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Zusammenfassung

Zusammenfassung

In den letzten Jahrzehnten hat auf dem Gebiet der Kunststoffe eine enorme Entwicklung
stattgefunden, so dass diese aus unserem Alltag nicht mehr wegzudenken sind. Die Herstellung
erfolgt dabei tberwiegend auf Basis fossiler Rohstoffe, wie zum Beispiel Erdol oder Erdgas.
Insbesondere thermoplastische Polymere, die neben Duroplasten und Elastomeren zu den im Alltag
am meisten verwendeten Kunststoffen zahlen, werden fast ausschlieSlich aus nicht erneuerbaren,
fossilen Rohstoffen hergestellt. Vor dem Hintergrund der begrenzten Verfiigbarkeit dieser fossilen
Rohstoffe und um Ressourcen zu schonen ist mittel- bis langfristic die Entwicklung alternativer
Herstellungsverfahren auf der Grundlage von nachwachsenden Ressourcen wiinschenswert.

Aus chemischer Sicht sind fiir die Synthese von linearen Polymeren aus nachwachsenden Rohstoffen
vor allem pflanzliche Fettsiuren von Interesse. Diese enthalten neben langen kristallisierbaren,
aliphatischen Segmenten verschiedene funktionelle Gruppen, die unter anderem zur Herstellung
linearer, teilkristalliner Polyester oder Polyamide verwendet werden koénnen. Solch langkettige,
aliphatische Polykondensate sind von besonderem Interesse, da beispielsweise durch den linearen
Einbau der langen Kohlenwasserstoftketten kristalline Polyester mit hohen Schmelzpunkten (Tw >
100 °C) erhalten werden koénnen. Neben biotechnologischen Verfahren, wie zum Beispiel der -
Oxidation, sind fur die Synthese der hierfiir benétigten langkettigen, o,w-bifunktionellen Monomere,
vor allem chemisch-synthetische Umsetzungen von Interesse.

Im Rahmen dieser Arbeit konnten durch eine Sequenz aus Selbstmetathese, Veresterung und
anschlieende Hydrierung der vorhandenen Doppelbindung, ausgehend von Ol- bzw. Erucasiure,

sowohl der Cis- als auch der Cy-Diester hergestellt werden (Abb. 1).

/\/\/W""b/\/\/\/
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Abb. 1: Synthese von Dimethyl-1,18-octadecandioat und Dimethyl-1,26-hexacosandioat durch eine Sequenz
aus Selbstmetathese, Veresterung und katalytische Hydrierung der vorhandenen Doppelbindung.

Besonderes Augenmerk galt dabei der Unterdriickung der Isomerisierung der Doppelbindung
wihrend der Metathesereaktion. Diese unerwilinschte Nebenreaktion, welche sowohl zu kiirzeren als

auch zu lingeren difunktionellen Verbindungen fihrt, konnte durch Optimierung der Reaktions-
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Zusammenfassung

bedingungen und eine geeignete Wahl des Ausgangsmaterials vollstindig unterdriickt werden, so dass
beide Diester in einer Reinheit von = 99 % erhalten wurden. AnschlieBende Reduktion mit LiAIH,
oder katalytische Hydrierung fiihrte zu den entsprechenden langkettigen Diolen.

Die auf diese Art und Weise erhaltenen langkettigen o,w-funktionalisierten Verbindungen wurden
anschlieBend in Polykondensationsreaktionen zu Poly[1,18-octadecandiyl-1,18-octadecandioat] (PE-
18.18) und Poly[1,26-hexacosandiyl-1,26-hexacosanedioat] (PE-26.26) umgesetzt. Beide Polyester
besitzen ein zahlenmittleres Molekulargewicht von mehreren 10* ¢ mol” und zeigen im Vergleich zu
kommerziell erhiltlichen, aliphatischen Polyestern hohe Schmelzpunkte von T = 100 °C fir PE-
18.18 bzw. T = 114 °C fir PE-26.26.

Des Weiteren konnte in dieser Arbeit gezeigt werden, dass durch Selbstmetathese von einfach
ungesittigten Fettalkoholen und anschlieBende Isomerisierung der Doppelbindung selektiv
w-Hydroxyaldehyde aus den Enolen erhalten werden konnen, die iber traditionelle organische

Synthese nur sehr schwer zuginglich sind (Abb. 2).
NN NN
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Abb. 2: Selbstmethathese und Redox-Isomerisierung von Oleylalkohol (x=1) und Erucylalkohol (x=5).

Selektive Oxidation des Aldehyds ermoglicht zudem den Zugang zu langkettigen w-Hydroxycarbon-
sdureestern, die unter anderem als Monomere fir eine AB-Typ Polykondensation verwendet werden
konnen. Ausgehend von Undec-10-en-1-ol, das durch thermische Zersetzung von Rizinusél
gewonnen wird, kann in gleicher Art und Weise der Cy w-Hydroxycarbonsiureester erhalten werden.
Auf Basis dieser unsymmetrischen AB-Monomere wurde im Rahmen der vorliegenden Arbeit
sowohl Poly|w-hydroxyl octadecansidure] (PE-18) als auch Poly[w-hydroxyl eicosansdure] (PE-20)
hergestellt. Beide langkettigen, aliphatischen Polyester zeigen ein zahlenmittleres Molekulargewicht
von mehreren 10* g mol” und ebenfalls hohe Schmelzpunkte von tiber 100 °C.

Bei den bisher vorgestellten Syntheserouten zu langkettigen o,w-funktionalisierten Verbindungen
wird jedoch immer nur ein Teil der Fettsdurekette in das entsprechende Polymer tberfihrt, da die
Fettsdure an der reaktionsfreudigen Doppelbindung in der Mitte des Molektls gespalten wird. Um
den Rohstoff moglichst effizient zu nutzen ist eine Funktionalisierung am Kettenende erfordetlich.
Dies gelingt beispielsweise durch die isomerisierende Alkoxycarbonylierung. Bei dieser Reaktion wird

die interne Doppelbindung isomerisiert und am Kettenende selektiv mit Kohlenmonoxid und einem
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Zusammenfassung

Alkohol zum endstindigen Ester umgesetzt. Ausgehend von Methyloleat bzw. Methylerucat kénnen
so sowohl Dimethyl-1,19-nonadecanedioat als auch Dimethyl-1,23-tricosanedioat in einer Reinheit
von = 99 %. dargestellt werden. Beide Verbindungen wurden im Rahmen dieser Arbeit im Mal3stab
von tber 100 g erhalten und anschlieBend durch Reduktion mit IiAIH4 oder katalytische Hydrierung
in die entsprechenden Diole tiberfithrt (Abb. 3).

x = 1: Methyloleat
x = 5: Methylerucat

R, ot
CO/MeOH Pd
45\ ot

Cio| )
Foir i
(0] . (o) C23

Polykondensation _ PE-19.19: T, = 102°C

LiAlH,, THF
( PE-23.23: T,, =107 °C

oder
[Ru], NaOMe; 50 bar Hy 100 °C

H O/V\/\/\/\/\/\/‘(\/)):\/\OH )

Abb. 3: Synthese von Poly[1,19-nonadecadiyl-1,19-nonadecandioat] (PE-19.19) und Poly[1,23-tricosadiyl-
1,23-tricosandioat]| (PE-23.23).

Polykondensation der so erhaltenen langkettigen, o,w-difunktionalisierten Verbindungen fithrt zu
Poly[1,19-nonadecadiyl-1,19-nonadecandioat] (PE-19.19) und Poly[1,23-tricosadiyl-1,23-tricosan-
dioat] (PE-23.23). Nach Optimierung der Polykondensationsbedingungen sind nun beide Polyester
im MaBstab von mehr als 10 g pro Ansatz mit einem zahlenmittleren Molekulargewicht von tber
3,0 x 10" g mol verfigbar. Die Schmelztemperaturen liegen dabei bei T, = 102 °C fir PE-19.19
und T, = 107 °C fir PE-23.23. Erste Untersuchungen der Materialeigenschaften dieser neuartigen
Polymere an spritzgegossenen Priifkérpern zeigen ein E- Modul von ungefihr 400 MPa bei einer
Bruchdehnung von tber 600 %. Dartiber hinaus deuten erste Versuche darauf hin, dass diese
neuartigen Materialien eine verbesserte hydrolytische Stabilitit, sowohl in sauren als auch alkalischen
Medien, aufweisen.

Im Rahmen der vorliegenden Arbeit konnte zudem herausgearbeitet werden, dass solch langkettige,
a,w-funktionalisierte  Verbindungen auch als kristalline Hartsegmente in thermoplastischen
Elastomeren verwendet werden kénnen. Durch Polykondensation von Dimethyl-1,23-tricosandioat
und 1,23-Tricosandiol zusammen mit OH-terminiertem Polytetrahydrofuran als Weichsegment

wurden Polyester-Polyether Copolymere mit einem zahlenmittleren Molekulargewicht von bis zu
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Zusammenfassung

6,0 X 10* g mol™ erhalten. In Abhingigkeit von der Zusammensetzung, sowie des Molekulargewichts
des Polytetrahydrofuran-Weichsegments, zeigen diese rein aliphatischen, thermoplastischen
Elastomere Schmelzpunkte zwischen 30 und 96 °C. Erste Untersuchungen der Materialeigenschaften
dieser neuartigen Polymere an spritzgegossenen Prifkorpern belegen, dass durch die langen, kristal-
lisierbaren Kohlenstoffketten physikalische Vernetzung erzielt werden kann, die bei ausreichend
hohem Anteilen der langkettigen aliphatischen Monomerkomponenten zu elastomerem Verhalten,
mit gutem Ruckstellvermogen und einer Bruchdehnung von bis zu 870 %, fihrt.

Ublicherweise werden jedoch fiir die hier vorgestellten chemisch-synthetischen Umsetzungen
pflanzliche Fettsiuren als Rohstoffquelle genutzt. Im letzten Teil dieser Arbeit konnte gezeigt
werden, dass auch Algen, trotz ihrer signifikant anderen Zusammensetzung, welche die
Katalysatoren deaktivieren konnte, als geeignetes Ausgangsmaterial verwendet werden kénnen. Nach
Extraktion der einzelligen Kieselalge Phacodactylum tricornutum wurde das erhaltene Algendl tiber die
isomerisierende Alkoxycarbonylierung in eine Mischung aus langkettigen, o,w-funktionalisierten
Diestern unterschiedlicher Kettenlinge (Ci7 und C9) tGberfithrt und anschlieBend durch Reduktion

mit LiAlH4 in die entsprechenden Diole umgewandelt (Abb. 4).

O —N—
Phaeodactylum Algendl @'il
tricornutum
Katalysator / CO / MeOH

N Polykondensation o] o

h ~ JW/\/\/\/\/\/\/U\ -

A (0] X (o)
C47 (und Cyqg)

PE-17/19.17/19

Reduktion zum C47 (und Cg) diol
Abb. 4: Syntheseroute zu langkettigen, aliphatischen Polyestern auf Basis von Algendl.

Die auf diese Art und Weise hergestellten Monomere konnten in der fiir Polykondensationen
erforderlichen Reinheit von = 99 % isoliert werden und wurden anschlieBend zur Herstellung eines
gemischten Polyesters PE-17/19.17 /19 auf Basis von Algendl verwendet. Bei einem zahlenmittleren
Molekulargewicht von mehreren 10* g mol” besitzt dieser gemischte Polyester einen Schmelzpunkt
von 99 °C und fiigt sich somit hervorragend in die Reihe der Schmelzpunkte anderer, langkettiger,

Polyester mit regelmal3iger Struktur ein.

XII



Table of contents

Table of contents

1

1.1
1.2
1.3
1.3.1
1.3.2
1.3.3
1.4
1.41
1.4.2
1.5

3.1
3.2
3.2.1

3.2.2
3.3
3.4
3.4.1
3.4.2
3.4.3
3.5

4.1
4.2
4.2.1
4.2.2
4.3

General introOdUCHION . ...uiii ittt 1
SOULCES Of MOMOMETS ..ottt 2
Classical 0rganic SYNThESIS......cciiiiiiiiiiiiiii s 3
Plant-oil fatty acids as a source of mid-chain MONOMETS........ccceviiviiiiiiiiiiii e, 6
Biotechnological m-0XIdAtION .......ccucuiiiciiiiiiiiiiiieie e 8
Olefin METATRESIS. c.cucuiiiiiuiieieieicieiie bbbt 10
Isometization funCiONANZATION .....cucvviieiiiiiiieiicit e 13
Long-chain aliphatic POIYESLELS ......ccviiiiiiiiiiiiiiiiiii s 19
Synthesis of long-chain aliphatic POIYESters ..., 19
Typical properties of long-chain aliphatic POIYEStErs........cvuiiiiiviiciririiciririicieireeeeeeeeaes 20
REFEICICES ..t 27

Scope Of the thesis .....uuiiiiiiiiiiiiiiiiiiiiiiiiii e 39

Long-chain polycondensation monomers by self-metathesis of

unsaturated fatty aCidS...ccccciiiiiiiiiiiiiiiiiiiiiiii e 41
IO tEOAUCHON vttt ettt ettt ettt et e s b e st e st e sabesabesabesabesabesabesnsesnbesasesnsesaresnne 41
RESUILS AN AISCUSSION cuvtevtetteee ettt ettt ettt eee e et e et e eaeeeeeeeeeeeaeseaeeeseeenesenesesesasesenesenesnnesane 43

Long-chain a,w-difunctional compounds by self-metathesis of unsaturated

FALEY ACIAS . cvu ettt 43
Synthesis of Polyester-26.26 and Polyester-18.18 ....c.ccovuviviriririniniiiiccccceeeeeeieierenenens 47
CONCIUSION .ottt 50
ExXperimental SECION ... 51
Materials and general coNSIAEratioNS........ccviuiviiiiiiiiiiiiiii s 51
Synthesis and characterization of Polyester-26.26 and Polyester-18.18.......c.cccccevuvicrvrnicnnne. 52
Molecular weight determination by "H-NMR SPECtrOSCOPY...uveurerrerivsnersererereseesersessesesesennes 60
REFEICNCES .t 61
Unsymmetric AB-type polycondensation monomers via redox isomerization.............. 65
INELOAUCHION et 65
Results and diSCUSSION ....cuviuiiiiiiiciiiii bbb 67
Synthesis of long-chain w-hydroxy carboxylic acid esters of different chain-length................. 67
Synthesis of Polyester-18 and Polyester-20.......ccvieueuriieuerriieieiiieeeeeeseeeeseneeeeeseneeeeenenes 71
CONCIUSION oottt 72



Table of contents

4.4
4.4.1
4.4.2
443
4.5

5.1

5.2

521
52.2
523
524
53

5.4

54.1
5.4.2
54.3
5.4.4
5.4.5
5.4.6
5.4.7
5.4.8
5.5

6.1
6.2
6.2.1
6.2.2

6.3
6.4
6.4.1
6.4.2

X1V

EXPerimental SECHION ....oviiiiiiiiicccccccctce et 73
Materials and general CONSIAEIAtIONS ......c.cuvuiueuiiiiieiiiiieiiictee et sennaes 73
MONOMET SYNLNESIS ..ttt n s 74
POLYMEr SYNRESIS ...ttt et 80
RELEIEIICES .ottt 83
Material properties of long-chain aliphatic polyesters........ccovuuerieeeiiiiiiiinnneeeeeeciiiiiinnnnns 85
IOEEOAUCHON oo 85
Results and diSCUSSION ....cviiiiiiiccicciccce e 87
Monomer and polymer STARESIS. ......vieuriiieiiiiccieieeeeee e 87
TENSIE PLOPEITIES ..vuvuviieciiictiicteict ettt 92
Dynamic mechanical analysis ... 93
Hydrolytic degradation ... 95
CONCIUSION 1ttt 97
ExXperimental SECHON ... 98
Materials and general cONSIAEIatioNS......c.cucvuiuiiiiiiiiiiii s 98
MONOMET SYNLNESIS ..ttt 98
POlycoNdenSation ..o 102
Rheological tESTNE .....oviiiiiiiiiiicc bbb 102
TENSIE tESTING ..ucvviiiiiiiiicic b 105
SHhOLe D MafdNESs ..ceevvuieiieieiiccieie et 106
Dynamic mechanical analysis ..o sesesesesenens 106
Hydrolytic degradation .......c.coccueiiicieiiieieiriiceirccieteece et saeses st nnaes 107
REFEICNCES ..t 108

Thermoplastic polyester elastomers based on long-chain crystallizable

aliphatic hard Se@MmMENtS.....ccciiiiimiiiiiiiiiiiiiiii e 111
INEOAUCHON oo s 111
Results and diSCUSSION ....cucuviiiuiiiiiiiiiiiiiii s 113
Syntheses of thermoplastic polyester elastomers based on aliphatic hard segments .............. 113

Mechanical properties of thermoplastic polyester elastomers based on aliphatic

NALA SEZIMEIIES ..ottt ettt 115
CONCIUSION 1ottt 119
EXpefrimental SECHION ... 120
Materials and general CONSIAEIAtioNS . .......cuviuiuiiiiiiiiiiiiiiciic e 120
General polymerization PrOCEAULE .......iiviiiriiiiiiiiiiii s 120



Table of contents

6.4.3
6.4.4
6.5

7.1
7.2
7.2.1
7.2.2
7.2.3

7.2.4
7.3
7.4
7.4.1
7.42
7.4.3
7.4.4
7.4.5
7.4.6
7.4.7
7.4.8
7.4.9
7.4.10

7.5

8
8.1

9

TENSIIE tESTING ..vucvviiciiiicic s 121
CYCHC NYSTELESIS TESTS ..uuiirieuiiiiiiteiereitieiet ettt ettt ettt ettt a bt n s benens 123
RELEIEIICES .ttt 124
Synthetic polyester from algae Oil ......ccooviviunriiiiiiiiiiiiiiiiiiiiie 127
INEEOAUCHON et 127
Results and diSCUSSION .....iiiiiiiiiciciccece s 129
Growth and extraction Of aAlgae ........ccciiiiiiiiiiiniiiiiic e 129
Identification and monomer generation from fatty acids in algae oOil ........cccccvvviiiiiiinininnes 130
Synthesis of genuine samples of 1,17-; 1,21- and 1,25-diester and
corresponding model Polyesters-X. X (X = 17, 21 and 25) ..c.covceeivviiciininicirccreiccenenes 133
Preparation of mixed linear long-chain aliphatic polyester from algae oil.........cccccevvviriininnes 135
CONCIUSION 1ttt 138
EXperimental SECON ... 139
Materials and general CONSIAEIALIONS .......oviuiveviieeieiiiiieiereice et nnae 139
Cultivation Of AlGAC ..o 140
Extraction of fatty acids from algae ........ccccceuviiiiiniiciiiiiniieierce e 140
Isomerizing methoxycarbonylation of algae Oil.........ccccvviiiiiiniiiiiiiies 141
Reduction of diesters from the isomerizing methoxycarbonylation of algae oil..................... 141
Synthesis and characterization of mixed linear long-chain Polyester-17/19.17/19................. 142
Synthesis of dimethyl-1,17-heptadecanedioate.........ceuvieeiriniceeirriieiiiecirrceeeeeenenes 144
Synthesis of dimethyl-1,21-henicosanedioate .......ccceueueeeeririririniniririiiccecceeeerereenenenenens 147
Synthesis of dimethyl-1,25-pentacosanedioate ... 150
Synthesis and characterization of Polyester-17.17, Polyester-21.21
ANA POLIYESIEr-25.25 ..ottt 152
RELEIEIICES .ttt 156
CoNClUSIVE SUIMIMALY «.uuuriiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiisssssssssssssssssssssssssssssssssssssssssssssssssssssses 161
REFEICIICES ..t 166
LAtEIAtUre coceuerneiieiieeeiiiiiiiiitteeeeeseccttttee e e e eee e araatee e e e e e e s sasaasaeeeesesssssssssssassesessssssnns 167

XV



Table of contents

XVI



List of abbreviations

List of abbreviations

Equipment and methods

DMA Dynamic Mechanical Analysis
DSC Differential Scanning Calorimetry
GC Gas Chromatography

GPC Gel Permeation Chromatography
NMR Nuclear Magnetic Resonance
WAXD Wide-angle X-ray Diffraction

NMR-Spectroscopy

br Broad

s Singlet

d Doublet

dd Doublet of doublets

t Triplet

q Quartet

m Multiplet

Ty Coupling constant of atom X and Y over n bounds
ppm Parts per million

) Chemical shift in ppm
Compounds

acac Acetylacetonate

biphephos 6,0"-[(3,3"-Di-fert-butyl-5,5'-dimethoxy-1,1'-biphenyl-2,2'-diyl) bis (oxy)]
bis(dibenzo[d,f][1,3,2]dioxaphosphepin)

coe Cyclooctene

dppe 1,2-Bis(diphenylphosphino)ethane

dtbpx 1,2-Bis|(di-zer-butylphosphino)methyl]benzene
FAME Fatty acid methyl ester

PP Diphosphine

PBS Phosphate buffered saline

PE-XY Polyester, that is derived from Ci-diol and C,-diacid
PET Poly(ethylene terephthalate)

ROP Ring Opening Polymerization

XVII



List of abbreviations

Other abbreviations

DP,

wt.-%

XVIII

Degtee of polymetization = M,/M, (M, molecular weight of the repeat unit)
Storage modulus

Loss modulus

Mol fraction

Number average molecular weight
Weight average molecular weight
Molecular weight distribution
Pressure

Temperature

Crystallization temperature
Melting temperature

Percentage by mass



General introduction

1 General introduction

For the largest part, synthetic polymers possess an aliphatic backbone structure. In terms of scale
the most prominent examples are polyolefins. But also polycondensates like polyesters and
polyamides are largely aliphatic. In technically relevant polyesters and polyamides, the aliphatic
segments are relatively short, typically amounting to six atoms or shorter linear carbon chains.
Thus, the physical and applications properties are often dominated by the polycondensates'
functional groups. For example, the advantageously high modulus and heat distortion
temperature of polyamide-06,6 arise from hydrogen bonds between the amide groups. However,
an intermediate situation in which both a polycondensate nature as well as an aliphatic chain
nature contribute substantially, is of interest in its own right. For example, other than low-density
polyethylene (LDPE), polyesters can allow for hydrolytic degradability and enable applications
like disposable bags for compostable waste. In order to achieve sufficient melting and
crystallization points, however, aromatic repeat units are required and the commercial products
are mixed aromatic-aliphatic polyesters. In principle, such higher melting points can also be
achieved in all-aliphatic polyesters by virtue of longer-chain aliphatic repeat units, that crystallize
via van-der-Waals interactions between the hydrocarbon segments, akin to polyethylene.
Polyesters with longer chain linear aliphatic repeat units have been studied eatly on, already in the
pioneering work of Carothers.' The relationship between monomer chain length and melting
points was studied in much detail. Other than this, longer-chain difunctional monomers and their
corresponding polymers have received comparatively little attention. This can be traced to the
lack of viable routes to access these monomers in a more practical fashion than the multistep
traditional organic syntheses employed for the preparation of these model polymers.

In principle, fatty acids are an attractive substrate to consider for this purpose in that they contain
longer aliphatic segments -(CHy).- as a structural feature along with a terminal functional group.
To illustrate the problem of their conversion to polycondensation monomers, the existing
application of fatty acid derivatives as cross-linkers in polyurethanes is instructive. In this case, a
multiple mid-chain functionalization, e.g. via epoxidation of the double bonds and subsequent
hydrolysis, affords multifunctional molecules.” As another example, branched 'dimer fatty acids'
as difunctional monomers are produced by a mid-chain dimerization of two molecules of
unsaturated fatty acids.** However, to obtain crystallizable linear o,w-difunctional monomers,
other approaches like a selective terminal functionalization of the fatty acid chain are required.
Recent advances in catalytic conversions of plant oils provide solutions to this problem. This

encourages to bridge the gap between semicrystalline polyolefins and traditional polycondensates.
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1.1 Sources of monomers

For the synthesis of long-chain aliphatic polyesters polycondensation monomers with appropriate
amounts of methylene segments are required. Traditionally, these linear long-chain difunctional
compounds are prepared via sequential build-up starting from shorter chain building blocks. An
interesting alternative to these multistep syntheses is a selective terminal functionalization of fatty
acid derivatives, which already contain linear long chain crystallizable segments. A number of
such straight-chain compounds actually also occur naturally. Aliphatic long-chain dicarboxylic
acids as well as w-hydroxy carboxylic acids for example are building blocks of naturally occurring
polyesters like cutin and suberin in cork (Scheme 1.1).°” Nevertheless these natural resoutces
normally are not used to recover these compounds, as their purity is often low and removal of
other contaminants is extremely difficult. Hence these polycondensation monomers have often

been prepared via classical organic synthesis.

Suberin Cutin
Cyg-Family Cqg-Family
\(\),COOH
n
COOH — COOH
\(\,)/\ \(\‘);4 \(\/);_\(v);
' OH
COOH /M/:(\‘),COOH
COOH Ho/\(\’)h HO™ ™7 7
Ho
OH o)
HOOCQ‘COOH HOWCOOH HOA(\,);A\(\,);COOH
Phenolics HO OH
HO ’ 7COOH

(m=18-30; n = 14-20) (y = 5,6,7 or 8; x+y = 13)

Scheme 1.1: Structure of the major repeat units of suberin and cutin.¢
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1.2 Classical organic synthesis

A range of laboratory scale multistep synthesis schemes starting from smaller building blocks,
often applying elaborated protection and deprotection steps, have been developed in the past.
Syntheses of long-chain o,w-functionalized compounds for instance can be achieved by coupling
of two shorter-chain fragments; e.g. docosane-1,22-diol can be synthesized in three steps from
commercially available 11-bromoundecan-1-ol (Scheme 1.2).°

Me,SiCl
HO NN N NN ——————— Me;;SiO/\/\/\/\/\/\Br

1. Na; ))) (Wurtz Coupling) l Nal
Hydrolysis

2.
-
c22 HO o OH Me;SiO [

1. HBryq
2. Me;3SiCl
3. Nal
4. a) Na; ))) (Wurtz Coupling)
b) Hydrolysis
HO 10 10 oH Cy4

Scheme 1.2: Multi-step synthesis of docosane-1,22-diol and tetratetracontane-1,44-diol.8

By a repeated sequence of mono-bromination of the Cy diol and coupling to double the original
chain length, an extension up to 44 carbon atoms was possible, yielding tetratetracontane-1,44-
diol.**"" Even longer a,w-functionalized compounds have been obtained by a multi-step
procedure developed for the synthesis of very long chain alkanes' and functionalized derivatives
thereof."” Based on an iterative sequence involving a coupling step through Wittig olefination of
an aldehyde, straight chain aliphatic dicarboxylic acids containing from 48 up to 192 methylene

groups were generated (Scheme 1.3).

0/> PhsP 0’> _
= + + Br
Br”(\*‘\ Ph3p/‘(\/),{\o

AN
H+/H20 | BaSe
n cycles
(o} O’>
Br/\(\/)fLH Ph3P4M){\O 1 H
| Wittig reaction | 2. LiAIH,4
3. Ph3P/CBry (— a,0-Dibromide)
¢ 4. Mg; CO,

o)
o 5. Hy/Pt Cs50/C1o4
- HO
BrW} + Phgp=0 ——— MOH
X X O

Scheme 1.3: Multi-step synthesis? of pentacontane-1,50-dioic acid (n = 2) and tetranonacontahectane-
1,194-dioic acid (n = 4).12
« The first reaction sequence starts with x = 10, whereas n is the number of cycles applied.
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Another useful coupling protocol to linear long-chain o,w-functionalized compounds is Kolbe
electrolysis.” Anodic decarboxylation of dicarboxylic acid (half-)esters gives access to radicals for
dimerization and coupling, leading to the higher homologues of the dicarboxylic acids (Brown-
Walker coupling).'*'>' Starting from sodium ethyl sebacate, the linear long-chain aliphatic Css
diester can be obtained via two subsequent electrolysis steps (Scheme 1.4). As a side note, this
synthetic method has been also applied to the methyl ester of the Css dimer fatty acid (isomeric

mixture), which was coupled to yield a mixture of branched Cy diesters."”

o 0 e 0 o [ -co, 0 ¥
™ " A A T oAt
o x 0 anode o A 0 o AN
acyl radical alkyl radical

dimerization
° :
/\0 A N ~
(o]

Scheme 1.4: Electrolytic synthesis of diethyl tetratriacontane-1,34-dioate (2 cycles with x = 4).15

Further approaches have been developed to extend the chain length of wo,w-functionalized
compounds. Starting from aliphatic «,w-dihalides, long-chain dicarboxylic acids with up to 22
carbon atoms have been prepared by metal-catalyzed coupling reactions with short-chain o,w-
ester acid chlorides.” In this way, for example, 1,10-dibromodecane can be extended to yield
docosane-1,22-dioic acid (Scheme 1.5). Even longer chain dicarboxylic acid esters, namely
dimethyl-tetracosane-1,24-dioate and diethyl tetracontane-1,30-dioate, can be prepared by
coupling with iodo-substituted carboxylic acid esters of the approptiate chain lengths."

Br\/\/\/\/\/\Br
Mg

Bng\/\/\/\/\/\MgBr

1. CdCl,
Grignard Reaction 2. CICO(CH,)4COOEt
3. NaOH/H,0
o
HOOC/\/\/U\/\/\/\/\/\H/\/\/COOH
(o}

1. Ho,NNH,/KOH

Reduction 2 Hél 2

HOOC

COOH

Scheme 1.5: Chain-extension of 1,10-dibromodecane via Grignard coupling with short-chain «,w-ester
acid chlorides.!8
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An alternative route to docosane-1,22-dioic acid is a chain extension of decane-1,10-dioic acid by
twelve carbon atoms via C-C scission of a cyclic malonic ester as the key step (Scheme 1.6).”
This chain-extension approach has been applied to different o,w-dicarboxylic acids.”> Moreover
by both, increasing the ring size of the enamine and multiple application of this reaction
sequence, chains of considerable length can be constructed.””** In this way Hiinig e a/. for
example synthesized linear o,w-dicarboxylic acids with up to 56 carbon atoms. They already
pointed out the decreasing solubility of the products as a limiting factor for this synthetic

pathway.** Nevertheless, Wakselman and coworkers could even achieve heptacontane-1,70-dioic

acid by combination of these chain extension reactions.”
(o) (o) o) 0
(o m/l\kﬁvJLC| [ j [ j H : o o o o
6 ydrolysis

N" o o "N

2 N - = - =

I M
6
AAA
0 o

Na00C._~_~ I~ I~ ~_CcOONa

6

Reduction 2. KOH; A
then HCI

HOOC _~ A~ A~ U~~~ COOH
e

Scheme 1.6: Chain-extension of decane-1,10-dioic acid to docosane-1,22-dioic acid.?
Many further examples of such multi-step approaches to a,w-long-chain compounds have been
reported.”” While they are elegant in providing even components with a very large number of
carbon atoms precisely, they are very tedious and rather inefficient as a source of monomers for

purposes others than model polymers on a small scale.
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1.3 Plant-oil fatty acids as a source of mid-chain monomers

These classical organic syntheses still remain tedious and inefficient. Purification and isolation of
the long-chain compounds become more and more difficult, as the chain length increases.
Differences in physical properties between starting material, desired product and possible side-
products vanish, eventually making a separation difficult. Moreover, although conversions of the
single reaction steps might be convincing, the yield of the desired final product referred relative
to the starting material utilized is often limited. Alternative approaches have emerged utilizing
plant-oil derived fatty acids, as these substrates already contain linear long-chain hydrocarbon
segments. In this context, it is instructive to briefly review existing routes to shorter, medium
chain monomers from fatty acids. Some pathways to such polycondensation monomers (with
numbers of carbon atoms ranging up to 13) from unsaturated fatty acids are already established
industrially. As the most prominent starting material ricinoleic acid, the major component of
castor oil, has been used since many years. Undecenoic acid for example is obtained via thermal
rearrangement with chain cleavage.” Further addition of hydrobromic acid and addition of
ammonia yields 11-aminoundecanoic acid, the starting material for nylon-11. Likewise, sebacic
acid, which is used for nylon-6.10 synthesis, can be generated by cleavage under strongly basic

conditions (Figure 1.1).”

castor oil plant
(ricinus communis)

o ricinoleic acid

COOR

OH

+
ROOC/\/\/\/\/COOR l

sebacic acid

/\/\/\n/H + RAANNNCOOR

(o] undecenoic acid
HZN\/\/\/\NHZ l

1. HBr
Nylon 6.10 2. NHj3

Nylon 11 <—— H,N

COOR

Figure 1.1: Mid-chain length monomers and polyamides based on ricinoleic acid.
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Both of these routes require a hydroxy substituted unsaturated fatty acid, of which ricinoleic acid
is the only practically available example. Castor oil, consisting mainly of ricinoleic acid (85-95 %),
is currently produced with an annual capacity of about 600,000 tons.” However, it is significantly
more costly (ca. double the price) than other plant oils like soybean, palm or rapeseed oil
Moreover, in the transformations described above only one side of the fatty acid chain with
respect to the double bond is incorporated and stoichiometric amounts of less valuable
byproducts are formed. These arguments also apply to ozonolysis, which converts
monounsaturated fatty acids to o,w-diacids. In this way several thousand tons of the medium
chain length diacids azelaic acid (Cy) and brassylic acid (Cis) are produced industrially by oxidative
cleavage of oleic acid and erucic acid, respectively, affording pelargonic acid as a byproduct
(Scheme 1.7).%
NN COOH

oleic acid (x = 1)
Ozonolysis 0, erucic acid (x = 5)

O,
oo

\/\/\/\)_WM\/COOH
X

lll oxidative workup

\/\/\/\/COOH
+
HOOC._~_f~)_~_COOH
N Co/Cy3

Scheme 1.7: Synthesis of azelaic and brassylic acid by ozonolysis of oleic acid and erucic acid,
respectively, both giving pelargonic acid as a byproduct.?

