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Abstract

This thesis describes the synthesis of a seridsis{rfuinolinolatopluminium ethyl, (quintinolato)

gallium and (quinolinolat@inc ethyl compounds which have been synthesised and fully characterised
using spectroscopic technigues, elemental analyses and in some cases single-taysdéfriction.

The compounds are shown to be active itots for the ringopening polymerization afac-lactide,

with the activity being dependent on the metal, zinc > gallium > aluminium. All initiators show
characteristics consistent with a controlled polymerization: predictable molecular weights and narrow
polydispersities. Thebis(quinolinolatopluminium ethyl initiators all promotéso-selective ring
opening, withiso-selectivity values between 0.57 and 0.76. The degré&maklectivity is attributed

to the steric hindrance imposed by the substituenthenigands. Theealated gallium compounds

showincreased activity, whilst maintaining the good degrest@feocontrol

A series of yttrium phosphasalen compounds are also described and their activity for-tpenimg
polymerization ofrac-lactide isreported. The series of compounds vary at the diimine linker, the
phenoxide substituents and at the alkoxide group. The compounds all show the rapid and controlled
initiation of the ringopening polymerization of lactide. The activity of the initiators@und to be
dependent on the diimine linkeethylene > cyclohexene > phenylene > propylene, and on the
electron donating ability of the phenoxide substituent. All the initiators exerted a good degree of
stereocontrol on the polymerization. Interestinglye tacticity of the polymer was seen to switch
from heterotactic polylactide {f.87) to isotactic polylactide (®.86), with the inclusion of an
additional bonding nitrogen moiety in the diimine linker. The formation of isotactic polylactide using

Group 3 initiators is extremely rare.
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1.1Bio-derived Polymers

It has beenwelldou ment ed t hat t he pédtmehemicd sesoorees far Buepasevthe | d 6 s
current reservesSignificant evidenceredict thatpeak oilis already upon ysand more desperate

measures angow requiredoace ss t he Ear t hfedsugphes ndl i ng fossi l

Whilst the majorusage of petrochemical reserves is fuel based, a substantial portion is used for
products such as chemicalsicluding polymers Most commoncommaodity polymers such as
polystyrene, polyethylene and polypropylene are derived from these finite, nemnewake
petrochemical basesburce. Not only are such plastics noeanewable, they are also environmentally

persistent.

The issue of waste disposal is intrinsically linked witbst commodityplastics Current European
usage figures suggest that 39 % of ddisfics are used for short sendde applications, such as
packaging. In 2011, 250 million tons of municipal solid waste (MSW) was generated by America
alone with around 13 % accounting for plastic wa<dé these 250 million tons, around 87 million
was recycled or composted. Wtifigures show that over the last 20 years recycling has increased at
an exceptional rate, the largest proportion of MSW still ends up in landfill mites other waste

disposalstreamsA

One strategy to alleviatthe demands placed upon the already strained petrochemical industry is to
find alternativesourcedrom which to synthesisgolymericmaterial.Bio-derived polymers offer such

an alternativeThe term biederived implies that all the carbon content of iieterial is derived from
renewableresourcesthis includesplant and animal based materials. plantbased materialghe
carbonsourceis obtained by the fixation d&€0O, by photosynthesisCommonplantbased sourcesre

high in starch contente. corn,potatoes, sugdreet

" Figures from Plastics Europe, Association of Plastics Manufactured, acce$shdy?3013.
A Figures from US Environmental Protection Agency, accesséd@$ 2013.
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European Bioplastics suggests that in 2011 around 1 million metric tonnes-adrhied plastics
were produced, that figure is set to rise to 5 million tonnes, by 2016. It is estimated that around 40 %

of current biederived plastis are also degradable.

Bio-derived polymers are not without their caveats aheret are a number ofontroversial

environmental and econonigsuescloselyassociated witthem?

1 Farming of crops for chemical applications may resultdmpettion with food production
ultimately leading taa rise in food cost Although small scale production can be achieved
with starch residues/bBgroducts from other processes.

1 The intensified farming, associated with the langglumes of raw materialsrequres
increagd energy and fertilizer usage.

1 The increasing demand for land, required by large scale crop produtiigraccelerate
deforestationthus reducing natural GOptakestreams.

1 The additional eergy requirements for refinement and processihgaw materialscan

significantly increase the environmental impatbio-derived polymers.

There are clear challenges associated with rfsmufacture andiuse of biederived polymers.
However, withthe source of most large scale commercial polyrdarénishing,it is imperative that

sustainablalternatives areought®

¥ Figures from European Bioplastics, accessélisy 2013.
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1.2Polylactide (PLA)

1.2.1Introduction

Poly(lactic acig, or polylactide (PLA) is an aliphaticpolyester comprised of lactide (LA) repeat
monomer unitsAlong with other aliphatic polyesters, suchpatyhydroxybutyratePHB), PLA has
received signifiant attention overrecent yearsas a viable and sustainable replacement for
polyolefins PLA is a bio-derived and degradableolymer, which offers bothan alternative to

petrochemicabased polymers armbviatedandfill problemg(Fig. 1.1).

O

\])I\D Imitiator
A (" Dj(l\ WM(! RY)
0 © 0
H (8] H
HD’U\(D R-o{k( YLo%r.
]
G&nnﬁmmimn ) Hydrolysis

9]

OH
HDJ\T

\ f/IIJit‘-vc\Iv.?gml:|:||1i+.‘-1|
CO; + HO

Fig. 1.1: The lifecycle of polylactide (PLAJ

Interest in PLA as a commerciallyjable packaging material hasnerged over the last 3fars,
althoughthe polymer itselfvas first reported by Carothers andworkers in 1932.From the 197Qs

PLA has been used in biomedical products, but the easy degradation preventediritsnose
mainstream applicationd-However, the need for sustainable polymer resources combined with
improvements to manufacturing processes saw PLA transformed into a viable consumable. The

largest current manufacturer of PLA NatureWorks LLC, producing arourfidtO 000 tonnes of
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polymer fer year® A range of products made of PLA are currently marketed, these primarily include

short shelf lifeproducts for food storagpackaging anavastedisposal Fig. 12).

Fig. 12: Products made usirfgLA.

There is howeer an emerging market for everydayoductswhich range from pens to mobile
phonesPolylactidecan also b made intdfibres, whichare therincorporated ito clothing,soft toys,

nappies, household items and even car intefiors.

It is important for a degradable polynt® be able to fulfil its intended functipWecomposing only
under an environmental triggePolylactide degradesia a twostep process, and under suitable
conditionsthe degradatioran occur within the environment. The first stage of degradation esolv
the hydrolysis of longhain polymers into lower molecular weight unita. the environment,
esterases secreted by snitroorganisms then continue the degradation prdoessng metabolites

such as lactic acjavhich ultimatelyare convertetb CO, andwater.”

$ Figures from Natureworks LLC, accessed' B&igust 2013.
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1.2.2 Lactidesynthesis

The lactde monomer isa cyclic dimer of lactic acida product of the fermentation gflucose
obtained from higkstarchcontent plants, such as corror sugarcaneThe fermentation processes
usually employ homolactic organismsdausea highly efficient amine looping process to recover the
lactic acid® Lactic acid can also be obtaineid chemical syntheses; howevegrrhentation routes are
preferredss they are economically more favourable #rastereochemistry of the resultant lactic acid

can be controlledSSLA formed, vide infrg).t

The first economically viableoute to the formation of LAvasmarketed by Caill Dow LLC in the
1990s and involved the condensation reaction of lactic,doltbwed by depolymerisation of the low
molecular weight polymer formedi@le infrg).”® % ° There are three possible sterecisomers of lactide,
SSLA, RRLA andRSLA (Fig. 13). The racemic mixture d8SLA and RRLA is referred to asac-

LA.

Fig. 1.3: The three stereoisomers of lact{ti®).

1.2.3 Polylactide synthesis
There are twomain approacheaised to formPLA from lactic acid The first is via the direct
polycondensidon of lactic acid and the secondvig the ringopening polymerization (R@) of the

cyclic dimer, lactideKig. 14).
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Condensation L Ring-Opening
Oligomerization Depolymerization Polymerization
H,0 O

o) (0] Catalyst O)Krrﬁ Initiator O

HOJ\{OH 4)%0\%“ o P%O\Ln
Y

Fig. 14: Synthetic routdo PLA.

The direct polycondensation reaction suffers limitations, due to the reversible nature of the process
and the difficulties associatenith theremoval ofwater produced during the reactibRurthermore
this process leade PLA with a widedistributionof molecular weightslt is possible tancrease the

molecular weighby crosscoupling small chain oligomers using additional couptiggntg® *°

The removal of water, and depolymerisatafrthe short chain polymen the presence of a catalyst,
leads to the formation of cyclic monomers, the most favoured being timeesnbered lactide ring.
Thelactide monomer unit can then be rapgened in the presence of an initiator, to form a growing
polymer chain. Thering-opening polymerization(ROP) reaction provides a more controlled
polymerization routeaffording high molecula weight polymers without the need for additional
reagents aneénabésnarrow polydispersities, ergtoup control and stereocontrdlhe ringopening

polymerizatiorreactionis the preferred routia thecommercial manufacture of PLA.

1.24 Ring-opening polymerization

Ring-opening polymerization reactions are initiated and controlledabwide range ofmetal
complexes or organispecies’ '* There are two proposed mechanisms by which theajreging
polymerization reactioomay occur:an activated monomer mechanism or a coordinatisartion
mechanism.Whilst organocatalytic and cationic initiatorgperate via an activated monomer
mechanism, ti is widely accepted thatnajority of neutralmetal basd complexes operate by a

coordinatiorinsertion mechanism; this is supported Bteesive literature precedefit
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In the activated monomer mechanjgire lactide unit is activatkto attack by exogenous alcohol by a
nucleophilic substrate, forming a rimpened alcohol Rig. 1.5);** phosphines, pyridine and -N

heterocyclic carbenes aré ptoposed to initiatdéy this mechanism.

Q /—\ 0 ® o ® o Nu o)
\)\o L Nu ROH %Nu or | _/ o
5 + Nu o o - o RO OH
m* o Y Ton 0

o) o)

0]

Fig. 1.5: Activated monomer mechanisiu = nucleophile.

The most common initiators for the coordinatiosertion mechanism are Lewis acidic metal
alkoxide or amide complexe&uccessful initiatorsieed to besufficienly Lewis acidicto enable
binding and activation of the lactide unit anavea labile methalkoxide (or amide) bontb enable
efficient insertion.The coordinatiosinsertion mechanism, illustrated kKig. 16, involves the Lewis
acidic metal centre weakly oddinating the lactide monomer unit. The lactide, once activated, is
attacked by the metal alkoxide group. The putative intermediate then undergeegeniiigg of the
lactide by an acyl bond cleavage and a new metal alkoxide bond is formed. The graimnendhs
capped with theOR group. Te other end of the chain becomes an OH group after hydralfyhe

O-M growing chain end, during polymer work.uphis sequence is subsequently repeated in order to
produce a growing polymer chailue to the relie of the lactide ring strain,he reaction is
thermodynamically favourable at room temperatUrepH -229 kJ/mol for 1 M solution of SS

lactide)™
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Fig. 1.6: Coordinationinsertion mechanism; M metal, OR= alkoxide group, L= ligand(s)

This thesisfocuseson initiators that operate by a coordinatimsertion mechanism, notactivated
monomer mechanism. Thus|l &uture discussions will focus on the coordinatiosertion

mechanism.

A wide range of metal complexes have shown precedentcbddROP of 1A, such as Sn(ll), Zn(ll),
Mg(l), Ca(ll), Al(lD, In(l, Y(111), La (1), selected lanthanide&roup 4metals and have been the
subject of numerous review articfes!?® *° In this thesis, we are imested in Groups 3 and 13. As
the literature is substantial, each chapigins with a specialised review aélevant literatureln this
introduction, some general features of polymerization initiators are exarmihedk are aumber of
factorsthatmug betaken into consideration when selecting viable initiatorshe ROP of LAe.g.
rate of polymerization, polymerization contréblerancecost of initiatorversuspolymer produced,

toxicity of the metaland the properties of the resulting polymer.

1.2.5Polymerization Kinetics
Understanding the kinetics of a polymerization is important in order to compare the activity of
initiators ando better understand the nature of the R€dttion Comparison of therppagation rate

constantk,, which isobtained from the rate law, allows true assessment of initiators.
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The rate law of the polymerization should be considered in terms of the rate of initiqtion,
propagationk, and deropagation k;. However both the initiation and geopagationsteps are
omitted from the rate lawlhis is becausi a polymerizationthatd i s p | a y charatteristictghen g 6
rate of initiationis fast, k; Okp, therefore the rate of polymerizatishouldnot be dependentn k;.
Additionally, the rate of dgolymeizationis negligible k, > kg, thus the rat@f polymerization is not
dependantn ky. Polymerizatiors generally obey a first-order dependence omonomer (lactide)
concentratiorandarefirst-order in initiator concentration

Q0 06

_ '?'Q N
o LoO

Where k= propagation rate constant, [LA] lactide concentration, [{]= initial concentration of the

initiator, n = order in initiator.

The propagation rate constant is obtained by performing experintentdich one veable, either
[LA] or [I], is maintained constant, atlle other isalteredi.e. constant [I] and variable [LAJT his

assumes pseudo firstder rate kinetics:

Wherek,ns= observedate constant, [LAF lactide concentration

If full kinetic analysis is not conductedhen the observed rate constaky,s (Sometimes denotdd,,),

may bereported instead of the propagation rate conskant he ks valueis point kinetic data, only
holding for a particular set of experimental conditiansl pararaters It is useful for comparison of
initiators if a common set of conditions are applied i.e. same lactide concentration [LA], initiator
versuslactide loading [I]:[LA] and temperaturéd common set opolymerizationconditions used in

the fieldarea lactide concentration of 1 M and an initiator concentration of 10 mM (1 molee%)
1:100 [1]:[LA]. Where possiblgpolymerization results reported this thesis will be conducted under

these conditions, allowingasycomparisons with literature compounds.
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1.2.6Polymerization Control

Good polymerization control is an important feature in a successful initiating systender for a
polymerization to be described as controlled, a number of criteria must be fuliiliedar increase
of M, with percentage conversion, narrow polydispersity index (Pid)h rate ofinitiation (k)
versusrate of propagation(k,), continuation of the growig polymer chain on addition dtirther
monomer (i.e. block copolymer formatiogndlimited transestefication reactions® There are two
types of transesterification, intermolecular transesterification Hig, 1.7), which occurs between
different chains and forms polymers of varying chain lenghimgl intramolecular transesterification

(b, Fig. 17), whichoccurs witlin the same polymer chain, leading to cyclic oligomers.

@)

o 0
0 OR ~
M \\HJ\OJ\[( a ROJK( M
0 N
O +
o) A
o

Fig. 1.7: a. Intermdecular transesterification mtranolecular transesterification

The degreef transesterification can be assesbgdsel Permeation Chromatography (GPC), where
an increase in PDI is observed, or by MALDOF mass spectrometry where additional series may be
observed asvell aschains with an oddiumber of lactide repeat uniti the latter case,a polymer
series with a repeat unit of 72 amu (half the molecular weight of a LA unit) is obsirstedd ofa
series with a repeat unit of 144 anmwhich would beexpeced from a R@P reaction where no

transesterification had occed.
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1.2.7 Stereochemistry
Polylactide can adopt different stereochemical conformations, dependihg ohitalityof thelactide
monomer unit(Fig. 18). Interestingly, he stereochemical na&u of thepolymerinfluencescertain

physical propertiesuch as the melting temperature

O
o] o] }H
\')J\ o Initiator 10 O O)Kro)K( o n
O
0 Roykr )Kf
o) Isotactic PLA

O

O
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) 0 — o) n : H
SN O RO '
o Stereo-block/gradient PLA

O  rac-LA

O

O
, . 0
\')J\O o Initiator 0 o
(0]
OTH\ O Roy\r

rac-LA O Heterotactic PLA

2ok

@)

Fig. 1.8 Some pssibletacticitiesof polylactide

The enantiopure monomeeither SSLA or RRLA, will rin g-open polymerize to forrisotactic PLA
(in the absence of epimerizatiomyhere one monomer unit is coupled to another monomer unit with
the same stereochemistr¥he racemic mix of enantiomersac-LA, gives rise toa variety of
stereochemistriesThere are three possidéereooutcomes fronthe ringopening polymerizatioof

rac-LA:

1. Atactic PLAT no control in tacticity.
2. Stereoblock PLA sections of isotactic pol$Slactide and polyRRlactide within the same
polymer chain.

3. Heterotactic PLA alternatingncorporationof SSLA andRRLA.
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Purely isotactic poh%Slactide or polyRRIactide are semicrystalline plymers, with a melt
temperaturgT,,) of around 16aL70 °C. The atactic PLA, formed fromac-LA, is an amorphous
polymer with no defined melt temperatuMeverthelesscurrent commercially available polylactide
has an atactic microstructu&henrac-LA is polymerized in an isotactic fashion to fostereoblock
PLA, a semicrystalline polymers obtainedvith a definedTl,, (1707 230°C), in line with thedegree

of isotactic enchainment.

Interestingly, nixtures of polyGSlactide and polyRR)lactide have been showrto have elevated
melting temperatures, up 230°C.*® This increase i, occursdue to intermolecular crystallisation,
or co-crystallisation of the polymer chainsesulting in tighter packing and more chain interactihs
The expense of purificatiorequiredto obtain pureéSSLA and RRLA has thus far preventdalends
of poly(SSlactideandpoly(RRlactidefrom being a viableoute to stereocomplex PLAhe potetial
to form high melting point polymer from racemic lactide is therefore an attractiternative.
Stereoblock PLA with high isotactic enchainmeafgodisplays such cecrystallinity andthusforms a

polymerwith enhancedhermal properties

The formation ofstereoblock PLAfrom rac-lactide was first recognised by Spagsknd ceworkers

in 1995 Ac hi r al Schi ffds bas e Fig L9%9was faunditorproducekpolyrierd e i n i
with a Hgh enantiomeric exces3he polymers formed did not display melting pointsniatch those

of stereocomplex PLA, however they were significantly higher than those observed for the
homopolymer. It was postulated that the formation of stereocomplexes was occurring between
polymers with som degree of enantiomeric exceaad thisled to polymers with af,, of
approximately 180 °C. This type of polymer morphology is referred to as 4ikrdo or

stereogradient PLA.
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Fig. 19: Sakenaluminium alkoxide initiatar

Over the subsequent yeamesearch ito the formation of stereogradient PLA hasen the
development of many new metal based initiating systéungher discussion of initiators that promote

theiso-selectiveROPof rac-LA will, where relevantbe discussedt the start of each chapter.

The Bcticity of PLA can be assessed by analysis of the NMR sgédthis can be carried out either
by analysis of the homonucledecoupledH{'H} NMR spectrumanalysedat the tetrad level, or by
analysis ofthe *C{*H} NMR spectrum (carbonyl regionFig. 110 illustrates the assignment of the

tetrads in the methe region of the homonuclear decoupled'H} NMR spectrum

5.22 5.20 5.16 5.14

5.18
delta (ppm)

Fig. 110: Methine region of thehomonuclear decoupletH{*H} NMR spectrumof moderately
isotactic PLA (P=0.63).*°
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The probabilities of a particulatiad stereochemistry can be calculated using Bernousitatistics
andequations relang to each tetrad are given Trable 11."° Thevalue isobtained by comparison of
the experimentally determinetgtrad integrals with the probabilitthat a particular tetrad would

occur.

Table 11: rac-Lactide tetrad probabilities based Bernoullian statistics

Tetrad Probability
sis 0
C

sii b0
iis 00
C

iii : &
C

isi 0 00
C

The overall iso-selectivity, B, is then determined, using an average of the values obtainedafrom
five equatios. The R (oftendenoted R) representshe probability of forming a newdyad.P; (often

denoted B is the probability of forming a nesdyad.

For a value of 0 < P< 0.5, the polymerization proceeds preferentially througheteradactic
enchainmenand for avalue of 0.5 < P< 1, the polymerization proceeds preferentially through an

isotacticenchainment

There are two mech&ams by which an initiator can allowo-selectivity in the ROP afac-LA, these
areachainend contro(CEC) mechanism or anantiomeric site contrgSC) mechanismAnalysis
of the minor defect tetrads, resulting from stereoefiter not iii, in thecase of isotactic PLA)an
provide information about thmechanism othe stereocontrolFig. 111 shows the linkage of the

pairwise addition of sequential lactide units it both ESC and CEC.
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11118111111
-RRRRRRSSSSSS- PLA1CEC

i1isisiiiidi
—RRRRSSRRRRRR PLA 2 ESC

Fig. 111 PLA 1, chainend control;PLA 2, enantiomeric siteontrol, where i and s are thelative
stereochemistry of a pairwise addition of lactide unitssatactic enchainments syndiotactic
enchainment

For an initiating system operating by amantiomericsite control mechanismany defects are
6coeddecih a di infareinitiatimg system pperatiogy a chairend control mechanism,
thus different ratios of the defect peaks oc&r a chairend control(CEC) and enantiomeric site
control (ESC) therelative integrals should be the ratio 1:1:1 (sii/isifiis) or 1:2:1:1 (iis/isi/sis/sii),
respectively Enantiomeric site contrabccurswhenusing chiral initiators, wittthe chirality of the
metal complex determining the selectivity for a paticenantiomer of lactidén chairend control,

it is the last inserted monomer unit that determines the stereochemistry of the next lactide unit. Chain

end contromechanismsan form bothsotactic and heterotactic PLA

When thestereocontrol occurs by chairend control mechanism, a stereochemical defect results in
the stereochemistry of the defect being propagated along the chain until the next defectRickurs (

in Fig. 111). If a stereochemical defect occurs in a polymerization using an initiator that exhibits
enantiomeric site control, the mistake will be rectified with the next incoming lactideRu#At Z in

Fig. 111). This is because it is the chirality of the metal centre which determines the PLA tacticity

and not that of the last inserted lactide unit.
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1.2.80utlook

Over the last20 years a vast amount of research has been conducted, in an attempt to create
commercially viable replacements to the ubiquitous polyolefin based materials. Polylactide, a bio
derived and bialegradable plasticis a possiblerenewable alternative Whilst there is still
controvesy suroundng the sustainability othe commercial synthesis of polylactide and other bio

polymers, they are undoubtedly a stepwardfrom relying solely on finite petrochemical resources.

Current commercialpolylactide produds are staihg to find their place in the packagirend
consumer goodsnarkets However, it is apparent that more work can be undertaken in order to
optimise theproperties othe PLA. Understanding the fundamental principles relating to the synthesis

of polylactide ismportantin order to realise the full potential of the polymer.

The ringopening polymerization of lactide has thus far been shown to be the most efficient and
controlled means by which to fornpolylactide. Much research has been conduciet properly
understanding the reaction kinetics gualymerization controfor variousinitiating systems, with
Groups 2, 3, 4 and 13 initiators allibg widely reported.However, despite remarkabtesearch
efforts in the field relatively little is known about the methedand factors which regulate the
stereocontrol of polylactideSincethe early reports of aluminium salen complexes, there have been
relatively few new initiating systems reported that display high levels of stereocontrol, in prticul
iso-selectivity. The development ohew initiating systemsvith high levels of stereoselectivitig
therefore an important goalUltimately understasing such factorswhich control rate and

stereochemistrwill lead tomore usable and marketable enddus.
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1.2.9 Aims and Objectives
This thesis focuses on the synthesis of Group 3 and Group 13 initiators for thapeimgg
polymerization ofac-lactide. The new initiating systems shouldlfil a number of criteria, in order to

be deemed succeskfu

1 The initiators shouldexhibit high rates. A ideal system should be capable of polymerizing
high loading (> 5000 equiv.) of lactide on the minute timescale.

1 Initiators should demonstrata good degree ofpolymerization control. This includes
molecularweights closely matching those based on initial lactide concentrations, a linear
increase in molecular weight with percentage conversion and a narrow polydispersity
througloutthe reaction.

9 Initiators should show a good level of stereocontieb-selectie initiating systems are of
particular interest to the field.

1 The initiators should be easily synthesisable and robust. Easy ligand syntheses, that enable

structureactivity relationships to be conducted, are preferential.

With these parameters in min@Group 13 quinolinolato complexes and yttrium phosphasalen

complexes were targetedi¢. 112).

Ph,P= N N PPh,

R,
TN = / \
N O = ~
R3™ °N R1
@O

O

Where M = Group 13 metal Where X = diimine bridge
R = Alkyl or alkoxide R = alkyl
a. b.

Fig. 112 The general structuig a. Group 13 quinolinolato complexes and b. yttrium phosphasalen
comgexes
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Chapter 2

Synthesis and Characterisation of

Bis(8-quinolinolato)aluminium Ethyl C omplexesand

(8-Quinolinolato)gallium Complexes:

Investigations into the Sereoselectiverac-L actide

Ring-Opening Polymerization
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2.1 Introduction

2.1.1Homoleptic Aluminium Initiators

Aluminium initiators for the polymerization ofac-LA have been extensively described in the
literature. Initial research efforts, dating back to the late 1980s, focused on cluster homoleptic
aluminium species such as aluimim iso-propoxide and alkoxide species formadsitu by reaction

of alcohols with aluminium aryl specié&$.** 2° Whilst transesterification reactions were found to be
low using such systems, multiple initiating groups and aggregation of such dpatipsred control

in the polymerizations.

2.1.2 Heteroleptic Aluminium Initiators

Following these early reports, focus shifted to discrete aluminium initiating systems, as they offer the
potential for greater polymerization control and, in some casespstemical control. Spassky and
co-workers reported the first example of mo-selectiveinitiator, compoundA (Fig. 21), for the
polymerization ofrac-LA. CompoundA was found to preferentially polymerize tR& enantiomer,

with up to 50 % conversiot,e = 20

Fig. 2.1: Salenaluminium alkoxide initiatorsA andB.?

Chiral and racemidso-propoxide aluminium complexes were later reported by Coates and co
workers, e.g. compour®.” The racemic mixture d8 was found to produce stereoblock PLA, with a
P, value of 0.96. This was achieved through the preference d&-Bhenantiomer foRRLA, and of

the SB enantiomer forSSLA. This was the first report of the formation of a stereoblock PLA
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microstructure, versus stereocomplex PLA formed from thecrgstallisation of enantiopure
poly(SSlactide and polyRR)lactide. TheAl-salen initiatorsA andB displayed only low activity; such
sluggish behaviour, even at elevated temperatures, has been shown to be typical of aluminium based
initiating systems. The attractive prospect of producing stereoblock PLA from a racemicdiedsto
has led to many further investigations of the Salen liganif.nSuch modifications includealtering

the diamine bridge, phenyl substituents and the synthesis eBalalfi type complexé$.in general,

such systems maintain a moderate to high level of stereoctftrai™"

Bis(pyrrolidene)Schiff base ligands, have shown moderate stereocofirplZ2).2> CompoundD is

the active irliator, whereas compour@is used as part of an initiating system, with an equivalent of
iso-propyl alcohol added to generate the active spediesitu. No change of stereocontrol was
observed between compou@dPrOH andD (P, = 0.75). This type of alkjalcohol initiating system

is common in aluminium lactide chemistry, often due to the relative ease of synthesising aluminium

alkyl complexes.

N N
/\AI/\
Z N7 ONTN
—/ X —

C X=Et
D X= OiPr

Fig. 22: Bis(pyrrolidene)Schiff base aluminium complexe§, andD.*

Other ligand types havgeen reported to a lesser extent, and thus far none have been shown to display
the same levels of stereocontes observed in the Salegpe systemé’ In particular,examples of
bidentatdigand sysemswith high levels of stereoselectivity remdargely elusive. The concept of a
bidentate system with both nitrogen and oxygen donors, analogous to the Salen type ligands, was

particularly important in the development of our aluminium ligand system.
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2.1.3 Indium and Gallium Initiators

Achieving high levels of stereocontrol, combinedthwhigh ratesis an important targetWhilst
aluminium based initiators have been shown to be highly selective, they suffer from sluggish rates,
reducing viability. Thegoal of increasing rate, whilst maintaining stereoselectivity has prompted

investigatias into other Group 13 metals.

As well as aluminium,ridium systems have also been developed over the last few years, with several
groups reporting improved activityersus comparable aluminium systerfis.nitiators recently
described by Mehrkhodavandi and-workers show moderateso-selectivity and improved activity
when compared with similar aluminium systeifrer example compleX (Fig. 23), polymerizes 200
equivalents ofac-LA in 30 minutes (298 K, methylene chloride, ~0.5 M in [LA], 90 % conversipn, P

=0.62), a marked increase in activity compared with aluminium Salenazordpyide supra®

Fig. 2.3: Examples of the structures of some indium basitidtors forrac-LA ROP 2%

Another early examplef a stereoselective initiatoreported by Okuda and Arnoldjas a racemic
homoleptic species, compoukdFig. 24), which was found to induce a slight isotactic biastiBx.
0.63)?° Tolman and Hillmyewuseda very straightforward system, naméhgl; in the presence of an
equivalent each of an alcohol and triethylamthRac-LA was polymerized quite rapidly and with
high heteroselectivity up to 0.97, 1:100 [I]:[LA], 5 h). Less complex initiating systems are a very
attractive proposition in terms of commercially viabigtheses, though they rarely exhibit this high

level of stereocontrol.
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Gallium has received somewhat less attention; thus far there have been only a handful of examples of
systems active toward the ROPrat-LA. In 2010, the first active organometallyallium initiator,
compoundG, was reported by Horeglad and-workers Eig. 24).3' Polymerization proceeded in a
controlled but slow manner, forming atactic PLA (1:2%8]:[LA], ~0.8 M [LA], 144 h, 93 %,
methylene chloride313 K). Achange of solvent, from methylene chloride to THF, or the addition of

a Lewis base resulted in a moderate to good heteroselectivity. Further investigations saw the
coordination of an Meterocyclic carbene to the gallium centre, resulting in an increase1r320

[I:[LA], ~0.8 M [LA], 16 h, 99 %, methylene chloride253 K) and a switch to aiso-selective

system, P= 0.78%

MeO CaH
8\0 Paiks
] y
Mes,,, O | «Me E
Me";Ga\O Ga*Me O—Ga-N
OIQK\MG @7[\]\
\
OMe C5H9
G H

Fig. 24: Examples of the structures of some gallium basgitors forrac-LA ROP3"33

A recent comparativetudy of aluminium and gallium complexesgith the structures represented by
compoundH (Fig. 24), showed that the Ga catalysts were fastereapdllywell controlled as their

Al counterparts (Ga quantitative conversion of 100 equiv. of LA to PLA, 353 K, toluene 1 h, versus
45 % conversion for Alf® Despite the difference in rate, the change in metal centre did not affect the
stereoselectivity, with moderaigo-selectivity being observed for both the Al and Ga initiators=(P

0.70).
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2.1.4Synthetic Methodology

As highlighted vide supra the salen ligand has been the most prominent ligand system used with
aluminium initiators, due tothe Alal en i nitiatorsé tendency to fo
microstructure. Bidentate ligand systems haeerbless widely employed, and there are limited

examples of stereocontrSf: 3

Despite theaforementionedimitations in stereocontrol observed thus, faidentate ligand systems

have the potential to provide wide substrate scope through ligand modification. With the aim of
demonstrating this potential, our research group set about investigating a bidentate ligand system that
could be used to induce stecontrol inthe ROP of LA. The choice dfidentate ligand system was

heavily influencd by successful multidentate ligands.

The 8hydroxyquinoline structure was an attractive ligand motif. It has previously been shown to form
stable Group 13 metal compks; examples of which are used in the field of molecular electrSnics.
It also has the potential for a wide range of analogues, with substitution being possible-abthe 2

and 7 positiors (Fig. 25).

Fig. 25: The general $iydroxyquinoline structure, numbering scheme included.

It was anticipated that the reaction of two eglemés of the &ydroxyqunoline preligand with
triethylaluminium would from a heteroleptic compleaf the form AIQEt. These heteroleptic
complexesvereexpected to be suitabieitiators, particularly in thg@resence of exogenous alcohol.

The 8 hydroxyaquinoline has potential as versatile ligand backbone, allowing the easy substitution of
electron donating, electron withdrawing and sterically encumbered groups, thus allowing structure
activity relationships to be formed. The molecule is predicted to fomomplex with twaNO-type

chelating ligandszsomparable withthe ONNGtype bonding in salen complexes.
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At the time ofembarkingupon this project, there had been no previous examples of comparisons of
the reactivity of analogous Group 13 initiatofe 8i hydroxyquinoline ligand provided scope for
complexation with other metals, such as gallium and indium, allowing such comparisons of the

homologous series to be made.
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2.2 Bis(8-quinolinolato)aluminium Ethyl Complexes

2.2.1 Proligand and Compound Synthesis and Characterisation
A series of new initiators were prepared by reaction oBthgdroxyquinoline preligands(2.1-2.10

with triethylaluminium, as illustrated i&cheme 2.

N | Ro
O, A|\I o N RN =
N LN _
: R:™ °N R4
N '
@O
Compound 2.1-2.10 Compound 2.11-2.20
# R, R, R,

2.12.11 H H Me
2.2/2.12 H Me Me
2.3/213  Cl Cl Me
2.4/214 Br Br Me
2.512.15 H Cl Me
2.6/2.16 I Cl Me
2.7217 I 1 Me
2.8/2.18 Me H Me
2.9/2.19 H H Bu
210220 H OMe Me

Scheme 21: General synthesis of initiato11-2.20, numbering scheme include®eagents and
conditions: i. Toluene, 298 K, 12 h,-80 %

The 8-hydroxyguinoline preligands8-hydroxy-2-methyljuinoline (2.1) and5,7-dichloro-8-hydroxy-
2-methyluinoline (2.3) are commercially availablewhilst all other pro-ligands were synthesised
according to literature methodsd wereobtained in moderate/good yield®cheme 2).*° The ligand
series wasselectedto investigateboth the ster@ and electronic influences difie substituentsFor
examplesubstituents in thR; position wereexpected to exert a more substantial electronic infleien
whereassubstituents in th®; and R are closer to the active sitand are therefore expected tvey

more of a steric influence

Compounds2.11-2.20 were synthesised by the reaction of two equivalents of the resp@ktive
hydroxyquinoline preligand with one equivalent of triethgluminium, in toluengat 298 K. On

addition of thetriethylaluminium, ethane gas was evolved and the solution turned a strong yellow
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colour. The solution was left to stir for 12 hours, after which time the solvent was remoxaclio
Compound<.11-2.20 were isolated as yellow solids in-80 % yields after waking the residue with
hexane The new compounds were characterised by NMR spectroscopy and the stoichiometry was
confirmed by elemental analysis.nd '"H NMR spectrashowed a characteristic shift in the
quinolinolato protons, indicative of coordination the Lewis acidic aluminium centre resulting in
deshielding of the nuclei. The aluminium ethyl groups show a triplet & @fim,assigned to the
methyl protons. The methylene protons resonate dsublet ofquartets at @.5 ppm,indicating that

the compexes are chiral and the methylene protons digstereotopic.An exampleH NMR

spectrum, of compoun2l 13, is shown irFig. 26.

4
delta (ppm)

Fig. 26: '"H NMR spectrum compoun®.13 (tolueneds) residual solvent peakand greasenarked
with asterisk.

" Dr. Mike Haaf and his research group are acknowledged for their assistance in the preparation of this series of
compounds. Dr. Rachel Platel is acknowledged for initial synthetic investigations.
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2.2.2 Xray Crystal Structure of 2.16

Crystals suitable for Xay diffraction experiments were grown of compouhth from a saturated
toluene solutionCompound?2.16 crystallised with two independent moleculBgy. 27 illustrates the
structure of one of thes@.L6A). The complexes have a pentacoordinate aluminium centre with

di storted trigonal bi pyrami dal c 0 @.l6Aiand2a.X6B.on ge on

The N atoms in the quinolinolate rings are positiotreehs to one another, occupying the dxia
coordination sites. The O donors from the quinolinolate rings are coordinated at equatorial sites, with
the remaining site being occupied by the C of the ethyl groug bdnd lengths inompound.16 are

within the range expected for pentacoordinatenitium complexes’ Selected key bond lengths and

bond angles are shownTiable 21.

Fig. 2.7: The crystal structure of on@.06A) of the two crystallographically independent complexes
present in the crystals @16(60 % probability ellipsoids)
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Table 21: Comparative selected bond lengths (A) and angles (°) for both independent complexes
present in the crystals @f16. For full data see appendix.

Bond Length  2.16A 2.16B  Bondlength  2.16A 2.16B
Al(1)iO(1)  1.807(6) 1.802(6)  Al(1)iN(29)  2.087(7) 2.102(7)
AI(1)IN@©)  2.093(7) 2.087(7)  Al(1)iC(40)  1.984(9) 1.969(8)
Al(1)iO(21)  1.808(6) 1.810(6)

Bond Angle 216 A 2.16B Bond Angle  2.16A 2.16B
O(L)i AI(1)TN(9) 82.8(3) 82.8(3) N(9)i Al(1)iN(29) 165.5(3) 165.1(3)
O(1)i Al(1)i 0(21) 119.8(3) 121.2(3) N(9)i Al(1)iC(40) 96.8(4) 98.0(3)
O(L)i AI(1)TN(29) 90.6(3) 90.7(3) O(21) Al(1)iN(29) 82.7(3) 82.0(3)
O(1)i AI(1)i C(40) 118.8(4) 119.9(4) O(21) Al(1)i C(40) 121.4(4) 118.9(3)

N(9)i Al(1)i O(21) 89.3(3) 89.9(3) N(29)i Al(1)i C(40) 97.7(4) 96.9(3)

2.2.3 Polymerization ofrac-Lactide using 2.112.20

Compound£.11-2.20 were tested as initiators in the ringening polymerization afic-Lactide.

(@] O
\HJ\ /s, HJ\ O Q )(L/O% H
(@] N O 1. m
(@] O ., (0) n : z
/ O =
O O

rac-lactide stereoblock PLA

Fig. 2.8: General polymerization procedure. Reagents and conditio@st1:2.20]:[iPrOH]:[LA],
1:1:100, Toluene, 348 K.

The polymerizations were all conducted under a standard set of conditions; in toluene at 348 K with
one equivalent ofiso-propyl alcohol.All experiments were run at a standard concentratioraof

lactide (1 M) and using@ mM concentration of initiator (i.e. 1:100 loading of initiator:lactide).
During the catalysis, theso-propyl alcohol reacts witlthe aluminiumethyl groupto generate an
aluminium iso-propoxide complex, whichs the true initiating species; compoun2d1-2.20 can

therefore bédniitevawdd ngyd Gpreei es. Such a protocol
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aluminium initiators, de to the relative ease of isolating such species in comparison to the extremely
air sensitive aluminium alkoxides. Ithe absence ofso-propyl alcohollittle to no monomer
conversion was observed. The choice di¢ok as a solvent was importddb rea¢ion was observed
in experiments using TH&r methylene chloride at 298 K. Thislilkkely due to the failure to form any

aluminium alkoxiddnitiator at lowertemperatures.

Alcoholysis experiments were conducted, in the absence of lactide, to monitavriiegtién of

aluminium alkoxide specieS¢heme 2).

1 R
N N ! §
O“'""A|\I O + iPrOH & OC:/L O + EtH 2 ~
— e A—O + Y o =
\/,L o~ |j | Ry SN Ry
\< N ' O

Scheme 2: General procedure for the formationaf@minium alkxides Reagets and conditions:
Toluene, 338 K, 72 h.

It was generally observed that full formation of the alkoxide occurred after 72 h at 338 K. However,
for the polymerization experiments, complete conversion to the alkoxide is unnecasstrg
unreactedso-propyl alcohol will undergo rapid and reversible chain transfer/exchange reactions with

any aluminium alkoxidepecies which has been generated from the ROP of lactide.

The polymerizations are highly sensitive to any contaminationdigr, which is a chain terminating
agent; it is therefore necessary to carry out all polymerizations under an argon atmosphere using

solvents that have been gtded and stored over activated molecular sieves.

The polymerizations were monitored by convemal aliquot techniquesvhich were then analysed

by NMR spectroscopy to determine the percentage conversion. Size exclusion chromat@gfPaphy (
MALLS) was usedo determine the evolution of the numiaateraged molecular weigi¥l,) and the

PDI throughoti the reactionsThe tacticity of the resulting PLAvas assessed by integration of the
methyne region of the homonuclear decoupled NMR spectrum and by using Bernoullian statistics to

predict tetrad probabilitie’s
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Complexes2.11-2.20 were all active initiators in the polymesaition of rac-LA, the polymerization

results are summarisedTiable 22.

Table 22: Polymerization data using initiato2s11-2.20.

Initiator (1)
2.11
2.12
2.13
2.14
2.15
2.16
2.17
2.18
2.19

2.20

Time (h)
168
391
137
168
180

168.5
354
336

16

290

Convsn’ %
94
98
91
90
88
80
94
85
96

90

Kops X 10° ™
4.3
21
5.0
4.2
3.2
25
2.4
14
58

2.2

M, (g mol
9,200
9,100
10,000
12,400
9,600
7,00
9,800
8,450
13,800

10,6@®

1) d

PDI¢
1.19
1.14
1.11
1.07
1.11
1.04
1.09
1.06
1.08

1.07

P
0.62
0.64
0.72
0.75
0.65
0.75
0.76
0.70
0.57

0.64

3polymerization conditions: Toluene, 348 K, 1:1:100 {HfOH]:[LA], 1 M [LA]. "Determined by integration of the methine
region of the'H NMR spectrum (LA 4.9%.04 ppm; PLA 5.08.22 ppm).“Determinedfrom the gradients of the plots of
In{[LA] o/[LA] ¢ versus time, where the average errors (determined using inifidt8r= 1-15 %.Determined by GPC in
THF, using multiangle laser light scattering (GRBLLS). *Determined by analysis of all the tetrsignals in the methine
region of the homonuclear decoupfétiNMR spectrunt?®

2.2.4 Polymerization Kinetics of Initiators 2.112.20

The polymerization kinetics were monitoréat each initiabr, showing dirst-order dependence on

lactide concentration in every casbe pseudo firsbrder rate constagitk,,s were obtained as the

gradient of the linear fits to plots of In([LAJLA] ;) versustime (Fig. 29).
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Fig. 29: Plots of In([LA] o/[LA] ) vs. time (h)i) Initiators2.11-2.18 and2.20 ii) Initiator 2.19
Conditions: [LAp=1 M, 1:1:100 [nitiator]:[iPrOH]:[LA], toluene, 348 K
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®s' R=0.98486
®s* R=0.9985

® s R=0.99734
®s* R=0.99392
®s* R=0.99754
® s R=0.99085
®s* R=0.9962
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Polymerkations using conqunds2.11-2.18 and 2.20 were very slow, with full conversion being
achieved in excess of 135 8uch rates of polymerizations are, however, quite typical of aluminium
initiators which regularly show more sluggish behaviour in the -opgning polymerization of
lactide®*" © 2*h 26338 O the other hand, compou@d9 was significantly faster; it showedka,s value

which wasan order of magnitude highe€ompound2.19 has atert-butyl substituent at the ;R
position instead of the methyl substituent for all the other complexes. This increaseity iaatither
surprising giverthe increase in steric shielding of the active witéch would usually be expected to

slow the rate of polymerization. This increase in rate, observed by a change of substituent at the R

position, will be discussed further in Chapter 3.

