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‘He affirmed his significance as a conscious rational animal proceeding syllogistically from the
known to the unknown and a conscious rational reagent between a micro- and a macrocosm

ineluctably constructed upon the incertitude of the void.’

James Joyce, Ulysses, episode 17.



Danksagung

Danksagung

Diese Arbeit basiert auf Forschungsarbeiten, diesdven Januar 2008 und Mai 2011 in der
Arbeitsgruppe von Prof. Dr. Stefan Mecking im Famtdich Chemie an der Universitat Konstanz
durchgefuhrt wurden. Mein herzlicher Dank gebihera die zum Gelingen dieser Arbeit beigetragen
haben.

Allen voran mochte ich aber Prof. Dr. Stefan Megkiherzlichst fur die Aufnahme in die
Arbeitsgruppe, das hochst spannende Thema, seieigest Unterstiitzung, Férderung und
hervorragende Betreuung sowie flr die Bereitstgllerstklassiger Arbeitsbedingungen danken.
Ebenfalls mochte ich Prof. Dr. Alexander Wittemdiandie Ubernahme des Koreferats danken.

Der BASF SE danke ich fur die finanzielle Unterstiitg des ersten Teils dieser Arbeit (Kapitel 3 und
Kapitel 4). Ganz besonders danke ich Dr. Hans-Hel@irtz, Dr. Tobias Steinke und Dr. Anna-

Katharina Ott fir die inspirierenden und fruchtlmam®@iskussionen bei unseren Projektreffen. In
diesem Zusammenhang danke ich auch Dr. Cécile sl

Prof. Dr. David J. Cole-Hamilton mdchte ich fir aressante Diskussionen danken, und dass er
zweimal den weiten Weg auf sich genommen hat umrsit uns zu treffen.

Im Zusammenhang mit dieser Arbeit durfte ich dieclBdorarbeiten von Christian Bahrle, Stefan
Waldraff und llona Heckler betreuen. Die Arbeitemnv llona Heckler sind im Kapitel 6
zusammengefasst. Ich mdchte allen dreien herdlicthfe Begeisterung und ihren Einsatz danken.
Auch meinen Mitarbeiterpraktikanten Anna Osichowlyidth Tritschler, Christoph Jung, Daniel
Wieland und Florian Stempfle moéchte ich fur ihrelr@sse und ihr gro3es Engagement danken.
Weiterer Dank geht an Tjaard de Roo und Hanneshkedlie als wissenschaftliche Hilfskrafte gute
Arbeit geleistet haben.

AulRerdem mochte ich Lars Bolk fur die Durchfihrutgy GPC- und DSC Messungen sowie das
Beheben von diversen Computerproblemen dankenMarina Krumova danke ich fur die WAXS
Messungen sowie die daraus resultierenden Beregkenuwon Kristallinitdtsgraden. Robin Kirsten
und Dr. Werner ROl schulde ich Dank fir ihre Ustétzung und schnelle Hilfe bei technischen
Problemen. Dr. Brigitte Korthals und Sabrina Teietmm danke ich fur die Einflhrung in das sichere
Arbeiten mit Hochdruckautoklaven und brennbaren eBasind fir die vielen technischen
Diskussionen. In diesem Zusammenhang mdchte ich dec Feinmechanik Werkstatt und dem
Apparatebau der Universitdt Konstanz fir die frbahé Zusammenarbeit danken. Anke Friemel,
Ulrich Haunz, Moritz Baier und Thomas Rinzi dan&le flr ihre Hilfe bei NMR Experimenten und
die Messung vieler Spektren.

Ich danke allen meinen Kollegen fur die freundligtenosphare sowohl wahrend der Arbeit als auch
bei Gruppenausfliigen und gemeinsamen Grill- odeshidbenden. Besonders Dr. Brigitte Korthals,
Dr. Andreas Berkefeld und Dr. Johannes Pecher radcht nicht nur fur produktive und lehrreiche

fachliche Diskussionen sondern auch fir gemeinsBargtouren und die schone gemeinsame Zeit
danken. Auch Justyna Trzaskowski mdchte ich inatiieSinne danken.

Schlie8lich danke ich von ganzem Herzen meinenriltend Geschwistern fur ihre stetige
Unterstitzung. Ohne ihren Rickhalt wéare ich nicat wnd wo ich heute bin.



Publications

Publications
Part of this work has been published:

Journal Publications

Florian Stempfle, Dorothee Quinzler, llona Hecktefan Mecking*:
Long-Chain Linear & and G; Monomers and Polycondensates from Unsaturatey Reitl Esters.
Macromolecule2011, 44, 4159-4166.

Dorothee Quinzler, Stefan Mecking*:

Linear Semicrystalline Polyesters from Fatty AdigsComplete Feedstock Molecule Utilization.
Angew. Chem. Int EQ010, 49, 4306-4308Angew. Chen010, 122, 4402-4404.

Selected as Very Important Paper by the Editorghlitjhted in David J. Cole-Hamilton: Nature's
PolyethyleneAngew Chem. Int. EQ010, 49, 8564-8566Angew. ChenR010, 122 8744-8746.

Dorothee Quinzler, Stefan Mecking*:
Renewable-resource based poly(dodecyloate) by ogiditcon polymerization.
Chem. Commur2009, 5400-5402.

Journal Publications in Proximity to this Work

Marc R. L. Furst, Ronan Le Goff, Dorothee Quinzktefan Mecking, Catherine H. Botting, David J.
Cole-Hamilton*:

Polymer precursors from catalytic reactions of redtails.

Green Chem2012, 14, 472-477.

Justyna Trzaskowski, Dorothee Quinzler, Christidhe, Stefan Mecking*:
Aliphatic Long-Chain G, Polyesters from Olefin Metathesis.
Macromol. Rapid Commug011, 32, 1352-1365.

Poster Presentations

Dorothee Quinzler, Cécile Bouilhac, Anna Osichowhri€oph J. Durr, Stefan Mecking*:
Thermoplastic Polyesters from Plant Oils by Carlatign Chemistry
Heidelberg Forum of Molecular Catalysis, Heidelh&yNovember 2009.

Dorothee Quinzler, Cécile Bouilhac, Stefan Mecking*
Thermoplastic Polyesters from Plant Oils by Carlatign Chemistry
ProcessNet Tagung 'Industrielle Nutzung nachwaaeseRohstoffe’,
Frankfurt am Main, 20-21% January 2010.

Dorothee Quinzler, Cécile Bouilhac, Stefan Mecking*

Thermoplastic Polyesters from Plant Oils by Carliatign Chemistry

3 Workshop on Fats and Oils as Renewable Feedstotké Chemical Industry,
Emden, 14-16" March 2010.

ii



Publications

Dorothee Quinzler, Florian Stempfle, llona Heckl@hristoph J. Durr, Philipp Roesle, Stefan
Mecking*: Novel Hydrophobic Linear Semicrystallif®lyesters and Polyamides from Fatty Acids
by Complete Feedstock Molecule Utilisation

Polymers in Biomedicine and Electronics - Biannulleeting of the GDCh-Division,
“Macromolecular Chemistry” and Polydays 2010, Befliahlem, -5 October 2010.

Conference talk

Dorothee Quinzler, Cécile Bouilhac, Christoph JriD8tefan Mecking*:
Semi-crystalline Polyesters from Plant Qils
MACRO 2010 - 48 IUPAC World Polymer Congress, Glasgow™1116" July 2010.

fi



Table of Contents

Table of Contents
I ADDIEVIALIONS .....eeiiiie ettt ettt e e et e e e s et e e e e e e e e eaaaeas Vi
Il (IS 0 B = 1] [ TP PP PPPPPPPPPPRPPR viii
i LISt Of SCNEMES ...ttt e mme e e e e eeeeeeeeeeeessnnnnnnnnee iX
1Y LISt Of FIQUIES ... X
Vv List of Figures in the APPendiX .........oove oo X
1 310 T (1 ot [ RN 1
1.1 Plant Oils as Renewable FeedsStoCK.. ... 2
1.2 ALKOXYCArDONYIAtION. ... .ccci i eeeee b 3
13 Condensation Polymerisation and Step-growthiirRels ... e 7
1.4 AlIPNALIC POIYESIEIS ... e ettt e e e e 9
15 AlIPhAtic POIYamMIAES ... e 11
2 015 =T ot 1 TP 13
3 Poly(dodecyloate) by Carbonylation Polymerisation of 10-Undecen-1-ol ..........ccceeeeee. 14
3.1 Cobalt-catalysed Carbonylation PolymerisatiQn...................evvvvvvviviiiviiiniiiieneeereeeees. 15
3.2 Palladium-catalysed Carbonylation POIYMENFBLO..........ccevieeeiiiiiiiiiiiiieeeeee e immeee s 18
4 Poly(dodecyloate) from Methyl-12-hydroxydodecanoate .........eeeeeeeeeeeeeeeeeeeeeeeeeeenananes 27
4.1 Methyl-12-hydroxydodecanoate by Palladium-gatd Methoxycarbonylation

(o) B K0 LU o [T o= o B o PP 29
4.2 Methyl-12-hydroxydodecanoate by Cobalt-catalyglethoxycarbonylation of 10-Undecen-

IR o TP PP PPPPPPPPN 34
4.3 Polycondensation of Methyl- and Ethyl-12-hydmadecanoate.................cccceeeeeeee 36
5 Linear Semicrystalline Polyesters from Methyl Oleate and Ethyl Erucate.....cccccceeeeuuneeeees 37
5.1 Isomerising Methoxycarbonylation of Methyl Qea...............coovvvviiiiiiiiiiii v ceeeens 38
5.2 Isomerising Ethoxycarbonylation of Ethyl Eft@at.................evvviiiiiieiiiiiinieeees cmmmmmeeveees 41
53 Preparation of Nonadecane-1,19-diol and Triwesig23-diol ..................ooo oo 43
5.4 POIYESLEIITICALIONS ... .. e 45
6 Aliphatic Polyamides from Methyl Oleate and Ethyl Erucate......ccccceeeernnencccnnnnncccrnannnes 48
6.1 Preparation of Tricosane-1,23-dicarboXyliC aCid..............uuuureuiimmeimmeiiiieeeeeeeens 50
6.2 Preparation of Tricosane-1,23-diamine.......cccccooooieiiieiie e, 51
6.3 0]V oo T To (=T 0 Fs7= U1 T0] o PP 56
7 SUMmMary and CONCLUSTON covveeecieereeecceerssecsesssseccsasssencscsssssssssssssssssssssssssssssssssssssssssss 63
8 ZUSAMMENTASSUNG eevveirrenerancceneecceseescssessessesssssssesssssesssssssssssssssssssssssnsssssassssssssses 66
9 Experimental SECtioN ....ciciecciineiiirnniiineciesescssecsessesisnssesssssessesssssescsssssssesssnsessnnees 70
9.1 Materials and General CoNSIAErations ... oo 70
9.2 Preparation of Diert-butylchlorophosphine...............ooooiiiiiceeceee s 71
9.3 Preparation of Diert-butylphosSphine ... 72



Table of Contents

9.4
9.5
9.6
9.7

9.8
9.8.1
9.8.2
9.8.3
9.9
9.9.1
9.9.2
9.10
9.11
9.11.1
9.11.11
9.11.1.2
9.11.1.3
9.12
9.13
9.13.1
9.13.2

9.13.2.1
9.14
9.15
9.16
9.17
9.171
9.17.2
9.18
9.18.1
9.18.2
9.18.3
9.19
9.20

10

11

Preparation of 1,3-Bis(tért-butylphosphino)propane (dtbpp).......ccccevicmeeeeeeeeeeeeenn, 72
Preparation of 1,3-Bis(trioxa-adamantylphosppnopane.................eeeeeeeeeeeeennennnnnnns 73
Preparation of Tetrachlorobis(tetrahydrofurafMum(IV) ...........ccoocoiiiiiiiiei e 73
Preparation of Poly(dodecyloate) by Tetrachi@getrahydrofuran)hafnium(lV) catalysis
from 12-hydroxydodeCcanoiC aCid ............oiieeeeeeiiiiiiii e 74
Carbonylation Polymerisation of 10-Undecen-1:0l............ccccccvvvviviviiiiiinniinniennennene. 74
General Procedure A - Cobalt-catalySed.......... ... 74
Removal of Residual Cobalt ........... oo 74
General Procedure B - Palladium-catalySed..........ccooeeeieeiiieiiiiiiii e 75
Methoxycarbonylation of 10-Undecen-1-0l...............uueiiiiiiiiiiiiiiiiiiiieeeeeeeees 75
Palladium - CatalySEA ............ooiii e 75
(070] o -1 A oF= = 11V H P 76
Polycondensation of Methyl-12-hydroxydodecémaad Ethyl-12-hydroxydodecanoate . 77
Carbonylations of Fatty acid €Sters.....ccccceeieeeeeiiieie 78
GENEIAl PrOCEAUIE C ...t oo ettt mmmmme e e eeeeeeesseesensnssnnnnnes 78
Preparation of Dimethyl-1,19-nonadeCarBaiO.................uuuviuenenunnnnnninnnsmmmmmn e eeeeeeeenns 78
Preparation of Dimethyl-1,23-tricOSaN@BHOA.............uuvvuviiiiiiiiicc s cmmmmmr e 78
Preparation of Diethyl-1,23-tricOSaNeMOAL................eeeveiieeeiiiiiiieee e 79
Preparation of Nonadecane-1,19-diol
Preparation of TricOSane@-1-23-0i0] ... e eeeeeeeiiiieiiiiiiiiiiiieiiiieiee e
Reduction of Diethyl-1,23-tricosanedioat&WiAIH 4 .............veeeeiiiiiiiiiiiiiiiiiead 80
Reduction of Diethyl-1,23-tricosanedioatéwidichlorobis[2-(diphenylphosphino)
ethylamine]ruthenium ... e 81
Preparation of Dichlorobis[2-(diphenylpbioiso)ethylamine]ruthenium...................... 81
Preparation of Poly(1,19-nonadecadiyl-1,19%au@tanedioate) ..............coeeeeeeeeeeeeeeeee. 82
Preparation of Poly(1,23-tricosadiyl-1,23d8anedioate) .............ccceevrriivvrrnees e eeen 82
Preparation of Tricosane-1,23-dicarboxyli@aci..............cccvevvviviiiiiiiieiiiiiiieeeeee e, 83
Preparation of Dodecane-1,12-diamine ..o 83
Preparation of Dodecane-1,12-AiNitril€u.eeeee . uuuuueeieeiiieiiecee s 83
Reduction of Dodecane-1,12 dinitrile to Dzatee-1,12-diamine ...........ccceeeveeeeeeeniimees 84
Preparation of Tricosane-1,23-diamine. ...ccooc...oooiiiiiiiiiiiiiiiiiieeiieeeeeeee e 84
Preparation of Tricosane-1,23-diMeSYIate e . uuuuuuiiiiiieieieee e 84
Preparation of TricOSaNe-1,23-0i8ZIi0 ceeeeaerrvvrrnrrinieiiiieeee e 85
Hydrogenation of Tricosane-1,23-diazide icdsane-1,23-diamine.............c..ccccee.e 85
General Procedure for the preparation of Paigas from Amines and Carboxylic acids . 86
Ruthenium - complex catalysed preparationobfdmides.............coooeeeeeeiiiiiiiiiiiii e 87
APPENATXc eerruneierranncisenssnesensssnnssasssscssasssssssssssssesssasssssssssssssssssssssssssssssssssssssssssss 88
REFEIENCES ceeerererreecceerrrnncsnnrsnnccsnsssonscnsssessssssssssssasssssssssssssssssssssssssssssssssssssssssssss 106



Abbreviations

I

Abbreviations
Methods
DSC Differential Scanning Calorimetry
GC Gas Chromatography
GPC Gel Permeation Chromatography
NMR Nuclear Magnetic Resonance

WAXS Wide Angle X-ray Scattering

Compounds and Molecular Fragments

cod cycloocta-1,5-diene
dba dibenzylideneacetone
DMF N, N-dimethylformamide

DMSO dimethyl sulfoxide

dtbpp 1,3-bis(diert-butylphosphino)propane

dtbpx 1,2-bis[(ditert-butylphosphino)methyl]benzene
EDTA ethylenediaminetetraacetate disodium salt

Et ethyl

HOAc acetic acid

MTBE methyltert-butyl ether

Me methyl

MeOH methanol

MeSQH methanesulfonic acid

OAc acetate

OBuU butylate

OBu tert-butylate

OPr iso-propylate

PA polyamide

PBS poly(butyl succinate)

PET poly(ethylene terephthalate)
Ph phenyl

PHA poly(hydroxy alkanoate)
PLA poly(lactic acid)

PS polystyrene

Py pyridine

THF tetrahydrofurane

tppts tris(3-sodiumsulfonatophenyl)phosphine

xantphos  4,5-bis-(diphenylphosphino)-9,9-dimethgpthe@ne

Spectroscopy

br broad

¥C{™H}  CH decoupled®*C-NMR

&/ ppm chemical shift / parts per million
d doublet



Abbreviations

Heteronuclear Multiple Bond Correlation
Heteronuclear Single Quantum Correlation
J-coupling between nuclei A and B via n bonds
multiplet

quartet

singlet

triplet

Miscellaneous

calcd.
DP,

eq.
M
Mtonnes

Mn

My

wt.-%

calculated
degree of polymerisation
equivalents
molecular weight

mega metric tons

number average molecular weigh,, =

weight average molecular weigh¥ , =

> nM?

not determined

functional group conversion
room temperature
crystallisation temperature
melting temperature

versus

weight percent

ZiiniMi

vii



List of Tables

II List of Tables
Table 3.1  Polymerisation results of the cobalt lgatdl carbonylation polymerisation of 10-
0] a0 [T ot =T o o o TP PP PRSPPI 17
Table 3.2  Polymerisation results of the Pd/phosphitigand catalysed carbonylation
polymerisation Of 10-UNAECEN-1-0l...........uuuiummiiiiiiiiiiiiiiii e 24
Table 4.1  Pd/dtbpp catalysed methoxycarbonylatfatDeundecen-1-ol.................cooeeeeeii e 29
Table 4.2  Palladium catalysed methoxycarbonyladfobO-undecen-1-ol with dtbpx as a ligand..33
Table 4.3  Cobalt catalysed methoxycarbonylatioh@tindecen-1-0l. ...............cccovvvvvvriieneen. 35
Table 5.1  Isomerising methoxycarbonylation of methgate........................cc e 40
Table 5.2  Isomerising ethoxycarbonylation of etrglcate. ... 41
Table 6.1  Plant oil based aliphatic polyamides.............uuuuuiiimiiiiiiicce e 57
Table 9.1  Reaction conditions in polyamide Synthesi...........cccooeee e 86

viii



List of Schemes

III

List of Schemes
Scheme 1.1 Functional groups in plant oils ang fatid eSters. ............ccccvviiieiiieeiiiccceee e 3
Scheme 1.2 Generally accepted mechanism of theafatissed alkoxycarbonylation. .................. 4..
Scheme 1.3 Mechanism for 1-olefin isomerisationvigydride elimination. ......................c.cceeee, 5

Scheme 1.4 Decisive pathways of the isomerisinggisarbonylation of methyl oleate with dtbpp..5
Scheme 1.5 Postulated mechanism of the Co-catalg@xycarbonylation — only formation of

liNear ProducCt IS SNOWN. .......ueeii e 6
Scheme 1.6 AB-Type and,B,-Type condensation polymerisation...........coeceeeeeeeeiiieiieseieessenenenn 7
Scheme 1.7 Structure of poly(lactic acid) and galretructure of poly(hydroxy alkanoates)......10Q.
Scheme 3.1 Thermolytic cleavage of ricinoleic @oigroduce 10-undecen-1-ol. ..................eeee 14
Scheme 3.2 Poly(dodecyloate) by alkoxycarbonylgpiolymerisation of 10-undecen-1-ol.............. 15
Scheme 3.3 Phosphine ligands with different electiensity and steric hindrance.................... 19
Scheme 3.4 Formation of undecanal by isomerisatibriO-undecen-1-ol via repeatgdhydride

elimination and subsequent keto-enol tautomerisatio...................coeeeeeeeeeeeee e 20
Scheme 3.5 Acid catalysed acetal formation fromegadal and 10-undecen-1-ol..................... 21
Scheme 3.6 Aldol reaction of undecanal via the aatdlysed enol mechanism... S |

Scheme 3.7 Possible activation pathway of in-stalgst under formation of undecenaldehyde ....26
Scheme 4.1 Poly(dodecyloat) by methoxycarbonylatioh 10-undecen-1-ol and subsequent

POIYESLEIITICALION. ...ueiieiiice e 28
Scheme 4.2 Some possible acetals in the reacttumi(Table 4.2, entry 1). .....ccevvvveeeiimmmeenne. 31
Scheme 4.3 Oligomers formed during methoxycarbdiaylaof 10-undecen-1-ol....................... .32,

Scheme 5.1 Isomerising alkoxycarbonylation of wnsdéd fatty acid esters yieldingn-diesters..37
Scheme 5.2 Polyesterification of plant oil based-diesters andi,w-diols to long-chain aliphatic

0101 1Y/ (= = TP 38
Scheme 5.3 Catalytic hydrogenation of diethyl-128sanedioate to tricoane-1,23-diol using

dichlorobis[2-(diphenylphosphino)ethylamineruth@mi ..., 45
Scheme 6.1 Synthesis of polyamides from diamindsdézarboxylic acids. .........cccceeeveiiiiiiiceeen. 48
Scheme 6.2 Synthesis of polyamides from diamindsdaarboxylic acid esters (aminolysis)......... 49
Scheme 6.3 Alkylation of amines by CarbOXyliC EBLEL...........uuviviiiiiiiiiiiiiiiieeeee s cmmmme e reeeennennnes 49
Scheme 6.4 Industrial synthesis of hexamethyleBa&HBMINe. ............cccooviiiiiiiiiiec et 51
Scheme 6.5 Formation of primary, secondary anitgramines from nitrile§?......................... 52
Scheme 6.6 Formation of primary, secondary anitgramines from alcohol&......................... 53
Scheme 6.7 Transformation @fo-diols INtOo,-AIAMINES. ......ccvniiiiie e e e e 55
Scheme 6.8 Polycondensation of plant oil bageddiacids andy,o-diamines to long-chain aliphatic

10 Y= 101 o =2 56
Scheme 6.9 Formation of amides from alcohols andesn...................... s 61
Scheme 7.1 Formation of poly(dodecyloate) frorméic acid. ...................ccooooiiiiiiiiccer e, 63
Scheme 7.2 Formation of polyesters and polyamiaes dleic and erucic acid esters. ............. 65.

ix



List of Figures

v List of Figures
Figure 1.1  World plastics production from 1950 @12™M ..............c.ooiiiiiiceeeeeee e 1
Figure 3.1 GPC trace of poly(dodecyloate) (in THERS standards) (Table 3.1, entry 10). .......... 15

Figure 3.2 'H-NMR spectrum of poly(dodecyloate) prepared willofCO)]/pyridine catalyst. ...16
Figure 3.3 Carbonyl region of th€C{*H}-NMR spectrum of poly(dodecyloate) prepared with
[Cox(CO)gl/pyridine catalysSt...........coeeeeiiiiii e 18
Figure 3.4 'H-NMR spectrum of the reaction mixture of the Pddbpx catalysed
alkoxycarbonylation polymerisation of 10-undecentITable 3.2, entry 1)................. 20
Figure 3.5 Carbonyl region of thE€C{*H}-NMR spectrum of poly(dodecyloate) prepared with
Pd(l1)/dtbpp catalyst (Table 3.2, €Nty 4)....cccee i 22
Figure 3.6 DSC trace of poly(dodecyloate) prepavitgd Pd(Il)/dtbpp catalygfTable3.2,entry4).23
Figure 3.7 Carbonyl region of th€C{*H}-NMR spectrum of poly(dodecyloate) prepared with
Pd(I1)/PPh catalyst (Table 3.2, entry 10).........coooeeemmiiiiiieee e 25
Figure 3.8 DSGrace of poly(dodecyloate) prepared with Pd(ll)/P¢dtalysi{Table3.2, entry10).25
Figure 3.9 DSC trace of poly(dodecyloate) obtaibggolycondensation of 12-hydroxydodecanoic

F=ToTo I (o] gfoTo] o T o= 1< ] o 1A PP 27
Figure 4.1 'H-NMR spectrum of the methoxycarbonylation of 1@ecen-1-ol with the dtbpp

ligand (Table 4.1, €Nty 3). ...ooeiiiiiiiii e e 30
Figure 4.2 'H-NMR spectrum of crude ethyl-12-hydroxydodecandg@gble 4.3, entry 4). ............ 36
Figure 5.1 'H-NMR spectrum of isolated dimethyl-1,19-nonadecko@e. ...................ccocoevenr...... 39
Figure 5.2 'H-NMR spectrum of diethyl-1,23-tricosanedioate fromathyl erucate......................... 42
Figure 5.3 *H-NMR spectrum of tricoSane-1,23-Gi0l........coeeeveeeieeieeeeeeeseeeseee e eveeeenens 44
Figure 5.4 C-NMR spectrum of poly(1,23-tricosadiyl-1,23-triemedioate) with butyl ester

endgroups from the CatalySt. ...........ovviiceeeeeei i 47

Figure 5.5 WAXS diffraction pattern of poly(1,23ewsadiyl-1,23-tricosanedioate) and WAXS
diffraction pattern of linear polyethylene for coamson M,=8.7 x1d g mol™;

