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ABSTRACT 

In the face of global challenges, such as climate change and environmental pollu-

tion, increasing research effort has been directed towards establishing more sustai-

nable chemical protocols. This also concerns the production of polymeric materials, 

which are currently mostly petroleum-based and often rely on hazardous synthesis 

routes. The twelve principles of Green Chemistry offer a framework for more 

sustainable approaches to chemical synthesis, including e.g. the use of renewable 

resources, less toxic chemical reagents, and catalysis. 

Within this work, the application of thiourea catalysts in the synthesis of renewable 

polymers was investigated. Several thiourea compounds were synthesized using 

a multicomponent reaction and tested in different synthesis approaches towards 

polyesters and non-isocyanate polyurethanes (NIPUs). 

Establishing a route towards polyesters, different thioureas were used as cocata-

lysts in combination with organobases for the ring-opening polymerization of ε-

caprolactone, achieving narrow dispersity values (Đ ≤ 1.07) even after long 

reaction times of up to 72 h. Thiourea catalysts bearing sulfone or ester moieties 

showed comparable performance to the classically used CF3 motif. Moreover, the 

synthesis of a renewable bicyclic lactone based on α-pinene as starting material 

was achieved. 

Secondly, the use of thiourea catalysts for the synthesis of renewable NIPUs was 

investigated. Test reactions of transurethanization and cyclic carbonate opening 

approaches showed the latter route to be efficiently catalyzed by addition of 

thiourea compounds. Based on terpenes as renewable resources, a scope of five-

membered cyclic carbonates was synthesized and opened with allylamine or fatty 

acid-based dec-9-en-1-amine under thiourea catalysis. Expanding this approach, 

renewable erythritol bis(cyclic carbonate) was introduced as sugar-based 

feedstock for urethane monomer synthesis. Reaction and work-up conditions of 

the aminolysis reaction were optimized and compared regarding their 

sustainability.  

In this way, seven urethane monomers containing two terminal double bonds were 

obtained, thus representing AA monomers. Afterwards, linear non-isocyanate poly-

urethanes were synthesized via step-growth thiol-ene polyaddition with different 
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dithiols. Variation of the dithiol and urethane allowed for the synthesis of NIPUs 

with different properties, with molecular weights of up to 31 kg‧mol-1 and Tg values 

ranging from 1 to 29 °C. 

Lastly, the synthesized terpene- and erythritol-based urethane monomers were 

used to produce NIPU thermosets via thiol-ene cross-linking. The curing conditions 

were optimized to obtain NIPU foils containing a limonene-based and an erythritol-

based urethane monomer in different ratios. For selected materials, the implemen-

tation of a Lewis acid catalyst to promote exchange reactions was achieved. The 

use of a mixture of bifunctional and trifunctional thiols allowed for improved 

reprocessability of the obtained materials. 
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KURZZUSAMMENFASSUNG 

Angesichts globaler Herausforderungen wie dem Klimawandel und zunehmender 

Umweltverschmutzung konzentrieren sich aktuelle Forschungsanstrengungen 

zunehmend darauf, nachhaltigere chemische Protokolle zu etablieren. Dies betrifft 

auch die Herstellung polymerer Materialien, die derzeit größtenteils auf Erdöl 

basieren und oft auf risikobehafteten Synthesewegen beruhen. Die zwölf Prinzi-

pien der Grünen Chemie bieten einen Rahmen für nachhaltigere chemische Syn-

theseansätze, einschließlich der Verwendung erneuerbarer Ressourcen, weniger 

giftiger chemischer Reagenzien und der Nutzung von Katalyse. 

Im Rahmen dieser Arbeit wurde die Anwendung von Thioharnstoffkatalysatoren für 

die Synthese erneuerbarer Polymere untersucht. Mehrere Thioharnstoffe wurden 

mithilfe einer Multikomponentenreaktion hergestellt und in verschiedenen Ansätze 

zur Herstellung von Polyestern und nicht-isocyanatbasierten Polyurethanen 

(NIPUs) untersucht. 

Bei der Etablierung einer Route zu Polyestern wurden verschiedene Thioharnstoffe 

als Kokatalysatoren in Kombination mit Organobasen für die Ringöffnungspoly-

merisation von ε-Caprolacton verwendet, wobei auch nach langen Reaktionszeiten 

von bis zu 72 h niedrige Dispersitäten (Đ ≤ 1.07) erreicht wurden. Thioharnstoff-

katalysatoren mit Sulfon- oder Estergruppen zeigten eine vergleichbare Leistung 

wie das klassisch verwendete CF3-Motiv. Darüber hinaus wurde die Synthese 

eines erneuerbaren bicyclischen Lactons auf Basis von α-Pinen als Ausgangs-

material erreicht. 

Zudem wurde die Verwendung von Thioharnstoffkatalysatoren für die Synthese 

erneuerbarer NIPUs untersucht. Testreaktionen zur Transurethanisierung und zur 

Ringöffnung von cyclischen Carbonaten zeigten, dass letztere effizient durch 

Zugabe von Thioharnstoffverbindungen katalysiert wurde. Basierend auf Terpenen 

als erneuerbare Ressourcen wurden eine Reihe fünfgliedriger cyclischer Carbo-

nate synthetisiert und unter Thioharnstoffkatalyse mit Allylamin oder fettsäureba-

siertem Dec-9-en-1-amin geöffnet. Durch die Erweiterung dieses Ansatzes wurde 

erneuerbares Erythritolbis(cyclocarbonat) als zuckerbasierter Ausgangsstoff für 

die Synthese von Urethanmonomeren eingeführt. Reaktions- und Aufarbeitungs-
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bedingungen der Aminolyse-Reaktion wurden optimiert und hinsichtlich ihrer Nach-

haltigkeit verglichen. 

Auf diese Weise wurden sieben Urethanmonomere mit je zwei terminalen Doppel-

bindungen erhalten, die folglich AA-Monomere darstellen. Anschließend wurden 

lineare nicht-isocyanatbasierte Polyurethane über eine Stufenwachstums-Thiol-

En-Polyaddition mit verschiedenen Dithiolen synthetisiert. Die Variation des Di-

thiols und des Urethanmonomers ermöglichte die Synthese von NIPUs mit unter-

schiedlichen Eigenschaften, mit Molekulargewichten von bis zu 31 kg‧mol-1 und 

Tg-Werten im Bereich von 1 bis 29 °C. 

Abschließend wurden die synthetisierten terpen- und erythritolbasierten Urethan-

monomere zur Herstellung von NIPU-Thermosets über eine Vernetzung mittels 

Thiol-En-Reaktion verwendet. Die Aushärtebedingungen wurden optimiert, um 

NIPU-Filme ausgehend von einem auf Limonen basierenden und einem auf 

Erythritol basierenden Urethanmonomer in unterschiedlichen Verhältnissen zu 

erhalten. Für ausgewählte Materialien wurde die Implementierung eines Lewis-

Säure-Katalysators zur Förderung von Austauschreaktionen erreicht. Die Verwen-

dung einer Mischung aus bifunktionalen und trifunktionalen Thiolen ermöglichte 

eine verbesserte Wiederaufarbeitung der erhaltenen Materialien. 
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1. INTRODUCTION 

While the importance of the chemical industry for ubiquitous products of daily life 

is unquestionable, it is also associated with the highly polluting and energy-

consuming production of potentially hazardous materials. Indeed, the chemical 

industry significantly contributes to climate change,1 biodiversity loss2,3 and out-of-

equilibrium phosphorus4 and nitrogen cycles.5 At the same time, the chemical 

industry is necessary to produce materials that enable innovations for a more 

sustainable economy.6 If societies aim to make an impactful effort to stop the 

stressing of these planetary boundaries, a fundamental change of the chemical 

industry is crucial.7 

Facing this challenge, guidelines promoting a greener and more sustainable 

chemistry were introduced within the last decades.8–10 These directives en-

couraged various research areas to develop strategies that surpass the limitations 

of previous approaches with regard to sustainability,11 which is an ongoing task that 

requires broad and cooperative research efforts.12,13 

To answer the question how future materials should look like, Zimmermann et al. 

summarized the principle aims of sustainable chemistry such that chemicals and 

chemical processes should be non-depleting, non-toxic and non-persistent in the 

environment.14 These three concepts serve as framework for research projects 

targeting applications within a future industry and also offer a guidance for the 

research presented in this work. 

When looking at polymers, it can be stated that these three terms – non-depleting, 

non-toxic and non-persistent – do not apply for the majority of polymeric products 

used to this day.15 Not only does the production of polymers largely depend on 

fossil resources such as crude oil and gas,16 their synthesis routes also often 

require the use of hazardous chemicals, such as isocyanates in the case of poly-

urethanes.17,18 Further, apart from critical amounts of plastic waste,19 even poly-

mers that are collected back for repeated use cannot always be efficiently re-

cycled.20 This is especially the case for thermoset materials, whose mechanical 

properties are highly desirable for certain applications, but which are not reproces-
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sable and thus not straightforward to implement in Circular Economy ap-

proaches.21 

This work aims to develop strategies for polymer synthesis that take the aforemen-

tioned concepts for more sustainable materials as a guideline. Renewable feed-

stock is used to develop less depleting materials, organocatalytic approaches and 

the choice of less harmful reagents aim for less toxic synthesis pathways, and 

finally efforts to enhance the reprocessability of the obtained materials work 

towards enabling closed-loop recycling. 
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2. THEORETICAL BACKGROUND 

2.1. Green Chemistry 

After the challenges of societies depending on an ever-expanding industry had 

been pointed out by the Club of Rome in 1972 in the release of their report on the 

“Limits to Growth”,22 and after the threads of climate change had been 

distinguished,23 international committees such as the Advisory Group on 

Greenhouse Gases24 and its successor, the Intergovernmental Panel on Climate 

Change,25 have been founded and since then emphasized the risks of planetary 

boundaries. In this context, the concept of Green Chemistry was introduced in the 

1990s,8 with twelve main principles giving guidance on how to design processes 

and chemical products more sustainably (Figure 1).9  

 

 

Figure 1. The twelve principles of Green Chemistry.9 

 

Since then, the principles of Green Chemistry have influenced chemical research 

in various areas. Further, international treaties, such as the Kyoto Protocol26 and 

the Paris Agreement,27 have been brough forward to express political motivation 

for a transition towards a more sustainable industry.28 In this chapter, the twelve 

principles of Green Chemistry will be introduced briefly based on examples from 

current research efforts. 



Theoretical Background 

4 
 

Having established that the production of many chemicals poses a health hazard 

to humans and the environment,3 a main focus of Green Chemistry is set on 

reducing the hazard of chemical processes and materials. As such, the principle of 

less hazardous chemical synthesis aims to develop more efficient and cleaner 

protocols, including all chemical substances that are used during the synthesis, as 

well as their precursors. For instance, avoiding the use of toxic phosgene29 in the 

production of polyurethane monomers is a broad field of current research30–34 and 

will be discussed in more detail in section 2.2. 

Reducing the hazard of chemical syntheses is further connected to the use of safer 

solvents and auxiliaries. Extensive research describes the development of more 

sustainable solvent systems as they often contribute significantly not only to the 

overall waste35 and pollution of processes, but also to hazardousness due to the 

toxicity, flammability or corrosiveness of the majority of solvents.36 Thus, it is 

desirable to develop chemical syntheses that do not require any solvent.37,38 For 

cases in which solvents cannot be avoided, however, solvent selection guides were 

published, in which a range of different solvents is ranked based on factors such 

as safety, health and effect on the environment.36,39 

In cases where the use of hazardous chemicals is still necessary, it is crucial to 

ensure that measurements for accident prevention are taken to protect the workers 

and the environment. Important tools for this are safety trainings of workers,40 and 

further the ability of real-time analysis, which can further prevent the release of 

toxic chemicals into the environment. 

In the same way that chemicals used within a process should pose minimal hazard 

to the environment, the end products should not be harmful during the consumer 

phase and afterwards. Therefore, the design of inherently safer chemicals must 

include profound knowledge about the toxicology of the products. At the same time, 

consumer products should show biodegradability into benign substances when-

ever possible, as collection for recycling cannot always be guaranteed. This 

concept is of great importance in the development of polymers, as the immense 

amount of plastic waste poses environmental problems.19 Especially in the field of 

polyesters, considerable progress has already been achieved with respect to bio-

degradability.41,42 This group of polymers will be further discussed in section 2.3.  

The degradability of materials is directly linked to another aspect that is connected 

to several principles of Green Chemistry, which is the prevention of waste. It 
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includes avoiding the formation of by- and side products, but also considers the 

use of solvents and reactants, as depicted above. An indication for the amount of 

waste inherently produced during a reaction is the atom economy (AE),43 defined 

in Equation (1). 

 

𝐴𝐸 =
𝑀product

𝑀reactants
 (1) 

 

The atom economy thus describes the weight percentage of atoms that end up in 

the final product. It gives an preliminary estimate of the waste that might be 

produced by a reaction per se, with no possibility to decrease it via process 

optimization. However, a considerable amount of waste produced in chemical 

syntheses derives from factors that cannot be directly distinguished from the 

chemical equation, such as conversion, solvent waste, by- and side products, and 

reactants used for the work-up. Thus, more extensive metrics were introduced,44 

one commonly used metric being the environmental factor (E-Factor) that was 

proposed by Sheldon.45 It describes the mass of produced waste divided by the 

mass of desired products, as described in Equation (2). 

 

𝐸𝑛𝑣𝑖𝑟𝑜𝑛𝑚𝑒𝑛𝑡𝑎𝑙 𝐹𝑎𝑐𝑡𝑜𝑟 =
𝑚waste

𝑚product
 (2) 

 

The calculation of the E-Factor depends on the definition of waste, making it difficult 

to compare published E-Factors directly. For more clarity, a more recent common 

differentiation is made between the simple E-Factor (sEF), considering only the 

waste due to yield losses and reagents, and the complete E-Factor (cEF), including 

solvent and water waste.46 

Industrial E-Factors, considering multiple reaction steps, are in the range of <1 to 

5 for bulk chemicals, 5 to >50 for fine chemicals and 25 to >100 for pharma-

ceuticals.10 Notably, lower E-Factors are required in cases where high amounts are 

produced to decrease the absolute amount of waste. 

To reduce the E-Factor of a reaction, its components have to be considered 

precisely. Next to new concepts for solvent use, as mentioned above, it is crucial 
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to reduce derivatives, which includes classical chemical tools such as over-

stoichiometric reagents or protecting groups.  

In general, high yields and conversions are crucial to achieve a low E-Factor not 

only by a lower contribution of side products, but also by less required work-up. 

Thus, examples for reactions that fulfill several requirements of Green Chemistry 

are multicomponent reactions and tandem reactions, which do not only often show 

high atom economy, but also avoid work-up steps.47 As such, multicomponent 

reactions have also been shown to be highly useful in polymer synthesis.48 

Preventing waste is a possibility to expose less chemicals to the environment, but 

it also contributes to less material being needed in general, since less material 

input is necessary for the same amount of product, and further recycled materials 

can be used instead of raw materials. In this context, the ideal concept of a Circular 

Economy (Figure 2)49 was developed within the last decades.50 It aims to keep 

materials in the supply chains as long as possible.51–53  

 

 

Figure 2. Scheme of the Circular Economy concept.49 

 

The design and production should thus mainly be sourced from reusing and 

recycling of used goods and partly from renewable feedstock if necessary. This 

opens possibilities to produce without the need for crude oil and gas.54 Less 

Raw materials

Waste

Circular

Economy
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depletion and consumption of non-renewable resources is an essential aspect of 

sustainable approaches. 

This requires all aspects of economy to be thought in a holistic concept, starting 

from designing more sustainable products and adjusting production processes, 

and further including the collection and recycling of the consumed products, which 

relates to the concept of waste prevention described above. The idea is that 

materials should be developed in a way that their value can be taken advantage of 

still after their consumption. In that way, the use of raw materials as well as the 

release of products into the environment are to be minimized. 

Next to the raw materials that are consumed primarily in the synthesis of chemical 

products, depletion of resources is further linked to the high energy consumption 

of chemical processes. Therefore, design for energy efficiency is key to achieving 

greener synthesis conditions. To avoid harsh reaction conditions, catalysis can 

further be an effective tool, as catalysts lower the activation energy required for a 

process.55 Furthermore, suitable catalysts often provide highly selective reaction 

conditions, thus, the formation of side products and therfore of overall waste can 

be decreased. In this context, the field of organocatalysis will be discussed in more 

detail in section 2.6. 

Since the twelve principles of Green Chemistry are in many cases connected, it is 

important to take all aspects into account when assessing the overall sustainability 

of a process.56 They offer a frame for the design of chemicals and chemical 

procedures that cause less hazard, depletion, and waste production than state-of-

the-art procedures. Within the field of polymer chemistry, they are key to bring 

forward a fundamental change towards more sustainability.57 
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2.2. Non-isocyanate polyurethanes 

The production of polyurethanes (PUs) reaches back to the 1940s, and has since 

then increased and diversified immensely to result in a widely used class of 

polymers with various applications.18,58 Chemically, PUs are characterized by the 

presence of urethane linkages in the polymeric backbone, which can give rise to 

desirable properties, e.g. due to hydrogen bonding.59 Industrially, polyurethane 

formulations find applications for instance in coatings, adhesives, or sealants.60 

Industrially, PUs are obtained via polyaddition of diisocyanates and polyols. A 

schematic illustration of PU synthesis is depicted in Figure 3.61 As a high variety 

of polyols and additives is industrially accessible, the respective PUs cover a wide 

range of properties.62 

 

 

Figure 3. Polyurethane synthesis via polyaddition of polyol and diisocyanate, as well as examples 

for commercially used diols and diisocyanates. PPG = polypropylene glycol; PEG = polyethylene 

glycol; MDI = methylene diphenyl diisocyanate; IPDI = isophorone diisocyanate; HDI = hexa-

methylene diisocyanate. 

 

The use of difunctional monomers can yield thermoplastic PUs.63 They usually 

consist of a soft segment, allowing e.g. for elongation and elasticity,64 which 

depends mostly on the polyol structure, as well as a hard segment containing the 

diisocyanate block, which can act as physical cross-link through intramolecular 

interactions and thus contributes to the stiffness, tensile strength, and the impact 

resistance of the material.65 Multifunctional monomers, on the other hand, allow for 
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chemically cross-linked PUs towards thermoset materials.66 Further, secondary 

reactions of the isocyanates by dimerization or trimerization67,68 or by the reaction 

with other present functional groups, such as urethane or urea moieties,69 can yield 

cross-linked structures. 

An important secondary reaction is the hydrolysis of isocyanate groups, releasing 

CO2 and forming an amine end group that then can react with another isocyanate 

to yield a urea linkage. This mechanism for CO2 release is taken advantage of in 

the production of PU foams.70 While flexible PU foams with open cells find 

application for example as cushion and sponge materials,71 closed foam cells result 

in a rigid structure in which the gases formed during the foaming are enclosed, thus 

showing good insulation properties.72,73 If foam formation is avoided, elastomeric 

PUs can be obtained,74 which find application as cellular elastomers, synthetic 

leather, and elastomeric fibers, among others.  

With regard to sustainability, the presented synthesis route contains clear draw-

backs. The majority of the building blocks for PU synthesis is obtained from fossil-

based resources, which is addressed by increased implementation of biobased 

monomers, especially biobased polyols,75–77 but the use of diisocyanates in gene-

ral is questionable due to their origin from toxic phosgene78 and their inherent 

health hazard.79,80 In fact, the use of diisocyanates has already been restricted 

within the European Union since 2023.81 

With this in mind, several approaches have been developed to access alternative 

non-isocyanate polyurethanes (NIPUs).82–84 Notably, some presented procedures 

do enable an isocyanate-free synthesis, but they still often rely on the use of phos-

gene-based reagents for the introduction of the urethane functional groups. This is 

for instance the case for the majority of approaches of NIPU synthesis by ring-

opening polymerization of cyclic urethanes.85,86 The main phosgene-free strategies 

to access polyurethane structures are summarized in Figure 4. 

One possibility to obtain NIPUs is the ring-opening copolymerization of aziridines 

with CO2. In this process, the homopolymerization of aziridines is a competing side 

reaction and may decrease the urethane content, which was addressed by using 

supercritical CO2.87,88 However, aziridines are hazardous compounds89,90 and 

therefore still represent a health risk, even if avoiding isocyanates. An alternative 

ring-opening approach is the synthesis and polymerization of cyclic urethanes from 
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the depolymerization of oligourethane precursors instead of their often applied 

synthesis from phosgene derivatives.91 

 

 

Figure 4. Phosgene-free routes to poly(hydroxyurethanes) and polyurethanes.82–84 

 

A second synthesis route towards NIPUs is by rearrangement and subsequent 

polyaddition with diols. The isocyanate group is formed in situ and phosgene-free 

during the reaction, making the handling safer. Since no isolation of hazardous 

isocyanate compounds is necessary, the resulting polymers are referred to as 

NIPUs within this context. Several rearrangement reactions are suitable to yield 

isocyanate groups in situ,92 with the Curtius rearrangement shown in Figure 4.93,94 

This approach can also be applied to the synthesis of AB-type monomers contain-

ing both functional groups.95 Still, the starting materials of the reaction, in this case 

acyl azides, continue to be harmful and are therefore not as desirable to replace 

isocyanates.96 

If urethane moieties are already present in linear monomers, NIPUs can be 

obtained by transurethanization with diols (see Figure 5). This is a step-growth 

polymerization mechanism based on an equilibrium condensation reaction in which 

an alcohol equivalent is released in each step. Several routes have been described 

to yield urethane monomers without the need for isocyanate groups,97–100 for 

Cyclic carbonate opening

Transurethanization

Ring-opening

polymerization

Rearrangement
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instance the methoxycarbonylation of amines101,102 or the aminolysis of ethylene 

carbonate.91 One common strategy to achieve efficient polymer synthesis is to use 

dimethyl carbonate (DMC) and a diamine to generate diurethane precursors, which 

upon polycondensation with a diol release methanol as a volatile compound (see 

Figure 5).103,104 DMC is attractive as a benign reagent105 for which synthesis 

methods with improved sustainability have been developed,106,107 for example 

based on CO2 and methanol.108,109 Applying high temperatures and high vacuum 

conditions to remove the formed methanol is necessary to shift the reaction 

towards high conversions and therefore high molecular weights. 

 

 

Figure 5. Synthesis of urethane monomers from diamines and CO2 and subsequent polyaddition 

with a diol to yield NIPUs. 

 

The required monomers for this approach can be obtained from the same poly-

amines that yield the industrially used isocyanates. Therefore, it is possible to mi-

mic the structure of classical PUs. For instance, a study by Zheng and Li compared 

the structures and properties of NIPUs obtained via transurethanization with their 

isocyanate-based counterparts.110 In the NIPU structures, an increased urea 

content was observed, resulting in inferior thermal and mechanical properties. The 

formation of urea bonds was attributed to urethane metathesis and further to a 

possible side reaction between alcohol and urethane groups, releasing carbonate 

and amine groups, the latter of which could then react with urethane groups to form 

urea moieties. Although urea bonds also occur in PUs obtained from diisocyanates, 

these side reactions have to be taken into account to develop more selective 

procedures. Still, transurethanization represents one of the most promising ap-

proaches for thermoplastic NIPU synthesis. 

Similarly, linear dicarbonate monomers can be reacted with diamines in a polycon-

densation method.111 However, in that case, selective reaction to the urethane with 
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little urea formation is a challenge. As an alternative, the opening of cyclic 

carbonates with amines has found increased use in the synthesis of NIPUs.112 The 

ring-opening of a cyclic carbonate with an amine upon nucleophilic substitution 

yields a hydroxyurethane moiety in two different regioisomers (see Figure 6).113,114 

Therefore, if polyfunctional cyclic carbonates and amines are used, it leads to the 

formation of poly(hydroxyurethanes) (PHUs). The regioselectivity of the ring-

opening varies depending on the substitution pattern of the cyclic carbonates, and 

the final polymer may contain both isomeric groups. 

 

 

Figure 6. Ring-opening of cyclic carbonate with amine yielding two different regioisomers of 

hydroxyurethanes. 

 

By the introduction of an additional hydroxy group per urethane unit, the obtained 

structures inherently vary from classically used PU materials and are not a straight-

forward replacement. Further, during the opening of cyclic carbonates by amines, 

several side reactions can occur, such as urea formation or dehydration, thus 

limiting the molecular weight of the obtained PHUs.115,116 However, in optimized 

approaches, the additional functionalities may be beneficial for certain applications, 

e.g. achieving improved adhesion properties due to the additional hydroxy 

groups117 or taking advantage of the reactive groups for the synthesis of graft-

copolymers.118 

Sustainable routes towards polyfunctional cyclic carbonates and amines as 

suitable precursors for NIPUs have been investigated extensively.119,120 Poly-

amines are already industrially available and used in PU synthesis. They can be 

obtained via common approaches such as reductive amination, Gabriel synthesis, 

or by reduction of nitro compounds, amide derivatives, or nitriles.121 For a trans-

formation towards a greener chemical industry, the synthesis of polyamines from 

renewable feedstock without the need for harsh reaction conditions is a 

considerable challenge122,123 that will not be addressed in this work. 

Five-membered cyclic carbonates are accessible from abundant chemical groups 

such as epoxides, double bonds, and 1,2-diols. Figure 7 depicts a selection of 
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routes towards five-membered cyclic carbonates, focusing on routes in which more 

benign substrates and reagents can be used instead of e.g. halohydrins or 

halogenated carbonates. 

 

 

Figure 7. Selection of halogen-free routes to five-membered cyclic carbonates. 

 

1,2-Diols are abundant in naturally occurring compounds, for example in carbo-

hydrates and their fermentation products, which will be discussed in more detail in 

section 2.5.2. The reaction of 1,2-diols with carbonyl compounds was shown to 

yield cyclic carbonates effectively. Several carbonyl derivatives, such as alkyl 

carbonates,124–126 urea,127 or CO2,128,129 can be reacted with 1,2-diols, upon which 

DMC represents an attractive reactant, being more benign and accessible from 

renewable feedstock.130  

The insertion of CO2 into an epoxide group is another common strategy to obtain 

five-membered cyclic carbonates.131–133 The reaction can be catalyzed, e.g., by 

adding tetrabutylammonium salts of halogenides (see Figure 8). In this case, the 

halogenide attacks the epoxide as a nucleophile, generating an alkoxide ion that 

can react with CO2, with the resulting carbonate ion being able to substitute the 

halogenide catalyst under ring formation.134–136 The addition of metal complexes 

can activate the epoxide group further and therefore improve the perfor-

mance.137,138 Other catalyst systems that have been investigated include the use 

of metal-organic frameworks,139 porphyrins,140 alkali metal salts,141,142 or imidazo-

lium salts.143,144  
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Figure 8. Mechanism of cyclic carbonate synthesis from epoxide and CO2 using a halogenide ion 

based catalyst. X = Cl, Br, I. 

 

A possible reagent to introduce reactive epoxy groups into monomers is epichloro-

hydrin,145–147 however, the use of this chlorinated reagent limits the sustainability 

of such approaches, and especially epichlorohydrin is highly toxic. Alternatively, 

epoxides are accessible from the oxidation of double bonds, and since double 

bonds occur in a variety of substrate classes, this approach has widely been used 

for the synthesis of a broad range of cyclic carbonates as precursors for NIPUs.134 

For certain substrates, reacting double bonds directly with CO2 and O2 under addi-

tion of transition metal complexes or metal oxides is an attractive possibility,148,149 

which is being investigated as alternative route. 

The third approach to synthesize five-membered cyclic carbonates without the 

need for halogenated reagents that is shown in Figure 7 is by depolymerization of 

polycarbonates with a short diol. This has already been shown in early investiga-

tions by Carothers.150 However, the scope of cyclic carbonate structures obtainable 

by this method is limited and moreover, only monofunctional cyclic carbonates are 

accessible. Although also monofunctional cyclic carbonates have been success-

fully used in the synthesis of NIPUs,151 at least two functionalities within the 

molecule are favorable for the synthesis of polymeric structures. The afore-

mentioned strategies based on 1,2-diols or epoxides enable the formation of 

polyfunctional cyclic carbonates as monomers for NIPU synthesis. 

Their straightforward synthesis has led to a wide use of five-membered cyclic 

carbonates for the synthesis of NIPUs, but their reactivity is limited due to a low 

ring strain. The reactivity can be increased either by additional electron-with-

drawing groups or by introducing an endocyclic or exocyclic double bond152 that 

contributes to a higher ring strain and further traps the leaving alcohol group as 

ketone moiety. Such vinylene or exovinylene carbonates can be used for efficient 

NIPU synthesis,153 however, their synthesis usually relies on the metal-catalyzed 
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conversion of propargylic alcohols154,155 and the implementation of more benign 

reaction conditions remains a challenge. 

As further alternative, six-membered cyclic carbonates possess a higher ring strain 

than their five-membered counterparts.156 Analogous to the routes towards five-

membered cyclic carbonates depicted in Figure 7, six-membered cyclic carbo-

nates can be obtained via the reaction of 1,3-diols with alkyl carbonates157,158 or 

CO2,159 or by insertion of CO2 into oxetanes.160 Both 1,3-diols and oxetanes are 

less straightforward to synthesize from abundant resources than 1,2-diols and 

epoxides. Further, their increased reactivity also complicates the isolation of six-

membered cyclic carbonates, which contributes to the higher focus on five-

membered cyclic carbonates with regard to NIPU synthesis. 

Overall, the aminolysis of cyclic carbonates is a promising approach for more 

sustainable PU applications, nevertheless further research is necessary for a 

successful implementation.161 For instance, as was discussed in the beginning of 

this section, one of the main applications of PUs is the production of PU foams, 

which results from a side reaction between the isocyanate groups and water. With 

the absence of isocyanate groups in NIPU syntheses, this poses a challenge for 

the design of materials that are suited for industrial use. Increased research within 

the last years has led to several approaches for the synthesis of NIPU foams.32 

The overall sustainability of PUs can be improved by the use of less harmful 

monomers, but also by aiming towards biobased starting materials.162–165 The use 

of renewable feedstock for the synthesis of polyurethane precursors will be 

discussed in section 2.5. Further, the use of catalysts can be beneficial166 and will 

be treated in section 2.6. 

The biodegradation of polyurethane materials is limited and depends highly on the 

used monomers.167 It can be increased in the presence of labile moieties such as 

ester bonds.168,169 As high material stability can also be desirable, a main focus 

upon including polyurethanes in circular approaches is laid on methods for their 

reprocessing170 and recycling.171 Next to thermo-chemical processing to obtain low 

molecular weight feedstock and physical recycling to generate fillers for composite 

materials, chemical recycling includes hydrolysis, glycolysis, and alcoholysis to 

generate polyol compounds that might be reused.172 
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2.3. Thermoplastic polyesters 

Polyester materials are defined by the presence of ester linkages in their polymeric 

backbone. They are among the most abundant polymeric materials, mostly used 

in form of fibers,173 leading to an annual production volume of 63.3 million tons 

polyester fibers in 2022.174 Besides the use in the synthetic fiber industry, 

polyesters find application in packaging, bottles, and photographic films, among 

others.175 The majority of produced polyesters are linear polymers with 

thermoplastic behavior,176 but also hyperbranched and dendritic structures have 

been developed.177,178  

One classic route towards polyesters is via polycondensation, in which a carboxylic 

acid or derivative reacts with an alcohol group under release of a low molecular 

weight molecule, which is in most cases either water, methanol, or HCl.150,179 The 

use of diacid derivatives as monomers opens a toolbox for various polymer 

structures.180 As already described in section 2.2, polycondensation reactions 

usually require harsh reaction conditions to obtain high conversions and thus high 

molecular weight polymers because they follow a step-growth mechanism. Low 

molecular weight molecules need to be removed from the reaction mixture to shift 

the equilibrium towards high conversion, requiring the use of vacuum (<1 mbar) 

and high reaction temperatures (>120 °C). 

Two common products synthesized industrially via polycondensation are  

polyethylene terephthalate (PET) and polybutylene terephthalate (PBT),176 two 

high-performance thermoplastic polyesters that find wide application in packaging 

and textile fibers.181 The synthesis route to PET and PBT is based on terephthalic 

acid (TPA) and ethylene glycol or 1,4-butanediol, respectively, as shown in Figure 

9. 

 

 

Figure 9. Schematic representation of the industrial two-step synthesis route towards PET and PBT 

starting from terephthalic acid. 
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In the industrial synthesis of PET and PBT, a diester of TPA and the respective diol 

is formed either by transesterification or direct esterification.182 Afterwards, the 

dimer is converted to the polymer in a polycondensation process. Both processes 

are usually catalyzed by the addition of metal salts.183 

The production of PET has been established industrially since the 1950s, using 

TPA and ethylene glycol produced from fossil feedstock.184 Nowadays, EG is also 

accessible from renewable resources such as starch or xylitol.185–187 TPA has also 

been investigated to be produced from renewable resources,188 yet additional 

focus has been set on replacing TPA for instance by furandicarboxylic acid that can 

be obtained from fermentation or catalytic transformation of sugar feedstock.189,190 

Alternatively, the aromatic unit can also be replaced by aliphatic blocks, as is the 

case for poly(butylene succinate) (PBS)191,192 or poly(butylene succinate adipate) 

(PBSA).193,194 However, this leads to significantly different properties and 

application possibilities. 

Besides polycondensation, the ring-opening polymerization (ROP) of lactones 

represents another widely used route towards polyesters.195 Lactones of a ring size 

of below or above five possess a ring strain. In addition to entropic gain, this favors 

ring-opening after the attack of a nucleophilic initiator, releasing a new nucleophilic 

group to contribute to a growing polymer chain. 

This polymerization method proceeds under mild reaction conditions and follows a 

chain-growth or living/ controlled mechanism.196 Thus, in contrast to polycondensa-

tion, high molecular weights are achievable without the necessity for very high 

conversions197 and further, the obtained dispersities are often narrower.198 These 

features allow for targeted synthesis of specific polymeric architectures.199 Two 

prominent examples of polyesters that can be accessed by ROP are poly(lactic 

acid) (PLA) and poly(ε-caprolactone) (PCL), as depicted in Figure 10. 

The repeating unit of PLA, lactic acid, reacts with itself to form its cyclic dimer 

lactide,200 which then can undergo ROP. In the lactide monomer (Figure 10a), the 

ring strain is enhanced due to the presence of two opposite carbonyl groups.201 As 

lactide can be produced in a large scale from renewable resources,202,203 PLA 

found applications in the medical field due to its biocompatibility,204 in fiber 

production,205 and in packaging as biobased alternative to other commodity 

polymers.206  
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Figure 10. Schematic representation of the synthesis of PLA and PCL based on the ring-opening 

of lactone monomers. 

 

The ring-opening of lactide can be initialized by a variety of compounds such as 

alcohols,207 and catalyzed for example by the use of metal catalysts.208,209 Lactic 

acid can display two different enantiomers, with L-lactic acid occurring predo-

minantly in nature. Depending on the monomer mixture, PLA can be synthesized 

with different contents of D-lactic acid, which influences the tacticity and therefore 

the mechanical properties of the polymer.210 

The synthesis of PCL is another widely used ROP route (see Figure 10b), typically 

starting from ε-caprolactone (εCL). PCL has found use e.g. in medical applica-

tions,211 with its biocompatibility and the miscibility with other polymeric compounds 

offering important advantages. In the following discussion, mechanistic steps will 

be depicted based on εCL polymerization, but the activation modi are similar for 

PLA and PCL. 

Various approaches for ROP towards polyesters and suitable catalyst systems 

have been presented, including metal-based catalysts, organocatalysts, and 

enzymes. Depending on the choice of reaction conditions and the used catalyst, 

ROP can proceed via different reaction mechanisms, such as anionic, cationic, 

radical, or coordination insertion.212 For example, Brønsted acids, methylating 

agents, or acylating agents can promote cationic ROP via introduction of a 

delocalized positive charge into the carbonyl moiety.213 

A commonly used catalyst system for the ROP of lactones is tin (II) 2-ethyl-

hexanoate in combination with an alcohol initiator.214,215 The mechanism described 

in the literature proceeds via coordination insertion216,217 and is shown for PCL in 

Figure 11. To achieve efficient polymerization, elevated temperatures are often 

necessary,208 which favor possible transesterification side reactions and therefore 

result in broader dispersities than in other described living polymerizations. One 
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possibility to address this challenge was presented by Okada et al., introducing 

triflate instead of alkoxide ligands, thus increasing the acidity of the metal center 

and allowing for a polymerization at lower temperatures.218,219 Another strategy 

was published in which metal catalysts such as aluminum oxides are used since 

these show less reactivity towards aliphatic polyester chains.220 Next to metal 

catalysts, ROP of lactones can also be promoted by enzymes221 or organo-

catalyts,222–224 the latter of which will be discussed in more detail in section 2.6. 

 

 

Figure 11. ROP of εCL, catalyzed by tin (II) octanoate.216,217 

 

A third approach to polyester materials that has recently gained increased attention 

is the ring-opening copolymerization (ROCOP) of epoxides and cyclic anhy-

drides.225 In this strategy, the alkoxide species that is released by the initial opening 

of the epoxide monomer attacks the cyclic anhydride, and the released carboxylate 

species opens another epoxide group during chain propagation.226 This process is 

commonly metal-catalyzed and results in the formation of alternating copoly-

mers.227 The use of two different monomers enables facilitated fine-tuning of the 

desired properties, such as elasticity or tensile strength. Further, this route opens 

the possibility to produce controllable semi-aromatic polyesters.228 

Because of their cleavable ester linkages, polyesters have been investigated as 

potentially degradable alternatives to polyolefins, as the mechanical and thermal 

properties are comparable in many cases.229 PLA has been implemented as 

degradable alternative in packaging, with increased attention being directed on 

controlling its crystallinity to ensure sufficient thermal resistance.230  

During degradation, the ester bond in polyester structures can be hydrolyzed by 

naturally occurring enzymes and microorganisms.231,232 This is especially the case 



Theoretical Background 

20 
 

for aliphatic polyesters.233 PBS and PBSA, for instance, show efficient degradation 

when exposed to water and elevated temperatures or composting conditions, the 

efficiency of the degradation depending on the crystallinity of the polymer and on 

the particle size.192 Naturally occurring polyhydroxyalkanoates are another 

example of degradable polyester compounds234 and have found increased 

industrial use.235 Aromatic polyesters such as PET, on the other side, are less 

prone to degrade under biological conditions. 

Additional to biodegradation, research effort has been put into the efficient 

recycling of polyester materials, which has been implemented especially in the 

case of PET.236 Due to the cleavable ester moieties, chemical recycling by 

depolymerization can be performed.237 It was also shown that introducing ester 

bonds into long aliphatic chains via polycondensation of fatty acid methyl esters 

enabled to mimic the properties of polyolefins, ensuring high stability while also 

introducing breaking point for polymer deconstruction.238,239 Which strategy is 

suited in order to make use of the value of the respective polyester waste depends 

on the specific application. 

Combining these aspects, polyesters represent a promising class of polymers for 

the development of more sustainable materials. Regarding renewable starting 

materials, a variety of approaches has been presented to obtain biobased 

polyesters.240–242 Different groups of renewable feedstock will be discussed in more 

detail in section 2.5. 
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2.4. Covalent adaptable networks 

Thermosetting polymers consist of a covalently cross-linked network and usually 

do not change shape upon heating.243 Thus, thermosets often show enhanced 

mechanical properties, such as high toughness, form stability, and durability.244 

However, they often represent end-of-life products, therefore posing a challenge 

for Circular Economy goals.21 Up to the present day, approaches exist to recycle 

thermoset materials thermally, mechanically, and chemically.245 The latter concept 

involves the introduction of cleavable bonds for polymer deconstruction by imple-

mentation of possibly cleavable functional groups, such as esters (see section 2.3), 

acetals, or imines.246  

In spite of such aims towards recyclability, thermoset materials suffer from limited 

processability if compared to thermoplastics since thermosets usually do not flow 

when applying heat, and physical damage in the network is often not healable. To 

address this, the concept of cleavable bonds can be expanded to covalent dynamic 

bonds, therefore introducing the possibility to break and reform bonds reversibly 

upon a trigger to reshape the network structure.247 Such materials are referred to 

as covalent adaptable networks (CANs), containing covalent dynamic bonds that 

can be reconfigured without loss of the 3D network (see Figure 12).248 The trigger 

can be of different nature, such as by thermal or UV light activation or by change 

of pH. 

 

 

Figure 12. Covalent adaptable networks combining desirable properties of thermoplastics and 

thermosets. 

 



Theoretical Background 

22 
 

CANs combine the superior robustness and solvent resistance of thermoset 

materials with the adaptability of thermoplastics.249 The introduction of dynamic 

bonds into a 3D polymer network can thus lead to desirable properties,250 such as 

reprocessability,251 self-healing,252 responsiveness,253 or shape-memory beha-

vior.254 

The potential dynamic behavior of polymeric networks is usually investigated via 

stress relaxation experiments.255 Commonly, thermoplastics are able to change 

their shape upon external strain, and thus reduce the induced stress with time, i.e. 

leading to stress relaxation. The polymeric chains within thermoset materials barely 

possess the ability to rearrange, resulting in thermoset materials not showing any 

relevant stress relaxation. In CANs, the triggering of reversible covalent chemistry 

can enable the reduction of stress with time. 

In general, dynamic chemistry within a polymer network can follow different 

mechanisms, with a common distinction being made between a dissociative 

mechanism and an associative mechanism (see Figure 13). In the dissociative 

pathway, bonds can be cleaved upon a trigger and subsequently be reformed with 

another accessible functional group to restore the network linkages (see Figure 

13a). Alternatively, following an associative route, an additional functional group 

can associate to an existing bond, forming a new linkage upon releasing the other 

functional group (see Figure 13b). 

