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ABSTRACT /  ZUSAMMENFASSUNG 

Die Synthese und Untersuchung von bioinspirierten Phospholipid-Membranen, die 

Herstellung von Polyethylen-ähnlichen Polykondensaten oder die Synthese von Polymer-

Nanokristallen mit exakt definierter Lamellendicke  sind einige der zahlreichen Beispiele für den 

Einsatz langkettiger, linearer Kohlenwasserstoff-Körper mit funktionellen Gruppen an den  

Kettenenden. Trotz der Relevanz, stellt  der Zugang zu derartigen Verbindungen heutzutage eine 

Hürde dar, die die Erforschung dieser Anwendungen maßgeblich einschränkt. In diesem Zuge 

wurde in den letzten Jahren der Zugang zu solchen Verbindungen erforscht. 

Neben katalytischen Methoden zur Polymerisation kleiner Bausteine zu Ketten mit definierter 

Länge, bieten sich vor allem Fettsäuren als attraktiver Rohstoff zur Synthese langkettiger  

ʂȟʝ-difunktionaler Kohlenwasserstoffe an. Mit Hilfe verschiedenster Techniken ɀ beispielsweise in 

einer isomerisierenden Alkoxycarbonylierung ɀ lassen sich so langkettige Diester mit 

symmetrischen Gruppen herstellen. Bei dieser Reaktion werden (einfach) ungesättigte Fettsäuren 

über eine Kaskade von Doppelbindungsisomerisation mit anschließender Funktionalisierung des 

formal auftretenden terminalen Olefins  in endständige Diester überführt. Der Ester entsteht dabei 

mittels  einer Carbonylierung mit nachfolgender Alkoholyse. Unsymmetrisch funktionalisierte 

Bausteine lassen sich auf ähnlichen Wegen herstellen, jedoch bringen die heutigen Strategien noch 

einige Nachteile mit sich, die den potentiellen  Nutzen dieser wertvollen Verbindungen 

(beispielsweise als Monomere) einschränken. 

Die vorliegende Arbeit beschäftigt sich mit der Synthese derartiger unsymmetrischer, 

endfunktionalisierter  Bausteine mittels isomerisierender Alkoxycarbonylierung. Wie gezeigt 

werden konnte, lassen sich Reaktionsbedingungen finden, unter denen sich die als Nebenreaktion 

auftretende Umesterung bzw. Alkoholyse unterdrücken lassen, sodass unsymmetrische Benzyl 

Methyl Diester, sowie verschiedenste stickstoffhaltige Bausteine erhalten werden können 

(Abbildung 1). Diese Bausteine können in simplen nachfolgenden Reaktionsschritten außerdem 

in Monomere für die Synthese von Polyestern und Polyamiden umgewandelt werden. Die 

Eigenschaften solcher langkettiger aliphatischer Polymere werden dabei maßgeblich von den 

langen aliphatischen Segmenten beeinflusst. Während kurzkettige Polyester beispielsweise 

Schmelztemperaturen deutlich unter 100 °C aufweisen, zeigen langkettige Polyester hinsichtlich 

ihrer Festkörperstrukturen Ähnlichkeiten zu Polyethylen und schmelzen über 100 °C. Im Gegensatz 

dazu besitzen kurzkettige Polyamide durch die auftretenden Wasserstoff-Brücken-Bindungen 

zwischen den einzelnen Polymerketten extrem hohe Schmelztemperaturen jenseits 200 °C. Wie 
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gezeigt werden konnte, führt eine Verlängerung des Kohlenwasserstoffsegments hier zu 

niedrigeren Schmelzpunkten (Tm ~ 160 °C) durch einÅ ȵ6ÅÒÄİÎÎÕÎÇȰ ÄÅÒ !ÍÉÄ-Gruppen, was 

beispielweise die weitere Verarbeitung solcher Materialien erleichtern würde. 

 

Abbildung 1. Isomerisierende Alkoxycarbonylierung von verschiedenen fettsäurebasierten Rohstoffen für die Synthese 
unsymmetrischer, langkettiger ʂ,ʝ-difunktionalisierter Bausteine. 

Auch zyklische langkettige Verbindungen sind von Interesse für zahlreiche Anwendungen. 

Neben dem Einsatz als Monomere in ringöffnender Polymerisation sind Makrozyklen vor allem 

auch für die Parfüm-Industrie interessant, da die Verbindungen meist einen charakteristischen 

Geruch aufweisen. Aufbauend auf einer Synthesestrategie aus früheren Arbeiten wurden 

makrozyklische Lactone und Lactame mit 20 (C19) bzw. 24 (C23) Kettengliedern hergestellt 

(Abbildung 2). In einer enzymkatalysierten ringöffnenden Polymerisation wurden ferner die 

beiden Polyester polyester -19 und polyester -23 hergestellt, die ein zahlenmittleres 

Molekulargewicht von rund 100.000 g mol -1 aufwiesen. Wie sich herausstellte, zeigen beide 

Polyester große Ähnlichkeiten zu Polyethylen und besitzen Kristallinitäten von über 50%. Diese 

hohe Kristallinität ist ausschlaggebend für die mechanischen Eigenschaften des Materials und es 

konnt en Zug-Module von über 600 MPa, sowie Bruchdehnungen von über 200% erreicht werden. 

 

Abbildung 2. Herstellung von makrozyklischen Lactonen und deren enzymatische Polymerisation zu langkettigen, 
aliphatischen Polyestern. 

Mit den bisher erwähnten Methoden ist es demnach möglich von simplen, gut verfügbaren 

Fettsäuren aus Pflanzenölen zu verschiedensten offenkettigen und zyklischen langkettigen 

Ölsäure-Ester

Erucasäure-

Ester
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Bausteinen zu gelangen. Möchte man jedoch beispielsweise, wie eingangs erwähnt, bioinspirierte 

Membranen untersuchen, so benötigt man häufig deutlich längere Bausteine als die durch die 

aufgezeigten Methoden synthetisierbaren C19 bis C23 Verbindungen. Um die höheren Homologe 

dieser Verbindungsklassen herzustellen muss man oftmals auf vielstufige Methoden zurückgreifen, 

die nur unter Einsatz stöchiometrischer Mengen an Reagenzien und unter ebenso stöchiometrisch 

anfallenden Nebenprodukten, wie zum Beispiel Salze, ablaufen. Während dieser Arbeit wurde 

hierzu eine neuartige Strategie entwickelt, die nicht  den Beschränkungen der zugänglichen 

Kettenlängen bei der Verwendung von Fettsäuren als Ausgangsverbindung unterliegt . Dies stellt 

einen praktischen und dabei rein katalytischen Prozess für die Synthese ultralangkettiger  

ʂȟʝ-difunktionaler Bausteine dar (Abbildung 3). 

 

Abbildung 3. Herstellung ultralangkettiger ʂ,ʝ-difunktionaler Bausteine mittels einer ȴKetten-VerdopplungsȬ-Strategie. 

Basis für diese Strategie ist die bereits etablierte Olefin Metathese von einfach ungesättigten 

Fettsäuren, beispielsweise Ölsäure. Dadurch lassen sich C18 ʂȟʝ-Disäuren darstellen, die im 

Gegensatz zu den Produkten der isomerisierenden Alkoxycarbonylierung noch ungesättigt sind. In 

der ausgearbeiteten Strategie wurde nun der Katalysator der isomerisierenden 

Alkoxycarbonylierung eingesetzt um eine Isomerisation der Doppelbindung zu erreichen. Im 

Isomerisationsgleichgewicht der verschiedenen Doppelbindungs-Isomere konnte die 

thermodynamisch bevorzugte ʂȟʃ-ungesättigte Carbonylspezies über eine geeignete Wahl der 

Temperatur selektiv aus dem Reaktionsgemisch herauskristallisiert werden konnte. Wird die 

Temperatur außerdem noch im Laufe der Kristallisation weiter gesenkt, kann trotz der sinkenden 

Konzentration der Verbindungen im Reaktionsgemisch, eine nahezu quantitative Ausfällung 

erreicht werden. Über diesen dynamischen Isomerisations-/Kristallisations -Prozess ließ sich somit 

eine Selektivität von 84% für das ʂȟʃ-ungesättigte Doppelbindungsisomer erreichen. Nach der 

Aufreinigung durch Rekristallisation konnte eine zweite Olefin Metathese genutzt werden um eine 

ÆÏÒÍÁÌÅ ȴ+ÅÔÔÅÎ-6ÅÒÄÏÐÐÌÕÎÇȬ ÄÅÒ ÕÒÓÐÒİÎÇÌÉÃÈÅÎ +ÅÔÔÅÎÌßÎÇÅ ÚÕ ÅÒÒÅÉÃÈÅÎȢ (ÉÅÒÚÕ ×ÕÒÄÅÎ 

kurzkettige Olefine als Co-Reagenzien eingesetzt, da die elektronenarme Ausgangsverbindung 

C32
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keine Selbstmetathese einging. In einem Zwei-Schritte-Ein-Topf Verfahren konnte dabei 

unmittelbar  nach der Kreuzmetathese eine Selbstmetathese im Vakuum durchgeführt werden, die 

die gewünschte ultralangkettige Zielverbindung  in hohen Ausbeuten ergab. 

Als potentielle Anwendung für den hergestellten ultralangkettigen C32 Diester wurde eine 

Polykondensation des gesättigten Analogs mit dem ebenfalls daraus synthetisierten gesättigten C32 

Diols angestrebt. Der daraus resultierende Polyester polyester -32,32 wies ein zahlenmittleres 

Molekulargewicht von 30.000 g mol -1 auf und wurde weiter auf seine Schmelzeigenschaften 

untersucht. Als einer der langkettigsten Polyester mit definierten Segmenten zeigte dieses Polymer 

einen erstaunlich hohen Schmelzpunkt von 113 °C. Des Weiteren konnten DSC und WAXS 

Messungen belegen, dass eine Kristallinität von ca. 70% vorliegt, die den hochkristallinen Charakter 

des Materials bestätigt. 
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II.  ANNOTATIONS  

Labeling of Compounds  

The compounds used and prepared in this thesis consist of long aliphatic chains with a 

functionalization in the ʂ- and ʝ-position. For a systematic labeling of these compounds, the 

following notation is used: 

Cn,x-(A)(B)  

Cn indicates the chain length of the compound (e.g. C18 refers to an octadecane hydrocarbon 

chain). The functional groups in the ʂ- and ʝ-position are illustrated by (A)  and (B) , respectively. 

A compound with only one functionality  (other than a methyl group) at the chain end thus 

translates to Cn,x-(A) . Index Ȭxȭ ÒÅÆÅÒÓ ÔÏ ÁÄÄÉÔÉÏÎÁÌ functionalities  or properties of the hydrocarbon 

chain, according to Table I . 

Table I . )ÎÄÅØ ȬØȭ ÆÏÒ ÓÙÓÔÅÍÁÔÉÃ ÌÁÂÅÌÉÎÇ ÏÆ compounds. 

)ÎÄÅØ ȬØȭ Denotation  

none  open-chain hydrocarbon 

u internally unsaturated (unspecified position) 

(ʂȟʃ) unsaturated in ʂȟʃ-position  

(ʝ-m) unsaturated in ɉʝ-m)-position  

c cyclic hydrocarbon 

 

Exemplarily, methyl oleate, the methyl ester of an internally unsaturated C18 fatty acid 

translates to C18,u-(COOMe ). A cyclic compound, such as nonadecalactone translates to  

C19,c-(-COO-).

Abbreviations  

!ÂÂÒÅÖÉÁÔÉÏÎÓ ÏÆ ÔÈÅ Ȭ)ÎÔÅÒÎÁÔÉÏÎÁÌ 3ÙÓÔÅÍ ÏÆ 5ÎÉÔÓȭ ɉ3)-Units), chemical formulas, and 

abbreviations of chemical groups (Me, Et, etc.) according to the IUPAC (International Union of 

Pure and Applied Chemistry) nomenclature are not listed. 

 

  ADMET acyclic diene metathesis 

  APCI  atmospheric-pressure chemical ionization 
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  ʆ  chemical shift in ppm 

  DBN  1,5-diazabicyclo(4.3.0)non-5-ene 

  DMA  Dynamic Mechanical Analysis 

  DMP  Dess-Martin periodinane  

  DPn  number average degree of polymerization 

  DSC  differential scanning calorimetry 

  DTBPP  1,2-bis(di-tert -butylphosphino)propane 

  DTBPX  1,2-bis{(di -tert -butylphosphino)methyl}benzene 

  E  9ÏÕÎÇȭÓ ÍÏÄÕÌÕÓ 

  ʇb  elongation at break 

  ʇy  elongation at yield 

  ELSD  evaporative light scattering detector 

  equiv.  equivalent(s) 

  eROP  enzymatic ring-opening polymerization  

  ESI  electrospray ionization 

  'ȭ  storage modulus 

  'ȭȭ  loss modulus 

  GC  gas chromatography 

  GC/MS  gas chromatography ɀ mass spectrometry 

  GPC  gel permeation chromatography 

  H+ sponge 1,8-bis(dimethylamino)naphthalene  

  ɣ(m  heat of fusion 

  HPLC  high performance liquid chromatography 

  Irgafos 168 tris(2,4-di-tert -butylphenyl)phosphite  



II . Annotations 

XV 

  Irganox 1076 octadecyl-3-(3,5-di-tert -butyl -4-hydroxyphenyl)-propionate 
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  Mn  number average molecular weight 

  Mw  weight average molecular weight 

  mCPBA meta-chloroperbenzoic acid 
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  MS  mass spectrometry 

  n.d.  not determinable 

  NMR  nuclear magnetic resonance 

  OXADA 1,3-bis(phospha-oxa-adamantyl)propane 

  PE  polyethylene 
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  SALEN  2,2'-ethylenebis(nitrilomethylidene)diphenol  
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  TFA  trifluoroacetic acid  

  TFAA  trifluoroacetic anhydride  

  THF  tetrahydrofuran  
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  Tc  crystallization temperature 
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1 GENERAL I NTRODUCTION  

Aliphatic building blocks with functionalizations in the ʂ- and ʝ-position have a great potential 

in numerous fields of application. Their short-chain analogs are widely spread for the use in 

synthetic polymers (e.g. polyamide-6,6). Whereas such short-chain building blocks decisively 

influence the properties of the corresponding polymers on account of the functional groups, 

polymers comprising long-chain building blocks show more emphasis on the aliphatic hydrocarbon 

segment. As a consequence of the high content of the well-crystallizable hydrocarbon segment, 

these polymers can exhibit  entir ely different behavior and thus open a new scope of application. 

In addition to this potentially industrially relevant  field of application, long-chain aliphatic  

ʂȟʝ-difunctional building blocks  are attractive for a range of academic areas. E.g., to investigate the 

behavior of biomembranes, such compounds can serve as suitable mimics. Especially supported 

lipid bilayer membranes, mimicking  cell surfaces, might  be used as versatile tools for probing 

cellular and molecular interactions and furthermore are attractive as biosensors.1,2 Here, the use of 

ʂȟʝ-difunctional  building blocks can be exploited for a higher stability and integrity of the resulting 

membranes in comparison to traditional bilayer membranes, composed of monofunctional 

derivatives. Apart from biomembranes, these structures as well can be used for the preparation of 

ceramides, one of the major components of human skin.3 Ceramides, a class of sphingolipid s 

consisting of a fatty acid linked to a sphingosine via an amide bond, can be found in the stratum 

corneum of the epidermis layer of the human skin as the main compound class, Here, they do not 

only play a crucial role as the natural barrier, protecting us from environmental influences but also 
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are involved in cell signaling.4 Additionally, such difunctional  building blocks are useful starting 

points for the synthesis of rotaxanes, catenanes and other nanostructures.5,6 

Whereas the latter applications utilize  such building blocks as starting material for the 

synthesis of other structures, long-chain ʂȟʝ-difunctional building blocks can also be interesting 

for their  own sake. Bolaamphiphiles, i.e. long-chain hydrocarbons with polar head groups at the 

two terminal positions , show surface-active properties, similar to traditional surfactants. However, 

due to the second head group their properties, such as the overall solubility in water, the critical 

micelle concentration, and related micellar properties are different and lead to novel perspectives.7,8 

1.1  Access to Long -Chain  Ŭ,Ȓ-Difunctional  Building Blocks  

In contrast to short -chain building blocks, readily available on an industrial scale, their long -

chain analogs have not been accessible on comparative scales so far. Despite this fact, there are 

numerous examples of the natural occurrence of such compounds. Although these resources would 

serve as a suitable, renewable feedstock for such compounds, this has not been attempted due to 

the mixture of various chain lengths and functional groups, leading to virtually impossible isolation 

of a single compound. 

The structure of these compounds mainly derives from fatty acids, widely spread in organisms. 

As outlined above, structures such as ceramides, can be found in the human skin. Naturally, 

ceramides occur as a mixture of different chain lengths with varying degree of unsaturation and 

functionalization, including ʝ-hydroxylation of the fatty acid moiety ( Figure 1.1, (i) ).9,10 In algae, 

the cellular walls are composed of algaenan, an ether cross-linked long-chain aliphatic polyester 

with a structure as described in Figure 1.1, (i i ).11 Various building blocks, such as diols and ʝ-

hydroxy acids have been reported here depending on the algae strain.11-15 Accordingly, plants use 

such building blocks as waterproof, protecting barrier in their cutin and suberin (Figure 1.1, (i ii ), 

(iv) ).16-18 Structurally related compounds can also be found in the membranes of primal archaea. In 

contrast to common bacteria and higher organisms, primal archaeal lipids comprise bolaform 

tetraethers, e.g. caldarchaeol (Figure 1.1, (v)) rather than a bilayer of monofunctional derivatives.19 

Compared to the examples mentioned above, these structures can be derived from dimerized 

phytanols, a terpenoid C20 alcohol, resulting in building blocks containing methyl branches. As the 

ether linkage is more stable as compared to the ester linkage of common lipid bilayers, the resulting 

membranes allow archaea to survive extreme conditions, such as high temperatures (~90 °C) and 

low pH values (~1).20,21 
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Figure 1.1. Exemplary structures of naturally occurring long-chain ʂȟʝ-difunctional building blocks (highlighted in bold): 
(i) example of esterified ʝ-hydroxy fatty acid substituted ceramide, (ii) simplified structure of algaenan, (iii) major 
aliphatic repeat units in suberin, (iv) major repeat units of C18 family of cutin  (v) caldarchaeol as exemplary structure for 
archaeal membrane lipids. 

1.1.1  Conventional Routes via  Classical Organic Synthesis  

The access to long-chain hydrocarbons with functional groups in the ʂ- and ʝ-position is 

possible following various routes using classical tools of preparative organic chemistry. From 

readily available short -chain difunctional  building blocks, for example, coupling  reactions with 

other building blocks are possible, leading to a chain extension of the initial ʂ,ʝ-difunctional 

starting material. For the sake of clarity , the examples reported here are separated into three 

groups: chain extension methods, the coupling of several smaller fragments using classical organic 

chemistry and coupling of several smaller fragments via transition metal-mediated processes. 

In general, chain extension methods increase the total chain length of the aliphatic segment 

while preserving the functional group in the terminal positions. One of the earliest examples of 
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such a reaction is the Crum Brown-Walker coupling22 of mono-esterified ʂȟʝ-diacids, based on Kolbe 

electrolysis.23 In this reaction, a carboxylic acid is decarboxylated to generate an alkyl radical that 

can undergo dimerization. Based on this process, Fairweather reported the preparation of a C34 

diester after two cycles of electrolysis, starting from C10 sebacic acid (Scheme 1.1).24 Although this 

procedure in principle can be repeated for the preparation of higher analogs, Fairweather 

mentioned several crucial issues, problematic for accessing greater chain lengths. The increasing 

melting temperature of the long-chain building blocks could lead to undesired solidification of the 

latter compound on the anode and additionally, due to the soapy nature of the compounds, the 

handling of concentrated solutions is problematic. 

 

Scheme 1.1. Electrolytic chain extension of monoesterified ʂȟʝ-diacids via Crum Brown-Walker coupling, as reported by 
Fairweather.24 

An alternative approach avoiding the use of electrolysis was published by Obaza and Smith.25 

Their strategy is based on the classical Ȭmalonic ester synthesisȭȟ a long-known protocol for the 

preparation of aliphatic esters from alkyl halides.26 Key to this strategy is the  

C-H acidic group of malonic ester derivatives, used for the formation of a carbonɀcarbon bond. 

Based on this approach, Obaza and Smith reported an improved method starting from a C16  

ʂȟʝ-diacid chloride that could be used for the preparation of a C20 ʂȟʝ-diacid (Scheme 1.2). 

Advantages of their method as compared to the original procedure is the direct utilization of 

carboxylic acid derivatives instead of alkyl halides and the prevention of a possible dialkylation of 

the malonic ester derivative. Although this was not demonstrated, in principle  the diacid can be 

reused in another cycle, e.g. after treatment with thionyl chloride. Hereby, the chain length of the 

building block can be increased by four carbon atoms per cycle (two carbon atoms per chain end), 

in principle.  
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Scheme 1.2. Chain extension of a C16 diacid chloride to a C20 diacid via Á ÍÏÄÉÆÉÅÄ Ȭmalonic ester synthesisȭ by Obaza and 
Smith.25 

A related approach by the group of Hünig used enamines as C-H active compounds.27-30 

Whereas the aforementioned Ȭmalonic ester synthesisȭ increases the chain length by two carbon 

atoms per chain end, this method is more flexible and allows for a chain extension by up to 12 

carbon atoms per chain end, depending on the size of the cyclic ketone used for the preparation of 

the enamine. Starting from diacid chlorides, an enamine is utiliz ed for the formation of a C-C bond, 

leading to a bis-(ʃ-diketone) that can be saponified and subsequently reduced to a ʂȟʝ-diacid with 

an increased chain length (Scheme 1.3). By variation of the diacid starting material and the ring 

size of the cycloketones, ʂȟʝ-diacids ranging from C12 to C56 could be obtained. These longer chain 

analogs could be accessed by repeating the reaction sequence with the generated long-chain  

ʂȟʝ-diacid. Hünig and coworkers noted a more challenging conversion of longer diacids, 

nonetheless Wakselman et al. even reported the synthesis of a C70 diacid by this method.31 

 

Scheme 1.3. Chain extension of various ʂȟʝ-dicarboxylic acid chlorides with enamines by the group of Hünig.27-30 

Apart from these extension methods, the coupling of smaller fragments also leads to the desired 

long-chain building blocks with various terminal functionalities. In contrast to the methods above, 

in many cases, functionalities have to be masked or protected during specific steps of the elaborate 

reaction sequences. Additionally,  only in exceptional circumstances, these strategies are suitable 
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for an iterative processes. One of these rare examples, suitable for iterative preparation of various 

long-chain ʂȟʝ-diols from readily available 11-bromoundecanol was reported by Rusanova and 

coworkers.32 After protecting the alcohol functionality and a Finkelstein reaction with NaI, Wurtz 

coupling was conducted to dimerize the chain (Scheme 1.4). With the obtained long-chain diol, a 

second cycle was possible after monobromination by hydrobromic acid to access a chain length of 

44 carbon atoms. 

 

Scheme 1.4. ȬWurtz couplingȭ ÁÐÐÒÏÁÃÈ ÁÃÃÏÒÄÉÎÇ ÔÏ 2ÕÓÁÎÏÖÁ et al. for the preparation of long-chain C22 and C44  
ʂȟʝ-diols.32 

Related to this work, Ziegler et al. reported a similar process for the preparation of various  

ʂȟʝ-dihalides.33,34 Starting from a ʂȟʝ-dibromide, monosubstitution  with para-methoxyphenol 

yielded an unsymmetric ʂ-(aryl ether) ʝ-bromide that was subjected to Wurtz coupling. The 

obtained long-chain diaryl ether could be saponified with hydroiodic acid , resulting in the desired 

dihalides with a chain length of up to 40 carbon atoms. 

For the preparation of ʂȟʝ-dicarboxylic compounds, Buchta and Huhn reported a strategy 

starting from furan derivatives.35 Their approach starts from ʂȟʂȭ-difurfurylacetone, readily available 

via condensation of furfural and acetone (Scheme 1.5). The addition  of vinylic ketones led to long-

chain ʂȟʝ-diesters containing furan rings in the main chain. After saponification of the ester groups, 

the furan rings can be opened in an acid catalyzed hydrolysis, leading to the formation of polyketo 

acids. In this way, a ʂȟʝ-diacid with a chain length of 41 carbon atoms was obtained after reduction 

of the ketone groups. 

 

Scheme 1.5. Addition of ʂȟʂȭ-difurfurylacetone  and vinyl (ʝ-ester alkyl) ketones for the formation of C41 ʂȟʝ-dicarboxylic 
compounds, reported by Buchta and Huhn.35 
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An entir ely different approach to a range of ʂȟʝ-dicarboxylic compounds of various chain 

lengths was communicated by the group of Prelog.36 Their work relied on the generation of C22  

ʂȟʝ-dienes via acyloin condensation of 10-undeceonic acid esters. From this platform chemical, they 

investigated various routes for the preparation of several ʂȟʝ-dicarboxylic compounds (Scheme 

1.6). Using the aforementioned Ȭmalonic ester synthesisȭ ÁÓ ×ÅÌÌ ÁÓ ÔÈÅ ÒÅÌÁÔÅÄ Ȭacetoacetic ester 

synthesisȭ ÍÅÔÈÏÄȟ ÔÈÅÙ ÃÏÕÌÄ ÒÅÁÃÈ ÖÁÒÉÏÕÓ ÃÈÁÉÎ ÌÅÎÇÔÈÓ ÉÎ ÔÈÅ ÒÁÎÇÅ ÏÆ #20 to C44 in an elegant 

fashion. 

 

Scheme 1.6. Multistep procedure for the preparation of C20 to C44 dicarboxylic compounds from methyl 10-undecenoate, 
as reported by the group of Prelog.36 

For the preparation of even longer chains, the group around Whiting elaborated a technique 

utilizing Wittig olefination . Early work described the preparation of non-functionalized paraffins 

with an exceptionally high chain length of 390 carbon by iterative condensation of terminally 

functionalized aldehydes and phosphonium salts.37,38 Ultimately, a ʂ-halo ʝ-acetal was obtained 

that was converted into a completely unfunctionalized hydrocarbon. Later on, a second report on 

this strategy was presented, suitable for the preparation of ʂȟʝ-diacids with a unprecedentedly long 

aliphatic segment of up to 196 carbon atoms (Scheme 1.7).39 In contrast to their previous work, the 

ʂ-halo ʝ-acetal obtained from the Wittig olefination  process was transformed into a dihalide, 

followed by a Grignard reaction with CO2, leading to formation of a ʂȟʝ-diacid. 
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Scheme 1.7. Iterative Wittig olefination  of ʂ-halo ʝ-acetals for the preparation of C50 and C196 ʂȟʝ-diacids, reported by 
the group of Whiting. 39 

The coupling of several building blocks can also be mediated by transition metals. One of the 

most prominent examples for a mediated coupling reaction is the coupling of Grignard-type 

reagents. While  the absence of a catalyst leads to a range of side reactions in cross coupling, the 

addition  of a transition metal salt improves the selectivity in this  process. To this end, various metal 

salts emerged as suitable catalysts and thus were utilized in different approaches for the preparation 

of ʂȟʝ-difunctional building blocks . E.g. cadmium chloride was used by Kreuchunas for the 

preparation of a C22 diacid from a C10 dibromide. 40 For this strategy, the dibromide was transformed 

into the corresponding Grignard reagent and successively coupled with a ʂ-(acid chloride) ʝ-ester 

to form the desired building block ( Scheme 1.8, left). Besides cadmium salts, copper salts are 

frequently used in the so-called Fouquet-Schlosser coupling.41,42 Based on this method, Schlosser 

and Bossert presented the preparation of a range of ʂȟʝ-difunctional hydrocarbons with a chain 

length from C14 to C22 (Scheme 1.8, right). 43 Accordingly, many groups used the Fouquet-Schlosser 

coupling for the preparation of a variety of ʂȟʝ-difunctional building blocks, such as diphosphine,44 

diols45, and diesters46 of different chain lengths. 

 

Scheme 1.8. Transition metal mediated alkyl-alkyl cross coupling for the preparation of various long-chain  
ʂȟʝ-difunctional building blocks. Left: Cadmium-mediated cross coupling.40 Right: Copper-mediated Fouquet-Schlosser 
coupling.43 
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Next to Grignard-type reagents, alkynes are frequently used in cross coupling reactions for 

accessing such ʂȟʝ-difunctional compounds. Besides reports for the preparation of dihalides by 

condensation of an acetylene compound with an alkyl halide without  the addition  of a catalyst,47 

more recent works utilize copper mediated Glaser coupling of two acetylene fragments.48,49 A crucial 

step in the strategy applied by Suzuki et al. is the isomerization of the alkyne bond to the chain end 

before the condensation step (Scheme 1.9). This is accomplished by the ȬÁÃÅÔÙÌÅÎÅ ÚÉÐÐÅÒȭ reaction, 

using strong bases for the migration of the C-C triple bond to the thermodynamically disfavored 

terminal position. 50 Despite being disfavored, this isomer is trapped by the formation  of the 

corresponding acetylide salt, unable to undergo further isomerization. 

 

Scheme 1.9. Glaser coupling of terminal alkynes from an Ȭacetylene zipperȭ ÒÅÁÃÔÉÏÎ ÆÏÒ ÔÈÅ ÓÙÎthesis of a C32 ʂȟʝ-diacid.49 

Besides the generation of building blocks with functionalizations in ʂ- and ʝ-position in a 

symmetric fashion, unsymmetrically difunctional compounds as well are valuable due to the 

potentially  orthogonal reactivity of the fun ctionalities. Especially alkyne coupling has been 

investigated for this purpose with a range of different building blocks. ʝ-Hydroxy, -amino, and  

-bromo acids with a chain length of 18 and 20 carbon atoms have been synthesized by condensation 

of an acetylide and an alkyl bromide.51,52 Similarly, a copper mediated coupling of a terminally  

ʂ-hydroxy ʝ-(alkynyl bromide)  with a terminally carboxylated (1-)acetylene is reported for the 

preparation of a C15 ʝ-hydroxy acid.53 

More recent examples for the preparation of unsymmetric ʂȟʝ-difunctionalized building blocks 

frequently include the use of transition metal mediated alkyl-alkyl cross coupling. To this end, 

Negishi- and Suzuki-Miyaura cross coupling have been utilized for the preparation of various  

ʝ-functional ized esters, containing functional ities such as formyl-, cyano- and halo groups. 54-56 

Another modern approach involves ring-closing metathesis of an ʂȟʝ-diene prepared from 

esterification of 9-decenoic acid and 9-decenol.57 After hydrogenation of the double bond, a ring-

opening, and further reactions yield the corresponding 18-iodo carboxylic acid (Scheme 1.10). 
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Scheme 1.10. Ring-closing metathesis of ʂȟʝ-dienes with subsequent ring-opening for the preparation of an 18-iodo acid.57 

An entir ely different approach was presented by Zhao et al., utilizing an aqueous C1 

oligomerization  mechanism for the preparation of long-chain ʝ-hydroxy esters.58 In their strat egy, 

Me3SO+ is used for the sequential generation of a boron bound polymethylene sequence. This 

proceeds by the complexation of a deprotonated sulfonium ylide species by an organoborane 

followed by a 1,2-migration step (Scheme 1.11). The incorporation of functionalit ies in the chain is 

possible, e.g. by working with tris(carbo-tert -butoxyhex-6-yl) borane as starting material. A second 

terminal functionality can be generated by oxidatively cleaving the borane after the reaction to 

yield a ʝ-hydroxy ester. However, as a consequence of the statistical growth of the polymethylene 

segments, these building blocks contain various chain lengths, hardly separable. 

 

Scheme 1.11. C1 Oligomerization approach for the preparation of C20-C60 ʝ-hydroxy esters reported by the group of Shea.58 

Despite the scope and elegance of all these strategies, a major drawback of such conventional 

methods is the massive amount of side product, such as salts, generated as waste. Moreover, the 

effort for the generation of the long aliphatic sequence is reflected in the vast number of reaction 

steps necessary. Hence, alternative starting materials, providing a long-chain hydrocarbon 

segment, were investigated for simplification of the processes. 

1.1.2  Fatty Acids as Alternative Feedstock  

Naturally occurring fatty acids, with their  well-crystallizable polymethylene segment, offer 

themselves as suitable substrates for the preparation of long-chain ʂȟʝ-difunctional building 

blocks. Today, fatty acids are used on an industrial scale as starting materials for the preparation of 
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mid-chain ʂȟʝ-difunctional building blocks, demonstrating their relevance. For instance, ricinoleic 

acid, a hydroxylated monounsaturated fatty acid is utilized for the preparation of polyamide 

precursors (Scheme 1.12).59,60 Yet, in these processes parts of the beneficial structure of the fatty 

acid chain are excluded from the final compound due to cleavage of the chain. Alkali fusion of 

ricinoleic acid induces chain scission and successively leads to the formation  of a C8 secondary 

alcohol and sebacic acid, a C10 ʂȟʝ-diacid that can be used for the preparation of polyamide-6,10. 

Similarly, pyrolysis of ricinoleic acid can be performed, leading to the formation  of other products, 

namely heptanal and 10-undecenoic acid. This terminally unsaturated C11 acid can be used as a 

versatile platform chemical for the synthesis of a range of compounds.61-63  

 

Scheme 1.12. Industrial preparation of mid -chain ʂȟʝ-difunctional building blocks from ricinoleic acid.  

As a drawback of these processes, the formation of a second, monofunctional reaction product 

in stoichiometric amounts has to be noted. Consequently, incomplete feedstock utilization occurs, 

leading to a shorter chain length of the desired building blocks as compared to the fatty acid 

starting material.  In order to  reach greater chain lengths, ozonolysis of erucic acid can be 

conducted, yielding C13 brassylic acid, though the incomplete feedstock consumption remains.64 

For the preparation of longer chain analogs, olefin metathesis of monounsaturated fatty acids 

can be used. By self-metathesis of fatty acids, such as oleic acid, internally unsaturated C18  

ʂȟʝ-dicarboxylic compounds can be synthesized (Scheme 1.13). As a result of the virtually 

thermodynamically neutral reaction, a metathesis equilibrium is reached with a statistical 

distribution of the reaction products  and the starting material. Nevertheless, by choosing the right 

reaction conditions and plant oils, the desired difunctional product can be enriched, e.g. by 

selective precipitation of the latter compound. 65,66 The chain length of the resulting dicarboxylic 

compounds is furthermore influenced by the chain length of the fatty acid and the position of the 

double bond, thus leading to a maximum chain length of C26 when erucic acid is used for self-
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metathesis. Also, only even numbered diacids can be accessed due to the nature of the self-

metathesis reaction. Industrially, an olefin metathesis derived process for the preparation of various 

specialty chemicals is performed by Elevance Renewable Sciences and Wilmar International .67-72 

Besides the saturated C18 diacid, obtained after hydrogenation and hydrolysis of the ester group, a 

wide range of other chemicals, such as surfactants and lubricants are obtained from palm, soy and 

rapeseed oils via their process. 

 

Scheme 1.13. Self-metathesis of oleic acid for the preparation of an internally unsaturated C18 ʂȟʝ-diacid. 

Although greater chain lengths can be obtained from olefin metathesis, again stoichiometric 

amounts of a side product, namely an unfunctionalized internal olefin are generated from self-

metathesis. As opposed to the latter reaction, full consumption of the substrate molecule is possible 

by enzymatic pathways, i.e. by ʝ-oxidation. By this process, saturated and unsaturated fatty acids 

from C14 to C22 could be transformed into the corresponding diacids, using different yeast strains 

(Scheme 1.14).73-77 For this purpose, the conventional metabolization pathways of fatty acids, 

namely ʃ-oxidation has to be avoided, e.g. by disabling genes or disabling specific cell transport 

processes.78-80 As a result of the even numbered chain length of the fatty acids, again only even 

numbered diacids can be obtained. Remarkably, even completely unfunctionalized hydrocarbons 

can be oxidized enzymatically, thus extending the scope of this strategy.77 Yet, new issues arise in 

this process, challenging the utility of this approach. The microorganisms catalyzing this 

transformation require expensive glucose as nutrient. Additionally, the enzymes catalyzing this 

transformation show a high specificity for certain chain lengths of the fatty acid substrates (e.g. 

C14). A further issue is the upper boundary of the substrate concentration as otherwise inhibition of 

the enzymes occurs. Consequently, the space-time yields accessible in these processes are only 

limited. Moreover, the extraction of the desired products is rather complicated. 

 

Scheme 1.14. Biotechnological ʝ-oxidation and ʝ-hydroxylation of (saturated) fatty acids to C14-C22 ʂȟʝ-diacids and a C14 
ʝ-hydroxy acid, respectively. 
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Further studies on the biotechnological transformation extended the scope of building blocks 

accessible. Genetic engineering of the yeast strains could disable pathways for complete oxidation 

to the carboxylic acid, thus allowing for selective ʝ-hydroxylation to generate a C14 ʝ-hydroxy fatty 

acid.81 However, the chain length specificity of the microorganisms is not affected, and solely C14 

myristic acid is efficiently transformed into the desired unsymmetric ʂȟʝ-difunctionalized 

compound. 

To overcome the issues above, an entirely chemical approach for the preparation of  

ʂȟʝ-difunctional building blocks with full molecular feedstock incorporation of the fatty acid is 

desirable. To this end, isomerization/ functionalization methods for unsaturated fatty acid 

derivatives are promising, isomerizing the double bond deep inside the substrate structure with 

successive selective functionalization at the terminal position.82 Methyl oleate, as the most 

prominent monounsaturated fatty acid hence was investigated in numerous approaches with 

different functionalizations  (Scheme 1.15). 

 

Scheme 1.15. Isomerizing functionalization approaches for the synthesis of various C18-C19 ʂȟʝ-difunctional  building 
blocks from methyl oleate. 

As one of the most important industrial catalytic conversion of olefins, hydroformylation  was 

applied to methyl oleate. Generally, hydroformylation reactions generate aldehydes by the addition  

of carbon monoxide and hydrogen to a double bond. In the case of methyl oleate, isomerizing 

hydroformylation  ideally leads to the formation  of a C19 unsymmetric ʂȟʝ-difunctional building 

block. Thus, the total number of carbon atoms in the hydrocarbon backbone even is increased in 

this reaction. Initial studies with bidentate phosphine complexes of rhodium by the group of van 

Leeuwen could show that isomerizing hydroformylation  of internal olefi ns to linear aldehydes is 

feasible.83 Starting from internal octenes, n-nonanal was obtained in high selectivities in their 

experiments (up to 90% of the linear product). Later on, the group of Behr adapted isomerizing 

hydroformylation  to methyl oleate and could achieve up to 26% of the desired terminal n-product 

with the bidentat e biphephos ligand (conversion: 65%; selectivity: 41%).84 The selectivity for the 

desired linear aldehyde could be improved by Pandey and Chikkali, employing a resorcinol derived 

diphosphite complex of rhodium .85 This catalytic system resulted in a selectivity of 75%, albeit at a 

lower conversion of 32%. 
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As the major side reaction in hydroformylation processes, hydrogenation of the double bond 

can be noted due to the presence of molecular hydrogen. In particular, this is important for 

isomerizing hydroformylation of methyl oleate, as an ʂȟʃ-unsaturated ester, prone to 

hydrogenation, can be generated by double bond migration. The group of Nozaki exploited this 

side reaction as an opportunity  for selective hydrogenation of aldehydes.86 By combining a rhodium 

diphosphite hydroformylation  catalyst with Ru3(CO)12 ÁÎÄ 3ÈÖÏȭÓ ÃÁÔÁÌÙÓÔ ÆÏÒ ÈÙÄÒÏÇÅÎÁÔÉÏÎȟ 

methyl oleate could be transformed into the linear ʝ-hydroxy ester in a yield of 53%. 

Related to hydroformylation , alkoxycarbonylation utilizes carbon monoxide and an alcohol 

(predominantly methanol) for the generation of an ester functionality . Similar to the latter reaction, 

the total number of carbon atoms in the backbone is increased by one over the course of the 

reaction. Industrially, methoxycarbonylation of ethylene is used for the synthesis of methyl 

propionate, an intermediate for methyl methacrylate.87 By utilizing the catalytic system of this 

commercial process, comprising a palladium(II) source, an electron-rich, bulky diphosphine ligand 

and methanesulfonic acid, the group of Cole-Hamilton could show that an isomerizing version of 

this reaction is feasible with methyl oleate.88 In contrast to isomerizing hydroformylation, 

isomerizing methoxycarbonylation of methyl oleate shows lower turnover frequencies, though no 

hydrogenation side reaction can occur. Later on, a more convenient procedure involving the use of 

a defined catalyst precursor89 instead of an in situ system yielded conversions greater than 90% 

with  a selectivity of 91% for the desired ʂȟʝ-difunctional building block .90 

An alternative transformati on, involving carbonylation as an essential step is 

aminocarbonylation. Instead of alcoholysis, aminolysis occurs as a final step in this process, leading 

to the formation  of an amide functionality. Recently, an isomerizing modification of this method 

has been reported by the group of Cole-Hamilton. 91 With the identical catalytic system used for 

isomerizing alkoxycarbonylation, internal octenes could be transformed into terminal amides with 

high selectivities (97%). The synthesis of ʂ-ester ʝ-amides furthermore was possible by using 

internally unsaturated derivatives of hexenoic acid or methyl 10-undecenoate as a substrate. 

