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Abstract

Adam Francis Russell Trinity 2014

Balliol College D.Phil. Thesis

This Thesis describes the synthesis and characterisation -ainalivich complexes supported
by asmi di n a t-geanidinatd ligands as well as the cationic species produced on
activation. The chemistry of the cationic species is detailed and DFT studies which have also

been carried out to elucidate the bonding in relevant complexes are also presented.

Chapter 1 introduces ZiegleNatta catalysis with a focus on Group 4 metals. The
development of pognetallocene catalysts is also detailed and the activation chemistry of

metallocene and postetallocene homogenous catalysts is discussed.

Chapter 2 details the synisis and characterisation of ha#ndwich dichloride and dimethyl
compl exes shapp ori tnealgedmiginatal ligamds. Obtained-rdy structures
are also presented and discussed. DFT studies on the electronic structure of dicationic
metalloceneand postmetallocene fragments, as well as a comprehensive study on the nature

of the TiN bonding in a variety of complexes, are also detailed.

Chapter3descri bes t Hamiadi n aguaridmateconiplexes with methyl
abstracting agernT BF,, to produce cationic species. The trapping of these species withy, OPPh
py and THF to form isolable complexes has also been detailed. DFT studies on the electronic
and geometrical structures of relevant pogtallocene dications, monocations antelis are
presented alongside the thermodynamics of the dimerisation processes. The formation of
bimetallic monoalkylbridged monocations and alklgtidged alkylaluminium trapped cations

is also presented alongside relevant DFT investigations.

Chapter 4 describes the reaction of alkyl cations with unsaturated substrates including
carbodiimides, i socyanates,?*ami tr if-acetemidoaad al
ketimide and alkenyl complexes, respectively. DFT studies are also presented to investigate
the thermodynamics of intramolecular agostic and Lewis basic interactions present in these

species.

Chapter 5 presents full experimental procedures and characterising data for the new

complexes reported in this Thesis.

CD Appendix cortains .cif files for all new crystallographically characterised complexes

described.
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Chapter 1

1.1 General introduction

The discovery of transition metal catalysed polymerisatioalefins in the 1950s by
Ziegler and Nattais of utmostimportance inthe world oforganometallic and, more
generally, inorganic chemistry as a whbfeln the last thirty yearshe interest in
homogenous polymerisation has not only grown butchasged focs from primarily
studying the metallocene complexes ofrdbp 4 to widespreadexploration of
postmetallocenesystems. This is a consequence ofxtensive patenting of the
metallocene catalyst systenas well asfor general interest inhe improvement of
polyolefin catalyss. The plastics industry produces 1.3 X i@nnes of polyethylene,
polypropylene and polystyrene each year worldwide dadstudy ofwell defined
homogenous catalysis invaluable inuncovering the mechanisof polymerisation

andthe fundanental properties of the active species.

Recently Lanxes&lastomers B.Vintroduceda n e w c'lamidinateconiplexes

(as Keltan ACE™) which are very activeolefin polymerisation catalysts artthis
Thesis concerns the study of closedyatedcompoundsPostmetallocenecomplexes
containinga’-amidinate(NC(NR)Ar, R = alkyl) anda’-guanidinatNC(NR),, R =

alkyl or aryl) supportingligandshave been synthesisadd fully characterisedtudies
involving stoichiometric reactivity ofhe cationic monoalkyl speci€fl.MR]", L =
supporting ligand, R = alkylM = Group 4 metalhave been carried out in order to
probe the nature of this catalytically active species. This Thesis will compare and
contrast thereactivity of thedifferent specieshat have been synthesised as well as
look at how they compare to the motraditional metallocene amgbstmetallocene

systems.

This Chapter will give an introductiono homogenousZiegler-Natta catalysis in
generalas well as a overview of a selection ofroup 4 posimetallocenecatalysts
The activation ofGroup 4dialkyl precatalysts by the formation of monoalkyl cations
will be discussed alongside any precedential reactivity of such spe€irally this
Chapter will dscussamidinate and guanidinatsupported complexes and also detalil
previous reactivity studies of a bake €-amidinatesupported titanium catalysthe
reader is directed to several review articles for a more comprehensive ovefview

homogenougieglerNatta catalysis™**
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1.2 Ziegler-Natta catalysis

Ziegler and Natta were awarded the Nobel Prize in Chemistry in 1963 "for their
discoveries in the field of the chemistry and technology of high polyméegjler and
Natta discovered thdteterogeneoupolymerisation of ethylenand propyleneould

be achieved bynixtures oftransition metabnd trialkylaluminium compounds; such
systems included Ti@WIEts." > To this day the majority of industrially produced
polyolefins argproducedn this way. These systems have been widely developed over
the last 50 years and act as efficient and selective catalystsafoy typesof olefin
polymerisation. The main problem with these catalysts is the lack of definition in the
active site. Without a wellefined active site rational catalyst design and
characterisation is difficult and the polymer produced by such a system haada bro
molecular weightistribution This is where the study of homogeisocatalyss finds

its benefits. The molecules which now act as the active sites for catalysis can be
completely defined and characterised by methods such as $ypedroscopypr X-ray
crystallography with relative ease leadingdgical catalyst design

1.3 Metallocene catalysts

Geoffrey Wilkinson, who won a Nobel prize in 19%®)ether withErnst Otto Fischer

Afor t heir pioneering wor k, perfor med [
organometalt , so call ed s araported thensynthesis pfadmBn,d s 0

and CpZrBr; in 1953 In 1957 Natta and Breslow both reported tti@ bent
metalloceneCp, TiCl; in conjunction withEt,AICI or AlEt; could polymerise ethylene

but not propylené® *° This systemwas not idealhowever, as the polymerisation was

slow. Unexpectedly in 1980 Sinn and Kaminsky discovered that addition of a small
amount of watet o met al |l ocene/ al kyl aluminum syste
polymerisation activity®?? This was due to the formation ofiethyl aluminoxane

(MAO) whichis formed fom the partial hydrolysis of trimethylaluminium (TMA) and

can be prepared prior to polymerisationiorsitu. MAO can be usedn generalto

activate a variety of Group 4 metallocens t owar ds et folgfine ne 0

polymerisatiorf™ 2*

Metallocene systems activated with MAO are also capable of polymerising propylene.
One such system is the zirconocene systegZiCh,/MAO. An extra consideration

when polymerisng propylene, due the presence of an extra methyl group per
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monomer, is tacticityThis is defined by the relative chiral arrangement of adjacent
pendant methyl groupsExamples of the principal different stereochemigiogsible

in polypropene can beae in Figurel.1

atactic

/J\/'\/k/k/[ - isotactic
: : syndiotactic
- // ~ N

Figure 1.1Tacticity variation in polypropylene

1.4 Constrained Geometry Gatalysts (CGCs) and ansametallocenes

Following the discovery of metallocene catalystshe 1980s saw a considerable
amount of researcinto catalysts that could control tretereochemistry and thus
microstructure of the resulting paliefin. Variation of metallocenesymmetry was
discovered to be thmain factor in determining the spatiatrangement of the final

polymer!

11 1.2 1.3

Figure 1.2 Postmetallocenesatalysts whicltancontrolthetacticity of polypropylene

The ligand sets investigatedere metallocene based but the two supporting ligands
were linked by amansabridging moiety. This connection prevents rotation of the
ligandshelping towell define thesteric environment of thactve site.Kaminsky and
Brintzinger developedhe C, symmetric zirconocenecatalyst 1.1 which produced
highly isotactic polypropylenethe sterics defined in the active site control the
insertion of each monomer to give this microstructdi®wenet al. later found thatCs
symmetriccomplex 1.2 producel highly syndiotactic polypropylen@. Although not

an ansacompound in 1995 Coates and Waymouth described a sterically crowded
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metallocene compoundL.3 which acted in a similar fashion; although this was not
constrained by a physical briddgee bulky groups led toestricted rotatio’ In the
absence of a physical link the top and bottom ligands could rotate intermittently and
thus the catalyst fluctuates betweehiral and achiral prodirng a block polymer
containingisotactic and atactic sections.

Limited temperature stability and the production of low molecular wepghtmers
under commercially relevant conditioby the metallocenansacatalystsresulted in

the development of new catalysttype, theconstrained geometry catalysts (CGCs)
Steveret al.define a CGG sacid mp | e x i -bondedmoety is knked to one
of the other ligands on the same metfahtre in such a way that the angle measured
bet ween t he ecsgsteinamaithe additional lipaed is smaller than the
compar abl e un b®%? Thig importactalasp bf eatafyst was developed
by Dow?® 3%3 and Exxod™®’ following the discovery of silanbridged
cyclopentadienyamido scandium and titanium catalysts by Bercaw and Okuda
respectively’® *° The general form of 8GC is illustrated in Figure 1.3

R
Q X R = alkyl, aryl
MeSi, M R'=H, alkyl
NOX O M=Tize
| X = Cl, Me
R

Figure 1.3General form of a constrained geometry catalyst (CGC)

CGC catalysts have outstanding performance in ethyjgmigmerisation and in
copol ymer i sat i eokefs The reaBonshfdr supeeor pefibrmancehiese

areas when compared to metallocenes are: a more open coordination sphere, a small
CpeentM-N angle and a reducedpropensity to undergo chain transt&mhe amido

group acts as anaximum three electron donorgf. cyclopentadienide (5 electron
donor) which yields a highly electrophilic metal centre and thesults inits high
prodwctivity as a catalyst. CGCs cdme used in high temperature polymerisation
processes because of their high thermal stalaility produce higdr molecular weight

polymersthantheir metallocene counterparts*?
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1.5Postmetallocenecatalystsand the isolobal analogy

Duein partto extensive patenting of the more traditioGabup 4 metallocene systems
and CGCxew postmetallocenesystems were of great research interest in the 1990s
and onward$®*? Researh efforts directed at new types of catalyst also akbfer a
chance to improve and control resultant polymer properties tandxplore new
monomer combinationg?ostmetallocenesystems aim to replace one or more of the
cyclopentadieyl ligands on the etal centre with a different moiety. A strategy that
has been successfully employed in new ligand design is the isolobal adaledyped

by Hoffman for which he was awarded a Nobel prize alongside Fukari their
theories, developed independentbgncerning the course of chemical reactidis"
When two electronically defined systems are isolobal to one another the symmetry,
shape and energies of the frontier orbitals are similais principle, vinen combined

with the correcsteric propertiescan be powerful in ligand design for new dygsts.

Ligandsrelevant to this projectwhich have been employed because they fulfil the
criteria put forward by thésolobal analogyconsistof an anionicheteroatonbinding

to the metal centrén a -mode.If one considers the cyclopentadiga ligand and
compars the electronic properties to the genéral r m ‘ddundanioric donoyfor
example anmido ligand, the isolobal analogy can be seenoperation(See kgure
14.The frontier orbitals ofdomaolk kdongrannd
orbitals which can interact with the metal centre.

T Drch C?HQ i

: v
L.
|

Figure 1.4 Frortier orbitals of cyclopentadienigendNR?* ligands.

Previous work in the Mountford group has utilised this analogy in the synthesis of
titanium imido compounds such &st'* **“ In this compound the ima ligand is
isolobal to @ but is formally dianionic and sadhe other supporting ligand,
1,4, *triazacyclononane,must be neutral to keep the chargbkalancd in the

compound. DFT calculations show that that the frontier molecular orbitals of
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dicationic imido compound [Ti(NMe)(H3[9]aneNy)]?* (Hs[9]aneNs = 1,47
triazacyclononaneare broadly similar to that of [CpTi]?" in line with the isolobal
analogy*® For in depth computational studies pBp:M]™ the reader is directed to a

review article by J. C. Gredh.

1.5.1 Half-sandwich catalysts

Group 4 complexe®f the form CpM(L)% (M = Group 4 metal, L = supporting
ligand, X = halide or alkyl)which are supported by one cyclopentadienyl and one
a'-boundmonoanionic ligand have been well studi&d?*® The monoanionidigands

act as an isolobal analogue of cyclopentaidieand also possdbe same charge, thus
they can be directly substituted without the need to change the other supporting ligand.
Prominent examples comprise afmide (1.5),*** ketimide (1.6),%*°°
(1.7),>" iminoimidazolidide(1.8),%®°® phosphinimidg1.9°*"? and aryloxidg1.10">"®
supported haltandwich compunds (Figurel.5). The most relevant to this Thesis are

guanidinate

t h &bowndN-donorligands which will be discussed briefly below.

R\ Ti“'"'X R N/Ti'*”ux RZN N/Ti:mux
A X Y X \f X R = Alkyl, Aryl
R NR, R' = Me,H
1.5 1.6 1.7 Ar = Aryl
M = Ti, Zr, Hf
. X =Cl, Me, CH,Ph
R'5 R's R's 2

1.8 1.9 1.10

Figure 1.5 Half-sandwichpostmetallocengrecatalysts
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The first halfsandwich ketimide compleaf the form CEM(NCR,)Cl, (Cp® = CsRN)j
RNF H or akyl, R = alky] was reported in 1986 by Leight al; namely
CpTi{NC("Bu)'Bu}Cl..”® Since thera large number of compounds of this type have
been reported and tlageahas been reviewedl.In CpT{NC("Bu)'Bu}Cl, the bonding

of the ketimide to the metal isa. linear (Ti-N-C, 171.3(9°) indicating that the
nitrogen atom is effectivelysp hybridised and suggests -Mi multiple bonding.
Another important system wher¢éhe ketimide supportindigand is -NC'Bu, was
reported by Dias, Nomura and Zhatig? % 8! However t was over a decade between
the frst reported synthesis of hadndwich ketimide complexes and their recognition
as polyolefin catalysts.

Anothe important and comprehensivelgtudied ligand is the phosphinimide

(1.9 -NPRs;, R = alkyl or aryl) Stepharet al. have investigate@pTi(NPR;)X, (R =

alkyl or aryl, X = halide or alkyl)complexessince the 90s regarding thejeneral
reactivity and polymerisation abili§. Phosphinimide ligands have been shown to
bind ina linear fashion to the metal centre with a shoMond/* "> These attributes

are evidence o& U + 2bonding modebetween ligand andnetal just like Cp The

steric influence of the phosphinimides have also been shown to be comparable with Cp
andit is argued that the steric influence of the ligand is the most important factor in

determining the polymerisation activity in these particislystem§!

The sterianfluenceof the ligand is also thought to be important in aryloxide supported
half-sandwichsystemg(1.10 but in otherst appears to béhe electronic effects that
are considerettey to catalyst productivityHesser?® Tamnt™ ®? and Nomur& have

all investigated iminoimidazolidide ligands (cyclic guanidinates, Figure 1.6 and it
has been suggest ebdndibhghetweethetigand arctitapiancan | n
lead to an increase in catalytic activif? The s i g mRbbnidingcim thes
complexes originates froormal lone pair donation of the amino nitrogens towards
t h en system which means the ligand can be considered up fodari@viaad + 2 °
interaction(Figure 1.6). This electronic arrangement is supporeegerimentallyby
short TiN bond lengths and linear -N-C angles. The activity of complex
CpTHNC(N(Xyl) CH,)2}Bn, is higher than ketimide supported CpNiC'Buy)Bn;
(1600 and 1128 kgnol* h* bar?, respectively) due to the addition of amino nitrogen

donors®®
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R's R's 5
- < <>
| | l
Q /{,MQ"X - (,M\ X = ® @./‘4M'\'"X
RZN\\( X RZN\(N.- RoN \/N.' X
NR, NR, NR,
@ . .
c+2n G+ c+2n
1.7

Figure 1.6 Metatligand bonding interactions for guanidinate supported complexes
a.7).
1.5.20ther post-metallocenecatalysts

Many postmetallocenecatalysts have also beenveé®pedwhich do not contain a
cyclopentadienyl supporting ligan@.? In some instances these have contained
ligands that still ain to imitate Cp, for exampleboratobenzefé®* and

phosphacyclopentadief{yf® supporedcaalysts1.11and1.12

\\\\\\
\\\\\

R = N'Pr,, Ph, OEt
1.11 112

Boratobenzenes are formed by the addition of a boron atom into a cycloped&adien

ring. Since boron contributes onlyanemptgp bi t al t o the °~ syste
not disturbedWhen activated with MAO the catettsgive reasonably high activities

(105 kg mol* h* bart).22 When changinghe N'Pr, substituenbn boron(1.11) to less

sterically demanding substituents Ph or OEt the@ s | ncr e a swywgemr at e o
eliminationr e s u | t-dlefingproductiorf3®* Phosphacydpentadienes are obtained

by the exchange of a single carbonaircyclopentadienideing by a P atom; this

maintains the same ring size as &pwell as the aromaticitatalysts supported by

these igands can give productivitiesmilar to theirCp analogies.Tropidinyl ligands

have been utilised by Bergmahal.as a Cp mimidén complexes such ds14 despite
having a separate 0 and °~ system tHhe |iga

An alternative ligand that can be used in place of Cp is the monoanionic
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tris(pyrazol)boratéTp).°*>? Although this is a faceappingligand it isolobakith Cp;
t he r e-h e dabitalsaralshown langside the ligand in Figurg?.

H 9 o 3
BE @ 12 2L 1o @ L
_.\\\w" ') HHH_Nf\ @\x _C? @\. 0‘ L(:DLQ, -
\o YN M M M
N v
1.14
Figure 1.7 [Tp]’l i gand shown al ong-sainddsymmdetryfooa or bi |

fac-Ls moiety.

These ligands have been used in the Mountford group as Cp surrogates in production
of Group 4 polymerisation catalysthat ar e support e’damidingte Tp ar
ligands?® °* Other Tpsupported Group 4 polyolefin catalysts have also been

investigated by other groups®®
1.6 Metallocene andpost-metallocenealkyl cations

It is generally acknowledged that the actigpecies in Group 4 based olefin
polymerisation catalysis is of the formMR]* (L = supporting ligands, M = Group 4
metal, R = alkyl group)The nature of the active speciesof great importance in the
fundamental understanding of the mechanism of mlgfblymerisation.Once one
understandshe metanisns, deactivation reactions and structure activity relationships
better catalysts can be designebhis Sctionwill present aconciseintroduction into

the area of cationic Group 4 metal alkyl comple&ed their reactivity. Tis subject

area has been extensively reviewed 1%
1.6.1Historical background

The suggestion of a cationic active species in olefin catalysis occurred not long after
initial reportsof the polymerisation activity of TiGIAIEt; by Ziegler in 1953%
Newburg, Long ad Breslowsuggested that the active agent was a highly polarised
bimetalic specieg1.15 containing Ti and Al bridged by chlorif&chemet.1).*- 12

10
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cl 5 Cl s
cp,Ti” — ~ cp,Ti” VARG
AN N
R R
1.15
s Cl s 5 Cl 5
co,Ti7 MARG ——= cp,Ti ARG
\)( R CH,CH,R

Schemel.l Insertion @ ethylene into dighly polarised bimetallic speci€s.15).

Conductivity and electrodialysisuglies by Shiloet al. suggested thahe catalytically
active species in polymerisations dstually cationic!® '°* Direct evidence for the
involvement of a cationic active species was provided by electrochemical synthesis of
[Cp.TiMe]" in CHxCI, carried out by Dyachovskiccordingly polymerisation only
occurred only inthe cathodechamber® The idea of an ionic active species in a
process which was carried out in Apolar solvents was not well eepted at the time.
Curiositywasrevitalisedin 1985 when Eisclet al. provided chemical evidence for the
existence of a cationic active species by isolating, TgMe ;SICCPhMe}][AICI 4]
(1.16); this was synthesised by the insertion of the alkdh€CSiMg into thethen
postulated Cp,TiMe] " (Schemel.2).% This type of reaction modethe insertion of
ethylene into the i¥C bond.

P AICI,Me
CpaTi{_ . [Cp.TiMel" [AICI
cl
I PhCCSiMe;
@
CPZTIISiM%
Me “pn
1.16

Scheme 1.2 The first example of anisolable insertion product (1.16 formed by

insertioninto the T+C bond ofa titanium methyl catian

In 1986 both Bochmann and Jordan made important contributions in thislarean
et al. reported the synthesis p€p,ZrMe(THF)][BPhy] (1.17) which was structurally

11
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characterised and shown lavepolymerised ethylen¥’ This was the first time that
Group 4 cations were shown to polymerise ethylene without alkyl aluminium
cocatalysts.Bochmann et al. reported titanocene analogua@s the same year
[Cp2TiMe(L)][X] (L = NH3, NCR, pyridine, X= BPh, PF); however the presence of
the stronger Lewis basaseant these complexebowed 0 activity towards ethylene
polymerisation-’® 1%

1.6.2Preparation of Group 4 alkyl cations

The possibility of performing polymerisation the absence of MA@ombined with
the potential to undertake oinistic investigations hasdleo a large amount of
research intothe different methods of preparing monoalkyl casohere are a
number of general synthetic routes to Group 4 alkyl catidrich have been reviewed

and will be discussed belott’
1.6.2.1Protonolysis

Ammonium sak have been used to generate alkyl catigiasprotonolysis of MR
bonds an example of thissithe generation of [GiMe(NH3)][PF] from Cp.TiMe;
and [NH;][PFe¢] reportedby Bochmanret al in 19872% Otherammonium salthiave
been used to this effect such as [PhMMNE and [BusNH]*. Treatment of CgZrMe;
with [PhNMeH][BF2q] ([BF20]” = [B(CsFs)4]) produceghe cation [CpZrMe]* with a
[BF2q) counterion.****3 Using protonolysis to generate the alkyl cation leads to the
generation of a Lewis base side product which can bind to the .catierL_ewis base
must be removed from the cation to allow binding of the olefin for polymerisatian
thereforethe presence of Lewis basesiuce catalytic activity** As an alternative to
ammonium salts phosphoniusalts can be used in the samévé® If one employs
bulky phosphonium ions such as EBY]" and [MesPH]" the resulting phosphine
does not cordinate to the generated cation whiblenleads toa productive catalytic
systent®

1.6.2.2Lewis acids

The lorane compounttis(pentafluorophenytjorane BF;s) is a strong Lewis acid and
as such can be used for taetivation of Group 4alkyl based olefin polymerisation
precatalysts. This was employed by Markset al. in 1991 to synthesise
[{1,2-(CH3)2.CsH3} 2ZrCHs] [MeBF;5] (1.18 which was the first example ohasolable

and crystallographically charactezis(Figure1.8) cationlike speciesi® Activating in

12



Chapter 1

this fashion leads to no side products tlaild interfere with the catiorgn the other
handthe anion itself ((MeBks]) is known to interact with the catioff. there is an
interacton the complex is best considered as a zwitterian@ecule containing a
methyl bridge between the metal and boron. The extent of interati&ween the
anion and the cationan be determined by the separation of tretaand para *°F
NMR chemicalshifts!** This type of interaction is important to consider sirtcean
obstruct close approach of an olefin monomer to the metalreceduring
polymerisatiorand therefore gnerally the presence of this anion leads to an inhibitory

effect on the polymerisation.

Figure 1.8 Molecularstructure ofl.18*’

1.6.2.3Alkyl abstraction

The most commdy employedagent usetb abstract methyl groups the trityl cation
[PhC]*. Abstractionof the alkyl group (Rjrom the precatalystields the formation of
PhCR alongside thecorrespondingcation**® This method of activation is the most
releventto this Thesis ands utilised in Chapters 3 and. £quaton 1.1 shows
activation ofrac-ethylenebis(indenyl)dimethylzirconium by way of example.the

trityl cation is coupled with an anion such as tetrakis(pentafluorophenyl)borate
([BF2q]) the product is a cation accompanied by a-imb&racting anion, whichcts as

highly active polymerisation catalyst

13
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\ .Me [CPhg][BF 5] \
z _— zr

~
Me ~
% -MeCPhj % Me

Equation 1.1
1.6.2.40ther methods

Early methods of producing cations involved oxidative reagents such aBe[Cp
(Equationl.2) or Ag".'*® Activation of dimethyl zirconocene was carried out by Jordan
et al.in 1986with Ag[BPhy] yielding ethane and silver metal as side produetsch
occurredvia oxidative cleavageof the ZrMe bond'® The itanium (Ill) species
Cp*,TiMe has also been shown tde oxidised by AgBPh, in THF to yield the

monoalkyl titanocenium (I\)this process occusga a oneelectron oxidatior{?°

@ [Cp,Fel[BPh,] @

\Z CH,Ph THF ® CHPh
N > r BPh
“NCH,Ph - Cp,Fe o ‘
§> - % PhCH,CH,Ph §>

Equation 1.2

Another method employed to generate cations is displacemertiasfde by strong
neutral donors e.g. PMen complexes such as ¢pMe(Cl) and IndTiMe(Cl) as

shown in Equatiod.3.

@\T Na[BPh,] @

‘‘‘‘‘ Me PMe, \T.@‘\‘\Me
i > i BPh
~¢ THF “PMe, ¢
< e N
Equation 1.3

1.6.3AlIMe; and its effectson alkyl cations and polymerisation

The dkyl aluminium compoundil,Mes (from now on referred to aslMes) is present
in polymerisation reactions that use MAO as ecatalyst. Alttough this can help the
processby scavenging oxygen and water from the reactibrcan also cause

complicationdor exampleAlMe; can cause variation in catalytic productivity and also

14
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changes in the properties of the polyrifét?® Activation of zirconocenecomplexes
with AlMe3 can lead to a small amount of activity laue significantly less productive
thantheir MAO activated analogué$? The presence of AlMdeads to the formation
of heterdimetallic speciesf the type [L M ( -ez)AIMe,]" (M = Group 4 metal, L =
supporting ligand)which themselves are natatalytically active result in chain
transfer and can also act to deactivate the active spéusgsare also considered to be
catalytic resting staté$>*?” Alkyl aluminium compounds can also have a negative
effect on the polymerisation performance of Group 4 catalggtacting as reducing
agents; titanium(lll) compounds are not electrophilic enough to achieve high
polymerisation activities.The more AlMg present in solubin the more of the

polymerisation inactive heterobimetallic species will be present.

The first adduct of AIMe with a Group 4 alkyl catiorwas reported in 1994 by
Bochmannet al. ([Cp.Z r {Me2)AlMe,]*, 1.19 Figure 1.9. Howevet this was not
structurally characterised®® In 2006 Mountford et al. reported the firstcationic

transtion metal compoundcontaininga  MKleg)AlMe, moiety characterised by-X

ray crystallographyl(.20, Figure 1.9.1%°

Me ci©
\
= %D
Me N = N
\ @ Me Me \: g Me
Zr\ /(AI / Tieee, Me
Me \ N \ Me ci2)
§> Me Bu” Me m_ e
© S
BF20 BFZO ci7
C(S
1.19 1.20 @

Figure 1.9 AlMe3 adducts of alkyl cations. 313!

To reduce the effect of AIMeon the polymerisation process scavengers can be added;
one such scavenger is Ajbtert-butyl-4-methylphenol which is more commonly
referred to as butylated hydroxytoluene (BHJ. This phenol reacts with AlMgto
produce (BHT)AIMe '*? which does not interfere with the active site but can still

scavenge unwanted impuriti&§.*3*
1.6.4 Anion and solventinteractions

Interaction of the anion with the catids important to consider as it can have a

substantialeffed on the polymerisation proces$hese types of interaction occur

15
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because of a low number of valence electrons in the metal centresighificant
interaction exists between the anion and catm the active site is blocketthe anion
must be removed from the active site before pelisation can take plat@ which
has been showm various metallocene ambstmetallocenesystemso involve quite
substantial energied®*® It has already been discussed above that [MdB@rms a
strong interaction with the cationic metal centre to form a zwitterionic molecule.
Equally if the anion reacts with the cation to give a different-axive species then
this too has to be circumvented by the use of a different alti@also worth noting
that anions that are usually considered rawordinating such g8F4 and[PFKj] have
been show to reactwith [Cp,MR]", e.g. reaction of [GZrMe(CH:CN)]" with [PFs]
produces CgZrMeF via fluoride abstractiod™® Even anions such[@Phy]” have been
shown to interacwvith the cationic centre3reatment of ZrBawith dimethylanilinium
tetraphenylborate leads to the formation of [ZiBR{CsHs)BPh)] (1.21) in which the
cationic centre is stabilised by thenion This type of interaction has also been
demonstrated with £14(Ind),ZrMe,.**° Hlatky and Turner reportethat [BPhy] can
even react with cationic species such as pzptle]” to form 1.22which is formedas

a result of GH activation*?

S)

Zl ® \Z ®
r, r
N -
Bn” " R\Qéw BPhg

1.21 1.22

In a searctof noninteracting and noxoordinating anions perftwinatedspecies, the
most popular of which i§BF2g’, were investigatet!®**® [BF.” has been used
extensively in the work discussed in this Thegide infra Indeed in some cases it has
been shown that a molecule of solvent would rather toinlde vacant site of theation
than [BRg]’; this is testamento the aniofs noncoordinating natur&**'® Despite its
weakly coordinating natur¢here have been reports of reactivity with jgF for
example by MEonville and Stephan yielding.23 and 1.24 respectively® **’ 1.23
was formed by the extraction of € from [BFxg] by [(‘BusPN)Ti]* followed by

phosphinimide ligand abstraction aneBbond cleavage.

