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Abstract 

Plastics and fuels are used in multimillions of tons every year, and the consumption is constantly 

increasing. This demand is met by fossil oil as raw material for monomers and gasoline, diesel, 

kerosene, etc. In agreement with the principles of green chemistry, resources such as biomass 

or side streams of industrial processes are considered as a sustainable alternative. During the 

last decades various bio-based fuels, for example bio-ethanol and bio-diesel, have been 

established. In addition, bio-based polymers were introduced to the market, representatively 

polyamides based on castor oil and polyesters from lactic acid. However, challenges remain as 

these “green” alternatives often suffer from low availability of the bio-source, comparably low 

performance, high costs, competition with the food industry, and others.  

In the first part of this work, isoprene is converted to a β-lactam that is successfully converted 

into a polyamide with a side chain barring a terminal alkene, which could be further 

functionalized to tailor the polymer properties. The Tg was 97 °C and Tm was 240 °C. A δ-

lactone and isoprene epoxide for polyester or polyether were also produced.  

The potential of bio-based isoprene as precursor for fuels is evaluated in a review, focusing on 

the chemical methods for linear dimer- and trimerization. Palladium catalysts, Ziegler Natta 

catalysts and other methods, such as ionic liquids, are the reported methods for this reaction. 

Although some promising processes were described, the costs and relatively low selectivity are 

challenges that need resolving before isoprene can be considered as a bio-precursors for fuels. 

Within the second part of this work, monoterpenes were identified as a highly abundant class 

of bio-molecules with outstanding structural variety, enabling chemical modification for the 

generation of new monomers. As the unique chemical structures lead to new substituent patterns 

in the polymer backbone, new properties compared to classical polyesters and polyamides were 

expected. Thermal high-performance properties, caused by rigid cyclic structures in the 

polymer backbone, were focused on in particular. Some of their most prominent 

representatives, namely limonene, α-pinene, and (+)-3-carene were investigated. Limonene and 

(+)-3-carene were converted to diols, which are considered as one of the most important class 

of monomers as they are used in polyesters and polyurethanes. The first step of the conversion 

was an oxidative olefin cleavage, leading to ketoaldehydes which were subsequently reduced 

to the desired diols. Exemplary enzymatically and chemically catalyzed polymerizations were 

successfully performed with commercial aromatic and aliphatic dicarboxylic acids, underlining 

the general potential of terpene-based diols. The application of the obtained ketoaldehydes as 

platform chemical for hydroxy carboxylic acids, amido acids and diamines was also outlined.  



 

 
 

(+)-3-carene and α-pinene were also utilized as precursor for β- and ε-lactams, which can be 

used as monomers for polyamides of the type polyamide 2 (PA 2) and polyamide 6 (PA 6). The 

β-lactams were obtained in a one-step reaction with chlorosulfonyl isocyanate. The anionic ring 

opening polymerization was accomplished; however – in particular the α-pinene based 

polyamide – was challenging to characterize, and the obtained materials seemed unsuitable for 

classical polyamide applications. Nonetheless, their potential as co-monomer for classical 

polyamides is worth exploring. The synthesis of the ε-lactams was achieved in a multi-step 

reaction following the synthesis pathway of caprolactam, which is the monomer of 

polyamide 6. These steps are: initial oxidation of an olefin to an alcohol, ketone formation, 

conversion to the corresponding oxime and Beckmann rearrangement to the lactam. The α-

pinene based ε-lactam could only be oligomerized, and the polymerization conditions need to 

be optimized for better results. Poly-3R-caranamide, obtained from the (+)-3-carene based 3R-

caranlactam was amorphous and possessed a glass transition (Tg) at 120 °C and molecular 

weights above 30 kg/mol, which is well in the range of industrial polyamides.  

The synthesis of the (+)-3-carene based lactam was optimized, the key step being the ketone 

formation by epoxidation and subsequent rearrangement instead of hydroxylation and 

oxidation. Depending on the epoxidation method, stereoisomeric epoxides were obtained. The 

establishment of a diastereoselective rearrangement led to the selective synthesis of two 

different lactams; the previously mentioned 3R-caranlactam and a methyl-group diastereomer, 

3S-caranlactam. The corresponding polyamides poly-3R-caranamide and poly-3S-caranamide 

highly differ in their properties, as poly-3S-caranamide is semi-crystalline instead of 

amorphous, with a high-performance melting temperature (Tm) of up to 280 °C. The production 

of 3S-caranlactam was scaled to four liter in a sustainable one-vessel process, reaching a total 

yield of 25w% over four steps. Co-polymerizations with caprolactam and laurolactam were also 

investigated, and the integration of the bulky three-membered ring of 3S-caranlactam in the 

polymer backbone led to increasing amorphousness and Tg.  

 

 



 

 
 

“When we see that we may produce hundreds of compounds 

from simple hydrocarbons and chlorine and that from 

each one of them we may obtain a great number of others… 

we ask with some anxiety whether, in a few years’ time, it 

will be possible to find our way in the labyrinth of organic 

chemistry.” Auguste Laurent, 1854 
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1 Introduction 

During the last decades, as a consequence of dwindling resources, the investigation of 

alternative raw materials for a medium-term replacement of fossil-oil based fuels and plastics 

has become a focus of research. In this regard, isoprene, which probably will be industrially 

accessible from bio-resources or CO2 on medium-term, was identified as a promising 

C5-diolefine. In this context, biogenic dimers of isoprene, which are called monoterpenes, are 

another high abundant ‘green’ feedstock that could be utilized, especially for bio-based plastics. 

The following section describes the general properties and applications of these compounds and 

outlines the potential in the context of new bio-based products. For this, some relevant aspects 

of polymer chemistry are briefly addressed, as well as a state-of-the-art overview of already 

existing monoterpene-based polymers. 

1.1 Isoprene: General background 

Isoprene (2-methylbuta-1,3-diene) is a colorless, volatile liquid with a boiling point of 34 °C. 

It is one of the most abundant organic substances in nature, as it is produced by animals, plants, 

bacteria or fungi. Over 500 Mt are released into the atmosphere each year, accounting for 40% 

of all biogenic isoprenoid emissions.1 However, its concentration in these organisms is 

relatively low.1–3 The reasons for organisms to emit isoprene are still a topic of ongoing 

research. The self-cooling of plants could be involved, as heat-stress has been shown to induce 

the release of isoprene.4 Apart from its role as a building block for terpenes, the functions in the 

organisms seem to be diverse. Isoprene has been suggested as a trait against thermal and 

oxidative stresses and drought or as electron-transfer support in the photosystem II.4–8 Despite 

the great variety of isoprene producing organisms, only two different pathways for natural 

occurring isoprene have been identified so far– the methylerythritol phosphate (MEP) and the 

mevalonate (MVA) pathway. 

1.2 Biosynthesis of isoprene 

The MEP pathway is found in plants, bacteria, and eukaryotic parasites, whereas the MEP 

pathway occurs in archaea, bacteria, and most eukaryotes. The usual initial carbon source are 

sugars.2 Both ways lead to isopentenyl pyrophosphate (IPP) and dimethylallyl pyrophosphate 

(DMAPP), which are isomers interconverted by an isomerase (Scheme 1.1).2,7 In the MEP 

pathway, the first reaction step is the formation of an oxidized C6 molecule from pyruvate and 

glyceraldehyde, which is subsequently reduced and rearranged by various enzymes to give the 

desired product.9 From a chemists’ perspective, the formation of an eight-membered ring in 2-

C-methyl-D-erythritol-2,4-cyclodiphosphate is worth mentioning, as a similar synthesis would 

be very challenging with chemical methods. The strategy in the MVA pathway is different, as 
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the C6 molecule mevalonate is built up from identical C2-units (3 x Acetyl-CoA) and is then 

reduced to IPP/DMAPP under application of adenosine triphosphate (ATP). In the last step, 

DMAPP is converted to isoprene by isoprene synthase.2,7,9
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Scheme 1.1 Biosynthesis of isoprene following the methylerythritol phosphate (MEP) and the mevalonate pathway (MVA). 

MEP: DXS 1-deoxyxylulose-5-phosphate synthase, DXR 1-deoxy-Dxylulose-5-phosphate reductoisomerase, CMK 4-

diphophocytidyl-2-C-methyl-D-erythritol kinase, MCT 4-diphosphocytidyl-2-C-methyl-D-erythritol synthase, MDS 2-C-

methyl-Derythritol 2,4-cyclodiphosphate synthase, HDS 1-hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate synthase, HDR 

hydroxymethylbutenyl diphosphate reductase. MVA: AAT Acetyl-CoA C-acetyltransferase, HMGS hydroxymethylglutaryl-

CoA synthase, HMGR hydroxymethylglutaryl-CoA reductase, MK mevalonate kinase,, PMK phosphomevalonate 

decarboxylase, MVD diphosphomevalonate decarboxylase.2,7,9 
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1.3 Biotechnological isoprene production 

Several procedures for isoprene production in various organisms have been described.2 

Relevant organisms are B. subtilis, E. coli, cyanobacteria and S. cerevisiae.10 The most 

successful approach at present was reported by Goodyear.11 An E. coli strain was engineered to 

produce 60g/L isoprene in a continuous process with a volumetric productivity of 2.0 g L-1 h-1 

and a cell productivity of 0.85 g L-1 h-1 isoprene/g dry cell. Still, the yield with respect to glucose 

was only 11w% (theoretical maximum: 38w%). The documented challenges of the 

biotechnological isoprene production are plasmid instability, multi-gene integration, the use of 

cost-increasing antibiotics and glucose as carbon source, as it is competitive to food industry 

and comparably expensive.2 Although several big companies such as Goodyear, DuPont or 

Bridgestone are involved in the research for bio-based isoprene production, only GlycosBio has 

built a commercial facility so far. The maximum capacity is 40 kt isoprene annually.12  

1.4 Industrial chemical isoprene production 

Isoprene is almost exclusively produced from fossil feedstocks, with an annual volume of close 

to 1.0 Mt in 2011.3 For the industrial chemical production of isoprene there are three major 

methods currently available:13,14 

 Recovery of isoprene from C5 streams 

 Dehydrogenation of iC5H12 

 Synthesis from iC4H8 and formaldehyde  

Isoprene can be obtained from waste streams of cracking processes. In the pyrolysis of 

hydrocarbons to ethylene, a C5 side stream is formed (10w% with respect to ethylene) that 

contains 15w%-20w% isoprene, which can be separated by advanced distillation methods. The 

total yield of isoprene is only about 3w%.13 Therefore, it is challenging to produce enough of 

the C5 fraction for the distillation plant. Additionally, the amount of side-stream isoprene will 

be decreased by technical improvements of the ethylene production process, and the method 

will probably lose its importance.  

The catalytic dehydrogenation of iC5H12 is another approach for isoprene production that 

utilizes C5 fractions from cracking. The dehydrogenation is achieved by several different 

strategies, including one-step-, two-step- or oxidative dehydrogenation.14 An example for the 

one-step process is the Houdry-catadiene procedure that uses Cr2O3/Al2O3-catalysts at about 

850 K and a pressure of 7 kPa, yielding 52w% isoprene in appreciable quality.15 Other catalysts 

such as Fe2O3-Cr2O3-K2CO3 – at about 800 K – achieve a yield of 85w%.3 In all cases, high 
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temperatures are required and considerable amounts of side products are generated. Another 

drawback is the use of iC5H12, high-quality gasoline, leading to comparably high substrate costs 

and low availability. 

The reaction of iC4H8 and formaldehyde to isoprene can be achieved by different strategies, 

namely the Kuraray-method, the DMD-method and the Eurochim-method.13 As the Kuraray-

method is not open to the public and the DMD-method has several disadvantages like bad atom 

economy or high energy consumption, only the Eurochim-method is discussed briefly 

(Scheme 1.2). 

 
Scheme 1.2 Eurochim-method for the synthesis of isoprene from iC4H8 and formaldehyde. 

Two molecules of iC4H8, two molecules of formaldehyde and water form a substituted dioxane 

compound that subsequently reacts with tBuOH to two molecules of isoprene and water. All 

reactions are carried out in the liquid phase. This method was developed in the 1990ies by the 

Russian company EuroChim and reached 39% of total isoprene production in 2013 in Russia, 

as proclaimed by the developer.13,16 The advantages compared to the DMD-process are: 

(I) decreased energy consumption, (II) increased atom economy, (III) less emissions and (IV) 

useful side products. 

To summarize, the EuroChim method seems to possess the highest potential for isoprene 

production and the most promising future opportunities when compared to the production 

methods currently available. 

1.5 Recent applications of isoprene  

Isoprene is mainly utilized as a monomer for elastomers for gloves, shoes or rubber bands. The 

most commonly used elastomer derived from isoprene is poly(cis-1,4-isoprene, Figure 1.1 a). 

This synthetic rubber is the most suitable substitute for natural rubber, which is most commonly 

used in the tire industry.15 The trans-isomer is used mainly for cable insulations. Other than 

that, isoprene is also a component of styrene-isoprene-styrene (SIS) block copolymers, an 

important thermoplastic elastomer (Figure 1.1 a). SIS contain up to 88w% isoprene. Butyl 

rubber is a copolymer of isoprene and isobutene. Only 3w% of isoprene is typically used in 

butyl rubbers, but this is sufficient to lower the gas permeability significantly. About 95% of 

the annual isoprene consumption is for these polymers; the remaining 5% are used as precursors 

for pharmaceuticals, perfumes or additives (Table 1.1, Figure 1.1 b). 
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Figure 1.1 a) Important isoprene polymers and b) Several perfumes derived from isoprene.17 
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Table 1.1 Isoprene (1)-based fine chemicals and their applications as commercialized by Kuraray Co., Ltd. 

Structure Name Applications (selection) 

 nonane-1,9-diol Pharmaceuticals 

 
3,7-dimethylocta-2,6-dienal Vitamin A 

 
3-methylbutane-1,3-diol Cosmetics 

 
3-methylbut-3-en-1-ol Aroma chemicals 

 
3-methylbutanal Aroma chemicals 

 
3-methoxy-3-methylbutan-

1-ol 

Cleaners 

 
3-methylpentane-1,5-diol Polymer additive 

 
3-methylbut-2-en-1-ol Aroma chemicals 

 

1.6 General background: Polyesters and polyamides 

Polyesters and polyamides are thermoplastic materials, which means they can be reversibly 

reformed as they are malleable or moldable at certain temperatures without degradation. 

Thermoplastics are usually divided in groups: commodity-, engineering-, and high-performance 

polymers.18 This can be seen in the polymer pyramid diagram (Figure 1.2). As a rule, polymers 

with high heat resistance and exceptional mechanic properties – associated with high prices – 

are on top of the pyramid. However, depending on the focused properties, the categorization is 

not fixed, and commodity materials are counted to the engineering plastics and vice versa. 
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Figure 1.2 Polymer pyramid. Amorphous high-performance: Polyetherimide (PEI), poly(ether sulfone) (PES), polysulfone 

(PSU); Amorphous engineering: Cyclic olefin copolymer (COC), polycarbonate (PC); Amorphous commodity: Acrylonitrile 

butadiene styrene (ABS), poly(methyl methacrylate) (PMMA), polystyrene (PS), poly(vinyl chloride) (PVC); Semi-

crystalline high-performance: Poly(tetrafluoro ethylene) (PTFE) , poly(ether ketone) (PEEK), poly(phenylene sulfide) (PPS); 

Semi-crystalline engineering: Polyamide 46 (PA46), polyamide 12 (PA12), poly(ethylene terephthalate) (PET), poly(p-

phenylene oxide), poly(butylene terephthalate) (PBT), poly(oxy methylene), polyamide 6 (PA6), polyamide 66 (PA66); 

Semi-crystalline commodity: Polypropylene (PP), polyethylene high-density (PP-HD), polyethylene low-density 

(PP-LD);*Depending on polyurethane (PUR) type.18–20 

Polyesters are defined by their repetitive ester group in the polymer backbone, whereas 

polyamides contain an amide group instead. In general, polyesters are synthesized by a 

polycondensation reaction between a diacid and a diol; in polyamides, a diamine replaces the 

alcohol. The resulting polymers are so-called AA/BB-types, with AA/BB describing the pattern 

of the functional groups in the main chain. Alternatively, cyclic esters (lactones) or amides 

(lactams) can be converted to their corresponding polymer by ring-opening polymerization 

(ROP)21 to produce AB-type polymers. 

In most polyesters, either the acid or the diol contains an aromatic domain to enhance the 

thermal and mechanic properties. The most abundant polyester resin is poly(ethylene 

terephthalate) (PET), with a total consumption of almost 2.2 Mt in 2018 in western Europe 

alone. The global demand was 76.8 Mt.22 PET is mainly used for fibers and in the packaging 

industry, e.g. for bottles, but also for high quality construction materials. In general, especially 

because of their low prices, polyesters are by far the most used synthetic fibers; for engineering 

applications, the contribution is more balanced (Figure 1.3).23 
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Figure 1.3 Contribution of plastics for synthetic fibers (a) and engineering applications (b).23 

Other polyesters containing aromatic diacids are poly(butylene terephthalate) (PBT) – with an 

annual consumption of almost one Mt worldwide,22 poly(ethylene naphthalate) (PEN), or 

Tritan, consisting of terephthalic acid, 2,2,4,4-tetramethyl-1,3-cyclobutanediol, and 

cyclohexanedimethanol (Figure 1.4).22 As can be seen by comparison of the properties of PET 

and PBT (Table 1.2), increasing the chain length of the aliphatic linear monomer unit (ethylene 

glycol versus 1,4-dibutanol) results in a decreasing glass transition temperature (Tg) and melting 

temperature (Tm). Purely aliphatic examples are polycaprolactone (PCL), polylactic acid (PLA), 

and polyhydroxy butyrate (PHB). A special case is polycarbonate (PC) – derived from phosgene 

and diols – that are often considered to be polyesters as well,24 although the carbon atom of the 

repeating functional group possesses a higher oxidation state.  
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Figure 1.4 Selection of typical diacids (a) and diols (b) for AA/BB-type polyester and AB-type monomers (c).22
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Table 1.2 Technical data of PET, PBT and PC.21,25 

Property [unit] PET (crystalline) PBT PC 

Tensile modulus [MPa]  2800 2500 2400 

Stress at yield [MPa] 80 60 66 

Elongation at break [%] 70 200 >80 

Glass transition [° C] 70 47 147 

Melting Point [° C] 250 225 - 

Deflection temperature at 1.8 MPa [° C] 60-70 50-65 125-135 

Minimal use temperature [° C] -50 -50 -100 

Density [g/cm3] 1.40 1.30 1.20 

Transparency Opaque Opaque Clear 

Resistance to chemicals25 

Aliphatic solvents + + + 

Aromatic solvents + 0 - 

Acetone 0 - - 

Hot water (hydrolysis resistance) - - - 

Weak/strong mineral acids +/0 +/0 +/0 

Weak/strong organic acids +/- +/- +/0 

Weak/strong alkalis 0/- 0/- -/- 

UV light and weathering 0 0 0 

 

Although aromatic high-performance polyamides (usually called aramids, such as Kevlar® or 

Nomex®) exist,26,27 by far the most common polyamides are aliphatic and linear. The most 

prominent examples are PA6 and PA66, formed from caprolactam or the polycondensation of 

hexamethylene diamine and adipic acid, respectively. The worldwide demand for polyamides 

was 7.4 Mt in 2016, the sales reached almost 25 billion US dollars (USD) in 2014, and the 

predicted annual increase is 2.3%-5.4% until 2022.23 In general, polyamides are engineering or 

high-performance polymers that are characterized by their toughness, chemical resistance, high 

strength, temperature stability, and good processability (Table 1.3); they are used in all types 

of industry (Figure 1.5).28 

 

Figure 1.5 Applications of polyamides.28 

PCL and PA6 are structurally similar, apart from the ester/amide group. Nonetheless, the 

melting temperature of PCL is only 60 °C, which is 160 °C below PA6. This is caused by the 
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hydrogen-bonding of the amide groups. The ability to form -NH···O=C- bonds between the 

polymer chains is the key aspect of polyamides. Many of their properties, e.g. melting 

temperature and water uptake, can directly be attributed to these bonding and the ratio of CNOH 

to CH2 in the main chain, as illustrated by comparison of the melting temperature of PA610 and 

PA46 (Table 1.3, Figure 1.6). Additionally, the structure of the main chain is important, which 

can be described by comparing PA6 and PA66. Both polyamides possess the same CH2/CNOH 

ratio, but the increased symmetry of PA66 facilitates the formation of hydrogen bonds. 