However, only low selectivities for the desired terminally functionalized reaction products could 

be noted (up to 27%) if internally unsaturated starting materials were used. Additionally, the scope 

of this transformation is limited to aniline as other amines resulted in no reaction. 

Hydroboration-oxidation, as a classical tool in organic synthesis, was also investigated for the 

preparation of ʝ-hydroxy esters from methyl oleate. In contrast to the latter reactions, this 

technique does not increase the number of carbon atoms in the polymethylene segment, though a 

versatile unsymmetric building block can be obtained from fatty acid derivatives. Moreover, 

hydroboration ÒÅÁÃÔÉÏÎÓ ÇÅÎÅÒÁÌÌÙ ÐÒÏÃÅÅÄ ×ÉÔÈ ÁÎ Ȭanti-Markovnikovȭ ÒÅÇÉÏÓÅÌÅÃÔÉÖÉÔÙȟ ÔÈÕÓ 
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favoring the formation of terminally hydroborated products. Early work by Logan could show that 

oleyl alcohol can be hydroborated in an isomerizing fashion in the absence of a catalyst, though 

only 13% of the desired C18 ʂȟʝ-diol could be obtained.92 For an efficient isomerizing hydroboration 

of methyl oleate (omitting the oxidative cleavage of the boronate), an iridium catalyst had to be 

applied, as reported by the group of Angelici.93 With an iridium  diphosphine complex, methyl 

oleate could be hydroborated to the desired terminal boronate ester in 45% (as determined via 

GC/MS), using pinacol borane. As a major side product, hydrogenation, presumably of the  

ʂȟʃ-unsaturated double bond isomer occurred, leading to methyl stearate in 47% yield. Recently, 

this catalytic system was used by the group of Cramail for the preparation of various AA- and AB-

type monomers in an isomerizing hydroboration-oxidation starting from derivatives of oleyl 

alcohol.94 Depending on the starting material, an isolated yield of the monomer of up to 54% could 

be achieved (conversion to the desired ʝ-functionalized product in the hydroboration step of up to 

68% based on NMR spectroscopy). Zhu et al. also investigated an isomerizing hydroboration 

process, employing iridium nanoparticles and a borane-cluster derived diphosphine ligand, 

accessing the terminal boronate in 78% without observing hydrogenation as a side reaction.95 

Silylation  reactions generally leading to the formation  of a carbon-silicon bond were also 

investigated for isomerization/functionalization approaches. While the direct value of this 

functionality may be questionable, silane groups can be used as versatile precursors for other 

functional groups. Depending on the remaining substituents on the resulting silane, its reactivity 

in subsequent reactions can be tuned. In general, this reaction can be conducted in two distinct  

variations, namely hydrosilylation and dehydrogenative silylation, preserving the double bond of 

the substrate. In order to  maintain the double bond, e.g. a sacrificial olefin can be added to the 

reaction. Although early work on isomerizing hydrosilylation of methyl oleate with H -SiPh3 by 

Speier and coworkers reported an entir ely selective conversion to the terminally silylated 

compound, the authors did not verify the position of the silyl group. 96 More recent work by Huber 

et al. reported isomerizing dehydrogenative silylation of methyl oleate.97 In this reaction, a C18  

ʂ-silane ʝ-ester, unsaturated in ʂ,ʃ-position, is obtained. This could be achieved by the application 

of an iridium catalyst for silylation  of methyl oleate with H-SiEt3 in the presence of three equivalents 

of norbornene as sacrificial olefin. With this catalytic system, methyl oleate could be converted to 

88%, with a selectivity for the desired linear product of 78%. 

Overall, fatty acids can be utilized as an attractive feedstock for the preparation of a wide range 

of ʂȟʝ-difunctional building blocks. In contrast to typical routes, relying on shorter chain starting 

materials, fewer steps are necessary for the elaborated strategies. Yet, to date, the access to such 

building blocks, especially to difunctionalized  molecules in an unsymmetric fashion, is restricted 

due to low selectivities and competitive side reactions.  
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1.2  Macrocyclic Building Blocks  

Apart from open-chain building blocks with a long aliphatic segment, their cyclic analogs 

represent an interesting class of compounds of their own. Highly substituted heteroatom 

containing macrocycles occur as various natural products. Frequently, these compounds are 

biologically active and are investigated as potential drugs for the therapy of several diseases.98,99 

Although their less substituted congeners are not as attractive as drugs, many of them can be found 

as pheromones of different organisms.100,101 As a consequence of their distinct odor, such 

compounds commonly are used as fragrances and in various cosmetic products. Prominent cycles 

comprise monounsaturated or saturated C15 to C17 rings with a ketone or ester functionality 

incorporated in the chain. Besides these cosmetic applications, aliphatic macrocyclic lactones and 

lactams are attractive for the preparation of polyesters and polyamides with a high content of 

hydrocarbon segment. For instance, C12 laurolactam is polymerized by ring-opening polymerization 

(ROP) for the preparation of polyamide-12, one of the lowest melting , industrially prepared 

polyamides.102 In spite of the useful properties of such materials, only few examples exist due to the 

challenging preparation of such macrocycles. 

As the most direct method for the preparation of macrocyclic carboxylic acid derivatives, the 

cyclization of the corresponding open-chain ʂȟʝ-difunctional compounds is evident. Early work by 

Hunsdiecker and Erlbach showed that slow addition of a ʂ-halo ʝ-acid to a large excess of K2CO3, 

suspended in a large volume of solvent could lead to the successful conversion of C9 to C17 

lactones.103 Further studies by various groups, mainly on macrolactonization, resulted in the 

establishment of different reagents for the activation of one of the functional groups for the ring 

closure step (Scheme 1.16).104 Generally, these techniques require working under high dilution 

conditions to promote an intramolecular  attack, leading to the desired macrocycle. 

 

Scheme 1.16. The general strategy for the preparation of macrocycles: cyclization of unsymmetric ʂȟʝ-difunctional 
hydrocarbons for the synthesis of lactones, thiolactones, and lactams. 

Over the years, many different reagents emerged for cyclization of ʝ-functionalized carboxylic 

compounds. E.g. 2-pyridinethioesters (Corey-Nicolaou macrolactonization),105 2-(N-methyl 

pyridinium)  esters (Mukaiyama macrolactonization ),106 mixed anhydrides (Yamaguchi 

macrolactonization),107 as well as the use of cyanuric chloride,108 carbodiimides (Keck 

macrolactonization),109 phosphorus derived reagents (Masamune macrolactonization),110 ȬÐÕÓÈ-pull 
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ÁÃÅÔÙÌÅÎÅÓȭ111, and phosphines in combination with hypervalent iodosodilactones112 have been 

reported for the activation of the carboxylic functionality.  In case of ʝ-hydroxy carboxylic building 

blocks, a prominent example for the activation of the alcohol functionality involve s the use of or 

azodicarboxylates (Mitsunobu reaction)113 for the preparation of lactones. Furthermore, various 

catalysts for efficient cyclization of ʝ-hydroxy acids, such as tin 114,115 and hafnium 116 derived systems 

have been reported in addition to the utilization of enzymatic ring closure catalyzed by  lipases.117 

For accessing cycles other than lactones, various modifications of these techniques have been 

established. The use of ʝ-azido acids, for instance, accessed lactams via thioester activation.118 To 

synthesize thiolactones, a cyclization can be performed utilizing  building block s activated at both 

termini while adding a sulfur source.119,120 

Despite the broad variety of the different reagents used for macrocyclization, all methods 

require a high dilution of the starting material (typically range d from 1 to 10 mM) in order to  prevent 

an intermolecular reaction. Thus, several methods allowing for working under higher 

concentrations have been investigated. To this end, immobilization of the reagents was pursued for 

working under pseudo dilution conditions. As the activated functionality is immobilized an 

intramolecular attack is more probable, leading to the desired cyclization. Moreover, a simplified 

purification is possible as simple filtration can separate the reagents. Hence, several variations of 

the techniques above, e.g. solid phase Keck macrolactonization121 and immobilized phosphine122 and 

thioester123 reagents have been described for the cyclization of ʝ-hydroxy acids. By tuning the 

design of the activation agent and the catalyst, an intramolecular attack can be favored, as well. 

Here, the use of confined systems, such as zeolites124 and dimeric tin species (/ÔÅÒÁȭÓ catalyst),125 as 

well as the use of crown ether substituted thioesters126,127 for the template-driven cyclization of  

ʝ-hydroxy acids have been reported. These methods allow for working at higher concentrations, 

though a certain level of dilution still is required for efficient monocyclization. This can be 

circumvented by a polymerization-depolymerization/distillation approach. Key to this approach is 

the use of a heterogeneous transesterification catalyst utilized  for polymerization of the ʝ-hydroxy 

acid. Together with higher cycles, monomeric lactones (monolides) are formed in the 

polymerization equilibrium by back -biting . Due to their relatively low boiling point , these 

monomeric cycles can be removed by distillation from the transesterification equilibrium . This 

principle has been applied to various substrates128,129 and has been described in a patent application 

in a modified form for the preparation of various lactones.130 

As shown, many protocols for the cyclization of these unsymmetric ʂȟʝ-difunctional building 

blocks exist. Yet, apart from the dilution issue, the limited availability of these  open-chain 

substrates (cf. Chapter 1.1) restricts the utility  of these approaches. Hence, more accessible 

structures have been investigated for the preparation of macrocycles. E.g. ring-closing metathesis 
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of ketones, esters, and amides with double bonds in both alkyl chains leads to unsaturated cycles 

that can be hydrogenated afterward (Scheme 1.17). 

 

Scheme 1.17. Ring-closing metathesis strategy for the preparation of macrocycles. 

While early work by Villemin reported the use of tungsten and tin based systems for the 

preparation of pentadecalactone,131 modern methods predominantly involve the use of ruthenium 

based catalysts.132-134 By using Tishchenko esterification of long-chain ʝ-unsaturated n-aldehydes, 

Hon et al. thus could access lactones with ring sizes of up to 36 carbon atoms.135 Moreover, the use 

of a second catalyst for the successive hydrogenation of the generated ring could be omitted by 

Grubbs and co-workers, using the olefin metathesis catalyst for hydrogenation.136  

In addition to intramolecular esterification/amidation and ring-closing metathesis as the 

predominant  cyclization techniques, several other methods have been reported. For instance, 

lactones with up to 12 carbon atoms could be obtained from ʂȟʝ-diols of the same chain length by 

an intramolecular oxidative dehydrogenation, catalyzed by heteropoly acids.137 Another metal 

mediated cyclization method was reported by Inoue et al. using nickel allyl complexes.138 In their 

approach, ʂ-chloro ʝ-acids, esterified with alcohols containing an allylic bromide chain end were 

used for ring closure (Scheme 1.18). The nickel allyl complexes, obtained after oxidative addition 

of the allyl bromide functionality readily undergo an intramolecular reductive elimination, leading 

to unsaturated lactones in an (E)-configuration.  

 

Scheme 1.18. Nickel mediated cyclization of ʂ-chloro ʝ-(allyl bromide esters) via Ni-allyl complexes.138 

Furthermore, approaches including the extension of the total chain lengths have been reported. 

E.g. Porter and Chang used ʂȟʝ-diols in a radical cyclization approach (Scheme 1.19).139 After 

monobromination by an Appel reaction, an acrylate ester was generated, followed by a Finkelstein 

reaction with sodium iodide for  the exchange of the halide. By the addition  of tributyltin hydride 

in the presence of a radical initiator, a radical cyclization of the molecule could be promoted under 

high dilution conditions, leading to lactones with a chain extension of three carbon atoms. 
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Scheme 1.19. Radical cyclization strategy for the chain extending cyclization of C7-C16 ʂȟʝ-diols to C10-C19 lactones.139 

Related to this radical cyclization, a more recent approach by Yoshimi et al. demonstrated an 

iterative process starting directly from lactones.140 After a ring-opening and the esterification of the 

alcohol with acrylic acid, a radical photocyclization with the loss of one carbon atom led to the 

formation of a Cn+2 lactone (Scheme 1.20). The authors could further show that this procedure is 

suitable for an additional  cycle of ring-opening, esterification, and cyclization, resulting in lactones 

with a ring size of up to C20. By further work of the same group, later on, it was shown that by 

manipulations of the open-chain compounds, lactams and cycloketones could be accessed apart 

from macrocyclic lactones.141 

 

Scheme 1.20. Photocyclization strategy for the ring extension of lactones, as reported by the group of Hatanaka.140 

Another approach for cyclization with chain extension was reported by Bestmann and 

Schobert, using an intramolecular Wittig reaction  for the preparation of unsaturated and saturated 

lactones.142 With (ʝ-oxoalkoxy)carbonylphosphoranes, obtained by reaction of protected  

ʂ-aldehyde ʝ-alcohols with carbonyl stabilized phosphine ylides, a cyclization was feasible, leading 

to pentadecalactone (Scheme 1.21). In this approach, the total ring size of the hydrocarbon is 

increased by two carbon units as a result of the incorporation of the ylide building block.  

 

Scheme 1.21. Intramolecular Wittig reaction  for the preparation of C11-C15 lactones.142 

Further methods for the cyclization with  the inclusion of C2 units are possible by multiple 

techniques apart from Wittig reactions . Takahashi et al. started from ʂ-iodo ʝ-alcohols, treated 

with acetyl chloride thioethers that could be cyclized after deprotonation (Scheme 1.22, top).143 
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After reduction with Raney-Ni, a C14 lactone accordingly was obtained from a C12 substrate. In a 

related approach, aldol addition was used for the cyclization (Scheme 1.22, middle).144,145 In this 

method, a symmetric diol was employed as starting material that was monoesterified while the 

remaining hydroxy functionality was oxidized to an aldehyde. With this ʂ-aldehyde ʝ-(bromo 

acetate), an intramolecular aldol addition could be performed, leading to a hydroxylated lactone. 

By elimination of the hydroxy group and successive hydrogenation of the double bond, a C15 lactone 

could be obtained. A further strategy was reported by the group of Wasserman, utilizing methyl 

oxazoles as a C-H active C2 building block with a masked acid functionality. 146 After coupling of the 

deprotonated oxazole with a C12 ʂ-iodo ʝ-alcohol derivative, the oxazole ring was opened and 

oxidized with singlet oxygen, leading to a highly reactive triamide structure (Scheme 1.22, bottom). 

Upon addition of an acidic catalyst, the intramolecular attack of the alcohol group resulted in the 

formation  of a C14 lactone. 

 

Scheme 1.22. Various routes for the cyclization of several ʂȟʝ-difunctional building blocks via different techniques. 

Beyond the direct formation of lactones and their derivatives by cyclization, macrocyclic 

precursors of these compounds have also been prepared with a wide variety of different techniques. 

As the most prominent class of these cycles, cycloketones emerged as versatile precursors for the 

preparation of lactones (Baeyer-Villiger oxidation)147,148 and lactams (Beckmann rearrangement of 

the corresponding oximes)149 but also for their own sake, e.g. as fragrances (vide supra). To this end, 

ʂȟʝ-difunctional building blocks with various carboxylic acid derived groups have been investigated 

for cyclizations (Scheme 1.23). E.g. starting from diacids, the group of Ruzicka used an 

intramolecular ketonic decarboxylation (Ruzicka cyclization) for the direct preparation of 

cycloketones.150 For this purpose, thorium salts were added, leading to the formation of metal 

carboxylates. Dry distillation of these carboxylates resulted in decarboxylation to cycloketones. 
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Thus, Ruzicka, incidentally the first to experimentally demonstrate the stability of such 

macrocycles, prepared cycloketones with a ring size of up to C18. 

 

Scheme 1.23. Overview of different cyclization methods for the preparation of various cycloketones. 

Starting from diesters rather than diacids, Dieckmann could promote the formation of C5-C6  

ʃ-ester cycloketones in the presence of strong bases, such as KH and thus established Dieckmann 

condensation as a valuable tool in organic synthesis.151,152 After hydrolysis of the ester group, a 

decarboxylation is possible, resulting in an otherwise unsubstituted cycloketone. On the contrary, 

treating the same diester starting material with sodium instead of potassium hydride induces 

radical acyloin condensation.153 This cyclization proceeds without the expulsion of an ester group, 

leading to ʂ-hydroxy cycloketones (cyclic acyloins). Again, unsubstituted cycloketones can be 

accessed after dehydroxylation of the macrocycles.154 With ʂȟʝ-dinitriles, Ziegler et al. could induce 

an intramolecular Thorpe reaction, thus leading to the formation  of ʃ-cyano cycloketones, and 

established the Thorpe-Ziegler cyclization.155,156 According to the cyclizations above, this 

condensation is promoted by addition of a strong base and could be used for the preparation of  

C5-C18 cycloketones. Apart from these rather stable starting materials, Blomquist and Spencer used 

highly reactive ʂȟʝ-diketenes in an approach based on ketene dimerization.157 As opposed to the 

strategies above, no additive is required here due to the high reactivity and upon heating, 

dimerization could be induced. Yet, due to the high reactivity, a modification of the Blomquist 

cyclization with in situ formation of  ketenes from acid chlorides was reported later on.158,159 

Although in these cases, no unsymmetric ʂȟʝ-difunctional starting  materials are required for 

accessing the macrocycles, the availability of the long-chain starting materials again is limited. 

Thus, other pathways also were investigated for the convenient synthesis of such compounds. For 

accessing macrocycles from rather simple starting materials, the group of Goldfarb developed a 

synthesis strategy involving the use of thiophene.160,161 In their approach, a thiophene was acylated, 

and the resulting ʂ-chloro ʝ-acetoacetate was subjected to basic cyclization with potassium 

carbonate (Scheme 1.24). In this way, a C15 cycloketone could be obtained after decarboxylation 

and hydrogenation. 
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Scheme 1.24. Mult istep reaction strategy for the synthesis of a C15 cycloketone starting from thiophene.161 

As another approach from simple starting materials, the industrial synthesis of (C12) 

laurolactam can be noted, starting from 1,3-butadiene.162 In this process, performed by Arkema, 

butadiene is trimerized in a nickel-mediated reaction, resulting in the formation  of a 

cyclododecatriene. This cycle can be hydrogenated and subsequently subjected to photochemical 

nitrosation to form an unstable nitrosyl  cycloalkane, prone to Beckmann rearrangement after 

tautomeric transformation to the corresponding oxime (Scheme 1.25). In a related process 

performed by Evonik and Ems-Ube, cyclododecanone is used as a starting material for the 

preparation laurolactam. In addition to laurolactam, slight modifications of the  route also lead to 

other cyclic compounds, such as cyclododecanone and laurolactone, attractive for the preparation 

of other compounds. 

 

Scheme 1.25. Industrial preparation of laurolactam from 1,3-butadiene, as performed by Arkema and Evonik/Ems-Ube.162 

Notwithstanding the elegance of this process, only C12 building blocks can be accessed here, 

limiting the scope of implementation for other ring sizes. To obtain greater ring sizes, various 

routes were reported starting from the readily available cyclododecanone.163 E.g. the group of 

Noyori used the C-H acidic ʂ-methylene units in order to  generate new C-C bonds for the formation  

of a bicyclic intermediate (Scheme 1.26). Under UV irradiation, a rearrangement to a macrocyclic 

ketene is promoted that can be treated with oxygen in situ to yield cycloketones with a ring size of 

n + 3. In related approaches, Bhat and Crookson, and Milenkov  et al. also started from 

cyclododecanone and could perform a ring extension, directly leading to a C15 lactone, in both 

cases.164,165 However, all these extension strategies are only capable of an extension of few carbon 

atoms since at higher concentrations of the compounds, the intermediate bicyclic product is only 

favored for smaller cycles (5-7 ring members). 
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Scheme 1.26. Ring extension strategy for the preparation of a C15 cycloketone from a C12 cycloketone according to the 
group of Noyori.166 

A significant expansion of the ring is possible on a plan developed by the group of Story.167,168 

Their approach starts from readily available cycloketones that are treated with hydrogen peroxide 

under acidic conditions (Scheme 1.27). The cyclic peroxides thus formed can be subjected to 

thermo- or photolysis, resulting in the formation  of macrocyclic lactones with ring sizes of up to 

C43. Despite the readily accessible starting materials, the authors still mention a challenging 

purification of the  (explosive) cyclic peroxides, frequently leading to a mixture of dimers and 

trimers. As this leads to a mixture  of different ring sizes in the resulting lactones, the application is 

limited here. Moreover, in additio n to lactones, several side products are formed, and entirely 

saturated cycloalkanes and cycloketones are obtained in yields competitive to the  yield of the 

desired compounds. Nevertheless, several patents on this synthesis are registered due to a 

potentially simple scale up.169-172 

 

Scheme 1.27. Cyclic peroxide strategy according to Story et al. for the synthesis of various macrocycles.167,168 
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1.3  Polycondensates from Long -Chain Monomers  

As outlined  above, long-chain building blocks functionalized in ʂ- and ʝ-position, as well as 

macrocycles, are suitable for the preparation of long -spaced polycondensates with different linking 

units. Depending on the monomer structure, the most commonly used approaches are 

polycondensation-type and ring-opening-type polymerizations. 

1.3.1  Polycondensation  

The preparation of strictly linear ali phatic polymers by polycondensation typically involves 

difun ctional building blocks with  functional groups in the ʂ- and ʝ-position that may react with 

each other. Generally, AB-type and A2-/B2-type monomers are possible, bearing differing  or 

identical  functionalities, respectively (Scheme 1.28). By reaction of both functionalities , the two 

chains are connected and a small molecule (depicted as Y), such as water, is liberated. Most 

commonly, a carboxylic acid derived A- and alcohol- or amine-type B-functionalities  are used, 

leading to the formation  of polyesters or -amides (depicted as X), respectively. 

 

Scheme 1.28. A2B2- and AB-polycondensation of long-chain ʂȟʝ-monomers. 

Polycondensation reactions are step-growth polymerizations and proceed according to 

Carothers equation.173 That is, high degrees of polymerization are only achievable for high monomer 

conversions. Furthermore, the presence of impurities in the monomers, such as monofunctional 

compounds is detrimental for the molecular weight accessible by polycondensations. Typical 

molecular weights for these polymers are in the range of several 104 g mol -1.174 Moreover, as opposed 

to AB-type monomers, in A2B2-type polycondensations an exact stoichiometry is necessary for high 

conversions unless one monomer is appropriately volatile under polymerization conditions. 

In the case of polyesters, a transesterification catalyst is frequently applied to provide sufficient 

reaction rates. To this end, a broad range of reagents, starting from simple metal oxides to complex 

organometallic compounds have been investigated and established.175 Nevertheless, high 

temperatures and long reaction periods are necessary to obtain sufficient degrees of polymerization 

and high molecular weights, required for the desired applications. These conditions also facilitate 

the removal of the condensation by-products, further driving the transesterification equilibrium to 

the polymeric compounds. Technically, melt polymerizations represent the most common 

polycondensations. They are conducted in two steps: (I) formation of a prepolymer under ambient 
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pressure; (II) high temperature and reduced pressure for removal of the volatiles and further chain 

growth. For polycondensates of short-chain monomers, such as ethylene glycol, the prepolymer 

typically is formed with an excess of this monomer which is later on removed in the second stage 

of the polymerization ( e.g. industrial production of PET).  

In contrast to polyesters, the polycondensation to polyamides typically is performed in the 

absence of a catalyst.102,176 The formation of a thermodynamically more stable amide bond, 

generated at a sufficient rate at elevated temperature, acts as a driving force. Similar to polyesters, 

longer-chain polyamides most commonly are prepared via melt polycondensation processes in two 

stages. However, the prepolymer predominantly  is produced at higher pressures and in the 

presence of water as the diamine monomers are volatile to some extent under the polycondensation 

conditions.175 As an alternative, a slight excess of these monomers frequently is employed that can 

be removed in the second polymerization stage. 

With increasing chain length of the monomers, the volatility of the diamine and diol declines , 

resulting in  the unfeasible removal of excessive monomer in the second stage. Consequently, for 

long-chain A2- and B2-monomers, the stoichiometry becomes more important and has to be 

adjusted before the reaction. 

1.3.2  Ring -Opening Polymerization  

Ring-opening polymerizations, as opposed to polycondensations, solely involves 

transesterification and ɀamidation steps and thus does not generate by-products (Scheme 1.29). 

The monomers used in this polymerization technique can be considered as a cyclized AB-type 

monomer thus leading to identical polymeric materials as obtained by AB-type polycondensation. 

ROP is a chain-growth polymerizatio n, not governed by the limitations resulting from Carothers 

equation.177,178 That is, in contrast to step-growth polymerizations, a rapid increase in the degree of 

polymerization can be observed from the start of the reaction. 

 

Scheme 1.29. Ring-opening polymerization to AB-type polycondensates. 

For the initial ring -opening, starting a polymer chain, an initiator is necessary. For this purpose, 

various cationic and anionic initiators , e.g. methyl trifluoroacetate or potassium tert -butoxide, have 

been investigated.178 5ÓÉÎÇ ÓÕÃÈ ÉÎÉÔÉÁÔÏÒÓȟ ÔÈÅ ÐÏÌÙÍÅÒÉÚÁÔÉÏÎ ÐÒÏÃÅÅÄÓ ÁÃÃÏÒÄÉÎÇ ÔÏ ÁÎ Ȭactivated 

monomerȭ ÍÅÃÈÁÎÉÓÍ (Scheme 1.30, top). Apart from these initiators , prone to side reactions, such 

as chain transfer,179 metal-mediated processes have been developed. In contrast to the latter 

compounds, the alkoxy-species of these metal complexes typically show a more covalent 
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character.180 The use of these initiators disfavors undesired reactions like back-biting  and thus is 

more preferred. This usually involves the use of Lewis acidic metals, e.g. Sn, Al, Zn, Ti compounds 

in the form of  alkoxides or even as carboxylates.181 Consequently, as a propagation mechanism, a 

Ȭcoordination-insertionȭ ÍÅÃÈÁÎÉÓÍ ÉÓ ×Édely accepted here (Scheme 1.30, bottom).  

 

Scheme 1.30. Polymerization mechanisms for lactones. Top: activated monomer mechanism (cationic initiator). Bottom: 
coordination -insertion mechanism. 

The main driving force used in these processes is the release of ring strain, an inherent 

enthalpic parameter of the cycle. This enthalpy results from deviations from the bond angle and 

bond length of cyclic compounds in comparison to open-chain, nondistorted compounds, 

weakening the bonds between the ring members. For small cycles (except for C4 ʅ-butyrolactone 

and -lactam) the values of this parameter lie well below zero, thus dominating the reaction 

thermodynamics in spite of an opposing entropy of polymerization.182,183 With increasing ring sizes 

(up to C16), the situation changes as a consequence of the diminishing ring strain and the enthalpy 

comes close to zero ɀ or even positive (Figure 1.2). Yet, these strainless cycles still can be 

polymerized since for larger rings the Gibbs free energy is governed by the increase in entropy by 

ring-opening.184 Commonly, this increase in entropy is explained by a higher flexibility of the long 

polymethylene segment of the (open-chain) polymer compared to the cyclic monomer. Note that 

the thermodynamic parameters given in Figure 1.2 have to be regarded with  certain caution since 

the values strongly depend on the aggregation state of the mono- and polymer, and the 

concentration of the monomer in the polymerization.  Hence, the diagrams should be considered 

on a more qualitative level. 
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Figure 1.2. Thermodynamic parameters of ROP of lactones (left) and lactams (right)  depending on the number of carbon 

atoms in the cycle. Data for standard enthalpy of polymerization (ЎὌ ), standard entropy of polymerization (ЎὛ ) 

and standard Gibbs free energy of polymerization (ЎὋ ) of lactones as determined from calorimeters or experimental 

enthalpies of combustions of the lactones and corresponding polymers in the range 350 ɀ 400 K.182 Data for ЎὌ , 

ЎὛ  and ЎὋ  of lactams under standard conditions at T = 298.16 K as estimated by Korshak and coworkers.183 

As a result of these entropically driven ring-opening polymerizations, some changes in the 

reaction can be noted. The lack of ring strain leads to a decreased reactivity of the functional groups 

in the macrocyclic monomers as compared to the reactivity of strained cycles. Since now there is 

no preference for the consumption of the monomers, all functionalities show a similar reactivity. 

This inevitably leads to transesterification of the polymer chains and a polydispersity of 2.0 is 

expected, as it is the case for polycondensation reactions. Evidently, this also increases the degree 

of back-biting during the polymerization, leading to the formation of cyclic polymers. For the 

preparation of high molecular weight polymers, the formation  of such cyclopolymers is undesired, 

as the molecular weight of the polymers is negatively affected. The presence of such cyclopolymers 

ÈÁÓ ÂÅÅÎ ÉÎÖÅÓÔÉÇÁÔÅÄ ÂÙ +ÒÉÃÈÅÌÄÏÒÆȟ ÐÅÒÆÏÒÍÉÎÇ ÓÔÕÄÉÅÓ ÏÎ ȬÒÉÎÇ-ÒÉÎÇ ÅÑÕÉÌÉÂÒÉÁȭ ÉÎ 

polycondensation reactions.185 His research suggests that thermodynamically controlled 

polycondensations with conversions close to 100% intrinsically yield cyclic polymer chains as the 

main products. The molecular weight of the cycles is defined ÂÙ ÔÈÅ ÃÏÎÃÕÒÒÉÎÇ ȬÒÉÎÇ-ring 

equilibriaȭ. Note that although this picture originally  was applied to step-growth polymerizations, 

this might also pertain for entropically driven ROPs as here the lack of ring strain results in 

distributions close to the thermodynamic equilibrium on account of the high transesterification 

rates. For macrolactones, this was confirmed experimentally and theoretically by the group of 

Duchateau who could show that in ROP of strainless macrolactones cyclic polymer species are 

present over the whole course of the polymerization.186  

As outlined above, ROP of macrocycles is more challenging but yet feasible. For macrolactones, 

in particular for pentadecalactone, the catalysts used for these processes typically differ from the 

traditional systems, used for strained cycles (Figure 1.3). Note that all these systems still require 

2 4 6 8 10 12 14 16
-80

-60

-40

-20

0

20

40

Carbon Atoms in LactoneS
ta

n
d

. 
(F

re
e

) 
E

n
th

a
lp

y
 o

f 
P

o
ly

m
. 

[k
J
/m

o
l]

-80

-60

-40

-20

0

20

40

 S
ta

n
d

. 
E

n
tr

o
p

y
 o

f 
P

o
ly

m
. 

[J
/(

m
o

l 
K

)]

Ў╗▬▫■◐□

Ў╢▬▫■◐□

Ў╖▬▫■◐□

4 6 8 10 12

-50

0

50

100

150

Carbon Atoms in LactamS
ta

n
d
. 

(F
re

e
) 

E
n
th

a
lp

y
 o

f 
P

o
ly

m
. 
[k

J
/m

o
l]

-50

0

50

100

150

 S
ta

n
d
. 

E
n
tr

o
p
y
 o

f 
P

o
ly

m
. 
[J

/(
m

o
l 
K

)]

Ў╗▬▫■◐□

Ў╢▬▫■◐□

Ў╖▬▫■◐□



1. General Introduction  

28 

the addition of an alcohol used as an initiator  of the polymer chain. E.g. Duchateau and coworkers 

reported the use of aluminum salen systems (i ) for the preparation of polyesters with a number 

average molecular weight greater than 105 g mol -1.187 The same group later also reported the use of 

various salicylaldiminato complexes of zinc and calcium (ii , iii ) also capable of the synthesis of 

polymers with a molecular weight of around Mn = 4 × 104 g mol -1.188 A similar system based on 

aluminum ( iv ) was reported for ring-opening polymerization of an unsaturated C16 lactone to yield 

molecular weights in the same range.189 Besides the use of these organometallic catalysts, more 

simple reagents perform surprisingly well in the ROP of pentadecalactone. Guanidine derived 

triazabicyclodedecene190 (v) resulted in Mn ~ 4 × 104 g mol -1 and also could efficiently copolymerize 

pentadecalactone with other small lactones. Moreover, the combination of N,N-dimethyl   

4-aminopyridine with Lewis acids, such as magnesium iodide,191 resulted in the rapid conversion of 

the macrocycle with a molecular weight as high as Mn = 8 × 104 g mol -1 (as determined by GPC vs. 

polystyrene standards). 

 

Figure 1.3. Different (pre)catalysts reported for the preparation of high molecular weight polymacrolactones. 

Apart from these systems, enzymes, i.e. lipases, are emerging as novel remarkably active 

catalysts for the ROP of macrocyclic lactones. After initial studies  by the group of Kobayashi,192 

discovering unexpected high reactivity for macrocyclic lactones, this was further investigated by 

various groups.193,194 Mainly the groups around Gross195 and Kobayashi contributed to this field and 

could establish this as a valuable tool for the preparation of polymacrolactones. As a result of the 

intensive research on enzymatic ROP (eROP) predominantly of pentadecalactone, to date, mainly 

Candida antarctica lipase B (CALB), immobilized on acrylic resins is used as a catalyst. With this 

catalytic system, polyester-15 with an unprecedentedly high molecular weight of  

Mn = 4.8 × 105 g mol -1 could be obtained.196  

As opposed to the aforementioned catalysts (Figure 1.3), the initiator for enzyme -catalyzed 

polymerization s frequently is water rather than an alcohol. However, the water is not added 

separately but originates from coordination sites in the three-dimensional structure of the enzyme. 

Consequently, instead of the addition of an initiator a polymerization using lipases usually involves 

the drying of the enzyme prior to  polymerization in order to  access high molecular weights. The 

high activity of enzymes in ROP of macrocycles is explained by the nature of the catalyst. In 

organisms, the lipases are used for the formation and cleavage of ester bonds of fatty acid 



Polycondensates from Long-Chain Monomers 

29 

derivatives. Thus, a long aliphatic segment is helpful for the molecular recognition of the substrate, 

leading to the observed high reactivity of macrocyclic lactones. As a consequence of the molecular 

recognition of fatty acid chains, these enzymes are highly lipophilic and capable of surviving rather 

harsh conditions (e.g. organic solvents at temperatures higher than 60 °C)197 without denaturation.  

This implies that the enzyme is active in a broad range of varying temperatures and solvents, 

making this catalyst attractive for polymerizations. 

1.3.3  Properties of Long -Chain P oly condensates  

As a consequence of the tremendous impact of the long, well-crystallizable methylene 

segments on the material properties, long-spaced polycondensates exhibit differing properties in 

comparison to their congeners, comprising short-chain monomers. For instance, poly-ʇ-

caprolactone, as one of the few industrially relevant purely aliphatic polyesters predominantly is 

interesting for medical applications due to its excellent biodegradability.198 On the contrary, 

increasing the chain length of the aliphatic segments leads to less emphasis on this trait .199,200 

Conversely, other material propert ies are more pronounced, such as higher melting temperatures. 

As mentioned above this is a result of the long aliphatic sequence, dominating various macroscopic 

properties of the polymer. To this end, studies on the influence of the spacing between the 

functional groups on the melting behavior and crystal morphology of different polycondensates 

have been conducted.201-205 

In general, the underlying structure for these aliphatic polycondensates is a hydrocarbon chain, 

i.e. strictly linear polyethy lene. In terms of thermal properties, this involves a melting transition of 

134 °C, as reported by the group of Wagener who used acyclic diene metathesis (ADMET) 

polymerization and subsequent hydrogenation for the preparation of perfectly linear 

polyethylene.206 This temperature marks the ultimate melting temperature of aliphatic 

polycondensates with an infinite  dilution of the functional groups. The functional groups 

themselves can be regarded as structural defects in the polyethylene backbone, disturbing the 

otherwise entirely linear structure. Depending on the nature of these groups, the impact on the 

thermal properties and the crystallization varies. As investigated by the group of Schmidt-Rohr, in 

the case of polyesters these groups still are incorporated in the crystal lattice rather than being 

excluded.207 Further work could show that an inclusion model (Sanchez-Eby model)208 can be 

applied to polyesters, expressing a depression of the melting point with decreasing spacing between 

the functionalities with respect to polyethylene (Figure 1.4, left).203,204 For polyamides, the situation 

changes as a consequence of the intermolecular hydrogen bonds. In contrast to polyesters, these 

highly polar groups dominate the crystallization from a certain comparatively low functional group 

density on, leading to a more complex correlation between the melting temperatures and the 
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spacing between the amide groups (Figure 1.4, right ).202,205 Whereas analog to polyesters, a linear 

depression of the melting point can be observed for highly diluted amide groups (until approx. 35 

amide groups per 1000 methylene units), a further  increase in the concentration of functional 

groups eventually leads to melting temperatures dominated by the effects of the hydrogen bonds. 

Consequently, typical short-chain monomers result in extremely high melting polyamides such as 

295 °C for polyamide-4,6.176 

      

Figure 1.4. Left: Dependence of the melting  transition of (statistically  distributed ) long-spaced aliphatic polyesters on 
the number of ester functionalities per 1000 methylene units. Data from ADMET polymerization  of ester-functionalized 
and unfunctionalized ʂȟʝ-ÄÉÅÎÅÓ ɉӕɊ203 and from ROMP of an unsaturated C16 lactone with cyclooctene (ɣ)204 with 
successive hydrogenation. Right: Dependence of the melting transition of different long-spaced aliphatic polyamides on 
the number of amide functionalities per 1000 methylene units. Data displayed for statistically distributed polyamides by 
ADMET polymerization  of amide-functionalized and unfunctionalized ʂȟʝ-ÄÉÅÎÅÓ ɉӕɊ202 with successive hydrogenation 
and precisely distributed polyamides by polycondensation of ʂȟʝ-diamines and -diacids (ɣ).205 

This behavior is also reflected in the crystal morphologies of the polymer materials. Polyesters, 

governed by van der Waalsȭ interactions over a broad range of functional group  concentration in 

the polymer predominantly crystallize in an orthorhombic  morphology identical to polyethylene, 

as determined by WAXS measurements.204 Accordingly, high crystallinities (>50%) are observable 

for long-spaced polyesters, as determined from WAXS and DSC measurements (by comparison of 

the heat of fusion values to the heat of fusion of 100% crystalline polyethylene).89,209 As a result of 

this resemblance to polyethylene, long-spaced polyesters frequently are discussed as polyethylene 

mimics or polyethylene-like materials in literature. 187,210-213 

On the contrary, polyamides again show a behavior strongly depending on the amide 

concentration and the resulting intermolecular hydrogen bonds between the polymer chains. 

Hence, very long-spaced polyamides as well show a polyethylene-like orthorhombic cry stal 

morphology. However, with increasing concentrations of the amide groups, the resulting energy 

from the formation  of additional hydrogen bonds overcomes the ÖÁÎ ÄÅÒ 7ÁÁÌÓȭ interactions and 

leads to other crystal morphologies as the energetically most favorable situation. Depending on the 
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exact spacing between the amide groups and the orientation of the functionality (AB- vs. A2B2-type 

monomers) the chains can arrange in various modifications, leading to different stable crystal 

morphologies possible for polyamides (e.g. ʂ-, ʃ-, ʅ-modification). 102 This is also reflected in the 

thermal properties of polyamides, frequently displaying several melting transitions due to the 

presence of various stable crystal phases in the material. 

Apart from thermal properti es and the crystal morphologies, other properties of such long-

spaced polycondensates are also influenced by the similarity to polyethylene. Investigations on the 

mechanical properties of polyesters from long-chain monomers could show tensile moduli around 

400 MPa,196,214 intermediat e to those of different polyethylenes,215 namely LLDPE (approx. 200 MPa) 

and HDPE (approx. 900 MPa). Given the polyesters exhibit molecular weights sufficient for chain 

entanglement, elongations at break around 600% can be obtained, slightly lower as compared to 

typical values for polyethylene. Furthermore, it could be shown that polyesters from long-chain 

aliphatic monomers can be electrospun to fibers and melt extruded to films, offering potential 

applications as packaging material.214 In comparison to polyesters, polyamides show a higher tensile 

modulus due to the hydrogen bonds, leading to strong interactions between the polymer chains. 