16
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tBu3P\\ A
N\Ti.\‘CGFS N\T..\“_B(C6F5)2
/" CgFs < / I\CGFS
//N N
BusP Ar

1.23 1.24

Work by Brintzinger and Geyer in 1999 showed using Pulsed Gradient Spin Echo
(PGSE) NMRspectroscopyhat the compound [GArMe][BF,q] exists as a dimein

CsDs, in this case an ion quadruple. Thus the weakly coordinated aniog [B&n

interact with cations sufficiently to form higher aggregdt&dviarks et al. reported

using similar PGSE NMR measurements gbgthat [Cp*ThMe]BF,] exists as only
monomeric tight ion pairst® PGSE reveals that PRhTHF, benzene and toluene
adducts of various zirconocene type systems can exists as ion quadruples or even
hextuples in solution at higher concextions. It is worth noting that the previously
mentioned PGSE experiments were carried out at concentrations above that usually
used in single site catalysis and the existence of these aggregates at lower, more
relevant, concentrations is more unlikelyBochmannhas carried out extensive
research into a series of more complex fluorinated arassd around BEwhich are

of the form[X(BAr3)2]” (X = CN, NHz, N(CN)y; Ar = CsFs, 2-CeF4(CeFs)). The idea

was to create very weakly coordinating anions by delocalising the negative charge over
multiple atoms Accordingly n the casef [CN(BF;5)2] the contribution of the anion

to the activation energy of propene polymerisation with zirconocamalysts was
actually 1.1 kJmo! less than BF,. These anions can have an effect on both the

activity and stereoselectivity during polymerisatigrig®*>*

The solvents generally used in this chemistigy polar due to thé@nic nature of the
compounds and have been shown to form adducts with Group 4 cationder to
stabilise the active speciesOne such example that has been crystallographically
characterised i§Cp,ZrBn(CsHsCI)][BF 2] (1.25 Figure 1.10."° Other examples of
halocarborsolvents bound to transition metals are kndwn® It is possible that the
solvent stabilised cations are resting states in the catalytic cycle anthdhsdlvent
need to be removed from the metal centre before binding and subsequent
polymerisation of the olefin can occurt®® **° The catios in [Cp*ZrMe;][MeBF5]

and [{Me;Si(BuN)(CsMes)}ZrMe][B Fz] are even stabilised by a moleculef

hydrocarbon solvent (toluen&) solutionand the former also in the solid stAt&"°

17
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Figure 1.10Structure of [CpZrCI(CsHsCl)] ">
1.6.5Non-classical interactions

Agostic inteactions have been shown to bmportant in stabilising highly
electrophilic cations'®® *°! These interactions have also been proposed to play a key
role in the polymerisation procesthe e-Me dication [Cp*;Ti{NC(N'Pr,)Ar} -
Me,][BF20)2 (1.264im-[BF20]2, Figure 1.11), which is relevant to this Thesisas been
characterised by Xay crystallography and display@o agostic interactions for each
methyl group, respectively? [Cp,;TiMe][MeBF5] a | s o -agosticiinteiadtions U
which were not crystallographically characterised but determined using IR
spectroscopyneutral compounds such as CpTgvend CpTiMeCl have also been

s hown t o-agdsticsntetactignasidg the same methdt!

- 'ProN 2@

Z />\Ar':2
\ N

1.264;, 2"
Figure 1.11Structurally characterised compounicb n t a iagostin igterddtions?

Computational studies by Clot and Eisenstein havedicted that t h eagostic
interaction is noso mucha result ofelectron donation from the-8 -ifond into the
electron deficient metal centralthough this does occumut is in fact better viewed as
a second order Jatwreller distortion ®® Agostic interactions are identified kayshort
MA A Adistéhce, these occur nptimarily because the <&l bond is acting as a base
but because the tilt of the GHroup allows thelcy, orbital to pick up a additional
stabilising interaction from different lower energy-orbital. The extent to which this

tilting occurs is a balance of the overlap and energetics involNesl.is illustrated in
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Figure 1.12Tilting of the CH; groupa | so al | ows a -Hpotersstiore f f i c i
to occur with the metal centre.

H H
L iy J)'( L "-'-'r,., — .
L"": i Ho o )
H
Higher energy Lower energy
Betler overlap Worse overiap

Figure 1.12Fr ont i er or bi t al s i n wagoktiviateractiom t he f

Jordan et al. have reported the b-C-H agostically stabilised species
[CpMEr(PMes)CoHs]™ (CpNj  sH4M8) which containsa structurally characterised
b-C-H agostic interaction® Greenet al. have used pendant phenyl groups to study
agostic interactionin Group 4 alkyl cation$®® Another somewhat more prominent
example of a nowlassical interaction is that of the so callpdo-interaction which
involvest h &coatlination of a benzyl groupAn example of such an interaction was
reported by Hortoret al. in an alkylzirconium complex supported la tridentate
diamide ligand(1.27) .*** The TiA@,4 interactionmanifests itself in thé*C NMR
spectrum showing a larddcy for the ZrCH group(142 Hz) and aminusuallyupfield
ipsocabon chemical shift 37.5 ppm).

Agostic interactions are also possible betweeiM&ibonds and the metal centre.
Compoundl.16 synthesised by Eiscét al.d i s p | &WyCsagoatic ibteraction with
the metal centravhich is reflected in the upfield®Si NMR resonancey{ -54.9
ppm).1°® Bochmann and Macchioralso suggested their systems containeeV®i
agostic interactions which manifested itself as restlicotation in the NMR spectra of
compound [fac-Me;Si(1-Ind);}M { CH,SiMes}]* (M = Zr or Hf).*°® Likewise Marks

et al. also suspectedhe presence of an agostic interaction in the complex
[(CsHsMe»)2Zr{CH »(SiMe3)}]* which became evident in the low temperature NMR
spectrd®® Work by Mountford et al. in 2005 showed that treatment of
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Ti(N'Bu)(Mes[9]aneNs)(CH.SiMes),  (Mes[9laneNs = 1,4, Ztrimethyltriazacycle
nonang with TBFx ([PheC][B(CeFs)s]) gave species[Ti(N'Bu)(Mes[9]aneNs)-
(CH:SiMes)][BF20] which is stabilised by &-Si-C agostic interactioas characterised
by a high field°Si NMR resonancé-17.5 ppm)” 18

1.6.6Reactivity of alkyl cations

Prior to this ®ction this introduction has centreon the formationand solution
behaviourof Group 4 alkyl cations. Thise8tion will aim to give a brief introduction
into the types of reactivity that have been obsemwél these species. Reactivity of
basefree cations is not only interesting from a fundamental pdinieav but can also

help reveal mechanistic aspects of the polymerisation process.
1.6.6.1Insertion chemistry of alkyl cations

The study of thensertion of unsaturated substrates into the metal alkyl bh®nd
applicableto theunderstanding of thehain growth processes present in ZiegNetta
polymerisation As mentioned previous)yn 1985Eischet al. showed that insertion of
MesSICCPh intothe TiMe bond resulted inhe formation ofalkenyl complex1.16
Shortly after this discoverBochmannet al®® °° showedthat basestabilised cation
[Cp.TiMe(NCMe)]" would react with CO to yield comple%.28 and with'BUNC to
yield complex1.29

Mo
N
= = )
\o.g \© ¢ e e
i i i,
\ O TN, N/\ N Me
%NCMG % Bu By N\_)
© Q H
BPh4 BPh4 Me @Bon
1.28 1.29 1.30

Treatment of [CpTiMe(NCMe)]" with nitriles PhCN andBuCN produceda Lewis
base adductHowever with indenyl supporting ligands and in the presence of excess
nitrile both PhCN andBuCN undergo insertion into the e bond within 1 hour

this increase in reactivity is explained by the increased donor ability of indergp.
Insertionof MeCN and PhCN into the ‘e bond of [CpTiMe][BPhy] can occur but

a longer reaction time is obseryddr exampleacetonitrile takes 2 weeks to reagth

the cation®® °® 1% |n 2006 Mountford et al. showed that imido complex
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[Ti(N 'Bu)(Mes[9]aneNs)(NCMey)(NCMe)]", produced initially from the insertion of
acetonitrile into the FTMe bond of [Ti(N'Bu)(Mes[9]aneNs)Me]*, would rearrange to
createa -diketiminato complex¥.30 over 1month®® Insertion chemistry equivalent
to that described abowsas exhibited by the analogous basabilised zirconocene
compoundL.17by Jordaretal.®® % "% This reactivity is illustrated in Schene3

Me Me

MeCCI/I& /
Mo co

@
szzr/

Scheme 1.Reaction ofL.17with unsaturated substrat¢BPhy]” omitted.

Donor ligands (e.g. ethylene or nitrile) bond to fTie]* by interacting with the

me t agomigl'’ dn the case of nitriles this complex is stable and isolable whereas
with ethylene this is not the case (with electron poor metals). The -nietksl
complexes consequently experience a more significant activation barrier to migratory
insertion than th unstable metadthylene complex. This crucially results in a much
faster insertion into the metal alkyl bond for ethylene than nitriles and thus facile
polymerisation of the ethylene. These nitrile reactions help show, therefore, that it is
important tohave an unstable metalkene intermediate in order for polymerisation of
unsaturated species to occtostmetallocenespecies have also had their insertion
chemistry studied.Stephanet al. have shown their ubiquitous phosphinimide
supportedtitanium and zirconium complexes will undergo insertion chemistry with
carbodii mi des a%adidirale land laemyd cornplexes, respectively;

an example of a carbodiimide insertimnform1.31is shown in Equation 1.4 "2
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i i
|_® PrNCNPr Tionsm
/TI llllllllll Me . N ‘_\ MeBF15
t //N @ BU3P /N Me
BusP MeBF 45 ipr
1.31
Equation 1.4

The inserion of alkenes into MC bonds ofcroup 4 cations has also been investigated.
In 1994 Pellacchiaet al. reported the synthesis dZr(Bn),(CH.CHMeCH:Ph)}
[PhCH,B(CsFs)s)] by the insertion of propene into the-@rbond of [ZrBa{(h®-
PhCH)B(CsFs)3}]. Compoundl.32wasalso synthesised by the insertion of propene
into the ZrC bond of [Cp*ZrBn]* and wasisolated and characterised by NMR
spectroscopyand shown to contaim backbiting PhZr interactionwhich acts to
stabilise the cationic metal ceet this compoundwas later characterised by-rdy
crystallography.The PRZr interaction results in a stability in the complex towards
b ot thydrdgen elimination and further propene inserti@ther higher olefin

insertion products could also be isolatedi characteriset®*"*

: tBlu "Bu
\_® .CH,Ph N

Me,Si Zr
Zr 220/ L
/ N
Me Bu
1.32 1.33

Hortonet al. reported the products of alkene insertion itite TtMe bond ofdiamide
supported complexX Me,Si(NCMe;)} ZrBn|[BF,q]. Reaction with ihexene produced

the isolable productl.33 the insertions of ethylene and propylene could be observed
on the NMR scaléut the products could not be isolaté&&bmpoundl.33 was also
found to be stabilised by a £ interaction as evident in tH&C NMR. An interesting

point to note is that the alkenes only reacted with the monomeric catalyst and the
dimeric catalyst persied in solutiort’> Baird and Budzelaar havalso published
papers in the last few years regarding the formaifatitanium alkyl species resulting

from alkene insertion into the -Nle bond*"®*"®
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CHMe'Bu Ho it
/ CHB
CpoTi—C /e o C/CHztBu
’ I H .
N/ H Cp,Ti—CH, PTi—
1.34 1.35

Figure 1.13Cationsl.34and1.35stabilised by agostic interactions.

Insertion of 3,3dimetyl-1-butene (DMB) into the FMe bond of the solvent
stabilised monomethyl cation [gfiMe(CD.Cl,)]" results in the formation of complex
1.34 which can be characterised by NMR spectroscopy a2095K. 1.34is thought

t o be st abagobsiicaneedctidnwhich is reflected in the 7 ppm separation
of t-®He protbns and in the geminal couplirapnstant.On standing1.34 is

t hought t éwydrogendeimiration tb give [GBiH]" which then inses
excessDMB to yield 1.35wh i ¢ h e x i-ayostc stabdisedaspes in fast
exchange with its neagostic analogu¥® A s i magostia staffilised species is
also formed from reaction of [GPiMe(CD.Cl)]" with 2,4dimethytl-pentene
(DMP). In this reaction G iMe; is treated witHPhsC][BF20] (TBF2g) in the first step
resulting in a mixture of species which are assigned agTjMp(CD.Cl,)][BF2q],
[Cp:TiMe][BF] and [(CpTiMe),( éVe)][BF. On addition of alkene DMP only
[Cp2TiMe(CD:Cl,)][BF2q] reacted{Cp,TiMe][BF2q] did not react with DMP nor did it
re-equilibrate to forn{Cp,TiMe(CD.Cl)][BF2q]. In the publicationit does note that a
reviewer is not compelled by the existence of bfEp,.TiMe(CD,Cl,)][BF2q and
[Cp:TiMe][BF»] and suggested the existence of a dimeric spéties.

1.6.6.2Lewis acid-base chemistry

Alkyl cations are well known to form adducts with Lewis bases as previously
mentionedand the early examples of alkyl cations were isolated as adducts as
previously discussedxamples of Lewis bases used in this chemistry include RCN,
PRs, THF, pyidine, NR;. Strongedonorssuch as PRwill replace moderately labile
donors such as MeCNubTHF, being a weaker donowill not.*®® The number of
Lewis base donors that can bond to the metal centlepisndenbn the ionic radius of

the metal. For example titanium can formv&8ence electromomplexeswith a single
Lewis basewhereas zirconium can fit another ligand if small donor ligands are used

and thus form 18 valence electron cationg, ECp.ZrMe(PMe),]*.1%%17°
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1.7 Project introduction

Lanxess Elastomers hascently introduceds’-amidinate (NC(NRy)Ar, R = alkyl)

catalyss in the form of Keltan ACEM 3162180181 | these compounds the amidinate

ligand bindsto the metal thoroughnly the imide nitrogenvi t h a -inteiactiognl e
and t-imteyactions. Amidinate ligands are ihmeory isolobal withketimide,
guanidinate, phosphinimidand cyclopentadienyl type liganddiscussed further in

Chapter 2 The r eas d-amidinates abilith to acoas + 2donor is the same

as previously discussed for the iminoimidazolidides (cyclic guanidinates) in Section

1.5, in this case the single aminocenitrog

systemasdisplayed in Figurd.14

©)
RoN - 20 RN o
Ar>x;N <—>Ar>:N

R = alkyl
Figure 1.14Mesomeric forms of an anionic amidinate ligand.

The steric properties can be adjusten both the aryl and amirgubstituentf the
ligand with relative easelLanxess Elastomer§ interest in guanidiatesupported
titanium catalysts has also growecently and resulted in a publishpdtent on some
a'-guanidinatesupported catalysts in 2021. The general forms of the amidinate

(1.36 and guanidinatél.37) supported precatalysts are shown in Figlfien

M M = Tior Zr
M, X X=Clor A|ky| M, X
AN N R=Alkylor Ayl ReNS N N
NR; NR;
1.36 1.37

Figure 1.15Representation of pentamethylcyclopentadieatyamidinate (1.36, left)
anda'-guanidinate (1.37, right) supported catalysts.

Thetitanium amidinate complexdgveultra-high molecular weight capabilities in the
polymerisaton of ethylene and also performery well in the cepolymerisation of
ethylene, propylene and dienesthylidenenorborene (ENB), vinyl norbornene
(VNB) and dicyclopentadiene (DCPD) makethe elatomerEPDM (Figure 1.16.
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Prior to this technology L a n EfRDMswas produced using more traditional
heterogeneous vanadium based catalyi$ts. corresponding zirconium complexes are

much less active than their titanium counterpétts.

VNB ENB DCPD

Figure 1.16Dienes used in the production of EPDM
1.7.1General chemistry of amidinates and guanidinates

Both amidines and guanidinean be described as agf-carbonbonded to an imine
nitrogen alongside either one (amidine) or two (guanidine) amine nitrogées.
neutral compounds have bearsed as ligands for organometallic compounds.
However this is notso relevant to this Thesis arithe readeris directed to review
articlesfor further informationt2%*8*

The ligands are usuallytilisedin their monoanionistate!®>*8®

which in realityis best
represented as a mixturef resonanceforms as seen in igure 1.17 for a
N,NNglisubgituted amidinate This representation sees the monoanionic charge spread
over the central NCN unit and as such they arensideredisoelectronic with

carboxylate and allyl ligands

Rs R, Rs
R4 N R4 \ R4 \
N / - \ @ \N
R, N AR —<g@
2 °© 2 2
R1 R1 R1
R3 Rs Rs
N No N
~
R24< <> Rz‘\< <> Rz{g@
No N
/ / /
R1 R»] R1

Figure 1.17N,NNjlisubsitutedamidinateresonance forms

Given this one would theexpect, and indeed it is so, that the most common binding
mode to a metal centfer these amidinates n v o | 3% ieteraction fgure 1.18a))
consi st i rgndsoA oiwpglle G bond between t he
possible but rare(Figure 1.18 (b)); for example Group 21@latinum complex
{CeH3(NMeo)}P{ToINCHNTOol} displays such an interactiofi’ Chelaing amidinates
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are easily synthesised by nucledigchaddition to carbodiimides and thus allows the
production of a large variety of ligands with different steric and electronic
environments. It islsopossible, but more unusual, to have the amtditigand bond
through a discte 0x a n d  d i stype ieteractionvith the metal centre (Figure
1.18(c)). The mor e Zamidinate supparted complexes have been utilised as

olefin polymerisation catalysts and have been well revie\tgd” *°

R R R
Muin,,, / M / Me_ /
"N N N
\IN"A\R \IN)\R \[N)\R
R R R
(a) (b) (c)

Figure 1.18Ligand binding modes

If the amidinate isN,N-disubstituted Imding via a singleanionic imine nitrogen in a
a'-mode, asn 1.36 is possible but examples ageite rare and only a handful of
similar compoundsave beemwrystallographically characterisesbme examips are

illustrated in Figure 1.19

Ph
\\N)\NMez m N \\il ol

N | 0. /
,,,,,,,,,,,,,,, / cl., \ [ .C
z Ti Ti e CL, 1L«
r\N NMez N/ | \O/ \\N /Ta\ /Ta\CI
u N c” | “C \
Ph cl N

SO e
N N = ) NN . (Me3S|)2N
(Me3S|)2N N(SIM63)2

1.38 1.39 1.40

Figure 1.19 Crystallographicallycharacterised complexes contaa *-amidinate

ligand

These complexes have been synthesised by a variety of different mettR&isas

synthesised by the insertion of a nitrile into aadnide bond1.39was synthesised by

sil yl mi g*amidinate and.40by reactien of MeS-NCPh(NSiMe), with

tantalum pentachlorideSimilar to the cyclic guanidinates (iminoimidazolidides)

already discussed in Section 1.54ami di nate | igands can al so
a metal centre. Although the amidingte36) has only one amino nitrogen it can

donatei nt ocynsysteam in a similar fashion toguanidinate (Figuré.20).
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R's R'
< <"
1 \
Mx - C—J,//M'\"'x
Ar\(N.- X ArYN./
NR, @NR,
c+2n

1.36
Figure 1.20Re sonanc e “bidinatsligand{.3¢ @acting as a
G+2° (right) donor to a metal centre.

Literature precedencdor Group 4 a'-guanidinate complexes is far from extensive.
There are only 14 crystallographically characterisgthnium o'-guanidinate
compounds in the literatur€See kgure 1.21) and 12 of them containonly small
variationsof the iminoimdazdidide type ligand The othertwo compounds contain a
mono and bistetramethylguanidine ligand sgt.46and1.47, respectively*** In total
only ca. 50 titanium o'-guanidinate compounds haveee been reporteih literature
and nearly all of these aremtained in asingle patent or in papers by Tamm, Hessen
and Nomura “®® The compound4.46and1.47 havebeen synthesised by Zhaegal.
and are the only structurally characterised-ogclic guanidinate supported titanium

species™

Cp.T{NC(NMe),}Cl (1.46 was synthesised by treatment of ,CiCl, with
LINC(NMey),. Interestingly the addition of a second equivalent of lithiated ligand
resulted in the formation o€pT{NC(NMe,),}.Cl (1.47) via the loss of one Cp
ligand*** In thereportedpatent as welhsin the other reported instances the synthesis

of all the precatalysts proceeds. a similar salt metathesis rouf&®?
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LT . T
R 1l
Tiomn, Pr - Dip .
e T T e
</\f cl \( cl Y cl
N\ \ N_. <\/N
R ipr Dip
R= Ph, 'Bu, 'Pr,
Xyl, Cy,
1.40 1.41 1.42
=\
tg,N N‘t
Bu \ﬂ/ Bu
t,
: Bu-@ T
tBy | Bu | ‘Bu i
T, Tivn, Ti,
L K cie Lo NS Lo \ Me
Y CliMe Y cl Y Me
<\/N‘ &N. <\/N~
Bu Bu ‘Bu
1.43 1.44 1.45
§| | !
Ti\\m | /Ti\\c' By i

Figure 1.21 Structurallycharacterised titanium'-guanidinate complexg¢4.40-1.48).
1.7.2Chemistry of the a'-amidinate catalyss

Due to the importance of bafee cationic species in polymerisatiogactionsit is
important to understand how they behdath in solution and in the solid stati

2010 inor der to explore t he-amdimate polynmeiisatign ¢ h e m
catalyss the dimethyl precatalysCp*T{NC(N'Pr)ArMe, (1.49 A2 = 2,6
CeHsF,) was treated with TBf under various conditions. The general reactivity
investigated is summarised Bchemel.4. Treating 1.49 with 1 equiv of TBko
resulted in the formation ahe first example of a crystallographically characterised
basefree Goup 4 dimeric dimethybridged dicatiof Cp*,Ti-{NC(N'Pr)Ar} ,Me,]**
(1.26im?", Figure 1.2% This isolable compound can be used as a catalyst with the
same polymerisation capabilities as iheitu generated catalyst. The bridging methyl
groupsin this compound form-8entre2-electron bonds with the titanium centres and
interestingly alsoc o nt a i magodtiavioterattions each to the titanium centres.

Reaction of1.26im?" with 1.49 yields the dimeric monomethylbridged monocation
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[Cp*2Ti{NC(N'Pr)Ar 2 ,Mey( evle)]” (1.50). Further treatmentf 1.50° with OPPh
results in the formation of Lewis base stabilised cation
[Cp*THNC(N 'Pr,)Ar 2} (OPPh)Me][BF 2 (1.51") alongsidethe dimethyl precatalyst
1.49 Alternatively direct treatment of.26" with OPPR or activation of1.49in the
presence of OPRAlso yieldsl.5T".

_ _2®
N'Pr.
>~ArF2
Q ? N
| TBF2O 0 5 \T"“‘“\ Men,, T/
Tioun, — > : I~ T
AR NN Me -PhyCMe N M
Me
i CeHsF AP
N Pl'z NiPrz
1.49 1.26,4im2"
OPPh;
CeHsF | TBFyo CgDsCl 1.49
OPPh;3 [-PhzCMe CgDsCl
_ - ®
@' ProN
/Ti'G'?'“'Me OPPhj, -1.49 \_ _Me }xArFZ
A N7\ - P N
\( OPPhs CeDsCl /o Mem g
65 1
i N Me/
Nprz AFFZ‘< ﬁ
NPr,
1.51* L ]

1.50*

Scheme 1.4Synthesis otitanium methyl cationd.26;m>*, 1.50" and 1.51". [BF.q]"

anions omittedor clarity.
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Figure 1.22Crystal structure of .26m>".

Even though a lot of effort has been put into the chemistry of alkyl cations since the
early 1980s onlypne other Group 4 dication has beeported. Sitaet al.reported tke
half-sandwichzirconacenedication [Cp*2Zr{MeC(N'Bu)(NEt)},(e-Me),]**, in 2000
which also contained bridging methyl grodp$The methyl groups were said to have

an unusual trigonal bipyramidaj e o me t r y -agostc intenaationsUbut DFT
studies on this system coupled with the fact that the hydrogens Gvpositonally

refined has lé to scepticism over the true nature of these methyl gr@éips.
1.8 Summary and objectives

This Chapter has describdétie expansionof polyolefin catalysidrom heterogeneous
ZieglerNatta systems tbomogenous metallocene gmdstmetallocenecatalysts.The
isolobal analogy between metallocene apdstmetallocene catalysts has been
introduced. A variety of different methods for the activation of precatalysts has also
been described as well as timeractions that can lead to stabilisation of the active
monoalkyl cation. Various facets of the reactivity of the monoalkyl cations has be
detailed and the devel-ammdnhn atadanidnatdn eav s ¢
catalysts has also been presented. Chagtewill discuss the synthesis and
characterisation of a series of amidinate and guanidswgiportedTi(lV) complexes.

A DFT study of the bonding in these compoundsdlas been carried out and wilk
presented in Chapte2. Chapter3 will focus on he basdree monalkyl cation

chemistry of various complexes in order to elucidate their behaviour and will also
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describe the synthesis and characterisation of various Lewis base ahapter 3

will also present DFT calculations to reveal the electronic structures of the active
cationic species; these calculations will also explain monahmeer equilibria. The

end of Chapter 3 concentrates on the formation of alkyl bridged species initially
discussingmonomethylbridged monocations and later alkyl aluminium additis.
reaction of the alkyl cations with unsaturatedstratess detaled in Chapted along

with DFT studies to facilitate understandinghe polymerisation ability of the
amidinate and theguanidinate supported catalyswill be discussed at the end of
Chapterd.
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Chapter 2

2.1 Overview

This Chapter describes the synthesis and characterisation of a series of
cyclopentadienys u p p o t-a reidd i al-g t @ n i dobi n’dmin@imidazolibides
postmetallocene titanium complexes that can be used in the production of polyolefins.
The dructures of Cp*T{NC(NMey).}Cl, (1), Cp*T{NC(NMey).}Cl, (2),
Cp*T{NC(N(XyI)CH 2)2}Cl; (3), Cp*T{NC(NMe;),}Bn, (5) and Cp*Ti{NC(N(Xyl)-
CHy)2}Me, (7) are also described and various structural parameters used to help
interpret the HN bonding in this series of complexes. A detailed computational study
of the bonding in a range of dimethyl complexes using DFT methods will also be
presented and discuske

2.2 Synthesis of ligand precursors
2.2.1 Amidines

The synthesis of amidines, the precursors to amidinates, can be carried out
straightforwardly by the nucleophilic attack of aryl nitriles by magnesiated secondary
amines, followed by quenching with aopic reagent e.g. MeOHA® (Scheme 2.1).

This simple synthetic method is advantageous when screening for new ligands and as
such, Lanxess Elastomers published a patent in 2005 covering the synthesis of a large
number of amidines as well as the preparatintheir corresponding Group 4
precatalysts. However, this synthetic route can be problematic if the amine is very

sterically demanding; for exampletetitbutylamine cannot be used in this synthesis.

NMgBr NH
1. MeMgBr Ar g H,O Ar
RNH — — L
Toluene
16 h, RT

Scheme2.1 Synthesis of an amidine protigand, R = alkyl.

These compounds can be purified by a variety of methods including vacuum
distillation and recrystallisation. Ehproticligands of particular interest in this Thesis
are those synthesised fromisdpropylamine and either benzonitrile, to produce
HNC(N'Pr)Ph @.1), or orthofluorobenzonitrile to produce HNC(R)Ar™ (2.2).
Work by Mountfordet al, alongside Lanxess Elastomers, previously described the
synthesis and full characterisation21 including the crystal structure followed by the

synthesis and characterisation of the corresponding dichloro and dimethyl complexes
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Cp*TENC(N'Pr,)Ph}Cl, (2.3) and Cp*THNC(NPr)Ph}Me, (2.4), respectively.
Compound?2.2 has been utilised previously, as described in Secti@,1for the
synthesis of the dimethy! precatalyist9and the dimethybridged dicatiorL.26m>".>

2.2.2 Guanidines

Recently Lanxess Elastomers has tested and patented a series-sdntalich
a'-guanidinate catalysts utilising highroughput s@ening method$It was thought

the addiion of the second amine donor to the ligand should help modify the electronic
properties, and hence catalytic activity, of the precatalysts by increasing the electron
density in the N bond. The synthesis of guanidines is somewhat more complex than
that for the amidines and generally involves the use of phosgene, thiophosgene and
ammonia. The ligand precursor 1,1,3t8tramethylguanidine (HNC(NM, 2.5) is
commercially available and so acted as a good initial point for the investigation of
a'-guanidinatesupported catalysts. The ligand precursor HNB(INe), (2.6) was

also utilised in the work to follow and was supplied by Lanxess Elastomers.
2.3 Synthesis of metal complexes

Al | “ame d#& n a-gumnidnaemetml complexes discussethis Thesis were
synthesised from the corresponding prdig@and and Cp*TiC. Initially the ligand is

deprotonated using an alkyl lithium reagent sucPBas.i to yield the lithiated ligand.
This can then be reacted directly with the Cp*¥itol form the dichloride compounds,
by way of example the synthesis of Cp*T{NC(NMgCI, (1) is shown in Scheme

2.2.
MesN i *T;
INAT e MeN AN cpTick /Tii ........ .

—_— —_— Me,N NT N\

NMe, Toluene_ NMe, Toluene, RT Z Cl
RT,10 min . 16 h, 84% NMe,

not isolated
25 1

Scheme 2.5ynthesis oCp*T{NC(NMe),}Cl, (1)

Although the corresponding magnesiated salts of the ligandalsarbe used to form

such complexes it has been found that using the lithiated ligand generally leads to

hi gher isolated vyields. Anot hetamidihateer nat i
a n d-guanidinate titanium complexes is to react the prigand with Cp*TiCk in

the presence of an excess of WNEtFor example, the synthesis of
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Cp*TH{NC(N'Pr)Ph}Cl, (2.3) via this method is displayed in Equation 2.1. This
method, although negating the use"BfiLi, generally leads to lower yields of the
dichloride complexes and as such was not used as a matter of routine for work carried

out in this Thesis.

