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Abstract 

The sustainable and reasonable use of fossil resources and the utilisation of renewable 

resources is a major goal of science. This work contributes to this goal. Consequently, 

sustainability in the broader sense, as well as the renewability of the materials that were 

applied within this work were discussed. The goal of this thesis was the synthesis and 

characterisation of novel polymers that were prepared using the Biginelli-three-component 

reaction as the characteristics of multicomponent reactions correlate well with the principles 

of Sustainable Chemistry. Consequently, the synthesis and characterisation of novel 

renewable polymers using the Biginelli-three-component reaction was investigated 

following three different approaches.  

In the first approach, the Biginelli-three-component reaction was applied for the efficient 

synthesis of a set of novel renewable polycondensates significantly expanding the known 

set of components for the Biginelli polycondensation. The structure-property relations of 

the resulting Biginelli polycondensates was evaluated verifying that the Biginelli 

polycondensates offer, overall, high glass transition temperatures. The glass transition 

temperature was tunable in 15°C steps by a simple variation of the applied components.  

In the second approach, the end group functionalisation of Biginelli polycondensates 

was investigated for the first time to allow for the synthesis of block copolymers by 

polymer-polymer coupling. Hence, a terminal double bond was introduced as end group of 

the Biginelli polycondensate. Coupling was realised via thiol-ene reaction of the Biginelli 

polyconensate with a polymer equipped with thiol end group. The thermal properties of the 

resulting block copolymers were investigated and indicated microphase separation of the 

investigated block copolymers.  

The third approach covered the post-polymerisation modification of renewable polymers 

that were equipped with acetoacetate groups in their pendant groups via the Biginelli-three-

component reaction. The synthesis of renewable vinyl ester monomers and one methacrylate 

monomer that were equipped with an acetoacetate group was investigated. Subsequently, 

the RAFT radical polymerisation of these monomers was investigated. While the vinyl ester 

monomers showed strong polymerisation inhibition, RAFT polymers of the methacrylate 

monomer were obtained. Consequently, the possibility for chain extension and the synthesis 



 

 

of block copolymers was shown. Furthermore, the resulting polymers were efficiently 

modified via the Biginelli-three-component reaction and there thermal propterties were 

determined. 



 

 

Zusammenfassung 

Der nachhaltige und verantwortungsbewusste Einsatz fossiler Rohstoffe und die 

Verwendung nachwachsender Rohstoffe ist eines der Hauptziele der Chemie und 

verwandter Fachgebiete. Die in dieser Arbeit dargelegten Forschungsergebnisse tragen zu 

diesem Ziel bei. Daher wurde Nachhaltigkeit im Allgemeinen besprochen und die 

erneuerbare Synthese der in dieser Arbeit verwendeten Verbindungen diskutiert. Ziel der 

Arbeit war es, neuartige und nachwachsende Polymere mit Hilfe der der Biginelli-Drei-

Komponenten-Reaktion herzustellen, da die typischen Eigenschaften von 

Multikomponenten-Reaktionen gut mit den Prinzipien der Nachhaltigkeit korrelieren. 

Dabei wurden drei verschiedene Ansätze verfolgt.  

Der erste Ansatz beschäftigte sich mit der effizienten Synthese einer Bibliothek von 

neuartigen Biginelli-Polykondensaten. Dabei wurde die Gesamtheit der für die Biginelli-

Polykondensation bekannten Komponenten deutlich erweitert. Die Struktur-

Eigenschaftsbeziehungen der erhaltenen Polykondensate wurden untersucht. Die 

erwarteterweise hohen Glasübergangstemperaturen konnten in 15°C-Schritten durch eine 

einfache Variation der verwendeten Edukte eingestellt werden. 

Der zweite Ansatz beschäftigte sich mit der Endgruppenfunktionalisierung von 

Biginelli-Polykondensaten, um die Synthese von Blockkopolymeren durch Polymer-

Polymer-Kopplung zu ermöglichen. Zum ersten Mal wurden Biginelli-Polykondensate mit 

einer definierten Endgruppe dargestellt. Die eingeführte terminale Doppelbindung wurde 

verwendet, um den Biginelli-Block mit einem Polymer, das eine Thiol-Endgruppe trug, 

mittels Thiol-En-Reaktion zu koppeln. Die Untersuchung der thermischen Eigenschaften 

der erhaltenen Blockkopolymere deuteten auf eine Mikrophasenseparation im Material hin. 

Der dritte Ansatz war die Modifikation erneuerbarer Polymere mittels Biginelli-Drei-

Komponenten Reaktion. Dazu wurden erneuerbare Vinylester-Monomere und ein 

Methacrylat-Monomer, die über eine Acetoacetat-Gruppe verfügten, dargestellt. 

Darauffolgend wurde die radikalische Polymerisation dieser Monomere untersucht. 

Während die Polymerisation der Vinylester-Monomer stark inhibiert war, so konnte das 

Methacrylat problemlos in einer RAFT-Polymerisation umgesetzt werden. Nachfolgend, 

wurde die Möglichkeit der Kettenverlängerung, sowie der Synthese von Blockkopolymeren 



 

 

aufgezeigt. Zu guter Letzt wurden die erhaltenen Homopolymere über ihre Acetoacetat-

Gruppen effizient mittels Biginelli-Drei-Komponenten Reaktion modifiziert und die 

thermischen Eigenschaften der Produkte wurden untersucht. 
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1 Introduction 

Worldwide, one of the most important resources is petroleum. Since mankind has begun 

to use fossil resources in great quantities in the 19th century, the scientific and technological 

understanding has grown rapidly.[1] At the same time, the demand for petroleum never 

stopped rising due to the growth of the worldwide population and the advancing living 

conditions. The global energy supply depends, besides coal and gas, primarily on mineral 

oil.[2] Apart from being the world’s main energy resource, petroleum is also the prime raw 

material for the chemical and polymer industry. It is converted into essential platform 

molecules using petrochemical processes. These are cheap and high-volume starting 

materials that lead to all kinds of organic molecules, from bulk chemicals to highly 

specialised pharmaceuticals and a manifold of different polymers.[3] Especially polymer 

materials are ubiquitous in large quantities in our everyday life from clothing to electronics 

and packaging to construction materials as it becomes apparent from the annual worldwide 

production of polymers of 322 million tons (as of 2015).[4]  

However, the stock of fossil resources is finite and will possibly face a shortage 

according to an estimation of the Bundesanstalt für Geowissenschaften und Rohstoffe 

(BGR). Although there are sufficient oil reserves left, it is technically demanding and 

economically not profitable to produce petroleum from the remaining sources, at least at the 

current technological level.[2] Furthermore, the increasing depletion of fossil resources has 

been accompanied by a drastic increase of environmental pollution due the production 

processes itself but also due to the disposal of the respective products after their use. A 

prominent example is the accumulation of microplastics in every area of our environment. 

Thus, the sustainable and reasonable use of fossil resources and the utilisation of renewable 

resources for the production of chemical products as well as proper recycling is inevitable 

and should be a major goal of our (scientific) society. 

This thesis is dedicated to adding to this goal by extending the current knowledge on 

polymer synthesis from renewable starting materials and by investigating the synthesis and 

the characteristics of novel renewable polymer structures. 
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2 Theoretical Background 

2.1 Green and Sustainable Chemistry – A Brief Historical Summary 

The field of Green and Sustainable Chemistry had its starting point in the early 1980s 

with the appointment of the World Commission for Environment and Development whose 

goal was to evaluate environmental issues and to propose solutions.[5] Until then, the main 

focus of interest had been the economical development of the industry while environmental 

problems were usually addressed without consideration of their source.[6] In the resulting 

Brundtland Report in 1987, a first definition for a sustainable development was given.[7] A 

development was considered sustainable if it guaranteed “that it meets the needs of the 

present without compromising the ability of future generations to meet their own needs”[7] 

and if “population size and growth are in harmony with the changing productive potential 

of the ecosystem”.[7] Thus, sustainability comprehensively covers and discusses 

optimisation of any perspective of human behaviour from economics, business, and 

education to agriculture, chemistry, and engineering.[8] Due to the growing environmental 

awareness, costs for energy, waste disposal, and the diminishing supplies of non-renewable 

resources increased.[9] Together with more severe pollution fines, these expense factors 

motivated the industry to evolve.[9] 

In 1990, the Pollution Prevention Act in the USA was a first step towards pollution 

prevention as a more effective strategy against environmental issues.[10] The following 

efforts were focussed on networking and exchange of information. The first symposium on 

the topic of Green Chemistry took place in 1993,[11] shortly followed by a second 

symposium in 1994.[12] While the contributors of the first symposium represented only 

institutions from the USA,[11] the second symposium consisted of international 

contributions.[12] In 1997, the Green Chemistry Institute was founded to promote a 

sustainable development and to enable the implementation of this topic into education, 

industry, and society.[13] Later, the Green Chemistry Institute joined the American Chemical 

Society to facilitate addressing international environmental issues.[13] In the meantime, 

Green Chemistry, the first journal that mainly addresses the topic of sustainability, was 
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launched with its inaugural issue in 1999.[14] The above mentioned milestones largely 

contributed to the development of a strong international network with an efficient 

infrastructure for communication and exchange of knowledge as well as the promotion of 

the necessity for a sustainable future. 

Indeed, the interest of scientists, the industry, and the society in general, in a more 

sustainable chemistry has increased during the following years until today. A clear indicator 

has been the strong relative increase of publications with the topic of sustainable chemistry 

from 1990 to 2019 compared to the total number of chemistry related publications (Figure 

2.1). The difference between the number of search results in SciFinder® versus Scopus® 

might arise from the different coverage of chemistry related topics. SciFinder® is indeed 

reported to have a broader coverage of natural sciences, especially chemistry, compared to 

Scopus®.[15] 
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Figure 2.1 Visualization of the increase of publications related to the topic of “Sustainable Chemistry” from 

1990 to 2019 relative to publications regarding the topic “chemistry” as a benchmark for the growing interest 

in sustainability (according to a search via SciFinder® and Scopus® on the research topic “Sustainable 

Chemistry”). 
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While there was no doubt regarding the importance of sustainability, the terminology of 

phrases like “Green Chemistry” or “Sustainable Chemistry” were not clear to begin with. 

In addition, no tools to assess sustainability had been developed yet. In the following 

sections, the current definition of important phrases are discussed and several tools and 

guidelines to assess the sustainability of chemical syntheses will be reviewed. Furthermore, 

the necessary change to renewable feedstocks to gain access to valuable platform chemicals 

from biomass will be addressed.  

2.2 Green and Sustainable Chemistry 

Since the potential risk arising from a product depends on its hazardousness and the 

exposure,[16] Anastas and Warner emphasised the design of products that are as benign as 

possible, coining the term “Green Chemistry”.[17] Thereby, exposure does not have to be 

controlled if the product and its production are not hazardous to begin with.[16] To efficiently 

lower the risk, the whole lifecycle of a product has to be assessed, addressing the intrinsic 

safety of a product on a molecular level.[18,19] Thus, the respective feedstock, the production 

process including the applied reagents and procedures, occurring intermediates, waste, 

energy demand, and energy source have to be considered.[18] In addition, the product itself 

as well as its fate after use have to be taken into account.[18] This concept of “Green 

Chemistry” was condensed into the 12 Principles of Green Chemistry (Table 2.1) as an 

appealing guideline that summarises all aspects that need to be coherently considered for an 

environmentally benign and innocuous chemical product.[17,19] Later, the 12 Principles of 

Green Engineering were published to complete the above mentioned aspects from an 

engineers point of view, e.g. by adding considerations about the design of the chemical 

plant.[20] Both sets of principles were condensed even further into the two mnemonics 

“PRODUCTIVELY”[21] and “IMPROVEMENTS”[22] to facilitate their communication.  

To conclude, Green Chemistry is focussed on synthesis and application while chemical 

policy, socioeconomic aspects, and more comprehensive pollution control and remediation 

are left aside.[8] Sustainable Chemistry, on the contrary, includes these aspects rendering it 

a guideline that strives to accommodate the demand for more environmentally friendly 
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products and production processes in the broader sense while taking legislation and 

education[8] into account to facilitate the implementation of scientific improvements and 

new technologies.[23] A descriptive and clear figure that contains all elements of Sustainable 

Chemistry was published by Anastas and Zimmerman[24] by arranging them in groups and 

periods in the way chemical elements are ordered in the periodic table of elements.  

Table 2.1 The 12 Principles of Green Chemistry published by Anastas and Warner in 1998[17] as a guideline 

for the design of chemical processes and products. 

 The 12 Principles of Green Chemistry 

1 Prevention: It is better to prevent waste than to treat or clean up waste after it is formed 

2 Atom Economy: Synthetic methods should be designed to maximise the incorporation of all 
materials used in the process into the final product. 

3 Less Hazardous Chemical Syntheses: Wherever practical, synthetic methodologies should be 
designed to use and generate substances that possess little or no toxicity to human health and 
environment. 

4 Designing Safer Chemicals: Chemical products should be designed to preserve efficacy of function 
while reducing toxicity. 

5 Safer Solvents and Auxiliaries: The use of auxiliary substances (e.g. solvents, separation agents, 
etc.) should be made unnecessary wherever possible and, innocuous when used. 

6 Design for Energy Efficiency: Energy requirements should be recognised for their environmental 
and economic impacts and should be minimised. Synthetic methods should be conducted at ambient 
temperature and pressure. 

7 Use of Renewable Feedstocks: A raw material or feedstock should be renewable rather than 
depleting wherever technically and economically practicable. 

8 Reduce Derivatives: Unnecessary derivatisation (blocking group, protection/deprotection, 
temporary physical/chemical modification processes) should be avoided whenever possible. 

9 Catalysis: Catalytic reagents (as selective as possible) are superior to stoichiometric reagents. 

10 Design for Degradation: Chemical products should be designed so that at the end of function they 
do not persist in the environment and break down into innocuous degradation products. 

11 Real-Time Analysis: Analytical methodologies need to be further developed to allow for real-time 
in process monitoring and control prior to the formation of hazardous substances. 

12 Inherently Safer Chemistry: Substances and the form of a substance used in a chemical process 
should be chosen as to minimise the potential for chemical accidents, including releases, explosions, 
and fires. 
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2.3 Tools to Assess Sustainability 

Several guidelines and tools were published to evaluate the sustainability, to increase 

the efficiency, and to lower the waste production of a synthesis protocol. Each covers a 

specific aspect of the synthetic procedure comprising advantages and disadvantages. The 

book Paradigms in Green Chemistry and Technology[25] provides a good overview over the 

different available metrics. In the following sections, the most important and practical 

guidelines and metrics will be addressed.  

2.3.1 Metrics to Optimise the Mass Balance of a Reaction 

To evaluate the efficiency of a chemical reaction, it is possible to consider the mass of 

the product molecule/s relative to the sum of the masses of all starting materials.[26] The 

method is based on the reaction equation and the stoichiometry.[27] The resulting quotient is 

called atom economy (EA) and depends on molecular weight (M) and the stoichiometry 

coefficients a and b. It was first suggested by Trost in 1991 (Equation (1)).[26] 

�� = ������(	
��
��)
������(���
���� ����
���)                                           (1) 

Thus, perfect economy means AE = 1 whereas AE = 0 means that none of the starting 

materials is reacting towards the formation of the product. Any starting material which is 

(partially) incorporated into the product/s is considered.[27] As a consequence, catalysts and 

any excess of a starting material are not considered in the calculation.[27] Moreover, 

inorganic reagents are ignored.[27] 

 

Scheme 2.1 Generic reaction scheme of a linear stepwise reaction: xi refer to stoichiometric coefficients of 

the intermediate C which is not part of the calculation of AE. 
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The calculation of AE for stepwise linear (Scheme 2.1) or convergent syntheses was 

reported as well.[27] For reaction sequences of any complexity, a general expression for the 

calculation of AE was introduced in 2004.[28] Intermediates are ignored, while additional 

substances that are used to convert the intermediates are added as reagents in the 

calculation.[27] This is exemplarily shown for a generic linear reaction (Scheme 2.1) from a 

starting material A to product E over the intermediate C (Equation (2)).  

�� = ���(�)
���(�) + ���(�) + ���( )                                               (2) 

While being a simple and quick evaluation tool, AE is defined by the exact chemical 

reaction. Thus, the actual yield, substoichiometric as well as hyperstoichiometric reagents, 

solvents, additives, or auxiliaries are not included.[25] The removal of these limitations is 

possible if experimental equivalents instead of stoichiometric factors are applied and the 

inorganic components are added to the reaction equation. A composite metric that contains 

the reaction yield, hyperstoichiometric substances together with the recovered fraction of 

the excess was defined partly covering the limitations of AE.[29] This metric is called global 

reaction mass efficiency (RMEglobal) (Equation (3)) and depends on the yield (ε), a 

stoichiometric factor (α), and an elaborate recovered material factor (β), with a value 

between 0 and 1 (Equation (4)).[25,29]  

"�#$%&'(% = )(��) *
+                                                              (3) 

+ = 1 + ����(�-���� ���� �. 
�������)
�/�/(����ℎ�����
�� ���� �. 
�������)                              (4) 

Just like AE, RMFglobal ranges between 0 and 1. If a reagent is used in excess, α is larger 

than 1 and RMFglobal is directly attenuated.[29] Moreover, RMFglobal equals ε(AE) if excess 

mass, solvent, additive, or auxiliary is recovered after the reaction.[29] 

The focus for the above metrics lies on the formation of the reaction product, whereas 

waste production is implicitly included. In contrast, the environmental impact factor (E), 
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introduced by Sheldon in 1992,[30] explicitly describes the ratio of the masses of waste to 

product (Equation (5)).[5,30] 

� = �(2����)
�(	
��
��)                                                                (5) 

As a consequence, E = 0 for an ideal reaction, in which no waste is produced. E accounts 

for reaction yield, catalysts, hyperstoichiometric reagents, solvents, and auxiliaries used 

during the synthesis and purification steps.[5] However, water is not included in the 

calculation as Sheldon states that extraordinarily high E-factors, that would arise from the 

inclusion of waste water for many processes, would hamper the comparability of 

processes.[5] This is one of the biggest downsides of this metric since waste water 

remediation is complex and highly energy consuming[31,32] and thus strongly affects the 

environmental impact. Current definitions of E include waste water as well.[5,33] Moreover, 

E is defined more precisely with distinct summands for each part of the total waste mass 

(side products ma,i, excess mass of reagents mb,j, mass of auxiliaries mc,k, and the recycled 

mass md,l) (Equation (6)).[34] Sometimes, the energy demand is added as the mass of the CO2 

that is formed during the energy production as well.[35] 

� = ∑ [�(,��,/,7,% + �',/ + �8,7 − �:,%]
∑ �<< (	
��
��)                                                 (6) 

The E-factor is often applied for industrial processes and strongly depends on the respective 

industrial sector (Table 2.2).[25,36] For well established processes for which most products 

are valuable, the E-factor is expectedly low (e.g. oil refinery: E = 0.1).[36] In contrast, 

processes for fine chemicals or pharmaceuticals produce significant amounts of waste and 

thus have higher E-factors.[36] However, the total amount of waste produced by a certain 

sector depends on the total production. As a consequence, the oil refinery is still producing 

at least ten times more waste than other industrial sectors (Table 2.2).[25] 
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Table 2.2 Annual production, accumulated waste and E-factors of four industrial sectors.[25,36] 

Industrial Sector Production [t∙a-1] Waste [t∙a-1] E-factor 

Oil Refinery 106 – 108 106 0.1 

Bulk Chemicals 104 – 106 105 1 – 5 

Fine Chemicals  102 – 104 104 5 – 50 

Pharmaceuticals 10 – 103 103 25 – 100 

 

A similar mass metric is the process mass intensity (PMI).[37] It is defined as the ratio of 

the mass of materials needed to produce a specific mass of a product and the mass of the 

product (Equation (7)).[37] The mass of materials needed consists of the waste and the 

product mass.[37] Thus, the PMI is rewritten using the expression for the E-factor plus one 

which is basically the revenue that the process generates (Equation (8)).[37]  

>�? = ∑ ��(����
���)�
∑ �/(	
��
��)/

                                                        (7) 

>�? = ∑ ��(2����)�,/ + �/(	
��
��)
∑ �/(	
��
��)/

= � + 1                                  (8) 

2.3.2 Metrics to Assess the Environmental Impact of a Process 

While the above discussed metrics cover the in- and output of materials of a chemical 

process, the hazardousness of the respective materials is not considered. Therefore, the 

effective mass yield (EMY) was proposed in 1999 by Hudlicky and coworkers as a first 

definition of a mass metric that accounts for the hazard potential of a process.[38] It is defined 

as the ratio of the mass of the product to the mass of hazardous waste.[38] However, this 

leaves any impact of non-hazardous waste apart.  

The Environmental Assessment Tool for Organic Synthesis incorporates a more 

comprehensive approach.[39] To separately account for starting materials, waste and 
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products, two environmental impact factors, EIin and EIout, are calculated using the above 

described metrics PMI and E, respectively (Equations (9) and (10)).[39] The environmental 

impact is included via the specific potential environmental impact factors, Qin and Qout,1 in 

units of potential environmental impact (PEI) per kilogram.[39] Qin is a sum of two Qi,in, 

containing the resource requirements and hazard potential of the starting materials.[39] Qout 

is a sum of eleven Qj,out, containing toxicity, the influence on the ozone layer and the global 

climate, the tendency to degrade or accumulate in the environment and the ability to acidify 

soil and water.[39] The necessary data for the evaluation is taken from readily accessible 

sources like safety data sheets.[40] A small EIin and EIout are desirable and indicate more 

sustainable processes. 

�?�< = >�? ∙ C�< = ∑ C�,�<� ∙ ��(����
���)
∑ �/(	
��
��)/

                                    (9) 

�?&EF = � ∙ C&EF = ∑ C/,&EF/ ∙ �/(2����)
∑ �7(	
��
��)7

                                   (10) 

Another tool to quickly assess the environmental impact of a process is the 

semiquantitative EcoScale.[41] The software calculates a score between 0 (worst) and 100 

(best) based on six parameters: yield, price of components, safety, technical setup, 

temperature and reaction time, and workup and purification.[41] For each parameter, a certain 

number of penalty points Pi is given depending on the process.[41] The score is subsequently 

calculated (Equation (11)) by subtracting penalty points from the highest score of 100, 

whereas a score below 50 indicates insufficient reaction conditions or an insufficient 

reaction path.[41]  

���H���� = 100 − I >��
                                                    (11) 

The parameters of the EcoScale are comprehensive and provide a broad overview of the 

sustainability of a chemical process. However, the relative importance of the parameters 

 

1For detailed information on the calculation of Qin and Qout, please refer to Eissen.[40]. 
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change depending on the scale of the reaction.[41] While, e.g., few restrictions on the use of 

chemicals exist on the laboratory scale and the cost of reagents is of minor importance, such 

chemicals are likely to be banned from an industrial process due to low profit or legal 

restrictions.[41] Moreover, the amount of penalty points given is based on intuition and 

experience rendering the EcoScale a flexible[41] but inaccurate tool. 

2.3.3 Metrics to Assess the Energy Demand of a Process 

Except for the EcoScale, in which the energy demand is implicitly included via reaction 

conditions and the applied apparatuses,[41] most of the above discussed metrics do not 

include the energy demand of a process. The E-factor, however, is completed by inclusion 

of the CO2 that was generated during the production of the needed amount of energy, as 

waste.[35] Indeed, the E-factors including the energy demand were approximately a factor of 

35 higher compared to the traditional E-factors for the investigated microbial enzyme 

syntheses.[35] Hence, it is of great importance to evaluate the energy demand and the energy 

source in order to correctly compare different processes.  

Two similar metrics that assess the energy demand of a process are the energy efficiency 

(EE) (Equation (12))[25] and the specific productivity (sP) (Equation (13)).[42] Both are 

fractions giving the amount of product relative to the energy consumption, however the used 

units differ. 

�J = ∑ ��(	
��
��)�
∑ �//

 [K�
KL ]                                                   (12) 

�> = ∑ ��(	
��
��)�
∑ �//

 [ ���
KMℎ]                                                 (13) 

Each of the discussed metrics comprise advantages and limitations that determine their 

individual applicability (Table 2.3). The combination of different metrics that compensate 

for each other’s downsides allow for comprehensive assessments. 
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Table 2.3 Comparison of prominent Green Chemistry metrics. 

metric information  limitation/s 

AE 
weight fraction of starting 
material/s incorporated in 

product/s 

exclusion of reagents, excess, yield, 
hazard potential, and energy demand 

RMFglobal exclusion of reagents, hazard 
potential, and energy demand 

E mass of waste relative to product exclusion of waste water, hazard 
potential, and energy demand 

PMI mass of used materials relative to 
product 

exclusion of hazard potential and 
energy demand 

EI E and PMI adapted by an 
environmental factor 

semi-quantitative, availability of 
data often difficult 

EcoScale comprehensive evaluation of a 
process 

qualitative estimation 

EE, sP amount of energy needed relative 
to product mass 

any energy needed besides the 
production process is neglected 

 

A comprehensive approach to determine the sustainability of a product is the Life Cycle 

Assessment (LCA).[43,25] The concept of a comprehensive method to evaluate the 

environmental effects of products and services was simultaneously developed in Europe and 

the USA.[44] During the early stages in the late 1960s,[44] the focus of LCA was on the 

conservation of resources and energy.[43] However, the approach was quickly adapted by 

the Society of Environmental Chemistry and Toxicology (SETAC)[45] and the International 

Organization for Standardization (ISO)[46–48] to provide a profound insight of a process. A 

profound review and application guide of the LCA is provided in the “Handbook on Live 

Cycle Assessment”.[49] 

A complete LCA consists of four mains steps: definition of goal and scope, inventory 

analysis, impact assessment, and interpretation of the former results (Scheme 2.2).[43] In the 

first step, which system is to be assessed and why the analysis is conducted is defined.[43] 

This includes, besides other elements, the definition of the system to elaborate limitations, 
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the definition of the audience the study will be addressed to as well as a peer review.[43] In 

addition, the elements of the LCA that are needed to reach the defined goal are chosen since 

data acquisition is costly and time consuming while parts of the LCA are often sufficient.[43] 

The inventory analysis lists the calculated mass and energy flows of the product during its 

whole life cycle from the production of raw materials through the use of the product to the 

waste removal or possibly recycling and reuse.[43] The impact assessment, evaluates the 

results of the inventory analysis in terms of environmental aspects,[43] which are summarised 

in two categories: input- and output- related aspects.[50] The quantified data is subsequently 

analysed to pinpoint the main issues[43,25] and is connected to results of assessment tools 

with another focus (e.g. finance, or safety) to complete the evaluation.[51]  

 

Scheme 2.2 The four parts of a complete Life Cycle Assessment; data is continuously updated and interpreted 

allowing for an efficient adaptation of the sections.[49] 

As stated above, such thorough analyses are not always feasible or necessary. For such 

cases, protocols for a simplified LCA (SLCA) are available.[51] Furthermore, if the 

development of a process is in an early stage, SLCA is a valuable tool to avoid false 

decisions[49] and to readily screen for the most crucial economical aspects.[52] The LCA is 

simplified in various ways depending on the assessed process.[53] For example, the actual 

compounds are substituted with similar substances for which the necessary data is directly 

available[25] or complex parameters are substituted with similar parameters with better 

accessibility.[52]  
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While the topic of sustainable chemistry contains many different aspects, some are of 

greater importance than others. In accordance to the 24 Principles of Green Chemistry and 

Green Engineering, [22] two main issues are the amount and hazard of the generated waste 

as well as the origin of the used resources. These two aspects will be further discussed in 

the following chapters. 

2.4 How to Address the Waste Problem? 

The chemical industry is producing more than 106 t of toxic waste every year,[36] 

consisting of side products, auxiliaries, and solvents, besides others. The E-factors of the 

production of bulk chemicals are sufficiently lower compared to the E-factors of fine 

chemical production or pharmaceutical synthesis.[36] Thus, the latter sectors show greater 

potential to lower their relative waste production and the respective environmental impact. 

As an example, the total mass of materials that is applied for pharmaceutical syntheses, 

consists of 56% of the mass of solvents,[37] rendering solvents an important factor to increase 

sustainability. Additionally, the applied solvents contribute to 60% of the total energy 

consumption and to 50% of the greenhouse gas emissions that are formed during the post-

treatment of the chemical waste.[54,55] As a consequence, the design of new efficient reaction 

pathways as well as the search for less hazardous and sustainable solvents is crucial and has 

become a major scientific research topic in the field of sustainable chemistry. The 

improvement of reaction pathways is aided by above mentioned metrics whereas solvent 

selection guides highlight potential downsides of a specific solvent and provide more 

sustainable alternatives.[54]  

2.4.1 Efficient Reaction Design 

The careful design of chemical syntheses and the respective products is necessary to 

prevent adverse consequences, environmentally and economically.[19] Many processes have 

been reassessed and improved after sustainability has become a crucial part of production 

design.[19] The industrial synthesis of oxirane 3 impressively shows how an innovative 
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reaction design, in which a new catalytic system is applied instead of stoichiometric 

reagents, increases the sustainability and efficiency of a process (Scheme 2.3).  

 

Scheme 2.3 Industrial oxirane production methods: traditional route over 2-chloroethanol and subsequent 

elimination of hydrogen chloride, improved route via direct oxidation of ethene.[56,57] 

The traditional route is a two-step process:[56] synthesis of 2-chloroethanol 2 from 

ethylene 1 and hypochlorous acid (in situ formed from water and chlorine ) is followed by 

the elimination of hydrogen chloride using Ca(OH)2. The E-factor of this synthesis route is 

5 and does not include the amount of waste water.[19] The corresponding AE of 0.29 shows 

that less than a third of the used mass is incorporated in oxirane. In the current process, 1 is 

directly oxidized to 3 with molecular oxygen or air using a supported silver catalyst[57] 

resulting in an E-factor of 0.3.[19] The improvement of the production process consequently 

led to an annual waste reduction from 70.5∙106 t to 4.5∙106 t at an annual oxirane production 

of 15∙106 t (in 2011).[57] In addition, the theoretical AE is 1 according to the reaction equation 

(Scheme 2.3). However, only molecular oxygen is oxidizing 1 to 3. The remaining atomic 

oxygen leads to total oxidation of another ethylene molecule to water and CO2.[58] In 
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addition, small fractions of formaldehyde and acetaldehyde are formed.[59] Thus, the actual 

atom economy is lower than 1 if any side reactions are considered. Nonetheless, the oxirane 

process was substantially improved.  

The improvement of the oxiran process impressively shows the impact of an efficiently 

designed synthesis and purification routine on the resulting waste production on the 

industrial scale. However, many synthesis procedures that are currently considered as 

optimised rely on solvents during at least one synthetic step. As a consequence, the 

substitution of currently used solvents with more sustainable alternatives further reduces the 

environmental impact. 

2.4.2 Sustainable Solvents 

As stated above, solvents largely contribute to the amount of waste that is produced by 

the chemical industry. Therefore, it is necessary to find replacements for conventional 

solvents. To subsume the challenges that must be met on the search for sustainable solvents, 

JESSOP[60] published The Four Challenges of Green Solvents (Figure 2.2). First, the 

available sustainable solvents need to cover the whole spectrum of possible solvent 

properties, otherwise the prerequisite for a substitution is not met.[60] Second, simple 

methods to evaluate whether a solvent is sustainable are necessary.[60] Typically, the energy 

demand for the manufacturing, the energy recovery via recycling or incineration, and the 

impact on health and environment are assessed.[61] Polar aprotic solvents are especially 

useful in chemical synthesis due to their ability to dissolve organic substances and salts.[62,60] 

However, their distillation is energy demanding and extraction with water causes waste 

which is difficult to separate and not suited for incineration.[61,62] Thus, the third challenge 

is to find new polar aprotic solvents that are easier to separate and recycle.[60] The fourth 

challenge is the general avoidance of distillation whenever possible.[60]  
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Figure 2.2 The Four Challenges of Green Solvents.[60] 

If the application of solvents is necessary, the substitution with a more sustainable 

solvent is usually a compromise since economical criteria and criteria for sustainability have 

to be considered.[63] Various pharmaceutical companies published solvent selection 

guides[61,64–66] that follow similar principles. Moreover, the Innovative Medicines Initiative 

provides a review[67] that summarizes and compares those guides and provides a simple 

comparative overview of available solvents. The assessed solvents are categorized as 

recommended (green), problematic (yellow), hazardous (red), or highly hazardous (red) 

taking safety, health, and environmental impact into account.[67] The assessment uses the 

Globally Harmonised System of Classification and Labelling of Chemicals (GHS) and 

physical data of the solvents.[67] Thus, only rudimentary information was used for the 

evaluation, allowing only for a rough estimation of solvent sustainability that has to be 

applied with care and relative to one another.  
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Moreover, the environmental hazard does not include information like energy demand 

for production, recycling and disposal of a solvent, renewability, and more precise reports 

on toxicity towards different ecosystems. As an example, water cannot be considered a 

green solvent if the energy demand for the waste water treatment is taken into account.[68] 

An excerpt containing the categorisation of 18 common solvents is depicted in Table 2.4.  

Besides renewable and fossil based classical solvents, new solvent classes have been 

developed as sustainable substitutes.[69] Popular examples include ionic liquids and deep 

eutectic solvents, as well as switchable solvents systems.[69]  

Ionic liquids are organic salts with melting temperatures (Tm) below 100°C.[70] The 

typically bulky, unsymmetric organic cations and organic or inorganic anions hinder 

crystallization which results in a low Tm of the salt.[71] Common ionic liquids are composed 

of quaternary ammonium cations or tetraalkylphosphonium cations and anions like halides, 

nitrate, tetrafluoroborate, hexafluorophosphate or chloroaluminates(III) (Figure 2.3).[72] 
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Table 2.4 Categorisation of 18 common solvents according to their safety and impact on health and 

environment as recommended (green), problematic (yellow), and hazardous/highly hazardous (red).[67]  

entry solvent family solvent category 

1 water water 

recommended 

2 

alcohols 

methanol 

3 ethanol 

4 ethylene glycol 

5 
ketones 

acetone 

6 methyl ethyl ketone 

7 esters ethyl acetate 

8 

ethers 

diethyl ether highly hazardous 

9 methyl tert-butyl ether hazardous 

10 tetrahydrofuran 

problematic 
11 methyl tetrahydrofuran 

12 
hydrocarbons 

cyclo-hexane 

13 toluene 

14 
halogenated 

dichloromethane hazardous 

15 chloroform highly hazardous 

16 

polar aprotic 

acetonitrile problematic 

17 dimethylformamide hazardous 

18 dimethyl sulfoxide problematic 
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Figure 2.3 Popular cations (left) and anions (right) used in ionic liquid compositions: pyrrolidinium 4, 

pyridinium 5, imidazolium 6, ammonium 7, and tetraalkylphosphonium 8, as well as hexafluorophosphate 9, 

tetrachloroaluminate 10, tetrafluoroborate 11, chloride, and bromide.[72,71] 

Ionic liquids feature beneficial properties, such as negligible vapour pressure and 

flammability, high thermal stability,[73] they dissolve a large range of compounds, and their 

synthesis from renewable resources is possible.[74] In addition, the option to customise the 

ion structures[75] allows for tailormade properties including biodegradability and lowered 

toxicity.[76] However, ionic liquids and the resulting metabolites are typically harmful to the 

environment.[77] The extent of the toxicity depends strongly on the chemical structure of the 

ionic liquid and the observed trophic level.2[77] Another downside of ionic liquids is the 

limited recyclability. Due to the high boiling points, distillation is challenging as 

temperatures above 150°C and pressures below 5 mbar are needed.[79] Other purification 

methodologies, such as liquid-liquid extraction with supercritical CO2,[80] nanofiltration,[81] 

and melt crystallisation,[82,83] have been reported but lack comprehensive applicability.  

Deep eutectic solvents share many of the above noted characteristics of ionic 

liquids.[84,85] However, they comprise an eutectic mixture of a hydrogen bond acceptor and 

 

2A food cycle describes the feeding hierarchy in an ecological system. Trophic levels thereby define subgroups 
within the food cycle such as plants and algae as producers, herbivores as primary consumers and several 
following levels of carnivores.[78]. 
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a hydrogen bond donor (Figure 2.4).[84] As a consequence, the intermolecular interactions 

in deep eutectic solvents contain a large contribution of hydrogen bonding while in ionic 

liquids ionic interactions dominate. Typical hydrogen bond acceptors are quaternary 

ammonium salts (e.g. choline chloride (12)). Prominent donors are saccharides (e.g. 

glucose), or organic acids (e.g. citric acid (15)) urea derivatives, or alcohols.[84,85] 

 

Figure 2.4 Popular hydrogen bond acceptors used for deep eutectic solvents are choline chloride (12) or 

trimethyl glycine (13), popular donors are lactic acid (14) or citric acid (15) 

Since some of these starting materials are readily available from biomass, deep eutectic 

solvents are usually cheaper than ionic liquids while being of particular interest in terms of 

sustainability.[71,85,86] Furthermore, the solvent production comprises simple mixing of the 

respective compounds instead of chemical synthesis.[84] On the contrary, deep eutectic 

solvents are not as inert as ionic liquids.[84] 

Switchable solvents are defined as solvent systems with triggered property changes. The 

most common triggers are temperature changes[87] and the chemical reaction with gases such 

as CO2.[88] CO2-switchable solvents are of major interest to the scientific community as CO2 

is not only non-toxic, cheap, and produces no additional waste but the switching is simple 

as well: the solvents are switched by passing through CO2 and are readily reverted by 

heating, sonication, or purging with another gas.[69]  
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Switchable solvents are categorised according to the respective property change and the 

composition (Scheme 2.4). Switchable polarity solvents (i.) are monophasic equimolar 

mixtures of a nucleophilic solvent (e.g. alcohol, amine) and typically a nitrogenous base that 

form an ionic liquid if CO2 is added to the system.[89,90] Switchable hydrophilicity solvents 

(ii.) comprise biphasic systems with an aqueous layer and a hydrophobic phase 

(hydrophobic nitrogen compounds).[91,92] Introduction of CO2 leads to the formation of 

carbonic acid which protonates the nitrogen compound under the formation of a single ionic 

phase,[91] while the polarity change is larger compared to switchable polarity solvents.[93] 

Switchable water (iii.) is a monophasic mixture of water and a water miscible nitrogen 

species.[94] The addition of CO2 leads to the same ion formation as for switchable 

hydrophobicity solvents but the solvent mixture increases the ionic strength rather than the 

polarity.[94] 

 

Scheme 2.4 Three types of switchable solvent systems using CO2 as trigger: i. switchable polarity solvent, ii. 

switchable hydrophilicity solvent, iii. switchable water.  

Thus, switchable solvents combine solvation power and enhanced recyclability. As a 

consequence, switchable solvents are of manifold interest e.g. for extraction procedures to 

recover or purify different materials or as potent solvents for organic syntheses and catalysis 

with enhanced recyclability of catalysts and reagents.[91,92,95–97] 
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Within chapter 2.4, reaction design and solvent sustainability and their impact on waste 

generation were described. The thorough design of a reaction/production process allows to 

find the most efficient and sustainable route towards a product. However, hazardous waste 

is in many cases not completely avoidable, especially the application of solvents. Hence, 

more sustainable solvents have the potential to largely contribute to the environmental 

impact of the chemical industry and chemistry overall.  

Besides, the resource of which a chemical is derived from is largely contributing to its 

environmental impact. Biorefineries strive to produce important platform chemicals from 

renewable sources as alternative to the time-tested oil refinery. Both, the production of oil-

analogue platform chemicals and new platform chemicals is investigated. 

2.5 Biorefinery – An Introduction 

Another crucial factor for the sustainable development of the chemical industry is the 

exploitation of renewable resources to subsequently substitute the existing oil refineries for 

which biorefineries are a promising concept. Biorefinery is defined as “sustainable 

processing of biomass into a spectrum of marketable products [...] and energyˮ[98] meaning 

that diverse feedstocks are converted into food, feed, a manifold of different organic 

molecules and materials including fuels, as well as power and heat. The development has 

mainly aimed to reduce the dependence on petroleum-based products and the reduction of 

greenhouse gases.[98,99] The main driver for biorefinery development, however, has been the 

transportation sector as large parts of the consumed crude oil is used for transportation 

purposes.[99] As an example, 68% of the total petroleum consumption of the USA was 

attributed to transportation fuels in 2019.[100]  

A problem of the biorefinery development is the current inability to economically 

compete with oil refineries.[99] With fuel being the largest contribution to oil consumption, 

the reduction of production prices for biofuels are critical.[99] A promising possibility for a 

self-dependent and economically feasible facility is the integrated biorefinery as a direct 

analogue to the oil refinery (Scheme 2.5).[101] Thus, the whole input of biomass is used and 
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converted in one plant into materials, fuels, and energy.[101] In addition, political measures 

like tax reduction or the enforcement to produce and use proportions of biomaterials and 

biofuels will help but are not able to change the need for economic feasibility on the long 

run.[98]  

 

Scheme 2.5 General concepts and comparison of traditional crude oil refinery and biorefinery: both share the 

same conceptual structure while biorefinery is designed as sustainable material cycle.[101] 

The development of self-sustaining biorefinery plants is a complex endeavour and is not 

covered within this chapter. However, additional information is available elsewhere 

regarding several subtopics as follows: classification methodologies have to be established 

for biorefinery systems to allow a comprehensive comparison of existing systems.[99,102] The 

resulting product stream has to satisfy the demand and thus has to be adjusted to it.[101,103] 

As a result, combinations of different feedstocks and processing technologies, as well as 

possible product streams have to be evaluated.[101,103] The amount of biomass needed to be 

independent of fossil resources has to be evaluated in terms of available cultivation area, 

available resources (water, nutrients, labour), and competition to the demand of food and 

feed.[104,105] 
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Instead, this chapter gives further insight into the available platform chemicals and 

describes the sustainable synthesis of frequent starting materials, some also used in this 

work. 

2.5.1 Biobased Platforms 

Platform molecules are key intermediates and serve as crosslinks between different 

biorefinery concepts. A certain platform is available from various feedstocks and via 

different methods.[99] A platform is usually a mixture of substances that depends on the 

processing and the feedstock.[98] Different platforms are usually combined in the end in 

order to allow the intended product stream.[98] Depending on the follow-up chemistry, routes 

for the synthesis of a manifold of product molecules with different added values are 

available.[99]  

A summary of biorefinery platforms is given in Table 2.5 together with usual processing 

methodologies of typical feedstocks. The different platforms are not only interconnected by 

the feedstocks applied but also by the side products that are formed during the production 

of a certain platform. Thus, it is obvious that the integrated biorefinery, as mentioned above, 

is the most promising approach towards a self-sustaining, economically feasible concept for 

a sustainable chemical industry.  
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While a lot of research is still needed in the field of biorefineries, especially in terms of 

purification and integration,[117] 803 biorefineries are already in operation throughout the 

European Union of which 177 have been integrated biorefineries (as of 2018).[118] Most 

biorefinery facilities are located in Germany and France and mainly use agricultural 

feedstocks.[118] Other major feedstock categories are forestry, short rotation crops, waste 

and marine biomass.[118] 

In recent years, extensive progress has been made in order to enable the production of 

product classes from biomass, to sustainably transform the platform molecules into value 

added products. The following chapter will highlight a few of the most important biorefinery 

platforms and the resulting product classes and products and discuss the sustainable 

synthesis.  

2.5.2 Available Biobased Product Classes 

Nowadays, a variety of biobased materials is already industrially produced on a large 

scale. For other biobased materials, a large scale production is possible but has not been 

realised yet for economic reasons.[98] Extensive lists of industrially produced biobased 

chemicals are available in a report of the International Energy Agency (IEA) of 2020[98] and 

a report of the Joint Research Centre (JRC) of the European Commission of 2019.[119]  

The possible product classes, among which are alkanes, aromatics, alcohols, aldehydes, 

ketones, acids, and amines, as well as combinations thereof, are frequently discussed 

together with different feedstocks and reaction pathways underlining the current 

importance.[98,119–123] Other publications focus on the synthesis of specific products from 

biomass.[124]  

Regarding the available biomass, lignocellulose is the most comprehensive in terms of 

available product classes based on the versatile chemical composition of the respective bio-

source and the applied extraction/modification methods. In addition, half of the biogenic 

carbon is lignocellulose.[123] In Scheme 2.6, examples of synthesis pathways to prominent 

biobased products from lignocellulosic biomass are depicted. It is apparent that a very large 
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spectrum of molecular weights, functional groups, and carbon-hydrogen-oxygen ratios are 

available allowing for a vast number of following modifications.  

 

Scheme 2.6 Considerable valorisation pathways for lignocellulose (gasification[125,126], hydrolysis[120] and 

pyrolysis[127]): the possible product spectrum covers a variety of valuable product classes. 

In the previous chapters 2.2, 2.3, and 2.4, many aspects of sustainability and methods to 

improve the sustainability of chemical reactions have been discussed. However, the 

implementation of improvements, especially for industrial scale processes, is challenging. 

The economic aspects are essentially deciding if changes towards sustainability are done. It 

does not matter how benign a process is if the resulting product/s are sold at prices that 

cannot compete with prices of competitors, the process will not be implemented. As a 

consequence, sustainable reactions/products need to be thoroughly investigated first on 

laboratory scale before an industrial implementation is considered. Furthermore, the starting 

materials need to be available at reasonable prices. Hence, the production of chemicals from 

renewable sources is strongly investigated (cf. Table 2.5, page 27) covering various product 
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classes. In the following chapter, synthesis pathways of specific compounds are discussed 

in detail. 

2.6 Non-fossil synthesis pathways for important starting materials 

To implement the use of renewable resources in the chemical industry, it is reasonable 

to directly use renewable or potentially renewable starting materials during the research for 

potential chemical products and materials. As a consequence, renewable compounds were 

used within this thesis. The following sections cover the applied compound classes and 

discuss existing and reasonable non-fossil synthesis routes for frequently used molecules.  

2.6.1 Aliphatic diols 

Aliphatic diols are widely used chemical products. As an example, the global demand 

for 1,2-ethanediol (18) was 25 million tons as of 2014.[128] They are mainly applied for the 

synthesis of polymer materials and, in case of the short C2- to C4-homologues, used as 

solvents or anti-freeze agents.[129–132] The traditional crude oil-based synthesis typically 

involves the oxidation of unsaturated or saturated cracking products.[130,132] In this work, six 

different diols, namely 1,2-ethanediol (18), 1,3-propanediol (21), 1,4-butanediol (24), 1,6-

hexanediol (24), 1,10-decanediol (34), and isosorbide (35) were used as monomer 

precursors. Hence, possible synthesis routes from renewable resources are presented. 

1,2-ethanediol (18) is often derived from ethanol (17), sorbitol (19), or glycerol, (20) as 

summarized in the literature (Scheme 2.7).[128] 17, which is typically derived from 

lignocellulose via hydrolysis and fermentation in large quantities (Scheme 2.7, path a)),[133] 

is in the first step dehydrated to ethylene (1) (Scheme 2.7, path b))[134] followed by oxidation 

yielding ethylene oxide (3) (Scheme 2.7, path c)).[57] Subsequent hydration yields 18 

(Scheme 2.7, path d)).[128,135] This method is industrially applied for example in Taiwan 

with a production capacity of 100 kt∙a−1.[128,136] 19 is obtained from cellulose via hydrolysis 

to glucose (16) and subsequent hydrogenation (Scheme 2.7, path e)).[137] The following 
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hydrogenolysis step leads to 18 with conversions between 36% and 99% and selectivities 

between 7% and 38% depending on the applied catalyst and the reaction conditions 

(Scheme 2.7, path f)).[128] Approaches for direct conversion of lignocellulosic biomass to 

19[138] or 18[139] exist as well. Noteworthy is the prevalent application of nickel catalysts, 

which are highly toxic and need to be avoided for the transition from renewability to 

sustainability.  