Although di lution of the amide groups leads to decreasing moduli  since fewer hydrogen bonds are 

present, the moduli  still are superior and should ultimately approach the values of polyethylene 

(e.g. polyamide-6: 3 GPa vs. polyamide-12: 2.2 GPa).102 

As a result of the increasing chain lengths of the aliphatic segment, the water uptake and 

hydrolytic stability of long -chain polycondensates is improved in comparison to their short-chain 

congeners, as well. For polyesters (polyester-15), no significant degradation could be noted after 

two years in a phosphate buffered saline solution at a pH of 7.4 (mass loss <5%).200 Similar results 

were obtained from hydrolytic degradation studies of polyester-19,19 under various conditions (1 M 

HCl, conc. HCl, 20 wt% NaOH, phosphate-buffered saline solution) over a time span of 7 weeks.199 

For polyamides, water uptake is a general issue for short- to mid -chain monomers (e.g. up to 15 wt% 

at 100% relative humidity at 23 °C for polyamide-4,6).216 As a consequence of humidity , the materials 

swells and thus mechanical properties and dimensional stability are affected. Depending on the 

concentration of amide groups in the polymer the impact is varying. E.g. polyamide-6 shows a stress 

at yield almost reduced to half at a relative humidity of 50% (81 vs. 44 MPa).176 With increasing 

spacing between the amide groups, these drawbacks are less emphasized (e.g. yield stress of 

polyamide-12: dry: 49 MPa; 50% rel. humidity: 40 MPa),176 and the resulting materials can be used 

for demanding applications like cable sheathing or ship propellers.217,218 
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2 
2 SCOPE OF THE THESIS  

Despite the great interest in long-chain aliphatic ʂȟʝ-difunctional building blocks, e.g. for the 

preparation of polyethylene-like polymer materials, their availability to date is restricted. Although 

various routes via classical organic chemistry to such compounds have been reported, these 

approaches are only of limited practical use due to the tedious multistep nature of these reaction 

sequences.22,27,32,36,39 The generation of excessive amounts of by-products, such as salts, generally 

hamper a convenient process on a larger scale. To this end, fatty acids represent a promising source 

for the access of such long-chain ʂȟʝ-difunctional building blocks, already providing a long 

aliphatic methylene sequence. Biotechnological routes and strategies involving catalytic 

conversions of the double bond of monounsaturated fatty acid derivatives highlighted techniques 

for the preparation of ʂȟʝ-dicarboxylic compounds.65,76,88 

In this work, novel routes for accessing a variety of long-chain ʂȟʝ-difunctional compounds are 

explored. Here, the concept of isomerizing alkoxycarbonylation of monounsaturated fatty acids, 

reported for the preparation of symmetric ʂȟʝ-diesters from oleic acid and erucic acid esters,88,209 

is expanded to generate unsymmetric ʂȟʝ-difunctional building blocks  (Chapter 3). The use of 

alternative substrates for the incorporation of nitrogen containing functionalities and the 

preparation of unsymmetric ʂȟʝ-diesters is investigated for the preparation of precursors to various 

long-chain polycondensates. Furthermore, a strategy for the synthesis of macrolactones from oleic 

acid, reported previously,219 is extended to other fatty acids employed as starting material (Chapt er 

4). Also, modifications of the strategy for accessing macrocyclic lactams are elaborated. Breaking 
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the limits on the chain lengths of the building blocks, accessible by these approaches, is 

furthermore enlightened by a novel concept involving the sequential combination of olefin 

metathesis of fatty acids and selective double bond migration (Chapter 5). 

As a potential application of these building blocks, the preparation of long-chain 

polycondensates is elaborated. For this purpose, a protocol for the enzymatic ring-opening 

polymerization of the strainless macrolactones of hitherto unexplored  monolide ring sizes prepared 

is developed for the access of high molecular weight polyesters. Investigation of the fundamental 

properties of the materials, such as melting temperatures and mechanical properties furthermore 

are also part of this work. 
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3 
3 UNSYMMETRIC  COMPOUNDS VIA  I SOMERIZING 

ALKOXYCARBONLYATION  

3.1  Introduction  

Long-chain aliphatic compounds unsymmetrically functionalized in ʂ- and ʝ-position could 

be valuable building blocks for a range of applications.220 Yet, such compounds are only of limited 

availability . Besides elaborate multistep procedures, starting from commercially available short-

chain compounds (cf. Chapter 1.1.1), mainly fatty acids are investigated for the convenient access 

to this class of compounds (cf. Chapter 1.1.2). For the preparation of unsymmetric ʂȟʝ-difunctional 

building blocks from fatty acids, various pathways emerged. Biotechnological routes, such as the  

ʝ-hydroxylation have been reported for the synthesis of ʝ-hydroxy carboxylic compounds, though 

due to the high specificity of the carefully engineered yeast strains, to date high selectivities are 

mainly restricted to C14 myristic acid.81 On the contrary, other chemical manipulations such as cross 

metathesis of monounsaturated fatty acids with functional short-chain olefins generally lead to 

equilibrium mixtures, limiting the scope of practicability. 221-223 Further, isomerization of the double 

bond over the course of the reaction additionally  leads to a more complex mixture  of products. 

A more favorable concept is the use of highly kinetically  controlled 

isomerization/functionalization reactions. 82 Especially isomerizing alkoxycarbonylation of 

unsaturated fatty acid esters offers the advantage of a high selectivity for linear ʂȟʝ-difunctionalized  
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compounds in combination with the absence of a significant competitive side reaction, such as 

hydrogenation.90,224  

3.1.1  Isomerizing Alkoxycarbonylation  

The formation of esters via alkoxycarbonylation, i.e. the addition of carbon monoxide and an 

alcohol to an olefin is a well-known and established process.225,226 A remarkable discovery was 

accomplished by Pugh et al. who reported the selective conversion of internal olefins to linear esters 

in an isomerizing alkoxycarbonylation process.227 The reported system comprised a palladium 

source, a bulky, electron-rich bidentate phosphine ligand, and an acid for the conversion of a 

mixture of linear, internal C 14 olefins (Scheme 3.1). While 1,3-bis(di -tert -butylphosphino) propane 

(DTBPP) only showed low activity, 1,3-bis(phospha-oxa-adamantyl)propane resulted in close to 

quantitative conversion of the starting material. Later, Cole-Hamilton reported the selective 

conversion of internal octenes to linear esters utilizing the same catalytic system with 1,2-bis{(di-

tert -butylphosphino)methyl}benzene (DTBPX) as diphosphine ligand.228 Recently, the same system 

has been implemented in an industrial process for the preparation of methyl propionate, an 

intermediate for the synthesis of methyl methacrylate.87 Cole-Hamilton  also observed that methyl 

oleate could be converted to the linear C19 ʂȟʝ-diester.88 The procedure could be improved by the 

development of the well-defined catalyst precursor [Pd(dtbpx)(OTf) 2], simplifying the protocol and 

reducing the amount of ligand required and additionally omitting the addition of an acid .89 The 

high selectivity for the linear diesters in this reaction has been extensively studied, leading to a well 

understanding of the mechanism behind this transformation.90,224 

 

Scheme 3.1. Isomerizing methoxycarbonylation of internal olefins to linear methyl esters.227,228 

The scope of isomerizing alkoxycarbonylation recently has been extended by previous work by 

our group. In contrast to the tradi tionally obtained symmetric diesters, it could be shown that the 

addition of a base to the reaction mixture can quench acid catalyzed transesterification that 

otherwise occurs over the course of the reaction.219 In this way, unsymmetric benzyl methyl diester 
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C19-(COOMe)(COOBn)  and ʂȟʝ-ester amide C19-(COOMe)(CONH 2) could be prepared from 

methyl oleate and oleamide, respectively (Scheme 3.2). Such building blocks could serve as 

precursors to valuable AB-type monomers due to the orthogonal reactivity of the different 

functionalities.  Yet, compared to isomerizing methoxycarbonylation, the reaction rate is drastically 

reduced, limiting the practical utility of this approach.  

 

Scheme 3.2. Unsymmetric isomerizing alkoxycarbonylation of oleic acid derivatives to unsymmetric diester  
C19-(COOMe)(COOBn)  and ʂ-ester ʝ-amide C19-(COOMe)(CONH 2).219 

Apart from these examples, other combinations and substrates have been investigated as well, 

though no selective transformation could be observed (Scheme 3.3). Carboxylic salts like lithium 

oleate could not be converted in an isomerizing methoxycarbonylation, presumably as a 

consequence of deactivation of the palladium catalyst with carboxylates in the presence of an 

alcohol at elevated temperatures.229 Performing isomerizing methoxycarbonylation on benzyl 

oleate could lead to the formation of a linear diester, yet, as opposed to the aforementioned 

isomerizing benzyloxycarbonylation of methyl oleate, solely the formation of the  symmetric 

dimethyl ester was observed. Similarly, with the use of protected derivatives of oleyl alcohol a 

successful consumption of the starting material could be noted, though the reaction proceeds 

without notable selectivity and only traces of the desired linear compound could be isolated. 

 

Scheme 3.3. Various fatty acid derived substrates incompatible with isomerizing methoxycarbonylation.219 

This suggests that isomerizing alkoxycarbonylation could be used as a versatile tool for the 

direct access to unsymmetric ʂȟʝ-difunctional building blocks, though contemporary limitations 

narrow the utility. For fully exploiting the scope of this method, further reaction design and 

investigations of functionalities compatible with this transformation  had to be performed.  
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3.2  Results and Discussion  

3.2.1  Unsymmetric Diesters  

Acidity of Isomerizing Alkoxycarbonylation  

Performing an isomerizing alkoxycarbonylation on monounsaturated fatty acid esters in an 

alcohol, different from the ester moiety potentially leads to unsymmetric ʂȟʝ-diesters. However, 

the acidic in situ catalyst system for isomerizing alkoxycarbonylation, comprising a palladium 

source, DTBPX, and methanesulfonic acid, leads to rapid transesterification of the ester groups 

under the reaction conditions. Opposed to that, the use of well-defined catalyst precursor 

[Pd(dtbpx)(OTf) 2] (Pd(OTf)2 ) does not involve the addition of an acid. Nevertheless, even under 

ÔÈÅÓÅ ȬÁÃÉÄ-ÆÒÅÅȭ conditions, a slightly acidic pH of the reaction mixture is observed (pH ~ 4) due to 

the liberation  of one equivalent of triflic acid by  the generation of the catalytically active [Pd]-H 

species Pd(H)(RCH2OH)  (Scheme 3.4). 

 

Scheme 3.4. Generation of the catalytically active [Pd]-H species Pd(H)(RCH2OH)  from catalyst precursor Pd(OTf)2  with  the 
liberation  of one equivalent triflic acid. 

While for  methanol (R = H), this has been extensively studied, leading to a comprehensive 

understanding of the entire mechanism behind isomerizing methoxycarbonylation of fatty acid 

methyl esters,90,224 for benzyl alcohol (R = Ph) the hydride formation is largely unexplored. To 

elucidate the formation of palladium hydride species from Pd(OTf)2  in benzyl alcohol, NMR 

spectroscopy was used. 1H and 31P NMR spectroscopy was performed to investigate the hydride 

formation in benzyl alcohol (Figure 3.1). Remarkably, the steric bulk and potential electronic 

effects of benzyl alcohol do not slow down the reaction and directly upon addition of the alcohol  a 

single hydride species is observable in quantitative yield.  
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Figure 3.1. 31P{1H} NMR spectrum of Pd(OTf)2  in CDCl2 after the addition of BnOH. Inset: 1H NMR region of hydrides of 
Pd(H)(BnOH) . 

Isomerizing Alkoxycarbonylation  in the Presence of a Base  

In order to  quench acid catalyzed transesterification over the course of the reaction, a base, 

namely pyridine, was added to neutralize the triflic acid formed. As reported previously, the 

addition of 5 equiv. of pyridine completely suppressed transesterification, though an overall 

decreased reaction rate in isomerizing benzyloxycarbonylation of methyl oleate (C18,u-(COOMe) ) 

was observed compared to isomerizing methoxycarbonylation of the latter compound.219 Hence, 

the influence of the base was studied by performing isomerizing methoxycarbonylation reactions 

on methyl oleate at standard conditions (T = 90 °C, p = 20 bar, t = 20 h) in the presence of different 

additives (Table 3.1). 

Table 3.1. Isomerizing methoxycarbonylation of C18,u-(COOMe)  in the presence of different bases.a 

entry  base equiv.  conv. b [%] selectivity b,c [%] 

1 none - 63 85 

2 PPh3 3 55 85 

3 pyridine  5 17 85 

4 2,6-lutidine  5 17 87 

5 H+ sponged 5 0 n.d. 

6 DBN 5 0 n.d. 

a reaction conditions: 6.00 mmol of C18,u-(COOMe)  (technical grade), 

8.0 mL of methanol, 0.8 mol% of Pd(OTf)2 , 20 bar of CO, stirred at 90 °C 

for 20 h. b determined by GC analysis. c selectivity for linear  

1,19-disubst. reaction product. d 1,8-bis(dimethylamino)naphthalene.  

 

Generally, a decrease in the reaction rate can be noted if a base is applied to the reaction 

mixture, yet the base does not influence the selectivity for the linear 1,19-disubstituted reaction 

product. The declin e in the reaction rate presumably is a consequence of coordination of the base 

to the catalytically active species, partially blocking coordination sites for other reagents. Overall, 

1H
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amines seem to disturb the reaction to a greater extent as compared to phosphines. While pyridine 

and structurally related lutidine show a substantial impact on the reaction, triphenylphosphine 

shows a less emphasized influence on the rate. Remarkably, the addition of H+ sponge or DBN 

completely deactivates the catalyst, and no formation of the diester could be observed. 

In a subsequent study, methyl oleate was used in an isomerizing benzyloxycarbonylation to 

C19-(COOMe)(COOBn)  in the presence of pyridine and triphenylphosphine, respectively (Table 

3.2). Note that for unsymmetric isomerizing alkoxycarbonylation experiments, the ȬÓÔÁÎÄÁÒÄ 

ÃÏÎÄÉÔÉÏÎÓȭ ÉÎÖÏÌÖÅ ÐÒÏÌÏÎÇÅÄ ÒÅÁÃÔÉÏÎ ÔÉÍÅÓ ÏÆ Ô = 90 h. Despite this prolonged period, generally 

lower conversions are observed in isomerizing benzyloxycarbonylation. As opposed to 

methoxycarbonylation, in the presence of triphenylphosphine benzyloxycarbonylation hardly 

proceeded, solely consuming traces (2%) of the fatty acid starting material. Although  the addition  

of pyridine resulted in  similarly  reduced conversions as compared to methoxycarbonylation 

experiments, still a conversion of 7% was notable that could be further improved by decreasing the 

amount of base in the reaction (entr ies 2-5). The degree of transesterification was determined from 

GC measurements from the benzyl oleate signals due to incompatibility of dibenzyl ester  

C19-(COOBn) 2 with the GC measurement parameters utilized (Figure 3.2). Only slight deviations 

from the actual level of transesterifications are expected by this simplification as the observed 

conversion typically was lower than 20% (for detailed information on the GC spectra cf. Chapter 

3.4.6). Overall, transesterification could be suppressed to an extent well below 1% until reaching a 

certain lower threshold of pyridine concentration , inducing evolution of benzyl oleate as 

transesterification product  (entries 6, 7 ). Note that the conversion could not be determined 

accurately in these cases due to the incompatibility of C19-(COOBn) 2 with GC analysis. 

Table 3.2. Isomerizing benzyloxycarbonylation of C18,u-(COOMe)  at standard conditions in the presence of a base.a 

entry  base equiv.  conversion b [%] selectivity b,c [%] trans esterification b [%] 

1 PPh3 3 2 n.d. n.d. 

2 pyridine  5 7 73 <0.1 

3 pyridine  3 9 76 0.2 

4 pyridine  2 10 75 0.1 

5 pyridine  1 24 87 0.3 

6 pyridine  0.1 n.d. n.d. 8 

7 pyridine  0.01 n.d. n.d. 47 

a reaction conditions: 6.00 mmol of C18,u-(COOMe)  (technical grade), 8.0 mL of BnOH, 0.8 mol% of 

Pd(OTf)2 , 20 bar of CO, stirred at 90 °C for 90 h. b determined by GC analysis. c selectivity for the 

linear 1,19-disubst. reaction product. 
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Figure 3.2. Gas chromatograms of isomerizing benzyloxycarbonylation experiments of C18,u-(COOMe)  in the presence 
of varying amount of pyridine. 

Isomerizing  Benzyloxycarbonylation  

After optimization of the amount of pyridine, the overall reaction conditions of isomerizing 

benzyloxycarbonylation of C18,u-(COOMe)  were investigated with respect to their influence on  the 

conversion (Table 3.3). Generally, slightly  lower temperatures (entries 1-5) and high CO pressures 

(entries 6 -11) could increase the conversion under otherwise standard conditions. Yet, working at 

the optimal temperature  (80 °C) at high CO pressures (50 bar) led to a conversion lower than 

observed for 80 °C at 20 bar of CO (entry 14). Thus, investigating the temperature dependence at 

high pressures was performed subsequently (entries 12-21), showing that lower temperatures are 

more preferred for high substrate consumption. Besides an increase in conversion, working at lower 

temperatures additionally could slightly  improve the selectivity and led to less transesterification. 

The optimization of the reaction conditions could result in a conversion of 52% of the starting 

material at a temperature of 55 °C and a CO pressure of 50 bar. Although this represents a vast 

improvement as compared to the results from previous work,219 isomerizing 

benzyloxycarbonylation proceeds rather slow in comparison to isomerizing methoxycarbonylation. 

Further insights into the reaction rate were obtained by monitoring the reaction at the determined 

optimal conditions via periodically drawn samples, analyzed by GC (Figure 3.3). Indeed, only a 

steady progress can be noted, though a remarkably long catalyst life time  was observed. Even after 

340 h of reaction an increase in conversion is evident, resulting in a total conversion of 86%. Despite 

this prolonged reaction period, the degree of transesterification still is below 0.1% and over the 

course of the reaction, a selectivity ranging from 88 to 90% was observed, displaying the high 

preference for the linear diester product.  
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Table 3.3. Optimization of reaction conditions of isomerizing benzyloxycarbonylation of C18,u-(COOMe) .a 

entry  T [°C] p [bar]  conv. b [%] selectivity b,c [%] trans. b [%] 

1 110 20 9 85 5 

2 100 20 20 84 1 

3 90 20 24 87 0.3 

4 80 20 45 89 0.2 

5 70 20 34 87 0.5 

6 90 5 8 88 0.7 

7 90 10 19 86 0.8 

8 90 20 23 89 0.3 

9 90 30 28 87 0.8 

10 90 40 36 83 1 

11 90 50 36 86 2 

12 110 50 15 81 10 

13 90 50 36 86 0.9 

14 80 50 40 86 0.5 

15 70 50 50 88 0.1 

16 65 50 46 87 0.5 

17 60 50 50 88 0.4 

18 55 50 52 90 0.1 

19 50 50 47 90 0.2 

20 45 50 52 91 0.1 

21 40 50 46 90 0.1 

a reaction conditions: 6.00 mmol of C18,u-(COOMe)  (technical grade), 8.0 mL of 

BnOH, 0.8 mol% of Pd(OTf)2 , 0.8 mol% of py, T and p as given, t = 90 h.  

b determined by GC analysis. c selectivity for the linear 1,19-disubst. reaction 

product. 
 

 

Figure 3.3. Conversion over time (black) and transesterification over time (red) of isomerizing benzyloxycarbonylation 
of C18,u-(COOMe)  at T = 55 °C, p = 50 bar. 
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From the crude reaction product, the desired unsymmetric diester C19-(COOMe)(COOBn)  can 

be isolated by recrystallization from heptane, yielding the pure compound in 24% (>99% as 

determined by GC measurements). Despite the high conversion and selectivity, only a fraction of 

the reaction product was isolated, presumably, as a consequence of the poor propensity for 

crystallization of the compound due to its unsymmetric nature. The selectivity of the reaction was 

further investigated by a detailed analysis of the side products, accumulated in the recrystallization 

filtrates. In general, 17 isomers can be generated in isomerizing benzyloxycarbonylation of methyl 

oleate (Scheme 3.5). 

 

Scheme 3.5. Isomerizing benzyloxycarbonylation of C18,u-(COOMe)  with all possible linear and branched products (B1-
B16). 

For a quantitative analysis of all side products present in the reaction, hydrogenolysis of the 

benzyl esters with subsequent esterification in methanol was performed, yielding the symmetric 

dimethyl ester species. As a detailed analysis of the side products from isomerizing 

methoxycarbonylation of C18,u-(COOMe)  has already been conducted,230 a direct comparison to the 

latter product distribution is possible ( Figure 3.4). As with (symmetric) isomerizing 

methoxycarbonylation, all possible side products can be observed in isomerizing 

benzyloxycarbonylation of C18,u-(COOMe) . Yet, compared to the symmetric version, smaller 

amounts of the higher branched products are obtained as a result of the greater steric bulk of benzyl 

alcohol. Notwithstanding , the branched malonic diester derivative (B16) still is observed in trace 

amounts (Table 3.4). 
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Table 3.4. Comparison of side products of isomerizing methoxycarbonylation and isomerizing benzyloxycarbonylation.a 

alcohol  (B1) [%] (B2) [%] (B3) [%] (B4-B15) [%] (B16) [%] 

MeOH b 39.1 9.1 5.5 43.6 2.7 

BnOH  47.2 6.2 4.0 42.6 

a distribution calculated from GC data. b data from Christl et al..230  
 

 

Figure 3.4. Comparison of GC traces of reaction products of isomerizing methoxycarbonylation (red) and isomerizing 
benzyloxycarbonylation (black) of C18,u-(COOMe) . For comparability, the isomerizing benzyloxycarbonylation products 
were subjected to hydrogenolysis and subsequent esterification in methanol, yielding dimethyl esters (linear product 
depleted by recrystallization). 

After characterization of the product distribution by GC analysis, a further understanding of 

the decisive factors limiting the reaction rate was desired. For this purpose, ethylene was chosen as 

model substrate showing a much higher reactivity in methoxycarbonylation experiments.90 Under 

standard conditions for isomerizing methoxycarbonylation (T  = 90 °C, p = 20 bar, cat. loading 

0.8 mol%), ethylene is converted with in minutes to methyl propionate . Compared to this scenario, 

isomerizing benzyloxycarbonylation under the determined optimal conditio ns results in a 

decreased reaction rate and slower consumption of the starting material , taking more than six hours 

(Figure 3.5, left). Under otherwise identical conditions, methoxycarbonylation of ethylene 

proceeds faster, leading to a virtually complete consumption of the olefin within three hours. These 

results clearly suggest that, similar to methoxycarbonylation, alcoholysis is the rate determining 

step in benzyloxycarbonylation. Notably, the addition of pyridine led to a faster consumption of 

ethylene in both cases, though the rate is only affected slightly. 

As an independent alternative for the investigation of alcoholysis as rate limiting step, 1H NMR 

alcoholysis experiments with benzyl alcohol were performed. To this end, a 13C labeled acetyl chloro 

palladium(II) complex, namely [(dtbpx)Pd{13C(=O)Me}Cl], was treated with 10 equiv. of benzyl 

alcohol in an NMR tube at room temperature (Figure 3.5, right ). By studying the evolution of the 

alcoholysis products, a rate constant for alcoholysis can be determined. Compared to data reported 
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for ethanol (kobs = 37.1 × 10-4 s-1) and n-propanol (kobs = 28.4 × 10-4 s-1) a slower alcoholysis rate was 

observed for benzyl alcohol (kobs = 17.2 × 10-4 s-1 without pyridine vs. kobs = 12.1 × 10-4 s-1 in the 

presence of pyridine).90 However, the rate was faster than compared to iso-propanol  

(kobs = 5.6 × 10-4 s-1) most likely on account of the greater steric hindrance of the latter alcohol. 

Again, the presence of pyridine only had a minor impact and slightly lower rates were observed. 

Note that in the presence of pyridine, methoxycarbonylation of ethylene shows opposing trends for 

the rate as compared to these alcoholysis experiments. Yet, with these results, the observed low 

rate in isomerizing benzyloxycarbonylation of C18,u-(COOMe ) can be accounted for. 

    

Figure 3.5. Left: Ethylene consumption in benzyloxycarbonylation (black) and methoxycarbonylation (red) in the 
presence (solid objects) and the absence (open objects) of pyridine. Right: Alcoholysis of [(dtbpx)Pd{13C(=O)Me}Cl] in 
BnOH in the presence (solid objects) and the absence (open objects) of pyridine as compared to the known alcoholysis 
rates of various alcohols.90 

The scope of this concept was further investigated by using substrates other than methyl oleate. 

For this purpose, the industrial mid-chain building block  methyl 10-undecenoate (C11,ʝ-(COOMe) ) 

was transformed into C12-(COOMe)(COOBn)  in an isomerizing benzyloxycarbonylation under the 

determined optimal conditions. After a reaction time of 288 h, 95% of the starting material were 

converted with a selectivity to the desired terminal diester of 90%. Over the course of the reaction 

a degree of 0.9% of transesterification could be observed, showing that isomerizing 

benzyloxycarbonylation is generally applicable to unsaturated esters. As a consequence of the 

shorter hydrocarbon segment, the purification of crude C12-(COOMe)(COOBn)  was even more 

challenging, since an overall improved solubility of the diester was found. On a small scale, an 

analytically pure sample could be obtained by recrystallization from MeOH at -10 °C. For the use of 

this building block on a preparative scale (vide infra), the purification  was omitted in this step, using 

the mixture of products as obtained after filtration over silica. 
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3.2.2  Nitrogen -Containing Building Blocks  

In order to  fully exploit the potential of isomerizing alkoxycarbonylation, the variation of the 

substrate functionality was pursued. As carboxylic acid derived functional groups (other than 

esters) and alcohols were not compatible with this catalytic transformation,219 substrates containing 

nitrogen atoms were studied in view of e.g. the possible generation of precursors to polyamides. As 

outlined above, it was found that oleamide is tolerated in isomerizing methoxycarbonylation, 

allowing for the synthesis of ʂ-ester ʝ-amides.219 Besides an amide functionality, the direct 

isomerizing methoxycarbonylation of oleylamine (C18,u-(NH 2)) is desirable. Hence, suitable ways 

for protecting or masking the amine functionality were also pursued in addition to oleamide . 

Isomerizing Methoxycarbonylation of Amides  

Oleamide (C18,u-(CONH 2)), investigated in previous work, could be converted to  

C19-(COOMe)(CONH 2) in 30% in an isomerizing methoxycarbonylation under standard conditions 

(T = 90 °C, p = 20 bar, t = 90 h) in the presence of 5 equiv. of pyridine.219 Note that due to 

incompatibility of the ester amide with GC analysis (presumably due to side reactions on the GC 

column at elevated temperatures), conversions were determined by 1H NMR spectroscopy (cf. 

Chapter  3.4.5). Thus, the selectivity of the reaction cannot be determined. In contrast to esters, an 

alcoholysis of the amide is not likely to occur, questioning the necessity for adding a base. 

Notwithstanding this, an isomerizing methoxycarbonylation of C18,u-(CONH 2) in the absence of a 

base resulted in merely 13% conversion under otherwise identical conditions. As the amount of 

base, present in the reaction was crucial for the reaction rate, an experiment in the presence of 

1 equiv. of pyridine  was performed, also converting 30% of the starting material. Hence, all 

isomerizing methoxycarbonylation experiments of oleamide were carried out in the presence of 

1 equiv. of pyridine. 

For an optimal set of reaction conditions, the reaction parameters, i.e. the temperature and the 

pressure of carbon monoxide, were varied (Table 3.5). Similar to isomerizing 

benzyloxycarbonylation, a lower temperature is more favored, leading to higher conversions 

(entries 1-7). For a subsequent study of the pressure dependence, a temperature of 50 °C was 

chosen as the resulting ester amide is sparingly soluble in methanol at lower temperatures. The 

carbon monoxide pressure only had a minor influence on the conversion, resulting in slightly 

higher values at a pressure of 10 bar. 
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Table 3.5. Optimization of reaction conditions of isomerizing methoxycarbonylation of C18,u-(CONH 2).a 

entry  T [°C] p [bar]  conv. CH3
b [%] conv. CH2

c [%] 

1 110 20 16 22 

2 90 20 27 33 

3 70 20 36 40 

4 60 20 42 46 

5 50 20 47 50 

6 45 20 47 49 

7 40 20 45 47 

8 50 5 44 47 

9 50 10 53 54 

10 50 20 47 50 

11 50 50 44 47 

a reaction conditions: 6.00 mmol of C18,u-(CONH 2), 8.0 mL of MeOH, 

0.8 mol% of Pd(OTf)2 , 0.8 mol% of py, T and p as given, t = 90 h.  

b determined by 1H NMR spectroscopy by comparison of the methyl ester 

group vs. the aliphatic chain end. c determined by 1H NMR spectroscopy by 

comparison of the two methylene groups adjacent to the functional groups. 
 

 

Figure 3.6. Conversion over time of isomerizing methoxycarbonylation of C18,u-(CONH 2) under optimal conditions 
(T = 50 °C, p = 10 bar) as determined by 1H NMR spectroscopy by comparison of the CH2 units adjacent to the functional 
groups (red) and by comparison of the CH3 units (black). The dashed line to the open objects indicates the conversion to 
the final reaction composition in the crude product after precipitation of the product in the reactor.  

Under the determined optimal conditio ns (T = 50 °C, p = 10 bar), 53% of the starting material 

were converted to C19-(COOMe)(CONH 2) over a reaction period of 90 h. To gain further insights 

into the progress of reaction, an isomerizing methoxycarbonylation of C18,u-(CONH 2) under the 

optimal conditions was monitored by periodically drawn samples, analyzed by 1H NMR 

spectroscopy (Figure 3.6). In comparison to isomerizing benzyloxycarbonylation of methyl oleate, 

a slightly higher reaction rate is observed initially, though after surpassing a critical concentration 
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of the ester amide product, precipitation of the compound occurs, leading to solidification of the 

entire mixtu re. As a consequence, an apparent decreasing conversion is determined by 1H NMR 

spectroscopy from the samples drawn. After 430 h, the reaction was stopped, and the crude reaction 

mixture was analyzed by 1H NMR spectroscopy, revealing a total conversion of merely 70%. This 

low conversion most likely is a result of the solidification of the reaction mixture that leads to poor 

mixing and thus to a hampered progress of reaction. 

To further account for the low reaction rate of oleamide, an isomerizing methoxycarbonylation 

of methyl oleate in the presence of a non-olefinic amide was conducted. Remarkably, in the 

presence of acetamide, (in equimolar amounts with respect to the fatty acid substrate) methyl 

oleate was only converted to an extent below 10% under otherwise standard conditions (T = 90 °C, 

p = 20 bar, t = 20 h, one equiv. of py). As this suggests, amides hamper the reaction leading to the 

observed low rates. Indeed, in an experiment performed under otherwise identical conditions, the 

absence of pyridine has no influence on the conversion, indicating an unfavorable interaction of 

the amides with the catalyst, explaining the lower productivity. 

For an expansion of the scope of this transformation, erucamide (C22,u-(CONH 2)) was chosen 

as a second, longer chain substrate for isomerizing methoxycarbonylation. Under the determined 

optimal conditions, erucamide was reacted for 334 h, resulting in a conversion of 79%, verifying the 

general utility of this catalytic conversion. 

For purification , the crude ester amide products C19-(COOMe)(CONH 2) and  

C23-(COOMe)(CONH 2) were recrystallized from heptane/ iso-PrOH (9/1) and heptane/iso-PrOH 

(8/2), respectively. After multiple recrystallization cycles, C19-(COOMe)(CONH 2) and  

C23-(COOMe )(CONH 2) were obtained in 27 and 59% in pure form (>99%), as determined by HPLC. 

Isomerizing Methoxycarbonylation of Imides  

For the desired incorporation of an amine functionality in to the target structure, the 

functionality had to be protected, as the reactive N-H protons were anticipated to disturb the 

reaction. To this end, technical grade oleylamine (~70% purity) was protected with phthalic 

anhydride to yield N-oleylphthalimide  (C18-(NPhth) ). Note that due to the high content of 

saturated impurities in the starting material and the reduced propensity for crystallization  of the 

unsaturated C18,u-(NPhth)  the recrystallized product contained approx. 25% of saturated  

C18-(NPhth) . As this impurity could not be further removed and was not predicted to react in 

isomerizing methoxycarbonylation, the mixture was used as obtained from recrystallization . 

In a preliminary test experiment under isomerizing methoxycarbonylation standard conditions 

(T = 90 °C, p = 20 bar, t = 90 h) in the presence of 1 equiv. of pyridine, a conversion around 60% was 
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observed. Note that again the substrate and the methoxycarbonylation product were not 

compatible with GC measurements. Thus, similar to C18,u-(CONH 2), the conversion was determined 

from 1H NMR spectra (cf. Chapter 3.4.5) without gaining information about the selectivity  to the 

linear 1,19-disubstituted reaction product . As expected, the presence of the saturated analog  

C18-(NPhth)  had no impact on the reaction and only led to an underestimation of the actual 

conversion. Subsequently, the reaction parameters of isomerizing methoxycarbonylation of  

C18,u-(NPhth)  were varied in order to  study temperature and pressure dependence of the reaction 

(Table 3.6). Overall, the parameters have much less influence on the reaction as compared to the 

previous combinations of substrates and alcohols. Only at temperatures lower than 60 °C, a more 

emphasized impact is notable, resulting in significantly lower conversions (entries 7, 8 ). Similarly, 

the pressure dependency at the optimal temperature of 80 °C is negligible, and no trend is 

observable (entries 9 -11). Since only minor influences of the temperature and the pressure were 

observed, the influence of the base on the reaction was further studied (entries 12-14). Remarkably, 

even in the absence of a base, the reaction succeeded without deprotection or other side reactions, 

and similar conversions around 65% were observed in a pressure dependency study. 

Table 3.6. Optimization of reaction conditions of isomerizing methoxycarbonylation of C18,u-(NPhth) .a 

entry  T [°C] p [bar]  conv. CH3
b [%] conv. CH2

c [%] 

1 110 20 60 56 

2 100 20 63 55 

3 90 20 64 59 

4 80 20 65 59 

5 70 20 63 58 

6 60 20 57 52 

7 50 20 31 29 

8 40 20 23 22 

9 80 10 64 61 

10 80 20 65 59 

11 80 50 65 61 

12d 80 10 64 60 

13d 80 20 66 62 

14d 80 50 66 62 

a reaction conditions: 6.00 mmol of C18,u-(NPhth ), 8.0 mL of MeOH, 0.8 mol% of 

Pd(OTf)2 , 0.8 mol% of py, T and p as given, t = 90 h. b determined by 1H NMR 

spectroscopy by comparison of the methyl ester group vs. the aliphatic chain end.  

c determined by 1H NMR spectroscopy by comparison of the two methylene groups 

adjacent to the functional groups. d reactions performed in the absence of pyridine. 
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To obtain further insights into the progress of reaction, isomerizing methoxycarbonylation of  

C18,u-(NPhth)  was monitored over time by periodically drawn samples, analyzed by 1H NMR 

spectroscopy (Figure 3.7). Compared to the previously studied substrates, C18,u-(NPhth)  reacts 

with a remarkable rate and already after 24 h a conversion of 84% is observed. However, upon 

reaching this conversion, no further consumption of the starting material is observable. Notably, 

the presence of pyridine has no influence on the rate and on the conversion, leading to virtually 

identical results. For the isolation of the generated phthalimide ester C19-(COOMe)( NPhth) , the 

crude product was recrystallized from heptane/iso-PrOH (9/1) to yield the pure compound (>99% 

as determined by HPLC) in 48%. 

 

Figure 3.7. Conversion over time of isomerizing methoxycarbonylation of C18,u-(NPhth)  under optimal conditions 
(T = 80 °C, p = 20 bar) in the presence (solid objects) and absence (open objects) of pyridine as determined by 1H NMR 
spectroscopy by comparison of the CH2 units adjacent to the functional groups (red) and by comparison of the CH3 units 
(black). Note that a corrected conversion is given, considering the amount of saturated C18-(NPhth)  present in the 
starting material. 

Isomerizing Methoxycarbonylation of Nitr iles  

As an alternative masking of amines but also for their own sake, nitriles were investigated in 

isomerizing methoxycarbonylation. Although the active N-H group is absent, nitriles are known to 

coordinate to transition metals and therefore are used as ubiquitous ligands. Naturally, this raises 

the question whether the catalyst is blocked by the functional groups, inhibiting the desired 

transformation. To enlighten the effect of a nitrile group, preliminary isomerizing 

methoxycarbonylation experiments of C18,u-(COOMe)  in the presence of a nitrile, namely 

acetonitrile, were conducted. For this purpose, methyl oleate was subjected to isomerizing 

methoxycarbonylation under standard conditions (T = 90 °C, p = 20 bar, t = 20 h) in the presence 

of equimolar amounts of acetonitrile (with respect to methyl oleate). Remarkably, the presence of 

nitriles was not only tolerated but also had a negligible effect on the conversion of the substrate. 

As GC measurement (for details cf. Chapter 3.4.6) further revealed that no new products were 

formed, subsequent experiments with oleonitrile  (C18,u-(CN)) were pursued. 
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To further account for the behavior of nitriles in alkoxycarbonylation reactions, oleonitrile , 

synthesized from oleamide by dehydration, was subjected to isomerizing methoxycarbonylation 

under standard conditions (T = 90 °C, p = 20 bar, t = 90 h) in the presence of pyridine. By GC 

measurements, it was found that the desired ʂ-ester ʝ-nitrile C19-(COOMe)(CN)  was formed in 

86% with a selectivity for the linear building block of  around 85%, comparable to (symmetric) 

isomerizing methoxycarbonylation of methyl oleate. Furthermore, a base was not required for the 

successful conversion, and identical results were obtained in the absence of pyridine. Hence, the 

influence of the reaction temperature and CO pressure were investigated without the addition of a 

base (Table 3.7). Generally, high and low temperatures are disfavored (entries 1-9), probably due 

to decreased catalyst lifetime and low catalyst activity, respectively, with the highest conversion 

reached around 80 and 70 °C. For the selectivity for the linear product, lower temperatures are 

favored. For a subsequent pressure dependency study a temperature of 70 °C was chosen. For the 

carbon monoxide pressure (entries 10-13), higher values are preferred, leading to close to 

quantitative conversions at 50 bar. 

Table 3.7. Optimization of reaction parameters of isomerizing methoxycarbonylation of C18,u-(CN).a 

entry  T [°C] p [bar]  conversion b [%] selectivity b,c [%] 

1 110 20 67 85 

2 100 20 75 85 

3 90 20 86 85 

4 80 20 89 89 

5 70 20 90 90 

6 60 20 82 92 

7 50 20 62 92 

8 40 20 45 92 

9 30 20 39 92 

10 70 5 52 91 

11 70 10 71 91 

12d 70 20 90 92 

13d 70 50 96 89 

a reaction conditions: 6.00 mmol of C18,u-(CN) , 8.0 mL of MeOH, 0.8 mol% of 

Pd(OTf)2 , T and p as given, t = 90 h. b determined by GC measurements.  

c selectivity for the linear 1,19-disubst. reaction product. 
 

Following the progress of reaction of isomerizing methoxycarbonylation of C18,u-(CN) under 

the determined optimal reaction conditions by periodically drawn samples analyzed by GC 

measurements confirmed and further illustrated the high reaction rate (Figure 3.8). For 

comparison, the progress of reaction of isomerizing methoxycarbonylation of C18,c-(COOMe)  was 
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studied under identical conditions. Indeed comparable rates were found, though C18,u-(COOMe ) is 

consumed faster compared to C18,u-(CN). Notwithstanding the lower rate, virtually complete 

conversion still is reached for oleonitrile with a conversion of 96% after 144 h. As for the selectivity 

to the linear reaction product, a value around 90% is observed for both compounds over the whole 

progress of reaction. For isolation of the desired linear C19-(COOMe)(CN) , the crude reaction 

mixture was recrystallized from methanol to yield the pure compound in 58% yield, as determined 

by GC measurements (>99% purity).  

 

Figure 3.8. Conversion (solid objects) and selectivity (open objects) over time of isomerizing methoxycarbonylation of 
C18,u-(CN) (ǅ) and C18,u-(COOMe)  ( ) at T = 70 °C, p = 50 bar in the absence of pyridine as determined by GC analysis. 

Comparative Picture of  Functional Groups in Isomerizing Alko xycarbonylation  

In comparison to isomerizing methoxycarbonylation of methyl oleate, all variations of the 

substrate functionality, leading to unsymmetric ʂȟʝ-difunctional building blocks decreased the 

reaction rate. For isomerizing benzyloxycarbonylation, the rate of alcoholysis is decisive for the 

lower productivity . The question arises how the different  functional groups influence the reaction. 

To identify a potential bottleneck, limiting the reaction rate, the isomerization of the different  

substrates was investigated in more detail. For this purpose, the double bond isomerization 

equilibria  of C18,u-(COOMe) , C18,u-(CONH 2), C18,u-(NPht h)  and C18,uɀ(CN) were studied by 1H NMR 

spectroscopy (Table 3.8). In the presence of 1 mol% of catalyst precursor Pd(OTf)2  and CD3OD, a 

rapid isomerization occurred at 30 °C, reaching the equilibrium within minutes  (Figure 3.9). Note 

that this was verified by remeasuring the samples after one week, revealing identical compositions. 
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Table 3.8. The content  of ʂȟʃ-unsaturated isomers in double bond isomerization equilibrium of various substrates.a 

substrate  (E)-ʂ,ʃ-unsat. b [%] (Z)-ʂ,ʃ-unsat. b [%] terminal. unsat .a [%] 

C18,u-(COOMe)  4.9 0.2 0.3 

C18,u-(CONH 2)  5.8 0.3 0.3 

C18,u-(NPhth)  0.9 n.d. 0.3 

C18,u-(CN)  0.6 0.6 0.3 

a reaction conditions: 0.13 mmol of  fatty acid substrate, 0.3 mL of CDCl3, 0.2 mL of CD3OD, 

1.0 mol% of Pd(OTf)2 , T = 30 °C. b determined by 1H NMR spectroscopy by comparison of 

the unsaturated CH signals. 
 