Mu/Mp=2.2; T = 137 °Cit CA. 75 90).uuuureiieiiiieiieee e mmmmmm s 48
Figure 6.1 'H-NMR spectrum of tricosane-1,23-dicarboxylic acid..............cc.coevrvvvreerieenennnes Q.5
Figure 6.2 'H-NMR spectrum of tricosane-1,23-Qiamine. ....coccec.ooveeeeeeeeeeeeeeseeees e 56
Figure 6.3  DSC trace Of PA 23 23. ......ooii ettt e e sees e et e e e e e e s 58
Figure 6.4 WAXS diffraction pattern of PA 23 23........ooiiiiiiiiee e 59
Figure 6.5 H-NMR SPectrum 0f PA 23 23........c.ciieieeeeeeeemeeeeeeees oo aeeaen e 60
Figure 6.6 H-NMR SPeCtrum Of PA 12 12........c.ceoviuevmemmmmreeeeeeeeeeseeeieeeeieeeseessieesseeessneanssaenes 62

v List of Figures in the Appendix

Figure A1 *¥C-NMR spectrum of poly(dodecyloate) prepared witls,[CO)]/pyridine catalyst. ..88
Figure A2 Details of°C-NMR spectrum of poly(dodecyloate) prepared wifto,{CO)]/pyridine
(o= 1= 1Y PSP 88
Figure A3 Details of°C-NMR spectrum of poly(dodecyloate) prepared wifto,{CO)]/pyridine
(o= 1= 1YL PSPPSR 89
Figure A4 Carbonyl region dfC-NMR spectrum of poly(dodecyloate) prepared wittfl/dtbpx
(o= L= 1Y) PP 89



List of Figures in the Appendix

Figure A5 'H-NMR spectrum of Pd-catalysed methoxycabonylatiba0-undecen-1-ol with dtbpx
ligand (Table 4.2, @ntry 1). ... e neeeeeees 90
Figure A6 Details of'H-NMR of Pd-catalysed methoxycarbonylation of 1@ecen-1-ol with
(0110 )1 1o = 1 o 1R 90
Figure A7 Detailed*C-NMR of of Pd-catalysed methoxycarbonylation ofuriiecen-1-ol with
dtbpx ligand (Table 4.2, €NtrY 1). ..o 91
Figure A8 'H-NMR spectrum of methyl-12-hydroxydodecanoate (&ab3, entry 1).................... 91
Figure A9 'H-NMR spectrum of methyl-12-hydroxydodecanoate (&ab3, entry 2).................... 92
Figure A 10 *H-NMR spectrum of ethyl-12-hydroxydodecanoate (€ahB, entry 3). ..........c........... 92
Figure A 11 ®*C-NMR spectrum of ethyl-12-hydroxydodecanoate (€abB, entry 4). ..................... 93

Figure A 12 Details 0fC-NMR spectrum of ethyl-12-hydroxydodecanoate (€abB, entry 4)......93

Figure A 13 Carbonyl region of**C-NMR spectrum of poly(dodecyloate) from ethyl-12-
hydroXydOdECANOALE. ........uuueiiiiiiii i ceeeeee e eeeennee 94

Figure A 14 Gas chromatogram of isolated dimeth¥Binonadecanedioate (Table 5.1, entry 1).....94

Figure A 15 ®*C-NMR spectrum of isolated dimethyl-1,19-nonadedéiwate. Insert shows
enlargement of the carbonyl regiB.............coovovieieieeeeee e 95
Figure A 16 *H-NMR spectrum of dimethyl-1,23-tricosanedioatel{[Es5.2, entry 3).........ccocucu...... 95
Figure A 17 '"H-NMR spectrum of diethyl-1,23-tricosanedioate (IEak.2, entry 1).........c.c.ceuee.... 96
Figure A 18 **C-NMR spectrum of diethyl-1,23-tricosanedioate (Eh2, entry 1). ......c..cccoeveun..... 96
Figure A 19 Gas chromatogram of isolated dieth@Bitricosanedioate (Table 5.2, entry 1). ....97...
Figure A 20 **C-NMR spectrum of poly(1,19-nonadecadiyl-1,19-n@whedioate). ....................... 97
Figure A 21 *H-NMR spectrum of poly(1,23-tricosadiyl-1,23-tri@edioate). .............c.ceceevrverrnnnn. 98
Figure A 22 ®*C-NMR spectrum of poly(1,23-tricosadiyl-1,23-trigoedioate). .............c.ccceeurnnn.n.. 98
Figure A 23 DSC trace of poly(1,19-nonadecadiyBinbnadecanedioate). ......................ccee... 99

Figure A 24 WAXS diffraction pattern of poly(1,28eosadiyl-1,23-tricosanedioate): enlargement of
region 12 to 31° with contributions of amorphousoh@reen) and 110 (red) and 200

(blue) reflection (bottom; deconvolution verticatlisplaced for clarity)....................... 99
Figure A 25 *C-NMR Spectrum 0f PA 23 23........c.cooiieeeeeeeeeeeee e neenneen, 100
Figure A 26 DSC trace of PA 11 19. ..ot 100
Figure A 27 WAXS diffraction pattern of PA 11 19..........ccccooiiii e 101
Figure A 28 DSC trace Of PA 11 23. .. ... o oot e e e e e e e e e e e 101
Figure A 29 WAXS diffraction pattern of PA 11 23..........coooiiiiiiieeee e, 102
Figure A 30 DSC trace Of PA 12 19. ..o 102
Figure A 31 WAXS diffraction pattern of PA 12 19............ccciiieee e, 103
Figure A 32 DSC trace of PA 12 23. ... 103
Figure A 33 WAXS diffraction pattern of PA 12 23........coo e 104
Figure A 34 DSC trace of PA 23 19. ..ot 104
Figure A 35 WAXS diffraction pattern of PA 23 19.........oo e 105
Figure A 36 DSC trace of PA 12 12, synthesisedublyanium catalysis. ...........cccceeeiiieiiciicnnns 105

xi



Introduction

1 Introduction

In the long run resources of fossil fuels are rngnshort. However, our modern life is

strongly dependent on fossil fuels, not only aggyneesource but also as starting material for
modern life materials. According to information fisbed by the trade association Plastics
Europe, around 280 million tonnes of plastics weneduced worldwide in 201, equating

to around 6 % of the global oil consumpti@nAt first glance this appears to be a relatively
small figure. However, the demand for plastics kegmpwing rapidly, represented by the
long term trend of world plastics production growathalmost 5 % per year over the past 20
years (cf. Figure 1.1), a trend which is expectedantinue and to further increase.
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Figure1.1 World plastics production from 1950 to 20%1.

While for energy resources the utilisation of maatternative resources to fossil fuels like
solar, wind and geothermal energy is already dastadd, only a limited number of renewable
resource based plastics are known to date. Therégf@eems to be even more important to
search for alternative resources for plastics pctdo and also to develop new renewable
resource based materials. The increased and sals@umilisation of renewable resources can
not only reduce our consumption of and dependenc®ssil fuels but may also reduce our
carbon dioxide emissions thus contributing to ctienarotectiod®* However, a critical
assessment is necessary for each individual casenawables are not per se advantageous
with regard to these issues.
So far, the production of thermoplastics from reakle resources usually involves a
fermentation step which is also the case for pabtfit acid) PLA and poly(hydroxy
alkanoates) PHAs, the most well-known and most compiastics from renewable resources
1
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to date®” Fermentation steps, however, mostly deliver rafivaited space-time vyields
making it difficult for products of such processescompete with products of petrochemical
processes on commercial terfiisin this context the production of sugar cane based

polyethylene which was introduced in 2010 by Braske also remarkabf®.

1.1 Plant Qils as Renewable Feedstock

Although plant oils account for only about 2 % bétannually produced biomass, roughly
35 % of the renewable feedstocks currently utilisgdhe chemical industry are based upon
fatty acids™ They are in principle attractive substrates far dhemical synthesis of many
different products such as lubricants, engine @itsmetics, detergents and plastics as they
exhibit a unique structure with long linear metimgesequences, in this sense somewhat
similar to fossil fuels, but with an additional tginal functional group!*®*¥! Furthermore,
many oil crops contain a single type of fatty acdery high contents, like oleic acid in high
oleic sunflowers or ricinoleic acid in castor beaalso owing to intelligent breeding. This
hugely simplifies the recovery of the desired fadtyds in high purities. A long-standing
utilisation of a fatty acid renewable feedstockas example illustrated by the preparation of
the difunctional monomer sebacic acid from ricimokcid**! which is converted to aliphatic
polyamides like Nylon-6,10 with a beneficially lowater uptake. Like in this application,
cleavage reactions like ozonolysis or catalytiadakion of the olefin in unsaturated fatty acids
yield a,m-dicarboxylic acids and derivatives of medium chdength along with
monofunctional oxygenates as a stoichiometric bgpcd which quite often represent
molecules of limited industrial interest. Other ustrially applied transformations of fatty
acids include hydrogenation, isomerisation, dinaii®m and olefin metathesis, to list the
most important ones for the sake of completeffe$¥.Another route tan,o-dicarboxylic
acids from plant oils is fermentatiweoxidation in which the entire fatty acid chain r&nms
intact!***® However, this process also suffers from limiteecgptime yields and complicated
work up of the product reaction mixtUt&?® So far, the major use of entire plant oil
triglycerides in polymers is in polyurethanes oroxp resins in which they serve as
multifunctional cross-linker€®?? With regard to their complete utilisation as momosnin
thermoplastics production unsaturated plant oitigle, after transesterification or hydrolysis
with liberation of glycerol, long-chained moleculesth two functional groups which are
accessible to chemical reactions. However, the léobbnd is located in the centre of the
molecule (Scheme 1.1). For complete utilisation fafty acids in the generation of

2
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crystallisable linear thermoplastics by step-growtitymerisation, a functionalisation at the

chain end is required.

/\/\/\/\./\/\/\/\[(
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Scheme 1.1 Functional groups in plant oils and fatty acid este

1.2 Alkoxycarbonylation

A useful reaction which converts olefins into estgoups is the alkoxycarbonylation
reaction’®>2" Here, the olefin reacts with carbon monoxide am@laohol to form an ester in
the presence of a suitable catalyst. The alkoxyralation reaction has been studied for a
variety of olefins and alcohols, but most extenlgiver ethylene and methanol. This process
has also been commercialised by Lucite Internatjondhe so called Alpha process, a novel
route to methylmethacrylate practised on a 120tthum scale. Ethylene, methanol and
carbon monoxide are reacted in the presence ofmso@eneous palladium(ll)/diphosphine
catalyst to form propanoic acid methyl ester whecfurther reacted with formaldehyde in the
presence of a solid Si@atalyst to form methylmethacrylate at a, accaydmthe producer,
30-40 % cheaper price than conventionally produnethylmethacrylate. Further advantages
of the Alpha process are, that virtually no wastprioduced and that the feedstocks employed
can potentially be made from biomass. The palladicetalyst for alkoxycarbonylation
reaction in the first step displays very high seléy with excellent activity and due to its full
solubility in the reaction mixture it can be continusly recycled to the reaction stage”

In general, for the alkoxycarbonylation reactionnpalifferent transition metal catalyst
systems based on Ni, Fe, Ir, Co, Rh, Ru, Pt andr@#&nown. However, the cobalt, platinum
and palladium based systems form the most selectitadysts towards alkoxycarbonylation
with relatively mild reaction conditions for the lsle metals. A competing reaction is the
formation of polyketone%® 313

Mechanistic studies of the alkoxycarbonylation teec were mainly conducted with
palladium and platinum complexes as cobalt complexe paramagnetic, which makes them
unsuitable for NMR spectroscopic studies. It is elydaccepted that palladium/phosphine

catalysed alkoxycarbonylation of olefins involves palladium(ll)hydride species. The
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commonly accepted catalyst cycle is depicted ineSeh 1.234%¢ Migratory insertion of
1-olefins in either 1,2- or 2,1-fashion producethesi linear or branched palladium-alkyls.
Therefore also two palladium-acyl products, a binadcand a linear, can occur after carbon
monoxide insertion and a branched and linear gstatuct after nucleophilic attack of an
alcohol. In this catalytic cycle all steps are msige except for the nucleophilic attack of the
alcohol, the so called alcoholysis, which is alsaosidered to be the rate determining step of
the reactior®”’
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R, R' = any alkyl CO

Scheme 1.2 Generally accepted mechanism of the Pd-catalylkedyaarbonylation.

When applying 1-olefins in the reaction the twofelént modes of olefin insertion into the
metal-hydride bond also lead to different proddotsn B-hydride elimination (Scheme 1.3).
In case of 2,1-insertion of the olefin into the aldtydride bond isomerisation of the double
bond can occur afte-hydride elimination. This can convert the 1-olefinto the
thermodynamically more stable internal olefin. @a dther hand in case of internal olefins as
a substrate, repeatgdhydride elimination can in principle lead to limemetal-alkyls and
thus to the linear ester products.

As previously illustrated, a whole range of diffierérialkyl phosphine ligands are suitable for
the palladium catalysed alkoxycarbonylatith.>¥*% In general, there are two different
classes of phosphine ligands which are active knxgicarbonylation, monophosphines and
chelating diphosphines. They are all relativelyceten rich and carry bulky substituents. The
application of palladium complexes carrying monddenphosphine ligands tends to lead to
a higher regioselectivity towards the branched @eylic ester products whereas the use of

bulky chelating ligands results in a greatly impdvregioselectivity towards linear
4
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carboxylic ester$Y Notably, diphosphines of intermediate steric bulike 1,3-

bis(diphenylphosphino)propane will promote chaiovgh to polyketoneg‘.‘”

H

pa]” Y R T IRd] I
H

1,2-insertion product 2,1-insertion product

H

[Pd]—H + R

[Pd]—H + /\/R

Scheme 1.3 Mechanism for 1-olefin isomerisation ahydride elimination.

Recently, mechanistic insights into the palladiustatysed isomerising alkoxycarbonylation
of methyl oleate were reported and the reactiomvpays depicted in Scheme 1.4 were
observed. In isomerising alkoxycarbonylation theile bond deep inside the molecule is
isomerised to the chain end and then carbonylatedotm the linear diester product
(cf. Scheme 5.1). The strong preference of linediagium alkyls over branched palladium
alkyls is related to the extremely bulky diphosghiigand dtbpp employed in this study,
which restricts the available space around therdtte coordination sites of the square-planar

metal centre, and favours methanolysis of the tines !
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Scheme 1.4 Decisive pathways of the isomerising alkoxycarbatigh of methyl oleate with dtbpp.
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The cobalt-catalysed alkoxycarbonylation reacti@s imainly been studied for the double
methoxycarbonylation of buta-1,3-diene to form dinyé adipat€® “¢*®! for use as an
intermediate in nylon-6,6 manufacture. This prodegs been developed and operated on a
pilot-plant scale by BASEY It is assumed that the first step in the cobatilyaed
alkoxycarbonylation involves the insertion of aefol into a cobalt-hydride species and the
subsequent formation of a cobalt-acyl species. Hewe in the cobalt-catalysed
alkoxycarbonylation also a catalytic promoter, Uisua nitrogen-base is present. Pyridine has
proven to be the most effective catalytic promaterterms of higher conversions and
selectivity towards the linear ester productsslividely accepted that the catalytic promoter
significantly accelerates the alcoholysis reactidrch is considered the rate determining step
(Scheme 1.5%" %952 |n fact, the dependence of the overall reactide @n the pyridine
concentration is described by a characteristic @writh a maximun?® The cause thereof
lies in the equilibrium between H-Co(COand [PyH][Co(CO)]" which forms in the
presence of pyridine. By increasing the pyridinenaantration above a certain level, the
alcoholysis no longer is the rate determining skep the insertion of olefin into the
H-Co(CO), due to its reduced concentration. In general thereelatively little definitive
experimental evidence in support of mechanisticwpays, largely because of the lack of
readily available spectroscopic ‘handles’ to monitoetal complex speciation in solution

under reaction conditiod¥! Therefore the discussion on the mechanism is ogoi

P ridine _
7R HCo(C0), —2 ~ [pyHI* [Co(CO),]
R-CH;-CH,-C-O-R
0
'R-OH
R-CH,-CH,-Co(CO), R-CH;-CH,-C-O-R
& , 0 [R-CH,-CH,-C-py] * [Co(CO),] -
R-OH I
0
R-CHZ-CHz-ﬁ-CO(CO):;
0
>—' R-CHy-CH,-C-Co(CO), pyridine
0
Co

Scheme 1.5 Postulated mechanism of the Co-catalysed alkoxypeathtion — only formation of linear product

is shown.
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1.3 Condensation Polymerisation and Step-growth Polymers

Condensation polymerisation follows a step-growtbchanism in which the formation of
oligomers precedes polymer formation. The step tgropolymerisation kinetic originally
described by Carothétd and Flor{"® means that all reactive species in a reactionurext
(monomers, linear oligomers and polymers) can redttt each other at any time and at any
concentration. For the formation of linear polycengates from bifunctional monomers two
routes are possible: one can either start fromtypes of monomer bearing two different types
of functional groups which can undergo a condeasateaction (AB-Type condensation
polymerisation) or from two different bifunctionalonomers bearing two identical functional
groups each, which can also undergo a condensasiaction (AB.-Type condensation

polymerisation, Scheme 1.85:>°

A+B—— C+D

A-B+ A-B A-C-B

A-C-B A-A+ B-B

Scheme 1.6 AB-Type and AB,-Type condensation polymerisation

For achieving any substantial molecular weightgahtycondensation reactions highly pure
monomers are a prerequisite, owing to the corwiddR, = 1/(1 - p), the so called Carothers
equation between the degree of polymerisation \YDBnd the functional group
conversion (p*> *" In the case of the MB,-Type condensation the degree of polymerisation
is not only determined by the functional group cension but also by the exact stoichiometry
of the reacting functional groups A and B. Eveanfexact stoichiometry of these functional
groups is provided at the beginning of a polycomsd#ion reaction it is possible that during
the ongoing reaction this exact stoichiometry canv® maintained due to side reactions,
sublimation or evaporation of one of the reactamtse formation of macrocycles is also a
non-negligible side reaction, especially at the ehdhe polymerisation reaction, when the
concentration of remaining functional groups isatieely small thus representing highly
diluted reaction conditions ideal for cyclisatigH.

Furthermore it has to be taken into account thatlensation reactions involve equilibria and
that the value of the equilibrium constant alseet the functional group conversion and
therefore the degree of polymerisatfdth Assuming dynamic equilibria for the condensation

polymerisations illustrated in Scheme 1.6 the fwiftg expression can be formed.
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For the polyesterification of e.g. 1 mol hydroxybgps (1/2 mol diol) and 1 mol carboxylic
acid ester (1/2 mol dicarboxylic acid ester), adomy to Schul?® and Flory®”, this
expression can be transformed into:

p,
(L-p)

There i is the amount of alcohol in mol present in the tieacmixture. When solving this

K=

equation for p the upper limit for the functionabgp conversion, depending on the ratio

B = K/np, can be obtained:
p =2—1/3(1+2/3—1/1+4/3)

With the Carothers equation this expression leadbé maximum degree of polymerisation
limited by the dynamic equilibrium:
DPn - L
1+48 -1
Usually a very high functional group conversiordesired with values of p close to 1. The

eqguation can thus be simplified to:

DP, 04/ =K /n,

That means that the degree of polymerisation melghends on the value of the equilibrium
constant and the amount of alcohol present inghetion mixture. The larger the equilibrium
constant and the smaller the alcohol concentratierhigher is the degree of polymerisation.
Unfortunately, this means that if the equilibriurnstant is in the range of 1-10, which it
generally is for common polyesterification reacipmole fractions as low as a promille of
alcohol in the reaction mixture prevent the forroatof high molecular weight polymers. For
this purpose an efficient removal of the liberatdall molecule (e.g. methanol) is very
important. In most instances this is achieved lpeei using low pressures of typically
0.1-0.5 mbar or by applying a dry nitrogen purghigh temperatures. Also efficient agitation
and customised reactor design for the efficientawah of condensates is required. This is
especially important in melt polymerisation pro@sss molecular weight increases with
conversion and thus the melt viscosity increasamdtically and the requirement for efficient
agitation and condensate removal becomes morecultffiand thus more importafit!

Condensation polymerisation is not only of academierest. Important thermoplastics like

8
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PET and PA 6 6 are manufactured by condensatioymaoisation on an industrial scale. In
general, step-growth polymers such as polyestets @olyamides possess more robust
mechanical properties, including toughness in coation with stiffness and higher
temperature resistance than polymers from chaiwtgrgpolymerisation processes such as
polyolefins and other vinyl-derived polymers. Bubsh step-growth-based polymers are also
more expensive than various vinyl-based structulrbis is, at least in part, due to the cost of
the monomers used in step-growth polymerisatiomsgiwrequire several steps from the bulk
commodity petrochemical intermediates to the polysadle monomef”!

The physical properties of polymers are primarigtedimined by their molecular weight and
chemical composition. Achieving high molecular wegyduring polymerisation is critical if
the polymer is to have sufficient thermal and meate properties to be useful. Below a
critical molecular weight, properties such as tensirength and melt and crystallisation
temperature are lower. As the molecular weighteases beyond that critical molecular
weight, changes in thermal properties are not g@fgiant. Thermoplastic commercial step-
growth polymers such as polyesters, polycarboretespolyamides are generally made with
number average molecular weights in the range ¢iQ350,000 g mdl. Polymers within
this molecular weight range are generally strongugh for use as structural materials yet low

enough in melt viscosity to be processable at somable cost”

1.4 Aliphatic Polyesters

As thermoplastics, aliphatic polyesters have loagrbof minor importance due to their low
hydrolytic and chemical resistance and low meltermgperatures, which can all be related to a
low crystallinity. They have mainly been applied @asticizers or macromonomers for the
preparation of polyurethane foams, coatings ort@tasrs. Hydrolytic sensitivity, however, is
a requested feature for the design of environmigntigradable plastics and biomedical
polymers. For this purpose aliphatic degradablggstérs or copolyesters, either of natural or
synthetic origin, have been the subject of intearssemic and industrial attention during the
past two decadé$ >

The most prominent examples are poly(lactic acld) Bnd poly(hydroxy alkanoates) PHAs
which are not only biodegradable but also bio-bagtldA is made from glucose by its
fermentation to lactic acid, which could be sulg€cto direct polycondensation but normally
is first chemically converted to lactide, a cydiener of lactic acid. The lactide is converted
by ring opening polymerisation to PLA which is migimtilised in packaging and medical

9
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applications. As lactic acid exhibits a stereogemiotre the crystallinity of the final polyester
is heavily influenced by the relative amounts & thfferent stereocisomers. In this way the
properties of the polymer can be adjusted to satisé needs of different applications.
Nevertheless, PLA suffers from a low heat distortiemperature, a low impact strength and
poor barrier properties. However, PLA is not quataypical representative of the class of
aliphatic polyesters, as in PLA the ester moietiesninate polymer properties like the
melting point.

PHAs are structurally closely related to PLA asytlaee also branched polyesters but with
higher content of aliphatic chains (Scheme 1.7)APldre made from sugars, starch or fatty
acids, not by chemical synthesis but by variousrooigganisms as a carbon and energy
storing substance. Their great structural variatyeg rise to multitude different property
profiles and different possible applicatidffs.

J[ 0 { R O
0)
n o X In
PLA PHA

x=0,1,2...; R=H, Me, Et, ...)

Scheme 1.7 Structure of poly(lactic acid) and general struetaf poly(hydroxy alkanoates).

Other industrially proven aliphatic polyesters #ne fossil fuel based pokxcaprolactone)
and poly(butylene succinate). Pahdaprolactone) is mostly used in blends due tdons
modulus and low melting point. Poly(butylene suet&) however is relatively stiff.
Dicarboxylic acids with longer hydrocarbon chairead to more flexible materials. All
aliphatic polyesters, bio-based or not, are pronehtemical and microbial hydrolysfé! The
degradation rate is influenced by the moleculargiveicrystallinity, hydrophobicity and the
glass transition temperature of the polyester, oy tlegradation conditions and by the
presence of degradation products.

The backbone structure of a polymer to a largendxdefines the flexibility and stability of a
polymer molecule. Consequently, a great range binper properties can be achieved within
each class of step-growth polymers by varying tlekbone structure using different
monomers. In aliphatic polymers the concentratibthe linking groups (e.g. ester or amide)
in the backbone greatly influences the physicapgrties. Increasing the methylene content in

polyesters (except for the very short chain repredizes like PLA and PBS) also increases

10
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the melting point eventually tending towards thg af polyethylene at low linking group
concentration§” However, the melting temperatures in aliphaticypsters are not only
affected by the total number of methylene grouptherepeat unit but also by their position
between the ester groups. In general, polyestersvef numbered diols and dicarboxylic
acids exhibit higher melting temperatures than é¢has odd numbered glycols and

dicarboxylic acids$®?

