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1. Introduction and Motivation  

The current PhD project was part of the cooperation initiative “Chemistry of and with Food 

Loss from Apples” from the Department of Chemistry and Biology at the University of 

Wuppertal. In the context of sustainable chemistry, apple pomace has been identified as an 

underexplored and local resource for valuable compounds. It occurs in large quantities – 

approximately 250 kt/year in Germany – as a byproduct of the apple juice and cider 

production.1 Besides lignocellulosic materials and pectin, it is notably rich in bioactive 

compounds, particularly polyphenols such as flavonoids and phenolic acids, as well as 

distinct triterpenoids, particularly ursolic acid (UA), oleanolic acid (OA), and betulinic acid 

(BA).2 Among them, UA is present at a higher content (0.80 wt%) compared to OA 

(0.16 wt%).3 However, OA represents the compound of interest in this study due to its 

greater availability, stemming from its additional abundance in olive leaves (up to 3.1 wt%) 

as a byproduct of large-scale olive cultivation.4 Due to its renewable origin and functional 

structure, OA is a promising candidate for use in sustainable polymer materials. 

In the first research chapter, OA was modified to obtain different stable methacrylate 

monomers with the bulky triterpenoid forming the side chain (Scheme 1.1). Once their 

general polymerizability was confirmed, kinetic studies served to demonstrate the 

controlled behavior of the RAFT process with the novel monomers. Ideally, the 

polymerization led to a narrow molecular weight distribution while preserving the RAFT 

end group functionality, enabling the potential to form block copolymers. 

In the subsequent chapters, OA was reduced to erythrodiol (ErDO), introducing two 

hydroxyl functionalities that enable its use in diol-based polyaddition and polycondensation 

reactions and incorporate the triterpenoid structure in the main chain. Bio-based 

polyurethanes (PUs) are considered promising candidates for future materials.5 Therefore, 

the second research chapter focused on the synthesis of linear PUs from ErDO and 

aliphatic or aromatic diisocyanates, investigating both metal-based and organocatalysts. To 

modify the thermal properties of the PUs, ternary polymers were formed using the 

potentially bio-based 1,6-hexanediol (HDO). 
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Scheme 1.1. Overview of the synthetic strategy (I: formation of methacrylate monomers and RAFT 
polymerization, II: polyurethanes by polyaddition with diisocyanates, III: polycarbonates by 
polycondensation). 

In the third part of this study, ErDO served as a monomer for polycondensation with 

carbonylating agents, such as dimethyl carbonate (DMC) or diphenyl carbonate (DPC), in 

order to obtain sustainable polycarbonates that may serve as alternatives to poly(bisphenol 

A carbonate). Furthermore, the thermal properties were altered by using HDO as a 

comonomer. 
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2. Background 

2.1. Bio-Based Polymers 

Due to climate change, the use of fossil resources and the environmental impact of plastic 

waste, moving to a bio-based circular economy has become increasingly important.6 In 

contrast to synthetic polymers, biopolymers such as DNA, RNA, proteins, cellulose, and 

starch are produced by living organisms.7 Bio-based materials have the advantage of being 

sustainable or even biodegradable and can be obtained directly from algae, bacteria, plants, 

fungi, and crustaceans by further partial modification of these polymers or by 

polymerization of bio-based monomers.8 Polymers produced by nature can be classified 

into polysaccharides, proteins, polyesters, and polyphenols, each offering unique properties 

(Figure 2.1). 

 

Figure 2.1. Natural biomass polymers. 

Polyhydroxyalkanoates (PHAs) are bio-polyesters produced by bacterial fermentation from 

sugar, vegetable oils, and fatty acids offering a variety of homopolymers, random 

copolymers, and block copolymers depending on the bacterial species and conditions.9 

PHAs are used in packaging,10 biomedical applications,11 and 3D printing.12 The natural 

polymer chitin consists of N-acetyl-D-glucosamine units and is the second most abundant 

polysaccharide after cellulose, existing in the shells of crustaceans and insects as well as 

the cell walls of fungi and algae.13 Chitosan, obtained by partial deacetylation (>50%) of 

chitin, is a bioactive compound with versatile applications, including medical uses, 

cosmetics, and agriculture.14 

The main first-generation feedstocks to produce bio-based chemicals by fermentation are 

sucrose- or starch-containing plants such as sugarcane, sugar beet, corn, and wheat.15 

Sucrose is directly fermentable, whereas starch, a mixture of the linear polymer amylose 
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and the branched amylopectin, requires enzymatic hydrolysis to yield glucose.9 From the 

fermentation of the intermediate glucose, several valuable products can be obtained like 

ethanol as biofuel or precursor for ethylene, lactic acid as the precursor to polylactic acid 

(PLA), succinic acid for polyesters or further hydrogenation to γ-butyrolactone and 1,4-

butanediol (Scheme 2.1).15 Glucose is industrially used for the catalytic hydrogenation to 

sorbitol, whereby subsequent complete dehydration forms isosorbide, a highly useful 

building block for bioplastics.16 Isomerization of glucose to fructose and subsequent acid-

catalyzed dehydration yields 5-(hydroxymethyl)furfural (5-HMF), which is considered the 

most versatile intermediate for further furan derivatives and can potentially be 

hydrogenated to 1,6-hexanediol.10,17 

 

Scheme 2.1. Valuable chemicals from glucose via fermentation or hydrogenation. 

Since the use of first-generation feedstocks remains controversial, as they can serve as food 

sources for humans and animals or compete for agricultural land, the use of the second-

generation non-edible lignocellulosic feedstock is gaining importance.15 Lignocellulosic 

biomass is the most widespread and renewable resource on earth, consisting of about 35–

50% cellulose, 20–35% hemicellulose, and 10–25% lignin, widely present in wood, 

agricultural waste, and plants.10 Hemicellulose is composed of several branched 

heteropolymers with different pentose and hexose units, whereby lignin is an irregular 

three-dimensional polymer of phenylpropanoid units, functioning as cellular glue or 

contributing to fiber strength.18 

Lignocellulose offers the potential for a broader range of platform chemicals, but due to its 

complex and highly resistant structure it requires pretreatment to increase the porosity, 

remove lignin or hemicellulose, and reduce the crystallinity of cellulose.19 Alkaline 

pretreatment swells and partially dissolves lignin due to the deprotonation of hydroxyl 
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groups and cleavage of ester bonds between lignin and hemicellulose.20 In contrast, dilute 

acid pretreatment hydrolyzes hemicellulose into fermentable C6 (glucose, mannose, 

galactose) and C5 (xylose, arabinose) sugars.21 Hydrolysis of cellulose, either through acid 

or enzymatic treatment, provides glucose as a key precursor for bioconversion. 

Additionally, extracted lignin can serve as a valuable feedstock for aromatic platform 

chemicals.22 

2.2. Plant Metabolites 

In general, plants produce two types of metabolites (Figure 2.2). The primary ones are 

involved in cellular survival, growth, development, and propagation, such as amino acids, 

sugars, fatty acids, nucleotides, and isoprene-based pyrophosphates.23–25 Secondary 

metabolites are mainly biosynthesized from these precursors and are critical for ecological 

interactions such as defense and resistance against fungi, viruses, bacteria, insects, or even 

competitors, by suppressing surrounding plant growth.26–28 Secondary metabolites are 

commonly classified into the three broad classes consisting of terpenoids, phenolic 

compounds (phenolic acids, flavonoids, stilbenes, coumarins, lignans, and tannins), and 

nitrogen-containing compounds (alkaloids, glucosinolates, cyanogenic glycosides, and 

nonprotein amino acids).24,29 

 

Figure 2.2. Examples of secondary plant metabolites derived from primary metabolites (not all classes of 
primary metabolites and their compounds are shown).25 
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2.3. Terpenes and Triterpenoids 

Terpenes represent the largest, most diverse group of secondary metabolites.24 Flowering 

plants exhibit an unusually high amount of terpenoids (terpenes containing oxygen, often 

used as a synonym), reflecting their adaptive strategies.30 Terpenes and terpenoids are 

derived from isoprene, which together comprise around 80 000 different compounds.31 

Terpenes are classified according to the number of isoprene units (1, C5H8): monoterpenes 

(2, C10H16), sesquiterpenes (3, C15H24), diterpenes (4, C20H32), sesterterpenes (5, C25H40), 

triterpenes (6, C30H48), and so on.24  

Squalene (5) is a lipophilic molecule, belonging to the class of triterpenes, and is an 

essential intermediate in the biosynthesis of sterols and cyclic triterpenoids.32 As can be 

seen from Scheme 2.2, starting from isopentenyl pyrophosphate (IPP, 2) and dimethylallyl 

pyrophosphate (DMAPP, 1), enzymatic catalysis promotes the elimination of the 

pyrophosphate group (OPP-) from substrate 1 to a carbocation, proceeding like a SN1 

mechanism by the nucleophilic attack of 2 followed by deprotonation and C=C double bond 

formation to geranyl pyrophosphate (GPP, 3).33,34 This head‐to‐tail condensation can 

continue to farnesyl pyrophosphate (FPP, 4), whereby subsequently two FPP molecules are 

condensed head-to-head by the enzyme squalene synthase via a cyclopropyl intermediate 

forming squalene (5). 5 can be found in cell membranes, contributing to their stabilization 

and regulating diffusion.35,36 

 

Scheme 2.2. Triterpene squalene biosynthesis (intermediate presqualene pyrophosphate not shown for 
clarity). 

2,3-oxidosqualene (6) can be formed from squalene (5) by the enzyme squalene epoxidase 

(Scheme 2.3). The following cyclization can lead to a wide range of different triterpene 

structures, whereby almost 200 distinct triterpene core structures are known in plants.37 6 

is pre-folded by the binding site of the cyclase enzyme, whereby the strained three-

membered epoxide ring functions as an electrophile.38 The acidic residue of the enzyme 
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leads to protonation of the epoxide, triggering ring closure by the nearby double bond and 

starting a cascade of further C-C ring-forming reactions, as well as rearrangements 

producing either sterols or cyclic triterpenoids.38 6 can be seen as a branch-point between 

the primary sterol (as essential membrane components) and the secondary triterpenoid 

metabolism, whereby the initial substrate folding in a chair-boat-chair or for the latter in a 

chair-chair-chair conformation determines the cyclization pathway.32,38 By a variety of 

oxidosqualene cyclases, tricyclic, tetracyclic, or pentacyclic triterpenoids can be formed.39 

From the pentacyclic species, structurally relative to the lupan, oleanan, and ursan fully 

saturated carbon skeletons, lupeol (8), β-amyrin (10), and α-amyrin (12) are the most 

widely distributed in plants, occurring in the wax layer of leaves and on fruits.39–42 

 

Scheme 2.3. A simplified scheme of the biosynthetic branch point forming either sterols or triterpenoids, 
highlighting the secondary pentacyclic metabolites BA, OA, and UA (*α-amyrin is mainly produced by 
multifunctional enzymes, not forming solely α-amyrin). 

10 can be formed by β-amyrin synthase over several cationic species with a final 

deprotonation, creating a double bond between C-12 and C-13. Subsequently, oxidation of 

the methyl group at C-28 by a CYP716A subfamily enzyme of cytochrome P450 
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monooxygenases leads to erythrodiol (11), the labile oleanolic aldehyde, and lastly 

oleanolic acid (OA).43 A product-specific α-amyrin synthase does not exist, in contrast to 

β-amyrin and lupeol synthases.44,45 Nevertheless, a mixed-amyrin synthase with α-amyrin 

(12) representing more than 80% of the enzyme product has been identified in apples.39 

The enzymes of the CYP716A subfamily can catalyze C-28 oxidation reactions on various 

triterpenoid backbones. Therefore, 12 can be oxidized to uvaol (13) and UA, as well as 

lupeol (8) to betulin (9) and BA. Further C-2α hydroxylation of UA to corosolic acid, as 

well as OA to maslinic acid, is possible with CYP716C enzymes that are more substrate-

specific in this case.46 

Mechanistically, the cyclization pathway from the pre-folded oxidosqualene 6 in a chair-

chair-chair conformation of rings A, B, and C leads to the tetracyclic dammarenyl cation 

(14, Scheme 2.4), which can perform an expansion of the D-ring by rearrangement to the 

baccharenyl cation (15).47 15 can form the lupenyl cation (16) with the five-membered E-

ring, which can potentially deprotonate to yield lupeol (8) with the double bond as part of 

the isopropenyl group. 16 is further a precursor in the formation of amyrins, in which a 

rearrangement leads to the ring expansion of the E-ring, providing the germanicyl cation 

(17).48 

 

Scheme 2.4. Cationic intermediates in biosynthesis – via cyclization and Wagner-Meerwein rearrangements 
– followed by deprotonation, forming lupeol, β- and α-amyrin.38 
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17 might undergo 1,2-hydride shifts, yielding the tertiary oleanyl cation (18). Alternatively, 

a 1,2-methyl transfer generates the taraxasteryl cation (19), and subsequent 1,2-hydride 

shifts yield the tertiary ursanyl cation (20). Deprotonation of 18 and 20 at H-12 results in 

the corresponding amyrin structure (10 or 12).47,48 

As lupeol and α/β-amyrin, BA, UA, and OA share structural high similarity and occur 

mostly in the cuticular wax, a hydrophobic layer covering the surface of the plant on the 

stem, leaf, flower, and fruit.49 The cuticular wax includes an intracuticular layer embedded 

in the cutin matrix (based on a fatty acid-based polyester) and an epicuticular layer on the 

outer surface.49 The wax consists of a complex mixture of straight-chain C20 to C60 aliphatic 

compounds (fatty acids, alcohols, esters, aldehydes, alkanes, ketones) and can include 

secondary metabolites such as triterpenoids.50 The triterpenoid acids (TA) contribute to the 

plant's survival since they can protect the plant against dehydration and further against 

herbivores.38 

TAs are frequent components of various plants with concentrations of maximal 2–3% of 

the dried weight, e.g., BA in plane tree bark, OA in olive leaves and UA in rosemary leaves, 

as shown in Table 2.1.3 It should be noted that the TA content varies depending on the plant 

species and the specific plant part. The multifunctional mixed amyrin synthase is believed 

to contribute to the co-occurrence of OA and UA in plants.51 In contrast, BA has a different 

distribution pattern and is more concentrated in bark. 

Table 2.1. Distribution3 of TAs in common plants 

 Dried content in wt.% 
Plant part UA OA BA 

Birch bark - 0.1-1.1 0.5-1.3 * 
Eucalyptus leaves 1.17 0.31 0.84 
Lavender leaves 1.59 0.45 0.13 
Apple fruit peel 1.43 0.28 <0.10 
Apple pomace 0.80 0.16 - 
Lemon balm leaves 0.67 0.16 - 
Olive leaves 0.18 3.10 - 
Planes bark - <0.10 2.44 
Rosemary leaves 2.95 1.23 1.53 
Thyme leaves 0.94 0.37 - 

*betulin has a significantly higher content than BA in birch bark of 10.5-18.3% 52 

TAs have diverse beneficial pharmacological activities like anti-inflammatory,53 

antibacterial,54 anti-HIV,55 and anticancer56 activities. However, the low concentrations in 
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plants and the purification are hindering their commercial use.39 The quantity of betulin can 

reach up to 30% dry weight of the white outer bark of birches, which is a byproduct from 

the forest industry.57 Betulin can be extracted in large quantities by various methods, but it 

still remains an underutilized natural resource.57 Another resource discovered for UA is 

apple pomace, a solid mixture of peel, seeds, and pulp, which is accumulated by the apple 

processing industry.58 The total biomass availability of rosemary leaves with a higher 

content of UA is much lower compared to apple pomace. Since the pomace is available in 

substantial amounts, extraction and purification methods for UA have been developed.59,60 

Regarding the production of olive oil, a large amount of olive leaves is discarded with a 

content of OA up to 3.1 wt%, offering a resource for extraction.61 The pharmacological 

effects of OA are limited by its low water solubility and permeability; therefore, synthetic 

derivatives with increased therapeutic properties are of high interest.62,63 Structural 

modifications can be made by C-28 esterification or amidation, C-3 esterification or 

etherification. Oxidizing the hydroxyl group at C-3 to a ketone is a key strategy to activate 

the C-2 position or alternatively form oximes from the ketone. The internal double bond 

allows further modification, e.g., oxidation to a ketone or allylic oxidation to an enone.64 

 

Figure 2.3. Modification sites of OA and its chair conformation. 

 

2.4. Radical Polymerization 

2.4.1. Free-Radical Polymerization (FRP)  

Conventional FRP remains a widely utilized process for the commercial production of high 

molecular weight polymers due to its simplicity and scalability.65 This is conditioned by a 

wide range of polymerizable monomers, possible solvents, different techniques, and 

tolerance of unprotected functional groups.65 Nearly all compounds with C=C bonds can 

be either homopolymerized or copolymerized via radical polymerization66 (e.g., terminal 

alkenes or dienes, vinyl electron-deficient compounds such as (meth)acrylates or 

halogenated species, styrene derivatives, or N-vinyl monomers). FRP has a tolerance for 
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trace impurities like stabilizers and is furthermore suitable for polar solvents like alcohols 

or water, providing a sustainable process.67 Common materials produced by FRP are low-

density PE, polystyrene, and poly(vinyl chloride).68 

FRP follows a chain-growth process, where high molecular weight is reached in the early 

stages of conversion. It consists of initiation, propagation, termination, and transfer. 

Initiation starts with the generation of radicals from the initiator (diazo, peroxide, 

photolabile, organometallic, or redox systems), whereby these primary radicals react with 

the monomer. For thermal initiators, radical formation is much slower compared to the 

chain initiation, as can be seen by the rate constants in Scheme 2.5. In an ideal FRP, each 

formed initiator radical should produce a growing polymer chain. Therefore, a higher 

initiator concentration might lead to an increased rate of polymerization by consuming 

monomer faster, but simultaneously lead to shorter chains and vice versa.67  

 

Scheme 2.5. Main mechanistic steps of free-radical polymerization (R–R : initiator, Pn
• : radical of chain 

length n, T : chain transfer species, Pn : polymer).67 

Chain propagation proceeds sequentially, adding monomer units roughly every 

millisecond, in most cases head-to-tail, where the less sterically hindered carbon atom gets 

attacked and forms the more stable radical.67 In rare cases, head-to-head addition can occur, 

leading to structural irregularities.67 The propagating carbon radicals are sp2 hybridized, 

generally forming atactic polymers.66 Furthermore, the propagation step is a reversible 

process determined by the Gibbs free energy (ΔG = ΔH – T ΔS). The change in reaction 

enthalpy (ΔH) and entropy (ΔS) are both negative values for FRP; therefore, the ceiling 

temperature (Tc) of the monomer determines whether ΔG is negative and propagation is 

favored above depropagation.69 
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The lifetime of a radical is less than a second before termination.66 Due to the minimal 

energy barrier for reactions between two radicals, termination in a polymerizing system is 

primarily determined by diffusion, meaning radicals terminate almost immediately upon 

collision with each other.70 Growing radical chains can terminate head-to-head via 

combination or disproportionation, the latter one producing a polymer with a new terminal 

double bond and a saturated polymer chain via hydrogen abstraction. For example, the 

termination of methacrylate monomers mainly occurs by disproportionation, due to steric 

hindrance around the radical center.71 

Chain transfer occurs between the growing chain and a nonradical species (T = monomer, 

polymer, solvent or chain transfer agents such as thiols), mainly by hydrogen abstraction 

in FRP, deactivating the growing chain and creating another radical species (T•) for 

reinitiation.67 The transfer to a polymeric species can be either intermolecular, typically 

generating radicals near the chain end, or intramolecular (backbiting), leading to mid-chain 

radicals.69 Both cases can result in branching or β-scission, depending on monomer type 

and temperature. 

Dispersity in FRP can exceed 2.0, and Mn tends to decrease at high conversions (Figure 

2.4, left) for several reasons. The monomer concentration decreases, and propagation slows 

down, contributing to the formation of shorter chains. Additionally, longer polymer chains 

diffuse more slowly, reducing the frequency of termination and chain transfer events 

become more significant. A control over the molecular structure (block copolymer, end-

group functionality, precise chain-length) and the polymeric architecture is not possible in 

the conventional method, due to the short lifetime of radicals (< 1 s).66 To minimize the 

unavoidable radical termination and enhance their lifetime, different methods of chain 

polymerization have been developed, belonging to the category of reversible-deactivation 

radical polymerizations (RDRP).72 As shown in Figure 2.4 (right), this is achieved with the 

aid of control agents establishing a dynamic equilibrium between the propagating chain 

(Pn
•) and dormant species (Pn-X), which are reversibly deactivated and cannot propagate or 

terminate.73,74 RDRP allows a controlled polymerization with first-order kinetic behavior, 

pre-determinable molecular weight, and low dispersity, as well as the formation of block 

copolymers and polymer architectures.73,74 A variety of RDRP techniques are available, 

including nitroxide-mediated polymerization (NMP), atom-transfer radical polymerization 

(ATRP), and reversible addition-fragmentation chain transfer (RAFT). 
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Figure 2.4. Principal pathway and molecular evolution of FRP and RDRP in comparison (curves of Mn and 
Đ are a generalization and not accurate for specific polymerization systems).73 

 

2.4.2. Reversible Addition-Fragmentation Chain Transfer (RAFT)  

RAFT is one of the most robust and versatile RDRP techniques because of its ability to 

polymerize a broad range of monomer classes.75 Key components are the chain-transfer 

agents (CTA), typical thiocarbonylthio compounds with a reactive C=S double bond, a 

radical stabilizing group Z, and a homolytic leaving group R.76 The Z group further 

modifies the reactivity of the C=S bond. Importantly, the latter is more reactive to radical 

addition than the C=C bond of the monomer.77 The lone electron pairs of sulfur facilitate a 

radical addition, while the attack on the carbon atom is prevented by an energy barrier.78 

The overall process can be seen as an insertion of monomers between the R- and the Z-

CS2-group, forming a polymeric macroRAFT agent with the corresponding α- and ω-end 

groups.77 

 

Scheme 2.6. Simplified RAFT polymerization reaction scheme with the chain-transfer agent (CTA). 

RAFT requires a radical source to generate propagating radicals. Usually, a thermal 

initiator is used, leading possibly to the undesired formation of initiator-derived chain ends 

as terminating or chain-transfer events.79 As illustrated in Scheme 2.7, a reversible chain 

transfer of the propagating chain to the CTA (also known as pre-equilibrium) should ideally 
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take place with a high chain transfer constant and a rapid formation of the macroRAFT 

agent (22).76 This proceeds by radical addition to the sulfur atom of C=S, forming the 

carbon-centered radical intermediate 21, which should favor the fast fragmentation via 

β-scission into 22 and the leaving radical (R•).80 R• needs to efficiently reinitiate the 

polymerization with a rate greater than the propagation rate.81 In the main equilibrium, a 

propagating chain (Pm
•) adds to the macroRAFT agent 22, forming the intermediate radical 

23, which fragments into 24 and Pn
•. This process is described as a degenerative chain 

transfer, since the species retain the same reactivity on both sides of the equilibrium.82 The 

population of dormant species (22, 24) and the intermediate radical 23, which is not reactive 

enough for the monomer, are much higher than the number of possible propagating 

radicals.83 The rapid equilibrium between propagating chains and dormant species 

furthermore transfers the radical in such a way that all chains have the same probability to 

grow and ensure a simultaneous development.84 The chain-transfer constant is higher than 

the rate of propagation and termination, meaning that across several activation/deactivation 

cycles the chain grows by one monomer while termination is avoided.77,85 For ideal chain-

transfer reactions, RAFT is supposed to have no influence on the rate of polymerization 

and should show similar kinetics to the conventional FRP.86 

 

Scheme 2.7. Mechanistic steps of the RAFT polymerization.77 

Vinyl monomers are divided into two groups regarding their reactivity for radical 

polymerization: more activated monomers (MAM) and less activated monomers (LAM). 

The first one includes butadiene, isoprene, styrene, (meth)acrylates, (meth)acrylamides, 

and acrylonitrile either activated by the electron-deficient double bond or by conjugation 
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lowering the activation energy.77 In general, this high reactivity is reversed in the 

corresponding radical species, leading to more stabilized propagating radicals.77,87 LAMs 

such as vinyl acetates, vinyl amides (N-vinylpyrrolidone), N-vinylimidazole, and N-

vinylcarbazole have a double bond adjacent to a heteroatom, donating electron density by 

the mesomeric effect. Their corresponding radicals are unstable and highly reactive.86,87 

CTAs can be dithioesters, trithiocarbonates, dithiocarbamates, and xanthates with different 

Z-groups to activate or deactivate towards radical addition. Hereby, the Z-substituent 

modifies the rate of addition as well as the fragmentation of the intermediate radical by a 

stabilizing or destabilizing effect.86 Dithiobenzoates are the most used RAFT agents for 

methacrylates and methacrylamides, since they offer better control compared to other 

classes of CTAs.88 They carry a high stabilizing Z-group, since the aromatic ring allows 

delocalization of the radical, leading to fast addition and slower fragmentation.89 In the 

past, there were numerous investigations about the possible termination of the intermediate 

radical formed with dithiobenzoates and the resulting retardation in polymerization kinetics 

compared to FRP.90,91 Konkolewicz and coworkers showed, that retardation is a 

phenomenon among all RAFT polymerizations systems, leading to a reduced 

polymerization rate with increasing CTA concentrations.89,92 

 

Scheme 2.8. RAFT agent classes with various Z- and R-groups. 

Trithiocarbonates (TTC) are less active than dithiobenzoates, but still provide control over 

the polymerization of MAMs, since the sulfur in the Z-group does not allow a mesomeric 

effect with the C=S bond of the CTA. In contrast, N- and O-atoms in dithiocarbamates and 
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xanthates provide the mesomeric effect with the thiocarbonyl group and strongly deactivate 

the C=S bond towards radical addition, which is beneficial for less activated 

monomers.77,78,86 Different dithiocarbamates, shown in Scheme 2.8, cover a wide range of 

reactivity, since the conjugation of the lone pair with the C=S bond can be influenced 

(pyrrole-, pyrrolidone-, N-(4-pyridinyl)-N-methyl-residues).78,86  

Regarding the R-group of the CTA, the leaving ability and fast fragmentation need to be 

balanced with the ability to reinitiate the polymerization (R•), as these properties are 

conflicting. In general, the fragmentation rate increases with steric hindrance, by electron-

withdrawing and radical-stabilizing groups.80 1,1-disubstituted monomers, creating 

stabilized tertiary propagating radicals, require R to be tertiary (2-cyano-2-propyl or cumyl) 

or a secondary cyanobenzyl residue to fragment efficiently.93 However, tertiary radicals R• 

are inefficient in the reinitiation and can lead to an inhibition period for less-activated 

monomers that require R• to be secondary or primary.86 

RAFT can be performed in heterogeneous media (emulsion, miniemulsion, dispersion) for 

the formation of homopolymers or block copolymers.93 Further, RAFT can be used to 

create complex polymeric architecture like star, graft, branched, and network polymers on 

the basis of the thiocarbonylthio group, as illustrated in Figure 2.5.92  

 

Figure 2.5. Schematic representation of the formation of complex polymeric architectures via the CTA. 

The number of chains carrying the RAFT ω-end group defines the degree of livingness and 

is essential for the synthesis of block copolymers.94 Thereby, the previously formed 

polymer serves as a macroCTA, and the polymer chain has to be a good leaving group (R•) 

compared to the new monomer, else homopolymerization of the second monomer can 

occur.95 Termination cannot be fully avoided, since the number of dead chains arises from 

the amount of initiator decomposing during the polymerization.94 To maintain a high 

livingness, polymerizations might be stopped at moderate conversions or the initiator 
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concentration is kept low at the cost of a decreased polymerization rate. In the latter case, 

it is possible to achieve full monomer conversion and high livingness by polymerizing 

monomers with a high propagation rate at high concentrations with a polar solvent 

facilitating the propagation.96 Perrier and co-workers prepared different acrylamide block 

copolymers using a trithiocarbonate as CTA with up to 12 blocks by sequentially adding 

new aliquots of monomer and initiator (Figure 2.6, left).97  

 

Figure 2.6. Multiblock copolymers by sequential RAFT polymerizations with acrylamides97 (high 
propagation rate in solution) or by miniemulsion polymerization of methacrylates98 starting from the 
amphiphilic PMAA-b-PMMA. 

In contrast, multiblocks with low propagation rate monomers such as methacrylates cannot 

be formed in the same approach. Performing RAFT in miniemulsion leads to a physical 

separation of radicals (segregation effect), whereby termination is suppressed, and the local 

concentration of propagating radicals is higher, increasing the polymerization rate.99 

Zetterlund and coworkers synthesized a amphiphilic poly(methacrylic acid)-b-poly(methyl 

methacrylate)-TTC block copolymer, which aggregates in water.98 Without the addition of 

new initiator, they could chain-extend the copolymer by different methacrylates diffusing 

into the micelle cores, forming a heptablock copolymer with each block having a high 

polymerization degree, high conversion, and livingness in short reaction time (Figure 2.6, 

right).98 

Besides the traditional RAFT polymerization with a thermal initiator, novel activation 

strategies exist that can increase the livingness.100 The CTA can be activated by a photo-

mediated process, either by an additional photocatalyst in photo-electron/energy transfer 

(PET) RAFT polymerization or by direct interaction of the CTA with light in the photo-

iniferter (PI) RAFT process.101 In the latter, the CTA acts as an initiator, as well as a transfer 

and termination agent, whereby the initial bond cleavage and radical generation is triggered 

by a π–π* or n–π* transition by UV or visible light (Scheme 2.9).95 The chain growth of 

the reactive carbon-based radical (R•) is controlled via the RAFT main equilibrium, while 

the thio-based persistent radical is preferentially reversibly deactivated by propagating 

radicals. Irreversible termination is reduced compared to the usage of thermal initiators and 



 Background 

18 
 

the pre-equilibrium is circumvented, but photo-degradation of the CTA might occur.101 Yet, 

the PI-RAFT polymerization of methacrylates is not fully controlled in the presence of 

dithioesters, as explained by their poor photoreactivity and the inefficient deactivation of 

the propagating radical by the persistent dithioester radical.101 

Z S

S

R

hv

Z S

S
+ R•

M

Z S

S

R'

Z S

S

R'

R

Z S

S

R

R'•

M

Photo-activiation/deactivation

RAFT main equilibrium

Z S

S

R

*

 

Scheme 2.9. PI-RAFT: photo-iniferter mechanism coupled with the main equilibrium. 