To employ the potential of the linear long-chain hydrocarbon segments and also in order to
utilize the feedstock most efficiently, a full incorporation of the entire fatty acid chain into linear
long-chain a,w-functionalized compounds is desirable. Biotechnological transformations provide

a possible approach to this challenge.
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1.3.1 Biotechnological w-oxidation
Certain yeasts strains, e.g. Candida tropicalis, Candida maltosa and Yarrowia lipolytica are able to
oxidize terminal aliphatic carbons to carboxylic acids. This w-oxidation enables the conversion of

fatty acids and their derivatives to long-chain dicarboxylic acids (Scheme 1.8).****

/V\NW\/\/COOH
X
®-Oxidation enzyme
H
HOOC NSO (. Cyp

Scheme 1.8: Enzymatic w-oxidation of fatty acids.

o
\/\(\/)’\)l\ _ —> B-Oxidation
g o

O2i NADPH Hydroxylase-complex
(Cyt-P450 monooxygenase,
H,0: NADP* NADPH:CytP450 oxidoreductase)
o
HO/\/\WLO_
X
0,
Fatty alcohol oxidase
H20,
(o} o
HJI\/\WJ\O—
X
NAD*
Fatty aldehyde
NADH dehydrogenase

(o] 0o
_ )W/\/U\ _ [—> B-Oxidation
O i O

Scheme 1.9: Mechanism of terminal oxidation of fatty acids.*

Linear aliphatic diacids with the same number of carbon atoms as the fatty acid starting material,
that is an even number usually in the range from 14 to 22, can be obtained. The first step of this
biotechnological transformation is catalyzed by a hydroxylase complex and involves a terminal
oxidation of the fatty acid to a primary alcohol (Scheme 1.9). In a second step the alcohol is
oxidized by a fatty alcohol oxidase to the corresponding aldehyde, which is subsequently
converted to the carboxyl group of the corresponding diacid.* Given that the fatty acids, as well
as dicarboxylic acids, can be metabolized further via the B-oxidation pathway to produce energy,
an enrichment of the o,w-functionalized target compound is only possible by blocking these

degradation pathways, either by deletion of genes involved in this metabolic oxidation,”* ot by
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manipulation of transport processes within the cell.” As a trade-off an additional, often costly
carbon source like glucose is necessary to maintain the energy supply. Further optimization of the
biocatalyst was achieved via overexpression of enzymes. Amplification of the Cyt-P450 mono-
oxygenase (CYP) and NADPH:Cyt oxidoreductase (CPR) genes in Candida tropicalis involved in
the w-oxidation pathway leads to a 30 % increase in productivity compared to the B-oxidation

blocked wildtype (Table 1.1; entries 1 and 2).**

Table 1.1: Maximum product concentration (Cay) and maximum production rate of

dicarboxylic acid (Rary) in w-oxidation.

entry Strain Substrate CMax RMax Ref.

1 C. tropicalis 95 % methyl myristate 150 gL1in92h 1.63 gL ht [48]
(AR40) (14:0)

2 C. tropicalis 95 % methyl myristate 115¢gL1in 92 h 1.25 gLt h'! [48]
(H5343) (14:0)

3 C. tropicalis 95 % methyl myristate 145 ¢ L1in 118 h 147 gLt h! [48]
(AR40) (14:0)

4 C. tropicalis 95 % methyl palmitate 94 ¢L1in 118 h 0.80 g L' h! [48]
(AR40) (16:0)

5 C. tropicalis 95 % methyl stearate 71 gL1in 118 h 0.60 g L' h! [48]
(AR40) (18:0)

6 C. tropicalis oleic acid 18 gL 1in72h 0.25 g LT h! [50]
(ATCC20962) (18:1)

7 C. tropicalis erucic acid 14 gL 1'in72h 0.20 g L' h! [50]

(ATCC20962)  (22:1)

The productivity of these biotechnological transformations strongly depends on a variety of
different parameters (e.g. medium composition, availability of oxygen, pH-value, temperature and
emulsification of hydrophobic substrates) and has to be optimized during bioprocess engineering.
Key features of selected optimized fermentation approaches for the microbial transformation of
long-chain dicarboxylic acids with different chain lengths are summarized in Table 1.1.
Remarkably, substrates with shorter chain length can be converted with higher efficiency when
compared to long-chain substrates (Table 1.1; entries 3-5). Moreover it could be demonstrated
that the position of the double bond in unsaturated fatty acids is maintained (Table 1.1; entries 6
and 7). Thus, also unsaturated o,w-functionalized diacids can be prepared.”

/\/\/\/\/\/\/COOR
R =H, Me
@-Hydroxylation enzyme

HO. COOR

C1a

Scheme 1.10: w-Hydroxylation of myristic acid and methyl myristate.>!

A related transformation of fatty acid substrates is w-hydroxylation, introducing a terminal

hydroxy group at the unsubstituted hydrocarbon chain end. Applying modified yeast strains the
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14-hydroxytetradecanoic acid can be obtained with yields of 174 g L' with less than 5 %
formation of the corresponding dicarboxylic acid after 148 h of biotransformation (Scheme
1.10)."" A key requirement is the elimination of enzymes that oxidize the alcohol group in the
second step of the w-oxidation pathway (cf. Scheme 1.9). As demonstrated by Gross and
coworkers this can be achieved by genetically modifying a Candida tropicalis strain in 16 genes.
Such engineered strains are capable of converting a range of fatty acids with various chain lengths
(14:0; 16:0; 18:0; 18:1; 18:2) to the desired unsymmetrical compounds, which can serve amongst
others as AB-type monomers for polyester synthesis.”"”>

A crucial issue in all these biotransformations is the downstream processing, i.e. separation and
purification of the products from the fermentation broth. Mechanical, thermal or chemical
separation methods have to be adapted to the upstream bioconversion process, just as much as
to further utilization of the obtained compounds.” As high purities of the products are required
for their application as polycondensation monomers, the latter point is especially important.

Due to the classification of Candida tropicalis as a pathogenic microorganism,™ cutrent research
efforts are also focused on the utilization and optimization of non-pathogenic microorganisms
such as Yarrowia lipolytica or Saccharomyces cerevisiae.” Currently, several companies are active in the
microbial production of medium- and long-chain dicarboxylic acids from fatty acids. This
technology has been pioneered amongst others by Cognis, >*° but most producing companies
using this technology are located in China (e.g. Cathay Industrial Biotech and Shandong Hilead
Biotechnology).

1.3.2 Olefin metathesis

An entirely chemical-synthetic approach to linear long-chain o,w-functionalized compounds is
provided by olefin metathesis. In the last two decades major improvements have been achieved
in metathesis catalyst performance, and olefin metathesis has evolved as a powerful tool for oleo-
chemistry.””** Metathesis products like unsaturated diacids, diesters, or mixed o,w-functionalized
compounds in principle can be used for polycondensation conversions after hydrogenation of
the carbon-carbon double bonds. However, as double bond isomerization® is a generic issue in
olefin metathesis and ultimately will result in the formation of a,w-difunctional compounds of
various chain-length, which likely cannot be separated completely, this side reaction is a crucial
issue for the generation and isolation of well-defined o,w-functionalized polycondensation

monomers in pure form (> 99 %).
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Self-metathesis reactions

An early example of self-metathesis of unsaturated fatty esters into mono-unsaturated
hydrocarbons and o,w-diesters was reported by van Dam ez /. in 1974.°* Using WCls/SnMe; as a
catalyst system, methyl oleate (and methyl elaidate) were converted to dimethyl-octadec-9-ene-
1,18-dioate and octadec-9-ene, reaching equilibrium conversion within a few hours (Scheme

1.11).

i c
. (0] e
o Self-Metathesis - Z (o}
o +

z o~
olefin
NN NN

metathesis
catalyst

Scheme 1.11: Self-metathesis of methyl oleate.

Subsequently, several other classical i situ catalyst systems and also heterogeneous catalysts were
found to convert unsaturated fatty acids and oil substrates.”** However, their performance in
these reactions is limited due to their (partially) insufficient tolerance toward the substrates’
carboxylic acid or ester groups.” This issue was advanced with the development of more
functional group tolerant, defined metal alkylidene metathesis catalyst precursors.”*

In particular, ruthenium alkylidenes, most prominently [(PCy3).CLRu=CHPh] (Grubbs first
generation catalyst) and [(PCys)(n-C-CsHiN2Mes)CLLRu=CHPh] (Grubbs second generation
catalyst) have been found to be very active catalyst precursors. High productivities of up to
several 10° turnovers have been reported for self-metathesis of methyl oleate, applying these
catalyst precursors.” Nevertheless, molar conversions are limited (at its best = 50 % in homo-
geneous solution), since such reactions typically are subjected to thermodynamic control. This
limitation can be overcome applying solvent-free self-metathesis of monounsaturated fatty acids.
Under these bulk conditions, the diacid products formed during the reaction are not soluble in
the reaction medium and precipitate from the mixture. This removal of a product shifts the
equilibrium mixture. Thus, conversion of the starting material and yields of the diacid products
increase. In this way even carbon numbered, monounsaturated dicarboxylic acids can be
obtained.” By comparison, self-metathesis of mixtures containing multiple unsaturated fatty acid
methyl esters (FAMEsS), such as methyl linoleate or methyl linolenate, gives rise to more complex
product mixtures, including linear polyenes, monoesters, diesters and cyclopolyenes.” This issue
becomes even more relevant considering the self-metathesis of common plant oils, which
typically contain triglycerides of fatty acids of different chain lengths and, in particular often
possess significant amounts of their multiply unsaturated analogues, additionally to the

monounsaturated compounds.72
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Another potential route to linear a,w-difunctional compounds is self-metathesis of w-unsaturated
compounds. Self-metathesis of methyl undec-10-enoate, which can be obtained by pyrolysis of
methyl ricinoleate from castor oil, for example yields internally unsaturated dimethyl-eicos-10-
ene-1,20-dioate (Scheme 1.12).” By removing the volatile by-product ethylene from the reaction
mixture, the equilibrium can be shifted toward the long-chain o,w-diester and thus the reaction
can proceed to completion.

fo) Self-Metathesis 0
S~~~ o (C20)
2 X o~ — - Y\AMWO/
-z

(o)

Scheme 1.12: Self-metathesis of methyl undec-10-enoate.”™

Cross metathesis reactions
In the recent past, especially cross metathesis reactions of readily available plant oils with low
molecular weight unfunctionalized olefins have attracted interest. Cross metathesis with ethylene

(ethenolysis) splits the fatty acid derivatives at their internal double bonds to terminally

74-84 7475

unsaturated compounds, which are potential platform chemicals for polymers and
lubricants.*” In this way for example methyl oleate can be converted with very low amounts of
Grubbs first generation catalyst precursor (0.02 mol-% or less) and high conversions to methyl
dec-9-enoate and 1-decene (Scheme 1.13).”° The resulting w-unsaturated fatty acid methyl esters
can be further functionalized at their double bonds or dimerized in a self-metathesis reaction,

leading to unsaturated long-chain a,w-diesters (vide supra).”’

oM
+

Ethenolysis
=z o~
COTEY T e

Scheme 1.13: Ethenolysis of methyl oleate.

Starting from methyl oleate or methyl erucate, respectively, in a two-step ethenolysis/self-
metathesis process (or directly from methyl undec-10-enoate) a range of long-chain,
symmetrically unsaturated a,w-esters (Cis, Co and Cy), suitable for polyester synthesis can be

d. 4755 Applying this two-step procedure can be advantageous, particularly on a

prepate
laboratory scale, even though the longer chain products can be obtained more directly via self-
metathesis of the initial fatty acid substrate (cf. Scheme 1.11), as product separation and isolation
due to the lower molecular weights and boiling points of the intermediate ethenolysis products is
facilitated. In practice, ethenolysis reaction conditions comprise a trade-off between selectivity
and catalyst productivity in terms of substrate turnover.

Cross metathesis of fatty acid derivatives with short-chain, internally unsaturated olefins can be
performed with significantly higher turnovers. For the cross metathesis of methyl oleate with 2-

butene, productivities of up to 5 X 10° turnovers have been reported.®*” To achieve this
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catalytic performance, careful destillative purification of the oleate substrate as well as the
utilization of pure, butadiene-free 2-butene is required. Moreover, in this context also a direct

butenolysis of triglycerides of different natural occurring plant oils has been reported.

olefins
A CETPPEPPTPPY seeeaaas POTTPTr .
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Figure 1.2: Scheme of an alkenolysis process that converts plant oil triglycerides to medium- and long-
chain linear olefins and esters.”!

Butenolysis with 1-butene can be considered a compromise between the desired terminal olefin
products and catalyst performance, which also appears to be feasible on a larger scale.” A
biorefinery by Elevance Renewable Science and Wilmar International in Gresik, Indonesia for the
large scale conversion of palm oil by cross metathesis with 1-butene has started operation in
2013.”" Due to the specifics of this process and of olefin metathesis in general, also a significant
amount of self-metathesis will occur as a side reaction to yield in particular octadecene-1,18-
dioate (Figure 1.2). Hydrogenation and hydrolysis of this by-product yields octadecane-1,18-
dioic acid, which is marketed currently by Elevance Renewable Science under the trade name
Inherent™ Cys Diacid in pilot quantitaties.”

By contrast to the biotechnological routes discussed (cf. Chapter 1.3.1), the preparation of o,w-
difunctional compounds by metathesis chemistry generally utilizes only half of the fatty acid
chain. Furthermore, stoichiometric amounts of less valuable byproducts are formed. An
alternative chemical catalytic conversion addressing these problems is isomerization

functionalization.

1.3.3 Isomerization functionalization
The aforementioned metathesis reactions construct the o,w-dicarboxylic acid product from the
=CH(CH,),COOR fragment of the unsaturated fatty acid derivative. The other half of the

substrate’s chain yields stoichiometric amounts of hydrocarbons. A more efficient use of the
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plant oil starting materials would be achieved by full incorporation of the hydrocarbon chains
into w-functionalized products. This also gives access to products with other chain lengths (like
odd carbon numbered chains), than the aforementioned approaches. This scheme requires an
isomerization-functionalization of the carbon-carbon double bond(s) to generate functional

groups in the desired terminal positions. Such conversions are challenging to achieve selectively.

Isom.
o Hydroformylation

(0} (0}
Mo/ HJ\/\/\/\/\/\/\/\/\/U\O/

[Rh(acac)(CO),l; _
biphephos 26% yield
CO/M,

Scheme 1.14: Isomerizing hydroformylation of methyl oleate.”’

An w-aldehyde ester was obtained by isomerizing hydroformylation of methyl oleate and methyl
linoleate using a rhodium based catalyst system. According to GC/MS yields of 26 % and 34 %
were obtained, respectively (Scheme 1.14).” Competing pathways are the formation of branched
aldehydes and double bond hydrogenation of the fatty acid substrate. This was related to the
ester group of the substrates, which is considered to favor the hydrogenation pathways via o,83-
unsaturated esters formed through isomerization. Consequently, the observed yields are much
lower than from analogous reactions of shorter chain alkenes that do not possess an ester
functionality such as 4-octene (88 % yield).” Nozaki and coworkers recently reported the
conversion of internal olefins to terminal alcohols in a tandem isomerization/hydroformylation/
hydrogenation reaction applying a rhodium/bisphosphite and the ruthenium based Shvo’s
catalyst as a combined catalytic system. By reaction of 4-octene a mixture of the terminal alcohol
(46 % vyield) and the terminal aldehyde (17 % yield) was observed, while for the conversion of

methyl oleate to the w-hydroxy ester an isolated yield of 53 % was obtained.”

Isom.
Hydroboration

0 [{"(339)2(3'}2]?
ppe o o

B-H
o 45% yield

|
HO\/\/\/\/\/\/\/\/\)?\O/

Scheme 1.15: Isomerizing hydroboration of methyl oleate.1%0

A different approach is provided by trapping of the thermodynamically least-stable terminal
double bond isomer from the equilibrium mixture of all double bond isomers in presence of an
iridium catalyst with pinacolborane (as the thermodynamically most stable borane in the terminal

10

position, Scheme 1.15).""” The corresponding terminal boronated product was obtained in 45 %
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yield (as determined by GC/MS), together with some unidentified isomers and methyl stearate as
the hydrogenation by-product (47 % yield). Also in this case, remarkably higher yields of the

terminal boronate ester are achieved in the hydroboration of 4-octene."”

Again the authors
suggest, that this might be due to the ester functionality and the formation of the «,3-unsaturated
ester isomer, subsequently leading to the hydrogenated product. A significant increase in
selectivity in the isomerizing hydroboration of methyl oleate with pinacolborane was reported by
Zhu and coworkers applying iridium nanoparticles in the presence of a bulky diphosphane ligand,

yielding the desired terminal boronate ester in 78 % isolated yield."”” After a further oxidation

step, terminally borated fatty acids provide a promising access to long-chain w-hydroxy esters.

Isom.

Hydrosilylation fo) C
z el - ’\1,/\/\/\/\/\/\/\/\)1\

[Ir(OMe)(cod)]; 69% yield

norbornene

Scheme 1.16: Isomerizing dehydrogenative silylation of methyl oleate.!%

A related approach is given by isomerizing silylation. Early examples of silylation of methyl oleate
and other olefins, yielding partially terminal functionalized products, were reported already by
Speier et al.'™'** More recently, Riepl and coworkers reported the selective addition of silane
containing groups.” Methyl oleate was shown to undergo an iridium catalyzed dehydrogenative
silylation with triethylsilane to give the terminal vinylsilane in 69 % yield (Scheme 1.16). Besides
(isomerized) starting material and some unidentified products only methyl stearate (6 %), i.e. the
double bond hydrogenation product, and some internally silylated products (8 %) were obtained.
However, transformation of this reaction to other sterically more demanding silanes was not
successful, and the unreactive nature of the product’s functional groups is not beneficial for
further conversions.

Another prominent approach to achieve an isomerizing functionalization is isomerizing alkoxy-
carbonylation."""”” This reaction, first observed for fatty acid esters by Cole-Hamilton and
coworkers,'"”® converts the internal double bond deep in the hydrocarbon chain very selectively to
a terminal ester group by reaction with carbon monoxide and methanol. The reaction is
promoted by Pd(II) catalysts with bulky electron-rich diphosphine ligands, like 1,2-bis[(di-zer
butylphosphino)methyl|benzene (dtpbx). Dimethyl-1,19-nonadecane dioate and diethyl tricosane-
1,23-dioate (via isomerizing ethoxycarbonylation of ethyl erucate) were obtained in in high purity
(> 99 % by crystallization from the reaction solvents), enabling utilization for polycondensation
reactions.'” These long-chain o,0-functionalized diesters can also be obtained in a one-pot

110

procedure from different plant oils,'"” including high oleic sunflower oil.'"" Yields correlate with

the oleate content of the starting material, but otherwise the catalyst performance appears not to
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vary dramatically between pure oleate (99 %) starting material and technical grade methyl oleate
(92.5 %) or plant oil (triglyceride). Catalyst performance can be enhanced by utilization of
[(dtbpx)Pd(OT*),| as a defined catalyst precursor, which eliminates the need for using an excess
of the diphosphine ligand (Scheme 1.17)."* Utilizing these long-chain o,w-diesters as platform
chemicals, the generation of further monomers, like diols or diamines for the preparation of

long-chain polycondensates becomes possible.'”'"?

Isom.

Alkoxycarbonylation fo) fo) C
- o E A~
OOl T K
P 95% yield
x = 1: methyl oleate @CP>PdX2

x = 5: methyl erucate 7< x = 1: Dimethyl-1,19-nonadecanedioate
x = 5: Dimethyl-1,23-tricosanedioate
Cco
MeOH

Scheme 1.17: Isomerizing alkoxycarbonylation of methyl oleate and methyl erucate with CO and
methanol.!12

The origin of the remarkable selective transformation within isomerizing alkoxycarbonylation
reaction has been unraveled by direct observation of the relevant intermediates via low
temperature NMR spectroscopic methods (ca. -80 to -30 °C), supported by DFT calculations
(Scheme 1.18).">'"* Starting from the catalytically active hydride species (A) the unsaturated fatty
acid substrate is isomerized to a linear alkyl species [(P"P)PdCH2(CH>);sC(=O)OCH;]" (B1) and
a branched alkyl (B2). Out of the many different branched alkyls conceivable, only this species is
formed in observable amounts due to stabilization by coordination of the ester carbonyl group as
a four membered chelate [(P"P)PdCH{(CH.);s:CH;}C(=O)OCHs;]". In presence of carbon
monoxide both intermediates rapidly form the corresponding acyl complexes C1 and C2,
respectively. The linear CO insertion product (C1) is subject to methanolysis to yield the linear
o,w-diester, which represents the rate-determining step of product formation. By contrast, the
resulting branched acyl insertion product (C2) resists methanolysis (due to the significantly higher
energy barrier compared to methanolysis of the linear acyl species), such that the corresponding
branched malonic ester does not form to any significant extent (formation of 0.2 % of malonic

ester was revealed from pressure reactor experiments113

). Nevertheless, the pathway leading to
this branched acyl complex (right cycle in Scheme 1.18) is not a dead end as all steps are
reversible and this dormant species can interconvert within the productive catalytic cycle (left
cycle in Scheme 1.18). Under pressure reactor conditions (90 °C, 20 bar of CO), all conceivable
branched alkyls are formed in very small amounts.

By the utilization of an adamantyl substituted diphosphine ligand, which specifically destabilizes

the transition states leading to branched products, an even higher selectivity for the linearo,w-

diester product of 96 % (at 95 % conversion) was achieved.'"
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Scheme 1.18: Major pathways of the isometrizing alkoxycarbonylation of methyl oleate (PP =
‘Bu,P(CH)3PBus) based on NMR studies« (using stoichiometric amounts of methyl oleate and
[(dtbpx)Pd(OTH1),| precursor).!4

m+n=15 +
+ (not directly observed) ) _l

isom. isom. 14

‘P d/\/\("))l\ - /\A /_\ ( p o
(v « o,

Pd
B1
methyl
co oleate co
+

+
1 a (P‘Pd‘H o
P, A, 14
( :Pd‘J\/\(ﬁ/\n/o\ rate P L P
P L 14 o P

determinin < d
g L = CH30H or CO ~.. L P Yo o
L = solvent or CO A ey
c1 y 3 2
MeOH linear branched MeOH
diester diester

«For the methanolysis as the rate determining step AG* values of 29.1 kcal mol! for the linear acyl
species and 37.7 kcal mol! for the branched acyl species were calculated from DFT calculations.

Notably, multiple unsaturated analogues, commonly occurring in monounsaturated fatty acids
from natural plant oils, can in principle be converted to the same o,w-diacid esters (as formed as
the main product from the monounsaturated fatty acid starting material) by a sequence of

isomerizing carbonylation and catalytic hydrogenation (Scheme 1.19).'"

o} (o}
)l\/\/\/\/\/\/\/\/\/lL
RO OR

= 1. isomerizing carbonylation
OR -
2. hydrogenation
- OR 1 self-metathesis
& hydrogenation

\TI/\/\/\M/\M)L

also RO\[]/\/\/\/\/\/\/\/\/\/\/\)LOR

o

Scheme 1.19: Major products obtained by isomerizing alkoxycarbonylation (top) and self-metathesis
(bottom) of a mixture of an oleate and its double unsaturated analogue linoleate, followed by double bond
hydrogenation.

The selectivity in isomerizing methoxycarbonylation of methyl linoleate to the desired

unsaturated o,w-diester is reduced considerably compared to mono-unsaturated substrates. Since
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the formation of Pd-allyl intermediates increases the energy barrier for the isomerization (and
further) steps, the reaction becomes slower.""* This favors other reaction pathways and, besides
the unsaturated a,w-diester as the main product, amongst others, ketone and methoxy-
functionalized monoesters and the (branched) triester are formed."”® For comparison, a sequence
of self-metathesis and subsequent double bond hydrogenation would convert the multiple
unsaturated fatty acids to additional a,w-diacid esters of different chain lengths. This difference
between isomerizing carbonylation and olefin metathesis can be related to fundamental
characteristics of these reactions: isomerizing carbonylation is strictly kinetically controlled and
yields a product not representing the thermodynamically favored outcome. On the other hand, in
olefin metathesis often equilibria are obtained as there is no extreme kinetic preference for a
particular product.

Isomerizing alkoxycarbonylation is also emerging as a route to unsymmetrical o,w-

difunctionalized products.“9

Considering a preparation of unsymmetric a,w-diesters, a
suppression of transesterification with the alcohol employed as a reactant (and solvent) is crucial.
Under appropriate acid-free conditions, transesterification can be suppressed completely
(<0.1 %, Scheme 1.20). From benzyloxycarbonylation of methyl oleate, the resulting benzyl ester

group can be further converted to the corresponding alcohol without affecting the methyl ester

group in the same molecule, accessing AB-type monomers for polyester synthesis.

[(dtbpx)Pd(OTf),]
o CcoO

_ pyridine 0 o
= (0] > ©/\0Jl\/\/\/\/\/\/\/\/\/u\o/
©\/OH

86% yield (GC)

Reduction ii
HO/\/\/\/\/\/\/\/\/\)J\O/

Scheme 1.20: Benzyloxycarbonylation of methyl oleate to yield an unsymmetrical benzyl methyl diester.!”
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1.4 Long-chain aliphatic polyesters

1.4.1 Synthesis of long-chain aliphatic polyesters

Most commonly, polyesters are obtained by direct esterification of dicarboxylic acids and diols in
an A»+B; polycondensation with removal of the liberated water (Scheme 1.21; a). Alternatively,
transesterification (alcoholysis) of diols and diesters can be employed; but also polycondensation
of activated monomers such as acid chlorides, acid anhydrides or other carboxylic acid derivatives
is well-studied. In contrast to the direct esterification, transesterification proceeds very slowly,
even at high reaction temperatures. Thus, for the preparation of high molecular weight polyesters
the presence of a catalyst is generally required. A large range of catalysts has been reported. Metal
salts and oxides such as zinc acetate and diantimony trioxide, as well as organometallic

compounds, mainly titanium and zirconium alkoxides, have been found to be active.*""*!

0o o) A,+B,-Polycondensation ‘L M
3 "ot ToH * 7 nor Ao > o ™o

y y n
(o] AB-Polycondensation ‘L M
b) n HOWLOH —_— (o]
X x n

ROP o
c) n 0 _ > o
x n

Scheme 1.21: Polyester synthesis from (a) polycondensation of a diacid (or derivative) and a diol,
(b) polycondensation of an w-hydroxy acid and (c) ring opening polymerization of a lactone.

Despite their large scale applications, achieving a desirably high molecular weight for a novel
polycondensation system under study is an issue and no generic protocols exist, that can be
transferred to a novel combination of monomers of interest. According to the relationship
between the degree of polymerization (DP,) and the functional group conversion described by
Carothers, very high conversions are necessary to obtain polycondensates of sufficiently high
molecular weights (typically on the order of several 10* g mol™) for individual applications.'*'*
In order to achieve any substantial molecular weight, often high temperatures, long reaction times
and an efficient removal of undesired by-products are required. Poly(ethylene terephthalate)
(PET, T\ = 268 °C) for example, the largest volume commercial polyester, is prepared by direct
polyesterification of purified terephthalic acid with an excess of ethylene glycol under reduced
pressure at elevated temperatures up to 290 °C."”*' In the course of polycondensation the excess
of glycol is removed and high degrees of polymerization (DP, = 200) are obtained.

In polycondensation reactions of long-chain aliphatic dicarboxylic acids such an excess of the

diol component can also be applied, if the short-chain diols used are volatile under

polycondensation conditions. However, this does not apply when long-chain diols are
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employed,log’l 12,124

as their high boiling points hinder the removal of the excess to reach
sufficiently high molecular weights (e.g. for tetradecane-1,14-diol boiling point is > 200 °C at
9 Torr™). Thus, already in the initial reaction mixture, an accurate stoichiometric balance between
the diol and the diacid (or the diacid derivative) is required. This obviously does not apply to an
AB-type approach, applying w-hydroxy acids (Scheme 1.21; b)'* However, such unsymmetric
monomers are less well accessible in general.

An alternative route to long-chain aliphatic polyesters is ring-opening polymerization (ROP) of
cyclic monomers (Scheme 1.21; ¢). As a chain-growth reaction ROP is not subjected to the
aforementioned restrictions of step-growth polycondensations. However, besides w-pentadeca-

1260
1,

lactone, which can be directly derived from Angelica archangelica 1. root oil, * large ring lactones in

general are less readily available than e.g. long-chain dicarboxylic acids.

1.4.2 Typical properties of long-chain aliphatic polyesters

Today’s applications of polyesters are dominated by materials based on aromatic diacids, most
prominently polycondensates of terephthalic acid with C, to Cy linear diols. Applications of
entirely aliphatic polyesters in contrast are limited to smaller scale specialties. One reason is
certainly given by their low melting points, making thermoplastic processing problematic due to
low crystallization temperatures (apart from very short-chain aliphatic polyesters like polylactic
acid or polybutylene succinate).'”"**'* Also an undesired softening in applications e.g. at elevated
ambient temperatutre could be problematic (e.g. poly(e-caprolactone) melts at Ty, of ca. 60 °C and
poly(butylenes adipate) at Ty, of ca. 55 °C, cf. Table 1.2). This lower crystallinity also goes along
with a decreasing stability toward hydrolytic degradation which may be undesirable for a given
application. These potential drawbacks of short and mid-chain all-aliphatic polyesters can,

however, be overcome by introduction of longer, crystallizable methylene segments.
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Although general trends such as the increase of the melting point with increasing hydrocarbon
chain length of the diol or the diacid component become evident, gaps in the data, especially for
long-chain monomers, and the great variation that is often found between the values given by
different authors complicate the derivation of a comprehensive picture. Korshak ef 4/ prepared a

1" They cleatly demonstrated, that the

number of aliphatic polyesters based on eicosane-1,20-dio
melting points of the polyesters obtained not only depend on the number of carbon atoms in the

diacid monomer, but also on whether this number is even or odd (Figure 1.3).

90
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0 1 2 3 4 5 6 7 8 9 10 M 12
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Figure 1.3: Melting points of polyesters-20.X with «,0-diacid repeat units of different chain lengths.!47

In general, polyesters derived from dicarboxylic acids containing even numbers of carbon atoms
melt at higher temperatures than those derived from diacids containing odd numbers of carbon
atoms. This observation was ascribed to the fact, that the crystalline phase of an aliphatic
polyester with an even number of carbon atoms between ester groups contains close layers of
dipoles of opposite direction (effectively canceling the local polarization), whereas close carbonyl
layers of identical direction are present in the crystal of polyesters derived from dicarboxylic acids

having odd numbers of carbon atoms (Figure 1.4)."%!#1%
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y odd
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Figure 1.4: Schematic illustration of the arrangement of the polar layers in aliphatic polyesters with even
number of carbons between the ester groups (left) and odd number of carbons between ester groups
(right), to account for the observed trends in the melting behavior. The arrows indicate the directions of

polarizations.!?

Parallel to the odd-even effect in the melting behavior, also variations in the crystalline structures
are observed for these polyesters. While an orthorhombic unit cell is generally found for
polyesters with odd numbers of carbon atoms in the (short-chain) diacid repeat unit, monoclinic
structures are found for even-numbered congeners. Obviously, for these latter polyesters
distorted chain conformations (compared to the all-#7ans orthorhombic structure) increase the
overall crystalline stability.""

