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C;-symmetric, cationic group 4 metal (Zr and Hifjpnemethyl complexes, {(5-
CsMes)M[N (‘Bu)C(Me)N(Et)](Me)}[B(CsFs)4], arehighly active initiators for the living
and steregselective (isotactic) coordinative polymerization of propene and lecigen
I -olefins. Utilizing technology previously discovered but not yet fully utilized, it is
possible to demonstrate the remarkadibility to stereeengineer poly(-olefing with the
use of a singl@itiator. A two-state living coordination polymerization process be
engaged byontrolling the relative populations of the active and dormant species as a
function d time to incorporate stereerrors in a programmed fashio8econdly in the
presence of excess equivalents of a main group metalsalkylas diethylzin(DEZ),
rapid and reversible chain transfer between the active propagating species and the
‘surrogate’ main group metalkyl, which occurs at a rate that is significantly greater
than propagatiorserves as a wora&round solution to the ‘orehainpermetatsite’
limitation of a living polymerization.Successful adaptation ofishreversible goup

transfer technology can include the rapid and reversible traofsfepolymeric group



between ‘tight’ and ‘loose’ propagating ion @athat mediated by excess DEY
precisely control canonomer incorporatian

While this process of living coondfative chain transfer polymerization (LCCTP)
can provide practical quantities of precision polyolefins, the exchange process results in
loss of sterewegularity in the final polymer microstructur&trategies for achieving a
high degree of stere@gulaity during LCCTPinclude thesynthesis of new classes of
configurationally stablandoptically purecyclopentadienyl, amidinatndguanidinate
initiators that incorporate a distal, chiral substitueltsecond strategy to create
enantiomerically pure ppagatingspecies involves the adaptatioihhydrozirconation to
create a new class of terpene substituted cyclopentadiemgiinate complexeda
insertion of an olefin into a 24 bond The last attempt to impart stereocontrol under
LCCTP conditions ixolves the addition of an enantiomerically substituent to the N

amidinate to ensure the same enantiofacial insertion.
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Chapter 1

Introduction

1.1 ZieglerNatta Polymerizations
1.1.1 Discovery

The global demand for plastics derived from polyolefins is expected to reach 200
million tons produced annually by the year 2020 as a result of the commercialization of
Ziegler and Natta’s discovery of transition metal mediated polymerizations of ethylene
and propene nearly six decades ago.'” The development and production of plastic
materials from polyolefins drives one of the largest chemical industries in the world.
Versatility and robustness have allowed Ziegler-Natta polymerizations to take over the
polyolefin industry, making it one of the most profitable achievements in organometallic
chemistry. A Ziegler-Natta catalyst is typically composed of a group 4 transition metal

component in combination with a main group metal alkyl component.

Karl Ziegler, 1953

TiCl,/AlEty

7

1-5 atm, 23-60 °C

Giulio Natta, 1953

e
TiCly/AlEt,
/\ >
1-5 atm, 23-60 °C n

Figure 1. Ziegler and Natta’s contribution to the 1963 Nobel Prize for Chemistry.
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Karl Zieglerof Germanyfirst reportedhe production of higldensity

polyethylene (HDPE) bm a heterogeneous catalyst using 7iEt; at low pressures

of ethylene in 1955 From Ziegler's discovery, Giulio Natta of Italy subsequently

developed a simildneterogeneousystem using TiGIAIEt;to prepare isotactic

polypropyleneand other stereoregultrolefins™*” This discovery would ultimately

lead the tw scientists to shareNobel Prize for chemistry in 1968igurel).

Schemel. Activation and propagation steps for the Cos&dman Mechanism
(nonparticipating CI's not shown).

Activation
a

.'O
Q—:T,Z—-: OI:C'-H,'),.A]
a

Propagation

|
QA—=T~C,H,

Q

[)= Open S

P = Polymer Growp

C.H,

-Th

Cl

Q

C.H,

—(T’:__Tl/ C,H,
a’ |
Q
C.H,
| €
=T
Qa’ |

Q

a

(o

v (C,H,).AIC

]
e

TV CH.CH.CH,

a

Despite rarly six decades it the initial discoverythe mechanism of action is

not fully understood.Cossee and Arlman have proposed the most widely accepted



polymerization mechanism shown in Scheme 2.5 Activation begins with chloride
abstraction from the TiCly crystal lattice with AlEt; to produce an active titanium alkyl
species with an open coordination site. After the coordination site is opened up, the
titanium center undergoes rearrangement so that the open site is axial to allow for facile
olefin insertion. From there the ethylene unit inserts via a ! -complex and creates the
propagating species after going through a four-membered metallocycle transition state.
After the coordination site is reopened, rearrangement occurs to enable the insertion of
another ethylene unit and continue propagation. As shown in Scheme 2, termination of
the growing polymer chain can either occur from " -elimination with a hydride transfer to
(1) the titanium center, (2) the monomer, or (3) chain transfer to the aluminum alkyl

species.

Scheme 2. Termination pathways for the Cossee-Arlman Mechanism.
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The mechanism of polymerization for propene and other higher #-olefins is the

same; however, there is a pendant group on the backbone of the polymer chain whose



relative stereochemistigan vary from the last inserted monomer uiiihe arrangements
of these pendant groups, or tacticity,ypéan important role in determining the physical
properties of the material$:or propene, when the relative stereochemistry of the
pendant methygroupsis random the material is considered atac#dactic

polypropylene isan amorphous material displagi nocrystallinity. Secondlywhen the
relativestereochemistries of the pendant groups ladteenating configurationghe

material 8 syndiotactic.These materials are typically 30% crystalline with a melting
temperature around 13G.*% Lastly,isotactic polypropylenenakesup a majority of the
commercially produced polypropylengaterials wherethe relative stereochemigtare

all the same the pendant methyl groups can all be found on the same side of polymer
backbone.This produces aaluablethermoplastic mateal with a melting temperature
from 166165°C andcan be foundri a large variety of household goods and automotive

componentd?
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Figure 2. General polypropylene microstructures

1.2 The Metallacene Era

ZieglerNattacatalyst systemare the largest producers of highly isotactic
polypropylene, but the discovery of metallocene initiators opened up a wider range of
microstructureso becommercially accessibleA metallocene is an organometallic
complex composed of twayclopentadienyligands?* With olefin polymerizations,
these metallocene complexes gically composed of groupretals with the general
formula CpMX,, where Cp is the cyclopentadienyl systémis Ti, Zr, or Hf, andX is
either a halide or methyl groud-he dichloridesubstitutednetallocenes are thmost
commonly used analogue¥he homogeneity of the system allowed for more thorough

investigations into their mechanisms of action.



Scheme3. General activation of a metallocenes with a Lewis Acidic cocat:
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Before they cate used for polymerization, theyeactivated with the addition of
a Lewis acidic cocatalyst to abstract a chlotmlepen up a coordination siter olefin
insertion(Schemed). Thiscreates a cationic’/14-electron metal center that is active
towards polymerization With regard to the dichloride metallocenes, methylaluminoxane
(MAO) is the most common cocatalyst uskedwever other aluminum alkyls anioloron
centeredspecies can be usad well*>'® Even withits popularityamongtthe
community, the exact structure of MAO is still unknowhis generally thought to
contain a mixture ofAl(O)-Me oligomers as it is produced from tbentrolledhydrolysis
of AlMes.'” Ratios of 100€L or higher of [A]:[M] are used due to the overall
inefficiency of MAOas an activatorDespiteits inefficiency for activationMAO has
been shown to greatly enhance the polymerizatitwaitycfor metallocenesyroduce
ethylenel -olefin copolymers, and have a greater control over the molecular weight of

the resulting polymet®?°



Schemed. General propagatioof propene with metallocenes (L=cyclopentadier
system).
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Propylengoropagatioroccurs with the olefin coondating to the metal center
followed by 1,2insertion into the polymer chais¢hemet). 2,1-insertionand 3,1
insertioncanoccur, but due to steric congestioom the ligand environmerthe 1,2-
insertion is favoretbecause iallows the less substitutecarborfree to bond to the metal
center’?® After the insertion occurs, the monomer coordination site now bears the
growing polymer chain, freeing up theespireviouslyholding the polymer chain to insert
the next monomer unit.

There are two types of enantiofacial selectigsgociated with metallocenes:
enantiomorphic site control and chain end cdntéEnantiomorphic site controccurs
when thestructue of the metallocenis responsible for the stereoselectivity. This can be
a combination of the steric contributions from the ligand and metal chmiag
propagation Chainend control occurs when the last inserted monomer unit influences

the selectiity of the next monomer unitisotactic polypropylene is produced when the



pendant methyl groups end up on the same side of the polymer chain after consecutive
insertions of the same enantioface (m dyad). Syndiotactic material is produced when the

pendant methyl groups alternate insertions into different enantiofaces (r dyad).

Enantiomorphic Site Control

Chain End Control

N

Figure 3. Enantioselectivity and resulting microstructure.

With enantiomorphic site control, the catalyst’s ligand environment is able to
‘correct’ itself if a misinsertion occurs. After a misinsertion occurs, the incoming
monomer will insert ‘properly’ as expected (creating another r dyad) as a result of the
unchanging steric environment from the ligands attached to the metal center (Figure 3).
As aresult the pentad mrrm in combination with the mmrr pentad will be detectable in a
1:1 ratio by "°C analysis.** If chain end control is at work, then it’s expected that the
stereoerror will continue throughout subsequent insertions until another stereoerror
occurs. The signature pentads for this event is a ratio of 1:1 of the stereoerrors mmrmto

mmme*



Schemeb. Common termination pathways for metallocenes.
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As shown inSchemeéb, the twomost common methods of termination &re
hydride to thenonomer(1) or !-hydride transfer to theetal cente¢2).*’ It is worth
noting that both of these termination patg/@roduce identical end groups and are only
discernable by kinetic studie#\s seen with the heterogeneous Zielatta systems, the
chains can be terminated via chain transfer to the aluminum alkyl species present.

The synthetic versatilitgf the metallocene givesanh edgeoverthe
heterogeneus ZieglefNatta catalysts |t is easy taationalizethat several hundreds, if
not thousands, of diffent metallocenes with groupetals have been synthesized and
characterized since the compkartedgaining popularity for olefin polymerizatiorin
addition to adding substituents directly to the cyclopentadienyl systieens,
cyclopentadienyl ligandsan beconnected to each othier make what’'s knownsathe
‘ansametallocene’ to addhore dimensionality for tuningThis synthetic flexibility
makesthe metalloceneemarkably profitable in thagolymers with specific properties

can be achieved through adjustment of the ligand framevieslen and Kaminsky were



the first to thoroughly map otthe symmetry effectshe catalyst imparted on the

polymer’smicrostructurgFigure4).?>?°

— s =
O O O O O

e e iEen

C, Cs
Achiral Chiral Achiral Prochiral Chiral
Atactic Isotactic Atactic Syndiotactic Hemi-isotactic

Figure 4. Summary of Ewen’s Symmetry rules.

1.2.1 C, symmetric ansa-metallocenes

The general structure of amsametllocene is shown ikigure5. The
symmetry of the metallocene is maintained byrigielity of thebridging group (E)
between the two cyclopentadienyl ligarscking their rotation. The more common
bridging groupsnclude CH.CH,, Me,C and MeSi.** Position 1 on the Cp ring is
classified as the connection to the bridging unit while positions 3 and 4 will contain the
I -substituents. Positions 2 and 5 will contain'thgubstituents.Substituents at
positions 3 and 4 impart the most influence on stereoselectivity while the substituents at
positions 2 and 5 have the most affect on the kinetics for chain rekeasa.
metallocenes are typically seen with zirconium due to its higher activity than hafnium,
despite Hf's ability to produce polymers with higher molecular weightsttiase from

the other group #etals.

10



Figure 5. Generalansametallocene structure

The simplesansametallocenalesignl provedto behighly active and adept at
producing isotactic polypropylen€igure6). Simplemethyl substitutions to the Cp ring
has allowed for the developmenttb&é commercially availableatalyst2.** The addition
of atBu substituent to the Cp ring, showedadramatic decrease in the activity and the
molecular weight of the polymers producesia result of the increasstrics However,
the high activities were recovered with tieenovalof the silyl bridginggroup in4.%’

The bridging group also allows for anotlsgnthetic stepping stone in which to
tune the design5-8 in Figure6 shows a series of unsubstituted bisindenyl zirconium
complexes where the effect of the bridging group was studiieeas found that the
stereoselectivity and molecular weight of tludymer increase in the order o€l <
Me,C < GHs < Me:Si?®3° The ability to add substituents to the indenyl system has led
to countless iterations of catatg that can be used for polymerizatioMéith
substitutions at the 2 and 4 position on the indenyl sy€@emd10 have shown an
increase in both activity and stereoselectivity compared to the more simple design
strategies. Both of theses complexas be found in industrythere9 and10 produce

isotactic polypropylenes & mmmn® 0.93 and% mmmn 0.99, respectively*3?

11
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1.2.2C,-meseCs metallocenes

Mesoansametallocenes are less active and produce only atactic polymers due to
a lack of enantioselectivity that arises from the two achiral diastereotopic active sites.
Waymouth and Coates developatsametallocenes that combine tGg
stereoselectiveness from the traditiomasadesign with theCs-nonstereoselectiveeso
ansadesign into a single catalyst design that has been dubbedeseCs’ (Figure7).%®
42 Catalysts using this design have the unique ability to switch symmetries as a result of
the two indenyl systems being unbridged, allowing them to rofidtes switching
between symmetries allowsrfthe creation of stereoblock polymgrsoducgng isotactic
material in theC, conformation and atactic material in tGeconformation. The first
iterationof this newdesignstrategyl1was able to produce elastomeric materials with
moderate stereosetivity (0.24 <% mmmnx 0.40)**® Substitutionto the phenyl group
12, resulted in a catalyst that was less stereoselective and produced lower molecular
weight polymers? However substitution with the Cfgroup13increased the

stereoselectivitf0.45 <% mmmnx 0.73).%

MQM:
OO OO

Figure 8. SelectedC,-meseCs metallocenes.



1.2.3 Cs metallocenes

14 was the first reported catalyst to predusyndiotactic polypropylené$ The
species i€s symmetric thatesults in two enantiotopic active site&n interesting
featurewith this catalyst is that enantiomorphic site control governs propagation in that
the pemadrmmris seen, where thenni signals the correction of the misinsertion. This
design appears to lessresponsive to ligandariations, and the most succéss been
seen vinich substitutions to the bridging graug/ith the family of compounds shovim
Figure8, the syndiotacticity decreases from M@e> Ph,C > Ph,Si > Ph,C while the
molecular weight decreases from,€t Me,C ~ MeSi > PhSi.**** As with many of
the other metallocene designs, titanium and hafnium are both reported to be cblysidera

less active than zirconiuff

14 15 16 17

Figure 9. Selected gndiotactic producing catalysts.

1.2.4 C; symmetric metallocenes

The C; symmetric metallocenes are unique in that they are able to produce
materials with a variety of microstructures includihgmtisotactic (mostly isotactic and
contains stereoerrors at regular intervals), partially isospecific, and completely
isospecific™® Production of this type of metallocene can be advantageous in that

stereoselectivity can still be achieved without the synthesis ohéseisomer that is

14



produced with synthesis of aaypsaC, species.Themesdorms ofansametallocenes
aretypically unwanted produsin thatthey producdéow molecular weight atactic
polymers, andresynthetically challenging to remove from the despestluct C;
symmetric species are able to impart stereoselgctigia result of their diastereotopic
active siteswheretuning of the ligand environment can produce the desired
microstructure.The hemiisotactic microstructure is a result of a site switch between an
isospecific active sitand an aspecific activites*’*® Generally the molecular weights
and activities are lower than what is reporteddgpdesigns, bt they are able to access a

wider range of materials.

E& iim ;2%1 S%f@
OO @@ OO OO

18 19 20 21
MeZS| ZrCI2 Me28| ZFC|2

a@ﬁ@

Figure 10. SelectedC; symmetric metallocenes.
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18 (Figure9) was the first reporteldy the Hoechst and Fina groupsd the first
complex to produce hersotactic polypropylenenfmmn¥ 0.1875)**°? This complex
exhibits a remarkable ability to tuseerics and electronic€Changingnethyl group on
the Cpring to an ethyl groupl9) resulted in nearly hemsotactic materiglhowever
increasing thgroup to an isopropyl group andeat-butyl group increased the
stereoselectivity tonmmn¥ 0.44 andnmmne 0.76 respectively® Spaleck and
coworkers have reported the highest performing design str&2gnd23, where they
substtute theC, symmetric indenyl systenmeviouslydeveloped byhe Hoechst group
that are currently used for industrial polymerizatishdheseC, symmetric catalysts
produce high molecular weightl(, = 530 kDa) and highly isotacti®fypropylenes
(mmmn® 0.96)
1.3The PostMetalloceneEra

Although revolutionary to the field of olefin polymerizatiand still the most
widely usedcatalystdesigrsin industry metalloceneare still crippled by their-hydride
terminationpathwaysttat prevent the production of polymers with extremely tight
molecular weight control or blogbolyolefins. In a living polymerization the ability to
self terminate has been removed, and the active site will continue to remain active as long
asthere is aontinuoussupply of monomer. Typical characteristics of living
polymerizations include:

(1) the polymerization will proceed such that there is complete consumption of

the monomer

(2) the molecular weight,) increases linearly;

16



(3) the active ceets remain active and constant;

(4) exact control over molecular weight through stoichiometry;

(5) narrow polydispersities (<1.10);

(6) ability to synthesize block copolymers through sequential additions;

(7) ability to end functionalize’
Living polymeiizationshawe been well documented for anionic and radical
polymerizationsandthe first reported living ZiegleNatta polymerization occurring with

a V(acacYELAICI catalyst/cocatalyst systerf.

\éi/@l
CI\\“'Ti\C|
i
Cl
26
N(iPr),
b
j?f Yo, o
n . /
,.S \ lt,, !
/ I\ /M‘\“\CI /SI\ k/l..\\\cl tBu/P\ \M.-\\\CI
N - -
I Y ’T' \ @ T i
tBu tBu tBu
27a:M =Ti 28a:M =Ti 29a:M =Ti
27b:M = Zr 28b: M = Zr 29b: M = Zr

Figure 12. Cp related catalysts.
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1.3.1Cp Derived Catalysts

There is precedent for non-group 4 metals being used for living polymerizations,
but it remains the most popular group of metals in use. A less radical redesign of the
metallocene structure led to the development of complexes containing only a single
cyclopentadienyl unit coordinated to the metal center to create ‘piano-stool” complexes
such as 24-26 (Figure 10). Activities of these complexes were found to exhibit low
polymerization activities until donor ligands were coordinated to the metal center and
then success was seen with a radical increase in activity, and not surprisingly, air and

3763 1n the case of 25 and 26, coordination of the arene substituent is not

thermal stability.
seen until after the trichloride species has been activated with a Lewis acid.

Linkage of the cyclopentadienyl system to the metal center via anionic amide
substituents have also gained popularity and have spawned off another subset of catalysts
known as constrained geometry catalysts (CGCs) 27-29 (Figure 10). One of the simplest
CGCs, 27, was shown to be highly active at copolymerizing ethylene and ! ," -

64-66 1t was found that modification of the steric environment at the

functionalized olefins.
cyclopentadienyl unit could tune the amount of comonomer incorporated in
copolymerizations with ethylene and 1-octene when 28 was employed.®” Another
example of one of the many CGCs available is 29 where a phosphorous bridge was used

instead of the traditional silyl bridge to produce linear high molecular weigh

polyethylene.®®
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1.3.2 Diamido Complexes
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Figure 13. Diamido catalysts

In a radical departure from the previous design strategies, McCoraville
coworkers reported the synthesis and successful living homopolymerizatioireréde
at room temperature using the diamiitanium complex30ain a polar solvent®”
Using the dichloride analogu&Qb, Uozumiand coworkers were able to synthesize
isotactic polypropylene (mmm< 0.83) due to enantiomorphic site control from
coordination of the solvent cydiexene or a second propylene Udhit The dibenzyl
derivative 30¢ showed low activitgowards ethyleneqlymerization” It is interesting
to note that much higher polymerization activities were seen with the more rigid silyl
diamide titanium comple®1.”4"®

Schrock anadtoworkers designe82 and33in an effortto stabilize the cationic
active species through the use of an additidonor in the ligand fram&3! Both of
these complexes were active towardsekene homopolymerizations, [8& was found

to terminate vid -hydride eliminaibn.®> However, with slight modifications to the
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structurethey were ableat obtain living polymerizations of-iexene at 6C using
3376798183 Eytensive stability studies showed an obvious correlation between their
polymerization activities antthe stability of theirespective active species. There is
competition between éhdecomposition of the active species with the insertion of the
olefin, resulting in a nonliving polymerization in the cas@&®tvhere the decomposition
occurs moreapidly than the polymerizatidfi®*

1.3.3Amidinate Complexes

R! Ph\ Ar l\{ iPr Ph
N/ Ph—p—_ - - | 1B
=N =N Me,N |
\ \“\ \ . 5 \ E: N\ s\NMez
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— iPr— / y ~ \
R—N / Cl Ar /N / cl iPr N / Cl Me,N N N~ NMe,
//N\ N = | \
Ph~"} Ar —N iPr tBu Ph
Ph |
34 35 36 37

Figure 14. Amidinate based catalysts.

Moving towards themidinatedesign steric equivalent to a cyclopentadienyl
ligand,Eisen and ceorkers first reported the synsis of isotactic polypropylene via
living polymerizaton using a catalyst containing two monoanicamaidinateigands34.
However at lower pressures of propylene, the epimerization with regard to theadenidin
proceeded much faster than the propagatidheopropylene creating an atactic
polymer®® The related bis(iminophosphonamide) comp8%,reportecby Collins and
coworkershad a much higher activity towards ethylene polymerization than the
bisamidinae complexes reported by Eis&nThe Nbearingguanidinatéramework36

has also been proven to be successiill ethylene polymeritions® Interestingly,
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Green and coworkers have reported moderate activities for a novel binuclear amidinate
design 37.%

1.3.4 Alkoxide Based Complexes

—N —N
M ,.n\\Cl T| R NM62
~Cl ~“NMe,
R R' (0]
R 2 R 2
38 39

Figure 15. General structure of salicylaldiminato catalysts.