Consequently, the melting temperature also reaches higher values. 

 

Figure 1.6 Dependence of Tm (upper) and the water uptake (lower) of the CH2/CNOH ratio for various polyamides.21,28 
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Table 1.3 Technical data of AA/BB and AB type polyamides.21,25 ND = no data. 

Property [unit] PA46 PA66 PA610 PA6 PA12 

Tensile modulus [MPa]  3300 3100 2400 3000 1500 

Stress at yield [MPa] 100 85 70 80 46 

Elongation at break [%] 30 40 ND 70 280 

Glass transition [° C] 74 50 45 47 38 

Melting Point [° C] 295 260 210 220 180 

Deflection temperature at 1.8 MPa [° C] 160 70-100 60 55-80 40-50 

Minimal use temperature [° C] ND -40 ND -40 -70 

Density [g/cm3] 1.18 1.14 1.08 1.14 1.01 

Transparency Opaque Opaque Opaque Opaque Opaque 

Resistance to chemicals25 

Aliphatic solvents ND + ND + + 

Aromatic solvents ND + ND + + 

Acetone ND + ND + + 

Hot water (hydrolysis resistance) ND 0 ND 0 0 

Weak/strong mineral acids ND 0/- ND 0/- +/- 

Weak/strong organic acids ND 0/- ND 0/- +/- 

Weak/strong alkalis ND +/0 ND +/0 +/+ 

UV light and weathering ND 0 ND 0 0 

 

1.7 Polycondensation of polyesters and polyamides  

Polyamides and polyesters synthesized by the polycondensation reaction of AA/BB-type 

monomers (diacids, diols, diamines, etc.) or AB-type monomers (hydroxy- or amino carbonic 

acids).29 The monomers form a polymer-chain under the loss of a small molecule, usually water 

or methanol (Figure 1.7). 

 

Figure 1.7 Polycondensation of terephthalic acid and ethylene glycol to PET under release of water. 

Polycondensation reactions are so-called step-growth reactions.30 These types of reaction can 

be defined by several characteristics:24 

I. No initialization of the reaction by additional, highly reactive starting reagents 

II. All molecules possess the same reactivity and participate at the reaction, leading to 

many similar-growing polymer chains 

III. To reach high weight- or number average molecular weight (Mw and Mn), a very high 

conversion is necessary (Carothers’ equation (1))  

IV. The polydispersity index (PDI, ratio of Mw and Mn) of an ideal polycondensation (100% 

selectivity and conversion) is 2.00. 
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Characteristic III is described by Carothers’ equation (1.1) for an AA/BB-type 

polycondensation.24,29,31,32 

�� �  ���
��	�
��      (1.1) 

with Pn = Average number degree of polymerization, r = nAA/nBB with nBB ≥ nAA, 

p = conversion. 

 

Figure 1.8 Graphs of Carothers’ equation for differing r-values; r = 0.5 (red), r = 0.9 (orange), r = 0.97 (blue), 

r = 1.0 (dark blue). 

The previously formed oligomers will react with each other to reach high molecular weights 

only at conversions above 99%. Hence, a crucial parameter for a high conversion and a major 

challenge for AA/BB-type polycondensations is the stoichiometry. If the AA reactant is used 

in excess, at full conversion of the BB compound only oligomers of the type AA-(BB-AA)n-

BB-AA will be present, and the reaction is terminated (Figure 1.8).  

Polycondensations are equilibrium reactions (Figure 1.7). To reach high values for Pn, the 

equilibrium needs to be shifted to the polymer side. This can be achieved by separation of the 

released small molecule, e.g. by distillation during the polymerization process. The polymer 

can also be removed from the equilibrium, for example in precipitation polymerization 

reactions. 

For the synthesis of PA66, the first step is the formation of a so-called AH salt (hexamethylene 

diamine adipate) in aqueous solution and the subsequent polycondensation under the loss of 

water in an autoclave at 270 °C – 280 °C.28 A positive effect is that the AH-salt can be 

precipitated in perfect stoichiometry. To control the degree of polymerization, a 

monofunctional acid is added that terminates the chain growth.24  
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For polyesters, metal catalysts (antimony, aluminum, titanium, and others) are widely used. The 

amount depends on the catalyst but is typically 20 ppm - 300 ppm.33 In a classical vacuum-melt 

process, the diacid is mixed with a diol (in excess) under inert atmosphere at 125 °C and 220 °C 

for the formation of oligomers.22 In a second step, the temperature is raised to 270 °C and the 

pressure is decreased. In addition to the removal of water, the excess diol is separated, and the 

oligomers are converted into polyesters by transesterification. 

For the last 30 years, the application of enzymes – mostly lipases and cutinases – as catalyst for 

polycondensation has been investigated.34,35 The features are lower reaction temperatures, less 

toxicity and high selectivity. The major drawbacks are the long reaction times and high costs. 

Additionally, whereas the molecular weight for linear, aliphatic polyesters are in the range of 

their classically synthesized counterparts,36 enzymatically polymerized polyamides with 

sufficient molecular weight have yet to be developed. Furthermore, the reaction conditions 

required for enzymes, especially the low temperature and solvents, lead to precipitation at 

oligomer level if aromatic monomers are used.35 For the synthesis of linear, aliphatic polyesters 

of high molecular mass, an interesting strategy was reported: In the first step, dimethyl succinate 

formed a cyclic compound with butanediol in toluene, catalyzed by a lipase. In the second step, 

the polyester was formed by ROP in bulk, catalyzed by the same lipase.37 

 

1.8 Ring opening polymerization of polyesters and polyamides 

Lactams and lactones can be converted in the corresponding polymeric form by ROP. The three 

major routes are the hydrolytic, the cationic, and the anionic ROP. In ROPs, an equilibrium 

between the opened, incorporated monomers and the closed rings can be described (Figure 1.9). 

 

Figure 1.9 Polymerization equilibrium of caprolactam and PA6.38 

According to Flory’s assumption39 that the functional groups of the growing chain ends are 

independent of the chain length and equally reactive, the free enthalpy of the polymerization 

ΔG is defined by equation (1.2) with ΔH0 and ΔS0 as standard polymerization enthalpy and 

entropy, temperature T, gas constant R and monomer concentration [M].40
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Δ� � Δ
� − ��Δ�� + �������     (1.2) 

A polymerization is generally possible for ΔG0 < 0 kJmol-1, and the signs of ΔH0 and ΔS0 define 

the range of temperature for polymerization under standard conditions (Table 1.4). 

Table 1.4 Impact of the signs of ΔH0 and ΔS0 on the polymerization temperature. 

ΔH0 [kJmol-1] ΔS0 [kJmol-1] Polymerization 

< 0 < 0 Possible if T <  Tc (celling temperature) 

�� � Δ
�
Δ�� + �ln ����

 

< 0 > 0 Always possible 

> 0 > 0 Possible if T >  Tf (floor temperature) 

�� � Δ
�
Δ�� + �ln ����

 

> 0 < 0 Never possible 

 

At equilibrium state (ΔG = 0), the concentration of the closed monomers [M]e is expressed 

by equation (1.3)40 

���� �  !" #$%&
'( − $)&

' *    (1.3) 

A strategy to decrease the reaction temperature and therefore lower [M]e for ΔH0, ΔS0 < 0 is the 

activated anionic polymerization as described for the synthesis of PA6 from caprolactam 

(Figure 1.10). 

 

Figure 1.10 Initiation (dimer formation) and propagation of the activated aROP of caprolactam with acetyl-caprolactam as 

activator and sodium caprolactamate as initiator.38 
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The initiation step – which is also the rate-determining step of the polymerization – is the 

nucleophilic attack of a lactamate (e.g. sodium lactamate) on the carbonyl group of the amide. 

The lactamate, which is usually referred to as initiator, can be formed in situ by adding hydrides 

or alkalis, or they can be pre-synthesized. In activated anionic ROP (aROP), small amounts of 

an additional activator such as acetylated lactams (imides) or other highly reactive electrophiles 

are added. The rate of the initiation step is therefore much increased as the formation of the 

initial dimer (attack of the lactamate at the electrophilic center) is more facile compared to the 

attack at the carbonyl group of a regular lactam. As these dimers are the starting points of the 

growing polymer chain, the molecular weight can be adjusted by the initial concentration of 

lactamate and activator. The propagation occurs as a sequence of nucleophilic attacks at the 

newly-formed imide groups after addition and subsequent ring-opening of each lactamate via a 

tetrahedral bicyclic intermediate (Figure 1.10). The negatively charged lactam group in the 

main chain deprotonates a lactam monomer and subsequently the ring opens, leading to a 

constant regeneration of the lactamate concentration. In the initiation and the propagation, the 

cation of the lactamate coordinates the imide/amide groups and facilitates the reaction.38 As the 

temperature and the reaction time of the activated aROP are considerably reduced compared to 

standard methods, the amount of side reaction is drastically decreased.41 

Besides the temperature, many additional parameters influence the ROP, such as the ring size, 

substituents, ring strain, polymer/monomer miscibility, catalysts, solvents, and others.38 

Especially substituents are crucial, as even a small methyl group and its position in the ring 

considerably affects the conversion (Figure 1.11).42 In general, substituents shift the 

polymerization equilibrium to the monomer side, increasing [M]e: (I) substitution at tetragonal 

atoms favors ring-closure (increase of ΔH0), (II) the rate of the initial dimerization may be 

lowered due to steric effects, and (III) substituents restrict the rotation in the polymer chain 

(decrease of ΔS0).  
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Figure 1.11 Influence of a methyl substituent on [M]e at the α-ε positions in a bulk polymerization at 250 °C.43 

Polyesters are formed by ROP from lactones of all ring sizes. For small (four- to six-membered 

rings) and medium rings (seven- to twelve-membered rings), various kinds of chemical and 

enzymatic catalysts are applied, such as Sn-catalysts, metal aliphatic alkoxides, carboxylates, 

alkali metals, and lipases from mammals (porcine pancreatic lipase, PPL), fungi (Candida 

antarctica, CA; Aspergillus niger, AN; Rhizopus delemar, RD, and others) or bacteria (manly 

Pseudomonas family).40 For ring-sizes above 13, functionalized monomers, and 

enantioselective polymerizations, lipases are the commonly preferred catalysts as they are 

superior in terms of large-ring lactam conversion, chemo-, and enantioselectivity.40,44 However, 

with the exception of PCL, these aliphatic polyesters are of little industrial significance.  

1.9 Bio-based polyesters and polyamides 

Polymers, formed either partially or entirely from renewable (carbon) sources other than fossil 

oil are called bio-based polymers.45 This includes naturally occurring polymers such as 

polysaccharides or lignin and also polymers from chemically modified biogenic monomers. 

Sometimes, bio-polymers that have been developed in the last 30 years are referred to as “new 

economy plastics”.46 Consequently, well established bio-based polymers such as rubber, 

cellulose acetate, celluloid, and others are often excluded from market research. Polyurethanes 

(PUR) are also sometimes neglected, as the actual amounts of bio-compounds in polyurethanes 

remains to be unclear.47 As a result, the market data is not always consistent and comparable. 

However, the future of bio-polymers is generally estimated to be positive.46,48–50  

In 2018 – according to the German nova institute GmbH – the consumption of all bio-plastics 

combined was about 2% (7.5 mt) of the total plastic consuumption.50 For fossil oil and bio-

based polymers, the forecasted compound annual growth rate is about 4%. Bio-based polymers 

are used in various industries; consumer goods, building and construction, and automotive and 

transports are the three dominating sectors (Figure 1.12).50 
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Figure 1.12 Bio-based polymers and their fields of application.50 

Polyesters are high-volume bio-based polymers (Figure 1.13) and are mainly used as 

commodities (price-driven). Polyamides only reach comparably small volumes but are used as 

engineering or high-performance materials (performance-driven).  

 

Figure 1.13 Global production capacities of bio-based polymers 2018 (only new economy plastics, without PUR). 

Poly(butylene succinate) (PBS); poly (butylene adipate terephthalate) (PBAT); poly (trimethylene terephthalate) (PTT); 

polyethylene (PE); poly (hydroxy alkanoate) (PHA).47 

They can be either completely new polymers or so-called drop-in polymers. Drop-ins are 

structurally equivalent to their fossil-oil-based counterparts and therefore exhibit the same 

properties. Common examples are bio-polyethylene from bio-ethanol or PET with bio-based 

ethylene glycol (Figure 1.14); however, the mass content of the green diol is only 27%. 

Nonetheless, bio-ethylene glycol is the most-used sustainable building-block for bio-based 

polymers.  



Introduction 

19 
 

 

Figure 1.14 Synthesis pathway to bio-based ethylene glycol. Green: Land use; blue: Water use.46 

The advantage of drop-in candidates is that starting from the monomer level, all established 

processes – processing, value chains, recycling, etc. – can be used without any adaptions.45 In 

addition, long-term ecological aspects and toxicities are well-known. However, no new fields 

of application can be addressed with drop-in solutions, and the crucial factor for 

commercialization is the overall production price. Therefore, no polyamide drop-in has been 

commercialized to date, even though caprolactam is accessible from renewable feedstocks.51,52  

The most relevant non-drop-in, 100% bio-based polyester is PLA. Glucose from corn, wheat or 

potatoes is usually used as raw material.46,48 It is used in medical, textile, packaging and 

plasticulture.53  

Other important building blocks for polyesters are 2,5-furandicarboxylic acid and the diols 

ethylene glycol, 1,3-propanediol and 1,4-butanediol, being the main drivers for future market 

growth.50 

Bio-based AA/BB-type polyamides usually contain C10 or C12 di-acids or -amines from castor 

beans. The only currently available AB-type is PA11 from the same feedstock (Figure 1.15); 
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although bio-based routes from palm kernel oil by one-step fermentation to the PA12 monomer 

12-aminodedaconicacid exist,54 they have not been commercialized to date.  

 

Figure 1.15 Conversion of ricinoleic acid from castor oil to bio-PA11. Green: Land use; blue: Water use.46 

The commercial bio-polyamides and bio-polyesters are, with the exception of the chiral 

hydroxyl group in PLA and PHB, aliphatic linear polymers that differ only in chain length from 

the fossil-based materials. Therefore, the differences are rather small. For example, the 

polyamides PA410, PA1010, PA1012 are “property bridges” between the small chain PA46 

and the long chain PA1212;48 they are essentially “bio-replacement” materials.45 They can be 

used instead of fossil-based polyamides in some applications, but do not offer real novelty. 

Naturally occurring, more complex molecules contain structural elements that might lead to 

polymers with completely new, outstanding properties – “bio-advantaged” polymers.45  

Monoterpenes often contain motifs that are not easily synthesized from fossil oil, such as 

bicyclic structures, well-defined aliphatic side chains, or enantiopure substances. The utilization 

of these compounds could greatly enhance the portfolio of common bio-based polyesters and 

polyamides. 

1.10 General background: Monoterpenes 

Monoterpenes belong to the compound class of terpenes. Terpenes are non-essential 

metabolites of plants, insects, fungi, and others.55 They share a common bio-synthetic pathway 

with isoprene (see above) as the general precursor (Figure 1.16): two or more isoprene units 

form the corresponding terpene structures, mostly by ‘head-to-tail’ condensations (‘isoprene 

rule’).56 Hence, terpenes can be classified as isoprene-oligomers – however, because of 

different carbon skeletons, aliphatic substituents, olefinic structures, chiral centers, and 
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functional groups, the structural diversity is immense. In addition, hydroxyl- or keto-groups are 

often introduced during the bio-synthesis. 

Over 8000 terpenes and 30000 terpenoids have been identified so far.55 As mentioned 

previously, monoterpenes are isoprene-dimers. They are the smallest isoprene oligomer, 

containing ten carbon atoms, and are still a good example for structural variety. The central 

dimer from which cyclic monoterpenes are formed is the α-terpinyl-cation (Figure 1.16).57 

 

Figure 1.16 Pathway from isoprene-precursors dimethylallyl pyrophosphate (DMAPP) and isopentenyl pyrophosphate (IPP) 

to hydroxylated and purely aliphatic linear, mono-cyclic, and bi-cyclic monoterpenes. 

All monoterpenes that are formed from the same biosynthetic pathway can be converted into 

each other by rearrangements, condensations, cyclization, etc. (‘biogenic isoprene rule’).58 

However, as the cyclic structures rearrange relatively easily, selective conversions are generally 

challenging in terpene chemistry. Especially common are Wagner-Meerwein rearrangements, 

a reaction discovered during investigations of the reaction of the monoterpene isoborneol to 

camphene.59  
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Mixtures of monoterpenes have been used as ‘essential oils’, pharmaceuticals, and solvents 

since millennia. Carvone, limonene, menthol, and others are used in cosmetics because of their 

odour.60 In macromolecular chemistry, polyterpene resins, mainly from β-pinene and usually 

with a molecular weight below 1.0 kDa, are used as thermoplastic adhesives.61–63 

The first polyamide from a monoterpene (β-pinene) was synthesized by Hall in 1963,64 during 

his investigations about the polymerizability of cyclic and bicyclic structures,65–68 but the 

material was not investigated in detail. Since then, the potential of terpenes for thermoplastic 

polymers has been forecasted and explored in scientific research, but commercialization of the 

new polymers has not been realized yet.69–72  

1.11 Monoterpenes as resource for polyesters: Selected examples 

Monoterpenes for terpene-based polyesters have to be functionalized before polymerization. A 

suitable strategy is the conversion to anhydrides that can be polymerized with polyols or 

epoxides. Deivasagayam et al. functionalized α-phellandrene with maleic anhydride in a 

solvent-free Diels-Alder reaction, obtaining yields of more than 99%. The new monomer was 

polymerized with diglycerol and catalytic para-toluene sulfonic acid (Scheme 1.3).73  

 

Scheme 1.3 Synthesis of a terpene-based co-polyester starting from the Diels-Alder reaction of α-phellandrene with malic 

anhydride. 

Mw was above 40 kDa, but the reaction time exceeded 28 h. Tg was between 0 °C - 30 °C, 

depending on the dehydration and esterification during the reaction. The final polyester 

consisted of 70%-100% renewable carbon, depending on the maleic anhydride source.73  

In a similar approach, the terpene-based anhydrides were copolymerized with propylene oxide 

catalyzed by complexes of Cr, Co or Al and aromatic ligands and a PNP-cation containing co-

catalyst.74 The conversion to amorphous polyesters was above 99%, Mn surpassed 50 kDa and 
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the PDI was between 1.1 and 1.7. The Tg reached 109 °C, which is more than 30 °C above the 

Tg of PET (Table 1). This underlines that bulky substituents can shift the Tg to high values, and 

aromatic compounds are not necessarily required in this regard. However, the bio-based content 

is only 47%.74 

Finally, Carrodeguas et al. used phthalic anhydride and terpene-based epoxides from 

2-menthene, limonene, (+)-3-carene, and others.75 With cis-limonene oxide, the Tg was 141 °C, 

Mn was 16.4 kDa and the conversion was above 99%. The reaction time in THF at 65 °C 

catalyzed by a homogenous iron catalyst and a PNP-cation co-catalyst was 24 h. In this case 

too, the bio-based carbon was only about 50%. 

Another strategy is the conversion of terpenes to ketones, subsequent Baeyer-Villiger oxidation 

to the corresponding lactone and ROP. Starting from carvone,76,77 limonene,76 or menthone,78 

the resulting monomers are lactons containing an iso-propylene substituent and a methyl 

substituent. Even when β-pinene was used,79 rearrangements during the synthesis led to a 

similar structure, barring the methyl group (Scheme 1.4 c). Another similarity worth mentioning 

is that in all cases, stereoisomers of the iso-propylene group or the methyl group were formed; 

consequently, the obtained polyesters were atactic, which can greatly influence the properties 

compared to an isotactic structure. 
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Scheme 1.4 Synthesis of terpene lactones from carvone (a),76,77 menthone (b)78 and β-pinene (c)79 and subsequent ROP to 

polyesters. BHT = [4-[bis[4-[(3-sulfophenyl)amino]phenyl]methylidene]-1-cyclohexa-2,5-dienylidene]-

(4-sulfophenyl)azanium. 

Lowe et al. epoxidized the terminal double bond of the iso-propylene unit before76 and after77 

the polymerization (Scheme 1.4 a). The epoxidized monomer was also co-polymerized with 

caprolactone; in both cases, Sn- and Zn-catalysts were used. The Tg was between -3 °C 

and -62 °C, and Tm reached 25 °C – 55 °C. Cross-linking via the epoxide led to gel formation 

in a solvent, with the volume increasing above ten times the original size. These gels reshaped 

after repeated deformation and are probably biodegradable, making them promising candidates 

for biomedical devices.76 It is worth mentioning that the lactone formation of the carvone 
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lactone could be achieved with environmental benign KHSO5 (Oxone®) in 42% yield, instead 

of meta-chloroperoxybenzoic acid (Scheme 1.4 a).  

