available data points.
Figure 4.3e and Figure 4.3f show the line between the two low temperature data points to

provide a rough comparison with the results from 1.

4.4 Discussion
The thermodynamic activation parameters for catalysts 1-3 are given in Table 4.3.
These values were calculated under the assumption that the rate constants, shown in Figure

4.2, follow Arrhenius behavior, outlined by the Equation 4.1:

k=Ae _i_% Equation 4.1
Where k is the rate constant, R is the ideal gas constant, and T is the reaction temperature.
Ea and A are the model parameters derived from the linear fit of the data in Figure 4.3 and
are known as the activation energy and the preexponential factor, respectively. Their
connection to the activation parameters comes from applying the Eyring equation of
transition state theory, Equation 4.2:

ks ast -amt .
k:KTe R € RT Equation 4.2
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Where ks is Boltzmann’s constant, h is Planck’s constant, and AS* and AH* are the entropy
and enthalpy of activation, respectively. The parameter « is the transmission coefficient.
The connection between these two equations can be readily seen. When the natural
logarithm of k is plotted against 1/T, the slope becomes ~AH*/R with the intercept of AS*/R

kgT\ - . . .
+ ln(K%) (Since T varies, an average reaction temperature is used). These values are

shown in Table 4.4 below.

Table 4.4. Activation parameters for relevant rate constants of 1-3

AH? ASt
kcal mol™ cal mol! K™

SMe 18 =+ 10 -1 =+ 33

ki THF 11.5 =+ 4.7 24 + 17

NMe: 3 + 7 =50 =+ 26

SMe 11.7 + 1.5 -14.4 =+ 5.4

kp THF 12.8 = 1.8 11 = 6

NMe: 93 =+ 1.2 -22.1 =+ 4.4

SMe 129 =+ 1.4 -18 =+ 5

Kmis THF 64 =+ 0.6 430 =+ 2.2
NMe> 132 —142

SMe 9.030 + 0.041 -34.53 + 0.14

Krec THF 1.82 £ 0.11 -58.39 + 0.40
NMe:2 112 -23¢

SMe 147 =+ 34 -19 =+ 12
Kvinylidene | THF 102 -37°
NMe> 172 -5.0?

SMe 1499 + 0.25 -21.7 + 0.9
Kvinylene THF 112 —342
NMe: 152 -17?

%These values were computed using a linear fit of the experimental data from the two
lower temperature experiments only; thus, there is no error value.
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In Figure 4.3, only 1 shows Arrhenius behavior for all of its rate constants,
excluding ki. Figure 4.3a reveals that kp follows Arrhenius behavior for all 1-3. The
activation parameters are very similar across all catalysts, with 1 and 2 essentially identical
within experimental error. The fact that kp is the same for all three of these catalysts
indicates that the propagation process is relatively unchanged by the identity of the pendant
group. This result is somewhat intuitive using the following logic.

The propagation step typically involves two steps: docking of the monomer to the
active site and monomer insertion following bond breaking and formation (electron
rearrangement). The docking step is monomer dependent while the insertion step is
monomer independent. Because monomer consumption is always linear on the semi-log
plot of concentration vs. time (Figure 4.2), we conclude that the docking step is rate limiting
for olefin propagation.

Monomer docking is governed by two parameters: (a) the energy required for the
monomer to displace the anionic counterion at the active site, and (b) the size of the opening
for the monomer to approach the active site. The change in pendant will produce a slight
change in the charge density of the metal; however, during propagation the counterion is
potentially displaced by the growing polymer chain such that the changes in charge density
are not important to the ion separation energy. Additionally, the pendants—THF, NMex,
and SMe—all roughly equal in size. Since neither displacement of the counterion or size
of the active site is significantly changed, the activation parameters for the propagation rate
constants are 1-3 are nearly consistent.

While kp is approximately equal among these catalysts, our previous work showed

that at 25°C there is a large difference in Kvinylidene and Kvinylene. This temperature study has
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uncovered some peculiarity regarding the chain transfer reactions. For 2, chain transfer is
monomer dependent (both vinylidene and vinylene formation) at —20 and 0°C, but appears
to become monomer independent at 25°C. The 25°C result comes with the caveat that at
this temperature there are very few vinyls formed, and because the concentrations are so
low and the error relatively large, the actual mechanisms for chain transfer could in fact be
interpreted to be monomer dependent. Yet if these rate constants were assumed to be
monomer dependent at 25°C, it would be seen that they are approximately equal to—or
lower than—the rates at 0°C, not what would be expected of rate constants following
Arrhenius behavior. Furthermore, for 3 vinyl formation is unambiguously monomer
independent at 25°C. At this time the reason for the change in mechanism is not understood.
It is generally accepted that chain transfer in single-site catalysis preferentially follows a
monomer dependent pathway unless monomer concentration is low or the monomer
complexation pathway is disfavored,'? although it is unclear why monomer complexation
for chain transfer would be disfavored only at a higher temperature and only for catalyst 3.
Examining polymerization behavior at intermediate temperatures may provide more
information, as would experiments at additional initial monomer concentrations, which
would provide more discrimination of the reaction order for chain transfer.

Despite the change in mechanism, Figure 4.3 and Table 4.4 can provide some
insight regarding monomer dependent chain transfer. The activation enthalpy for both
vinylidene and vinylene chain transfer by the monomer dependent pathway are higher for
3 than for 2, and the activation entropy for both reactions is lower in magnitude (less
negative) for 3 than for 2. The corresponding values for 1 are roughly intermediate to those

for 2 and 3.
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The activation entropy for vinylidene formation by 3 is quite low (=5.0 cal mol!
K™). The reaction involves the docking of a monomer followed by an insertion process
(similar to propagation), but the product involves the release of the polymer chain. The
overall process should be approximately entropy neutral, with the first step decreasing
entropy (two species react to form one) and the second step increasing it (one species reacts
to form two). Thus if the activation entropy for the total reaction is low, it may be inferred
that the second step is likely to be the rate determining step. Conversely, the activation
entropy for vinylene formation is much larger (—17 cal mol™' K™'). In this case, it may be
the docking process that is rate limiting. This makes some intuitive sense since the catalyst
reactant for vinylene formation, which is a secondary site, is more sterically crowded than
the primary site in vinylidene formation, and the entropy loss associated with this reaction
will be more substantial (loss of the degrees of freedom of a free monomer). The activation
entropy for vinylidene and vinylene formation are approximately equal for both 1 and 2.
In these cases the rate determining step may be the same, and since the values are larger
(approx. —20 cal mol™! K™! for 1 and approx. —35 cal mol! K™! for 2) the docking step is
rate limiting for chain transfer from both a primary and secondary site, perhaps due to the
nature of the pendant (SMe and NMe: pendants crowd the chain transfer site, while THF
does not).

The rate constants for misinsertion and recovery for catalyst 3 do not follow
Arrhenius behavior, nor does Kmis for 2. The rate constants at 0°C are equal to or greater
than they are at 25°C. If we assume that the data should follow Arrhenius behavior, it is
possible that either (i) the calculated rate constants at 25°C are too low, or (ii) those at 0°C

are too high (or both). Because the 25°C experiments were done in a different, more easily
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contaminated experimental setup (Schlenk flask at high temperature versus sealed NMR
tube at low temperature), we will assume that the 0°C data is more reliable than the 25°C
data. Figure 4.3 shows Arrhenius fits for these cases using just the two low temperature
rate constants using dashed lines. Under these assumptions, we can compare the activation
parameters for these rate constants.

When comparing the activation parameters for kmis and krec for 1-3, we see for all
cases that the activation enthalpy is lower for krec than for kmis, and the activation entropy
is higher (more negative) for krec than for kmis. This may indicate that a different rate
limiting step controls each of these two reactions. As with propagation, misinsertion and
recovery require a docking step and an insertion step. Docking will be more difficult when
the active site is more crowded, while insertion will be more difficult when the carbon at
the active site (that which is closest to the metal) is less highly substituted because there
are fewer carbon atoms available to distribute the temporary decrease in charge at the
transition state. For the misinsertion reaction, the reacting catalyst has a less crowded, less
substituted primary site, indicating that insertion is more likely to be the rate limiting step.
Conversely, for the recovery step the reacting catalyst is a more crowded, more substituted
secondary site, indicating that docking is more likely to be the rate limiting step. Also, the
docking step involves the loss of a free monomer in solution, which will have a large
entropy loss and likely a large activation entropy barrier compared with insertion. This
agrees with recovery having docking as the rate limiting step.

If monomer insertion is the rate limiting step for the misinsertion reaction, the
implication is that the reaction is zero order in monomer and first order overall. However,

the kinetic modeling procedure shows that second order misinsertion rate constants provide
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a good fit. The reason is that misinsertion is a relatively uncommon event, occurring once
for every 50—100 propagation insertions. The reaction order therefore has little influence
on the rate of monomer consumption. Another implication is that misinsertion will become
more frequent relative to propagation (which is monomer dependent) late in the reaction
when monomer concentration is low. However, a decrease in monomer concentration may
cause the reaction order of misinsertion to shift to second order due to the decrease in the
rate of monomer docking. Ultimately, the data available are not robust enough to
distinguish both the docking and insertion rate constants for misinsertion, and so only one
rate constant has been reported for the reaction.

For the initiation rate constants, we cannot discuss the activation parameters with
much certainty. Table 4.4 lists the errors in these parameters as quite large. The reason for
the substantial uncertainty is the large deviation from Arrhenius behavior for all catalysts.
Part of this deviation comes from the difficulty of assigning this rate constant from the
available data. Much lower monomer conversion or initial monomer concentration data
would be needed to assign these rate constants with better accuracy.

We would like to know how the activation parameters for the catalysts studied here
compare with those for other catalysts. However, activation parameters are not commonly
reported. Rate constants are not often measured for single-site polymerization catalysts;
instead, parameters such as activity, which have less kinetic precision, are usually reported.
We remarked earlier that the publication by Ciancaleoni, et al., summarizes activation
parameters from available data,'® and the authors note that the slow propagation rate
constants are due to the large (more negative) entropy of activation (30 cal mol™! K™! or

more) along with a relatively moderate enthalpy of activation (5-10 kcal mol ™). Compared
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with these values, the results in Table 4.4 show that the activation parameters for
propagation for 1-3 are of generally the typical magnitude for single-site catalysts.
Landis, et al., did measure actual rate constants and report activation parameters for
1-hexene polymerization by rac-(C2Ha(1-indenyl)2)ZrMe2/B(CsFs)3.% The results are
summarized in Table. 4.5. For Kp, they report AH* = 11.2 + 1.5 kcal mol ™! and AS* =33 +
5 cal mol™! K. However, further analysis of this system identified that kp at 0°C was
incorrect due to incomplete participation by the precatalyst in the polymerization
reaction.!! This oversight is also present at other reaction temperatures, but the correction
needed has not yet been determined. It is difficult to say exactly how much difference there
is in the activation parameters without the additional analysis at other reaction temperatures,
but preliminary results find that the true activation parameters for kp are closer to AH* =
9.4 kcal mol™' and AS* = —21.4 cal mol™' K™!. These parameters are nearly equal to those

for 3 despite the large difference in catalyst structure.
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Table 4.5 Select activation parameters for rac-(C2Ha(1-indenyl)2)ZrMe2/B(CeF5)3%

AH? AS?
kcal mol™ cal mol™! K™!
kp 64 <+ 1.5 -33 £ 5
ki 11.2 £ 1.5 24 £+ 5
“kmis”a 97 + 1 2 —35 + 4
Kvinylidene (1% order) 162 + 3 -12 £ 6

2 In the publication, vinylene formation is recognized to follow immediately from 2,1
insertion, or misinsertion, which is the rate limiting step.

While noting the modeling error, we may still compare the remaining rate constants.
Even though we have not determined ki very well, we see that for kmis the reported enthalpy
for the indenyl catalyst is somewhat lower and the reported entropy is somewhat higher
than for the amine bis-phenolate catalysts, the same trend that was seen for kp; however,
nothing more can be said without a corrected kinetic model.

The vinylidene chain transfer reaction is first order with the indenyl catalyst,
whereas the activation parameters in Table 4.4 represent a second order process. These
processes are quite different, and we cannot reasonably compare the rate constant Kvinylidene
between these different catalyst systems. We do note, however, the relatively small (less
negative) value of the activation entropy (~12 cal mol™' K!), which we have associated
with the reactions where we hypothesize that insertion (rather than docking) is the rate
limiting step. In first order chain transfer, there is only an electron rearrangement step

(similar to insertion), so a low value for activation entropy is not surprising.
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4.5 Conclusions

Polymerization data at multiple temperatures have been collected for a series of
three zirconium amine bis-phenolate catalysts, with each catalyst varying only in its
pendant group. The data were used to extract chemical mechanisms and rate constants, and
the rate constants were used to determine activation enthalpy and entropy for each reaction.
The parameters were compared among the three catalysts. The following conclusions come
from the analysis. The propagation rate constant is mostly unaffected by changes to the
pendant as there are only small changes to both activation enthalpy and entropy for this
reaction. For catalyst 3—and perhaps 2 as well—the mechanism for chain transfer changes
from monomer dependent at lower temperature to monomer independent at higher
temperature. The reason is unclear, as this effect is not seen with 1. For all catalysts,
misinsertion and vinylidene formation reactions (which both have the same reactants—a
primary active site and a monomer) have a higher activation enthalpy and a lower (less
negative) activation entropy than recovery and vinylene formation reactions (which also
share reactants—a secondary active site and a monomer). We postulate that these two
groups of catalysts have different rate limiting steps—monomer docking for recovery and
vinylene formation, and insertion for misinsertion and vinylidene formation. When
insertion is rate limiting, the overall reaction may appear to be zeroth order in monomer,
at least early in the reaction when monomer concentration is high. Exceptions to this rule
may arise when the catalyst pendant provides additional crowding, specifically in regards
to chain transfer, which is highly pendant dependent.'?®

While there are no completely reliable systems to compare these results to, the

calculated activation parameters are fairly similar to what is seen for other catalysts.
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Ultimately, understanding the temperature dependent nature of these catalysts will help
future scientists to select the best reaction conditions to produce a desired polymer product.
For instance, when the activation enthalpy is greater for kmis than for kp (as it is for 1 and
3), a lower reaction temperature would increase the Kp:kmis ratio, resulting in a smaller
percentage of misinsertions, although at the cost of a slower reaction. Yet to have a good
understanding of the temperature behavior of single-site catalysts a complete and
reproducible data set is required. The data reported herein provide accurate results for many
parameters, but they are lacking in some places, such as early monomer conversion data to
compute ki. Additional discriminating experiments would help to provide more reliable
parameters where they are currently missing and allow for better predictive ability of

coordination insertion polymerization catalysis.
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CHAPTER 5. EFFECTS OF ACTIVATOR AND LEWIS BASES ON THE
OLIGOMERIZATION AND POLYMERIZATION OF 1-HEXENE CATALYZED BY
A 5-COORDINATE, SINGLE-SITE ZIRCONIUM AMINE BIS-PHENOLATE
COMPLEX

5.1 Introduction

The ability to polymerize or oligomerize olefins has been an area of intense research
for the past few decades.! In that time, there have been significant advances in
understanding both the fundamental chemical reaction pathways and overall catalyst
design.! Understanding both the fundamental controls that affect both activity and the
length of polymer product distribution has been the important challenge in designing
catalyst systems. Even beyond controlling the product’s molecular weight, changing the
catalyst design to transform the different kinds of vinyl chain termination products allows
for a new class of oligomer feedstock materials. However, once the catalyst has been
synthesized, there is only a limited number of controls that can be used to change catalytic

activity.
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One key factor used to bias the size of the polymer chain has been to increase or
decrease the polymerization reaction temperature.” Decreasing the reaction temperature
has been a useful tool in suppressing chain transfer to create “living” polymerization
systems.? While increasing the reaction temperature does increase rate of propagation,
chain transfer rate constants are more sensitive to changes in temperature and will reduce
the size of the polymer chains to produce oligomeric products.? It is clear that controlling
the reaction temperature is a useful tool to either help produce oligomers or “living”
polymeric materials.