Fujita and coworkers at Mitsui Chemicals reported highly active catalysts based
on the salicylaldiminato ligand frame with the general structure shown in Figure 13.”
An interesting component of this system is that when titanium is used for the metal in 39,
syndio-rich polypropylene is produced, but when zirconium or hafnium is used only

atactic to slightly syndiotactic polymers are produced.”’

It has been proposed by
Cavallo and coworkers that the unusal 2,1-insertion to produce syndiotacic material is a

result of the stereochemistry influencing the configuration of a fluxional octahedral active

site.”*
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Figure 16. General structure of bis(phenoxy)amino catalys

Another group of highly successful alkoxide based catalysts ales{iphenoxy)
amino catalystsleveloped by Kol and cowaeks Figure14).>° When activated with
B(CsFs) they prove to be extremely adept at polymerizinghéxene at room temperature.
Between the series, the catalysts that containeddMe, showed more activity over
those with D=NMeg, andthezirconium analogues were considerably morevadtian the
titanium analogue®°"%

1.4 Coordinative Chain Transfer

With the advancements in singdée catalysts over the last few decades, these ha
been one major hurdle that is finally being addressefithat is the costssociated with
using transition metal species for catalys#snglesite catalysts are only able to grow
one chain per metal site, making the progelssrently expensive with ragd to the
amount of transition metal catalysts neethedrder toproduce large quantities of
polymeric materials By enabling the growth of multiple polymer chains per meta] site
the high cost of the process canrbducedvhile maintaining control ovethe
polymerization making singlesite catalysts even more profitable. Over the last two
decadesa type of polymerization known asordinative chain transfer polymerization

(CCTP) involving the addition of a main group metal alkyl species to enaklgitowth
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of multiple polymer chains, has been deyad®**®” With CCTP, the growing polymer
chain transfers from the active transition metal spgoiéseman group metal alkyl
species that is acting as ttieain transfer agent (CTAyVhereupon the transition metal
species begins to propagate a different polymer chaia.important to consider the
amount of CTA used as increasing the amount of the traagéat will allow for an
increase in the number of polymer chains allowed to grow at the more expensive

transition metal species.

Scheme 6. Traditional coordinative polymerization and coordinative chain transfer
polymerization.

Traditional Coordinative Polymerization

[M]*-R monomer [M]*—P—R P = Polymer Group
CCTP
+ Kot
[M] *-Py + [CTA]-P, [M]*-P, + [CTA]-P;
active active
monomer monomer
k
P kee>> K, Kp

CCTPcan be considered a degenerative group transfer processarymamic

equilibrium that exists between the aetivansition metal species and the CPAThis

transfer must occur more rapidly than the propagation and be reversible so that multiple

polymer chaingre allowed to growJchemeb). Also,! -hydride elimination and other

termination pathways must not ocdarensure that there is strict control over the
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molecular weight of the polymer. This process also allows for facile functionalization
given that the polymer chains are capped withGhé, whichcould accessraentirely
new area of materials and applications

1.4.1 CCTP of Propene

CMe;
\ \ / E\
hny, K
Zrom wCl I//l:.,,SI Zr-"““Cl "Sj Zr..\\\C|
% \CI - ol 4 % N
CMeg
41 42 43

Figure 17. Zirconium initiators fortCCTP of propene

A majority of the initiators used with CCTP of propylene are zirconium bhased
however the first example of CCTP of propylem@asreported by Sitand coworkers
usinga nonstereoselectivhafniumamidinate initiato53.1°"19%!** |sospecific
polypropylene was obtained under CCTP conditions usinig41 and42 after activation
with [PhsC][ B(CsFs)s] using either AlEfor AliBus asa chain transfer ageht' As
expected with coordinative chain trégspolymerization, it was found that the molecular
weight of the resulting polymers decreased as the amount of chain transfer agent was
increased. It was also found that the Alkas a more efficient chain transfer agent than
AliBus. Evidence of -hydride transfer to the metal center and subsequent reinsertion
into the metahydride was seen in the form wropy! groupsy **C NMR end group
analysis This! -hydride transfewassuppressed with a change in the reaction

conditions: lowering thegdymerization temperature and activation with Al&bntaining
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MAO.'™® Complex43 alsoafforded highly stereoregulammmme= 0.990.95) and
regioregula (100% 1,2insertion) under CCTP conditions using AIYMAO .**?
Increased amounts of Alatesulted in lower molecular weight polymers.

1.4.2 Random Copolymer Production

M = Transition Metal Species

[M]* +CTA + ‘ + ‘ CTA = Chain Transfer Agent

l ‘ = Monomer 1 ‘ = Monomer 2

™

[CTA]

Figure 18. Random copolymer production with CCTcoP.

Statistical coordinative chain transfer copolymerization (CCT¢6igure 16)
which has mainly been used to produce ethylene aseldmcopolymers, involves the
use of one catalyst and one chain transfer agegmbduce random copolyméef§ The
first reported use of CCTcoP was the copolymerization of ethylene and allylbenzene
using18 (Figure 9)*° After activation with MAO at 86C under 1.2 bar of ethylene, the
maximum amount of comonomer incorporated was 20.0%as determined that chain
transfer to the aluminum species was more favored after end group analysis and the
molecular weight reduction as the MAO was increas@dain transfer was also seen as

the preferred termination pathway for this combinationllgftenzene and catalyst.
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Figure 19. Catalysts for CCTcoP.

Interesting ethylene-co-norbornene materials were synthesized via CCTcoP using
A4MAO in combination with aluminum and zinc alkyls.'"” Chain transfer from the
zirconium to the main group metals was proved with the decreasing molecular weights of
the polymeric materials. Modest additions of CTA were able to increase the comonomer
incorporation by ~4x but large accesses of CTA would decrease the level of
incorporation. It was found that the bulkier aluminum alkyl species were ineffective in
that they were too sterically hindered and would not react with cationic active
species.' ™!

In a rare departure from group 4 catalysts, remarkable control over comonomer
control and stereocontrol between isoprene, styrene, and 1-hexene was achieved through
the use of a series of lanthanide-based catalysts 45 and 46 (Figure 17) by tuning the

120-122
Valente and coworkers

amounts of either the magnesium or aluminum alkyl CTAs.
were able to obtain precise microstructure control over the resulting styrene-co-isoprene

material when using equimolar amounts of both monomers with 46b by controlling the

amount of MgEt, (Scheme 7). With 1 equivalent of CTA they were able to obtain a
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material with 12% styrene incorporation, but an increase of the CTA éguivalents
increases the styrene incorporation to 32Btle maintaining high stereoselectivity for

the polymerization of the isopre@ There is also a decrease in the molecular weights

of the polymers from 45.2 kDa to 3.3 kDa with the increased amount of,Mgt&

addition of aluminum alkyls showed a moderate 1.5x increase in the styrene

incorporation while retainingtereoselectivity over the isoprene. However, the larger
molecular weights were indicative that the chain transfer process to the aluminum species
was not as efficient as it is with the magnesium CTFhe process was successfully

adapted fothe first kample ofstyrene/l-hexene copolymerizations as increasing the
magnesiurCTA was able to produce an increase in the amounthei&ne that was

incorporaed into the polymeric materi&*
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Scheme7. CCTP controlled comonomer incorporation.
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1.4.3 Chain Shuttling for Block Copolymers

Arriola and coworkers reported the first case of using CCTcoP with two catalysts
to create a new class of thermoplastic elastomers via a process dubbed ‘chain
shuttling’.'” These novel materials were comprised of a random copolymer of sequential
low 1-octene containing crystalline segments (‘hard’ blocks) and low ethylene containing
non-crystalline (‘soft’ blocks) segments. These materials are invaluable in that the hard
blocks with low 1-octene incorporation have high melting temperatures whereas the soft
blocks with high 1-octene incorporation display low glass transition temperatures.'*

Also, the resulting microstructures of these materials led to better organization with

regard to their crystalline morphologies than random ethylene/1-octene copolymers.
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These materials are synthesized via the presence of two catalgsisylamide
hafnium @7) and a bis(phenoxyimine) zirconius8) complexwith ZnEt added to serve
as the chain shuttling agegf@SA) transferring the polymer chains between the two
propagating specieS¢hemeB). The zirconium species has a lowelirafy for the
propagation of the-bctene than the hafnium species enabling the production of two
polymer chains with different levels of comonomer incorporation. As seen previously
with other CCTP examples, increasing the amount of the CSA led to sftbdelymer

chains?*

Scheme 8Chain shuttling polymerization with ethylene andctene.

ZnEt,
(CSA)

+ MAO +MAO
ethene + 1-octens
Kp Kp
high 1-octene incorporation low 1-octene incorporation
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1.5 ‘CpAm’ System— A Closer Look

1.5.1 Discovery

Scheme 9:0ne pot’ synthetic route for amidinate precatalysts.

=g

RL |
; R1-N=C=N-R?
Cp*ZrCly 1) 3 MeLi, -70 °C- -10 °C, Et,0 > Mo ZruMe N—Zr-unyMe

\
2) TMSCI, -30 °C, Et,0 \ > 7N
2 Me -30 - 10 °C, Et,0 /—N\ 2 Me
R

In 2000, the Sita group first reported the use of a novel zirconium amidinate
precatalysfor the use in living polymeritions*?> Once activated by
[PhANHMe)][B(CeFs)4] (49) or [PRC][B(CeFs)4] (50) the C; symmetric active speciesl,

R' = Et and R =tBu, proved adept at polymerizingHexene in a stereospecific fashion.
This system has been successful with sever@efins including: propend,-butene, 1
octene, 4dmethytl-pentene, 1 Hexadiene, andtherhigher olefins. Due to the living
nature of the polymerizations, block copolymers and steleck polymers have been
able to be synthesized using a single initia#n.impressively wide range aifitiators

can be synthesized via a ‘one pot’ synth#sisughthe insertion of a carbodiimide into a

Zr-Me bond after creating th& >-CsMes)ZrMes species in situpon methylation of the

commercially available'C-CsMes)ZrCls.
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Scheme 10Metalcentered epimerization of the amidinate fram8lof
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N——/'ZFQIIMe  wa ,N_;Zf""'lMe

=N Me %N Me
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The cationic active species is configurationally statdevever it hasbeen found
that the neutral precatalyst species is not configurationally stableities$rom metal
centered epimerization with regard to the amidinate fr&8ubgmel0). The coalescence
temperature was found to be 223 K with@ of 10.9 kcal/mal®® The stereoselectivity
of the active species arises from its inhef@ngymmetry as a result &' ! R%. Once the
neutral species is activated by demethylation, two enantiomers (R and S manifolds) are
produced and both will produce an isotactic polymer under the reaction conditions via
enantiomorphic site contrébchemell). With each of these manifidd, the growing
polymer chain will isomerize to th8u side and allow for the insertion of the incoming
olefin to occur on the less sterically hindered ethyl sitlas rate of this isomerization is
much more rapid than the rate of the propagation.

This polymerization occurs in a living fashion in that no terminatidwydride
elimination is detected vidd analysis of the vinylic region. It has been found that this
species will' hydride eliminate, but will hold onto the vinyl terminated chain and
subsequently reinsert intbe activemetal centet?’ Because this is a living process, the
molecular weight of the polyméias been shown to incredsesarly in regard to the
consumption of the monomer atigk resultingpolydispersities are quite narrow (PDI <

1.10).
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Scheme 11. Enantiomorphic site control &l during the polymerization of propene.
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1.5.2 Degenerative Group Transfer Polymerizations

In an effort to widen the range of materials available fromi@pAm’ system,
the Sita grougxecutedhe first example of a living degenerative gratgnser
coordinative polymerizatiaff® With substoichiometric activatioof 51, a cationic active
species and a neutral dormant spewidisbothbe present in the polymerization solution.
As stated previously, the cationic species is configurationally statnlever the neutral
dormantspeciesindergoes rapithetalcentered epimerization. This epimerization of the
dormant species allows for the pseinsertion of stereoerrorgo the polymer
microstructure once it is reengaged in polymerization with the transfer of a methyl group
to an active species (MeDeTIyis a statistical likelihood that the species has changed

conformationglue to the rap epimerizationR to S or S to R, upon reactivation thus
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introducing a stereoerroiThis group transfer can also be employed with a
configurationally stable alkyl chloride species where the chloride group will be
transferred between the active and darhspeciegSchemel?). In the case of this

chloride degenerative transfer (ChloDeT) process, the resulting alkyl chloride species is
configurationally stabland will not introduce stereoerrors irttee microstructuré®®

1.5.3 Reversible Chain Transfer Coordination Polymerizations

Scheme 12. General proposed mechanism of degenerative group transfer polymerizat
Me for MeDeT, X= ClI for ChloDeT).

X ke
[Zt]*-Py  +  [Zr] -Pg _— [Z]-P, + [Zt]*-Py
active dormant dormant active
monomer k. >>k monomer
ex P
k + k

via | [Z—X—1IZr]

Living coordinative chain transfer polymerizatiitCCTP) has been employed
by the Sita group to overcome the inherent ‘one chainmetal’ site limitation that
prevents largacale production for commercial agaitions. This issue can be side
stepped through the addition of a main group metal species to act as a surrogate chain
growth site during the polymerizatiof.he main groupmetalspeciesin this case diethyl
zinc (DEZ),acts & a surrogate chain growsite with the amount of polymer that can be

producedshowingdependencyn the amount of the chain transfer agéhtThe main
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draw backo this processs that stereocontrol from the initiator is lost due to the transfer
process on and off the propagating transition metal speBieasing51 there is a

statistical likelihood that the incoming polymer group will transfer onto an active
manifold that is of a different conformation (R vs. S) than the one it originated from
(Schemel3). Thisintroduces a stereoerror into the polymer chain and the rapid transfer
between the two different manifolds of the initiator will result in a sterepgatn, atactic,

polymer.

Scheme 13. Proposed mechanism of LCCTP.

kCt
[MAlris™-Pa + xMg(Pg), <=—= [Malris"-Ps + xMg(Pa)(Pg)n1
active surrogate active surrogate
monomer monomer

P Ket>> Ky
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Chapter 2

Stereoengineering of Poly(1-Butene)

2.1 Background

By using several strategigavolving reversible group transfers,combination
with the pentamethylcyclopentadienyl amidinate complexes can use a single initiator
to create a wide rangd poly(1-butene)materials. The first strategy in achieving the
ability to stereoengineer polydutene) is usef the previously developed
stereomodulated degenerative transfer living (SDTL) Zielgk#tta polymerization
process This technique allows for the precise control of the amountrofm
stereoerrors introduced into the resulting polymer’s microstructure using a single initiator
by controlling the level ofoncenrationof the epimerizing dormarspecies through the
use ofsubstoichiometriactivationswith the cocatalys#9. Secondlliving coordinative
chain transfer plymerization (LCCTP) can be engagedite stepthe ‘one chain per
metal site’ limitation thais attached to using single site catalystproduce scalable
quantities of stereoerror rich materialgastly, novel olefin block copotyers can be
synthesized by controlling the degreeldfutene and ethylenecorporation with the use

of two active ion pairs in solutioh.

2.2 Methyl Degenerative Transfer
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Schemel4. Methyl group degenerative transferlymerization
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It hasbeen previously reported that betfononuclear and dinuclear analogues of
group (1V) initiators with the general fouta ( >-CsMes)MMez[N(RY)C(RIN(R?)] and
[(! >-CsMes)MMe,])[N(RY)C(R?)N-(CH.)s-NC(RP)N(RY)] are adept at controlling
stereoselectivity in propene (fnmm= 0.72) and other long chainolefins (t
hexene, mmmn® 0.98) under living polymerization conditiohs/Vhen
substoichiometric amountsg 49 areused to activate thgrecatalysbl, a mixture othe
caionic active specie§reer) anda dormanthonpropagatingspeciegred are present in
the solutionSchemel4). Thisexchangerocess involveafast and reversible transfer
of a methyl groupvia a methybridged dinuclear addudigtween the propagat) and
dormant speciesProgrammable stereoerrors are possible due to the fact that the dormant

nonpropagatingpeciess not configurationally stable and will undengpid metal
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centered epimerizatioh Once the dormant species is reengaged in polymerization, it is a
statistical likdihood (kepi > Kex) that the conformation of the active species has changed,
thus creating a stereoerror in the growing polyaiainthatwill continue to propagate

until aconformation changeeoccursin the exchange procesSince it's been established
thatkex >> k, the exchange and epimerizatioil occur more frequently than the
propagation of the irsting monomer unit. This will lead toshatenng of the

stereoblock lengtbf the resulting polymerThis programmable nature of the
stereoerrorsan be harnessed and used to produce polymerspatificmicrostructures

andmaterialproperties.

Scheme 15General poly(dbutene) polymerization scheme.
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Table 1. Polymerizations with -butené

Mnb MWb T TT T View % d

Entry Precatalyst [49]/[5-] (kDa) (kDa) PDI ° C) ° C) °C) (g mmmm
1 51 1.0 295 46.5 158-31.593.9526 0.72 0.91

2 5l .95 29.4 46.2 1.58-32.294.761.0 0.83 0.90
3 5l .90 334 48.3 1.45-32.784.2 -- 0.99 0.73
4 o1 .80 21.6 318 147-286 -- - 052 055
5 5l .70 215 30.7 143-283 -- -- 053 049
6 52 1.0 23.2 379 1.63 -37.487.945.7 0.49 0.89
I 52 .70 224 33.7 150-33.078.3 -- 048 0.72

b
aPolymerizations were terminated at precipitation into acidic Me@+termined by gel
permeation chromatography (GPC) analy@aatermlned by dlfferentlal scanning

calorimetry (DSC) anaIyS|sDeterm|ned by H (600 MHz) and C (150 MHz) NMR at
110 °Cin 1,1,2,2etrachloroethand,

1-butenepolymerizations were conducteding this methyl group exchange
procesawith both the monontlear51 and Cédinuclear precataly$2 using
[PhNHMe&)][B(CeFs)4] (49) as the activating @atalyst in chlorobenzers-10°C per
Schemel5. Polymerizations were conducted such that the concentration of the metal
centers were held constant while the camtratiors of thecocatalys#i9 werevaried so
that 100, 95, 90, 80, or 70% leself activation of the initiatowere achievetb produce
the desired concentration of dormant speaiaslablein the solution to engage in methyl
group transfer The polynerizations were allowed to proceed over a time perigohaio
ensure the complete consumptiorthed 1-butene.

As expectedboth51 and52, provedto be adept at polymerizingldutene in a

living process. GPC analysis of the resulting polymers goefl that the molecular

46



weight distributions were monomodal. The polydispersities obtained from the analysis
do not agree with values <1.10 that are typically expected from living polymerizations
but*H NMR analysis (600 MHz in1,1,2trachlorethane, at 110 °C)did not reveal

any vinylic resonanceatsat would result fronh -hydride eliminatiorthusconfirmingthe
living nature of the polymerizationd he cause of this broadening phenomenon is
unknown and needs further investigatiddasedon the results ifablel, the results are

in agreement with previously reported yrokrizations using propene in that the degree
of isotacticity (ommmn) decreases with thacreasingamount ofdormant species
presenfor both the mononuclear and dinuclear analogues girdatalyst. It's worth
noting that there is little effect in thproperties of the materials producedhbyy a slight
decrease in thievel ofactivation of the mononuclear initiatbf from 1.0to 0.95(Table

1, entries 12). Also, in agreement with resulisingpropene, the dinuclear precatalyst

52 produced compable materials at 100% activatiamhereno dormant speciese

present The interesting feature of the dinuclear initiator is that it was able to retain a
higher degree of stereoselectivity under a lower percentage of activation as its
mononuclear anatpue Tablel, entries 67). This can be attributed to the fact that it is
known thats52is more configurationally stable and is thusly more resilient in terms of its

ability to epimerize
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Figure 18. Partial™*C NMR: 150 MHz, 1,1,2,2etrachloroethane,, 110°C ofpolybutylene
(entries 15 from Table 1) using 1.
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2.2.1 Microstructure Analysis

A detailed**C NMR analysis 150 MHz in 1,1,2,Zetrachlorethand, at 110 °C)
reveals more information regarding the microstructure of the resulting materials in
relation tothe level ofprecatalyst activation. Initially, it is apparent that there are
significant differences in theesulting polymers’ microstructure as a result of the level of
activation used. FigurE8representthe'*C NMR of the methylene region and the
amount of stereoerroroticeablyincreases with the decreasiegel ofactivation of the
initiator. There $ not an observable difference betweatry 1 and2 asboth polymers
contain the same errors as well as have the same#m. As the level of activation
decreases further, fro95to 0.90, mmrm + rrmr stereoerrors appear and the:fAenm
decreases ratheulsstantially from 0.90 to 0.73. Both themr andmrmr stereoerrors
can be found irntry4 and5 with activations 0f80 and.70. There is no appreciable
difference when comparing the stereoselectivity of the complete activation of the
mononuclear iniator and the dinuclear initiator. More remarkably, the dinuclear
initiator 52 showsmore resilience to decreasing the level of activatiogure 19)as it
retains more stereoselectivity p#amm of 0.72 vs. 0.49, upon a lower activation than it's

mononuclar counterpart
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Figure 19.Partial >*C NMR: 150 MHz, 1,1,2,2-tetrachloroethane-dh, 110°C of
polybutylene (entries 6-7 from Table 1) using 52

2.2.2Crystalline Structure

Wide-angle X-ray diffraction (WAXD) was used to study the solid-state
structures of the poly(1-butene) materials obtained from both 51 and 21 under MeDeT
conditions due to potential commercial applications. The materials synthesized using 51
adopt a mixture of crystalline forms II and I, with the reflection peaks occurring for form
Iat2/ =9.9, 17.3and 20.5 for (110), (300), and (220)+(211) respectively (Figur@0).
Thereflectionpeaks forform Il are identified a2/ =11.9, 16.9, and 18.%or (200),,
(220),, and (213)+(311), respectively. With the baseline removed to see tingstalline
reflectionsmore clearly, it is evident that the resulting crystallinity of the polymeric

materials shows a noticeablecdease in crystallinity as the numbetrtloé epimerizing
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dormant species is increased throsghstoitiometric activation of the initiatds1l By

the time only .70 of 51 have been activated, no crystallinity is detected by WAXD.
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Figure 20.Partial WAXD profiles of unannealed (left) and annealed (right) poly(1-butene)
materials using 51 from Table 1.