With increasing numbers of methylene groups in the dicarboxylic acid the extent of this odd-even
effect decreases and the orthorhombic crystal structure becomes dominant for all long-chain
polyesters (vide infra). However, the melting point of an aliphatic polyester depends not only on
the total number of methylene groups in a link, but also on their distribution within the polymer
chain (e.g. Tm(PE-6.8) = 65 - 68 °C; Tw(PE-10.4) = 70 - 74 °C)."*

In general, the solid-state structures of long-chain aliphatic polyesters are dominated by van-der-
Waals interactions between adjacent stretched methylene sequences, that is, by their hydrocarbon
nature. For linear, long-chain A,+B-polyesters (where both diacid and diol monomer
compounds have long-chain character) generally orthorhombic, polyethylene-like crystal

structures are found (Figure 1.5),'"11>13%13154

since the ester groups (acting as structural defects
along the crystalline polymer chains) have no fundamental influence on the crystallization of
hydrocarbon segments in the all-#rans zigzag conformation. Typically, narrow melting transitions
and distinct melting points, together with crystallinities up to 80 % are observed (compared to
fully extended chain crystals of linear polyethylene as a reference for 100 % crystalline

material).'"'"?
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Figure 1.5: Wide-angle X-ray diffraction (WAXD) patterns of PE-23.23 poly[1,23-tricosadiyl-1,23-

tricosanedioate] (red) and linear polyethylene (black).

Consequently, these novel materials are frequently discussed as “polyethylene mimics” or

“polyethylene-like”."*>">>1>¢1>" By means of solid-state NMR and SAXS data, Schmidt-Rohr and

coworkers elucidated the solid state structure of PE-22.4 in detail (Figure 1.6).

158

Figure 1.6: Solid state structure of the aliphatic polyester PE-22.4 according to detailed NMR and SAXS
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Their results show, that the ester functionalities exert a detectable influence on the crystalline
chain arrangements as well as the crystal thickness (while still allowing for crystallization in a
polyethylene-like crystal structure). In PE-22.4 typically three diester layers can be found in the
crystal; two of them at the surface and one in the center (Figure 1.6). Related observations were
made for PE-22.5 and PE-44.5."""* In contrast to their branched analogues PE-22.5-Prop and
PE-44.5-Prop (Scheme 1.22), which reject the propyl side chains outside the crystalline phase,
these two linear examples also feature an inclusion of polar ester groups into the crystal lattice.
Also for AB-type polyesters like ROP-generated poly(pentadecalactone) (and its copolymers with
e-caprolacton) the orthorhombic unit cell with dimensions comparable to polyethylene is

observed. !>

PE.-22.5 PE-44.5
%OWOM/ %OWO\H/\/\[%
29 o' 2 0 O'n
PE-22.5-Prop PE-44.5-Prop
fotry 0 fotr 0
! O'n 2 9 O'n

Scheme 1.22: Chemical structures of the polyesters investigated by Le Fevere de Ten Hove e# a/15*

Dynamic mechanical analysis (DMA) on poly(pentadecalactone) with a number average
molecular weight of 6.5 X 10" g mol” (determined by GPC vs. polystyrene standards) revealed a
glass transition at -27 °C and a high storage modulus, attributed to high crystallinity as
determined by DSC (64 %, compared to linear polyethylene) and WAXD (54 %).'"' Mechanical
analyses on poly(pentadecalactone) samples with different molecular weights exhibit a strong

dependence of the mechanical properties on the molecular weight in the regime studied

(Table 1.3).'"

Table 1.3: Young’s modulus, stress at yielding, strain at yielding, stress at break and elongation at break,

for poly(pentadecalactone) samples of different molecular weights.162

entry M,? Young’s Stress at Strain at Stress Elongation
[g mol] modulus yield yield at break at break
[MPa] [MPa] [%0] [MPa] [%0]

1 4.5 x 104 690 £ 40 204+ 32 45108
(21.3 £3.3)b

2 8.1 x 104 620 £ 50 241120 120 £ 1.0 17.7+£13 137 £ 25
(42.0 £ 3.0

3 18.9 x 10* 450 £ 20 172£0.3 13.0£1.0 1622 0.5 650 = 28
(60.8 £ 2.0)b

4 28.0 x 10* 290 = 30 133£13 20.6 £1.3 137+ 1.0 703 £ 72
(55.0 £ 4.0

5 48.1 x 10* 390 £ 10 182+£0.3 17.4 £ 0.4 17.3£0.9 580 £ 30
(58.8 £ 3.1)b

9 Determined by GPC in chloroform against polystyrene standards. P True stress at break calculated after
cross-section area correction.
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Gross and coworkers observed a brittle to ductile transformation for low molecular weight
samples with My, values between 4.5 X 10* ¢ mol" and 8.1 X 10* g mol" (Table 1.3; entry 1 and
2). Moreover, with elongations at break and stresses at break reaching asymptotic values of
650 % and 16 MPa, respectively, these high molecular weight samples also exhibit mechanical
properties comparable to those of high density polyethylene. Similar trends were observed for
poly(w-hydroxytetradecanoate) with its slightly shorter Cis repeat units.'”

Concerning the mechanical properties of linear long-chain A»+B; type polyesters, Cho and Lee
investigated PE-30.30."* However, an elongation of break of only 5 % was found, indicating that
the molecular weight of the material was likely insufficient. Yet, besides these data, further
investigations on the mechanical properties of entirely long-chain A»+B, type polyesters have not

been reported so far.
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2 Scope of the thesis

At present the chemical industry predominantly relies on fossil feedstocks. This in particular
applies to polymer production, which is one of the major consumers of these raw materials
within the chemical industry. In view of dwindling fossil resources and a surging energy demand
an increased utilization of alternative renewable resources is desirable on the long term. More
importantly, the unique molecular structure of different (biomass) substrates can also provide
otherwise inaccessible products and properties.

In this regard fatty acids from plant oils are attractive substrates for monomer generation. The
incorporation of their long-chain methylene sequences into aliphatic polymer chains results in
polyethylene-like crystal phases and high melting points, advantageous for thermoplastic
processing. To date, such materials have been generated from ring-opening polymerization of
certain large ring lactones. This fundamentally limits their availability and the length of the long-
chain repeat units. Recently, novel catalytic transformations have been devised for the syntheses
of long-chain, o,w-functionalized monomers, which provide a perspective for making them
practically accessible.

In this thesis the scope of these novel polycondensation monomers is explored. For this purpose
various a,w-functionalized compounds starting from common seed oils are prepared in
polymerization grade purity (= 99 %) and subsequently transformed into the corresponding long-
chain aliphatic polycondensates. Besides thermal properties, the tensile and elastomeric material
properties of these novel materials are of particular interest. Moreover as the utilization of
biomass from land plants raises urgent issues such as consumption of land and irrigation water,
as well as competition with food production, also the synthesis of long-chain aliphatic poly-

condensates from algae oil with its distinctly different fatty acid spectrum is investigated.
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3 Long-chain polycondensation monomers by self-metathesis

of unsaturated fatty acids

3.1 Introduction

The first successful self-metathesis transformations of unsaturated fatty esters into mono-
unsaturated hydrocarbons and o,w-diesters were reported by Boelhouwer e 4/ in 1974. Using
WCls/SnMe, methyl oleate and its trans analogue methyl elaidate were converted to dimethyl-
1,18-octadec-9-enedioate and octadec-9-ene, reaching equilibrium conversion within a few hours

(Scheme 3.1).!

o
o
P S N S
Scheme 3.1: Reaction products from the self-metathesis of methyl oleate.

Subsequently, several other classical 7z situ catalyst systems and also heterogeneous catalysts were
found to convert unsaturated fatty acids and oil substrates.” However, their performance in these
reactions is limited. This has been suggested to be a consequence of a limited tolerance towards
the substrates’ carboxylic acid or ester groups.’ This issue was advanced with the development of

more functional group tolerant isolated metal alkylidene metathesis catalyst precursors

(Scheme 3.2)."
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Scheme 3.2: Ruthenium based metathesis catalysts.

In particular ruthenium alkylidenes, most prominently [(PCys:):CLLRu=CHPh] (Grubbs 1*
generation catalyst; I) and [(PCys)(n-C-CsHiN2Mes;)CLRu=CHPh] (Grubbs 2™ generation
catalyst; II) have been found to be very active catalyst precursors. High productivities of up to
several 10° turnovers have been reported for the self-metathesis of methyl oleate, applying these
catalysts.” Nevertheless, molar conversions are limited (at its best ® 50 %), since such reactions
typically are subject to thermodynamic control. This limitation could be overcome applying
solvent-free self-metathesis of monounsaturated fatty acids. Under these bulk conditions the
diacid products formed during the reaction are not soluble in the reaction medium and

precipitate from the mixture. This removal of a product shifts the equilibrium mixture. Thus,
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conversion of the starting material and yields of the diacid products increase. In this way even
carbon numbered, monounsaturated dicarboxylic acids (Cis - Cas) can be obtained.® Note that
self-metathesis is also a relevant side-reaction of the industrial butenolysis of plant oils described
in more detail in chapter 1.3.2 and thus its products are available from this process.

Within this thesis preparation and isolation of such long-chain dicarboxylic acids in
polymerization grade purity (> 99 %) is presented. Furthermore, after hydrogenation of the
double bond and subsequent reduction to the corresponding diols, these a,w-difunctional

compounds are utilized for the synthesis of long-chain aliphatic polyesters.

42



Long-chain polycondensation monomers by self-metathesis of unsaturated fatty acids

3.2 Results and discussion

3.21 Long-chain «,w-difunctional compounds by self-metathesis of unsaturated fatty
acids

Among conveniently available fatty acid starting materials, erucic acid, which can be obtained

from the seed oil of some rapeseeds ot in particular from crambe,” stands out by its long chain

length of 22 carbon atoms. Of the different possibilities for conversions into «,w-difunctional

products presented above, olefin metathesis yields longer chain products »s. isomerizing alkoxy-

carbonylation® or w-oxidation’ due to the unsymmetric placement of the double bond at C-13. By

self-metathesis with Grubbs’ second-generation ruthenium alkylidene®"

technical grade erucic
acid can be converted into stoichiometric amounts of 1,26-hexacos-13-enedioic acid and octadec-
9-ene (Scheme 3.3).

0.1 mol-% Grubbs 2" o Coe

o generation catalyst‘ HO N z A OH
z A OH (o]
24 h; 45 °C

/\/\/\/\/“m/\/\/\/

Scheme 3.3: Solvent-free self-metathesis of erucic acid (x=5).

In our hands however, applying these reaction conditions, isomerization of the double bond was

observed, as exemplified here by the gas chromatogram of the hydrocarbon section (Figure 3.1).
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Figure 3.1: Gas chromatogram of the hydrocarbon fraction.

Besides the expected main product octadec-9-ene, also pentadec-6-ene, hexadec-7-ene, heptadec-

8-ene and nonadec-9-ene could be identified by means of GC-MS (Table 3.1).
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Table 3.1: Hydrocarbon fraction after self-metathesis of erucic acid.

entry retention time m, [gmol!] systematic name  area [%]

1 5.11 min 210.2 pentadec-6-ene (Cis) 1.9
2 5.51 min 224.2 hexadec-7-ene (Cig) 3.3
3 5.88 min 238.2 heptadec-8-ene (Ci7) 2.5
4 6.26 min 2523 octadec-9-ene (Cisg) 90.1
5 6.58 min 266.3 nonadec-9-ene (Cio) 2.2

Such monounsaturated hydrocarbons, as well as, a range of monoesters and «,w-diesters with
different chain lengths, are formed due to cross-metathesis of double bond isomers generated by

both isomerization of the substrate and of primary metathesis products (Scheme 3.4).
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Scheme 3.4: Self-metathesis of erucic acid and isomerization as possible side reaction.

Double bond isomerization is a generic issue in olefin metathesis transformations' and is
catalyzed by decomposition products of the metal alkylidene catalyst.”” As a complete separation
of these byproducts is likely not practicable, this side reaction is a crucial issue. However,
selectivity towards the desired products can be increased by optimizing the reaction conditions
such as choice of the metathesis catalyst, temperature or reaction time. Yet hardly no conversion
to the desired product was observed changing the metathesis catalyst from Grubbs 2™ generation
catalyst (IT) to Grubbs 1% generation catalyst (I) or Hoveyda-Grubbs catalyst 1* generation (III).
Conversions also drastically dropped by decreasing the catalyst concentration from 0.1 mol-% to
0.01 mol-%, whereas higher catalyst concentrations did not increase the conversion and just led

to a decrease in selectivity to the desired 1,26-diacid (cf. Table 3.2, entry 1,2 and 4).
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Table 3.2: Self-metathesis of erucic acid applying different catalyst concentrations.?

entry catalyst concentration conversion® Selectivity?
[mol-%] %] [%]
1 0.01 <1 n.d.
2 0.1 58 92
3 0.1° 57 93
4 1 50 90

9 Erucic acid (2 g, 5.9 mmol) Grubbs 274 generation catalyst; 45 °C, 1 h.
b) Selectivity for the primary metathesis product octadec-9-ene,
determined by GC analysis of the crude reaction mixture.
9 addition of 1 mol-% tetrachloro-1,4-benzoquinone.

Furthermore, double bond migration can be also reduced in the presence of different additives
such as benzoquinones or acids by preventing catalyst decomposition or scavenging the catalyst
decomposition products.” For the self-metathesis of erucic acid however, no positive effect on
the selectivity was observed by addition of 1 mol-% tetrachloro-1,4-benzoquinone. Conversion
and selectivity still remained in the same order of magnitude compared to the comparative
experiment without any additives (cf. Table 3.2, entry 2 and 3).

Best results were achieved by reducing the reaction time to about 15 minutes under otherwise
identical conditions, as exemplified here by the gas chromatogram of the hydrocarbon section

(Figure 3.2).
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Figure 3.2: Gas chromatogram of the hydrocarbon fraction under optimized reaction conditions

(0.1 mol-% Grubbs 22 generation catalyst; 45 °C, 15 min).
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The desired primary metathesis product octadec-9-ene was obtained with a selectivity of ca.
99 %. In this way after purification of the crude product by esterification and subsequent
recrystallization, the desired Cy diacid could be isolated in pure form (> 99 %), as illustrated by
gas chromatographic analysis after hydrogenation to dimethyl-1,26-hexacosanedioate

(Figure 3.3).
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Figure 3.3: Gas chromatogram of pure dimethyl-1,26-hexacosanedioate (= 99 % purity).

Applying this reaction sequence of self-metathesis and exhaustive hydrogenation to technical
grade oleic acid also pure dimethyl-1,18-octadecanedioate can be synthesized (Scheme 3.5).
0.1 mol-% Grubbs 2" 0

0 generation catalyst‘ HO N z A OH
z A OH (o)
15 min; 45 °C

NN NN

1. MeOH, H2304
2. Pd/C; 60 bar Hy 80 °C

/OML - C18
(0]
X X c26

(o}

Scheme 3.5: Solvent-free self-metathesis followed by exhaustive hydrogenation of the double bond as a
preparative route to linear o,w-difunctional monomers starting from oleic acid (x=1) or erucic acid (x=5).

Alternatively the shorter chain Cis-compound can be generated by w-oxidation of stearic acid.
1,18-Octadecanedioic acid from this source is marketed by Emery Oleochemicals under the trade
name Emerox118®."* Gas chromatographic analysis of the commercial product exhibited a purity

of about 92 %. These impurities could be removed by tranesterification with methanol and
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subsequent recrystallization. Thus, in this way also pure (> 99 % from GC) dimethyl-1,18-
octadecanedioate could be obtained.

The corresponding long-chain o,w-diols were generated by reduction of the aforementioned
diesters, stoichiometrically with LiAlH, or by catalytic hydrogenation with Saudan’s” ruthenium

catalyst.

3.2.2 Synthesis of Polyester-26.26 and Polyester-18.18

Polycondensation of these difunctional A,+B, monomers catalyzed by titanium alkoxides
afforded the corresponding long-chain aliphatic polyesters, namely poly[l,26-hexacosanediyl-
1,26-hexacosanedioate] (PE-26.26) and poly[1,18-octadecanediyl-1,18-octadecanedioate] (PE-
18.18).

Table 3.3: Molecular weights and thermal properties of long-chain aliphatic polyesters.

entry Tw? T2 Mi,NmRP Micrc®  M,/M,¢
[°C] [°C] [g mol] [g mol]

PE-26.26 114 94 20x104 24 x 104 2.6

PE-18.18 100 77 32X 104 3.7 x104 2.4

9 Determined by DSC with a heating/cooling rate of 10 K min’.
b Determined by end-group analysis from 'H-NMR spectroscopy.
9 Determined by GPC at 160 °C in trichlorobenzene »s. polyethylene
standards.

End-group analysis by 'H-NMR spectroscopy (cf. Chapter 3.4.3), as well as high temperature
GPC measurements relative to polyethylene standards, revealed number-average molecular
weights on the order of several 10* ¢ mol" (Table 3.3).

As determined by DSC PE-18.18 exhibits a melting point of T, = 100 °C (T. = 77 °C, AHn =
153 J g"). Thus thermal properties of this long-chain aliphatic polyester already compare with
typical thermoplastics, and in this respect are significantly higher than for medium chain length
aliphatic polyesters. For example, poly(decamethylene sebacate) melts at T = 80 °C. For the
even longer chain aliphatic polyester PE-26.26 a melting point of Ty, = 114 °C (T. = 94 °C, AH,,
= 160 J g") was found. This is the highest melting point observed for an aliphatic mid- or long-
chain polyester to date to our knowledge.” Within experimental error, this value agrees with data

reported for polyester-30.30 (accessible by multistep monomer syntheses)."

In parallel to this
work, Meier and co-workers'” communicated the preparation of polyester-26.26 via an essentially
identical approach. They reported a somewhat lower T, of 104 °C. Also for polyester-18.18 a

lower melting point of 95 °C can be found in literature.'® Here, however as already mentioned by

2 Note that short-chain aliphatic polyesters, like poly lactide or poly(butylene succinate) feature substantial melting
points > 100 ° C.
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the authors themselves, this melting temperature is not that of a ‘pure’ polyester-18.18, as the
monomer used is a mixture of the desired Cis-component (about 75 %) along with other isomers

of different chain-length.

© NN NN,
X NN NN
SN NN RN NN
FAMEs mixture
A
r ) N

Scheme 3.6: Possible products from self-metathesis (and cross-metathesis) of FAME obtained from
different plant oils.

Due to the fact that polyunsaturated triglycerides were applied as starting material a more
complex product mixture, including polyenes, monoesters, diesters and cyclopolyenes was
formed (Scheme 3.6). Thus after separation of the a,w-difunctional compounds from the
reaction mixture and subsequent hydrogenation of the double bond, Meier and coworkers,
besides dimethyl-1,18-octadecanedioate, also obtained significant amounts of the corresponding
Coi-diester. As a consequence the material prepared contains a mixture of repeat units of
different carbon number (Cis and Cai). Such a less regular spacing of the ester groups could
hinder the formation of sheets of ester groups and result in reduced order and melting
points.1%2021 T this end, one can only note that our data are in-line with previous observations
of other even carbon number long-chain polyesters-X,X (X = 20: T,, = 108 °C,”* and X = 30:
Tw = 113°C").
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Figure 3.4: WAXD patterns of PE-26.26 poly[1,26-hexacosanediyl-1,26-hexacosanedioate] (red) and
linear polyethylene (black).

As observed for other long-chain aliphatic polyesters,’ also for PE-18.18 and PE-26.26
orthorhombic, polyethylene-like crystal structures are found from WAXD measurements. Typical
reflexes at 20 angles of 21.4° for the 110 plane and 23.8° for the 200 plane are measured (cf.

Figure 3.4 and Figure 3.11), illustrating the largely hydrocarbon character of these materials.
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3.3 Conclusion

Self-metathesis of fatty acids from common plant oils applying [(PCys)(n-C-C;H4N>Mes)-
CLRu=CHPh] (Grubbs 2™ generation catalyst) followed by catalytic hydrogenation and
purification via the ester, yields even numbered, long-chain aliphatic diesters. In this way, starting
from technical grade oleic acid pure dimethyl-1,18-octadecanedioate was obtained. The even
longer chain dimethyl-1,26-hexacosanedioate was prepared using erucic acid as a readily available
fatty acid feedstock (Scheme 3.7).

0.1 mol-% Grubbs 2™ 0

o generation catalyst - HO h Z A OH
% ™~~"“oH —— )
15 min; 45 °C

NN A NN

x = 1: oleic acid
x = 5: erucic acid
1. MeOH, H2$O4
2. Pd/C; 60 bar H, 80 °C

e (0}
o _ |C1s
- X x ) Cc
o 26
. - ° lycondensation
PE-18.18: T, = 100 °C po .
- LiAIH,, THF
PE-26.26: T,, = 114 °C R or
[Ru], NaOMe; 50 bar H, 100 °C
Ho\/\H/\/\/\/\W
\_ y s OH

Scheme 3.7: Approach for the synthesis of long-chain aliphatic diesters via self-metathesis of
readily available fatty acid feedstocks.
Polyesterification with the corresponding diols, generated by reduction of the aforementioned
diesters, stoichiometrically with LiAlH, or by catalytic hydrogenation with Saudan’s"” ruthenium
catalyst, affords long-chain aliphatic polyesters, namely poly[l,18-octadecanediyl-1,18-
octadecanedioate] (PE-18.18) and poly[1,26-hexacosanediyl-1,26-hexacosanedioate] (PE-26.26).
PE-26.26 features a melting-point of T, = 114 °C (T. = 92 °C, AH., = 160 J g), which is
unsurpassed among the long-chain all-aliphatic polyesters reported to date (excluding model

polymers with irregular spaced ester groups prepared in parallel to this work).**
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3.4 Experimental section

3.41 Materials and general considerations

Unless stated otherwise, all manipulations were carried out under an inert gas atmosphere using
standard Schlenk or glovebox techniques. THF and toluene were distilled from sodium under
inert conditions. All other solvents were used in technical grade as received. Hydrogen (5.0) was
supplied by Air Liquide. Technical grade erucic acid (= 90 %), [(PCy3).CLLRu=CHPh] (Grubbs 1*
generation catalyst), [(PCys)(n-C-CsHiN:Mes;)CLRu=CHPh] (Grubbs 2™ generation catalyst),
[(PCy3).CLRu=CH("™O-CsHy)] (Hoveyda-Grubbs catalyst 1% generation), ethyl vinyl ether,
lithium aluminum hydride, sodium methanolate and titanium(IV) butoxide (= 97 %) were
supplied by Sigma Aldrich. Technical grade oleic acid (> 85 %) was purchased from TCI Europe.
Palladium/charcoal activated (10 % Pd) was supplied by Merck. Dichlorobis|2-(diphenyl-
phosphino)ethylamine]ruthenium was prepared by a literature procedure as reported previously™
and 1,18-octadecanedioic acid (Emerox118®) was kindly donated by Emery Oleochemicals.

NMR spectra were recorded on a Varian Inova 400 and a Bruker Avance 400 spectrometer.
"H and “C chemical shifts were referenced to the solvent signals. High-temperature NMR
measurements of polymers were performed in 1,1,2,2-tetrachloroethane-42 at 130 °C.

GC analyses were carried out on a Perkin Elmer Clarus 500 GC system equipped with a Perkin
Elmer Elite-5 capillary column (30 m X 0.25 mm X 0.25 pm, 5 % diphenyl - 95 % dimethyl poly-
siloxane) using flame-ionization detection (FID). Helium of 99.995 % purity was used as the
carrier gas. The initial temperature of 100 °C was kept for one minute, and the column was then
heated at a rate of 15 K min" to 300 °C, and kept isothermal at this temperature for 5 min
(injector temperature 270 °C; detector temperature 280 °C).

GC-MS analyses were carried out on an Agilent Technologies 7890A GC system equipped with a
Phenomenex Zebron ZB-5 ms w/Guardian capillary column 30m X 0.25 mmX 0.25 pm, 5 %
phenyl - 95 % dimethyl polysiloxane) using mass (Agilent Technologies 5975C inert MSD with
triple-axis detector) and flame-ionization detection (FID). Helium of 99.995 % purity was used as
the carrier gas. The initial temperature of 50 °C was kept for 1 min, after which the column was
heated at a rate of 30 °C min™ up to 280 °C. The final temperature was kept for 8 min.

DSC analyses were performed on a Netzsch Phoenix 204 F1 instrument with a heating and
cooling rate, respectively, of 10 K min". Data reported are from second heating cycles.

High temperature GPC measurements were carried out in 1,2,4-trichlorobenzene at 160 °C at a
flow rate of 1 mL min" on a Polymer Laboratories 220 instrument equipped with Olexis columns
with differential refractive index, viscosity, and light-scattering (15° and 90°) detectors. Data

reported were determined directly against polyethylene standards.
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3.4.2 Synthesis and characterization of Polyester-26.26 and Polyester-18.18

Synthesis of Dimethyl-1,26-hexacos-13-enedioate’

Erucic acid (45 g, 133.0 mmol) was weighed into a 250 mL glass reactor equipped with a
mechanical stirrer. After heating to 45 °C, the melt was degassed several times and [(PCy3)(n-C-
C3sH4N:Mes;) CLLRu=CHPh] (Grubbs 2™ generation catalyst) (113 mg, 0.133 mmol) was added.
The reaction mixture was stirred for 15 minutes at 45 °C. An off-white solid began to precipitate
and the reaction was quenched with ethyl vinyl ether (10 mL). After addition of 100 mL of
chloroform, the suspension was stirred for 30 minutes at 70 °C. The clear yellow solution was
filtrated over celite and after removal of the solvent the crude diacid product was obtained by
recrystallization from ethyl acetate.

For esterification the diacid was suspended in 150 mL of methanol. After addition of 8 drops of
sulfuric acid, the resulting mixture was heated at 65 °C for half an hour. Pure dimethyl-1,26-
hexacos-13-enedioate (14.9 g, 49 %) was obtained by repeated recrystallization from methanol.

4 4
o7 - g

2 5 5 2
'H NMR (CDCls, 25 °C, 400 MHz): 8 5.41-5.35 (m, 2H, H-6), 3.66 (s, 6H, H-7), 2.30 (t, *Jun =
7.4 Hz, 4H, H-2), 2.01-1.91 (m, 4H, H-5), 1.66-1.58 (m, 4H, H-3), 1.37-1.22 (m, 32H, H-4).
PC{'H} NMR (CDCl;, 25 °C, 101 MHz): 8 174.47 (C-1), 130.49 (C-6), 51.55 (C-7), 34.26 (C-2),
32.75 (C-5), 30.08-29.00 (C-4), 25.11 (C-3).

Elemental analysis calculated for CasHs,Ou: 74.29 % C, 11.58 % H; found: 74.54 % C, 11.34 % H.

Synthesis of Dimethyl-1,18-octadec-9-enedioate

Dimethyl-1,18-octadec-9-enedioate was prepared by self-metathesis of technical grade oleic acid
according to the procedure described above for its longer chain analogue. After column
chromatography on silica using pentane/EtOAc (8:1) as eluent, dimethyl-1,18-octadec-9-

enedioate was obtained as white solid (6.5 g, 29 %).

"H NMR (CDCl, 25 °C, 400 MHz): 8 5.38-5.35 (m, 2H, H-6), 3.66 (s, 6H, H-7), 2.29 (t, Jun =
7.6 Hz, 4H, H-2), 1.98-1.92 (m, 4H, H-5), 1.66-1.56 (m, 4H, H-3), 1.36-1.22 (m, 32H, H-4).
BC{'H} NMR (CDCL, 25 °C, 101 MHz): 8 174.43 (C-1), 130.45 (C-6), 51.56 (C-7), 34.25 (C-2),
32.68 (C-5), 29.91-28.90 (C-4), 25.09 (C-3).

Elemental analysis calculated for CaHsOs: 70.55 % C, 10.66 % H; found: 70.75 % C, 11.54 % H
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Synthesis of Dimethyl-1,26-hexacosanedioate

Dimethyl-1,26-hexacos-13-enedioate (14.9 g, 33.0 mmol) was dissolved in 90 mL of THF. After
addition of 1.48 g Pd/C (10 % Pd), the reaction mixture was cannula transferred into a stirred
pressure reactor and hydrogenated at 60 bar H2 and 80 °C for 66 h. After cooling to room
temperature, the reactor was vented. The reaction mixture was retrieved from the reactor and
heated to around 50 °C to remove catalyst residues by filtration over celite. After removing the
solvent zn vacuo and recrystallization from methanol, dimethyl-1,26-hexacosanedioate (12.2 g,

82 %) was obtained in polymerization grade purity (= 99 %) as a white solid (cf. Figure 3.3).

"H-NMR (CDCl;, 25 °C, 400 MHz): & 3.66 (s, 6H, H-7), 2.30 (t, Jun = 7.4 Hz, 4H, H-2), 1.66-
1.56 (m, 4H, H-3), 1.34-1.20 (m, 40H, H-4).

PC{'H} NMR (CDCls, 25 °C, 101 MHz): 8 174.49 (C-1), 51.57 (C-7), 34.27 (C-2), 30.23-29.02
(C-4),25.12 (C-3).

Elemental analysis calculated for CxsHs4Ou4: 73.96 % C, 11.37 % H; found: 74.14 % C, 12.56 % H.

Synthesis of Dimethyl-1,18-octadecanedioate

Dimethyl-1,18-octadecanedioate was prepared according to the procedure described above for its
longer chain analogue. Recrystallization from methanol yielded the desired product (4.8 g, 80 %)
in polymerization grade purity (= 99 %) as a white solid (cf. Figure 3.5).

Alternatively dimethyl-1,18-octadecanedioate can be prepared starting from octadecanedioic acid
(Emerox 118%) by transesterification with methanol. For this purpose octadecanedioic acid
(100.6 g, 0.32 mol) is suspended in 800 mL of methanol. After addition of 4 mL of sulfuric acid,
the reaction mixture was heated at 70 °C for two hours. The resulting solution was then
neutralized with aqueous Na,COj solution and extracted with diethyl ether (3 x 250 mL). The
combined organic phases were washed with water (3x 250 mL), brine (2x 200 mL) and
subsequently dried over MgSOs. After removing the solvent 7z vacuo the desired product was
obtained in polymerization grade purity (= 99 %) as a white solid (81.5 g, 74 %) by repeated

recrystallization from methanol.

'H-NMR (CDClL, 25 °C, 400 MHz): & 3.66 (s, 6H, H-7), 2.30 (t, Jun = 7.8 Hz, 4H, H-2), 1.66-
1.56 (m, 4H, H-3), 1.34-1.20 (m, 24H, H-4).
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PC{'H} NMR (CDCl;, 25 °C, 101 MHz): 8 174.47 (C-1), 51.57 (C-7), 34.27 (C-2), 29.89-29.21
(C-4), 25.12 (C-3).
Elemental analysis calculated for CH3sO4: 70.13 % C, 11.18 % H; found: 70.24 % C, 11.60 % H

—13.01
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Figure 3.5: Gas chromatogram of pure dimethyl-1,18-octadecanedioate (= 99 % purity).

Synthesis of Hexacosane-1,26-diol

Dimethyl-1,26-hexacosanedioate (5.9 g, 13.0 mmol) was dissolved in 100 mL of THF. This
solution was slowly added to a stirred and cooled suspension of LiAlH, (1.6 g; 42 mmol) in 40
mL of THF. After the addition, the reaction mixture was heated to reflux for 12 hours and then
cooled to room temperature. The reaction was quenched by slow addition of 2.0 mL of water, 2.0
mL of 15 % aqueous NaOH and 6.0 mL of water. The reaction mixture was then filtrated at 50
°C over celite. After removing the solvent zz vacuo, hexacosane-1,26-diol was recrystallized from

chloroform to yield 4.4 g (85 %) of the pure product.

AN
3 /

5
5 X _OH
Ho/\/\/\/\/\/\/\/\/\/\/\/\s/\/

1
2

"H-NMR (CDCl;, 50 °C, 400 MHz): 8 3.64 (¢, ’Jun = 6.5 Hz, 4H, H-1), 1.61-1.53 (m, 4H, H-2),
1.41-1.24 (m, 44H, H-3 and H-4), 1.18 (br s, 2H, H-5).

PC{'H} NMR (CDCls, 50 °C, 101 MHz): & 63.27 (C-1), 33.06 (C-2), 30.10-29.22 (C-4), 25.95
(C-3).

Elemental analysis calculated for CaHs4Oo: 78.32 % C, 13.65 % H; found: 78.51 % C, 14.14 % H.
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Synthesis of Octadecane-1,18-diol

The reduction of dimethyl-1,18-octadecanedioate was carried out analogously to the procedure
described above for its 1,26-analogue. Octadecane-1,18-diol was recrystallized from chloroform
to obtain 83 % yield (3.1 g).