Wilson et al. polymerized the menthone-based lactone by cationic ROP with a magnesium 

catalyst in THF (Scheme 1.4 b).78 Mn did not surpass 8.5 kDa, and the highest conversion was 

below 80%. Co-polyesters with ω-pentadecalactone lead to increased molecular weight 

(20 kDa - 79 kDa). The Tg of these co-polyesters varied depending on the monomer ratio, but 

never exceeded 75 °C. 

Quilter et al. converted β-pinene in a monocyclic lactone to establish a bio-based alternative to 

PCL (Scheme 1.4 c).79 The polymerization of these monomers led to thick, colorless gels. The 

Tg was about -50 °C, and the highest Mn was 32.1 kDa. The polymerization time was only two 

hours, and 91% conversion was observed. Co-polymerizations with lactic acid were proven to 

be possible and gave semi-crystalline polyesters with a Tm of about 138 °C, but the resulting 

polyesters did not surpass a Mn above 10 kDa. 

As described above, bio-based diols are a main driver of the future market growth of bio-based 

polyesters. A recent example is the application of a limonene derived diol in polymerization 

with adipic acid, catalyzed by Sn or Ti catalysts.80 Tg and Mn varied between -7 °C – 23 °C and 

9.0 kDa – 23 kDa, respectively. The diol was also converted into a hydroxylic acid for the 

generation of AB-type polyesters, but the attempt did not reach Mn above 2.6 kDa; one of the 

two stereoisomers obtained even preferred ring-closure (Scheme 1.5).  

 

Scheme 1.5 Synthesis of limonene-based AB- and AA/BB-type homo-polyesters. TEMPO = 2,2,6,6-tetramethylpiperidin-1-

yl)oxyl; bpy = 2,2′-bipyridine; NMI =  N-methylimidazole.80 

Another elegant approach was the whole-cell catalytic biotransformation of borneol to 

hydroxyborneol by Roth et al.81 The bicyclic diol was polymerized with succinic acid dimethyl 

ester. Mw did not reach more than 4.0 kDa; the Tg was around 70 °C, which is caused by the 
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rigid bicyclic structure. One particular detail that distinguishes this work from the others is the 

synthesis and polymerization of an enantiopure monomer that is directly gained from the 

synthesis, without the effort of a chiral purification. As no isomerization occurs during the 

polymerization process, the polyester is also chiral (Scheme 1.6). 

 
Scheme 1.6 Synthesis of hydroxyborneol and polymerization with succinic acid to a chiral terpene-based polyester.81 

1.12 Monoterpenes as resource for polyamides: Selected examples 

Examples of polyamides from terpenes are rare.82 An example for the utilization of a limonene 

derivative was reported by Firdaus et al.83 Limonene was converted into diamines or diacids by 

addition of amino- or carboxyl ethanethiol to the double bonds (Scheme 1.7). Therefore, the 

resulting polymers can be classified as poly(thioether amides). The new monomers were used 

for homo-polymerizations and for the formation of co-polyamides with succinic acid, 1,6-

diaminohexane, and other long-chain monomers. 

 

Scheme 1.7 Synthesis of limonene-based poly(thioether amides). DMPA = 2,2-dimethoxy-2-phenylacetophenone 

(photoinitiator); TBD = 1,5,7-triazabicyclo-[4.4.0]dec-5-ene.83 
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Tg of amorphous limonene AA/BB-type homopolyamides was about 42 °C. Interestingly, the 

stereo-configuration of the monomers had no impact on the thermal properties or Mn 

(6.4 kDa – 7.9 kDa). The co-polyamides with various linear diacids or diamines preferably 

resulted in semi-crystalline polyamides with a similar Tg and Tm between 50 °C and 240 °C. 

The first homopolyamide of a terpene was reported by Hall.64 In the first step, the terminal 

double bond of β-pinene was oxidatively cleaved. The ketone was then converted to a lactam 

by oximation and Beckmann rearrangement (which is the rearrangement of a ketoxime to a 

lactam)84 in basic media under application of benzenesulfonyl chloride. The cationic ROP with 

phosphoric acid was successful. A melting point of 358 °C was observed, but a detailed 

investigation of the polymer properties was not reported. Winnacker et al. re-investigated the 

synthesis and polymerization (Scheme 1.8).85 

 

Scheme 1.8 Synthesis of β-pinene based homopolyamides.85 

The Beckmann rearrangement was not completely selective, as the configuration of the oxime 

is crucial for the direction of the nitrogen insertion; a 5:1 mixture in favor of the trans-oxime 

was observed. Both lactams were polymerized by cationic ROP, using HCl , phosphoric acid, 

and others at different reaction times and temperatures. However, Mn did not surpass 7.7 kDa. 

In addition, only at long reaction times (> 16 h) yields of 80% - 90% were reached. Tm was 

remarkable 322 °C, and Tg was at 160 °C. The expected optic activity was confirmed by light-

polarization experiments. The potential of this polyamide blended with poly(ethylene glycol) 

for cell adhesion and growth was recently explored.86 

Before that, the same research group had already converted menthone into the corresponding 

lactam, either by reaction with hydroxylamine sulfonic acid (HOSA)87 or by oximation and 

Beckmann rearrangement.88 The selectivity of the rearrangement also depended on the 

configuration of the oxime, but the trans-oxime crystallized selectively in a yield of 56%. If 

HOSA was applied, only one of the lactam isomers was obtained (Scheme 1.9). The 

polymerization of the menthone-derives lactams was initially performed by anionic ROP with 

in-situ generated N-benzoyl-lactam and potassium,88 and later optimized as the activator was 



Introduction 

28 
 

separately synthesized and added in a controlled manner.87 However, Mn was below 3.0 kDa, 

also if a cationic protocol was applied.89 Tm reached temperatures of up to 290 °C, and a weak 

Tg was observed at about 50 °C.  

 

Scheme 1.9 Synthesis and polymerization of a menthone-derived lactam by anionic ROP.87,89 

The general co-polymerizability of menthone lactam with caprolactam was also mentioned and 

verified by a few experiments, but no detailed investigation was conducted.89 

In general, the reported methods for homopolyamides from terpene lactams highlighted the 

potential, but also suffered from low polymerization conversions, long reaction times, 

unsustainable or expensive monomer synthesis, and purification issues. 
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1.2 Objectives 

The double bonds of isoprene and some monoterpenes can be chemically modified to convert 

these precursors to new bio-products. For bio-fuels from isoprene, a linear dimer- or 

trimerization, preferably with high selectivity, is required. To convert isoprene and olefinic 

monoterpenes to new building blocks for polymers, hetero-atoms for polyesters, polyamides, 

and others need to be integrated. The obtained monomers should be polymerized, and the 

polymers should be analyzed in terms of structure and thermal properties. These aims are 

addressed in five sections (Section 2.1-2.5). Within each section, the numbers of compounds 

are re-assigned.  

1.2.1 Isoprene as precursor for bio-fuels 

The potential synthesis of isoprene oligomers as precursor for bio-fuels is addressed in a 

literature review, which focuses on different catalytic methods for dimer- and trimer production 

(Section 2.1). The originally reported mechanisms of these methods are also discussed briefly. 

The contributions of the co-authors are listed at the beginning of the section. 

1.2.2 Isoprene as starting material for monomers for new isoprene-based polymers 

As described above, polyesters and polyamides are very important thermoplastics. To verify 

the potential of isoprene-based polymers in this context and beyond the standard application in 

rubbers, lactams and lactones should be specifically focused. A promising strategy might be the 

conversion with chlorosulfonyl isocyanate in a cyclo-addition reaction, or the double bond 

epoxidation. The results are discussed in Section 2.2. 

1.2.3 Synthesis and polymerization of monoterpene-based lactams 

Bio-based polyamides also have a huge future potential, especially as high-performance 

materials. The structural variety of monoterpenes offers several possible lactams; the previously 

mentioned bicyclic structures are of high interest as the thermal properties are strongly 

influenced by these sterically demanding and rigid structures. The introduction of non-linear, 

non-aromatic, bio-based polyamides would remarkably broaden the field of polyamides. 

Appropriate lactam-monomers from (+)-3-carene and α-pinene might be accessible by reaction 

with chlorosulfonyl isocyanate (β-lactams) or by a multi-step synthesis to the corresponding ε-

lactams (Figure 1.17). The results are discussed in the sections 2.3 and 2.4. 
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Figure 1.17 Synthesis of β-lactams and ε-lactams starting from (+)-3-carene and α-pinene. 

 

1.2.4 Synthesis of diols from terpenes  

Polyesters from natural resources are a very important class of bio-based polymers. This is true 

especially for diols of AA/BB-type polymers, which are expected to be a major driving force 

for future market growth. Terpenes are suitable precursors for bio-based polyesters, but diols 

are still rare. Therefore, the conversion of abundant terpenes such as limonene, (+)-3-carene, 

and α-pinene are of interest. This is addressed in Section 2.5. The diols are produced by an 

oxidative cleavage and subsequent reduction of the cyclo-olefins (Figure 1.18). The 

polymerization of a limonene-based diol to verify the general polymerizability with diacids is 

also described. 

 

Figure 1.18 Oxidative cleavage of limonene, (+)-3-carene, and α-pinene and subsequent conversion to diols. 
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2 Results  

2.1 Oligomerization of isoprene to linear dimers and trimers for advanced bio-fuels  

 

Title: Oligomerization of isoprene to linear dimers and trimers for advanced bio-
fuels 

Status: Manuscript draft 
Journal: - 
Publisher: - 
DOI: - 
Authors: Paul N. Stockmann, Prof. Olga Garcia Mancheño, Prof. Volker Sieber 

 

 

 

This manuscript draft comprises the methods for the linear dimerization and trimerization of 

isoprene accessible from renewable feedstock as precursor for advanced bio-fuels. Academic 

literture as well as patents have been included. The methods were categorised in three sections; 

palladium catalysts, Ziegler-Natta catalysts and other methods. The results reported in the 

literature were summarized and the originally published mechanisms were briefly discussed. 

As major draw-backs, unsufficient selectivity towards linear oligomerization and complex and 

expensive reaction systems were identified.  

Paul N. Stockmann reviewed and categorized the literature and wrote the manuscript and made 

all tables, figures and schemes. Olga Garcia Mancheño and Volker Sieber revised the work. 
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2.2 Isoprene derivatives as valuable monomers 

As extensively outlined in Section 1, bio-based thermoplastics derived from isoprene (1) are of 

interest. The corresponding lactams 2-4 for polyamides and lactones 5-6 for polyesters are 

accessible from the conversion of isoprene (1) with chlorosulfonyl isocyanate (CSI, Figure 2.1). 

Epoxide 7 could be used as a building block for polyethers by polymerization of the terminal 

alkene or for polyethers by polymerization of the oxirane. 

1
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Figure 2.1 Selected isoprene (1)-based building blocks for polymers. 

Works regarding the hydrogenated form of lactone 6 – lactone dihydro-5/6 – have already been 

reported, and it is considered as valuable monomer that is also accessible from glucose 

(Figure 2.2 a).90 It has been used as a component of sustainable graft block copolymer 

thermoplastics,91 polyurethans,92 copolymer with polylactic acid,93 and – after conversion to 

isoprene carboxylic acid – functionalized polyethylene for superabsorbent hydrogels.94 Because 

of these broad application spectrum, an alternative synthesis from (bio-based) isoprene that 

does not compete with food production is desirable. 
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Figure 2.2 Pathway from glucose to dihydro-5/6 (a) and application of dihydro-5/6 in a polysaccharide copolymer (b). 

For the lactams 2, 3 and 4, no polymerizations have been reported. However, copolymerizations 

of piperidin-2-on, which is structurally the same as a hydrogenated lactam 3 or 4 but misses the 

methyl group, have been successfully performed. These polyamides possess new properties, 

such as a decreased melting point in a PA4/PA5-type copolyamide.95,96 A similar approach with 

dihydro-3/4 is therefore of interest, though the additional methyl group might lead to a 

challenging polymerization.38,95,96 Poly-β-amides are usually investigated in terms of their 

bioactivity, and antibacterial polyamides from various β-lactams have been reported 

(Figure 2.3).97–105 Since a polyamide of lactam 2, poly2, would still possess a terminal alkene 

in the side chain, many post-polymerization modifications could be applied, including chiral 

modifications. In addition, the terminal olefin of 2 was copolymerized with ethylene, styrene, 

and other alkenes to give side-chain containing polyethylene derivatives.106  

NH
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NH

O
BocHN

NH
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O H
N
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NH

O  

Figure 2.3 Various β-lactams which have successfully been polymerized to the corresponding poly-β-amides. 

Isoprene epoxide 7 has also already been applied as a precursor or for direct polymerization to 

vinyl-polyethers.107–112 

2.2.1 Reactions of isoprene with chlorosulfonyl isocyanate (CSI) 

After Graf discovered the formation of chlorosulfonyl-lactams by the reaction of olefins with 

chlorosulfonyl isocyanate (CSI),113 the reaction of isoprene with CSI has been investigated in 

the literature for the synthesis of δ-lactones 5 and 6 and β- and δ-lactams 2-4.113–117 Hoffmann 

suggested the formation of a linear sulfonyl amide, where a new bond is formed between the 
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C1 of isoprene and the carbonyl group of CSI in diethyl ether at room temperature.118 However, 

this compound could only be isolated after subsequent reaction with 4-chloroaniline. At 0 °C 

reaction temperature, the sulfonyl beta lactam was synthesized and isolated after reaction with 

aniline. Moriconi and others investigated the reaction in detail and suggested a complex 

temperature-dependent sequence of rearrangements and hydrolysis equilibria 

(Scheme 2.1).119,120 
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Scheme 2.1 Reaction pathway for the synthesis of lactams 2-4 and lactones 5-6 as precursor for dihydro-5/6. 

If the reaction was carried out in diethyl ether at temperatures below 0 °C, the 2,2’ substituted 

double bond of isoprene (1) reacted with CSI in a 2+2 cycloaddition. The resulting 

chlorosulfonyl isoprene β-lactam SO2Cl-2 was reported to precipitate at -65 °C, but was 

unstable to recrystallization. Hydrolysis at 0 °C in a mixture of H2O, EtOH and NaOH gave 

lactam 2 in 50% yield. A similar approach led to 76% yield, whereas a reaction temperature of 

-20 °C in a pressure vessel and a reaction time of two days resulted in over 90% yield.121,122 

Subsequent heating at 35 °C rearranges lactam SO2-Cl-2 to lactam SO2Cl-3. If the reaction 

was carried out in diethyl ether at reflux temperature from the beginning on, the 4,5 unsaturated 

chlorosulfonyl isoprene δ-lactam SO2Cl-3 was produced directly. This rather unstable lactam 
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then rearranges into the more stable 3,4 unsaturated chlorosulfonyl isoprene δ-lactam SO2Cl-4 

(31% yield after recrystallization). SO2Cl-3 was converted into lactone 5 by hydrolysis in 

aqueous MeOH/NaOH solution (22% yield). The double bond of lactone 5 was stable towards 

isomerization to the 3,4 unsaturated lactone 6. This lactone was accessible by hydrolysis of 

lactam SO2Cl-4 in a yield of 30%.119 The challenges described in all reports are the 

temperature-sensitive reaction conditions, little selectivity, low yields and unsatisfying purity 

of the products. This is due to several aspects of this reaction cascade: (I) considerable 

temperature sensitivity, (II) isomerization of the initially formed C5-C6 double bond to the 

more stable Michael-type system for the δ-structures, (III) parallel reactions despite temperature 

control, and (IV) sensitive hydrolysis leading to irrepressible lactone formation. 

2.2.2 Synthesis of 4-methyl-4-vinylazetidin-2-one (2) 

The target compound was synthesized using CSI in Et2O at a reaction temperature of -70 °C up 

to -10 °C in an argon atmosphere. The hydrolysis was conducted at 0 °C in basic media with 

Na2SO3 and NaHCO3. The isolated yield was 72%. During the synthesis it was detected that 

the 2+2 cycloaddition was the preferred mechanism and almost no δ-structures were formed at 

low temperatures. If the temperature surpassed -10 °C, the β-lactam SO2Cl-2 started to 

rearrange to the δ-structure; this was in agreement with literature.120,123 As Et2O is not a suitable 

solvent for industry applications, the reaction was screened in various solvents (Table 2.1). In 

general, screening of the reaction conditions was challenging as neither isoprene (1) nor the 

sulfonyl chloride species are detectable by GCMS and an uncontrolled micro-hydrolysis for in-

process control (IPC) was not reliable and hard to reproduce. Therefore, thin-layer 

chromatography (TLC) was used for IPC, which is not a quantitative method. Nonetheless, 

relative comparisons gave information about the influence of the solvent polarity. 
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Table 2.1 Influence of solvent polarity on the product distribution of the reaction of isoprene (1) with CSI. Reaction 

conditions: T = -70 – -30 °C, t = 2 – 3 h. *reaction temperature 0 °C. 

Solvent Polarity124 SO2Cl-2 SO2Cl-3 SO2Cl-4 Side products 

Hexane 0.009 - - - - 

Toluene 0.099 ++ + - - 

Diethyl ether 0.117 +++ + - - 

MTBE 0.124 - - - - 

Dioxane 0.164 + ++ + + 

THF 0.207 + ++ ++ + 

EtOAc 0.228 + ++ ++ + 

MeCN 0.460 + +++ ++ + 

Toluene/ 

EtOAc (5:1)* 

- +++ + - - 

 

For hexane, no reaction was detected at low temperatures and the CSI and hexane formed two 

layers. If the reaction temperature exceeded 0 °C, CSI started to dissolve in the hexane and a 

very exothermic uncontrolled reaction with isoprene resulted in a wild mixture of products that 

where not further investigated. SO2Cl-2 was formed in toluene to similar extent as in Et2O, but 

TLC indicated a decreased reaction rate. Solvents with an increased polarity such as dioxane, 

THF and MeCN led to an increased reaction rate, and the direct formation as well as the 

rearrangement to SO2Cl-3 occurred at the same time. Additionally, the isomerization of 

SO2Cl-3 to SO2Cl-4 was preferred in polar solvents. If the reaction was performed in methyl 

t-butyl ether (MTBE), an unsuspected product was formed almost exclusively and NMR and 

GCMS analysis verified the formation of 4,4-dimethylazetidin-2-one (8, Figure 2.4). 
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Figure 2.4 Proposed reaction pathway for the synthesis of lactam 8 from MTBE. 

Hypothesizing, MTBE – catalyzed by acidic conditions from traces of isocyanate sulfonic acid 

– may form an equilibrium with MeOH and isobutylene that subsequently reacts with CSI to 

SO2Cl-8. Hydrolysis then leads to the β-lactam 8. 

In all pure polar solvents, the δ-structures were formed at temperatures above -10 °C – 0 °C. At 

low reaction rates due to nonpolar solvents, the already formed SO2Cl-2 started to rearrange to 

the δ-structures before all isoprene was consumed. Therefore, diethyl ether was the most 

suitable solvent, as the reaction rate was satisfying at a temperature low enough to ensure a high 

selectivity to the β-lactam 2. Another approach was using a mixture of a polar and a nonpolar 

solvent to adjust the reaction rate to acceptable conversion, but to decrease the rearrangement 
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to the δ-structure at the same time. A mixture of toluene and EtOAc (5:1) led to the formation 

of SO2Cl-2 with a selectivity of > 90% within three hours at 0 °C and no detectable isoprene 

residues, representing a suitable replacement for Et2O. Another advantage is the increased 

reaction temperature that does not require intensive cooling. 

2.2.3 Initial polymerization of 4-methyl-4-vinylazetidin-2-one (2) 

Although the synthesis was the main objective, and not the polymerization of potential 

monomers, lactam 2 was polymerized by anionic ring-opening polymerization (aROP, 

Section 1.8) for the proof of concept (Scheme 2.2) 
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Scheme 2.2 AROP of lactam 2 to poly2 with NaH and Ac2O. 

As a first try, polymerization was achieved using NaH (60% on paraffin wax) as initiator and 

in-situ generated N-acetyl-2 at 190 °C in an argon atmosphere. Lactam 2 was melted in the 

reaction flask under inert atmosphere before NaH was added, followed by Ac2O. The resulting 

brown and very brittle solid was crushed and stirred in EtOH/H2O to remove residual monomers 

and was then frequently washed with EtOAc. Analysis by NMR showed that the lactam bond 

was indeed the reacting functional group, and the terminal double bond was still present. 