As an alternative to sugar-based starting materials, 20 has been used (Scheme 2.7). It is 

obtained as a side product of the biodiesel production. The transesterification of oils with 

MeOH yields different fatty acid methyl esters and 20.[140] Subsequent hydrogenolysis of 

20 leads to 18 (Scheme 2.7, path g)).[128] Conversions range between 15% and 90% with 

selectivities between 8% and 56% for 18 depending on the applied catalyst and the reaction 

conditions.[128] 

1,3-propanediol (21) is industrially produced from 16 by DuPont.[141] 16 is fermented 

via the glycolytic pathway of the used microorganism via 20 as intermediate (Scheme 2.8, 

page 33, a)).[142,143] Furthermore, the direct use of 20 as feedstock for the fermentation 

process was reported (Scheme 2.8, b)).[144] Considering the increasing production volumes 

of biodiesel over the last decade, the latter is considered to be especially profitable.[145] The 

catalytic hydrogenolysis of 20 to 21 is also possible but typically shows lower conversions 

and lower selectivity compared to the above described enzymatic reactions.[146,147] 

Moreover, temperatures above 120°C and hydrogen pressures above 40 bar are 

necessary.[147] Nonetheless, a boehmite-supported platinum nanoparticle/tungsten oxide 

catalyst was shown to reach 100% glycerol conversion at a selectivity for 21 of 66% 

(Scheme 2.8, c)).[148] 
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Scheme 2.7 Syntheses pathways for the production of 18 from the renewable platform molecules 16 or 20 

using biochemical and catalytic steps.[57,128,134,135,137,149,150] Example reactions/conditions: a) microbial 

fermentation, Saccharomyces cerevisiae, water, 35 – 45°C, 3 – 5 d, no yield reported. b) dehydration, 95 wt% 

EtOH/H2O, alumina based cat., 300 – 500°C, 1 – 2 bar, SV3 0.1 – 1 h-1, 94 – 99% yield. c) oxidation, 

2 – 10 vol% 1, alumina supported Ag, 220 – 277°C, 10 – 30 bar air, SV 2000 – 4000 h-1, 16 – 52% yield. d) 

hydration, carboxylate salts as cat., 10 mol% H2O/3, 100 – 120°C, 15 bar, 1 h, 98% yield. e) hydrogenation, 

Cu/Cr cat. on solid support, 50 wt% 16/H2O, 120 – 150°C, 70 bar H2, 2 – 4 h, no yield reported. f) 

hydrogenolysis, Ru- or Ni-based catalyst, 200 – 275°C, 40 – 270 bar H2, 20 min – 7 h, 8 – 25% yield. g) 

hydrogenolysis, Ru- or Ni-based catalyst, 120 – 230°C, 1 – 80 bar H2 or N2, 1 – 72 h, 6 – 30%. 

 

3The space velocity SV describes the throughput of a reactor in reactor volumes (Vr) per time unit. It is 
calculated by division of the flow rate V̇ by Vr. The mean turnover time τ equals the reciprocal of SV.[151] 

HN = NO
NP

= 1
Q 
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Scheme 2.8 Possible synthesis pathways for the production of 21 from the renewable platform molecules 16 

and 20 via different biochemical processes or catalytic hydrogenolysis.[142,144,146,147,152] Typical 

reactions/conditions: a) fermentation, e.g. genetically modified Escherichia coli, 0.2 wt% 16 in growth 

medium, 37°C, 1 d, 21% yield at 99% conversion. b) fermentation, genetically modified Clostridium 

acetobutylicum, 0.11 mol% 20 in growth medium, 35°C, volumetric productivity 3 g∙L−1∙h−1, 64% yield. c) 

hydrogenolysis, 0.33 M 20 in H2O, bohemite-supported Pt/W-oxide cat., 180°C, 50 bar H2, 12 h, 69% yield at 

99% conversion. 

The synthesis of renewable 1,4-butanediol (24) from succinic acid (22) was shown, 

which is mainly produced by microbial fermentation of 16 (Scheme 2.9, step a)).[153] The 

following hydrogenation of 22 to 24 is a well-established process as 24 is synthesised from 

fossil maleic anhydride-derived 22 on an industrial scale (Scheme 2.9, path b)).[154] Typical 

catalysts contain combinations of ruthenium or rhenium and a group X metal on solid 

support.[155] The mechanism towards 24, notably, has been reported to proceed via 

γ-butyrolactone (23), which forms prior to the consecutive, albeit somewhat concomitant, 

conversion to 24.[156] 
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Scheme 2.9 Industrial production pathway of 24 from renewable 22 via drop-in strategy.[153,156,157] Typical 

reactions/conditions: a) fermentation, e.g. genetically modified Escherichia coli, 40 – 100 g∙L−1 in growth 

medium, 30 – 40°C, volumetric productivity 1.1 – 3.8 g∙L−1∙h−1, 3 – 4 d, yield not given. b) hydrogenation, 

Ru/Sn catalyst on ZrO2 support, 225°C, 140 bar H2, 94% yield. 

The production of 1,6-hexanediol (28) was reported from either 20 or 

5-hydroxymethylfurfural (29). The route starting from 20 involves dehydration to acrolein 

(25) (Scheme 2.10, a)).[158] The dehydration is typically performed in the gaseous phase 

over an acidic heterogeneous catalyst in the presence of water at temperatures above 

270°C.[158] The latter readily undergoes thermal [4+2]-cycloaddition to the acrolein dimer 

(26) (Scheme 2.10, b)).[159] The subsequent hydrogenation of 26 results in mixtures of 

2-hydroxymethyltetrahydropyran (27) and 28 (Scheme 2.10, c)).[160] After separation, 27 is 

converted to 28 via heterogeneously catalysed hydrogenolysis with selectivity up to 97% 

(Scheme 2.10, d)).[160,161]  
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Scheme 2.10 Possible synthesis of 28 from the renewable 20 via subsequent catalytic reduction.[158–162] Typical 

reactions/conditions: a) dehydration, 10 wt% 20 in H2O, H3PW12O40/Nb2O5 cat., SV 420 h−1, 325°C, 92% 

yield. b) [4+2]-cycloaddition, 185 – 195°C, 45 – 75 min, up to 99% yield at 56% conversion. c) 

hydrogenation, 5 wt% 26 in MeOH, PtW/TiO2 cat., 80°C, 6.6 bar H2, 4 h, 60% yield (+27% 28). d) 

hydrogenolysis, 2 wt% 27 in water, Rh/Re-oxide on carbon support, 100°C, 80 bar H2, 24 h, 48% yield, at 

50% conversion. 

29 is an important platform molecule mainly obtained by hexose dehydration.[163] Two 

routes are established for the synthesis of 28 from 29:[164] first, the hydrogenation of 29 to 

2,5-dihydroxymethyltetrahydrofuran (30) (Scheme 2.11, path a))[165] and subsequent 

dehydrative ring-opening towards 28 (Scheme 2.11, path b)) and second, the direct 

hydrogenolysis of 29 to 28 (Scheme 2.11, path c)).[166] It was shown that the route over 30 

preferably proceeds over 1,2,6-hexanetriol (31) and 27.[167,168]  
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Scheme 2.11 Possible synthesis of 28 from the renewable 29 via subsequent catalytic reduction.[164–168] Typical 

reactions/conditions: a) hydrogenation, 0.5 M 29 in H2O, Ni–Pd/SiO2 cat., 40°C, 80 bar H2, 2 h, 96% yield. b) 

hydrogenolysis, 0.45 M 30 in water, Rh/Re-catalysts and NAFION™ SAC13, 120°C, 10 bar H2, after 1 h 80 bar, 

20 h, 86% yield. c) hydrogenolysis, 0.33 M in EtOH, Pd/ZrP, formic acid, 140°C, 21 h, 43% yield at 97% 

conversion.  

For the production of 1,10-decandiol (34), castor oil-derived sebacic acid (33) was used. 

The castor oil is usually pyrolysed at 280°C in an alkaline environment yielding 70% of 33, 

as well as 2-octanol as main side-product (Scheme 2.12, reaction a)).[169] The alkaline 

conditions promote the in situ hydrolysis of the castor oil to 20 and ricinoleic acid (32).[170] 

The latter is subsequently cleaved.[170,171] Hydrogenation of 33 or the respective methyl ester 

leads to 34.[172] 
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34
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HO
OH
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33

HO
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O

O
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32
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Scheme 2.12 Possible synthesis of 34 from renewable castor oil via pyrolysis under alkaline 

conditions.[169,170,172] Typical reactions/conditions: a) alkaline pyrolysis, mineral oil as solvent, NaOH, 280°C, 

5 h, up to 70% yield. b) hydrogenation, Ru/Pd/Pt cat., 200°C, 150 bar H2, ultrasonication, 98% yield. 

Isosorbide (35) is readily obtained by dehydration of 19 on industrial scale (Scheme 

2.13, reactions a) and b)).[173,174]  

 

Scheme 2.13 Synthesis of 35 via dehydration of 19.[173] Typical reactions/conditions: a) see Scheme 2.7 e). 

b) dehydration, AMBERLYST 36™, 150°C, 4 h, 99.8% yield. 

This section provided an overview over the synthesis of six aliphatic diols from different 

renewable sources. Most of these syntheses are at least partially applied on an industrial 

scale. 
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2.6.2 Aliphatic Diamines 

Aliphatic diamines are, just as diols, widely applied. While the longer homologues are 

mainly used as starting materials for the synthesis of polyamides or polyurethanes,[175] 

1,2-ethanediamine (36) is additionally used as precursor for pharmaceuticals or 

agrochemicals.[176] 36 is traditionally produced from 1,2-dichloro ethane an ammonia.[176] 

Longer chain homologues are often synthesised by hydrogenation of the respective 

nitriles.[176,177] The latter are reportedly derived from haloalkanes or olefins.[178] However, 

several options for the renewable synthesis of the aliphatic diamines 36, 1,6-hexanediamine 

(37), and 1,10-decanediamine (39) exist from either renewable diols or diacids. These were 

used as monomer precursors in this work. 

The production of 36 and 1,6-hexanediamine (37) was reported via direct amination of 

the respective diol in a flow reactor (Scheme 2.14, reaction a)).[179] For 1,10-decanediamine 

(39), a synthesis starting from 34 is described as two-step process via 1,8-octanedinitrile 

(38).[180] 34 was catalytically reacted to form 38 with ammonia under oxygen atmosphere 

(Scheme 2.14, reaction b)).[180] The corresponding amine was obtained via hydrogenation 

using Raney-Ni (Scheme 2.14, reaction c)).[180] Nonetheless, a direct conversion to the 

amine according to the above described procedure for 36 and 37 is conceivable. Moreover, 

additional catalyst systems for the conversion of a variety of aliphatic monoalcohols have 

been reported.[181–183] 
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Scheme 2.14 Synthesis of renewable diamines 36, 37, and 38 by direct amination or two step synthesis over 

an intermediate dinitrile using diols as starting materials.[179,180] Typical reactions/conditions: a) amination 

(e.g. of 18), SiO2/Al2O3-supported Ni/Re-cat., 130 – 225°C, 35 – 200 bar H2/NH3, 24% yield at 30% 

conversion. b) nitrile synthesis, 0.6 M 34 in MeCN, CuI/bipyridine/2,2,6,6-tetramethylpiperidinyl-1-oxy 

(TEMPO), NH3, oxygen atmosphere, 30°C, 24 h, 93% yield. c) hydrogenation, 0.2 M in EtOH, Raney Ni, 

70°C, 10 bar H2. 16 h, 51% yield. 

Since the synthesis route from renewable resources to carboxylic acids is typically 

shorter than the route towards the respective alcohols, the conversion of carboxylic acids to 

primary amines is reasonable (Scheme 2.15). The required renewable dicarboxylic acids 

are accessible by electrolytic addition of carbon dioxide (44) and water in the case of oxalic 

acid[184] or microbial reactions (adipic acid, oxalic acid).[185,186] Long chain aliphatic diacids 

like 33 have reportedly been synthesised via biochemical routes.[187] While the conversion 

of oxalic acid to 36 has not been reported yet, the syntheses of 37 and longer aliphatic 

diamines (1,10-decanediamine (39), 1,12-dodecanediamine (43), and 

1,19-nonadecanediamine) from the respective diacids are reported with yields of 

approximately 80% in one-pot procedures.[188,189]  
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Scheme 2.15 Reported one-pot syntheses of aliphatic diamines from dicarboxylic acids over either an 

intermediate diol (shown for 43) or diamide (shown for 39).[188,189] Typical reactions/conditions: a) 

hydrogenation, 0.1 M 40 in dioxane/water, Ru(acetylacetonate)3/1,1,1-tris(diphenylphosphinomethyl)-

ethane/methanesulfonic acid, 220°C, 10 bar H2. 20 h. b) amination, same as a) but 0.1 M  in dioxane, aqueous 

NH3, 83% yield. c) amidation, 0.1 M 33 in c-pentyl methyl ether, Ru/W-oxide cat. on solid support, 200°C, 

6 bar NH3, reaction time not given. d) hydrogenation, same as c) but 6 bar NH3/50 bar H2, 6.5 h, 30% yield. 

While being one-pot reactions, the conversion is still a two-step process in both cases. 

The first reaction route via the diol starts with the reduction of the carboxylic acid to the 

alcohol (Scheme 2.15, reaction a)).[189] The latter is subsequently converted to the amine by 

addition of aqueous ammonia to the reaction mixture (Scheme 2.15, reaction b)).[189] The 

second route begins with the formation of the intermediate amide (Scheme 2.15, reaction 

c)).[188] Afterwards, the amide is hydrogenated to the amine (Scheme 2.15, reaction d)).[188]  

This section provided an overview over the synthesis of diamines from different 

renewable sources showing high yielding approaches and even one-pot procedures.  

2.6.3 Urea and N-Methylurea 

Urea (47) is one of the most important nitrogen fertilizers due to its high nitrogen 

content.[190] Approximately 90% of the global production is applied for agricultural 

purposes.[190] N-Methyl urea (49) is mainly applied for the production of plant protectives 

or the in the pharmaceutical industry.[191] However in this work, both are used as one of the 

main reactants for the polymer synthesis.  
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Starting materials for the industrial 47 production are CO2 (44) and NH3 (45) (Scheme 

2.16).[192] Both react at elevated temperatures and pressures in an exothermic reaction to 

form ammonium carbamate (46) (Scheme 2.16, path a)).[192] Afterwards, 46 is dehydrated 

to 47 (Scheme 2.16, path a)).[192] The renewability of this process depends on the hydrogen 

and carbon sources. Today, hydrogen is mostly produced from natural gas by steam 

reforming and the subsequent water-gas-shift reaction, with 44 as by-product.[193] However, 

it is possible to renewably generate hydrogen and 44. The conversion of biomass by either 

gasification[112] or fermentation[114–116] produces renewable hydrogen. In addition, the 

electrolysis of water produces renewable hydrogen and oxygen if renewable energies like 

wind or solar power are used.[194,195] The gasification of biomass yields syngas which also 

serves as source for renewable carbon besides hydrogen.[112] 

 

Scheme 2.16 Synthesis of 47 and 49.[192,196–198] Typical reactions/conditions: a) addition/dehydration, 

150 – 250°C, 120 – 400 bar. b) methylation, 380°C, 1 h, 60% yield. 

A consecutive production of 49 from 47 was reported using methylamine (48) as 

methylating agent (Scheme 2.16, reaction b)).[196,197] Renewable 48 is industrially produced 

from methanol and ammonia.[199] 

Hence, the renewability of the synthesis of 47 and 49 rather depends on the respective 

energy sources than the starting materials. 
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2.6.4 Benzaldehyde and Terephthalic Aldehyde 

Benzaldehyde (51) is used in large quantities as starting material for flavours or odorants 

and typically synthesised from fossil toluene by either partial oxidation or radical 

chlorination and subsequent hydrolysis.[200] A possible precursor for renewable 51 is benzyl 

alcohol (50). It is available by microbial conversion of 16 (Scheme 2.17, reaction a)).[201,202] 

The oxidation of 50 leads to 51 (Scheme 2.17, reaction b)). Several promising catalytic 

systems have been reported.[203–205]  

 

Scheme 2.17 Synthesis of renewable 51 using carbohydrate feedstocks.[203–205] Typical reactions/conditions: 

a) biosynthesis, 15 g∙L−1 16 in growth medium, genetically modified Escherichia coli, 37°C, 96 h, 32% yield. 

b) oxidation, hν (>420 nm), 0.02 M 50 in toluene/H3PO4, Ru/SrTiO3:Rh, 25°C, N2, 18 h, >95% yield. 

The traditional synthesis of terephthalic aldehyde (58) is performed, similarly to the 

synthesis of 51, from p-xylene.[206] The synthesis of biobased 58 has not been covered as 

such in the literature, however, the synthesis of renewable terephthalic acid (56) has been. 

Hence, a possible route to 58 includes 56 as intermediate (Scheme 2.18). 56 was obtained 

by [4+2]-cycloaddition of isoprene (52) and acrylic acid (53) (Scheme 2.18, reaction a)) 

followed by subsequent aromatisation (Scheme 2.18, reaction b)) and oxidation to 56 

(Scheme 2.18, reaction c)) with a combined maximum yield of 68%.[207,208] Syntheses of 56 

starting from muconic acid ((2E,4E)-hexa-2,4-dienedioic acid)[209] or 1[128] have also been 

reported. The obtained 56 or the respective esters were readily reduced to 

1,4-di(hydroxymethyl)benzene (57) with up to quantitative yields using several different 

catalysts (Ru/Sn-catalyst[210], homogeneous Ru-[211,212], or Fe-pincer[213] complexes) 

(Scheme 2.18, reaction d)). 57 was shown to undergo partial oxidation to 58 (Scheme 2.18, 
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reaction e)). Besides an iodine-based catalyst,[204] a nitrogen-doped cobalt catalyst was 

reported to yield quantitative yields of 58 under similar conditions.[214]  

 

Scheme 2.18 Synthesis route for 58 via 56 as intermediate using 52 and 53 as possible renewable 

precursors.[204,207,210,214] Typical reactions/conditions: a) [4+2]-cycloaddition, TiCl4-cat., 21°C, 24%, 94% 

yield. b) dehydroaromatisation, Pd/C, 240°C, 0.11 bar, 77% yield. c) oxidation, AcOH, Co(OAc)2/Mn(OAc)2 

cat., O2, 100°C, 94%. d) reduction, [RuCl2(p-cumene)]2, NaOEt, 80°C, 50 bar H2, 16 h, 99% yield. e) 

oxidation, 0.2 M 57 in toluene, Co/N/C-cat.,100°C, O2, 36 h, 99% yield. 

In this section, possible renewable routes to form 51 and 58 were proposed. While the 

synthesis of 51 already has been established, the production of 58 needs further investigation 

especially in order to decrease the number of reaction steps. 

2.6.5 tert-Butyl acetoacetate and Diketene Acetone Adduct 

Both tert-butyl acetoacetate (64) and the diketene acetone adduct (2,2,6-trimethyl-4H-

1,3-dioxin-4-on, 65) are important reactants for organic synthesis. Within this work, both 

are used as convenient alternatives to the toxic and unstable diketene.[215,216] The starting 

material for both tert-butyl acetoacetate (64) and diketene acetone adduct (2,2,6-trimethyl-

4H-1,3-dioxin-4-on, 65) is ketene (61) (Scheme 2.19).[215] The highly reactive gas is 

industrially produced by pyrolysis of acetic acid (59) a),[217] acetone (60) b)[218] or other 
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methods[219] and quickly dimerises to diketene (62) via thermochemical [2+2]-cycloaddition 

c).[220] A subsequent nucleophilic ring-opening with tert-butanol (63) yields 64 d).[221] The 

required 63 is available by acid catalysed hydration of biobased isobutene.[222] The latter is 

industrially produced via fermentation of sugars.[223,224] If 62 is reacted with 60 in the 

presence of an acid, diketene acetone adduct (65) is obtained with a yield of 91% e).[225] The 

starting materials 59 and 60 are typically directly prepared from biomass by fermentation 

processes[226–228].  

 

Scheme 2.19 Synthetic pathways for renewable 64 and 65.[215,217,218,220,221,225] Typical reactions/conditions: a) 

pyrolysis, 740 – 760°C, PO(OEt)3 cat., no yield given. b) pyrolysis, 700 – 750°C, 10 h, 95% yield. c) [2+2]-

cycloaddition, spontaneous below 200°C, up to 85% yield. d) ring-opening, 21-150°C, no further information 

given. e) addition, p-TsOH as cat., reflux, 3 h, 91 % yield. 

Hence, the renewable synthesis of 64 and 65 is possible using established processes.  
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2.6.6 Acrylic Acid, Methacrylic Acid, and Vinyl Acetate 

Compounds with vinylic double bonds are important starting materials for polymer 

materials synthesised by radical polymerisation techniques. Millions of tons of vinyl type 

monomers are produced every year. The worldwide production of methacrylic acid alone is 

1.4 million tons per year.[229]Also in this work, acrylic acid, methacrylic acid, and vinyl 

acetate will be applied for the synthesis of polymers. They are typically produced from fossil 

resources. However, improvements towards renewable vinyl type monomers have been 

reported and recently summarized.[230] In the following, established or reasonable renewable 

synthesis routes for acrylic acid (53), methacrylic acid, and vinyl acetate are given.  

The synthesis of biobased 53 from lactic acid or 3-hydroxypropionic acid, both of which 

are available, e.g., as sugar fermentation products, has been reported.[231,232] Both are 

reported to undergo dehydration to 53. 3-Hydroxypropionic acid was reacted at 

temperatures between 120°C and 250°C at elevated pressures of up to 10 bar over an acidic 

homogeneous or heterogeneous catalyst.[233] Furthermore, 3-hydroxypropionic acid was 

dehydrated at temperatures between 150°C and 180°C using homogeneous acid catalysts 

under approximately atmospheric pressure.[234] Lactic acid dehydration was reported by 

heterogeneous catalysts like zeolites, phosphate-based catalysts, and 

hydroxyapatites.[235,236] Other procedures, like biochemical conversion of lactic acid or 20 

to 53 with up to quantitative yields, are also known.[237,238] 

The synthesis of biobased methacrylic acid was reported from glucose (16) via different 

metabolites like isobutyric acid, itaconic acid, among others.[239] In addition, the use of well-

established petrochemical routes are possible as well if biobased starting materials are used. 

Possible starting materials are ethylene and isobutene, among others.[240] One example is 

the conversion of 1 in the presence of CO and H2 to propionaldehyde followed by the 

reaction with formaldehyde to methacrolein and subsequent oxidation to methacrylic 

acid.[241]  

Biobased vinyl acetate is already produced by Wacker in a pilot plant using renewable 

1 and 59.[242] The reaction was patented as oxidative addition of 1 and 59 in the presence of 
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a rare metal catalyst on solid support at pressures between 3 bar and 30 bar at temperatures 

between 150°C and 250°C.[243] In another patent, the hydrogenolytic conversion of 59 to 1 

is reported followed by the oxidative addition of 1 and 59 to vinyl acetate.[244]  

Within this chapter 2.6, renewable synthesis routes of several important compound classes 

have been described. Many of the shown routes are at least partly industrially applied 

creating a strong foundation for the investigation of new sustainable polymer materials. It 

furthermore shows the ubiquitous shift from fossil resources towards renewables. Besides 

the aspect of sustainability, the application of the Biginelli-3-component reaction, a 

multicomponent reaction, plays an important role in this thesis. Hence, the field of 

multicomponent reactions with an emphasis on the Biginelli-3-component reaction will be 

covered in the following chapter. 

2.7 Multicomponent Reactions 

Multicomponent reactions (MCRs) offer many beneficial characteristics, synthetically 

and in terms of sustainability. MCRs are high-yielding one-pot reactions in which three or 

more reactants condense or add to complex product structures that contain structural 

elements of each of the reactants.[245,246] Up to all atoms of the starting materials are 

incorporated in the final product leading to high atom efficiencies.[247,248] The nature of one-

pot reactions allows for shorter reaction times and easier work-ups, compared to 

conventional step-wise syntheses, as well as facile automation.[247,248] Thus, MCRs are 

promising tools for sustainable chemical syntheses. Another outstanding feature of MCRs 

is their modular character rendering MCRs a powerful tool in the field of combinatorial 

chemistry. A simple variation of the starting materials allows for the synthesis of a manifold 

of different products that enable the straightforward synthesis of large compound 

libraries.[249,250]  

The investigation of MCRs started in the 18th century with the report of the Strecker 

synthesis (Scheme 2.20), followed by many other examples.[251] This first multicomponent 

reaction was the one-pot reaction of an aldehyde (66), ammonia (45) and hydrocyanic acid 
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(67) to an α-amino nitrile (68), which was further converted to α-amino acids via 

hydrolysis.[251]  

 

Scheme 2.20 The Strecker synthesis is the first MCR, reported in 1850; the AE was calculated using 

R1 = CH3.[251] 

A second milestone in the development of MCRs was marked by Hantzsch with his 

synthesis of pyrimidines in 1882 (Scheme 2.21).[252] He described the condensation of 66 

with two equivalents of a β-keto ester (69) and 45 to 1,4-dihydropyrimidines (70), which 

was oxidised to pyridines.[252] 70 represents an important class of calcium channel blockers 

that are pharmaceutical compounds.[253] A few years after, Hantzsch published the similar 

condensation of 69, α-halogenated ketones (71), and 45 to pyrroles (72) (Scheme 2.21).[254] 

The pyrrole structure is present in a variety of natural products, e.g., hemes (porphyrin)[255] 

or chlorophylls (chlorins).[256]  

In 1891, Biginelli observed that the acid-catalysed reaction of 66, 69, and urea (47) leads 

to dihydropyrimidinones (DHPMs, 74; for further details refer to chapter 2.7.1 and 2.7.2) 

(Scheme 2.21).[257] In the beginning of the 19th century, the aminomethylation of 66 and 

ketones (77) using paraformaldehyde and amines (76) in the presence of an acid was 

observed by Mannich.[258] This reaction is, inter alia, applied for the synthesis of natural 

products such as the alkaloid tropinone[259] or pharmaceutical compounds.[260]  
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Scheme 2.21 Representative milestones of the development of MCRs with the names of the lead authors in 

the respective publication, year of publication, and an example AE; the AE was calculated using Rx = CH3 and 

X = Cl.[252,254,257,258] 

Later, the class of isocyanide-based MCRs was introduced with the Passerini-3-

component reaction and the Ugi-4-component reaction as most prominent examples 

(Scheme 2.22). In 1921, Passerini discovered that the reaction of 66 with an isocyanide 

(79), and a carboxylic acid (80) yields α-acyloxy amides (81).[261] In 1959, Ugi reported the 

formation of bis-amides (83) via reaction of 66, 79, 80, and an amine (82).[262] Interestingly, 

the Ugi-reaction is considered the aza-analogue of the Passerini-reaction. Besides the above 
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mentioned examples, further examples of MCRs such as the Orru-2-imidazoline synthesis 

or the Passerini-Dömling-thiazole synthesis have been reported until today.[248,263–266] 

 

Scheme 2.22 Two examples for isocyanide-based MCRs are given with the names of the lead authors in the 

respective publication, year of publication, and an example AE; the AE was calculated using Rx = CH3 and 

X = Cl.[261,262] 

MCRs have also been applied industrially (Scheme 2.23). Important examples are 

carbonylation reactions using metal catalysts. The hydroformylation of alkenes (84) was 

discovered in 1938 by Roelen[267] and is one of the largest homogeneous catalytic processes 

applied industrially e.g. by the BASF.[268] In 1939, Reppe reported on the 

hydrocarboxylation of alkynes with CO (86) and water, representing an important pathway 

for the synthesis of acrylic acid (53) among other vinyl compounds.[246,269]  
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Scheme 2.23 Two examples industrially applied MCRs are given with the names of the lead authors in the 

respective publication, year of publication, and an example AE; the AE was calculated using Rx = CH3.[267,269] 

MCRs are typically categorised regarding the reversibility of the steps of the underlying 

reaction mechanism. Three types of MCRs are distinguished (Scheme 2.24).[270] Type I 

MCRs proceed via equilibrium reactions between starting materials, intermediates, and 

products. An example is the above mentioned Strecker synthesis.[270] For Type II MCRs, 

the last reaction step is irreversible which usually leads to higher yields in accordance to the 

principle of Le Chatelier4.[270] Examples are the Passerini-3-component reaction, the Ugi-4-

component reaction or MCRs in which heterocyclic compounds are formed.[271] Type III 

MCRs proceed via a sequence of practically irreversible reactions.[270] While only a few 

procedures involving Type III MCRs are known,[249] they often occur in biological systems 

due to the efficiency and selectivity of enzyme catalysis.[249,272] In addition, the assignment 

to a particular type might be revised over time if further insight into the reaction mechanism 

of the respective MCR is gained. 

 

4 The principle of Le Chatelier describes a general behaviour of equilibrium reactions if exposed to a particular 
stimulus. Accordingly, the reaction equilibrium will shift in a way to counteract the stimulus. This holds true 
for concentration, pressure, temperature etc. For example, if one of the products is removed from the 
equilibrium reaction, more starting materials will react to counteract the reduced concentration of the product. 
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A B C ...... P++ + ...

A B C ...... P++ + ...

A B C ...... P++ + ...

Type I

Type II

Type III  

Scheme 2.24 Categorisation of multicomponent reactions into three types according to the reversibility of the 

mechanistic steps.[270] 

2.7.1 The Biginelli-3-Component Reaction 

Within this chapter, the Biginelli-three-component reaction (B-3CR) will be discussed 

in detail due to its importance within this work. First, the ongoing debate regarding the 

actual reaction mechanism is discussed. Second, the possible structural variations of the 

components are displayed. Third, reports that investigate the B-3CR as a tool for polymer 

science are reviewed. 

2.7.1.1 Mechanistic Discussion and the Currently Accepted Iminium Route 

In 1891, the Italian chemist Pietro Biginelli observed the formation of a precipitate 

during the reaction of salicylaldehyde (89), urea (47), and ethyl acetoacetate (90) in the 

presence of hydrochloric acid in an ethanolic solution under reflux.[257] The initially 

proposed molecular structure of the precipitate was an open chain β-ureidocrotonate (91) 

(Scheme 2.25).[257] However, the structure elucidation was revised by Biginelli shortly after, 

identifying the reaction product as 3,4-dihydropyrimidin-2(1H)-one (DHPM, 74 (cf. 

Scheme 2.21, page 48).[273]  
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Scheme 2.25 The first Biginelli-three-component reaction yielding the proposed open chain β-ureidocrotonate 

as originally reported by Biginelli in 1891.[257] 

The reaction mechanism of the B-3CR has been debated for a long time. There are 

currently three different proposed reaction pathways, namely the enamine-, the imine-, and 

the Knoevenagel-mechanism which have been investigated in the presence of a Brønsted 

acid.[274] First investigations on the mechanism of the B-3CR were published by in 1933 by 

Folkers and Johnson.[275] They investigated the reaction of benzaldehyde (51), 47, and 90 

which are considered the standard components for the B-3CR.[275] The authors suggested 

the intermediate formation of three possible adducts via different combinations of the 

starting materials (Scheme 2.26): addition of two urea molecules and benzaldehyde to a 

bisureide, reaction of urea with ethyl acetoacetate to an enamine, or the Knoevenagel 

reaction of benzaldehyde and ethyl acetoacetate to an enone.[275]  
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Scheme 2.26 The three possible primary reaction intermediates of a Biginelli-three-component reaction as 

proposed by Folkers and Johnson: a bisureide (red), an enamine (blue), or an enone (green).[275] 

Finally, the authors favoured the enamine route according to their finding that a DHPM 

is readily formed from a separately synthesised enamine but not from any other proposed 

intermediate (Scheme 2.27).[275] Catalysed by a Brønsted acid, this route was proposed to 

proceed via formation of an enammonium species (96) that further reacts with 51 to an 

iminium species (97) subsequently undergoing cyclocondensation to 95.[275]  
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Scheme 2.27 Suggested enamine mechanism for the Biginelli-three-component reaction.[275] 

The Knoevenagel mechanism was further investigated in 1973 by Sweet and Fissekis 

(Scheme 2.28).[276] They suggested the formation of a carbenium ion (98) via the acid 

catalysed reaction of 51 and 90 as a first and rate-determining step.[276] 98 is converted in 

an acid catalysed equilibrium reaction to enone 94 (the Knoevenagel product) while 98 

reacts to form the final DHPM 95 in the presence of 47.[276] The main evidence for this 

reaction mechanism was the formation of 95 via reaction of separately synthesised 94 and 

47 in the presence of an acid.[276] However, instead of evidence for the Knoevenagel-

mechanism, rather contradictory findings were reported.  
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Scheme 2.28 Suggested Knoevenagel-mechanism for the Biginelli-three-component reaction.[276] 

In 1997, Kappe re-examined the previously proposed mechanisms via nuclear magnetic 

resonance (NMR) spectroscopy using the HCl catalysed reaction of benzaldehyde, urea, and 

ethyl acetoacetate as test system.[277] To verify the enamine-mechanism, the proposed 

enamine intermediate 93 was separately synthesised under anhydrous conditions,[277] since 

the sensitivity of 93 to hydrolysis had already been reported.[275] Afterwards, the quick 

hydrolysis of 93 under the conditions for a B-3CR was reported leading to the conclusion 

that the equilibrium reaction to 93 is far on the side of the starting materials 47 and 90. In 

addition, the reaction of N-methylurea (49) under anhydrous conditions yields the 

regioisomer 100 which led to the N3-substituted DHPM 101 and not the N1-substituted 

DHPM 103 that is obtained via the B-3CR (Scheme 2.29).[277] As a consequence, Kappe 

dismissed this mechanism.[277] 
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Scheme 2.29 Results of the separate enamine formation and subsequent reaction towards a DHPM: only the 

enamine 100 was accessible which led to DHPM 101. 101 differs in the position of the Me-N group from 103, 

which is solely formed by direct B-3CR of 49, 90, and 51;[277] the position of the methyl group of interest is 

drawn in red. 

To verify the Knoevenagel mechanism, benzaldehyde and ethyl acetoacetate were 

reacted under standard reaction conditions for a B-3CR. However, no evidence for the 

formation of the aldol or any other reaction between benzaldehyde and ethyl acetoacetate 

was found.[277] In addition, it is known that the B-3CR proceeds as expected if 47 is 

substituted with thiourea (104) or N-methylthiourea (105).[278] However, if separately 

prepared 94 is reacted with 104 or 105, solely the isomeric products, the 2-amino-1,3-

thiazines (106), are obtained (Scheme 2.30).[277] Consequently, the Knoevenagel 

mechanism was also dismissed.[277]  
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Scheme 2.30 Reaction of separately prepared 94 with 104 or 105 led to the formation of 106, a regioisomer 

of the targeted DHPM.[277] 

The bisureide mechanism was also re-examined. First, Kappe investigated the reaction 

of equimolar ratios of 51 with 47 or 49 in the presence of an acid.[277] The formation of the 

proposed bisureide (92)[275] in high yields was confirmed after 10 min.[277] Second, if 90 was 

added to the reaction mixture, 92 was not detected while the corresponding DHPM was 

formed. As a consequence, Kappe suggested, just as Folkers and Johnson had, that the 

reaction of 51 and 47 or 49 to be the first step of the mechanism.  

However, the formed hemiaminal was proposed to subsequently dehydrate to a highly 

reactive iminium species which is intercepted by 90 leading to the DHPM, while in the 

absence of 90, a second addition of urea to the bisureide takes place.[277] The above 

described findings were supported by density functional theory (DFT) calculations and 

online electron spray ionization mass spectrometry (ESI-MS).[279] Interestingly, the iminium 

mechanism was reported to be thermodynamically and kinetically favoured under Brønsted 

acid catalysis.[279] Further combined experimental and theoretical studies regarding the 

mechanism via Brønsted acid and Lewis acid catalysis provided further evidence for the 

iminium mechanism.[280,281]  

This is, however, contradictory to experimental investigations which indicated that the 

reaction proceeds via the enamine pathway if Lewis acid catalysts are applied.[282,283] In the 

end, the underlying mechanism of the B-3CR is not yet fully understood. Mechanistic details 

are still under investigation, particularly regarding the catalyst-free B-3CR,[284,285] the more 

unique Brønsted base catalysed variant,[286,287] and solvent effects.[284]  
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The Brønsted acid-catalysed B-3CRs performed within this work are currently assumed 

to proceed according to the iminium mechanism (Scheme 2.31). The first step of the 

mechanism is the nucleophilic addition of a urea compound (73) to an aromatic or aliphatic 

aldehyde (66). The resulting hemiaminal (107) undergoes acid promoted dehydration to an 

iminium species (108). The following step is the nucleophilic addition of the 1,3-dicarbonyl 

compound (69) to the iminium carbon of 108. The resulting adduct (109) undergoes 

cyclocondensation to the final DHPM (75).  

 

Scheme 2.31 Commonly accepted mechanism for the Brønsted acid-catalysed Biginelli-three-component 

reaction via the iminium intermediate 107 alongside common substituents of the components.[277,288–290] 

Kappe has presented strong evidence for the currently accepted mechanism of the 

Brønsted acid-catalysed B-3CRs. Nonetheless, the dependence of the mechanism especially 

on the type of catalyst or the applied reaction conditions/solvents is still under debate and 

not fully understood yet. 



2 Theoretical Background 
________________________________________________________________________ 

 

________________________________________________________________________
59 

 

2.7.1.2 Structural Variations and Applied Catalysts/Catalytic Systems 

MCRs such has the B-3CR are well known for the variability of the applied components. 

While MCRs are, indeed, flexibel in terms of non-participating functional groups, there are 

limits. Within this chapter, theses limits will be pointed out and the structural diversity will 

be illustrated. 

The structural variations of the components that are applicable for a B-3CR are manifold. 

The aldehyde component is reported as the most flexible regarding the substituents. 

However, aromatic aldehydes are generally advantageous since the iminium intermediate 

(cf. Scheme 2.31, page 58) is stabilised via resonance with the aromatic system.[277] The 

aromatic system my comprise different ring sizes, heteroaromatic cycles, and condensed 

systems and carry ortho- meta- and/or para-substituents of either electron withdrawing or 

electron donating nature.[288–290]  

Nonetheless, aliphatic aldehydes are also suitable but are reported to react slower and 

provide smaller yields compared to aromatic aldehydes.[288–290] In addition, bulky 

substituents on the o-position of aromatic aldehydes were reported to lower the yields as 

well.[288–290] However, a procedure called Atwal-modification was reported to yield 74 from 

aliphatic and sterically demanding aldehydes in larger quantities, compared to the classical 

B-3CR (Scheme 2.32).[291] In addition, the synthesis of N3-substituted DHPMs (114) was 

shown.[292] This procedure starts with the condensation of a separately prepared enone (110) 

and a protected urea compound (111) yielding a 1,4-dihydropyrimidine (112).[292,291] The 

latter is converted to the respective DHPM via deprotection under acidic conditions.[292,291] 

114 was obtained by addition of an electrophile to the N3-position of 112 and subsequent 

deprotection.[292]  
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Scheme 2.32 Atwal procedure for the synthesis of N3-substituted DHPMs through the efficient incorporation 

of aliphatic/sterically demanding aldehydes.[292,291] 

The C-H-acidic component is typically an 1,3-dicarbonyl like a β-keto ester, β-keto 

amide, β-keto thioester, or a 1,3-diketone.[288–290] However, cyclic 1,3-dicarbonyls and 

ketones that carry an electron withdrawing substituent in α-position are reported as well, 

among others.[288–290]  

Most restricted are variations of the urea compound, thus, most commonly, urea itself is 

used.[289] Nonetheless, simple N-mono-substituted ureas, thioureas, or guanidines are 

reported as well.[289,290] Moreover, heterocyclic systems like diazoles, triazoles and 

tetrazoles have also been reported B-3CRs.[290] 

Within the last decades, a broad spectrum of catalysts and catalytic systems for the 

efficient synthesis of DHPMs was published. Well established examples are strong mineral 

acids like HCl or H2SO4. Nonetheless, many other Brønsted acids like acetic acid,[275] 
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amidosulfonic acid,[293] ammonium chloride,[294] phytic acid,[295] or p-toluenesulfonic[296] 

acid, to mention a few, were published.  

While the mechanism of Lewis acid catalysts is still debated, their performance in 

B-3CRs has been verified. Hundreds of different Lewis acids, mainly halides and triflates 

of lithium,[297] alkaline earth metals,[298–301] transition metals (mainly of the 4th period),[302–

306] lanthanides,[307–309] and metals of group 13[310] and 14[311] were reported to increase the 

yield of B-3CRs at reduced reaction times. In addition, ionic liquids were reported to 

provide a new class of efficient catalysts for the synthesis of DHPMs, be it Brønsted acidic 

ionic liquids like [1-n-butyl-3-methylimidazolium][HSO4],[312] Lewis acidic ionic liquids 

like [1-n-butyl-3-methylimidazolium][FeCl4],[313] or immobilized ionic liquids.[314]  

Finally, B-3CRs were shown to be catalysed by different polymer-supported 

catalysts,[315] ion exchange resins,[315] acidic clays,[316–318] and heteropolyacids,[319] 

nanoparticles,[320] and enzymes.[321,322] More comprehensive collections of reported 

catalysts for the B-3CR are available elsewhere.[288–290,315,316,323–325]  

Last but not least, enantioselective B-3CRs are possible with chiral groups attached to 

the catalyst giving stereocontrol over the substituent at the inherently asymmetric C4. Since 

DHPMs are frequently applied as pharmaceutical compounds and the absolute configuration 

determines the pharmaceutical activity, enantioselective B-3CRs are of great interest.[326] 

Despite the progress that has been made, the enantioselective B-3CR still suffers from 

drawbacks like low yields or long reaction times.[325] Examples for suiting catalytic systems 

are chiral phosphoric acids (carrying a binaphthyl group or related substituents),[327] 

asymmetric ytterbium-based Lewis acids or chiral acidic ionic liquids.[328,329] In addition, 

most catalytic systems use achiral Brønsted acids together with chiral promoters as co-

catalyst.[325] 

Finally, the B-3CR is a highly flexible MCR allowing for the synthesis of a manifold of 

different compounds. Moreover, suiting catalysts/catalytic systems enable the 

enantioselective synthesis of DHPMs via enantioinduction. 
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2.7.1.3 Applications of 3,4-dihydropyrimidin-2(1H)-ones 

As mentioned above, DHPMs are mainly investigated for their biological activity and 

are, thus, frequently applied in the pharmaceutical industry. Several reviews were published 

covering the scope of structural diversity and the resulting biological activity.[330–332] The 

most important drug classes include anti-cancer and anti-human-immunodeficiency-virus 

medication (anti-HIV medication), calcium channel blockers (to treat for example 

inflammation or hypertension), and antimicrobials (Figure 2.5).[330–332]  

 

Figure 2.5 Generic DHPM structures with anti-bacterial (115) and anti-inflammatory (116) effects.[330] 

Furthermore, the interest in the B-3CR as a tool for polymer science has been of growing 

since the last decade. The application of the B-3CR in the field of polymer chemistry will 

be covered in detail in the following chapter.  

2.7.2 The Biginelli-3-Component reaction in the Field of Polymer Chemistry 

The unique features of the DHPM structure as well as the efficiency and tolerance 

against many functional groups of the B-3CR render it an interesting tool for the synthesis 

of novel and useful polymeric materials. However, the B-3CR has only been applied in the 

field of polymer chemistry in the last decade, with the groups of Tao and Meier providing 
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the largest part of the available reports. The contributing publications were summarised in 

four reviews.[333–336] There are, in general, four approaches for the application of the B-3CR 

for the preparation of new functional macromolecules: synthesis of polymerisable 

monomers that carry the DHPM motif, post-polymerisation modification (PPM), synthesis 

of copolymers using the efficiency of the B-3CR to link several homopolymers, and 

synthesis of Biginelli-polycondensates from suitable bifunctional monomers. These four 

approaches will now be discussed separately. 

2.7.2.1 Radical Polymerisation of Monomers Containing a Dihydropyrimidinone 

Functionality 

To date, all reports that use DHPM-carrying monomers used 2-acetoacetoxyethyl 

methacrylate (117) as precursor molecule. The acetoacetoxy-function was converted into 

different DHPM structures prior to subsequent polymerisation of the methacrylate function 

of 118 to polymethacrylates carrying the respective DHPM (Scheme 2.33). Typically, free 

radical polymerisation (FRP) or reversible addition-fragmentation chain transfer (RAFT) 

polymerisation was used.  

 

Scheme 2.33 Synthesis of a DHPM-carrying methacrylate that is subsequently polymerised using FRP or 

RAFT polymerisation. 
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In 2018, a library of 25 potentially UV-protective polymethacrylates was synthesised 

using various biobased hydroxy/methoxy substituted benzaldehydes using 73.[337] The most 

promising monomers were copolymerised with poly(ethylene glycol) methyl ether 

methacrylate resulting in water-soluble and biocompatible UV-protective copolymers.[337] 

The UV-protection was shown to arise from the ability of the dihydropyrimidine-thione 

moiety to act as an radical scavenger.[337] Later, an improved version of the UV-protective 

polymers, was published.[338] Here, the authors reacted the dihydropyrimidine-thione 

moieties of the polymer with α-chloro alkynes to form conjugated, fluorescent structures 

that showed strong absorption bands in the UV-range.[338] In addition, a biocompatible 

hydrogel with additional antioxidant properties was reported.[339] The antioxidant properties 

arose from the above mentioned ability to scavenge radical species.[339] The DHPM 

containing monomer was synthesised from 117, 4-formylphenyl boronic acid and thiourea 

(104) and was copolymerised with poly(ethylene glycol) methyl ether methacrylate to yield 

a water-soluble copolymer.[339] When mixed with poly(vinyl alcohol), the mixture quickly 

formed a dynamic gel via the reversible formation of boronate esters from the boronic acid 

and the alcohol moieties.[339,340]  

Using RAFT to polymerise the methacrylate function, it was demonstrated that the 

conversion of 117 to 118 was possible in a one-pot procedure in parallel to the 

polymerisation.[341] This method was applied in the one-pot synthesis of a fluorescent 

copolymer from 117, urea, 4-(1,2,2-triphenylvinyl) benzaldehyde, and poly(ethylene 

glycol) methyl ether methacrylate.[342] The resulting copolymer was applied for cell imaging 

purposes due to the fluorescence of the triphenylvinyl moiety.[342]  

The reports of polymerisations of monomers that carry the DHPM group were, as of 

today, limited to the use of methyacrylates. In addition, the investigated field of application 

was mainly focussed on biomedical applications exploiting the radical scavenging 

properties of the prepared materials.  
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2.7.2.2 Post-Polymerisation Modification using the Biginelli-Three-Component 

Reaction 

Post-polymerisation modification (PPM) describes the conversion of functional groups 

of a polymer after polymerisation and is a widely applied method that has been know since 

1840.[343] Such modifications are especially useful if the desired functionality is not 

synthesisable in the monomer due to incompatible reactivities or if it interferes with the 

polymerisation process.  

Most reports about the PPM approach start, similar to the monomer approach, with 117 

or 2-acetoacetoxyethyl acrylamide. However, the acetoacetoxy function is converted to the 

DHPM after the polymerisation. Hence, the synthesis of a polymer library via RAFT-

mediated block copolymerisation of 2-acetoacetoxyethyl acrylamide, N,N-dimethyl 

acrylamide, and 4-acryloylmorpholine was reported.[344] The resulting six block copolymers 

were converted via the B-3CR into 60 different polymers and subsequently screened for 

various properties presenting the combination of RAFT and subsequent B-3CR as useful 

high throughput method to quickly screen polymer libraries.[344]  

Furthermore, 117 was copolymerised with acrylic acid via RAFT polymerisation.[345] In 

the following B-3CR, a fluorescent dye was added as the aldehyde component.[345] The final 

copolymer was applied for cell imaging purposes.[345] In addition, a water-soluble metal 

adhesive was synthesised by block copolymerisation of 117 and poly(ethylene glycol) 

methyl ether methacrylate and subsequent B-3CR using urea and benzaldehyde, 4-hydroxy 

benzaldehyde, or 4-formylphenyl boronic acid.[346] The adhesive properties are reported to 

arise from interactions between the DHPM moiety and the metal surface without further 

explanation.[346] 

The PPM approach was moreover used to increase the solubility of carbon 

nanotubes.[347] Poly(N-isopropylacrylamide) was synthesised via RAFT polymerisation 

using a chain transfer agent that carried an acetoacetoxy group.[347] The latter was reacted 

in a B-3CR with urea and 1-formylpyrene.[347] As a consequence, the end groups of the 

poly(N-isopropylacrylamide) carried the DHPM. The poly(N-isopropylacrylamide) was 
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bound to carbon nanotubes via π-π-interactions of the pyrene-moiety and the graphene 

structure.[347]  

Last but not least, the natural polymers cellulose[348] and starch[349] have been modified 

using the B-3CR. In both reports, acetoacetate groups were first introduced to the 

carbohydrate scaffold.[348,349] Second, the acetoacetate groups were reacted in a B-3CR with 

urea and several aromatic aldehydes.[348,349] The resulting polymers showed increased 

solubility and processability.[348,349] 

The use of the B-3CR to couple two homopolymers was also reported for two 

poly(ethylene glycol) monomethyl ether chains, one carrying an aromatic aldehyde and one 

an acetoacetamide.[341] The polymers were efficiently coupled with urea in the presence of 

a LEWIS acid with almost quantitative yields to demonstrate the similarities of the B-3CR to 

click reactions.[341,350] 

Hence, PPM using the B-3CR was shown to be a versatile tool for the synthesis of a 

variety of functional monomers being compatible with different polymer structures. This 

approach was mainly applied to improve the solubility of typically insoluble materials and 

to alter material properties. 

2.7.2.3 Synthesis of Polycondensates Using the Biginelli-Three-Component Reaction 

The last approach covers the synthesis of Biginelli-polycondensates using suitable 

bifunctional monomers. Hence, the DHPMs are connected forming the polymer backbone. 