Ph NH NEt; |

Cp*TiCl,  + \( — ity
: Toluene, RT /N \CI
NP2 46h, 65% g
N'Pry
2.3
Equation 2.1

As already mentioned, Mountforét al. have previously synthesised and fully
characterised compoun@s4 and 1.49 % ® which will be utilised for further studies in

later Chapters and so will be included in the following discussions where appropriate.
2.3.1 Synthesis and characterisation Gp*Ti{NC(NMe ,),}Cl, (1)

Stoichiometric reaction of Cp*Tighith in situ generated LINC(NMg, produced the
dichloride compoundCp*Ti{NC(NMe,),}Cl, (1) which could be isolated in a 82%
yield after separation from LiCl. Compount has been characterised by NMR
spectroscopy, IR spectroscopy, EI mass spectrometry and elemenigdisama
collaborative work involving the author and Dr Richard Scott. The room temperature
'H NMR spectrum ofl (Figure 2.1) is straightforward due to fast rotation about the
Me,N-C(sp’) bonds and is consistent withs symmetry in solution. The spectrum
therefore consists of two singlets at 2.34 and 2.09 ppm which correspond tcaNd/ie
Cp* environments, respectively (Figure 2.1). The simplicity of this spectrum might be
surprising as one could expect there to be aoreddy large bond rotation energy
about the MeN-Cs) bond due to conjugation ®f the

system; the nature of this bonding will be discussed more in Section 2.5.2.
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; T ; T T T y T ; T T T T T ; T ;
8.0 75 7.0 65 6.0 55 50 45 4.0 35 30 25 20 15 10 0.5 0.0
f1 (ppm)

Figure 2.1*H NMR spectrum(299.9 MHz, 293 K, €D¢) of Cp*Ti{NC(NMey)2}Cl.,
D).
2.3.2 Crystal structure of Cp*Ti{NC(NMe ,)2}Cl, (1)

Diffraction-quality crystals ofl. were grown from a saturated benzene solution at room
temperature. Surprisingly this is only the third example of a crystallographically
characterised neayclic guanidinate titanium complex, the first two being reported by
Zhanget al. in 2009 (.46 and 1.46, Figure 1.21f The molecular structure df is

displayed in Figure 2.2 and selected distancesaagtes are listed in Table 2.1.

Complex 1 exhibits a thredegged piano stool arrangement around titanium, with a
pseudetetrahedral coordinated sphere and is consistent with the solution NMR data
discussed previously. The ligand NMgoups are slightly pyramidalised as quantified

by the sum of the ®I-C bond angles (354.6°), theMe bonds also deviate from the
plane of the &N -System as shown by the average dihedral angles of the proximal
(8.5°, C(12)N(2)-C(11}N(1) and C(14N(3)-C(11)N(1)) and the distal (35.2°,
C(13FN(2)-C(11yN(1) and C(15N(3)-C(11yN(1)) methyl groups. The
pyramidalisation at nitrogen and the slight rotation of the Nifeups away from the

"o plane is a result of sterics and sosp&character in the aimo nitrogen atoms as a

result of t he presence of t wo cnasysiem o
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(discussed in more detail in Section 2.5.2). The reason for the larger deviation of the

di st al met hyl g r o u pysystém is ton mipinsetheastenictclgsh o f t F
between both groups. The Ti{l(1)-C(11) bond angle is nearly linear (170.3(3)°)

which suggests appdp contribution to the metdigand bond which is also reflected in

the Ti(1}N(1) (1.782(3) A), N(1)C(11) (1.324(5) A), C(1IN(2) (1.361(5) A) and

C(11)}N(3) (1.357(5) A) bond lengths. The TitN(1) bond length inl is much

shorter than the average -dtinde bond length (1.90(3) X).This is because
guanidinate | igands can act as G0+2° dono
donors. The Ti(EN(1) bond length is heever significantly longer than that found in

titanium imides(1.691.76 A®*°Bot h | i gands can act as O+2
is far more efficient in the case of the imide. ThelfI(1) bond inl is only slightly

shorter than that found for the amidinate com@ei(1.800(3) A) but the difference is
significant. This shows that the addition of the extra amine donor to the ligand makes a
small difference to the I bond order but not as much as going from amide to a
guanidinate or indeed from an amidinate to an @nfdiscussed further in Section

2.5.2). This small change in bonding is also reflected in the-@(1)) distance il

which although slightly longer is the same within error to the equivalentG{())

distance ir2.4(1.310(4) A). The Ti(1)Cpeencdistances forl and2.4are both 2.05 A.

Figure 2.2 Displacement ellipsoid plot (20% probability) of Cp*T{NC(NMg}Cl»

(1. H atoms omitted for clarity.
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Table 2.1 Selected bond lengths (A) and angles (°) for Cp*Ti{NC(NMEEI» (1).
Cpeentis the computed Cp* ring carbon centroid.

Ti(1)-Cpeent 2.05 CheencTI(1)-CI(1)  114.9
Ti(1)-CI(1) 2.3181(11) CheencTi(1)-CI(2)  114.2
Ti(1)-CI(2) 2.3149(11) CheencTI(1)-N(1)  117.5
Ti(1)-N(1) 1.782(3) Ti(1)-N(1)-C(11)  170.3(3)
N(1)-C(11) 1.324(5) N(1)-Ti(1)-Cl(1)  102.87(11)
N(2)-C(11) 1.361(5) N(1)-Ti(1)-Cl(2) ~ 103.45(11)
N(3)-C(11) 1.357(5) CI(1)-Ti(1)-CI(2) ~ 101.91(4)

2.3.3Synthesis and characterisation o€p*Ti{NC(N '‘BuMe),}Cl, (2)

To create a larger steric environment around the metal centre whilst maintaining
similar electronic properties to the ligand NC(NMe the guanidinate ligand
NC(N'BuMe), was utilised. The larger hydrocarbon chain is also useful to increase
solubility in organic solvents aiding the study of the cations discussed later in Chapter
3. The titanium complex was again synthesised by lithiation of the gigaiod @.6)
followed by treatment with Cp*TiGl Cp*Ti{NC(N 'BuMe),}Cl. (2) was isolated as an
orange powder in 82% vyield and characterised by NMR spectroscopy, IR
spectroscopy, El mass spectrometry, elemental analysis aagy Hiffraction. The
room temperaturéH NMR spectrm is again consistent with@ symmetric complex

in solution. TheNC(N'BuMe), resonances consist of a doublet at 2.95 pR&H, Pr),

a singlet at 2.42 ppm (Me), a multiplet at 1.65 ppm (@Me,) and a doublet at 0.81
ppm (HMe,). A single Cp* environment is also present in the spectrum at 2.10 ppm,
cf. Cp*T{NC(NMe)}Cl,, 2.09 ppm.

2.3.4 Crystal structure of Cp*T{NC(N 'BuMe),}Cl. (2)

Diffraction-quality crystals oR were grown from a saturated benzene solution at 4 °C.
The molecular structure is displayed in Figure 2.3 and selected distances and angles

are listed in Table 2.2.
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Figure 2.3 Displacement ellipsoid plot (20% probability) of Cp*T{NC@BUMe),}Cl,
(2). H atoms omitted for clarity.

Table 2.2Selected bond lengths (A) and angles (°) for Cp*T{NEDdMe),}Cl (2).

Cpcentis the computed Cp* ring carbon centroid.

Ti(1)-Cpeent 2.06 Cheenc Ti(1)-CI(1)  113.7
Ti(1)-CI(1) 2.3171(13) CheencTi(1)-CI(2) ~ 113.40
Ti(1)-CI(2) 2.3184(11) CheencTi(1)-N(1)  119.41
Ti(1)-N(1) 1.781(3) Ti(1)-N(1)-C(11)  169.3(2)
N(1)-C(11) 1.324(4) N(1)-Ti(1)-CI(1) 103.39(9)
N(2)-C(11) 1.345(4) N(1)-Ti(1)-CI(2) 101.60(9)
N(3)-C(11) 1.363(4) CI(1)-Ti(1)-CI(2)  103.44(4)

The structure shows a three legged piano stool arrangement around titanium with a
pseudetetrahedral coordination sphere. The two sterically bidklgutyl groups of the
guanidinate are pointing away from one another in a proximal position to the metal
centre presumably to avoid the steric clash that would occur if they were distal. The
natural comparison to be made is between this structure and thaivbére the only
difference is the introduction of the two bullgobutyl groups on the amine nitrogens
rather than methyl groups. The TKN)1) bond length is almost identical i
(1.781(3)A) and1 (1.782(3)A); this is also true for the N(@J(11) dstances which

are 1.324(4)A and 1.324(5)A, respectively.The Ti(1)}N(1)-C(11) angle is nearly
linear (169.3(2)°) which, alongside the short TiM()1) bond length, is indicative of a
p-d’ | i gand meSimdal tol the tN& gr@upstane aot ithe plane of the
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“cn System and the effect is more exaggeddbr the distal methyl grouptie sum of
the NCN angles is 357.6 and the dihedral CNCN angles are St4(proximal) and
32.1° (distal)

2.3.5 Synthesis and characterisation Gp*Ti{NC( N(Xyl)CH 2)2}Cl, (3)

To allow comparison of the nesyclic guanidinate compoundsand 2 with a well
established iminoimidazolidide compound, Cp*T{NC(N(Xy)@RCl, (3) was
synthesised according to the literature procedure found in a patent by Kretdghmer
addition of the lithiated ligandL{-NC(N(Xyl)CH,),) to Cp*TiCk.*° Complex3 had
previously only been characterised b{H NMR spectroscopy in CDgland so
remaking the compound allowed full characterisation by NMR spectroscopy, IR
spectroscopy, EI mass spectrometry and elemental analysis. CoBplas also
characterised by Xay crystallographyvide infrg), and isolated in a yield of 77%.
Complex3 is not only useful for comparison of crystallographical parameters in this
Section but will also act as a good comparison for DFT and reactivity studies
(Chapters3 and4), vide infra The™H NMR spectum displays a single Cp* resonance

at 1.85 ppm, a singles8s:Me, environment at 2.44 ppm and a single NC(N(X{{E
signal at 3.09 ppm. There is also a singi¢ifMe; resonance (7.06 ppm) which is a
consequence of rapid rotation about theCp, bond at room temperature. This

complex therefore hass symmetry in solution on the NMR timescale.
2.3.6 Crystal sructure of Cp*T{NC(N (Xyl)CH2)2}Cl,(3)

Diffraction-quality crystals o8 were grown from a saturated @&, solution at room
temperature. The molecular structure3at displayed in Figure 2.4 and the selected

bond length and angles are detailed in Table 2.3.
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Figure 2.4  Displacement ellipsoid plot  (20% probability)  of
Cp*T{NC(N(Xyl)CH) 2}Cl,(3). H atoms omitted for clarity.

Table 2.3Selected bond lengths (A) and angles (°) @*Ti{NC(N(Xyl)CH 2)2}Cl,

(3). Cpeentis the computed Cp* ring carbon centroid.

Ti(1)-Cpeent 2.05 Cheenc Ti(1)-CI(1)  114.3
Ti(1)-CI(1) 2.3091(8) CheencTi(1)-CI(2)  114.2
Ti(1)-CI(2) 2.3280(8) CheencTi(1)-N(1)  117.6
Ti(1)-N(1) 1.788(2) Ti(1)-N(1)-C(11)  176.4(2)
N(1)-C(11) 1.302(4) N(1)-Ti(1)-CI(1) 104.43(8)
N(2)-C(11) 1.359(4) N(1)-Ti(1)-CI(2) 104.15(8)
N(3)-C(11) 1.361(4) CI(1)-Ti(1)-CI(2)  100.16(3)

The molecular structure d3 is consistent with the solution NMR data discussed
beforehand and exhibits a thrliegged piano stool arrangement with a
pseudetetrahedral coordinated sphere. The most important bond lenghéTdfl)-
N(1) = 1.778(2) A, N(13C(11) = 1.302(4) A, N(2c(11) = 1.359(4) A, N(31c(11) =
1.361(4) A), as determined from crystallography, are similar to thecydit
analoguesl (Ti(1)-N(1) = 1.782(3) A, N(1)XC(11) = 1.324(5) A, N(2r(11) =
1.361(5) A, N(3)C(11) = 1.357(5) A) an@ (Ti(1)-N(1) = 1.781(3) A, N(1)C(11) =
1.324(4) A, N(2)C(11) = 1.363(4) A, N(3C(11) = 1.361(4) A) showing that linking
the distal alkyl groups asell as increasing the steric bulk of the ligand makes little

difference to the ligand to metal bonding in this case. There is no difference at all
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between the Ti(EN(1) bond lengths i, 2 and 3 within error. However, there is a
small but significantIsortening of the N(2C(11) distance going from complexé®r

2 to complex3 which is indicative of less conjugation between the amino nitrogen
wi t h cntsystemin'3. The Ti(1}N(1)-C(11) angle (176.4(2)°) is also linear, again

I ndi cat i wle nobotiom to phé bonding. The previously reported Cp
derivative of3, CpT{NC(N(Xyl)CH.)2}Cl, (2.7), has, within error, identical Ti(1)

N(1) (1.7860(15) A), N(EC(11) (1.308(3) A), N(2C(11) (1.353(3) A) and N(3)
C(11) (1.362(3) A) bond length$.However , joining-gtolpe | i ga
together has significantly decreased the distortion from planarity of the amincsgroup
The average distal dihedral is now 5.0° and proximal dihedral 5.4° compared to 35.2°
and 8.5° inl.

2.4 Alkylation of dichloride compounds

The alkyl abstraction agent TBH[PhsC][B(CsFs)4]) was used to activate the dialkyl
precatalysts\ide infra) requiring alkylation of the chloride complexgs2 and3. This

was achieved by the treatment of the corresponding dichloride complex with the
appropriate alkyl lithium reagent. The dialkyl complexes were also subsequently used
for polymerisation testingpy Lanxess Elastomers, see Section 4.4. In all cases the
complexes have been dimethylated other thawmhich was both dimethylated and
dibenzylated \ide infra); dibenzylation ofl allowed access to certain aspects of

chemistry for this particular complex which are described in Chapters 3 and 4.

2.4.1 Synthesisand characterisation of Cp*Ti{NC( NMe»)2}R2 (R = Me (4) or Bn

(5))

The dialkyl compound€p*T{NC(NMey)}Me, (4) and Cp*T{NC(NMe3)2}Bn; (5)

were prepared by the reaction bivith 2 equivs of MeLi or BnMgCl, respectively.

The former was isolated as a yellow crystalline solid in 79% yield and the latter as an
orange solid in 40% yield. Both complexes were characterigddMR spectroscopy,

IR spectroscopy, Eass spectrometry and elemental analysis.

The 'H NMR spectrum of4 is analogous to that of with the exception of an
additional singlet for the two titanitimethyl groups. The Cp*, NMeand TiMe
resonances are aiised at 1.98, 2.47 and 0.52 ppm, respectively. Alstirere is fast
rotation about the NC(spf) as evidenced by a singleMé, resonance. Compourf

also has an equivalent spectrumltobut this time with the addition of the benzyl
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methylene protons asloublets at 2.38 and 1.99 pprJ (= 10.2 Hz) and the
corresponding aromatic signals. The reason that ther€dnances appear as doublets

in 5 is because they are diastereotopic.
2.4.2Crystal structure of Cp*Ti{NC(NMe »,).}Bn;(5)

Diffraction-quality crystals ob were grown from a saturated pentane solution at O °C.

The molecular structure is displayed in Figure 2.5 and is consistent with NMR data;
selected bond lengths and angles are detailed in Table 2.4. ThéN{ij1hond in5 is

longer thanl (1.8077(18) Avs. 1.782(3)A) because the benzyl groups act as better

donors than chloride. This also manifests itself in an decreasedO{1) bond

length from 1.324(5) A1) to 1.298(3) A §). Since the benzyl ligands are better
donors the NYTi donation i sNYICNWETr )whiomhtr
and thus a shorter N((11) bond. The ligand based NMgroups are rotated and

slightly pyramidalised just as i

Figure 2.5 Displacement ellipsoid plot (20% probabi)itgf Cp*Ti{NC(NMe2),}Bn»

(5). H atoms omitted for clarity.
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Table 2.4 Selected bond lengths (A) and angles (°) @*Ti{NC(NMey)2}Bn. (5)
Cpeentis the computed Cp* ring carbon centroid.

Ti(1)-Cpeent 2.11 Cheenc Ti(1)-C(16)  114.6
Ti(1)-C(16) 2.178(2) CheencTi(1)-C(23)  113.2
Ti(1)-C(23 2.177(2) CheencTi(1)-N(1)  118.1
Ti(1)-N(1) 1.8077(18) Ti(1)-N(1)-C(11)  174.07(16)
N(1)-C(11) 1.298(3) N(1)-Ti(1)-C(16)  100.42(9)
N(2)-C(11) 1.369(3) N(1)-Ti(1)-C(23  108.63(9)
N(3)-C(11) 1.367(3) C(16)-Ti(1)-C(23)  99.79(9)

2.4.3Synthesisand characterisationof Cp*T{NC( N'BuMe),}Me (6)

The reaction of2 with two equivs of MeLi gaveCp*Ti{NC(N'BuMe);}Me, (6),

isolated as a yellow solid in 76% vyield. Compléxwas characterised by NMR
spectroscopy, IR spectroscopy and elemental analysis.'HhMR spectrum of
complex 6 contains resonances for Ngk2.95 ppn), NMe (2.54 ppm), Cp* (2.00
ppm), (HMe; (1.73 ppn), CHMe, (0.85 ppm and TiMe (0.45 ppm) which are

consstent withCs symmetry in solution.
2.4.4Synthesis and characterisation of Cp*Ti{NC(NXyl)CH2)2}Me, (7)

The reaction of3 with two equivs of MeLi gaveCp*T{NC(N (Xyl)CH,),}Me (7),
isolated as an ofivhite solid in 64% vyield. CompleX was characterised by NMR
spectroscopy, IR spectroscopy and elemental analysis. Spectral features'fih the

NMR spectrum are, as expected, akin3avith the addition of a singlet methyl

resonance. The chemical shifts ofHgMe,, CH,, CsHsMe,, Cp* and TiMe are
located at 6.98, 3.26, 2.47, 1.74 and 0.00 ppm, respectively and are consistent with a

Cs symmetrical structure in solution.
2.4.5 Crystal structure of Cp*Ti{NC(N (Xyl)CHy)}Me, (7)

Diffraction-quality crystals of7 were grown from aaturatedoentane solution at30
°C. The molecular structure @fis displayed in Figure 2.6 and selected bond lengths

and angles are listed in Table 2.5.
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Cp*T{NC(N (Xyl)CH,)2} Me; (7). H atoms omitted for clarity.

probability) of

Table 2.5 Selected bond lengths (A) and anglesf¢t) Cp*T{NC(N (Xyl)CHy)2}Me

(7). Cpeentis the computed Cp* ring carbon centroid.

Ti(1)-Cpeent 2.07
Ti(1)-C(30) 2.1186(11)
Ti(1)-C(31) 2.1307(10)
Ti(1)-N(1) 1.8335(8)
N(1)-C(11) 1.2813(13)
N(2)-C(11) 1.3745(12)
N(3)-C(11) 1.3743(11)

Cpeenc Ti(1)-C(30)
Cpeenc Ti(1)-C(31)
Cheenc Ti(1)-N(1)
Ti(1)-N(1)-C(11)
N(L)-Ti(1)-C(30
N(L)-Ti(1)-C(32)
C(30)Ti(1)-C(31)

112.5
111.5
124.3
174.27(7)
104.31(4)
102.34(4)
98.46(5)

The molecular structure of shows the expectegseudetetrahedral coordination

around the titanium centre similar to those discussed previously. The complex also has
approximateCs symmetry which is consistent with NMR data. The nearly linear
Ti(1)-N(1)-C(11) bond angle of 174.27(7)°, as discussed previously, is indicative of a

pd’

contr.i

buti on

t o

t he

bo

nding.

3, Bhe

reasonably planar arraagent of the NRg r o u p s cn sgsternh With a Summed
CNC angle of 357.3°. The average dihedral angles of the distal and proxnal s
are also close to 0° (7.8° and 9.8°). The FNI)) bond length ir7 is significantly
longer than in its dichloriel analogued (1.8335(8) Avs. 1.788(2) A which is due to

the increased electron donation from the methyl groups as compared to chloride. This
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IS consistent with a decrease in N((11) distance going fror8 to 7 (1.302(4) to
1.2813(13) A).

2.5DFT calculations

DFT calculations have been performed by the author at the University of Oxford using
ADF 2013%* in order to understand the bonding and electronic structure of various
a'-bound Ndonor ligands. This Section aims to probe the differences and similarities
in the bonding of a number of metallocene and jpastallocene titanium complexes.

The DFT method and basis set used for this study were BP86 and TZ2P, respectively,
choseras a preen method for the analysis of-Wi bonding*® This Section begins by
looking at the frontier molecular orbitals of dicationic molecules of the typ@i]fl*

and then moves onto further analysis to establish the nature of-thdddnding in a

variety of titanium complexes.
2.5.1 Frontier molecular orbitals of dications [Cp*Ti(L)]**

The isolobal analogy can be a useful tool used in the design oimnedaliocene
complexes as previously discussed in this Thesis. This providegntive to
computationally investigate the effect of different ligands, which are considered to be
isolobal, on the electronic structure of the rest of the complex. The calculations in
these Sections were performed on a series ofshaalflwich dicationf the type
[Cp*(L)Tii**where L is a monoanionic G+n’ donor
varied to investigate a range of different electron donors either directly relevant to
supporting ligands synthesised in this TheBis)(or as benchmark compowsd, 11,

IV, V, VI). Ligandsl-IV we r e s e |*-enitlérelaied dosorsavith the potential to

form a 0+2° interact.i 0V)was selectet fisan exeanpl@a | wh
ofasbound nitrogen G+1° donor ; Cp was al
conventional carbon'™based G+2° donor I|iga

The dimethyl compounds were initially optimised to give the lowest energy structures.
Although there are no corresponding crystal structures to compare to Cp*Ie,

the structure of Cp*THNC(\Pr,)Ph}Me, (2.4Q, i.e. Cp*Ti(L*"")Me,) was calculated

for analysis in Section 2.5.2.4 and showed good agreement to the crystallographically
determined bonding parametefsr example: Ti(1)N(1) 1.8452(15) A (DFT, 1.87 A),
N(1)-C(11) 1.290(2) A (DFT, 1.29 A), C(1N(2) 1.363(2) (DFT, 1.38 A), Ti(1)

C(24) 2.1227(18) A (DFT, 2.14 A) and T)C(24) 2.1326(19) A (DFT, 2.15 A). It is
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also shown in Section 2.5.2.5 that this DFT method well describes the trends in the Ti
N bond lengths when compared to theray structures of relevant dichloride

compounds.

Following this optimisation the megh groups were removed and the electronic
structures of the remaining dicationic fragments were recalculated using a single point
energy calculation (no geometry optimisation). This method allowed the frontier
orbitals of the fragments to be calculatednwthe ligands in the same position as they
would be in the neutral compounds. For this analysis the important orbitals to consider
are the three lowest unoccupied molecular orbitals (LUMO, LUMO+1, LUMO+2)
which are displayed for L #, Ill , IV andIV in Figure 2.8. The energies of these
orbitals are shown in Table 2.6.

Me MezN

N7 N Me,N_ N~
2+ Y Y Y

Me Me NMe,
/% | I m
Ti
/

S Mosn
Me” | | i

Me Me '

v v Vi

Figure 2.7 Supporting ligands, L, used in the DFT study of the bonding in titanium
compl exes shbqumdNdonce landsy o

Since all the structures were formed by removing two methyl ligands from a
mini m sed tetrahedr al structure the rema
equivalent to theC,, [Cp.Ti]** dication calculated using EHT (Extended Hiickel
Thoery) by Lauher and Hoffman in 19%5The nonlinear arrangement of the two
cyclopentadienyl ligands around the metal centre causes the formation of three frontier
orbitals which are directed mainly in tha plane (coordinate system displayed in

Figure 2.8).These are the orbitals which are the most important in the coordination of
further ligands and are similar to those calculated by EHT (Extended Hiickel Tfieory)

and DFT" 2% for [Cp,Ti]?". They are also analogous to the orbitals calculated by Eric

Clot for the isolobal imido dication [Ti(Bu)(Mes[9]aneN;)]**.#

The LUMO+1 of [CpTi]?"is primarily made up of 3dandthe LUMO and LUMO+2

are made up of contributions from ,38d,2y2 and 3d,2*® The LUMO is strongly
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directed alonghe y-axis and is best described as g2&dbital made largely up of

3d2y2. The higher energy LUMO+2, which is polarised along tf&ig, is made up

from contributions of 3p 3d2 and 3dz,2. Although the LUMO, LUMO+1 and

LUMO+2 are all spatially similar to each other across the different compounds, there

are differences in the energies of the orbitals (Table 2.6). The average energies of the
LUMO, LUMO+1 and LUMO+2 forl, V andVI are all reasonably similar to one

anot her . However, the ‘hboundimigaw typerligands,al ene
[l andlV are all found approximately 1 eV highdris is most likely a consequence

of the ability of these ligands to act as bettenors than the other systems (see Section

2.5.2).

This change in electronics means that complexes containing ligands similadlto

andlV such aghose reporte@arlier in this Chapter are more stable to reduction than
complexes containing ligands V and VI. This is important since alkyl aluminium
species present during the polymerisation process have the potential to reduce the
active specie$’?® A higher tolerance taeduction by alkyl aluminium species also
means that polymerisations can be run at higher temperature which is important in the
production of EPDM in this case which is made in solution at 90 °C, but also in
general commercial polyolefin production wher¢ypically polymerisation

temperatures range between 70 and 168 °C.

Table 2.6 Energies (eV) of the three lowest unoccupied molecular orbitals for
dications [Cp*Ti(L)F*, L= NCMe; (1), NC(NMe))Me (1), NC(NMey)2, (11l ), NPMe;
(IV), NMe; (V) and Cp VI).

Ligand I I 1l v \% Vi
LUMO+2 -11.5 -10.8 -10.6 -10.7 -11.3 -11.3
LUMO+1 -11.6 -11.2 -11.1 -11.4 -12.5 -12.3

LUMO -12.0 -11.5 -11.4 -11.6 -12.7 -12.5
Average -11.7 -11.2 -11.0 -11.2 -12.2 -12.0
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Figure 2.8 Isosurfaces of the three lowesinoccupied molecules orbitals for
[Cp*CpTi]** (L = VI), [CP*TI(NCMe,)]** (L = 1), [Cp*Ti{NC(NMe),}] ** (L =)
and [Cp*Ti(NPMe)]** (L = IV) (left to right).

25.2Ti-N i n b o n-tdumd §!-danaer ligands

This Section discussd3FT investigationghat have been carried obly the authoin

order to investigate the nature of theN'bonding ina range otitanium complexes.

The previous Section focused on the effect of the ligand on the metal centre orbital
energies. This Section focuses on thaureof the TiN bond itself. The goal of this
studyis to investigate the nature of the mdighnd bonding, and to what extent the
ligands act as efficient electron donors to the metal centre inMuibres looking at the
varying degres of - and” -bonding betveen the ligand and the metal. For example a
G+2° bonding interaction can yXelathdi

electrors but in reality the actually figure is significantly less than this and depends on
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the ligand involved. Thevaryin ext ent s of el ectron donatic
demonstrated in previous DFT studies on imido complexes by Mountford, Eraén

Thi's study showed t hat t he 0 #A, (pzi=mi do I
pyrazolyl; R = Me, Ph) have quite differealectron donating abilitiedzor example

the methylimido Feilgeacntd od e releatreds wiéredgdthe “ U
phenylimido ligand, as expected, donates significantly fewer electrons to the metal
centre (G,%0n26he  authtd p-N bonding,rea tystega t i o n
have beerstudiedas well as a series of model compounds. The compagrdaining

ligandsl-XI 1 alloweda systematic comparison of-Wi bonding in molecules in which

the ligand has methodically changing steric alettronic properties; the ligands used

for this study are those used in Section 2.5.1, Figure 2.7 as well as additional systems

(VII -X11') shownin Figure 2.9.

. Me\ Me\
FSCYN" NYN/’ NYN”
CF3 </N <\/N
Me Me
VIl Vil IX
Me,N g PR
(7)) N~ -~
PhN--- Y NYN
Ph </
N\
Ph
X X Xl

Figure 2.9 Additional ligandq VIl -XI) used inthe DFT study of FN bonding

The DFT calculationsverecarried out at th6&GA:BP86/TZP level in ADF 2013&s a
proven method for the analysis of-Ni bonding*® Fragment analysis, the Mulliken
populations of orbitals, overlap populations, bonding energies and Mayer bond
order$’ were utilised in order to understand the bonding between titanium and
nitrogen.During fragment analyses the ligands weretreated as monoanionic and
the [Cp*TiMey)]* fragments as monocationic (Ti(4d). Fragment analysis requires
closeds he | | fragment s. This also stops prob
The complexes were analysed in two different geonsgtthee first is fully optimised
whereas the second is to optimise all the atoms around a constraiNedond. The

Ti-N bond in the latter case was constrained to the averalyebdnd length of the

fully optimised complexes (1.860 AFixing the bond legth in this way avoids any

overlap/bonding variations that may occur due to the changinigedfi-N distance.
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The bonding parameters determined by DFT for all complexes can be found in Table
2.7 for systems with a constrainedNibond length and Table&for systems with no

constraints.