Another method used to control polymerization has been to use a substoichiometric
ratio of activator to catalyst.’> Electropositive Group IV polymerization catalysts are
electron deficient species that have been known to dimerize through a process known as
degenerative chain transfer. A pre-catalyst with two alkyl groups can form a dimer with an
activated catalyst by displacing the coordinating anion and forming an alkyl bridge
between the two metals. Literature reports on this style of catalytic control has been shown
to influence copolymerization,®® affect chain length size or polydispersity index in batch
reactions by allowing all active sites to enter the catalytic cycle,*® or even produce polymer
chains that contain blocks of isotactic a-olefins.** Unfortunately, we are unaware of any
literature reports of this technique used with oligomerization catalysts.

In recent publications,*’ it was shown that a 5-coordinate, N-heterocyclic carbene
(NHC) Zr catalysts could be used to control the type of 1-hexene oligomer products based
on a coordinating Lewis base to the active zirconium metal center. In fact, it was shown
that the identity of the Lewis base would modulate the catalyst to produce polymers with a

variety of lengths based upon the sterics of the coordinating trialkyl phosphine.* These
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reports show the potential for modular catalysis, the ability to tune product characteristics
using a single, well-defined catalyst without requiring further synthesis. At this time, we
are not aware of a single catalyst system that has been studied on the effects of temperature,
degenerative transfer, and Lewis base additive within a single system.

In this chapter, we report the oligomerization of a-olefins using a 5-coordinate
amine bis-phenolate Zr catalyst featuring a propyl pendent,® labeled Zr[Pr], in conjunction
with a trityl tetrakis(pentafluoroaryl) borate (Trityl) activator, overall reaction shown in
Figure 5.1. By analyzing the consumption of a-olefin and the production of different vinyl
groups, we are able to show the propagation of a-olefin through 1,2-insertion, 2,1-
misinsertion, chain transfer to either vinylidene or vinylene chains, reinitiation by 1,2-
insertion of a-olefin, and chain walking via insertion of a vinylidene into a metal hydride
before subsequent B-hydrogen chain transfer to form a tri-substituted vinyl end group. Test
reactions were also run using tris(pentafluoroaryl) borane (FAB) and N,N-dimethyl
anilinium tetrakis(pentafluoroaryl) borate (Anilinium) activators. Additionally, further
control over the chain terminated products was studied by increasing the reaction
temperature or through degenerate group transfer. These effects were shown to also reduce
the molecular weight (Mw) of products. Particularly the effect on the degree of
polymerization (DP), the average number of monomer subunits in an oligomer or polymer,
i1s noted. Furthermore, reactions were studied with the addition of a Lewis base after

activation with the goal of producing polymeric products.
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Figure 5.1. Oligomerization catalyst system Zr[Pr] for a-olefins

5.2 Experimental Procedure

General Procedure. All manipulations were performed under dry inert atmosphere in a
glove box or at a vacuum manifold using air sensitive techniques under N2 or Ar
atmosphere. Pentane, toluene, bromobenzene, and acetonitrile (MeCN) were dried and
degassed through a Solvent Drying System (Pure Process Technologies, LLC.)
Trimethylamine (NEt3) and pyridine (Py) were dried over CaHz, degassed, and stored over
sieves before use. 2,4-di-tBu phenol, 37% formaldehyde solution, propyl amine,
triphenyphospine ~ (PPhs),  trityl  tetrakis(pentafluoroaryl)  borate, anilinium
tetrakis(pentafluoroaryl) borate, tris(pentafluoroaryl) borane, and 1 M trimethylphospine
(PMes) in toluene solution were purchased from Sigma. Tetrabenzyl zirconium was
purchased and used as received from Strem. Synthesis of the ‘Bu-ONF™PY'Q ligand and
Zr[Pr] catalyst was done following literature procedures.® Methodology for kinetic

experiments followed previously described methods. Kinetic modeling was done by fitting
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the concentration data collected by NMR or GPC to chemical mechanisms unique to the
catalyst. '"H NMR experiments were performed on a Varian INOVA600 MHz.

The Pr ligand was prepared following modified literature procedures.®

Synthesis of 6,6'-((propylazanediyl)bis(methylene))bis(2,4-di-tert-
butylphenol), tBu-ONP'O ligand. The synthesis procedure is based on literature,® Scheme
5.1. In a typical synthesis, a 100 mL reaction vessel was charged with 2,4-di-tert-
butylphenol (15. g, 72.8 mmol), propyl amine (2.15 g, 36.4 mmol) and 37% histological
grade formaldehyde (5.43 mL, 72.8 mmol), and distilled water, and a stir bar while to a
volume of 40 mL. The biphasic reaction mixture was refluxed for 48 hrs. The reaction was
cooled to room temperature initially and cooled further to 0 °C in an ice bath. The aqueous
layer was decanted, and a minimal amount of cold, dry methanol was added to the organic
phase. This mixture was sonicated for 30 min, and the resulting solid isolated by vacuum
filtration. The crude ligand product was purified by crystallization from ethanol (82%
yield). 'TH NMR (CDCl3): § 7.23 (s, 2H), 6.92 (s, 2H), 3.68 (s, 4H), 2.51 (m, 2H), 1.40 (s,
18H), 1.28 (s, 18H), 0.88 (t, 3H). *C NMR (CDCl3): § 152.4, 141.5, 136.0, 125.0, 123 .4,

121.7,57.2, 55.5, 34.8, 34.2, 31.6, 29.7, 19.4, 11.7.

( OH
OH
OH N
NH, o)
2 N + 2 - + 2 H,0
/_/ HJ\H j\?)

Scheme 5.1. Synthesis of the ‘Bu-ON"O ligand



166

Synthesis of Zr[Pr]Bn.. The synthesis procedure is based on literature,® Scheme
5.2. In a typical synthesis, a 100 mL flask was charged with tetrabenzylzirconium (0.5 g,
0.11 mmol), 20 mL toluene, and a stir bar and fitted with a rubber septum. A second 100
mL flask was charged with the tBu-ON™"O ligand (0.545 g, 0.11 mmol) and 20 mL of
toluene. The two flasks were placed under an inert atmosphere, and the ligand solution was
added to the tetrabenzylzirconium solution via a cannula. The reaction was stirred for 2
hours resulting in a clear solution. The solution was evaporated to dryness and washed with
cold pentane. The resulting solid (91 % yield) was recrystallized in pentane to afford an
analytically pure complex. 'H NMR (CsDe¢): § 7.76 (d, 2H), 7.57 (d, 2H), 7.28 (t, 2H), 7.12
(t, 1H), 6.94 (d, 2H), 6.92 (d, 2H), 6.74 (t, 2H), 6.62 (t, 1H), 3.30 (d, 2H), 2.99 (s, 2H), 2.98
(d, 2H), 2.03 (m, 2H),1.95 (s, 2H), 1.79 (s, 18H), 1.35 (s, 18H), 1.05 (m, 2H), -0.03 (t, 3H).
13C NMR (CsDe): & 158.3, 148.3, 142.1, 137.4, 136.8, 131.4,129.5, 125.8, 125.4, 125.2,

125.1, 122.7, 60.9, 58.9, 45.5, 36.1, 35.0, 32.6, 31.3, 14.0, 11.2.

( oH
OH N
ﬁ\?) +  Zr(Bn)y

Scheme 5.2. Synthesis of the Zr[Pr]Bn: catalyst
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NMR scale oligomerization of 1-hexene (or 1-dodecene) with Zr[Pr]Bn; at 25
°C. The procedure for NMR scale polymerization is based on literature.” For a typical
polymerization, Zr[Pr]Bnz (6.1 mg, 0.0075 mmol) was dissolved in a 0.5 mL mixture of
ds-toluene/bromobenzene 50/50 v/v in a small vial and sealed with a screw-cap septum.
The vial containing the precatalyst solution was pierced with a 1 mL syringe. The vial and
syringe were placed in an N2 bag and allowed to equilibrate to 25 °C.
Tris(pentafluorophenyl)boron (4.2 mg, 0.0083 mmol), 1-hexene (0.126 grams, 1.50
mmol), and diphenylmethane (9.7 mg 0.058 mmol) were added to a 2 mL volumetric flask
and diluted to the mark with ds-toluene/bromobenzene 50/50 v/v. This solution was placed
in an NMR tube and sealed with a septum. The monomer/activator solution was placed in
the spectrometer and allowed to equilibrate to 25 °C using a VT controller. A measurement
was taken to determine the initial concentration of monomer relative to the internal
standard. The NMR tube was removed from the spectrometer, and the catalyst precursor
solution was added to the activator/monomer solution by piercing the septum while the
syringe remained in the N2 bag. The reaction mixture was shaken for 30 seconds and
injected back into the spectrometer. Measurements were taken at predetermined time
intervals until the reaction reached completion. Each sample was prepared for GPC
analysis by filtration through an alumina plug to remove the quenched catalyst.
Evaporation of solvent yielded clear, colorless oligomers of 1-hexene. The array of spectra
was collected on an INOVA 600 MHz spectrometer and analyzed using MestReNova.

Polymerization and oligomerization of 1-hexene with Zr[Pr]Bn; in the
presence of Lewis Base. For a typical polymerization experiment, Zr[Pr]Bnz (6.1 mg,

0.0075 mmol) was dissolved in a 0.5 mL mixture of ds-toluene/bromobenzene 50/50 v/v
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in a small vial and mixed with 0.5 ml of trityl tetrakis(pentafluorophenyl)borate (4.2 mg,
0.0083 mmol). A solution of 1-hexene (0.126 grams, 1.50 mmol), .0083 ml of a Lewis
base, and diphenylmethane (9.7 mg 0.058 mmol) were added to a 2 mL volumetric flask
and diluted to the mark with ds-toluene/bromobenzene 50/50 v/v. This solution was added
to the activated catalyst solution and measurements were taken at predetermined time
intervals until the reaction reached completion. Each sample was prepared for GPC
analysis by filtration through an alumina plug to remove the quenched -catalyst.
Evaporation of solvent yielded clear, colorless oligomers or polymers of 1-hexene. The
array of spectra was collected on an INOVA 600 MHz spectrometer and analyzed using

MestReNova.

5.3 Results and Discussion

A series of test reactions were conducted using different activators. Using FAB,
Trityl borate, and Anilinium borate, a series of test reactions were run with 200 equivalents
of 1-hexene and analyzed after 48 hr reaction time. FAB and Anilinium activators with the
Zr[Pr] catalyst exhibited incomplete reactivity exhibiting < 12% conversion to produce
oligomer products while the Trityl borate showed > 99% conversion of 1-hexene to
produced oligomers containing three different chain ends — vinylidene, vinylene, and a tri-
substituted chain end, with signals in the 'H NMR at § 4.9, 5.3, and 5.6, respectively.*®

The formation of the different terminated vinyl groups is shown in Scheme 5.3.
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Scheme 5.3. Elementary reactions for the formation of vinyl terminated groups

As illustrated in Scheme 5.3, the formation of vinylidene and vinylene occur
through the PB-hydrogen elimination reactions between a Zr-primary carbon and Zr-
secondary carbon, respectively. The formation of the tri-substituted species is believed to
be formed through a chain walking mechanism: a vinylidene terminated group inserts into
a metal-hydride before subsequent B-hydrogen elimination reaction to form a stable tri-
substituted vinyl group. The monomer conversion, % vinyl groups, and the degree of
polymerization, average number of monomers within each polymer or oligomer, are

presented in Table 5.1.

Table 5.1. Results from initial activity study of Zr[Pr]/activator at 30 °C

Run# | Activator T°C | % Conv. | %Vinylidene | %Tri-substituted | %Vinylene | DP?
1 FAB 30 11 80 0 20 -
2 Anilinium 30 12% 60 0 40 -
3 Trityl 30 99 13 35 52 11

Reaction were peformed at 30 °C quenched with methanol after 48 hours. *The degree of
polymerization was determined by dividing the change from the initial 1-hexene vinyl signals to
the sum of the vinyl signals of the oligomeric products. *The average length could not be
determined since the vinyl signals overlapped each other.
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These results are in an agreement with the literature. The initial report by Moshe
Kol showed a rapidly deactivating, oligomerization catalyst system when paired with the
FAB co-catalyst. However, contrary reports in the patent literature revealed that the Zr[Pr]
catalyst could be stabilized by using methyl aluminoxane (MAO) as an activator.’
Furthermore, in other reports, some 5-coordinate Group IV catalysts paired with the FAB
co-catalysts showed no reactivity but exhibited reactivity when paired with Trityl or MAO
activators.* The lack of reactivity between these catalysts, when paired with FAB co-
catalysts, has been traditionally explained by the formation of a stable inner-coordination
zwitterion pair, as shown in Scheme 5.4, while the use of Trityl co-catalysts produced

outer-sphere zwitterion pair that is reactive towards olefin insertion.*>

A)
+ FAB

LigsZ - - % Y
193 L@ LigsZr, .~ B(CeFs)s
o

B) LigZ + Trityl + 7
19341 —— > LigsZr--/ 3(
L) oo, ) e

Scheme 5.4. A) Inner-sphere zwitterion pair with FAB while B) shows the outer-sphere
zwitterion pair formed with a Trityl with a 5 coordinate Zr catalyst featuring Bn groups

F experiments were taken of the Zr[Pr]/FAB to understand the nature of the

zwitterionic coordination environment and is shown in Figure 5.2. Catalyst and activator
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were added together at -40 °C and allowed to warm in the NMR to the -25 °C and 25 °C

before spectrum was collected.

w
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Figure 5.2. ’F NMR of (A) Zr[Pr]/FAB at -25 °C, (B) Zr[Pr]/FAB at 25 °C, and (C) FAB
at 25 °C

Looking at Figure 5.2A, we see that Zr[Pr]/FAB shows a series of different peaks
at -25 °C. The peaks in the region of -162 ppm to -168 ppm correspond to both inner-sphere
and outer-sphere complexes, -165 to -168 ppm for inner-sphere and -162 to -166 ppm for
outer-sphere.'? This suggests that the catalyst activation process at low temperature may
follow the same process observed for group IV systems by Bochmann and coworkers,
shown in Scheme 5.5.!! The activation process for metallocene compounds have been
shown to form binuclear complexes bridged by an alkyl groups in a reaction between two
catalyst complexes with a Lewis acid activator. The formation of the binuclear complex

pushes the anionic borate to the outer-coordination sphere. This species will further react
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with another equivalent of activator to form a mono-catalyst-activator zwitterion pair.
Similar to other Zr complexes with open coordination sites that interact with Lewis bases,
that structure may exhibit an inner-sphere coordination sphere and may explain the signals

in the '°F NMR.