Here, AA- and BB-monomers (dialdehydes and monomers with two C-H acidic functional 

groups) or AB-monomers (monomers that carry an aldehyde function and a C-H acidic 

group) are used as bifunctional components due to their better availability, compared to 

bifunctional urea compounds (Scheme 2.34).  

Tao et al. prepared three different AB-monomers that were directly polymerised with 

urea in the presence of MgCl2 between two metal plates, strongly gluing them together.[351] 

As mentioned in above section, this effect arises from strong interactions between the 
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DHPM moiety and the metal surface. In addition, an AA/BB-monomer system was applied 

together with urea and thiourea to synthesise a library of 64 Biginelli-polycondensates to 

predict the glass transition temperature (Tg) of Biginelli-polycondensates within the mapped 

spectrum of compounds was good accuracy.[352]  

 

Scheme 2.34 Two possible monomer systems for the synthesis of Biginelli-polycondensates: example of an 

AA/BB-monomer system as applied by Meier et al. and an AB-monomer system as applied by Tao et 

al..[353,351] 

Moreover, Tao et al. reported on the synthesis of a statistical copolycondensate using 

the Hantzsch dihydropyridine synthesis and the B-3CR in one pot.[354] Furthermore, the 

PPM of Biginelli-polycondensates which contain a thiourea moiety was reported.[355] The 

authors reacted the thiourea moiety either with haloalkanes or α-chloro alkynes.[355] Finally, 

Meier et al. reported on a series of renewable Biginelli-polycondensates with tuneable and 

high Tgs up to 203°C.[353] They applied different diacetoacetates, terephthalic aldehyde (58) 

or divanillin together with urea in a Brønsted acid-catalysed polycondensation.[356] 
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Not fitting to one of the above mentioned approaches, small DHPMs were blended with 

poly(butyl acrylate-co-methyl methacrylate).[357] Polymer-coated glass plates showed an 

increased water resistance if coated with the blend compared to pure poly(butyl 

acrylate-co-methyl methacrylate).[357] 

In the end, the reports that cover the application of the B-3CR in the field of polymer 

chemistry are still rather limited. As an example, block copolymers containing the DHPM 

group have not been investigated as of today. In addition, the applied urea compounds have 

been limited to urea and thiourea. As a consequence, the versatile B-3CR offers interesting 

opportunities for further investigations. 
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3 Aim  

Within this thesis, the synthesis of novel and renewable polymer structures was 

investigated. More precisely, the Biginelli-three-component (B-3CR) reaction was applied 

in three different ways within the field of polymer chemistry. The components for a B-3CR 

are available from renewable resources and the reaction itself is considered rather 

sustainable as per the characteristics of a sustainable process defined in chapter 2.2. Being 

a multicomponent reaction, the variability of the components was exploited to determine 

structure-property relationships. 

First, a set of bifunctional components was applied for the B-3CR to yield a library of 

Biginelli polycondensates expanding the reported set of components and resulting polymer 

structures (chapter 4.1). For this purpose, the synthesis of various diacetoacetates and their 

subsequent reaction with terephthalic aldehyde and urea or N-methyl urea was investigated 

and optimised. The resulting polycondensates are compared with regard to their molecular 

weights and thermal properties. 

Second, the synthesis of novel block copolymers containing a Biginelli polycondensate 

was investigated (chapter 4.2). There, a terminal double bond is introduced as endgroup to 

the Biginelli polycondensate using a monoacetoacetate that carries the terminal double 

bond. The influence of the amount of monoacetoacetate on the molecular weight as well as 

the efficiency of the incorporation of monoacetoacetate was examined. Subsequently, the 

synthesis of block copolymers was conducted by polymer-polymer coupling of the Biginelli 

polycondensates with poly(ethylene glycol) methyl ether thiol through the thiol-ene 

reaction. The thermal properties of the resulting block copolymers was explored. 

Third, the synthesis of novel renewable vinyl ester monomers and a methacrylate 

monomer was attempted (chapter 4.3). These monomers were equipped with an acetoacetate 

functionality to allow for post-polymerisation modification (PPM) using the B-3CR. 

Consequently, the radical polymerisation behaviour of these monomers via FRP and RAFT 

polymerisation was investigated. Crucially, the control of the RAFT process was assessed 
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by testing the end-group retention in the polymers by chain extension and copolymerisation 

experiments. Finally, the resulting RAFT polymers are modified by the B-3CR. 

To summarise, the versatility of the B-3CR as an efficient tool for polymer chemistry 

was examined and expanded throughout this work whilst ensuring that all processes are 

carried out with as much respect to the Green Chemistry principles as reasonably feasible. 
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4 Results and Discussion 

As discussed in chapter 2.7.2, the B-3CR has been applied in manifold ways in the field 

of polymer chemistry. Within this thesis, the scope of reported Biginelli-

homopolycondensates was expanded by new components. In addition, new block 

copolymers were synthesised via end group functionalisation of homopolycondensates with 

subsequent thiol-ene reactions. Last but not least, novel fatty acid-based vinyl monomers 

carrying an acetoacetate group for a possible post-polymerisation modification (PPM) via 

the B-3CR were produced and polymerised via radical polymerisation techniques. 

4.1 Synthesis of New Biginelli Homopolycondensates: Renewable 

Materials with Tuneable High Glass Transition Temperatures 

Parts of this chapter and the associated chapters of the experimental section (6.1, 6.2, 

6.3) were already published in:  

J. T. Windbiel, M. A. R. Meier, Polym Int, 2020 // 2021, 70, 506. © 2020 Polymer 

International published by John Wiley & Sons Ltd on behalf of Society of Industrial 

Chemistry. DOI: 10.1002/pi.6106 

Some of the experiments were carried out by Josina Bohlen and are featured in her 

bachelor’s thesis.[358] These will be clearly indicated. 

4.1.1 Abstract 

Biginelli polycondensates have been prepared from various diacetoacetates, aromatic 

dialdehydes, and urea (47) or thiourea (104). AB-monomers carrying, both, an acetoacetate 

and an aldehyde group have also been used (cf. chapter 2.7.2.3). However, the variations of 

the starting materials are strongly limited, compared to the components used for small 

DHPMs. Within this chapter, we introduce new components to the Biginelli 

polycondensation and investigate the properties of the resulting polycondensates. Hence, 
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the synthesis of a set of 15 new and fully renewable poly[3,4-dihydropyrimidin‐2(1H)‐one]s 

(polyDHPMs) is described. One of six diacetoacetates or three diacetoacetamides (AA-

monomers), terephthalic aldehyde (58) (BB-monomer) and 47 or N-methylurea (49) were 

used as renewable starting materials in various combinations, hence significantly expanding 

the known set of monomers, as well as polymer structures. The existing set includes 47, 

thio-urea (104), 58, divanillin, and diacetoacetates[353,352] besides several 

AB-monomers.[351,354] More precisely, we introduce N-methylurea, three diacetoacetates as 

well as three diacetoacetamides to this set of starting materials. The diacetoacetates and 

diacetoacetamides with different spacer lengths were synthesised in yields up to 99% in a 

one‐step process. The used starting materials are all available from renewabale resources as 

discussed in chapter 2.6.1 – 2.6.5. All obtained polyDHPMs were fully characterised. 

Thermal analysis of the obtained set of polymers revealed high Tgs ranging from 160°C to 

308°C. The Tg was tuneable in small steps of 10°C by simple variation of diacetoacetate or 

diacetoacetamide monomers as well as the choice between 47 and 49. The polyDHPMs 

were thermally stable well above the respective high Tg values. The results demonstrate the 

straight forward variation of the components for the Biginelli polycondensation and enable 

the synthesis of renewable high Tg polymers. 

4.1.2 Synthesis of Aliphatic Diacetoacetate and Diacetoacetamide Monomers 

One of the components of the B-3CR is an CH-acidic reactant, in many cases a β-keto 

compound. In this work, 9 different β-keto compounds have been used. Their synthesis is 

described within this chapter. The other components were bought and used as received.  

The reaction of diketene (62) with nucleophiles like alcohols or amines to form the 

respective β-keto compounds has been known for decades.[221] The reaction is reported to 

proceed quickly and selectively under mild conditions.[221] 62 is readily formed from ketene 

gas (61) in a thermal [2+2]-cycloaddition.[359] However, 62 is lachrymatory, toxic and prone 

to self oligomerisation/polymerisation if stored longer then a week.[215,216] As an alternative 

to 62, acetylketene (127) was reported as potent reactant for the formation of β-keto 
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compounds. As 127 itself is highly reactive and unstable, several stable and less harmful 

precursors, compared to 62, are known. Those decompose in situ to 127 at temperatures 

above 90°C (Scheme 4.1). Such precursors are 4H-1,3-dioxin-4-ones,[360,361] tert-butyl 

acetoacetate (64),[362] or Meldrum’s acid.[363] Simpler acetoacetates, like methyl or ethyl 

acetoacetate, were used for transacetoacetylations as well but showed 20-fold lower 

reactivity compared to 64.[362]  

 

Scheme 4.1 Synthesis of acetoacetates (129) via the thermal in situ formation of acetylketene (127) using the 

precursors tert-butyl acetoacetate (64) or diketene acetone adduct (65) as an example. 

To synthesise the diacetoacetate monomers 124a-f, a literature procedure[353] was 

optimised and simplified leading to yields between 98% and 99% (Table 4.1). The 

renewable diols (123a-f) and a 1.25-fold excess of 64 were stirred at 150°C for 7 h in bulk 

and not as described in toluene. To further improve the sustainability of the monomer 

synthesis, up to 90% of t-BuOH (63) and 95% of excess 64 were recovered via distillation 

during the reaction and column chromatography during product purification, respectively. 

In addition, the solvent mixture used for the purification of 124d was distilled and 90% of 

the originally applied volume was recovered. Compared to the originally applied mixture 

with a ratio of c-C6H12 to EtOAc of 90:10, the recovered mixture had a ratio of 

approximately 92:8 with an impurity of t-BuOH of 1 – 2 mol%. The recovered mixture was 

considered sufficient for reuse without further purification.  
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Table 4.1 Reaction Scheme for the synthesis of six different diacetoacetates (124a-f) with the respective yields 

and relative amounts of recovered excess of 64 and by-product 63. 

 

monomer yield [%]a recovered excess 64 [%]b recovered 63 [%]b 

124a 99 94 87 

124b 99 95 90 

124c 99 91 89 

124d 98 92 85 

124e 98 85 89 

124f 99 91 82 

a isolated yield after column chromatography, b isolated amount of recovered substance. 

 

In order to confirm the formation of the products, 124a-f were characterised by 1H and 
13C NMR spectroscopy (Figure 4.1, top example shows the 1H NMR spectrum of 124d), 

infrared (IR) spectroscopy, and high-resolution mass spectrometry (HRMS). The respective 
1H NMR spectra showed the characteristic signals of the α‐CH2 protons at 3.2 ppm and the 

signals of the terminal γ‐CH3 protons of the β‐keto ester moiety at 2.2 ppm. The signals 

corresponding to the respective enol-tautomer were observed as well at different ratios 

below 10 mol% depending on the diacetoacetate (in DMSO-d6). The HO-C(CH3)=CH 

signal showed a chemical shift of 12.0 ppm (not shown in Figure 4.1 , for clarity), the HO-

C(CH3)=CH signal was visible at 5.1 ppm, and the methyl signal at 1.9 ppm. According to 

the NMR spectroscopy results, less than 3 mol% EtOAc remained in the purified monomers. 

Besides the long chain aliphatic diols, isosorbide (35) was also used as diol. Due to its rigid 
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bicyclic structure and its availability from sugars, it was employed as a suitable and 

available example of a renewable diol that offers high Tgs in a variety of different 

polymers.[364] Hence, all diacetoacetates were obtained with up to quantitative yields and 

negligible impurities (cf. chapter 6.3.1 for detailed analytics) and were used as monomers 

for the synthesis of Biginelli polycondensates.  

 

Figure 4.1 1H NMR spectra of 124d (top) and 126d (bottom) showing, as examples, the characteristic signals 

of diacetoacetates and diacetoacetamides. 

As a second and new class of monomers for the Biginelli polycondensation, the 

synthesis of diacetoacetamides was attempted. For the first attempts to synthesise β-keto 

amides, primary amines and 64 or ethyl acetoacetate (90) were used as model reactants since 

procedures similar to the diacetoacetate synthesis indicated the feasibility of this 

method.[362,365] These experiments were conducted by Josina Bohlen as part of her 

bachelor’s thesis.[358] Butyl amine was used as starting material. However, all attempts to 
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reproduce the reported results solely led to the formation of the respective enamines in up 

to quantitative yields. For example, the simple mixture of ethyl acetoacetate and butyl amine 

at room temperature led to the formation of the respective enamine (130) in an E/Z-ratio of 

approximately 11:89 (Figure 4.2).[358] In addition, the reaction of primary amines and 

diamines with ethyl acetoacetate (90) in the presence of Candida antarctica lipase B was 

reported to selectively produce β-keto amides in yields between 87% and 99%.[366,367] While 

the reported[367] batch size of 2.5 mmol led to product formation, scaling up to 250 mmol, 

in order to obtain enough monomer for the following polymerisations, solely yielded the 

enamine. As a consequence, the approach via transesterification of acetoacetates was 

abandoned and diketene acetone adduct (65) was used as acetylketene precursor.  

 

Figure 4.2 1H NMR spectrum of the crude product mixture of the reaction of ethyl acetoacetate (90) and butyl 

amine indicating the sole formation of an E/Z-mixture of the enamine (130) of 11:89 (signals 5 and 5’ were 

assigned in accordance to the literature[368,369]). 
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The application of 65 as reagent was successful, leading to the diacetoacetamide 

monomers (126a, d, e) with yields up to 62%. The reactions were performed similarly to a 

procedure by Clemens and Hyatt,[360] by reacting a series of aliphatic primary diamines 

(125a, d, e) with 65 in bulk (Table 4.2). The significantly lower yields compared to the 

diacetoacetates arose mainly from the challenging purification. Column chromatography 

was not possible due to the low solubility in most eluents/eluent mixtures. Moreover, thin 

layer chromatography of the crude substance indicated the existence of at least 3 impurities 

with retention times close to that of the product (ΔRf ≤0.1). Crystallisation was challenging 

due to the similar solubility of product and impurities. In addition, the 1H NMR 

spectroscopy of the crude mixtures indicated, besides full conversion of the amine moieties, 

small amounts of enamine formation. The best results where obtained by purification via 

crystallisation from ethanol. 

Table 4.2 Reaction Scheme for the synthesis of three different diacetoacetamides (126a, d, e) with the 

respective yields. 

 

monomer yield [%]a 

126a 43 

126d 62 

126e 47 

a isolated yield after recrystallisation from ethanol. 

 

The synthesis of the diacetoacetamides 126a, d, e was confirmed by 1H and 13C NMR 

spectroscopy, IR spectroscopy and HRMS. The 1H NMR spectra showed the characteristic 
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signals of the amide NH at 8.0 ppm, the α-CH2 protons at 3.3 ppm, and the signals of the 

terminal γ-CH3 protons of the β-keto amide moiety at 2.1 ppm (Figure 4.1 page 75, bottom 

example shows the 1H NMR spectrum of 126d). According to the NMR spectroscopy 

results, the pure monomers were obtained in all cases after crystallisation (see chapter 6.3.1 

for detailed analytics) and used for the synthesis of Biginelli polycondensates. Nonetheless, 

a further improvement of the purification technique or the application of another reagent 

apart from 62 might increase the obtained yields.  

Finally, the six different diacetoacetates 124a-f and the three diacetoacetamides 

126a, d, e were synthesised. Their use for the synthesis of polymer materials is described in 

the following chapter. 

4.1.3 Synthesis of Poly[3,4-dihydropyrimidin‐2(1H)‐one]s 

The newly introduced components for the Biginelli-polycondensation were applied with 

known components in various combinations in order to broaden the spectrum of available 

polyDHPMs and to investigate their properties. The investigations are divided in the 

synthesis of polyDHPMs from diacetoacetates (chapter 4.1.3.1) and the synthesis of 

polyDHPMs from diacetoacetamides (chapter 4.1.3.2).  

4.1.3.1 Poly[3,4-dihydropyrimidin-2(1H)‐one]s Using Diacetoacetates 

The acid catalysed polycondensation of various combinations of the synthesised 124a-f 

(chapter 4.1.2) with 58 and either 47 or 49 is discussed together with the resulting 

polyDHPMs. The Biginelli polycondensation was optimised in terms of resulting molecular 

weight and dispersity (Ð).5 Moreover, the reaction time was optimised following the 

 

5 Polymer samples usually consist of a distribution of individual macromolecules of different molecular 
weights. Therefore, the polymer samples are described by a set of averaged molecular weights, the number 
average molecular weight Mn, the mass average molecular weight Mw, the viscosity average molecular weight 
Mη, and the centrifuge average molecular weight Mz.[370] It is:[370] 
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polymerisation kinetics of four polyDHPMs. Last but not least, the above mentioned library 

of polyDHPMs was synthesised (Scheme 4.2). The obtained materials were thoroughly 

characterised by 1H NMR spectroscopy, size exclusion chromatography (SEC), differential 

scanning calorimetry (DSC), IR spectroscopy, and thermogravimetric analysis (TGA). 

 

Scheme 4.2 Brønsted acid catalysed synthesis of polyDHPMs using six different diacetoacetates 124a-f in 

combination with terephthalic aldehyde (58) and either urea (47) or N-methyl urea (49). 

The optimisation of reaction conditions was performed studying the polycondensation 

of 124d with 58 and 47 as test reaction (Table 4.3). Based on previous work of our group, 

dimethyl sulfoxide (DMSO) was applied as solvent and the reaction temperature was set to 

125°C.[353] Temperatures above 100°C were chosen in order to remove evolving water from 

the reaction mixture. First, the monomer concentration was optimised in favour of a large 

molecular weight. Typically, the polymerisation rate increases with increasing monomer 

concentration. However, if the concentration is too high, the mixture possibly becomes 

 

Mn ≤ Mη ≤ Mw ≤ Mz 

The most illustrative average molecular weights Mn and Mw are typically used. How narrow a molecular weight 
distribution is, is indicated by the dispersity Ð.[370] Ð is defined as ratio between Mw and Mn and equals 1 for 
uniform samples.[370] For non-uniform polymer samples Ð is greater than 1:[370] 

Ð = Mw∙Mn
−1 ≥ 1 
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viscous which hinders mixing and induces a broadening of Ð. Hence, the concentration was 

varied between 0.34 M and 1.40 M. 

An increase of the concentration led to an increase of Mn,SEC of the polymer from 

7.6 kg∙mol−1 to 13.8 kg∙mol−1 together with an increase of the yield from 47% to 72%. The 

increase in yield was probably caused by the lower solubility of the larger macromolecules 

in the precipitation solvent, MeOH, facilitating the purification. However, higher 

concentrations led to a significant increase of the Ð as well, especially for 1.20 M and 1.40 M 

mixtures. This increase was presumably a consequence of the inhomogeneous 

polymerisation due to the increased viscosity of the reaction mixture for higher 

concentrations. Second, the Lewis acid MgCl2 was used as catalyst (Table 4.3).  

Table 4.3 Results of the optimisation of the Biginelli polycondensation by varying the type of the catalyst and 

concentration of the reaction mixture.  

catalyst c [M]a Mn,SEC 
[g∙mol−1] 

Mw,SEC 
[g∙mol−1] Ð yield [%]b 

p-TsOH 

0.34 7 600 17 300 2.27 47 

0.70 8 900 28 400 3.19 59 

1.0 9 600 36 600 3.81 67 

1.2 10 300 116 000 10.0 72 

1.4 13 800 174 600 12.7 71 

MgCl2 1.0 8 400 27 200 3.34 57 

Reaction conditions: 124d (1.0 eq), 58 (1.0 eq), 47 (3.5 eq), catalyst (0.10 eq), DMSO, 125°C, 24 h. 
aconcentration in DMSO relative to 1.00 eq; bisolated yield after precipitation in MeOH. 

 

Compared to the reactions catalysed by p-toluenesulfonic acid, a lower yield of polymer 

with a lower Mn,SEC was obtained. Nonetheless, the results were very similar. As a 

consequence, subsequent Biginelli polycondensations were performed at 125°C in a 1.0 M 
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solution regarding 1.0 eq of diacetoacetate in DMSO and 0.10 eq of p-toluenesulfonic acid 

as a satisfactory compromise between molecular weight, Ð, and yield. 

The polymerisation kinetics were monitored for 120e, 131e, 120f, and 131f to establish 

a polymerisation time that allows for high molecular weights while maintaining a moderate 

Ð. Thus, samples for SEC were taken after certain time intervals monitoring the 

development of molecular weights and Ð for up to 22.5 h. The polymerisation was quenched 

by precipitation of aliquots of the reaction mixture into water to remove 47 or 49, thus 

drastically lowering the concentration of a crucial component for the B-3CR together with 

the reaction temperature. 

The SEC data for 120e and 120f is shown in Table 4.4. The SEC data for the synthesis 

of 131e and 131f, as well as the SEC chromatograms for each sample is available in chapter 

6.3.2.1. The molecular weights and Ðs of 120e and 131e increased over time and reached 

an Mn,SEC of 4.9 kg∙mol−1 (Ð = 3.24) and 8.7 kg∙mol−1 (Ð = 2.88) after 22.5 h, respectively. 

When 124f was used as diacetoacetate, the Mn,SEC of 120f and 131f developed similarly. 

The mass distributions were similar after 7 – 8 h yet significantly broader after 22.5 h 

(Ð = 10.1 and 13.1, respectively). A possible reason for this behaviour is the qualitatively 

more significant increase in viscosity of mixtures of polycondensates containing the rigid 

124f compared to the more flexible linear diacetoacetates. However, the broad distributions 

were accepted in favour of higher molecular weights. Finally, 22.5 h was chosen as standard 

reaction time since sufficiently high molecular weights were obtained.  
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Table 4.4 SEC data of the kinetic investigation of 120e and 120f. 

 120e 120f 

time 
[h] 

Mn,SEC 
[g∙mol−1] 

Mw,SEC 
[g∙mol−1] 

Ð 
Mn,SEC 

[g∙mol−1] 
Mw,SEC 

[g∙mol−1] 
Ð 

0.25 1 300 3 700 2.8 1 300 2 500 1.91 

0.5 2 500 5 000 1.98 1 600 3 700 2.23 

1 2 900 6 200 2.16 1 800 4 600 2.55 

1.75 3 400 8 200 2.42 2 300 6 200 2.67 

3 3 800 10 000 2.61 2 700 8 700 3.19 

7 4 200 12 800 3.09 3 300 14 200 4.3 

22.5 4 900 15 900 3.24 4 800 48 400 10.1 

Reaction conditions: 124e or 124f (1.0 eq), 58 (1.0 eq), 47 (3.5 eq), p-TsOH (0.10 eq), DMSO (1.0 M 
regarding 1.0 eq), 125°C. 

 

The Biginelli-polymerisation is an acid-catalysed polycondensation of bifunctional 

monomers. Hence, it is reasonable to assume a step-wise growth of the polymer chains. 

Moreover, the development of Mn,SEC and the degree of polymerisation (DP) were similar 

to the kinetics of an acid catalysed polycondensation of three components.6 The time 

 

6The kinetics of acid catalysed polycondensations of the bifunctional monomer types AA/BB or AB were 
described by Flory in a simple manner making three assumptions.[371] First, the reactivity of the reacting 
functional groups does not depend on the size of the molecule. Second, the tendency to undergo the reverted 
reaction is, as well, identical regarding the position in the molecule. Third, side-reactions are negligible. As a 
consequence, the following equation[372] is derived from the respective differential equation with the extent of 
the reaction p, the initial concentration c0, the rate constant k, and time t: 

 > = �
�RS = �TK� + 1 and Ð = 1 + 	 

Consequently, for a polycondensation that obeys Flory’s assumptions, the DP increases linearly with time and 
Ð ranges between 1 and 2. The equation, expressing the proportionality between DP and p is known as 
Carothers equation. However, the calculation for Ð is mostly erroneous due to the drastic idealisation of 
Flory’s assumptions.[373] 
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dependence of DP (calculated based on SEC data), as plotted in Figure 4.3, indicated a 

proportionality of DP to the square root of the reaction time (t) for, approximately, the first 

4 h. Afterwards, the DP seemed to reach a plateau for 120e,f and 131f. Nonetheless, the 

assumption of a third order kinetic for a Biginelli polycondensation is an educated guess 

and needs further investigation to be verified. For a more comprehensive investigation of 

the polymerisation kinetics, the inclusion of 1H NMR-derived Mn values was necessary to 

rule out solubility related effects during SEC measurements.  
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Figure 4.3 SEC-determined evolution of the DP with t during the synthesis of 120e, 131e, 120f, and 131f 

showing a non-linear relation of DP with respect to the reaction time with a similar final chain length of 

approximately 10 repeat units for 120e, 120f, and 131f.  

 

A proportionality of DP to t−0.5 is obtained for a self-catalysed polycondensation.[374] The same proportionality 
is obtained for a catalysed system with three components like the Biginelli polycondensation:  

  > = �
�RS = VKW�T� + 1  
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When the evolution of DP with t was determined by 1H NMR analysis, a similar 

proportionality was obtained (Figure 4.4). Mn,NMR was obtained by integration of the signals 

of the aldehyde end group at approximately 9.96 ppm relative to the CH-protons of the 

DHPM-ring at approximately 5.1 ppm. The acetoacetate end group was not used for 

molecular weight determination as the signals overlap with the polymer signals. The DP did 

not seem to stagnate after 4 h of reaction time, indicating that the observed stagnation in 

Figure 4.3 was related to the molecular weight determination by SEC. It is conceivable that, 

starting from a certain chain length on, the polymer chains started to coil tightly due to 

reduced solubility in the eluent hexafluoroisopropanol/0.1 wt% KCO2(CF3)2. This would 

lead to minor changes in the retention time relative to an increase in chain length.  
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Figure 4.4 Evolution of the degree of polymerisation with the reaction time during the synthesis of 120e, 

131e, 120f, and 131f determined via 1H NMR analysis. 

Furthermore, the obtained DP-values were with 30 – 45 a factor of 3 higher compared 

to the DPs observed by SEC. As a consequence, solvent effects during the SEC analysis 

led, in particular for larger polymers, to an underestimation of Mn. However, the DPs 
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obtained via 1H NMR spectroscopy were probably an overestimation due to the challenging 

integration of the respective peaks. The baseline was properly corrected in the region of the 

aldehyde end group at approximately 10 ppm. However, the baseline around the integrated 

signal of the CH-proton of the DHPM-structure of the repeat unit at approximately 5.1 ppm 

showed a positive offset. This led to an overestimation of the ratio of the end group signal 

to the polymer signal and thus to an overestimation of DP. As a consequence, the actual Mn 

of the polyDHPMs was probably in between Mn,SEC and Mn,NMR.  

Noteworthy, the Mn-values of the samples of the kinetics after 22.5 h are smaller 

compared to the Mn-values given in Table 4.5 for the same polymer structure. The reason 

is the different workup. The samples for the kinetic were precipitated in water to prevent 

loss of low molecular weight oligomers. The final polymers in Table 4.5, however, were 

precipitated in MeOH or MeOH/water mixtures also removing low molecular weight 

impurities. 

Finally, the polymerisation rate was not significantly limited within the investigated time 

frame. Hence, higher molecular weights seemed possible at reaction times larger then 

22.5 h. However, the use of a mechanical stirrer is recommended in order to avoid 

inhomogeneous mixtures. Moreover, the Biginelli polycondensation seemed to proceed 

similarly to the proposed kinetic for a polycondensation of three components. For further 

insight, the application of a third complementary method to determine the molecular weight 

of polymers, such as viscometry or light scattering, is conceivable. 

Afterwards, the optimised reaction conditions were applied to synthesise a set of 

different polyDHPMs. Consequently, the polyDHPMs 120a-f and 131a-f were synthesised 

using stoichiometric amounts of 124a-f and 58, as well as a 1.75‐fold excess of 47 or 49 

and 10 mol% of p-toluenesulfonic acid as a catalyst in DMSO. After the reaction, the 

polymers were precipitated and subsequently dried in a vacuum oven yielding the final 

polymer in yields up to 86%. The polymers were fully characterised using 1H NMR 

spectroscopy, SEC, DSC, IR spectroscopy, and TGA.  
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The synthesis of the polyDHPMs was verified by investigation of the polymer samples 

by 1H NMR spectroscopy. The 1H NMR spectra of the polyDHPMs 120a-f showed the 

characteristic signals (Figure 4.5, top example shows the 1H NMR spectrum of 120d) of the 

NHC=C protons at 9.2 ppm, the NHC–C at 7.7 ppm, the aromatic protons around 7.2 ppm, 

the NH–CH–CAr protons at 5.1 ppm and the O=CO–CH2 protons at 3.9 ppm. The signal of 

the C=C–CH3 protons was visible at 2.3 ppm. Signals for aliphatic protons were furthermore 

visible between 1.5 and 1.1 ppm for polyDHPMs with aliphatic spacers longer than C2H4 

(chapter 6.3.2.2).  

For 131a-f (Figure 4.5, bottom example shows the 1H NMR spectrum of 123d), the 

signal at 9.2 ppm was absent while a new signal for the H3C–NC=C protons at 3.0 ppm was 

observed. The NHC–C proton was shifted by +0.2 ppm to 7.9 ppm and the C=C–CH3 

protons were shifted by +0.2 ppm to 2.5 ppm. The signals of the aldehyde end‐groups were 

observed around 9.96 ppm and were used to calculate the Mn,NMRs of the polyDHPMs 

(Table 4.5). The obtained results indicate a higher degree of polymerisation for longer 

spacer units and 49, possibly due to better solubility of the respective polymers in the 

reaction solvent DMSO. 120b, d, e have already been reported prior to this work.[353] The 
1H NMR spectra and IR spectra correlate well, while molecular weights were higher by a 

factor of approximately two compared to this work. Tgs for 120b and 120d were not found 

in these previous reports.[353] 
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Figure 4.5 1H NMR spectra of 120d (top) and 131d (bottom) showing, as examples, the characteristic signals 

of polyDHPMs from diacetoacetates. 

The molecular weight distributions of the polyDHPMs were investigated via SEC using 

hexafluoroisopropanol with 0.1 wt% KCO2(CF3)2 as eluent (Table 4.5; for SEC 

chromatograms see Figure 6.16 on page 193). The results clearly showed that 

macromolecular polycondensates were obtained. 120a-d showed increasing Mn,SEC values 

from 3.80 to 8.30 kg∙mol−1 (Mn,NMR up to 12.2 kg∙mol−1) with varying Ð from 2.8 to 4.2. 

Other eluents were not suitable due to the insolubility of the polyDHPMs in water, 

acetonitrile, methanol, ethanol, dimethylacetamide, or tetrahydrofuran. Low solubility and 

problems using SEC analysis, especially for higher degrees of polymerisation, have already 

been reported for polyDHPMs and are generally known for polymers with strong hydrogen 

bonding, such as polyamides or polyureas.[353] 
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Table 4.5 Molecular weight and DSC data for the polyDHPMs from diacetoacetates (120a-f and 131a-f). 

polymer R1a Mn,NMR
b 

[g∙mol−1] 
Mn,SEC 

[g∙mol−1] 
Mw,SEC 

[g∙mol−1] 
Ð 

Tg
c 

[°C] 

120a C2H4 5 500 3 800 14 800 3.88 280 

120b C3H6 5 700 4 900 18 000 3.65 255 

120c C4H8 6 100 5 600 16 600 2.85 239 

120d C6H12 10 100 8 300 34 700 4.20 220 

120e C10H20 12 200 6 600 18 200 2.76 198 

120f isosorbide 30 700 6 200 50 000 8.07 308 

131a C2H4 11 300 10 800 43 000 3.99 248 

131b C3H6 24 000 10 500 33 800 3.21 222 

131c C4H8 21 400 7 600 19 700 2.58 211 

131d C6H12 31 800 9 500 42 800 4.94 175 

131e C10H20 36 700 8 700 24 900 2.88 159 

131f isosorbide 23 000 8 400 73 100 8.71 266 

Reaction conditions: 124a-f (1.0 eq), 58 (1.0 eq), 47 or 49 (3.5 eq), p-TsOH (0.10 eq), DMSO (1.0 M 
regarding 1.0 eq), 125°C, 22.5 h. aspacer of the diacetoacetate, cf. Scheme 4.2; bcalculated by integration 
of the aldehyde end-group signals; cthe inflection point of the DSC curve was chosen as Tg.  

 

Two possible reasons for the increasing Mn,SEC for longer spacers were considered in 

accordance with the NMR results. First, the larger size of the spacer unit naturally resulted 

in a larger hydrodynamic volume and consequently a higher Mn,SEC. Second, in a material 

with longer aliphatic spacer units, the frequency of hydrogen bonds throughout the material 

is lower which possibly results in less intramolecular hydrogen bonding and thus a larger 

hydrodynamic volume. The Mn,SEC of 120e did not follow this trend, perhaps due to the 

lower solubility of 120e in hexafluoroisopropanol with 0.1 wt% KCO2(CF3)2. This possibly 

led to lower hydrodynamic volumes by an overcompensation of above explanations for 

higher Mn,SEC values.  
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The Mn,NMR values of 131a-e obtained by 1H NMR end‐group analysis show a similar 

trend with increasing Mn,NMR for longer spacer units up to 36.7 kg∙mol−1, while being 

considerably higher compared to 120a-e (Table 4.5). The Mn,SEC values, however, are 

decreasing with longer spacer units. Interestingly, this trend was observed (for 

Mn,NMR > 11 kg∙mol−1) for both polyDHPMs from 47 as well as 49. These findings indicate 

that polyDHPMs start to form tight random coils if a certain Mn,NMR is reached. Moreover, 

neither the usage of 47 or 49 seemed to influence the Mn,NMR at which this phenomenon 

started to occur. 

The synthesis of 120f and 131f led to polymers with a high Mn,NMR of 30.7 kg∙mol−1 and 

23.0 kg∙mol−1, respectively (Table 4.5). The Mn,SEC values were 6.2 kg∙mol−1 and 

8.4 kg∙mol−1 with broad dispersities (Ð = 8.07, 8.71). Since the reaction mixtures of 120f 

and 131f were very viscous, the stirring was possibly not sufficient thus leading to 

inhomogeneous polymerisation mixtures throughout the reaction and hence to a bimodal 

molecular weight distribution (Figure 4.6). 
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Figure 4.6 SEC graphs of 120f and 131f showing a bimodal, broad shape. 
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The results discussed are a significant indication that the intramolecular hydrogen 

bonding in polyDHPMs, which is more pronounced for 120a-e, influences the reaction 

progress and leads to a compact structure in solution. Thus, small hydrodynamic volumes 

were observed by SEC. Furthermore, the use of 49 seemed to accelerate the polymerisation 

compared to 47, while retention time was dependent on the molecular weight rather than 

the molecular structure. In any case, reasonable control of the macromolecular 

characteristics of the polyDHPMs were obtained. 

The influence of the choice of either 47 or 49 and the respective diacetoacetate on the 

thermal properties of the polyDHPMs was investigated via DSC (Figure 4.7) showing a 

clear trend regarding the type of urea compound and the length of the applied spacer. 

Generally, 120a-f and 131a-f showed Tg values between 160°C and 308°C (Table 4.5 on 

page 88), as expected from the highly rigid and strongly hydrogen bonding repeating units. 

Comparing the Tgs, a clear trend was observed: The Tgs were lower for polymers with longer 

spacers. This seems reasonable considering the above assumptions that an increasing spacer 

length resulted in decreasing hydrogen bond frequency and thus increased flexibility of the 

polymer backbone. In addition, when the same diacetoacetate was used, the respective Tg 

was lower for polymers 131a-e compared to 120a-e. In line with above considerations, 120f 

and 131f showed the highest Tgs of 308°C and 266°C, respectively, which was attributed to 

the rigid bicyclic structure of isosorbide (35).  

Considering the whole data-set (Table 4.5 on page 88), it was possible to adjust the Tg 

of the polyDHPMs (120a-f and 131a-f) in small steps (<10°C) within a 150°C range from 

160 – 308°C by simple variation of the combination of starting materials. It is notable that 

the Tgs of other renewable polymers from various resources are usually below 150°C.[364] 

Nevertheless, several other renewable polymers with a comparable Tg are known. For 

example, polyamides with a Tg of 273°C were obtained using monomers synthesised via 

[2 + 2]-cycloaddition of 4-aminocinnamic acid.[375] Applying isosorbide and its 

diastereomers isomannide and isoidide as monomers, different polyesters with a Tg between 

180°C and 196°C[376–379] and polycarbonates with a Tg up to 175°C were obtained.[380,381] 
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Figure 4.7 Dependence of the Tg of polyDHPMs on the spacer-length and the choice of either urea (47) or 

Me-urea (49). 

TGA revealed that the polyDHPMs from diacetoacetates have high thermal stability 

under synthetic air flow. The observed Td5% values of 120a-e and 131a-f were between 

264°C and 314°C surpassing the respective Tgs indicating a possible thermal processing of 

these polymers (Table 6.9 on page 217). Solely the Td5% of 120f was lower (289°C) than its 

Tg at 308°C. An investigation of the mechanical properties by stress-strain measurements of 

120e and 131e was attempted since a long spacer was considered to likely result in a 

deformable material. Hot pressing as well as the formation of a polymer film via evaporation 

from solution in N-methyl-2-pyrrolidine or N,N-dimethylacetamide were attempted. 

However, the brittleness of the material did not allow the manufacture of a specimen suitable 

for mechanical analysis. 
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4.1.3.2 Poly[3,4 dihydropyrimidin 2(1H)‐one]s Using Diacetoacetamides 

Within this chapter the set of polyDHPMs from diacetoacetamides (Scheme 4.3) was 

synthesised and characterised. At first however, the reaction kinetics were investigated for 

132e and 133e using the optimised reaction conditions for 120a-f and 131a-f (cf. chapter 

4.1.3.1). These investigations revealed that an insoluble gel is formed if the reaction time is 

longer than approximately 2.5 h for 132e and 0.5 h for 133e. The gelation is indicated by a 

broadening of the molecular weight distribution (shoulder at high molecular weights) prior 

to gelation (see Figure 6.30 on page 208). Consequently, the synthesis of 132e was stopped 

after 1.5 h. The reaction time of 132a and 132d was kept at 22.5 h, since no gelation was 

observed. The polymerisations yielding 133a, d, e were stopped after 0.5 h to avoid 

gelation. Using these optimised polymerisation conditions the set of 132a, d, e and 

133a, d, e was obtained with isolated yields of up to 67%. 

 

Scheme 4.3 Synthesis scheme of polyDHPMs using three different diacetoacetamides 126a, d, e in 

combination with terephthalic aldehyde (58) and either urea (47) or N-methyl urea (49). 

The evolution of DP with t was observed by 1H NMR analysis for 132e. The resulting 

plot indicated a similar increase of DP with t (Figure 4.8) compared to the polyDHPMs 

from diacetoacetates (cf. Figure 4.4, page 84). However, the reaction process was only 

monitored up to 3 h due to the insolubility of the resulting polymer.  
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Figure 4.8 Evolution of the degree of polymerisation with reaction time during the synthesis of 132e 

determined via 1H NMR analysis.  

Afterwards, 132a,d,e and 133a,d,e were synthesised and fully characterised using 1H 

NMR spectrosocopy, SEC, DSC, IR spectroscopy and TGA. The 1H NMR spectra 

confirmed the successful synthesis. The spectra of 132a, d, e showed the characteristic 

signals (Figure 4.9, top example shows the 1H NMR spectrum of 132d) of the NHC=C 

protons at 8.5 ppm, the NHC–C at 7.6 ppm, the O=C(NH)–CH2 at 7.5 ppm, the aromatic 

protons around 7.2 ppm, the NH–CH–CAr proton at 5.2 ppm and the O=C(NH)–CH2 protons 

at 3.1 ppm. The signal of the C=C–CH3 protons was observed at 2.0 ppm. Signals for 

aliphatic protons were furthermore visible between 1.5 ppm and 0.9 ppm for polyDHPMs 

with aliphatic spacers longer than C2H4 (cf. chapter 6.3.1). For 133a, d, e (Figure 4.9, 

bottom example shows the 1H NMR spectrum of 133d), the signal at 8.5 ppm was absent 

while a new signal for the H3C–NC=C protons at 3.0 ppm was observed, overlapping with 

the broad O=C(NH)–CH2 signal. The latter was confirmed via phase-edited heteronuclear 

single quantum coherence (HSQC) spectroscopy (Figure 6.37 on page 215). The NHC–C 

proton remained at 7.6 ppm, the O=C(NH)–CH2 was shifted by +0.3 ppm to 7.8 ppm, the 
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NH–CH‐CAr proton was shifted −0.1 ppm to 5.1 ppm, and the C=C–CH3 protons were 

shifted by +0.2 ppm to 2.2 ppm. 

 

Figure 4.9 1H NMR spectra of 132d (top) and 133d (bottom) showing, as examples, the characteristic signals 

of polyDHPMs from diacetoacetamides. 

The molecular weight distributions of the polyDHPMs were investigated via SEC using 

hexafluoroisopropanol with 0.1 wt% KCO2(CF3)2 as eluent (Table 4.6; for SEC 

chromatograms see Figure 6.30 on page 208). The results clearly showed that 

macromolecular polycondensates were obtained. The obtained molecular weights (Mn,SEC) 

of the resulting polymers were 5.00 kg∙mol−1 (132a), 12.4 kg∙mol−1 (132d) and 

11.8 kg∙mol−1 (132e), 6.00 kg∙mol−1 (133a), 5.30 kg∙mol−1 (133e), and 15.2 kg∙mol−1 

(133d). Ð ranged from 2.06 to 7.71 (Table 4.6).  
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Table 4.6 Molecular weight data and DSC data for the polyDHPMs from diacetoacetamides (132a, d, e and 

133a, d, e). 

polymer R1a Mn,NMR
b 

[g∙mol−1] 
Mn,SEC 

[g∙mol−1] 
Mw,SEC 

[g∙mol−1] 
Ð 

Tg
c 

[°C] 

132a C2H4 9 600 5 000 23 400 4.17 −d 

132d C6H12 5 300 12 400 63 000 5.07 265 

132ee C10H20 5 500 11 800 40 300 3.40 235 

133af C2H4 2 400 6 000 12 400 2.06 −d 

133df C6H12 3 900 5 300 13 000 2.47 −d 

133ef C10H20 3 800 15 200 71 100 7.71 194 

Reaction conditions: 126a,d,e (1.0 eq), 58 (1.0 eq), 47 or 49 (3.5 eq), p-TsOH (0.10 eq), DMSO (1.0 M 
regarding 1.0 eq), 125°C, 22.5 h. aspacer of the diacetoacetamide, cf. Scheme 4.3; bby integration of the 
aldehyde end-group signals; cthe inflection point of the DSC curve was chosen as Tg; dnot observed within 
the observed temperature range (−50 – 350°C); e0.5 h reaction time; f1.5 h reaction time. 

 

The influence of the choice of either 47 or 49 and the respective diacetoacetamide on 

the thermal properties of the polyDHPMs was investigated via DSC (Table 4.6) showing a 

clear trend regarding the type of urea compound and the length of the applied spacer. A Tg 

was observed for 132d (265°C), 132e (235°C) and 133e (194°C). Compared to 120d 

(220°C), 120e (198°C), and 131e (159°C), respectively, the Tgs were expectedly higher 

(35 – 45°C higher compared to polyDHPMs from diacetoacetates) for the polymers that 

contained an amide moiety, which was attributed to additional hydrogen bonding through 

the amide. No thermal transition was observed for 132a, 133a, d, although different 

heating/cooling rates for DSC investigations (range of 5 – 35 K∙min−1 and 5 – 20 K∙min−1, 

respectively) were attempted. For 132a it is possible that the Tg is above the Td5% and is 

therefore not observable.  

Consequently, the Tgs for diacetoacetamide-derived polyDHPMs seem to be tuneable in 

a manner similar to diacetoacetate-derived polyDHPMs. TGA showed that the polyDHPMs 

from diacetoacetamides have high thermal stability under synthetic air flow. The observed 
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Td5% values ranged from 278°C to 314°C (Table 6.9 on page 217) and are thus in a similar 

range to the Tgs of 120a-f and 131a-f.  

4.1.4 Conclusion and Outlook 

Herein, we synthesised a set of 15 new polyDHPMs via the Biginelli polycondensation 

introducing 49 and several diacetoacetate and diacetoacetamide monomers as new building 

blocks. In addition, three literature-known polyDHPMs, which fit in this series of 

investigated polymers, were prepared. The Tg of two of them was analysed for the first time. 

The monomers are available from renewable resources in yields from up to 62% for the 

diacetoacetamides and up to 99% for the diacetoacetates. The Tgs of the resulting polymers 

were tunable in small steps of approximately 10°C from 160 – 308°C by exploitation of the 

established structure–property relations, rendering polyDHPMs sustainable alternatives for 

high Tg polymers. In addition, the high thermal stability of the polyDHPMs potentially 

allows for thermal processing techniques. 

The Biginelli polycondensation is overall a promising tool for future applications. 

However, more insight into the characteristics of the Biginelli polymerisation, and thus 

control over the resulting polymers regarding molecular weight and dispersity, are needed. 

To further regulate the molecular weight the application of end-capping agents are 

conceivable allowing high conversions alongside specific molecular weights depending on 

the ration of end-capping agent. Additional investigations of the polymerisation kinetics and 

the development of the dispersity, especially at reaction times longer than 22.5 h, are needed 

for more sophisticated insight into the polymerisation process. The application of 

mechanical stirring might, albeit, avoid inhomogeneous polymerisation and allow for higher 

molecular weights and lower dispersities. In addition, the synthesis of copolymers or the 

application of monomers with substituents that disrupt the hydrogen bonding might reduce 

the brittleness and allow for processing, determination of mechanical properties, and 

application. Finally, the application of an external plasticiser is anticipated to enhance the 

mechanical properties.  
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4.2 End Group-Functionalisation of Biginelli Polycondensates and 

Subsequent Block Copolymer Synthesis 

Chapters 6.1, 6.2, and 6.4 of the experimental section correspond to the following 

investigations within this chapter. 

4.2.1 Abstract 

The synhesis of Biginelli polycondensates was previously reported from various 

diacetoacetates, aromatic dialdehydes, and urea (47) or thiourea (104). AB-monomers 

carrying both an acetoacetate and an aldehyde group have also been used (cf. chapter 

2.7.2.3). However, each of the reports featured homopolymers with one exception: a 

statistical copolycondensate containing DHPM motifs via the B-3CR and dihydropyridine 

motifs via the Hantzsch synthesis. Within this chapter, the synthesis of block copolymers 

that contain a polyDHPM block was investigated. The copolymer was prepared by 

introduction of a reactive end group to the polyDHPM and subsequent coupling with another 

polymer. Hence, we prepared six polyDHPMs with terminal double bonds as end groups 

and investigated their conversion in a thiol-ene reaction. The reactivity was first investigated 

with butane thiol (145) and second with poly(ethylene glycol) methylether thiol (147) to 

obtain block copolymers. 

Five diacetoacetates (124a-e, AA-monomer), terephthalic aldehyde (58, BB-monomer), 

urea (47), and N-methyl urea (49) were used as renewable starting materials. Additionally, 

2-{[3-(4-formyl-2-methoxyphenoxy)propyl]thio}ethyl acetoacetate (141) was used as a 

renewable AB-monomer. In both approaches, end groups were introduced by addition of 

10-undecenyl-1-acetoacetate (143) to the monomer mixture. This led to six different 

polyDHPMs (144a-f) with terminal double bonds as end groups in yields of up to 76%. 

Moreover, the molecular weight of the end group-functionalised polyDHPMs was tuned 

between 4 200 g∙mol−1 and 6 800 g∙mol−1 by the variation of the amount of 143 added. 

Subsequently, the 144a-f were reacted via thiol-ene reaction with 147 to form the 

polyDHPM-b-poly(ethylene glycol)s (148a-f) with yields of up to 76%. All obtained 144a-f 
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and 148a-f were fully characterised. DSC analysis of 148a-e revealed two distinct thermal 

transitions for the block copolymers. While the Tgs of the polyDHPM blocks ranged, 

depending on the monomer structure, between 265°C and 159°C, the melting point (Tm) of 

the poly(ethylene glycol) block (PEG block) remained between 49°C and 52°C matching 

the Tm of pure 147. This behaviour indicated microphase separation of the applied polymer 

blocks possibly allowing for self-assembling polymers or the synthesis of thermoplastic 

elastomers. 

4.2.2 Synthesis of Starting Materials 

The diacetoacetates used within this chapter are the same as the ones used in chapter 

4.1. Therefore, the applied diacetoacetates (124a-e) were synthesised according to the 

procedure described in chapter 6.3.1 from the respective diols (123a-e) and tert-butyl 

acetoacetate (64). Besides these AA-monomers, a novel AB-monomer was synthesised 

from renewable starting materials and used to complement the monomer spectrum with a 

new type. 