Upon thermally aginghe polymers at 78C and cooling down to room
temperature over the course of 12 tsom a vacuum oven revealedl@ange in the
crystalline formof the polymers. The polymeric materials now contain only the
crystalline form | as evidence by theflectionsat2/ = 9.9, 17.3and 20.5 for (110)
(300) and (220)+(211).® Minor peaks are seen in the case of efittye ‘atactic’

material, due tarystallizaton as the polymer chains cool from the molten state
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Figure 21.Partial WAXD profiles of unannealed (left) and annealed (rigiay(1-butene)
materials using?2 from Table 1.

The same WAXD studies were carried out on the materials synthesized using the
dinuclear initiatoy52. As seen with the materials produced from the mononuclear
analoguereflectionsfor both crysalline forms | and Il can be seen with peaks at
2/ =9.9, 17.3and 20.5 for (110), (300), and (220)+(211) respectively for form | and
peaks a2/ =11.9, 16.9, and 18:3or (200), (220), and (213)+(311), respectively for
form Il (Figure21).® It is interesting to note here that thera issducedoss of
crystallinity with the same degree attivation .70, using the dinuclear initiator
compared to its mononucleanalogue (entrg vs. entry7, Figure 2). This
phenomenon has been previously attributed to regagsteric influences frorthe
tether in the dinclear design of the initiatdr.

Again, as seen with the mononuclear initiator, there is a definite change in the
crystalline properties of the artificially aged materials. The pdbyene) materials only
contain form | crystals as alént by theeflectionsat2/ = 9.9, 17.3and 20.5 for (110)

(300) and (220)+(211) respectively.



2.3Living Coordinative Chain Transfer Polymerization

Scheme 16Living Coordinative Chain Transfer Polymerization (LCCTP).

kct
[MAl*-Pa  +  xMg(PR), <=—= [MAI"-Ps + xMg(Pa)(Pg)n1
active surrogate active surrogate
1-butene 1-butene
k
p Ket>> Ky Kp

LCCTP has enabled us to overcome the ‘one polymer chain per metal site’
limitation that is associated with singie catalysts through the addition of a main group
metal alkyl species. This main group spedieshis case diethyl zinc (DEZcts @ a
surrogate chain growth sitgth the amount of polymer that can be produsiedwing
dependencyn the amount of #hchain transfer agentt is important to note that this
surrogate chain growth site does not contain the potential to engage in polymerization
and cannot be classified as a dormant speéieseen irSchemel6 the keyfeature to
this being a viable djpn is the rapidandreversible chain transfef the polymeric group
that occurs between tlagetivetransition metaspeciesand the main group metal
surrogate speciedf the rateconstanbf the chain transfebetween the two metalk, is
several aders of magnitude greater than the rate of propagadjon will seem that the
metal centers are undergoing propagation at the sanfe*fathis process has allowed
for the retention of desirable living polymerization characteristics such as narrow
polydispersitiegshown in the equation below whe¥eis the numbeof molecules of
massM;) from strict molecular weight contrdicile chain end functionalization, and the

production of block cgpolymers? The addition of a surrogate species allows for the
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production of the polymdp be saled up such that the amoymmbduced will depend on

the amount of surrogate growth sites that are present in the solutio

! w !l
PDI ! !I_!! Prl—
L

|
T
| (|
:n . -
[ BT

Themaindraw back to this procesand the focus of the remaining chaptars
this thesis, is that stereocontrol from the initiator is lost due to the transfer procass
off the propagating transition metal speci&gith using51thereis a statistical likelihood
that the incoming polymer group will transfer oato active manifold that is of a
differentconformation(R vs S) than the one it originated from. This introduces a
stereoerror into the polymer chain and the rapid transfer betweemaldferent

manifolds of the initiator will result in a stereoerror rielactic,polymer.

Scheme 17LCCTP of tbutene using3.
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Table 2. Polymerizations with -butere under LCCTP conddins using3.

ZnEb t,2  Yield M. N TS TS %
Entr p PDI 0 0 op
Y (eq.) (h) (99 (KDa) (°C) (°C) (°C) mmmrf
1 0 20 1.03 357 133 - -- 240  0.18
2 10 16 1.40 442 103 - -- -38.4  0.16

b
aPolymerizations were terminated at pretaitibn into acidic MeOH. Determined by gel
permeation Chromatography (GPC) analys’ﬁ&termmed by dlfferentlal scanning

calorimetry (DSC) analysis. Determlned byH (600 MHz) and C (150 MHz) NMR at
110 °Ciin 1,1,2,2-tetrachloroethan,

The polymeizations were conducted as shown in Schéihasing diethyl zinc as
the chain transfer agent in chlorobenzend @fC. An initial screen using the initiator
(! °-CsMes)HfMe,[N(Et)C(Me)N(Et)] 63) under norLCCTP conditions revealed the
successful homopginerization of Ibuteneg(Table2). As expected, due to titk-
symmetric initiator, the resulting polymer had a very low degree of stereoregularity (%
mmmne 0.18) as calculated BJC NMR analysis (150 MHz in 1,1,2{2trachlorethane
dz at 110 °C). UndetCCTP conditions with 10 equivalents of ZaElable 2, entry 2)
53wasalso an effective initiator, arftt NMR analysis (600 MHz in 1,1,2,2
tetrachlorethand, at 110 °C) confirmed that this was a living procésghe absence of
vinylic protons that wold result from! -hydride elimination. Also, Table 2 shows a
decrease in thil, and thePDI that is expected from thrapidchain transfeprocesses.
13C NMR analysis of the resulting polyn®microstructurainder LCCTP conditions is

highly stereoerrorich, atacticas expected with a thmmm= 0.16.
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2.4 Controlled Comonomer Incorporation

Scheme 18Proposed mechanism of LCCTP mediated comonomer incorporatiol
etheneco-1-butene.

X Zn(Pa)(Pg)

Y N\

[M -PA]*[MeB(CgFs)3l [M -Pg]*[B(CgFs)4]

"tight" ion pair "loose" ion pair
active active

ethene + buten kct>>k'p> kp ethene + buten

kP klp

low butene incorporation high butene incorporation

The reversible polymer chain transfer between “tight” and “loose” ion pairs has
been previously documented amassuccessfullybeenadapted to control the amatuof
1-butene that can be incorporated through copolymerization with ethene to op&ewp
range of materials available fromme initiator’ Per Schem&s, thedialkyl zinc species
is able toact as a mediator between the ‘tighti pair formed from activation of thé
CsMes)HfMe,[N(Et)C(Me)N(Et)](53) with the borate cocatalyst, [PhNHMIEB(CsFs)4]

(49) and the ‘looseion pair formed from activation with the borane cocatalystsB{c
(63). The key to this process is trapid andreversible transfemediated by the diethyl
zinc, of the polymeric group between the two propagating ion pdirere is no direct

exchange of the polymeric group observed between the two ion pairs in the absence of a
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chain transfer agefitThis technology will allow for precise control of comonomer

addition through ta use of aingleinitiator.

Random Block Copolymer

Olefin Block Copolymers

Soft Block Hard Block Soft Block

Figure 22.Random block copolymer and olefin block copolymer structure.

This new class of materiatseated from controlling the comonomer incorporation
dubbed ‘olefin block copolymers’, were first reported by Arriatel coworkersia a
chain shuttling process involving tvdifferentcatalyss and a chain shuttling agent
(CSA) transferring the polymer chain between the different propagating catalysts in the
copolymerization oétheneand toctene’® One catalyst has an affinity for inserting the
large comonomer units while the second catalgst less likely to insert and propagate
1-octene. The final product is then a blocky material composed of *hard’ blocks from
long runs ofpolyethylere and ‘soft’ blocks from runs dhe longempoly(! -olefin) (Figure

22). Thisprocessas beemeplicatedherevia the use of onlpnecatalystby creating
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the two affinities for comonomer insertion through the use of two different ion pairs. The
‘tight’ ion pairhas a lower affinity for the-butene msertionsandthe otherloosé ion

pairhas a greater affinity for theldutene insertions creating this blocky structure.

Table 3. Controlled comonomer incorporatioh 1-butene (B) and ethene (E) using
precatalyst Cp*Hf(Me]N(Et)C(Me)N(Et)] 63) via LCCTP.

Cocatalyst ZnEt, t, Yield M. %B°  %B°

Enty “y963  (eq) (mn) (g (kpa) P (o) (h)
1 1:0 10 20 175 787 113 200 24
2 1:1 10 20 102 576 114 155 17
3 1:3 10 20 100 -9 -9 87 10
4 0:1 10 10 052 ¢ -4 60 7

®Conditions: precataly$t3 (0.020 mmol), cocatalysti9 + 63 = 0.020 mmol, toluene at 0
b
°C, pressure of ethenk % psi),terminated at precipitation into acidic MeOH.
c 1
Determined by gel permeation chromatography (GPC) analysis. Determinedby H (600

MHz) andBC (150 MHz) NMR at 110 °C in 1,1,2f2trachloroethane-d2. “Insoluble for
GPC analysis

2.4.1 Microstructure

The results summarized Trable3 andentriesl-4 revealthat the ‘looser’ the ion
pair, obtainedthrough use of a higheatio of borate to borane, incorporates mbre
butenethan with the ‘tighter’ ion pair (higher ratio of borane to borate). For
copolymerizations without a mixture of the cocatalystdrfesl and4) there is a
significant drop, by°*C NMR (150 MHz in 1,12, 2tetrachlorethanel, at 110 °C)riad
analysig(Figure23), in the amount of (dbutene) that is incorporated into the polymer,

from 20.0% with exclusively using the borate and 6.0% with exclusively using the borane
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cocatalysts? This is also confirmed from the inability of the polymers with high
ethylene incorporatiore(itries3 and4) to be solubilized enough for gel permeation
chromatography.
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Figure 23.Partial™*C NMR: 150 MHz, 1,1,2,2etrachloroethand,, 110°C spectrum and resonar
assignments of poly(ethewe-1-butene) of materials from Table 3.
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2.4.2 Thermal Analysis

Table 4. Physical properties of poly(ethylene-co-butene) materials.

Cocatalyst® ZnEt, T, r.* 1. 'H.,?

Bty 4963 (eq) C) (0 (%) ()
106.5; 93.9;

1 1:0 10 735 seg 136 398
101.1; 87.1;

2 1:1 10 700 7071 197 577
111.2; 100.5;

3 113 10 957 'g37 119 349
106.1; 96.7;

4 0:1 0 961 760 40 409

aDetermined by differential scanning calorimetry (DSGalgsis.

The thermal behavior of the copolymers is shown in Figure 24 with the second
heating and cooling cycles obtained by differential scanning calorimetry (DSC). The
peak temperatures, for both the T, and T, increased slightly with the decreasing 1-butene
content of the materials. The material that contains the highest percentage of 1-butene
incorporated (entry 1, Table 4) using the ‘loose’ ion pair is seen to show considerable
broadening in the melting and cooling thermograms (1, Figure 24). This is expected
given the greater disruption of the crystallinity of the polyethylene segments from the
greater amount of 1-butene incorporated into the polymer chains. Subsequently the
material that contains the lowest amount of 1-butene from using the ‘tight’ ion pair shows
the sharpest peaks in both the melting and cooling thermograms from the higher
concentration of the more crystalline polyethylene. The percent crystallinity and ! H,,
was calculated from the thermograms using 100 % crystalline polyethylene homopolymer
as a reference with a heat capacity of 293.0 J/g.'* It is curious that the samples

containing the higher amount of polyethylene display a lower percent crystallinity, but it
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is reasonable to assume that these differences can be accounted for by the molecular

weights of the materialgiven that they were too insoluble for GPC analysis.

Heat Flow (Wig)
(wig)

Heat Flow

100 50 0 50 100 150 200 100 50 0 50 100 150 200
Exo Up Temperature (‘C) Exo Up Temperature (‘C)

Figure 24.DSC thermograms of ethylem®-1-butene materials from Table 4.

The presencef two temperatures for each material gives rise to the likelihood
that these materials are not true random copolymers, but instead they could be classified
as ‘blocky’ copolymers. Only one temperature would be observed on the thermograms
should the matéals be randoncopolymers Insteadl’s andT,,’s areseen for both a
polyethylene segment (the second, higher peaksa aadly(:butene) segment (the first,

lower peak).

2.4.3WAXD Profile

Wide-angle xray diffraction (WAXD) was used to study thelig-state
structures of the polgfhyleneco-1-buteng materials obtained from controlling the
comonomer incorporationThe orthorhombic unit cell of the crystalline polyethylene can
be identified by th@eaks aR/ = 21.5 23.9and 30.0 ° for (110), (200),, and (210)

respectively.” The reflectios of the crystalline polyethylenalthough decreased
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significantly,can still be seen through the increased amorphous halo caused by

increasegoly(1-butene) content.

[B] = 6.0 %

[B]=8.7%

1)

w

5 10 15 20 25 30 35

20 (deg)
Figure 25.WAXD profiles of poly(ethyleneco-1-butene) materials from
Table 3.

[B] = 15.5 %

2.4.4 Rheological Behavior

A comparison of the storage modulifigure26 showthat the material
containing8.7%6 1-butene exhibits a storage modulus higher than that of the material
containing 20.0% -buteneand 15.5% dbuteneindicating that the material was fuliy
theliquid stateat 100°C, which is expected given the inased concentration of
polyethylene in the polymer structurBigure27 represents the viscoelastic properties of
the poly(ethyleneo-1-butene) materials (entries3l Table 3) that were determined via
rheology at a frequency sweep of 0.1 rad/sec af@0Gor material 1, it is interestirg

note that the slope is ~0. This indicates that the material displays a spherical morphology
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at 100°C with 1.0 % strain at low frequenci&s At 120°C the material is fully in the

molten state and shows nadering with regard to morphology. A log G’ slope of ~0.5is
seen fomaterial 2 atow frequencies to indicate that the polymer has adopted a lamellae
structure at 108C with 1.0 % strain. If these materials were random copolymers, as
expected, then #hslope of the storage modulus (log G’) vs. frequency!(logould be

~2 representing the homogenous phase of the material from the moltéf stateever,
rheological analysis further supports the hypothesis that these materials can be considered
‘blocky’ instead of true random copolymers. Ruaaterial 3 théog G’ curve at 4.0 %

strain displays an inversion of the log G’ and log G” which is indicative that the material
is still highly crystalline despite the high degree of straintantberature Material 4

was not characterized due to the liquid nature expressed by the material 3; it would
display more liquid characteristics given its highest concentration of polyethylene in the

series.

AAAAAA

AAAAAAAAAL
smERE

A A A AAAAAAAA
B
gessgusssfsseeseeuuuEENEnEn
-

log G
(Pa)
-

log w
(rad/s)

Figure 26. Comparison of storage modulus (log G’) for poly(ethylene-butene)
materials (entries-8, Table 3) with 0.1 rad/sec frequency sweep at’000
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Figure 27. Strain sweep tests for poly(ethyleoe 1-butene) materials (entries3l Table 3) with 0.
rad/sec at 100€C.
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2.4.5Phase Imaging

Figure 28. pstm-AFM phase maps of 20.0 % B ma#@rfentry 1, Table 3) as cast
(A,B) and thermally annealed (C,D).

With the rheologial data suggesting order in the crystalinerphologiesf the
materials containing 20.0% and 15.5%utene éntries 1 & 2, Tabl8), sample®f the
materials were imageas cast and thermally annealesingphasesensitive tapping
mode atomic forcenicroscopy (pgm-AFM).*>*® In the phase maps of both thgincast

and thermally annealed samples of the palyfleneco-1-buteng containing 20.0%-1
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butene(entry 1, Table3) showlarge crystalline domains from weak ordering of

crystalline lamellae morphologiefRheological analysis at 160G suggested spherical
morphology, but room temperature analysis of the material suggests lamellae ordering.
Should thee materials be truly random copolymers, no phase separation would be visible.
Typically, ultralow-densitypolyethyleng ULDPE) contains 1680 wt% of comonomer.
Entry 1 and2 might be the ULDPE and the small fraction of PE crystalline lamellar
structuresvould be expected. However, the viscoelastic behasatdisy frequenciesf
the1l5.5 and 2M % 1-butene materialshow the ordered microphase separatatis

well known phenomena in block copolymer phase separation. As the temperature
increases to tamelting point, microphase separation occurs between pure PE block and
PE-co-PB block. Similar features are seén the images in Figur29 of both thespin

cast and thermally annealed samples of the poly(ethgesiebutene) containing 15.5%
1-butene éntry 2, Table3). Thephase imaging for this material is in agreement with

rheological analysis in that lamellae morphologies are observed.
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Figure 29.ps-tm-AFM phase maps of 15.5 % B material (entry 2, Table 3) as cast
(A,B) and thermally annealed (C,D). Note the different scale in the thermally
annealed (C,D) images.

2.5 Conclusions

Upon substoichiometric activation of 51 and 53 with 49, living methyl group

degenerative transfer polymerization is achieved for the use of programming stereorrors
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in a controlled fashion into the resulting pohi{titene) materialsThe resulting dormant
species present in solution fraheincomplete activation of the initiators undergo metal
centerecepimerization, whichiesults in a stereoerror introduced into the growing
polymer chain upon reactivatiawith the transfer of the methyl group. A clear decrease
in the isotacticity of the resulting materials was seen as the number of epigerizin
dormant species was increased through decreased activation of the ingetondly,
the limitation of ‘one chain per metal site’ was negated with the addition of diethyl zinc
to act as a surrogate growth site in living coordinative chain transfgnpokation. The
rapid and reversible polymer group transfer between the active transition metal species
and the main group metal species resulted in materials of a lower molecular weight due to
the polymer group transfer occurring more frequently thapaaation. Als@ decrease
in the polydispersity of the materials was seen due to the inverse relationship between the
PDI and the rate constant for chain transteastly, novel OBC’s containing ethylene
and Xbutene were created and fully characterm@dcontrolling the dbutene
incorporation into polyethylene with the presence of two active ion pairs, from the same
initiator, that was mediated by the presence of diethyl zinc acting as a chain transfer agent.
These two active pairs, created by adtorawith mixtures o49 and63, experience
different affinities for the propagation of the twkefinstherefore creating ‘blocky’
structures.
2.6 Experimentals
Materials:

All manipulations were performed under an inert atmosphere ao§iNg standard

Schlenkline or glovebox techniques. All solvents were dried (Na for toluene and,CaH
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for chlorobenzene) and distilled under ptior to use. I(°-

CsMes)ZrMe;[N(tBu)C(Me)N(EL)] 61), [(! >-CsMes)ZrMe;] o[N(tBu)C(Me)N-(CHy)s-
NC(Me)N(Bu)] (52), and { >-CsMes)HfMe,[N(Et)C(Me)N(Et)] 63) were prepared from
previously reported procedure$-butene was purchased from Sigma Aldrich and used as
received. Polymer grade ethene was purchased from Matheson Trigas and passed
through activated Q5 and molecular sieves (4 A) before [[RENHMey][B(CsFs)4] (49)

was purchased from Boulder Scientific while B§)s (63) was obtainedrom Strem Inc

and used withaufurther purification. Znktwaspurchased from Sigma Aldrich and
addedo the reactioras a 1.1M (15% wt) solution in toluene.

Instrumental:

GPC analyses were performed using a Viscotek GPC system equipped with a
column oven and a differential refranteter both maintained at 45 °C and four columns
also maintained at 45 °C. THF was used as the eluent at a flow rate of 1.0 mL/min. M
My, and M,/M,, values were obtained using a Viscotek GPC with OmniSEC software and
ten polystyrene standards (%80 Dato 3150 kDa) (Polymer Laboratories).

13C NMR spectra were recorded at 8@8iz and 150MHz, respectivelyusing
1,1,2,2tetrachlorethane, at 110 °C with a BrukeAVIIl -600MHz spectrometer
equipped with a Bruker 5 mm C13/H1 dual probe with Z gradi@péctravere recorded
under the following conditions: 45° pulse; without NOE; acquisition time, 1.2 s;
relaxation delay, 2.0 s; >10K transients.

Differential ScanningCalorimetry (DSC) thermograms were collected drfa
DSC Q1000 system with a heating amling rate of 5 or 18C/min. All samples were

prepared in hermetically sealed pans- mg/sample) and were run using an empty
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pan as a reference and empty cells as a subtracted baseline. The samples were scanned for
multiple cycles to remove recrygdlization differences between the samples and the
results reported are of the second and third scans in the cycles.

Wide-angle Xray diffraction (WAXD) measurements were carried out with all
the samples measured in arpaspared state with and withouetmal annealing at 8%
with a cool down of 12 hours in a 1400E VWR Vacuum Oven. 0.5 g of each material was
mounted on the sample holder and the measurement was performed on Bruker D8
Advance system with LynxEye detector. The wavelength df Cradiation was selected
I =1.54 A and the scan angle was 5<8fth 0.05 step. The data was collected at room
temperature and the amorphous halo of eaaterialwas subtracted by amorphous
materialwith arbitrary scale. The obtained profiles wette@l with builtin software
(Advanced TOPAS).