Alternatively octadecane-1,18-diol can be obtained by catalytic reduction. This reaction was
carried out, analogous to a reported procedure,” in a 300 mL stainless steel mechanically stirred
pressure reactor equipped with a heating jacket and a glass inlay. Prior to the reduction
experiment the reactor was purged several times with argon. Dimethyl-1,18-octadecanedioate
(43.8 mmol; 15.0 g) was weighed under air into a dry Schlenk tube equipped with a magnetic stir
bar which was then purged several times with argon. 120 mL of dry and degassed THF were
added using standard Schlenk techniques. Vigorous stirring afforded a homogenous reaction
mixture. In the glovebox dichlorobis|2-(diphenylphosphino)ethylamine]ruthenium (43.8 pmol;
28 mg) and sodium methanolate (2.20 mmol; 120 mg) were weighed into a second dry Schlenk
tube equipped with a magnetic stir bar. After removing the Schlenk tube from the glovebox,
100 mL of dry and degassed THF were added. Both mixtures were then cannula-transferred into
the reactor in an argon counter stream. The reactor was closed, pressurized with 50 bar hydrogen
and then heated to 100 °C for 22 hours. After cooling down to room temperature the reactor was
vented. The reaction mixture was retrieved from the reactor and heated to around 50 °C in order
to remove catalyst residues by filtration over a Buchner funnel. Removing the solvent 7 vacuo and

recrystallization from chloroform yielded octadecane-1,18-diol (11.2 g, 90 %).

4
A
s N N, 5
HoW/WW\NOH
2 3

'H-NMR (CDClL, 25 °C, 400 MHz): 8 3.64 (t, *Jun = 6.5 Hz, 4H, H-1), 1.62-1.52 (m, 4H, H-2),
1.41-1.24 (m, 28H, H-3 and H-4), 1.13 (br s, 2H, H-5)

BC{'H} NMR (CDCL, 25 °C, 101 MHz): 8 63.26 (C-1), 33.06 (C-2), 30.20-29.32 (C-4), 25.96
(C-3).

Elemental analysis calculated for CisHsOa: 75.46 % C, 13.37 % H; found: 75.17 % C, 13.70 % H
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Synthesis of PE-26.26
Polyester-26,26 was prepared in a 100 mL two-necked Schlenk tube equipped with an overhead

stirrer. Efficient mixing of the highly viscous polymer melt was achieved by a helical agitator.
Under a static argon atmosphere the monomers (4.0 mmol of dimethyl-1,26-hexacosanedioate
and 4.0 mmol of hexacosane-1,26-diol) were filled into the reaction vessel and molten by heating
to 130 °C. Titanium(IV) butoxide (27 mg, 0.08 mmol) was injected, and the temperature was
raised to 200 °C in the course of 7 hours. Subsequently the temperature was decreased to 180 °C
and the polymer melt stirred for 19 h at this temperature under reduced pressure (0.01 mbar).
Poly[1,26-hexacosanediyl-1,26-hexacosanedioate] (10 K min): T,, = 114 °C, T. = 94 °C, and
AH., = 160 J g (cf. Figure 3.6).

T, =114 °C
AH,, = 160 J g
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Figure 3.6: DSC trace of poly[1,26-hexacosanediyl-1,26-hexacosanedioate].

GPC reveals molecular weights M, of typically 2.4 X 10* g mol" (My/M, = 2.6) (cf. Figure 3.7);

this data agrees with M, of 2.0 X 10* g mol” determined from 'H NMR spectroscopic analysis of

the end groups (cf. Chapter 3.4.3).
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Figure 3.7: GPC trace of poly[1,26-hexacosanediyl-1,26-hexacosanedioate]
(in 1,2,4-trichlorobenzene at 160 °C).
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Figure 3.8: WAXD pattern of poly|[1,26-hexacosanediyl-1,26-hexacosanedioate].
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Synthesis of PE-18.18
Polyester-18.18 was prepared in a 100 mL two-necked Schlenk tube equipped with an overhead

stirrer. Efficient mixing of the highly viscous polymer melt was achieved by a helical agitator.
Under a static argon atmosphere the monomers (16.0 mmol of dimethyl-1,18-octadecanedioate
and 16.0 mmol of octadecane-1,18-diol) were filled into the reaction vessel and molten by heating
to 120 °C. Titanium(IV) butoxide (55 mg, 0.16 mmol) was added and the temperature was risen
by 10 K every 45 minutes. At a temperature of 180 °C vacuum was applied to remove volatiles.
Then the mixture was stirred overnight at 200 °C under reduced pressure (0.01 mbar).
Poly[1,18-octedecanediyl-1,18-octadecanedioate] (10 K min™): T., = 100 °C, Tc = 77 °C, and
AH,, = 153 ] ¢" (cf. Figure 3.9).
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Figure 3.9: DSC trace of Poly[1,18-octedecanediyl-1,18-octadecanedioate]

GPC reveals molecular weights M, of typically 3.7 X 10* g mol" (Myw/M, = 2.4) (cf.); this data

agrees with M, of 3.2 X 10* g mol" determined from "H NMR spectroscopic analysis of the end

groups (cf. Chapter 3.4.3).

58



Long-chain polycondensation monomers by self-metathesis of unsaturated fatty acids
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Figure 3.10: GPC trace of poly[1,18-octedecanediyl-1,18-octadecanedioate]
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Figure 3.11: WAXD pattern of poly[1,18-octedecanediyl-1,18-octadecanedioate].
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3.4.3 Molecular weight determination by '"H-NMR spectroscopy

The molecular weight and the number-average degree of polymerization (DP,) respectively, can
be determined from signal intensities of endgroups compared to signals intensities of signals in
proximity to the ester groups of the polymer chain in the 'H-NMR spectra (Figure 3.12).
Generally it is assumed that three different types of endgroups are present, here however only
two endgroups can be seen:

- Ei: methyl ester endgroup (3.71 ppm, s, 3H)

- Ex: hydroxyl endgroup (3.67 ppm, t, 2H)

- Es: butylester endgroup (0.96 ppm, t, 3H)
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Figure 3.12: 'H-NMR (600 MHz, C,D2Cl, 120°C) of poly[1,26-hexacosanediyl-1,26-hexacosanedioate].

Inserts show enlargement of the endgroup regions.

The number-average degree of polymerization (DP,, defined here as the number of monomers
incorporated, that is the number of X-(CH,),-X, with X = COOH, CH,OH) can be calculated
from the integrals of these endgroups and for example the integral E4 of the methylene group

adjacent to the carbonyl group according to following equation:

_ JEs ~
Db, = (1f351+12"2f52+1f3f53) ~ 52
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4 Unsymmetric AB-type polycondensation monomers via

redox isomerization

4.1 Introduction

AB-type monomers are an alternative to the A;+B, combinations discussed in the previous
chapter. Potential advantages are the avoidance of monomer stoichiometry issues during
polymerization. To date, long-chain AB-type monomers are accessible by multistep organic
syntheses, or by biotechnological w-hydroxylation, which is however limited in the chain length
available. In this chapter, a route to unsymmetrical a,w-functionalized long-chain compounds via
olefin-metathesis combined with a redox isomerization is elaborated. Note that an isomerizing
carbonylation route to unsymmetrical products was developed in parallel to this thesis in our
group.'

Redox isomerizations represent an elegant and atom economical way to oxidize a specific site of
an organic substrate.” The most common and well-studied example is the oxidation of allylic
alcohols to aldehydes or ketones.” In these examples the double bond is moved over two
positions. Redox isomerizations of more remote double bonds seem to be more challenging and
only a few examples are reported so far. Fe;(CO)i2 has been used successfully to convert 9-decen-
1-ol to the corresponding saturated aldehyde.” However, a loading of 30 mol-% of the catalyst
precursor, that is almost one metal center per alkenol, was required. In 2007 Grotjahn and
coworkers presented the migration of alkene double bonds up to 30 positions employing a

catalyst based on a cationic CpRu fragment and bifunctional imidazolylphosphine (Scheme 4.1).°

|

CH3CN/R‘\;Z{\FZf<
OH >5/§‘/N\ 0
%\/\M’\)\ /\/*Mf\)]\

24 24

Scheme 4.1: Redox isomerization of the Cjs; alkenol dotriacont-31-en-2-ol.

Application of this reaction sequence to monounsaturated diols, obtained for example from self-
metathesis of fatty alcohols, followed by selective oxidation of the aldehyde functionality should

provide access to different w-hydroxy carboxylic acid esters (Scheme 4.2).
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/\/\/\/\/"‘M/\/\/\/

Ci/\w/\;\/\m_l self-metathesis _
Ho\/\k\)\/\/\/“'-»/\/\(\/)’\/\
X = x OH

redox
isomerization

(o}

HO A~ U~~~
X % H

selective oxidation

o
HO\/\'P\)*/\/W\/\M’\)LO/ C18I26
X X

Scheme 4.2: Possible approach to linear, long-chain w-hydroxy carboxylic acid esters.
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4.2 Results and discussion

4.2.1 Synthesis of long-chain w-hydroxy carboxylic acid esters of different chain-length
Self-metathesis of fatty alcohols under bulk conditions gives access to monounsaturated,
bifunctional components.” However, due to the formation of side products and/or degradation
of the catalyst,® conversion of the starting materials and yields of the corresponding diols are
relatively low (= 20 %). This issue could be overcome by dissolving the fatty alcohol in pentane,
as the desired products formed during the reaction were not soluble in the reaction medium and
precipitated from the mixture. This removal of a product shifts the equilibrium of the reaction
and therefore enhances conversion as well as the yield.

0.1 mol-% Grubbs 2"
: HO\/\«H/\/\/‘&/\/M’\/\OH C
w\/\OH generation catalyst‘ M Ix 18/26

24 h; RT; pentane

NN A NN
Scheme 4.3: Self-metathesis of oleyl- (x = 1) and etucyl-alcohol (x = 5).

In this way, starting from oleyl- and erucyl alcohol pure octadec-9-ene-1,18-diol and hexacos-13-
ene-1,26-diol, respectively, could be obtained (Scheme 4.3). By contrast to this, self-metathesis
of undec-10-en-1-ol under the same reaction conditions was accompanied by extensive double
bond isomerization (Figure 4.1).

0.1 mol-% Grubbs 2"

Ho\/\/M’\/\M‘"\/\/\,H/\/\
generation catalyst X > OH

SN oH -
24 h; RT; pentane pZ
S 3 8 8 3
T T ¥ e 2
I I I [
1.0 H
= 0.8 icos-10-ene-1,20-diol
8 i
=
» 0.64
c
(0]
S
© 044
N
©
E
e 0.24
0.0 Luwk_
I T 1 T I T I T | T I T I T I
9 10 11 12 13 14 15 16

retention time (min)

Figure 4.1: Gas chromatogram of the crude product from the self-metathesis of undec-10-en-1-ol.
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Besides the desired product eicos-10-ene-1,20-diol (t. = 13.61 min), several other shorter-chain
monounsaturated diols were formed. The compound with a retention time of t. = 12.53 min for
example could be identified as octadec-9-ene-1,18-diol. Yet, the pronounced tendency for
isomerization, observed during self-metathesis of undec-10-en-1-ol, is not an issue in the
metathetical transformations of internally unsaturated fatty alcohols described above.
Consequently, the occurrence of this side-reaction might be attributed to the higher propensity
for decomposition observed for the unsubstituted metal alkylidenes, [LL.Ru=CH| formed during
self-metathesis of terminal unsaturated compounds, compared to their substituted analogues,
[L.Ru=CHR].” Moreover, internal alkenes in general are more stable and thus less reactive
towards isomerization than terminal ones." As a side note, also impurities that might be present
in this particular substrate, such as traces of water, oxygen or peroxides, can contribute to the
catalyst decomposition and thus further reinforce migration of the double bond." However,
neither reduction of the reaction time nor addition of p-benzoquinone could completely suppress

this undesired side reaction in the metathetical transformation of undec-10-en-1-ol (Table 4.1).

Table 4.1: Self-metathesis of undec-10-en-1-ol applying different reaction times.?

entry reaction time conversion®  selectivity®  isolated yield

[h] [] [l [
1 24 n.d. 23 42
2 5 n.d. 76 24
3 5e n.d. 81 18

9 Undec-10-en-1-0l (13 g, 75 mmol), Grubbs 2" generation catalyst (64
mg, 0.075 mmol); 100 mL pentane; 25 °C. P Selectivity for the primary
metathesis product eicos-10-ene-1,20-diol, determined by GC analysis of
the crude reaction mixture.9 addition of 1 mol-% p-benzoquinone.

As isomerization is known to be suppressed in the presence of carboxylic acid groups,'” eicos-10-
ene-1,20-diol was synthesized by self-metathesis of undecenoic acid and subsequent reduction by

means of LiAlH, (Scheme 4.4)."

0.2 mol-% Grubbs 15t Z
fo) generation catalyst (o]
W — Ho X OH
x OH 24 h; RT; pentane x x

(o)

1. H,SO4; MeOH
2. LiAlH4; THF

HO\/\/M\/\/\N”\/\(/\)\/\/\
e s N

Scheme 4.4: Synthesis of eicos-10-ene-1,20-diol by self-metathesis of undecenoic acid and subsequent
reduction with LiAlH.
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In this case [(PCys3).CI.Ru=CHPh] (Grubbs 1% generation catalyst) was applied. Albeit it is less
reactive and less tolerant for polar and protic functionalities by comparison to its N-heterocycJic
carbene analogue [(PCys3)(n-C-CsHiN2Mes:)CLLRu=CHPh] (Grubbs 2™ generation catalyst), it
disfavors olefin isomerization."* Alternatively, pure eicos-10-ene-1,20-diol can be also prepared by
self-metathesis of acetylated undec-10-en-1-ol, namely 10-undecenyl acetate, and subsequent
removal of the corresponding protection group.'

Redox isomerization of the monounsaturated diol components obtained in all these trans-

formations give access to w-hydroxy aldehydes of different chain-length (Scheme 4.5).

HO A~ A
» = A OH

(:CP\ /OTf

Pd acetone
e

4& NoTf

(o]
X X H

Scheme 4.5: Redox isometrization of monounsaturated diols.

Double bond migration was promoted by [1,2-bis{(di-Zer+-butylphosphino)methyl}benzene
palladium ditriflate], which is known to be highly active for double bond isomerization even at
low temperatures.'® Stirting a suspension of the monounsaturated diol in acetone at room
temperature for two hours in the presence of the Pd(II)-complex (1 mol-%) yielded the desired
w-hydroxy aldehyde. Conversions, as evidenced by 'H NMR spectroscopy, typically decreased
with increasing chain length of the monounsaturated diol, which might be attributed to the lower
solubility of the starting material. For redox isomerization of octadec-9-ene-1,18-diol as well as
eicos-10-ene-1,20-diol conversions of 73 % and 65 %, respectively were achieved, whereas for
the redox isomerization of hexacos-13-ene-1,26-diol, applying the same reaction conditions,
almost no conversion was observed. For the latter transformation even upon addition of further
catalyst, increasing the reaction time up to 18 h and applying an elevated reaction temperature of
50 °C a conversion of only 52 % was obtained. In order to further improve the conversion of the
unsaturated Cy diol increasing the solubility of the starting material by choosing an appropriate
solvent might be helpful.

Oxidation of the aldehyde functionality to the corresponding ester was achieved by means of
hydrogen peroxide and hydrochloric acid in methanol at 50 °C without isolation of the aldehyde
intermediate (Scheme 4.6)."” Non-optimized product yields due to the moderate conversions of
the redox isomerization decreased from 49 % for methyl 18-hydroxyoctadecanoate to 25 % for

methyl 26-hydroxyhexacosanoate. However, also in this reaction step the chain length of the
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starting material and along with that the lower solubility of the long-chain compound seem to

have a negative influence on the overall product yield.

0

HO A~ ~e~eo~e~A~ A
X X H

H,0,; HCI (aq.)
24h, 50°C, MeOH

i c
HO A~ U~~~ (1812026
X X (o)

(x=1:49 %; x =2: 39 %; x=5:25 %)

Scheme 4.6: Selective oxidation of the aldehyde functionality.

LC-MS analysis revealed that both the Cis as well as the Cy w-hydroxy ester can be isolated in
polymerization grade purity (= 99 %) by column chromatography and subsequent
recrystallization from heptane (cf. Figure 4.4 and Figure 4.6). By contrast to this, the 'H-NMR
spectra of the Cy-component still exhibits some minor impurities as evidenced for example by a
singlet at 3.44 ppm, which might be attributed to the methoxy protons of the acetal group
(Figure 4.2).

8% ¥ nRa sk 9
M oMM M NN N — — —
[~ 1 ~JI— N/ |
6
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"o s Ne 9 )
2 3 o
1
2 3
| N
L | J]k‘ e —
O
Q] 8 ~N®R @
NS ~ N 3B
.0 4.5 4.0 35 3.0 2.5 2.0 1.5 1.0 0.5 0.
f1 (ppm)

Figure 4.2: 'TH-NMR (400 MHz, CDCl;, RT) of methyl 26-hydroxyhexacosanoate.
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Complete separation of methyl 26-hydroxyhexacosanoate from this impurity could not be
achieved, neither by recrystallization nor by column chromatography. For that reason only
methyl 18-hydroxyoctadecanoate and methyl 20-hydroxyeicosanoate were utilized as starting

materials for the synthesis of long-chain aliphatic polyesters.

4.2.2 Synthesis of Polyester-18 and Polyester-20
Polycondensation of these unsymmetrical AB-type monomers catalyzed by titanium alkoxides
afforded the corresponding long-chain aliphatic polyesters, namely poly[w-hydroxyl octadecanoic

acid] (PE-18) and poly[w-hydroxyl eicosanoic acid] (PE-20).

Table 4.2: Molecular weights and thermal properties of long-chain aliphatic AB-type polyesters.

entty  Tm? T M,NmRP M, et M./M;©
[°C] [°C] [g mol] [g mol]

PE-18 101 76 1.6 X 10* 1.5 X 10* 4.2

PE-20 103 84 1.5 x 104 1.3 x 104 2.9

9 Determined by DSC with a heating/cooling rate of 10 K min.
b Determined by end-gtoup analysis from 'H-NMR spectroscopy.
9 Determined by GPC at 160 °C in trichlorobenzene »s. polyethylene
standards.

End-group analysis by "H-NMR spectroscopy, as well as high temperature GPC measurements
relative to polyethylene standards, revealed number-average molecular weights in the order of
several 10* ¢ mol” (Table 4.2). As determined by DSC PE-18 exhibits a melting point of T =
101 °C (T. = 76 °C, AH., = 143 J g"). For the even longer chain aliphatic polyester PE-20 a
melting point of T = 103 °C (T. = 84 °C, AH., = 166 J g") was found. To this end one can only
note that the melting temperature for PE-18 is somewhat higher than the Ty of 90 °C reported
for polyester-18 prepared by Narine and coworkers in parallel to this work." Yet melting points
reported here are in line with other long-chain AB-type polyesters such as PE-19 (T,, = 103 °C)
and PE-23 (T.. =104 °C) prepared by ring-opening polymerization of macrolactones
(Scheme 4.7)."
G

—=N-p
é"/l °
X
X = Et, OBn o
: S Sy
n Q:J 100°C; 22h BnO o

x n

X

Scheme 4.7: Ring-opening polymerization of poly(nonadecalactone) (x = 15) and

poly(tricosalactone) (x = 19).1°
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4.3 Conclusion

In summary, linear long-chain w-hydroxy aldehydes of different chain-lengths can be prepared by
redox isomerization of monounsaturated diols, obtained from self-metathesis of fatty alcohols.
Alternatively, these unsaturated diols can be obtained by reduction of the corresponding
dicarboxylic acids, which are a (side-) product from olefin-metathesis of plant oils.

Double bond migration at room-temperature is promoted by the well-defined catalyst precursor
[1,2-bis {(di-#er-butylphosphino)methyl}benzene  palladium  ditriflate]. Subsequent selective
oxidation of the aldehyde functionality of these unsymmetrical a,w-functionalized long-chain
compounds gives access to different w-hydroxy carboxylic acid esters, which are typically difficult
and expensive to prepare by traditional organic syntheses. In this way, starting from commonly
available plant oil derivatives, methyl 18-hydroxyoctadecanoate and methyl 20-hydroxy-
eicosanoate were obtained in polymerization grade purity (cf. Scheme 4.2). Their even longer
chain analogue namely methyl 26-hydroxyhexacosanoate, however, still contained some minor
unidentified impurities.

Polycondensation of these unsymmetrical AB-type monomers yielded long-chain aliphatic
polyesters, namely poly[w-hydroxyl octadecanoic acid] (PE-18) and poly|[w-hydroxyl eicosanoic
acid] (PE-20). Molecular weights as determined by end-group analysis by '"H-NMR spectroscopy,
as well as high temperature GPC measurements, revealed number-average molecular weights on
the order of several 10* g mol". Thermal analysis exhibited a melting point of T, = 101 °C (T. =
76 °C, AH,, = 143 J g) for PE-18, whereas for the even longer chain aliphatic polyester PE-20 a
melting point of Tw = 103 °C (T. = 84 °C, AH., = 166 ] g) was found. Thus melting points of
these new polycondensates are significantly higher than for common mid-chain aliphatic

polyesters and are in line with other long-chain AB-type polyesters reported so far.
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4.4 Experimental section

4.41 Materials and general considerations

Unless stated otherwise, all manipulations were carried out under an inert gas atmosphere using
standard Schlenk or glovebox techniques. THF and toluene were distilled from sodium under
inert conditions. All other solvents were used in technical grade as received. Technical grade
erucic acid (= 90 %), oleyl alcohol (85 %), 10-undecenoic acid (98 %), [(PCy3):CLLRu=CHPh]
(Grubbs 1% generation catalyst), [(PCys)(n-C-CsHiN:Mesz) CbLRu=CHPh] (Grubbs 2™ generation
catalyst), ethyl vinyl ether, lithium aluminum hydride, titanium(IV) butoxide (= 97 %) were

20

supplied by Sigma Aldrich. [Pd(dtbpx)(OTf),] was prepared as reported previously.” Aqueous
H>O, (30 wt.-%) was purchased from Merck. All deuterated solvents were supplied by Eurisotop.
NMR spectra were recorded on a Varian Inova 400 and a Bruker Avance 400 spectrometer.
'"H and “C chemical shifts were referenced to the solvent signals. High-temperature NMR
measurements of polymers were performed in 1,1,2,2-tetrachloroethane-42 at 130 °C.

GC analyses were carried out on a Perkin Elmer Clarus 500 GC system equipped with a Perkin
Elmer Elite-5 capillary column (30 m X 0.25 mm X 0.25 pm, 5 % diphenyl - 95 % dimethyl
polysiloxane) using flame-ionization detection (FID). Helium of 99.995 % purity was used as the
carrier gas. The initial temperature of 100 °C was kept for one minute, and the column was then
heated at a rate of 15 K min" to 300 °C, and kept isothermal at this temperature for 5 min
(injector temperature 270 °C; detector temperature 280 °C).

GC-MS analyses were carried out on an Agilent Technologies 7890A GC system equipped with a
Phenomenex Zebron ZB-5 ms w/Guardian capillary column 30m X 0.25 mmX 0.25 pm, 5 %
phenyl - 95 % dimethyl polysiloxane) using mass (Agilent Technologies 5975C inert MSD with
triple-axis detector) and flame-ionization detection (FID). Helium of 99.995 % purity was used as
the carrier gas. The initial temperature of 50 °C was kept for 1 min, after which the column was
heated at a rate of 30 °C min™ up to 280 °C. The final temperature was kept for 8 min.

DSC analyses were performed on a Netzsch Phoenix 204 F1 instrument with a heating and
cooling rate, respectively, of 10 K min". Data reported are from second heating cycles.

High temperature GPC measurements were carried out in 1,2,4-trichlorobenzene at 160 °C at a
flow rate of 1 mL min" on a Polymer Laboratories 220 instrument equipped with Olexis columns
with differential refractive index, viscosity, and light-scattering (15° and 90°) detectors. Data
reported were determined directly against polyethylene standards.

LC-MS analyses were conducted on a LCMS-2020 instrument from Shimadzu (pumps LC-20
AD, autosampler SIL-20AT HAT, column oven CTO-20AC, UV-Vis detector SPD-20A,
controller CBM-20, APCI detector and software LCMS-solution) with an EC 125/4 Nucleodur
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C18, 3 uM column (Machery-Nagel). A binary gradient of acetonitrile (with 0.1 % formic acid) in
water (with 0.1 % formic acid) was used at a flow rate of 0.4 mL min™. Analytical high
performance liquid chromatography (HPLC) was conducted on a Shimadzu LC-20A prominence
system (pumps LC-20AT, auto sampler SIL-20A, column oven CTO-20AC, diode array detector
SPD-M20A, ELSD-LT II detector, controller CBM-20A and software LC-solution) using an EC
125/4 Nucleodur C18, 3 pM column (Machery-Nagel).

4.4.2 Monomer synthesis

Synthesis of Octadec-9-ene-1,18-diol

Degassed oleyl alcohol (20.1 g, 75.0 mmol) was placed in 100 mL of pentane and [(PCys)(n-C-
CsHiN:Mesy) CLRu=CHPh] (Grubbs 2™ generation catalyst) (64 mg, 0.075 mmol) was added.
The reaction mixture was stirred over night at room temperature and quenched with ethyl vinyl
ether (10 mL). After addition of 50 mL of pentane the reaction mixture was cooled to 5 °C and
an off-white solid was filtered off. Repeated recrystallization from acetone yielded pure octadec-
9-ene-1,18-diol (6.5 g, 60 %)

5 5
HO.

2 _ 2 OH
s et
'H-NMR (CDCl, 25 °C, 400 MHz): & 5.41-5.29 (m, 2H, H-6), 3.63 (t, Jun = 6.6 Hz, 4H, H-1),
2.00-1.92 (m, 4H, H-5), 1.61-1.52 (m, 4H, H-2), 1.43-1.23 (m, 20H, H-3 and H-4).
BC{'H} NMR (CDCls, 25 °C, 101 MHz): & 130.51 (C-6), 63.22 (C-1), 32.94 (C-2), 32.71 (C-5),
29.84-29.10 (C-4), 25.87 (C-3).

Elemental analysis calculated for CisH3cO2: 76.00 % C, 12.76 % H; found: 76.11 % C, 12.69 % H.

—12.52
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Figure 4.3: Gas chromatogram of pure octadec-9-ene-1,18-diol.
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Synthesis of Methyl 18-hydroxyoctadecanoate

Octadec-9-ene-1,18-diol (4.8 g, 17.0 mmol) was suspended in 100 mL of acetone and
[Pd(dtbpx)(OT*),] (135.8 mg, 0.17 mmol) was added. The reaction mixture was stirred for two
hours at room temperature and the solvent was removed 7z vacuo. The crude product was
suspended in 100 mL of methanol and 2.5 mL of concentrated HCl (= 37 %) were added
dropwise at 4 °C. During the addition, the internal temperature was kept below 20 °C. After
stirring with ice-cooling for 30 minutes, 3.1 ml aqueous H>O, (30 wt.-%) were added and the
reaction mixture was stirred for one hour. The mixture was heated to 50 °C and stirred over
night at this temperature. The reaction mixture was then diluted with water and extracted with
ethyl acetate (3 x 100 mL). The combined organic phases were washed with aqueous Na,SOs (2 x
50 mL) and dried over MgSO.. After filtration and removal of the solvent, the crude product was
purified by column chromatography over silica using CH,CL/EtOAc (9:1) as eluent.

Recrystallization from heptane yielded the desired product was as a white solid (2.6 g, 49 %).

5

A

"H-NMR (CDCI;, 25 °C, 600 MHz): & 3.66 (s, 3H, H-1), 3.64 (t, *Jun = 6.7 Hz, 2H, H-8), 2.30 (t,
Tin = 7.7 Hz, 2H, H-3), 1.64-1.59 (m, 4H, H-4), 1.59-1.54 (m, 4H, H-7), 1.40-1.23 (m, 26H, H-5
and H-6).

PC{'H} NMR (CDCls, 25 °C, 151 MHz): 8 174.50 (C-2), 63.25 (C-8), 51.59 (C-1), 34.29 (C-3),
32.98 (C-7), 29.94-29.19 (C-5), 25.90 (C-6), 25.13 (C-4).

Elemental analysis calculated for Ci9H3sOs: 72.56 % C, 12.18 % H; found: 72.34 % C, 12.93 % H.
APCI-MS: m/z = 356.1 M" + H + MeCN).
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Figure 4.4: LC-MS chromatogramm of methyl 18-hydroxyoctadecanoate.
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Synthesis of Erucyl Alcohol (Docos-13-en-1-ol)

Erucic acid (30.0 g, 88.6 mmol) was dissolved in 100 mL of THF and added dropwise to a cooled
suspension (0 °C) of LiAlH, (5.0 g, 132.5 mmol) in 150 mL of THF. After complete addition, the
suspension was refluxed for 3 h and then stirred overnight at room temperature. The reaction
was quenched by slow addition of 5.5 mL of water, 5.5 mL of 2 M NaOH and 10.0 mL of water.
The resulting solution was extracted with diethyl ether (3 x 100 mlL). The combined organic
phases were washed with water (2 x 150 mL), brine (2 x 100 mL) and subsequently dried over
MgSO,. After filtration, the solvent was removed iz vacuo yielding 27.8 g (97 %) of the crude

product as a white solid, which was utilized without further purification.

"H NMR (CDCL, 25 °C, 400 MHz): 8 5.43-5.31 (m, 2H, H-6), 3.66 (t, Jun = 6.7 Hz, 2H, H-1),
2.09-1.95 (m, 4H, H-5), 1.62-1.52 (m, 2H, H-2), 1.42-1.22 (m, 30H, H-3 and H-4).

BC{'H} NMR (CDCL, 25 °C, 101 MHz): 8 130.52 and 130.50 (C-6, C-6’; trans), & 130.05 and
130.03 (C-6, C-6’; cis), 63.23 (C-1), 32.97 (C-2), 32.06 (C-7), 30.05-29.26 (C-4), 27.35 (C-5), 25.88
(C-3), 22.83 (C-8), 14.26 (C-9).

Synthesis of Hexacos-13-ene-1,26-diol

After erucyl alcohol (27.5 g, 85.5 mmol) was degassed 100 mL of pentane and [(PCys)(n-C-
C3sHiN:Mesy) CLbLRu=CHPh] (Grubbs 2™ generation catalyst) (72 mg, 0.085 mmol) was added.
The reaction mixture was stirred over night at room temperature and quenched with ethyl vinyl
ether (10 mL). After addition of 50 mL of pentane the reaction mixture was cooled to 5 °C and
an off-white solid was filtered off. Repeated recrystallization from acetone yielded pure hexacos-
13-ene-1,26-diol (7.8 g, 46 %).

HOL A S S OH
Tty P Yy

4 s
"H-NMR (CDCl;, 25 °C, 400 MHz): 8 5.41-5.29 (m, 2H, H-6), 3.64 (t, ’Jun = 6.5 Hz, 4H, H-1),
1.99-1.92 (m, 4H, H-5), 1.61-1.52 (m, 4H, H-2), 1.38-1.21 (m, 36H, H-3 and H-4).

PC{'H} NMR (CDCls, 25 °C, 101 MHz): 8 130.52 (C-6), 63.26 (C-1), 32.98 (C-2), 32.76 (C-5),
29.91-29.06 (C-4), 25.90 (C-3).

Elemental analysis calculated for CoHsO2: 78.72 % C, 13.21 % H; found: 78.94 % C, 13.47 % H.
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Figure 4.5: Gas chromatogram of pure hexacos-13-ene-1,26-diol.

Synthesis of Methyl 26-hydroxyhexacosanoate

Hexacos-13-ene-1,26-diol (6.7 g, 17.0 mmol) was suspended in 100 mL of acetone and
[Pd(dtbpx)(OTf),] (135.8 mg, 0.17 mmol) was added. The reaction mixture was stirred for six
hours at room temperature and the solvent was removed 7z vacno. Due to the low conversion as
evidenced by "H-NMR spectroscopy additional catalyst (60.0 mg, 0.08 mmol) and 100 ml. of
acetone were added and the suspension was stirred overnight at 50 °C. The crude product was
suspended in 60 mL of methanol and 2.5 mL of concentrated HCI (= 37 %) were added drop-
wise at 4 °C. During the addition, the internal temperature was kept below 20 °C. After stirring
with ice-cooling for 30 minutes 3.1 mL of aqueous H,O, (30 wt.-%) were added and the reaction
mixture was stirted for an hour. It was then heated to 50 °C and stirred over night at this
temperature. The reaction mixture was then diluted with water and extracted with ethyl acetate
(3 x 100 mL). The combined organic phases were washed with aqueous Na,SO; (2 x 50 mL) and
dried over MgSO,. After filtration and removal of the solvent, the crude product was purified by
column chromatography over silica using CH,Cl,/EtOAc (9:1) as eluent. Recrystallization from

heptane yielded the desired product as a white solid (1.8 g, 25 %).