2.2.5 Polymeriation Control of Initiators 2.11-2.20

All compounds exhibited a high degree of polymerization control, with all initiators showing a linear
evolution of molecular weight with percentage conversion Bhdvalues being close to those
predicted on the basig$ the initiator concentratio(Fig. 210 andTable 22). The PDIs are narrovor

all polymerizations, and remain low throughout the course of the polymerizations (in allbedoe

1.2). Both of these factoese indicative of a controlled polymerization.
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Fig. 2.10: Evolution of M, versus % conversion for thmlymerization using initiatoR.13 (circles),
PDI versus % conversion (squares). Conditions: {EA]M, 1:1:100 2.13:[iPrOH]:[LA], toluene,
348 K.

The end groups of the polymers were analysed using MAIdH mass spectromgtwhich showed

that the major series were chains-eapped withiso-propyl ester groups. The peaks are separated by
144 amu, cosistent with only limited intemolecular transesterification occurringrig. 211).
Polymerizations which were left for extended reaction times (i.e. reactions were allowed to go to high
conversions > 97 %) led to the appearance of sgtaé to cyclic PLAcaused byintra-molecular

transeterification
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Fig. 211: MALDI -ToF spectrum of the PLA produced using initic2at6

2.2.6 Stereocontrobf Initiators 2.11-2.20

Usingrac-LA, all initiators give rise to RA which has some degree of tactic enrichment. This
finding is particularlyinterestingbecause, as already mentiontek great majority of PLA initiators
give rise to heterotactior atacticenrichment.There are clear differences in the degreesof
selectivity of the complexedepending on the substituentBhe iso-selectivity increases with the
steric hindrance of the substituent at thgBsition. Initiators that give rise to the mosgitectic PLA
have either a halide or methyl substituent at \With compounds2.13 2.14, 2.16, 2.17 and 2.18

giving the highest Fralues of 0.7.76(Fig. 212).
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Fig. 2.12 Homonuclear decoupledi{'H} NMR of PLA (CDCl,), polymerized using initiato2.17,
P=0.76, ESC mechanism (determined by analysis of stereoerrors [sis]:[sii]:[iis]:[isi] = 1:1:1:2)

Furtheranalysis of the Rralues against conversion was undertaken usimgpound?.13and results
showed that the;Ralues remain constaandhigh throughout the polymerizatidifable 23). This
indicates that the level ao-selectivity is not dependent on the concentration of either enantiomer

(RRor SS) of the racemic lactide feedstotk.

Table 23: P, values of PLA against the lactide conversion (%) using initatts.

Conversion (%) P
52 0.73
71 0.72
82 0.73
89 0.73
91 0.72

TheseR; substitutedcompoundsare significantly moreiso-selective tharp.11, 2.12, 2.15 and 2.20,
where R=H (P, values of 0.62, 0.64, 0.65 and 0.64, respect)védych observationsuggest that

steric hindrance atRncreases the degreeisb-selectivity at the metal centre.
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Analysis of the methine region of the homonuclear decoujp#édH} NMR spectrum also allows
determination of thamechanismof stereocontrol, i.e. enanti@mphic site control vs. chakend

control®

This is achieved by analysié the tetrads resulting from stereoerrors (e¢rads other than
iii). The analysis ofhe isdactic PLA produced by the most selective initiatfre. 2.13 2.14, 2.16
2.17, and 2.18 indicates that anenantiomorphic site control mechanism isdominant
[sis]:[sii]:[iis]:[isi] = 1:1:1:2 ratio. The sis resonance is of slightly lower intensity than wded

expected for a purely enantiomorphic site control mechaffidihe use ofleconvolution to resolve

the peaks of thedmonuclear decoupleti{*H} NMR led to little or no difference in the Palues.

2.2.7Melt Polymerization

Conducting a polymerization under melt conditions can be bealeisi no solvent is requireé.
consegence of such conditions ikeincreasedate of reaction. Compouri1l7induced the highest
degree of stereocontrol in the polymer under standard reaction conditaiie 22). It was therefore
consideredhat changes in stereocontrol may be more observable using this initiator. The activity of
compound2.17 was tested under melt conditions, both in the presence and absesogmipyl

alcohol, with the results being summarised able 24.

Table 24: Solventfree polymerization ofac-LA using compoun@.17.

iPrOH? Time (h) Convsn®% M, (g mol})¢ PDI® p¢
1 equiv. 3.5 88 10,800 1.1 0.63
- 15 92 96,700 14 0.66

3polymerization conditions393 K, 1:100 2.17:[LA] . "Determined by integration of the methine region of #HeNMR
spectrum (LA 4.986.04 ppm; PLA 5.0%.22 ppm).°Determined by GPC in THF, using multiangle laser light scattering
(GPGMALLS). YDetermined by analysis of all the tetrad signals in the methine region of the homonuclear dettupled
NMR spectrunt?

The addition ofiso-propyl alcohol required a stock solution, therefore a 0.1 milPadH in toluene
solution was added to the |l actide/initiator melt

poymerization was carried out with a 1:100 loading of initiator to monomer, at 393 K. After three
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hours a highly viscous liquid was observed. Cold hexane, 5 mL, was added to terminate the
polymerization. Analysis byH NMR spectroscopy showed 88 % conversion. More detailed analysis

by SEC revealed a good correlationhdf, with values being close to those predicted on the basis of

the initiator concentrationa n d a narrow PDI . Whil st t he 0sl u
polymerization control, the polymer was found to have\aRe of 0.68, a marked reduction in the P

observed under solvent conditions (0.76). This reduction in isotacticity may be attributed to the

increased temperature, as stereocontrol is a kingtioaldiated process.

The polymerization was also run under true melt conditions. After 1.5 hours the polymerization was
seen to proceed to high conversion and a high moleculghtyedblymer was obtained. This svdue
to the poor initiating capability ofhe ethyl group,versusiso-propyl. A significant degree of

steroselectivity was still observed, with a/Blue of 0.66.
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2.3 8Quinolinolato Gallium Complexes

Recent investigations into the activity of other Group 13 radtalthe ROP of LApromptedfurther
investigation of the @juinolinolato ligand systedt>" **** A change in the metal centre was expected
to induce both electronic and structural changes inebaltant compounds. Gallium (1.29 was
chosen, over the more emtdvelyinvestigated indium (1.44), as the atomic radius milar to that
of aluminium (1.21A). This reduced radiugs favourable due to theotential reduction in the

coordination sphere, as it is proposed that there is a steric influence in the modsocbsteol.

2.3.1 Synthesis and Characterisation dBis(8-quinolinolato)gallium Chloride Compounds
During investigations into the preparation of galldmased compoundswo variations of the 8

hydroxyquinolinate prdigand were used, compoungd and2.3.

Proligands2.1 and 2.3 were reacted with gallium(lIl)chloriden toluene at 298 Kto form bis(8-

guinolinolatopallium chloride compound®,21and2.22(Scheme ).

R2 /—N E R2
= i. O, ‘ TN =
2 — /’Ga—o +2HCI 'N O = ~
SN R4 o] \ E N Rq
OH N : )
2.22 R;=R,=Cl

Scheme Z3: General synthesis of initiato’s21 and2.22 Reagents and conditionsGacCk, toluene,
298 K, 12 h51-53 %.

Complexation was confirmed bg characteristicdownfield shift in the quinolimlato protons,
indicative of coordinatiorto the Lewis acidic galliuntentre resulting in deshielding of the nuclei
The expected product stoichiometry was further confirmed Ilgynental analysis and mass
spectrometry, where the molecular ion, plus one proton, was obsemwér580 (M'-Cl). In the case

of compound?2.22it was possible to obtain crystals suitable for single crystayXcrystallography.
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2.3.2 Xray Crystal Structure of 2.22

Crystals suitable for Xay diffraction experiments were grown of compouh#2 from a saturated
toluene solution and crystallised in a centrosymmetric (i.e. racemic) space §iguRl13). The
structure 0f2.22 hasC, symmetry about an axis that passes through the gallium and chlorine atoms.
Compound2.22 has a pentacoordinate gallium centre witthistorted trgonal bipyranidal geometry
(U= 0.69). Aswith the aluminium complexes (i.e. compouRd6), the gemetric isomer which is
observecdas the nitrogens of the ligands coordindtadsto one another in the axial positions. This
is also observed in thbis(2-methylquinolinato)gallium chlorideeported in the literatur®. The
gallium to quinolinolato bond lengths are close but not within errorof, those between the
aluminium centre and quinolinolato ligands of campd 2.16 For instance the NN bond lengths
only differ by approximately 0.0& (GaN = 2.1073 (214, 2.1073 (10&) and (AN = 2.093 (7)A,

2.087 (7)A). Selected key bond lengths and bond angles are sholabia 25.

Fig. 213: The crystal structure of thé,-symmetric complexX.22
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Table 25: Selected bond lengths (A)r the C,-symmetric comple®.22 For full data see appendix.
Bond Length  2.22i A

Ga(lyCl(1) 2.1915(9
Ga(lyN(1) 2.1073(10)

Ga(lyO(12 1.8680(10)

2.3.3 Synthesis and Characterisation dBis(8-quinolinolato)gallium Alkoxides

Gallium chloride compound®.21 and2.22 are not active initiators for the ROP of | aresumably
due to the strong gallivrohloride bond (481 kJ mblversus285 kJ mol for GaO) and therefore
gallium alkoxide or amine complexes were targéte@heir synthesis was attempted by salt

metathesis reactions, with the relevant potassium Sadte(ne 21).

. R
OmnGa o i. O“'"'G‘a o +KCl N/‘\ =
o | Ro” | | Sy :
N ' @O

Scheme 24: General synthesis of gallium alkoxide qumnds Reagents and conditions: i. KOR
(where B= KOEt, KOBu), THF or toluene, 298 K, up to 24 h.

Reactions with compound®.21 and 2.22 with potassiumtert-butoxide, potassium ethoxide and
potassiumbis(trimethylsilyl)amide all resulted in a mixture of products. In order to identify the
products being formednvestigations focused on the reactior2 @2with potassiuntert-butoxide, as

it gave the clearesH NMR spectrumin the'H NMR spectra,wo products in varying ratios were
always observedhe desired alkdde compound and a side product. This sidedpcb was isolated
and characterised by single crytakray diffraction, as an oxbridged dimer (although the data is not

included as part of this thesis).i$ known that gallium compounds are liable to form hydra@d

oxo-bridged dimeré’l t i s pr e s oxode dp rtohdautc tt hciosmedexygencantent t h e
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in both the reactiosolvent and the NMR solvent.tt&mpts to scale up the reaction lead to lower side

product content.

A 'H NMR scale experiment was wertiaken to illustrate this theory; compoud@3was formed by
reaction of equimolar quantities @f22 with potassiumtert-butoxide, in deuterated benzene. The
potassium chloride bgroduct was removed by centrifugation, anmtHaNMR experiment was run on
the solution. Compound.23 was shown to form exclusivelyrig. 214). A characteristiddownfield
shift of the quinolirolato protons, indicative of coordinath to tke Lewis acidic galliumcentre
resulting in deshielding of the nucleivas observedAdditionally, a singlet peak at 1.17 ppm
corresponding to the protons of ttert-butyl group was also presenA small peak at 1.05 ppm
corresponds tdert-butyl alcohol, likely owing to the reaction of potassitent-butoxide with the
small amounts of residual water in the solvent. By adding hexane to the solution of cora@3.imd

benzened,, crystals suitable for Xay diffraction experiments were obtad.

3.16
1.17
—1.05

LI

—
|

6.00 1 E
9.14 ;

4
delta (ppm)

Fig. 214 "H NMR spectrumof compound2.23 (benzenels) residual solvent peak marked witm
asterisk.
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2.3.4 Xray Crystal Structure of 2.23

Crystals suitable for Xay diffraction experiments were grown of compouBd3 from a
benzene/hexane solutiamd crystallised in a centrosymmetric (i.e. racemic) space grgp215).

The structure oR.23was found to contain two crystall@phically independent complexeaZ3A

and 2.23B) in the asymmetric unit, both with similar conformations. Compo@r2B has a
pentacoordinate gallium centre with a distorted trigonal bipyramidal geoniktr9.67). The greater
deviation 0f2.23 A and2.23B from thetrigonal bipyramidal geometry is a resulttbé steric bulk of

the tert-butoxide group. The geometric isomer observed has the nitrogen substituents of the ligand
coordinatedrans to one another in the axial positions, as with compai@d and the aluminium

analogues.

CI(2A)

Ml CI(1A)

Fig. 215: The structure of one2(23-A) of the two independent complexes present in the crystals of
compound2.23
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Table 26: Comparative selected bond lengths (A) for the two independent complexes present in the
crystals 0f2.23 For full data see appendix.

Bond Length  2.23A 2.23B BondLength 2.23A 2.23B
Ga(1)N(1) 2.1274(15) 2.1232(15) Ga(1)O(29) 1.8881(12) 1.8863(13)
Ga(lyO(9) 1.8871(13) 1.8868(13) Ga(l) O(40) 1.7904(13) 1.7844(15)

Ga(lyN(21) 2.1310(16) 2.1493(16)

2.3.5Synthesis and Characterisation of8-Quinolinolato)gallium M ethyl Compounds

The preparation obis(8-quinolinolatopallium methyl compounds waavestigated byreaction of
two equivalents of the -Bydroxyquinolire pro-ligand with trimethylgallium, in toluene. It was
anticipated that these compounds would allow a definitive comparison withistBeguinolinolato)

aluminium ethyl compounds, previsly discussed.

The reaction was analogous to those conducted for the synthds&8afjuinolinolatoluminium
ethyl compounds.However, reaction of two equivalents of the figands 2.1 or 2.3 with
trimethylgallium resulted only in the formation ofethmonaligated complexe2.24 and 2.25

[LGaMe;], with excess prdigand Scheme B).

Chapter 2



61

Rz , Cl
% 1. 0.5 eq. GaMey /’T Py =
“ - O"'Ga— +2MeH ' N o = -
N R4 - | E N Cl
OH N ' P

2.1and 2.3
iii. 0.5 eq. GaMe,
ii. | GaMes o
N :
. o~ 7
Orga—o +2MeH | N O =
- ' N
| ! N Cl
R, N - P
= 2.26
+ MeH
NS
o
/Ga/O
\
2.24-2.25

Scheme &: Synthetic strategies towardss(8-quinolinolatopallium methyl compoundsnd the
synthesis of compounds24, 2.25and 2.26 Reagents and conditions: i. 0.5 eq. GaMauene, 298
K, 16 hii. GaMe;, toluene, 298 K16 h(2.2474 %,2.2587 %), iii. 0.5 eq. GaMg toluene, 393 K,
(25 %), 24 h.

Attempts to change the solvent conditions, i.e. using more polar solvents such as THF and pyridine, in
an attempt to promote the formation of thieligated product, proved unsuccessful. Compouhgd
and2.25were then deliberately synthesised by thectien of equimolar amounts of trimethylgallium

and compound®.1 and 2.3, respectively. Their formation was confirmed  NMR spectroscopy,

where an indicative shift in the quinolinolato protons was observed. A singlet peak was observed at
0.1 and 0.0 pm, for compound®.24 and2.25 respectively, corresponding to the six protons of the

two methyl groups

It is known from previous syntheses that the coordination sphere of gallium is sufficiently large to
accommodate two quinolinolato ligands. It was fduhat the desiredis ligated poduct could be
partially formed;by using more forcing conditions i.e. refl§&93 K)in toluene for 24 h, compound
2.26 was preparedThis was isolated in comparatively low yiel@5( %), with the monoligated

compound?2.25 being the major product. It is postulated that the reasohisdegated product is not

Chapter 2



62

observedmay be due to the stability of the meligated product. Compound®.26 was fully
characterised byH and**C{*H} NMR spectroscopywith a peak at 0.16 ppmwhich integrated to
three hydrogen atoms, corresponding to theM&a The stoichiometry was further confirmed by

elemental analysis.

2.3.6 Polymerization ofrac-LA using Compounds 2.232.26

Compounds2.23-2.26 were tested as initiators in the ringeningpolymerization ofrac-Lactide.
Polymerizations were conducted undestandard set of conditiorisM solution of lactide in toluene

at 348 K. In the case of compourgl2dand2.25an equivalent oiso-propyl alcohol was required to
initiate the polymdeation. These conditions were identical to those implemented for aluminium
initiators 2.11-:2.20 (Table 22), allowing comparison between Al and Ga initiators. The
polymerizations were monitored as described for the aluminium initiators (Section 2.2.3) with the

polymerization results being summarised able 27.

Table 2.7: Polymerization data using initiato2s232.26

Initiator (I) Time (h)  Convan.%  Kkesx 10°s™  M,(gmof®  PDI® P

2.23 51 91 1.3 14,600 1.25 0.70
2.24 45 92 1.8 11,300 1.24  atactic
2.28° 38 96 2.6 15,200 1.19 atactic
2.26 - 0 - - - -

3polymerizatiorconditions: Toluene, 348 K, 1:100[lJA], 1 M [LA]. °Polymerization conditions: Toluene, 348 K, 1:1:100
[:[iPrOH][LA], 1 M [LA]. “Determinecby integration of the methine region of thé NMR spectrum (LA 4.9%.04 ppm;
PLA 5.085.22 ppm)Determined from the gradients of the plots of In{[IlAlLA] } versus time, where the average errors
(determined using initiato2.24) = 9-10 %. “Determinedby GPC in THF, using multiangle laser light scattering (GPC
MALLS?}.ql;Determined by analysis of all the tetrad signals in the methine region of the homonuclear dettduyiiéa
spectrunm.

Due to the previosly discussed problems with the isolation of compo28, the compound was
synthesisedh situ at a known concentration in toluene. The potassium chloride salt was removed by

centrifugation, and the stock solution was added to the polymerization mixture.
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2.3.7 Polymerization Kinetics of Initiators 2.232.26

The initiator, 2.23 was moderately actvin the ROP ofrac-lactide, with the polymerization
proceeding to high conversion in excess of 50 hours. Such ratégpma for discrete Group 13
initators, and ar®n a similar time scale to the previously discuskis(B-quinolinolatopluminium

ethyl initiators " 3 The reaction followed pseudo firstder rate kineticsrig. 216.

25 .
--H--223 | |

2 1 . . !]

1.5
n -
In([LA] /[LA]) .
.
1 .
Initiator 2.23 k , 1.3 x 10° s* R=0.99763
|

0.5 .e

0

0 10 20 30 40 50 60

Time (h)

Fig. 2.16: Plot of In(JLA]o/[LA] () vs. time of initiator2.23 Conditions: [LAp= 1 M, 1:100 [I] :LA],
toluene, 348 K.

Initiator 2.23 is significantly faster than its aluminium analog@1@, with arounda three times
higherkqs value (1.3 x 19 s* for 2.23vs. 5.0 x 10 s* for 2.13. This finding is in line with the only
other comparison between Ga and Al complexes, in that casig o-N,O,N

{(CeFsNT CeH,),O}MNMe, type complexe$where M=metaly® The increased activity ohé gallium

compounds is attributed to the reduced Lewis acidity of Ga versus Al.
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The initiators 2.24 and 2.25 were also moderately active in the ROP rat-lactide, with the
polymerization proceeding to high conversion in excess of 50 and 35 hours, ivespe@ne

equivalent ofso-propyl alcohol was required to initiate the polymerization.

35 1 '0
—_—— 2 .24 'i
--m--2.25 ’
3 |
2.5
2 —
In([LA] /ILA])
1.5
1+ p Initiator 2.24 k . 1.8 x 10° s R=0.9992
’ obs
Initiator 2.25 k 2.6 x 10° s* R=0.9992
0.5
0 I I I I I
0 10 20 30 40 50

Time (h)

Fig. 217: Plot of In([LA]o/[LA]}) vs. time of initiatos 2.24 and 2.25 Conditions: [LAL = 1 M,
1:1:100 [I]:iPrOH]J:[LA], toluene, 348 K

In both the 2.24 and 2.25 initiaiting system,an initiation period of approximately-2 hours was
observed during which time the active alkoxide complex forms (this initiation period is not observed
using the gallium alkoxideamplex 2.23). The reactions using.24 and 2.25 are marginally faster

than those using initiatd®.23 with ko, values of 1.8 and 2.6 x £G*, respectively Fig. 217). The

halide ligand substituents seem to increase the rate of polymerization; this is in line with structure

activity observations of the series of Al complex24.12.20.

Initiator 2.26, has the same ancillary ligand bis(5,7-dichloro-2-methyt8-quinolinolato)aluminium
ethyl (2.13), but contains a gallium methyl moiety. The proposed active alkoxide species are formed

in situ during the polymerizations by reaction of the metal alkyl complexes and alcohol. It was
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therefore somewhat surprisibg observehat complex2.26 completely failed to polymerizeac-LA,
even in the presence of an equivalentisutpropyl alcohol. Dagornet al. reporteda a>-N,O,N
{(C6FsNT CeH,4),0}GaMe initiator, usedin the presencefan equivalent of alcohol; theystem was
also completely inactive towards the ROP rat-LA.** This was in contrast to the analogous
aluminium complexes which showed moderatevaygtiunder the same conditions. The reaction of
compound2.26 with an excess afo-propyl alcohol was monitored on an NMR scale. After heating
2.26at 348 K, for 24 h in toluenrds, no reaction was observed; supporting postulation that lack of
polymerization activity is due to the stability of compouh@6towards alcholysisOne rationaldor
this lack of activity is that the G&@& bond strength within thedais(8-quinolinolato) systemsre
greater than the corresponding@lbond, preventing the formation of an active@a initiator. This

is not, however, supported by generatGand AFC bond strength measuremetfits.

2.3.8 Polymerization Control of Initiators 2.232.25

A high degree of polymerization control was observed for comp@w2#2.25 All initiators shoved
a linear evolution of thé, with percentageonversion(Fig. 218) and showedM,, valuesclose to
those predicted on the basis of the initiator concentréfiable 27). The PDlsare narrowhroughout
the course ofthe polymerizatiors, i.e. below 1.25,ndicative of relatively slowand limited

transesterification side reactions
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Fig. 218 Evolution of M, versus % conversion for the polymerization using initi&@4 (black),
PDI versus % conversion (white). Conditions: [kA]l M, 1:1:100 2.24:[iPrOH]:[LA], toluene, 348
K.

2.3.9 Stereocontrol of Initiator 2.23

The initiator2.23gives rise to PLA witta moderate degree of isotactic enchainment, withvalBe
of 0.70 (Fig. 219). Previous examples a$o-selective gallium initiators are limited to compoudd
(P, = 0.70) and a dimethyl gallium -Neterocyclic carbene reported by Horeglad andvoikers,
where a Pvalue of up to 0.78 was obtain&¥* Compound®.24and2.25did not exert any degree of

stereocontrol on the polymerizations, forming atactic polymers.
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Fig. 2.19: Homonuclear decoupléti{'H} NMR of PLA (CDCIl,), polymerized using initiata2.23
(P=0.70).

2.3.10 8Quinolinolato Indium Complexes

Attempts were made to synthesis indium analogues obi#{&-quinolinolato)aluminium ethyand
(8-quinolinolato)gallium complexes. There are a handful of examples @& llgdroxyquinoline pro-
ligand binding to indium metal centres in the literature, with examples of ttis¢3-
quinolinolatojndium complex being knowf.However, there have been no reports of heteroléfgic
ligated 8quinolinolato compounds. Attempts to makig(8-quinolinolato)ndium chloride complexes
proved unsuccessful. A variety different precursors and conditions were attempted, however the
same broad signaisere always observed the'H NMR spectrumThe yellow solid obtained from

the reactions had a fiklike consistencyand attempts to grow crystals proved unsuccessfuiayt be

the casehat the larger ionic radius of indium, compared with aluminium and gallium, is unfavourable
to the complexation of twd-quinolinolato ligands. Experimental observations indicate that a

polymeric species may be formed.
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2.4 Summary andOutlook

2.4.1 Summary

A series ofhis(8-quinolinolato)aluminium ethyl complexe®,11-2.20 have been syhesised and
fully characterised. l compoundswere shown tchave the same structural conformation. The 8
guinolinolato ligand system is desirablesasne predigands are commercially available, and tlasib
structure can be easilynodified at the R R, and R positions. The series ofbis(8-
guinolinolato)aluminium ethyl complexés also a rare example of a bidentate aluminium complex,

used for the R® of LA.

All of the complexes were active for the ROP of LA, in the presence of one equivalseoipodpyl
alcohol. The polymerizations were slow, but well controlled, with a linear increas, with
percentage conversion, narrow PDIs and ligdde transesterification.All of the initiators
polymerizedrac-LA with an isotactic bias, and a correlation betweeirfél substitution at the;R
position was observed. When RH, the Pwas seen to increase, the highgstd® observed when R

=1 or Br, R =0.76 and 0.75, respectively. From these findings it is tentatively suggested that

increased steric bulk at the position leads to an increase in stereocontrol.

A change in substitution at the; Rositions, from a methyl group totart-butyl group 2.19 saw a
rate increase of approximately one order of magnitude. The reason for this observation is not clear,

but it will be the subject of further investigation in Chapter 3.

The slow ate of polymerization is a draabk for thebis(8-quinolinolato)aluminim ethyl initiating
system. Therefore, other Group b&(8-quinolinolato) complexes were targeted, with the aim of
increasing the rate, whilst maintaining stereocontrol. A series-qiiig®linolato)gallium complexes
were synthesised and fully charactediseompounds2.232.26 and were found to beiable
initiators. Thebis ligated complex2.23 bis(5,7-dichloro-8-quinolinolato)galliumtert-butoxide, was
found to be approximatel®.5 timesfaster than théis(5,7-dichloro-8-quinolinolato)aluminium ethyl

analogue, and maintained a good degrdsaedelectivity, P= 0.70.
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2.4.2 Outlook
The bis(8-quinolinolato)aluminium ethyand (8-quinolinolato)gallium complexes have proved to be
successful initiating systems for the LA ROP. Development ofbie@-quinolinolato)aluminium

ethyl system should focus on increasing the rate and increasing the stereoselectivity.

An increase inso-selectivity may be achieved by further increasing the steric bulk at;thesRion.
The preliminary findings suggest that the increase in stereocontrol is linked with the substitution at
R1, thus the presence of more sterically encumbered groups such as phenybuotyl may further

increase the degree of isotacticity (sémfier 3).

An increase in rate was observed when the methyl group akibesRion was substituted fortart-

butyl group. It is not clear whether this rate increase is caused by the electronic influence ©f the R
position or due to changes to the initiar structure. In order to further probe this result, the
substitution of other groups at Bhould be investigated. This result could also be further evaluated by

studies using computational chemistry.
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Bis(8-quinolinolato)aluminium Ethyl Complexesand
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3.1 Introduction

Chapter 2 focused on a seriesis8-quinolinolatopluminiumethyl complexesand(8-quinolinolatg
gallium complexesfor the ROP ofac-LA. Chapter 3 will aim to investigate opportunities to expand
the familyof (8-quinolinolato) metal copiexes, by considering alternative gigands and new metal

centres.

3.1.1 RedoxActive Initiators

Increasing catalytic activitgenerallyrequires structuractivity studies and ligand substitution. These
can often be lengthy and low yielding. Therefore, changing the activity of a catalyst without the need
for complex synthetic methodsan attractive alternative. Redox active syserovide the scope for
dramatically altering the electronic properties of a catalyst, without the necessity of changing the

molecular structure.

3.1.1.1 Chemically Oxidised RedoActive Systems

The first example of catalytic control by an electrocherhieaiodulatedredox couple was a
rhodium(l) complex, which contained & e d o X  a -big(dipkeayphbspHind)cobaltocerigand,
compoundA (Fig. 31).* The oxidised and reduced forms of the rhodium complex were employed as
a catalyst for the hydrogenatioficyclohexene to cyclohexanewas shown that the reduced sigs

of the catalyst was fastdran the oxidised speciebhis effect wasattributed to the xidative addition

of hydrogen beingoromoted by a more electron rich metal centre, wiiels in line withprevious

observations in this field.

Ph? ,Ph ‘+PF ) B Ph:_ ,Ph 12° S
=R T =R 6
Co RhS, S —_— Co RhS
S = |l
Ph Ph L Ph Ph
S = Me,CO
reduced A oxidised
state form

Fig. 3.1: Redoxactive ligand1,1 -®is(diphenylphosphino)cobaltocene, bound toatalytically active
Rh(l) metal centré*
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When the oxidised form of compounf]*2[PF¢ was rereduced,a full recovery of catalytic

activity was observed

The dramatic change in activity observed between the reduced and oxidised forms of the catalytic
speciesA, has led to redox control being exploited in ottypes of catalytic reactionsor example,
the application of such redox systems in ROP catalysis was a natural progression, as many ring
opening reactions are dependent on the electrophilicity of the initiator metal cehtt{s). feasible

use for such initiators would be for the preparation of block copolymers.

The first example of such a redaxtive system waa titanium salen complex, with a redox active

ferrocene unit incorporated into the ligand motif, compoBrffig. 32).*

O/Pr

HO OH
tBu‘ tBu
O'Pr

Cp* 2Fe'jKAgOTf
Cp*sFe Ag
(|)iPr
=0T
Fe@ tBu‘ tBu Fe@

OiPr
Q

B

Fig. 32: An example of aedoxactive titanium complexfor rac-LA polymerization®

The neutralform of compound was found to polymerizeac-LA with moderate efficiency (1:100
[B]:[LA], 343 K, toluene, 82 %, 24 h). Compourdl was then oxidised, using two equivalents of
silver(l) triflate, to form [B]'[OTf]". The activity of compoud [B]'[OTf]” was significantly reduced,

with only 7 % conversion observed after 24 h, under the same conditions. This switch in catalytic
behaviour was also demonstraiadsity, i.e. after 8 h of reaction the oxidising agent was added and

the rate of polymerization was seen to reduce. After a further 20 h, two equivalents of a reducing

Chapter 3



73

agent were added to the polymerizationfarening theneutralspecies, upon which the activity was
again seen tancrease. This reduction in activity is attributed tlesseningn electron density at the
titanium metal centre as the ferrocene unit is oxidised, leading to a more Lewis acidic metal centre
and thus a stronger metal alkoxide bond. Thisoltypsis is further supported by the reduction in
activity observed when electron withdrawing substituents are preg@ini the related titanium salen

systen?®

A similar yttrium based system was reported by Diaconescu awbrd@rs, compond C (Fig.
3.3).*' The same rate dependeraferac-LA polymerizationwas observed, i.e. the reduced complex
was more active than the oxidised complex. In this example, the oxidised form of the compound,

[C*][BAr ], showed no activity.

Ph,P Ph,P CF,
N//R tBU N’/R tBu
?/ \; O FeBAIF ?m/ N\ O 5
e —_— e
/N -~ VAR
SN deS . cor, SN dg9 | o
A A 3
Ph,P- i ,Bu Ph,P< i ,Bu 4
CX=Y

D X = Ce R = THF
Fig. 3.3: Redoxactiveyttrium and ceriuntomplesesfor rac-LA polymerization*™*®

A number of other rede&ctive systems for the ROP ojfclic esters have been reported, including a
analogouserium complex, compourd, where the redox coupie locatedat the cerium metal centre
(Fig. 33).®*° Here the Ce(lll) metal centre was oxidised to Ce(IV), resulting in a loss of activity due
to the electronic factorshis is probablyinked to the increaseaucleophilicity of the alkoxide ligand.

This is consistent with the reactivity observed in compoihdsdC.
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3.1.1.2 Electrochemically Oxidised RedcActive Systems

In 2011, Matyjaszewski and aworkers demonstrated an alternative approachetiox medated
catalysis, wheflgy the redox couple was generated electrochemically, rathebthasing chemical
oxidants/reductantS. A Cu(ll)/Cu(l) system used for the atortransfer radicapolymerization
(ATRP) of methyl acrylate (MA), was held at a negative electrode potentied.8® V {ersus
Ag+/Ag) where a fast and controlled polymerization was observed. The catalyst system could be
deactivated byhe repetitive reduction in electr@otential from-0.69 t0-0.40 V;-0.69 V favours the

active species Cu(l) whereds40 V favours the dormant Cu(ll) species.

The utilisation of electrochemical methods has yet to be demonstrated in other polymerization

systems, but could be a simpler and more precise method towards controlling a switch in activity.

3.1.2 Zinc Initiators for the ROP of LA

As with aluminium, early investigations into zinc initiators focused on homoleptic species. In 1985,
Kricheldorf andco-workers described the use of zinc stearate as an active initiator for the ROP of LA,
under melt conditions: Subsequent reports describe zinc halides, amides and lactates to be active in
such ROP reactiond.In general, such compounds have low aftivpoor solubility and reactions

requiremelt conditions at high temperatures.

With the aim of achiemg high activity and controlled polymerizations, singite initiating systems
were targetedand a range of different ancillaryigands were explored. Examples includé-
diketiminates,guanidinates,quinolines, tris(pyrazolyl)borates bis(phosphinimings, bis(phenolate3
and phenoxyamines™ Initiators of particular interest display high activities and/or high levels of

stereocontrol.

T h edikétiminate (BDI) ligand class has been widely researched, with zinc complexes showing high
activity e.g. compound, reported by Coates and-emrkers Fig. 34).>* CompoundE was highly
stereoselective, producing heterotactic PLA, withsadue of 0.90 at 293 K (1:20E][:[rac-LA],
methylene chloride, 20 mins, 95 %). Substitution at then@ 6 positions of the aryl rings was found
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to influence bottthe rate and stereoselectivitys,s decreasing in the ordéPr > Et > nPr>* The

degree of heterotactic enchainment decreased in the same order.

Other ligand classes have also displayed high desvitThe phenoxydiamine zinc ethoxide,
compoundF (Fig. 34), reported by Tolmaret al, is amongst the most active initiators reported to
date, showing exceptionalhigh rates (1:1000H]:[LA], methylene chloride, 298 K, 18 min, 93 %,

= 2.2 M's%).* It is notably faster than the phenoxy imine analogue, compbufféig. 35), which

has &, of 0.68 M's™.>®

53b 53k, 54-55

Fig. 34: Rapidzincinitiators

The modified tidentateb-diketiminate ligandshown coordinated to zinc Fig. 34 (compoundG),
has the potential to act astrédentateligand®* However, such trilenticity was only observed in
magnesium complexes. Nonetheless, compdains still a rapid initiator, displaying notably higher
ratesthan some other examples of BDI zinc complexes in the literature (G1QDA], benzene, 298

K, 8 mins, 81 %j3¢¢

Recently, there have beeramples of zinc initiators which display a slight isotactic bias. In 2012, Ma
and ceworkers reported zinc complexes which contained a sterically encumbedethtaie ligand

system Fig. 35).%°
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Fig. 35: Zinc-containingiso-selectivenitiators>*>’

CompoundH, part of a series adiminophenolate complexes, demonstrated slightly higher levels of
iso-selectivity, combined with good ratesith P, = 0.65 inthe best case (1:208i[:[LA], THF, 298

K, 75 mins, 91 %). The degreeigb-selectivity was found to be independent of solvent, withidhe
selectivity being maintained in less polar solvents such as toluendsdsslectvity was, howeer,

linked to the steric bulk of the phenoxide ring. When the cumyl groups were replaced with chlorides,
the degree of stereocontrol was greatly reduced, forming essentially atactic PLA. Substitution of the
phenyl ring did not notably affect the stereocohtMost recently, Ma and eworkers proceeded to
report a highlyiso-selective initiator, compount, which at low temperatures (235 K) riogen
polymerizedrac-LA with a R of 0.84 (1:1:200 [I]:[iPrOH]:[LA], toluene, 56 h, 71 %) Such levels

of stereocontrol are rare for zinc initiatoasmost commonly atactic polymers are formed.
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3.1.3Synthetic Methodology

Chapter 2 described the successful synthesis of a seribs(8fquinolinolab)aluminium ethyl
complexesand @-quinolinolab)gallium complexes (Compounds11-2.20. The complexes were
found to be active initiators for the ROPrat-LA, and in some caseexeréd a good degree ao-

selectivity (Rup to 0.76).
Two significant trends were identified from the series of aluminium initiators:

1. Substitution at R appears to increase isotacticity, with larger substituents leading to an
increased isotactic bias

2. Substituting the methyl group at Rcreases the rate of polymerization.

This chapter will focus, firstly, on expanding the seriesbiz{8-quinolinolab)aluminium ethyl
complexes in order to further investigate the structure activity relationshiperobd. This will
involve stepwisesyntheticroutes to varying the substitution at the position, as well as further
substitution at the Rposition. Investigations into the nature of the solution structures of these

aluminium compounds and the active alkoxide initiators will also be reported.

The use of redox active initiators has also been discusskid ichapterThe versatile nature tiie 8
hydroxyquinoline prdigand lends itself to various types of substitution reactions. Therefore the
synthesis of a redox active pligand will be described, with the aim of forming a redox actigés-

guinolinolab)aluminiumethylinitiator.

The seond synthetic goal was the synthesis of zinc compounds, incorporatinggtiiro8noline
ligand system. Zinc has previously been shown to be a fast initiator in the ROP of LA, but thus far
limited examples of stereocontrol have been repdfted Investigations into the synthesis,

reactivity and stereocontrol of a ser@dg8-hydroxyquinolato)zinc ethyl complexasll be described.
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3.2 Further Pro-Ligand Synthesis

The gemral structure of the series lis(8-quinolinolab)aluminiumethyl complexesds illustrated in

Fig. 36.
/‘N ! R
o"""'p|\| 0 VRN =
- N =
! R:™ °N R4
N l
@O

Compound 2.11-2.20

Fig. 3.6: General structure of compoung4d.1-2.20

Structureactivity relationships, determined when compouldd-2.20were employed as initiators in
the ROP ofac-LA, showed that the fand R substituents could lead to increassaselectivity and
polymerization activity, respectively. In order to probe this result further, rydB®xyquinoline

pro-ligands were synthesised.

3.2.1 Substitution at R and R;

In order to investigate the effect of the substitution at thepésition a new prdigand was
synthesised, where;R phenyl (ompound3.1), via a modified literature procedu(€ig. 37).>*° The
compound was isolated as an-wffite solid in a moderatyield (53 %).Compound3.1 was fully

characterised by NMR spectroscopy and elemental analysis.

Fig. 3.7: Structure of compoun8.1

A slightly more complicated synthetic methodology weguired to achieve increased steric bulk at
the R position. It was decided to usk theeasy and high yieldingynthesis of the mixed halide

compound?2.6, previously described in Chapter 2, and the lability of the -mdoip towards the
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Suzuki crossoupling reaction. Suzuki crosoupling reactions are well known as an accessible route

to achieving a large range of crassupled aryl product®.

The 8hydroxyquinoline compounds have a high affinity for metals, as dematstiratChapter 2,
readily forming complexes with a range of different metal precuf8drsvas therefore necessary to

use a protecting groufor the Suzuki crossoupling reaction, which was capable of withstanding the
aqueous base conditions usede Tiydroxyl group waprotected by reaction with an excess ef 2
bromopropane, forming thiso-propoxide compound3.2 (Scheme3.1). Compound3.2 was then
reacted with phenyl boronic acid, in a small excess, in the presence of a catalyst,
tetrakis(triphenylphosphine) palladium(0). After hegtiat reflux (373 K), for approximately 40
hours, the reactiomad proceeded to full conversion. After isolation by column chromatography
compound3.3was obtained in a good yield (88 %). CompogGtiiwas then derotected using boron

trichloride, yieldingthe desired prtigand compound.4 (82 %).

iii.

Cl Cl
g 90
N N\
N | N
OH OH
2.6 3.4

Scheme3.1: Synthetic pathway to achieviribe pro-ligand, compoun@®.4. Reagents and conditions:

i. 2-bromopropane, potassium carbonate, DMSO, 298 K, 16 h, 79 % ii. Phenyl boronic acid,
Pd(PPh)4, sodium caronate (aq), toluene, ethanol, 373 K, 40 h, 88 % iii. Boron trichloride, methylene
chloride, 220 K, 2 h, 82 %.

Both compound8.3 and3.4were fuly characterised by NMR spectroscopy, mass spectrometry and

by elemental analysis.
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3.2.2 FerroceneContaining Pro-Ligands
As discussed in theafroduction, the ability to control a polymerization witredloxé s wi t ch 6 has

reported by Long and Gibs@nd more recently by Diaconescu andvearkers?® 4@

Initial studies with the8-hydroxyquinoline prdigand system have shown that it can be easily
manipulated, allowing multiple ligand derivatives to be readily accessible. Following the relative ease
with which the predigand underwent the Suzuki cressupling reactionyide supa, the palladium
catalysed Sonogashira crassupling reaction was targeted. This would allow a synthetic route to the

incorpaation of a ferrocene moietgito the ligand systemia an alkyne linker.