 

 

Figure 13. Dissociative and associative mechanisms as two types of dynamic chemistry. 

 

The main difference between the two mechanisms in Figure 13 is that the cross-

linking density varies over time in the dissociative pathway, while it stays constant 
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in the associative one. This has an influence on the viscoelastic properties of the 

respective networks. CANs that rely on the associative pathway for topology recon-

figuration are commonly referred to as vitrimers due to their glass-like fluidity.256,257 

Because of the cross-linking density remaining approximately constant, the change 

of viscosity with temperature is more gradual than in dissociative networks,258 

enabling better control of mechanical properties while also possibly resulting in less 

easy reprocessing e.g. via extrusion.259 At the same time, several CANs have been 

described in the literature that exhibit both associative and dissociative bonds. 

A selection of functional groups that can show dynamicity is depicted in Figure 14. 

Generally, according to the different mechanisms of dynamic behavior, the 

depicted groups can be rearranged in different ways, such as by metathesis 

reactions between two linkages, by reaction with an additional dangling functional 

group, or by dissociation and subsequent reformation. 

 

 

Figure 14. Examples for moieties that can show dynamic behavior. 

 

Ester linkages are among the longest known dynamic bonds, with transesterifi-

cation reactions having been used in polymer chemistry from early on. If hydroxy 

groups are present in networks containing ester linkages, dynamic behavior can 

be observed at elevated temperatures following an associative mechanism.260 The 

group of Leiber introduced this concept with the synthesis of epoxy acid networks, 

observing glass-like malleability at 240–260 °C while maintaining desirable mecha-

nical properties.261 Their investigations inspired the development of various vitri-

mers containing dynamic ester bonds.262,263 The possible implementation of this 

concept into the synthesis of well-established epoxy resins allow for a wide appli-

cation of vitrimers containing ester bonds, such as in 3D printing264 or photo-

welding.265 However, high temperatures as well as the addition of catalysts remain 

necessary to achieve good performances. 

Imines are a second example of dynamic covalent bonds, either by reversible 

hydrolysis in the presence of water, by associative transamination in presence of 
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other amine groups, or by imine metathesis.266 Thus, the mechanism can be 

associative or dissociative, and the resulting polymers are often water-sensitive. 

The use of dynamic imine linkages has found wide application in polymer design,267 

e.g. for the synthesis of malleable resins.268,269 

In urethane networks, transurethanization exchange reactions can occur and result 

in dynamic behavior.270 This especially concerns PHU materials, which inherently 

contain hydroxy groups that can act as nucleophiles. As one of the first examples, 

Cramer, Hillmyer, Dichtel et al. introduced the formation of PHU networks by ring-

opening of six-membered cyclic carbonates with amines allowing for reprocessing 

at 160 °C.271 Mechanistical investigations showed that transurethanization reac-

tions leading to dynamic behavior proceeded mainly via an associative 

mechanism. In 2019, the group of Torkelson presented the synthesis of biobased 

PHU networks obtained from the opening of five-membered cyclic carbonates with 

amines. The obtained materials displayed the potential for multiple dynamic 

exchange reactions, which were observed to be a combination of transurethani-

zation, reversible cyclic carbonate aminolysis, and transesterification.272 In 

general, since such transurethanization rearrangements often require elevated 

temperatures of above 160 °C to reach relaxation times within 103 s necessary for 

efficient reprocessing,271 urethane linkages can be combined with other covalent 

dynamic bonds.273–277 

The exchange reaction of disulfide bonds can occur via anionic, radical, or 

metathesis pathways.278,279 Since the dynamic behavior can be triggered under 

comparably mild conditions of below 120 °C,280 disulfide linkages have found app-

lication especially in self-healing polymers.281,282  

Dynamic acetal groups can be introduced into polymer networks by a click-reaction 

between vinyl ethers and hydroxy groups.283 Subsequently, the acetal linkages can 

undergo exchange reactions via transacetalization or acetal metathesis. The 

cleavable acetal moieties can further lead to degradability of the respective 

CANs.284 

Dynamic reactions can be promoted by the presence of catalysts. For instance, 

transesterification reactions can be catalyzed by various compounds, such as 

tertiary amines,285,286 Brønsted acids,287 or Lewis acids.288,289 For PHUs, on the 

other hand, Lewis-acidic catalysts were shown to be significantly more active in the 

promotion of dynamic transurethanization reactions than the tested organocata-
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lysts.290 As an alternative to the external addition of catalysts to the network, 

internal catalysis can promote reactions in the vicinity selectively and reduce 

catalyst leaching.291,292 

Besides the examples shown in Figure 14, a variety of other motifs have been 

shown to introduce dynamic behavior, such as Diels-Alder adducts,293,294 thio-

esters,295 vinylogous urethanes296,297 and ureas,298 boronic esters,299,300 alkylated 

thioethers,301 triazolinediones,302 and others. The implementation of dynamic 

linkages into high-performance materials to address the drawbacks of cross-linked 

materials is a field of ongoing exploration.303 

To further improve the sustainability of materials, it has also been investigated to 

synthesize CANs based on renewable resources.304 In principle, all dynamic 

chemistries presented in Figure 14 are applicable to renewable feedstock, thus 

opening a wide range of possibility for further sustainable material development. 

The use of renewable feedstock for the synthesis of polymers, especially in NIPUs, 

polyesters, and CANs, will be discussed in more detail in the following section.  
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2.5. Renewable resources for polymer synthesis 

To work towards a Circular Economy or bioeconomy, increased research effort has 

been directed towards the use of renewable feedstock in the chemical industry.305 

This includes the development of biobased polymers,306–309 for instance poly-

esters,240–242 polyurethanes,164,165,172 or covalent adaptable networks,304,310 which 

were discussed in sections 2.2–2.4 and on which this work is focused. 

Biobased polymers can either rely on naturally occurring polymeric structures, 

which can be found e.g. in cellulose, hemicellulose, starch, or lignin, or on the 

polymerization of renewable monomers.311 While also CO2 can be used directly in 

carbon capture and utilization approaches,312 the main focus for polymer synthesis 

from biobased monomers focuses on the use of small organic molecules.308 In the 

following sections, three classes of renewable molecules will be discussed, namely 

plant oils, carbohydrates, and terpenes. Special focus will be laid upon the use of 

these compounds for the synthesis of polyesters and polyurethanes. 

2.5.1.  Plant oils 

Plant oils occur naturally in a variety of renewable feedstock such as seeds and 

nuts.313 Within the last decades, their potential for a future chemical industry has 

been emphasized.314,315 Next to established applications of plant oil feedstock in 

the chemical industry, which include surfactants,316 cosmetics,317 coatings,318 and 

lubricants,319 its use in the synthesis of polymers has gained increased attention.320  

Prominent examples of more abundant plant oils are sunflower oil, palm oil, 

rapeseed oil, soybean oil, or castor oil. They consist of mixtures of triglycerides, 

which are esters of glycerol and varying fatty acid (FA) chains. Next to the free FAs, 

fatty acid methyl esters (FAMEs) are often used as starting point for further 

functionalization.321 

The composition of FAs within the triglyceride mixture depends on the respective 

plant oil source and influences the properties of the oil. While the saturated palmitic 

acid and stearic acid are among the most abundant fatty acids, the presence of 

double bonds within unsaturated fatty acids open the possibility for additional 

chemical functionalization.322 Some unsaturated fatty acids that available in larger 

quantities for the chemical industry are shown in Figure 15.  
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Figure 15. Selection of abundant unsaturated fatty acids. 

 

Thus, the two main functionalities found in plant oil feedstock are on the one hand 

the double bonds that are found in unsaturated FAs and on the other hand the ester 

or acid moieties. Although historically the carbonyl function has been preferentially 

used for chemical applications,323 manifold investigations have been directed to 

the valorization of the double bonds.314 

Besides the double bond moiety, ricinoleic acid, (see Figure 15), which especially 

occurs in castor oil, further contains a hydroxy group that can contribute additional 

reactivity.324 Industrial pyrolysis of methyl ricinoleate yields heptanal and methyl 

10-undecenoate selectively via retro-Alder-ene reaction as valuable platform 

chemicals, as shown in Figure 16.325 

 

 

Figure 16. Pyrolysis of ricinoleic acid methyl ester to yield methyl 10-undecenoate and heptanal as 

platform chemicals.325 
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Methyl 10-undecenoate finds industrial application in the production of the bio-

based polyamide Nylon-11.326 Further, its terminal double bond results in increased 

reactivity for further functionalization. 

The reactivity of the double bonds within the FA chains can be addressed in 

different ways. Thiol-ene addition, for instance, can enable the introduction of 

additional functionalities under mild conditions.327,328 Meanwhile, metathesis 

reactions can be used to obtain polyfunctional monomers.329–331 Another possibility 

to use the double bond functionalities chemically is by oxidation. As such, e.g. 

Wacker oxidation and photo-peroxidation have been described, including 

subsequent Baeyer-Villiger oxidation.332 Further, the epoxidation of the double 

bonds has been investigated with increased focus for the efficient and mild 

valorization of double bonds in plant oil-derived feedstock.333 Some epoxidized 

forms of plant oil are well established and commercially available. 

Epoxidized plant oil derivatives can be used for the synthesis of biobased 

polyols,334,335 for polyester synthesis by ring-opening copolymerization (ROCOP) 

with cyclic anhydrides,336 or as monomers for epoxy resins.337 Besides, as 

described in section 2.2, epoxides represent suitable precursors for the synthesis 

of cyclic carbonates for NIPU synthesis.131,133 

Different catalytic systems have been described that convert epoxidized FA 

derivatives into their respective cyclic carbonates.338,339 For instance, 10-un-

decenoic acid-based terminal epoxides were synthesized and used for the 

generation of cyclic carbonates.340 If triglyceride feedstock is used, efficient 

epoxidation and subsequent carbonation can lead to suitable monomers for the 

synthesis of cross-linked materials. For example, carbonated soybean oil, which 

shows a high density of functional groups, has been used for the synthesis of 

different NIPU thermosets.341,342 The introduction of dynamic bonds into such 

materials enables reprocessability while maintaining high mechanical perfor-

mance.343,344 

In addition to the double bond moieties, the reactivity of the ester bonds can also 

be a starting point for further functionalization or polymerization. By combination of 

both reactivities, monomers for the synthesis of polyurethanes and polyesters via 

polycondensation methods can be obtained.345 Different approaches to obtain 

long-chain aliphatic polyesters via step-growth approaches from FA feedstock have 
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been described, enabling the tuning of the mechanical properties to resemble 

those of classic polyolefins.239 

The carboxylic acid moiety of fatty acid derivatives can also be taken advantage of 

for the introduction of urethane groups. A possible route towards urethanes starting 

from carbonyl compounds proceeds via rearrangement reactions. For instance, a 

catalytic version of the Lossen rearrangement was shown to transform hydroxamic 

acids derived from plant oil feedstock into urethanes.346 In a previous work from 

our group, this was applied to the synthesis of monomers for NIPUs from methyl 

oleate and methyl 10-undecenoate, as shown in Figure 17.347 

 

 

Figure 17. Synthesis of urethane moieties and linear NIPUs via catalytic Lossen rearrangement of 

fatty hydroxamic acids and subsequent thiol-ene polyaddition.347 

 

By choosing allyl alcohol and diallyl carbonate as reagents in the catalytic Lossen 

rearrangement, the resulting urethane compounds contained two double bonds, 

thus representing AA monomers. Subsequent thiol-ene polyaddition with different 

biobased dithiols led to the formation of linear NIPUs with molecular weights of up 

to 26 kg‧mol-1. Notably, the resulting polymers thus contain additional thioether 

linkages within the polymeric backbone. 

Lastly, transesterification of triglycerides yields not only FAMEs, but also glycerol 

as valuable platform chemical. Glycerol finds wide application in cosmetics, food 

industry, and pharmaceutics.348 Further, its three hydroxy groups can be exploited 

chemically for the synthesis of various chemical products.349 For example, the 
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1,2-diol moiety can be carbonated by DMC or CO2 to yield glycerol carbonate,350 

which could serve as building block for NIPU synthesis.116,351 

2.5.2.  Carbohydrate-based erythritol bis(cyclic carbonate) 

Carbohydrates are the most abundant class of biomolecules in nature and 

therefore have potential to replace fossil-based hydrocarbons in chemical 

processes.352 In nature, they mostly occur in the form of polysaccharides. Thus, for 

the exploitation of carbohydrate feedstock in polymer synthesis, one possibility is 

the direct use or chemical modification of polysaccharides to obtain the desired 

materials.353 For this, e.g. cellulose represents a promising candidate, not com-

peting for food or feed and occurring abundantly in plant cell walls.354 Cellulose 

derivatives such as cellulose nitrates,355 esters,356 and ethers357 have found wide 

application in coatings, films, and others. 

Instead of using polysaccharides in their polymeric form, they can be split into 

smaller building units using biorefinery concepts,358 of which a small selection will 

be presented in this section. Biorefinery of carbohydrate feedstock is considered 

an essential tool for the supply of platform chemicals such as ethanol, organic 

acids, or sugar alcohols.359 For example, reduction of carbohydrate feedstock can 

be used for the production of biobased polyols,185–187 which find use in poly-

urethane and polyester synthesis (see sections 2.2 and 2.3).  

Generally, carbohydrate feedstock plays an important role for the development of 

biobased polyesters. Lactide, the monomer of PLA, can be obtained from corn 

feedstock,203 which is widely available. Further, furan dicarboxylic acid, which is a 

promising substitute for terephthalic acid,360 can be synthesized from fermentation 

products of pentoses and hexoses.189,190 

Meanwhile, carbohydrate-based monomers in their reduced form as sugar 

alcohols represent natural polyols.361 Three examples of sugar alcohols are shown 

in Figure 18. 

 

 

Figure 18. Examples of sugar alcohols as natural polyols. 
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The vicinal hydroxy groups can be used for the introduction of five-membered 

cyclic carbonate moieties, which are possible starting materials for the synthesis 

of NIPUs (see section 2.2). As such, NIPU materials were produced successfully 

from cyclic carbonates of mannitol362 and sorbitol.362–364 

In this work, focus was laid on the use of erythritol as renewable feedstock, which 

therefore will be discussed in this section. The synthesis of erythritol bis(cyclic 

carbonate) (EBCC) has been described e.g. by using diphenyl carbonate as 

reagent.365 To avoid the phosgene-based diphenyl carbonate, an organocatalytic 

synthesis with DMC and 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) was described 

previously in our group, as shown in Figure 19.366 

 

 

Figure 19. Organocatalytic synthesis of EBCC from erythritol and DMC.366 

 

Applying reduced pressure and elevated temperature in a rotary evaporator, the 

product EBCC was yielded after 40 minutes in high purity after simple washing with 

DMC. Thus, this represents an attractive route regarding sustainability, comprising 

mild reaction conditions and low production of waste. 

Several works have shown the use of EBCC in NIPU synthesis. For instance, in a 

recent work Gao et al. used the opening of EBCC with diamines to synthesize 

prepolymers for curing with epoxides to yield epoxyurethane networks.367 

In a work by Bruchmann and Mülhaupt et al., the melt polycondensation of EBCC 

with three different diamines was described, yielding thermoplastic copolymers 

with molecular weights of around 10 kDa, with varying softness due to hard and 

soft segments attributed to the respective diamines.365 They observed the 

formation of two isomeric forms during EBCC ring-opening, with secondary 

hydroxy groups being formed predominantly. 

A study by Grau, Vidil, Cramail et al. thoroughly investigated the opening of the 

cyclic carbonate groups in EBCC by amines, observing that the opening of the first 
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carbonate group is significantly faster due to the vicinal cyclic carbonate group 

increasing the reactivity of EBCC.368 Further, a regioselectivity for the formation of 

secondary alcohol groups was confirmed. These findings were used for the synthe-

sis of NIPUs with tunable stereo- and regioregularity and emphasize the potential 

of EBCC as a highly reactive monomer for NIPU synthesis. 

2.5.3.  Cyclic terpenes 

Terpenes are a class of renewable compounds consisting of isoprene units.369 

They occur in different plants as secondary metabolites and find biological use as 

toxins, attractants, repellants, or messenger molecules.370,371 Their biosynthesis 

involves the implementation of C5 building blocks and subsequent modification to 

yield a broad variety of cyclic and acyclic structures.372 A selection of cyclic terpene 

structures is shown in Figure 20.  

 

 

Figure 20. Selection of cyclic terpene derivatives. 

 

Cyclic terpene structures are usually chiral, with one enantiomeric form being more 

abundant in most cases. Therefore, chemical modification of terpenes often results 

in the formation of several diastereomeric structures. At the same time, the 

stereocenters can be exploited as attractive features in terpene-derived materials, 

e.g. as bioactive compounds.373 

Although terpenes only occur in small in amounts within plant feedstock, they can 

be extracted on an industrial scale and have gained increasing research interest 
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e.g. for the production of fragrances,374,375 fine chemicals,376 pharmaceutical 

products,377,378 biofuels,379 and polymeric materials.380–383 One major source of 

terpene feedstock, and especially of pinenes, is turpentine, a byproduct produced 

in the pulp and paper industry.384 This accessibility of pinenes from non-edible plant 

parts has inspired research towards their use in polymer synthesis.385 Limonene 

on the other hand occurs as byproduct in the citrus fruit production.386,387 

Industrially, it is mainly applied as flavor and fragrance additive in food and 

cosmetics.388 As another example, carvone can be extracted from spearmint or 

caraway oils and finds application in the fragrance industry and as sprouting 

inhibitor.389 

In order to exploit terpene feedstock as organic starting materials, a possible 

strategy is to address the double bonds. In terpenoid structures containing 

heteroatoms, such as carvone or menthol (see Figure 20), additional functional 

groups are present. Within this section, strategies for the use of terpene feedstock 

in the synthesis of polyesters and NIPUs will be presented. 

The cyclic structure of terpene compounds makes them attractive precursors for 

polymer synthesis via ring-opening polymerization (ROP) approaches. For this, 

cyclic ketone structures are accessible by taking advantage of existing functional 

groups, as in menthol or carvone or by oxidation of double bonds. These cyclic 

ketones can then be used for the synthesis of seven-membered lactams and 

lactones, which are monomers for the synthesis of polyamides and polyesters via 

ROP.390 

The synthesis and polymerization of terpene-based lactams opens the possibility 

to synthesize linear polyamide structures from terpenes.391 The nitrogen can be 

introduced by Beckmann rearrangement of oximes.392,393 Upon ring-opening, the 

stereocenters are retained,394 often resulting in higher Tg values than in commercial 

polyamides. Copolymerization of different monomers opens the possibility to obtain 

materials with a broad range of properties.395 These strategies have allowed for 

the synthesis of various polyamide materials from terpene feedstock.396–401 

In a similar way, terpene-based lactones are accessible via Baeyer-Villiger (BV) 

oxidation of terpene-based cyclic ketones. For instance, menthone,402–404 car-

vone,405–407 and pinene408,409 have been used for the synthesis of lactone mono-

mers. As an early example, Tolman and Hillmyer et al. showed the use of oxidized 

dihydrocarvone as comonomer for the synthesis of linear polyesters.410 Figure 21 
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shows a work of the same group, i.e. the BV oxidation of carvone-derived 

carvomenthone to the seven-membered lactone carvomenthide, which was then 

used as monomer for ROP towards linear polyester structures.411 

 

 

Figure 21. ROP of carvone-derived carvomenthide to obtain linear polyesters.411 

 

Besides the route shown in Figure 21, the exocyclic double bond could also be 

retained and used for post-polymerization modification. In both cases, good control 

over the molecular weight and the dispersity was possible, confirming the potential 

of terpenes as renewable feedstock for ROP monomers. To increase the sustaina-

bility of such approaches, BV oxygenases can be used for selective oxidation.412 

Due to their diverse functionalities, terpenes did not only find application in ROP, 

but also in the synthesis of polymers via step-growth approaches. For this, 

especially limonene is an attractive feedstock since it is abundant and contains two 

double bonds for functionalization towards bifunctional monomers.413 Oxidation of 

the double bond enabled the synthesis of limonene-based diols and hydroxy acids 

that could be used for the synthesis of polyester materials via polycondensation.414 

Another approach investigated the synthesis of β-hydroxy amines from limonene 

for the use in NIPU thermosets.415 

An efficient tool to address the double bond moieties within terpenes is the thiol-

ene click reaction.416 This enables the introduction of heteroatoms417 and therefore 

the synthesis of a broad range of platform chemicals.418 Taking advantage of the 

two reactive double bonds within limonene, a previous work from our group 

described the synthesis of a limonene-based diamine via thiol-ene addition of 

cysteamine hydrochloride for subsequent synthesis of polyamides and NIPUs.103 

The same amine was used in following approaches for the synthesis of vinylogous 

urethane vitrimers419 and epoxy-amine resins.420–422 

Thiol-ene chemistry can also be used for the addition of thioacetic acid to 

limonene.423 Saponification of the resulting thioester moieties yields a limonene-
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based dithiol.424 This can be used e.g. for the synthesis of polymers by thiol-ene 

polyaddition to comonomers containing multiple double bonds.347,424,425 

Another widely used method to address the double bond moieties in terpene feed-

stock is by epoxidation,426,427 analogous to fatty acid-based feedstock (see section 

2.5.1). Figure 22 exemplarily shows the epoxidation products accessible from 

limonene. 

 

 

Figure 22. Different epoxides accessible from the oxidation of limonene. 

 

As depicted, the endocyclic double bond in limonene can be epoxidized selectively 

(see Figure 22a).428 As oxidant for this double bond, a system of N-bromo 

succinimide (NBS) and NaOH can be used.429,430 More sustainable methods 

involve the use of molecular oxygen as oxidant431,432 and the implementation of 

enzyme catalysis.433,434 The resulting limonene oxide can be used in ring-opening 

copolymerization (ROCOP) approaches with cyclic anhydrides towards poly-

esters.435 In a similar way, ROCOP with CO2 as comonomer can be used to yield 

polycarbonates.436,437 Various catalyst systems have been developed for this use 

of limonene oxide,438,439 with the remaining double bond allowing for further 

functionalization.440–444 

When choosing different oxidation conditions, limonene can be oxidized to a bis-

epoxide (see Figure 22b). For this, e.g. Oxone® can be used as less hazardous 

oxidant.445,446 The resulting bifunctional derivative can be applied as monomer in 

thermosetting polycarbonates447 or epoxy resins.448–452 Alternatively, upon car-

bonation with CO2, a bis(cyclic carbonate) LBCC can be obtained. Notably, 

especially the endocyclic epoxide group shows less reactivity towards carbonation 

than more accessible epoxides, requiring harsh reaction conditions of tempera-

tures around 120–140 °C and CO2 pressure of ~30 bar for a successful product 

formation.453,454 Alternatively, additional metal catalysts can be used to increase 

the conversion.138,455 
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As described in section 2.2, bifunctional cyclic carbonate structures represent 

suitable monomers for the synthesis of NIPUs via ring-opening with polyamines. 

As such, in works by the group of Mülhaupt, the bis(cyclic carbonate) LBCC derived 

from limonene was used for the synthesis of NIPU structures, as shown in Figure 

23.453,456 Due to limited reactivity of the bis(cyclic carbonate), low molecular weight 

polymers were obtained, which could be used as prepolymers for the synthesis of 

thermoplastic NIPUs or cross-linked structures. 

 

 

Figure 23. Synthesis of hydroxyurethane prepolymers via aminolysis of bis(cyclic carbonate) 

LBCC.456 

 

The strategies described within this section concerning the functionalization of 

limonene can be also extended to other terpene derivatives. In a similar way to 

limonene, the terpene feedstock β-elemene was used for epoxidation and ROCOP 

towards polyesters457 and for the synthesis of a bis(cyclic carbonate) as precursor 

for isocyanate-free oligoruethane prepolymers.458 However, limonene presents an 

attractive feedstock due to its abundance. 

Summarized, terpenes are promising naturally occurring precursors for monomers 

in polymer synthesis such as polyamides, polyesters, and polyurethanes. The 

structure of cyclic terpenes makes them suitable for an application in ROP approa-

ches and in step-growth polymerization methods. Furthermore, their cyclic struc-

tures can result in desirable mechanical and thermal properties of the resulting 

polymers. At the same time, the limited reactivity of terpene derivatives towards 

polymerization remains an ongoing challenge.  
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2.6. Organocatalysis in polymer synthesis 

The use of catalysis in chemical synthesis is one of the twelve main principles of 

Green Chemistry (see Figure 1) that has been implemented in chemical processes 

from early on.459 A catalyst decreases the activation energy of the reaction by 

offering an alternative reaction pathway and therefore decreases the energy 

demand.460 The catalyst is not consumed during the reaction and can thus be used 

in substoichiometric amounts. Further, the activation by the catalyst is often 

stronger for one species of product, resulting in increased selectivity where several 

products or isomers can be formed.71 

There are several criteria to divide catalysts into different groups, one of the most 

common distinctions being the one between heterogeneous and homogeneous 

catalysis.461 Heterogeneous catalysts can be removed easily from the reaction 

mixture and are thus generally more straightforward to reuse. Homogeneous 

catalysts on the other hand offer a broader range of catalyzed reactions and often 

a higher selectivity. Introduction of a chiral center into the catalyst structure can be 

used to precisely tune the enantioselectivity of a reaction. However, the separation 

of a homogeneous catalyst from the reaction mixture can be challenging. With 

different advantages depending on the field of application, both heterogeneous and 

homogeneous catalysis are key technologies to develop chemical procedures. 

Homogeneous catalysis has found applications throughout very different reaction 

types.462 With the first use in established fermentation processes,463 enzymatic 

catalysis enables non-hazardous processes with high selectivity for specific 

applications.464 Metal-based catalysts on the other hand open the possibility for 

addressing a large substrate scope, with selective catalyst design due to a broad 

range of available metals and ligands at hand.465 For example, metal complexes 

can serve as Lewis acids,466 activating electrophilic compounds for nucleophilic 

attack. At the same time, the use of metals very often poses a potential health 

hazard and further often relies on limited and expensive resources.78 

As an addition to enzymes and metal-based catalysts, organocatalysis was 

investigated, with early examples reaching back to the beginning of last century,467 

but the main breakthrough starting around 2000.468 A significant focus on 

organocatalysis was established in works by the groups of List469,470 and 

MacMillan,471,472 resulting in the awarding of the Nobel Prize of Chemistry for 



Theoretical Background 

38 
 

organocatalysis in asymmetric synthesis in 2021.473 The advantages of 

organocatalysis are (i) the lower cost of such small molecules without costly metal 

components, (ii) the typically lower hazard when compared to metal-based coun-

terparts, with most organocatalysts being environmentally benign, and (iii) their 

typical insensitivity to air and moisture.472 Whether lower E-Factors are achievable 

by the use of organocatalysts, depends mainly on their synthesis route.474 Further, 

efficient activation often requires higher catalyst loading if compared to metal 

catalysts, and the activation is often less strong, resulting in possibly lower selec-

tivity. Which catalyst choice is the most promising one to achieve more sustainable 

chemical processes has to evaluated for every reaction accordingly.475 

The activation of reactants by organocatalysts can proceed in various ways, such 

as by protonation/ deprotonation, nucleophilic attack, and hydrogen bonds. It is 

also possible for several activation modes to occur at the same time, enhancing 

the activation by synergistic effects. 

Organocatalytic methods have been used in various asymmetric synthesis path-

ways.476 In polymer synthesis, organocatalytic methods have found wide applica-

tion,477 in step-growth478 as well as in chain-growth and living polymerization 

approaches.479,480 As one of the first examples, 4-dimethylaminopyridine was used 

as nucleophilic catalyst in the ROP of lactones towards polyesters,481 which has 

inspired further extensive research in this field. This chapter will focus on 

organobases as Lewis-basic catalysts and thioureas as hydrogen-bonding 

catalysts. 

2.6.1.  Organic superbases TBD and DBU 

Two prominent examples of Lewis-basic organocatalysts are 1,5,7-triazabicyclo-

[4.4.0]dec-5-ene (TBD) and 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU),482 which 

are shown in Figure 24. TBD and DBU are both strong organic bases, with TBD 

exhibiting a slightly higher basicity.91–94 

 

 

Figure 24. TBD and DBU as common organic superbases used in polymer synthesis. 



Theoretical Background 

39 
 

 

Both bases exhibit Lewis-basic tertiary amine groups, and upon protonation the 

resulting charge is delocalized between the different nitrogen atoms. The guanidine 

base TBD further contains an additional NH-moiety which can undergo hydrogen 

bonding. By reaction with vinyl acetate, the acylation of TBD was observed,483 as 

the lack of a back reaction enabled the isolation of acylated TBD. The successful 

acylation confirms that TBD acts as a nucleophilic catalyst and attacks at carbonyl 

centers. At the same time, calculations showed that due to steric hindrance, the 

formed acylated TBD is not planar and therefore more reactive towards 

subsequent nucleophilic attack if compared to, for example, 1,4,6-triazabicyclo-

[3.3.0]oct-4-ene (TBO).95 

The combination of high basicity, nucleophilicity, and the activation of the acylated 

intermediates in reactions with carbonyl centers makes TBD all in all a very 

versatile and efficient catalyst that can be used in a variety of reactions. Whether 

the activation of substrates proceeds via nucleophilic attack, proton abstraction, or 

hydrogen bonding, can vary and has to be analyzed for each case.  

The amidine base DBU is less nucleophilic due to a lower electron density and is 

more expensive than TBD, which can be synthesized from inexpensive chemi-

cals.484 However, the lower reactivity of DBU and the lack of hydrogen bonding can 

be beneficial for certain reactions or to achieve higher selectivity and, moreover, 

its liquid state in contrast to the solid form of TBD makes it easier to handle. In 

many cases, both bases can be used in an equivalent way. 

In the synthesis of NIPUs (see section 2.2) and polyesters (see section 2.3), the 

shown organobases can be used as catalysts in different ways since, in principle, 

all of the routes towards NIPUs shown in Figure 4 involve reactions at a carbonyl 

center. For example, the formation of urethane moieties via Lossen rearrangement 

can be catalyzed by tertiary amine bases.485 Further, in several pathways including 

polycondensation via transurethanization, TBD was used as catalyst.103,486–488 

Figure 25 shows an example of a terpene-based polyurethane obtained from TBD-

catalyzed transurethanization.103 Via thiol-ene reaction, amine groups were 

introduced into limonene as renewable starting material, and the reaction of the 

resulting diamine with DMC yielded an AA monomer for NIPU synthesis with 

different diols. Both the methoxycarbonylation of the diamine and the polyaddition 
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to the NIPU could be catalyzed by addition of TBD, underlining the versatility of this 

type of catalyst. 

 

 

Figure 25. Synthesis of linear NIPUs from limonene via TBD-catalyzed transurethanization.98 

 

The opening of cyclic carbonates as the most investigated route towards NIPUs 

(see Figure 4) can also be catalyzed by addition of TBD or DBU.489 TBD was 

shown to promote the reaction by a nucleophilic opening of the cyclic carbonate,490 

and further by activating the nucleophile and stabilizing the intermediates by the 

proton-donating NH-group.491 This was used for the synthesis of NIPUs in 

presence of TBD.490,492–495 The reactivity of TBD towards the resulting urethane 

moieties was shown to favor the formation of urea linkages, which could be taken 

advantage of to achieve improved properties.496  

The activation of carbonyl centers by TBD and DBU can also be used in a similar 

way for the substitution of carbonates and esters.497–499 In various previous works 

from our group, this was applied for the synthesis of polyamides,103,328,500–506 

polycarbonates,130 and polyesters327,505,507 from renewable resources via step-

growth polycondensation. 

Apart from polycondensation, the main route towards polyesters involves a ROP 

of lactones (see section 2.3), which can also be catalyzed by guanidine and 

amidine bases.508,509 Calculations showed that TBD acts as bifunctional catalyst, 

activating both the carbonyl group by nucleophilic attack and the initiator alcohol 

group by Lewis base catalysis,483,508 forming an intermediate as shown in Figure 

26 for the ROP of ε-caprolactone.508 The high activity of TBD, however, is also the 

cause of transesterification side reactions, resulting in broadened molecular weight 

distributions. 

Instead of  TBD, DBU can be used in ROP for example of L-lactide,510,511 but no 

bifunctional catalysis is possible due to a lack of the additional NH-group. 

Therefore, for other lactones than lactide, DBU is often combined with hydrogen 

bonding catalysts such as thioureas during ROP reactions.508 The formation of 
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polymers using such a catalyst system was shown to be considerably slower 

compared to TBD, however at the same time the lower reactivity results in less 

background transesterification and can possibly yield less disperse polymeric 

products.126 

 

 

Figure 26. TBD as bifunctional catalyst in the ROP of ε-caprolactone.122 

 

2.6.2.  Thiourea organocatalysts 

Another compound group that has often been used in the synthesis of NIPUs and 

polyesters are thioureas, which coordinate to carbonyl groups512 via bidentate 

hydrogen bonding and therefore can activate them for nucleophilic attack (see 

Figure 27).513,514 Thioureas possess lower pKA values than their urea counterparts, 

resulting in better hydrogen bond donor properties.130 

 

 

Figure 27. Carbonyl activation by thiourea, increasing the electrophilicity of the carbonyl center. 

 

For efficient hydrogen bonding, electron-withdrawing substituents are beneficial, 

as a lower electron density increases the acidity. Further, aromatic residues can 

increase the activation by preorganization due to interactions between the ortho-

protons and the thiocarbonyl group,515,516 as shown in Figure 27 for the well-

established Schreiner catalyst. This preorganization favors the formation of hydro-
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gen bridges between thioureas and hydrogen bonding acceptors by lessening the 

entropic sacrifice upon association. As such, the 3,5-bis(trifluoromethyl) phenyl 

group is often used in thiourea catalysts,516 but can also be substituted by other 

electron-withdrawing groups.517–521  

Generally activating carbonyl groups, thiourea compounds can be used for the 

aminolysis of cyclic carbonates.489,490,492,522 As an example, the group of Caillol 

used a thiourea catalyst for the synthesis of NIPU foams from trimethylolpropane 

tris-carbonate, polypropylene oxide bis-carbonate, and a commercial diamine, with 

a poly(methylhydrogenosiloxane) as blowing agent, as shown in Figure 28.139 

 

 

 

Figure 28. Thiourea-catalyzed synthesis of NIPU foams.139 

 

This enabled the synthesis of foams at room temperature with a low catalyst 

loading of 1 mol%. The specific catalyst structure was chosen as it had previously 

been shown to be active in the opening of cyclic carbonates and due to its solubility 

in the formulation.522 The obtained results suggest the potential of more research 

on this sort of organocatalyst in NIPU synthesis. 

Besides, the activation of carbonyls by thioureas can also be taken advantage of 

in the synthesis of further carbonyl-based polymers. In ROP towards polyesters 

and polycarbonates, thioureas showed catalytic activity, however, for efficient 

polymerization, a Lewis base is often added to activate the nucleophilic 

moiety.508,523 This Lewis-basic group can be part of the thiourea catalyst,524 as for 

instance in the bifunctional catalyst developed in the group of Takemoto (see 

Figure 29a).525,526 Such bifunctional catalysts were shown to promote the ROP of 

lactones effectively and selectively,524,527 as the opening of the ester is preferred 

over transesterification of ester groups within the growing polymer chain. Further, 
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when introducing the nucleophilic group within a chiral backbone, this approach 

can enable stereoselective synthesis.514  

By deprotonation of the thiourea moiety, a bifunctional catalyst system can be 

generated (see Figure 29b), which is able to activate both the nucleophile and the 

electrophile. The group of Waymouth developed a catalytic system consisting of 

thioureas and metal alkoxides, resulting in thiourea anions (thioimidates).528 Like 

this, they were able to polymerize L-lactide by synergistic activation of the carbonyl 

group of the lactone and the alcohol group of the initiator, as confirmed by 

computational studies. Depending on the choice of thiourea and base, the 

transition between the initiator being activated by a thiourea anion or by the base 

as co-catalysis is fluid and can be tuned to achieve maximum activity.529 The same 

concept can be found in the cooperative catalysis of analogous urea compounds 

and organic superbases, yielding a bifunctional imidate catalyst system that 

showed high activity in the ROP of lactones.530–533 

 

 

Figure 29. Possibilities to introduce bifunctionality into thiourea catalysts. A.) Introduction of a 

nucleophilic group into the thiourea substituents; B.) deprotonation of thiourea group. 

 

The versatility in the mild activation of carbonyl groups by thioureas renders them 

potentially attractive catalysts in more sustainable chemical processes. Yet, to 

establish their use in procedures that aim for improved sustainability, the synthesis 

of thiourea compounds has to be taken into account. 

Thioureas can be prepared by addition of amines to isothiocyanates.534 Classically, 

isothiocyanate compounds are synthesized from amines and thiophosgene535 or 

CS2,536,537 which presents a drawback with regard to sustainability because of the 

high intrinsic toxicity of isothiocyanates and thiophosgene or CS2. A less hazardous 

method involves the addition of elemental sulfur to often non-toxic isocyanides.538 

This was implemented in a three-component reaction approach for the synthesis 

of thioureas, where an amine that is present in the reaction mixture can add to the 
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isothiocyanate formed in situ from the isocyanide and elemental sulfur.539 In 

previous work from our group, this was applied for the synthesis of a scope of 

thiourea catalysts with alternative electron-withdrawing groups to the 3,5-bis(tri-

fluoromethyl) phenyl group,521 as fluorinated groups limit the sustainability of the 

catalyst synthesis. High yields and simple purification further contribute to a 

greener process. A selection of the thiourea structures that were synthesized in 

one to five steps is shown in Figure 30. 

 

 

Figure 30. Selection of a scope of thioureas by a multi-component reaction of an aryl isocyanide 

with elemental sulfur and cyclohexyl amine.521  

 

With this greener synthesis method at hand, thiourea compounds represent an 

attractive catalyst class for the sustainable synthesis of polymers, in which various 

applications remain to be explored. 
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3. AIM OF THE THESIS 

The aim of this work was to develop organocatalytic strategies for the functionaliza-

tion of renewable feedstock towards potential monomers for polyester and NIPU 

synthesis. Special focus was put on the use of thiourea organocatalysts, con-

veniently and more sustainably accessible via a multicomponent approach, as well 

as on utilizing terpenes and erythritol as renewable resources. Figure 31 

summarizes these objectives. 

 

 

Figure 31. Summarized aim of this work, including the organocatalytic transformation of renewable 

feedstock towards polyester and NIPU materials. 

 

Based on previously established protocols,521,539 a set of thiourea catalysts was to 

be synthesized and tested for the activation of different renewable monomers, at 

the same time comparing their performance with other organocatalysts such as 

organobases. 

In a first project, the terpenes carvone and α-pinene were chosen to elaborate 

potentially organocatalyzed ROP routes towards linear polyesters. For this 

purpose, synthesis routes to obtain terpene-based lactones as ROP monomers 

were to be addressed. Different catalytic systems should be compared based on 

model substrates to develop a suitable approach.  
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Secondly, the use of thiourea catalysts for the synthesis of NIPUs was to be investi-

gated. The performance of selected thioureas was to be tested for transurethaniza-

tion and cyclic carbonate opening approaches, both being promising routes to 

obtain NIPUs. Especially the aminolysis of cyclic carbonates should be addressed 

due to the possibility to use terpene- and erythritol-based cyclic carbonates as 

renewable substrates for the synthesis of linear NIPUs.  

Further, the implementation of terpene and erythritol derivatives into thermoset 

materials was aimed at. The goal was to establish curing protocols to obtain NIPU 

networks that potentially display dynamic properties. 

Throughout all projects addressed within this work, the twelve principles of Green 

Chemistry were used as guidelines to establish potentially more sustainable proce-

dures. Different approaches developed in this thesis should be evaluated and 

compared regarding aspects of sustainability such as renewability, energy con-

sumption, waste production, safety hazard, and the use of catalysts. In this way, 

the aim was to contribute to the ongoing research towards the development of 

more sustainable polymeric materials.  
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4. RESULTS AND DISCUSSION 

4.1. Synthesis of a set of thiourea catalysts 

As illustrated in the previous section, one of the aims of this work is to investigate 

the use of thiourea organocatalysts in polymer synthesis. To achieve this, at first a 

set of thiourea catalysts, with varying substituents that influence the hydrogen-

bonding and thus catalytic activity, was synthesized (see Figure 32).521 

 

 

Figure 32. Thiourea catalysts synthesized within this work. The reaction conditions were chosen 

based on a previously described approach (see Figure 30).521 

 

All catalysts TU1–TU6 contain one cyclohexyl residue and a second residue that 

varies in its electron-withdrawing ability, which represents a combination used 

before to combine good solubility and hydrogen bond donor ability.539 TU1 contains 

the often used 3,5-bis(trifluoromethyl)phenyl group that is also present in the so-

called Schreiner catalyst.513,515 This moiety leads to efficient hydrogen bond 

activation516 and therefore, TU1 as easily accessible thiourea was used within this 

work as reference and to observe if reactions could be facilitated by thiourea 

catalysis. At the same time, the trifluoromethyl groups limit a potentially sustainable 

synthesis of this catalyst.540 One of the aims of this work (see section 3) was to 

develop more sustainable approaches for polymer synthesis, for which also the 

synthesis route of the catalysts has to be considered. Thus, based on previous 

work on a more sustainable synthesis of thiourea catalysts,521 alternative electron-
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withdrawing groups were introduced in TU2 and TU3. Further, thiourea compounds 

with less electron-withdrawing groups TU4–TU6 were synthesized within this set. 

For the formation of these more sustainable thiourea compounds TU2–TU6, a 

multicomponent reaction involving elemental sulfur, cyclohexyl amine, and the 

respective isocyanide was used, as illustrated in section 2.6.2.521,539 The yields of 

the obtained thioureas are given in Figure 32. 