Quter-sphere Inner-sphere
coordination coordination

LigZr. R
> +FAB N _ Deactivation by

B(CsFs)3
) +FAB N h
2x ngzr\—® >—© d ——  2x Ligzr @/B(Cst)z E—— activator
decomposition

Ligzr,’

:

Scheme 5.5. Proposed activation pathway of Zr[Pr]/FAB

Allowing the reaction to warm to room temperature, the spectrum changes
dramatically. In Figure 5.2B at 25 °C, the inner- and outer-sphere activator signals have
diminished and only a series of deactivated products are -132 ppm. The disappearance of
other '°F signals may have occurred through precipitation of the deactivated products. This
may explain how the Zr/FAB catalyst pair only exhibits limited 1-hexene oligomerization
— the unstable anion, or potentially the binuclear complex, is able to turnover a few times
before decomposition with the inner-sphere benzyl borate occurs. This reasoning can help
explain the reports of the Zr[Pr]/MAQ® and Zr[Pr]/Trityl oligomerization reactivity; the
outer-sphere nature of these catalyst/activator ion pairs may overcome the decomposition

pathway and allow for nearly complete a-olefin conversion.
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Interestingly, the reactivity of the Zr[Pr]/Anilinium system also exhibited
incomplete 1-hexene conversion. This stands in contrast to both the work by Bercaw et al.
with a 5-coordinate Zr NHC catalyst that exhibited no catalytic activity and the Romain et
al. Zr NHC catalyst system which completely converted 1-hexene into oligomers when
using the Anilinium co-catalyst.*> The coordination of the N,N-dimethyl aniline to the
different catalyst centers was reported to both cause the lack of reactivity in the Bercaw
system* and the selective production of 2,1-insertion products by the Romain catalyst
systems.’ It seems likely that the coordination of the free N,N-dimethyl aniline may reduce
I-hexene conversion as well as increased vinylene chain termination groups from 2,1-
insertion when used with the Zr[Pr] catalyst, as seen in Table 5.1.

Kinetic studies were undertaken to measure the conversion of a-olefins and identity
of the oligomer vinyl populations for the Zr[Pr]/Trityl reaction pair. The effect of
temperature and the ratio of catalyst to activator for 1-hexene and 1-dodecene consumption
were probed. The appearance and changes to the three other vinyl peaks over time were
also noted — an increase then a decrease of vinylidene terminated groups, growth of
vinylene terminated groups, and the growth of internal, tri-substituted vinyl groups.

To establish a base line reactivity, 1-hexene and 1-dodecene were studied with the
Zr[Pr]/Trityl catalyst system at 25 °C; kinetic profiles are shown in Figures 5.3A and B,

respectively.
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Figure 5.3. Zr[Pr]/Trityl at 1:1 ratio with (A) 200 equivalents of 1-Hexene at 25 °C and (B) 100
equivalents of 1-dodecene at 25 °C. Monomer concentrations are on the left y-axis while the
vinyl product concentration values are shown on the right y-axis. Error bars of .02 M are

included.

Due to the difference in chain length, it has been reported in other systems that the
propagation rate drops as the monomer size increases from 1-hexene to 1-dodecene.'? This
is indeed the case with the Zr[Pr]/Trityl system; the propagation rate of 1-hexene is roughly
three times faster than 1-dodecene. Furthermore, looking at the DP for this system for both
monomers, we see that the 1-dodecene oligomers are roughly 70% the length compared to
the oligomers made from 1-hexene. This suggests that the chain termination reactions for
the different monomers are not the same. If the termination reactions were exactly the same,

the ratio of the DPhex/DPdec would be closer to the Kp,hex/Kp,dec.
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Table 5.2. Zr[Pr]/Trityl reactivity towards 1-hexene (Run 4) and 1-dodecene (Run 5) at

25°C
-1
Run# | % Conv. | Mono | T°C k (s ) | % -dene %Tri- % -lene DP
p
4 93 Hex 25 1.63e-4 1.0 26.2 72.8 11.3
5 98 Dec 25 5.03e-5 7.8 33 88.9 8.1

Another interesting fact is the percentage of vinylene chain ends near the end of the
reaction. The formation of vinylene terminated products are the result of 2,1-insertions of
a-olefin into a metal-polymeric bond and subsequent chain transfer of that species.
Comparing the 1-hexene and 1-dodecene chain ends, it follows that the oligomerization of
I-dodecene has a higher percentage of vinylene, 88.9%, when compared to the
oligomerization of 1-hexene, 72.8%. This suggests that 2, 1-insertion may be dependent on
the size of the last inserted monomer. Shown in Scheme 5.6, it may be possible that the
monomer inserts in either a frontside approach that brings the monomer close to the
growing oligomeric chain, or the monomer inserts by a backside approach that interacts
with the propyl chain attached to the amine group. The steric bulk from 1-dodecene
oligomers attached to the Zr center may increase the number of backside approaches for 1-
dodecene exhibit a larger percentage of 2,1-insertions/vinylene terminated products.
Redesign of the catalyst structure by converting the propyl- group to a bulkier substituent
or to a pendant that binds weakly to the Zr center may reduce the number of 2,1-insertions

and increase the percentage of vinylidene terminated oligomers.
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Scheme 5.6. Possible backside or frontside approaches of a-olefin for monomer insertion

Another interesting fact to note about the vinyl groups for the oligomer chain ends
is the distinctive difference between the number of tri-substituted chain ends. Examining
Figure 5.4A, the oligomerization of 1-hexene shows an increase and then decrease of
vinylidene chain ends in solution that corresponds with the appearance and growth of tri-
substituted chain ends. In Figure 5.4B for 1-dodecene, there is virtually no vinylidene
terminated groups in solution. In contrast, tri-substituted chain ends do appear in solution.
This suggests that the dissociation of the 1-dodecene oligomer from the Zr catalyst is slow
compared to the chainwalking reaction that converts vinylidene chain ends to tri-
substituted chain ends at this temperature.

One of the traditional methods used to reduce the Mw oligomer distributions has

been to increase the reaction temperature. Shown in Figure 5.5, the kinetic plots for the
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consumption of 1-hexene and changes in vinyl groups are plotted vs time at 25 °C and

45 °C.
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Figure 5.4. Zr[Pr]/Trityl at 1:1 ratio with 200 equivalents of 1-Hexene at (A) 25 °C and
(B) 45 °C Monomer concentrations are on the left y-axis while the vinyl product
concentration values are shown on the right y-axis. Error bars of £.02 M are included in

plot (A) and are omitted from plot (B) for clarity.

Comparing Figure 5.4A and Figure 5.4B, increasing the temperature by 20 °C has

a tremendous effect on increasing catalyst reactivity, reducing the oligomer PD, and

influencing the percentage of vinyl groups, shown below in Table 5.3.

Table 5.3. Zr[Pr]/Trityl reactivity towards 1-hexene at 25 °C (Run 4) and at 45 °C (Run 6)

Run# | % Conv. [ Mono T°C kp (s % -dene %Tri- % -lene DP
4 93 Hex 25 1.63e-4 1.0 26.2 72.8 11.3
6 86 Hex 45 1.99¢-4 26.2 30.2 43.6 5.7
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The effect of increasing temperature on olefin conversion and reducing product Mw has
been well established in the literature.? For the Zr[Pr]/Trityl system, there was only a slight
increase in Kp increasing the temperature to 45 °C for the conversion of 1-hexene. However,
the DP of the oligomers was effectively cut in half and produced much shorter oligomers.
However, the changes to the percentage of different vinyl groups is different to the
established literature on olefin polymerization. The percentage of vinylene groups
decreased as the temperature increases from 72.8% to 43.6%, which runs opposite to the
trends seen for increasing numbers of regioerrors in polymers as the temperature rises. At
this point in time, it is not exactly clear why this occurs. However, this suggests that
increasing the temperature can both reduce the Mw of the oligomer products and increase
the vinyl chain ends selectively to vinylidene terminated groups.

The effect of temperature on 1-dodecene oligomerization exhibited the same trend

as that for 1-hexene. The kinetics are shown in Figure 5.5 and the percentage of vinyl chain

ends and DP shown in Table 5.4.
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Figure 5.5. Zr[Pr]/Trityl at 1:1 ratio with 100 equivalents of 1-dodecene at (A) 25 °C and
(B) 45 °C. Monomer concentrations are on the left y-axis while the vinyl product
concentration values are shown on the right y-axis. Error bars of +.02 M are included.
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Table 5.4. Zr[Pr]/Trityl reactivity towards 1-dodecene at 25 °C (Run 5) and at 45 °C (Run

7)
Run# | % Conv. | Mono T'C kp (s % -dene | %Tri- % -lene DP
5 98 Dec 25 5.03e-5 7.8 33 88.9 8.1
7 97.8 Dec 45 1.54¢-4 <1 32.8 67.2 3.6

Again the propagation rate constant increased, the DP decreased roughly by a half, and the
percentage of vinylene terminated groups decreased from 88.9% to 67.2%. Interestingly,
vinylidene chain ends were observed at 45 °C but were eventually converted to tri-
substituted chain ends by the end of reaction. This shows that temperature offers a unique
control on both the oligomer MW and identity of chain ends.

One of the most interesting features of Group IV catalysts is their ability to dimerize
into binuclear complexes (BNC) through a degenerative group transfer. By using a
substoichiometric amount of activator, an activated catalyst species can react with a bis-
alkyl precatalyst species. The subsequent transfer of this alkyl group from one catalyst site
to the other catalyst site allows one catalyst site to be active for a certain period before the
BNC is reformed. Depending on the temperature, activator, and catalyst, the system may
exhibit a rapid equilibrium between the BNC to free active catalyst and precatalyst.*® This

mechanism, as well as the initial activation steps, is shown in Scheme 5.7.
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Scheme 5.7. BNC formation/catalysis with Group IV catalysts induced by
substiochiometric activator

The oligomerization of 1-hexene was repeated with substoichiometric amounts of
trityl activator, in a 2:1 ratio of precatalyst to activator. Kinetic experiments were
conducted at 25 °C for 1-hexene. These are shown in Figure 5.6 and the monomer

conversion, percent vinyl groups, and DP are reported in Table 5.5.
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Figure 5.6 Zr[Pr]/Trityl at with 200 equivalents of 1-Hexene at 25 °C with (A) Cat:Act
ratio of 1:1 ratio and (B) a Cat:Act ratio of 2:1 ratio with. Monomer concentrations are on
the left y-axis while the vinyl product concentration values are shown on the right y-axis.

Table 5.5. Zr[Pr]/Trityl reactivity towards 1-hexene at 25 °C with 1:1 (Run 4) and 2:1 (Run
8) ratios of catalyst to activator

Run # % Conv. Mono T °C kp (s % -dene %Tri- % -lene DP
4 93 Hex 25 1.63e-4 1.0 26.2 72.8 11.3
8 73 Hex 25 3.15e-5 61.7 36.1 1.4 4.7

The effect of substoichiometric activator produces interesting results. The
propagation rate constant decreases and monomer conversion plateaus around 70%
monomer conversion. While it makes intuitive sense that the reaction slows down as there
are potentially less active sites available to react with 1-hexene, it is surprising to see
incomplete monomer conversion since this stable catalyst/activator pair shows nearly
complete monomer conversion given enough time. However, the most interesting effects

occur with the DP and identity of vinyl groups at the end of reaction. The use of
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substoichiometric activator drastically reduced the number of vinylene chain ends from

72.8% to 1.4% and reduced the DP of the oligomer faction from 11.3 to 4.7 units long.

Furthermore, the conversion of vinylidene to tri-substituted remained the same while the

percentage of vinylidene terminated groups grew from 1% to over 60%. These findings

suggest that the formation of a BNC has a tremendous effect on both the selectivity of

monomer insertion and chain termination. These results suggest that the BNC disfavors

2,1-insertion of 1-hexene and raises the region-selectivity towards 1,2-insertion.

This reaction was also subjected to a reaction temperature of 45 °C. The kinetics

are shown in Figure 5.7 with the vinyl group identity and DP tabulated in Table 5.6.
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Figure 5.7 Zr[Pr]/Trityl at 2:1 ratio with 200 equivalents of 1-Hexene at (a) 25 °C and (b)

45 °C. Monomer concentrations are on the left y-axis while the vinyl product

concentration values are shown on the right y-axis.
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Table 5.6. Zr[Pr]/Trityl at a 2:1 catalyst to activator ratio reactivity towards 1-hexene at

25°C (Run 8) and 45 °C (Run 9)

Run# | % Conv. | Mono | T°C | Cat:Act kp (s % -dene %Tri- % -lene DP
8 73 Hex 25 2:1 3.15e-5 61.7 36.1 1.4 4.7
9 77 Hex 45 2:1 3.34e-6 72.3 3.9 23.8 2.5

The combined effect of temperature and substoichiometric activator have an
additive effect on the both 1-hexene oligomer DP and chain ends identity. The average
chain lengths decrease again to form shorter chains and the % vinylidene chain ends
increases from 61.7% to 72.3%. Interestingly, the percentage of vinylene groups increases
from 1.4% to 23.8%, in contrast to the temperature effect of the 1:1 ratio of catalyst to
activator that decreased the number of vinylene groups. This suggests that the BNC
dissociates more at this temperature and allows for the free activated catalyst to insert 1-
hexene in a 2,1- fashion, bringing the % vinylene closer to that seen in reaction 6 in Table
5.3, % vinylene = 43.6.

Strangely, the propagation rate constant drops by an order of magnitude as the
temperature increases. While at this time we do not have a clear understanding as to why
the reactivity of the system decreases, the reappearance of vinylene terminated groups may
indicate 2,1-insertions are again occurring and the existence of the BNC with these
secondary inserted carbons may have a detrimental effect on the overall catalytic reactivity.

Furthermore, this system slows down and eventually reaches a plateau of 1-hexene
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conversion around 80%. It appears that the catalyst deactivation or dormancy that occurs
at 25 °C still exists at 45 °C.

Another method of studying the effect of substoichiometric activator is to compare
the endpoint molecular weight distributions of 1:1 catalyst to activator at 25 °C and 45 °C

and 2:1 catalyst to activator at 25 °C and 45 °C. These distributions are shown in Figure

5.8 below.
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Figure 5.8 GPC traces of 1-hexene oligomerization with (A) 1:1/Cat:Act at 25 °C, (B)
1:1/Cat:Act at 45 °C, (C) 2:1/Cat:Act at 25 °C, and (D) 2:1/Cat:Act at 45 °C

The GPCs under these conditions are informative in terms of the effect of the BNC
at different temperatures. Comparing the 1:1 (Figure 5.8A) and 2:1 (Figure 5.8C) ratios of
catalyst to activator at 25 °C, the distributions look fundamentally different. The

substoichiometric system shows a very broad distribution while the stoichiometric



185

activator conditions shows a Schultz-Flory distribution centered around hexamers. This
may indicate that there is a slow interconversion between the BNC and cationic free
activated catalyst and precatalyst. A fast equilibrium between the different species should
produce a tight distribution instead of a broader one containing longer MW oligomers.
Furthermore, an equilibrium that favors the formation of BNC would help explain the
decrease in monomer conversion as there would be less active sites in solution available to
convert a-olefins into oligomers.

By increasing the temperature, the MWD shifts downwards for both the
substoichiometric and stoichiometric systems. The experiments 1:1 (Figure 5.8B) ratio of
catalyst to activator at 45 °C have now shifted from a distribution centered around
hexamers to a distribution centered around tetramers. However, the 2:1 ratio of catalyst to
activator (Figure 5.8D) at 45 °C now shows a narrower distribution of products when
compared to the 2:1 (Figure 5.8C) ratio of catalyst to activator at 25 °C. Furthermore, the
green curve shows a distribution centered around dimers and trimers. Looking at Scheme
5.8, it is possible that the BNC of Zr[Pr]/Trityl again exhibits equilibrium rate constants,
Keqi and Keq2, that favor of the formation of the BNC. This would explain the decreased
monomer consumption rate by 3x compared to the kinetics of run 4 from Table 5.2.
However, by increasing the reaction temperature to 45 °C, the rate of exchange between
the cationic catalyst and BNC, Keqi and Keq2, must increase since the MWD in the GPC
shows a much narrower oligomer product distribution. Furthermore, the changes to the %
vinylene chain ends suggests that the equilibrium in Scheme 5.8 has shifted towards free
activated catalyst and pre-catalyst. However, this runs contrary to the kinetic data from

Table 5.6. The kinetic data shows that the consumption of 1-hexene is slower at higher
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temperature. It is possible that the BNC formation at higher temperature may contain
metal-hydrides instead of metal-oligomeric groups. Such a species may shift the
equilibrium to form a dormant BNC and could explain why there is incomplete conversion
of 1-hexene when using substoichiometric amounts of activator for oligomerization of a-
olefins. Regardless, the use of substoichiometric amounts of activator at different reaction
temperatures has been shown to be a viable method to reduce the Mw and control the vinyl

chain ends in oligomerization reactions.