Again, the synthetic procedure began withhboro-7-iodo-8-hydroxy-2-methylquinoline compound

2.6. A protecting group was required, but in this case a more easily cleaved acetate group was
sufficient to cope with the basic, but anhydrous, Sonogashira@oagding conditions. The protected
compound,3.5, wasprepared by heating compouds, at reflux (410 K), in a solution of acetic
anhydride. The protected-&etoxy5-chloro-7-iodo-2-methylquinoline (ompound 3.5 was then
reacted with ethynylferrocene, wibis(triphenylphosphine)palladium(ll)dichloride @ropper iodide

being used as the catalytic system. CompaBubdvas isolated by column chromatography in high
yields (85 %). The target compound was achieved byrdection of compound.6, under agueous

base conditions. The product was purified by ooluichromatography, yielding compouB8d as an

orange powder in high yield, 89 %¢hemes.2).
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Cl Cl
= i =
X x>
N I N I
OH OAc
2.6 35

Scheme3.2: Synthetic route to achievindpe preligand, compound3.7. Reagents and conditions: i.
acetic anhydride410 K, 5 h 90 %; ii. Cul (5 %), Pd(PP$).Cl, (5 %), NEt, THF, 298 K, 12 h, 85 %
iii. NEts/H,O, 370 K 6 h, 89 %

The structure of compound.7 was confirmed by NMR spectroscopy, IR spectroscopy and by

elemental analysis.
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3.3 Further Derivatives of Bis(8-quinolinolato)aluminium Ethyl Complexes

3.3.1Bis(8-quinolinolato)aluminium Ethyl Complex Synthesis

Compounds3.8, 3.9 and 3.10 were synthesised by the reaction of two equivalentshef8t
hydroxyquinoline preligands 3.1, 3.4 and 3.7, with triethylalumnium, in toluene at 298 KScheme
3.3). Compounds3.8 and 3.9 were isolated as crystalline yellow solids in good to low yields (71 %
and 34 %, respectively). CompalB.8 was prepared on a relatively small scale, which may account

for the reduced yield. CompoudlOwas isolated as an orange solid in good yield (63 %).

R2 /— N RZ
/ i OI/,,,, | i VRN /
2 + A|Et3 —_ > Al—O N O =
R3 N R1 N : R3 N R1
OH @O
Compounds 3.1, 3.4 and 3.7 Compounds 3.8-3.10
# R, R, R;

3.1/3.8 H H Ph
3.4/3.9 Ph Cl Me
3.7/3.10 CCFc (I Me

Scheme 3B: General synthesis of initiator38-3.10, numbering scheme include®Reagents and
conditions: i. Toluene, 298 K, 12 8.8(71 %),3.9(34 %),3.10(63 %).

Complexation was confirmed b¥H NMR spectroscopy where a doield shift of the ligand
protons, characteristic of complexation to a Lewis acidic metal centre, was observed. All compounds
have a triplet, corresponding to the methyl protons, resonating at 0.21, 1.05 and 0.67 ppm,
respectively. The methylene protonsaoimpounds3.9 and3.10resonate aa doublet ofguartets at
0.25-0.75 ppm,indicating that the complexes are chiral and the methylene protodgatereotopic

This is in line with NMR results of compoun@s11-2.20 The methylene protons of compoud8

were observed at a considerahlghershift, -1.08 ppm, with the two quartets only being observable

at higher resolution, 500 MHE{g. 38).
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delta (ppm)
Fig. 38: 'H NMR of the methylene protons of compouhi8at 500 MHzin THF-ds.

A possible explanation for thegh upfield shiftobserved with compourn@i8 could be the interaction

of the CGH of the metlflene group with the phenyl ring of thigand. No further variations between

the spectra 08.8 and3.9-3.10 were observed, i.en the *C{*H} NMR spectrum Compounds3.8-

3.10 were further characterised using NMR spectroscopy and the stoichiometry was confirmed by

elemental analyses.

3.3.2 Xray Crystal Structure of Compound 3.8

It was initially considered that th#H NMR chemical shifts might be a result of the ligands
coordinating in a different geomettp the aluminium metal centree@ Chapter 2). In order to
confirm the structure of conmmpind 3.8, crystals suitable for single crystal-rdy diffraction

experiments were grown from a saturated solution of toluene.

The compound crystallised in@yc space group, as illustrated fing. 39, consistent with a racemic
complex, and had distorted trgonal bipyranidal geometry U= 0.61). It is possible to compare the
structure with that obtained fobis(5-chloro-7-iodo-2-methyl8-hydroxyquinolinolatealuminium
ethyl compound Z.16. The AFO and AIC bond lengths are comparable between the two
compounds, however the Al bond lengths of compoun?.16 are approximately 0.2 longer;

2.1527(10) and 2.1892(1@grsus2.093(7) and 287(7). This could be due to the increased steric
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influence of the phenyl Rsubstituent. The axial #I-N bond angle is approximately the same in

both compoundsSelected key bond lengths and bond angles are reporfedlia 31.

Fig. 39: The crystal structure afomplex3.8.

Table 3.1: Selected bond lengths (A) and angles (°)tfar crystabf 3.8. For full data see appendix.
Bond Length 3.8 Bond Length 3.8

AlTO(9) 1.7989 (9) AlTN(2) 2.1527 (10)
AlTN(2) 2.1892 (10) Al C(40) 1.9746(13)
Ali O(29) 1.8007 (10)

Bond Angle 3.8 Bond Angle 3.8
O(29¥ AITN(1) 89.27(4) N(2LJi AliN(1) 165.14(4)
O(9) AliO(29 109.02(5) N(L)i AliC(40) 94.77(5)
O AliN(21) 88.62(4) O(29¥ AliN(21) 82.59(4)
O(9)i Ali C(40) 122.89(5) O(21) Ali C(40) 128.02(5)

N(L)i AliO©) 82.28(4) N(21)i Ali C(40) 100.04(5)
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3.3.3 Polymerization ofrac-Lactide using 3.83.10

Compounds.8-3.10were tested as initiators in the ringening polymerization afic-Lactide.

rac-lactide

Fig. 3.10: General polymerization procedure. Reagents and condition3:8i3.[L0:[iPrOH]:[LA],
1:1:100, Toluene, 34R.

The polymerizations were conducted under identical conditions to those described in Chapter 2, i.e.
toluene and 348 K with one equivalentisd-propyl alcohol All experiments were run at a standard
concentration ofac-lactide (1 M) and usingd.mM concentration of initiator (i.e. 1:100 loading of
initiator:lactide). Again, inthe absence ako-propyl alcohollittle to no monomer conversion was
observed. The polymerizations were monitored by conventional aliquot techniques which were then
analygd by NMR spectroscopy to determine the percentage conversion. Size exclusion
chromatography GPGCMALLS) was usedto determine the evolution of the numizseraged
molecular weightand the PDI throughout the reactiorithe tacticity of the resulting PLAvas
assesed by integration of the methi region of the homonuclear decoupled NMR spectrum and by
using Bernoullian statistics to predict tetrad probabilitte€omplexes3.83.10 were all active

initiatorsin the polymerzation ofrac-LA, the polymerization results are summarisedidble 32.
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Table 32: Polymerization data using initiatos8-3.10.

Initiator (1) Time (h) Convsn®%  Kkepsx 10°s™ M, (@ mo™?  PDI® P
3.8 27.5 91 24 9,700 1.11 0.56
3.9 165 93 4.3 10,500 1.13 0.75
3.10 288 88 2.2 12,700 1.05 0.66

3polymerization conditions: Toluene, 348 K, 1:1:100 {HOH]:[LA], 1 M [LA]. "Determined by integration of the methine
region of the'H NMR spectrum (LA 4.9%.04 ppm; PLA 5.086.22 ppm).‘Determined from the gradients of the plots of
In{[LA] o/[LA]{} versus time.%Determined by GPC in THF, using multiangle dadight scattering (GPMALLS).
®Determined by analysis of all the tetrad signals in the methine region of the homonuclear déebMERI spectrum.

3.3.4 Polymerization Kinetics of Initiators 3.83.10

The polymerization kinetics were monitoréat eachinitiator, showing a firsbrder dependence on

lactide concentration in every cashe pseudo firsbrder rate constagitk,,, were obtained as the

gradient of the linear fits to plots of In([LAJLA] ;) versustime (Fig. 311).AA

—8®— 38
--m-39 ,
/0
V4
/ w
V4 "
"
/ .-
’ s’
y 4
V4 ""-
/ 4
A
’ - 6 -1
N Initiator 3.8k 24 x10”s™ R=0.99907
L4
.4 - Initiator 3.9k 4.3 x 10°s™ R=0.99866
" obs
.’ - Initiator 3.10 k 2.2x10°s™ R=0.99885
. obs
T T T T 1
100 150 200 250 300
Time (h)

Fig. 311 Plot of In([LA]o/[LA] ) vs. time of initiatogs 3.8-3.10 Conditions: [LAph=1 M, 1:1:100

[1:[ 1PrOH]:[LA], toluene, 348 K

AA"’\/isiting student Sittichoke Tabthong is thanked for his assistance with polymerization studiex @ising
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Compound3.8, which containsa phenyl substituent at the; Rosition, was the most active of the
three new initiators. As anticipated, and as observed with com@uf(R; = tBu), when the methyl
group at Ris substitted for a larger, more electraith moiety, the rate of polymerization increased.
Compound3.8is, however, only approximately half as active as the related comoi@d here are

two possible explanations for the increase in rate with substituent variatign at R

1. The R position cold exert more of an electronicfinence on the aluminium centtiean has
previously been observed by variation of substituents at either, theRRpositions.
2. The solution structure compoun@sl9 and 3.8 may adopt different conformations to the

other nitiators in the series.

In order to further investigate the solution structures of the more active initidtd@and 3.8, a

series of NMR experiments were conductéde infra

Compounds3.9 and 3.10 have comparable rates to othbis(8-quinolinolab)aluminium ethyl
compounds2.11-2.18and2.2Q in the series. Compourdd9 has a significantly slower rate tharlQ

kobs= 2.2 x 10 s* versus4.3 x10° s*, perhaps due to the bulky phenyl group, atlfing close to the
coordination sphere. This reduced rate is, nevertheless, comparable with the other compounds in the
series, i.e.2.12 2.16 and 2.17. Compound3.9 also has a short lag period at the start of the
polymerization, likely owing to the slofermation of the active alkoxide initiating species. This was

also observed with the slowest initiator in the series, comp2ur@d

3.3.5 Polymerization Control of Initiators 3.83.10

Compounds3.8-3.10exhibited a high degree of polymerization contwith all initiators showing a
linear evolution of molecular weight with percentage conversionMywhlues being close to those
predicted on the basis of the initiator concentrafiteble 32). The PDIs are narrow, remaining low
throughout the course of the polymerizations, below 1.15 in all cBséls.of these are factoese

indicative of a controlled polymerization. This level of polymerization control is cabpato both
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the bis(8-quinolinolab)aluminiumethyl compounds and thais(8-quinolinolab)gallium tert-butoxide

compound featured in Chapter 2.

The end groups of the polymers were analysed using MALdH mass spectrometry, which showed
that the major series were chains -eagped withiso-propyl ester groupéFig. 312). The peaks are
separated by 144 amu, ristent with only limited intemolecular transesterification occurring. A

minor series of peaksyhich aredue to intermolecular transesterification, are highlighted in blue.

® ‘ L 7 ) [ ) KH{ W)k JY %
+ ® ® ‘ ‘ ‘ ® M = 39.1 + 1.01 + (144 x n) + 59.01

2 . Due to intermolecular
“ transesterification

o

” 1 .‘.MH iL l‘“n |.i.\4“l LAl l LR R L

s2m 5300 5400 500 500 st 5600 300 5000 510 6200 8300 5100 650 8600 700 G300 e300 7000

Fig. 312 MALDI -ToF spectrum of the PLA produced using initiédrO.

3.3.6 Stereocontrol of hitiators 3.8-3.10

Compounds3.8-3.10all polymerizerac-LA with a degree of isotactic ehainment. Tis is consistent
with other bis(8-quinolinolato)aluminium ethylcompounds, previously discussed. The degree of
tacticity control varies with substitution, compoud® inducing the lowesiso-selectivity, P= 0.56.
This low level of stereocontrol was observed with the related comp@ub@and also with2.11,

where R=R,=H (P, = 0.57 and 0.62respectively).
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It was postulated that increasing the steric bulk at thgoRition, i.e. R= phenyl3.9, could lead to

an increase inso-selectivity, based on previous observations. Whilst comp@i8dioes exert a
significant degree of stereocontrol,#0.75, the value does not exceed other higbbtyselective
initiators, where R= | or Br. It is arguable that a phenyl group is not the best model to test this
hypothesis, due to its planar nature. Attempts to couple other larger substituents ghdbgidt of

the proligand,such as a mesityl groufailed due to problems isolatj andpurifying the compounds.
Initiator 3.10 has a lower isotactic bias; #0.66, likely owing to the rigid alkyne linker providing

little steric influence on the metal centre.

The analysis ofhe isdactic PLA produced by the most selective initiat@es. 3.9and3.10 indicates
that anenantiomorphigite control mechanism gominant[sis]:[sii]:[iis]:[isi] = 1:1:1:2 ratio. This is
consistent with the racemic nature of the initiators and has been observed with other maderately

selective initiators inhe seriesZ.13 2.14 2.16 2.17, and2.18.
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3.4 Solution Structural Investigations

Compound=2.19and 3.8 have a noticeably higher activity than othés(8-quinolinolato)aluminium

ethyl compounds in the series. Both compounds have diffeubgtitution at the Rposition than the

rest of the serie®.19R;=tBu, 3.8 R;= Ph,whilst for therest of the series& Me. It was of interest

to assess how these two different classes of compound behaved in solution, in order to ascertain
whetherthis may have any effect on their activity towards the ROP of LA. Compauaégwhere

R; =1, R, = Cl and R = Me) and3.8 were obvious choices to investigate as both structures have been

resolvedby X-ray crystallography hius solid state atomic radiouldbe calculated.

Diffusion-ordered NMR spectroscopy (DOSY) was carried out in order to obtain a solution
hydrodynamic radius of both compounds. The DOSY experiments were conducted in-thjuene
toluene was employed as the solvent in polymerizagigeriments. The volumes obtained from the
X-ray crystal structures weaequiredby assuming spherical shape and correcting for the volume of

the unit cell.

From the DOSY NMR experiment a diffusion coefficient (D) of 8 X%énd 1x 10° was obtained
for 2.16and3.8, respectively. Using the Stok&instein equation (below) the hydrodynamic radii,
was determined.

’I‘Q"Y

0 il
¢ +

Whereti s t he hydrodynamic radius, k is the Boltzm
viscosity of the liqul.

In the case of compouri16the radius calculated from the DOSY experimens &), corresponds
well with the value obtained from the-tdy crystal structure (4.6 AHowever, in the case of
compound3.8 the radius calculated from the DOSY experiment @)7s slightly lower than the

value acquiredfrom the Xray crystal structure (4.69 A). Both of these values suggest that both
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compound.16and3.8are monomeric in toluendy solution, as if the compmds were dinuclear in

solution, a larger hydrodynamic radius would be anticipated.

Whilst this result goes some way to showing the solution structure of the two types of compound, they
are not the active initiating species. The trgepropoxideinitiating species, formeid situ, may have

a different solution conformation. To this ens-propoxide derivatives of compounésl3and3.8

were synthesised. CompouBdi3was used in place of compoufdl6as the compound.16-OiPr

was not beasolated cleanly. However, the structures differ only sliglzl§3R; = Cl and2.16R; = |,

so comparison af values obtained from Xay diffraction data is still possible. Compoud 3OiPr

was synthesised by reaction of two equivalents 8dfydroxyauinoline, compound 2.3, with
aluminiumiso-propoxide, (Al(QPr))4, and was isolated as a yellow solid. Compo8r&OiPr was

synthesised by an alcholysis reaction vigitrpropyl alcohol at 338 KScheme 3).

N :
/“| i 5
Ovrp—0 4 PrOH — o Omen o L Em

— o™ | é

N/ \< N/

Scheme 34: Synthetic pocedure for the formation of aluminium akide, 3.8-OiPr. Reagets and
conditions: Tolene, 338 K, 72 00 %

Both compound2.130iPr and3.8-OiPr were isolated in quantitative yields and gieichiometry
was confirmed by elemental analysd3iffusion-ordered NMR spectroscopy experiments were
conducted and diffusion coefficient of Ix 10° was determined for both compoundssing the
StokesEinstein equation a hydrodynamic radius,of 3.7 A was calculated for both compounds
2.130iPr and3.8-0OiPr. Comparison of these values with the radii calculated from thay>Xrystal
structures of compoun@.16 and 3.8 (4.6 and 4.69 Arespectively) indicates the mononuclear
structure is maintained in solution. Thgdrodynamic radii o2.13OiPr and 3.8-OiPr also match

well with the hydrodynamic radii &.16and3.8, vide supra
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These studies provide evidence that the increased activity observed in compd9raoal 3.8 is not
due to the differing solution conformation. Instead, the increased rate is more likely due to electronic
influence of the Rposition. It is suggested théte Lewis acidic aluminium centre is more sensitive

to substitution at R than at Ror R..
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3.5(8-Quinolinolato)zinc Ethyl Complexes

The 8hydroxyquinoline prdigand has already shown versatility in coordination to a variety of Lewis
acidic metal centres (Chapter 2). The synthesis of nligated (8quinolinolaib)zinc complexes was

an attractive synthetic target, due to the high rates observed with zinc initiating systems and the
comparable atomic radius of zinto thoseof aluminium andgallium. Relatedquinolinyl anilido-

imine and tridentate ketoiminatégghndshave shown good precedent for coordination to zinc metal

centres and have shown moderate activity towards the ROP Yf LA.

3.5.1(8-Quinolinolato)zinc Ethyl Complex Synthesis

The &hydroxyquinoline prdigands @.3, 2.6 and 3.7) were reacted withraequimolar quantity of
diethylzinc, in toluene at 298 KScheme &). During the course of the reaction a precipitate formed,
which after stirring for 12 hours was isolated by filtration to yigltil-3.13 asa yellow (3.11 and

3.12 or orange .13 solidin good yield (6678 %).

Ry

OH R,

# R, R, R

2.3/3.11  Cl Cl Me
2.6/3.12 I Cl Me
3.7/313 CCFc Cl Me

Scheme &: General synthesis of initiatoBs11-3.13 numbering scheme includedeagents and
conditions: i. Toluene, 298 K, 12 #8% (3.11), 70 % (.12, 60 % @.13.

The new compounds weokaracterised by NMR spectroscopy and the stoichiometry was confirmed
by elemental analysis HE'H NMR spectrashoweda characteristic shift in the quinatitato protons,
indicative of coordination to the Lewis acidimc centre resultingrom deshielding of the nuclef.he
zinc ethyl groupsesonateasa quartet, at ~0.4 ppm, assigned to the methylene protonstepbtbt at

1.2- 1.3 ppm,assigned to the methyl protons.
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3.5.2 Xray Crystal Structure of 3.11
Crystals suitable for Xay diffraction experiments were grown of compouhdl from a saturated
THF/hexane solution. Compourddll crystallised as a dimeric species, with a centre of symmetry in

the middle of the ZsO, ring (Fig. 313).

CI(BA)

Ci8)

ClI(6)

Fig. 313 The crystal structure aomplex3.11

Each zZn(ll) centre has a four coordinate distorted tetrahedral geombiist,the two zinc centres are
bridged by the phenolate oxygen. Polynuclear structures have been observed with other heteroleptic
zinc quinolinolate complexes. The dimerization occurs when there is minimal steric influence from
the ligand,andexamples of othemultinuclear zinc quinolinolate complexes also show bridgiiag

the phenolate oxygef?® Such dimerization is not observed in the related, Aipd,Ntridentate
quinolinyl anilidoimine and ketoiminate complexes, due to theric demands of the supporting

ligand®* Selected key bond lengths and bond angles are shorabla 33.
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Table 33: Selected bond lengths (A) and angles (°)tfar crystabf 3.11 For full data see appendix.

Bond Length 3.11 Bond Length
Zn (1)- C (13) 1.984 (2) Zn (1)- O (12)

Zn (1)- O (12A) 2.0761 (15) Zn (1)- N (1)
Bond Angle 3.11 Bond Angle
C(13)-Zn(1)-O (12A)  117.088) O (12A)-Zn (1)-N (1)
C (13)-Zn (1)- O (12) 129.3g8) O (12)-2n (1)-N (1)

C (13)-Zn (1)- N (1) 128.84q8)  Zn (1A)- O (12)- Zn (1)
O (12A)- Zn (1)- O (12) 83.446)

3.5.3 Polymerization ofrac-Lactide using 3.113.13

3.11

2.0776 (14)

3.0998 (6)

3.11
105.436)
80.546)

96.546)

Compounds 3.11-3.13 were tested as initiators for the ROP dic-LA (Fig. 310). The

polymerizations were all conducted under a standard set of conditions; in THF or methylene

dichloride, at 298 K, with one equivalentigb-propyl alcohol.All experiments wereonductedat a

standard concentration o&c-lactide (1 M) and using@mM concentration of initiator (i.e. 1:100

loading of initiator:lactide). As with the seriestw§(8-quinolinolab)aluminiumethyl complexesthe

iso-propyl alcohol is expected to reawith the zinc ethyl bondin situ, forming the activeso-

propoxide initiator. The polymerizations are all highly air and moisture sensitive and so were carried

out in a nitrgenfilled glovebox. The reactions were monitored according to the procedeseshid

in Chapter 2Complexes3.11-3.13 were all active initiators in the polymeaaition of rac-LA, the

polymerization results are summarised able 34.
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Table 34: Polymerization data using initiatos11-3.13

Initiator (I) ~ Solvent Time (min) Convsn®%  kgpsx 10*s™ M, (g mo)¢  PDI® Pe

3.11 THF 445 93 1.4 8,800 1.15 0.66
3.12 THF 240 90 2.1 8,700 1.06 0.66
3.13 THF 480 93 0.9 11,000 1.09 0.65
3.11 DCM 260 92 1.7 9,600 1.03 0.60
3.12 DCM 200 92 2.4 9,000 1.03 0.60

3polymerization conditions: 298 K, 1:1:100 [IPFOH]:[LA], 1 M [LA]. PDetermined by integration of the methine region
of the 'TH NMR spectrum (LA 4.9%5.04 ppm; PLA 5.0%.22 ppm).°Determined from the gradients of the plots of
In{[LA] o/[LA]{} versus time.%Determined by GPC in THF, using multiangle laser light scattering (MRCLS).
®Determined by analysis of all the tetrad silgnin the methine region of the homonuclear decoupledMR spectrum.

3.5.4 Polymerization Kinetics of Initiators 3.113.13
The polymerization kinetics were monitoréat each initiator and show a firstder dependence on
lactide concentration in evepase. Tie pseudo firsbrder rate constasitk,,s Were determined when

the polymerization was conducted in both THRg( 314) and methylene dichloridé-ig. 315).
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Fig. 3.14: Plot of In([LA]o/[LA] ;) vs. time of initiatos 3.11-3.13 Conditions: [LAp=1 M, 1:1:100
[Il:[iPrOH]:[LA], THF, 2B K.
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Fig. 315 Plot of In([LA]¢/[LA] ) vs. time of initiatos 3.11-3.12 Conditions: [LAh=1 M, 1:1:100
[1:[ 1PrOH]:[LA], methylene chloride298 K.

Chapter 3



98

Compounds3.11-3.13are all active initiators at 298 K. This is in contrast to what was observed in the
bis(8-quinolinolab)aluminium ethyl complex series, which required elevated temperatures in order
for polymerization to occur. The lack of activity, at 298 K, was attetub the failure to form any
aluminium alkoxideinitiator. It can therefore be assumed that {8equinolinolab)zinc ethyl
complexes more readily form the active zimsp-propoxide species, than related aluminium
compounds. This is supported by the restlibond dissociation energy of zinc,-ZsHs 201 kJ mof,
compared to aluminium, AT 255 kJ mot.** The (8-quinolinolab)zinc ethyl complexes were also
active towards the ROP reaction in the absendsogdropyl alcohol. The Zsethyl bond initiated the
polymerization at 348 K, albeit to form polymers with extremeighhmolecular weights. This

indicates that not all of the Zethyl bonds are implicated in the polymerization.

When the polymerizations were conducted in THF a significant lag period, of approximately one hour
for compound3.12and two hours for compound@slland3.13 was observed. After this initial lag
period, the polymerizations progressed in a contlofiashion, obeying pseudo firgtder rate
kinetics. Interestingly, when methylene dichloride was employed as a solvent, using inBiafors

and 3.12 this lag period was not observed. This induction period is most likely due to the slow
formation of the active initiator. The coordinating solvent, THF, must therefore prevest-repyl

alcohd from reacting with the zincarbon bond. If the initialag periods are discounted, then the
choice of solvent does not greatly affect the activity of the initiators and the observed rate constants,
Kops are comparable3(11 Kops = 1.4 x 10" s* (THF), kops = 1.7 x 10* s* (methylene chloride)). The
polymerization of compoun®.13in methylene dichloride was not monitored, due to the reduced

solubility of the initiator.

Compounds3.11-3.13 are all gooemoderate initiators, reacting in the orded2 > 3.11 > 3.13
Compounds3.11has a reduced activity compared to compoBrd, with observed rates &f,s= 1.7

x 10* s andkyps = 2.4 x 10* s*, respectivelyWhen the chloride substituent af, R.11, is replaced
with a halide with less electron withdrawing ability, i.edine 3.12 an increase in the rate of

polymerization is observed. This increase in rate is consistent with a more Lewis acid metal centre. In
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compound3.13 an ethynyl ferrocene group is located at Rhis leads to a reduction in rate,

potentially due tahe increased steric influence of the ligand.

Comparson of activity with other zinbased nitators, showed the8{quinolinolab)zinc ethyl
complexes to be good initiators for the ROP of LA. The initiators display a similar activity to
previously reportecschiff basezinc complexes andinc guanidinatecomplexes® ** They have an
increased activity compared to the related Ziketoiminate compounds (1:100 I:[LA], 298 K,
chloroform, 24 h, 100 %), which contain quinolinolab type ligand systenfs® However, they

display mucHower activity compared with leading zinc initiators, e.g. compothdedF.> >

3.5.5 Polymerization Control of Initiators 3.113.13

Initiators 3.11-3.13 exhibited a high degree of polymerization control. All initiators show a linear
evolution of molecular weight with percentage conversion,Mndaluesareclose to those predicted
on the basis of the initiator concentrati@rable 34). The PDIs are narrow throughout the aian,

below 1.10 in all cases.

The end groups of the polymers were analysed using MAILdH mass spectrometry, which showed
that the major sergewere chains ercapped withiso-propyl ester groupéFig. 316). The peaks are
separated by 144 amu, consistent with only limited intetecular transesterificatiooccurring. A

minor series of peaks, due to int@plecular transesterification, are highlighted in blue.
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Fig. 316: MALDI -ToF spectrum of the PLA produced using initig@drl.

3.5.6 Stereocontrol of Initiators 3.113.13

Compounds3.11-3.13 polymerizerac-LA with a slight heterotactic biasnaximum R = 0.66. The
degree of stereocontrol does not change as the substituents atpth&itian are altered, even when
the halide group at R(3.11 and 3.12 is replaced with a more sterically encumberedyestil
ferrocene group3(13. This maysuggest that the ;Bosition does not have a steric influeran the
zinc metal centre. These observations @recontrast to what has beearbserved with varying
substitution athe R; position in thebis(8-quinolinolab)aluminiumethyl complex series. Alightly
higher degree of stereocontrol was observed when the polymerizations are conductedverstidF
methylene dichloride, £ 0.66versus0.60 for both compound311and3.12 Suchimprovement in
stereocontrol when THF is employed as a solvent fsunasual, and has been observed for many
initiating system$? It has been postulated that molecules of THF coordinate to ofeirtexith the
Lewis acidic metal centres, during a polymerization. This can exert a steric influence on the

polymerization, resulting in higher degrees of stereocofftt8i.
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3.6 RedoxInvestigations using Compound 3.10 and 3.13

Initiators 3.10 and 3.13 both contain a redox active ferrocene (Fc) substituent, linked by an alkyne
unit to the R position of the8-hydroxyquinolato ligandKig. 317). The activity ofredox active
initiators, in the ROP of LA, has previously been shown to be affected by the oxidation state of the
redox active substituefit.*’? It is propsed that the polymerization activity of compouds0 and
3.13may be altered by a change in oxidatstate othe iron centre in the ferrocene yriom Fe(ll)

to Fe(lll). Such reactivity has not begmreviouslydemonstrated for Group 12 or 13 metatsthe

ROP of LA.

Fig. 317: Redox active compounds10and3.11, containing the priigand3.7.

In order to determine the redox activity of compourld(Q 3.13 and the prdigand 3.7
electrochemical investigations were undertaken. The oxidation potential of the compounds must be

established, so that suitable chemical oxidising agents may be chosen.

3.6.1 Cyclic Voltammetric Analysis

Cyclic voltammetric (CV) analysis was conductedassess the redox behaviour of compouhds
3.10and3.13 Due to the air sensitive nature of the compounds, the cyclic voltammetric experiments
were conducted under a nitrogen atmosphere in a glovebox. A wiRdésSen$potentiostat was

used, and wasontrolled by a laptopia a blue tooth conneamn. The electrochemical celbmprised
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of a glassy carbon working electrode, a platinum counter electrode and a platinumne$etghce
electrode. A 0.1 M solution dktrabutylammonium perchlorate in THFagsvused as thelectrolyte

dilute samples of compounds?, 3.10 and 3.13 were made using the same solution. Decamethyl
ferrocene (dmfc) was used as the internal reference standard, as it was found that ferrocene had a

similar potential to the compoundsibg investigated. The results are summaris@abie 35.

Table 35: CV data for compounds.7, 3.10 and3.13

Compound E.. (V)
3.7 0.57
3.10 0.52
3.13 0.54

Conditions: 0.1 Metrabutylammonium perchloraie THF, glassy carbon working electrode, referencettiéaedox couple
dmfc/dmfc=0.

Compounds3.7, 3.10 and 3.13 were found to have redox potentials of 0.57, 0.52 and 0.54 V,
respectively.The cyclic voltamagrams were conducted over several scan rates. All compounds were

found to undergo reversible redox processes, within the pdtemtidow tested (1.5 te0.4 V).

3.6.2 Oxidation Studies
Having established the redox potentials for compottds3.10and3.13 potential oxidising agents
were investigated. Initial oxidations were attempted using silver salts as oxidising, aggnts

[Ag[PRs].

Two equivalents othe oxidising agent were added to a solution of comp@uiftlin THF, at 298 K
(Fig. 318), in an attempt to oxidised both ferrocengintaining ligands in the conext. After one
hour, a brown solution was observed with a silver and brown precipitate. After centrifugation and

removal of the solvenh vacuq a brown solid was isolated.
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Fig. 318 Suggestedynthesis 0f3.10%' 2[PR] Regerts and conditions: i. THF or methylene
chloride 298 K, 1 h.

Analysis of the brown solid bJH NMR spectroscopy did not indicate that the desired paramagnetic
product had been formed. Instead, the absence of the ettud was noted, perhaps indicating the
formation of a cationic metal complex. The same observation was seen in the reaction of the related
zinc complex,3.13 with one equivalent of the oxidising agent. Different oxidising agents were also
attempted: AYOTF, Ag'BF,, NO'BF, and FEPFR,. However, the same spectroscopic results were
obtained i.e. loss of the ethyl group, spectra inconsistent with a paramagnetic speotasr
rationale isthat the complexes arestable in their oxidised forms. For thisasonan oxidant with a

large counter ion was used, ferrocenium tamd borate (FBBARF), in order to balance the charge.

Unfortunately, the use of this oxidising agent leads to the same obsenreatiwasiously described.

. T

Fig. 319 Proposed reaction pathwaycompound3.10 Regents and conditions: éxidising agent
(Ag” or FC), THF, 298 K, 1 h.

From these investigations we must conclude that both compadsii@sand 3.13 favour alkyl
abstraction over ligand oxidatiqirig. 319). There is precedent for alkyl abstraction reactions with
organoaluminium compoundsyhich employ alkyl abstraction reagents such as Bf); or
[PhsC][B(CsFs)].** The isolated initiators were not active in the ROP of Hawever, sich cationic
aluminium complexes have been doyed for the ROP ofother cyclic esterssuch - as
caprolactoné* This lack of activity towards the ROP of LA has been observed with ctienic

aluminium complexesyhere catnic aluminiumlactide chelatetes were isolati&d.
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3.7 Summary and Outlook

3.7.1 Summary

The series ofbis(8-quinolinolab)aluminium ethyl complexes reported in Chapter 2, has been
expanded, with new pdigands being synthesised by varying the substituents at then®R R
positions. Attempts to increase the steric bulk aleR to the synthesis of thas(5-chloro-2-methyt
7-phenyt8-quinolinolab)aluminiumethyl complex 8.9), where R = phenyl. The complex was found
to react with a similar activity to othéis(8-quinolinolab)aluminiumethyl complexesn the series.
Unfortunately, although the complex still exhibited significetselectivity (P= 0.75), an increase
in P, was not observed. This may be due to the planar phenyl growgigndtcantly increasing the

steric hindrance at the aluminium centre.

Variation of the methyl substituent at;Red to the formation of thebis(2-phenyt8-
guinolinolab)aluminiumethyl complex 8.8). The activity of compoun@.8, in the ROP ofac-LA,

was found to be higher than other compounds in the series, with high conversions being reached in
~48 h, under the conditions tested. This incre@sactivity is in line with observations using
compound2.19 where R = tBu. The following order in activity, with variation ats;Rwas

establishedtBu > Ph > Me.

The nature of this increase in activity wheniRVie wasfurther investigated. Solutionvestigations
were conducted, in order to assess the nuclearity ofbis@-quinolinolab)aluminium ethyl
complexes Active alkoxide derivatives of compoungsl3and3.8 were prepared, and their solution
structures were assessed by comparison of thdrolynamic radii (obtained from DOSY
experiments) with Xay crystallographic data. The results indicated that BatB-OiPr and 3.8

OiPr were monomed in solution, thus we can ascertain that the increase in activity is due to

electronic effects rathehan the solution behaviour of the initiators.

A selection of(8-quinolinolab)zinc ethyl complexeswere also reported, with variation in substitution
at the R and R positions. The compounds were found to be good initiators in the R@ie-bA in

the presence of exogenous alcohol, and were comparable with other fast initiating systems. The
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complexes exerted a slight heterotactic bias on the polymerization, with a maxiyo@i®.66, when

THF was employed as the polymerization solvent.

The novel compounds.10and3.13 contain a redox active ferrocene moiety. The redox behaviour

of the compounds was assessed by cyclic voltammetry and both were found to have a reversible redox
couple. Attempts to chemically oxidise the compounds, using a variety of ogidigents, proved
unsuccessful. Analysis of the reaction products indicates degradation, possibly due to the instability of

the oxidised product under the conditions used.

3.7.2 Outlook

The series ofbis(8-quinolinolato)aluminium ethyl complexeBas demonstrated good levels of
stereocontrol, a phenomenon which is unusual in bidentate aluminium systems. -The 8
hydroxyquinoline prdigand has the potential to give rise to a large variety of substitution patterns, of
which only a handful have beenvastigated in this thesig.he formation of highlyiso-selective
initiators continues to be an attractive target within aluminium initiating systems. Through our
investigations into the series bis(8-quinolinolato)aluminium ethyl complexes, it is believihat an
increase in steric bulk at the; Rosition will lead to increased stereocontrol. Further novel pro

ligands, containing bulky aryl substituents, may be accessed through Suzwdourplsg reactions

Ro
=
NS
Ry N R e v v
OH

Fig. 320: Suggested substituents at thepRsition

(Fig. 320).

The bis(8-quinolinolato)aluminium ethyl complexedgth the highest activities have demonstrated the
lowest level of stereocontrol; an ideal scenario would be to combine the high léselsefectivity

with high activity. Suggested pitmands would have the following structure; R halide or methyl
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ard R; = Ph ortBu. Further investigations into the increase in activity observed whérvRe may be

conducted using computational methods.

Disappointingly, the redeactive compounds3.10and3.13 could not be chemically oxidised using

the variety of oxlants and conditions attempted. An alternative approach would be the
electrochemical oxidation of the mpounds, by holding the electpotential at a fixed value. This

could be conducteith situduring a polymerization, although there are a number ofatsteat would

need to be considered. These include, but are not exclusi(i@ foossible reactions of the lactide
monomer with the electrolyte and the concentration of the oxidised/reduced species at any given
point. This last point arises as the oxida reaction only takes place at the surface of the electrode,
not in the bulk of the solution. This could be overcome, to a degree, with the adegtf surface

area electrodeln addition, (ii), @nventional aliquoting techniques are likely to intezfevith the
progress of the reaction. Instead a reaction monitoring systermasachn situ ATIR could provide

an alternative. It is possible to easily monitor the formation of PLA using such techniques.
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Chapter 4

Investigations into the

Polymerization of rac-LA to Polylactide

Using a Series of Yttrium Phosphasalen Initiators
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4.1 Introduction

4.1.1 Group 3 Homoleptic Initiators

The first reports of @up 3 initiators for the ROP ddictide, in additiorto other cyclic estersapplied
homoleptic yttriumalkoxide clusters. In th&990s the DuPont company published the first example
of such a dicrete yttrium alkoxide compound, Y(OCH,NMe,);, which was capable of
polymerizing lactide, at 298 K, in a vefgst and controlled fashidfi.Following this initial study,
Feijen and cavorkers detailed the epolymerization of lactide, and-caprolactone, using yttrium
iso-propoxide clusters e.g. (§-0O)(OiPr).5).*" This group latedescribed the use fis(2,6-di-tert-
butylphenolate) yttrium complexed, e.g. compoukdin combination with various alcohols in the
ROP of SSLA and U-CL.°"® CompoundA, in the presence ofso-propyl alcohol, rapidly
polymerizedSSLA, with full conversion achieved in minutes (1:150 [I]:[LA]). The number averaged
molecular weight indidas that three polymer chains grew per yttrium centre, the PDI was narrow
showing good control. End group analysis shows astypropoxide chain ends. The proposed
mechanism involves rapid exchange between the bulkier phenoxide ringe-pnolpyl alcohol with

the active initiator being the yttriurao-propoxide species, compouBdFig. 41).

tBu tBu IIQ
? B ?
tBu tBu
Y- +3ROH —— Y-
o ™o oo 3 By tBu
R R OH
tBu tBu
A B

Fig. 41: The equillbrium reaction between yttrium tris(2,6-di-tert-butylphenolate)and yttrium
tris(iso-propoxidg.®”®®

In general, studies into raearth metaiso-propoxide complexes have shown lanthanum to be the
most rapid initiator, but it is generally less controlled than other msteh as yttrium, samarium and

ytterbium?®® Yttrium tris(iso-propoxy ethoxide) compounds have also been shown to be faster than the
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[Y 5(e-O)(QiPr) 4 clusters, with three polymer chains growing per metal centre in the fovarsys

2.6 chains in the cluster specfés.

One caveat of the use of homoleptic metal alkoxide compounds is that they provide limited scope for
catalyst improvement andlso thatcharaterisation is hampered by aggregation. Thus ligated,
hekeroleptic complexes are more amable to achieving increased reactivity and greater
polymerization control. Tolman and Hillmyer provided an early report of heteroleptic irstiator
(CompoundsC andD, Fig. 42). They developed a multidentate ligand framework, which could be

easily modified, allowing a large number of homoleptic yttrium derivatives to be proffosed.

=N o N
k/N 7’ Y
R
R
C R=Me
D R=iPr

Fig. 42: Structure of the yttriutill) complexes C andD."”

CompoundsC andD, illustrated inFig. 42, are both active for the ROP mc-LA. CompoundD
displays higher ratesout showed poor molecular weight distribution and broad polydispersities
([C]:[LA] 1:150, 48 h, 88 %[D]:[LA] 1:150, 0.5 h, 97 %)Treatment 6compoundsC andD with

exogenous alcohol formed new, discrete alkoxide initiators with improved activities.

4.1.2 Heteroleptic Yttrium Initiators

The success of Group 3 metals in ROP reactions has prompted the synthesis of discrete initiating
species, \wich allow the polymerization activity, control and even stereochemistry to be tailored by
smart ligand design. Tolman and Hillmyer were among the first to report isolated, discrete,
heterolept initiators, with the ytrrium(lllarylamidinates displayingigh rates, polymerizing 1000

equiv. ofrac-LA in one hour, in the presence of benzyl alcdfiol.
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Over the last ten years, a wide range of heteroleptic yttrium alkoxide and amides have beerreported.
"% In order to achieve controlled, single site polymerizations iti@ndls are usually tridentater

higher, in denticity (one dianionic ligand or two mono anionic ligan&sjlen,salalen,guanadinate,
bis(naphtholate), anilidopyridypyrrolide, 1,4,7%thiazacyclononane amidinate, bis(thiophosphinic
amide),phenoxythioesers,bis(phenoxy)amine ankis( 0 x 0 a z o | i rnddhialkanedigl bridged. , ¥
A23, 62d e, 74

bis(phenolate) ligand types have all been found to form good initiatiothdoROP of LA

Important examples combine high rates and polymerization control, in particular stereocontrol.

4.1.2.1 Salertype Initiators

The salen ligand groupas popularised with the studies of aluminium initiators, forming stereoblock
PLA. An analogous yttrium salen initiator, CompouBd(Fig. 43), was more active than the
aluminium analogue but failed to induce any degree of stereocontrol (EL3Y], toluene, 343 K,

14 h, 97 %)Y?> This increased activity, combined with loss of stereocontrol between analogous

aluminium and yttrium systems has been observed in othertyalemmplexes (Compoun@, Fig.

—N__N=
/Y<
o . o e
X THF
Bu
/Y\
O O F X = OfBu tBu —CF;
THF “cF,

=N_ N G X = N(SiHMe,),

43).

Y.
tBu ol \\o tBu
THF X
Bu Bu

HX= N(SIMC3)2

Fig. 43: Examples of yttrium salen and salalen initiafgfg*" >
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One highly active inititor is Compouné, Fig. 43, which rapidly polymerizedsSlactide, with 90 %
conversion to PLA (1:500F:[LA]), 298 K, THF, 40 mins)."® Recent reports using a modified
6sal alend | i ganH Fig 43 demomstrdtesioivalpnd high dhtes and high levels of
heteroselectivity (1:100H]J:[LA], THF, 298 K, 1 h, 90 %). The heteroselectivity=F.85,was seen

to reduce to 0.60 when the solveris switched from THF to toluedd&.

4.1.2.2 Heteroselectivity

Other ligand systems have also proved effective for the stereocontroled ROP of LA, a selection of
heteroselective yttrium initiators are illustratedfiig. 44.%%3 626 ¢ 748 77 Compound! was the first
example of a yttrium initiating system that displayed high levels of heteroselectivity).80 in THF

(1:100 []:[LA], THF, 293 K, 1 h, 97 %). Choice of solvent was crucial in acimg sut high
heteroselectivity. A reduction in heteroselectivity was observed (F60) wen the less coordinating
solvent, toluene, was used. The zwitterionic complex, Compdungported by Mountford and €o
workers was found to be a rapid initiator, whilli$playing exceptionally high levels of stereocontrol

(1:5:100 PJ:[BNnOH]:[LA], THF, 298 K, 20 mins, 90 %,” 0.92).