 

2.5. Polyurethanes (PU) 

PUs take a leading position in polymer materials because of their outstanding mechanical 

properties such as high elongation capacity, high resistance, as well as their thermal and 

chemical stability.102 Their applications range from rigid and flexible foams to 

thermoplastics, thermosets, coatings, adhesives, and elastomers.102 PUs carry the polar 

urethane group in their backbone, formed through the polyaddition of diol (or polyol) and 

diisocyanate (or polyisocyanate), as shown in Scheme 2.10. Polyols and polyisocyanates 

are multifunctional monomers (f ≥ 2) that can lead to branching or even three-dimensional 

cross-linking (f ≥ 3), whereby the latter results in thermoset formation.103 

 

Scheme 2.10. Formation of thermoplastic or thermoset PUs via polyaddition (exemplarily shown with a 
diisocyanate and a di- or trifunctional alcohol). 

PUs can be prepared in a one-step or two-step approach, whereby in the latter a prepolymer 

with a long-chain diol and an excess of NCO is formed, followed by the addition of a chain-

extender, typically a low molecular weight (MW) diol, to promote further polyaddition.103 

For elasticity, segmented PUs with hard and soft segments are synthesized.104 The soft 

segment typically consists of the long chain diol, while diisocyanate and chain-extender 

form hard segments. The mechanical properties can be varied by the phase separation of 
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these segments as well as the hydrogen bonding between the urethane bonds.105 For flexible 

PUs, high MW polyols with a polyether, polyester, polycarbonate, or polyolefin backbone 

are used, while for rigid PUs low MW polyols with a high functionality are important.106 

Diisocyanates are industrially produced by the gas-phase or, more commonly, by the liquid-

phase phosgene method from the corresponding amines, despite the high toxicity of the 

gas.107 Alternative synthesis routes on a small scale can be established by 

bis(trichloromethyl) carbonate (BTC, triphosgene), di-tert-butyl dicarbonate (Boc2O), or 

the Curtius, Hofmann, and Lossen rearrangements (Scheme 2.11).108 However, these 

pathways still include toxic or explosive reagents. Several other synthetic approaches exist, 

such as the reductive carbonylation of nitroaromatics with CO to yield isocyanates.107,109 

The formation of carbamates, for instance via the eco-friendly dimethyl carbonate (DMC) 

is attractive, since they can be decomposed into the corresponding isocyanates or 

transurethanization with diols can lead to PUs.107,109  

 

Scheme 2.11. Selected synthesis routes to isocyanates. 

The most frequently used diisocyanates are the highly reactive aromatic methylene 

diphenyl diisocyanate (MDI) and toluene diisocyanate (TDI) to produce flexible or rigid 

foams, whereby the aromatic core is prone to photo-oxidation, leading to discoloration.106 

Important aliphatic compounds used for coatings are hexamethylene and pentamethylene 

diisocyanate (HDI, PDI), isophorone diisocyanate (IPDI), as well as 4,4′-

dicyclohexylmethane diisocyanate (H12MDI).110  

The reactivity of isocyanates is not limited solely to amines and alcohols. Despite lower 

reaction rates, isocyanates in excess can react with urethanes or ureas, forming allophanates 

or biurets at high temperatures between 100–150 °C, potentially leading to crosslinking 

during PU synthesis (Scheme 2.12).111 Uretdione is a dimerized species of (di)isocyanate, 

formed through a reversible reaction of two NCO groups cyclizing into a stable, blocked 
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structure, either at elevated temperatures or with a catalyst.105 The trimerization of 

(di)isocyanates by a variety of catalysts leads to the six-membered isocyanurate ring, 

whereby these compounds are known for their exceptionally high thermal and chemical 

stability.112 Allophanates, biurets, and isocyanurates are decreasing the NCO content as 

well as the toxicity and are used in coating raw materials, to create subsequently dense 

networks with polyols.110 

 

Scheme 2.12. Formation of polyisocyanates. 

Since the use of petrochemical resources needs to be decreased, a variety of biobased 

polyols and diisocyanates were developed. In addition, due to the highly toxic phosgene, 

as well as the allergic and inflammatory reactions from isocyanates, research towards non-

isocyanate polyurethanes (NIPUs) has intensified in the academic and industrial sectors.113 

One approach is the polyaddition of two functional cyclic carbonates with diamines to form 

linear poly(hydroxy urethanes) (PHU), carrying primary and secondary alcohols, as 

illustrated in Scheme 2.13. The insertion of CO2 in epoxides allows the synthesis of a large 

variety of 5-membered cyclic carbonate monomers (5-CC), which have a high thermal and 

chemical stability in comparison to the polyisocyanates.114 In contrast, relatively low 

reactivity arises from the low ring strain.115 Side reactions occurring at high temperatures 

and hydrogen bonding by the additional hydroxyl function hinder the formation of high 

molecular weight PHUs.116 Nevertheless, a wide range of PHUs from 5-CC were 

synthesized, showing their versatility and possible range of application as coatings,117 

adhesives,118 or elastomers.119 Sardon and coworkers120 prepared an 8-membered cyclic 

carbonate from a diethanolamine, which has more ring strain and higher reactivity 

compared to 5- and 6-membered cyclic carbonates. As a bifunctional monomer, it can yield 

high molecular weight PHUs (Mn ≥ 20 kg/mol) by polyaddition with primary diamines at 

ambient temperatures.  
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Scheme 2.13. Polyaddition of bis(cyclic carbonate)s with diamines yielding NIPUs. 

Further, NIPUs can be formed by polycondensation. That is either possible by 

transurethanization of bis(alkyl) bis(carbamate)s with a diol or by the reaction of an 

electron-deficient bis(carbonate) with a diamine (Scheme 2.14). Normally, the 

polymerization by transurethanization requires high temperatures in the presence of organic 

bases or metal-based catalysts.121 The group of Burel122 transformed aliphatic diamines (C6 

or C10) into the corresponding methyl carbamates with DMC and could subsequently 

prepare NIPU elastomers in bulk polycondensation (140 °C, TBD catalysis) with PEG and 

1,4-butanediol, forming soft and hard segments, respectively. 

 

Scheme 2.14. Synthetic pathways for NIPUs by polycondensation. 

The group of Tsuda121 synthesized bis(fluoroalkyl) bis(carbonate)s that increase the 

electrophilicity of the carbonyl group and the leaving ability of the corresponding alcohol. 

By polycondensation with various aliphatic diamines, they could achieve high MW 

polymers in solvent or solvent-free conditions without a catalyst. Varela and coworkers123 

showed the polycondensation of diamines with a D-mannitol-derived 1,6-bis(phenyl 

carbonate) in solution, facilitated by the base N,N-diisopropylethylamine (DIPEA), which 

neutralized the phenol by-product. Since isocyanates and cyclic carbonates are not stable 

in aqueous solutions, the polymerizations are to that extent limited. Pentafluorophenyl 

carbonates are highly electrophilic but do not hydrolyze under neutral conditions, allowing 

those difunctional monomers to react with PEG-based diamines and form water-soluble 

NIPUs in aqueous media.124 
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PU foams, accounting for 60% of the PU products, are traditionally produced by exploiting 

the reaction of isocyanate with water, whereby the resulting carbamic acid decomposes into 

CO2 and amine, forming additional urea linkages.125 For the synthesis of NIPU foams, 

physical or chemical blowing agents are required – for instance, hydrofluorocarbons126 

evaporating or NaHCO3 
127 decomposing at 150 °C and releasing CO2. The group of 

Detrembleur128 produced water-induced self-blown foams by the polyaddition of 

trimethylpropanol tricyclocarbonate (TMPTC) and diamines (Scheme 2.15). Hereby the 

trifunctional carbonate is partially hydrolyzed under DBU catalysis, producing CO2 and 

vicinal diols that are not further involved in cross-linking. 

 

Scheme 2.15. Water-induced self-blown PHU foam on the basis of TMPTC.128 

 

2.6. Polycarbonates (PC) 

Poly(bisphenol A carbonate) (BPA-PC) has applications in electronics, vehicles, building 

materials, medical devices, and protective equipment owing to its outstanding properties, 

including transparency, thermal stability, mechanical strength, and flame resistance.129 The 

conventional industrial production of polycarbonate relies on the interfacial phosgene 

process, in which BPA is deprotonated by aqueous sodium hydroxide and reacts at the 

water-organic interface with phosgene dissolved in dichloromethane (Scheme 2.16).130 

Hereby, the phosgene does not undergo rapid hydrolysis. An alternative industrial method 

involves the catalyzed transesterification of BPA with diphenyl carbonate (DPC) in the 

molten state via a two-step process, carried out under a gradually increasing temperature 

and decreasing pressure, removing the by-product phenol.131 
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Scheme 2.16. Industrial production of BPA-PC by phosgene (a) or melt transesterification using DPC (b) via 
polycondensation. 

DPC and DMC, both derived from CO2, can replace phosgene as a carbonyl source.132 DPC 

can be formed by transesterification of DMC with phenol. Since the catalytic synthesis of 

DMC from methanol and CO2 with the aid of dehydrating agents is actively being 

researched, it appears to be the more promising reactant for polycarbonate production.133 

However, obtaining high molecular weight BPA-PC with DMC is challenging due to its 

low boiling point and the inefficient transesterification between the phenolic hydroxyl 

group and the methyl carbonate group, which is hindered by the poor leaving ability and 

high basicity of methoxide compared to phenoxide.132,134 Alternative synthetic procedures 

of the aromatic polycarbonate arise from in situ generated COCl2, either by decomposition 

of triphosgene or by the UV-irradiation of CHCl3 under O2 in the concept of the interfacial 

polycondensation (photo-on-demand phosgenation).135  

Growing concerns about the release of hormonally active BPA from food-contact materials, 

either through the diffusion of residual monomers or the hydrolysis of polycarbonate, have 

driven the search for alternative materials.136 Most of the aliphatic polycarbonates (aPC), 

in contrast to BPA-PC, have relatively low thermomechanical properties, limiting their 

industrial applications in the past and were therefore used as low-molecular-weight 

macrodiols in polyurethanes.137,138 In recent years, aPCs have become a promising class of 

materials since they are biodegradable, biocompatible, as well as non-toxic, and can be 

obtained using renewable resources via phosgene-free synthesis.139 They can be degraded 

into carbon dioxide and neutral diols by microorganisms.140 High-molecular-weight 

polycarbonates, such as poly(1,4-butylene carbonate) (PBC) and poly(hexamethylene 

carbonate) (PHC), can be synthesized via the catalyzed melt polycondensation with DMC. 

These materials exhibit high tensile strength and elongation at break, presenting valuable 
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opportunities for use as biodegradable plastics.140 To alter the thermomechanical 

properties, copolymers can be formed by mixing different diols for the polymerization. 

The sugar-derived isosorbide is a rigid, renewable building block extensively studied for 

polyesters, polyurethanes, and polycarbonates.141 Isosorbide has a low melting point 

suitable for the DMC-based melt polycondensation with strong alkali metal bases142 or 

ionic liquids143 as catalysts, yielding a polycarbonate with high thermal stability and 

elevated glass-transition temperature (Tg), rendering it a candidate to replace BPA-PC 

(Scheme 2.17). The catalysts can lower the difference in reactivity between the exo- and 

endo-OH of isosorbide and further inhibit the methylation side reaction of DMC, forming 

methyl ether end-groups that are inactive for the polycondensation.143  

 

Scheme 2.17. Poly(isosorbide carbonate) (28) synthesized via melt polycondensation. 

Other polymerization techniques for aPCs exist, like ring-opening polymerization (ROP) 

of cyclic carbonates, alternating copolymerization of epoxides or oxetanes with CO2 or the 

direct polycondensation with CO2, as illustrated in Scheme 2.18. 

 

Scheme 2.18. Synthetic methods for polycarbonates via ROP, alternating copolymerization, or direct 
polycondensation. 

ROP of cyclic carbonates can be performed through cationic, anionic, coordination-

insertion (metal-based), organocatalytic, and enzymatic methods.137 It is an outstanding 

method for the introduction of functional groups into the polycarbonate backbone.144 In 
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general, 6–8 membered cyclic carbonates are more prone to polymerization in comparison 

with the 5-membered species, since they provide higher ring strain,144 likely due to 

deviations from the ideal planar geometry of the carbonate group. ROP of monocyclic 

trimethylene carbonate (TMC) derivatives results in aPCs with low Tg values.145 In contrast, 

cyclic carbonates formed from sugars like glucose145 or D-mannose146 show elevated Tg 

values arising from the cyclic sugar structure in the main chain. Buchard and coworkers146 

prepared 29 in a three-step synthesis starting from 1-O-methyl-α-D-mannose, whereby 29 

could be polymerized using organocatalytic ROP with TBD and 4-methylbenzyl alcohol as 

initiator, whereby the chain length could be controlled in the living polymerization by the 

monomer to initiator ratio (Scheme 2.19). 

 

Scheme 2.19. Organocatalytic ROP of protected and functionalized monomer 29 derived from D-mannose.146 

An alternative route for the synthesis of aPCs is the reaction of epoxides with CO2, which 

follows a coordination-insertion polymerization mechanism. It is initiated by the opening 

of the epoxide by a metal catalyst, followed by CO2 insertion into the metal-oxygen bond, 

creating a carbonate linkage.147 Undesired side reactions can be reduced by certain 

catalysts, in particular the successive epoxide opening without CO2 insertion, which leads 

to a polyether backbone, or intramolecular back-biting reactions that cause the loss of cyclic 

carbonate from the growing polymer chain.147 Monomers can be classified as terminal 

epoxides (e.g., propylene oxide, styrene oxide) and internal epoxides (e.g., cyclohexene 

oxide, limonene oxide, indene oxide).148 Regioselective catalysts promote head-to-tail 

incorporation of terminal epoxides, whereas uncontrolled polymerization yields a mixture 

due to ring-opening at either the methylene or methine carbon.148 Limonene is one of the 

most frequently occurring natural monoterpenes, mainly extracted from the peel of citrus 

fruits.148 Greiner and coworkers149 managed to form a mixture rich in trans-limonene oxide 

(31) from (R)-limonene via the corresponding bromohydrin, following alkaline epoxide 

formation and further purification (Scheme 2.20). The utilized β-diiminate zinc catalyst 

(BDI)Zn(OAc) is selective for the trans-isomer 31 and allows the alternating 

polymerization with CO2, yielding poly(limonene carbonate) (32) with low dispersity, as 

well as high transparency and hardness, rendering it a promising green coating material.149 
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Scheme 2.20. Alternating copolymerization of trans-limonene oxide (31) and CO2.149 

 

2.7. Betulin-Based Polymers 

Betulin, a triterpenoid structurally similar to erythrodiol, has already been used as a 

building block for various polymeric materials, as will be shown in the following (Scheme 

2.21). The group of Zhu150 synthesized betulin-based methacrylate 33 via esterification 

with methacrylic anhydride and subsequently prepared both random and block copolymers 

with a galactose-based methacrylate through thermal RAFT polymerization, using a 

trithiocarbonate as CTA. Both copolymers had a low content of 33 (3–6%) and could form 

micelles in water by self-assembly. 

Weber and coworkers151 synthesized a microporous polyurethane network (34) via the 

polyaddition of betulin with triphenylmethane triisocyanate. Furthermore, mixtures of 

betulin and castor oil (a triglyceride rich in ricinoleic acid) could be polymerized with TDI 

by the group of Chen57, yielding PUs with reduced crosslinking density due to betulin and 

thereby resulting in elastomeric properties.  

Betulin-based polyesters 35 were formed by the group of Stanzione152 by tin-catalyzed melt 

polycondensation with linear aliphatic diacids. Polyesters with a comparable structural 

backbone could be obtained from Tabata and coworkers153 by polycondensation of betulin 

with aliphatic acid dichlorides in the presence of pyridine. As a final example, polyolefins 

based on betulin were prepared by the group of Zhu154. They synthesized α,ω-diene 

monomers 36 by Steglich esterification of betulin with either 4-pentenoic acid or 10-

undecenoic acid, followed by polymerization through acyclic diene metathesis (ADMET).  
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Scheme 2.21. Betulin-based monomers (methacrylate 33, α,ω-diene 36) and polymers (polyurethane 34, 
polyester 35). 
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3. Oleanolic Acid-Derived High-Glass-Transition-Temperature 

Methacrylic Polymers 

Four new monomers based on the naturally occurring pentacyclic triterpenoid oleanolic 

acid (OA) were synthesized by introducing a methacrylate group at either the hydroxyl or 

the carboxylic acid positions. After establishing their (in)solubility in a range of solvents, 

three monomers could notably be polymerized in the green solvent N-butyl-2-pyrrolidone 

(NBP), in which soluble polymers were obtained. Dithiobenzoate-mediated radical 

polymerization of all four monomers led to polymethacrylates with theoretical number-

average molecular weights (Mn) of up to 45 kg/mol and single-detection size-exclusion 

chromatography Mn values of up to 24 kg/mol. The purified polymers show thermal 

stabilities in the range of 300–350 °C and high glass-transition temperatures, up to 220 °C. 

 

 

 

Reprinted (adapted) with permission from: Jessewitsch, T.; Saou, N.; Steinlein, L.; 

Bensberg, K.; Kirsch, S. F.; Delaittre, G. Oleanolic Acid-Derived High-Glass-Transition-

Temperature Methacrylic Polymers. ACS Sustainable Chem. Eng. 2024, 12 (52), 18499–

18507. Copyright 2024 American Chemical Society. 

Author contributions: T.J., N.S., and L.S. synthesized all monomers except M3 and carried out all polymer 

reactions and most characterizations. K.B. synthesized M3. S.F.K. contributed ideas and supervision on 

small-molecule synthesis. G.D. originated the concept and supervised the polymer synthesis and 

characterization. T.J. and G.D. wrote the manuscript, with all co-authors providing input.  
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3.1. Introduction 

Cyclic triterpenoids consist of six rearranged isoprene units, resulting in a rigid structural 

skeleton of 30 carbon atoms. They are synthesized in plants by cyclization of squalene155 

and serve as nonessential plant metabolites,156 allowing them to be competitive in their 

environment.157 More than 20 thousand triterpenoids are known to occur in medicinal 

plants, reflecting their large diversity. Pentacyclic triterpenoids derived from oleanane, 

ursane, and lupane structures show unique pharmacological activities156 such as anti-

microbial,158 anti-inflammatory,159 and anticancer effects.160 The related hydroxy acid 

derivative oleanolic acid (3β-hydroxyolean-12-en-28-oic acid, OA) can be found in more 

than 1600 plant species, including fruits, leaves, and even olive oil.161,162 Despite its 

antitumor and anti-inflammatory properties,162,163 the pharmaceutical use of OA is limited 

by its low aqueous solubility (< 1 μg/mL) and low bioavailability.164 An alternative 

valorization of OA in materials science would therefore appear reasonable. With the aim 

of more sustainable production and fate of materials, renewable feedstocks are key 

components, although their implementation in synthetic materials has so far been limited 

by complexity and efficiency in their production.152,165,166 The target is thereby to 

synthesize bioderived plastics having good processability and fulfilling material property 

requirements such as mechanical stiffness or high glass-transition temperatures (Tg) for 

amorphous polymers.167–169 Importantly, one approach to achieve high-Tg polymers is to 

incorporate rigid components into the polymer structure.168 

 

Scheme 3.1. Oleanolic acid (OA) and the corresponding methacrylates MA1–4 reported in this study. 
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In the present work, we combine the chiral, rigid structure of OA with a methacrylate 

moiety to obtain four different monomers, MA1–4, as displayed in Scheme 3.1. Biobased 

(meth)acrylates are currently important targets in the academic realm170,171 as well as in the 

industry.172–174 The reversible addition−fragmentation chain-transfer (RAFT) polymer-

ization of MA1–4 yielded new biobased polymers with tunable molar masses, moderate 

dispersities, as well as high thermal stability and high Tg. 

 

3.2. Results and Discussion 

3.2.1. Monomer Synthesis 

Monomers MA1–4 were obtained in one- to five-step syntheses, which are disclosed in 

Scheme 3.2 (see also experimental procedures in Section 3.4). The methacrylate 

functionality, which is amenable to radical polymerization, was incorporated via either the 

native hydroxyl group (MA1 and MA2) or the reduced or native carboxyl function (MA3 

and MA4, respectively). 

 

Scheme 3.2. Synthesis of MA1–4. (a) Methacrylic anhydride, DMAP, NEt3, THF, 0 °C to rt, 16 h. (b) MeI, 
K2CO3, DMAc, rt, 16 h. (c) MAC, NEt3, DCM, 0 °C to rt, 16 h. (d) TBSOTf, 2,6-lutidine, DCM, 0 °C, 3 h. 
(e) DIBAL-H, DCM, −78 °C, 2 h. (f) MAC, NEt3, DMF, 0 °C to rt, 16 h. (g) pTsOH·H2O, DCM/MeOH, 
40 °C, 5 h. (h) GMA, K2CO3, 4-methoxyphenol, DMAc, 80 °C, 8 h. 
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MA1 was synthesized by simple esterification with methacrylic anhydride and 4-

(dimethylamino)pyridine (DMAP) (Scheme 3.2a). In our hands, the previously reported 

reaction of OA with methacryloyl chloride (MAC)159 yielded the mixed methacrylic 

anhydride MA1′, which could not be subsequently polymerized in a controlled manner (see 

following paragraph on polymerization kinetics and Figure S3.2). The synthesis of MA2 

does not pose the same issue because the free carboxylic acid is first converted to oleanolic 

acid methyl ester (3-1) by using methyl iodide (Scheme 3.2b). MA3 is prepared in five 

steps with an overall yield of 60%, whereby each of the first four modifications could be 

established with independent yields of at least 92%. First, 3-1 is synthesized to allow the 

reduction with diisobutylaluminum hydride (DIBAL-H) in the following steps. 

Subsequently, the hydroxyl group is protected by reacting with tert-butyldimethylsilyl 

trifluoromethanesulfonate (TBSOTf) in the presence of 2,6-lutidine, providing compound 

3-2 (Scheme 3.2d). Lithium aluminum hydride (LiAlH4) could reduce the carboxylic acid 

without the requirement of esterification, but this approach would cleave the protecting 

group required for further steps. Instead, methyl ester 3-2 is then directly reduced to the 

corresponding primary alcohol 3-3 with excess DIBAL-H at −78 °C (Scheme 3.2e). Thanks 

to the previous silyl ether protection, an esterification to 3-4 was accessible with high yield 

using MAC (Scheme 3.2f). Lastly, the silyl ether protecting group was removed in mild 

acidic conditions with p-toluenesulfonic acid (pTsOH), providing monomer MA3 (Scheme 

3.2g). During our investigations, we noted that tetrabutylammonium fluoride would not 

only cleave the silylether but also the ester of the targeted methacrylate. With pTsOH, the 

latter could be preserved using mild heating and a short reaction time. Introducing a 

methacrylate moiety at the carboxyl site of OA was further possible in a one-step reaction 

using glycidyl methacrylate (GMA) and the radical inhibitor 4-methoxyphenol (Scheme 

3.2h). The ring-opening of the epoxide by the carboxylate is not regiospecific and leads to 

a binary mixture of linear and branched isomers (MA4 and MA4b, respectively), the 

former being the major product.175 In this study, the major isomer MA4 was isolated and 

further examined. 

 

Subsequently, the solubility of the new monomers in a range of solvents with various 

polarities176 was established (Table 3.1). The OA-based methacrylates are practically 

insoluble in very polar solvents such as methanol and ethanol, as well as in nonpolar 

solvents like toluene or cyclohexane. DMAc, which is the eluent for one of our size-
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exclusion chromatography (SEC) systems, sufficiently solubilizes MA1 and MA4, but not 

MA2 and MA3. Importantly, MA1, MA3, and MA4 are soluble in NBP at ambient 

temperature up to at least 0.3 mol/L. NBP is a polar aprotic green solvent that is structurally 

related to N-methyl-2-pyrrolidone (NMP) and shows similar characteristics. Yet, as 

opposed to NMP, it is nonmutagenic, nonreprotoxic, and biodegradable and is proposed as 

a future universal replacement for DMF.176,177 It was also recently shown as one of the 

green solvents with the lowest impact values for solvent emission.178 Therefore, whenever 

possible, it was employed in the present study. Counterintuitively, the solubility of the 

methyl ester-based MA2 decreases compared to the free carboxylic acid MA1 and further 

investigations, such as polymerization kinetics, could only be performed in 1,1,2,2-

tetrachloroethane (TeCA).  

 

Table 3.1. Solubility of MA1–4 in solvents of increasing polarity (from top to bottom) at room temperature 
(0.3 mol/L)a 

Solvent Polarity Non-toxic MA1 MA2 MA3 MA4 

Toluene 0.10 ✓ x
 

x x x 
1,4-Dioxane 0.16 x x x x x

 

Ph-Cl 0.19 x x
 

x x x 
Anisole 0.20 ✓ x

 
x x x 

TeCA 0.26 x ✓ ✓ ✓ ✓ 
PC 0.30 ✓ x x x x

 

CPME 0.31 ✓ x
 

x x x
 

NBP 0.32 ✓ ✓ x ✓ ✓ 
DMAc 0.38 x ✓ x x ✓ 
DMSO 0.44 ✓ x x x ✓ 

a Ph-Cl = chlorobenzene; TeCA = 1,1,2,2-tetrachloroethane; PC = propylene carbonate, CPME= cyclopentyl 
methyl ether; NBP = N-butyl-2-pyrrolidone; DMAc = N,N-dimethylacetamide; DMSO = dimethyl sulfoxide. 

 

3.2.2. Polymerization Kinetics 

The enhanced stability of methacrylate monomers leads to a reduced reactivity in radical 

polymerization.86 Therefore, for efficient RAFT polymerization, a dithiobenzoate as a 

member of one of the most active chain-transfer agent classes was chosen, namely 2-cyano-

2-propyl benzodithioate (CPBD), in combination with azobis(isobutyronitrile) (AIBN) as 

thermal initiator. A ternary ratio [MA]:[CPBD]:[AIBN] = 200/4/1 was set as standard 

conditions, resulting in a targeted degree of polymerization (DP) of 50 at full conversion. 

While MA1 and MA4 could be polymerized in a classical solvent such as DMAc, 

considering environmental aspects, we chose to focus on NBP whenever possible. The 
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polymerizations were therefore conducted at 70 °C in either NBP (MA1, MA3, and MA4) 

or TeCA (MA2), at a concentration of 0.3 M. Besides the methacrylates, the peculiar – and 

initially not targeted – mixed anhydride MA1′ could be polymerized, up to ca. 90% in 

DMAc and ca. 80% in NBP after 15 and 24 h, respectively (Figure S3.2). However, SEC 

analysis during the polymerization in the presence of CPBD showed no evolution in 

molecular weight with time. Various Mn values could still be reached by varying the 

stoichiometry. Note that such mixed methacrylic anhydrides are rare and that the closest 

polymerized derivative that has been reported is possibly itaconic anhydride, yet under 

RAFT conditions only in copolymerization.179,180 

MA1 possessing the methacrylate ester at the C-3 position together with the unmodified 

carboxylic acid underwent a controlled polymerization, reaching a conversion of 81% after 

7 h (Figure 3.1A). The semilogarithmic plot of conversion (Figure 3.1B) suggests a pseudo-

first-order reaction with a constant radical concentration. The molecular weight 

distributions determined by SEC with DMAc as eluent are displayed in Figure 3.1C and

 

 

     

     

Figure 3.1. Kinetic and macromolecular data for the CPBD-mediated radical polymerization of MA1 in NBP 
at 70 °C in standard conditions (A: monomer conversion vs. time; B: semi-logarithmic kinetic plot; C: SEC 
traces at various conversions, D: Mn evolution with conversion). 
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appear to quantitatively shift with increasing reaction time, with dispersity barely 

fluctuating. Figure 3.1D confirms the controlled character of the chain growth with an 

excellent correlation between the number-average molar masses (derived from a PMMA 

calibration) and the monomer conversion values. Mn values are nevertheless lower than 

expected, which is ascribed to the poor match between the hydrodynamic behaviors of the 

PMMA standards and polymers of MA1. This observation is valid for all further polymers. 

As mentioned earlier, TeCA is the only suitable solvent for MA2 to set up the reaction at a 

reasonable concentration of ca. 10 wt% (0.3 mol/L) at ambient temperature. The 

polymerization of MA2 in this less polar solvent is, as expected, significantly slower and 

could only reach about 60% in 16 h (Figure 3.2A), yet proceeding with first-order kinetics 

(Figure 3.2B). Polymers of MA2 could not be sufficiently well dissolved in DMAc. 

Therefore, SEC was performed in THF (calibrated with polystyrene standards), revealing 

good control (Figure 3.2, C and D).  

 

MA2

Ph S

S

CN

TeCA, 70 °C, 16 h O

CO2Me

H

H

H

O

Sn

NC

S

Ph

AIBN

PMA2

[MA2] / [AIBN] / [CPBD]

100 / 0.50 / 2.0  

     

     

Figure 3.2. Kinetic and macromolecular data for the CPBD-mediated radical polymerization of MA2 in 
TeCA at 70 °C in standard conditions (A: monomer conversion vs. time; B: semi-logarithmic kinetic plot; 
C: SEC traces at various conversions, D: Mn evolution with conversion). 
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MA3, carrying the methacrylate ester on the reduced C-28 position and the intact hydroxyl 

group at the C-3 site, allowed to return to NBP as a solvent for polymerization, only 

requiring mild heating for full dissolution before the initiator was introduced. In analogue 

conditions, MA3 clearly propagates faster than MA1 and reaches 92% conversion only 

after 3 h (Figure 3.3A), again in a controlled manner before the conversion plateau was 

reached (Figure 3.3B). As for MA2 polymers, due to insufficient solubility in DMAc, 

polystyrene-calibrated SEC in THF was required for polymers of MA3 (Figure 3.3C). The 

SEC-based Mn values correlated linearly with the conversion calculated by 1H NMR 

(Figure 3.3D), thus confirming a controlled radical polymerization of MA3. 