"H-NMR (CDCl;, 25 °C, 600 MHz): & 3.66 (s, 3H, H-1), 3.64 (t, ’Jin = 6.8 Hz, 2H, H-8), 2.30 (t,
Jin = 7.6 Hz, 2H, H-3), 1.64-1.59 (m, 4H, H-4), 1.59-1.53 (m, 4H, H-7), 1.38-1.22 (m, 30H, H-5
and H-0).
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PC{'"H} NMR (CDCI;, 25 °C, 151 MHz): 6 174.49 (C-2), 63.26 (C-8), 51.58 (C-1), 34.28 (C-3),
32.99 (C-7), 29.94-29.28 (C-5), 25.90 (C-6), 25.13 (C-4).
Elemental analysis calculated for C»Hs4Os: 76.00 % C, 12.76 % H; found: 75.61 % C, 12.69 % H.

Synthesis of Eicos-10-enedioic acid"

Degassed 10-undecenoic acid (55.3 g, 0.3 mol) was mixed with [(PCy3),CLLRu=CHPh] (Grubbs 1*
generation catalyst) (0.6 mmol, 0.2 mol-%) under an argon flow. The reaction mixture was
exposed to vacuum and stirred with a magnetic stir bar at room temperature for four hours. An
off-white solid began to precipitate and the reaction was quenched with ethyl vinyl ether (10 mL).
The off-white solid was filtrated at 5 °C and washed with pentane.

For esterification the resulting diacid was suspended in 200 mL of methanol. After addition of 8
drops of sulfuric acid, the resulting mixture was heated at 70 °C for 30 minutes. Dimethyl-1,20-
eicos-10-enedioate (15.5 g, 29 %) was obtained in polymerization grade purity (= 99 %) by

repeated recrystallization from methanol.

'H-NMR (CDCls, 25 °C, 400 MHz): 8 5.39-5.35 (m, 2H, H-6), 3.66 (s, 6H, H-7), 2.30 (t, *Jun =
7.3 Hz, 4H, H-2), 2.00-1.92 (m, 4H, H-5), 1.66-1.57 (m, 4H, H-3), 1.36-1.22 (m, 20H, H-4).
PC{'H} NMR (CDCl;, 25 °C, 101 MHz): 8 174.47 (C-1), 130.48 (C-6), 51.58 (C-7), 34.27 (C-2),
32.73 (C-5), 29.86-29.14 (C-4), 25.11 (C-3).

Elemental analysis calculated for C»H4Os: 71.70 % C, 10.94 % H; found: 71.86 % C, 10.78 % H.

Synthesis of Eicos-10-ene-1,20-diol

Dimethyl-1,20-eicos-10-enedioate (8.1 g, 22.0 mmol) was dissolved in 100 mL of THF and
cooled with an ice bath. LiAIH4 (2.0 g; 52.8 mmol) was added slowly within 30 minutes. The
reaction mixture was stirred at room temperature for five hours and subsequently heated to
reflux for half an hour. After stirring over night at room temperature the reaction was quenched
by slow addition of 2.5 mL of water, 2.5 mL of 15 % aqueous NaOH and 5.0 mL of water. The
reaction mixture was then filtrated at 50 °C over celite. After removing the solvent iz vacuo, eicos-

10-ene-1,20-diol was recrystallized from heptane to yield 5.6 g (81 %) of the pure product.

3 5 5 3
N T VT T N g
H012 P 210H
4 4

'H-NMR (CDCl, 25 °C, 400 MHz): 8 5.40-5.30 (m, 2H, H-6), 3.63 (t, *Jun = 6.6 Hz, 4H, H-1),
2.00-1.92 (m, 4H, H-5), 1.60-1.51 (m, 4F, H-2), 1.40-1.22 (m, 24H, H-3 and H-4).

BC{'H} NMR (CDCls, 25 °C, 101 MHz): & 130.51 (C-6), 63.23 (C-1), 32.96 (C-2), 32.72 (C-5),
29.91-29.06 (C-4), 25.90 (C-3).

Elemental analysis calculated for CoHiO4: 76.86 % C, 12.90 % H; found: 77.04 % C, 12.67 % H.
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Synthesis of Methyl 20-hydroxyeicosanoate

Eicos-10-ene-1,20-diol (5.3 g, 17.0 mmol) was suspended in 100 mL of acetone and
[Pd(dtbpx)(OT*),] (135.8 mg, 0.17 mmol) was added. The reaction mixture was stirred for two
hours at room temperature and the solvent was removed 7z vacuo. The crude product was
suspended in 60 mL of methanol and 2.5 mL of concentrated HCI (= 37 %) were added drop-
wise at 4 °C. During the addition, the internal temperature was kept below 20 °C. After stirring
with ice-cooling for 30 minutes 3.1 mL of aqueous H.O, (30 wt.-%) were added and the reaction
mixture was stirred for one hour. The mixture was heated to 50 °C and stirred over night at this
temperature. The reaction mixture was then diluted with water and extracted with ethyl acetate
(3 x 100 mL). The combined organic phases were washed with aqueous Na,SO; (2 x 50 mL) and
dried over MgSO,. After filtration and removal of the solvent, the crude product was purified by
column chromatography over silica using CH,Cl,/EtOAc (9:1) as eluent. After recrystallization

from heptane the desired product was obtained as a white solid (2.3 g, 39 %).

5

A

"H-NMR (CDCI;, 25 °C, 600 MHz): & 3.66 (s, 3H, H-1), 3.64 (t, *Jun = 6.7 Hz, 2H, H-8), 2.34 (t,
Tin = 7.4 Hz, 2H, H-3), 1.67-1.61 (m, 4H, H-4), 1.61-1.56 (m, 4H, H-7), 1.37-1.22 (m, 30H, H-5
and H-0).

PC{'H} NMR (CDCls, 25 °C, 151 MHz): § 174.52 (C-2), 63.26 (C-8), 51.60 (C-1), 34.28 (C-3),
32.98 (C-7),29.91-29.28 (C-5), 25.89 (C-6), 25.12 (C-4).

Elemental analysis calculated for C21H4O3s: 73.63 % C, 12.36 % H; found: 73.54 % C, 12.58 % H.
APCI-MS: m/z = 3843 (M" + H + MeCN)
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Figure 4.6: LC-MS chromatogramm of methyl 20-hydroxyeicosanoate.
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4.4.3 DPolymer synthesis

Polyesters were prepared in a 100 mL two-necked Schlenk tube equipped with an overhead
stirrer. Efficient mixing of the highly viscous polymer melt was achieved by a helical agitator.
Under a argon atmosphere the monomers (3.2 mmol of methyl 18-hydroxyoctadecanoate or
methyl 20-hydroxyeicosanoate, respectively) were filled into the reaction vessel and molten by
heating to 130 °C. A 1.2 mL solution of a 0.028 M titanium(IV) butoxide in toluene was injected,
and the temperature was raised to 200 °C over the course of 8 h. Finally, the polymer melt was
stirred overnight at this temperature under reduced pressure (0.01 mbar). Polyesters were
analyzed by DSC, 'H NMR and GPC measurements.

Poly[w-hydroxyl octadecanoic acid] (10 K min™): T = 101 °C, T. = 76 °C, and AH,, = 143 ] ¢
(cf. Figure 4.7).

T, =101°C
25_‘ AH,, =143 J g
2.0
1.5
— 1.0 —heating
o 1 —
E 05+—
% 0.0
§ -05 T—
_1 0 | cooling
-1.5 1
204 T,=76°C
25
T T T T T T T T T T T T T T T T T 1
-40 -20 0 20 40 60 80 100 120 140

temperature (°C)

Figure 4.7: DSC trace of poly|w-hydroxyl octadecanoic acid].
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GPC reveals molecular weights M, of typically 1.5 X 10* g mol" (My/M, = 4.2) (cf. Figure 4.8);
this data agrees with M, of 1.6 X 10* g mol” determined from 'H NMR spectroscopic analysis of

the end groups.
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Figure 4.8: GPC trace of poly[w-hydroxyl octadecanoic acid] (in 1,2,4-trichlorobenzene at 160 °C)

Poly[w-hydroxyl eicosanoic acid] (10 K min™): T, = 103 °C, T. = 84 °C, and AH., = 166 ] g (cf.
Figure 4.9).

T. =103 °C
3.5 AH, = 166 J g
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Figure 4.9: DSC trace of Poly[w-hydroxyl eicosanoic acid].
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GPC reveals molecular weights M, of typically 1.3 X 10* g mol" (My/M, = 2.9) (cf. Figure 4.10);
this data agrees with M, of 1.3 X 10* g mol” determined from 'H NMR spectroscopic analysis of

the end groups.
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Figure 4.10: GPC trace of poly[w-hydroxyl eicosanoic acid] (in 1,2,4-trichlorobenzene at 160 °C)
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5 Material properties of long-chain aliphatic polyesters

5.1 Introduction

Dicarboxylic acids derived from plant oils are attractive intermediates for the synthesis of
polymer materials." The incorporation of long methylene sequences enables polymer
crystallization similar to polyethylene and renders polyesters more hydrophobic. Long-chain
aliphatic polyesters that incorporate the full length of the plant oils methylene sequences possess
high melting points (T > 100 °C) and crystallization temperatures, suitable for thermoplastic
processing. This differs from their shorter chain analogs. Here, the incorporation of aromatic
comonomers such as terephthalic acid is required in order to improve the crystallization
temperature, heat distortion temperature and mechanical properties of aliphatic polyesters.”

More recently, entirely chemical catalytic conversions of plant oils have complemented the
existing approach of biotechnological w-oxidation as a route to long-chain aliphatic monomers.™*
As outlined in chapter 1 and 3, self-metathesis™ generates (after subsequent double bond hydro-
genation) a long-chain a,w-diacid ester along with a stoichiometric amount of linear hydrocarbon
as the main products (Scheme 5.1). In this context, the implementation of the commercial-scale
refining of palm oil to chemicals by metathesis with 1-butene is notable."”"" Due to the specifics
of the process and of olefin metathesis in general, a significant amount of self-metathesis will
occur as a side reaction to yield 1,18-octadecene dioate."

A different route has recently been found with isomerizing alkoxycarbonylation (Scheme 5.1).""
Other than metathesis, the long-chain methylene sequence of the fatty acid feedstock is fully
incorporated into the a,w-diacid ester product. This is a result of the highly kinetically controlled
outcome of the isomerizing alkoxycarbonylation reaction zs. the equilibrium product distribution

from metathesis.'

1. isomerizing alkoxycarbonylation

+ CO; + ROH o (o]
| catalyst ROJ\/\/\/\/\/\/\/\/\/U\OR
o Cqo from oleate C,; from erucate

| . .

catalyst o

OR
1. self-metathesis ROJ\/\/\/\/W\/\/\H/

2. hydrogenation
C.s from oleate C,4 from erucate

Scheme 5.1: Main products of the isomerizing alkoxycarbonylation and self-metathesis,

respectively, of unsaturated fatty acid esters.
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Polycondensation reactions are well established and used widely in industry for the synthesis of,
amongst others, polyesters. Nonetheless, obtaining sufficient molecular weight for achieving
entanglement and mechanical strength is not trivial for a given set of monomers. Typically,
polyester molecular weights are in the range of 10* to 5 X 10*gmol" in order to prevent
embrittlement and premature mechanical failure on straining. Molecular weights of polyesters or
polyamides prepared by step-growth polycondensation are highly sensitive to the presence of
impurities and require extremely high purity and accurate stoichiometry of the difunctional
monomers. Obtaining a material with useful mechanical properties from a new type of monomer
is always precarious, and there is no generic protocol. For example, most Ax+B, syntheses of
polyester materials employ a diol which is volatile to a relevant extent under polycondensation
conditions such that it can be used in excess in the initial reaction mixture. This does not apply to
the polyesters studied here. Due to these and other general limitations only little is known about
the material properties of such entirely long-chain aliphatic polyesters based on symmetric o,w-
functionalized monomers.

This chapter now provides the mechanical properties of entirely aliphatic semicrystalline poly-
esters based on linear long-chain dicarboxylic acids and diols, which were previously reported by

our group.“’ls
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5.2 Results and discussion

5.2.1 Monomer and polymer synthesis

Isomerizing alkoxycarbonylation was utilized to gain access to long-chain linear aliphatic diesters
and diols. High oleic sunflower oil methyl ester (Dakolub MB9001) or technical grade methyl
erucate, respectively, were used as a starting material. A well-defined catalyst precursor, [1,2-bis-

5

{(di-fert-butylphosphino)methyl} benzene palladium ditriflate]” was employed. This is signify-
cantly more efficient by comparison to catalysts obtained by mixing a palladium source and the
diphosphine 7 situ, which requites a five-fold excess of the diphosphine.''® As a prerequisite for
the studies of polyesters reported here, the monomer synthesis was investigated on an enhanced

scale in a 1L pressure reactor (Table 5.1).

Table 5.1: Monomer synthesis by isomerizing alkoxycarbonylation.

entry substrate conversion®  selectivity® isolated yield
[“%] [%6] of pure product
1 methyl oleate 89 % 89 % 115 g (76 %)
2 methyl erucate 72 % 84 % 96 g (54 %)

3 conditions: 430 mmol substrate, 0.86 mmol [(dbpx)Pd(OTf),], 550 mL. MeOH
20 bar CO, 90 °C, 120 h. » Determined by GC analysis of the crude reaction
mixture.

No adverse effects on productivity, selectivity or product purity zs. smaller scale syntheses' was
observed. Upon crystallization from methanol, used as the reaction medium, the linear Ciy and
Cy; diester were obtained on a 100 g scale in > 99 % purity. The residual filtrate predominantly
consists of (isomerized) starting material and in principle can be reused again.

Long-chain o,w-diol monomers were generated by reduction of the aforementioned diesters,
stoichiometrically with LiAlHs or by catalytic hydrogenation with Saudan's” ruthenium catalyst.
In addition, preliminary experiments showed that catalytic reduction is also possible using a
ruthenium hydride complex based on the pincer ligand PNN (2-(di-#er#-butylphosphinomethyl)-6-
(diethylaminomethyl)pyridine) developed by Milstein and coworkers.”

Previous work by our laboratory demonstrated that polycondensation of stoichiometric amounts
of these difunctional A,+B, monomers catalyzed by titanium alkoxides afforded the
corresponding long-chain aliphatic polyesters, namely poly[1,19-nonadecadiyl-1,19-nonadecane-
dioate] (PE-19.19) and poly[1,23-tricosadiyl-1,23-tricosanedioate] (PE-23.23)."* GPC measure-
ments in 1,2 4-trichlorobenzene at 160 °C s linear polyethylene standards of these novel
polycondensates trevealed molecular weights M, of typically 2 x 10* g mol’ (My/M. = 2).
However, in otder to elucidate the polyesters’ materials properties higher molecular weights are

required and also polymer quantities have to be enhanced.

87



Material properties of long-chain aliphatic polyesters

Optimization of the polycondensation reaction to linear long-chain aliphatic polyesters
Despite their large scale applications, polycondensations to sufficient molecular weights for
achieving entanglement and mechanical strength are challenging and no generic protocols exist
that can be transferred to a new combination of monomers of interest. For this reason
polymerization conditions have to be adopted to the characteristics of the monomers applied.
Reaction conditions for the polycondensation to linear long-chain aliphatic polyesters were
optimized starting from commercially available octadecanedioic acid marketed by Emery
Oleochemicals under the trade name Emerox118®* After purification by transesterification and
subsequent recrystallization from methanol, dimethyl-1,18-octadecanedioate was reduced to the
corresponding a,w-diol. With sufficient amount of these two o,w-difunctional monomers in our
hand, polycondensations were optimized using 16 mmol of either monomer, affording between 5
and 10 g of polyester.

However, first polycondensation experiments on this scale clearly pointed out that no efficient

mixing of the highly viscous polymer melt is provided using our standard polymerization

equipment.

Figure 5.1: Optimized polymerization equipment with a helical stirrer.

Thus in order to achieve effective mixing throughout the whole polycondensation process, a new
helical agitator was designed (Figure 5.1). Furthermore the diameter of the polycondensation

schlenk tubes was increased to facilitate circulation of the polymer melt (Figure 5.2)

88



Material properties of long-chain aliphatic polyesters

N
o | W

€% |
\ 14
\R 8%

Figure 5.2: Schematic representation of the optimized polymerization equipment with a helical agitator

and corresponding diameter of the Schlenk tube

Polycondensation employing this revised equipment, applying 0.5 mol-% of titanium butoxide as
catalyst, yields PE-18.18 with a number average molecular weight of M, 2.9 x 10* g mol™ as deter-

mined by high temperature size exclusion chromatography (cf. Table 5.2, entry 1).

Table 5.2: Polycondensation to PE-18.18 applying different amounts of catalyst.

M, gpc? My,cec® M, /M,b

entry Ti(OBu)4 [g m01_1] [g mol_l]

1 0.5 mol-% 29 x 10 3.0 x10* 2.6

2 0.5 mol-% in 3.5 x 104 9.4 x10* 2.7
0.6 mL Toluene

3c 0.5 mol-% in 1.4 x 104 6.7 x 104 4.7
0.6 mL Toluene

4 0.05 mol-% in 3.7 x10* 8.4 x10* 2.3
0.6 mL Toluene

5 0.005 mol-% in 1.7 X 10% 47 x 104 2.8

0.6 mL Toluene

% conditions: 16.0 mmol of dimethyl-1,18-octadecanedioate and
octadecane-1,18-diol, temperature was gradually increased to
200 °C over the course of 8 h; finally, the polymer melt was
stirred for about 16 h at this temperature under reduced pressure
(0.01 mbar) » Determined by GPC at 160 °C in trichloro-
benzene »s. polyethylene standards. © Final polycondensation
temperature of 230 °C.

By dissolving the catalyst in dry and degassed toluene molecular weights could be further
increased as the refluxing toluene solution is washing down residual monomer from the glass
tube at the beginning of the polycondensation process (cf. Table 5.2, entry 2). Even higher
molecular weights of M, 3.7 X 10* g mol” were obtained by reducing the catalyst loading to 0.05
mol-% (cf. Table 5.2, entry 4). However, decreasing the amount of catalyst to 0.005 mol-%
resulted in a decrease of the number average molecular weight (cf. Table 5.2, entry 5). Besides
catalyst loading, also the polycondensation temperature was varied. Effective mixing of the

polymer melt was enhanced by increasing the final temperature to 230 °C and thus decreasing the
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viscosity of the polymer melt. Nevertheless molecular weights did not increase due to thermal
degradation of the polymer under these harsh conditions, indicated by the brownish color of the
resulting polymer and the relative broad polydispersity observed for this sample (cf. Table 5.2,
entry 3).

After this optimization, polymerizations of the Ciy as well as the Cz; components were typically
performed on a scale of 20 mmol of either monomer, affording between 10 and 15 g of polyester
(Table 5.3).” Optimized reaction conditions essentially comprised 0.05 mol-% of Ti(OBu)s and
stirring for 16 hours at 200 °C and 0.01 mbar with a helical agitator (cf. Experimental section).
Polymerization under these conditions and on this scale yielded polyesters with a number average
molecular weight of M, 3.0 X 10*g mol™ as determined by both "H-NMR quantification of end-
groups and high temperature GPC relative to polyethylene standards. In view of the largely
polyethylene-like character of the polymer chains, GPC uss. polyethylene standards appears most

appropriate by comparison to other common standards.

Table 5.3: Molecular weights and thermal properties of long-chain aliphatic polyesters.

entry T T M, NmRP M, e M.,./M,¢
[°C] [°C] [g mol] [g mol!]

PE-19.19 102 83 29 x10* 3.0 x 104 2.6

PE-23.23 107 86 39 x10+ 3.9 X104 2.4

9 Determined by DSC with a heating/cooling rate of 10 K min.
b Determined by end-group analysis from '"H-NMR spectroscopy.
9 Determined by GPC at 160 °C in trichlorobenzene »s. polyethylene
standards.

Regarding the investigation of the material properties of these new materials, this increase in
molecular weight is essential, as for example polymer samples of lower molecular weights do not
exhibit a steady state behavior during rheological measurement. Time sweep experiments of PE-
23.23 with a number average molecular weight of M, 1.8 X 10*g mol” as determined by high
temperature GPC relative to polyethylene standards, at a constant temperature T = 130 °C and
constant frequency w = 10 rad/s, show a significant increase in storage modulus (G") as well as
loss modulus (G™") over time (Figure 5.3). This buildup in modulus can be attributed to
chemical or physical changes in the melt such as further reactions of end-groups. However, a
resulting change in molecular weight could not be evidenced neither by GPC measurements nor
by end-group analysis by "H-NMR spectroscopy, of the polymer samples before and after the

time sweep.

b For polyester-19.19 prepared on a larger scale of 50 mmol, essentially identical molecular weights and tensile
properties were observed.
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time [h]

Figure 5.3: Time sweep measurement of PE-23.23 with a number average molecular weight of

Micre 1.8 X 104 g mol! (T = 130 °C, w = 10 rad/s, y = 6 %, gap = 0.5 mm).

By contrast, polyesters of higher molecular weight generated by the above protocol were
confirmed to be sufficiently stable during a typical experiment. In view of melt processing,
required amongst others for the preparation of samples for tensile testing (vide infra), they display
a simple rheological behavior (Figure 5.4 and Experimental section). The storage modulus (G")
and loss modulus (G™°) can be superimposed only by horizontal shifts along the frequency axis.”
This shows that no undesired chemical or physical changes occur in the melt, such as changes of

molecular weight by degradation, further reactions of end-groups, or crosslinking.
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Figure 5.4: Master curves of G and G for PE-19.19 (from measurements at 110, 120, 130, 140, 150,
160, 180 and 190 °C). Shifting temperature is 150 °C.
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5.2.2 Tensile properties
For tensile testing of PE-19.19 and PE-23.23, dog-bone shaped test specimen were obtained by

injection molding using a mini-compounder (cf. Experimental section).

Figure 5.5: Dog-bone-shaped sample bar for tensile testing.

In the first tests applying polymer samples with a number average molecular weight between 1.0
and 2.0 X 10* g mol”, as determined by high temperature GPC, brittle fracture was observed,
indicating that the molecular weight of the material was likely insufficient to enable effective
chain entanglement. PE-23.23 for example exhibited a Young’s modulus of 1500 MPa with an

elongation of break of just 1.1 %.
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Figure 5.6: Stress-strain curves of PE-19.19.
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However, PE-19.19 and PE-23.23 generated by the above protocol clearly show typical
properties of a polymeric material rather than a brittle wax-like behavior. Following a linear and
nonlinear viscoelasticity regime (I), a neck region with strain softening (II) and plastic flow (I1I),
strain hardening (IV) is also observed as concluded from the characteristic changes of slope in
the stress-strain curves (Figure 5.6 and Experimental section).”

Both polyesters show Young’s moduli around 400 MPa and an elongation at break of more than

600 % (Table 5.4).

Table 5.4: Tensile properties (Young’s modulus, stress at yielding, strain at yielding, stress at break and

clongation at break) of polyesters.

ot Young’s Stress at Strain at Stress at Elongation at
entry Modulus yield yield break break
[MPa] [MPa] [%] [MPa] [%]
PE-19.19 408 15.3 18.3 15.9 619
PE-23.23 436 16.7 19.7 17.0 678

9 True stress at break calculated after cross-section area correction.

In detail, PE-23.23 displays a slightly higher modulus »s. PE-19.19, as expected due to the higher
crystallinity'* arising from the longer methylene sequences. These tensile properties are similar to
those of polyesters [O(CH»),C(O)]« generated by ring-opening chain growth polymerization of
naturally occurting pentadecalactone (7 = 15)*** or AB-polycondensation of 14-hydroxy-
tetradecane carboxylic acid from enzymatic w-hydroxylation of myristic acid (» = 14).” By
comparison, high density polyethylene (HDPE) from linear insertion chain growth typically
displays a Young’s modulus of ca. 1 GPa.*®

Also the shore D hardness increases with increasing chain length of the repeat units' hydrocarbon
segments from 54 for PE-19.19 to 56 for PE-23.23. This approaches the hardness of 60 to 70
given for HDPE.”

5.2.3 Dynamic mechanical analysis

As a result of the high degree of crystallinity y of about 70 % for PE-19.19 and 75 % of PE-
23.23 as determined by wide-angle X-ray scattering,'* even upon rapid cooling or heating in DSC
no glass transitions could be observed reliably due to the small portion of amorphous polymer
subject to vitrification or softening, respectively. Dynamic mechanical analyses (DMA, at a
frequency of 1 Hz) were more conclusive to this end. For PE-19.19 from the loss modulus us.
temperature a T, of -37 °C was observed (Figure 5.7). The longer-chain aliphatic polyester PE-

23.23 exhibits a slightly higher glass-transition temperature of -27 °C (cf. Experimental section).
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This difference can be ascribed to the enhanced crystallinity due to the longer methylene

sequences and the resulting stronger restriction in mobility.”” ¢
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Figure 5.7: Dynamic mechanical analysis of PE-19.19.

Besides the relaxation due to the glass transition, both polymers show a second relaxation

phenomenon at around -130 °C, which can be ascribed to the motion of the methylene

sequences of the polyester main chain.””

¢ For poly(w-hydroxyl tetradecanoic acid) (PE-14) a Ty of —30 °C has been reported,” and for poly(w-penta-
decalactone) (PE-15) a T, of —27 °C.%2
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5.2.4 Hydrolytic degradation

Preliminary hydrolytic degradation studies were performed on solid samples in concentrated and
diluted acidic and basic aqueous media. Beyond first insights into the behavior of the material
towards these media, the experiments to some extent also allow for an estimation of the behavior
over longer terms but under milder conditions.

For the hydrolytic cleavage experiments, pellets of long-chain aliphatic polyester PE-19.19
(prepared by injection molding using a mini-compounder, cf. Experimental section) were
exposed to 20 wt.-% aq. NaOH, 1 M aq. HCl and concentrated aq. HCl at elevated temperatures
(T = 40 °C). With time intervals of a week, the pellets were removed, washed with water and
acetone and dried at room-temperature under vacuum for 24 h. After determination of the
weight loss the media were renewed and the polymer samples were again exposed to the
corresponding acidic or basic medium. After four weeks of exposure, weight losses for all the
samples were still within the error of the method." However, the appearance and surface

structure changed significantly (Figure 5.8).

Figure 5.8: Pellets of polyester PE-19.19 before (A) and after four weeks of hydrolytic degradation at
40 °Cin 1 M aq. HCI (B), concentrated aq. HCI (C) and 20 wt.-% aq. NaOH (D).

The pellets in conc. aq. HCI (Figure 5.8, C) for example turned black, whereas the polymer
samples exposed to 20 wt.-% aq. NaOH (Figure 5.8, D) had an increased surface roughness and
showed whitening at the edges. After another three weeks in the corresponding media the latter
ones even broke up into pieces (hampering an exact weight loss determination), whereas the
pellets in acidic media still remained intact, without showing any significant weight loss

(Figure 5.9).

4 A maximum error of 1 % can be assumed for pellet weight determination.
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Figure 5.9: Hydrolytig degradation of PE-19.19 pellets in 20 wt.-% aq. NaOH, 1 M aq. HCl and

concentrated aq. HCl at 40 °C. Average weight loss as a function of degradation time.

For pellets of PE-19.19 in PBS puffer (pH = 7.4) at 40 °C neither mass loss nor a change in
appearance or surface roughness was observed over seven weeks. This is in accordance with
hydrolytic degradation studies of poly(w-pentadecalactone), which do not show degradation over
a period of two years.” One reason for the hydrolytic stability of these long-chain aliphatic
polyesters might be the high crystallinity and hydrophobicity of these new materials. This
prevents the penetration of the medium into the materials to initiate degradation.

Although all these experiments provide first insights into the behavior of long-chain aliphatic
polyesters towards hydrolytic degradation further experiments, in particular comparison with
other aliphatic polyesters of shorter chain length, are required. Furthermore as change of
mechanical properties due to degradation is often observed before detection of any polymer
weight loss, also monitoring the material properties during hydrolytic degradation might be of

interest.
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5.3 Conclusion

Isomerizing alkoxycarbonylation was utilized to gain access to long-chain o,w-diacid ester
monomers. Starting from technical grade methyl ester of high oleic sunflower oil dimethyl-1,19-
nonadecanedioate was obtained in polycondensation grade purity. Likewise, dimethyl-1,23-
tricosanedioate was derived from methyl erucate. The successful ‘scale-up’ renders both
intermediates available on a 100 g scale. The corresponding long-chain «,w-diol components were
generated by catalytic hydrogenation with Saudan's" ruthenium catalyst, but also catalytic
reduction using a ruthenium hydride complex based on the pincer ligand PNN (2-(di-zer~
butylphosphinomethyl)-6-(diethylaminomethyl)pyridine) developed by Milstein and coworkers
was possible.”

Polycondensation of both the Ciy and the Cy; components applying optimized polymerizations
conditions afforded between 10 and 15 g of long-chain aliphatic polyesters, namely poly[1,19-
nonadecadiyl-1,19-nonadecanedioate] (PE-19.19) and poly[1,23-tricosadiyl-1,23-tricosanedioate]
(PE-23.23). The produced polymers exhibit a number average molecular weight of M,
3.0 x 10*g mol" as determined by both "H-NMR quantification of end-groups and high
temperature GPC relative to polyethylene standards. Both materials possess an elongation at
break of > 600 % and a Young’s modulus of around 400 MPa. Furthermore first tests on the
hydrolytic degradation revealed good stability of these new materials in concentrated and diluted
acidic and basic aqueous media. Considering their reasonably high melt and crystallization
temperatures, these findings all point out that useful and attractive materials properties can be
achieved for aliphatic polyesters generated by polycondensation of long-chain aliphatic diacids

with long-chain diols and offer prospects for novel bio-based films or moldings.
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5.4 Experimental section

5.4.1 Materials and general considerations

Unless stated otherwise, all manipulations were carried out under an inert gas atmosphere using
standard Schlenk or glovebox techniques. Methanol was distilled from magnesium turnings and
iodine prior to use. Toluene was distilled from sodium and THF from sodium/benzophenone.
All other solvents were used in technical grade as received. Carbon monoxide (3.7) and hydrogen
(5.0) were supplied by Air Liquide. [Pd(dtbpx)(OTf),] was prepared according to a reported
procedure.” High oleic sunflower oil methyl ester (92.5 % of methyl oleate) supplied by Dako

AG and methyl erucate (>90 %) from TCI were degassed prior to use. Sodium methoxide
(95 %), titanium(IV) butoxide (= 97%) and (I)-a-tocopherol (synthetic, = 96%) were purchased

from Sigma Aldrich. All deuterated solvents were supplied by Eurisotop.

NMR spectra were recorded on a Varian Inova 400. 'H and “C chemical shifts were referenced
to the solvent signals. High-temperature NMR measurements of polymers were performed in
1,1,2,2-tetrachloroethane-42 at 130 °C.

DSC analyses were performed on a Netzsch Phoenix 204 F1 instrument with a heating and
cooling rate, respectively, of 10 K min. Data reported are from second heating cycles.

High temperature GPC measurements were carried out in 1,2,4-trichlorobenzene at 160 °C at a
flow rate of 1 mL min" on a Polymer Laboratories 220 instrument equipped with Olexis columns
with differential refractive index, viscosity, and light-scattering (15° and 90°) detectors. Data
reported were determined directly against polyethylene standards.

Gas chromatography was carried out on a PerkinElmer (PE) Clarus 500 instrument with an
autosampler and FID detection on a PerkinElmer Elite-5 (5 % diphenyl - 95 % dimethyl-
polysiloxane) Series Capillary Columns (length: 30 m, inner diameter: 0.25 mm, film thickness:
0.25 mm), using helium as a carrier gas at a flow rate of 1.5 mL. min™. The injector temperature
was 300 °C. After injection the oven was kept isothermal at 90 °C for 1 min, heated at 30 K min"'

to 280 °C, and kept isothermal at 280 °C for 8 min.