 

Figure 3.9. Double bond region of 1H NMR spectra of the isomerization equilibria of C18,u-(COOMe)  (black),  
C18,u-(CONH 2) (red), C18,uɀ(CN) (blue) and C18,u-(NPhth)  (green) in the presence of 1 mol% of Pd(OTf)2 . Note that the 
signal around ʆ = 5.76 ppm originates from palladium allyl species generated from linoleic acid derived compounds 
present in the technical grade starting materials used, as identified from 31P NMR spectra. 

From the isomerization equilibrium, the thermodynamic preference of certain positions can be 

determined. Whereas terminally unsaturated double bonds are strongly disfavored (approx. 0.3% 

in the equilibrium ), a preference for the ʂȟʃ-unsaturated double bond isomer can be observed for 

individual  substrates by the accumulation of this species. For carboxylic acid esters and amides an 

enrichment is visible and the (E)-species of the ʂȟʃ-unsaturated double bond isomer is present in 

4.9 and 5.8%, respectively. On the contrary, for nitriles , this double bond position is disfavored and 

only 1.2% of this isomer (as (E)- and (Z)-species) is observed. Similarly, the phthalimide shows a 
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portion of 0.9% of the ʂȟʃ-unsaturated isomer. Compared to the small nitrile group, for other 

substrates only traces of the corresponding (Z)-species of the ʂȟʃ-unsaturated isomer were 

observed, presumably on account of steric reasons. Nevertheless, despite the broad variety of the 

ratio of ʂȟʃ-unsaturated isomers for the individual substrate functionalities, the formation of a 

special double bond isomer, potentially acting as a rate-limiting energetic sink in isomerizing 

alkoxycarbonylation is not observed for any of the cases studied. 

3.2.3  AB-Type Monomers from Unsymmetric Building Blocks  

With these unsymmetric ʂ,ʝ-difunctional building blocks in hand s on a multigram scale, 

further functionalizations for the preparation of mid - to long-chain AB-type monomers for 

polycondensation were desired. For this reason, suitable strategies for the convenient access of 

precursors to polymers were investigated. 

Polyester Precursors  

For the preparation of polyesters, ʝ-hydroxy esters are suitable monomers. From unsymmetric 

benzyl methyl diesters C19-(COOMe)(COOBn)  and C12-(COOMe)(COOBn) , such monomers are 

accessible by an existing route from previous work.219 Hydrogenolysis of the benzyl ester group and 

selective reduction of the carboxylic acid hence were used for the preparation of these monomers 

(Scheme 3.6). 

 

Scheme 3.6. Preparation of ʝ-hydroxy esters C12-(COOMe)(OH)  and C19-(COOMe)(OH)  from benzyl methyl diesters 
C12-(COOMe)(COOBn)  and C19-(COOMe)(COOBn) . 

The cleavage of the benzyl ester was performed according to standard procedures by 

hydrogenolysis with Pd/C at an atmospheric hydrogen pressure at room temperature.231 The 

resulting monoesters C12-(COOMe)(COOH)  and C19-(COOMe)(COOH)  were subsequently 

recrystallized from heptane to yield the pure compounds in 61 and 66%, respectively. In a successive 

reduction with borane in THF, 232 the carboxylic acid generated is hydrogenated to the desired 

alcohol, giving monomers C12-(COOMe)(OH)  and C19-(COOMe)(OH)  in 51 and 84% yield, 

respectively, after column chromatography. 

Polyamide Precursors  

As outlined above, the different nitrogen-containing functionalities CONH 2, NPhth, and CN 

might serve as precursors to amines that can be used for the preparation of long-chain polyamides. 

In principle, amides can be reduced, phthalimides can be deprotected, and nitriles can be 
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hydrogenated to yield ʝ-amino esters, though the conditions applied have to be orthogonal to 

methyl ester cleavage, as a possible side reaction. For amides, this is challenging as primary amides, 

in general, are less reactive than esters in hydrogenations. Moreover, in hydrogenation reactions of 

amides, two possible reaction products can be formed: an alcohol via C-N bond cleavage or an 

amine via scission of the C-O bond (Scheme 3.7). 

 

Scheme 3.7. Hydrogenation of amides: C-N bond cleavage vs. C-O bond cleavage. 

As in test experiments, the use of reagents, reported for the successful reduction of primary 

amides to amines, such as NaBH4ɇBF3,233 BH3ɇTHF234 and NaBH3OAc235 led to no reduction or only 

unselective reduction of the ester and the amide functionality (Table 3.9), catalytic hydrogenation 

was investigated as an alternative. For this purpose, a ruthenium  catalyst system from the group of 

Milstein  reported for remarkable activity in a dehydrogenative (poly)condensation of alcohols and 

amines that is also active in hydrogenation was investigated for the hydrogenation of  

C19-(COOMe)(CONH 2) and C23-(COOMe)(CONH 2).236-238 As opposed to the synthesis of ʝ-amino 

esters, with t his catalyst, an alternative route was pursued. In a hydrogenation/dehydrogenation-

polymerization  process polyamides might be directly accessible, decreasing the total number of 

steps necessary (Scheme 3.8). 

Table 3.9. Attempted selective reduction of the amide functionality in C19-(COOMe)(CONH 2) using different reagents.a 

entry  reagent  T [°C] time  [h]  conv. [%]  remarks  

1b BH3ɇTHF rt  2 <3 only starting material recovered 

2b BH3ɇTHF 85 8 ~50 predominantly reduction of  the ester 

3c NaBH3OAc 110 5 <3 only starting material recovered 

4d NaBH4ɇBF3 75 3 >95 predominantly reduction of  the ester 

a reaction conditions: 0.29 mmol of C19,-(COOMe)(CONH 2), 10 mL of THF. b 2 equiv. of reagent used. 

c 5 equiv. of reagent used, dioxane was used as a solvent. d 5 equiv. of reagent used. 
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Scheme 3.8. Attempted formation of polyamides from C19-(COOMe)(CONH 2) and C23-(COOMe)(CONH 2) via a 
hydrogenation/dehydrogenation-polymerization.  

Thus, the hydrogenation properties of the Milstein catalyst Mi  were investigated. Preliminary 

experiments with dimethyl ester C19-(COOMe) 2 showed a virtually quantitative hydrogenation 

(>99%) of the ester functionalities could be observed at 10 bar of hydrogen. Similarly, 

hydrogenation of C19-(COOMe)(CONH 2) led to full consumption of the ester group, albeit the 

amide group was only hydrogenated partially. Furthermore, instead of the formation of an amine, 

only the formation of alcohols could be detected by 1H NMR spectroscopy. This suggests that a  

C-N scission took place, liberating ammonia as a side product. Indeed, this pathway is also proposed 

as the preferred mechanism from DFT calculations on this catalytic system, suggesting that a C-O 

bond has a higher dissociation energy than a C-N bond, leading to the observed outcome.239 

As catalytic hydrogenation did not lead to the desired products, alternative routes to precursors 

to polyamides were investigated. A long known reaction for the preparation of primary amines from 

primary amides is the Hofmann rearrangement.240 In this reaction, typically conducted in an 

alkaline aqueous solution of bromine, an isocyanate is generated from the amide that readily reacts 

with various kinds of nucleophil es (Scheme 3.9).241 Traditionally,  Hofmann rearrangement involves 

the nucleophilic attack of water, leading to the formation  of a carbamic acid as an unstable 

intermediate that eliminates CO2 to give a primary amine. Hence, starting from  

C19-(COOMe)(CONH 2), ʝ-amino ester C18-(COOMe)(NH 2) would be accessible, decreasing the 

total number of carbon atoms in the aliphatic segment by one. 

 

Scheme 3.9. Hofmann rearrangement of primary amides: Generation of an isocyanate with subsequent addition of a 
nucleophile. 

For Hofmann rearrangement of C19-(COOMe)(CONH 2), the initi ally reported procedure is not 

feasible as the basic conditions potentially lead to ester saponification. To promote this reaction, 
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hypervalent iodine species were used, reported for the successful Hofmann rearrangement in the 

presence of carboxylic acid derivatives under mild conditions.242 Thus, C19-(COOMe)(CONH 2) was 

treated with diacetoxyiodobenzene in a mixture  of ethyl acetate, n-propanol, and water at room 

temperatures in the absence of light. Under these conditions, the starting material was completely 

consumed, though instead of the desired amine, a urea derived ʂȟʝ-diester building block  

(C36,urea-(COOMe) 2) was obtained. The formation of this compound can be explained by a 

nucleophilic attack of the intermittent  isocyanate by the generated amine (Scheme 3.10). 

 

Scheme 3.10. Formation of a symmetric ʂ,ʝ-diester urea derivative Urea-C36-(COOMe) 2 by reaction of  
C18-(COOMe)(NCO)  with C18-(COOMe)(NH 2). 

In order to  suppress this side reaction, the nucleophilicity of the amine had to be decreased, 

preventing the addition of the compound to the isocyanate. Addition of an acid can accomplish 

this, protonating the amine and thus drastically reducing its nucleophilicity.  Whereas acetic acid 

was not sufficient for suppressing the formation of the urea derivative, the addition of 

trifluoroacetic acid led to the selective formation of C18-(COOMe)(NH 2) (Figure 3.10). By 

recrystallization of the corresponding hydrochloride from ethyl acetate with subsequent basic 

extraction, the ʝ-amino ester could be isolated in a yield of 71%. Using the same procedure for  

C23-(COOMe)(CON H 2) resulted in 57% of C22-(COOMe)(NH 2). As C36,urea-(COOMe) 2 in principle 

can be hydrolyzed, as well yielding the desired ʝ-amino esters, this was further studied. Yet, neither 

the application of a base (NaOMe) nor the use of acids (H2SO4) could succeed in hydrolysis or 

alcoholysis of the compound. 
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Figure 3.10. 1H NMR spectra of the characteristic signals for C19-(COOMe)(CONH 2) (black), C18-(COOMe)(NCO)  (red), 
C36,urea-(COOMe) 2 (blue) and C18-(COOMe)(NH 2) (green). 

For the preparation of ʝ-amino esters from phthalimide C19-(COOMe)(NPhth) , the cyclic 

imide has to be cleaved. Most commonly, this is achieved by hydrazinolysis, selectively cleaving the 

phthalimide group in the presence of other functional groups, such as esters (Scheme 3.11). In 

contrast to Hofmann rearrangement, no carbon atom is expelled here, thus leading to C19 monomer 

C19-(COOMe)(NH 2). After purification of  the hydrochloride, as described above, the desired 

polyamide precursor was obtained in pure form in 91% yield. 

 

Scheme 3.11. Hydrazinolysis of C19-(COOMe)(NPhth)  to C19-(COOMe)(NH 2). 

Besides hydrazinolysis of a phthalimide, C19-(COOMe)(NH 2) can also be accessed from  

C19-(COOMe)(CN)  by hydrogenation of the nitrile. Although nitriles can be readily hydrogenated, 

e.g. by using Pd/C and H2, these functionalities are more challenging substrates as compared to 

esters. As the intermediate imine is prone to a nucleophilic  attack, secondary and even tertiary 

amines can be formed in hydrogenation reactions (Scheme 3.12). Thus, selective hydrogenation of 

nitriles to primary amines is subject of intensive research.243,244 
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Scheme 3.12. Hydrogenation of nitriles to amines, including undesired pathways to the formation  of secondary and 
tertiary amines via intermittent  generation of imines. 

Despite this interest in selective nitrile hydrogenation, only a few examples are known for a 

nitril e hydrogenation conducted in the presence of esters. Remarkably, ruthenium based olefin 

metathesis catalysts are reported for this reaction.245 Applying the catalytic system described by 

Miao et al. (2nd generation Grubbs catalyst, G2 + base), C19-(COOMe)(CN)  could be hydrogenated 

successfully to C19-(COOMe)(NH 2). Isolating the desired compound in the aforementioned way 

gave the AB-type monomer in a yield of 74% (Scheme 3.13). 

 

Scheme 3.13. Hydrogenation of C19-(COOMe)(CN)  to give C19-(COOMe)(NH 2) catalyzed by ruthenium precatalyst G2. 

3.2.4  Preparation of Polycondensates  

With  the preparation and purification of ʝ-hydroxy and ʝ-amino esters C12-(COOMe)(OH) , 

C19-(COOMe)(OH) , C18-(COOMe)(NH 2), C19-(COOMe)(NH 2), and C22-(COOMe)(NH 2) 

established, the long-chain monomers (excluding C12-(COOMe)(OH) ) were studied in 

polymerizations. Thus, polyester -19 was prepared in a [Ti(O nBu)4] mediated polycondensation at 

elevated temperatures in vacuo. For polyamides polyamide -18, polyamide -19 (prepared from  

C19-(COOMe)(CN)  and C19-(COOMe)(NPhth) ), and polyamide -22, no catalyst is required and 

the polymers were prepared in 20 mL stainless steel autoclaves at elevated temperatures in vacuo 

(Table 3.10). 
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Table 3.10. Properties of polyester -19, polyamide -18, polyamide -19 and polyamide -22 prepared. 

entry  Tm,1
a [°C] Tm,2

a [°C] Tc
a [°C] ʛa,b [%] Mn,NMR

c 
[g mol -1]  

Mn,NMR
d 

[g mol -1]  
PDI d 

polyester -19 103 - 84 56 17.0 × 103 19.8 × 103 2.0 

polyamide -18 157 163 141 36 4.4 × 103 n.d. n.d. 

polyamide -19e 154 160 139 38 3.5 × 103 n.d. n.d. 

polyamide -19f  152 158 138 39 2.7 × 103 n.d. n.d. 

polyamide -22 150 156 136 37 5.9 × 103 n.d. n.d. 

a as determined by DSC measurements. b crystallinity with respect to 100% crystalline PE. c number 

average molecular weight as determined by 1H NMR spectroscopy. d number average molecular weight 

as determined by GPC measurements in trichlorobenzene. e monomer prepared from  

C19-(COOMe)(NPhth) . f monomer prepared from C19-(COOMe)(CN) . 
 

Polyester -19 exhibited a number average molecular weight around 20,000 g mol -1, as 

determined by 1H NMR spectroscopy and GPC measurements. With a melting point around 103 °C, 

it possesses thermal properties similar to polyester-19,19, prepared by polycondensation of C19  

ʂȟʝ-diesters, and diols.89 Compared to polyester -19, the polyamides prepared show significantly 

lower number average molecular weights around 3,000 g mol -1, as determined by 1H NMR 

spectroscopy. Due to insolubility in trichlorobenzene, the molecular weight could not be 

determined by GPC measurements with the instrumentation  available. Regarding the thermal 

properties, generally higher melting temperatures are obtained in comparison to polyesters as a 

consequence of intermolecular hydrogen bonding. In addition , the presence of multiple stable 

phases (from various possibilities for the orientation of the chain s for a favorable high content of 

hydrogen bonds) leads to two melting transitions observable in DSC. In comparison with  

polyamide-18,18 (Tm = 162 ɀ 164 °C)246 and polyamide-18 (Tm = 158 °C),247 melting transitions in a 

similar range are obtained for polyamide -18 (Tm = 157 °C), polyamide -19 (Tm ~ 153 °C), and 

polyamide -22 (Tm = 150 °C). Here, the influence of the hydrocarbon chain length is visible, leading 

ÔÏ Á ÄÅÃÒÅÁÓÉÎÇ ÍÅÌÔÉÎÇ ÔÅÍÐÅÒÁÔÕÒÅ ÄÕÅ ÔÏ ȬÄÉÌÕÔÉÏÎȭ ÏÆ ÔÈÅ ÁÍÉÄÅ ÇÒÏÕÐÓ ÁÎÄ ÔÈÕÓ ÏÆ ÔÈÅ ÈÙÄÒÏÇÅÎ 

bonds. On account of the intermolecular hydrogen bonds of polyamides, affecting the 

crystallization of the material, the crystallinity is influenced as well. Whereas polyester -19 reveals 

a semicrystalline character with a crystallinity (as determined by DSC) around 56% compared to 

the value for 100% linear polyethylene, polyamide -18, poly amide -19, and polyamide -22 exhibit 

crystallinities lower than 40%. 
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3.3  Conclusion  

The single-step access to long-chain aliphatic building blocks with functional groups in the  

ʂ- and ʝ-position to date was mainly limited to symmetric compounds, such as diesters.88 Although 

few examples have been published that can be used for the preparation of long-chain unsymmetric 

compounds, such as ʝ-hydroxylated,81 ʝ-formylated84 and ʝ-borylated93 esters, these approaches 

suffer from low yields and low selectivities for the linear compound. As opposed to the latter 

reactions, isomerizing alkoxycarbonylation can be tuned for the preparation of unsymmetric 

building blocks, as presented previously.219 Yet, only low conversions could be reached due to 

inappropriate reaction conditions. Starting from this point , an optimization of the reaction 

conditions and the investigation of further  fatty acid derived substrates used in an unsymmetric 

isomerizing alkoxycarbonylation were performed to reveal the scope of this useful method 

(Scheme 3.14). 

 

Scheme 3.14. The scope of unsymmetric isomerizing alkoxycarbonylation of fatty acid derived substrates to unsymmetric 
diesters and nitrogen containing building blocks. 

By this transformation , long-chain aliphatic building blocks with different terminal 

functionalities can be accessed in a single step. Depending on the substrate functionality and the 

alcohol employed, only marginal differences are observable in the reaction rate compared to well-

known (symmetric) isomerizing methoxycarbonylation of methyl oleate. Although certain  

substrates, such as amides, or the use of sterically hindered alcohols like benzyl alcohol lead to a 

lowered reaction rate, the exceptional stability over time of the catalyst still leads to conversions 
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РαΪГ. In the presence of a base, undesired transesterification /alcoholysis, resulting in  the 

formation of  a symmetric compound can be suppressed virtually completely  while only affecting 

the rate to a minor extent. For several substrates, the addition of a base can be omitted without 

negative impacts on the reaction outcome. Remarkably, even nitrogen containing functional 

groups, such as nitriles, known for their distinct coordination behavior to transition metals are 

tolerated without the occurrence of side reaction. 

The building blocks prepared can be used for the synthesis of long-chain aliphatic 

polycondensates. The corresponding AB-type monomers C12-(COOMe)(OH) , C19-(COOMe)(OH) , 

C18-(COOMe)(NH 2), C19-(COOMe)(NH 2), and C22-(COOMe)(NH 2) could be synthesized in good 

overall yields in polymerization grade purity  (Scheme 3.15). With a melting point of T m = 103 °C 

and a crystallinity of ʛ = 56% (vs. polyethylene), the synthesized polyester -19, exhibits properties 

suitable for thermoplastic processing. Polyamide -18, polyamide -19, and polyamide -22 possess 

higher melting transitions (T m ~ 160 °C) and a lower crystallinity around ʛ = 40%, as a consequence 

of intermolecular hydrogen bonding. These findings underline the versatility of unsymmetric 

isomerizing alkoxycarbonylation as a valuable tool for the preparative access to aliphatic long-chain 

ʂȟʝ-difunctional building blocks with different terminal functionalities.  
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Scheme 3.15. Synthesis of AB-type monomers from unsymmetric ʂȟʝ-difunctional building blocks.  
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3.4  Experimental Section  

3.4.1  Materials and General Considerations  

All reactions and manipulation of moisture and air sensitive substances were performed under 

an inert gas atmosphere using standard Schlenk or glovebox techniques. Solvents were dried under 

an inert atmosphere as follows: Toluene was distilled from sodium prior to  use. CH2Cl2 was distilled  

from CaH2, THF was distilled from blue sodium/benzophenone, and MeOH was distilled from 

magnesium turnings. Anhydrous benzyl alcohol was purchased from Sigma Aldrich and degassed 

before use. All dry and degassed solvents were stored under an inert atmosphere. Carbon monoxide 

(3.7 grade, 99.97% pure) and ethylene (3.5 grade, 99.95%) were supplied by Air Liquide. Methyl 

oleate (C18,u-(COOMe) , Dakolub MB9001 high oleic sunflower oil with 92.5% methyl oleate) 

provided by Dako AG was degassed before use. Oleic acid (C18,u-(COOH) , technical grade) and 

oleylamine (C18,u-(NH 2), technical grade) were purchased from Sigma Aldrich and used as received. 

Oleamide (C18,u-(CONH 2)) was prepared according to a procedure by Fong et al. and recrystallized 

from heptanes prior to  use.248 Methyl undecenoate (C11,ʝ-(COOMe) ) was synthesized from 10-

undecenoic acid and methanol following a procedure by Vijai Kumar Reddy et al. and used without 

further purification. 249 All other reagents were provided by Sigma Aldrich or TCI and used as 

received. [Pd(dtbpx)(OTf) 2] (Pd(OTf)2 ) and [(dtbpx)Pd(Me)(Cl)] were prepared according to 

reported procedures.89,250 Milstein catalyst Mi  (carbonylhydrido[6 -(di -t-butylphosphino -

methylene)-2-(N,N-diethylaminomethyl) -1,6-dihydropyridine]ruthenium(II))  was provided by 

abcr. 2nd generation Grubbs catalyst G2 ([1,3-bis-(2,4,6-trimethylphenyl) -2-imidazolidinylidene]di -

chloro(phenylmethylene)(tricyclohexylphosphino)ruthenium (II))  was supplied by Sigma Aldrich. 

Titanium tetrabutoxide ([Ti(O nBu)4]) was purchased from Sigma Aldrich and stored in a glovebox 

under inert gas atmosphere. All deuterated solvents for NMR spectroscopy were supplied by 

Eurisotop. Organic syntheses were monitored by TLC on Merck TLC silica gel 60 F254 plates on 

plastic sheets with F254 ǨÕÏÒÅÓÃÅÎÔ ÉÎÄÉÃÁÔÏÒȢ 4ÈÅ 4,# ÐÌÁÔÅÓ were stained with  an ethanolic 

phosphomolybdic acid solution for spot analysis. NMR spectra were recorded on a Varian Inova 

400 or a Bruker Avance 400 spectrometer. 1H and 13C chemical shifts were referenced to the solvent 

signals. NMR spectroscopy of polymers was performed in 1,1,2,2-tetrachloroethane-d2 at 130 °C. GPC 

analyses of polymers were carried out with a Polymer-Laboratories GPC220 instrument equipped 

with PLgel Olexis columns using the refractive index detector. Molecular weights were determined 

by calibration with PE standards at 160 °C in 1,2,4-trichlorobenzene (Flow rate: 1.0 mL minɀ1). GC 

analyses were performed using a Perkin Elmer Clarus 500 instrument with an autosampler 

equipped with an Elite-5 crossbond 5% diphenyl- 95% dimethyl polysiloxane column of 30 m 

ÌÅÎÇÔÈȟ ΪȢάί ÍÍ ÉÎÎÅÒ ÄÉÁÍÅÔÅÒ ÁÎÄ ΪȢάί ЪÍ ǢÌÍ ÔÈÉÃËÎÅÓÓȢ Two different methods (A and B) were 
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used for depending on the compounds analyzed. For method (A) (general method), the 

temperature of the oven was kept at 90 °C for 1 min, then heated from 90 °C to 280 °C with a heating 

rate of 30 Т# ÐÅÒ ÍÉÎÕÔÅȢ 4ÈÅ ǢÎÁÌ ÔÅÍÐÅÒÁÔÕÒÅ was held for 8 min. The injector was kept at 300 °C 

and the detector at 280 °C. Method (B) was used for C19-(COOMe)(COOBn)  and involved an oven 

temperature of 100 °C (kept for 1 min), then heated from 100 °C to 300 °C with a heating rate of 15 °C 

ÐÅÒ ÍÉÎÕÔÅȢ 4ÈÅ ǢÎÁÌ ÔÅÍÐÅÒÁÔÕÒÅ was held for 5 min. For both methods, the injection volume was 

1.0 µL and the carrier flow was set to 1.5 mL per minute. Analysis of the retention times and peak 

areas were performed using the TotalChrom software of Perkin Elmer. LC-MS analyses were 

conducted on an 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 

LCMS-solution software) with an EC 125/4 Nucleodur C18, 3 ʏ- ÃÏÌÕÍÎ ɉ-ÁÃÈÅÒÙ-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 minɀ1. Analytical high performance liquid chromatography (HPLC) was conducted 

on an LC-20A prominence system (pumps LC-20AT, autosampler SIL-20A, column oven CTO-

20AC, diode array detector SPD-M20A, ELSD-LT II detector, controller CBM-20A and LC-solution 

software) from Shimadzu using an EC 125/4 Nucleodur C18, 3 ʏ- ÃÏÌÕÍÎ ɉ-ÁÃÈÅÒÙ-Nagel). DSC 

analysis was performed on a Netzsch DSC 204 F1 at a heating rate of 10 °C per minute in a 

temperature range of -50 °C to 160 °C for polyesters. For polyamides, a range of -50 to 230 °C was 

used. All data reported are from second heating cycles. All elemental analyses were performed on 

an Elementar Vario MICRO cube elemental analyzer by the in-house Microanalysis Service. 

3.4.2  (Isomerizing) Alkoxycarbonylation Experiments  

Carbonylation reactions were run in stainless steel pressure reactors (Büchi miniclave (300 mL) 

with a mechanical stirrer and a heating/cooling mantle controlled by a temperature sensor dipping 

directly in the reaction mixture) or in 20 mL stainless steel pressure reactors equipped with a 

heating jacket, glass inlay, and magnetic stir bar. 

General Procedure for Unsymmetric I somerizing Benzyloxycarbonylati on 

Experiments  

The reactor was evacuated and purged with argon several times. In a glovebox, the catalyst 

precursor Pd(OTf)2  (38.4 mg, 0.048 mmol) was weighed into a Schlenk tube equipped with a 

magnetic stir bar. The Schlenk tube was removed from the glovebox, and 6.00 mmol (1.78 g, 

2.03 mL) of methyl oleate (Dakolub MB 9001), 8.0 mL of benzyl alcohol and 0.048 mmol (3.8 mg, 

3.9 ʏÌɊ ÏÆ ÐÙÒÉÄÉÎÅ ×ÅÒÅ ÁÄÄÅÄ ÕÓÉÎÇ ÓÔÁÎÄÁÒÄ 3ÃÈÌÅÎË ÔÅÃÈÎÉÑÕÅÓȢ 4ÈÅ ÓÔÉÒÒÅÄ ÍÉØÔÕÒÅ ×ÁÓ ÃÁÎÎÕÌÁ-

transferred into the reactor in an argon counter stream. The reactor was then pressurized with 

carbon monoxide and heated to the desired temperature. After a reaction time of 90 h, the reactor 
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was cooled to room temperature and vented. The mixture was diluted with dichloromethane, 

filt ered over a silica plug and dried in vacuo. Conversion, selectivity and the extent of 

transesterification were determined by GC analysis. Isolation of pure linear unsymmetric  

1,19-disubstituted benzyl methyl diester was achieved by recrystallization from heptanes to yield 

the desired compound in high purity (>99% as determined by GC analysis) in 24% yield. Mid-chain 

benzyl methyl diester C12-(COOMe)(COOBn)  could be purified by recrystallization from methanol 

at -10 °C in 11% yield in a purity greater than 99% as determined by GC analysis. Note that on a 

larger scale, direct hydrogenolysis of the crude C12-(COOMe)(COOBn)  was found to be a more 

convenient approach. Subsequent recrystallization of the higher melting acid ester compound  

C12-(COOMe)(COOH)  allows for a better isolation and hence is more feasible. 

 

C19-(COOMe)(COOBn)  (x = 8): 1H NMR  (CDCl3ȟ ήΪΪ -(Úȟ άί Т#Ɋȡ ʆ К αȢέβ ɀ 7.27 (m, 5H,  

H-7), 5.11 (s, 2H, H-6), 3.65 (s, 3H, H-1), 2.34 (t, 3JHH  = 7.5 Hz, 2H, H-έȭɊȟ άȢάγ ɉÔȟ 3JHH  = 7.5 Hz, 2H,  

H-3), 1.68 - 1.57 (m, 4H, H-4, H-ήȭɊȟ ΫȢέί - 1.21 (m, 26H, H-5) ppm; 13C{1H} NMR  (CDCl3, 100 MHz, 

25 Т#Ɋȡ ʆ К 174.3 (C-2), 173.7 (C-άȭɊȟ ΫέΰȢά - 128.2 (C-7), 66.1 (C-6), 51.4 (C-1), 34.4 (C-έȭɊȟ έήȢά ɉ#-3), 

29.7 - 29.2 (C-5), 25.0 (C-4, C-ήȭɊ ÐÐÍȠ Elemental analysis  (%): calcd: 74.96 (C); 10.25 (H) found: 

74.64 (C); 10.43 (H); APCI-MS (m/z): 433.1 [M+H] +. 

C12-(COOMe)(COOBn)  (x = 1): 1H NMR  (CDCl3ȟ ήΪΪ -(Úȟ άί Т#Ɋȡ ʆ К αȢέβ ɀ 7.27 (m, 5H, H-7), 

5.10 (s, 2H, H-6), 3.65 (s, 3H, H-1), 2.34 (t, 3JHH  = 7.5 Hz, 2H, H-έȭɊȟ άȢάγ ɉÔȟ 3JHH  = 7.5 Hz, 2H, H-3), 

1.68 - 1.56 (m, 4H, H-4, H-ήȭɊȟ ΫȢέή - 1.22 (m, 12H, H-5) ppm; 13C{1H} NMR  (CDCl3, 100 MHz, 25 °C): 

ʆ К 174.3 (C-2), 173.7 (C-άȭɊȟ ΫέΰȢά - 128.2 (C-7), 66.1 (C-6), 51.4 (C-1), 34.4 (C-έȭɊȟ έήȢΫ ɉ#-3), 29.4 - 29.2 

(C-5), 25.0 (C-4, C-ήȭɊ ÐÐÍȢ Elemental analysis  (%): calcd: 71.82 (C); 9.04 (H) found: 72.01 (C); 8.94 

(H); APCI-MS (m/z): 335.0 [M+H] +. 

General Procedure for Unsymmetric I somerizing Methoxycarbonylation 

Experiments  

In the case of solid fatty acid derivatives 6.00 mmol of the corresponding substrate  

(C18,u-(CONH 2), C22,u-(CONH 2), or C18,u-(NPhth) ) was weighed in the reactor glass inlay. The 

reactor was assembled, evacuated and purged with argon several times. In a glovebox, catalyst 

precursor Pd(OTf)2  (38.4 mg, 0.048 mmol) was weighed in a Schlenk tube equipped with a magnetic 

stir bar. In the case of utilization of liquid fatty acid substrates  (C18,u-(COOMe)  or C18,u-(CN)), 

6.00 mmol these were added after removing the vessel from the glovebox, along with 8.0 mL of 

methanol and 0.048 mmol (3.8 mg, 3.9 ʏL) of pyridine using standard Schlenk techniques. The 
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stirred mixture was cannula-transferred into the reactor in an argon counter stream. The reactor 

was then pressurized with carbon monoxide and heated to the desired temperature. After a reaction 

time of 90 h, the reactor was cooled to room temperature and vented. The mixture was diluted with 

dichloromethane, filt ered over a silica plug to remove catalyst residues and palladium black and 

dried in vacuo. The conversion was determined by 1H NMR analysis or by GC, if possible. 

Purification of the crude ester amide C19-(COOMe)(CONH 2) was achieved by multiple 

recrystallizations from heptanes/ iPrOH (9/1) and a white solid was obtained in 27% yield in a purity 

greater than 99% (as determined by HPLC). 

 

C19-(COOMe)(CONH 2) (x = 1): 1H NMR  (CDCl3, 400 MHz, 25 Т#Ɋȡ ʆ К 5.36 (s, br, 2H, NH2), 3.66 

(s, 3H, H-1), 2.30 (t, 3JHH  = 7.5 Hz, 2H, H-3), 2.22 (t, 3JHH  = 7.6 Hz, 2H, H-έȭɊȟ ΫȢΰα - 1.56 (m, 4H, H-4, 

H-ήȭɊȟ ΫȢέα - 1.20 (m, 26H, H-5) ppm; 13C{1H} -NMR  (CDCl3, 100 MHz, 25 Т#Ɋȡ ʆ К 175.7 (C-άȭɊȟ 174.5 

(C-2), 51.6 (C-1), 36.1 (C-έȭ), 34.3 (C-3), 29.8 - 29.4 (C-5), 25.7 (C-ήȭ), 25.1 (C-4) ppm; Elemental 

analysis  (%): calcd: 70.34 (C); 11.51 (H); 4.10 (N) found: 70.21 (C); 11.53 (H); 4.21 (N) APCI-MS (m/z): 

342.3 [M+H] +. 

Ester amide C23-(COOMe)(CONH 2) was purified accordingly by recrystallization from 

heptanes/iPrOH (8/2) and was obtained as a white solid in 59% yield. 

 

C23-(COOMe)(CONH 2) (x = 5): 1H NMR  (CDCl3, 400 MHz, 25 Т#Ɋȡ ʆ К 5.35 (s, br, 2H, NH2), 3.66 

(s, 3H, H-1), 2.30 (t, 3JHH  = 7.6 Hz, 2H, H-3), 2.22 (t, 3JHH  = 7.5 Hz, 2H, H-έȭɊ, 1.68 - 1.59 (m, 4H, H-4, 

H-ήȭɊȟ ΫȢέΰ - 1.22 (m, 34H, H-5) ppm; 13C{1H} -NMR (CDCl3, 100 MHz, 25 Т#Ɋȡ ʆ К 175.5 (C-άȭɊȟ 174.5  

(C-2), 51.6 (C-1), 36.1 (C-έȭ), 34.3 (C-3), 29.8 - 29.3 (C-5), 25.7 (C-ήȭɊȟ άίȢΫ ɉ#-4) ppm; Elemental 

analysis  (%): calcd: 72.49 (C); 11.91 (H); 3.52 (N) found: 72.56 (C); 11.82 (H); 3.70 (N). 

From the resulting crude product, pure phthalimide ester C19-(COOMe)(NPhth)  was isolated 

by repetitive recrystallization from heptanes/ iPrOH (9/1) in 48% yield in a purity greater than 99% 

(determined by HPLC). 
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C19-(COOMe)(NPhth) : 1H NMR  (400 MHz, CDCl3, 25 °C): ʆ = 7.80 ɀ 7.66 (m, 4H, H-ΫȭɊȟ έȢΰή ɉÔȟ 

3JHH = 7.3 Hz, 2H, H-έȭɊȟ έȢΰέ ɉÓȟ έ(ȟ (-1), 2.26 (t, 3JHH = 7.3 Hz, 2H, H-3), 1.68 ɀ 1.53 (m, 4H, H-4,  

H-ήȭɊȟ ΫȢέί ɀ 1.16 (m, 28H, H-5) ppm; 13C{1H}  NMR  (100 MHz, CDCl3, 25 °C): ʆ = 174.4 (C-2), 168.6  

(C-άȭɊȟ ΫέέȢγ ɀ 123.2 (C-ΫȭɊȟ ίΫȢί ɉ#-1), 38.2 (C-έȭɊȟ έήȢά ɉ#-3), 29.8 ɀ 27.0 (C-Ȭήȟ #-5), 25.1 (C-4) ppm; 

Elemental analysis  (%): calcd: 73.49 (C); 9.47 (H); 3.06 (N) found: 73.81 (C); 9.66 (H); 3.38 (N) 

APCI-MS (m/z): 458.1 [M+H] +. 

From the crude product, the desired linear nitrile ester C19-(COOMe)(CN)  was isolated by 

repetitive recrystallization from methanol to yield the pure 1,19-difunctional compound in a purity 

greater than 99% in 58% yield (as determined by GC analysis). 

 

C19-(COOMe)(CN) : 1H NMR  (400 MHz, CDCl3, 25 °C): ʆ = 3.64 (s, 3H, H-1), 2.31 (t, 3JHH = 7.2 Hz, 

2H, H-8), 2.28 (t, 3JHH = 7.5 Hz, 2H, H-3), 1.67 ɀ 1.57 (m, 4H, H-4, H-7), 1.45 ɀ 1.39 (m, 2H, H-6), 1.33 

ɀ 1.18 (m, 24H, H-5) ppm; 13C{1H}  NMR  (100 MHz, CDCl3, 25 °C): ʆ = 174. 4 (C-2), 119.9 (C-9), 51.5  

(C-1), 34.2 (C-3), 29.7 ɀ 28.8 (C-5, C-6), 25.5 (C-7), 25.1 (C-4), 17.2 (C-8), ppm; Elemental analysis  

(%): calcd: 74.25 (C); 11.53 (H); 4.33 (N) found: 74.46 (C); 11.53 (H); 4.44 (N) APCI-MS (m/z): 

324.1 [M+H] +. 

General Procedure fo r I somerizing Alkoxycarbonyl ation with Monitoring over 

Time  

In the case of solid fatty acid substrates, the starting material (150.00 mmol) was weighed in 

and the assembled reactor was evacuated and purged with argon several times. Note that in  the 

case of C18,u-(NPhth) , only 100 mmol were used because of the high molecular weight and the 

resulting higher volume of the substrate. The amounts of catalyst and pyridine were adjusted to the 

quantity of material used. In a glovebox, the catalyst precursor Pd(OTf)2 (958.9 mg, 1.20 mmol) was 

weighed in a Schlenk tube equipped with a magnetic stir bar. Another Schlenk tube was charged 

with 120 mL of the desired alcohol and 96.9 µL of pyridine (94.9 mg, 1.20 mmol). In the case of 

utilization of liquid fatty acid s tarting materials, 150.00 mmol of  the substrate were also added at 

this point. The mixture was cannula-transferred into the preheated reactor in an argon counter 

stream. Successively, the catalyst precursor was dissolved in 20 mL of the alcohol and cannula-

transferred into the reactor. The reactor was pressurized with carbon monoxide and stirred at the 

desired temperature. Samples of approximately 4 mL were retrieved via a sampling valve at the 

bottom of the reactor at certain points in time, diluted with d ichloromethane and filt ered over a 
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silica plug. The solvent was removed in vacuo, and the residue was analyzed by GC or 1H NMR 

spectroscopy, respectively. 

General Procedure fo r Alkoxycarbonylation of Ethylene  with Monitoring over 

Time  

Alkoxycarbonylation experiments of ethylene were conducted in a 200 mL stainless steel 

pressure reactor with a sampling valve. The reactor was charged with 180 mL of the desired alcohol, 

192.0 µmol of Pd(OTf)2  and 1.50 mmol of methyl hexanoate as an intern al standard for GC analysis. 

In the case of the presence of a base, 192.0 µmol of pyridine were added as well. Subsequently, the 

reactor was heated to 55 °C and pressurized with ethylene (4 bar, ~30.00 mmol) and carbon 

monoxide to a total pressure of 50 bar. Samples of approximately 4 mL were retrieved via a sampling 

valve at the bottom of the reactor at certain points in time and directly analyzed by GC analysis. 

General Procedure fo r Alcoholysis experiments of [(dtbpx)Pd{ 13C(=O)Me}Cl]  

In an NMR tube with serum cap, 15 mg (27.2 µmol) of [(dtbpx)Pd(Me)(Cl)] were dissolved in 

0.5 mL of CD2Cl2, followed by the addition of 2 equiv. of 13CO (calculated according to ideal gas 

behavior) via syringe. In the case of the addition of a base, 1 equiv. of pyridine was added prior to 

the addition of 13CO. After vigorously shaking the tube, 10 equiv. of BnOH were added via syringe 

to the generated palladium acyl species and the alcoholysis was monitored by means of 1H NMR 

spectroscopy at room temperature by evolution of the alcoholysis products. 

3.4.3  Preparation of Starting Materials and AB -Type Monomers  

Synthesis of N-Oleylphthalimide ( C18,u -(NPhth) )  

In a 500 mL round bottom flask, 50.0 g (0.187 mol) of C18,u-(NH 2) and 27.7 g (0.187 mol) of 

phthalic anhydride were heated to 150 °C and stirred for 18 h under vacuum. The brown mixture 

was cooled to room temperature and dissolved in dichloromethane. After the organic phase was 

washed with a saturated aqueous Na2CO3 solution, water, and brine the solution was dried over 

MgSO4 and filt ered over a short silica plug. The solvent was removed by rotary evaporation, and 

the crude product was recrystallized from ethanol at 6 °C in 63% yield (74.5 g) as a mixture of  

(E)-/( Z)-isomers and the corresponding saturated compound (approx. 75% of unsaturated 

phthalimide ). 
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1H NMR  (400 MHz, CDCl3, 25 °C): ʆ = 7.85 ɀ 7.66 (m, 4H, H-1), 5.40 ɀ 5.27 (m, 2H, H-7), 3.66 

(t, 3JHH = 7.4 Hz, 2H, H-3), 2.03 ɀ 1.90 (m, 4H, H-6), 1.70 ɀ 1.61 (m, 2H, H-4), 1.36 ɀ 1.21 (m, 22H,  

H-5), 0.86 (t, 3JHH = 6.9 Hz, 3H, H-8) ppm; 13C{1H}  NMR  (100 MHz, CDCl3, 25 °C): ʆ = 168.5 (C-2), 

133.9 (C-1), 132.2 (C-1), 130.7 ɀ 129.9 (C-7), 123.2 (C-1), 38.2 (C-3), 32.7 ɀ 22.8 (C-4, C-5, C-6), 14.2  

(C-8) ppm. 