Dynamic mechanical shear modulus analysis was conducted using RSA Il
Analyzer (Rheometric Scientific Inowith parallel plates (diameter : 7.9 mm, gap : ca. 1
mm). Dynamic storage and loss shear moduli, @ @i, were obtained with a shear
oscillation of 0.1 rad/sec andaw strain amplitude of-2% keeping in the linear
viscoelastic regime of each sampléefrequency was adjusted 10 and 100 rad/sec for
homomaterials to detect enough mechanical resppkeeping in the linear viscoelastic
regime of each sampl&€he temperature range was 280°C with 1 °C/min rampgn
order to obtain ordedisorder transition temperatures)GF) under nitrogen gas purging
to prevent thermadxidation. Thestorage modus, loss modulus, and t#were

monitored andnalyzed using TA Orchestrator software version 7.2.
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The topological analysis was performed on a Multimode AFM with Nanoscope
llla controller (Digital Instrument) in tapping mode. Both height and pkhgedata
were obtained with a silicon etched tip (Nanosensors, spring cokst&%55 N/m,
resonance frequendy 292377 KHz) under ambient conditions. All samples were
dissolved in toluene (1 wt %) and sfmoated at 2000 rpm onto Si substrates. Si
subgrates surfaces were cleaned with 7:356,: H,O- “pirahna” solution (CAUTION).
Film thickness was obtained by using Gaertner ellipsometer for 3 different spots on each
sample. Spircoated film thicknesses were remained between 30 to 35 nm. All AFM
sampés were measured before and after anneali@§ ‘& for 12 hours.
Typical procedure for polymerization of 1-butene:

A solution of 0.050 mmabrecatalystl or 0.025 mmol of precatalyS2 in 0.5
mL chlorobenzene afl0 °C was added to the [PhNMNB(CeFs)4] (% activation x 0.050
mmol) and agitated untd clear light yellow solution formed. The resulting mixture was
added to 29.5 mL chlorobenzene and 400éqgténe at10 °C in a 250 mL Schlenk flask.
The stirring and temperature was maintaiaed 0 = 2 °Cfor the duration of the reaction
where upon it was quenched with 1.0 mL of methanol and precipitated into 600 mL
acidic methanol to isolate the polymdrhe final poly(tbutene) was collected by
filtration and washed with 5 mL 4 methanol beforeding dried under vacuuniThe
resulting polymers were characterized by DSC, GPIC°C NMR, WAXD, Rheology,
and AFM
Typical procedure for LCCTP polymerization of 1-butene

A solution of 9.1 g (0.020 mmodf precatalysb3in 0.5 mL of precooled ¢10

°C) chlorobenzene was added to a solution of 16.8 g (0.020 mmoHRcatalyst49in
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0.5 mL of precooled €10 °C) chlorobenzene, and mixed until a clear light yellow
solution formed. This solution was then rapidly added to al@6@&chlenk flask loaded
with 20 mL of chlorobenzene, 165 mg (10 equivalents relatig8)tof ZnEb (15 % wt
in toluene) and 2.24 g (2000 equivalents relative3)aof 1-butene at10 °C.
Polymerization temperature was maintainedLt+ 2 °C. After 16 h, polymerization was
guerched with 1.0 mL of methanol. The polymerization solution was then precipitated
into 600 mL methanol to isolate the polymer. The final pelujiene) was collected by
filtration and washed with 5 mL 4 methanol before being dried under vacuum.
Typical procedure for LCCTP copolymerization of ethene with dbutene:

A solution of 9.1 g (0.02éhmol) of precatalyss3in 0.5 mL of precooled ¢10
°C) chlorobenzene was added to a solution of 16.8 g (0.020 mmohcatalgst49in
0.5 mL of precooled €10 °Q chlorobenzene, and mixed until a clear light yellow
solution formed. This solution was then rapidly added to an@5@&chlenk flask loaded
with 20 mL of toluene, 165 mg (10 equivalents relative3pof ZnEg (15 wt% in
toluene) and 2.24 g (2000 equats relative t&d3) of 1-buteneat-10 °C., which was
previously pressurized to 5 psi with ethene. The pressure was maintained for the desired
polymerization time with polymerization temperature maintainedGit 2 °C.
Polymerization was quenched wittD mL of methanol, and then precipitated into 600
mL methanol to isolate the polymer. The final copolymer was collected by filtration and

washed with 5 mlL 4 methanol before being dried under vacuum.

2.7 References

(2) Zhang, W.;Sita, L. R.Adv. Synth. CataR008§ 350, 433447.

(2) Zhang, W.; Sita, L. RJ. Am. Chem. So2008 130, 442443

72



3) Sita, L. R.Angew. Chem., Int. EQOQ09 48, 24642472
(4) Jayaratne, K. C.; Sita, L. R. Am. Chem. So200Q 122, 958959
(5) Jayaratne, K. C.; Sita, L. R. Am. Chem. So2001, 123 1075410755

(6) De Rosa, C.; Auriemma, F.; Ruiz de Ballesteros, O.; Esposito, F.; Laguzza, D.; Di
Girolamo, R.; Resconi, IMacromolecules (Washington, DC, U. 3009 42, 82868297

(7)  Wei, J.; Hwang, W.; Zhang, W.; Sita, L. R.Am. Chem. So2013 135, 2132
2135

(8) Zhang, W.; Wei, J.; Sita, L. Rdacromolecules (Washington, DC, U. 3008 41,
78297833

(9)  Wei, J.; Zhang, W.; Wickham, R.; Sita, L. Rngew. Chem., Int. E@01Q 49,
91409144

(10) Arriola, D. J.; Carnahan, E. M.; Hustad, P. D.; Kuhlman, R. L.; Wenzel, T. T.
Science (Washington, DC, U. 3006 312 714719

(11) Sahoo, S. K.; Zhang, T.; Reddy, D. V.; Rinaldi, P. L.; MciIntosh, L. H.; Quirk, R.
P.Macronolecules2003 36, 40174028

(12) Wunderlich, B.; Academict981, p 91.

(13) McFaddin, D. C.; Russell, K. E.; Wu, G.; Heyding, RJDPolym. Sci., Part B:
Polym. Phys1993 31, 175183

(14) Kossuth, M. B.; Morse, D. C.; Bates, F.JSRheol. (NY.)1999 43, 167196

(15) Leclere, P.; Lazzaroni, R.; Bredas, J. L.; Yu, J. M.; Dubois, P.; Jerome, R.
Langmuirl996 12, 4317432Q

(16) Hobbs, J. K.; Register, R. Macromolecule200§ 39, 703710.

(17) Stocker, W.; Beckmann, J.; Stadler, Rabe, J. PMacromolecule4996 29,
75027507,

(18) van Dijk, M. A.; van den Berg, RMacromoleculed995 28, 67736778

73



Chapter 3

Guanidinate Based Initiators for Stereocontrol During LCCTP

3.1 Background

-
':N -—/'ZI’\Me

R3—~N ‘ -N\RZ j

/|:\>/4

Figure 30.Proposed steric effects from a distal substitt

It has been well documented by our group thatGhgymmetric precatalyst
Cp*Zr[N(tBu)C(Me)N(Et)[Me, (51), when activated by [PhNHMEB(CsFs)4], produces
polymers with a highly stereoregular microstructuren(fmm = 0.72for propene
and Yammmm = 0.98 for thexene):®> The stereoselectivitgchieved by usinglis a
result of an asymmetric amidinate, witbutyl and ethykide armghat emphasize the
asymmetry allowing for more enantiofacial selective insertion of the incoming olefin.
However under living coordinative chain transfer polgnzation (LCCTP) conditions
the stereoselectivity of the initiator is lost due to the statistical likelihood that the polymer
group will transfer onto a propagating metal specfespposite handedneas it returns
from the surrogate sidue to! ct>>!p (Chapterl). This situatiorshould be remedied
through the usef anenantiopurective species so only one conformati®available as

the polymer groupransfers back onto a propagating speties.
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An attrative optionto solvethis problem is to utilie a guamndinate,
[R,NC(NR’),]" instead of an amidinatfRC(NR’),]* as it will provide another position
from which the ligand framework can be turfédSinces51 has dimit to the amount of
stereoselectivity it can impart, tlobjective isto use the distal substituent as a buttress
against the side groups to provide more steric influence. The added steric influence from
the side groups woulidheoreticallycreate aractive species with a greater influence on
the stereoselectivity armfovidea more isotactic polymemder noALCCTP conditions
Additionally, the use ofanenanitiomerically pure substituewbuldlead to a species that
is unsusceptibléo the loss of &ereocontrofrom the rapid chain transfer process in

LCCTP conditionss only one conformation would be available for propagation

o o 0O )
R—N N—R R—N N—R R—N, N—R
- | -

/N\ /N\ /N\

R' Rl R' @ Rv Rn R'

N
N
R7@ R

Figure 31.Resonancstructures and bonding of the general guanidi
ligand

Unlike the moneanionic amidinate ligand, the guanidinate ligandbeen shown

by the Bergman grouip contribute more electron density to a metal center through a
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zwitterionic resonance form that is a result of increased electron donation to the central
carbon of the Gland (Figure81).” The increased electron donation from the guanidinato
ligand is expected to increase the stabilizatibtihe cationic metal center, such as the
one found in the active species duralgving polymerization usingl. A minimalloss
in the activity of the species is expecthe tothis increasedtabilization of the cationic
metal centerbut the increased stereoselectivity wdlunteract angecline in the
usefulness of the initiator

As mentioned in the previous paragraph, the gliaaie moneanion has the
ability to contribute more electron density to the metal cetiterefore potentially
changing the electronic nature of the-pegalyst. The Bergman group found success in
the nonliving polymerization of ethylene andHexenegthylene with their Cp
bisguamdinato complexes, but no previous attempt to substitute an amidinate ligand with
a guanidinate ligand for the use of living coordinative polymerization has been found

and if successfulvould prove tdbethe first reported ase’
3.2 Synthesis

3.2.1Synthesisof ‘Cp*ZrGu CI;’

Scheme 19. Synthetic route to 'Cp*GuZrgl

1) nBuLi, E1,0, L(? 1) Cp*ZiCly, E,0,
-25°C-RT, 3h -25°C-RT, 18h R!
NR3 » RI-NO N—R? > N—Zrzmcl +  LiCl
2) R!, R? carbodiimide, L—N \Cl
Et,0, -25°C-RT, 3h s R3N ‘r2

54 R'= Et, R = Et, R = Me,

55 R' = Et, R = Et R = 2-methylpyrrol.
56 R' = Et, R = tBu, R = 2methylpyrrol.
57 R'=Et, R=1Bu, R = Me,
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The ‘Cp*GuZrCl’ complexeswere synthesized in gogtkelds by generating the
guanidinate salt via addition of lithium dimethylamide with the desired carbodiimide,
which was then subsequently added to the commercially available CpiZ&ther at
25°C (Scheme 9). In the case of the-hethylprryolidine species, the amine was
deprotonated with 1.1 equivalentsmeBuLi before the addition of the desired
carbodiimide. The resulting compounds were egailyfied by filtering with toluene to
removeLiCl impurities bllowed byrecrystallization at25 °C using a solution of
minimal toluene layered with pentane
3.2.2Synthesis of Cp*ZrGuMe

Although typical methylation procedures involve reacting the corresponding
dichloridecomplex with 2 equivalents ofiethyl lithium thismethodproved to be
unsuccessful with these complex@ solve this problem, MeMgCl was targeted as an
alternative methylating reagehtDespite multiple attemptsith both MeMgCl and MelL,i
the dialkylationof 56 only resuledin the generation of monomethyl specie0). The
methylation of only one of the chlorides was confirmed'Mi&\MR and xray

diffraction of single crystals.

SchemelO. Synthetic route to ‘Cp*GuMe,’

ST 21 wemgol 5o, ~=

RY | -70°C-RT, overnight RL |
N—ZrunC| . N—/'Zl'""llMe + 2 LiCl

A N\/ \C| /é N \R4

R3N R2 R3N h

58 R' = Et, R = Et, R’ = Me,, R* = Me

59 R' = Et, R* = Et R’ = 2-methylpyrrolidine, R* = Me
60 R' = Et, R* = tBu, R’ = 2-methylpyrrolidine, R* = CI
61 R' = Et, R*=tBu, R’ = Me; R*=Me
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3.3 Solid State Analysis

3.3.1Et, Et Derivatives

Figure 12. Crystal structure b8 with hydrogen atoms omitted for
clarity, ellipsoids for the nohydrogen atoms are shown at the 309
probability level.

Table 5. Selected bond lengths and bond angles for the molecular struck@e of

* Angle between the mean planes defined by the

Bond Angles (A)
Zr1-N1 2.2334(12)
Zr1-N2 2.2554(11)
Zr1-C1 2.2814(14)
Zr1-C5 2.2656(14)
C3-N1 1.3403(18)
C3-N2 1.3362(18)
C3-N3 1.3719(18)
Bond Angles (deg)
N1-Zr1-N2 59.06(4)
Zr1-N2-C2 135.47(10)
Zr1-N1-C4 133.48(10)
C3-N2-C4 123.91(12)
C3-N1-C2 123.65(13)
N1-C3-N2 124.55(13)
Ia -3.6(12)
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Pure samplesf 59 wereable to be synthesized #4%yield, as confirmed byH
NMR; however, multiple attempts at obtaining single crystals suitable-fay X
diffraction were unsuccessfusingle crystals of the ymmetric58 were obtaine@nd
thus able to shed some insight iftkobehavior. Due to the symmetry of the complex, the
bond lengths frm the metal center to the guanidinato nitrogens, 2.2234( for Zr-N1
and 2.2554(11R for Zr-N2, are comparable to each other. The same applies to the
metatmethyl group bond distances, 2.2814(A4por Zr-C1and 2.55614) A for Zr-C5.
Theguanidinate’sC3-N3 bond distance is measured at 1.3719&8yhich is
representative of a carbon-nitrogen single bond. The guanidinate’s N1-C3 and N2-C3
bond lengths are 1.3402(18) A and 1.3362(18) A respectively, which are less than the
expected 1.28 A for a C=N. This is indicative that there is delocalization present in the
guanidinato frame. The fairly large N1-C3-N2 angle, 124.55(13) °, provides evidence
that the side ethyl groups will be able to ‘relax’ away from the metal center. It is
expected that this initiator will be highly active without providing stereocontrol due to the
openness of the guanidinate frame and the lack of enantiomorphic site control from it’s

high degree of symmetry.
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3.3.2t-Butyl, Ethyl Derivatives
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Figure 33.Crystal structure of (leftyl, (middle)60, (right) 61 Wlth hydrogen atom:
omitted for clarity, ellipsoids for the nemydrogen atoms are shown at the 30%

Table 6. Selected Bond Lengths and Bond Angles for the Molecular Structufds Gff,
andel.

51 60 61
Bond Lengths (A
Zr1-N1 2.251(3) 2.2624(15) 2.223(10)
Zr1-N2 2.265(2) 2.2543(14) 2.245(10)
Zr1-[X] il C1 C1
2.273(3) 2.2694(19) 2.2597(13)
Zr1-[Y] C5 C5 Ccl1
2.272(3) 2.3320(18) 2.4691(3)
N1-C3 1.323(4) 1.334(2) 1.3490(14)
N2-C3 1.332(4) 1.338(2) 1.3447(14)
C3-C6/C3-N3 1.515(4) 1.382(2) 1.3738(15)
Bond Angles (deg)
N1-Zr1-N2 58.40(9) 58.78(5) 59.45(3)
Zr1-N1-C2 136.4(17) 132.22(12) 130.92(8)
Zr1-N2-C4 142.5(16) 137.49(11) 136.96(8)
C3-N1-C2 123.5(16) 122.44(15) 122.62(10)
C3-N2-C4 122(2) 125.75(14) 127.43(10)
N1-C3-N2 112.2(3) 112.11(14) 110.64(10)
1 18.3 10.0 7.6

2 Angle between the mean pemdefined by the following: Z¥li2-C3 and ZriN1-C3.
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The crystal structurfor 51 has beepreviously reported in the literature with no
unusual characteristics to nétés expected with the asymmetry of the amidinate frame
the ethyl side N-C2 bond is 2.251(3) A compared to a bond length of 2.24H9A for
thet-butyl side N>-C4 bond. The N-C3/N2-C3bonds are 1.323(4) A and 1.332(4) A
which are in between 1.38 A forsg? C-N bond and 1.28 A C=N bond indicating that
there isonly delocalization about the INC3-N2 fragment of the amidinate. It is also
worth noting that the angle of thelNC3-N2 fragment is 112.2(3)and the dihedral angle
between the I-C3-N2 segment and theINZr1-N2 is 18.3°.

Analysis of the soliestatestructure 060 reveals subtle struatal differences of
the neutral precatalyst species. As shown in Taliee lengths of the 2N bonds of
2.262415) A for Zr1-N1 and 2.254814) A for the Zr1-N2 bond are similar to those same
bonds orbl. The only obvious deviation between the two structures is the [ohgéyl
sideZr1-C5 bond of 2.3320(18) A foB0and 2.272(3) A fob1, indicating that there is
steric congestion on that side of the complex front-hatyl group and the NMeagroup,
resulting in the metabound methyl groupeing pushed out further. T&S-N3bond
length of 1.382(2) A is typical of @’ C-N bond suggesting that there is not a
significant contribution from the zwitterionic resonance structure of the guanidinate anio
to the neutral complexit is not expected that there would be a need for stabilization of
the metal center from the guanidinate mogeetthis is the soliestate structure for the
neutral precatalystwhich lacks sufficienelectron deficieay and iscoordinatively
saturated

The solidstate structure fd81is more interesting in that repeated attempts to

synthesize the dialkylated species were unsuccessful due to the steric congestidn on the
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butyl side of the complex. The metsitrogen bonds, 228(10) A forZr1-N1 and

2.245(10) A forzr1-N2, are noticeably shorter in this derivative. Also,@8N3 bond
length is 1.3738(15) A, compared to a distance of 1.382(2) A in the dimethylamino
derivative, indicating that there may be more contributiomfthe zwitterionic

resonance form of the guanidinate monoanion. This could also be a result of the steric
bulk of the substituted pyrrolidine ring pushing up against th&€BtN2 fragment;the
buttressing effect would also explain the shorteN4tistarces. 61 alsocontains the
smallest N-C3-N2 angle of the series at 110.64(20)The smaller N-C3-N2 angleis
expected, as the-Blkyl substituents are less able to ‘relax’ away from the nadisl

groups creating a smalldil-C3-N2 angle.

The buttressing effect from the distal substituents can be seen in the bond angles
aboutthe metal bound nitrogen atoms. T4rd@-N2-C4 angles decrease going frdith
[142.5(16) and 136.4(14)to 60[137.49(11) and 132.22(13)to 61[136.96(8) and
130.2(8) 9] as the steric bulk increases. eBedecreasing bond angles causes an
increase in th€3-N2-C4 angles going frond1[122(2) and 123.5(16] to 60

[125.75(14) and 122.44(19)to 61 [127.43(10) and 122.62(16])

3.4 Polymerization Studies

Scheme 21General activation procedure.

Rl | [PhNHMe,][B(CgFs)4] Rl _
\N __/'Zr"'lllMe > = N——Z|r [B(C6F5)4]

/—N “ye  chlorobenzene, -2C AN e
R3N \RZ R

58 R'= Et, R=Et, R = Me,
59 R! = Et, R = Et R = 2-methylpyrrol.
60 R'= Et, R =tBu, R = Me,
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Polymerizations were carried out based on the geaetiahtion procedure
shown inScheme1at-10 °C in chlorobenzene by reacting the dimethyl initiator with
1.05 equivalents of the cocatalyst, [PhNHN®(CF:),] (49) to createghe active species
After the designated reaction tintee polymerizations were quenchedecipitatednto
acidicmethanolnd isolated by extraction into pentane. The resulting polymers were
dried and characterized through the ustHoiind**C NMR analysis They were also
characterized via differential scanning calorimetry (DSC) and gel permeation
chromatographyGPC) to obtain information about their material characteristics

including theT,, T, T,, molecular weight, and polydispersity.

Table 7. Polymerizationsvith propenewith 51, 58, 59.

Yieldd M/ T ¢

Run  Precat. PDIf o % mmmrh
(9  (kDa) o) 7
1 51 0.40 23.4 1.2 110.4 0.72
2 58 2.10 3913 2.1 - 0.07
3 59 0.20 67.8 1.5 - 0.11

2Polymerizations were terminated at precipitation into acidic Ma@ét 3 h°°
Determined by gel permeation chromatography (GPC) andlpsitermined by
differential scanning calorimetry (DSC) analy§Betermined byH (600 MHz) and*C
(150 MHz) NMR at 110C in 1,1,2,2tetrachloroethand,.
Visual and tactile observations of the resulting polymers indicated that they were
highly amorous and had very little crystallinityhile also having aubbery and sticky
feel. The values for the polydispersity index (PDI) are not in agreement with previously

reported living polymerizationgndicating that these reactiod&l not procedin a living

manner.'H NMR analysis of the polymers confirmed the #ising character of the
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polymerization with the presence of vinylic resonances indicating that these
polymerizations terminated viahydride elimination **C NMR of the microstructures
of the resulting polymers show that there is no increase in isotacticity from what is
expectedf the Cs‘diethyl hafnium’speciesand that these polymers are atatlidhe
atactic nature of the microstructure is further confirme®8¢ analysiswhich showed
a lack of melting temperatur&y) and a crystallization temperatur&)( where here, it is
noted thabnly polymers with a %ammm > 0.15 will produce a melting temperature.
The presence of these two distinguishing characteristic temperatures would have
indicated a significant degree of isotacticity in the microstructure of the polymers.

It wasexpectedhat58 would show little stereocontrol based on the lack of steric
bulkiness on the distal substituents on the guanidinate frame based on previous work on
the effect of stereoselectivity and size of substituents on an amidinate'fraie.high
activity of the precatalyst was also expected due to the lack of stericdngdidering the
two ethyl groupside arm®n the guanidinate. Thamaller size of the NMalistal group
does noprovidea ‘buttressing effect’ to th&l-substtuents thusallowing themto bend
awayand create a more open active siienpared9. Togetheythese twdactors
contributed to the predicted result of an ultra high molecular weight (>100KDa) polymer
that was completely atactid-he lack of steric condl from the distal position using ethyl
groups asidearmsubstituents promptereturnof thedesign strategto usethe-butyl
and ethyl group in ththosepositions. Here the distal substituent should increase the

stereosedctivity by providing the same buttressing effect to the axial groups.
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Table 8. Polymerizations wittb1 and60.