13C analysis revealed – as expected for a racemic monomer mixture – that the polyamide was 

atactic as the side-chain carbons directly attached to the chiral center in the polymer backbone 

gave more than one signal (Figure 2.5). 
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Figure 2.5 13C-NMR of poly2 and signal-splitting of carbons attached to the chiral center as expected for an atactical 

polymer. 

In a more controlled approach, the polymerization system of Section 2.4 was used (N-benzoyl-

3S-Caranlactam as activator and NaH as initiator). All components were mixed in a glass vial 

under inert atmosphere and then heated in a heating block for 15 min. Poly2 generated with this 

protocol was only slightly yellow and less brittle. The residual monomers were removed 

as described above.
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Figure 2.6 GPC curve (upper) and DSC curve (lower) of poly2. 
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NMR-analysis once again revealed an intact terminal double bond and a molecular weight Mn 

of 9.2 and Mw 11.6 kDa was confirmed by GPC (Figure 2.6, upper). DSC showed a Tg of 97 °C 

and a Tm of 240 °C (Figure 2.6, lower). One distinct feature of the polymer was the ‘sintering-

window’ of 60 °C between the crystallization onset of about 165 °C and the melting onset at 

225 °C. As this window is a crucial parameter for selective laser sintering (SLS), the suitability 

of poly2 in this additive manufacturing technique might be worth exploring. 

The radical polymerization of the terminal double bond was tested with azobisisobutyronitrile 

(AIBN) as radical starter in toluene at different temperatures (Figure 2.7), but no conversion 

was observed; however, more sophisticated methods might be successful.106 

HN O
2

AIBN

HN
O nToluene

T  
Figure 2.7 Unsuccessful radical polymerization of β-lactam 2 with AIBN. 

2.2.4 Synthesis of 4-methyl-1,6-dihydropyridin-2(3H)-one (3) and 4-methyl-5,6-

dihydropyridin-2(1H)-one (4) 

As the synthesis of the lactams 3 and 4 was unselective and of low yield, a first approach to 

enhance the selectivity of the δ-structure formation was the synthesis of the β-lactam 2 and a 

subsequent acetylation or tosylation followed by a more controlled rearrangement to the 

δ-lactams acetyl/tosyl-3 and acetyl/tosyl-4. After that, the free lactams should be formed by 

hydrolysis. Acetyl-2 and tosyl-2 were successfully synthesized (Scheme 2.3). 
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Scheme 2.3 Acetylation and tosylation of β-lactam 2. 

Acetyl-2 was formed by conversion of lactam 2 with Ac2O and solid KOH in toluene.125 For 

tosyl-2, two methods were tested: The direct conversion of isoprene (1) with 4-

methylbenzenesulfonyl isocyanate (pTSI) and the reaction of lactam 2 with 4-methylbenzene-

1-sulfonyl chloride (TsCl) and NaOH in toluene.125,126 Although several reaction conditions 

were tested for the 2+2 cycloaddition of isoprene (1) and pTSI, the selectivity of the reaction 

was low and the δ-species as well as unidentified side products were observed. The application 

of TsCl was successful, and tosyl-2 was isolated with a yield of 58%. However, neither thermal 

activation nor the application of various Lewis- or Brønsted acids in polar solvents led to 

formation of the lactams 3 or 4. From solvent screening for the synthesis of lactam 2 (Table 2.2), 
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it was established that polar solvents and an increased temperature preferably lead to the 

formation of the δ-lactams. If the reaction was carried out initially in EtOAc at -50 °C for 7 h 

(formation of SO2Cl-2) and then stirred at 40 °C for 12 h (rearrangement to the δ-structure 

SO2Cl-3 and double bond isomerization), SO2Cl-4 could be isolated as colorless crystals 

(19% yield). Similar results were achieved with MeCN. Several Lewis acids were screened for 

catalytic activity for the 4+2 cycloaddition of CSI, the direct formation of lactam SO2Cl-3, or 

the rearrangement of β-lactam SO2Cl-2 to the δ-structure (Table 2.2). 

Table 2.2 Lewis acids as catalysts for the synthesis of lactams SO2Cl-3 and SO2Cl-4 in relative comparison to a catalyst-free 

standard reaction. + = increased product formation; - = decreased product formation; / = no change. Reaction conditions: 

Isoprene (1) 2 mmol, 0.3 mmol Lewis acid, MeCN 5 mL, 50 °C, 3 h. 

Lewis acid SO2Cl-2 SO2Cl-3 SO2Cl-4 Side products 

Al2O3 - / + / 

Fe(OAc)2 - / / + 

CuCO3 - / / ++ 

AlCl3 - / / + 

H4O4Zr / / + + 

ZnCl2 / / / / 

CeO - - - ++ 

Sn(OAc)2 - - - + 

Al(OiPr)3 - + - + 

CoCl2·6 H2O - - ++ + 

ZnBr2 / / / ++ 

CuCl2 - + + / 

MnCl2·4 H2O - + ++ + 

ZnO / / / + 

ZnCO3 - / / + 

LiOAc / / / + 

CaCl2 / / + + 

SnCl2 / / + + 

Cp2TiCl2 - - +++ - 

Ti(iOPr)4 - - + ++ 

NbCl5 / / / + 

 

The screening was analyzed by TLC in comparison to a catalyst-free standard reaction and the 

relative comparisons between the TLCs revealed that MnCl2·4 H2O and 

Di(cyclopentadienyl)titanium(IV) dichloride (Cp2TiCl2) were the most selective catalysts. On 

using MnCl2·4 H2O in MeCN at room temperature for a period of 72 h, 52% of lactam SO2Cl-4 

could be isolated, which is an increase of yield by more than 150%. However, the hydrolysis 

of lactam SO2Cl-4 was not possible in considerable yield although several pH-values, co-

solvents, nitrogen bases and temperatures were tested. The desired lactam 4 was only isolated 
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in yields beneath 10%. Hydrolysis almost exclusively led to the formation of lactone 6 if a base 

or acid in water or EtOH was used. In water-free systems, the free lactam 4 was formed as 

verified by GCMS, but product isolation failed. The same phenomenon was observed for lactam 

SO2Cl-3 – which was not isolated but directly hydrolyzed – to a minor extent; 70% of lactone 5 

was formed and 30% of lactam 3.  

2.2.5 Synthesis of 4-methyl-1,6-dihydropyridin-2(3H)-one (5) and 4-methyl-5,6-

dihydropyridin-2(1H)-one (6) 

As described above, the lactones 5 and 6 were accessible by hydrolysis of SO2Cl-3 and SO2Cl-4 

with aqueous solutions of NaOH or Na2SO3. SO2Cl-4 was converted to lactone 6 by stirring in 

a mixture of NaOH, H2O, DCM and EtOH at room temperature in 88% yield. In a direct 

approach without isolation of the δ-structure, isoprene (1) and CSI were stirred in MeCN at 

room temperature for 2 h. After subsequent hydrolysis with an aqueous solution of Na2SO3, 

57% of crude lactone 5 was isolated; the by-products were lactam 2 and lactone 6. These side 

products underlined the draw-back of the synthesis, as a full conversion of β-lactam SO2Cl-2 

to δ-lactam SO2Cl-3 was impossible before the double bond isomerization to SO2Cl-3 started. 

Purification was accomplished by distillation to yield 40% of lactone 5. As a solid was formed 

in the distillation bubble during the process, it is possible that uncontrolled polymerization 

decreased the yield. For the synthesis of lactone 6, Cp2TiCl2 and a reaction time of six days was 

tested in a small-scale reaction. The crude yield was 89% and GCMS and NMR analysis 

verified a purity of over 90%.  

2.2.6 Synthesis of 2-methyl-2-vinyloxirane (7) 

Several methods for the synthesis of 7 have been reported in the literature. If moderate oxidation 

reagents are used, the higher-substituted double bond reacts more readily with the epoxidizing 

reagent, and a selective epoxidation without excessive formation of the regioisomeric epoxide 

or the di-epoxide is possible. Application of tBuOOH lead to a decrease of regioselectivity, for 

instance. Other described protocols apply mCPBA in DCM or chloroform, which is neither 

economical nor ecological.127 However, the epoxidation with other established methods such 

as enzyme-mediated systems,128 diluted AcOOH,129 or acetone-Oxone® (KHSO5) systems130 

(for the in-situ generation of dimethydioxirane) is prone to opening of the epoxide and post-

epoxidation rearrangements, as the acids – especially in aqueous media – catalyze unwanted 

side reactions (Figure 2.8). Therefore, the yield is usually below 50%. More elaborated methods 

applying homogeneous metal catalysis lead to increased yields but are expensive.131,132 Side 

reactions are a general challenge in epoxidation reactions, even more for the vinyl-group 

containing epoxide 7. All tested acidic aqueous methods led to the formation of highly polar 
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substances – probably polyols and aldehydes – that where not further investigated. For an 

enzyme-mediated approach with H2O2·urea to reduce the amount of water, no conversion was 

observed. Other reported methods applying Mycobacterium are low-yielding (< 25%).133 

1 7

O HO
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HO OH
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Oligomerizations
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Diels-Alder, etc.  

Figure 2.8 Possible side reactions of the isoprene (1) epoxidation. 

An industrially relevant strategy for the epoxidation of light olefins is the direct conversion with 

O2 over Ag-catalysts at 200-300 °C at 10 bar, or the oxidation with H2O2 over Ti-catalysts. Both 

techniques require an advanced infrastructure and the selectivity in asymmetric dienes might 

be unsatisfactory. Before these methods were established, a two-step strategy was applied for 

the synthesis of ethylene- and propylene oxide: The double bond was treated with ClOH (from 

the reaction of Cl2 and H2O) to give the corresponding chlorohydrine, which was subsequently 

converted to the epoxide by an elimination reaction under strong basic conditions from NaOH 

or Ca(OH)2 (Scheme 2.4 a). For the preparation of 7, the synthesis of bromohydrine 9 with N-

Bromosuccinimide (NBS) followed by a base-induced elimination has proven to be high-

yielding (70% isolated yield) and very selective.134 However, the use of NBS is not economic. 

For the synthesis of 7, a similar approach was investigated, but the formation of the 

bromohydrine 9 was replaced by NH4Br as inorganic bromide source and Oxone® as oxidation 

reagent. 
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Scheme 2.4 General epoxidation via the chlorohydrine (a) and adjusted synthesis of 7 using in-situ generated HOBr (b). 
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For the lab-scale synthesis, it has proven suitable to convert isoprene (1) in a bromohydrine and 

to promote the elimination to 7 in aqueous NaOH (Scheme 2.4 b). The bromohydrine was 

formed by in-situ generated BrOH – from the oxidation of NH4Br with Oxone® – using an 

adjusted protocol that was successfully applied for other alkenes (Scheme 2.4 b).107,135,136 The 

reaction medium was a mixture of MeCN and H2O (5:3) to guaranty a sufficient solubility of 

isoprene (1). The challenging aspect of this method was the chemo- and regioselectivity. If an 

excess of BrOH was formed, side reactions such as uncontrolled bromination or the conversion 

of the vinyl double bond were observed. In addition, an increased reaction temperature 

decreased the selectivity. The best result was obtained when Oxone® and isoprene were 

dissolved in a mixture of MeCN, H2O, and ice before a precooled solution of NH4Br was added 

drop-wise within a few minutes under vigorous stirring. The crude yield was 87% with a purity 

of over 90%, and bromohydrin 9 could directly be converted to 7 by slow addition to a cooled 

solution of NaOH (10 M). The purification was facile as the upper layer (organic phase) 

consisted almost exclusively of 7. To verify the stability of 7, a sample of the pure compound 

was stored at -20 °C for four months and then compared by NMR with a freshly produced 

sample; no degradation was observed.  
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2.3 New Bio-Polyamides from Terpenes: α-Pinene and (+)-3-Carene as Valuable 

Resources for Lactam Production 

 

Title: New Bio-Polyamides from Terpenes: α-Pinene and (+)-3-Carene as Valuable 
Resources for Lactam Production 

Status: Published (2019) 
Journal: Macromolecular Rapid Communications 
Publisher: Wiley-VCH Verlag GmbH & Co. KGaA 
DOI: 10.1002/marc.201800903 
Authors: Paul N. Stockmann, Dominik L. Pastoetter, Marion Woelbing, Claudia 

Falcke, Dr. Malte Winnacker, Dr. Harald Strittmatter, Prof. Volker Sieber 
 

 

 

The publication describes the conversion of the monoterpenes α-pinene and (+)-3-carene to β- 

and ε-lactams and initial polymerization reactions. β-lactams were synthesized by a 2+2 

cycloaddition of the terpenes with chlorosulfonylisocyanate (CSI). 19 % yield was obtained for 

the (+)-3-carene β-lactam and 74 % for the α-pinene β-lactam. Synthesis of the ε-lactams was 

achieved by a four-step synthesis protocol. The initial double bond oxidation by hydroboration 

gave the trans-anti-Markovnikov alcohols in excellent selectivity. Oppenauer oxidation under 

application of Al(OiPr)3 and 3-niotrobenzaldehyde as redox equivalent gave the corresponding 

ketones that were then converted to ketoximes with HONH2·HCl. Finally, the lactams were 

accessible by Beckmann rearrangement in basic media and tosyl chloride as oxime-activating, 

highly active leaving group. The overall yields for the (+)-3-carene ε-lactam and the α-pinene 

ε-lactam were 17 % and 15 %, respectively. All monomers were characterized by NMR, IR, 

GCMS, and DSC. Anionic ring-opening polymerization was used for the polymerization of the 
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β- and ε-lactams. Several reaction conditions were tested. Typically, NaH on paraffin wax or 

potassium were applied as initiators. The activator was formed in situ from sodium lactamate 

and benzoyl chloride or acetic anhydride. β-lactams are usually highly reactive, thus the 

reaction proceeded in a rather uncontrolled manner, and only partially soluble oligomers were 

formed. NMR and IR confirmed the formation of PA2-type oligomers, and no rearrangement 

of the bicyclic structures were observed. Both polymers showed no glass transition (Tg) or 

melting temperature (Tm) in thermal analysis and only started to decompose at temperatures as 

high as 350 °C. The number average molecular weight (Mn) did not exceed 3.3 kDa. 

Polymerization of the ε-lactam from α-pinene under similar conditions yielded oligomers that 

could not fully be characterized due to insolubility. DSC revealed the absence of Tm and Tg. 

From the ε-lactam based on (+)-3-carene, a hard and transparent polyamide was formed very 

rapidly that reached a Mn of 33 kDa and a Tg of 115-120 °C. For the first time, a high-yielding, 

high-mass, transparent, 100 % bio-based polyamide was synthesized from terpene feedstock. 

The authors, Paul N. Stockmann and Dominik L. Pastoetter, contributed equally to this work 

and both wrote the manuscript. Paul Stockmann synthesized and polymerized the lactams from 

α-pinene, polymerized the β-lactam from (+)-3-carene, and investigated the polymerization of 

(+)-3-carene ε-lactam in detail. He fully characterized all monomers and polymers, performed 

water-uptake experiments and supervised Dominik Pastoetter. Dominik Pastoetter synthesized 

the (+)-3-carene ε-lactam and performed initial polymerization experiments. Marion Woelbing, 

Claudia Falcke, and Malte Winnacker gave advice in polymerization reactions and polymer 

characterization. Harald Strittmatter supported in organic synthesis. Paul Stockmann, Harald 

Strittmatter and Volker Sieber conceived the work. Volker Sieber revised the manuscript and 

supervised the research project. 
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2.4. Biobased chiral semi-crystalline or amorphous high-performance polyamides and 

their scalable stereoselective synthesis 

 

Title: Biobased chiral semi-crystalline or amorphous high-performance polyamides 
and their scalable stereoselective synthesis 

Status: Published (2020) 
Journal: Nature Communications 
Publisher: Nature Research 
DOI: 10.1038/s41467-020-14361-6 
Authors: Paul N. Stockmann, Dr. Daniel Van Opdenbosch, Dr. Alexander Poethig 

Dominik L. Pastoetter, Moritz Hoehenberger, Sebastian Lessig, Johannes 
Raab, Marion Woelbing, Claudia Falcke, Dr. Malte Winnacker, Prof. Cordt 
Zollfrank, Dr. Harald Strittmatter, Prof. Volker Sieber 

 

 

 

The publication describes the synthesis and characterization of the two novel 100 % bio-based 

3S-polycaranlactam and 3R-polycaranlactam. The polyamides are diastereomers with respect 

to a methyl group which leads to considerably different polymer properties. Starting from (+)-

3-carene, the diastereomeric monomers 3S-caranlactam and 3R-caranlactam were accessible in 

a four-step reaction sequence. Starting from (+)-3-carene, 3S-caranlactam was formed by 

epoxidation with peracetic acid. For 3R-selectivity, N-bromo-succinimide for the formation of 

a bromo hydrine and subsequent epoxide formation in basic media was used. Conversion of the 

epoxide by Meinwald rearrangement in nonpolar solvents in combination with strong acids 

gave the corresponding carbonyl compounds under retention of configuration. After conversion 

to oximes with HONH2·HCl, Beckmann rearrangement in basic media with tosyl chloride as 

oxime activation reagent yielded about 20 % 3S-caranlactam or 3R-caranlactam. 3R-lactam 

reacted more facile than 3S-caranlactam in anionic ring-opening polymerization under 

application of N-benzoyl-caranlactam as activator and NaH on paraffin wax as initiator. 
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However, the conversion of both stereoisomers was between 85-90 %. The average number 

molecular weight (Mn) was over 20 kDa for 3R-polycaranlactam and 15 kDa for 

polycaranlactam as verified by GPC. The three-membered ring in the main chain was 

maintained throughout the polymerization. DSC confirmed the visual impression of the 

transparent 3R-polycaranlactam to be amorphous as only a Tg at 120 °C and no Tm was detected. 

Surprisingly, the opaque 3S-polycaranlactam exhibited a Tm at 280 °C and is therefore semi-

crystalline. The crystal structures of the monomers and of 3S-polycaranlactam were 

investigated with XRD. Copolymerisation of 3S-caranlactam with caprolactam and laurolactam 

resulted in a loss of long-range order and transparent copolyamides in a range of about 25-80 % 

built-in 3S-caranlactam. Solvent-cast transparent films were produced to underline the 

modification of standard semi-crystalline polyamides to amorphous copolyamides. 

Additionally, the Tg of the copolyamides increased depending on the amount of rigid three-ring 

structures in the main chain. Two 100 % bio-based polyamides with varying crystallinity and 

transparency and high-performance thermal properties were produced in a scalable fashion that 

have the potential to considerably broaden the scope of bio-based, as well as fossil-based 

polyamides. 

Paul N. Stockmann wrote the manuscript and the supplementary information except for 

crystallography-related sections. He synthesized 3S-caranlactam, optimized the synthesis of 

3R-caranlactam, developed and scaled the one-vessel process and designed all synthesis and 

polymerization experiments. He analyzed and characterized all intermediates, monomers and 

polymers with the exception of XRD experiments and supervised Dominik Pastoetter, Moritz 

Hoehenberger, Johannes Raab, and Sebastian Lessig. Daniel Van Opdenbosch performed the 

polymer related XRD experiments and interpreted the data together with Paul Stockmann. He 

wrote the polymer related XRD sections. Alexander Poethig performed the monomer related 

XRD experiments, interpreted the data, and wrote the corresponding sections. Dominik 

Pastoetter synthesized 3R-caranlactam and performed initial polymerization experiments. 

Moritz Hoehenberger synthesized 3S-caranlactam. Johannes Raab investigated the epoxidation 

of (+)-3-carene in detail and performed initial Meinwald rearrangement experiments. Sebastian 

Lessig investigated the Meinwald rearrangement in detail. Marion Woelbing, Claudia Falcke 

and Malte Winnacker supported in polymer analysis and polymerization techniques. Paul 

Stockmann, Harald Strittmatter, Malte Winnacker and Volker Sieber conceived the work. Cordt 

Zollfrank and Volker Sieber revised the manuscript. Volker Sieber supervised the project.
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2.5 Limonene, α-pinene, and (+)-3-carene as precursor for diol monomers  

2.5.1 Oxidative cleavage of limonene, α-pinene, and (+)-3-carene 

The cleavage of the double bond of limonene (1), α-pinene (2), and (+)-3-carene (3) has been 

extensively reported in literature so far (Figure 2.20).137–142 The three dominating strategies are: 

(I) the conversion of the double bond into a diol (or epoxide) that is then treated with sodium 

periodate, (II) the direct reaction of the olefin with catalytic OsO4 and in-situ regeneration of 

the catalyst, and (III) ozonolysis. As OsO4 is very toxic143 and ozonolysis requires a special set-

up, the periodate cleavage was the chosen method. Racemic mixtures of limonene oxide (5) and 

α-pinene oxide (6) were purchased (synthesis grade) and used without further purification. 