 

Maybe unexpectedly (lower steric hindrance around the methacrylate moiety), under the 

exact same conditions, MA4 exhibited a reduced propagation rate compared to MA3, only 

reaching 76% conversion in about 6 h (Figure 3.4A). The semi-logarithmic time-dependent 

plot once more evidenced a constant radical concentration (Figure 3.4B). The molar mass 

distributions measured by SEC in DMAc for different polymerization times showed the 

 

     

     

Figure 3.3. Kinetic and macromolecular data for the CPBD-mediated radical polymerization of MA3 in NBP 
at 70 °C in standard conditions (A: monomer conversion vs. time; B: semi-logarithmic kinetic plot; C: SEC 
traces at various conversions, D: Mn evolution with conversion). 
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expected shift to lower retention volumes with increasing conversion (Figure 3.4C), again 

following a linear trend (Figure 3.4D). 

 

 

3.2.3. Polymer Synthesis with Varied Chain Length 

To further assess the CPBD-controlled polymerization of MA1–4 in the investigated 

conditions, polymerizations with varying targeted molar masses at full conversion were 

performed at a fixed reaction duration for each monomer. The results for experiments with 

[monomer]:[CPBD] ratios of 25, 50, and 100, along with reasonably comparable 

conversions, are displayed in Figure 3.5.  
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Figure 3.4. Kinetic and macromolecular data for the CPBD-mediated radical polymerization of MA4 in NBP 
at 70 °C in standard conditions (A: monomer conversion vs. time; B: semi-logarithmic kinetic plot; C: SEC 
traces at various conversions, D: Mn evolution with conversion). 
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As an example, polymerizations with MA1 reached nearly the same conversion after 7 h, 

i.e., 83–86%. The SEC traces displayed in Figure 3.5A revealed a significant shift toward 

lower retention volumes with increasing [MA1]:[CPBD] ratios (denoted as DP in the 

graphs). Concomitantly, the dispersity values increased with higher molar masses, 

revealing a partial loss of control over the polymerization. Especially, polymers with the 

highest DP showed a tailing toward lower molar masses, which may correspond to the 

progressive loss of the dithiobenzoate end group, arising from initiator decomposition. 

Similar outcomes were uncovered for all three further monomers (Figure 3.5, parts B–D). 

For MA2 polymerizations, following the observation made during the aforementioned 

kinetic investigation in TeCA, the [CPBD]:[AIBN] ratio was reduced from 4:1 to 3:1 for 

DP 100 in order to induce faster kinetics (69 vs. 81% conversion after 24 h) and reach a 

higher molar mass. Intermonomer comparison is only strictly possible between MA1 and 

MA4, as they were all polymerized and analyzed in the same solvent (NBP) and SEC eluent 

(DMAc), respectively. While they polymerized at relatively similar rates (see Figures 3.1B 

and 3.4B), they led to similar dispersity values (Figure 3.5A and D). In contrast, MA3 

polymerizes significantly faster in the same conditions, which may explain the higher 

dispersity values obtained with this monomer, but this time with SEC in THF (Figure 3.5C). 

     

     

Figure 3.5. SEC traces of polymers synthesized with varying [MA]:[CPBD] ratios (DP). (A) MA1, NBP, 
7 h, 83–86% conv. (B) MA2, TeCA, 24 h, 75–82% conv. (C) MA3, NBP, 2 h, 81–93% conv. (D) MA4, 
NBP, 8 h, 74–80% conv. 
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The observed significantly slower polymerization of MA2 may explain the lowest 

dispersity values (Figure 3.5B). 

As a summary of the polymerization investigations, it can be stated that despite their bulky 

nature, all monomers could be polymerized in a reasonably controlled manner, that is, with 

ideal kinetics, targetable degrees of polymerization, and moderate dispersity values. 

Experiments performed with conventional free-radical polymerization (FRP, ratio 

[MA]:[AIBN] = 100/0.5) show comparable conversions and underline the fundamental 

polymerizability of the monomers (see §3.5.1 in Supporting Information). For instance, 

FRP of MA2 in TeCA shows high molecular weight polymer (Mn = 115 kg/mol, Ð = 1.81, 

43% conv.) is formed at low conversion and dispersity broadens significantly at high 

conversion (Mn = 57 kg/mol, Ð = 2.86, 73% conv.). 

3.2.4. Characterization 

After proving the controlled polymerization of MA1–4, the monomers were polymerized 

on a larger scale using the conditions used for kinetic investigations (i.e., targeted DP of 

50), until a conversion of at least approximately 80%. The polymers were precipitated in 

cold methanol and further purified by Soxhlet extraction with hot methanol to remove 

residuals of both the monomer and the high-boiling polymerization solvent (bp NBP = 

241 °C; bp TeCA = 147 °C). 

Table 3.2. Average molecular weight of PMA1–4 determined by SEC and 1H NMR used for further 
characterization. 

 t [h] 
conversion 

[%] 
DPth DPNMR 

Mn,NMR
 

[g/mol] 
Mn,SEC

 

 [g/mol] 
ĐSEC

 

PMA1 7 81 41 47 24 900 14 800 a 1.32 

PMA2 13 77 39 45 24 500 9400 b 1.49 

PMA3 2 91 45 50 25 800 16 300 b 1.43 

PMA4 8 83 42 48 29 000 18 100 a 1.41 

a SEC with DMAc as eluent, calibrated with PMMA. b SEC with THF as eluent, calibrated with PS. 

Table 3.2 summarizes the reaction time, conversion, and average molecular weights of the 

synthesized polymers named after their respective constitutive monomers, that is, 

PMA1-4. Both 1H NMR spectroscopy and SEC were employed for (macro)molecular 

characterization. Prior to this, solubility in various organic solvents for concentrations 

ranging from 50 to 150 g/L was established (Table S3.1). 
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NMR spectra for all purified polymers are displayed in Figure 3.6. Several signals are of 

interest. First, integral comparison of the signals of the internal double bond proton H-12 

(5.44–5.09 ppm) and of the methine proton H-3 confirmed that the former functional group 

essentially remained intact during the polymerization, which is of interest for potential post-

polymerization modifications aiming at a variation of physical properties. Second, in this 

degree of polymerization regime, the signals arising from the aromatic protons of the 

terminal dithiobenzoate moiety are clearly visible and reliably integrable (see inset of 

Figure 3.6, with o, m, and p standing for ortho, meta, and para, respectively), which allows 

for an alternative determination of Mn values by neglecting termination reactions and 

comparing with the H-12 signal integral. An exception is PMA1′, where the signals in the 

aromatic region are not clearly resolved, which can be linked to the lack of control of MA1′ 

polymerization. While the NMR-based DP values (DPNMR) are found to fall in the expected 

range, they systematically exceed the theoretical values based on conversion (DPth).  

Comparing Mn,NMR (DPNMR multiplied by monomer molecular weight, plus CPBD 

molecular weight) to Mn,SEC, it is rather likely that SEC underestimates the real values, be 

it in PS-calibrated THF-SEC (for PMA2) or PMMA-calibrated DMAc-SEC (for all others), 

as discussed earlier in the kinetic studies.  

 

Figure 3.6. Structures of PMA1, PMA1′, and PMA2–4, and the corresponding 1H NMR spectra (TeCA-d2, 
80 °C, except for PMA1: THF-d8, 25 °C). 
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Additionally, NMR investigations gave information on the purity of the polymers 

and particularly confirmed the near-quantitative removal of the residual monomer. 

The remaining monomer content in PMA2 lies at 3%, while this remained in the range of 

0.3–2% for the other polymers. To further prove the controlled/living radical 

polymerization and the high end-group fidelity, a second polymer batch of PMA2 

(Mn = 9.3 kg/mol, Đ = 1.27, conv. 82%, 0.7% MA2 remaining) that dissolves, in contrast 

to MA2, in n-butyl acetate, was chain-extended with benzyl methacrylate using a ratio 

[BzMA]/[AIBN]/[macroRAFT] of 200/0.25/1.0. Analysis by 1H NMR (conv. 72% of 

BzMA) and THF-SEC (Mn = 28 kg/mol, Đ = 1.12) after purification revealed the successful 

formation of a block copolymer, indicating only a marginal amount of inactive PMA2 

chains present as shown in detail in SI (Figure S3.3). The homopolymers could be further 

analyzed by thermogravimetric analysis (TGA) and differential scanning calorimetry 

(DSC) to establish their thermal stability and possible physical state transition, respectively. 

     

Figure 3.7. TGA (A) and DTG (B) profiles of OA and OA-based polymers. Td refers to the point of inflection. 

The degradation temperature (Td) of OA, corresponding to the point of inflection of the 

main mass loss step in the TGA curve, was measured at approximately 390 °C, with an 

onset at approximately 280 °C (Figure 3.7A). Alternative representations of the data, also 

including degradation profiles of the monomers, are provided in the SI (Figures S3.4 and 

S3.5). There is a clear behavior difference between the (poly)methacrylates having the ester 

connected to the original secondary alcohol of OA (MA1/PMA1 and MA2/PMA2) on the 

one hand and those in which the side chain is connected via a primary ester (MA3/PMA3 

and MA4/PMA4) on the other hand. PMA1 and PMA2 exhibit Td values close to that of 

OA (381 and 376 °C, respectively), suggesting that the first degradation step could take 

place in the side chain, followed by backbone degradation (second maxima visible in 
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differential thermogravimetry (DTG) profiles in Figure 3.7B). PMA3 and PMA4 degrade 

about 40 °C higher, which suggests a different mechanism or simply a higher thermal 

stability of the OA motif in these modified versions. While PMA4 appears to degrade in 

one step, probably with side-chain and main-chain degradations occurring coincidentally 

at the same time, PMA3 clearly undergoes two nonsimultaneous degradation processes 

(Figure 3.7B). Furthermore, the mixed anhydride polymer PMA1′ possesses an 

intermediate degradation temperature at approximately 400 °C. While the degradation 

mechanism of such polyanhydride was not documented, it is established that 

poly(meth)acrylates can undergo chain depolymerization and/or ester cleavage (possibly 

followed by anhydride formation), the extent of each respective mechanism strongly 

depending on the structure of the alkyl side chain.181 We note that two hydrogens are 

present in β-position in the ester side chain in MA1/PMA1 and MA2/PMA2, while 

MA3/PMA3 possess none and MA4/PMA4 only one. β-Hydrogens are essential for the 

intramolecular elimination-based pyrolysis of esters through a 6-membered transition 

state.182 Furthermore, the product of ester cleavage, namely poly(methacrylic acid) 

(PMAA), is known to degrade via a two-step mechanism: minor mass loss through 

anhydride ring formation between neighboring repeating units at approximately 220–

230 °C, followed by major and quantitative mass loss at 400 °C.183 

Finally, the OA-based polymers were further investigated by DSC to give further insights 

into the thermal behavior before degradation as well as validate their potential use as 

thermoplastics (Figure 3.8). The polyanhydride PMA1′ exhibited a glass transition at 

192 °C. PMA2 shows a glass transition at 222 °C, which is considerably higher compared 

to the common atactic PMMA (105 °C)184 or even its syndiotactic version (126 °C),185 as 

well as other biobased polymethacrylates such as polyisobornyl methacrylate (up to 

200 °C, depending on tacticity)186 and isosorbide-based counterparts (up to 

167 °C).167,168,187 A glass transition temperature could be detected for PMA4 as well, at 

166 °C. However, PMA1, the free carboxylic acid version of PMA2, and PMA3 did not 

show any thermally induced transition below 290 °C. In the case of PMA1, the already 

very high Tg value obtained for PMA2 is most certainly raised through additional H-

bonding. And when comparing PMA3 to PMA4, both linked via the C17–C28 bond to the 

pentacyclic scaffold, the absence of the flexible segment arising from the ring-opening of 

the glycidyl motif plausibly leads to a stiffening. Through simple heating to 290 °C on a 
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heating plate, PMA1 and PMA3 remained in their powder form and were only discolored. 

The synthesized polymers show furthermore no melting point. 

 

Figure 3.8. Overlay of DSC heating curves from PMA1−4. 

 

3.3. Conclusion 

In this contribution, oleanolic acid was converted into four novel methacrylates as well as 

a mixed anhydride, using synthetic pathways comprising 1-5 steps (for MA1 and MA4 on 

the one hand and MA3 on the other hand), with overall yields ranging from 50 to 80% (for 

MA4 and MA2, respectively) and biobased atom contents between 76 and 87% (for MA4 

and MA1, respectively). All four methacrylates could be polymerized in a controlled 

manner by radical RAFT polymerization, that is, with targetable average molar masses and 

moderate dispersity values. Importantly, while such complex structures exhibit challenging 

solubilities, three of the monomers could be polymerized in the green solvent N-butyl-2-

pyrrolidone under homogeneous conditions. All resulting polymers possessed degradation 

temperatures above 300 °C. For polymers of MA2 and MA4 (PMA2 and PMA4), glass-

transition temperatures could be measured below their degradation temperatures, thus 

offering processing windows of at least 100 °C and making these new polymethacrylates 

plausible candidate bioplastics for high-temperature applications. Particularly, the relative 

abundance of oleanolic acid in many plant species (e.g., 3.5% of the dry olive tree leaf 

weight) suggests a potential cost-effective use, particularly considering such an unusually 

rigid and chiral structure. Future avenues of research include the corresponding acrylic 

derivatives, as well as copolymerization with other biobased (meth)acrylates (e.g., from 
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menthol, citronellol, tetrahydrogeraniol)188 in order to tune polymer properties. Also 

reported in this study is an oleanolic acid-based mixed methacrylic anhydride, consisting 

of an underexplored polymerizable unit, which could not be polymerized in a controlled 

manner. It certainly would be interesting to investigate further structures of the same type 

– where the OA fragment would possibly be replaced by a simpler substituent – in order to 

establish a general structure-reactivity relationship. Additionally, the green solvent N-

butyl-2-pyrrolidone, being introduced for the first time as a solvent for radical 

polymerizations, should be further investigated for its propensity to chain transfer, 

especially because constants for transfer to solvent and monomer, respectively, were 

reported for the related N-methyl-2-pyrrolidone189 and N-vinylpyrrolidone.190 
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3.4. Experimental Procedures 

Oleanolic acid 3-methacrylate (MA1) 

Oleanolic acid (3.00 g, 6.57 mmol, 1.0 eq) was dissolved in dry THF (33 mL) before adding 

triethylamine (1.83 mL, 13.1 mmol, 2.0 eq) and DMAP (0.64 g, 5.25 mmol, 0.8 eq). 

Subsequently, methacrylic anhydride (1.62 mL, 10.5 mmol, 1.6 eq) was added dropwise at 

0 °C, and the solution was stirred overnight at ambient temperature. Remaining methacrylic 

anhydride was deactivated with water. The aqueous phase was separated and extracted with 

EA. The combined organic layer was washed with water and brine, followed by drying 

over magnesium sulfate. After removing the solvent in vacuo, the crude product was 

purified by flash chromatography (SiO2, CH/EA  98/02 → 80/20) to obtain the product 

MA1 as a white powder (2.30 g, 4.38 mmol, 67%). 

1H NMR (600 MHz, CDCl3): δ [ppm] = 6.09 (s, 1H, H34Z), 5.52 (s, 1H, H34E), 5.27 (t, J = 

3.8 Hz, 1H, H12), 4.54 (dd, J = 11.4, 5.0 Hz, 1H, H3), 2.82 (dd, J = 13.4, 4.7 Hz, 1H, H18), 

2.03 – 1.82 (m, 6H), 1.82 – 1.51 (m, 10H), 1.51 – 1.27 (m, 4H), 1.26 – 1.02 (m, 4+3H), 

0.96 (s, 3H), 0.93 (s, 3H), 0.90 (s, 3H), 0.90 (s, 3H), 0.89 (s, 3H), 0.87 – 0.84 (m, 1H), 0.75 

(s, 3H). 

13C{1H} NMR (151 MHz, CDCl3): δ [ppm] = 184.3, 167.3, 143.8, 137.2, 125.0, 122.7, 

81.4, 55.5, 47.7, 46.7, 46.0, 41.7, 41.1, 39.5, 38.2, 38.1, 37.2, 34.0, 33.2, 32.7, 32.6, 30.8, 

28.3, 27.8, 26.1, 23.7, 23.6, 23.6, 23.0, 18.5, 18.3, 17.3, 16.9, 15.5. 

HRMS (ESI): [M-H]- m/z 523.3794 (calculated for C34H51O4
-: m/z 523.3793). 

Oleanolic acid 17-methylester (3-1) 

To a stirred solution of oleanolic acid (2.00 g, 4.38 mmol, 1.0 eq) in DMAc (22 mL) was 

added potassium carbonate (1.55 g, 11.0 mmol, 2.5 eq). After slow addition of methyl 
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iodide (0.68 mL, 11.0 mmol, 2.5 eq), the suspension was stirred overnight at ambient 

temperature. The resulting mixture was diluted with EA and washed with water and 

saturated aq. NaHCO3 solution. After drying over MgSO4 and filtration, the solvent was 

evaporated under reduced pressure to give a light-yellow solid, which was purified by flash 

column chromatography (SiO2, CH → CH/EA 8:2) to give 3-1 as a white solid (1.99 g, 

4.23 mmol, 96%). 

1H NMR (600 MHz, CDCl3): δ [ppm] = 5.28 (t, J = 3.7 Hz, 1H, H12), 3.62 (s, 3H, H31), 

3.21 (dd, J = 11.3, 4.5 Hz, 1H, H3), 2.86 (dd, J = 14.0, 4.7 Hz, 1H, H18), 2.01 – 1.91 (m, 

1H), 1.91 – 1.82 (m, 2H), 1.74 – 1.48 (m, 10H), 1.48 – 1.22 (m, 5H), 1.21 – 1.11 (m, 2+3H), 

1.08 – 1.02 (m, 1H), 0.98 (s, 3H), 0.97 – 0.93 (m, 1H), 0.92 (s, 3H), 0.90 (s, 3H), 0.89 (s, 

3H), 0.78 (s, 3H), 0.74 – 0.71 (m, 1+3H). 

13C{1H} NMR (151 MHz, CDCl3): δ [ppm] = 178.4, 144.0, 122.5, 79.2, 55.4, 51.7, 47.8, 

46.9, 46.1, 41.8, 41.5, 39.5, 38.9, 38.6, 37.2, 34.0, 33.3, 32.8, 32.6, 30.8, 28.3, 27.9, 27.4, 

26.1, 23.8, 23.6, 23.2, 18.5, 17.0, 15.7, 15.4.  

HRMS (APCI): [M+H]+ m/z 471.3834 (calculated for C31H51O3
+: m/z 471.3833). 

 

Oleanolic acid 3-methacrylate-17-methylester (MA2) 

Oleanolic acid 17-methylester 3-1 (1.56 g, 3.31 mmol, 1.0 eq) was dissolved in dry DCM 

(33 mL). Subsequently, NEt3 (1.85 mL, 13.26 mmol, 4.0 eq) was added, followed by 

dropwise addition of methacryloyl chloride (0.74 mL, 7.62 mmol, 2.3 eq) at 0 °C. After 

stirring overnight at ambient temperature, the remaining methacryloyl chloride was 

quenched by the addition of H2O. The two phases were separated, and the aqueous phase 

was extracted with DCM. The combined organic phase was washed with brine and dried 

over MgSO4. After filtration, the solvent was removed in vacuo. The resulting raw product 

was purified by flash chromatography (SiO2, CH → CH/EA 9:1) to yield MA2 as a white 

solid (1.45 g, 2.70 mmol, 81%). 

1H NMR (600 MHz, CDCl3): δ [ppm] =  6.08 (s, 1H, H35Z), 5.52 (s, 1H, H35E), 5.28 (t, J = 

3.7 Hz, 1H, H12), 4.53 (dd, J = 11.3, 5.0 Hz, 1H, H3), 3.62 (s, 3H, H31), 2.86 (dd, J = 13.9, 
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4.6 Hz, 1H, H18), 2.02 – 1.95 (m, 1H), 1.94 (s, 3H), 1.92 – 1.83 (m, 2H), 1.73 – 1.25 (m, 

14H), 1.22 – 1.11 (m, 5H), 1.11 – 1.01 (m, 2H), 0.95 (s, 3H), 0.92 (s, 3H), 0.90 (s, 3H), 

0.90 (s, 3H), 0.88 (s, 3H), 0.87 – 0.84 (m, 1H), 0.73 (s, 3H). 

13C{1H} NMR (151 MHz, CDCl3): δ [ppm] = 178.4, 167.3, 144.0, 137.2, 125.0, 122.4, 

81.4, 55.5, 51.6, 47.7, 46.9, 46.0, 41.8, 41.5, 39.5, 38.2, 38.1, 37.1, 34.0, 33.3, 32.8, 32.5, 

30.8, 28.3, 27.9, 26.1, 23.8, 23.6, 23.6, 23.2, 18.5, 18.4, 17.0, 17.0, 15.5 

HRMS (APCI): [M+H]+ m/z 539.4094 (calculated for C35H55O4
+: m/z 539.4095). 

 
Oleanolic acid 3-tert-butyldimethylsilyl-17-methylester (3-2) 

Oleanolic acid 17-methylester 3-1 (1.56 mg, 3.31 mmol, 1.0 eq) was dissolved in dry DCM 

(87.2 mL, 0.04 M). The mixture was cooled down to 0 °C, and 2,6-lutidine (1.97 mL, 

16.6 mmol, 5.0 eq) was added. After stirring for 5 min, TBSOTf (1.18 mL, 5.02 mmol, 

1.5 eq) was added dropwise. The solution was then warmed to room temperature and stirred 

for 3 h, before being poured into ice-cold saturated aq. NaHCO3 solution. The product was 

extracted with DCM. The combined organic layer was washed with aq. 1 M HCl solution 

to remove excess 2,6-lutidine, dried over Na2SO4, filtered, and concentrated in vacuo. 

Purification of the residue by flash chromatography (SiO2, CH/EA 95:5) gave 3-2 as a 

colorless solid (1.80 g, 3.08 mmol, 93%). 

1H NMR (600 MHz, CDCl3): δ [ppm] = 5.28 (t, J = 3.7 Hz, 1H, H12), 3.62 (s, 3H, H31), 

3.18 (dd, J = 11.4, 4.4 Hz, 1H, H3), 2.86 (dd, J = 13.9, 4.6 Hz, 1H, H18), 2.00 – 1.93 (m, 

1H), 1.93 – 1.80 (m, 2H), 1.73 – 1.65 (m, 1H), 1.64 – 1.49 (m, 7H), 1.48 – 1.38 (m, 2H), 

1.38 – 1.29 (m, 2H), 1.29 – 1.24 (m, 1H), 1.22 – 1.15 (m, 1H), 1.12 (s, 3H), 1.07 – 1.02 (m, 

1H), 0.92 (s, 3H), 0.90 (s, 8H), 0.88 (s, 10H), 0.74 (s, 3H), 0.71 (s, 3H), 0.70 – 0.68 (m, 

1H), 0.03 (s, 6H, H32). 

13C{1H} NMR (151 MHz, CDCl3): δ [ppm] = 178.4, 143.9, 122.6, 79.7, 55.5, 51.7, 47.9, 

46.9, 46.1, 41.8, 41.5, 39.5, 39.5, 38.6, 37.1, 34.1, 33.3, 32.9, 32.6, 30.9, 28.7, 27.9, 27.8, 

26.1, 26.1, 23.8, 23.6, 23.3, 18.7, 18.3, 17.0, 16.3, 15.5, -3.6, -4.7. 

HRMS (ESI): [M+Na]+ m/z 607.4517 (calculated for C37H64O3SiNa+: m/z 607.4517). 
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Oleanolic acid 3-tert-butyldimethylsilyl-17-methanol (3-3) 

3-2 (1.80 g, 3.08 mmol, 1.0 eq) was dissolved in dry DCM (61.7 mL, 0.05 M) under argon 

in a flame-dried round-bottom flask. The mixture was cooled down to −78 °C. DIBAL-H 

(1.2 M solution in toluene, 15.4 mL, 18.5 mmol, 6.0 eq) was added dropwise during 5 min. 

The reaction was stirred for 1.5 h before full conversion was observed via TLC. The cooling 

bath was removed, and the reaction mixture was carefully quenched with an aq. potassium 

sodium tartrate solution. The mixture was transferred into a separating funnel, and the 

organic layer was removed. The aqueous layer was washed with DCM twice. The organic 

layers were combined and dried over Na2SO4, filtered, and concentrated in vacuo. 

Purification of the residue by flash chromatography (SiO2, CH/EA 98:2) yielded 3-3 as a 

colorless solid (1.64 g, 2.94 mmol, 95%). 

1H NMR (400 MHz, CDCl3): δ [ppm] =  5.14 (t, J = 3.7 Hz, 1H, H12), 3.53 (d, J = 10.9 Hz, 

1H, H28), 3.20 (d, J = 11.0 Hz, 1H, H28), 3.23 – 3.15 (m, 1H, H3), 1.99 – 1.87 (m, 3H), 1.78 

(td, J = 13.7, 4.8 Hz, 1H), 1.64 – 1.45 (m, 5H), 1.41 – 1.28 (m, 3H), 1.27 – 1.14 (m, 1H), 

1.10 (s, 3H), 0.99 (s, 3H), 0.94 (d, J = 6.0 Hz, 6H), 0.91 (s, 3H), 0.89 (s, 12H), 0.81 (d, J = 

5.8 Hz, 3H), 0.76 (s, 3H), 0.73 – 0.66 (m, 1H), 0.04 (s, 6H, H32). 

13C{1H} NMR (101 MHz, CDCl3): δ [ppm] = 144.3, 122.6, 79.6, 69.8, 55.4, 47.8, 46.6, 

42.5, 41.8, 39.9, 39.5, 38.7, 37.1, 37.0, 34.2, 33.4, 32.8, 31.2, 31.1, 28.7, 27.8, 27.1, 26.1, 

26.1, 25.7, 23.7, 23.7, 22.2, 18.7, 18.3, 16.9, 16.3, 15.7, -3.6, -4.7. 

HRMS (ESI): [M+Na]+ m/z 579.4567 (calculated for C36H64O2SiNa+: m/z 579.4568). 

 

Oleanolic acid 3-tert-butyldimethylsilyl-17-methyl methacrylate (3-4) 

The reduced species 3-3 (323 mg, 580 μmol, 1.0 eq) was dissolved in dry DMF (3.87 mL, 

0.15 M) under argon in a flame-dried round-bottom flask. The mixture was cooled to 0 °C. 
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NEt3 (0.322 mL, 2.32 mmol, 4.0 eq) was added. Methacryloyl chloride (0.135 mL, 

1.28 mmol, 2.2 eq) was then added dropwise. The reaction mixture was warmed to room 

temperature and stirred for 2 h. After TLC indicated full conversion, water and DCM were 

added. The phases were separated, and the aqueous phase was extracted two more times 

with DCM. The organic phase was dried with brine and Na2SO4. The solvent was removed 

under reduced pressure, and the crude product was purified by column chromatography 

(SiO2, CH/EA 95:5), yielding 3-4 as a colorless solid (333 mg, 534 μmol, 92%). 

1H NMR (400 MHz, CDCl3): δ [ppm] = 6.10 (dq, J = 2.0, 1.0 Hz, 1H, H40Z), 5.54 (t, J = 

1.6 Hz, 1H, H40E), 5.21 (t, J = 3.7 Hz, 1H, H12), 4.09 (d, J = 11.0 Hz, 1H, H28), 3.79 (d, J = 

11.0 Hz, 1H, H28), 3.19 (dd, J = 11.2, 4.7 Hz, 1H, H3), 2.11 (dd, J = 13.7, 4.5 Hz, 1H), 2.05 

– 2.00 (m, 1H), 1.96 (t, J = 1.3 Hz, 3H, H39), 1.95 – 1.82 (m, 2H), 1.82 – 1.66 (m, 2H), 1.65 

– 1.46 (m, 6H), 1.41 – 1.24 (m, 3H), 1.24 – 1.15 (m, 2+3H), 1.09 (ddd, J = 13.5, 4.7, 2.5 

Hz, 1H), 1.04 – 0.98 (m, 1H), 0.96 (s, 3H), 0.92 (s, 3H), 0.91 (s, 3H), 0.90 (s, 3H), 0.89 (s, 

12H), 0.75 (s, 3H), 0.73 – 0.65 (m, 1H), 0.04 (s, 6H, H32). 

13C{1H} NMR (101 MHz, CDCl3): δ [ppm] = 167.6, 143.7, 136.8, 125.2, 123.2, 79.7, 71.0, 

55.5, 47.8, 46.5, 42.7, 41.83, 40.0, 39.5, 38.8, 37.0, 36.3, 34.2, 33.3, 32.8, 31.7, 31.1, 28.7, 

27.8, 27.1, 26.2, 26.1, 25.8, 23.8, 23.7, 22.7, 18.7, 18.6, 18.3, 16.9, 16.3, 15.7, -3.6, -4.7. 

HRMS (ESI): [M+Na]+ m/z 647.4828 (calculated for C40H68O3SiNa+: m/z 647.4830). 

 

Oleanolic acid 17-methyl methacrylate (MA3) 

Methacrylated species 3-4 (333 mg, 534 μmol, 1.0 eq) and p-toluenesulfonic acid 

monohydrate (13.0 mg, 69.4 μmol, 0.13 eq) were dissolved in methanol/DCM (6:1, 

6.40 mL, 0.08 M) and stirred for 5 h at 40 °C. To the reaction solution, saturated aq. 