Bu_ ,tBu {Bu_ /tBu

P
'\"em ) e oo \N

\
R S R / \ 7 N
. O
(HSiMeZ)oN - Me \ //O/\\ /
tBU tBU P\ /P\
tBu tButBu tBu
IR =CMe,/Bu
Mez | K
L_N>y, \ ----- : "““(?::::H———NMez
N | Bu

Fig. 44: Examples of heteroselective yttrium initiat67%° 749

Previous work from the Wilims research group focusedhas(thio/oxo phosphiniidiamido yttrium

initiators e.g. Compounl (Fig. 44).6% 7’2 These complexes show excellent ratesL{é ROP and
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reasonablepolymerization control The nuclearity of the initiatowas shown to becrucial in
determining the level of stereocontrakith a mononuclear complex enabling high degrees of

heteroselectivity1:200 [I]:[LA], THF, 298 K, kops= 8.36 x 10 s*, P, = 0.85)

4.1.2.3Iso-selectivity

Examples ofso-selective initiators using elements other than in Group 13 remain extremely rare. To
date, there has only been one notable example isbaelective yttrium initiator for the ROP adic-

LA. The homochiral yttrium (phosphine oxiddékoxide) complex, comgundL (Fig. 45), reported

by Arnold et al, showeda P, valueof 0.81, at 288 K (1:200L]J:[LA], methylene chloride, 10 mins,

98 %)’

rac- Y-

Fig. 45: Iso-selective homoleptic yttrium initiatd?

4.1.3 Scandium Initiators

Scandium complexes have received much less attention for LA ROP, possibly difficulties
isolating such species. There ahewever, a few notable examplesorFnstance Okuda and -co
workers reported compoumd (Fig. 46), which polymerized LA in a rapid and highly hetselective
fashion (Rup to 0.95* A proposed mechanism suggests the complex interconverts between two
enantiomeric formss  a n, @hiclgeach show a particularly selectivity for a certain enantiomer of
lactide. As the enantiomers of theomplexare undergoing dynamic exchange, it is pregoghat
heteroselectivity arises due to the complex isomerisatiorrmegumore r@idly than lactide insertion.

The analagous yttriundithialkanediyl bridgedbis(phenolate) complexes showed a reduction in
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stereocontrol (P= 0.86), possibly owing to theeduced atomic radius of scandiwwompared to

yttrium.””"
PhMe,C
CMe2Ph S|R3
THF .
S sl ? _N(SiHMe,),
2= (Z>sc N—Sc
S ST LU TN(SiHMey) N
(0] 2)2 O THF
CMe,Ph SiRs
PhMe,C
M N R = /BuMe,

Fig. 46: Examples of heteroselectigeandiuminitiators ®2%

Compound N (Fig. 46), reported by Carpentier and -emrkers, also displayed a higher
heteroselectivity than the yttrium analogue 8v@rsus0.84), although the opposite was reported f

other variations of silyl Rjroups in the seri€’s.

4.1.4 Yttrium Phosphasalen Initiators

In ealy 2012, ourcollaboration with the group of Audrey Auffrant&tole Polytechnique, Paris, led

to the development of a series of novel yttrium phosphasalen compounds. Whilst the development of
the popular salen ligand type has played an important roteeirdevelopment of many catalytic
processes, few adaptations have been made to the imine fdi€fimino phosphoranes have,
however, been widely studied, their reactivity being quite different from a conventional imine due to a
r educed *Theseplacémemnof the salen imine moiety with an imino phosphorane led to the
developmenb f O phes ® hlkis @ Awoduch ytripure ghosphésalen initiators are illustrated

in Fig. 47 (Compound® andP).?
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OfBu
h- ~
PheP=N. | N=PPh; )
o o@ PhiP=N.  N=PPh;
1N

OB
OO u
/Y\

Fig. 4.7: The structure of yttrium phosphasalen initiatorandP.*

Both compound®© andP were very rapid initiators, with high conversions being reachegksmthan

one minute (1:1:1000P]:[iPrOH]:[LA], THF, 298 K). When THF was employed as a solvent, a
significant degree of heteroselectivity was observed, wjtrakies of 0.78 and 0.86, for compounds

O and P, respectively* Such high levels of stereocontrol are rare amongst yttrium initiators,
especially when combined with high activity. A higher degree of stereocontrol was observed with the
mononuclear compleR, which incidentally his was also the fastest initiat@ubstitution at the-2
position of the phenoxide ring was important in the formation of mononualegslexes, and thus in
achievement ohigh heteroselectivity. The yttrium phosphasalen initiators display increaseitlyacti

and increased stereocontrol compared to their salen analogues (CorRpduda0 F]:[LA]), THF,

298 K, 40 mins, 90 %). This improved rate was tentatively attributed to the greater electron donating

ability of the imino phosphorane grouprsusthe cawentioral imine group.

To recap, there were two important structural characteristics of compbwhith led to high rates,

combined with high levels of stereocontrol.

1. The presence of a sterically encumbetexd-butyl group at the -position of the phenade
ring, in order to maintain the mononuclear yttrium complex.
2. The electrordonating imino phgshorane group which leads to a decreadeeimis acidity at

the yttrium metal centre.
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4.2 Yttrium Phosphasalen Initiators

The success of the first yttrium pdphasalen initiators, compoun@sandP, Fig. 4.7, prompted our
groups toexpand the ligand series topicwhich has beemvestigated in thishesis There were two

primary target sites for further ligand modificatidfig. 48):

Fig. 48: General structuref proposedyttrium phosphasaleinitiators.

1. The dimine backbone (X). There is eelatively large range of diamines available
commercially, providing scope for the preparation of a series of compounds from which
structure and reactivity relationships maydaweloped.

2. The para (4) phenyl position (R). It has already been observed tine increased electron
donating ability of the P=NMond,compared with C=Naccelerates rate. Thus, the synthesis of
electron donating substituents in tpara-position of the phenoxide ring should further

increase electron donation, and proviggportunity to tune the rate.

4.2.1 Preligand and Complex Syntheses

Our group$’embarked on the synthesis of a series of noveligamds, focusing on the target
derivatives The same synthetic strategy was employed as in the synthesis of corRgddi pro
ligands were formed by reaction of Zj#tert-butyl-6-phosphinophenol/ia a Kirsanov reaction, with
bromine and then the relevant diamine in the presence of a base at $8hdfné 4). The pro
ligands were isolated as white powders in good yields7&%). All of the new compounds were

fully characterized bynultinuclear NMR spectroscopy and elemental analyses.

Y Yncluding me here at Imperial College London dini-PhuongAnh Cao in Paris.
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© C)
Bl’ Br

Ph2P NH HN— PPh2

R R
i
—_— OH HO
Bu Br - tBu PPh, v
OH OH

Scheme 4l: General synthetic route towards the phosphasalen ligand syReagents and
conditions: i.n-butyl lithium (2 equiv.)diethyl ether, 195 K, 16 h; iiChlorodiphenylphosphineii.
Br, (1 equiv.), methylene chlorigd95 K, 2 hiv. Tributyl amine or DABCO (0.5 equiv.), diamine
(0.5 equiv.) 195 K, 16 h (5778 %).

Compounds4.1-4.9 were then synthesised in a three step reactBohdme 4£). At each stage,
quantitative conversion was confirmed B{*H} NMR spectroscopy Kig. 49). The proligands
were deprotonatedith 4 equiv. 4.1-4.7) or 5 eqiv. (4.8-4.9) of potassiunbis(trimethylsilyl)amide,
leading to quantitative conversiafithe salts, as observed by arfield shift [~ 2025 ppm) in the

3p{H} NMR.

© o
Br Br
N
Ph2P NH HN— PPh2 PhoP=N__N=PPh,
Y d
11 c
OH HO O O R
OR' a b
4.1-49

Scheme 4&: Generakynthetic procedure fmompoundsgt.1-4.9 Reagents and conditionisKHDMS
(4 eq.or5eq.), THF, 298 K, 4in;[YCI3(THF)s, THF, 298 K, 4 hji. KOR6, THF, 298 K,
(74-88%).

Yttrium phosphasalen chloride complexes were formed, but not isolated, by reaction with
[YCI3(THF)s4. This led to a shift tdower field in the singlet 4.3-4.9) signal observed byP{'H}

NMR spectroscopylé ~ 30 ppm). h the case of compoundsl and4.2two phosphaus signals were
observed. Addition of potassium alkoxide (ethoxidéeorbutoxide) to the yttrium halide complexes

led to the formation of the yttrium phosphasalen alkoxide compodrid$.9, which, in general,
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showed a slighupfield shift in the**P{*H} NMR spectra Fig. 49). All of the compounds were

isolated as colourless crystals in high yields§84%).

40 35 30 2 2 5
delta (ppm)

Fig. 49: *P{*H} NMR spectra for the formation of compourti, KHMDS added Kottom),
YCI5(THF); s added (middle), KOtBu added (top)

All complexes were synthesised and fully characterised by NMR spectroscopy experiments and
elemental analyses. In a number of cases it was possible to obtain crystals suitable forysitagle

X-ray diffraction experiment¥.The full structures of compoundsi-4.9are shown irFig. 410.

Chapter 4



/\
Ph,P=N_ _N=PPh,

Y.
/1N
o’ | o
OtBu
@ ' <]
o 0
Ph,P= N N PPh, Ph,P=N_ /K=PPh2
Y.
2N
o'|o
OtBu OtBu
KO 4.2
Ph,P=N_ | N=PPh,
Y.
N
o' |0
< <
o 0
4.3 :
Ph,P= N N PPh, Ph,P=N_ / N=PPh,
Y.
ZIN
o | o
@ OEt
o
4.5
Ph,P= N N PPh,
; :E OtBu i>: :
Ph,P= N N PPh,
0
\
H

OtBu OEt

Fig. 410: The structures of compoundsl-4.9.
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It was observed b{H NMR and in several cases, byriy crystallography, that THF was present in
the coordination sphere of the yttrium in compoudd$4.6. The Xray crystal structures for
compounds, 4.1, 4.2, 4.4, 4.6 and4.8 were solved by our collaborators in Padsda selection will
be included only in their pictorial form (for full structural information see referef{t&sJhis is to
provide support for argumentslating to THF coordination, ich are important when discussing the
polymerization kineticsFig. 411 shows the soligtate structures of compoundlig and 4.6, whilst

Fig. 412 shows the structure of ogpound4.8.

Fig. 412 Solid-state structure of complek8.

The solidstatestructures of compounds4 and4.6 show a hexacoordinate complex, with a molecule
of THF occupying the sixth coordination si(eig. 411). A bound molecule of THF was also

observed in the solidtate structure of compoundsl and4.2, although these are not illustrated. This
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coordinated THF was observed despite all crystaiagogrown from cyclohexane solutions. The
presence of one equivalent of THF was also confirmed by the elemental analysis, after compounds

were dried for extended periods under high vacuum.

The presence of a coordinating THF molecule was not observece isdlidstate structure of
compoundP.®! We suggestthis is also the case in the related compouh@, a proposal thats

supported byH NMR spectroscopic evidence and elemental analysis.

Compound4.8 was also fond to have a hexacoordinate sddtdite structure, with a pendentate
ligand. No evidence of THF coordination was observed in the-stdié structure, again this is

supported byH NMR spectroscopic evidence and elemental analysis.

4.2.2 NMR Spectrosopy Experiments

In order to ascertain whether THF remained coordinated to the yttrium in solution, a series of NMR
spectroscopy experiments were conducted. InitilyNMR spectra were recorded in toluete
however, these all showed that the TidBonances were at almost exactly the same chemical shifts as
those of free THF. This indicates theither the THF isnot coordinated othat there is arapid
exchangebetween free and coordinated THF occurrorgthe NMR time scale Additional NMR
experiments includedow temperature studies (243 K) and NOE NMRt thesefailed to provide

conclusive evidence of THF coordination.

It was however possible to remove the THF from the complexeshi@addition of a slight excess of
pyridine When thesolvens were removedinder vacuunandthe sample was dissolvautolueneds,

the 'H NMR spectrumshowed that pyridine was present, but again, the resonances were not shifted
significantly in comparison to those of free pyridifidesefindings provide tentativeupport for the

claimthat THF is coordiated to the yttrium cergin compounds4.1-4.6.
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It is worthy ofhote, thatH NMR measurements of compountl§ andP, in tolueneds, showed no
evidence of either bound or free THF. This is consistent with witdiserved by elemental analyses

and crystallographic experiments.

4.2.3 Polymerization ofrac-LA

Compounds4.1-4.9 were tested as initiators farac-lactide ringopening polymerization. The
polymerizations were all conducted under a standard set of iomsditising a 1 M solution of lactide

in THF at 298 K, with 2 mM of initiator. The choice of solvent was important as the initiators
decompose imethylene chloride solutions, and toluene can only be apalietbvated temperatures

at such concentrationsf LA (>343 K). The polymerizations were monitored by taking regular
aliquots which wergehenanalyzed by NMR spectroscopy to determine the conversion and by GPC
MALLS to determine the evolution of the number averaged molecular weight. The polymerization
kinetics were monitored for each initiator, showing a Hfingter dependence on lactide concatidn

in every case; the pseufitst-order rate constantk,,s were obtained as the gradient of the linear fits

to plots of In([LAJ/[LA] ) versus timeKig. 414, Fig. 415, Fig. 416). The tacticity of the resulting

PLA was assgsed by integration of the matilei region of the homonuclear decoupled proton NMR
spectrum and by application of Bernoullian statistics to predict the tetrad probabilities, according to
the method desitred by Coudanet al'® Compoundst.1-4.9 were all highly active and controlled

initiators forthe ROP ofrac-LA (Table 41).
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Table 41: Polymerization data using initiatofs1-4.9

Initiator 2 Time Conversion Kgpsx 10° M exp My calc

I [LA] o:[1] (min) (%)° (sh? (g mol® (g mor) PDI® P
4.1 500:1 4 89 9.4 84,000 64,100 1.05 0.75
4.2 500:1 4 95 12.3 120,500 68,400 1.07 0.75
43 500:1 9 86 3.7 66,800 61,900 1.07 0.67
44 500:1 20 91 2.0 76,500 65,500 1.02 0.70
4.5 500:1 22 89 15 70,900 64,100 1.01 0.69
4.6 500:1 6 90 6.7 196,200 64,800 1.05 0.84
4.7 1000:1 0.33 86 _ 165,000 124,000 15 0.87
4.8 500:1 56 92 0.8 41,000 66,200 1.05 0.24
4.9 500:1 48 85 0.7 61,700 61,200 1.04 0.28
P° 1000:1 0.75 97 79 223,000 140,000 1.34 0.86

3polymerizationconditions: THF, 298 K, 1 M [LA]°Polymerization conditions: THF, 298 K, 1 M [LAL equiv.iPrOH
“Determined by integration of the methine region of tHeNMR spectrum (LA 4.9%.04 ppm; PLA 5.0%5.22 ppm).
YDetermined from the gradients of the plofdn{[LA] o/[LA] {} versus time, where the average errors-£25% (determined
using initiators4a and5). ®Determined by GPC in THF, using multiangle laser light scattering {@RCLS). 'Determined
by analysis of all the tetrad signals in the methine regfche homonuclear decouplidd NMR spectrunt®

4.2.4 Polymerization Kinetics of Initiators 4.14.9

The initiators were extremely active for the ROPrac¢-LA, with all compounds achieving high
converson of 500 equivalents of LA ireks than one hour. Pseudo fiostler rate constantk,,, have
been determined for compourdld-4.6 and4.8-4.9; this assumes the initiators are fiestler in [LA].

It was not possible to obtairkgsvalue for4.7 dueto the very high activityA first-order dependence
on LA andP was observed in previous kinetic investigatiGfisWe therefore infer the following rate

law for all the new derivatives:
i Go@M00)
The rate of polymerization is only dependent on the rate of propagétionpt on the rate of

initiation, k. This is due to the rate of initiation, insertion of LA into the alkoxide bon&)Ybeing

faster than the rate of propagation, insertion of info the growing polymer chain (®). The

88 Data from the group of Audrey Auffrant, Paris
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evidence for thisfast insertionis the high degree of polymerization control and narrow

polydispersities observed in all compounds. The rate of propagation is therefore rate limiting step.

The rate of propagatiok,, can also be broken up into separate stages; the rate of coordination and the

rate of insertionKig. 413).

' i
Y + \%J\SO j‘
\ 0]
Or BH\ (
coordmanon i nsemon

Fig. 413 Diagramillustrating substrate coordination and substrate insertion

Each stage can be considered as a reversible process, although the ratsertide must be slow,

as the energy required for this process would be large.

Our groups have alreadshown that the activity ofttrium phospahsalen initiators is greater than
yttrium salen initiatord” "> 8! It is suggested thigcrease in activity is due to the greater electron
donating ability of the imino phosphorane bond, compared to the imine bond oftygmeligand
systemsWe can conceive that in this case the insertion of the lactide into the metal alkoxide bond is

ratelimiting. This can be explained as follows:

1. The increased electron donation from the ligand should reduce the Lewis acidity of the metal
centre.

2. Areduction in Lewis acidity suggests a morkilanyttrium alkoxide bond (YO), thuslactide
insertion is fatitated.

3. A decrease in Lewis acidity should not assist lactide coordination.

This hypothesis is supported by a detailed kinetic investigation conducted by Tolman and Hillmyer
using aluminium alkoxide complexes for the ROP of caprolactone ¥Gdre it was sbwn that the
rate of insertion is directly influenced by the electron donating/withdrawing ability of substituents on

the ligand system. More electron donating substituents were foundréase the rate of insertion. |
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is hypothesised that this occursedto the reduced Lewis acidity of the aloimam centre rendering

the AFOR bond more labile.

Trends observed with redox active initiators also support this hypothesis (See Figs. 3.2 &d 3.3).

48 4% \When redox switches are activated in these initiators, i.e. complexes are converted from their
reduced to oxidised forms, the polymerization reactions are seen tolkispsuggestshat when
complexes are oxidised, the Lewis acidity of the metal centre increases. This increased the strength of

the yttrium alkoxide bond, preventing the polymerization from proceeding.

4.2.4.1 Initiators 4.7 and P

Initiator 4.7 is structurally analogous tcompoundP, both compounds have a pentacoordinate
geometry atyttrium and have an ethylene mline linker. The presence of coordinated THF is not
observed in either complex. Compouhd differs fromP, by the presence methoxy substituent at the
para postion of the phenoxide ring. Both compounds/ and P were extremely active The
polymerization proceest! to nearly full conversion inless than20 sconds (1 M solution in LA,
1:10004.7:.LA). It was not possible to obtainlgys value for this initiator, even at lower catalyst
loadings, as theeaction proceeded too quickly bemonitored by the conventional aliquot technique.
It is worth noting that compourtl7 initiates at aqualitativelyfaster ratehanP, 97 % conversion, 45

S, kops= 7.9 x 16?8 L.

4.2.4.2 Initiators 4.14.6
Compoundst.1, 4.2, and4.6, also have a £bridge, butthe ethylene linker is now replaced by a
cyclohexene 4.1 and 4.2) and phenylene4(6) diimine linker. Compounds4.3, 4.4, and4.5, each

containa G propylenebridge

Compoundgl.1, 4.2, and4.6, werea p pr o xi mat e | grthanZonpounds Iedsandd.g s t
which each hava G propylenebridge Table 41, Fig. 414, Fig. 415). However, compounds.l, 4.2
and 4.6 were around 20 times slower than compouhdwith full conversion being achieved in

approximately 4 minutes at 1:500 loading of [I]:[LAjgrsus45 s at 1:1000 for compourid
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4.2.4.3 Initiators 4.8 and 4.9

Compoundst.8 and4.9, which contain an extreoordinatingnitrogen moiety in the ligand backbgne
were relatively slower, with full conversion being achieved in up to one Heigr 416). However,

the activities of thesgttrium phosphasalen complex&sdl surpass otheyttrium complexesn terms

of rate particulaly those coordinated by salsalan ancillary ligand&? "

——41
37 | =-H==-42 '!
-’_ 43 ’ A,
@ 4.6 .
]
25— L
0’ -.".
l‘] .'.' '/
24 .
'0 . '/’
In([LA] /ILA]) ) °.
’ .. Cd
1.5 ,l ,)
'l A . o ',
’ [ J
! . < 3 1
14 " . - Initiator4.1k 9.4 x 10~ s~ R=0.9970
. obs
Y ~~
\/ .6 S Initiator 42k 12.3x 10 s R=0.9951
l! o’ Y obs
054 e 7 Initiator 4.3k 3.7x 107 s™* R=0.9988
’ A ‘ obs
Ll
’.'/o' Initiator 4.6 kobs 6.7 x 107 s R=0.9953
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Fig. 414: Plots of In([LA]y/[LA]}) vs. time forinitiators 4.1-4.3 and4.6. Conditions: [LA, = 1 M,
1:500 [I]:[LA], THF, 298 K.
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Fig. 415 Plots of In([LA]/[LA]{) vs. time for initiators4.4-4.5. Conditiors: [LA]o = 1 M, 1:500
[I]:[LA], THF, 298 K.
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Fig. 416: Plots of In([LAJ/[LA]) vs. time forinitiators 4.8+iPrOH-4.9. Conditions: [LA}) = 1 M,
1:500 [I):[LA], THF, 298 K.
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4.2.4.4 Rate Discussion

Fromtheseresults a generaftend is observedhe length and natureof the bridging group between
the phosphinoimia moieties influences the rate3ubstitution at thepara position of the phenoxide
ring also has an effect on the rate of polymerizatitre ratedecreasein the orded.7>P| 4.2>

41>4.6>4.3>4.445>4.8 4.9

This increase in activity between compouhd andP is attributed to the greater electron donating
ability of the para-methoxy substituent on the phenoxide ring (in place optra tert-butyl group).

More electron density at the yttrium centre facilitates insertion of the lactide monomer unit, thus
increasing the rate of polymerization. This is in line with the overatease in rate observed with the

phosphasalen ligand grouprsusthe conventionagalen ligand system.

The largest difference in rate is observed between compduhdnd compounds4.1-4.6, with
compound4.7 being exceptionally active. Whilst all of tktemplexes have mononualestructures in

both the soliestateandin solution, it has been shown By NMR and Xray diffraction experiments

that compound4.7 has apentacoordinate geometry at yttriurbut compounds4.1-4.6 have
hexacoordinate geometries. This is due to the presence of a molecule of bound THF present in
compound 4.1-4.6. This difference ircoordination geometrynay account for the diéfencein rate
betweend.1-4.6 and4.7. A definitive proof of this pentamrdinateversushexacordinate geometry in
solution has not been possible, but in the case of compburahdP the shorter (ethylene) diine

bridge may lead to a ligand contraction around the yttrium centre, possibly limiting/preventing THF
coordination In contrast, the bound THF #1-4.6 may reduce the activ@te, reducing the binding of

lactide by competing with LA for coordination.

Compounds4.8 and 4.9 are also hexacoordinate complexes, however here the extra bondiigy site
occupied by the NH ate dimine bridge. This bonding is evideintthe X-ray crystal structuret is
postulated that the NH stays bound in solutieidg infra). A reduction in rate is also observed in
comparison to the pentacoordinate compouhnd, Compoundst.8 and4.9 are also less active than

compoundg.1-4.6, being at least half as active as the slowest initiator.
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4.2.4.5 Addition of Alcohol

When an equivalent aso-propyl alcohol is added to the polymerization solution of compau&d
compoundst.8 and 4.9 haveapproximately equal rate§if. 416); this is due to the poor initiating
capability of thetert-butoxide group. Without théso-propyl alcohol, compound.8 reacheshigh
conversions in approximately 30 mins, although high molecular weights are observed, indicating that

not all of the yttrium alkoxide bonds are initiating the polymerization.

4.2.5 Polymerization Control of Initiators 4.1:4.9

All polymerizations showeda linear evolution ofM, with percentage conversion and narrow
polydispersity mdices; both areindicative of goodpolymerization control. Comparison of the
experimental molecular weight$,, with those predictesdn the basis of itiator concentration
showed that th€;-bridged compoundsgalues were in much closer agreeméraie 41). In contrast,
the C,-bridged compounds4(l, 4.2, and 4.6) showedmolecular weightshat werehigher than
predicted.This is attributed tdhe qualitatively higher rasefor the G-bridged initiatorscombined
with the reduced initiatingapability of thetert-butoxidegroup In the G-bridged compounds the rate
of propagationk,, is fast and must be comparable with the rate of initiatipnleading to long
polymer chains (as not akrt-butoxide groups initiate). In thes®ridged compoundk, is slower,
whilst the rate of initiatin, ki, is significantly faster and leads to much better agreement in molecular
weight, even with the podert-butoxide initiating group Rig. 417). Both compounds4.7 and P,

which are significantlyaster, show further reduction in polymerization control
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Fig. 417: Evolution ofM, versus% conversion for the polymerization using initiatb4 (circles) and
initiator 4.5 (squares); PDI versi# conversion of initiatod.5 (diamonds). Conditions: [LAJ= 1 M,
1:500 [J:[LA], THF, 298 K.

When one equivalent a§o-propyl alcohol is added tihe initiators that show poor correlation with
the predicted molecular weighlg.g. compoundt.1, theM, values are reduced and better madtase
predicted on the basis of initimhonomer concentratiofFig. 418). This finding confirmsthat the
poor initiating ability ofthe sterically congestddrt-butyl alkoxide can be easily overcome by using a
less congested ROH. Thate of propagation jfiowever, consistently faster than the rateimitiation,

so thatinitiators4.1-4.9 all lead to PLA with a narrow PDI
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Fig. 418 Evolution of M,, versus% conversion for the polymerization using initiathd (square}
and initiator4.1 + IPA (circleg; CalculatedV, (diamonds). Conditions: [LA]= 1 M, 1:500 []:[LA],
THF, 298 K.

4.2.6 Stereocontrol of Initiators 4.14.9

Compoundst.1-4.9 all show a degree of stereocontrbhwever the extent and mode of tteree
selectivity was found to depend on therdine backbone. The initial yttrium phosphasalen initiator
reported, compoun®®, was found to combine high rates with high heteroselectivityz ©.90%
Initiator 4.7 is essentiallyso-structural with compoun®, the only difference being R=OMe. As has
previously been discussed, compodndwas more active for the ROP @fc-LA than P. Despite this
increase in rate, compoudd? displayed the same high levalsheteroselectivity, with aalue of

0.87 Fig. 419). This high level of heterocontrol is unusual, especially when combined with such high

rateSGZ(; d, 74b, 778 77f, g
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Fig. 419 De-convoluted homonuclear decoupléd{'H} NMR of the methhe region of PLA
(CDCl,) polymerized using initiato#.7, P,.= 0.87

Compounds4.1-4.6 also showed a heteroseleeti bias Table 41). However, the degree of
stereocontrol is reduced according to the nature of the diimine linker grodpyre4.6>4.1=4.2>

4.4= 45> 4.3 Compounds with a £bridge,4.1, 4.2and4.6, were slightly less selective; 0.75

0.84, when compared with compouAd (ethylene bridge The other gbridged compounds}.3

4.5 showed further reduced selectivity, £ 0.67-0.7. The taticity is controlled by a chakend

control (CEC) mechanism, whereby the stereochemistry of the last inserted monomer unit controls the
nature RR or SSLA) of the subsequent lactide unit. There is a clear correlation between the decrease
in rate and the decreasestereocontrol, an unusual observation as it is more common for theerever

to be observed *** ”> "’ Furthermore, suchigh levels of stereocontrol are unusual for this type of
yttrium salen/salan initiator, which more often show little rar heterselectivity?’® ™ "® One
rationale for the heteselectivity might relate to the differing degrees of steric crowding of the active

sites.
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Fig. 420: Schematic representation of a sterically hindeleft) @nd an operright) active site.

The more open active sites, such as those where THF is coordinated in the solid state, show lower
degrees of controlversus more congested activetes, where THF remains unboundhid is

represented schematicallyFig. 420.

In contrast to the heteroselectivity of compourdds4.7 and P, compounds4.8 and 4.9 are iso-
selective, with Pvalues of 0.72 and 0.76, respectively. Tiegselectivity is rare for yttrium initiating
systems. Indeed there has been only one previous example of such a compound, reported by Arnold
and ceworkers in 2008 (Compound., Fig. 45).”® Such high levels of stereocontrol are more
commonly observed with the slower Group 13 ligametal systems, which also require higher
temperature$®?* 2*4° The formation ofiso-selective PLA from a racemic feedstock is an import

academic and industrial targéerefore this result was further investigated.

4.2.7 Further Experiments using 4.8 and 4.9

In order to further probe this change in polymerization control, and attempt to increase-the
selectivity, various polymerization conditions were investigalieldas previously been reported that
higher levels of stereocontrol can be achieved at lower temper&tesstereocontrol is a kinetic
phenomenon, it ito beexpected that a reduction in temperature will lead to an increase in sglectiv

A series of polymerizations were therefore conducted at 273 and 255 K, with a variety of different
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concentrations and loadings being employed to ensure the reactions were homaobanleus2). A
test polymerization at 298 K and 0.5 M in [LA] confirmed that a change in concentration did not have

any notable effect on the degreasafselectivity, P(Entry 2, Table 42).

H H
N N

Ph,P= N\ /N PPh, Ph,P= N\ /N PPh,
> < % OtBu §:> < OEt

Fig. 4.21: Structures of compounds8and4.9.

Table 42: Polymerization data using initiatofs8-4.9 at variougemperatures

Entry Initiator ;LA [LA] T(K) Time Convsn’® Mpexp Mncac PDIS  P?

O M @mor) (gmor)
1 4.8 1:500 1M 298 56 92 41,000 66,200 1.05 0.76
2 4.8 1:100 O05M 298 17 92 12,800 13,200 1.03 0.77
3 4.8 1.100 O05M 255 180 77 16,000 11,100 1.01 0.84
4 4.8 1:200 O05M 255 330 88 29,100 25,300 1.03 0.86
5 4.8 1.500 0.75M 255 330 84 46,800 60,000 1.03 0.86
6 4.9 1:500 1M 298 48 85 61,700 61,200 1.04 0.72
7 4.9 1:100 O5M 273 60 71 15,500 10,200 1.01 0.73
8 4.9 1:100 0.5M 255 180 73 13,500 10,500 1.01 0.81

3Conditions: 1 equiv. ofPrOH was addedDetermined by integration of the methine region of tHeNMR spectrum (LA:
4.985.04 ppm; PLA: 5.0%.22 ppm).“Determinedby SEC in THF, using multiangle laser light scattering (S&ALLS).
YDetermined by analysis of all the tetrad signals in the methine region of the homonuclear detbMERl spectrunt?®
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A reduction in temperature from 298 K to 255 K resulted in a significant increasedalectivity, P
values of 0.77 and 0.84, respectively. A maximumoP 0.86 was achieved by more rigorous

temperature controHg. 422).

sii

5.20 5.18

5.16 5.14 5.12
delta (ppm)

Fig. 422 De-convoluted homonuclear decoupléd{'H} NMR of the methyne region of PLA
(CDCly) polymerized using initiato#.8 at 255 K R=0.86."°

Table 43: Integrals and Fralues fromH{*H} NMR using initiator4.8.

Peak Integration P;
sis 0.02 0.8
Sii 0.07 0.83
iis 0.04 0.91
iii 0.81 0.87
isi 0.06 0.88

Average 0.86

Analysis of the defect tetrads confirmed the maxestereocontrol to be a chaémd control
mechanism, CECHg. 422, Table 43). A CEC mechanism necessitates that the last inserted
monomer unit controls the sterselectivity of the next incoming monomer; CEC is the expected

mode of stereocontrol for an achiral initiatoknalysis of R at various different percentage
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conversions showed no change. This result is also consistent with a CEC mechanism, as there is no

initiator preference for either monomer.

It was found that the initiators were sensitive to low catalyst loadingw concentrations of lactide.
In order to achieve higher molecular weight polymers a variety of different loading/concentration
combinations were investigated (Entries 4 andidhle 42). Highly isotactic PLA was synthesised at

high molecular weight, 46,800 g rfiplith a narrow polydispersity.

4.2.8 Solvent Dependence

It has previously been observed that the choice of solvent is important when investigatseyi¢ds

of yttrium phosphasalen initiators. Chlorinated solvents, such as methylene dichloride, are damaging
to the initiator/initiatodactide system, leading to limited conversions (typically no higher than 70 %).

It has previously been shown that timge of coordinating solvents, such as THF, play a key role in

mediating some heteroselective polymerizatitfig® "¢ 7

When polymerizations using compou#dt were conducted in toluene (348 K) a reduction Javls
observed (0.6&ersus0.69 in THF).However the observed rate constants could not be compared
under such conditionsTherefore slurrypolymerizations were conductedherdy the solution was
hetergereous at the start of the polymerizatidiut became homogeneous as the polymerization
progressed. Thiarises dudo the enhancedolubility of PLA in toluene (298 K) in comparison to
rac-lactide (298 K).Under slurry conditions, a marked reduction in heteroselectivity was observed for
compoundst.1 and 4.6 (Ps = 0.69 (tolueneyersus0.75 (THF) and P= 0.67 (toluene)ersus0.84
(THF), respectively In order to investigate further, atteraib add varying equivalents of pyridine, a
more coordinating and bulkier solvent, to the heteroseleatitiating systems were maddowever,

this led to no further increase in heterocontfhis finding suggests that high heteroselectivity
depends bt on the ligand substituents and on the use of THF as the solyemeé are numerous

possible explanatihs for this solvent dependenceorFinstance: THF coordination favours
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coordinationihsertion of a particular enantiomer aéc-lactide. Other physicaland chemical

phenomena could also be implicatedch aslifferences in solvent polarity.

Interestingly, when slurry polymerizations were conducted in toluene under identical conditions with
theiso-selective initiator, compoundl8, no reduction in steceselectivity was observed. This implies

that in this case the mode of stereocontrol is inherent to the catalyst, and not related to the solvent
environment. When small amounts of pyridine (5 equiv. vei}usvere added to the polymerization,

the reaction was seen to cease at around 30 % conversion. Pigrjgioposed to bind irreversibly to
compound4.8, preventing the ROP. Theddition of a less coordinating, but bulkier solvent, 2
methyltetrahydrofuraried to a gradual increase iso-selectivity, 1000 equiv. of-BeTHF at 298 K

led to a Pof 0.80 Fig. 423).

sii
sis

522 5.20 516 514

518
delta (ppm)

Fig. 423 De-convoluted hmonuclear decoupledH{'H} NMR of the methyne region of PLA
(CDCl;) polymerized using initiator4.8. Polymerization inTHF with 1000 eq. of methyt
tetrahydrofuran added? = 0.80.

No notable effect on the activity was observed. From this result we may ascertain that whilst the
solvent choice is not imperative to the high levelssofselectivity, it may be used to enhance the

stereocontrol. The use of solvent additives has thenpateto be an easy route to increasing
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stereocontrol, without altering thetructuralnature of the initiator. This will be subject to further

investigation, but is beyond the scope of this thesis.

4.2.9 Polymer Properties

The physical properties of thgghly isotactic, high molecular weight polymers (Entries 4 and 5,
Table 42) were determined by bottihermal gravimetric analysifTGA) and differential scanning
calorimetry (DSC). Before thermal analyses were conducted, the polymers were purified, first by
precipitation in THF/hexane solution and then by filtration through silica, to remove any catalyst

residue. The polymers were then dried underueguum at 313 Kor an extended period.

TGA analysis shows the degradation temperature of the polymers. Entry 4 (PLA 1) has a degradation
temperature of 298C and entry 5 (PLA 2) has a degradation temperature of@1The difference
in degradation temperature betweka two polymers can be attributed to the difference in molecular

weight, PLA 1 has a loweVl, (29,100 g mol) than PLA 2 (46,800 g md).

Analysis by DSC showed a defined glass transition temperafrerfd melt temperaturd{) for

both PLA 1 and 2, the results are tabulate@ldble 44 (Fig. 424).

Table 44: Table of Ty andT,, data forPLA 1 and 2 (Entries 4 and Bable 42)
PLA 1 PLA 2
M, = 29,100 g mot P,= 0.86 M, = 46,800 g mot P, = 0.86
Ty 50°C 47°C
Tm 168°C 168°C
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Fig. 424. DSC tracs of isotactic polymers. Second heat cycle shown, cooling curves omitted for
clarity. i. PLA 1ii. PLA 2
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The T, for both PLA 1 and 2 is between 168 and 269 This defined melting temperature implies
that the polymers have enough isotactic character taeimtke the physical polymer properties and are
semicrystalline. At this level of stereocontrol;® 0.86), the increased melting temperature (up to

220°C) from the cecrystallisation of the isotactic chains, is not observed.

4.2.10 DOSY NMR Experimentsof 4.8 and 4.9

X-ray crystallographic analysis of compoufAd revealed a monomeric structure in the solid state
(Fig. 412). It was not possible to isolate crystals of compound but an Xray diffraction
experiment of a degradation product revealed a dimeric strugheee the two Y cores were bridged
by both an alkoxide and a hydroxyl dmand, the latter presumably arising from exposure to
adventitious water. Agajrthis X-ray structure wasolved by our collaborators in Paris, and only a

pictorial representation is includeBig. 425).

N\|/ \|/N7
(DO IND
N O I\-l ON

N\

Fig. 425. Solid-state structure of the partially decomposed compduad

In order to determine whether the monomeric structude®ivas maintained in solutiga Diffusion-
ordered spectroscoffPOSY) NMR experiment was conductdetom the DOSY NMR experiment,
conducted in THFs, a diffusion coefficient (D) of k 10° was obtained. Using the StokEmstein

equation (below) enables the hydrodynamic radi,$o be determined.
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Whereti s t he hydrodynamic radius, k is the Boltzm
viscosity of the liquid.

Compound4.8showeda hydrodynamic radius of 4.5iA THF. This value is in reasonabégreement

with the value stimated from the Xay crystalstructure ofcompound4.8 (6.0 A), which was
estimated using a spherical model from the volume of a unit cell. The value can also be compared
with the X-ray crystal structure of the dimer, where the estimasdde of the radius was 8&. This

is approximately twice the value of obtained from the DOSY NMR experiment. Both of these
results support compountl8 maintaining a mononuclear structure in THF solution, as well as the

solid state.

4.2.11 FurtherNMR Spectroscopy Experiments

Diffusion-ordered spectroscopfDOSY) NMR experiments confirmed the mononuclear nature of
compound4.8, but further NMR spectroscopy investigations were required to attempt to establish the
nature of the stereoselectivity. Sealeexperiments were conducted, comparing compau8avith
heteroselective initiators, in an attempt to distinguish key differences in solution behaviour which may
lead to the two different control mechanisms. Variable temperdRftH} and ‘H NMR experiments
indicated some degre# fluxionality in the yttrium phosphasalen compounds, but failed to show any
significant difference between the two compound tyfp&stating frame nuclear Overhauser effect
spectroscopy (ROESY) was therefore employedrd@eioto monitor proton exchange events in the
complexes. The ROESY spectra of the heteroselective species showed an exchange process occurring
between the protons of the phenyl groups attached to the phosphine atoms. This implies some degree
of free rotaton of the phenylings. When the experiment was conducted at low temperatures this
exchange was not observed. This exchange was also absent in the ROESY spectrum of caB)pound

indicating a more constrained structure restricting the rotation.
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It is evident from our investigations that the increased rigidity imposed on compduddad4.9, by

the additonal bonding nitrogen in the diine backbond s par amount in | eading
highly heteroselective to a highliso-selective initiator. Th steric hindrancecreated from a
combination of the ligand and last inserted monosaerounding the metal active site must be vital

determining the preference for eith®R or SSlactide Fig. 426).
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Fig. 426. Schematic of the mode of CHGr isotactic enchainment determineg the ligand and the
growing polymer chain

It is postulated that increasing the steric hindrance around the metal centre will lead to a higher degree
of iso-selectivity. This could be achieved by either a change of metal centre or by further ligand

modification.
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4.3 Summary and Outlook

4.3.1 Summay

A series of yttrium phosphasalen initiators have been synthesised with the following modifications:
alteration of the diimine linker, variation of the substituent atpdr@-position of the phenoxide ring

and different alkoide initiating groups, OR.Il &f the complexes were fully characterised by NMR

spectroscopy, elemental analysis and in several cases single cryayadliffraction.

The complexes were all active initiators in the ROP of LA, with the following trend in reactivity
being observe.7 > 4.6>4.1=4.2>4.4=45> 4.3> 4.8 = 4.9 A decrease in rate was observed
between the ethylene linket.{) the other Glinkers;a further decrease in rate was observed with the

propylene linkers. The hesxaordinate compoundd,8and4.9, sawa further reduction in rate.

Compoundst.1-4.7 all ring-openedrac-LA to produce PLA with a heterotactic bias, aximum =

0.87. A reduction in heteroselectivity was observed as the rate of polymerization decreased; however
the less active compounds still displayed a significant degree of stereocontrol. The choice of solvent
was found to be important for polymerimats using compoundg.1-4.7, with the degree of

heteroselectivity being reduced when a less polar solvent was used, in place of THF.

Conversely, ompoundst.8 and4.9 produced highly isotactic PLA. A98 K, a moderate isotacticity

was achieved, with ;Pvalues of 0.7.77. When the polymerizations were conducted at low
temperature (255 K), an increase in stereocontrol was observed, and PLA was obtained waitea P

of up to 0.86. Analysis of the defect tetrads in the homonuclear decdif{#d} NMR showed the

mode of stereocontrol to be operated by a CEC mechanism. Thermal analysis of the resultant polymer

revealeda semicrystalline morphology, with a melting temperature of ~ 169 °C.

Detailed analysis of thiso-selective initiators4.8 and4.9, conirmed a monomeric structure in THF
solution. Using NMR spectroscopy, it was possible to compare the solution behaviour of compound
4.8 with the heteroselective initiators. This comparison indicated a more rigid solution conformation,

likely due to the premnce of the additional coordinating nitrogen moiety present in compau@d
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and 4.9 It is postulated that this rigidity is the origin of the stereocontrol observed in these
compounds, with thieso-selectivity being induced by the steric environment around the yttrium metal

centre.