5.4.2 Monomer synthesis

Alkoxycarbonylations of unsaturated long-chain fatty acids esters were carried out in a
mechanically stitred 1.1 L stainless steel pressure reactor, equipped with a heating/cooling jacket
supplied by a thermostat controlled by a thermocouple dipping into the reaction mixture. Prior to
alkoxycarbonylation experiments the reactor was evacuated and purged with nitrogen several

times.
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Synthesis of Dimethyl-1,19-nonadecanedioate™

Methyl oleate (150 mL, Dakolub MB 9001) was dissolved in 500 mL of methanol and cannula
transferred into the pressure reactor under a nitrogen atmosphere. A solution of the catalyst
precursor [(dtbpx)Pd(OTf),] (687 mg, 0.86 mmol) in another 50 mL of methanol was added, and
the reactor was pressurized with 20 bar of CO and heated to 90 °C. A constant CO pressure was
maintained by periodic replenishing. After 120 h the reactor was cooled to room temperature and
vented. The crude product was dissolved in methylene chloride and filtrated over a Buchner
funnel to remove solid residues. Removal of the solvent iz vacno and recrystallization from
methanol yielded pure dimethyl-1,19-nonadecanedioate (115.0 g, 76 %, purity 99.5 % from GC,
confirmed by 'H- and "C-NMR spectroscopy).

"H-NMR (CDCls, 25 °C, 400 MHz): & 3.66 (s, 6H, H-1), 2.30 (t, Jun = 7.6 Hz, 4H, H-3), 1.67-
1.56 (m, 4H, H-4), 1.35-1.20 (m, 26H, H-5).

BC{'H} NMR (CDCls, 25 °C, 101 MHz): § 174.48 (s, C-2), 51.56 (s, C-1), 34.28 (s, C-3), 30.16-
29.15 (C-5), 25.12 (s, C-4).
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Figure 5.10: Gas chromatogram (1.0 min isothermal at 90 °C, 30 K min-! to 280 °C, 8 min isothermal) of

pure dimethyl-1,19-nonadecanedioate.
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Synthesis of Dimethyl-1,23-tricosanedioate

Employing methyl erucate (175 mL) rather than methyl oleate in an otherwise identical procedure
yielded pure dimethyl-1,23-tricosanedioate (96.0 g, 54 %, purity 99.6 % from GC, confirmed by
"H and “C NMR spectroscopy).
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'H-NMR (CDCl, 25 °C, 400 MHz): 8 3.66 (s, 6H, H-1), 2.29 (t, Jun = 7.6 Hz, 4H, H-3), 1.68-
1.58 (m, 4H, H-4), 1.35-1.18 (m, 34H, H-5).

BC{'H} NMR (CDCls, 25 °C, 101 MHz): § 174.45 (s, C-2), 51.55 (s, C-1), 34.27 (s, C-3), 30.18-
29.13 (C-5), 25.12 (s, C-4).
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Figure 5.11: Gas chromatogram (1.0 min isothermal at 90 °C, 30 K min"! to 280 °C, 8 min isothermal) of

pure dimethyl-1,23-tricosanedioate.

Synthesis of Dichlorobis[2-(diphenylphosphino)ethylamine]ruthenium

Tris(triphenylphosphine)ruthenium(Il) dichloride (419 mg; 0,436 mmol) was dissolved in 6 mL
of toluene in a 100 mL round bottom flask and a solution of 2-(diphenylphosphino)ethylamine
(202 mg; 0,879 mmol) in 6 mL toluene was added dropwise within one hour. After stirring the
reaction mixture over night at room-temperature, the yellow suspension was washed several
times with toluene until the filtrate was colorless. Removing the solvent 7z vacuo yielded the

desired complex (298 mg, 77 %) as a pale-yellow solid.
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J'P{'H} NMR analysis in accordance to literature™ showed the presence of two species the major

one being the #rans- chloride-cis-phosphorous complex and the minor one being the ¢s-chloride-

¢cs-phosphorous complex.
TN
o/
PhC! ph
'P{'H} NMR (CD,CL, 25 °C, 162 MHz): 8 61.92 (s; trans-cis-product); 8 67.26 (d, *Jp-r = 32 Hz)
and 55.38 (d, *Jp-» = 32 Hz cis-cis-product)

Synthesis of Nonadecane-1,19-diol

Catalytic reduction of the a,w-diester was catried out, analogous to a reported procedure,” in a
300 mL stainless steel mechanically stirred pressure reactor equipped with a heating jacket and a
glass inlay. Prior to the reduction experiment the reactor was purged several times with argon.
Dimethyl-1,19-nonadecanedioate (33.6 mmol; 12.0 g) was weighed under air into a dry Schlenk
tube equipped with a magnetic stir bar which was then purged several times with argon. 100 mL
dry and degassed THF were added. Vigorous stirring afforded a homogenous reaction mixture.
In the glovebox dichlorobis|2-(diphenylphosphino)ethylamine|ruthenium (33.6 pmol; 20 mg) and
sodium methanolate (2.20 mmol; 120 mg) were weighed into a second dry Schlenk tube equipped
with a magnetic stir bar. After removing the Schlenk tube from the glovebox, 100 mL dry and
degassed THF were added. Both mixtures were then cannula-transferred into the reactor in an
argon counter stream. The reactor was closed, pressurized with 50 bar hydrogen and then heated
to 100 °C for 22 hours while stirring. After cooling down to room temperature the reactor was
vented. The reaction mixture was retrieved from the reactor and heated to around 50 °C in order
to remove catalyst residues by filtration over a Buchner funnel. Removing the solvent 7 vacuo and
recrystallization from chloroform yielded nonadecane-1,19-diol (8.4 g, 83 %).

Alternatively catalytic reduction of dimethyl-1,19-nonadecanedioate is also possible using a
ruthenium hydride complex based on the pincer ligand PNN (2-(di-#er#-butylphosphinomethyl)-6-

(diethylaminomethyl)pyridine), which was developed by Milstein and coworkers.”

HY
<5 -~
= N—Ru—CO
N
7

For this purpose the a,w-diester (2.0 mmol; 713 mg) is weighed into a Schlenk tube together with
carbonylhydrido[6-(di-Zer#-butylphosphinomethylene)-2-(IN,N-diethylaminomethyl)-1,6-dihydro-
pyridine|ruthenium(II) (0.1 mmol; 50 mg). After addition of 10 mL dioxane the reaction mixture

was transferred into the pressure reactor, which was pressurized with 10 bar H, and heated to
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115 °C for 24 hours. 'H-NMR of the crude reaction product after removing the solvent iz vacuo

showed virtually complete conversion to the desired diol component.
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"H-NMR (CDCl;, 50 °C, 400 MHz): 8 3.64 (q, i = 6.4 Hz, 4.9 Hz, 4H, H-1), 1.57 (quint, Jin
= 6.9 Hz, 4H, H-2), 1.45-1.24 (m, 30H, H-3 and H-4), 1.21 (¢, JJun = 4,9 Hz, 2H, H-5).

BC{'H} NMR (CDCL, 50 °C, 101 MHz): 8 63.22 (C-1), 33.03 (C-2), 29.99-29.60 (C-4), 25.94
(C-3).

Synthesis of Tricosane-1,23-diol

The reduction of dimethyl-1,23-tricosanedioate was carried out analogous to the procedure
described above for its 1,19-analogue. After retrieving the reaction mixture from the reactor it
was heated to around 50 °C and then filtrated over a Buchner funnel to remove catalyst residues.
THF was removed 7 vacno. Tricosane-1,23-diol was recrystallized from chloroform to obtain

78 % yield (9.3 o).
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'H NMR (CDCls, 50°C, 400 MHz): & 3.64 (q, *Jun = 6.4 Hz, 4.9 Hz, 4H, H-1), 1.57 (quint, Jn
= 6.9 Hz, 4H, H-2), 1.45-1.24 (m, 38H, H-3 and H-4), 1.21 (t, Junu = 5.1 Hz, 2H, H-5).

BC{'H} NMR (CDCL, 50 °C, 101 MHz): 8 63.29 (C-1), 33.08 (C-2), 29.96-29.52 (C-4), 25.96
(C-3).

5.4.3 Polycondensation

Polyesters were prepared in a 100 mL two-necked Schlenk tube equipped with an overhead
stirrer. Efficient mixing of the highly viscous polymer melt was achieved by a helical agitator.
Under a static argon atmosphere the monomers (20.0 mmol of dimethyl-1,19-nonadecanedioate
or diethyl-1,23-tricosanedioate, respectively, and 20.0 mmol of the corresponding a,w-diol) were
filled into the reaction vessel and molten by heating to 120 °C. A 0.6 mL aliquot of a 0.028 M
titanium(IV) butoxide solution in toluene was injected, and the temperature was raised to 200 °C
over the course of 8 h. Finally, the polymer melt was stirred for about 16 h at this temperature

under reduced pressure (0.01 mbar).

5.4.4 Rheological testing
Rheological measurements were carried out with an Advanced Rheometric Expansion System

(ARES) from Rheometric Scientific at the Freiburg Materials Research Center together with
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Benjamin Ritter. Test specimens (25 mm diameter) were prepared with a Dr. Collin vacuum press
200 PV at 180 °C, and a pressure of 30 bar was sustained for 30 minutes. Polymers were
stabilized with 1 wt-% of (£)-a-tocopherol. Specimens were analyzed using a plate/plate
geometry (25 mm diameter). The frequency was vatied between 0.1 and 100 rad s'. The

temperature was raised from 110 to 180 °C during the measurement.
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Figure 5.12: Isothermals of G™ and G for rheological study of PE-19.19 (gap = 0.5 mm).

In order to obtain the master curves the isotherms were shifted only in horizontal dimension

r = 1) at a reference temperature of Ty = 150 °C using the following ar-values:
p g g

Table 5.5: ar-values of PE-19.19.

entry temp&;]ature ar value 3 .
1 383.1 2.727
2 393.1 2.075
2 [ ]
3 403.1 1.607
4 4131 1.266 © "
5 423.1 1.000 "
14 n
6 4331 0.803 .
7 4431 0.655 | - .
8 4531 0.522 Béﬂ I 360 I 4CI)0 I 4‘;0 I 450 I 4;30 I 41I1-0 I 4;30 ) 460

temperature [K]
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Figure 5.13: Temperature dependence of the ar-values

measured for PE-19.19.
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Figure 5.14: Isothermals of G™ and G for rheological study of PE-23.23 (gap = 0.5 mm).

In order to obtain the master curves the isotherms were shifted only in horizontal dimension

r = 1) at a reference temperature of Ty = 150 °C using the following ar-values:
p g g

Table 5.6: ar-values of PE-23.23.

entry temperature ?
at value
[X] .
1 383.1 2.650 ]
2 393.1 2.035 2 ]
3 403.1 1.581 .
4 4131 1.251 @ -
5 423.1 1.000 ' "
6 433.1 0.812 ] . i
7 443.1 0.660
0 —1r r 1 . T 1 1 T T T T T T T
8 4531 0.544 380 390 400 410 420 430 440 450 460 470

temperature [K]

Figure 5.15: Temperature dependence of the ar-values

measured for PE-23.23.
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Figure 5.16: Master curves of G* and G for PE-23.23 (from measurements at 110, 120, 130, 140, 150,
160 and 180 °C). Shifting temperature is 150 °C.

To determine zero-shear viscosity from experimental data, the Carreau-Yasuda™ equation is used:

. o

T~ 1+ aw)B

Were 7 stands for complex viscosity, 1, is zero-shear viscosity, with o for frequency and a, « and
B are fitting parameters. The values of parameters in Carreau-Yasuda equation for the studied

samples are reported in Table 5.7.

Table 5.7: Fitted parameters for Carreau-Yasuda equation.

a o g Mo [Pa s]
PE-19.19 355 3092 198 3717 £ 26
PE-23.23 979 3955 1189 4032 = 24

5.4.5 Tensile testing

Tensile tests were carried out at the Freiburg Materials Research Center together with Benjamin
Ritter. For this purpose, dogbone-shaped sample bars (75 X 12.5 X 2 mm’; ISO 527-2, type 5A)
were prepared via melt compounding at 180 °C and 150 rpm for 3 min, using a DSM Xplore
Micro 5cc Twin Screw Compounder and a DSM Xplore Micro 4cc Injection Molding Machine.
In otder to prevent oxidative degradation the polymers were stabilized with 1 wt.-% of (£)-a-
tocopherol.

After preconditioning the samples over night at 23 °C tensile tests were performed on Zwick

7005 instrument according to ISO 527 (crosshead speed 5.0 mm min™). The Zwick testXpert
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software version 11.0 was used to collect and analyze the results. Young’s modulus, stress at
yielding, strain at yielding, tensile stress at break and elongation at break were obtained by

averaging the data from several test specimens.
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Figure 5.17: Stress-strain curves (constant drawing rate of 5.0 mm min-!, room temperature) of PE-23.23.

5.4.6 Shore D hardness
Measuring Shore D Hardness (according DIN 535054) was performed with a Zwick 3150 HO4
instrument at room temperature. For determination of hardness 12.5 X 12,5 X 4 mm’® test

specimens were used. Values given are the average of six independent measurements.

5.4.7 Dynamic mechanical analysis

Dynamic-mechanical analyses (DMA) were recorded on melt compounded rectangular specimens
(length X width X thickness = 25 X 6 X 2 mm”’) using a Triton Technology TTDMA instrument
equipped with single cantilever geometry. Measurements were performed from -150 °C to 80 °C
at a heating rate of 3 °C min" and a frequency of 1 Hz. The Triton Technology DMA software
was used to acquire and process the data. Glass transition temperatures (T,) were determined
from the temperature position of the maximum in loss modulus (G™).

For PE-23.23 from the loss modulus »s. temperature a T, of -27 °C was observed. The second
relaxation phenomenon at around -130 °C can be ascribed to the motion of the methylene

sequences of the polyester main-chain (Figure 5.18).
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Figure 5.18: Dynamic mechanical analysis of PE-23.23.

5.4.8 Hydrolytic degradation

For the degradation experiments PE-19.19 was extruded into a rectangular specimen (length X
width X thickness = 25 X 6 X 2 mm’) that was cut into 1 mm pieces. Hydrolytic degradation was
studied by placing individual samples in 20 mL of PBS puffer (pH = 7.4), 20 wt.-% aq. NaOH, 1
M aq. HCI and concentrated aq. HCI at 40 °C. On a weekly basis the pellets were removed,
washed with water and acetone and dried under vacuum for 24 h. After determination of the
weight loss the media were renewed and the polymer samples were again exposed to their

corresponding medium.
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6 Thermoplastic polyester elastomers based on long-chain

crystallizable aliphatic hard segments

6.1 Introduction

Thermoplastic elastomers (TPEs) combine the processing and recyclable characteristics of
thermoplastics with the flexibility and ductility of elastomers." They have found widespread
applications in e.g. electronics, clothing, adhesives and automotive components. Unlike classical
vulcanized rubbers they do not possess permanent chemical, but reversible physical crosslinks via
crystallites. At sufficiently high temperatures these physical forces can be disrupted and the TPEs
become (re)processable, which can also allow for recycling or reuse. Morphologically, most TPEs
are multiphase systems, with one or more types of hard phases and an elastomeric soft phase

(Figure 6.1).

polymerblends block copolymers
crystalline hard segments
amorphous soft segments

e N
o >
Rk

\
}

Figure 6.1: Schematic representation of TPEs’ phase structure.

Besides blending one possible approach to obtain such microstructures is block copoly-
merization. Widely used representatives of such block copolymers are styrenic ABA triblock
copolymers, such as poly(styrene-b-butadiene-4-styrene) (SBS) or poly(styrene-b-isoprene-b-
styrene) (SIS) from anionic polymerizations.” Recently, analogues based partly or entirely on
renewable feedstocks have also been developed.” Additionally, AB diblock or ABA triblock
copolymers can be synthesized using atom transfer radical polymerization (ATRP)." In all these
approaches polymerizations are performed in a sequential manner, adding a second monomer
after one block has been grown. However, TPEs can also be generated by chain growth
polymerization in a single step as illustrated by multiblock copolymers obtained via chain-

shuttling ethylene/1-olefin insertion polymerizations.™
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TPEs are also accessible via classical step-growth polymerization of difunctional monomers. For
example, thermoplastic polyester elastomers consisting of amorphous poly(tetramethylene glycol)
soft phases and crystalline poly(butylene terephthalate) hard segments are applied widely.” In
these TPEs physical crosslinking is provided by crystallizable aromatic polyester hard segments.
A utilization of aliphatic hard segments in such polycondensates - that is exploiting polyethylene-
like crystallinity for physical cross-linking - has been prohibited by a lack of access to the required
monomers. However, as further outlined in the previous chapters a,w-difunctional linear long-
chain compounds have recently become available from common seed oils via biotechnological®
ot chemical catalytic routes such as metathesis’ or isometizing alkoxycarbonylation." The long
methylene sequences originating from complete incorporation of the entire fatty acid chain in
these monomers impart a polyethylene-like solid state structure in all-aliphatic polyesters
discussed in the previous chapters and also in polycarbonates and polyacetals.' Here, the utility
of such long-chain aliphatic dicarboxylic acids and diols for the generation of all-aliphatic

thermoplastic polyester elastomers is demonstrated.
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6.2 Results and discussion

6.2.1 Syntheses of thermoplastic polyester elastomers based on aliphatic hard segments
For the synthesis of thermoplastic polyester elastomers erucic acid-based dimethyl-1,23-
tricosanedioate was employed, together with 1,23-tricosanediol, generated from the former via
catalytic hydrogenation, as aliphatic hard segment. Dihydroxy-terminated poly(tetramethylene
glycol) (PTMG) served as diol macromonomer for the generation of soft blocks. Molecular
weights of the copolymers obtained amount to M, 3 to 6 X 10* g mol " according to end group
analysis from 'H NMR spectroscopy. This is qualitatively confirmed by GPC analysis which also
shows well behaved molecular weight distribution My/M, around 2 (Table 6.1). Note that
apparent GPC molecular weight »5. polystyrene standards used here typically overestimate

molecular weights for polymers with hydrocarbon segments.

Table 6.1: Polyester-polyether copolymers based on long-chain crystallizable hard segments.

sample diacid  diol (1)  diol 2) Maxmr® Macpc® My/MP  Toe T
[g mol’] [g mol] [°C] [°C]
1 TPE-CosPTMG000-73Wt.-% 4 (Ca3) 4 (PTMGron0) 38 %104 109 X 104 1.9 40  7/23

2 TPE-C2sPTMG000-62wt.-% 4 (Cz3) 3 PTMGiooo) 1 (Czs) 5.0 x 10+ 11.1 x 10* 2.3 44/684  24/474

3 TPE-CPTMG1on-48wt.-% 4 (C23) 2 PTMGioog) 2 (Cxy) 3.4 X104 109 X 10 1.9 87 66
4 TPE-CosPTMG1000-29wt.-% 4 (Ca3) 1 (PTMGig) 3 (Ca3) 5.1 x 104 nd. nd. 96 74
5 TPE-CosPTMGong-85wt.-% 4 (Ca3) 4 (PTMGauo) 41104 126 X 10 1.9 34 7

6 TPE-CosPTMGon-77wt.% 4 (Co3) 3 PTMGawg) 1(Cx) 40X 104 89x 10 19  30/634 3/374
7 TPE-CosPTMGa00-65wt-% 4 (Ca3) 2 (PTMGagg) 2 (Co3) 3.8 x 10* 11.4x 10¢ 20  23/86¢ -3/64¢

8 TPE-CosPTMGa-45wt.-% 4 (C3) 1 (PTMGagg) 3 (Ca3) 5.6 x 104 nd. nd. 93 71

9 Determined by end-group analysis from 'H-NMR spectroscopy. ® Determined by GPC in THF at 50 °C us.
polystyrene standards. 9 Determined by DSC with a heating/cooling rate of 10 K min'.9 Broad melting
and crystallization transitions are observed.

Polycondensation of stoichiometric amounts of dimethyl-1,23-trisocanedioate together with only
di-hydroxy terminated poly(tetramethylene glycol) (PTMG) as a ‘soft’ diol component, yields
polyester-polyether copolymers with low melting temperatures of about 40 °C for PTMG with a
number average molecular weight of about 1000 g mol! (PTMGiws) and 34 °C for the
corresponding polycondensate with PTMGao (Table 6.1, entries 1 and 5. The content of the
soft diol in these polymers is 73 and 85 wt.-%, respectively). The thermal properties of these
polymers basically reflect the polyether soft phase as the number of methylene units of the long-
chain dicarboxylic component alone is not sufficient to provide significant crystalline domains. In

otder to increase the portion of the crystalline hard phase, the polyether diol macromonomer was
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partially replaced for the long-chain aliphatic diol, resulting in significantly increased melt and
crystallization temperatures with increasing content of 1,23-tricosanediol (Table 6.1).

The DSC thermograms obtained for these polymers feature an additional melt peak for the
crystalline hard segments, which dominates entirely at a content of the ‘soft’ polyether-diol of less
than ca. 65 wt.-% (Figure 6.2 and Figure 6.7). This peak melting temperature of the hard
segment (63 °C to 96 °C) is depressed with increasing polyether content. Such a behavior is also
observed for TPEs based on crystalline poly(butylene terephthalate) hard segments and poly-
(tetramethylene glycol) soft phases'” and can be attributed to the larger amount of crystal
imperfections due to the altered microstructure and the consequent less favorable crystallization
conditions.
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Figure 6.2: DSC thermograms (second heat) of polyester-polyether copolymers based on PTMGoooo.

By comparison to polyester-polyether copolymers based on the commercially available shorter
chain dodecanedioic acid thermal properties are significantly enhanced. DSC analysis of TPE-
Ci2PTMGi000-63wt.-% and TPE-Ci2PTMGa0-62wt.-% showed melting points of 52 °C and
66 °C, respectively, that is 20 °C lower than for their long-chain analogues at comparable co-
polyester mass compositions and chain lengths of the polyether segments (1000 zs5. 2000 g mol™)
(Table 6.1 and Table 6.4). This can be attributed to a lowering of the cohesion energy by
additional ester groups incorporated in the crystalline domains, and larger amount of crystal
imperfections caused by the additional ester groups interrupting the crystallizable hydrocarbon

chains of the hard segments and the consequent less favorable crystallization conditions.
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6.2.2 Mechanical properties of thermoplastic polyester elastomers based on aliphatic
hard segments
First tensile tests on polyester-polyether copolymers were performed on dogbone-shaped test
specimens prepared by piston injection molding (cf. Experimental section). Polymers with
relatively low contents of the soft polyether phase behave like semi-rigid thermoplastics, with
limited elongation at break (e, < 200 %) and irreversible deformation (Table 6.2, entry 4 with
29 wt.-% of PTMGuiun). However, at higher contents elastomeric behavior is observed, with
satisfactory recovery and an elongation at break up to 870 %. Young moduli generally decrease
with an increasing content of polyether soft segment for all polymer series, as expected (cf.

Table 6.2).

Table 6.2: Mechanical properties of polyester-polyether copolymers based on long-chain crystallizable

hard segments

sample diacid  diol (1)  diol (2) n:)‘zl‘:l‘lgl:b El"gf:;gn at Pe“s“ej?em

[MPa] [%] [%]
1 TPE-CoPTMGuoor-73wt% 4 (Co3) 4 (PTMGroon) nd. nd. nd.
2 TPE-CyPTMGion-62wt.-% 4 (C) 3 (PTMGiong) 1 (Ca3) 60 220 45
3 TPE-Cy;PTMGion-48wt-% 4 (Cx) 2 (PTMGiong) 2 (Ca3) 96 410 41
4 TPE-CPTMGion29wt.% 4 (C23) 1 (PTMGiong) 3 (Ca3) 122 170 100
5 TPE-Cy;PTMGon-85wt—% 4 (Cx) 4 (PTMGaon) nd. nd. nd.
6 TPE-Cy:PTMGan-T7wt—% 4 (Cx) 3 PTMGang) 1 (Co3) 34 630 36
7 TPE-CyPTMGaon-65wt.% 4 (C23) 2 (PTMGong) 2 (Ca3) 38 874 30
8 TPE-Cy:PTMGun-45wt-% 4 (Cz3) 1 (PTMGang) 3 (Ca) 78 290 45

9 Tensile tests according to ISO 527/1-2, specimen type 5A prepated by injection molding. ® Crosshead speed 1 mm
min!. 9 Determined from hysteresis experiments after 10 cycles at an elongation of 100 % with a constant crosshead
speed of 50 mm min-'.

In order to assess the elastic properties of these new materials preliminary shape recovery tests
were performed. For this purpose melt compounded rectangular specimens (length X width X
thickness = 60 X 10 X 1 mm”’) were repeatedly exposed to a constant stress of about 5.6 MPa or

extended to a defined strain of ca. 80 % (Figure 6.3).
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Figure 6.3: Shape recovery tests of polyester-polyether copolymer TPE-CPTMGao0-65wt.-%o.

Cyclic repetition of these loading and unloading experiments up to 100 cycles clearly

demonstrate, that after the first few cycles, where the residual deformation gradually increases, an

almost constant level of recovery is reached as exemplified here for TPE-Cy;PTMGog-65wt.-%

Figure 6.4). This behavior is typical for TPEs! and can be ascribed to the alienment of the
g yp g

polymer microstructure.”” After an initial change in morphology, a largely constant structure is

adopted and hysteresis is observed (providing the repeated deformation is kept on the same

order).
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Figure 6.4: Shape recovery tests on polyester-polyether copolymer TPE-Ca3PTMG2o00-65wt.-% applying

constant stress of about 5.6 MPa (left) and a constant strain of ca. 80 % (right)

(for clarity only every second cycle is displayed).

These preliminary results were further confirmed by cyclic hysteresis tests on dogbone-shaped

sample bars, which were repeatedly exposed to consecutive cycles of loading and unloading to a

constant strain of 100 % in a tensile testing machine.
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Figure 6.5: Stress-strain curves from cyclic tensile tests with a constant strain of 100 % for polyester-

polyether copolymer TPE-CosPTMGon00-65wt.-% (10 cycles are displayed).

Again, upon cyclic repetition with up to 100 cycles, after the first few cycles, where the residual
deformation gradually increases, all the TPEs studied here exhibit a virtually constant level of
recovery. After 10 cycles this residual strain ranges between 30 % and 45 % (Table 6.2).
Polyester-polyether copolymers containing polyether segments with a number average molecular
weight of 2000 g mol' show better elastomeric behavior than the cotresponding copolymers with
polyether segments of 1000 ¢ mol™. For both series, copolymers with 50 mol-% of polyether soft
diol exhibit the smallest residual strain, indicating this to be an optimum ratio of hard and soft
segment (cf. Figure 6.5, Figure 6.10 and Table 6.2, entry 3 and 7).

In order to further investigate the effect of the long hydrocarbon chain of the aliphatic hard
segments, polyester-polyether copolymers based on the mid-chain aliphatic monomers dodecane-
dioic acid and dodecanediol with a comparable weight fraction of polyether diols were prepared.
Considering their chain microstructures, the most relevant difference will be that the shortest
‘hard block’, i.e. an isolated diacid repeat unit, is already twice as large for the long-chain
monomer based polyester (Czs) 5. its mid-chain analogue (Ciz). A statistical consideration of
block length distributions (Figure 6.6, comparing C and Ci spaced polymers for the sake of
clarity) shows that these constitute only a relatively small portion of the aliphatic blocks in the
polymer composition discussed. Overall, block length distributions are similar at the polymer
composition of interest, apart from a slightly higher heterogeneity of the mid-chain polyester due

to the larger range of block length relevant here.
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Figure 6.6: Block lengths distributions expressed on Ciz-basis for copolyester of Cos dicarboxylic acid
with Ca4 diol and 25 mol-% polyether (black) and for copolyester of Ciz dicarboxylic acid with Ciz diol and
14.3 mol-% polyether (red), i.e. isolated acid repeat unit: n = 1 (Ci2) and n = 2 (Coy);
acid- aliph. diol-acid: n = 3 (C12) and n = 6 (Cz4) etc.

Mechanical analysis of TPE-Ci,PTMGa-62wt.-% for example showed that the lower chain-
length of the monomers for the aliphatic hard segment does not result in dramatically different
mechanical properties. TPE-C1,PTMGaon0-62wt.-% exhibited a slightly lower residual strain of
25 % and slightly higher Young’s modulus (42 MPa) as well as elongation at break (880 %) than
TPE-CPTMG2000-62wt.-%. Furthermore it could be demonstrated that general trends observed
for the mechanical properties of polyester-polyether copolymers based on the long-chain

aliphatic hard segments can be also found in the series of their dodecanedioic acid/dodecanediol

based analogues (Table 6.3).

Table 6.3: Mechanical properties of polyester-polyether copolymers based on dodecanedioic acid and

dodecanediol hard segments

Young’s Elongation Permanent

sample diacid diol (1) diol (2) modulus®®  at breaks sete

[MPa] [%] [%]

1  TPE-Ci2PTMGa00-91wt.-% 4 (C12) 4 (PTMG2o00) n.d. n.d. n.d.
2 TPE-Ci2PTMGoooo-77wt.-% 4 (Ci2) 2 PTMGa2000) 2 (Ci2) 7 840 35
314 TPE-Ci2PTMGo000-62wt.-% 7 (C12) 2 PTMGa000) 5 (Ci2) 42 880 25

9 Tensile tests according to ISO 527/1-2, specimen type 5A ptrepared by injection molding. » Crosshead speed
1 mm min'. 9 Determined from hysteresis experiments after 10 cycles at an elongation of 100% with a
constant crosshead speed of 50 mm min-'.
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6.3 Conclusion

By contrast to commercially available thermoplastic elastomers, where physical crosslinking is
typically provided by crystallizable aromatic polyester hard segments, here the utility of plant-oil
derived long-chain aliphatic dicarboxylic acids and diols for the generation of novel all-aliphatic
thermoplastic polyester elastomers is demonstrated. Soft segments of these new materials are
based on diol-terminated poly(tetramethylene glycol), which is also accessible from renewable
(catbohydrate) feedstocks.” Polycondensation of these bio-based monomers yields polyester-
polyether copolymers with molecular weights up to M, 6 X 10* g mol". Exploiting the poly-
ethylene-like crystallinity, the long-chain aliphatic segments provide physical crosslinking that
imparts elastomeric behavior to these thermoplastic materials. A particularly high recovery was
observed at ca. 65 wt.-% (50 mol-% of the total diols employed) of PTMGu soft segments.
Compared to mid-chain analogues based on Ci, aliphatic monomers, melting points are
significantly enhanced. DSC analysis of TPE-C;PTMGio-62wt.-% and TPE-Cy;PTMGoaon0-
65wt.-% showed melting points of 68 °C and 86 °C, respectively, that is ca. 20 °C higher than for
their mid-chain analogues at comparable copolyester mass compositions and chain lengths of the
polyether segments (1000 z5. 2000 g mol"). This is practically relevant, as the latter materials
based on traditional mid-chain monomers appear prone to a softening and loss of their

elastomeric properties upon temperature variations within ambient conditions.
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6.4 Experimental section

6.4.1 Materials and general considerations

Toluene was distilled from sodium under an inert gas atmosphere. Titanium(IV) tetrabutoxide
was supplied by Sigma-Aldrich and N,N'-di-2-naphthyl-1,4-phenylenediamine (> 96 %) was
purchased from TCI Europe. Poly(tetramethylene glycol) with a number average molecular mass
of M, = 1000 purchased from Sigma-Aldrich and poly(tetramethylene glycol) with a number
average molecular mass of M, = 2000 kindly donated by BASF SE were all molten at 40 °C and

b lllb

degassed prior to use. Dimethyl-1,23-tricosanedioate'” and tricosane-1,23-diol'"> wete prepared
from ethyl erucate according to previously reported literature procedures.

NMR spectra were recorded on a Varian Inova 400, a Bruker Avance 400 and on a Bruker
Avance DRX 600 spectrometer. 'H and "°C chemical shifts were referenced to the solvent signals.
High-temperature NMR measurements of polymers were performed in 1,1,2,2-tetrachloroethane-
d2 at 130 °C. Acquired data was processed and analysed using MestReNova software.

DSC analyses were performed on a Netzsch Phoenix 204 F1 instrument with a heating and
cooling rate, respectively, of 10 K min" in a temperature range of -50 to 160 °C. Data reported
are from second heating cycles.

Gel permeation chromatography (GPC) measurements were carried out on a Polymer

Laboratories PL-GPC 50 with two PLgel 5 pm MIXED-C columns in THF at 50 °C against

polystyrene standards with refractive index detection.

6.4.2 General polymerization procedure

Polycondensations were performed under an inert gas atmosphere in a 100 mL two-necked
Schlenk tube, heated with an aluminium block. The temperature was controlled by a
thermocouple in the block. The polymerization mixture was mechanically stirred by a helical
agitator described in more detail in chapter 5.2.1. After weighing the desired amount of
monomers (the amount of dimethyl-1,23-tricosanedioate was set to 10 mmol) and 0.05 mol-% of
N,N'"-di-2-naphthyl-1,4-phenylenediamine, the mixture was degassed and heated to 120 °C. Then,
0.6 mL of a 0.028 M solution of Ti(OBu), in toluene was added and the temperature was
increased by 10 K every 45 minutes. At a temperature of 180 °C vacuum was applied to remove
volatiles. The mixture was then stirred overnight at 200 °C under vacuum. The resulting

polyester-polyether copolymers were analysed by 'H NMR, GPC and DSC measurements.
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Figure 6.7: DSC thermograms (second heating) of polyester-polyether copolymers based on PTMGgoo.