1.5 Aliphatic Polyamides

In general, there are two main types of polyamidés, AB-type polyamides fronm-
aminocarboxylic acids or, like in the case of PA&tams and the AABB-type polyamides
from diamines and dicarboxylic acids. A simple systof nomenclature designates these
polyamides (PA) by the number of carbon atoms énnttonomers. Two numbers represent an
AABB-type polyamide, the first number referring tbe number of carbon atoms in the
diamine and the second number to the number ofonadtoms in the dicarboxylic acid
monomer. An AB-type polyamide is represented byirgls numbef®®! Even and odd
numbered AB-type polyamides and even-even, odd-ededn-odd and odd-even numbered
AABB-type polyamides exhibit to some extent diffier@olymer properties. This is due to the
different degree of order in the crystalline phaBee order in the crystalline phase and the
properties of polyamides in general are determimgthe hydrogen bonds formed by —NH-
and —CO- groups between neighbouring polymer ct¥in&ven-even polyamides like
PA 6 6 and PA 6 10 primarily form crystal structi@mposed of sheets of fully extended
planar chain segments joined by hydrogen bondeaah temperature. At room temperature
polyamides containing odd numbers of methylene ggoprimarily form crystal structures
similar to the pleated sheet structures of polyipest®®®”

In the solid state usually less than 1 % of thedangroups in polyamides do not form
hydrogen bond$® This leads to a highly suppressed mobility of paéymer chains which
predominates polymer properti€¥. The most obvious influence of the ratio between
methylene and amide groups is the melting temperatiithe polyamides and to some extent
intermolecular hydrogen-bonding is also presentttie melt®® Therefore the melting
temperatures of polyamides decreases with incrgasiethylene group content, and
polyamides containing odd numbers of methylene ggaxhibit lower melting temperatures
than polyamides with even numbers of methyleneggoln AABB-type polyamides with the

same ratio of methylene groups to amide groupthgamide with the biggest difference in
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methylene group content of acid and amine comporetibits the highest melting
temperature whereas the polyamide with an equéilmliion of methylene groups between
acid and amine component exhibits the lowest ngeltemperature. PA 4 10 with 250 °C
exhibits a considerably higher melting point thak &8 with 232 °C, both having a total of
12 methylene groupg®”

The mechanical properties of common polyamides alsongly depend on their water
content. In general, the higher the methylene cante a polyamide, the lower is its
capability of absorbing water and the more indepehdre their specific volume mechanical
properties of the water contdfff. Furthermore, the higher the methylene group cartten
higher the flexibility and the lower the heat résice of the polyamid€” Plant-oil-based
polyamides tend to have higher methylene grouperdrihan their fossil fuel based relatives.
Different from most other bio-based polymers plaitbased polyamides are considered
engineering plastics. They offer new, desirableppries which have currently not been
achieved by fossil fuel based polyamides and tmeyeatablished even in the technically very
demanding application fields of the automobile istdyl’™ The first commercially available
plant-oil-based polyamide was PA 11 which was ihticed into the market under the trade
name ‘rilsan’ in 1955. PA 11 is based on ricinola@d, which can undergo a thermolytic
cleavage under the formation of heptaldehyde andeeenoic acid (Scheme 3.1).
Undecenonic acid can further be transformed in @ tstep conversion into 11-
aminoundecanoic acid, which can be subjected tgcpablensatioH?

Further, at least partially bio-based polyamides, RA 10 10 (100 % bio-based), PA 6 10
(62 % bio-based) and PA 10 12 (45 % bio-based)y Hne all based on sebacic acid and are
tested, approved and to some extent even alreagjoged in hydraulic connector lines,
pneumatic brake lines or fuel lin€Y. Sebacic acid is also derived from ricinoleic dwid by
alkaline cleavage under pressure and high temperé&ading to the formation of sodium
sebacate and 2-octant¥. In contrast to aliphatic polyesters all aliphatiyamides, also the

bio-based ones, are considered non-biodegraéidble.
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2 Objective

Today’'s polymer production relies almost excluspvein fossil feedstocks. This applies
particularly to thermoplastic polymers, which regaet the largest type of industrial polymers
before thermosets and elastomers. In view of thédd range of fossil feedstocks, polymers
prepared from alternative renewable resourcesesieatble on the long term. Fatty acids from
plant oils are attractive substrates for polymerthay contain long chain linear segments.
Although prices for ethylene and naphta have bemtimuously increasing over the last
years, "almost as good as" replacements of exidosgil feedstock based products with
products made from renewable resources will beicdiff to achieve. Therefore the
performance profile of plant oil based materialsoldtt be geared towards specific
applications which are ideally unique to this faedk.

In this context the aim of this work was to synteesnovel, plant oil based aliphatic
polycondensates by means of the alkoxycarbonylateaction. This required, amongst
others, the finding of suitable catalyst systemsl apaction conditions for different
alkoxycarbonylation reactions and the finding ofitalle transformation reactions for
obtaining other difunctional monomers from the dicxylic acid esters synthesised by

alkoxycarbonylation reactions.
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Poly(dodecyloate) by Carbonylation Polymerisation of 10-Undecen-1-ol

3 Poly(dodecyloate) by Carbonylation Polymerisation of 10-Undecen-1-ol

Thermoplastic polymers are currently prepared atregslusively from fossil feedstocks. In
view of their limited range, alternative renewahésources are desirable in the long t&tm.
By comparison to routes employing a fermentati@ap sthemical synthetic routes in which
the original molecular structure of the plant biema@mployed is substantially retained are
attractive as they can be efficient in terms ofdfteck utilisation and reaction space-time
yields, and provide novel properties. Polyesters @me of the most important classes of
organic polymers, and indeed the more recently Idpee and commercialised biomass-
based polymers are thermoplastic polyedtérs.

Among the well known and common fatty acids riceiolacid, the major component of
castor oil, is special as it has a hydroxylfuncailty at the C12 position. Therefore it can
undergo a thermally induced rearrangement reaciwich leads to heptaldehyde and

undecenoic acl®"® which can be further reduced to 10-undecen-1-c¢ge 3.15

s O
Na
H OR
J 500 - 600 °C
(|3 0
\/\/\) + \/\/\/\/\)J\
X OR
J reduction

®

Scheme 3.1 Thermolytic cleavage of ricinoleic acid to prodddeundecen-1-ol.

10-undecen-1-ol is a very interesting starting maltdor polyester synthesis as it bears a
hydroxyl and olefin group at the ends of a rathemgl hydrocarbon chain.
Alkoxycarbonylation ofw-unsaturated alcohols is a known route to lactdf&€! by ring
closure, but in principle it can alsesemble an AB step growth polymerization (Scherg 3
For 10-undecen-1-ol, reaction with CO catalysedPtyll)-salts modified with PRHas been
noted to yield oligomers without further detdffs®*!
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0]
WOH catalyst WO /Lq\
CO n

Scheme 3.2 Poly(dodecyloate) by alkoxycarbonylation polymetiisa of 10-undecen-1-ol.

3.1 Cobalt-catalysed Carbonylation Polymerisation

Of the variety of catalyst systems known for alkoeajponylation, cobalt catalysts are
attractive as they are very robust and do not reqroastly phosphine ligands or noble metals,
which are also sensitive to irreversible reductom®lemental metal in any reaction involving
carbon monoxide. They are also not substrate-sesisére reactive towards higher alcohols
other than methanol and, more importantly, inteiafins®®* 8% Olefin isomerisation via
B-hydride elimination is an ubiquitous reaction le {oresence of transition metal compounds.
While the formation of a small amount of unreactetérnal olefin is unproblematic in a
synthesis of small molecules, in the polymerizatimaction studied a few percent of
unreactive functional groups would severely limalacular weights.

Exposure of neat 10-undecen-1-ol to carbon mongxidssure at elevated temperature in the
presence of catalytic amounts of p30O)]/pyridine resulted in quantitative conversion to
solid polymeric material (Scheme 3.2). Remarkainwiew of the high degree of functional
group conversion required, and the high viscositypalymer melts which might hamper
further reaction at higher conversions, GPC dematest the material to be higher molecular

weight polymer (Figure 3.1).
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./'
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\
% HT
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Figure3.1 GPC trace of poly(dodecyloate) (in THF vs. PS saads) (Table 3.1, entry 10).
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600 MHz*H-NMR spectra acquired with a highly sensitive ggnic coil probe enabled the
guantitative observation of internal olefin and toyd/ endgroups (Figure 3.2). A functional
group conversion of up to > 99 % is evident frore thethylene protons of the —gbH
endgroups. This corresponds to degrees of polyateiz (DR) of > 100 (Table 3.1). The
respectiveM,, values reasonably agree with appaidptrom GPC vs. polystyrene standards.

This also demonstrates that no excessive formafiomacrocylic lactones occurred.

3
5 3 n 6;
8 6
f Aot
5 9 2
: 5" 11 5 13
SN
5 11 5 12
13
2 CH,
5 longer
7 branch
CDCl,
| v e
8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0
CDClj, 25 °C, 600 MHz f1 (ppm)

Figure3.2 'H-NMR spectrum of poly(dodecyloate) prepared wiflof CO)]/pyridine catalyst.

The influence of catalyst composition and reactionditions on the polymerization reaction
was studied (Table 3.1). The pyridine to Cobalbrais a moderate but significant effect on
the degree of functional group conversion and agusetly molecular weight (entries 1, 3
and 4). A 32 fold excess of pyridine appears optmwihich is in agreement with the findings
for the cobalt catalysed alkoxycarbonylation of estlsubstrates. In the range of pressure
studied, up to 200 bar, an increased CO presswmufa the polymerization reaction, and
promotes formation of higher molecular weight podymSimilar to trends observed in the
alkoxycarbonylation of 1-olefins to small molecyi®ducts>® a temperature around 160 °C
appears beneficial. At 100 °C only oligomers aremied, presumably due to a slower
polymerization reaction, and at 200 °C also comggrimwer molecular weight polymer was
16
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formed, likely due to catalyst decompositih. Reaction with added solvent (toluene)
resulted in lower molecular weights, the unfavolealower concentration of functional
groups apparently dominates over a conceivableeased reactivity due to the higher
mobility in the less viscous solution (entry 2).this study, reactions were usually run for ca.
65 h to ensure the maximum degree of polymerizatidmevable. However, already after
16 h the reaction seems to be near completiony(@ir[Ca,(CO),] as a metal source was
reported to afford higher yields in the preparatioh carboxylic acid esters than
[Co,(CO)],’®* in our hands under the conditions of the polynagian reaction no significant

difference was observed (entry 3 vs. 10).

Table3.1 Polymerisation results of the cobalt catalysed @aytation polymerisation of 10-undecen-1-ol.

M, x 168 M, x 10

entry py”?ﬂ'g? / pyridine : Co :a/r ;ré th/ (GPC)‘i/ (GPC)‘i/ (NDI\/FI)E{) -I;”é/
g mol g mol

1 39 8:1 200 160 69 25 1.0 57 56 /61
2° 11 8:1 200 160 64 0.4 0.2 12 55
3 154 32:1 190 160 65 4.7 2.2 140 61 /66
4 307 64:1 200 160 69 2.2 11 40 62 /66
5 154 32:1 180 100 67 n.d. n.d. f.d. n.d.
6 154 32:1 200 200 66 0.8 0.6 21 61 /66
7 154 32:1 100 160 64 1.1 0.7 38 64 /69
8 154 32:1 50 160 64 0.3 0.3 13 63
9 154 32:1 200 160 16 2.6 1.3 50 63/70
10¢° 154 32:1 190 160 67 4.6 2.3 146 n.d.

Polymerisations were performed in a 280 mL stam#tsel autoclave using 0.175 mol undecenol andr2nd!
[Cox(CO)J. ° 50 mmol undecenol, 25 mL toluene, 0.7 mmol JCO)J. ¢ 1.2 mmol [Cq(CO)]. ¢ in THF vs
polystyrene standard$19 % conversion of the functional groups.

For enabling a detailed microstructure analysisNAdR spectroscopy residual cobalt had to
be removed from the polymer due to its paramagmetighis was achieved by extraction of
dichloromethane solutions of the respective polymign aqueous EDTA-solution which was
acidified with HCI and mixed with small amounts lofdrogen peroxide. The thus obtained
cobalt-free polymer samples were dissolved in GD#Id good qualityH- and **C-NMR
spectra could be obtained. About 20 to 30 % ofrépeat units are branched, as a result of
2,1-insertion of terminal olefinic moieties, or odan of internal olefinic groups formed by

isomerisation. However, methyl branches predomi(fature 3.3).

17
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methyl branched linear

longer branches

177.0 176.0 175.0 174.0
CDCl,, 25 °C, 150 MHz f1 (ppm)

Figure3.3 Carbonyl region of th&C{*H}-NMR spectrum of poly(dodecyloate) prepared with
[Co,(COX]/pyridine catalyst.

The polyesters obtained are semicrystalline withoenplex melt behaviour, two melting
peaks occur at around 65 °C. A narrow crystallisatransition is observed at Ta. 45 °C
upon cooling. Molecular weights are in a regime reht@e thermal properties of the polyester
are independent of molecular weight (Table 3.1} $imilar melt behaviour of the different
samples indicates that polymer microstructuresataliffer substantially.

In conclusion, cobalt-catalysed reaction of 10-wedel-ol with carbon monoxide is a
convenient route to higher molecular weight polgestand the starting materials can be
readily prepared from renewable resources. Inghtgely chemical polyester synthesis, not
involving fermentation, the molecular structuretloé plant oil feedstock is largely retained in
the linear polyester product, which predominantlgnsists of moderately branched

hydrocarbon repeat units.

3.2 Palladium-catalysed Carbonylation Polymerisation

As illustrated above, cobalt/pyridine catalysedoalcarbonylation polymerisation of 10-
undecen-1-ol is a versatile route to higher molkecweight polyesters with around 20 to
30 % of methyl- and higher branches adjacent tocdmbonyl group of the ester moiety.

However, the control of the polyester microstruefuneaning the degree of branching, and

18
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thus thermal properties via the catalyst systeaniattractive challenge. Another well known
catalyst system for alkoxycarbonylation reactiomsmprises a palladium source and
phosphine ligands. Triphenylphosphidevas studied, as corresponding Pd(ll) catalysts are
well known to promote alkoxycarbonylation of varsoolefinst?® 8183 |n addition certain
electron-rich bulky diphosphinesl (to 3, Scheme 3.3) were investigated. Other than
diphosphines like 1,3-bis(di-phenylphosphino)prapahey favour alkoxycarbonylation over

chain growth polymerisation to alternating polykwess!®: 4% 86871

A
@C% ST

2 (dtb
1 (dtbpx) (dtbpp)

*f* @* *f* Q\ @

meso

3

Scheme 3.3 Phosphine ligands with different electron densitgl ateric hindrance.

Analysis of the reaction products of the palladiucatalysed alkoxycarbonylation
polymerisation of 10-undecen-1-ol employing thefed#nt phosphine ligands depicted in
Scheme 3.3 using NMR spectroscopy revealed thigireimce on the reaction.

When utilising the dtbpx ligand (Table 3.2, entries 1 and 2) only internal and thus
isomerised olefins are present in the reaction unextas well as oligomeric polyesters and
many side products (Figure 3.4). This hints atedpmination of the isomerisation reaction
over the insertion of carbon monoxide and the sybmat alcoholysis reaction of the thus
resulting Pd-acyl species.

Alkoxycarbonylation of olefins using ligantlalso results in the terminal, thus unbranched,
ester product exclusively (entry 2) (cf. Figure A dven when applying internal olefig.
The bulkiness of the ligand, however, does not davb,2-insertion over 2,1-insertion as

isomerisation predominates. It can be assumedtkaisteric hindrance of the phosphine
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ligand 1 rather disables the formation of the branchedagalim-acyl species or the

alcoholysis reaction thereof.
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Figure3.4 'H-NMR spectrum of the reaction mixture of the Py¢iibpx catalysed alkoxycarbonylation

polymerisation of 10-undecen-1-ol (Table 3.2, edfry

The many side products originate from undecanakkvim turn originates from the rapid
isomerisation reaction leading to undec-l-en-1-dhicv readily undergoes keto-enol

tautomerisation (Scheme 3.

isomerisation

- = OH

keto-enol tautomerisation
(@)

\/\/\/\/\)LH

Scheme 3.4 Formation of undecanal by isomerisation of 10-uedet-ol via repeatefthydride elimination and

subsequent keto-enol tautomerisation.

20



Poly(dodecyloate) by Carbonylation Polymerisation of 10-Undecen-1-ol

The thus formed undecanal can react with two furdguivalents of 10-undecen-1-ol or the
growing polymer chain to the corresponding acesahéme 3.5). This reaction is detrimental
for achieving high molecular weight polyesters &sviolates the stoichiometry of the

alkoxycarbonylation reaction. The acid catalyseetacformation leads to the generation of
two olefin end-groups and thus an excess theredhis way highly branched polyesters with
limited molecular weights are formed. The higheigrée of branching and the longer
character of the branches is reflected by the lowelting temperature ,J= 62 °C of the

small portion polymer obtained (entry 2).

\/\/\/\/\)J\H + 2 HO\/\/\/M

/\/\/\/\/\ro\/\/\/\/\/\

O\/\/\/\/\/\

Scheme 3.5 Acid catalysed acetal formation from undecanal Bxdindecen-1-ol.

The undecanal from the isomerisation of 10-undelcehcan also undergo an aldol reaction
(Scheme 3.6 and Figure 3.4), but the reaction mtoddoes not influence the
alkoxycarbonylation reaction as it was only founad adentified in the filtrates of the
precipitated polymers by NMR spectroscopy.

When applying the dtbpp ligar#lin the alkoxycarbonylation polymerisation of 10decen-
1-ol higher conversions to the polyester product lva achieved (Table 3.2 entries 3-5). This
is also evident from the smaller amount of sidectieas, namely the isomerisation of the

olefin resulting in undecanal and subsequent atatalation.

Scheme 3.6 Aldol reaction of undecanal via the acid catalysadl mechanism.
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For this ligand the influence of the carbon monexidessure was studied. 50 bar appeared to
be optimal as both higher pressure of 100 bard@mer pressure of 30 bar led to more side
reactions, evident from higher yields in actal dess polymer. Interestingly the polyester
obtained by reaction at 100 bar carbon monoxidebésha bimodal distribution of molecular
weights according to GPC traces which hints afdéh@ation of macrocycle® All polyester
products exhibit 3 to 7 % of mainly methyl brancinest to the carbonyl of the ester moiety
(cf. Figure 3.5).

longer branches

97{ f

0.0 179.0 178.0 177.0 176.0 175.0 174.0 173.0
CDCly, 25 °C, 150 MHz f1 (ppm)

Figure3.5 Carbonyl region of th&C{*H}-NMR spectrum of poly(dodecyloate) prepared wit(I1)/dtbpp
catalyst (Table 3.2, entry 4).

Again, the amount of acetal incorporated into tblmer chain and the branches generated in
this way strongly influence its thermal properti€be polyester isolated from the reaction at
50 bar exhibited the highest melting temperatur@ o= 76 °C (Figure 3.6) with also the

lowest degree of branching and the lowest amouatefal moieties (entry 4).
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Figure3.6 DSC trace of poly(dodecyloate) prepared with PA&{iBpp catalyst (Table 3.2, entry 4).

Ligand 3 leads to even higher conversions towards the ptdyeproduct, suggesting a
decreased amount of isomerisation and thus sidetioea (Table 3.2, entries 6-8). The
obtained polyesters exhibit a similar degree ohbinang like the polyesters obtained with
ligand 2. Increase of the reaction time from 18 to 70 hdeesl to a slight increase in the
molecular weight of the isolated polyester prodwdbjch is however accompanied by an
increased formation of acetal species. Surprisjrtgig does not affect the thermal properties
of the obtained polyesters which show melt peakarofind 70 °C (entries 6 and 7). Polyester
with very similar molecular weight, degree of braimg, amount of acetal and melting
temperature was obtained with an increased reatdéimperature of 125 °C, slightly lower
carbon monoxide pressure of 40 bar and a readtio® of 5 hours (entry 8). The polymer

yield however decreased by around 50 % compar#deetother experiments.
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Table3.2 Polymerisation results of the Pd/phosphine ligaathlgsed carbonylation polymerisation of 10-
undecen-1-ol.

Polyester M, x 10 M, x 10° Integraf

ligand T/ P/ t/ Tl degree of

entry _ . yield®/ (GPCf/ (GPCP/  acetal | _
(P:Pd) C bar h - g ot gmol® 4.4 ppm C  branching

1 1(4.3) 90 50 18 n.a. n.d. n.d. 294  nd. n.d.

2 1(4.3) 70 50 48 0.05 1.8 1.2 16.6 62 0 %

3 2 (4.3) 90 30 18 2 3.0 1.5 10.8 64/68 5%

4 2 (4.3) 90 50 18 2 4.2 3.2 0.1 76 3%

5 2 (4.3) 90 100 18 0.1 F1 2.0 6.9 73 7 %

6 3(4.3) 90 50 70 6.6 5.0 4.0 2.9 71 6 %

7 3(4.3) 90 50 18 75 3.6 2.7 0.6 69 n.d.

8" 3(4.4) 125 40 5 3 4.0 3.0 1.1 71 3%

9 4(14.8) 90 50 18 4 25 17 03 67/74 18%

10 4(148) 125 50 18 12 28 17 05 58/66 32%

Polymerisations were performed in a 250 mL stamistel auiclave in 50 mL toluene with 0.14 mr
Pd(OAc), 50 mmol 10-undecen-1-ol and 10 equivalents o£SIHH relative to Pd(OAg) *determined b
precipitation from diethylethef.in THF vs. polystyrene standardsH-NMR spectra of precipitated mater
integral of signal at 4.0 is set to 16ext to the carbonyl of the ester moiety, deteeminy integration of th
corresponding®*C-NMR shifts in the carbonyl regiorino precipitate! 'H-NMR of reaction mixture aft
solvent removal? bimodal distribution." 0.27 mmol Pd(OAg) 100 mmol 10-undecen-1-olexperimer
performed by Dr. Cécile Bouilhac with 0.54 mmol ®éc), and 100 mmol 10-undecen-1-ol.

The highest molecular weight polyesters and higlyesdtis were obtained utilising PP#A
(Table 3.2, entries 9 and 10). Only minor amourftaacetal species were detected. The
polyesters however exhibit the highest degree eti@mintly methyl branches next to the
carbonyl of the ester moiety. Contrasting catalysith ligands1-3, the selectivity of the
alkoxycarbonylation polymerisation is dependenttmreaction temperature. Conducting the
reaction at 90 °C afforded polyester with 18 % wHrizthed ester moieties and complex melt
behaviour, exhibiting two melt peaks around 70 &atfy 9). Conducting the reaction at
125 °C polyester with 32 % of branched ester mesetind two melt peaks at around 62 °C
(Figure 3.8) was obtained (entry 10). The highactien temperature also led to a significant

increase in polymer yield.
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Figure3.7 Carbonyl region of th&C{*H}-NMR spectrum of poly(dodecyloate) prepared witi(/1)/PPh
catalyst (Table 3.2, entry 10).
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Figure3.8 DSC trace of poly(dodecyloate) prepared with PfPh catalyst (Table 3.2, entry 10).

In all the polymers isolated by precipitation ofblea 3.2 at least traces of aldehyde end-

groups were detected. These aldehyde end-groupsiraeactive in alkoxycarbonylation
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polymerisation and therefore limit the molecularngtes of the resulting polyester. They are
possibly formed by alkoxycarbonylation of undecet®1-aldehyde, which is presumably
produced by the formation of the initial palladidipdride species. The catalyst precursor is
palladium-acetate to which either a chelating dggone or two monodentate phosphins are
coordinated. For catalyst activation these com@eeact with two equivalents of a strong,
non-coordinating acid, e.g. methanesulfonic acrjen liberation of acetic acid. It has been
suggested®® that the following coordination of alcohol and isibsequenf-hydride
elimination lead to the formation of aldehyde specwhich is unsaturated and thus reactive

in alkoxycarbonylation in the case of 10-undecenl-{(Scheme 3.7).

ZW ( o W—|2+
> O

v{\%/\ 2 MeSO5y

P 2 MeSO;H
C P/Pd(OAC)2

— (P\Pd(oso Me)
-2 AcOH P~ 272

B-hydride elimination

H T )
<P\ Pd\,o/\H;\/ MeSO;
P OH

+ 0]
\/\/\/\/\)J\ H
+
MeSO3H

Scheme 3.7 Possible activation pathway of in-situ catalystemfrmation of undecenaldehyde.

In the alkoxycarbonylation reaction the reactiomaitons strongly influence the occurrence
of the isomerisation reaction. lonescu ef%lattempted to synthesise lactones by ring-closing
alkoxycarbonylation of 3-buten-1-ol, 3-buten-1-mgth-ol and 4-penten-1-ol in water.
However, they primarily obtained the correspondatdghydes in up to 98 % selectivity and
no linear ester products. The phoshine ligands #pplied were water soluble derivates of
PPh, e.g. tppts, which are indeed less sterically detmg than phosphine$, 2, and 3
(Scheme 3.3). Furthermore they worked with a ratiacid to olefin of 0.7. This exceeds the
amount of acid applied in the experiments of Tahke by a factor of 25. It therefore seems

that high amounts of acids and protic solvents tenthe isomerisation reaction.
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In summary, of the catalysts studied, both Pd@katysts modified by triphenylphosphide
as well as the bulky, electron rich 1,3-bis(tria@amantylphosphino)propaleconvert the
largest part of the 10-undecen-1-ol starting maketo polyester. Molecular weights are
highest for the PRkmodified catalyst. Nonetheless, branching of theserials results in
slightly lower melting temperatures vs. the lineaaterials obtained with the bulky
diphosphined and2.