This is one of the only known examples of iap-selective yttrium initiating system, with most
yttrium based initiators yielding atactic or heterotactic PLA. Throughfopeing structural
investigations orcompounds4.8 and 4.9, it has been possible to elaborate on flietors which

determine howisotactic stereocontrol is achieved.
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4.3.2 Outlook

Iso-selective yttrium based initiating systems for the RORGLLA are rare, thus compounds8and

4.9 offer a unique insight into the reasons for such stereocontrol. From our investigations into
compound4.8 and 4.9 it can besuggested that the steric environment, enforced by the additional
bonding nitrogen motg, is the basis of thiso-selectivity. Increasing the steric hindrance around the

metal centre should, therefore, increase stereocontrol of the initiator.

It is envisaged that this could be realized by two possible routes:

1. Changing the metal centre. Thee of a 3 metal centre with a smaller atomic radius will
result in a reduced coordination sphere, increasing the steric effect of the ligand.

2. Ligand modification. By altering the ligand maotif, it may be possible to have a greater steric
effect on the yitium metal centre. This could be achieved by modification of the diimine
linker, changinghie substituents on the phosplmgroups or substitution of thepdsition of

the phenoxide ring.

Investigations into the use of alternative metal centres usingetieeoselective ligand systems would
also be of interest. For instance, the use of scandium, with a smaller atomic radius, may change the

degree of heteroselectivity.

The interesting behavioulisplayed bythe yttrium phosphasalen initiators in differasolvents could
be also be probed further. Of particular interest is the increasso-selectivity observed when
methyltetrahydrofuran was added to a polymerization using compdwhdThis result may be
investigated further using other, bulky, coordingtisolventsand hasthe potential to increase the

level of stereocontrol, without altering the initiator.
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Chapter 5

Conclusions and Future Work
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5.1 Conclusions

This thesis describes the synthesis of two different families of compounds as active initiators for LA
ROP. The first is a seriesf 8-quinolinolato complexessynthesised by the reaction of the 8
hydroxyquinoline prdigand with a variety of metal precursorsio form bis(8-
quinolinolab)aluminium/gallium and zincamplexes The second series of compounds are yttrium
phosphasalen complexes, which contain a range of different diimine linker unfiararsiibstituents

on the phenoxide ring. All complexes werdlficharacterised using a range of spectroscopic and
analytical techniquesH NMR, “C{*H} NMR, *P{*H} NMR spectroscopies, elemental analyses,
and in some cases, mass spectrometry amdyXcrystallography. All of the complexes were

investigated as in#itors for the ringopening polymerization afic-lactide.

The series obis(8-quinolinolab)aluminium ethyl complexeswere shown to be active, albeit slow,
initiators for the ROP afac-LA in the presencef exogenous alcohols. The polymerizations required
high temperatures (348 K) and proceeded to high conversions on a 24 hour timésocaley the
substituent at the Rposition, of the &ydroxyquinoline prdigand, influenced the rate of
polymerization, with the activity decreasing in the ord&u > Ph > Me. All of the complexes
showed excellent polymerization control, with tight control of the molecular weight and narrow
polydispersities obtained throughout. Most interestingly, all the initiators polymeraeidctide
with an isotactic bias, with maximum R of 0.76. This stereocontrol was found to be influenced by
the nature of the substituent at thepg®sition i.e. when R = H, a loweriso-selectivity was obtained.
The highestiso-selectivity was obtained when; R halide, especially larger ats e.g. iodide or
bromide. This led to the proposal that increased steric bulk at;thesRioninfluences the degree of
stereocontrol. Hwever attempts to make more sterically encumbered complexes did not lesad to

selectivities greater than 0.76.

The 8hydroxyquinoline prdigands were also complexed with a variety of other metal centres, such
as gallium and zinc. Two types of gallium complex were synthesised8-ipanolinolatopallium
methyl complexes Z.24-2.25) and the bis(8-quinolinolato)gallium tert-butoxide complex Z.23),
which is analogous to the serieshid(8-quinolinolab)aluminiumethyl complexes Compound2.23
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was found to polymerizeac-LA around three times faster than the aluminium analogue, whilst
maintainingexcellent polymerization control. Interestingly, this increased rate did not have a notable
effect on the degree ddo-selectivity. Compound.24-2.25 were also good initiators, but whilst the

polymerizations were controlled no stereocontrol was obderve

The (8-quinolinolatokinc ethyl complexes were found to be rapid and controlled initiators for the
ROP of LA at 298 K, in the presence of exogenous alcohol. The complexes polymacitactide

with a slightly heteroselective bias, laximum 0.66, which was found to be solvent dependent.

The series of yttrium phosphasalen compounds were shown to be rapid initiators for therBOP of
lactide, with all reactions proceeding to high conversions in less than one hour, at 298 K. fdtsnitia
showed excellent polymerization control, with a linear increase in molecular weight with percentage
conversion and extremely narrow PDIs throughout. As the diimine linker was changed, the reactivity
of the initiators was seen to alter, with the foliogvdecrease in activity being observed: ethylene >
cyclohexene > phenylene > propylene. A further reduction in rate was observed with comp8unds
and 4.9, which contained an additional bonding nitrogen moiety. The overall trend in reactivity, in
decreamg order of activity, i4.7>4.6>4.1=4.2>4.4=45> 43> 4.8= 4.9 It has not been
possible to fully define the reason for this decrease in activity with the change of linker unit, but it is
suggested that more hindered diimine linkers leddds ligand contraction around the metal centre,
thus affecting the binding of lactide. The rate was found to increase dramatically with the inclusion of
an electron donating methoxy substituent atpdue-position of the phenoxide ring, compousd. It

is suggested that this increase in activity is due to increased electron density at the yttrium metal

centre, making the yttriuralkoxide bond more labile.

The ethylene, cyclohexene, phenylene and propylene linked phosphasalen complexes all produce PLA
with a heterotactic bias, with a maximumg & 0.87. As the rate of polymerization was seen to
decrease, the heteroselectivity also decreased, however, even the least active compound displayed a
modest heteroselectivity,sB 0.67.The degree of heteroseladty was influenced by the solvent,

with higher heteroselectivity being observed in more polar solvents, such as THF.
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The hexacoordinated compoundk8 and4.9 polymerizedrac-lactide in an isotactic fashion, with P
values between 0.72 and 0.77. At low temperature (255 K) an increasesatectivity was observed,

P, up to 0.86. The nature of thiso-selectivity was investigated and using NMR spectroscopy it was
possible to show that the hegaordnated complexesappeared to exhibitnore rigid solution
conformation, compared with the heteroselective compounds. This lead to the hypothesis that the
rigidity imposed by the extra coordinating nitrogen moiety is crucial and that the steric environment

around the yttrim metal centre leads to the obserisdselectivity.

5.2 Future Work

5.2.18-Quinolinolato Complexes

The series ohis(8-quinolinolab)aluminium ethyl complexeshave demonstrated some promising
attributes as initiators for the ROP of LA. There are few examples of ligands, outside of the salen
systems, that have been shown to polymeriel A with such an isotactic bias. The bident&te
guinolinolab ligand has mmerous sites for substitution, making it an ideal ligand system from which

to synthesise a wide library of compounds. We have had some success in synthesising furthe
derivatives of the prtigand. However, there is scope for further ligand synthesiss®ubion at the

R; and R position is preferential, as these positions exert the most influence on the polymerization

(stereocontrol and rate, respectively).

Fig. 5.1: The genera8-hydroxyquinoline structure, numbering scheme included.

Further substitution at the ;Rposition has required more convoluted synthetic pathways, but
preliminary results indicate that either Suzuki or Sonogashira-cogsing reactions are effective.

Further substitutions with more sterically bulky substituesiish as mesityl or naphthalene groups, at
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R; should be targeted. Initial attempts to perform such erospling reactions were hampered as
there were difficulties obtaining a pure product ineasonable yield. However, modification of
synthetic techniques would be likely to improve on this result. Synthesising a larger series of
complexes with substitution at; Rvould add further support to the hypothesis that increasing steric

bulk increases #degree of stereocontrol.

Transferal of the $iydroxyquinoline prdigand onto other metal centres has presented some positive
results. The most successful outcomes, in terms of the synthesis of stereoselective initiators, have
been withbis ligated compands, i.e. coordination with metals with a charge greater thafuther

metals that may be considered are Group 4 titanium and zirconium, both of which have previously

shown good activity towards ROP reactiorfs.

5.2.2 Yttrium Phosphasalen Complexes
The series of yttrium phosphasalen complexes show the most significant promise as initiators in the
ROP ofrac-LA. Not only are they extremely active, they also exert high levels of stereocontrol in the

polymerization.

The most interesting and unusual complexes were compodu®dand 4.9, which ringopened
polymerizedrac-lactide with an isotactic bias. Thisasextremely interesting result, as thus far there

has only been one other example ofisrselective yttriuminitiator.”® Through NMR experiments it

has been possible to elucidate that thede of stereocontrol is chaémd control and likely to be
relatedto the rigidity of the complex and thuthe steric environment around the metal centre. From
this result, it is proposed that by increasing the steric hindrance around the metal centre it may be
possible to further increase the degreasofselectivity. A simple way of achieving an increase in
steric hindrance is by the transferal of the ligand onto a smaller metal centre, such as scandium
(atomic radium of 162 praersus180 pm for yttrium). It wouldalso be possible to coordindtetero

directing ligands to the same eiidy. 52 shows the structures of the proposed scandium complexes.
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Fig. 52: Targetscandium phosphasalen complexes

Further modiication of the ligand system may also affect the degresteofocontrglfor instance the

use of different diamines to synthesise related noveligands. However, there are limitations in
commercial availability of related compounds and in the symtipeticedures required to achieve the
desired diamine compounds. Instead the phosphine groups might be a suitable target site for further
investigation. Aering the size of thephogphine substituents should also affébe degree of
stereocontrol. Possible phosphine substituents are; methyl, ettydutyl and other bulky groups

such as adamantyFig. 53).

H
N
R,P= N\ /N PR, >< @>
R = Me, Et,
OtBu

Fig. 5.3: Suggested modifications to the phosphine substituents.

It is hoped that through further investigations into the yttrium phosphasgtamit may be possible
to further elucidate the mechanism by whisb-selective stereocontrol occurs. Such investigations
are not only of interest for Groupsystemsbut also have implications for other metal initiators and

different cyclic monomers.
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Chapter 6

Experimental Section
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6.1 Materials andM ethods

All reactions were conducted under an inert nigrogtmosphere, using a nitrogfidted glovebox or
standard Schlenk techniques. All solvents and reagents were obtained from commercial sources.
Triethyl aluminiumand diethyl zinowere obtained from StremGallium(lil)chloride was obtained
from SigmaAldrich. Trimethylgallium was donated birof. Clare Carmalt, University College
London. The [YCkL(THF);s precursor was prepared according to literature procédure.
Pd(PPK).CI,*, ferrocineium BArE® and ethynyl ferrocene were prepared by literature methods.
Potassiumtert-butoxide was obtained from Sigadddrich and sublimed before usdoluene
pentane, hexarend THFweredistilled from sodium, degassed and stored under nitrddethylene
dichloride, pyridine and-Enethyltetrahydrofuran wemdistilled fromCaH,, degassed and stored under
nitrogen. Isoprogyl alcohol was heated to refluxover CaH, distilled onto freshCaH, and further
heated at refluxthen distilled, degassed and stored under nitroggclohexane was dried oveA3
molecular sievesdegassed and stored under nitroganzeneds was distilled fromsodium; THF-dg,
tolueneds and CDC} were dried over Cajifollowed by3A molecular sievesAll solventswere then
degassed and stored under nitrodeacLactide was obtained from Purac Pdnid was recrystallised

from dry toluene and sublimed at 323tKree times under vacuum.

Nuclear mgnetic resonance (NMR) spectra were recorded on a Bruker Av400 spectrometer operating
at 400 MHz for'H, 100 MHz for**C{*H} and 121.5 MHz fof'P{*H} spectraSolvent peaks were

used as internal references tet and**C chemical shifts (ppm)Additional NMR experiments were
performel by Mr. P. Hgcock: when needed, higher resoluti®{*H} NMR, *C{*H} NMR and 'H

NMR experiments were performed on a Bruker Av500 spectrontetgiH} NMR (homo-decoupled
spectroscopy) experiments were performed on a Bruker Av500 spectrometer and also a DRX 400
spectrometerSpectra were processed and analyzed using Mestrenova softles® . spectrometry

was performed by Mr. J. Barton at the Department of Chemistiperial College LondorMALDI -

ToF mass spectra were performed oWaters/Micromass MALDI micro MX, using potassium or
sodium salts for ionizatiorl.SIMS were performed on &icromass Autospec Premier. Elemental

analyses were determined by Mr. StepBegyer at London Metropolitan University, Science Centre,
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29 Hornsey Road, London N7 7DDGPCMALLS measurements were conducted a Polymer
Laboratories PL GPGO0 instrument a#0 °C, using tvo Polymer Laboratories Mixed D columns in
seriesand THF as theeluent at a flow rate of 1 mL mir. The light scattering detector wa®awn 8,

Wyatt Technologyand data were analyzed using Astra V version 5.3.4.18.

6.2 Chapter 2 Experimental Section

Pro-ligand synthesis:

The compounds8-hydroxy-2-methylquinoline (2.1) and 5,7dichloro-8-hydroxy-2-methylquinoline

(2.3)are commercially available and were obtained from Sigyahich.
6.2.1 8Hydroxy-2,5-dimethylquinoline (2.2)**°

Hydrochloric acid (6 M45 mL), and Zamina4-methyphenol (2.00 g, 16.2 mmol) weleated to
reflux for 40 mirs. Toluene (15 mL) was added, followed by the dropwise addition of alditryde
(2.50 mL, 30.2 mmol). The reaction wiasated ateflux for 2 h, and then allowed to cool 298 K
The water and toluene layers were separated, and the aqueous solution was neaugiadjaOH

(6 M) until the pH reached approximately 6. Théusion was washed with ethyl acetate (3 x 40 mL).
The organic washes were combined, diisySCO,) and the solventemovedin vacuo The crude
product was purified by an automated Combi Fldhliquid chromatograph (1:1 petemim

ethefethyl acetatelR; 0.51) to yield a crystalline solidX88 g,5.10 mmol, 32 %).

'H NMR (400 MHz, CDC}) ti (ppmyY. 8.15 (d, 1H CH, 33}44=8.7 Hz),7.32 (d, 1H CH, 33,4=8.7 Hz),
7.17 (d, 1H,CH, °3,=7.8 Hz),7.02 (d, 1H CH, %34=7.8 Hz),2.72 (s, 3H, El3), 2.55 (s, 3H, E5);
¥3C{'H} NMR (100 MHz, CDCly) U (ppm}) 1564 (C"), 150.0(C"), 138.0(C"), 133.2 CH), 126.6
(CH), 1258 (CV), 124.2 (¢), 1223 (CH), 1092 (CH), 24.9 (CH), 17.9 CHs); Anal. Calc.

(C11H11ON): C, 76.28; H, 6.40; N, 8.09 Found: C, 76.34; H, 6.507.BQ
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6.2.2 5,7Dibromo-8-hydroxy-2-methylquinoline (2.4}’

Bromine (10 mL, 0.19nmol) in mettanol (100 mL) was added dropwijseith stirring, to a solution

of hydroxy-2-methylquinoline (1M g, 65.8 mmol) and NaHC10 g) in methanol (100 mL) at 273

K. After addition was complef¢he reaction was allowed Wwarmto room temperature and stirred for

a further 5 minsSodium sulphit€5.0 g) was added and the reaction stirred for 15 mins and left to
stand, then filtered and washed witfCH200 mL) and driedn vacuo Thecrudebrown product was

crystallised from mianol to give an orange sol#i3.51 g, 42.60 mmol, 68 %, lit. 96%%

'H NMR (400 MHz, CDC}J) i (ppm) 8.30 (d, 1H,CH, 33,,=8.6 Hz) 7.81 (s, 1H CH), 7.41 (d, 1H,
CH, 334+=8.6 Hz),2.75 (s, 3H CH;); *C{*H} NMR (100 MHz, CDCl) U (ppm). 159.0(C"), 1493
(c"), 138.1(C"), 136.2(CH), 132.8(CH), 125.0 (C"), 124.1(CH), 110.2(C"), 103.8 (C), 24.9

(CHs); Anal. Calc. (GoH;ONB,): C, 37.89; H, 2.23; N, 4.42 Found: C, 38.07; H, 2.12; N,.4.36
6.2.3 5Chloro-8-hydroxy-2-methylquinoline (2.5)%? %

5-Chloro-7-iodo-8-hydroxy-2-methylquinolire (4.28 g, 13.4mmol) was heated aéflux in a solution
of triethylamine(15 mL), for 4 h. The solvent was removidvacuq and the product was purified by
column chromatography (silica gel, 5%hi acetatéhexane R; 0.26 (2.08 ¢g,10.8 mmo] 81 % lit.

90 %36a 88).

'H NMR (400 MHz, CDCJ) U (ppm): 8.37 (d, 1HCH, °34,=8.4 Hz), 7.41 (d, 1HCH, %34,=8.4 Hz),
7.40 (d, 1H CH, %34,=8.4 H2, 7.04 (d, 1HCH, 33},4=8.4 Hz),2.73 (s, 3H, El5); *C{*H} NMR (100
MHz, CDCL) U (ppm): 157.8(C"), 151.0(CY), & 1 3@), 833.6(CH), 126.6(CH), 124.7(C"),
123.7(CH), 120.5(C"), 1101 (CH), 25.0 (CHs); Anal. Calc. (GHsONCI): C, 62.03; H, 4.16; N,

7.23 Found: C, 61.91; H, 4.07; N, 7.19
6.2.45-Chloro-7-iodo-8-hydroxy-2-methylquinoline (2.6)%?

lodine trichloride 10.0 g, 42.8 mmol) in @mnc HCI (80 mL) was added dropwise to a solution8ef
hydroxy-2-methylquinoline 6.60 g, 41.5mmol) in @nc HCI (10 mL) with stirring. The raction was

stirred for 30 mis and the yellow solid filtered and dried. The product was then stirnedtar (100
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mL) for 1 h The yellow solid was filtered, dried amecrystallised from hot ethanol to yield pale

green crystals7(0 g,21.90 mmol, 53 %, lit.56 %5°9.

'H NMR (400 MHz, CECls) U (ppm): 8.33 (d, 1H,CH, 3344=8.0 Hz), 7.77 (s, 1H CH), 7.42 (d, 1H,
CH, 33,1:=8.0 Hz), 2.74 (s, 3H CHs); *C{*H} NMR (100 MHz, CDCL) U (ppm): 158.9(C"), 151.6
(c"), 137.0(C"), 134.3(CH), 133.9(CH), 124.4(C"), 124.0(CH), 121.1(C"), 75.1(C"), 25.0

(CHs); Anal. Calc. (GoH,ONCII): C, 37.59; H, 2.21; N, 4.38 Found: C, 37.49; H, 2.11; N,.4.29
6.2.5 5,7Diiodo-8-hydroxy-2-methylquinoline (2.7

lodine monochloroide (13.5 mL, 1.0 M) was added dropwigi¢h stirring, to a solution of 8
hydroxy-2-methylquinoline (1.0 g, 6.28 mmol) in conddCI (10 mL). The reaction was then stirred
for a further 1.5 h, after which time the yellow precipitates filtered. The crude product was then
stirred in wate(50 mL)for 1 h, filtered and recrystallised from hot ethanol to yield beige néikdle

crystals 0.90 g, 2.20 mmol, 35 %, lit.65 %°9.

'H NMR (400 MHz, CDCJ) U (ppm):8.21 (s, 1H CH), 8.13 (d, 1H,CH, 3}4=8.6 Hz),7.37 (d, 1H,
CH, 33.4,4=8.6 Hz),2.74 (s, 3H CHs); “*C{*H} NMR (100 MHz, CDCl) &i (ppm): 158.9(C"), 152.6
(CV), 144.2(CH), 1407 (CH), 137.3(C"), 128.2(C"), 124.8(CH), 110.2(C"), 847 (C"), 24.8

(CHj3); Anal. Calc. (GogH;,ONI,): C, 29.22; H, 1.72; N, 3.41 Found: C, 29.24; H, 1.60; N,.3.34
6.2.68-Hydroxy-2,7-dimethylquinoline (2.8)°

Hydrochloric acid (6 M, 22%nL), and 6aminocresol (10.0 g, 81.2 mmol) weheated at reflux for

40 mins. Toluene (661L) was added dropwise, followed by dropwise addition of crotonaldehyde (7.5
mL, 90.5 mmol). The reaction was heated at refluxafdurther 2 hand was then allowed to cool to
298 K The water and toluene layers were separated, and the aqueous schgtiorutralized by
adding NaOH (6 M, ~220 mL) until the pH reached 6. The solution wasedagith ethyl acetate (3

x 50mL). The combinedrganic washes were driebfl§SO,) and the solvent was removedvacuo

The crude product was purified by an automa@eanbi Flash Rliquid chromatograph (20 % ethyl

acetatéhexaneR; 0.48 to afford an orange solid@ 40 g,43.0 mmol, 53 %).
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'H NMR (400 MHz, CDCJ) ti (ppm}): 7.98 (d, 1H CH, 3J4,=8.2 Hz),7.26 (d, 1HCH, 3J4,,=8.2 Hz)
7.23 (d, 1H,CH, 3344=8.2 Hz),7.19 (d, 1H CH, 3},,=8.2 Hz),2.71 (s, 3H CH5), 2.45 (s, 3H CHy);
¥C{'H} NMR (100 MHz, CDCly) U (ppm): 15.7 (CHs), 25.1(CH5), 116.8(CH), 119.4(C"), 121.8
(CH), 125.2 (CH), 129.6 (CH), 136.1(CH), 137.4(C"), 149.1(C"), 156.8(C"); Anal. Calc.

(C11H11ON): C, 76.28; H, 6.40; N, 8.09 Found: C, 76.31; H, 6.89; N,.7.61
6.2.7 8Hydroxy-2-tert-butylquinoline (2.9)*°

8-Hydroxyquinolire (2. g, 13.5 mL) in diethyl ether (60 mL) was added dropwise to a solution on
tert-butyl lithium (1.6 M, 25.8 mL). The solutionag stirred at 298 K for 0.5 h and theeated at

reflux for 1.5 h. Nitrogen was bubbled through the reaction for 45 miass water bubbler. Water

(20 mL) and diethyl ether (40 mL) were added and the solution was neutralised wittH€bn€he

organic ayer was separated from the aqueous layer, and the aqueous layer was extracted with
methylene chlorid€3 x 40 mL). The combined organic layers were dried (M2@d the solvent

was removedn vacuo The product was purified by column chromatography @&35nethylene

chloridéhexaneR; 0.43 to yield a pale yellow liquidd.88 g,4.4 mmol, 33 %lit. 41 9%°9.

'H NMR (400 MHz, CDC}J) ti (ppm):8.07 (d,1H, CH, 3344=8.8 H2), 7.54 (d,1H, CH, 33,,=8.4 Hz),
7.36 (t,1H, CH, °34,=8.0 Hz), 7.26 (dd,1H, CH, 334,=8.0 Hz, *J}y= 1.2 Hz),7.12 (dd,1H, CH,
3in=7.6 Hz,"Juy=1.2 Hz),1.45 (s, 9H, C(6l3)3); “*C{*H} NMR (100 MHz, CDCl) & (ppm): 167.5
(cV), 152.2(C"), 137.1(C"), 136.4 CH), 127.0 (CHCHCH), 126.7 (C"), 119.3 (CH), 117.5
(CCHCH), 109.7 (CHCHC), 38.2 ((CHs)5C), 30.3 ((CH3)sC); Anal. Calc. (GsHysNO): C, 77.58; H,

7.51; N, 6.96 Found: C, 77.64; H, 7.63; N, 6.82
6.2.8 5Methoxy-8-hydroxy-2-methylquinoline (2.10§°

Hydrochloric acid (6 M23.0 mL) and 2amina4-methoxy pheno{1.03 g, 7.40 mmol) wereeated to

reflux for 40 mirs. Toluene (6.2 mL) was ddd dropwise, followed by dregse addition of
crotonaldehyde (1.25 mL, 15.1 mmol). The reaction nessted at refufor 2 h, and was then allowed

to cool to room temperature. The water and toluene layers were separated, and the agueous solution
was heutralized by adding NaOH (~220 miLa 6 M solution) until the pH reached 6. The solution
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was washed with ethyl acetate (3 x8Q) and the organic washes were combined, diiégiSO,)
and the solvent removed vacuo The crude product was purified by an automated Combi Flash R
liquid chromatograph (1:1 petrelm ethélethyl acetateR 0.76) to afford a crystalline solidl(10 g,

5.80 mmol, Z %).

'"H NMR (400 MHz, CDC})) U (ppm): 8.40 (d, 1HCH, 33,+=8.7Hz), 7.29 (d, 1HCH, %34,=8.2Hz),
7.02 (d, 1HCH, 33,,=8.7Hz), 6.70 (d, 1HCH, 3},4=8.2Hz), 3.93 (s, 3H, 085), 2.71 (s, 3H, E);
¥c{'H} NMR (100 MHz, CDCL,) U (ppm): 157.5(C"), 147.8(C"), 145.5(C"), 138.0(C"), 131.5
(CH), 121.8 (CH), 118.9 (C"), 108.6 (CH), 104.1 (CH), 55.9 (OCHs), 25.1 (CHz); Anal. Calc.

(C11H110:N): C, 69.83; H, 5.86; N, 7.4Found: C, 69.24; H, 5.69; N, 7.34.
Complex synthesis:
6.2.9Bis(2-methyl-8-quinolinolato)ethyl aluminium (2.11)

Triethylaluminium (72mg, 0.® mmol) in toluene (3 mL) was added dropwise, with stirrittga
solution of 8hydroxy-2-methylquinolire (2.1) (0.20 g, 1.2 mmol) in toluene (10 mL). The solution
was stirred for 12 h, after which time a small amount of white precipitate was observed. The
precipitate was isolated and the filtrat@s concentrateth vacuo The product was washed with

hexane, filtered and drigéd vacuoto yield a pale yellow powdef(15 g,0.40 mmol,64 %).

'H NMR (400 MHz, toluenalg) U (ppm): 7.50 (d, 2H,CH, 33},,=8.4 Hz) 7.28 (t, 2H,CH, °J,,=8.4
Hz), 7.17 (dd, 2HCH, 3344=8.4 Hz,"3},4=1.0 Hz), 6.86 (dd, 2HCH, 3}4+=8.4 Hz,"},4=1.0 Hz), 6.66
(d, 2H, CH, %3,4=8.4 Hz),3.00 (s, 6H CHs), 1.07 (t, 3H,CHs, 33,4=8.0 Hz), 0.57 (dg, 1H,CH,,
3=14.4 Hz, *34,=8.4 Hz), 0.38 (dq, 1H,CH,, *}y=14.4 Hz, 3}44=8.4 Hz); °C{'H} NMR (100
MHz, CDC}) U (ppm): 158.5(C"), 156.2 (¢"), 140.4 (C"), 138.3 CH), 129.2 CH), 127.3 (¢),
123.6 CH), 113.3 (CH),112.7 (CH), 22.9 (CH3), 9.9 (CH,CH3), 2.93 CH,CHs); Anal. Calc.

(AIC2H21NO,): C, 70.96; H, 5.68; N, 7.5ZFound: C, 70.91; H, 5.70; N, 7.46
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6.2.10Bis(2,5-dimethyl-8-quinolinolato)ethyl aluminium (2.12)

Triethylaluminium (0.60 mL, 4.5 mmol) in toluene (10 mL) was added dropwiik stirring, to a
solution of 8hydroxy-2,5-dimethylquinolire (2.2) (1.54 g, 8.89 mmol) in toluene (15 mL). The
solution was stirred for 12 h. The solvent was remawnedacuoand the product was washed with

hexane, filtered and drieéd vacuoto yield a yellow powderl(22 g, 3.30 mmol75 %).

'H NMR (400 MHz,toluened) U (ppm): 7.62 (d, 2H,CH, 33,4=8.7 Hz), 7.00 (m, 4H CHCH), 6.71
(d, 2H,CH, 3344=8.7Hz), 3.02 (s, 6H CH5), 2.21 (s, 6HCH5), 1.05 (t, 3H,CHj, *J4y=7.8Hz), 0.57
(dqg, 1H,CH,, 204=14.2 Hz,23},,=7.8 Hz), 0.38 (dq, 1HCH,, 2}4=14.2 Hz,23y=7.8 Hz); “*C{*H}
NMR (100 MHz,tolueneds) U (ppm): 156.6(C"), 1553 (C"), 1406 (C"), 1351 (CH), 1291 (CH),
1262 (C"), 122.8(CH), 1191 (C"), 112.0 (CH), 226 (CHs), 9.7 (CH,CHs), 2.7 (CH,CHs); Anal.

Calc. (AIG4H2N0,): C, 71.98; H, 6.29; N, 7.06ound: C, 72.03; H, 6.37; N, 6.84
6.2.11Bis(5, 7-dichloro-2-methyl-8-quinolinolato)ethyl aluminium (2.13)

Triethylaluminium (0.50 g, 4.4 mmol) in toluene (5 mL) was added dropwig@ stirring, to a
solution of 5,7dichloro-8-hydroxy-2-methylquinoling(2.3) (2.0 g,8.8 mmol) in toluene (15 mL). The
solution was stirred for 12 h. The solvent was remawnedacuoand the product was washed with

hexane, filtered and dried vacuoto yield a yellow powderl(73 g,3.40 mmol, 77 %).

'H NMR (400 MHz, toluendlg) U (ppm): 7.81 (d, 2H,CH, 33,4=8.0 Hz); 7.33 (s, 2H CH), 6.53(d,
2H, CH, 334+=8.0 Hz), 2.95 (s, 6K CHj), 0.87 (t, 3H,CHs, %344=8.0 Hz), 039 (dg, 1H, CH,,
2Jai=145 Hz, %34=8.4 Hz), 0.23 (dg, 1H, CH,, 2J4=145 Hz, 33,4=8.4 Hz); *C{*H} NMR (100
MHz, CDC}) U (ppm): 159.3(C"), 152.5(C"), 140.3(C"), 1365 (CH), 129.2(CH), 125.0(CH),
123.8 (CV), 117.2 (CV), 116.6 (C"), 233 (CHg), 9.3 (CHCHz), 1.6 (CH,CHs); Anal. Calc.

(AIC,H17N,OCly): C, 51.79; H, 3.36; N, 5.4%ound: C, 51.93; H, 3.26; N, 5.56
6.2.12Bis(5,7-dibromo-2-methyl-8-quinolinolato)ethyl aluminium (2.14)

Triethylaluminium (26 mg, 0.23 mmol) in toluene (3 mL) was added dropwih stirring, to a

solution of 5,7dibromao-8-hydroxy-2-methylquinoline(2.4) (0.15 g, 0.47 mmol) in toluene (10 mL).
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The solution was stirred for 12 h. The solvent was removedcuoand the product was washed with

hexane, filtered and drigd vacuoto yield a yellow powderQ.16 g, 0.14 mmok2 %).

'H NMR (400 MHz, CDC}) i (ppm): 7.86 (d, 2H,CH, 34,=8.4 Hz) 7.82 (s, 2H CH), 6.59 (d, 2H,
CH, 334,=8.4 Hz),3.06 (s, 6H CHj), 1.01 (t, 3H,CHj, 3J44=8.2 Hz),0.41 (dg, 1H,CH,, 2)4=146
Hz, ®34u=8.4 Hz), 0.23 (dq, 1H,CH,, 2}4+=146 Hz, 3}4,1=8.4 Hz);"*C{'H} NMR (100 MHz, toluene
ds) U (ppm): 159.2(C"), 155.3(C"), 140.5(C"), 138.6(CH), 135.0(CH), 124.3(CH), 107.2(C"),
106.0(C"), 23.3(CH3), 10.0 (CHCHs3), 1.8 (CH,CHs); Anal. Calc. (AIG,H;7;N,O,Br.): C, 38.41; H,

2.49; N, 4.07Found: C, 38.26; H, 2.62; N, 3.98
6.2.13Bis(5-chloro-2-methyl-8-quinolinolato)ethyl aluminium (2.15)

Triethylaluminium (48 mg, 0.42 mmol) in toluene (5 mL) was added dropwigh stirring, to a
solution of 5chloro-8-hydroxy-2-methylquinoling(2.5) (0.16 g, 0.84 mmol) in toluene (8 mL). The
solution was stirred for 12 h. The solvent was remawmedacuoand the product was washed with

hexane, filtered and drigd vacuoto yield a yellow powderQ;11 g, 0.25 mmok0 %).

'H NMR (400 MHz, benzends) Ui (ppm):8.03 (d, 2H,CH, 3J4,=8.6 Hz) 7.21 (d, 2H,CH, %3,.,=8.6
Hz), 6.88 (d, 2H,CH, 33,,=8.6 Hz) 6.58 (d, 2H,CH, ®},4=8.6 Hz),2.85 (s, 6H CH3), 1.05 (t, 3H,
CHs, 3344=8.2 Hz),0.48 (dqg,2H, CH,, %34=14.7 Hz,%3=8.2 H2; *C{'H} NMR (100 MHz,
benzenals) U (ppm): 1577 (C), 1575 (C"), 1410 (C"), 1361 (CH), 129.4 (CH), 125.4 (C"),
1249 (CH), 1165 (CV), 1131 (CH), 232 (CHg), 10.1 (CH,CH3), 2.7 (CH,CHs); Anal. Calc.

(AIC2H1gN,OLCly): C, 59.88; H, 4.34; N, 6.350ound: C, 59.73; H, 4.24, 6.42.
6.2.14Bis(5-chloro-7-iodo -2-methyl-8-quinolinolato)ethyl aluminium (2.16)

Triethylaluminium (78 mg, 0.68 mmol) in toluene (2 mL) was added dropwiih stirring, to a
solution of 5chloro-7-iodo-8-hydroxy-2-methylquinoline (2.6) (0.44 g, 14 mmol) in toluene (10
mL). The solution was stirred for 12 h. The solvent was remavecacuoand the product was

washed with hexane, filtered and driadracuoto yield a yellow powderQ;34 g, 0.49 mmol{2 %).
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'H NMR (400 MHz benzenals) U (ppm): 7.80 (d, 2H,CH, 33,,=8.4 Hz) 7.72 (s, 2HCH), 6.57 (d,
2H, CH, 3J4;:=8.4 Hz),3.03 (s, 6H CHs), 0.89 (t, 3H,CHs, %},,=8.4 Hz), 0.43 (dq, 1H, CH,,
2Ji=144 Hz, 3344=8.4 Hz), 0.27 (dq, 1H, CH,, 2}=144 Hz, 33,4=8.4 Hz);“*C{*H} NMR (100
MHz, benzenals) U (ppm): 159.1 (C"), 158.1(C"), 138.6(C"), 136.5(CH), 136.4 (CH), 125.3
(C"), 125.2(CH), 117.8(C"), 80.1(C"), 23.9 (CH5), 10.1 (CH,CH3), 2.6 (CH,CHs); Anal. Calc.

(AIC,H17NOCloly): C, 38.12; H, 2.47; N, 4.04ound: C, 38.20; H, 2.41; N, 3.93
6.2.15Bis(5,7-diiodo-2-methyl-8-quinolinolato)ethyl aluminium (2.17)

Triethylaluminium 83 mg 0.73 mmol) in toluene (10 mL) was added dropywsih stirring, to a
solution of 5,7diiodo-8-hydroxy-2-methylquinoling(2.7) (0.60 g, 1.5mmol) in toluene (15 mL). The
solution was stirred for 12 h. The solvent was remawnedacuoand the product was washed with

hexane, filtered and dried vacuoto yield an orange powde®.37 g, 0.42 mmob7 %).

'H NMR (400 MHz,benzee-dg) Ui (ppm): 8.20 (s, 2H, El), 7.68 (d, 2H, CH, 33,,=8.8 Hz),6.51 (d,
2H, CH, 33,4,=8.8 Hz),3.01 (s, 6H CHs), 0.90 (t, 3H, CHs, %},,=8.4 Hz),0.44 (dq, 1H, CH,,
23=146 Hz, *34,=8.2 Hz), 0.26 (dq, 1H, CH,, 2}y=146 Hz, 3},44=8.2 Hz); °*C{'H} NMR (100
MHz, benzenal): 159.4(C"), 159.0(C"), 145.9(CH), 143.0(CH), 139.1(C"), 128.9(C"), 125.7
(CH), 82.1 (CY), 79.8 (CV), 236 (CHj), 10.0 (CH,CHs;), 1.7 (CH,CH,); Anal. Calc.

(AIC,2H17N0,1,): C, 30.16; H, 1.96; N, 3.20 Found: C, 30.22; H, 2N053.18
6.2.16Bis(2, 7-dimethy-8-quinolinolato)ethyl aluminium (2.18)

To a solution otriethylaluminium (0.25 g, 2.2anmol) in toluene (20nL) was added 2;dimethy}-8-
hydroxyquinoline (2.8) (0.77 g, 4.4mmol) in tollene (20 mL), dropwise over 1 The reaction was
allowed to stirat 298 Kfor 1 week. The solvent waesmovedin vacuq affording a pale yellow solid.

Recrystallization from toluene afforded small yellow cryst@ld§ g,0.41 mmol, 19 %

'H NMR(400 MHz, toluenedg) U (ppm): 7.49 (d, 2H,CH, ®34,=8.2 Hz), 7.19 (d, 2H,CH, %3;,=8.2
Hz), 6.81 (d, 2H,CH, %}4+=8.3 Hz), 6.66 (d, 2H,CH, °},4=8.3 Hz), 3.03 (s, 6H CHs), 2.46(s, 6H

CHs), 0.98 (t, 3H,CHs, 334=8.4 Hz),0.49 (dq, 1H, @, °}4=14.4 Hz,3}4+=8.4Hz), 0.3 (dq, 1H,
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CH,, 2344=144 Hz, %34,=8.4 Hz);*C{*H} NMR (100 MHz, benzened,) ti (ppm): 156.5(C"), 156.1
(c"), 140.1(C"), 138.6(CH), 132.0(CH), 126.2(C"), 123.0(CH), 122.3(C"), 113.0(CH), 23.3
(CH3), 165(CH3), 105(CH2CH3), 1.75 CHzCHg), Anal. Calc. (AIQ4H25N202): C, 7198, H, 629,

N, 7.0Q Found: C, 71.98; H, 6.37; N, 6.91
6.2.17Bis(2-tert-butyl-8-quinolinolato)ethyl aluminium (2.19)

A solution of triethyl aluminium (85 mg, 0.74 mmol) in toluene (5 mL) was added dropwise to a
solution of 8hydroxy-2-tert-butylquinoline (2.19)(0.30 g, 1.5mmol) in toluene (15 mL), the solution
was left to stir for 12 h. The solvent was remoiredacuoto reveal a yellow oil. Pentane (3 mL) was
added, anc yellow powder precipitated he powder was isolated and driadvacuo(0.20 g, 0.44

mmol, 59 %).

'H NMR (400 MHz, toluendg) U (ppm): 7.64(d, J,4=8.8 Hz, 2H CH), 7.32 fn, 4H, CHCH), 7.22
(d, 2H, CH, %3,4=8.8 H2), 1.72 (s, 18 HC(CH3)3), 0.77 (t, 3H, CHs, %3y4= 8.0 Hz),0.51 (dg, 1H,CH,
2J4i=15.6 Hz, °34+=8.6 Hz), 0.37 (dg, 1H, CH,, “J4+=15.6 Hz, *3},4=8.6 Hz); °*C{'H} NMR (100
MHz, benzenals) U (ppm): 169.2 (), 157.7 (&), 141.4 (¢Y), 139.1 CH), 129.1 CH), 128.5
(CV), 120.7 CH), 115.4 CH), 114.7 CH), 31.6 (Bu), 31.1 (C"(tBu)), 9.1 (CHCHz), 1.8 (CH,CHb);

Anal. Calc. (AlGgH33N.0,): C, 7366, H, 7.29; N,6.14.Found:C, 73.50; H, 7.21; N, 6.11
6.2.18Bis(5-methoxy-2-methyl-8-quinolinolato)ethyl aluminium (2.20)

A solution of triethylaluminium (88 mg, 3.0 mmol) in toluene § mL) was added dropwise to a
solution of 8hydroxy-5-methoy-2-methylquinoline(2.10) (1.27 g, 6.80mmol) in toluene (@ mL)

over the period of 1.h The solution was left to stat 298 Kfor 12 h. The precipitate was filtered,
driedin vacuq and recrystallized from toluene afford biight yellow crystals (1.02 g, 2.35 mmol, 69

%).

'H NMR (400 MHz, CDC)) U (828 (th 2H, &, %3},1=8.2 Hz) 6.99 (d, 2H, €I, *Jy= 8.2 Hz),
6.68 (d, 2H, ®, 3J4,=8.2 Hz),6.39 (d, 2H, ®, 3J,+=8.2 Hz),3.43 (s, 3H, El3), 2.99 (s, 3H, El,),

1.06 (t,3H, CHs, 334=8.2 Hz,),0.58 (dq, ®l,, *}y=14.7 Hz,%3}4=8.2 Hz, 1H),0.38 (dqg, i,
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2Jau=14.7 Hz,3,4=8.2 Hz, 1H) *C{*H} NMR (100 MHz, benzenel)y o ( pp mY);1521657 . 2 (
(CY), 145.4 (¢), 140.9 (¢), 134.2 CH), 123.2 CH), 120.0 (CH),111.5(C"), 107.5(CH), 55.8
(OCH3), 23.4 CHg), 10.4 (C"&CH3), 1.8 (CH2CH3), Anal. Calc. (AIQ4H25N204): C, 6666, H, 583,

N, 6.48. Found: C, 66.84; H, 5.95; N, 6.39.
6.2.19Bis(2-methyl-8-quinolinolato)gallium chloride (2.21)

8-Hydroxy-2-methylquinoline (0.45 g, 2.8 mmol) in toluene (10mL) was added dropwiseavith
stirring, to a solution ofallium(lil)chloride in toluene (0.2%9, 4.4mmol) at 273 KThe reaction was
stirred for 12 h, after which time a pale green solid precipitated from the readi@prdcipitate was
filtered and'H NMR analysis showed the desired product. The solid was then crystallised from THF,
at low temperatu@55 K), to yield pale yellow, microcrystalline, air stable solid30 g,0.71 mmol,

51 %).