Synthesis of Oleonitrile ( C18,u -(CN) )  

In a 1 L round bottom flask, 260.0 g (0.924 mol) of C18,u-(CONH 2) and 335 mL (550.0 g, 

4.62 mol) of thionyl chloride were stirred at 80  °C for 4 h. Excessive thionyl chloride was removed 

under reduced pressure, and the brown mixture was dissolved in petrol ether, washed with 0.5 N 

aqueous NaOH, water, and brine. After the organic phase was dried over MgSO4 and filt ered over 

a short silica plug the solvent was removed by rotary evaporation and the crude product was 

distilled in vacuo affording a slightly yellow oil in 60% (145.5 g) yield. 

 

1H NMR  (400 MHz, CDCl3, 25 °C): ʆ = 5.40 ɀ 5.28 (m, 2H, H-6), 2.31 (t, 3JHH = 7.2 Hz, 2H, H-2), 

2.04 ɀ 1.92 (m, 4H, H-5), 1.69 ɀ 1.59 (m, 2H, H-3), 1.48 ɀ 1.22 (m, 20H, H-4. H-7), 0.86 (t, 3JHH = 6.9 Hz, 

3H, H-8) ppm; 13C{1H}  NMR  (100 MHz, CDCl3, 25 °C): ʆ = 130.2 (C-6), 129.6 (C-6), 119.9 (C-1), 32.0 ɀ 

28.8 (C-4), 27.3 (C-5), 27.2 (C-5), 25.5 (C-3), 22.7 (C-7), 17.2 (C-2), 14.2 (C-8) ppm. 

General Procedure for the Cleavage of Benzyl Esters  

The hydrogenolysis of benzyl methyl esters was typically performed according to a standard 

procedure for hydrogenolysis of benzyl esters.231 In a round bottom flask with an argon inlet benzyl 

methyl ester and 0.1 wt-% Pd/C (10 wt-%) were suspended in 50 ml of dry THF. The flask was purged 

with hydrogen and closed with a septum stopper. A balloon with hydrogen was attached to the 

flask and the slurry was stirred at room temperature overnight. The mixture was filtered over a 

silica plug with CH2Cl2/THF 7/3. After the solvent was removed by rotary evaporation the crude 

products C12-(COOMe)(COOH)  and C19-(COOMe)(COOH) were purified by recrystallization 

from heptanes (at 6 °C and room temperatures, respectively), to yield the pure compounds in 61 

and 66%. 
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C12-(COOMe)(COOH)  (x = 1): 1H NMR  (CDCl3ȟ ήΪΪ -(Úȟ άί Т#Ɋȡ ʆ К ΫΫȢίά ɉÓ (br), 1H, COOH), 

3.65 (s, 3H, H-1), 2.33 (t, 3JHH  = 7.5 Hz, 2H, H-έȭɊȟ άȢάβ ɉÔȟ 3JHH  = 7.6 Hz, 2H, H-3), 1.66 - 1.56 (m, 4H,  

H-4, H-ήȭɊȟ ΫȢέΰ - 1.22 (m, 12H, H-5) ppm; 13C{1H} NMR  (CDCl3, 100 -(Úȟ άί Т#Ɋȡ ʆ К 180.2 (C-άȭɊȟ 

174.5 (C-2), 51.6 (C-1), 34.2 (C-3), 34.2 (C-έȭɊȟ άγȢί - 29.1 (C-5), 25.1 (C-4), 24.8 (C-ήȭɊ ÐÐÍȢ Elemental 

analysis  (%): calcd: 63.91 (C); 9.90 (H) found: 63.68 (C); 10.13 (H); APCI-MS (m/z): 245.0 [M+H] +. 

C19-(COOMe)(COOH)  (x = 8): 1H NMR  (CDCl3ȟ ήΪΪ -(Úȟ άί Т#Ɋȡ ʆ К ΫΫȢΪβ ɉÓ (br), 1H, COOH), 

3.66 (s, 3H, H-1), 2.34 (t, 3JHH   =7.5 Hz, 2H, H-έȭɊȟ άȢέΪ ɉÔȟ 3JHH  =7.5 Hz, 2H, H-3), 1.67 - 1.57 (m, 4H,  

H-4, H-ήȭɊȟ ΫȢέβ - 1.22 (m, 26H, H-5) ppm; 13C{1H} NMR  (CDCl3, 100 -(Úȟ άί Т#Ɋȡ ʆ К 179.4 (C-άȭɊȟ 

174.6 (C-2), 51.6 (C-1), 34.3 (C-3), 34.1 (C-έȭɊȟ άγȢβ - 29.2 (C-5), 25.1 (C-4), 24.8 (C-ήȭɊ ÐÐÍȠ Elemental 

analysis  (%): calcd: 70.13 (C); 11.18 (H) found: 70.18 (C); 11.20 (H); APCI-MS (m/z): 343.1 [M+H] +. 

General Pro cedure for the Synthesis of Ȓ-Hydroxy Esters  

According to a procedure by Gorczynski et al.,232 the monoester was dissolved in dry THF in a 

flame dried round bottom flask with  an argon inlet and cooled to 0 °C. Over a period of 45 min, 

1.1 equiv of BH3·THF complex (1.0 M in TH F) was added dropwise to the cooled solution. The 

reaction mixture was stirred at 0 °C for 30 min and then was stirred for 14 h at room temperature. 

The resulting slurry was quenched with 100 ml of water, the water phase was saturated with K2CO3, 

and the phases were separated. The water phase was washed with Et2O, and the combined organic 

layer was washed with brine and dried over MgSO4. The crude product obtained after removal of 

the solvent by rotary evaporation was purified by column chromatography using CH2Cl2/EtOAc 8/2 

to yield the desired compounds C12-(COOMe)(OH)  and C19-(COOMe)(OH)  as a white solid in 51 

and 84% yield, respectively. 

 

C12-(COOMe)(OH)  (x = 1): 1H NMR  (CDCl3, 400 MHz, 25 Т#Ɋȡ ʆ К 3.65 (s, 3H, H-1), 3.62 (t, 

3JHH  = 6.6 Hz, 2H, H-8), 2.30 (t, 3JHH  = 7.6 Hz, 2H, H-3), 1.65 - 1.50 (m, 4H, H-4, H-7), 1.46 (s, br, 1H, 

OH), 1.37 - 1.23 (m, 14H, H-5, H-6) ppm; 13C{1H} -NMR  (CDCl3, 100 MHz, 25 Т#Ɋȡ ʆ К ΫαήȢί ɉ#-2), 63.1 

(C-8), 51.5 (C-1), 34.2 (C-3), 32.9 (C-7), 29.7 - 29.2 (C-5), 25.9 (C-6), 25.1 (C-4) ppm; Elemental 

analysis  (%): calcd: 67.79 (C); 13.38 (H) found: 67.97 (C); 11.22 (H); APCI-MS (m/z): 230.9 [M+H] +. 

C19-(COOMe)(OH)  (x = 8): 1H NMR  (CDCl3, 400 MHz, 25 Т#Ɋȡ ʆ КέȢΰΰ ɉÓȟ έ(ȟ (-1), 3.64 (t, 

3JHH  = 6.6 Hz, 2H, H-8), 2.28 (t, 3JHH  = 7.6 Hz, 2H, H-3), 1.66 - 1.52 (m, 4H, H-4, H-7), 1.39 - 1.20 (m, 

28H, H-5, H-6) ppm; 13C{1H} -NMR  (CDCl3, 100 MHz, 25 Т#Ɋȡ ʆ К ΫαήȢί ɉ#-2), 63.2 (C-8), 51.6 (C-1), 
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34.3 (C-3), 33.0 (C-7), 29.8 - 29.3 (C-5), 25.9 (C-6), 25.1 (C-4) ppm; Elemental analysis  (%): calcd: 

73.12 (C); 12.27 (H) found: 73.10 (C); 12.25 (H); APCI-MS (m/z): 329.1 [M+H] +. 

Synthesis of Met hyl 18 -Amino Octadecanoate ( C18-(COOMe)( NH2) )  

In a 1 L round bottom flask, 3.00 g (8.78 mmol) of amide ester C19-(COOMe)(CONH 2) were 

dissolved in 600 mL of THF and cooled in an ice/water bath. 60 mL of a water/trifluoroacetic acid 

mixture (1:1 v/v) and 3.63 g (11.41 mmol) of diacetoxyiodobenzene were added, and the flask was 

closed with a bubble counter. The mixture was allowed to warm to room temperature slowly while 

stirring in the dark. After 23 h the solvent was removed in vacuo, and the brown residue was 

dissolved in ethyl acetate. 20 mL of a 2 N etherous HCl solution were added, and a white precipitate 

was formed that was filtered off. The precipitate was washed with ethyl acetate, acetone, and water 

subsequently and dissolved in chloroform. After washing thoroughly with 0.1 N NaOH solution, the 

solution was washed with brine, dried over magnesium sulfate, and the solvent was removed.  

ʝ-Amino ester C18-(COOMe)(NH 2) was obtained as pale yellow powder in 71% (1.96 g) and used 

with out further purification.  

 

C18-(COOMe)(NH 2) (x = 1): 1H NMR  (CDCl3, 400 MHz, 25 Т#Ɋȡ ʆ К 3.66 (s, 3H, H-1), 2.66 (t,  

3JHH  = 7.0 Hz, 2H, H-8), 2.30 (t, 3JHH  =7.5 Hz, 2H, H-3), 1.66 - 1.55 (m, 2H, H-4), 1.47 - 1.38 (m, 2H,  

H-7), 1.35 - 1.21 (m, 26H, H-5, H-6), 1.07 (s (br), 2H, NH) ppm; 13C{1H}  NMR  (CDCl3, 100 MHz, 25 °C): 

ʆ К ΫαήȢή ɉ#-2), 51.5 (C-1), 42.4 (C-8), 34.2 (C-3), 34.0 (C-7), 29.8 - 29.4 (C-5), 27.0 (C-6), 25.1 (C-4) 

ppm; Elemental analysis  (%): calcd: 72.79 (C); 12.54 (H); 4.47 (N) found: 72.77 (C); 12.15 (H); 4.56 

(N); APCI-MS (m/z): 314.0 [M+H] +. 

Synthesis of Methyl 22 -Amino Docosan oate ( C22 -(COOMe)( NH2) )  

According to the procedure for the synthesis of ʝ-amino ester C18-(COOMe)(NH 2), 3.00 g 

(7.54 mmol) of amide ester C23-(COOMe)(CONH 2) were treated with 3.16 g (9.81 mmol) of 

diacetoxyiodobenzene. After 42 h the solvent was removed in vacuo, and the brown residue was 

dissolved in ethyl acetate. 15 mL of a 2 N etherous HCl solution were added, and a white precipitate 

was formed that was filtered off. The precipitate was washed with ethyl acetate, acetone, and water 

subsequently and dissolved in chloroform. After washing thoroughly with 0.1 N NaOH solution, the 

solution was washed with brine, dried over magnesium sulfate and the solvent was removed.  

ʝ-Amino ester C22-(COOMe)(NH 2) was obtained as pale yellow powder in 57% (1.58 g) and used 

without further purification.  
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C22-(COOMe)(NH 2) (x = 5): 1H NMR  (CDCl3, 400 MHz, 25 Т#Ɋȡ ʆ КέȢΰ5 (s, 3H, H-1), 2.67 (t,  

3JHH  = 6.9 Hz, 2H, H-8), 2.29 (t, 3JHH  = 7.5 Hz, 2H, H-3), 1.65 - 1.56 (m, 2H, H-4), 1.46 - 1.37 (m, 2H,  

H-7), 1.33 - 1.21 (m, 34H, H-5, H-6), 1.07 (s (br), 2H, NH) ppm; 13C{1H}  NMR  (CDCl3, 100 MHz, 25 °C): 

ʆ К ΫαήȢ5 (C-2), 51.6 (C-1), 42.5 (C-8), 34.3 (C-3), 34.1 (C-7), 29.8 - 29.3 (C-5), 27.1 (C-6), 25.1 (C-4) 

ppm; Elemental analysis  (%): calcd: 74.74 (C); 12.82 (H); 3.79 (N) found: 74.60 (C); 12.64 (H); 3.88 

(N). 

Synthesis of Met hyl 19 -Amino Nonadecanoate ( C19 -(COOMe)(NH 2) )  

Hydrazinolysis of C19-(COOMe)(NPhth ). In a 500 mL round bottom flask, 5.00 g 

(10.93 mmol) of phthalimide C19-(COOMe)(NPhth ) and 2.73 g (54.63 mmol) hydrazine hydrate 

were stirred at 400 mL MeOH at 80 °C for 5 h. After the solvent was removed in vacuo, the residue 

was dissolved in chloroform, washed with aqueous NaOH, brine and dried over magnesium sulfate. 

A white solid was obtained in 91% (1.96 g) that was used without further purification.  

Hydrogenation of C19-(COOMe)(CN ). 0.10 g (1.80 mmol) KOH were degassed in a 20 mL 

stainless steel pressure reactor at 80 °C. 1.94 g (6.00 mmol) of nitrile ester C19-(COOMe)(CN ) and 

50.9 mg (0.06 mmol) of 2nd generation Grubbs catalyst (G2) were degassed in a Schlenk tube and 

dissolved in 8 mL of dry toluene. The solution was cannula transferred into the reactor under inert 

gas atmosphere, and the reactor was closed and pressurized with 20 bar of hydrogen. After 40 h of 

stirring at 80 °C, the reaction was stopped, and the reactor was opened. The yellow suspension was 

dissolved in methanol, and an excess of trifluoroacetic acid was added. After stirring the mixture 

for 3 h at 80 °C to esterify saponified ester groups, the solvent was removed. The residue was 

dissolved hot ethyl acetate, and an excess of 2 N etherous HCl was added. The white precipitate 

was filtered off, washed with EtOAc, acetone, and water, dissolved in chloroform, washed 

thoroughly with aqueous NaOH and brine and dried over MgSO4. A white solid was obtained in 

74% (1.45 g) and used without further purification.  

 

1H NMR  (CDCl3, 400 MHz, 25 Т#Ɋȡ ʆ К 3.64 (s, 3H, H-1), 2.66 (t, 3JHH  = 7.0 Hz, 2H, H-8), 2.28 (t, 

3JHH  = 7.5 Hz, 2H, H-3), 1.65 - 1.54 (m, 2H, H-4), 1.50 - 1.38 (m, 2H, H-7), 1.35 ɀ 1.19 (m, 28H, H-5,  

H-6) , 1.06 (s (br), 2H, NH) ppm; 13C{1H}  NMR  (CDCl3, 100 MHz, 25 Т#Ɋȡ ʆ К ΫαήȢή ɉ#-2), 51.5 (C-1), 

42.3 (C-8), 34.3 (C-3), 33.8 (C-7), 29.8 - 29.3 (C-5), 27.0 (C-6), 25.1 (C-4) ppm; Elemental analysis  

1

3

4

5

2
8 6

7

1

3

4

5

2
7

8 6



3. Unsymmetric Compounds via Isomerizing Alkoxycarbonlyation 

74 

(%): calcd: 73.34 (C); 12.62 (H); 4.28 (N) found: 73.02 (C); 11.93 (H); 4.35 (N) APCI-MS (m/z): 

328.1 [M+H] +. 

Catalytic Hydrogenation of Diester  C19 -(COOMe) 2 

In a 25 mL, Schlenk tube, 0.36 g (1.00 mmol) of diester C19-(COOMe) 2 were degassed, followed 

by addition of 4.5 mg (0.01 mmol) of Milstein catalyst Mi  in a glovebox. The solids were dissolved 

in 10 mL of dry THF and cannula transferred into a 20 mL stainless steel pressure reactor (evacuated 

and purged with nitrogen several before the addition) in a hydrogen counter stream. The reactor 

was closed, pressurized with 10 bar of hydrogen and stirred at 115 °C for 16 h. After the reactor was 

cooled to room temperature, it was vented, and the yellow solid was dissolved in chloroform. The 

crude reaction mixture was filtered through a short plug of silica with hot chloroform to remove 

catalyst residues, and the solvent was removed by rotary evaporation. After recrystallization from 

chloroform, diol C19-(OH) 2 was obtained as colorless needles in 91% yield (0.27 g, 0.91 mmol).  

 

1H NMR (400 MHz, CDCl3, 55 °C): ʆ = 3.64 (t, 3JHH = 6.6 Hz, 4H, H-1), 1.61 ɀ 1.53 (m, 4H, H-2), 

1.40 ɀ 1.24 (m, 56H, H-3, H-4), 1.21 (s (br), 2H, OH) ppm; 13C{1H}  NMR  (100 MHz, CDCl3, 55 °C): ʆ = 

63.3 (C-1), 33.1 (C-2), 29.9 ɀ 29.6 (C-4), 26.0 (C-3) ppm 

3.4.4  Preparation of Polymers  

General Procedure for the Preparation of Polyamides  

In a 20 mL stainless steel pressure reactor, a glass inlay was charged with 1.00 g of ʝ-amino 

ester and 4.00 mL of distilled water. The reactor was closed and degassed prior to pressurizing with 

10 bar of nitrogen. After heating to 190 °C for 3.5 h, the pressure was slowly released, and vacuum 

was applied for 4 h. The cooled reactor was vented and opened, to yield a light yellow material in 

quantitative yield . 

General Procedure for the Preparation of Polyesters  

Polycondensations of ʝ-hydroxy esters were performed in a 100 mL two-necked Schlenk tube 

equipped with a mechanical stirrer. The monomer was degassed at 110 °C, and a solution of 

[Ti(O nBu)4] (500 ppm) in dry toluene was added. The temperature was increased stepwise to 200 °C 

and vacuum was applied. After 22 h the resulting highly viscous polymer melt was cooled to 100 °C, 

dissolved in toluene and precipitated from methanol. 
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3.4.5  Determination of Conversion of Isomerizing 

Methoxycarbonylations via 1H NMR Spectroscopy  

Isomerizing Methoxycarbonylation of Oleamide ( C18,u -(CONH 2) )  

 

Figure 3.11. 1H NMR spectrum of the crude reaction mixture of isomerizing methoxycarbonylation of C18,u-(CONH 2). 

The conversion of isomerizing methoxycarbonylation of C18,u-(CONH 2) was estimated by 

comparison of signal intensities of the methylene groups adjacent to the functionalities (1 and 2 in 

Figure 3.11), as well as by comparison of the methyl units 3 and 4 according to following relations: 

ὧέὲὺὩὶίὭέὲ 
ς᷿

ρ᷿
 

ὧέὲὺὩὶίὭέὲ
σ᷿

σ᷿ τ
 

Since both ratios lead to the same value, this relation was used for estimation of conversion. A 

selectivity could not be estimated, although several methyl ester signals are present in the 

spectrum. Without identification of all side products, this seemed to be unreasonable. 
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Isomerizing Methoxycarbonylation of N-Oleylphthalimide ( C18,u -(N Phth ) )  

 

Figure 3.12. 1H NMR spectrum of the crude reaction mixture of isomerizing methoxycarbonylation of C18,u-(NPhth) . 

The conversion of isomerizing methoxycarbonylation of C18,u-(NPhth)  was estimated by 

comparison of signal intensities of the methylene groups adjacent to the functionalities (1 and 2 in 

Figure 3.12), as well as by comparison of the methyl units 3 and 4 according to following relations: 

ὧέὲὺὩὶίὭέὲ 
ς᷿

ρ᷿
 

ὧέὲὺὩὶίὭέὲ
σ᷿

σ᷿ τ
 

Although methyl ester signal 3 overlaps with methylene signal 1, an overestimation could not 

be observed, and comparison of both ratios lead to the same conversion. As already mentioned for 

oleamide, estimation of the selectivity was not possible by 1H NMR spectroscopy. 
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3.4.6  Determination  of Conversi on and Selectivity  of  Isomerizing 

Alkoxycarbonylations via  GC Analysis  

Isomerizing Benzyloxycarbonylation of Methyl Oleate ( C18,u -(COOMe) )  

 

Figure 3.13. GC trace of the crude reaction mixture of isomerizing benzyloxycarbonylation of C18,u-(COOMe)  after 
workup. 

Conversions, selectivity, and degree of transesterification of isomerizing 

benzyloxycarbonylation experiments of methyl oleate were determined by GC analysis. According 

to the signals depicted in Figure 3.13, the conversion of methyl oleate (MO ) to benzyl methyl esters 

(BME) was determined by the following equation: 

ὧέὲὺ
║᷿╜╔ ║᷿╜╔ᴂ

╜᷿╞ ╜᷿╞ᴂ ║᷿╞ ║᷿╞ᴂ ║᷿╜╔ ║᷿╜╔ᴂ
 

Likewise, the selectivity for the desired linear product (BME) was determined by: 

ίὩὰὩὧὸὭὺὭὸώ
║᷿╜╔

║᷿╜╔ ║᷿╜╔ᴂ
 

Additionally, the degree of transesterification, leading to the formation  of benzyl esters, could 

be estimated by the following equation. Note that due to incompatibility of dibenzyl esters with 
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the GC program used, this was estimated solely from the content of benzyl oleate and its double 

bond isomers (BO + "/ȭ): 

ὸὶὥὲίὩίὸὩὶὭὪὭὧὥὸὭέὲ
║᷿╞ ║᷿╞ᴂ

╜᷿╞ ╜᷿╞ᴂ ║᷿╞ ║᷿╞ᴂ ║᷿╜╔ ║᷿╜╔ᴂ
 

Isomerizing Methoxycarbonylation of Oleonitrile ( C18,u -(CN) )  

 

Figure 3.14. GC trace of the crude reaction mixture of isomerizing methoxycarbonylation of C18,u-(CN) after workup. 

Conversions and selectivity of isomerizing methoxycarbonylation experiments of oleonitrile 

were determined by GC analysis. According to the signals depicted in Figure 3.14, the conversion 

of oleonitrile ( ON) to nitrile esters (NE) was determined by the following equation: 

ὧέὲὺ
╝᷿╔ ╝᷿╔ᴂ

╞᷿╝ ╞᷿╝ᴂ ╝᷿╔ ╝᷿╔ᴂ
 

Likewise, the selectivity for the desired linear product was determined by: 

ίὩὰὩὧὸὭὺὭὸώ
║᷿╜╔

║᷿╜╔ ║᷿╜╔ᴂ
 

The degree of alcoholysis of the nitrile functionalities was not determined as no alcoholysis 

products could be observed in GC analysis and in NMR spectroscopy. 
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3.4.7  Determination  of Molecular Weights by 1H NMR 

Spectroscopy  

Polyesters  

For determination of the (number average) molecular weight of polyester -19, high 

temperature 1H NMR spectroscopy was used. For this calculation, the signals of the chain end 

groups have to be identified. In general, a polymerization of an AB-type ʝ-hydroxy ester catalyzed 

by [Ti(O nBu)4] leads to 3 possible chain end groups (Figure 3.15): 

¶ E1: methyl ester (ʆ = 3.71 ppm, s, 3H) 

¶ E2: hydroxymethylene (ʆ = 3.67 ppm, t, 2H) 

¶ E3: butyl ester (ʆ = 1.01 ppm, t, 3H) 

As every chain contains a hydroxymethylene chain end group, this signal can be solely used for 

molecular weight determination.  For calculation of the molecular weight, the number average 

degree of polymerization (DPn) was determined by comparison of the signal intensity of the 

backbone signal B1 adjacent to the ester oxygen with respect to the signal intensity of end group E2. 

DPn was determined according to the following equation: 

Ὀὖ
║᷿

╔᷿
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Figure 3.15. 1H NMR spectrum of polyester -19 at 130 °C in tetrachloroethane-d2. Insets: End groups for calculation of the 
number average molecular weight. 

 

Polyamides  

For the estimation of (number average) molecular weights of polyamides, high temperature 1H 

NMR spectroscopy was used. As dissolving polyamides generally requires the use of H-bond 

breaking solvents or reagents, the spectra were recorded in the presence of an excess of phenol. 

The following end groups could be observed (Figure 3.16):  

¶ E1: methyl ester (ʆ = 3.77 ppm, s, 3H) 

¶ E2: methylene group adjacent to methyl ester (ʆ = 2.45 ppm, t, 2H) 

¶ E3: methylene group adjacent to carboxylic acid (ʆ = 2.43 ppm, t, 2H) 

¶ E4: aminomethylene group (ʆ = 3.03 ppm, t, 2H) 

¶ E5: aminomethylene derived end groups 

Besides the expected end groups, various new signals emerged, probably derived from the 

amino group (E5). As every chain contains equal numbers of carboxylic acid derived and 

aminomethylene derived end groups, the molecular weight was determined solely from the 

assigned carboxylic acid derived end groups (E2, E3). For calculation of the molecular weight, the 
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number average degree of polymerization (DPn) was determined by comparison of the signal 

intensity of the backbone signal B1 adjacent to the amide with respect to the signal intensity of end 

groups E2 and E3. DPn was determined according to the following equation: 

Ὀὖ
║᷿

╔᷿ ╔᷿
 

 

 

Figure 3.16. 1H NMR spectrum of polyamide -18 at 130 °C in tetrachloroethane-d2 in the presence of phenol. Inset: End 
groups for calculation of the number average molecular weight. 
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4 
4 SYNTHESIS AND ROP OF MACROCYCLIC 

COMPOUNDS  

4.1  Introduction  

Aliphatic ʂȟʝ-difunctional compounds play a crucial role in a range of applications, for instance 

for the preparation of synthetic polymers, such as polyamides and polyesters. Besides such open-

chain compounds, their cyclic congeners represent interesting building blocks, as well. Small 

cycles, e.g. ʇ-caprolactone and ʇ-caprolactam are industrially relevant monomers for the 

preparation of polyesters and polyamides, respectively. Their synthesis relies on readily available 

cycloketones, used for Baeyer-Villiger oxidation of the  carbonyl functionality  and for Beckmann 

rearrangement of the corresponding oxime group. Comparable to these small cycles, their  

macrocyclic analogs represent a versatile class of compounds. Beyond the use as intermediates in 

organic synthesis or for polymerization purposes, such cycles are interesting for various fields of 

application. E.g. pentadecalactone, a macrolactone with an annual volume of around 100 to 1000 

metric tons,251 is mainly used in fragrances and various cosmetic products.252 

Although pentadecalactone is of evident interest for industrial applications, the synthesis of 

this compound remains challenging (cf. Chapter 1.2). In fact, pentadecalactone occurs naturally 

and thus rather is extracted from Angelica archangelica L. root oil than being produced 

synthetically. Generally, the lack of suitable starting materials prevents the convenient access to 

macrolactones, and tedious multistep organic syntheses have to be employed in order to synthesize 
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these compounds. The bottlen eck of the majority of the  synthesis strategies is the required high 

dilution in the cyclization step to exclude formation of dimeric and higher cycles. 

Apart from the aforementioned use of macrolactones in fragrances, ring-opening 

polymerization leads to interesting materials. In contrast to classical polycondensation reactions of 

AB-type or A2 and B2-type monomers, governed by a step-growth polymerization mechanism, ROP 

proceeds according to a chain-growth mechanism. This offers the potential for better control  of the 

polymerization and further can generally be performed under milder conditions, inhibiting 

undesired side reactions. Small cycles can be ring-opened enthalpy-driven due to the high ring 

strain in the monomer, leading to high molecular weights and narrow polydispersities. On the 

contrary, the driving force for ROP of (monomeric) macrocycles, lacking this driving force cannot 

be predicted accurately because of the lack of data.178 Yet, there are several reports on the efficient 

ROP of such macrolides. Pentadecalactone, as one of the few examples for successful ROP to high 

molecular weight polyesters, could be polymerized by various catalysts. While traditional systems, 

comprising Lewis acidic metal salts can be used for the effective ROP of small, strained cycles, they 

only yield low molecular weight polyesters when employed for macrolactones.253,254 Nevertheless 

outstanding results could be reported with aluminum salen complexes,187 yielding remarkably high 

molecular weights greater than 100,000 g mol -1. Likewise, enzymatic ring-opening polymerization 

using Candida antarctica lipase B (CALB) is reported for preparation of high molecular weight 

poly(pentadecalactone).255 

Recently, our group investigated the preparation and aluminum salen mediated ROP of a C19 

macrolactone, though only poor activity and low molecular weight polyesters could be obtained.219 

The question arises whether pentadecalactone thus reflects merely a special case, still being capable 

of ROP in spite of missing ring strain. To elucidate this, a further scrutinizing of this polymerization 

and also larger cycles are desirable, though due to the limited availability of these large rings to 

date there are no further examples.   
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4.2  Results and Discussion  

4.2.1  Preparation of Macrocyclic Lactones  

In previous work, a synthesis strategy for the preparation of macrocyclic lactones has been 

elaborated (Scheme 4.1).219 Starting from a monounsaturated fatty acid ester, saturated ʂȟʝ-diesters 

can be accessed via well-established isomerizing methoxycarbonylation.214 The crucial step in the 

successive preparation of the macrolactone is the ring closure, leading to a macrocycle. By acyloin 

condensation of the diesters, the full chain length of the hydrocarbon backbone can be 

incorporated into the cyclic product. Subsequent dehydroxylation and Baeyer-Villiger oxidation 

eventually lead to the desired lactones. 

 

Scheme 4.1. Preparation of a macrocyclic C19 lactone via acyloin condensation of the symmetric ʂȟʝ-diester  
C19-(COOMe) 2 prepared from plant oil based oleic acid.219 

Generally, polymerizations require large quantities of monomers. For this cause scaling up this 

synthesis strategy was desired. In order to reduce the preparative effort to a minimal extent, several 

modifications were made in comparison to the established procedure. 

Isomerizing Methoxycarbonylation of Fatty Acid Esters  

The synthesis strategy relies on readily available monounsaturated fatty acids, derived from 

renewable plant oils, as starting material. Oleic acid, the major component of high oleic sunflower 

oil could be used as suitable starting material for the synthesis of lactone C19,c-(-COO-). For the 

preparation of even larger cycles, C22 erucic acid was investigated as an alternative commercially 

available starting material. 

Isomerization of the double bond with selective functionalization at the ʝ-position leads to the 

formation of C19-(COOMe) 2 and C23-(COOMe) 2, respectively (cf. Chapter  1.1.2). This 

transformation can be accomplished by an isomerizing methoxycarbonylation using 

[Pd(dtbpx)(OTf) 2] (Pd(OTf)2 ) as catalyst precursor. In the presence of an alcohol, Pd(OTf)2  generates 
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[Pd]-H species Pd(H) (ROH) , capable of rapid isomerization of the double bond.90,224 Carbon monoxide 

inserts reversibly into the [Pd]-alkyl bond and forms a [Pd]-acyl species. In theory, all different 

palladium acyl species can undergo a subsequent alcoholysis step, leading to all kinds of different 

diesters. However, the steric bulk of the used diphosphine ligand DTBPX highly favors the 

alcoholysis of the terminal acyl species, resulting in high selectivities for the desired ʂȟʝ-diester. 

Hence, in an isomerizing methoxycarbonylation, C18,u-(COOMe)  and C22,u-(COOMe)  could be 

transformed in 89 and 72%, respectively. With a selectivity for the corresponding ʂȟʝ-diesters  

C19-(COOMe) 2 and C23-(COOMe) 2 of 89 and 84%, the desired product could be isolated in pure 

form in 75 and 53% after recrystallization, respectively. 

Acyloin Condensation of Ŭ,Ȓ-Diester s 

Ring closure generally is considered the key step in the formation  of cycles. Whereas the 

creation of small cycles with 5 or 6 ring members commonly is favored, the formation of larger 

cycles requires working under highly diluted conditions. For this reason, acyloin condensation, 

previously used for the cyclization of diester C19-(COOMe) 2 was utilized (Scheme 4.2).219 In 

contrast to other cyclization strategies, acyloin condensation further only occurs on the sodium ɀ 

solvent interface, thus leading to an additional pseudo-dilution of the starting material.  

 

Scheme 4.2. Acyloin condensation of ʂȟʝ-diesters C19-(COOMe) 2 and C23-(COOMe) 2. 

To simplify the reaction on a 50 g scale, some minor modifications were established. Instead of 

working with xylenes, toluene was used as a solvent. The high dilution required for selective 

generation of monomeric cycles was achieved by the slow addition of a solution of the diester to 

the sodium suspension. The crude cyclic acyloins C19,c-(-CO-CHOH -) and  

C23,c-(-CO-CHOH -) were purified by column chromatography to yield the pure compounds in 72 

and 66% yield, respectively. As a final characterization, ESI-MS measurements were conducted for 

the verification of the sole presence of monomeric cycles. For both acyloins, only the corresponding 

monomeric cycles could be observed (Figure 4.1). 
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Figure 4.1. ESI mass spectra of C19,c-(-CO-CHOH -) (top, x = 1) and C23,c-(-CO-CHOH -) (bottom , x = 5). 

Dehydroxylation of Cyclic Acyloins  

As a next step, the hydroxy group of the acyloin was removed by dehydroxylation. Using 

trimethylsilyl iodide as a reagent, originally applied for dehydroxylation of short -chain acyloins by 

Ho,256 selective dehydroxylation to the desired ketone was possible on a small scale (Scheme 4.3). 

In this way, C19,c-(-CO-) could be obtained in 77% yield on a 1 g scale after column 

chromatography.219  

 

Scheme 4.3. Dehydroxylation of acyloin C19,c-(-CO-CHOH -) to cycloketone C19,c-(-CO-). 

To simplify the reaction procedure, a study with different qualities of starting materials was 

performed. On a 1 g scale, crude acyloin C19,c-(-CO-CHOH -), filt ered over a short plug of silica to 

remove highly polar impurities  was used as starting material. As compared to a reaction under 

otherwise identical conditions with  acyloin purified by column chromatography, only negligible 

deviations regarding the yield after purification could be observed. Whereas the purified starting 

material yielded 75% of the cycloketone, crude acyloin resulted in 72% of the same compound. 

Consequently, purification of the acyloin was skipped, and the compound was directly used in the 

dehydroxylation after filtration through a short silica plug.  
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Performing this reaction on a 40 g scale, new species were emerging, as observed by 1H NMR 

spectroscopy. Besides the expected triplet of the methylene group adjacent to the carbonyl unit at 

ʆ = 2.40 ppm, two additional signals appeared at ʆ = 2.48 and 2.24 ppm, respectively, with similar 

intensities as the desired ketone (Figure 4.2). Reactions, conducted on a 1 g scale also revealed the 

presence of these species in 1H NMR spectroscopy albeit only traces of the side product could be 

detected. 

 

Figure 4.2. 1H NMR spectrum of the crude reaction mixture of dehydroxylation of C19,c-(-CO-CHOH -) using TMS-I. 

By column chromatography of the crude reaction mixture of the scaled up dehydroxylation, 

the compounds could be separated to yield the desired ketone in merely 32%. The major fraction, 

a honey-like liquid, was analyzed by NMR spectroscopy and ESI-MS. As a side product, a 

tetrasubstituted furan derivative, containing two C19 cycles as substituents was identified  ([M+H] +: 

m/ ztheor = 541.53; m/zobs = 541.56). By a reaction of cycloketone C19,c-(-CO-) with  starting material  

C19,c-(-CO-CHOH -) under acidic conditions, this furan (Furan -C38) might  be formed (Scheme 4.4). 

Indeed, Krepski et al. reported the formation of tetraaryl substituted furans by TMS-I induced 

dehydroxylation of benzoins.257 For verification of the proposed reaction, C19,c-(-CO-CHOH -) and 

C19,c-(-CO-) were treated with sulfuric acid to promote condensation, though no reaction could be 

observed. Presumably, the reaction involves intermediate species generated with TMS-I and 

therefore does not proceed at ambient conditions using sulfuric acid. As the formation of this furan 

is not the desired reaction pathway, this was not further investigated, though. 

 

Scheme 4.4. Generation of Furan -C38 via a side reaction of acyloin C19,c-(-CO-CHOH -) and cycloketone C19,c-(-CO-). 

a
a

a
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After identification of the signals in 1H NMR spectroscopy, the content of the furan derivative 

in the crude reaction mixture was calculated. As compared to a reaction on a 40 g scale with  a 

content of 53%, experiments on a 1 g scale showed a content of 7% of Furan -C38 in the crude 

mixture. These results suggest that the magnitude of the reaction is involved in this side reaction. 

Consequently, a dehydroxylation of C19,c-(-CO-CHOH -) on a 10 g scale was performed to verify this 

assumption. In this experiment only 12% of Furan -C38 could be observed in the crude product by 

1H NMR spectroscopy, supporting the previous assumption. In contrast, using 20 g of the acyloin 

as starting material veritably led to a content of 17% of the furan in the crude reaction mixture. A 

potential cause of this effect could be the addition of the highly reactive trimethylsilyl iodide. In 

order to avoid high local concentrations of the reagent, the TMS-I was added dropwise to the 

reaction vessel. Probably, parts of the acyloin were already dehydroxylated before all reagent was 

added and might react with the starting material in the undesired reaction pathway leading to the 

formation of the furan. As a result of this correlation, the dehydroxylation was performed on a sub 

20 g scale to circumvent this side reaction, to typically yield the desired C19 cycloketone in 72%. 

Accordingly, dehydroxylation of C23,c-(-CO-CHOH -) was conducted on a 15 g scale. Again, the 

formation of a furan derivative was observed in the crude reaction mixture via 1H NMR 

spectroscopy. In the 1H NMR spectrum, around 8% of the side product could be identified, that 

were removed by column chromatography to yield the desired ketone C23,c-(-CO-) in 74% yield. 

Baeyer -Villiger Oxidation of Cycloketones  

The final step for the synthesis of macrolactones involves Baeyer-Villiger oxidation of the 

cycloketones. A protocol , derived from a procedure for the oxidation of C14 cycloketones by Clyne 

and Weiler,258 was used previously for the synthesis of C19,c-(-COO-) on a 2 g in 84% yield (Scheme 

4.5).219 The system used comprised urea hydrogen peroxide as peroxide source, trifluoroacetic 

anhydride as an acid precursor for in situ generation of a peroxy acid and disodium phosphate for 

pH regulation. 

 

Scheme 4.5. Baeyer-Villiger oxidation of cycloketone C19,c-(-CO-) to lactone C19,c-(-COO-). 

To simplify the procedure and to reduce the excessive amount of salts generated in this step, 

other peroxy acids were investigated. meta-Chloroperbenzoic acid and peracetic acid thus were 

used in test reactions with C19,c-(-CO-) prior to an upscale of the lactone synthesis. Under standard 

conditions,147 protected from light , the oxidations were performed on a 0.5 g scale. With peracetic 
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acid, after 12 h of reaction at 60 °C, the 1H NMR spectrum revealed full consumption of starting 

material and the presence of several methylene units adjacent to an oxygen atom. Hence, the 

cycloketone was transformed into the lactone successfully, though at least two additional species 

could be observed, roughly in a 1:1 ratio with the desired lactone (Figure 4.3). The origin of these 

signals could be a ring-opening of the lactone with successive esterification of the hydroxyl group, 

leading to an acylated ʝ-hydroxy carboxylic compound. 

 

Figure 4.3. 1H NMR spectrum of the crude reaction mixture of Baeyer-Villiger oxidation of C19,c-(-CO-) using 3 equiv. of 
peracetic acid. 

In contrast to peracetic acid, working with mCPBA led to fewer side reactions. After 12 h at 

60 °C, 80% of the starting material could be converted into the desired lactone. Oxidation of the 

residual ketone was attempted by adding fresh peroxy acid reagent, though even after 5 cycles and 

a total of 7.5 equiv. mCPBA, traces of the starting material could be observed. After purification of 

the crude product by column chromatography, 1H NMR spectroscopy revealed traces of aromatic 

signals, probably arising from mCPBA. Furthermore, traces of a second methylene species adjacent 

to an oxygen could be observed. These results suggest that the lactone was partially opened and 

esterified with the acid present in the reaction. 

Since no satisfactory alternative procedure for Baeyer-Villiger oxidation could be found in these 

experiments, the upscale was performed with the urea peroxide system. On a 20 g scale, the C19 

ketone could be transformed quantitatively into the desired lactone and after purification by 

column chromatography, C19,c-(COO-) could be isolated in 85%. For C23,c-(-CO-) the same 

procedure was used and lactone C23,c-(-COO-) could be obtained in 79% yield. GC analysis revealed 

a purity greater than 99% for both lactones, suitable for polymerization purposes. 

4.2.2  Preparation of Macrocyclic Lactams  

Beyond lactones, macrocyclic lactams could be another interesting class of compounds. 

Industrially relevant C12 laurolactam is used for the preparation of polyamide-12, for instance, a 

a

a
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polyamide with substantially lower water uptake and better elastic and ductile properties at lower 

temperatures as compared to short-chain polyamides as polyamide-6.102,259 Generally, lactams can 

be prepared from cyclic oximes in a Beckmann rearrangement (Scheme 4.6).149 A direct reaction of 

the cycloketones is also possible in a Schmidt reaction, involving the use of azide compounds.260 

 

Scheme 4.6. Synthesis of macrocyclic lactams from cycloketones, e.g. via Beckmann rearrangement of cyclic oximes. 

For a direct transformation of the cycloketones, a Schmidt reaction according to Yadav et al. 

was performed.261 A system comprising FeCl3 as Lewis acid and TMS-N3 was reported for the 

preparation of laurolactam in 81% yield. Applying these reaction conditions to C19,c-(-CO-) did not 

lead to the formation  of the desired lactam, though. ESI-MS measurements and 1H NMR 

spectroscopy revealed the generation of a tetrazole instead of the desired lactam (Figure 4.4, top). 