+  Olig,(R) Olign(R) + OligiR) + Olign(R)
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Scheme 5.8. BNC of Group IV catalysts induced by substiochiometric activator

Recently, it was reported that a 5-coordinate Zr NHC catalyst system could be
switched from an oligomerization system into a polymerization system by coordination of
Lewis base to the activated zwitterion pair.* Reactions with substoichiometric amounts of
PMes, PPhs, NEt3, Py, and MeCN with the Zr[Pr]/Trityl catalyst system were conducted to
test if a switch existed with this catalyst system. When these systems were conducted with
Zr[Pr]/Trityl in the presence of a 4:1 ratio of catalyst to additive, oligomer products were
seen with PMes, PPhs, and MeCN systems after 72 hours of reaction. Unexpectedly, the

reaction with PMes and MeCN additive produced polymer fractions in addition to
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oligomers with very similar PDs. The results of these tests are summarized below in Table

5.7.

Table 5.7 Results of Zr[Pr]/Trityl/LB reactivity studies

1 0, 0 0
R;:n IIge:;/;s Co/;v. Mono OTC Cat:Act:LB kp’s(_)lb s d?n_e l?n_e %Tri- | PD
10* | PMes >99 Hex | 30 4:4:1 - - - - 74.8
11 PPh; 96 Hex | 30 4:4:1 - 59.3 33.1 7.6 39
12" | NEt3 <3 Hex | 30 4:4:1 - - - - -
13° Py <3 Hex | 30 4:4:1 - - - - -
14* | MeCN >99 Hex | 30 4:4:1 - - - - 79.8

?An oligomer peak and a polymer peak were observed and the PD for the polymer
distribution is reported; "Low conversion prevented complete analysis of products and
end groups.

To probe the effect of Lewis base on the Zr[Pr]/Trityl catalyst system, NMR
spectroscopic studies were undertaken. *'P NMR spectra were collected with solutions of
PMes and PPhs in the presence and absence of the activated catalyst system. Shown in
Figures 5.9 and 5.10, it is unclear if there is any coordination between the cationic metal
center and the Lewis base, contrary to the results seen by the Bercaw lab with their 5-
coordinate NHC Zr system in the presence of different alkyl phosphine bases.* The peaks
seen around 24 ppm and 37 ppm are the known coupling products of phosphine and
Trityl activator.'® Interestingly, the peaks for the Zr[Pr]/Trityl/Phosphine systems in

Figures 5.9 and 5.10 are much broader than the free phosphine.
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Figure 5.9 'P NMR of Zr[Pr]/Trityl/PPhs (a) is only PPh3 (b) 1:1:1 Zr[Pr]/Trityl/PPhs,

and (c) 1:1:2.5 Zr[Pr]/Trityl/PPhs
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Figure 5.10 3'P NMR of Zr[Pr]/Trityl/PMes (a) is only PMes (b) 1:1:1
Zr[Pr])/Trityl/PMes, and (c) 1:1:2.5 Zr[Pr]/Trityl/PMes
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The effect of Lewis base also has affect on the distribution of different sized
products for both oligomers or the formation of oligomers and polymers. The results of the
Zr/Trityl/PPhs system suggest that the catalyst system produces lower molecular weight
products (PD of 3.9) with higher percentage of vinylidene products (59.3%) when
compared to the Zr[Pr]/Trityl system at identical conditions, run 3 in Table 5.1. This may
have been caused by coordination of the phosphine to the activated Zr center. Additionaly,
coordination complexes between Zr[Pr]/Trityl with MeCN and PMes may generate a
polymerization system similar to that seen by Bercaw et al.#, Scheme 5.9, that affords linear
1-hexene polymers. However, this stands in contrast to the *'P NMR experiments that do

not show coordination of the PPhs or PMes to the activated Zr[Pr]/Trityl system.

Bn 'Bn
0-7r-0
1

l + CPh3* B(CgFs)4

. + Lewis Base +
Zr-Bn EE—— LB-Zr-Bn

Oligomerization Polymerization
Catalyst Catalyst

Scheme 5.9. Suggested oligomerization and polymerization mechanisms for Zr[Pr]/Trityl
and Zr[Pr]/Trityl/Lewis base systems based off of Bercaw’s catalyst/Trityl/Lewis base
system

Control reactions were conducted to test the reactivity between the Tirtyl activator,
Lewis base, 1-hexene, and 1-hexene oligomers. After 72 hours, there was no reaction
between Trityl/Lewis base/1-hexene. The reaction between Trityl activator and oligomers,

however, instantly converted the 1-hexene oligomers to polymers, concievably through a
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carbocationic mechanism. It is known that Trityl borate salts can be used as cationic

intiators for isobutylene, through a mechanism shown below in Scheme 5.10."

B(CeFs)s B(CeFs)s

CPh3B(CeFs)s :
H,0—— H-B(CgFs5)s ——_> H-B(CeF5)s — /_<
- HOCPhj -

Scheme 5.10. Carbocationic initiation using Trityl borate salts with trace amount of water

Based off this information, it is possible that the polymerization system between
Zr[Pr])/Trityl/MeCN and Zr[Pr]/Trityl/PMes are instead due to a tandem catalysis system
between the Zr[Pr]/Trityl oligomerization system and unreacted Trityl borate with
MeCN/PMes and vinylidene oligomers to form a carbocationic polymerization center,

Scheme 5.11.
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Oligomerization Mechanism
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Scheme 5.11. Possible tandem catalysis system with a Zr/Trityl oligomerization system
and a carbocationic polymerization system

If the system does produce polymers by this tandem catalysis method involving
carbocationic polymerization of vinylidene oligomers, then the polymers produced should
have different properties from linear poly(1-hexene), such as a different dN/dC. Isolation
and testing of these polymers from the oligomers would allow one of these mechanisms to

be disproven and offer new insights to this polymer producing system.
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5.4 Conclusions

A comprehensive a-olefin insertion reactivity study on a 5-coordinate Zr amine
bis-phenolate complex has been completed. Fundamental oligomerization reactivity of 1-
hexene was changed by the identity of the co-catalyst activator. Studies with 1-hexene and
1-dodecene with Zr[Pr]/Trityl system were undertaken at different temperatures and ratios
of catalyst to Trityl co-catalyst, with substoichiometric amounts of activator produced
binuclear complexes (BNCs). Increasing the temperature increased catalyst activity,
reduced the DP, and reduced the percent of vinylene chain ends for the different oligomers.
Using substoichiometric activator reduced the propagation rate, reduced the DP, and vastly
reduced the percent of vinylene chain ends. By increasing the temperature and using BNCs,
the distribution was drastically reduced to form a distribution of trimers with 1-hexene
monomer. The addition of different Lewis bases produced polymers with PMe3 and MeCN
while PPhs lowered the DP of 1-hexene oligomers. This stands in contrast to *'P NMR
experiments that did not show coordination of the trialkyl phosphines to the Zr[Pr]/Trityl
system. Two possible polymerization mechanisms were discussed to explain the new
reactivity. One mechanism requires coordination of the Lewis base to the catalyst center to
form a new polymerization catalyst that produces linear poly(1-hexene) through a
coordination insertion mechanism while the other mechanism requires an oligomerization
site using the Zr[Pr]/Trityl system and a carbocationic polymerization site that converts
vinylidene oligomers to nonlinear brush polymers from 1-hexene oligomers. Further
characterization of the resulting polymers should delineate and clarify which of the two

mechanisms is operabale.
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ABSTRACT: The kinetics of 1-hexene polymerization using a
family of five zirconium amine bis-phenolate catalysts, Zr[tBu-
ON*O]Bn, (where X = THF (1), pyridine (2), NMe, (3),
furan (4), and SMe (5)), has been investigated to uncover the
mechanistic effect of varying the pendant ligand X. A model-
based approach using a diverse set of data including monomer
consumption, evolution of molecular weight, and end-group
analysis was employed to determine each of the reaction
specific rate constants involved in a given polymerization
process. The mechanism of polymerization for 1—5 was similar
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and the necessary elementary reaction steps included initiation, normal propagation, misinsertion, recovery from misinsertion,
and chain transfer. The latter reaction, chain transfer, featured monomer independent f-H elimination in 1-3 and monomer
dependent f-H transfer in 4 and S. Of all the rate constants, those for chain transfer showed the most variation, spanning 2
orders of magnitude (ca. (0.1—10) X 10 s for vinylidene and (0.5—87) X 10~* s™" for vinylene). A quantitative structure—
activity relationship was uncovered between the logarithm of the chain transfer rate constants and the Zr—X bond distance for
catalysts 1—3. However, this trend is broken once the Zr—X bond distance elongates further, as is the case for catalysts 4 and 5,
which operate primarily through a different mechanistic pathway. These findings underscore the importance of comprehensive
kinetic modeling using a diverse set of multiresponse data, enabling the determination of robust kinetic constants and reaction
mechanisms of catalytic olefin polymerization as part of the development of structure—activity relationships.

Bl INTRODUCTION

Production of polyolefins is a major industrial process with a
current capacity of ca. 110 billion kg per year globally." While
polyolefins are primarily produced using heterogeneous Ziegler
catalysts, homogeneous single-site catalysts, the so-called
metallocenes, have attracted attention because they offer
potential control of the various kinetic steps, which in turn
can be manipulated by “catalyst design”’™* One of the
drawbacks of metallocenes, beside sensitivity to polar functional
groups, is their thermal sensitivity. Beyond metallocenes, the
next generation of thermally stable catalysts includes group 4
coordination complexes featuring phenolate amine ligands.®
While high-throughput screening has accelerated the discovery
process with group 4 coordination complexes leading to Dow’s
catalysts for olefin block copolymer synthesis,® the promise of
directly correlating kinetic constants to descriptors of the
catalyst has not yet been realized. A major obstacle in the way
of rational catalyst design is the lack of proper quantitative
kinetic analysis of all the relevant processes (i.e., kinetic steps)
that are involved in catalytic olefin polymerization.”® Never-
theless, the study of single-site catalysts for olefin polymer-

v ACS Publications  © 2013 American Chemical Society 6280

ization is particularly attractive because of the potential of
correlating directly the physical properties of the resulting
polymer to structural features of the catalyst based on first
principles.” This correlation allows one to draw conclusions on
how a catalyst structure may be manipulated to yield specific
polymeric architectures.

One specific family of nonmetallocene catalysts, first
pioneered by Kol and co-workers, that has sparked interest
utilizes an amine bis-phenolate (Salan) ligand system (see
Figure 1)."%™ The reason for choosing this particular family of
ligands as part of our detailed kinetic studies is the relative ease
of synthesis and the ability to tune the catalyst’s coordination
Furthermore, these catalysts exhibit high
activity, comparable to metallocene catalysts, with 1-hexene in
conventional organic solvents such as toluene. This feature
enables the collection of kinetic data in the condensed phase
and eliminates mass transfer limitations that are inherent with
gaseous substrates. Following up on Kol’s earlier qualitative
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Figure 1. 1-Hexene polymerization catalyzed by zirconium salan-type
catalysts 1—S5 when combined with the activator B(C4Fs);.

observations that the nature of the pendant ligand (X) and its
distance from the metal center (Zr—X) influence chain
transfer,"> we have undertaken a comprehensive kinetic study
of the five catalysts shown in Figure 1. We will show in the
following sections the minimally required set of rate constants
needed to describe completely the rich data set for each catalyst
including the molecular weight evolution. The rate constant
affected the most by changing the pendant ligand (X)) is that for
chain transfer that results in vinyl terminated polymer.

Four chemical mechanisms have been noted for chain
transfer in single-site homogeneous olefin polymerization
catalysts. Normally chain transfer occurs via f-H elimination
to give vinylidene terminated polymer chains. This process is
independent of monomer concentration and the resulting metal
hydride undergoes reinitiation. If the catalyst is susceptible to
2,1-misinsertion (which results in regio-errors), the resulting
polymeryl chain can undergo unimolecular $-H elimination to
give vinylene terminated polymer chains."* In some cases for
propylene, a second mechanism has been recognized in which
p-methyl instead of f-H elimination occurs to give M-CH,,
which can reinitiate by inserting a monomer." It should be
noted that ethyl or higher alkane elimination has not been
observed. A third mechanism is second-order chain transfer in
which vinylidene and vinylene end groups result from H-
transfer to a monomer.”® In this mechanism the chain transfer
rate constant is second-order and the rate is dependent on the
monomer concentration. The last recognized chemical
mechanism for chain transfer is that to the activator. This is
usually a minor pathway observed with aluminum alkyl
activators, although exceptions where it is dominant have
been noted in the literature.'®

Suppression of chain transfer while maintaining a high
propagation rate can provide easy access to new block
copolymers via controlled sequential addition of monomer.'”

Therefore, quantitative understanding of factors that control
the rate of chain transfer exclusively is valuable from a
fundamental standpoint as well as for practical applications. In
semiquantitative studies, two parameters, catalyst activity (TOF
or g polymer mol™ catalyst h™") that is taken as indicative of
the propagation rate constant and the molecular weight average
of the resulting polymer (M,,), have been used to infer how
catalyst structure influences the chain transfer rate. The
consensus from these studies pointed to steric bulk as the
major contributor to retardation of chain transfer as long as
there is a weakly coordinating ligand or an available
coordination site for monomer docking.'® Bercaw and co-
workers observed that the use of a more open metal center
leads to faster propagation by allowing more space for a more
facile monomer insertion and an increase in the propensity for
f-H elimination due to more available space to accommodate
the f-H agostic bonding interactions necessary for f-H
elimination.”” This empirical insight has been responsible for
the development of late transition metal catalysts based on Fe,
Co, and Ni that can effect ethylene polymerization rather than
producing oligomers."®

Ziegler and co-workers performed a detailed computational
study of ethylene polymerization using a wide range of d° metal
catalysts,”® finding that the energy barrier for chain transfer is
strongly influenced by sterically bulky ligands and, to some
degree, the identity of the metal. They also observed that, for
the systems studied, f-H transfer to monomer, a second-order
chain transfer process, is preferred over #-H elimination, except
when monomer concentration is small or when monomer
coordination to the metal is severely hindered. This observation
was used successfully by Busico and co-workers to design
catalysts that were shown experimentally to have hindered
chain transfer reactions.?! In addition, Camacho and Guan have
attributed the steric blocks present in their cyclophane-based
nickel catalyst to its ability to polymerize olefins even at high
temperatures where chain transfer typically dominates,”> and
Rieger and co-workers have used sterically hindered nickel and
palladium catalysts to produce high molecular weight poly-
ethylene rather than a-olefin oligomers.”®

Earlier work by Doi and co-workers showed that for
V(acac);—Al(C,H;),Cl the identity of the alkylaluminum
cocatalyst influences the amount of chain transfer.”* Later
work by Naga and Mizunuma showed similar activator effects
on the amount of chain transfer using zirconium metallocenes,
with an additional observation that the S-H chain transfer
pathway was preferred with one alkylaluminum activator while
chain transfer to activator was dominant with another.”> More

Table 1. Rate Constants for 1-Hexene Polymerization with the Zr[tBu-ON*O]Bn,/B(C4F;), Catalysts 1—5%

X THF (1) Pyridine (2)
Zr-X/ A 237 2.51
k/ M7 s 0.08 (+0.02/ —0.01) >0.05
ky/ M7t s7! 8.0 (+0.8/ —0.2) 1.8 (+0.2/-0.1)
K/ M1 57! 0.054 (+0.026/-0.003)  0.031 (+0.004/-0.005)
Koo/ M7H 7! 0.047 (+0.021/-0.002)  0.028 (+0.004/-0.003)

Kyinyligene (107%)/ 57" 0.14 (+0.014/ —0.02)

Kyingtene (107%)/ 57" 0.051 (+0.002/ —0.003)
Kyingligene (107%)/ M7" 57! 0 0
Kingiene (107%)/ M7 57! 0 0

24 (+0.1/-0.1)

0.65 (+0.06/ —0.03)

NMe2 (3) Furan (4) SMe” (5)
2.59 2.69 2.89
0.16 (+0.04/-0.02)  0.0031 (+0.0003/-0.0004)  0.017 (+0.002/-0.001)
11 (+1/-1) 3.52 (+0.03/-0.04) 12 (+5/-4)

0.055 (+0.007/-0.004)  0.0064 (+0.0002/-0.0004)  0.20 (+0.08/-0.06)

0.04 (+0.03/-0.02) 0° 0.036 (+0.001/-0.001)
12.2 (+0.8/-0.6) 1.00 (+0.07/-0.08) 0
8.72 (+0.07/ —0.04) 0 0
0 12.1 (+0.7/-0.6) 22 (+0.6/-0.4)
0 6.9 (+0.07/-0.06) 0.95 (+0.06/-0.04)

“In toluene at 25 °C. See Figure 1 for precatalyst structures and Scheme 1 for reactions steps. Errors are in parentheses. “In toluene at 22 °C. “A
value of zero means the fit did not require the inclusion of this reaction step.
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recently, Marks and co-workers have studied the effects of ion
pair structure and dynamics on polymerization activity,
stereoselectivity, and chain transfer in C-symmetric zirconium
metallocene precatalysts using various fluorinated aryl borane
and aluminum activators.”® They found that ion pairing dictates
the relative rate of termination to propagation as well as the
preferred termination pathway.