NaHCO3 solution was added, and the aqueous layer was extracted three times with DCM. 

The organic phases were combined, dried with Na2SO4, and filtered. The solvent was 

removed in vacuo. The residue was purified by column chromatography (SiO2, CH/EA 

9:1), yielding MA3 as a colorless solid (215 mg, 411 μmol, 77%). 
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1H NMR (400 MHz, CDCl3): δ [ppm] = 6.10 (dq, J = 2.0, 1.0 Hz, 1H, H34Z), 5.53 (t, J = 

1.6 Hz, 1H, H34E), 5.21 (t, J = 3.7 Hz, 1H, H12), 4.09 (d, J = 11.0 Hz, 1H, H28), 3.78 (d, J = 

11.1 Hz, 1H, H28), 3.21 (dd, J = 11.0, 4.9 Hz, 1H, H3), 2.17 – 2.06 (m, 1H), 2.01 – 1.91 (m, 

1H), 1.95 (t, J = 1.3 Hz, 3H, H33), 1.92 – 1.82 (m, 2H), 1.82 – 1.69 (m, 2H), 1.65 – 1.49 

(m, 6H), 1.41 – 1.24 (m, 5H), 1.21 – 1.13 (m, 2+3H), 1.09 (ddd, J = 13.5, 4.7, 2.5 Hz, 1H), 

0.99 (s, 3H), 0.96 (s, 3H), 0.93 (s, 3H), 0.89 (s, 3H), 0.88 (s, 3H), 0.78 (s, 3H), 0.75 – 0.69 

(m, 1H). 

13C{1H} NMR (101 MHz, CDCl3): δ [ppm] = 167.6, 143.7, 136.8, 125.2, 123.1, 79.1, 7.0, 

55.4, 47.8, 46.4, 42.7, 41.8, 40.0, 38.9, 38.8, 37.1, 36.2, 34.2, 33.3, 32.7, 31.6, 31.1, 28.3, 

27.4, 26.2, 25.8, 23.7, 23.7, 22.7, 18.5, 18.5, 16.9, 15.7, 15.7. 

HRMS (ESI): [M+Na]+ m/z 533.3962 (calculated for C34H54O3Na+: m/z 533.3965).  

 

Oleanolic acid 17-(2-hydroxy-3-(methacryloyloxy)propyl) ester (MA4) 

Oleanolic acid (3.50 g, 7.66 mmol, 1.0 eq) was dissolved in DMAc (48.0 mL, 0.16 M) 

following the addition of K2CO3 (1.59 g, 11.5 mmol, 1.5 eq) and 4-methoxyphenol 

(9.5 mg, 77 µmol, 0.1 eq). Subsequently, glycidyl methacrylate (1.22 mL, 9.20 mmol, 

1.2 eq) was added, and the mixture was stirred at 80 °C for 6 h. After the reaction was 

complete, the mixture was diluted with EA and washed with water. The organic layer was 

washed with saturated aq. NaCl solution and dried over MgSO4. The solution was 

concentrated in vacuo, and the crude product was purified by column chromatography 

(SiO2, CH → CH/EA 7:3) to afford MA4 as a white solid (2.18 g, 3.64 mmol, 48%). 

1H NMR (600 MHz, CDCl3): δ [ppm] = 6.14 (s, 1H, H37Z), 5.61 (s, 1H, H37E), 5.30 (t, J = 

3.8 Hz, 1H, H12), 4.29 – 4.05 (m, 5H, H31-33), 3.23 – 3.18 (m, 1H, H3), 2.86 (dd, J = 13.9, 

4.6 Hz, 1H, H18), 2.48 – 2.44 (m, 1H, OH), 2.04 – 1.92 (m, 1+3H), 1.91 – 1.83 (m, 2H), 

1.77 – 1.51 (m, 10H), 1.51 – 1.25 (m, 5H), 1.24 – 1.12 (m, 2+3H), 1.12 – 1.05 (m, 1H), 

0.98 (s, 3H), 0.97 – 0.94 (m, 1H), 0.92 (s, 3H), 0.90 (s, 3H), 0.89 (s, 3H), 0.78 (s, 3H), 0.74 

– 0.70 (m, 1+3H). 
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13C{1H} NMR (151 MHz, CDCl3): δ [ppm] = 177.9, 167.4, 144.1, 136.0, 126.4, 122.7, 

79.2, 68.5, 65.5, 65.3, 55.4, 47.8, 47.2, 45.9, 41.9, 41.6, 39.5, 38.9, 38.6, 37.2, 34.0, 33.2, 

32.9, 32.7, 30.8, 28.3, 27.8, 27.4, 26.0, 23.8, 23.6, 23.2, 18.5, 18.4, 17.2, 15.7, 15.4. 

HRMS (ESI): [M+Na]+ m/z 621.4123 (calculated for C37H58O6Na+: m/z 621.4126). 

 

Oleanolic acid 17-methacrylic anhydride (MA1') 

Oleanolic acid (1.00 g, 2.19 mmol, 1.0 eq) was dissolved in dry DCM (33 mL) with 

triethylamine (0.67 mL, 4.82 mmol, 2.2 eq). Subsequently, methacryloyl chloride 

(0.33 mL, 3.29 mmol, 1.5 eq) was added dropwise at 0 °C, and the solution was stirred 

overnight at room temperature. Remaining methacryloyl chloride was deactivated by the 

addition of water. The aqueous phase was separated and extracted with EA. The combined 

organic layer was washed with water and brine. After drying over magnesium sulfate and 

removing the solvent in vacuo, the crude product was purified by flash chromatography 

(SiO2, CH/EA  98/02 → 70/30) to obtain the product MA1' as a white powder (782 mg, 

1.49 mmol, 68%). 

1H NMR (600 MHz, CDCl3): δ [ppm] = 6.17 (s, 1H, H34Z), 5.78 (s, 1H, H34E), 5.33 (t, J = 

3.7 Hz, 1H, H12), 3.21 (dd, J = 11.3, 4.4 Hz, 1H, H3), 2.85 (dd, J = 13.8, 4.7 Hz, 1H, H18), 

2.09 – 2.00 (m, 1H), 1.97 (s, 3H), 1.93 – 1.73 (m, 4H), 1.71 – 1.22 (m, 14H), 1.22 – 1.11 

(m, 2+3H), 0.99 (s, 3H), 0.98 – 0.94 (m, 1H), 0.93 (s, 3H), 0.92 (s, 3H), 0.91 (s, 3H), 0.82 

(s, 3H), 0.78 (s, 3H), 0.75 – 0.71 (m, 1H). 

13C{1H} NMR (151 MHz, CDCl3): δ [ppm] = 173.1, 163.4, 143.1, 136.4, 128.7, 123.2, 

79.1, 55.4, 48.3, 47.7, 45.9, 41.9, 41.4, 39.5, 38.9, 38.6, 37.1, 33.8, 33.1, 32.9, 31.6, 30.7, 

28.2, 27.7, 27.3, 25.9, 23.6, 23.6, 23.3, 18.4, 18.0, 17.1, 15.7, 15.5. 

HRMS (ESI): [M+Na]+ m/z 547.3759 (calculated for C34H52O4Na+: m/z 547.3758). 
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General procedure for polymerization 

One of the monomers among MA1, MA1', MA3, and MA4 (100 eq) was mixed with a 

solution of 2-cyano-2-propyl benzodithioate (CPBD, 2.0 eq) in NBP and a solution of 2,2′-

azobis(2-methylpropionitrile) (AIBN, 0.50 eq) in NBP. After the addition of anisole 

(0.7 eq) as an internal standard, the mixture was further diluted with NBP, giving a clear 

pink solution with a total concentration of 0.3 M as a reference for conversion (t = 0, 
1H NMR). The solution was deoxygenated by sparging with argon for 40 min and stirred 

at 70 °C for a given time. 

MA2 (374 mg, 684 µmol) was polymerized using the same protocol, except that the solvent 

NBP had to be replaced by TeCA. After sparging with argon, the solution was stirred at 

70 °C for 24 h. 

For kinetic experiments, MA1–4 (350–586 mg) were polymerized following the general 

procedure, while samples were regularly taken for 1H NMR and SEC analysis with a 

syringe.  

To obtain polymers with varying the chain length, MA1–4 (50–170 mg, 100 eq) were 

polymerized in a similar manner to the general procedure, whereby the ratios 

[MA]/[AIBN]/[CPBD] = 100:1.00:4.00, 100:0.50:2.00, and 100:0.25:1.00 were utilized, 

and 1H NMR as well as SEC analysis were performed after the reaction. As an exception, 

for MA2, the ratio [MA2]/[AIBN]/[CPBD] = 100:0.34:1.00 for DP 100 was chosen to 

reach a higher conversion.  

For the synthesis of polymers for structural and thermal characterizations after verification 

via 1H NMR, a conversion of nearly 80% was reached. The polymer was precipitated in 

cold methanol (−20 °C), filtered, and purified by Soxhlet extraction overnight with hot 

methanol. Subsequently, the remaining polymer in the filter was dried in vacuo. 

 
Polymer of oleanolic acid 3-methacrylate MA1 (PMA1) 

PMA1 was prepared from MA1 (432 mg, 824 µmol), CPBD (3.75 mg, 17.0 µmol), and 

AIBN (0.676 mg, 4.12 µmol) in NBP (2.75 mL) at 70 °C (7 h) according to the general 
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procedure and obtained as a pink powder (325 mg, 619 µmol, conversion 81%, isolated 

yield 75%). 

1H NMR (400 MHz, THF-d8): δ [ppm] = 5.24 (s, 1H, H12), 4.68 – 3.86 (m, 1H, H3), 2.90 

(s, 1H, H18), 2.47 – 0.32 (m, 48H). 

SEC: Mn = 14800 g/mol, Mw = 19500 g/mol, Đ = 1.32. 

 

Polymer of oleanolic acid 3-methacrylate-17-methylester MA2 (PMA2) 

PMA2 was prepared from MA2 (661 mg, 1230 µmol), CPBD (5.43 mg, 24.5 µmol), and 

AIBN (1.01 mg, 6.13 µmol) in TeCA (4.10 mL) at 70 °C (13 h) according to the general 

procedure and obtained as a pink powder (474 mg, 880 µmol, conversion 77%, isolated 

yield 72%). 

1H NMR (600 MHz, C2D2Cl4): δ [ppm] = 5.24 (s, 1H, H12), 4.48 – 3.95 (m, 1H, H3), 3.63 

(s, 3H, H31), 2.88 (s, 1H, H18), 2.31 – 0.55 (m, 48H). 

SEC: Mn = 9400 g/mol, Mw = 14000 g/mol, Đ = 1.49. 

 

Polymer of oleanolic acid 17-methyl methacrylate MA3 (PMA3) 

PMA3 was prepared from MA3 (500 mg, 979 µmol), CPBD (4.33 mg, 19.6 µmol), and 

AIBN (0.804 mg, 4.89 µmol) in NBP (3.26 mL) at 70 °C (2 h) according to the general 

procedure and obtained as a pink powder (329 mg, 644 µmol, conversion 91%, isolated 

yield 66%). 

1H NMR (600 MHz, C2D2Cl4): δ [ppm] = 5.69 – 4.96 (m, 1H, H12), 4.41 – 2.80 (m, 3H, 

H28+H3), 2.67 – 0.20 (m, 52H). 

SEC: Mn = 16300 g/mol, Mw = 24100 g/mol, Đ = 1.48. 
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Polymer of oleanolic acid 17-(2-hydroxy-3-(methacryloyloxy)propyl) ester MA4 

(PMA4) 

PMA4 was prepared from MA4 (351 mg, 586 µmol), CPBD (2.60 mg, 11.7 µmol), and 

AIBN (0.481 mg, 2.93 µmol) in NBP (1.95 mL) at 70 °C (8 h) according to the general 

procedure and obtained as a pink powder (220 mg, 367 µmol, conversion 83%, isolated 

yield 63%). 

1H NMR (600 MHz, C2D2Cl4): δ [ppm] = 5.31 (s, 1H, H12), 4.31 – 3.82 (m, 5H, H31-33), 

3.20 (s, 1H, H3), 2.87 (s, 1H, H18), 2.25 – 0.61 (m, 49H). 

SEC: Mn = 18100 g/mol, Mw = 25500 g/mol, Đ = 1.41. 

 

Polymer of oleanolic acid 17-methacrylic anhydride MA1’ (PMA1’) 

PMA1’ was prepared from MA1’ (380 mg, 724 µmol), CPBD (3.30 mg, 14.9 µmol), and 

AIBN (0.595 mg, 3.62 µmol) in DMAc (2.40 mL) at 70 °C (8 h) according to the general 

procedure and obtained as a pink solid (124 mg, 236 µmol, conversion 83%, isolated yield 

33%). 

1H NMR (600 MHz, C2D2Cl4): δ [ppm] = 5.46 – 5.21 (m, 1H, H12), 3.29 – 3.12 (m, 1H, 

H3), 2.89 – 2.73 (m, 1H, H18), 2.51 – 0.33 (m, 49H). 

SEC: Mn = 16100 g/mol, Mw = 26600 g/mol, Đ = 1.65. 
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Block copolymer of MA2 and BzMA (PMA2-Bz) 

Benzyl methacrylate (BzMA) was removed from its stabilizer by filtering through neutral 

aluminum oxide. BzMA (200 mg, 1140 µmol, 200 eq), AIBN (0.233 mg, 1.42 µmol, 

0.25 eq), macroRAFT agent PMA2 (133 mg, 5.68 µmol, 1.0 eq, Mtheo = 23390 g/mol, 

Mn = 9300 g/mol, Mw = 11800 g/mol, Đ = 1.27), and anisole (30 µL) were dissolved in 

n-butyl acetate (3.78 mL, 0.3 M). The solution was deoxygenated by sparging with argon 

before stirring at 70 °C for 24 h. The raw mixture was precipitated in cold diethyl ether, 

filtered, and dried in vacuo, yielding PMA2-Bz as a pink powder (167 mg, 3.50 µmol, 

conversion 72%, isolated yield 62%). 

1H NMR (600 MHz, C2D2Cl4): δ [ppm] = 7.38 – 7.20 (m, 5H, Ha), 5.31 (s, 0.17H, H12), 

5.03 – 4.82 (m, 2H, Hb), 4.42 – 4.12 (m, 0.16H, H3), 3.64 (s, 0.52H, H31), 2.90 (s, 0.17H, 

H18), 2.20 – 0.61 (m, 15H). 

SEC: Mn = 27800 g/mol, Mw = 31000 g/mol, Đ = 1.12. 
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3.5. Supplementary Information 

3.5.1. Conventional Free-Radical Polymerization (FRP) 

The kinetics of FRP were investigated to evaluate the general polymerizability of the novel 

monomers. MA1’, MA2, and MA3 were polymerized under similar conditions (70 °C, 

0.3 M in DMAc or TeCA) and a monomer-to-AIBN ratio of 100:0.5, which is comparable 

to RAFT experiments with targeted DP 50. The monomers reached high conversions after 

16 h (73% to 92%). The polymers reached high molecular weights (Mn = 52–115 kg/mol) 

with moderate (Đ < 2.3) to high (Đ > 2.5) dispersity values at semi-quantitative (43–64%) 

and high (73–91%) conversions, respectively, typical of an FRP. 

  

 

 

Monomer Solvent t [h] Conv. [%] Mn [kg/mol] Mw [kg/mol] Đ 

MA1' DMAc 
2 64 96 214 2.21 

8 91 65 233 3.60 

MA2 TeCA 
2 43 115 209 1.81 

16 73 57 162 2.86 

MA3 TeCA 
4 55 52 97 1.86 

16 88 41 106 2.56 

Figure S3.1. Kinetic and macromolecular data for the free-radical polymerization of MA1', MA2, and MA3

with [MA]/[AIBN] = 100/0.5 in DMAc or TeCA (PMA1' and PMA3 raw mixtures measured in DMAc-SEC 
relative to PMMA, PMA2 accordingly analyzed in THF-SEC relative to PS). 
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3.5.2. Polymerization of Oleanolic Acid 17-Methacrylic Anhydride (MA1') 

MA1' belongs to a peculiar monomer class, that is, a mixed methacrylic anhydride, whose 

only studied related compound would be the cyclic itaconic anhydride. The CPBD-

mediated radical polymerization of MA1' was investigated in conditions similar to 

monomers MA1–4, in both DMAc and NBP. While polymerization in the former was faster 

(Figure S3.2A), as expected in more polar solvents, the semi-logarithmic plots were both 

linear for the first 7–8 hours, up to conversions of ca. 85% and 55%, respectively (Figure 

S3.2B).

 

 

  

   

           

Figure S3.2. Kinetic (A, B) and macromolecular data (C, D) for the polymerization of MA1’ in the presence 
of CPBD in DMAc (top row) and NBP (middle row), SEC profiles (D, bottom row) show further experiments 
with different polymerization degrees. 



 Oleanolic Acid-Derived High-Glass-Transition-Temperature Methacrylic Polymers 

57 
 

However, as seen in Figure S3.2C, the molar mass distributions barely evolved and were 

broader than for PMA1–4. It was nevertheless possible to obtain PMA1' with different 

molar masses by varying the [MA1']:[CPBD] ratio (DP) from 25 to 200 (Figure S3.2D). 

Note that the [AIBN]:[CPBD] ratio was kept constant, leading [MA1']:[AIBN] to also 

vary, which can also explain the variation of average molar mass, as in a traditional free-

radical polymerization. Nevertheless, according to Figure 8.25 (in the Appendix), PMA1' 

seems to bear a dithiobenzoate end group (at least partially). It could therefore be assumed 

that the transfer rate constant for CPBD might be too low in the case of such mixed 

methacrylic anhydrides and that fragmentation is also difficult. This unexplored topic (i.e., 

the RAFT-mediated radical polymerization of methacrylic anhydrides) is certainly of 

interest but beyond the scope of the current paper.  

  

3.5.3. Formation of Block Copolymer Using PMA2 as MacroRAFT Agent 

To fulfill all criteria for a controlled/living radical polymerization, the ability to perform 

chain extension must be investigated. This was done on another batch of PMA2 dissolved 

in n-butyl acetate (BA), where the polymer acts as a macroRAFT agent. Chain extension 

was performed with benzyl methacrylate (BzMA) using AIBN as thermal initiator to reach 

a theoretical DP value of 200 ([BzMA]/[AIBN]/[macroRAFT] = 200/0.25/1.0). After a 

reaction time of 24 h at 70 °C, a conversion of 72% BzMA could be determined by 1H 

NMR, providing the possibility of purifying the copolymer by precipitation for SEC 

analysis as displayed in Figure S3.3. 

 

Scheme S3.1. Synthesis of PMA2-Bz by chain extension of PMA2 with BzMA. 
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According to SEC, Mn of PMA2 could be increased from 9.3 to 27.8 kg/mol by chain 

extension, while the dispersity decreases significantly to 1.12.  

Considering 1H NMR results, PMA2 shows a calculated DP value of 30 (aromatic end 

groups relative to H-12 signal at 5.30 ppm). By dividing the integrals of the new signals 

H-(b) (7.28 ppm, 29.15/5H) and H-(a) (4.92 ppm, 11.7/2H) in the spectrum of PMA2-Bz 

by its number of protons, an average equivalent of 5.86 BzMA results per MA2 unit is 

obtained. With 30 MA2 units, the second BzMA block therefore consists of 176 units, 

relatively close to the theoretical 144 (200 x 0.72). Combining the results of NMR and 

SEC, this demonstrates that the chain ends of PMA2 remained active and can initiate 

further polymerization. 

             

 
 Conv. [%] DPtarget DPn,NMR Mn [kg/mol] Mw [kg/mol] Đ 

PMA2 82 50 30 9.3 11.9 1.27 
PMA2-Bz 72 200 176 27.8 31.0 1.12 

 

Figure S3.3. 1H NMR spectra (TeCA-d2, 80 °C) and SEC data (THF eluent, calibrated by PS) of PMA2 and 
PMA2-Bz after chain extension (* remaining BzMA content 0.4%). 
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3.5.4. Solubility of OA-Based Polymethacrylates 

Table S3.1. Solubility of OA-based polymethacrylates, as visually determined for various concentrations and 
solvents. 

  DMAc THF CHCl3 TeCA NBP 
 c [g/L]  25°C 50°C 25°C 50°C 25°C 50°C 25°C 50°C 25°C 50°C 

PMA1' 

150           
100           
50           

PMA1 
150           
100           
50           

PMA2 

150           
100           
50           
25           
16           

PMA3 

150           
100           
50           
25           
16           

PMA4 

150           
100           
50           

 

3.5.5. Thermogravimetric Analysis of the Monomers 

     

Figure S3.4. TGA weight loss profiles of OA, OA-based monomers, and OA-based polymers (10 °C/min, 
Ar 50 mL/min). 
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Figure S3.5. DTG profiles of OA, OA-based monomers, and OA-based polymers. 
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4. Novel Bio-Based Thermoplastic Polyurethanes Derived from 

Oleanolic Acid 

A series of novel polyurethanes (PU) were synthesized by incorporation of erythrodiol 

(ErDO), produced by direct reduction of the naturally occurring pentacyclic triterpenoid 

oleanolic acid (OA). Polyaddition was performed with four different diisocyanates, 

including the bio-based 1,5-pentamethylene diisocyanate (PDI). PUs were obtained with 

Mn values up to 43 kg/mol (from size-exclusion chromatography), thermal stability up to 

310 °C, and high glass-transition temperatures (Tg) up to approximately 250 °C. 

Copolymerization with 1,6-hexanediol produced a series of fully biobased, ternary 

ErDO/PDI-containing PUs with Tg ranging from 206 to 81 °C, without compromising 

thermal stability. 

 

 

Jessewitsch, T.; Demeler, A. K..; Delaittre, G. submitted for publication. 

 

Author contributions: T.J. contributed ideas, performed all syntheses and most characterization with 

contribution of A.K.D. in preliminary investigations. G.D. originated the concept. T.J. and G.D. analyzed the 

data and wrote the manuscript.  
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4.1. Introduction 

Polyurethanes (PUs) represent one of the most important classes of polymeric materials 

due to their outstanding chemical resistance, toughness, and mechanical strength.109,191 

These properties lead to a large range of applications as bulk materials, films, or foams, in 

insulating materials, composites, sealants, coatings, and adhesives, for instance.192,193 Their 

versatility also originates from the possibility to form materials of opposite properties, such 

as thermoplastics and thermosets, simply by tuning the functionality of the employed 

polyols or polyisocyanates, or by using an excess of isocyanate.193,194 Performance and 

properties of the polymers are tuned by the chemical nature of the reacting components and 

the reaction process.195 Although isocyanate-free protocols are gaining increasing attention, 

PUs are typically synthesized by reaction of diisocyanates with polyols, specifically diols 

in the case of thermoplastic PUs. 

As for most polymer types, the PU field is in demand for increased sustainability, 

particularly via biomass feedstocks.196 Therefore, bio-based diisocyanates have been 

investigated, e.g., sugar-,197,198 fatty acid-,195 and amino acid-based199 diisocyanates. On the 

other hand, examples of bio-based polyols based on carbohydrate derivatives195,200,201 or 

fatty acids202,203 are numerous. 

In the present study, we explore the incorporation of erythrodiol (olean-12-en-3β,28-diol, 

ErDO) as a diol for thermoplastic PU synthesis. Erythrodiol can be obtained by direct 

reduction of the related hydroxy acid derivative, oleanolic acid ((3β)-3-hydroxyolean-12-

en-28-oic acid, OA). The latter is a pentacyclic triterpenoid found in more than 1600 plant 

species, including fruits and leaves as well as soya beans, garlic, and olives.161,162 Despite 

the numerous pharmacological activities63 (antitumor163,204, anti-inflammatory205, 

antiviral206) of OA, its pharmaceutical use is limited by the low aqueous solubility 

(< 1 μg/mL) and low bioavailability,164 therefore rendering the derivatization of OA as an 

interesting target to achieve novel biologically active molecules.63 Using OA in materials 

science would be an alternative utilization, benefiting from its natural availability and 

eventually from the rigidity of the building block itself. For instance, we recently reported 

a range of OA-based polymethacrylates exhibiting high glass-transition temperatures.207 

Thermoplastic PUs usually consist of alternating hard and soft segments, whereby hard 

segments are represented by rigid diisocyanates or short polyols, and soft segments are 

formed by long polyols or macrodiols providing elasticity.195 Both segments contribute to 
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the degree of phase separation, crystallization, and hydrogen bonding of the final 

polymer.208 The soft segments commonly used are polyether,209 polyester,210  or 

polycarbonate211 polyols. The incorporation of erythrodiol in PUs, due to its bulky and 

chiral pentacyclic structure, should introduce highly rigid segments. 

 

4.2. Results and Discussion 

4.2.1. Monomer Synthesis 

One of the possible ways to obtain ErDO from OA is by esterification with methyl iodide, 

followed by reduction with diisobutylaluminium hydride (DIBAL-H). For the direct 

reduction of OA to the diol, DIBAL-H is not suitable, and the use of LiAlH4 is required. 

The reduction with LiAlH4 proceeds in dry conditions and at elevated temperatures with a 

yield of 87% after purification (Scheme 4.1). The reaction scale in our study varied from 1 

to 4 g of OA. ErDO shows high solubility in alcohols such as methanol (MeOH), ethanol 

(EtOH), and isopropanol (iPrOH). It displays, however, moderate solubility in 

dichloromethane (DCM), ethyl acetate (EtOAc), and aromatic solvents, as well as poor 

solubility in acetonitrile and cyclohexane. 

 

 

Scheme 4.1. Synthesis of ErDO by reduction of OA (a: LiAlH4, THF, 50 °C, 16 h), and its subsequent 
polymerization with diisocyanates.  

 

4.2.2. Catalyst Selection 

For the polyreaction of diols with diisocyanates, elevated temperatures up to 120 °C are 

favorable to increase conversion. Toluene is often considered as a solvent, yet the solubility 

of ErDO and the corresponding PUs is not sufficient. Consequently, chlorobenzene (PhCl) 

was first used to avoid precipitation at extended polymerization times, allowing us to 
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compare the effect of the catalyst on the polyaddition. In the course of this study, the green 

solvent anisole (PhOMe)212 was also found to be a good replacement. 

Catalysts for the synthesis of PUs reach from metal-based compounds (Sn, Hg, Bi, Al, Zr, 

Zn) to organic bases (1,4-diazabicyclo[2.2.2]octane, 1,8-diazabicyclo[5.4.0]undec-7-ene) 

and strong acids (sulfonic acids, phosphonic acids).213 Since it was observed that very 

strong acids such as triflic acid (TfOH) and sulfuric acid lead to the dehydration of the 

secondary alcohol in ErDO, the investigated catalysts were the ubiquitous 1,8-

diazabicyclo[5.4.0]undec-7-ene (DBU), Sn(Oct)2, as well as zinc diethyldithiocarbamate 

(ZDTC), which was found to yield high-molecular-weight PUs by polyaddition of 

hexamethylene diisocyanate (HDI) with polyethylene and polypropylene glycols.214 

HDI was chosen as the diisocyanate, as it may function as a flexible spacer between the 

rigid ErDO units. After reacting at 110 °C overnight in PhCl, Sn(Oct)2 showed the best 

catalytic performance leading to a broad polymer distribution (Mn = 8.3 kg/mol, Đ = 2.96; 

SEC in N,N-dimethylacetamide (DMAc) with a PMMA calibration, if not stated otherwise) 

with a low-molecular weight shoulder (Mn = 1.3 kg/mol, Vr = 33.4 mL) (Figure 4.1). This 

shoulder is most likely resulting from the bulky ErDO structure and its less reactive 

secondary alcohol. Moreover, aliphatic diisocyanates like HDI are less reactive compared 

to aromatic ones. Catalysis by DBU is less efficient, leading to Mn = 4.0 kg/mol with an 

intense oligomer-peak at 1.3 kg/mol. Similar behavior was observed for ZDTC 

(Mn = 3.2 kg/mol), where the SEC trace depicted a typical oligomer distribution. The trace 

of the Zn-catalyzed polyaddition shows remaining monomer, verified by the single 

injection of ErDO (442.7 g/mol) in the SEC system (Mn = 360 g/mol, Vr = 34.7 mL). It 

further indicates that the species with Mn = 1.3 kg/mol might be the dimer [ErDO-HDI]2, 

rather than the unreacted monomer. 

 

Figure 4.1. Experimental conditions and SEC results for the polyaddition of ErDO and HDI (dried raw 
mixtures, redissolved in DMAc + LiBr). 
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To further increase the conversion with DBU, the polyaddition was performed for 2 days 

at 110 °C in PhOMe. In Figure 4.2, analysis by SEC shows that molecular weights such as 

those obtained with Sn(Oct)2 can be achieved with DBU at elongated reaction times. The 

experiments were repeated with pentamethylene diisocyanate (PDI), a bio-based, glucose-

derived diisocyanate, showing almost identical results to those with HDI. P(ErDO-co-PDI) 

could be synthesized with Mn = 10 kg/mol (Sn(Oct)2, 90 °C, 16 h or DBU, 110 °C, 48 h). 

After evaporating PhOMe, the polymer distributions obtained from SEC were very broad, 

reaching dispersity values around 5, yet still showing the dimeric species (Mn = 1.3 kg/mol), 

despite the dry reaction conditions. It is important to highlight that DBU may lead to 

undesired side products, since it can catalyze the formation of allophanates (by reacting 

with urethanes) and isocyanurates (by trimerization of isocyanates).215 The bulkiness and 

low reactivity of the secondary alcohol of ErDO may slow down polyaddition, leading to 

the accumulation of free isocyanates and favoring side reactions. 

 

Figure 4.2. Experimental conditions and SEC results for the polyaddition of ErDO and HDI or PDI in 
PhOMe (dried raw mixtures, redissolved in DMAc + LiBr). 