Indeed, tetrazoles can be the major products in a Schmidt reaction under certain conditions.262 

After purification of the crude product, the tetrazole could be obtained in 55% yield. 

 

Figure 4.4. Top: 1H NMR spectrum of the tetrazole side product via Schmidt reaction of C19,c-(-CO-). Bottom: 1H NMR 
spectrum of lactam C19,c-(-CONH-) via in situ Beckmann rearrangement of C19,c-(-CO-). 

Apart from Schmidt reaction, an in situ Beckmann rearrangement is another possibility for the 

formation of lactams from cycloketones. E.g. hydroxylamine-O-sulfonic acid can be used for this 

transformation, as reported by Olah and Fung.263 Under the conditions stated in their protocol , 

C19,c-(-CO-) was treated with H2NOSO3H and formic acid under reflux to yield the desired lactam 

in 48% yield after column chromatography. The identity of C19,c-(-CONH-) could be 
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unambiguously confirmed by ESI-MS and 1H NMR spectroscopy (Figure 4.4, bottom).  Further, GC 

measurements revealed a purity of the compound greater than 99%. 

The same conditions could be used for the preparation of C23,c-(-CONH-) from C23,c-(-CO-). 

After column chromatography, the desired lactam could be obtained in yields as high as 87% in a 

purity greater than 99%, as determined by GC analysis. 

4.2.3  Ring -Opening P olymerization of Macrolactones  

With pure macrolactones C19,c-(-COO-) and C23,c-(-COO-) in hands on a multi gram scale, their 

behavior in ROP could be investigated. Prior to polymerization experiments, 1H NMR spectra of the 

latter lactones were compared to spectra of other (macro-)lactones, reported in the literature . As 

reported by Duda et al., the chemical shift of the methylene unit adjacent to the oxygen can be used 

for estimation of the ring strain in the cycle.254 Increasing the ring size generally leads to a 

decreasing chemical shift of the methylene protons in 1H NMR spectroscopy (Figure 4.5). As 

expected, the chemical shift of the methylene protons is decreasing compared to data for smaller 

cycles reported by Duda and coworkers, though in comparison to the resulting aliphatic polyesters, 

the chemical shifts of the cyclic compounds still are slightly higher. 254 Note that the differences in 

the 1H shift as well are attributed to different measurement conditions, as these polyesters typically 

are measured at elevated temperatures to dissolve the polymer. The relative difference of the 

chemical shifts of the corresponding methylene protons of C19,c-(-COO-) and C23,c-(-COO-) is 

negligible, and both signals appear at ʆ = 4.09 ppm. This suggests that the ring strain in these 

lactones is virtually identical and potentially reached a minimum, as evident from the close 

proximity to the typical shift of signals of open-chain polyesters. 

 

Figure 4.5. Ring size of lactones (total ring members) vs. chemical shift of the methylene unit adjacent to the oxygen 
atom in 1H NMR spectroscopy. Data for 1H NMR shift of lactones <C19 as reported by Duda and coworkers.254 Dashed line, 
indicating the trend of the chemical shift is merely a guide to the eye. Dotted line indicates the typical chemical shift of 
the methylene protons adjacent to the oxygen atom in aliphatic polyesters in 1H NMR spectroscopy. 
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Aluminum -Mediated ROP of Macrolactones  

As mentioned above, the group of Duchateau reported the preparation of high molecular 

weight polyesters by ROP of pentadecalactone.187 The system they used comprised [Al (salen)(Et)] 

(AlEt) as a precatalyst and benzyl alcohol as an initiator  (Scheme 4.7). Alternatively to this in situ 

approach, the aluminum complex can be activated by treating AlEt with one equivalent of benzyl 

alcohol, to obtain the catalytically active [Al]-OBn species AlOBn. 

 

Scheme 4.7. ROP of pentadecalactone catalyzed by aluminum salen complexes. 

Both systems were tested previously for the polymerization of C15,c-(-COO-) and  

C19,c-(-COO-).219 In contrast to Duchateau, reporting number average molecular weights of  

Mn Р 100,000 g mol -1 obtained with this catalyst system for pentadecalactone, our group obtained 

polyester -15 in a significantly lower Mn around 40,000 g mol -1. ROP of C19,c-(-COO-), yielding 

polyester -19, only resulted in low monomer conversion and Mn in the range of 10,000 g mol -1 

(Table 4.1).219 Further increase of the ring size, namely ROP of C23,c-(-COO-) resulted in even lower 

conversions and molecular weights. 

Table 4.1. ROP of macrolactones under different conditions catalyzed by aluminum salen complexes.a 

entry  ring  cat.  yield [%]  Tm
b [°C] Tc

b [°C] ɣ(m
b 

[J/g]  
Mn,NMR

c 
[g/mol]  

Mn,GPC
d 

[g/mol]  
PDI  

1e,f C15 AlEt 73 97 77 149 35.3 × 103 n.d. n.d. 

2e,f C15 AlOBn  80 97 76 146 38.8 × 103 n.d. n.d. 

3e C19 AlEt 23 103 84 165 10.3 × 103 6.4 × 103 2.7 

4e C19 AlOBn  17 103 84 164 7.6 × 103 4.9 × 103 2.6 

5 C23 AlEt 4 104 88 190 5.2 × 103 2.2 × 103 2.8 

6 C23 AlOBn  5 104 88 195 4.6 × 103 2.5 × 103 2.3 

a conditions: 0.24 mol% of Al-cat. (in case of AlEt, 0.24 mol% of BnOH were added to the ROP), 

T = 100 °C, t = 22 h. b as determined by DSC measurements. c number average molecular weight as 

determined by 1H NMR spectroscopy. d number average molecular weight as determined by GPC 

measurements in trichlorobenzene against PE standards. e data from previous results.219 f t = 4 h. 
 

Generally, increasing ring size led to decreasing activity in ROP of the macrolactones. Whereas 

C15,c-(-COO-) showed a high conversion after 4 h, macrolactones C19,c-(-COO-) and C23,c-(-COO-) 

were only ring-opened in traces even after 22 h. Similar results could be observed for Mn of the 

polyesters, and the smallest macrolactone showed the highest molecular weight. Although the ring 
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strain should be in an equally low range, the propensity for ROP of pentadecalactone appears to be 

fundamentally different from the larger cycles tested. 

Regarding the polydispersity of the polyesters, a PDI greater than 2 is observed throughout the 

experiments, despite the linear relationship between conversion and Mn, observed by van der 

Meulen and coworkers.187 These broad molecular weight distributions can be ascribed to the lack 

of ring strain in the monomers used. In a typical ROP of strained cycles, narrow polydispersities are 

obtained due to the higher reactivity of the ester groups of the cyclic monomers in contrast to the 

open-chain polyester. Without this ring  strain, the reactivity of the polyester-ester groups and the 

ester groups of the monomer is in a similar range and leads to transesterification of the polymer, 

thus inevitably resulting in a molecular weight distribution of 2 (or higher).  

In general, the melting points of the polyesters increase with increasing content of hydrocarbon 

segment. Compared to polyester-19,19 (Tm = 103 °C) and polyester-23,23 (Tm = 108 °C), prepared 

from the corresponding ʂȟʝ-diesters and -diols, polyester -19 and polyester -23 show melting 

temperatures in the expected range.209 Yet, the melting temperature of polyester -23 is lower than 

the expected temperature of 108 °C. Presumably, the low molecular weight of the polymer causes 

this effect. 

These results suggest that a ring-opening polymerization of such macrolactones still is possible, 

though the aluminum based system reported by the group of Duchateau was not capable of 

quantitative polymerization to high molecular weight polyesters in our hands. 

Enzymatic ROP of  Macrolactones  

Metal based systems reported for the preparation of high molecular weight polyesters from  

C15,c-(-COO-) could not lead to satisfactory polymerizations of larger cycles in the above 

experiments. As an alternative system for the ROP of macrolactones, enzymes can be employed as 

catalysts. Among others, work by the group of Gross pioneered the preparation of high molecular 

weight polypentadecalactones catalyzed by Candida antarctica lipase B (CALB).195,255,264 

Commercially, CALB is available immobilized on an acrylic resin as Novozym 435 (N435) that was 

investigated for eROP of macrolactones. As an initiator, typically water is used by the enzyme to 

start polymer chains (Scheme 4.8). Thus, molecular weights can be controlled by the content of 

water to some extent. To obtain high molecular weight polyesters, generally, polymerizations are 

conducted under dry conditions. The addition of molecular sieves could also help to decrease the 

content of the initiator, i.e. water in the reaction.265 
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Scheme 4.8. eROP of macrolactones catalyzed by N435. 

As a preliminary study, smaller lactones ʇ-caprolactone C6,c-(-COO-) and pentadecalactone  

C15,c-(-COO-) were used in polymerizations catalyzed by N435 under different conditions ( Table 

4.2). Temperature dependence of Mn and the overall yield of the polymer thus were correlated. As 

a consequence of working with enzymes, lower temperatures are possible for the polymerization as 

compared to metal catalyzed ROP. For C6,c-(-COO-) a general favorization  of lower temperatures 

could be observed. Surprisingly, this trend is in sharp contrast to reports for eROP of ʇ-caprolactone 

using CALB, albeit conditions are not completely identical.197 The same behavior is observable for 

C15,c-(-COO-), though the yield appears to be less sensitive, presumably due to the prolonged 

reaction times at lower temperatures. This observation is in accordance with reports by the group 

of Gross, although they state this correlation is highly dependent on the conditions used and may 

be inverse for other enzymes, for instance.255 An explanation for this behavior might be the nature 

of enzymes, typically active at temperatures around 30-40 °C in organisms. Higher temperatures 

presumably increase the overall reaction rate, though the activity of the enzyme might be impaired, 

thus leading to preferred low temperatures. However, lower temperatures were not investigated as 

at these conditions the polyester generated is likely to precipitate , hampering the progress of the 

polymerization.  

Table 4.2. eROP of lactones C6,c-(-COO-) and C15,c-(-COO-) catalyzed by N435 under different conditions. a 

entry  ring  size T [°C] t [h]  yield [%]  Mn,NMR
b [g/mol]  Mn,GPC

c [g/mol]  PDI c 

1 C6 80 19 9 9.1 × 103 13.5 × 103 4.3 

2 C6 70 24 26 20.4 × 103 22.6 × 103 1.7 

3 C6 50 72 63 49.6 × 103 83.6 × 103 2.3 

4d C15 85 2 88 7.3 × 103 18.9 × 103 1.6 

5 C15 80 19 97 22.3 × 103 47.1 × 103 1.7 

6 C15 70 24 97 30.8 × 103 74.8 × 103 1.9 

7 C15 60 72 >98 47.1 × 103 n.d.e n.d.e 

8 C15 50 72 >98 50.1 × 103 n.d.e n.d.e 

a conditions: 500 mg of lactone, 1 mL of dry toluene, 5.0 mg of N435 (predried for 16 h at 50 °C), the 

addition  of several beads of molecular sieves (3 Å), polymer melt dissolved in toluene after the reaction, 

precipitated from MeOH. b number average molecular weight as determined by 1H NMR spectroscopy. 

c number average molecular weight as determined by GPC measurements in THF against polystyrene 

standards. d addition of molecular sieves was omitted. e polymer not soluble in THF. 
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Table 4.3. eROP of lactones C19,c-(-COO-) and C23,c-(-COO-) catalyzed by N435 at different temperatures.a 

entry  ring 

size 

T [°C] yield [%]  Tm
b [°C] Tc

b [°C] ʛb [%] Mn,NMR
c 

[g/mol]  

Mn,GPC
d 

[g/mol]  

PDI d 

1 C19 50 37 99 81 61.9 12.8 × 103 1.3 × 103 3.8 

2 C19 60 84 102 86 58.6 28.5 × 103 4.4 × 103 3.6 

3 C19 70 94 103 85 50.5 68.2 × 103 18.5 × 103 2.2 

4 C19 80 34 102 86 53.8 51.7 × 103 9.1 × 103 2.9 

5 C19 90 13 102 82 46.2 18.3 × 103 1.7 × 103 12.0 

6 C19 100 52 104 82 40.3 24.7 × 103 3.8 × 103 25.5 

7 C19 110 39 104 83 50.0 18.1 × 103 2.8 × 103 7.0 

8 C23 50 <1 n.d. n.d. n.d. n.d. n.d. n.d. 

9 C23 60 12 104 82 52.9 7.3 × 103 1.3 × 103 5.9 

10 C23 70 78 108 91 59.7 15.4 × 103 2.3 × 103 3.4 

11 C23 80 52 109 89 54.6 39.2 × 103 5.6 × 103 6.2 

12 C23 90 >98 110 88 50.0 14.9 × 103 6.1 × 103 6.5 

13 C23 100 >98 110 88 50.5 15.3 × 103 5.6 × 103 6.7 

14 C23 110 >98 110 88 48.3 18.9 × 103 4.3 × 103 5.2 

a conditions: 250 mg of lactone, 0.5 mL of dry toluene, 2.5 mg of N435 (predried for 16 h at 50 °C), the 

addition  of several beads of molecular sieves (3 Å), t = 72 h, polymer melt dissolved in toluene after the 

reaction, precipitated from MeOH. b determined by DSC measurements; crystallinity ʛ calculated from 

ÈÅÁÔ ÏÆ ÆÕÓÉÏÎ ɣ(m with respect to 100% crystalline PE. c number average molecular weight as 

determined by 1H NMR spectroscopy. d number average molecular weight as determined by GPC 

measurements in trichlorobenzene against PE standards. 
 

After a system for the enzymatic ROP of macrolactones was established, a temperature study 

for macrolactones C19,c-(-COO-) and C23,c-(-COO-) was conducted (Table 4.3). Since a prolonged 

reaction time could improve yield without negatively infl uencing molecular weight, all 

polymerizations were carried out for 72 h. Over the temperature range studied, 50 to 110 °C, a 

complex behavior is observed. Evidently, several specific temperatures represent suitable 

compromises between Mn and yield of the polymer (Figure 4.6). For C19,c-(-COO-), the highest 

activit y is found at 70 °C, yielding 94% of polyester -19 with a number average molecular weight of 

68,200 g mol -1 as determined from 1H NMR spectra (entry 3 ). Below that temperature, molecular 

weights and yields decrease. Above 70 °C, the activity  apparently declines, though a second 

maximum at 100 °C can be found, yielding polyester -19 in 52% with a molecular weight of 

Mn = 24,700 g mol -1  as determined from 1H NMR spectra (entry 6 ). This behavior, demonstrating 

the complex interplay for this kind  of catalysis is typical for enzymatic ROP and has already been 

reported for pentadecalactone.266 Thermal properties by DSC further could show a melting point 

in the expected region of 103 °C, as obtained by aluminum catalyzed ROP of C19,c-(-COO-). The 
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crystallinity  (with respect to 100% crystalline linear polyethylene), calculated from the heat of 

fusion ɣ(m, is around 50%, similar to the crystallinity  of polyester-19,19, prepared from a C19  

ʂȟʝ-diester and -diol  (ʛ = 55%).214 

       

Figure 4.6. Polymerization temperature vs. number average molecular weight Mn (as determined by 1H NMR 
spectroscopy, black circles) and isolated yield (red diamonds) of eROP of C19,c-(-COO-) (left) and C23,c-(-COO-) (right).  

The eROP experiments of C23.c-(-COO-) exhibited a similar behavior considering the 

temperature vs. activity correlation  (Figure 4.6, right) . At 80 °C (Table 4.3, entry 11),  

polyester -23 is obtained in 52% yield with a molecular weight around Mn ~ 40,000 g mol -1 as 

determined by 1H NMR spectroscopy. Further increase in the temperature resulted in higher yields 

of polymer albeit Mn was significantly lower. Although at a lower temperature (entry 10), also 

higher yields are obtained, molecular weights are significantly lower. As a compromise between 

molecular weight and conversion of monomer, a temperature of T = 80 °C thus is preferred. The 

melting temperature, provided that molecular weight was sufficient, ranges from 108 ɀ 110 °C, as 

expected from polyester-23,23 mentioned above. The crystallinity of polyester -23 was around 54% 

on average. 

Comparing (number average) molecular weights from 1H NMR spectroscopy with number 

average molecular weights from GPC measurements, a high deviation can be noted in general. 

Although the molecular weights of the polyesters from GPC analysis are measured vs. PE standards, 

the structural similarity of both polymers should not lead to such deviations. Nearly all GPC 

measurements determined a molecular weight of Mn < 5,000 g mol -1, in contrast to the values well 

above 10,000 g mol -1 as determined by 1H NMR spectroscopy. Additionally, the experiments 

conducted at temperatures above 80 °C exhibited an extremely high molecular weight distribution . 

Examination of the GPC traces in detail could show a distinct fronting  with the presence of another 

peak (Figure 4.7). Although all polymers were precipitated from methanol to remove low 

molecular weight fractions, apparently they are still present in the polymer. As a result of the long 
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aliphatic chain, oligomers and presumably, open-chain C19-(COOH)(OH)  and C23-(COOH)(OH)  

compounds are insoluble in methanol and hence are precipitated, as well. 

 

Figure 4.7. Typical GPC trace of eROP of macrolactones C19,c-(-COO-) and C23,c-(-COO-) after precipitation from MeOH.  

Apart from precipitation of the low molecular weight fraction, other factors influencing GPC 

measurements might be possible. Generally, due to the lack of ring strain, the reactivity of the ester 

groups in the polymer chain and the monomer are virtually identical. Thus, the formation of cyclic 

polymers is more probable, and, as stated by Kricheldorf, these polymeric cycles even could be the 

thermodynamically favored products in polycondensations.185 As a result, the number average 

molecular weights by 1H NMR spectroscopy could overestimate the true Mn due to the lack of end 

groups for these cyclic polymers. Alternatively , the apparent low values of Mn might be due to the 

presence of residual enzymes in the polymer, degrading the polyester in solution at the elevated 

temperatures during the GPC sample preparation and measurement. In literature, paraoxon 

(diethyl 4-nitrophenyl phosphate) is used for irreversible inhibition of lipases such as CALB 

frequently,267 though due to the high toxicity of this compound , its use generally is undesired. 

Consequently, the enzyme was not deactivated in the polymerization experiments conducted and 

residual active enzyme might be in the polymer. In order to verify one of the possible causes of the 

low molecular weight, the experiments under the determined optimal conditions for  

C19,c-(-COO-) and C23,c-(-COO-) were repeated (Table 4.4). The polymer solution was now filtered 

over celite to remove residues of the enzyme and the molecular sieves. 

Indeed, residual enzyme in the polymer caused the low molecular weight determined by GPC 

measurements. After removal, number average molecular weights consistent with 1H NMR data 

could be observed, confirming the efficient ROP of macrolactones by enzymes. Moreover, filtration 

over celite did not affect the yield, and the polymer could be obtained in a yield similar as to direct 

precipitation from methanol.  
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Table 4.4. eROP of lactones C19,c-(-COO-) and C23,c-(-COO-) catalyzed by N435 at the determined optimal temperatures 
with removal of residual enzyme.a 

entry  ring  

size 

T [°C] yield [%]  Tm
b [°C] Tc

b [°C] ʛb [%] Mn,NMR
c 

[g/mol]  

Mn,GPC
d 

[g/mol]  

PDI d 

1 C19 70 90 103 82 52.4 38.0 × 103 68.0 × 103 2.4 

2 C23 80 56 105 81 46.5 57.8 × 103 94.1 × 103 1.9 

a conditions: 250 mg of lactone, 0.5 mL of dry toluene, 2.5 mg of N435 (predried for 16 h at 50 °C), 

addition of several beads of molecular sieves (3 Å), t = 72 h, polymer melt diluted with toluene, filtered 

through a short celite plug while hot , precipitated from MeOH. b determined by DSC measurements; 

crystallinity ʛ ÃÁÌÃÕÌÁÔÅÄ ÆÒÏÍ ÈÅÁÔ ÏÆ ÆÕÓÉÏÎ ɣ(m with respect to 100% crystalline PE. c number average 

molecular weight as determined by 1H NMR spectroscopy. d number average molecular weight as 

determined by GPC measurements in trichlorobenzene against PE standards. 
 

Further insights into the eROP of macrolactones were obtained by an additional experiment 

with periodically drawn samples (Table 4.5). For this purpose, C19.c-(-COO-) was polymerized with 

N435 at 70 °C to investigate the molecular weight evolution over time. In contrast to eROP of  

C15,c-(-COO-), consuming the majority of the lactone within several hours,255 C19,c-(-COO-) shows 

a slow polymerization rate. Even after 24 h, precipitation of the reaction mixture did not yield any 

polymer material, and Mn could only be estimated from direct 1H NMR spectroscopy measurements 

of the reaction mixture. Upon gelation of the polymerization approx. after three days, no further 

increase in Mn is visible, presumably due to inefficient diffusion, resulting in a molecular weight 

around Mn ~ 40,000 g mol -1. Yet, an increase of the molecular weight distribution over time was 

found. This is tentatively accounted for the locally high concentrations of the immobilized enzymes 

residing on the beads, leading to transesterification and back-biting of all polymer chains near the 

beads after the local monomer has been consumed. Consequently, after 144 h, a broad PDI of 3.5 is 

observed. 
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Table 4.5. Evolution of the number average molecular weight in eROP of C19,c-(-COO-) at 70 °C.a 

entry  time [h]  Mn,NMR
b [g/mol]  Mn,GPC

c [g/mol]  PDI c 

1d 2 n.d. n.d. n.d. 

2d 9.5 n.d. n.d. n.d. 

3e 24 31.2 × 103 n.d. n.d. 

4 49 39.5 × 103 13.0 × 103 2.2 

5 72 57.0 × 103 41.1 × 103 3.0 

6 144 41.7 × 103 32.9 × 103 3.5 

a conditions: 500 mg of lactone, 1.0 mL of dry toluene, 5.0 mg of N435 (predried for 16 h 

at 50 °C), the addition  of several beads of molecular sieves (3 Å), polymer melt dissolved 

in toluene after the reaction, filtered through  a celite plug, precipitated from MeOH.  

b number average molecular weight as determined by 1H NMR spectroscopy.  

c number average molecular weight as determined by GPC measurements in 

trichlorobenzene against PE standards. d only traces of ring-opening, <3% conversion, 

no precipitate. e no precipitate formed, 1H NMR spectrum measured directly. 

Copolymerization of (Macro -)Lactones by eROP  

In order to fully exploit the potential of these long -chain aliphatic polyesters, 

copolymerizations were desired. With other, short-chain lactones, thermal and mechanical 

properties of the resulting materials can be tuned.  E.g. for C15,c(-COO-), enzymatic 

copolymerization with C6,c(-COO-) was performed by Pepels et al. who found out that the yield 

stress can be tuned by the content of the small lactone incorporated.268 Remarkably, for copolymers 

of C15,c(-COO-) and C6,c(-COO-), the crystal morphology was largely dominated by the macrocyclic 

lactone up to a content of 80% of the small lactone. 

Enzymatic copolymerizations of ʇ-caprolactone and pentadecalactone have already been 

investigated e.g. by the group of Gross, reporting the formation of statistically distributed  

copolymers, albeit pentadecalactone shows a significantly higher reactivity in eROP.255 This is a 

result of transesterification occurring over the course of the reaction. Thus, in order to investigate 

the copolymerization behavior of the large-ring lactones, preliminary copolymerizations of  

C15,c-(-COO-) and C6,c-(-COO-) were performed (Table 4.6, entries 1-2). Copolymerization of  

C15,c-(-COO-) and C6,c-(-COO-) in a weight ratio of 380/120 mg (C15/C6) at 50 and 80 °C resulted in 

the quantitative  conversion of the monomers after a reaction time of 72 h. 1H NMR spectroscopy 

could reveal molecular weights in the range of 15,000 < Mn < 20,000 g mol -1, respectively. For the 

estimation of Mn, the differences in the chemical shift of the methylene groups in ʂ-position to the 

carbonyl functionality were used for the determination of an average molecular mass of the repeat 

unit  (Figure 4.8, Inset). A slight deviation from the weighed in monomers is notable, though this 
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might be ascribed to the overlapping signals used for the calculation. As compared to the 

homopolymers, the melting temperatures of the copolymers of C15,c-(-COO-) and  

C6,c-(-COO-) stay between the melting transitions of poly(ʇ-caprolactone) (Tm = 57 °C) and 

polypentadecalactone (Tm = 97 °C) as expected. 

Table 4.6. Copolymerization of lactones C6,c-(-COO-), C15,c-(-COO-) and C19,c-(-COO-) catalyzed by N435 under different 
conditions.a 

entry  ring 

sizes 

ratio 

[mg]  

ratio rxn
b 

[mol]  

ratio obs
c 

[mol]  

TeROP 

[°C] 

yield 

[%] 

Tm
d 

[°C] 

Mn,NMR
e 

[g/mol]  

Mn,GPC
f 

[g/mol]  

PDI f  

1 C15/C6 380/120 1.50/1.00 1.2/1.0 50 >98 75 18.2 × 103 31.6 × 103 3.2 

2 C15/C6 380/120 1.50/1.00 1.5/1.0 80 >98 79 14.8 × 103 18.1 × 103 1.9 

3 C19/C6 250/64 1.50/1.00 1.1/1.0 50 25 84 4.9 × 103 0.8 × 103 2.6 

4 C19/C6 250/250 1.00/2.60 1.0/2.7 70 85 70 26.4 × 103 0.7 × 103 5.3 

5 C19/C15 50/200 1.00/4.93 n.d. 70 81 94 18.2 × 103 4.3 × 103 5.1 

6 C19/C15 200/50 3.24/1.00 n.d. 70 38 93 11.9 × 103 1.5 × 103 4.9 

a conditions: 0.5-1.0 mL of dry toluene, 1.0 wt% of N435 (predried for 16 h at 50 °C), the addition  of several 

beads of molecular sieves (3 Å), t = 72 h, polymer melt dissolved in toluene after the reaction, precipitated 

from MeOH. b molecular ratio of lactones used for eROP. c experimental molecular ratio of repeat units 

based on the different lactones in the resulting copolymer as determined by 1H NMR spectroscopy.  

d determined by DSC measurements. e number average molecular weight as determined by 1H NMR 

spectroscopy. f number average molecular weight as determined by GPC measurements in 

trichloroben zene against PE standards. 
 

With suitable copolymerization conditions established for C15,c-(-COO-) and C6,c-(-COO-), 

copolymers of C19,c-(-COO-) with C6,c-(-COO)  were prepared. Copolymerization  of C19,c-(-COO-) 

and C6,c-(-COO-) was conducted at 50 °C as for C15,c-(-COO-) slightly higher molecular weights 

could be observed. According to the copolymerizations conducted above, a molecular ratio of 1.5/1.0 

(weight ratio: 250/64 - C19/C6) was used for this experiment. However, under these conditions, 

incomplete consumption of the lactones and poor Mn could be observed (Table 4.6, entry 3 ). In 

contrast, using equivalent masses of the lactones at 70 °C (entry 4 ) could increase yield and 

molecular weights significantly  (Mn = 26,400 g mol -1). Yet, comparing the number average 

molecular weights determined by GPC with values from 1H NMR spectroscopy, systematically lower 

molecular weights are obtained by GPC. In regard to the rather broad molecular weight 

distributions , this is presumably an effect of the presence of oligomers, precipitated as well in the 

workup procedure. Concerning the monomer incorporation, the composition of the copolymers 

represented the used ratio of the corresponding lactones, despite incomplete monomer 

consumption. Analog to poly(pentadecalactone-co-ʇ-caprolactone), thermal analysis of both 

copolymers revealed a melting transition between the values of the both homopolymers. 
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As another lactone for copolymerization of C19,c-(-COO-), C15,c-(-COO-) was employed. At 

70 °C, two eROPs were performed using different mass ratios (entries 5-6). In general, the higher 

the ratio of C15,c-(-COO-), the higher the isolated yield of the polyester. The composition of the 

copolymer could not be determined due to identical shifts of the methylene units in 1H NMR 

spectroscopy. This also led to inaccuracies in the estimation of Mn, as an average mass of the repeat 

unit  could not be calculated. Thus, the molecular weight of the repeat unit was calculated from the 

weighed in ratio of monomers, potentially leading to deviations from the true (number average) 

molecular weight of the polymer. In contrast to NMR spectroscopy, the incorporation of both 

lactones could be confirmed by DSC measurements, revealing a melting temperature different from 

the homopolymers. Interestingly, a melting transition around 93 °C, well below the melting 

temperatures of the homopolymers was observed for both copolymers. Probably, this is an effect of 

the irregular distance of the ester groups in the polymer backbone and the oligomers, still present 

in the material. 

Mechanistically, as the different lactones showed different propensities for enzymatic ring-

opening polymerization, it is expected that a gradient polymerization occurs, first consuming the 

more active monomer. Afterward, transesterification leads to a statistically distributed copolymer. 

To gain further insight s into the composition  of the copolymers, 13C NMR spectroscopy was used. 

In quantitative 13C NMR spectra, a slight shift of particular  signals can be noted, depending on the 

sequence of the lactones incorporated. The carbonyl groups, as well as the methylene units adjacent 

to the ester functionality  showed a chemical shift depending on the sequential order of the polymer 

chain (Figure 4.8). As the carbonyl groups showed an overlapping of the signals, the methylene 

groups were used for the calculation of the composition. Four signals can be observed for the 

different sequence possibilities: C19,c-(-COO-) ɀ C6,c-(-COO-) (ʆ = 64.2 ppm), C19,c-(-COO-) ɀ  

C19,c-(-COO-) (ʆ = 64.0 ppm), C6,c-(-COO-) ɀ C6,c-(-COO-) (ʆ = 63.8 ppm), C6,c-(-COO-) ɀ  

C19,c-(-COO-) (ʆ = 63.7 ppm). This assignment was performed by enriching copolymers with the 

corresponding homopolymers, leading to an increase in the signal intensities of the homo 

sequence. The signals in close proximity to the homopolymer signals were assumed to be the hetero 

sequence signals of the corresponding monomer. 

After assignment of the signals of the individual repeat unit sequences, calculation of a detailed 

composition could be performed (Table 4.7). For this purpose, the fraction of the individual  repeat 

unit  sequence signals with respect to the total integral of all sequence signals was determined. By 

comparison to theoretically expected values for statistically distributed copolymers, the 

ȬÒÁÎÄÏÍÎÅÓÓȭ ÃÁÎ ÂÅ ÉÌÌÕÓÔÒÁÔÅÄȢ 4ÈÅÓÅ ÔÈÅÏÒÅÔÉÃÁÌ ÖÁÌÕÅÓ ×ÅÒÅ ÄÅÔÅÒÍÉÎÅÄ ÏÎ ÔÈÅ ÂÁÓÉÓ ÏÆ "ÅÒÎÏÕÌÌÉ 

random statistics, analog to Gross, copolymerizing C15,c-(-COO-) and C6,c-(-COO-) by eROP.255 For 

this purpose, the (observed) molecular composition of the copolymers was used to calculate the 
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probability , e.g. of the presence of lactone 1 (L1) adjacent to L1 in the polymer chain, assuming an 

entirely statistical distribution.  

 

Figure 4.8. Exemplary 13C NMR spectrum of poly(nonadecalactone-co-ʇ-caprolactone) with enlarged carbonyl and 
alkoxy-regions used for the calculation of the sequential order the repeat units. Inset: Exemplary 1H NMR spectrum of 
poly(nonadecalactone-co-ʇ-caprolactone) used for calculation of copolymer composition. 

Table 4.7. Composition of copolymers of C6,c-(-COO-), C15,c-(-COO-), and C19,c-(-COO-) catalyzed by N435 as determined 
by 13C NMR spectroscopy.a 

entry  lactones 

(L1/L2) 

ratio obs
b 

[mol]  

L1-L1obs  

(L1-l1theo )c 

L1-L2obs   

(L1-l2theo )c 

L2-L1obs  

(L2-L1theo )c 

L2-L2obs 

(L2-L2theo )c 

1 C15/C6 1.2/1.0 0.23 (0.30) 0.24 (0.25) 0.25 (0.25) 0.28 (0.20) 

2 C15/C6 1.5/1.0 0.31 (0.36) 0.24 (o.24) 0.24 (o.24) 0.21 (o.16) 

3 C19/C6 1.1/1.0 0.28 (0.27) 0.22 (0.25) 0.22 (0.25) 0.28 (0.23) 

4 C19/C6 1.0/2.7 0.07 (0.07) 0.17 (0.20) 0.19 (0.20) 0.57 (0.53) 

5 C19/C15 n.d. n.d. n.d. n.d. n.d. 

6 C19/C15 n.d. n.d. n.d. n.d. n.d. 

a copolymers as stated in Table 4.6. b experimental molecular ratio of repeat units based on the 

different lactones in the resulting copolymer as determined by 1H NMR spectroscopy. c sequence of 

corresponding building blocks (L1 = lactone 1, L2 = lactone 2) in the copolymer as determined by 

13C NMR spectroscopy. Theoretical values are given in the brackets. 
 

Overall, slight deviations from the theoretical  values of random copolymers can be noted, 

though these copolymers still are considered as random copolymers. Only for 

poly(nonadecalactone-co-pentadecalactone) (entries 5 -6), no detailed sequence order could be 

determined, due to the aforementioned similarity of the signals in 1H and 13C NMR spectroscopy. 

C19ïC6

C19ïC19

C6ïC6

C6ïC19

1H

[-O-CH2-CH2-(CH2)16-COO-]n

[-O-CH2-CH2-(CH2)3-COO-]n

C6 C19

C6:

C19:
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4.2.4  Mechanic al  Properties of Poly macro lactones  

&ÏÒ Á ÓÔÕÄÙ ÏÆ ÔÈÅ ÐÏÌÙÅÓÔÅÒÓȭ ÍÅÃÈÁÎÉÃÁÌ ÐÒÏÐÅÒÔÉÅÓȟ ÁÎ ÕÐÓÃÁÌÅ ÏÆ ÔÈÅ ÐÏÌÙÍÅÒÉÚÁÔÉÏÎ ×ÁÓ 

performed in order to prepare the quantity of polymer required for the  material testing. Hence, 

polymerizations of C19,c-(-COO-) and C23,c-(-COO-) were conducted on a 5 to 10 g scale. Throughout 

all experiments, the resulting polyesters possessed molecular weights in the range of Mn = 30,000 

to 120,000 g mol -1 as determined by 1H NMR spectroscopy and GPC measurements. Thermal 

analysis by DSC showed melting and crystallization temperatures in the expected range and further 

revealed a crystallinity around 50 and 55% for polyester -19 and polyester -23, respectively. From 

WAXS, allowing for calculation of the crystallini ty due to a polyethylene-like crystal structure, a 

crystallinity of 60 and 68% could be estimated, respectively, qualitatively  confirming measurements 

by DSC. The specimens used for DMA and tensile testing were prepared by piston injection molding 

(cf. Chapter 4.4.3). 

Dynamic Mechanical Analysis  (DMA)  

Dynamic mechanical analysis can be used for determination of glass transition temperatures 

(Tg) of polymers. Alternatively, DSC measurements allow for determination of Tg, though aliphatic 

long-chain polyesters tend to show no glass transition in DSC due to the high degree of crystallinity. 

To this end, DMA of polyester -19 and polyester -23 was performed at a frequency of 1 Hz (Figure 

4.9). 

Generally, several transitions can be observed in DMA of thermoplastic polymers, namely the 

ʂ-transition (T g), ʃ-transition (T ʃ), and ʅ-transition (T ʅ). Typically, these transitions are determined 

from the corresponding temperature of the local maxima in ÔÈÅ ÌÏÓÓ ÍÏÄÕÌÕÓ ɉ'ȭȭɊ. For  

polyester -19, the ʂ-transition  is found at Tg = -30 °C, while polyester -23 showed a transition at 

Tg = -27 °C. The slight difference between both polyesters can be attributed  to the relative increase 

in the chain length of the hydrocarbon segment, resulting in increased interactions between the 

chains, influencing the mobility of the chains.269 Apart from T g, another transition  can be observed 

at much lower temperatures in the range of -135 °C. This ʅ-transition is a result of the motion of the 

methylene sequences in the polymer backbone and has already been observed for polyester-15 from 

pentadecalactone.264 The ʃ-transition , generally indicat ing the water content as a result of the 

prevailing humidity of the polymer, is  not found, in contrast to reports on polyester-15 (Tʃ = -90 °C). 

As no such transition was visible in the measurements, a low water content of polyester -19 and 

polyester -23 is evident. 
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Figure 4.9. DMA of polyester -19 (top)  and polyester -23 (bottom ) in a temperature range of -150 to 80 °C at a frequency 
of 1 Hz. 

Tensile Properties  

Tensile testing was performed according to ISO 527-2 parameters using dogbone-shaped 

specimens. This typically involves a crosshead speed in the range of 1 to 500 mm min -1 and thus was 

set to 50 mm min -1 for the experiments. These tests give insights into mechanical properties of the 

material, especially in 9ÏÕÎÇȭÓ ÍÏÄÕÌÕÓ ɉ%Ɋȟ ÓÔÒÅÓÓ ÁÔ ÙÉÅÌÄÉÎÇ ɉʕyɊȟ ÓÔÒÁÉÎ ÁÔ ÙÉÅÌÄÉÎÇ ɉʇy), tensile 

ÓÔÒÅÓÓ ÁÔ ÂÒÅÁË ɉʕb) and elongation at ÂÒÅÁË ɉʇb). Mechanical analysis of polyester -19 with a 

molecular weight of Mn = 46,600 g mol -1 in the absence of stabilizers (Table 4.8, entry 1) exhibited 

ÐÒÏÍÉÓÉÎÇ ÖÁÌÕÅÓ ÆÏÒ 9ÏÕÎÇȭÓ ÍÏÄÕÌÕÓ, though only low strains of 40% were observed until rupture 

of the specimen. This rather unexpected value for elongation at break lies in between the typical 

values for brittle fracture (ʇb ~ 1-5%) as a result of insufficient molecular weights for chain 

entanglement and typical elongations of thermoplastics with sufficient molecular weight for 

effective chain entanglement (ʇb >> 100%). In order to exclude degradation of the polymer during 

the processing, the molecular weight was measured again on the specimens, still revealing values 

of Mn around 45,000 g mol -1, as determined by 1H NMR spectroscopy and GPC analysis. By 

comparison, for polyester-15 prepared from eROP with a molecular weight around  

Mn ~ 65,000 g mol -1, significantly higher elongations at break in the range 100 - 200% were 

reported.264 As these polymers as well were prepared by eROP of lactones, the low values were not 

correlated to the polymerization technique or to insufficient molecular weight.  
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Table 4.8. Tensile properties of polyester -19 and polyester -23 under various conditions.a 

entry  polymer  Mn,GPC
b [g mol -1]  E [MPa]  ʕy [MPa]  ʇy [%] ʕb [MPa]  ʇb [%]  

1 polyester -19c 46.6 × 103 694 22.1 13 4.4 41 

2 polyester -19d 29.8 × 103 714 23.0 13 4.5 46 

3 polyester -19e 67.4 × 103 647 17.9 16 14.2 270 

4 polyester -23e 141.6 × 103 612 19.5 22 16.5 210 

a conditions: E was measured at a crosshead speed of 1 mm min -1, afterward crosshead speed was set 

to 50 mm min -1. b number average molecular weight as determined by GPC measurements in 

trichlorobenzene against PE standards. c without stabilizers. d with 0.5 wt% of Irgafos 168 and 0.5 wt% 

of Irganox 1076. e with stabilizers, crosshead speed was set to 5 mm min -1. 
 

A possible cause for the low values might be the absence of stabilizers during the processing. 

Hence, specimens of polyester -19 (Mn = 29,800 g mol -1) were prepared after mixing the polymer 

with 0.5 wt% of Irgafos 168 and 0.5 wt% of Irganox 1076 (entry 2 ). However, the mechanical 

properties did not change significantly  as compared to the initial testing, and again an elongation 

in the range of 50% was observed until sample failure (Figure 4.10, left). In order to access higher 

elongations at break, the crosshead speed was decreased to 5 mm min -1 as a successive step. Indeed, 

the testing of polyester -19 (Mn = 67,400 g mol -1), stabilized with 0.5 wt% of Irgafos 168 and 0.5 wt% 

of Irganox 1076, showed significantly improved elongations and a strain of 270% until the specimens 

broke (Figure 4.10, right). As expected for polyester -19, a ductile behavior is observed with four 

different regimes: (I) elastic regime, (II) strain softening (with necking), (III) plastic flow, (IV) strain 

hardening with  a subsequent fracture. 

 

Figure 4.10. Stress-strain curves of tensile testing of polyester -19 at a crosshead speed of 50 mm min -1 (left) and 
5 mm min -1 (right).  

Comparing the results for polyester -19 with  reported tensile properties of polyester-15 with a 

number average molecular weights from 14,000 to 270,000 g mol -1, differing properties can be 

noted.196 Generally, low molecular weight polyester-15 shows brittle fracture after 5% strain in 

combination with  Á ÈÉÇÈ 9ÏÕÎÇȭÓ ÍÏÄÕÌÕÓ ÁÒÏÕÎÄ αΪΪ MPa. This is a result of the higher 
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crystallinity due to the lack of chain entanglement. Increasing molecular weight leads to a decrease 

ÉÎ 9ÏÕÎÇȭÓ ÍÏÄÕÌÉ ɉ% ~ 400 MPa), yet effective chain entanglement leads to elongations at break in 

the range of 650%. In contrast to these reported values, polyester -19 samples show ÈÉÇÈÅÒ 9ÏÕÎÇȭÓ 

moduli  (E = 647 MPa) due to longer hydrocarbon segment, increasing the crystallinity. 