By comparison, a linear poly(dodecyloate) prepat®d polycondensation from 12-
hydroxydodecanoic acid witM, = 63 x 18 g mol* (M/M, = 2), as determined by GPC
measurements in THF at 40 °C versus polystyrensdatds, was found to posess a peak
melting point of T, = 87 °C (Figure 3.9). That is, the thermal projsrof the polyesters
from 10-undecen-1-ol carbonylation wighor 3 are influenced to some extent by the lower
molecular weight and/or the small number of brasche

DSC /(mW/mg)

L exo peak: 87 °C, 3.6 m\W/mg
area: 122 J/g |
i i L
. peak: 87 °C, 3.0 mW/mg7
area: 124 Jig
2
1 ] nd .
... — : "
' st :
04’ 17" heating
-1 4
i
-3 1
peak: 66 °C, -4.2 m\W/mg
-4 area: -122 Jig
-40 -20 0 20 40 60 80 100

Temperature / °C

Figure3.9 DSC trace of poly(dodecyloate) obtained by poly@rshtion of 12-hydroxydodecanoic acid, for

comparison.

4 Poly(dodecyloate) from Methyl-12-hydroxydodecanoate

As illustrated above poly(dodecyloate) can be algt@idirectly in high molecular weights

either by cobaltcarbonyl/pyridine catalysed or byallgdium/PPh catalysed

alkoxycarbonylation polymerisation of 10-undecentlA limitation of these two routes is,
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that the material obtained is not entirely lineat kxhibits around 20-35 % methyl- and
longer branches. Branching is detrimental for therproperties by leading to lower melt and
crystallisation temperatures as expected for theredyn linear material. Therefore, an
alternative route leading to linear poly(dodecydtom plant oil based 10-undecen-1-ol is
desirable.

According to previous reports palladium catalysékbxacarbonylation of olefins, under
formation of esters is the faster the smaller amel less sterically hindered the reacting
alcohol®%" % The resting state of the reaction is presumecketa Pd-acyl complex, while
the attack of alcohol at the Pd-acyl, the so-calimbholysis, is considered to be the rate
determining stef’”! As 10-undecen-1-ol is a rather large, and the dwyiterminated
growing polymer chain an even larger and sterichllydered alcohol, their nucleophilic
attack in the alkoxycarbonylation polymerisatiortts¢ Pd-acyl is presumably comparatively
slow. Depending on the choice of phosphine ligdnedreaction is capable of providing highly
linear polyester products (Table 3.2) however anityh very limited molecular weights and a
whole range of undesired side products originatingh the competing isomerisation of the
olefin. For achieving high molecular weight lingaslymers the alcoholysis reaction should
be accelerated. Faster alcoholysis could be adtibyeutilising methanol as a nucleophile
forming methyl-12-hydroxydodecanoate from 10-undeteol. In a subsequent
polyesterification reaction the linear methyl-12dhyxydodecanoate could then be converted
into linear poly(dodecyloate) (Scheme 4.1).

catalystl - MeOH

o
n

Scheme 4.1 Poly(dodecyloat) by methoxycarbonylation of 10-urete 1-ol and subsequent polyesterification.
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4.1 Methyl-12-hydroxydodecanoate by Palladium-catalysed Methoxycarbonylation
of 10-Undecen-1-ol

From the experiments illustrated in Table 3.2 thigpd ligand is supposed to be the most
promising candidate for the palladium-catalysedhmeycarbonylation of 10-undecen-1-ol to
form the linear methyl-12-hydroxydodecanoate saelelt, as the most linear material could
be obtained with only small amounts of side progslueting this ligand in 10-undecen-1-ol
alkoxycarbonylation polymerisation (entries 3-5).the range of temperatures and pressures
studied, the optimum conditions for the alkoxycarydation polymerisation of 10-undecen-
1-ol appeared to be 50 bar carbon monoxide pressug® °C. Surprisingly, the reaction
afforded the desired methyl-12-hydroxydodecanoatenly low yields of 30 % maximum
(Table 4.1).

Table4.1 Pd/dtbpp catalysed methoxycarbonylation of 10-uadektol.

Pd(OAc) / dtbpp / MeSQH / methanol /undecenol / t/ undecenol / undecanal ; acetat/ yield" /

entry mmol mmol mmol mL mmol h % % % %

1° 0.14 0.3 0.25 45 50 225 - 2 7T4% 24 %
20.e 0.027  0.06 0.1 2 10 18 11 2 589 29 %
3 0.027  0.06 0.05 1 10 15.5 58 5 199 18 %'

Methoxycarbonylations were performed at 90 °C afdbar carbon monoxid€. 1,1dimethoxyundecat
estimated from NMR® yield of methyl-12-hydroxydodecanoate in the crueaction mixture estimated from
NMR. € in a 250 mL stainless steel autocla¥i a 20 mL stainless steel autocla¥addition of 2 mL toluer
as solvent.'isomerised undecenof approx. 20 % undecoxyundecarfeapprox. 30 % not &@merise:
undecenol® approx 50 % undecoxyundecah®.% a-methoxye-hydroxydodecyloate.

When working with a large excess of methanol, tlsgomproduct is 1,1-dimethoxyundecane
(entry 1), which is formed by acid catalysed adsadilon reaction of undecanal with methanol
(Scheme 3.5). 2 to 4 % of unreacted undecanal wetected in the reaction mixture.
Undecanal is formed by isomerisation of 10-undet@n-via repeatef-hydride elimination

steps and final keto-enol tautomerisation (Schen®). 3Under these conditions the
isomerisation is assumed to be much faster thaalkoxycarbonylation, meaning the Pd-acyl
formation and the nucleophilic attack of methamoparticular, as relatively large amounts of
undecanal and hence acetal are formed. Reductitimrecdmount of alcohol and addition of
toluene as solvent (entry 2) seems to reduce ttraassation reaction as the yield of the
desired methyl-12-hydroxydodecanoate increased. fudhe reduced concentration of
methanol minor amounts (2 %) efmethoxye-hydroxydodecyloate (Scheme 4.3) were

formed by nucleophilic attack of 10-undecen-1-olPat-12-hydroxydodecanacyl. No other
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side reactions and thus side products appearededver, 10 % of isomerised, but for

methoxycarbonylation reactive undecenol, were prtes&/hen reducing the amount of

methanol even more but without adding toluene agerb(entry 3) the isomerisation reaction

can be further slowed down. This is evident from élgqual amounts of acetal and methyl-12-
hydroxydodecanoate detected in the reaction mixyr&dlMR spectroscopy. However, not

only 1,1-dimethoxyundecane is formed but also argsjle other acetal from 10-undecen-1-
ol and methanol (Figure 4.1).
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Figure4.1 'H-NMR spectrum of the methoxycarbonylation of 1@ecen-1-ol with the dtbpp ligand gble
4.1, entry 3).

The lower methanol content not only reduces thenesgsation reaction but also leads to
lower catalyst activity as approximately 30 % uwted 10-undecen-1-ol are present and
product yields of only 18 % were obtained. Othantlexpected the dtbpp ligand does not
yield the entirely linear methyl-12-hydroxydodecat®but also produces traces of the methyl
branched product (Figure 4.1). In case of the dtlggnd suppression of the isomerisation
reaction by adjusting the reaction conditions i$ possible which makes this ligand less
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suitable for the methoxycarbonylation of 10-undetesl to form methyl-12-
hydroxydodecanoate as monomer for linear poly(dgdate).

The dtbpx ligand is the most reactive ligand in tnethoxycarbonylation of ethylene.
Therefore it should form a suitable catalyst systemith palladiumacetate and
methanesulfonic acid in the methoxycarbonylation 1&undecen-1-ol. Moreover it is
expected to form the linear methyl-12-hydroxydodeede exclusively.

According to Jiménez-Rodriguez et al. highly selectformation of linear esters can be
achieved by methoxycarbonylation of terminal allenatalysed by palladium complexes of
dtbpx formed in situ from Pd(dbg)excess ligand and methanesulfonic acid. Selégtand
conversion are supposedly highest when exposingetietion mixture to carbon monoxide at
ambient temperatur@l Applying these literature conditions to the metymacrbonylation of
undec-10-1-ol leads to very low yields of methyHiy@lroxydodecanoate of only 4 % (Table
4.2, entry 1). Again the isomerisation reaction dwtes the methoxycarbonylation leading to
a whole range of side products all arising from atdehyde formed by repeat@ehydride
elimination and subsequent keto-enol tautomerisatimt only the 1,1-dimethoxyundecane is
formed but also different acetals from undecenahethyl-12-hydroxydodecanoate (Scheme
4.2). Furthermore, approximately 4 % of acid catetl/aldol reaction products (Scheme 3.6)
were detected in the reaction mixture. (For a tedaNMR analysis of the product mixture

see Figure A 5,Figure A 6 and Figure A 7).

Scheme 4.2 Some possible acetals in the reaction mixture IET4l2, entry 1).

The reaction conditions under which the highesidyos# methyl-12-hydroxydodecanoate was
obtained with the dtbpp ligand (Table 4.1, entrydi) not lead to high yields when using the

dtbpx ligand (Table 4.2, entry 3). With the dtbmpahd isomerisation is even more dominant
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than with the dtbpp ligand although the yield coble slightly hampered by the higher

amount of methanesulfonic acid applied which caedyside reactions. Nevertheless, with
4 % the yield is much lower than with the dtbppahd with even higher amounts of acid
(Table 4.1, entry 1). The highest yield of methgHlydroxydodecanoate utilising the dtbpx
ligand was obtained at 90 °C under 50 bar carbonaxide pressure with two equivalents of
methanesulfonic acid relative to palladium aceteug a ratio of undec-10-1-ol to methanol of
1 to 2.5 (Table 4.2, entry 4). Under these condgi@onsiderable amounts (~20 %) of
oligomers (Scheme 4.3) were formed, due to theerdtlw amount of methanol. In contrast to
earlier reported findings, in this case the nudap attack of the long 10-undecen-1-ol

seems to be favoured over the nucleophilic attdcknethanol. However, when replacing

methanol with ethanol (Table 3.1, entry 2), catiagdivity is reduced and thus isomerisation
and alkoxycarbonylation. Only 12 % of the ethylHiytiroxydodecanoate and around 60 % of

isomerised undecenol were obtained.

O
HOMOMO/
(@) n n>1

Scheme 4.3 Oligomers formed during methoxycarbonylation ofdridecen-1-ol.

As the melting temperature of methyl-12-hydroxydeateate is 31 °€3 the reaction
mixture was cooled to approximately 4 °C to segathé desired product via crystallisation.
Due to acetal formation traces of water are presetite reaction mixture, which results in
the equilibrium formation of aldehyde hydrat¥s™ Unfortunately, the formation of the
hydrates is favoured at lower temperatures analipbatic ones comprising more than seven
carbon atoms are solids at R¥.Therefore it was not possible to obtain the puethyl-12-
hydroxydodecanoate by crystallisation as the aldelnydrates coprecipitated.

Distillation of the reaction mixture was not podeibas the boiling point of 1,1-
dimethoxyundecane is at 105-108 °C at 3 {¥8the boiling point of undecanal at 98-100 °C
at 3 Torr and the boiling point of methyl-12-hydydwdecanoate is expected to be even
higher. Separation by distillation of substancesashg boiling points of higher 100 °C with
a boiling point difference smaller than 20 °C ae¢gsures lower than 10 mbar is generally
difficult. Furthermore the distillation conditiorsready resemble polymerisation conditions.

However, direct polymerisation of the crude reactmixture under simultaneous removal of
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the side products is not recommendable as therbtreacetal species with one or two ester
moieties present (cf. Scheme 4.2) which eitherasgamt monofunctional monomers and thus

yield unreactive chain ends or would lead to hidiignched material.

Table4.2 Palladium catalysed methoxycarbonylation of 10-wedel-ol with dtbpx as a ligand.

Pd(OAc)y/ dtbpx/ MeSQH/ methanol/ undecenol/ t/ undecanal/acetal/ yield®/

entry mmol mmol mmol mL mmol h % % %

1° 0.13 0.39 1.3 10 10 3 13 79 4
2 0.08 0.18 0.15 4% 30 18 1 15 13
3 0.027 0.06 0.25 2 10 19.5 6 90 4

4 0.027 0.06 0.05 1 10 23 4 63 934

Methoxycarbonylations were performed in a 20 sthinless steel autoclave at 90 °C and 20 bar o
monoxide.? yield of methyl-12-hydroxydodecanoate in crudectiem mixture determined by NMR.in &
15 mL Schlenk at RT, carbon monoxide was admittethé reaction mixture at 1 b&Pd(dba). ¢ ethanol.®
ethyl-12-hydroxydodecanoateddition of 4 mL toluene as solveftl4 % methyl-12hydroxydodecanoate a
20 %a-methoxye-hydroxydodecyloate.

From the experiments in Table 4.1 and Table 4.zhas to be concluded that the
palladium/phosphine ligand in situ catalyst system¢ombination with either the dtbpp or
dtbpx ligand, is not suitable for the formation ofethyl-12-hydroxydodecanoate via
methoxycarbonylation of 10-undecen-1-ol althougksthtwo ligands are well-known to form
the linear ester products exclusively in the allaatponylation of either terminal or internal
olefins. In contrast te-hydroxy functionalised 1-olefins the isomerisatmfithe double bond

in unsubstituted olefins does not represent a msgoe. It is also not possible to suppress the
isomerisation reaction by adjusting the reactiondions. Interestingly, the isomerisation
reaction occurs to a considerably higher extentha presence of methanol and therefore
severely hampers the formation of Pd-acyl speanesthe subsequent nucleophilic attack of
alcohol and thus the alkoxycarbonylation reactiime aldehyde formation, as a result of the
isomerisation reaction, and further side produbirdof severely limit the yields of the
desired methyl-12-hydroxydodecanoate. The isolatbrthe product proves to be highly
difficult and would have to involve column chromgtaphy which is undesirable for larger

scales and of course industrial application.
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4.2 Methyl-12-hydroxydodecanoate by Cobalt-catalysed Methoxycarbonylation
of 10-Undecen-1-ol

As illustrated in Table 3.1 the cobalt-catalysekbaycarbonylation of 10-undecen-1-ol leads
to high molecular weight polyesters with negligilleounts of side products. Nevertheless,
the 'H-NMR spectrum of the thus obtained poly(dodecydatFigure 3.2) reveals the
presence of residual and still reactive internafinland alcohol end-groups. Other than in the
palladium-catalysed alkoxycarbonylation the isoseion reaction of the olefin occurs to a
considerably smaller extent than the ester formatiwough an acyl-cobalt species and the
subsequent alcoholysis reaction. However, the poesef unreacted olefin and alcohol end
groups suggests that in its later stages the atiakpnylation polymerisation is very slow,
possibly due to the low concentration of two of faectional groups required. Complete
conversion therefore seems to be difficult to aohiand thus the polymer molecular weights
obtained via cobalt catalysed alkoxycarbonylatiofymerisation of 10-undecen-1-ol remain
limited as the reaction follows a step growth mecéa.

Similar as in palladium-catalysed alkoxycarbonglatof olefins, the rate determining step in
cobalt-catalysed alkoxycarbonylation is considerénl be the alcoholysis of the
acyltetracobaltcarbonyl complé®! It has been shown that in cobalt-catalysed
alkoxycarbonylation the alcoholysis reaction is thgtest when utilising ethanol also leading
to the highest yields of up to 99 % of desired restih a linearity of greater 80 4%
Combining these very high yields and the incredssehrity in ester formation with the
possibility of achieving higher conversions of ftinnal groups in a condensation reaction
thus leading to higher molecular weight polyestenskes the route to poly(dodecyloate)
going over the methyl- or ethyl-12-hydroxydodecaedaghly attractive.

Alkoxycabonylation of 10-undecen-1-ol was investaghutilising either methanol or ethanol.
In terms of functional group conversion ethanolnsego be slightly advantageous over
methanol (Table 4.3 entries 1 and 2 versus 3 antid@) % conversion of the 10-undecen-1-ol
was achieved by increasing the reaction time (ediy The alcohol concentration has
considerable influence on the reaction. With aftdd-excess of methanol over 10-undecen-
1-ol (Table 4.3, entry 1) the lowest yield of 62 Was obtained. By reducing the alcohol
concentration to a five-fold excess alcohol oveiub@ecen-1-ol the yield increased to 74 %

(entry 2).
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Table4.3 Cobalt catalysed methoxycarbonylation of 10-undekbeh

unreacted double degree of

entry 10-undecen-1-ol / methanol /  t/ bond / oligomers / branching/ yield®/
mmol mL h % %
% %
1 75 30 17.5 24 % 14 13 % 62
2 150 30 18 14 % 12 20 % 74
3 150 44 68 1% 21 18 % 78
4 150 44 115 0% 24 16 % 76

Methoxycarbonylations were performed in a 280 sthinless steel autoclave at 160 °C, a startingspre ¢
160 bar carbon monoxide, an 10-undecen-1-ol @) ratio of 75 and a pyridine to Co ratio of 3%jield of
methyl-12-hydroxydodecanoate in crude reaction wméxtdetermined by NMR? ethanol. ¢ ethyl-12-
hydroxydodecanoaté.130 bar starting pressufecalculated from carbonyl signalsffC-NMR spectra.

Interestingly, the amount of oligomers formed, wmraging from alkoxycarbonylation
involving the hydroxyl functionality of 10-undecdnel, did not increase by reducing the
amount of alcohol applied. However, when replaamethanol with ethanol the amount of
oligomer formed increased indeed (entry 3). In ga&hne the cobalt-catalysed
alkoxycarbonylation did not produce any undesiréde sproducts, as is the case for
palladium-catalysed alkoxycarbonylation (cf. set$i@.2 and 4.1).

In summary, the cobalt-catalysed transformatiothefolefin functionality in 10-undecen-1-ol
to form a 12-hydroxydodecanoic acid ester leadigbdst yields when applying ethanol in a
five-fold excess over 10-undecen-1-ol at a readifiime of 115 hours. This approach led to a
monomer readily applicable for polycondensation Eefjure 4.2, Figure A 11 and Figure A
12) after removal of cobalt catalyst residues hiyaetion of a dichloromethane solution with
acidic aqueous EDTA solution in the presence ofrbgen peroxide. However, the thus
obtained monomer also comprises around 20 % of chesh product, which, after
polycondensation, will lead to poly(dodecyloatejhna degree of branching of 20 % similar
to the poly(dodecyloate) from direct alkoxycarbatyn polymerisation of 10-undecen-1-ol
(section 3.1).
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Figure4.2 H-NMR spectrum of crude ethyl-12-hydroxydodecand@able 4.3, entry 4).

4.3 Polycondensation of Methyl- and Ethyl-12-hydroxydodecanoate

The methyl- and ethyl-12-hydroxydodecanoates obthirvia cobaltcarbonyl/pyridine
catalysed alkoxycarbonylation of 10-undecen-1-otemeonverted to poly(dodecyloate) in a
polycondensation reaction of a transesterificatisanner under elimination of methanol or
ethanol respectively (Scheme 4.1). After removiegidual cobalt catalyst from the reaction
mixtures the thus obtained methyl- and ethyl-12rbygdodecanoates were utilised in the
transesterification polymerisation without any het purification. Ti(OBw) and Ti(OPr)
served as catalysts both providing poly(dodecyloatecomparable molecular weights. The
methyl-12-hydroxydodecanoate (entry 2, Table 4.3hwTi(O'Pry as catalyst yielded
poly(dodecyloate) withiM,, = 10 x 18 g mol* (M\/M, = 2) according to GPC (in THF at
50 °C vs. polystyrene standards),, = 65 °C and T = 50 °C. The ethyl-12-
hydroxydodecanoate (entry 4, Table 4.3) with Ti(QBas catalyst yielded poly(dodecyloate)
with My,= 15 x 16 g mol* (MW/M,=2), T, = 61 °C and T = 48°C with a degree of
branching of around 20 % (Figure A 13), reflectthg relative amount of branched monomer

applied in the reaction.
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In summary, the direct alkoxycarbonylation polyrsation of undec-10-1-ol is not only the
more direct route to poly(dodecyloate) it also k#al polyesters of approximately the same
molecular weights and degrees of branching asdbute rgoing over the methyl- or ethyl-12-

hydroxydodecanoate (also cf. section 3).

5 Linear Semicrystalline Polyesters from Methyl Oleate and Ethyl Erucate

With the synthesis of poly(dodecyloate) it was adig possible to obtain a polymer from
renewable resources via an entirely chemical datatgute. Unfortunately in this approach
only one side of the fatty acid chain with respecthe double bond is incorporated into the
monomer and ultimately the polymer. Also the malesuffers from melting points
insufficient for thermoplastic applications. Butlyrmer production from a renewable resource
ideally allows for a complete molecular utilisatiohthe feedstock and carries its molecular
structure over into the resulting polymers, provgdlthem with specific desirable properties.
In this regard the complete molecule utilisationfaity acids from plant oils is attractive as
they already contain long chain linear crystallisadegments which could provide melt- and
crystallisation temperatures suitable for thermsiita. Unsaturated plant oils possess two
functional groups, as required in principle for tfeneration of thermoplastics by step-growth
polymerisation. However, the double bond is locaitedhe centre of the molecule. For
complete utilisation of fatty acids in the geneatiof crystallisable linear polymers, a

functionalisation at the chain end is required et 1.1).

X

catalyst | +CO
+ ROH

ROOC \/\/\/\/\M/\/\/\/\/COOR

X
x=1lor5

Scheme 5.1 Isomerising alkoxycarbonylation of unsaturatedyfaitid esters yielding,o-diesters.

An efficient and highly regio- as well as chemosgil® conversion of an internal double
bond to a terminal functional group is a challerige synthetic chemistry. To this end,
palladium(ll) complexes of very bulky substituteatron rich diphosphines catalyse the
reaction of ethylene with carbon monoxide and nmthato methylpropionate

(methoxycarbonylation) at high raté$.°® Remarkably in the context of the present work,
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these catalyst systems also methoxycarbonylatenaltectenes to the linear carboxylic acid
methyl ester§® They have been briefly noted to be compatible witisaturated fatty acids
(Scheme 5.1). From the gas chromatographic datthedfreaction mixture presented, it
appears however, that the carbonylation producte wet formed or isolated with a purity
sufficient for utilisation as a difunctional mononfer polycondensatioli®*°” This is critical
as highly pure monomers are a prerequisite foreaafg any substantial molecular weights in

subsequent polycondensation reactions (Scheme 5.2).

ROOC™ S SN co0R
+
X
Ti(OBu), | 110°C —=200°C
0.01 mbar
- O/\/\/\/\/\M;\/\/\/\/\O i
x=1lor5

Scheme 5.2 Polyesterification of plant oil basegw-diesters and,»-diols to long-chain aliphatic polyesters.

Possible unsaturated fatty acid esters for regligirs concept are oleic acid esters with their
18 carbon atom aliphatic chain and erucic acidrestéth their 22 carbon atom chain. Oleic
acid esters are accessible from either high olerdlewver oil or rape seed oil, erucic acid

esters also from certain rape seed oils and crambe.

5.1 Isomerising Methoxycarbonylation of Methyl Oleate

Jiménez-Rodriguez et al. describe the isomerisimghaxycarbonylation of methyl oleate
utilising 1.6 mol-% palladium with a five-fold exse of dtbpx ligand and a ten-fold excess of
methanesulfonic acid as in situ catalyst systemthadnalysis of the crude reaction mixture
by gas chromatography. The reaction is conducted2fo hours at 40 °C, 20 bar carbon
monoxide pressure with a 41-fold excess of metheedative to methyl oleaté’

An experiment conducted under optimised conditionsur lab yielded 76 % of dimethyl-
1,19-nonadecanedioate (Table 5.1, entry 1). Isolatf the very pure product was achieved
by crystallisation from the reaction mixture. Thery high purity of greater 99 % obtained in

this way was revealed by gas chromatography (Figurg4) and'H-NMR spectroscopy
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(Figure 5.1). The complete linearity was furthenfimned by**C-NMR spectroscopy (Figure
A 15).

0 N 0
5_ 37 N3 /5
o12 21o

6 = traces of unreacted methyl oleate

2 4
5
6
3
: | u
1 "\
. g : % ¥ s
S © <+ < & 2
5.2 4.6 4.0 3.4 2.8 2.2 1.6 1.0
CDCl,, 25 °C, 600 MHz f1 (ppm)

Figure5.1 'H-NMR spectrum of isolated dimethyl-1,19-nonadecimete.

In further experiments the influence of reactionditions on the reaction were studied (Table
5.1). The amount of catalyst applied seems to lsawee, albeit moderate influence on the
yield obtained. When reducing the amount of catdigsn 1.6 to 0.2 mol-% the yield of the
isolated product drops from 86 to 52 % (entriesnfl 8). This influence could be due to
catalyst stability as during the reaction palladjimis reduced to catalytically inactive
palladium(0) which precipitates from the reactionxtore in the form of aggregates of
palladium black. The latter is unlikely to get reiged to palladium(ll) by methanesulfonic
acid. Alternatively, the carbonylation reaction magt be slow. The amount of dtbpx ligand
applied has a greater influence. When reducingatheunt of diphosphine ligand from a 3.5
to a 2.1-fold excess over Pd(OAchnly traces of product were detected (entries@ 3).
This is in agreement with previously reported firgti on catalyst stabili§? ° A five-fold
excess of the diphosphine ligand seems to be optomthe isomerising alkoxycarbonylation
of olefins. Therefore in all further experimentdiphosphine ligand to palladium ratio of five
was chosen. When replacing the dtbpx ligand witheéfually bulky and electron rich dtbpp
ligand 2 (Scheme 3.3) the yield is considerably reducedhf@l % to 11 % at identical
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reaction conditions (entries 9 and 10) thus idgimif the dtbpx ligand as the so far most

suitable ligand for the reactid#!