'H NMR (400 MHz, CDC})) ti (ppm):8.31 (d, 2H, ®, 334++=8.0 Hz), 7.50 (m, 4H, @), 7.22 (dd, 2H,
CH, 3344=8.0 Hz, “34,=1.0 H32, 7.15 (dd, 2H, @&, 3},;=8.0 Hz, “J,x=1.0 H2, 3.24 (s, 6H, Ely):;
¥3C{*H} NMR (100 MHz, CDCly) U (ppm): 156.9 (C"), 155.6 (C"), 139.8 CH), 136.9 (¢), 129.0
(CH), 127.0 CH), 124.3 (¢), 114.2 CH), 112.8 CH), 23.3 CH,); Anal. Calc.(GaGH:sN,O.C):
C, 56.99; H, 3.83; N, 6.65 Found: C, 56.89; H, 3.9; N, G&8(LSIMS) 422 (M, 15%), 385 (M-CI,

45%).
6.2.20Bis(5, 7-dichloro-2-methyl-8-quinolinolato)gallium chloride (2.22)

5,7-Dichloro-8-hydroxy-2-methylquinoline(2.3) (0.65 g, 2.8 mmol) in toluene (15 mL) was added
dropwise with stirring to a solution of gallium(lil)chloride (0.25 g, 1.4 mmol) in toluene (10 mL) at
273 K. The reaction was left to stir for 12 h, after which time the solvent was renmovaduo The

yellow solid was then recrystallised from toluene to yield yellow crystals (0.39 g, 0.70 mmol, 53 %).

'"H NMR (400 MHz, CDC})) i (ppm): 8.59 (d, 2H, 8, 33,41=8.4 Hz),7.60 (d, 2H, &, °J,,=8.4 Hz),
7.59 (s, 2H, @), 3.25 (s, 6H, E5); *C{*H} NMR (100 MHz, CDG3) 0 ( p 1699 (¢'), 150.7

(CY), 137.5 CH), 129.2 CH), 128.2 (¢"), 125.1 CH), 123.6 (C¢"), 118.0 (¢"), 117.1 (¢), 23.3
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(CHs); Anal. Calc. (GagH1,0,N,Cls): C, 42.95; H, 2.16; N, 5.01 Found: C, 43.09; H, 2.08; N, 4.92;

m/z(LSIMS) 560 (M, 40%), 523 (M-Cl, 25 %).
6.2.21Bis(5, 7-dichloro-2-methyl-8-quinolinolato) gallium tert-butoxide (2.23)

Bis(5, 7-dichloro-2-methylquinolinato)gallium chloride(3.17) (0.10 g, 0.18 mmol) was added
portionwise over 30 mins to a suspension of potassaubutoxide (20 mg, 0.18 mmol) in benzene

ds (4 mL). The reaction was allowed to stir at room temperature for 24 h. The orange precipitate
removed by centrifugatioand'H NMR spectroscopy of the solution revealed complete conversion to

the product.

'H NMR (400 MHz, benzends) i  ( p h7®)d; 2H, €, %3,,=8.8 Hz), 7.41 (s, 2H, B), 6.50 (d,

2H, CH, 34,=8.8 Hz), 3.16 (s, 6H, i3), 1.17 (s, 9H, OC(85)s).
6.2.22 (2Methyl-8-quinolinolato)dimethyl gallium (2.24)

Trimethylgallium (108 mg, 0.94 mmol) in toluene (3 mL) was added dropwise to a soluti®n of
hydroxy-2-methylquinolire (2.1) (0.15 g, 0.94 mmol) in toluene (10 mL). The solution was stirred at
room temperature for 16 h, after which time a yellow precipitatd formed. The solid was isolated
by filtration and driedn vacuoto yield a yellow solid. The volume of the filtrate was reduced and

further product was isolated and driedracuo(0.18 g, 0.70 mmol, 74 %).

'H NMR (400 MHz, benzends) U ( p D38, :1H, tH, 33,4=8.4 Hz), 7.34 (dd, 1H, 18, °3+,=7.8
Hz, “3=1.2 H2),7.29 (t, 1H, &, *}4,=7.8 Hz), 6.73dd, 1H, G, °34,=8.0 Hz,*Jy=1.2 Hz),6.27
(d, 1H, M, 34,=8.4 Hz),1.97 (s, 3H, ), 0.10 (s, 6H, Es); “*C{*H} NMR (100 MHz, CDC}) i
(ppm): 162.0 (&), 153.6 ('), 139.8 CH), 139.0 (¢"), 130.6 CH), 122.2 CH), 114.7 CH), 111.6
(CH), 110.3 (¢), 22.4 CHs), -6.0 (CH3); Anal. Calc. (GaGH1,NO): C, 55.87; H, 5.47; N, 5.43

Found: C, 55.96; H, 5.51; N, 5.57.
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6.2.23 (5,7Dichloro-2-methyl-8-quinolinolato)dimethyl gallium (2.25)

Trimethylgallium (0.20 g, 1.8nmol) in toluene (3 mL) was added dropwise to a solution of 5,7
dichloro-8-hydroxy-2-methylquinolire 2.3) (0.40 g, 1.8nmol) in toluene (15 mL). The solution was
stirred at room temperature for 16 h after which time the solvent was renmoveduoto yield a

yellow soid (0.50 g, 1.5mmol, 87 %).

'H NMR (400 MHz, benzendg) i ( p p8&(d,:1H, H, 3J,=8.4 Hz), 7.47 (s, 1H, 8), 6.15 (d,
1H, CH, 3J4:=8.4 Hz),1.82 (s, 3H, GHs), 0.00 (s, 6H, El); *C{*H} NMR (100 MHz, CDC}) U
(ppm): 156.9 (¢), 155.3 (¢), 138.9 (¢"), 137.1 CH), 130.6 CH), 124.4 (¢), 122.7 CH), 119.1
(cY), 113.9 (¢), 22.3 CH,), -6.1 (CH.); Anal. Calc. (GaGH:,NOCL): C, 44.10; H, 3.70N, 4.29

Found: C, 44.13; H, 3.74; N, 4.35.
6.2.24Bis(5,7-dichloro-2-methyl-8-quinolinolato)methyl gallium (2.26)

Trimethylgallium (51mg, 0.44 mmol) in toluene (3 mL) was added dropwise to a solution of 5,7
dichloro-8-hydroxy-2-methylquinolire (2.3) (0.20 g, 0.88 mmol) in toluene (15 mL). The solution

was heated at reflux for 24 h after which time the solvent was renowatuoto yield a yellow

solid. The product was isolated by washing with hot hexane to remove the side products, yielding a

pale yellav solid (60 mg, 0.11 mmol, 25 %).

'H NMR (400 MHz, benzends) U ( p D8 )s; 2H, @, 3J,,=8.8 Hz), 7.44 (s, 2H, B), 6.45 (d,
2H, CH, 3341=8.8 Hz),2.83 (s, 6H, El3), 0.16 (s, 3H, Ga&Hs); *C{*H} NMR (100 MHz, CDC}) U
(ppm): 157.5 (&), 153.9 (¢), 138.8 (C), 135.9 CH), 129.2 CH), 124.0 (¢), 124.0 CH), 117.5
(CY), 115.5 (€¢"), 22.9 CH5), - 4.9 (GaCH,); Anal. Calc. (GagH1sN,0,Cl,): C, 46.80; H, 2.81; N,

5.20 Found: C, 46.72; H, 2.87; N, 5.15.
6.2.25 General polymerization procedure for capters 2 and 3

In a glove box, a Youn g daslactida @32anm B onmdeartsfq7s | oade
dichloro-2-methyt8-quinolinolato)ethyl aluminium(15.7 mg, 0.03 mmol). Toluene (2.9 mL) and

iPrOH (003 mmol)were injected into the reactipsuch that the overall concentration of lactide was
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1 M and of initiator was 10 mMThe ampoule was removed from the glovebox and placed in an oil
bath at 348 K. Aliquots were taken from the reaction under an argon atmosphere. Aliquots were
guenched witthexane (122 mL) and the solvent was allowed to evaporatee crude producivas
analysed by'H NMR and homonuclear decoupléd NMR spectroscopy, GPC and MALDIOF

mass spectrometrylhe conversion of LA to PLA was determined by integration of the methine
proton peaks of thtH N MR s p e cit5:3& The Bvalue was @etermined by integratiohthe
methine region of the homonuclear decouplddNMR spectrum Ui 524 The PLA number
averaged moledar weight,M,, and polydispersity index\,/M,; PDI) were determined using gel
permeation chromatography equipped with multiangle laser light scattering-N&RCS). The

refractive angle increment for polylactid#n(dc) in THF was 0.042 mL'.*

6.3 Chapter 3 Experimental Section

Pro-ligand synthesis:
6.3.18-Hydroxy-2-phenylquinoline (3.1)*¢

Bromobenzene (6 mL,8mmol) was added dropwise to stirred suspensidithium metal (0.84 mg,

121 mmol) in diethyl ether (40 mL). After stirring for 1 h, a solutiorBdiydroxyquinoline (4.0 g, 27

mmol) in diethyl ether (80 mL) was added dropwise. The solution was heated at reflux for 1 h, cooled
to 298 K and argon was bubbled through a water bubiilethe solution. Diethyl ether (80 mL) and

water (40 mL) were added slowly, the resulting solution was neutralised with conc. HCI. The two
phases were separated and the aqueous layer was then extracted with methylene chloride (3 x 50 mL).
The combined @anic layers were dried (MgQf2and the solvent was removedvacuo The product

was then purified by column chromatography (9:1 hexane:ethyl acetateQ.B1) to yield a white

solid (3.23 g, 14.6 mmol, 53 %, 56 %°%).

'H NMR (400 MHz, CDC)) U ( p p m)1H, O, 332:47.6 Ha)*3=1.2 Hz), 7.35 (dd, 1H,
CH, 3}44=8.2 Hz,"3.4=1.2 Hz), 7.45 (t, 1H, B, %3},4=8.0 Hz), 7.49 (m, 1H, B), 7.55 (m, 2H, &),

7.94 (d, 1H, @, 3}44=8.6 Hz), 8.17 (dd, 2H, &, 3},,=7.2 Hz,*}=1.6 Hz), 8.24 (d, 1H, B,
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3341=8.6 Hz),8.37 (bs, 1H, ®); Anal. Calc. (GsH:NO): C, 81.43; H, 5.01; N, 6.33 Fod: C, 81.49;

H, 5.04; N, 6.32.
6.3.2 5Chloro-7-iodo-8-isopropoxy-2-methylquinoline (3.2)

To a stirred solutiorof 5-chloro-7-iodo-8-hydroxy-2-methylquinoline (2.6) (2.0 g, 6.3mmol) in
DMSO (20 mL) was addegbotassium carbonat@d.0g, 9.0 mmol) and Zoromopropane (3.6 g, 26.3
mmol). The suspension was stirred overnight 288 K, after which time aaturatedsolution of
ammonium chlorid¢20 mL) was added. The reaction mixture watractedwith methylene chloride
(3 x 100 mL) and therganic phases were combined and washed salhtions of NaOH2 M, 100
ml), water (100 ml), brine (100 mBndthen dried N&S0O,). The ®lvent was removeth vacuoand
the crude product was purified bglumn chromatography (ethyl acetate:hexar@s:¥5)(1.77 9,4.9

mmol, 79 %).

'H NMR (400 MHz, CDC)) U (886 (thIH; CH, 3J,,=8.7 Hz), 7.89(s, 1H, CH), 7.38 (d,1H,
CH, 3344=8.7 H2), 5.35 (sept, 1HCH(CHs),, %34+1=6.2 H2), 2.75(s, 3H,CH3), 1.44 (d, 6H, CH(E5),,
334y=6.2 H2; BC{'H} NMR (100 MHz, CDCL) U (1p9@0n@}’); 154.0 CCH,), 142.2 C"),
134.4 CH), 133.6 CH), 125.8(C"), 125.6(C"), 123.1(CH), 91.7(C"), 78.3(OCH), 25.6(CHs),
23.1(CH(CH3),); Anal. Calc. (GsH1CIINO): C, 43.18; H, 3.62; N, 3.87 Found: C, 43.24; H, 3.71; N,

3.93.
6.3.3 5Chloro-8-isopropoxy-2-methyl-7-phenylquinoline (3.3)

To a Schlenk tube charged wilchloro-7-iodo-8-isopropoxyquinoling(3.2) (0.50 g 1.4 mmol),
phenyboronic acid(0.20 g, 1.6 mmol) and Pd(PPh), (48 mg, 41 umol) was added toluene (20 ml),
N&CO; (2 M, 18 mL and ethanol (3 mL)The reaction mixture waseatedat reflux(373 K) for 40 h
after which time the solution waoled and extractewith ether 8 x 20 mL). The aganic plases
were collected, driedN@SQ;,), andthe solvent was removeih vacuo The crude poduct was
purified by column chromatography (ethyl acetate:hexane = 3®3%jeld the product as a white

powder(0.38 g,1.2 mmd, 88 %).
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'H NMR (400 MHz, CDC}) 0 (8@Q(dn)H;, (H, J4,=8.6 H2), 7.69 €, 1H, CH, °J,,=8.6 H2),
7.60 6, 1H, GH), 7.347.48 (m, 5H, ®), 4.56(sept, 1H,CH(CHs),, 334:=6.2 H2), 2.79(s, 3H,CHy),
1.08(d, 6H, CH(Ms),, %3u=6.2 Hz);*C{*H} NMR (100 MHz, CDC}) U ( p g (@Y); 150105 9 .
("), 144.2(c"), 138.3(C"), 135.2(C"), 1332 (CH), 130.2 CH), 128.2 CH), 127.9 CH), 127.6
(CH), 1255 (CV), 124.9 C"), 122.7 CH), 77.6 (OCH(CHs),), 258 (CHs), 22.5 (CH(CH.),); Anal.

Calc.(CygH1sCINO): C, 73.19; H, 5.82; N, 4.49. Found: C, 73.20; H, 5.93; N, 4.53.
6.3.4 5Chloro-8-hydroxy-2-methyl-7-phenylquinoline (3.4)

To a stirred solution of-Bhloro-8-isoproxy-2-methyl7-phenylquinoling3.3) (0.50g, 1.6mmol) in
methylene chloridé10 mL) was addedboron trichloride(1.0 M in CHCI,, 6.5 mL, 6.4mmol) at 195
K. The reaction mixture vgastirred at 195 K for 2 h, warmed to 298 K and stifaeca further2 h.
Ethanol (25mL) was added and the mixture was stirredf6rh The ®lvent was reravedin vacuo
and the resulting residue washed with water. Todyct waghen extracteavith diethyl ether 8 x 25

mL) to yield a yellow solid0.35g, 1.2 mmol,82 %).

'H NMR (400 MHz,CDC)) u ( pp m) : HE3,48® HE),d.69 (d, HH, 8, &,,,=7.6 H2),
7.63(s, 1H, H), 7.357.54 (m, 5H,CH), 2.77(s, 3H, CH,); **C{*H} NMR (100 MHz, CDCL) U
(ppm):158.1 CV), 147.5 ¢V), 138.6 C), 136.9 CH), 133.49 CH), 129.4 CH), 128.6 CH), 128.0
(CH), 127.6 CH), 123.7 CH), 123.4 ¢"), 123.1 ¢"), 120.6 CH), 25.0 CHs); Anal. Calc.

(C1H1:CINO): C, 71.25; H, 4.48; N, 5.18ound: C,70.95; H, 4.63; N, 5.02
6.3.5 8Acetoxy-5-chloro-7-iodo-2-methylquinoline (3.5)°

5-Chloro-7-iodo-8-hydroxy-2-methylquinoline (2.6) (4.0 g, 12.5 mmol) was dissolved in acetic
anhydride (120 mL). The solution was heated at reflux for 5 h, after which time the solvent was
removedin vacuo The residue was stirred in saturasatliium hydrogen carbonate (20 mL) after
which the product was extracted into methylene chloride (3 x 20 mL). The organic washings were
dried (MgSQ) and the solvent was removadvacuoto yield a brown solid (4.13 g,114 mmol, 91

%).
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'H NMR (400 MHz,CDCl;) i ( p®3®)d; 1H, ®, 3},,=8.8 Hz), 7.89 (s, 1H, €), 7.39 (d, 1H,
CH, %34=8.8 Hz), 2.71 (s, 3H, CO#j), 2.52 (s, 3H, El3); *C{*H} NMR (100 MHz, CDC}) i
(ppm): 168.7 CHsCOOR), 161.1 (€), 148.1 (&), 141.4 (¢'), 133.8 CH), 133.4 CH), 129.4(C"),
125.6 (¢), 123.9 CH), 90.2 (C"), 25.8 (CH3), 21.2 (CHsCOOR); Anal. Calc. C,HsCIINO,): C,

39.86 H, 2.5, N, 3.87Found: C39.87 H, 2.47, N, 3.78.
6.3.6 8Acetoxy-5-chloro-7-( 2ethynylferrocene)-2-methylquinoline (3.6)

8-Acetoxy-5-chloro-7-iodo-2-methylquinoline(3.5) (1.4 g, 3.9 mmol) and ethynylferrocene (0.5

4.5 mmol) were dissolved in THF (25 mL) and triethylamine (10 mL). Copper iodide (37 mg, 5 %)
and Pd(PP§.Cl, (135 mg, 5 %) were added sequentially to thieitemn. The reaction was stirred
under argon at room temperature for 20 h. The solvent was rermovaduoand the product was
purified by column chromatography (methylene chlorides B.33) to yield a pale orange soliti46

g, 3.30 mmal 85 %).

'H NMR (400 MHz,CDCL) & ( p$3%)d; 1H, @, %3,,=8.8 Hz), 7.62 (s, 1H, €l), 7.36 (d, 1H,
CH, 334=8.8 Hz), 4.52 (t, 2H, CpCH)CI C, *J44=1.9 Hz), 4.28 (t, 2H, CpCH)CI C, 3}44=1.9 H2),
4.24 (s, 5H, Cp(8)), 2.73 (s, 3H, CO8,), 2.56 (s, 3H, Ely); *C{*H} NMR (100 MHz, CDC}) U
(ppm): 169.1(CH,COOR),161.0 (¢"), 147.2 (¢), 141.7 ("), 133.2 CH), 128.5 (C), 127.9 CH),
125.3 CV), 123.6 CH), 118.4 (¢), 96.9 (T C), 80.2 (T C), 71.9 (CpCH)CI C), 70.4 (CpCH)),
69.6 (CpCH)CI C), 64.2 (Cp(¢')CI C), 25.8(CH3), 21.0(CH;COORY); IR (cr): 2217.0 (T C, very
weak), 1762.0 (C=0)Anal. Calc. C,4H1gCIFENG): C, 64.97; H, 4.09; N, 3.16 Found: C, 64.90; H,

4.06; N, 3.15.
6.3.75-Chloro-7-( 2 6 e t h y n y-B-fiydroxy-2neethylgeinoline (3.7)

8-Acetoxy-5-chloro7-( 2ethynylferrocenep-methylquinoline (3.6) (1.47 g, 3.30 mmol),
triethylamine (120 mL) and water (10 mL) were heated at reflux (363 K) for 6 h. The solvent was
removed m vacuoand the brown residue was dissolved in methylene chloride (50 mL) and washed

with water (3 x 50 mL). The organic layer was dried @) and the solvent was removedvacuo
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to yield a red/brown solid. This was then purified by column chromatographyyieee chloride,

R= 0.4) (1.18 g, 2.94 mmol, 89 %).

'H NMR (400 MHz,CDCk) i ( p §3®]d; 1H, @, *}=8.6 Hz), 7.52 (s, 1H, B), 7.38 (d, 1H,
CH, 3}44=8.6 Hz), 4.56 (t, 2H,Cp(CH) CI ©y=1.4 Hz), 4.27 (s, 5H, Cptd), 4.25 (t, 2H,
Cp(CH) CI Uyy=1.4 Hz),2.74 (s, 3H, E5); “*C{*H} NMR (100 MHz, CDCl) & (ppm): 158.5
(cY), 152.3 (¢), 138.1 (¢), 133.6 CH), 129.0 CH), 124.3 (C"), 123.8 CH), 120.4 (¢"), 106.6
(c"), 95.2 (G C), 80.6 (CC), 71.9 (CpCH)), 70.4 (Cp(CH) CI,@®Y.2 (Cp(CH) CI ®B5.1
(Cp(CY)CIC), 25.1 (CHs); IR (cm%): 3350.5 (GH, broad), 2210 (CC); Anal. Calc.

(CxH1CIFENO): C, 66.78 H, 4.02 N, 3.49Found: C65.66 H, 3.95 N, 3.42.
Complex synthesis:
6.3.8Bis(2-phenyl-8-quinolinolato)ethyl aluminium (3.8)

A solution of triethylaluminium @30 mg, 1.1 mmol) in toluene (5 mL) was added dropwise to a
solution of 8hydroxy-2-phenyfuinoline (3.1) (050 g, 2.3 mmol) in toluene Z0 mL), the solution
was left to stir for 12 tafter which time a precipitate had formétheyellow precipitate was filtered

anddriedin vacuoto yield a yellow solid0.40 g, 0.81 mmol, 71 %).

"M NMR (500 MHz, THFds) G ( pp m) : H,83,.,48% H%),8.26 (&, 4¥H, B,&3,,=7.0 Hz,
*Jn=1.7 Hz), 7.75 (d, 2H, B, 334+=8.5 Hz),7.48 (t, 2H, ®©, %34,=8.2 Hz),7.40 (m, 6H, G“",
CH®, 7.24 (dd, 2H, €, *344=8.2 Hz,*3}44=1.2 Hz),7.04 (dd, 2H, €, 3344=7.5 Hz,*}41=1.2 Hz),-
0.21 (t, 3H, CHCHs, 3344=8.0 Hz),-1.08 (dq, 2H, ®,CHs, %34=8.0 Hz,*}y=2.0 Hz);*C {*H}
NMR (100 MHz, THFdg) U (ppm) 159.4 (¢), 158.6 (C"), 141.5 (C"), 140.5 (C), 140.2 CH),
131.2 CH), 131.2 CH), 130.8 CH), 130.1 CH), 129.4 (¢"), 129.2 CH), 125.0 CH), 114.5 CH),
113.9 CH), 9.3 CH3), 1.8 (CH,); Anal. Calc. (AIGHsN,0,): C, 77.40; H, 5.07; N5.64 Found: C,

77.48; H, 5.20; N, 5.68.
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6.3.9Bis(5-chloro-2-methyl-7-phenyl-8-quinolinolato)ethyl aluminium (3.9)

Triethylduminium (53 mg, 0.46 mmol) in toluengs mL) was addeddropwise with stirring, to a
solution of 5chloro-8-hydroxy-2-methyl7-phenylquinoline(3.3) (250 mg, 0.93 mmglin toluene (10
mL). The reactiorwas stirred for 12 h, after which time thel&nt was removeéh vacuo The

resulting solid wasvashed with hexane, filtered, and driedzacuoto yield a yellow powder (95 mg,

0.16 mmol .34 %).

'H NMR (400 MHz, benzends) U { [@.87rtd 2H, CH, %3,,=8.6 Hz), 7.74 (d2H,CH, °3,,=8.6
Hz), 7.63 (s, 2HCH), 7.187.29 (m, 8HCH), 6.56 (d 2H, CH, %3,,=8.6 Hz), 2.80 (s, 6HCH3), 1.05
(t, 3H, CHCHs, %34,=8.13 H3, 0.500.62, 0.360.43 (m, 2H, ®.CHs); **C {*H} NMR (100 MHz,
benzeneds) U (ppm): 157.6 (C"), 153.95 C¢V), 141.1(C"), 138.5 C"), 135.7 CH), 130.0 CH),
129.9 CH), 127.8 CH), 127.1 CH), 125.4 CV), 124.4 C"), 124.1 CH), 116.9(C"), 23.2 CHy),
9.9 (CH,CH3), 1.4 CH,CHs); Anal. Calc. CaH27AICIN,O,): C, 68.81; H, 4.59; N, 4.7Eound: C,

68.60; H, 4.71; N, 4.82.
6.3.10Bis(5-chloro-7-( 2 6 e t h y n y-R-fnethyl48-quin@imokatp)ethyl aluminium (3.10)

Trienthylaluminium (42.6 mg, 0.37 mmol) in toluene (5 mL) was added, dropwise with stirring, to a
solution of5-chloro7-( 2 6 et h y n y8hydeoxyl2-methglquimgline(3.7) (0.30 g, 0.70 mmol)
in toluene (15 mL). The solution was left to stir at room temperdard2 h. The solvent was
removedin vacuoand the product was washed with hexane, filtered and drigdcuoto yield an

orange powderQ(20 g, 0.23 mmol, 6%).

'H NMR (400 MHz, THFd) U ( pp m) : H,83,588 H3, @.79 (d2 2, €, T,=8.8H2),

7.57 (s, 2H, €l), 4.49 (t, 4H, (CpCH) CI &3),52.0 H2, 4.27 (t, 4H, (CpCH) C [ €3)452.0 H2),

4.19 (s, 10H, Cp(B)), 3.34 (s, 6H, ©3), 0.67 (t, 3H, G5, %3,4=8.0 H2), 0.11 (dq, 2H, El,, 3,4=8.0

Hz, “34u=14.6 HJ; *C{’H} NMR (100 MHz, tolueneds) U ( p p m}’); 15825@&), B10.5 C

(CY), 135.8 CH), 131.0 CH), 124.7 (¢), 124.6 CH), 116.2 (¢*), 109.1 (¢') , 93 . B3.7( CI C) ,

( CI @).7,(CpCH) CI C) , TH)), 63.8 (CIECH) CI 66.8 (Cp(¢Y) CI @3.3,CHs), 9.9
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(CH,CH5), 1.4 (CH,CHy); Anal. Calc. (AlGgHssClLFeN,0,): C, 64.44; H, 4.11; N, 3.27 Foun@,

64.35; H, 4.05; N, 3.27.
6.3.11Bis(5, 7-dichloro-2-methyl-8-quinolinolato)aluminium iso-propoxide (2.130iPr)

A solution of aluminium isopropoxide (22g, 1.1 mmol) in toluene (10 mL) was heated at 383 K
for 24 h. The activated solution was then added dropwise to a solutidithloro-8-hydroxy-2-
methylquinoline(2.3) (0.5 g, 2.2mmol) in toluene (10 mL) The solution was left to stir at room
tempeature for 12 hThe solvent was removead vacuoand the product was washed with hexane,

filtered and driedn vacuoto yield ayellow powder 0.52 g, 0.96 mmol, 8%0).

'H NMR (400 MHz,toluenedg) i ( p 7 )d; 2H, &, 3),,=8.6 H2, 7.31 (s, 2H, @), 6.54(d,
2H, CH, %34=8.6 H2, 3.72 (sept, 1H, B(CHx),, =6 Hz), 3.06(s, 6H, Gis), 1.08 (d,3H,
CH(CHs,), *34=6 H2), 0.94 (d,3H, CH(CHa), J}4=6 H2); **C{*H} NMR (100 MHz, benzenel) i
(ppm): 159.3 (¢), 152.4 (), 139.9 (), 136.1 CH), 129.4 CH), 124.5 CH) 123.7 (¢), 117.4
(c"), 116.9 (¢), 63.7 CH(CHs),), 28.2 (CH(CHs)), 28.0 (GH4(CHs)), 23.0 CHs); Anal. Calc.

(AIC,3H1oCI4N,O5): C,51.14; H, 3.55; N, 5.1Bound: C51.1% H, 3.46 N, 5.05
6.3.12Bis(2-phenyl-8-quinolinolato)aluminium iso-propoxide (3.80iPr)

A solution of bis(2-phenyt8-quinolinolab)ethyl aluminium (3.8) (0.1 g, 0.2 mmol) andso-propyl
alcohol (0.3 M, 0.7 mL, 0.2hmol) in toluene (5 mL) was heated at 343 K for 3 d@y& solvent was
removedin vacuoand the product was washed with hexane, filtered and drisdcuoto yield a

yellow powder 85 mg, 0.18 mmol, 9&0).

'"H NMR (400 MHz,benzenal) i ( p®3&)d; 4H, @, 3J4=7.4Hz), 7.48(d, 2H, H, 3},,=8.4
Hz), 7.29 (m, 3H, €), 7.19(dd, 2H, CH, 3},4=8.4Hz, “J4=1.1Hz), 7.06(d, 2H, H, };;=8.4 H2),
6.84 (dd, 2H, O, 33,4=8.4 Hz, “J44=1.1 Hz), 3.19 (sept, 1H, B(CHs),,3}44=6 Hz), 0.44 (d3H,
CH(CHs), *34+=6 H2), 0.28 (d,3H, CH(CHa), *}4=6 H2); **C{*H} NMR (100 MHz, benzenel,) i
(ppm): 158.0 (&), 157.9 (¢), 140.4 (¢), 139.9 (), 139.0 CH), 130.5 CH), 129.9 CH), 129.2

(CH), 128.4 CH), 124.2 CH), 113.9 CH), 113.3 CH), 62.7 (CH(CHy),), 27.0 (GH(CHy)), 26.9
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(CH(CHb)); Anal. Calc.(AlIC33H,7N,Os): C, 75.27; H, 5.17; N5.32 Found: C,75.3Q H, 5.17 N,

5.08
6.3.13 (5,7Dichloro-2-methyl-8-quinolinolato)ethyl zinc (3.11)

Diethylzinc (0.27g, 2.2mmol) in toluene (5nL) was addeddropwise with stirringto a solution of
5,7-dichloro-8-hydroxy-2-methylquinoling(2.3) (0.50 g, 2.2mmol) in toluene (15nL). The solution
was stirred for 12 h, after which time a yellow precipitate had formed. The precipitate was isolated by

filtration, washed with hexane and driedvacuoto yield a yellow solid (0.55 g, 1.7 mmol, 78 %).

'H NMR (400 MHz, THFdg) i ( p $5mhjd; 1H3,,=8.6 Hz), 7.56 (d, 1H}=8.6 Hz),7.55 (s,
1H), 2.84 (s, 3H)1.31 (t, 3H,*34+=8.2 Hz),0.43 (q, 2H}41=8.2 Hz);"*C{*H} NMR (125.26 MHz,
THF-ds) 0 ( p 3609 (€Y), 157.6 (), 141.4 (&), 137.3 CH), 130.4 CH), 125.4 (¢), 123.9
(CH), 118.2 (¢"), 112.0 (C¢'), 24.7 (CHs), 13.3 (CHCH,), -1.5 (CH,CHs); Anal. Calc.

(ZnC2H11NOCL): C, 44.83; H, 3.45; N, 4.36 Found: C, 44.88; H, 3.33; N, 4.28.
6.3.14 (5Chloro-7-iodo-2-methyl-8-quinolinolato)ethyl zinc (3.12)

Diethylzinc (120mg, 0.94mmol) in toluene (3nL) was addeddropwise withstirring, to a solution of
5-chloro-7-iodo-8-hydroxy-2-methylquinoline (2.6) (0.30 g, 0.94 mmol) in toluene (@ mL). The
solution was stirred for 12 h, after which tiragyellow precipitate had formed. The precipitate was
isolated by filtration, washed with hexane and diiedacuoto yield a yellow solid (280 mg, 0.68

mmol, 70 %).

'H NMR (400 MHz, THFd:) 0 ( p &50(d,:1H CH, 23,,=8.6 Hz) 7.84 (s, 1H CH), 7.59(d, 1H,
CH, 3344=8.6 Hz), 2.8 (s, 3H CHj), 1.31(t, 3H, CHs, *J44=8.2 Hz), 0.43 (g, 2H, CH,, 34,=8.2 Hz),
BC{'™H} NMR (125.26MHz, THF-dg) i  ( p {1.B1JCH,CHs), 13.3 (CHCHs), 24.8 CHs), 81.9
(cV), 113.2 (¢), 124.2 CH), 126.4 (¢), 137.5 CH), 137.5 CH), 138.8 (&), 157.7 (¢), 163.7

(CY); Anal. Calc. (ZnG.Hy;CIINO): C, 34.90; H, 2.68; N, 3.39 Found: C, 34.84; H, 2.64; N, 3.31.
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6.3.15 (5Chloro-7-( 2 6 et h y n y-R-fethyl48-quineimokatp)ethyl zinc (3.13)

Diethylzinc (89 mg, 0.71 mmol) in toluene (5 mL) was added, dropwise with stirring, to a solution of
5-chloro7-( 2 6 e t h y n y8&hydeoxy2-methglgqumgline(3.7) (290 mg, 0.71 mmol) in toluene

(15 mL). The solution was stirred at room temperature for 1&dr, &hich time an orange solid had
formed. The precipitate was isolated by filtration, washed with hexane andrdriaduoto yield an

orange solid (210 mg, 0.43 mmol, 60 %).

'H NMR (400 MHz, THFds) & ( p p m) : H,83.,488 HZ),d.54 (d, HHCH, 8.4=8.6 Hz),

7.49 (s, 1H, @), 450 (t, 2H, (CpCH) C I Cl=1.6 Hz),4.24 (s, 5H, (Cp(A)), 4.21 (t, 2H,

(Cp(CH) CI €J)51.6 Hz),2.83 (s, 3H,CHs), 1.33 (t, 3H, CHCHs, *3,=8.1 Hz),0.44 (q, 2H,

CH,CHs, 331=8.1 Hz);*C{*H} NMR (125.26 MHz, THF-dg) U (1p56nt¢'), 157.2 (¢),

141.5 (¢"), 137.1 CH), 132.5 CH), 126.2 ("), 124.0 CH), 112.1 (¢"), 109.9 (¢"),93. 2 ( CI C) ,
85.2 (7€ (CPCH) CI C), TH)), 89.4 (CpeH) CI C) , B)8CI1C)(,Cpd &. 8
(CHs), 13.6 (CHCHs), -1.3 (CH,CH,); Anal. Calc. (ZnGH4CIFeNO): C, 58.22; H, 4.07; N, 2.83

Found: C, 58.33; H, 4.12; N, 2.91.
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6.4 Chapter 4 Experimental Section

Compounds4.1-4.9 were initially synthesised and fully characterised by Dr.-AtilongAnh Cao

under the supervision of Dr. Audrey Auffrant at Ecole Polytechnique, Paris. During the course of the
project it was necessary to resynthesize some of thégards and complese For this purpose, a
general procedure for the synthesis of the-lijgands is described. A general procedure for the

synthesis of compounds1-4.9 is also described, along with the characterisation data.
Pro-ligand synthesis:
6.4.1 2Bromo-4,6-di-tert-butylphenol®*

At 195 K, N-bromosuccinimide (18 g, 10@mol) was added into a solution of Zj#étert-butylphenol

(20 g, 97mmol) in acetonitrile (300 mL). Stirring was continued at 298 K for 16 h, giving an orange
solution. A saturated aqueous solution of sodium half10 mL) was added and induced the
precipitation of a white solid. After filtration of this precipitate, the mixture was extracted with
petroleum ether (4 x 70 mL). The combined organic layers were drig@@aand the solvent was

evaporated, givingheproduct as a yellow solid (25 g, &mol, 90 %).

'H NMR (400 MHz, CDC}) i (ppm): 7.31 (d, “Jy = 2.5 Hz, 1HBu-C"-CH-C"-tBu), 7.3 (d, *Jy 4
= 2.5 Hz, 1HBu-C"-CH-CBr), 5.65 (s, 1H, @), 1.4 (s, 9H, C'(CHa)s), 1.8 (s, 9H, C'(CHa),);

Anal. Calc. (G4H2BrO): C, 58.95; H, 7.4Found:C, 58.95; H, 7.41.
6.4.2 2,4Di-tert-butyl-6-phosphinophenot?

n-Butyllithium (1.6 M in hexanes, 108 mL, 173 mmol) was added into a solutiorbofrdc4,6-di-
tert-butylphenol (23.0 g, 80.6 mmol) in diethyl ether (170 mL) at 195 K, giving immediately a white
suspension. The cold bath was removed and stirring was continued 298K rfons, giving a pale
yellow solution. Chlorodiphenylphosphine (14.5 mL, 80.6 mmol) was added into this solution at 195
K. After stirring for 16 h, a white suspension was formed. The mixture was extracted twice with
aqueous solutions of NaPiO, (0.1 M, 2x 100 mL) and the organic layer was filtered to remove

inorganic salts. Methanol (30 mL) was added and the solution was redvaeuountil the volume
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of the remaining solvent was about 30 mL. A white solid precipitated from the green solution. This
solid was separated by filtration, washed with methanol (2 x 5 mL) and nirigdcuo(28 g 72

mmol, 90 %).

'H NMR (400 MHz,CDCl) U (ppm): 7.30-7.36 (m, 11H, EI(PPh) + CH), 6.88 (dd,'J,;= 1.5 Hz,
Jpn= 5.5 Hz, 1H, @), 6.66 (d,"Js;; = 10.0 Hz, 1H, @), 1.41 (s, 9H, GC(CH3)s), 1.15 (s, 9H, G
C(CH5)3); **P{*H} NMR (121.5 MHz,CDCly) U (ppm): -30.8(s, P); **C{*H} NMR (75 MHz, CDCl,)
U (ppm): 156.3 (d,Jpc = 19.2 Hz, @"), 142.5 (d,3Jpc = 3.0 Hz,C."), 135.6 (d,"Joc = 3.0 Hz,
CV(PPh)), 135.5 (d3Jc= 1.0 Hz,C"), 133.6 (d?°Jpc= 18.5 Hz,0- or m-CH(PPh)), 129.5(d, *Joc
= 3.5 Hz,CH), 129.1 (s,p-CH(PPh)), 128.8 (d,*3Jpc = 7.5 Hz,0- or m-CH(PPh)), 126.6(s, CH),
120.1 (s,C"V-PPh), 35.4 (d,"Joc = 2.0 Hz, GC(CH,)s), 34.7 (s, GC(CHs)s), 31.7 (s, GC(CHy)a),

29.2 (s, GC(CHa)3); Anal. Calc. (GgH3PO): C, 79.96; H, 8.00 Foun@, 79.89; H, 8.03.
6.4.3 General procedure for the synthesis of proligands

At 195 K, bromine (200uL, 3.88 mmol) was added dropwise to a solutior2@gkdi-tert-butyl-6-
phosphinophenol (1.52 g, 3.88 mmol) in methylene chloride (45 mL). The cold bath was removed and
stirring was continued for 1 h a298 K Then the solution was cooled tH95 K 1,4
Diazabicyclo[2.2.2]octane (DABCO) (218 mg, 1.94 mmol) was added, followed bydiingne
(ethylene diimine 12%L, 1.94 mmol) The cold bath was removed. After 16 h a white slurry had
formed. The methylene chloride was evaporated and THF (50 mL) was addednsdhle
diazabicyclo[2.2.2]octane salt was removed by centrifugation and the THF was reimoxseiio

The white solid was washed with diethyl ether (7 mL) and dniegcuo
6.4.4 Alternative procedure for the synthesis of proligands

At 195 K bromine (200QuL, 3.88 mmol) was added dropwise to a solution of the phenolphosphine

(1.52 g, 3.88 mmol) ilmethylene chloridg¢45 mL). The cold bath was removed and stirring was
continued for 2 h a98 K Then the solution was cooled 288 K Tributylani ne (463 ¢ L,
mmol ) was added, followed by diethylenetriamine
and after 16 h a white slurry had formed. Tiethylene chloridevas evaporatednd the residue was
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washed with THF (5 x 10 mL) to remove ttrdbutylammonium salt. The product was isolated as a

white solid and drieth vacuo
Complex synthesis:
6.4.5 General procedure for the synthesis of the yttrium complexes 4.4.7

Potassiunbis(trimethylsilyl)amide (240 mg, 1.2 mmol) was added into a slaofrthe phosphasalen
proligandsLX (0.30 mmol) in THF (20 mL). After 4 h, a cloudy solution was yielded. The
completion of the deprotonation reaction was verified'B§'"H} NMR spectroscopyThe insoluble
potassium salt was removed by centrifugation, @ 3(THF)z; ¢ (134 mg, 0.30 mmol) was added
After 4 h of stirring at298 K, potassiumtert-butoxide 84 mg, 030 mmol) was added into the
mixture, giving a cloudy solution. Stirring was conied for 7 h and the solid was removeyy
centrifugation. The solvent was evaporatedacuoand the residue was crystallised in cyclohexane

(5 mL), giving4.11 4.7 as colourless crystats solids.
6.4.6 Compound 4.1

L1 (316 mg, 0.30 mmol*'P{'H}NMRs pectrum after deprotonation u=

[YCI3(THF)s;gd G = 22.6 ppm, 27.5 ppm (equal intensities

'H NMR (300 MHz, THFd;) & (789 (dud 3 =10.6 Hz,*},=7.5 Hz,*},,=1.0 Hz, 2H,0-
CH(PPh)), 775 (ddd,3J=12.3 Hz,%3}=7.5 Hz, “}+=1.0 Hz, 2H, 0-CH(PPh)), 7.62 (ddd,
8% ,+=11.2 Hz,%3=7.5 Hz,%3}41=1.0 Hz, 2H,0-CH(PPh)), 7.56 (ddd;}J=11.0 Hz,*},=7.5 Hz,
*34+=1.0 Hz, 2H,0-CH(PPh)), 7.51:7.42 (m, 5H,p-CH(PPh) + m-CH(PPh)), 7.38 (m, 2H, m-
CH(PPh)), 7.32 (m, 2H,m-CH(PPh)), 7.27 (d,"J+=2.0 Hz, 1H, GH), 7.21 (d,"},,4=2.0 Hz, 1H,
CyH), 7.17 (m, 1H, p-CH(PPh)), 6.84 (dd,'3,1=2.0 Hz,%3%,=16.0 Hz, 1H, GH), 6.82 (m, 2H, m-
CH(PPh)), 6.47 (dd,*J41=2.0 Hz,3)=16.0 Hz, 1H, GH), 4.62 (m, 1H, NCH-CH-N), 2.97 (m,
*Jo1 = 3.0 Hz, 1H, NCH-CH-N), 1.57 (m, 2H, El,(cyclohexane)), 1.31 (s, 9H,.&'- CV(CH,)y),
1.12 (m, 2H, El,(cyclohexane)), 1.12 (s, b, 9H;@"(CHs)3), 1.10 (s, 9H, &.V- CV(CHs)3), 1.09(s,

9H, G.."-CY(CHa)3), 0.96 (s, 9H, G.V-C"Y(CHs)s), 0.82 (m, 2H, El,(cyclohexane)), 0.66 (m, 1H,
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CH.(cyclohexane)), 0.48 (m, 1H,H5(cyclohexane))**P{*H} NMR (121.5 Hz, THFdg) U (ppm):
27.6 (s,P), 20.8 (s,P); *C{*H} NMR (75 MHz, THFdg) Ui (ppm): 169.1 (m,C"-0), 168.7 (mC"-
0), 140.1 (d,*3=8.0 Hz,C/Y), 139.5 (d,%J=8.0 Hz,C./),137.3 (d,"J» =83.2 Hz,C"(PPh)),
137.1 (d,"Jp =85.5 Hz,C"(PPh)), 134.9 (d,}J =13.5 Hz,C."), 135.2 (d,**J=9.0 Hz,m- or o-
CH(PPh)), 134.4 (d#3J, =9.0 Hz,m+ or 0-CH(PPh)), 134.0 (d,3J, =8.2 Hz,m+ or 0-CH(PPh));
133.9 (d,®J =8.2 Hz,m- or 0-CH(PPh)), 133.8 (d,*J =14.3 Hz,C."), 132.4 (d,"Jp =86.2 Hz,
CY(PPh)), 132.1 (d,"%=2.1 Hz, p-CH(PPh)), 132.0 (d,")=2.2 Hz, p-CH(PPh)), 131.9 (d,
*Jp =2.2 Hz, p-CH(PPh)), 131.8 (d,"J» =87.0 Hz,C"(PPh)),129.2 (d,?°J = 11.2 Hz,m or o-
CH(PPh)), 129.1 (d,?*J}=11.2 Hz, m or o-CH(PPh)), 128.9 (d,?J}=11.2 Hz, m or o-
CH(PPh)), 128.8 (d,%} =118 Hz, CiH), 128.6 (s, €H), 128.3 (s, ¢H), 127.6 (d,J=13.5 Hz,
CqH), 116.0 (d,"Jp =118.4 Hz,C"(PPh)), 113.2 (d,"} =118.4 Hz,C"(PPh)), 61.3 (br s, NCH-
CH-N), 54.0 (sCH.(cyclohexane ring)), 49.0 (§H,(cyclohexane ring)), 36.1 (€"(CHs)s), 35.9 (s,
CY(CHy)s), 34.9 (s,C"(CHy)s), 34.6 (s,CV(CHy)s), 32.2 (s, € (CHy)3), 32.0 (s, ¢ (CHs)s), 30.2 (s,
CY(CHy)3); Anal. Calc.(CeeHs/N,04P,Y): C, 70.57; H, 7.81; N, 2.4%ound: C, 70.66; H, 7.65; N,

2.59.
6.4.7 Compound 4.2

L2 (316 mg, 0.30 mmol)**P{*H} NMR spectrum after deprotonatiar18 ppm, after addition of

[YCI5(THF); 5 U=22.6 ppm, 27.5 ppm (equal intensities); (293 mg, 0.26 mmol, 87 %).