In this study, we describe a detailed kinetic analysis for
catalysts 1—S5, culminating in Table 1, which contains all of the
rate constants for each system. The following sections will
discuss observations and trends that only become apparent
through the generation and examination of the full kinetic
constants presented in Table 1. These kinetic constants
represent the minimal number of necessary reaction steps
needed to describe the entire data set for each of the catalysts,
which includes monomer consumption kinetics, molecular
weight evolution as determined by GPC (gel permeation
chromatography), active-site count, and analysis of terminated
end groups in the resulting polymer. The mechanism of chain
transfer and its corresponding rate constants as the pendant
ligand (X) changes have been pinpointed. A linear quantitative
structure—activity relationship (QSAR) between the logarithm
of the chain transfer rate constant and the Zr—X bond length
will be shown and discussed.

B EXPERIMENTAL PROCEDURES

General Procedure. All manipulations were performed under dry
inert atmosphere in a glovebox or at a vacuum manifold using air
sensitive techniques under N, or Ar atmosphere. Toluene and pentane
were distilled over activated alumina and a copper catalyst using a
solvent purification system (Anhydrous Technologies) and degassed
through freeze—pump—thaw cycles. Both solvents were stored over
activated molecular sieves. Tetrabenzylzirconium was purchased from
STREM and used as received. The monomer 1-hexene was purchased
from Aldrich and purified by distillation over a small amount of
dimethyl bis(cyclopentadienyl)zirconium and stored over molecular
sieves. Tris(pentafluorophenyl)boron was purchased from STREM
and purified by sublimation. Diphenylmethane was purchased from
Aldrich and stored over molecular sieves. CH;OD was purchased from
Cambridge Isotopes and used as received. dg-Toluene was used as
received and stored over molecular sieves. 'H and *H NMR
experiments were performed on a Varian INOVA600 MHz or Bruker
DRXS00 MHz spectrometer.

The ligands and precatalysts (1—S) were prepared following
modified literature procedures.'>*”*® We describe herein the details
for one representative procedure and provide the others in the
Supporting Information.

Synthesis of 6,6'-((((Tetrahydrofuran-2-yl)methyl)-
azanediyl)bis(methylene))bis(2,4-di-tert-butylphenol), tBu-
ON™FO ligand. In a typical synthesis, an 80 mL reaction vessel
was charged with 2,4-di-tert-butylphenol (6.19 g, 30.0 mmol), 2-
(aminomethyl)tetrahydrofuran (1.55 mL, 15 mmol), and 37%
histological grade formaldehyde (6.00 mL, 80 mmol), distilled water,
and a stir bar while maintaining a maximum volume of 80 mL. The
biphasic reaction mixture was placed in a CEM microwave reactor and
allowed to warm to 100 °C over S min while stirring. The reaction was
allowed to stand at 100 °C for 30 min, and then cooled to room
temperature. The aqueous layer was removed, and cold, dry methanol
was added to the organic phase. This mixture was shaken for 30 min,
and the resulting solid isolated by vacuum filtration. The crude ligand
product was purified by crystallization from ethanol (28% yield).

Synthesis of Zr[tBu-ONTHFO]an (1). In a typical synthesis, a 100
mL flask was charged with tetrabenzylzirconium (0.557 g, 1.22 mmol),
20 mL toluene, and a stir bar and fitted with a rubber septum. A
second 100 mL flask was charged with the ‘Bu-ON"™"0 ligand (0.609
g, 1.13 mmol) and 20 mL of toluene. The two flasks were placed under
an inert atmosphere, and the ligand solution was added to the
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tetrabenzylzirconium solution via a cannula. The reaction was allowed
to warm to 60 °C and stir for 2 h resulting in a bright yellow solution.
The solution was concentrated to about 10 mL and placed into a —10
°C freezer. Yellow crystals formed within 2 days and the mother liquor
was removed via a cannula. The crystals were dried under vacuum
(84% vyield). The precatalyst was recrystallized by vapor diffusion of
pentane into a precatalyst/toluene solution to afford an analytically
pure complex.

NMR Scale Polymerization of 1-Hexene. The procedure for
NMR scale polymerization is based on the literature.”® For a typical
polymerization, Zr[tBu-ON"™¥0]Bn, (1) (6.1 mg, 0.0075 mmol) was
dissolved in 0.5 mL toluene in a small vial and sealed with a screw-cap
septum. The vial containing the precatalyst solution was pierced with a
1 mL syringe. The vial and syringe were placed in an N, bag and
allowed to equilibrate to 25 °C. Tris(pentafluorophenyl)boron (4.3
mg, 0.0084 mmol), I-hexene (0.1265 g, 1.50 mmol), and diphenyl-
methane (9.5 mg 0.056 mmol) were added to a 2 mL volumetric flask
and diluted to the mark with dg-toluene. This solution was placed in an
NMR tube and sealed with a septum. The monomer/activator solution
was placed in the spectrometer and allowed to equilibrate to 25 °C
using a VT controller. A measurement was taken to determine the
initial concentration of monomer relative to the internal standard. The
NMR tube was removed from the spectrometer, and the catalyst
precursor solution was added to the activator/monomer solution by
piercing the septum while the syringe remained in the N, bag. The
reaction mixture was shaken for ca. 30 s and placed back into the
spectrometer. Spectra were acquired at predetermined time intervals
until the reaction reached completion. Each sample was prepared for
GPC analysis by evaporation over mild heat before dissolution in
hexanes and filtration through an alumina plug to remove the
quenched catalyst. Evaporation of solvent yielded clear, colorless
poly(1-hexene). The array of 'H spectra was collected on an INOVA
600 MHz spectrometer and analyzed using MestReNova.

Batch Polymerization of 1-Hexene. The procedure for Manual
Quench is based on literature.** For a typical polymerization, Zr[tBu-
ON™FQ]Bn, (0.073 g, 0.090 mmol) was dissolved in 5.0 mL toluene
in a small vial that was sealed with a screw-cap septum. The vial
containing the precatalyst solution was pierced with a 10 mL syringe.
The vial and syringe were placed in an N, bag and allowed to
equilibrate to 25 °C. Tris(pentafluorophenyl)boron (0.053 g, 0.099
mmol), and I-hexene (1.57S g, 18.71 mmol) were added to a 25 mL
flask and diluted to the mark with toluene. This solution was diluted to
26 mL with 1 mL of toluene, and 1 mL of the resulting solution was
removed for quantification of the initial monomer concentration
through NMR analysis. The flask was sealed with a septum and moved
from an N, filled glovebox to a vacuum manifold and placed under
argon. The monomer/activator solution was allowed to equilibrate to
25 °C using a temperature-controlled silicone oil bath. The catalyst
precursor solution was added to the activator/monomer solution by
piercing the septum while the syringe remained in the N, bag. The
resulting yellow solution was allowed to stir while aliquots were
removed at selected times and each was injected into a 10 mL
volumetric flask containing 1 mL of deutero-methanol. A 1 mL aliquot
from the quenched solutions was removed and a 0.5 mL solution of d-
toluene spiked with diphenylmethane as an internal standard for
quantification of 1-hexene consumption (via 'H NMR on Varian Inova
600). Each sample was prepared for GPC analysis by evaporation over
mild heat before dissolution in hexanes and filtration through an
alumina plug to remove the quenched catalyst. Evaporation of solvent
yielded clear, colorless poly(1-hexene).

In the case of vinyl end group analysis, a 1 mL aliquot was worked
up as described above. The resulting polymer was dissolved in CDCl,,
and diluted to the mark in a 2 mL volumetric flask. Diphenylmethane
was used as an internal standard and the method of standard additions
was used in quantification of the end groups by 'H NMR. All end-
group analysis measurements were taken on a Bruker DRXS00
spectrometer at 25 °C.

In the case of *H analysis for active-site counting, the remaining
quenched reaction solution (8 mL) was worked up as described above.
The resulting polymer was dissolved in CH,Cl,, and diluted to the
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mark in a 2 mL volumetric flask. dg-Benzene was used as an internal
standard and the method of standard additions was used in
quantification of active sites by “H NMR. All active site measurements
were taken on a Bruker DRXS00 spectrometer at 25 °C.

Gel Permeation Chromatography (GPC) Analysis. The
procedure used to analyze polymer samples using GPC methods
was taken from Novstrup et al,” and it is summarized below. Poly(1-
hexene) samples were added to THF at room temperature and
allowed to dissolve for 4 h. Solutions were then passed through a 0.2
pum filter to remove any particulate matter. The GPC analysis was
performed on a Waters GPCV 2000 for system 1 and 3, and on a
Viscotek GPCmax VE 2001 for system 2, 4, and S. On the Waters
GPCV 2000, samples were injected through a 101.3 uL injection loop
and passed through two Polymer Laboratories PLGel S ym Mixed-C
columns in series in a 45 °C oven at a flow rate of 1.0 mL min~". On
Viscotek GPCmax VE 2001, samples were injected through a 200 uL
injection loop and passed through three Viscotek T6000 M 10 ym
General Mixed Org columns in series in a 35 °C oven at a flow rate of
1.0 mL min~". The analysis made use of the differential RI detector
and a capillary viscometer. Molecular weights were assigned by way of
a universal calibration curve created with polystyrene standards
ranging from 580 g mol™' to 3 114 000 g mol~". The calibration was
verified through the analysis of a broad standard, SRM 706a, provided
by the National Institute of Standards and Technology.

Bl RESULTS

Here we present a complete kinetic analysis for 1-hexene
polymerization by catalysts 1—S. In approaching each system,
we followed our previously developed kinetic modeling
method”?’ based on the analysis of multiresponse data that
includes GPC traces where we did not make any a priori
assumptions about the elementary reaction steps taking place.
However, when this independent analysis was completed for
each catalyst system, it emerged that all five systems described
herein follow a similar kinetic mechanism including initiation,
propagation via normal insertion, 2,1-misinsertion, recovery
from misinsertion, and two types of chain transfer resulting in
the formation of vinylidene and vinylene species. The kinetic
steps are illustrated in Scheme 1. The activation step is fast on
the time scale of polymerization and as a result was not used in
the kinetic modeling. Chain transfer resulting in vinylidene and
vinylene follows either unimolecular (monomer independent)
/-H elimination or bimolecular f-H transfer to monomer.

Examining the available data, the reasons for the mechanism
above (Scheme 1) are as follows:

I Misinsertion (k,;) and recovery (k.. are necessary
because of the following:

1. We observe two types of chains attached to the active
sites (primary and secondary) in active-site counting
experiments with MeOD quenches (*H NMR of isolated
polymer gives & 0.83 (DH,C—Polymer) and 1.22
(DH(Bu)C—Polymer).

2. When analyzing the produced polymer, there are two

types of vinyl end groups observed: one with a terminal

double bond at the end of the chain (vinylidene), and
another with an internal double bond inside the chain

(vinylene). We believe, in agreement with the

literature,>° that the latter arises from chain transfer of

misinserted chains.

The secondary sites (Zr-CH(Bu)—Polymer) do not

accumulate over time. We assume this is the case because

they are able to recover via normal 1-hexene insertion.

4. Although there is an alternative explanation for points 1
through 3, namely, that there are two different sites
growing separately, it is expected that such a mechanism
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Scheme 1. Elementary Kinetic Steps Used in Fitting the Data
for Catalysts 1—5“
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“The ordinary differential equations (ODEs) that describe the mass-
action kinetics associated with this mechanism are provided in the
Supporting Information.
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would at least under some experimental conditions
produce bimodal MWD. The fact that none of the five
systems exhibit a bimodal MWD and all yield narrow
PDI values strongly suggest that these systems are single-

site catalysts.
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II. Chain transfer reactions are necessary because we observe
polymer chains with vinyl end groups. It should be noted that
there are two possible mechanisms through monomer depend-
ent and monomer independent pathways. The monomer
dependent pathway (f-H transfer to monomer) results in an
active site with one repeat unit, while the monomer
independent pathway (fB-H elimination) results in the
formation of a zirconium hydride. There is an ongoing
discussion in the literature whether the insertion of a monomer
in the zirconium hydride, i.e., reinitiation (kpiation) is facile or
hindered as comlpared to the normal initiation (k;) for a given
catalyst system.>" If the rate constant of reinitiation (Keiniiation)
of the zirconium hydride is slow, it effectively renders affected
catalyst sites inactive, which in turn has an effect on the
monomer consumption curve, active sites count, and the
MWDs. As a result the value of the reinitiation rate constant
(Kreinitiation) can be determined. On the other hand, when the
rate constant of the reinitiation of zirconium hydride is fast, the
data are usually not sensitive enough to determine its value
precisely, similarly to how the data are not sensitive enough to
determine the normal initiation rate when it is not significantly
slower than the propagation rate. In practice we have set the
reinitiation rate to be equal to the propagation rate in cases
when the reinitiation rate is determined to be fast.

An important caveat is that the catalyst participation for each
system may vary and not be 100%. The catalyst participation
can be estimated from the active site counting experiments
(quench with MeOD followed by “H NMR analysis of polymer
chains). Also, for the systems where the chain transfer is low
(catalysts 1 and §) the catalyst participation is readily estimated
from the slope of M,, vs conversion plot, which is linear in these
cases. When applicable, these two methods give consistent
results. The catalyst participation information for 1-§ is
provided in the Supporting Information.

For each system we simultaneously fit the following: (1)
monomer consumption, (2) MWD, (3) active site counts, and
(4) end group counts. The data set usually includes several
initial conditions of different [C], (C = precatalyst/B(C4F;);)
and [M], (M = 1-hexene). For some conditions, multiple
repeats were carried out, and the results were consistent when
small variation in active-site catalyst participation was
accounted for; however, only one repeat is shown in the
figures below.