One possibility to substitute the trifluoromethyl groups is by introducing electron-

withdrawing ester groups in meta-position, as shown in TU2. This catalyst was 

successfully synthesized from the aryl isocyanide, however, its use is limited to 

reaction conditions in which no transesterification of the ester groups can occur. 

Another more benign electron-withdrawing group is represented by the sulfone 

moiety as in TU3. Previously, a route towards TU3 by oxidation of an aromatic 

thioether was developed (see Figure 33).521 In this, the thioether moiety of the 

precursor 1 is oxidized by hydrogen peroxide, yielding the sulfone 2, which is then 

converted into the formamide 4 by reacting the amine group with formic acid. 

 

 

Figure 33. Formation of sulfone 2 and formamide 4 from thioether 1, as well as possible alternative 

route via formamide 3. 

 

During the oxidation of 1, however, the formation of an aromatic side product was 

observed via 1H NMR spectroscopy (see Figure 34). The amount of side product 

formed during the reaction varied in different batches. To achieve higher sustain-

ability within the synthesis route, purification via column chromatography should 

be avoided. Thus, to minimize the formation of the side product, test reactions were 
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performed at lower temperatures. Yet, also at 30 °C and 40 °C, the side product 

was observed via thin layer chromatography (TLC) and 1H NMR spectroscopy (see 

Figure 34). Further, MnSO4 and Oxone® were tested as alternative oxidants, but 

in both cases, the formation of higher amounts of side products was observed if 

compared to using hydrogen peroxide. 

 

 

Figure 34. Observation of side product in the NMR spectrum of isolated sulfone 2. 

 

To overcome this challenge, a varied synthesis route for the formamide 4 was 

tested (see Figure 33), in which the thioether 1 containing an amine group was 

first converted into the formamide 3, which was subsequently reacted with hydro-

gen peroxide with the aim to obtain compound 4. However, while the formamide 3 

was obtained successfully, its oxidation did not lead to successful formation of the 

product 4. Therefore, this route was not investigated further. Instead, the sulfone 

intermediate 2 was used for the next synthesis steps without further purification. 

While in the isolated 4, the impurity was still detectable (see Supplementary 

Figure 10), the subsequent conversion to the isocyanide prior to the thiourea syn-

thesis required purification via column chromatography, which ultimately resulted 

in separation of the impurity from the desired compound (see Supplementary 

Figure 12). 

Besides the discussed thiourea compounds TU1–TU3 containing electron-with-

drawing moieties, the less electron-poor TU4–TU6 were synthesized via the same 

multicomponent approach as TU2 and TU3. This created a set of thiourea catalysts 

with different hydrogen bonding abilities, which could be compared regarding their 
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activities in the investigated reactions. The use of the bifunctional thiourea TU5 

was included to investigate a possible increase of activation by a higher number of 

functional groups. Further, for approaches involving catalysis via thiourea anions, 

a higher electron density within the thiourea moiety as in TU4–TU6 might even be 

beneficial.530 

The set of thiourea organocatalysts TU1–TU6 was used throughout this work to 

test reactions for activation via thioureas. As such, reactions involving a 

nucleophilic attack at carbonyl centers were investigated, since thiourea com-

pounds were shown to interact with carbonyl moieties via hydrogen bonding.512,513 

With novel synthetic routes to more sustainable polymers being the central aim of 

this work, the investigations thus mainly focused on the synthesis of polyesters and 

non-isocyanate polyurethanes. 
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4.2. Thiourea-catalyzed ring-opening polymerization 

Part of the experiments of this chapter were performed by Hendrik Kirchhoff and 

Johanna Rietschel during a practical course (Vertiefungspraktikum) and Bachelor 

thesis under the co-supervision of the author. The respective experiments are 

highlighted with footnotes. The interpretation and discussion of the results were 

written by the author. 

 

The ring-opening polymerization (ROP) of lactones is one of the main strategies to 

yield polyesters,195 as already discussed in section 2.3. Besides, the ROP of cyclic 

carbonates with a ring size above five represents a common route towards 

polycarbonates.541 These two polymerization methods show similar mechanisms 

and modes of activation and thus will be treated jointly in this section. 

Next to the use of metal catalysts for ROP,208 organocatalytic approaches have 

gained increased attention due to the possibility to use cheap and benign 

catalysts.222,224 Organocatalysts that can promote ROP of lactones include for 

example N-heterocyclic carbenes.542,543 However, their high sensitivity to air and 

moisture makes their handling challenging. As alternatives, guanidine bases or 

amidine bases in combination with thiourea compounds were investigated, as well 

as catalyst systems from thioureas and bases, as discussed in section 2.6.508 The 

synthesis of the thiourea derivatives TU1–TU6, as described in section 4.1,521 

opens the potential to improve the sustainability of organocatalytic ROP of lactones 

and cyclic carbonates. 

Within this work, it was aimed to develop thiourea-catalyzed ROP procedures of 

terpene derivatives. Terpenes were chosen as renewable starting materials since 

they were already shown to be suitable precursors for ROP approaches380 and 

their use is attractive due to their occurrance as waste materials (see section 

2.5.3). 

To investigate a possible catalytic effect of the synthesized thioureas TU1–TU6 on 

the ROP of terpene-based cyclic carbonates and lactones, model substrates were 

used at first to develop a suitable procedure that could subsequently be applied to 

terpene derivatives. Further, the synthesis of ROP monomers from terpene feed-

stock was investigated. 
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4.2.1.  Ring-opening polymerization of cyclic carbonates 

The ROP of cyclic carbonate compounds enables the synthesis of polycarbonate 

materials. A wide range of terpene-based five-membered cyclic carbonates has 

been established,138 but due to low ring strain, five-membered cyclic carbonates 

showed no reactivity in ROP towards polycarbonates.544 In contrast, six-membered 

cyclic carbonates can act as monomers for polycarbonate synthesis via ROP, but 

they are less straightforward to synthesize.545,546 A possible access is the reaction 

of DMC with 1,3-diols, which in turn can be obtained via classic organic reactions, 

such as Michael addition or aldol addition and subsequent reduction. For the 

present work, a model six-membered cyclic carbonate was synthesized to analyze 

whether such substrates are suited for polymerization using thiourea catalysis. 

In Figure 35, the synthesis of the model cyclic carbonate 6 starting from the 

commercially available 1,3-diol 5 is shown.  

 

 

Figure 35. Synthesis of model six-membered cyclic carbonate 6. 

 

The choice of 6 as a model substrate was made based on the availability of the 

corresponding diol 5 and the simple synthesis that was previously reported.545 

While six-membered cyclic carbonates are not as easily obtained as their five-

membered counterparts (see section 2.2), the synthesis of 6 is facilitated by the 

Thorpe-Ingold effect due to the geminal substituents. At the same time, the hence 

decreased reactivity of 6 towards ROP due to several substituents resembles 

potential monomers that could be accessible from terpenes. The product was 

obtained in a yield of 77% after recrystallization.  

For the potential ROP of 6, three different organocatalytic systems were investi-

gated. The results are summarized in Table 1. The first investigated system was 

TBD (Table 1, entry 1), secondly DBU in presence of TU1 was tested (Table 1, 

entries 2 and 4), and thirdly a cooperative system of TU1 and potassium methoxide 

(Table 1, entries 3 and 5). In the approaches using TBD or DBU, benzyl alcohol 
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was used as nucleophilic initiator. No benzyl alcohol was required as initiator when 

TU1 was combined with an alcoholate base, as the alcoholate can initiate the 

reaction itself. All experiments were conducted under air and water exclusion. 

 

Table 1. Test reactions of polycarbonate synthesis from 6 using different catalyst systems. Samples 

were taken after 1 d and analyzed via SEC. 

 

entry BnOH base TU1 T / °C Mn / kDa 

1 BnOH TBD - r.t. n. d. 

2 BnOH DBU 5 mol% r.t. n. d. 

3 - KOMe 5 mol% r.t. n. d. 

4 BnOH DBU 5 mol% 70 n. d. 

5 - KOMe 5 mol% 70 n. d. 

6 - BF3OEt 5 mol% 70 n. d. 

 

As shown in Table 1, all of the selected reaction conditions did not enable the 

successful synthesis of polycarbonates. In all cases, solely the monomer was 

detected via SEC after one day of stirring at room temperature (Table 1, entries 1-

3). Performing the reaction at higher temperatures (Table 1, entries 4 and 5) or the 

use of an alternative alkoxide base (Table 1, entry 6) also did not lead to the 

formation of polymeric species. 

Since no polymerization of the test substrate 6 was observed under the chosen 

reaction conditions, no further investigations on the ROP of cyclic carbonates using 

thiourea catalyst systems were performed. Notably, the number of performed 

experiments is not sufficient to exclude the possibility that there might be reaction 

conditions that can transform 6 to a polycarbonate via thiourea organocatalysis. 

The concentrations and equivalents of the used substrates and reagents were not 

varied within the scope of this work. Also, the chosen model substrate 6 might not 

be reactive enough to see satisfying results. Correlated to the stability of the 

monomer 6, the entropic and enthalpic gain upon ring-opening is expected to be 
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comparably low. The use of sterically less demanding cyclic carbonates for 

facilitated nucleophilic attack and higher entropy gain or of vicinal functional groups 

instead to increase the angular and conformational ring strain might be possible 

strategies for future experiments.  

At the same time, one of the aims of this work was to use terpene-based 

substrates, and the synthesis of cyclic carbonate monomers from terpenes, which 

should further possess little steric demand, has not been described. The use of 

terpenes for polycarbonate synthesis has been established in the ring-opening 

copolymerization of terpene oxides with CO2.437,447 Since no efficient activation was 

observed within the first test reactions, the indication that a more sustainable 

polycarbonate synthesis might be possible were not sufficient to continue with 

these investigations. 

To sum up, no promising results were obtained for the ROP of cyclic carbonates 

using the reaction conditions tested in Table 1, therefore for further experiments a 

higher focus was set on the organocatalyzed synthesis of polyesters from seven-

membered lactones that will be described in the following two chapters. 

4.2.2.  Ring-opening polymerization of ε-caprolactone 

Next to polycarbonates, ROP strategies can be used for the controlled synthesis 

of polyesters. In this context, terpene derivatives have already been used as 

starting materials.409 Terpenoid structures that consist of six-membered cyclic 

ketones can be transformed into seven-membered lactones by Baeyer-Villiger (BV) 

oxidation, which were shown to be precursors for ROP towards polyesters (see 

section 2.5.3).409 

To test the performance of the synthesized thiourea catalysts (see section 4.1) in 

the ROP of seven-membered lactones, εCL was used as model compound, since 

it is commercially available, and its polymerization has been widely studied 

before.212 The catalyst system of TU1 and DBU has been investigated for this 

reaction previously.508 Therefore, the aim was to analyze the effect of alternative 

electron-withdrawing groups present in TU2 and TU3, which can be introduced in 

a more sustainable fashion. Additionally, the thiosemicarbazone TSC was tested 

as potential cocatalyst, which can be obtained from the condensation of a 
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thiosemicarbazide and the corresponding aldehyde and was synthesized 

previously in our group.521 

Table 2 summarizes the results of the test polymerizations of εCL using DBU and 

TU1–TU3 or TSC.I As nucleophilic initiator, pyrene butanol was used, which has 

been used in previous studies in favor of end group detection, thus enabling a 

comparison of the results with literature examples.508 All experiments were carried 

out in toluene as solvent and under air and water exclusion. 

 

Table 2. Test reactions of the ROP of εCL with a catalyst system of DBU and TU1–TU3 or TSC as 

cocatalysts. The molecular weight Mn and the dispersity Đ were determined via oligo-SEC taking 

aliquots after the respective reaction time and quenching with benzoic acid. 

 

entry cocatalyst time / h Mn / kg‧mol-1 Đ 

1 TU1 2 0.4 n. d. 

2 TU1 72 14.1 1.07 

3 TU2 48 7.3 1.05 

4 TU3 48 12.9 1.06 

5 TSC 48 n. d. n. d. 

 

After two hours of reaction time using DBU in combination with TU1 (Table 2, entry 

1), the formation of oligomeric species was observed. After stirring for three days 

 
I The experiment was performed by Hendrik Kirchhoff under co-supervision of the author. 
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(Table 2, entry 2), the molecular weight was determined to be 14.1 kg‧mol-1 via 

SEC. 

The expected molecular weight depends on the ratio of εCL to pyrene butanol as 

nucleophilic initiator when supposing a chain-growth mechanism. The calculation 

of the theoretical molecular weight when using 0.05 equiv. pyrene butanol, 

corresponding to a monomer to initiator ratio of 20:1, is shown in Equation (3). 

 

𝑀n,theor =
𝑀εCL

𝑒𝑞𝑢𝑖𝑣In.
+ 𝑀In. =

114.14 g ∙ mol−1

0.05
+ 274.26 g ∙ mol−1 = 2.6 kg ∙ mol−1 

 

(3) 

In. = pyrene butanol. 

 

Notably, the determined molecular weights (Table 2, entries 3-5) are significantly 

higher than the theoretical value from Equation (3). Possible reasons for this 

difference can be found in the low quantities of pyrene butanol, deviation from ideal 

chain-growth behavior and especially the lacking acuteness of molecular weight 

determination via SEC, which is calibrated based on poly(methyl methacrylate) 

standards. A more accurate determination of the molecular weight might be 

possible using 1H NMR experiments via the signals of the pyrene end group, but 

was not performed within this work. Nevertheless, the effective polymerization of 

εCL by DBU and TU1 can be observed qualitatively. 

Entries 4 and 5 of Table 2 show that TU2 and TU3 both promote the ROP of εCL 

as in the case of TU1, with the sulfone-based TU3 exhibiting very similar results to 

TU1 already after 48 h. All three thiourea compounds as cocatalysts yielded poly-

mers with narrow dispersities of 1.06–1.07. These results indicate that the thiourea 

synthesis route from our group that was discussed in section 4.1 can offer more 

sustainable cocatalysts for a controlled ROP of lactones. The thiosemicarbazone 

TSC, on the other hand, did not lead to polymerization (Table 2, entry 5). 

As discussed in section 2.6.1, TBD can be used as alternative to DBU and a 

thiourea and act as bifunctional catalyst in the ROP of lactones.508 Thus, to put the 

above results into context, the catalyst system of TBD and thiourea and DBU was 
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compared with TBD as catalyst. Samples were taken after different time intervals. 

The results are summarized in Table 3.I 

 

Table 3. Test reactions of the ROP of εCL with TBD as catalyst. The molecular weight Mn and the 

dispersity Đ were determined via oligo-SEC taking aliquots after the respective reaction time and 

quenching with benzoic acid. 

 

entry time / h Mn / kg‧mol-1 Đ 

1 1 4.3 1.09 

2 2 6.4 1.09 

3 3 8.3 1.08 

4 6.5 13.5 1.28 

5 24 26.8 1.79 

6 72 28.5 2.00 

 

It can be seen that TBD promotes the polymerization of εCL successfully and 

considerably faster than the combination of DBU and thiourea. Already after 

6.5 hours, the determined molecular is in a similar range as in the best results from 

Table 2. At the same time, though, the measured dispersity values are significantly 

higher compared to a combination of DBU and thiourea. The broadening of the 

molecular weight distribution can also be seen in Figure 36, which shows the SEC 

traces of the reaction. The broadening of the SEC traces with time can be attributed 

to occurring transesterification reactions within the polymer backbone, as was 

previously described in the literature.508 

The comparison to TBD confirms that the catalyst system of DBU with a thiourea 

shows a very high selectivity of ring-opening above transesterification side 

reactions and is therefore suited to yield defined polymers with narrow molecular 

weight distributions. Even after reaction times of two or three days, dispersities 

below 1.1 were obtained when combining DBU with a thiourea catalyst. The 

substitution of the commonly used CF3 groups by more benign residues contributes 

to an increased sustainability of this catalyst system. 

 
I The experiment was performed by Hendrik Kirchhoff under co-supervision of the author. 
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Figure 36. SEC traces of the ROP of εCL with time, catalyzed by TBD. SEC samples were taken 

after the respective reaction time and quenched by addition of benzoic acid. 

 

As a third catalyst system, a combination of thiourea and alkoxide was tested, as 

described in reports by the group of Waymouth.530 For the described method, the 

deprotonated thiourea acted as bifunctional catalyst, activating both the 

nucleophile and the electrophile. Since the thiourea itself is expected to act as 

nucleophile, it was supposed that electron-withdrawing groups might not be 

necessary for successful activation, which would enable the use of TU4–TU6 as 

cocatalysts. This would provide a benefit concerning sustainability, since their 

synthesis is more benign or straightforward than that of more electron-poor 

thioureas. Therefore, the literature-described reaction conditions530 were applied 

for the ROP of εCL, using potassium methoxide as base and TU4–TU6 as potential 

cocatalysts. The results are summarized in Table 4.I 

The chosen reaction conditions did not lead to any successful polymerization of 

εCL. Possible reasons could be a high sensitivity to moisture, although Schlenk 

techniques were used, or an insufficient activation by the catalytic system. 

 

 
I The experiment was performed by Hendrik Kirchhoff under co-supervision of the author. 
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Table 4. Test reactions of the ROP of εCL with a catalyst system of KOMe and TU4–TU6 as cocata-

lysts. The samples were analyzed via oligo-SEC taking aliquots after the respective reaction time 

and quenching with benzoic acid. n. d. = not detected. 

 

entry cocatalyst Mn / kg‧mol-1 Đ 

1 TU4 n. d. n. d. 

2 TU5 n. d. n. d. 

3 TU6 n. d. n. d. 

 

Therefore, from the investigated approaches, the method using DBU and a 

thiourea cocatalyst (see Table 2) was determined to be the most promising. Within 

the next section, the transfer of the obtained results from the polymerization of εCL 

as a model compound to the use of terpene substrates is described. 

4.2.3.  Synthesis and ring-opening polymerization of terpene-

based lactones 

After having established suitable conditions for the organocatalytic ROP of εCL as 

a seven-membered lactone, the aim was to test these reaction conditions for the 

ROP of renewable substrates. Seven-membered lactones are accessible from 

terpene feedstock and have been used in several approaches for the synthesis of 

polyesters.380,547 

Seven-membered lactones can be obtained via Baeyer-Villiger (BV) oxidation of 

six-membered cyclic ketones. Carvone derivatives are suitable precursors for such 

ROP monomers. The commercially available 1,2-dihydrocarvone CK1 can either 

directly be a substrate for BV oxidation, or it can be reduced to tetrahydrocarvone 

CK2 prior to oxidation. 
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The reduction of 1,2-dihydrocarvone CK1 to tetrahydrocarvone CK2 is shown in 

Figure 37a.I As reductant, hydrogen was used, with palladium on activated char-

coal as heterogeneous catalyst. 

 

 

Figure 37. A.) Reduction of 1,2-dihydrocarvone CK1 to tetrahydrocarvone CK2; B.) attempted 

hydrogenation of carvone to tetrahydrocarvone CK2. 

 

The chosen reaction conditions yielded the desired tetrahydrocarvone in a high 

yield and purity. The reaction progress was followed via 1H NMR spectroscopy, with 

the decrease of the double bond signals indicating the formation of the product 

(see Supplementary Figure 24).  

As 1,2-dihydrocarvone CK1 is already partially reduced, the same conditions were 

tested upon carvone as direct substrate. The reaction is shown in Figure 37b.I No 

product formation was observed after several hours of stirring. A possible reason 

for the low reactivity of the double bond towards hydrogenation could be due to a 

poor accessibility and the lower reactivity of the endocyclic double bond. It might 

be possible to reduce both double bonds under the same reaction conditions, but 

as 1,2-dihydrocarvone CK1 is commercially available, this aim was not further 

investigated. 

Apart from carvone, oxidation products from pinenes can also be potential pre-

cursors for terpene-based seven-membered lactones.409 In a previous Bachelor 

thesis from our group,548 the oxidation of α-pinene via Schenck-Ene addition of 

oxygen and subsequent work-up with acetic anhydride to yield pinocarvone CK3 

 
I The synthesis was performed by Johanna Rietschel under co-supervision of the author. 
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was described. The reaction was reproduced within this project and is shown in 

Figure 38.I 

 

 

Figure 38. Schenck-Ene oxidation of α-pinene yielding pinocarvone CK3.  

 

Within this type of Schenck-Ene reaction, catalytic amounts of the triplet sensitizer 

tetraphenyl porphyrine (TPP) convert 3O2 into singlet oxygen 1O2. The latter then 

undergoes a cycloaddition with the allyl group, which in this case is present in α-

pinene, to form an allyl hydroperoxide. Quenching with acetic anhydride under 

basic conditions leads to the decomposition of the hydroperoxide to yield an 

α,β-unsaturated carbonyl moiety. 

The product CK3 was obtained in a yield of 86% after column chromatography. 

The procedure still contains drawbacks with regard to sustainability, such as the 

use of DCM as hazardous solvent, overstoichiometric amounts of quenching 

reagents, and work-up via column chromatography. Nevertheless, compared to 

other oxidation procedures of pinene towards cyclic ketones, which use several 

steps,409 the reaction depicted in Figure 38 represents an attractive approach due 

to its good yield, the possibility for a one-pot procedure, and the lacking use of 

metal catalysts. 

To obtain a suitable precursor for lactone synthesis, the reduction of the double 

bond in CK3 is necessary, analogously to carvone. The same hydrogenation 

conditions as shown in Figure 37a were applied to obtain the saturated pinene-

derived ketone CK3a (see Figure 39).II 

The reaction proceeded in a good yield, with the reduction of the double bond being 

well detectable via 1H NMR. 

 

 
I The synthesis was performed by Johanna Rietschel under co-supervision of the author. 
II The synthesis was performed by Hendrik Kirchhoff under co-supervision of the author. 
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Figure 39. Reduction of pinocarvone CK3 to the saturated cyclic ketone CK3a. 

 

With the hydrogenation, a new stereocenter is formed. Since pinocarvone CK3 is 

already chiral, the resulting product CK3a can consist of two different diastereo-

meric forms. To determine their ratio, the splitting pattern of the forming CH3 group 

in 1H NMR spectroscopy was analyzed. Figure 40 shows a zoom of the 1H NMR 

spectrum in the region of the CH3 groups. 

 

 

Figure 40. Comparison of integral values for CH3 groups of CK3a via 1H NMR. Since the doublet 

of the new CH3 signal overlaps with a signal from the backbone protons, only one of the doublet 

signals was integrated. The integral value was compared to that of another CH3 group in the 

molecule. 

 

The signal that was assigned to the new CH3 group (Figure 40, right) is split, but 

this was attributed to a J coupling with the vicinal CH moiety. The signal intensity 

of the doublet could not be determined precisely due to overlapping with backbone 

signals, which could be identified by comparison with the starting material CK3 and 

by 2D NMR spectroscopy. Therefore, the left half of the signal from 1.24 to 

1.21 ppm without overlap (see Figure 40, right box) was compared to the signal of 

CH3

Hbackbone
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the second CH3 group from 1.34 to 1.29 ppm (see Figure 40, left box).  The integral 

value of half the signal is around 1.5, indicating that the two CH3 signals in Figure 

40 approximately occur in a 1:1 ratio. Furthermore, no second new CH3 signal was 

observed. These findings lead to the assumption that mainly one diastereomer is 

formed during the reduction due to steric hindrance. Within the analysis performed 

in this work, no presumption regarding the nature of the preferred diastereomer 

can be made, hence compound CK3a is depicted without information about the 

newly formed stereocenter. 

Figure 41 shows an overview of the terpene-based cyclic ketones used in this work 

that were available for further functionalization. 

 

 

Figure 41. Terpene-derived cyclic ketones synthesized within this work. 

 

Subsequently, the BV oxidation of the ketones CK1–CK3a towards seven-

membered lactones was investigated. For this, different oxidizing agents have 

been introduced, with two predominantly used examples being meta-chloroperoxy-

benzoic acid (mCPBA)549 and Oxone®,550 the latter of which contains potassium 

peroxymonosulfate as reactive component. Of these two, Oxone® is less hazar-

dous and therefore favorable concerning sustainability.551 Thus, attempts within 

this section to obtain the desired seven-membered lactones were performed using 

Oxone® as oxidant.  

Notably, when CK1 was used as substrate, BV oxidation was described to oxidize 

the double bond towards the epoxide,410 especially in combination with acetone as 

solvent.552 The additional epoxide group can be beneficial for further functionali-

zation. Thus, acetone was chosen as solvent due to its miscibility with water and 

its ability to promote the epoxidation of the exocyclic double bond in CK1. Figure 
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42 shows the synthesis routes of the conversion of the cyclic ketones CK1 and 

CK2 to their respective BV oxidation products Lac1 and Lac2.I 

 

 

Figure 42. BV oxidation of the cyclic ketones CK1 and CK2 to obtain the lactones Lac1 and Lac2 

and the isolated intermediate CK1a. 

 

The BV oxidation of CK1 and CK2 was described in the literature,407,410,411 so the 

reaction could be followed by NMR spectroscopy upon comparing with literature-

described spectra. Although the formation of Lac1 and Lac2 was observed, low 

isolated yields were obtained, with 4% and 11% after purification via column chro-

matography, respectively. 

In the case of CK1, the intermediate CK1a, in which only the double bond was 

oxidized, was isolated in 38% (see Figure 42a). This indicates that the oxidation 

of the double bond is significantly faster than the BV oxidation of the cyclic ketone. 

At the same time, other reports described the synthesis of the epoxide CK1a from 

CK1 using very similar reaction conditions and without observing Lac1 as side 

product in a high yield.552 However, also in the case of Lac2, which does not 

contain a double bond, several days of stirring did not yield the product in a high 

yield (see Figure 42b). Thus, further attempts were directed towards achieving 

higher yields of the lactones. 

Alongside acetone, ethanol and methanol were tested as alternative solvents, 

which have also been described in the literature for BV oxidation of terpene 

 
I The synthesis was performed by Johanna Rietschel under co-supervision of the author. 
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substrates.407,411 Regarding sustainability, all three solvents are recommended 

according to solvent selection guides, with ethanol being the most benign.39 For 

this comparison, Lac2 was chosen since in substrate Lac1, a parallel epoxidation 

complicates the analysis. GC-FID analysis led to partial decomposition of the 

lactone Lac2, therefore 1H NMR spectroscopy was used for reaction control. Via 

1H NMR, the formation of a lactone moiety could be observed mainly by the appear-

ance of signals assigned to the protons next to the new ester bond. Figure 43 

shows the reaction conditions of the reaction performed in ethanol as well as the 

1H NMR spectrum after stirring for 48 h. 

 

 

Figure 43. 1H NMR reaction control in the BV oxidation of the cyclic ketone CK2 to obtain the 

lactone Lac2 in ethanol as solvent. 

 

The signal position of the CH3 protons from the isopropyl group do not differ signifi-

cantly in the spectra of CK2 and Lac2, therefore the ratio of these six protons and 

the CH proton next to the ester group could be used to quantify the formation of 

the lactone. 

The oxygen insertion during the BV reaction can occur, in principal, on both sides 

of the carbonyl group, leading to possible regioisomeric products. However, in all 

cases, only the new signals corresponding to Lac2 were observed. This could be 
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confirmed by 2D NMR spectroscopy. These findings correspond to the literature-

described preferential oxygen insertion on the side of the higher substituted residue 

due to a higher migration velocity.553 

For the reaction in ethanol after 48 h of stirring, the ratio of the two signals shown 

in Figure 43 is only slightly lower than the theoretical one of 1:6, indicating an 

efficient lactone formation. The ratio of the two signals highlighted in Figure 43 

were calculated for all three tested solvents after a reaction time of 48 h. From the 

deviation to the theoretical value of 1:6, the conversion of CK2 to Lac2 was 

calculated. The results are summarized in Table 5. 

 

Table 5. Variation of reaction conditions for the BV oxidation of CK1. The conversion was calculated 

via 1H NMR spectroscopy comparing the ratio of signal from 4.46–4.35 ppm and the signal from 

1.05–0.76 ppm with their theoretical ratio of 1:6 in Lac2. 

 

entry solvent conversion 

1 acetone 48% 

2 methanol 96% 

3 ethanol 91% 

 

The results from Table 5 show that methanol and ethanol as solvents promote the 

formation of Lac2 more efficiently than acetone. However, also in the case of 

acetone as solvent, significantly higher conversion was observed via NMR spec-

troscopy than the isolated yield (see Figure 42b).  

A reason for the low obtained yields could potentially be found in the purification 

method and an instability of the products towards purification via column chromato-

graphy. In literature, multiple vacuum distillations were described as alternative.407 

However, for this method high energy consumption is required, and larger batch 

sizes are beneficial to obtain satisfying yields, making it not as attractive for the 

small-scale approaches within this work. Therefore, since the main focus of this 

work was the use of these literature-known lactones as monomers in ROP towards 
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polyesters, the product amounts obtained according to Figure 42, although low in 

yield, were taken as they were for further approaches. 

Next to the substrates CK1 and CK2, the cyclic ketone CK3a was tested for a 

potential BV oxidation towards the lactone Lac3 (see Figure 44).I Since this 

reaction was not previously described in literature, mCPBA was used as oxidant 

as it showed good performance in the BV oxidation of terpene substrates.402,404,409 

 

 

Figure 44. BV oxidation of the cyclic ketone CK3a to obtain the lactone Lac3. 

 

The formation of a lactone moiety could be detected via 1H NMR spectroscopy. 

After no further reaction progress was observed, the product Lac3 was isolated by 

extraction and subsequent column chromatography in a yield of 10%. A possible 

explanation for the low obtained yield could be a decreased stability due to the 

additional four-membered ring, therefore complicating the work-up. Optimization of 

the reaction conditions and work-up procedure could possibly lead to higher yields 

of Lac3. Further adjustment with regard to sustainability could open a pathway for 

a new route towards polyester structures from α-pinene as addition to previously 

described pinene-based lactones.554,555 

Despite the low obtained yields, within this section, it was possible to synthesize 

model lactone compounds from terpene feedstock. The isolated amounts of Lac1 

and Lac2 were sufficient to be used to test a possible ROP towards polyesters. 

The reaction conditions were chosen according to Table 2 using DBU in com-

bination with TU1 or TU3 as catalyst system and pyrene butanol as initiator. The 

results of the test reactions are shown in Table 6.II 

Variation of the reaction conditions within the scope of Table 6 did not lead to a 

successful formation of polymers. As solvents, THF and toluene were tested (Table 

6, entries 1 and 2), but in both cases, no polymeric species were observed via SEC 

 
I The synthesis was performed by Hendrik Kirchhoff under co-supervision of the author. 
II The experiments were performed by Johanna Rietschel under co-supervision of the author. 
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measurements. Neither Lac1 nor Lac2 as monomers and neither TU1 nor TU3 

(Table 6, entries 2-5) could promote the reaction under the chosen conditions, in 

contrast to the above discussed results for εCL. Further, changing the temperature 

to 50 °C (Table 6, entry 6) did also not enable polymerization. 

 

Table 6. Test reactions of the ROP of Lac1 and Lac2 with a catalyst system of DBU and TU1 or 

TU3 as cocatalysts. For investigation of a potential polymer formation, SEC measurements were 

performed. r. t. = room temperature; n. d. = not detected. 

 

Entry substrate solvent thiourea T polymer 

formation 

1 Lac1 THF TU1 r. t. n. d. 

2 Lac1 toluene TU1 r. t. n. d. 

3 Lac1 toluene TU3 r. t. n. d. 

4 Lac2 toluene TU1 r. t. n. d. 

5 Lac2 toluene TU3 r. t. n. d. 

6 Lac2 toluene TU1 50 °C n. d. 

 

To conclude, within the scope of this work, no reaction conditions could be found 

that led to a successful polymerization of Lac1 or Lac2 using a catalyst system of 

DBU and thiourea. Notably, the limited conditions tested within Table 6 cannot rule 

out that a polymerization of terpene-based lactones using this catalyst system 

could be performed. However, the activation might not be strong enough to enable 

polymerization, since lactones Lac1 and Lac2 are deactivated in comparison to 
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εCL due to additional substituents, thus potentially making the use of more active 

metal catalysts necessary.407,411  

Summing up, the results obtained in this work confirm the promising use of 

thioureas for the more controlled ROP of substrates such as εCL, but no successful 

activation of terpene-based lactones was observed. The following sections 

therefore focus on the use of thiourea catalysts for the synthesis of NIPUs as 

another class of promising polymers. 
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4.3. Thiourea catalysts in transurethanization reactions 

Transurethanization is one of the main strategies to access NIPUs (see Figure 

4)82–84 and can be catalyzed by the addition of Lewis acids.556 Since thioureas were 

shown to activate carbonyl centers in a similar way as Lewis acids (see Figure 27), 

the potential use of thiourea compounds as catalyst for transurethanization 

approaches was investigated. 

In order to activate the carbonyl center efficiently for nucleophilic attack, electron-

withdrawing groups are beneficial.557 Therefore, in this chapter, TU1–TU3 were 

tested for a possible activating effect, as well as the commercially available 

Schreiner’s catalyst TU7 (Figure UR1). 

 

 

Figure 45. Thiourea catalysts with electron-withdrawing substituents tested for the use in 

transurethanization reactions. 

 

Before testing the catalysts for polymerization of monomers, a model system was 

developed to investigate if any catalytic effect could be observed. For this, the 

model substrate UR1 was synthesized, with methanol as a leaving group, for the 

reaction with n-butanol to yield the model product UR2 (see Table 7). The presence 

of the two model compounds could be easily followed using GC-FID. 

At first, a test reaction was carried out using TBD as organocatalyst, which was 

used in transurethanization reactions previously. The use of TBD for the formation 

of UR2 from UR1 with n-butanol at a temperature of 90 °C led to the formation of 

6% product UR2 compared to UR1, determined via GC-FID. Although the conver-

sion was poor, these conditions were used as a starting point to see whether thio-

urea catalysts showed similar performance to the established catalyst TBD.103,486  
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Thus, the formation of UR2 from UR1 with n-butanol in the presence of thiourea 

catalysts was tested in bulk and using different solvents (Table 7). The choice of 

solvents was made based on available green solvent selection guides,36,39 exclu-

ding alcohols and esters that could react with the substrates. Thiourea TU2 was 

used for the first test as it showed good solubility in various solvents. In all cases, 

the mixture was heated to a temperature close to the boiling point of the solvent. 

In cases where no solvent or high-boiling solvents were used, 90 °C were chosen 

because the thiourea compounds can decompose above this temperature.558 

 

Table 7. Test reactions of transurethanization using different solvents. Samples were taken after 

3-4 h and analyzed via TLC and GC-FID. The % product were estimated by dividing GC-FID integral 

of UR2 by the sum of the integrals of UR1 and UR2. *TBD was used instead of TU2. 

 

entry solvent molarity T / °C % product 

1 bulk* - 90 6 

2 bulk - 90 n. d. 

3 cyclohexanone 0.5 90 n. d. 

4 butanone 0.5 70 n. d. 

5 anisole 0.5 90 n. d. 

6 cyclohexane 1.0 80 traces 

7 chloroform 1.0 60 traces 

 

The results of Table 7 show that no efficient product formation was observed under 

the chosen conditions. Only when using cyclohexane and chloroform, traces of the 

product were observed. Both solvents are not recommended with regards to 

sustainability,39 however, they were chosen for further experiments. Table 8 shows 

a selection of varied reaction conditions in chloroform, using higher equivalents of 

n-butanol, alternative thiourea catalysts TU1, TU3 and TU7 (entries 1–4, Table 8), 

higher catalyst loading of thiourea (entry 5, Table 8), and alternative nucleophiles 

containing amine or thiol groups (entries 6–7, Table 8). In none of the cases, the 

formation of UR2 or another respective product compound could be observed. For 
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all batches, further samples were taken after longer reaction times, also showing 

no product. 

 

Table 8. Test reactions of transurethanization using different thiourea catalysts and different 

nucleophiles. 

 

entry thiourea mol% XH % product 

1 TU1 5 OH n. d. 

2 TU2 5 OH n. d. 

3 TU3 5 OH n. d. 

4 TU7 5 OH n. d. 

5 TU2 10 OH n. d. 

6 TU2 10 NH2 n. d. 

7 TU2 10 SH n. d. 

 

The unsuccessful activation can be explained by the low reactivity of the urethane 

moiety. Usually, transurethanization approaches use very high temperatures to 

enable product formation.103,486,487 At the same time, at high temperatures the 

hydrogen bonds between the thiourea and the carbonyl group are less effectively 

formed because of a higher entropic contribution, and moreover, the thiourea can 

decompose. Therefore, no higher temperatures were tested. 

Further, high vacuum is usually applied during transurethanization to evaporate the 

small compounds formed during the condensation. Like this, the equilibrium can 

be shifted towards the product. This strategy could possibly enable a higher 

conversion also in the investigated conditions, however, as no product formation 

was observed at all, it can be supposed that the substrates are not activated 

sufficiently for any reaction to take place. Overall, the results suggest that the use 

of TBD as organocatalyst in transurethanization approaches is more promising. 

To sum up, within the performed experiments, no activation of urethane groups by 

thiourea compounds for a transurethanization could be observed at 90 °C or below. 

Additionally, a study published in the meantime by Bakkali-Hassani, Caillol et al. 

confirmed the herein observed lack of thiourea activation in transurethanization 
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reactions, stating that activation by Lewis-acidic compounds was significantly 

stronger.290 Therefore, further investigation for the use of thiourea compounds in 

NIPU synthesis focused on the ring-opening of cyclic carbonates with amines, 

which will be treated in the coming sections. 
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4.4. Linear non-isocyanate polyurethanes from terpenes 

via thiourea organocatalysis and thiol-ene-chemistry 

Parts of this chapter and the associated experimental section are based on 

previously published results by the author of this thesis: 

 

F. C. M. Scheelje and M. A. R. Meier, Non-isocyanate polyurethanes synthesized 

from terpenes using thiourea organocatalysis and thiol-ene-chemistry, Commun. 

Chem., 2023, 6, 239.559 

 

Text, figures, and data are reproduced from this article and were partially edited 

and extended. 

 

Abstract 

The depletion of fossil resources as well as environmental concerns contribute to 

an increasing focus on finding more sustainable approaches for the synthesis of 

polymeric materials. In this work, a synthesis route towards non-isocyanate poly-

urethanes (NIPUs) using renewable starting materials is presented. Based on 

terpenes as renewable resources, five-membered cyclic carbonates are synthe-

sized and ring-opened with allylamine, using thiourea compounds as benign and 

efficient organocatalysts. Thus, five renewable AA monomers are obtained, bearing 

one or two urethane units. Taking advantage of the terminal double bonds of these 

AA monomers, step-growth thiol-ene polymerization is performed using different 

dithiols, to yield NIPUs with molecular weights of above 10 kDa under mild 

conditions. Variation of the dithiol and amine leads to polymers with different 

properties, exhibiting Mn of up to 31 kg‧mol-1 and Tg’s ranging from 1 to 29 °C.  

 

Results 

4.4.1.  Synthesis of terpene-based cyclic carbonates 

For the synthesis of hydroxyurethane monomers from terpenes, cyclic carbonates 

of different terpene derivatives were synthesized. As referred to in section 2.5.3, 

the double bond moieties within terpene feedstock can be modified by epoxidation, 

generating precursors for cyclic carbonate synthesis. Thus, this chapter describes 
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the synthesis of cyclic carbonates from the terpene compounds limonene, carvone, 

and γ-terpinene. 

The epoxides E1 and E2 (see Figure 46) derived from limonene were synthesized 

on the basis of previous studies.429,552 With limonene containing two double bonds, 

it is possible to oxidize either both double bonds using common epoxidizing 

agents552 or to oxidize the higher substituted double bond selectively by reaction 

with N-bromo succinimide (NBS) and sodium hydroxide.429  

Based on this, the cyclic carbonates CC1 and CC2 were synthesized from the re-

spective epoxides E1 and E2 by insertion of CO2 using tetrabutylammonium 

chloride (TBACl) as catalyst (see Figure 46).138 Despite recent findings showing 

high yields for the formation of cyclic carbonates when using aluminum catalysts,138 

the use of catalytic substances was constrained to the halogenide to maintain a 

simpler approach. Indeed, no additional catalyst was necessary for a sufficient 

conversion of the epoxides.  

 

 

Figure 46. Synthesis of cyclic carbonates from limonene. 

 

It must be noted that the reactivity of the endocyclic and exocyclic terpene epoxides 

varies depending on the substitution pattern. In limonene dioxide E2, this could be 

observed in the formation of a monocarbonate intermediate CC2a, in which the 

epoxide attached to the ring was not yet converted into the carbonate (see Table 

9). By isolating the intermediate CC2a, the ratio of CC2 to CC2a could be 
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determined and compared with respect to different reaction conditions. As catalysts 

for the carbonate formation, tetrabutylammonium chloride (Table 9, entries 1 and 

4), bromide (entry 2) and iodide (entry 3) were used and the ratio of CC2 to the 

starting material E2 and the intermediate product CC2a was compared using GC-

FID measurements.  

 

Table 9. Variation of catalyst, reaction temperature and reaction time in the formation of carbonate 

CC2. GC-FID fractions of E2, CC2a, and CC2 are obtained by dividing the GC integral of the 

respective signal by the sum of the integrals of E2, CC2a, and CC2. 

 

entry catalyst T / °C t E2:CC2a:CC2 

1 TBACl 100 °C 20 h 1:50:49 

2 TBAB 100 °C 20 h 12:57:31 

3 TBAI 100 °C 20 h 10:78:12 

4 TBACl 130 °C 4 d 0:3:97 

 

It was shown that, in order to obtain full conversion of the limonene dioxide E2, 

stirring at 130 °C for four days with TBACl as catalyst was necessary (Table 9, 

entry 4). This low reactivity of the internal epoxide was not observed in the case of 

E1, for which a conversion of 82% to the carbonate CC1 was already observed 

after one day via GC-FID. This difference could be explained by a lower reactivity 

of E2 as well as by an increase in viscosity after the carbonation of one epoxide 

group in CC2a, thus making longer stirring and higher temperature necessary for 

further carbonation towards the final product CC2.  