(+)-3-carane oxide (7) was prepared with diluted peracetic acid as described in Section 2.4B. 

The epoxides 5 and 7 were cleaved oxidatively in a mixture of MeCN and H2O with one 

equivalent of NaIO4 at room temperature (Figure 18). The ketoaldehydes 8 and 9 were purified 

by distillation and yields were 50%-70%. However, GCMS and NMR analysis did not reveal 

side reactions to a considerable extent; therefore, the relatively low crude- and isolated yields 

might have been caused by the unoptimized work-up conditions. The reaction was observed to 

be rather slow, as three days of reaction time did not lead to a full conversion (51% for epoxide 

(7)). If 1.0 % of HCl was added, the reaction time decreased, and 70% conversion were 

observed within five hours. However, another addition of 1% HCl was required to complete the 

reaction, as the reaction rate dropped again at about 80%. This finding indicates that the 

conversion of the epoxide to a vicinal diol (vic-diol) is the rate-defining first step of the reaction, 

and small amounts of the dihydroxy-species vic-diol-5 and vic-ciol-7 were identified by GCMS 

as intermediate.  
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Figure 2.20 Synthesis of ketoaldehydes 8, dihydro-8 and 9 starting from the corresponding epoxides. (a) = epoxidation; (b) 

hydrogenation; (c) epoxide opening to the corresponding diol; (d) oxidative C-C bond cleavage with NaIO4. 

The pinene-based epoxide 6 could not be converted to the corresponding ketoaldehyde. The 

reaction turned out to be very unselective, and a mixture of various rearrangement products, 

which were then oxidized by NaIO4, was obtained. The most commonly formed compound was 

5-(2-hydroxypropan-2-yl)-2-methylcyclohex-2-enol (Figure 2.20), and a control reaction 

showed that even stirring of 6 in water at 40 °C led to this rearrangement. 

Therefore, the synthesis of the required vic-diol-6 (vicinal diol 6) was not possible. Other 

attempts such as the basic opening of the epoxide or the formation of an ethoxy-hydrine and 

the subsequent oxidative cleavage were unsuccessful. Oxidation with KMnO4 led – according 

to GCMS – to small amounts of vic-diol-6, the isolation failed.  

Another observation was the significant difference in reaction rate for the cis- and trans-epoxide 

diastereomers (Figure 2.21). While the ratio is 1.5:1.0 at the beginning of the conversion of 5 

to 8, after 2.5 h the ratio of the remaining diastereoisomers is 8:1. More elaborate reaction 
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conditions might lead to an almost exclusive conversion of only one diastereomer. This would 

lead to an increased isotacticity of the formed polymers.  

 

Figure 2.21 GCMS chromatogram displaying the kinetic resolution of the cis/trans mixture of 5 by periodate cleavage. 

During the reaction, NaIO4 was reduced to NaIO3 which precipitated in the reaction mixture 

and was easily separated by filtration. The isolated NaIO3 was dried and was 70%-80% of the 

initially used amount. Increasing the amount of MeCN after the reaction might even lead to a 

full isolation of NaIO3. As the industrial synthesis of the periodate is done by electrochemical 

oxidation of the iodate, this is a facile way to regenerate the redox equivalent. 

The terminal double bond of 5 and 8 was hydrogenated to the corresponding iso-propane to 

investigate differences in polymerization behavior of the olefinic and the purely aliphatic 

compound (Figure 2.20, Scheme 2.5). PtO2 (0.1%) and hydrogen at atmospheric pressure in 

THF was sufficient for a complete reduction within 12 h to give dihydro-5 and dihydro-8 in 

good yields. If MeOH was used as a solvent, the double bond was also successfully converted, 

but the formation of an di-methoxy acetal was observed by GCMS.  
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Scheme 2.5. Hydrogenation of the double bond of 8 in MeOH (acetal formation) or THF. 

As a first attempt, a Meerwein-Ponndorf-Verley reaction144 was used to reduce the 

ketoaldehydes to the corresponding alcohol as the catalyst and the redox equivalent – Al(iOPr)3 



Limonene, α-pinene, and (+)-3-carene as precursor for diol monomers 

108 
 

and iso-propanol, respectively – are cheap, easy to handle and environmentally benign 

(Scheme 9). The aldehyde was fully converted to give alcohol 10, but the carbonyl group was 

unreactive.  

 

Scheme 2.6 Meerwein-Ponndorf-Verley reaction for the selective reduction of aldehyde 8. 

While this would be an useful way for a selective alcohol formation and the subsequent 

synthesis of hydroxy-amines for poly(ester amides), another method was required for diol 

synthesis. Although other variations of the Meerwein-Ponndorf-Verley reaction with stronger 

reducing agents than iso-propanol exist (for example, nitrobenzyaldehyde in Section 2.4B), the 

atom economy would drastically be reduced. Therefore, NaBH4 was applied as an inorganic 

hydride donor following an adjusted protocol (Scheme 2.7).145,146  

 

Scheme 2.7 Reduction of the limonene (1)-based ketoaldehydes 8, dihydro 8, and the (+)-3-carene (2)-based 9 to the 

corresponding diols. 

The reactions were carried out in MeOH mixture at 0 °C. However – although the reaction 

seemed very selective in GCMS, NMR and thin-layer chromatography (TLC) – the isolated 

yields of the diols 11,12 and dihydro-10 after column chromatography were only about 60%. 

2.5.2 Initial polymerizations of 3-(prop-1-en-2-yl)heptane-1,6-diol (11) 

To verify the polymerizability of the linear terpene diols in polycondensation reactions, the 

limonene-based candidate was polymerized with adipic acid methyl ester (14). The 

compatibility with an aromatic monomer was tested with terephthalic acid ethyl ester (15).  

An enzymatic approach was used for the reaction with the aliphatic monomer 14. Cal-B – which 

was already used for the epoxidation of (+)-3-carene (2) – was the enzyme used in a solvent-

free two-stage reaction. In the first stage, the temperature was 50 °C at 50 mBar for 48 h. In the 
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second stage, the temperature was 70 °C at 25 mBar for another 48 h. The resulting viscous, 

slightly yellow oil was analyzed by DSC; and no glass transition could be detected within the 

examined temperature range (-30 °C – 400 °C). The NMR analysis verified the reaction of 11 

with 14 (Figure 2.22). 

 

Figure 2.22 NMR comparison of the monomers 11 and 14 with poly11-adipate. 

The methoxy ester was cleaved and MeOH was removed from the reaction mixture, which can 

be seen by the decreasing signal intensity at 3.66 ppm (MeO-, blue and red spectra). The 

conversion was calculated to be about 90% by comparison of the signal intensities of -CH2-

COOR and the methoxy-ester from the residual monomer 14 (red spectra, blue boxes). The 

conversion of the proton of Me-CH-OH (monomer alcohol) to Me-CH-O-CR=O (polyester) 

can be seen by the shift from 3.75 ppm to 4.79 ppm (green and red spectra, red boxes). Finally, 

the signal broadening also indicates a successful reaction to poly(1-methyl-4-iso-propenyl 

adipate) (poly11-adipate). 

For the polymerization of 11 with 15, Sn(OAc)2 was used as catalyst in a solvent-free three-

stage approach. In the first stage, the temperature was 180 °C for 4.5 h at atmospheric pressure. 

The sublimation of small amounts of 15 were detected, affecting the stoichiometry and resulting 

in a minor excess of diol 11. In the second stage, the pressure was lowered to 2.5 mBar at 
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200 °C for 2.5 h. The viscosity of the mixture increased, and residual diol was evaporated from 

the mixture. Finally, the temperature was increased to 220 °C and the pressure was lowered to 

1.4 mBar until the evaporation of excess diol was complete (1.5 h). The obtained poly(1-

methyl-4-iso-propenyl terephthalate) (poly11-terephthalate) was investigated with DSC, 

revealing a Tg of 24 °C. The polyester decomposed at about 370 °C (Figure 2.23). 

 

Figure 2.23 DSC of poly11-terephthalate (second run). 

NMR analysis showed that 8.3% of 11 and 3.8% of 15 remained in the polymerization mixture. 

Again, signal broadening and a shift of Me-CH-OH (monomer alcohol) to 5.16 ppm was 

detected (Figure 2.24). As the reaction temperature and the low pressure led to partially 

evaporation of the monomers, a conversion could not be calculated by NMR. 
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Figure 2.24 NMR comparison of the monomers 11 and 15 with poly11-terephthalate. 
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3. Discussion 

3.1 Isoprene as precursor for bio-fuels 

As fuels are the highest end volume application of fossil oil, many approaches to use bio-

feedstocks as resources for bio-fuels have been undertaken. Different types and generations of 

bio-fuels have been established within the last decades (Table 3.1), and are nowadays produced 

in commercial amounts. 

Table 3.1: The three bio-fuel generations and some of their characteristics.147 

Characteristic Bio-fuels 

 1st generation 2nd generation 3rd generation 

Feedstock Obtained from food 

crops: 

corn, wheat, sugar-

cane, soybeans, 

animal fat, cooking 

oil  

Obtained from non-

food crops: 

Agricultural wastes, 

wood, municipal 

wastes, waste 

vegetable oil 

Generated from 

algae and other 

microbes: 

Algae, sea weeds, 

cyanobacteria 

Manufacturing 

method 

Fermentation, trans-

esterification, 

anaerobic 

fermentation 

Enzymatic 

hydrolysis, thermo-

chemical processes 

followed by 

synthesis 

Biochemical and or 

thermochemical 

methods 

Bio-fuels Alcohols (ethanol, 

propanol, butanol), 

diesel 

Cellulosic ethanol, 

methanol, Fischer-

Tropsch diesel, 

dimethylfuran 

Ethanol, Hydrogen 

Energy density Up to 48 MJ/kg Up to 38 MJ/kg Up to 123 MJ/kg 

Greenhouse gas CO2 

(kg/kg) 

Up to 3.4  Up to 2.85 Up to 3.4 

 

As bio-fuels often suffer from production costs, varying quality or residual bio-impurities, the 

fermentation of olefins and subsequent oligomerization and hydrogenation to gain linear 

hydrocarbons as high-quality fuels seems reasonable.148 The potential of one of these olefins, 

isoprene, was evaluated in a literature review (Section 2.1). The production of bio-based 

isoprene, especially from (poly-)saccharides, has been investigated thoroughly within the last 

decade, as isoprene is one of the most used monomers in the rubber industry.3,10,148–155 In 

general, isoprene is accessible from many kinds of biomass and could be processed as a 1st, 2nd 

or 3rd generation bio-fuel. These studies mention the additional potential of isoprene as 

precursor for bio-fuels regularly, but there has been little research on the next step in this 

premise: the controlled linear oligomerization of isoprene to C10-C20 hydrocarbons. Less than 

60 adequate papers or patents focusing on linear isoprene oligomerization were published since 
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the 1950s, most of them without any context to fuels. Only within the last years, due to the 

improvements in bio-based isoprene production, several studies focus on isoprene 

oligomerization as a new route to bio-based fuels; however, the research output regarding 

selective and linear isoprene oligomerization remains low. This might change in the future as 

the price of bio-based isoprene will decrease. In addition, linear isoprene dimers and trimers 

possess properties that make them very suitable as fuel such as a high boiling point and an 

energy density of 47 MJ/kg (Section 2.1, Table 1). These characteristics are well in the range 

of other bio- or fossil-fuels.147 In contrast to many other 1st, 2th or 3th generation bio-fuels, these 

oligomers do not contain heteroatoms and are structurally closely related to fossil-based fuel, 

which should guarantee an effortless integration in advanced internal combustion engine 

technology. The methyl group side chains, causing a decreased pour point, might enable low-

temperature tank storage without the loss of flow characteristics. Another important aspect 

differing from other fermentation bio-fuel precursors is the facile downstream process, as 

isoprene is neither high-boiling nor water-soluble.  

From a chemists’ perspective, the major challenge is the linear conversion of isoprene to C10-

C20 oligomers that could directly be used as a fossil-oil fuel replacement. Most methods from 

the 1950s until today use (transition) metal liquid phase catalysis for the oligomerization of 

isoprene. Even though this is similar to butadiene oligomerization, the significant difference is 

the unsymmetrical substitution pattern of the double bonds, leading to a decrease of selectivity 

and a high tendency for cyclization. As a result, complex mixtures of isoprene oligomers are 

usually obtained, comprising linear and cyclic structures of varying molecular weights, 

sometimes containing aromatic units. Methods with a high selectivity towards linear di- or 

trimers usually involve Pd accompanied by air sensitive and rather expensive phosphine 

ligands, which would lead to high fuel prices. Some Ziegler-Natta catalysts with a satisfying 

selectivity have also been reported, though several additional additives or co-catalysts were 

required as well. The use of ionic liquids was also mentioned, with outstanding selectivity; 

however, ionic liquids are industrially still not established due to issues in reusability, product 

isolation, end-of-life use, among other issues. Despite these draw-backs, if the bio-isoprene gets 

more affordable and accessible from various feedstocks and if major advances in the 

establishment of a selective linear dimer- or trimerization process are achieved, isoprene will 

find a new function as precursor for bio-fuels for modern internal combustion engines. 
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3.2. Isoprene as precursor for β-lactams, δ-lactams, and δ-lactones 

The cycloaddition of isoprene and chlorosulfonylisocyanate (CSI), a reaction that has been 

reported several times,113,114,118,119,123 was re-investigated as a one-step method for the 

formation of a β-lactam and δ-lactams and lactones. 2+2 cycloaddition of alkenes with CSI is 

the standard procedure for β-lactam synthesis, and conjugated dienes yield δ-structures after 

intramolecular rearrangement. The synthesis of the β-lactam could easily be reproduced, and 

the regioselectivity in favor of the methyl-group substituted double bond was 100 %. Aside 

from polymer science, hydrolysis and chiral separation would yield L-amino acids with 

terminal double bonds for functionalization – an intriguing precursor for artificial amino acids. 

The δ-lactam could only be isolated in trace amounts. Instead, a ring-opening followed by 

hydrolysis and subsequent ring closing gave the δ-lactones (Figure 3.1).  

 

Figure 3.1 Proposed mechanism for the formation of δ-lactones from a chlorosulfonyl-δ-lactam.119,123 

Application of Cp2TiCl2 optimized the yield to about 80 %. These lactones are also accessible 

from glucose and have been used as monomer (Section 2.2) and were therefore not further 

investigated. β-lactams are highly reactive and have been polymerized with advanced 

techniques.97–99 In this case, simple anionic ring opening polymerization of the lactam was 

successful. NMR analysis confirmed a PA2-type polyamide. PA2-types are common in nature 

as proteins, and spidroin, the proteins of spider silk, is famous for its mechanical properties as 

a fiber. These properties arise from a highly ordered structure consisting of block copolymers 

of poly(alanine) and glycine enriched domains that are responsible for strength and elasticity, 

respectively. Modified isoprene β-lactams could be used in a similar way to produce semi-

artificial PA2-fibers with tailor-made properties. The obtained polyamide possessed a Tg of 

almost 100 °C and a Tm of 240 °C, which is above the values of PA6. As mentioned above, the 

terminal double bond was intact in the side chain (Section 2.2.3). This provides several 

possibilities for post-polymerization functionalization, and tailor-made derivatives for all kinds 

of application. In addition, the isoprene-derived β-lactam could also be used for cross-linking 
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in polyamides, polyesters, and polyurethane, enabling the production of thermoplastic 

elastomers. The terminal olefin could be used as an anchor for Diels-Alder reactions, click-

chemistry, metathesis, and others as demonstrated for polylimonene carbonate (Figure 3.2).156  

 

Figure 3.2 Co-polymer of isoprene β-lactam and caprolactam, post-polymerization modifications and proposed effects. 

Despite these intriguing possibilities, the monomer synthesis needs optimization, and the use 

of toxic and expensive chlorosulfonyl isocyanate is a considerable economic and ecological 

drawback. The purification had to be achieved by column chromatography, which is expensive 

and laborious in production scales. A carefully designed distillation could also lead to satisfying 

results, but heat-induced uncontrolled polymerizations of the highly reactive β-lactam might 

occur.  

To summarize, the isoprene based β-lactam and polyamides thereof are not sustainable at this 

point, but the double bond and the PA2-type structure itself are worth exploring in the future. 

3.3 Conversion of α-pinene and (+)-3-carene to PA6-type bio-polyamides 

The pivotal part of this work deals with the conversion of two bicyclic monoterpenes, α-pinene 

and (+)-3-carene, into ε-lactams that could be polymerized to PA6-type polymers. Both 

terpenes are to be chemically interpreted as aliphatic substituted and bridged cyclohexane 

derivative. Cyclohexane is the most used precursor to produce the most important industrial 

lactam of polyamides: caprolactam. Terpenoids such as camphor and menthone, naturally 

possessing a ketone motif, have already been converted to their corresponding lactams by 

oximation/Beckmann rearrangement or hydroxylamine sulfonic acid.71 Additionally, α-pinene 

and (+)-3-carene possess a double bond that can be used as starting point for chemical 

modification. Thus, the oxidation of the double bond to generate a cyclohexanone derivative 

compound analogous to caprolactam synthesis was a reasonable approach. The first-generation 
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synthesis was a four-step approach starting with (i) double bond epoxidation by hydroboration, 

(ii) alcohol oxidation, (iii) conversion to oxime using HONH2·HCl and (iv) Beckmann 

rearrangement in basic media (Section 2.3) according to a literature protocol by Lochyński.157 

The hydroboration yielded the terpene alcohols in excellent trans-anti-Markovnikov selectivity 

and the stereoselectivity regarding the methyl group at C3 was 100 %. This is worth mentioning 

as diastereomeric mixtures eventually would result in atactic polymers, negatively influencing 

the mechanical properties as demonstrated in polypropylene, which exhibits a Tm of 240 °C in 

its isotactic configuration and is amorphous in its atactic configuration.158 

To avoid toxic chromium agents for alcohol oxidation, the Oppenauer oxidation with 3-nitro 

benzaldehyde as redox equivalent was applied. Though the ketones were accessible by this 

method, the yield and the atom economy are moderate at best, and other methods using 

inorganic oxidation agents such as NaOBr3/NaSO3 or NaHSO5 (Oxone®) might lead to superior 

results.159,160 After conversion to the corresponding oximes, the Beckmann rearrangement in 

basic media was performed. The addition of at least stoichiometrically amounts of tosyl chloride 

proved crucial for the in-situ activation of the oxime. The nitrogen insertion was almost 

exclusively next to the methyl-group substituted C3. There are many methods for catalytic 

Beckmann rearrangement, but all of them are in strongly acidic media, causing the bridged 

bicyclic structures to rearrange.84 This was particularly seen  at the four-membered ring of α-

pinene, which was labile under acidic conditions, rearranging to several unidentified species. 

The three-membered ring of (+)-3-carene showed similar tendencies, with the rearrangement to 

an isopropylene motif being the most dominant. Direct conversion of the ketones to lactams by 

application of hydroxyl sulfonic acid gave similar results. In all cases, in the presence of water, 

hydrolysis of the oxime and subsequent rearrangement to methyl cymene, probably by H2O-

addition-elimination mechanism, was observed. Extraordinarily, strong Lewis acids such as 

Zn(OTf)2 in dry MeCN have shown some catalytic activity, but a high-yielding, highly active 

catalytic system is yet to be established. Fortunately, terpene lactams crystallize rather facile, 

and re-crystallization lead to purities sufficient for aROP. The same set of polymerization issues 

were observed for the α-pinene lactam as previously reported for the oligomerization of 

menthone88 and β-pinene161.These issues are (i) precipitation of oligomers from the monomer 

melt and (ii) the undesired cross-linking effects due to side reactions of the four-membered ring. 

3R-caranlactam polymerized extremely fast and a hard, transparent polymer block was formed. 