As a starting point for this analysis it is pertinent to discusdrdgmentmolecular

orbital interactiondiagram forthe ketimide complex Cp*Ti(')Me; (Figure 2.13. This

is formed by the combination of fragmerjtéCMe,]” (1) and [Cp*TiMe]". In the
approximate Cs symmetry of the complexhe principal frontier orbital bonding
contributions from t h(e2aN)ad a Njtljj (Badljfrigurest o f

2.10 . T dretal iS N-C -bonding in naturev h e r @ ia essentially a nitrogen
based | one,(HODWO-1,-0605eMonoat ai ns crintdractionditiisn g
| ower i n g (HOMQ@,)2.58t eN)a The lowest in energy of these frontier

orbitals is, as e x p-ta8e\.Thet,*h(leUMO) cantaibsi t a | (
an ant idyimtaraciion and so is the highest in energy of these frontier orbitals.

The structure of the [CpTiME fragment has approximaté symmetry. This means
there are four titaniuAbased orbitals frontier molecular orbitals Kj2elNj3aNand 1&JjN;j
which are available for bonding with another ligand. Since the [Cpd[iINtagment is

cationic, i.e. Ti §, these orbitals are unoccupied.

& 0 = = 9 =
=T :-G'I\'Ia I'-.-':-e--)%ia Me I“% it} E%:::N
|"..'1!+/ Me e E]

[-1.08 eV] [-0.60 V] [2.58 &V] (6.09 eV]

a (HOMOD-2) g (HOMO-1) ap (HOMO) " (LM

Figure 2.10 LUMO, HOMO, HOMO-1 andHOMO-2 for [NCMes]” (1).

The fragment orbital interaction diagram with ligand arlio(Figure 2.12) shows the

principal interactions when the anionic ligand and cationic titanium fragments are
brought together. The main interactions involve thé&lj2a\j3aNand 1a&jdl) each

fragment and the frontier molecular orbitals of the complex can be seen in Figure 2.11.
The 1&NMO of t he ¢ o mp | ebendingsntetadtian bgiweenrhe liganal | G
and metal formed from the corresponding symmetry orbitals on the fragrisnisl|

as the contribution of ligand fragment molecular orbitatgaomplex orbital lighere

is also some orbital mi Xxing contorbitahut i on

although not shown in Figure 2.10 this can be seen in the appearasocen®fCH
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contribution in the 1Ey10 in Figure 2.11. MOs 2¢{laNgvid 3dNepresent the principal
“-interactions between ligand and metal. ThBj2® of compl ex((2a)jnv ol ve
of the ligand (Figure 2.11) and theNgd the metal based fragmerBoth of these

fragment orbitals also contribute to MONgéthough primarily this MO consists of the
[Cp*TiMe,]" 3aNp r bi t al a*n3hj .| 1 F-backdonding keeps 3dower

than expected giving two low energytype MOs whereas only one would be expected

for a U0-ygeligandmi do

1 a Nj 2 a Nj 1 a NjNj 3 aN;
[-9.09 eV] [-7.31 eV] [-4.91 eV] [-2.26 eV]

Figure 2.11Principal frontier MOs oCp*Ti(NCMez)Me;, (L = 1)

The 1ajbpmplex MO constitutes the other mekal g a-mtdraction which is
orthogonal to complex orbital RaThe [Cp*TiMe]" 2aNjfragment orbital has
appr ox isymaetry with respect to the -N vector and so does natteract
significantly with the ligand. As such it remains Aoonding. Overall the bonding
mode of the Iigand to the met al centre i

with expectations.

In order to gain a quantitative understanding of the borlitgyeen the ligand and the
metal, the Mulliken orbital population of the frontier orbitals on the ligand were
examined using fragment analysis (Table 2.7 and Table 2.8). This type of analysis
gives information of the formal donation efficiency of the lidar & n dorbitals.

When the ligand is not interacting with the metal 2 electrons can be assigned to each
orbital and then when the two fragments are brought together the number of those
electrons remaining on the ligand based orbitals indicates how mavy been
donated to the metal. For example if the Mulliken population of a ligand based orbital
in the complex is 1.70 then 0.30 electrons have been formally donated by this orbital to
the metal. The number of electrons that have been donated by eawh fligatier

orbital (2 - orbital Mulliken population) is the quantity of interest for the following

discussion.
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With 1" (constrained FN bond length) the number of electrons formally donated by
therbhital Liss 0Q .3131, isd.48 Tlefhonmmber of electrons donated

by tihe hi g h.dirordér loaonfirm that this is primarily as a result of the
donating ability of the ligand rather than the accepting properties of the metal based
d-orbitals, an amide ligand ([NME V') wasutilised as a probe. [NME has only a
singlepor bi t al t h adonoradatime matal.tWhem $he @mplex is optimised

with a fixed TiIN bond | e n gt hy orpithl.dénétes 0.44)eledirdme to the

met al ( sniinh) ancawhentthe lignd is rotated by 90V("), effectively the

s ame n u rdleetons (0f43) are donated. This shows that in Cp*Jg the
reason for the differ enma@e dismuedolaalitference n don
in the donor and not the acceptor orbitals; since S (the orbital overlap) will be
approximately the same for the different ligands the difference is due to the energy
difference between the interacting orbitdis, © -/ E) . IS bwecirenergy

t h apnit has a poorer energy match and so less good interaction with the higher
energy metal based orbitals; this results

This effect can be further illustrated by investigatiorthed hypothetical [NC(C#},]

(VII") which is analogous tb but with the replacement of the methyl hydrogens with

fluorine atoms. This decreases the energy of the surrounding orbitals due to their
higher electronegativity. Compared to the 4ilblorinated analogue(l’) “, has

decreased frorr0.60 eV to-2.57 eV and h gfrom 2.58 to 1.09 eV. Since ther;

groups are bonded ©N whichhasa@ r bi t al whi c hbutoa ptyisi but es
effected more by the presence of the fluorine atoms. Accordingly the fluorine orbitals
have a higher per gthaafghe electoon tdonatidm nds ialson t o
decreadagdm M. 11 ,froon0d8 t®0732. dhsdllustrates théfect of

ligand frontier orbital energy on its donation ability. It also shows that although this

|l igand binds in a 0+2° mode there is a | a
t h e -prhitals. This shows the importance of not only deterrginint he =X n’" ( n
or 2) binding mode but also the nhumber of electrons that can be donated from these

orbitals to the metal centre.
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Figure 2.12 Fragment orbital interaction diagram f@p*Ti(NCMe,)Me, (L = 1)
constructed from charged fragmertsand [Cp*TiMe]”, with Mulliken symbols

appropriate for the approxima@ symmetry of the complex.
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Table2.7Ext ent od n ddoptomfod anidnic ligandgelectrons), N Mulliken overlap populations, Mayer bond order and ligand

orbital energies (eV) for Cp*Ti(INle; where L =1, I, 1l , llla, b , IV, V, Vb, VII, VIII | IX, Xl andXIl and the TiN bond length is fixed to
1.800A.
Ligand d-donation " ,-donation ~,-donation '-dTO(;t:tlion TFi)-OI\II3 Sl\zﬁirc!ip Maé/rec;ebrond - nganda,nvlonorbltal er:rgles lev -
| 0.34 0.48 0.11 0.59 0.29 1.11 2.58 -0.60 -1.08 -
Il 0.33 0.44 0.22 0.66 0.30 1.15 2.45 0.97 -0.96 -
1l 0.33 0.40 0.25 0.65 0.30 1.14 2.47 0.89 -1.18 -0.16
llla 0.33 0.38 0.31 0.69 0.32 1.20 2.50 1.50 -0.79 -
b 0.36 0.47 0.11 0.58 0.31 1.11 2.60 -1.00 -1.76 0.06
v 0.38 0.31 0.31 0.62 0.33 1.19 1.76 1.74 -0.22 -
\% 0.35 - 0.44 0.44 0.26 1.04 - 2.97 1.30 -
Vb 0.35 - 0.43 0.43 0.25 1.00 - 2.97 1.30 -
VII 0.33 0.32 0.07 0.39 0.25 0.94 1.09 -2.57 -2.42 -
VIII 0.33 0.38 0.27 0.65 0.30 1.14 2.24 1.15 -0.92 -
IX 0.32 0.35 0.33 0.68 0.30 1.15 2.12 1.71 -0.96 -
Xl 0.33 0.46 0.21 0.67 0.29 1.10 1.58 0.09 -1.64 -2.11
Xl 0.28 0.37 0.26 0.63 0.25 1.03 0.98 -0.27 -2.23 -
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Table28Ext ent od n ddorptomfod anidnic ligandgelectrons), N Mulliken overlap populations, Mayer bond order and ligand

orbital energies (eV) for Cp*Ti(INle; where L =1, I, 1l , IV, V, VIII , IX, X, XI andXIl and the TiN bond in the structures are not
constrained.
Ligand {-donation “-donation “,-donation ., dt)(;t:':ion T;J_Ol\;sl\; iir(l):::p Mag::drebrond (T:ia-l:\lcublztwedd
length/ A
I 0.33 0.48 0.11 0.59 0.28 1.08 1.881
Il 0.33 0.45 0.22 0.67 0.30 1.15 1.8%4
1] 0.34 0.40 0.25 0.65 0.30 1.15 1.8%
v 0.38 0.31 0.31 0.62 0.33 1.20 1.848
\% 0.34 - 0.42 0.42 0.26 1.01 1.926
VIII 0.33 0.38 0.27 0.65 0.30 1.15 1.8%0
IX 0.33 0.35 0.33 0.68 0.30 1.14 1.842
X 0.38 0.63 0.51 1.14 0.41 1.61 1.742
Xl 0.33 0.46 0.21 0.67 0.28 1.10 1.8&
Xl 0.27 0.36 0.26 0.62 0.25 1.01 1.881
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2.5.2.1Comparison ofthe bonding of [Cp*TiMe,]" with anionic ligands I', Il and
-

Since thebonding in the ketimide complex is now understood the effect of adding one
or two amino nitrogen donors can be discussed (forming amidinates and guanidinates,
respectively). Analysis of the bonding between the ketimige gmidinate I ) and
guanidinate(lll ) ligands with [Cp*TiMe]" reveals the differences between their
donation abilities. Initially the fixed bond length {Ni = 1.860 A) series will be
discussed (Table 2.7).

As one examines this series of ligands there is little to no change in ambunt
U-donation from the ligand to the metal centre (range -0.38 electrons). If the

"-bonding is examined, however, there are noticeable variations in the donating ability

of the ligand depending on the number of additional amino nitrogen donor atoms

cont ained withipdointat elsn mal le , ®desepgaGG@ngs t har
from ketimidel” to the amidinatél "t he t ot a |-doranoo has increaséd from

0.59 to 0.67 el ect r ondonororbiiads fol 15 6.998%prd ener g
for 11" is 1.71 eV; the higher energy Ih results in a better energy match with the
metaldor bi t al s, as mentioned {bonding cootubstiory , and
from the amidinate | igand compgaghaglerin o t he
I"than"but t he r ev g r, bas ahigber énergy éh” tHarml rand this is
because of the presence of cyavith the mmimobondi n
nitrogen 2p AO (Figure 2.13). This out of phase interaction explains in molecular
orbital terms why the addition -bonflingami no

between metal and ligand.

" is lower in energy in the amidinate than thekdtid e ( and hedonore a p o«
This difference is due to the presence of the amino nitrogen in the amidinate rather

than the carbon in the ketimide; the increased electronegativity of the amino nitrogen
atom compared t o c ar,bhwoughihdocive effectstard ¢huseatsr e r g y
donating abil it y.-bohding abiity af theaaimidinate tigendé&ads e i n
to an increase in the -N bond order. This bond order can be measured in a variety of

ways using parameters such as the Mapedorders’ ard the TiN Mulliken atomic

overlap populations. Both of these measures of bond order increase on goihgdrom

II. The Mayer bond order increases from 1.11 to 1.15 and the overlap population

increases from 0.29 to 0.30. In the fully optimised structures almost identical
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parameters are determined, and accordingly, since thebbind is allowed to relax,
the increasedonation ability of the ligand is mirrored in the shorteNTbond withll
compared tol (1.854 Avs. 1.881 A). This MO analysis matches what would be

expected from analysis of the bonding using resonance arguments.

® °
G

[2.58 eV] [2.45 eV] [2.47 eV]

39 28,

[-0.60 eV] [0.97 eV] [0.89 eV]

Pv

Figure 2.13 ", a n dy of [NCMey]" (I, left), [NC(NMez)Me] (I, centre) and
[NC(NMey),] (Il 7, right)

Adding another amino nitrogen tdl" vyields the guanidinate ligand anion
[NC(NMey),]™ (Il 7). From resonance arguments, discussed previously, it might be
expected thalll "s ho ul d b edonar thangt Lboking at the fixed TN bond
length data the anionic guanidinate ligafiti | appears, however, to donate the same
number eelectrane ddla(D.65and 0.66, respectively). This is as a result of a
combi nat i on, indlf" hat avo anono 2p AOS that have an dmnding

i nteract iloondmg drbital (Falre 2.13) which one would expect to raise

t he e negindlly above thdt oll " significantly. However the contribution of
these amino 2p ,&AOSisdnlg24% lwieereas W eitriseB4%. There

is also a rotation of the NMayroupso f t he | i gand f &@eystent he

also seen in the crystal structurelofwhich prevents maximum overlap of the amino
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2p AOs wisydtemit(Fgere 2.14). Also seen in both the DFT and molecular
structures containing this ligand there is a slight pyramidalisation of the amino
nitrogens indicative of somgp’ charactemwhich is not seen it ; lessp-character to

the amino lone parsagi n prevents the mostcnsgstei ci ent
These factors mean ¢orlstal ia dnly slightiyehighemidlr gy o f
than inll™ (0.97 and 0.89 eV, respectivelil “d o nat e s-elebtrord &andl”

donat e gele€@rong. Zhe extra amino nitrogenlihhd ecr eases tihe ene
compared tdl "~ due to the introduction of another electronegative nitrogen atom and
this means the guapdiohiomat eOvies adl |l ¢edhe gobo
donationand | i g ht dedonatiermasea@ppioximately balanced. The similarity

I n-dohation ability is mirrored in the AN bond order. The TN Mayer bond orders

with Il andlll are 1.15 and 1.14, respectively. TheNloverlap populations are 0.30

for both Igands and the TN bond lengths in the fully optimised structures are
effectively the same (1.852vs 1.854 A).

C(9)

Figure 2.14Molecular structure o€p*Ti{NC(NMe,),}Cl, (1) and DFT (BP86/TZ2P)
calculated structurgQ (i.e. L =11l ) both showingotated NMe groups.

The effect of the NMggroup rotation in [NC(NMg,] on the donating ability of the

imine nitrogen has been further investigated by constraining the, §Meps to both

planar and orthogonal confirmations (Figure 2.15, Table 2.7). If they are constrained to
planarity one -dematoh abilite of thesligand td ihceeasé due to the

better N(2p)-'cxnOover |l ap AictoT di ngl y-electtohsalonated idee r o f
indeed increase from 0.65 to 0.69 &) although this will also be partially due to

removing the pyramidinal conformation of the NMgoups. The stronger antibonding

i nteraction between ctorebiatna In oi yRoprgef8@8e sa ntdh ¢
to 1.50 eV) and hence its ability to donate electrons (0.25 to 0.31). Alternatively an
orthogonal NMgegeometrylllb) decr eases t hgoverlapicausing2p AO
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a decr ease i nrelativeeto gpynsed Gp*TE{NE@&Me?2),} Me, (0.89

to-1. 00 eV) and hedaecmratai adrecfrreamel.idh5 st o 0. 1
energy is increased significantly due to the interaction of the amino 2p AOs with the

imine 2 and t her gdopatioa indreases from 0.40 to 0.47. Despite the

Il ncregdenamnhi o n tdbnationoabilgyrotllbl with orthogonal NMe

groups (0.58) is still overall less than when either the Nivieups are constrained to

planarity (0.69) or allowed taufly optimise (0.65). These effects are reflected in the

Mayer bond orders for the different NMerientations increasing 1.11 to 1.14 to 1.20

on going from orthogonal to optimised to planar, respectively (Figure 2.15). The
electronic energy of complex Epi(L"
Cp*Ti(L"®Me, and Cp*Ti(L""Me, is -11.13 a.u. (an increase of 32.6 kJ Mol

and-11.08 a.u. (an increase of 114.3 kJ Miptespectively.

)Me, is -11.14 a.u. whereas as for

Ty Ty Ty

[1.5eV] [0.9 eV] [-1.00 eV]

Planar Optimised Orthogonal
la” i llib”

Figure 2.15C h a n g geneogl with changing amino 2p AO yc overlap forlll ©

Ligandslll “andVIIlI ~ are good models for the comparison of 1wyclic guanidinates

with iminoimidazolidide ligands. The DFT calculations show there is very little
difference between the two types ligand anion regarding their bonding with
[Cp*TiMe,]", with both donat i nbpndifg aBd.6®dleetrornsr o n s

t h o u-gohding. The Mayer bond orders are also 1.14 in both c¥#és.donates

more electrons from, (0.27 vs. 0.25) and éwer from”}, (0.38 vs. 0.40). This again
correlates with the energy 1eVER&¥eW)f t he
Since the iminoimidazolidide is more conformationally constrained then theywiin
guanidinate the amino 2p Ag&orbithlaincreasigy bet t

the energy and the numbger Egfuabdogaing hens d
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smaller antibonding interaction between the amino 2p AOs and imin&Qzohas a

lower energy and therefore donates fewer electrons.

Introduction of a double bond in the backbone of ligavidl = yields ligand
[NC(N(Me)CH)]" (IX"). These typesof ligand have been utilised in titanium
complexes previously to produce active precatalysts for polymerisitiohThe
introduction of a double bond into the ligand backbone decreases thg €hedyeV

to 2.12 eV) and hence the electron donation abit$8 to 0.3%0 f ,origoingfrom

VIIl “to IX". This effect is presumably due to the introduction sffacarbon adjacent

to the amino nitrogen which will have a higheg han ansp® carbon. ", however has

a substantial increase in energy (1.15 eV to 1.71 eV) due to the introduction of an
antibonding interaction between tbhbnd ami nc¢
(Figure 2.16) ,isnbwa ettemdermrriran befora (0v330.27) and

t he number of el e eotbitakismew neaslynegualeQlirerdX yis ae a ¢ h
mo r e e f-élactoon donot thawlll - (0.68vs. 0.65) and this is reflected in the
increased Mayer bond ondél.15vs. 1.14). The overlap population does not reflect

this increase in electron donation and is 0.30 for both ligands. The bond lengths of the
fully optimised complexes also mirror this with a decrease in bond length from 1.850

to 1.842 A going fromVIIl ~ to IX . This particular ligand has been studied by DFT
before B3PW916-311G(d,p)* > and t he qualitative shape

orbitals and the relative energies match well to those determined in this study.

ph& &

[2.24 eV] [2.12 eV] [2.47 eV]
) )’( ‘i\’f
[1.15 eV] [1.71 eV] [0.89 eV]

Figure 2.16", a n ¢ of [NC(N(Me)CH,)]" (VIII 7, left), [NC(N(Me)CH)J (IX",
centrg and [NC(NMe)2] (lll 7, right).
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2.5.2.2 TN bonding analysis with phosphinimides, imides and amides

As a comparison with ligands, 11~ andlll ~ phosphinimide ligand [NPMg (IV ") was

also studied by DFT. These phosphinimide compounds have been widely used in the
synthesis of Group 4 poestetallocene complexes and their derivatives as discussed
previously. This type of ligand is known to act as a potential 5 electron donor due to
the RP"-N resonance form in the neutral ligand; this is therefore a good benchmark
compound for investigating AN multiple bonding in our systems. As before, complex
Cp*Ti(L'")Me, was optimised with constrained and unconstrainedl Bond lengths.
There is no significant difference in the bonding parameters between the two but for
consistency the constrained version will be discussed. In contraétlltd the
phosphinimide ligand shows an equal amount of electron donation front bloth

a n @ orbitals. This is due to the local approxim&tg symmetry of the ligand which
results in effyaaotorbtasi(RAigurd21g)e ner at e

(%

[-0.22 eV] [1.74 eV] [1.76 eV]

Figure 2.170 (left), "y (centre) and (right)nof [NPMes] (IV")

Compared tdX", the best electron donor of the
“-donationoflv'i s |l ess (0.62 vs O0.68) but the 1
0.32). T h eb oinmdc rdecansaetdi oln i s a r eswuwothital of t h

(Figure 2.17) due to the lower electronegativity of phosphorus compared to &arbon.
The phosphinimide is a marginally better overall donor and this is reflected in a higher
Mayer bond order value of 1.19 as opposed to 1.15 foundIXitkAccordingly the

Ti-N overlap population for L #/ andIX are also 0.33 and 0.30 respectively.

The imido ligand [NPhf (X?) is another good example for comparison when
considering TiN multiple bonding. This could only be studied as a fully minimised
structure with no bond length constraints (introduction of the constraints led to an
unstable structearin which SCF could not converge). This is not a problem, however,

as it has already been established that fixing the bond length seems to make little
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difference to the trends in determined bonding parameters. Imido compounds are
known as e xonersdne been stidie@ compdtationally betérd*! This

Imido system shows a preference gflonation over, although to a lesser extent than

the monoanionic iminattype ligands. The main difference is the extent to which these
“orbitals droannadt, eédnate TOI6&@ and 0.51 electrons (1.52 jotal
respectivelycf. IV™ 0.31/0.31 andl™ 0.44/0.22. This significant amount of electron
donation is why the imido |igandyands, assi g
orbitals of the imido ligand are both close to pureripitals as opposed to the
previously discussed,is GaNpondimdise TiiNrbondvh i ¢ h
length for the fully optimised compleX® is 1.742 A. The overall donor effect is
amplified by he dianionic nature of the ligand which lowerg @f the imide nitrogen

as well as increasing the electreriectron repulsion in the frontier orbitals.

The TiN bond order is significantly higher with® thanIV ™ mainly due to the NP

back bondingoresent in NPRwhich takes electron density away from theNTbond

and contributes to the Me=N" resonance formcf. RsP*-N? ). It has been shown that

the reason for the phosphofuse t e r o-eharactar in” hypervalent phosphorus
systems is primarilglue to negative hyperconjugation from the heteroatom lone pair

i nt o -drhiei tdadl s of the ot her sulneracionisant s (
secondary contribution. The-a@lr bi t al s do, howeverbitals hel p
which leads to stronge -bonding in the systefff. Similar analysis has been carried

out on met al bound phosphines -abitalsinagai n
hypervalent phosphorous multiple bondfidg** If the molecular orbitals ofV ™ are
examined a large contriboti of the PC 0 * o r b j & mad can be seen’(Figure
2.17) . T hintegactibinYhélps prevent the efficient-Ni -bonding seen with

X occurring as well with ligandVv . This effect of negative hyperconjugation can also

be seen in the electronddnda on ahk{ 0i B8 ¥ )(@38)fram IV to titanium
which are both mbo (0 THdosor syibloinessertialy ’
nitrogen lone pair whereas ™ b o thla n @, although in theory could exist as pure

lone pairs, have a significant badknation into the &£  {orbitals.

As a benchmark for a 0+1 )MepihorvV) was he co
calculated as mentioned above. SifCeontains only one nehording p-orbital it is

only possi b lirerattion. Thheaborel lemgth &as ‘again constrained (1.860

i) . The n {bandireg relectwohs ddnated by the ligand is 0.35 which is
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comparable tol", 117, I, VII, VI~ and IX" (range, 0.320.34). The overall
“-bonding, which ¢ opntribdtien, i2044. Thisssicompdraple o f a
t o tH-doeatioh from anionic ligands (0.48, Il “(0.44 andlll “ (0.40. The lower

n e tbonding contribution is reflected in the low overall Mayer border of 1.04 and

overlap population of 0.26. As mentioned previously rotating 90° around the Ti

bond b’ shows ,) antd &t ofbita(s ‘accept electrons equally from the

amide 2p AO in both orientations i.e. both have the capability to accept electrons in an
equal amount (shown also fov ). Accordingly if the structure is minimised in its

entirety the TiN bond length increasesgnificantly to 1.926 A.

2.5.2.3 Effect of phenyl substituents on ligand electron donation

Ligand XI replaces thesp? carbon bound methyl group dh with a phenyl moiety.
Optimisation of the complex with a restrainedN'bond length (1.860 A) results in a
complex in which the | i gandcypamewhiystithegr oup
amino2p AO stays approximately eplanar to maintaiconjugation. This is consistent

with the molecular structure determined for Cp*Ti{NCR)Ph}Me; (2.4).? Since the

sp’ catbon of a phenyl group has a higher effective than that of methylsp’) and
phenyl can generally be considered as an electron withdrawing groups due to
resonance gdmfghave alpwereaergh Kl thanll - which results in a
smaller donation of electrons from ligand to metal. The decrease in donor ability when
adding a phenyl group is reflected in the Mayer bond order values of 1.10 and 1.15,
and the overlap populations of 0.29 and 0.30oandlIl, respetively, at fixed TiN
distances.This is also reflected in the increase in bond length in the fully optimised
structures going from 1.854 A Ih to 1.8& A in XI. The Mulliken populations of the
orbitals do not seem to describe this change well as tlaéytain roughly the same
populations as il . Due to the decrease in bond order seeXliras a result of the
introduction of a phenyl ring the guanidinate systédmnow has a higher bond order

than the amidinatX| .

The model systenXll is the iminoimidazolidideVvIll but with the introduction of

flanking phenyl groups rather than methyl groups. As above the introduction of a
phenyl gr oup s e e-aogating abilityl of the ligand. iCorreldtirg the

ener givaan dafthe ixed TEN systems shows that this can be linked to a
decrease in energy of the orbitalJlslSon go
to-0. 27 h&¥4to 0.98 eV). This is replicated in the Mayer bond order and
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overlap population which decrease frdm4 to 1.03 and 0.30 to 0.25, respectively, as
well as the TN bond lengths in the fully optimised structures (1.850 A and 1.881 A).

2.5.2.4 DFT calculations on experimentally observed systems

As well as the previously discussed systems it is impottanbnsider the electronic
structure of all the experimentally determined systems. This Section will compare the
calculated versions of real systems to each other and to the appropriate model systems
to see if the trends determined previously apply teergentally determined systems.

The structures were fully optimised with no constraints. The important bonding
parameters are shown in Table 2.9. The only model compound that has also been
synthesised and characterised is Cp*T{NC(NMBMe, (4, i.e. L =11I).

Table 290 " and tot al e INeetlap populatom, Mayeribdndi t 1 o n ¢
order and calculated ‘N bond length determined by DFT (BP86/TZ2P) for fully
optimised systems containing ligardls, X1, XIIl , XIV, XV.

. Mayer Ti-N

Ligand G Total T;gpa\; (taircl)?]p Bond Igr(:g?h
Order A)

NC(NMe,), Nl 034 066 1.00 0.30 1.15 1.882
NC(NMe)Ph XI 033 067 1.00 0.28 1.10 1.8
NC(NPRPh  xi1 030 068 0.98 0.28 1.10 1.8
NC(NPRA?  xjv 030 064 0.94 0.28 1.06 1.89
NC(N(XyNCHz): xv 029 066 1.00 0.30 1.15 1.859

Ligand XIIl is effectively model specieél but with an NPr, group rather than NMe

There are few differences in the bonding between the two systems which have
identical TiN overlap populations (0.28) and Mayer bond orders (1.10). The bond
length does increase on going froth (1.862 A) toXIll (1.870 A but presumably

this is a resulof the increased steric bulk ®fll . Introduction ofortho-fluorine atoms

onto the phenyl ring oXlll givesXIV . As seen withl~ andVII " the introduction of

these highly electronegative elements lowers the energy of the donor orbitals; this is
also seen here. It has already been shown that introduction of a phenyl dhg in

decreases the bond order of the amidinate such that the guanltingt a superior
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donor.This is no different for the comparisonldif andXIlll . The guanidinatél has

a higher bond order with titanium than in the corresponding amidxitte

The iminoimidazolidide ligan&V canbeconsidered as a variation ¥fl . It has been
shown in the comparison df andVIIl that the introduction of a cyclic moiety does

not change the bonding of the ligand to the metal significantly. It has also been shown
by the comparison oWIll and Xl that introduction of Ph groupsnto the
iminoimidazolidide decreases the donating ability of the ligand. However ligahd
howevershows similar donating abiltiesii. The enegra@gngfarX0f t he
are 0.33 and 1.59 eV, respectivelyf.(XII -, ", -0.27 e V ,;, 0.98 eV). XV has
ortho-methyl groups which can act as electron donors into the ring which would cause
an increase in donation ability of the ligand compareXIto As a consequence of the

I ncr epa® @drbital energies the Mayer bond order witif is 1.15 compared to

1.03 withXIl and is the same & .

2.5.2.5Comparison of DFT structures with structurally characterised systems

Although all the calculated data are s&dinsistent, a comparison with
crystallographically determined bond parametatst be made. This has been carried
out briefly for some systems towards the start of the Chapter but this Section aims to
give a broad overview of various compounds including some literature compounds in
order to compare this to the DFT results. Sin@rehs not a comprehensive list of
relevant crystallographically characterised dimethyl complexes, dichloride complexes

have been used for this comparison.