Table5.1 Isomerising methoxycarbonylation of methyl oleate.

Pd(OAc) / dtbpx/ MeSQH/ methanol/ methyl oleat/ P/ T/ isolated

Entry . be
mmol  mmol mmol mL mmol bar °C yield™

1 0.13 0.48 0.96 10 6 (99 %) 20 40 76 % (76 %)
2 0.017 0.06 0.5 10 6 (99 %) 20 40 18 % (18 %)
3 0.017 0.036 0.5 10 6 (99 %) 20 40 >% %
4 0.017 0.06 0.5 10 6 (99 %) 50 40 5% (5 %)
5 0.017 0.06 0.5 10 6 (99 %) 50 90 44 % (44 %)
6 0.096 0.48 0.96 10 6 (99 %) 20 90 86 % (86 %)
7 0.096 0.48 0.96 10 6 (75 %) 20 90 38 % (51 %)
8 0.012 0.06 0.5 10 6 (99 %) 20 90 52 % (52 %)
9 0.012 0.06 0.5 10 6 (75 %) 20 90 21 % (28 %)
10 0.012 0.06 0.5 10 6 (75 %) 20 90 11 % (15 %)

Methoxycarbonylations were performed in a 20 mLintéss steel autoclave 22 h.purity of starting
material given in bracket8.yield of pure (> 99 %) dimethyl-1,19-nonadecanattd® yield takingmethy
oleate content into account given in brack&tietermined by GC.dtbpp.

Higher reaction temperatures of 90 °C led to ineeeayields (entries 1 and 6). Other than in
the alkoxycarbonylation polymerisation of 10-undedeol lower pressures of 20 bar are
preferable over pressures of 50 bar. Higher pressemds to higher carbon monoxide
concentration which could hamper the reaction eitthee to catalyst decomposition by
reduction of the palladium(ll) or due to blocking coordination sites by coordination.
Surprisingly, even technical grade methyl oleatesugable for the reaction and leads to
satisfactory yields of 51 % with respect to theteah of methyl oleate of 75 % in this starting
material when applying a catalyst loading of 1.6l-fto(entry 7). This yield represents the
isolated yield, meaning of the > 99 % pure dimethyl9-nonadecanedioate. The product still
cleanly crystallises from the reaction mixture pits of other saturated fatty acid esters
present in the technical grade methyl oleate. F@GiMS measurements of the technical
grade 75 % methyl oleate applied it was revealatlitttontains the saturated fatty acid esters
methyl myristate (C 14), methyl palmitate (C 16gthyl heptadecanoate and methyl stearate
(C 18) as well as the unsaturated fatty acid esteethyl palmitoleate (C 16) and methyl
heptadecenoate and furthermore the polyunsatufatgd acid esters methyl linoleate and
methyl linolenate. Kockritz and coworkers and lat€ole-Hamilton and coworkers

demonstrated the direct utilisation of high oleicnflower oil in isomerising
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methoxycarbonylation reactions. However higher lgataconcentrations of at least 2.4
mol-% were required® %2

In conclusion, so far optimum conditions for thethmgcarbonylation of methyl oleate were
found to be a rather high catalyst loading of 1.6l-A% palladium acetate with a five-fold

excess of dtbpx ligand at 90 °C and 20 bar carbonaxide pressure.

5.2 Isomerising Ethoxycarbonylation of Ethyl Erucate

The isomerising alkoxycarbonylation of erucates wadormed analogous to that of methyl
oleate. Preliminary experiments were performed gthanol starting from methyl erucate
(Table 5.2, entry 3). Unfortunately, methyl eruceténsoluble in methanol due to its longer
hydrocarbon chain and higher hydrophobicity thusniag a two phase reaction mixture,
even at elevated temperatures. Nevertheless satisfayields of 68 % could be obtained. To
further improve these yields the reaction was cotetl in ethanol instead of methanol
leading to a homogeneous reaction mixture (entdieand 5). Due to the presence of
0.3 mol-% methanesulfonic acid transesterificatmfnthe methyl ester occurred, mainly
leading to the symmetrical diethyl-1,23-tricosanadé instead of the unsymmetrical 1-ethyl-
23-methyl-tricosanedioate. The transesterificatas not complete which was revealed by
'H-NMR spectroscopy (Figure 3.2) and it was not jfiego separate the 1-ethyl-23-methyl-
tricosanedioate from the diethyl-1,23-tricosanetdipavhich is advantageous when applying
this compound in condensation polymerisation. Usiseined amounts of the 1-ethyl-23-
methyl-tricosanedioate do not lead to unreactivegesups but hamper the adjustment of an

exact stoichiometry and thus may hinder the foramatif high molecular weight polymers.

Table5.2 Isomerising ethoxycarbonylation of ethyl erucate.

Pd(OAc)y/ dtbpx/ MeSQH/ alcohol/ erucaté/ P/ T/ isolated yield°/

Entry mmol mmol mmol mL mmol bar °C %

1 0.079 0.395 0.79 10 493 (95%) 20 90 75 % (79 %)
2 0.04 0.198 0.4 fo  49F(95%) 20 90 51 % (56 %)
3 0.079 0.395 0.79 f0  5.00'(90 %) 20 90 68 % (76 %)
4 0.079 0.395 0.79 fo 493 (90%) 20 90 79 % (88 %)
5 0.0099 0.049 0.099 10 493©@0%) 20 90 18 % (20 %)

Alkoxycarbonylations were performed in a 20 mL sk@ss steel autoclave for 22%purity given in bracket
byield of pure (> 99 %) diethyl-1,23-tricosanediodtygield taking purity of starting material into acou giver
in brackets.? ethanol.®ethyl erucate! product: tricosane-1,23-dimethylestérmethanol." methyl erucat
'114 h reaction time.
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Therefore ethyl erucate was employed which alssm$on homogeneous reaction mixture
with ethanol. With a catalyst loading of 1.6 moltke reaction leads to good yields of 75 %
of the more than 99 % pure diethyl-1,23-tricosaoatdi (entry 1) which was confirmed by
'H-NMR and *C-NMR spectroscopy and gas chromatography (Figure7 AFigure A 18,
Figure A 19). When reducing the catalyst loadingdd108 mol-% reasonably good, isolated
yields of 51 % were obtained (entry 2).

o
5 3 3 5
/\Owwo/\
6 2 21 6
(e} .
s)J\o/ 6

3
M 5‘
MeSQH
1 enq L L .

lanl L and lanl Lol ’—g‘

R 2 2 g g 3

™M o o < < <
6.2 5.0 3.8 2.6 1.4

CDCls, 25 °C, 400 MHz f1 (ppm)

Figure5.2 'H-NMR spectrum of diethyl-1,23-tricosanedioate framathyl erucate.

By comparison to the methoxycarbonylation of ethgldn the Alpha proce$s*” the
carbonylation of internal olefins is slower tham tbarbonylation of ethylene and thus more
demanding on catalyst stability. The catalyst atstiand lifetime are probably also dependent
on the molar ratio of olefin and carbon monoxider the methoxycarbonylation of ethylene
the molar ratio of ethylene to carbon monoxide ais=d in the liquid phase of the reaction
should be preferably maintained at least at 5:lwdroratios lead to rapid deterioration in
catalyst performancdé®® In the methoxycarbonylation of ethylene maintainthis ratio is
relatively simple as the feed of the two gases lsamadjusted and maintained along the
reaction. In the alkoxycarbonylation of unsaturateity acid esters maintaining a constant
molar ratio of olefin to carbon monoxide proveswdifficult as the olefin concentration in
the reaction mixture continuously decreases altwegréaction, whereas it is presumed that

the carbon monoxide concentration remains appraeiynaonstant. More importantly, due to
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the much higher molecular weight of fatty acid esies. ethylene their molar concentration is
usually lower. Excess diphosphine ligand might @ecbt the active catalyst from
decomposition to some extent and might thus protbegcatalyst’s lifetime. For maintaining
the olefin concentration constant, a continuousl felethe liquid olefin into the pressurised
autoclave would be necessary. Technically thisatkar difficult to realise on a laboratory
scale as it requires a continuous process or at &aemi batch process. However, this is a
problem which can be solved on an industrial scale.

5.3 Preparation of Nonadecane-1,19-diol and Tricosane-1,23-diol

Beyond their direct utilisation as polycondensatrnnnomers thes,m-diesters are also of
interest for the preparation of other difunctiomaimpounds. The compounds most easily
accessible thereof are the correspondingrdiols. In preliminary studies reduction of the
diesters to the corresponding diols was achievethegns of the inorganic hydride LiAJH
Due to the poor solubility of the long-chain diaglscommon organic solvents and their rather
high melting and evaporation temperatures standadiiction procedures could not be
applied. Usually the reduction of aliphatic estesrsonducted in diethylether which is not
possible for the preparation of nonadecane-1,1P-al tricosane-1,23-diol as they are
insoluble in diethylether, even at elevated temjpees. Therefore the reaction was carried
out in THF which does not allow for aqueous workop the removal of inorganic salts.
Instead, the inorganic salts have to be precipltated removed by filtration over a Bluchner
funnel at 40 °C as the diol products are solubleTHF only at elevated temperatures.
Standard procedures for precipitation of lithiundaduminium salts involve dissolving in
dilute acids followed by the addition of sodium hyxide solution. This produces a
voluminous precipitate which is filtered with ditilty and which also might trap some of the
product’®? A better way of precipitating the inorganic satshe method described by Fieser
et al'®! Excess of reducing agent is quenched by slowlynadal calculated amount of water
and 15 % sodium hydroxide. The applicationrofy of LiAlH4 requires the successive
addition ofn mL of water,n mL of 15 % aqueous sodium hydroxide &mimL of water. This
produces a dry, granular precipitate which abswdpy little product and is easy to filter and
wash and also does not dissolve in THF at eleviegeratures. In this way nonadecane-
1,19-diol was obtained from dimethyl-1,19-nonadechoate in 93 % yield and tricosane-
1,23-diol from diethyl-1,23-tricosanedioate in 87#¢ld. Both compounds were isolated in a
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purity suitable for step-growth polymerisations,isthwas confirmed byH-NMR (Figure
5.3),*C-NMR spectroscopy and elemental analysis.
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Figure5.3 'H-NMR spectrum of tricosane-1,23-diol.

Yet, on a larger scale the cost of LiAlHhe poor atom economy and the work up procedure
are serious drawbacks. An alternative route invgvcatalytic hydrogenation is desirable.
The most well known, and until recently the onlytatgsts which allow the reduction of
aliphatic esters to alcohols using hydrogen areogper chromite catalyst, the so called
Adkins catalyst:®® and Raney nickét”” Unfortunately, both catalysts require rather high
catalyst loadings of around 10 to 150 wt.-% andhaeaction conditions of around 250 °C /
220 bar for copper chromite and 100 °C / 350 barRfaney nickel. In 2007, Saudan et al.
reported on a homogeneous dichlorobis[2-(dipherogphino)ethylamine]ruthenium
catalyst®®1%! which reduces esters with hydrogen to alcoholseunctlatively mild

conditions of 100 °C and 50 bar hydrogen pressncelaw catalyst loading of 0.05 mol-%
(Scheme 5.3).
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Scheme 5.3 Catalytic hydrogenation of diethyl-1,23-tricosarede to tricoane-1,23-diol using dichlorobis[2-
(diphenylphosphino)ethylamine]ruthenium.

The only minor disadvantage might be the suppleargnaddition of a base, in this case
sodium methanolate, which is necessary as it prablymaccelerates heterolytic hydrogen
activation!*? This catalyst system was found to be suitabletHerreduction of long-chain
aliphatic diesters like the diethyl-1,23-tricosaioade. In contrast to the procedure described
by Saudan et al. aqueous work up is not necessairthe tricosane-1,23-diol simply
crystallises from the reaction mixture upon cooliogambient temperatures. After filtration
and recrystallisation the desired product was abthin 78 % yield in purity suitable for step

growth polymerisations.

5.4 Polyesterifications

For the synthesis of long-chain aliphatic polyestBom a,o-functionalised G and Ggs
hydrocarbons obtained from oleic- and erucic asigrs, two routes are possible: either by
transesterification polymerisation of the dicarblaxyacid esters obtained from the
carbonylation of the unsaturated fatty acid estmrsby direct polyesterification of the
corresponding diacids. Although the hydroxyl-estéerchange reaction is much slower than
the direct polyesterification this route was choskm the synthesis of poly(1,19-
nonadecadiyl-1,19-nonadecanedioate) and poly(%i@3stdiyl-1,23-tricosanedioate) as it
does not require an additional chemical transfoionathe hydrolysis of the dicarboxylic acid
esters. The transesterification polymerisations ewgrerformed in bulk at elevated
temperatures in the presence of a titanium alkeeyttalyst thus affording poly(1,19-
nonadecadiyl-1,19-nonadecanedioate) and poly(1i@&stdiyl-1,23-tricosanedioate) in
molecular weights of typicallM, = 2 x 1¢ g mol* (M\/M, = 2), determined by GPC
measurements in 1,2,4-trichlorobenzene at 160 t8usdinear polyethylene standards. This
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value approaches typical molecular weights of consiakpolyester§** The general issues
of polycondensation limits also apply to this réaet For achieving high molecular weight
polyesters the liberated alcohol has to get removexy efficiently. Already for small
concentrations of the alcohol the reaction is imadyic equilibrium prohibiting further
increase of the molecular weight of the polyeskdficient removal of liberated alcohol
requires intensive mixing and a sufficient meltface area. The higher the molecular weight
of the desired polyester, the higher is its medicosity and the more difficult becomes the
efficient removal of the liberated alcohol.

In the synthesis of polyesters from shorter chasarboxylic acids and diols, applying low
pressures at the end of the polymerisation read#@onlead to the formation of macrocycles
by backbiting as the cyclic product may be consgaremoved*? However, excessive
formation of macrocycles was not observed for thygsters obtained from oleic- and erucic
acid esters as the molecular weights determinedsB{. match the molecular weights
determined fromtH-NMR spectra.

It is generally accepted, that in polyesterificati@actions the metal ligands are exchanged
with the carbonyl and hydroxyl groups present ie tieaction mediui® Indeed, the
formation of butyl ester end groups from Ti(OBtjs been observed B3C-NMR spectra of
poly(1,23-tricosadiyl-1,23-tricosanedioate) (cfgliie 5.4). The unreactive endgroups from
the catalyst precursor contribute to limited polymmlecular weights. However, they are not
the single decisive factor as monomer based endgraxe also observed.
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Figure5.4 '3C-NMR spectrum of poly(1,23-tricosadiyl-1,23-triemedioate) with butyl ester endgroups from

the catalyst.

The characterisation of the polyesters obtainednfroleic- and erucic acid esters by
differential scanning calorimetry (DSC) revealedr fthe poly(1,19-nonadecadiyl-1,19-
nonadecanedioate) a melt peak @t=I103 °C and a crystallisation peak at=187 °C with an
enthalpyAH,, = 140 J & (cf. Figure A 23). For poly(1,23-tricosadiyl-1,28ebsanedioate) a
melt peak at ;= 99 °C and a crystallisation peak at=T84 °C and a high*! melt enthalpy
A Hpn =180 J g was found. These melting points compare for examyth the ubiquitous
thermoplastic low density polyethylene (LDPE). Walggle X-ray scattering (WAXS) yields
a high degree of crystallinityy of about 70 % for poly(1,19-nonadecadiyl-1,19-
nonadecanedioate) and about 75 % for poly(1,284gadiyl-1,23-tricosanedioate) (cf. Figure
A 24). From theAH, determined by DSC anddetermined by WAXS an enthalpy of fusion
AH, of the crystalline portion of about 200 J* gor poly(1,19-nonadecadiyl-1,19-
nonadecanedioate) and 2403 fgr poly(1,23-tricosadiyl-1,23-tricosanedioate)estimated
by comparison ta\H, = 293 J { for linear polyethylene (cf. Figure 5.5 and Figure?4).
Poly(decamethylenesebacate) as an example of aclwig linear aliphatic polyester from
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traditionally accessible monomers melts withi, = 148 J @ (T = 80 °C)**¥ These
properties also approach those of linear polyetigyia terms of enthalpy per mass associated
with melting, reflecting the predominantly hydrolsan nature of the polymers.
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Figure5.5 WAXS diffraction pattern of poly(1,23-tricosadiylZ3-tricosanedioate) and WAXS diffraction
pattern of linear polyethylene for comparisdfy, € 8.7 x16 g mol*; M/M,= 2.2; T,, = 137 °Cy ca. 75 %).
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In conclusion, this approach to semicrystallingladitic polyesters allows for an efficient and
complete incorporation of fatty acid esters. Thosplete molecular incorporation in a linear

fashion is also beneficial for achieving substdmtialting points of the resulting polyesters.

6 Aliphatic Polyamides from Methyl Oleate and Ethyl Erucate

In general, several routes for the preparationlaritpoil based polyamides are possible. First,
there is the standard procedure of reacting dicgftmoacids with diamine components which
is also an industrially proven process for the Bgais of for example Nylon-6,6 or Nylon-
6,10 (Scheme 6.1).

0 0
HoN HO 10 N
2 \/\/\/\NH2 + X OH ! E
0 0 n

x=1;5

Scheme 6.1 Synthesis of polyamides from diamines and dicarboxagids.
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Another possible route is the so called ester alysigf*** where a dicarboxylic acid ester is
reacted with a diamine under the formation of andamand liberation of an alcohol,
analogous to the transesterification route to i (Scheme 6.2).

O H 0
.0 _R
HZNWNHz + R WO - M\/NWN}
X
0 0 y Hln

Scheme 6.2 Synthesis of polyamides from diamines and dicarboxagcid esters (aminolysis).

In the present case this route is highly attracaiset would allow the direct utilisation of the
a,m-diesters obtained by the isomerising alkoxycarketign of the unsaturated fatty acid
esters. Unfortunately, the few previously describegdamples of ester aminolysis
polymerisation only yield short chained oligo-ansffé>**® being due to the lower reactivity
of carboxylic acid esters over their free acidsiohtautocatalyse the aminolysis reactidfl.
The lower activity mainly leads to low reaction st in the later phase of the
polycondensation reacti¢ht?! This could be overcome by conducting the reactiorthe
presence of a proton source, for example excessttor catalytic amounts of phendt?
which probably leads to at least partial hydrolysishe ester specié$’*?Y However, the
most important reason for the low molecular weigidducts when using alkyl esters is the
competition of amidation and alkylation of the diamby the diester leading to the formation
of secondary and tertiary amines (Scheme 6.3) whiwHonger undergo a condensation

reaction and thus represent unreactive chain &/t

0]
’R" "
R/\H + R')J\O’R —

0
R )J\O,H
0

w, A n

R-Z Tz

Scheme 6.3 Alkylation of amines by carboxylic esters.

Another problem of the aminolysis route is the atipent of an exact stoichiometry.
Considering all this, the dicarboxylic acids arefprable for polycondensation reactions,

especially as the formation of the ammonium cartaigysalts, the so called nylon salts, from
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the dicarboxylic acids and the diamines, allows dbgistment of an exact stoichiometry of

these two reactants which is of utmost importancathieving high molecular weights.

6.1 Preparation of Tricosane-1,23-dicarboxylic acid

Tricosane-1,23-dicarboxylic acid was synthesised hydrolysis of diethyl-1,23-

tricosanedioate with potassium hydroxide in methaatoelevated temperaturéé’ The

reaction had to be conducted at 70 °C instead ofC35as only at higher temperatures the
diethyl-1,23-tricosanedioate is soluble in metha#d$o, longer reaction times of 10 hours
instead of 60 minutes and a higher amount of KOlrewequired, adding up to a ratio of ester
to KOH of 1to 6 instead of 1to 4. Recrystallieatifrom methanol provided the desired
tricosane-1,23-dicarboxylic acid in 96 % yield andmore than 99 % purity as revealed by

elemental analysis arl#i-NMR spectroscopy (Figure 6.1).
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Figure6.1 'H-NMR spectrum of tricosane-1,23-dicarboxylic acid.

Dissolving the long chain dicarboxylic acid for NM#periments turned out to be difficult
which is probably due to intermolecular hydrogemding in combination with the long

apolar aliphatic chain. For other substances whanh form intermolecular hydrogen bonds
this problem is circumvented by utilising a hydrodend forming donor as solvent. Typical

deuterated hydrogen bond donor solvents suitaldeaffiordable for NMR spectroscopy are
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methanold, and dmsads. Unfortunately, both solvents are very polar sotgewhich are not
compatible with the long apolar aliphatic chain tbe tricosane-1,23-dicarboxylic acid.
Therefore the sample was dissolved in tetrachlbeoete, and excess non-deuterated phenol,

serving as hydrogen bond donor, at 130 °C.

6.2 Preparation of Tricosane-1,23-diamine

Higher primary aliphatic diamines are mainly apgli;n polyamide synthesis, the most
common being hexamethylene-1,6-diamine. Althougky thre produced on an industrial
scale, the selective synthesis of terminal primamyines is challenging due to their high
reactivity. To date, there are several routes tmamy aliphatic amines. The most common
and also industrially proven ones start from therresponding dinitrile§:2512¢!
Hexamethylene-1,6-diamine for example, a buildimgck of Nylon-6,6, is produced from
adipic acid which is reacted with ammonia at atrhesigc pressure at 300-400 °C to form the

corresponding adiponitrile (Scheme 6.4).

0]
NH — H
HO > _/\/\/:N —»2 HZN \/\/\/\
\[(\/\)J\OH catalyst N= catalyst NH,

o

Scheme 6.4 Industrial synthesis of hexamethylene-1,6-diamine.

Unfortunately, the following catalytic hydrogenaticof the adiponitrile to the desired
hexamethylene-1,6-diamine is not entirely selecfiveheme 6.5). Side reactions resulting in
the formation of secondary amines always occur,dant be suppressed by the addition of
ammonia, sodium hydroxide solution, or aéfd. Another possibility is the reduction by
means of the inorganic hydride LiAlHwhich is convenient only on a laboratory scale fo
reasons mentioned above. Thus, for the formatidorgf chain primary aliphatic amines the
route via the dinitriles is very attractive. Drawka are the very high temperatures and the
application of liquid ammonia in the nitrile fornnat, for which our lab is lacking appropriate
apparatuses. An alternative is the application gfieaus ammonia in the presence of
elemental iodine, which is also suitable for therfation of higher aliphatic dinitriles in very
high yields of 99 %, but from the correspondinglsiits"*?® To test this reaction, it was first
performed starting with the commercially availalm®del compound dodecane-1,12-diol,

analogous to the previously described procedurthiénway dodecane-1,12-dinitrile could be
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obtained in 79 % vyield. The subsequent reductigrlyapy LiAIH 4 only yielded 51 % of the
dodecane-1,12-diamine. The reaction was conduateliethyl ether in which the dodecane-
1,12-diamine is only poorly soluble, even at eledatemperatures. This does not only
complicate the work-up procedure involving the realoof the inorganic lithium and
aluminium salts but probably also leads to parpedcipitation of theoa-aminow-nitrile
species in the course of the reaction thus leadirignited yields. Reaction in THF, in which
the dodecane-1,12-diamine is soluble at around>&Hhould therefore lead to higher yields.
It was assumed that this route is also suitablettferpreparation of longer chain aliphatic
diamines. Unfortunately, when applying nonadecadé@-tliol instead of dodecane-1,12-diol
under the same reaction conditions, only the smrtnaterial could be isolated. This is
probably due to the higher hydrophobicity of thenadecane-1,19-diol due to the longer
hydrocarbon chain, which probably also leads tohéigcrystallinity and thus lacking
solubility in agueous ammonia. Therefore the reactias repeated in a 20 mL stainless steel
autoclave working at 90 °C. Under these conditiamsversion to the nitrile was observed
but only about 40 % of the desired product werectet! in théH-NMR spectrum. This route
to long chain aliphatic diamines based on plantfatily acids was therefore abandoned in

favour of a more suitable one.