'H NMR (300 MHz, THFds) & (ppm): 7.89 (ddd *J,=10.6 Hz,%3};=7.5 Hz,*},4=1.0 Hz, 2H,0-
CH(PPh)), 7.75 (ddd}J=12.3 Hz,%3};,=7.5 Hz,*}:+=1.0 Hz, 2H,0-CH(PPh)), 7.62 (dddJs
=11.2 Hz,%°3}=7.5 Hz,*344=1.0 Hz, 2H,0-CH(PPh)), 7.56 (ddd,’);=11.0 Hz,%},=7.5 Hz,
*34+=1.0 Hz, 2H,0-CH(PPh)), 7.527.42 (m, 5H,p-CH(PPh) + m-CH(PPh)), 7.38 (m, 2H, m-
CH(PPh)), 7.32 (m, 2H, m-CH(PPh)), 7.27 (d,"3,4=2.0 Hz, 1H, GH), 7.21 (d,"}4x=2.0 Hz, 1H,
CyH), 7.17 (m, 1H, p-CH(PPh)), 6.84 (dd,'},=2.0 Hz,%3,=16.0 Hz, 1H, GH), 6.82 (m, 2H, m-
CH(PPh)), 6.47 (dd,*34=2.0 Hz,%J=16.0 Hz, 1H, GH), 4.62 (m, 1H, NCH-CH-N), 2.97 (m,

1H, N-CH-CH-N), 1.57 (m, 2H, @l,(cyclohexane)), 1.31 (s, 9H,.&'-CV(CHs)s), 1.12 (m, 2H,
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CH,(cyclohexane)), 1.12 (s, b, 9H-C(CHa,)s), 1.10 (s, 9H, &.V-C"Y(CH,)s), 1.09 (s, 9H, G."-
CY(CHy)3), 0.96 (s, 9H, €.V-CY(CHs)s), 0.82 (m, 2H, El(cyclohexane)), 0.66 (m, 1H,
CH.(cyclohexane)), 0.48 (m, 1H,H3(cyclohexane))*'P{*H} NMR (121.5 MHz, THFds) & ( pp m) :
27.6 (s,P), 20.8 (s,P); *C{*H} NMR (75 MHz, THF-ds) &  (1p9lnm,C"-0), 140.1 (d,
33 =8.0 Hz,C.), 134.0(d, #3J =8.2 Hz,m or o-CH(PPh)); 133.9 (d,?3J, =8.2 Hz,m- or o-
CH(PPh)), 133.8 (d3J» =14.3 Hz,C."), 132.4 (d 3} =86.2 Hz,C" (PPh)), 132.0 (d/*J =2.2 Hz,
p-CH(PPh)), 131.9 (d,"J=2.2 Hz, p-CH(PPh)), 131.8 (d,'J=87.0 Hz, CV(PPh)),129.2 (d,
2R =11.2 Hz,m or 0-CH(PPh)), 129.1 (d,**Jo=11.2 Hz,m- or 0-CH(PPh)), 128.6 (s, ¢H),
127.6 (d,2 =13.5 Hz,C4H), 113.2 (d,Jp =118.4 Hz,C" (PPh)), 61.3 (br sSN-CH-CH-N), 54.0 (s,
CH,(cyclohexane ring)), 49.0 (€H.(cyclohexane ring)), 34.9 (€"(CHa)s), 34.6 (5,C"(CHy)s),
32.2 (s, ¢/(CHs)3), 32.0 (s, ¢(CHs)s), 30.2 (s, € (CH3)3); Anal. Calc.(CgeHsN,O4P,Y): C, 70.57;

H, 7.81; N, 2.49Found: C, 70.47; H, 7.97; N, 2.53.
6.4.8 Compound 4.3

L3 (304 mg, 0.30 mmo)*P{'"H} NMR spectrum after the deprotonat |

addition of[YCI3(THF);gJ 0 =36 . 9 ppm; (240 mg, O0.22 mmol, 74 %)

'H NMR (300 MHz, THFdg) U (763 (du)’J1=7.0 Hz,%),=10.5 Hz, 4H0-CH(PPh)), 7.50
(dd, ®344=7.0 Hz,33},=10.5 Hz, 4H,0-CH(PPh)), 7.48 (m,2H, p-CH(PPh)), 7.41 (m,4H, m-
CH(PPh)), 7.40 (m, 2Hp-CH(PPh)), 7.32 (m, 4HmM-CH(PPh)), 7.29 (d,*3y,=2.5 Hz, 2H, GH),
6.37 (dd "} 4=2.5 Hz,%J;1 =15.5 Hz, 2H, GH), 3.51 (m, 2H, NCH,-CH,-CH,-N), 3.16 (m, 2H, N
CH,-CH,-CH,-N), 1.90 (m, 1H, NCH,-CH,-CH,-N), 1.63 (m, 1H, NCH,-CH,-CH,-N), 1.42 (s, 18H,
C(CHa)3), 1.09 (s, 18H, C(Bs)3), 0.86 (s, 9H, @C(CHa,)3); *'P{'"H} NMR (121.5 MHz, THF-dg) U
(ppmY. 33.8 (s P); *C{*H} NMR (75 MHz, THF-dg) Ui (ppm): 169.3 (d,*J =1.5 Hz,C"-0), 139.0
(d, *J» =8.0 Hz,C.." ), 134.3 (d**J =9.0 Hz,m- or 0-CH(PPh)), 134.1 (d**J =9.0 Hz,m- or o-
CH(PPh), 133.9 (d 23 =10.5 Hz,C.." ), 132.6 (d,'J» =87.8 Hz,C"V-PPh), 131.9 (d/J> =1.0 Hz,
p-CH(PPh)), 131.8 (d'Jp =1.0 Hz,p-CH(PPh)), 128.9 (d?*} =11.5 Hz,m- or 0o-CH(PPh)), 128.4

(s, CoH), 128.1 (d2Jp =14.0 Hz,C4H), 113.3 (d,'Jp=121.0 Hz,CV(PPh)), 69.8 (s, GCY(CHy)y),
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47.1 (d,%Jp=7.0 Hz, NCH,-CH,-CH,-N), 36.4 (t,%J» =9.0 Hz, NCH,-CH,-CH,-N), 34.6 (s, @
CY(CHy)3), 31.9 (s, Ga'-CY(CHa)3), 31.7 (S, Ga’-CV(CHs)3), 31.4 (s, Ga’-CY(CHy)s), 30.4 (s,
Cca’-C"(CHs)s); Anal. Calc. (GsHsaN204P,Y): C, 69.86; H, 7.72; N, 2.59. Found: C, 69.72; H, 7.66;

N, 2.67.
6.4.9 Compound 4.4

L4 (312 mg, 0.30 mmol)*P{'"H} NMR spectrum after the deprotonat |

addition of[YCIs(THF);d U=36.5 ppm; (295 mg, O0.26 mmol, 88 %)

'H NMR (300MHz, THRdg) U (79 (dud,*%,=1.5 Hz,%3,4=8.0 Hz,%%,=10.5 Hz, 4H0-
CH(PPh)), 7.49 (ddd,"3+=1.5 Hz,%3}=8.0 Hz,%%=10.5 Hz, 4H,0-CH(PPh)), 7.42(m,4H, m-
CH(PPh)), 7.34 (m, 4HmM-CH(PPh)), 7.29 (d, *3}44=2.0 Hz, 2H, GH), 7.15(m, 2H, p-CH(PPh)),
7.07 (m, 2Hp-CH(PPh)), 6.43 (dd/J,=2.0 Hz,3J,=15.5 Hz,2H, CH), 3.39 (d,*Js,=12.5 Hz,
1H, N-CH,), 3.34 (d,*J,,=12.5 Hz, 1H, NCH,), 2.85 (d,3J},;=12.0 Hz, 1H, NCH,), 2.79 (d,%J =
12.5 Hz, 1H, NCH,), 1.36 (s, 18HC. . -C"(CHs)3), 1.02 (s, 18H, ¢.V-C"Y(CHs)3), 0.80 (s, 9H, ©
CY(CHa)s), 0.62 (s, 3H, NCH,-C"(CHs),), 0.50 (s, 3H, NCH,-C"Y(CHa),); *'P{*H} NMR (121.5
MHz, THFds) U (ppm): 33.4(s, P); **C{*H} NMR (75 MHz, THFds) U (ppm): 169.8 (m,C"-0),
137.9 (d2J =7.7 Hz,C.." ), 133.8 (d*J =8.5 Hz,m- or o-CH(PPh)), 133.6 (d#%J» =8.5 Hz,m
or 0-CH(PPh)), 132.8 (d,'J»,=97.0 Hz,C"(PPh)), 131.7 (d,"J, =87.4 Hz,C"(PPh)), 130.9 (sp-
CH(PPh)), 130.8 (sp-CH(PPh)), 127.9 (d**J =11.0 Hz,m or o-CH(PPh)), 128.8 (d?°J =11.0
Hz, m or 0o-CH(PPh)), 127.5 (sCpH), 127.5 (d,Jp =12.5 Hz,C4H), 112.4 (d,'Jp=121.0 Hz,C"-
PPh), 69.2 (s, GC"(CHs)s), 58.1(d, 2Jo =7.5 Hz, NCH,), 38.1 (t,%J =12.5 Hz, NCH,-C"-CH,-
N), 35.1 (S, Ga'-CY(CHa)s), 33.7 (s, GC"Y(CHs)), 33.5 (s, Ga'-C"Y(CHg)s), 31.0 (s, Ga'-
CV(CHa)3), 29.6 (s, Ga¥-CV(CHa)s), 26.1 (s, & (CHs),), 25.2 (s, NCH,-C"V(CHs),); Anal. Calc.

(CesHaeN2O4P,Y): C, 70.32; H, 7.81; N, 2.52. Found: ©).40; H, 7.74; N, 2.61.
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6.4.10 Compound 4.5

L4 (312 mg, 0.30 mmol), KOEt (25.2 mg, 0.3 mmol) was used instead BWKEP{*H} NMR
spectrum after deprotonatiarr22.3 ppm, after addition of [YEITHF);s] 0=36.5 ppm; (265 mg,

0.25 mmol, 81 %).

'H NMR (300 MHz, THFdg) U (ppm): 7.75 (ddd,*3y=1.5 Hz,%3,4=7.0 Hz,%%,=11.5 Hz, 4H0-
CH(PPh)), 7.58(ddd, *3}=1.5 Hz,%3,,=7.0 Hz,%%,=11.5 Hz, 4H,0-CH(PPh)), 7.45 (m, 8Hm
CH(PPh) + p-CH(PPh)), 7.35 (d, *J}y+=2.0 Hz, 2H, GH), 7.33 (vtd,"Js ,=2.5 Hz,%3 v= 3] :f:=7.0
Hz, 4H,m-CH(PPh)), 6.77 (dd?J},=2.0 Hz,%%,=15.0 Hz, 2H, GH), 4.03 (n, 33;,,=6.0 Hz,1H, O-
CH,-CHs), 4.01 (t,%),4=6.0 Hz, 1H, O-CH,-CH,), 3.69 (d,%Js = 15.0 Hz, 1H, NCH,), 3.64 (d,
336 +=15.0 Hz, 1H, NCH,), 2.68 (d,3J =12.5 Hz, 1H, NCH,), 2.61 (d,3J} =12.5 Hz, 1H, NCH,),
1.29 (s, 18H, €.V- CV(CHy)3), 1.19 (s, 18H, €.V-C"Y(CHs)3), 0.90 (m, 3H, G@CH,-CHs), 0.46 (s,
3H, N-CH,-C"(CHa),), 0.44 (s, 3H, NCH,-C"(CHJ),); *'P{"H} NMR (121.5 MHz, THF-dy)

(ppm): 33.4 (5);*C{*H} NMR (75 MHz, THRdg) U (169 itm),C"-0), 139.0 (d,*Jp =7.5 Hz,
Cea" ), 134.8 (d?%), =9.0 Hz,m- or o-CH(PPh)), 134.3 (d?*J =9.0 Hz,m- or 0-CH(PPh)), 134.0
(d, %3 =14.5 Hz,C.."), 133.1 (d,"J,=88.5 Hz,C"(PPh)), 131.7 (d,"J» =90.5 Hz,C"(PPh)),
131.7 (sp-CH(PPh)+ CyH), 127.9 (d2Jp=13.0 Hz,CgH), 114.4 (d,"J =120.0 Hz,CV-PPh), 61.6
(s, OCH,-CH;), 58.2(d, 2J» =7.5 Hz, NCH,), 37.5 (t,%% =12.5 Hz, NCH,-C"-CH,-N), 34.9(s,
Cca’-C"Y(CHa)s), 33.5 (S, Ga’-CY(CHy)s), 31.3 (S, @CHxCHs), 30.9 (s, G1'-C"Y(CHJ)s), 29.3 (s,
Cea’-CY(CHs)3), 26.2 (s, € (CHs),), 22.3 (s, NCH,-C"(CHay),); Anal. Calc. (CssHgN,04P,Y): C,

69.92; H, 7.64; N, 2.5%ound: C, 69.96; H{.66; N, 2.65.
6.4.11 Compound 4.6

L5 (314 mg, 0.30 mmol)**P{*H} NMR spectrum after deprotonatiar13.2 ppm, after addition of

[YCI3(THF); g U=27.3 ppm (290 mg, 0.26 mmol, 87 %).

'H NMR (300 MHz, THFds) & (ppm): 7.71 (ddd,*},4=1.5 Hz,3J,=8.0 Hz,%)} =12.0 Hz, 4H,0-
CH(PPh)), 7.58 (ddd,'}y4=1.5 Hz,%3,=8.0 Hz,%%,;=12.0 Hz, 4H,0-CH(PPh)), 7.58 (m, 2H p-
CH(PPh)), 7.51 (m, 4HmM-CH(PPh)), 7.45 (m, 2Hp-CH(PPh)), 7.31 (d,*344=3.0 Hz, 2H, GH),
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7.30 (m, 4Hm-CH(PPh)), 6.37 (dd,"3,4=3.0 Hz,%% = 15.5 Hz, 2H, GH), 6.27 (ddd;J,,=6.0
Hz, “3y 4=3.5 Hz,%,=3.0 Hz, 2H, ®), 6.01 (dd2},,=6.0 Hz,"3,,=3.5 Hz, 2H, &), 1.27 (s, 18H,
Cca’-CV(CHs)3), 1.04 (s, 18H, GV-CV(CHs)s), 0.56 (I5, 9H, O-CV(CHa)3); **P{*H} NMR (121.5
MHz, THF-dg) 0  (26.9sD);:*C{’H} NMR (75 MHz, THRdg) U (1pOd itby sC"-0),
144.8 (dd 23 =19.0 Hz,*Js =4.0 Hz,C"-N), 139.0 (d 33 =7.5 Hz,C.." ), 134.4 (d 33 =16.0 Hz,
Cca’), 134.0 (d,*°J =10.0 Hz,m- or 0-CH(PPh)), 132.3 (sp-CH(PPh)), 132.0 (sp-CH(PPh)),
132.0 (d,"Jp =88.5 Hz,C"(PPh)), 131.1 ¢, *J =87.0 Hz,C"(PPh)), 129.3 (d %) =11.5 Hz,m-
or o-CH(PPh)), 128.8 (sC,H), 128.7 (d?*J =11.5 Hz,m- or o-CH(PPh)), 128.4 (d2Jp =14.0 Hz,
CdH), 122.2 (d,3% =10.0 Hz,CH), 118.3 (s,CGH), 114.8 (d,'J» =124.0 Hz,C"V-PPh), 35.7 (s,
Cea’-CY(CHa)s), 34.3 (s, GJV-CY(CHa)s), 33.9 (b, OC"Y(CHs)s), 31.8 (s, (b, @C"(CHs)3), 31.7 (s,
Cea’-CY(CHs)3), 30.3 (s, Ga’-C"Y(CHa3)s); Anal. Calc. CeeHgN204P,Y): C, 71.02; H, 7.22; N, 2.51.

Found: C, 70.85; H, 7.43; N, 2.55.
6.4.12 Compound 4.7

L6 (295 mg, 0.30 mmol). Th&P{*H} NMR spectrum after deprotonatian= 20.3 ppm; (250 mg,

0.26 mmol, 88 %).

'"H NMR (300 MHz, THFdg) U  (7$3(dd)’% =11.5 Hz,%},,,=7.0 Hz, 4H,0-CH(PPh)), 7.54
(m, 2H, p-CH(PPR)), 7.48 (m, 5H,p-CH(PPh) + m-CH(PPh)), 7.40 (dd,*Js;=11.5 Hz,3},,=7.0
Hz, 4H, 0o-CH(PPh)), 7.39 (m 1H, mCH(PPh)), 6.92 (d, “J;=3.0 Hz, 2H, GH), 5.94 (dd,
33 +=15.5 Hz,*3,1=3.0 Hz, 2H,C4H), 3.35 (s, 6H;OCH5), 3.31 (m, 2H, NCH,-CH,-N), 3.18 pm,
2H, N-CH,-CH,-N), 1.39 (s, 18HC,"-C"(CHs)3), 0.84 bs, 9H, O-C"(CHs),); **P{*H} NMR (121.5
MHz, THF-dg) U (ppm): 31.6(s, P); **C{*H} NMR (75 MHz, THFdg) Ui (ppm). 168.8 (br sC"-0),
148.2(d, %3 =20.0 Hz,C."), 141.1 (d.}J =9.5 Hz,C,"), 134.1 (d 2} =9.0 Hz,0-CH(PPh)), 133.6
(d, 2J=9.0 Hz, o-CH(PPh)), 132.3 (d,'J,=88.0 Hz, CV(PPh)), 132.0 (d,*J=1.5 Hz, p-
CH(PPh)), 131.7 (d,"J,=90.0 Hz, CV(PPh)), 131.7 (d,*Jr=1.5 Hz, p-CH(PPh)), 129.0 (d,
33 =10.5 Hz, m-CH(PPh)), 128.9 (d,%J»=10.5 Hz,m-CH(PPh)), 120.3 (d,"Js =1.0 Hz, C,H),

114.2 (d,%Jp =14.5 Hz,CH), 111.6 (d, "J»=123.0 Hz,C"V-PPh), 55.5 (s, O-CHs), 52.1 (dd,
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B3 =6.5 Hz,**Jp =18.0 Hz, NCH,-CH,-N), 35.7 (sC."-C"(CH,)s), 33.3 (s, OC"(CHs)s), 30.2 (s,
C.V-CY(CHs)3), 26.0 (s, GCY(CHa)s); Anal. Calc. (G:Hs:N,0sP5Y): C, 66.10; H, 6.51; N, 2.96.

Found: C, 65.89; H5.42; N, 2.85.
6.4.13 General procedure for the synthesis of the yttrium complexes 4.8 and 4.9

Potassiunbis(trimethylsilyl)Jamide (300 mg, 1.5 mmol) was added into a slurry of ligah¢(B50 mg,

0.3 mmol) in THF (20 mL). After 4 h, a cloudy solution was yielded and the insoluble potassium salt
was removed by centrifugation. [Y{THF); ¢ (134 mg, 0.3 mmol) was added and stirred for 4 h at
298 K. The completion of the coordination reastiwas verified by'P{*H} NMR spectroscopy.
Potassiuntert-butoxide (34 mg, 0.3 mmol) was added into the mixture, giving a cloudy solution.
Stirring was continued for 7 h and the solid was removed by centrifugation. The solvents were
evaporatedn vacuoand the residue was crystallised in cyclohexane (5 mL), giving compalu8ds

and4.9as colorless crystals
6.4.14 Compound 4.8

L7 (350 mg, 0.30 mmol*'P{*H} NMR spectrum after deprotonatidix23.4 ppm, after addition of

[YCI5(THF);5 0=35.0ppnt (260mg, 0.24 mmol, 83 %).

'H NMR (300 MHz, THFds) &  (7®® (ddd, )y y=1.5 Hz,%},+=7.0 Hz,%)% =11.5 Hz, 4H0-

CH(PPh)), 7.57 (ddd,*};,=1.5 Hz, %3,4=7.0 Hz, 3J,=11.5 Hz, 4H,0-CH(PPh)), 7.50 (tvq,
*3=1.5 Hz,%3,1=7.0 Hz,°J,,=1.5 Hz, 2Hp-CH(PPh)), 7.42 (vtd,*J,=2.5 Hz,%}, =] {4=7.0
Hz, 4H, m-CH(PPh)), 7.40 (tvg,*Jyy=1.5 Hz,%3}=7.0 Hz,J,=1.5 Hz, 2H, p-CH(PPh)), 7.24
(vtd, “Jp=2.5 Hz,°3 =% 3=7.0 Hz, 4H,m-CH(PPh)), 7.21 (d, “J4=2.0 Hz, 2H, GH), 6.59 (dd,
*31=2.0 Hz,%3,=15.5 Hz, 2H, GH), 3.24 (m, 4H, P=RACH,), 2.93 (m, 2H, P=NCH,-CH,), 2.58
(m, 2H, P=NCH,-CH,), 1.15 (s, 18H, ¢.V-C"Y(CHa)3), 1.10(s, 18H, G."-C"(CHa,)s), 0.80 (s, 9H,
O-CY(CHa3)a); *P{*H} NMR (202.5 MHz, THFds) U (ppm): 33.6 (d, 2p.y=1.62 Hz P); *C{'H}

NMR (75 MHz, THFdg) U (ppm): 169.1 (d,%J»=3.0 Hz, CV-0), 169.0 (d,*J} =3.0 Hz,CV-0),
139.9 (d,23 =8.0 Hz,C..."), 133.8 (d**J =9.5 Hz,m- or 0-CH(PPh)), 133.7 (d??J =9.5 Hz,m-

or 0-CH(PPh)), 133.6 (d,%J}=8.0 Hz, C.."), 133.3 (d,'J=87.5 Hz, CV(PPh)), 132.1 (d,
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13, =90.0 Hz,CY(PPh)), 131.8 (d,*J =2.5 Hz, p-CH(PPh)), 131.6 (3 =2.5 Hz, p-CH(PPh)),
128.9 (d,*J»=11.0 Hz,m- or o-CH(PPh)), 128.8 (d,**J=11.0 Hz,m- or o-CH(PPh)), 128.2 (d,
*Jp =2.5 Hz, C,H), 127.5 (d,2Jp =12.5 Hz,CH), 111.8 (d,"J =118.0 Hz,C"V-PPh), 69.7 (s, @
C"(CHs)s), 54.0(d, 3o =16.0 Hz, '-N-CH,), 48.6 (d,3J» =5.0 Hz, P'-N-CH,-CH,), 35.8 (s, G."-
C"(CHa)3), 35.2 (s, OCY(CHJ)), 34.3 (s, Ga'-C"Y(CHs)s), 31.8 (s, Ga’-C"Y(CHa)3), 30.2 (S, Ga'-
C"Y(CHa3)3); Anal. Calc. (GoH7gNsOsP.Y): C, 69.28; H, 7.56; N, 4.04. Found: C, 69.16; H, 7.64; N,

3.95.
6.4.15 Compound 4.9

L7 (350 mg, 0.30 mmol)KOEt (25.2 mg, 0.3 mmolyvas used instead of KBu; *'P{*H} NMR
spectrum after deprotonatiaiF23.4 ppm, after addition of [YG(THF);g 0=35.0 ppm (265 mg,

0.26 mmol, 87 %).

'H NMR (300 MHz, THFds) U (73 (ddd,*3y =1.5 Hz,%},,=8.0 Hz,%) =9.0 Hz, 4H,0-
CH(PPh)), 7.55 (ddd;*},=1.5 Hz,%3:=8.0 Hz,%J} ;9.0 Hz, 4H,0-CH(PPh)), 7.49 (tt,*}=1.5
Hz, *Jys= 8.0 Hz, 2H,p-CH(PPh)), 7.39 (vtd,*Js,=2.5 Hz,*, 1= 13:=8.0 Hz, 4H,m-CH(PPh)),
7.37 (tt,°3=1.5 Hz,*3, 4=8.0 Hz, 2Hp-CH(PPh)), 7.22 (vtd,"Jo,=2.5 Hz,33} =] 1=8.0 Hz, 4H,
m-CH(PPh)), 7.21 (d “}4x=2.0 Hz, 2H, GH), 6.65 (dd;"J;4=2.0 Hz,%J =15.5 Hz, 2H, GH), 3.96
(m, 1H, OCH,-CH,), 3.32 (m, 1H, GCH,-CHs), 3.27 (m, 4H, P=NCH,), 2.83 (m, 2H, P=RCH,-
CH,), 2.58 (m, 2H, P=NCH,-CH,), 1.12 (s, 36H, &.V-CV(CHs)3), 0.90 (m, 3H, GCH,-CHs);
3pf'H} NMR (121.5 MHz, THFds) U (ppm): U 34.2 (s, P); **C{*H} NMR (75 MHz, THFRds) U
(ppm): 168.9 (d,*J =3.0 Hz,C"-0), 168.8 (d3J =3.0 Hz,C"-0), 139.9 (d,3J =7.5 Hz,C.." ),
133.7 (d,”°3 =8.0 Hz,m- or 0-CH(PPh)), 133.6 (d,”*J =8.0 Hz,m- or 0-CH(PPh)), 133.5 (d,
%3 =8.0 Hz,C.."), 133.3 (d,"J» =83.0 Hz,C"(PPh)), 131.8 {Jp =2.5 Hz,p-CH(PPh)), 131.6 (d,
1J» =88.0 Hz,C"(PPh)), 131.6 (d,"Jo=2.5 Hz, p-CH(PPh)), 128.9 (d,**J =11.0 Hz,m- or o-
CH(PPh)), 128.8 (d,**J=11.0 Hz,m- or 0-CH(PPh)), 128.3 (d,*Jp =2.0 Hz, C,H), 127.2 (d,
2Jp =12.5 Hz,C¢H), 113.0 (d,'Jp =119.0 Hz,C"V-PPh), 62.5 (s, GQCH,-CHs), 53.7(d, °J» =16.0 Hz,

PY-N-CH,), 48.8 (d, %} =5.0 Hz, P-N-CH,-CH,), 35.7 (s, Ga’'-C"“(CHs)s), 34.3 (s, Ga'-
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CY(CHa)s), 31.9 (s, G.V-CV(CHa)s), 29.9 (s, Ga’-C"Y(CHs)s), 23.3 (s, GCH,-CH3); Anal. Calc.

(CseH74N3O3P,Y): C, 68.83; H, 7.37; N¢.74. Found: C, 68.14; H, 7.54; N, 4.27.
6.4.16 General Polymerization Procedure

In a glove box, @entrifuge tubevas loaded witlac-lactide 88 mg, 2 mmol) anddissolved inTHF
(1.8 mL). A stock solution of initiator (0.2 mL, 0.02 M) was injected ittie reaction, such that the
overall concentration of lactide was 1 M and of initiator was 2.mANfuots weretaken from the
reaction under anitrogen atmospherequenched withwet hexane (22 mL) and the solvent was
allowed to evaporateThe crude producivas analysed bjH NMR and homonuclear decoupléd
NMR spectroscopynd GPC. The conversion of LA to PLA was determined by integration of the
methyne proton peaks of tHE N MR s p e cit 538. The ®Por B valu® was determined by
integrationof the methyne region of the homonuclear decouptedINMR spectrum U7 %241
The methyne proton regions were deconvoluted using MestReNova sofftereé®?LA number
averaged molecular weight),, and polylispersity index ¥1./M,; PDI) were determined using gel

permeation chromatography equipped with multiangle laser light scat(SE@MALLS).
6.4.17 General polymerization Procedure at Low Temperature

I n a gl ove boampoula was doadedyviitkac-lactidep (107 mg, 0.74 mmol) and
dissolved in cold THF (1 mL). The initiatod.9) (7.5 mg, 0.0074 mmol) was dissolved in cold THF
(0.48 mL). The initiator solution was then injected into the reaction, such that the overall
concentration of lactide was 0.5.Nhe ampoule was then removed from the glovebox and placed in
an ice or ice/salt bath, such that the temperature was maintained at 258 K or 273 K respectively. After
anallotted period otime the reaction was quenchediwhexane (5 mL) and the solvent was allowed

to evaporateThe resultant polymer was analysed as described above.
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Appendix A: Experimental Data for Crystallography Data

Al: Experimental data for compounds

Compound
Formula

Formula weight
Temperature
Diffractometer,
wavelength

Crystal system,
space group

Unit cell dimensions

Volume, Z
Density (calculated)

Absorption
coefficient

F(000)

Crystal colour /
morphology

Crystal size

g range for data
collection
Index ranges

Reflns collected /
unique

Reflns observed

[F>4 s(F)]

Absorption

correction

Max. and min.
transmission
Refinement method

Data/restraints /
parameters
Goodness - of - fit on
F2

Final R indices

[F>4 s(F)]

R indices (all data)
Largest diff. peak,
hole

Mean and maximum
shift/error

2.12
CooHi7Al Clol 2N, G,
693.06
173K

OD Xcalibur 3, 0.71073 A

Monoclinic, P2(1)/n

a=10.3112(3) A a =90°
b = 36.5740(9) Ab =
107.432(3)°

c =13.3312(4) A g =90°

4796.6(2) A 3,8
1.919 Mg/im 3
2.904 mm -1

2656
Yellow blocks

0.33x 0.26x0.19mm 3
3.02 to 32.49°

- 15<=h<=15,
17<=I<=19
47989/ 15981 [R(int) =
0.0370]

12613

- b4<=k<=53, -

Analytical
0.651 and 0.538

Full - matrix least

onF 2
15981/0/ 563

- squares

1.184
R1 =0.0985, wR2 = 0.1947

R1 =0.1196, wR2 = 0.2015
2135, -1.869eA -3

0.000 and 0.001

Appendices

2.22
CyoH12Gs GaNG,
559.29
173 K

OD Xcalibur 3, 0.71073 A

Monoclinic, C2/c

a=18.6742(3) A a =90°
b = 7.35125(10) A b =
110.4413(19)°

¢ =16.3025(3) A
2097.06(6) A 3,4
1.771 Mg/m 3
1.972 mm -1

g =90°

1112
Yellow blocks

0.36 x 0.21 x 0.17 mm 3
3.12 to 32.90°

- 27<=h<=26,
23<=I<=24
11756 / 3588
0.0203]

3174

- 10<=k<=8, -

[R(int) =

Analytical
0.819 and 0.657

Full - matrix least

onF 2
3588/0/ 138

- squares

1.076
R1 =0.0255, wR2 = 0.0643

R1 = 0.0318, wR2 = 0.0678
0.460, -0.358eA -3

0.000 and 0.001



Compound
Formula

Formula weight
Temperature
Diffractometer,
wavelength

Crystal system,
space group

Unit cell dimensions

Volume, Z
Density (calculated)

Absorption
coefficient

F(000)

Crystal colour /
morphology

Crystal size

g range for data
collection
Index ranges

Reflns collected
unique

Reflns observed
[F>4 s(F)]
Absorption
correction

Max. and min.
transmission
Refinement method

Data/restraints /
parameters
Goodness - of - fit on
F2

Final R indices

[F>4 s(F)]

R indices (all data)
Largest diff. peak,
hole

Mean and maximum
shift/error

2.23
CosH1 Cl ,GaNG;
596.95
173 K

OD Xcalibur 3, 0.71073 A

Triclinic, P -1

a=10.1961(3) A a
102.960(2)°

b =14.4367(4) A b
103.029(2)°
c=18.7110(5) A g=
105.859(2)°

2458.16(13) A 3,4
1.613 Mg/m 3

1.585 mm -1

1208
Yellow blocks

0.37 x 0.29 x 0.12 mm 3
3.08 to 32.70°

- 14<=h<=15,
27<=I<=24

- 21<=k<=21,

29124 / 16078 [R(int) =
0.0188]
12599

Analytical
0.832 and 0.648

Full - matrix least - squares

on F 2
16078/ 70/ 634

1.047

R1 =0.0365, wR2 = 0.0884

R1 = 0.0538, wR2 = 0.0949
0.870, -0.602eA -3

0.000 and 0.001
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3.8

CooHpsAIN 20,
680.79

173 K
OD Xcalibur 3, 0.71073 A

Monoclinic, C2/c

a=25.8123(7) A a
b =21.5571(4) A b =
116.529(3)°

c =14.7290(4) A

7332.84)A 3,8
1.233 Mg/m 3
0.097 mml

2880
Yellow blocks

0.56 x 0.24 x 0.15 mm 3
2.97 to 32.74°

- 22<=h<=39,
21<=I<=22

41849 / 12412 [R(int) =
0.0242]
9301

- 32<=k<=31, -

Analytical
0.988 and  0.962

Full - matrix least
onF 2

- squares

12412/250/ 487

1.100

R1 =0.0544, wR2 = 0.1544

R1 =0.0773, wR2 = 0.1677
0.684, -0.372eA -3

0.000 and 0.001



Compound
Formula
Formula weight

Temperature
Diffractometer,
wavelength

Crystal system,
space group
Unit cell dimensions

Volume, Z
Density (calculated)

Absorption
coefficient

F(000)

Crystal colour /
morphology

Crystal size

g range for data
collection
Index ranges

Reflns collected /
unique

Reflns observed
[F>4 s(F)]
Absorption
correction

Max. and min.
transmission
Refinement method

Data/restraints /
parameters
Goodness - of - fit on
F2

Final R indices

[F>4 s(F)]

R indices (all data)
Largest diff. peak,
hole

Mean and maximum
shift/error

3.11

CoaH Gy LG ZN5
642.98

173 K
OD Xcalibur PX Ultra,

1.54184 A

Orthorhombic, Pbca
a=7.72046(6) A a =90°

b = 15.77008(11) A b =90°
¢ = 20.25661(15) A g =90°
2466.29(3) A 3,4

1.732 Mg/m 3

6.595 mm - 1

1296
Pale yellow tablets

0.3364 x 0.2102 x 0.0432

mm?
4.37 10 72.53°

-9<=h<=7, -19<=k<=18, -
24<=|<=21

18553 / 2429 [R(int) =

0.0281]

2214
Analytical
0.756 and 0.293

Full - matrix least - squares

on F2
2429/0/ 155

1.085
R1=0.0273, wR2 = 0.0764

R1 = 0.0310, wR2 = 0.0787
0.295, -0.272eA -3

0.000 and 0.001
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A2: Full list of bond lengths (&) and bond angles {) for compound 2.16

Al(1A) - O(1A) 1.807(6) C(28A) - N(29A) 1.333(10)
Al(1A) - C(40A) 1.984(9) C(28A) - C(31A) 1.508(13)
Al(1A) - N(29A) 2.087(7) N(29A) - C(30A) 1.382(10)
Al(1A) - N(9A) 2.093(7) C(40A) - C(41A) 1.499(15)
O(1A) - C(1A) 1.319(9) AI(1B) - O(1B) 1.802(6)
C(1A) - C(2A) 1. 382(10) Al(1B) - O(21B) 1.810(6)
C(1A) - C(10A) 1.414(10) Al(1B) - C(40B) 1.969(8)
C(2A) - C(3A) 1.404(11) Al(1B) - N(9B) 2.087(7)
C(2A) - I(1A) 2.087(8) AI(1B) - N(29B) 2.102(7)
C(3A) - C(4A) 1.365(12) O(1B) - C(1B) 1.326(9)
C(4A) - C(5A) 1.421(11) C(1B) - C(2B) 1.388(11)
C(4A) - CI(1A) 1.773(8) C(1B) - C(10B) 1.428(11)
C(5A) - C(10A) 1.409(10) C(2B) - C(3B) 1.413(13)
C(5A) - C(6A) 1.412(12) C(2B) - I(1B) 2.071(10)
C(6A) - C(7A) 1.361(12) C(3B) - C(4B) 1.364(14)
C(7A) - C(8A) 1.420(12) C(4B) - C(5B) 1.414(13)
C(8A) - N(9A) 1.321(10) C(4B) - CI(1B) 1.782(9)
C(8A) - C(11A) 1.508(12) C(5B) - C(10B) 1.407(11)
N(9A) - C(10A) 1.361(10) C(5B) - C(6B) 1.415(14)
O(21A) - C(21A) 1.324(9) C(6B) - C(7B) 1.348(15)
C(21A) - C(22A) 1.358(11) C(7B) - C(8B) 1.417(12)
C(21A) - C(30A) 1.428(10) C(8B) - N(9B) 1.327(10)
C(22A) - C(23A) 1.410(11) C(8B) - C(11B) 1.492(13)
C(22A) - I(2A) 2.078(8) N(9B) - C(10B) 1.359(10)
C(23A) - C(24A) 1.352(13) O(21B) - C(21B) 1.322(9)
C(24A) - C(25A) 1.420(12) C(21B) - C(22B) 1.370(11)
C(24A) - CI(2A) 1.804(8) C(21B) - C(30B) 1.426(10)
C(25A) - C(26A) 1.408(12) C(22B) - C(23B) 1.407(11)
C(25A) - C(30A) 1.412(11) C(22B) - 1(2B) 2.076(8)
C(26A) - C(27A) 1.365(14) C(23B) - C(24B) 1.369(13)
C(27A) - C(28A) 1.412(13) C(24B) - C(25B) 1. 404(12)
C(24B) - CI(2B) 1.845(8) C(25B) - C(30B) 1.413(11)
C(25B) - C(26B) 1.414(12) C(26B) - C(27B) 1.356(14)
C(27B) - C(28B) 1.411(13) C(28B) - N(29B) 1.347(10)
C(28B) - C(31B) 1.493(14) N(29B) - C(30B) 1.355(10)
C(40B) - C(41B) 1.526(14)