The complexes used for this comparison are: Kketisiggported system
Cp*Ti(NC'Bu,)Cl, (2.8),*° amidinatesupported system Cp*Ti{NC(Rr,)Ph}CL

(2.3),% guanidinatesupported system Cp*T{NC(NM}Cl, (1), iminoimidazolidide
supported system Cp*T{N@I(Xyl)CHy),}Cl, (3), phosphinimidesupported system
Cp*Ti(NPPr)CL (2.9 and imidesupported system Cp*Ti(NXyl){MeC(Rr)}
(2.10.* The important bond length and angle data for the selected systems are listed
in Table 2.10.
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Table 2.10 Selected bond lengths (A) and angles (°) @*Ti(NC'Bux)Cl, (2.9),
Cp*THNC(N'Pr)Ph}Cl; (2.3, Cp*T{NC(NMe),}Clz (1), Cp*T{NC (N(Xyl)-
CHy)2}Cl» (3), Cp*Ti(NP'Pr)Cly (2.9) and Cp*Ti(NXyl)}{MeC(N 'Pr);} (2.10. C(11)
is the carbon directly bonded N(1) in each case.

2.8 2.3 1 3 2.9 2.10
Ti(1)-N(2) 1.844(7) 1.800(3) 1.782(3) 1.788(2) 1.759(4) 1.738(2)
N(1-C(11)  1.266(11) 1.310(4) 1.324(5) 1.302(4) - 1.382(4)
N(2)-C(11) - 1.340(4) 1.362(5) 1.359(4)

N(3)-C(11) - - 1.357(5) 1.361(4)
Ti(1)-N(1)-C(11) 166.4(7) 165.2(3) 170.3(3) 176.4(2) - 168.9(2)

Amidinate complex2.3 has a significantly shorter -N bond than ketimide complex

2.8 (1.844(7) Avs. 1.800(3) A) and a longer NJ-C(11) distance (1.266(11) As.
1.310(4) A). These significant changes are in agreement with those found in the DFT
studies and are as a result of the introduction of the additional amino group. Going
from 2.3to guanidinate complek there is a smallli significant decrease in the-Ni

bond distance (1.800(3) A to 1.782(3) A) which again matches with the DFT
calculated results. This difference is mainly due to the presence of the phenyl ring in
2.3 which is known to decrease theNibond order. Theyclic guanidinate3 has the

same TiN bond length as the neyclic analoguel as also found in the above
investigation. The xylyl rings do not have the same effect as the phenyl ri2g3 in
because, as discussed previously, they have dorating methyt groups which help
balance the electron withdrawing effect of the aryl ring. The phosphinitngleas a

Ti-N bond length (1.759(4) A) significantly shorter than the previously mentioned
compounds 4.8, 2.3 1, 3 and 2.9) and this is because of a vesyt r o-boadingdl
component to the metal centre as shown by DFT. The imido compautd
synthesised by Mountforet al has the shortest ‘N bond length of them all (1.738(2)

i) because, as discussed, it 1s a highly
2.6 Summary

This Chapter has described the synthesis and characterisation of sevesahtaiich
dichloride and dialkyl precatalysts. Ther&y crystal structures of some of these
compounds have also been presented and compared. DFT studies were then described
which investigated the influence of various ligands (L) on the frontier orbitals of
[Cp(L)Ti]**. Following this DFT studies of the TN bonding mode and the electron
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donation efficiency of the |igaand L, w
N-donors. Overalthis Section showed that although all the ligands (other thamNMe

bind in a 0+2° mode t he e-brigtalsinthese difecentat i ng
ligands can vary significantly depending largely on the donor orbital energy and
therefore the esrgy match between it and the metal acceptor orbitals. Overall the DFT
results compared well to that determined experimentally.
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3.1 Overview

It is well acceped that the active species inrdBp 4 homogenous olefin
polymerisation is an electron deficiembnoalky! cation [LMR]" (L = ligand(s) , M =
Group 4 metal, R = alkyl). This Chapter begins by discussing previous studies-of half
sandwich monomethyl cations before going on to discuss #ymthesis and
characterisation of badeee cations supported bg'-g u ani di f-antidmateo r 3
ligands. The synthesis and characterisation of the corresponding Lewis base adducts
of the cations is also described.

DFT calculations have also been carrat in order to probeboth the electronic
characteristics and dimerisation processes of these cations. The Chapter ends with the
synthesis and discussion of bimetallic monometinidged monocations and alkyl

aluminium adducts.
3.2 Post-metallocene basdr ee cations

Following on from Section 1.6.6 which gave a general introduatitmthe activation

and solution behaviour dadialkyl basefree cations this Section will focus orhe
previously reported activatioohemistry ofdimethyl postmetallocenehalf-sandwich
complexes looking solelgt the stoichiometric treatment of dimethyl complexes with
activating agent; the chemistry of monomethygilged monocations, formed by
treatment of the neutral dimethyl complexes with 0.5 equivs of activator, will be

discussed later in thiShapter in Seti@n 3.3.

In 2000 Piers et al showed that treatment of the ketimide complexes
CPRTiI(NC'Bup)Me, (Cp" = Cp, Cp*, GMesSiMes) with BFys (B(CsFs)s) produced the
zwitterionic species [CITi(NC'Bu;) (-Me)BFis] as seen with the metallocene
systems; these compounds decompose @z er24 h producing methane and
CPRTi(NC'Bu,)(CsFs) (GH.B(CsFs),) containing a methylene bridde. TBF
([PhsC][B(CeFs)4]) can also be used to activate thetiknide dimethylcomplexes
although the reaction requires heating to go to completion (Equation 3.1). With Cp
Cp* or GMe,SiMe; this produces single clean monomeric cationic speciesHby

NMR (Equation 3.1) whereas with Cp a complex mixture is prodéiced.
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CpR CpR
TBF
T 7 . e Bre
Tin, i
N N Me -PhsCMe N e
tBu\( Me tBu\(
C6D5Br
Bu A 'Bu

CpR = Cp*, CsMe,SiMe;
Equation 3.1 Activation of CHTi(NC'Buz)Me, with TBFx.

Complexescontaining the phosphinimide supporting ligand has also had its activation
chemistry studied with both BFand TBRo by Stephan and Piers, respectivefyThe
activation of dimethyl compounds Epi(NP'Bus)Me;, (Cp® = Cp* or Cp with TBFRx
produces a single clean species at room temperature which can be fully characterised
by NMR spectroscopy. However, the species is unstable in solution over a longer
period of time ¢a. 12 h). The phosphinimide compounds when activated witly BF
form the expected zwitterionic species CpTi(BBs;) Me-Me&BFis which was

subsequently structurally characterised.

The activation of aryloxidsupported halsandwich complexes has also been
investigated. Treatment of aryloxide dimethyl complex CpI2(Qp-4,6-
CsH2'Bu)Me; with BF;5 produces the usual contact ion pair which was characterised
by '"H NMR spectroscopy. However, over time, this species decomposed with the
elimination of meGHpBB ooetaining conipounthOther leski ( ¢
sterically hindered compounds such as Cpi2(6CsHsMe,)Me,, even at-70 °C,

form a mixture of decomposition products with observation of the transient
zwitterionic compound. Activation of CpTi(@,6-CsHsMez)Me, with TBF,o at-70 °C

gave the corresponding cationic complex which decomposed e&h g.%*°

Activation chemistry with Bl has also been demonstrated by Magksl with the
dimethyl CGC catalyst family showing similar characteristics to those previously
mentioned for ketimide, aryloxide and phosphinimide supported systethsThe
synthesis of CGC cation [(®e;SiMe;N'Bu)ZrMe][BF,q has been detailed and the
compound was isolated and characterised by elemental arfdlpsist to the report of

the crystallographically characterised specle®gin?* by Lanxess Elastomers and
Mountford in 2010 the only crystallograpicallgharacterised badeee cation was

the dimeric hals a n d wf-amitinate compound [CpZra( -@Ve){N 'BuC(Me)
NEt};][BF292. This was formed by the activation of the dimethydbmplex
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Cp*Zr{N'BuC(Me)NEt}Me, with [PhANMeH][BF2].> To t he aut hor &6s
there are no reports on the stoichiometric activation of dimethyl imidoimidazolidide or
non-ansa amidesupported Group 4 catalysts in which the active species has been

characterised.

Figure 3.1 Molecular structures of [Cglix{ eNC(N'Pr)Ph}:Mes]*" (3.4 and
[Cp*:Z r {NE(N'Pry)Ph};Me;]** (3.5

Work carried out in the Mountford group concurrently with the work reported in this
Thesis recently showed that reaction of amidinate supported complexes
CpTH{NC(N'Pr)Ph}Me, (3.2), Cp*Zr{NC(N'Pr)Ph}Me, (32) and
Cp*H{NC(N'Pr)Ph}Me, (3.3) (the Cp, Zr and Hf analogues @f4, respectively)

with TBF,o led to the immediate crystallisation of the structurally characterised
nitrogenbridged dimeric dications [Gix{ eNC(N'Pr)Ph}.Me;]** (3.4) [Cp*»Z r { €
NC(N'Pr)PhhLMe,])*" (3.5) and [Cp*Hf{ eNC(N'Pr)Ph}Me;]** (3.6);*° this is in
contrast tal.26" which is soluble in halobenzene solvents for a short amount of time
before slowly forming the crystalline dimethytidged dication1.26m?".** The
molecular structures 08.4 and 3.5 are shown in Figure 3.1. Due to the rhpi
crystallisation 0f3.4, 3.5and 3.6 no NMR data were obtained. This result highlights
that heteroatomic bridges are possible in these types of systems and could play an

important role in the polymerisation process.
3.2.1Synthesis of basdree cations

The synthesis and study basefree cations wathe logical initial step in studying the

active polymerisatiorspecies.Synthesis of thee cations involved abstraction of a
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single methyl group fromvarious dimethyl complexes (Section 1.6.2.3)sing
cocatdyst TBF,, (Equation 3.2, the nature of the active species is shown as a
monomeric baséee alkyl cation but it must be noted, as discussed in Chapter 1, that
the solution behaviour can be more complicafdte solvents used for these reactions
are eithe CsDsBr if carried out on the NMRube scale or GHsF if carried out using
Schlenk line technique€sHsF was used on scailg because it has a lower boiling
point than GHsBr and so could be removed under vacuum more easily. These solvents
are also lesdikely to coordinate to the produced cations though Jpaie donation.

Less polar solvents such asDg resulted in poor solubility of the ionic species and
resulted in the formation of oils.

Titm, _ |

N Me -PhsCMe L/T'w@»..M BF20
Me e
RT
L = amidinate CeDsBr or CeHsf
or guanidinate
Equation 3.2

3.2.2 Diffusionmeasurement by NMR spectroscopy

This Chapter also details research carried out in collaboration with Dr Timothy
Claridge, in the Oxford chemistry department, on determining the diffusion
coefficients (D) of various cations in solution using a techniguewvknas Diffusion
Ordered Spectroscopy (DOSY) or Pulsed Gradient Spin Echo (PGSE) NMR. For a
more indepth discussion of DOSY and how the diffusion coefficient is determined the
reader is referred to the relevant literattir€he technique has been successfully used

on metallocenium complexes to determine whether the ionic active species exists as
single ion pairs or as higher aggregates such as ionic quadfifjl&sone assumes a
spherical molecular shape the diffusion constant of a compound ersaty

proportional to the cube root of the volume according to the SEotstein equation

(Equation 3. 3, D is t he di ffusion coef f

temperatur e, d is viscosity, r is the
nunerical factor that depends on the size and shape of the solute and the

hydrodynamic behaviour of the solegelvent system)?
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$ =) E4
AG _
s 20
S TA
Equation 3.3

Thus if the ratio of the diffusion coefficients is known then the ratio of volumes can be
determined by simply cubing the ratio/D;. Using the volumes rather than D or r
gives a more tangible comparison of molecular diz¢his Thesis the ratio of volumes

and diffusion coefficients will be used to compare species present in each NMR tube
experiment; using this approach negates any significant variations in the viscosity of
the solvent and the numerical factor c that osctor example due to the presence of
different species in solution. The ratios of diffusion coefficients have been used in
reported studies to compare the size of different species previously as well as the
association of anions and catidhs®

A theoretical ratio of volumes will also be calculated for species in question by
using either directly determined crystallographical volumes or by using the well
established rule (in the absence ofay structures) that the average volume required
for a molecule in a crystal structureca.18 A® per norhydrogen atont’ The validity

of this rule can be shown in these systems by the reasonable agreement between the
crystallographically determined volume9aR4.53(13)A%) and that determined using

t he fiukd j( 2 6)6far thg molecular structur@f 1.26m-[BFag].. The
production of the cations leads to the formation of the-gideuct PBCMe which was
used in each case as an internal standard for the diffusion coefficient (D = 589 x 10
m? s%). Samples were prepared with a concentratio).af M for each species in
CsDsBr.

3.2.3 Basdree [Cp*T{NC(N 'Pr,)Ar 3Me][BF »¢] (1.26[BF2q])

As already discussedrgdiminary work for this prgct was carried out bizanxess
Elastomersu s i n g “-amibimates@pported complex Cp*THNC(N 'Pro)Ar3Me,
(Ar2= 2,6:CsHsF,) (1.49 in collaboration with MountfordTreatment oflL.49with 1
equivof TBF, at room temperatureads to theuantitative and immediafermation
of the monoalkyl cation1(26) as judged by'H NMR spectroscopy’ This was
characterisedby 'H and !F NMR spectroscopyat the time but due to rapid

crystallisation could not be characterisedfy NMR spectroscopy.
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Although thedimer 1.26m-[BF20]2 Wwasstructurallycharacterised in the solid state, it
was thought appropriate to use solution based technisugs asDOSY NMR to
investigate whetheit wasalso dimericin solution.It was expected in the absence of
DOSY results that the species in solution is probatdnemeric sincd.2G;im-[BF2q]2
cannotberedissolved in @sBr. The'H NMR spectrunpf 1.26 in CsDsBr shows the
formation of a single cationic produ@tf. Cp* Ti(NC'Bu)Me,, vide suprd). DOSY

NMR was performed on the bafee cation [Cp*T{NC(NPr)Ar3Me]*, as well as

the anion [BEg, in CsDsBr using both'H and '°F resonances This allowed
measurement and comparison of both the catighi€6) and anionic([BF2q])
components of the compourithe dffusion coefficient (D) for the cation as measured

by *H NMR was 275(3) x 10*° m? s* and the anion measured BYF NMR was
2.77(3) x 10 n? s, Since both compants have effectively the same diffusion
coefficients these experiments show that despite being a weakly coordinating anion
[BF2q]” still has a strong enough association with the cation in this solvent system to
diffuse along at the same rate.

To seek evidence for monomefiic6yone’ in solution a'H DOSY experiment wasin
with 1.26[BF,q dissolved in @DsBr together withthe same concentration of the
triphenylphosphine oxide adduct  [Cp*T{NC(NPK)Ar2(OPPh)Me][BF2q]
(1.52-[BF4])."* This adduct was chosen because it is larger than the monomeric cation
but smaller than the dimer. Compouh&I-[BF,g had also been reported before and
is stable and soluble in solution over long periods of fifiEne diffusion coefficient
for 1.26[BF 2 was2.84(3)x 10*° m?s* compared to B9(3)x 10*° m?s™* for 1.51
[BF2q]. Sincel.26[BF2q hasthe highediffusion coefficient itmust be smaller overall
than the OPPhadduct andtherefore the cation isnonomericin solution i.e.
1.26nono-[BF 2] Not 1.26G5im-[BF20]2 (Figure3.2). The ratio of diffusion coefficients in
this case is 1.06 and the ratiowofumes is 1.18. This matches well with the calculated

ratio of volumes of 1.16, derived including the pglFcounterion.
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_ _®
<% = =
P . P
e 2 Ty < 1/ ~~."
|
OPPh, Me™
L = -NC(N'Pr,)ArF2
1.51* 1.26m0no" 1.50*

Figure 3.2 Size comparison ofcation 1.26n.n, With OPPR adduct 1.51° and
monomethydbridged monocatiod.50" from DOSY experiments.

As another comparisomnl.26nono-[BF20 was also tested againgte monomethyl
bridged monocation [CpTiANC(N'PR)Ar™ ,Me,( &Ve)][BF2g (1.50[BFad]),
synthesised by the addition of OeBuivs of TBEo to 1.49 (see Section 3.3}. The
diffusion constant fofl..26none-[BF2g was 2.73(4x 10*° m?s* compared to 2.51(3)
10"° m?s™ for 1.50[BF,(]. The ratio of volumes is 1.29 which matches the calculated
ratio of 1.28 for the ion paiThis once more confirmthat 1.26m0n0 IS Monomerian
solution (Figure3.2). Further evidence and insight on this tojgcfound in Section
3.2.16

3.2.4[Cp*Ti{NC (N'Pro)Ar (L) Me][BF g (L = py (8-[BF2q]) or THF (9-[BF2d]))

As mentioned above, the catiodh26™ has previously been trapped with ORPh
(forming 1.51)' and indeed many of the early examples of alkyl cations were
obtained as Lewis base adducts (Section 12632} ewis bases in this Thesis are used

to help probe the nature of the cations as well as to allow the formation of isolable
complexes. They also add to the general underlying chemistry of these post
metallocene cations. The Lewis bases which have beesedtih this work are OPBRh

py and THF which form stable cations according to Equation 3.4

—_—

Tivm, [0
- \MMe -PhsCMe I_/T'\""Me
o \
CgDsBr or CgHsF, L
L = «"-amidinate or RT L' = OPPhs, py, THF
«'-guanidinate
ligand
Equation 3.4
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Reaction of1.49 with TBF,, in the presence of pyridine yields the immediate,
guantitative formation of the&C; symmetric Lewis basestabilised specie$Cp*Ti-
{NC(N'Pr)Ar?}(py)Me][BF2 (8-[BF2d) as judged by'H NMR spectroscopy.
Compound 8-[BF,g was isolated in a 77% vyield and characterised by NMR
spectroscopy, IR spectroscopy and elemental analysis. The room tempeaiMR
spectrum showed the expected features, with resonances for Cp* at 1.50 pperatTi

0.78 ppm £C, 63.9 ppm) and pyride between 6.50 and 7.50 ppm. The NMR
spectrum also features characteristic resonances foisthepyl groups with two
septets at 3.36 and 3.79 pp@HMe,) and doubletsGHMe,) at 0.79, 1.06, 1.10 and

1.14 ppm. Compleg.49displays only two doublets due to & symmetry wherea8"
displays four since it ha€; symmetry. This was also the case for the previously
characterised.51".** Over the period of 16 h this compound undergoes decomposition
in solution to form amixture of products. Previously, pyridine adducts of monomethyl
cations have been shown to form an orthometallated species over time. For example,
previous work by Mountford et al.  showed that adduct
[Ti(N'Bu)(Mes[9]aneNs)(py)Me]" formed [Ti(NBu)(Mes[9]aneNs) C-MCsHa)]™ over

two days in solutiori* Metallation was also seen by Jordanal. in the reaction of
[Cp:Zr(THF)Me]" with pyridine yielding [CpZ r ( BE-NGsHD)]" (L = THF, py).*
However there is no evidence for the formation of such metallated species amongst the

decomposition products &f.

When 1.49 is activated by TBlp in presence of THF the base stabilised species
[CP*TH{NC(N 'Pr)Ar"?(THF)Me][BF 2] (9-[BF2z]) is formed immediately and is
quantitative as judged By NMR spectroscopy. CompourSd[BF,q was isolated in

85% vyield and was characterised by NMR spectroscopy, IR spectroscopy and
elemental analysis. ThtH NMR spectrum shows resonances consistent with a
symmetric base stabilised cation; noteworthy signals include Cp* (1.58 ppm) -and Ti
Me (0.52 ppm). Another important spectral feature is the splitting of the diastereotopic
OCH, THF methylene protons into two multiplets (3.40 and 3.26 ppm) as a result of
tight binding of the THF to titanium. The OGEH, protons appear as a single
multiplet at 1.43 ppm. Th&¥C-{*H} NMR spectrum contains a I¥e signal at 63.6

ppm alongside the other expected resonances. The analogous titanocenium compound
was prepared by Bochmann by the oxidation of Tj¥e with AgBPh;, the'H NMR

spectrum was recorded ingsN and so is difficult to directly compare with the
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aforementioned compour@[BF].>* On standing over 16 B decomposes with
additional GCH- resonances appearing, possibly due to ring opening of the bound
THF.

3.2.5 Basdree [Cp*Ti{NC(N iPrz)Ph}Me][Bon] (10-BFy0)

In order tostudy the effects of changing the electronic properties of the amidinate
ligand on the subsequent basefree behaviour the activation of
Cp*THNC(N'Pry)Ph}Me; (2.4) was investigatedTreatment of the neutralimethyl
complex2.4 with 1 equivof TBF,g in CsDsBr yieldsa mixture ofthreeproducts(104’,

10b* and 10c") which can be identified by the multiple Cp* resonances, amongst
others, in theH NMR spectrum in a ratio of 2:1:1Qa":100":10c*). None of these
signals correspond to thmonomethyl monocation2@®, Section 3.3), which as

discussed Section 3.3 can result from incomplete activation.

The major productl0a’) has a Cp* resonance at 1.49 with two other minor products
with Cp* signals at 1.5510b") and 1.73 10¢") ppm. Signals in théH NMR spectrum
which correspond to the major produt0é’) can be assigned to Cp* at 1.49;Meé at

0.74 and isopropyl resonances at 3.€HNe,), 1.20 CHMe;) and 0.73 CHMe»)

ppm. The position of the e signal tH, 0.74 ppm:*C, 68.3 ppm) is very similar to
that observed for monomeric spectte®6nno and as such suggests that the major
species in this mixture is also the monomeric catida(). The presence of only two
CHMe, doublets also is consistent wi@y time averaged symmetry which would be
expected of a monomeric cation. DOSY NMR performed on the mixture yields a
diffusion coefficient of 2.72(4) x T¥m?s? for 10a’, which is similar to the diffusion

coefficient for monomeric catiob.26mono -

The species 10b") which corresponds to the Cp* resonance at 1.55 ppm has a
diffusion coefficient of 2.12(4) x I8 m?s*; this corresponds to a ratio of volumes
with the major product of 2.1 i.ea. double the size of0a’. This is consistent with

the existence of a dimeric species in solution, whether this is as a result of cation
dimerisation or from the existence of solution quadruples as seen by Brintzirajer

with zirconocene systems is unknownFinally the third species (Cp*, 1.73 ppm,
10c") has a diffusiorconstant of 2.63(3) x 1 m?s* similar to 10a" which suggests

that this species is perhaps a monomeric solvent stabilised species such as
[CP*T{NC(N 'Pr,)Ph}(CsDsBr)Me][BF2] similar to those seen by Baird and
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Budzelaaret al. with titanocene in CBCl,.** The corresponding e signals for
10b* and 10c*are found betweenl.0 and 0.5 ppm and are observed as multiple

resonances.

An important consideration in these studies is to confirm whether these various species
arise from equilibria between the expected monoalkyl cation in various forms or
whether it was actually a result of decomposition. This is can be established by

derivaising the mixture with a Lewis baséde infra

3.2.6 [Cp*Ti{NC(N 'Prz)Ph}(L) Me][BF 2q] (L = OPPhs (11-[BF2d]), py (12[BF2d]) or
THF (13-[BF2q]))

Treatment of the mixture of cationic product€d’, 10b™ and 10c’, vide supra with
OPPRQ or transient formation of the bafee cation in the presence of ORRdsUItS in

the immediate and quantitative formation of the same single product, namely
[CP*THNC(N 'Pr,)PR(OPPh)Me][BF2q (11-[BF2]). This compound was isolated as

a yellow powder in 53% vyield and characterised by NMR spectroscopy, IR

spectroscopy and elemental analysis.

1. OPPh,
T|_ 2.TBFy ® o
1001, o
Ph N7\ M — Ph N/T'\ mMe  BFao
g Me CeDsBr or CgHsF g OPPh,
N'Pr, <5 min, RT NP,
2.4 11*
@| 1. TBF
1 2. OPPh, 1
Ph /N/ \ "Me —> ph. N7 Me  BFao
\( Me CeDsBr or CeHsF Y OPPh;
NPr, <5 min, RT NPr,
2.4 11*

Scheme3.1 Two alternative reactions to generate[BF ).

This evidence not dy confirmed that the aforementioned mixture of products is not
the result of decomposition but also allowed the isolation of adtaddised form of

the cation. ThéH NMR spectrum (Figure 3.3) dfl* is consistent witfC; symmetry

in solution like1.51". The spectrum contains singlet Cp* aneVié resonances at 1.60

ppm and 0.50 ppm, respectively. Other resonances in the spectrum are ligand based

and consist of aromatic protons as well as two septdtdf;) and four doublets
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(CHMe,) for the NPr, moiety. As opposed to the neutral complex4*® these are
sharp at room temperature, presumably due to an increase incstaviting around

the metal centre on the addition of the large QRRtlecule; in fac2.4 shows only

two doublets even at 223 K. In tH€-{*H} NMR spectrum the FMe resonance has

a chemical shift of 49.3 ppm and in tH&-{'H} NMR spectrum @Ph; is located at

49.6 ppm. In order to check if there is any possible exchange of bound and free OPPh
on the NMR timescale a second equivalent of the phosphine oxide was addéd to
This resulted in two resonances fP-{'H} NMR spectrum which were corsient

with bound and free OPR&howing there is no ligand exchange on this timescale.

N

30 25 20 15 10 05 00 05

80 75 70 65 60 s ) 45 40 35
f1 (ppm)

Figure 3.3'H NMR spectrun(299.9 MHz, 293K, @DsBr) of 11" after isolation.

The pyridine and THF adducts #0" could also be prepared by treatmengaf with

TBFy in  the presence of the respective Lewis bases to form
[CP*THNC(N 'Pr)Ph}(py)Me][BF2g  (12[BFa]) and [Cp*T{NC(N 'Pr)Ph}-
(THF)Me][BF2 (13-[BF2q) which were isolated in yields of 77% and 85%,
respectively. These compounds were characterised by NMR spectroscopy, IR
spectroscopy and elemental analysis. The NMR spectra were almost identical to that of
8-[BF2q and9-[BF and decomposition of the twspecies also takes place akin to
8-[BF, and9-[BFy]. The reactivity of these bastabilised adducts is discussed in
Chapter 4.
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3.2.7Basefree [Cp*Ti{NC(N Me;)}Me][BF 2o] (14-[BF2))

Treatment of Cp*Ti{NC(NMe):}Me, (4) with 1 equiv of TBEy results in the
immediate formation of an insoluble red microcrystalline solid §psBr which was
isolated in 75% vyieldThe insolubility of this species prevented obtaining NMR data
and thereford4-[BF,o was characterised by IR spectroscopy and elesmhangalysis;

both were consistent with the expected compositide insolubility of the cationic
species perhaps suggests, based on the solubility of other dimeric species such as
1.2645im>"-[BF 2q]-, that the cation dimerises rapidly to fofmm-[BF2q].

Leaving the solid testand InC¢DsBr for 2 weeks gave rise to the formation of a teal
crystalline solidisolated in a yield of 26% arglibsequently characterised by elemental
analysis, IR spectroscopy andrXy crystallography consistent with the formatiof
monocationic  dimer [Cp*;Tio2Mexy{ eNC(NMey)2}ol[BF2o]  (15[BF2)  with
approximateC; symmetry (Figure 3.4). The formation of this nitrogen bridged dimer
suggests that the speciB&im-[BF20]2 is potentially Nbridged (explored using DFT in
Section 3.2.19). Compountl5-[BF,¢ is paramagnetic due to the presence of an
unpaired electron so was also characterised by EPR spectrosadpyinfra The
molecular structure 015" is shown in Figure 3. and selected bond distances and

angles are listed in Table 3.1.

This molecule formally contains twaseudetetrahedral titanium centres, each bonded

to a Cp* ligand and terminal methyl group, that are bridged by two tetramethyl
guanidinate ligands. Thmolecule is formally mixed valence and contains a Ti(lll) and

a Ti(IV) centre. A similar isoelectronic compound was reported by Mashtnad in

2011 which was synthesised by a one electron reduction of the binuclear imido bridged
species [Cpli,Cl{ eNAr} ;] (Ar = 3,5CsH3(CFs),) by CpCo to yield [CpTiCl{ €

NAr} 2] (3.7).%°

93



o
\\\\\
\

w N,
lllllllllll
01,

Chapter 3

Figure 3.4 Lewis structure (left) and displacement ellipsoid plot (right,%20
probability) of[Cp*,Ti-Mex{ eNC(NMe,)2},]" (15%). H atoms omitted for clarity.