The renewable AB-monomer, 2-{[3-(4-formyl-2-methoxy-phenoxy)propyl]thio}ethyl 

acetoacetate (141), was synthesised via a four-step route (Scheme 4.5) while the overall 

sustainability was carefully considered. Each step was mainly verified using 1H NMR 

spectroscopy supported by 13C NMR spectroscopy, IR spectroscopy, and HRMS.  

The first two reaction steps towards 4-(allyloxy)-3-methoxybenzaldehyde (138) were 

performed as described in the literature.[382,383] First, allyl methyl carbonate (137) was 

synthesised by 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD)-catalysed transesterification of 

dimethyl carbonate (135) with allyl alcohol (136) (Scheme 4.4, a)). Second, 137 and 

vanillin (134) were reacted in a Tsuji-Trost reaction to form the allyl ether 138 (Scheme 

4.4, b)). As catalyst, Pd0 nanoparticles in water, stabilised with poly(vinylpyrrolidone), were 

applied. The obtained results were in accordance with the literature.[382,383]  
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Scheme 4.4 Literature-known two-step synthesis of 138 from 134, 135, and 136; reaction conditions: a) 

7.50 eq 135, 1.00 eq 136, 0.01 eq TBD, 80°C, 1 h, 31% yield. b) 1.00 eq 134, 2.50 eq 137, 0.05 eq triphenyl 

phosphine, 0.001 eq Pd0/poly(vinylpyrrolidone), 0.370M in water, 90°C, 22 h, 80% yield.[382,383] 

Third, 2-mercapto ethanol (139) and tert-butyl acetoacetate (64) were reacted to form 

2-mercaptoethyl acetoacetate (140) (Scheme 4.5, a)) using a procedure similar to the 

procedure for the synthesis of diacetoacetates (cf. chapter 4.1.2). However, 139 and 64 were 

applied in a ratio of 1:1 to decrease double functionalisation of 139. The pure product was 

obtained with a yield of 63%. The favoured formation of the ester compared to the thioester 

was attributed to the higher stability of the ester compared to the thioester. Thus, the reaction 

temperature of 150°C probably led to the favoured formation of the thermodynamically 

favoured product. 1H NMR analysis confirmed the product formation showing the 

characteristic product signals, in particular the γ-CH3- and α-CH2-protons of the β-keto 

moiety and the thiol-protons at 2.19 ppm, 3.63 ppm, and 2.56 – 2.51 ppm, respectively.  
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Scheme 4.5 Four step synthesis route to the renewable AB-monomer 141; optimised reaction conditions: a) 

1.00 eq 139, 1.00 eq 64, 150°C, 4.5 h, 63% yield. b) 1.00 eq 138, 1.00 eq 140, 0.01 eq DMPA, irradiation at 

365 nm, over night, 85% yield. 

The fourth step was a photoinitiated thiol-ene reaction7 between 138 and 140 yielding 

the AB-monomer (141) (Scheme 4.5, b)). The first experiment was conducted in EtOAc 

(2M). 138 and 140 were applied in a 1:1 ratio with 2,2-dimethoxy-1,2-diphenylethan-1-one 

(DMPA) as photoinitiator. The respective conversions were observed by 1H NMR 

spectroscopy of samples of the crude reaction mixture.  

 

7 The thiol-ene reaction is the anti-Markovnikov addition of a thiol to a double bond.[384] The reaction proceed 
over a radical pathway. The typical reaction cycle for a photoinduced thiol-ene reaction starts with the 
formation of a thiyl-radical (a), also possible without initiator). The following addition of the thiyl-radical to 
the olefin (b) and subsequent proton abstraction from another thiol molecule (c) results in the formation of the 
product and another thiyl-radical.[384] Termination (d) occurs by radical-radical coupling under formation of 
disulfides or dithioethers.[384] 
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The use of EtOAc as solvent led to no conversion of the double bond of 138. However, 

a conversion of approximately 30% of the aldehyde function to an unknown compound was 

observed. Furthermore, a slight shift of −0.02 ppm and −0.01 ppm of the γ-CH3- and α-CH2-

protons of the β-keto moiety and +0.03 ppm of the (CO)O-CH2-signals of 140 was observed. 

Integration of the respective signals indicate a conversion of 80% of 140. The reaction of 

140 in EtOAc and DMPA as initiator without the addition of an olefin showed no conversion 

of 140. Hence, the conceivable formation of a disulfide as side product in the above thiol-

ene reaction was excluded. Nonetheless, the resulting structure/s remained unknown. 

As a consequence, the thiol-ene reaction was investigated with respect to the applied 

solvent. The reaction was performed in bulk, in CH2Cl2 (2 M), and in DMSO (2 M) leading, 

according to the integration of the respective proton signals at 6.06 ppm, 5.42 ppm, and 

5.29 ppm, to ene-conversions of 92%, 96%, and 88%, respectively (Figure 4.10, example 
1H NMR spectrum of the crude product of the thiol-ene in bulk). Moreover, characteristic 

product signals besides negligible side products indicated high theoretical yields. Due to the 

similar conversions and selectivities between these three conditions, 141 was, for 

sustainability reasons, synthesised in bulk with a yield of 85% after purification by column 

chromatography.  
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Figure 4.10 Optimisation of the synthesis of 141, here shown by the results of the thiol-ene reaction in bulk: 

The crude 1H NMR spectrum shows 92% conversion of the allyl double bond of 138 relative to the aldehyde 

signal; the product signals are visible besides minor impurities; the respective spectra of the reactions in 

CH2Cl2 or DMSO as solvent are comparable.  

The end-capping agent to introduce terminal double bonds to the polyDHPMs, 

10-undecenyl-1-acetoacetate (143), was synthesised similar to the diacetoacetates described 

in chapter 4.1.2. Accordingly, 10-undecenyl-1-ol (142) was stirred with 2.50 eq of 64 at 

150°C yielding 99% of 143 after purification. 1H NMR analysis confirmed the product 

formation showing the characteristic product signals, in particular the γ-CH3- and α-CH2-

protons of the β-keto moiety at 2.17 ppm and 3.58 ppm, respectively, as well as the 

H2C=CH- and the H2C=CH-signals at 4.89 – 5.05 ppm and 5.79 ppm. The successful 

synthesis was further supported by 13C NMR spectroscopy, IR spectroscopy, and HRMS. 
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Scheme 4.6 Reaction scheme for the synthesis of 143 by esterification of the respective alcohol 142 in bulk, 

99% yield. 

To conclude, the pure starting materials 124a-e and 141, as well as the pure end-capping 

agent 143 were synthesised. Their application for the synthesis of polyDHPMs with 

terminal double bonds is described within the following chapter. 

4.2.3 Poly[3,4-dihydropyrimidin-2(1H)‐one]s with Defined End Groups 

Within this chapter, the Brønsted acid catalysed (p-toluenesulfonic acid) 

polycondensations of the above described diacetoacetates (124a-e) with terephthalic 

aldehyde (58) and urea (47) as well as the polycondensation of the AB-monomer 141 with 

47 is discussed (Scheme 4.7). The procedure resembles that for the synthesis of the 

polyDHPMs 120a-f (chapter 4.1.3.1). However, different amounts of 143 were added to the 

reaction mixture prior to heating to efficiently introduce a terminal double bond as end 

group of the polymer chain. The resulting end group-functionalised polyDHPMs (144a-f) 

were characterised by NMR spectroscopy, SEC, DSC, and IR.  
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Scheme 4.7 Brønsted acid catalysed synthesis of end group functionalised polyDHPMs: top: using AA/BB-

monomers, particularly the diacetoacetates 124a-e in combination with terephthalic aldehyde (58) and urea 

(47), bottom: using the AB-monomer 141 together with 47. 

The Biginelli-polycondensation is supposed to proceed step-wise (see chapter 4.1.3.1). 

Such step-growth polymerisations are sensitive towards the stoichiometry of the reactants, 

therefore also towards the addition of monofunctional reactants. This is shortly illustrated 

in Scheme 4.8 in a generic polycondensation of a diol and a dicarboxylic acid.  
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Scheme 4.8 Idealised scheme of a generic polycondensation of a diol and a dicarboxylic acid: if both 

monomers are present in equal amounts, polymer chains with a statistical ratio of alcohol:dicarboxylic acid of 

1:1 are formed; an excess of, e.g., diol lowers the maximum DP and produces polymer diols at full conversion; 

addition of monofunctional alcohols equally lowers the DP and yields polymers with alcohol and “E” 

endgroups.  
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If the diol and dicarboxylic acid are present in equimolar amounts, the resulting 

polycondensates statistically carry one alcohol function and one carboxylic acid function 

each. In addition, the DP is only limited by p according to the Carothers equation.8 However, 

this only holds true if the monomers are added in stoichiometrically equal amounts and no 

monofunctional monomer is present (Scheme 4.8). If the stoichiometry is imbalanced, the 

excess of one functionality over the other causes an excess of polymer chains were α- and 

ω-chain ends both correspond to the excess functionality which also hinders the step-

growth. Therefore, the DP decreases with increasing excess of one functional group.8 The 

addition of a monofunctional reactant similarly lowers the maximum DP and leads to 

polymer chains that statistically carry the structure (E) of the monofunctional monomer and 

the excess polymerisable function, respectively. Moreover, if the conversion is below 100%, 

the deficient functional group is also present. Their amount, together with the amount of 

E-groups, equals the amount of present excess functionality.  

As a consequence, it was reasonable to assume that the α- and ω-chain ends of a 

polyDHPM chain are an aldehyde and a β-keto ester, respectively, and that they statistically 

occur in a ratio of 1:1. Furthermore, by addition of the monoacetoacetate 143 to the reaction 

 
8 The Carothers equation expresses the proportionality of degree of polymerisation DP and extent of the 
reaction p for step-growth polymerisations.[385] It is for stoichiometrically balanced polymerisations:[385] 

  > = �
�RS  

To calculate DP in the case of an imbalanced stoichiometry, the ratio of polymerisable functional groups r is 
introduced with the number of A-groups NA and the number of B-groups NB:[385] 

 > = �XP
�XPR�PSand 
 = YZ

Y[
 

Conventionally NB is the excess functionality, hence r ≤ 1.[385] Above equation is also applicable for the 
presence of a number of monofunctional reagent NB,mono if r is adapted. Since the presence of one 
monofunctional molecule has the same effect on DP as one difunctional, a factor of two arises and r is defined 
as:[385] 

 
 = YZ
Y[X�Y[,\]^]
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mixture, the resulting polyDHPMs would carry an acetoacetate and a terminal double bond 

introduced by 143, each. 

To investigate this assumption, a set of polyDHPMs with double bond end groups was 

synthesised using 141 or 124d together with 47 and 58 in the case of 124d (cf. Scheme 4.7). 

Different amounts of 143 were added to the reaction mixture at the beginning of the 

polymerisation to maximise the incorporation of the end-capping agent. This resulted in the 

polyDHPMs 144d and 144f (Table 4.7). The products were analysed by SEC and 1H NMR 

spectroscopy.  

Table 4.7 1H NMR and SEC data of polyDHPMs using 124d or 141 with different amounts of 143. 

entry polymer 
mol% of 

143 
added 

mol% of 143 
incorporateda 

Mn,NMR
b 

[g∙mol−1] 
Mn,SEC

c 

[g∙mol−1] 
Mw,SEC

c 

[g∙mol−1] 
Ð 

1 

144f 

0 - 10 100 7 100 20 900 2.95 

2 1 -d 11 500 6 800 24 600 3.59 

3 5 97 7 400 5 800 16 300 2.82 

4 10 78 4 600 5 500 15 200 2.78 

5e 10 75 4 800 5 600 16 100 2.86 

6 15 44 5 500 5 300 15 100 2.83 

7f 15 47 5 400 5 500 17 600 3.23 

9 30 56 2 200 4 200 9 500 2.29 

10 

144d 

5 92 4 700 6 800 28 800 4.21 

11 10 66 3 400 6 400 20 900 3.25 

12 15 61 2 500 5 900 17 100 2.92 

a1H NMR determination of mol% of 143 incorporated in purified polyDHPM relative to the amount of 143 
added to the reaction mixture; bdetermined by integration of the aldehyde and the double bond end group 
signals, end groups were not implemented into the calculation; cSEC measurements where conducted in 
hexafluoroisopropanol with 0.1 wt% KO2CCF3 as eluent; dsignal of the double bond not visible in 1H NMR 
spectrum; eaddition of a second portion of 143 after 16 h of reaction time; f45 h reaction time. 
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Nine different samples of 144f were prepared using 1.0 mol% to 30 mol% of 143 (Table 

4.7, entry 1 – 9). As expected, the Mn,SEC decreased with increasing amount of 143. The 

highest Mn,SEC of 7 100 g∙mol−1 was reached without addition of end-capping agent, the 

lowest Mn,SEC of 4 200 g∙mol−1 with 30 mol% of 143. The Ð ranged between 2.29 and 3.59 

and did not follow an obvious trend.  

The Mn,NMRs were calculated using the integrals of the CH-protons of the DHPM unit at 

5.1 ppm relative to the sum of the integrals of aldehyde and double bond end groups at 

9.9 ppm and 5.8 ppm, respectively. As an example, the 1H NMR spectrum of 144f, prepared 

with 5 mol% of 143, is shown in Figure 4.11. Besides the signals of the double bond end 

group, the characteristic signals of the NHC=C protons at 9.2 ppm, the NHC–C at 7.7 ppm, 

the aromatic protons around 6.7 ppm and 6.9 ppm, the NH–CH–CAr protons at 5.1 ppm, 

and the O–CH3 protons at 3.7 ppm were observed. The signal of the C=C–CH3 protons was 

visible at 2.3 ppm. The signals of the remaining CH2 protons are visible between 

4.3 – 3.8 ppm and 2.9 – 2.5 ppm, and at 1.9 ppm. 

Like the Mn,SEC, the Mn,NMR also decreased with increasing amount of 143 (Table 4.7, 

entry 1 – 9). However, the Mn,NMRs of entries 4 and 5 were smaller than the Mn,NMRs of 

entries 6 and 7. This was attributed to the inaccuracy during the integration of the respective 

signals of the 1H NMR spectra. The baseline was properly corrected in the region of the 

aldehyde end group at approximately 10 ppm. However, the baseline around the integrated 

signal of the double bond end group at 5.8 ppm and the CH-proton of the DHPM-structure 

of the repeat unit at 5.1 ppm showed a positive offset. Furthermore, due to the low 

concentration of end groups, minor impurity signals distort the integration. 

Nonetheless, the 1H NMR spectra were also used to estimate the ratio of end-capping 

agent that was incorporated into the polymer compared to the added amount. Interestingly, 

the incorporated amount decreased from 97% to approximately 50% with increasing 

addition of 143. Nonetheless, the amount of double bond end groups incorporated in the 

polymer increased from 4.9% to 17%. The signals of the acetoacetate end group at 3.6 ppm 

and 2.2 ppm were not distinguishable due to the overlap with signals of the polyDHPM and 
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were thus not integrated. To be able to determine the amount of acetoacetate end groups, a 

quantitative reaction that introduces, upon conversion of the acetoacetate, a moiety whose 

NMR signals do not overlap with the polyDHPM signals, is conceivable – for example the 

reaction with an excess of a trimethylsilyl-functionalised primary or secondary amine. 

However, this approach was, due to time restraints, not sought in this context.  
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Figure 4.11 Typical 1H NMR spectrum of 144f (top) and 144d (bottom) with 5 mol% of 143, the aldehyde 

end group signal is shown for 144d. 

Furthermore, to investigate the possibility to increase the amount of incorporated double 

bond end group, a second portion of 143 was added after 16 h of reaction time (Table 4.7, 

entry 5). However, no significant change was observed compared to a single addition at the 

start of the reaction (entry 4). More precisely, the second addition seemed not to be 

incorporated. Last but not least, the influence of reaction times longer than 22.5 h was 
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investigated, comparing entry 6 (22.5 h) and entry 7 (48 h). No significant change of the 

Mn,SEC or the Mn,NMR were observed while an increase of the Ð was found. Hence, the 

polymerisation seemed to not proceed any further within a reasonable time frame after 

22.5 h while side reactions seemed to occur. 

Similarly to 144f, three reactions to form 144d were conducted with 5 mol%, 10 mol%, 

and 15 mol% of 143 (Table 4.7, entry 10 – 12). Mn,SEC and Mn,NMR followed the same trend 

as for 144f ranging from 6 800 g∙mol−1 to 5 900 g∙mol−1 and from 4 700 g∙mol−1 to 

2 500 g∙mol−1, respectively. The Ð decreased with increasing amount of end-capping agent 

from 4.21 to 2.92 possibly due to the following reason. The SEC graphs of polyDHPMs 

without double bond end groups show large shoulders to or even bimodal distributions 

towards lower molecular weights possibly due to the formation of rings or the oxidation of 

some of the aldehyde endgroups (Figure 6.16, page 193). As the end-capped polyDHPMs 

only reached lower molecular weights, the peak of the respective molecular weight 

distribution overlaps with what would form the shoulder. Consequently, the size distribution 

appears to be narrower. An example 1H NMR spectrum of 144d with 5 mol% of 143 is 

shown in Figure 4.11. 

Finally, various molecular weights of end group-functionalised polyDHPMs were 

achieved by addition of different amounts of the end-capping agent for the polymerisation 

of an AA/BB-monomer and an AB-monomer. The incorporation of the end-capping agent 

was quantified by 1H NMR spectroscopy. It was found that more than 92% of 143 were 

incorporated by addition of 5 mol%. This percentage, however, decreased when larger 

amounts of 143 were added. As a consequence, 5 mol% of 143 were chosen for the synthesis 

of a series of six end group functionalised polyDHPMs using 124a-e as AA-monomer and 

141 as AB-monomer (cf. Scheme 4.7, page 104). 

Since, the addition of 5 mol% of end-capping agent led to the highest efficiency for end 

group incorporation, the same amount was used for the preparation of four additional 

polyDHPMs, 144a-c,e. Consequently, five different aliphatic, linear diacetoacetates 124a-

e with chain lengths between C2 and C10 and the AB-monomer 141were applied. The results 
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of the SEC analysis and the 1H NMR spectroscopy are shown in Table 4.8 and resemble 

the results obtained for 144f and 144d. The end-capping agent was incorporated at 

percentages above 92% and similar DPs were reached. Furthermore, yields between 69% 

and 76% were reached after purification by precipitation. 

Table 4.8 1H NMR and SEC data of polyDHPMs using 124a-e or 141 with 5 mol% of 143. 

entry polymer mol% of 143 
incorporateda 

Mn,NMR
b 

[g∙mol−1] 
Mn,SEC 

[g∙mol−1] 
Mw,SEC 

[g∙mol−1] 
Ð 

1 144a 99 4 100 4 500 16 400 3.68 

2 144b 101 3 800 4 500 14 000 3.01 

3 144c 99 4 300 5 700 14 700 2.52 

4 144d 92 4 700 6 800 28 800 4.21 

5 144e 92 5 300 6 900 29 600 4.32 

6 144f 97 7 400 5 800 16 300 2.82 

a1H NMR determination of mol% of 143 incorporated in purified polyDHPM relative to the amount of 
143 added to the reaction mixture; bdetermined by integration of the aldehyde and the double bond end 
group signals. 

 

Finally, 144a-f were investigated by DSC to compare the thermal transitions to those of 

the non-end-capped polyDHPMs 120a-e described in chapter 4.1.3.1 (cf. Table 4.5). For 

the polyDHPMs from AA/BB monomers, the observed Tgs expectedly ranged from 268°C 

for the C2 diacetoacetate to 176°C for the C10 diacetoacetate with a gradually lower Tg for 

longer spacers (cf. chapter 6.4.2.1 and 6.4.2.2). Compared to the non-end-capped 

polyDHPMs, the Tgs of 144a-e were up to 20°C lower (cf. Table 6.7 and Table 6.10). This 

was attributed to the lower molecular weights of 144a-e.9 The end-capped 144f showed a 

 

9 The dependence of the glass transition temperature, Tg, of the number average molecular weight, Mn, was 
shown by Flory and Fox by investigation of poly(styrenes) of different Mns.[386] The resulting Flory-Fox 
equation gives, for linear polymers, a linear dependence of Tg to Mn

−1 with the glass transition temperature at 
infinite Mn, Tg,∞, and an empirical factor K:[386] Tg = Tg,∞ − K∙Mn

−1 
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considerably lower Tg of 59°C which was consistent with the finding that the non-capped 

144f showed a comparably low Tg of 94°C. The lower Tg was considered to be caused by 

the lower symmetry of the AB-monomer compared to the AA/BB system hindering the 

formation of hydrogen bonds. 

To investigate whether the terminal double bond end group is suited for further 

functionalisation, 144d, prepared with 10 mol% of 143, was reacted with 5.00 eq of 

butanethiol (145) relative to the double bond end group in a photoinitiated thiol-ene 

reaction. Samples were taken after 15 h, 24 h and 48 h to estimate the conversion by 

integration of the terminal double bond signal at 5.8 ppm via 1H NMR spectroscopy (Figure 

4.12).  

The reaction reached a conversion of 79% after 48 h of reaction time. While the thiol-

ene reaction proceeded slowly, high conversions were still possible. As a consequence, the 

application of the thiol-ene reaction for polymer-polymer coupling reactions of the end 

group functionalised polyDHPMs 144a-f with another polymer that contains a thiol end 

group was considered principally feasible. 

To conclude, the efficiency of the end group functionalisation by introduction of a 

double bond and the dependence of the molecular weights of the polyDHPMs 144d and 

144f were investigated using various amounts of the end-capping agent 143 between 

1 mol% and 30 mol%. The highest percentage was incorporated for the addition of 5 mol% 

of 143. The molecular weight of the resulting polyDHPMs decreased with increasing 

addition of end-capping agent. Moreover, a set of six end group functionalised polyDHPMs, 

144a-f was synthesised using the established protocol with 5 mol% of 143 showing Mn,SECs 

between 4 500 g∙mol−1 and 6 900 g∙mol−1 and Tgs between 268°C and 59°C. Finally, the 

reactivity of the terminal double bond in a photoinitiated thiol-ene reaction was tested using 

145 as test reagent resulting in a double bond conversion of 79% after 48 h. 
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Figure 4.12 Estimation of end group conversion of 144d in photoinitiated thiol-ene reaction with 145: 

Integrals of the end group CH signal are given for reaction times of 15 h, 24 h, and 48 h relative to the starting 

material (t = 0 h), the signal of the CH proton of the polyDHPM backbone is used as reference. 

4.2.4 Synthesis of Block Copolymers by Polymer-Polymer Coupling 

The occurrence of Biginelli-polycondensates as part of copolymers has been rarely reported. 

The only example is a statistical copolycondensate containing dihydropyrimidine and 

DHPM moieties in the polymer backbone for which the authors simply combined the 

Hantzsch- and Biginelli-reactions in one pot.[354] This chapter aims to investigate the 

synthesis of block copolymers containing a polyDHPM block. The in the last chapter 

introduced terminal double bond was used to couple the polyDHPMs 144a-f with 
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poly(ethylene glycol) methylether thiol (147, Mn = 2 000 g∙mol−1) via thiol-ene reaction 

(Scheme 4.9).  

 

Scheme 4.9 Reaction scheme of the photoinitiated thiol-ene reaction of 144a-f with 147. 

The resulting polyDHPM-b-poly(ethylene glycol)s, 148a-f, were synthesised with 

yields between 69% and 76%. Investigation by SEC, 1H NMR spectroscopy, and DSC 

verified the formation of block copolymers and gave insight into the respective thermal 

properties (Table 4.9). The SEC data showed larger Mn,SECs and similar Ðs compared to the 

starting materials, 144a-f (Table 4.8, page 111), indicating the coupling of 144a-f with 147 

by thiol-ene reaction. The resulting Mn,SECs ranged from 5 700 g∙mol−1 to 11 800 g∙mol−1. It 

is noteworthy that the polymer samples were precipitated twice in acetone from DMSO 

prior to washing with water as 148f was highly soluble in water if it was directly precipitated 

from the reaction mixture in water. Washing was continued until no unreacted PEG signal 

was observable anymore. Hence, the existence of a blend instead of a block copolymer was 

excluded. Afterwards, the filtrate was evaporated to dryness and analysed by 1H NMR 

spectroscopy.   
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Table 4.9 1H NMR, SEC, and DSC data and yields of polyDHPM-b-poly(ethylene glycol), 148a-f. 

polymer R1 Mn, NMR
a 

[g∙mol-1] 
Mn,SEC 

[g∙mol-1] 
Mw,SEC 

[g∙mol-1] 
Ð 

Tg/Tm
b 

[°C] 
Yieldc 

[%] 

148a C2H4 5 700 5 700 18 600 3.27 265/49 76 

148b C3H6 5 400 6 200 21 200 3.44 238/49 73 

148c C4H8 5 800 5 900 14 700 2.51 232/49 75 

148d C6H12 6 200 7 100 28 800 4.03 205/49 70 

148e C10H20 6 700 8 900 53 700 6.00 159/52 69 

148fd -e 4 400 11 800 30 300 2.56 55/- 76 

acalculated by integration of the aldehyde end group signals and the PEG CH2 signals; bthe inflection 
point of the DSC curve was chosen as Tg, the minimum as Tm; cisolated yields calculated by comparison 
with theoretical amount of mass at 100% conversion; dprecipitated two times in acetone from DMSO, 
washed with water; eAB-monomer. 

 

The spectrum of the purified polymers showed the signal of the CH2 protons of the ethylene 

glycol unit of 147 at 3.5 ppm besides the signals of the polyDHPM (Figure 4.13). The 

typical polyDHPM proton signals are described in chapter 4.1.3.1 in detail. Furthermore, 

the integral of the terminal double bond at 5.8 ppm decreased compared to the respective 

starting material. However, full conversion of the double bond end group was not possible. 

Using the integrals of the aldehyde end group, the double bond end group, the CH2 signal 

of the PEG-block, and the CH signal of the polyDHPM, Mn, NMR was estimated (Table 4.9). 

Expectedly, the estimated Mn, NMRs were lower compared to the respective Mn,SECs.  

Furthermore, the conversion to form the copolymer was estimated comparing the integral 

of the double bond end groups per polyDHPM unit of the respective starting material with 

the integral of the PEG signal of 148a-f. Hence, conversions between 24% and 37% were 

determined. A separation of block copolymer and end group-functionalised polyDHPM was 

not investigated due to the similar solubility between the respective end group-

functionalised polyDHPM and the block copolymer. A purification via preparative SEC or 

was considered challenging as well due to the broad molecular weight dispersion and its 
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similarity between the starting material and the resulting copolymer (cf. Figure 6.44 and 

Figure 6.55, pages 232 and 246).  

 

Figure 4.13 1H NMR spectrum of 144d showing the typical signals of a polyDHPM-b-poly(ethylene glycol): 

besides the signal of the CH2 groups of poly(ethylene glycol) at 3.5 ppm, the remaining signal of unreacted 

double bond end group at 5.8 ppm is visible. 

To increase the conversion of the thiol-ene reaction, several experiments were conducted. 

First, one of the copolymer samples 148a was reacted again in a thiol-ene reaction using the 

same conditions as for the first thiol-ene reaction. However, the conversion remained the 

same. The conversion of 144a to 148a with 6.0 eq of 147 gave the same conversion as for 

3.0 eq. However, the addition of a second portion of 0.01 eq of DMPA after 24 h of reaction 

time allowed the increase of the conversion by approximately 10% to 44%. The improved 

yield after a second addition of photoinitiator indicated that an additional radical source was 
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needed. Since the reaction proceeds slowly and was conducted under air atmosphere, the 

radicals formed by the first portion of initiator were possibly scavenged by oxygen before 

the thiol-ene reaction was able to proceed to more than 37%. While the thiol-ene reaction 

does not necessarily need a radical initiator since the UV-irradiation is typically creating 

enough radicals, the radical concentration was probably too low in the case of the polymer-

polymer coupling as the formed radicals were scavenged before the thiol-ene reaction 

proceeded and prolonged reaction times under constant irradiation were also not able to 

increase the conversion. Consequently, oxygen-free reaction conditions were considered to 

improve the conversion for future investigations. 

Moreover, the thermal properties of 148a-f were investigated by DSC (Figure 4.14, Table 

4.9). Interestingly, two distinct thermal transitions, a Tg and a Tm, were observed for 148a-e. 

The observed Tgs resembled those of the end-capped polyDHPMs indicating microphase 

separation between the polymer blocks since an interaction between blocks leads to an 

influence of the observed thermal transitions.[387,388] The Tms, which resembled the Tm of 

pure 147 at 51°C gave further evidence for this assumption. The Tg of PEG was not 

investigated since measurements of the expected Tg at about −50°C exceeded the lower 

temperature limit of the applied device.[389] The thermal behaviour of 148f differed from 

those of the other block copolymers. The Tm of the PEG block was not visible and a single 

Tg at 55°C was observed while the Tg of the respective end-capped polyDHPM 144f was 

observed at slighty higher temperatures at 59°C (cf. Table 6.11, page 239). This indicated 

an interaction between the two polymer blocks.[388]  
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Figure 4.14 DSC graphs of 148a-e showing two distinct thermal transitions, the Tm of the PEG block and the 

Tg of the respective polyDHPM block; the DSC graph of 148f showed only one Tg. 

In addition, a similar set of block copolymers was prepared using N-methyl urea (49) 

instead of 46 for the synthesis of the end group-functionalised polyDHPMs (144a-eMe) to 

demonstrate the feasibility of the established procedure for a broader scope of components 

using the same procedure as for 144a-e yielding up to 80% of product (Scheme 4.10, Table 

4.10). The synthesis of the resulting polymers was verified by 1H NMR spectroscopy and 

SEC while the thermal properties were investigated by DSC. The respective spectra and 

graphs are available in chapter 6.4.2.4. Indeed, the obtained results were similar to those of 

the end group functionalised polyDHPMs and the copolymers for which 47 was used. In 

particular, the Mn,SEC of 144a,b,c,eMe ranged from 8 900 g∙mol−1 to 12 700 g∙mol−1 with 

Ðs from 2.51 to 3.69. The Tgs decreased with increasing length of the spacer from 234 C to 

144°C and were lower compared to those measured for the polyDHPMs from 47 as it was 

already discussed in detail in chapter 4.1.3.  
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Scheme 4.10 Brønsted acid catalysed synthesis of end group functionalised polyDHPMs (144a,b,c,eMe) 

using AA/BB-monomers, particularly the diacetoacetates 124a,b,c,e in combination with terephthalic 

aldehyde (58) and N-methyl urea (49) 

Table 4.10 SEC and DSC data and yields of the end group functionalised polyDHPMs (144a,b,c,eMe) and 

the polyDHPM-b-poly(ethylene glycol)s (148a,b,c,eMe). 

polymer R1 Mn,SEC 

[g∙mol-1] 
Mw,SEC 

[g∙mol-1] 
Ð 

Tg/Tm
a 

[°C] 
Yieldb 

[%] 

144aMe C2H4 8 900 26 200 2.94 234/- 72 

144bMe C3H6 12 700 46 900 3.69 212/- 75 

144cMe C4H8 9 200 24 900 2.7 190/- 80 

144eMe C10H20 6 400 16 000 2.51 144/- 68 

148a C2H4 9 800 29 400 2.99 234/51 77 

148b C3H6 11 900 47 800 4.03 204/51 72 

148c C4H8 9 100 24 700 2.72 185/51 74 

148e C10H20 6 600 16 800 2.53 140/52 72 

athe inflection point of the DSC curve was chosen as Tg, the minimum as Tm; bisolated yields calculated by 
comparison with theoretical amount of mass at 100% conversion. 
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Subsequently, the polyDHPM-b-poly(ethylene glycol)s 148a,b,c,eMe were prepared using 

the same procedure as for 148a-f. The Mn,SECs and the respective Tgs resembled those of 

144a,b,c,eMe while the Ðs increased slightly (Table 4.10). Also, the Tm of the PEG-block 

was observed in the DSC graphs at approximately 51°C confirming the successful synthesis 

of the block copolymers as discussed above for 148a-f. In the end, the substrate scope and 

range of available Tgs was broadened by the application of 49 as component for the 

Biginelli-polycondensation and the subsequent block copolymer synthesis. 

Consequently, the high and tunable Tgs of the polyDHPM block and the possibility for the 

synthesis of block copolymers that show microphase separation possibly allows for the 

synthesis of thermoplastic elastomers.[390] In combination with PEG, however, the 

preparation of samples to investigate the mechanical properties of the copolymers was not 

possible. Hot pressing, as well as the formation of a polymer film via evaporation from 

solution in N-methyl-2-pyrrolidine or N,N-dimethylacetamide were attempted. The 

brittleness of the material hindered the preparation of a specimen suitable for stress-strain 

analysis and dynamic mechanical analysis. To obtain processable block copolymers, the 

usage of amorphous low Tg blocks, like poly(styrene) or polymethacrylates instead of the 

crystalline PEG is conceivable. Furthermore, the usage of shorter polyDHPM blocks might 

reduce the brittleness. 

To conclude, the end group functionalisation of polyDHPMs with a terminal double bond 

was shown using the unsaturated monoacetoacetate 143 as end-capping agent. The Mn,SEC 

of the resulting end-capped polyDHPMs was tuned between 6 800 g∙mol−1 and 

4 200 g∙mol−1 by addition of different amounts of end-capping agent between 1 mol% and 

30 mol% for the polyDHPMs 144f using the AB-monomer 141. Using the AA-monomers 

124a-e, the polyDHPMs 144a-e were obtained with Mn,SECs between 6 800 g∙mol−1 and 

5 900 g∙mol−1 using 5-15 mol% of 143. Afterwards, a set of six block copolymers was 

synthesised reacting the end-capped polyDHPMs 144a-f in a thiol-ene reaction with 

poly(ethylene glycol) methylether thiol (147). Conversions of up to 44% were reached. 

Further investigations are necessary to obtain higher degrees of functionalisation and thus 
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pure block copolymers. The thermal analysis via DSC revealed the original thermal 

transitions of the polymer blocks indicating microphase separation.  

4.2.5 Conclusion and Outlook 

Within this chapter, the end group functionalisation of polyDHPMs and the subsequent 

synthesis of block copolymers exploiting the reactivity this end group were investigated. 

The synthesis of the end group-functionalised polyDHPMs 144a-f using the 

monoacetoacetate 143 as end-capping agent was shown. Furthermore, the molecular 

weights of the resulting end-capped polyDHPMs were tuned by addition of different 

amounts of 143. The resulting Mn,SEC was expectedly lower for larger amounts of 143. The 

end-capped polyDHPMs were subsequently converted to block copolymers 148a-f by 

polymer-polymer coupling with poly(ethylene glycol) methylether thiol (147) in a thiol-ene 

reaction. DSC analysis of the resulting block copolymers 148a-e indicated microphase 

separation enabling a possible application as thermoplastic elastomers. 

For future investigations, the optimisation of the incorporation of end groups into the 

polyDHPMs and optimisation of the coupling reaction is highly interesting as it simplifies 

purification and allows for the synthesis of ABA block copolymers if the non-polyDHPM 

block has two reactive endgroups. For this purpose, a closer investigation on possible side 

reactions during the Biginelli polycondensation that hinder the incorporation of the end 

group or leads to its degradation is needed. Furthermore, the introduction of end groups that 

allow for a more efficient polymer-polymer coupling reaction are feasible. Possible 

examples are click reactions.[391] 
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4.3 Controlled Radical Polymerisation of Ricinoleic Acid-Derived Vinyl 

Monomers and Subsequent Modification via the Biginelli-3-

Component Reaction 

Chapters 6.1, 6.2, and 6.5 of the experimental section correspond to the following 

investigations within this chapter. 

4.3.1 Abstract 

The search for renewable monomers for radical polymerisation techniques is of current 

interest due to the shift towards sustainability in the chemical industry. Renewable starting 

materials and the subsequent conversion to suitable monomers have recently been critically 

reviewed.[230,392] Most monomer syntheses depend on the coupling of a renewable 

carboxylic acid or alcohol with toxic compounds such as 2-hydroxymethyl methacrylate 

(167), 4-(chloromethyl)styrene or methacrylic acid to obtain monomers capable of radical 

polymerisation.[230,392]  

Consequently, the synthesis of renewable monomers from carboxylic acids and the less 

toxic vinyl acetate (161) was herein attempted. In order to introduce further functionality 

and the possibility for post polymerisation modification (PPM) by the B-3CR, the 

introduction of an acetoacetate moiety was also investigated. Finally, the conversion of six 

renewable starting materials with a carboxylic acid group and a hydroxy group was 

investigated. However, only ricinoleic acid (32) was converted to two vinyl ester monomers 

with additional acetoacetate moieties, 162 and 163. The radical polymerisation of 162 and 

163 via FRP or RAFT polymerisation showed strong inhibition. Hence, no conversion of 

the monomers was observed. The source of inhibition remained unknown. 

Thus, the more toxic methacrylate 167 was used to synthesise the ricinoleic acid-based 

methacrylate monomer (168). Subsequent RAFT polymerisation yielded polymers with a 

molecular weight of up to 15 000 g∙mol−1 and expectedly narrow molecular weight 
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distributions with Ðs around 1.13. The feasibility of the resulting polymer for chain 

extension and block copolymer synthesis was demonstrated by qualitative determination of 

the end group fidelity of the RAFT polymers (169) and subsequent chain extension with 

monomer 168 and the block copolymer synthesis using methyl methacrylate as second 

monomer. Last but not least, the PPM of the acetoacetate moiety within 169 was 

investigated. 

4.3.2 Synthesis of Renewable Vinyl Esters  

The number of sustainable monomers suited for radical polymerisation techniques is 

limited.[392] For the synthesis of renewable vinyl monomers with a functionality suitable for 

modification via B-3CR after radical polymerisation, appropriate starting materials had to 

be found. A vinyl ester was planned to be introduced by transvinylation of a carboxylic acid 

function with vinyl acetate. Hence, a carboxylic acid function was needed in the starting 

material. For the B-3CR, a urea moiety, an aldehyde, or an acetoacetate is needed within 

the final monomer. The introduction of acetoacetates by conversion of alcohols using 

tert-butyl acetoacetate (64) or a diketene acetone adduct (65) was considered more efficient 

and sustainable compared to the introduction of either an urea moiety or an aldehyde. 

Additionally, several renewable compounds that carry a carboxylic acid and a hydroxy 

group are commercially available.  

Hence, the synthesis of renewable vinyl esters was investigated starting from five 

renewable hydroxy acids (Figure 4.15): vinyl guaiacol (149, 1-hydroxy-2-methoxy-4-

vinylbenzene), ferulic acid (150, (E)-3-(4-hydroxy-3-methoxyphenyl)prop-2-enoic acid), 

hydroferulic acid (151, 3-(4-hydroxy-3-methoxyphenyl)propanoic acid), L-lactic acid (152, 

(S)-2-hydroxypropanoic acid), and ricinoleic acid (32, (9Z,12R)-12-hydroxyoctadec-

9-enoic acid). Noteworthy, 149 was an exceptional monomer in the sense that it already 

carries a vinyl group that is polymerisable by radical polymerisation techniques. Hence, 

only the acetoacetylation of the phenolic hydroxy group was necessary to yield the intended 

monomer structure.  
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Figure 4.15 Possible renewable starting materials for the synthesis of vinyl esters that carry an acetoacetate 

group. 

The conversion of alcohols to acetoacetates is typically performed at reaction 

temperatures above 100°C (cf. chapter 4.1.2 and 4.2.2). Thus, it was reasonable to perform 

the acetoacetylation prior to transvinylation as sidereactions of the vinyl group, such as 

oligomerisation or polymerisation, was considered possible at elevated temperatures. 

Nonetheless, the acetoacetylation of 149 was investigated first since only one reaction step 

was needed in order to obtain a monomer with the desired functionality. Hence, 149 was 

reacted with 3.00 eq of 64 at 140°C and with 3.00 eq of 65 at 95°C in bulk despite the 

possibility for thermal self-initiated polymerisation, which is well known for styrene 

(Scheme 4.11).[393]  
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Scheme 4.11 Attempts for the synthesis of 153: a) 3.0 eq 64, bulk, 140°C, 4.5 h, 30% yield, degradation upon 

isolation; b) 3.0 eq 65, bulk, 95°C, 2 h, 0% yield. 

The reaction progress was monitored by 1H NMR spectroscopy (Figure 4.16). Samples 

of the crude mixture were taken and measured after certain reaction times. The conversion 

was calculated by comparison of the signals of the vinyl protons of 149 at 5.63 ppm and 

5.06 ppm and the signals of the vinyl protons of 153 at 5.87 ppm and 5.29 ppm. Using 64, 

a crude yield of to 30% after 4 h of reaction time was determined while the reaction with 65 

led to no conversion of 149 within 4 h. The integrals of the aromatic protons and the 

methoxy groups of 149 and 153, respectively, and the integrals of the newly introduced 

acetoacetate verified the assumption of 30% conversion with 64. At reaction times longer 

than 4 h, the broadening of the signals in the aromatic region together with a relative 

decrease of the signals of the double bond signals indicated polymerisation/oligomerisation. 

Consequently, the reaction was repeated and stopped after 4 h.  
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Figure 4.16 1H NMR spectrum of the crude reaction mixture of the synthesis of 153 from 149 using 64 after 

a reaction time of 4 h: the spectrum indicated approximately 30% conversion to the desired product. 

Afterwards, the mixture was attempted to be purified by column chromatography over 

silica gel. Even though the product was obtained as a pure fraction according to thin layer 

chromatography, the 1H NMR spectrum after the evaporation of the solvent at 40°C showed 

10 mol% of starting material relative to 153. The existence of starting material was 

attributed to the hydrolysis of 153 with small amounts of water to 149 and acetoacetic acid. 

The latter is known to readily decompose to the volatile acetone and CO2 already at 

30°C.[394] Hence, no decomposition product was visible in the 1H NMR spectrum. 

Furthermore, the broadening of the methoxy signal at 3.80 ppm and the appearance of a 

broad signal at approximately 1.42 ppm, which was attributed to the oligomer/polymer of 

149 and/or 153, indicated the presence of oligomers/polymers. The spontaneous 

decomposition of the acetoacetate moiety of 153 back to 149 was probably favoured by the 
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negative mesomeric effect of the aromatic system attached to the ester rendering the phenol 

a sufficient leaving group for its substitution with water.  

As a consequence, the desired product was formed to a maximum of 30 mol% relative 

to the starting material during the reaction. The share of 30 mol% was probably not 

surpassed due to the mentioned polymerisation reaction and the simultaneous 

decomposition. The attempted purification led, however, to an impure product due to partial 

decomposition and oligomerisation/polymerisation of 153 upon concentration of the 

product fraction. Finally, the application of 149 as monomer precursor for the desired 

purpose was abandoned due to the supposed instability of 153 and the low yield. Although 

150 and 151 are also aromatic alcohols, the acetoacetylation of 150 and 151 was 

nevertheless attempted due to their higher thermal stability with regards to spontaneous 

polymerisation. The same procedures as for the attempted synthesis of 153 were used. 

Reaction of 150 with 64 at 140°C led to decarboxylation (≥95%) of 150 to 149. The same 

reaction at 95°C led to no conversion of any of the starting materials. Hence, the more 

reactive 65 was applied at 95°C.[362]  

The 1H NMR spectrum of the crude mixture indicated the conversion to the product at a 

yield of 90% in the absence of significant side reactions after 1 h of reaction time (Figure 

4.17). However, during the concentration of the sample after purification by column 

chromatography, the acetoacetate degraded leading to the formation of the starting material 

150. Notably, acetic acid, besides c-C6H12 and EtOAc, was applied for the purification by 

column chromatography. Here, the water content of the acetic acid possibly led to 

decomposition of the acetoacetate upon concentration during the evaporation of the solvent 

mixture similar to the findings for the synthesis of 153. Additionally, the acidic conditions 

possibly catalysed the decomposition. Hence, a different purification strategy, for example 

the use of reverse phase silica gel to avoid the application of an acid as part of the eluent, 

was deemed possible but was not attempted.  
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Figure 4.17 1H NMR spectrum of the crude reaction mixture of the synthesis of 154 from 150 using 65 after 

a reaction time of 1 h: the spectrum indicated approximately 90% conversion to the desired product. 

While the reaction of 151 with 64 at 140°C led to an insoluble, unknown solid, the 

reaction with 65 at 95°C led to approximately 70% conversion to the product according to 

the 1H NMR spectrum of the crude mixture. However, after column chromatography using 

a mixture of c-C6H12 and EtOAc and AcOH, only mixtures of 151 and the respective 

acetoacetate were obtained. Notably, the use of an acid was necessary to achieve an 

adequate separation. 

To conclude, the reaction of 150 and 151 to aromatic acetoacetates using 65 led to yields 

between 70% and 90% within the crude mixture after a reaction time of 1 h. However, 

purification led, in both cases, to a degradation of the product to the respective starting 

materials. While improvement of the purification might lead to the final product in the 

desired product, the instability of the aromatic acetoacetates was apparent. Thus, the 
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aromatic acetoacetates were abandoned to avoid possible problems at a later stage of the 

project since the origin of their instability was not clearly determined. 

Subsequently, the acetoacetylation of 152 was investigated. Again 64 and 65 were 

applied as reactants for the transesterification (Scheme 4.12). Since 152 typically contains 

oligomeric species due to condensation reactions, sodium L-lactate (155) was used instead. 

The reactions were performed as above at 140°C and 95°C, respectively. However, due to 

the insolubility of 155 in 64, DMSO (10 M solution) was added to the reaction mixture 

leading to a homogeneous solution. After 3 h of reaction time, the 1H NMR spectra of the 

crude reaction mixtures of both variations indicated conversions to sodium 2-[(3-

oxobutanoyl)oxy]propanoate (156) above 95%. After purification via extraction and 

subsequent acidification to the respective carboxylic acid, both variations yielded up to 90% 

of product. However, for the reaction with 64, DMSO still remained in the product and was 

removed by extraction with a product loss of 40%. Hence, variation b), using 65 in bulk, 

was preferred. Finally, the synthesis of 157 was verified by NMR spectroscopy and HRMS 

(chapter 6.5.1.1).  

Last but not least, the synthesis of (9Z,12R)-12-[(3-oxobutanoyl)oxy]octadec-9-enoic 

acid (159) from 32 was investigated. As starting material, sodium ricinoleate (158, sodium 

(9Z,12R)-12-hydroxyoctadec-9-enoate) was applied since higher purities, compared to the 

acid, were commercially available. Common impurities in 32 are other fatty acids, mainly 

oleic acid, linoleic acid, linolenic acid, palmitic acid, and stearic acid.[395] These are 

challenging to separate from ricinoleic acid and likely react similar in the following 

transvinylation.  

Since the milder reaction conditions at 95°C with 65 were advantageous for above 

acetoacetylations, these conditions were directly applied for the synthesis of 159 (Scheme 

4.13). However, 158 was largely insoluble in either 65 or common solvents such as DMSO, 

toluene, acetonitrile, or ethanol. Hence, 158 was converted to 32 using 1 M HClaq. Pure 32 

was obtained in quantitative yields after extraction of the aqueous phase with EtOAc. 

Subsequently, 32 was reacted with 65 in bulk. Full conversion of the hydroxy group was 

observed by 1H NMR spectroscopy after 1 h of reaction time. Notably, full conversion was 
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reached after up to two hours for multi-gram batches yielding 68% of pure product. The 

synthesis was confirmed by NMR spectroscopy and HRMS (chapter 6.5.1.2). 

 

Scheme 4.12 Reaction scheme for the synthesis of 157 using 64 or 65: a) 3.00 eq 64, 10 M in DMSO, 140°C, 

3 h, 95% yield (not isolated); b) 3.00 eq 65, bulk, 95°C, 3 h, 90% yield (not isolated); c) 1.10 eq 1M HClaq, 

room temperature, 30 min, 90 % yield (when 156 was prepared via a), extraction of the DMSO with EtOAc 

was necessary leading to a yield of 50%). 

 

Scheme 4.13 Reaction scheme for the synthesis of 159 using 65: a) 3.0 eq 65, bulk, 95°C, 1 h, 68%. 
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Additionally to 159, (12R)-12-[(3-oxobutanoyl)oxy]octadecanoic acid (160) was 

synthesised by simple hydrogenation of a solution of 159 in EtOAc with hydrogen and Pd 

on charcoal in quantitative yields (Scheme 4.14). After filtration to remove the 

heterogeneous catalyst and removal of the solvent, no further purification was necessary. 

The synthesis was confirmed by NMR spectroscopy and HRMS (chapter 6.5.1.3). 

 

Scheme 4.14 Reaction scheme for the hydrogenation of 159 to 160: a) 0.00125 eq Pd/C (10% Pd basis), 0.15M 

in EtOAc, room temperature, 15 bar H2, 24 h, quantitative yield. 