Table 6.4: Polyester-polyether copolymers based on dodecanedioic acid and dodecanediol hard segments.

sample diacid diol (1) diol 2) Mjygecr Tn® TP
[gmol’] [°C] [°C]
1 TPE-Ci2PTMGi00-84wt-% 4 (Ci2) 4 (PTMGio) 5.3 x 104 24 -4
2 TPE-Ci2PTMGig0-63wt.-% 4 (Ciz) 2 PTMGion) 2 (Ci2) 62 x 10+ 52¢ 30¢
3 TPE-CioPTMGoo0-91wt.-% 4 (Ciz) 4 (PTMGuzo00) 6.6 X 104 27 2
4  TPE-Ci2PTMGao00-77wt.-% 4 (Ci2) 2 PTMGao00) 2 (Ciz) 8.0 x 104 32¢ 5¢
54 TPE-C2PTMGao00-62wt.-% 7 (C1z) 2 (PTMGao00) 5 (Ci2) 5.5 x10* 17/66 1/45

9 Determined by GPC in THF at 50 °C »s. polystyrene standards. ® Determined by DSC
crystallization

with

a heating/cooling  rate

transitions are observed

6.4.3 Tensile testing

of 10

K min!. 9

Broad melting

and

Dogbone-shaped sample bars for tensile testing (75 X 12.5 X 2 mm? ISO 527-2, type 5A) were

prepared using a HAAKE Minijet II (Thermo Scientific) piston injection molder. The cylinder

temperature and the mould temperature were set to 190 °C and 60 °C, respectively. All the

samples were injected with an injection pressure and time of 500 bar and 3 s, and a post-pressure

and time of 200 bar and 4 s, respectively.

After preconditioning the samples overnight tensile tests were performed on a Zwick Z005 and

Zwick 1446 Retroline tC II instrument according to ISO 527 (crosshead speed 50 mm min™),

with a determination of the Young modulus at a crosshead speed of 1 mm min'. The Zwick test

Xpert software version 11.0 was used to collect and analyse the data. Young’s modulus, stress at
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yielding, strain at yielding, tensile stress at break and elongation at break were obtained by

averaging the data from several test specimens.
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Figure 6.8: Stress-strain curves (constant drawing rate of 50 mm min-!, room temperature) of
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Figure 6.9: Stress-strain curves (constant drawing rate of 50 mm min!, room temperature) of

TPE-C23PTMG2000-65wt.-%
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6.4.4 Cyclic hysteresis tests

Cyclic hysteresis tests on dogbone-shaped sample bars (75 X 12.5 X 2 mm3; ISO 527-2, type 5A)
of polyester-polyether copolymers were performed on a Zwick 1446 Retroline tC II instrument.
The test specimens were repeatedly exposed to consecutive cycles of loading and unloading to a
constant strain of 100 % with a constant crosshead speed of 50 mm min". The recovery was

measured by observing the residual strain after 10 cycles.
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Figure 6.10: Stress-strain curves from cyclic tensile tests with a constant strain of 100 % for polyester-

polyether copolymer TPE-CosPTMGi00-48wt.-% (10 cycles are displayed).
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7 Synthetic polyester from algae oil

7.1 Introduction

A potential drawback of biomass from land plants, including the seed oils employed in the
previous chapters, are the consumption of land and irrigation water, a competition with food
production, inefficient yields per time and area and the associated logistics of harvesting and
collection.'

Before this background, algae oils are currently receiving much awareness. Microalgae can be
cultivated in brackish or seawater on non-arable land that is unapt for food production. Further-
more, no costly nutrients like glucose or peptones are required necessarily.” Rather, sunlight and
CO; may serve as an energy source and raw material, respectively. The relatively high division
rates of individual algal strains may result in a duplication of the biomass within 24 hours.” At the
same time, the amount of fatty acids in microalgae can be substantial with around 20-50 % of the
dry weight.>*

While these advantages of algae oils are often and increasingly highlighted,™” the application of
algae oils so far is mostly restricted to the extraction of the naturally occurring ingredients and
their utilization as biofuels, pigments, vitamins or for human and animal nutrition. A prominent
example are polyunsaturated -3 fatty acids used as food additives. On the other hand, efforts to
use algae oils industrially comprise deoxygenation, pyrolysis or even gasification to C; building
blocks and their subsequent Fischer-Tropsch conversion to higher alkanes. All these studies aim
at using algae oil to generate hydrocarbons that ideally cannot be differentiated from the

corresponding fractions, like jet fuel, based on crude oil.*’

However, the production of algae is
associated with an energy input which currently still has a significant impact on the overall
balance of fuel generation. This supports the general perception that generation of more valuable
products than fuels for combustion is worthwhile. Interestingly, algae not only produce large
amount of lipids, they are also a unique resource for 'unusual' classes of lipids and fatty acids
differing from those available from higher animals and plant organisms." This opens up unique
opportunities for the production of chemicals from these oils, which may have a broader variety
of structures and which can also be tailored specifically for sophisticated applications. As an
example of the idea of translating the unique feedstock structure of algae oil into otherwise

inaccessible structures, in this chapter the feasibility of the synthesis of long-chain a,w-

difunctional compounds and of the corresponding polyesters was studied (Figure 7.1).
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Figure 7.1: Exemplary approach to yield mixed, linear long-chain aliphatic polyester from algae.
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7.2 Results and discussion

The diatom Phaeodactylum tricornutum was chosen as a source for lipids, as published data suggested
this strain to be very effective in the production of the desired unsaturated fatty acids.'"'* This
species belongs to the group of diatoms, ubiquitously present in aquatic and unicellular
microalgae, which are major players in the global carbon cycle with an estimated share of up to
20 % of total global carbon fixation."™'* Furthermore the genomic information of this algae is

available® and genetic manipulation is feasible.'
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Figure 7.2: Fatty acids (Ri-R3) as they appear in plants (grey, top left) and algae (black).

151 algae do not contain fatty acids primarily in the form of

In contrast to traditional plant oils,
triacylglycerides, but rather as diacylglycerides substituted with polar substituents such as
galactosyl or phosphate groups on the third hydroxyl moiety of glycerol (Figure 7.2).” This
feature is important, as direct extraction of fatty acids with hydrocarbon solvents is thus not

possible. Note, that also triacylglycerides can be present, especially when the algae are in the

stationary growth phase for a longer period.

7.2.1 Growth and extraction of algae

Phaeodactylum tricornutum was grown in 10 L flasks in f/2-medium with half concentrated sea water
compounds at a light intensity of 35 umol s' m™ in a day/night rhythm of 16/8 hours at 20 °C.
The algac was cultivated for 3-4 weeks, being in the stationary phase for at least 3 weeks.
Depending on the algae batch, the cell counts were around 10" mL™". After centrifugation, 30-45 g
of algae (wet weight) were obtained per 30 L. of growth medium. Freeze drying of 45 g of the
algae yielded 13 g of dry algae (for detailed procedures see Experimental section).

In the late stationary phase Phaeodactylum tricornutum starts accumulating visible lipid droplets

(Figure 7.3; left). In order to destroy the cellular membrane and to extract the fatty acids,
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different techniques were tested. Direct Soxhlet extraction using heptane as a solvent resulted in
0.1 g of extracted algae oil, which is far below literature data suggesting that around 2-3 g of algae
oil should be obtained from such a 30 L culture." This low yield is likely due to the fatty acids
being present as diacylglycerides substituted with polar substituents (vide supra) and thus being
hardly soluble in apolar solvents such as heptane. Thus, acidic hydrolysis of the ester
functionalities was applied. For this purpose concentrated hydrochloric acid was added to the
algae broth and the resulting dark-green suspension was heated to reflux for 12 hours. After
neutralization with NaHCO; followed by subsequent centrifugation, the solid residues were
Soxhlet-extracted with heptane and the supernatant was extracted with methylene chloride
yielding in total 1.3 g of algae oil. However, as further evidenced by light microscopy, acidic
hydrolysis as well as mechanical disintegration was needed to release the lipid droplets from the

cells (Figure 7.3; right).

Figure 7.3: Light microscopical images of Phaceodactylum tricornutum before (left) and after (right) treatment
with ultrasound and acidic hydrolysis. Insert in left image shows a single cell, the dark area being a
chloroplast. The arrows indicate lipid droplets in the intact cells (left) and released lipids after breaking the

cells (right).

Lipid extraction after acidic hydrolysis and treatment with ultrasound yielded 2.6 g of dark green
algae oil. Appling this procedure to algae cultures with prolonged cultivation times (stationary
phase about 6 weeks) up to 5.8 g of algae oil can be obtained. These results compare favorably

with optimized yields reported from established methods for lipid extraction.”*

7.2.2 Identification and monomer generation from fatty acids in algae oil

Fatty acids in the extracted algae oil were identified via gas chromatography (GC) by comparison
of retention times and enrichment with genuine samples of the respective fatty acids (Figure
7.4). 48.2 % of monounsaturated fatty acids (37.0 % palmitoleic acid (16:1)* and 11.2 % oleic
acid (18:1)), 16.2 % of the multiple unsaturated fatty acid eicosapentaenoic acid (20:5) and 35.0 %
of saturated fatty acids (23.4 % palmitic acid (16:0) and 11.6 % myristic acid (14:0)) were

identified. However, as already suggested by its green color and evidenced by gas
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chromatography not only fatty acids are present in the algae oil. Possible ingredients, both

ubiquitously present in algae, may be carotenoids or chlorophylls.
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Figure 7.4: GC trace of crude algae oil extracted from Phaeodactylum tricornutum (after transesterification to

the methyl esters for analysis).

A synthesis of polyesters via polycondensation requires further conversion to difunctional
molecules as monomers. This requires catalysts compatible with the various components of the
crude algae oil. For example, the phosphate moieties may block coordination sites detrimentally,
particularly for electrophilic cationic active species. Tetraalkyl ammonium salts may alkylate
phosphine ligands. The activity of (neutral) ruthenium alkylidene metathesis catalysts was
reported to be decreased tremendously by phosphates, for example.”

Before this background, the extracted algae oil (5.8 g) was exposed to 20 bar CO pressure at
90 °C in methanol as a reagent and solvent in a pressure reactor in the presence of
[(dtbpx)Pd(OTH)|(OTE) (970 umol; dtbpx = 1,2-bis((di-zer#-butylphosphino)methyl)benzene) as an
established catalyst precursor for isomerizing methoxycarbonylation.”***” GC analysis of the
crude reaction mixture (Figure 7.5, top trace) clearly evidences, that the monounsaturated fatty
acids (16:1 and 18:1) are converted virtually completely to the desired linear 1,17- and 1,19-
diester, respectively. These diesters were assigned unambiguously by enrichment with genuine
samples prepared independently via methoxycarbonylation of pentadeca-1,14-diene and methyl
oleate, respectively (cf. Chapter 7.2.3 and Experimental section). The signal of eicosapentaenoic

acid also disappeared during the isomerizing methoxycarbonylation of the algae oil. Apparently,
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eicosapentaenoic acid was not transformed to the 1,21-diester as evidenced by hydrogenation of
the reaction mixture and enrichment with a genuine sample (for preparation of this 1,21-diester
see Chapter 7.2.3 and Experimental section). Possible reaction pathways may be multiple
methoxycarbonylation ot hydromethoxylation.” Rectystallization from methanol and heptane
yielded 2.1 g of a mixture of 82 % 1,17- and 18 % 1,19-diester in polycondensation grade purity
(> 99 %, Figure 7.5, bottom trace). A part of this mixture was reduced to the respective diols
using LiAlH,. After recrystallization from chloroform a mixture of 85 % 1,17- and 15 % 1,19-diol
was obtained in polycondensation grade purity (> 99 %). The ratio between the diols with
different chain length was slightly different from the ratio of its respective diesters, presumably
due to different solubility of the diols in the recrystallization. However, this is not a problem for

the following polycondensation reaction (cf. Chapter 7.2.4).

16:0
1,17-diester

N 1.0 1
S
8
>
G 14:0
c
9
=
D 0.5- 1,19-diester
N
©
£
(@]
c —n _l Aok h_.__._.lJL_..u — A A

0.0 T T T T T T T T T T T

5 6 7 8 9 10
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Figure 7.5: GC trace of the crude reaction mixture obtained from the isomerizing methoxycarbonylation

of algae ol (top, green), and after recrystallization from methanol and heptane (bottom, red).
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7.2.3 Synthesis of genuine samples of 1,17-; 1,21- and 1,25-diester and corresponding
model Polyesters-X.X (X = 17, 21 and 25)
In order to unambiguously identify the possible reaction products obtained in the isomerizing
methoxycarbonylation of monounsaturated fatty acids from crude algae oil, linear long-chain
diesters, namely dimethyl-1,17-heptadecanedioate (1,17-diester), dimethyl-1,21-henicosanedioate
(1,21-diester) and dimethyl-1,25-pentacosanedioate (1,25-diester) were prepared. For the
synthesis of these model compounds different multistep syntheses using alkoxycarbonylation of
a,w-dienes as the key step are applied. After reduction of the aforementioned diesters these novel
linear-long chain components were furthermore utilized as starting materials for the preparation

of neat model polyesters-X.X (X = 17, 21 and 25).

Synthesis of dimethyl-1,17-heptadecanedioate
Reduction of oxacyclohexadecan-2-one (a component of Angelica archangelica 1.. root oil)” by

12

means of LiAlH, yielded pentadecane-1,15-diol.” Conversion of the resulting diol into the o,w-
dibromide, followed by elimination of HBr, gives access to pentadeca-1,14-diene. The desired
linear long-chain diester, namely dimethyl-1,17-heptadecanedioate, was generated by subsequent

alkoxycarbonylation of the a,w-diene in an overall yield of 16 % (Scheme 7.1).

LiAIH, CBry, PPhy

0O —— HO\/\Q/\/OH
1
(93 %)

B B
S @e )

0o (o] CO, MeOH KOBu
B S —

ZAYA
\OWO/ [(dtbpx)Pd(OTH),] 1

(36 %) (54 %)

(o)

Scheme 7.1: Synthesis of dimethyl-1,17-heptadecanedioate.

In the last reaction step prolonged reaction times (up to 7 days) were applied due to slower
reaction rates reported for the isomerizing alkoxycarbonylation of multiple unsaturated com-
pounds. From literature it is known, that such compounds can form thermodynamic stable,
monosubstituted/terminal Pd-allyl species, upon reaction with the catalytically active Pd-hydride

complexes. Octa-1,7-diene for example in presence of the deuteride species [(dtbpx)Pd(D)
(CD;OD)]* (OTf)~ is quantitatively converted into [(dtbpx)Pd(n’-CsHy){(CH)sCHs}]" (OTY) ™

(Scheme 7.2).”!
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Scheme 7.2: Monosubstituted/terminal Pd-allyl species generated from [(dtbpx)Pd(D)(CD3;OD)]*(OTf)~
and octa-1,7-diene.

Nevertheless the lower yield observed here for the alkoxycarbonylation of pentadeca-1,14-diene
can be also ascribed to product loss during recrystallization due to the higher solubility of the Ci7-
component compared to its longer chain analogues.

Synthesis of dimethyl-1,21-henicosanedioate and dimethyl-1,25-pentacosanedioate
Nonadecane-1,19-diol (obtained by isomerizing alkoxycarbonylation of methyl oleate and
subsequent reduction of the linear long-chain diester to the corresponding diol) was transformed
into dimethyl-1,21-henicosanedioate with an overall yield of 42 % by bromination, elimination of
HBr and subsequent alkoxycarbonylation of the resulting o,w-diene. Applying this reaction
sequence to tricosane-1,23-diol, the even longer chain dimethyl-1,25-pentacosanedioate can be

generated with an overall yield of 44 % (Scheme 7.3).

CBr4, PPh3
HO OH — — “» Br\/\H/\,Br
\/\HX/\/ g
(x =15:87 %)
(x = 19: 66 %)
o o CO, MeOH KO'Bu
- I
\oJ\/\H’\/u\o/ [(dtbpx)Pd(OTH)] /\HX/\
X
(x = 15: 65 %) (x=15:74 %)
(x=19: 87 %) (x=19:76 %)

Scheme 7.3: Synthesis of dimethyl-1,21-henicosanedioate (x=15) and
dimethyl-1,25-pentacosanedioate (x=19).

The corresponding long-chain o,w-diols were generated by reduction of the aforementioned
diesters, stoichiometrically with LiAlH, or by catalytic hydrogenation with Saudan’s™ ruthenium
catalyst.

Synthesis of PE-17.17, PE-21.21 and PE-25.25

Polycondensation of these difunctional A,+B, monomers catalyzed by titanium alkoxides
afforded the corresponding long-chain aliphatic polyesters, namely poly[1,17-heptadecanediyl-
1,17-heptadecanedioate] (PE-17.17), poly[1,21-henicosanediyl-1,21-henicosanedioate] (PE-21.21)
and poly[1,25-pentacosanediyl-1,25-pentacosanedioate| (PE-25.25).
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Table 7.1: Molecular weights and thermal properties of long-chain aliphatic polyesters.

entry Th? T M, NMRP M;,cec® M., /M,
[°C] [°C] [g mol ] [g mol]

PE-17.17 99 76 2.6 X 10+ 2.5 x 104 4.0
PE-21.21 104 80 3.6 X104 3.9 Xx10* 3.7
PE-25.25 108 86 22x104 23 x 104 34

9 Determined by DSC with a heating/cooling rate of 10 K minl.
b Determined by end-group analysis from '"H-NMR spectroscopy.
9 Determined by GPC at 160 °C in trichlorobenzene »s. polyethylene
standards.

End-group analysis by '"H-NMR spectroscopy, as well as high temperature GPC measurements
relative to polyethylene standards, revealed number-average molecular weights on the order of
several 10* g mol" (Table 7.1). As determined by DSC PE-17.17 exhibits a melting point of T =
99 °C (T. = 76 °C, AH., = 141 J g"). For the even longer chain aliphatic polyester PE-21.21 a
melting point of Tr, = 104 °C (T. = 80 °C, AH., = 159 J g) was found, whereas thermal analysis
of PE-25.25 reveals a further increase of the melting temperature to T, = 108 °C (T. = 86 °C,
AH, = 157 ] g .

7.2.4 Preparation of mixed linear long-chain aliphatic polyester from algae oil

In order to achieve any substantial molecular weight by means of classical step-growth
polycondensation reactions a very accurate control of the stoichiometric ratio of functional
groups is necessary.” To this end, the appropriate amount of the diol and the diester
components, generated from the algae oil, were calculated from the peak area percentage
obtained from the GC analyses (cf. Experimental section). Polycondensation catalyzed by
titanium alkoxides afforded a mixed linear long-chain polyester PE-17/19.17/19** with a number
average molecular weight of My, = 4.0 X 10* g mol" as determined by both 'H NMR spectro-
scopic analysis of the end groups and high temperature GPC. The material prepared showed a
melting point of T, = 99 °C (T. = 75 °C, AH. = 136 ] g, Figure 7.9).

Other than known long-chain polyesters, the material prepared here contains a mixture of repeat
units of different carbon number (Ci7 and Cyo). Such a less regular spacing of the ester groups
could hinder the formation of sheets of ester groups and result in reduced order and melting
points.”* However, no such adverse effect was observed and the melting points ate in line with
neat model polyesters-X.X (Figure 7.6) prepared from the genuine samples for gas chromato-
graphic identification (X = 17: T, = 99 °C; X = 21: Tr, = 104 °C and X = 25: T, = 108 °C, cf.
Experimental section for details) and reported data for other polyesters-X. X with odd numbers

of carbon atoms in the repeat units (X = 19: Ty, = 103 °C* and X = 23: T, = 108 °C”).
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Figure 7.6: Peak melting points (Tm) of random long-spaced polyesters from ADMET
copolymerization® (A) and symmetrical regularly spaced long-chain Ax+Bs type polyesters (m), as well as

mixed polyester from algae oil (@), 5. number of ester groups per 1000 CH» and mole fraction Xk.

Hereby, with increasing amount of long, crystallizable methylene segments within the diacid- and
diol-component as well, melting temperatures converge towards linear polyethylene. In this way
aliphatic polyesters with melting points exceeding 100 °C suitable for thermoplastic processing
can be obtained starting from readily available plant oils as well as algae oil. This is of particular
importance as, apart from the very short-chain aliphatic polyesters like poly(lactide acid) (PLA) or
poly(butylene succinate) (PBS), aliphatic polyesters accessible from current diacid and diol
monomers, based on petrochemical as well as renewable feedstocks, suffer from their low
melting points.*

By contrast to long-spaced aliphatic model polyesters, synthesized by random acyclic diene
metathesis (ADMET) copolymerization of undeca-1,10-diene (1) and undec-10-en-1-yl undec-10-
enoate (2) followed by exhaustive hydrogenation (Scheme 7.4),* the regular spaced long-chain
Ax+B; type polyesters generated from diesters and diols with identical numbers of carbon atoms,
as well as the mixed polyester PE-17/19.17/19 exhibit slightly higher melting points than the
ADMET-derived polyesters containing a comparable number of, however, randomly distributed

ester groups (cf. Figure 7.6).
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Scheme 7.4: Synthesis of long-spaced aliphatic model polyester via ADMET copolymerization of undeca-
1,10-diene and undec-10-en-1-yl undec-10-enoate and subsequent exhaustive post-polymerization
hydrogenation.

This effect can be related to the ability of polyesters to form layers of ester groups by
noncovalent interactions between the chain segments in the polymer lattice, when the polyesters
crystallize in a planar zigzag chain conformation.”*' Due to the homogeneous spacing in the case
of regularly spaced A»+B; type polyesters, the details of one ester layer can be reproduced in the
neighboring ester layers in the same crystal by the orientation of the ester dipoles.” This effect
appears to diminish for longer regularly spaced polyesters (cf. Figure 7.6).

Although having repeat units of different carbon number (Ci; and Cy), the melting temperature
of mixed polyester PE-17/19.17/19, is still in line with regularly spaced A>+B, type polyesters
generated from diesters and diols with identical numbers of carbon atoms. This observation
might be attributed to the relatively high portion of the Ci;-components (of about 85 %) as well
as the absence of irregular incorporation of ester groups found in the polymers generated via
ADMET copolymerization, where the ester groups are randomly distributed over the polymer
chain and in addition also exhibit a random orientation of the ester groups in the chain

(-OC(=0)(CH,),C(=0)O- 1. -O(CH.),C(=0)-/-C(=0)(CH>),0-).
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7.3 Conclusion

Current efforts to technically use microalgae focus on the generation of fuels with a molecular
structure identical to crude oil based products. Here a different approach for the utilization of
algae by translating the unique molecular structures of algae oil fatty acids into higher value
chemical intermediates and materials is suggested. This requires appropriate chemical conversions
and catalysts compatible with algae oil. In an exemplary approach (Figure 7.1) polyesters were
synthesized from crude lipids of the diatom Phaeodactylum tricornutum. First findings support the
feasibility of the generation of functional chemical intermediates by modern catalytic methods
from algae oil, as exemplified by the preparation of dimethyl-1,17-heptadecanedioate and
heptadecane-1,17-diol. These molecules are based on a Cis building block (palmitoleic acid)
which is a major component of algae oils but not of traditional plant oils. «,w-Difunctional
compounds can be obtained in high purity by isomerizing alkoxycarbonylation, even enabling
step-growth polycondensation to high molecular weight polyester. This novel polyester possesses
an advantageously high melting point of T, = 99 °C as a result of the crystallizable linear
segments originating from the algae oil lipids.

Notably, the transition metal catalyzed methoxycarbonylation is possible on the crude algae
extract. Neither the five-fold unsaturated eicosapentaenoic acid nor other non-fatty acid
components of the algae (amongst others phosphocholines, cf. Figure 7.2) shut down catalysis.
While an optimization of the work-up procedures for larger scale synthesis was not a focus of
this work, it can be noted that already at this stage no complicated chromatographic workup of
the products of catalysis was necessary but rather a recrystallization, which can be readily scaled,

was sufficient.
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7.4 Experimental section

7.4.1 Materials and general considerations

Unless stated otherwise, all manipulations were carried out under an inert gas atmosphere using
standard Schlenk or glovebox techniques. Methanol was distilled from magnesium turnings and
iodine prior to use. THF and toluene were distilled from sodium under inert conditions. All other
solvents were used in technical grade as received. Carbon monoxide (3.7) was supplied by Air
Liquide. Dimethyl-1,19-nonadecanedioate, nonadecane-1,19-diol, and [(dtbpx)Pd(OTf)](OT*)

were prepared according to a literature procedure (also cf. Chapter 5.4.2)." Titanium(IV)
butoxide (= 97 %), LiAlH4, MgSO4, NaHCOs, oxacyclohexadecan-2-one, NaOH and CBry were

purchased from Sigma-Aldrich. PPh; and KOtBu were purchased from Acros. All chemicals
were used as received. Deuterated solvents, supplied by Eurisotop, were stored over 4 A
molecular sieves under argon or nitrogen.

NMR spectra were recorded on a Varian Inova 400, a Bruker Avance 400 and on a Bruker
Avance DRX 600 spectrometer. 'H and ’C chemical shifts were referenced to the solvent signals.
High-temperature NMR measurements of polymers were performed in 1,1,2,2-tetrachloroethane-
d2 at 130 °C. Acquired data was processed and analysed using MestReNova software.

Elemental analyses were performed up to 950 °C on a Elementar Vario EL instrument.

Gas chromatography was carried out on a PerkinElmer (PE) Clarus 500 instrument with
autosampler and FID detection on a PerkinElmer Elite-5 (5% Diphenyl- 95 %
Dimethylpolysiloxane) Series Capillary Columns (Length: 30 m, Inner Diameter: 0.25 mm, Film
Thickness: 0.25 mm), using Helium as carrier gas at a flow rate of 1.5 mL min". The injector
temperature was 300 °C. After injection the oven was kept isothermal at 90 °C for 1 min, heated
with 30 K min" to 280 °C, and kept isothermal at 280 °C for 8 min (for the 1,25-diester the
injector temperature was 270 °C and the oven was kept isothermal at 100 °C for 1 min, heated
with 15 K min™ to 300 °C, and kept isothermal at 300 °C for 5 min).

DSC was measured on a Netzsch DSC 204 F1 with a heating and cooling rate of 10 K min™ in a
temperature range of -50 to 160 °C. All data are referred to the second heating cycle.

High temperature GPC measurements were carried out in 1,2,4-trichlorobenzene at 160 °C at a
flow rate of 1 mL min" on a Polymer Laboratories 220 instrument equipped with Olexis columns
with differential refractive index, viscosity, and light-scattering (15° and 90°) detectors. Data
reported were determined directly against polyethylene standards.

Algae was centrifuged on a Sorvall RC 6 centrifuge with a Sorvall SLA 3000 rotor at 4900 turns

min" for 10 minutes at 4 °C. Light microscope images were recorded on an Olympus BX 51
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equipped with a Zeiss AxioCam MRm. Cell counts were determined using the coulter counter

Multisizer 3 from Beckmann Coulter.

7.4.2 Cultivation of algae

Phaceodactylum tricornutum UTEX 646 was obtained from the Culture Collection of Algae at the
University of Texas in Austin and grown in 10 L flasks in a modified f/2-medium** (pH = 7)
with artificial half concentrated sea salts (16.6 g L, tropic marine) and 0.09 uM MnCl; at a light
intensity of 35 umols' m” in a day/night rhythm of 16/8 hours at 20 °C. Ambient air was
bubbled through the flasks. The algae was cultivated for 7-8 weeks, being in the stationary phase

for at least six weeks.

7.4.3 Extraction of fatty acids from algae

Extraction of fatty acids from algae - method I:

The cell count was 9.35 - 10° mL". 30 L of algae culture were centrifuged yielding 41.9 g of wet
algae. The wet solid was soxhlet extracted with 300 mL of heptane for 4 hours. Heptane was
removed under reduced pressure to yield 100 mg of green algae oil.

To increase the yield, the solid was dispersed in water and treated according to method III, to

yield another 600 mg of algae oil.

Extraction of fatty acids from algae - method II:

The cell count was 8.63 - 10° mL". 30 L of algae culture were centrifuged yielding 30.4 g of wet
algae. The wet algae was transferred into a flask and conc. HCI was added until pH = 1. After
heating to reflux overnight, saturated NaHCO; was added until pH = 6-7, and the resulting
suspension was centrifuged. Solids were separated, dried and soxhlet extracted with 300 mL of
heptane overnight. The water phase was extracted with methylene chloride (4 x 250 mL). The
combined organic layers were dried over MgSO.. After removing the solvent, 1.32 g of green

algae oil were obtained.

Extraction of fatty acids from algae - method III:

The cell count was 10.76 - 10° mL". 30 L of algae culture were centrifuged yielding 45.3 g of wet
algae. After freeze drying, 12.8 g of dry algae were obtained. The solid was dispersed in 200 mL
of water and ultrasonicated for 30 minutes. Conc. HCI was then added until pH = 1. After
heating to reflux overnight, saturated NaHCOj; was added until pH = 6-7, and the resulting
suspension was centrifuged. Solids were separated, dried and soxhlet extracted with 300 mL of
heptane for 5 h. The water phase was extracted with methylene chloride (4 x 250 mL). The

combined organic layers were dried over MgSO,. After removing the solvent, 2.63 g of green
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algae oil were obtained. Appling this extraction method to algae cultures with prolonged

cultivation times (stationary phase about 6 weeks) up to 5.83 g of algae oil can be obtained.

7.4.4 Isomerizing methoxycarbonylation of algae oil

According to the general methoxycarbonylation procedure, algae oil (5.8 g) and
[(dtbpx)Pd(OTY)|(OT1) (776.5 mg, 0.97 mmol) were dissolved in 100 mlL of methanol. The
resulting solution was transferred into the pressure reactor, which was pressurized with 20 bar
CO and heated to 90 °C for 7 days while stirring the reaction mixture. The resulting suspension
was diluted with methylene chloride and filtered to remove solids. After removing the solvents
under reduced pressure, the crude product was recrystallized from methanol and heptane to yield
a mixture of the desired 1,17- (82 %) and 1,19- (18 %) diester products in polycondensation

grade purity (2.1 g, 6.3 mmol, molecular weight calculated from GC data).
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Figure 7.7: GC trace of mixed 1,17- and 1,19-diester after recrystallization from methanol and heptane.

7.4.5 Reduction of diesters from the isomerizing methoxycarbonylation of algae oil

A part of the diester mixture obtained in the isomerizing methoxycarbonylation (600 mg, 1.8
mmol) was dissolved in 7 mL. of THF and added dropwise to a cooled suspension (0 °C) of
LiAlH4 (178 mg, 4.7 mmol) in 10 mL of THF. After complete addition, the suspension was

refluxed for 1 h and stirred for 3 days at room temperature. Then, 2 mL of water and 0.5 mL of a
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2 M NaOH solution were added and the resulting precipitate was filtered off. Volatiles were
removed under reduced pressure and the resulting solid was recrystallized from CHCI; yielding
358.3 mg of the desired 1,17- (85 %) and 1,19- (15 %) diol products in polycondensation grade

purity (1.3 mmol, 72 %, molecular weight calculated from GC data).
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Figure 7.8: GC trace of mixed 1,17- and 1,19-diol after recrystallization from CHCI3.

7.4.6 Synthesis and characterization of mixed linear long-chain Polyester-17/19.17 /19

To adjust stoichiometric amounts of diester and diol, average molecular weights were calculated
from GC data for the respective monomer. The diester has an average molecular weight of
333.54 ¢ mol" and the diol of 276.68 g mol™. Polycondensations were performed under an inert
atmosphere in a two neck Schlenk tube, heated with an aluminium block. Temperature was
controlled by a thermocouple placed in the block. The polymerization mixture was mechanically
stirred with a helical agitator described in more detail in chapter 5.2.1. After weighing the desired
amount of monomers into the Schlenk tube, the mixture was degassed and heated to 120 °C.
Then 0.1 mL of a 0.008 M solution of Ti(OBu)4 in toluene was added and the temperature was
risen by 10 K every 45 minutes. At a temperature of 180 °C vacuum was applied to remove
volatiles. The mixture was then stirred overnight at 200 °C under vacuum. The mixed polyester

PE-17/19.17/19 derived from algae oil was analyzed by DSC, '"H NMR and GPC measurements.
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Figure 7.9: DSC trace of mixed polyester PE-17/19.17/19.