Table 3.1 Selected bond lengths (A) and angles (°) fiEp*.Ti-Mex{ €

NC(NMe)2}2]"  (15Y). Cpeen(l) and Cpeen(2) arethe computed Cp* ring carbon

centroics.
Ti(1)-Cpeen(1) 2.08 Cpeenf1)-Ti(1)-C(16) 108.0
Ti(1)-Ti(2) 2.848(1) Cpeen{1)-Ti(1)-N(1) 124.5
Ti(1)-C(16) 2.235(2) Cpeen(1)-Ti(1)-N(4) 124.2
Ti(1)-N(1) 2.0083(19) Ti(1)-N(1)-C(11) 136.22(17)
Ti(1)-N(4) 2.013(2) N(1)-Ti(1)-C(16) 102.95(8)
N(1)-C(11) 1.345(3) N(1)-Ti(1)-N(4) 90.15(8)
N(2)-C(11) 1.358(3) N(4)-Ti(1)-C(16) 103.71(8)
N(3)-C(11) 1.356(3) Cpeen(2)-Ti(2)-C(32) 107.7
Ti(2)-Cpeen(2) 2.08 Cheen(2)-Ti(2)-N(4) 124.2
Ti(2)-C(32) 2.234(2) Cheen(2)-Ti(2)-N(1) 124.8
Ti(2)-N(1) 2.0174(19) Ti(2)-N(4)-C(27) 135.62(17)
Ti(2)-N(4) 2.0158(19) N(4)-Ti(2)-C(32) 104.41(8)
N(4)-C(27) 1.345(3) N(1)-Ti(2)-C(32) 102.70(8)
N(5)-C(27) 1.354(3) N(4)-Ti(2)-N(1) 89.80(8)
N(6)-C(27) 1.368(4) Ti(1)-N(1)-Ti(2) 90.06(7)
Ti(1)-Ti(2) 2.8482(6) Ti(1)-N(4)-Ti(2) 89.99(8)

The c e niN)T unit pf IS cdomtains four TN bonds Ti(1)-N(1), Ti(1)-N(4),

Ti(2)-N(1), Ti(2)-N(4)) which are identical within error (av. 2.014(1) A); comp&%
has a comparable but slightly shorter averagd Tdistance of 1.936(5) A. The

symmetry of this central unit means that the compound is best described as containing
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a formally Ti(3.5}Ti(3.5) delocalised moiety as opposed to the a valénagped
descripion; this is also supported by EPR studiegld infrg. The TiN bonds are

longer (av. 2.014(1) A) than when the ligands are terminally boundN,(Ti26m>" =

1.7913(13) A% 5 = 1.8077(18) A) reflecting the bridging coordination mode of the

ligands as well as Coulombic repulsion between the two formally positive titanium
centres. The TN bond lengths inl5"  ar e si mil ar to tHobse in
amidinate specie3.4 (1.951(3)A and 2.016(3) § introduced in Section 3.2, showing

that the addition of the single radical electron does not perturb the bond length to any

significant extent?

The Ti(1)Ti(2) distance in3.7 was reported to be 2.761(2) A and was said to be
indicative of a TiTi interaction® In 15" the Ti(1)}Ti(2) distance is even longer
(2.848(1) A) which shows that the presence of diTinteraction is less likely. The
Ti-Ti distance in related Ti(lIATi(ll) nitrogen-bridged species is 2.6067 A which

is significantly shorter than that it6".>*3*°AIM analysis performed on the optimised
structure15Q" (see Section 3.2.)%lso stowed no evidence of bond path or bond

critical point.

Complex 15" is paramagnetiso couldbe characterised by EPR spectroscopy in
CD.Cl,. This was carried out by Dr Jeffery Harmer at the University of Oxford. The
experimental spectrum alongside its simulated spectrum is shown in Biguigoth
experimental and simulated spectra show a vedearcfivelined pattern due to
hyperfine coupling of the single electron to two nitrogen atotfis, (| = 1, natural
abundance = 99.64%) and also two titanium atdfis, (| = 5/2, natural abundance =
7.28%;**Ti, | = 7/2, natural abundance = 5.51%). Ttimfirms the unpaired electron

i's in fact del ocal N3, B dnit. &hisoisusimdar to3l¥ ehick e nt r a |
has a visually identical EPR spectréhSimulations show the experimental values for

g = 1.98, AJ(*'Ti) = 13.6 MHz,Aiso(**N) = 8.7 MHz. The simulated spectrum shows
the total spin density on nitrogen is calculated to be less than 3%. The SOMO (Figure
3.5) of 15Q" was calculated by Betty Coussens, DSM, using DFT methods (B3LYP)
on the structure obtained using the M06 levehebry (Section 3.2.19).
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330 332 334 336 y o 340 342 344
Figure 3.5EPR spectruni293 K) of [Cp*;Ti{NC(NMe,)2)}(mMe),]", experimental
(black) and simulated (red)he simulations employed the following parametegs=
1.98, A(*'Ti) = 13.6 MHz, Ar(*N) = 8.3+0.2 MHz,A(*'N) = 9.5+2 MHz, with a
Gaussian linewidth (f.w.h.h.) &Wh =7 MHz, Lw;= 33MHz. Inset:isosurface of the
SOMO for15Q".

The isosurface of the SOMO (Figure 3.5) confirms that the location of the spin density
I st RNY,Ti Unit; {hes density irimarily on the titanium atoms with only a small
amount found on the nitrogen atoms. Theadue is calculated (B3LYP) to be 1.92 and
the hyperfine coupling constants are found to be 10.8 and 7.9 MHzs{6Y®) and
Aiso(*™N) = 8.7 MHz, respectively, in good agreement with the experimental values

reportedyidesupra

3.2.8 NMR tube scale synthesis of [Cp*Ti{NC(NMe).,}Me][MeBF5] (14-
[MeBFi4])

Since the specie&4mono-[BF20] seems torapidly dimerises to formldyim-[BF20)2

which is insoluble, NMR data of either compound could not be obtained. In order to
acquire NMR data on a related species;sBFas used to activaté. As discussed
previously the anion [MeBjs]” can have a close interaction with the cation and in this
case had the potential to prevent dimerisation and hence rapid precipitation of the
cation. Treatment of with 1 equiv Bks in CsDsBr gave an immediate colour change

from yellow to red. Afterca. 10 min a red oil formed. However, prior to this, the
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and 'F NMR spectra ofl4[MeBFis] were acquired. ThéH NMR spectrum of
14-[MeBF;s] although broad, presumably due to precipitation beginning to occur,
showed the expected resonances for NNp*, Ti-Me and MeBF;s| at 2.47, 1.62,

1.46 and 0.90 ppm, respectively. mpprton s
of themeta andpara-fluorine *°F chemical shift of [MeBis] gives a good indication

of the degree of association of the arfiBrA value of between 3 and 6 implies
coordination and I|-ceososr dihnaant iBonion.di cat es fin

The 'F NMR shifts of14-[MeBF1s] are-132.1 6-CFs), -160.0 p-CsFs) and-164.4

(MmCgFs) pp m. T hm,pp= 4gtiwkiah sndicgiés coordination of [MeBF to

the cation Treatment ofl4-[MeBFis] with diisopropylcarbodiimide leads to the

formation of43-[MeBFi5] in which the insertion of the idopropylcarbodiimide into

the TiC bond resul ts i*amidinétesufpatednspetids ¢discussedd a o
further in Section 4.2.3.1) and therefore no vacant site for the anion to bind. Consistent

wi t h mp) forsthiscpfecies is reduced to 2.4 which indicates no coordination of

the anion. Thus although4mono-[BF20] could not be characterised by NMR the
coordination of the anion in this case allows NMR spectra of a closely related species

to be acquired.

3.2.9 Cp*THNC(N Me2)2}(L)Me][BF 2q] (L = OPPhs (16-[BF2q]), py (1#[BF2q]) or
THF (18-[BF2d]))

In the absence of direct evidence of the Hase alkyl cationl14-[BF,g, several
Lewis-base adducts have been synthesised and characterised. In all cases the dimethyl
complex must be activated in the presence of the Lewis base as the insoluftedbase
form produced immediately on the addition of TBIs insoluble preventing further

reaction.

Reaction o#4 with 1 equiv TBRin the presence of OPPresulted in the formation of
a yellow solution from which[Cp*T{ NC(NMe,),} (OPPR)Me][BF2q (16-[BF2q])
could be isolated in a 72% yield. Compoub@[BF,g was characterised by NMR
spectroscopy, IR spectroscopy, and elemental analysis. The Cp*; alMeTiMe
resonances are present as singlets in‘thespectrum at 1.65, 2.28 and 0.22 ppm,
respectively. ie TiMe resonance in this case is found in tHe-{'H} NMR
spectrum at 48.1 ppm analogous 1@ and 1.51". The singletNMe; signal is

consistent with rapid rotation about thes@j-NMe, and rapid rotation about the-Ti
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bond at room temperature on tR&IR timescale. This happens even in the presence of
the sterically demanding OPPligand ¢'P, 49.4 ppm).

The pyridine addut [Cp*T{NC(NMe)2}(py)Me][BF2q (17-[BF20]) was prepared in

an identical fashion to the OPPadduct and isolated as an orange powder in 78%
yield. 17-[BF,q was characterised by NMR spectroscopy, IR spectroscopy and
elemental analysis. The THF addu&[BF, was also prepared according to the
same procedure and isolated as a yellow powder% @@ld. CompoundL8-[BF 2

was characterised by NMR spectroscopy, IR spectroscopy and elemental analysis. The
'H NMR spectra forl7-[BF,q and18-[BF,g contain analogous resonances for Cp*
(1.55 and 1.60 ppm, respectively), NM@.43 and 2.37 ppm, respectively) andvie

(0.63 and 0.40 ppm, respectively). TheMé resonances in th&C-{’H} NMR
spectrum forl 7-[BF o] and18-[BF,g] are 58.1 and 54.5 ppm, respectively. In a similar
vein to 9" and 13" the proximal THF methylene ptons are split into two multiplets
(3.69 ppm and 3.48 ppm). Both THF and py adducts decompose akin to those
previously detailed. The reactivity of these adducts will be discussed in Chapter 5.

3.2.10Basefree [Cp*T{NC(N Me,)2}Bn][BF 2] (19-[BF20])

The insoluble nature oi4-[BFyg] is likely due to rapid dimerisation of the cation
complex to forml4ym-[BF2g]2. Thus to circumvent, this the activation chemistry of the
closely relatedCp*T{NC(NMe,),}Bn, (5) was investigatedvith TBF, in the hope
that when treated with TBE there was the possibility that the cations would be
stabil i s eikintenaction(as disdussell A Gection 1.&ife supra with the
remaining benzyl ligand and therefore stay in solution long enoudje wtudied by

NMR spectroscopy.

The use of the benzyl ligand has precedence in metallocene anthgiaibcene
chemistry; some examples include the formation ofN{€SiMe;N'Bu)MBn]* (M =
Ti, zr),** * [CpZrBn(CsHsCI]*,*? [{Me sSiN(CH.CH.NSiIMes),}ZrBn]* *® and
[CpTi(NMey)Bn]" ** via activation with either TBfg or BFs. These compounds are all
stabil i Seodrdination cd the benzyl ligandp6o-interaction) as evident by
the larger'Jey coupling constants and upfielfC chemical shift of the benzyl

methylene group compared to a fiateracting benzyl ligand (e.§).

98



Chapter 3

|_ ® TBFy | ®
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20

5 19-[BF 5]

Equation 3.5

Treatment of5 with TBF,, resulted in the quantitative formation of a soluble alkyl
cation, Cp*T{NC(NMe)2}Bn][BF 20] (19-[BF20], Equation 3.5 which was studied

and characterised B , **C-{*H}, *°F and*'B NMR spectroscopy in DsBr. In this

case only a single product is foed in quantitative yield byH NMR spectroscopy
(Figure 3.6). Unfortunately this product could not be isolated on a preparative scale.
There is a single Cp* signal found at 1.58 ppm and a single;kleronment at 2.30
ppm; the single NMgsignal is indicative of fast rotation around the aminsp)¢(N

and TN bonds. The benzyl GHresonance is observed as a singlet at 2.91 ppm,
indicative of rapid inversion of stereochemistry at the titanium centre to prevent the

methylene protons beconginnequivalent.

L I Il JLJL_

70 65 60 55 50 45

35 20 15 10 o

40
f1 (ppm)

Figure 3.6 'H NMR spectrum (299.9 MHz, 293K, ¢DsBr) of 19*. PRCCH,Ph

| abell ed 6* 6.

The presence of dpsointeraction between the benzyl phenyl group and the cationic
titanium centre can be established by extraction of ‘thg methylene coupling
constant from théH-coupled*C-NMR spectrum and as well by the chemical shift of
theipso-carbon?®*>4® The 'Jcy for 19" is 144.8 Hz (142 Hz il.27) consistent with
d?-coordination of the benzyl ligand; this is reinforced by the upfield shift of 138.7
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ppm for theipso-carbon (137.5 ppm i1.27). DOSY NMR was carried out on the
basefree cation alongside its OPPadduct[Cp*Ti{NC(NMe ,).}Bn-(OPPR)][BF 2]
(20-[BF2q], vide infrg as a standard. The diffusion constant was determined to be
higher for19-[BF 0] than20-[BF2¢] (2.89(4) x 10°m?s™ and 2.70(3) x 18° m?s™).

Since the diffusion constant is lower 0-[BF,g] the data is consistent wifl®" being
monomeric in solution as expected. The ratio of diffusion constants and volumes are
1.07 and 1.24, respectively, in good agreement with the calculated ratiouoiesl
which is calculated as 1.28 for the ion pairs. The DFT structut®'¢i9Q") has been
calculated and is discussed in Section 3.2.18 below.

3.2.11 NMR tube scale synthesis ofCp*Ti{NC(NMe 2).}Bn(OPPhz)][BF 2]
(20-[BF20])

Activation of5 in presence of OPRInesults in the formation Cp*T{NC(NMe ,),}-
Bn(OPPR)][BF29 (20[BF2g)) quantitatively as judged byH NMR spectroscopy.
Unfortunately this compound decomposed significantly afeB80 mins and could not
be isolated on a preparative scale. THeNMR spectrum 020" contains resonances
for Cp* (1.68 ppm), NMeg (2.37) and CH (2.41 and 1.99 ppm) together with the
expected aryl signals (7.4545 ppm).

3.2.12Basefree [Cp*Ti{NC(N 'BuMe),}Me][BF2q (21-[BF2q])

Treatment of the dimethyl comple@p*T{NC(N'BuMe)}Me, (6) with TBFx in
CsDsBr leads, in a similar way t@.4, to the formation of multiple species in solution
(21a-[BF o), 21b-[BFy] and 21c-[BF,q), none of which coincide with the

monomethylbridged monocatioB81-[BF»q (see Section 3.3).

After ca. 10 min there is neaguantitative formation of a dark red crystalline solid
preventing theecordingof a **C-{*H} NMR spectrum This limited time frame also
meant that DOS¥atacould not befor the sample to determine the relative siné
the species in solution. It is likelfilowever that a similar situation is present as in the
previously discussedQ’. There are three spesi2la’, 21b" and21¢ in a ratio of
7:5:1.

The 'H NMR spectrum resonances for the major spet2dsi) can be assigned as
NCH,CH(Me), (2.71 ppn, NMe (2.36 ppm) Cp* (1.69 ppm),NCH,CH(Me), (1.47
ppm), Ti-Me (0.62 ppm) andNCH,CH(Me), (0.56 ppm). By analogy with0a" it is

likely that 21a" is also monomeric. The resonance2b& are also consistent witBs
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symmetry which is also suggestive of a monomeric species. The other two related
species21b” and 21¢” have Cp* resonances at 1.18 and 1.72 ppm, respectively but
could not be fully assigned due to the fast precipitation of the dark red crystalline solid.

As with 10" there aranultiple small TiMe resonances betweel5 and 0.3 ppm.

o
fr, T
'\’/4 TI(1A) §‘

Figure 3.7 Displacement ellipsoid plot (20  probability) of
[Cp*,Ti{NC(N'BuMe))} o(m Me)]** (214im?). H atoms other than those of the
Ti(m Me),Ti omitted for clarity. At oms carrying the suffix ¢

counterparts by the symmetry operatox|[1l-y, 1-Z.

Table 3.2 Selected bond lengths (A) and angles (°) for [T{NC(N'BuMe),)} »-
(m Me)]?* (21gim?"). Cpeentis the computed Cp* ring carbon centroid.

Ti(1)-Cpeent 2.05 Cheenc TI(1)-C(22)  114.9
Ti(1)-C(22) 2.2574(18) Cheenc Ti(1)-C(224) 114.6
Ti(1)-C(22A) 2.2576(19) Cheenc TiI(1)-N(1)  122.8
Ti(1)-N(1) 1.7794(16) Ti(1)-N(1)-C(11)  169.62(14)
N(1)-C(11) 1.334(2) N(1)-Ti(1)-C(22)  101.83(7)
N(2)-C(11) 1.353(2) N(1)-Ti(1)-C(22A)  102.15(7)
N(3)-C(11) 1.355(2) C(22)Ti(1)-C(22A) 96.77(6)
Ti (1) AAAI217(3) Ti(1)-C(22) Ti(1A)  83.23(6)
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The crystallised species was structurally characterised and revealed the formation of a
dimethytbridged dicatiorwith crystallographicC; symmetry R14m?"). The molecular
structure of the cation can be seen in Figure 3.7 and selected bond distances and angles
are listed in Table 3.2. The structure2df;,** is consistent with NMR data f&tla"

and the structure has many similarities with thatld¥6m>*.** The CpencTi(1)
distance in the structures b26;m*" (2.04 A) and214n>* (2.05 A) are comparable as

are the Ti(1)N(1) distances (1.791(1) A and 1.779(2) A, respectively). It might be
expected on face value that the guanidinate supported dinoerid have a shorter

Ti-N distance but as discussed in Section 2.5, DFT calculations show that the
difference should be insignificant. The-Mie distances are also similar in both
structures: 2.2575(15) and 2.2838(15) ALi@iG;,>* and2.2574(18)and 2.576(19) A

in 2145im>". For H(1), H(2) and H(3) located on the bridging methyl group C(22) were
located from a Fourier difference map and positionally and isotropically refined. The

bridging pentacoordinate methyl groups Mgm>*

each have-agosticsi ngl e
interaction with only one titanium centre. This type of bonding can be described as
distorted trigonal bipyramidal (TBP, Figure 3.8) in which one of metal atoms (M) and

one of the hydrogens (K occupy the formal axial positns and the other metal and

the other two hydrogens {fl occupy the formal equatorial positions.

Figure 3.8 Geometries in pentacoordinate bridging methyl groups.

In contrast 1.26;»>* contains bridging pentacoordinate methyl groups which have a
distorted square base pyramidal (SBP) geometry in which both metal atoms and two
hydrogens (2 x k) form the base and single hydrogen atom occupies the formal axial
site (Hy). These methyl grqus e ac h kagostie intéractions,Ubne to each
titanium centre. The structure of dime8tqm?* was calculated by DFT (& Quim?")

at the M06 level (Dr Betty Coussens) and the methyl groups possessed a SBP
geometry similar to that id.26;n>". However, the energy of rotation of the methyl
groups to the TBP conformation seen in tkeay structure was also calculated
resulting in only a small increase in energy by 3.8 kJ'mbbwing that the orientation

of the met hyl groups is reasonablray fl exi
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structure is 2.17(3) i whagosti interaction*H>t he ¢
The 'Bu groups are, similar to i, proximal to the metal centre to avoid the steric
clash that would take place if thevere distal.

3.2.13 Cp*Ti{NC(N 'BuMe);}(L)Me][BF2] (L = OPPhs (22[BF.), py (23
[BF2q]) or THF (24-[BF2]))

Even though the dimeric dication 21gim?*

could be characterised by -ty
crystallography the full NMR data of the solution species could not be obtained before
crystallisation occurred. Equally, as with’, the mixture had to be tested to see if it
contained an assortment of species directhateel to the monomethyl cation or
whether decomposition of the monoalkyl cation had occurred. Addition of £BPh

the mixture of species produced on activation, or activatio® iof the presence of
OPPh, produced[Cp*T{NC(N 'BuMe)}(OPPh)Me][BF2 (22-[BF2g) which was
isolated as a yellow powder in a 64% yield. Compo2@BF,o] was characterised by

NMR spectroscopy, IR spectroscopy and elemental analysis. This evidence shows that
the mixture seen on treatment 6f with TBF, is therefore not a resulof

decomposition.

The 'H NMR spectrum of22" shows the expected signals. The Cp* andVi@i
resonances appear at 1.65 and 0.24 ppm respectively. The introduction of the OPPh
ligand, and thusC; symmetry, results in diastereotopic methylene and methine
environments which results in tw@€HMe, doublets (0.58, 0.54 ppm)CHMe,
multiplets (1.47 ppm) antiwo mutually coupled methyleneesonances at 2.89 and
2.21 ppm(?J = 12.3 H3. The based NMe resonance (2.40 ppm) is, however, still a
single resonance consistent with rapid rotation about tié¢ dim the NMR timescale.
The3'P shift of 48.7 ppm is consistent with bound OPPh

The py and THF adduct§Cp*Ti{NC(N 'BuMe)}(py)Me][BF2g (23[BF2]) and
[CP*THNC(N 'BuMe)}(THF)Me][BF2g  (24-[BF2q), respectively, were also
synthesised and isolated in yields of 66% and 75%, respectively. T¥e @and Cp*
resonances fa23-[BF, are located at 0.67 ppm and 1.59 ppm and are comparable to
those for8", 12", and17". The NC(NBuMe), signals are analogous f@2" above.
Ti-Me (0.43 ppm) and Cp* (1.64 ppm) resonances are also present iH fH&IR
spectrum for24" in the expected positions. These are equivalent to those discussed in

previous Sections fd@", 13" and18".
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3.2.14 Basdree [Cp*Ti{NC(N(Xyl)CH ,)2}Me][BF2q (25-[BF2q))

As a wel [bownd Ndbrioe lijandothe baskeee cation behaviour of the
iminoimimidazolidide dimethyl compleX was also investigated to allow comparison
to the norcyclic guanidinate systems. Surprisingly, this type of study has not been
reported for these compoundbreatment of7 with 1 equiv of TBE in CgDsBr
produced a single badese cation 25" as determined byH NMR spectroscopy
(Figure 3.9).

! [ U

9.‘0 8‘.5 8.‘0 7.‘5 7‘.0 6‘.5 6.‘0 5‘.5 5‘.0 4.‘5 4.‘0 3.‘0 2.‘5 2‘.0 1‘.5 1.‘0 0‘.5 D‘.O -d.S -f.O
f1 (ppm)

Figure 3.9'H NMR spectrum (299.9 MHz, 293K ,¢DsBr) of X. PhkCMe | abel.l ed

At room temperature there is fast rotation about th€b bonds making the
CsHsMe, groups equivalent on the NMR timescale (2.20 ppm). There is a single Cp*
environment at 1.28 ppm and the backbone @dtonsare equivalent and situated at
3.41 ppm. The TMe is found at 0.57 ppm and the correspondit@{‘H} NMR
resonance appears @8.6 ppm. DOSY NMR experiments were carried out on this
cation to determine whether it is monomeric or dimeric in solution. Initially the
experiment was performed alongside the QRfelduct 26-[BF,¢]) as a benchmark as
before. The diffusion coefficient fahe basdree cation 25[BF2g]) is 2.55(3) x 13°
m’s™t and for the OPRhadduct 26-[BF () is 2.42(3) x 13° m*s™. This result shows
that the single species in solution when the dimethyl complex and, EB& mixed
stoichiometrically is smaller than the ORPddduct and therefore monomeric. The

experimental ratio of volumes in this case is 1.17 (calcd. 1.25).
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In the same vein as foll.2Gnono-[BF20 the monomethybridged monocation
(32-[BF2q], Section 3.Bwas also used as a benchmark for relative size. The diffusion
constant for25-[BF (] in this measurement was 2.66(4) x'1@nd for32-[BF,g was
2.48(2) x 10° m? s*; the ratio of experimental volumes is 1.23 (calcd. 1.25). This once

more supports the existence of a monomeric cation in sol(if#©&5mn.").

3.2.15 [Cp*Ti{NC(N (Xyl)CH2)2}(L) Me][BF 9 (L = OPPhs (26-[BF2q), py (27-
[BF20]) or THF (28-[BF2(]))

[Cp*Ti{NC(N (Xyl)CH,)}(OPPHs)Me][BF2g (26-[BF2) was prepared by activation
of 7 with TBF, in the presence of OPRland was isolated as a yellow powder in a
64% vyield. Compound26-[BF, was characterised by NMR spectroscopy, IR
spectroscopy and elemental analysis. Tt NMR spectrum contains similar
resonances to the bafsee cation25,0n0 . There are two resonances fajHzMe, due

to the introduction ofC; symmetry in this molecule (2.61 ppm and 2.24 pphhe
backbone Chiprotons, despite being diastereotopic also appear as a single resonance.
The coincidence in chemical shift of the £&hvironments is because of their distance
from the chiral metal cergr The TiMe chemical shift is 0.11 ppm in tHél NMR
spectrum C, 49.0 ppm) and th&P shift for26" (OPPhy) is 48.0 ppm consistent with
bound OPPH

The py adducfCp*T{NC(N (Xyl)CHy)2}(py)Me][BF2q (27-[BF20]) was prepared by

the activation of7 with TBF.o in presence of py. This reaction was quantitativéHby

NMR spectroscopy and the compound was isolated as a yellow powder in a 60% vyield.
The Cp* and TiMe resonances are found at 1.27 and 0.4, (62.4 ppm),
respectively, in théH NMR spectum. The GHsMe;resonances are located at 2.21

and 1.99 ppm and the Gligroups at 3.37 ppm.

The THF adduct[Cp*Ti{NC(N (Xyl)CH,)}(THF)Me][BF2 (28 [BF2q) was also
prepared by the same route and isolated in 60% vyield. The Cp* dvlé Tesonances
are located in theH NMR spectrum at 1.37 and 0.21 pprfQ, 61.8 ppm),
respectively. The OCHTHF signals are split into two multiplets (2.53 and 2.75 ppm)
just as in9, 13, 18 and24. The GHsMe, resonances appear as two singlets at 2.18 and
2.10 ppm again due to ti& symmetry of28" on the NMR timescale. The methylene
backbone of the ligand jgresent in théH NMR spectrum as a singlet at 3.35 ppm.
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3.2.16 Crossover and **C-labelling experiments

Since 1.26nono. and 25m0n0. are single  monomeric species in solution further
investigations were performed on these compounds to provide further understanding of
the cationsdé solution behaviour. As a f
1.26mono. and 25q0n0. iN solution the twocations were mixed together ins[@:Br at

room temperature. If they were to dimerise the presence of mixed dir@é25]** as

well as1.26im*" and 254im>" might be expected. However, when the two were mixed

the 'H NMR spectrum showed only a resonances belongirig28non,” and 25mone’,

and showed no evidence of another species.

LWJ A A *A
* *
A

T T T T T T T T
0.6 0.5 04 03 0.2 0.1 0.0 -0.

T T T T T T T T T
15 14 13 12 11 10 09 08 07
f1 (ppm)

Figure 3.10 'H NMR spectrum (299.9 MHz, 293K, ¢DsBr) of 1.26mon0

1.26 **Memono’, 25mone’. @and 25 **Memono” showing a mixture of®C labelled TMe

groups Ti-Me grows for25m0me” and25 *Memono’ | abel | ed 1.%6%5.6 andnd f or
1.26 *Memone’l abel | ed 6AG.

To test for the possible transient formation of dimers in solution, or the existence of
these dimers at low equilibrium concentratioli€, labelling experiments were carried
out; in this study the TMe groupsof 1.49 were labelled 1.49 *Me,). The labelled
cation 1.26 **Memono’ was mixed with nort*C-labelled 25m0n0" 0on the NMR tube
scale in GDsBr and monitored over time. Initially the presence of 106% in

1.26 *Memone splits the corresponding -Me singlet into a doublet whereas in

25m0ne’ Ti-Me is a singlet with the normal (natural abundaré€)satellites. Oveca.
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15 minutes thé>C labelled and nof’C-labelled methyl groups exchanged to form a
mixture of1.26nono. 1.26 **Memono’s 25mone’ and25 *Memono’ as observed byH

NMR spectroscopy (Figure 3.10). The exchange of methyl groups shows that the
monomeric cations interact transiently in solution as exchange of methyl groups must

occurviathe formation of methyl bridged dimers.
3.2.17 DFT studies of bsefree alkyl cations

Densty functional theory (DFT) calculations were performed by Dr Betty Coussens in
order to enhance the understanding of the bonding and general electronic structure in
the basdree monoalkyl cations discussed in this Chapter. Group 4 metallooemid

related methyl cations have been of great interest and computational studies on these
species have been carried out befdr&® Initially the divalent dications of the form
[Cp(L)M]?* (M = Ti, L = supporting ligand), analogous to those discussed for model
systems in Section 2.5.1, will be discussed.

This Section will concentrate on the effect of the energy and shape on these frontier
orbitals on the structures of the monoalkyl catioi® this end the dicationic
complexes  [Cpli]?*  (XVI),  [CP*TUNC(N'Pr)}Ph]**  (XVIl)  and
[CP*THNC(NMe »)2}] 2 (XVIIl ) were calculated (B3LYP); the latter two chosen as
representat i v-a miediamap ttgmasidinmtd supmorted complexes,

respectively.