Finally, the three renewable carboxylic acids with an acetoacetate function, 157, 159, 

and 160, were synthesised. Subsequently, the transvinylation of these compounds towards 

the desired vinyl ester monomers was investigated. First, the transvinylation of 157 was 

investigated using several catalytic systems and conditions similar to the respective 

literature reports (Table 4.11). The applied catalysts were palladium(II)acetate, 

ruthenium(III)chloride hydrate, triruthenium dodecacarbonyl, and di-μ-chlorobis[(1,2,5,6-

η2)-1,5-cyclooctadiene]diiridium ([Ir(cod)Cl]2), respectively.[396–400]  

The product formation was determined by 1H NMR spectroscopy of samples of the crude 

reaction mixture using the CH proton of the vinyl group which is shifted +0.4 ppm to 

7.21 ppm compared to the respective shift in 161. As a reference, the H3C-CH proton signal 

of 157 was used. For most catalyst systems and conditions, less than 5% of 162 was found 

in the crude mixtures. Moreover, for reaction temperatures above 60°C, degradation of 157 

to unknown degradation products was observed. Only the application of Pd(OAc)2 as 

catalyst led to 34% of product in the crude mixture. However, after column chromatography, 

approximately 5% of yield of impure 162 was obtained. Due to the inefficient 
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transvinylation in combination with the challenging purification the synthesis of 162 was 

also abandoned. 

Table 4.11 Screening of conditions for the synthesis of 162 from 157 and 161: a maximum of 34% of product 

was obtained within the crude mixture. 

 

catalyst 
/eq 

cocatalyst 
/eq solvent temperature 

[°C] 
reaction 
time [h] 

yielda 
[%] 

Pd(OAc)2/0.10 
H2SO4

b/0.15 
tetrahydrofuran 

40 
16 10 

24 34 

p-TSA/0.1 60 72 <5 

RuCl3xH2O/0.03c 

NaOAc/0.090 - 

120 16 0 

Ru3(CO)12/0.03 100 24 <5 

[Ir(cod)Cl]2/0.03 100 16 <5 

a yield in the crude reaction mixture, estimated by 1H NMR spectroscopy; b 10 wt% of concentrated H2SO4 
in tetrahydrofuran; cthe added mass was calculated using the molecular weight of anhydrous RuCl3. 

 

Finally, the vinylation of the ricinoleic acid-derived acetoacetates, 159 and 160, was 

attempted. The catalytic system using [Ir(cod)Cl]2 and NaOAc was applied first since the 

respective report showed the vinylation of oleic acid, an unsaturated fatty acid (Scheme 

4.15).[400] Surprisingly, both vinyl esters, 163 ad 164 were obtained after column 

chromatography with yields of 68% and 72%, respectively. The formation of the products 

was confirmed by NMR spectroscopy and HRMS (chapters 6.5.1.4 and 6.5.1.5).  
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Scheme 4.15 Synthesis routes of the ricinoleic acid based vinyl esters 163 and 164: a) 10 eq 161, 0.01 eq 

[Ir(cod)Cl]2, 0.03 eq NaOAc, degassed with Ar, 100°C, 16 h, 68% yield for 163, 72% yield for 164. 

1H NMR spectroscopy of 163 and 164 showed the characteristic product signals, 

particularly the two singlets of the acetoacetate moiety at 3.57 ppm and 2.16 ppm and the 

doublet of doublets of the vinyl group at 7.21 pmm, 4.88 ppm, and 4.64 ppm. The 1H NMR 

spectra of 163 and 164 are depicted in Figure 4.18. 

To conclude, the synthesis of renewable vinyl esters that carry an acetoacetate moiety 

was attempted starting from five different renewable compounds. The synthesis was 

attempted by acetoacetylation and subsequent transvinylation. However, for 149, 150, and 

151 the formed aromatic acetoacetate was found to be unstable. Product formation was 

observed in the crude mixture but upon purification, or concentration of the product after 

purification, only starting material or mixtures of starting material and product were 

obtained.  

For 152 and 32, the acetoacetylation was successful yielding 157 and 159 at 90% and 

68%, respectively. In addition, 159 was quantitatively hydrogenated yielding 160. The 

subsequent transvinylation to the desired vinyl esters for 157 was attempted using three 

different catalyst systems and various conditions. However, only Pd(OAc)2 was able to yield 

up to 34% of 162 in the crude mixture. Unfortunately, the purification led to the formation 

of an unknown compound and only approximately 5% of impure 162 was obtained. The 

transvinylation of the ricinoleic acid derivates with [Ir(cod)Cl]2 readily yielded the desired 
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vinyl ester monomers, 163 and 164, at a yield of 68% and 72%, respectively. Hence, the 

radical polymerisation of 163 and 164 was subsequently investigated within the following 

chapter. 
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Figure 4.18 1H NMR spectra of 163 and 164 after purification. 

4.3.3 Radical Polymerisation of Renewable Vinyl Esters 

Within this chapter, the radical polymerisation of the vinyl esters 163 and 164 was 

investigated. The radical polymerisation of similar fatty acid monomers has been 

reported.[401–405] For FRPs, it was shown that the polymerisation rate and the final 

conversions were drastically lowered with increasing degree of unsaturation.[406,407] This 

was explained by the combination of the rather slow propagation of the vinyl ester monomer 

and the formation of stable allyl radicals by hydrogen abstraction of hydrogen atoms located 

in α-position to the double bond.[406] Hence, propagating radicals and initiator radicals are 
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scavenged by the monomer itself while radical-radical combination of the allyl radicals 

continuously lowers the radical concentration and quenches the polymerisation.  

Nonetheless, vinyl oleate, containing one double bond, was still polymerised with 

conversions of about 60% after 24 h.[406] Moreover, conversions of up to 100% were shown 

for saturated fatty acid vinyl esters.[406,407] A similar trend with overall higher 

polymerisation rates was observed for the FRP of fatty acid acrylates[408] and 

acrylamides,[409] as well. This trend regarding the degree of unsaturation was also reported 

for the RAFT10 polymerisation of fatty acid vinyl esters[401–403] and other monomer classes 

like fatty acid methacrylates.[414,415]  

Consequently, the polymerisation of 163 and 164 was attempted via RAFT 

polymerisation and FRP. All reactions were performed at 65°C with 

 

10 RAFT polymerisation is a type of reversible deactivation radical polymerisation.[410,411] Such 
polymerisations have characteristics of a living polymerisation: a linear proportionality of Mn and conversion 
and narrow molecular weight distributions (Ð typically smaller 1.2).[410–412] The mechanism is based on an 
equilibrium between dormant polymer chains (attached to the CTA) and propagating polymer chains Pn

∙ or 
Pm

∙.[413] The radical concentration is not changed during the RAFT equilibrium.[413] Hence, an external radical 
source is needed. Consequently, the mechanism starts with the initiation of the polymerisation by reaction of 
an initiator radical with a monomer (M) to a propagating chain.[413] This chain reacts in an equilibrium reaction 
with a CTA to form an intermediate radical to finally release the R group of the CTA as active radical.[413] 
This R∙ also forms a propagating chain which either reacts with a CTA or enters the main equilibrium by 
reaction with a dormant chain.[413] 

 

In an effective RAFT process, the rate of the chain transfer is faster than the rate of the propagation. Hence, 
all chains have a similar DP.[413] Consequently, the choice of the Z- and R-group of the CTA with respect to 
the polymerised monomer is crucial. A comprehensive review on the choice and synthesis of a suitable CTA 
and explanations on the influence of the Z- and R- groups has been published.[411] Application of a non-suitable 
CTA leads to complications such as poor control over the Mn and broader Ðs or retardation/inhibition of the 
polymerisation.[411] Furthermore, the ratio of monomer to CTA naturally defines the maximum DP for full 
conversion of the monomer.[413]  
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2,2′-azobis(2-methylpropionitrile) (AIBN) as initiator. For the RAFT polymerisation, 

methyl 2-[(ethoxycarbonothioyl)thio]acetate was used as chain tranfer agent (CTA) since 

xanthates were reported to control the polymerisation of vinyl esters.[403] Furthermore, the 

applied solvent was varied. All reaction mixtures were degassed and backfilled with N2 

prior to heating.  

The investigated conditions and results are summarised in Table 4.12. Prior to the 

investigation of 163 and 164, the RAFT polymerisation and the FRP of vinyl stearate was 

carried to evaluate the suitability of the chosen experimental conditions (Table 4.12, entries 

1 and 2). The conversion was determined by 1H NMR spectroscopy through the integration 

of the vinyl protons at 4.88 ppm and 4.56 ppm relatively to the signals of the (CO)OCH 

protons at 4.82 ppm that are formed during the polymerisation. Both cases verified the 

polymerisation under the chosen reaction conditions. In addition, the inhibition effect of the 

acetoacetate moiety was excluded by the investigation of ethyl acetoacetate as solvent (entry 

3). This led to a conversion of 20% after 3 h. The lower conversion compared to the 

polymerisation in toluene was hypothesised to be caused by a higher chain transfer to 

solvent constant for ethyl acetoacetate. However, such constants for acetoacetates were not 

reported in the literature to the best of my knowledge.  

First, the radical polymerisation of 163 was investigated in toluene as solvent and in 

bulk (Table 4.12, entries 4 – 8). Neither the RAFT polymerisation nor the FRP showed any 

monomer conversion after 18 – 24 h of reaction time. Subsequently, a FRP of 164 was 

attempted using 0.5 eq of AIBN. After 3 h of reaction time, a conversion of approximately 

33% was observed indicating that the monomer itself or an impurity within the polymer are 

substantially inhibiting radical polymerisation. In addition, the polymerisation of the 

saturated monomer 164 was investigated due to its probably higher polymerisation rate 

(entries 9 – 11). Unfortunately, also no monomer conversion was observed for the RAFT 

polymerisation or the FRP in bulk or in DMSO for reaction times longer than 19 h. 
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Table 4.12 Tested polymerisation conditions for 163 and 164 via RAFT polymerisation and FRP at 65°C. 

entry monomer [M]/[CTA]/[AIBN]a solventb reaction 
time [h] 

conversionc 
[%] 

1 

Vinyl 
stearate 

40/1/0.15 
toluene 

28 75 

2 40/-/0.15 3 53 

3 40/-/0.15 
ethyl 

acetoacetate 
3 20 

4 

164 

50/1/0.15 
- 

18 0 

5 50/-/0.15 24 0 

6 50/1/0.15 

toluene 

23 0 

7 50/-/0.15 24 0 

8 50/-/25d 3 33e 

9 

163 

50/1/0.15 - 19 0 

10 50/1/0.15 DMSO 32 0 

11 50/-/0.15 toluene 19 0 

aratio of monomer to CTA to AIBN; b13 M; ccalculated using the 1H NMR spectra of the crude reaction 
mixture; dthe used amounts of AIBN were only partially soluble at 65°C; epartly insoluble in CDCl3. 

 

However, inhibition by the monomer itself is unlikely since apart from the acetoacetate 

moiety, 164 does not differ from vinyl stearate. One probable source of impurities was the 

starting material 158. The main impurities are other fatty acid salts, like sodium linoleate 

and sodium linolenate, with higher degrees of unsaturation.[395] These might have caused 

the inhibition since they were not removed during the synthesis steps towards 164 as the 

aliphatic chain dominates the solubilty and the retention factor during column 

chromatography. To confirm this hypothesis, gas chromatography-mass spectrometry of 

164 was performed in order to identify other trace impurities. The signal of 164 was very 

weak and broad. While it was possible that the signal of another fatty acid derivate was 
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contained in signal of 164, no other impurity was detected. Hence, the absence of impurities 

other than fatty acid derivates is likely but not proven. 

To conclude, the cause of the inhibition was not resolved and the synthesis and 

polymerisation of vinyl esters was not pursued further. While vinyl esters were chosen over 

other vinyl monomer classes due their lower toxicity, the synthesis and polymerisation of a 

methacrylate monomer similar to 164 is described within the following chapters 4.3.4. 

Interestingly, the FRP or RAFT polymerisation of the methacrylate monomer 168 did not 

seem to be inhibited. And since the purification steps towards 168 were the same as towards 

163 or 164, the inhibitor probably got into the monomer during the transvinylation reaction 

but remained unknown.  

4.3.4 Synthesis and Radical Polymerisation of 2-(Methacryloyloxy)ethyl 

(R,Z)-12-((3-Oxobutanoyl)oxy)octadec-9-enoate 

After the polymerisation of the fatty acid vinyl esters was deemed to be challenging, the 

synthesis of a similar fatty acid methacrylate was investigated. Consequently, 163 was 

esterified with carbonyldiimidazole (165, CDI) and 2-hydroxyethyl methacrylate (167) 

(Scheme 4.16). The activation of the carboxylic acid for the subsequent esterification was 

preferred over a simple acid catalysed esterification to reduce side reactions between the 

acetoacetate moiety and 167. The reaction consisted of two steps: first, the reaction of 163 

with 165 to the acylimidazole (166), second, without previous workup of 166, heating of 

the mixture to 65°C with subsequent addition of 167. After 8 h of reaction time at 65°C, the 

pure 168 was obtained with a yield of 92% after column chromatography. Notably, the 

direct addition of all reactants was also attempted. However, 165 reacted preferentially with 

167 to form the respective carbamate.  
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Scheme 4.16 Reaction scheme for the preparation of 166 from 159 using CDI and 2-hydroxyethyl 

methacrylate (165) and the subsequent esterification with 167 to 168: a) 1.05 eq 165, 0.43 M in anhydrous 

toluene, room temperature, 16 h, quantitative (1H NMR, no workup); b) 1.00 eq 167, 0.43 M in toluene, 65°C, 

8 h, 92%. 

The synthesis of the pure product was verified by 1H NMR spectroscopy and HRMS. 

The 1H NMR spectrum showed the characteristic signals of 168, i.e., the proton signals of 

the double bond of the methacrylate moiety at 6.13 ppm and 5.59 ppm, the proton signals 

of the double bond of the ricinoleic acid at 5.48 ppm and 5.31 ppm, and the signals of the 

CH2 and CH3 protons of the acetoacetate group at 3.42 ppm and 2.26 ppm, respectively 

(Figure 4.19). Afterwards, the radical polymerisation of 168 was investigated. 
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Figure 4.19 1H NMR spectrum of 168. 

To test if 168 was similarly inhibited like 163 and 164, a simple free radical 

polymerisation in bulk using AIBN as initiator was performed. After 10 h, a gel-like 

material, insoluble in CHCl3, toluene, tetrahydrofuran, and hexafluoroisopropanol, was 

obtained indicating the successful polymerisation. The insolubility was probably caused by 

crosslinking between the polymer chains due to chain transfer to polymer reactions. As a 

consequence, the RAFT polymerisation of 168 was investigated as the RAFT equilibrium 

prevents such side reactions. Similar to the RAFT polymerisations in chapter 4.3.3, the 

experiments were performed at different concentrations in toluene at a temperature of 65°C 

with AIBN as the radical initiator. Furthermore, two CTAs previously reported to allow 

control of the polymerisation of methacrylates, namely 2-cyanoprop-2-yl benzodithioate 

(CTA1) and S-(2-cyanoprop-2-yl)-S-dodecyltrithiocarbonate (CTA2), were applied and the 

respective results compared.[411] The ratio of monomer to CTA to AIBN was kept at 50 to 1 
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to 0.1. All reaction mixtures were thoroughly degassed and backfilled with argon prior to 

heating to avoid inhibition by formation of peroxy radicals with triplet oxygen. 

Samples were taken after certain time intervals to screen the reaction progress via 1H 

NMR spectroscopy and SEC. Thus, samples of the crude reaction mixture were directly 

dissolved in CDCl3 or tetrahydrofuran with 2 vol% triethylamine, respectively. To calculate 

the conversion by NMR spectroscopy, the decrease of the integrals of the proton signals of 

the methacrylate double bond was observed in relation to the integrals of the double bond 

protons of the ricinoleic acid and the CH next to the acetoacetate.  

The first experiments were conducted with a 7.5 M concentration of 168 in toluene 

(Table 4.13). For both CTAs, the Mn.NMR and Mn,SEC increased over time, verifying the 

polymerisation under RAFT conditions while the polymerisation rate for CTA2 was lower 

compared to CTA1. The lower polymerisation rate was unexpected as trithiocarbonates, 

compared dithiobenzoates, typically feature lower chain transfer constants and larger 

fragmentation rates of the intermediate radicals due to the lower stability of the intermediate 

radical.[416] Hence, the lower polymerisation rate was rather attributed to an erraneous 

degassing prior to the polymerisation and subsequent inhibition by oxygen. This assumption 

was confirmed by the comparison of the polymerisation rates of the RAFT polymerisations 

at a 1.88 M concentration with CTA1 and CTA2, respectively (Table 6.16, page 289). Here, 

the polymerisation rate was a factor of two higher for CTA2.  
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Table 4.13 1H NMR and SEC results of the screening of the RAFT polymerisation of 168 at a 7.5 M 

concentration. 

entry CTAa reaction 
time [h] 

Mn,NMR
b 

[g∙mol−1] 
(conversion [%]) 

Mn,SEC 

[g∙mol−1] 
Ð 

1 

CTA1 

1 2 450 (9) 14 900 1.34 

2 2 7 150 (28) 31 000 1.19 

3 3 11 350 (45) 45 800 1.25 

4 5 17 530 (70) 115 000 2.51 

5 

CTA2 

1 1 580 (5) -c - 

6 2 1 830 (6) 8 100 1.25 

7 3 3 810 (14) 9 800 1.34 

8 4 6 030 (23) 12 000 1.36 

9 5 10 730 (42) 15 700 1.34 

10 6 15 430 (61) 18 700 1.39 

11 7 17 660 (70) 22 100 1.35 

aratio of monomer to CTA to AIBN is 50:1:0.1; bMn,NMR is calculated using the monomer conversion; csignal 
not visible in chromatogram. 

 

Moreover, regarding the polymerisations at 7.5 M concentration, the Ðs were higher than 

expected for a RAFT polymerisation and a large deviation between Mn.NMR and Mn,SEC was 

observed for each sample. These observations were attributed to the formation of a highly 

viscous solution 30 min after the start of the reaction. As the viscosity increases, the chain 

end diffusion was considered to drastically decrease, consequently decreasing chain transfer 

of the active polymer chain to CTA-end groups. Thus, chain transfer reactions to polymer 

(not end-groups) became more pronounced compared to chain transfer to CTA-end groups 

which finally led to branching (higher Ð) and finally crosslinking at high conversions. These 

assumptions were supported by the observation of bimodal mass distributions starting after 
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2 – 3 h of reaction time and the formation of a partly insoluble gel after approximately 4 h 

of reaction time (Figure 4.20, the respective dRI vs retention time plots are shown in chapter 

6.5.2). Finally, a deviation between Mn.NMR and Mn,SEC is naturally caused by the calculation 

of Mn,SEC using linear poly(methyl methacrylate) standards due to their different 

hydrodynamic volume (at the same molecular weight) compared to the sample polymer. 

Additionally, this deviation becomes more pronounced if the polymer architecture of sample 

differs from the architecture of the standard. 
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Figure 4.20 SEC chromatograms of the RAFT polymerisation of 168 with CTA1 in a 7.5 M reaction mixture 

showing the development of a bimodal molecular weight distribution at reaction times longer than 2 – 3 h. 

Consequently, the concentration was lowered for polymerisations with CTA1 to 

maintain sufficient mixing throughout the polymerisation process, thus preventing 

temperature and concentration gradients. Polymerisations with CTA1 were screened with 

3.75 M and 1.88 M solutions of 168 (Table 4.14). While 3.75 M concentration still showed 

the same problems as described above, 1.88 M mixtures led to polymers with narrow 

molecular weight distributions with Ðs between 1.15 and 1.17. Moreover, the molecular 
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weight linearly increased with time and Mn.NMR and Mn,SEC were expectedly similar 

indicating a controlled polymerisation. Nonetheless, a qualitative increase in viscosity of 

the polymerisation mixture was observed for conversions above 55%. Hence, if higher 

conversions are intended, lower concentrations are considered beneficial. Afterwards, 

CTA2 was also applied in a 1.88 M reaction mixture to investigate if it offers better control 

over the RAFT polymerisation of 168 (Table 6.16, page 289). However, the higher Ðs 

between 1.18 and 1.35 and the larger deviation between Mn,NMR and Mn,SEC indicated only 

partial control during the polymerisation. Hence, CTA1 was used for the following 

investigations and syntheses. 

Table 4.14 1H NMR and SEC results from the screening of two different concentrations of the RAFT 

polymerisation of 168 with CTA1.a 

entry 
concentration 

[M] 
reaction 
time [h] 

Mn,NMR
b 

[g∙mol−1] 
(conversion [%]) 

Mn,SEC 

[g∙mol−1] 
Ð 

1 

3.75 

1 3 400 (13) 18 100 1.27 

2 2 9 200 (36) 29 400 1.23 

3 3 12 600 (50) 50 900 1.24 

4 4 16 600 (66) 74 600 1.55 

5 

1.88 

1 2 200 (8) 5 355 1.15 

6 2 3 930 (15) 6 560 1.17 

7 3 5 420 (21) 7 880 1.17 

8 4 8 630 (34) 9 690 1.17 

9 5 11 100 (44) 11 750 1.15 

10 6 13 580 (54) 13 480 1.17 

11 6.5 14 810 (59) 14 400 1.18 

aratio of monomer to CTA to AIBN is 50:1:0.1; bMn,NMR is calculated using the monomer conversion. 
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The pseudo first-order rate plot for the RAFT polymerisation of 168 with CTA1 in a 

1.88 M solution is given in Figure 4.21. The polymerisation shows significant rate 

retardation of a factor of approximately 2.4 within the first 3 h compared to the rate for 

reaction times longer than 3 h. This is a well known behaviour of RAFT polymerisations of 

methacrylates with dithiobenzoate CTAs but also for other monomer and CTA classes while 

the polymerisation is still in the preequilibrium phase.[417] Retardation after the induction 

period is also known, while it has been shown that higher CTA concentrations lead to lower 

polymerisation rates.[412]  
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Figure 4.21 Pseudo-first order kinetic plot showing the relation between ln([M0]/[M]) and the reaction time; 

a rate retarded induction period of 3 h was observed, the conversion was determined by 1H NMR spectroscopy. 

Afterwards, the found relation between ln([M0]/[M]) and t was used to determine the 

reaction times needed to reach monomer conversions of 40%, 50%, and 60% , respectively 

(Table 4.15). Hence, the respective polymerisation experiments were stopped after 



4.3 Controlled Radical Polymerisation of Ricinoleic Acid-Derived Vinyl Monomers and 
Subsequent Modification via the Biginelli-3-Component Reaction 
________________________________________________________________________ 

 

________________________________________________________________________
146 

 

222 min, 276 min, and 333 min. The reached conversions resembled the desired molecular 

weights with a deviation between 1% and 3%. Furthermore, Mn,NMR and Mn,SEC were 

comparable and the Ðs of 1.12 to 1.13 verified the controlled polymerisation.  

Table 4.15 SEC and 1H NMR data for the synthesis of RAFT polymers of specific molecular weights.a 

entry 
reactionb 

time [min] 

intended Mn,NMR
b 

[g∙mol−1] 
(conversion [%]) 

Mn,NMR
c 

[g∙mol−1] 
(conversion [%]) 

Mn,SEC 

[g∙mol−1] 
Ð 

1 222 10 200 (40) 10 620 (42) 11 410 1.14 

2 276 12 700 (50) 11 950 (51) 11 680 1.12 

3 333 15 200 (60) 14 450 (57) 13 920 1.13 

aratio of monomer to CTA to AIBN is 50:1:0.1; b calculated using the found relation between ln([M0]/[M]) 
and t (Figure 4.21) cMn,NMR is calculated using the signals of the dithiobenzoate end group. 

 

Since the resulting polymers 169 were purified, the conversions and Mn,NMR were 

calculated using one of the proton signals of the dithiobenzoate end group at 7.87 ppm in 

relation to the signals of the internal double bonds at 5.48 ppm and 5.31 ppm (Figure 4.22). 

Notably, the thermal properties of the polymers 169 were also investigated using DSC 

finding a consistent Tg of −50°C (Figure 6.84, page 292). 
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Figure 4.22 1H NMR spectrum of RAFT polymer 169 with a DP of 21. 

The resulting polymer chains of a RAFT process still carry the, in this case, 

dithiobenzoate function, thus, function as macro CTA. Consequently, chain extension and 

the synthesis of block copolymers is possible if the macro CTA is applied for the RAFT 

polymerisation of another suitable monomer. A prerequisite is, however, the end group 

fidelity over the whole molecular weight distribution so that the polymers of each chain 

length are extended. To investigate the end group fidelity, the 169 samples were measured 

by SEC using both an RI detector and a UV detector set at a wavelength of 305 nm, which 

is well suited to detect the absorption of the dithiobenzoate group.[418] For maximum end 

group fidelity, the peak shapes were expected to be identical. 

After correction of the data of the UV detector regarding the concentration, both 

distributions qualitatively showed identical peak shapes indicating high end group fidelity 

(Figure 4.23).[419] For the quantitative determination of the end group fidelity, the 
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determination of the dn/dc and dA/dc values regarding the two detectors is necessary. 

Otherwise, the two distributions differ by an unknown factor. Hence, the measurement of a 

standard with the same CTA end group as the polymer sample with known end group 

fidelity is necessary.[418]  

10000 100000

0.0

0.5

1.0

n
o

rm
a

lis
e

d
 d

R
I 

o
r 

d
A

 [
r.

u
.]

molecular weight [g∙mol−1]

 RI detector signal

 UV detector signal

 

Figure 4.23 Example overlay of the normalised molecular weight distributions of the RI- and UV detector of 

169 showing strong resemblance. 

Instead, the end group fidelity was indirectly shown by a chain extension experiment as 

the presence of dead chain ends (resembling a deficiency in end group fidelity) leads to the 

formation of a low molecular weight shoulder or the formation of a bimodal distribution. 

Thus, 169 with a DP of 21 was used as macro CTA for the polymerisation of 168 using the 

same conditions as above (Table 4.15) to confirm the feasibility of the chain extension. A 

ratio of monomer to macro CTA to AIBN of 50:1:0.1 was used.  

Since the inhibition phenomena at the beginning of a polymerisation are only reported 

for small CTAs but not for macro CTAs, the polymerisation rate after the induction period 
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(cf. Figure 4.21, page 145) was used to calculate the reaction time for a monomer 

conversion of 35%.[412] A conversion of 35% was chosen to avoid an increase in viscosity 

and a subsequent loss of control as discussed above. Consequently, the reaction time of 

144 min was determined in order to reach a final Mn,NMR of approximately 19 300 g∙mol−1. 

The Mn,NMR was found to be 18 730 g∙mol−1 corresponding to a conversion of 33%. The 

Mn,SEC of 18 700 g∙mol−1 and the Ð of 1.15 verified the controlled polymerisation (Figure 

4.24). The formation of the high molecular weight shoulder was attributed to the above 

discussed increase in viscosity for higher molecular weights. The results of the chain 

extension experiments, therefore, confirm the high end group fidelity of the macro CTA that 

was obtained by RAFT polymerisation of 168, as well as the feasibility of the synthesis of 

block copolymers.  
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Figure 4.24 SEC chromatograms of the macro CTA and the chain extended polymer. 

As such, a block copolymer (170) was synthesised using methyl methacrylate as 

monomer and 169 with a DP of 21 as macro CTA (cf. chapter 6.5.4 for detailed data). The 
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same conditions as for the chain extension were used with a ratio of monomer to macro 

CTA to AIBN of 50:1:0.1. The synthesis of a block copolymer was confirmed by 1H NMR 

spectroscopy showing the characteristic signals of the methyl ester of the poly(methyl 

methacrylate) block at approximately 3.6 ppm (Figure 4.25). While the Ð of 1.13 indicated 

the controlled polymerisation of methyl methacrylate, the Mn,SEC of 10 325 g∙mol−1 was 

smaller compared to the Mn,SEC of the macro CTA. This was attributed to the different 

chemical structure of the poly(methyl methacrylate) block which led to an overall smaller 

hydrodynamic volume compared to the macro CTA. The Mn,NMR of 18 130 g∙mol−1 showed 

an increase of approximately 1 000 g∙mol−1 indicating a DP of the poly(methyl 

methacrylate) block of 10.  
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Figure 4.25 1H NMR spectrum of the block copolymer 170 in CDCl3. 

To conclude, the ricinoleic acid-derived methacrylate monomer 168 was synthesised 

and its RAFT polymerisation was investigated. It was shown that rather diluted reaction 

mixtures were needed to obtain narrow molecular weight distributions. Concentrations 
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lower than 1.88 M were found suitable to obtain Ðs lower than 1.15. While the application 

of the dithiobenzoate CTA, 2-cyanoprop-2-yl benzodithioate, led to Ðs lower than 1.15, the 

trithiocarbonate CTA, S-(2-cyanoprop-2-yl)-S-dodecyltrithiocarbonate, only led to partial 

control over the molecular weight. In order to apply RAFT polymers from 168 for the 

synthesis of block copolymers, high end group fidelity and the possibility of a controlled 

chain extension are prerequisites. Both excellent end group fidelity and control over the 

molecular weight during chain extension were successfully shown. As such, 168 was shown 

to be a renewable monomer suitable for the synthesis of homo- and block copolymers via 

RAFT polymerisation. 

The application of the incorporated acetoacetate functionality for post-polymerisation 

modification by the B-3CR will be addressed in the following chapter. 

4.3.5 Post Polymerisation Modification via the Biginelli-Three-Component Reaction 

Post-polymerisation modifications (PPM) are a valuable tool to include functionalities 

in polymers or to alter the macroscopic properties of a polymer material in a way that was 

not possible prior to polymerisation at the stage of the monomer. Within this chapter the 

PPM of the RAFT polymers 169 was investigated using the 169 with a DP of 21 as example. 

The acetoacetate moiety that was present within the monomer structure was retained during 

the polymerisation (cf. Figure 4.22, page 147) and its exploitation in a subsequent -3CR 

was investigated. 

Hence, 169 with DP 21 was dissolved in AcOH, and stirred together with 1.33 eq of 

benzaldehyde (51), 1.33 eq urea (47), and 0.07 eq MgCl2 as catalyst according to an adapted 

procedure of Tao et al.[346] This procedure was preferred over the, in this work typically 

used, Brønsted acid-catalysed B-3CR due to the milder temperature of 100°C to prevent 

side reactions of the polymer. The reaction progress was monitored by 1H NMR 

spectroscopy referencing the CH proton of the polyDHPM to the signal of the CH adjacent 

to the acetoacetate of the ricinoleic acid structure (Figure 4.26) showing a conversion of 

approximately 95% of the acetoacetate moiety after 25h of reaction time. The formation of 



4.3 Controlled Radical Polymerisation of Ricinoleic Acid-Derived Vinyl Monomers and 
Subsequent Modification via the Biginelli-3-Component Reaction 
________________________________________________________________________ 

 

________________________________________________________________________
152 

 

the typical signals of a DHPM, namely the signals of the NH-protons at 9.15 ppm and 

7.68 ppm and the signal of the CH proton of the DHPM ring at 5.11 ppm, was also observed. 

After precipitation in MeOH and washing therein, the pure polymer obtained with a yield 

of 92%. 

 

Figure 4.26 1H NMR spectrum of the purified polymer 171a after PPM of 169 by B-3CR: both of the cis/trans-

isomers of 171a are visible. 

Interestingly, the two multiplet signals of the double bond protons of 169 split to four 

different signals (Figure 4.26). It was assumed that the cis-double bond was partly 

isomerised to the trans-isomer. This was confirmed by the phase edited HSQC NMR 

spectrum of 171a with reference to reported chemical shifts for cis/trans isomers of aliphatic 

olefins (Figure 6.91, page 301).[420] The chemical shifts of the 13C carbon signals of 9 and 
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9’ as well as 10 and 10’, respectively, resembled each other while the 1H signals of the 

protons at 9’and 10’ were shifted to higher ppm values compared to the chemical shifts of 

the protons at 9 and 10. Finally, a ratio of cis/trans of 60/40 was determined. 

The SEC analysis of 171a revealed the formation of a small shoulder towards higher 

molecular weights, while the main signal was shifted to lower molecular weights compared 

to the starting material (169) resulting in a Mn,SEC of 8 600 g∙mol−1 (Ð = 1.24) compared to 

a Mn,SEC of 10 200 g∙mol−1 (Ð = 1.13) of the starting material (Figure 4.27).  
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Figure 4.27 SEC graphs of 169 and 171a. 

The shift of the signal towards lower molecular weights was attributed to the tendency 

of polymers that contain the DHPM motif to form, due to hydrogen bonding, compact coils 

in solution as it was already discussed in above chapters 4.1.3 and 4.2.3. Finally, a DSC 

analysis revealed a shift of the original Tg at −50°C to −13°C (Figure 6.89, page 299). 

Afterwards, the reaction was repeated with anisaldehyde (p-methoxy benzaldehyde) to 

verify the feasibility of the PPM approach (cf. chapter 6.5.5 for the respective 
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spectra/graphs). The 1H NMR spectrum of the resulting 171b verified the formation of the 

expected DHPM moiety while a conversion of the acetoacetate to the DHPM of 81% was 

determined. Similar to the 1H NMR spectrum of 171a, a cis/trans ratio of 61/39 was 

determined. The SEC data showed a Mn,SEC of 9 700 g∙mol−1 (Ð = 1.23) and the DSC result 

a Tg of 29°C. 

To conclude, it was shown that the B-3CR is an efficient tool for the PPM of 169 

reaching high conversions of up to 95% accompanied by a significant change of the Tg. The 

PPM approach was considered promising in order to synthesise block copolymers that 

contain the DHPM motif by synthesis of a block copolymer via RAFT polymerisation and 

subsequent PPM by the B-3CR of the block that carries the acetoacetate moiety. This way, 

some of the challenges regarding the block copolymer synthesis described in chapter 4.2.3 

and 4.2.4 might be circumvented. This is, however, part of future investigations. 

4.3.6 Conclusion and Outlook 

Within this chapter the synthesis of new renewable monomers for radical 

polymerisation, especially RAFT polymerisation, was attempted. Due to vinyl ester being 

less toxic compared to acrylates or methacrylates. The synthesis of vinyl esters via 

transvinylation of renewable carboxylic acids was carried out. Furthermore, starting 

materials with an additional hydroxy group were chosen to introduce an acetoacetate moiety 

suitable for PPM. Out of six monomers, 163 and 164 were synthesised with overall yields 

of 46% and 49%, respectively. The investigated aromatic starting materials 149, 150, and 

151 appeared to form the respective acetoacetates in situ. The latter, however, were not 

stable and reacted back to the starting material. Hence, the transvinylation was not attempted 

even though the vinyl esters were possibly readily available. A proper investigation of the 

decomposition for these aromatic acetoacetates might allow their purification and the 

further conversion to the vinyl ester as well as the application in FRP or RAFT 

polymerization. While 152 was converted to acetoacetate 157 with a yield of 90%, the 

subsequent transvinylation to 162 was inefficient with maxiumim yields of 34% in the crude 
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reaction mixture. Furthermore, purification was challenging since it led to the 

decomposition of 162 to unknown compounds. Hence no pure 162 was isolated. 

The FRP or RAFT polymerisation of 162 and 163 were attempted. However, the 

polymerisations seemed to be severely inhibited albeit the similar vinyl stearate was readily 

polymerizable under similar reaction conditions. Being the only significant difference 

between 163 and stearic acid, the acetoacetate group was deemed a potential inhibitor, a 

hypothesis that was tested by application of ethyl acetoacetate as solvent for the 

polymerisation of vinyl stearate. However, no inhibition was observed and the cause for the 

inhibition remained unknown as no impurity within 162 or 163 were identified. 

Nonetheless, it was conceivable that the inhibitor was formed or added during the 

transvinylation, since 168 was synthesised from 159, just as 162 was. A different approach 

for the vinylation might avoid the introduction of the unknown inhibitor. 

As a consequence, the vinyl esters were deemed unsuitable for the purposes of this study, 

and the more toxic methacrylate 168 was synthesised. The RAFT polymerisation of 168 

was investigated in terms of reaction conditions, molecular weight control, end group 

fidelity, and the possibility for chain extension and the synthesis of block copolymers. 

Overall, 168 was found to be a valuable renewable monomer for RAFT polymerisation. 

Furthermore, the resulting polymers 169 were considered suitable for the synthesis of block 

copolymers due to the feasibility of the investigated chain extension. 

Subsequently, the PPM of 169 via the B-3CR was investigated. The B-3CR was shown 

to convert the acetoacetate moiety in the pendant groups of the polymer to up to 95% while 

significantly increasing the Tg of the starting material by up to 80°C. Hence, the PPM 

approach was considered a promising tool for the synthesis of new polymer materials. As 

such, the investigation of the block copolymer synthesis via RAFT polymerisation and 

subsequent PPM using the B-3CR was deemed a promising alternative to the block 

copolymer synthesis via end group functionalisation (chapter 4.2). 

Finally, while the vinyl ester synthesis remained highly challenging, the transvinylation 

of the investigated starting materials without prior acetoacetylation possibly leads to 
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valuable sustainable monomers for radical polymerisations. Regarding the RAFT 

polymerisation of 168, especially the synthesis of various copolymer materials with other 

sustainable monomers is of interest, especially in combination with the PPM by the B-3CR. 

However, the introduction of a suitable functional group in a monomer for subsequent 

B-3CR was deemed to be the most challenging part. Moreover, the brittleness of polymers 

that contain the DHPM motif is probably drastically lowered in combination with the 

flexible fatty acid compound. As microphase separation was already shown for 

polyDHPM-b-poly(ethylene glycol)s (148a-f), such behaviour of a block copolymer 

consisting of modified 169 and another block is likely. Hence, the resulting materials 

possibly show characteristics of a thermoplastic elastomer or shape memory polymer.  
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5 Conclusion and Outlook 

Within this thesis, the synthesis of novel and renewable polymer structures was 

investigated. More precisely, the Biginelli-three-component (B-3CR) reaction was applied 

in three different ways within the field of polymer chemistry. 

First, new components for the the Biginelli polycondensation were introduced and the 

resulting properties of the respective polycondensates were investigated (chapter 4.1). 

Hence, the synthesis of 15 new and renewable polyDHPMs was described. Six 

diacetoacetates, three diacetoacetamides (AA-monomers), terephthalic aldehyde (BB-

monomer), urea, and N-methylurea were used as components for the B-3CR in various 

combinations significantly expanding the known library of monomers, as well as polymer 

structures. The diacetoacetates and diacetoacetamides with different spacer lengths were 

synthesised in yields up to 99% in a one‐step process. The used starting materials are all 

available from renewabale resources as discussed in chapter 2.6.1 – 2.6.5. Thermal analysis 

of the obtained set of polymers revealed high Tgs ranging from 160°C to 308°C. The Tg was 

tuneable in small steps of 10°C. The polyDHPMs were thermally stable well above the 

respective high Tg values. The results demonstrate the straight-forward variation of the 

components for the Biginelli polycondensation and enable the synthesis of renewable high 

Tg polymers. 

Second, the synthesis of block copolymers containing a Biginelli polycondensate block 

was investigated and the thermal properties of the resulting block copolymers were explored 

(chapter 4.2). Hence, six polyDHPMs with terminal double bonds as end groups were 

prepared in yields up to 76% using five diacetoacetates (AA-monomer), terephthalic 

aldehyde (BB-monomer), urea, and N-methyl urea as components for the B-3CR. 

Additionally, 2-{[3-(4-formyl-2-methoxyphenoxy)propyl]thio}ethyl acetoacetate was used 

as renewable AB-monomer. The end groups were introduced by addition of 

10-undecenyl-1-acetoacetate (143) to the monomer mixture. The molecular weight of the 

end group-functionalised polyDHPMs was, morevover, tuned between 6 800 g∙mol−1 and 

4 200 g∙mol−1 by variation of the amount of monoacetoacetate. Afterwards, the conversion 

of the end group-functionalised polyDHPMs in a thiol-ene reaction was investigated. The 
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reactivity was first investigated with butane thiol and second with poly(ethylene glycol) 

methylether thiol to obtain block copolymers. Finally, polyDHPM-b-poly(ethylene glycol)s 

were obtained yielding up to 76%. DSC analysis of the block copolymers revealed two 

distinct thermal transitions. While the Tgs of the polyDHPM blocks ranged, depending on 

the monomer structure, between 265°C and 159°C, the melting point (Tm) of the 

poly(ethylene glycol) block (PEG block) remained between 49°C and 52°C matching the 

Tm of pure 147. This behaviour indicated microphase separation of the applied polymer 

blocks but needs further evidence, e.g. using dynamic mechanical analysis and or 

microscopic techniques.[421] 

Third, the synthesis of novel, renewable vinyl ester monomers and a methacrylate 

monomer with additional acetoacetate function was attempted (chapter 4.3) to allow for 

post-polymerisation modification (PPM) using the B-3CR. Hence, the acetoacetylation of 

six suiting starting materials was attempted but was only successful for lactic acid, ricinoleic 

acid, and 12-hydroxystearic acid. Subsequently, the transvinylation of the three 

acetoacetylated carboxylic acids was attempted. However, only the two fatty acid vinyl 

esters were obtained. Afterwards, the polymerisation behaviour of the two vinyl esters by 

FRP and RAFT polymerisation was explored and showed strong inhibition preventing the 

formation of polyvinyl esters. The source of inhibition remained unknown. 

Consequently, a ricinoleic acid-based methacrylate monomer was synthesised (chapter 

4.3.4). Subsequent RAFT polymerisation yielded polymers with a molecular weight of up 

to 15 000 g∙mol−1 and narrow molecular weight distributions (Ðs around 1.13). 

Furthermore, the suitability of the resulting material for chain extension and thus block 

copolymer synthesis was demonstrated by determination of the end group fidelity of the 

RAFT polymers, the subsequent chain extension under RAFT conditions, and the synthesis 

of a block copolymer with poly(methyl methacrylate) as second block. Finally, the PPM of 

the acetoacetate moiety within 169 was investigated using the B-3CR (chapter 4.3.5). 

Conversions of up to 95% of the acetoacetate moiety towards the desired DHPM motif were 

shown rendering the PPM by B-3CR. Furthermore, the Tgs were increased by up to 80°C. 
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Finally, the novel ricinoleic acid-based methacrylate monomer was deemed a promising 

starting material for the synthesis of various polymer materials. 

To conclude, the B-3CR was proven the be a valuable tool for the preparation of novel 

and interesting polymer structures. However, one of the main challenges remains the 

processability of the obtained materials as their brittleness has, so far, prevented the 

investigation of the respective mechanical properties. To reduce the brittleness, the 

introduction of larger and/or bulkier spacer units to reduce the hydrogen bonding and thus 

the Tg is proposed. Alternatively, the synthesis of block copolymers with a very low Tg block 

possibly allows for a simplified processing.  

Furthermore, deeper insight in the mechanistic details and the polymerisation kinetics 

of the Biginelli polycondensation are needed to gain more control over the polymerisation 

process and finally allow higher molecular weights. Consequently, the implementation of 

analyses to obtain absolute molecular weight data, for example static light scattering, avoids 

uncertainties in the interpretation of NMR spectra and SEC chromatograms. Finally, the 

investigation of possible side reactions during the Biginelli polycondensation is anticipated 

to help understanding synthetic challenges. Especially important is the degree of oxidation 

of the aldehyde component during the polymerisation as it leads to dead chain ends. 

Last but not least, the RAFT polymerisation of monomers that carry an acetoacetate is a 

promising candidate for the synthesis of interesting polymer materials. However, further 

investigations on the block copolymer synthesis regarding the possible monomer spectrum 

and the resulting material properties are needed. While the PPM via the B-3CR was shown 

to be efficient for two examples, the investigation of the product scope, in particular also 

for block copolymers, is needed in order to determine the value of this method. 
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6 Experimental Section 

6.1 Materials 

All commercially available materials were used as received and were ordered from the 

following suppliers: Acros Organics, Air Liquide, Alfa Aesar, Carl Roth, Eurisotop, Fischer 

Scientific, Fluka, Merck, Sigma Aldrich, VWR.  

6.2 General Methods and Instrumentation 

6.2.1 Thin Layer Chromatography (TLC) 

Fluorescent silica coated aluminium plates were used for TLC. The plates were 

developed using either a UV-lamp to quench fluorescence at 254 nm or to excite 

fluorescence of the compounds at 365 nm, or Seebach stain (phosphomolybdic acid, 

cerium(IV) sulfate, sulfuric acid, water) to visualise UV-inactive compounds. The Rf values 

and used solvent mixtures are given at the respective synthesis procedure of each compound. 

6.2.2 Flash Column Chromatography 

Flash column chromatography was performed using a method similar to that introduced 

by Still et al.[422] The glass column with built-in fritted glass filter was filled with a slurry 

of eluent (the eluent is given at the respective synthesis procedure of each compound) and 

stationary phase (silica, Aldrich, technical grade, 60 Å pore size, 230 – 400 mesh size, 

40 – 63 µm particle size). The crude substance was applied in a liquid state dissolved in a 

small amount of eluent. Pressure was applied with a manual pump.  
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6.2.3 Vacuum Oven 

Polymer samples were dried in a ThermoScientificTM Vacutherm VT6025 S vacuum 

drying oven at 85°C under vacuum prior to analysis. 

6.2.4 Nuclear Magnetic Resonance (NMR) Spectroscopy 

1H and 13C NMR spectra were recorded on a Bruker Avance NEO spectrometer at a 

frequency of 400.13 MHz and 100.62 MHz, respectively. All spectra were measured at 

ambient temperature. For sample preparation, 10 – 15 mg of substance were dissolved in 

0.40 ml DMSO-d6 (99.80 atom% D) or CDCl3 (99.80 atom% D) in an NMR tube with a 

diameter of 5 mm. The chemical shift (δ) was given in parts per million (ppm) relative to 

the δ of tetramethylsilane (δ(TMS) = 0.00 ppm).  

The chemical shifts of the residual DMSO-d5 (1H NMR: 2.50 ppm; 13C NMR: 

39.52 ppm) or CHCl3 (1H NMR: 7.26 ppm; 13C NMR: 77.16 ppm) were used for 

referencing. Splitting patterns were denoted as follows: s (singlet), d (doublet), t (triplet), q 

(quartet), p (pentet), m (multiplet), dd (doublet of doublets), ddd (doublet of doublets of 

doublets), ddt (doublet of doublets of triplets), and br (broad). The respective coupling 

constants xJ were given in Hertz (Hz). The signals were listed from low field (large ppm) to 

high filed (small ppm). 

In addition, 2D-spectra were recorded to support signal structure assignments. The 

following experiments were used: 1H,1H-Correlated Spectroscopy (1H,1H-COSY), phase 

edited 1H,13C-Heteronuclear Single Quantum Coherence (1H,13C-HSQCed), and 
1H,13C-Heteronuclear Multiple Bond Correlation (1H,13C-HMBC). 

6.2.5 Size Exclusion Chromatography (SEC) 

For SEC, three different systems were used, depending on the solubility of the polymers 

and the need for a UV detector in some cases: SEC was performed on a Tosoh EcoSEC 
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HLC-8320 SEC system. For sample preparation, 2 mg of sample were dissolved in 2 ml 

hexafluoroisopropanol with 0.1 wt% potassium trifluoroacetate. The same solvent mixture 

was used as mobile phase. The solvent flow was 0.40 mL∙min-1 at 35 °C. The analysis was 

performed on a three-column system: PSS PFG Micro pre-column (3.0∙0.46 cm2, 10000 Å), 

PSS PFG Micro (25.0∙0.46 cm2, 1000 Å) and PSS PFG Micro (25.0∙0.46 cm2, 100 Å). The 

system was calibrated with linear poly(methyl methacrylate) standards (PSS, 

Mp:102 – 981 kg∙mol−1). 

Alternatively, samples were measured on a Shimadzu LS 20A system equipped with a 

SIL-20A autosampler and a RID-20A refractive index detector. For sample preparation, 

2 mg of sample were dissolved in 2 ml tetrahydrofuran/2 vol% NEt3. The same solvent 

mixture was used as mobile phase. The solvent flow was 1.00 mL∙min-1 at 30°C. The 

analysis was performed on a three-column system: PSS SDV analytical (5 μm, 

300∙8.0 mm2, 1000 Å), PSS SDV analytical (5 μm, 300∙8.0 mm2, 100000 Å), and a PSS 

SDV analytical precolumn (5 μm, 50∙8.0 mm2). For the calibration, narrow linear 

poly(methyl methacrylate) standards (Polymer Standards Service, PPS, Germany) ranging 

from 1 100 to 981 000 g∙mol−1 were used. 

Furthermore, samples were measured on an Agilent 1260 Infinity II system equipped 

with UV/Vis-detector and RI-detector. For sample preparation, 2 mg of sample were 

dissolved in 2 ml tetrahydrofuran. The same solvent mixture was used as mobile phase. The 

solvent flow was 1.00 mL∙min-1 at 35°C. The analysis was performed on a three-column 

system: SDV Lux pre-column (8∙50 mm), SDV Lux (8∙300 mm, 1000 Å) and SDV Lux 

(8∙300 mm, 100000 Å). The system was calibrated with linear poly(methyl methacrylate) 

standards (PSS, Mp:102 – 981 kg∙mol−1). 
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6.2.6 Infrared (IR) Spectroscopy 

IR spectra were recorded on a Bruker Alpha FTIR spectrometer equipped with Platinum 

ATR technology. The resulting transmittance spectra are averaged from 24 measurements. 