When using NBS and sodium hydroxide for the oxidation of only the endocyclic 

double bond in limonene (see Figure 46), one diastereomer of E1 was formed 

selectively, fitting to previous findings that the trans isomer was mainly observed.429 

The diastereomeric ratio was determined to be 93:7 by GC-FID and 1H NMR 
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spectroscopy (see Supplementary Figure 38 and Supplementary Figure 39). 

During the carbonate formation, the stereocenter was retained, thus also in 

compound CC1 one main diastereomer was observed (see Supplementary 

Figure 49 and Supplementary Figure 50). For the formation of CC2, a 

commercially available diastereomeric mixture of limonene dioxide E2 was used, 

and in compound CC2, two isomers were observed by 1H NMR spectroscopy in a 

ratio of 51:49 (see Supplementary Figure 54). This can further explain the lower 

isolated yield of CC2 in comparison to the conversion of the starting material, since 

the product had to be recrystallized in order to achieve high purity. 

Also from carvone, two different epoxides can be synthesized based on previously 

described procedures.552 The two double bonds show different reactivity, and it is 

possible to address them selectively by using either Oxone® or hydrogen peroxide 

as oxidants to obtain the epoxides E3 or E4, respectively. Thus, both epoxide 

derivatives E3 and E4 (see Figure 47) were synthesized to enable a comparison. 

 

 

Figure 47. Synthesis of cyclic carbonates from carvone. 

 

The oxidation of carvone with Oxone® led to the formation of the epoxide E3. Two 

diastereomers were formed in nearly equimolar ratio (see Supplementary Figure 

42 and Supplementary Figure 43), which was also preserved in the carbonate 

formation (see Supplementary Figure 57 and Supplementary Figure 58). 
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Both the exocyclic epoxide E3 and the resulting cyclic carbonate CC3 were 

synthesized successfully. While also E4 was successfully synthesized from 

carvone, the cyclic carbonate CC4 could not be isolated. Indeed, also previous 

studies reported a decomposition of the endocyclic carbonate CC4 upon 

work-up.138 

Besides limonene and carvone, also γ-terpinene, which contains two endocyclic 

double bonds, was tested as substrate for the synthesis of a cyclic carbonate (see 

Figure 48). The synthesis of γ-terpinene-derived epoxide E5 was described 

before.552 To synthesize a cyclic carbonate CC5 from E5, the optimum reaction 

conditions from Table 9 were applied for E5 as substrate. 

 

 

Figure 48. Synthesis of cyclic carbonate from γ-terpinene. 

 

Purification of the reaction mixture yielded only monocarbonate CC5a as product. 

The reason for an unsuccessful carbonation of the second epoxide group could be 

a higher steric hindrance and therefore lower reactivity. Since bifunctional mono-

mers are needed for the synthesis of monomers for NIPUs, this route was not 

investigated further. Instead, the cyclic carbonates CC1-CC3 were investigated in 

ring-opening reactions with allylamine. 

4.4.2.  Ring-opening of cyclic carbonates 

For the application of the cyclic carbonates CC1–CC3 in the synthesis of NIPUs, 

they were ring-opened with amines containing double bonds. Like this, AA 

monomers containing urethane groups and terminal double bonds were generated. 

For this ring-opening reaction, thioureas were tested as potential organocatalysts. 

The ring-opening reactions of the endocyclic and exocyclic carbonates were 

investigated separately to get insight into potential catalysis. 
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To test if thiourea catalysts can effectively promote the ring-opening of cyclic 

carbonates CC1–CC3 with an amine, four different thiourea catalysts TU1–TU4 

were compared with respect to their capability to activate the cyclic carbonate (see 

Figure 49). All of these catalysts are accessible via a multicomponent approach 

from the respective aromatic isocyanide, elemental sulfur, and cyclohexyl amine 

(see section 4.1). This is significantly more sustainable than classic synthesis 

approaches. Depending on the substituents on the aromatic ring, the thiourea 

derivatives vary in their hydrogen bonding ability, with catalysts TU1 and TU3 

showing the strongest affinity towards carbonyl groups due to the presence of 

strong electron-withdrawing groups.521 

 

 

Figure 49. Thiourea catalysts tested for the ring-opening of terpene-based cyclic carbonate CC1. 

 

The urethane moieties and double bonds that result from ring opening the cyclic 

carbonates with allylamine make the obtained products suitable building blocks for 

potential NIPU synthesis. 

Opening of endocyclic carbonate group 

For the investigation of a possible catalytic effect upon opening the synthesized 

carbonates with amines, limonene monocarbonate CC1 was chosen as model 

compound to analyze the opening of the endocyclic carbonate attached to the 

terpene ring structure separately. As nucleophile, allylamine was used. Investi-

gation started using thiourea TU1, as it is easily accessible from the commercially 

available isothiocyanate and was shown to be a promising compound for the 

activation of carbonyl compounds.516 
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Since in the synthesis of the carbonate CC1 a high conversion was achieved, the 

crude reaction mixture could directly be used for the urethane synthesis after 

washing with brine, without the need for a purification via column chromatography. 

Further, no solvent was necessary for both the carbonate and the urethane 

formation, thus contributing to the overall sustainability of the synthesis. The ratio 

of the urethane monomer UR3 to the carbonate CC1 was determined via GC-FID 

over time, as no other signals were observed, and is shown in Figure 50 (for exact 

values, see Supplementary Table 1). 

 

 

Figure 50. Conversion of limonene-derived carbonate CC1 to urethane monomer UR3. The GC-

FID fraction of UR3 is obtained by dividing the GC integral of the signal associated with UR3 by the 

sum of the integrals of the signals assigned to CC1 and UR3. Only one of two formed regioisomers 

of UR3 is shown for clarity, with the ratio of UR3:CC1 including both regioisomers. 

 

It can be stated that the reaction is significantly more effective in the presence of 

thiourea TU1, indicating a catalytic effect of the thiourea that positively influences 

the reaction efficiency. During purification of the urethane monomer UR3, the 

thiourea TU1 could be recovered, corresponding to 100% of the starting amount, 

thus further contributing to the sustainability of the presented approach. The 
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presence of a high percentage of intact thiourea in the final reaction mixture 

indicates that the thiourea compound is indeed acting as a catalyst.  

Since the ring-opening of the endocyclic carbonate CC1 proceeded successfully, 

this approach was tested for the synthesis of a urethane monomer from the endo-

cyclic epoxide E4. Given that the cyclic carbonate CC4 could not be isolated, the 

direct use of the reaction mixture from the carbonation of E4 for aminolysis to obtain 

the urethane monomer UR4 was investigated (see Figure 51). 

 

 

Figure 51. Direct use of reaction mixture from the carbonation of E4 for ring-opening with allylamine 

for potential isolation of UR4. 

 

This way, no exposure of CC4 to column material is necessary, with urethane UR4 

possibly ensuring higher stability. However, isolation of UR4 from the reaction 

mixture was not possible. Therefore, no further investigations on E4 as starting 

material were performed. On the other hand, the synthesis of urethane monomer 

UR3 derived from CC1 represents a promising approach towards NIPUs. 

Therefore, the reaction conditions for the aminolysis of CC1 were optimized before 

applying them to the opening of the cyclic carbonates CC2 and CC3. 

Optimization of reaction conditions 

To optimize the reaction conditions, equivalents and temperature were varied (see 

Table 10, entries 1–5). Further, alternative thiourea compounds TU2–TU4 were 

tested next to compound TU1, displaying a range of stronger and weaker electron-

withdrawing groups (entries 6–8, Table 10). 

As can be seen from entry 2 in Table 10, it is possible to reduce the amount of 

catalyst used, but higher yields were obtained for 5 mol%. Thus, further experi-

ments were carried out using this catalyst loading. Reduction to only one equivalent 

of allylamine led to a lower conversion (entry 3, Table 10), probably due to the 

volatility of the amine. Further, the initial choice of 70 °C (entry 1, Table 10) proved 
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to be the most suited for the investigated reaction if compared to temperatures of 

60 and 80 °C (see entries 4 and 5, Table 10). 

 

Table 10. Variation of thiourea concentration, reaction temperature and choice of thiourea catalysts 

in the carbonate ring-opening of CC1. The GC-FID fraction of UR3 is obtained by dividing the GC 

integral of the signal associated with UR3 by the sum of the integrals of the signals assigned to 

CC1 and UR3. Only one of two formed regioisomers of UR3 is shown for clarity, with the ratio of 

UR3:CC1 including both regioisomers. 

 

entry thiourea mol% 

thiourea 

equiv. 

amine 

T / °C UR3:CC1 

(4 h) 

UR3:CC1 

(8 h) 

1 TU1 5.0 2.0 70 61:39 76:24 

2 TU1 2.5 2.0 70 45:55 57:43 

3 TU1 5.0 1.0 70 27:73 37:63 

4 TU1 5.0 2.0 60 55:45 68:32 

5 TU1 5.0 2.0 80 58:42 66:34 

6 TU2 5.0 2.0 70 49:51 64:36 

7 TU3 5.0 2.0 70 40:60 55:45 

8 TU4 5.0 2.0 70 28:72 42:58 

 

The use of alternative catalysts TU2–TU4 also led to the formation of product, with 

electron withdrawing ester (entry 6, Table 10) and sulfone groups (entry 7, Table 

10) resulting in higher conversions than in the case of a simple phenyl substituent 

(entry 8, Table 10). However, catalyst TU1 bearing two CF3 groups still showed the 

highest activity. This confirmed the choice of catalyst TU1 for further experiments, 

yet catalysts TU2 and TU3 remain valid options that can be obtained more 

sustainably. 

The investigations proved the initial reaction conditions from entry 1 (Table 10) to 

be the most suited for the opening of the endocyclic carbonate group. As this 

functionality is assumed to be the less reactive one, the same conditions were 
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chosen for a closer look into the opening of the exocyclic carbonate groups in the 

terpene derivatives CC2 and CC3. 

Opening of exocyclic carbonate groups 

To analyze the influence of the thiourea catalyst on the conversion of the exocyclic 

carbonate group found in compounds CC2 and CC3, the carbonate CC3 based on 

carvone was chosen as model substrate as it does not contain an additional 

endocyclic carbonate group. 

For the opening of the carbonate, the optimized conditions of the opening of CC1 

(see Table 10, entry 1) were used. The conversion was detected via GC-FID as in 

the case before and the comparison of the reactions with and without the presence 

of thiourea TU1 is shown in Table 11. 

 

Table 11. Carbonate ring-opening of CC3 with and without thiourea catalyst. The GC-FID fraction 

of UR5 is obtained by dividing the GC integral of the signal associated with UR5 by the sum of the 

integrals of the signals assigned to CC3 and UR5. Only one of two formed regioisomers of UR5 is 

shown for clarity, with the ratio of UR5:CC3 including both regioisomers 

 

entry mol% TU1 UR5:CC3 (4 h) UR5:CC3 (8 h) 

1 5.0 83:17 90:10 

2 0 78:22 96:4 

 

In general, a higher conversion to the respective urethane UR5 is observed, as 

expected, than in the case of the endocyclic carbonate (see Table 10), which can 

be attributed to a lower steric hindrance. Already without the addition of thiourea, 

high conversions are obtained (entry 2, Table 11). Addition of thiourea does not 

significantly influence the conversion (see entry 1, Table 11), thus no activation is 

necessary to obtain the urethane monomer UR5 from carbonate CC3. 
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Compound CC2 bears two carbonate groups, which show different reactivities as 

demonstrated before. Therefore, thiourea catalyst TU1 was used for the activation 

of especially the endocyclic carbonate. The general reaction conditions for the 

opening of CC2 towards diurethane UR6 were chosen as in Table 10 (entry 1), 

using double the amount of allylamine and thiourea TU1 (see Figure 52). 

 

 

Figure 52. Ring-opening of limonene carbonate CC2 to bifunctional urethane UR6 and mono-

functional urethane UR6a, analyzed via SEC. The SEC chromatogram was measured after 2 h 

reaction time, still showing presence of the intermediate UR6a. The signal at 20.7 min is a system 

peak and does not correspond to any compound found in the mixture. In the chemical equation, 

only one regioisomer of each UR6 and UR6a is shown for clarity. 

 

As intermediate, the monourethane UR6a could be observed via SEC measure-

ments (see Figure 52) and isolated, confirming the observation that the endocyclic 

carbonate group is less reactive. The chemical similarity between the mono-

urethane UR6a and the diurethane UR6 results in a difficult separation via column 

chromatography, requiring a gradient column that hampers the recyclability of the 

solvent mixture. In order to facilitate the work-up, the reaction progress was 

UR6

UR6a
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monitored over time (see Supplementary Table 2), also investigating whether it is 

possible to push the reaction to a quantitative conversion of CC2 and UR6a by 

adding further allylamine after a certain amount of time. The low volatility of UR6 

required the use of SEC instead of GC-FID for monitoring, nevertheless enabling 

a qualitative observation of the presence of unreacted UR6a within the mixture. In 

entries 1b-7b (Supplementary Table 2), an additional equivalent of allylamine was 

added after 6 h. However, no difference in yield was observed compared to the 

batch where no allylamine was added at a later stage (see entries 1a–7a, 

Supplementary Table 2), and in both cases, full conversion of UR6a was 

not observed. The occurring of this structurally similar intermediate, which is not 

straightforward to isolate from the product, represents a drawback of the 

bifunctional monomer UR6 when compared to monomer UR3. When stopping the 

reaction after one day, most of the intermediate was converted, and after 

purification via column chromatography the product was isolated in 85% yield. 

Regioselectivity of the carbonate ring-opening 

As discussed in section 2.2 (see Figure 6), the opening of unsymmetric cyclic 

carbonates can generate two different regioisomers. To analyze this for the 

compounds UR3, UR5 and UR6, GC-FID and 2D NMR experiments (COSY, 

HDSC, and HMBC) were performed. Figure 53 shows the detection of the different 

regioisomers of the urethane monomers UR3, UR5, and UR6 via 1H NMR 

spectroscopy.  

For the limonene-derived monourethane UR3, two different regioisomers were 

assigned in the corresponding 1H NMR spectra. From GC-FID measurements (see 

Supplementary Figure 71), their ratio was determined to be 53:47, indicating low 

regioselectivity. For an analysis via NMR spectroscopy, the signals CH3 groups 

within UR3 were compared. Due to overlapping signals in these NMR spectra, no 

exact integral values could be obtained (see Figure 53a), but a ratio of ~ 1:1 of the 

two regioisomers can be deducted from comparable signal intensities.  

Similar to compound UR3, the exocyclic cyclic carbonate in carvone-derived UR5 

can in principle be opened on two different sides, leading to two possible regio-

isomers. Via GC-FID and NMR measurements, two different diastereomers are 

distinguishable, related to the low diastereoselectivity of the epoxide formation, but 

only one regioisomer was observed. Based on 1H NMR data (see Figure 53b), a 
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CH2 group adjacent to the urethane group could be assigned, corresponding to the 

regioisomeric product shown in Figure 53b. This can be related to the two sides 

of the carbonate group in CC3 differing stronger in steric demand than in the case 

of CC1. 

 

 

Figure 53. Determination of different regioisomers formed upon ring-opening of the cyclic 

carbonates CC1–CC3 via NMR spectroscopy. a.) The ratio between the CH3 groups in UR3 

indicates low regioselectivity for the endocyclic carbonate. b.) The ratio between the signals of the 

CH2 groups indicates the formation of mainly one regioisomer for compound UR5. c.) According to 

the previously observed regioselectivities, two regioisomers are observed in the synthesis of UR6. 

a.)

b.)

c.)
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Regarding the regioselectivity of the aminolysis of limonene-derived bis(cyclic 

carbonate) CC2 towards diurethane UR6, an analogous trend to compounds UR3 

and UR5 was observed in the endocyclic and exocyclic carbonate groups. The 

exocyclic carbonate was opened selectively on the sterically less demanding side, 

whereas in the case of the endocyclic carbonate, both regioisomers were formed 

in a ratio of 49:51 as determined by 1H NMR measurements (see Figure 53c), 

comparing the CH signals adjacent to the tertiary hydroxy or ester group. Since 

compound UR6 was not volatile enough for analysis via GC-FID, the ratio can be 

determined less accurately due to overlapping signals in the 1H NMR spectrum. 

Nevertheless, the observations match the previous findings for UR3 and UR5. 

Introduction of a fatty acid-based amine 

Considering the toxicity of allylamine as well as solubility issues in the case of the 

substrate UR6, it is desirable to look for alternative amines containing a terminal 

double bond. As such, fatty acid-based derivatives are desirable, being still simple 

in their structure. In a previous work from our group, it was shown that fatty acid-

derived undecenoic acid can be used as starting material for the synthesis of 

decenyl amine 7 (see Figure 54) via esterification, substitution with hydroxyl 

amine, Lossen rearrangement, and subsequent saponification.485 The amine 7 was 

thus synthesized according to the procedure described in that work. The 

introduction of this building block into the urethane monomers was first investigated 

using limonene monocarbonate CC1 (see Figure 54).  

Analogous reaction conditions as in the case of allylamine were chosen (see Table 

10, entry 1). Also in this case, two equivalents of the amine were used to enable 

higher conversion, and thiourea TU1 was added to activate the endocyclic carbo-

nate. The monomer UR7 was obtained in a yield of 55%, the carbonate opening 

was thus less effective in comparison to the reaction with allylamine, which can be 

attributed to the lower reactivity of the amine due to its higher molecular weight.114 

Further, limonene dicarbonate CC2 was opened with 7 using analogous reaction 

conditions, yielding the diurethane monomer UR8 in a yield of 15%. The low yield 

can be attributed to both the carbonate and the amine being less reactive than their 

respective counterparts, as discussed above. 

Concerning the regioselectivity of the aminolysis with 7, the formation of two 

different regioisomers was observed for both UR7 and UR8 via 1H NMR spec-
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troscopy (see Supplementary Figure 79 and Supplementary Figure 82), 

analogous to the urethane monomers UR3 and UR6 from allylamine. Due to over-

lapping signals, no definite value for the regioisomeric ratio could be determined, 

but the signal intensities indicate high regioselectivity for the exocyclic carbonate 

and low regioselectivity in the case of the endocyclic carbonate group. 

 

 

Figure 54. Synthesis of fatty acid-based amine 7 and subsequent carbonate opening of CC1 and 

CC2 to urethane monomers UR7 and UR8. Only one regioisomer of each UR7 and UR9 is shown 

for clarity. 

4.4.3.  Synthesis of linear NIPUs 

To demonstrate a possible application of the synthesized urethane monomers for 

polymer synthesis, the substrates UR3, UR4, and UR5–UR8 were reacted with 

dithiols in a step-growth thiol-ene polymerization to obtain linear NIPUs. To 

promote a radical formation, 2,2-dimethoxy-2-phenylacetophenone (DMPA) was 

added as initiator and the reaction mixture was irradiated with UV light of 365 nm. 

As promising substrate, limonene monourethane UR3 was chosen as it showed 

good solubility in various solvents. Among commercially available dithiols, 

1,10-decanedithiol T1 was chosen for first test reactions. It contains a linear spacer 

that is expected to keep the polar urethane moieties at a sufficient distance to 
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enable a certain degree of solubility. Test reactions were performed in chloroform, 

a solvent shown suitable in previous studies,347 and 2-methyl tetrahydrofuran (2-

Me-THF), which represents a less hazardous and furthermore renewable solvent. 

A concentration of 0.5 M was found to be a good compromise between not using 

too much solvent and yet dissolving the monomers well enough to enable efficient 

stirring. The results of the polymerization reactions are shown in Table 12 and 

Supplementary Figure 86, revealing that efficient formation of polymers with 

molecular weights >10 kg‧mol-1 takes place at the chosen conditions. Both solvents 

led to the formation of polymers (see Table 12, entries 1 and 2), with higher 

molecular weights being achieved in the case of the more sustainable 2-Me-THF. 

 

Table 12. Thiol-ene polymerization of limonene-based urethane monomer UR3 and 1,10-

decanedithiol T1. The average molecular weight Mn and the dispersity Ð were obtained from SEC 

from the crude reaction mixture using THF as solvent. Only one of two regioisomers of UR3 is 

shown for clarity. In. = 2,2’-dimethoxy-2-phenylacetophenone. 

 

entry solvent [In.] / mol% Mn / kg‧mol-1 Ð 

1 CHCl3 5.0 12.5 2.0 

2 2-Me-THF 5.0 21.7 1.8 

3 2-Me-THF 2.5 14.8 1.6 

4 2-Me-THF 0 5.4 1.7 

 

To gain insight into the reaction taking place, control reactions were carried out in 

absence of either the diene monomer UR3, the dithiol T1, UV irradiation, or initiator. 

The results show that both monomers as well as irradiation with UV light are 

necessary for the formation of polymers. In absence of DMPA, oligomeric species 

with a molecular weight of Mn = 5.4 kg‧mol-1 were observed after two days of 

irradiation (see Table 12, entry 4), confirming that radical addition can also take 
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place without an initiator. However, significantly higher molecular weights were 

achieved when adding DMPA to the reaction mixture. A reduction of the initiator 

concentration to 2.5 mol% also led to the formation of polymers with 

Mn > 10 kg·mol-1 (see Table 12, entry 3). Yet, the molecular weight is lower than 

when using 5 mol% initiator. 

The polymer could be precipitated from the crude mixture by dropping the solution 

into cold methanol. The 1H NMR spectrum of the precipitated polymer (see 

Supplementary Figure 90) confirmed the presence of both the terpene moiety 

and the aliphatic chain of the dithiol within the material. Further, the IR spectrum of 

the precipitated polymer (see Supplementary Figure 95) shows the presence of 

characteristic signals corresponding to the present urethane and thioether 

moieties. Together with the performed control reactions, this undermines the 

assumption of NIPU formation via thiol-ene polyaddition. 

The formation of NIPUs from monomer UR3 was monitored over time (see 

Supplementary Table 4 and Supplementary Figure 85), showing that already 

after 1 h, a molecular weight of 11.8 kg‧mol-1 was achieved. After 5 h, 14.1 k g‧mol-1 

were observed, indicating that the polymerization can possibly be stopped earlier. 

Nevertheless, for a comparison between the different monomers, 24 h were kept 

as fixed reaction time to allow for slower reactions to still be observed. 

After the first promising results, the determined reaction conditions were applied 

for the synthesis of linear NIPUs from all urethane monomers synthesized in this 

section. Besides the variation of the urethane monomer, a variation of the dithiol 

can be a possibility to achieve different properties. As renewable alternative to T1, 

dithiol T3 was synthesized from limonene. A summary of the used dithiols and of 

the results from the polymerization reactions is shown in Table 13 and 

Supplementary Table 3. SEC measurements of the obtained polymeric materials 

were performed (chromatograms are shown in Supplementary Figure 87–

Supplementary Figure 89) to determine Mn and Ð (see Table 13), revealing mostly 

high molecular weights and dispersities close to 2, as expected for a step-growth 

polymerization. In contrast to the results achieved with monomer UR3, the use of 

monomer UR5 (entry 4, Table 13) only led to the formation of oligomeric species, 

which can be attributed to the reduced reactivity of the double bond in α,β-position 

to the carbonyl group with respect to radical thiol-ene additions. The urethane 

monomers UR3, UR6, and UR7 could successfully be used for the synthesis of 
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NIPUs with Mn > 10 kg‧mol-1. When compared to monomer UR3, the polymer PHU6 

derived from monomer UR7 shows slightly higher molecular weight (entry 6, Table 

13). The observed Tg of 1 °C is significantly lower than that of polymer PHU1, which 

can be attributed to the longer alkyl chains and thus lower relative amount of 

urethane moieties. In the case of monomer UR6, the molecular weight is limited 

(entry 5, Table 13), which could be related to an increased stiffness. The molecular 

weight was not sufficiently high for a successful precipitation; thus, the polymer 

could not be characterized via thermal analysis.  

 

Table 13. Variation of dithiol within the synthesis of NIPUs. All reactions were carried out in a 2 mL 

glass vial in front of a UV-lamp of 365 nm absorption maximum, with reaction conditions according 

to Table 12, entry 2. The average molecular weight Mn and the dispersity Ð were obtained from 

SEC measurements of the precipitated polymers using THF as solvent. * obtained from SEC of the 

crude reaction mixture, as precipitation of the polymer was not possible. 

 

entry name diene dithiol Mn
 / kg‧mol-1 Ð Tg / °C 

1 PHU1 UR3 T1 17.9 2.2 18 

2 PHU2 UR3 T2 15.1 1.9 16 

3 PHU3 UR3 T3 3.4* 1.5* - 

4 PHU4 UR5 T1 1.3* 2.0* - 

5 PHU5 UR6 T1 10.5* 1.4* - 

6 PHU6 UR7 T1 21.6 1.7 1 

7 PHU7 UR7 T3 6.1* 1.5* - 

8 PHU8 UR8 T1 31.2 1.8 23 

9 PHU9 UR8 T3 12.8 1.7 29 
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Monomer UR8 could also be successfully used for the synthesis of NIPUs. When 

using dithiol T1 (entry 8, Table 13), the polymer PHU8 with the highest molecular 

weight within this work of 31.2 kg‧mol-1 was obtained after precipitation. Its Tg of 23 

°C is higher than that of PHU6, where the same amine was used for the carbonate 

opening. The higher Tg can be attributed to increased hydrogen bonding due to the 

presence of two urethane moieties per repeating unit.  

For a variation of the dithiol, the urethane monomer UR3 was chosen as starting 

point. The use of dithiol T2 with a shorter chain length led to a polymer with lower 

molecular weight (entry 2, Table 13), which might be attributed to a less favorable 

structure in which the terpene units are relatively close. The resulting polymer 

PHU2 showed a Tg of 16 °C that is similar to that of PHU1. The renewable dithiol 

T3 in combination with monomer UR3 did not yield a polymer with high molecular 

weight (entry 3, Table 13), supporting the previous assumption of close terpene 

moieties hampering the formation of longer polymer chains. For this reason, dithiol 

T3 was tested for a polymerization with monomers UR7 and UR8, which contain 

one and two additional decenyl spacers, respectively. Indeed, already the use of 

monomer UR7 (entry 7, Table 13) with an elongated chain length compared to 

monomer UR3 (entry 3, Table 13) led to higher molecular weight, yet not high 

enough for a precipitation of the polymer PHU7. Extending this to monomer UR8 

with an additional C10 chain led to the formation of NIPU PHU9  with a molecular 

weight of 12.8 kg‧mol-1 that could be precipitated (see Table 13, entry 9). The 

observed Tg of 29 °C is higher than that of PHU8 with a linear dithiol, corresponding 

to a higher stiffness of the terpene unit. 

 

Discussion 

This section showed the application of thiourea catalysis for the functionalization 

of terpene-based carbonates towards urethane building blocks. The presence of a 

thiourea catalyst significantly improved the opening of the endocyclic carbonate 

groups by allylamine, whereas no activation was necessary in the case of the 

exocyclic carbonate structures. This enabled the access to AA monomers for the 

synthesis of linear NIPUs as potential application in polymer synthesis. By thiol-

ene polyaddition with dithiols, NIPUs with molecular weights of up to 31 kg‧mol-1 

were obtained, strongly depending on the structure of the respective monomers. 
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By elongating the carbon chains within the urethane monomers, it was possible to 

achieve higher molecular weights and further implement a renewable dithiol from 

limonene. The Tg values, ranging from 1 to 29 °C, are slightly higher than those of 

literature-described terpene-containing NIPUs of similar molecular weight,103,347,456 

which can be attributed to additional OH groups103,347 or higher terpene content, 

respectively.456 

This approach complements previous strategies of introducing urethane moieties 

into polymers via thiol-ene reaction.347,560 It should be noted that the obtained 

materials contain additional thioether linkages as well as hydroxy groups in 

contrast to industrially used PUs. However, other works also include thioether 

linkages, e.g. for self-blowing NIPU foams,561,562 showing the potential of such new 

structures. Further, this work brings forward the use of thiourea catalysis for NIPU 

production,563 as potential strategy to activate more hindered cyclic carbonates. 

Although several examples have shown the potential of implementing terpene 

structures into polyurethanes,103,344,415,453,456,458,564 their number remains limited. 
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4.5. Linear non-isocyanate polyurethanes from erythritol 

bis(cyclic carbonate) 

The results obtained from section 4.4 represent a promising approach for the 

synthesis of hydroxyurethane building blocks for thiol-ene polyadditions towards 

PHUs. The concept of first ring-opening cyclic carbonates with functionalized 

amines and subsequent thiol-ene reaction worked efficiently under mild conditions 

and was therefore expected to be applicable to other systems besides the terpene-

based monomers UR3–UR8. An interesting candidate is erythritol bis(cyclic 

carbonate) (EBCC),365 which can be obtained from the reaction of erythritol and 

DMC (see Figure 19).366 Within this section, the opening of EBCC with allylamine 

and the fatty acid-based amine 7 was investigated to obtain di(hydroxyurethane) 

monomers with terminal double bonds. Afterwards, the synthesis of linear PHUs 

from these AA monomers was investigated. 

4.5.1 Monomer synthesis 

For the use of EBCC in linear PHUs, the synthesis of the hydroxyurethane mono-

mers needed to be investigated first. 

EBCC was synthesized according to a previously established protocol, reacting 

erythritol with DMC and using TBD as organocatalyst (see Figure 55).366 By 

leaving the reaction mixture for 40 minutes on the rotary evaporator (60 °C, 

300 mbar) and subsequent washing with cold DMC, the product was obtained in a 

yield of 47%. 

 

 

Figure 55. Organocatalytic synthesis of EBCC from erythritol and DMC. 

 

The obtained yield is considerably lower than described previously, and the product 

NMR of the obtained EBCC showed the presence of small impurities. To avoid 
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tedious work-up, the product was however directly used in the ring-opening 

reaction. 

For the optimization of the aminolysis of EBCC, allylamine, a commercially 

available compound, was used as nucleophile. The reaction conditions of the ring-

opening were chosen to obtain the di(hydroxyurethane) UR9 (Figure 56) in the 

maximum yield, while aiming to design the synthesis as sustainable as possible. 

For clarity, only one regioisomeric form of UR9 is depicted in Figure 56. 

 

 

Figure 56. Aminolysis of EBCC with allylamine at room temperature. For clarity, only one possible 

regioisomer of UR9 is shown. 

 

To avoid the use of solvent during this step, the solubility of EBCC in allylamine 

was investigated. Indeed, the solid dicarbonate was soluble in ≥12 equivalents of 

allylamine, so this was taken as a starting point for the optimization. The reaction 

was thus stirred at room temperature and thereafter analyzed. 

TLC and GC-FID measurements showed full conversion of the cyclic carbonate.I 

Further, in the 1H NMR spectrum of the reaction mixture (Supplementary Figure 

105), the signal of the CH2 groups in the cyclic carbonate was not detected, 

suggesting that the starting material was successfully converted. New signals 

could be assigned to the desired product. 

In a recent work by Grau, Vidil, Cramail et al., the stereochemistry of the ring-

opening of EBCC with amines was thoroughly investigated.368 They observed a 

high selectivity towards the formation of the product containing secondary hydroxy 

groups, which was attributed to an activation of the monomer by the neighboring 

carbonate group. In the ring-opening of the first cyclic carbonate, a regioselectivity 

of 100% was determined, whereas in the second ring-opening, a selectivity 

towards the formation of secondary hydroxy groups of 68% was observed. This 

 
I GC-FID screenings were performed previous to this work by Dr. Katharina Wetzel. 
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change was attributed to the decreased activating effect after ring-opening of one 

carbonate group. 

In the approach within this work, a similar trend was expected. To analyze this, 1H 

NMR spectroscopy was used. Within the product mixture, it was possible to 

compare the signal of the NH groups of the urethane moiety from 7.35–6.82 ppm 

with one of the signals assigned to the CH2 groups within the erythritol core from 

4.20–4.09 ppm, since there was no signal overlap within these regions (see Figure 

57). The latter signal was attributed to the isomer UR9a bearing secondary hydroxy 

groups by 2D NMR spectroscopy of the isolated isomer. By calculating the ratio 

between these two signals, the ratio between the two regioisomeric forms UR9a 

and UR9b was estimated.  

 

 

Figure 57. 1H NMR reaction control of the synthesis of UR9 by comparing the signal of the NH 

group at 7.35–6.82 ppm with one signal of the CH2 protons at 4.20–4.09 ppm. The signal of the NH 

group splits up due to the presence of rotamers. The theoretical ratio of the signals in 100% UR9a 

is 1:1. 

 

The two compared signals would occur in a 1:1 ratio within the pure isomer UR9a, 

but only a ratio of 2.0:1.4 was observed. Thus, a selectivity towards the isomeric 
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form showing secondary hydroxy groups of 70% can be estimated. This is in good 

accordance with the previously reported 68%.368 

The reaction was performed successfully in 12 equivalents of allylamine. With 

ongoing reaction progress, partial precipitation of the product was observed as it 

was less soluble in allylamine. Further, the high excess of allylamine is not 

desirable with respect to sustainability. Therefore, for comparison, the solubilization 

of the product and starting material in allylamine at 70 °C, slightly below its boiling 

point, was analyzed. Six equivalents were sufficient to dissolve both the starting 

material as well as the amount of product corresponding to 100% yield. Thus, 

EBCC was stirred in 6 equivalents of allylamine at 70 °C overnight to compare the 

results. The NMR spectrum of the product mixture showed the signals of the 

desired product and full conversion of the cyclic carbonate. Additionally, the ratio 

of regioisomeric forms of the hydroxyurethane units in the reaction mixture stirred 

at 70 °C was calculated according to Figure 57, yielding a ratio of secondary to 

primary alcohol groups of 60%, corresponding to a less pronounced regioselectivity 

than when performing the reaction at room temperature (see Supplementary 

Figure 106). However, a higher number of additional signals was observed that 

could not be assigned (see Supplementary Figure 106). Therefore, performing 

the reaction at room temperature was chosen as synthesis route towards monomer 

UR9. 

When purifying the product UR9 via column chromatography or via extraction and 

recrystallization, the desired product was obtained in yields of 56% and 47%, 

respectively. The product signals in the 1H NMR spectrum corresponded to a high 

purity of the regioisomer UR9a bearing two secondary hydroxy groups. This can 

explain yield losses during the purification. In any case, the isolated isomeric form 

in high purity was used for further experiments. 

To optimize the reaction with regard to sustainability, the amount of waste produced 

by the reaction has to be taken into account. A large part of the waste production 

within chemical syntheses derives from the purification of the products.9 Since 

column chromatography makes use of a high amount of solvent and stationary 

phase, purification methods such as washing and extraction or recrystallization are 

expected to produce less waste.  

In the synthesis of UR9, possible impurities after reaction completion were excess 

allylamine, the starting material EBCC and potential side products or intermediates. 
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Allylamine is water-soluble and can thus be washed out with water or brine. A 

possibility to purify the product from the remaining impurities was by recrystalliza-

tion, since the product was found to be crystalline. For this, it was important that 

the ratio between product and impurities was high enough to ensure successful 

separation via recrystallization. At the same time, subsequent washing, extraction, 

and recrystallization still required a considerable amount of solvent. Further, higher 

losses in yield were to be expected than when using column chromatography, 

especially since the product was observed to be partly water-soluble. For this 

reason, one batch of UR9 was synthesized and split into two equal parts 

afterwards, of which one was purified using washing/ extraction and 

recrystallization and the other one using automatic flash column chromatography. 

For both cases, the respective amount of solvent use was measured (see Table 

14). Further, for column chromatography, the used amount of silica gel was 

determined, and for washing, the amounts of brine and Na2SO4 were counted as 

waste. 

 

Table 14. Contributions of reagents, solvents, and purifying agents to the waste produced through 

work-up via automatic flash column chromatography or extraction and subsequent recrystallization 

of UR9. The reaction conditions were chosen according to Figure 56. Solvent amounts needed to 

transfer product between flasks were not considered. * Two contributions from extraction and 

recrystallization. 

entry contribution column 

chromatography 

extraction + 

recrytallization 

1 EBCC 2 g 2 g 

2 allylamine 8 g 8 g 

3 ethyl acetate 600 g 270 g + 90 g* 

4 silica 100 g - 

5 brine - 220 g 

6 Na2SO4 - 20 g 

7 cyclohexane - 62 g 

8 Σmwaste 710 g 672 g 

10 mproduct 1.86 g 1.57 g 
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The yield of UR9 from purification via column chromatography was slightly higher. 

Yield losses in both cases could be attributed to the poor solubility of the product 

in ethyl acetate or to the occurring of side products.  

For automatic flash column chromatography, significantly more ethyl acetate was 

necessary, this being the highest contribution to the mass of waste (Table 14, entry 

3). On the other hand, in the washing step, a considerable amount of brine was 

necessary to remove the water-soluble impurities efficiently (Table 14, entry 5). 

Additionally, the amount of ethyl acetate needed for initial dissolution of the product 

and later for extraction of the product from the organic phase contributed 

significantly to the overall waste (Table 14, entry 3). Washing and extraction did 

not yield the product in a satisfying purity, therefore recrystallization in 

cyclohexane/ ethyl acetate (1:1.25) was performed subsequently (Table 14, entries 

3 and 7).  

The documented amounts of produced waste could be used to calculate E-factors 

for both work-up processes. Equation (4) shows the calculation of the E-factor 

including all produced waste cEF.46  

 

𝑐𝐸𝐹 =
∑ 𝑚waste − 𝑚product

𝑚product
 

(4) 

 

To further compare both purification methods, the contribution of solvents to the 

produced sum of waste was calculated as shown in Equation (5). 

 

solvent contribution =
∑ 𝑚solvents

∑ 𝑚waste
 

(5) 

 

In Table 15, the calculated metrics, i.e. yield, cEF, and solvent contribution, are 

summarized for both purification methods. 

The results show that the complete E-factor is lower for the purification via column 

chromatography compared to the procedure using washing, extraction, and 

recrystallization (Table 15, entry 2). This can mainly be attributed to a higher yield 

(Table 15, entry 1) and to a high use of ethyl acetate and brine during washing and 

extraction (Table 15, entries 3 and 5). 
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Table 15. Reaction metrics calculated for the two purification methods compared within this work. 

The reaction conditions were chosen according to Figure 56. 

entry metric column 

chromatography 

extraction + 

recrytallization 

1 yield 56% 47% 

2 cEF 380 430 

3 solvent contribution 85% 63% 

 

Moreover, the solvent contribution is higher in the purification via column 

chromatography (Table 15, entry 3). As no solvent mixture was used for the 

separation, the solvent can possibly be gained from the purified fractions and be 

reused. In the purification by extraction and recrystallization, the used solvents can 

also possibly be recovered by evaporation, but the contribution of brine, which is 

not straightforward to recover due to the presence of organic compounds, resulted 

in a high amount of overall waste. Excess allylamine could not be easily recovered 

in either case, since it was dissolved in the aqueous phase during the washing step 

or retained by the stationary phase during column chromatography. On a larger 

scale, a partial recovery of allylamine could possibly be achieved by distillation prior 

to further work-up. 

The comparison reveals that both purification methods resulted in relatively high 

E-factors on a laboratory scale. Purification via extraction and recrystallization did 

not lead to an improvement in the E-factor compared to column chromatography 

in the case of monomer UR9, which is mainly caused by poor solubility of UR9 in 

ethyl acetate as well as by the impurities in water. Therefore, in this case, 

purification via column chromatography led to less production of waste, especially 

when recovery of the solvents is taken into account. However, the production of 

waste is not the only metric to assess the sustainability of a process, as discussed 

in section 2.1. The safety hazard of reagents also needs to be considered, for 

instance in the use of silica gel for column chromatography. Thus, overall, both 

purification methods remained valid options for the presented synthesis route. 

The aminolysis of EBCC, as shown in Figure 56, can also be extended for the 

synthesis of further monomers. Analogous to the terpene-based monomers in 

section 4.4, the introduction of the fatty acid-based amine 7 as substitute for 
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allylamine was investigated. Figure 58 shows the synthesis route towards the 

resulting monomer UR10. 

 

 

Figure 58. Aminolysis of EBCC with fatty acid-based amine 7. 

 

Only 3 equivalents of amine 7 were used since it was more extensive to synthesize 

than allylamine.485 After full conversion of the product was determined via TLC, the 

reaction mixture was purified via washing and extraction to yield 65% of the product 

UR10. Although less equivalents of the amine were used, the isolated yield was 

higher than for monomer UR9, which can be attributed to less work-up steps and 

lower solubility in water.  

With the two di(hydroxyurethanes) UR9 and UR10 at hand, both monomers could 

subsequently be tested for the use in PHU synthesis by thiol-ene polyaddition. By 

comparing both monomers, the influence of the chain length for applications in 

polymer synthesis can possibly be investigated. 

4.5.2 Linear NIPU synthesis 

Similar to the terpene-based urethane monomers UR3–UR8 from section 4.4, the 

synthesis of linear NIPUs from UR9 and UR10 was investigated, using the more 

easily accessible UR9 for test reactions. As the crystalline monomers were barely 

soluble in the solvents that were used in section 4.4, i.e. chloroform and 2-methyl 

tetrahydrofuran, the solubility of UR9 in more polar solvents was investigated. The 

respective dilution necessary to dissolve the monomer fully is shown in Table 16. 

While acetone and ethyl acetate only dissolved the monomer poorly, the polar 

protic solvents methanol and ethanol as well as the polar aprotic solvents DMF and 

DMSO were more suitable choices.  