In determining error margins of the estimates for the six rate
constants for each catalyst system (see Scheme 1), the
following considerations apply: (1) the experimental data has
an inherent error resulting from the measurement procedure.
Specifically, the NMR spectrum is characterized by the
uncertainty of roughly 5% for the peak integration; the GPC
trace is characterized by the uncertainty of the weight average,
M,, of approximately 3%, where the uncertainty in the shape of
the distribution is more difficult to ascertain (see discussion in
reference 29). However, these estimates are based on the best
experimental conditions, such sufficient concentration of the
species of interest in the case of NMR, which holds for the
monomer concentration. (2) In the case of the active sites and
vinyl end group analyses, the concentrations are relatively low,
causing the uncertainty to increase. Three separate measure-
ments were performed for each sample, where the concen-
tration varied slightly from measurement to measurement. The
standard deviation calculated on the basis of these three
measurements is compared to the inherent NMR integration
error, and the larger error is chosen. (3) In the case of the GPC

6284

measurements, repeat runs result in minimal scatter such that
the GPC curves appear overlapping. This, however, should not
be taken as an actual estimate of the experimental error, since
the error in the GPC measurements may be systematic rather
than random due to various reasons described in the
literature.”® Instead, we assumed that the potential error in
the GPC outputs caused by the uncertainty in the dn/dc values,
interdetector time, and so forth, amounts to at most a 10% up
or down shift of each slice molecular weight and hence the shift
of the entire MWD. (This actually translates in the —0.05/
+0.04 shifts on log scale).” For most of the studied systems,
error from the GPC measurements were determined to cause
the largest uncertainty in the rate constants, and therefore this
method was used to generate the uncertainty reported in this
paper.

In the rest of this section we provide first the detailed analysis
including fits to the data for each catalyst system, and then a
summary of all the rate constants in Table 1.

Zr-THF Catalyst 1. The experimental data along with the
kinetic modeling fits are presented in Figure 2.
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Figure 2. Multiresponse data set with fits for Zr['‘Bu-ON™O]Bn,/
B(C¢Fs); catalyst 1. (A) Monomer consumption of selected NMR
scale reactions having catalyst to monomer ratios of 1:100 (red, [C], =
3.0 mM, [M], = 0.30 M), 1:200 (green, [C], = 3.0 mM, [M], = 0.60
M), and 1:400 (blue, [C], = 1.5 mM, [M], = 0.60 M). Symbols are
data; solid lines are modeling fits. (B) MWDs of the polymer resulting
from the reactions shown in (A). Solid curves are data, dashed curves
are fits. (C) Active site counts of selected batch scale reaction with
three quenches using MeOD at different reaction times. [C], = 3.0
mM, [M], = 0.60 M. Black symbols: primary active-site count; blue
symbols: secondary active-site count. Solid curves are modeling fits.
(D) Vinyl analyses of selected batch scale reaction with three quenches
at different reaction time. [C], = 3.0 mM, [M], = 0.60 M. Black
symbols: vinylidene count; blue symbols: vinylene count. Lines
represent kinetic modeling fits.

The specific features of this system are (1) very few chain
transfer events and (2) catalyst participation is around 50%.

Zr-Pyridine Catalyst 2. The experimental data along with
the kinetic modeling fits are presented in Figure 3.

The specific features of this system are (1) catalyst
participation around 50%, (2) initiation is fast, i.e., no more
than 40 times slower than propagation, and (3) the monomer
consumption, ie., the logarithm of the normalized monomer
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Figure 3. Multiresponse data set with fits for Zr['Bu-ON"O]Bn,/
B(Cg4Fs); catalyst 2. (A) Monomer consumption of selected NMR
scale reactions having catalyst to monomer ratios of 1:100 (red, [C], =
3.0 mM, [M], = 0.30 M), and 1:200 (green, [C], = 3.0 mM, [M], =
0.60 M). Symbols are data; solid lines are modeling fits. (B) MWDs of
the polymer resulting from the reactions shown in (A). Solid curves
are data; dashed curves are fits. (C) Active site counts from three
selected NMR scale reactions. Each reaction is quenched using MeOD
at different reaction time. [C], = 3.0 mM; [M], = 0.60 M. Black
symbols: primary active-site count; blue symbols: secondary active-site
count. Solid curves are modeling fits. (D) Vinyl analyses of three
selected NMR scale reactions quenched at different reaction time. [C],
= 3.0 mM; [M], = 0.60 M. Black symbols: vinylidene count; blue
symbols: vinylene count. Lines represent kinetic modeling fits.

concentration vs time (Figure 3a), appears bent downward.
The explanation for this effect is that the overall rate of
consumption is controlled by the primary sites, while the
secondary sites are dormant. The exit from the secondary sites
can happen via two pathways: (1) recovery by normal
monomer insertion and (2) monomer independent chain
transfer resulting in an activated catalyst ready to initiate a new
chain and start consuming monomers. Toward the end of the
reaction, when the monomer concentration becomes low, the
rate of misinsertion slows down but the second recovery
pathway (chain transfer) does not (since it is independent of
monomer). As a result, the number of primary sites increases
and the number of secondary sites decreases (Figure 3c),
producing the apparent acceleration of monomer consumption.

Zr-NMe, Catalyst 3. The data and model fits for this
catalyst have been published in a previous article.”’ The specific
features of this system are as follows: (1) Catalyst participation
is generally around 45%, although the exact value varied from
20% to 60% depending on the experiment. (2) Initiation is
roughly 70 times slower than propagation. (3) Chain transfer
occurred moderately frequently, with both vinylidene and
vinylene end groups detected. The data suggest that monomer
independent pathways, f-H elimination, lead to both types of
observed vinyl end groups. (4) The error estimation in the
referenced work®” was calculated via a different method than
the one used here. For consistency, the current method has
been applied to the data to produce error estimates for the rate
constants shown in Table 1. The error estimation is based on
the error from the GPC measurement.
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Zr-Furan Catalyst 4. The experimental data along with the

kinetic modeling fits are presented in Figure 4.
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Figure 4. Multiresponse data set with fits for Zr['Bu-ON®™™"O]Bn,/
B(CgFs); catalyst 4. (A) Monomer consumption of selected NMR
scale reactions having catalyst to monomer ratios of 1:100 (red, [C], =
3.0 mM, [M], = 0.30 M), 1:200 (green, [C], = 3.0 mM, [M], = 0.60
M), and 1:400 (cyan, [C], = 1.5 mM, [M], = 0.60 M). Symbols are
data; solid lines are modeling fits. (B) MWDs of the polymer resulting
from the reactions shown in (A). Solid curves are data; dashed curves
are fits. (C) Active site counts of selected batch scale reaction with
three quenches using MeOD at different reaction time. [C], = 3.0
mM; [M], = 0.60 M. Black symbols: primary active-site count; blue
symbols: secondary active-site count. Solid curves are modeling fits.
(D) Vinyl analyses of selected batch scale reaction with three quenches
at different reaction time. [C], = 3.0 mM; [M], = 0.60 M. Black
symbols: vinylidene count; blue symbols: vinylene count. Squares are
vinyls counts taken after 12 h. Lines represent kinetic modeling fits.

The specific features of this system are as follows: (1)
Catalyst participation is around 50%. (2) Initiation is slow,
evidenced by the apparent induction period on the monomer
consumption curve (Figure 4a). (3) Chain transfer reactions
are monomer dependent, #-H transfer to monomer, supported
by the following arguments: (a) under different initial catalyst
and monomer concentrations, the MWD does not change
significantly (Figure 4b); and (b) the relationship between the
end group concentrations and monomer conversion during
most of the reaction is linear. These two features indicate that
the ratio of the chain transfer rate to the propagation rate is a
constant independent of the initial concentrations, and that
monomer dependent chain transfer reactions control the MW
in this system. (4) There is a continuous increase in the end
group counts when the batch system is allowed to run
overnight after the monomer has already been fully consumed
(Figure 4d). It is, hence, concluded that monomer independent
chain transfer reaction must take place when there is no
monomer, and this chain transfer reaction most likely arises
from normal insertion. As mentioned before, this type of chain
transfer results in formation of zirconium hydride. However, in
order to model the monomer consumption data for this catalyst
system, it is necessary for the reinitiation rate constant to be
zero, which effectively creates a deactivation pathway that is
responsible for the bending observed in the monomer
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consumption curve (Figure 4a) and the drop in primary site
count (Figure 4c). It is known that, for some systems, the
reinitiation rate is slow for metal hydride.*" (5) Given that the
primary active site count drops and the secondary active sites
accumulate, we believe there is no recovery from misinsertion
in this SyStem (kreinitiaﬁon ~ O)

Zr-SMe Catalyst 5. The experimental data along with the
kinetic modeling fits are presented in Figure 5.
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Figure 5. Multiresponse data set with fits for Zr['Bu-ON*M*O]Bn,/
B(C¢Fs); catalyst 5. (A) Monomer consumption of selected NMR
scale reactions having catalyst to monomer ratios of 1:100 (red, [C], =
3.0 mM, [M], = 0.30 M), 1:200 (green, [C], = 3.0 mM, [M], = 0.60
M), and 1:400 (cyan, [C], = 1.5 mM, [M], = 0.60 M). Symbols are
data; solid lines are modeling fits. (B) MWDs of the polymer resulting
from the reactions shown in (A). Solid curves are data, dashed curves
are fits. (C) Active site counts of selected batch scale reaction with
three quenches using MeOD at different reaction time. [C], = 3.0
mM; [M], = 0.60 M. Black symbols: primary active site count; blue
symbols: secondary active site count. Solid curves are modeling fits.
(D) Vinyl analyses of selected batch scale reaction with three quenches
at different reaction time. [C], = 3.0 mM; [M], = 0.60 M. Black
symbols: vinylidene count; blue symbols: vinylene count. Squares are
vinyls counts taken after 12 h. Lines represent kinetic modeling fits.

The specific features of this system are as follows: (1)
Secondary Zr-polymer sites (Zr-CH(Bu)-Polymer) resulting
from misinsertion dominate over primary active-sites (Zr-CH,-
Polymer). The model-based explanation is that the k,;,/ k, ratio
is high while k../k, is low. The values for this catalyst are
similar to those for catalyst 1, where secondary sites are roughly
equal to primary sites. (2) Vinylene end groups, which are
formed from chain transfer of secondary sites, are more
abundant than vinylidene end groups. This is because of the
higher concentration of secondary sites rather than a larger
Kiinylene Tate constant. (3) Vinyl groups form via chain transfer
to monomer, affording second-order rate constants. The data,
however, is not definitive, and a first-order reaction (f-H
elimination) cannot be definitively ruled out. In either case, the
vinyl concentrations are relatively small, and the effect of the
chain transfer rate constants on the responses other than the
vinyl end group analysis data (e.g, the MWDs) is small. (4)
The total active site concentration (primary plus secondary)
decreases over the course of the reaction. In addition, the
monomer consumption slows late in the reaction. These
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behaviors imply a first-order (in catalyst) deactivation reaction.
The deactivation rate constant is approximately half of the
initiation rate constant, with the result that the total active site
concentration remains low throughout the reaction. (S) While
100% of the catalyst is available to initiate (in contrast to the
other systems where only a fraction participates), no more than
about one-third (ca. 33%) of the zirconium active sites contain
a growing polymer chain at any given time.

B DISCUSSION

In this study, the complete set of kinetic rate constants for five
zirconjum amine bis-phenolate catalyst systems have been
presented. For each system, a rich data set including MWD has
been collected and successfully fitted by comprehensive kinetic
modeling. The mechanism of 1-hexene polymerization for these
catalysts (1—5) consists of the following elementary reaction
steps: initiation, normal propagation, misinsertion, recovery,
and chain transfer. The values of the rate constants are shown
in Table 1.

In the first row in Table 1, the Zr—X bond distance as
determined by single crystal X-ray crystallography is shown for
each catalyst precursor.''"" Catalysts 1—5 are characterized
by a progressively longer Zr—X bond distance. From
examination of the data given in Table 1, the chain transfer
reaction rates (chain transfer following normal insertion,
Kiinylidene and chain transfer following misinsertion, kvinylene)
for systems 1, 2, and 3 are monomer independent, whereas, for
systems 4 and S, the predominant chain transfer reactions are
monomer dependent. We speculate that once a certain Zr—X
bond distance has been reached, there is enough steric freedom
to accommodate monomer dependent chain transfer processes
as is the case for systems 4 and S. As shown in Figure 4d (see
caption), when left overnight, system 4 shows an increase in
chain transfer products even after all available monomer has
been consumed within 1 h suggesting that there is some
amount of monomer independent chain transfer (f-H
elimination) events taking place. It follows that although
monomer dependent chain transfer is the preferred pathway for
systems containing a longer Zr-X bond distance, the possibility
of monomer independent chain transfer events remains.

While the literature has ample support from empirical
observations and semiquantitative measurements that steric
constraints of the ligand contribute significantly to chain
transfer rates and the mechanism by which chain transfer
occurs, i.e., unimolecular f-H elimination versus transfer to
monomer, = we present a quantitative measure of the rate
constants and illustrate at what point a crossover in the chain
transfer mechanism occurs. An important point that should not
be passed over lightly is that in the analysis of systems 1—5 the
chain transfer rate constants presented in this work are not
obtained just by analysis of vinyl end groups in isolation from
all the other rate constants that are pertinent to the catalytic
cycle, but rather the full suite of rate constants describing the
entire data set for each of the catalyst systems. It is only when
this level of quantitative analysis has been employed that one
can make definitive QSAR describing how catalyst structure
affects properties of the resulting polymer. For example, often
in the literature observation of changes in M, is taken as a
direct measure of chain transfer rates as long as activity (TOF)
of the catalysts under study remained comparable.>'® The
assumption in such comparisons is that TOF is a direct
measure of k, and that all other constants did not change. By
applying our quantitative analysis methods such assumptions
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and pitfalls that arise from comparing activities rather than rate
constants can be eliminated.

A close examination of the unimolecular (f-H elimination)
chain transfer rate constants kyjigene a0d Kyinyiene for systems 1,
2, and 3 revealed a very intriguing trend. There appears to be a
direct correlation between the length of the Zr-X bond distance
and kyinyiigene a0d Kyinyjene (Figure 6). Remarkably, the logarithms

gl
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8 10° Y,
< .
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23 24 2.5 2.6

Zr-X Length (A)

Figure 6. Plot of monomer independent chain transfer rate constants
(Kyinytidene and Kjypere) versus Zr-X bond length for catalysts 1, 2, and 3.
Black symbols: chain transfer rate constants from primary sites
(kvjnymene) ; blue symbols: chain transfer rate constants from secondary

sites (Kynyiene)-

of both chain transfer rate constants appear to depend linearly
on the aforementioned bond length. It can be speculated that
this increase in bond distance allows for more steric freedom to
accommodate the f-hydride agostic interaction necessary for
chain transfer to occur, causing an increase in kyyjigene and
Kyinylene for catalysts 1, 2, and 3. This observation implies that
the activation energy, which is proportional to the logarithms of
the rate constants at constant temperature, is linearly related to
the Zr—X bond length at least for the three systems
investigated. Although kyjjigene i always larger than kyyiene
as seen in Figure 6, both rate constants are affected in a similar
way by the increase of the Zr—X bond length as evidenced by
their similar slopes.

Marks and co-workers have probed the effects of using
different activators in Zr-based metallocene systems and
showed that ion pairing does modulate chain transfer among
other rates of polymerization and stereodefects.”® The work
presented in this study has been able to elucidate the role
variations have on the rates of chain transfer in a way that can
be quantified in terms of the simple Zr—X bond distance. The
QSAR presented in Figure 6 is useful because it establishes a
relationship for this catalyst family that is based on robust rate
constants rather than a relative trend or estimated ordering of
rates that represents a composite of elementary reaction steps.
Of course, robustly establishing a QSAR model will require the
analysis of more systems than just the five reported in this
paper; however, these results are the start toward developing a
fundamental understanding of the relationship between
chemical structure and catalytic activity.