 

4.2.3. Polymer Synthesis 

Since Sn(Oct)2 performs best regarding molecular weight and reaction time, it was used to 

synthesize and purify four different PUs based on ErDO with HDI, PDI, H12MDI, and 4,4’-

MDI, as shown in Scheme 4.2. Here, 4,4’-diisocyanato dicyclohexylmethane (H12MDI) 

and 4,4’-methylene diphenyl diisocyanate (MDI) were chosen as diverse aliphatic and 

aromatic spacer units. 

The polyadditions were performed in PhOMe (0.07 M) at 90 °C for 16 h under dry 

conditions, using an NCO/OH ratio of 1.00:1.00. Notably, when searching for the perfect 

stoichiometry, ratios of 1.05:1.00 or 0.95:1.00 did not lead to significant differences in 
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molecular weight. In fact, a larger excess of NCO led to gelation caused by a large reduction 

of solubility and/or the possibility of crosslinking by forming allophanate/isocyanurate 

linkages. NCO groups potentially remaining after the polymerization were deactivated with 

ethanol before solvents were removed under reduced pressure. 

  

Scheme 4.2. Synthesis of polyurethanes PU1–4: (a) Diisocyanate (1.0 eq), Sn(Oct)2 (5 mol%), PhOMe 
(0.07 M), 90 °C, 16 h. 

 

4.2.4. Characterization 

SEC analysis (Figure 4.3) revealed anew the presence of dimer species for PUs made from 

HDI and PDI. Although H12MDI is less reactive, PU3 shows a more uniform distribution. 

All polymers were subsequently washed with hot ethanol using Soxhlet extraction to 

remove the catalyst and remaining PhOMe. The extraction yields PUs essentially free of 

oligomers, with a uniform distribution and dispersity lying between 1.9–2.5. PU1–4 could 

be isolated in high yields between (68–97%), suggesting low amounts of oligomers or small 

molecules at the end of the polymerization. The achieved average molecular weight Mn for 

PU1, PU2, and PU4 measured by SEC in DMAc lies in the range of 21–39 kg/mol. Note 

that the SEC results are based on a single RI detection with a PMMA calibration and 

therefore do not correspond to absolute values. PU3 was unexpectedly insoluble in DMAc 

but could be dissolved in THF. Single-detection SEC in THF delivered Mn = 43 kg/mol (PS 
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calibration). Overall, catalysis by Sn(Oct)2 worked efficiently, even with H12MDI, the least 

reactive of the used diisocyanates. 

   

Figure 4.3. Average molecular weight and SEC profiles of PU1–4 before and after extraction (DMAc as 
eluent, PMMA calibration; *PU3: SEC with THF as eluent, PS calibration). 

The polymers have a very low solubility in many common solvents (MeOH, EtOH, 

acetone, iPrOH, DCM, EtOAc, chloroform, diethyl ether) at ambient temperature, likely 

due to hydrogen bonding, which is characteristic of PUs, combined with the rigid, apolar 

triterpenoid building block of OA. Therefore, NMR analysis was performed in deuterated 

1,1,2,2-tetrachloroethane (TeCA-d2) at 80 °C to achieve a low signal-to-noise ratio. In 

Figure 4.4, only signals distinct from those associated with the methyl, methylene, and 

methine groups of the OA motif (2.20–0.70 ppm) are labeled. The internal double bond 

(DB) remains intact (5.26−5.23 ppm, H-12) during polymerization and purification, with 

its associated chemical shift varying only slightly. Signals arising from the urethane proton 

(NH) can be found between 4.60−4.25 ppm for the aliphatic PUs. In contrast, for PU4, the 

adjacent aromatic units generate a uniform NHar signal shifted downfield at 6.45 ppm. 

Here, it should be mentioned that all characteristic signals in PU4 arising from the 

triterpenoid motif are also shifted downfield due to aromatic electron-withdrawing effects. 
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Figure 4.4. Structures of PU1–4 and the corresponding 1H NMR spectra (TeCA-d2, 80 °C, except for ErDO: 
CDCl3, 25 °C). 

The shift of H-3 from 3.22 to 4.20–4.50 ppm evidences the transformation of the secondary 

alcohol to a urethane. In a similar way, the signals of the methylene group H-28 shift 

slightly downfield and partially keep their coupling pattern of two separate doublets. 

Because of the chiral center at C-17, the protons are diastereotopic and one of them is 

spatially closer to the oxygen atom, and thus more deshielded. PU3 constitutes a special 

case: The methine groups neighboring the urethane are not chemically equivalent and yield 

two separate signals at 3.70 ppm (H-32) and 3.36 ppm (H-44), proving that the three-

dimensional structure of the two cyclohexane rings is asymmetrical. The different coupling 

between each NH-CH, which can be seen in the 1H-1H COSY spectrum, is illustrated in 

Figure 8.35 in the Appendix. This behavior is already known for the biscarbamate obtained 

from H12MDI and two molecules of n-butanol.208 Further, it should be noted that the two 

different hydroxyl groups of the chiral ErDO lead to the formation of urethane linkages 

with slightly different environments, materializing through the appearance of two urethane 

signals in the 13C NMR spectra (Figures 8.30, 8.32, and 8.34). 

The binary PUs were further analyzed in the solid state by ATR-FTIR spectroscopy, 

whereby the overlayed spectra are displayed in Figure 4.5. The first noticeable information 

is the absence of bands in the region of N=C=O vibrations (2270–2200 cm–1). This is 

expected, as even low-reactive residual NCO end-groups should have been capped during 
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EtOH quenching at the end of the polymerization or at the latest during Soxhlet extraction. 

In the region for N-H stretching vibrations (v), two very small bands at 3455 and 3337 cm-1 

are assigned to urethane linkages. This can be explained by the formation of H-bonds of 

varying strength, because strongly H-bonded NH-groups require lower energy to vibrate. 

This matches with the stronger absorption band at the lower wavenumber of 3337 cm–1, 

showing that most urethane groups form H-bonds. Consequently, the smaller band at 

3455 cm–1 arises from weakly H-bonded or even free NH-groups,216 possibly due to steric 

hindrance of the OA skeleton as well as the various modes of incorporation (head-to-tail, 

head-to-head, or tail-to-tail) leading to distinct urethane linkages. 

 

Figure 4.5. ATR-FTIR spectra of PU1–4. 

PU4 carries MDI as an aromatic urethane spacer, leading to bands with slightly higher or 

lower wavenumbers depending on the electronic effect of the aromatic core on the specific 

bond. The N-H stretching vibrations appear slightly shifted to lower wavenumbers, 

indicating a strengthening of the N-H bonds. The aliphatic C-H vibration shifts to 

2948 cm-1, whereas the aromatic vibration is barely detectable at 3049 cm–1. This might 

originate from the nature of the ATR technique, where bands at higher wavenumbers are 

less pronounced due to the shorter effective path length compared to transmission IR 

spectroscopy. Nevertheless, the aromatic v(C=C) band is visible at 1595 cm–1, next to the 

v(C=O) band. The strong absorption from the carbonyl group v(C=O) (namely amide I 

band) occurs at 1702 cm–1 for PU1–4. All polymers exhibit the characteristic amide II and 

III bands consistent for PUs, highlighted at 1510 and 1234 cm–1, respectively.208,217 

Additionally, the v(C-O) band is present between 1049 and 998 cm–1, which in combination 

with the amide bands proves the urethane linkage. 
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Thermogravimetric analysis of PU1–4 was performed to establish thermal stability (Figure 

4.6). The OA-based PUs are stable until 280 °C and are fully decomposed at temperatures 

around 500 °C. They all display a similar degradation pattern, with two main processes 

clearly identifiable in the DTG profiles (Figure 4.6, right). The first event is centered around 

332–336 °C and starts around 250–270 °C, as in the case of OA and ErDO, suggesting the 

involvement of the triterpenoidic motif. The second process occurs around 432–444 °C, 

independently of the used diisocyanate. It is assumed that traces of Sn(Oct)2 are responsible 

for the degradation behavior, even if the catalyst was expected to be removed after 

precipitation and Soxhlet extraction with EtOH. This instability caused by the catalyst does 

not appear when ZDTC was used instead, which most likely could be removed completely 

(vide infra).  

           

Figure 4.6. TGA and DTG profiles of PU1–4 (*Td refers to the point of inflection). 

The thermal instability caused by Sn(Oct)2 is also reflected in differential scanning 

calorimetry (DSC) measurements. Five successive heating-cooling cycles applied to PU1 

in the 25–240 °C range yielded decreasing Tg values (198, 191, 185, 177, and 170 °C – see 

Figure S4.3, left). To understand this process, PU1 was first annealed at 240 °C for 4 h. 

Subsequent SEC analysis revealed a broadening in dispersity from 2.47 to 2.98 with 

increasing Mw from 69 to 82 kg/mol, while Mn remained constant at 27 kg/mol (Figure 

S4.3, right). This change in molecular weight was ascribed to transurethanization processes 

altering the polymer structure and the thermal properties. If DSC analysis of PU1 is 

repeatedly performed only until 215 °C, each heating-cooling cycle yields a constant Tg 

value of 198 °C, which in the context of linear PUs would place it in the upper range. With 

a slightly smaller linear aliphatic domain, PDI-based PU2 with five methylene units instead 

of six shows an increased Tg at 206 °C, arising from slightly reduced chain flexibility. By 

incorporation of the bulky and rigid H12MDI or MDI in the polymer backbone, Tg was even 
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increased to 249 °C (PU3) and 253 °C (PU4). It should be pointed out that the aromatic 

MDI is indeed more rigid, with less rotational freedom compared to H12MDI with 

cyclohexane rings. On the one hand, a larger difference in Tg could be expected. On the 

other hand, PU4 already starts decomposing at 270–280 °C. 

 

Figure 4.7. DSC heating curves of PU1–4. 

 

4.2.5. Tuning Properties by Incorporation of 1,6-Hexanediol 

The glass-transition temperatures of PU1–4 are very high, close to the decomposition 

temperature. Therefore, the incorporation of another potentially bio-based flexible diol, 

namely 1,6-hexanediol (HDO), in combination with ErDO was envisioned. PDI was 

selected as the diisocyanate in order to propose a series of fully bio-based ternary PUs 

(Scheme 4.3). 

 

Scheme 4.3. Synthesis of polyurethanes with increasing content of HDO (in PhOMe, 0.1 M). 

Since Sn(Oct)2 could not be removed after polymerization of PU1–4 (vide infra), ZDTC 

was used for further reactions. It needs to be highlighted that the catalytic activity of ZDTC 

towards the secondary alcohol of ErDO is significantly lower compared to that of the tin 

catalyst. This result seems contrary to some reports, for instance, when the 

copolymerization of polyether diols with HDI in toluene led to polymers with higher 

molecular weights using ZDTC instead of a similar tin catalyst.214 To reach the high 
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conversions essential for step-growth polymerization, the polyaddition of ErDO and HDO 

with PDI was performed with ZDTC at 115 °C for 2 days in PhOMe (0.1 M). Figure 4.8 

shows the 1H NMR spectra corresponding to the copolymer synthesis with a molar ratio 

ErDO:HDO 30:70, after 24 and 48 h revealing a conversion of 90% and > 99%, 

respectively, according to the CH2NCO signal at 3.32 ppm in comparison to the signal at 

3.29 ppm of unreacted PDI itself. Simultaneously, SEC analysis reveals an increase in Mn 

from 7.1 to 23 kg/mol for the unpurified polymer PU2d.  

 

Figure 4.8. (Top) Structure of ternary polyurethane PU2d (conditions: ZDTC 5 mol%, PhOMe 0.1 M, 
115 °C). (Bottom, left) 1H NMR spectra of the unpurified copolymer at 24 and 48 h. (Bottom, right) 
Corresponding SEC chromatograms. 

A series of experiments with varying ErDO:HDO ratios was performed, from 70:30 (PU2a 

and PU2b) to 0:100 (PU2e, i.e., HDO-PDI binary PU) (Table 4.1). The polymers were 

precipitated in cold MeOH and washed with hot MeOH using Soxhlet extraction, providing 

yields between 59 and 98%. A comparison of the 1H NMR spectra can be found in the SI 

(Figure S4.2). Note that the introduced HDO does not alter the chemical shifts arising from 

the ErDO-PDI block already displayed in Figure 4.4. 1H NMR peak integration provides 

the amount of ErDO incorporated in the polymer backbone by comparing the alkenyl 

signal (H-12, 5.22 ppm) to the signal originating from the methylene group of PDI units 

adjacent to the urethane (H-32, 3.14 ppm). The calculated percentages of ErDO lie rather 

close to the targeted ratios. 

SEC analysis in DMAc of the purified polymers showed a uniform distribution with Mn 

ranging from 14 to 28 kg/mol, except for PU2e, exhibiting a small oligomer population 

(Table 4.1). While the tin-catalyzed polyaddition with 30 mol% HDO led to an increase of 
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the polymerization degree from 65 (PU2) to 196 (PU2a), which may be the result of an 

increased ratio of reactive primary alcohols over secondary alcohols and an increased chain 

flexibility, this effect was not observed with the zinc catalyst. 

Table 4.1. Experimental parameters and results for the synthesis of ternary PDI-based polyurethanes with 
varying compositions in ErDO and HDO. 

 [ErDO]:([ErDO]+[HDO])  M [g/mol]   

 Target Exp. Catalyst (1) Yield (2) Mn Mw Đ DPn 

PU2 100 100 
Sn(Oct)2 

68% 38 700 73 300 1.89 65 

PU2a 70 65 98% 94 500 236 000 2.50 196 

PU2b 70 69 

ZDTC 

98% 28 400 83 700 2.94 57 

PU2c 50 54 59% 23 500 49 300 2.10 53 

PU2d 30 33 60% 34 400 65 100 1.89 91 

PU2e 0 0 76% 13 500 37 800 2.80 50 

(1) Sn(Oct)2 5 mol%, PhOMe, 90 °C, 16 h; ZDTC 5 mol%, PhOMe, 115 °C, 48 h, except PU2e: DMAc, 90 °C, 16 h. 
(2) Isolated yield after extraction. 

IR analysis revealed that the vibrational band for the free or weakly H-bonded –NH motifs 

at 3455 cm-1 disappears with decreasing ErDO content. Concomitantly, the band at 

3337 cm-1 accounting for stronger H-bonded –NH motifs intensifies, as does the 

deformation vibration band at 1510 cm-1 (Figure 4.9). This increased IR activation arises 

from an enhanced change of dipole moment and points towards more H-bonding, which is 

ascribed to increased flexibility through HDO incorporation. 

  

Figure 4.9. ATR-FTIR spectra of PU2a–e. 

During the investigation of the thermal properties of these terpolyurethanes, the influence 

of the employed catalyst on the stability was established. TGA and DTG profiles are 

displayed in Figure 4.10. Only the terpolymer obtained with Sn(Oct)2 (PU2a) displays two 



 Novel Bio-Based Thermoplastic Polyurethanes Derived from Oleanolic Acid 

74 
 

separate degradation processes at 314 and 434 °C, respectively, as in the case of the earlier 

described binary PUs obtained with Sn(Oct)2 (and no HDO). Importantly, PU2b, the 

polymer with the same comonomer composition but obtained with ZDTC, only shows one. 

Therefore, this different degradation mode must be linked to the remaining catalyst. 

Additionally, Sn(Oct)2 may favor the creation of HDO-PDI sequences since the first 

degradation event of PU2a clearly overlaps with the only degradation process of PU2e, 

containing no ErDO and obtained with ZDTC. Also, while PU2e shows a lower thermal 

stability compared to all ternary ErDO-containing PUs (Td = 339 °C vs 366–379 °C), the 

HDO content seems to play a minor role.  

       

Figure 4.10. TGA and DTG profiles of P2a–e (*Td refers to the point of inflection). 

In contrast, Figure 4.11 illustrates a clear decreasing trend in Tg with increasing HDO 

content, as expected. The high Tg of PU2 (206 °C) could be efficiently reduced to 147, 119, 

and 81 °C by raising the HDO fraction to 30, 50, and 70 mol%, respectively. As a 

comparison, PU2e, devoid of ErDO units, exhibits a low Tg at 18 °C and is semicrystalline, 

with two melting points (Tm1 = 131 °C, Tm2 = 148 °C), suggesting the presence of two 

crystalline domains. This also implies that if the incorporation of HDO-PDI segments is 

favored by the tin catalyst, these sequences must be short because PU2a is purely 

amorphous. In summary, the glass transition of the ErDO-PDI bio-based PUs could be 

tuned in a broad range spanning over 125 °C by introducing various amounts of HDO. 

Therefore, the occurrence of stronger H-bonding seems to be overcome by the presence of 

a flexible C6 spacer. 
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Figure 4.11. DSC heating curves for PU2a–e (10 °C/min). 

 

4.3. Conclusion 

Novel polyurethanes could be synthesized using erythrodiol, a diol obtained by simple 

reduction of naturally occurring oleanolic acid (OA). The effect of three catalysts (tin 

octoate, zinc diethyldithiocarbamate, and DBU) on the polymerization of erythrodiol with 

hexamethylene diisocyanate was investigated, reaching the best outcome with the tin 

catalyst. The low reactivity of the secondary alcohol of erythrodiol led to the presence of 

low-molecular-weight products when aliphatic linear diisocyanates were employed. This 

was not the case with the highly reactive methylene diphenyl diisocyanate and its 

hydrogenated, non-aromatic counterpart. The corresponding binary polyurethanes possess 

reasonably high molar masses (Mn = 21–43 kg/mol), good thermal stability (onset of 

decomposition around 310 °C), and high glass-transition temperatures (Tg ≈ 200–250 °C) 

arising from the rigid OA motif. The thermal properties could be further tuned by 

incorporating 1,6-hexanediol (HDO), another potentially bio-based yet flexible diol. Glass-

transition temperatures ranging from 206 to 81 °C with increasing HDO content were 

imparted. Polymers containing HDO were synthesized using zinc diethyldithiocarbamate 

(ZDTC) as a catalyst. Indeed, while it is assumed that tin octoate traces remain even after 

Soxhlet extraction and alter the thermal stability, no such issues were observed when using 

ZDTC. In the future, a comparative study with betulin as an abundant constitutional diol 

isomer of erythrodiol would be of interest. Functionalization of the OA motif pre- or post-

polymerization, particularly via the C=C double bond, should also be envisaged as a way 

to tune material properties and possibly lead to bio-based PU thermosets. 
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4.4. Experimental Procedures 

Erythrodiol (ErDO)  

Oleanolic acid (4.45 g, 9.74 mmol, 1.0 eq) was dried in vacuo prior to dissolution in dry 

THF (195 mL, 0.05 M). Subsequently, lithium aluminum hydride powder (1.55 g, 

40.9 mmol, 4.2 eq) was added through the sleeve in one portion. The reaction mixture was 

heated to reflux for 1 hour under continuous stirring. Afterwards, the reaction mixture was 

stirred at 50 °C overnight. While cooling on ice, the reaction mixture was carefully 

quenched with a saturated aq. potassium sodium tartrate solution. After resolving the 

emulsion, ethyl acetate was added. The organic phase was separated, washed with water 

and brine, dried over MgSO4, filtered, and concentrated in vacuo. Purification of the 

resulting raw product by flash chromatography (SiO2, CH/EA  98/02 → 70/30) yielded 

ErDO as a white powder after solvent evaporation (3.60 g, 8.52 mmol, 87%).  

1H NMR (400 MHz, CDCl3): δ [ppm] = 5.19 (t, J = 3.7 Hz, 1H, H12), 3.55 (d, J = 11.0 Hz, 

1H, H28), 3.26 – 3.18 (m, 1H, H3), 3.21 (d, J = 11.1 Hz, 1H, H28), 1.98 (dd, J = 13.7, 4.6 

Hz, 1H, H18), 1.94 – 1.83 (m, 3H), 1.78 – 1.24 (m, 14H), 1.22 – 1.13 (m, 2H), 1.16 (s, 3H), 

1.06 (ddd, J = 13.4, 4.7, 2.4 Hz, 1H), 0.99 (s, 3H), 1.02 – 0.95 (m, 2H), 0.94 (s, 3H), 0.93 

(s, 3H), 0.88 (s, 3H), 0.87 (s, 3H), 0.79 (s, 3H), 0.73 (dd, J = 11.6, 1.9 Hz, 1H, H5). 

13C{1H} NMR (101 MHz, CDCl3): δ [ppm] = 144.4, 122.5, 79.1, 69.8, 55.3, 47.7, 46.6, 

42.5, 41.9, 39.9, 38.9, 38.7, 37.1, 37.1, 34.2, 33.3, 32.7, 31.2, 31.1, 28.2, 27.4, 26.1, 25.7, 

23.7, 23.7, 22.1, 18.5, 16.9, 15.7, 15.7. 

FTIR (ATR): ṽ [cm–1] = 3334 (w), 2945 (s), 2930 (s), 2869 (s), 1465 (m), 1361 (m), 1043 

(s), 1003 (s). 

HRMS (ESI): [M+H]+ m/z 443.3881 (calculated for C30H51O2
+: m/z 443.3884), 

                        [M+Na]+  m/z 465.3701 (calculated for C30H50O2Na+: m/z 465.3703). 

TGA (Ar): Td5% = 299 °C. 
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Polymers based on erythrodiol and HDI (PU1') 

ErDO (157 mg, 355 µmol, 1.0 eq) was dissolved in dry PhCl (12 mL, 0.03 M) by moderate 

heating. Subsequently, one of the catalysts – Sn(Oct)2 (5.7 µL, 17.7 µmol, 0.05 eq), ZDTC 

(6.4 mg, 17.7 µmol, 0.05 eq), or DBU (2.7 µL, 17.7 µmol, 0.05 eq) – was added as a 

solution in dry PhCl (0.09 M), followed by the addition of HDI (60 µL, 372 µmol, 1.05 eq). 

The reaction solution was stirred at 110 °C overnight, whereby remaining NCO groups 

were end-capped by the addition of 0.3 mL EtOH and further stirring for 20 min. The 

solvents were removed in vacuo, and a sample was collected for SEC analysis in DMAc. 

 

Catalyst Mn [g/mol] Mw [g/mol] Đ 

ZDTC 3200 5300 1.62 
DBU 4000 8200 2.03 

Sn(Oct)2 8300 24 500 2.96 

 

 

Polymers based on erythrodiol and HDI (PU1'') or PDI (PU2') 

ErDO (1.0 eq) was dissolved in dry anisole (0.07 M) by moderate heating. Subsequently, 

one of the catalysts – Sn(Oct)2 (0.05 eq) or DBU (0.05 eq) – was added as a solution in dry 

anisole (0.09 M), followed by the addition of HDI (1.0 eq) resp. PDI (1.0 eq). The two 

reaction solutions with Sn(Oct)2 were stirred at 90 °C overnight, while the two solutions 

with DBU were stirred at 110 °C for 2 days. After deactivation of remaining NCO with 

EtOH (0.3 mL), the solvents were removed in vacuo, and a sample was collected for SEC 

analysis in DMAc. 
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Catalyst Diisocyanate Conditions Mn [g/mol] Mw [g/mol] Đ 

DBU 
HDI

 

110 °C, 48 h 
8800 35 400 4.01 

PDI
 

10 400 50 000 4.76 

Sn(Oct)
2
 HDI

 

90 °C, 16 h 
11 200 53 500 4.77 

PDI 10 000 55 000 5.48 

 

 

General procedure for synthesis of PU1–4 (A1) 

ErDO (1.0 eq) was dissolved in dry anisole (0.07 M) by moderate heating. Sn(Oct)2 

(0.05 eq) was added as a solution in anisole (0.09 M), followed by the addition of 

diisocyanate (1.0 eq). The reaction solution was stirred at 90 °C overnight. Afterwards, the 

remaining NCO groups were end-capped with EtOH (0.3 mL) by stirring the solution for a 

further 20 min. The solvents were removed under reduced pressure, and a sample was 

collected for SEC analysis prior to purification by procedure B1. 

 

General procedure for synthesis of PU2b–d (A2) 

ErDO (X eq), 1,6-hexanediol (1-X eq), and ZDTC (0.05 eq) were dissolved in dry anisole 

(0.1 M). Followed by the addition of PDI (1.0 eq), the reaction solution was stirred at 

115 °C for 2 days. Remaining NCO groups were end-capped by the addition of EtOH 

(0.3 mL) and subsequent stirring. The solvents were removed under reduced pressure, and 

a sample was collected for SEC analysis. The polymer was further purified according to 

procedure B1. 

 

General procedure for purification (B1) 

The dried polymer was dissolved in hot chloroform and precipitated in cold methanol 

(-20 °C). After filtration, the polymers were purified by Soxhlet extraction overnight with 

hot ethanol (PU1–4) or hot methanol (PU2a–d) to remove oligomers and the catalyst 

(traces of Sn(Oct)2 remain in polymer). The polyurethanes were collected as solids from 

the filter, except PU1, PU2, PU2a, and PU2b, which entered the pores of the filter paper. 

They were therefore redissolved in chloroform from the Soxhlet extractor, concentrated, 

and dried in vacuo. 
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Poly(1,6-diisocyanatohexane-alt-erythrodiol) (PU1) 

PU1 was prepared from ErDO (247 mg, 558 µmol, 1.0 eq), HDI (89.6 µL, 558 µmol, 

1.0 eq), and Sn(Oct)2 (9.0 µL, 27.9 µmol, 0.05 eq) in anisole (8.0 mL, 0.07 M) at 90 °C 

(16 h) according to procedures A1/B1 and obtained as transparent flakes (290 mg, 

475 µmol, isolated yield 85%). 

1H NMR (600 MHz, C2D2Cl4): δ [ppm] = 5.23 (br. s, 1H, H12), 4.51 (br. s., 2H, NH), 4.36 

(dd, J = 11.5, 4.5 Hz, 1H, H3), 4.03 (d, J = 10.7 Hz, 1H, H28), 3.72 (d, J = 10.8 Hz, 1H, 

H28), 3.19 – 2.31 (m, 4H, H32), 2.15 – 0.71 (m, 52H). 

13C{1H} NMR (151 MHz, C2D2Cl4): δ [ppm] = 157.1, 156.9, 144.1, 123.0, 81.7, 71.3, 55.9, 

48.0, 46.7, 43.0, 42.2, 41.4, 41.3, 40.3, 38.9, 38.3, 37.2, 36.5, 34.5, 33.3, 33.1, 31.8, 31.0, 

30.3, 30.3, 28.4, 26.6, 26.6, 26.2, 26.0, 24.3, 24.0, 23.9, 23.0, 18.6, 17.2, 17.0, 15.7. 

FTIR (ATR): ṽ [cm–1] = 3457 (vw), 3342 (vw), 2926 (m), 2861 (m), 1698 (s), 1511 (m), 

1462 (m), 1234 (s), 998 (m). 

SEC (DMAc): Mn = 27700 g/mol; Mw = 68500 g/mol; Đ = 2.47. 

TGA (Ar): Td5% = 310 °C. DSC (Ar): Tg = 198 °C. 

 

Poly(1,5-diisocyanatopentane-alt-erythrodiol) (PU2) 

PU2 was prepared from ErDO (233 mg, 527 µmol, 1.0 eq), PDI (75.8 µL, 527 µmol, 

1.0 eq) and Sn(Oct)2 (8.5 µL, 26.3 µmol, 0.05 eq) in anisole (7.5 mL, 0.07 M) at 90 °C 

(16 h) according to procedures A1/B1 and obtained as transparent flakes (215 mg, 

360 µmol, isolated yield 68%). 
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1H NMR (600 MHz, C2D2Cl4): δ [ppm] = 5.22 (br. s, 1H, H12), 4.53 (br. s., 2H, NH), 4.36 

(dd, J = 11.4, 4.7 Hz, 1H, H3), 4.03 (d, J = 10.7 Hz, 1H, H28), 3.71 (d, J = 10.8 Hz, 1H, 

H28), 3.20 – 3.10 (m, 4H, H32), 2.10 – 0.77 (m, 50H). 

13C{1H} NMR (151 MHz, C2D2Cl4): δ [ppm] = 157.0, 156.9, 144.1, 123.0, 81.7, 71.3, 55.9, 

48.0, 46.7, 43.0, 42.1, 41.4, 41.3, 40.3, 38.8, 38.3, 37.2, 36.5, 34.5, 33.3, 33.1, 31.8, 31.0, 

30.1, 30.1, 28.4, 26.1, 26.0, 24.3, 24.2, 24.0, 23.9, 22.9, 18.6, 17.2, 17.0, 15.7. 

FTIR (ATR): ṽ [cm–1] = 3457 (vw), 3341 (vw), 2926 (m), 2863 (m), 1700 (s), 1509 (m), 

1461 (m), 1237 (s), 1006 (m). 

SEC (DMAc): Mn = 38700 g/mol; Mw = 73300 g/mol; Đ = 1.89. 

TGA (Ar): Td5% = 305 °C. DSC (Ar): Tg = 206 °C. 

 

Poly(4,4′-methylenebis(cyclohexyl isocyanate)-alt-erythrodiol) (PU3) 

PU3 was prepared from ErDO (237 mg, 535 µmol, 1.0 eq), H12MDI (132 µL, 535 µmol, 

1.0 eq) and Sn(Oct)2 (8.7 µL, 26.8 µmol, 0.05 eq) in anisole (7.6 mL, 0.07 M) at 90 °C 

(16 h) according to procedure A1/B1 and obtained as transparent flakes (347 mg, 

492 µmol, isolated yield 92%). 

1H NMR (600 MHz, C2D2Cl4): δ [ppm] = 5.23 (br. s, 1H, H12), 4.57 (d, J = 7.8 Hz, 1H, 

NH32), 4.44 – 4.27 (m, 2H NH44+H3), 4.02 (t, J = 11.2 Hz, 1H, H28), 3.79 – 3.62 (m, 2H, 

H28+H32), 3.44 – 3.28 (m, 1H, H44), 2.15 – 0.65 (m, 64H). 