Run Monomer Precat. Equiv. Yi(zl)da (IEI@Z\) PDIf (Iéj) mr:/:nme
1 Propylene 51 5 psi 0.40 234 1.2 1104 0.72
2 1-hexene 51 200 0.28 20.3 1.0 -- 0.98
3 Propylene 60 5 psi 0.03 1.98 1.1 832 0.37
4 1-hexene 60 200 0.04 1.93 11 -- 0.72

2Polymerizations were terminated at precipitation into acidic Ma@ét 3 h°°
Determined by gel permeation chromatography (GPC) andlpsitermined by
differential scanning calorimetry (DSC) analy§Betermined byH (600 MHz) and*C
(150 MHz) NMR at 110C in 1,1,2,2tetrachloroethand,. °Insoluble for GPC analysis.
To begin, theM, and the amount of polymer produced are much |dingan
expected and is indicative of an active species with very low actempared t®dl as
seen in entries 1 and 3 in TaBle Analysis of the polydispersity by GPC shows a larger
value(1.1)than what is expected from a living polymerization procédsNMR was
used to detect the presence of vinylic resonances that would indicate terminatibn from
hydride elimination and in Figui@d vinylic protons can be seen a8@ppm. This
confirms hat the polymerization was indeed a #imig process.The nonliving
character idikely a result of the active species’ increased ability-ttydride eliminate
from theincreased electron donation to the metal center from the distal N in the
guanidinao frame The electronic stability and the increased steric crowding both
contributeto the decrease in activity, as both of these issues will hinder the incoming

olefin from binding to the metal centeffurther investigation b{’C NMR of the

microstructure of theesulting polymer shows a decreas¢éhi@mmmm value than what
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is produced witts1. A decrease from 0.70 wifi1 to 0.37 with60 indicates a dramatic

loss of stereocontrol from the initiator.

r— ' Te—T T
485 48D 475 A0 465 40 ppm

2.0 15 10 0.5 P
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Figure 34.'"H NMR: 600 MHz, 1,1,2,2-tetrachloroethane-d, 110°C of non-
LCCTP polypropylene using 51 (top) and 60 (bottom).

The polymerization of 200 equivalents eh&xene was carried out in the same
fashionby activationwith 1.05 equivalents of the cocatalyst, [PhNHN&(C4F:),] per
Schemel. Despite the lack of stereocontrol seen with the ué fr the
polymerization of propene, it is well known that more stereoselectivity camgdaated
on a larger monomgthereforejt was a logical choice to investigate the precatalyst using
1-hexene. As seen with the propene screening, the activity is much lower than what has
been previouslyeported fors1. Also, thePDI is broader than what would be accepted

for a living polymeization process. Again tHel NMR wasanalyzedor vinylic
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resonances to indicate termination Vviaydride eliminationandvinyl resonances were
found at4.15 ppm. Analysis of theC NMR shows a decrease in the stereoselectivity

with a%mmmnfrom 0.8 with 51to 0.72 with60. Theloss of stereocontrol of this

initiator is likely due to the loss of steric discrimination from the sidgulstituents as

both of the groups are pushed forward from the buttressing effect seen by the increased

size of thadistal substituent.
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Figure 35."°C NMR: 150 MHz, 1,1,2,2-tetrachloroethane-d,, 110°C of non-LCCTP
polypropylene using 51 (top) and 60 (bottom).

3.5 Cation Stabilization
In an attempt to explain why the initiasatid not perform as designed, efforts
were focused on the isolation and characterization of the active cationic species.

Attempts to crystalliz§Cp*ZrMe{N(Et)C(NMe,)N('Bu)}] [B(CF:),] in chlorobenzene at
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-25 °C were successful at producing a dicationic species, {Cp*Zr(! -
X)[N(Et)C(NMe,)N(Bu)]},[B(CF5),], (X=Me or Cl), but the disorder was too great to
resolve the bridging groups (Figure 36). It was found that the increased steric crowding
at the metal center on the initiator results in a cationic active species that is more
susceptible to chloride abstraction from the solvent, which lead to poor performance as an
active species for living polymerizations.®'>"> Another attempt to explain the non-living
nature of the polymerizations resulted in the synthesis of
Cp*Zr(Me)(iBu)[tBuNC(NMe,)NEt] (62) in the hopes that evidence of !""hydride agostic
interactions could be observed. The compound was successfully synthesized and
activated using [PhNHMe,|[B(C(F;),]. However, attempts to isolate a single crystal of
[Cp*Zr(iBu){N(Et)C(NMe,)N(‘Bu) }][B(C(F;),] suitable for x-ray diffraction were
fruitless. The inability to produce crystals of the resulting cationic species led rise to the
hypothesis that the active cations were unstable. Activation of the neutral species with
cocatalysts, such as B(CFs), (63) to provide a tighter ion pair and stabilize the cationic

species, was attempted.

++
p g Me
Bu N—Me
Et | h _
"N—ZrNa /N# 2 [B(CgFs)4]
4.':-N/ \X/Zr/N\E
7 t
Me /N \tBu ‘
Me @

Figure 36.Proposed dicationic specig&p*Zr(! -
X)IN(EDHC(NMe)N(Bu)1},[B(CsFs),], (X=Me or CI).
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Polymerizations with -hexene were repeated under the same condiiging a
63 as thecocatalyst to increase the catianion interaction and provide more
stabilization to the cationic active specfesHoweverdue to the ‘tightness’ of the ion
pair, what little activity that was seen using the ‘loog@eraction achieved by using the
borate cocatalyst, [PhNHMEB(C4F:),], was completely compromised and paymer
was recovered. This wékely due tothe combination of steric bulkt themetal center,
the tighter catioranion interaction, and the large monorsize. Polymerizations were
repeatedisingpropene, a smaller momer compared to-hexene andgain the

polymerizations resulted e loss of all activity towards polymerization
3.6 Conclusion

The solution to overcoming the loss of stereocontrol seems trivial in that only an
enantiomerically pure initiator is needed, however execution ofdbaits not as easy as
expected. The distal position of the amidinate frame allows for ample opportunity to tune
the catalysthowever the system experiences low tolerances for the combined increased
electron donation and steric bulk of the guanidinetmé& employedIt has been shown
that moneguanidinato Cp* zirconium complexes can be synthesized and isolated readily.
Structural analyses show an increased steric crowding at the metal center that
compromises theomplex’sability to polymerize -olefins in a living natureThe more
crowded metal center resulted in a less stable cationic active species and thbeefore
activity and stereocontrol towards living polymerizations diasuptedbased on the
specie’s ability tderminatevia! -hydride elimnation Efforts to isolate active cationic
species weransuccessfullue to the decreased stabilitiithe cationic active speciesnd

attempts to stabilize the cationic species resulted in shutting down the gtmpieimal
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ability to polymerize.lt is evidentfrom this body of work that any future adjustments to

the framemust occur elsewhere in the complex.
3.7 Experimentals

Materials:

All manipulations were performed under an inert atmosphere ao§iNg standard
Schlenkline or glovebox techniques. All solvents were dried (Na/benzophenone for
pentane and diethyl ether, and Na for toluene) and distilled ungerdd to use.
Benzeneds was dried over Na/K alloy and was vacuum transferred pribeing used
for NMR spectroscopy. Celite was oven dried at 150 °C for several days before use.
Cooling for the reactions was performed in the internal free2br°C) of the glove box
used. (>-CsMes)ZrCls, LiNMe,, and [PhNMe|[B(C¢Fs)s] were purchased from Strem
Chemicals, and used as receiveemé&hylpyrrolidine, 2,8ransdiemethylpyrrolidine,
andZtert-butyl-3-ethylcarbodiimide were purchased from Sigma Aldrich and used as
received\,N-diethylcarbodiimide was prepared accordingrevpusly reported
procedures and dried over Calbefore use.l-hexene was purchased from Sigma
Aldrich and dried over Na/K alloy and was vacuum transferred prior to use. Polymer
grade propene and ethene were purchased from Matheson Trigas, and parssed ov
activated Q5 and molecular sieves.

Instrumental:

GPC analyses were performed using a Viscotek GPC system equipped with a

column oven and a differential refractometer both maintained at 45 °C and four columns

also maintained at 45 °C. THF was used asthent at a flow rate of 1.0 mL/min. ;M

9(



My, and M,/M,, values were obtained using a Viscotek GPC with OmniSEC software and
ten polystyrene standards (%80 Da to 3150 kDa) (Polymer Laboratories).

'H NMR spectra were recorded at 400MHz with benzgneFor polymer
samples®C NMR spectra were recorded at 600 MHz and 150 MHz, respectively, using
1,1,2,2tetrachlorethane, at 110 °C with a BrukeAVIIl -600MHz spectrometer
equipped with a Bruker 5 mm C13/H1 dual probe with Z gradi@péctra wereecorded
under the following conditions: 45° pulse; without NOE; acquisition time, 1.2 s;
relaxation delay, 2.0 s; >10K transients.

Differential ScanningCalorimetry (DSC) thermograms were collected drfa
DSC Q1000 system with a heating and cooling o&tor 10°C/min. All samples were
prepared in hermetically sealed pans- mg/sample) and were run using an empty
pan as a reference and empty cells as a subtracted baseline. The samples were scanned for
multiple cycles to remove recrystallizatiorifdrences between the samples and the
results reported are of the second and third scans in the cycles.

Elemental analyses (C, H, and N) were performed by Midwest Microlabs,LLC.
Synthesis of Cp*Zr[N(Et)C(NMe2)N(E)]CI , (54):

A solution of 0.026 g (60 mmol) LiNMe in 5 mL of EtO was cooled te25 °C.
A precooled solution, te25 °C, of 0.049 g (0.5mmol) ®&f.N-diethylcarbodiimide in
5mL EO was added and allowed to stir for 1h while warming up to ambient temperature.
The resulting reaction mixturgas recooled to-25 °C and then added to a suspension of
0.166 g (0.50 mmol) Cp*Zr@in 20 mL of EtO, precooled te25 °C. After stirring 16h
at ambient temperature the reaction was filtered through a pad of celite whereupon the

volatiles were removedThe product was extracted with minimal toluene and filtered
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through a plug of celite. Approximately double the amount of pentane was layered on
top and allowed to crystallize &5 °C to give product as a orange crystalline material
(0.115q, 52% yield Anal. Calcd for GH31NsCl.Zr: C, 46.45; H, 7.11; N, 9.56. Found:
C, 46.60; H, 7.10; N, 9.39"H NMR (400MHz, benzenés, 25 °C):! 1.06 (t, 6H), 2.04
(s, 15H), 2.11 (s, 6H), 3.11 (g, 4H).
Synthesis of Cp*Zr[N(Et)C(NMe2)N(Et)|Me, (58):

Methyl lithium, 0.21 mL (0.38 mmol, 1.84M in £2), was added dropwise to a
precooled solutionat-70 °C,of 0.080 g (0.18 mmol) (Et, Et, NMg&p*ZrCl, in 5mL of
Et,O. The reaction was stirred for 2h while warming up to ambient temperature
whereupon the&olatiles were removed. Minimal pentane was used to extract the product
and filtered through a plug of celite. The solution was concentrated down by half and
crystallized at25 °C to give product as a white crystalline material (0.042g, 44%). Anal.
Calcd for GgHs7/NsZr: C, 57.23; H, 9.35; N, 10.54. Found: C, 57.09; H, 9.21; N, 10.36.
H NMR (400MHz, benzené,, 25 °C):! 0.29 (s, 6H), 1.02 (t, 6H), 2.01 (s, 15H), 2.30
(s, 6H), 3.00 (q, 4H).
Synthesis of Cp*Zr[N(Et)C(2-methylpyrrolidine)N (Et)]Cl 2 (55):

A solution of 0.043 g (0.50 mmol}@ethylpyrrolidine in 5mL of EO was
cooled to-25 °C. 0.25 mL of nBuLi (0.5 mmol, 2.0M in hexanes) was added dropwise to
the chilled solution and allowed to stir for 3h while warming up to ambient temperature.
A solution of 0.049 g (0.5 mmol) of, precooled-&5 °C,N.N-diethylcarbodiimide in
5mL EtO was added to the cooled reaction mixture and allowed to stir for 3h while
warming up to ambient temperature. The resulting reaction mixture vcasled to-

25 °C and then added to a suspension of 0.166 g (0.50 mmol) Cpiz &0 mL of EtO,
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precoolel to-25 °C. After stirring 16h at ambient temperature the reaction was filtered
through a pad of celite whereupon the volatiles were removed. The product was
extracted with minimal toluene and filtered through a plug of celite. Approximately
double theamount of pentane was layered on top and allowed to crystalli2b &t to

give product as a yellow crystalline material (0.139g, 58% yield). Anal. Calcd for
CooH3sNsCloZr: C, 50.08; H, 7.36; N, 8.76. Found: C, 50.17; H, 7.41; N, 8'BONMR
(400MHz,benzeneds, 25 °C):! 0.86 (d, 4H), 1.08 (t, 6H), 1.24 (m, 1H), 1.51 (p, 1H),
2.10 (s, 15H), 2.64 (t, 1H), 2.86 (m, 1H), 3.04 (sextet, 2H), 3.30 (m, 3H).

Synthesis of Cp*Zr[N(Et)C(2-methylpyrrolidine)N(Et)]M e, (59):

Methyl lithium, 0.28 mL (0.46 mmol,..66M in EtO), was added dropwise to a
precooled solutionat-70 °C,of 0.106 g (0.22 mmol) (Et, Et; 2
methylpyrrolidine)Cp*ZrC} in 5 mL of EtO. The reaction was stirred for 2h while
warming up to ambient temperature whereupon the volatiles were edmdinimal
pentane was used to extract the product and filtered through a plug of celite. The solution
was concentrated down by half and crystallize@&t°C to give product as a white
crystalline material (0.042g, 44%JH NMR (400MHz, benzends, 25 °C):! 0.21 (s,
3H), 0.37 (s, 3H), 1.01 (m, 10H), 1.60 (p, 1H), 2.06 (s, 15H), 2.90 (t, 1H), 3.06 (M, 6H),
3.39 (m, 1H).

Synthesis of Cp*Zr[N(tBu)C(NMe2)N(Et)]CI 2 (56):

A solution of 0.10 g (2.0 mmol) LiNMen 5 mL of EtO was cooled te25 °C.
A precooled solution, te25 °C, of 0.25 g (2.0mmol) of-tert-butyl-3-ethylcarbodiimide
in 5 mL EtO was added and allowed to stir for 1h while warming up to ambient

temperature. The resulting reaction mixture waso@ed to-25 °C and then added to a
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suspension of 0.67 g (2.0 mmol) Cp*ZrCls in 40 mL of Et,O, precooled to -25 °C. After
stirring 16h at ambient temperature all of the volatiles were removed and the solid was
extracted with toluene before being filtered through a pad of celite. The solution was
reduced to approximately three milliliters and allowed to crystallize at -25 °C to give
product as a yellow crystalline material (0.831g, 89% yield). Anal. Calcd for
C19H35N3CLZr: C, 48.80; H, 7.54; N, 8.99. Found: C, 49.08; H, 7.62; N, 8.07. 'H NMR
(400MHz, benzene-dg, 25 °C): ! 1.06 (t, 3H), 1.32 (s, 9H), 2.08 (s, 15H), 2.16 (s, 6H),
3.04 (q, 2H).

Synthesis of Cp*Zr[N({tBu)C(NMe,)N(Et)]| Me, (60):

Methyl magnesium chloride, 0.67 mL (3.1M in THF), was added dropwise to a
precooled solution of, at -70 °C, of 0.47 g (1.0 mmol) [tBu, Et, NMe,|Cp*ZrCl, in 40 mL
of Et,;O. The reaction was stirred for overnight while warming up to ambient temperature
whereupon the volatiles were removed. Minimal pentane was used to extract the product
and filtered through a pad of celite. The solution was concentrated down by half and
crystallized at -25 °C to give product as a white crystalline material (0.182g, 45%). Anal.
Calcd for Co HayN3Zr: C, 59.10; H, 9.68; N, 9.85. Found: C, 59.01; H, 9.41; N, 9.86. 'H
NMR (400MHz, benzene-ds, 25 °C): 1 0.37 (s, 6H), 1.15 (t, 3H), 1.4 (s, 9H), 2.14 (s,
15H), 2.52 (s, 6H), 2.94 (q, 2H).

Synthesis of Cp*Zr[N(tBu)C(2-methylpyrrolidine)N(Et)] Cl, (57):

A solution of 0.17 g (2.0 mmol) 2-methylpyrrolidine in 5 mL of Et,O was cooled
to -25 °C. 1.38 mL of nBuLi (1.6M in hexanes) was added dropwise to the chilled
solution and allowed to stir for 3h while warming up to ambient temperature. A solution

of 0.25 g (2.0 mmol) of, precooled to -25 °C, 1-tert-butyl-3-ethylcarbodiimide in 5 mL
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Et,O was added to the cooled reaction mixture and allowed to stir for 3h while warming
up to ambient temperature. The resulting reaction mixture wesoted to-25 °C and
then added to a suspension of 0.67 g (2.0 m@potgrCls in 40 mL of EtO, precooled
to-25 °C. After stirring 16h at ambient temperature all of the volatiles were removed and
the solid was extracted with toluene before being filtered through a pad of celite. The
solution was reduced to approximately two milliliters and allowed to crystalliz5aC
to give product as a yellowrange crystalline material (0.703g, 69% yield).Anal. Calcd
for CooHagNsCloZr: C, 52.05H, 7.74 N, 828. Found: C52.23 H, 762; N, 807. *H
NMR (400MHz, benzenes, 25 °C):! 0.65(d, 3H), 1.02 (s broad, 3H), 1.40 (s, 9H), 1.50
(m, 1H), 2.12 (s, 15H), 2.69 (t, 1H), 3.33 (m, 3H).
Synthesis of Cp*Zr[N(tBu)C(2-methylpyrrolidine)N(Et)|MeCl (61):

Methyl magnesium chloride, 0.67 mL (3.1MTikF), was added dropwise to a
precooled solution, a0 °C, of 0.47 g (1.0 mmoljBu, Et, 2
methylpyrrolidine)Cp*ZrC} in 40 mL of E;O. The reaction was stirred for overnight
while warming up to ambient temperature whereupon the volatiles were removed
Minimal pentane was used to extract the product and filtered through a pad of celite. The
solution was concentrated down by half and crystallizedsatC to give product as a
white/pale yellow crystalline materid.421g, 88%) Anal. Calcd for GsH42NsClZr: C,
56.70;H, 8.69 N, 862. Found: C56.73; H, 8.32; N, 8.60'H NMR (400MHz, benzene
de, 25 °C):! 0.13 (s broad, 3H), 0.39 (s, 3H), 1.10 (m, 7H), 1.27 (s, 9H), 1.40 (m, 3H),
1.62 (m, 1H), 2.07 (s, 15H), 2.87 (p, 3H), 3.42 (m, 3H).

Synthesis of Cp*Zr[N(tBu)C(NMez)N(Et)](iBu)Cl (62):
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Isobutyl magnesium chloride, 1.0 mL (2.0 M in THF), was added dropwise to a
precooled solution of, at -70 °C, of 0.93 g (2.0 mmol) [tBu, Et, NMe,|Cp*ZrCl, in 70 mL
of Et,;O. The reaction was stirred for overnight while warming up to ambient temperature
whereupon the volatiles were removed. Minimal toluene was used to extract the product
and filtered through a pad of celite. The solution was concentrated down by half and
crystallized at -25 °C to give product as a yellow crystalline material (0.770g, 79%).
Anal. Calcd for Cp3H44N5ClZr: C, 56.44; H, 9.07; N, 8.59. Found: C, 56.43; H, 8.78; N,
8.98. "H NMR (400MHz, benzene-ds, 25 °C): ! 0.71 (m, 1H), 1.07 (s, 3H), 1.20 (d, 3H),
1.34 (s, 9H), 1.41 (d, 3H), 2.03 (s, 15H), 2.07 (s, 1H), 2.38 (m, 6H), 2.71 (sextet, 1 H),
2.96 (sextet, 1H).

General polymerization of propene in chlorobenzene:

A solution of the precatalyst (0.025 mmol) in 0.5 mL chlorobenzene at -10 °C
was added to the [PhNMe;][B(C¢Fs)4] (0.026 mmol) and agitated until dissolved. The
resulting mixture was added to 29.5 mL chlorobenzene at -10 °C in a 250 mL Schlenk
flask. The flask was charged to 5 psi with propene gas while stirring. Polymerization
temperature was maintained at -10 + 2 °C. The pressure and stirring was maintained for
the duration of the reaction where upon it was quenched with 1.0 mL of methanol and
precipitated into 600 mL acidic methanol to isolate the polymer product. The polymer
was collected and dried under vacuum. The resulting polymers were characterized by
DSC, GPC, and 'H/"*C NMR.

General polymerization of ethene in toluene:
A solution of the precatalyst (0.025 mmol) in cold 0.5 mL chlorobenzene was

added to the [PhNMe;][B(C¢Fs)4] (0.021 mmol) and agitated until dissolved. The
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resulting mixture was added to 29.5 mL toluene at 20 °C in a 250 mL Schlenk flask. The
flask was charged with ethene gas while stirring. The pressure and stirring was
maintained for the duration of the reaction where upon it was quenched with 1.0 mL of
methanol and precipitated into 600 mL acidic methanol to isolate the polymer product.
The polymer was collected and dried under vacuum. The resulting polymers were
characterized by DSC, GPC, and "H/C NMR.