However, in systems 4 and § the further increase in the Zr—
X bond length does not result in the expected increase in vinyl
terminated chains, breaking the aforementioned trend and,
moreover, leads to a different chain transfer mechanism: a
monomer dependent f-H transfer. To illustrate that this change
in the trend is quite significant, we show in Figure 7 the
predicted vinyl concentrations for system 4 when it is assumed
that the trend would continue. Specifically, the hypothetical
values kyjidene = 0093 s™'and Kyinylene = 0.063 s™! are obtained
by extrapolating linearly to the Zr—X bond length for system 4,
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Figure 7. Predicted vinyl formation (dashed curves) using rate
constants: k; = 0.08 M™' 57!, k, = 8 M™' 57!, kyginsertion = 0.054 M~
7 kree = 0.047 M7 57!, Kyinytigene = 0.093 571, and Kyinyiene = 0.063 571
for catalyst 4. Black symbols: measured vinylidene counts; blue
symbols: measured vinylene counts. [C], = 3.0 mM; [M], = 0.60 M.

which is 2.69 A. The predicted vinylidene concentration is
more than 1 order of magnitude higher than the measured
experimental value at the end of the reaction. It should be
noted that the monomer independent chain transfer is not
eliminated completely. As mentioned above, when system 4
was allowed to run for 12 h after the monomer had been
consumed an increase in vinyl concentrations was detected.

In the above, we attributed the emergence of the monomer
dependent chain transfer mechanism in systems 4 and S to
increased steric freedom availed by greater Zr—X bond
distance. While this may explain the greater ease with which
monomer can coordinate to effect chain transfer, it by itself
does not explain why the monomer independent reaction
should become hindered. We speculate that once the Zr—X
distance is large enough (or alternatively the pendent zirconium
interaction is weak enough), some other agent, most likely the
counterion, may occupy the spot thereby precluding the f-H
agostic bond from forming.26

Catalyst § also exhibits monomer dependent chain transfer
with fairly low rate constants. This result is less surprising than
that of system 4 as the sulfur atom of the pendant group in § is
significantly different than the second row pendant ligand
atoms (N or O) in 1—4 according to HSAB theory. It is
speculated that this effect accounts for the mechanistic change
observed in system S.

The rest of the rate constants shown in Table 1 do not seem
to exhibit clear trends with respect to Zr—X bond length.
Specifically, k, is large for systems 1, 3, and 5, and several times
lower for catalysts 2 and 4. This effect alludes to the fact that
other catalyst descriptors, ie., electronic effects, derived from
the sp? nature of the donor, are perhaps responsible.'®

Rate constants for misinsertion (k) are similar for systems
1, 2, and 3, whereas in the case of 4, k,; is an order of
magnitude slower. For system $, k,; is an order of magnitude
faster. It stands to reason that the longer Zr—X bond distance
would allow for more steric freedom for the misinsertion of
monomer resulting in an increased misinsertion rate. However,
this line of logic fails to describe catalyst 4, which appears, yet
again, to be an outlier.

Rate of recovery from misinsertion (k) is similar for
systems 1, 2, 3, and S. For system 4, k. is zero within the
uncertainty of the kinetic analysis. This suggests that the
recovery rate for these systems is not governed by sterics.

As discussed in the literature,'”"" these catalysts produce
atactic poly(1-hexene); so, it is not clear if the change in the
nature of the pendant effects the degree of tacticity in the
resulting polymer product in a way that is easily defined.
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B CONCLUSIONS

A comprehensive kinetic study of five catalytic systems based
on Zr amine bis-phenolate complexes has been completed, and
the relevant rate constants and elementary reaction steps were
robustly determined for each system. The mechanism includes
initiation, normal propagation, misinsertion, recovery, and
chain transfer. The most significant finding was an apparent
correlation between the zirconium pendant ligand (Zr—X)
bond distance and the rate constants of chain transfer.
Specifically, for catalysts 1—3, the logarithm of the chain
transfer rate constants (k‘,h,),hdene and kvinylme) increase linearly
with the Zr—X bond distance. Once a certain Zr—X bond
distance is reached, the chain transfer mechanism changes from
monomer independent $-H elimination to monomer depend-
ent f-H transfer (to monomer), as observed for systems 4 and
S. This study has also shown that, with the exception of 4, the
rate of misinsertion (k,;) increases for a longer Zr—X bond
distance, which is most likely due to an increase in the steric
freedom allowing for an increase in misinsertion events, regio
errors.

B ASSOCIATED CONTENT

© Supporting Information

Synthesis of all ligands and precatalysts, as well as a complete
set of experimental procedures for each system and kinetic
modeling. This material is available free of charge via the
Internet at http://pubs.acs.org.
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ABSTRACT: The kinetics of 1-hexene polymerization using a
family of three zirconium and hafnium amine bis-phenolate
catalysts, M[t-Bu-ON*O]Bn, (where M = Zr (a) or Hf (b),
and X = THF (1), pyridine (2), or NMe, (3)), have been
investigated to uncover the mechanistic effect of varying the
metal center M. A model-based approach using a diverse set of
data including monomer consumption, evolution of molecular
weight, and end-group analysis was employed to determine
each of the reaction-specific rate constants involved in a given
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polymerization process. This study builds upon the mechanism of polymerization for 1a—3a, which has been previously reported
by applying the same methodology to the hafnium containing analogues, 1b—3b. It has been observed that each elementary step-
specific rate constant that involves the insertion of a monomer is reduced by an order of magnitude. As previously reported for
catalysts 1la—3a, a quantitative structure—activity relationship was uncovered between the logarithm of the monomer-
independent chain transfer rate constants and the Hf—X bond distance for catalysts 1b—3b. However, this dependence on the
pendant ligand is 2.7 times weaker for the Hf-containing analogues versus those containing Zr. These findings underscore the
importance of comprehensive kinetic modeling using a diverse set of multiresponse data, enabling the determination of robust
kinetic constants and reaction mechanisms of catalytic olefin polymerization as part of the development of structure—activity

relationships.

B INTRODUCTION

Production of polyolefins is a major industrial process with a
current capacity of ca. 110 billion kg per year globally." Today
polyolefins are produced primarily using heterogeneous
Ziegler-Natta catalysts; however, in recent years, homogeneous
single-site catalysts, specifically metallocene-type catalysts, have
attracted attention because they offer potential control of the
various kinetic steps, which in turn can be manipulated by
“catalyst design”.>~* While high-throughput screening has
accelerated the discovery process with group 4 coordination
complexes leading to Dow’s catalysts for olefin block
copolymer synthesis,® the promise of directly correlating kinetic
constants to descriptors of the catalyst has not yet been
realized. A major obstacle in the way of rational catalyst design
is the lack of proper quantitative kinetic analysis of all the
relevant processes (ie., kinetlc steps) that are involved in
catalytic olefin polymerization.%” Nevertheless, the study of
single-site catalysts for olefin polymerization is particularly
attractive because of the potential to directly correlate the
physical properties of the resulting polymer to structural
features of the catalyst based on first principles.® These types of
correlations enable one to draw conclusions on how a catalyst
structure may be manipulated to yield specific polymeric
architectures. One particular avenue of interest is to investigate

W ACS Pub”ca‘tions © 2013 American Chemical Society 4862

the effect that changing the metal center will have on the
polymerization process.

Of the group IV elements, the metal that has received the
most attention as a homogeneous polymerization catalyst is
zirconium. Hafnium is another group IV element that is known
to act as a homogeneous polymerization catalyst. Zirconium
and hafnium in the +4 oxidation state are remarkably similar,
having the same number of outer shell d-electrons and the same
ionic radii due to the lanthanide contraction. Many of the
analogous zirconium and hafnium complexes reported in the
literature have virtually identical crystal structures.” "' Despite
their similarities, these two metals behave drastically differently
as polymerization catalysts. When studying f-Me elimination
chain transfer pathways in propylene oligomers, Fiorani et al.
observed that as a general rule zirconocene type catalysts have
increased activity over their hafnocene type catalysts; however,
for bis(Cp*)-metallocenes, hafnium has a significantly larger
activity than its zirconium analogue, making it one of the few
examples where the general rule is broken."® Further studies by
Collins and Ferrara showed the same phenomenon with an
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additional note that the hafnium analogues produce polymers
with a significantly larger molecular weight, M.

One specific family of nonmetallocene catalysts, first
pioneered by Kol and co-workers, that has sparked interest
utilizes an amine bis-phenolate (salan) ligand system (see
Figure 1).""3 The reason for choosing this particular family of

1-5/B(C¢Fs)3 (0.25-1.00 mol %)

459\Bu - //A\T/f\\r/j\T//\Ph
25 °C, toluene Bu Bu n Bu
Bn N_ 3
1., | WBn e} 2. z E \ %
Mo = OF W
a 1 2 :
M = Zr (a), Hf (b)

Figure 1. 1-Hexene polymerization catalyzed by zirconium/hafnium
salan-type catalysts la—3b when combined with the activator
B(CqFs)s.

ligands as part of our detailed kinetic studies is the relative ease
of synthesis and the ability to tune the catalysts’ coordination
environment.'* Furthermore, these catalysts exhibit high
activity, comparable to metallocene catalysts, with 1-hexene in
conventional organic solvents such as toluene. This feature
enables the investigation of kinetic data in the condensed phase
thereby eliminating mass transfer limitations that are inherent
in gas phase polymerization reactions. Following up on Kol’s
earlier qualitative observations that the nature of the pendant
ligand (X) and its distance from the metal center (Zr—X)
influence chain transfer,'> we have shown a linear correlation
between the logarithm of the chain transfer rate constants,
Kyinylidene a0d kyinyiene and the Zr—X bond distance, which was
probed by quantitative kinetic modeling of a diverse set of
multiresponse data."®"” In this study, we continre the use of
quantitative kinetic modeling of multiresponse data for the
salan-type catalysts to elucidate the effect of changing the metal
center from Zr to Hf on the rate constants that comprise the
olefin polymerization mechanism.

B EXPERIMENTAL PROCEDURE

General Procedure. All manipulations were performed under dry
inert atmosphere in a glovebox or at a vacuum manifold using air-
sensitive techniques under N, or Ar atmosphere. Toluene and pentane
were distilled over activated alumina and a copper catalyst using a
solvent purification system (Anhydrous Technologies) and degassed
through freeze—pump—thaw cycles. Both solvents were stored over
activated molecular sieves. Tetrabenzylzirconium was purchased from
STREM and used as received. The monomer 1-hexene was purchased
from Aldrich and purified by distillation over a small amount of
dimethyl bis(cyclopentadienyl)zirconium and stored over molecular
sieves. Tris(pentafluorophenyl)boron was purchased from STREM
and purified by sublimation. Diphenylmethane was purchased from
Aldrich and stored over molecular sieves. CH;OD was purchased from
Cambridge Isotopes and used as received. Toluene-dy was used as
received and stored over molecular sieves. 'H and *H NMR
experiments were performed on a Varian INOVA600 MHz or Bruker
DRXS500 MHz spectrometer.

The ligands and precatalysts (1a—3b) were prepared following
modified literature procedures.'”"> We describe herein the details for
one representative procedure and provide the others in the Supporting
Information.

Synthesis of 6,6'-((((Tetrahydrofuran-2-yl)methyl)-
azanediyl)bis(methylene))bis(2,4-di-tert-butyl-phenol), t-Bu-

4863

ON™FQ Ligand (1). In a typical synthesis, an 80 mL reaction vessel
was charged with 2,4-di-fert-butylphenol (6.19 g, 30.0 mmol), 2-
(aminomethyl) tetrahydrofuran (1.5 mL, 15 mmol) and 37%
histological grade formaldehyde (6.00 mL, 80 mmol), distilled water,
and a stir bar while a maximum volume of 80 mL was maintained. The
biphasic reaction mixture was placed in a CEM microwave reactor and
allowed to warm to 100 °C over 5 min while stirring. The reaction was
allowed to stand at 100 °C for 30 min and then cooled to room
temperature. The aqueous layer was removed, and cold, dry methanol
was added to the organic phase. This mixture was shaken for 30 min,
and the resulting solid isolated by vacuum filtration. The crude ligand
product was purified by crystallization from ethanol (28% yield).

Synthesis of Zr[t—Bu-ONT“FO]BnZ (1a). In a typical synthesis, a
100 mL flask was charged with tetrabenzylzirconium (0.557 g, 1.22
mmol), 20 mL of toluene, and a stir bar and fitted with a rubber
septum. A second 100 mL flask was charged with the t-Bu-ON™™ O
ligand (0.609 g, 1.13 mmol) and 20 mL of toluene. The two flasks
were placed under an inert atmosphere, and the ligand solution was
added to the tetrabenzylzirconium solution via a cannula. The reaction
was allowed to warm to 60 °C and stir for 2 h resulting in a bright
yellow solution. The solution was concentrated to about 10 mL and
placed into a —10 °C freezer. Yellow crystals formed within 2 days, and
the mother liquor was removed via a cannula. The crystals were dried
under vacuum (84% yield). The precatalyst was recrystallized by vapor
diffusion of pentane into a precatalyst/toluene solution to afford an
analytically pure complex.

NMR Scale Polymerization of 1-Hexene. The procedure for
NMR scale polymerization is based on literature.'” For a typical
polymerization, Zr[t-Bu-ON"™ 0O]Bn, (1) (6.1 mg, 0.0075 mmol) was
dissolved in 0.5 mL of toluene in a small vial and sealed with a screw-
cap septum. The vial containing the precatalyst solution was pierced
with a 1 mL syringe. The vial and syringe were placed in a N, bag and
allowed to equilibrate to 25 °C. Tris(pentafluorophenyl)boron (4.3
mg, 0.0084 mmol), 1-hexene (0.1265 g, 1.50 mmol), and diphenyl-
methane (9.5 mg 0.056 mmol) were added to a 2 mL volumetric flask
and diluted to the mark with toluene-dg. This solution was placed in an
NMR tube and sealed with a septum. The monomer/activator solution
was placed in the spectrometer and allowed to equilibrate to 25 °C
using a VT controller. A measurement was taken to determine the
initial concentration of monomer relative to the internal standard. The
NMR tube was removed from the spectrometer, and the catalyst
precursor solution was added to the activator/monomer solution by
piercing the septum while the syringe remained in the N, bag. The
reaction mixture was shaken for ca. 30 s and placed back into the
spectrometer. Spectra were acquired at predetermined time intervals
until the reaction reached completion. Each sample was prepared for
GPC analysis by evaporation over mild heat before dissolution in
hexanes and filtration through an alumina plug to remove the
quenched catalyst. Evaporation of solvent yielded clear, colorless
poly(1-hexene). The array of 'H spectra was collected on an INOVA
600 MHz spectrometer and analyzed using MestReNova.