= H, H, P
RSN R7SNH R” "NH,
R” ONH,
NH;
x> Hy PR SN

R” ONH,
-NH;
R

Scheme 6.5 Formation of primary, secondary and tertiary amiines nitriles***

Primary amines are also accessible from the reacfi@lcohols with ammonia. However, the
product of this procedure is a mixture of primasgcondary and tertiary amines. Primary
amines are more nucleophilic than ammonia and fiereompete with it during the reaction
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with electrophiles present in the mixture, like edigdes, which are formed by

dehydrogenation of the alcohol as the initial also aate determining step (Scheme 6.6).
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Scheme 6.6 Formation of primary, secondary and tertiary amiines alcohold?®

Furthermore the primary amine formation is thermutrad whereas the secondary and tertiary
amine formations are exothermic and thus thermadycelly favoured. The formation of
secondary and tertiary amine can be suppresseonie xtent by working with excess
ammonia and by adjusting the reaction temperatargeneral, rather harsh conditions of 5 to
250 bar pressure and temperatures of 100-250 °Cappbed™®® Recently Milstein and
coworker presented a novel ruthenium pincer compbgpable of efficiently catalysing the
very desirable and atom efficient reaction of ladjammonia with alcohols to selectively form
primary amines and water under relatively mild teecconditions of 7.5 bar and 135 °C. For
primary aliphatic amines a selectivity of around%0was reporte#?® Unfortunately the
reaction is described in a solvent mixture of waded dioxane which is unsuitable for
tricosane-1,23-diol. Moreover distillation of theoguct would be necessary as the major side
product is the corresponding acid. In difunctionampounds this means the occurrence of
three different products, the desired diamine,axidiand ani-aminow-acid. Distillation of
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the tricosane-1,23-diamine probably would leaddonsiderable decomposition and therefore
limited yields as for tricosane-1,23-diamine venghhboiling points are expected. Also
polycondensation should occur. Column chromatograpmot to recommend as aliphatic
diamines are not very well soluble in common orgaalvents. Therefore this route was also
dismissed as being unsuitable for the synthesig¢riobsane-1,23-diamine. Kdckritz and
coworkers presented the formation of nonadecar@didmine from the corresponding diol
and ammonia using the Milstein ruthenium pincemllyast system working in 2-methyl-2-
butanediol as solvent. Interestingly they couldaobthe desired product in 68 % vyield after
Kugelrohr distillation, however without commentimg its final purity’®" 3% Beller and
coworkers reported on a similar method for obtagnprimary amines. They employed
[Ru(CO)CIH(PPh)s] as a catalyst precursor in the presence of xastplworking at
130-170 °C in tert-amylalcohol as solvent. HowevRis reaction is particularly suitable for
secondary alcohol*!

A further possible route is the reduction of theresponding amides. This route suffers from
harsh reaction conditions and more important, |aeisctivity and thus results in a mixture of
products. On a laboratory scale and for the syrgleghe very long chain aliphatic diamine
from erucic acid the aforementioned routes arer@odmmendable due to the partially rather
harsh reaction conditions and the mostly inevitghlefication problems arising from the
insufficient selectivity of the reactions towardeetprimary amines. Therefore a multi step
route involving classical organic chemistry higmeersion transformations was chosen for
obtaining the desired tricosane-1,23-diamine inhhigelds in a purity suitable for

condensation reactions (Scheme 6.7).
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Scheme 6.7 Transformation of,w-diols intoo,o-diamines.

The synthesis was conducted analogous to a literghocedure for the synthesis of icosane-
1-amine and docosane-1-anifi@ starting from the corresponding alcohol. Firsgasane-
1,23-diol was transformed into the correspondingeatiylate by modifying the previously
described reaction conditions by working in THFté&a&l of dichloromethane and at 50 °C
instead of 35 °C, as only under these conditioit®@gane-1,23-diol is completely soluble,
thus providing a homogeneous reaction mixture. Teosane-1,23-dimesylate was then
substituted to the azide which could be catalyjcedduced to the desired tricosane-1,23-
diamine. The catalytic reduction however also hgdimto be conducted under adjusted
reaction conditions of 40 °C over room temperat@fepbar hydrogen over 4 bar, and in THF
instead of hexane. The crude product simply cowddphrified by recrystallisation from
ethanol. In this way tricosane-1,23-diamine coudtl anly be obtained in 64 % overall yield,
but also in a purity suitable for condensation tieas, which was confirmed b{H-NMR

spectroscopy (Figure 6.2).
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Figure6.2 H-NMR spectrum of tricosane-1,23-diamine.

6.3 Polycondensations

Plant oil based aliphatic polyamides were syntlesidby polycondensation o, -
dicarboxylic acids and,»-diamines (Scheme 6.8). From nonadecane-1,19-aigglib acid,
tricosane-1,23-dicarboxylic acid, tricosane-1,23amine and the commercially available
undecane-1,11-diamine and dodecane-1,12-diaminpdiyamides PA 11 19, PA 11 23, PA
12 19, PA 12 23, PA 23 19 and PA 23 23 were obtk{iiable 6.1).

HOOC /W\/\/WCOOH

X

+

HZN\/\/\/\/\/H\/\/\/\/\/ NH,

y

l 110°C —250°C

0.01 mbar
Bt
X

Scheme 6.8 Polycondensation of plant oil basedw-diacids and a,0-diamines to long-chain aliphatic

m}
Z
=2

polyamides.
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'H-NMR spectra (cf. Figure 6.5) revealed in all exdes lower amounts of amine end-groups
compared to carboxylic acid end-groups. In the sewf the condensation reaction deposition
of an off-white solid in the upper third of the gafik tube in which the condensation reaction
was conducted was observed. It is known from atiphe@mines that they are more volatile
than their corresponding acids especially at thgh Hiemperatures employed at reduced
pressure. For the synthesis of PA 11 23, PA 12n23PA 23 23 a small excess of the diamine
species was therefore added. Conducting the coatilensinder reduced pressure in the later
stages of the reaction leads to efficient removiathe water formed and thus to higher
molecular weights.

For PA 6 6 it has been reported that synthesisgit femperatures under high vacuum and
anhydrous conditions can result in coloured andssinoked polymers, as under these
conditions degradation reactions may oc€ur***%! Brown colouring of some of the
polyamides listed in Table 6.1 hints at the ocaweeof side reactions during their synthesis.
However, no side products could be identified fiddiiR spectroscopy as due to the addition
of non deuterated phenol, to enable dissolvinghefdamples, the quality of the spectra is
rather poor. The concentration of functional growpsch might originate from side reactions
is too low in these solutions to afford any signialsC-NMR or two dimensional NMR
spectroscopy. PA 12 23 which was kept under vacauits maximum reaction temperature
for the shortest amount of time (cf. Table 9.1ha experimental section) exhibits the lightest

colour and also the highest molecular weight sutyggeow amounts of or no side reactions.

Table6.1 Plant oil based aliphatic polyamides.

Integraf  Integraf M M, x 10'
Entry polyamide 3.0 ppm 2.4 ppm (repeat unit)/ (NMR)/
(*H-NMR)  (*H-NMR) g mol* g mol*

Tm/

oC CH,/CONH colour

1 PA 1119 3.6 9.3 478 0.4 167 14 brown
2 PA 11 23 0.5 10.6 534 0.5 167 16 beige
3 PA 12 19 - 51 492 1.0 169 14.5 light brown
4 PA 12 23 - 51 548 1.1 168 16.5 beige
5 PA 2319 - 7.4 646 0.9 156 20 brown
6 PA 23 23 1.0 4.4 702 1.3 151 22 light brown

& CH, nextto primary amine end group. The value of the irdegf the signal at 3.3 ppm was set to 1
® CH, next to carboxyl end group. The value of the irdégf the signal at 3.3 ppm was set to 100.

As expected, the obtained polyamides show meltergperatures which are significantly
lower than the melting temperatures of PA 6 6 oré20 which are at 265 °C and 2228,

This is due to their significantly higher amountroéthylene groups and thus lower amide
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group content compared to PA 6 6 and PA 6 10 whale a methylene to amide group ratio
of 5 and 7. Also the effect of amide group disttibo on the melting temperature is still valid
at very high methylene contents. The odd-odd poiganiPA 11 19 (entry 1 Table 6.1)
exhibits with 167 °C a considerably lower meltiegiperature than PA 6 24 with 189 ¢!
Both polyamides have a ratio of methylene to anggeups of 14. In PA 11 19 the
distribution of methylene groups between acid amtha component is almost equal whereas
in PA 6 24 the diamine is considerably shorter ttfan dicarboxylic acid. With increasing
methylene group content the melting temperaturdsed approach the melting temperatures
of polyethylene but the hydrogen bonds still predwmte polymer properties. In DSC
measurements of aliphatic polyamides the meltiagdition is often not a single transition.
Upon heating, solid state transitiffis can take place in the unit cell, the lamellae can
thicken, and secondary crystallisation can alse flkceé’® Some of the DSC traces of the
synthesised polyamides exhibit an exothermal tt@msiafter the melting transition during
first heating (cf. Figure 6.3). Normally, this kiwd transition is attributed to decomposition of

the sample. In this case also proceeding of thynpadisation is possible.

DSC / (mWimg) .
exo peak: 151 °C, 1.4 mW/mg
l peak: 153 °C, 1.3 mWimg

area: 88 Jig
1.0 1

B ﬁh/t?béﬁ N———
1 heatin
0.0 .
05 —_—_— , 15! cooling

1.0
1.5 -
peak: 130 °C, -1.9 mW/mg
area: -94 J/g
-2.0 T T r v
50 100 150 200 2t

Temperature / °C

Figure6.3 DSC trace of PA 23 23.

WAXS diffraction patterns were recorded on samglaidified by cooling from the melt. In
such polyamide samples usually only very small, timadefective crystals occur which is
why WAXS diffraction patterns are usually recordeddrawn fibers or solution crystallised
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samples. It is also well known from literature timapolyamides up to three crystal phases can
coexist at room temperatufé. **"! All polyamides in this work exhibited several, some
extent even sharp reflections, also hinting at presence of more than one crystal
modification (cf. Figure 6.4).

6000

19,6°

4000

Intensity
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Figure6.4 WAXS diffraction pattern of PA 23 23.

The obtained polyamides were insoluble in commayawic solvents and also in solvents
commonly known for polyamides like 1,1,1,3,3,3-héx@roisopropanol, sulphuric acid or
m-cresol. This is due to their rather large containtinear aliphatic chains which are very
apolar. However, for breaking up the inter-chairdriogen bonds a hydrogen bond donor
solvent, like the solvents named above which amngonly also very polar, is required. All
polyamides obtained are soluble in 1,1,2,2-tetaoldthane at 130 °C under addition of
small amounts of phenol acting as hydrogen bonadon

Therefore polymer molecular weights were determifrech *H-NMR spectra recorded in
1,1,2,2-tetrachloroetharg-at 130 °C (Figure 6.5).
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Figure6.5 H-NMR spectrum of PA 23 23.

For calculations of polymer molecular weights froneir ‘H-NMR spectra the ratio of the

integral of a signal characteristic of the polyrhackbone and the sum of integrals of signals
characteristic of the end groups has to be forniéds ratio gives the average number of
repeat units present in the polymer which is thesrtiplied with the molecular weight of the

repeat unit to give the number average moleculagiwef the polymer. In the present case
the signal at around 3.3 ppm (2 in Figure 6.5) esents the polymer backbone and the
signals at 3.0 ppm and 2.4 ppm (8 and 7 in Figubg¢ ®present the amine and carboxylic

acid end groups of the polyamide.

J'signal at3.3 ppm

M x M (repeatunit)

" J'signalat 30 ppm+ j signalat 2.4 ppm

For the synthesised polyamides molecular weightsnfM, = 0.4 x 18 g mol’ to
1.3 x 1¢ g mol* were estimated.
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Another possible route to amides is the rutheniatalgsed reaction of alcohols with amines
under liberation of hydrogen which was reportedMilstein and coworkers in 2067 and
later by Madseh®***® and Hon§*Y (Scheme 6.9). The described ruthenium catalysts al
afford very high vyields in the formation of alipfatamides. This makes them very
interessting for the synthesis of aliphatic polyaesi.

Recently, Guan and coworkers reported on the dswathesis of polyamides by ruthenium
catalysed dehydrogenation of diols and diamindssiniy the ruthenium complex described
by Milstein et al**?! They synthesised a number of polyamides with pelymolecular
weights of up to 2.8 x £y mol* in anisole or anisole DMSO solutions. All the patyides

they synthesised were soluble in these solvendésloent mixtures.

O

catalyst
R"0H - HZN/\R' catalyst R)J\N/\R' + 2 H,

1 H 4

)J\ R ke )\ N

R H R N R'
H
H [RuCl,(COD)]
= “P(tBu)z —\ +C]'
/ N—/Ru—CO YNVN\(
NEt, P(Cy); , KO'Bu
catalyst described one of the catalysts described
by Milstein et al. by Madsen et al.

Scheme 6.9 Formation of amides from alcohols and amines.

In this work dodecane-1,12-diol and dodecane-1jafithe were reacted without addition of
a solvent in the melt in the presence of a catalgsisisting of [RuGlcod)], KOBu, 1,3-
diisopropylimidazoliumchloride and tricyclohexylpdphine (cf. Scheme 6.9). The obtained
polyamide was examined by DSC exhibiting a meltkp€a = 179 °C at first heating and
Tm= 172 °C at second heating, which is slightly lowlean previously reportéd® This
could be due to the rather low molecular weighowfy around 1.2 x g mol* which was
determined fronTH-NMR spectroscopy. This also reveals that onlyyvemnall amounts of
alcohol remain unreacted and the major endgroufhesamine. Even small amounts of

aldehyde were detected as well as ester and nkaty icarboxylic acid (Figure 6.6). The
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reaction, however, was not studied in greater dledatl the reaction conditions were not
optimised.
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Figure6.6 'H-NMR spectrum of PA 12 12.

In general, it was demonstrated that novel longrnchBphatic polyamides are accessible from
plant oils by complete incorporation of the stagtifatty acid esters into the polymer

molecule. The thus obtained polyamides exhibit @utglly lower melting points than the
ubiquitous PA 6 and PA 6 6 approaching that of gthlylene.
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7 Summary and Conclusion

Today’'s polymer production relies almost excluspvein fossil feedstocks. This applies
particularly to thermoplastic polymers, which regaet the largest type of industrial polymers
before thermosets and elastomers. In view of thédd range of fossil feedstocks, polymers
prepared from alternative renewable resourcesesieatble on the long term. Fatty acids from
plant oils are attractive substrates for polymerthay contain long chain linear segments.

As attractive as plant oils might occur as renewdbbdstock they are indeed not low-cost
raw materials and their prices are, often due titipal decisions, subject to rather strong
fluctuations. Although prices for ethylene and naphave been continuously increasing over
the last years, ‘almost-as-good-as’ replacementsxiting fossil feedstock based products
with products made from renewable resources willddécult to achieve. Therefore the
performance profile of plant oil based materialsoldd be geared towards specific
applications which are ideally unique to this faedk.

Unsaturated plant oils provide, after transesta&ifon or hydrolysis under liberation of
glycerol, long-chained molecules with at least fwoctional groups which are accessible to
chemical reactions. Ricinoleic acid, a common faitid and the major component of castor
oil, can undergo thermally induced rearrangementforégihg 10-undecen-1-ol.
Alkoxycarbonylation of armn-unsaturated alcohol is a known route to the cyldatone by
ring closure, but it can in principle alsesemble an AB step growth polymerization.
Therefore the preparation of poly(dodecyloate) ftbe castor oil derived 10-undecen-1-ol by
alkoxycarbonylation polymerisation was investiga{(&theme 7.1). In a first approach the
alkoxycarbonylation polymerisation of 10-undecentlwas conducted utilising a cobalt
carbonyl complex with a pyridine promoter as catlyn this entirely chemical route not
involving any fermentation, plant oil based polyddoyloate) with about 20 to 30 % methyl
branched repeat units, polymer molecular weightsMaf=5 x 1¢ g mol* and melting

temperatures around,E 65 °C was obtained.

(0]
o catalyst WOM

on | ue— S O — o ;
ricinoleic acid 10-undecen-1-ol W )q\
6 o n
poly(dodecyloate)

Scheme 7.1 Formation of poly(dodecyloate) from ricinoleic acid
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Control over the polymer microstructure und thugrtial properties was achieved by
utilising a palladium complex with different monand bidentate phosphine ligands and
methanesulfonic acid as catalyst. The lowest degsébranching of around 3 % and thus the
highest melting temperatures of ¥ 76 °C and |, = 71 °C were obtained with the 1,3-bis(di-
tert-butylphosphino)propane (dtbpp) and 1,3-bis(triodaraantylphosphino)propane ligands.
The highest degree of branching of around 32 % atragined with the triphenylphosphine
(PPh) ligand. The resulting polyester exhibited ratbemplex melting behaviour with two
maxima at F, = 58 °C and |, = 66 °C. It also appears as if in this approaeh &mnounts of
branches and thus higher melting temperatures igrbe achieved at the expense of reduced
polymer molecular weights.

For complete utilisation of fatty acid esters ire theneration of renewable resource based
polymers a functionalisation at the chain end cunmed. However, in unsaturated fatty acid
esters the double bond is an internal one. In thegnce of catalytic amounts of Pd(OAc)
1,2-bis[(ditert-butylphosphino)methyllbenzene and methanesulfoagid the selective
alkoxycarbonylation of internal olefins under thecleisive formation of the terminal ester
product is possible. Isomerising alkoxycarbonylatiof methyl oleate and ethyl erucate,
yielded dimethyl-1,19-nonadecanedioate and diett®B-tricosanedioate in > 99 % purity,
respectively.

The thus obtained linear long chain carboxylic aesters were transformed into the
corresponding diols either by reduction with LiAlHor by dichlorobis|[2-
(diphenylphosphino)ethylamine]ruthenium catalysgdrbgenation. In both cases the desired
long chain diols were obtained in > 99 % purity.

Polycondensation of dimethyl-1,19-nonadecanediwéte nonadecane-1,19-diol afforded the
novel poly(1,19-nonadecadiyl-1,19-nonadecanedioateth molecular weightsM,, of
typically 2 x 14 g mol', a melt peak temperature of, = 103 °C, a crystallisation
temperature of J= 87 °C with an enthalpy &H,, = 140 J & and a degree of crystallinity of
about 70 %. Poly(1,23-tricosadiyl-1,23-triosanetipadrom the linear terminal & diacid
ester and diol respectively was obtained with= 2 x 1d g mol*, T,, = 99 °C, T =84 °C
and a high melt enthalpy &fi,, = 180 J & and a crystallinity of around 75 %.
Diethyl-1,23-tricosanedioate obtained by alkoxycawdation of ethylerucate was also
transformed into the corresponding dicarboxylic dadoy hydrolysis and into the
corresponding diamine in a four-step route. Froem@y and the commercially available
dicarboxylic acid and the & diamine as well as the commercially availablg &nd G

diamines the novel polyamides PA 11 19, PA 11 28,1R 19, PA 12 23, PA 23 19 and
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PA 23 23 were generated (Scheme 7.2). The polyamwdere obtained with molecular
weights of around,, = 16 g mol*. Polyamides PA 23 19 and PA 23 23, based on &it®s
1,23-diamine, exhibit a J= 156 °C and [ = 152 °C, respectively. For polyamides PA
11 19, PA 11 23, PA 12 19 and PA 12 23 from thetehahain diamino-1,11-undecane or
diamino-1,12-dodecane with nonadecane-1,19-dicgtlmox acid and tricosane-1,23-
dicarboxylic acid, as expected higher melting poin¢tween J, = 167 °C and [ = 169 °C

were found.

0 0 jl
O "0
7 X 7 X .
MCOOR catalyst ROOCW\/COOR
+CO 7 X

7 X
x=5: oleic acid ester *+ROH
x=9: erucic acid ester \
J(\\”W | i
N )J\/W N
y H 7 X Hin

y=5,60r 17

Scheme 7.2 Formation of polyesters and polyamides from ol&id arucic acid esters.

The approach presented allows an efficient and tampncorporation of the plant oil fatty
acid’s long hydrocarbon chains into semicrystallpodyesters and polyamides. This complete
molecular incorporation in a linear fashion is Hena for achieving substantial melting
points in aliphatic polyesters. In aliphatic polydes the long hydrocarbon chains lead to
considerably lower melting temperatures as known tfo date industrially established
aliphatic polyamides. In general, with increasingdiocarbon content in polycondensates
their melting temperatures approach the value dygpoylene, as the effect of functional
groups, namely the disturbance of crystallisatigrebter groups or the increased inter-chain
interactions via hydrogen-bonding between amideigspdecreases.

The generic reaction types employed for the symhesnovel, renewable resource based
polycondensates in this work, namely carbonylafidneduction and polycondensatith'*

are proven on large industrial scales.
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8 Zusammenfassung

Heutzutage stltzt sich die Herstellung von Polymefast ausschlieRlich auf fossile
Ausgangsmaterialien. Das betrifft vor allem therfaspsche Polymere, welche vor
Duroplasten und Elastomeren den grof3ten Anteilrafsitgchnisch hergestellten Polymeren
ausmachen. Im Hinblick auf die begrenzte Reichweia& fossilen Rohstoffen ist die
Herstellung von Polymeren auf Basis nachwachseRidrstoffe auf lange Sicht auf3erst
wunschenswert. Fettsauren aus Pflanzendlen staleaktive Ausgangsverbindungen fir
Polymere dar, weil sie langkettige lineare Absdeninthalten. So vielversprechend wie
Pflanzendle als nachwachsende Rohstoffe auch émschentgen, sind es jedoch keine
extrem kostengunstigen Rostoffe. Ihre Preise sfhidaach durch politische Entscheidungen,
starken Schwankungen unterworfen. Obwohl die PraiseEthylen und Naphta tber die
letzten Jahre hinweg stetig angestiegen sind, dendErsatz von bestehenden, aus fossilen
Rohstoffen hergestellten Materialien mit auf nactle®nden Rohstoffen basierenden
Materialien, die aber nur beinahe so gut sind wee edtddlbasierten, schwierig sein. Daher
sollte das Eigenschafts- und Einsatzprofil von nendlbasierten Materialien in Richtung
von Spezialanwendungen ausgelegt sein, die ideailsevauch einzigartig fur diese Art von
Rohstoff sind.

Ungesattigte Pflanzendle liefern, nach Umesterudgr dydrolyse unter Freisetzung von
Glyzerin, langkettige Kohlenwasserstoffe mit mirtdas zwei funktionellen Gruppen, die fur
chemische Reaktionen zuganglich sind. Rizinusdhe eigdngige Fettsaure und der
Hauptbestandteil von Rizinusdl, kann eine thermisoduzierte Umlagerungsreaktion
eingehen, welche 10-undecen-1-ol liefert. Die Alwarbonylierungsreaktion eines-
ungesattigten Alkohols ist eine bekannte Synthegera@u zyklischen Lactonen durch
Ringschluss. Sie kann jedoch auch grundsatzlichreftufenwachstumsreaktion vom AB-
Typ ahneln. Daher wurde die Herstellung von Polg@hyloat) aus 10-undecen-1-ol, welches
aus Rizinusol gewonnen wurde, durch die Alkoxycasfierungspolymerisation naher
untersucht (Abbildung 8.1). In einem ersten Ansatzrde die Alkoxycarbonylierungs-
polymerisation mit Hilfe eines Cobaltcarbonylkome als Katalysator mit Pyridin als
Promotor durchgefihrt. Auf diesem rein chemischisgtischen Wege, der ohne Gérprozesse
auskommt, konnte Poly(dodecyloat) aus Pflanzendlt mirca 20 bis 30 %
Methylverzweigungen in den Wiederholeinheiten, gine Molekulargewicht
My = 5 x 10 g mol* und einem Schmelzpunkt vom, & 65 °C erhalten werden.
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Die Polymermikrostuktur und damit die thermischeigeBschaften des Polymers konnte
durch die Verwendung eines Palladiumkomplexes mittenschiedlichen ein- und
zweizéhnigen Phosphanliganden und Methansulfonséigr&atalysator gezielt eingestellt
werden. Der niedrigste Verzweigungsgrad von circa%3 und somit die hochsten
Schmelztemperaturen von,T= 76 °C und | = 71°C wurden mit dem 1,3-bis(tBft-
butylphosphino)propan (dtbpp) und dem 1,3-bis(i@xlamantylphosphino)propanliganden
erhalten. Der hochste Verzweigungsgrad von circa % wurde mit dem
Triphenylphosphanliganden (Pfherhalten. Die so erhaltenen Polyester zeigten ein
komplexes Schmelzverhalten mit zwei Maxima bgig 58 °C und |, = 66 °C. Es scheint
aul3erdem so, als ob auf diesem Wege niedrige Vegangsgrade und damit hohe
Schmelzpunkte nur auf Kosten eingeschrankter Mddegawichte der Polymere erlangt

werden konnen.
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Poly(dodecyloat)

Abbildung 8.1 Bildung von Poly(dodecyloat) aus Rizinolsaure.

Um Fettsaureester vollstandig fur die Herstellurap vauf nachwachsenden Rohstoffen
basierenden Polymeren nutzen zu kénnen mussen alebeiden Kettenenden funktionelle
Gruppen tragen. Bei ungesattigten Fettsaureestfindet sich die Doppelbindung jedoch
innerhalb der Molekulkette. In Gegenwart kataljtesc Mengen Pd(OAg) 1,2-bis[(ditert-
butylphosphino)methyllbenzol und Methanesulfonsdaseen sich interne Olefine durch eine
Alkoxycarbonylierungsreaktion selektiv. zum endstgad Ester umsetzen. Die
isomerisierende Alkoxycarbonylierung von Methyldleand Ethylerucat lieferte jeweils
Dimethyl-1,19-nonadecanedioat und Diethyl-1,23es@nedioate in einer Reinheit von
> 99 %.