General polymerization of 1-hexene:

A solution of the precatalyst (0.025 mmol) in 0.5 mL chlorobenzene at -10 °C
was added to the [PhNMe;][B(C¢Fs)4] (0.026 mmol) and agitated until dissolved. The
resulting mixture was added to 9.5 mL chlorobenzene and 200eq 1-hexene at -10 °C in a
scintillation vial. The stirring and temperature was maintained for the duration of the
reaction where upon it was quenched with 1.0 mL of methanol and precipitated into 600
mL acidic methanol to isolate the polymer. The final poly(1-hexene) was extracted with
pentane before being dried under vacuum. The polymer was collected and dried under
vacuum. The resulting polymers were characterized by DSC, GPC, and 'H/"°C NMR.
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Chapter 4

Application of Hydrozirconation to Achieve Stereocontrol During
LCCTP

4.1 Background

As mentioned irChapterd, living coordinative chain transfer polymerization
(LCCTP) involves the addition of main group metal alkyl species, typically diethyl zinc,
thatact as surrogate chain growth sites during the polymerization. This exchange process
hasbeen instrumental in overcang the ‘one chain per metal site’ limitation that has
reduced the effectiveness of largeale polymer production with living Ziegiatta
polymerizations One hurdle that has yet to be overcome in regard to this exchange
process is that there idassof stereoselectivity during the LCCTP procedsch canbe
attributed to the transfer of the polymer group between two enantiomers of the active
cationic speciewhen the rate of chain transfeef) is much greater than the rate of
propagation\(p).

The answer to combat this loss of stereoselectiwitgtirly simple to realize yet
more challenging to bring forward. The most obvious way to preserve the
stereoselectivity of the initiator is to create an enantiomerically pure initiator so that there
is only one conformation for the exchanging polymer group to transferas it returns
from the surrogate growth sitd he proposed synthetpathway involves creating
enantiomerically pw, configurationally stabjalkyl halides via hydrozirconatiaof
terpeneso that theyxan be converted to the subsequent medlkyll species available

for use in living polymerizationsA large substituent, such as a terpeoeydinated
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directly to the metal centshould enhance the stereoselectivity under hotALCCTP

and LCCTPconditions

Scheme22. Synthetic route t@®5.

A= A5
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>
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4.2 Synthesis

65 was synthesizeda silylation of the metal using LiSiIM@h ands4 with
concomitant production of LiGh diethyl etherat-70°C while warming to room
temperatur@ver 14 hper previously reported procedu(@heme?2).! As seen with
previous research within the group, it is imperative to perform this transformation in
diethyl ether instead of tetrahydrofunto discourage thdeprotonation of the amidinate
frameinstead of the substitution of the metal cent€omplex65 can then be
transformed into the hydridohloride species through hydrogenolysis (Sch2B)ef the
Zr-Si bondunder aratmospheref H,. This species is remarkably similar, in terms of
reactivity, to Schwartz's reageff. The addition 066 to an external or internal olefin
will result in its insertion into the ZH bondto create the corresponding alcHloride

complex
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Scheme 2. Hydrogenolysis of ZSi bond

e =

H
N__er.u\\cl 2 N__er.n\cl
'’ 7 Y
AN sive,ph ; ZANG ("
> HSiMe,Ph >

66

4.2.1Hydrozirconation of Norbornene

Scheme 2. Synthesis of Cp*Zr(NB)CI[tBUNC(Me)NELt]6{)

Zr Cl Ab N Zr wuCl

/—N/ VsiMe,Ph H, (30 psi)
> Pentane >
RT

It is possible to obtain theorbornanesubstitutedzirconium67 (Scheme24) by
reacting the silylated speciés with 30 psi of H gas to generate the hydridochloride
species in situn the presence of purifietbrbornenainder ambient lightlt is
interesting to note that this reaction does not occur in theathahkill decompose upon
targeted UV photolysisA crystal structure of thexo conformation of theorbornae-
chloridecomplex is shown in Figur®7. Several attempts to methylate the species with
several different methylating agents were unsuccessfutessiti ofthe steric bulk from

the alkyl substituentAnalysis of the soliestate structure @7 reveals subtle structural
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differences of the neutral precatalyst species 51. As shown in Table 9, the lengths of the
Zr-N bonds of 2.2430(19) A for Zr1-N1 is shorter than the same bond in 51 while Zr1-N2
bond is slightly more elongated at 2.2769(19) A for 67. This is likely a result of the
complex accommodating for increased steric bulk on the ethyl side of the species by
pushing the t-butyl substituent out more, thus elongating the bonds. The C-C bond at the
back of the amidinate is comparable to that of 51 with a bond length of 1.509(3) A.
Looking at bond angles in the complex, it is worth pointing out that the angle between
C3-N1-C2 is smaller at 121.3(2) ° while the C3-N2-C4 angle is slightly larger at 125.7(2)
°. The N1-C3-N2 angle is comparable between the two species, but the dihedral angle
between the planes from Zr1-N2-C3 and Zr1-N1-C3 is larger at 21.09(19) ° as the frame

‘torques’ to relieve steric strain with the norbornane group attached to the metal center.



Figure 37.Crystal structure of (lefp1 and67 (right) with hydrogen atoms omitted for clari
ellipsoids for the nofydrogen atoms are shown at the 30% probability level.

Table 9. Selected Bond Lengths and Bond Angles for the Molecular Structutdsaofd

67.
51 67
Bond Lengths (A)
Zr1-N1 2.251(3) 2.2430(19)
Zr1-N2 2.265(2) 2.2769(19)
Zr1-C1 2.273(3) 2.257(2)
Zr1-X C5 Cl1
2.272(3) 2.4529(6)
N2-C3 1.332(4) 1.340(3)
N1-C3 1.323(4) 1.339(3)
C3-C6 1.515(4) 1.509(3)
Bond Angles (deg)
N1-Zr1-N2 58.40(9) 58.82(7)
Zr1-N1-C2 136.4(17) 136.62(15)
Zr1-N2-C4 142.5(16) 140.27(16)
C3-N1-C2 123.5(16) 121.3(2)
C3N2-C4 122(2) 125.7(2)
N2-C3-N1 112.2(3) 111.9(2)
1a 18.3 21.09(19)

2 Angle between the mean pemdefined by the following: Z¥li2-C3 and ZriN1-C3.
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4.2.30ther Terpenes

N 68

Ay 70

Figure 38.Reaction o066 with !-pinene (top) §8), (-)-
limonene (middle)&9), and camphene (bottoni)q).

In aneffort to expand the range of tegnthetic utility of this processther
terpenes suchsegamphene!-pinene, and the antiomerically pure {)-limonene were
screend as olefin sources torovidea pathway to enatiomerically pure zirconium
complexeghat could be used as initiatdfSgure38). The same procedure as in Scheme
24 was employed to successfully synthesize the proposed compkixlesugh 68, 69,
and70were unable to be structurally characterized due to issues with crystathei
generaltructures were confirmed by aMing the Z+C bond to release ioekubstituted

organic product& *H NMR and E}GC/MSwereused toconclusivelyshow the
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successfuproduction of iodeterpenesKigure39). Theparention peaksagreedwith the
expected molecular massrofz 264, with the next major fragment occurringrez 137

to correspond with the loss of the iodide from the organic structure.

a)
] |
n
. ANA,,J]IL'—J’U 'v\/“ : ‘\,\ J)| Ilkz /"\\_,w__.._-,“w g——
b)
|\
\
|
| WL‘ I “ ,' L\ uhl “ |
UL LRI o d Vikisas ™ NN e
¢)
I 1! f '
A v|‘| \Mi ,' Ill A‘fll I‘\ f‘ ‘l lli
IMM,N..AM‘U ik S :vwf '»urmﬂwm,_%w_hy

T T
3.35 1.30 3.25 120 315 310 ppm

Figure 19. Partial'H NMR: 400 MHz, CDC}4, 25°C spectra oft -protons from
idonolysis with (a) kpinene, (b) {)-limonene, and (c) camphene.
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4.3 Chloride Degenerative Transfer Polymerization

Scheme 3. Proposed mechanism of chloride degenerative transfer polymerization.

a
[Zr[*-Py  +  [Zr]-Py = [Zr]-P, + [Zr]*-Py
active dormant dormant active
ethene Kex>> K, ethene
kp P, * kp

I
via [Zr]—Cl—([Zr]

Py

As mentionegreviously in Chapterl, methyl degenerative transfer (MeDeT)
process is used to program stereoerrors into the resulting pddymeeploiting the
metalcentered epimerization about the dormant dimethyl spegiks! chlorides are
configurationdl stable due to the shortened bond distance between the amididate an
metal center blocking the amidinate’s ability to epimerizbe lack of epimerizationf
the dormant speciegdlows for the initiator to engage in a stereoselective degenerative
transfer proces&Scheme25).’ With the inability to dialkylateomplex67, adaptinghis
alkyl chloride for use in chloreldegenerative transfer (ChloDedppearedo be a

feasible optiorfor this compound

Scheme 4. ChloDeT polymerization of ethene usifg.

e == (== _
| .l | [B(CeFs)al >
N—Zry N—Zr* Toluene, RT, 4min n

%;N/ % %;N/ \Me
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To test the ability of 67 to engage in ChloDeT, a polymerization using 51 as the
precatalyst was used. 51 was activated with 49, in a 1:1:1 ratio of 67:51: 49 at 25 °C in
toluene to generate the active zirconium cation and neutral alkyl chloride (Scheme 26).
After four minutes under 5 psi of ethylene gas, the reaction turned turbid and 45
milligrams of polyethylene was obtained after quenching the reacting with acidified
methanol. Although the isolated product was too insoluble for GPC analysis, the material
was able to be characterized by high temperature °C ('"H) NMR to reveal the presence of
a norbornane unit at the end of the polyethylene chain.'”'! Attempts to use 67 in
ChloDeT with propene were unsuccessful, likely due to the steric bulk of the norbornane
substituent. Using ethylene resulted in a poor yield of material despite the normally rapid

polymerization rate seen with the zirconium amidinate system.

IE 2E
13 1E

4E
&2 H& J :1 &S ‘
| 1l ]|
l o | lL._..‘L pa—— - U'__h#__l A -~ J
42 40 38 36 34 32 30 28 26 24 22 20 18 16 14 ppm

Figure 20. BC NMR: 150 MHz, 1,1,2,2-C,D,Cly, 110 °C spectrum and resonance assignments
of norbornane terminated polyethylene.

107



4.4 Cp*Zr(SiMe ,Ph)(Me)[tBUNC(Me)NEt]

4.4.1Synthesis

Scheme 8. Synthetic route t@3.

/ \ MeMgCI / \
N—zr ! eMgC __7ruMe
/—N SiMe,Ph Et,O, -70°C -RT, /—N/ ‘SlMezPh

> 14 h >

71

In an effort to bypass the alkyl chloride spectswas directly methylated using
MeMgClin diethyl ether from70°C to room temperature overnigbtproducerl
(Scheme&7). As expected with the asymmetry of the amidinate frame, the ethyl side N-

C bond is 2.241(2) A compared to a bond length of 2.251(2) A for the t-butyl side N-C
bond. The N-C(CH,) bonds in the amidinate frame are 1.334(3) A and 1.337(3) A which
are in between 1.38 A for a Spf C-N bond and 1.28 A C=N bond indicating that there is
delocalization about the N-C-N fragment of the amidinate. It is also worth noting that the
angle of the N-C-N fragment is 111.8(2) ° and the dihedral angle between the N-C-N

segment and the N-Zr-N is 24.2 °.
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Zrl ’@Cl

Figure 41. Crystal structure of 1 with hydrogen atoms omitted for clarity,
ellipsoids for the nofydrogen atoms are shown at the 30% probability |

Table 10. Selected bond lengths and bond angles for the molecular structure of 71.

Bond Angles (A)

Zr1-N1 2.241(2)
Zr1-N2 2.251(2)
Zr1-Cl 2.291(3)
Zr1-Sil 2.8260(8)
N1-C3 1.467(3)
N2-C3 1.487(3)
C3-C5 1.510(4)
Bond Angles (deg)
N1-Zr1-N2 58.99(8)
Zr1-N1-C2 120.9(2)
Zr1-N2-C4 140.86(18)
C3-N1-C2 120.9(2)
C3-N2-C4 124.4(2)
N1-C3-N2 111.(2)
e 242

* Angle between the mean planes defined by the following: Zr1-N1-C3 and Zr1-N2-C3.



4.4.2Hydrozirconation using 71

Scheme26. Hydrogenolysis of7 1.

7\@ %\ ‘@\ Huy,,, e\ //N

| o H, (30 psi) /er\Me N Zr\H/ N
s . >
/-_- N SiMe,Ph CeDg /L N Me % N
> RT > j ﬁ

51 72

The silykmethyl compound?l, was hydrogenated with 30 psi at room
temperature to yield compléd and what is thought to be a trihydridouclear
complex by'H NMR analysis. The inset in Figurd2 reveals a species containing two
Cp* ligandsin addition to51 that is producedThe proposed hydride product appears to
be unstable at room temperature for more than a few hours based on stability studies of
the species. Attempts to isolate thbydrido speciesesulted in its decomposition.
Similar attempts to hydrozirconawéth isobutylene were also met with failure dbe

instability of the products.
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Figure 42.Partial '"H NMR: 400 MHz, C4Ds, 25 °C of the hydrogenolyis of 71 (top) and
51 (bottom).

45 Conclusions

Novel terpene substituted Cp* zirconium complexes were synthesized by taking
advantage of hydrozirconatioa process that involvessertion of an olefin into a 24
bond, to add desired alkyl groups directly to the megaterin orderinfluence the
stereoselectivity during LCCTRWVith the dialkyl species unable to be synthesized, the
norborranesubstituted species was sened for activity under ChloDebnditions only
to find that it diminished the activity of the irtor making it unsuitable to use. Efforts

to bypass the halogenated species and directly create the dialkyl species through
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hydrozirconation of the isolated and characterized mesihyticomplex were also

fruitless due to the instability of the hydridaermediate produced from hydrogenolysis.
4.6 Experimentals

Materials:

All manipulations were performed under an inert atmosphere of N using standard
Schlenk-line or glove-box techniques. All solvents were dried (Na/benzophenone for
pentane and diethyl ether, and Na for toluene) and distilled under N prior to use.
Benzene-ds was dried over Na/K alloy and was vacuum transferred prior to being used
for NMR spectroscopy. Celite was oven dried at 150 °C for several days before use. (1°-
CsMes)ZrCls, LiNMe,, and [PhNMe;][B(C¢Fs)4] were purchased from Strem Chemicals,
and used as received. 1-tert-butyl-3-ethylcarbodiimide was purchased from Sigma
Aldrich and used as received. Camphene, norbornene, (-)-limonene, and !" pinenewere
purchased from Sigma Aldrich and distilled over sodium before use. 1-hexene was
purchased from Sigma Aldrich and dried over Na/K alloy and was vacuum transferred
prior to use. Polymer grade propene and ethene were purchased from Matheson Trigas,
and passed over activated Q5 and molecular sieves.

Instrumental:

GPC analyses were performed using a Viscotek GPC system equipped with a
column oven and a differential refractometer both maintained at 45 °C and four columns
also maintained at 45 °C. THF was used as the eluent at a flow rate of 1.0 mL/min. M,
My, and My/M,, values were obtained using a Viscotek GPC with OmniSEC software and

ten polystyrene standards (M,=580 Da to 3150 kDa) (Polymer Laboratories).
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'H NMR spectra were recorded at 400MHz with benzgneFor polymer
sample$®C (*H) NMR spectra were recorded at 600 MHz and 150 MHz, respectively,
using 1,1,2,zetrachlorethand, at 110 °C with a BrukeAVIll -600MHz spectrometer
equipped with a Bruker 5 mm C13/H1 dual probe with Z gradi@péctra were recorded
under the following conditions: 45° pulse; without NOE; acquisition time, 1.2 s;
relaxation delay, 2.0 s; >10K transients.

Differential ScanningCalorimetry (DSC) thermograms were collected drfa
DSC Q1000 system with a heating and cooling rate of 5 6€ifin. All samples were
prepared in hermetically sealed pans- mg/sample) and were run using an empty
pan as a reference and emptysal a subtracted baseline. The samples were scanned for
multiple cycles to remove recrystallization differences between the samples and the
results reported are of the second and third scans in the cycles.

GC/MS were collected via a JEOL JMB0 MS Statia instrument with an El
ion source using a temperature program with &CItin ramp from 76C to 300°C.

All samples were prepared at 10 prpblin diethyl ether.

Elemental analyses (C, H, and N) were performed by Midwest Microlabs,LLC.
Synthesis ofCp*ZrCI(SiMe ,Ph)[tBUNC(Me)NELt] (65):

To a solution of Cp*ZrG[tBuNC(Me)NEt] (2.40 g, 5.5 mmol) in 80 mL ED,

18.2 mL (5.5 mmol) of a 0.33 M solution of LiSiM#h in THF was added drapise via
syringe at78°C. The mixture was stirred a8 °C for 1hour before warming up to 25

°C overnight, whereupon the volatiles were removed. The oily red residue was extracted
with minimal pentane and passed through a short pad of celite on a glass frit. Tiee filtra

was concentrated to ~ 3 mL and allowed to tatlige at-25°C in the internal freezer of
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the glovebox. Red crystals were washed with cold pentane and dried (2.15 g, 73% yield).
'HNMR: ! 7.96 (d, 2H), 7.27 (m, 3H), 2.83 (m, 2H), 2.05 (s, 15 H), 1.21 (s, 9H), 1.21 (s,
3H), 0.71 (t, J=7.2 Hz, 3H), 0.66 (s, 3H), 0.51 (s, 3 H). Elemental Analysis and single x-
ray diffraction analysis reported in previous literature.'

General Hydrozirconation Procedure using 65):

In a 50 mL Schlenk tube, fitted with a gas tight valve,
Cp*ZrCI(SiMe,Ph)[tBuNC(Me)NEt] (200 mg, 0.37 mmol) was dissolved in 5 mL of
pentane. A three-fold excess of the terpene was added and the tube sealed. The resulting
solution was degased before being charged to 30 psi of H, gas. The solution was stirred
overnight whereupon the volatiles were removed. Minimal pentane was used to extract
the residue and allowed to cyrstallize at -25 °C in the internal freezer of the glovebox.
Yield for 67: 446 mg (96%); '"H NMR: | 2.89 (m, 1H), 2.76 (m, 1H), 2.58 (d, 1H), 2.15
(s-broad, 1H), 2.07 (s, 3H), 2.05 (s, 15H), 1.76 (s, 3H), 1.33 (s, 9H), 0.86 (t, 3H), -0.33 (t,
1H).

General idonolysis procedure:

The same hydrozirconation procedure using 65 was employed. Once the volatiles
were removed, approximately 1 mL of toluene was added to the crude mixture and
subsequently added to a scintillation vial containing several I, crystals. After stirring for
ten minutes at room temperature, the solution was removed from the glove box and
filtered through a plug of silica. The volatiles were removed; 'H NMR and GC/MS were
used to confirm the synthesis of the iodo substituted products.

(68) camphene — GC/MS (EI) m/z: 264 [C1oHi71], 137 [C1oHy7]; | "THNMR: ! 3.23 (m,

2H).
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(69) !I" pinene- GC/MS (El)m/z: 264[CyoH17], 137 [CioH17]"; # 'H NMR: 1 3.26 (m,
2H).

(70) (-) limonene- GC/MS (Elym/z: 264 [GoHa7l], 137 [CioH17"; # 'H NMR: ! 3.29 (d,
2H).

Synthesis of Cp*ZrMe(SiMePh)[tBuNC(Me)NEt] (71):

To a solution ofcp*ZrCI(SiMe,Ph)[tBUNC(Me)NEL](1.08 g, 2.0 mmol), 0.85
mL of 2.47 M MeMgCl was added drapise via syringe at78°C. The mixture was
stirred at-78°C for 1 hour before warming up to 26 overnight, whereupon the
volatiles were removed. The orange residue was extracted with minimal pentane and
passed through a short pad of celite on a glass frit. Thediles concentrated to ~ 3
mL and allowed to cryshize at-25°C in the internafreezer of the glovebox. Orange
crystals were washed with cold pentane and dried (632 mg, 61% Vidl)MR: ! 7.83
(d, 2H),7.29 (t, 2H), 7.22 (m, 1H), 2.94 (m, 1H), 2.76 (m, 1H), 2.02 (s, 15H), 1.42 (s,
3H), 1.06 (s, 9H), 0.60 (t, 3H), 0.46 (s, 3AM5 (d, 6H).

General Hydrozirconation Procedureusing (71):

In a 50 mL Schlenk tube, fitted with a gas tight valve,
Cp*ZrMe(SiMePh)[tBuNC(Me)NE} (130mg, 025 mmol) was dissolved in 5 mL of
pentane. A threéold excess ofsobutyleng42 mg, 0.75mmo))precooled t625 °C, was
addedquickly and the tube sealed. The resulting solution was degased before being
charged to 30 psi of Hhas. The solution was stirred overnight whereupon the volatiles
were removed. Minimal pentane was used to extracesidue and allowed to
cyrstallize at-25°C in the internal freezer of the glovebox.