O(1A) - Al(1A) - O(21A) 119.8(3) O(LA)- Al(1A) - C(40A) 118.8(4)
O(21A) - Al(1A) - C(40A)  121.4(4) O(1A) - Al(1A) - N(29A) 90.6(3)
O(21A) - Al(1A) -N(29A)  82.7(3) C(40A) - Al(1A) -N(29A)  97.7(4)
O(1A) - Al(1A) - N(9A) 82.8(3) O(21A) - Al(1A) - N(9A) 89.3(3)
C(40A) - Al(1A) - N(9A) 96.8(4) N(29A) - Al(1A) - N(9A) 165.5(3)
C(1A) - O(1A) - Al(1A) 116.9(5) O(1A) - C(1A) - C(2A) 124.9(7)
O(1A) - C(1A) - C(10A) 118.0(7) C(2A) - C(1A) - C(10A) 117.1(7)
C(1A) - C(2A) - C(3A) 121.9(7) C(1A) - C(2A) - I(1A) 118.5(6)
C(3A) - C(2A) - I(1A) 119.6(6) C(4A) - C(3A) - C(2A) 119.7(7)
C(3A) - C(4A) - C(5A) 121.8(7) C(3A) - C(4A) - CI(1A) 119.9(6)
C(5A) - C(4A) - CI(1A) 118.4(7) C(10A) - C(5A) - C(6A) 116.6(7)
C(10A) - C(5A) - C(4A) 116.5(7) C(6A) - C(5A) - C(4A) 126.9(8)
C(7A) - C(6A) - C(5A) 119.6(8) C(6A) - C(7A) - C(8A) 120.5(8)
N(9A) - C(8A) - C(7A) 121.0(8) N(9A) - C(8A) - C(11A) 119.6(8)
C(7A) - C(8A) - C(11A) 119.5(8) C(8A) - N(9A) - C(10A) 119.2(7)
C(8A) - N(9A) - Al(1A) 132.9(6) C(10A) - N(9A) - Al(1A) 107.7(5)
N(9A) - C(10A) - C(5A) 123.2(7) N(9A) - C(10A) - C(1A) 114.0(7)
C(5A) - C(10A) - C(1A) 122.8(7) C(21A) - O(21A) - Al(1A) 118.0(5)
O(21A) - C(21A) - C(22A)  126.4(7) O(21A) - C(21A) - C(30A)  116.7(7)
C(22A) - C(21A) - C(30A)  116.9(7) C(21A) - C(22A) - C(23A)  121.8(8)
C(21A) - C(22A) - C(23A)  121.8(8) C(21A) - C(22A) - I(2A) 118.2(6)
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C(23A) - C(22A) - I(2A)
C(23A) - C(24A) - C(25A)
C(25A) - C(24A) - CI(2A)
C(26A) - C(25A) - C(24A)
C(27A) - C(26A) - C(25A)
N(29A) - C(28A) - C(27A)
C(27A) - C(28A) - C(31A)
C(28A) - N(29A) - Al(1A)
N(29A) - C(30A) - C(25A)
C(25A) - C(30A) - C(21A)
O(1B) - Al(1B) - O(21B)
O(21B) - Al(1 B)- C(40B)
O(21B) - Al(1B) - N(9B)
O(1B) - Al(1B) - N(29B)
C(40B) - Al(1B) - N(29B)
C(1B) - O(1B) - Al(1B)
O(1B) - C(1B) - C(10B)
C(1B) - C(2B) - C(3B)
C(3B) - C(2B) - I(1B)
C(3B) - C(4B) - C(5B)
C(5B) - C(4B) - CI(1B)
C(10B) - C(5B) - C(6B)
C(7B) - C(6B) - C(5B)
N(9B) - C(8B) - C(7B)
C(7B) - C(8B) - C(11B)
C(8B) - N(9B) - Al(1B)
N(9B) - C(10B) - C(5B)
C(5B) - C(10B) - C(1B)
O(21B) - C(21B) - C(22B)
C(22B) - C(21B) - C(30B)
C(21B) - C(22B) - I(2B)
C(24B) - C(23B) - C(22B)
C(23B) - C(24B) - CI(2B)
C(24B) - C(25B) - C(30B)
C(30B) - C(25B) - C(26B)
C(26B) - C(27B) - C(28B)
N(29B) - C(28B) - C(31B)
C(28B) - N(29B) - C(30B)
C(30B) - N(29B) - Al(1B)
N(29B) - C(30B) - C(21B)
C(41B) - C(40B) - Al(1B)

120.0(6)
121.5(7)
118.7(7)
127.8(8)
120.1(8)
120.4(8)
121.0(8)
132.8(6)
123.2(7)
123.0(7)
121.2(3

118.9(3)
89.9(3)

90.7(3)

96.9(3)

116.8(5)
117.6(7)
120.8(9)
120.5(6)
121.1(8)
119.1(8)
115.4(8)
120.3(8)
120.1(8)
120.7(8)
132.0(6)
123.9(7)
122.8(7)
125.3(7)
117.3(7)
119.4(6)
120.6(8)
120.4(7)
117.2(7)
116.0(8)
122.5(8)
118.8(8)
118.9(7)
108.4(5)
113.5(7)
118.7(7)

C(24A) - C(23A) - C(22A)
C(23A) - C(24A) - CI(2A)
C(26A) - C(25A) - C(30A)
C(30A) - C(25A) - C(24A)
C(26A) - C(27A) - C(28A)
N(29A) - C(28A) - C(31A)
C(28A) - N(29A) - C(30A)
C(30A) - N(29A) - Al(1A)
N(29A) - C(30A) - C(21A)
C(41A) - C(40A) - Al(1A)
O(1B) - Al(1B) - C(40B)
O(1B) - Al(1B) - N(9B)
C(40B) - Al(1B) - N(9B)
O(21B) - AI(1B) - N(29B)
N(9B) - Al(1B) - N(29B)
O(1B) - C(1B) - C(2B)
C(2B) - C(1B) - C(10B)
C(1B) - C(2B) - I(1B)
C(4B) - C(3B) - C(2B)
C(3B) - C(4B) - CI(1B)
C(10B) - C(5B) - C(4B)
C(4B) - C(5B) - C(6B)
C(6B) - C(7B) - C(8B)
N(9B) - C(8B) - C(11B)
C(8B) - N(9B) - C(10B)
C(10B) - N(9B) - Al(1B)
N(9B) - C(10B) - C(1B)
C(21B) - O(21B) - Al(1B)
O(21B) - C(21B) - C(30B)
C(21B) - C(22B) - C(23B)
C(23B) - C(22B) - I(2B)
C(23B) - C(24B) - C(25B)
C(25B) - C(24B) - CI(2B)
C(24B) - C(25B) - C(26B)
C(27B) - C(26B) - C(25B)
N(29B) - C(28B) - C(27B)
C(27B) - C(28B) - C(31B)
C(28 B) - N(29B) - Al(1B)
N(29B) - C(30B) - C(25B)
C(25B) - C(30B) - C(21B)
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120.6(7)
119.8(7)
116.2(8)
116.0(7)
121.1(8)
118.6(8)
118.9(7)
108.0(5)
113.8(7)
115.8(7)
119.9(4)
82.8(3)

98.0(3)

82.0(3)

165.1(3)
125.4(8)
117.1(7)
118.7(7)
121.0(8)
119.8(7)
117.2(8)
127.4(8)
121.0(9)
119.1(8)
119.2(7)
108.5(5)
113.3(7)
117.3(5)
117.4(7)
121.5(8)
119.1(6)
121.1(8)
118.5(7)
126.7(8)
119.0(8)
119.3(9)
121.9(8)
132.4(6)
124.2(7)
122.3(7)
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A3: Full list of bond lengths (&) and bond angles {) for compound 2.22

Ga O(12)#1
Ga N(1)#1
Ga Cl(1)
N(1) - C(10)
C(2) - C(11)
C(4) - C(5)
C(5) - C(6)
C(6) - CI(6)
C(8) - C(9)
C(9) - 0(12)

O(12)#1 - Ga O(12)
0(12) - Ga N(1)#1
0(12) - Ga N(1)
O(12)#1 - Ga Cl(1)
N(1)#1 - Ga Cl(1)
C(2) - N(1) - C(10)
C(10) - N(1) - Ga
N(1) - C(2) - C(11)
C(4) -C(3) - C(2)
C(10) - C(5) - C(4)
C(4) - C(5) - C(6)
C(7) - C(6) - CI(6)
C(6) - C(7) - C(8)
C(9) - C(8) - CI(8)
0(12) - C(9) - C(8)
C(8) - C(9) - C(10)
N(1) - C(10) - C(9)
C(9) - O(12) - Ga

Ad4: Full list of bond lengths (&) and bond angles {) for compound 2.23

Ga(1A) - O(40A)
Ga(1A) - O(29A)
Ga(1lA) - N(21A)
CI(2A) -C(8A)
Cl(4A) - C(28A)
N(1A) - C(10A)
C(2A) - C(11A)
C(4A) - C(5A)
C(5A) - C(6A)
C(7A) - C(8A)
C(9A) - O(9A)
N(21A) - C(22A)
C(22A) - C(23A)
C(23A) - C(24A)
C(25A) - C(30A)
C(26A) - C(27A)
C(28A) - C(29A)
C(29A) - C(30A)
O(40A) - C(41)
C(41A) - C(43A)
C(1) -C(43)
C(1) -C(44)
Ga(1B) - O(29B)

1.8680(10)
2.1073(10)
2.1915(6)

1.3649(16)
1.4939(18)
1.4097(18)
1.4172(18)
1.7345(13)
1.3775(18)
1.3263(15)

126.83(7)
91.74(4)
83.09(4)
116.58(3)
95.77(3)
119.97(11)
107.79(8)
119.08(12)
120.84(12)
116.81(11)
125.87(11)
119.91(10)
120.18(12)
118.88(10)
124.27(12)
116.76(11)
114.78(11)
114.75(8)

1.79 04(13)
1.8881(12)
2.1310(16)
1.735(2)
1.7284(18)
1.371(2)
1.496(3)
1.407(3)
1.421( 3)
1.403(3)
1.321(2)
1.325(2)
1.417(3)
1.358(3)
1.409(2)
1.364(3)
1.381(2)
1.426(2)
1.424(11)
1.512(8)
1.529(11)
1.533(11)
1.8863(13)

Ga 0(12)
Ga N(1)
N(1) - C(2)
C(2) - C(3)
C(3) - C(4)
C(5) - C(10)
C(6) - C(7)
C(7) - C(8)
C(8) - Cl(8)
C(9) - C(10)

O(12)#1 - Ga N(L)#1
O(12)#1 - Ga N(1)
N(1)#1 - Ga N(1)
0(12) - Ga CI(1)
N(1) - Ga CI(1)
C(2) - N(1) - Ga
N(1) - C(2) - C(3)
C(3) - C(2) - C(11)
C(3) - C(4) - C(5)
C(10) - C(5) - C(6)
C(7) - C(6) - C(5)
C(5) - C(6) - CI(6)
C(9) - C(8) - C(7)
C(7) - C(8) - CI(8)
0(12) - C(9) - C(10)
N(1) - C(10) - C(5)
C(5) - C(10) - C(9)

Symmetry transformations
generate equivalent atoms:#1

z+1/2

Ga(1A) - O(9A)
Ga(1A) - N(1A)
CI(1A) - C(6A)
CI(3A) - C(26A)
N(1A) - C(2A)
C(2A) - C(3A)
C(3A) - C(4A)
C(5A) - C(10A)
C(6A) - C(7A)
C(8A) - C(9A)
C(9A) - C(10A)
N(21A) - C(30A)
C(22A) - C(31A)
C(24A) - C(25A)
C(25A) - C(26A)
C(27A) - C(28A)
C(29A) - O(29A)
O(40A) - C(41A)
C(41A) - C(44A)
C(41A) - C(42 A)
C(41) - C(42)
Ga(1B) - O(40B)
Ga(1B) - O(9B)
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1.8680(10)
2.1073(10)
1.3319(17)
1.4139(18)
1.3701(19)
1.4094(16)
1.3682(19)
1.4069(18)
1.7294(14)
1.4267(17)

83.09(4)
91.74(4)
168.47(6)
116.58(3)
95.77(3)
132.04(9)
120.10(12)
120.82(12)
119.60(11)
117.32(11)
121.01(11)
119.07(10)
122.17(12)
118.93(10)
118.98(11)
122.66(11)
122.56(11)
use

197

to

x+1y, -

1.8871(13)
2.1274(15)
1.740(2)
1.7407(19)
1.328(2)
1.415(3)
1.365(3)
1.407(3)
1.362(3)
1.383(2)
1.424(3)
1.372(2)
1.500(3)
1.411(3)
1.414(3)
1.409(3)
1.325(2)
1.415(7)
1.502(8)
1.514(7)
1.531(11)
1.7844(15)
1.8868(13)



Ga(1B)
Cl(1B)

- N(1B)
- C(6B)

CI(3B ) - C(26B)

N(1B)
C(2B)
C(3B)
C(5B)
C(6B)
C(8B) -
C(9B) -
N(21B) -
C(22B)
C(24B)
C(25B)
C(27B)
C(29B)
O(40B)
C(41B)

O(40A)
0(9A)
0(9A)
O(40A)
O(29A)
C(2A)
C(10A)
N(1A)
C(4A)
C(4A)
C(10A)
C(7A)
C(6A)
C(9A)
0(9A)
C(8A)
N(1A)
C(5A)
C(22A) -
N(21A)
C(23A)
C(23A)
C(30A)
C(27A)
C(25A)
C(29A)
C(27A)
0(29A)
C(29A)
N(21A)
C(41A)
O(40A)
C(44A)
C(44A)
O(40A)
C(43)

C(43)

O(40B)
0(29B)
0(29B)
0(40B)
O(9B) -

- C(2B)
- C(3B)
- C(4B)
- C(10B)
- C(7B)

C(9B)
C(10B)
C(30B)
- C(31B)
- C(25B)
- C(26B)
- C(28B)
- O(29B)
- C(41B)
- C(43B)

- Ga(1A) - O(9A)

- Ga(1A) - O(29A)
- Ga(1A) - N(1A)

- Ga(1A) - N(21A)
- Ga(1A) - N(21A)

- N(1A) - C(10A)

-N(1A) - Ga(1A)

- C(2A) - C(11A)
- C(3A) - C(2A)
- C(5A)

- C(10A)
- C(5A) - C(6A)

- C(6A) - CI(1A)
- C(7A) - C(8A)
- C(8A) - CI(2A)
- C(9A) - C(8A)
- C(9A) - C(10A)
- C(10A) - C(5A)
- C(10A) - C(9A)

N(21A) -
- C(22A)
- C(22A)
- C(24A)
- C(25A)
- C(26A)
- C(26A)
- C(28A)
- C(28A)
- C(29A)
- O(29A)
- C(30A)
- O(40A)
- C(41A)
- C(41A)
- C(41A)
- C(41)
- C(41)
- C(41)
- Ga(1B)
- Ga(1B)
- Ga(1B) - N(1B)
- Ga(1B) - N(21B)
Ga(1B) - N(21B)

Ga(1A)
- C(23A)
- C(31A)
- C(25A)
- C(26A)
- C(25A)
- CI(3A)
- C(27A)
- Cl(4A)
- C(30A)
- Ga(1A)
- C(29A)
- Ga(1A)
- C(44A)
- C(43A)
- C(42A)
- C(43)
- C(42)
- C(44)
- 0(29B)
- O(9B)

2.1232(15)
1.736(2)
1.742(2)
1.332(2)
1.416(3)
1.362(3)
1.403(3)
1.365(3)
1.379(3)
1.430(2)
1.370(2)
1.499(3)
1.407(3)
1.415(3)
1.404(3)
1.321(2)
1.400(2)
1.510(3)

113.17(6)
125.70(6)
81.96(6)
106.43(6)
82.41(6)
119.66(16)
108.29(11)
118.28(16)
120.51(19)
116.81(17)
116.86(18)
120.14(15)
120.33(17)
118.40(16)
124.27(18)
116.33(18)
122.57(17)
123.08(16)
132.02(14)
120.28(19)
120.46(18)
120.11(19)
117.02(16)
121.39(17)
119.22(15)
121.80(16)
118.89(14)
119.36(15)
115.32(11)
114.85(15)
135.7(3)
109.4(5)
112.2(6)
111.7(5)
109.0(8)
106.7(8)
108.8(8)
124.06(7)
126.88(6)
88.02(5)
106.46(7)
88.81(6)

Ga(1B)
Cl(2B)
Cl(4B)
N(1B)
C(2B)
C(4B)
C(5B)
C(7B)
C(9B)
N(21B)
C(22B)
C(23B)
C(25B)
C(26B)
C(28B)
C(29B)
C(41B)
C(41B)

O(40A)
O(40A)
O(29A)
0(9A)
N(1A)
C(2A)
N(1A)
C(3A)
C(3A)

C(7A)
C(5A)
C(9A)
C(7A)
0(9A)
C(9A)
N(1A) -
C(22A) -
C(30A)
N(21A)
C(24A)
C(30A)
C(24A)
C(27A)
C(26A)
C(29A)
0(29A)
C(28A)
N(21A)
C(25A)
c(41)

O(40A)
O(40A)
C(43A)
O(40A)
O(40A)
C(42)

O(40B)
O(40B) -
O(9B) -

O(29B) -
N(1B)
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- C(6A)
- C(6A)
- C(8A)
- C(8A)
- C(9A)
- O(9A)

- N(21B)
- C(8B)
- C(28B)

- C(10B)
- C(11B)
- C(5B)
- C(6B)
- C(8B)
- O(9B)

- C(22B)
- C(23B)
- C(24B)
- C(30B)
- C(27B)
- C(29B)
- C(30B)
- C(42B)
- C(44B)

- Ga(1A) - O(29A)
- Ga(1A) - N(1A)
- Ga(1A) - N(1A)

- Ga(1A) - N(21A)
- Ga(1A) - N(21A)
- N(1A)
- C(2A)
- C(2A)
- C(4A)
C(4A)-

- Ga(1A)

- C(3A)

- C(11A)

- C(5A)

- C(6A)

- C(5A)

- CI(1A)

- C(7A)

- Cl(2A)

- C(10A)

- Ga(1A)

C(10A) - C(9A)
N(21A) - C(30A)

- N(21A) - Ga(1A)

- C(22A) - C(31A)

- C(23A) - C(22A)

- C(25A) - C(24A)

- C(25A) - C(26A)

- C(26A) - CI(3A)

- C(27A) - C(28A)

- C(28A) - CI(4A)

- C(29A) - C(28A)

- C(29A) - C(30A)

- C(30A) - C(25A)

- C(30A) - C(29A)

- O(40A) - Ga(1A)

- C(41A) - C(43A)

- C(41A) - C(42A)

- C(41A) - C(42A)

- C(41) - C(42)

- C(41) - C(44)

- C(41) - C(44)

- Ga(1B) - O(9B)
Ga(1B) - N(1B)

Ga(1B) - N(1B)
Ga(1B) - N(21B)

C(5A)

- Ga(1B) - N(21B)

2.1493(16)
1.739(2)
1.7278(19)
1.366(2)
1.492(3)
1.416(3)
1.419(3)
1.403(3)
1.323(2)
1.3 29(2)
1.424(3)
1.354(4)
1.413(3)
1.359(3)
1.381(3)
1.424(2)
1.498(3)
1.523(4)

120.9 4(6)
93.17(6)
90.67(5)
86.95(6)
160.07(6)
131.71(12)
120.46(17)
121.26(17)
119.97(18)
126.32(19)
121.16(19)
118.70(17)
122.21(19)
119. 38(15)
119.40(15)
115.34(11)
114.33(16)
119.94(17)
108.03(11)
119.24(19)
120.66(18)
116.64(18)
126.33(18)
119.39(16)
120.24(17)
119.31(14)
123.91(16)
116.72(16)
122.35(16)
122.79(16)
136.1(5)
108.0(5)
105.5(5)
109.8( 5)
110.1(8)
114.2(8)
107.8(8)
108.85(7)
95.60(7)
82.20(6)
81.26(6)
157.86(6)
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C(2B) - N(1B) - C(10B)
C(10B) - N(1B) - Ga(1B)
N(1B) - C(2B) - C(11B)
C(4B) - C(3B) - C(2B)
C(10B) - C(5B) - C(4B)
- C(5B) - C(6B)
- C(6B) - CI(1B)
- C(7B) - C(8B)
- C(8B) - CI(2B)
- C(9B) - C(8B)
- C(9B) - C(10B)
- C(10B) - C(5B)
- C(10B) - C(9B)

C(4B)
C(7B)
C(6B)
C(9B)
0(9B)
C(8B)
N(1B)
C(5B)

C(22B)
N(21B)
C(23B)
C(23B)
C(24B)
C(27B)
C(25B)
C(29B)
C(27B)
0(29B)
C(29B)
N(21B)
C(41B)
O(40B) -
O(40B)

- N(21B)
- C(22B)
- C(22B)
- C(24B)
- C(25B)
- C(26B)
- C(26B)
- C(28B)
- C(28B)
- C(29B)
- O(29B)
- C(30B)
- O(40B)
C(41B)
- C(41B)

C(43B) - C(41B)

- Ga(1B)
- C(23B)
- C(31B)
- C(25B)
- C(26 B)
- C(25B)
- CI(3B)

- C(27B)
- Cl(4B)

- C(30B)
- Ga(1B)
- C(29B)
- Ga(1B)
- C(43B)
- C(44B)
- C(44B)

119.88(15)
108.47(11)
119.36(16)
120.85(17)
116.39(17)
125.83(18)
120.14(15)
120.19(18)
118.45(15)
124.64(17)
116.21(17)
122.99(16)
122.48(16)
132.16(15)
119.9(2)

121.4(2)

119.9(2)

126.5(2)

121.48(18)
119.31(16)
122.19(17)
118.86(15)
119.08(16)
116.61(11)
114.46(16)
137.30(14)
108.9(2)

110.05(18)
110.0(2)

C(2B)
N(1B)
C(3B)
C(3B)

C(5B)
C(9B)
C(7B)
0(9B)
C(9B)
N(1B)

C(22B)
C(30B)
N(21B)
C(24B)
C(24B)
C(30B)
C(27B)
C(26B)
C(29B)
O(29B)
C(28B)
N(21B)
C(25B)
O(40B)
C(42B)
C(42B)

- N(1B) - Ga(1B)
- C(2B) - C(3B)
- C(2B) - C(11B)
- C(4B) - C(5B)
C(10B) - C(5B) - C(6B)
C(7B) - C(6B) - C(5B)
- C(6B) - CI(1B)
- C(8B) - C(7B)
- C(8B) - CI(2B)
- C(9B) - C(10B)
- O(9B) - Ga(1B)
- C(10B) - C(9B)

- N(21B)
- N(21B)
- C(22B)
- C(23B)
- C(25B)
- C(25B)
- C(26B)
- C(27B)
- C(28B)
- C(29B)
- C(29B)
- C(30B)
- C(30B)
- C(41B)
- C(41B)
- C(41B)

- C(30B)
- Ga(1B)
- C(31B)
- C(22B)
- C(30B)
- C(26B)
- CI(3B)

- C(28B)
- CI(4B)

- C(28B)
- C(30B)
- C(25B)
- C(29B)
- C(42B)
- C(43B)
- C(44B)

AS5: Full list of bond lengths &) and bond angles<) for compound 3.8

Al - O(9)
Al - C(40)
Al - N(1)

N(1) -
C(2) -
C(4) -
C(5) -
C(7) -
C(9) -
C(11)
C(12)
C(14)
N(21)
C(22)
C(23)
C(25)
C(26)
C(28)
C(29)
C(31)
C(33)

C(35) -

C(50)
C(51)
C(53)
C(55)
C(61)

C(10)
C(11)
C(5)
C(10)
C(8)
0(9)

- C(12)
- C(13)
- C(15)
- C(22)
- C(23)
- C(24)
- C(30)
- C(27)
- C(29)
- C(30)
- C(36)
- C(34)
C(36)
- C(51)
- C(52)
- C(54)
- C(56)
- C(62)

1.7989(9)
1.9746(13)
2.1892(10)
1.3697(15)
1.4820(17)
1.4106(18)
1.4149(16)
1.4091(19)
1.3317(14)
1.3955(17)
1.3889(19)
1.385(2)
1.3344(15)
1.4199(16)
1.3682(19)
1.411 9(15)
1.372(2)
1.3792(17)
1.4239(16)
1.3972(19)
1.385(2)
1.391(2)
1.490(4)
1.401(3)
1.384(5)
1.369(4)
1.3900

Al - O(29)

Al - N(

N(1)
C(2)

C(@3)

C(5)

C(6)

C(8)

C(9)

C(11)
C(13)
C(15)
N(21)
C(22)
C(24)
C(25)
c(27)
C(29)
C(31)
C(32)
C(34)
C(40)
C(51)
C(52)
C(54)
C(60)
C(61)
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21)

C(2)

- C(3)
-C(4)
- C(6)
- C(7)
- C(9)
- C(10)

- C(16)
- C(14)
- C(16)
- C(30)
- C(31)
- C(25)
- C(26)
- C(28)
- 0(29)
- C(32)
- C(33)
- C(35)
- C(41)
- C(56)
- C(53)
- C(55)
- C(61)
- C(66)

131.64(12)
119.96(17)
120.68(16)
119.91(18)
117.77(17)
120.64(18)
119.21(15)
122.66(18)
118.88(15)
119.11(16)
115.34(11)
114.51(16)
119.30(18)
108.54(11)
118.7(2)

121.3(2)

116.3(2)

117.21(18)
119.21(17)
120.06(19)
118.95(14)
124.12(16)
116.80(16)
123.28(17)
122.26(18)
109.6(2)

108.3(2)

109.9(3)

1.8007(10)
2.1527(10)
1.3360(15)
1.4195(17)
1.3668(19)
1.4134(18)
1.371(2)
1.3829(17)
1.4281(16)
1.4003(18)
1.385(2)
1.385(2)
1.3732(15)
1.4845(17)
1.4109(18)
1.4161(18)
1.4152(18)
1.3391(14)
1.3964(17)
1.3919(18)
1.384(2)
1.544(2)
1.375(3)
1.352(4)
1.354(5)
1.452(8)
1.3900
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C(62) - C(63)
C(64) - C(65)

C(60) - C(61)
C(61) -C(66)
C(63) -C(64)
C(65) - C(66'
C(61") - C(62")
C(62") - C(63")
C(64") - C(65")

0(9) - Al - 0(29)
0(29) - Al - C(40)
0(29) - Al - N(21)
09) - Al - N(1)
C(40) - Al - N(1)

C(2) - N(1) - C(10)

C(10) - N(2) - Al
N(1) - C(2) -
C(4) -C(3) - 2)
C(4) - C(5) - C(6)
C(6) - C(3)
C(6) - C(7) - C(8)
0(9) - C(9) - C(8)
C(8) - C(9)

C(11)

- C(10)

- C(10)

N(1) - C(10) - C(5)
C(5) - C(10) - C(9)

c(12)
C(13)
C(15)
C(15)
C(22)
N(21)
C(23)
C(23)
C(24)
c(27)
C(29)
0(29)
C(29)
N(21)
C(32)
C(36)
C(34)
C(34)
c(41)
C(56)
C(53)
C(55)
C(55)
c(62)
C(63)
C(65)
C(65)
C(62)
C(63)
C(65)
C(65)
C(62")
c(61")
C(63")
C(65")

- C(12)
- C(14)
- C(16)

- C(22)
- C(22)
- C(24)
- C(25)
- C(26)
- C(28)
- C(29)

- C(30)
- C(31)
- C(31)
- C(33)
- C(35)

- C(51)
- C(52)
- C(54)
- C(56)
- C(61)
- C(62)
- C(64)
- C(66)
- C(61)
- C(62)
-C(64")
- C(66")
- C(61")
- C(62")
- C(64")
- C(66")

- C(11) - C(2)

- C(11)

- C(13)

- C(11)
-N(21) - Al

- C(23)

- C(31)

- C(25)

- C(26)

- C(25)

- C(27)

- C(30)

- 0(29) - Al

- C(29)

- C(36)

- C(22)

- C(32)

- C(36)

- C(40) - Al

- C(50)

- C(51)

- C(53)

- C(51)

- C(60)
-C(61)

- C(63)

- C(61)

- C(60")
- C(61)
- C(63)
- C(61)
- C(60")
- C(63")
- C(65")
- C(61")

1.3900
1.3900
1.435(11)
1.3900
1.3900
1.3900
1.3 900
1.3900
1.3900

109.02(5)
128.02(5)
82.59(4)
82.28(4)
94.77(5)
118.35(10)
105.52(7)
120.47(10)
120.85(11)
124.34(11)
119.06(12)
121.94(12)
123.79(11)
118.56(11)
123.66(11)
120.69(10)
121.76(11)
120.13(12)
119.53(13)
120.59(13)
135.71(8)
121.25(11)
118.60(11)
119.33(11)
124.23(11)
119.31(11)
120.10(12)
117.19(10)
118.06(8)
115.26(10)
119.07(12)
119.16(11)
120.48(13)
119.93(14)
114.63(10)
121.8(2)
121.5(2)
119.1(3)
121.4(3)
118.4(5)
120.0
120.0
120.0
120.8(6)
120.0
120.0
120.0
120.9(8)
120.0
120.0
120.0

C(63)

C(65)

C(61)
C(62)
C(64))
C(60")
C(61")
C(63")
C(65")

- C(64)

- C(66)
- C(62)
- C(63)
- C(65")
- C(61")
- C(66")
- C(64")
- C(66")

0(9)

0(9)

C(40)
0(29) -
N(21) -
c@) -

N(1)

C@3)

C@3)

C(4)

C(?)

C(9)

0(9)

C(9)

N(1) -

C(12)
C(16)
C(14)
C(14)
C(22)
C(30)
N(21)
C(24)
C(24)
C(30)
C(26)
0(29)
C(28)
N(21)
C(25)
C(32)
C(33)
C(35)
C(35)
C(56)
C(52)
C(52)
C(54)
C(62)
C(66)
C(62)
C(64)
C(62)
C(66')
C(64))
C(64')

C(62")
C(66")
C(64")
C(64")
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- Al - C(40)
- Al - N(21)

- Al-N(21)
- Al-N(1)
- Al - N(1)

N(1) - Al

-C(2) -C@3)
- C(2) - C(11)
- C(4) - C(5)
- C(5) - C(10)
- C(6) - C(5)
- C(8) - C(7)
- C(9) - C(lO)
- 0(9) -

C(10) - cw)

- C(11) - C(16)

- C(11) - C(2)
-C(13) - C(12)

- C(15) - C(16)

- N(21) - C(30)
-N(21) - Al

- C(22) - C(31)

- C(23) - C(22)

- C(25) - C(30)

- C(25) - C(26)

- C(27) - C(28)

- C(29) - C(28)

- C(29) - C(30)

- C(30) - C(25)

- C(30) - C(29)

- C(31) - C(22)

- C(32) - C(31)

- C(34) - C(33)

- C(36) - C(31)

- C(51) - C(52)

- C(51) - C(50)

- C(53) - C(54)

- C(55) - C(56)

- C(61) - C(66)

- C(61) - C(60)

- C(63) - C(64)

- C(65) - C(66)

- C(61) - C(66
-C(61) - C(60"
-C(63) -C(62)
- C(65) - C(66
- C(61") - C(66")
- C(61") - C(60")
- C(63") -C(62")
- C(65") -C(66")

1.3900
1.3900
1.3900
1.3900
1.3900
1.452(13)
1.3900
1.3900
1.3900

122.89(5)
88.62(4)
100.04(5)
89.27(4)
165.14(4)
136.09(8)
121.00(11)
118.52(11)
119.48(11)
116.59(11)
119.47(12)
120.24(12)
117.65(10)
118.57(8)
115.65(10)
118.75(12)
119.45(11)
120.69(14)
120.31(13)
117.99(10)
106.28(7)
120.14(10)
120.81(12)
116.67(11)
119.09(11)
121.86(12)
124.03(11)
118.78(10)
123.87(11)
120.86(11)
121.77(12)
119.93(13)
119.99(13)
120.56(13)
116.9(3)
121.3(2)
120.2(3)
120.8(3)
120.0
121.6(5)
120.0
120.0
120.0
119.2(6)
120.0
120.0
120.0
119.1(8)
120.0
120.0
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A6: Full list of bond lengths (&) and bond angles {) for compound 3.11

Zn(1) - C(13) 1.984(2) Zn(1) - O(12)#1
Zn(1) -0(12) 2.0776(14) Zn(1) - N(1)

Zn(1) - Zn(1)#1 3.0998(6) N(1) - C(2)

N(1) - C(10) 1.379(3) C(2) -C(3)

C(2) - C(11) 1.498(3) C@®) -C®)

C@4) -C(5) 1.411(3) C(5) - C(10)

C(5) - C(6) 1.417(3) C(6) - C(7)

C(6) - Cl(6) 1.739(2) C(7) -C(8)

C(7) -C(8) 1.407(3) C(8) - C(9)

C(8) - CI(8) 1.736(2) C(9) - 0(12)

C(9) - C(10) 1. 429(3) 0(12) - Zn(1)#1
C(13) - C(14) 1.526(3)

C(13) - Zn(1) - O(12)#1 117.05(8) C(13) - Zn(1) - O(12)
O(12)# 1-Zn(1) - 0O(12) 83.46(6) C(13) - Zn(1) - N(1)
O(12)#1 - Zn(1) - N(1) 105.43(6) 0(12) - Zn(1) - N(1)
C(13) - Zn(1) - Zn(1)#1 136.86(7) O(12)#1 - Zn(1) - Zn(1)#1
0(12) - Zn(1) - Zn(1)#1 41.71(4) N(1) - Zn(1) - Zn(1)#1
C(2) - N(1) - C(10) 119.85(18) C(2) -N(1) - Zn(2)
C(10) - N(1) - Zn(1) 110.29(13) N(1) - C(2) -C(3)
N(1) - C(2) - C(11) 118.25(19) C@3) -C(2) -Cc(11)
C@) -C@3) -C(2) 120.2(2) C@) -C@) -Cc(5)
C(10) -C(5) -C(4) 117.1(2) C(10) - C(5) - C(6)
C(4) -C(5) -C(6) 125.38(19) C(7) - C(6) - C(5)
C(7) - C(6) - Cl(6) 119.18(17) C(5) - C(6) - Cl(6)
C(6) - C(7) - C(8) 119.8(2) C(9) -C(8) -C(7)
C(9) - C(8) - CI(8) 119.06(16) C(7) - C(8) - CI(8)
0(12) - C(9) - C(8) 124.12(18) 0(12) - C(9) - C(10)
C(8) - C(9) - C(10) 116.36(17) N(1) - C(10) - C(5)
N(1) - C(10) - C(9) 116.01(17) C(5) - C(10) - C(9)
C(9) - O(12) - Zn(1)#1 115.56(13) C(9) - 0(12) - Zn(1)
Zn(1)#1 - O(12) - Zn(1) 96.54(6) C(14) - C(13) - Zn(1)
Symmetry transformations used to

generate equivalent atoms:
#1 -x+1, -y+l, -z+1
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2.0761(15)
2.0866(17)
1.325(3)
1.415(3)
1.362(3)
1.411(3)
1.358(3)
1.407(3)
1.381(3)
1.331(2)
2.0761(15)

129.36(8)
128.80(8)
80.54(6)
41.75(4)
93.90(5)
128.75(14)
120.90(19)
120.85(19)
120.1(2)
117.54(19)
121.38(19)
119.43(17)
122.68(19)
118.25(17)
119.52(17)
121.80(19)
122.18(18)
110.76(12)
114.21(16)
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Appendix B: Homonuclear proton decoupled'H {*H} NMR

"H{*H} NMR of compound<2.11-2.20at 248 K in toluene

5.23 5.22 5.21 5.20 Sbigde\ta (ppm)s‘ie 5.17 5.16 5.15 5.1:
Fig. A1l: Compound2.11P, = 0.62
522 521 520 5.19 518 517 5.16 515 514 513
delta (ppm)
Fig. A2: Compound2.13P, = 0.71

5.19 5.18
delta (ppm)

Fig. A3: Compound2.14P, = 0.75
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delta (ppm)
Fig. A4: Compound2.15P, = 0.65
— —— —
= = = = o =
52 = 521 = 530 519 5;8 = 517 :16 515 = 514
dela (ppm)
Fig. A5: Compound2.16P, = 0.75
I— —— e
T T T T
g € g g g
5.23 5.22 5.21 5.20 5.19 5.18 5.17 5.16 5.15 5.14 5.13
delta (ppm)

Fig. A6: Compound2.17P, = 0.76
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E—
SZID. 5.20 = 5.19 5.18 ;ellza(ppr: 5.16 DS‘]S 5.14 = 5.13 5.12
Fig. A7: Compound2.18P, = 0.70
__/— __/
T T T T T T
g o g 3 3 g
S 3 S 3 S 3
523 522 521 520 519 518 517 516 515 514
delta (ppm)
Fig. A8: Compound2.19P, = 0.57
— . o

Fig. A9: Compound2.20P, = 0.64
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Fig. A10: Compound2.17melt polymerization

'H{*H} NMR of compounds3.8-3.18 at348 K in toluene

0.10
0.12
0.23 |

s o <
S bt 8

523 522 521 520 519 517 516 515 514 513

518
delta (ppm)

Fig. A11: Compound3.8P, = 0.56

— ///d

0.05
010
100

5.18
delta (ppm)

Fig. A122 Compound3.9P, =0.75
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Fig. A13: Compound3.10P, = 0.66
'H{*H} NMR of compounds3.11-3.13 at 298 K in THF
_— —
Fig. A1l4: Compound3.11P;= 0.66
— ///

Fig. A15. Compound3.12Ps = 0.6
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1S
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027

Fig. A16: Compound3.13P;= 0.66
'H{*H} NMR of compounds3.11-3.12 at 298 K inmethylene chloride

J/ﬁp///ﬁd

T T T
5.22 5.21 5.20 5.19 5.18 16 5.15 5.14 5.13 5.12 5.11

5.17 5..
delta (ppm)

Fig. A17: Compound3.11 P = 0.60

- - — /
T
5.22 5.21 5.20 5.19 5.16 5.15 5.14 5.13

518 5.17
delta (ppm)

Fig. A18: Compound3.12P; = 0.60
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"H{*H} NMR of compoundst.1-4.9at 298 K in THF

5.23 5.22 5.21 5.20 5.19 5.18 5.17 5.16 5.15 5.14 5.13
delta (ppm)
Fig. A19: Compound4.1P;=0.75
5.23 5.22 5.21 5.20 5.19 delta (ppm?‘w 517 5.16 5.15 5.14
Fig. A20: Compound4.2P;=0.75

5.19
delta’ (ppm)

Fig. A21: Compound4.3P;= 0.67
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Lol

5.24 5.23 5.22 5.21 5.20 5.19 5.18 5.17 5.16 5.15 5.14 5.13 5.12

delta (ppm)

Fig. A22: Compound4.4P;=0.70

522 521 5.0 519 518 517 5.16 515 514 513

delta (ppm)

Fig. A23: Compound4.5P; = 0.69

M1
2 523 52 521 520 517 516 515 514 513

T
19 5.18
delat (ppm)

Fig. A24: Compound4.6P;= 0.84
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A

518 517 5.6 515 514

Zglza(vnm
Fig. A25. Compound4.8P, = 0.76

517
delta (ppm)

Fig. A26: Compound4.9P,=0.72
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Appendix C: TGA data

100

80

60 -
PLA 2

40 -
PLA 1

Weight % (%)

20

! 1 ! 1 ! 1 ! 1 ! 1 ! 1
100 150 200 250 300 350 400
Temperature (°C)

Fig. A27: Thermogravimetric analysis (TGA) of PLA 1 and PLA 2 (Chapter 4)
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Appendix D: Calculation of radi

1 lll | N ‘ l ik ,'. Log{Djum¥'s

2.0

2.5

4.0

F4.5

T T T T T T T T T T T T T T T T T T T
85 80 75 TO 65 60 55 50 45 40 35 30 25 20 15 1.0 05 0.0 -05 ppm

Fig. A28: DOSY spectrum of compouri16in tolueneds

[ i \ { Lop(Dyums
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[ BN |
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85 80 75 7.0 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -05 -1.0 -15 ppm

Fig. A29: DOSY spectrum of compouri8in toluenedg
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Fig. A30: DOSY spectrum of compouri13OiPr in tolueneds
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Fig. A31: DOSY spectrum of compourfi8-OiPr in tolueneds
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Fig. A32 DOSY spectrum of compourtl8in THF-dg

Diffusion NMR experiment calculations”

The 'H PGSE (dosy) experiment was performed on a Bruker Bugctrometer running TopSpin
2.1 pl6, equipped with agradient bbo/5 mm probe and a GAB 10 amp gradient amplifier providing

a maximum gradient output of 5.35 G/cmA

The experiment was measured unlocked using the ledbpgp2s pulse program at a tenop@@gufe

with a gas flow of 535 L i The spectrum was collected at a frequency of 500.13 MHz with a
spectral width of 5000.0 Hz (centred on 5 ppm) and 32768 data points. A relaxation delay of 12 s was
employed along with a diffusion time (big delta) & ®s and an eddy current delay of 5 ms. Bipolar
gradient pulses (little delta/2) of 2.2 ms and homospoil gradient pulses of 1.1 ms were used . The
gradient strength of the 2 homospoil pulses wdre.13 % and-13.17 % respectively. Sixteen
experiments ofwenty-four scans each were collected with the bipolar gradient strength, initially at 2
% (1% experiment), linearly increased to 95 % {E&periment). All gradient pulses were sine shaped

and after each application a recovery delay of 200 ps used.
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The gectra were processed using 16384 data points and an exponential function with a line
broadening of 1 Hz. Further processing was achieved using the DOSYm software (ONMRtec).
Solvent Viscosity (P)
Toluene 5.9 x 10*
THF 4.8 x 10"

Calculation of the hydrodynamic radius of compound 2.16*

From the DOSY experiment the diffusion coefficient (D) was calculated for com@u6ih
toluene:

T
0 p
p T
Where y = Log(D) value (from DOSY spectrum)
p 18
p T
Ywp T
Next the hydrodynamic radius was calculated:
TQ"Y
¢+
Whereti s t he hydrodynamic radius, k is the Boltzm
viscosity of the liquid.

Rearrange:

QY PR Pop T & QO U w¢ wip
P — Pop T A i e Gudwp T Q@ i

i 1%B

The hydrodynamic radiusgf of compoundA was determined from the-day crystal data, assuming a
spherical shape:

“y

R |
W —=“i
o

Where V is the volume and r is the radius.

Rearrange:

ow
.[ 13
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oWt THB
.[ (bu

T®HB

Calculation of the hydrodynamic radius of compound 3.8
Hydrodynamic radiusr):
O pwpT
i o&B
Hydrodynamic radiusr{) of compound was determined from the-iy crystal data

i 1B

Calculation of the hydrodynamic radius of compound 2.3-OiPr.%*
Hydrodynamic radiusr):
O pwpT

i o¥&B

Calculation of the hydrodynamic radius of compound 3.80iPr.*
Hydrodynamic radiusr{):
O pwpTm

i o&B

Calculation of the hydrodynamic radius of compound 4.8*

From the DOSY experiment the diffusion coefficient (D) was calculated:

p T
p T

Where y = Log(D) value (from DOSY spectrum)

O
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©
=

b=

o
g ©
°
=

Next the hydrodynamic radius was calculated:
’?'Q"Y
¢ +

Whereti s t he hydrodynamic radius, k is the Boltzm
viscosity of the liquid.

Rearrange:

QY P WP T & QO 0 &g wip
0P — pop T & | WE®* TP T QA |

i ®B

The hydrodynamic radiussf of compoundt.8 was determined from the-My crystal data, assuming
a spherical shape:

oy

l

, T
w u—
(o)

Where V is the volume and r is the radius.

Rearrange:

owe B
.[(bu

©81B

The hydrodynamic radiussf of compoundt.9was determined from the-My crystal data, assuming
a spherical shape:
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Where V is the volume and r is the radius.

Rearrange:

Appendix E: ROESY NMR experiments of compounds 4.4 and.8

2 71 70 69 68 67

78 77 76 75 74 73 7.
delta (ppm)

Fig. A33: ROESY spectrum of compourdd4 at 298 K
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Fig. A34: ROESY spectrum of compoudd4 at 234 K
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Fig. A35. ROESY spectrum of compourdd at 298 K
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