Die so erhaltenen, linearen, langkettigen Dicarbansester wurden einerseits durch
Reduktion mit LiAIH, und andererseits Uber eine durch einen Dichldtdiphenyl
phosphino)ethylamin]rutheniumkomplex katalysierteydderung zu den entsprechenden
Diolen umgesetzt. In beiden Fallen wurden die gesgfiten, langkettigen Diole in Reinheiten

von > 99 % erhalten.
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Polykondensation von Dimethyl-1,19-nonadecandiodt Monadecan-1,19-diol lieferte das
neuartige Poly(1,19-nonadecadiyl-1,19-nonadecat)dioat einem Molekulargewicht von
ublicherweiseM,, = 2 x 10 g mol*, einer Schmelztemperatur von, & 103 °C, einer
Kristallisationstemperatur von.E 87 °C, einer Schmelzenthalpie vahl, = 140 J & und
einer Kristallinitat von circa 70 %. Poly(1,23-w&adiyl-1,23-triosandioat) aus dem linearen
C,3 Diester und Diol wurde ebenfalls mit einem Molelagiewicht vorM,, = 2 x 1¢ g mol*,
einer Schmelztemperatur von, & 99 °C, einer Kiristallisationstemperatw 3 84 °C, einer
relativ hohen Schmelzenthalpie vail, = 180 J ¢ und einer Kristallinitét von circa 75 %
erhalten.

Das durch Alkoxycarbonylierung von Ethylerucat dtdreae Diethyl-1,23-tricosandioat wurde
des Weiteren durch Hydrolyse in die entsprechendarbonsaure und in einer vierstufigen
Reaktion in das entsprechende Diamin umgewandelis Aler so erhaltenen £
Dicarbonsaure und der kommerziell erhaltlichers Bicarbonséure sowie demp{Diamin
und den kommerziell erhaltlichen;{Cund G, Diaminen wurden die neuen Polyamide
PA 1119, PA 11 23, PA 12 19, PA 12 23, PA 23 16 &A 23 23 hergestellt (Abbildung
8.2).
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Abbildung 8.2 Bildung von Polyestern und Polyamiden aus Ol- unettEséureestern.

Diese Polyamide wurden mit Molekulargewichten vimcacM, = 1¢' g mol* erhalten. Die
Polyamide PA 23 19 und PA 23 23 aus Tricosan-1jaBihe zeigen Schmelztemperaturen
von Ty, = 156 °C und F = 152 °C. Die Polyamide PA 11 19, PA 11 23, PAI® und
PA 12 23 aus dem kirzerkettigeren Diamino-1,11-gade und Diamino-1,12-dodecan

weisen erwartungsgemass hdéhere Schmeltpunkte znsgh= 167 °C und |, = 169 °C auf.
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Der oben beschriebene Ansatz erlaubt die gut fanidrende und vollstandige Nutzung der
in Fettsauren enthaltenen langen Kohlenwassersttétk bei der Herstellung teilkristalliner
Polyester und Polymide.

Dieser vollstandige, lineare Einbau ist fur daseletven betrachtlich héherer Schmelzpunkte
bei Polyestern sehr vorteilhaft. In aliphatischerolyBmiden fiuhren die langen
Kohlenwasserstoffketten zu bedeutend niedrigerdrm®&tztemperaturen als die der derzeit
industriell etablierten aliphatischen Polyamide.t iiinehmenden aliphatischen Anteilen in
Polykondensaten nahern sich deren Schmelzpunkfdlgemeinen dem von Polyethylen an,
da der Einfluss funktioneller Gruppen, wie die Bwlarung der Kristallisation durch
Estergruppen oder die erhdohte Wechselwirkung anezelKetten untereinander durch
Wasserstoffbriickenbindungen, abnimmt.

Alle Arten von Reaktionen, wie z.B. die Carbonyliegs-*® Reduktions- und
Polycondensationsreakti6h ***) welche in dieser Arbeit fiir die Herstellung voolyneren
aus nachwachsenden Rohstoffen verwendet wurdeth Reaktionen, die grofdtechnisch sehr

bewéahrt sind.

69



Experimental Section

9 Experimental Section

9.1 Materials and General Considerations

Unless noted otherwise, all manipulations wereiedrout under an inert gas atmosphere
using standard glovebox or Schlenk techniques. riélhand methanol were distilled from
magnesium turnings/iodine, THF from sodium/benzopine, pyridine from Cajl and
toluene from sodium under argon prior to use. Allen solvents were utilised in technical
grade as received. 10-undecen-1-ol was supplieAGME Synthetic Chemicals (Mumbai,
India), methyl oleate (99 %), dodecane-1,12-diaminethanesulfonylchloride, triethylamine,
sodium azide, sodium methanolate, palladium on odar (3 wt.-%), tert-butylchloride,
phosphorous trichloride, titanium(lV)butoxide, X®hloropropane, acetylacetone and
methanesulfonic acid (98 %) by Sigma Aldrich, méthigate (75 %), methyl erucate (90 %),
1,2-bis[(ditert-butylphosphino)methyl]benzene (98 %) and 2-(dipthen
phosphino)ethylamine by ABCR, ethyl erucate (95 #@nadecane-1,19-dicarboxylic acid
and undecane-1,11-diamine by TCI. Pd(l})@hd magnesium turnings were supplied by
Merck, LiAlH4 and tert-butyllithium (1.6 M in pentane) by Acros, carbon moaide
(3.7grade) and hydrogen (5.0 grade) were suppliey Air Liquide.
1,3-diphosphinopropafé” was available in the group and was synthesisedrdicg to

published procedures. All materials were used esived unless noted otherwise.

NMR spectra were recorded on a Bruker Avance 0 4@strument, on a Varian Unity
INOVA 400 instrument, on a Bruker Avance Il 60Girument equipped with a Cryo Probe
Triple resonance CPTCI, or on a Bruker AC 250 imsient."H and**C NMR chemical shifts
were referenced to the solvent sigrtel.and**C NMR assignments are supported by COSY,
phase sensitive HSQC and HMBC experiments. Elerhami@yses were performed up to
950 °C on an Elementar Vario EL instrument. Gawetatography was carried out on an
Agilent Technologies 7890A GC system equipped \@ithhenomenex ZB-5 ms w/Guardian
capillary column (30m x 0.25 mm x 0.25) using mass (Agilent Technologies 5975C inert
MSD with triple-axis detector) and flame-ionisatidetection. Helium of 99.995 % purity
was used as the carrier gas and the inlet temperatas 250 °C. The initial temperature of
50 °C was kept for 1 min, after which the columnsweeated at a rate of 30 K nfiip to

280 °C. The final temperature was kept for 8 mias@hromatography was also carried out
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on a Perkin Elmer Clarus 500 GC system equipped antauto sampler and a Perkin Elmer
Elite-5 capillary column (30m x 0.25 mm x 0.28n) using flame-ionisation detection.
Helium of 99.995 % purity was used as the carréex gnd the inlet temperature was 300 °C.
The initial temperature of 90 °C was kept for 1 jrafter which the column was heated at a
rate of 30 K mift up to 280 °C. The final temperature was kept fomi®. Differential
scanning calorimetry (DSC) was performed on a N#tZ3hoenix 204 F1 instrument at a
heating/cooling rate of 10 K miin DSC data reported are from second heating cyGes.
permeation chromatography (GPC) was carried out2md-trichlorobenzene at 160 °C at a
flow rate of 1 mL mift on a Polymer Laboratories 220 instrument equipwét Olexis
columns. Data reported were determined via diredib@tion with linear polyethylene
standards (refractive index detector). Polymer dasmgvhich were soluble in THF were
measured on a Polymer Laboratories PL-GPC 50 withRLgel 5 um MIXED-C columns
and a RI-detector in THF at 40 °C vs. polystyretamdards Wide angle X-Ray diffraction
was performed on a Bruker AXS D8 Advance diffractten using Culky radiation.
Diffraction patterns were recorded in the ranged 80 degrees@, at temperatures of 25°
and 120°. The crystallinity was estimated with @&adesolution fitting routine as the ratio
between the area corresponding to the crystalefieations and the total area of the WAXS
pattern (cf. Figure 3.2). Position and shape ofatm®rphous halo were determined from the

diffraction pattern of the melt at 120°C.

9.2 Preparation of Di-tert-butylchlorophosphine

Di-tert-butylchlorophosphine was prepared analogous teeiqusly reported procedulé@®
Dry magnesium turnings (4.0 mol) were weighed &t L three-necked flask equipped with
a reflux condenser, an addition funnel and a langgnetic stirring bar and were covered with
200 mL diethyl etherTert-butylchloride (4.0 mol) was transferred into thad@ion funnel.
For initiation of the Grignard reaction ca. 25 ntért-butylchloride were added. The
remainingtert-butylchloride was diluted with 200 mL diethyl etrend slowly added at a rate
that caused light reflux of the solvent. After cdetp addition the reaction mixture was
refluxed for 1 hour. Then the grey suspension waated over a Rfrit and the residual solid
was washed with diethyl ether. The concentratiorthef solution was determined by back
titration. For this purpose 10 mL of 0.1 M HCI| wexgded to 0.1 mL of the Grignard solution
which was then titrated with 0.1 M NaOH. Yield: IB&L of a 1.15 Mert-butylmagnesium

chloride solution (1.5 mol).
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A 4 L three-necked flask equipped with a reflux d@enser, an addition funnel and an
overhead stirrer was charged with ttext-butylmagnesium chloride solution. At -40 °C
(isopropanol/dry ice) P€I(0.75 mol) in 950 mL diethyl ether was slowly addea the
addition funnel. After complete addition the reantimixture was allowed to warm to room
temperature and was then refluxed for 30 minutedatilitate the removal of MgeB00 mL
dioxane were added and the mixture was refluxearother 1.5 hours. After cooling to room
temperature the reaction mixture was filtrated tigio a frit to separate the ethereal solution
from solid residues. The diethyl ether was then oesd under atmospheric pressure.
Distillation of the residue under reduced pressair&10°C / 88 mbar yielded 49.1 g (36 %)
di-tert-butylchlorophosphine as a colourless liqlid.and*'P spectra agree with previously
reported dat&d*®

9.3 Preparation of Di-tert-butylphosphine

A solution of ditert-butylchlorophosphine (0.16 mol) in 130 mL dietleyher was added drop
wise to a suspension of LIAH0.17 mol) in 250 mL diethyl ether. The reactioixiure was
stirred over night at room temperature. Excess HyAkas quenched by slowly adding 15 mL
methanol. Then 15 mL saturated MG solution and 40 mL 2N HC| were added and
vigorously stirred. After phase separation the mthphase was cannula-transferred into a
Schlenk, the remaining water phase was extractegk thmes with 20 mL diethyl ether.
Distillation under reduced pressure at 37 °C / 1bamyielded 17.1 g (73 %) dert-
butylphosphine as a colourless liquitH and 3'P spectra agree with previously reported

datal**®!

9.4 Preparation of 1,3-Bis(di-tert-butylphosphino)propane (dtbpp)

1,3-Bis(ditert-butylphosphino)propane was prepared followingerditure proceduré*”’ To

a stirred solution of diert-butylphosphine (103 mmol) in 110 mL diethyl etheert-
butyllithium (76 mL of a 1.6 M solution in pentanaps added drop wise over a period of
5-10 minutes at 0 °C. The solution turned paleoyeland 1,3-dichloropropane (53 mmol)
was added directly. The reaction mixture was stifor another 20 minutes at 0 °C and was
then allowed to warm to room temperature and stiffhour. A gradual formation of a white
precipitate was noted. After removal of the solvenvacuum, 40 mL hexane and 75 mL
degassed water were added. The organic phase waslated off and the aqueous phase was

extracted with hexane (3 x 40 mL). The solvent veasoved in vacuum from the combined
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organic layers. Kugelrohrdistillation at 150 °C.6 X 10" yielded 11.4 g (64 %) 1,3-bis(di-
tert-butylphosphino)propane as a colourless, viscapsidi *H and*'P spectra agree with
previously reported data.

9.5 Preparation of 1,3-Bis(trioxa-adamantylphosphino)propane

1,3-bis(trioxa-adamantylphosphino)propane was pezpa following a literature
proceduré**® To a stirred mixture of acetylacetone (57 mmotl 80 mL 5 M aqueous HCI
1,3-diphosphinopropane (9.3 mmol) was added dree wver a period of 5-10 minutes. The
formation of a white precipitate was observed. Tésulting mixture was stirred at room
temperature for a week. Then the white precipitats separated from the mixture by
filtration over a Buchner funnel and was thorougklgished with water. After drying in

vacuum the desired diphosphine was obtained asxtummiof diastereoisomers in 37 %

(1.6 g) yield.
07 >0 SN 07/ o /E%O
/} —— /& JV /} —— o
0 P\/\/P 0] (0] P\/\/P
meso rac
9.6 Preparation of Tetrachlorobis(tetrahydrofuran) hafnium (IV)

Tetrachlorobis(tetrahydrofuran)hafnium(lV) was e following a literature
procedurd**® To a stirred mixture of hafniumtetrachloride (2r@mol) and 10 mL
dichloromethane tetrahydrofuran (10.6 mmol) wasvbladded. Under slight pinking of the
solution the hafniumtetrachloride dissolved. Thestlbbtained solution was stirred for 1 hour
until the formation of a white precipitate was alveel. The white precipitate was separated
from the mixture and repeatedly washed with pentafiee filtrate was cooled in a
isopropanol/dry ice cooling bath for 30 minutesiluthie formation of further white precipitate
was observed. The precipitate was again separededthe mixture and repeatedly washed
with pentane. This procedure was repeted until umthér formation of precipitated was

observed. After drying in vacuum the desired praodvas obtained in 67 % (0.82 g) yield.
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9.7 Preparation of Poly(dodecyloate) by Tetrachlorobis(tetrahydrofuran)hafnium(1V)

catalysis from 12-hydroxydodecanoic acid

The polymerisation of 12-hydroxydodecanoic acid wagied out analogous to a reported
proceduré**® 12-hydroxydodecanoic acid (116 mmol) in 20 mL nexye was refluxed over
an addition funnel filled with 4 A molecular sievestil the reaction mixture solidified. The
solidified reaction mixture was then heated to 260under vacuum for 12 houfs¥ The
obtained polymer was dissolved in dichlorometham @recipitated from methanol and dried

in vacuum at 50 °C.
9.8 Carbonylation Polymerisation of 10-Undecen-1-ol

9.8.1 General Procedure A - Cobalt-catalysed

Carbonylation polymerisations were carried out 280 mL stainless steel mechanically
stirred (1500 rpm) pressure reactor equipped witieating/cooling jacket controlled by a
thermocouple dipping into the polymerisation migt@and a glass inlay. For detailed reaction
conditions see Table 3.1. Prior to a polymerisaégperiment the reactor was purged several
times with argon. [C4CO)g] or [Cos(CO) 2], respectively, were weighed into a dry Schlenk
tube in the glovebox. Pyridine and 10-undecen-lvete added using standard Schlenk
techniques. The mixture was stirred until the J@®)] or [Ca(CO)y], respectively,
dissolved. The reaction mixture was cannula-transfieinto the reactor in an argon counter
stream. The reactor was closed, pressurised witfonamonoxide, and heated to the desired
reaction temperature (pressures given in Tableedek to pressure at reaction temperature).
After the desired reaction time the reactor waddigpcooled to room temperature, and
vented. The solid polymer was recovered from tlaeta, dissolved in dichloromethane, and
precipitated from methanol. The polymer was isaldig filtration, washed several times with

methanol and dried in vacuum at 50 °C.

9.8.2 Removal of Residual Cobalt

For NMR analysigesidual cobalt was removed, as paramagnetic inmgsircan impact the
quality of the NMR spectra. For this purpose 2 goofymer were dissolved in 50 mL of
dichloromethane. To this polymer solution were add® mL 0.1 M aqueous EDTA
(ethylenediaminetetraacetate disodiumsalt) solutibormL 30 % HO,, and 0.5 mL 37 %
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agueous HCI. The mixture was stirred well for orsy Git room temperature. The pink
aqueous phase formed was separated, and the polyaserprecipitated from methanol,
isolated by filtration, washed thoroughly with matiel, and finally dried in vacuo at 50 °C.
For acquisition of'*C-NMR spectra, a small amount of [Cr(achoyas added. As an

alternative or in addition to this procedure,,@€38n be added to mask cobalt traces if required.

9.8.3 General Procedure B - Palladium-catalysed

Carbonylation polymerisations were carried out 280 mL stainless steel mechanically
stirred (500 rpm) pressure reactor equipped witheating/cooling jacket controlled by a
thermocouple dipping into the polymerisation migtuFor detailed reaction conditions see
Table 3.2. Prior to a polymerisation experiment tbactor was purged several times with
argon. Pd(OAg) was weighed under air into a dry Schlenk tube mopd with a magnetic
stirring bar. When applying ligandsand2 (Scheme 3.3) the Schlenk tube was purged several
times with argon and 2 mL toluene using standardie®& techniques were added before
introducing the Schlenk tube into the glove box kehthe phosphine ligand was added.
Ligands3 and4 (Scheme 3.3) were weighed into the Schlenk tugether with Pd(OAg)
prior to purging several times with argon. 10-ureded-ol, toluene and methanesulfonic acid
were added using standard Schlenk techniques. Migostirring afforded a homogenous
reaction mixture which was cannula-transferred thi® reactor in an argon counter stream.
The reactor was closed, pressurised with carbororide and heated to the desired reaction
temperature. After the desired reaction time thactee was rapidly cooled to room
temperature, and vented. The solvent was removeddno and the remaining yellow solid
was dissolved in a small amount of toluene. Thea plolymer was precipitated from

methanol, diethyl ether or hexane and dried in uatat 50 °C.
9.9 Methoxycarbonylation of 10-Undecen-1-ol

9.9.1 Palladium - catalysed

Carbonylations were carried out in a 280 mL staslsteel mechanically stirred (500 rpm)

pressure reactor equipped with a heating/coolinggiacontrolled by a thermocouple dipping

into the polymerisation mixture. For detailed réattconditions see Table 4.1 and Table 4.2.

Prior to a polymerisation experiment the reactors vipurged several times with argon.

Pd(OAc) was weighed under air into a dry Schlenk tube mopd with a magnetic stirring
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bar which was then introduced into the glovebox nehtbe dtbox ligand was added. In the
case of the dtbpp also 2 mL toluene were added.Siditenk tube was removed from the
glovebox and all other reactants were added udiagdard Schlenk techniques. Vigorous
stirring afforded a homogenous reaction mixture alvhivas cannula-transferred into the
reactor in an argon counter stream. The reactorcleaed, pressurised with carbon monoxide
and heated to the desired reaction temperaturer &fe desired reaction time the reactor was
rapidly cooled to room temperature, and vented. 3dleent was removed in vacuo to give
the crude product as pale yellow oil.

The composition of the reaction mixtures was deieech by *H-NMR spectroscopic
integration of characteristic signals of the spggeesent and subsequent ratio calculation.
(For peak assignment confer the respective specsection 4 and the appendix).

4 o)
5f—%3
HOM/7

10
6 4 2

'H-NMR (400 MHz, CDC4, RT): 8 3.62 (s, 3H, 7-H), 3.52 (#3.1 = 6.5 Hz, 2H, 6-H), 2.25

(t, 3= 7.5 Hz, 2H, 2-H), 1.65-1.47 (m, 4H, 3-H, 5-H)40.1 (m, 14H, 4-H, 4"-H).

3C-NMR (100 MHz, CDCJ, RT): & 174.42 (C-1), 63.13 (C-6), 51.52 (C-7), 34.27 (C-2
33.17 (C-5), 29.90-29.32 (C-4), 25.41 (C-4'), 24(883).

4 0
— 3
. 1 00 g
6 4 2

'H-NMR (400 MHz, CDC4, RT): 8 4.03 (9,°J4.n = 6.97 Hz, 2H, 8-H), 3.58 ({}4.4 = 6.5 Hz,
2H, 6-H), 2.20 (t23n = 7.5 Hz, 2H, 2-H), 1.65-1.47 (m, 4H, 3-H, 5-H)41.1 (m, 14H,
4-H, 4-H). ®*C-NMR (100 MHz, CDGJ, RT): & 174.08 (C-1), 62.86 (C-6), 60.25 (C-7),
34.43 (C-2), 32.17 (C-5), 29.70-29.08 (C-4), 25§834"), 25.02 (C-3), 14.29 (C-8).

9.9.2 Cobalt - catalysed

Carbonylations were carried out in a 280 mL staslsteel mechanically stirred (1500 rpm)
pressure reactor equipped with a heating/coolinggiacontrolled by a thermocouple dipping
into the polymerisation mixture and a glass inlagr detailed reaction conditions see Table
4.3. Prior to a polymerisation experiment the reagtas purged several times with argon.

[Co,(CO)] was weighed into a dry Schlenk tube in the glaxebPyridine, methanol or
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ethanol respectively and 10-undecen-1-ol were addedy standard Schlenk techniques. The
mixture was stirred until the [GECO)] dissolved. The reaction mixture was cannula-
transferred into the reactor in an argon counteyast. The reactor was closed, pressurised
with carbon monoxide and heated to the desiredtimatemperature (pressures given in
Table 4.3 refer to pressure at reaction temperatAfeer the desired reaction time the reactor
was rapidly cooled to room temperature, and veriethanol and pyridine were removed in
vacuo. For the removal of residual cobalt 50 mlthdieether, 50 mL 0.1 M aqueous EDTA
solution, 1 mL 30 % bD,, and 0.5 mL 37 % aqueous HCIl were added. The naexias
stirred well over night at room temperature. Thekpagqueous phase formed was separated
and the organic phase was washed with water un@ilagueous phase remained colourless.
The organic phase was then dried over Mg&@X the solvent was removed in vacuo to give
the crude product as pale yellow oil.

The composition of the reaction mixtures was deieeth by *H-NMR spectroscopic
integration of characteristic signals of the speqeesent and subsequent ratio calculation.
(For peak assignment confer the respective specsection 4 and the appendix).

NMR data of the target compounds see section 9.9.1.

9.10 Polycondensation of Methyl-12-hydroxydodecanoate and Ethyl-12-hydroxydodecanoate

The polycondensation reactions were carried oat 250 mL flat flange reaction vessel with
matching five-necked lid equipped with an overhetidcer, a vacuum tight stirrer guide
(JUVO-Normalschliff-Ruhrverschluss, Juchheim) andstainless steel stirrer shaft with
mixing paddle. This reaction vessel was chargedh wihe crude methyl-12-
hydroxydodecanoate, set under vacuum while stifiamngapproximately one hour to remove
volatiles. Then the reactor containing the startmgterial was purged several times with
argon. After heating the inertised methyl-12-hydidodecanoate (0.135 mol) or ethyl-12-
hydroxydodecanoate respectively to 80 °C Ti(QBu)Ti(O'Pr) (2.7 mmol) respectively was
added via syringe and the reaction mixture wasestiat 80 °C for 24 hours. In the course of
6 hours the temperature was then raised to 170 K€ polymer melt was stirred for another
eight hours at this temperature under reduced pregd0® bar). After cooling a brownish

solid was obtained.
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9.11 Carbonylations of Fatty acid esters

9.11.1 General Procedure C

Carbonylations were performed in a 20 mL stainlstel magnetically stirred pressure
reactor equipped with a heating jacket and a gldayg. Prior to a carbonylation experiment
the reactor was purged several times with nitroggel{fOAc)» was weighed under air into a
dry Schlenk tube equipped with a magnetic stirtiag which was then introduced into the
glovebox where the 1,Bif(di-tert.-butylphosphino)methyl]lbenzene (dtbpxpdnd was
added. The Schlenk tube was removed from the gvebd all other reactants were added
using standard Schlenk techniques. Vigorous sgjraiiiorded a homogenous reaction mixture
which was cannula-transferred into the reactor mt@gen counter stream. The reactor was
closed, pressurised with 20 bar carbon monoxidetlzen heated to 90 °C. After 22 hours the

reactor was cooled to room temperature and vented.

9.11.1.1 Preparation of Dimethyl-1,19-nonadecanedioate

The carbonylation of methyl oleate in methanol wagied out by the general procedure C
described above. For detailed reaction conditi@esTable 5.1. After retrieving the reaction
mixture from the reactor, methanol was removeddouwn. The crude product was dissolved
in dichloromethane and filtrated over a Buchnerniln Dichloromethane was removed in
vacuo. The obtained dimethyl-1,19-nonadecanediva® recrystallised from methanol to

yield the product in > 99 % purity.

4
0 A 0
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'H-NMR (400 MHz, CDC4, RT): 8 3.63 (s, 6H, 5-H), 2.27 @y = 7.5 Hz, 4H, 2-H), 1.63-
1.54 (m, 4H, 3-H), 1.31-1.17 (m, 26H, 4-HfC-NMR (100 MHz, CDCJ, RT): & 174.54
(C-1), 51.62 (C-5), 34.32 (C-2), 29.90-29.32 (C2H,16 (C-3).