General polymerization of propene in chlorobenzene:
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A solution of the precatalyst (0.025 mmol) in 0.5 mL chlorobenzerE)C
was added to the [PhNMIEB(CsFs)4] (0.026 mmol) and agitated until dissolved. The
resulting mixture was added to 29.5 mL chlorobenzer#0atC in a 250 mL Schlenk
flask. The flask was charged to 5 psi with propene gas while stifiatymerization
temperature was maintained-40 + 2 °C The pressure and stirring was maintained for
the duration of the reaction where upon it was quenched with 1.0 mL of methanol and
precipitated into 600 mL acidic methanol to isolate the polymer product. The polymer
was collected and dried under vacuuiie resulting polymers were characterized by
DSC, GPC, andH/*°C NMR.
General polymerization of ethene in toluene:

A solution of the precatalyst (0.025 mmol) in cold 0.5 mL chlorobenzene was
added to the [PhANM#B(CeFs)4] (0.021 mmol) and agitated ulndissolved. The
resulting mixture was added to 29.5 mL toluene at 20 °C in a 250 mL Schlenk flask. The
flask was charged with ethene gas while stirring. The pressure and stirring was
maintained for the duration of the reaction where upon it was geéneith 1.0 mL of
methanol and precipitated into 600 mL acidic methanol to isolate the polymer product.
The polymer was collected and dried under vacuum. The resulting polymers were
characterized by DSC, GPC, at**C NMR.
General polymerization of 1-hexene:

A solution of the precatalyst (0.025 mmol) in 0.5 mL chlorobenzefEC
was added to the [PhNMIEB(CsFs)4] (0.026 mmol) and agitated until dissolved. The
resulting mixture was added to 9.5 mL chlorobenzene and 20begehe at10 °C in a

sdntillation vial. The stirring and temperature was maintained for the duration of the
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reaction where upon it was quenched with 1.0 mL of methanol and precipitated into 600
mL acidic methanol to isolate the polymdrhe final poly(thexene) was extractedth
pentanebefore being dried under vacuurihe polymer was collected and dried under

vacuum. The resulting polymers were characterized by DSC, GPéHAM NMR.
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Chapter 5

‘Chiral’ Amidinates

5.1Background
Returning the methyl substituent to the distal posiwth the results from
Chapters 3 and,4he N-substituent®n the amidinate frambecame th@extavenuego
potentiallyincrease stereoselectivity during LCCTPhe useof alargersubstituent in
addition to an ethyl grouis expected tprovide the same asymmetyg seen ib1, while
providingmore steric bulk at the metal centéhilization of a chiral substituent wil
allow the ligando retain its chirality even with racemization about the metal center. The
retention of this chirality should create the same enantiofacial selective insertion of the
incoming prochiral olefirallowing for stereoselectivity under LCCE®nditions'
Previous success with producing stereoregular polypropylene under LCCTP conditions
with the G-tethered dinuclear analogue&df, due tolocal and regional steric influences,
has also warranted tidacement of the chiral ligand within the dinuclear framevigrk.
Anotheradvantagé¢o using a chiral substituent on the amidinathe expected
production of optically active polymers fropnochrialmonomers (steretectivity). The
optical activity is a result of the helices, formed when highly isotactic polymers
crystallize, adopihg a preferred scressenseand the goal is to us€e ehiral precatalyst
to favor only one helical conformation. Since there is a racemic mist&® it is
understood thahe isotactic material it produces will contaiqual distribution of left

and righthanded heliceand be novoptically active The discriminatiorof the

11€



enantiofacial insertiofrom the chiral group should exhibit the same helical preference

despite racemization, creating an optically active polyolefin.

At
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Figure 43. Different conformations of the-butyl’ (top), chiral (middle),
racemic (bottom) amidinates with respect to the miiiatie:
Conformations of the metal center are arbitrarily assigned.

There has been recent success using chiral initiators to create -@maitted
oligostyrenes*® This has only been successiiith polyolefinsusingstyrene because
the larger the substituent is, the more readily it can prevent the helix from changing
conformations. It is widely accepted thahe smaller the substituent on the polymer is,
the easier it is for the helix to change conformatiohsotherchallengds that high
molecular weight poly(-olefins) possess pseudl symmetry (coined ‘cryptochirality’)
so the net optical rotation is pet Synthesis of optically active polymers is worth
investigating due to novelpticsapplications that these materials might have from their

unique properties.
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5.2 Synthesis

The desired substituted ethyl isocyanate was reacted with both the desired chiral
and racemic amines to undergo nucelophilic attack from the amine to produce the urea.
In regards to the synthesis of the bisureas; hexamethylene diisocyanategamdlens
of amine were used. The resulting products were precipitated into panthtieen
filtered, isolating awhite solid. After synthesis, the ureagere converted to the
carbodiimides via @reviouslyreported procedure via dehydration by
bromotriphenylposphonium bromide and triethylamiteebeisolated as reportédThe

resulting iquids were dried overnight under vacuum before use.

Scheme29. ‘One-pot’ synthetic route to mononuclear amidinate precatalys

1) 3 MeLi, -70°C to -10°C, EtO

Cp*zrCl; 2) TMSCI, -3 °C, EtO \ |

3) EtN=C=N-R, -30°C (0 -10°C, E40 W
t 0-
/—N
SRE

R

51 R =tBu
73 R = (+£)-3-methyl2-butyl
74 R = (+)}3-methyt2-butyl

The mononuclear and the-{nked bimetalliccomplexes51and73-74, were
synthesized by the ofot, direct synthesis previously reportédThe mononuclear
complexes were isolated asspitlespite multiple attempts to yield crystalline materials
with the solvents available. The resulting oils were washed with toluene and dried
several times to remove any impurities before use in polymerizations. Unlike the

mononuclear species, the-@inuclear complexes wesasilyrecrystallizedwvith a 1:2
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mixture of toluene to pentane at -25 °C in the internal freezer of the glove box. Despite
their crystalline nature, multiple attempts to slow down the crystallization process did not
provide single crystals for use in x-ray diffraction. Specific rotations were determined
via polarimetry to be (+) 98.89 £ 1.58° for 76, (-) 84.05 + 1.21° for 77, and (+) 0.48 £+

0.40° for the racemic dinuclear precatalyst (75) in toluene at ambient temperatures.

Scheme 30:0ne-pot’ synthetic route to dinuclear amidinate precatalysts.

M
1) 3 MeLi, -70 °C to -10 °C, Et;0 & >?v[e
Cp*ZrCl; 2 TMSCI, -30 °C, Et,0 _ /Z{
3) 12 R-N=C=N-(CH¢N=C=N-R, ~ R-N N—"\/"N /N—R
-30 °C to -10 °C, Et,O s \/
Me/\s" ™~
Me
52 R=1tBu

75 R = (+/-)-3-methyl-2-butyl
76 R = (+)-3-methyl-2-butyl
77 R = (-)-3-methyl-2-butyl

5.3Propene Polymerizations

5.3.1Dinuclear
Scheme 31General activation procedure for dinuclear amidinate precatalysts.
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It is interesting to note that tlohiral Entry3) and racemicegntry 2) dinuclear
catalysts behave in similar fashiondernonLCCTP conditions.The polymers produce
appear to have the samieysicalproperties such ag;, Tm, Tc, and %nmmnvalues
(Tablell). Itis also interesting th&5 (entry2) is more active thai6 (entry 3) in that
the yield produced frorii5is nearly double of that produced frat Also the racemic
precatalys?5 produces a higher molecular weight,() polymer than the chiral catalyst
76. The PDIs for these polymers also appear broader than what is typically expected for
living polymerizations (<1.10) butan be attributed to logolubility given such high
molecuar weights *H NMR analysisof these materials confirms that these are living
polymerizations from the lack of vinglresonancethat would indicate termination via
hydride elimination

Table 11. Polymerizations opropene with dinuclear precatalysts.

Time* M.° TS T, T, Yield %

Run Precat. DEZ ) (kDa) PDI‘ O O €0 (9 mmmm
1 52 0 3 235 132 -7.1 1128 844 0.30 0.70
2 75 0 3 741 114 96 1119 780 092 0.64
3 76 0 3 665 119 96 1128 777 042 0.63
4 52 10 20 357 251 -194 1069 789 148 0.65
5 75 10 20 597 128 -174 883 547 2.5 0.51
6 76 10 20 402 186 -255 989 710 098 0.54

2polymerizations were terminateg precipitation into acidic MeOH:“? Determined by
gel permeation chromatography (GPC) analydi®etermined by differential scanning
calorimetry (DSC) analysi€Determined byH (600 MHz) and*C (150 MHz) NMR at
110°Cin 1,1,2,2tetrachloroethand,

As seen irFigure44, there imno discernable difference between the polymers
from 76 and75 by **C NMR analysis The two catalysts show some differences from

each other under LCCTP conditions. Therfimnvalue for76is lowerthan expected,

giving rise to the notion that the chitglof the substituent is not influencing the
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stereoselectivity as much as was anticipatéddthe chiralsubstituentgontrolled the
stereoselectivitypy decreasing the(r)my type stereoerror, the sammmvaluewould

have been closer to the &fmmnvalueof the precatalyst under ncw€CTP conditions.

A reduction in then(r)my pentad was expectedthe chirality should be providing more
enantiomorphic site control. Preliminagpecificrotation values indicate that polymers
producedrom 76 are not optically active at the 589 nm wavelength of the polarimeter.
This can arise from several issuesludingdecrease imsotacticity, size of the propene
unit, and lack of influence from the catalyst. It was discovered by Natta and coworkers

that completely isotactic polypropylene will coil into a helix upon crystallization.

|‘mmmm 4)
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215 2.0 205 200 195 pom 20 ns 220 205 20 195 ppm

Figure 44.Partial**C NMR: 150 MHz, 1,1,2,2etrachloroethane,, 110°C of
polypropylene materials from (entrig¢s5, Table 11).
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As seenn Figure44thereare stereoerromst! 20.98 ppm! 20.90 ppm, and
20.68 ppm corresponding to themmmrmmrmmmmrmmm + rmmrmmparmrmr
stereoerrors respectively, that occur with bedtand75, but not52.** These stereoerrors
arise from them,ymy pentad, a restfrom rapid chain transfer, so it is understandable that
the more rapid chain transfer reactions seen Wthnd75 would have more errors of
this type. Unfortunately, based on then@ammvalues, neither the chiral nor racemic
catalysts show more ster@mtrol under chain transfer conditiotian52 (Table11). It
is also interesting to note that the sameisékrtions appear in bottesigns (Figurd5)

and there is not a clear distinction between the two in regards to those insértions.
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Figure 45.Partial**C: 150 MHz,1,1,2,2C,D.Cls, 110°C of LC

CTP

polypropylene from Table 1éntries4-6, showing 2,dinsertions (stars)

5.3.2 Mononuclear

Scheme32 General activation procedure for mononuclear amidinates.
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Polymerizations were carried out based on the following general reaction Scheme
43 at-10°C in chlorobenzene to form the active catispecies by reactg the dimethyl
initiator with 2equivalents of the cocatalyst, [PhNHMB(C.F:),] (49). After the
designated reaction timene polymerizations were quenched anecjpitated with acidic
methanokland isolated b¥iltration. The resulting polymers were dried and characterized
through the use dH and™C NMR to determine their microstructures. They were also
characterized via differential scanning calorimetry (DSC) and gel permeation
chromatography (GPC) to obtain information about their material characteristics

including theT, T, T,, molecular weigh and polydispersity.

Table 12. Polymerization of propene with mononuclear precatalysts

Time& M7 Te T.° T. VYield %
Run Precat. DEZ (h) (ana) PD/ e &) €0 (C) (g mmmrh
1 51 0 3 234 128 -94 1104 785 0.40 0.69
2 74 0 3 80.6 1.08 -10.0 95.8 50.8 0.48 0.50
3 51 10 20 492 118 -17.7 732 284 1.80 0.49
4 74 10 20 3.00 136 -23.1 -- -- 0.58 0.19

2polymerizations were terminated at precipitation into acidic Mé®fDetermined by
gel permeation chromatography (GPC) analydi®etermined by differential scanning
calorimetry (DSC) analysi€Determined byH (600 MHz) and*C (150 MHz) NMR at
110°Cin 1,1,2,2tetrachloroethané-

Precatalys74 (Run 2) is more active than thebutyl’ (Run 1) version as it was
with the diruclear precatalysts, but there is a loss of stereocontrol based omibhefo
values for the two precatalysts (Tat®. This trend was also seen for the dinuclear

precatalyst§6 and75, which can be attributed to the decreased sterics &t¢hebon on

the N-C bond of the amidinate. As evident from the tavld Figure 46there is a loss

12¢€



of isotacticity under chain transfer conditions 7dy indicating that the chirality is not
providingenantiomorphigite control as it did with the dinuclear argues. 76 also
produced a higher molecular weight polymer, which can explain the differences between

the polymers’ physical characteristitg Trm, andT..
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Figure 46. Partial'*C NMR: 150 MHz, 1,1,2 2etrachloroethane,, 110°C of
polypropylenematerials from (entries-4, Table 12).
5.3.3 *Chiral’ vs. tBu Amidinate Frame
When comparing the results obtained from the newly designed cat(&lysts
methyl2-butyl /Et frame) it is worth comparing the resulting polymers’ microstructures
to thoseproducedrom 51, which has also been developed by our grodirstly, 73-74
and75-76 aremore active than thgreviously reported1 (Tablelland Tablel?). This

can be attributed to larger sterics atlthearbon on the amidinate substituent of the
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butyl’ group versus the less crowded ! -carbon on the amidinate substituent of the
‘isopropyl’ group. This can allow for the substituent to rotate around the axial N-C bond
so that the smaller hydrogen replaces the methyl group in the active center. Overall this
reduces the bulkiness in the active center and as a result some enantiomorphic site control
is lost. This issue does not arise when using the t-butyl substituent since there are two

methyl groups on the ! -carbon on the amidinate substituent (Figure 47).

—E‘NAN - Ai—?N)\N
W W

M]
%ﬁl\l\' /N—\ - /Kg Y /N—\
M] M]

Figure 47.Sterics at a-carbon with chiral amidinate design.

From these results it is reasonable to conclude that the decrease in stereocontrol
under LCCTP is not a result from misinsertions, but rather a lack of enantiomorphic site
control. This stems from the precatalysts’ ability to reduce the sterics in the active center
by rotating so that the smaller hydrogen is in the active center instead of the methyl group.
As stated earlier, should the precatalysts have shown to provide stereocontrol under the
LCCTP conditions, the Yommmnwalue for 76 would not have varied much from the
value under non-chain transfer conditions showing that the chirality of the catalyst was

contributing to stereocontrol of the microstructure.

128



5.3.4 Mononuclear vs. Dinuclear Precatalysts

When comparing the dinuclear catalysts to their mononuclear analogues (Table
13) there is a definite advantage of the dinucleacsEs over the mononuclear species.
Overall,76 produced a more isotactic polymer tlaunder the same nddCCTP
conditions. It is also apparent that under LCCTP condiflérvgas able to retain more
stereoselectivity thaM. This trend agrees witlosie recent results that have been found
by our group when comparing cataly§1sand52 under LCCTP conditions (Tablé4d
and12). Itis also interesting that under LCCTP conditiBass substantially more

active thar74 when comparing the yield/time for both of the precatalysts.

Table 12. Polymerizations of propene usifig and76.

Time& M,° TS T. 1. Yield %

Entry Precat. DEZ (h)  (kDa) PDI &) 0 ¢C) (3 mmmms
1 76 0 3 66.5 1.19 -96 1128 77.7 0.42 0.63
2 76 10 2 402 186 -255 989 71.0 0.98 0.54
3 74 0 3 80.6 1.08 -10.0 95.8 50.8 0.48 0.50
4 74 10 20 3.00 136 -231 -- -- 0.58 0.19

2polymerizations were terminated at precipitation into acidic Mé®fDetermined by
gel permeation chromatography (GPC) analydi®etermined by differential scanning
calorimetry (DSC) analysi€Determined byH (600 MHz) and*C (150 MHz) NMR at
110°Cin 1,1,2,2tetrachloroethane,

5.4 1-Butene & Rotations

5.4.1 1-Butene Polymerizations

Scheme 33. General polymerization procedure for poli{atene) with75-77.
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The polymerizations were conducted with 1-butene, a larger monomer well
known to create highly isotactic and crystalline materials, as shown in Scheme 33 using
diethyl zinc as the chain transfer agent in chlorobenzene at -10 °C for entries 4-6. As
expected, 75-77, proved to be adept at polymerizing 1-butene in a living process under
both non-LCCTP and LCCTP conditions (Table 14). GPC analysis of the resulting
polymers confirmed that the molecular weight distributions were monomodal. The
polydispersities obtained from the analysis do not agree with values <1.10 that are
typically expected from living polymerizations but "H NMR analysis (600 MHz
inl,1,2,2-tetrachlorethane-d; at 110 °C) did not reveal any vinylic resonances that would
result from !-hydride elimination confirming that the polymerization proceeded via a
living process. It is no surprise that the initiators have similar activities given their nearly

identical structures.
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Table 13. Polymerizations of -butene usin@5-77.

Time® M. d TS T.° T  Yield %
Run Precat DEZ 4 PDI 03 om of
(h) (kDa) CC) (G (6 (9 mmmmh

1 75 0 3 11.3 178 -38.8 939 582 011 0.88
2 76 0 3 16.2 136 -36.6 94.0 525 0.05 0.88

3 77 0 3 16.7 161 -31.2 975 62.7 0.04 0.93

52.1;

4 75 10 20 1.73 1.28 -- 64.1; 37.9 0.09 0.71
74.2
54.5;

5 76 10 20 1.22 1.36 -- 63.2; 37.6 0.04 0.69
75.5
56.6;

6 77 10 20 433 2.64 -- 66.5; 39.2 0.06 0.71
76.6

2polymerizations were terminated at precipitation into acidic Mé®fDetermined by
gel permeation chromatography (GPC) analydi®etermined by differential scanning
calorimetry (DSC) analysi€Determined byH (600 MHz) and*C (150 MHz) NMR at
110°Cin 1,1,2,2tetrachloroethand,

Thermal analysisf the secontheating and cooling cycldésy DSC Figure48,
reveals that the materials are remarkably similar in terms of their material properties
The polyme samples produced under Rb€@CTP conditions (Tablé4, 1-3) have
comparablél¢'s, Tn's, andTy's. This is expected given that the sterics of the toitsa
which will affect the bulk properties, are completely the same with the only difference
the chirality on theN-substituenof the amidinate frame. Similarities in thgs, Tn's,
andTy's are seen for the materials produced under LCCTP conditiae4, 4-6). It

is interesting to notthethree different melting temperaturiesm the three crystalline

formswere detected with a f&/min temperature program during the analysis.
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Figure 48. DSC thermograms of poly{iutene) materials from Table :

As seen irFigure49, there is not a discernable difference between the polymers
from the initiatorsby **C NMR analysis.Pentad analysis reveals that the initiators are
adept at producing highly stereoselective pelygiene) that is comparable5a which
was studied earlier in Chapteunder noALCCTP conditionsTable 14,1-3). As
expected, there is a decrease inisl¢acticity under LCCTP conditions with the
presence of DEZ in solutiorSeveral stereoerrors tife mymy type are easily

identifiablein the’*C NMR as aresult from rapid chain transfprocess during LCCTP.
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Figure 49. Partial’*C NMR: 150 MHz,1,1,2, 2tetrachloroethane,, 110°C of poly(1
butene) materials from (entriéss, Tablel14).

5.4.2 Optical Rotations

Specific rotations were measurefdeach precatalyst artideir highly isotactic
poly(1-butene) materials from ndcCCTP conditionsin triplicate, using a JASCO P
1010 Polarimeter at 2&Z in a 10 cm cell As expected, the precatalysith the racemic
mixture on the amidinate frame shows a negligdplecific rotation whereas the other
two complexes show large rotations with their reipecigns (Tabld5). Thematerial
produed from76 has an observed specific rotation(9f126.94+ 9.45° and the poly{l
butene) produced froff7 has a specific rotation ¢#) 41.19+ 1.12° It is unclear as to

why the magnitude of the rotation foriXconsiderably less than X given that the
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materials are nearly identical in terms of physical properties and microstrulttisre.

worth noting that the precatalyst appear to have produced polymeric materials with the
opposite sense of handednéproduced a negatively handed material @Agroduced

a positively handed materials of yet, this is the first known instance of an optically

active polymer that is not comprised of oligostyrenes.

Table 14. Specificrotations of dinuclear precatalysts-77 and their poly(ibutene)
materials.

Precatalyst Poly(1-butene)

Entry Precatalyst Rotation Std. Dev Rotation Std. Dev
1 75 +0.48 0.40 - 4.65 2.54
2 76 + 98.88 1.57 -126.94 9.45
3 77 -84.05 1.21 +41.19 1.12

Preliminary specific rotations of the polypropylenes produced from the
precatalysts indicatkithat the polymersverenot optically active.If a chiral precatalyst
is able to produce highly isotactic polymers, then it is expected that there will be a
preferred helix conformation, creating an optically active polynieis likely that the
largersize of themonomerplayed a role in the ability for the optical activity to be
detected.The larger 1butene unitdoes allowfor a more isotactic polymer to be
producedas seen with the amidinate system and it's ability to polymerize larger
olefins? As a resuliof the increased isotacticjtthe polymersvereinherentlymore
crystalline which allows for the helix of the chain to ‘freeaed optical activity tde

detected
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5.5 Conclusions

The precatalysesignsveresuccessfully polymerizeia a living fashion with a
high degree oftereoselectivity They were also proven to be competent initiators under
LCCTP conditions Boththe dinuclear and mononuclear analogues are more active than
the t-butyl’ designs $1 and52) that wereoreviouslyreported by this grougue to the
decreasedteric discriminatiorat the! -carbon on the Mubstituent This decreased
steric discrimination resulted in materials with higher molecular weights and a decrease
in isotacticity. Secondly, the dinuclear design produeetiore stereoregular polymer
under noALCCTP conditions and LCCTP conditiotiean the mononuclear design

Specific rotations of the polypropylenes produced from' théral precatalysts
indicated that the polymes werenot optically active. This can arise from several issues
including lackof crystallinity due to the lossf isotacticityfrom the decreased steric
influence This loss in stereoselectivity can be attributed to a combination of the small
monomer e and less steric influence exerted by the ligand frahaelitionally, witha
racemic mixtureof theprecatalyst it is expected tproducean equal amount of left and
right handed helices creating a specificrotation of zerd® Success in creating
optically active polymersvasfound by switching from propene telduteneunder non
LCCTP conditions The larger monomer unit allows for a higher degree of
stereoselectivity to be achied, thus creating highly crystalline materi&®esults
indicate that theptically active initiators produceptically active materials while the
nonoptically active initiators produced materials with negligible specific rotations.
Further mechanistidigdies are needed to explain the exact nature of the system in

explaining why materials of the opposite handedness are produced

13t



5.7 Experimentals

Materials:

All manipulations were performed under an inert atmosphere of N using standard
Schlenk-line or glove-box techniques. All solvents were dried (Na/benzophenone for
pentane and diethyl ether, and Na for toluene) and distilled under N prior to use.
Benzene-ds was dried over Na/K alloy and was vacuum transferred prior to being used
for NMR spectroscopy. Celite was oven dried at 150 °C for several days before use.
Cooling for the reactions was performed in the internal freezer (-25 °C) of the glove box
used. (! °-CsMes)MCl;, where M=Zr,Hf, and [PhNMe,][B(CsFs)4] were purchased from
Strem Chemicals, and used as received. (S)-(+)-2-amino-3-methylbutane, (+/-)-2-amino-
3-methylbutane, and hexamethylene diisocyanate were purchased from Sigma Aldrich
and used as received. 1-butene was purchased from Sigma Aldrich and used as received.
Polymer grade propene was purchased from Matheson Trigas and passed through
activated Q5 and molecular sieves (4 A) before use. ZnEt, was purchased from Sigma
Aldrich and added to the reaction as a 1.1M (15% wt) solution in toluene. [(! -
CsMes)ZrMe; ]>[tBuNC(Me)NEt] (51) was prepared as previously reported in the
literature.