Investigation by NMR, GPC and DSC revealed two unexpected novelties: The Mn was over 30 

kDa, which is three times more as ever reported for terpene-based lactam polyamides, and no 

Tm was detected. The latter implies an amorphous polymer structure, which was verified with 
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subsequent XRD experiments. In general, the most key intermediate in (industrial) caprolactam 

synthesis is cyclohexanone, and efforts to improve the monomer synthesis and avoiding 

expensive and nonecological hydroboration lead to a new reaction sequence: Epoxidation, 

Meinwald rearrangement to the corresponding ketone, Oximation, Beckmann rearrangement. 

Although the latter two steps remain unchanged, epoxidation and Meinwald reaction gave way 

to two diastereomeric ketones (Figure 3.3), eventually resulting in diastereomeric lactams with 

differing polymerization behavior and polymer properties.  

Synthesis of cyclohexanon162 

 

 

Synthesis of β-pinanon85,161 

 

Synthesis of 3S- and 3R-caranon163,164 

 

 

Figure 3.3 Synthesis strategies for ketones that are used as precursors for lactams. 

The lactams are methyl group diastereomers at the C3 position, and XRD revealed that this 

causes the lactams to crystallize in non-identically distorted ring conformations. The stereo-

configuration at C3 depends on the epoxidation method: peracetic acid, as a one-step method, 

attacks the double bond from the sterically more accessible side to form the space-demanding 
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butterfly transition state, and exclusively yields the S-isomer. The R-isomer is formed by 

conversion with N-bromosuccinimide – also attacking from the sterically less demanding side 

– to form a bromo hydrine. In strong basic media, the epoxide is formed by the attack of the 

formed hydroxylate in a SN2 reaction under the release of a bromide ion and the inversion of 

the methyl group. The subsequent Meinwald rearrangement in a non-polar solvent and strong 

acids proceeds under retention of configuration, as the concerted mechanism dominates in non-

polar solvents and the ionic transition state is formed to a minor extent due to the absence of 

the stabilizing effect that a polar solvent would provide. Alternatively, the kinetically favored 

3S-caranon can be isomerized in acidic media to the thermodynamically favored 3R-isomer, 

which eventually gives mixtures of 3R-caranlactam (80 %) and 3S-caranlactam (20 %). 

Oximation and Beckmann rearrangement were applied as before, and a one-vessel sequence 

was developed for the synthesis of 3S-caranlactam in mole scale. Both lactams were used for 

homopolymerization, and the resulting Caramid-R and Caramid-S were analyzed. In both cases, 

high-performance thermal properties (Tg 110-120 °C, Tm 280 °C for Caramid-S) and Mn 

surpassing all yet reported data of terpene-lactam based polyamides were detected. The ΔTg is 

60 °C higher compared to PA6, which is a direct result of the rigid ring structure, which causes 

and a decrease of the rotational degrees of freedom. Thermodynamically, at lower temperatures, 

the gauche conformation is favored as the energy barrier for gauche/trans transition is increased 

because of the ring-motif in the main chain. Thus, the unfolding of entropic random coils to 

form linear chains (trans configuration) that are rotationally active (Tg) and eventually begin to 

slide (melt-behavior) requires a higher energy input ΔE (equation 3.1) than the linear standard 

polyamides.  


�+,-�.��

�/�,�0� �  	

�   !" # Δ1
23(* (3.1) 

The three-membered ring and the methyl group stereo-configuration remained fully unchained 

throughout the polymerization process. Both lactams could be used for copolymerization with 

caprolactam and laurolactam, increasing the Tg up to 90 °C and decreasing the crystallinity until 

long-range order is completely suppressed. 

The ROP of the lactams was facile and high-yielding, particularly for Caramid-R. The 

differences in the polymerization behavior can most probably be attributed to the dissimilarities 

of the bridged ring systems caused by the configuration of the attached methyl group at C3. The 

reason for Caramid-R to not form long-range ordered, anti-parallel chains stabilized by 

hydrogen bonding in a similar way to Caramid-S, remains unclear. This kind of crystallization 

is known from PA6,165 and was therefore expected of the terpene-based, aliphatic substituted 
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PA6 derivatives, especially as menthone-based polyamides and β-pinene based polyamides are 

also semi-crystalline. A more detailed exploration of this surprising finding should include solid 

state NMR, XRD investigation of various copolyamides of 3S-caranlactam and 3R-caranlactam 

and, most importantly, the synthesis of similar polyamides from (-)-3-carene and 2-carene to 

fully understand the stereo- and enantio-effects of the structures at hand. A retro-synthesis of a 

derivative without methyl-group at C3 might also be supportive to clarify the effects that lead 

to formation of long-range order and crystallinity (Figure 3.4). 

 

Figure 3.4 Synthesis approach of demethylated caranlactam starting from cyclohexa-1,4-diene under application of thio-ylide 

chemistry and enantioselective crystallization.  

The production of terpene-based polyamides, as outlined in detail in Section 1.12, suffers from 

complex, hard-to-scale monomer synthesis, insufficient monomer purity unless 

chromatographic methods are applied, or low activity towards polymerization (Table 3.3). 

These challenges were overcome in this work by the development of a scalable, straight-

forward one-vessel synthesis of monomers with satisfying polymerization properties. Although 

optimization is mandatory for the entire process, currently the yield of the Meinwald 

rearrangement and the catalytic Beckmann reaction needs immediate attention. The process 

yields moderate yields of the lactam in polymerization quality after crystallization. Synthesis 

in pre-industrial scale is reasonably possible, which has not been reported for a 100 % bio-based 

lactam yet.  

As described above, Caramid-S/R differ from the commercialized PA11 and PA1010 due to 

the rigid ring containing main chain and the aliphatic substituents (Section 1.6, Section 1.9). 

Additionally, in the context of polyamides from biomass other than castor oil, Caramid-S and 

Caramid-R possess some real novelties (Table 3.2) worth further researching.  

The utilization of starch, cellulose, xylose, and other biogenic resources results in diacids, 

diamines, or amino acids, and therefore only AA/BB types or polycondensation AB-types are 
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possible. Mechanically superior cast polyamides are impossible to prepare from these 

monomers. Polycondensation of FDCA-polyamides is challenging due to decarboxylation and 

N-methylation,166 and preparation of pre-polymers with 2,5-chlorofurandicarboxylic acid is 

required (Avantium/Solvay process).167,168  

Characteristics  Monoterpene (lactam precursor)  
Limonene83 β-pinene72,85,161 Menthone88,89 

Structure 

 

 
 

Availability  Waste stream 
Little alternative 
applications 
 

Waste stream 
Little alternative 
applications 
 

No waste stream 
Synthesis from 
myrcene 
Several alternative 
applications 

Monomer synthesis Few production steps 
Chromatographic 
monomer purification 
Elaborated reaction 
equipment 

Chromatographic 
monomer 
purification 
Challenging initial 
olefin oxidation 
(KMNO4) 

Good yield (83%) 
Few production 
steps 
8-10 times more 
expensive than 
other terpenes 

Green carbon [%] 83 100 100 
Polymer properties Mn < 8,0 kDa 

Exclusively amorphous 
polyamides  
Tg = 42 °C 
 

Mn = 7,2 kDa 
Long reaction times 
Exclusively semi-
crystalline, opaque 
polyamides   

Mn < 3,0 kDa 
Long reaction times 
Exclusively semi-
crystalline, opaque 
polyamides   

Scalability Unknown Unknown Unknown 
Processability Unknown Unknown Unknown 

Table 3.1 Terpene-based polyamides and their properties. 

These methods usually apply terephthalic acids (TPA) as the additional, fossil-based 

comonomer. As far as rigid, cyclic structures are concerned, they are generally available from 

isosorbide or FDCA and contain heteroatoms or are aromatic, respectively. If no stabilizers are 

used as additives, these structures get oxidized in air after UV-light induced hydroperoxide 

formation, leading to yellow coloring, degradation, and loss of mechanical stability.169 

Especially for applications that need high transparency, coloring needs to be avoided, and the 

non-aromatic structures of Caramid-R or the copolyamides of Caramid-S might prove 

beneficial. Another aspect is the lowered Tg of about 120 °C in comparison to polycarbonates 

(PC, Tg = 148 °C). The lower working temperature of standard PC is at -40°C.170 This is 

exceptionally low for amorphous polymers, and caused by so called secondary transition at -

120 °C.171 As Caramid-R is not brittle at room temperature, it most likely also possesses a 
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secondary transition. If this secondary transition is – similar to the Tg – at a lower temperature 

compared to PC, this would enable applications at even lower temperatures.  

Alternative bio-based polyamides82,166,172–174 

Biomass Starch, cellulose, xylose, turpentine  

Processing Enzymatic or chemical hydrolysis, 

distillation 

Monomer precursors Glucose, fructose, monoterpenes 

Monomer types Diamines, diacids, amino acids, lactams 

Monomer examples  FDCA, 1,5-diamino pentane, isosorbide 

diamine, β-pinene lactam, menthone lactam 

Food or feed application Partially 

Alternative applications Yes 

Polymer types AABB/AB 

Polymerization process Polycondensation, ring-opening 

polymerization 

Main chain structure  Linear non-branched, aromatic, aliphatic 

substituted, aliphatic cyclo-substituted 

Green carbon Up to 100 % 

Status Laboratory / pre-industrial 

Engineering/High-Performance 

applications expected 

Yes 

Polymer properties 

  

 

+ diamines 

+ 1,6 diamino hexane 

Therephthalic acids (TPA) 

+ Diacids + Sebacic acid 

+ Diacids and diamino   

butane 

   

Mn < 10 kDa  

(Standard techniques) 

Semi-crystalline / amorphous 

Tm up to 250 °C,  

Tg up to 110 °C 

 

Mn > 10 kDa 

(Avantium/Solvay-Process) 

- amorphous  

  Tg up to 136 °C (0% TPA) 

- Semi-crystalline > 35 % TPA 

  Tm = 336 °C (50% TPA) 

Example: 

Diamino pentane 

PA510: 

Semi-crystalline 

Tm = 215 °C 

Tg = 50 °C 

Mn < 5 kDa 

0% diamino butane 

Semi-crystalline 

Tm = 152 °C  

 

Mn > 20 kDa 

78% diamino butane  

Semi-crystalline  

Tm = 232 °C  

 

   
Table 3.2 Bio-based polyamides from biomass other than terpenes and Ricinus oil and their properties. 
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High-mass polyamides from diamino isosorbide can only be formed as copolyamides with other 

diamines, and the monomer synthesis have low -yields and struggles from the formation of 

various stereo-isomers. The high amounts of chiral motifs – the methyl group at C3 and the 

three-membered ring – is unmatched, as well as the isotacticity of 100 %, resulting from the 

highly stereoselective synthesis and enantiopure starting material. This feature could be 

exploited in chiral technology, e.g. for chiral stationary phases in HPLC. In addition to the 

increased chemical and thermal stability compared to the usually applied chiral 

polysaccharides, this could enhance the established methods of enantioseparation.  

3.4 Conversion of (+)-3-carene and limonene to polymerizable diols 

Besides the exploration of hydrolytic polymerization of 3S- and 3R-caranlactam, the next steps 

required for the validation of Caramid-R and Caramid-S in an industrial application context are 

the processing parameters and the mechanical properties. Tensile and impact testing for E-

modulus, elongation at break, impact resistance, etc. as well as melt-flow and water-uptake 

according to DIN are mandatory for the identification of suitable applications. For cast 

polyamides, the activation system needs optimization, and the machining process must be 

developed. To reach a price level that enables commercialization, the monomer synthesis must 

be optimized and a catalytic method for the Beckmann rearrangement must be developed. If 

30 €/kg monomer accompanied by outstanding polymer properties can be achieved, Caramid-

S and Caramid-R could well be the first terpene-based polyamides on the market in the future. 

For the synthesis of bio-based diols from monoterpenes, the double bond of limonene and 

(+)-3-carene was oxidized by epoxidation and cleaved with periodate (Section 2.5). The 

obtained ketoaldehydes were then reduced with NaBH4 to diols. The yields were rather low 

(> 50%) but this is probably due to purification issues. In general, after optimization, this 

reaction pathway is sustainable as the epoxidation can be performed with H2O2 and a lipase, 

and neither the cleavage with NaIO4 nor the reduction with NaBH4 leads to organic waste. 

Application of NaIO4 makes the application of toxic and expensive ozone obsolete. In addition, 

many alternative reduction methods could substitute the borohydride. However, a disadvantage 

of this process is the loss of stereo-information, leading to mixtures of diastereoisomers and 

enantiomers. The limonene-derived diol was polymerized with dimethyl adipate by a lipase and 

with dimethyl terephthalate by a Sn-catalyst (Section 2.5.2). As expected, the Tg of the aliphatic 

polyester was below -30 °C, whereas the aromatic polyester had a Tg of 24 °C. Again, the 

terminal double bond in the polymer backbone was maintained. The synthesis of diols from the 

cyclic monoterpenes limonene and (+)-3-carene was successful. Oxidative cleavage of the 

double bond by epoxidation and subsequent treatment with NaIO4 led to the corresponding 



Discussion 

123 
 

ketoaldehydes. The yields were about 60%, but NMR and GCMS suggest that the relatively 

low yields are caused by unoptimized work-up protocols, as almost no side-products were 

observed. The reduction to the diols was carried out with NaBH4. Again, no side reactions were 

detected, but the yields after column chromatography were rather low. For α-pinene, the 

synthesis pathway is not suitable due to uncontrollable rearrangements. As described in the 

introduction, polymerization of the aromatic dimethyl terephthalate was not possible by means 

of enzyme catalysis.  

In the future, the synthesis should be optimized, focusing on the complete isolation of NaIO3 

and electrochemical regeneration of NaIO4. Enzyme-catalyzed reduction of the ketoaldehydes 

should also be worth exploring.175 If the periodate cleavage is optimized, the ketoaldehydes can 

be used as platform chemicals not only for diols, but also for hydroxy carboxylic acids, amino 

acids, and diamines to establish a complete new set of AA/BB- and AB-type monomers for bio-

based polyesters, polyamides and polyurethane (Figure 3.4). 

 

Figure 3.4 Terpene-based ketoaldehydes as platform chemicals for hydroxy carboxylic acids, amino acids, diamines, and 

diols. 
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3.5 Conclusion 

To conclude, this work shows that isoprene can be used as a precursor for bio-fuels; though the 

existing oligomerization protocols might need some further improvements, the general 

feasibility has been outlined. However, from an economic point of view, the production and 

subsequent conversion to suitable hydrocarbons from isoprene is still too expensive to compete 

with fossil fuels presently. A more relevant application in the near future would be the 

utilization of isoprene and monoterpenes as feedstock for monomers. Chemical conversion to 

new polymer building blocks was demonstrated for isoprene (β-lactam), limonene (diol), α-

pinene (β-lactam and ε-lactam) and (+)-3-carene (β-lactam and ε-lactam); in all cases, initial 

polymerizations were successful. The (+)-3-carene based polyamides possess exceptional 

features, especially in terms of thermal properties and crystallinity. Depending on the 

application, transparent or semi-crystalline (co-)-polyamides can be produced starting from the 

same monoterpene. In addition, the scalability of the monomer synthesis and the polymerization 

– which has meanwhile been demonstrated in 2.5 kg monomer production scale and 40 g 

polymerization scale – are very promising novelties in the field of bio-based polyamides. 

Though various other material parameters need validation and the synthesis still needs further 

optimization, the commercialization of (+)-3-carene-based polyamides seems within reach. 

 



Methods 

 

4. Methods 

4.1 Methods section 2.2 “Isoprene derivatives as valuable monomers”  

 

Synthesis 4-methyl-4-vinylazetidin-2-one (2) 

 

Isoprene (1, 13.6 g, 200 mmol) was dissolved in Et2O (25 mL) in a three-necked flask (500 mL) 

equipped with a magnetic stirrer and a thermometer in an argon atmosphere and cooled to -

65 °C under application of liquid nitrogen and an EtOH cooling bath in a dewar. CSI (29.3 g, 

207 mmol) was dissolved in Et2O and slowly dropped to the reaction mixture with a dropping 

funnel within 15 min. After stirring for 1.5 h, the internal temperature was -30 °C. It was cooled 

down to -65 °C and stirred for additional 2.5 h. The internal temperature was not allowed to 

exceed -30 °C at any point of time. For hydrolysis, solutions of Na2SO3 (2 M, 200 mL) and 

NaOH (4 M, 125 mL) were carefully added to the reaction mixture within 1.5 h. The 

temperature was kept between -10 °C and 0 °C during this exothermic reaction. IPC by GCMS 

revealed the selective formation of lactam 2. It was stirred overnight, and a second IPC showed 

no further reaction. The reaction mixture was extracted with EtOAc until no product was 

detected in the aqueous phase. The organic fractions were combined, washed with saturated 

solutions of NaHCO3 and NaCl and dried over Na2SO4. The solvent was removed under 

reduced pressure and lactam 2 (16.0 g, 144 mmol, 72%) was obtained as a slightly yellow oil. 

1H NMR (400 MHz, d6-DMSO): δ/ppm = 8.20 (s, -CO-NH-, 1H), 6.09 (dd, J = 17.3, 10.5 Hz, 

1H, H2C-CH-CCH3-), 5.21 (dd, J = 17.2, 1.2 Hz, 1H, H2C-CH-), 5.08 (dd, J = 10.5, 1.3 Hz, 1H, 

H2C-CH-), 2.69 (qd, J = 14.3, 1.6 Hz, 2H, -CO-CH2-CCH3-), 1.40 (s, 3H, -CH2-CCH3-). 

13C NMR (101 MHz, d6-DMSO): δ/ppm = 165.9 (-CO-NH-), 142.5 (H2C-CH-), 112.9 (H2C-

CH-), 53.0 (-CH2-CCH3-), 50.1 (-CH2-CCH3-), 24.8 (-CH2-CCH3-). 

MS (EI, 70 eV): m/z (%) = 111 (0.2), 82 (7.9), 69 (6.5), 68 (100), 67 (63), 54 (48), 53 (29), 

50 (2.6), 42 (42), 41 (14). 



Methods 

 

Synthesis of 4-methyl-1-(prop-1-en-2-yl)-4-vinylazetidin-2-one (acetyl-2) 

 

Isoprene β-lactam 2 (1.10 g, 10.0 mmol) and TBAB (320 mg,1.0 mmol) were dissolved in 

toluene (150 mL) and cooled in an ice bath before NaOH (20 g, 500 mmol) was added. Ac2O 

was dropped to the reaction mixture and it was stirred for 20 min until TLC showed the full 

conversion of lactam 2. The reaction mixture was filtered and mixed with water. The layers 

were separated, and the aqueous phase was extracted with EtOAc. The solvent was removed 

under reduced pressure and acetyl-2 (600 mg, 4.0 mmol, 40%) was obtained as a slightly yellow 

oil. 

1H NMR (400 MHz, d6-DMSO): δ/ppm = 6.12 (dd, J = 17.4, 10.7 Hz, 1H, H2C-CH-CCH3-), 

5.28 – 5.13 (m, 2H, H2C-CH-), 3.04 (s, 2H, -CO-CH2-CCH3-), 2.26 (s, 3H, -N-CO-CH3), 1.61 

(s, 3H, -CH2-CCH3-). 

MS (EI, 70 eV): m/z (%) = 153 (0.7), 112 (5.9), 111 (46), 96 (17), 82 (29), 68 (57), 67 (85), 

53 (32), 43 (100), 39 (16). 

 

Synthesis of 4-methyl-1-tosyl-4-vinylazetidin-2-one (tosyl-2)  

 

Isoprene β-lactam 2 (330 mg, 3.0 mmol) was dissolved in toluene (15 mL) and added to a 

solution of TBAB (97 mg, 0.3 mmol), TsCl (1.72 g, 9.0 mmol) and NaOH (9.0 g, 360 mmol) 

in toluene (135 mL). It was stirred at room temperature until full conversion of lactam 2 

(monitored by TLC). The reaction mixture was filtered and mixed with water. The layers were 

separated, and the aqueous phase was extracted with toluene. It was dried over Na2SO4, filtered 

and the solvent was removed under reduced pressure. The crude product was crystallized from 

EtOH at -20 °C and tosyl-2 was obtained (460 mg, 1.74 mmol, 58%) as colorless crystals. 

1H NMR (400 MHz, d6-DMSO): δ/ppm = δ 7.80 (d, J = 8.3 Hz, 2H, 2xCH Ts), 7.48 (d, J = 

8.1 Hz, 2H, 2xCH Ts), 6.03 (dd, J = 17.3, 10.7 Hz, 1H, H2C-CH-CCH3-), 5.32 (dd, J = 45.3, 

14.0 Hz, 2H, H2C-CH-), 3.13 (s, 1H, -CO-CHH-CCH3-), 3.13 (s, 1H, -CO-CHH-CCH3-), 2.42 

(s, 3H, CH3 Ts), 1.63 (s, 3H, -N-CO-CH3). 