Before analysis of the electronic structure each of the dications were geometry
optimised. All systems feature a bent €p*N geometry as expected. Similar to the
model systems detailed previously in thise$is the frontier orbitals display the
expected shapes which are in all cases qualitatively consistent with those described by
Lauher and Hoffman in 1975 for bent titanocene and by Mountford,eChit also for

bent titanocene and isolobal [Ti®U)(Mes[9]aneNs)]?* .3 ®* The lowest unocctied
molecular orbitals (LUMOSs) are illustrated in Figure 3.11, together with their
corresponding energiefs in Section2.5.1 the global frontie molecular orbital
energy ofXVIl and XVIII is higher thanXVI. The average energies of the LUMO,
LUMO+1 and LUMO+2 forXVIll is -10.7 eV forXVIl is -10.3 eV and forXVI
is-12.8 eV.
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/
MezN—</N Ph‘</N @) y

NMe, N'Pr,

LUMO+2: -10.4 LUMO+2: -10.0 LUMO+2: -12.2

LUMO+1: -10.9 LUMO+1: -10.5 LUMO+1: -13.2

:XL% {. M‘{
D 0 -4 )J

>
=

LUMO: -10.9 LUMO: -10.5 LUMO: -13.2

Figure 3.11 DFT calculated (B3LYP) LUMO, LUMO+1 and LUMO+2 (with
energies, eV) of dicationic fragments [Cp*Ti{NKMey)o}]%" (XVIII , left)
[CP*THNC(N 'Pr,)PH] #* (XVII , centre) and [CpTi]?* (XVI, right).
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3.2.18 DFT $ructure s of monaoalkyl cations

Theenergies and arrangement of the frontier orbitals of the dications have an effect on
the structure of the monomeric monomethyl cations. Lauher and Hdffreaowed
using EHT (Extended titkel Theory) that in thdwypothetical compound [GPiH]*
(XIX) the THH bond is not directed along tlzeaxis but is in facta. 65° off the axis

(i.e. U = 65 A, Figure 3.12).
\® ;\@
Tiz------ Tiz=mn=--- i}
N
ph— Y
N'Pr,

Figure 3.12 Structures of [CgTiH]" (XIX) and 10Qmeno illustrating the deviation of
hydride and methyl groups from tkexis, respectively.

The main interaction of hydride with the dicationic fragment 5" would be

expected to be on theaxis where the 1s orbital could overlap with the LUMO+2 and

less significantly with the LUMO. However, the LUMO+2 is the highest in energy and

so does not interact strongly with the hydfid@®istortion of the hydride ligand from

the z-axis inyz plane allows better overlap with both the LUMO, which is polarised

along the yaxis, and especially the LUMO+1 which, bedadistortion, does not have

the correct symmetry to interact with the hydride. This alteration of thHe Bond

leads to an overall general stabilisation of the molecule. DFT calculations on
[Cp.TiH] " (XIX) and [Ti(NMe)(H[9]aneNs)H]* (3.80) have previously been reported

by Mountford, Clotet al. with interesting resultsXIX, in agreement with EHT, was

found to be most stable with a distortion of hydride rom#fexi s (U = 42A
contrast3.8gwas found to be most stable when the hyglridd i d not di st ort
= 0. The reason for the stability to distortion3i8q is due to a strong polarisation of

the LUMO along thez-axis as well as a larger energy difference between the LUMO

and LUMO+1%

In the aforementionestudy it was also shown that in [gpMe]™ (XX) the dstortion
of the methyl group fromthea x i s was significantTH" | ess

(XIX). This is because KXt he r equi r ement o-H)intetactione X i st €
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with the LUMO+1 preents the methyl group distorting too far whereaiX no

such interaction can exist.

In order to probe the structure and electronics of the monomethyl cations for systems
[Cp.TiMe]" (XX), [Cp*THNC(N'Pr)PHMe]"  (10Qmono’) and [Cp*Ti-
{NC(NMey)2} Me]” (14Qmono’) and how they relate to the frontier orbitals of the
dications discussed above, DFT calculations were carried out by Dr Betty Coussens at
the MO6 level of theory. The MO6 level of theory was used in this particular study
becausetitreats dispersion forces wéfl.In Section 3.2.19 dimerisation of these
monoalkyl cations will be discussed and the treatment of dispersion forces when
considering bridging methylr N-donor groups was found to be import&ht?

The DFT structure of [GFiMe]* (XX, Figure 3.13) was calculated (M06) and shows
the expected bent metallocene structure-{GCp = 140°) . he methylgroup liesoff
thezaxiswi t h U = 18A which is in excellent
value by CIl ot® Theaénergy difference bet&ekr the LUMO and
LUMO+1 in the corresponding dicatiofVIIl is only 0.02 eV in this case but is 1.05
eV between the LUMO+1 and LUMO+2. The large energy gap between the LUMO+1
and LUMO+2 gives a large driving force to distort allowing better interactions with
the lower energ LUMO and LUMO+1.

On top of this di st -agodtd ioaractibrhitéX betwaesthea | s o

methyl GH and the titanium centre. This manifests itself geometrically aboat

Ti AAAH 274 and snmaleTHC{H angle B0°) as well as in the lengthening of

the agostic bonding €l compared to the other two (1.14\&.1.10 A). TheTi AAAH
distance and’i-C-H angle are in good agreement with those determined previously by
Mountford, Clotet al. (T i AZA2&25 A andTi-C-H = 849.3! The sum of the angles in
CH,T i (i . e. n o-agosticrGE)l groupiisr8%y.9t whieh isWery close to the
ideal s angle of 360 and thus the agostic-B bond has a significant amount of

p-c h ar a c tcg orbitah ansinifizant amount ofsharacter. The-sharacter in the

Ucs orbital results in a relatively short-0 bond (2.07 A). Tie D-agostic interactiomrises

as previoushd i scussed, mai nl y bec auwsdtethedUMOQ h e
and LUMO+1; rotation of the methyl group allows a better overlap interaction with
both the LUMO and LUMO+1. However there is also a bonding contribution from the
G(-8) interaction with tH)e appeifiteaittions eamler e .
seen in theLUMO+1 and LUMO+4 (Figure 34). The LUMO+1 shows the
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antibonding interaction of the metal LUMO with the-HC bond and also an
antibonding i nt ercacTheiLOMO+dshdwe@ly the iftaractam d G

bet weencufi and U

Figure 3.13DFT (MO06) calculated structures of monomeric monomethyl catioxs
(left), 10Qmono’ (centre) and4Qmono (right).

[-7.41 eV] [-6.61 eV] [-4.41 eV]
I ‘ ‘; 5 ad @ ‘ 5
L
)
[-7.50 eV] [-7.09 eV] [-4.40 eV]

Figure 3.14 Frontier molecular orbitalg(left to right: LUMO, LUMO+1 and
LUMO+4) for [Cp.TiMe]® (XX) fully optimised (top) and with methyl group

restr ai ne egostio interastiow (kottom))

To estimate the strength of the agostic interactioXnthe structve of [CpTiMe]”
was recalculated but with the threed-H angles fixed at 109.5%¥_109.5. This
led to an increase in energy by 9.7 kJ Tethich is consistent with previous
findings>' This is only, however, an estimate of the energy efabostic interaction

since the distortion of the GHyroup will also be included in this energy. ThedC
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bonds in the structure show no lengthening of any of the libnds and the T

distance (2.11 A) is longer than XX which is expected due to thecheased
p-character in the bond. The LUMO and LUMO+4 do not change on goingXdém

to XX _1195but t he | eH-Tiinterdction, wkich& G(HAAATI ant i bon
means the LUMO+1 decreases in energyglvs.-7.09 eV) as expected.

The  monomethyl cations [Cp*T{NC(N'Pr)PHMe]"  (10Qmone)  and
[Cp*Ti{NC (NMey)2}Me]* (14Qmono’) Were also calculated using DFT methods
(M06). These complexes also showed a similar distortion of t@ ond away from

the theoreticak-axis (as defined in Figure 3.12) of the molecule at angles of 40° and
42°, respectively. These angles are the optimum angles to allow the best overlap
combination with the LUMO, LUMO+1 and LUMO+2 for the greatest stabilisation
energy. The CfTi-N angle fo both10Qmone” and14Qmono’ is 125°; the THC distances

are 2.07 and 2.08 A, and theNlidistances are 1.78 and 1.77 A, respectively.

I n these two syst eagestctnteraation asikxX. AfsotheaCpip ar e nt
in the equatorial plane df0Qmone and14Qmono’ is facing away from the-axis as

opposed to towards it as seen KX. This has been seen before in
[Ti(NMe)(Hs[9]laneNs)Me]™  (3.99) by Mountford, Clotet al. which showed that

because the corresponding dication [Ti(NMeJ@aneNs)]** (3.109 has globally

higher energy MOs compared to [Ifl** making it less electrophilic and thus less

| i kel y t eagostio intenactmrt Th& global increase in frontier molecular

orbital energies of[Cp*THNC(N 'Pr)PH]%" (XVII) and [Cp*T{NC (NMe,),}]

(XVIIl ) compared to [Cfi]** (XVI) has already been demonstrated in Section
3.2.17.

To gain further insight into this the model systd@p*Ti{NC(N Me;)Me}Me]*

(100mono’) Was investigated which is the samel@§mono’ but containsMe and NMe

in place of Ph and 'Rr. Initially 10¢mone” Was optimised and, as iA0Qmono. and

14Qmono’, S h 0 w e dagostio intéraction but did show a distortion from#rex i s ( U

= 31°). The TiN distance is 1.78 A and the-Ti distance is 2.07 A. As ih0Qumono"
and14Qmono’ the methyl groups is rotated such that thel @ the equatorial plane is
rotatedca. 1 80 A from the orientation uwgostal |y s
interaction KX). In this structure the <€l bond lengths are all the sameliL A) and

Ti-C bond length is 2.07 A. Accordingly there is no evidence of the existence of an
agostic interaction in the LUMO, LUMO+1 or LUMO+2 &00mono . The CH; group
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was constrained to c oM tistances as el asstiersane Ti A A
Ti-C-H angle as in [CiMe] " sot hat t he ener gy -agossct of
interaction in10¢mono’ could be estimated. This led to an increase in the electronic
energy of 6.8 kimdlover al | and s ho wsagastic amteracipon ms enc e
100mono i S energetically wunf av-agodtcaittdragtion iSThe p1
now present as an antibonding interaction in the LUMO+2000no" in an analogous

fashion toXX. Thus overall it seems that #0Qmono , 14Qmono’ and 10¢meno’ thatthe

absenceof an agostic interaction is a result of the high energy of the frontier orbitals

the corresponding dications.

To check the trend observéal the dicationsn Section 3.2.1is also consistent with

MO6 functional the dicationsXVI and XXI were calculatedoy minimising the
corresponding dimethyl compounds, removing the methyl groups and running a single

point energy calculation with M06. In both cases the frontier molecular orbitals (i.e.
LUMO, LUMO+1 and LUMO+2) are spatially similar to those in Sectior’s1¥ and

2.5.1. If XVI using B3LYP and MO06 are directly compared the energy levels of the

LUMO (-13.0 eV), LUMO+1 {12.9 eV) and LUMO+2-(12.0) of using MO6 are very

similar to those using B3LYP-13.2, -13.2 and-12.2 eV, respectively) with a
systematidifference ofca. 0.2 eV between the two. As expected the frontier orbitals

of XXlare globally higher ener-ggpsticamedactians s u c |

is not present iA0Gmono -

Table 3.3 Energy (eV) of the frontier orbitals (LUMO, LUMO+1 andJMO+2) of
cations [CpTi]** (XVI) and [CpT{NC(NMe)Me}]?* (XXI) using the MO6

functional.

Compound LUMO LUMO+1 LUMO+2 Average

XVI -13.0 -12.9 -12.0 -12.6

XXI -10.9 -10.7 -10.4 -10.6

The model hydride species [€jH]" (XIX), [Cp*T{NC(NMe 2)2}H] * (14Qmone H™)

and [Cp*Ti{NC(NMex)Me}H]" (10gmone_H") were calculated as a more simple
comparison between the dif f-agodininterattbngand s
the situation is more straightforward. InitialiX was optimised to give the expected

bent metallocene structure @@Cp, 142A) with U = 61A. The
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the hydride fromthe-a x i s i s i n excellent agreement
65°)°* As found by Mountford, Cloét al.this isa significantly greater distortion than

for [Cp.TiMe]' (XX, U )si h8A there is no reglH r rement
to interact with the relevant frontier orbital. The structureld®mon, H* has a

CpTi-N angle of 125A and UlOGhono 5% vkhich imvery t he
similar t014Qmone H hasa Cpli-N angl e of 125A and U = 52
of hydride from thez-axis in XIX is consistent with the lower energy LUMO+1 in

XVI (due to its globally lower energy frontier MOs) which allows for a better
interaction with the hydde 1s orbital.

The structure of monobenzyl catid®Qmono’ Was also calculated and featured the
expectedTiA @& interaction (Figure 3.15) consistent with NMR datide supra
Benzyl ligands in general are well known to stabilise electron deficient cenatie
MA Aditeractionas already discusséd> “® ®® The structure possesses an acute
Ti-CCpscangl e of 7 8pstoAtachof ahly 234 RAARe A distance

is 2.18 A and the TN distance is 1.78 A.

Ere = 0 kJ mol™ Erel = +64.7 kJ mol™
Figure 3.15DFT structure (M06) ofl9Q" featuring aTiA @4 interaction (left) and
19Q" 115with a constrained TC-C angle (right, 115°).

In order to estimate the strength of this interaction the structure was optimised again,
but this time with the FC-C angle constrained at 115F9Qmone_115), i.e. the angle

in the crystal structure ob. The removal of thel i A R<lted in a significant
increase in electronic energy (64.7 kJ Mogoing rom19Qmone” t0 19Qmone._ 115
showing that this interaction provides important stabilisation to the benzyl cation. The
Ti-N and TiC bond lengths i19Qmen,_115 are 1.78 and 2.08 A, respectively. As
expected, removal of thpso-interaction causes a decrease in th€ Tiond length to

a value more similar to that seemi#Qmono - The energy of stabilisation caused by the
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Ipso-interaction is large, even when compared to that of the previously reported
[Ti(NMe)(H3[9]aneNs)CH.Ph] which had a significant stabilisation energy of 25.5 kJ
molt.®” The stabilisation energy of th@so-interaction in [Ti(NMe)(H[9]aneN;)-
CH.PhJ is not as high as in9Q" because the required distortion of theCTbond

away from thez-axis, as discussed beforenist favourable.
3.2.19 DFT studies on the dimerisation of monoalkyl cations

Further density functional theory calculations were carried out in collaboration with Dr
Betty Coussens at DSM. As discussed throughout this Thesis so far, the ability of
monoalkyl cations to interact with solvent, anions and themselves is important in
understanding their solution behaviour. In the solid state it has been showanalyy X
crystallography that the cations always form dimers. In order to gain some insight into
these proesses DFT calculations were carried out in order to determine
t her modynamic parameters (i.e. PE, PG,
bridging is possible in these compounds the dimerisation processes for both

dimethyl and dinitrogenbridging werecalculated (Scheme 3.2).

The monomers and dimers were optimised to their lowest energy structures and the
thermodynamic parameters calculated at 298.15 K. The dimerisation parameters
(aH:N, @RHE: N a n d ¢ rpatere calculated by subtraction of twice the monomer
from the dimer; the results are summaried in Table&&4eeH) and @&( &E)
relative enthalpy difference between the nitrogend alkytbridged dimers for each
support i ngeraHnygaamadkr-& EH repectively). These calculations
ignore anion and solvent interactions and so the resultant quantities are relative values

and not absolute.

115



Chapter 3
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R = methyl or benzyl
R' = alkyl, amino or aryl

Scheme 3.Dimerisation of a monoalkyl cation to either a e N-bridged dimer.

I n all cases the entropy of dimerisation
320 Jmot K. Overall this entropy effect s
dimerisation is unfavourable to varying degrees for each systemsubgsesting that

the monomeric form is the most favoured in each case. As a general trend this matches
well with experimental results which show that monomers are generally the dominant

or only species found in solution. Another general pattern thatecabderved is that

the enthalpy and electronic energy trends are also very sii@ifare the calculations

found no significant or systematic difference dimerisation entropy(DS typically

varied betweerta. -300 and-350J mol* K™ or in the trendslisplayed by enthalpy

and electronic energy this discussion will focus maamythe differences ielectronic

energy (i .e. @&E).
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Table3.4Ther modynamic parameters (e&E, &eH, T e
K) for dimerisation processes from fullypt i mi sed monomers and
aE;reEnand e alpHs eH

Dimeric compound &E,n O I & as;::._:r TDS DG D(H) D( DI
kJ mol* kJmo*  kImol* kJmol* kJmo* kJ mor*
1.26Qin>"_ eMe -44.4 -29.1 -91.1 62.3 -75.6  -71.7
1.26Qum”"_ &N 27.3 46.5 -97.0 143.5 0 0
10Qum*_ eMe -31.6 -13.0 -93.6 80.6 9.8 7.3
10Quim>*_ &N -24.3 -3.2 -105.7  102.6 0 0
1004im>"_ eMe -52.3 -39.2 -92.1 52.9  +61.4 +65.1
1004im>"_ &N -117.4 -100.6 -110.3 9.7 0 0
14Quin*_ eMe -69.8 -53.2 -88.7 35.3  +43.1 +45.9
14Qum*"_ &N -115.7 -96.3 -101.7 5.5 0 0
21Qum>"_ eMe -77.6 -68.3 -76.4 8.1 2101 +2.3
21Quin>"_ &N -79.9 -58.2 -96.3 38.2 0 0
19Qum>"_ €Bn 160.1 172.5 -78.2 250.8 +47.6 +52.6
19Qum>"_ &N 107.5 124.9 -99.7 224.5 0 0

To help explain the differences &E:.r, Era n d pilifeadimerisation processes

can be further split into the distortion of the monomer (endothermic) to the
confirmation it has in the dimer (preorganised monomer) and then subsequent
dimerisation of two of these preorganised monomers to form the dimehéexuct).

This has been carried out for a selection of compouwnds,infra Again to do this the
electronic energies (a&E), rat her t han en
energy change on distorting the monomer into the preorganised monoenethéi.
geometry of the monomeric fragmentsggrin the
andggs@Bnd the dimerisati onmmrafn dtgieeEhese fr agm

parameters are shown in Table 3.5.
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The rpl d .npE | ue s -Ne r aNdoers 6f1.26Qin°" are-44.4 and
273kJmof, respectively. Bet we eMeidfiveuredoyo br i
71.7 mof" which is consistent with the crystal structure obtainédle supra™ o Gist r
(187.6kimohi s signific aisnt(343.3 kD raad) svhich is anticipapea

since distortion of the Mound ligand from a TN-C angle of 164.2° in the monomer

to 136.2° in the pr@rganised monomas expected to require a larger amount of

energy, not ol because of the distortion of the-Nlibond but also because of the

increase in sterics as the ligand approaches Cp*. This distortion to give the
preorganised monomer also causes a change in 4NediBtance from 1.79 to 2.04 A.

P&m N (-316.0kImoh)i s | ar g @k (-230aké mobp Bgain as anticipated,

despite the larger steric interactions involved in the nitrogen bridged dimer, since the
formation of two 2€2e electron bonds rather than aZ&cbond in the methydridged

dimer is more fawur abl e. Despite tnhndhe magnitede 6fav o ur .
PhEsni S suf fici en tylgyto nakertie emethytiridgedndimep Enost

favourable overall in this case.

Removal of theortho-fluorine groupsrom 1.26Qim>* to give 10Quim>" does not make

a difference to the -Me degpE3D6eik) pof)e faede nec e f
( qplR=-24.3 kJ mof) but it does significantly close the energy gap between the two
( @( ®E) ) -7.3 kJ mofnThe removal of the two fluorinatoms is expected to

ma k e -N bridgedemore favourable due to steric reasons. The electronic difference
between the two ligands due to the introduction of electronegative fluorine atoms to
the ligand is only small so should not be a large contributintpf to the dimerisation
energy (see 4¢§efortl0QA_ @Me 5 pomparlie td.26Qum>"_ €

Me (184.4vs.187.6 kI mol) .  Ho we v gvis catd® k& map Eess costlyfor
10Qum?*_ €N than 1.26Q4im?"_ eN (303.6vs. 343.3 kJ mot) because of the lower
steric bulk of the ligand NC(Rr,)Ph compared to NC(Rr)Ar™. The distortion of

the TiIN-C angl e as s @G iisd®63&6dto 141.4 dnd toeEN bond length
change is 1.79 to 2.02 A which are both less thanlfaBQqm?" eN. Also since
®&m N for 10Qum>*_ eN is more favourable than fot.26Qgm°"_ &N (-327.9

+

vs. -316.0) kJ mot and gnpHs less favourable forl0Qum°"_ eMe than
1.28Q4im?"_ eMe (-216.0vs.-232.0 kJ mot) overall these energy changes cause the

smal | er 18Q;#BhanlR&4sn>". These energy values overall indicate that
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the dimer that seems to be present in solutioh-b)WMR spectroscopy (Section 3.2.5)
should be dimethybridged notitrogenbridged.

Table 3.5 Electronic energy values f®E;.r or DE;. N o Bist r, P Bist N, 00 Bim_rand
o Bim_n for dimerisation processes to fort26Q¢im>*, 10Qdim>", 14Quim>", 21Qqim>"
and 19Qdim2+-

Compound PhEs RO I afE DEgm rOrD Bm v DEs.ror D.Ey
kJ mol* kJ mol* kJ moi*
1.26Qin>"_ eMe 187.6 -232.0 -44.4
1.26Qum>"_ &N 343.3 -316.0 27.3
10Quin>*_ eMe 184.4 -216.0 -31.6
10Quim>*_ &N 303.6 -327.9 -24.3
14Qun>"_ eMe 139.6 -209.4 -69.8
14Qqim>*_ &N 212.3 -328.0 -115.7
21Qum>"_ eMe 150.4 -228.0 -77.6
21Quim>"_ eN 284.9 -364.8 -79.9
19Qum>"_ €Bn 182.1 -22.1 160.1
19Qum*"_ &N 402.0 -294.6 107.5
To help give additional i nsi gh-Medimetao t he

model system, with the ligand NC(NM#le (10qsim°") was calculated which has a
lower steric bulk than eitheNC(N'Pr)Ph or NC(N'Pr)Ar™. The effect of this
transformation is a sMei(6x3hkd mah) pfroeriNetr leen c &
(-117.4kImot)  di mer ;-Nis fawsurad byes5. Ekmol. Thus electronically
is seems that amidinate ligands would rather bridge the two titanium cefdres
nitrogen but in the case @0Qqm?" and1.26Qym>" this is prevented by the steric bulk
of the ligand. The electronic preference for bridgimtgogen atoms over bridging
methyl groups is not surprising given the former gives 2 -2€donds whereas the
latter is 3€2 e . The mo-N ebonding anbl0ggn’" esN compared to
10Qum?*_ eN and1.26Qun**_ eN is also reflected in a shortening oétfiiN bonds.
In 100gim>*_ eN the av. TiN distance is 1.99 A whereas DQgm?" &N and
1.26Quim?"_ eNitis 2.02 and 2.04 A, respectively.
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Compound14Qym?*, similar to 10im>", shows a consideNabl e
(-115.7kImob) o vMe(-698kimol) (e( @®E) . 45h9sklJamgk
shows that it is highly likely that the insoluble dindekin-[BF2g] discussed in Section

3.2.7 is nitrogerbridged. The small steric bulk of the ligand compared to NENPh

and NC(NP)Ar2a |l | ows e f-N)Ti bohding to ocdur iL4Qum>"_ eN (Ti-

N, 2. 0 ksria)n d gs@plre, in this case, significantly lower than10Qgim>"

|
C

and 1.26Qgim>", althoughganBs bes$sr &awpguidabise t han

2123kJmol) . The di st ort igguinthiscaseis froma Bldonadvi t h
length of 1.77 A and TN-C bond angle of 164.9° in the monomer to 2.01 A and
133.2° in the preorganised monomer. The smalN Tdistance in the preorganised
monomer (and hencearder) is a result of the low steric bulk of NC(NMe Rk

likely due to the lower steric bulk of NC(NMe, is appreciably lower than in
10Qgim”"_ eN and 1.26Qqim°"_ &N b u t gmGPE comparable td0Qgm>"_&-N and
1.20Q¢m>"_eNwhi ch makes ¢kpaicularly favouaablé in tpi& case (
115.7 kJ mot ) . g€ this case is also more favourable in this case than in

10Qum>*_ eMe and1.26Q¢im>* eMebut not as fxavourable as

In order to validate the DFT data against another crystallographically characterised

species the electronic -NnanMeydendrs forfter e nc e

o0]

mixed valence specidesQ"was cal cul ated; this aklkNso sho

bridggd by o( @E) =( ®OpH) kI 6hecorsistektIwithniie |
structur al data in Section 3.2. YQu’The |
can be partly tr aSeldMOo o fNcoémpeundenvhighyisa.o f t
10 eV mor e s t-Eddompounc Also the slighttlemgthengng of theNTi

bonds (2.02 Ars.2.01 A) in15Q%*_ eN compared td4Qgm>"_ &N should result in a
steric reNileifgaeamdst hmoree t hanMetligaads goingr i ¢
from 14Qqm>"_ eMe (2.25 A) t015Q%" _ &N (Ti-Me, 2.26).

Complex21Qginm*, with the introduction ofBu groups on the amine nitrogens, shows
a slight pr eNdmee@x9%k] modr otvreaMedt7h.&kJ motf)

al
h e

when <considering electronic ener gcfes ( e

14Qqm?*, is due to introduction of increased steric bulk in the ligand compared to
NC(NMe,).. In this case, however, when considering thinadpy values instead the
e-Me structure i s mbstectufeaatthough reotdoy 4 digaificantt h e
amount ¢10.1 kJ mof). The crystal structure &lgn?* ( Sect i on 3 :M2. 12)
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bridging which is more consistent with analysis of the enthalpy rather than electronic

energy values.

PhEistn (284.9 kJ mol) in this case has increased significantly from that in
14Qq¢m>*_ eN (212.3 kJ mot) due to an increase in steric hinderaacel although
pEmnnhas al so become sl ightlygxmmears thitav our .
mEn is less favourable than id4Qum>_ eN (-79.9 vs. -115.7 kJ mol). The

di stortion a g inahisadseid from ia Mhbong Ength of 1.77 A

and TiN-C bond angle of 171.0° in the monomer to 2.02 A and 133.5° in the
preor gani s e digrimoreasemslightly ompgoing frotdQqim>*_ eMe to

21Qqim>"_ eMe (139.6vs. 150.4 kJ mot) but the pEim r is more favourable for

21Q¢m>"_ eMe (-228.0 vs.-209.4 kI mol) whi ch ov edrtolbé moceaus e s
favourable for21Qgm>"_ eMe than 14Qgim>*_ eMe (-77.6 vs. -69.8 kJ mot). This
overall derarnaa s e cirgpgvepseiseitan h e@Es mal | &( &E) v
kJ mol") in this case.

The dimerisation energies df9Qum>" were also calculated and showed that the
stabilisation of the alkyl cation by theso-interaction,vide supra makes dimerisation

viae-N extremel y uwns18%50kid mod) bohsistert witk experimental
observation. The formati op=d60.1klImsh)idbenzyl
even more unfavourable than for the nitrogen bridged dimer. The energy difference

b et weN na n&h dimer is +52.6 kinol*whichi s hi gher t hdn betv
a n dMesin 14Qqgm" (+45.9 kJ mot). This effect is presumably due to the larger

steric bulk of the benzyl ligand which would make bridging more unfavourable
compared to methyl groups. Possibly for this reasomstence of structurally
characterised benzyridged bimetallic transition metal species limited with only a

few that have been structurally characterf€&d. Interestingly the structure of

dibenzyl bridgedl9Qqim?*_ €Bn is not bridged by symmetrical & interactions but

actually via two agostic interactions between the benzyl methylene groups on one
monomer and the titanium centre on the other monomer. F@#Tbond lengths are

2.20 A for both monomers whereas the distance between the benzyl mettstban

on one monomer and the titanium on the other monomer is significantly different (2.58

i). The Ti AAAH distances are 2.13 and 2.1
the other consistent with agostic interactions. This type of asymmetrgirariavith

benzyl groups is not unprecented, for example in the structurally characterised
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complex [MaCp( €H.P h )-RCg)(CO)] the benzyl group is bound to one of the
molybdenum atoms though a normalZ& single bond whilst being involved in an
agosticinteraction with the othef’

@ Rist r in this case is largetQgim>*_ eBn than 14Qgim>"_ eMe (182.1vs.139.6 kJ
mol™) of which the breaking of thE i Gpdireraction is likely a considerable portion.

P hEistn (402 kI mof)i s also signif | a6 @ as tit inyolvel boghh e r
distortion of the TiN-C bond angle (177.4° to 135.8°) and bond length (1.78 to 2.00
A), as well as breaking thépsoi nt er a cgt i ©nalso higker than in
14Qum™_ eN.  gpRfor 19Qun>"_ eBnis low (-22.1 kJ mof) because as discussed

t

above it does not forma&e sy mmet r i cal be#@zy-228.bkd i dged

mol) al t hough g rdsrsil@at closehtatine capiBensating the energy of

Phiscn. AL these parameters ggaddgkp values fort h e
this compound. Over al lgr & rhde cngitH 19Q,€'raadch ¢ e
14Qqm>" explains why the former dimerises rapidly and precipitates whereas the latter

will stay in solution as a monomer.