Instrumental:

GPC analyses were performed using a Viscotek GPC system equipped with a
column oven and a differential refractometer both maintained at 45 °C and four columns
also maintained at 45 °C. THF was used as the eluent at a flow rate of 1.0 mL/min. M,
My, and My/M,, values were obtained using a Viscotek GPC with OmniSEC software and

ten polystyrene standards (M,=580 Da to 3150 kDa) (Polymer Laboratories).

136



'H NMR spectra were recorded at 400MHz with benzdge For polymer
samples>C ** NMR spectra were recorded at 600 MHz and 150 MHz, respectively, using
1,1,2,2tetrachlorethane, at 110 °C with a BrukeAVIIlI -600MHz spectrometer
equipped with a Bruker 5 mm C13/H1 dual probe with Z gradi@péctra were recorded
under the following conditions: 45° pulse; without NOE; acquisition time, 1.2 s;
relaxationdelay, 2.0 s; >10K transients.

Differential ScanningCalorimetry (DSC) thermograms were collected drfa
DSC Q1000 system with a heating and cooling rate of 5 6€ifin. All samples were
prepared in hermetically sealed pans- mg/sample) and weran using an empty
pan as a reference and empty cells as a subtracted baseline. The samples were scanned for
multiple cycles to remove recrystallization differences between the samples and the
results reported are of the second and third scans in the.cycle

Specific rotation was measured triplicates,using a JASCO 010 Polarimeter.
Solutions of 50.0 mg prepared in 10.0 mL of toluene as indicated below were used for
measuring the specific rotations (path length 10 cm, volume 10 mL, 589 nm at 23 °C).

Elemental analyses (C, H, and N) were performed by Midwest Microlabs,LLC.

Preparation of [(+)-3-methyl-2-butyl-NH-CO-NH-(CH»)s-NH-CO-NH-[(+)-3-
methyl-2-butyl] :

To a solution of 3.49 g (40.0 mmoB){(+)-2-aminc-3-methylbutane in 125 mL
CHCl; at 0 °C was added a solution of 3.42 g (20.0 mmoldiigdcyanatohexane in 125
mL CHCl over 30 min. The resulting solution was stirred for 30 min before being
concentrated under vacuum and then precipitated into 500 mL pentane. The product was
isolaied as a white powdera filtration and washed with several portions of pentane

before being dried under vacuum (6.65g, 97.1%)NMR (400 MHz, DMF, 25 °Q: !



0.85 (m, 6H), 0.98 (d, 3H), 1.29 (m, 2H), 1.41 (m, 2H), 1.64 (sextet, 1H), 3.08 (q, 2H),
3.50 (s, SH), 3.59 (sextet, 1H), 5.66 (d, 1H), 5.78 (t, 1H).

Preparation of [(+)-3-methyl-2-butyl]-N=C=N-(CH3)s-N=C=N-[(+)-3-methyl-2-
butyl] :

To a solution of 16.4 g (62.5 mmol) triphenylphosphine in 225 mL CH,Cl, under
a nitrogen atmosphere and at 0 °C was added dropwise, a solution of 9.99 g (62.5 mmol)
bromine in 20 mL CH,Cl, via pressure-equalizing addition funnel over a period of 30
min. After stirring for an additional 15 min, 12.8 g (126 mmol) triethylamine was added
dropwise in a similar fashion into the reaction mixture over 15 min. During the next hour,
8.6 g (25 mmol) [(+)-iPr]-NH-CO-NH-(CH;)s-NH-CO-NH-[(+)- iPr] were added in four
equal portions. The solution was stirred overnight, washed with 125 mL of distilled
water, and the organic layer separated and dried with anhydrous sodium sulfate. After
being concentrated under vacuum, the solution was slowly added into 700 mL cold
pentane, filtered, and the volatiles were removed under vacuum to provide the crude
product as a yellow liquid, which was then filtered through celite and dried under
vacuum; (2.53g, 33.0%); '"H NMR (400 MHz, C4Dg, 25 °C): ! 0.88 (m, 12H), 1.08 (d,
6H), 1.17 (m, 4H), 1.39 (m, 4H), 1.51 (sextet, 2H), 3.01 (t, 4H), 3.13 (p, 2H).

Preparation of [(! °>-CsMes)ZrMe 2]o[N((+)-3-methyl-2-
butyl)C(Me)N(CH2)sNC(Me)N((+)-3-methyl-2-butyl)] (76) :

To a solution of 0.99 g (3.0 mmol) (" °-CsMes)ZrCls in 80 mL Et,O at -65°C was
added a solution of 6.2 mL of MeLi (1.60 M in Et,0) via gas tight syringe over 10 min.
The mixture was stirred for 3 h at -30 °C and then quenched with the addition of 0.3 mL
Me;SiCl via syringe. A solution of 0.24 g (1.5 mmol) [(+)-iPr]-N=C=N-(CH;)¢s-N=C=N-

[(+)- iPr] in 15 mL of Et,O was then added via cannula at -30 °C over 45 min. The
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mixture was stirred for 1 h aB0O °C and then allowed to warm up to room temperature
overnight, after which, the volatiles were removed under vacutra.white residue was
extracted with minimal toluene and filtered through a pad of Celite in a glass frit. The
solution was concentrated to 1 mL where 2 mL of pentane was added and allowed to
crystallize at25 °C in the freezer. The resulting white p@wvdas collected and dried
under vacuum; (0.581g, 47.0%) NMR (400 MHz, GDs, 25 °Q:! 0.29 (d, 12H), 0.86
(d, 6H), 1.00 (d6H),1.10 (d, 6H), 1.59 (s, 6H), 2.01 (s, 30H), 2.93 (m, 6H).
Preparation of [(+)-3-methyl-2-butyl]-NH-CO-NH-Et :

To asolution of 4.36 g (50.0mmol¥f-(+)-2-aminc-3-methylbutane in 125 mL
CHCl; at 0 °C was added a solution of 3.55 g (50.0 mmol) ethyl isocyanate in 125 mL
CHCI; over 30 min. The resulting solution was stirred for 30 min before being
concentrated under vagm and then precipitated into 500 mL pentane. The product was
isolated as a white powdeia filtration and washed with several portions of pentane
before being driednder vacuum(7.40g,94.0%);*H NMR (400 MHz, CDC}, 25°C): !
0.90 (m, 6H), 1.07 (dBH), 1.14 (t, 3H), 1.60 (s, 1H), 1.68 (m, 1H), 3.20 (m, 2H), 3.63 (m,
1H), 4.10 (m, 2H).

Preparation of [(+)-3-methyl-2-butyl]-N=C=N-Et :

To a solution of 13.1 g (50.0 mmol) triphenylphosphine in 225 mLGTHInder
a nitrogen atmosphere and at 0 °C wadea dropwise, a solution of 7.99 g (50.0 mmol)
bromine in 20 mL CKCl, via pressureequalizing addition funnel over a period of 30
min. After stirring for an additional 15 min, 10.2 g (101.0 mmol) triethylamine was
added dropwise in a similar fashiono the reaction mixture over 15 min. During the

next hour, 6.3 g (40.0 mmol) [(+[P1]-NH-CO-NH-Et was added in four equal portions.



The solution was stirred overnight, washed with 125 mL of distilled water, and the
organic layer separated and dried with anhydrous sodium sulfate. After being
concentrated under vacuum, the solution was slowly added into 700 mL cold pentane,
filtered, and the volatiles were removed under vacuum to provide the crude product as a
yellow liquid, which was then filtered through celite and dried under vacuum; (1.40g,
25.0%); *H NMR (400 MHz, CDCls, 25 °C): ! 0.87 (d, 6H), 1.16 (m, 6H), 1.60 (sextet,
1H), 3.25 (m, 3H).

Preparation of [(1°-CsMes)ZrMe 5]o[N((+)-3-methyl-2-butyl )C(Me)NEt] (74) :

To a solution of 0.67 g (2.0 mmol) (*°>-CsMes)ZrCls in 80 mL Et,O at -65 °C was
added a solution of 4.1 mL of MeLi (1.60 M in Et,0) via syringe over 10 min. The
mixture was stirred for 3 h at -30 °C and then quenched with the addition of 0.2 mL
MesSiCl via syringe. A solution of 0.28 g (2.0 mmol) [(+)-iPr]-N=C=N-Et in 15 mL of
Et,O was then added via cannula at -30 °C over 45 min. The mixture was stirred for 1 h
at -30 °C and then allowed to warm up to -10 °C, after which, the volatiles were removed
under vacuum. The white residue was extracted with minimal pentane and filtered
through a pad of Celite in a glass frit. The solution was concentrated to 1 mL allowed to
crystallize at -25 °C in the freezer. Crystals did not form after several attempts to
crystallize so the product was dried under vacuum for several hours and used as the
resulting oil; (0.696g, 84.4%); *H NMR (400 MHz, C¢Ds, 25 °C): ! 0.24 (d, 6H), 0.84 (d,
4H), 0.96 (d, 6H), 1.09 (d, 6H), 1.50 (s, 3H), 1.98 (s, 15H), 2.88 (m, 3H), 3.25 (q, 2H).

Preparation of [(+/-)-3-methyl-2-butyl]-NH-CO-NH-(CH2)e-NH-CO-NH-[(+/-)- 3-
methyl-2-butyl] :

To a solution of 3.66 g (50.0mmol) (§-(+/-)-2-amino-3-methylbutane in 125 mL

CHCI; at 0 °C was added a solution of 4.20 g (25.0 mmol) 1,6-diisocyanatohexane in 125
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mL CHCI; over 30 min. The resulting solution was stirred for 30 min before being
concentrated under vacuum and then precipitated into 500 mL pentane. The product was
isolated as a white powder via filtration and washed with several portions of pentane
before being dried under vacuum;(6.98g, 88.7%); 'H NMR (400 MHz, DMF, 25 °C): |
0.86 (m, 6H), 0.99 (d, 3H), 1.30 (m, 2H), 1.42 (m, 2H), 1.64 (sextet, 1H), 3.09 (q, 2H),
3.50 (s, 10H), 5.67 (d, 1H), 5.79 (t, 1H).

Preparation of [(+/-)-3-methyl-2-butyl]-N=C=N-(CH;)s-N=C=N-[(+/-)-3-methyI-2-
butyl] :

To a solution of 9.84 g (37.5 mmol) triphenylphosphine in 225 mL CH,Cl, under
a nitrogen atmosphere and at 0 °C was added dropwise, a solution of 6.0 g (37.5 mmol)
bromine in 20 mL CH,Cl, via pressure-equalizing addition funnel over a period of 30
min. After stirring for an additional 15 min, 7.65 g (75.0 mmol) triethylamine was added
dropwise in a similar fashion into the reaction mixture over 15 min. During the next hour,
5.1 g (15.0 mmol) [(+/-)-IPr]-NH-CO-NH-(CH,)¢-NH-CO-NH-[(+/-)-iPr] were added in
four equal portions. The solution was stirred overnight, washed with 125 mL of distilled
water, and the organic layer separated and dried with anhydrous sodium sulfate. After
being concentrated under vacuum, the solution was slowly added into 700 mL cold
pentane, filtered, and the volatiles were removed under vacuum to provide the crude
product as a yellow liquid, which was then filtered through celite and dried under
vacuum; (1.70g, 18.5%); '"H NMR (400 MHz, C4Ds, 25 °C): ! 0.87 (m, 12H), 1.08 (m,
6H), 1.17 (m, 4H), 1.39 (m, 4H), 1.50 (m, 2H), 3.01 (t, 4H), 3.12 (p, 2H).

Preparation of [(1°-CsMes)ZrMe 5]5[N((+/-)-3-methyl-2-
butyl)C(Me)N(CH2)sNC(Me)N((+/-)-3-methyl-2-butyl)] (75) :
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To asolution of 0.50 g (1.5 mal) (! >-CsMes)ZrCls in 80 mL E$O at-65 °C was
added a solution of 3.1 mL of MeLi (1.60 M in,8) via gas tight syringe over 10 min.

The mixture was stirred for 3 h-&0 °C and then quenched with the addition of 0.3 mL
MesSiCl via syringe. A solution of 0.23 g (1.5 mm{}/-)-iPr]-N=C=N-(CH,)e-
N=C=N-[(+/-)- iP1] in 15 mL of E3O was then addeda cannula at30 °C over 45 min.

The mixture was stirred for 1 h-&0 °C and then allowed to warm up to room
temperature overght, after which, the volatiles were removed under vacuum. The white
residue was extracted with minimal toluene and filtered through a pad of Celite in a glass
frit. The solution was concentrated to 1 mL where 2 mL of pentane was added and
allowed b crystallize at-25 °C in the freezer. The resulting white powder was collected
and dried under vacuur(.821g, 67.%); *"H NMR (400 MHz, GDs, 25°C): " 0.29 (d,

12H), 0.86 (d, 6H), 1.01 (d, 6H), 1.10 (d, 6H), 1.60 (s, 6H), 2.01 (s, 30H), 2.93 (m, 6H).
Preparation of [(+/-)-3-methyl-2-butyl]-NH-CO-NH-Et :

To a solution of 4.36 g (50.0mmo)¢(+/-)-2-aminc3-methylbutane in 125 mL
CHCl; at 0 °C was added a solution of 3.55 g (50.0 mmol) ethyl isocyanate in 125 mL
CHCI; over 30 min. The resulting soloh was stirred for 30 min before being
concentrated under vacuum and then precipitated into 500 mL pentane. The product was
isolated as a white powdeia filtration and washed with several portions of pentane
before beig dried under vacuum; (7.596.0%); *H NMR (400 MHz, CDC}, 25°C): "

0.90 (m, 6H), 1.07 (d, 3H), 1.14 (t, 3H), 1.64 (m, 1H), 3.21 (m, 2H), 3.63 (m, 1H), 4.08
(m, 2H).

Preparation of [(+/-)-3-methyl-2-butyl]-N=C=N-Et :



To a solution of 13.1 g (50.0 mmol) triphenylphosphine in 225 LT, under
a nitrogen atmosphere and at 0 °C was added dropwise, a solution of 7.99 g (50.0 mmol)
bromine in 20 mL CKClI, via pressureequalizing addition funnel over a period of 30
min. After stirring for an additional 15 min, 10.2 g (101.0 mmol) triethylamine was
added dropwise in a similar fashiono the reaction mixture over 15 min. During the
next hour, 6.3 g (40.0 mmdl(+/-)-iPr]-NH-CO-NH-Et was added in four equal portions.
The solution was stirred overnight, washed with 125 mL of distilled water, and the
organic layer separated and dried with anhydrous sodium sulfate. After being
concentrated under vacuum, theusioin was slowly added into 700 mL cold pentane,
filtered, and the volatiles were removed under vacuum to provide the crude product as a
yellow liquid, whichwas then filtered through celite andedt under vacuum; (0.84
(6.0%); *H NMR (400 MHz, CDC}, 25°C): ! 0.87 (d, 6H), 1.16 (m, 6H), 1.60 (sextet,
1H), 3.25 (m, 3H).

Preparation of [(! °>-CsMes)ZrMe 5]5[N((+/-)-3-methyl-2-butyl )C(Me)NEL] (73) :

To a solution of 0.67 g (2.0 nof) (" >-CsMes)ZrCls in 80 mL E$O at-65 °C was
added a solution of 4.1 mL d&feLi (1.60 M in E£O) via syringe over 10 min. The
mixture was stirred for 3 h aB0 °C and then quenched with the addition of 0.2 mL
MesSiClvia syringe. A solution of 0.2 (2.0 mmol) [(+)-iPr]-N=C=N-Etin 15 mL of
EtO was then addeda cannula &-30 °C over 45 min. The mixture was stirred for 1 h
at-30 °C and then allowed to warm up-i® °C, after which, the volatiles were removed
under vacuum. The white residue was extracted with minimal pentane and filtered
through a pad of Celite in aagls frit. The solution was concentrated to 1 mL allowed to

crystallize at25 °C in the freezer. Crystals did not form after several attempts to
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crystallize so the product was dried under vacuum for several hititsSMR (400 MHz,
CsDs, 25°C) revealedmore than one product was formed. Attempts to resynthesize
cleanly are underway.
General polymerization of propene in chlorobenzene

A solution of the precatalyst (0.025 mmol) in 0.5 mL chlorobenzerE)dtC
was added to the [PhNMIEB(CsFs)4] (0.026 mmol) and agitated until dissolved. The
resulting mixture was added to 29.5 mL chlorobenzer#0atC in a 250 mL Schlenk
flask. The flask was charged to 5 psi with propene gas while stifiatymerization
temperature was maintained-40 +2 °C. The pressure and stirring was maintained for
the duration of the reaction where upon it was quenched with 1.0 mL of methanol and
precipitated into 600 mL acidic methanol to isolate the polymer product. The polymer
was collected and dried undercuam. The resulting polymers were characterized by
DSC, GPC, andH/*°C NMR.
General LCCTP of propene in toluene

A solution of the catalyst (0.020 mmol) in 0.5 mL chlorobenzerg(atC was
added to the [PhNM#B(CeFs)4] (0.021 mmol) and agitated undissolved. 10
equivalentsof 15% wi/w solution of diethyl zinc was added to the activated solution and
agitated. The resulting mixture was added to 29.5 mL toluedd® 4C in a 250 mL
Schlenk flask. The flask was charged to 5 psi with propene gaes stinfing. The
pressure and stirring was maintained for the duration of the reaction where upon it was
guenched with 0.5 mL of methanol and precipitated into 650 mL acidic methanol to
isolate the polymer product. The polymer was collected and dried vacieum. The

resulting polymers were characterized by DSC, GPCdfldC NMR.

144



General polymerization of Xbutene in chlorobenzene

A solution of the catalyst (0.020 mmol) in 0.5 mL chlorobenzer(atC was
added to the [PhNM#B(CeFs)4] (0.021 mmo) and agitated until dissolved. The
resulting mixture was added to 9.5 mL chlorobenzene and 40betgde at10 °C in a
scintillation vial. The stirring was maintained for the duration of the reaction where upon
it was quenched with 0.5 mL of methasmold precipitated into 650 mL acidic methanol
to isolate the polymer product. The polymer was collected and dried under vathem.
resulting polymers were characterized by DSC, GPCdfldC NMR.
General LCCTP of 1-butene in toluene

A solution of thecatalyst (0.020 mmol) in 0.5 mL chlorobenzenel&t°C was
added to the [PhNM#B(CeFs)4] (0.021 mmol) and agitated until dissolved. 10eq of
15% wi/w solution of diethyl zinc was added to the activated solution and agitated. The
resulting mixture was akd to 9.5 mL toluene and 400eq dbdtene at10°C in a
scintillation vial. The stirring was maintained for the duration of the reaction where upon
it was quenched with 0.5 mL of methanol and precipitated into 650 mL acidic methanol
to isolate the polymr product. The polymer was collected and dried under vactite.
resulting polymers were characterized by DSC, GPCdfdC NMR.
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Chapter 6

Conclusions

The living Ziegler-Natta polymerization system based on the pentamethyl
cyclopentadienyl amidinate zirconium 51 was shown to create a wide variety of poly(1-
butene) materials through stereoengineering with reversible group transfer
polymerizations. With substoichiometric amounts of 49, methyl degenerative transfer
polymerization (MeDeT) occurs to program stereoerrors into the polymer microstructure.
Also comonomer incorporation can be tuned through the use of two propagating species
present in solution with activation of 53 with 49 and 63. A careful study of the resulting
polymers reveal a ‘blocky’ structure as one ion pair has a higher affinity for the
propagation of 1-butene than the other ion pair. Scalable quantities of atactic poly(1-
butene) were achieved with the addition of a surrogate chain growth site in living
coordinative chain transfer polymerization (LCCTP).

With the fast and reversible polymer chain group transfer between different
conformations of the initiator via the chain transfer agent (CTA) it is impossible to obtain
isospecific polymers with 51. Guanidinate based initiators were developed to attempt to
impart stereocontrol under LCCTP conditions by creating enanitiomerically pure
initiators through tuning of the distal position on the amidinate frame. Guanidinate
complexes were readily synthesized and characterized. The combination of the extra
steric bulk and electron donation from the distal nitrogen on the guanidinate frame
compromised both the activity and stereoselectivity of the initiators. The increased

electron donation to the metal center allowed for the polymer chains to terminate via ! -
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hydride elimination, thus losing their li\gmature and therefore unsuitable for use in
LCCTP.

The N-sside arms on the amidinate frame were the next viable location for tuning
on the amidinate frame and the same enantiofacial insertion should occur through the
addition of an enanitiomericallyure side group despite the relative conformation at the
metal center. Compounds bearing resolved amidinate side groups were successfully
synthesized and used for living polymerizations, both undet.@&iTP and LCCTP
conditions. The newly designed amithte initiators displayed less stereoselectivity than
the traditional design for both the mononuclear and dinuclear analogues. Interestingly,
polymerizations with butene yielded optically active polymers as a result of the
increased crystallinity andatacticity of the material produced.

The last viable location to attempt to impart stereoselectivity during LCCTP was
the metal center itself. The metal centers were alkylated with large terpene grahes via
insertion of the olefin into a 24 bond poduced by hydrogenation 66. With the
dialkyl species unable to be synthesized, the norbornane-substituted species was screened
for activity under ChloDeT conditions only to find that it diminished the activity of the
initiator making it unsuitable to use. Efforts to bypass the halogenated species and
directly create the dialkyl species through hydrozirconation of the isolated and
characterized methyl-silyl complex were also fruitless due to the instability of the hydrido

intermediate produced from hydrogenolysis.
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