Methods 

 

Synthesis of 4-methyl-2-oxo-5,6-dihydropyridine-1(2H)-sulfonyl chloride (SO2Cl-4) 

 

Method A:  

Isoprene (1, 16,3 g, 240 mmol) was added drop-wise to a cooled solution of CSI (28.3 g, 

200 mmol) in EtOAc (200 mL) within 30 min. The reaction temperature was maintained 

between -60 °C and -40 °C throughout the process. After stirring for additional 7 h at said 

temperature range, it was stirred for 12 h at 40 °C. The solvent was removed under reduced 

pressure. The remaining reaction mixture was dissolved in DCM (150 mL) and carefully 

washed with an aqueous solution of HCl (0.2 M, 3 x 100 mL). The aqueous layer was extracted 

with DCM (4 x 100 mL) and the combined organic layers were dried over Na2SO4. DCM was 

removed by distillation and the solid crude product (24.6 g) was crystallized from ChCl3 

(30 mL) at -20 °C within three days to give SO2Cl-4 (7.69 g, 40.0 mmol, 19%) as colorless 

crystals.  

Method B: 

Isoprene (1, 820 mg, 12 mmol) was added to a solution of CSI (1.63 g, 11.5 mmol) and MnCl2·4 

H2O (63 mg, 0.5 mmol) in MeCN (10 mL) at room temperature. After 14 h, TLC showed a 

mixture of SO2Cl-3 and SO2Cl-4. After stirring for 5 days, the reaction mixture was filtered, 

and the solvent removed under reduced pressure and the work-up was performed as described 

in method A to give SO2Cl-4 (1.1 g, 5.2 mmol, 52%) as colorless crystals. 

1H NMR (400 MHz, d6-DMSO): δ/ppm = 5.74 – 5.69 (m, 1H, -CO-CH-CCH3-), 4.29 (t, J = 

6.2 Hz, 2H, -NSO2Cl-CH2-), 2.37 (t, J = 6.2 Hz, 2H, -CH2-CH2-CCH3-), 1.95 (d, J = 1.1 Hz, 

3H, -CH2-CCH3-). 

13C NMR (101 MHz, d6-DMSO): δ/ppm = 164.1 (-CO-), 159.8 (-CCH3-), 115.5 (-CH-CO-), 

65.8 (-CH2-NSO2Cl-), 28.6 (-CH2-CH2-CCH3-), 22.6. (-CH2-CCH3-). 

 

Synthesis of 4-methyl-1,6-dihydropyridin-2(3H)-one (5) 

 

Isoprene (1, 6.80 g, 100 mmol) was dissolved in MeCN (15 mL) was dropped into a solution 

of CSI (13.0 g, 92 mmol) in MeCN (40 mL) at room temperature. The reaction temperature was 
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kept below 30 °C. After stirring for 2 h, the reaction mixture was cooled in an ice bath and a 

solution of Na2SO3 (4.40 g) in water (20 mL) was added drop-wise. The mixture was stirred for 

2 h and the temperature was kept below 5 °C. The layers were separated, and the aqueous layer 

was extracted with EtOAc. The combined organic fractions were washed several times with a 

saturated aqueous solution of NaHCO3 until the pH-value of the washing solution was constant. 

After extraction of the aqueous layers with EtOAc, the combined organic layers were washed 

with saturated NaCl solution and dried over Na2SO4. The solvent was removed under reduced 

pressure and the crude product was purified by fractional distillation (1.5 mBar, 55 °C gas phase 

temperature) and lactone 5 (4.55 g, 41 mmol, 44%) was obtained as a colorless oil. 

1H NMR (400 MHz, d6-DMSO): δ/ppm = 5.69 – 5.60 (m, -O-CH2-CH-, 1H), 4.81 – 4.73 (m, 

2H, -CO-CH2-CCH3-), 2.98 (dd, J = 3.0, 1.8 Hz, 2H, -O-CH2-CH-), 1.73 (dd, J = 3.0, 2.1 Hz, 

3H, -CH2-CCH3-). 

13C NMR (101 MHz, d6-DMSO): δ/ppm = 169.2 (-CO-), 130.7 (-CH2-CCH3-), 116.2 (-O-

CH2-CH-), 68.1 (-CO-CH2-), 34.7 (-O-CH2-CH-), 21.0 (-CH2-CCH3-). 

MS (EI, 70 eV): m/z (%) = 112 (43), 84 (63), 82 (10), 69 (75), 56 (50), 53 (73), 50 (15), 43 

(13), 41 (100), 32 (30). 

 

Synthesis of 4-methyl-5,6-dihydropyridin-2(1H)-one (6) 

 

Isoprene (1, 680 mg, 10 mmol) was dissolved in MeCN (10 mL) and dropped into a solution of 

CSI (1.63 g, 11.5 mmol) and Cp2TiCl2 (12.5 mg, 0.5 mmol) in MeCN (10 mL) and stirred for 

6 days in a sealed glass tube. The solvent was removed under reduced pressure, and the residue 

was dissolved in DCM (10 mL) before a solution of NaOH (440 mg, 11 mmol) in EtOH (5 mL) 

and H2O (10 mL) was added. The reaction mixture was stirred overnight. Saturated brine 

(10 mL) was added and the product was extracted with DCM (2 x 10 mL). The organic layer 

as washed with an aqueous solution of NH4Cl (saturated, 10 mL) before the organic solvent 

was removed under reduced pressure. Lactone 6 (1.0 g, 8.9 mmol, 89%) was obtained as a 

colorless oil. 

1H NMR (400 MHz, d6-DMSO): δ/ppm = 5.77 – 5.66 (m, -CO-CH-, 1H), 4.29 (t, J = 6.2 Hz, 

-O-CH2-CH2-, 2H), 2.38 (t, J = 6.2 Hz, -CH2-CH2-CCH3-, 2H), 1.96 (d, J = 0.9 Hz,-CH2-CCH3-, 

3H). 
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13C NMR (101 MHz, d6-DMSO): δ/ppm = 164.0 (-CO-), 160.0 (-CH2-CH2-CCH3-), 115.5 (-

CO-CH-CCH3-), 65.7 (-O-CH2-CH2-), 28.5 (-CH2-CH2-CCH3-), 22.5 (-CH2-CCH3-). 

MS (EI, 70 eV): % (m/z) = 112 (48), 111 (1), 83 (8), 82 (100). 

 

Synthesis of 2-methyl-2-vinyloxirane (7) 

 

To a suspension of isoprene (1, 15.0 g, 220 mmol), Oxone (80 g, 260 mmol), H2O (500 mL), 

MeCN (300 mL), and ice (100 g), a precooled solution of NH4Br (19.6 g, 200 mmol) was added 

in a fast-dropping manner within 3 min. The reaction mixture was stirred for 6 additional min 

and was then poured through a suction filter. EtOAc was added, and the layers were separated. 

The aqueous layer was extracted with EtOAc (3 x 200 mL), and the combined organic phases 

were washed with saturated solutions of NaHCO3, NaSO3, and brine. After drying over NaSO4 

and subsequent filtration, the solvent was removed under reduced pressure to give 1-bromo-2-

methylbut-3-en-2-ol (8, 28.5 g, 172 mmol, 86%).  

A precooled solution of NaOH (14.4 mL, 10 M) was dropped to 1-bromo-2-methylbut-3-en-2-

ol (8, 15.75 g, 95 mmol) at 0 °C and stirred for 2 h. The phases were separated, and the colorless 

upper layer (organic phase) consisted of almost pure epoxide 7 (purity > 90% as verified by 

GCMS, 6.9 g 83 mmol, 87%). 

1H NMR (400 MHz, d6-DMSO): δ/ppm = 5.62 (dd, J = 17.5, 10.7 Hz, 1H, H2C-CH-CCH3-), 

5.35 (dd, J = 17.4, 0.9 Hz, 1H, H2C-CH-CCH3-), 5.22 (dd, J = 10.7, 1.0 Hz, 1H, H2C-CH-

CCH3-), 2.81 (t, J = 4.5 Hz, 1H, -O-CH2-CCH3- ), 2.69 (d, J = 5.4 Hz, 1H, -O-CH2-CCH3-), 

1.37 (s, 3H, -O-CH2-CCH3-). 

13C NMR (101 MHz, d6-DMSO): δ/ppm = 140.0 (H2C-CH-CCH3-), 117.0 (H2C-CH-

CCH3-), 55.3 (H2C-CH-CCH3-), 54.4 (-O-CH2-CCH3-), 18.6 (H2C-CH-CCH3-). 

MS (EI, 70 eV): m/z (%) = 84 (9.1), 83 (28), 69 (19), 56 (36), 55 (66), 54 (16), 53 (54), 42 

(9.0), 41 (29), 39 (100), 37 (2.8). 

 

Polymerization of 4-methyl-4-vinylazetidin-2-one (2) to poly2 

 

Lactam 2 (200 mg, 1.8 mmol), N-benzoyl-caranlactam (4.4 mg, 0.016 mmol, 0.8%, refer to 

Section 2.4B and 4.7) and NaH (60% on paraffin, 3.8 mg, 0.01 mmol, 0.6%) were mixed under 
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inert atmosphere and then heated to 170 °C. The polymerization started immediately. After 15 

min at 170 °C, the polymer was cooled on air. Poly2 was obtained as a yellow solid. 180 mg 

were stirred in a mixture of H2O (20 mL) and EtOH (20 mL) at 70 °C for 12 h to remove residual 

monomers and oligomers. The resulting almost colorless powder was dried under reduced 

pressure to give pure poly2 (120 mg, 67%) which was then analyzed by NMR, DSC and GPC. 

1H NMR (400 MHz, d6-DMSO): δ/ppm = 6.19 – 5.92 (1H, H2C-CH-), 5.38 – 5.14 (2H, H2C-

CH-), 2.90 (2H, -CO-CH2-), 1.62 (3H, -NH-CCH3-). 

13C NMR (101 MHz, d6-DMSO): δ/ppm = 172.4 (-CO-), 140.6 (H2C-Catak.H-), 140.5 (H2C-

Catak.H-), 114.5 (H2C-CH-), 57.2 (-CO-CH2-), 45.6 -NH-CCH3-), 24.7 (-NH-CCatakH3), 24.4 (-

NH-CCatakH3). 
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NMR spectra of 4-methyl-2-oxo-5,6-dihydropyridine-1(2H)-sulfonyl chloride (SO2Cl-4) 
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NMR spectra of 4-methyl-1,6-dihydropyridin-2(3H)-one (5)  
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NMR spectra of 4-methyl-5,6-dihydropyridin-2(1H)-one (6) 
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NMR spectra of 4-methyl-1-(prop-1-en-2-yl)-4-vinylazetidin-2-one (acetyl-2)  
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NMR spectra of 4-methyl-1-tosyl-4-vinylazetidin-2-one (tosyl-2)  
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NMR spectra of 4-methyl-4-vinylazetidin-2-one (2)  
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NMR spectra of 2-methyl-2-vinyloxirane (7)  
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NMR spectra of polyisoprene-β-amide( poly2)  
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GPC curve of Polyisoprene-β-amide (poly2)  
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4.2 Methods section 2.3 “New Bio-Polyamides from Terpenes: α-Pinene and (+)-3-

Carene as Valuable Resources for Lactam Production
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4.3 Methods section 2.4 “Biobased Chiral Semi-Crystalline or Amorphous High-

Performance Polyamides and their Scalable Stereoselective Synthesis
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4.4 Methods section 2.5 “Limonene, α-pinene, and (+)-3-carene as precursor for diol 

monomers” 

Synthesis of 6-oxo-3-(prop-1-en-2-yl)heptanal (8) 

 

4-isopropyl-1-methyl-7-oxabicyclo[4.1.0]heptane (5, 6.4 g, 42 mmol) was added to a solution 

of MeCN (100 mL), H2O (100 mL), and NaIO4 (9.0 g, 42 mmol) at 25 °C. HCl (2 mmol) was 

added and the reaction was monitored by GCMS. After 90 min, the reaction mixture consisted 

of 1% 5, 90% 8 and 9% of the opened epoxide hydroxy-5. The reaction was complete after 

another 90 min. The precipitate was isolated by filtration and dried under reduced pressure to 

give NaIO3 (6.4 g, 32 mmol, 77%). EtOAc (100 mL) and a solution of saturated NaCl (100 mL) 

were added to the filtrate and the layers were separated. The aqueous layer was extracted with 

EtOAc (3 x 50 mL) and the combined organic phases were washed with a saturated solution of 

NaH2CO3 and brine. After drying over Na2SO4, the organic solvent was removed under reduce 

pressure. The crude oil was purified by fractional distillation (2.5 mBar, 90 °C) to give 6-oxo-

3-(prop-1-en-2-yl)heptanal (8, 8.8 g, 28.6 mmol, 68%) as a clear, colorless oil. 

1H NMR (400 MHz, CDCl3): δ/ppm =  9.67 (t, J = 2.2 Hz, 1H, -CHO), 4.84 – 4.82 (m, 1H, -

CCH3-CHH), 4.77 (s, 1H, CCH3-CHH), 2.71 – 2.63 (m, 1H, -CH2-C(iso-propenyl)H-CH2-), 

2.51 – 2.42 (m, 2H,-CH2-CHO), 2.38 (t, J = 7.4 Hz, 2H, -CH2-CO-CH3), 2.12 (s, 3H, CH3-

CO-), 1.76 – 1.66 (m, 2H, -CO-CH2-CH2-), 1.63 (s, 3H, -CCH2CH3). 
13C NMR (101 MHz, CDCl3): δ/ppm = 208.4 (-CO-), 201.9 (-CHO), 145.2 (-CCHCH2CH3), 

113.4 (-CCHCH2CH3), 47.6 (-CH2-CHO), 41.1 (-CH2-CH2-CO-), 40.9 (-CH2-C(iso-propyl)H-

CH2-), 30.2 (CH3-CO-), 26.6 (-CH2-C(iso-propenyl)H-CH2-), 18.5 (-CCHCH2CH3) 

MS (EI, 70 eV): m/z (%) = 151 (0.24), 150 (2.0), 140 (0.11), 125 (2.4), 107 (32), 97 (5.1), 82 

(14), 67 (22), 55 (19), 43 (100), 41 (27). 



Methods 

297 
 

Synthesis of 4-isopropyl-1-methyl-7-oxabicyclo[4.1.0]heptane (9) 

 

(1S,7R)-3,8,8-trimethyl-4-oxatricyclo[5.1.0.03,5]octane (7, 15.22 g, 100 mmol) was added to 

a solution of MeCN (200 mL), H2O (200 mL), and NaIO4 (21.4 g, 100 mmol), and HCl 

(2 mmol) at 25 °C. The conversion was complete after 4 h and the colorless precipitate (NaIO3) 

was separated by filtration. EtOAc (200 mL) and a saturated solution of NaCl (200 mL) were 

added and the layers were separated. The aqueous layer was extracted with EtOAc (3 x 100 

mL) and the combined organic phases were washed with a saturated solution of NaH2CO3 and 

a saturated solution of NaCl (200 mL). Purification by distillation (2.0 mBar, 85 °C) gave 6-

oxo-3-(prop-1-en-2-yl)heptanal (9, 9.2 g, 54.7 mmol, 55%) as colorless oil 

1H NMR (400 MHz, d6-DMSO): δ/ppm = 9.63 (t, J = 1.6 Hz, 1H, -CH2-CHO), 2.37 – 2.31 

(m, 4H, -CH2-CO-CH3, -CH2-CHO ), 2.04 (s, 3H, CH3-CO-), 1.03 (s, 3H, -CHCHCCH3CH3), 

0.83 – 0.75 (m, 5H, -CHCHCCH3CH3, -CO-CH2-CH-, -CH-CH2-CHO). 

13C NMR (101 MHz, d6-DMSO): δ/ppm =  208.1 (CH3-CO-), 203.0 (-CH2-CHO), 39.0 (-CH2-

CO-), 38.6 (-CH2-CHO), 29.5 (CH3-CO-), 28.4 (-CHCH3CH3), 20.8 (-CH-CH2-CO-), 19.1 (-

CH-CH2-CHO), 16.5 (-CHCHCCH3CH3), 15.1. (-CHCH3CH3) 

MS (EI, 70 eV): m/z (%) = 168.15 (0.06), 153 (0.6), 139 (7.5), 125 (6.6), 111 (16), 93 (10.0), 

81 (12), 67 (12), 55 (31), 43 (100). 

 

Synthesis of 4-isopropyl-1-methyl-7-oxabicyclo[4.1.0]heptane (dihydro-5) 

 

1-methyl-4-(prop-1-en-2-yl)-7-oxabicyclo[4.1.0]heptane (5, 1.9 g, 9.2 mmol) was dissolved in 

EtOH (20 mL) and PtO2 (0.09 mmol) was added. A hydrogen atmosphere was realized with a 

balloon. After stirring overnight, full conversion was observed by GCMS. The catalyst was 

separated by filtration and the solvent was removed under reduced pressure. 4-isopropyl-1-

methyl-7-oxabicyclo[4.1.0]heptane (dihydro-5, 1.2 g, 7.8 mmol, 85%) was obtained as slightly 

yellow oil and used without further purification after the structure was confirmed by GCMS. 

MS (EI, 70 eV): m/z (%) = 154 (1.2), 139 (15), 125 (12), 111 (49), 95 (11), 83 (18), 69 (40), 

55 (30), 43 (100). 
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Synthesis of 3-isopropyl-6-oxoheptanal (dihydro-8) 

 

4-isopropyl-1-methyl-7-oxabicyclo[4.1.0]heptane (dihydro-5, 1.0 g, 6.5 mmol) was dissolved 

in MeCN (15 mL), H2O (15 mL), and NaIO4 (1.4 g, 6.5 mmol) before HCl (0.2 mmol, 2 M 

HCl) was added. After 2.5 h, GCMS analysis verified full conversion. EtOAc (50 mL) and a 

saturated solution of NaH2CO3 (50 mL) were added, the layers separated, and the aqueous 

phase was extracted with EtOAc (3 x 50 mL). The combined organic layers were washed with 

a saturated solution of NaH2CO3 and brine. After drying over NaSO4 and removing of the 

solvent under reduced pressure, 3-isopropyl-6-oxoheptanal (dihydro-8, 1.0 g, 5.8 mmol, 90%) 

was obtained as slightly yellow oil and used without further purification.  

MS (EI, 70 eV): m/z (%) = 170 (0.27), 152 (0.86), 126 (6.8), 112 (10), 109 (17.6), 95 (7.3), 

71 (19), 58 (26), 43 (100), 41 (20). 

 

Synthesis of 3-(prop-1-en-2-yl)heptane-1,6-diol (11) 

 

6-oxo-3-(prop-1-en-2-yl)heptanal (8, 5.0 g, 29.7 mmol) was dissolved in MeOH (60 mL) and 

cooled in an ice bath. NaBH4 (1.13 g, 30 mmol) was added portion-wise within 30 min and the 

temperature was kept beneath 8 °C. After the addition was completed, GCMS verified that all 

substrate was consumed. After 30 min of additional stirring, NH4Br (6.0 g, 61 mmol) dissolved 

in H2O (50 mL) were carefully added. The mixture was stirred for 30 min before EtOAc (60 

mL) and brine (50 mL) were added. The layers were separated, and the aqueous layer was 

extracted with EtOAc (3 x 60 mL). The combined organic phases were washed with a saturated 

solution of NaH2CO3 and brine. The organic solvent was removed under reduced pressure after 

drying under Na2SO4, and crude product was obtained (3.50 g). The purification was performed 

by column chromatography (EtOAc : hexanes = 1 : 1, 160 g silica, column diameter 3.5 cm) 

and pure 3-(prop-1-en-2-yl)heptane-1,6-diol (11, 3.30 g, 19.1 mmol, 64%) was obtained as a 

colorless oil. 

Bp.: 280 °C (DSC). 

1H NMR (400 MHz, d6-DMSO): δ/ppm =  4.78 – 4.74 (m, 1H, CCH3-CHH), 4.74 – 4.70 (m, 

1H, CCH3-CHH), 3.81 – 3.69 (m, 1H, CH3-CHOH-), 3.64 – 3.51 (m, 2H,-CH2-CHO), 2.26 – 
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2.12 (m, 1H, -CH2-C(iso-propenyl)H-CH2-),), 1.63 – 1.55 (m, 5H, CH3-CHOH-, -CH2-

CH2OH), 1.51 – 1.27 (m, 4H, -CH2-CH2-CHOH-, -CH2-CH2-CHOH-), 1.16 (s, 1.5H, 

diastereo:CCHCH2CH3), 1.15 (s, 1.5H, diastereo: CCHCH2CH3). 