This set of calculations shows that for the studied compounds the steric bulk of the
ligands is the most important factor when determinimgther a dimer will be methyl

or nitrogen bridged. This effect is consistent with previous work carried out by
Mountford et al; halfsandwich TACNsupported imido cations are encouraged to
dimerise through the imido moiety by decreasing steric bulk erligands’*"® Also

work carried out by Dr. Richard Scott in the Mdfand group as previously discussed
(Section 3.2) showed that when using either a larger zircorBuspdqr hafnium 8.6)

metal centre less sterically demanding Cp based ligand with titariubn Gitrogen
bridged dimers can be isolated and crystallogegily characterised” These
calculations have also showed that entropy effects are significant in the dimerisation

processand assists in explaining why monomers are the dominant species in solution.
3.3Monomethyl-bridged bimetallic species

In 1994 Bochmann showed that reaction ofZ&Me; at -60 °C with TBF, proceeds
to form themonomethylbridged monocatio8.00, Figure3.16) even in the presence
of a full equivalent of TBE.”® Warming to-40 °C does however allow the reaction
to proceed to completioto yield thebasefree cation The stability of zirconocene

monomethylbridged monocations was shown to be dependent on the nature of the
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cycdopentadienyl ligand, for example complex 28&Indx,ZrMe, forms the
corresponding monomethyridged dimer which is stable in the presence of excess
TBFy even at 20 °C. The species [(IgtipMe,( 8Vie)]” has also been observed as an

* 79 and Markset al.

intermediate in the activation of lsiiMe, with 1 equiv [PBC]
have observed the analogous thorium species J@pt @Me)Mes]*.?° In a general
sense the synthesis of monomethgitiged monocations can be achieved by the
treatment a dialkytomplexwith 0.5 equivsof activating agent. These compounds can
be thought of as a bagee monoalkyl cation (Chapten &apped by neutral dialkyl

complex

Work by Pierset al. also showed that the formatiomnomethylbridged monocations
wer e possi Bkeemidesuppbrted halfsandwich complexes. These
decomposed over the period 6fL8 hours to release methanedaled to the formation

of CH,-bridged bimetallic compoundsAnalogous reactivity has been reported by
Bochmannet al. in 1994 who showed that activation of zirconocene complex
{CpZr(CHs)2}2( Y %dCioHg) with 0.5 equivs of TBfy at -60 °C resulted in the
immediate formation of methylene bridged spe@edsl displayed in Figure 3.16. This

is interesting since compleXx10 does not show this reactivity. Monomettridged
complexes like3.9 must dissociate before catalysis can occur. However methylene
bridged complexes like8.11 have been shown to polymerisdbeit with lower
productivities than [CgZrMe]* .2

3.10 3.11
Figure 3.16Homobimetalliccations.

It has already been shown by collaborative work between Laridassomers and
Mountford in 2010 has shown that treatmentcompound 1.49 with 0.5 equiws of
TBF, leads to the quantitative formation of mononyétbridged monocationic
species [Cp*;TiANC(N'PR)Ar 3 ,(u-Me)Me][BF2g]  (1.50, Scheme 1)
Alternatively the same result could be achieved by addition of the neutral dimethyl
complex 1.49 to cation 1.26nono - This species could not be isolated but was

characterised bjH NMR spectroscopyin this case there is no evidence of separated
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1.49 and 1.26y0n0 . In contrastto the highersymmetry metallocene monomethyl
bridged bimetallic speciescation1.50" exists as diastere@somers in solutiort* This

is alsothe casefor the ketimide system reported by Pietsal® In the *H and**C
NMR spectra the existence of diastesemers can be identified when there are two
resonancess for each environment. ThectBn will describe the formation and
charaterisation of these monomethytidged species for the t h tamidirate and

a'-guanidinateecomplexeselevant to this work.

3.3.1 NMR tube scale synthesis and characterisation of[Cp*,Tio-
(L)z(u-Me)Mez][Bon] (L = NC(NiPrz)Ph (29‘[BF20]), NC(NMez)z (SO-Bon) or
NC(N'BuMe); (31-[BF (]))

Treatment of2.4 with 0.5 equivsof TBF,, on the NMR tube scaleyields the
guantitaive  formation of the monomethydridged bimetallic  species
[Cp*2Ti{NC(N'Pr)Ph »(p-Me)Mey][BF 2] (29-[BF2g]) which exists as a mixture of
diastereoisomers (Equation 3.6) in a ratio of ZRhough it is not possible to assign
which set of signals belong to which isomer the major diastereoisomer has been
labelled 298" and the minor diastereoisome?9b” in NMR characterisation.
Compound29-[BF2 has been characterised By, '°F, *'B and *C-{'H} NMR
spectroscopy but could not be isolated cleanly due to its sensitivity. Addition of a
further 0.5 equiws of TBF,, gavecompleteconversion to the same product mixtafe
10a’, 10b" and 10c’discussd in Section 3.2.5 Cation 29" was stable in gDsBr at

room temperaturéor ca. 1 h before decomposition became significant. Decomposition
led to a mixture of products and not the clean formation of Gtitiged species

observed ielatedketimideand metallocensystems.

The'H NMR spectrum oR9' is consistent with the existencetefo diastereoisomers

29a and 29b" cf. 1.50". Unlike 1.50 the Cp* (1.54 ppm) and Ve (0.35 ppm)
resonances for the two di as tMe)igesonaeese r r s
can be distinguished for each diastereoisomer and shows that they exist in a ratio of
3:2. The terminal FMe signals for29a” and 29b" are found at0.96 and-0.84 ppm,
respectively. TheNC(N'Pr,)Ph ligand shows some fluxional behaviouat room
temperature which leads to slight broadening ofGhiMe, (3.56) and CHMe; (1.46,

1.25, 0.8]). Cooling to-35°C in GDsBr (close to the freezing point) does not lead to
the fAfreezing out 01.50 therd i evidensei ofjtmeaXistence A s

of dimethyl complex2.4 or monoalkylcation10" in solution. Addition of 1 equiv
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OPPR to 29" results in the formation of the dimethyl comp2x and OPPhadduct
11",

— — ® )
\ wMe
i
~— L
"/ Me\Ti/
Me/
@— L = NC(NPr,)Ph (29-[BF 5]),
| 0.5 TBF0 NC(NMe), (30-[BF z]) or
. /Ti'\...,,Me - . + NC(N'BuMe), (31-[BF 5])
Ve - 0.5PhsCMe
CeDsBr, RT
\ «Me
L = NC(N'Pry)Ph (2.4), o
NC(NMe), (4) or L/ \Me\ %\
NC(N'BuMe), (6) T
Me \L
Equation 3.6

The act i'waaniinatecompfexedand6 with 0.5 equis TBF, resulted in

the immediate and quantitative formation offCp*,Ti{NC(NMey),} -
(u-Me)Mez][BF o] (30[BF2g]) and  [Cp%Ti{NC(N'BuMe)z} 2o(i-Me)Me;][BF o]
(31-[BF2(]), respectively, byH NMR spectroscopy (Equation 3.6). Neitt8[BF (]

or 31-[BF] could be isolated on a preparative scale but were characterided g,

% NMR spectroscopy. Both cation80" and 31" exist as a mixture of
diastereoisomers in a ratio of 3:2 just as \@®h. The treatment 030" and31" with 1
equiv OPPh led to the formation of the corresponding dimethyl compleAeasn(l 6,
respectively and OPP#H stabilised cations1@g” and 22", respectively). As witi29",

30" and 31" decompose oveta. 1 h to form a mixture of products. Interestingly as
opposed tal4-[BF,, 30-[BF2] is soluble inCgDsBr showing that dicationic dimers
must form before precipitation occurs. The details of the characterisation of these
30-[BF2q and 31-[BF,o will not be discussed but characterising data for each

compound can be found in Chapter 5.
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3.3.2 NMR tube scale synthesis and characterisation of[Cp*,Tiz-
{NC(N(XY)CH 2)2}2(H-Me)Me2][BF 2q] (32[BF2q])

Activation of 7 with 0.5 equivs TBEk results in the quantitative formation of
monomethylbridged monocation [Cp3Ti{NC(N(Xyl)CH 2)2}2(1-Me)Me;][BF 2]
(32-[BF2q]) which exists as two diastereoisomed3&d4 and32b") in a ratio of 3:2 as
judged by'H NMR spectroscopy. The details of the NMR spectra will not be
discussed, however NMR data can be found in Chapté@nSnteresting difference
betweer32" and the other analogous species discusadd,suprais the existence of

an equilibrium between the monomethyldged species3@a’ and 32b") and the
corresponding neutral dimethyl complé® @énd monoalkyl cation26m0n0) in the'H

NMR spectrum; these exist in a ratio of 15:1:1 respectively. In this case the dimethyl
complex7 is acting as a less strong donor to the monoalkyl cation compared to the
previously discussed compounds which results in this equilibrium (Scheme 3.3). Since
the electronic differences between NC(N(Xyh§Hand the other ligands already
discussed should not be significant (Section 2.5) it is likely that the large steric bulk of
this ligand is the main factor is shifting the equilibrium position. Treatment of the
equilibrium mixture with 1 equiv OPRMed tothe quantitative formation af and26"

as expected.

N e
Me N Xyl or Xyl N S~

Ti
AN —
Ti N’( Me! N
N—( Me™ Xy
k/ N\ \
N Xyl
xyl - Xyl—~ \)

32*

Scheme3.3 Equilibrium betweeriCp*,;Tio{NC(N(Xyl)CH ,)2} 2(u-Me)Me;]™ (32") and
[CP*TINC(N(XYI)CH »),} Me]* (25") andCp*TiNC(N(XyI)CH 2):}Me (7).
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3.4 Aluminium-containing bimetallic species

The reactivity of monoalkyl speciesith alkyl aluminium species is of particular
importance when considering the polymerisation process. MAO contains up to 30 wt%
trimethylaluminium and aluminium alkyls are sometimes addedo ithe
polymerisation process to act as scavengers of water and oxygen. The species formed
when the active monoalkyl cations are trapped with alkylaluminium inhibit the
polymerisation process and can also act as chain transfer &§8nts.

Previous work in the Mountford group produced the first structurally characterised
Group 4 cationic AIMg adduct (.20, Figure 3.17§° 11 years after the first report by
Bochmannet al. who reported the first isolable species of this kind JfCp { €
Me),AlMe;][BF 2 (1.19.” Both of these species contain two methyl bridges between
the transition metal and aluminium i.eMg -Me)Al linkage (M = Ti, Zr).

Me
=7 i
\Z@v‘Me’w, /Me Me \T/® Me
r\Me/AI\ N/ K’,“Me:
% Me Bu Me w5, —M©
Me
1.19 1.20

Figure 3.17Examples of AlMe-trapped Group 4 cations.

Other examples of aluminiumadducts have also been reported and studied, for
example the reaction ofgc-Me,Si(2-Me-4-'Bu-CsH,),ZrMe]* with AlMe; and aniline
(by-product of activation) gives an unsymmetrical adduec-Me,Si(2-Me-4-'Bu-
CsH.)2ZrMe( dvie)AlMes(NMe,Ph)]" due to the steric hindrance around the metal
centre¥*?The gener al pr e-MaAlévh=Group domethlplinkayesM ( €
is perhaps not surprising in metallocenium systems but in-shatiwich
postmetallocene cations, which tend to be supported by heteroatom bound ligands,
one could conceptually imagine the heteroatom becoming involved in the bonding
with aluminium. DFT studies by Mountforet al.on 1.20showed that if the imidtBu

group and triaacyclononane methyl groups were replaced by a methyl group and
hydrogen atoms, respectively, that the AjMeould rather interact with the imide
nitrogen then form the locallf, s y mme t r iMepAl bordifg arrangemerit.

This result showed that there is likely to be a preference for a nitfogend
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arrangement electronically but sterics prevents this from occurriith
phosphinimide supported systems Stepletnal. have observed more unusual
behaviour in which multiple & bond activation occurs with neutral dialkyl catalysts
resulting in the formation of carbide complexes similar to that seen in the formation of
Tebbe ds? Amegaeple of such a reaction is shown in Equation 3.6 where
the reaction of 3 equivs of AlMevith 3.12results in the formation of carbide species
3.13 with the release of methane. Carbides can be identified by their high chemical

shift in the®*C spectrum, for example Bi13the carbide is found at 304.7 ppm.

Me
~Me -
. 3 AlMe, - NalMe,
/N /N
N Me Pryp=N C
% -3 CH, N/ DaMe
PryP MeAl 2
3.12 3.13
Equation 3.7

Kanget al. have also demonstrated that AlM=Ean abstract ligands from neutral post
metallocene aryloxide supported complexes. Treatment of CpiHi{CsH4-O)Ch
with 1 equiv AIMeg vyields Cp*TiMeCL and the aluminium dimer
(CeHs5-CeH4-0)AIMe,. This was also observed with Cp*Tids-CsH4-O).Cl and
Cp*Ti(CeHs-CeHa-0)3.%

3.4.1 Synthesis and characterisation ofCp*Ti{NC (NMe,)}M e (-Me)AlMe,]-
[BF2q] (33-BF20)

Treatment of the dimethyl complekwith 1 equiv TBFE; in the presence of 1 equiv
AlMe; leads to the formation offCp*T{NC(NMe,).;} Me-Me)AIMe;][BF 2]
(33-[BF 2], Equation 3.8). Compoun@3-[BF ] was characterised by, °C, *°F and
1B NMR spectroscopy. However, this product could betisolated on a preparative

scale forming multiple unknown products on attempted isolation.
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|' AIMe3, TBF20

Me -PhsCMe Y Ve
Al..,

NMe; CeDsBr, RT NMez 1e”

4 33-[BF ]

Equation 3.8

The room temperaturdd NMR spectrum in €DsBr (Figure 3.18) shows the familiar

single NMe and Cp* resonances, in this case at 2.37 and 1.59 ppm, respectively. The
spectrum also contains a further two singlets at 0.66-@7® ppm in a ratio of 1:1

which correspond to methyl groups bound to aluminium. At room temperature this
molecule has appent timeaveragedCs symmetry in solution. One important
difference between thi$4 NMR spectrum and that of the imido catib20previously

reported by Mountforcet al. is the presence of only two Me signals rather than

t hree. Il n the i mido c eveplotermirthl AtMee riieu paor ea nsdi
Al-Me fAdowno ( wit h -capgirg pigar)in & 21:1 rat@S" shiows e

only two resonances in a ratio bifl.

I |

A MJLMAL

8.‘0 7.‘5 7‘.0 6.‘5 6.‘0 5‘.5 5‘.0 4.‘5 4‘.0 3‘.5 3.‘0 Z‘.S 2‘.0 1.‘5 110 0‘.5 0.‘0 -d.S -1‘.0 -1‘.5
f1 (ppm)

Figure 3.18'H NMR spectra299.9MHz, CD,Cl,) of 33". Top: 298 K Bottom: 183
K. PhsCMe is labelledd * 6 .
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3C-{*H} NMR analysis ofthe compound reveals that the twoNi (M = Al, Ti)
environments are located &7 ppm and 64.9 ppm, respectively. The former is usual
for a terminal AIMe environment whereas the latter is more typical of a terminal
Ti-Me or bridging group. With only # information from room temperature NMR
spectra it is still possible that the dialkyl bridged bimetallic species
[Cp*TK{NC(NMey),} (-Me),AlMe;][BF2] could be assigned as the product. For
example if the -Megpootps aenedcointidentaVim dothé'H and

13C NMR spectra this would still fit the NMR data. However, the low temperadHire
NMR spectrum of33" (183 K in CDCl, Figure 3.18) reveals that in the low
temperature limit the molecule h@s symmetryand has four chemically inequivalent
M-Me (M = Ti or Al) environments. This is consistent with the formation of a
nitrogerrbound AlMe adduct as shown in Equation 3.8 and not withGhsymmetric
structure of Cp*T{NC(NMey),} (-Me),AlMe;][BF 2.

In the structure 083" there is one terminal IMe environment, two terminal Alle
and o RMe)Allenviramment with a 3@e bond. ThéH NMR spectrum at 183 K
contains resonances for Cp* (1.97 ppm)yMe ( 1. 0 4 -MepAMP.75 pam), ( €
Al-Me (-0.43 aml -0.65 ppm) which are consistent with the proposed structusd’of
Interestingly, at low temperature the NMesonance of the supporting guanidinate
ligand also splits in th&H NMR spectrum into three signals with a ratio of integrals of
3H:6H:3H (Figure 3.18). At this temperature the guanidinate ligand is no longer

rotating freely.

The **C-{’H} NMR spectrum was also recorded at low temperature (183 K). The

terminal TiIMeredsnance i s found at -Meé@esofanc g,nas Wwher

expected, situated more upfield at 57.2 ppm. The termindMe\resonances are also
located in their typical upfield positions9(1 and-9.6 ppm)’* ® The NC(NVie,),
resonances in thEC-{'H} spectrum exist as a fouinglets at 44.1, 42.4, 42.1 and

39.5 ppm.
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B 1%
~~>
@
MezN N/-I l: """"" Meb
N Mea
Al,,
NMe, | Meq
Me,
Ti ® B ) T ®
~mMey, TS33+.33+ e
MeyN N Me, _ MeyN N I\\/Iea s P
\ ~ \
NMe,  oAlMe NMe Al
€c Me,
33* 33+
Equation 3.9

In order for the low temperatuk® symmetric structure to become tirageragedCs
symmetric at room temperature conversion between the two enantiomers must occur to
yield two sets of timaveraged methyl resonances. The conversion between these two
enantiomers can occur Jugit betwednshe itwo gnetmylg 6 o f
groups Mg and Mg (Equation 3.9)via a Cs symmetric transition statel $3z+33+),
discussed further in Section 3.4.3. It can also be established experimentally that the
conversion takes placgia an intramolecular process by the use of SST NMR
spectroscopy. Addition of excess Alyi® 33" shows no exchange of bound and free
AlMej3 on this timescale. Saturation of the fildMe; signal also shows that there is no
exchange with bounédIMes. SST expaments also show that there is no exchange of
MeJ/Mep, with Me/Mey. The suggested intramolecular conversion between
enantiomers of33" would give rise to a single resonance for JW&, which is

observed at room temperature. Ma&d Mgp o i nt Aupo and fAdowno
would also give rise to exchange between them; this would again result in a single
resonance for Meand Mg in the fast exchange regime. Overall this motion explains

the observed room temperatdke NMR spectrum.

In order to establish whether binding of Alpe 14" is chemically reversible83" was
treated with 2 equivs of diopropylcarbodiimide on the NMR tube scale. The products
of this reaction were the compleX¥3™ (discussed in Section 4.2.3.1) and
{MeC(N'Pr,)-}AIMe , formed by the insertion of the unsaturated substrate into the
Ti-Me and AtMe bonds, respectively. This reactivity demonstrates that Aldhel
cation14mono’ indeed form a reversible adduct which can be separated on a chemical

timescale.
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3.4.1.1Eyring analysisof methyl exchange processes in 33

To obtain a better understanding of the kinetics of the conversion processes occurring
with 33" variable temperaturtH NMR spectra were recorded in gL, between 181

and 209 K in 4 K intervals. Relevant activation parameters were obtained using line
width analysis. In each case observed line widthgdbs) were corrected to give
viz(corr) by subtraction of the natural line widths from the observedegal/;,(0bs)

values were used to calculate observed rate constagéecording to the formula k =

“vyscorr).”’

The analysis was oaed out on the FMe, and Ti-Mey, resonances to analyse the
exchange of Mgwith Me,, and on one of the terminal Me signals to analyse the
exchange of Mewith Mey. The second AMe signal was not analysed as the signal

was distorted by a minor impurity which prevented measuring accurate peak
linewidths. Assuming that the chemical exchange rate congtanequal to twice the

observed rate constaki,s Eyring plas can be constructed and the valueBtdf, DS

and DG’ can be determinetf. ° The Eyring plot for the FTMe resonances was
constructed by plotting both sets of data foiM&, and TiMe, together (Figure 3.19).

The analysis of the Eyring plot for the-Wie r esonances’valuesful t s i
42.0(5) kJ mot and DS’ value of-2(3) J K* mol™. Similar analysis for the AMe
resonance yields values whIi4i(h) klamoke DS dent i «
=-4(5) J K mol™"). TheDGY(298 K) value for the TMe resonances at 298 K is 43(1)

kJ mol*and for the AlMe signal is 42(2) kJ mdl
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Table 3.6 Corrected line widthsv{{corr), H2 and observed rate constanks.{ s*)
for Ti-Me, and TiMe, exchange and AMe, and AFMey exchange ir83".

Me,Y Me Me,Y Me MeswsY Mg
Temp (K)

Vip(corr) Kobs Viz(corr) Kobs Viz(corr) Kobs
209 35.1 1104 36.1 1134 375 117.8
205 215 67.6 20.9 65.7 27.7 87.0
201 13.9 43.5 12.8 40.2 16.4 51.5
197 7.8 24.4 7.8 24.4 9.3 29.3
193 4.0 12.7 4.3 13.6 5.8 18.1
189 2.7 85 2.8 8.7 3.6 11.3
185 14 4.4 15 4.6 2.8 8.8
181 0.7 2.0 0.7 2.3 1.8 5.8

Since the activation parameters are similar for both tHdel'and AtMe resonances

they are likely exchangingia the same mechanism which is consistent with the
proposed exchange process. The low entropy values are also consistent with the
intramolecularexchange of the two enantiomers, consistent with SST experiments.

The DG’ values obtained are also consistent with the process being able to occur
readily at room temperature.

1T (K1)

.0 80046 0.,0048 0.005 0.0052 0.0054 0.0056

In(k/T)

Figure 3.19Plot of In/T) vs.1/T (R? = 0.9977):DH’ = 42.0(5) kJ mét , DS = -2(3)
J K' mol!, DGY(298 K)= 43(1) kJ mét for Ti-Me, and TiMe, resonances.
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3.4.2 Synthesis and characterisation Cp*Ti{NC (NMez)}M e (-G)Al Me,]-

[BF2q] (34-[BF2])

To synthesise an isolable compound analogo38{®F.¢] the compleX4 was treated

with TBF, in presence of MAICI. It was also suspected that use of,MIEI, rather

than AlMe&, would also introduce more asymmetry into the product cation at room
temperature. The reaction (Equation 3.10) resulted in the quantitative formation of a
new specieCp*T{NC(NMe.);} Me-ClpAIMe,][BF2g (34[BF2) by *H NMR
spectroscopy. Compour@#l-[BF,g was isolated in a 52% yield and characterised by
NMR spectroscopy, IR spectroscopy and elemental analysis.

Tirn TBF20 /TI ,,,,,,, Me
MeN N ypte ——— meN N Vg
Z CeHsF, RT \r \!
NMe, NMe, Me,Al""Me
4 34*

Equation 3.10Reaction o# with TBF, in the presence dfle;AICI.

The room temperaturéH NMR spectrum is consistent with@ symmetric species
(Figure 3.20). In a similar manner 88" the room temperature spectrum shows one
Cp* (2.19 ppm) and one NMeesonance (3.02 ppm). There are also two methyl
resonances one at 1.70 ppm-Me) and tle other at0.40 ppm (AIMe) in a ratio of

1:2. Ths'H NMR spectrum againMeoasdnéile Wmav e Al
signals as seen in the imido compourid2() at room temperature as discussed
previously (Section 3.4.1); the molecular structure is then likely to be simi@8'to
(Equation 3.8). The chloride ligand is expected to be bridging rather than Me because
it is able to form two 2@e bonds. The expectestructure type is confirmed by the
presence of a Te resonance in thé’C-{*H} NMR spectrum at 80.7 ppm,
characteristic of a terminal ‘Ne environment and an Alle proton environment (2 x

Me) found at-8.3 ppm; the chloride ligand must be bridging expected, by

elimination.

Exchange of the two terminal Alle environments would occuria rotation about
either the AICI or Al-N bondvia breaking of the AN or AI-Cl bonds, respectively.
SST NMR experiments performed 84" in the presence of excelt,AlICI illustrate

that there is no exchange between free and boundl@leshowing that this is not a
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competetive route for exchange of the twoMé environments. Saturation of the
Ti-Me resonance also shows no exchange with tHdé\environments.

i | 1 L

| U I |

8‘.5 8.‘0 7.‘5 7.‘0 6.‘5 6.‘0 5.‘5 510 4‘.5 4‘.0 3‘.5 3‘.0 2‘.5 2‘.0 1.‘5 1.‘0 0.‘5 0.‘0 -0‘5 -1‘.0 -1‘.5 -2‘.(
f1 (ppm)

Figure 3.20'H NMR spectra299.9MHz, CD,Cl,) of 34". Top: 298 K, Bottom: 208
K

Low temperature NMR studies (208 K, Figure 3.20) of the compshaw splitting of

the downfield AIMe environments into two separate singletsCa46 and-0.54 ppm.

The TiMe terminal signal remains as a singlet because it is not exchanging with
another environmentt low temperature the terminal -Me resonance stishows a
characteristi¢°’C NMR shift of 79.9 ppm; the terminal Ale resonances are located
at-8.5 and-9.4 ppm. At low temperature similar 88" the ligand NMe signals split

out, this time into four broad signals in the and**C NMR spectrum, oneof each
NMe environment. VT*H NMR experiments show that the coalescence temperature
for the AFMe resonances is 271 K which results iD@ value of 31.9 kJ mél
Assuming the entropy of this process is close to 0%Jntol*, as with conversion
between enantiomers 033Qa’, the DG’ valueat room temperature should be similar
and therefore is consistent with thé NMR spectrum which shows that this process

occurs readily at room temperature.
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3.4.3DFT studieson aluminium containing bimetallic species

DFT calculations (M06) were performed by Dr Betty Coussens (DSM) in order to
develop an understanding of the bonding, thermodynamics and kinetics in s§8tems
and 34°. The optimised structures for bottepproximately C;-symmteric
[Cp*TI{NC(NMey),} Me-Me)AlMe;]” (33Qa’) and approximately Cs-symmetric
[CP*Ti{NC(NMey);} (-Me)AlMe,]" (33Qb") AlMe; adducts were calculated and are
shown in Figure 3.21.

The TiMe distances (2.218 and 2.219 A)3BQb" are shorter than those reported for
the X-ray structure ofl.20 (2.344(2) and 2.335(2) A) as are the-M¢ distances
(1.956 and 1.946 As.1.963(3)and1.981(3)A) perhaps as a result of a more electron
deficient titaniumcentreor the lack of nitrogetransinfluence as discussed befdfe
The TiN bond length is 1.76 Aonsistent with the expected value for this bond with a
cationic titanium centre (Section 3.2.18).

The AEN bond in33Qa" is 1.991 A which is longer than a moal AN covalent

single bond ¢a. 1.79-1.87 A% '°* and is more consistent with a dative-MIbond
length!°**%* The TiN bond legth is 1.89 A which is significantly longer than for
33Qb". This is a consequence of the interaction of aluminium with the titanium bound
nitrogen and this bond length is infact closer to an aitiideium bond. Calculations

were carried out to assess tiedative thermodynamic stabilities of these species. For
the overall reaction the formation 88Qa’" from monomericl4Q" and 0.5 AMeg has

a H138.2 kJ moef whereas for83Qb" it is -124.6 kJ mat. Therefore complex

33Qa’ is -12.6 kJ mof more stablehan33Qb’, which is consistent with experimental
observation. In this case it seems that the steric factors present in the system are low

enough to allow the formation of a favourable Minteraction.
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Figure 3.21 DFT calculatedstructurs (M06) monomethybridged 33Qa’ (left) and
dimethyl bridged33Qb" (right). H atoms omitted on supporting ligands for clarity.

In an attempt to locate transition states between the two enantion8Qat to help
explain the observed dynamics in comp8X by NMR spectroscopy, two different
transition states were found. The firsiSgsqa+-3304+) IS the transition state which
describes the conversion of the two enantiomer83fa’ (Equation 3.8) and the
second T[Ssszoat-33q+) IS the transition state which describes the conversion of the
monomethydbridged species §3Qa’) to the dimethybridged species 3BQb"),
Equation 3.10.

r ¥
Ti®
AImeMe
MezN N !
. Mea
K
NMe ""Mey
~ L LA ~—>
T||® " TS330a*-33ab* 'I|'|®
,,,,,, e iy,
Me,N_  NT M€ = MeN_ N7 NCM e,

Equation 3.11

TSs304+-330a+ (Equation 3.9)s approximatelyCssymmetric and has a single imaginary
frequency which corresponds to the swinging motion that leads to the interconversion
of the two enantiomers d33Qa’. The aluminium atom has two bonds to methyl
groups and a single bond to nitrogeaking it overall 3coordinate. The AMe bond
lengths are 1.94 and 1.93 A and theM\bond length is 1.90 A. The distances between
the aluminium centre and the two-Nie groupsare 3.47 and 3.28 A. The calculated
Ti-N bond length is 1.96 A which is a sificant increase from that ih (1.782(3)A)
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and is more consistent with an amifle bond | engt h.Yfoifthee cal c
transition state is 55.7 kJ moihich is in good agreement with that determined by

Eyring analysig o' 42(1) kJ mot), vide supra TSazsoa+33q0+ is C1 Ssymmetric and

has a single imaginary frequency which corresponds to the conversion b&88@&n

and33Qb'". In this case Meb e c 0 me s t h-dle dndi Mewbnedc oArles t he #
Al-Me (Equation 3.1L The AN distance is 2.77 A which is consistent with no
significant interaction between the two atoms. ThéThond length is 1.78 A and is

also consistent with no significant interaction between the titanium bound nitrogen and
aluminium. The aluminiumtam has two single bonds to Mand Me with bond

lengths of 1.95 and 1.94 A, respectively. TheMd, and AFMe, bond lengths are

2.06 and 3.00 A, respectively, consistent with a significant interaction in the former

but not in the latter. The calculategH for this transition state is 70.3 kJ mdtom

33Qa’. This is significantly higher than for transition stal&ssoqt-330a+ and is

consistent with the fact that conversion of enantiomers33®a are observed
experimentally but the conversion38Qb" is not.

As with 33Q" the possible adducts betwed4Q" and MeAICI (to form 34Q") were
also calculated with a range of different isomers. In this case the introduction of a

chloride ligand means there are more perturbations of the structure (Figure 3.22)

Figure 3.22Different isomers34Qa’-34Qf" for an adduct betweeti and MeAICI.

When considering the species which contain arNAinteraction three possible
structures were calculated, one where the chloride idbitidge 4Qa’) and two in

which a methyl group is bridging. When the methyl group is bridging the chloride
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