With respect to the principles of Green Chemistry, methanol and ethanol are 

preferrable as they were recommended by Prat et al. in the CHEM21 solvent 
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selection guide, whereas DMSO was ranked as problematic and DMF as 

hazardous.39  

 

Table 16. Maximum concentration possible to dissolve monomer UR9 in different polar solvents. 

entry solvent concentration 

/ mol‧L-1
 

1 acetone 0.033 

2 EtOAc 0.027 

3 MeOH 0.33 

4 EtOH 0.50 

5 DMSO 0.70 

6 DMF 0.70 

 

However, all four solvents from entries 3–6 (Table 16) were tested for a possible 

NIPU synthesis via thiol-ene polyaddition by reacting monomer UR9 with 1,10-

decanethiol (Figure 59). 

 

 

Figure 59. Synthesis of linear NIPUs from monomer UR9. 

 

Using methanol or ethanol as solvents, colorless precipitates formed during the 

reaction. This led to the assumption that while the two solvents can dissolve the 

monomers efficiently, oligomers and polymers were not anymore soluble. The 

white precipitate was isolated by evaporation of the solvent, but the resulting 

colorless powders were not soluble in THF, hexafluoroisopropanol, or dimethyl 

acetamide, which were available solvents for SEC analysis. Since they showed 

solubility in DMSO, NMR spectroscopy was performed to determine the reaction 

progress.  

Figure 60 shows an exemplary 1H NMR spectrum of the polyaddition product 

obtained from the polymerization in methanol. The signals in the 1H NMR spectra 
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could be assigned to the supposed structure of a linear chain as shown in Figure 

60, but the two signals corresponding to the terminal bonds as found in the 

urethane monomer UR9 are still visible. 

 

 

Figure 60. 1H NMR signals of terminal double bonds compared to CH2 signal in the growing polymer 

chain for the determination of the molecular weight. 

 

Notably, the signal of DB2 consists of two split signals due to different vicinal 

coupling with of the two terminal olefinic protons. Nevertheless, they were treated 

as one signal group within this context. Integration of the signals of DB1 and DB2 

in comparison to a normalized signal that can be assigned to the backbone enables 

the calculation of the molecular weight via 1H NMR according to Equations (6) and 

(7).  

 

Signal DB1 

𝑀n(DB1) = 𝑛 ∙ 𝑀repeating unit =
1

𝐼DB1
∙ 𝑀repeating unit (6) 

n = number of repeating units 

IDB1 = integral value of signal from 5.87 to 5.69 ppm. 

 

  

DB1

DB2
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Signal group DB2 

𝑀n(DB2) = 𝑛 ∙ 𝑀repeating unit =
1

𝐼DB2
∙ 2 ∙ 𝑀repeating unit (7) 

n = number of repeating units 

IDB2 = integral value of signal group from 5.19 to 4.99 ppm. 

 

With these equations, the molecular weight values according to both double bond 

signals were calculated, as shown in Table 17. 

 

Table 17. Synthesis of linear NIPUs PHU10 from monomer UR9 in different solvents and 

concentrations. The values for Mn were determined via 1H NMR spectroscopy by comparison of the 

signals of DB1 and DB2 (see Figure 60) with the signal from 4.25–4.03 ppm. * not detected due to 

no precipitation of the polymer. ** not detected due to the absence of end group signals in the 1H 

NMR spectrum. 

 

entry solvent concentration  

/ mol‧L-1 

Mn(DB1)  

/ kg‧mol-1 

Mn(DB2)  

/ kg‧mol-1 

Tg  

/ °C 

1 MeOH 0.1 3.2 2.6 11 

2 EtOH 0.1 3.8 3.5 11 

3 DMSO 0.1 3.3 2.1 n. d.* 

4 DMSO 0.5 n. d.** n. d.** 8 

 

The results from entries 1 and 2 (Table 17) show that only low molecular weights 

are achieved when using methanol or ethanol as solvents, with the reaction in 

ethanol yielding slightly higher molecular weights. Further, precipitation of the 

obtained oligomeric species was observed. After evaporation of the solvent, the 

materials were analyzed via DSC to determine their glass transitions. Both precipi-

tates displayed Tg values below room temperature. 

Since the obtained materials were still soluble in DMSO, it was investigated to 

perform the polyaddition reaction in DMSO as solvent. When using DMSO in the 

starting concentration of 0.1 mol‧L-1 (Table 17, entry 3), no high molecular weight 
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was obtained. Further, a significant deviation between the two Mn values for DB1 

and DB2 was observed, which can be attributed to overlapping signals in this 

region. This is especially the case for the signal DB2 (see Figure 60), therefore it 

is supposed that more reliable results are obtained from analyzing the signal DB1. 

In order to increase the molecular weight of the polymers, the concentration was 

varied to see a possible influence on the reaction progress. A concentration of 

0.5 mol‧L-1 was chosen which showed efficient polymerization in section 4.4 (see 

Table 12). After stirring for 24 hours, no double bond signals were detectable in the 

1H NMR spectrum, indicating the formation of higher molecular weight species 

(Table 17, entry 4). For further insights, the reaction progress was followed over 

time with NMR spectroscopy. The use of deuterated DMSO enabled the 

observation of the reaction with time. The molecular weight was determined from 

both the signal of DB1 and the one of DB2. As already after one hour no remaining 

double bond signals were detected, samples were taken every 5 min. Table 18 

shows the determined values of the molecular weight within the first 20 min and 

after 40 min. 

 

Table 18. Screening of linear NIPU synthesis from monomer UR9 with time. The values for Mn were 

determined via 1H NMR spectroscopy by comparison of the signals of DB1 and DB2 (see Figure 

60) with the signal from 4.25–4.03 ppm. * not applicable due to negative integral value; ** not 

applicable due to signal overlap. 

 

entry time / min Mn(DB1)  

/ kg‧mol-1 

Mn(DB2)  

/ kg‧mol-1 

1 5 1.3 1.2 

2 10 4.5 4.0 

3 15 31 16 

4 20 n. a.* 47 

5 40 200 n. a.** 
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The stacked NMR signals of DB1 and DB2 within 20 min reaction time are depicted 

in Figure 61. Notably, as higher molecular weights are reached, the error of the 

signal intensity increases due to a lower signal to noise ratio. Therefore, the values 

from Table 18 cannot serve as definite values of the molecular weight, but they 

can give an impression of the molecular weight range of the obtained polymers. 

 

 

Figure 61. Stacked 1H NMR spectra of NIPU synthesis from UR9 in DMSO (see Table 18) within 

the first 20 min. 

 

From the NMR characterization, it can be stated that polymer chains of consider-

able molecular weights were formed already after short reaction times of 20–

40 min. The values after 40 min (Table 18, entry 5) are likely to contain a high error, 

but the results after 15 and 20 min (Table 18, entries 3 and 4) hint at a possible 

range. The values from Table 18 allow for the conclusion that linear NIPUs with 

molecular weights of >30 kg‧mol-1 can be obtained via the reaction conditions in 

Table 17, entry 4, and Table 18. This confirms an efficient thiol-ene polyaddition 

towards the NIPU material PHU10. 

Further characterization of the polymeric materials was performed using IR spec-

troscopy and DSC analysis. For this, the polymer had to be isolated from the 

DB1

DB2

5 min

10 min

15 min

20 min
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reaction mixture. DMSO as solvent could not be removed by evaporation, thus, to 

isolate the NIPU materials, precipitation in an anti-solvent was investigated. As 

antisolvents, cyclohexane, 2-methyl THF, methanol, and water were tested. 

Cyclohexane represents a less hazardous alternative to other alkanes, such as 

pentane or n-hexane,39 and it did not dissolve the oligomeric species synthesized 

in methanol and ethanol as solvents (entries 1 and 2, Table 17). However, no 

precipitation was possible due to phase separation of DMSO and cyclohexane.  

2-Methyl THF as antisolvent led to the formation of a colorless precipitate. Yet, on 

the attempt of isolating the precipitate via phase separation, a solvent residue re-

mained that dissolved the polymer again. A possible explanation could be a poor 

miscibility of DMSO and 2-methyl THF. 

As more polar antisolvents, methanol and water were investigated, which are both 

miscible with DMSO. By pouring the polymer solution into cold methanol or water, 

colorless precipitates formed and could be isolated via filtration and drying. For 

characterization, the material precipitated in methanol was chosen, since methanol 

is more straightforward to remove from the polymeric material. 

In the case of the polymers that could be isolated, DSC measurements were 

performed to analyze their thermal transitions. It can be noted that the materials 

exhibited similar glass transitions around 10 °C (Table 17, entries 1, 2, and 4). 

Besides, IR spectroscopy of the precipitated PHU10 under the reaction conditions 

of Table 17, entry 4 was measured, with the IR spectrum exhibiting characteristic 

signals of urethane, hydroxy, and thioether moieties as expected (see 

Supplementary Figure 108). 

Although the low solubility of the monomer UR9 limited the possibility to analyze 

the obtained NIPUs thoroughly, the synthesis of NIPUs with molecular weights of 

>30 kg‧mol-1 was possible under mild reaction conditions in short reaction times. 

Thus, the approach from Table 17 was applied for the second erythritol-based 

diurethane UR10 containing longer aliphatic chains. The synthesis of the material 

PHU11 is shown in Figure 62. 

During the reaction, the formation of a colorless precipitate was observed. Pouring 

of the reaction mixture into cold methanol led to the formation of a colorless 

precipitate that would correspond to 60% yield and which was not soluble in DMSO 

in order to perform NMR analysis. 
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Figure 62. Synthesis of linear NIPU PHU11 from monomer UR10. 

 

The IR spectrum of the material PHU11 confirms the presence of urethane, 

hydroxy, and thioether moieties (see Figure 63). These observations lead to the 

conclusion that the polymerization of UR9 towards linear NIPUs was most likely 

successful, however, the limited data represent a drawback of this material. The 

use of alternative dithiols, e.g. containing ether bonds, might lead to better solubili-

zation and will be object of further research on this topic. 

 

 

Figure 63. IR spectrum of the NIPU material PHU11 synthesized according to Figure 62. 

 

To sum up, the substrate EBCC based on renewable erythritol represents a potent 

monomer for the synthesis of linear NIPUs via cyclic carbonate opening and 

subsequent thiol-ene polyaddition. The optimization of yields within the monomer 

synthesis as well as a larger scope of dithiols may be a focus of further inves-

tigations, establishing the use of EBCC in such approaches. 

ν(N-H, O-H)

ν(CH2)

ν(C=O)

δ(N-H)

δ(C-H)

ν(C-O-C)
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Further, the efficiency of the polyaddition reaction via thiol-ene chemistry makes 

the monomers UR9 and UR10 attractive building blocks for different sorts of NIPU 

materials, also possibly including cross-linked materials. Therefore, the synthesis 

of NIPU thermosets based on the urethane monomers from sections 4.4 and 4.5 

was investigated within the following section. 
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4.6. Synthesis of PHU networks 

Besides linear NIPUs, as presented in the previous sections, the urethane 

monomers UR3 and UR5–UR10 represent potential building blocks for a synthesis 

of thermosets by polyaddition with polythiols. Such PHU networks could possibly 

show dynamic behavior by transurethanization reactions, as reported in the 

literature previously (see section 2.4).271,272 

Within this section, the focus was laid mainly on the limonene-based mono-

urethane UR3 and the sugar-based diurethane UR9 as monomers for PHU 

network synthesis, since they were readily synthesized without tedious work-up 

steps (see sections 4.4 and 4.5), thus also representing more sustainable mono-

mers at this point of research. As polythiols, the compounds T4 and T5 (Figure 64) 

are commercially available and have already been applied for thermoset synthesis 

via thiol-ene cross-linking.565–568 

 

 

Figure 64. Commercially available polythiols T4 and T5 containing ester linkages. 

 

Notably, the thiols T4 and T5 contain several ester groups. Thus, materials that are 

obtained upon cross-linking of monomer urethanes UR3 and UR9 with T4 and T5 

will contain ester linkages besides urethane moieties and hydroxy groups. Potential 

dynamic behavior could therefore not only arise from transurethanization, but also 

from transesterification reactions.260 This does not represent a drawback with 

respect to the material synthesis, but potential dynamicity would have to be 

investigated concerning its mechanism. 

First attempts to obtain cross-linked materials were performed using the terpene-

based monomer UR3 (see Figure 65). It was determined to be miscible with the 

thiols T4 and T5 and further, the mixture was able to dissolve DMPA as photo-

initiator. Thus, both polythiols were tested for possible cross-linking with UR3 in the 

presence of 5 mol% DMPA. 
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Figure 65. PHU networks TP1 and TP2 obtained from terpene-based monomer UR3 and polythiols 

T4 or T5 via UV curing. 

 

In the first attempt, irradiation with 365 nm UV light for 2 h at room temperature 

yielded transparent insoluble materials in both cases. With time, no further curing 

could be observed via IR spectroscopy. After 24 h, DSC measurements of both 

materials were performed. The results showed a Tg of the material TP1 of 20 °C, 

thus slightly below room temperature, whereas the Tg of the material TP2 was 

measured to be 28 °C. A curing above the Tg is favorable to achieve a higher 

conversion, therefore thiol T4 was chosen for further experiments as they were 

performed at room temperature. 

For further experiments, silicon molds were used to produce foils directly by 

irradiation. Moreover, the amount of photoinitiator was decreased to 1 wt.% since 

it remained in the cured material, and instead of DMPA, Irgacure® 819 was used 

as UV photoinitiator for further test reactions as it was well soluble in all 

formulations. Figure 66 shows a picture of a transparent foil obtained from the 

curing of monomer UR3 with trithiol T4 for 30 minutes at room temperature. 

 

   

Figure 66. Picture of PHU network TP1 after irradiation with 365 nm UV light for 30 min. 
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The fast and efficient curing to yield a transparent cross-linked material confirms 

monomer UR3 as a promising building block for thermoset synthesis. Applications 

of the use of monomer UR3 e.g. in 3D printing would be interesting for further 

investigations. For the synthesis of dynamic PHU networks, however, the use of 

sugar-based monomer UR9 is more attractive due to a higher density of urethane 

and hydroxy groups and further a possibly higher accessibility of the secondary 

hydroxy groups. Figure 67 shows the synthesis of a potential network from UR9 

and T4. 

 

 

Figure 67. PHU network TP3 obtained from sugar-based monomer UR9 and polythiol T4 via UV 

curing. In. = Irgacure® 819. 

 

The sugar-based monomer UR9 was not as straightforward to implement into 

cross-linked materials as the monomer UR3 since its poor solubility and high 

melting point did not allow for a polymerization in bulk. Therefore, different solvents 

were tested for the polymerization. For this, similar solvents that could dissolve the 

monomers and the initiator were used. Similar to the synthesis of linear PHUs in 

Table 17, the polar protic solvents methanol and ethanol were tested next to the 

polar aprotic solvents DMSO and DMF, the latter of which were able to dissolve 

monomer UR9 in a higher concentration, but are less straightforward to be 
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removed from the resulting network. Further, acetone was tested as potential 

solvent. The results of the curing test reactions with monomer UR9 are shown in 

Table 19. 

 

Table 19. Synthesis of PHU networks from monomers UR9 and T4 in different solvents. The values 

of the concentrations correspond to the maximum concentration that UR9 was soluble in, 

respectively. In. = Irgacure® 819. 

 

entry solvent concentration  

/ mol‧L-1 

observation opacity name 

1 acetone 0.033 precipitation n. d.  

2 MeOH 0.5 foil formation opaque TP3a 

3 EtOH 0.33 precipitation n. d.  

4 DMSO 0.7 foil formation transparent TP3b 

5 DMF 0.7 foil formation transparent TP3c 

 

If methanol was used as solvent, the formation of an opaque foil was observed that 

was thereafter insoluble, indicating successful cross-linking, but at the same time 

resulting in precipitation of parts of the polymer (Table 19, entry 2). 

In DMSO and DMF as solvents, the formation of transparent foils was observed 

after curing with UV light (Table 19, entries 4 and 5). This was taken as a starting 

point for further investigation. In order to make use of the cross-linked materials, 

the removal of the used solvent is necessary. For DMF, this was possible via 

evaporation at elevated temperature under reduced pressure. For the removal of 

DMSO, on the other hand, another strategy had to be applied. The DMSO within 

the network was removed by solvent exchange with methanol. For this, the material 

was left to swell in an excess of methanol for 15 minutes. Subsequently, the 

swelling solution was replaced with pure methanol and the same procedure was 

repeated five times. Afterwards, the remaining methanol was removed in a vacuum 

oven over night. Subsequent IR spectra and TGA analysis did not show any 

remaining solvent (see Figure 68 and Supplementary Figure 109). 
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Figure 68 shows the IR spectrum of the PHU network TP3b synthesized in DMSO 

as solvent according to Table 19, entry 4. In the IR spectrum, relevant signals from 

the PHU network structure could be assigned, such as the stretching vibrations 

v(C=O) and v(C-O-C) and the deformation vibration δ(N-H) belonging to the ester 

and urethane groups, as well as the stretching vibration of the thioether linkages, 

v(C-S). 

 

 

Figure 68. IR spectrum of TP3b synthesized in DMSO as solvent according to Table 19, entry 4, 

and subsequent solvent exchange with methanol. 

 

With this procedure at hand, it was possible to synthesize cross-linked polymers in 

DMSO as solvent, which is preferrable to DMF concerning health hazards. At the 

same time, attempts were directed towards strategies to avoid even the use of 

DMSO, since the methanol necessary for solvent exchange creates extra waste, 

and further the solvent exchange is also expected to remove the gel content of the 

material. One possible strategy for a material synthesis without DMSO as solvent 

was to use mixtures of the monomers UR3 and UR9, thus decreasing the 

concentration of the poorly soluble monomer UR9. As such, different mixtures of 

UR3 and UR9 were cured in a 0.5 M methanol solution in the presence of 1 wt% 

Irgacure® 819. The resulting polymeric foils are shown in Figure 69. 
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Figure 69. Cross-linked materials obtained from monomer mixtures of UR3 and UR9 with polythiol 

T4 in different ratios. The monomers and 1 wt% Irgacure® 819 were dissolved in methanol (0.5 M 

with respect to UR9) and irraditated with UV light (365 nm) for 30 minutes.  

 

While 10% of monomer UR9 led to the formation of homogeneous foil TP410, some 

inhomogeneities are visible in the case of 20% UR9 in TP420 and especially in 

TP430 with 30% monomer UR9. Starting from a ratio of 40:60, precipitation of the 

material was visible, and no homogeneous thermoset could be obtained. 

The incorporation of the monomers UR3 and UR9 into PHU networks TP1 and TP4 

was followed via IR spectroscopy. Figure 70 shows the decrease of the double 

bond related signals of the C-H and C-H stretching vibrations. 

 

 

Figure 70. IR spectra of double bond signals in monomers UR3 and UR9 as well as in the cross-

linked materials using ratios UR9:UR3 of 0:100 (TP1), 20:80 (TP420), and 100:0 (TP3b). 
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The double bond signals are clearly visible in both monomers but decrease upon 

cross-linking. This confirms a successful thiol-ene reaction. 

The different contents of monomer UR9 in the polymers TP410-TP430 influence the 

signal intensities due to different composition. As such, the relative urethane 

content in monomer UR9 is higher than in monomer UR3, so the corresponding 

signals of the urethane groups increase in intensity with higher UR9 content. This 

can be seen e.g. in the N-H deformation vibration, δ(N-H), as shown in Figure 71, 

compared for the sugar-based monomer UR9 and the cross-linked materials 

TP4010-TP4030. For comparison, the IR spectrum of the trithiol monomer T4 within 

the same area is shown. In T4, which does not contain urethane linkages, the 

δ(N-H) signal is absent. 

 

 

Figure 71. IR band of N-H deformation vibration in monomers UR9 and T4 as well as in the cross-

linked materials using ratios UR9:UR3 of 0:100 (TP1), 20:80 (TP420), and 100:0 (TP3b). 

 

Besides IR spectroscopy for the analysis of the synthesized PHU networks, DSC 

analysis was used to determine thermal transitions. Figure 72 shows the DSC 

traces of cross-linked materials TP3a and TP3b using methanol or DMSO as 

solvent, TP410-TP430 with different contents of monomer UR9, and of TP1 derived 

from the terpene-based monomer UR3. 

From the DSC curves, no clear trend of Tg values depending on the percentage of 

monomer UR9 could be observed, but all materials showed Tg values slightly 

above room temperature. In the material TP3a cured in methanol as well as in 
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TP430 containing 30% of monomer UR9 as urethane monomer, lower values of Tg 

were observed, which can possibly be attributed to lower cross-linking due to 

precipitation during the UV curing. The Tg value of TP1 containing only the terpene 

monomer is slightly higher than in the first test experiments, which could be due to 

more efficient cross-linking in the foil. 

 

 

Figure 72. DSC traces of PHU network TP3 cured in methanol (TP3a) or DMSO (TP3b) as solvents 

as well as materials TP410-TP430 with different contents of monomer UR9, and material TP1 from 

the terpene-based monomer UR3. 

 

The results show that by adding a second monomer, the diurethane UR9 can be 

incorporated into PHU networks without the use of high-boiling solvents like DMSO 

or DMF. 

Besides the dilution of the monomer UR9 to achieve increased solubility, a second 

strategy that was explored within this work was a possible protection of the hydroxy 

groups. This way, the hydroxy groups would not be available for hydrogen bond 

interactions, thus contributing to a better solubility of the monomer UR9. A 

protection of UR9 as cyclic ketal with acetone as abundant and benign reagent 

was attempted to obtain the protected monomer UR9a (see Figure 73). Stirring at 

reflux using molecular sieves yielded a product mixture of UR9 and UR9a, as 

shown in the 1H NMR spectrum in Figure 73. The content of UR9a was determined 

to be 83–87% based on the signal ratio in the NMR spectrum.  
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Figure 73. Conversion of monomer UR9 to the protected UR9a and the 1H NMR spectrum of the 

resulting product mixture, exhibiting characteristic signals of UR9a. 

 

The decreased content of hydroxy groups can possibly improve the solubility of 

UR9a, however, the obtained mixture was still crystalline. This results in a 

necessity of solvent for a possible network formation. Together with the more 

complicated procedure of introducing a protecting group and having to remove it 

after the network formation, this approach did not represent a more sustainable 

alternative to the use of DMSO as solvent and was therefore no longer pursued. 

Nevertheless, the possibility of protecting the hydroxy groups within UR9 was 

shown and might be extended to the synthesis of acetals with possibly longer alkyl 

chains to improve solubility. 

In a next step, a potential dynamic behavior of these materials in the sense of 

CANs (see section 2.4) was investigated. For this, stress relaxation experiments 

were performed, which are a common method to determine dynamicity within 

thermoset materials. The reconfiguration of dynamic bonds within CANs can lead 

to a relaxation of stress upon applied strain. 

The materials TP1 and TP4 were synthesized as foils, therefore they could in 

principal directly be used for stress relaxation measurements in a rheometer with 

OH
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a parallel plate geometry. First test experiments of the materials at elevated 

temperatures showed that the starting value of the relaxation modulus G(t) 

increased significantly throughout experiments with increasing temperature, which 

indicates that the material still reacted. After leaving the materials at 110 °C 

overnight, a stable value for the modulus was determined. However, this 

pretreatment caused a coloring of the material, as shown in Figure 74. 

 

 

Figure 74. Change in color and shear modulus of material TP3b after heating to 110 °C overnight. 

 

The preheated samples were used for stress relaxation experiments at 110–

120 °C, a temperature range chosen to avoid degradation of the urethane groups. 

However, no stress relaxation fast enough to be within the range of material 

reprocessability could be observed. Further, cutting of the material TP3b and hot-

pressing at 150 °C and 5 MPa did not lead to any reprocessing. 

The lack of dynamicity can possibly be attributed to a rigid network of the PHU 

networks in which the reactive functional groups were not mobile enough to 

undergo transurethanization or transesterification reactions. Thus, the use of a 

dithiol as comonomer to lower the cross-linking density was investigated, as shown 

in Figure 75. As linear dithiols, commercially available 1,10-decanedithiol T1 and 

3,6-dioxa-1,8-octanethiol T6 were tested. 

When using T1 as comonomer in a ratio of 1:1 to T4 concerning the double bond 

equivalents in DMSO as solvent, a transparent foil of TP5 was obtained that 

became opaque upon solvent removal. This could possibly be attributed to phase 

separation due to the different polarity of the monomers. Therefore, T6 was tested 

as alternative comonomer for the material TP6, leading to the formation of a 

homogeneous foil even after solvent exchange and drying in vacuum oven. 
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Figure 75. PHU network formation using a mixture of trithiol and dithiols T1 or T6, yielding the 

polymeric materials TP5 and TP6, respectively. 

 

In a parallel approach, the addition of a catalyst to the reaction mixture was investi-

gated. Since the materials from the sugar-based monomer UR9 required solvent 

exchange after curing, this strategy was tested for the material TP1 from the 

monomer UR3 without the use of solvent. As catalyst, Ti(OBu)4 was tested. 2 wt.% 

of Ti(OBu)4 could successfully be implemented into the material by adding it to the 

reaction mixture before curing, yielding the material TP7. 

Hot-pressing of TP6 and TP7 at 130 °C and 3 MPa showed a partial reprocessa-

bility, as shown in Figure 76.  

 

 

Figure 76. Reprocessing of the materials TP6 and TP7 under elevated temperature and pressure. 

 

This can be seen as a starting point to obtain CANs from monomers UR3 and UR9, 

but further optimization of the synthesis procedures and thorough characterizations 

are necessary to underline these findings. Possibly, a combination of several 

approaches investigated within this section could lead to suitable materials for 
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applications involving reprocessability. The use of monomer mixtures of UR3 and 

UR9, as shown in Figure 69, results in a higher density of possibly dynamic hy-

droxyurethane groups compared to using only UR3 as monomer (see Figure 71) 

and further enables the use of methanol as solvent, which can be removed by 

evaporation. Implementation of catalysts into these materials might lead to a higher 

dynamicity. Next to Ti(OBu)4, other Lewis acids or organic Brønsted acids can be 

tested as catalysts to catalyze potential transesterification reactions. Moreover, 

creating a more mobile network by adding dithiol comonomers can be tested for 

different dithiol to trithiol ratios to optimize the reprocessability of the materials. 

These challenges remain to be addressed in future work, for which the 

investigations within this section lay the groundwork. 
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5. CONCLUSION 

In this work, different strategies for more sustainable approaches towards polyester 

and NIPU materials were investigated. For this, benign functionalization of renew-

able feedstock was addressed, especially focusing on the use of organocatalysis 

to activate carbonyl compounds. 

For the synthesis of polyesters, εCL was polymerized efficiently, either using TBD 

as organocatalyst or a catalyst system of DBU and electron-poor thioureas, the 

latter of which were synthesized via an established, more sustainable multi-

component reaction approach. It was shown that thioureas carrying sulfone or 

ester moieties, both more benign functional groups compared to typically applied 

CF3 groups, could substitute the commonly used CF3 motif as cocatalysts to 

achieve polyesters with narrow dispersity values (Đ ≤ 1.07). This represents an 

improvement with regard to sustainability as a possibility to avoid fluorinated 

reagents. Future work on this subject could include the use of more sustainable 

guanidine or amidine bases to substitute TBD and DBU. Furthermore, additional 

research may open the possibility to extend the developed approach to the use of 

renewable terpene-derived substrates as ROP monomers, for which different 

attempts were already addressed within this work. 

The use of thiourea organocatalysts was further investigated for different strategies 

towards NIPU materials. Thus, thiourea catalysts enabled the activation of terpene-

based cyclic carbonates to obtain hydroxyurethane monomers with two terminal 

double bonds. The catalytic effect of the thiourea catalysts was especially observed 

for limonene-derived endocyclic carbonate groups. For the exocyclic carbonate 

groups as well as for the synthesis of an erythritol-based di(hydroxyurethane) 

monomer, no activation by thioureas was necessary. The regioselectivity of the 

carbonate opening was studied thoroughly for all substrates. 

The obtained hydroxyurethane monomers derived from limonene and erythritol 

were used successfully for the synthesis of linear NIPUs with molecular weights 

between 6 and 31 kg‧mol-1. Thiol-ene polyaddition with different dithiols proved to 

be a suitable tool to obtain NIPUs efficiently at room temperature. The obtained 

results thus bring forward the implementation of terpene and erythritol derivatives 

into polyurethane structures without the need for isocyanates. For this purpose, the 
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showcased approaches using a combination of thiourea catalysis and thiol-ene 

reaction enable the use of less activated cyclic carbonates. Moreover, no use of 

polyamines is needed, whose sustainable synthesis from renewable feedstock 

remains a challenge. 

In general, the synthesized renewable hydroxyurethane monomers represent pro-

mising building blocks for the synthesis of PHU materials. As such, investigations 

towards the synthesis of PHU networks by thiol-ene curing with polythiols were 

performed within this work, establishing suitable reaction conditions for successful 

cross-linking at room temperature. Considering future work, the exploitation of the 

hydroxyurethane and ester groups within these networks to achieve possible 

dynamic behavior remains to be investigated. The implementation of a Lewis acid 

as well as the use of monomer mixtures of dithiols and trithiols were shown to 

increase the reprocessability of the PHU networks and are therefore starting points 

for further optimization. 

Overall, the approaches investigated within this work represent fundamental 

research on more sustainable polymer synthesis. The twelve principles of Green 

Chemistry were used as a guiding philosophy in all developed strategies, with 

special focus on the use of organocatalysis, renewable feedstock, and non-toxic 

reagents, with the aim to contribute to a possible transition towards a greener 

economy.  



Experimental Section 

125 
 

6. EXPERIMENTAL SECTION 

6.1. Methods 

6.1.1.  Materials 

(R)-(+)-limonene (Sigma Aldrich, 97%), (R)-(+)-dihydrocarvone (Acros Organics, 

98%) (S)-(+)-carvone (Sigma Aldrich, 98%), 1,10-decanedithiol (TCI, >98%), 

1-isothiocyanato-3,5-bi(trifluormethyl)benzene (fluorochem), 1,4-butandedithiol 

(Sigma Aldrich, >97%), 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TCI, >98%), 

1,8-diazobicyclo[5.4.0]-7-undecene (TCI, >98.0%), 1-bromohexane (fluorochem), 

1-butanol (Sigma Aldrich, ≥99), 2,2’-dimethoxy-2-phenylacetophenone (Sigma 

Aldrich, 99%), 2-butanone (Sigma Aldrich, ≥99%), 2-methyl tetrahydrofuran (Acros 

Organics, anhydrous, stabilized), 2-methylpentane-2,4-diol (Fluka, >99%), 

3,6-dioxa-1,8-octanethiol (Sigma Aldrich, 95%), 4-aminothiophenol (fluorochem), 

10-undecenoic acid (Sigma Aldrich, 98%), α-(+)-pinene (Sigma Aldrich, 98%), 

γ-terpinene (Sigma Aldrich, >97%) acetic acid (Fluka, >99.8%), acetone 

(Honeywell, ≥99.8%), acetonitrile (Fisher Scientific, HPLC gradient grade), 

allylamine (abcr, 98%), allyl isocyanate (Fisher Scientific, 98%), ammonium 

chloride (technical grade, BASF), anisole (Sigma Aldrich, 99%), aniline (Acros 

Organics, 98%), bis-(bis-3,5-(trifluoromethyl)phenyl) thiourea (>98%, TCI), 

butane-1,4-diol (Acros Organics, 99+%), chloroform (Fisher Scientific, >99.8%), 

chloroform-d (Eurisotop, 99.8% D), cyclohexane (VWR, HPLC grade), 

cyclohexylamine (Sigma Aldrich, ≥99.9%), cyclohexyl isocyanide (Sigma Aldrich, 

98%), dichloromethane (Fisher Scientific, HPLC grade, ≥99.8%), diethyl ether 

(technical grade, VWR), diisopropylamine (Sigma Aldrich, >99.5%), dimethyl 

carbonate (Sigma Aldrich, 99%), dimethyl formamide (Fisher Scientific, ≥99%) 

dimethyl sulfoxide (Fisher Scientific, ≥99.9%), dimethyl sulfoxide-d6 (Eurisotop, 

99.80% D), erythritol (Alfa Aesar, 99%), ethanol (Fisher Scientific, ≥99.8%), ethyl 

acetate (VWR, HPLC grade), formic acid (Carl Roth, ≥98%), hexan-1-amine 

(Sigma Aldrich, 99%), hydrochloric acid (37 % solution in water, Acros Organics), 

hydrogen peroxide solution (30%), hydrogen (Air Liquide, 99.999%), 

hydroxylamine hydrochloride (Acros Organics, >99%), meta-chloroperoxybenzoic 
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acid (Sigma Aldrich, ≥77%), methanol (VWR, HPLC grade), N-bromo succinimide 

(abcr, 99%), n-hexane (technical grade), Oxone® (Sigma Aldrich), oxygen (Air 

Liquide, 99.5%), palladium on activated charcoal (Sigma Aldrich, 10% Pd basis), 

Pentaerythritol-tetrakis(3-mercaptopropionate) (Sigma Aldrich, 97%), phosphorus 

oxychloride (Acros Organics, 99%), potassium hydroxide (Bernd Kraft, for 

analysis), sodium bicarbonate (Sigma Aldrich, >95%), sodium chloride (Fisher 

Scientific, 99.5%), sodium hydroxide (Carl Roth, ≥99%), sodium sulfate anhydrous 

(Acros Organics, 99%), sodium sulfite (anhydrous), sodium thiosulfate (technical 

grade), sulfur (elemental, technical grade), tetrabutylammonium bromide (Acros 

Organics, 98%), tetrabutylammonium chloride (Sigma Aldrich, ≥97.0%, 

tetrabutylammonium iodide (Sigma Aldrich, ≥99.0%), tetrahydrofuran (Sigma 

Aldrich, ≥99.9%), tetraphenyl porphyrine (TCI), thioacetic acid (Alfa Aesar, 97%), 

toluene (Acros Organics, 99.85%), triethylamine (Sigma Aldrich, ≥99.5%), 

trimethylolpropane tris(3-mercaptopropionate) (Sigma Aldrich, ≥95%). 

6.1.2.  General Methods and Instrumentation 

Thin Layer Chromatography (TLC) 

TLC was performed on aluminium plates coated with silica gel of the type 60 F254 

from Sigma Aldrich. The compounds on the plates were visualised via fluorescence 

quenching with 254 nm UV light or by staining with Seebach solution (2 g 

cerium(IV) sulfate, 5 g phosphomolybdic acid hydrate, 16 mL concentrated sulfuric 

acid, 200 mL water), vanillin solution (15 g vanillin, 2.5 mL concentrated sulfuric 

acid, 250 mL ethanol), or KMnO4 staining solution (1.5 g KMnO4, 10 g K2CO3, 

1.25 mL 10% NaOH and 200 mL water). 

Flash Column Chromatography 

Flash Column Chromatography was performed with silica gel 60 purchased from 

Sigma Aldrich. For automatic flash column chromatography, a Biotage®
 IsoleraTM

 

One Flash Column equipped with a UV-Vis detector (200 × 800 nm) with Biotage®
 

Sfär Silica HC Duo Columns was used. All solvents were used in HPLC grade. 
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Nuclear Magnetic Resonance (NMR) Spectroscopy 

1H and 13C NMR spectra were recorded at ambient temperature with a Bruker 

AVANCE DPX 400 spectrometer at 400 MHz for 1H NMR and 101 MHz for 13C 

NMR or with a Bruker AVANCE DPX 500 spectrometer at 500 MHz for 1H NMR 

and 126 MHz for 13C NMR. Chemical shifts δ are reported in ppm relative to the 

solvent signal of CDCl3 (7.26 ppm for 1H and 77.16 ppm for 13C spectra) or 

DMSO-d6 (2.50 ppm for 1H and 39.52 ppm for 13C spectra). Spin multiplicity and 

corresponding signal patterns were reported as follows: s = singlet, d = doublet, 

t = triplet, q = quartet, m = multiplet and br = broadened. Coupling constants (J) 

are reported in Hertz (Hz). For full assignment of the signals to the measured 

structure, 1H-1H Correlated Spectroscopy (1H-1H-COSY), 1H-13C Heteronuclear 

Single Quantum Coherence (1H-13C-HSQC), and 1H-13C Heteronuclear Multiple 

Bond Correlation (1H-13C-HMBC) were used. 

Fourier-Transformation Infrared (FT-IR) Spectroscopy 

FT-IR spectra were recorded using a Bruker Alpha-P instrument applying ATR 

technology in a range of ṽ = 400–4000 cm-1 with 24 scans per measurement.  

High-Resolution Mass Spectrometry (HRMS) 

Mass spectra were recorded on a Q Exactive (Orbitrap) mass spectrometer 

(Thermo Fisher Scientific, San Jose, CA, USA) equipped with an atmospheric 

pressure ionization source operating in the nebulizer assisted electrospray mode. 

Calibration of the instrument was done in the m/z-range 150–2000 using a 

standard containing caffeine, Met-Arg-Phe-Ala acetate and a mixture of fluorinated 

phosphazenes (Ultramark 1621) (all from Sigma-Aldrich). A constant spray voltage 

of 3.5 kV, a dimensionless sheath gas of 6 and a sweep gas flow rate of 2 were 

applied. The capillary voltage and the S-lens RF level were set to 68.0 V and 

320 °C, respectively. 

Gas Chromatography – Flame Ioniziation Detector (GC-FID) 

GC-FID screenings were conducted using a Bruker 430 GC instrument with a 

capillary column FactorFourTM VF-5ms (30 m × 0.25 mm × 0.25 mm) and a flame 

ionization detector (FID). The measurements proceeded via standard 

measurement method: initial temperature 95 °C, heat to 200 °C with 15 °C·min−1, 

hold 200 °C for 4 min, heat to 300 °C with 15 °C·min−1 and then hold 300 °C for 2 
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min. The sample preparation consisted of dissolving 1.5–3.0 mg of the compound 

in 1.5 mL of ethyl acetate. The mixture was filtered by syringe filter prior to use to 

avoid plugging of the injection setup or the column. 

For the determination of isomeric ratios, GC-FID measurements were performed 

using an Agilent 8860 gas chromatograph with a HP-5 column 

(30 m × 0.32 mm × 0.25 µm) and a flame ionization detector (FID). The 

measurements were carried out using the following heating program of the oven: 

initial temperature 95 °C, hold for 1 min, ramp up to 200 °C with a rate of 

15 °C·min−1, hold 200 °C for 4 min, ramp up to 300 °C with a rate of 15 °C·min−1, 

and then hold at 300 °C for 2 min. Measurements were performed in split-split 

mode using nitrogen as the carrier gas (flow rate 30 mL∙min-1) and were recorded 

for 20 min in total. For sample preparation, 1.5 mg of the substances were 

dissolved in 1.5 mL ethyl acetate and filtrated by syringe filter to avoid plugging of 

the injection setup or the column. The injection volume was set to 1 µL and the 

injection temperature to 220 °C. 

Size Exclusion Chromatography (SEC) 

For reaction monitoring of monomer synthesis, SEC measurements were 

performed in THF on a PSS SECcurity2 GPC system based on Agilent infinity 1260 

II hardware. The system was equipped with an autosampler SECcurity2, a 

SECcurity2 isocratic pump, a column oven (Bio)SECcurity2 column compartment 

TCC6500, and a refractive index detector SECcurity2 RI. Analysis was performed 

using two PSS SDV analytical columns (3 μm, 300 × 8.0 mm2, 1000 Å) with a PSS 

SDV analytical precolumn (3 μm, 50 × 8.0 mm2). The flow rate for measurements 

was set to 1 mL∙min-1. The system was calibrated with narrow linear poly(methyl 

methacrylate) standards (Polymer Standards Service, PSS, Germany) ranging 

from 102 to 62200 Da. 

Polymer samples were characterized on a Shimadzu SEC system equipped with 

a Shimadzu isocratic pump model LC-20AD, a Shimadzu refractive index detector 

(24 °C) model RID-20A, a Shimadzu autosampler model SIL-20A, and a Varian 

column oven model 510 (50 °C). For separation, a three-column setup was used 

with one SDV 3 μm, 8 × 50 mm precolumn and two SDV 3 μm, 1000 Å, 

3 × 300 mm columns supplied by PSS, Germany. THF stabilized with 250 ppm 

butylated hydroxytoluene (BHT, ≥99.9%) supplied by Sigma-Aldrich was used at a 
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flow rate of 1.0 mL∙min-1. For sample preparation, the amount of sample 

corresponding to 1.5 mg of expected polymer was dissolved in 1.5 mL of the mobile 

phase and filtrated by syringe filter to avoid plugging of the injection setup or the 

column. For calibration, six poly(methyl methacrylate) standards (Agilent) ranging 

from 1102 Da to 62200 Da were used. The peak around 20.15 min is a system 

peak and does not belong to any impurities. The values of Mn, Mw and Đ were 

determined by integration of the peaks in LabSolution software based on the 

performed calibration. 

SEC measurements of higher molecular weight polymers were performed on a 

Shimadzu SEC system equipped with a Shimadzu isocratic pump (LC-20AD), a 

Shimadzu refractive index detector (30 °C) (RID-20A), a Shimadzu autosampler 

(SIL-20A) and a Shimadzu column oven (30 °C). The column system comprised a 

SDV 5 μm, 8 × 50 mm precolumn, a SDV 5 μm, 1,000 Å, 8 × 300 mm column and 

a SDV 5 μm, 100000 Å, 8 × 300 mm column supplied by PSS, Germany. A mixture 

of THF stabilized with 250 ppm butylated hydroxytoluene (BHT, ≥99.9%) and 

2 vol.% triethylamine (≥99.5%) supplied by Sigma Aldrich was used at a flow rate 

of 1.00 mL∙min-1. For sample preparation, the amount of sample corresponding to 

1.5 mg of expected polymer was dissolved in 1.5 mL of the mobile phase and 

filtrated by syringe filter to avoid plugging of the injection setup or the column. 

Calibration was carried out by injection of ten poly(methyl methacrylate) standards 

ranging from 1102 Da to 981000 Da. The values of Mn, Mw and Đ were determined 

by integration of the peaks in LabSolution software based on the performed 

calibration. 