The energies of the IR bands were given as wavenumbers ν in cm-1. The signals were noted 

from large to small wavenumbers. 

6.2.7 High Resolution Mass Spectrometry (HRMS) 

High resolution mass spectra were recorded on a Finnigan MAT 95 spectrometer using 

electron ionization (EI) or fast atom bombardment (FAB). The signal of the singly charged 

radical cation of the analyte was referred to as [M]•+, the protonated singly charged cation 

of the molecule was referred to as [M+H]+.  

6.2.8 Differential Scanning Calorimetry (DSC) 

DSC experiments were performed on a DSC821e (Mettler Toledo) calorimeter. Samples 

were prepared by compressing 15 – 20 mg of sample in a 100 µl aluminium crucible. The 

measurements were performed under nitrogen atmosphere with two heating cycles in the 

temperature range of −50 – 300°C (or −50 – 350°C) with a cooling rate of 15 K∙min−1 and 

a heating rate of 30 K∙min−1. Alternatively, a temperature range of −70 – 250°C was used. 

For the calculation of the thermal transitions, the second heating cycle was used. The 

Tgs were determined using the inflection points of the respective second order transitions. 

Tms were determined using the minima of the respective first order transitions.  

6.2.9 Thermogravimetric Analysis (TGA) 

Thermogravimetric analysis was performed on a Netzsch STA 490C with Al2O3 as 

crucible material and reference sample. The samples of 10 – 20 mg were heated from room 
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temperature to 500 °C with a temperature gradient of 5 K∙min−1 under synthetic air flow. 

The temperature at which a weight loss of 5% is reached (Td5%) was determined via 

intersection of the TGA curve with a line at y = 0.95 − α, where α is the weight loss at 

105 °C (to exclude the weight loss due to water evaporation). 

6.3 Synthesis Procedures and Analytical Data Related to Chapter 4.1 

6.3.1 Diacetoacetates and Diacetoacetamides 

All diacetoacetates were synthesised using the following general procedure: The 

respective diol (1.00 eq) was mixed with tert-butyl acetoacetate (5.00 eq) in a round bottom 

flask and stirred in a preheated oil bath at 150°C for 7 h. Evolving t-BuOH was continuously 

removed via distillation. Afterwards, the crude product was purified by column 

chromatography using a mixture of c-C6H12 and EtOAc. The formed t-BuOH, as well as the 

excess of tert-butyl acetoacetate, were recovered via distillation and column 

chromatography, respectively.  

All diacetoacetamides were synthesised using the same procedure. The respective 

diamine (1.00 eq) was added dropwise to preheated (130°C) diketene acetone adduct 

(2,2,6-trimethyl-4H-1,3-dioxin-4-one, 2.10 eq) under vigorous stirring. Afterwards, the 

mixture was stirred at 130 °C for 5 h. Subsequently, the mixture was cooled to 80°C and 

EtOH was directly added to the hot mixture to crystallize the pure product from the crude 

mixture. The resulting white/off-white crystals where filtered, washed with cold ethanol and 

dried under high vacuum (< 10-2 mbar). 

Detailed information on synthesis, purification, and analytical data of all diacetoacetates 

and diacetoacetamides is available below. 
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6.3.1.1 Ethane-1,2-diacetoacetate (124a) 

 

 

used diol ethylene glycol 

yield 99% (29.4 g, 128 mmol, slightly yellow oil) 

eluent c-C6H12:EtOAc = 7:3 → 55:45 

Rf(product) 0.30 in c-C6H12:EtOAc = 1:1 

Recovered t-butyl acetoacetate & 
t-BuOH 

94% & 87% 

 

1H NMR (400 MHz, DMSO-d6): δ (ppm) = 4.26 (s, 4H, H1,2), 3.62 (s, 4H, H6,12), 2.17 

(s, 6H, H10,16).  

13C NMR (101 MHz DMSO-d6): δ (ppm) = 201.32 (C8,14), 167.09 (C5,11), 62.29 (C1,2), 

49.37 (C6,12), 29.98 (C10,16).  

IR: ν (cm-1) = 2965, 2932, 1740, 1710, 1653, 1411, 1361, 1314, 1252, 1143, 1043, 963, 

856, 804, 739, 623, 542, 496, 412.  

HRMS (EI): m/z for C10H14O6
•+ [M]+: calculated: 230.0785; found: 230.0790.  
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Figure 6.1 1H and 13C NMR spectra of 124a in DMSO-d6.  
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6.3.1.2 Propane-1,3-diacetoacetate (124b) 

  

 

used diol 1,3-dihydroxypropane 

yield 99% (31.2 g, 128 mmol, slightly yellow oil) 

eluent c-C6H12:EtOAc = 7:3 → 1:1 

Rf(product) 0.35 in c-C6H12:EtOAc = 1:1 

Recovered t-butyl acetoacetate & 
t-BuOH 

95% & 90% 

 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 4.12 (t, 3JH1,17;H2 = 6.4 Hz, 4H, H1,17), 3.61 

(s, 4H, H6,12), 2.17 (s, 6H, H10,16), 1.90 (p, 3JH2;H1,17 = 6.4 Hz, 2H, H2). 

13C-NMR (101 MHz DMSO-d6): δ (ppm) = 201.69 (C8,14), 167.28 (C5,11), 61.25 (C1,17), 

49.53 (C6,12), 30.09 (C10,16), 27.39 (C2).  

IR: ν (cm-1) = 2970, 2934, 1737, 1710, 1650, 1411, 1360, 1313, 1262, 1146, 1043, 915, 

805, 624, 541, 953.  

HRMS (EI): m/z for C11H16O6
•+ [M]+: calculated: 244.0941; found: 244.0949. 
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Figure 6.2 1H and 13C NMR spectra of 124b in DMSO-d6.  
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6.3.1.3 Butane-1,4-diacetoacetate (124c) 

 

 

used diol 1,4-dihydroxybutane 

yield 99% (33.2 g, 128 mmol, slightly yellow oil) 

eluent c-C6H12:EtOAc = 7:3 → 1:1 

Rf(product) 0.45 in c-C6H12:EtOAc = 1:1 

Recovered t-butyl acetoacetate & 
t-BuOH 

91% & 89% 

 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 4.12 – 4.03 (m, 4H, H1,18), 3.60 (s, 4H, 

H6,12), 2.17 (s, 6H, H10,16), 1.67–1.57 (m, 4H, H2,17). 

13C-NMR (101 MHz DMSO-d6): δ (ppm) = 201.58 (C8,14), 167.25 (C5,11), 63.95 (C1,18), 

49.54 (C6,12), 30.05 (C10,16), 24.60 (C2,17). 

IR: ν (cm-1) = 2962, 1711, 1649, 1411, 1360, 1314, 1259, 1147, 1036, 954, 803, 740, 

624, 541, 500.  

HRMS (EI): m/z for C12H18O6
•+ [M]+: calculated: 258.1098; found: 258.1102. 
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Figure 6.3 1H and 13C NMR spectra of 124c in DMSO-d6.  
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6.3.1.4 Hexane-1,6-diacetoacetate (124d) 

 

 

used diol 1,6-dihydroxyhexane 

yield 98% (36.2 g, 126 mmol, slightly yellow oil) 

eluent c-C6H12:EtOAc = 90:10 → 1:1 

Rf(product) 0.54 in c-C6H12:EtOAc = 1:1 

Recovered t-butyl acetoacetate & 
t-BuOH 

92% & 85% 

 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 4.04 (t, 3JH1,20;H2,19 = 6.6 Hz, 4H, H1,20), 

3.59 (s, 4H, H6,12), 2.17 (s, 6H, H10,16), 1.63 – 1.50 (m, 4H, H2,19), 1.37 – 1.26 (m, 4H, 

H17,18). 

13C-NMR (101 MHz DMSO-d6): δ (ppm) = 201.61 (C8,14), 167.30 (C5,11), 64.33 (C1,20), 

49.58 (C6,12), 30.07 (C10,16), 27.89 (C2,19), 24.87 (C17,18). 

IR: ν (cm-1) = 2939, 2863, 1712, 1645, 1558, 1411, 1359, 1314, 1239, 1148, 1031, 978, 

802, 731, 624, 542, 497.  

HRMS (EI): m/z for C14H22O6
•+ [M]+: calculated: 286.1411; found: 286.1418. 
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Figure 6.4 1H and 13C NMR spectra of 124d in DMSO-d6.  
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6.3.1.5 Decane-1,10-diacetoacetate (124e) 

 

 

used diol 1,10-dihydroxydecane 

yield 98% (33.2 g, 63.2 mmol, slightly yellow solid) 

eluent c-C6H12:EtOAc = 98:2 → 7:3 

Rf(product) 0.27 in c-C6H12:EtOAc = 7:3 

Recovered t-butyl acetoacetate & 
t-BuOH 

85% & 89% 

 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 4.04 (t, 3JH1,24;H2,23 = 6.6 Hz, 4H, H1,24), 

3.58 (s, 4H, H6,12), 2.17 (s, 6H, H10,16), 1.61 – 1.50 (m, 4H, H2,23), 1.35 – 1.19 (m, 12H, 

H17-22).  

13C-NMR (101 MHz DMSO-d6): δ (ppm) = 201.57 (C8,14), 167.29 (C5,11), 64.42 (C1,24), 

49.58 (C6,12), 30.06 (C10,16), 28.81+28.55+28.01+25.25 (C2,17-23). 

IR: ν (cm-1) = 2936, 2865, 1733, 1705, 1479, 1466, 1411, 1362, 1322, 1267, 1175, 1151, 

1069, 1046, 1027, 1005, 970, 862, 813, 734, 629, 540, 529, 416.  

HRMS (ESI): m/z for C18H20O6H+ [M+H]+: calculated: 343.2115; found: 343.2109. 
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Figure 6.5 1H and 13C NMR spectra of 124e in DMSO-d6.  
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6.3.1.6 Isosorbide-diacetoacetate (124f) 

 

used diol isosorbide 

yield 99% (40.1 g, 128 mmol, slightly yellow oil) 

eluent c-C6H12:EtOAc = 20:80 

Rf(product) 0.5 in c-C6H12:EtOAc = 20:80 

Recovered t-BuAA & t-BuOH 91% & 82% 

 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 5.19 – 5.12 (m, 1H, H3), 5.09 (d, 
3JH8;H7 = 3.0 Hz, 1H, H8), 4.76 (dd, 3JH9;H3;H10 = 5.3 Hz, 1H, H9), 4.42 (d, 3JH10;H9 = 5.0 Hz, 

1H, H10), 3.90 – 3.78 (m, 2H, H7), 3.89 – 3.72 (m, 2H, H2), 3.69 – 3.58 (m, 2H, H14 or 20), 

3.69 – 3.58 (m, 2H, H14 or20), 2.19 (s, 3H, H14 or 23), 2.18 (s, 3H, H14 or 23). 

13C-NMR (101 MHz DMSO-d6): δ (ppm) = 201.49 (C16 or 22), 201.08 (C16 or 22), 166.66 

(C13 or 19), 166.52 (C13 or 19), 85.32 (C5), 80.36 (C4), 77.90 (C8), 74.29 (C3), 72.32 (C7), 70.15 

(C2), 49.42 (C14 or 20), 49.33 (C14 or 20), 30.03 (C17 or 23), 29.90 (C17 or 23). 

IR: ν (cm-1) = 2980, 2933, 2879, 1741, 1711, 1631, 1411, 1359, 1313, 1257, 1146, 1091, 

1028, 976, 916, 889, 856, 770, 609, 539, 493.  

HRMS (EI): m/z for C14H22O6
•+ [M]+: calculated: 314.0996; found: 314.1002. 
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Figure 6.6 1H and 13C NMR spectra of 124f in DMSO-d6.  
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6.3.1.7 Ethane-1,2-diacetoacetamide (126a) 

 

 

used diamine 1,2-diaminoethane 

yield 43% (4.96 g, 21.7 mmol, white crystalline solid) 

 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 8.08 (s, 2H, H3,4), 3.28 (s, 4H, H6,12), 

3.20 – 3.07 (m, 4H, H1,2), 2.14 (s, 6H, H10,16). 

13C-NMR (101 MHz DMSO-d6): δ (ppm) = 203.04 (C8,14), 166.26 (C5,11), 51.30 (C6,12), 

38.30 (C1,2), 29.98 (C10,16). 

IR: ν (cm-1) = 3277, 3093, 2947, 1729, 1709, 1641, 1557, 1447, 1418, 1362, 1346, 1309, 

1293, 1245, 1189, 1165, 1021, 993, 943, 857, 780, 744, 711, 620, 543, 476, 418.  

HRMS (EI): m/z for C10H16N2O4
•+ [M]+: calculated: 228.1105; found: 228.1111. 
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Figure 6.7 1H and 13C NMR spectra of 126a in DMSO-d6.  
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6.3.1.8 Hexane-1,6-diacetoacetamide (126d) 

 

 

used diamine 1,6-diaminohexane 

yield 62% (8.87 g, 31.2 mmol, off-white crystalline solid) 

 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 8.00 (t, 3JH3,4;H1,20 = 5.1 Hz, 2H, H3,4), 3.27 

(s, 4H, H6,12), 3.04 (td, 3JH1,20;H2,19 = 6.9 Hz, 3JH1,20;H3,4 = 6.8 Hz, 4H, H1,20), 2.13 (s, 6H, 

H10,16), 1.45 – 1.32 (m, 4H, H2,19), 1.31 – 1.21 (m, 4H, H17,18). 

13C-NMR (101 MHz DMSO-d6): δ (ppm) = 203.14 (C8,14), 165.80 (C5,11), 51.36 (C6,12), 

38.53 (C1,20), 29.96 (C10,16), 28.94+26.03 (C2,17-19). 

IR: ν (cm-1) = 3272, 3100, 2917, 2851, 1709, 1644, 1564, 1466, 1420, 1362, 1345, 1324, 

1297, 1283, 1189, 1167, 1090, 1002, 920, 790, 752, 722, 621,558, 504.  

HRMS (EI): m/z for C14H24N2O4
•+ [M]+: calculated: 284.1731; found: 284.1734. 

  



6 Experimental Section 
________________________________________________________________________ 

 

________________________________________________________________________
181 

 

1

2

N
H
3

H
N

4

5
6

O
7

8

O
9

10

11
12

O

13

14

O

15

16
17

18

19

20

1

2

N
H
3

H
N

4

5
6

O
7

8

O
9

10

11
12

O

13

14

O

15

16
17

18

19

20

3,4

6,12

1,20

10,16

2,19

17,18H2O

8,14
5,11

6,12

1,20

10,16 2,17,18,19

 

Figure 6.8 1H and 13C NMR spectra of 126d in DMSO-d6.  
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6.3.1.9 Decane-1,10-diacetoacetamide (126e) 

 

 

used diamine 1,10-diaminodecane 

yield 47% (7,93 g, 23,3 mmol, off-white crystalline solid) 

 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 8.00 (t, 3JH3,4;H1,24 = 5.7 Hz, 2H, H3,4), 3.27 

(s, 4H, H6,12), 3.04 (td, 3JH1,24;H2,23 = 6.7 Hz, 3JH1,24;H3,4 = 6.7 Hz, 4H, H1,24), 2.13 (s, 6H, 

H10,16), 1.47 – 1.32 (m, 4H, H2,23), 1.25 (s, 12H, H17-22). 

13C-NMR (101 MHz DMSO-d6): δ (ppm) = 203.12 (C8,14), 165.78 (C5,11), 51.36 (C6,12), 

29.95 (C1,24), 28.97 (C10,16), 28.95+28.71+26.35 (C2,17-23). 

IR: ν (cm-1) = 3273, 3099, 2915, 2849, 1708, 1643, 1565, 1467, 1420, 1361, 1344, 1292, 

1237, 1190, 1167, 1062, 1028, 994, 949, 790, 757, 721, 618, 564, 521, 476, 438, 416.  

HRMS (EI): m/z for C18H32N2O4
•+ [M]+: calculated: 340.2357; found: 340.2362. 

  



6 Experimental Section 
________________________________________________________________________ 

 

________________________________________________________________________
183 

 

 

Figure 6.9 1H and 13C NMR spectra of 126e in DMSO-d6.  
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6.3.2 Poly[3,4 dihydropyrimidin 2(1H)‐one]s 

All polyDHPMs were synthesised according to the same general procedure. 

Nevertheless, the reaction times and the solvent/solvent mixture that were used for 

precipitation and washing (depending on the polymer structure (details are shown for the 

respective polymer)) differed. 

The urea compound (3.50 eq) and the respective diacetoacetate (or diacetoacetamide) 

(6.99 mmol, 1.00 eq) were mixed with DMSO (1 M solution regarding 1.00 eq of 

diacetoacetate) in a round bottom flask. Afterwards, terephthalic aldehyde (1.00 eq) and 

p-toluenesulfonic acid (0.10 eq) were added.  

The mixture was immediately heated to 125°C in a preheated oil bath and stirred for 

22.5 h (30 min for 133a, 133d, and 133e, each and 1.5 h for 132e). The flask was left open 

to allow water to evaporate. Afterwards, the polymer solution was precipitated into 100 ml 

of the respective solvent/solvent mixture and stirred for 3 h. Subsequently, the precipitated 

polymer was filtered and washed with the same solvent/solvent mixture. The resulting 

material was dried in a vacuum drying oven over night at 85°C under reduced pressure 

resulting in the final polymers as yellow to orange glassy solid.  

6.3.2.1 Polymerisation Kinetics 

Samples for the kinetic investigation via SEC were prepared by precipitating 5 µL of the 

reaction mixture in water. After decanting and drying in a vacuum oven, the samples were 

dissolved in 2 ml hexafluoroisopropanol with 0.1 wt% KCO2(CF3). 
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Kinetics of 120e 
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Figure 6.10 Size exclusion chromatograms of the samples obtained from the polymerisation kinetics of 120e. 

Table 6.1 SEC data of the polymerisation kinetics of 120e. 

entry t [h] Mn [g∙mol-1] Mw [g∙mol-1] Ð 

1 0.25 1 300 3 700 2.8 

2 0.5 2 500 5 000 1.98 

3 1 2 900 6 200 2.16 

4 1.75 3 400 8 200 2.42 

5 2 3 700 9 500 2.56 

6 3 3 800 10 000 2.61 

7 5 4 200 11 700 2.82 

8 7 4 200 12 800 3.09 

9 22.5 4 900 15 900 3.24 
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Kinetics of 131e 
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Figure 6.11 Size exclusion chromatograms of the samples obtained from the polymerization kinetics of 131e. 

Table 6.2 SEC data of the polymerisation kinetics of 131e. 

entry t [h] Mn [g∙mol-1] Mw [g∙mol-1] Ð 

1 0.25 2 100 3 500 1.67 

2 0.5 2 300 3 900 1.70 

3 1 2 800 6 200 2.17 

4 1.75 3 200 8 500 2.62 

5 2.83 3 800 11 700 3.06 

6 4 4 400 16 800 3.80 

7 7 4 600 16 200 3.54 

8 22.5 8 700 24 900 2.88 
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Kinetics of 120f 
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Figure 6.12 Size exclusion chromatograms of the samples obtained from the polymerisation kinetics of 120f. 
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Table 6.3 SEC data of the polymerization kinetics of 120f. 

entry t [h] Mn [g∙mol-1] Mw [g∙mol-1] Ð 

1 0.25 1 300 2 500 1.91 

2 0.5 1 600 3 700 2.23 

3 1 1 800 4 600 2.55 

4 1.75 2 300 6 200 2.67 

5 2.5 2 600 7 600 2.96 

6 3 2 700 8 700 3.19 

7 5 3 100 12 200 3.97 

8 6.5 3 300 14 200 4.30 

9 21 4 600 43 800 9.49 

10 22.5 4 800 48 400 10.1 
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Figure 6.13 Size exclusion chromatograms of the samples obtained from the polymerisation kinetics of 131f. 

Table 6.4 SEC data of the polymerization kinetics of 131f. 

entry t [h] Mn [g∙mol-1] Mw [g∙mol-1] Ð 

1 0.25 1 200 2 200 1.80 

2 0.5 1 800 3 800 2.11 

3 1 2 400 6 900 2.87 

4 1.75 2 600 8 200 3.20 

5 2.5 2 700 10 700 4.04 

6 3 2 900 12 200 4.18 

7 5 3 600 19 100 5.31 

8 19.5 5 100 60 100 11.8 

9 22.5 5 100 66 200 13.1 
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Figure 6.14 Size exclusion chromatograms of the samples obtained from the polymerisation kinetics of 132e. 

Table 6.5 SEC data of the polymerization kinetics of 132e. 

entry t [h] Mn [g∙mol-1] Mw [g∙mol-1] Ð 

1 0.25 1 900 9 400 4.95 

2 0.5 2 200 8 900 4.00 

3 1 3 000 18 500 6.11 

4 1.75 7 600 52 800 6.92 

5 2.5 9 200 94 700 10.3 

6 3 9 800 12 8900 13.2 
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Kinetics of 133e 
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Figure 6.15 Size exclusion chromatograms of the samples obtained from the polymerisation kinetics of 133e. 

Table 6.6 SEC data of the polymerization kinetics of 133e. 

entry t [h] Mn [g∙mol-1] Mw [g∙mol-1] Ð 

1 0.25 5 000 29 300 5.81 

2 0.5 5 700 43 400 7.69 

3 1 6 900 108 600 15.7 
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6.3.2.2 Poly[3,4 dihydropyrimidin 2(1H)‐one]s using Acetoacetates 

 

Table 6.7 SEC and DSC data and yields of polyDHPMs 120a-f and 131a-f using diacetoacetates. 

polymer R1 Mn, NMR 

[g∙mol-1] 
Mn,SEC 

[g∙mol-1] 
Mw,SEC 

[g∙mol-1] 
Ð 

Tg 

[°C] 
Yielda 

[%] 

120a C2H4 5 500 3 800 14 800 3.88 280 77 

120b C3H6 5 700 4 900 18 000 3.65 255 65 

120c C4H8 6 100 5 600 16 600 2.85 239 63 

120d C6H12 10 100 8 300 34 700 4.20 220 69 

120e C10H20 12 200 6 600 18 200 2.76 198 72 

120f isosorbide 30 700 6 200 50 000 8.07 308 78 

131a C2H4 11 300 10 800 43 000 3.99 248 71 

131b C3H6 24 000 10 500 33 800 3.21 222 63 

131c C4H8 21 400 7 600 19 700 2.58 211 70 

131d C6H12 31 800 9 500 42 800 4.94 175 69 

131e C10H20 36 700 8 700 24 900 2.88 159 65 

131f isosorbide 23 000 8 400 73 100 8.71 266 75 

aisolated yields. 
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Figure 6.16 SEC chromatograms of polyDHMPs using acetoacetates and urea (120a-f, top) or Me-urea 

(131a-f, bottom).  
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Figure 6.17 DSC curves of polyDHMPs using acetoacetates and urea (120a-f, top) or Me-urea (131a-f, 

bottom) showing the respective Tgs.  
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120a 

Precipitated in and washed with MeOH/H2O (90/10).  

1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 9.21 (br s, Ha), 7.71 (br s, Ha’), 7.33 – 6.84 (m, 

Hd), 5.31 – 4.96 (m, Hc), 4.28 – 3.94 (m, He), 2.36 – 2.06 (m, Hb). 

IR: ν (cm-1) = 3276, 1688, 1641, 1434, 1381, 1311, 1279, 1224, 1078, 758, 661, 503.  

 

Figure 6.18 1H NMR spectrum of 120a in DMSO-d6. 
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120b 

Precipitated in and washed with MeOH/H2O (90/10). 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 9.19 (br s, Ha), 7.67 (br s, Ha’), 7.25 – 7.00 (m, 

Hd), 5.10 (br s, Hc), 4.07 – 3.75 (m, He), 2.22 (br s, Hb), 1.90 – 1.54 (m, Hf).  

IR: ν (cm-1) = 3258, 2957, 1689, 1640, 1447, 1383, 1311, 1223, 1080, 949, 758. 663, 507, 

459. 

 

Figure 6.19 1H NMR spectrum of 120b in DMSO-d6. 
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120c 

Precipitated in MeOH/H2O (50/50) and washed with MeOH/H2O (50/50) and MeOH/H2O 

(90/10) subsequently. 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 9.17 (br s, Ha), 7.67 (br s, Ha’), 7.29 – 7.08 (m, 

Hd), 5.09 (br s, Hc), 4.09 – 3.73 (m, He), 2.23 (br s, Hb), 1.69 – 1.27 (m, Hf).  

IR: ν (cm-1) = 3258, 2953, 1688, 1639, 1445, 1383, 1312, 1223, 1082, 944, 757, 660, 509. 
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Figure 6.20 1H NMR spectrum of 120c in DMSO-d6. 
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120d 

Precipitated in MeOH/H2O (50/50) and washed with MeOH/H2O (50/50) and MeOH/H2O 

(90/10) subsequently. 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 9.17 (s, Ha), 7.66 (s, Ha’), 7.16 (s, Hd), 5.10 (s, 

Hc), 3.90 (br s, He), 2.23 (br s, Hb), 1.43 (br s, Hf), 1.30 – 0.99 (m, Hg).  

IR: ν (cm-1) = 3243, 2937, 1693, 1640, 1446, 1383, 1312, 1223, 1085, 1018, 758, 661, 508.  

 

Figure 6.21 1H NMR spectrum of 120d in DMSO-d6. 
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120e 

Precipitated in MeOH/H2O (30/70) and washed with MeOH/H2O (30/70) and MeOH/H2O 

(90/10) subsequently. 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 9.17 (s, Ha), 7.66 (s, Ha’), 7.16 (s, Hd), 5.10 (s, 

Hc), 3.90 (br s, He), 2.23 (br s, Hb), 1.43 (br s, Hf), 1.30 – 1.02 (m, Hg,h,i).  

IR: ν (cm-1) = 3241, 2936, 1692, 1640, 1448, 1383, 1312, 1223, 1085, 1018, 758, 664, 505. 
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Figure 6.22 1H NMR spectrum of 120e. 
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120f 

Precipitated in MeOH and washed with MeOH.  

1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 9.27 (br s, Ha) 7.72 (br s, Ha’), 7.17 (s, Hd), 5.08 

(br s, Hc), 5.06 – 3.50 (Hisosorbide), 2.24 (br s, Hb).  

IR: ν (cm-1) = 3282, 3116, 2945, 2875, 1693, 1635, 1430, 1383, 1349, 1313, 1279, 1223, 

1077, 1016, 805, 757, 658, 601, 506, 443, 411.  
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Figure 6.23 1H NMR spectrum of 120f in DMSO-d6. 
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131a 

Precipitated in MeOH/H2O (90/10) and washed with MeOH/H2O (90/10). 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 7.92 (br s, Ha’), 7.14 (s, Hd), 5.29 – 4.97 (m, 

Hc), 4.32 – 3.99 (m, He), 3.08 (s, Ha), 2.44 (s, Hb). 

IR: ν (cm-1) = 3341, 2951, 1673, 1506, 1448, 1382, 1350, 1299, 1243, 1186, 1150, 1075, 

973, 800, 758, 613, 495.  
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Figure 6.24 1H NMR spectrum of 131a in DMSO-d6. 
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131b 

Precipitated in MeOH/H2O (90/10) and washed with MeOH/H2O (90/10). 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 7.88 (br s, Ha’), 7.14 (br s, Hd), 5.10 (br s, Hc), 

4.16 – 3.80 (m, He), 3.06 (br s, Ha), 2.45 (br s, Hb), 1.89 – 1.55 (m, Hf). 

IR: ν (cm-1) = 3332, 2952, 1671, 1505, 1452, 1419, 1382, 1350, 1299, 1243, 1185, 1152, 

1050, 976, 801, 757, 614, 495.  
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Figure 6.25 1H NMR spectrum of 131b in DMSO-d6. 
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131c 

Precipitated in MeOH/H2O (50/50) and washed with MeOH/H2O (50/50) and MeOH/H2O 

(90/10) subsequently. 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 7.89 (br s, Ha’), 7.14 (br s, Hd), 5.09 (br s, Hc), 

3.89 (br s, He), 3.06 (br s, Ha), 2.45 (br s, Hb), 1.65 – 1.20 (m, Hf). 

IR: ν (cm-1) = 3315, 2948, 1667, 1505, 1447, 1382, 1348, 1298, 1242, 1183, 1152, 1070, 

1047, 975, 798, 756, 613, 496, 415.  

 

Figure 6.26 1H NMR spectrum of 131c in DMSO-d6. 
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131d 

Precipitated in MeOH/H2O (50/50) and washed with MeOH/H2O (50/50) and MeOH/H2O 

(90/10) subsequently. 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 7.89 (br s, Ha’), 7.14 (br s, Hd), 5.10 (br s, Hc), 

3.94 (br s, He), 3.06 (br s, Ha), 2.46 (br s, Hb), 1.58 – 0.93 (m, Hf,g). 

IR: ν (cm-1) = 3301, 2938, 2115, 1668, 1505, 1453, 1382, 1348, 1298, 1241, 1184, 1151, 

1070, 975, 797, 755, 611, 498, 431.  

 

Figure 6.27 1H NMR spectrum of 131d in DMSO-d6. 
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131e 

Precipitated in MeOH/H2O (30/70) and washed with MeOH/H2O (30/70) and MeOH/H2O 

(90/10) subsequently. 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 7.89 (s, Ha’), 7.14 (s, Hd), 5.10 (s, Hc), 3.94 (br 

s, He), 3.06 (br s, Ha), 2.46 (br s, Hb), 1.61 – 0.92 (m, Hf,g,h,i). 

IR: ν (cm-1) = 3320, 2931, 2074, 1668, 1621, 1506, 1450, 1382, 1349, 1299, 1242, 1183, 

1152, 1070, 976, 799, 756, 614, 495, 447, 425.  

 

Figure 6.28 1H NMR spectrum of 131e in DMSO-d6. 
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131f 

Precipitated in MeOH and washed with MeOH subsequently. 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 7.95 (br s, Ha’), 7.15 (br s, Hd), 5.10 – 3.51 

(Hisosorbide), 5.07 (br s, Hc), 3.09 (br s, Ha), 2.50 (br s, Hb). 

IR: ν (cm-1) = 3308, 2940, 2884, 1680, 1622, 1454, 1420, 1384, 1355, 1302, 1243, 1187, 

1152, 1073, 974, 871, 803, 757, 604, 492, 415.  

 

Figure 6.29 1H NMR spectrum of 131f in DMSO-d6. 
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6.3.2.3 Poly[3,4 dihydropyrimidin 2(1H)‐one]s using Acetoacetamides 

 

 

Table 6.8 SEC and DSC data and yields of polyDHPMs 132a-e using diacetoacetamides. 

polymer R1 Mn, NMR 

[g∙mol-1] 
Mn,SEC 

[g∙mol-1] 
Mw,SEC 

[g∙mol-1] 
Ð 

Tg 

[°C] 
Yielda 

[%] 

132a C2H4 9 600 5 000 23 400 4.71 -b 53 

132d C6H12 5 300 12 400 63 000 5.07 265 61 

132e C10H20 5 500 11 800 40 300 3.40 235 57 

133a C2H4 2 400 6 000 12 400 2.06 -b 45 

133d C6H12 3 900 5 300 13 000 2.47 -b 48 

133e C10H20 3 800 15 200 71 100 4.71 194 59 

aisolated yield; bnot observed within the investigated temperature range. 
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Figure 6.30 SEC chromatograms of the polyDHMPs using acetoacetamides and urea (132a,d,e, top) or 

Me-urea (133a,d,e, bottom).   
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Figure 6.31 DSC curves of the polyDHMPs 132a,d,e and 133a,d,e using acetoacetamides and urea (top) or 

Me-urea (bottom) showing the respective Tgs; the baselines for the measurements of 132a, 133a, and 133d 

were not stable.   
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132a 

Precipitated in MeOH and washed with MeOH. 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 8.58 (br s, Ha), 7.75 – 7.46 (m, Ha’, Hk), 7.15 

(s, Hd), 5.18 (s, Hc), 3.06 (br s, He), 1.97 (br s, Hb). 

IR: ν (cm-1) = 3275, 3101, 2917, 1651, 1538, 1433, 1387, 1300, 1239, 1115, 1019, 972, 

798, 759, 652, 583, 498.  

 

Figure 6.32 1H NMR spectrum of 132a in DMSO-d6. 
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132d 

Precipitated in MeOH and washed with MeOH. 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 8.51 (br s, Ha), 7.59 (br s, Ha’), 7.44 (br s, Hk), 

7.15 (s, Hd), 5.21 (s, Hc), 3.14 – 2.85 (m, He), 1.97 (s, Hb), 1.30 (br s, Hf), 1.13 (br s, Hg). 

IR: ν (cm-1) = 3260, 3089, 2933, 2859, 1644, 1604, 1539, 1435, 1294, 1240, 1104, 1019, 

800, 758, 648, 421.  

 

Figure 6.33 1H NMR spectrum of 132d in DMSO-d6. 
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132e 

Precipitated in MeOH and washed with MeOH. 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 8.49 (br s, Ha), 7.57 (br s, Ha’), 7.44 (br s, Hk), 

7.14 (s, Hd), 5.20 (s, Hd), 3.11 – 2.81 (m, He), 1.97 (s, Hb), 1.46 – 1.00 (m, Hf,g,h,i). 

IR: ν (cm-1) = 3250, 3104, 2925, 2852, 1661, 1614, 1516, 1433, 1311, 1235, 1130, 1101, 

1018, 947, 755, 710, 628, 503, 419.  
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Figure 6.34 1H NMR spectrum of 132e in DMSO-d6. 
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133a 

Precipitated in MeOH and washed with MeOH. 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 7.86 (br s,Ha’), 7.64 (br s, Hk), 7.13 (br s, Hd), 

5.08 (br s, Hc), 3.26 – 2.81 (m, He,a), 2.12 (br, Hb). 

IR: ν (cm-1) = 3261, 3064, 2922, 2045, 1635, 1510, 1454, 1389, 1344, 1252, 1210, 1097, 

975, 755, 493. 

 

Figure 6.35 1H NMR spectrum of 133a in DMSO-d6. 
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133d 

Precipitated in H2O and washed with MeOH. 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 7.84 (br, Ha’), 7.59 (br, Hk), 7.12 (br, Hd), 5.10 

(br, Hc), 3.07 (br, He), 3.21 – 2.78 (m, Ha,e), 2.09 (m, Hb), 1.45 – 0.79 (m, Hf,g). 

IR: ν (cm-1) = 3273, 2929, 2050, 1625, 1515, 1454, 1388, 1344, 1252, 1210, 1091, 974, 

755, 488. 

 

Figure 6.36 1H NMR spectrum of 133d in DMSO-d6. 
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Figure 6.37 HSQC spectrum of 133d. 

The 2D-HSQC-NMR spectrum clearly shows an overlap of the CH3-protons of Me-urea 

with the -(NH)CH2-protons of the spacer. A similar overlap is observed for 133a and 133e. 
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133e 

Precipitated in H2O and washed with MeOH. 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 7.82 (br s, Ha’), 7.59 (br s, Hk), 7.11 (br s, Hd), 

5.10 (br s, Hc), 3.17 – 2.86 (m, He,a), 2.08 (br s, Hb), 1.55 – 0.95 (m, Hf,g,h,i).  

IR: ν (cm-1) = 3288, 3078, 2923, 2852, 1651, 1520, 1454, 1417, 1387, 1345, 1254, 1212, 

1163, 1094, 974, 798, 755, 607, 505, 457.  
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Figure 6.38 1H NMR spectrum of 133e in DMSO-d6. 
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6.3.2.4 Thermogravimetric Analysis of Poly[3,4 dihydropyrimidin 2(1H)‐one]s 

Table 6.9 Results of the TGA of the whole set of polyDHPMs. 

polymer R1 Td5% [°C] 

120a C2H4 280 

120b C3H6 278 

120c C4H8 274 

120d C6H12 282 

120e C10H20 307 

120f isosorbide 289 

131a C2H4 266 

131b C3H6 264 

131c C4H8 278 

131d C6H12 286 

131e C10H20 314 

131f isosorbide 282 

132a C2H4 296 

132d C6H12 282 

132e C10H20 278 

133a C2H4 284 

133d C6H12 286 

133e C10H20 278 
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6.4 Synthesis Procedures and Analytical Data Related to Chapter 4.2 

6.4.1 Monomers and 10-Undecenyl-1-acetoacetate 

The applied diacetoacetates were prepared according to chapter 6.3.1. 

6.4.1.1 Allyl Methyl Carbonate (137) 

 

 

The synthesis of allyl methyl carbonate (137) was carried out according to literature.[382] 

A mixture of allyl alcohol (594 mmol, 1.00 eq) and dimethyl carbonate (7.50 eq) was 

stirred at 80°C for 3 min. Subsequently, 1,5,7-triazabicyclo[4.4.0]dec-5-en (0.01 eq) was 

added. The mixture was stirred for 1 h at 80°C. The resulting mixture of dimethyl carbonate, 

allyl methyl carbonate, and diallyl carbonate was fractionated by vacuum distillation. 

 

yield 31% (21.4 g, 184 mmol, colourless liquid) 

distillation dimethyl carbonate: 35°C, 100 mbar; allyl methyl 
carbonate: 50 – 60°C, 100 mbar, residue contained 
mainly diallyl carbonate 
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1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 5.93 (ddt, 3JH2;H1cis;H1trans;H3 = 17.2, 10.5, 

5.8 Hz, 1H, H2), 5.36 (ddt, 2JH1cis;H1trans = 1.5 Hz, 3JH1cis;H2 = 17.2 Hz, 4JH1cis;H3 = 1.5 Hz, 1H, 

H1cis), 5.27 (ddt, 2JH1trans;H1cis = 1.2 Hz, 3JH1trans;H2 = 10.4 Hz, 4JH1trans;H3 = 1.2 Hz, 1H, 

H1trans), 4.63 (ddd, 3JH3;H2 = 5.8 Hz, 4JH3;H1cis;H1trans = 1.4, 1.4 Hz, 2H, H3), 3.79 (s, 3H, H7). 

Further analyses were omitted due to the resemblance of the measured 1H NMR 

spectrum with reported results.[382] 

 

Figure 6.39 1H NMR spectrum of 137 in CDCl3. 
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6.4.1.2 4-(Allyloxy)-3-methoxybenzaldehyde (138) 

 

 

The synthesis of 4-(allyloxy)-3methoxybenzaldehyde (138) was carried out according 

to literature.[383] 

Vanillin (52.0 mmol, 1.00 eq) was mixed with allyl methyl carbonate (2.50 eq) and 

triphenyl phosphine (0.05 eq) in water (0.37M). Palladium nanoparticles stabilized with 

poly(vinylpyrrolidone) in water (0.001 eq, 2.44 mL) were added to the mixture and the 

mixture was stirred at 90°C for 22 h. The reaction mixture was extracted with EtOAc (five 

times with 50 ml). The combined organic phases were dried over Na2SO4 and the solvent 

was removed under reduced pressure. The crude product was purified by column 

chromatography using a mixture of c-C6H12 and EtOAc. 

 

yield 80% (7.93 g, 41.2 mmol, slightly yellow oil) 

eluent c-C6H12:EtOAc = 98:2 → 60:40 

Rf(product) 0.56 in c-C6H12:EtOAc = 60:40 
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1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 9.85 (s, 1H, H8), 7.54 (dd, 3JH6;H5 = 8.2 Hz, 
4JH6;H2 = 1.9 Hz, 1H, H6), 7.41 (d, 4JH2;H6 = 1.9 Hz, 1H, H2), 7.18 (d, 3JH5;H6 = 8.3 Hz, 1H, 

H5), 6.07 (ddt, 3JH14;H15cis;H15trans;H13 = 17.2, 10.6, 5.4 Hz, 1H, H14), 5.43 (ddt, 

2JH15cis;H15trans = 1.7 Hz, 3JH15cis;H14 = 17.3 Hz, 4JH15cis;H13 = 1.7 Hz, 1H, H15cis), 5.30 (ddt, 
2JH15trans;H15cis = 1.4 Hz, 3JH15trans;H14 = 10.5 Hz, 4JH15trans;H13 = 1.4 Hz, 1H, H15trans), 4.69 

(ddd, 3JH13;H14 = 5.4 Hz, 4JH13;H15cis;H15trans = 1.5, 1.5 Hz, 2H, H13), 3.85 (s, 3H, H11). 

Further analyses were omitted due to the resemblance of the measured 1H NMR 

spectrum with reported results.[383]  

 

Figure 6.40 1H NMR spectrum of 138 in DMSO-d6. 
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6.4.1.3 2-Mercaptoethyl Acetoacetate (140) 

 

 

Mercaptoethanol (150 mmol, 1.00 eq) was mixed with t-butyl acetoacetate (1.00 eq) and 

stirred in a preheated oil bath at 150°C for 4.5 h. Evolving t-BuOH was continuously 

removed via distillation. Afterwards, the crude product was purified by column 

chromatography using a mixture of c-C6H12 and EtOAc. 

 

yield 63% (15.2 g, 93.9 mmol, slightly yellow oil) 

eluent c-C6H12:EtOAc = 84:16  

Rf(product) 0.50 in c-C6H12:EtOAc = 60:20 
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1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 4.14 (t, 3JH3;H2 = 6.7 Hz, 2H, H3), 3.63 (s, 

2H, H6), 2.70 (dt, 3JH2;H1;H3 = 8.3, 6.6 Hz, 2H, H2), 2.56 – 2.51 (m, 1H, H1), 2.19 (s, 3H, H8). 

13C-NMR (101 MHz DMSO-d6): δ (ppm) = 201.52 (C7), 167.06 (C5), 65.85 (C3), 49.46 

(C6), 30.07 (C8), 22.39 (C2).  

IR: ν (cm-1) = 3434, 2947, 2896, 2571, 1738, 1652, 1631, 1451, 1409, 1360, 1314, 1263, 

1244, 1172, 1146, 1033, 974, 856, 804, 742, 666, 623, 541, 497, 476, 452, 409.  

HRMS (EI): m/z for C6H10O3S•+ [M]+: calculated: 162.0345; found: 162.0344. 
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Figure 6.41 1H and 13C NMR spectra of 140 in DMSO-d6.   



6 Experimental Section 
________________________________________________________________________ 

 

________________________________________________________________________
225 

 

6.4.1.4 2-{[3-(4-Formyl-2-methoxyphenoxy)propyl]thio}ethyl acetoacetate (141) 

 

 

4-(Allyloxy)-3-methoxybenzaldehyde (47.4 mmol, 1.00 eq), 2-mercaptoethyl 

acetoacetate (1.00 eq), and 2,2-dimethoxy-1,2-diphenylethan-1-one (0.01 eq) were mixed. 

The mixture was stirred over night under UV irradiation (365 nm, 15 W). The resulting 

mixture was subjected to column chromatography using a mixture of c-C6H12 and EtOAc. 

 

yield 85% (14.3 g, 40.3 mmol, slightly yellow oil) 

eluent c-C6H12:EtOAc = 60:40  

Rf(product) 0.31 in c-C6H12:EtOAc = 50:50 
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1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 9.84 (s, 1H, H8), 7.54 (dd, 3JH6,H5 = 8.2 Hz, 
4JH6,H2 = 1.9 Hz, 1H, H6), 7.39 (d, 4JH2,H6 = 1.9 Hz, 1H. H2), 7.18 (d, 3JH5,H6 = 8.3 Hz, 1H, 

H5), 4.20 (t, 3JH18,H17 = 6.7 Hz, 2H. H18), 4.15 (t, 3JH13,H14 = 6.3 Hz, 2H, H13), 3.83 (s, 3H, 

H11), 3.60 (s, 2H, H21), 2.76 (t, 3JH17,H18 = 6.7 Hz, 2H, H17), 2.70 (t, 3JH15,H14 = 7.3 Hz, 2H, 

H15), 2.17 (s, 3H, H24), 2.05 – 1.96 (m, 3H, H14). 

13C-NMR (101 MHz DMSO-d6): δ (ppm) = 201.42 (C23), 191.40 (C7), 167.13 (C20), 

153.41 (C4), 149.29 (C3), 129.69 (C1), 126.04 (C6) 112.21 (C5), 109.74 (C2), 66.96 (C13), 

63.66 (C18), 55.59 (C11), 49.50 (C21), 30.06 (C24), 29.43 (C17), 28.64 (C14), 27.59 (C15).  

IR: ν (cm-1) = 3010, 2927, 2856, 1719, 1639, 1453, 1410, 1359, 1317, 1296, 1239, 1152, 

1029, 942, 879, 846, 814, 726, 651, 603, 542, 491.  

HRMS (FAB): m/z for C17H22O6S•+ [M]+: calculated: 354.1132; found: 354.1132. 
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Figure 6.42 1H and 13C NMR spectra of 141 in DMSO-d6.   
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6.4.1.5 10-Undecenyl-1-acetoacetate (143) 

 

 

10-undecenyl-1-ol (130 mmol, 1.00 eq) was mixed with t-butyl acetoacetate (2.50 eq) 

and stirred in a preheated oil bath at 150°C for 7 h. Evolving t-BuOH was continuously 

removed via distillation. Afterwards, the crude product was purified by column 

chromatography using a mixture of c-C6H12 and EtOAc. 

 

yield 99% (29.4 g, 128 mmol, slightly yellow oil) 

eluent c-C6H12:EtOAc = 95:5 → 55:45 

Rf(product) 0.85 in c-C6H12:EtOAc = 1:1 
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1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 5.79 (ddt, 3JH2;H1cis/trans;H3 = 17.0, 10.2, 

6.7 Hz, 1H, H2), 5.05 – 4.89 (m, 2H, H1), 4.03 (t, 3JH11;H10 = 6.6 Hz, 2H, H11), 3.58 (s, 2H, 

H14), 2.17 (s, 3H, H16), 2.06 – 1.95 (m, 2H, H3), 1.62 – 1.50 (m, 2H, H10), 1.39 – 1.21 (br 

m, 12H, H4-9). 

13C-NMR (101 MHz DMSO-d6): δ (ppm) = 201.53 (C15), 167.27 (C13), 138.82 (C2), 

114.62 (C1), 64.40 (C11), 49.57 (C14), 33.15 (C3), 30.04 (C16), 

28.85+28.73+28.55+28.46+28.24+27.99+25.22 (C4-10).  

IR: ν (cm-1) = 2925, 2854, 1741, 1718, 1640, 1414, 1359, 1314, 1236, 1150, 1033, 993, 

909, 800, 723, 629, 542, 1464, 846, 492.  

HRMS (FAB): m/z for C15H26O3H+ [M+H]+: calculated: 245,1955; found: 255.1956. 
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Figure 6.43 1H and 13C NMR spectra of 143 in DMSO-d6.   
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6.4.2 Poly[3,4 dihydropyrimidin 2(1H)‐one]s 

6.4.2.1 End Group-Functionalised Poly[3,4 dihydropyrimidin 2(1H)‐one] 

Homopolymers (AA/BB system) 

 

All end group functionalised polyDHPM homopolymers from diacetoacetates and 

terephthalic aldehyde were synthesised according to the same general procedure. 

Nevertheless, the solvent/solvent mixtures that were used for precipitation and washing 

differed depending on the polymer structure (details are shown for the respective polymer). 

Urea (3.50 eq), the respective diacetoacetate (6.99 mmol, 1.00 eq), and 

10-undecenyl-1-acetoacetate (0.05 eq) were mixed in DMSO (1 M solution regarding 

1.00 eq). Afterwards, terephthalic aldehyde (1.00 eq) and p-toluenesulfonic acid (0.10 eq) 

were added. The mixture was immediately heated to 125°C on a preheated oil bath and 

stirred for 22.5 h. The flask was left open to allow water to evaporate. Afterwards, the 

polymer solution was precipitated into 100 ml of the respective solvent/solvent mixture and 

stirred for 3 h. Subsequently, the precipitated polymer was filtered and washed with the 

same solvent/solvent mixture. The resulting material was dried in a vacuum drying oven 

over night at 85°C under reduced pressure resulting in the final product.  