13C{1H} NMR (151 MHz, C2D2Cl4): δ [ppm] = 156.4, 156.2 , 144.1, 123.0, 81.5, 71.2, 

55.9, 51.0, 51.0, 48.0, 48.0, 47.8, 46.7, 46.7, 43.1, 43.0, 42.2, 40.3, 38.9, 38.3, 37.2, 36.5, 

36.5, 34.5, 33.8, 33.3, 33.1, 33.0, 32.5, 31.8, 31.0, 30.0, 28.6, 28.4, 26.1, 26.0, 24.3, 24.0, 

23.9, 23.0, 18.6, 17.2, 17.0, 17.0, 15.7. 

FTIR (ATR): ṽ [cm–1] = 3449 (vw), 3342 (vw), 2924/2857 (m), 1713 (s), 1498 (m), 1455 

(m), 1217 (s), 1039 (m). 

SEC (THF): Mn = 43000 g/mol; Mw = 102000 g/mol; Đ = 2.38. 

TGA (Ar): Td5% = 315 °C. DSC (Ar): Tg = 249 °C. 
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Poly(4,4′-methylenebis(phenyl isocyanate)-alt-erythrodiol) (PU4) 

PU4 was prepared from ErDO (236 mg, 533 µmol, 1.0 eq), 4,4′-MDI (133 mg, 533 µmol, 

1.0 eq) and Sn(Oct)2 (8.7 µL, 26.6 µmol, 0.05 eq) in anisole (7.6 mL, 0.07 M) at 90 °C 

(16 h) according to procedure A1/B1 and obtained as a white solid (359 mg, 518 µmol, 

isolated yield 97%). 

1H NMR (600 MHz, C2D2Cl4): δ [ppm] = 7.29 (t, J = 7.3 Hz, 4H, H33), 7.12 (d, J = 8.5 Hz, 

4H, H34), 6.45 (s, 2H, NH), 5.26 (br. s, 1H, H12), 4.50 (dd, J = 11.4, 4.8 Hz, 1H, H3), 4.17 

(d, J = 10.8 Hz, 1H, H28), 3.91 (s, 2H, H35), 3.83 (d, J = 10.9 Hz, 1H, H28), 2.16 – 0.78 (m, 

44H). 

13C{1H} NMR (151 MHz, C2D2Cl4): δ [ppm] = 154.2, 154.0, 143.9, 136.6 (2C), 136.5 (2C), 

129.6 (4C), 123.2, 119.7 (2C), 119.6 (2C), 82.6, 71.9, 55.9, 48.0, 46.7, 43.1, 42.2, 40.8, 

40.3, 38.9, 38.3, 37.3, 36.5, 34.4, 33.3, 33.0, 31.8, 31.0, 28.4, 26.2, 26.1, 24.3, 24.0, 23.9, 

22.9, 18.6, 17.2, 17.0, 15.7. 

FTIR (ATR): ṽ [cm–1] = 3429 (vw), 3323 (vw), 2946 (m), 2865 (m), 1704 (s), 1595 (w), 

1519 (s), 1459 (w), 1207 (s), 1049 (m). 

SEC (DMAc): Mn = 21300 g/mol; Mw = 52900 g/mol; Đ = 2.48. 

TGA (Ar): Td5% = 319 °C. DSC (Ar): Tg = 253 °C. 

 

Poly(1,5-diisocyanatopentane-co-erythrodiol-co-1,6-hexanediol) (PU2a) 

PU2a was synthesized by dissolving ErDO (195 mg, 440 µmol, 0.7 eq) and 1,6-hexanediol 

(22.3 mg, 189 µmol, 0.3 eq) in dry anisole (6.3 mL, 0.1 M) by moderate heating. Sn(Oct)2 

(10.2 µL, 31.5 µmol, 0.05 eq) was added as a solution in dry anisole (0.09 M) to the 

reaction mixture, followed by the addition of PDI (90.5 µL, 629 µmol, 1.0 eq). The reaction 
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solution was stirred at 90 °C overnight, and afterwards remaining NCO groups were end-

capped with EtOH (0.3 mL). The solvents were removed under reduced pressure, a sample 

was collected for SEC analysis, and the polymer was purified following procedure B1, 

yielding PU2a as a transparent solid (298 mg, 617 µmol, isolated yield 98%). 

1H NMR (600 MHz, C2D2Cl4): δ [ppm] = 5.22 (br s., 0.6H, H12), 4.74 – 4.47 (m, 2H, NH), 

4.36 (dd, J = 11.5, 4.6 Hz, 0.6H, H3), 4.10 – 3.97 (m, 1.6H, H28+Ha), 3.71 (d, J = 10.8 Hz, 

0.6H, H28), 3.14 (dd, J = 6.3, 6.1 Hz, 4H, H32), 2.11 – 0.70 (m, 37H). 

13C{1H} NMR (151 MHz, C2D2Cl4): δ [ppm] = 157.1 (2C), 156.9 (2C), 144.1, 123.0, 81.7, 

71.3, 65.0, 55.9, 48.0, 46.7, 43.0, 42.1, 41.4, 41.3, 40.3, 38.8, 38.3, 37.2, 36.5, 34.5, 33.3, 

33.1, 31.8, 31.0, 30.2, 30.1, 30.1, 30.1, 30.0, 30.0, 30.0, 30.0, 29.2, 28.4, 26.1, 26.0, 25.8, 

24.3, 24.2, 24.2, 24.2, 24.0, 23.9, 22.9, 18.6, 17.2, 17.0, 15.7. 

FTIR (ATR): ṽ [cm–1] = 3321 (w), 2933 (m), 2861 (m), 1691 (s), 1525 (m), 1457 (w), 1243 

(s), 1024 (m). 

SEC (DMAc): Mn = 94500 g/mol; Mw = 236000 g/mol; Đ = 2.50. 

TGA (Ar): Td5% = 287 °C. DSC (Ar): Tg = 158 °C. 

 

Poly(1,5-diisocyanatopentane-co-erythrodiol-co-1,6-hexanediol) (PU2b) 

PU2b was prepared from ErDO (195 mg, 440 µmol, 0.7 eq), 1,6-hexanediol (22.3 mg, 

189 µmol, 0.3 eq), PDI (90.5 µL, 629 µmol, 1.0 eq), and ZDTC (11.4 mg, 31.5 µmol, 

0.05 eq) in anisole (6.3 mL, 0.1 M) at 115 °C (48 h) according to procedure A2/B1 and 

obtained as a transparent solid (305 mg, 615 µmol, isolated yield 98%). 

1H NMR (600 MHz, C2D2Cl4): δ [ppm] = 5.22 (br. s, 0.7H, H12), 4.73 – 4.45 (m, 2H, NH), 

4.36 (dd, J = 11.4, 4.7 Hz, 0.7H, H3), 4.09 – 3.98 (m, 1.7H, H28+Ha), 3.71 (d, J = 10.8 Hz, 

0.7H, H28), 3.14 (dd, J = 6.4, 6.1 Hz, 4H, H32), 2.10 – 0.77 (m, 38H). 

13C{1H} NMR (151 MHz, C2D2Cl4): δ [ppm] = 157.1 (2C), 156.9 (2C), 144.1, 123.0, 81.7, 

71.3, 65.0, 55.9, 48.0, 46.7, 43.0, 42.1, 41.4, 41.3, 40.3, 38.8, 38.3, 37.2, 36.5, 34.5, 33.3, 
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33.1, 31.8, 31.0, 30.1, 30.1, 30.1, 30.1, 30.0, 30.0, 30.0, 30.0, 29.2, 28.4, 26.1, 26.0, 25.8, 

24.3, 24.2, 24.2, 24.2, 24.0, 23.9, 22.9, 18.6, 17.2, 17.0, 15.7. 

FTIR (ATR): ṽ [cm–1] = 3331 (w), 2929 (m), 2861 (m), 1694 (s), 1515 (m), 1459 (w), 1240 

(s), 1006 (m). 

SEC (DMAc): Mn = 28400 g/mol; Mw = 83700 g/mol; Đ = 2.94. 

TGA (Ar): Td5% = 307 °C. DSC (Ar): Tg = 147 °C. 

 

Poly(1,5-diisocyanatopentane-co-erythrodiol-co-1,6-hexanediol) (PU2c) 

PU2c was prepared from ErDO (139 mg, 314 µmol, 0.5 eq), 1,6-hexanediol (37.1 mg, 

314 µmol, 0.5 eq), PDI (90.3 µL, 628 µmol, 1.0 eq), and ZDTC (11.4 mg, 31.4 µmol, 

0.05 eq) in anisole (6.3 mL, 0.1 M) at 115 °C (48 h) according to procedure A2/B1 and 

obtained as a transparent solid (167 mg, 373 µmol, isolated yield 59%). 

1H NMR (600 MHz, C2D2Cl4): δ [ppm] = 5.22 (br. s, 0.5H, H12), 4.82 – 4.43 (m, 2H, NH), 

4.36 (dd, J = 11.4, 4.7 Hz, 0.5H, H3), 4.11 – 3.96 (m, 2.2H, H28+Ha), 3.71 (d, J = 10.8 Hz, 

0.5H, H28), 3.14 (dd, J = 6.9, 6.7 Hz, 4H, H32), 2.10 – 0.78 (m, 33H). 

13C{1H} NMR (151 MHz, C2D2Cl4): δ [ppm] = 157.1 (2C), 156.9 (2C), 144.1, 123.0, 81.7, 

71.3, 65.0, 55.9, 48.0, 46.7, 43.0, 42.1, 41.4, 41.3, 40.3, 38.8, 38.3, 37.2, 36.5, 34.5, 33.3, 

33.1, 31.8, 31.0, 30.1, 30.1, 30.0, 30.0, 30.0, 30.0, 30.0, 30.0, 29.2, 28.4, 26.1, 26.0, 25.8, 

24.3, 24.2, 24.2, 24.2, 24.0, 23.9, 22.9, 18.6, 17.2, 17.0, 15.7. 

FTIR (ATR): ṽ [cm–1] = 3329 (w), 2931 (m), 2861 (m), 1691 (s), 1521 (m), 1457 (w), 1242 

(s), 1003 (m). 

SEC (DMAc): Mn = 23500 g/mol; Mw = 49300 g/mol; Đ = 2.10. 

TGA (Ar): Td5% = 305 °C. DSC (Ar): Tg = 119 °C. 
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Poly(1,5-diisocyanatopentane-co-erythrodiol-co-1,6-hexanediol) (PU2d) 

PU2d was prepared from ErDO (92.0 mg, 208 µmol, 0.3 eq), 1,6-hexanediol (57.3 mg, 

485 µmol, 0.7 eq), PDI (100 µL, 693 µmol, 1.0 eq), and ZDTC (12.5 mg, 34.6 µmol, 

0.05 eq) in anisole (6.9 mL, 0.1 M) at 115 °C (48 h) according to procedure A2/B1 and 

obtained as a transparent solid (158 mg, 416 µmol, isolated yield 60%). 

1H NMR (600 MHz, C2D2Cl4): δ [ppm] = 5.21 (br. s, 0.3H, H12), 4.86 – 4.45 (m, 2H, NH), 

4.35 (dd, J = 11.5, 4.7 Hz, 0.3H, H3), 4.12 – 3.95 (m, 2.7H, H28+Ha), 3.71 (d, J = 10.9 Hz, 

0.3H, H28), 3.14 (dd, J = 6.9, 6.8 Hz, 4H, H32), 2.12 – 0.76 (m, 26H). 

13C{1H} NMR (151 MHz, C2D2Cl4): δ [ppm] = 157.1 (2C), 156.9 (2C), 144.1, 123.0, 81.7, 

71.3, 65.0, 55.9, 48.0, 46.7, 43.0, 42.1, 41.4, 41.3, 40.3, 38.8, 38.3, 37.2, 36.5, 34.5, 33.3, 

33.0, 31.8, 31.0, 30.2, 30.1, 30.1, 30.0, 30.0, 30.0, 29.9, 29.9, 29.2, 28.4, 26.1, 26.0, 25.8, 

24.3, 24.2, 24.2, 24.2, 24.0, 23.9, 22.9, 18.6, 17.2, 17.0, 15.7. 

FTIR (ATR): ṽ [cm–1] = 3325 (w), 2927 (m), 2859 (m), 1684 (s), 1527 (m), 1461 (w), 1243 

(s), 1008 (w). 

SEC (DMAc): Mn = 34400 g/mol; Mw = 65100 g/mol; Đ = 1.89. 

TGA (Ar): Td5% = 301 °C. DSC (Ar): Tg = 81 °C. 

 

Poly(1,5-diisocyanatopentane-alt-1,6-hexanediol) (PU2e) 

1,6-hexanediol (189 mg, 1560 µmol, 1.0 eq) and ZDTC (28.9 mg, 80.0 µmol, 0.05 eq) 

were dissolved in dry DMAc (8.0 mL, 0.2 M), followed by the addition of PDI (230 µL, 

1560 µmol, 1.0 eq). The reaction solution was stirred at 90 °C overnight. Possible 

remaining NCO groups were end-capped with EtOH (0.3 mL). The solvents were removed 

under reduced pressure, and a sample was collected for SEC analysis. The polymer was 

purified according to procedure B1, except that Soxhlet extraction with MeOH was 
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ineffective and was therefore repeated with isopropanol. After drying, PU2e was obtained 

as a white solid (333 mg, 1220 µmol, isolated yield 76%). 

1H NMR (600 MHz, DMSO-d6): δ [ppm] = 6.57 (s, 2H, NH), 3.94 (t, J = 6.7 Hz, 4H, Ha), 

2.97 (q, J = 6.7 Hz, 4H, H1), 1.56 (p, J = 6.7 Hz, 4H, Hb), 1.42 (p, J = 7.3 Hz, 4H, H2), 1.34 

(p, J = 3.6 Hz, 4H, Hc), 1.26 (p, J = 7.6 Hz, 2H, H3). 

13C{1H} NMR (151 MHz, DMSO-d6): δ [ppm] = 155.8 (2C), 63.1 (2C), 39.9 (2C), 28.6 

(2C), 28.2 (2C), 24.6 (2C), 23.1. 

FTIR (ATR): ṽ [cm–1] = 3331 (m), 2931 (m), 2861 (m), 1682 (s), 1532 (s), 1474 (w), 1258 

(s), 1012 (w). 

SEC (DMAc): Mn = 13500 g/mol; Mw = 37800 g/mol; Đ = 2.80. 

TGA (Ar): Td5% = 287 °C. DSC (Ar): Tg = 18 °C; Tm1 = 131 °C; Tm2 = 148 °C. 

 

 

4.5. Supplementary Information 

    

Figure S4.1. SEC profiles of PU2a–e before (left) and after (right) extraction with MeOH (SEC with DMAc 
as eluent. PU2a: Sn(Oct)2 5 mol%, PhOMe, 90 °C, 16 h; PU2b–d: ZDTC 5 mol%, PhOMe, 115 °C, 48 h; 
PU2e: ZDTC 5 mol%, DMAc, 90 °C, 16 h) 
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Figure S4.2. General structure of copolymers PU2a–e and corresponding 1H NMR spectra (TeCA-d2, 80 °C, 
except for PU2e: DMSO-d6, 80 °C) 

 

 

   

Figure S4.3. (Left) DSC heating curves of PU1 (25–240 °C). (Right) SEC profile of PU1 before (─) and 
after (─) annealing at 240 °C for 4 h (SEC with DMAc as eluent and PMMA calibration). 
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5. Renewable Polycarbonates Based on Erythrodiol 

The naturally occurring pentacyclic triterpenoid oleanolic acid (OA) was reduced to yield 

erythrodiol (ErDO), a rigid and polychiral diol. Consequently, poly(erythrodiol carbonate), 

a novel bio-based polycarbonate, could be synthesized by polycondensation with dimethyl 

carbonate or diphenyl carbonate, yet with low molecular weights (Mw up to 10 kg/mol). 

Potential explanations are the low reactivity of the secondary alcohol, as well as the bulky 

structure and the high melting point of ErDO. By introducing 1,6-hexanediol (HDO) as a 

further bio-based diol comonomer, a copolymer with a content of 37 mol% ErDO showed 

a significant increase in Mw up to 74 kg/mol. The homopolymer shows a remarkably high 

glass-transition temperature (Tg) for polycarbonates at 232 °C and could be effectively 

tuned by copolymerization with HDO (e.g., 109 °C for 37 mol% ErDO). All (co)polymers 

are thermally stable until at least 300 °C. 

 

 

Jessewitsch, T.; Delaittre, G. submitted for publication. 
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5.1. Introduction 

Poly(bisphenol A carbonate) is widely known for its exceptional toughness, high 

transparency, and thermal stability.218 However, without UV stabilizers or protective 

coatings, it presents drawbacks such as yellowing (photo-oxidation), a decrease in physical 

properties that appear during natural weathering, and release of the endocrine disruptor 

bisphenol A (BPA) by hydrolysis.219,220 At the same time, rising concerns about human 

health and the environment arising from the past and present linear, fossil-based economy 

direct research towards alternative sustainable materials, with the aim of providing 

comparable physical properties.  

For polycarbonates, research expands towards bio-based aromatic BPA derivatives,221 as 

well as alternative aliphatic monomers.222 For example, o-methoxylated bisphenols derived 

from lignin were found to show a strong decrease in estrogenic activity.221 Apart from the 

lignin source, polycarbonates formed via chain growth are available from epoxidized 

species like terpenes (limonene oxide223) and vegetable oils224 by performing ring-opening 

polymerization (ROP) with CO2 as a comonomer in the presence of a catalyst. 

Poly(limonene carbonate) possesses a high glass-transition temperature (Tg) of 130 °C and 

contains an external double bond in every repeating unit, allowing a range of modifications, 

e.g., by the thiol-ene reaction or epoxidation to tune the properties.223,225,226 ROP was also 

employed with sugar-based cyclic carbonates derived from glucose227,228 or mannose.229 

Mitsubishi Chemical has commercialized a UV-resistant copolycarbonate “Durabio” 

produced from the sugar-derived isosorbide.230 The literature shows further that 

poly(isosorbide carbonate) (PIC) can be obtained with high molecular weights by melt 

polycondensation with dimethyl carbonate (DMC) catalyzed by ionic liquids143,231 or strong 

bases142 via step-growth polymerization. On the one hand, this approach avoids the use of 

the highly toxic phosgene and, on the other hand, DMC can be produced using CO or 

CO2.232,233 Besides other linear bio-based diols, 2,5-bis(hydroxymethyl)furan can be easily 

obtained from fructose for the formation of polyesters234, but due to the low thermal 

stability of the furan ring, it requires a mild polymerization method with 1,1′-

carbonyldiimidazole  to obtain polycarbonates.235  

In the present contribution, we propose the addition of erythrodiol (olean-12-en-3β,28-diol; 

C30H50O2; ErDO) to the repertoire of bio-based diols for polycarbonates. ErDO is a rigid 

building block belonging to the class of pentacyclic triterpenes with the oleanane skeleton 
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and consisting of 8 chiral centers. It is extractable from olive fruit and leaves and is 

proposed to be a precursor of oleanolic acid (OA) in plants.236 ErDO shows important 

diverse bioactivity such as anticancer activity in different cell lines,237,238 as well as 

cardioprotective239 and blood vessel relaxing240 activities. 

 

5.2. Results and Discussion 

5.2.1. Monomer Synthesis 

To obtain ErDO from OA – the latter currently being far more commercially available than 

the former – in a single-step synthesis, the use of LiAlH4 was required since the milder 

reducing agent DIBAL-H is generally not sufficiently active (Scheme 5.1).207 The reduction 

with LiAlH4 proceeded in dry conditions with an isolated yield of 87%. ErDO shows high 

solubility in lower alcohols (methanol, ethanol, isopropanol). It has moderate solubility in 

dichloromethane, ethyl acetate, as well as in aromatic solvents, and poor solubility in 

acetonitrile or cyclohexane. 

The bis(methylcarbonate) ErDO-BMC was synthesized as a model compound by reacting 

ErDO with an excess of DMC in the presence of sodium tert-butoxide (NaOtBu) at 130 °C 

(Figure 5.1). All synthetic procedures are described in detail in Section 5.4. 

 

5.2.2. Polymer Synthesis – Homopolymer of ErDO 

 

Scheme 5.1. Synthetic route: reduction of OA to ErDO, followed by polycondensation to a homopolymer or 
copolymers with 1,6-hexanediol. (a) LiAlH4, THF, 50 °C, 16 h.  

Polycarbonates can be synthesized with high molecular weights by melt polycondensation 

with DMC or diphenyl carbonate (DPC) under reduced pressure. This method is, however, 

not suitable for ErDO since its high melting point (230–231 °C) is relatively close to its 

decomposition temperature (Td5% = 299 °C, Figure 5.1C). Notably, a mass loss is already 
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observable at 240 °C. ErDO shows an almost identical decomposition to OA. In contrast, 

ErDO-BMC, carrying terminal methyl carbonate groups, shows a mass loss of 17% 

starting from 276 °C, corresponding to the decomposition of the carbonate groups. Since 

those are essential for the step-growth mechanism, such high temperatures are not suitable. 

 

  
Figure 5.1. [A] Reaction of ErDO to ErDO-BMC or polycondensation to oligomers and polymer. [B] 
1H NMR screening of the reaction between ErDO and DMC under varying conditions ((1) stirred at 230 °C, 
resulting in a solid product after 16 h; (2) Ph2O and n-C14H30 were added after distilling of DMC at 180 °C, 
since they do not dissolve ErDO, but ErDO-BMC and the corresponding oligomers; (3) DPn,th calculated 
from the overall conversion using the Carothers equation). [C] TGA (—) and DTG (···) profiles of OA, 
ErDO, and ErDO-BMC (Td refers to the maxima in the DTG curve). 

During polycondensation with DMC in the presence of a strong non-nucleophilic base, the 

formed alcoholate performs a nucleophilic attack on DMC by generating methanol as part 

of the substitution. Step-growth proceeds via nucleophilic attack on a terminal methyl 

carbonate of the chain ([DMC]:[diol] < 2) or by transesterification reactions between the 

two methyl carbonate chain ends, which releases DMC ([DMC]:[diol] ≥ 2).138,241 Further 

polycondensation proceeds by increasing temperature and reducing pressure.  

Since ErDO and ErDO-BMC do not melt at temperatures below 230 °C, the 

polycondensation with an excess of DMC stops at the oligomeric stage with an average of 

four repeating units (entry OC1), with the reaction mixture becoming solid after complete 

distillation of DMC. The polycondensation could have been envisaged in solution using 

triphosgene as a reagent, yet its toxicity led us to explore the combination of a high-boiling-

point solvent with DMC or DPC. For our initial attempts, the theoretical number-average 

degree of polymerization (DPn,th) was calculated using the Carothers equation and the 

   B Conv. of funct. group  

 DMC [eq] Solvent T [°C] CO3Me CH-OH DPn,th
(3) 

OC1 10 / 230 
(1) 83% 90% 3.9 

OC2 1.7 

Ph(OMe)2 
210 

96% 55% 2.1 

OC3 2.2 93% 70% 2.9 

OC4 2.7 86% 85% 3.7 

OC5 

10 

88% 97% 6.8 

OC6 
Ph2O 

(2) 
86% 60% 3.0 

OC7 
230 

89% 95% 6.3 

PC1 n-C14H30
 
(2) 93% 95% 8.6 
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product of both conversion values (remaining secondary alcohol and terminal methyl 

carbonate group). For instance, the synthesis of ErDO-BMC corresponds to 100% 

conversion of the primary and secondary alcohols of ErDO to the corresponding methyl 

carbonate, yet the methyl carbonate end groups are 0% converted to a bridging carbonate 

group, resulting in a DPn,th value of 1. As indicated in Figure 5.1B, 1,3-dimethoxybenzene 

(Ph(OMe)2; bp = 217 °C) dissolves ErDO directly and allows further heating, but a 

decreasing amount of DMC (2.7 → 1.7 eq) did not promote step growth. With 10 

equivalents DMC (210 °C, 3 d), oligomers with DPn,th = 6.8 were formed. By first 

transforming ErDO to ErDO-BMC with DMC (10 eq, 120–180 °C) and subsequently 

heating the mixture in diphenyl ether (Ph2O; bp = 258 °C), a similar DPn,th value of 6.3 

could be achieved. The largest DPn,th value was obtained in n-tetradecane (bp = 253 °C) 

with the same reaction procedure, yielding a polymer with DPn,th of 8.6.  

In Figure 5.2, 1H NMR spectra of ErDO, ErDO-BMC, and PC1 (both purified) are 

displayed. By transforming the secondary alcohol of ErDO into the methyl carbonate, the 

signal of H-3 (3.24–3.20 ppm, m, 1H) experiences a downfield shift to 4.33 ppm (H-3'). 

The protons of the methylene group C-28 are diastereotopic, therefore producing two 

separate doublets (3.55 and 3.21 ppm, H-28) in ErDO that also undergo a downfield shift 

in ErDO-BMC (H-28'). The peaks of the two corresponding methyl groups appear at 

3.77 ppm (s, H-31') and overlap with that of proton H-28', leading to an integral of 7. The 

proton of the internal double bond (5.19 ppm, H-12) is forming a triplet in both monomeric 

species, almost decoupled from the end groups, and yields a broader, undefined signal in 

PC1. During polycondensation, the signal of the methine proton (H-3'') remains at its 

position, while the two doublets generated by the methylene protons H-28'' become closer 

to each other (Δδ 0.37 → 0.22 ppm). This behavior might be explained by the restricted 

conformational flexibility of the formed polymer. The step-growth polymerization of 

ErDO could only be performed until roughly 88% total conversion, which would 

correspond to DPn,th = 8.6. Considering the absent and weak signals at approx. 3.5 ppm (H-

28) and 3.2 ppm (H-28 and H-3), respectively, and their distinct reactivities, it is reasonable 

to assume that all primary alcohols were consumed and that only secondary alcohols 

remain. Therefore, the corresponding PC1 contains two types of end groups, namely 

secondary alcohols (H-3) or methyl carbonate (H-31''). By comparing signal integrals of 

H-12'' with both end groups (H-3 and H-31''), a DPn,NMR value of 7.9 could be calculated. 
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Figure 5.2. 1H NMR spectra of ErDO, ErDO-BMC, and PC1 (in CDCl3). 

To possibly reach higher molecular weights, DMC was replaced by DPC, which – despite 

its bulkiness – is a better electrophile, with phenol being a better leaving group compared 

to methanol. With respect to the polycondensation mechanism, there are two main 

differences. First, the use of DPC cannot lead to undesired methylation as with DMC, since 

the transfer of a phenyl group is not favored. Second, oligomers with two terminal methyl 

carbonate groups can undergo step-growth by transesterification and elimination of the 

volatile DMC, while oligomers capped with two phenyl carbonate end‐groups do not 

readily release DPC to permit an equilibrium shift. Therefore, the ratio of ErDO to DPC 

was varied between 1.1 and 1.6, leading to different products, as can be seen in Figure 5.3. 

The reaction was performed in Ph2O using NaOtBu as catalyst at 190 °C and 200 mbar 

(3 d). The raw mixture was precipitated in cold methanol to remove residues of the aromatic 

solvent, revealing the signals of the phenyl carbonate end groups. By using 1.1 equivalents 

of DPC, close to a theoretical ideal 1:1 ratio, 1H NMR spectroscopic analysis of the purified 

product OC8 revealed an oligomer (DPn,NMR = 4.4) with essentially two terminal secondary 

alcohols, as inferred from (i) the low intensity of aromatic proton signals and H-3' (i.e., 

minimal traces of the -CO3Ph end group), (ii) the absence of signals arising from the 

primary alcohol methylene protons (H-28 in Figure 5.2), and (iii) the high intensity of the 

secondary alcohol methine signal H-3 at 3.19 ppm. ErDO was therefore incorporated 

partially mirror-inverted (head-to-tail vs. head-to-head). This leads to the possibility of 

various carbonate motifs, including one with a methylene group on each side of the 

carbonate group, which materializes in the occurrence of two distinct shifts for H-28'', each 

appearing  as doublets in the region of 4.10–3.92 and 3.89–3.71 ppm. DPn,NMR values were 
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calculated by comparing signal integrals of H-12'' with those of H-3' and H-3. With 1.5 

equivalents of DPC (O9), DPn,NMR increased to 6.1, with the two secondary alcohols still 

representing the major end groups (approx. 80%). In contrast, 1.6 eq. of DPC (O10) yielded 

oligomers with an average of 5.1 repeating units, but instead with two phenyl carbonates 

as main end groups (approx. 70%), as can be seen from the distinct signals in the aromatic 

region and the signal at 4.38 ppm originating from the methine group (H-3') connected to 

the phenyl carbonate. Using DPC did not further advance the polycondensation, but it 

revealed that ErDO can be incorporated mirror-inverted by using the more sterically 

hindered phenyl carbonate. In 13C NMR spectroscopy, two carbonate signals are observed 

for the oligomers, which can be attributed to the presence of different carbonate 

environments arising from the distinctly reactive secondary and primary hydroxyl groups 

of ErDO (Figures S5.1 and S5.3). 

 

Figure 5.3. (Top) Polycondensation of ErDO and DPC catalyzed by NaOtBu in Ph2O. (Bottom) 1H NMR 
spectra of OC8–10 in C2D2Cl4 (TeCA-d2). 

SEC analysis could be performed in chloroform (polystyrene calibration). The 

chromatogram of OC8 (Figure 5.4, right) exhibits a typical low oligomeric distribution, 

with stationary points attributed to species from dimer to pentamer. OC9 and OC10 show 

very similar SEC profiles with Mw = 5.1–5.4 kg/mol and smoothened stationary points. 

Purified PC1, synthesized by polycondensation with DMC, possesses a broad polymer 

distribution (Mw = 10 kg/mol, Đ = 1.70), apparently with no trimers or dimers. 
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Figure 5.4. (Left) Experimental conditions and results of the corresponding reactions with varying DPC 
equivalents (*isolated yield, purified by precipitation in cold MeOH). (Right) SEC profiles (CHCl3 as solvent, 
calibrated with PS). 