Nevertheless, lower strains (ʇb = 270%) were observed, presumably on account of the presence of 

low molecular weight fractions in the material. These oligomers, hardly removable due to the low 

solubility in co mmon solvents (vide supra), can act as plasticizers and thus have an adverse impact 

on the mechanical properties. Indeed, comparing polyester -19 with polyester-19,19, devoid of these 

low molecular weight fractions due to the different preparation shows elongations at break in the 

range of 600%ȟ ÁÌÂÅÉÔ ÁÇÁÉÎ Á 9ÏÕÎÇȭÓ ÍÏÄÕÌÕÓ ÉÎ ÔÈÅ ÒÁÎÇÅ ÏÆ ήΪΪ MPa were obtained for this 

material.214 

As a consequence of these observations for polyester -19, polyester -23 (Mn = 141,600 g mol -1) 

was processed in the presence of 0.5 wt% of Irgafos 168 and 0.5 wt% of Irganox 1076 and a crosshead 

speed of 5 mm min -1 for the investigation of the tensile properties (entry 4 ). Under these 

conditions, properties similar to polyester -19 were observed (Figure 4.11). Despite the increase in 

chain length, leading to a higher crystallinity of the polymer, slightly ÌÏ×ÅÒ 9ÏÕÎÇȭÓ ÍÏÄÕÌÉ 

(E = 612 MPa) were obtained for polyester -23. This effect can be caused by the increase in 

molecular weight, as already observed by the group of Gross for polyester-15.196 Notably, HDPE as 

ultimate limiting  case for a ÐÏÌÙÅÓÔÅÒ ×ÉÔÈ ÉÎÆÉÎÉÔÅÌÙ ÄÉÌÕÔÅÄ ÅÓÔÅÒ ÇÒÏÕÐÓ ÓÈÏ×Ó Á ÓÉÍÉÌÁÒ 9ÏÕÎÇȭÓ 

modulus (around 900 MPa) with typical elongations at break of 900%, depending on the molecular 

weight.215 This suggests that these materials already approach the properties of polyethylene in this 

regard and therefore might be used as substitutes in various applications unsuitable for typical 

aliphatic polyester comprising short-chain monomers. 

 

Figure 4.11. Stress-strain curves of tensile testing of polyester -23 at a crosshead speed of 5 mm min -1. 
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4.3  Conclusion  

To date, the preparation of macrocycles, interesting compounds for fragrances or the 

preparation of long-chain aliphatic polymers, is limited to few routes from hardly accessible starting 

materials, such as long-chain ʝ-hydroxylated carboxylic compounds.104 To this end, previous work 

offered new perspectives with a novel four-step strategy starting from readily available oleic acid 

for the preparation of C19 lactone C19,c-(-COO-).219 In order to further  exploit the potential of this 

strategy, a scale-up synthesis of C19,c-(-COO-) and the preparation of C23,c-(-COO-), accessed from 

C22 erucic acid was performed (Scheme 4.9). Starting from oleic acid and erucic acid, the 

corresponding macrolactones could be prepared in an overall yield of 33 and 20%, respectively, in 

polymerization grade purity.  

 

Scheme 4.9. Preparation of macrocyclic lactones C19,c-(-COO-) and C23,c-(-COO-) from fatty acid methyl esters  
C18,u-(COOMe)  and C22,u-(COOMe) . 

From the intermediate cycloketones C19,c-(-CO-) and C23,c-(-CO-), macrocyclic lactams can be 

accessed as well by an in situ oxime formation ɀ Beckmann rearrangement. By this route, lactams  

C19,c-(-CONH-) and C23,c-(-CONH-) could be obtained in 48 and 87% in pure form, respectively. 

Ring-opening polymerization of the prepared macrolactones was further investigated, as 

currently , such macrocyclic monolides have not been successfully polymerized. In contrast to 

traditional metal catalyzed ROPs, resulting in low monomer consumption and poor molecular 

weights, enzymatic ring-opening polymerization of such macrolactones showed superior activity. 

For both macrolactones suitable temperatures, dramatically influencing the outcome of the 

polymerization, could be found for eROP catalyzed by Candida antarctica lipase B. Despite the long 

reaction times, necessary for conversions greater than 80%, molecular weights in a range of 

Mn ~ 105 g mol -1 could be obtained, as confirmed by 1H NMR spectroscopy and GPC measurements. 
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Notably, this demonstrates for the first time that ROP of such large monolides is 

thermodynamically feasible. 

As molecular weights high enough for effective chain entanglement could be obtained by 

enzymatic ring-opening polymerization, the material properties of such polymacrolactones were 

investigated. Melting points of Tm = 103 and 106 °C with crystallinities around 50 and 60% could be 

observed in DSC and WAXS measurements. Additionally,  glass transition temperatures around  

-30 °C were determined in DMA measurements. Mechanical testing furthermore  showed that 

polyester -19, as well as polyester -23, possess 9ÏÕÎÇȭÓ ÍÏÄÕÌÉ ÇÒÅÁÔÅÒ ÔÈÁÎ ΰΪΪ MPa with an 

elongation at break of around 250%. Such properties, comparable to polyethylene, most certainly 

open opportunities for novel applications of these materials. 

Apart from homopolymerizations, copolymers of C19,c-(-COO-) and smaller cycles were 

prepared by eROP. In comparison to homopolymerizations of the macrolactone, the consumption 

of the macrocycle was slightly lower, though the formation of a random copolymer could be 

confirmed by 13C NMR spectroscopy. Here, the properties of the second lactone monomer 

potentially can be exploited for tuning e.g. of the mechanical properties of the copolymers. 
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4.4  Experimental Section  

4.4.1  Materials and General Considerations  

All reactions and manipulation of moisture and air sensitive substances were performed under an 

inert gas atmosphere using standard Schlenk or glovebox techniques. Solvents were dried under an 

inert atmosphere as follows: Toluene was distilled from sodium and MeOH was distilled from 

magnesium turnings prior to use. All dry and degassed solvents were stored under an inert 

atmosphere. Carbon monoxide (3.7 grade, 99.97% pure) was supplied by Air Liquide. Methyl oleate 

(C18,u-(COOMe) , Dakolub MB9001 high oleic sunflower oil with 92.5% methyl oleate) provided by 

Dako AG was degassed prior to use. Methyl erucate (C22,u-(COOMe) , technical grade, 90.0% pure) 

was purchased from TCI and was degassed prior to use. Pentadecalactone (C15,c-(-COO-)) was 

purchased from Sigma Aldrich and was dried over CaH2 prior to use. ʇ-Caprolactone  

(C6,c-(-COO-)) was purchased from abcr and was dried over CaH2 prior to use. Irgafos 168 (tris(2,4-

di-tert -butylphenyl)phosphite ) and Irganox 1076 (octadecyl-3-(3,5-di-tert -butyl -4-hydroxyphenyl)-

propionate) were supplied by Sigma Aldrich and used as received. Candida antarctica lipase B, in 

the form of Novozym 435 (N435) immobilized on  an acrylic resin was supplied by Sigma Aldrich 

and used as received. [Pd(dtbpx)(OTf) 2] (Pd(OTf)2 ) was prepared by a reported procedure.89 

Aluminum salen complexes [Al(salen)(Et)] (AlEt) and [Al(salen)(OBn)] (AlOBn) were prepared 

according to literature procedures.187,270 Carbonylation reactions were run in stainless steel pressure 

reactors (Büchi miniclave (300 mL) with a mechanical stirrer and a heating/cooling mantle 

controlled by a temperature sensor dipping directly in the reaction mixture). All deuterated 

solvents for NMR spectroscopy were supplied by Eurisotop. Organic syntheses were monitored by 

TLC on Merck TLC silica gel 60 F254 plates on plastic sheets with F254 ǨÕÏÒÅÓÃÅÎÔ ÉÎÄÉÃÁÔÏÒȢ 4ÈÅ 

TLC plates were stained in an ethanolic phosphomolybdic acid solution for spot analysis. NMR 

spectra were recorded on a Bruker Avance 400 spectrometer. 1H and 13C chemical shifts were 

referenced to the solvent signals. NMR spectroscopy of polymers was performed in  

1,1,2,2-tetrachloroethane-d2 at 130 °C. GPC analyses of polymers were performed with a Polymer-

Laboratories GPC220 instrument equipped with PLgel Olexis columns using the refractive index 

detector. Molecular weights were determined by calibration with PE standards at 160 °C in  

1,2,4-trichlorobenzene (Flow rate: 1.0 mL minɀ1). GC analyses were performed using a Perkin Elmer 

Clarus 500 instrument with an autosampler equipped with an Elite-5 crossbond 5% diphenyl- 95% 

dimethyl polysiloxane column of 30 m length, 0.25 mm inner diameter ÁÎÄ ΪȢάί ЪÍ ǢÌÍ ÔÈÉÃËÎÅÓÓȢ 

Two different methods (A and B) were used for depending on the compounds analyzed. For method 

(A) (general method), the temperature of the oven was kept at 90 °C for 1 min, then heated from 

90 °C to 280 °C with a heating rate of 30 Т# ÐÅÒ ÍÉÎÕÔÅȢ 4ÈÅ ǢÎÁÌ ÔÅÍÐÅÒÁÔÕÒÅ was held for 8 min. 
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The injector was kept at 300 °C and the detector at 280 °C. Method (B) was used for the macrocyclic 

lactones and lactams and involved an oven temperature of 100 °C (kept for 1 min ), then heated from 

100 °C to 300 °C with a heating rate of 15 Т# ÐÅÒ ÍÉÎÕÔÅȢ 4ÈÅ ǢÎÁÌ ÔÅÍÐÅÒÁÔÕÒÅ was held for 5 min. 

For both methods, the injection volume was 1.0 µL and the carrier flow was set to 1.5 mL per minute. 

Analysis of the retention times and peak areas were performed using the TotalChrom software of 

Perkin Elmer. ESI-MS analyses were conducted on a Bruker Esquire 3000+ (in MeOH solution) or 

on a Bruker microTOF II instrument (in MeCN solution).  DSC analysis was performed on a Netzsch 

DSC 204 F1 at a heating rate of 10 °C per minute in a temperature range from -50 °C to 160 °C. All 

data reported are from second heating cycles. All elemental analyses were performed on an 

Elementar Vario MICRO cube elemental analyzer by the in-house Microanalysis Service. WAXS 

was performed on a Bruker D8 DISCOVER instrument in reflection mode on a quartz sample 

holder. For calculation of the crystallinity, PeakFit (v. 4.1.2.) was used as software. 

4.4.2  Preparation of Macrocycles  

Synthesis of Dimethyl 1,19 -Nonadecanedioate ( C19 -(COOMe) 2)  

According to a procedure established by our group,89 in a glovebox, a Schlenk tube was charged 

with 0.189 g (0.236 mmol) of [Pd(dtbpx)(OTf) 2]. Outside of the glovebox, 40.0 mL (35.04 g, 

118.18 mmol) of methyl oleate and 110.0 mL (86.9 g, 2.71 mol) of dry MeOH were added. The yellow 

solution was cannula transferred into the pressure reactor under an inert atmosphere, and the 

reactor was pressurized with 20 bar of CO, heated to 90 °C and stirred for 90 h. The reactor was 

cooled to room temperature, vented and the crude product was dissolved in CH2Cl2. The solution 

was filtered through a short silica plug to remove residual palladium species before the solvent was 

removed by rotary evaporation. Multiple recrystallizations from MeOH and heptane yielded 31.49 g 

(88.32 mmol, 75%) of diester C19-(COOMe) 2 as a white solid with a purity >99% as determined by 

GC analysis. 

 

C19-(COOMe) 2 (x = 1): 1H NMR  (CDCl3, 400 MHz, 25 °C): ʆ = 3.64 (s, 6H, H-1), 2.27 (t,  

3JHH = 7.5 Hz, 4H, H-3), 1.64 - 1.55 (m, 4H, H-4), 1.33 - 1.19 (m, 26H, H-5) ppm; 13C{1H} NMR  (CDCl3, 

100 MHz, 25 °C): ʆ = 174.5 (C-2), 51.6 (C-1), 34.3 (C-3), 29.8 - 29.3 (C-5), 25.1 (C-4) ppm. 

Synthesis of Dim ethyl 1,23 -Tricosanedioate ( C23 -(COOMe) 2)  

Applyin g the procedure for the synthesis of C19-(COOMe) 2, 40.0 mL (34.80 g, 98.70 mmol) of 

methyl erucate was reacted with 0.158 g (0.197 mmol) of Pd(OTf)2  in 110 mL (86.9 g, 2.71 mol) of 
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methanol. After multiple recrystallizations from MeOH and heptane, diester  

C23-(COOMe) 2 was obtained in 53% yield (18.44 g, 52.31 mmol) as a white solid. 

 

C23-(COOMe) 2 (x = 5): 1H NMR  (CDCl3, 400 MHz, 25 °C): ʆ = 3.64 (s, 6H, H-1), 2.27 (t,  

3JHH = 7.5 Hz, 4H, H-3), 1.64 - 1.54 (m, 4H, H-4), 1.32 - 1.19 (m, 34H, H-5) ppm; 13C{1H} NMR  (CDCl3, 

100 MHz, 25 °C): ʆ = 174.4 (C-2), 51.5 (C-1), 34.2 (C-3), 29.8 - 29.3 (C-5), 25.1 (C-4) ppm. 

Synthesis of 2 -Hydroxycyclononadecanone ( C19,c -( -CO-CHOH-) )  

Similar to a procedure for the cyclization of a C16 ʂȟʝ-diester,271 16.12 g (701.18 mmol) of sodium 

were suspended in 1.2 L of dry toluene at 110 °C in a flame dried three-necked 2 L flask with nitrogen 

inlet, reflux condenser (equipped with a gas bubbler) and a dropping funnel, using a magnetic stir 

bar. To this slurry, a solution of 50.00 g (140.24 mmol) of C19-(COOMe) 2 in 500 mL of dry toluene 

was added dropwise over a period of 6 h. The yellow turbid mixture was stirred for another hour 

after the addition was completed. The mixture was cooled in an ice bath and quenched with 10 mL 

of MeOH and 50 mL of water, sequentially. The off-white slurry was acidified with 43 ml of acetic 

acid to pH 5 and stirred for another hour. After separating the phases, the aqueous phase was 

extracted with 100 mL of toluene and the combined organic layer was then washed sequentially 

with water and brine. The organic phase was dried over MgSO4, the solution was filtered through 

a short silica plug, and the solvent was removed by rotary evaporation. Crude acyloin C19,c-(-CO-

CHOH -) was obtained quantitatively (41.7 g) as a waxy light yellow solid and was used without 

further purificatio n. For an analytically pure sample, the reaction product was purified by column 

chromatography (petrol ether / diethyl ether ɀ 5/2). 

 

C19,c-(-CO-CHOH -) (x = 1): 1H NMR  (CDCl3ȟ ήΪΪ -(Úȟ άί Т#Ɋȡ ʆ К 4.22 (dd, 3JHH = 5.8, 4.6 Hz, 

1H, H-2), 3.51 (s, 1H, H-1), 2.59 - 2.31 (m, 2H, H-4), 1.89 - 1.42 (m, 6H, H-5, H-7, H-8), 1.39 - 1.19 (m, 

26H, H-6) ppm; 13C{1H} NMR  (CDCl3ȟ ΫΪΪ -(Úȟ άί Т#Ɋȡ ʆ К 212.8 (C-3), 76.4 (C-2), 37.7 (C-4), 33.2 

(C-8), 28.7 - 27.5 (C-6), 23.7 - 23.4 (C-5, C-7) ppm; ESI-MS: m/z = 319.5 (M++Na); Elemental 

analysis  (%): calcd: 76.97 (C); 12.24 (H) found: 76.65 (C); 12.37 (H). 
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Synthesis of  2-Hydroxycyclotricosanone ( C23 ,c-( -CO-CHOH-) )  

Applying the procedure for the synthesis of C19,c-(-CO-CHOH -), a solution of 50.00 g 

(121.17 mmol) of diester C23-(COOMe) 2 in 500 mL of toluene was treated with 13.93 g (605.83 mmol) 

of sodium in 1.2 L of toluene. The crude product was purified by column chromatography (eluent: 

petroleum ether/diethyl ether 5/2) to yield acyloin C23,c-(-CO-CHOH -) as a colorless waxy oil in 

66% (28.11 g, 79.72 mmol). 

 

C23,c-(-CO-CHOH -) (x = 5): 1H NMR  (CDCl3ȟ ήΪΪ -(Úȟ άί Т#Ɋȡ ʆ К 4.20 (dd, 3JHH = 6.4, 4.1 Hz, 

1H, H-2), 3.34 (s, 1H, H-1), 2.57 - 2.32 (m, 2H, H-4), 1.88 - 1.40 (m, 6H, H-5, H-7, H-8), 1.38 - 1.18 (m, 

34H, H-6) ppm; 13C{1H} NMR  (CDCl3ȟ ΫΪΪ -(Úȟ άί Т#Ɋȡ ʆ К 212.8 (C-3), 76.3 (C-2), 37.7 (C-4), 33.4 

(C-8), 29.1 - 28.0 (C-6), 24.1 - 23.5 (C-5, C-7) ppm; ESI-MS: m/z = 375.4 (M++Na); Elemental 

analysis  (%): calcd: 78.35 (C); 12.58 (H) found: 78.22 (C); 12.79 (H). 

Synt hesis of Cyclononadecanone  (C19,c -( -CO-) )  

The dehydroxylation of acyloin C19,c-(-CO-CHOH -) was performed according to a procedure 

for the dehydroxylation of acyclic butyroin. 256 To a solution of 17.00 g (57.34 mmol)  of acyloin  

C19,c-(-CO-CHOH -) in 300 mL of CH2Cl2, 16.27 mL (22.94 g, 114.68 mmol) of trimethylsilyl iodide 

were added dropwise over a period of 10 minutes. The dark brown solution was allowed to stir at 

room temperature for 14 h before it was quenched with aqueous sodium ascorbate solution to 

reduce formed iodine. After separating the layers, the aqueous phase was extracted with CH2Cl2 

and the combined organic phase was washed sequentially with water and brine, dried over MgSO4, 

and the solvent was removed by rotary evaporation. The yellow crude product was purified by flash 

column chromatography (gradient from petroleum ether/EtOAc 99/1 to petroleum ether/EtOAc 

19/1) to yield 11.66 g (41.58 mmol, 72%) of C19,c-(-CO-) as a colorless waxy solid.  

 

C19,c-(-CO-) (x = 1): 1H NMR  (CDCl3, ήΪΪ -(Úȟ άί Т#Ɋȡ ʆ К 2.36 (t, 3JHH = 7.0 Hz, 4H, H-2), 1.62 - 

1.53 (m, 4H, H-3), 1.31 - 1.21 (m, 28H, H-4) ppm; 13C{1H} NMR  (CDCl3ȟ ΫΪΪ -(Úȟ άί Т#Ɋȡ ʆ К 212.3  
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(C-1), 42.6 (C-2), 28.5 - 27.6 (C-4), 23.9 (C-3) ppm; ESI-MS: m/z = 303.4 (M++Na); Elemental 

analysis  (%): calcd: 81.36 (C); 12.94 (H) found: 81.53 (C); 12.83 (H). 

Synthesis of Cyclotricosanone ( C23 ,c-( -CO-) )  

For the preparation of cycloketone C23,c-(-CO-), 15.00 g (42.54 mmol) of acyloin  

C23,c-(-CO-CHOH -) were treated with 12.07 mL (17.02 g, 85.08 mmol) of trimethylsilyl iodide in 

300 mL of dichloromethane according to the procedure for the synthesis of C19,c-(-CO-). After 

column chromatography (eluent: gradient from petroleum ether/ethyl acetate 99/1 to petroleum 

ether/ethyl acetate 49/1), C23,c-(-CO-) was obtained in 74% yield (10.60 g, 31.49 mmol) as a light 

yellow solid. 

 

C23,c-(-CO-) (x = 5): 1H NMR  (CDCl3ȟ ήΪΪ -(Úȟ άί Т#Ɋȡ ʆ К 2.39 (t, 3JHH = 7.1 Hz, 4H, H-2), 1.63 - 

1.55 (m, 4H, H-3), 1.32 - 1.24 (m, 36H, H-4) ppm; 13C{1H} NMR  (CDCl3ȟ ΫΪΪ -(Úȟ άί Т#Ɋȡ ʆ К 212.3  

(C-1), 42.6 (C-2), 28.5 - 27.6 (C-4), 23.9 (C-3) ppm; ESI-MS: m/z = 335.1 (M--H);  Elemental analysis  

(%): calcd: 82.07 (C); 13.18 (H) found: 82.18 (C); 13.27 (H). 

Synthesis of N onadecalactone ( C19,c -( -COO-) )  

The Baeyer-Villiger oxidation was performed in a round bottom flask with  a nitrogen inlet and 

dropping funnel, according to a protocol for the synthesis of a C14 lactone.258 18.87 g (67.27 mmol) 

cycloketone C19,c-(-CO-) were dissolved in 1 L of dichloromethane (stored over molecular sieves) 

and degassed successively. Afterward, 37.98 g (403.64 mmol) of urea hydrogen peroxide and 66.85 g 

(470.91 mmol) of Na2HPO4 were added, and the suspension was cooled in an ice bath. To the cooled 

slurry, 66.37 mL (98.89 g, 470.91 mmol) of trifluoroacetic anhydride  (TFAA) were added slowly via 

a dropping funnel and the resulting light yellow mixture was stirred for 18 h with slow warming to 

room temperature. To the slurry, 100 mL of water and 50 mL of sodium ascorbate solution were 

added, and the phases were separated. The water phase was washed with dichloromethane, and the 

combined organic phases were washed twice with aqueous Na2CO3 solution and brine, dried over 

MgSO4 and the solvent was removed by rotary evaporation. Purification of the light yellow residue 

via column chromatography (petroleum ether/CH 2Cl2 1/1) yielded 16.95 g (57.17 mmol, 85%) of  

C19,c-(-COO-) as a colorless oil. 
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C19,c-(-COO-) (x = 1): 1H NMR  (CDCl3ȟ ήΪΪ -(Úȟ άί Т#Ɋȡ ʆ К 4.09 (t, 3JHH = 6.0 Hz, 2H, H-6), 2.29 

(t, 3JHH = 7.2 Hz, 2H, H-2), 1.68 - 1.56 (m, 4H, H-3, H-5), 1.43 - 1.21 (m, 28H, H-4) ppm; 13C{1H} NMR  

(CDCl3ȟ ΫΪΪ -(Úȟ άί Т#Ɋȡ ʆ К 174.1 (C-1), 64.3 (C-6), 34.8 (C-2), 28.7 - 27.2 (C-4), 25.9 (C-5), 25.2 (C-

3) ppm; ESI-MS: m/z = 319.4 (M++Na); Elemental analysis  (%): calcd: 76.97 (C); 12.24 (H) found: 

77.09 (C); 12.31 (H). 

Synthesis of Tricosalactone ( C23 ,c-( -COO-) )  

According to the procedure for the preparation of C19,c-(-COO-), 10.60 g (31.49 mmol) of ketone 

C23,c-(-CO-) were treated with 17.78 g (188.95 mmol) of urea hydrogen peroxide, 31.29 g 

(220.44 mmol) of disodium phosphate, and 31.07 mL (46.29 g, 220.44 mmol) of TFAA. After 

purification by column chromatography (petroleum ether/dichloromethane 1/1), lactone  

C23,c-(-COO-) was obtained as a colorless solid in 79% yield (8.77 g, 24.88 mmol).  

 

C23,c-(-COO-) (x = 5): 1H NMR  (CDCl3ȟ ήΪΪ -(Úȟ άί Т#Ɋȡ ʆ К 4.09 (t, 3JHH = 6.1 Hz, 2H, H-6), 2.31 

(t, 3JHH = 7.3 Hz, 2H, H-2), 1.68 - 1.58 (m, 4H, H-3, H-5), 1.41 - 1.25 (m, 36H, H-4) ppm; 13C{1H} NMR  

(CDCl3ȟ ΫΪΪ -(Úȟ άί Т#Ɋȡ ʆ К 174.2 (C-1), 64.4 (C-6), 34.7 (C-2), 29.2 - 28.0 (C-4), 26.1 (C-5), 25.3  

(C-3) ppm; ESI-MS: m/z = 375.4 (M++Na); Elemental analysis  (%): calcd: 78.35 (C); 12.58 (H) found: 

78.32 (C); 12.31 (H). 

Synthesis of Nonadecalactam ( C19,c -( -CONH-) )  

According to a procedure for the preparation of laurolactam,263 0.10 g (0.36 mmol) of 

cycloketone C19,c-(-CO-) were dissolved in 10 mL of formic acid. 0.06 g (0.53 mmol) of 

hydroxylamine-O-sulfonic acid, dissolved in 5 mL of formic acid, were added dropwise to the stirred 

solution. The mixture was refluxed at 110 °C for 16.5 h and quenched by pouring the mixture in ice 

water. After neutrali zing the slurry with saturated sodium carbonate solution, the slurry was 

extracted with chloroform, the organic phase was washed subsequently with water and brine, and 

dried over MgSO4. Removing the solvent by rotary evaporation yielded the brown crude product 
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which was purified by flash column chromatography (50 g, pentane/EtOAc 1/1). In this way 50 mg 

(48 %) of lactam C19,c-(-CONH-) as a colorless solid were obtained. 

 

C19,c-(-CONH-) (x = 1): Rf (pentane/EtOAc : 6/4): 0.20; 1H-NMR  (CDCl3ȟ ήΪΪ -(Úȟ άί Т#Ɋȡ ʆ К 

5.67 (s, 1H, NH), 3.26 (vq, 3JHH = 6.2 Hz, 2H, H-6), 2.16 (t, 3JHH = 7.0 Hz, 2H, H-2), 1.66 - 1.57 (m, 2H, 

H-5), 1.51 - 1.43 (m, 2H, H-3), 1.33 - 1.22 (m, 28H, H-4) ppm; 13C{1H} -NMR  (CDCl3, 100 MHz, 25 °C): 

ʆ К 173.3 (C-1), 39.3 (C-6), 37.1 (C-2), 29.5 (C-5), 28.9 - 26.5 (C-4), 26.0 (C-3) ppm; ESI-MS: m/z = 

318.2 (M++Na). 

Synthesis of Tricosalactam ( C23,c -( -CONH-) )  

Tricosalactam (C23,c-(-CONH-)) was prepared as described for nonadecalactam  

(C19,c-(-CONH-)). After flash column chromatography, the lactam was obtained as a colorless solid 

in 87 % yield. 

 

C23,c-(-CONH-) (x = 5): Rf (pentane/EtOAc : 6/4): 0.31; 1H-NMR  (CDCl3ȟ ήΪΪ -(Úȟ άί Т#Ɋȡ ʆ К 

5.60 (s, 1H, NH), 3.26 (vq, 3JHH = 6.3 Hz, 2H, H-6), 2.16 (t, 3JHH = 7.1 Hz, 2H, H-2), 1.66 - 1.58 (m, 2H, 

H-5), 1.52 - 1.44 (m, 2H, H-3), 1.34 - 1.23 (m, 36H, H-4) ppm; 13C{1H} -NMR  (CDCl3, 100 MHz, 25 °C): 

ʆ К 173.3 (C-1), 39.4 (C-6), 37.0 (C-2), 29.6 (C-5), 29.2 - 26.7 (C-4), 26.0 (C-3) ppm; ESI-MS: m/z = 

374.4 (M++Na). 

4.4.3  Preparation  and Material Properties  of Polyesters  

General Procedure for the Preparation of Polyesters  

Enzymatic ROP. A typical polymerization was conducted in a flame dried Schlenk tube with 

a magnetic stir bar under nitrogen atmosphere. Prior to the polymerization, N435 was weighed in 

(1 wt% with respect to the lactone) and dried at 60 °C for at least 16 h. Afterward, molecular sieve 

(3 Å), lactone and dry toluene (2/1 v/w with respect to the lactone) were added, and the Schlenk 

tube was closed. The reaction was allowed to stir for a definite time at a definite temperature. The 
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polymerization was then diluted with toluene and the polymer solution was filt ered through a short 

celite plug to remove all enzyme residues and the molecular sieve. After precipitation from 

methanol, the colorless polymer was dried in vacuo. Unreacted lactone could be recovered from 

the methanol filtrate by isolation via column chromatography (petroleum ether/dichloromethane 

1/1). 

Aluminum mediated ROP.  In a typical aluminum mediated ROP of macrolactones, a flame 

dried Schlenk flask was charged with 1.0 g of the corresponding lactone under a nitrogen 

atmosphere. In a glovebox, 0.24 mol% of aluminum complex AlEt or AlOBn were added to the flask. 

In the case of AlEt, 0.24 mol% of BnOH (in a 0.189 M solution in toluene) were added subsequently. 

After the flask was removed from the glovebox, the reaction mixture was stirred at 100 °C for the 

designated time. Afterward, the mixture was dissolved in toluene, precipitated from methanol and 

dried in vacuo. Unreacted lactone could be recovered from the methanol filtrate by isolation via 

column chromatography (petroleum ether/dichloromethane 1/1). 

WAXS of Polyesters  

As a consequence of the long aliphatic segments in the polymers, these polyesters crystallize in 

an orthorhombic crystal system, identical to polyethylene. Thus, wide-angle x-ray scattering 

(WAXS) can be used for the determination of the crystallinity of the materials. For this purpose, 

WAXS was performed on a Bruker D8 DISCOVER instrument in reflection mode on a quartz sample 

holder (Figure 4.12). 

      

Figure 4.12. WAXS diffractograms of polyester -19 (left) and polyester -23 (right).  

Comparing the relative areas of the two depicted reflexes with the broad amorphous area, the 

crystallinity can be calculated. By this method, a crystallinity of 60 and 68% could be determined 
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for polyester -19 and polyester -23, respectively. For calculation of the crystallinity, PeakFit  

(v. 4.1.2.) was used as software. 

Preparation of Specimen s for Mechanical Properties Testing  

A ThermoFisher Scientific HAAKE MiniJet II instrument  was used for polymer processing for 

the injection molding of dogbone shaped (75 × 12.5 × 2 mm3, ISO 527-2, type 5A) and rectangular 

specimen (60 × 10 × 1 mm3) for mechanical characterization. For the preparation of the specimens 

for mechanical analyses, the polymer was processed by piston injection molding. If stabilizers were 

used, the polymer was suspended in a solution of Irgafos 168 and Irganox 1076 (1.0 wt%; in a 1:1 w/w 

mixture)  in acetone and ultrasonicated for 30 min followed by removing the acetone in vacuo. At a 

temperature of 160 ɀ 200 °C the polymer was molten in the cylinder and injected into the mold, 

held at 80 °C. The injection pressure was varied from 500 to 600 bar, applied for 8 to 15 s, followed 

by a post injection pressure of 200 bar for 5 s. The molds were allowed to cool to room temperature 

before the specimen was removed. 

Dynamic Mechanical Analysis  

DMA measurements were performed on rectangular specimens, cut into halves 

(30 × 10 × 1 mm3), on a Triton Technology TT DMA equipped with single cantilever geometry. All 

measurements were performed from -150 to +60 °C with a heating ramp of 3 K min -1 and a frequency 

of 1 Hz. Data collected was processed using the Triton Technology DMA software. The glass 

transition temperature (Tg) and Tʅ were ÄÅÔÅÒÍÉÎÅÄ ÆÒÏÍ ÔÈÅ ÌÏÓÓ ÍÏÄÕÌÕÓ ɉ'ȭȭɊ ÆÒÏÍ local maxima 

of the curve. 

Tensile Properties  

Tensile properties were analyzed on a Zwick Roell Zwick 1446 Retroline tC II instrument after 

preconditioning of the samples overnight. The crosshead speed was set to 1 mm min -1 for 

ÄÅÔÅÒÍÉÎÁÔÉÏÎ ÏÆ 9ÏÕÎÇȭÓ ÍÏÄÕÌÕÓ ÁÎÄ ί ÏÒ ίΪ mm min -1 for determination of additional 

parameters. Data was collected using testXpert in software version 11.0. The values determined for 

9ÏÕÎÇȭÓ ÍÏÄÕÌÕÓ %ȟ ÓÔÒÅÓÓ ÁÔ ÙÉÅÌÄÉÎÇ ʕyȟ ÓÔÒÁÉÎ ÁÔ ÙÉÅÌÄÉÎÇ ʇyȟ ÔÅÎÓÉÌÅ ÓÔÒÅÓÓ ÁÔ ÂÒÅÁË ʕb, and 

ÅÌÏÎÇÁÔÉÏÎ ÁÔ ÂÒÅÁË ʇb represent the corresponding average values from all specimens. 

4.4.4  Determination of Molecular Weights by 1H NMR 

Spectroscopy  

For determination of the (number average) molecular weight of polyester -19 and  

polyester -23, 1H NMR spectroscopy was used. For this calculation, the signals of the chain end 
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groups have to be identified. In general, a ring-opening polymerization of a lactone catalyzed by 

AlOBn or N435 leads to 4 possible chain end groups (Figure 4.13, Figure 4.14): 

¶ E1: methyl ester (ʆ = 3.72 ppm, s, 3H) 

¶ E2: hydroxymethylene (ʆ = 3.68 ppm, t, 2H) 

¶ E3: benzyl ester (ʆ = 5.18 ppm, s, 2H; only observed for AlEt/OBn  as catalyst) 

¶ E4: carboxylic acid (ʆ = 2.37 ppm, t, 2H; only observed for N435 as catalyst) 

In theory, methyl esters are not expected from direct ROP of the macrolactones, though 

precipitation  from methanol  leads to (trans-)esterification of carboxylic (end) groups, generating 

these esters. As every chain contains a hydroxymethylene chain end group, this signal can be solely 

used for molecular weight determination. This allows general comparison of the number average 

molecular weights (M n) of polylactones obtained by different ROP catalysts. For calculation of Mn, 

the number average degree of polymerization (DPn) was determined by comparison of the signal 

intensity of the backbone signal B1 adjacent to the ester oxygen with respect to the signal intensity 

of end group E2. DPn was determined according to the following equation: 

Ὀὖ
║᷿

╔᷿
 

 

Figure 4.13. 1H NMR spectrum of polyester -19 by aluminum catalyzed ROP of C19,c-(-COO-) at 130 °C in 
tetrachloroethane-d2. Inset: End groups for calculation of the number average molecular weight. 
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Figure 4.14. 1H NMR spectrum of polyester -19 by eROP of C19,c-(-COO-) at 130 °C in tetrachloroethane-d2. Inset: End 
groups for calculation of the number average molecular weight. 
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5 
5 CHAIN MULTIPLICATION  OF FATTY ACIDS VIA  

OLEFIN METATHESIS  

5.1  Introduction  

The importance and relevance of ʂȟʝ-difunctional building blocks with a chain length 

exceeding 20 carbon atoms is reflected by their manifold natural occurrence (cf. Figure 1.1). Such 

building blocks can be found in a wide variety of organisms, such as algae (algaenan),11-15 archaea 

(archaeal lipids, e.g. caldarchaeol)19 and even in human skin (ceramides).9,10 In the latter case,  

ʝ-hydroxylated carboxylic acids with a chain length as high as 36 carbon atoms have been 

observed.272 The chain lengths of such building block s also correspond to the typical lamella 

thickness of polymer crystals, rendering them relevant for the convenient access to nanocrystals. 

Apart from nanocrystals, the resulting polymers (e.g. polyesters) are also interesting materials as 

they exhibit extraordinarily high melting points and are frequently discussed as polyethylene 

mimics.273 Furthermore, their length corresponds to the typical thickness of phospholipid bilayers 

which opens perspectives for synthetic structures mimicking these ubiquitous  structures of 

biological systems.274 

However, such systems are largely unexplored due to the limited access to suitable ultra long-

chain building blocks, functionalized in ʂ- and ʝ-position. Besides tedious multistep procedures 

for the sequential preparation of long-chain ʂȟʝ-difunctional building blocks (cf. Chapter 1.1.1), 

fatty acids emerged as suitable starting materials, already providing a long methylene sequence and 
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a terminal functional group. Using these structures as starting materials typically reduces the 

numbers of steps necessary and thus decreases the production of undesired side products, such as 

salts, the traditional by-products of conventional processes. Existing routes, involving the 

conversion of fatty acids already lead to long-chain (РC18) ʂȟʝ-difunctional building blocks via 

biotechnological or entirely chemical catalytic pathways.65,76,82,88 In the latter routes, 

monounsaturated fatty acids are required for the generation of the difunctional compounds. 

Manipulation of the double bond (e.g. olefin metathesis or isomerization/functionalization 

approaches) is used for the formation of the desired compounds. In isomerizing 

alkoxycarbonylation, the double bond is isomerized throughout the chain and selectively converted 

to an ester functionality at the terminal  position, leading to a saturated compound. Compared to 

this, olefin metathesis formally  exchanges the substituents of the double bonds and an unsaturated 

ʂȟʝ-difunctional  building block is obtained. Yet, the maximal chain length that can be accessed in 

these strategies still is limited by the chain length of the starting material. 

5.1.1  Olefin Metathesis  

Olefin metathesis of unsaturated fatty acids has one of the longest ranging histories in the 

annals of olefin metathesis. As early as 1972, van Dam et al. reported the self-metathesis of methyl 

oleate catalyzed by WCl6/SnMe4 for the synthesis of an internally unsaturated C18 ʂȟʝ-diester.275 

Yet, it was not before the last two decades until olefin metathesis was further developed for fatty 

acids.276,277 This newly awakened interest is also reflected in industrial applications of olefin 

metathesis on fatty acids. E.g. in 2013 Elevance Renewable Sciences and Wilmar International 

launched a biorefinery for the large-scale olefin metathesis of fatty acid derivatives from palm oil.67-

72 

Initially, the catalysts used for olefin metathesis were ill-defined multiple component mixtures, 

such as the aforementioned WCl6/SnMe4 until different  groups developed a broad range of different 

well-defined complexes (Figure 5.1). Early examples of well-defined olefin metathesis catalyst 

precursors were presented by the group around Schrock who reported early transition metals (Ta, 

W, Nb) in high oxidation states, bearing alkylidene ligands (S1) that showed remarkable activity in 

metathesis reactions.278 A further development of this catalyst type was reported later on, 

comprising molybdenum as a central metal, coordinated by partially fluorinated alkoxides and an 

aryl imide (S2).279 While these early transition metals exhibited remarkably high activities, their 

tolerance toward functional groups was only moderate, limiting the scope of application of these 

complexes. To this end, Grubbs et al. reported ruthenium based systems in 1992 that were less active 

but more tolerant toward functional groups. 280 The lower activity could be improved by the 

introduction  of benzylidenes (G1) instead of more complex 3,3-diphenylpropenylidenes.281 Based 
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on G1, many modifications were investigated leading to a variety of different catalysts, exhibiting 

differing activities in a range of applications.282 

 

Figure 5.1. Overview of various catalyst types for olefin metathesis. 

Generally, these ruthenium based catalysts can be classified into 3 generations: 1st generation 

catalysts, bearing phosphines, 2nd generation catalysts, bearing NHC ligands and 3rd generation 

catalysts, bearing (substituted) pyridine ligands. Whereas 2nd generation Grubbs catalyst (G2) 

exhibits higher activity as compared to G1,283 3rd generation Grubbs catalyst (G3) additionally shows 

remarkably fast initiation rates as a result of the weakly bound pyridine ligands.284 Beyond the 

Grubbs-type systems, various groups established their modifications on the complexes, resulting in 

new types of catalysts. E.g. the benzylidene moiety can be substituted for indenylidenes,285 resulting 

in complexes with lower initiation rates  (e.g. U2), though exhibiting extraordinarily high thermal 

stabili ties.286,287 Furthermore, the group of Piers reported the use of ionic alkylidenes, such as 

phosphonium methylidenes (P1 and P2), displaying initiation rates among the fastest reported so 

far.288 By introduction of a coordinating group into the alk ylidene moiety, one ligand can be 

substituted, as demonstrated by the groups of Hoveyda and Blechert.289-291 These 1st and 2nd 

generation Hoveyda-type complexes (HG1, HG2) usually comprise an iso-propyl ether in ortho-

position of the benzylidene group and can be used at lower temperatures as compared to the 

corresponding Grubbs-type catalysts. This is a result of the weakly coordinated ether group instead 

of phosphines. The introduction of a n additional  electron-withdrawing group was demonstrated 
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by the group of Grela, tuning the initiation further to faster rates ( Gr1).292 As olefin metathesis 

reactions in water or other polar solvents are also of interest, various groups modified the catalyst 

precursors for higher solubility in these solvents.282 To this end, ionic or polyethylene glycol bearing 

moieties were attached to the NHC ligand or to the alkylidene moiety. E.g. Grela could show that 

by introduction of an ammonium group on the benzylidene ligand ( Gr2), the complex becomes 

water soluble, allowing for aqueous olefin metathesis.293 

Concerning the choice of catalyst for a given reaction, in general, olefin metathesis can be 

classified into different types (Scheme 5.1). Self-metathesis involves the reaction of two identical 

molecules, leading to the formation  of two new, different olefins. Conversely, the back reaction, 

classified as cross metathesis reaction, involves the reaction of two different olefins. Substrates 

containing multiple double bonds, such as ʂȟʝ-dienes, can be subjected to self-metathesis, 

promoting an intramolecular reaction. This intramolecular olefin metathesis, classified as ring-

closing metathesis (RCM) typically involves short-chain dienes that lead to thermodynamically 

favored five- or six-membered unsaturated cycles. Alternatively, cycles from longer dienes can be 

accessed under high dilution conditions. Working at higher concentrations of these dienes, 

intermolecular self-metathesis can occur, classified as acyclic diene metathesis polymerization 

(ADM ET polymerization), leading to the formation  of an unsaturated polymer. As from terminal 

dienes, ethylene is generated as the second olefin, full  conversion can be accessed by removal of 

this highly volatile compound.  An alternative pathway to unsaturated polymers is from cyclic 

olefins, depending on their  ring strain. Working with highly strained cycloolefins, such as 

norbornene enables ring-opening metathesis polymerization (ROMP). The driving force for this 

polymerization is the release of the ring strain by self-metathesis, generating an open-chain 

structure, similar to the polymers obtained by ADMET polymerization.  