Batch Polymerization of 1-Hexene. The procedure for Manual
Quench is based on literature.'® For a typical polymerization, Zr[t-Bu-
ON™FQ]Bn, (0.073 g 0.090 mmol) was dissolved in 5.0 mL of
toluene in a small vial that was sealed with a screw-cap septum. The
vial containing the precatalyst solution was pierced with a 10 mL
syringe. The vial and syringe were placed in a N, bag and allowed to
equilibrate to 25 °C. Tris(pentafluorophenyl)boron (0.053 g, 0.099
mmol), and 1-hexene (1.575 g, 18.71 mmol) were added to a 25 mL
flask and diluted to the mark with toluene. This solution was diluted to
26 mL with 1 mL of toluene, and 1 mL of the resulting solution was
removed for quantification of the initial monomer concentration
through NMR analysis. The flask was sealed with a septum and moved
from a N, filled glovebox to a vacuum manifold and placed under
argon. The monomer/activator solution was allowed to equilibrate to
25 °C using a temperature-controlled silicone oil bath. The catalyst
precursor solution was added to the activator/monomer solution by
piercing the septum while the syringe remained in the N, bag. The
resulting yellow solution was allowed to stir while aliquots were
removed at selected times, and each was injected into a 10 mL
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volumetric flask containing 1 mL of deuteromethanol. A 1 mL aliquot
from the quenched solutions was removed, and a 0.5 mL solution of
toluene-d spiked with diphenylmethane as an internal standard for
quantification of 1-hexene consumption (via 'H NMR on Varian
Inova600). Each sample was prepared for GPC analysis by evaporation
over mild heat before dissolution in hexanes and filtration through an
alumina plug to remove the quenched catalyst. Evaporation of solvent
yielded clear, colorless poly(1-hexene).

In the case of vinyl end group analysis, a 1 mL aliquot was worked
up as described above. The resulting polymer was dissolved in CDCl,
and diluted to the mark in a 2 mL volumetric flask. Diphenylmethane
was used as an internal standard, and the method of standard additions
was used in quantification of the end groups by "H NMR. All end-
group analysis measurements were taken on a Bruker DRXS00
spectrometer at 25 °C.

In the case of *H analysis for active-site counting, the remaining
quenched reaction solution (8 mL) was worked up as described above.
The resulting polymer was dissolved in CH,Cl,, and diluted to the
mark in a 2 mL volumetric flask. Benzene-d; was used as an internal
standard, and the method of standard additions was used in
quantification of active sites by “H NMR. All active site measurements
were taken on a Bruker DRXS00 spectrometer at 25 °C.

Gel Permeation Chromatography (GPC) Analysis. The
procedure used to analyze polymer samples using GPC methods
was taken from Novstrup et al,® and it is summarized below. Poly(1-
hexene) samples were added to THF at room temperature and
allowed to dissolve for 4 h. Solutions were then passed through a 0.2
pum filter to remove any particulate matter. The GPC analysis was
performed on a Waters GPCV 2000 for systems 1a and 3a, and on a
Viscotek TDAmax for systems 1b, 2a, 2b, and 3b. On the Waters
GPCV 2000, samples were injected through a 101.3 uL injection loop
and passed through two Polymer Laboratories PLGel S ym Mixed-C
columns in series in a 45 °C oven at a flow rate of 1.0 mL min~". On
the Viscotek TDAmax, samples were injected through a 200 uL
injection loop and passed through three Viscotek T6000M 10 ym
General Mixed Org columns in series in a 35 °C oven at a flow rate of
1.0 mL min~". The analysis made use of the differential RI detector
and a viscometer. Molecular weights were assigned by way of a
universal calibration curve created with polystyrene standards ranging
from 580 g mol™ to 3 114000 g mol ™. The calibration was verified
through the analysis of a broad standard, SRM 706a, provided by the
National Institute of Standards and Technology.

Bl RESULTS

The complete kinetic analysis for the zirconium-based systems
1a, 2a, and 3a has been reported in previous publications.'®"”
Here we present the experimental data and a complete kinetic
analysis for 1-hexene polymerization by hafnium-based
analogues 1b, 2b, and 3b. For each system, we followed our
previously developed kinetic modeling method®'®'” based on
the analysis of multiresponse data that includes (1) monomer
consumption, (2) MWD, (3) active site counts, and (4) vinyl
end group counts as measured by "H NMR. We determine the
active site count at any point in the course of the reaction as the
number measured by quenching with methanol-d, and
performing *H NMR measurement of the concentration of
chains with deuterated end groups. The sites that have
undergone 1,2-insertion are defined as primary sites, and the
sites that have undergone 2,1-misinsertion are defined as
secondary sites. Within this analysis, each system is studied
independently, and no a priori assumptions are made with
respect to the elementary steps. As explained in detail in the
Supporting Information, the analysis procedure begins with the
most basic mechanism, i.e., initiation and propagation, and
fitting is attempted to the entire data set; only after a simple
mechanism is shown to fail, a new elementary step, e.g, chain
transfer, is added, and the fitting is attempted again.
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As a result, a minimal set of elementary steps is determined
that can fit the multiresponse data. For the zirconium-based
systems 1a, 2a, and 3a, such a minimal set turned out to include
initiation, propagation via normal insertion, 2,1-misinsertion,
recovery from misinsertion, and chain transfer'® resulting in the
formation of vinylidene and vinylene species (see Scheme 1).

Scheme 1. Elementary Kinetic Steps Used in Fitting the Data
for Catalysts 1-5

Activation
R R
X0 X0
C o B(CeFs)s C .1 Ph -
N-M-Bn  ——— N-Mi  \—B(CeFs)s ks
o Bn X=1.THF o Ph (fast)
2. Pyr
R 3. NMe, R
_ .+ Ph
R R='Bu R ( A----M—/
M = Zr (a), Hf (b)
Initiation By Bu Ph
., Ph \— _ ‘_)_/
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Bu/np
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A'"MM A_'"“ZW s
Bu/n Bu/n
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Bu Ph By
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Bu/n POL
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“The ordinary differential equations (ODEs) that describe the mass-
action kinetics associated with this mechanism are provided in the
Supporting Information.

Also it is noted that the catalyst participation may not be 100%
of the nominal precatalyst amount, and it may vary from system
to system and experiment to experiment. By catalyst
participation, here we mean the fraction of precatalyst that
can be activated and initiated once the reactant species are
combined. This is separate from time-dependent deactivation.
For the hafnium-based systems 1b, 2b, and 3b, the results of
the kinetic analysis are here presented. We chose the system 2b
to illustrate the quality of kinetic fitting. The similar figures for
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systems 1b and 3b are in the Supporting Information. The
main conclusion is that the kinetic mechanism for hafnium-
based systems is essentially the same as for zirconium
analogues.

Hf—Pyridine Catalyst 2b. The experimental data along
with the kinetic modeling fits are presented in Figure 2.

15
s 1
T
205
-
10 0 5000 10000 0
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10°
@ _
& =
o
= E
.
10"
0 5000 10000
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[Active Sites] (M)
[Vinyls] (M)

0o
0

5000 10000
Time (s)

Conversion

Figure 2. Multiresponse data set with fits for catalyst 2b. NMR-scale
experiments: (A) Monomer consumption. Data, symbols; fits, lines.
(B) MWDs at the end. {Blue, Red, Green}, [C], = {3.0, 3.0, 6.0} mM
and [M], = {0.30, 0.60, 0.60} M. Data, solid; fits, dashed. Batch scale
experiments ([C], = 3.0 mM, [C], = 0.60 M): (C—F). (C) Monomer
consumption. Data, symbols; fit, line. (D) MWDs at (solid) 1694 s,
(dashed) 4352 s, (dotted) 10963 s. Data, black; fits, magenta. (E)
Active site counts. Primary, filled circles (data)/solid line (fit);
secondary, open circles (data)/dashed line (fit). (F) End group
analysis. Filled circles (data)/solid line (fit), vinylidene; open circles
(data)/dashed line (fit), vinylene. In (A), black circles same as in (C)
for comparison.

The specific features of this system are as follows: (1)
Catalyst participation is nearly 100%. (2) In the case of the
batch scale experiments, significant catalyst deactivation is
observed as evidenced by bending of the monomer
consumption curve in Figure 2C and the steep decline in
primary active site counts over the course of the reaction in
Figure 2E. In the case of the NMR scale experiments, the
deactivation either does not occur or is much less significant.
For that reason, deactivation is not considered as part of the
catalytic reactions. (3) The amount of chain transfer is
relatively high as evidenced by the significant vinylidene
concentration in Figure 2F and the fact that the MWD does
not change much after 30% conversion of the monomer. The
vinylidene formation is via a monomer-independent reaction as
evidenced by the upward curvature in the vinylidene
concentration versus monomer conversion plot (Figure 2F).
(4) The vinylene end group concentration is much lower than
that of vinylidene (Figure 2F), where the vinylene formation is
via monomer-dependent reaction as evidenced by the linear
accumulation in Figure 2F.

Hf—THF Catalyst 1b. The experimental data along with the
kinetic modeling fits are presented in the Supporting
Information. The specific features of this system are as follows:
(1) Catalyst participation is approximately 50%. (2) Faster
chain transfer rate and slower propagation rate compared to its
zirconium analogue result in a much higher chain transfer
frequency (i.e., the measured vinyl terminated groups are 100
times higher at the end of the reaction). However, the chain
transfer rate of this catalyst remains the lowest compared to
catalyst 2b and 3b. (3) Fewer secondary sites are formed,
meaning there is less dormancy as compared to the zirconium
analogue. The vinylene count is quite small, indicating that the
actual chain transfer rate from secondary sites is negligible.

Hf—-NMe, Catalyst 3b. The experimental data along with
the kinetic modeling fits are presented in the Supporting
Information. The specific features of this system are as follows:
(1) Catalyst participation is approximately 40%. (2) There is a
decline in active catalyst sites over the course of the reaction,
although it is not as steep as in systems 1b and 2b. (3) No
secondary catalyst sites were measured, although a small
amount of vinylene end groups was detected. This peculiar
behavior was also observed for the EBIZrMe,/B(C4Fs),
ca\talyst.ﬁ’7 Vinylene is typically expected to form following
chain transfer of secondary sites. It is likely in this system that
secondary sites do form, but they rapidly undergo either chain
transfer or monomer-dependent recovery. Since no secondary

Table 1. Rate Constants for 1-Hexene Polymerization with the M[t-Bu-ON*O]Bn,/B(C¢F;), Catalysts 1la—3b“

X Zr-THF (1a) HETHF (1b)
M-X/A 2.37 2.33 2.51
k/M™s7! 0.08 (+0.02/—0.01)  0.04 (+0.02/—-0.01) >0.05

ky/M™s7! 8.0 (+0.8/-0.2) 0.53 (+0.06/-0.06)
/M7 57! 0.054 (+0.026/— 0.0081 (+0.0002/—
0.003) 0.001) 0.005)
kpee/M7' 571 0.047 (+0.021/— 0.06 (+0.004/—0.005)  0.028 (+0.004/—
0.002) 0.005)
Kinyliene (107%)/  0.14 (+0.014/ 0.84 (+0.02/—0.04)
s —0.02)
Kinyine (107%)/  0.051 (+0.002/— 0.27 (+0.07/—0.06)
s 0.003)

Zr-Pyr (2a)

1.8 (+0.2/—0.1)
0.031 (+0.004/—

24 (+0.1/-0.1)

0.65 (+0.06/—0.05)

Hf-Pyr (2b) Zr-NMe, (3a) Hf-NMe, (3b)
247 2.59 2.56

0.0017 (+0.0002/— 0.16 (+0.04/-0.02)  0.04 (+0.01/=0)
0.0001)
0.20 (+0/—0.02) 11 (+1/-1) 095 (+0.07/-0.09)
0.00028 (+0.00002/—0)  0.055 (+0.007/— 0.0012” (+0.0003/—
0.004) 0)
0.0002 (+0/-0.0002)  0.04 (+0.03/-0.02) N/A

3.8 (+0.3/-0.2) 122 (+0.8/-0.6) 5.5 (+02/-0.2)

b

2nd order 8.72 (+0.07/-0.04)

“In toluene at 25 °C. See Figure 1 for precatalyst structures and Scheme 1 for reactions steps. Errors are in parentheses. “The misinsertion reaction
in the system 3b mechanism is followed immediately by monomer-independent -H elimination to form vinylene.
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sites are observed even late in the reaction when monomer
concentration is low, a fast monomer-independent chain
transfer event is more probable.

B DISCUSSION

In this study, the complete set of kinetic rate constants for three
zirconium amine bis-phenolate catalyst systems and three
hafnium analogues have been presented. For each system, a rich
data set including MWD has been collected and successfully
fitted by comprehensive kinetic modeling. With one possible
exception, the mechanism of 1-hexene polymerization for these
catalysts (1a—3b) consists of the following elementary reaction
steps: initiation, normal propagation, misinsertion, recovery,
and chain transfer. For system 3b, there is not enough
information to include or exclude a recovery reaction.

The values of the rate constants are shown in Table 1
including error bounds, which were determined using the
methodology for determining error bounds discussed in the
previous paper.'® Examining the summarized kinetic data in
Table 1, the following conclusions emerge: (1) The monomer-
dependent rate constants k; k,, ky, and k.. are slower for the
Hf systems than for the Zr systems. In particular, the
propagation rate is 1 order of magnitude slower in all the
hafnium-based systems. (2) Kynyigens Which is monomer-
independent chain transfer, is not uniformly slower for Hf
versus Zr. It depends on the pendant of the ligand. For
example, for the THF pendant (1a and b), kypnyiene for Hf is
larger than that for Zr, and the rate constants are comparable
for both metals in the case of the pyr pendant (2a and b). (3)
Vinylene formation does not behave consistently across all
pendants with Hf as it does for Zr. For Hf—Pyr it appears
second order; for Hf—~NMe, it is apparently fast (consistent
with fast Ky tidene)- We do not currently have an explanation for
this behavior. (4) Each hafnium complex exhibits less
secondary site formation than its zirconium analogue.

A possible reason for the reduction in the rate of all
elementary steps that require the insertion of a monomer is due
to the larger metal—carbon bond enthalpy of the hafnium
systems as compared with the analogous zirconium systems."?
In our previous paper we pointed out a linear correlation
between the logarithm of the rate of monomer-independent
chain transfer and the bond distance between the zirconium
and the pendant group observed in the precatalyst.'® A similar
linear relationship appears to be holding for the monomer-
independent chain transfer rate for the hafnium-based systems
as shown in Figure 3. However, the hafnium-based system
exhibits a much weaker dependence on the bond length, as the
slope of this correlation is 2.7 times smaller. In our previous
study,'® we speculated that this increase in bond distance allows
for more steric freedom to accommodate the f-hydride agostic
interaction necessary for chain transfer to occur. Since the
effective size of the hafnium metal center is generally believed
to be similar to that of zirconium, it is unclear why this
correlation is weaker in hafnium-based systems. However, it is
likely that the exact reason lies with the intrinsic properties of
the metal center and how these properties control the p-
hydrogen transfer reactions.

‘mis}

B CONCLUSIONS

A comprehensive kinetic study of three catalytic systems based
on hafnium amine bis-phenolate complexes has been
completed, and the relevant rate constants and elementary
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Figure 3. Log(Kyinylidene) vs M—X bond length.

reaction steps were determined for each system. The
mechanism includes initiation, normal propagation, misinser-
tion, recovery, and chain transfer. In conjunction with the
previous study of zirconium analogues, this report allows for
the first quantitative comparison between similarly ligated
hafnium and zirconium-based olefin polymerization catalysts.
The most important findings are as follows: the 1 order of
magnitude decrease in k, for the hafnium catalysts; an overall
decrease in all monomer-dependent reaction steps; and the
correlation between the logarithm of monomer-independent
chain transfer and the hafnium pendant ligand (Hf—X) bond
distance. The last observation is similar to the one previously
reported for zirconium systems, but in case of the hafnium
catalysts the dependence is 2.7 times weaker. However, it is also
interesting that there does not appear to be such a correlation
that can be drawn for the propagation rate constant. Subsquent
studies are ongoing to ascertain the dependence of k, on the
steric and electronic nature of the pendant.
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The synthesis of all ligands and precatalysts, as well as a
complete set of experimental procedures for each system and
kinetic modeling material, and crystal data (CIF). These
materials are available free of charge via the Internet at http://
pubs.acs.org.
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