The TGA profiles (Figure 5.5, left) of OC9, OC10, and PC1 show identical degradation 

patterns. PC1 has a decomposition temperature of 335 °C (Td5%), potentially allowing a 

high processing temperature. Td5% of PC1 is noticeably higher than ErDO itself (299 °C) 

and slightly higher compared to its oligomers. The triterpenoid structure decomposes most 

likely starting from its functional groups at C-3 and C-28 before the six-membered rings 

can break.242 At these high temperatures, it is likely that aliphatic polycarbonates 

decarboxylate by releasing CO2 and reform an ether linkage, which can cleave further.243  

Additionally, scission at the carbonate group via a β-H transfer, forming an unstable 

carboxylic acid and an alkene, is possible in the triterpene structure starting from C-2 (CH2, 

A ring), but might be less favorable due to the rigidity. As a comparison, a series of 

poly(isosorbide carbonate)s (PIC) with Td5% between 323–336 °C was reported.143 Yet, 

Td5% of PC1 is clearly lower compared to that of poly(bisphenol A carbonate) (487 °C).218 

DTG profiles of the oligomers OC9 and OC10 reveal two further degradation processes at 

337 and 426 °C, which might originate from hydroxyl and phenyl carbonate chain ends. 

          

Figure 5.5. (Left) TGA (––) and DTG (…) profiles (10 °C/min, argon, Td refers to the maxima in the DTG 
curves), (Right) DSC profiles (10 °C/min, except PC1 with 20 °C/min) of PC1, OC9, and OC10. 

 DPC [eq] Yield* DPn,NMR Mn 
[g/mol] Mw [g/mol] Đ 

OC8 1.1 50% 4.4 2300 3200 1.41 

OC9 1.5 63% 6.1 3300 5400 1.66 

OC10 1.6 66% 5.1 3200 5100 1.62 

PC1 10 eq DMC 83% 7.9 5900 10 000 1.70 
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DSC analyses (Figure 5.5, right) evidenced that the samples are entirely amorphous, 

without any crystalline domains. PC1 shows a Tg at 232 °C, which could be detected with 

an increased heating rate of 20 °C/min. It needs to be highlighted that the Tg is very high in 

comparison to classic polycarbonates, in which the carbonate linkages typically provide 

flexibility, in contrast to polysulfones, aromatic polyamides, and polyimides. For instance, 

poly(trimethylene carbonate) (PTMC) is an amorphous polymer used in biomedical 

applications and has a low Tg of –15 °C.244 The aforementioned PIC possesses a Tg in the 

range of 143–163 °C, similar to the aromatic PC (148 °C) depending on its molecular 

weight and terminal groups.143 The more bulky and rigid triterpenoid structure in PC1 is 

certainly responsible for such a further increase. A polyester of the structurally related diol 

betulin,245 with the comonomer succinic acid, shows a high Tg at 214 °C while having a 

comparable molecular weight, despite the flexibility provided by succinic ester units. In 

our study on ErDO-based polyurethanes,246 with the comonomer hexamethylene 

diisocyanate (HDI) and bio-based pentamethylene diisocyanate (PDI), similarly high Tg 

values of 198 and 206 °C were measured. Even vinyl polymers with the triterpenoidic 

structure present as a side chain could reach Tg values above 200 °C.207 

Oligomers OC9 and OC10 prepared with DPC show a glass transition at 245 resp. 227 °C, 

slightly deviating from PC1. We note that, as mentioned before, the use of DPC leads to 

various carbonate linkages. Particularly, the low degrees of polymerization may give rise 

to a non-negligible influence of the end groups. OC9, carrying mainly two terminal 

hydroxyl groups, shows the highest glass transition temperature at 245 °C, possibly due to 

increased hydrogen bonding. 

 

5.2.3. Polymer Synthesis – Copolymers of ErDO/HDO 

 

Scheme 5.2. Synthesis for random copolymers with diverse ErDO/HDO content. 

Since the glass transition of PC1 is already exceptionally high, but the attainable molecular 

weights are limited due to the polymerization methodology (polycondensation with DMC 

in a high-boiling solvent) and the high steric hindrance of ErDO itself, another diol was 
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added as a comonomer (Scheme 5.2). 1,6-hexanediol (HDO) was investigated because it 

can be bio-based247 and might function already as a spacing unit facilitating the 

polymerization and allowing tuning of the Tg over a large temperature range. HDO has a 

high boiling point of 250 °C and low hygroscopicity, which is also beneficial in the reaction 

process. In practice, the excess amount of DMC distills off completely at 180 °C, leaving 

an oligomer mixture containing NaOtBu, which was diluted with 1,3-dimethoxybenzene 

(for PC2) or diphenyl ether (for PC3) to allow further stirring at high temperature (220 °C, 

3 d). The reaction mixture of PC4 (63 mol% HDO) remained sufficiently low in viscosity 

to allow stirring without solvent addition. By precipitating in cold methanol, the purified 

copolymers PC2, PC3, and PC4 could be isolated in yields between 78–81%. For 

comparison, poly(hexamethylene carbonate) (PC5) was synthesized as a reference material 

by melt polycondensation with reduced pressure using 1,5,7-triazabicyclo[4.4.0]dec-5-ene 

(TBD). 1H NMR spectra of the copolymers can be found in the SI (Figure S5.2).  

 ErDO HDO Solvent Yield DPn,NMR (ErDO) DPn,NMR (HDO) 

PC2 70% 30% Ph(OMe)2 78% 11 5 

PC3 43% 57% Ph2O 81% 9 13 

PC4 37% 63% / 79% 32 54 

PC5 0% 100% / 83% 0 490 

 

Figure 5.6. (Top) Experimental details and results for the corresponding copolymers with varying 
ErDO/HDO ratios (PC2–4: 2 mol% NaOtBu, PC5: 2 mol% TBD). (Bottom) 1H NMR spectrum of PC4 (in 
CDCl3). 

For PC4, the spectrum is exemplary shown in Figure 5.6, where signals of the HDO-

carbonate block appear additionally at 4.12 ppm (Ha), 1.67 ppm (Hb), and 1.40 ppm (Hc), 

overlapping with the signals of the ErDO unit. The excess of DMC minimizes the presence 

of terminal hydroxyl groups. Therefore, the methyl carbonate signal at 3.77 ppm (integral 

6.0) was used for calculating the number of repeating units. For the ErDO units (5.20 ppm, 

1H, H-12) a value of 32 can be directly resolved, while for the HDO unit, the integral of 

the signal (4.12 ppm, 4H, Ha) should be subtracted from the possible underlying H-28 



 Renewable Polycarbonates Based on Erythrodiol 

97 
 

protons (37 remaining), resulting in 54 units. It was expected that the introduction of HDO 

would significantly enhance the overall polymerization. However, PC1, PC2, and PC3 

show similar Mn values in both NMR and SEC, even with an HDO fraction as high as 

57 mol% for PC3. With 63 mol% HDO (PC4) under bulk conditions, an overall DPn,NMR 

of 86 could be reached, including 32 ErDO units. Here, it is assumed that the hexyl spacer 

may be rather short in comparison to the bulky OA unit and that a comonomer with an even 

longer aliphatic linear chain (e.g., dodecyl) may better facilitate the polymerization. For 

instance, the group of Stanzione reported that the melt polycondensation of betulin with 

1,12-dodecanedioic acid or 1,18-octadecanedioic acid led to polyesters with higher 

molecular weights compared to the shorter-chain relatives.245 Nevertheless, all copolymers 

already display a monomodal polymeric SEC profile. PC5, consisting purely of HDO units, 

remained melted at high temperature and reduced pressure, thus giving access to a high-

molecular-weight polycarbonate (Mw = 205 kg/mol, Đ = 3.02). 

     

Figure 5.7. (Left) Average molecular weights of PC1–5 determined by NMR and by SEC (CHCl3 as solvent, 
calibrated with PS). (Right) SEC profiles of copolymers PC2–4 in comparison to homopolymers PC1 and 
PC5. 

Analysis by TGA revealed that PC1 is thermally slightly more stable compared to PC5, 

with a decomposition temperature (Td5%) of 335 °C instead of 310 °C (Figure 5.8). The one-

step degradation of PC5 leads to a rapid decrease in mass by decarboxylation and by β-H 

transfer, the latter forming terminal alkenes and unstable carboxylic acids.243 The DTG 

profile of PC1 shows a small shoulder towards higher temperatures, indicating a second 

degradation process that, interestingly, becomes more significant with increasing HDO 

content (Td2 = 420 °C for PC2–4). The rigid and bulky triterpenoid structure might suppress 

(in the case of PC1) or delay (in the case of copolymers) the degradation via β-H transfer, 

while a decomposition via decarboxylation, cleavage of the resulting ether, and radical 

chain scission might be favored.  

 Mn,NMR 

[g/mol] 

Mn,SEC 

[g/mol] 

Mw,SEC 

[g/mol] 
Đ 

PC1 3700 5900 10 000 1.70 

PC2 5900 5900 8600 1.46 

PC3 6100 6600 13 600 2.06 

PC4 22 800 32 800 73 500 2.24 

PC5 70 600 68 100 205 000 3.02 
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Figure 5.8. (From left to right) TGA profiles (10 °C/min, argon), and DTG profiles (Td values refer to the 
maxima) of copolymers PC2–4 in comparison to ErDO (PC1) and HDO (PC5) homopolymers. 

The results of the DSC analysis are displayed in Figure 5.9. For PC2 (70 mol% ErDO), no 

Tg could be detected with a heating rate of 10 °C/min and 20 °C/min (not displayed). Since 

the incorporation of 30 mol% HDO already decreases the thermal stability of the 

copolymer, the DSC measurement could only be performed until 230 °C. In that case, we 

assume the Tg is not significantly lowered by 5 HDO units. Therefore, it might lie close to 

the decomposition temperature, preventing its detection. Lowering the ErDO content to 

43 mol% in PC3 resulted in a significant decrease in Tg of roughly 100 °C, from 232 °C 

(PC1) to 128 °C, which is clear evidence for the more flexible polymer backbone. PC4 

(37 mol% ErDO) displays a drastic increase in molecular weight accompanied by a further 

decrease in Tg to 109 °C. The homopolymer PC5 highlights the low glass-transition 

temperature of linear aliphatic polycarbonates with a Tg of –44 °C due to high flexibility 

and weak intermolecular forces. In addition, PC5 can crystallize because of its long, 

regular, and flexible aliphatic structure, showing a melting point Tm at 50 °C, while ErDO 

copolymers containing even large amounts of HDO remain amorph, suggesting the absence 

of block-like microstructural elements. 

 
Figure 5.9. DSC profiles of homo- and copolymers (heating rate 10 °C/min, except PC1: 20 °C/min).  
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5.3. Conclusion 

To summarize, different conditions were investigated to synthesize poly(erythrodiol 

carbonate) via polycondensation with dimethyl carbonate (DMC), to avoid the use of toxic 

triphosgene. Erythrodiol (ErDO) could be obtained in high yields of 87% by reduction of 

oleanolic acid (OA) using LiAlH4. Since the melting point of ErDO is very high (230–

231 °C) and the corresponding bis(methyl carbonate) model compound ErDO-BMC starts 

decomposing at 276 °C, a conventional melt polycondensation under reduced pressure was 

not possible. Instead, by using an excess of DMC and the addition of a high-boiling solvent, 

the step growth could be induced. By using n-tetradecane as a solvent, we could synthesize 

the novel short homopolymer PC1 that shows good solubility in CHCl3 for analysis by SEC 

(Mw = 10 kg/mol). The purified polymer has high thermal stability, up to 275 °C without 

mass loss (Td5% = 335 °C), and a remarkably high Tg at 232 °C due to the rigid pentacyclic 

structure, which is unusual for polycarbonates. By using diphenyl carbonate (DPC) as a 

stronger electrophile and reduced pressure to remove the phenol by-product, the molecular 

weight could not be increased. Nevertheless, the corresponding oligomers OC9 and OC10 

show glass transitions at 245 and 227 °C and indicate in 1H and 13C NMR spectroscopy 

that ErDO is incorporated partly mirror-inverted. Furthermore, copolymers PC2 (70 mol% 

ErDO), PC3 (43 mol%), and PC4 (37 mol%) were synthesized using DMC and the 

potentially bio-based diol 1,6-hexanediol (HDO). By lowering the content of ErDO to 

37 mol%, the molecular weight of PC4 could be significantly increased, as the SEC and 
1H NMR results highlight. However, the C6 spacer is likely too short to strongly facilitate 

the polycondensation of ErDO when used in small amounts. The copolymers have a 

slightly lower thermal stability (Td5% = 310–320 °C), likely due to the incorporation of 

HDO, and show a two-step degradation in the DTG profiles. The glass-transition 

temperature could be lowered to 128 °C (PC3) and 109 °C (PC4). We could highlight that 

erythrodiol is a relevant building block for bio-based polycarbonates, extending 

alternatives to the poly(bisphenol A carbonate). In future work, the pre- or post-

polymerization modification of ErDO (units) via the internal double bond – such as in the 

case of poly(limonene carbonate)223 – could be investigated, as well as the comparison with 

the structurally related diols betulin and uvaol. 
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5.4. Experimental Procedures 

Analytical data and the procedure of ErDO can be found in Section 4.4.  

 

Erythrodiol-3,28-diyl dimethyl bis(carbonate) (ErDO-BMC)  

To ErDO (50.0 mg, 118 µmol, 1.0 eq) and sodium tert-butoxide (0.2 mg, 2.36 µmol, 

0.02 eq), DMC (100 µL, 1180 µmol, 10 eq) was added under a dry atmosphere. After 

heating at 130 °C for 3 h, the temperature was increased stepwise to 160 °C, removing 

residual DMC by distillation. The product was dried in vacuo, yielding ErDO-BMC as a 

white solid (55.0 mg, 117 µmol, 99%) that was used for analysis without any further 

purification.  

1H NMR (600 MHz, CDCl3): δ [ppm] = 5.21 (t, J = 3.7 Hz, 1H, H12), 4.33 (dd, J = 11.3, 

5.0 Hz, 1H, H3), 4.13 (d, J = 10.6 Hz, 1H, H28), 3.79 – 3.73 (m, 7H, H28+H32), 2.03 (dd, J = 

13.7, 5.1 Hz, 1H, H18), 1.98 – 1.79 (m, 3H), 1.78 – 1.62 (m, 5H), 1.62 – 1.46 (m, 4H), 1.46 

– 1.24 (m, 4H), 1.24 – 1.12 (m, 2+3H), 1.12 – 0.98 (m, 3H), 0.96 (s, 3H), 0.95 (s, 3H), 0.94 

(s, 3H), 0.89 (s, 3H), 0.88 (s, 3H), 0.87 (s, 3H), 0.83 (dd, J = 11.8, 1.9 Hz, 1H, H5). 

13C{1H} NMR (151 MHz, CDCl3): δ [ppm] = 156.2, 156.0, 143.7, 123.0, 85.6, 74.6, 55.4, 

54.8, 54.6, 47.6, 46.3, 42.6, 41.8, 40.0, 38.4, 38.1, 36.9, 36.2, 34.0, 33.3, 32.6, 31.4, 31.0, 

28.1, 26.1, 25.7, 23.7, 23.7, 23.7, 22.1, 18.3, 16.8, 16.7, 15.7. 

HRMS (ESI): [M+Na]+ m/z 581.3812 (calculated for C34H54O6Na+: m/z 581.3813). 

TGA (Ar): Td5% = 276 °C. 

 

Procedure for the purification of polymers and oligomers 

The remaining solvent was removed under reduced pressure and moderate heat. 

Subsequently, the polymer was redissolved in hot chloroform and precipitated in cold 

methanol (−20 °C). After filtration, the polymer was dried in vacuo. 
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Poly(erythrodiol carbonate) (PC1) 

ErDO (100 mg, 237 µmol, 1.0 eq) and sodium tert-butoxide (0.5 mg, 4.73 µmol, 0.02 eq) 

were dissolved in DMC (200 µL, 2370 µmol, 10 eq) by stirring the mixture at 120 °C. The 

temperature was increased stepwise to 180 °C, followed by the addition of n-tetradecane 

(0.4 mL, 0.6 M). The reaction mixture was further stirred at 230 °C for 72 h. After 

removing the solvent and purification via precipitation, PC1 was obtained as a slight beige 

powder (92 mg, 196 µmol, 83% yield). 

1H NMR (600 MHz, CDCl3): δ [ppm] = 5.26 – 5.15 (m, 1H, H12), 4.39 – 4.29 (m, 1H, H3''), 

4.16 – 4.01 (m, 1.4H, H28), 3.83 (d, J = 10.9 Hz, 0.6H, H28), 3.80 – 3.75 (m, 0.5H, CO3Me), 

2.07 – 1.98 (m, 1H, H18), 1.98 – 0.75 (m, 43H). 

13C{1H} NMR (151 MHz, CDCl3): δ [ppm] = 155.9, 143.8, 122.9, 85.0, 74.0, 55.4, 47.7, 

46.4, 42.6, 41.8, 40.0, 38.5, 38.3, 37.0, 36.5, 34.1, 33.3, 32.6, 31.3, 31.0, 28.1, 26.1, 25.8, 

23.8, 23.7, 23.7, 22.2, 18.3, 16.9, 16.8, 15.7. 

SEC (CHCl3): Mn = 5900 g/mol, Mw = 10000 g/mol, Đ = 1.70. 

TGA (Ar): Td5% = 335 °C. DSC (Ar): Tg = 232 °C. 

 

General procedure for synthesis of oligomers (A1) 

A solution of ErDO (80 mg, 189 µmol, 1.0 eq), diphenyl carbonate (DPC, 1.1–1.6 eq), 

sodium tert-butoxide (0.4 mg, 3.78 µmol, 0.02 eq), and diphenyl ether (1.0 mL, 0.19 M) 

was heated at 200 °C for 1 h. Afterwards, the pressure was reduced to 200 mbar and the 

mixture was stirred at 190 °C for 72 h. Purification of the oligomers was achieved by 

precipitation in cold methanol, similar as mentioned before. 

For the reported NMR data, it should be noted that the oligomers have varying end-group 

compositions. Therefore, integrals are given as decimal values. The proton at C-3, with 

different adjacent groups, is assigned as follows: H-3 (secondary alcohol), H-3' (phenyl 

carbonate), and H-3'' (bridging carbonate). 
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Oligo(erythrodiol carbonate) (OC8) 

According to the general procedure A1, OC8 was synthesized from ErDO (80 mg, 

189 µmol, 1.0 eq) and diphenyl carbonate (45 mg, 208 µmol, 1.1 eq) in Ph2O at 190 °C 

under reduced pressure. The oligomer could be isolated as a white powder (44 mg, 

94.7 µmol, 50% yield) after purification. 

1H NMR (400 MHz, C2D2Cl4): δ [ppm] = 5.22 – 5.09 (m, 1.0H, H12), 4.27 (t, J = 8.0 Hz, 

0.6H, H3''), 4.10 – 3.91 (m, 1.0H, H28), 3.87 – 3.65 (m, 1.0H, H28), 3.16 (dd, J = 10.7, 5.0 

Hz, 0.4H, H3), 2.06 – 0.61 (m, 50H). 

13C{1H} NMR (101 MHz, C2D2Cl4): δ [ppm] = 155.9, 155.8, 143.8, 123.2, 85.3, 79.2, 74.1, 

55.5, 47.7, 46.4, 42.6, 41.8, 40.0, 38.9, 38.3, 37.0, 36.4, 34.2, 33.5, 32.8, 31.5, 31.1, 28.2, 

26.3, 25.8, 23.9, 23.8, 23.8, 22.4, 18.5, 17.0, 16.9, 15.8. 

SEC (CHCl3): Mn = 2300 g/mol, Mw = 3200 g/mol, Đ = 1.41. 

 

Oligo(erythrodiol carbonate) (OC9) 

According to the general procedure A1, OC9 was prepared from ErDO (80 mg, 189 µmol, 

1.0 eq) and diphenyl carbonate (61 mg, 284 µmol, 1.5 eq) in Ph2O at 190 °C under reduced 

pressure. The oligomer could be obtained as a white powder (56 mg, 120 µmol, 63% yield) 

after purification. 

1H NMR (400 MHz, C2D2Cl4): δ [ppm] = 7.41 – 7.12 (m, 0.3H, CO3Ph), 5.23 – 5.09 (m, 

1.0H, H12), 4.42 – 4.32 (m, 0.1H, H3'), 4.27 (t, J = 8.0 Hz, 0.7H, H3''), 4.07 – 3.89 (m, 1.0H, 

H28), 3.87 – 3.65 (m, 1.0H, H28), 3.21 – 3.10 (m, 0.3H, H3), 2.11 – 0.62 (m, 51H). 
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13C{1H} NMR (101 MHz, C2D2Cl4): δ [ppm] = 155.9, 155.8, 143.8, 123.1, 85.3, 79.2, 74.1, 

55.5, 47.7, 46.4, 42.6, 41.8, 40.0, 38.9, 38.3, 37.0, 36.5, 34.2, 33.5, 32.7, 31.4, 31.1, 28.2, 

26.2, 25.8, 23.9, 23.8, 23.8, 22.3, 18.5, 17.0, 16.9, 15.8. 

SEC (CHCl3): Mn = 3300 g/mol, Mw = 5400 g/mol, Đ = 1.66. 

TGA (Ar): Td5% = 330 °C. DSC (Ar): Tg = 245 °C. 

 

Oligo(erythrodiol carbonate) (OC10) 

According to the general procedure A1, OC10 was formed via the catalyzed reaction 

between ErDO (80 mg, 189 µmol, 1.0 eq) and diphenyl carbonate (65 mg, 303 µmol, 

1.6 eq) in Ph2O at 190 °C under reduced pressure. The oligomer could be obtained as a 

white powder (58 mg, 124 µmol, 66% yield) after purification. 

1H NMR (400 MHz, C2D2Cl4): δ [ppm] = 7.41 – 7.12 (m, 1.5H, CO3Ph), 5.24 – 5.10 (m, 

1.0H, H12), 4.38 (dd, J = 10.8, 5.5 Hz, 0.3H, H3'), 4.27 (t, J = 8.1 Hz, 0.7H, H3''), 4.09 – 3.90 

(m, 1.0H, H28), 3.87 – 3.69 (m, 1.0H, H28), 3.20 – 3.12 (m, 0.1H, H3), 2.10 – 0.65 (m, 51H). 

13C{1H} NMR (101 MHz, C2D2Cl4): δ [ppm] = 155.9, 155.8, 153.9, 151.3, 143.8, 129.8, 

126.3, 123.0, 121.6, 86.9, 85.3, 74.0, 55.5, 47.7, 46.4, 42.6, 41.8, 40.0, 38.5, 38.3, 37.0, 

36.4, 34.2, 33.5, 32.7, 31.5, 31.1, 28.2, 26.2, 25.8, 23.9, 23.8, 23.8, 22.3, 18.5, 17.0, 16.9, 

15.8. 

SEC (CHCl3): Mn = 3200 g/mol, Mw = 5100 g/mol, Đ = 1.62. 

TGA (Ar): Td5% = 318 °C. DSC (Ar): Tg = 227 °C. 
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Poly[(1,6-hexanediol)-co-(erythrodiol)] (PC2) 

To ErDO (100 mg, 237 µmol, 0.7 eq), 1,6-hexanediol (12.0 mg, 102 µmol, 0.3 eq), sodium 

tert-butoxide (0.7 mg, 6.77 µmol, 0.02 eq), and dimethyl carbonate (290 µL, 3390 µmol, 

10 eq) were added, and the mixture was heated at 130 °C for one hour. The temperature 

was increased further to 180 °C, the mixture was diluted with 1,3-dimethoxybenzene 

(1.7 mL, 0.2 M), and the solution was stirred at 220 °C for 72 h. The crude product was 

dried, redissolved in chloroform, and precipitated in cold methanol. After filtration and 

drying in vacuo, PC2 could be obtained as a white powder (98 mg, 264 µmol, 78% yield). 

1H NMR (400 MHz, CDCl3): δ [ppm] = 5.24 – 5.15 (m, 1H, H12), 4.38 – 4.29 (m, 1H, H3), 

4.17 – 4.02 (m, 2.2H, Ha + H28), 3.83 (d, J = 10.8 Hz, 0.5H, H28), 3.80 – 3.76 (m, 0.4H, 

CO3Me), 3.76 – 3.71 (m, 0.4H, H28), 2.08 – 0.71 (m, 55H). 

13C{1H} NMR (101 MHz, CDCl3): δ [ppm] = 155.9, 155.8, 155.6, 143.8, 122.9, 85.0, 74.0, 

67.9, 67.8, 55.4, 47.6, 46.4, 42.6, 41.8, 39.9, 38.2, 38.1, 36.9, 36.4, 34.1, 33.3, 32.6, 31.3, 

31.0, 28.7 (2C), 28.1, 26.1, 25.7, 25.5 (2C), 23.8, 23.7, 23.7, 22.2, 18.3, 16.8, 16.8, 15.7. 

SEC (CHCl3): Mn = 5900 g/mol, Mw = 8600 g/mol, Đ = 1.46. 

TGA (Ar): Td5% = 321 °C. DSC (Ar): Tg not detected. 

 

Poly[(1,6-hexanediol)-co-(erythrodiol)] (PC3) 

ErDO (179 mg, 423 µmol, 0.5 eq), 1,6-hexanediol (50.0 mg, 423 µmol, 0.5 eq), and sodium 

tert-butoxide (1.6 mg, 16.9 µmol, 0.02 eq) were dissolved by heating in dimethyl carbonate 

(500 µL, 5920 µmol, 10 eq) at 130 °C for one hour. At 180 °C, the mixture was diluted 

with diphenyl ether (1.2 mL, 0.7 M), and the solution was stirred at 220 °C for 72 h. The 
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crude polymer was dried, redissolved in chloroform, and precipitated in cold methanol. 

PC3 was obtained as a white powder (196 mg, 687 µmol, 81% yield). 

1H NMR (400 MHz, CDCl3): δ [ppm] = 5.25 – 5.15 (m, 1H, H12), 4.38 – 4.28 (m, 1H, H3), 

4.18 – 4.01 (m, 6H, Ha + H28), 3.82 (d, J = 10.3 Hz, 0.3H, H28), 3.79 – 3.76 (m, 0.4H, 

CO3Me), 3.73 (d, J = 10.8 Hz, 0.6H, H28), 2.09 – 0.74 (m, 66H). 

13C{1H} NMR (101 MHz, CDCl3): δ [ppm] = 155.8, 155.5, 155.5, 143.7, 123.0, 85.3, 74.4, 

67.9 (2C), 55.4, 47.6, 46.3, 42.6, 41.8, 39.9, 38.4, 38.1, 36.9, 36.3, 34.0, 33.3, 32.6, 31.5, 

31.0, 28.7 (2C), 28.1, 26.1, 25.7, 25.5 (2C), 23.7, 23.7, 23.7, 22.0, 18.3, 16.8, 16.8, 15.7. 

SEC (CHCl3): Mn = 6600 g/mol, Mw = 13600 g/mol, Đ = 2.06. 

TGA (Ar): Td5% = 310 °C. DSC (Ar): Tg = 128 °C. 

 

Poly[(1,6-hexanediol)-co-(erythrodiol)] (PC4) 

ErDO (138 mg, 326 µmol, 0.3 eq), 1,6-hexanediol (90.0 mg, 762 µmol, 0.7 eq), and sodium 

tert-butoxide (2.1 mg, 21.8 µmol, 0.02 eq) were dissolved by heating in dimethyl carbonate 

(920 µL, 10.9 mmol, 10 eq) at 130 °C for one hour. The temperature was increased stepwise 

to 220 °C and heated further for 72 h. PC4 was dissolved in chloroform and precipitated in 

cold methanol, yielding a white solid (229 mg, 856 µmol, 79% yield). 

1H NMR (400 MHz, CDCl3): δ [ppm] = 5.25 – 5.14 (m, 1H, H12), 4.39 – 4.27 (m, 1H, H3), 

4.20 – 4.00 (m, 8H, Ha + H28), 3.87 – 3.79 (m, 0.2H, H28), 3.79 – 3.76 (m, 0.2H, CO3Me), 

3.73 (d, J = 10.8 Hz, 0.6H, H28), 2.11 – 0.65 (m, 65H). 

13C{1H} NMR (101 MHz, CDCl3): δ [ppm] = 155.8, 155.5, 155.5, 143.7, 123.0, 85.3, 74.4, 

67.9 (2C), 55.4, 47.6, 46.3, 42.6, 41.8, 39.9, 38.4, 38.1, 36.9, 36.2, 34.0, 33.3, 32.6, 31.5, 

31.0, 28.7 (2C) 28.1, 26.1, 25.7, 25.5 (2C), 23.7, 23.7, 23.7, 22.0, 18.3, 16.8, 16.8, 15.7. 

SEC (CHCl3): Mn = 32800 g/mol, Mw = 73500 g/mol, Đ = 2.24. 

TGA (Ar): Td5% = 319 °C. DSC (Ar): Tg = 109 °C. 
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Poly(hexamethylene carbonate) (PC5) 

To 1,6-hexanediol (700 mg, 5.92 mmol, 1.0 eq), TBD (16.5 mg, 118 µmol, 0.02 eq) and 

dimethyl carbonate (1.0 mL, 11.8 mmol, 2.0 eq) were added, and the mixture was stirred 

at 130 °C for one hour. The temperature was increased stepwise to 220 °C, the pressure 

was reduced to 100 mbar, and the mixture was stirred overnight under these conditions. By 

dissolving in chloroform and precipitating in cold methanol, PC5 could be obtained as a 

reddish solid (706 mg, 4.90 mmol, 83% yield), still discolored by the catalyst. 

1H NMR (600 MHz, CDCl3): δ [ppm] = 4.11 (t, J = 6.7 Hz, 2H, Ha), 1.72 – 1.63 (m, 2H, 

Hb), 1.44 – 1.36 (m, 2H, Hc). 