9.11.1.2 Preparation of Dimethyl-1,23-tricosanedioate

The carbonylation methyl erucate was performed iBOamL stainless steel magnetically
stirred pressure reactor equipped with a heatimftefaand a glass inlay. Prior to the

experiment the reactor was purged several times mittogen. Pd(OA¢)(0.11 mmol) was
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weighed under air into a dry Schlenk tube equipwéh a magnetic stirring bar which was
then introduced into the glovebox where the Higtdi-tert.-butylphosphino)methyllbenzene
(dtbpx) ligand (0.39 mmol) was added. The Schleretwas removed from the glovebox and
methyl erucate (5.1 mmol), methanol (0.25 mol, 1Q)nmand methanesulfonic acid
(0.79 mmol) were added using standard Schlenk tgobs. Even vigorous stirring did not
afford a homogenous reaction mixture but a two eHlasystem which was cannula-
transferred into the reactor in a nitrogen coustezam. The reactor was closed, pressurised
with 20 bar carbon monoxide and then heated td®@®fter 22 hours the reactor was cooled
to room temperature and vented. After retrieving two phased reaction mixture from the
reactor methanol was removed in vacuo. The crudeéyat was dissolved in dichloromethane
and filtrated over a Buchner funnel. Dichlorometnamas removed in vacuo. The obtained
dimethyl-1,23-tricosanedioate was recrystallisesinfrmethanol to yield the product in >
99 % purity.

4

O (6]

'H-NMR (400 MHz, CDC}, RT): 8 3.63 (s, 6H, 5-H), 2.27 #J}.u = 7.5 Hz, 4H, 2-H), 1.65-
1.54 (m, 4H, 3-H), 1.35-1.17 (m, 34H, 4-H).

9.11.1.3 Preparation of Diethyl-1,23-tricosanedioate

The carbonylation of ethyl erucate in ethanol wagied out by the general procedure C
described above. For detailed reaction conditi@esTable 5.2. After retrieving the reaction
mixture from the reactor ethanol was removed inugad he crude product was dissolved in
dichloromethane and filtrated over a Bichner funmkthloromethane was removed in
vacuo. The obtained diethyl-1,23-tricosanedioate rearystallised from ethanol to yield the
product in > 99 % purity.

0 N 0
¢ 9173 S 1707

'H-NMR (400 MHz, CDC}4, RT): 3 4.09 (q,°34.n = 7.2 Hz, 5H, 4-H), 2.25 (844 = 7.5 Hz,
4H, 2-H), 1.64-1.53 (m, 4H, 3-H) 1.33-1.16 (m, 4@HH, 6-H).**C-NMR (100 MHz, CDC},

RT): & 174.07 (C-1), 60.3 (C-5), 34.59 (C-2), 29.96-29G84), 25.19 (C-3), 14.45 (C-6).
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9.12 Preparation of Nonadecane-1,19-diol

Dimethyl-1,19-nonadecanedioate (5.6 mmol) was tiisslin 20 mL THF. This solution was
slowly added to a stirred and cooled suspensidnAiH 4 (12.3 mmol) in 40 mL THF. After
further addition of 10 mL THF, the stirred mixtunes heated to reflux for 1 hour and then
stirred over night at room temperature. The reactvas quenched by slowly adding 0.5 mL
water, 0.5 mL 15 % aqueous NaOH and 1.5 mL watkee. fEaction mixture was filtrated at
40 °C over a Buchner funnel. The solvent was removem the filtrate in vacuo. The
resulting nonadecane-1,19-diol was recrystalligechfchloroform to yield 1.56 g (93 %) of

the pure product.

4
A
; L0 N1,
2 2

'H-NMR (400 MHz, GD,Cls, 130 °C):3 3.68 (t,°Ju.n = 6.5 Hz, 2H, 1-H), 1.7-1.57 (m, 2H,
2-H), 1.49-1.32 (m, 30H, 4-H), 1.13 (br s, 2H, 3-H)
Anal. calcd. for GgH40O, (M = 300.52 g met): C 75.94, H 13.42. Found: C 76.18, H 13.67.

9.13 Preparation of Tricosane-1-23-diol

9.13.1 Reduction of Diethyl-1,23-tricosanedioate with LiAlH,

Tricosane-1,23-diethylester (5.22 mmol) was dissdlin 20 mL THF. This solution was
slowly added to a stirred and cooled suspensidnAifH 4 (13.2 mmol) in 40 mL THF. After
further addition of 10 mL THF, the stirred mixtunes heated to reflux for 1 hour and then
stirred over night at room temperature. The reactvas quenched by slowly adding 0.5 mL
water, 0.5 mL 15 % aqueous NaOH and 1.5 mL watkee. fEaction mixture was filtrated at
40 °C. The solvent was removed from the filtratevéiwuo. The resulting tricosane-1,23-diol

was recrystallised from toluene to yield 1.62 g ¥8)fof the pure product.
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'H-NMR (400 MHz, GD,Cls, 130 °C):3 3.67 (t,>J}4.1 = 6.5 Hz, 2H, 1-H), 1.68-1.58 (m, 2H,
2-H), 1.49-1.32 (m, 38H, 4-H), 1.15 (br s, 2H, 3-HLC-NMR (100 MHz, GD,Cls, 130 °C):
563.14 (C-1), 33.14 (C-2), 29.79-29.50 (C-4), 25Q%").

Anal. calcd. for GgH4gO, (M = 356.63 g met): C 77.46, H 13.57. Found: C 77.58, H 13.60.

9.13.2 Reduction of Diethyl-1,23-tricosanedioate with Dichlorobis[2-(diphenylphosphino)

ethylamine]ruthenium

The reduction was carried out, analogous to a tegdf’ procedure, in a 300 mL stainless
steel mechanically stirred pressure reactor eqdippéh a heating jacket and a glass inlay.
Prior to the reduction experiment the reactor wag@d several times with argon. Diethyl-
1,23-tricosanedioate (5.6 mmol) was weighed ungteén a dry Schlenk tube equipped with
a magnetic stirring bar which was then purged sdviemes with argon. 20 mL dry and
degassed THF were added using standard Schlenkiqeels. Vigorous stirring afforded a
homogenous reaction mixture. In the glovebox didbes[2-(diphenylphosphino)
ethylamine]ruthenium (5.6mol) and sodium methanolate (0.56 mmol) were welgh& a
second dry Schlenk equipped with a magnetic stjrbar. After removing the Schlenk from
the glovebox, 20 mL dry and degassed THF were adgleth mixtures were then cannula-
transferred into the reactor in an argon counteyast. The reactor was closed, pressurised
with 50 bar hydrogen and then heated to 100 °CerAZ2 hours the reactor was cooled to
room temperature and vented. After retrieving thaction mixture from the reactor it was
again heated to around 50 °C and then filtrated av8uchner funnel to remove catalyst
residues. THF was removed in vacuo. Tricosane-di@Bwas recrystallised from toluene to
obtain 78 % yield.

'H-NMR (400 MHz, GD.Cls, 130 °C):5 3.68 (t,3}4.1 = 6.5 Hz, 2H, 1-H), 1.68-1.58 (m, 2H,
2-H), 1.49-1.32 (m, 40H, 4-H), 1.25 (br s, 2H, 3-H)

Anal. calcd. for GsH4g0, (M = 356.63 g mO’r): C 77.46, H 13.57. Found: C 76.22, H 13.31.

9.13.2.1 Preparation of Dichlorobis[2-(diphenylphosphino)ethylamine]ruthenium

The preparation of Dichloro[2-(diphenylphosphinbyéamine]ruthenium was prepared
analogous to a reporte®! procedure. In the glovebox a round bottomed Séhktask,
equipped with a magnetic stirring bar, was changéti [RuCh(PPh)3] (0.436 mmol) and
toluene (6 mL). A solution of 2-(diphenylphosphiathlylamine (0.879 mmol) in toluene (6
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mL) was also prepared in the glovebox and transfiemnto a syringe. After retrieving both
solutions from the glovebox the 2-(diphenylphosphathylamine solution was slowly added
to the [RuCj(PPh)s] solution under vigorous stirring. The obtainedkdlarown solution was
then heated to 100 °C under Argon for 22 hours. rEkalting yellow suspension was cooled
to room temperature, introduced into the glovebao was transferred into a 8 mL screw cap
vial under addition of further toluene (4 mL). Tlsespension was centrifuged and the
obtained pale yellow complex was washed severagimith toluene until the overlaying

solution of the centrifugate was colourless.

9.14 Preparation of Poly(1,19-nonadecadiyl-1,19-nonadecanedioate)

In a 10 ml Schlenk tube dimethyl-1,19-nonadecarsdigl.4 mmol), nonadecane-1,19-diol
(2.4 mmol) and Ti(OBuw)(0.13 mmol) were heated from 110 °C to 200 °C.@L0nbar in the
course of 15 hours. After cooling a white solid veasained.

6 6
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'H-NMR (400 MHz, GD,Cls, 130 °C):5 4.04 (t,%}4.1 = 6.5 Hz, 4H, 4-H), 2.28 (EJyn =
7.3 Hz, 4H, 2-H), 1.69-1.52 (m, 8H, 3-H, 5-H), 1-B48 (m, 56H, 6-H).°C-NMR
(100 MHz, GD,Cls, 130 °C):5 174.31 (C-1), 64.70 (C-4), 34.68 (C-2), 30.12-29(@-6),
28.94 (C-5), 26.23 (C-6'), 25.31 (C-3).

9.15 Preparation of Poly(1,23-tricosadiyl-1,23-tricosanedioate)

The polymerisation was carried out in a 100 mL tvexked Schlenk tube equipped with an
overhead stirrer, a vacuum tight stirrer guide (@JNMormalschliff-Ruhrverschluss,
Juchheim), a stainless steel stirrer shaft andiralgpixing paddle. This Schlenk tube was
charged with diethyl-1,23-tricosanedioate (4.49 mnamd tricosane-1,19-diol (4.49 mmol)
and then purged several times with argon. Aftetihgao 110 °C, the obtained melt was
stirred for 2 hours. Then Ti(OBu)0.09 mmol) was added and the mixture was stifoed
another hour. In the course of 4 hours the temperatas raised to 170 °C. The polymer melt
was stirred for one hour at this temperature umdduced pressure, heated to 180 °C and

stirred for another hour. After cooling a whiteidolas obtained.
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6 6

'H-NMR (400 MHz, GD,Cls, 130 °C):d 4.12 (t,334.n = 6.5 Hz, 4H, 4-H), 2.33 (E}4ny =
7.4Hz, 4H, 2-H), 1.75-1.63 (m, 8H, 3-H, 5-H), 1882 (m, 72H, 6-H)."*C-NMR
(100 MHz, GD.Cls, 130 °C): & 173.46 (C-1), 64.41 (C-4), 34.6 (C-2), 29.8-29G6),
29.32 (C-6"), 29.02 (C-5), 26.14 (C-6"), 25.2 (C-3

9.16 Preparation of Tricosane-1,23-dicarboxylic acid

In a round bottomed flask KOH (36.3 mmol) was adtiedh suspension of diethyl-1,23-
tricosanedioate (4.5 mmol) in methanol (12 mL). Tesulting mixture was refluxed for
2 hours during which more methanol (8 mL) was add&fter further addition of KOH

(18.9 mmol) the mixture was refluxed for anothehd@irs. After cooling the suspension to
room temperature the solvent was removed in vagdwothe obtained white solid water
(30 mL) was added. The mixture was acidified to pR2 by adding 6N hydrochloric acid.
The dicarboxylic acid was filtered off, washed withter and recrystallised from methanol to

give a glittery white solid in 96 % yield.

4
O A (@)
5/11\/3\//\/\/\/\/\/\/\/\\/3\)J\5
HO] IOH
2 2

'H-NMR (400 MHz, GD-Cls, phenol 130 °C): 2.41 (8Jun = 7.4 Hz, 4H, 2-H), 1.78-1.69
(m, 4H, 3-H), 1.49-1.34 (m, 34H, 4-HJC-NMR (100 MHz, CROD : CDCk = 4 : 3, RT):®
176.04 (C-1), 34.8 (C-2), 30.53-29.89 (C-4), 25C7).

9.17 Preparation of Dodecane-1,12-diamine

9.17.1 Preparation of Dodecane-1,12-dinitrile

Dodecane-1,12-dinitrile was prepared following t@rituré? procedure. Dodecane-1,12-
diol (1 mmol) and iodine (6 mmol) were weighed it@5 mL round bottomed flask. After
addition of 7 mL 25 % aqueous ammonia the heteregen mixture turned black
immediately, probably due to the formation of tix@lesive nitrogen triiodine. The flask was
quickly sealed with an empty balloon fixed to thesk with a cable tie to reduce the escape of

ammonia gas from the reaction mixture. The mixtwes stirred at 60 °C for 24 hours and
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then quenched by addition of water (20 mL) andrsétd agueous N8O, solution (6 mL) at
0°C before it was extracted with diethyl ether (2& mL). The organic layer was washed
with brine and dried over sodium sulphate to previde desired dodecane-1,12-dinitrile in
79 % yield.

4
ISASTRAAL
N

1 3 2 NN

'H-NMR (400 MHz, CDC4, RT): 8 2.29 (t,%J4.14 = 7.1 Hz, 4H, 1-H), 1.64-1.55 (m, 4H, 2-H),
1.44-1.34 (m, 4H, 3-H), 1.30-1.21 (m, 8H, 4-H).

9.17.2 Reduction of Dodecane-1,12 dinitrile to Dodecane-1,12-diamine

Dodecane-1,12-dinitrile (0.79 mmol) was dissolved?imL diethylether. This solution was
slowly added to a stirred and cooled suspensiohbiAiH 4 (1 mmol) in 3 mL diethylether.
Then the stirred mixture was heated to reflux fohdur. The reaction was quenched by
slowly adding 0.04 mL water, 0.04 mL 15 % aqueousON and 0.11 mL water.
Unfortunately the dodecane-1,12-diamine as inselubldiethylether. Therefore the solvent
was removed in vacuo and was then replaced by 5THE. The reaction mixture was
filtrated at 40 °C to remove the inorganic saltee Bolvent was removed from the filtrate in
vacuo to give the crude dodecane-1,12-diamine asffawhite solid in 51 % yield. The

'H-NMR spectrum agrees with previously reported data

9.18 Preparation of Tricosane-1,23-diamine

Tricosane-1,23-diamine was prepared following erditur€? procedure by starting from

tricosane-1,23-diol and going over tricosane-1,28edylate and tricosane-1,23-diazide.

9.18.1 Preparation of Tricosane-1,23-dimesylate

In a 100 mL two-necked round bottomed flask tricmsa,23-diol (3.5 mmol) and
triethylamine (21 mmol) were dissolved in THF (4Q)mat 50 °C. To this solution mesyl
chloride (14 mmol) was slowly added via a syringbe resulting yellow suspension was
stirred for 3 hours until it turned red. After atloin of dichloromethane (50 mL) the reaction
mixture was successively washed with water (30 n2M, HCI (20 mL), water (20 mL),
saturated NaHC®Osolution (20 mL) and water (20 mL). The organiagh was dried with
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NaSO, and the solvent was removed in vacuo. After raalysation a gleaming white solid

was obtained in quantitative yield.

'H-NMR (400 MHz, CDC4, RT): 8 4.2 (t,°3.h = 6.5 Hz, 4H, 1-H), 2.98 (s, 6H, 5-H), 1.77-
1.68 (m, 4H, 2-H), 1.42-1.33 (m, 4H, 3-H), 1.334(tn, 34H, 4-H).

9.18.2 Preparation of Tricosane-1,23-diazide

In a round bottomed flask tricosane-1,23-dimesyl@® mmol) was dissolved in DMF
(35 mL) at 80 °C. To this solution sodiumazide §linmol) was added. The resulting mixture
was stirred at 85 °C for 5.5 hours. After coolihg suspension water (10 mL) was added. The
DMF-water phase was extracted with hexane twicee ©hganic layer was succesively
washed with saturated NaH@®olution (10 mL) and saturated NaCl solution (10).nThe
organic layer was dried with MN&O, and the solvent was removed in vacuo to give the
desired product as a white solid in 79 % vyield.

'H-NMR (400 MHz, CDC}, RT): 8 3.23 (t,*J4.s = 7 Hz, 4H, 1-H), 1.62-1.52 (m, 4H, 2-H),
1.40-1.18 (m, 38H, 3-H).

9.18.3 Hydrogenation of Tricosane-1,23-diazide to Tricosane-1,23-diamine

Tricosane-1,23-diazide (2.75 mmol) and Pd/C (3 %).{296 mg, 0.08 mmol Pd) were

weighed under air into a dry Schlenk. In an argoanter stream dry and degassed THF
(60 mL) was added. The resulting mixture was caamtnansferred into a 280 mL stainless
steel mechanically stirred (1500 rpm) pressure togaequipped with a glas inlay and a
heating/cooling jacket controlled by a thermocougifgping into the reaction mixture which

was purged several times with argon prior to thactien. The reactor was closed and
pressurised with 10 bar hydrogen and heated t@C4@fter 3 hours the reactor was cooled to
room temperature, and vented. The reaction mixwuae then filtrated repeatedly over a

Biuchner funnel at 50 °C to remove catalyst residlieen the solvent was removed in vacuo
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to give an off-white solid which was recrystallisedm ethanol to give the desired product in
82 % vyield.

4

N
1/ N

N N N N N N N N N N N
HyN NH,

'H-NMR (400 MHz, dmsdds, 130 °C): 2.57 (344 = 6.5 Hz, 4H, 1-H), 1.42-1.33 (m, 4H, 2-
H), 1.33-1.27 (m, 38H, 4-H).

Anal. calcd. for GsHsoN, (M = 354.66 g mat): C 77.89, H 14.21, N 7.90. Found: C 72.57, H
12.74, N 7.00.

9.19 General Procedure for the preparation of Polyamides from Amines and Carboxylic acids

Prior to all polymerisation reactions the so calleglon salts”, the diamine salts of the
corresponding dicarboxylic acids, were prepareghisure an exact stoichiometry of these two
components. For this purpose a 10 % ethanolicisalutf the diamine was slowly added to
an equimolar 10 % ethanolic solution of the dicasiic acid at elevated temperature which
lead to precipitation of a white solid. This mi@uwas refluxed for 0.5 to 1.5 hours. After
cooling the suspension to room temperature theewdulid was filtered off, washed with

warm ethanol and dried in vacuo.

Table9.1 Reaction conditions in polyamide synthesis.

excess time from time at T time at T M, x 10
polyamide diamine [oé] [;ré] T,.to T, under argonunder vacuum colour (NMR)/
[mol-%)] [h]? [h] [h] g mol*
PA 1119 0 100 250 4 0.5 19 brown 0.4
PA 11 23 0.047 120 210 4.5 3 17 beige 0.5
PA 1219 0 100 230 0.5 - 72 light brown 1.0
PA 12 23 0.038 100 200 55 16.5 4 beige 1.1
PA 2319 0 100 230 45 1.25 16.5 brown 0.9
PA 23 23 0.036 120 210 3 15 17.5 light brown 1.3

& under argon.

All polymerisations were carried out in a 100 mlotwecked Schlenk tube equipped with an
overhead stirrer, a vacuum tight stirrer guide (@JNMormalschliff-Ruhrverschluss,
Juchheim), a stainless steel stirrer shaft andiralspixing paddle. This Schlenk tube was
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charged with the nylon salt prepared before. Incdme of PA 11 23, PA 12 23 and PA 23 23
a small excess of the diamine was added. The Sclide was then purged several times
with argon and heated tq &nd further heated to, Tinder argon according to Table 9.1. After

cooling beige to brown solids were obtained.

9.20 Ruthenium - complex catalysed preparation of Polyamides

Following a literature procedure for the formatioialiphatic amides from primary alcohols
and amines in toluene by ruthenium complex catslylew molecular weight polyamides
from dodecane-1,12-diol and dodecane-1,12-diamiaee prepared*® For this prurpose a
100 mL two-necked Schlenk tube equipped with arrfeead stirrer, a vacuum tight stirrer
guide (JUVO-Normalschliff-Ruhrverschluss, Juchheim)stainless steel stirrer shaft and a
spiral mixing paddle, was charged with dodecan@-tljamine (5 mmol) and dodecane-1,12-
diamine (5 mmol) and then purged several times wipon. Then the Schlenk tube was
heated to 100 °C under stirring until the two moeosnwere completely molten. In the mean
time [RuCh(cod)] (0.25 mmol) KCEBu (1 mmol), 1,3-diisopropylimidazoliumchloride
(0.25 mmol) and tricyclohexylphosphine (0.25 mmwBre weighed into a second Schlenk
tube inside the glovebox. Toluene (2.5 ml) was ddaled the mixture was stirred at 110 °C
for 30 minutes before it was carefully added to mfi@ten monomer mixture. The resulting
reaction mixture was heated to 170 °C and stiroed72 hours. After cooling a black solid

was obtained.
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FigureA 1 *C-NMR spectrum of poly(dodecyloate) prepared witlo,JCO)s]/pyridine catalyst.
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Figure A 2 Details of"*C-NMR spectrum of poly(dodecyloate) prepared witlo,{CO)]/pyridine catalyst.
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Figure A 3 Details of"*C-NMR spectrum of poly(dodecyloate) prepared witlo,{CO)]/pyridine catalyst.
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Figure A 4 Carbonyl region of*C-NMR spectrum of poly(dodecyloate) prepared widflB/dtbpx catalyst.
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FigureA 5 H-NMR spectrum of Pd-catalysed methoxycabonylatidnl0-undecen-1-ol with dtbpx ligand
(Table 4.2, entry 1).
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Figure A 6 Details of'H-NMR of Pd-catalysed methoxycarbonylation of 1@ecen-1-ol with dtbpx ligand.
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Figure A 7 Detailed®*C-NMR of of Pd-catalysed methoxycarbonylation ofur@ilecen-1-ol with dtbpx ligand
(Table 4.2, entry 1).
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Figure A 8 *H-NMR spectrum of methyl-12-hydroxydodecanoate (&ab3, entry 1).

91



Appendix

4
r 5 —*~——3 7 g 44—
HO
5 1707
4 2 9
4
7 5 —~—3 1
HO\/\/\/\/\/\)I\O/S
6 4 2 1
12
11/\/\3
14 13 13 4
SN
15 4 43 13 >

8‘
11 JJA
_}.IE ]J-E A A
i i — — s 5’*‘*\
™ o <
3 s 8 s 8a
o LN ~ — =
5.2 4.4 3.6 2.8 2.0 1.2
CDCl,, 25 °C, 400 MHz f1 (ppm)

Figure A 9 *H-NMR spectrum of methyl-12-hydroxydodecanoate (&ab3, entry 2).
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Figure A 10'H-NMR spectrum of ethyl-12-hydroxydodecanoate (€ahB, entry 3).
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Figure A 11*C-NMR spectrum of ethyl-12-hydroxydodecanoate (€abB, entry 4).
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Figure A 12Details of**C-NMR spectrum of ethyl-12-hydroxydodecanoate (€abB, entry 4).
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Figure A 13Carbonyl region of*C-NMR spectrum of poly(dodecyloate) from ethyl-1ydtoxydodecanoate.
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Figure A 14Gas chromatogram of isolated dimethyl-1,19-nonaded®@ate (Table 5.1, entry 1).
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Figure A 15"C-NMR spectrum of isolated dimethyl-1,19-nonadeciwete. Insert shows enlargement of the
carbonyl regior®®
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Figure A 16'"H-NMR spectrum of dimethyl-1,23-tricosanedioatel{lEs5.2, entry 3).

95



Appendix

N
6 (O] 5 5 10 5
6
2 4
5
3
. i i ’j”_‘
8 2 y B
< < ¢ 9
5.4 4.4 3.4 2.4 1.4

CDClj, 25 °C, 400 MHz f1 (ppm)

Figure A 17*H-NMR spectrum of diethyl-1,23-tricosanedioate ([Eah.2, entry 1).
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Figure A 18*C-NMR spectrum of diethyl-1,23-tricosanedioate (€ah2, entry 1).
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Figure A 19Gas chromatogram of isolated diethyl-1,23-tricosioege (Table 5.2, entry 1).
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Figure A 20**C-NMR spectrum of poly(1,19-nonadecadiyl-1,19-narehedioate).
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Figure A 22"3C-NMR spectrum of poly(1,23-tricosadiyl-1,23-triemedioate).
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Figure A 23DSC trace of poly(1,19-nonadecadiyl-1,19-nonadederate).

Figure A 24WAXS diffraction pattern of poly(1,23-tricosadiylZ3-tricosanedioate): enlargement of region 12

to 31° with contributions of amorphous halo (greemd 110 (red) and 200 (blue) reflection (bottom;

deconvolution

vertically displaced for clarity).

99



Appendix

6
A
YA 2 AL O ,
NSNS NSNS ‘ ‘ ;
H 3 phenol 3 H 4 6 6 47,
6
f—)%
phenol
c,D,Cl,
6l
3
""" 293 5
1 24 J_
A | quw“ . \ -
170 150 130 110 90 80 70 60 50 40 30 20
C,D,Cl,, phenol 130 °C, 150 MHz f1 (ppm)
Figure A 25%C-NMR spectrum of PA 23 23.
DSC /{mWimg)
i peak: 167 °C, 2.7 mWimg | . peak 170 °C, 2 6 mWimg
area: 83 Jig

2 -

ond heating 1 .51\
] ¥ i 8 e B =
- At heating -
1 ‘ ' 15t cooling
‘2 -

peak: 145 °C, -2.9 mWimg
” area: -79 Jig
50 100 150 200 250

Temperature / °C

Figure A 26DSC trace of PA 11 19.
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Figure A 27WAXS diffraction pattern of PA 11 19.
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Figure A 28DSC trace of PA 11 23.
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Figure A 29WAXS diffraction pattern of PA 11 23.
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Figure A 30DSC trace of PA 12 19.
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Figure A 31WAXS diffraction pattern of PA 12 19.
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Figure A 33WAXS diffraction pattern of PA 12 23.
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