 

Scheme 5.1. Different types of reactions involving olefin metathesis. 

As depicted in Scheme 5.1, generally, most olefin metathesis reactions are effectively 

equilibrium reactions. This is a result of the virtually thermodynamically neutral nature  of this 

reaction. Consequently, this means that only limited control over these reactions is possible, and 

the composition of the reaction mixture is defined by statistics. In the case of self-metathesis of an 

olefin (cf. Scheme 5.1) this implies that if only one of the resulting olefins is desired, the theoretical 
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yield that can be reached is 25%. By definition, this also means the maximum yield that can be 

achieved is limited to 50% with respect to the total amount of starting material.  Note that as a 

consequence of this, frequently the theoretically possible yields are referred as 100% instead of 50%. 

Another challenge is the presence of competing side reactions in an olefin metathesis process. For 

instance, in a cross metathesis reaction, self-metathesis can always occur, leading to the formation  

of an undesired product. Here, choosing the right catalyst can help reducing this kind of side 

reactions. Yet, as mentioned above, under certain circumstances, a more selective reaction is 

feasible, e.g. by selective removal of by-products, such as ethylene. 

In cross metathesis, the selectivity can also be controlled by the olefins used in the reaction. To 

this end, Grubbs presented a classification of olefins regarding their  activity in cross and self-

metathesis.294 Although this classification depends on the catalyst employed, a general estimate on 

the reactivity is possible (Table 5.1). Depending on steric and electronic factors, olefins readily react 

in (competitive) self-metathesis (type I) or are even inactive in cross metathesis reactions with 

highly reactive olefins (type IV). E.g. Electron-deficient olefins react slower or are completely 

inactive in olefin metathesis. Yet, by choosing the appropriate catalyst these olefins might still be 

consumed. 

Table 5.1. Categorization of olefins with respect to their activity in competitive self-metathesis in cross metathesis 
reactions with highly reactive olefins. 

catalyst  G1 G2 

Type I (fast self -

metathesis)  

terminal olefins, internal olefins 

(unsubst.), various internal olefins 

(allylic subst. and other sterically 

unproblematic substituents)  

terminal olefins, internal olefins (unsubst.), 

various internal olefins (allylic subst.), 

styrene (small substituents in aromatic 

ring)  

Type II (slow self -

metathesis)  

styrene, vinylic substrates ʂȟʃ-unsaturated carbonyls (e.g. acrylates, 

acrylamides, vinylic ketones), styrene 

(bulky substituents in aromatic ring)  

Type III (no self -

metathesis)  

vinylic siloxanes 1,1-disubst. olefins, trisubst. olefins (non-

bulky), vinylic phosphonates 

Type IV (no cross 

metathesis)  

ʂȟʃ-unsaturated carbonyls, 1,1-disubst. 

olefins 

NO2-subst. vinyls, trisubst. allylic alcohols 

(protected) 

 

According to th is categorization, monounsaturated fatty acids are classified as type I olefins, 

displaying high reactivity in self-metathesis. However, as a result of the thermodynamic principles 

of olefin metathesis, e.g. the preparation of a ʂȟʝ-dicarboxylic compounds only yields 25% of the 

desired compound in the reaction equilibrium. In order to achieve higher yields, removing the 

reaction product from the equilibrium seems desirable, shifting the reaction toward full conversion. 

Indeed, Ngo et al. could show that performing self-metathesis of monounsaturated fatty acids in 
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bulk at temperatures slightly above the melting point of the corresponding fatty acid could lead to 

precipitation of the generated diacid.65 This results in a shift in the equilibrium, thus yielding the 

diacid in up to 71% (conversion 79% with respect to the equilibrium case of 50%). 

Apart from self-metathesis, cross metathesis of fatty acids (and derivatives thereof) has been 

investigated with a range of different olefins like ethylene,295-301 2-butene,298,302,303 acrylates222,304-306, 

and acrylonitrile. 222,304,307 A more specialized application of olefin metathesis on fatty acids was 

demonstrated by the group of Gooßen in their isomerizing olefin metathesis approach.308 

Performing a self-metathesis reaction of methyl oleate in the presence of a second, palladium based 

catalyst for olefin isomerization resulted in a complex mixture of diesters, monoesters, and internal 

olefins with a chain length from C8 to C32 (Scheme 5.2). Double bond isomerization generally is 

undesired in olefin metathesis reactions due to the generation of reaction products of different 

chain lengths. However, in this example an improvement for the boiling curves of metathesized 

biodiesel was noted, thus allowing for a potential valorization of the fatty acid starting material.  

 

Scheme 5.2. Isomerizing self-metathesis of methyl oleate to yield olefins, monoesters, and diesters of different chain 
lengths, as reported by the group of Gooßen.308 

5.1.2  Isomerization of the Double Bond  

Although in special cases double bond isomerization can be advantageous, in general it is 

rather a problematic side reaction. Mechanistically, thi s double bond migration can be promoted 

by ruthenium hydride species and proceeds via a consecutive olefin insertion and ʃ-hydride 

elimination process or ÂÙ Á ʓ-allyl hydride mechanism (Scheme 5.3).309 These ruthenium hydrides 

can be generated from ruthenium methylidene species, prone to decomposition, as reported by 

Grubbs.310 As double bond isomerization in olefin metathesis is only desired in highly specialized 

processes, such as the aforementioned valorization of biodiesel,308 many groups investigated 

techniques for the prevention of this side reaction. Generally, working at lower temperatures is 

beneficial for reducing the extent of double bond migration, as demonstrated by Pederson and co-

workers.311 Additionally, various additives, such as benzoquinones,312 acetic acid,312 boranes,313,314 

phosphinoxides315, and phosphoesters316 have been reported for suppressing these undesired 

pathways albeit the underlying mechanisms for this inhibition are not completely understood . 



Introduction  

127 

 

Scheme 5.3. 0ÒÏÐÏÓÅÄ ÍÅÃÈÁÎÉÓÍ ÆÏÒ ÏÌÅÆÉÎ ÉÓÏÍÅÒÉÚÁÔÉÏÎ ÄÕÒÉÎÇ ÏÌÅÆÉÎ ÍÅÔÁÔÈÅÓÉÓȢ ,ÅÆÔȡ ʓ-allyl hydride mechanism. 
2ÉÇÈÔȡ ʃ-hydride elimination mechanism.  

Beyond olefin metathesis, many processes involve double bond isomerization as a crucial step 

for the selective conversion of the substrates in isomerization/ functionalization approaches (cf. 

Chapter 1.1.2). Key to these strategies is the isomerization of the internal double bond to the 

terminal position, followed by a selective functionalization, subsequently. Opposed to that, the 

selective isomerization of internal olefins without subsequent functionalization  has yet to be 

explored. One rare example was reported by the group of Angelici, selectively shifting the double 

bond of monounsaturated fatty acids to the thermodynamically favored ʂȟʃ-position with respect 

to the carbonyl group (Scheme 5.4).317 In their attempt, Fe(CO) 5 was used in stoichiometric 

amounts, trapping the desired isomer by the formation  of a ʉ4 complex by coordination of the olefin 

and the carbonyl. 

 

Scheme 5.4. Selective isomerization of methyl oleate (C18,u-(COOMe) ) to its ʂ,ʃ-unsaturated isomer C18,(ʂȟʃ)-(COOMe) , 
as reported by Shih and Angelici.317 

For accessing longer chain ʂȟʝ-difunctional building blocks  from fatty acids, a selective 

isomerization to a terminal position would be desired. With this terminal double bond, self -

metathesis would lead to a doubling of the initial chain length, breaking the limits of contemporary 

strategies on olefin metathesis of fatty acids to such building blocks. However, due to the 

thermodynamically unstable position, this dream reaction is not possible with double bonds, to 

date. As opposed to that, the group of Schäfer used a more elaborate strategy for a related concept 

to C36 ʂȟʝ-diols and -diesters, utilizing triple bonds. 318 Starting from oleic acid, bromination , and 

consecutive double elimination leads to the formation  of an internal alkyne that can be isomerized 

selectivelÙ ÔÏ ÔÈÅ ÔÅÒÍÉÎÁÌ ÐÏÓÉÔÉÏÎ ÂÙ ÔÈÅ Ȭacetylene zipperȭ ÒÅÁÃÔÉÏÎȢ 3ÕÂÓÅÑÕÅÎÔ Glaser coupling 

resulted in a Ȭchain doublingȭ of the initial chain length and to the generation of a  

ʂȟʝ-difunctionalized compound. Although the chain length was doubled in this st rategy, the use of 

traditional or ganic tools again resulted in the generation of massive amounts of waste products. 
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Also, the approach is limited to acetylenes which can be trapped as the terminal acetylide salts. To 

this end, a strategy directly utilizing the double bond of the starting material for accessing Ȭchain 

doubledȭ building blocks via olefin metathesis is desirable. 
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5.2  Results and Discussion  

To access chain lengths exceeding typical fatty acids, a novel route, combining olefin 

metathesis and isomerization of the double bond was elaborated (Scheme 5.5). 

 

Scheme 5.5. ȬChain Doublingȭ strategy for the preparation of ultra long-chain C32 ʂȟʝ-diester C32,u-(COOMe) 2 starting 
from C18 oleic acid (C18,u-(COOH) ). 

This strategy involves olefin metathesis of fatty acids, as a well-established and industrially 

applied process for the preparation of internally unsaturated dicarboxylic compounds. Generally, 

these reactions lead to equilibrium mixtures with the desired diacid present in only 25%, though 

by variation of the reaction conditions, this conversion can be drastically improved.65,66 

Isomerization of the double bond of the internally unsaturated compound to the 

thermodynamically favored ʂȟʃ-unsaturated isomer thus leads to a potential substrate for a second 

olefin metathesis step, yielding two fragments: a short-chain C4 ʂ,ʝ-diester and an ultra long-chain 

C32 ʂȟʝ-diester. 

5.2.1  Self -Metathesis of Oleic Acid  

Performing self-metathesis of oleic acid under neat conditions at elevated temperatures 

(T = 45 °C) is reported for a conversion as high as 79% to the desired diacid due to precipitation of 

the compound from the reaction mixture  (Scheme 5.6).65 As a catalyst, 2nd generation Grubbs 

complex (G2) was employed with a loading of 0.1 mol%. 

 

Scheme 5.6. Self-metathesis of oleic acid (C18,u-(COOH )) to yield C18 ʂȟʝ-diacid C18,u-(COOH) 2. 

Yet, self-metathesis of oleic acid under these reported conditions could not lead to comparative 

results and a conversion of only 54%, i.e. reflecting equilibrium conditions,  was obtained after a 
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reaction time of 14 h. Since olefin metathesis reactions generally are prone to double bond 

isomerization, several double bond isomers can occur over the course of the reaction. These isomers 

can undergo another olefin metathesis step, leading to different, undesired chain lengths in the 

products. Although Ngo et al., performing the reaction for even longer periods did not report on a 

high content of various chain lengths in the product, a decrease of the reaction time was desired. 

Hence, reaction conditions were varied to get to higher conversions with a minimal extent of double 

bond isomerization (Table 5.2). 

Table 5.2. Preparation of C18 diacid C18,u-(COOH) 2 by self-metathesis of C18,u-(COOH ).a 

entry  cat.  Vheptane  [mL]  time [min]  conv. GC
b [%] 

1c G2 0 1440 79 

2 G2 0 840 54 

3 HG2 0 45 60 

4d HG2 10 15 69 

5d HG2 20 15 74 

a reaction conditions: 63.37 mmol (20.0 mL) of C18,u-(COOH ), 0.1 mol% of cat., 

T = 45 °C, quenched with ethyl vinyl ether. b for GC measurements, the crude product 

was esterified in methanol with catalytic amounts of H2SO4. c data from Ngo et al.65  

d 0.2 mol% of 1,4-benzoquinone were used as additive. 

 

As 2nd generation Grubbs catalyst G2 did not yield the expected high conversion (entry 2 ), 2nd 

generation Hoveyda-Grubbs catalyst HG2 was tested (entry 3 ). Following the progress of the 

reaction by periodically drawn GC samples showed that already after 30 min a conversion of 60% 

could be obtained. However, after precipitation of the diacid after five minutes, only marginal 

changes in conversion were observed, and the reaction was stopped after 45 min. This is most likely 

due to the none-stirrable waxy solid that is generated by precipitation of the product. To access 

higher conversions, a solvent seemed reasonable to maintain a suspension that can be stirred 

effectively. Heptane was chosen because of the excellent solubility of the starting material in 

addition to the low solubility of the diacid. Since in these experiments the concentration of 

carboxylic acid groups, known to hamper olefin isomerization during metathesis reactions, is 

decreased, 1,4-benzoquinone was used as an additive.312 Indeed, a 1:1 ratio of heptane and  

C18,u-(COOH)  (v/v)  resulted in a high conversion of 74% (entry 5 ) in comparison to the original 

conversion of 54% (entry 2 ). For workup, the crude reaction mixture was recrystallized from 

petroleum ether. After esterifying the acid in methanol, methyl ester C18,u-(COOMe) 2 was isolated 

by column chromatography to yield the desired product in 62%. 
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5.2.2  Isomerization of the Double Bond  

Shifting the double bond of diester C18,u-(COOMe) 2 to the thermodynamically favored  

ʂȟʃ-unsaturated position leads to the generation of C18,ɉʂȟʃɊ-(COOMe) 2 (Scheme 5.7). Generally, 

migration of a double bond can be promoted by many catalysts. In fact, decomposition products of 

olefin metathesis catalysts also show activity in double bond isomerization.309,319 Apart from these 

ruthenium based catalysts, homogeneous palladium complexes typically are used for isomerization 

processes of olefins. E.g. [Pd(dtbpx)(OTf) 2] (Pd(OTf)2 ) is well-known for its rapid isomerization of 

double bonds in alcoholic solution.224 

 

Scheme 5.7. Isomerization of the double bond of C18,u-(COOMe) 2 to ʂȟʃ-unsaturated isomer C18,ɉʂȟʃɊ-(COOMe) 2. 

Upon exposure of internally unsaturated diester C18,u-(COOMe) 2 to a methanolic solution of 

Pd(OTf)2 , the isomerization equilibrium is reached within seconds, as determined by 1H NMR 

spectroscopy. The unambiguous chemical shifts of the double bond protons of C18,ɉʂȟʃɊ-(COOMe) 2 

could be used to calculate the content of the ʂȟʃ-unsaturated isomer (Figure 5.2). At a temperature 

of 30 °C, 11.7% of C18,ɉʂȟʃɊ-(COOMe) 2 ((E/Z)-ratio of 55.3) are present in the isomerization 

equilibrium.  These values reflect the thermodynamical equilibrium composition o f the 

isomerization equilibrium as determined by remeasuring the sample after one week. 

 

Figure 5.2. The olefinic  region of a 1H NMR spectrum of the isomerization equilibrium of C18,u-(COOMe) 2 in the presence 
of 1 mol% of Pd(OTf)2  in CDCl3/CD3OD (4/1) at 30 °C. 

In order to elaborate a suitable isolation technique, the temperature dependent isomerization 

equilibrium was further investigated . In a temperature range from 30 to 130 °C, the content of  

ʂȟʃ-unsaturated isomer C18,ɉʂȟʃɊ-(COOMe) 2 was analyzed by 1H NMR spectroscopy (Table 5.3). 
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Table 5.3. Temperature dependency of the isomerization equilibrium of C18,u-(COOMe) 2 in the presence of Pd(OTf)2 .a 

temperature [°C]  content of C18,ɉʂȟʃɊ-(COOMe) 2 [%] 

30 11.7 

40 11.1 

50 10.8 

130b 8.4 

a conditions: 135.0 µmol of C18,u-(COOMe) 2, 1.0 mol% of Pd(OTf)2 , 0.4 mL of CDCl3, 

0.1 mL of CD3OD. b 0.5 mL of C2D2Cl4 were used; Pd(OTf)2  was activated by the 

addition of 50 µl of CD3OD. 

 

As expected, an increasing temperature leads to a decreasing content of the desired  

ʂȟʃ-unsaturated isomer. Distillation of C18,ɉʂȟʃɊ-(COOMe) 2 from the isomerization equilibrium, 

requiring temperatures well above 200 °C thus is contradictious for efficient isolation of the isomer. 

In contrast, lowering the temperature should lead to an increasing content of C18,ɉʂȟʃɊ-(COOMe) 2. 

Consequently, crystallization of the compound from the isomerization equilibrium was pursued. 

A crystallization experiment, conducted in a methanolic solution of C18,u-(COOMe) 2 

(c = 80 mM, 25.00 g per 0.9 L of MeOH) in the presence of 1 mol% of Pd(OTf)2  at 6 °C could lead to 

slow precipitation of a white solid in 13% yield. Indeed, 1H NMR spectroscopy revealed an 

enrichment of the ʂȟʃ-unsaturated isomer C18,ɉʂȟʃɊ-(COOMe) 2 in the precipitate and the desired 

isomer was present in 62%. For an accurate determination of the prevailing content of  

C18,(ʂ,ʃ)-(COOMe) 2, efficient quenching of the catalyst was required for prevention of further 

isomerization. The addition  of NEt3 could completely inhibit isomerization of the double bond, as 

confirmed by 1H NMR studies. Thus, all experiments were quenched by adding excess NEt3 prior to 

filtration.  

By this crystallization approach, a selective isolation of the desired ʂȟʃ-unsaturated diester is 

possible, though due to precipitation of the compound, the total  concentration of diesters in 

solution is continuously decreasing. This lower concentration is not sufficient to lead to further 

crystallization, thus limiting the yield of C18,(ʂ,ʃ)-(COOMe) 2 precipitated in the process. To 

circumvent this bottle neck, the crystallization was controlled by means of a cryostat, allowing for 

employing defined temperature programs. With the help of such temperature gradients, the 

decreasing concentration of the isomers can be compensated by a decreased temperature, leading 

to a decreased solubility of the isomers. In order to choose the starting temperature for the 

crystallization program, the seeding temperature was determined by gradually decreasing the 

temperature, until a slight clouding of the mixture was visible. After redissolving the suspension, 

the starting temperature of the reactive crystallization was set slightly above this clouding 

temperature. 
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An initial  temperature program was designed as two-step gradient with a seeding gradient of 

24 h over a temperature range of 2 °C for the formation of first crystals, followed by a second, linear 

gradient to reach the final temperature of -30 °C (Figure 5.3, line (A)). Over the course of the 120 h 

temperature program, virtually complete precipitation (95%) occurred and a selectivity for  

ʂȟʃ-unsaturated diester C18,ɉʂȟʃɊ-(COOMe) 2 of 82% was obtained. After several recrystallization 

cycles of the crude product from methanol, analytically pure ʂȟʃ-unsaturated diester  

C18,ɉʂȟʃɊ-(COOMe) 2 could be obtained in 70% yield as the (E)-isomer. 

 

Figure 5.3. Different temperature programs used in dynamic isomerizing crystallization approach. 

This dynamic isomerizing crystallization represents an efficient, upscalable process for the 

preparation of C18,ɉʂȟʃɊ-(COOMe) 2. Since the isomerization catalyst evidentially reaches equilibrium 

conditions within seconds, the temperature program was further optimized for shorter reaction 

periods. Several crystallizations, involving 25 g of C18,u-(COOMe) 2 per 900 mL of methanol, were 

conducted with a total reaction time as low as 12 h (Table 5.4, entries 1-4). The temperature 

programs used are depicted in Figure 5.3. Remarkably, the selectivity for the desired isomer stays 

the same throughout the experiments, independently of the total crystallization time. The crude 

yield stays above 90% in all cases. Effects on the crude yield and selectivity were only observed at 

an even shorter crystallization time (entry 5 ). Crystallization in a period of 4 h led to incomplete 

precipitation and a decreased content of the desired isomer. As not only the crude yield of the 

precipitated diesters but also the selectivity is affected, this implies that the gradient was too fast 

for selective precipitation. Consequently, aside from the ʂȟʃ-unsaturated isomer, other isomers also 

precipitate, lowering the selectivity. Furthermore, the isomerization might be too slow, leading to 

a lower ratio of the ʂȟʃ-unsaturated isomer in solution , thus resulting in an overall decreased 

quantity  of diesters precipitated. Since the internally unsaturated isomers show a significantly 

higher solubility, these isomers remain in solution rather than being precipitated. 
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Table 5.4. Dynamic isomerizing crystallization of C18,u-(COOMe) 2 using different temperature gradients.a 

entry  time [h]  Tstart  [°C] temp. program b crude yield [%]  selectivity ʂȟʃ
c [%] 

1 120 8.5 (A) 95 82 

2 58 8.0 (B) 94 80 

3 21 6.3 (C) 90 84 

4 12 10.0 (D) 96 83 

5 4 10.0 (E) 65 64 

6d 21 6.6 (C) 84 83 

a conditions: c(C18,u-(COOMe) 2) = 80 mM in MeOH  (25.0 g per 0.9 L MeOH), 0.5 mol% of Pd(OTf)2 , 

quenched by the addition of NEt3. b temperature program for the crystallization according to Figure 5.3.  

c selectivity for C18,(ʂ,ʃ)-(COOMe) 2 as determined by 1H NMR spectroscopy. d filtrate of a dynamic 

isomerizing crystallization ( entr ies 1-5) used as starting material. 

 

As this reaction step merely is an isomerization of the double bond without a successive 

reaction, the filtrates from the recrystallization of the crude product should be recyclable. This 

recyclability was demonstrated by using the combined filtrates of the recrystallizations of the crude 

product from entries 1  to 5 as a starting material for the reaction shown in entry 6 . Catalyst 

residues from the previous isomerization, quenched with triethylamine were removed by filtration 

over silica prior to a second isomerization under the conditions as stated in entry 3 . As anticipated, 

the selectivity for isomer C18,ɉʂȟʃɊ-(COOMe) 2 is not impaired by using the filtrate. The crude yield is 

slightly lower as compared to the previous experiments, though this might in part  be due to the 

higher content of residual methyl oleate (C18,u-(COOMe) ) in the startin g material. C18,u-(COOMe) , 

present in less than one percent in C18,u-(COOMe) 2, is enriched in the filtrate because of the better 

solubility in methanol. By using the filtrate as starting material, a higher content of methyl oleate 

can be expected, leading to a slightly decreased crude yield. 

5.2.3  óChain Doublingô of C18  Ŭ,ȁ-Unsaturated Diester  

The unique structure of ʂȟʃ-unsaturated diester C18,ɉʂȟʃɊ-(COOMe) 2 can be exploited for the 

preparation of ultra long-chain ʂȟʝ-diesters. One of the substituents of the olefin is a long-chain 

fragment while the other substituent  is a short-chain fragment. Hence, self-metathesis of such an 

olefin should lead to the formation  of a C4 short -chain ʂȟʃ-unsaturated diester C4,(ʂȟʃ)-(COOMe) 2 

and a ÖÉÒÔÕÁÌÌÙ ȬÃÈÁÉÎ ÄÏÕÂÌÅÄȭ long-chain C32 ʂȟʝ-diester C32,u-(COOMe) 2. 

Direct Self -Metathesis  

Self-metathesis of C18,ɉʂȟʃɊ-(COOMe) 2 is the direct route for the preparation of ultra long -chain 

diester C32,u-(COOMe) 2 (Scheme 5.8). To access the desired chain length precisely, isomerization 

of the double bond has to be reduced to a minimal extent. Furthermore, the metathesis reaction 
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can be driven to completion by removing the short-chain fragment from the metathesis 

equilibrium , e.g. by distillation . 

 

Scheme 5.8. Self-metathesis of ʂȟʃ-unsaturated diester C18,ɉʂȟʃɊ-(COOMe) 2 to ultra long -chain diester C32,u-(COOMe) 2 
and C4 short-chain diester C4,(ʂȟʃ)-(COOMe) 2. 

Generally, electron deficient olefins, such as ʂȟʃ-unsaturated carbonyls are challenging 

substrates for self-metathesis reactions.294 In addition, such electron-poor substrates can lead to 

undesired side reaction with phosphine bearing metathesis catalysts, ultimately decomposing the 

catalytically active complex.320 For this reason, phosphine-free HG2 was applied as a catalyst for 

self-metathesis of C18,ɉʂȟʃɊ-(COOMe) 2 in the melt. At 70 °C under reduced pressure, the  

ʂȟʃ-unsaturated starting material was reacted with 2 mol% of HG2. After 4.5 h, 1H NMR 

spectroscopy revealed a conversion of 75% of the starting material, though the collected distillate 

did not contain any traces of the expected C4 short-chain diesters in GC/MS measurements (Figure 

5.4, Inset). Indeed, several longer chain analogs of these diesters were found, revealing double bond 

migration of C18,(ʂ,ʃ)-(COOMe) 2 prior to self-metathesis. Molecular weights as high as 214.1 g/mol 

(m/ zobs = 182.0 М [M  - MeOH] +) could be detected, indicating the generation of a C9 diester. This 

could be further confirmed by 1H NMR spectroscopy of the distillate, exhibiting a mixture of 

multiple ʂȟʃ-unsaturated and internally unsaturated diesters of various chain lengths (Figure 5.4). 

As self-metathesis in the melt led to isomerization of the double bond prior to metathesis of 

the olefin, a range of ultra long-chain diesters rather than C32,u-(COOMe) 2 were obtained. To 

prevent temperature-induced double bond migration during the reaction , a self-metathesis in 

heptane solution at 40 °C was performed. Under these mild conditions, no reaction at all occurs, 

demonstration the challenging nature of electron-deficient olefins in metathesis. For further 

investigations, additives, increasing the activity of olefins in metathesis were applied. E.g. Bai et al. 

reported the use of Lewis acids, such as titanium tetraisopropoxide and copper(I) chloride for the 

activation of acrylonitrile in self - and cross metathesis reactions.321 Thus, [Ti(O iPr)4] and CuCl were 

chosen as additives for the self-metathesis of methyl crotonate as a simplified model substrate in 

NMR scale experiments (Table 5.5). 
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Figure 5.4. 1H NMR spectrum of distillate of  the self-metathesis of C18,ɉʂȟʃɊ-(COOMe) 2 with  the assignment of identified 
short-chain diesters. Inset: GC/MS trace of the distillate of self-metathesis of C18,ɉʂȟʃɊ-(COOMe) 2. Assignment of the peaks 
according to comparison to existing mass spectra ((A) ɀ (C)) or according to the m/z ratio for the [M - MeOH] + ion. 

Table 5.5. Self-metathesis of methyl crotonate in the presence of various Lewis acid additives.a 

entry  ncat [mol%]  additive  nadditive  [mol%]  conversion b [%] 

1 2.0 none - n.d. 

2 10.0 none - 8 

3 2.0 [Ti(O iPr)4] 20.0 n.d. 

4 10.0 [Ti(O iPr)4] 20.0 8 

5 2.0 CuCl 20.0 n.d. 

a conditions: ncrotonate = 0.20 mmol, 0.5 mL of CDCl3, T = 50 °C, t = 66 h, the amount of 

catalyst U73Pr and additive according to the individual  entry. b conversion determined 

by 1H NMR spectroscopy. 

 

For self-metathesis of methyl crotonate, Umicore M73 SIPr (U73Pr), a phosphine-free Hoveyda-

type complex, was used. In contrast to the report by Bai et al., no improvement in metathesis 

activity could be observed in the presence of Lewis acids. Conversion of the starting material could 

only be noted if a catalyst loading of 10 mol%, independently of the use of additives, was used. These 

results suggest that a direct self-metathesis of ʂȟʃ-unsaturated diester C18,ɉʂȟʃɊ-(COOMe) 2 is not 

feasible for the selective preparation of ultra long-chain diester C32,u-(COOMe) 2. 
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Ethenolysis  

Self-metathesis of ʂȟʃ-unsaturated diester C18,ɉʂȟʃɊ-(COOMe) 2 could not lead to the formation  

of the desired diester. As an alternative approach, cross metathesis of C18,ɉʂȟʃɊ-(COOMe) 2 with 

short-chain olefins was investigated. Ethylene, as the most simple, low-cost commodity olefin thus 

was studied for the preparation of valuable terminally unsaturated monoesters (Scheme 5.9). Such 

terminally unsaturated esters cannot only be used as intermediates for self-metathesis toward ultra 

long-chain diester C32,u-(COOMe) 2 but they are interesting for their own sake as well. Such 

structures can also be used for the preparation of long-chain AB-type building blocks for the 

synthesis of polycondensates, as demonstrated for 10-undecenoic acid from ricinoleic acid.59,60 

 

Scheme 5.9. Ethenolysis of ʂȟʃ-unsaturated diester C18,ɉʂȟʃɊ-(COOMe) 2 for the generation of terminally unsaturated 
monoester C17,ʝ-(COOMe) and methyl acrylate. 

Ethenolysis of fatty acid esters, such as methyl oleate (C18,u-(COOMe) ) is a well-known 

process.296,299 As outlined above (cf. Chapter 5.1.1) self-metathesis is a competing side reaction in 

cross metathesis, leading to the formation of e.g. C18,u-(COOMe) 2 and C18,u-(Me) 2 in case of  

C18,u-(COOMe). ʂȟʃ-Unsaturated diester C18,ɉʂȟʃɊ-(COOMe) 2, inactive in self-metathesis, does not 

lead to this side reaction, as shown previously. However, terminally unsaturated ester  

C17,ʝ-(COOMe) potentially can undergo self-metathesis leading to the formation of  the desired  

C32,u-(COOMe) 2. 

Ethenolysis of C18,ɉʂȟʃɊ-(COOMe) 2 was performed according to a procedure by Schrodi and 

coworkers.296 As a catalyst, HG2 was applied, and 1,4-benzoquinone was used as an additive for the 

prevention of double bond isomerization. After stirring the mixture for 5  h under a pressure of 

10 bar of ethylene, the reaction was stopped by the addition of ethyl vinyl  ether and analyzed by 1H 

NMR spectroscopy (Figure 5.5). Two doublets of doublet of triple ts at ʆ = 4.99 (3Jcis = 10.2 Hz, 

2JHH = 2.0 Hz, 4JHH = 1.6 Hz) and 4.92 (3Jtrans = 17.1 Hz, 2JHH = 2.0 Hz, 4JHH = 1.2 Hz) ppm, indicating  

the presence of terminal olefins, reveal a successful ethenolysis. With the signals of the starting 

material, still present in the crude product, a conversion of 33% is calculated. Performing the 

reaction at higher temperatures (T = 40 °C), could not improve the reaction significantly and a 

conversion of 38% was observed. 
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Figure 5.5. The olefinic  region of the 1H NMR spectrum of the crude reaction mixture after ethenolysis of ʂȟʃ-unsaturated 
diester C18,ɉʂȟʃɊ-(COOMe) 2. 

Apart from the two expected signals for the terminal olefin, an additional less intense signal 

around ʆ = 5.39 ppm can be noted that was assigned to internal olefinic protons. To identify the 

internally unsaturated compound, ethenolysis product C17,ʝ-(COOMe)  was isolated by column 

chromatography. After purification, the internal doubl e bond signal still was present in the 1H NMR 

spectrum, indicating the presence of internally unsaturated isomers C17,(ʝ-m)-(COOMe). This was 

further confirmed by GC measurements, by the presence of several less intense signals with a 

similar retention time as C17,ʝ-(COOMe) (Figure 5.6, left). 

       

Figure 5.6. Left: GC trace of purified ethenolysis product CΫαȟʝ-(COOMe) after column chromatography. Right: Progress 
of reaction of ethenolysis of C18,ɉʂȟʃɊ-(COOMe) 2, as determined by 1H NMR spectroscopy. 

To get further insights into the course over time of ethenolysis of C18,ɉʂȟʃɊ-(COOMe) 2, the 

reaction was studied in situ by 1H NMR spectroscopy. At room temperature and an ethylene 

pressure of 1.5 bar, the progress of reaction was followed for 14 h (Figure 5.6, right). At the start of 

the reaction, ethylene is consumed rapidly, and the NMR tube had to be repressurized with 

ethylene. Upon reaching a conversion of approx. 40%, though, even after the further  addition of 

ethylene no increase in conversion can be noted. Potentially, the formation of ruthenium 
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methylidene species, present in higher concentrations after approaching a certain threshold 

conversion is causing this effect. These species are prone to fast decomposition, as reported by 

various groups in the case of 1st generation catalysts.295,322 Similar rates could also be observed for 

phosphine-free catalysts.323 

Butenolysis  

As a more robust alternative to ethenolysis, cross metathesis with internal olefins was 

investigated, leading to higher ruthenium alkylidene species vs. the sensitive ruthenium 

methylidene intermediates. For this purpose, low-cost 2-butene, commercially available as a 

mixture of the corresponding (E)- and (Z)-isomers, was chosen as the internal olefin. Cross 

metathesis of C18,ɉʂȟʃɊ-(COOMe) 2 with this olefin  leads to the generation of ɉʝ-1)-unsaturated 

monoester C18,ɉʝ-1)-(COOMe) and methyl crotonate (Scheme 5.10). 

 

Scheme 5.10. Cross metathesis of ʂȟʃ-unsaturated diester C18,ɉʂȟʃɊ-(COOMe) 2 with 2-butene for the formation of  
ɉʝ-1)-unsaturated monoester C18,ɉʝ-1)-(COOMe) and methyl crotonate. 

Analog to ethenolysis, butenolysis of fatty acid esters is an established and well-known 

process.302,303 By comparison to ethylene, higher concentrations can be reached more easily for  

2-butene. At low temperatures, 2-butene can be used in the liquid state in standard glassware rather 

than pressure vessels due to the higher boiling point (T b = 1-4 °C),324 making handling technically 

even more facile. The higher concentration generally leads to higher reaction rates and to shorter 

reaction times, consequently. A drawback of the low temperatures is the activation of the 

precatalyst. These temperatures are incompatible with certain catalysts, e.g. ruthenium 

indenylidene derivatives, due to low initiation rates at the prevailing temperature.286,325,326 

For butenolysis of ʂȟʃ-unsaturated diester C18,ɉʂȟʃɊ-(COOMe) 2, a procedure by Patel et al., at  

-10 °C in the presence of 10 equiv. of 2-butene was adapted.302 In contrast to the original procedure, 

dichloromethane had to be added as a co-solvent due to the low solubility of the starting material 

in 2-butene. After the addition of 0.1 mol% of HG2 as a catalyst, the progress of reaction was 

followed by 1H NMR spectroscopy. As no consumption of the starting material could be observed, 

several 5.0 mol% portions of HG2 were added subsequently. In this way, a conversion of 81% could 

be achieved after 19 h of reaction after a total amount of 15.1 mol% of catalyst had been added. 

For more detailed insights into the composition of the butenolysis products, GC measurements 

of the crude reaction mixture were performed. The gas chromatograms showed various signals over 

a wide range, revealing the presence of multiple species of butenolysis products (Figure 5.7). 
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GC/MS measurements could further identify several sets of signals with two to three members of 

an identical m/z ratio, indicating the presence of various double bond isomers. As the generation 

of (E)- and (Z)-isomers generally is possible for butenolysis of C18,ɉʂȟʃɊ-(COOMe) 2, two signals with 

identical m/z ratios can be expected in GC/MS measurements. The additional signal potentially 

indicates the presence of another double bond isomer as a consequence of double bond migration 

over the course of the reaction. Hydrogenation of the GC sample could confirm this assumption, 

resulting in the presence of six different chain lengths in a range from C15 to C20 in GC 

measurements, totaling in 43.8% of undesired chain lengths (Table 5.6). These various chain 

lengths originate from the aforementioned double bond migration during the reaction and 

subsequent olefin metathesis of the isomerized olefin. 

 

Figure 5.7. GC traces of the crude butenolysis reaction mixture of C18,ɉʂȟʃɊ-(COOMe) 2 using 15.1 mol% of HG2 (black) and 
a hydrogenated sample containing the corresponding saturated species (red). Assignment of backbone chain length 
according to m/z ratios determined by GC/MS. 

Table 5.6. Chain lengths composition of the butenolysis products of C18,ɉʂȟʃɊ-(COOMe) 2 after hydrogenation, as 
determined by GC. 

chain length  C15 C16 C17 C18 C19 C20 

ratio [%]  1.2 6.4 25.3 56.2 9.9 1.1 

 

To enable a detailed characterization of the reaction products, the procedure was modified to 

reduce the degree of isomerization. For this reason, a lower catalyst loading was desired. One 

possible way to achieve this is slow addition of the catalyst, as shown for cross metathesis of methyl 

oleate with electron-deficient acrylonitrile. 304 Hence, a butenolysis reaction of C18,ɉʂȟʃɊ-(COOMe) 2 

was performed with slow addition of  HG2 (2 mol%) as a solution in dichloromethane over the 

course of 3 h under otherwise identical conditions. After a reaction time of 8 h, a conversion of 90% 

could be determined by 1H NMR spectroscopy. Surprisingly, in the 1H NMR spectra, a splitting of 

the olefinic signals of the butenolysis products emerging, resulting in two distinct signals could be 

6.5 7.0 7.5 8.0

0.0

0.5

1.0

1.5

2.0

n
o

rm
a

liz
e

d
 i
n

te
n

s
it
y
 [

a
.u

.]

retention time [min]

 Butenolysis

 Butenolysis+H2

C18

C19

C20

C17

C16

C15

C18

C19

C20

C17

C16

C15

m/z = 296.1

m/z = 310.1

m/z = 324.2

m/z = 282.1

m/z = 268.0

m/z = 254.0



Results and Discussion 

141 

noted (Figure 5.8). Along with this, precipitation of a white solid was observed in the reaction. As 

self-metathesis of cross metathesis product C18,ɉʝ-1)-(COOMe)  can occur as a competing side 

reaction, poorly soluble C32,u-(COOMe) 2 was assumed to form, precipitating from the reaction 

mixture. Indeed, separating the compounds corresponding to these signals was possible by 

exploiting the differing  solubility  of the primary butenolysis products and the chain doubling 

diester, i.e. by recrystallization. As expected, the compound with the lower solubility was ultra long-

chain diester C32,u-(COOMe) 2, as identified by mass spectrometry. 

 

Figure 5.8. 1H NMR spectra of the olefinic region of the crude butenolysis reaction mixture (black), the isolated 
butenolysis product C18,ɉʝ-1)-(COOMe)  (red) and C32 ʂȟʝ-diester C32,u-(COOMe) 2 (blue). 

&ÏÒ ÑÕÁÎÔÉÆÉÃÁÔÉÏÎ ÏÆ ÔÈÅ ÄÅÇÒÅÅ ÏÆ ȬÃÈÁÉÎ ÄÏÕÂÌÉÎÇȭ ÉÎ ÔÈÅ ÒÅÁÃÔÉÏÎȟ Ôhe structural difference 

between the two major products of olefin metathesis, namely the difference in olefinic protons per 

ester functionality, could be used (cf. Chapter 5.4.5). Applying this  calculation for the experiment 

above allowed for an estimation of a content of 57% of C32,u-(COOMe) 2 in the crude reaction 

product. Furthermore, comparing the isolated yield of C32,u-(COOMe) 2 of 44% with  the theoretical 

yield of 54%, estimated by 1H NMR spectroscopy, could show that a prediction of the content of  

C32,u-(COOMe) 2 is possible. 

From gas chromatography, a lower extent of isomerization could be concluded as only minor 

signals for butenolysis products with a chain length other than C18 were observed (Figure 5.9, left). 

Note that ultra long -chain diester C32,u-(COOMe) 2 was not visible in the gas chromatogram, 

presumably on account of the relatively high boiling point and the low volatility of the compound. 

Besides the desired C18 butenolysis product C18,ɉʝ-1)-(COOMe) , only three additional sets of signals 

corresponding to a C16, a C17, and a C19 butenolysis product could be observed in 0.2, 0.8, and 1.2%, 

respectively. The major components in the GC trace, namely the C18 butenolysis products, are 

separated into three different peaks. The signal with the highest intensity (65.6%), is accompanied 

by a signal with an intensity of 14.5% at a slightly lower retention time and a signal with an intensity 

of 19.9% at a little  higher retention time. Assuming two of these signals to be the corresponding 
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