As determined by DSC mixed linear long-chain polyester PE-17/19.17/19 exhibits a melting
point of T 99 °C (T. = 75 °C, AHw = 136 J g). GPC reveals molecular weights M, of typically
3.8 X 10* g mol" (My/M, =6.7) (cf. Figure 7.10); this data agrees with M, of 4.2 x 10* g mol”
determined from 'H NMR spectroscopic analysis of the end groups (cf. Chapter 3.4.3).
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Figure 7.10: GPC trace of mixed polyester PE-17/19.17/19.
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Wide-angle X-ray diffraction (WAXD) of this linear long-chain mixed polyester essentially shows

the reflexes of the polyethylene portion of the material.
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Figure 7.11: WAXD pattern of mixed polyester PE-17/19.17/19.
7.4.7 Synthesis of dimethyl-1,17-heptadecanedioate

LiAIH, CBry, PPhs

O 5 HO\/\ea/\/OH
11
Br\/\e)/\/Br
1

0o o] CO, MeOH KO'Bu
\OJW;\/U\O/

[Pd] 11

(o}

Pentadecane-1,15-diol®

Oxacyclohexadecan-2-one (25.0 g, 104.0 mmol) was dissolved in 60 mL of THF and added drop-
wise to a cooled suspension (0 °C) of LiAlH, (8.7 g, 23.0 mmol) in 250 mL of THF. After
complete addition, the suspension was refluxed for 1 h and then stirred overnight at room
temperature. Then, 50 mL of a 2 M NaOH solution were added, the resulting precipitate was
filtered off and washed with 300 mL of THF. Volatiles were removed under reduced pressure
and the resulting solid was recrystallized from 300 mL of ethyl acetate, yielding 23.6 g of the
desired product (97.0 mmol, 93 %) as a white solid.

3 3
S P e U Ue e W WA
H012 N }210H

~
4
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'H NMR (CDCL, 50 °C, 400 MHz) & 3.64 (t, Jun = 6.7 Hz, 4H, H-1), 1.57 (quint, Jun =
6.7 Hz, 4H, H-2), 1.40-1.19 (m, 24H, H-3, H-4 and H-5).
BC{'H} NMR (CDCls, 50 °C, 101 MHz) & 63.3 (C-1), 33.0 (C-2), 29.8-29.6 (C-4), 25.9 (C-3).

1,15-Dibromopentadecane®

Pentadecane-1,15-diol (15.0 g, 61.4 mmol) and CBrs (52.9 g, 159.6 mmol) were dissolved in
500 mL of methylene chloride and cooled to 0 °C. PPh; (44.4 g, 169.4 mmol) was added as solid
over a period of 20 minutes. The yellow solution was heated to 45 °C for 4 h and then stirred at
room temperature for 17 h. Then 145 mlL of methanol and 30 mlL of water were added and
stirred for 10 min at room temperature. After removal of the solvent a beige solid was obtained
which was dissolved in 900 mL of pentane and extracted with methanol (3 x 200 mL). Column

chromatography with pure pentane yielded 19.6 g of a white solid (53.0 mmol, 86 %0).
1 3 3 1
Brr NN B
2 4 %_J 4 2
5
"H NMR (CDCl, 25 °C, 400 MHz) 8 3.39 (t, ’Jun = 6.5 Hz, 4H, H-1), 1.84 (quint, *Jun = 6.5 Hz,
4H, H-2), 1.47-1.36 (m, 4H, H-3), 1.35-1.21 (m, 18H, H-4 and H-5).
PC{'H} NMR (CDCl;, 25 °C, 101 MHz) & 34.1 (C-1), 33.0 (C-2), 29.7-29.6 (C-5), 28.9 (C-4), 28.3

(C-3).

Pentadeca-1,14-diene*

1,15-Dibromopentadecane (19.6 g, 53.0 mmol) was dissolved in a mixture of 50 mL of THF and
25 mL of toluene. Addition of KOBu (12.0 g, 106.0 mmol) in small batches over a 2 h period
resulted in a brown suspension. After addition of further 20 mL of THF and 10 mL of toluene,
the suspension was stirred at room temperature overnight. Another batch of KO/Bu (6.0 g, 53.0
mmol) was then added. After stirring overnight at room temperature 100 mL of water and 100
mL of 1 M HCI were added. The resulting solution was extracted with diethyl ether (3 x 150 mL).
The combined organic phases were washed with NaHCOj3 (2 x 150 mL) and water (2 x 100 mL)
and dried over MgSO.. The solvent was removed in vacuum yielding 11.6 g of the crude product.
Column chromatography using pentane as eluent yielded the desired product as colourless liquid.

(6.0 g, 28.8 mmol, 54 %).

'H NMR (CDCL, 25 °C, 400 MHz) & 5.88-5.74 (m, 2FH, H-2). 5.03-4.89 (m, 4H, H-1), 2.09-2.00
(m, 4H, H-3), 1.44-1.19 (m, 18H, H-4).
BC{'H} NMR (CDCL, 25 °C, 101 MHz) & 139.4 (C-2), 114.22 (C-1), 34.0 (C-3), 29.8-29.1 (C-4).
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Dimethyl-1,17-heptadecanedioate

According to the general methoxycarbonylation procedure, pentadeca-1,14-diene (6.0 g, 28.8
mmol) and [(dtbpx)Pd(OTT)|(OTL) (369.0 mg, 0.46 mmol) were mixed with 100 mL of methanol.
The resulting biphasic system was transferred into the autoclave. The autoclave was pressurized
with 20 bar CO and heated to 90 °C for 3 days while stirring the reaction. The resulting
suspension was diluted with methylene chloride and filtered to remove solids. After removing the
solvents under reduced pressure, the crude product was recrystallized from methanol to yield the

desired product in polycondensation grade purity (3.4 g, 10.3 mmol, 36 %0).

"H NMR (CDCl;, 25 °C, 400 MHz) & 3.66 (s, 6H, H-5), 2.29 (t, *Jun = 7.5 Hz, 4H, H-2), 1.69-
1.54 (m, 4H, H-3), 1.38-1.17 (m, 22H, H-4).

PC{'H} NMR (CDCl;, 25 °C, 101 MHz) & 174.5 (C-1), 51.6 (C-5), 34.3 (C-2), 29.8-29.3 (C-4),
25.1 (C-3).

Elemental analysis for Ci9yH3sO4: calculated: 69.47 % C, 11.05 % H, 19.48 % O; found: 69.67 %
C, 11.19 % H, 19.14 % O.
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Figure 7.12: GC trace of 1,17-diester after recrystallization from methanol.

Heptadecane-1,17-diol

Dimethyl-1,17-heptadecanedioate (1.68 g, 5.1 mmol) was dissolved in 25 mL of THF and added
dropwise to a cooled (0 °C) suspension of LiAlH4 (0.51 g, 13.3 mmol) in 30 mL of THF. After
complete addition, the suspension was refluxed for 1 h and then stirred overnight at room
temperature. Then, 1.5 mL of water and 0.5 mL of a 2 M NaOH solution were added. The

resulting precipitate was filtered off and volatiles were removed under reduced pressure.
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Recrystallization of the crude product from CHCI; yielded 1.20 g of the desired product as a
white solid in polycondensation grade purity (4.4 mmol, 86 %).

3 3
5 5
HON\/WWVWOH
2 2

N\ J
Y
4

'H NMR (CDCl;, 50 °C, 400 MHz) 8 3.63 (t, *Jun = 6.7 Hz, 4H, H-1), 1.57 (quint, *Juu = 6.7
Hz, 4H, H-2), 1.42-1.25 (m, 26H, H-3, H-4), 1.23 (s, 2H, H-5).

PC{'H} NMR (CDCl;, 50 °C, 101 MHz) 8 63.3 (C-1), 33.1 (C-2), 29.8-29.7 (C-4), 29.6 (C-3).
Elemental analysis for Ci7H3cOz: calculated: 74.94 % C, 13.32 % H, 11.74 % O; found: 74.73 %
C, 13.45% H, 11.82 % O.

7.4.8 Synthesis of dimethyl-1,21-henicosanedioate

CBr,, PPh,

HO\/\W\/OH [E—" . BI‘\/\H/\/BI’
15 15

(o} o] CO, MeOH KO'Bu

-~ Z S
\OJ\/\H;\/U\O/ [Pd] /\H:s\

1,19-Dibromononadecane®

Nonadecane-1,19-diol (15.0 g, 49.9 mmol) and CBrs (42.4 g, 127.7 mmol) were dissolved in
400 mL of methylene chloride and cooled to 0 °C. PPh; (36.2 g, 138.0 mmol) was added as solid
over a period of 20 minutes. The yellow solution was then heated to 45 °C for 3 h and then
stirred at room temperature overnight. Then 100 mL of methanol and 20 mL of water were
added and stirred for 10 min at room temperature. After removal of the solvent a beige solid was
obtained, which was dissolved in 400 mL of pentane and extracted with methanol (3 x 100 mL).

Column chromatography with pure pentane yielded 18.4 g of a white solid (43.2 mmol, 87 %).

5
A
1 3 N\ 3 1
TS e S Ve VY - T

2 4 4 2

'"H NMR (CDCL, 25 °C, 400 MHz) & 3.40 (t, *Jun = 6.9 Hz, 4H, H-1), 1.85 (quint, *Juu= 6.9 Hz,
4H, H-2), 1.48-1.35 (m, 4H, H-3), 1.35-1.18 (m, 26H, H-4 and H-5).

BC{'H} NMR (CDCL, 25 °C, 101 MHz) & 34.2 (C-1), 33.0 (C-2), 29.8-29.6 (C-5), 28.9 (C-4), 28.3
(C-3).

Nonadeca-1,18-diene*
1,19-Dibromononadecan (18.4 g, 43.2 mmol) was dissolved in a mixture of 15 mL of THF and
7.5 mL of toluene. Addition of KOBu (9.7 g, 86.7 mmol) in small batches over a 1 h period
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resulted in an orange suspension. After stirring at room temperature overnight, another batch of
KOBu (4.9 g, 43.2 mmol) was added. After stirring overnight at room temperature 30 mL of
water and 30 mL of 1 M HCI were added. The resulting solution was extracted with diethyl ether
(3 x 50 mL). The combined organic phases were washed with NaHCO; (2 x 50 mlL) and water
(2 x 50 mL) and dried over MgSO,. After removing the solvent, the crude product was purified
by column chromatography using pentane as eluent. The desired product was obtained as

coloutless liquid (8.5 g, 32.1 mmol, 74 %).

NANNNNNNNNNNF
2 J 2
Y

'H NMR (CDCl, 25 °C, 400 MHz) & 5.88-5.76 (m, 2H, H-2), 5.03-4.89 (m, 4H, H-1), 2.09-2.00
(m, 4H, H-3), 1.48-1.19 (m, 26H, H-4).
BC{'H} NMR (CDCl, 25 °C, 101 MHz) & 139.4 (C-2), 114.2 (C-1), 34.0 (C-3), 29.9-29.1 (C-4).

Dimethyl-1,21-henicosanedioate

According to the general methoxycarbonylation procedure, nonadeca-1,18-diene (8.5 g, 32.1
mmol) and [(dtbpx)Pd(OTT)|(OTL) (410.0 mg, 0.51 mmol) were mixed with 120 mL of methanol.
The resulting biphasic system was transferred to the autoclave. The autoclave was pressurized
with 20 bar CO and heated to 90 °C for 7 days while stirring the reaction. The resulting
suspension was diluted with methylene chloride and filtered to remove solids. After removing the
solvents under reduced pressure, the crude product was recrystallized from methanol and

heptane to yield the desired product in polycondensation grade purity (8.0 g, 20.9 mmol, 65 %).
(o] (o]

5/”\/3\/\/\/\/\/\/\/\/3\)]\5

N\, 7

012\ J210
Y

"
"H NMR (CDCls, 25 °C, 400 MHz) & 3.66 (s, 6H, H-5), 2.29 (t, *Juu = 7.5 Hz, 4H, H-2), 1.61
(quint, *Jun = 7.5, 4H, H-3), 1.39-1.18 (m, 30H, H-4).

PC{'H} NMR (CDCls, 25 °C, 101 MHz) & 174.5 (C-1), 51.6 (C-5), 34.3 (C-2), 29.8-29.3 (C-4),
25.1 (C-3).

Elemental analysis for C;HOu: calculated: 71.83 % C, 11.53 % H, 16.64 % O; found: 71.81 %
C, 11.85 % H, 16.34 % O.

148



Synthetic polyester from algae oil

1.0 -
E
8
2
@
3 0.5-
£
©
(1]
N
©
E
S
c
0.0
1 M L i I ¥ I ¥ I M ) v 1 T I ' I ' 1
5 6 7 8 9 10 11 12 13 14
time (min)

Figure 7.13: GC trace of 1,21-diester after recrystallization from methanol and heptane.

Henicosane-1,21-diol

Dimethyl-1,21-henicosanedioate (5.0 g, 13.0 mmol) was dissolved in 50 mL of THF and added
dropwise to a cooled (0 °C) suspension of LiAIH4 (1.32 g, 34.7 mmol) in 80 mL of THF. After
complete addition, the suspension was refluxed for 1 h and then stirred at room temperature for
3 days. Then, 4.5 mL of water and 1.5 mL of a 2 M NaOH solution were added. The resulting
precipitate was filtered off and volatiles were removed under reduced pressure. Recrystallization
of the crude product from CHCI; yielded 3.4 g of the desired product as a white solid in
polycondensation grade purity (10.4 mmol, 80 %).

3 3

5 5
NV e e VO Y Y W Ve
HO12 N > 21OH
N

"H NMR (CDCl;, 50 °C, 400 MHz) & 3.64 (t, ’Jun = 6.8 Hz, 4H, H-1), 1.57 (quint, “Jin = 6.8
Hz, 4H, H-2), 1.42-1.24 (m, 34H, H-3 and H-4), 1.20 (s, 2H, H-5).

PC{'H} NMR (CDCl;, 50 °C, 101 MHz) & 63.3 (C-1), 33.1 (C-2), 29.8-29.8 (C-4), 29.6 (C-3).
Elemental analysis for C21HOs: calculated: 76.76 % C, 13.50 % H, 9.74 % O; found: 76.76 % C,
13.44 % H, 9.80 % O.
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7.4.9 Synthesis of dimethyl-1,25-pentacosanedioate

CBr4, PPh3

HO. OH — » Br Br
\/\ea;\/ \/\631/9\/

(o} o] CO, MeOH KO'Bu

\OWO/ Pl /\H;\

1,23-Dibromotricosane®

Tricosane-1,23-diol (15.0 g, 42.1 mmol) and CBr4 (35.7 g, 107.8 mmol) were dissolved in 350 mL
of methylene chloride and cooled to 0 °C. PPh3 (30.5 g, 116.4 mmol) was added as solid over a
period of 20 minutes. The yellow solution was then heated to 45 °C for 3 h and then stirred at
room temperature overnight. Then 100 mL of methanol and 20 mL of water were added and
stirred for 10 min at room temperature. After removal of the solvent a beige solid was obtained
which was dissolved in 400 ml of pentane and extracted with methanol (3 x 100 mL).

Recrystallization from ethanol yielded 13.4 g of a white solid (27.8 mmol, 66 %).

5
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T e g S Y S e g g T

2 4 4 2

'"H NMR (CDCL, 25 °C, 400 MHz) & 3.40 (t, *Jun = 6.9 Hz, 4H, H-1), 1.85 (quint, *Jin = 6.9 Hz,
4H, H-2), 1.48-1.35 (m, 4H, H-3), 1.41-1.21 (m, 34H, H-4, H-5).

BC{'H} NMR (CDCls, 25 °C, 101 MHz) § 34.2 (C-1), 33.0 (C-2), 30.0-29.4 (C-5), 28.9 (C-4), 28.3
(C-3).

Tricosa-1,22-diene*

1,23-Dibromotricosane (13.3 g, 27.5 mmol) was dissolved in a mixture of 30 mL of THF and 15
mL of toluene. Addition of KO/Bu (6.2 g, 55.2 mmol) in small batches over a 1 h period resulted
in an orange suspension. After stirring at room temperature overnight, another batch of KO/Bu
(3.1 g, 27.6 mmol) was added and the reaction mixture was stirred for another night at room
temperature. Then the reaction was quenched by addition of 30 mL of water and 30 mL of 1 M
HCL. The resulting solution was extracted with diethyl ether (3 x 50 mL). The combined organic
phases were washed with NaHCO; (2 x 50 mL) and water (2 x 50 mL) and dried over MgSO..
After removing the solvent, the crude product was purified by column chromatography using
pentane as eluent. The desired product was obtained as coloutless liquid (6.7 g, 21.0 mmol,

76 %).
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"H NMR (CDCl, 25 °C, 400 MHz) & 5.87-5.76 (m, 2H, H-2). 5.02-4.91 (m, 4H, H-1), 2.07-2.01
(m, 4H, H-3), 1.49-1.20 (m, 34H, H-4).
BC{'H} NMR (CDCl;, 25 °C, 101 MHz) 8 139.4 (C-2), 114.2 (C-1), 34.0 (C-3), 29.9-29.7 (C-4).

Dimethyl-1,25-pentacosanedioate
According to the general methoxycarbonylation procedure, tricosa-1,22-diene (5.0 g, 15.6 mmol)
and [(dtbpx)Pd(OTE)](OTY) (199.4 mg, 0.25 mmol) were mixed with 160 mL of methanol. The
resulting biphasic system was transferred to the autoclave. The autoclave was pressurized with 20
bar CO and heated to 90 °C for 7 days while stirring the reaction. The resulting suspension was
diluted with methylene chloride and filtered to remove solids. After removing the solvents under
reduced pressure, the crude product was recrystallized from methanol and heptane to yield the
desired product in polycondensation grade purity (6.0 g, 13.5 mmol, 87 %).

N W ;

07 =10

K J
Y

4

"H NMR (CDCls, 25 °C, 400 MHz) & 3.66 (s, 6H, H-5), 2.29 (t, *Juu = 7.4 Hz, 4H, H-2), 1.61
(quint, *Jin = 7.4, 4H, H-3), 1.34-1.20 (m, 38H, H-4).

PC{'H} NMR (CDCls, 25 °C, 101 MHz) & 174.5 (C-1), 51.6 (C-5), 34.3 (C-2), 29.8-29.3 (C-4),
25.1 (C-3).

Elemental analysis for C»7HsO4: calculated: 73.59 % C, 11.89 % H, 14.52 % O; found: 73.71 %
C, 11.77 % H, 14.52 % O.
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Figure 7.14: GC trace of 1,25-diester after recrystallization from methanol and heptane.
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Pentacosane-1,25-diol

The reduction was carried out analogous to a reported procedure™ in a 300 mL stainless steel
mechanically stirred pressure reactor equipped with a heating jacket and a glass inlay. Prior to the
reduction experiment the reactor was purged several times with argon. Dimethyl-1,25-penta-
cosanedioate (9.0 mmol, 4.0 g) was weighed under air into a dry Schlenk tube equipped with a
magnetic stir bar, which was then purged several times with argon. Dry and degassed THF
(40 mL) was added using standard Schlenk techniques. Vigorous stirring afforded a homo-
geneous reaction mixture. In the glovebox dichlorobis[2-(diphenylphosphino)ethylamine]
ruthenium (16.8 pmol, 10 mg) and sodium methanolate (1.1 mmol, 60 mg) were weighed into a
dry Schlenk tube equipped with a magnetic stir bar. After the Schlenk tube was removed from
the glovebox, 40 mL of dry and degassed THF were added. Both mixtures were then cannula-
transferred into the reactor in an argon counter stream. The reactor was closed, pressurized with
50 bar hydrogen and then heated to 100 °C for 22 h. After cooling to room temperature, the
reactor was vented. The reaction mixture was removed from the reactor and heated to 50 °C to
remove catalyst residues by filtration over a Buchner funnel. Removing the solvent in vacuum

and recrystallization from chloroform yielded pentacosane-1,25-diol (2.7 g, 7.0 mmol, 78 %).

3 3
5/\/\/\/\/\/\/\/\/\/\/\5
H012 N ) 210H

~

"H NMR (CDCl, 50 °C, 400 MHz) & 3.64 (t, ’Jin = 6.8 Hz, 4H, H-1), 1.57 (quint, *Jiu = 6.8
Hz, 4H, H-2), 1.40-1.24 (m, 42H, H-3, H-4), 1.20 (s, 2H, H-5).

PC{'H} NMR (CDCls, 50 °C, 101 MHz) & 63.3 (C-1), 33.1 (C-2), 29.9-29.6 (C-3), 26.0 (C-3").
Elemental analysis for CysHsOs: calculated: 78.06 % C, 13.63 % H, 8.32 % O; found: 78.01 % C,
13.88 % H, 8.11 % O.

7.4.10 Synthesis and characterization of Polyester-17.17, Polyester-21.21 and
Polyester-25.25
Polyesters were prepared in a 100 mL two-necked Schlenk tube equipped with an overhead
stirrer. Efficient mixing of the highly viscous polymer melt was achieved by a helical agitator
described in more detail in chapter 5.2.1. Under a static argon atmosphere the monomers
(3.25 mmol of the a,w-diester, respectively, and 3.25 mmol of the corresponding o,w-diol) were
filled into the reaction vessel and molten by heating to 120 °C. A 1.2 mL aliquot of a 0.28 M
titanium(IV) butoxide solution in toluene was injected, and the temperature was raised to 200 °C

over the course of 8 h. Finally, the polymer melt was stirred overnight at this temperature under
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reduced pressure (0.01 mbar). Polyesters were analysed by DSC, 'H NMR and GPC

measurements.
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Figure 7.15: DSC trace of poly[1,17-heptadecanediyl-1,17-heptadecanedioate].
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Figure 7.16: DSC trace of poly[1,21-henicosanediyl-1,21-henicosanedioate].
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Figure 7.17: DSC trace of poly[1,25-pentacosanediyl-1,25-pentacosanedioate].
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Figure 7.18: GPC trace of poly[1,17-heptadecanediyl-1,17-heptadecanedioate].
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Figure 7.19: GPC trace of poly[1,21-henicosanediyl-1,21-henicosanedioate].
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Figure 7.20: GPC trace of poly[1,25-pentacosanediyl-1,25-pentacosanedioate].
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8 Conclusive summary

At present the chemical industry predominantly relies on fossil feedstocks. This in particular
applies to polymer production, which is one of the major consumers of these raw materials
within the chemical industry. In view of the limited range of these fossil feedstocks alternative
renewable resource-based polymers are desirable on the long term. Moreover, providing that the
unique molecular structure of these alternative resources can be carried over into the resulting
polymers, the utilization of alternative feedstocks can give access to novel useful material
property profiles. This, however, requires the efficient transformation of these substrates into
useful building blocks.

Fatty acids from plant oils are attractive starting materials in this respect. They contain linear
long-chain hydrocarbon segments that can provide e.g. crystallinity and corresponding thermal
properties, as well as, a relatively high hydrophobicity. Conversion of these substrates into o,w-
difunctional compounds, which amongst others can serve as monomers for long-chain aliphatic
polycondensates, can be achieved by biotechnological approaches such as w-oxidation or -
hydroxylation.

Alternatives to these biotechnological routes, which suffer from limitations concerning the effort
for work-up, purity of the monomers and cost of the carbohydrate feedstock required, based on
chemical catalysis have emerged more recently. Self-metathesis of unsaturated fatty acids by
ruthenium alkylidenes for example yields even carbon number monounsaturated diacids," which

can be converted to the saturated analogues by hydrogenation of the double bond (Figure 8.1).

: - self- isomerizing
sunflower (helianthus metathesis carbonylation
annuus), rapeseed oil [Ru-cat.] +CO: + ROH
or palm oil,... [Pci-cat.]
ROOC\/\/\/\/\/\/\H/\/\/COOR
Z 4 Cio23

+

ROOC™ AT Y ACOOR

[cat] | Hz

COOR
ROOCSSATAAANYSA Ci1si26

Figure 8.1: Chemical routes to a,w-difunctional linear monomers based on different fatty acids
(x = 1: oleic acid; x = 5: erucic acid).
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In this way, starting from readily available technical plant oils dimethyl-1,18-octadecanedioate and
the even longer chain dimethyl-1,26-hexacosanedioate were prepared in polymerization grade
purity (= 99 %). Both compounds after reduction to the corresponding diols, stoichiometrically
with LiAlH4 or by catalytic hydrogenation with Saudan’s ruthenium catalyst, were used as
monomers for the synthesis of linear long-chain polyesters. The obtained materials, namely
poly[1,18-octadecanediyl-1,18-octadecanedioate] (PE-18.18) and poly|[1,26-hexacosanediyl-1,26-
hexacosanedioate] (PE-26.26) both possess melting points and crystallization temperatures that
are significantly higher than for conventional aliphatic polyesters of shorter chain length and
already compare with typical thermoplastics. Polyester PE-26.26 for example features a melting-
point of T, = 114 °C which is unsurpassed among the long-chain all-aliphatic polyesters reported
to date.

A different route to long chain «,w-difunctional compounds and their corresponding poly-
condensates® has recently been found with isomerizing alkoxycarbonylation (Figure 8.1). This
reaction, first observed by Cole-Hamilton for fatty acid esters’ converts an internal double bond
deep in the hydrocarbon chain very selectively to a terminal ester group by reaction with carbon
monoxide and an alcohol. In this way odd carbon numbered products with full molecular
feedstock incorporation are formed. Starting from technical grade methyl ester of high oleic
sunflower oil dimethyl-1,19-nonadecanedioate is obtained in polycondensation grade purity.
Likewise, dimethyl-1,23-tricosanedioate is derived from methyl erucate. The successful scale-up

now renders both intermediates available on a 100 g scale in > 99 % purity (Figure 8.2).

Figure 8.2: Photograph of dimethyl-1,19-nonadecanedioate as obtained from isomerizing

alkoxycarbonylation of high oleic sunflower oil.
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Polyesters prepared from these long-chain dicarboxylic acids by polycondensation with diols
generated from the former by reduction, show high melting points (Twm > 100 °C) and
crystallization temperatures suitable for thermoplastic processing.” An approptiate poly-
condensation protocol yielded these polymers with number average molecular weights of M,
3.0 X 10*g mol" which imparts them with desirable ductile, non-brittle properties. Both, poly-
[1,19-nonadecadiyl-1,19-nonadecanedioate] (PE-19.19) and poly[1,23-tricosadiyl-1,23-tricosane-
dioate] (PE-23.23) as well, possess an elongation at break of > 600 % and a Young’s modulus of
400 MPa. Furthermore, first tests on the hydrolytic degradation revealed a good stability in
concentrated and diluted acidic and basic aqueous media. In meeting also the demands of
injection molding and film extrusion® it could be demonstrated that these renewable resource-
based polymers offer prospects for novel bio-based packaging films or moldings.

The polyethylene-like crystallinity arising from the long-chain monomers also offers itself to
impart elastomeric properties, as demonstrated by novel all-aliphatic thermoplastic polyester

elastomers (Figure 8.3).

Figure 8.3: Schematic representation of segmented thermoplastic polyester elastomers based on long-

chain, aliphatic hard segments.

Polycondensation of dimethyl-1,23-tricosanedioate and 1,23-tricosanediol with diol-terminated
poly(tetramethylene glycol), which is also accessible from renewable (carbohydrate) feedstocks,
yields polyester-polyether copolymers with molecular weights up to M, 6 X 10* g mol™. The long-
chain aliphatic segments provide physical crosslinking that imparts elastomeric behavior to these
thermoplastic materials. A particularly high recovery was observed at ca. 65 wt.-% (50 mol-% of
the total diols employed) of PTMGu2o soft segments. Compared to mid-chain analogues based
on Cp, aliphatic monomers, melting points are significantly enhanced. DSC analysis of TPE-
CosPTMGi000-62wt.-% and TPE-Cy3PTMGaon-65wt.-% revealed melting points of 68 °C and
86 °C, respectively, that is 20 °C higher than for their mid-chain analogues at comparable
copolyester mass compositions and chain lengths of the polyether segments. This is practically
relevant, as the latter materials based on traditional mid-chain monomers appear prone to a
softening and loss of their elastomeric properties upon temperature variations of the ambient

conditions.
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For A,+B; syntheses of polyesters presented above extremely pure monomers are required in
order to achieve any substantial molecular weights. Furthermore upon dosing the long-chain
monomers to the reaction mixture an accurate control of the stoichiometric balance between the
diol and the diacid (or the diacid derivate) is necessary. This can be circumvented using an AB-
type polycondensation approach. However, unsymmetrical o,w-difunctionalized long-chain
monomers are not easily accessible through conventional routes. Here, a redox-isomerization of
monounsaturated diols, obtained from self-metathesis of fatty acid derivatives, was found to be
viable for the synthesis of linear, long-chain w-hydroxy aldehydes, which after selective oxidation
of the aldehyde functionality can be converted into w-hydroxy carboxylic acid esters of different
chain-length (Scheme 8.1). Compared to the aforementioned routes to Ax+B, monomers, the
procedure at the present point is yet less practicable in that it always requited column
chromatographic work-up.
1. Grubbs 1%t

24 h; RT, pentane
Grubbs 2 2. H,S0,; MeOH

z A OH 24 h; RT; pentane 3. LiAlH4; THF W
. OH
- C1gH3s -CoHy

x = 1: oleyl alcohol
x = 5: erucyl alcohol

HO A~~~ A~
X Z X OH

1. [(dtbpx)Pd(OTf),]
12 h, RT, acetone

2. H,0,; HCI (aq.)
24h, 50°C, MeOH

o]
Ho\/\,k\)/\/\/\/\/MN)L - Cisr20126
(0]
X X

Scheme 8.1: Redox isomerization of monounsaturated diols obtained from self-metathesis
of fatty acid derivatives.

Polycondensation of the unsymmetrical AB-type monomers prepared according to this protocol
afforded long-chain aliphatic polyesters, namely poly[w-hydroxyl octadecanoic acid] (PE-18) and
poly|w-hydroxyl eicosanoic acid] (PE-20). Molecular weights as determined by end-group analysis
by '"H-NMR spectroscopy, as well as high temperature GPC measurements, revealed numbet-
average molecular weights in the order of several 10* g mol . Thermal analysis exhibits a melting
point of T, = 101 °C (Tc = 76 °C, AH., = 143 ] g¢) for PE-18, whereas for the even longer chain
aliphatic polyester PE-20 a melting point of T, = 103 °C (T. = 84 °C, AH,, = 166 ] g) was

found.
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Although all the different approaches discussed so far are promising catalytic routes for the
generation of long-chain o,w-difunctional monomers, they all rely on seed oils. This raises
potential issues such as consumption of land and irrigation water, a competition with food
production, inefficient yields per time and area, and the associated logistics of harvesting and
collection. Considering this background, algae oils are currently receiving much awareness for the
generation of higher value chemicals and polymer materials. This, however, requires appropriate
chemical conversions and catalysts compatible with algae oil. Thus in an exemplary approach
(Figure 8.5) mixed linear long-chain polyesters were synthesized from crude lipids of the diatom

Phacodactylum tricornutum.

Phaeodactylum crude TDT_
tricornutum algae oil
[(dtbpx)Pd(OTf),] / CO /
MeOH
N/ polycondensation o (o]
- N GOSN
A O X O

C47 (and Cyqg)
PE-17/19.17/19

reduction to C47 (and C4g) diol

Figure 8.5: Exemplary approach to yield mixed, linear long-chain aliphatic polyester from algae.

Lipid extraction with hydrocarbon solvent, additional acidic hydrolysis to cleave ester
functionalities, and ultrasonication to destroy the cells yielded a multicomponent mixture
containing amongst others unsaturated fatty acid (16:1, 18:1 and 20:5) phosphocholine triglycer-
ides. Exposure of this crude algae oil to CO and methanol with the known catalyst precursor
[1,2-bis{(di-zer+-butylphosphino)methyl} benzene palladium ditriflate] resulted in isomerization/
methoxycarbonylation of the unsaturated fatty acids into a mixture of linear 1,17- and 1,19-
diesters in high purity (= 99 %). Polycondensation with a mixture of the corresponding diols
yielded a novel mixed polyester PE-17/19.17/19 with an advantageously high melting
temperature of T, = 99 °C as a result of the crystallizable linear segments originating from the
algae oil lipids. This melting point is in line with neat model polyesters-X.X (Figure 7.6)
prepared from the genuine samples for gas chromatographic identification (PE-17.17: T\, = 99 °C,
PE-21.21: T., = 104 °C and PE-25.25: T, = 108 °C) and reported data for other polyester-X.X
with odd numbers of carbon atoms in the repeat units (PE-19.19: T., = 103 °C and PE-23.23:
Twn =108 °C).
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