Summarised analytics are given as follows.  
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Table 6.10 SEC and DSC data and yields of end group functionalised polyDHPMs 144a-e from 

diacetoacetates 124a-e. 

polymer R1 Mn, NMR
a 

[g∙mol-1] 
Mn,SEC 

[g∙mol-1] 
Mw,SEC 

[g∙mol-1] 
Ð 

Tg
b 

[°C] 
Yieldc 

[%] 

144a C2H4 4 200 4 500 16 400 3.68 268 76 

144b C3H6 3 900 4 500 14 000 3.01 244 73 

144c C4H8 4 300 5 700 14 700 2.52 242 75 

144d C6H12 4 700 6 800 28 800 4.21 203 70 

144e C10H20 5 300 6 900 29 600 4.32 176 69 

acalculated by integration of aldehyde and terminal double bond end group signals relative to the signal of 
the CH-protons of the polyDHPM ring; bthe inflection point of the DSC curve was chosen as Tg; cisolated 
yields. 
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Figure 6.44 SEC chromatograms of end group functionalised polyDHMPs 144a-e. 
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Figure 6.45 DSC curves of end group functionalised polyDHMPs 144a-e showing the respective Tgs.  
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144a 

Precipitated in and washed with MeOH.  

1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 9.22 (s, Ha), 7.72 (s, Ha’), 7.17 (s, Hd), 

5.84 – 5.72 (m, Hz’), 5.11 (s, Hc), 4.98 – 4.89 (m, Hz), 4.32 – 3.93 (br, He), 

2.34 – 208 (br, Hb). 

IR: ν (cm-1) = 3252, 2949, 1685, 1640, 1435, 1381, 1311, 1223, 1078, 758, 658, 505.  
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Figure 6.46 1H NMR spectrum of 144a in DMSO-d6. 
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144b 

Precipitated in and washed with MeOH.  

1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 9.19 (s, Ha), 7.66 (s, Ha’), 7.16 (s, Hd), 

5.85 – 5.70 (m, Hz’), 5.10 (s, Hc), 4.97 – 4.88 (m, Hz), 4.06 – 3.79 (br s, He), 2.22 (s, Hb), 

1.81 – 1.59 (br, Hf). 

IR: ν (cm-1) = 3240, 2955, 1690, 1640, 1448, 1383, 1312, 1223, 1081, 949, 758, 666, 507, 

458. 
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Figure 6.47 1H NMR spectrum of 144b in DMSO-d6.  

  



6.4 Synthesis Procedures and Analytical Data Related to Chapter 4.2 
________________________________________________________________________ 

 

________________________________________________________________________
236 

 

144c 

Precipitated in and washed with MeOH.  

1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 9.18 (s, Ha), 7.68 (s, Ha’), 7.16 (s, Hd), 

5.82 – 5.72 (m, Hz’), 5.09 (s, Hc), 4.97 – 4.89 (m, Hz), 4.06 – 3.73 (br, He), 2.23 (s, Hb), 

1.59 – 1.19 (br, Hf). 

IR: ν (cm-1) = 3252, 2955, 1689, 1642, 1446, 1384, 1313, 1224, 1082, 942, 757, 659, 510. 
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Figure 6.48 1H NMR spectrum of 144c in DMSO-d6. 
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144d 

Precipitated in and washed with MeOH.  

1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 9.17 (s, Ha), 7.66 (s, Ha’), 7.16 (s, Hd), 

5.85 – 5.71 (m, Hz’), 5.10 (s, Hc), 4.98 – 4.89 (m, Hz), 3.90 (s, He), 2.23 (s, Hb), 1.54 – 1.04 

(br, Hf). 

IR: ν (cm-1) = 3232, 2934, 1683, 1637, 1432, 1383, 1312, 1223, 1084, 1018, 758, 663, 505.  

4

HN

H
N

O

O
O

O
O

NH

N
H

O
n

H
N

HN O

O

O

O O
O

NH

N
H

O

O

O

a

b

a'

c

d

e
f

z

z'

a

b

a'

c

e

a

b

a' c

d

e f

z
z'

H2O

 

Figure 6.49 1H NMR spectrum of 144d in DMSO-d6. 
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144e 

Precipitated in and washed with MeOH.  

1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 9.18 (s, Ha), 7.68 (s, Ha’), 7.15 (s, Hd), 

5.85 – 5.71 (m, Hz’), 5.09 (s, Hc), 4.97 – 4.88 (m, Hz), 4.05 – 3.77 (br, He), 2.23 (s, Hb), 

1.66 – 0.99 (br, Hf). 

IR: ν (cm-1) = 3237, 2926, 2853, 2036, 1682, 1635, 1431, 1383, 1309, 1220, 1082, 1018, 

756, 659, 503, 429.  
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Figure 6.50 1H NMR spectrum of 144e in DMSO-d6. 
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6.4.2.2 Poly[3,4 dihydropyrimidin 2(1H)‐one] Homopolymers (AB system) 

The two polyDHPMs using 141 as monomer were synthesised in a similar fashion. End 

group functionalisation was enabled by addition of 10-undecenyl-1-acetoacetate to the 

reaction mixture. The detailed synthesis procedures are given below. Summarized analytics 

are given as follows: 

Table 6.11 Analytical data (SEC, DSC, NMR, yield) of polyDHPMs 144f. 

polymer 
Mn, NMR

a 

[g∙mol-1] 
Mn,SEC 

[g∙mol-1] 
Mw,SEC 

[g∙mol-1] 
Ð 

Tg
b 

[°C] 
Yieldc 

[%] 

144fd 10 100 7 100 20 900 2.95 94 81 

144fe 7 100 5 000 17 300 3.46 59 86 

acalculated by integration of aldehyde and terminal double bond end group signals; bthe inflection point of 
the DSC curve was chosen as Tg; cisolated yields; dwithout end-capping agent 143, e5 mol% of 143. 
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Figure 6.51 SEC chromatograms of polyDHPMs 144f with and without end-capping.  
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Figure 6.52 DSC curves showing the respective Tgs of the end group functionalised polyDHMPs 144f with 

and without end-capping.   
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144f (without end group functionalisation) 

 

 

Urea (1.75 eq) and 2-{[3-(4-formyl-2-methoxyphenoxy)propyl]thio}ethyl acetoacetate 

(0.461 mmol, 1.00 eq) were mixed in DMSO (1 M solution regarding 1.00 eq). Afterwards, 

p-toluenesulfonic acid (0.10 eq) was added. The mixture was immediately heated to 125°C 

on a preheated oil bath and stirred for 22.5 h. The flask was left open to allow water to 

evaporate. Afterwards, the polymer solution was precipitated into 30 ml of MeOH and 

stirred for 3 h. Subsequently, the precipitated polymer was filtered and washed with MeOH. 

The resulting material was dried in a vacuum drying oven over night at 85°C under reduced 

pressure resulting in the final product in form of a yellow powder in a yield of 79%. 

 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 9.19 (s, Ha), 7.69 (s, Ha’), 6.97 – 6.80 (m, Hd), 

6.78 – 6.65 (m, Hd’), 5.10 (d, 3JHc,Ha = 2.9 Hz, Hc), 4.23 – 4.01 (br, Hj), 4.01 – 3.87 (br, Hf), 

3.70 (s, He), 2.73 – 2.64 (br, Hi), 2.64 – 2.57 (br, Hh), 2.25 (s, Hb), 1.94 – 1.83 (br, Hg). 

IR: ν (cm-1) = 3237, 2926, 2853, 2036, 1682, 1635, 1431, 1383, 1309, 1220, 1082, 1018, 

756, 659, 503, 429.  
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Figure 6.53 1H NMR spectrum of 144f in DMSO-d6. 
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144f (with end group functionalisation) 
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Urea (1.75 eq), 2-{[3-(4-formyl-2-methoxyphenoxy)propyl]thio}ethyl acetoacetate 

(0.461 mmol, 1.00 eq) and 10-undecenyl-1-acetoacetate (0.05 eq) were mixed in DMSO 

(1 M solution regarding 1.00 eq). Afterwards, p-toluenesulfonic acid (0.10 eq) was added. 

The mixture was immediately heated to 125°C on a preheated oil bath and stirred for 22.5 h. 

The flask was left open to allow water to evaporate. Afterwards, the polymer solution was 

precipitated into 30 ml of MeOH and stirred for 3 h. Subsequently, the precipitated polymer 

was filtered and washed with MeOH. The resulting material was dried in a vacuum drying 

oven over night at 85°C under reduced pressure resulting in the final product in form of a 

yellow powder in a yield of 81%. 

 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 9.19 (s, Ha), 7.69 (s, Ha’), 6.95 – 6.80 (m, Hd), 

6.79 – 6.66 (m, Hd’), 5.84 – 5.72 (m, Hz’), 5.09 (d, 3JHc,Ha = 2.8 Hz, Hc), 4.98 – 4.89 (m, Hz), 

4.23 – 4.03 (br, Hj), 4.03 – 3.89 (br, Hf), 3.70 (s, He), 2.76 – 2.64 (br, Hi), 2.65 – 2.57 (br, 

Hh), 2.25 (s, Hb), 1.98 – 1.76 (br, Hg). 

IR: ν (cm-1) = 3429, 3339, 3211, 3116, 2934, 1675, 1633, 1510, 1448, 1419, 1381, 1315, 

1255, 1159, 1134, 1082, 1022, 951, 852, 756, 680, 636, 586, 561, 513, 465.  
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Figure 6.54 1H NMR spectrum of 144f in DMSO-d6. 
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6.4.2.3 Poly[3,4-dihydropyrimidin-2(1H)‐one]-b-poly(ethylene glycol)s 

 

All copolymerisations were conducted according to the same general procedure.  

500 mg of the respective end group functionalized poly[3,4-dihydropyrimidin-

2(1H)-one] were dissolved in 3.00 ml of DMSO. Afterwards, 0.01 eq 

2,2-dimethoxy-2-phenylacetophenone and 1.5 eq of poly(ethylene glycol) methylether thiol 

(Mn = 2 000 g∙mol−1) with respect to terminal double bond end groups present were added.11 

The resulting mixture was stirred for 30 min at room temperature until the mixture was 

clear. Afterwards, the solution was stirred at room temperature for 48 h under UV-

 

11 For the calculation of 1.00 eq, it was assumed that the 10-undecenyl-1-acetoacetate was completely 
incorporated in the end group functionalised polyDHPM. 1.00 eq is calculated as follows with the maximum 
moles of terminal double bonds n(DBmax) in the end-capped polyDHPM, the yield of end-capped polyDHPM 
after its synthesis m(polyDHPMyield), and the used weight of end-capped polyDHPM for the copolymer 
synthesis m(polyDHPM): 

1.00 �` ≡ �( �b(c)
�d	��e f>�g�h%:i ∙ �(	��e f>�) 
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irradiation (365 nm, 15 W). Subsequent precipitation in water, and thorough washing with 

water led to the final polymer material as yellow to orange glassy solids. 

Table 6.12 SEC and DSC data and yields of polyDHPM-b-poly(ethylene glycol)s 148a-f. 

polymer R1 Mn, NMR
a 

[g∙mol-1] 
Mn,SEC 

[g∙mol-1] 
Mw,SEC 

[g∙mol-1] 
Ð 

Tg/Tm
b 

[°C] 
Yieldc 

[%] 

148a C2H4 5 700 5 700 18 600 3.27 265/49 76 

148b C3H6 5 400 6 200 21 200 3.44 238/49 73 

148c C4H8 5 800 5 900 14 700 2.51 232/49 75 

148d C6H12 6 200 7 100 28 800 4.03 205/49 70 

148e C10H20 6 700 8 900 53 700 6.00 159/52 69 

148fd -e 4 400 11 800 30 300 2.56 56/- 76 

acalculated by integration of aldehyde end group signals and PEG signals; bthe inflection point of the DSC 
curve was chosen as Tg, the minimum as Tm; cisolated yields; dprecipitated two times in acetone from 
DMSO and washed with water; eAB-monomer. 

4 5 6

0.0

0.2

0.4

0.6

0.8

1.0

n
o

rm
a

lis
e

d
 d

R
I 

[r
.u

.]

elution volume [mL]

 148a

 148b

 148c

 148d

 148e

 148f

 

Figure 6.55 SEC chromatograms of the polyDHPM-b-poly(ethylene glycol)s 148a-f.  
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Figure 6.56 DSC curves showing the respective Tgs/Tms of the polyDHPM-b-poly(ethylene glycol)s 148a-f. 
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148a 

Precipitated in and washed with H2O.  

1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 9.22 (s, Ha), 7.72 (s, Ha’), 7.17 (s, Hd), 

5.28 – 5.00 (m, Hc), 4.27 – 3.96 (br, He), 3.51 (s, Hz), 2.23 (s, Hb). 

IR: ν (cm-1) =  3271, 3121, 2928, 1682, 1640, 1434, 1381, 1311, 1277, 1222, 1077, 758, 

790, 659, 502.  
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Figure 6.57 1H NMR spectrum of 148a in DMSO-d6. 
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148b 

Precipitated in and washed with H2O.  

1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 9.20 (s, Ha), 7.68 (s, Ha’), 7.17 (s, Hd), 5.09 (s, 

Hc), 4.10 – 3.78 (br, He), 3.51 (s, Hz), 2.23 (s, Hb), 1.78 – 1.56 (br, Hf). 

IR: ν (cm-1) =  3251, 3128, 2925, 1690, 1641, 1443, 1383, 1309, 1279, 1223, 1080, 802, 

757, 659, 525, 452.  

 

Figure 6.58 1H NMR spectrum of 148b in DMSO-d6. 
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148c 

Precipitated in and washed with H2O.  

1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 9.18 (s, Ha), 7.68 (s, Ha’), 7.16 (s, Hd), 5.09 (s, 

Hc), 3.99 – 3.77 (br, He), 3.51 (s, Hz), 2.23 (s, Hb), 1.60 – 1.08 (br, Hf).  

IR: ν (cm-1) =  3254, 2944, 1687, 1640, 1432, 1384, 1311, 1280, 1223, 1082, 943, 758, 662, 

506. 
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Figure 6.59 1H NMR spectrum of 148c in DMSO-d6. 
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148d 

Precipitated in and washed with H2O.  

1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 9.18 (s, Ha), 7.67 (s, Ha’), 7.16 (s, Hd), 5.10 (s, 

Hc), 3.90 (s, He), 3.51 (s, Hz), 2.23 (s, Hb), 1.58 – 0.94 (br, Hf).  

IR: ν (cm-1) =  3272, 3116, 2935, 2864, 1694, 1642, 1447, 1434, 1384, 1311, 1281, 1224, 

1085, 970, 803, 758, 664, 510. 

 

Figure 6.60 1H NMR spectrum of 148d in DMSO-d6. 
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148e 

Precipitated in and washed with H2O.  

1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 9.17 (s, Ha), 7.68 (s, Ha’), 7.15 (s, Hd), 5.10 (s, 

Hc), 3.90 (s, He), 3.51 (s, Hz), 2.23 (s, Hb), 1.60 – 1.03 (br, Hf). 

IR: ν (cm-1) =  3240, 2926, 2855, 1697, 1640, 1447, 1384, 1311, 1223, 1086, 1019, 952, 

757, 662.  

a

b

a'

c

d

e

f

z

HN

H
N

O

O
O

O
O

NH

N
H

O
nH

N

HN O

O

O

O O
O

NH

N
H

O

O

O

S
5

a

b

a'

c

e

a

b

a' c

d

e

f

z

H2O
O

O
43

 

Figure 6.61 1H NMR spectrum of 148e in DMSO-d6. 
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148f 

Precipitated in acetone and washed with H2O.  

1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 9.19 (s, Ha), 7.69 (s, Ha’), 6.95 – 6.80 (m, Hd), 

6.79 – 6.66 (m, Hd’), 5.12 – 5.08 (m, Hc), 4.20 – 4.03 (br, Hj), 4.03 – 3.85 (br, Hf), 3.70 (s, 

He), 3.50 (s, Hz), 2.76 – 2.64 (br, Hi), 2.65 – 2.57 (br, Hh), 2.25 (s, Hb), 1.98 – 1.76 (br, Hg). 

IR: ν (cm-1) =  3259, 3112, 2923, 1681, 1638, 1509, 1449, 1420, 1381, 1255, 1221, 1134, 

1081, 1023, 794, 755, 462.  

 

Figure 6.62 1H NMR spectrum of 148f in DMSO-d6. 
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6.4.2.4 End Group-Functionalised Poly[3,4 dihydropyrimidin 2(1H)‐one] 

Homopolymers (AA/BB system) using N-Methyl Urea 

 

 

All end group-functionalised polyDHPMs from N-methyl urea were synthesised using 

the general procedure for end group-functionalised polyDHPMs from urea (chapter 4.2.3). 

However, instead of urea, N-methyl urea was used. 

Summarised analytics are given as follows. 

Table 6.13 SEC and DSC data and yields of the end group functionalised polyDHPMs 144a,b,c,eMe from 

N-methyl urea. 

polymer R1 Mn,SEC 

[g∙mol-1] 
Mw,SEC 

[g∙mol-1] 
Ð 

Tg/Tm
a 

[°C] 
Yieldb 

[%] 

144aMe C2H4 8 900 26 200 2.94 234/- 72 

144bMe C3H6 12 700 46 900 3.69 212/- 75 

144cMe C4H8 9 200 24 900 2.7 190/- 80 

144eMe C10H20 6 400 16 000 2.51 144/- 68 

athe inflection point of the DSC curve was chosen as Tg, the minimum as Tm; bisolated yields calculated by 
comparison with theoretical amount of mass at 100% conversion. 
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Figure 6.63 SEC chromatograms and DSC curves of end group functionalised polyDHMPs 144a,b,c,eMe. 
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144aMe 

Precipitated in and washed with MeOH.  

1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 7.95 (br s, Ha’), 7.36 – 7.00 (m, Hd), 5.30 – 5.00 

(m, Hc), 4.34 – 3.86 (m, He), 3.08 (s, Ha), 2.45 (s, Hb). 

IR: ν (cm-1) = 3293, 2952, 1673, 1451, 1383, 1350, 1299, 1244, 1186, 1150, 1075, 973, 

799, 758, 613,494.  

 

Figure 6.64 1H NMR spectrum of 144aMe in DMSO-d6. 
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144bMe 

Precipitated in and washed with MeOH.  

1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 7.90 (br s, Ha’), 7.32 – 6.97 (m, Hd), 5.10 (br s, 

Hc), 4.10 – 3.82 (m, He), 3.06 (s, Ha), 2.45 (s, Hb), 1.83 – 1.58 (m, Hf). 

IR: ν (cm-1) = 3304, 2923, 1669, 1506, 1453, 1419, 1382, 1299, 1243, 1184, 1151, 1050, 

975, 756, 612, 495.  

 

Figure 6.65 1H NMR spectrum of 144bMe in DMSO-d6. 
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144cMe 

Precipitated in and washed with MeOH.  

1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 7.90 (br s, Ha’), 7.32 – 7.01 (m, Hd), 5.09 (br s, 

Hc), 3.89 (br s, He), 3.06 (s, Ha), 2.45 (s, Hb), 1.65 – 1.03 (m, Hf). 

IR: ν (cm-1) = 3297, 2925, 1668, 1505, 1447, 1382, 1349, 1299, 1242, 1183, 1152, 1070, 

1047, 975, 798, 755, 611, 495.  
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Figure 6.66 1H NMR spectrum of 144cMe in DMSO-d6. 
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144eMe 

Precipitated in and washed with MeOH.  

1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 7.90 (br s, Ha’), 7.27 – 7.04 (m, Hd), 5.10 (br s, 

Hc), 3.94 (br s, He), 3.06 (s, Ha), 2.46 (s, Hb), 1.71 – 0.84 (m, Hf). 

IR: ν (cm-1) = 3297, 2925, 1668, 1505, 1447, 1382, 1349, 1299, 1242, 1183, 1152, 1070, 

1047, 975, 798, 755, 611, 495.  

 

Figure 6.67 1H NMR spectrum of 144eMe in DMSO-d6. 
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6.4.2.5 Poly[3,4-dihydropyrimidin-2(1H)-one]-b-poly(ethylene glycol)s using 

N-Methyl Urea 

 

Each poly[3,4-dihydropyrimidin-2(1H)‐one]-b-poly(ethylene glycol) (148a,b,c,eMe) 

from N-methyl urea was synthesised according to the same general procedure for the 

synthesis of poly[3,4-dihydropyrimidin-2(1H)‐one]-b-poly(ethylene glycol)s from urea 

(chapter 6.4.2.3). However, instead of urea, N-methyl urea was used. 

Summarised analytics are given as follows. 

Table 6.14 SEC and DSC data and yields of the the polyDHPM-b-poly(ethylene glycol)s (148a,b,c,eMe). 

polymer R1 Mn,SEC 

[g∙mol-1] 
Mw,SEC 

[g∙mol-1] 
Ð 

Tg/Tm
a 

[°C] 
Yieldb 

[%] 

148aMe C2H4 9 800 29 400 2.99 234/51 77 

148bMe C3H6 11 900 47 800 4.03 204/51 72 

148cMe C4H8 9 100 24 700 2.72 185/51 74 

148eMe C10H20 6 600 16 800 2.53 140/52 72 

athe inflection point of the DSC curve was chosen as Tg, the minimum as Tm; bisolated yields calculated by 
comparison with theoretical amount of mass at 100% conversion. 
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Figure 6.68 SEC chromatograms and DSC curves of polyDHPM-b-poly(ethylene glycol)s (148a,b,c,eMe). 
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148aMe 

Precipitated in and washed with H2O.  

1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 7.94 (br s, Ha’), 7.28 – 7.04 (m, Hd), 5.26 – 5.01 

(m, Hc), 4.36 – 3.99 (m, He), 3.51 (s, Hz), 3.08 (s, Ha), 2.45 (s, Hb). 

IR: ν (cm-1) =  3314, 2948, 1672, 1507, 1448, 1382, 1350, 1299, 1242, 1186, 1145, 1073, 

972, 798, 757, 612. 

 

Figure 6.69 1H NMR spectrum of 148aMe in DMSO-d6. 
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148bMe 

Precipitated in and washed with H2O.  

1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 7.90 (br s, Ha’), 7.27 – 6.99 (m, Hd), 5.10 (br s, 

Hc), 4.10 – 3.80 (m, He), 3.51 (s, Hz), 3.06 (s, Ha), 2.45 (s, Hb), 1.89 – 1.52 (m, Hf). 

IR: ν (cm-1) =  3315, 2928, 1673, 1507, 1453, 1420, 1383, 1350, 1299, 1244, 1185, 1152, 

1071, 1051, 976, 801, 757, 613, 496. 

 

Figure 6.70 1H NMR spectrum of 148bMe in DMSO-d6. 
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148cMe 

Precipitated in and washed with H2O.  

1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 7.90 (br s, Ha’), 7.24 – 7.00 (m, Hd), 5.09 (br s, 

Hc), 3.89 (br s, He), 3.51 (s, Hz), 3.06 (s, Ha), 2.45 (s, Hb), 1.65 – 1.00 (m, Hf). 

IR: ν (cm-1) =  3319, 2952, 1674, 1506, 1449, 1383, 1350, 1300, 1244, 1184, 1154, 1072, 

1049, 977, 800, 757, 613, 495. 

 

Figure 6.71 1H NMR spectrum of 148cMe in DMSO-d6. 
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148eMe 

Precipitated in and washed with H2O.  

1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 7.90 (br s, Ha’), 7.24 – 7.02 (m, Hd), 5.10 (br s, 

Hc), 3.94 (br s, He), 3.51 (s, Hz), 3.06 (s, Ha), 2.46 (s, Hb), 1.79 – 0.68 (m, Hf). 

IR: ν (cm-1) =  3315, 2928, 1673, 1507, 1453, 1420, 1383, 1350, 1299, 1244, 1185, 1152, 

1071, 1051, 976, 801, 757, 613, 496. 
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Figure 6.72 1H NMR spectrum of 148eMe in DMSO-d6. 
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6.5 Synthesis Procedures and Analytical Data Related to Chapter 4.3 

6.5.1 Synthesis of Monomer Precursors and Monomers 

6.5.1.1 (S)-2-[(3-Oxobutanoyl)oxy]propanoic Acid (157) 

 

 

Sodium (S)-2-hydroxypropanoate (60 mmol, 1.00 eq) was mixed with diketene acetone 

adduct (2,2,6-trimethyl-4H-1,3-dioxin-4-on, 3.00 eq) and stirred in a preheated oil bath at 

95°C for 3 h. Afterwards, 150 mL H2O were added to the reaction mixture and the mixture 

was washed with toluene (six times 100 mL). Later, the aqueous phase was acidified with 

1 M HClaq. Subsequently, the solvent was removed under reduced pressure and the residue 

was mixed with EtOAc. After filtration and removal of the solvent the product was obtained. 

 

yield 90% (9.45 g, 54.2 mmol, slightly yellow oil) 
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1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 13.03 (s, 1H, H2), 4.95 (q, 3JH3;H5 = 7.1 Hz, 

1H, H3), 3.63 ppm (qAB, ABJ = 15.9 Hz, δA = 3.64, δA = 3.62, 2H, H9), 2.20 (s, 3H), 1.40 (d, 
3JH5;H3 = 7.1 Hz, 3H, H5) 

13C-NMR (101 MHz DMSO-d6): δ (ppm) =  200.95 (C10), 171.52 (C1), 166.66 (C7), 

68.91 (C3), 49.35 (C9), 29.93 (C11), 16.62 (C5). 

HRMS (EI): m/z for C7H10O5
•+ [M]+: calculated: 174.0523; found: 174.0524. 

  



6.5 Synthesis Procedures and Analytical Data Related to Chapter 4.3 
________________________________________________________________________ 

 

________________________________________________________________________
268 

 

1 OH
2

3

O

4

5

O
6

7

O
8

9
1011

O
12

1 OH
2

3

O

4

5

O
6

7

O
8

9
1011

O
12

10

9

7

93

3

5

5

1

2

11

11

 

Figure 6.73 1H and 13C NMR spectra of 157 in DMSO-d6.  
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6.5.1.2 (12R,9Z)-12-[(3-Oxobutanoyl)oxy]octadec-9-enoic Acid (159) 

 

 

(9Z,12R)-12-Hydroxyoctadec-9-enoic acid (14.0 mmol, 1.00 eq) and diketene acetone 

adduct (2,2,6‐trimethyl‐4H‐1,3‐dioxin‐4‐one, 3.00 eq) are mixed in an open round bottom 

flask and stirred for 1 h at 95°C. Afterwards, the mixture was subjected to column 

chromatography using silica gel. 

 

yield 68% (3.64 g, 9.51 mmol, dark orange oil) 

eluent c-C6H12:EtOAc = 90:10 + 1 vol% AcOH 

Rf(product) 0.70 in c-C6H12:EtOAc = 90:10 + 1 vol% AcOH 
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1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 11.96 (s, 1H, H19), 5.51 –5.41 (m, 1H, H9), 

5.39 – 5.27 (m, 1H, H10), 4.85 – 4.76 (m, 1H, H12), 3.56 (s, 2H, H23), 2.27 (dd, 
3JH11;H12;H10 = 7.8, 5.9 Hz, 2H, H11), 2.19 (t, 3JH3;H4 = 7.3 Hz, 2H, H3), 2.17 (s, 3H, H25), 

2.04 – 1.96 (m, 2H, H8), 1.55 – 1.42 (m, 4H, H4,13), 1.36 – 1.17 (m, 16H, H5-7,14-18), 

0.89 – 0.83 (m, 3H  ̧H19). 

13C-NMR (101 MHz DMSO-d6): δ (ppm) =  201.40 (C24), 174.45 (C2), 166.88 (C21), 

132.25 (C9), 124.26 (C10), 74.00 (C12), 49.77 (C23), 33.64(C3), 32.89 (C13), 31.34 (C11), 

31.11 (C4-7,14-18), 30.02 (C25), 28.91 (C4-7,14-18), 28.58 (C4-7,4-18), 28.51 (C4-7,14-18), 28.50 (C4-

7,14-18), 28.42 (C4-7,14-18), 26.96 (C8), 24.57 (C4-7,14-18), 24.47 (C4-7,14-18), 21.96 (C4-7,14-18), 

13.89 (C19). 

HRMS (FAB): m/z for C22H38O5H+ [M+H]+: calculated: 383.2792; found: 383.2794. 
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Figure 6.74 1H and 13C NMR spectra of 159 in DMSO-d6.  
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6.5.1.3 (R)-12-[(3-Oxobutanoyl)oxy]octadecanoic Acid (160) 

 

 

(9Z,12R)-12-[(3-Oxobutanoyl)oxy]octadec-9-enoic acid (20.5 mmol, 1.00 eq) was 

dissolved in 140 ml of EtOAc and Pd on activated charcoal (10% Pd basis, 11.7 mg) was 

added. In a pressure reactor, the mixture was purged three times with hydrogen and 

subsequently stirred for 24 h at room temperature under 15 bar hydrogen pressure. 

Afterwards, the catalyst was filtered off and the filtrate was evaporated under vacuum to 

remove the solvent yielding the final product.  

 

yield ≥99% (7.88 g, 20.5 mmol, yellow oil) 
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1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 11.95 (s, 1H, H1), 4.92 – 4.67 (m, 1H, H12), 

3.57 (s, 2H, H23), 2.19 (t, 3JH3;H4 = 7.4 Hz, 2H, H3), 2.16 (s, 3H, H25), 1.52 – 1.43 (m, 6H, 

H4,11,13), 1.23 (s, 22H, H5-10,14-18), 0.85 (t, 3JH19;H18 = 6.7 Hz, 3H, H19). 

13C-NMR (101 MHz DMSO-d6): δ (ppm) =  201.44 (C24), 174.50 (C2), 167.00 (C21), 

74.16 (C12), 49.75 (C23), 33.64 (C3), 33.46 (C25), 31.12 (C4-11,13-18), 30.04 (C4-11,13-18), 28.84 

(C4-11,13-18), 28.76 (C4-11,13-18), 28.70 (C4-11,13-18), 28.52 (C4-11,13-18), 28.45 (C4-11,13-18), 24.58 

(C4-11,13-18), 24.48 (C4-11,13-18), 21.97 (C4-11,13-18), 13.90 (C19).  

HRMS (FAB): m/z for C22H40O5H+ [M+H]+: calculated: 385.2949; found: 385.2947. 
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Figure 6.75 1H and 13C NMR spectra of 160 in DMSO-d6.  
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6.5.1.4 Vinyl (12R,9Z)-12-[(3-Oxobutanoyl)oxy]octadec-9-enoate (163) 

 

 

(9Z,12R)-12-[(3-Oxobutanoyl)oxy]octadec-9-enoic acid (7.84 mmol, 1.00 eq), 

di-μ-chlorobis[(1,2,5,6-η2)-1,5-cyclooctadiene]diiridium (0.0100 eq), NaOAc (0.0300 eq), 

and vinyl acetate (10.0 eq) were combined in a pressure tube. The mixture was degassed 

with argon for 5 min and then sealed. In a preheated oil bath at 100°C , the mixture was 

stirred for 24 h. The resulting mixture was poured over 10 ml water. The solution was 

extracted with EtOAc (five times 30 mL). The combined organic phases were dried over 

anhydrous Na2SO4 and the solvent was evaporated under reduced pressure. The resulting 

crude product was purified using column chromatography over silica gel. 

 

yield 63% (2.03 g, 4.94 mmol, yellow oil) 

eluent c-C6H12:EtOAc = 90:10  

Rf(product) 0.75 in c-C6H12:EtOAc = 90:10  
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1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 7.22 (dd, 3JH27;H28trans;H28cis = 14.0, 6.3 Hz, 

1H, H27), 5.50 – 5.41 (m, 1H, H9), 5.37 – 5.28 (m, 1H, H10), 4.89 (dd, 3JH28trans;H27 = 14.0 Hz, 
2JH28trans;H28cis = 1.5 Hz, 1H, H28trans), 4.84 – 4.76 (m, 1H, H12), 4.65 (dd, 3JH28cis;H27 = 6.3 Hz, 

2JH28cis;H28trans = 1.5 Hz, 1H, H28cis), 3.55 (s, 2H, H23), 2.41 (t, 3JH3;H4 = 7.4 Hz, 2H, H3), 

2.30 – 2.24 (m, 2H, H11), 2.16 (s, 3H, H25) 2.04 – 1.95 (m, 2H, H8), 1.59 – 1.45 (m, 4H, 

H4,13), 1.35 – 1.17 (m, 14H, H5-7,14-18), 0.85 (t, 3JH19;H18 = 6.7 Hz, 3H, H19). 

13C-NMR (101 MHz DMSO-d6): δ (ppm) =  201.39 (C24), 170.39 (C2), 166.88 (C21), 

141.22 (C27), 132.24 (C9), 124.27 (C10), 97.95 (C28), 74.00 (C12), 49.77 (C23), 32.99 (C3), 

32.88 (C4-7,13-18), 31.33 (C11), 31.11 (C4-7,13-18), 30.01 (C25), 28.86 (C4-7,13-18), 28.45 (C4-7,13-

18), 28.42 (C4-7,13-18), 28.27 (C4-7,13-18), 26.66 (C8), 24.57 (C4-7,13-18), 24.00 (C4-7,13-18), 21.96 

(C4-7,13-18), 13.89 (C19). 

HRMS (FAB): m/z for C24H40O5H+ [M+H]+: calculated: 409.2949; found: 409.2948. 
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Figure 6.76 1H and 13C NMR spectra of 163 in DMSO-d6.  
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6.5.1.5 Vinyl (R)-12-[(3-Oxobutanoyl)oxy]octadecanoate (164) 

 

 

(12R)-12-[(3-Oxobutanoyl)oxy]octadecanoic acid (14.6 mmol, 1.00 eq) 

di-μ-chlorobis[(1,2,5,6-η2)-1,5-cyclooctadiene]diiridium (0.0100 eq), NaOAc (0.0300 eq), 

and vinyl acetate (10.0 eq) were combined in a pressure tube. The mixture was degassed 

with argon for 5 min and then sealed. In a preheated oil bath at 100°C , the mixture was 

stirred for 24 h. The resulting mixture was poured over 20 ml water. The solution was 

extracted with EtOAc (five times 60 mL). The combined organic phases were dried over 

anhydrous Na2SO4 and the solvent was evaporated under reduced pressure. The resulting 

crude product was purified using column chromatography over silica gel. 

 

yield 63% (3.78 g, 9.20 mmol, yellow oil) 

eluent c-C6H12:EtOAc = 90:10  

Rf(product) 0.65 in c-C6H12:EtOAc = 90:10  
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1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 7.21 (dd, 3JH27;H28trans;H28cis = 14.0, 6.3 Hz, 

1H, H27), 4.88 (dd, 3JH28trans;H27 = 14.0 Hz, 2JH28trans;H28cis = 1.5 Hz, 1H, H28trans), 4.84 – 4.74 

(m, 1H, H12), 4.64 (dd, 3JH28cis;H27 = 6.3 Hz, 2JH28cis;H28trans = 1.5 Hz, 1H, H28cis), 3.57 (s, 2H, 

H23), 2.41 (t, 3JH3;H4 = 7.3 Hz, 2H, H3), 2.16 (s, 3H, H25), 1.60 – 1.41 (m, 6H, H4,11,13), 

1.36 – 1.14 (m, 22H, H5-10,14-18), 0.91 – 0.80 (m, 3H, H19). 

13C-NMR (101 MHz DMSO-d6): δ (ppm) =  201.46 (C24), 170.42 (C2), 166.98(C21), 

141.24 (C27), 97.96 (C28), 74.19 (C12), 49.80 (C23), 33.45 (C4-11,13-18), 33.02 (C3), 31.13 (C4-

11,13-18), 30.04 (C25), 28.81 (C4-11,13-18), 28.80 (C4-11,13-18), 28.77 (C4-11,13-18), 28.58 (C4-11,13-

18), 28.46 (C4-11,13-18), 28.30 (C4-11,13-18), 24.58 (C4-11,13-18), 24.03 (C4-11,13-18), 21.98 (C4-11,13-

18), 13.90 (C19).  

HRMS (FAB): m/z for C24H42O5H+ [M+H]+: calculated: 411.3105; found: 411.3103. 
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Figure 6.77 1H and 13C NMR spectra of 164 in DMSO-d6.  
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6.5.1.6 2-(Methacryloyloxy)ethyl (12R,9Z)-12-[(3-Oxobutanoyl)oxy]octadec-9-enoate 

(168) 

 

 

(12R,9Z)-11-[(3-oxobutanoyl)oxy]octadec-8-enoic acid (38.98 mmol, 1.00 eq) was 

dissolved in 90 mL of toluene. After the addition of carbonyldiimidazole (1.05 eq), the 

mixture was stirred at room temperature for 16 h. Subsequently, 2-hydroxyethyl 

methacrylate (1.00 eq) was added to the mixture and the stirring was continued for 8 h at 

65°C. The crude product was purified by column chromatography over silica gel. 

 

yield 92% (17.7 g, 35.9 mmol, colourless oil) 

eluent c-C6H12:EtOAc = 90:10  

Rf(product) 0.78 in c-C6H12:EtOAc = 50:50  
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1H-NMR (400 MHz, CDCl3): δ (ppm) = 6.15 – 6.10 (m, 1H, H34E), 5.61 – 5.57 (m, 1H, 

H34Z), 5.52 – 5.42 (m, 1H, H9), 5.37 – 5.27 (m, 1H, H10), 4.97 – 4.88 (m, 1H, H12), 

4.38 – 4.29 (m, 4H, H27,28), 3.42 (s, 2H, H23), 2.35 – 2.29 (m, 4H, H2,11), 2.26 (s, 3H, H25), 

2.04 – 1.97 (m, 2H, H8), 1.97 – 1.93 (m, 3H, H33), 1.66 – 1.59 (m, 2H, H3), 1.59 – 1.52 (m, 

2H, H13), 1.38 – 1.20 (m, 16H, H4-7,14-17), 0.92 – 0.84 (m, 3H, H19). 

13C-NMR (101 MHz CDCl3): δ (ppm) = 200.72 (C24), 173.70 (C1), 167.25 (C30), 166.97 

(C21), 136.11 (C31), 133.03 (C9), 126.14 (C34), 124.08 (C10), 75.54 (C12), 62.61 (C27/28), 

62.02 (C27/28), 50.59 (C23), 34.28 (C2), 33.64 (C13), 31.97 (C4-7,14-17), 31.85 (C4-7,14-17), 30.23 

(C25), 29.64 (C4-7,14-17), 29.31 (C4-7,14-17), 29.25 (C4-7,14-17), 29.24 (C4-7,14-17), 29.20 (C4-7,14-17), 

27.48 (C8), 25.41, 25.03 (C3), 22.71, 18.41 (C33), 14.20 (C19). 

HRMS (FAB): m/z for C28H46O7H+ [M+H]+: calculated: 495.3316; found: 495.3318. 
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Figure 6.78 1H and 13C NMR spectra of 164 in DMSO-d6.  
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6.5.2 RAFT Polymerisation (169) 

 

 

All RAFT polymerisations were conducted according to the same general procedure if 

not denoted otherwise. The optimised procedure for the RAFT polymerisation of 

2-(methacryloyloxy)ethyl (12R,9Z)-12-[(3-oxobutanoyl)oxy]octadic-9-enoate (168) with 

2-cyanoprop-2-yl benzodithioate as CTA is given as follows: 

2-(Methacryloyloxy)ethyl (12R,9Z)-12-[(3-oxobutanoyl)oxy]octadic-9-enoate (168, 

1.01 mmol, 50.0 eq) and 2-cyanoprop-2-yl benzodithioate (1.00 eq) were dissolved in 

495 µL toluene in  5 mL glass vial. Afterwards 44 µL of a AIBN stock solution (0.10 eq, 

0.0075 mg∙µL−1 in toluene) were added and the vial was closed with a rubber septum. The 

mixture was degassed with argon for 15 min. Subsequently, the mixture was stirred under 

argon at 65°C for several hours, depending on the desired molecular weight. Afterwards, 

the reaction mixture was cooled in an ice bath for 10 min, opened to the atmosphere and 

precipitated in 40 mL MeOH. The mixture was three times decanted and backfilled with 

40 mL MeOH, each. After the last decantation, the MeOH was removed under high vacuum. 

Finally, the purified polymer was stored under the absence of light at 4°C. 

 

1H-NMR (400 MHz, CDCl3): δ (ppm) = 5.54 – 5.42 (m, H9), 5.37 – 5.26 (m, H10), 

4.97 – 4.88 (m, H12), 4.24 (s, H23), 4.13 (br s, H27/28), 3.42 (br s, H27/28), 2.38 – 2.27 (m, 

H2,11), 2.26 (s, H25), 2.06 – 1.97 (m, H8), 1.90 – 1.67 (br, H34), 1.67 – 1.58 (m, H3), 

1.58 – 1.51 (m, H13), 1.39 – 1.20 (m, H4-7,14-17), 1.10 – 0.79 (br m, H33), 0.87 (t, 
3JH18,H17 = 6.7 Hz, H18).  
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Figure 6.79 Example 1H spectrum of 169 in CDCl3. 
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The results of the screenings regarding the applied CTAs, the investigated 

concentrations and the thermal analyses are given as follows. 

Table 6.15 1H NMR and SEC results of the screening of the RAFT polymerisation of 168 at a 7.5 M and 

3.75 M concentration using CTA1 or CTA2. 

entry CTAa concentration 
[M] 

reaction 
time [h] 

Mn,NMR
b 

[g∙mol−1] 
(conversion [%]) 

Mn,SEC 

[g∙mol−1] 
Ð 

1 

CTA1 7.5 

1 2 450 (9) 14 900 1.34 

2 2.2 7 150 (28) 31 000 1.19 

3 3 11 350 (45) 45 800 1.25 

4 5 17 530 (70) 115 000 2.51 

5 

CTA2 7.5 

1 1 580 (5) -c - 

6 2 1 830 (6) 8 100 1.25 

7 3 3 810 (14) 9 800 1.34 

8 4 6 030 (23) 12 000 1.36 

9 5 10 730 (42) 15 700 1.34 

10 6 15 430 (61) 18 700 1.39 

11 7 17 660 (70) 22 100 1.35 

12 

CTA1 3.75 

1 3 400 (13) 18 100 1.27 

13 2 9 200 (36) 29 400 1.23 

14 3 12 600 (50) 50 900 1.24 

15 4 16 600 (66) 74 600 1.55 

16 5 18 600 (74) 120 000 2.5 

aratio of monomer to CTA to AIBN is 50:1:0.1; bMn,NMR is calculated using the monomer conversion; csignal 
not visible in SEC chromatogram. 

  



6 Experimental Section 
________________________________________________________________________ 

 

________________________________________________________________________
287 

 

10 12 14 16 18 20

0.0

0.2

0.4

0.6

0.8

1.0

n
o

rm
a

lis
e

d
 d

R
I 

[r
.u

.]

retention time [min]

 1 h

 2 h 10 min

 3 h

 5 h

 

14 15 16 17 18 19 20

0.0

0.2

0.4

0.6

0.8

1.0

n
o

rm
a

lis
e

d
 d

R
I 

[r
.u

.]

retention time [min]

 2 h

 3 h

 4 h

 5 h

 6 h

 7 h

 

Figure 6.80 SEC graphs of the screening of the RAFT polymerisation of 168 at a 7.5 M concentration with 

CTA1 (top) and CTA2 (bottom). 

  



6.5 Synthesis Procedures and Analytical Data Related to Chapter 4.3 
________________________________________________________________________ 

 

________________________________________________________________________
288 

 

10 12 14 16 18 20

0.0

0.2

0.4

0.6

0.8

1.0

n
o

rm
a

lis
e

d
 d

R
I 

[r
.u

.]

retention time [min]

 1 h

 2 h

 3 h

 4 h

 5 h

 

Figure 6.81 SEC graphs of the screening of the RAFT polymerisation of 168 at a 3.75 M concentration with 

CTA1. 
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Table 6.16 1H NMR and SEC results of the screening of the RAFT polymerisation of 168 at a 1.88 M 

concentration using CTA1 or CTA2. 

entry CTAa concentration 
[M] 

reaction 
time [h] 

Mn,NMR
b 

[g∙mol−1] 
(conversion [%]) 

Mn,SEC 

[g∙mol−1] 
Ð 

1 

CTA1 1.88 

1 2 200 (8) 5 355 1.15 

2 2 3 930 (15) 6 560 1.17 

3 3 5 420 (21) 7 880 1.17 

4 4 8 630 (34) 9 690 1.17 

5 5 11 100 (44) 11 750 1.15 

6 6 13 580 (54) 13 480 1.17 

7 6.5 14 810 (59) 14 400 1.18 

8 

CTA2 1.88 

1 1 090 (3) -c -c 

9 2 2 820 (10) 8 370 1.29 

10 3 4 800 (18) 10 520 1.31 

11 4 7 770 (30) 12 610 1.33 

12 5 11 970 (47) 15 690 1.32 

13 6 16 180 (64) 18 360 1.35 

14 7 19 390 (77) 22 460 1.29 

aratio of monomer to CTA to AIBN is 50:1:0.1; bMn,NMR is calculated using the monomer conversion; csignal 
not visible in SEC chromatogram. 
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Figure 6.82 SEC graphs of the screening of the RAFT polymerisation of 168 at a 1.8 M concentration with 

CTA1 (top) and CTA2 (bottom). 
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Table 6.17 SEC and 1H NMR data for the synthesis of RAFT polymers of specific molecular weights.a 

entry 
reactionb 

time [min] 

intended Mn,NMR
b 

[g∙mol−1] 
(conversion [%]) 

Mn,NMR
c 

[g∙mol−1] 
(conversion [%]) 

Mn,SEC 

[g∙mol−1] 
Ð 

1 222 10 200 (40) 10 620 (42) 11 410 1.14 

2 276 12 700 (50) 11 950 (51) 11 680 1.12 

3 333 15 200 (60) 14 450 (57) 13 920 1.13 

aratio of monomer to CTA to AIBN is 50:1:0.1; b calculated using the found relation between ln([M0]/[M]) 
and t (Figure 4.21) cMn,NMR is calculated using the signals of the dithiobenzoate end group. 
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Figure 6.83 SEC graphs of the RAFT polymerisations of 168 at a 1.8 M concentration with CTA1, stopped 

after certain reaction times to reach specific conversions. 

 

  



6.5 Synthesis Procedures and Analytical Data Related to Chapter 4.3 
________________________________________________________________________ 

 

________________________________________________________________________
292 

 

-50 0 50 100
-0.4

-0.3

-0.2

-0.1

0.0

0.1

0.2

h
e

a
t 

fl
o

w

temperature [°C]

 169 DP = 29

 

Figure 6.84 DSC graph of 169. 
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6.5.3 Chain Extension of Poly{2-(methacryloyloxy)ethyl (12R,9Z)-12-

[(3-oxobutanoyl)oxy]octadic-9-enoate} 

 

 

For the chain extension of the RAFT polymer (169), 169 was applied as macro CTA 

(Mn,NMR = 12 011 g∙mol−1, 0.0202 mmol, 1.00 eq). Subsequently, 795 µL of toluene and 

2-(methacryloyloxy)ethyl (12R,9Z)-12-[(3-oxobutanoyl)oxy]octadic-9-enoate (168, 

1.01 mmol, 50.0 eq) were added. Afterwards, 44 µL of an AIBN stock solution (0.10 eq, 

0.0075 mg∙µL−1 in toluene) were added and the mixture was degassed with argon for 

15 min. Subsequently, the mixture was stirred under argon at 65°C for 2.4 h (35% monomer 

conversion). Afterwards, the reaction mixture was cooled in an ice bath for 10 min, opened 

to the atmosphere and precipitated in 40 mL MeOH. The mixture was decanted three times 

and backfilled with 40 mL MeOH, each. After the last decantation the MeOH was removed 

under high vacuum. Finally, the purified polymer was stored under the absence of light at 

4°C. The final polymer showed a Mn,NMR of 18 700 g∙mol−1 (35% monomer conversion) and 

a Mn,SEC of 18 700 g∙mol−1 with Ð = 1.15. 

 

1H-NMR (400 MHz, CDCl3): δ (ppm) = 5.54 – 5.42 (m, H9), 5.37 – 5.26 (m, H10), 

4.97 – 4.88 (m, H12), 4.24 (s, H23), 4.13 (br s, H27/28), 3.42 (br s, H27/28), 2.38 – 2.27 (m, 

H2,11), 2.26 (s, H25), 2.06 – 1.97 (m, H8), 1.90 – 1.67 (br, H34), 1.67 – 1.58 (m, H3), 

1.58 – 1.51 (m, H13), 1.39 – 1.20 (m, H4-7,14-17), 1.10 – 0.79 (br m, H33), 0.87 (t, 
3JH18,H17 = 6.7 Hz, H18).  
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Figure 6.85 Example 1H spectrum of 169 in CDCl3. 
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Figure 6.86 SEC graphs of the applied macro CTA and the resulting polymer after chain extension via RAFT 

polymerisation. 
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6.5.4 Block Copolymer Synthesis (170) 

 

 

The block copolymer synthesis was performed using 169 as macro CTA and methyl 

methacrylate as monomer. Methyl methacrylate was filtered over basic aluminium oxide 

prior to usage. The macro CTA (Mn,NMR = 17 020 g∙mol−1, 0.0202 mmol, 1.00 eq) was 

dissolved in 795 µL of toluene. Afterwards, methyl methacrylate (1.01 mmol, 50.0 eq) and 

44 µL of an AIBN stock solution (0.10 eq, 0.0075 mg∙µL−1 in toluene) were added and the 

mixture was degassed with argon for 15 min. Subsequently, the mixture was stirred under 

argon at 65°C for 5.6 h. Afterwards, the reaction mixture was cooled in an ice bath for 

10 min, opened to the atmosphere and precipitated in 40 mL MeOH. The mixture was 

decanted three times and backfilled with 40 mL MeOH, each. After the last decantation the 

MeOH was removed under high vacuum. Finally, the purified polymer was stored under the 

absence of light at 4°C. The final polymer (170) showed a Mn,NMR of 18 130 g∙mol−1 and a 

Mn,SEC of 10 325 g∙mol−1 with Ð = 1.13. 