Differential Scanning Calorimetry (DSC) 

DSC measurements were performed on a Mettler Toledo DSC1 instrument 

equipped with a sample robot. Samples of 5–10 mg were loaded in a 100 μL 

aluminum crucible with pierced lid, and the measurements were performed under 

nitrogen atmosphere with a flow rate of 50 mL·min−1. The DSC thermograms were 

recorded at a heating/cooling rate of 10 K·min−1 using the following heating/cooling 

program: first heating from 20 to 110 °C, then cooling from 110 to −70 °C, and a 

final heating step from −70 to 110 °C. The data from the last heating step are shown 

in the DSC curves. 
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6.2. Experimental Procedures 

6.2.1.  Synthesis of thiourea catalysts 

Compounds TU2, 1, 2, 3, 4, 8, 11, TU5, and TU6 were synthesized by the author 

of this thesis. 

Compounds TU1 and TU3 were synthesized by Michelle Karsten under co-

supervision of the author of this thesis. 

Compounds 9, 10, an TU4 were synthesized by Hendrik Kirchhoff under co-

supervision of the author of this thesis. 

N-(3,5-Bis(trifluormethyl)phenyl)-N´-cyclohexyl thiourea TU1 

 

2.00 g (7.38 mmol, 1.00 equiv.) 1-Isothiocyanato-3,5-bi(trifluormethyl)benzene 

were dissolved in 7.5 mL ethyl acetate. 0.94 mL (810 mg, 8.1 mmol, 1.1 equiv.) 

cyclohexylamine were added and the mixture was stirred at room temperature until 

TLC (cyclohexane/ ethyl acetate 2:1) detected full conversion. Afterwards, 10 mL 

water and 10 mL ethyl acetate were added, and the phases were separated. The 

aqueous phase was extracted with ethyl acetate (2 × 25 mL) and washed with 

water (2 × 25 mL). After drying over Na2SO4, the solvent was removed under 

reduced pressure and 2.65 g (7.16 mmol, 97%) of the product were obtained as 

colorless solid. 

Rf (cyclohexane/ethyl acetate 2:1) = 0.72, visualized by staining with KMnO4 

solution. 

1H NMR (400 MHz, DMSO-d6) δ / ppm = 9.85 (br s, 1H, H7), 8.23 (s, 2H, H9), 

8.14 (br s, 1H, H5), 7.71 (s, 1H, H11), 4.10 (m, 1H, H4), 2.05–1.83 (m, 2H, H3), 

1.78–1.65 (m, 2H, H2), 1.66–1.50 (m, 1H, H1), 1.42–1.09 (m, 5H, H1–3). 

13C NMR (101 MHz, DMSO-d6) δ / ppm = 179.2 (C6), 142.0 (C8), 130.1 (q, 

2J = 32.2 Hz, C10), 123.2 (q, 1J = 273.6 Hz, C12), 121.7 (C9), 115.8 (C11), 52.3 

(C4), 31.6 (C3), 25.1 (C1), 24.4 (C2). 
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IR (ATR platinum diamond): ṽ / cm-1 = 3281, 3189, 3163, 3040, 3001, 2933, 

2860, 1791, 1622, 1553, 1526, 1467, 1437, 1382, 1364, 1336, 1269, 1176, 1127, 

1105, 1039, 1024, 941, 904, 888, 862, 847, 810, 754, 706, 679, 618, 587, 516, 

468, 454, 420. 

ESI-MS: [M+H]+ calc. 371.1011, detected 371.1003. 

 

Supplementary Figure 1. 1H NMR spectrum of TU1, measured in DMSO-d6 at 400 MHz. 
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Supplementary Figure 2. 13C NMR spectrum of TU1, measured in DMSO-d6 at 101 MHz. 

 

N-(5-(Dimethylisophtalate))-N´-cyclohexyl thiourea TU2 

 

5-Isocyano dimethylisophtalate was synthesized previously by Roman Nickisch. 

The product was prepared according to a literature-known procedure.521  

To a dispersion of 164 mg (0.639 mmol, 0.140 equiv.) elemental sulfur in 5.06 mL 

methanol (0.90 M corresponding to isocyanide), 575 μL (498 mg, 5.02 mmol, 

1.10 equiv.) cyclohexylamine were added. 1.00 g (4.56 mmol, 1.00 equiv.) 5-

isocyano dimethylisophtalate were added and the reaction mixture was stirred at 

room temperature for 4 days. Afterwards, 13 mL methanol were added and the 

mixture was left to crystallize for 3 days at room temperature. Filtration of the 
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product, washing with a minimal amount of methanol, and removal of the solvent 

yielded 1.33 g (3.80 mmol, 83%) of the product as a slightly yellow powder. 

Rf (cyclohexane/ethyl acetate 3:1) = 0.17, visualized by staining with vanillin 

solution. 

1H NMR (400 MHz, DMSO-d6) δ / ppm = 9.72 (bs, 1H, H7), 8.43–8.34 (m, 2H, H9), 

8.16 (s, 1H, H11), 7.92 (bs, 1H, H5), 4.14-4.04 (m, 1H, H4), 3.89 (s, 6H, H13), 

1.96–1.87 (m, 2H, H3), 1.74–1.66 (m, 2H, H2), 1.60–1.54 (m, 1H, H1), 1.36–1.13 

(m, 5H, H1–3). 

13C NMR (101 MHz, DMSO-d6) δ / ppm = 179.4 (C6), 165.3 (C12), 141.1 (C8), 

130.1 (C10), 126.7 (C9), 124.1 (C11), 52.5 (C13), 52.2 (C4), 31.7 (C3), 25.1 (C1), 

24.4 (C2). 

IR (ATR platinum diamond): ṽ / cm-1 = 3329, 3162, 3020, 2927, 2857, 2847, 

1727, 1711, 1598, 1530, 1435, 1383, 1344, 1312, 1250, 1197, 1184, 1144, 1110, 

997, 981, 908, 892, 852, 821, 793, 756, 723, 690, 666, 633, 606, 548, 510, 485, 

454, 433. 

ESI-MS: [M+H]+ calc. 351.1373, detected 351.1368. 

 

Supplementary Figure 3. 1H NMR spectrum of TU2, measured in DMSO-d6 at 400 MHz. 
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Supplementary Figure 4. 13C NMR spectrum of TU2, measured in DMSO-d6 at 101 MHz. 

 

Synthesis of thiourea TU3 

4-(n-Hexylthio) aniline 1 

 

The product was prepared according to a literature-known procedure.521 

6.02 g (48.1 mmol, 1.00 equiv.) 4-amino thiophenol were dissolved in 150 mL 

ethanol (0.33 M). To this solution, 1.90 g (47.5 mmol, 0.988 equiv.) NaOH were 

added. Afterwards, 6.70 mL (7.91 g, 47.9 mmol, 1.00 equiv.) 1-bromohexane were 

added within the course of 1 h. The mixture was stirred at room temperature 

overnight and afterwards poured into 360 mL ice-cold water. The product was 

extracted with diethyl ether. The organic phase was washed with saturated Na2CO3 

solution (3 × 160 mL) and with aqueous NH4Cl (3 × 160 mL) solution and dried 

over Na2SO4. After removal of the solvent under reduced pressure, the brown oil 
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was purified via column chromatography (cyclohexane/ethyl acetate 95:5 → 7:3). 

The product was yielded as brownish oil in a yield of 7.20 g (34.4 mmol, 71%). 

Rf (cyclohexane/ethyl acetate 7:3) = 0.71, visualized by staining with vanillin 

solution. 

1H NMR (400 MHz, DMSO-d6) δ / ppm = 7.13–7.03 (m, 2H, H3), 6.58–6.41 (m, 2H, 

H4), 5.20 (s, 2H, H1), 2.67 (t, J = 7.2 Hz, 2H, H6), 1.55–1.38 (m, 2H, H7), 1.33 

(ddt, J = 13.9, 9.3, 6.3 Hz, 2H, H8), 1.28–1.13 (m, 4H, H9, H10), 0.93–0.75 (m, 3H, 

H11). 

13C NMR (101 MHz, DMSO-d6) δ / ppm = 148.2 (C2), 133.5 (C3), 119.1 (C5), 114.4 

(C4), 35.7 (C6), 30.8 (C9), 28.8 (C7), 27.6 (C8), 22.0 (C10), 13.9 (C11). 

IR (ATR platinum diamond): ṽ / cm-1 = 3452, 3360, 3211, 3025, 2953, 2924, 2854, 

1730, 1619, 1597, 1494, 1464, 1422, 1376, 1277, 1176, 1124, 1096, 1010, 820, 

725, 681, 623, 514. 

ESI-MS: [M+H]+ calc. 210.1311, detected 210.1306. 

 

 

Supplementary Figure 5. 1H NMR spectrum of 1, measured in DMSO-d6 at 400 MHz. 
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Supplementary Figure 6. 13C NMR spectrum of 1, measured in DMSO-d6 at 101 MHz. 

 

4-(n-Hexylsulfonyl) aniline 2 

 

The product was prepared according to a literature-known procedure.521 

4.00 g 4-(n-hexylthio) aniline 1 (19.1 mmol, 1.00 equiv.) were dissolved in 38 mL 

acetonitrile (0.5 M) and 19.5 mL of aqueous hydrogen peroxide solution (30 wt% 

in water, 22 g, 191 mmol, 10.0 equiv.) were added. The reaction mixture was 

stirred at 40 °C for 23 hours. Then, the reaction mixture was cooled to room 

temperature, the same amount of hydrogen peroxide was added, and the mixture 

was stirred further at 40 °C for 17 hours. Afterwards, 38 mL of saturated Na2SO3 

solution were added slowly, while cooling the mixture with a water bath. The 

organic phase was separated, and the aqueous phase was extracted with ethyl 

acetate (2 × 40 mL). The combined organic phases were dried over Na2SO4, and 

the solvent was removed under reduced pressure. Because of the formation of two 

2

3

5

4

6
9

7
8 10 11



Experimental Section 

137 
 

phases during evaporation, the mixture was diluted with dichloromethane, washed 

with water, and the aqueous phase was extracted with dichloromethane 

(2 × 30 mL). The combined organic phases were dried over Na2SO4, and the 

solvent was again removed under reduced pressure. 4.61 g (19.1 mmol, quant.) of 

the product were obtained as a brown solid. 

Rf (cyclohexane/ethyl acetate 2:1) = 0.25, visualized by staining with vanillin 

solution. 

1H NMR (400 MHz, DMSO-d6) δ / ppm = 7.54–7.35 (m, 2H, H4), 6.75–6.54 (m, 2H, 

H3), 6.10 (s, 2H, H1), 3.15–2.97 (m, 2H, H6), 1.64–1.39 (m, 2H, H7), 1.37–1.08 

(m, 6H, H8-10), 0.82 (t, J = 6.7 Hz, 3H, H11). 

13C NMR (100 MHz, DMSO-d6) δ / ppm = 153.5 (C5), 129.5 (C4), 123.7 (C2), 112.7 

(C3), 55.4 (C6), 30.7 (C9), 27.1 (C8), 22.6 (C7), 21.8 (C10), 13.8 (C11). 

IR (ATR platinum diamond): ṽ / cm-1 = 3468, 3372, 3247, 3223, 2954, 2923, 

2871, 2857, 1906, 1630, 1594, 1503, 1459, 1438, 1410, 1378, 1322, 1301, 1271, 

1241, 1217, 1184, 1127, 1084, 1013, 964, 945, 828, 767, 726, 701, 681, 633, 593, 

563, 526, 489, 441, 421. 

 

Supplementary Figure 7. 1H NMR spectrum of 2, measured in DMSO-d6 at 400 MHz. 
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Supplementary Figure 8. 13C NMR spectrum of 2, measured in DMSO-d6 at 101 MHz. 

 

N-(4-(hexylthio)phenyl)formamide 3 

 

To 4.48 g (21.4 mmol, 1.00 equiv.) of 4-(n-hexylthio) aniline 1, 8.07 mL (9.84 g, 

214 mmol, 10.0 equiv.) formic acid were added. The mixture was stirred at 60 °C 

for 27 h. Subsequently, the remaining formic acid and water were removed under 

reduced pressure. Afterwards, 5.05 g (21.3 mmol, 99%) of the product were 

obtained as a colorless solid. 

1H NMR (400 MHz, DMSO-d6) δ / ppm = 10.31–10.03 (m, 1H, H1), 8.76 (d, 

J = 5.5 Hz, H3b), 8.26 (d, J = 1.9 Hz, H3a), 7.66–7.41 (m, H5a), 7.41–7.19 (m, 2H, 

H6), 7.19–7.07 (m, H5b), 2.99–2.74 (m, 2H, H8), 1.66–1.44 (m, 2H, H9), 1.35 (p, 

J = 7.0 Hz, 2H, H10), 1.30–1.12 (m, 4H, H11, H12), 0.94–0.71 (m, 3H). 
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Due to the occurrence of rotamers, no integral values are given for the aromatic 1H 

NMR signals. The sum of integrals matches the expected number of protons. The 

signals of the rotamers are labelled with a and b for the major and minor rotamer, 

respectively. 

ESI-MS: [M+H]+ calc. 238.1260, detected 238.1257. 

 

Supplementary Figure 9. 1H NMR spectrum of 3, measured in DMSO-d6 at 400 MHz. 

 

4-(n-Hexylsulfonyl) formamidobenzene 4 

 

To 4.61 g (19.1 mmol, 1.00 equiv.) of 4-(n-hexylsulfonyl) aniline 2, 7.21 mL (8.80 g, 

191 mmol, 10.0 equiv.) formic acid were added. The mixture was stirred at 60 °C 

for 24 h. Subsequently, the remaining formic acid and water were removed under 

reduced pressure. Afterwards, 5.11 g (19.0 mmol, 99%) of the product were 

obtained as a brown solid. The product was used directly for the synthesis of 8 

without further purification. 
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Rf (cyclohexane/ethyl acetate 2:1) = 0.10, visualized by staining with vanillin 

solution. 

1H NMR (400 MHz, DMSO-d6) δ / ppm = 10.65 (s, H1a), 10.54 (d, J = 10.6 Hz, 

H1b), 9.00 (d, J = 10.6 Hz, H3b), 8.37 (d, J = 1.7 Hz, H3a), 7.91–7.70 (m, H5a, 

H6), 7.51–7.37 (m, H5b), 3.31–3.10 (m, 2H, H8), 1.66–1.39 (m, 2H, H9), 1.39–1.05 

(m, 6H, H10–12), 0.93–0.71 (m, 3H, H13). 

Due to the occurrence of rotamers, no integral values are given for the aromatic 

and carbonyl 1H NMR signals. The sum of integrals matches the expected number 

of protons. The signals of the rotamers are labelled with a and b for the major and 

minor rotamer, respectively. 

13C NMR (101 MHz, DMSO-d6) δ / ppm = 162.7 (C2b), 160.4 (C2a), 143.3 (C4b) 

142.7 (C4a), 133.3 (C7a) 133.2 (C7b), 129.4 (C6b), 129.1 (C6a), 119.1 (C5a), 

116.8 (C5b), 54.8 (C8), 30.6 (C11), 27.1 (C10), 22.3 (C9), 21.8 (C12), 13.8 (C13). 

IR (ATR platinum diamond): ṽ / cm-1 = 3360, 3263, 3202, 3070, 3030, 2993, 

2953, 2934, 2921, 2871, 2858, 1750, 1682, 1590, 1519, 1490, 1468, 1456, 1416, 

1380, 1273, 1236, 1217, 1193, 1135, 1084, 1033, 1012, 966, 948, 915, 889, 833, 

813, 767, 744, 724, 707, 688, 618, 592, 565, 536, 496, 462, 441, 423. 

ESI-MS: [M+H]+ calc. 270.1158, detected 270.1155. 
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Supplementary Figure 10. 1H NMR spectrum of 4, measured in DMSO-d6 at 400 MHz. 

 

 

Supplementary Figure 11. 13C NMR spectrum of 4, measured in DMSO-d6 at 101 MHz. 
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4-(n-Hexylsulfonyl) isocyanobenzene 8 

 

1.76 g (6.55 mmol, 1.00 equiv.) 4-(n-hexylsulfonyl) formamidobenzene 4 were 

dissolved in 20 mL dichloromethane (0.33 M) and 2.85 mL (2.05 g, 20.3 mmol, 

3.10 equiv.) diisopropylamine (DIPA) were added. The reaction mixture was cooled 

to 0 °C and 777 μL (1.31 g, 8.51 mmol, 1.30 equiv.) phosphorus oxychloride were 

added dropwise while keeping the temperature at 0 °C. Afterwards, the reaction 

was stirred at room temperature for 2 hours. Purification was performed via flash 

column chromatography, in which the reaction mixture was added dropwise directly 

onto the dry silica loaded column (height ca. 10 cm, ø ca. 5 cm) to quench the 

remaining phosphorus oxychloride. Then, the product was purified by eluting with 

dichloromethane with 3 vol.% triethylamine. 1.20 g (9% impurity of DIPA, 

corresponds to 4.60 mmol, product, 70%) of the product were obtained as dark red 

solid.  

1H NMR (400 MHz, DMSO-d6) δ / ppm = 8.08–7.97 (m, 2H, H4), 7.94–7.81 (m, 2H, 

H3), 3.45–3.30 (m, 2H, H6), 1.61–1.44 (m, 2H, H7), 1.37–1.09 (m, 6H, H8-10), 

0.91–0.74 (m, 3H, H11). 

Further analysis was not performed due to the sensitivity of the product. 



Experimental Section 

143 
 

 

Supplementary Figure 12. 1H NMR spectrum of 8, measured in DMSO-d6 at 400 MHz. 

 

N-(4-(n-Hexylsulfony)phenyl)-N´-cyclohexyl thiourea TU3 

 

197 mg (771 μmol, 0.125 equiv.) elemental sulfur were suspended in 6.9 mL 

methanol (0.90 M corresponding to isocyanide) and 711 μL (612 mg, 6.17 mmol, 

1.00 equiv.) cyclohexylamine were added. 1.55 g (6.17 mmol, 1.00 equiv.) 4-(n-

hexylsulfonyl) isocyanobenzene 8 were added and the reaction mixture was stirred 

at room temperature for 17 hours. Afterwards, the solvent was removed under 

reduced pressure and the product was purified via column chromatography 

(cyclohexane/ethyl acetate 6:4 → 3:1). 1.49 g (3.89 mmol, 63%) of the product 

were obtained as slightly red solid. 

Rf (cyclohexane/ethyl acetate 2:1) = 0.32, visualized by staining with vanillin 

solution. 
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1H NMR (400 MHz, DMSO-d6) δ / ppm = 9.77 (bs, 1H, H7), 8.12–7.97 (m, 1H, H5), 

7.85-7.79 (m, 2H, H10), 7.78–7.73 (m, 2H, H9), 4.18–4.04 (m, 1H, H4), 3.26–3.17 

(m, 2H, H12), 1.99–1.84 (m, 2H, H3), 1.76–1.65 (m, 2H, H2), 1.64–1.09 (m, 18H, 

H1-3, H13–16), 0.88–0.77 (m, 3H, H17). 

13C NMR (101 MHz, DMSO-d6) δ / ppm = 178.8 (C6), 144.7 (C8), 132.4 (C11), 

128.3 (C9), 120.7 (C10), 54.8 (C12), 52.1 (C4), 31.6 (C3), 30.6 (C15), 27.0 (C14), 

25.1 (C1), 24.4 (C2), 22.3 (C13), 21.7 (C16), 13.7 (C17). 

IR (ATR platinum diamond): ṽ / cm-1 = 3340, 3224, 3181, 3087, 3063, 2929, 

2852, 1911, 1623, 1596, 1532, 1497, 1449, 1419, 1333, 1299, 1273, 1251, 1212, 

1181, 1135, 1111, 1086, 1011, 981, 889, 876, 832, 772, 740, 722, 688, 666, 649, 

621, 596, 573, 550, 530, 490, 443. 

ESI-MS: [M+H]+ calc. 383.1821, detected 383.1818. 

 

Supplementary Figure 13. 1H NMR spectrum of TU3, measured in DMSO-d6 at 400 MHz. 
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Supplementary Figure 14. 13C NMR spectrum of TU3, measured in DMSO-d6 at 400 MHz. 

Synthesis of thiourea TU4 

N-phenylformamide 9 

 

1.96 mL (21.5 mmol, 1.00 equiv., 2.00 g) of aniline were added to 8.1 mL 

(220 mmol, 10 equiv., 9.9 g) formic acid. The reaction mixture was stirred for 24 h 

at 60 °C. After cooling down, the solution was diluted in ethyl acetate and washed 

with brine. The organic layer was dried over MgSO4. The solvent was removed 

under reduced pressure. The product was obtained as a brown solid with a yield 

of 2.25 g (18.6 mmol, 87%). 

Rf (cyclohexane/ethyl acetate 4:1) = 0.14, visualized by UV light quenching. 

1H NMR (500 MHz, DMSO-d6) δ / ppm = 10.35–9.96 (m, 1H, H1), 8.78 (d, 

J = 11.0 Hz, H3b), 8.27 (d, J = 2.0 Hz, H3a), 7.66–7.53 (m, H5a), 7.38–7.26 (m, 

2H, H6), 7.25–7.16 (m, H5b), 7.15–6.99 (m, 1H, H7). 
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Due to the occurrence of rotamers, no integral values are given for the split 1H 

NMR signals. The sum of integrals matches the expected number of protons. The 

signals of the rotamers are labelled with a and b for the major and minor rotamer, 

respectively. 

13C NMR (126 MHz, DMSO-d6) δ / ppm = 162.5 (C2b), 159.6 (C2a), 138.4 (C4b), 

138.2 (C4a), 129.4 (C6b), 128.9 (C6a), 123.6 (C7), 119.1 (C5a), 117.5 (C5b). 

IR (ATR platinum diamond): ṽ / cm-1 = 3259, 3194, 3134, 3076, 3055, 3021, 

2945, 2911, 2881, 1664, 1651, 1594, 1550, 1492, 1443, 1397, 1312, 1256, 1184, 

1155, 1077, 1023, 997, 907, 896, 882, 834, 821, 745, 690, 656, 617, 522, 500, 

462, 408. 

ESI-MS: [M+H]+ calc. 122.0600, detected 122.0600. 

 

 

Supplementary Figure 15. 1H NMR spectrum of 9, measured in DMSO-d6 at 500 MHz. 
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Supplementary Figure 16. 13C NMR spectrum of 9, measured in DMSO-d6 at 126 MHz. 

 

Phenyl isocyanide 10 

 

1.00 g (8.25 mmol, 1.00 equiv.) N-phenylformamide 9 were dissolved in 5 mL 

dichloromethane. 3.60 mL (2.59 g, 25.6 mmol, 3.10 equiv.) diisopropylamine were 

added and the solution was cooled down to 0 °C with an ice bath. 979 μL (1.65 g, 

10.7 mmol, 1.30 equiv.) phosphoryl chloride were added dropwise and the reaction 

mixture was stirred at room temperature for 2 h. Afterwards, the reaction was 

quenched by pouring the mixture directly on a silica-packed column (h = 5 cm) and 

flushing with dichloromethane. The product was obtained as a yellow liquid in a 

yield of 728 mg (7.06 mmol, 86%) and directly used for the synthesis of the 

thiourea TU4. 

Rf (DCM) = 0.75, visualized by staining with vanillin solution. 
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N-phenyl-N’-cyclohexyl thiourea TU4 

 

728 mg (7.06 mmol, 1.00 equiv.) phenyl isocyanide 10 were dissolved in 7 mL 

methanol (1.0 M corresponding to isocyanide). 896 μL (770 mg, 7.77 mmol, 

1.10 equiv.) cyclohexylamine and 250 mg (990 μmol, 0.14 equiv.) elemental sulfur 

were added. The reaction mixture was stirred at 60 °C for 18 h. After cooling down, 

the suspension was filtrated and washed carefully with methanol. The solvent of 

the filtrate was removed under reduced pressure. The obtained solid was washed 

one more time with methanol. The product was obtained as a yellow solid in a yield 

of 1.23 g (5.25 mmol, 74%). 

Rf (cyclohexane/ethyl acetate 1:1) = 0.80, visualized by staining with Seebach 

solution. 

1H NMR (400 MHz, DMSO-d6) δ / ppm = 9.32 (s, 1H, H7), 7.60 (d, J = 8.0 Hz, 1H, 

H5), 7.52–7.53 (m, 2H, H9), 7.36–7.17 (m, 2H, H10), 7.07 (t, J = 7.3 Hz, 1H, H11), 

4.25–3.89 (m, 1H, H4), 2.04–1.79 (m, 2H, H3), 1.79–1.61 (m, 1H, H2), 1.61–1.48 

(m, 1H, H1), 1.41–1.03 (m, 5H, H1–3).  

13C NMR (101 MHz, DMSO-d6) δ / ppm = 179.2 (C6), 139.6 (C8), 128.4 (C10), 

123.7 (C11), 122.7 (C9) 52.1 (C4), 31.8 (C3), 25.2 (C1), 24.5 (C2). 

IR (ATR platinum diamond): ṽ / cm-1 = 3237, 3027, 3011, 2938, 2852, 1590, 1539, 

1505, 1491, 1449, 1395, 1356, 1311, 1290, 1236, 1199, 1182, 1146, 1110, 1073, 

1049, 1024, 920, 984, 892, 854, 840, 823, 789, 739, 691, 653, 621, 599, 574, 535, 

487, 420.  

ESI-MS: [M+H]+ calc. 235.1263, detected 235.1260. 
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Supplementary Figure 17. 1H NMR spectrum of TU4, measured in DMSO-d6 at 400 MHz. 

 

 

Supplementary Figure 18. 13C NMR spectrum of TU4, measured in DMSO-d6 at 101 MHz. 
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Synthesis of thiourea TU5 

1,4-Diisocyanobenzene 11 

 

1,4-Diformamidobenzene was synthesized previously by Roman Nickisch. 

3.00 g (18.3 mmol, 1.00 equiv.) 1,4-diformamidobenzene were dissolved in 55 mL 

dichloromethane (0.33 M) and 15.8 mL (11.5 g, 113 mmol, 6.20 equiv.) diisopro-

pylamine were added. The reaction mixture was cooled to 0 °C and 4.44 mL 

(7.28 g, 47.5 mmol, 2.60 equiv.) phosphorus oxychloride were added dropwise 

while keeping the temperature at 0 °C. Afterwards, the reaction was stirred at room 

temperature for 2 h. Purification was performed via flash column chromatography, 

in which the reaction mixture was added dropwise directly onto the dry silica loaded 

column (height 10 cm, ø 5 cm) to quench the remaining phosphorus oxychloride. 

Then, the product was purified by eluting with dichloromethane. 2.61 g (quant.) of 

impure product were obtained and used directly for the synthesis of TU5 due to the 

sensitivity of the product. 

Rf (cyclohexane/ethyl acetate 3:2) = 0.73, visualized by staining with vanillin solu-

tion. 

 

1,1'-(1,4-Phenylene)bis(3-cyclohexylthiourea) TU5 

 

352 mg (1.37 mmol, 0.280 equiv.) elemental sulfur were suspended in 4.9 mL 

methanol (1.0 M corresponding to isocyanide), and 1.24 mL (1.07 g, 10.8 mmol, 

2.20 equiv.) cyclohexylamine were added. Afterwards, 627 mg (4.90 mmol, 

1.00 equiv.) 1,4-diisocyanobenzene 11 were added, and the reaction mixture was 

stirred at 80 °C for 15 min. The solvent was removed under reduced pressure. The 

crude product was washed with 5 mL methanol at 60°C for several minutes and 

then left to cool down to room temperature. After filtration and washing with minimal 



Experimental Section 

151 
 

amount of methanol, the solvent was evaporated to obtain 1.77 g (4.53 mmol, 

92%) of the product as slightly yellow solid. 

Rf (cyclohexane/ethyl acetate 1:1) = 0.49, visualized by UV light quenching. 

1H NMR (400 MHz, DMSO-d6) δ / ppm = 9.26 (s, 2H, H7), 7.53 (d, J = 7.9 Hz, 2H, 

H5), 7.36 (s, 4H, H9), 4.24–3.94 (s, 2H, H4), 1.98–1.83 (m, 4H, H3), 1.75–1.62 (m, 

4H, H2), 1.62–1.50 (m, 2H, H1), 1.37–1.09 (m, 10H, H1–3). 

13C NMR analysis was not performed due to poor solubility of the product. 

IR (ATR platinum diamond): ṽ / cm-1 = 3378, 3287, 3223, 2926, 2850, 1543, 

1516, 1505, 1447, 1429, 1383, 1355, 1303, 1251, 1226, 1200, 1151, 1106, 1013, 

982, 891, 864, 842, 813, 797, 780, 649, 541, 502, 416. 

ESI-MS: [M+H]+ calc. 391.1985, detected 391.1977. 

 

 

 

Supplementary Figure 19. 1H NMR spectrum of TU5, measured in DMSO-d6 at 400 MHz. 
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1,3-Dicyclohexylthiourea TU6 

 

59 mg (230 µmol, 0.13 equiv.) elemental sulfur, 232 µL (200 mg, 2.02 mmol, 

1.10 equiv.) cyclohexylamine and 200 mg (1.83 mmol, 1.00 equiv.) cyclohexyl iso-

cyanide were stirred at room temperature for 5 min. Then, 1.5 mL ethanol were 

added, and the mixture was stirred overnight. The crude product was filtered off 

and washed with ethanol (1 mL). After removal of the remaining solvent, the 

product was obtained as a colorless solid in a yield of 344 mg (1.43 mmol, 78%). 

Rf (cyclohexane/ethyl acetate 3:1) = 0.39, visualized by staining with vanillin solu-

tion. 

1H NMR (400 MHz, DMSO-d6) δ / ppm = 7.07 (d, J = 8.0 Hz, 2H, H5), 4.15–3.75 

(m, 2H, H4), 1.93–1.72 (m, 4H, H3), 1.72–1.58 (m, 4H, H2), 1.58–1.44 (m, 2H, H1), 

1.35–0.97 (m, 10H, H1–3). 

13C NMR (101 MHz, DMSO-d6) δ / ppm = 180.0 (C6), 51.4 (C4), 32.3 (C3), 25.2 

(C1), 24.5 (C2). 

IR (ATR platinum diamond): ṽ / cm-1 = 3289, 2926, 2852, 1551, 1503, 1450, 

1410, 1379, 1360, 1342, 1296, 1275, 1255, 1227, 1186, 1154, 1111, 1076, 1029, 

983, 886, 848, 815, 772, 588, 551. 

ESI-MS: [M+H]+ calc. 241.1733, detected 241.1730. 
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Supplementary Figure 20. 1H NMR spectrum of TU6, measured in DMSO-d6 at 400 MHz. 

 

 

Supplementary Figure 21. 13C NMR spectrum of TU6, measured in DMSO-d6 at 101 MHz. 
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6.2.2.  Synthesis and ring-opening polymerization of cyclic carbo-

nate and lactone monomers 

Synthesis of monomers 

Compound 6 was synthesized by the author of this thesis. 

Compounds CK2, Lac2, and CK3 were synthesized by Johanna Rietschel under 

co-supervision of the author of this thesis. 

Compounds CK3a and Lac3 were synthesized by Hendrik Kirchhoff under co-

supervision of the author of this thesis. 

4,4,6-trimethyl-1,3-dioxan-2-one 6 

 

In a 25 mL round bottom flask, 1.00 g (8.46 mmol, 1.00 equiv.) 2-methylpentane-

2,4-diol, 7.12 mL (7.62 g, 84.6 mmol, 10.0 equiv.) DMC and 120 mg (0.85 mmol, 

0.10 equiv.) TBD were stirred at 90 °C. After 16 h of stirring, excess methanol and 

DMC were removed under reduced pressure. The crude product mixture was 

dissolved in ethyl acetate (80 mL), washed with brine (3 × 30 mL), and the com-

bined organic phases were dried over Na2SO4. After removal of the solvent under 

reduced pressure, the white solid was recrystallized in cyclohexane yielding 

942 mg (6.53 mmol, 77%) of the product as white crystals. 

Rf (cyclohexane/ethyl acetate 1:1) = 0.26, visualized via staining with Seebach 

solution.  

1H NMR (400 MHz, CDCl3) δ / ppm = 4.68–4.56 (m, 1H, H2), 1.99–1.89 (m, 1H, 

H3), 1.77– 1.68 (m, 1H, H3), 1.47 (s, 6H, H5), 1.42–1.36 (d, J = 6.2 Hz, 3H, H1). 

13C NMR (101 MHz, CDCl3) δ / ppm = 149.6 (C6), 80.9 (C4), 72.4 (C2), 40.7 (C3), 

30.0 (C5), 26.7 (C5), 21.3 (C1). 

IR (ATR platinum diamond): ṽ / cm-1 = 2979, 2937, 2882, 1712, 1545, 1453, 1390, 

1364, 1293, 1274, 1223, 1139, 1096, 1073, 1027, 1011, 977, 944, 916, 889, 830, 

772, 631, 551, 484, 447. 

ESI-MS: [M+H]+ calc. 145.0859, detected 145.0856. 
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Supplementary Figure 22. 1H NMR spectrum of 6, measured in CDCl3 at 400 MHz. 

 

 

Supplementary Figure 23. 13C NMR spectrum of 6, measured in CDCl3 at 101 MHz. 
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Carvomenthone CK2 

 

5.00 g (32.8 mmol, 1.00 equiv.) (+)-dihydrocarvone were dissolved in 130 mL ethyl 

acetate (0.3 M) and 490 mg (4.6 mmol, 0.14 eq.) palladium on carbon (10 wt.%) 

were added. Hydrogen was bubbled through the reaction mixture at atmospheric 

pressure for 1 min. The suspension was stirred for 2 h under hydrogen atmo-

sphere. Afterwards, the reaction mixture was filtered through a short column of 

silica gel (5 cm of silica gel) and flushed with ethyl acetate. The product was 

obtained as a colorless liquid in a yield of 4.83 g (31.3 mmol, 95%). 

Rf (cyclohexane/ethyl acetate 3:1) = 0.70, visualized by staining with KMnO4 

solution. 

1H NMR (400 MHz, CDCl3) δ / ppm = 2.44–2.19 (m, H2, H8), 2.09–1.93 (m, H3a, 

H8a), 1.86–1.73 (m, H3b, H4a), 1.69–1.54 (m, H3b, H4b, H5b), 1.54–1.30 (m, 

H4a, H5a, H6), 1.30–1.11 (m, H3a), 1.03 (d, J = 7.0 Hz, H1b), 0.94 (d, J = 6.5 Hz, 

H1a) 0.87–0.77 (m, 6H, H7). 

Due the occurrence of diastereomers, no integral values are given for the 

respective NMR signals. The sum of integrals matches the expected number of 

protons. The signals of the isomeric forms are referred to as a (major isomer) and 

b (minor isomer). 

13C NMR (101 MHz, CDCl3) δ / ppm = 215.5 (C9b), 213.9 (C9a), 46.7 (C5a), 45.5 

(C8a), 45.0 (C2a), 44.9 (C5b), 44.4 (C2b), 43.1 (C8b), 35.2 (C3a), 32.9 (C6a), 31.5 

(C3b), 30.8 (C6b), 29.0 (C4a), 25.0 (C4b), 20.2 (C7b), 20.1 (C7b), 19.8 (C7a), 

19.5 (C7a), 16.1 (C1b), 14.5 (C1a). 

IR (ATR platinum diamond): ṽ / cm-1 = 2960, 2930, 2871, 1709, 1454, 1428, 

1387, 1368, 1315, 1259, 1241, 1220, 1198, 1149, 1126, 1093, 1061, 1035, 1015, 

999, 962, 950, 886, 865, 731, 631, 617, 523, 423. 

ESI-MS: [M+H]+ calc. 155.1430, detected 155.1427. 

 



Experimental Section 

157 
 

 

Supplementary Figure 24. 1H NMR spectrum of CK2, measured in CDCl3 at 400 MHz. 

 

 

Supplementary Figure 25. 13C NMR spectrum of CK2, measured in CDCl3 at 101 MHz. 
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(4R)-4-Isopropyl-7-methyloxepan-2-one Lac2 

 

A three-necked flask was charged with 2.00 g (13.0 mmol, 1.00 equiv.) carvomen-

thone CK2, 8.71 g (104 mmol, 8.00 equiv.) NaHCO3 and 75 mL acetone (0.2 M). 

15.9 g (51.9 mmol, 4.00 equiv.) Oxone® dissolved in 60 mL water (0.9 M) were 

added dropwise to the solution. The reaction was stirred at room temperature for 

7 d. Afterwards, the reaction mixture was filtered through Celite 545 to remove the 

solid parts and the filtrate was concentrated under reduced pressure. The mixture 

was extracted with ethyl acetate and the solvent was removed under reduced 

pressure. The product was purified by automatic flash column chromatography 

(cyclohexane/ethyl acetate 9:1 → 0:1), yielding 240 mg (1.41 mmol, 11%) as a 

colorless liquid. 

Rf (cyclohexane/ethyl acetate 1:1) = 0.74, visualized by staining with KMnO4 

solution. 

1H NMR (400 MHz, CDCl3) δ / ppm = 4.53–4.32 (m, H2), 2.89–2.39 (m, H8), 2.06–

1.86 (m, H3), 1.86–1.75 (m, H4), 1.75–1.51 (m, H3-6), 1.51–1.40 (m, H4), 1.38–

1.31 (m, H1), 1.05–0.98 (m, H7b), 0.97–0.78 (m, H7a). 

Due the occurrence of diastereomers, no integral values are given for the 

respective NMR signals. The sum of integrals matches the expected number of 

protons. The signals of the isomeric forms are referred to as a (major isomer) and 

b (minor isomer). 

13C NMR (100 MHz, CDCl3) δ / ppm = 175.8 (C9a), 174.4 (C9b), 76.6 (C2), 40.5 

(C5a), 39.1 (C5b), 38.7 (C8b), 38.3 (C8a), 36.0 (C3a), 33.7 (C6a), 32.4 (C4b), 31.4 

(C4a), 30.4 (C3b), 29.3 (C6b), 22.8 (C1a), 22.5 (C1b), 20.9 (C7b), 20.6 (C7b), 

18.9 (C7a), 18.7 (C7a).  
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Supplementary Figure 26. 1H NMR spectrum of Lac2, measured in CDCl3 at 400 MHz. 

 

 

Supplementary Figure 27. 13C NMR spectrum of Lac2, measured in CDCl3 at 400 MHz. 
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Pinocarvone CK3 

 

5.00 g (36.7 mmol, 1.00 equiv.) α-(+)-pinene and 11.3 mg (18.4 µmol, 0.05 mol%) 

tetraphenyl porphyrin were dissolved in 300 mL dichloromethane in a 450 mL 

standard photochemical reactor. The reaction mixture was stirred for 8 h under 

irradiation with a 400 W high-pressure sodium vapor lamp. During the reaction, a 

gentle stream of oxygen bubbled through the stirring mixture. After 7 h, the reaction 

was quenched by the addition of 11 mL (12 g, 120 mmol, 3.3 equiv.) acetic 

anhydride and 8.1 mL (5.9 g, 59 mmol, 1.6 equiv.) triethylamine. This mixture was 

stirred overnight at room temperature. Afterwards, the crude mixture was diluted 

with ethyl acetate (600 mL) and washed with water (3 × 100 mL), saturated 

NaHCO3 solution (3 × 100 mL), 1 M aqueous HCl (3 × 100 mL), and brine 

(3 × 100 mL). Afterwards, the organic phase was dried over Na2SO4, and the 

solvent was removed under reduced pressure. The crude mixture was purified by 

column chromatography (cyclohexene/ethyl acetate 15:1) to yield 4.75 g 

(31.6 mmol, 86%) of the product as a red liquid. 

Rf (cyclohexane/ethyl acetate 15:1) = 0.40, visualized by staining with KMnO4 

solution. 

1H NMR (400 MHz, CDCl3) δ / ppm = 5.97 (d, J = 1.7 Hz, 1H, H1), 5.01 (d, 

J = 1.7 Hz, 1H, H1), 2.77 (t, J = 6.0 Hz, 1H, H7), 2.74–2.62 (m, 2H, H4, H6), 2.60–

2.45 (m, 1H, H4), 2.26–2.15 (m, 1H, H5), 1.37 (s, 3H, H9), 1.33–1.26 (m, 1H, H6), 

0.81 (s, 3H, H9). 
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Supplementary Figure 28. 1H NMR spectrum of CK3, measured in CDCl3 at 400 MHz. 

 

(1R,5S)-2,6,6-trimethylbicyclo[3.1.1]heptan-3-one CK3a 

 

1.00 g (6.66 mmol, 1.00 equiv.) pinocarvone CK3 was dissolved in 25 mL ethyl 

acetate (0.3 M). 100 mg (0.94 mmol, 0.14 equiv.) of palladium on carbon (10 wt.%) 

were added and hydrogen was bubbled through the reaction mixture for 1 min at 

atmospheric pressure. The suspension was stirred for 2 h under hydrogen 

atmosphere. Afterwards, the reaction mixture was filtered through a short column 

(5 cm of silica gel) and flushed with ethyl acetate. The product was obtained as a 

yellow liquid in a yield of 921 mg (6.05 mmol, 91%). 

Rf (cyclohexane/ethyl acetate 15:1) = 0.75, visualized by staining with Seebach 

solution. 

1H NMR (400 MHz, CDCl3) δ / ppm = 2.70–2.56 (m, 2H, H4, H6), 2.56–2.41 (m, 

2H, H2, H4), 2.16–2.09 (m, 1H, H5), 2.09–2.02 (m, 1H, H7), 1.31 (s, 3H, H9), 1.25–

1.15 (m, 4H, H1, H6), 0.88 (s, 3H, H9). 
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13C NMR (100 MHz, CDCl3) δ / ppm = 215.4 (C3), 51.4 (C2), 45.1 (C7), 44.9 (C4), 

39.1 (H5), 34.5 (C6), 27.2 (C9), 22.1 (C9), 17.0 (C1). 