13C{1H} NMR (151 MHz, CDCl3): δ [ppm] = 155.5, 67.9 (2C), 28.7 (2C), 25.5 (2C). 

SEC (CHCl3): Mn = 68100 g/mol, Mw = 205000 g/mol, Đ = 3.02. 

TGA (Ar): Td5% = 310 °C. DSC (Ar): Tg = – 44 °C, Tm = 50 °C. 

5.5. Supplementary Information 

 
Figure S5.1. 1H-1H COSY and 1H-13C HMBC of PC1 (reagent DMC, NMR in CDCl3) and OC9 (reagent 
DPC, NMR in C2D2Cl4). 
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Figure S5.2. 1H NMR spectra of copolymers PC2–4 and homopolymer PC5 for calculating a theoretical DP 
value of the ErDO and HDO block, as well as an average molecular weight. 

 

 

Figure S5.3. 13C NMR segments from 160-150 ppm of all oligomeric and polymeric species, revealing the 
different environment and chemical shift of the carbonate groups by the adjacent units OA-OA, OA-HDO, 
and HDO-HDO. 
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6. Conclusion and Future Perspectives 

In the present dissertation, the oleanolic acid (OA) motif was incorporated into 

polymethacrylates (PMA), polyurethanes (PU), and polycarbonates (PC) either as a 

pendant group in the side chain (PMA) or as a structural unit within the polymer backbone 

(PU/PC), highlighting its versatility as a bio-based building block for functional materials. 

In the first part of the study (Chapter 3), OA-based methacrylic polymers could be obtained 

by RAFT polymerization. For this, five monomers were synthesized by modifying either 

the hydroxy- or carboxyl-function of OA in one to five steps. The monomers show a low 

solubility in most of the solvents suitable for thermal polymerization. Yet the green solvent 

N-butyl-2-pyrrolidone (NBP) could dissolve four of them (MA1, MA3, MA4, MA1'). The 

fifth one (MA2) required 1,1,2,2-tetrachloroethane (TeCA). It should be noted that the 

required diluted conditions and the bulky monomeric compounds can lead to higher 

dispersity compared to more soluble monomers like MMA with low steric hindrance. At 

first, a general polymerizability of the novel monomers by conventional free-radical 

polymerization (FRP) could be verified. Subsequently, the kinetics of the thermal RAFT 

polymerizations were studied using 2-cyano-2-propyl benzodithioate, one of the most 

active chain-transfer agents, adequate for methacrylates. 

 

Figure 6.1. Polymethacrylates formed by RAFT polymerization (Tg for polymers with DP 50). 

The kinetic investigations revealed a controlled radical polymerization by first-order 

kinetic behavior, a targetable average molar mass, and moderate dispersity at high 

conversion (DP 50, Đ = 1.3–1.5) for MA1–4. In contrast, in MA1', the polymerizable unit 
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is present as a mixed methacrylic anhydride that does not provide control in RAFT 

polymerization, particularly with regard to the evolution of molecular weight with 

conversion. Yet the polymerization degree (DP) could be influenced by the monomer-to-

CTA ratio. 

By increasing the targeted DP to 100, SEC revealed a tailing towards lower molar masses 

caused by a partial loss of control over the polymerization. All purified polymers (DP 50) 

showed degradation temperatures above 300 °C and Tg values in the range of 166–222 °C, 

except for PMA1 and PMA3, where decomposition occurs before any thermal transition 

could be detected by DSC. 

For future investigations, interesting monomers are the corresponding acrylates, since they 

typically exhibit higher propagation rates, and the polyacrylates tend to be more flexible 

with a lower Tg. This could make them suitable for applications that demand elasticity and 

strong adhesive properties, such as in glues and sealants. Yet the acrylate monomers might 

require radical inhibitors as an additive, since the synthesis of MA3 as acrylate species 

already yielded insoluble polymerized material during purification. 

To prove the preserved end-functionality of the RAFT polymers, PMA2 was chain-

extended in solution with benzyl methacrylate (BzMA). For further reactions, it could be 

beneficial to form another polymer block first and then chain-extend with the hydrophobic 

triterpenoid monomers, in order to optimize the use of the latter with high conversions. If 

the first block consists, for example, of hydrophilic methacrylic acid or oligo(ethylene 

glycol) methacrylate units, amphiphilic block copolymers can be prepared in solution 

polymerization, and assembly into nanoparticles might be induced in a second step, for 

instance, by nanoprecipitation. Dispersion polymerization and polymerization-induced 

self-assembly (PISA) in alcohols could pose challenges regarding the low solubility of 

MA1-4. 

The second part of the study (Chapter 4) continues with the reduction of OA to erythrodiol 

(ErDO), which was utilized for the formation of linear PUs by polyaddition with various 

aliphatic (HDI, PDI, H12MDI) and aromatic (4,4′-MDI) diisocyanates, catalyzed by 

Sn(Oct)2. It was initially found that the polyaddition of ErDO and HDI, catalyzed by DBU 

or zinc diethyldithiocarbamate (ZDTC), is less efficient than with Sn(Oct)2. 
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Figure 6.2. Polyurethanes based on ErDO and diisocyanates (HDI, PDI, H12MDI, 4,4′-MDI). 

All four PUs showed high molecular weight after purification (Mn = 21–43 kg/mol). IR 

spectroscopy revealed that the incorporation of the bulky OA unit partially disrupts 

hydrogen bonding interactions between urethane groups. PU2 contains the bio-based, 

glucose-derived PDI instead of the fossil-based HDI, leading to a slight increase in Tg from 

198 to 206 °C. PU3 and PU4, with the rigid diisocyanates H12MDI and 4,4′-MDI, show 

higher Tg values at 249 and 253 °C. Initially, decreasing glass transitions were detected at 

each heating cycle by reaching temperatures close to decomposition. Annealing of PU1 at 

240 °C led to a broadening of the polymer distribution as evidence for remaining Sn(Oct)2, 

which promotes transurethanization reactions at high temperature in the solid phase. 

Ternary PUs with ErDO, 1,6-hexanediol (HDO), and PDI were obtained by ZDTC-

catalyzed polyaddition and showed no signs of this thermal alteration. The ErDO content 

in each polymer was gradually reduced to 69, 54, and 33 mol%, with the effect of a softened 

polymer backbone represented in the Tg values descending from 147 to 81 °C. 

Future work could be directed to the synthesis of NIPUs. Aliphatic diamines can be 

converted by dimethyl carbonate (DMC) into bis(carbamates), but due to the high melting 

point of ErDO, long-chain comonomers (e.g., C12) might be more suitable candidates for 

melt polycondensation. Further, a bis(cyclic carbonate) from ErDO could be synthesized 

starting with the ring-opening of epichlorhydrin (ECH) and the alkaline epoxide formation 

to 6-1 (Scheme 6.1). To avoid the use of the carcinogenic ECH, ether formation with allyl 

bromide could yield 6-3 in a first step.248 mCPBA cannot be used for subsequent 

epoxidation to 6-1 since it may also react with the internal double bond of the triterpenoid. 

Therefore, vanadyl acetylacetonate and tert-butyl hydroperoxide might yield the desired 

product.249 By the catalytic insertion of CO2 into the epoxide groups of 6-1, the difunctional 

5-membered cyclic carbonate 6-2 can be obtained and used for polyaddition with diamines. 

Since this monomer synthesis will be challenging, another approach might be the coupling 

of ErDO with 1,1'-carbonyldiimidazole (CDI) in the presence of a catalyst or base (e.g., 
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CsF, TEA, DBU) to obtain 6-4 and produce NIPUs by polycondensation with a diamine in 

melt250 or potentially in solution.  

 

Scheme 6.1. Proposed monomer synthesis for the formation of NIPUs by bis(cyclic carbonate) 6-2 or 
bis(carbonylimidazole) 6-4. 

In the third part of the study (Chapter 5), ErDO was utilized to produce polycarbonates 

using DMC as a coupling reagent. A melt polycondensation could not be achieved, but an 

excess of DMC and an additional high-boiling solvent allowed the reaction at high 

temperature, forming the homopolymer PC1 with low molecular weight (Mw = 10 kg/mol). 

This novel fully bio-based polycarbonate is thermally stable up to 300 °C and has a Tg at 

232 °C. Since the use of diphenyl carbonate as a more reactive coupling agent did not 

deliver higher molecular weight species, HDO was used as a comonomer to facilitate the 

polymerization, owing to its potential impact on chain flexibility. The synthesis of high 

molecular weight PC4 (Mw = 74 kg/mol) could be achieved by an ErDO/HDO molar ratio 

of 37:63, which lowered the Tg to 109 °C without significantly influencing the thermal 

stability.    

 

Figure 6.3. Polycarbonates as homopolymer PC1 or random copolymers PC2–4 (from ErDO and HDO)  

Since PC1 could be obtained with solely ErDO in the backbone, further investigations 

should be made for improvement. Apart from the reaction with triphosgene, Song and 

coworkers251 demonstrated a fluoride-catalyzed polycondensation approach, wherein the 
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thermally labile 2,5-bis(hydroxymethyl)furan was converted with two equivalents of CDI 

and subsequently reacted with the diol itself. Carbonylimidazole end-groups have a higher 

reactivity in comparison to methyl carbonate end-groups, as well as the by-product 

imidazole is a weak nucleophile and does not require continuous removal.252 Therefore, the 

direct polycondensation of ErDO with CDI as well as the copolymerization of 6-4 with 

various diols appear to be promising approaches, each promoted by either CsF catalysis or 

the use of DBU.253 

Ring-opening polymerization (ROP) of a cyclic carbonate via chain growth produces 

polycarbonates with narrow dispersity. This technique could be accessible by using 2,2-

bis(hydroxymethyl)propionic acid (bis-MPA) as a precursor. Park and coworkers254 

managed to form the ring-strained carbonate 6-5 by reacting bis-MPA with CDI and 

subsequent ring closure with acetic acid. 6-5 could be coupled to oleanolic acid methyl 

ester (3-1) by Steglich-type esterification, and the corresponding monomer 6-6 might be 

polymerized by organocatalyzed ROP, whereby the triterpenoid is incorporated as a side 

chain. 

 

Scheme 6.2. Proposed synthesis of polycarbonates: a) PC1' by CDI-based polycondensation of ErDO,             
b) 6-7 by ROP of the OA-functionalized cyclic carbonate 6-6.  

Extract of apple peel containing UA and OA as a mixture could be a resource for further 

polymerizations, provided that other triterpenoid acids with multiple hydroxyl groups in 

minor quantity, such as pomolic acid or corosolic acid, can be separated beforehand.59 The 

formation of polymers based on BA or betulin is particularly interesting, as they might be 

modified either pre- or post-polymerization by the thiol-ene reaction.  
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7. General Experimental Remarks  

7.1. Materials 

Specific reagents were obtained from the following suppliers with the given purity and used 

without purification:  

Oleanolic acid (98%, abcr GmbH), methacryloyl chloride (MAC, 97%, abcr GmbH), 

methacrylic anhydride (94%, Sigma-Aldrich), 2-cyano-2-propyl benzodithionate (CPBD, 

97%, abcr GmbH), tert-butyldimethylsilyl trifluoromethanesulfonate (TBSOTf, 98%, 

Sigma-Aldrich), 2,2′-azobis(2-methylpropionitrile) (AIBN, 98%, Sigma-Aldrich), 2,6-

lutidine (99%, Thermo Scientific), 4-dimethylaminopyridine (DMAP, > 99%, TCI 

Deutschland GmbH), glycidyl methacrylate (GMA, > 97%, Sigma-Aldrich), p-

toluenesulfonic acid monohydrate (pTsOH·H2O, > 98%, TCI Deutschland GmbH), 

iodomethane (MeI, 99%, Thermo Fisher Scientific), 4-methoxyphenol (MeHQ, 99%, 

Thermo Scientific Chemicals), diisobutylaluminum hydride solution (DIBAL-H, 1.2 M in 

toluene, Acros Organics), n-butyl acetate (BA, > 99%, Thermo Scientific), 1,1,2,2-

tetrachloroethane (TeCA, 98%, Thermo Fisher Scientific), N,N-dimethylacetamide 

(DMAc, > 99%, Carl Roth GmbH), N-butyl-2-pyrrolidone (NBP, > 99.5 %, Carl Roth 

GmbH).  

Lithium aluminum hydride powder (LiAlH4, 95%, Sigma-Aldrich), hexamethylene 

diisocyanate (HDI, > 99%, Sigma-Aldrich), pentamethylene diisocyanate (PDI, > 99%, 

Covestro Deutschland AG), 4,4'-methylenebis(cyclohexyl isocyanate) (H12MDI, 90%, 

mixture of isomers, Thermo Fisher Scientific), 4,4'-methylenebis(phenyl isocyanate) (4,4'-

MDI, 98%, Thermo Fisher Scientific), 1,6-hexanediol (HDO, 97%, Thermo Fisher 

Scientific), 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU, > 99%, Sigma-Aldrich), tin(II) 2-

ethylhexanoate (Sn(Oct)2, 92.5–100.0%, Sigma-Aldrich), zinc diethyldithiocarbamate 

(ZDTC, > 99%, TCI Deutschland GmbH), chlorobenzene (PhCl, 99.8%, extra dry, Thermo 

Fisher Scientific), anisole (PhOMe, 99%, extra dry, Thermo Fisher Scientific). 

Dimethyl carbonate (DMC, > 99%, Sigma-Aldrich), diphenyl carbonate (DPC, 99%, 

Thermo Fisher), sodium tert-butoxide (NaOtBu, 98%, Thermo Scientific), 1,5,7-

triazabicyclo[4.4.0]dec-5-ene (TBD, 98%, Sigma-Aldrich), diphenyl ether (Ph2O, 99%, 

Acros Organics), n-tetradecane (> 99%, TCI Deutschland GmbH), 1,3-dimethoxybenzene 

(> 99%, TCI Deutschland GmbH) 
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All other reagents and solvents were obtained from commercial sources and were used 

without further purification, if not mentioned separately. Air- or water-sensitive reactions 

were carried out under an argon atmosphere in dry solvents. Benzyl methacrylate (BzMA, 

98%, Alfa Aesar) was passed through a short aluminum oxide column to remove inhibitors. 

AIBN was recrystallized from ethanol and stored at 4 °C. Dry dichloromethane (DCM) and 

tetrahydrofuran (THF) were obtained from the solvent purification system SPS 800 

(MBraun GmbH). Flash column chromatography was performed on silica gel 60 (0.040–

0.063 mm, 230–400 mesh, Carl Roth GmbH). Monomer synthesis was monitored by thin-

layer chromatography (TLC, SIL G/UV254), with the silica plates being stained with an 

alkaline KMnO4 solution and subsequent heating. OA and all monomers were stored in a 

refrigerator (4 °C). 

 

7.2. Analytical Techniques 

Nuclear magnetic resonance (NMR) spectroscopy  

1H and 13C NMR spectra were recorded on a Bruker Avance III 600 (basis frequencies: 1H: 

600 MHz, 13C: 151 MHz) or an Avance 400 spectrometer (basis frequencies: 1H: 400 MHz, 
13C: 101 MHz) at 300 K (resp. 353 K). Chemical shifts are reported in ppm, relative to the 

solvent signal. Coupling constants (J) are reported in Hz, and the multiplicity of signals is 

described as s (singlet), d (doublet), t (triplet), and m (multiplet). The deuterated solvents 

used are stated in the protocol: CDCl3 (300 K), THF-d8 (300 K), TeCA-d2 (300 K, 353 K), 

DMSO-d6 (300 K, 353 K). Solvent signals from TeCA-d2 were referenced to 5.96 ppm (s, 
1H NMR) and 74.2 ppm (t, 13C{1H} NMR). 

 

High-resolution mass spectrometry (HRMS)  

HRMS spectra were obtained using ESI or APCI ionization on a Bruker Daltronic 

micrOTOF. 

 
Infrared spectroscopy (IR) 

IR spectra were measured on an FTIR spectrometer ALPHA from Bruker Corporation with 

an ATR unit. Each band is described with the intensity using the following descriptors (s – 

strong, m – medium, w – weak, vw – very weak). 
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Size-exclusion chromatography (SEC) 

The average molecular weight of the polymers was determined by analytical size-exclusion 

chromatography (SEC) with DMAc, THF, or CHCl3 as solvent. 

SEC with DMAc was performed on a PSS/Agilent SECurity² system at 50 °C using LiBr 

(0.28 g/L) as an additive, at an elution rate of 1.0 mL/min. The system was equipped with 

a PSS PFG precolumn (7 µm, 8 × 50 mm), three separating PFG columns (7 µm, 

8 × 300 mm, porosities: 100, 1000, 4000 Å), and an RI detector (P/N 404-2106). The SEC 

system was calibrated with linear poly(methyl methacrylate) standards.  

SEC with THF and CHCl3 was performed on two separate Agilent SECurity SEC systems, 

equipped each with a diode array (ALS G1329A) and RI detector (G1362A) at an elution 

rate of 1.0 mL/min (25 °C). Separation proceeded by a pair of SEC columns (PSS Linear 

M SDV, 5 μm, 8 × 300 mm, mixed porosity) aside from the precolumn (PSS SDV guard 

column, 5 μm, 8 × 50 mm). Both systems were run with solvents containing the internal 

stabilizer BHT and were calibrated with polystyrene standards. 

 

Thermogravimetric analysis (TGA) 

TGA was performed on a Mettler Toledo TGA/DSC 1 STARe System with an SDTA sensor 

in the range of 35–600 °C or 35–900 °C, a heating rate of 10 K/min, and an argon stream 

of 50.0 mL/min. 

 

Differential scanning calorimetry (DSC) 

DSC measurements were carried out on a Mettler Toledo TGA/DSC 1 STARe System 

(FRS5 400W) with a heating rate of 10 K/min (except PC1: 20 K/min) and an argon stream 

of 30.0 mL/min. As usual, the second or third heating curve was used.  
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8. Appendix 

8.1. Depolymerization 

The thermal RAFT depolymerization process has recently shown great promise as a 

strategy for chemical polymer recycling.255,256 Upon thermal dissociation, the RAFT end 

group forms a chain-end radical via homolytic C−S bond cleavage, which allows 

depolymerization.257 Since exceeding the ceiling temperature (Tc) in bulk conditions is not 

feasible for most polymers, conducting the reaction under dilute conditions can favor 

depropagation over propagation, as it proceeds via a unimolecular rather than a bimolecular 

mechanism.257 Due to steric effects, bulkier polymer side chains can result in a lower Tc, 

making the depolymerization of OA-based polymethacrylates a promising approach. 

 

Scheme 8.1. General depolymerization of OA-based polymethacrylates (in DMAc). 

The depolymerization experiments of PMA1 were initially carried out in DMAc, chosen 

for its high boiling point and favorable solubilization properties for PMA1. The conversion 

of the reaction mixture was determined by 1H NMR, comparing the integrals of the 

overlapping signals from the double bond of the OA structure in both monomer and 

polymer with the distinct methacrylate signals (Figure 8.1). In dilute conditions (5 mM), a 

maximum depolymerization conversion of 12% was detected, while concentrated 

conditions led to an unexpectedly higher conversion of 34% (at 200 mM). A comparable 

experiment with PMA3 resulted in a similar conversion of 28%, whereby PMA2 required 

dilution (100 mM) to dissolve at 120 °C. PMA4 could only be depolymerized to 14%, 

possibly due to the less rigid glycerol-type linker. 

Based on these results, future investigations aimed at depolymerization could explore 

diluted conditions using an alternative solvent to DMAc, yet non-stabilized 1,4-dioxane or 

dimethyl sulfoxide did not lead to any significant conversion. 
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Table 8.1. Depolymerization experiments of PMA1-4 in DMAc.  

Polymer c [mol/L] T [°C] t [h] Conv. [%] 

PMA1 

0.005 

100 16 5 

110 16 12 

120 16 4 

0.1 
120 4 22 

130 4 23 

0.2 

100 16 22 

120 4 34 

120 8 25 

PMA2 0.1 120 4 29 

PMA3 0.2 120 4 28 

PMA4 0.2 120 4 12 

 

 

 

Figure 8.1. 1H NMR spectra from depolymerization experiments of PMA1-4 (concentrated raw mixtures 
with DMAc residue, dissolved in CDCl3). 

   

8.2. Double-Bond Modification 

The internal double bond in OA presents a potential site for pre- or post-polymerization 

modification, for instance via the thiol-ene reaction. In the reaction of OA with 2-

mercaptoethanol and AIBN, only minor conversion was indicated by 1H NMR 

spectroscopy. However, this could not be fully confirmed and was not further investigated. 

Bensberg258 showed in her dissertation that the double bond of a UA derivative (3-acetoxy-

urs-12-en-28-oic acid methyl ester) could not be targeted by catalytic hydrogenation, 

possibly caused by steric hindrance.  In contrast, the epoxidation should be possible, as 
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proven by Park and coworkers259 on 3-acetoxy-olean-12-en-28-oic acid methyl ester with 

mCPBA. However, acidic silica in the purification step causes a rearrangement to the 

corresponding ketone. Therefore, polyurethane PU1 was treated with mCPBA, since 

purification by precipitation in diethyl ether is sufficient. In the 1H NMR spectrum (Figure 

8.2), an upfield shift of the H-12 signal from 5.19 to 2.93 ppm could be observed, indicating 

the formation of the epoxide. Experiments to ring-open the epoxide with benzylamine 

showed no significant conversion, potentially due to steric hindrance or prior hydrolysis to 

an inactive diol at C-12 and C-13. 

 

Figure 8.2. (Top) Epoxidation reaction of PU1. (Bottom) 1H NMR spectra of PU1 and the corresponding 
epoxide (PU1b) in CDCl3. 
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8.3. Abbreviations 

4,4′-MDI 4,4′-diphenylmethane diisocyanate 

AIBN azobisisobutyronitrile 

aPC aliphatic polycarbonate 

APCI atmospheric pressure chemical ionization 

aq. aqueous 

ATR attenuated total reflection 

BHT butylated hydroxytoluene 

BPA bisphenol A 

BPA-PC poly(bisphenol A carbonate) 

CC cyclic carbonate 

CH cyclohexane 

CPBD 2-cyano-2-propyl benzodithioate 

CPME cyclopentyl methyl ether 

CTA chain-transfer agent 

CYP cytochrome P450 

DBU 1,8-diazabicyclo[5.4.0]undec-7-ene 

DCM dichloromethane 

DIBAL-H diisobutylaluminum hydride 

DMAc N,N-dimethylacetamide 

DMAP 4-dimethylaminopyridine 

DMC dimethyl carbonate 

DMF N,N-dimethylformamide 

DPC diphenyl carbonate 

DSC differential scanning calorimetry 

EA ethyl acetate 

ErDO erythrodiol 

ESI electrospray ionization 

FRP free-radical polymerization 

GMA glycidyl methacrylate 

H12MDI 4,4′-dicyclohexylmethane diisocyanate 

HDI hexamethylene diisocyanate 

HDO 1,6-hexanediol 
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LiAlH4 lithium aluminium hydride 

MAC methacryloyl chloride 

mCPBA meta-chloroperoxybenzoic acid 

NBP N-butyl-2-pyrrolidinone 

NIPU non-isocyanate polyurethane 

NMR nuclear magnetic resonance spectroscopy 

PC polycarbonate 

PDI pentamethylene diisocyanate 

PISA polymerization-induced self-assembly 

PMA polymethacrylate 

PMMA polymethylmethacrylate 

PS polystyrene 

PU polyurethane 

RAFT reversible addition−fragmentation chain transfer 

RDRP reversible-deactivation radical polymerization 

ROP ring-opening polymerization 

SEC size exclusion chromatography 

Sn(Oct)2 tin(II) 2-ethylhexanoate 

TA triterpenoid acid 

TBD 1,5,7-triazabicyclo[4.4.0]dec-5-ene 

TBSOTf tert-butyldimethylsilyl trifluoromethanesulfonate 

TeCA 1,1,2,2-tetrachloroethane 

TGA thermogravimetric analysis 

THF tetrahydrofuran 

ZDTC zinc diethyldithiocarbamate 
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8.4. 1H and 13C NMR Spectra 

Ch. 3: Oleanolic Acid-Derived High-Glass-Transition-Temperature Methacrylic Polymers 

 

Figure 8.3. 1H NMR spectrum of MA1 in CDCl3. 

 

Figure 8.4. 13C NMR spectrum of MA1 in CDCl3. 
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Figure 8.5. 1H NMR spectrum of 3-1 in CDCl3. 

 

 

Figure 8.6. 13C NMR spectrum of 3-1 in CDCl3. 
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Figure 8.7. 1H NMR spectrum of MA2 in CDCl3. 

 

  

Figure 8.8. 13C NMR spectrum of MA2 in CDCl3. 
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Figure 8.9. 1H NMR spectrum of 3-2 in CDCl3. 

 

 

Figure 8.10. 13C NMR spectrum of 3-2 in CDCl3. 
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Figure 8.11. 1H NMR spectrum of 3-3 in CDCl3. 

 

 

Figure 8.12. 13C NMR spectrum of 3-3 in CDCl3. 
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Figure 8.13. 1H NMR spectrum of 3-4 in CDCl3. 

 

 

Figure 8.14. 13C NMR spectrum of 3-4 in CDCl3. 
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Figure 8.15. 1H NMR spectrum of MA3 in CDCl3. 

 

 

Figure 8.16. 13C NMR spectrum of MA3 in CDCl3. 
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Figure 8.17. 1H NMR spectrum of MA4 in CDCl3. 

 

 

Figure 8.18. 13C NMR spectrum of MA4 in CDCl3. 
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Figure 8.19. 1H NMR spectrum of MA1' in CDCl3. 

 

 
Figure 8.20. 13C NMR spectrum of MA1' in CDCl3. 
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Figure 8.21. 1H NMR spectrum of PMA1 in THF-d8. 

 

 

Figure 8.22. 1H NMR spectrum of PMA2 in TeCA-d2. 
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Figure 8.23. 1H NMR spectrum of PMA3 in TeCA-d2. 

 

 

Figure 8.24. 1H NMR spectrum of PMA4 in TeCA-d2. 
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Figure 8.25. 1H NMR spectrum of PMA1' in TeCA-d2. 

 

 

Figure 8.26. 1H NMR spectrum of PMA2-Bz in TeCA-d2. 
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Ch. 4: Novel Bio-based Thermoplastic Polyurethanes Derived From Oleanolic Acid 

 

Figure 8.27. 1H NMR spectrum of ErDO in CDCl3. 

 

Figure 8.28. 13C NMR spectrum of ErDO in CDCl3. 
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Figure 8.29. 1H NMR spectrum of PU1 in TeCA-d2. 

 

 
Figure 8.30. 13C NMR spectrum of PU1 in TeCA-d2. 
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Figure 8.31. 1H NMR spectrum of PU2 in TeCA-d2. 

 

 
Figure 8.32. 13C NMR spectrum of PU2 in TeCA-d2. 
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Figure 8.33. 1H NMR spectrum of PU3 in TeCA-d2. 

 

 
Figure 8.34. 13C NMR spectrum of PU3 in TeCA-d2. 
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Figure 8.35. 1H-1H COSY NMR spectrum of PU3 in TeCA-d2. 
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Figure 8.36. 1H NMR spectrum of PU4 in TeCA-d2. 

 

 
Figure 8.37. 13C NMR spectrum of PU4 in TeCA-d2. 
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Figure 8.38. 1H NMR spectrum of PU2a in TeCA-d2. 

 

 

Figure 8.39. 13C NMR spectrum of PU2a in TeCA-d2. 
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Figure 8.40. 1H NMR spectrum of PU2b in TeCA-d2. 

 

 
Figure 8.41. 13C NMR spectrum of PU2b in TeCA-d2. 
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Figure 8.42. 1H NMR spectrum of PU2c in TeCA-d2.  

 

 
Figure 8.43. 13C NMR spectrum of PU2c in TeCA-d2. 
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Figure 8.44. 1H NMR spectrum of PU2d in TeCA-d2. 

 

 

 
Figure 8.45. 13C NMR spectrum of PU2d in TeCA-d2. 
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Figure 8.46. 1H NMR spectrum of PU2e in DMSO-d6. 

 

 
Figure 8.47. 13C NMR spectrum of PU2e in DMSO-d6. 
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Ch. 5: Renewable Polycarbonates Based On Erythrodiol 

 
Figure 8.48. 1H NMR spectrum of ErDO-BMC in CDCl3. 

 
Figure 8.49. 13C NMR spectrum of ErDO-BMC in CDCl3. 
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Figure 8.50. 1H NMR spectrum of PC1 in CDCl3.  

 

 

Figure 8.51. 13C NMR spectrum of PC1 in CDCl3. 
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Figure 8.52. 1H NMR spectrum of OC8 in TeCA-d2.  

 

 

Figure 8.53. 13C NMR spectrum of OC8 in TeCA-d2.  
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Figure 8.54. 1H NMR spectrum of OC9 in TeCA-d2. 

 

 

Figure 8.55. 13C NMR spectrum of OC9 in TeCA-d2. 



 Appendix 

148 
 

 

Figure 8.56. 1H NMR spectrum of OC10 in TeCA-d2. 

 

 

Figure 8.57. 13C NMR spectrum of OC10 in TeCA-d2. 
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Figure 8.58. 1H NMR spectrum of PC2 in CDCl3. 

 

 

Figure 8.59. 13C NMR spectrum of PC2 in CDCl3. 
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Figure 8.60. 1H NMR spectrum of PC3 in CDCl3. 

 

 

Figure 8.61. 13C NMR spectrum of PC3 in CDCl3. 
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Figure 8.62. 1H NMR spectrum of PC4 in CDCl3. 

 

 

Figure 8.63. 13C NMR spectrum of PC4 in CDCl3. 
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Figure 8.64. 1H NMR spectrum of PC5 in CDCl3. 

 

 

Figure 8.65. 13C NMR spectrum of PC5 in CDCl3. 
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