 

1H-NMR (400 MHz, CDCl3): δ (ppm) = 5.46 – 5.36 (m, H9), 5.31 – 5.20 (m, H10), 

4.91 – 4.81 (m, H12), 4.18 (br s, H27/28), 4.07 (br s, H27/28), 3.64 – 3.48 (m, H44), 3.35 (s, H23), 

2.32 – 2.21 (m, H2,11), 2.19 (s, H25), 1.99 – 1.91 (m, H8), 1.86 – 1.60 (m, H31,45), 1.60 – 1.52 

(m, H3), 1.52 – 1.45 (m, H13), 1.32 – 1.14 (m, H4-7.14-17), 1.05 – 0.72 (m, H33,35), 0.86 – 0.75 

(m, H18). 
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Figure 6.87 Example 1H spectrum of 170 in CDCl3. 
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Figure 6.88 SEC graphs of the applied macro CTA and the resulting block copolymer 170.  



6.5 Synthesis Procedures and Analytical Data Related to Chapter 4.3 
________________________________________________________________________ 

 

________________________________________________________________________
298 

 

6.5.5 Post-Polymerisation Modification via Biginelli-Three-Component Reaction 

(171) 

 

 

The post-polymerisation modifications were conducted according to the same general 

procedure while either benzaldehyde or anisaldehyde were used as aldehyde component 

leading to 171a or 171b, respectively.  

169 (Mn,NMR = 10 150 g∙mol−1, 9.85 µmol , corresponds to 0.197 mmol acetoacetate, 

1.00 eq) was dissolved in 0.8 mL AcOH in a 5 mL vial. Subsequently, the aldehyde 

component (1.33 eq), urea (1.33 eq), and MgCl2∙6 H2O (0.0667 eq) are added. After 

dissolution, the mixture was stirred at 100°C for 20 h. Afterwards, the polymer was 

precipitated in 40 mL H2O. The suspension was three times decanted and backfilled with 

40 mL MeOH, each. After the last decantation, the remaining MeOH was removed under 

high vacuum yielding the final polymer. 

Detailed analytics by SEC, DSC, and 1H NMR spectroscopy are given as follows. 
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Figure 6.89 SEC and DSC graphs of 171a and 171b. 
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6.5.5.1 171a 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 9.15 (s, H48), 7.68 (s, H50), 7.48 – 7.16 (m, 

H55-59), 5.48 – 5.32 (m, H9), 5.31 – 5.18 (m, H9’,10), 5.16 – 5.08 (m, H51), 4.97 – 4.86 (m, 

H10’), 4.77 – 4.63 (m, H12), 4.31 – 3.93 (m, H27,28), 2.32 – 2.12 (m, H2,11), 2.08 – 1.76 (m, 

H8), 2.08 – 1.61 (m, H34), 1.60 – 1.38 (m, H3,13), 1.39 – 1.05 (m, H4-7,14-17), 1.06 – 0.60 (br, 

H33), 0.89 – 0.63 (m, H18). 

 

Figure 6.90 1H NMR spectrum of 171a in DMSO-d6. 
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Figure 6.91 Phase edited HSQC spectrum of 171a: the picked signals indicate existence of an internal cis 

double bond and an internal trans double bond as the 13C shift hardly differs between cis and trans while the 

1H shift does.[420] 
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6.5.5.2 171b 

1H-NMR (400 MHz, DMSO-d6): δ (ppm) = 9.10 (s, H48), 7.60 (s, H50), 7.21 – 7.05 (m, 

H55,59), 6.93 – 6.71 (m, H56,58), 5.49 – 5.32 (m, H9), 5.33 – 5.21 (m, H9’,10), 5.10 – 5.03 (m, 

H51), 5.01 – 4.87 (m, H10’), 4.80 – 4.65 (m, H12), 4.34 – 3.99 (m, H27,28), 3.68 (s, H60), 

2.36 – 2.16 (m, H2,11), 2.12 – 1.38 (m, H3,8,13,34), 1.38 – 1.09 (m, H4-7-14-17), 1.03 – 0.89 (m, 

H33), 0.87 – 0.70 (m, H18). 

 

Figure 6.92 1H NMR spectrum of 171b in DMSO-d6. 
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8 Appendix 

8.1 List of Abbreviations 

AIBN     2,2′-azobis(2-methylpropionitrile) 

ATR     Attenuated total reflection 

B-3CR    Biginelli-three-component reaction 

BGR    Bundesanstalt für Geowissenschaften und 

     Rohstoffe 

bpy     2,2’-Bipyridine 

cat.     Catalyst 

CDI     Carbonyldiimidazole 

COSY     Correlation spectroscopy 

CTA     Chain transfer agent 

DFT    Density functional theory 

DHPM     3,4-dihydropyrimidin-2(1H)-ones 

DMPA     2,2-Dimethoxy-2-phenylacetophenone 

DMSO     Dimethyl sulfoxide 

dRI     Differential refractive index 

DSC     Differential scanning calorimetry 

e.g.     exempli gratia Lat.: for example 
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EI      Electron ionization 

eq.     Equivalent 

Eq.     Equation 

ESI     Electrospray ionization 

et al.     Lat.: et alii, et aliae, et alia: and others 

etc.     Et cetera Lat.: and other similar things 

FAB     Fast atom bombardment 

FRP    Free radical polymerisation 

GC-MS     Gas chromatography - mass spectrometry 

GHS    Globally harmonised system of classification and  

     Labelling of chemicals 

HIV     Human immunodeficiency virus 

HMBC     Heteronuclear multiple bond correlation 

HMQC     Heteronuclear multiple quantum coherence 

HRMS     High resolution mass spectrometry 

HSQC     Heteronuclear single quantum coherence 

i.e.      Id est Lat.: that is 

in situ     Lat.: on site, locally without isolation 

[IrCODCl]2   di‑μ‑chlorobis[(1,2,5,6-η2)-1,5-cyclo- 

     octadiene]diiridium 
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IR      Infrared spectroscopy 

LCA    Life cycle assessment 

MCR     Multicomponent reaction 

MS     Mass spectrometry 

NMP     N-methyl-2-pyrrolidone 

NMR     Nuclear magnetic resonance 

PEG    Poly(ethylene glycol) 

Pd/C     Palladium on activated charcoal 

polyDHPM    DHPM polymers 

ppm     Parts per million 

PPM    Post-polymerisation modification 

p-TSA     para-Toluenesulfonic acid 

r.t.      Room temperature (approximately 21 °C) 

RAFT    Reversible addition–fragmentation chain transfer 

RI      Refractive index 

SEC     Size-exclusion chromatography 

SLCA    Simplified life cycle assessment 

t      Time factor 

TBD    1,5,7-triazabicyclo[4.4.0]dec-5-en 

TEMPO    2,2,6,6-Tetramethyl-1-piperidinyloxy 
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TGA     Thermo gravimetric analysis 

TLC     Thin layer chromatography 

UV     Ultra violet 

UV/Vis     Ultraviolet–visible spectroscopy 

via      Lat.: by way of, by means of, using 

vs.      Versus Lat.: against 

v.s.     Vide supra Lat.: see above 

8.2 List of Symbols 

ν     Wavenumber 1 cm−1 

°C      Degree centigrade 0°C = 273.15 K 

Å     Ångström 10−10 m 

a     year/s 

AE     Atom economy 

cm      Centimeter  

d      Days  

Đ      Dispersity Đ = Mw∙Mn
−1 

EE     Energy efficiency 

E-Factor     Environmental impact factor 

EMY    Effective mass yield 
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g      Grams  

h      Hours  

J      Coupling constant 1 Hz 

M      Molecular weight1 g∙mol−1 

m/z     Mass-to-charge ratio 

mg     Milligram  

min     Minutes 

Mio.     Million 

mL     Milliliter  

mm     Millimeter  

mmol     Millimole 10−3 mol 

Mn      Number averaged molecular weight 1 g∙mol−1 

mol     Mole 6.023∙1023 particles 

mol%     Mole percent 

Mw     Mass averaged molecular weight 1 g∙mol−1 

n      Amount of substance 1 mol 

nm     Nanometer  

Pi     Penalty points for EcoScale 

PMI    Process mass intensity 
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Rf      Retention factor 

RMEglobal    Global reaction mass efficiency 

s      Second  

sP     specific productivity 

t      Tons  

Td5%     Decomposition temperature  

Tg      Glass transition temperature  

Tm      Melting temperature  

W      Watts 

wt%     Weight percent 

X     Conversion  

δ      Chemical shift 1 ppm 

α     Stoichiometric factor 

β     Recovered material factor 

ε     Yield 

μL      Microliter  

μm     Micrometer  

μmol     Micromole  

ρ      Density  
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8.3 List of Figures 

Figure 2.1 Visualization of the increase of publications related to the topic of “Sustainable 

Chemistry” from 1990 to 2019 relative to publications regarding the topic “chemistry” as a 
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Figure 4.3 SEC-determined evolution of the DP with t during the synthesis of 120e, 131e, 

120f, and 131f showing a non-linear relation of DP with respect to the reaction time with a 

similar final chain length of approximately 10 repeat units for 120e, 120f, and 131f. ...... 83 



8.3 List of Figures 
________________________________________________________________________ 

 

________________________________________________________________________
342 

 

Figure 4.4 Evolution of the degree of polymerisation with the reaction time during the 

synthesis of 120e, 131e, 120f, and 131f determined via 1H NMR analysis. ...................... 84 

Figure 4.5 1H NMR spectra of 120d (top) and 131d (bottom) showing, as examples, the 

characteristic signals of polyDHPMs from diacetoacetates. .............................................. 87 

Figure 4.6 SEC graphs of 120f and 131f showing a bimodal, broad shape. ..................... 89 

Figure 4.7 Dependence of the Tg of polyDHPMs on the spacer-length and the choice of 

either urea (47) or Me-urea (49). ........................................................................................ 91 

Figure 4.8 Evolution of the degree of polymerisation with reaction time during the synthesis 

of 132e determined via 1H NMR analysis. ......................................................................... 93 

Figure 4.9 1H NMR spectra of 132d (top) and 133d (bottom) showing, as examples, the 

characteristic signals of polyDHPMs from diacetoacetamides. ......................................... 94 

Figure 4.10 Optimisation of the synthesis of 141, here shown by the results of the thiol-ene 

reaction in bulk: The crude 1H NMR spectrum shows 92% conversion of the allyl double 

bond of 138 relative to the aldehyde signal; the product signals are visible besides minor 

impurities; the respective spectra of the reactions in CH2Cl2 or DMSO as solvent are 

comparable. ...................................................................................................................... 102 

Figure 4.11 Typical 1H NMR spectrum of 144f (top) and 144d (bottom) with 5 mol% of 

143, the aldehyde end group signal is shown for 144d. ................................................... 109 

Figure 4.12 Estimation of end group conversion of 144d in photoinitiated thiol-ene reaction 

with 145: Integrals of the end group CH signal are given for reaction times of 15 h, 24 h, 

and 48 h relative to the starting material (t = 0 h), the signal of the CH proton of the 

polyDHPM backbone is used as reference. ...................................................................... 113 

Figure 4.13 1H NMR spectrum of 144d showing the typical signals of a 

polyDHPM-b-poly(ethylene glycol): besides the signal of the CH2 groups of poly(ethylene 

glycol) at 3.5 ppm, the remaining signal of unreacted double bond end group at 5.8 ppm is 

visible. .............................................................................................................................. 116 



8 Appendix 
________________________________________________________________________ 

 

________________________________________________________________________
343 

 

Figure 4.14 DSC graphs of 148a-e showing two distinct thermal transitions, the Tm of the 

PEG block and the Tg of the respective polyDHPM block; the DSC graph of 148f showed 

only one Tg. ....................................................................................................................... 118 

Figure 4.15 Possible renewable starting materials for the synthesis of vinyl esters that carry 

an acetoacetate group. ...................................................................................................... 124 

Figure 4.16 1H NMR spectrum of the crude reaction mixture of the synthesis of 153 from 

149 using 64 after a reaction time of 4 h: the spectrum indicated approximately 30% 

conversion to the desired product. .................................................................................... 126 

Figure 4.17 1H NMR spectrum of the crude reaction mixture of the synthesis of 154 from 

150 using 65 after a reaction time of 1 h: the spectrum indicated approximately 90% 

conversion to the desired product. .................................................................................... 128 

Figure 4.18 1H NMR spectra of 163 and 164 after purification. ..................................... 134 

Figure 4.19 1H NMR spectrum of 168. ........................................................................... 140 

Figure 4.20 SEC chromatograms of the RAFT polymerisation of 168 with CTA1 in a 7.5 M 

reaction mixture showing the development of a bimodal molecular weight distribution at 

reaction times longer than 2 – 3 h. ................................................................................... 143 

Figure 4.21 Pseudo-first order kinetic plot showing the relation between ln([M0]/[M]) and 

the reaction time; a rate retarded induction period of 3 h was observed, the conversion was 

determined by 1H NMR spectroscopy. ............................................................................. 145 

Figure 4.22 1H NMR spectrum of RAFT polymer 169 with a DP of 21. ....................... 147 

Figure 4.23 Example overlay of the normalised molecular weight distributions of the RI- 

and UV detector of 169 showing strong resemblance. ..................................................... 148 

Figure 4.24 SEC chromatograms of the macro CTA and the chain extended polymer. . 149 

Figure 4.25 1H NMR spectrum of the block copolymer 170 in CDCl3. .......................... 150 



8.3 List of Figures 
________________________________________________________________________ 

 

________________________________________________________________________
344 

 

Figure 4.26 1H NMR spectrum of the purified polymer 171a after PPM of 169 by B-3CR: 

both of the cis/trans-isomers of 171a are visible. ............................................................. 152 

Figure 4.27 SEC graphs of 169 and 171a. ....................................................................... 153 

Figure 6.1 1H and 13C NMR spectra of 124a in DMSO-d6. ............................................ 167 

Figure 6.2 1H and 13C NMR spectra of 124b in DMSO-d6. ............................................ 169 

Figure 6.3 1H and 13C NMR spectra of 124c in DMSO-d6. ............................................ 171 

Figure 6.4 1H and 13C NMR spectra of 124d in DMSO-d6. ............................................ 173 

Figure 6.5 1H and 13C NMR spectra of 124e in DMSO-d6. ............................................ 175 

Figure 6.6 1H and 13C NMR spectra of 124f in DMSO-d6. ............................................. 177 

Figure 6.7 1H and 13C NMR spectra of 126a in DMSO-d6. ............................................ 179 

Figure 6.8 1H and 13C NMR spectra of 126d in DMSO-d6. ............................................ 181 

Figure 6.9 1H and 13C NMR spectra of 126e in DMSO-d6. ............................................ 183 

Figure 6.10 Size exclusion chromatograms of the samples obtained from the polymerisation 

kinetics of 120e. ............................................................................................................... 185 

Figure 6.11 Size exclusion chromatograms of the samples obtained from the polymerization 

kinetics of 131e. ............................................................................................................... 186 

Figure 6.12 Size exclusion chromatograms of the samples obtained from the polymerisation 

kinetics of 120f. ................................................................................................................ 187 

Figure 6.13 Size exclusion chromatograms of the samples obtained from the polymerisation 

kinetics of 131f. ................................................................................................................ 189 

Figure 6.14 Size exclusion chromatograms of the samples obtained from the polymerisation 

kinetics of 132e. ............................................................................................................... 190 



8 Appendix 
________________________________________________________________________ 

 

________________________________________________________________________
345 

 

Figure 6.15 Size exclusion chromatograms of the samples obtained from the polymerisation 

kinetics of 133e. ............................................................................................................... 191 

Figure 6.16 SEC chromatograms of polyDHMPs using acetoacetates and urea (120a-f, top) 

or Me-urea (131a-f, bottom). ........................................................................................... 193 

Figure 6.17 DSC curves of polyDHMPs using acetoacetates and urea (120a-f, top) or 

Me-urea (131a-f, bottom) showing the respective Tgs. .................................................... 194 

Figure 6.18 1H NMR spectrum of 120a in DMSO-d6. .................................................... 195 

Figure 6.19 1H NMR spectrum of 120b in DMSO-d6. .................................................... 196 

Figure 6.20 1H NMR spectrum of 120c in DMSO-d6. .................................................... 197 

Figure 6.21 1H NMR spectrum of 120d in DMSO-d6. .................................................... 198 

Figure 6.22 1H NMR spectrum of 120e. .......................................................................... 199 

Figure 6.23 1H NMR spectrum of 120f in DMSO-d6. ..................................................... 200 

Figure 6.24 1H NMR spectrum of 131a in DMSO-d6. .................................................... 201 

Figure 6.25 1H NMR spectrum of 131b in DMSO-d6. .................................................... 202 

Figure 6.26 1H NMR spectrum of 131c in DMSO-d6. .................................................... 203 

Figure 6.27 1H NMR spectrum of 131d in DMSO-d6. .................................................... 204 

Figure 6.28 1H NMR spectrum of 131e in DMSO-d6. .................................................... 205 

Figure 6.29 1H NMR spectrum of 131f in DMSO-d6. ..................................................... 206 

Figure 6.30 SEC chromatograms of the polyDHMPs using acetoacetamides and urea 

(132a,d,e, top) or Me-urea (133a,d,e, bottom). ............................................................... 208 



8.3 List of Figures 
________________________________________________________________________ 

 

________________________________________________________________________
346 

 

Figure 6.31 DSC curves of the polyDHMPs 132a,d,e and 133a,d,e using acetoacetamides 

and urea (top) or Me-urea (bottom) showing the respective Tgs; the baselines for the 

measurements of 132a, 133a, and 133d were not stable. ................................................. 209 

Figure 6.32 1H NMR spectrum of 132a in DMSO-d6. .................................................... 210 

Figure 6.33 1H NMR spectrum of 132d in DMSO-d6. .................................................... 211 

Figure 6.34 1H NMR spectrum of 132e in DMSO-d6. .................................................... 212 

Figure 6.35 1H NMR spectrum of 133a in DMSO-d6. .................................................... 213 

Figure 6.36 1H NMR spectrum of 133d in DMSO-d6. .................................................... 214 

Figure 6.37 HSQC spectrum of 133d. ............................................................................. 215 

Figure 6.38 1H NMR spectrum of 133e in DMSO-d6. .................................................... 216 

Figure 6.39 1H NMR spectrum of 137 in CDCl3. ............................................................ 219 

Figure 6.40 1H NMR spectrum of 138 in DMSO-d6. ..................................................... 221 

Figure 6.41 1H and 13C NMR spectra of 140 in DMSO-d6. ............................................ 224 

Figure 6.42 1H and 13C NMR spectra of 141 in DMSO-d6. ............................................ 227 

Figure 6.43 1H and 13C NMR spectra of 143 in DMSO-d6. ............................................ 230 

Figure 6.44 SEC chromatograms of end group functionalised polyDHMPs 144a-e. ..... 232 

Figure 6.45 DSC curves of end group functionalised polyDHMPs 144a-e showing the 

respective Tgs. ................................................................................................................... 233 

Figure 6.46 1H NMR spectrum of 144a in DMSO-d6. ................................................... 234 

Figure 6.47 1H NMR spectrum of 144b in DMSO-d6. ................................................... 235 

Figure 6.48 1H NMR spectrum of 144c in DMSO-d6. .................................................... 236 



8 Appendix 
________________________________________________________________________ 

 

________________________________________________________________________
347 

 

Figure 6.49 1H NMR spectrum of 144d in DMSO-d6. ................................................... 237 

Figure 6.50 1H NMR spectrum of 144e in DMSO-d6. .................................................... 238 

Figure 6.51 SEC chromatograms of polyDHPMs 144f with and without end-capping. . 239 

Figure 6.52 DSC curves showing the respective Tgs of the end group functionalised 

polyDHMPs 144f with and without end-capping. ............................................................ 240 

Figure 6.53 1H NMR spectrum of 144f in DMSO-d6. .................................................... 242 

Figure 6.54 1H NMR spectrum of 144f in DMSO-d6. .................................................... 244 

Figure 6.55 SEC chromatograms of the polyDHPM-b-poly(ethylene glycol)s 148a-f. . 246 

Figure 6.56 DSC curves showing the respective Tgs/Tms of the polyDHPM-b-poly(ethylene 

glycol)s 148a-f. ................................................................................................................ 247 

Figure 6.57 1H NMR spectrum of 148a in DMSO-d6. ................................................... 248 

Figure 6.58 1H NMR spectrum of 148b in DMSO-d6. ................................................... 249 

Figure 6.59 1H NMR spectrum of 148c in DMSO-d6. .................................................... 250 

Figure 6.60 1H NMR spectrum of 148d in DMSO-d6. ................................................... 251 

Figure 6.61 1H NMR spectrum of 148e in DMSO-d6. .................................................... 252 

Figure 6.62 1H NMR spectrum of 148f in DMSO-d6. .................................................... 253 

Figure 6.63 SEC chromatograms and DSC curves of end group functionalised polyDHMPs 

144a,b,c,eMe. ................................................................................................................... 255 

Figure 6.64 1H NMR spectrum of 144aMe in DMSO-d6. .............................................. 256 

Figure 6.65 1H NMR spectrum of 144bMe in DMSO-d6. .............................................. 257 

Figure 6.66 1H NMR spectrum of 144cMe in DMSO-d6. .............................................. 258 



8.3 List of Figures 
________________________________________________________________________ 

 

________________________________________________________________________
348 

 

Figure 6.67 1H NMR spectrum of 144eMe in DMSO-d6. .............................................. 259 

Figure 6.68 SEC chromatograms and DSC curves of polyDHPM-b-poly(ethylene glycol)s 

(148a,b,c,eMe). ................................................................................................................ 261 

Figure 6.69 1H NMR spectrum of 148aMe in DMSO-d6. .............................................. 262 

Figure 6.70 1H NMR spectrum of 148bMe in DMSO-d6. .............................................. 263 

Figure 6.71 1H NMR spectrum of 148cMe in DMSO-d6. .............................................. 264 

Figure 6.72 1H NMR spectrum of 148eMe in DMSO-d6. .............................................. 265 

Figure 6.73 1H and 13C NMR spectra of 157 in DMSO-d6. ............................................ 268 

Figure 6.74 1H and 13C NMR spectra of 159 in DMSO-d6. ............................................ 271 

Figure 6.75 1H and 13C NMR spectra of 160 in DMSO-d6. ............................................ 274 

Figure 6.76 1H and 13C NMR spectra of 163 in DMSO-d6. ............................................ 277 

Figure 6.77 1H and 13C NMR spectra of 164 in DMSO-d6. ............................................ 280 

Figure 6.78 1H and 13C NMR spectra of 164 in DMSO-d6. ............................................ 283 

Figure 6.79 Example 1H spectrum of 169 in CDCl3........................................................ 285 

Figure 6.80 SEC graphs of the screening of the RAFT polymerisation of 168 at a 7.5 M 

concentration with CTA1 (top) and CTA2 (bottom). ....................................................... 287 

Figure 6.81 SEC graphs of the screening of the RAFT polymerisation of 168 at a 3.75 M 

concentration with CTA1. ................................................................................................ 288 

Figure 6.82 SEC graphs of the screening of the RAFT polymerisation of 168 at a 1.8 M 

concentration with CTA1 (top) and CTA2 (bottom). ....................................................... 290 



8 Appendix 
________________________________________________________________________ 

 

________________________________________________________________________
349 

 

Figure 6.83 SEC graphs of the RAFT polymerisations of 168 at a 1.8 M concentration with 

CTA1, stopped after certain reaction times to reach specific conversions....................... 291 

Figure 6.84 DSC graph of 169. ....................................................................................... 292 

Figure 6.85 Example 1H spectrum of 169 in CDCl3........................................................ 294 

Figure 6.86 SEC graphs of the applied macro CTA and the resulting polymer after chain 

extension via RAFT polymerisation. ................................................................................ 295 

Figure 6.87 Example 1H spectrum of 170 in CDCl3........................................................ 297 

Figure 6.88 SEC graphs of the applied macro CTA and the resulting block copolymer 170.

 .......................................................................................................................................... 297 

Figure 6.89 SEC and DSC graphs of 171a and 171b. ..................................................... 299 

Figure 6.90 1H NMR spectrum of 171a in DMSO-d6. ................................................... 300 

Figure 6.91 Phase edited HSQC spectrum of 171a: the picked signals indicate existence of 

an internal cis double bond and an internal trans double bond as the 13C shift hardly differs 

between cis and trans while the 1H shift does.[420]............................................................ 301 

Figure 6.92 1H NMR spectrum of 171b in DMSO-d6. ................................................... 302 

 

8.4 List of Schemes 

Scheme 2.1 Generic reaction scheme of a linear stepwise reaction: xi refer to stoichiometric 

coefficients of the intermediate C which is not part of the calculation of AE. ..................... 7 

Scheme 2.2 The four parts of a complete Life Cycle Assessment; data is continuously 

updated and interpreted allowing for an efficient adaptation of the sections.[49] ............... 14 



8.4 List of Schemes 
________________________________________________________________________ 

 

________________________________________________________________________
350 

 

Scheme 2.3 Industrial oxirane production methods: traditional route over 2-chloroethanol 

and subsequent elimination of hydrogen chloride, improved route via direct oxidation of 

ethene.[56,57] ......................................................................................................................... 16 

Scheme 2.4 Three types of switchable solvent systems using CO2 as trigger: i. switchable 

polarity solvent, ii. switchable hydrophilicity solvent, iii. switchable water. .................... 23 

Scheme 2.5 General concepts and comparison of traditional crude oil refinery and 

biorefinery: both share the same conceptual structure while biorefinery is designed as 

sustainable material cycle.[101] ............................................................................................ 25 

Scheme 2.6 Considerable valorisation pathways for lignocellulose (gasification[125,126], 

hydrolysis[120] and pyrolysis[127]): the possible product spectrum covers a variety of valuable 

product classes. ................................................................................................................... 29 

Scheme 2.7 Syntheses pathways for the production of 18 from the renewable platform 

molecules 16 or 20 using biochemical and catalytic steps.[57,128,134,135,137,149,150] Example 

reactions/conditions: a) microbial fermentation, Saccharomyces cerevisiae, water, 

35 – 45°C, 3 – 5 d, no yield reported. b) dehydration, 95 wt% EtOH/H2O, alumina based 

cat., 300 – 500°C, 1 – 2 bar, SV 0.1 – 1 h-1, 94 – 99% yield. c) oxidation, 2 – 10 vol% 1, 

alumina supported Ag, 220 – 277°C, 10 – 30 bar air, SV 2000 – 4000 h-1, 16 – 52% yield. 

d) hydration, carboxylate salts as cat., 10 mol% H2O/3, 100 – 120°C, 15 bar, 1 h, 98% yield. 

e) hydrogenation, Cu/Cr cat. on solid support, 50 wt% 16/H2O, 120 – 150°C, 70 bar H2, 

2 – 4 h, no yield reported. f) hydrogenolysis, Ru- or Ni-based catalyst, 200 – 275°C, 

40 – 270 bar H2, 20 min – 7 h, 8 – 25% yield. g) hydrogenolysis, Ru- or Ni-based catalyst, 

120 – 230°C, 1 – 80 bar H2 or N2, 1 – 72 h, 6 – 30%. ........................................................ 32 

Scheme 2.8 Possible synthesis pathways for the production of 21 from the renewable 

platform molecules 16 and 20 via different biochemical processes or catalytic 

hydrogenolysis.[142,144,146,147,152] Typical reactions/conditions: a) fermentation, e.g. 

genetically modified Escherichia coli, 0.2 wt% 16 in growth medium, 37°C, 1 d, 21% yield 

at 99% conversion. b) fermentation, genetically modified Clostridium acetobutylicum, 

0.11 mol% 20 in growth medium, 35°C, volumetric productivity 3 g∙L−1∙h−1, 64% yield. c) 



8 Appendix 
________________________________________________________________________ 

 

________________________________________________________________________
351 

 

hydrogenolysis, 0.33 M 20 in H2O, bohemite-supported Pt/W-oxide cat., 180°C, 50 bar H2, 

12 h, 69% yield at 99% conversion. ................................................................................... 33 

Scheme 2.9 Industrial production pathway of 24 from renewable 22 via drop-in 

strategy.[153,156,157] Typical reactions/conditions: a) fermentation, e.g. genetically modified 

Escherichia coli, 40 – 100 g∙L−1 in growth medium, 30 – 40°C, volumetric productivity 

1.1 – 3.8 g∙L−1∙h−1, 3 – 4 d, yield not given. b) hydrogenation, Ru/Sn catalyst on ZrO2 

support, 225°C, 140 bar H2, 94% yield. ............................................................................. 34 

Scheme 2.10 Possible synthesis of 28 from the renewable 20 via subsequent catalytic 

reduction.[158–162] Typical reactions/conditions: a) dehydration, 10 wt% 20 in H2O, 

H3PW12O40/Nb2O5 cat., SV 420 h−1, 325°C, 92% yield. b) [4+2]-cycloaddition, 

185 – 195°C, 45 – 75 min, up to 99% yield at 56% conversion. c) hydrogenation, 5 wt% 26 

in MeOH, PtW/TiO2 cat., 80°C, 6.6 bar H2, 4 h, 60% yield (+27% 28). d) hydrogenolysis, 

2 wt% 27 in water, Rh/Re-oxide on carbon support, 100°C, 80 bar H2, 24 h, 48% yield, at 

50% conversion. ................................................................................................................. 35 

Scheme 2.11 Possible synthesis of 28 from the renewable 29 via subsequent catalytic 

reduction.[164–168] Typical reactions/conditions: a) hydrogenation, 0.5 M 29 in H2O, Ni–

Pd/SiO2 cat., 40°C, 80 bar H2, 2 h, 96% yield. b) hydrogenolysis, 0.45 M 30 in water, Rh/Re-

catalysts and NAFION™ SAC13, 120°C, 10 bar H2, after 1 h 80 bar, 20 h, 86% yield. c) 

hydrogenolysis, 0.33 M in EtOH, Pd/ZrP, formic acid, 140°C, 21 h, 43% yield at 97% 

conversion. ......................................................................................................................... 36 

Scheme 2.12 Possible synthesis of 34 from renewable castor oil via pyrolysis under alkaline 

conditions.[169,170,172] Typical reactions/conditions: a) alkaline pyrolysis, mineral oil as 

solvent, NaOH, 280°C, 5 h, up to 70% yield. b) hydrogenation, Ru/Pd/Pt cat., 200°C, 

150 bar H2, ultrasonication, 98% yield. .............................................................................. 37 

Scheme 2.13 Synthesis of 35 via dehydration of 19.[173] Typical reactions/conditions: a) see 

Scheme 2.7 e). b) dehydration, AMBERLYST 36™, 150°C, 4 h, 99.8% yield. .................... 37 



8.4 List of Schemes 
________________________________________________________________________ 

 

________________________________________________________________________
352 

 

Scheme 2.14 Synthesis of renewable diamines 36, 37, and 38 by direct amination or two 

step synthesis over an intermediate dinitrile using diols as starting materials.[179,180] Typical 

reactions/conditions: a) amination (e.g. of 18), SiO2/Al2O3-supported Ni/Re-cat., 

130 – 225°C, 35 – 200 bar H2/NH3, 24% yield at 30% conversion. b) nitrile synthesis, 

0.6 M 34 in MeCN, CuI/bipyridine/2,2,6,6-tetramethylpiperidinyl-1-oxy (TEMPO), NH3, 

oxygen atmosphere, 30°C, 24 h, 93% yield. c) hydrogenation, 0.2 M in EtOH, Raney Ni, 

70°C, 10 bar H2. 16 h, 51% yield. ...................................................................................... 39 

Scheme 2.15 Reported one-pot syntheses of aliphatic diamines from dicarboxylic acids over 

either an intermediate diol (shown for 43) or diamide (shown for 39).[188,189] Typical 

reactions/conditions: a) hydrogenation, 0.1 M 40 in dioxane/water, 

Ru(acetylacetonate)3/1,1,1-tris(diphenylphosphinomethyl)ethane/methanesulfonic acid, 

220°C, 10 bar H2. 20 h. b) amination, same as a) but 0.1 M  in dioxane, aqueous NH3, 83% 

yield. c) amidation, 0.1 M 33 in c-pentyl methyl ether, Ru/W-oxide cat. on solid support, 

200°C, 6 bar NH3, reaction time not given. d) hydrogenation, same as c) but 6 bar 

NH3/50 bar H2, 6.5 h, 30% yield. ....................................................................................... 40 

Scheme 2.16 Synthesis of 47 and 49.[192,196–198] Typical reactions/conditions: a) 

addition/dehydration, 150 – 250°C, 120 – 400 bar. b) methylation, 380°C, 1 h, 60% yield.

 ............................................................................................................................................ 41 

Scheme 2.17 Synthesis of renewable 51 using carbohydrate feedstocks.[203–205] Typical 

reactions/conditions: a) biosynthesis, 15 g∙L−1 16 in growth medium, genetically modified 

Escherichia coli, 37°C, 96 h, 32% yield. b) oxidation, hν (>420 nm), 0.02 M 50 in 

toluene/H3PO4, Ru/SrTiO3:Rh, 25°C, N2, 18 h, >95% yield.............................................. 42 

Scheme 2.18 Synthesis route for 58 via 56 as intermediate using 52 and 53 as possible 

renewable precursors.[204,207,210,214] Typical reactions/conditions: a) [4+2]-cycloaddition, 

TiCl4-cat., 21°C, 24%, 94% yield. b) dehydroaromatisation, Pd/C, 240°C, 0.11 bar, 77% 

yield. c) oxidation, AcOH, Co(OAc)2/Mn(OAc)2 cat., O2, 100°C, 94%. d) reduction, 

[RuCl2(p-cumene)]2, NaOEt, 80°C, 50 bar H2, 16 h, 99% yield. e) oxidation, 0.2 M 57 in 

toluene, Co/N/C-cat.,100°C, O2, 36 h, 99% yield. ............................................................. 43 



8 Appendix 
________________________________________________________________________ 

 

________________________________________________________________________
353 

 

Scheme 2.19 Synthetic pathways for renewable 64 and 65.[215,217,218,220,221,225] Typical 

reactions/conditions: a) pyrolysis, 740 – 760°C, PO(OEt)3 cat., no yield given. b) pyrolysis, 

700 – 750°C, 10 h, 95% yield. c) [2+2]-cycloaddition, spontaneous below 200°C, up to 85% 

yield. d) ring-opening, 21-150°C, no further information given. e) addition, p-TsOH as cat., 

reflux, 3 h, 91 % yield. ....................................................................................................... 44 

Scheme 2.20 The Strecker synthesis is the first MCR, reported in 1850; the AE was 

calculated using R1 = CH3.[251] ........................................................................................... 47 

Scheme 2.21 Representative milestones of the development of MCRs with the names of the 

lead authors in the respective publication, year of publication, and an example AE; the AE 

was calculated using Rx = CH3 and X = Cl.[252,254,257,258] ................................................... 48 

Scheme 2.22 Two examples for isocyanide-based MCRs are given with the names of the 

lead authors in the respective publication, year of publication, and an example AE; the AE 

was calculated using Rx = CH3 and X = Cl.[261,262] ............................................................. 49 

Scheme 2.23 Two examples industrially applied MCRs are given with the names of the lead 

authors in the respective publication, year of publication, and an example AE; the AE was 

calculated using Rx = CH3.[267,269] ....................................................................................... 50 

Scheme 2.24 Categorisation of multicomponent reactions into three types according to the 

reversibility of the mechanistic steps.[270] ........................................................................... 51 

Scheme 2.25 The first Biginelli-three-component reaction yielding the proposed open chain 

β-ureidocrotonate as originally reported by Biginelli in 1891.[257] .................................... 52 

Scheme 2.26 The three possible primary reaction intermediates of a Biginelli-three-

component reaction as proposed by Folkers and Johnson: a bisureide (red), an enamine 

(blue), or an enone (green).[275] .......................................................................................... 53 

Scheme 2.27 Suggested enamine mechanism for the Biginelli-three-component 

reaction.[275] ........................................................................................................................ 54 



8.4 List of Schemes 
________________________________________________________________________ 

 

________________________________________________________________________
354 

 

Scheme 2.28 Suggested Knoevenagel-mechanism for the Biginelli-three-component 

reaction.[276] ........................................................................................................................ 55 

Scheme 2.29 Results of the separate enamine formation and subsequent reaction towards a 

DHPM: only the enamine 100 was accessible which led to DHPM 101. 101 differs in the 

position of the Me-N group from 103, which is solely formed by direct B-3CR of 49, 90, 

and 51;[277] the position of the methyl group of interest is drawn in red. ........................... 56 

Scheme 2.30 Reaction of separately prepared 94 with 104 or 105 led to the formation of 

106, a regioisomer of the targeted DHPM.[277] ................................................................... 57 

Scheme 2.31 Commonly accepted mechanism for the Brønsted acid-catalysed Biginelli-

three-component reaction via the iminium intermediate 107 alongside common substituents 

of the components.[277,288–290] .............................................................................................. 58 

Scheme 2.32 Atwal procedure for the synthesis of N3-substituted DHPMs through the 

efficient incorporation of aliphatic/sterically demanding aldehydes.[292,291] ...................... 60 

Scheme 2.33 Synthesis of a DHPM-carrying methacrylate that is subsequently polymerised 

using FRP or RAFT polymerisation. .................................................................................. 63 

Scheme 2.34 Two possible monomer systems for the synthesis of Biginelli-

polycondensates: example of an AA/BB-monomer system as applied by Meier et al. and an 

AB-monomer system as applied by Tao et al..[353,351] ........................................................ 67 

Scheme 4.1 Synthesis of acetoacetates (129) via the thermal in situ formation of 

acetylketene (127) using the precursors tert-butyl acetoacetate (64) or diketene acetone 

adduct (65) as an example. ................................................................................................. 73 

Scheme 4.2 Brønsted acid catalysed synthesis of polyDHPMs using six different 

diacetoacetates 124a-f in combination with terephthalic aldehyde (58) and either urea (47) 

or N-methyl urea (49). ........................................................................................................ 79 



8 Appendix 
________________________________________________________________________ 

 

________________________________________________________________________
355 

 

Scheme 4.3 Synthesis scheme of polyDHPMs using three different diacetoacetamides 

126a, d, e in combination with terephthalic aldehyde (58) and either urea (47) or N-methyl 

urea (49). ............................................................................................................................ 92 

Scheme 4.4 Literature-known two-step synthesis of 138 from 134, 135, and 136; reaction 

conditions: a) 7.50 eq 135, 1.00 eq 136, 0.01 eq TBD, 80°C, 1 h, 31% yield. b) 1.00 eq 134, 

2.50 eq 137, 0.05 eq triphenyl phosphine, 0.001 eq Pd0/poly(vinylpyrrolidone), 0.370M in 

water, 90°C, 22 h, 80% yield.[382,383] .................................................................................. 99 

Scheme 4.5 Four step synthesis route to the renewable AB-monomer 141; optimised 

reaction conditions: a) 1.00 eq 139, 1.00 eq 64, 150°C, 4.5 h, 63% yield. b) 1.00 eq 138, 

1.00 eq 140, 0.01 eq DMPA, irradiation at 365 nm, over night, 85% yield. .................... 100 

Scheme 4.6 Reaction scheme for the synthesis of 143 by esterification of the respective 

alcohol 142 in bulk, 99% yield. ........................................................................................ 103 

Scheme 4.7 Brønsted acid catalysed synthesis of end group functionalised polyDHPMs: 

top: using AA/BB-monomers, particularly the diacetoacetates 124a-e in combination with 

terephthalic aldehyde (58) and urea (47), bottom: using the AB-monomer 141 together with 

47. ..................................................................................................................................... 104 

Scheme 4.8 Idealised scheme of a generic polycondensation of a diol and a dicarboxylic 

acid: if both monomers are present in equal amounts, polymer chains with a statistical ratio 

of alcohol:dicarboxylic acid of 1:1 are formed; an excess of, e.g., diol lowers the maximum 

DP and produces polymer diols at full conversion; addition of monofunctional alcohols 

equally lowers the DP and yields polymers with alcohol and “E” endgroups. ................ 105 

Scheme 4.9 Reaction scheme of the photoinitiated thiol-ene reaction of 144a-f with 147.

 .......................................................................................................................................... 114 

Scheme 4.10 Brønsted acid catalysed synthesis of end group functionalised polyDHPMs 

(144a,b,c,eMe) using AA/BB-monomers, particularly the diacetoacetates 124a,b,c,e in 

combination with terephthalic aldehyde (58) and N-methyl urea (49) ............................. 119 



8.5 List of Tables 
________________________________________________________________________ 

 

________________________________________________________________________
356 

 

Scheme 4.11 Attempts for the synthesis of 153: a) 3.0 eq 64, bulk, 140°C, 4.5 h, 30% yield, 

degradation upon isolation; b) 3.0 eq 65, bulk, 95°C, 2 h, 0% yield. .............................. 125 

Scheme 4.12 Reaction scheme for the synthesis of 157 using 64 or 65: a) 3.00 eq 64, 10 M 

in DMSO, 140°C, 3 h, 95% yield (not isolated); b) 3.00 eq 65, bulk, 95°C, 3 h, 90% yield 

(not isolated); c) 1.10 eq 1M HClaq, room temperature, 30 min, 90 % yield (when 156 was 

prepared via a), extraction of the DMSO with EtOAc was necessary leading to a yield of 

50%). ................................................................................................................................ 130 

Scheme 4.13 Reaction scheme for the synthesis of 159 using 65: a) 3.0 eq 65, bulk, 95°C, 

1 h, 68%. ........................................................................................................................... 130 

Scheme 4.14 Reaction scheme for the hydrogenation of 159 to 160: a) 0.00125 eq Pd/C 

(10% Pd basis), 0.15M in EtOAc, room temperature, 15 bar H2, 24 h, quantitative yield.

 .......................................................................................................................................... 131 

Scheme 4.15 Synthesis routes of the ricinoleic acid based vinyl esters 163 and 164: a) 10 eq 

161, 0.01 eq [Ir(cod)Cl]2, 0.03 eq NaOAc, degassed with Ar, 100°C, 16 h, 68% yield for 

163, 72% yield for 164. .................................................................................................... 133 

Scheme 4.16 Reaction scheme for the preparation of 166 from 159 using CDI and 

2-hydroxyethyl methacrylate (165) and the subsequent esterification with 167 to 168: a) 

1.05 eq 165, 0.43 M in anhydrous toluene, room temperature, 16 h, quantitative (1H NMR, 

no workup); b) 1.00 eq 167, 0.43 M in toluene, 65°C, 8 h, 92%. ..................................... 139 

 

8.5 List of Tables 

Table 2.1 The 12 Principles of Green Chemistry published by Anastas and Warner in 

1998[17] as a guideline for the design of chemical processes and products. ......................... 6 



8 Appendix 
________________________________________________________________________ 

 

________________________________________________________________________
357 

 

Table 2.2 Annual production, accumulated waste and E-factors of four industrial 

sectors.[25,36] ........................................................................................................................ 10 

Table 2.3 Comparison of prominent Green Chemistry metrics. ........................................ 13 

Table 2.4 Categorisation of 18 common solvents according to their safety and impact on 

health and environment as recommended (green), problematic (yellow), and 

hazardous/highly hazardous (red).[67] ................................................................................. 20 

Table 2.5 Summary of biorefinery platforms, possible feedstocks, processing 

methodologies, and main products. .................................................................................... 27 

Table 4.1 Reaction Scheme for the synthesis of six different diacetoacetates (124a-f) with 

the respective yields and relative amounts of recovered excess of 64 and by-product 63. 74 

Table 4.2 Reaction Scheme for the synthesis of three different diacetoacetamides 

(126a, d, e) with the respective yields. ............................................................................... 77 

Table 4.3 Results of the optimisation of the Biginelli polycondensation by varying the type 

of the catalyst and concentration of the reaction mixture................................................... 80 

Table 4.4 SEC data of the kinetic investigation of 120e and 120f. ................................... 82 

Table 4.5 Molecular weight and DSC data for the polyDHPMs from diacetoacetates (120a-

f and 131a-f). ...................................................................................................................... 88 

Table 4.6 Molecular weight data and DSC data for the polyDHPMs from diacetoacetamides 

(132a, d, e and 133a, d, e). ................................................................................................. 95 

Table 4.7 1H NMR and SEC data of polyDHPMs using 124d or 141 with different amounts 

of 143. ............................................................................................................................... 107 

Table 4.8 1H NMR and SEC data of polyDHPMs using 124a-e or 141 with 5 mol% of 143.

 .......................................................................................................................................... 111 



8.5 List of Tables 
________________________________________________________________________ 

 

________________________________________________________________________
358 

 

Table 4.9 1H NMR, SEC, and DSC data and yields of polyDHPM-b-poly(ethylene glycol), 

148a-f. .............................................................................................................................. 115 

Table 4.10 SEC and DSC data and yields of the end group functionalised polyDHPMs 

(144a,b,c,eMe) and the polyDHPM-b-poly(ethylene glycol)s (148a,b,c,eMe). ............. 119 

Table 4.11 Screening of conditions for the synthesis of 162 from 157 and 161: a maximum 

of 34% of product was obtained within the crude mixture. ............................................. 132 

Table 4.12 Tested polymerisation conditions for 163 and 164 via RAFT polymerisation and 

FRP at 65°C. ..................................................................................................................... 137 

Table 4.13 1H NMR and SEC results of the screening of the RAFT polymerisation of 168 

at a 7.5 M concentration. ................................................................................................... 142 

Table 4.14 1H NMR and SEC results from the screening of two different concentrations of 

the RAFT polymerisation of 168 with CTA1.a ................................................................ 144 

Table 4.15 SEC and 1H NMR data for the synthesis of RAFT polymers of specific 

molecular weights.a .......................................................................................................... 146 

Table 6.1 SEC data of the polymerisation kinetics of 120e. ........................................... 185 

Table 6.2 SEC data of the polymerisation kinetics of 131e. ........................................... 186 

Table 6.3 SEC data of the polymerization kinetics of 120f. ............................................ 188 

Table 6.4 SEC data of the polymerization kinetics of 131f. ............................................ 189 

Table 6.5 SEC data of the polymerization kinetics of 132e. ........................................... 190 

Table 6.6 SEC data of the polymerization kinetics of 133e. ........................................... 191 

Table 6.7 SEC and DSC data and yields of polyDHPMs 120a-f and 131a-f using 

diacetoacetates. ................................................................................................................. 192 



8 Appendix 
________________________________________________________________________ 

 

________________________________________________________________________
359 

 

Table 6.8 SEC and DSC data and yields of polyDHPMs 132a-e using diacetoacetamides.

 .......................................................................................................................................... 207 

Table 6.9 Results of the TGA of the whole set of polyDHPMs. ..................................... 217 

Table 6.10 SEC and DSC data and yields of end group functionalised polyDHPMs 144a-e 

from diacetoacetates 124a-e. ............................................................................................ 232 

Table 6.11 Analytical data (SEC, DSC, NMR, yield) of polyDHPMs 144f. .................. 239 

Table 6.12 SEC and DSC data and yields of polyDHPM-b-poly(ethylene glycol)s 148a-f.

 .......................................................................................................................................... 246 

Table 6.13 SEC and DSC data and yields of the end group functionalised polyDHPMs 

144a,b,c,eMe from N-methyl urea. .................................................................................. 254 

Table 6.14 SEC and DSC data and yields of the the polyDHPM-b-poly(ethylene glycol)s 

(148a,b,c,eMe). ................................................................................................................ 260 

Table 6.15 1H NMR and SEC results of the screening of the RAFT polymerisation of 168 

at a 7.5 M and 3.75 M concentration using CTA1 or CTA2. ............................................ 286 

Table 6.16 1H NMR and SEC results of the screening of the RAFT polymerisation of 168 

at a 1.88 M concentration using CTA1 or CTA2. ............................................................. 289 

Table 6.17 SEC and 1H NMR data for the synthesis of RAFT polymers of specific 

molecular weights.a .......................................................................................................... 291 

 



8.6 Publications 
________________________________________________________________________ 

 

________________________________________________________________________
360 

 

8.6 Publications 

J. T. Windbiel, M. A. R. Meier, Polym Int, 2020 // 2021, 70, 506. © 2020 Polymer 

International published by John Wiley & Sons Ltd on behalf of Society of Industrial 

Chemistry. DOI: 10.1002/pi.6106 

 