 

 

Supplementary Figure 29. 1H NMR spectrum of CK3a, measured in CDCl3 at 400 MHz. 

 

(1S,6S)-2,7,7-Trimethyl-3-oxabicyclo[4.1.1]octan-4-one Lac3 

 

200 mg (1.31 mmol, 1.00 equiv.) (1R,5S)-2,6,6-trimethylbicyclo[3.1.1]heptan-3-

one CK3a were dissolved in 2.6 mL of DCM (0.5 M). 453 mg (3.42 mmol, 

2.00 equiv.) mCPBA were added to the solution. The reaction mixture was stirred 

at room temperature for 7 d. The reaction was quenched by the addition of 20% 

aqueous Na2S2O3 solution. Afterwards, the emulsion was diluted with diethyl ether 

and washed subsequently with sat. NaHCO3 solution and water. The organic layer 
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was dried over Na2SO4 and purified by column chromatography (cyclohexane/ethyl 

acetate 5:1), yielding 22.8 mg (136 µmol, 10%) of the product as a yellow liquid. 

Rf (cyclohexane/ethyl acetate 5:1) = 0.40, visualized by staining with Seebach 

solution. 

1H NMR (400 MHz, CDCl3) δ / ppm = 4.65 (qd, J = 6.9, 1.7 Hz, 1H, H2), 3.01–2.79 

(m, 2H, H4), 2.67–2.52 (m, 1H, H6), 2.28–2.15 (m, 1H, H7), 1.96–1.83 (m, 1H, H5), 

1.42 (d, J = 6.9 Hz, 3H, H1), 1.39–1.34 (m, 1H, H6), 1.32 (s, 3H, H9), 1.10 (s, 3H, 

H9). 

13C NMR (101 MHz, CDCl3) δ / ppm = 174.5 (C3), 82.9 (C2), 48.4 (C7), 39.1 (C8), 

38.0 (C4), 37.5 (C5), 30.2 (C8), 28.8 (C6), 21.8 (C9), 21.5 (C1). 

IR (ATR platinum diamond): ṽ / cm-1 = 2979, 2911, 2873, 1703, 1469, 1412, 1369, 

1356, 1319, 1282, 1247, 1209, 1188, 1166, 1130, 1089, 1070, 1007, 945, 922, 877, 

859, 834, 797, 728, 666, 634, 609, 554, 520, 475, 421. 

ESI-MS: [M+H]+ calc. 169.1223, detected 169.1223. 

 

 

Supplementary Figure 30. 1H NMR spectrum of Lac3, measured in CDCl3 at 400 MHz. 
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Supplementary Figure 31. 13C NMR spectrum of Lac3, measured in CDCl3 at 101 MHz. 

 

General procedures for ring-opening polymerizations 

All test reaction for ring-opening polymerizations were carried out under air and 

water exclusion. As preparation, all glassware was heated up under high vacuum 

before usage and stored under Argon. 

Solvents and DBU were previously distilled and kept over activated molecular 

sieves and Argon atmosphere. 

TBD was dried under high vacuum for 1 d and stored under Agon atmosphere for 

further use.  

The lactones Lac1 and Lac2 were dissolved in THF, CaH2 was added, and the 

respective mixture was stirred overnight. After filtration and removal of the solvent, 

the lactones were stored under argon atmosphere. 

All remaining reactants were dried by addition and evaporation of toluene for ≥5 

times. Remaining solvent was removed under high vacuum. 

Reaction mixtures were degassed three times using the freeze-pump-thaw method 

before starting the reactions. 
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Polymerization test reactions of cyclic carbonate 6 

1.2 mL dry dichloromethane was added to a vial charged with the respective base 

(see Table 1; 28 µmol, 6.0 mol%) and 52.4 mg (14 µmol, 30 mol%) thiourea TU1. 

The mixture was stirred until fully dissolved. 0.21 mL of this solution were added to 

a vial containing 100 mg (694 µmol, 1.00 equiv.) of cyclic carbonate 6 in 0.2 mL 

dichloromethane to initiate the polymerization. The reaction was stirred at ambient 

temperature for 18 h. 

Polymerization of ε-caprolactone using a DBU/ thiourea catalyst system 

439 μL (452 mg, 3.96 mmol, 1.00 equiv.,) of ε-caprolactone were added to a solu-

tion of 30 μL (30 mg, 200 μmol, 5.0 mol%) DBU, 200 μmol (5.0 mol%) of the 

corresponding thiourea (see Table 2) and 73.3 mg (198 μmol, 5.00 mol%) pyrene 

butanol in 2 mL dry toluene (2 M). The reaction mixture was placed on a pulsating 

panel. After distinguished time intervals, aliquots of 7 μL (corresponding to 1.5 mg 

ε-caprolactone) were taken and quenched with benzoic acid. The sample was dried 

on air and the remaining residue was dissolved in 1.5 mL of THF for SEC 

measurements. 

TBD-catalyzed polymerization of ε-caprolactone 

439 μL (452 mg, 3.96 mmol, 1.00 equiv.) of ε-caprolactone were added to a solu-

tion of 2.8 mg (20 μmol, 5.0 mol%) TBD, 200 μmol (5.0 mol%) of the corresponding 

thiourea (see Table 3) and 73.3 mg (198 μmol, 5.00 mol%) pyrene butanol in 2 mL 

dry toluene (2 M). The reaction mixture was placed on a pulsating panel. After 

distinguished time intervals, aliquots of 7 μL (corresponding to 1.5 mg ε-

caprolactone) were taken and quenched with benzoic acid. The sample was dried 

on air and the remaining residue was dissolved in 1.5 mL of THF for SEC 

measurements. 

Polymerization tests of ε-caprolactone using a KOMe/ thiourea catalyst 

system 

A solution of 1.8 mg (26 μmol, 5.0 mol%) potassium methoxide and 74.9 μmol 

(15 mol%) of the corresponding thiourea (see Table 4) in 1 mL dry THF was pre-

pared. 0.2 mL of this solution were added to a solution of 55 μL (57 mg, 500 μmol, 

1.00 equiv.) ε-caprolactone in 0.25 mL of THF. The reaction mixtures were placed 

on a pulsating panel. After distinguished time intervals, aliquots of 7 µL (correspon-



Experimental Section 

166 
 

ding to 1 mg ε-caprolactone) were taken and quenched with benzoic acid. The 

sample was dried on air and the remaining residue was dissolved in 1.5 mL of THF 

for SEC measurements. 

Polymerization tests of terpene-based lactones Lac1 and Lac2 using a DBU/ 

thiourea catalyst system 

A mixture of 100 mg (1.00 equiv.) lactone, thiourea (5.0 mol%) and pyrene butanol 

(5.00 mol%) was degassed in a sealed vial. Subsequently, toluene (2 M) and DBU 

(5.0 mol%) were added. The reaction mixture was stirred at the respective 

temperature (see Table 6). After distinguished time intervals, aliquots of 9 µL 

(corresponding to 1.5 mg ε-caprolactone) were taken and quenched with benzoic 

acid. The sample was dried on air and the remaining residue was dissolved in 

1.5 mL of THF for SEC measurements. 
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6.2.3.  Synthesis and transurethanization of model urethanes 

Synthesis of model urethanes 

Methyl hexylcarbamate UR1 

 

In a 50 mL round bottom flask, 1.97 mL (1.52 g, 15.0 mmol, 1.00 equiv.) hexan-1-

amine, 12.6 mL (13.5 g, 150 mmol, 10.0 equiv.) DMC, and 160 mg (1.1 mmol, 

0.075 equiv.) TBD were stirred at 80 °C. After 5 h of stirring, another 104 mg 

(0.75 mmol, 0.050 equiv.) TBD were added, and the mixture was stirred overnight. 

Afterwards, the residue was diluted with ethyl acetate (100 mL) and washed sub-

sequently with saturated NH4Cl solution (2 × 60 mL) and brine (60 mL). After drying 

over Na2SO4, the crude mixture was concentrated and purified via column chro-

matography (cyclohexane/ethyl acetate 9:1 → 4:1), yielding 2.36 g (14.8 mmol, 

99%) of the product as colorless oil. 

Rf (cyclohexane/ethyl acetate 3:2) = 0.46, visualized by staining with KMnO4 

solution. 

1H NMR (400 MHz, CDCl3) δ / ppm = 4.81–4.36 (m, 1H, H7), 3.65 (s, 3H, H9), 

3.26–3.04 (m, 2H, H6), 1.56–1.38 (m, 2H, H5), 1.38–1.17 (m, 6H, H2-4), 0.97–0.79 

(m, 3H, H1). 

13C NMR (101 MHz, CDCl3) δ / ppm = 157.2 (C8), 52.1 (C9), 41.2 (C6), 31.6 (C3), 

30.1 (C5), 26.5 (C4), 22.7 (C2), 14.1 (C1). 

IR (ATR platinum diamond): ṽ / cm-1 = 3331, 2955, 2928, 2858, 1697, 1531, 1461, 

1378, 1342, 1249, 1145, 1042, 936, 876, 779, 725, 633. 

ESI-MS: [M+H]+ calc. 160.1332, found 160.1330. 
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Supplementary Figure 32. 1H NMR spectrum of UR1, measured in CDCl3 at 400 MHz. 

 

 

Supplementary Figure 33. 13C NMR spectrum of UR1, measured in CDCl3 at 101 MHz. 
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Butyl hexylcarbamate UR2 

 

In a 5 mL pressure vial, 200 mg (1.26 mmol, 1.00 equiv.) methyl hexylcarbamate 

UR1, 1.2 mL (930 mg, 13 mmol, 10 equiv.) n-butanol, and 18 mg (0.13 mmol, 

0.10 equiv.) TBD were stirred at 90 °C. After 9 h of stirring, the residue was diluted 

with ethyl acetate (75 mL) and washed subsequently with saturated NH4Cl solution 

(2 × 25 mL) and brine (25 mL). After drying over Na2SO4, the crude mixture was 

concentrated and purified via column chromatography (cyclohexane/ethyl acetate 

1:0 → 7:3), yielding 46 mg (0.23 mmol, 18%) of the product as colorless oil. 

Rf (cyclohexane/ethyl acetate 7:3) = 0.58, visualized by staining with KMnO4 

solution. 

1H NMR (400 MHz, CDCl3) δ / ppm = 4.76–4.35 (m, 1H, H7), 4.17–3.97 (m, 2H, 

H9), 3.25–3.04 (m, 2H, H6), 1.68–1.53 (m, 2H, H10), 1.53–1.43 (m, 2H, H5), 1.43–

1.33 (m, 2H, H11), 1.33–1.20 (m, 6H, H2-4), 1.00–0.80 (m, 6H, H1, H12). 

13C NMR (101 MHz, CDCl3) δ / ppm = 157.0 (C8), 64.7 (C9), 41.1 (C6), 31.6 (C3), 

31.3 (C10), 30.1 (C5), 26.6 (C4), 22.7 (C2), 19.2 (C11), 14.2 (C1), 13.9 (C12). 

IR (ATR platinum diamond): ṽ / cm-1 = 3330, 2957, 2929, 2860, 1693, 1532, 1465, 

1378, 1247, 1143, 1065, 1037, 779, 726, 632, 505. 

ESI-MS: [M+H]+ calc. 202.1802, found 202.1798. 
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Supplementary Figure 34. 1H NMR spectrum of UR2, measured in CDCl3 at 400 MHz. 

 

 

Supplementary Figure 35. 13C NMR spectrum of UR2, measured in CDCl3 at 101 MHz. 
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Transurethanization test reactions 

All test reactions were carried out in sealed glass vials. 100 mg (628 µmol, 

1.00 equiv.) UR1, 57.5 µL (46.6 mg, 628 µmol, 1.00 equiv.) n-butanol, and thiourea 

(5–10 mol%) were dissolved in solvent (0.5–1.0 M) and heated to reflux or up to 

90 °C (see Table 7 and Table 8). After distinguished time intervals, aliquots corres-

ponding to 1.5 mg UR1 were taken for GC-FID measurements. 
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6.2.4.  Non-isocyanate polyurethanes from terpenes  

Synthesis of monomers 

Compounds E3, CC1, CC2, CC3, CC5, UR3, UR5, UR6, UR7, and 8 were 

synthesized by the author of this thesis. 

Compounds E1, E4, and E5 were synthesized by Michelle Karsten under co- 

supervision of the author of this thesis. 

Compounds UR8, 13, 14, and T3 were synthesized by Elsa Brudy under co-super-

vision of the author of this thesis. 

Compound 12 was synthesized by Laura Seidling under co-supervision of the 

author of this thesis. 

Synthesis of terpene-based epoxides 

Limonene oxide E1 

 

The product was synthesized according to a literature-known procedure.429 

In a three-necked round-bottom flask, 20.0 g (146 mmol, 1.00 equiv.) (R)-limonene 

were added to a solution of 20 mL water and 90 mL acetone and cooled to 0 °C. 

Then, 27.4 g (153 mmol, 1.05 equiv.) NBS were slowly added over a period of 

30 min. After full conversion was detected via TLC, acetone was removed under 

reduced pressure. The mixture was diluted with 60 mL diethyl ether and the phases 

were separated. The organic phase was washed with 100 mL water and dried over 

Na2SO4. After removing the solvent, 40 mL aqueous sodium hydroxide (6 M) 

solution were added, and the mixture was stirred at 60 °C for 90 min. After diluting 

with 60 mL diethyl ether, the phases were separated, and the organic layer was 

washed with 30 mL saturated sodium bicarbonate solution and 30 mL water. The 

solvent was removed, and the product was purified by column chromatography 

(cyclohexane/ethyl acetate 20:1). The product was obtained as a colorless liquid 

in a yield of 9.71 g (63.8 mmol, 49%). 
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Rf (cyclohexane/ethyl acetate 20:1) = 0.30, visualized by staining with Seebach 

solution. 

1H NMR (400 MHz, CDCl3) δ / ppm = 4.67–4.58 (m, 2H, H9), 3.09–2.92 (m, 1H, 

H3), 2.09–1.95 (m, 2H, H4), 1.95–1.79 (m, 1H, H5), 1.78–1.58 (m, 5H, H6, H10), 

1.40–1.34 (m, 2H, H7), 1.33–1.27 (s, 3H, H1). 

13C NMR (101 MHz, CDCl3) δ / ppm = 149.3 (C8) 149.1 (C8), 109.2 (C9), 60.7 (C3) 

59.4 (C3), 57.6 (C2), 57.5 (C2), 40.9 (C5), 36.3 (C5), 30.9 (C4), 30.0 (C6), 28.7 

(C6), 26.0 (C7), 24.5 (C7), 23.2 (C1), 21.2 (C10), 20.3 (C10). 

IR (ATR platinum diamond): ṽ / cm-1 = 3073, 2969, 2931, 2861, 1741, 1645, 

1449, 1433, 1378, 1360, 1312, 1252, 1209, 1182, 1119, 1097, 1038, 1024, 1013, 

970, 885, 841, 806, 758, 671, 611, 556, 525, 507, 460, 444. 

ESI-MS: [M+H]+ calc. 153.1274, detected 153.1273. 

 

Supplementary Figure 36. 1H NMR spectrum of E1, measured in CDCl3 at 400 MHz. 
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Supplementary Figure 37. 13C NMR spectrum of E1, measured in CDCl3 at 101 MHz. 

 

 

Supplementary Figure 38. Determination of diastereomeric ratio of compound E1 via GC-FID. The 

calculated diastereomeric ratio is 93:7. 
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Supplementary Figure 39. Determination of diastereomeric ratio of compound E1 via 1H NMR 

spectroscopy. The calculated diastereomeric ratio is 92:8. 

 

Carvone oxide E3 

 

The product was synthesized according to a literature-known procedure.552 

5.00 g (33.3 mmol, 1.00 equiv.) (S)-carvone and 13.4 g (160 mmol, 4.80 equiv.) 

sodium bicarbonate were suspended in 100 mL acetone (0.33 M). 15.3 g 

(49.9 mmol, 1.50 equiv.) Oxone®, dissolved in 100 mL water (0.5 M), were added 

slowly while stirring. The reaction mixture was stirred at room temperature for 

45 min. Afterwards, the mixture was extracted with ethyl acetate (3 × 150 mL). The 

combined organic phases were washed with water (2 × 100 mL) and dried over 

Na2SO4. After removal of the solvent under reduced pressure, the mixture was 

purified via column chromatography (cyclohexane/ethyl acetate 4:1 → 3:1), 

yielding 4.69 g (28.2 mmol, 85%) of the product as slightly yellow oil. 
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Rf (cyclohexane/ethyl acetate 7:3) = 0.30, visualized by staining with Seebach 

solution. 

1H NMR (400 MHz, CDCl3) δ / ppm = 6.79–6.65 (m, 1H, H4), 2.77–2.62 (m, 1H, 

H10), 2.62–2.48 (m, 2H, H7, H10), 2.48–2.34 (m, 1H, H5), 2.32–2.00 (m, 3H, H5, 

H6, H7), 1.87–1.70 (m, 3H, H1), 1.36–1.21 (m, 3H, H9). 

13C NMR (101 MHz, CDCl3) δ / ppm = 198.9 (C2), 144.2 (C4), 144.0 (C4), 135.8 

(C3), 135.7 (C3), 58.1 (C8), 58.0 (C8), 53.0 (C10), 52.5 (C10), 41.5 (C6), 40.8 (C6), 

40.5 (C7), 40.1 (C7), 28.0 (C5), 27.8 (C5), 19.1 (C9), 18.5 (C9), 15.8 (C1).  

IR (ATR platinum diamond): ṽ / cm-1 = 3038, 2975, 2924, 2891, 1710, 1667, 

1486, 1450, 1435, 1365, 1249, 1205, 1144, 1106, 1051, 992, 957, 938, 903, 878, 

830, 803, 763, 748, 704, 669, 625, 563, 524, 488, 426. 

ESI-MS: [M+H]+ calc. 167.1067, detected 167.1063. 

 

 

Supplementary Figure 40. 1H NMR spectrum of E3, measured in CDCl3 at 400 MHz. 
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Supplementary Figure 41. 13C NMR spectrum of E3, measured in CDCl3 at 101 MHz. 

 

 

Supplementary Figure 42. Determination of diastereomeric ratio of compound E3 via GC-FID. The 

calculated diastereomeric ratio is 50:50. 
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Supplementary Figure 43. Determination of diastereomeric ratio of compound E3 via 1H NMR 

spectroscopy. The calculated diastereomeric ratio is 50:50. 

 

Carvone oxide E4 

 

The product was synthesized according to a literature-known procedure.552 

In a round bottom flask, 3.00 g (20.0 mmol, 1.00 equiv.) (R)-(-)-carvone were dis-

solved in 33 mL methanol. The solution was cooled to 0 °C and 20 mL (10.0 equiv., 

20.0 mmol) 30% hydrogen peroxide solution were added to the mixture while 

stirring. A solution of 1.00 g (1.25 equiv., 25.0 mmol) NaOH in 167 mL water (6 M) 

was added slowly and the reaction was stirred at 0 °C for 20 min and additional 

2.5 h at 40 °C. Afterwards, the reaction mixture was diluted with dichloromethane 

and washed with water. The organic phase was dried over Na2SO4 and the solvent 

was removed under reduced pressure. The crude mixture was purified by column 

chromatography (cyclohexane/ethyl acetate 9:1) to yield 1.56 g (9.39 mmol, 47%) 

of the product as a colorless liquid. 
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1H NMR (400 MHz, CDCl3) δ / ppm = 4.84–4.60 (m, 2H, H10), 3.49–3.37 (m, 1H, 

H4), 2.78–2.66 (m, 1H, H6), 2.66–2.51 (m, 1H, H7), 2.43–2.31 (m, 1H, H5), 2.09–

1.96 (m, 1H, H7), 1.96–1.82 (m, 1H, H5), 1.79–1.63 (m, 3H, H9), 1.50–1.29 (m, 

3H, H1). 

 

Supplementary Figure 44. 1H NMR spectrum of E4, measured in CDCl3 at 400 MHz. 

 

γ-Terpinene epoxide E5 

 

The product was synthesized according to a literature-known procedure.552 

5.00 g (36.7 mmol, 1.00 equiv.) γ-terpinene and 14.5 g (173 mmol, 4.70 equiv.) 

NaHCO3 were suspended in 110 mL acetone (0.33 M). 29.3 g (95.4 mmol, 

2.60 equiv.) Oxone®, dissolved in 184 mL water, were slowly added at 0 °C. The 

reaction was stirred at room temperature for 2 h. The mixture was diluted with ethyl 

acetate and the phases were separated. The aqueous phase was extracted with 

10

4

6
7 5

7 5

9
1



Experimental Section 

180 
 

ethyl acetate and the combined organic phases were washed with water, dried over 

sodium sulfate, and the solvent was removed under reduced pressure. The crude 

mixture was purified via column chromatography (cyclohexane/ethyl acetate 

95:5 → 3:1) to yield 4.45 g (26.4 mmol, 72%) of the product as yellow oil. 

Rf (cyclohexane/ethyl acetate 4:1) = 0.50, visualized by staining with Seebach 

solution. 

1H NMR (400 MHz, CDCl3) δ / ppm = 2.90 (d, J = 3.0 Hz, 1H, H6), 2.83 (d, 

J = 4.0 Hz, 1H, H3), 2.33–2.03 (m, 4H, H4, H7), 1.45 (hept, J = 6.9 Hz, 1H. H8), 

1.29 (s, 3H, H1), 0.94 (d, J = 6.8 Hz, 3H, H9), 0.88 (d, J = 7.0 Hz, 3H, H9). 

13C NMR (101 MHz, CDCl3) δ / ppm = 61.2 (C5), 57.4 (C6), 56.2 (C3), 55.3 (C2), 

35.0 (C8), 30.2 (C4), 24.8 (H7), 23.4 (C1), 18.3 (C9), 17.3 (C9). 

IR (ATR platinum diamond): ṽ / cm-1 = 2962, 2916, 2876, 1467, 1448, 1419, 

1385, 1368, 1334, 1312, 1283, 1243, 1206, 1167, 1154, 1118, 1068, 1029, 1006, 

936, 896, 875, 826, 734, 671, 642, 605, 557, 526, 491, 468, 430, 413. 

ESI-MS: [M+H]+ calc. 169.1223, detected 169.1220. 

 

 

Supplementary Figure 45. 1H NMR spectrum of E5, measured in CDCl3 at 400 MHz. 
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Supplementary Figure 46. 13C NMR spectrum of E5, measured in CDCl3 at 101 MHz. 

 

Synthesis of terpene-based cyclic carbonates 

Limonene monocarbonate CC1 

 

A stainless-steel reactor with Teflon inset was charged with 8.00 g (52.6 mmol, 

1.00 equiv.) limonene oxide E1, 876 mg (3.15 mmol, 0.06 equiv.) TBACl and 

30 bar CO2 pressure. The reaction mixture was stirred and heated to 100 °C for 3 

d. After completion of the reaction and cooling to room temperature, the viscous 

liquid was diluted with ethyl acetate (ca. 200 mL), washed with brine (3 × 100 mL) 

and extracted with ethyl acetate (50 mL). The combined organic phases were dried 

over Na2SO4, and the solvent was removed under reduced pressure. 8.23 g of 

almost pure limonene carbonate CC1 were obtained, as confirmed by 1H NMR and 
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GC-FID experiments, and was used directly for the synthesis of the urethane 

monomers UR3 and UR7. For analysis, 1.00 g (12 wt%) of the crude reaction 

product was purified via column chromatography (cyclohexane/ethyl acetate 

94:6 → 1:1) and 902 mg (4.56 mmol, corresponds to a yield of 72%) of the product 

were obtained as a colorless liquid. 

Rf (cyclohexane/ethyl acetate 3:1) = 0.39, visualized by staining with Seebach 

solution. 

1H NMR (400 MHz, CDCl3) δ / ppm = 4.82–4.68 (m, 2H, H11), 4.36 (dd, 3J = 9.5, 

7.0 Hz, 1H, H4), 2.41–2.17 (m, 2H, H5, H8), 1.97–1.85 (m, 1H, H6), 1.72 (s, 3H, 

H9), 1.69–1.54 (m, 2H, H7, H8), 1.54–1.37 (m, 5H, H1, H5, H7). 

13C NMR (101 MHz, CDCl3) δ / ppm = 154.9 (C2), 147.4 (C10), 110.3 (C11), 82.2 

(C3), 80.7 (C4), 40.0 (C6), 34.1 (C5), 33.2 (C8), 26.3 (C1), 25.81 (C7), 20.7 (C9). 

IR (ATR platinum diamond): ṽ / cm-1 = 3082, 2938, 2868, 1789, 1646, 1561, 

1455, 1442, 1382, 1348, 1293, 1271, 1247, 1214, 1188, 1150, 1127, 1075, 1024, 

1010, 987, 941, 883, 817, 807, 780, 762, 724, 648, 615, 589, 559, 548, 523, 485, 

454, 418. 

ESI-MS: [M+H]+ calc. 197.1172, detected 197.1171. 

 

Supplementary Figure 47. 1H NMR spectrum of CC1, measured in CDCl3 at 400 MHz. 
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Supplementary Figure 48. 13C NMR spectrum of CC1, measured in CDCl3 at 101 MHz. 

 

 

Supplementary Figure 49. Determination of diastereomeric ratio of compound CC1 via GC-FID. 

The calculated diastereomeric ratio is 95:5. 
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Supplementary Figure 50. Determination of diastereomeric ratio of compound CC1 via 1H NMR 

spectroscopy. The calculated diastereomeric ratio is 94:6. 

 

Limonene decarbonate CC2 

 

A stainless-steel reactor with Teflon inset was charged with 10.0 g (59.4 mmol, 

1.00 equiv.) limonene dioxide E2, 991 mg (3.56 mmol, 0.06 equiv.) TBACl and 30 

bar CO2 pressure. The reaction mixture was stirred and heated to 130 °C for 3 d. 

After completion of the reaction and cooling to room temperature, the viscous liquid 

was purified via column chromatography (cyclohexane/ethyl acetate 5:1 → 1:1) 

and 13.8 g of a colorless liquid were obtained. The product was further 

recrystallized in cyclohexane/ ethyl acetate to yield 2.95 g (11.5 mmol, 19%) of the 

product as a colorless solid. 
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Rf (cyclohexane/ethyl acetate 1:2) = 0.37, visualized by staining with Seebach 

solution. 

1H NMR (400 MHz, CDCl3) δ / ppm = 4.40–4.27 (m, H4), 4.27–4.15 (m, H10), 

4.11–3.98 (m, H10), 2.35–2.23 (m, H5, H7), 2.12–2.01 (m, H5), 1.80–1.64 (m, H6, 

H8), 1.63–1.48 (m, H7, H8), 1.45–1.41 (m, H1), 1.41–1.37 (m, H11), 1.37–1.20 (m, 

H5, H8). 

Due the occurrence of isomers, no integral values are given for the respective NMR 

signals. The sum of integrals matches the expected number of protons. The purity 

of the product was confirmed via GC-FID measurements. 

13C NMR (101 MHz, CDCl3) δ / ppm = 154.1 (C2/C12), 154.0 (C2/C12), 84.6 (C9), 

81.9 (C3), 81.8 (C3), 79.6 (C4), 79.4 (C4), 73.1 (C10), 72.9 (C10), 40.7 (C6), 40.6 

(C6), 32.5 (C7), 32.4 (C7), 29.0 (C5), 28.9 (C5), 26.0 (C1), 21.3 (C11), 20.9 (C11), 

20.8 (C8), 20.7 (C8). 

IR (ATR platinum diamond): ṽ / cm-1 = 2983, 2939, 2883, 2871, 1776, 1556, 

1481, 1445, 1395, 1359, 1341, 1323, 1301, 1280, 1265, 1247, 1221, 1194, 1171, 

1152, 1141, 1105, 1090, 1070, 1054, 1024, 942, 918, 897, 880, 842, 814, 773, 721, 

703, 599, 579, 557, 524, 492, 476, 460, 425. 

ESI-MS: [M+H]+ calc. 257.1020, detected 257.1017. 

 

Supplementary Figure 51. 1H NMR spectrum of CC2, measured in CDCl3 at 400 MHz. 
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Supplementary Figure 52. 13C NMR spectrum of CC2, measured in CDCl3 at 101 MHz. 

 

 

Supplementary Figure 53. Determination of diastereomeric ratio of compound CC2 via GC-FID. 

The diastereomeric ratio could not be calculated due to insufficient separation of the signals. 
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Supplementary Figure 54. Determination of diastereomeric ratio of compound CC2 via 1H NMR 

spectroscopy. The calculated diastereomeric ratio is 56:44. 

 

Carvone carbonate CC3 

 

A stainless-steel reactor with Teflon inset was charged with 3.00 g (18.0 mmol, 

1.00 equiv.) carvone oxide E3, 301 mg (1.08 mmol, 0.06 equiv.) TBACl and 30 bar 

CO2 pressure. The reaction mixture was stirred and heated to 100 °C for 40 h. After 

completion of the reaction and cooling to room temperature, the viscous liquid was 

diluted with ethyl acetate (ca. 200 mL), washed with brine (3 × 50 mL) and 

extracted with ethyl acetate (50 mL). The combined organic phases were dried 

over Na2SO4, and the solvent was removed under reduced pressure. The residue 

was purified via column chromatography (cyclohexane/ethyl acetate 6:1 → 2:1), 

yielding 3.20 g (15.2 mmol, 85%) of the product as slightly yellow oil. 



Experimental Section 

188 
 

Rf (cyclohexane/ethyl acetate 1:1) = 0.30, visualized by staining with Seebach 

solution. 

1H NMR (400 MHz, CDCl3) δ / ppm = 6.84–6.67 (m, 1H, H4), 4.43–4.26 (m, 1H, 

H10), 4.18–4.04 (m, 1H, H10), 2.66–2.18 (m, 5H, H5-7), 1.89–1.72 (m, 3H, H1), 

1.59–1.44 (m, 3H, H9). 

13C NMR (100 MHz, CDCl3) δ / ppm = 197.3 (C2), 197.1 (C2), 154.1 (C11), 143.3 

(C4), 142.8 (C4), 136.1 (C3), 84.1 (C8), 73.1 (C10), 72.3 (C10), 43.1 (C6), 42.9 

(C6), 38.6 (C5), 38.2 (C5), 26.3 (C7), 22.9 (C9), 21.7 (C9), 15.7 (C1). 

IR (ATR platinum diamond): ṽ / cm-1 = 2981, 2954, 2926, 2902, 2853, 1767, 

1670, 1547, 1487, 1452, 1398, 1384, 1363, 1322, 1289, 1260, 1241, 1223, 1186, 

1167, 1106, 1057, 1019, 952, 906, 843, 801, 773, 721, 706, 599, 573, 557, 533, 

476, 421. 

ESI-MS: [M+H]+ calc. 211.0965, detected 211.0960. 

 

Supplementary Figure 55. 1H NMR spectrum of CC3, measured in CDCl3 at 400 MHz. 
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Supplementary Figure 56. 13C NMR spectrum of CC3, measured in CDCl3 at 101 MHz. 

 

 

Supplementary Figure 57. Determination of diastereomeric ratio of compound CC3 via GC-FID. 

The calculated diastereomeric ratio is 53:47. 

 

2 11

4

3 8

10 9

1

6 5
7



Experimental Section 

190 
 

 

Supplementary Figure 58. Determination of diastereomeric ratio of compound CC3 via 1H NMR 

spectroscopy. The calculated diastereomeric ratio is 51:49. 

 

γ-Terpinene monocarbonate CC5a 

 

A stainless-steel reactor with Teflon inset was charged with 1.00 g (5.94 mmol, 

1.00 equiv.) carvone oxide E5, 60 mg (250 µmol, 0.03 equiv.) TBABr and 30 bar 

CO2 pressure. The reaction mixture was stirred and heated to 130 °C for 7 d. 

Afterwards, the mixture was diluted with ethyl acetate (150 mL), washed with brine 

(2 × 80 mL) dried over Na2SO4, and the solvent was removed under reduced 

pressure. After purification via column chromatography (cyclohexane/ethyl acetate 

95:5 → 1:1), 302 mg (1.42 mmol, 24%) of the product CC5a were isolated. 

Rf (cyclohexane/ethyl acetate 1:1) = 0.39, visualized by staining with Seebach 

solution. 

1H NMR (400 MHz, CDCl3) δ / ppm =  4.70–4.30 (m, 1H, H4), 3.29–3.02 (m, 1H, 

H7), 2.59 (dd, J = 16.3, 4.1 Hz, 1H, H5), 2.47–2.34 (m, 1H, H8), 2.11–1.97 (m, 1H, 
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H8), 1.92 (d, J = 16.3 Hz, 1H, H5), 1.72–1.60 (m, 1H, H9), 1.47 (s, 3H, H1), 1.00 

(d, J = 6.8 Hz, 3H, H10), 0.92 (d, J = 7.0 Hz, 6H, H10). 

Due to the occurrence of isomers, signals of the minor isomer are not entirely 

assigned. The sum of integrals matches the expected number of protons. The 

signals of the isomeric forms are referred to as a (major isomer) and b (minor 

isomer). 

13C NMR (101 MHz, CDCl3) δ / ppm = 153.9 (C2a), 153.7 (C2b), 84.4 (Cb), 80.8 

(C4b), 79.5 (C3), 78.8 (C4a), 68.6 (Cb), 65.9 (Cb), 59.6 (C6), 54.0 (C7b), 53.9 

(C7a), 33.6 (Cb), 33.0 (C9), 32.7 (C5), 29.8 (Cb), 28.8 (C1a), 28.5 (Cb), 26.3 (C8), 

18.4 (C1b), 17.9 (C10b), 17.7 (C10a), 17.6 (C10a). 

IR (ATR platinum diamond): ṽ / cm-1 = 2973, 2960, 2931, 2913, 2898, 2877, 

2855, 1775, 1535, 1463, 1451, 1426, 1386, 1360, 1342, 1321, 1310, 1263, 1246, 

1218, 1165, 1137, 1116, 1076, 1054, 1020, 1010, 946, 933, 905, 871, 832, 767, 

715, 678, 666, 631, 585, 570, 522, 481, 460. 

ESI-MS: [M+H]+ calc. 213.1121, detected 213.1116. 

 

 

Supplementary Figure 59. 1H NMR spectrum of CC5a, measured in CDCl3 at 400 MHz. 
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Supplementary Figure 60. 13C NMR spectrum of CC5a, measured in CDCl3 at 101 MHz. 

 

Synthesis of 10-undecenoic acid-based amine 

Methyl undec-10-enoate 12 

 

In a round bottom flask, 82.0 g (445 mmol, 1.00 equiv.) undec-10-enoic acid were 

dissolved in in 200 mL methanol. 5.93 mL (10.9 g, 111 mmol, 0.25 equiv.) H2SO4 

were added, and the reaction mixture was stirred under reflux conditions for 25 h. 

After cooling to room temperature, the solution was neutralized with sodium 

bicarbonate (21 g). The solution was filtered, and the solvent was removed under 

reduced pressure. The residue was diluted in ethyl acetate (200 mL) and washed 

with saturated NaHCO3 solution (3 × 50 mL), water (50 mL) and brine (50 mL). The 

organic phase was dried over Na2SO4, and the solvent was removed under 

reduced pressure. The crude mixture was purified via vacuum distillation 

(p = 30 mbar, T = 165 °C), yielding 71.7 g (362 mmol, 81 %) of the product as a 

colorless liquid.  
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Rf (n-hexane/diethyl ether 7:3) = 0.67, visualized by staining with Seebach 

solution. 

1H NMR (400 MHz, CDCl3) δ / ppm = 5.80 (ddt, J = 17.0, 10.2, 6.7 Hz, 1H, H2), 

5.07–4.87 (m, 2H, H1), 3.66 (s, 3H, H12), 2.30 (t, J = 7.6 Hz, 2H, H10), 2.03 (tdd, 

J = 6.5, 5.3, 1.5 Hz, 2H, H3), 1.71–1.54 (m, 2H, H9), 1.47–1.19 (m, 10H, H4-8). 

13C NMR (101 MHz, CDCl3) δ / ppm = 174.5 (C11), 139.3 (C2), 114.3 (C1), 51.6 

(C12), 34.2 (C10), 33.9 (C3), 29.4 (C4–8), 29.3 (C4–8), 29.2 (C4–8), 29.0 (C4–8), 

25.1 (C9). 

IR (ATR platinum diamond): ṽ / cm-1 = 3077, 2976, 2926, 2855, 1740, 1641, 

1436, 1361, 1318, 1239, 1196, 1169, 1116, 1047, 994, 909, 882, 858, 772, 724, 

635, 589, 554, 434. 

ESI-MS: [M+H]+ calc. 199.1693, detected 199.1691. 

 

Supplementary Figure 61. 1H NMR spectrum of 12, measured in CDCl3 at 400 MHz. 
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Supplementary Figure 62. 13C NMR spectrum of 12, measured in CDCl3 at 101 MHz. 

 

N-Hydroxyundec-10-enamide 13 

 

20.3 g (110 mmol, 1.00 equiv.) methyl 10-undecenoate 12 and 10.7 g (154 mmol, 

1.50 equiv.) hydroxylamine hydrochloride were suspended in 460 mL methanol. 

After adding 17.1 g (305 mmol, 3.00 equiv.) KOH, the mixture was stirred strongly 

under reflux conditions over night. After completion of the reaction (control via 

TLC), the mixture was brought to a pH of 5 using 25% acetic acid. Part of the 

reaction mixture was removed under reduced pressure. The residue was diluted 

with water (100 mL) and ethyl acetate (300 mL). The organic phase was separated, 

dried over Na2SO4 and the solvent was removed under reduced pressure. 

Recrystallization (n-hexane/ethyl acetate 5:1) yielded 7.46 g (39.9 mmol, 36%) of 

the product as colorless crystals. 

Rf (ethyl acetate) = 0.59, visualized by staining with Seebach solution. 
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1H NMR (400 MHz, CDCl3) δ / ppm = 8.31 (bs, 2H, H12, H13), 5.91–5.71 (m, 1H, 

H2), 5.07–4.86 (m, 2H, H1), 2.14 (t, J = 7.5 Hz, 2H, H10), 2.03 (q, J = 6.9 Hz, 2H, 

H3), 1.72–1.56 (m, 2H, H9), 1.42–1.20 (m, 10H, H4-8). 

13C NMR (101 MHz, CDCl3) δ / ppm = 171.7 (C11), 139.3 (C2), 114.3 (C1), 33.9 

(C3), 33.1 (C10), 29.4 (C4–8), 29.3 (C4–8), 29.2 (C4–8), 29.0 (C4–8), 25.4 (C9). 

IR (ATR platinum diamond): ṽ / cm-1 = 3259, 3081, 3000, 2980, 2945, 2914, 

2847, 2701, 1834, 1659, 1642, 1606, 1570, 1468, 1428, 1383, 1327, 1290, 1273, 

1234, 1121, 1070, 1043, 1022, 993, 967, 913, 850, 759, 745, 720, 656, 548, 477, 

449, 425. 

ESI-MS: [M+H]+ calc. 200.1645, detected 200.1644. 

 

 

Supplementary Figure 63. 1H NMR spectrum of 13, measured in CDCl3 at 400 MHz. 
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Supplementary Figure 64. 13C NMR spectrum of 13, measured in CDCl3 at 101 MHz. 

 

Methyl dec-9-en-1-ylcarbamate 14 

. 

7.11 g (35.7 mmol, 1,00 equiv.) N-hydroxyundec-10-enamide 13 was dissolved in 

59 mL (64 g, 700 mmol, 20 equiv.) dimethyl carbonate and 3.0 mL (2.3 g, 70 mmol, 

2.0 equiv.) methanol. The mixture was heated under reflux conditions and 980 mg 

(7.0 mmol, 0.20 equiv.) TBD were added. After completion of the reaction (control 

via TLC), the mixture was evaporated to dryness. Purification via column 

chromatography (n-hexane/ethyl acetate 9:1 → 7:3) yielded 4.61 g (21.6 mmol, 

61%) of the product as a colorless oil. 

Rf (cyclohexane/ethyl acetate 5:1) = 0.44, visualized by staining with Seebach 

solution. 
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1H NMR (400 MHz, CDCl3) δ / ppm = 5.89–5.70 (m, 1H, H2), 5.05–4.86 (m, 2H, 

H1), 4.78–4.38 (m, 1H, H11), 3.65 (s, 3H, H13), 3.25–3.02 (m, 2H, H10), 2.11–1.97 

(m, 2H, H3), 1.56–1.42 (m, 2H, H9), 1.42–1.16 (m, 10H, H4-8). 

13C NMR (101 MHz, CDCl3) δ / ppm = 157.2 (C12), 139.3 (C2), 114.3 (C1), 52.1 

(C13), 41.2 (C10), 33.9 (C3), 30.1 (C9), 29.5 (C4–7), 29.3 (C4–7), 29.2 (C4–7), 

29.0 (C4–7), 26.8 (C8). 

IR (ATR platinum diamond): ṽ / cm-1 = 3334, 3077, 2925, 2854, 1699, 1640, 

1532, 1463, 1443, 1367, 1346, 1250, 1193, 1143, 1112, 1037, 994, 908, 851, 779, 

723, 687, 634, 555. 

ESI-MS: [M+H]+ calc. 214.1802, detected 214.1800. 

 

 

Supplementary Figure 65. 1H NMR spectrum of 14, measured in CDCl3 at 400 MHz. 
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Supplementary Figure 66. 13C NMR spectrum of 14, measured in CDCl3 at 101 MHz. 