13C NMR (101 MHz, d6-DMSO): δ/ppm = 147.38, 147.33 (diastereo: -CCHCH2CH3), 112.37, 

112.34 (diastereo: -CCHCH2CH3); 68.38, 67.86 (diastereo: CH3-CHOH- ) 61.39, 61.35 

(diastereo: -CH2-CH2OH) 44.45, 43.99 (diastereo: -CH2-C(iso-propyl)H-CH2-) 37.19, 36.85 

(diastereo: -CH2-CH2-CHOH-), 36.29, 36.27 (diastereo: -CH2-CH2OH), 29.59, 29.12 

(diastereo: -CH2-CH2-CHOH-), 23.72, 23.59 (diastereo: CH3-CHOH-), 17.84, 17.80 

(diastereo: -CCHCH2CH3). 

MS (EI, 70 eV): m/z (%) = 157 (1.7), 154 (0.7), 139 (6.0), 136 (3.6), 111 (31), 95 (87), 81 

(70), 69 (99), 55 (87), 41 (100). 

 

Synthesis of 1-(3-(2-hydroxyethyl)-2,2-dimethylcyclopropyl)propan-2-ol (12) 

 

 (1S,7R)-3,8,8-trimethyl-4-oxatricyclo[5.1.0.03,5]octane (7, 11.1 g, 73.0 mmol) was dissolved 

in MeCN (150 mL)and H2O (150 mL) and NaIO4 (15.6 g, 73.0 mmol) was added. The reaction 

mixture was stirred overnight. GCMS confirmed that the conversion was complete. NaIO3 was 

filtered of, and EtOAc (200 mL) and H2O (200 mL) were added. The layers were separated, 

and the aqueous phase was extracted with EtOAc (3 x 150 mL). The combined organic phases 

were washed with a saturated solution of NaH2CO3 and brine. After drying with Na2SO4, the 

solvent was removed under reduced pressure and crude 1-(3-(2-hydroxyethyl)-2,2-

dimethylcyclopropyl)propan-2-ol (12, 10.4 g, 84%) were obtained as a yellow oil. The structure 

was determined by NMR and GCMS. 

1H NMR (400 MHz, d6-DMSO): δ/ppm =  4.41 – 4.25 (m, 2H, -CHH-OH, -CHH-CHOH-), 

3.61 – 3.49 (m, 1H, CH3-CHOH-), 3.39 – 3.30 (m, 2H, CHH-OH, -CHH-CHOH), 1.37 – 1.22 

(m, 2H, -CH-CH2-CH2-OH), 1.04 – 0.98 (m, 3H, CH3-CHOH-), 0.97 – 0.93 (m, 

3H, -CHCHCCH3CH3), 0.81 (m, 3H, -CHCHCCH3CH3), 0.52 – 0.31 (m, 2H, -CO-CH2-

CH-, -CH-CH2-CH2OH). 

MS (EI, 70 eV): m/z (%) = 154 (0.38), 139 (2.4), 130 (14), 128 (25), 124 (1.4), 115 (36), 95 

(82), 81 (51), 67 (91), 55 (100), 41 (70).
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Synthesis of 3-isopropylheptane-1,6-diol (dihydro-10) 

 

3-isopropyl-6-oxoheptanal (dihydro-8, 6.0 g, 35.8 mmol) was dissolved in MeOH (100 mL) 

and cooled in an ice bath before NaBH4 (1.02 g, 26.9 mmol) was portion-wisely given to the 

mixture. The conversion was 90% as confirmed by GCMS and another portion of NaBH4 (110 

mg, 0.5 mmol) was added. After stirring for another hour, acetone (40 mL) was carefully given 

to the mixture. The mixture could reach room temperature, and a saturated solution of NaH2CO3 

(100 mL) and EtOAc (100 mL) were added. The layers were separated, the aqueous phase was 

extracted with EtOAc (3 x 100 mL) and the combined organic phases were washed with brine. 

The mixture was dried with Na2SO4 and the solvent was removed under reduced pressure to 

give crude product (5.7 g). 4.0 g of the crude oil were purified by column chromatography 

(EtOAc : hexanes gradient 6 : 1 to 2 : 1 , 160 g silica, column diameter 3.5 cm) and 3-

isopropylheptane-1,6-diol (dihydro-10, 2.7 g, 15.5 mmol, 62%) was obtained as colorless oil. 

1H NMR (400 MHz, d6-DMSO): δ/ppm = 3.82 – 3.72 (m, 1H, CH3-CHOH-), 3.71 – 3.60 (m, 

2H, -CH2-CH2-OH), 1.72 – 1.65 (m, 1H,-CHCHCH3CH3), 1.64 – 1.54 (m, 

1H,-CHCHCH3CH3), 1.48 – 1.22 (m, 6H, -CHOH-CH2-CH2-, -CHOH-CH2-CH2-, -CH2-

CH2OH), 1.19 (d, J = 6.3 Hz, 3H, CH3-CHOH-), 0.89 – 0.82 (m, 6H, -CHCHCH3CH3). 

13C NMR (101 MHz, d6-DMSO): δ/ppm = 68.73, 68.42 (diastereo: CH3-CHOH-), 61.94, 

61.90 (diastereo: -CH2-CH2OH), 40.51, 40.14 (diastereo: -CH2-C(iso-propyl)H-CH2-, 37.40, 

37.11 (diastereo: -CH2-CH2-CHOH-, 33.74, 33.58 (diastereo: -CH2-CH2OH), 29.63, 29.59 

(diastereo: -CH2-CH2-CHOH-), 26.93, 26.75 (diastereo: -CHCHCH3CH3), 23.74 (CH3-

CHOH-), 19.55, 19.45 (diastereo: -CHCHCH3CH3, 18.88, 18.81 (diastereo:-CHCHCH3CH3). 

MS (EI, 70 eV): m/z (%) = 156 (0.61), 141 (2.6), 138 (1.0), 131 (2.0), 111 (11), 95 (68), 83 

(39), 69 (100), 55 (74), 43 (65). 
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Enzyme-catalyzed polymerization of 3-(prop-1-en-2-yl)heptane-1,6-diol (11) with dimethyl 

adipate (14) to poly(1-methyl-4-iso-propenyl adipate) (poly11-adipate) 

 

3-(prop-1-en-2-yl)heptane-1,6-diol (11, 78.6 mg, 0.50 mmol) and dimethyl adipate (14, 82.46 

mg, 0.47 mmol) and CalB Lipase were stirred at 250 rpm, 50 °C and 50 mBar for 48 h. Then, 

the temperature was set to 70 °C and the pressure was decreased to 25 mBar. After 48 h, the 

viscosity of the mixture was strongly increased. NMR analytics in CDCl3 revealed 

oligomerization.  

1H NMR (400 MHz, d6-DMSO): δ/ppm =  4.80 (m, 1H, -COO-CHCH3-), 4.73 (s, 1H, -CH-

CCHH-CH3), 4.64 (s, 1H, -CH-CCHH-CH3), 3.93 (m, 2H, -CH2-CH2-O-CO-), 2.26 (m, 4H, 2x 

-CH2-CH2-CO-), 2.14 – 1.97 (m, 1H, CH2-CHC-CH2-), 1.55 (m, 9H, -O-CHCH3-, 2x -CH2-

CH2-CO-O-, -O-CHCH3-CH2-), 1.49 – 1.19 (m, 4H, -CH2-CH2-CH-, -CHC-CH2-CH2-O-), 1.17 

– 1.11 (m, 3H, -CHCCH2CH3). 

 

Chemical polymerization of 3-(prop-1-en-2-yl)heptane-1,6-diol (11) with dimethyl 

terephthalate (15) to poly(1-methyl-4-iso-propenyl terephthalate) (poly11-terephthalate) 

 

3-(prop-1-en-2-yl)heptane-1,6-diol (11, 227 mg, 1.44 mmol), dimethyl terephthalate (15, 

279 mg, 1.437 mmol) and Sn(OAc)2 (34.0 mg, 0.144 mmol) were stirred under a nitrogen 

atmosphere at 180 °C for 4.5 h. The temperature was set to 200 °C and the pressure was lowered 

to 2.5 mBar. After stirring for 2.5 h, it was heated to 220 °C and the pressure was reduced to 

1.4 mBar. The viscosity was observed to increase noticeably. The reaction was cooled after 

another1.5 h and the mixture was slowly cooled to room temperature. After cooling, the 

obtained slightly orange solid was analyzed by NMR in CDCl3 and DSC.   

1H NMR (400 MHz, CDCl3): δ/ppm = 8.15 – 7.95 (m, 4H, terephthalic), 5.16 (m, 1H, -COO-

CHCH3-), 4.83 (m, 1H, -CHCHHCH3), 4.77 (s, 1H, -CHCHHCH3), 4.37 – 4.16 (m, 2H, -CH2-

CH2OH), 2.33 – 2.19 (m, 1H, CH2-CHCCH2-), 1.92 – 1.75 (m, 2H, -O-CHCH3-CH2-CH2- ), 

1.72 – 1.42 (m, 7H, CHCH3-CH2-CH2-, -CH-CH2-CH2O-), 1.40 – 1.28 (m, 3H, -CH-

CCH2CH3). 
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NMR spectra of 6-oxo-3-(prop-1-en-2-yl)heptanal (8)  
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NMR spectra of 3-(prop-1-en-2-yl)heptane-1,6-diol (11)  
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NMR spectra of 3-isopropylheptane-1,6-diol (dihydro-10)  
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NMR spectra of 3-(prop-1-en-2-yl)heptane-1,6-diol (11)  
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NMR spectra of 1-(3-(2-hydroxyethyl)-2,2-dimethylcyclopropyl)propan-2-ol (12)  

 

Poly(1-methyl-4-iso-propenyl adipate) (poly11-adipate) 
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NMR spectra of poly(1-methyl-4-iso-propenyl terephthalate) (poly11-terephthalate)  
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methyl-Derythritol 2,4-cyclodiphosphate synthase, HDS 1-hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate synthase, HDR 
hydroxymethylbutenyl diphosphate reductase. MVA: AAT Acetyl-CoA C-acetyltransferase, HMGS hydroxymethylglutaryl-
CoA synthase, HMGR hydroxymethylglutaryl-CoA reductase, MK mevalonate kinase,, PMK phosphomevalonate 
decarboxylase, MVD diphosphomevalonate decarboxylase.2,7,9 3 
Scheme 1.2 Eurochim-method for the synthesis of isoprene from iC4H8 and formaldehyde. 5 
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polyesters. BHT = [4-[bis[4-[(3-sulfophenyl)amino]phenyl]methylidene]-1-cyclohexa-2,5-dienylidene]-
(4-sulfophenyl)azanium. 24 
Scheme 1.5 Synthesis of limonene-based AB- and AA/BB-type homo-polyesters. TEMPO = 2,2,6,6-tetramethylpiperidin-1-
yl)oxyl; bpy = 2,2′-bipyridine; NMI =  N-methylimidazole.80 25 
Scheme 1.6 Synthesis of hydroxyborneol and polymerization with succinic acid to a chiral terpene-based polyester.81 26 
Scheme 1.7 Synthesis of limonene-based poly(thioether amides). DMPA = 2,2-dimethoxy-2-phenylacetophenone 
(photoinitiator); TBD = 1,5,7-triazabicyclo-[4.4.0]dec-5-ene.83 26 
Scheme 1.8 Synthesis of β-pinene based homopolyamides.85 27 
Scheme 1.9 Synthesis and polymerization of a menthone-derived lactam by anionic ROP.87,89 28 
Scheme 2.1 Reaction pathway for the synthesis of lactams 2-4 and lactones 5-6 as precursor for dihydro-5/6. 69 
Scheme 2.2 AROP of lactam 2 to poly2 with NaH and Ac2O. 72 
Scheme 2.3 Acetylation and tosylation of β-lactam 2. 75 
Scheme 2.4 General epoxidation via the chlorohydrine (a) and adjusted synthesis of 7 using in-situ generated HOBr (b). 78 
Scheme 2.5. Hydrogenation of the double bond of 8 in MeOH (acetal formation) or THF. 107 
Scheme 2.6 Meerwein-Ponndorf-Verley reaction for the selective reduction of aldehyde 8. 108 
Scheme 2.7 Reduction of the limonene (1)-based ketoaldehydes 8, dihydro 8, and the (+)-3-carene (2)-based 9 to the 
corresponding diols. 108 
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(PP-LD);*Depending on polyurethane (PUR) type.18–20 8 
Figure 1.3 Contribution of plastics for synthetic fibers (a) and engineering applications (b).23 9 
Figure 1.4 Selection of typical diacids (a) and diols (b) for AA/BB-type polyester and AB-type monomers (c).22 9 
Figure 1.5 Applications of polyamides.28 10 
Figure 1.6 Dependence of Tm (upper) and the water uptake (lower) of the CH2/CNOH ratio for various polyamides.21,28 11 
Figure 1.7 Polycondensation of terephthalic acid and ethylene glycol to PET under release of water. 12 
Figure 1.8 Graphs of Carothers’ equation for differing r-values; r = 0.5 (red), r = 0.9 (orange), r = 0.97 (blue), 
r = 1.0 (dark blue). 13 
Figure 1.9 Polymerization equilibrium of caprolactam and PA6.38 14 
Figure 1.10 Initiation (dimer formation) and propagation of the activated aROP of caprolactam with acetyl-caprolactam as 
activator and sodium caprolactamate as initiator.38 15 
Figure 1.11 Influence of a methyl substituent on [M]e at the α-ε positions in a bulk polymerization at 250 °C.43 17 
Figure 1.12 Bio-based polymers and their fields of application.50 18 
Figure 1.13 Global production capacities of bio-based polymers 2018 (only new economy plastics, without PUR). 
Poly(butylene succinate) (PBS); poly (butylene adipate terephthalate) (PBAT); poly (trimethylene terephthalate) (PTT); 
polyethylene (PE); poly (hydroxy alkanoate) (PHA).47 18 
Figure 1.14 Synthesis pathway to bio-based ethylene glycol. Green: Land use; blue: Water use.46 19 
Figure 1.15 Conversion of ricinoleic acid from castor oil to bio-PA11. Green: Land use; blue: Water use.46 20 
Figure 1.16 Pathway from isoprene-precursors dimethylallyl pyrophosphate (DMAPP) and isopentenyl pyrophosphate (IPP) 
to hydroxylated and purely aliphatic linear, mono-cyclic, and bi-cyclic monoterpenes. 21 
Figure 1.17 Synthesis of β-lactams and ε-lactams starting from (+)-3-carene and α-pinene. 30 
Figure 1.18 Oxidative cleavage of limonene, (+)-3-carene, and α-pinene and subsequent conversion to diols. 30 
Figure 2.1 Selected isoprene (1)-based building blocks for polymers. 67 
Figure 2.2 Pathway from glucose to dihydro-5/6 (a) and application of dihydro-5/6 in a polysaccharide copolymer (b). 68 
Figure 2.3 Various β-lactams which have successfully been polymerized to the corresponding poly-β-amides. 68 
Figure 2.4 Proposed reaction pathway for the synthesis of lactam 8 from MTBE. 71 
Figure 2.5 13C-NMR of poly2 and signal-splitting of carbons attached to the chiral center as expected for an atactical 
polymer. 73 
Figure 2.6 GPC curve (upper) and DSC curve (lower) of poly2. 74 
Figure 2.7 Unsuccessful radical polymerization of β-lactam 2 with AIBN. 75 
Figure 2.8 Possible side reactions of the isoprene (1) epoxidation. 78 
Figure 2.20 Synthesis of ketoaldehydes 8, dihydro-8 and 9 starting from the corresponding epoxides. (a) = epoxidation; (b) 
hydrogenation; (c) epoxide opening to the corresponding diol; (d) oxidative C-C bond cleavage with NaIO4. 106 
Figure 2.21 GCMS chromatogram displaying the kinetic resolution of the cis/trans mixture of 5 by periodate cleavage. 107 
Figure 2.22 NMR comparison of the monomers 11 and 14 with poly11-adipate. 109 
Figure 2.23 DSC of poly11-terephthalate (second run). 110 
Figure 2.24 NMR comparison of the monomers 11 and 15 with poly11-terephthalate. 111 
Figure 3.1 Proposed mechanism for the formation of δ-lactones from a chlorosulfonyl-δ-lactam.119,123 114 
Figure 3.2 Co-polymer of isoprene β-lactam and caprolactam, post-polymerization modifications and proposed effects. 115 
Figure 3.3 Synthesis strategies for ketones that are used as precursors for lactams. 117 
Figure 3.4 Synthesis approach of demethylated caranlactam starting from cyclohexa-1,4-diene under application of thio-ylide 
chemistry and enantioselective crystallization. 119 
Figure 3.4 Terpene-based ketoaldehydes as platform chemicals for hydroxy carboxylic acids, amino acids, diamines, and 
diols. 123 

 



Lists 

310 
 

List of Tables 

Table 1.1 Isoprene (1)-based fine chemicals and their applications as commercialized by Kuraray Co., Ltd. 7 
Table 1.2 Technical data of PET, PBT and PC.21,25 10 
Table 1.3 Technical data of AA/BB and AB type polyamides.21,25 ND = no data. 12 
Table 1.4 Impact of the signs of ΔH0 and ΔS0 on the polymerization temperature. 15 
Table 2.1 Influence of solvent polarity on the product distribution of the reaction of isoprene (1) with CSI. Reaction 
conditions: T = -70 – -30 °C, t = 2 – 3 h. *reaction temperature 0 °C. 71 
Table 2.2 Lewis acids as catalysts for the synthesis of lactams SO2Cl-3 and SO2Cl-4 in relative comparison to a catalyst-free 
standard reaction. + = increased product formation; - = decreased product formation; / = no change. Reaction conditions: 
Isoprene (1) 2 mmol, 0.3 mmol Lewis acid, MeCN 5 mL, 50 °C, 3 h. 76 
Table 3.1: The three bio-fuel generations and some of their characteristics.147 112 
Table 3.1 Terpene-based polyamides and their properties. 120 
Table 3.2 Bio-based polyamides from biomass other than terpenes and Ricinus oil and their properties. 121 

 



Lists 

311 
 

List of abbreviations 

[M]e monomer equilibrium concentration 

9-BBN  9-Borabicyclo[3.3.1]nonane 

Å Angström 

acac acetyl acetonate 

AH salt hexamethylene diamine adipate 

AIBN azobisisobutyronitrile 

AROP anionic ring-opening polymerization 

ATP adenosine triphosphate 

Bu butyl- 

Bz benzoyl- 

CALB candida antarctica lipase B 

CL caprolactam 

COD 1,5-cyclooctadiene 

COSY correlation spectroscopy 

Cp cyclopentadien 

CSI chlorosulfonyl isocyanate  

DCM dichlormethane 

DEPT distortionless enhancement by polarization transfer 

DMAPP dimethylallyl pyrophosphate  

DMSO diemthylsulfoxide 

DSC differential scanning chromatography  

EG ending group 

Et- ethyl 

GCMS gas chromatography mass spectrometry 

HFIP hexafluoroisopropanol  

HH head-to-head 

HMBC heteronuclear multiple bond coherence 

HOSA hydroxylamine sulfonic acid  

HSQC heteronuclear single quantum coherence 

HT head-to-tail 

i iso- 

IL ionic liquid 

IPC in-process control  

IPP isopentenyl pyrophosphate  
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IR infra-red 

kDa kilo Dalton 

LL laurolactam 
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Me- methyl 
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MEP pathway methylerythritol phosphate pathway 

Mn molecular number average weight 
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NMR nuclear magnetic resonance  
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p- para- 
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PBT poly (buthylene terephthalate) 
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PCL polycaprolactone 
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PET poly (ethylene terephthalate) 
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PNP phosphor-nitrogen-phosphor 
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R gas constant 

RMS residual monomer separation 

ROP ring-opening polymerization 

SG starting group 

SI supplementary information 

SIS styrene-isoprene-styrene  

SLS selective laser sintering  

T temperature 

t tert- 

Tc celling temperature 

Tf floor temperature 

Tg glass transition temperature 

THF tetrahydro furan  

TLC thin-layer chromatography 

Tm melting temperature 

Ts tosyl- 

TT tail-to-tail 

vic vicinal 

XRD X-ray diffraction 

ZNc Ziegler-Natta catalysts  
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ΔS0 standard entropy 
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