 

Dec-9-en-1-amine 7 

 

 

5.00 g (23.4 mmol, 1.00 equiv.) methyl dec-9-enylcarbamate 14 were dissolved in 

isopropanol (65 mL) and 16 M potassium hydroxide solution (45 mL) was added. 

With strong stirring, the mixture was heated to reflux for 16 hours until TLC showed 

full conversion. After cooling to room temperature, diethyl ether (100 mL) and water 

(50 mL) were added. After separation of the water layer, the organic layer was 

washed with brine (80 mL). Subsequently, the organic solution was dried over 

Na2SO4 and then evaporated to dryness to obtain 3.74 g of dec-9-en-1-amine as 

colorless oil in a purity of 82% according to measurements with remaining impurity 

of unreacted 14, corresponding to a yield of 2.87 g (18.5 mmol, 79%). The mixture 

was used directly for the synthesis of monomers UR7, UR8, and UR10 without 

further purification. 
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1H NMR (400 MHz, CDCl3) δ / ppm = 5.80 (ddt, J = 16.9, 10.2, 6.7 Hz, 1H, H2), 

5.05–4.84 (m, 2H, H1), 2.66 (t, J = 7.0 Hz, 2H, H10), 2.02 (q, J = 6.9 Hz, 2H, H3), 

1.70–1.53 (m, 2H, H11) 1.52–1.39 (m, 2H, H9), 1.39–1.32 (m, 2H, H4-7), 1.32–

1.23 (m, 8H, H4-8). 

13C NMR (101 MHz, CDCl3) δ / ppm = 139.3 (C2), 114.2 (C1), 42.3 (C10), 33.9 

(C3, C9), 29.6 (C4–7), 29.2 (C4–7), 29.0 (C4–7), 27.0 (C4–7), 26.9 (C4–7), 22.3 

(C8). 

IR (ATR platinum diamond): ṽ / cm-1 = 3374, 3240, 3076, 2976, 2923, 2853, 

1822, 1715, 1640, 1557, 1464, 1384, 1371, 1305, 1258, 1178, 1142, 1114, 993, 

908, 819, 723, 634, 554, 442, 418. 

ESI-MS: [M+H]+ calc. 156.1747, detected 156.1746. 

 

 

Supplementary Figure 67. 1H NMR spectrum of 7, measured in CDCl3 at 400 MHz. * residual 14. 
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Supplementary Figure 68. 13C NMR spectrum of 7, measured in CDCl3 at 101 MHz. * residual 14. 

 

Synthesis of terpene-based hydroxyurethane monomers 

Urethane monomer UR3 

 

In a 5 mL pressure vial, 380 mg (1.0 mmol, 5.0 mol%) N-(3,5-bis(trifluormethyl)-

phenyl)-N’-cyclohexyl thiourea TU1 were added to 4.00 g (20.4 mmol, 1.00 equiv.) 

limonene carbonate CC1 and 3.1 mL (2.3 g, 41 mmol, 2.0 equiv.) allylamine. The 

vial was sealed, and the mixture was stirred at 70 °C overnight. After completion of 

the reaction (reaction control via TLC), the mixture was diluted with ethyl acetate, 

washed with brine (3 ×) and extracted with ethyl acetate. The combined organic 

phases were dried over Na2SO4, and the solvent was removed under reduced 

pressure. The crude product was purified via column chromatography 
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(cyclohexane/ethyl acetate 3:1) and 4.39 g (17.3 mol, 85%) of the product were 

obtained as slightly yellow oil. 

From GC-FID measurements, two isomers were observed in a ratio of 53:47. 

Rf (cyclohexane/ethyl acetate 3:1) = 0.15, visualized by staining with Seebach 

solution. 

1H NMR (400 MHz, CDCl3) δ / ppm = 5.95–5.74 (m, H2), 5.29–5.06 (m, H1), 5.04–

4.73 (m, H4), 4.73–4.66 (m, H16), 4.66–4.55 (m, H8a), 4.54–4.39 (m, H7b), 3.90–

3.65 (m, H3), 3.47–3.34 (m, H9b) 2.36–2.21 (m, H10b), 2.12–1.93 (m, H7a, H13), 

1.92–1.74 (m, H10a, H12a, H12b), 1.74–1.68 (m, H15), 1.68–1.61 (m, H12a), 

1.61–1.56 (m, H6b), 1.57–1.24 (m, H10a, H11, H12b), 1.24–1.05 (m, H6a). 

Due to the occurrence of isomers, no integral values are given for the respective 

NMR signals. The sum of integrals matches the expected number of protons. The 

purity of the product was confirmed via GC-FID. 

13C NMR (101 MHz, CDCl3) δ / ppm = 156.5 (C5), 155.9 (C5), 148.9 (C14), 148.7 

(C14), 134.4 (C2), 134.3 (C2), 116.2 (C1), 116.1 (C1), 109.1 (C16), 108.8 (C16), 

83.9 (C8b), 78.1 (C8a), 76.1 (C9b), 70.5 (C9a), 43.9 (C13), 43.5 (C3), 37.4 (C10a), 

37.0 (C10b), 36.1 (C12b), 32.2 (C12a), 27.2 (C6a), 26.1 (C11), 26.0 (C11), 22.3 

(C6b), 21.0 (C15), 20.8 (C15). 

IR (ATR platinum diamond): ṽ / cm-1 = 3330, 3083, 2935, 2863, 1683, 1645, 

1525, 1453, 1394, 1375, 1246, 1186, 1141, 1071, 1008, 992, 917, 886, 851, 776, 

655, 605, 582, 544, 515, 451. 

ESI-MS: [M+H]+ calc. 254.1751, detected 254.1747. 
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Supplementary Figure 69. 1H NMR spectrum of UR3, measured in CDCl3 at 400 MHz. 

 

Supplementary Figure 70. 13C NMR spectrum of UR3, measured in CDCl3 at 101 MHz. 
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Supplementary Figure 71. Determination of regioisomeric ratio of compound UR3 via GC-FID. 

The calculated regioisomeric ratio is 53:47. 

 

Urethane monomer UR5 

 

In a round bottom flask, 300 mg (1.43 mmol, 1.00 equiv.) carvone carbonate CC3, 

214 μL (163 mg, 2.85 mmol, 2.00 equiv.) allylamine, and 110 μL (110 mg, 

0.71 mmol, 0.50 equiv.) DBU were dissolved in 2.0 mL DMSO (20 equiv.). The 

mixture was heated to 40 °C and stirred for 6 h. The progress of the reaction was 

controlled via TLC. The reaction mixture was dissolved in ethyl acetate (~50 mL), 

washed with brine (3 ×) and extracted with ethyl acetate. After removal of the 

solvent, the mixture was purified via column chromatography (cyclohexane/ ethyl 

acetate 3:1 → 1:2), yielding 233 mg (0.87 mmol, 61%) of the product as a slightly 

yellow oil. 

Rf (cyclohexane/ethyl acetate 1:1) = 0.17, visualized by staining with Seebach 

solution. 
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1H NMR (400 MHz, CDCl3) δ / ppm = 6.83–6.67 (m, 1H, H4), 5.91–5.74 (m, 1H, 

H15), 5.25–5.09 (m, 2H, H16), 5.09–4.80 (m, 1H, H13), 4.21–3.94 (m,  2H, H11), 

3.86–3.70 (m, 2H, H14), 2.83–2.17 (m, 6H, H5, H6, H7, H10), 1.82–1.71 (m, 3H, 

H1), 1.21–1.11 (m, 3H, H9). 

13C NMR (100 MHz, CDCl3) δ / ppm = 200.0 (C2), 199.7 (C2), 156.8 (C12), 156.6 

(C12), 145.3 (C4), 144.5 (C4), 135.5 (C3), 135.3 (C3), 134.2 (C15), 134.1 (C15), 

116.5 (C16), 72.8 (C8), 72.7 (C8), 70.3 (C11), 70.2 (C11), 43.6 (C14), 42.4 (C6), 

42.1 (C6), 39.5 (C5), 38.8 (C5), 27.3 (C7), 26.5 (C7), 21.3 (C9), 21.2 (C9), 15.7 

(C1). 

IR (ATR platinum diamond): ṽ / cm-1 = 3342, 3082, 2979, 2952, 2924, 2905, 

1699, 1659, 1527, 1452, 1433, 1370, 1242, 1109, 1058, 1017, 994, 922, 832, 801, 

776, 711, 634, 556, 468. 

ESI-MS: [M+H]+ calc. 268.1543, detected 268.1541. 

 

 

Supplementary Figure 72. 1H NMR spectrum of UR5, measured in CDCl3 at 400 MHz. 
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Supplementary Figure 73. 13C NMR spectrum of UR5, measured in CDCl3 at 101 MHz. 

 

 

Supplementary Figure 74. Determination of diastereomeric ratio of compound UR5 via GC-FID. 

The calculated diastereomeric ratio is 50:50. 
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Diurethane monomer UR6 

 

In a 5 mL pressure vial, 87 mg (0.23 mmol, 0.10 equiv.) N-(3,5-bis(trifluoromethyl)-

phenyl)-N’-cyclohexyl thiourea TU1 were added to 600 mg (2.34 mmol, 

1.00 equiv.) limonene dicarbonate CC2 and 1.06 mL (802 mg, 14.1 mmol, 

6.00 equiv.) allylamine. The reaction was heated to 70 °C and stirred for 18 h. After 

complete conversion, the mixture was diluted in 100 mL ethyl acetate and washed 

with brine (3 ×). The aqueous phase was extracted with ethyl acetate (1 ×) and the 

combined organic phases were dried over Na2SO4. The solvent was evaporated 

and the crude product was purified via column chromatography (cyclohexane/ ethyl 

acetate 2:1 → 1:4) to yield 735 mg (1.99 mmol, 85%) of the product as slightly 

yellow, viscous liquid. 

Rf (cyclohexane/ethyl acetate 1:1) = 0.15, visualized by staining with Seebach 

solution. 

1H NMR (400 MHz, CDCl3) δ / ppm = 5.95–5.75 (m, H2, H21), 5.34–4.82 (m, H1, 

H4, H19, H22), 4.78–4.64 (m, H7b), 4.63–4.50 (m, H9a), 4.18–3.93 (m, H17), 

3.91–3.69 (m, H3, H20), 3.43–3.27 (m, H9b), 2.77–2.57 (m, H14), 2.34–2.19 (m, 

H10–12), 2.05–1.72 (m, H10–12), 1.71–1.22 (m, H6b, H7a, H10–13), 1.18 (s, 

H6a), 1.16–1.06 (m, H15). 

Due to the occurrence of isomers, no integral values are given for the respective 

signals. The sum of integrals matches the expected number of protons. The purity 

of the product was confirmed via SEC measurements. 

13C NMR (101 MHz, CDCl3) δ / ppm = 160.0 (C18), 156.7 (C5), 156.0 (C5), 134.5 

(C2/C21), 134.4 (C2/C21), 116.4 (C1/C22), 116.2 (C1/C22), 83.8 (C8b), 78.1 

(C9a), 77.4 (C8a), 76.2 (C9b), 73.4 (C16), 70.7 (C17), 70.6 (C17), 43.9 

(C3/C20/C13), 43.7 (C3/C20/C13), 43.6 (C3/C20/C13), 43.5 (C3/C20/C13), 43.3 

(C3/C20/C13), 37.3 (C10-12), 36.9 (C10-12), 32.3 (C10-12), 28.5 (C10-12), 27.2 
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(C6a), 22.3 (C6b), 21.4 (C15/C10-12), 21.2 (C15/C10-12), 21.0 (C15/C10-12), 

20.8 (C15/C10-12). 

IR (ATR platinum diamond): ṽ / cm-1 = 3326, 3082, 2974, 2937, 2873, 1690, 

1645, 1525, 1457, 1421, 1396, 1374, 1240, 1146, 1070, 1044, 1002, 916, 818, 

776, 634, 608, 583, 547, 465, 448. 

ESI-MS: [M+H]+ calc. 371.2177, detected 371.2174. 

 

 

Supplementary Figure 75. 1H NMR spectrum of UR6, measured in CDCl3 at 400 MHz. 
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Supplementary Figure 76. 13C NMR spectrum of UR6, measured in CDCl3 at 101 MHz. 

 

Urethane monomer UR7 

 

In a 5 mL pressure vial, 89 mg (0.241 mmol, 5.0 mol%) N-(3,5-bis(trifluormethyl)-

phenyl)-N’-cyclohexyl thiourea TU1 were added to 947 mg (4.83 mmol, 

1.00 equiv.) limonene carbonate CC1, and 1.50 g (9.66 mmol, 2.00 equiv.) dec-9-

en-1-amine 7. The vial was sealed, and the mixture was stirred at 70 °C. After 

completion of the reaction (reaction control via TLC), the mixture was purified via 

column chromatography (cyclohexane/ethyl acetate 20:1 → 1:1) and 1.17 g 

(3.34 mol, 69%) of the product were obtained as slightly yellow oil. 

Rf (cyclohexane/ethyl acetate 3:1) = 0.25, visualized by staining with Seebach 

solution. 
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1H NMR (400 MHz, CDCl3) δ / ppm = 5.85–5.65 (m, H2), 5.01–4.81 (m, H1) 4.81–

4.68 (m, H11), 4.68–4.61 (s, H23), 4.61–4.49 (m, H15a), 3.46–3.25 (m, H15b), 

3.18–2.99 (m, H10), 2.24–2.08 (m, H17), 2.06–1.89 (m, H3, H20), 1.89–1.70 (m, 

H17, H19a, H19b), 1.70–1.63 (m, H22), 1.62–1.48 (m, H13b, H19a), 1.48–1.37 

(m, H4–9, H18, H19b), 1.37–1.27 (m, H4–9, H17, H18), 1.27–1.17 (m, H4–9), 

1.17–0.97 (m, H13a). 

Due to the occurrence of isomers, no integral values are given for the respective 

NMR signals. The sum of integrals matches the expected number of protons. The 

purity of the product was confirmed via SEC measurements. The signal 

corresponding to the OH-proton 14 could not be assigned unambiguously due to 

overlapping signals. 

13C NMR (101 MHz, CDCl3) δ / ppm = 156.7 (C12), 156.0 (C12), 149.0 (C21), 

148.7 (C21), 139.2 (C2), 114.2 (C1), 109.0 (C23), 108.7 (C23), 83.7 (C16b), 77.8 

(C15a), 76.0 (C15b), 70.6 (C16a), 44.0 (C20), 43.5 (C20), 41.1 (C10), 37.4 (C17), 

37.2 (C17), 36.2 (C19b), 33.8 (C3), 32.3 (C19a), 29.9 (C4–9), 29.4 (C4–9), 29.2 

(C4–9), 29.0 (C4–9), 28.9 (C4–9), 27.2 (C13a), 26.7 (C4-9), 26.1 (C18), 26.0 

(C18), 22.3 (C13b), 21.0 (C22), 20.8 (C22). 

IR (ATR platinum diamond): ṽ / cm-1 = 3328, 3077, 2926, 2855, 1683, 1643, 

1531, 1454, 1440, 1403, 1374, 1248, 1187, 1142, 1076, 1013, 994, 943, 908, 887, 

851, 775, 723, 632, 545, 450, 606, 582, 514, 490, 422. 

ESI-MS: [M+H]+ calc. 352.2846, detected 352.2842. 
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Supplementary Figure 77. 1H NMR spectrum of UR7, measured in CDCl3 at 400 MHz. 

 

Supplementary Figure 78. 13C NMR spectrum of UR7, measured in CDCl3 at 101 MHz. 
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Supplementary Figure 79. Observation of different regioisomers of compound UR7 via 1H NMR 

spectroscopy. 

 

Diurethane monomer UR8 

 

In a 5 mL pressure vial, 160 mg (0.43 mmol, 10 mol%) N-(3,5-bis(trifluoromethyl)-

phenyl)-N’-cyclohexyl thiourea TU1 were added to 1.10 g (4.29 mmol, 1.00 equiv.) 

limonene dicarbonate CC2 and 2.00 g (12.9 mmol, 3.00 equiv.) dec-9-en-1-amine 

7. The vial was sealed, and the mixture was stirred at 70 °C. After stirring for 6 days 

and with 334 mg (2.15 mmol, 0.500 equiv.) added after 4 days, the mixture was 

purified via column chromatography (dichloromethane/acetone 20:1 → 4:1) and 

361 mg (0.637 mol, 15%) of the product were obtained as colorless, viscous liquid. 

Rf (dichloromethane/acetone 4:1) = 0.38, visualized by staining with vanillin 

solution. 

1H NMR (400 MHz, CDCl3) δ / ppm = 5.89–5.71 (m, H2, H35), 5.04–4.89 (m, H1, 

H36), 4.89–4.50 (m, H11, H13a, H26), 4.19–3.88 (m, H24), 3.43–3.28 (m, H13b), 
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3.24–3.03 (m, H10, H27), 2.29-2.10 (m, H17–19), 2.10–1.97 (m, H3), 1.97–1.57 

(m, H16–21), 1.55 (s, H15b), 1.54–1.43 (m, H17-19, H4-9, H28–33), 1.43–1.33 (m, 

H17-19, H4-9, H28–33), 1.33–1.21 (m, H17–19, H4-9, H28–33), 1.19 (s, H15a), 

1.17–1.06 (m, H22). 

Due to the occurrence of isomers, no integral values are given for the respective 

NMR signals. The sum of integrals matches the expected number of protons. The 

purity of the product was confirmed via SEC measurements. 

13C NMR (101 MHz, CDCl3) δ / ppm = 157.0 (C12/C25), 156.8 (C12/C25), 156.7 

(C12/C25), 139.2 (C2, C35), 114.2 (C1, C36), 83.4 (C14b), 77.7 (C13a), 76.2 

(C13b), 73.4 (C23), 73.2 (C23), 70.5 (C14a), 70.3 (C24), 44.0 (C20), 43.1 (C20), 

41.2 (C10/C27), 41.1 (C10/C27), 37.2 (C17-19), 37.0 (C17/C18), 33.8 (C3), 31.4 

(C19), 29.9 (C4-9/C28–33), 29.8 (C4-9/C28–33), 29.4 (C4-9/C28–33), 29.2 

(C4-9/C28-33), 29.0 (C4–9/C28–33), 28.9 (C4–9/C28–33), 27.1 (C15a), 26.8 (C4–

9/C28–33), 26.7 (C4–9/C28–33), 22.2 (C15b), 21.8 (C17–19), 21.3 (C22), 21.0 

(C22), 20.9 (C22), 20.6 (C17/C18). 

IR (ATR platinum diamond): ṽ / cm-1 = 3331, 3077, 2973, 2925, 2854, 1688,1641, 

1531, 1462, 1444, 1412, 1373, 1248, 1172, 1145, 1072, 1011, 994, 943, 908, 817, 

775, 723, 631, 555. 

ESI-MS: [M+H]+ calc. 567.4368, detected 567.4362. 
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Supplementary Figure 80. 1H NMR spectrum of UR8, measured in CDCl3 at 400 MHz. 

 

Supplementary Figure 81. 13C NMR spectrum of UR8, measured in CDCl3 at 101 MHz. 
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Supplementary Figure 82. Observation of different regioisomers of compound UR8 via NMR 

spectroscopy. 

 

Synthesis of limonene dithiol T3 

 

10.0 g (73.4 mmol, 1.00 equiv.) (R)-limonene were reacted with 13.1 mL (14.0 g, 

184 mmol, 2.50 equiv.) thioacetic acid for 18 h. After complete reaction (control via 

TLC), the residue was dissolved in ethyl acetate (10 mL) and washed with brine 

(3 × 20 mL). The aqueous phase was extracted with ethyl acetate (20 mL) and the 

combined organic phases were dried over Na2SO4. After evaporation of the 

solvent, the crude dithioacetic ester was transesterified by adding 6.0 mL (1.5 mol, 

20 equiv.) methanol and 2.0 g (14.7 mmol, 0.20 equiv.) TBD and stirring under 

reflux conditions and Argon atmosphere overnight. Excess methanol was removed 

under reduced pressure. After purification via column chromatography (n-hexane/ 

ethyl acetate 30:1), 395 mg (1.93 mmol, 2.6%) of a pure product fraction (99% 

according to GC-FID) were obtained. A second fraction of 6.08 g containing mainly 
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the product (90% purity according to GC-FID) was purified by a second column 

chromatography (n-hexane/ethyl acetate 30:1), yielding 378 mg (1.85 mmol, 2.5%) 

of a pure product fraction (>99% according to GC-FID) were obtained. 

From GC-FID measurements, two isomers were observed in a ratio of 89:11. 

Rf (dichloromethane) = 0.60, visualized by staining with Seebach solution. 

1H NMR (400 MHz, CDCl3) δ / ppm = 3.45–3.27 (m, H2), 2.67–2.52 (m, H11), 

2.49–2.33 (m, H11), 2.05–1.95 (m, Hminor), 1.90–1.74 (m, H7, H8), 1.74–1.61 (m, 

H3, H6), 1.61–1.51 (m, H7), 1.51–1.36 (m, H5, H9), 1.33–1.21 (m, H1, H12), 1.19–

1.00 (m, H6), 1.00–0.84 (m, H4, H10). 

Due to the occurrence of isomers, no integral values are given for the respective 

NMR signals and signals of the minor isomer are not assigned. The sum of 

integrals matches the expected number of protons. The purity of the product was 

confirmed via GC-FID measurements. 

13C NMR (101 MHz, CDCl3) δ / ppm = 46.3 (C2), 44.1 (C2), 44.0 (C2), 43.3 

(Cminor), 41.8 (Cminor), 41.7 (Cminor), 41.4 (Cminor), 41.0 (Cminor), 40.8 (C9), 39.4 

(C7), 37.2 (C7), 36.3 (C3), 35.5 (Cminor), 35.4 (Cminor), 34.0 (C8), 33.8 (C8), 30.5 

(C6), 30.4 (Cminor), 29.7 (C11), 29.5 (C11), 28.4 (C6), 28.3 (C5), 28.2 (C5), 20.9 

(Cminor), 20.6 (C4), 15.5 (C10), 15.4 (C10). 

IR (ATR platinum diamond): ṽ / cm-1 = 2955, 2919, 2868, 2852, 2562, 1452, 

1375, 1331, 1309, 1292, 1268, 1238, 1170, 1104, 1022, 998, 979, 939, 906, 865, 

811, 766, 720, 666, 623, 524, 477, 455, 419. 

ESI-MS: [M+H]+ calc. 205.1079, detected 205.1079. 
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Supplementary Figure 83. 1H NMR spectrum of T3, measured in CDCl3 at 400 MHz. 

 

 

Supplementary Figure 84. 13C NMR spectrum of UR8, measured in CDCl3 at 101 MHz. 
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Small-scale reaction monitoring 

General procedure of carbonate formation screening 

To screen the optimum reaction conditions for the formation of limonene 

dicarbonate CC2 (see Table 9), a stainless-steel reactor with Teflon inset was 

charged with 1.00 g limonene oxide (5.94 mmol, 1.00 equiv.), 6 mol% tetrabutyl-

ammonium halogenide and 30 bar CO2 pressure. The reactor was heated to 120–

180 °C and stirred for 20 h to 3 d. Afterwards, a GC-FID sample was taken to 

determine the constitution of the mixture. 

General procedure of aminolysis screening 

To monitor the reaction progress of carbonate opening over time, reactions were 

carried out in 1 mL vials. 2.5–5.0 mol% thiourea were added to 100 mg (1.0 equiv.) 

carbonate and 1.0–4.0 equiv. allylamine. The vial was sealed and the mixture was 

stirred at 60–80 °C. For reaction control, samples for GC-FID or SEC were taken 

directly out of the reaction mixture after distinguished time intervals. 
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Supplementary Table 1. Conversion of limonene-derived carbonate CC1 to urethane monomer 

UR3. The respective GC-FID fractions of UR3 and CC1 is obtained by dividing the GC integral of 

the associated by the sum of the integrals of the signals assigned to CC1 and UR3. 

 

entry time / h mol% TU1 UR3:CC1 

1 1 5 40:60 

2 1 0 1:99 

3 2 5 60:40 

4 2 0 6:94 

5 3 5 64:36 

6 3 0 9:91 

7 4 5 66:34 

8 4 0 11:89 

9 5 5 69:31 

10 6 5 70:30 

11 6 0 14:86 

12 7 5 71:29 

13 7 0 14:86 

14 8 5 72:28 

15 8 0 15:85 
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Supplementary Table 2. Conversion of limonene-derived carbonate CC2 to urethane monomer 

UR6. The SEC fractions of UR6a and UR6 are obtained by dividing the SEC integral of the respect-

tive signal by the sum of the integrals of the signals assigned to CC2, UR6a, and UR6. 

 

entry time / h equiv. allylamine UR6a:UR6 

1a 2 4 36:64 

2a 4 4 28:72 

3a 6 4 25:75 

4a 8 4 23:77 

5a 10 4 23:77 

6a 24 4 23:77 

7a 48 4 25:75 

1b 2 4 38:62 

2b 4 4 28:72 

3b 6 4 26:74 

4b 8 5 23:73 

5b 10 5 22:78 

6b 24 5 20:80 

7b 48 5 20:80 
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Synthesis of linear NIPUs 

General procedure of thiol-ene polymerizations 

All thiol-ene polyaddition reactions were carried out in 2 mL glass vials. 100 mg of 

the urethane monomer (1.00 equiv.) and 1.00 equiv. of the dithiol were dissolved 

in the corresponding solvent (0.5 M) and 2.5–5.0 mol% DMPA were added. If 

2-Me-THF was used as solvent, it was filtered over silica through a glass pipette 

prior to use. The reaction was stirred with a distance of 6 cm in front of a UV-lamp 

of 365 nm absorption maximum. For reaction control, samples were taken out of 

the reaction mixture after a previously fixed and documented time. After 24 h, the 

solvent was evaporated. For precipitation, the polymer was dissolved in THF and 

poured into ice-cold methanol. After decantation, the precipitated polymer was 

dried under high vacuum (0.09–0.14 mbar) for 18 h.  

 

Supplementary Table 3. Linear NIPUs synthesized within section 4.4. For precipitation, the 

evaporated crude mixture was dissolved in a minimum amount of THF and poured into 45 mL of 

anti-solvent, which was previously cooled to -20 °C. 

name diene dithiol precipitated in yield / % 

P1 13 20 MeOH 64 

P2 13 21 MeOH 26 

P3 13 22 - - 

P4 14 20 - - 

P5 15 20 - - 

P6 18 20 MeOH 47 

P7 18 22 - - 

P8 19 20 MeOH 40 

P9 19 22 MeOH/H2O 1:1 39 
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Monitoring of reaction progress over time 

Supplementary Table 4. Thiol-ene polymerization of limonene-based urethane monomer UR3 and 

1,10-decanedithiol T1 over time. The average molecular weight Mn and the dispersity Ð were 

obtained from SEC measurements from the crude reaction mixture. Only one of two regioisomers 

of UR3 is shown for clarity. 

 

entry time / h Mn / kg‧mol-1 Đ 

1 1 11.8 2.0 

2 2 12.6 2.0 

3 3 13.5 2.0 

4 4 14.0 2.1 

5 5 14.1 2.1 

 

 

Supplementary Figure 85. Oligo-SEC screening over time regarding the polymerization of 

monomers UR3 and T1 (see Supplementary Table 4). 
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Optimization of reaction conditions 

 

Supplementary Figure 86. Oligo-SEC measurements of crude polymerization tests (see Table 

12). In. = 2,2’-dimethoxy-2-phenylacetophenone (DMPA). 
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Characterization of synthesized NIPUs 

 

    

    

Supplementary Figure 87. Poly-SEC measurements of polymers PHU1, PHU2, PHU6, and PHU8. 

 

 

Supplementary Figure 88. Oligo-SEC measurement of polymer PHU9. 
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Supplementary Figure 89. Crude oligo-SEC measurements of PHU3, PHU4, PHU5, and PHU7 

that could not be precipitated in the anti-solvents tested within this work. The signal at 20.7 min is 

a system peak and does not correspond to any compound in the mixture. 

 

Supplementary Figure 90. 1H NMR spectrum of PHU1, measured in CDCl3 at 400 MHz. 
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Supplementary Figure 91. 1H NMR spectrum of PHU2, measured in CDCl3 at 400 MHz. 

 

 

Supplementary Figure 92. 1H NMR spectrum of PHU6, measured in CDCl3 at 400 MHz. 
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Supplementary Figure 93. 1H NMR spectrum of PHU8, measured in CDCl3 at 400 MHz. 

 

 

Supplementary Figure 94. 1H NMR spectrum of PHU9, measured in CDCl3 at 400 MHz. 
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Supplementary Figure 95. IR spectrum of PHU1. 

 

 

Supplementary Figure 96. IR spectrum of PHU2. 
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Supplementary Figure 97. IR spectrum of PHU6. 

 

 

Supplementary Figure 98. IR spectrum of PHU8. 
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Supplementary Figure 99. IR spectrum of PHU9. 

 

 

Supplementary Figure 100. DSC curves of precipitated PHU polymers from section 4.4. 
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6.2.5.  Synthesis of erythritol-based linear PHUs and PHU 

networks 

Synthesis of hydroxyurethane monomers 

Monomer UR9 

 

In a 50 mL glass vial, 2.00 g (11.5 mmol, 1.00 equiv.) of EBCC and 10.4 mL 

(7.87 g, 138 mmol, 12.0 equiv.) allylamine were stirred at room temperature for 

22 h. Afterwards, the crude reaction mixture was purified via column chro-

matography (ethyl acetate) to yield 1.86 g (6.45 mmol, 56%) of the product as 

colorless solid. 

Rf (cyclohexane/ethyl acetate 1:2) = 0.08, visualized by staining with Seebach 

solution. 

1H NMR (300 MHz, DMSO-d6) δ / ppm = 7.42–6.78 (m, 2H, H4), 5.78 (ddt, 

J = 17.2, 10.3, 5.2 Hz, 2H, H2), 5.12 (ddq, J = 17.2, 1.8 Hz, 2H, H1), 5.03 (dq, 

J = 10.3, 1.7 Hz, 2H, H1), 4.98–4.82 (m, 2H, H8), 4.22–4.05 (m, 2H, H6), 3.99–

3.80 (m, 2H, H6), 3.71–3.57 (m, 4H, H3), 3.57–3.45 (m, 2H, H7). 

13C NMR (101 MHz, DMSO-d6) δ / ppm = 156.5 (C5), 135.7 (C2), 114.9 (C1), 69.9 

(C7), 65.9 (C6), 42.6 (C3). 

IR (ATR platinum diamond): ṽ / cm-1 = 3320, 3083, 3008, 2979, 2957, 2912, 

2896, 1685, 1644, 1534, 1480, 1454, 1418, 1387, 1346, 1311, 1250, 1146, 1064, 

1027, 982, 918, 890, 775, 647, 593, 509, 458, 446, 432, 415, 406. 

ESI-MS: [M+H]+ calc. 289.1394, detected 289.1389. 
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Supplementary Figure 101. 1H NMR spectrum of UR9, measured in DMSO-d6 at 400 MHz. 

 

 

Supplementary Figure 102. 13C NMR spectrum of UR9, measured in DMSO-d6 at 101 MHz. 
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Monomer UR10 

 

In a 50 mL round bottom flask, 1.46 g (8.39 mmol, 1.00 equiv.) of EBCC and 3.91 g 

(25.2 mmol, 3.00 equiv.) amine 7 were stirred at room temperature for 48 h. 

Afterwards, the crude reaction mixture was diluted with ethyl acetate (300 mL), 

washed with brine (3 × 80 mL), and extracted with ethyl acetate (3 × 100 mL). The 

combined organic phases were dried over Na2SO4, and the solvent was removed 

under reduced pressure, yielding 2.63 g (5.43 mmol 65%) of the product as color-

less solid. 

Rf (cyclohexane/ethyl acetate 1:2) = 0.38, visualized by staining with Seebach 

solution. 

1H NMR (400 MHz, DMSO-d6) δ / ppm = 7.12–6.63 (m, 2H, H11), 5.79 (ddt, 

J = 16.9, 10.2, 6.7 Hz, 2H, H2), 4.99 (dq, J = 17.2, 1.7 Hz, 2H, H1), 4.93 (dq, 

J = 8.9, 2.3, 1.2 Hz, 2H, H1), 4.90–4.81 (m, 2H, H15), 4.17–4.03 (m, 2H, H13), 

3.93–3.79 (m, 2H, H13), 3.63–3.44 (m, 2H, H14), 2.94 (q, J = 6.6 Hz, 4H, H10), 

2.07–1.93 (m, 4H, H3), 1.46–1.12 (m, 24H, H4–9). 

13C NMR (101 MHz, DMSO-d6) δ / ppm = 156.5 (C12), 138.8 (C2), 114.6 (C1), 

69.9 (C14), 65.7 (C13), 40.2 (C10), 33.2 (C3), 29.4 (C4–9), 28.8 (C4–9), 28.7 

(C4-9), 28.5 (C4–9), 28.3 (C4–9), 26.2 (C4–9). 

IR (ATR platinum diamond): ṽ / cm-1 = 3331, 3079, 2923, 2852, 1687, 1643, 

1531, 1481, 1466, 1311, 1284, 1258, 1238, 1147, 1064, 1017, 990, 910, 891, 776, 

723, 623, 554, 529, 441, 413. 

ESI-MS: [M+H]+ calc. 485.3585, 485.3577. 
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Supplementary Figure 103. 1H NMR spectrum of UR10, measured in DMSO-d6 at 400 MHz. 

 

 

Supplementary Figure 104. 13C NMR spectrum of UR10, measured in DMSO-d6 at 101 MHz. 
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Reaction control of cyclic carbonate opening 

 

Supplementary Figure 105. Reaction control of EBCC aminolysis (Figure 56) after 24 h, showing 

complete conversion of EBCC.  

 

Supplementary Figure 106. Reaction control of EBCC aminolysis at 70 °C.  

+ additional signals
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Synthesis of linear PHUs 

Thiol-ene polyaddition reactions towards linear PHUs were carried out in 2 mL or 

5 mL glass vials. 100 mg (1.00 equiv.) of the urethane monomer UR7 or UR8 and 

1.00 equiv. of the dithiol were dissolved in the corresponding solvent (see Table 17 

and Table 18) and 5.0 mol% DMPA were added. The reaction was stirred with a 

distance of 6 cm in front of a UV-lamp of 365 nm absorption maximum. For reaction 

control, samples were taken out of the reaction mixture after distinguished time 

intervals. After 24 h, the solvent was evaporated. For precipitation, the polymer 

was dissolved in DMSO and poured into ice-cold antisolvent. After decantation, the 

precipitated polymer was dried under vacuum (10 mbar) for 18 h. 

Characterization of PHU10 

 

 

Supplementary Figure 107. 1H NMR spectrum of PHU10, measured in DMSO-d6 at 400 MHz. 
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Supplementary Figure 108. IR spectrum of PHU10 with characteristic signals assigned. 

 

Synthesis of terpene-based PHU networks 

TP1 

100 mg (395 µmol, 1.00 equiv.) of the urethane monomer UR3 and 86.7 µL 
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819 was added. The reaction mixture was poured into a silica mold and irradiated 

with a distance of 5 cm in bottom of a UV-lamp of 365 nm absorption maximum. 

Synthesis of PHU networks TP3a–c 

20 mg (69.4 µmol, 1.00 equiv.) of the urethane monomer UR9 and 15.3 µL 

(18.5 mg, 46.5 µmol, 0.667 equiv.) of trimethylolpropane tris(3-mercaptopropio-

nate) T4 were dissolved in the corresponding solvent (see Table 19). To the 

solution, 1 wt% photoinitiator was added. The reaction mixture was poured into 

silica molds and irradiated with a distance of 5 cm in bottom of a UV-lamp of 

365 nm absorption maximum. Afterwards, the resulting foil was taken out of the 

silica mold. In the case of methanol or DMF as solvents, the foils were directly dried 

overnight (40 °C, 10 mbar). In the case of DMSO as solvent, the foil was left to 

swell in an excess of methanol for 15 minutes. Subsequently, the swelling solution 

was replaced with pure methanol and the same procedure was repeated five times. 

The final material was dried in a vacuum oven (40 °C, 10 mbar) overnight.  

Synthesis of PHU networks TP410–TP440 

60–90 mg (0.60-0.90 equiv., see Figure 69) of the urethane monomer UR3 and 

0.10–0.40 equiv. of UR9 were mixed with 86.7 µL (105 mg, 263 µmol, 0.667 equiv. 

of trimethylolpropane tris(3-mercaptopropionate) and dissolved in methanol (0.5 M 

with respect to UR9). To the soution, 1 wt% photoinitiator was added. The reaction 

mixture was poured into a silica mold and irradiated with a distance of 5 cm in 

bottom of a UV-lamp of 365 nm absorption maximum. Afterwards, the resulting foil 

was taken out of the silica mold and dried in a vacuum oven (40 °C, 10 mbar) 

overnight. 

Synthesis of PHU networks TP5 and TP6 

140 mg (486 µmol, 1.00 equiv.) of the urethane monomer UR9, 53.3 µL (64.5 mg, 

162 µmol, 0.333 equiv.) of trimethylolpropane tris(3-mercaptopropionate) T4, and 

0.500 equiv. of the dithiol T1 or T6 (see Figure 75) were dissolved in 0.7 mL DMSO 

(0.7 M). To the solution, 1 wt% photoinitiator was added. The reaction mixture was 

poured into a silica mold and irradiated with a distance of 5 cm in bottom of a UV-

lamp of 365 nm absorption maximum. The resulting foil was left to swell in an 

excess of methanol for 15 min. Subsequently, the swelling solution was replaced 
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with pure methanol and the same procedure was repeated five times. Afterwards, 

the material was dried in a vacuum oven (40 °C, 10 mbar) overnight. 

Protection of hydroxyurethane monomer 

In a 25 mL round bottom flask, 500 mg (1.73 mmol, 1.00 equiv.) UR9 and 13.3 µL 

(16.5 mg, 86.7 µmol, 5.00 mol%) pTsOH were dissolved in 12.8 mL (10.1 g, 

173 mmol, 100 equiv.) acetone. After stirring under reflux conditions with molecular 

sieves implemented into the reflux condenser for 3 h, the product mixture was 

washed with 1 M NaOH (2 ×) and extracted with ethyl acetate (2 ×), and 1H NMR 

of the product mixture was measured (see Figure 73). 

Characterization of PHU networks 

 

 

Supplementary Figure 109. TGA diagrams of PHU networks. In DMSO and methanol as solvents. 



Experimental Section 

239 
 

 

 

Supplementary Figure 110. IR spectrum of TP1 with characteristic signals assigned. 

 

 

Supplementary Figure 111. IR spectrum of TP2 with characteristic signals assigned. 
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Supplementary Figure 112. IR spectrum of TP3c with characteristic signals assigned. 

 

 

Supplementary Figure 113. IR spectrum of TP410 with characteristic signals assigned. 
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Supplementary Figure 114. IR spectrum of TP420 with characteristic signals assigned. 

 

 

Supplementary Figure 115. IR spectrum of TP440 with characteristic signals assigned. 
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7. APPENDIX 

7.1. List of abbreviations 

AE    Atom economy 

ATR    Attenuated total reflection 

Bu    Butyl- 

BV    Baeyer-Villiger 

CAN    Covalent adaptable network 

cEF    Complete E-Factor 

COSY    Correlated spectroscopy 

DBN    1,5-Diazabicyclo[4.3.0]non-5-ene 

DBU    1,8-Diazabicyclo[5.4.0]undec-7-ene 

DCM    Dichloromethane 

DMC    Dimethyl carbonate 

DMF    Dimethyl formamide 

DMPA    2,2-Dimethoxy-2-phenylacetophenone 

DMSO   Dimethyl sulfoxide 

DSC    Differential Scanning Calorimetry 

EBCC    Erythritol bis(cyclic carbonate) 

εCL    ε-Caprolactone 

E-Factor   Environmental factor 

ESI    Electrospray ionization 

Et    Ethyl- 

FA    Fatty acid 

FAME    Fatty acid methyl ester 

FID    Flame ionization detector 

FT-IR    Fourier-transformation infrared 

GC    Gas chromatography 

LBCC    Limonene bis(cyclic carbonate) 

HDI    Hexamethylene diisocyanate 

HMBC    Heteronuclear multiple bond correlation  

HRMS    High resolution mass spectrometry 
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HSQC    Heteronuclear single quantum coherence 

IPDI    Isophorone diisocyanate 

mCPBA   meta-chloroperoxybenzoic acid 

MDI    Methylene diphenyl diisocyanate 

Me    Methyl- 

NBS    N-bromo succinimide 

NIPU    Non-isocyanate polyurethane 

NMR    Nuclear magnetic resonance 

PBS    Poly(butylene succinate)  

PBSA    Poly(butylene succinate adipate) 

PBT    Polybutylene terephthalate 

PCL    Poly(ε-caprolactone) 

PEG    Polyethylene glycol 

PET    Polyethylene terephthalate 

PHU    Poly(hydroxyurethane) 

PLA    Poly(lactic acid) 

PPG    Polypropylene glycol 

pTsOH   para-toluenesulfonic acid 

PU    Polyurethane 

ROCOP   Ring-opening copolymerization 

ROP    Ring-opening polymerization 

SEC    Size exclusion chromatography 

sEF    Simple E-Factor 

TBA-    Tetra-n-butylammonium- 

TBD    1,5,7-Triazabicyclo[4.4.0]dec-5-ene 

TBO    1,4,6-Triazabicyclo[3.3.0]oct-4-ene 

TGA    Thermogravimetric analysis 

THF    Tetrahydrofuran 

TLC    Thin layer chromatography 

TMG    1,1,3,3-Tetramethylguanidine 

TPA    Terephthalic acid 

TPP    Tetraphenyl porphyrine 

UV    Ultraviolet 
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