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Abstract

The development of catalytic and sustainable chemical modification and polymerisation
routes for renewable raw materials has become a major focus in recent years, especially
in light of depleting fossil reserves and an ever-increasing emission of greenhouse gases.
Among the available renewable raw materials, terpenes, which are extensively used as
flavours and fragrances, are abundant and very versatile building blocks for the chemical
industry. Monoterpenes, like a- and B-pinene as well as limonene, represent inexpensive
starting materials, since they are obtained as by-products from the pulp and paper industry
and from the citric fruit processing industry, respectively. This thesis describes new routes
for the transformation of terpenes into fine chemicals, monomers, and polymeric materials

by catalytic and environmentally benign processes.

In the first part of this thesis, manganese catalysts were investigated for the liquid-phase
aerobic oxidation of a-pinene to afford pinene oxide. Using Mn(lll) acetate as a
homogeneous catalyst, the reaction conditions were optimised and pinene oxide was
obtained as the main product along with smaller amounts of verbenol and verbenone. The
previously optimised reaction conditions were then transferred to the oxidation reaction
using a post-synthetically modified mixed-linker metal-organic framework (MOF) as
manganese catalyst. The performance of this heterogeneous MOF catalyst was directly
compared to its homogeneous counterpart, and while very similar activities were observed,
the MOF catalyst had the advantage of being easily removable from the reaction mixture
and being recyclable for at least five catalytic cycles without significant loss of activity.

In the second part of this thesis, the sustainable synthesis of a cyclic carbonate based on
a-pinene was investigated using a environmentally benign transesterification of
cis-a-pinanediol with dimethyl carbonate as carbonyl source. Starting from B-pinene,
hydrogen peroxide was used as a “green” oxidising agent to obtain B-pinene oxide which
was then catalytically ring-opened to yield B-pinanediol in situ and subsequently
transesterified to obtain renewable cyclic -pinene carbonate.

In the last part of this thesis, the synthesis of renewable non-isocyanate poly(urethane)s
(NIPUs) based on limonene was developed. The cyclic dicarbonate and diamine
monomers used for these NIPUs were obtained through insertion of CO, into limonene
dioxide and via thiol-ene reaction on the limonene double bonds using cysteamine
hydrochloride, respectively. Polymerisation of the obtained monomers vyielded
poly(hydroxy urethane) (PHU) prepolymers with molecular weights up to 1,700 g/mol. As
a proof-of-concept, the PHU prepolymers were utilised in a cross-linking reaction with

epoxidised soybean oil (ESBO) to synthesise novel epoxy thermosets.



This work aims to emphasise the potential of renewable feedstocks and particularly the
versatility of terpenes for the sustainable synthesis of platform chemicals and polymeric

materials.



Kurzzusammenfassung

In den letzten Jahren rickte die Entwicklung von katalytischen und nachhaltigen
Prozessen zur Modifikation und Polymerisation von erneuerbaren Rohstoffen zunehmend
in den Fokus der Forschung. Besonders in Hinsicht auf die zuneige gehenden fossilen
Reserven und die immer weiter zunehmenden Emissionen von Treibhausgasen ist
weltweit ein Umdenken hin zur nachhaltigeren Produktion von Chemikalien und deren
Verarbeitung notwendig, um nachhaltig die Bedlrfnisse der stetig wachsenden
Weltbevoilkerung zu decken. Unter den erneuerbaren Rohstoffen sind Terpene, die haufig
als Geruchs- und Geschmacksstoffe verwendet werden, reichlich vorhandene and
vielseitige Bausteine fur die chemische Industrie. Monoterpene wie z.B. a- und 3-Pinen
sowie Limonen stellen preisginstige Ausgangstoffe dar, denn sie werden bei der
Papierherstellung bzw. bei der Verarbeitung von Zitrusfriichten als Nebenprodukte
erhalten. Die vorliegende Arbeit untersucht die katalytische und umweltfreundliche

Umsetzung von Terpenen zu Feinchemikalien, Monomeren und Polymerwerkstoffen.

Im ersten Teil dieser Arbeit wurde die Flussigphasenoxidation von a-Pinen durch
Luftsauerstoff mit verschiedenen Mangan-Katalysatoren untersucht. Beim Einsatz von
Mn(lll)-acetat als homogenem Katalysator wurden Pinenoxid als Hauptprodukt und
Verbenon und Verbenol als Nebenprodukte erhalten. Die fiir den homogenen Katalysator
optimierten Reaktionsbedingungen wurden dann auf eine Oxidationsreaktion tbertragen,
bei der eine metallorganische Gerustverbindung als Katalysator eingesetzt wurde. Fir den
Einsatz als Katalysator wurde die metallorganische Gerlistverbindung in zwei Schritten
nachtraglich modifiziert, sodass eine katalytisch aktive Manganspezies immobilisiert
werden konnte. Die Umséatze und Selektivitaten, die durch diesen heterogenen Katalysator
erreicht wurden, konnten dann mit dem homogenen Katalysator verglichen werden, wobei
eine sehr ahnliche Aktivitat festgestellt wurde. Dartber hinaus bot der heterogene
Katalysator den Vorteil, dass er sehr leicht von der Reaktionsmischung abtrennbar war
und in dieser Studie bis zu funf Mal ohne wesentlichen Verlust der Aktivitat
wiederverwendet werden konnte.

Im zweiten Teil dieser Arbeit wurde eine nachhaltige Syntheseroute fir die Darstellung
eines auf a-Pinen basierenden zyklischen Carbonats mit Hilfe einer umweltfreundlichen
Umesterung von cis-a-Pinandiol mit Dimethylcarbonat entwickelt. Um auch B-Pinen in
cyclisches B-Pinencarbonat zu Uberfiihren, wurde das Substrat zuerst zu (B-Pinenoxid
oxidiert, wobei Wasserstoffperoxid als ,griines* Oxidationsmittel verwendet wurde. Das

nach der Oxidation durch Ring6ffnung in situ gebildete B-Pinandiol wurde anschlieRend



mit einem organischen Carbonat umgeestert, wodurch das nachwachsende cyclische
B-Pinencarbonat erhalten werden konnte.

Im letzten Teil dieser Arbeit wurde die Synthese biobasierter isocyanatfreier Polyurethane
ausgehend von Limonen untersucht. Das fir die Herstellung der isocyanatfreien
Polyurethane verwendete cyclische Dicarbonat und das Diamin, wurden durch die
Reaktion von CO; mit Limonendioxid bzw. durch eine Thiol-En-Reaktion von Limonen mit
Cysteaminhydrochlorid erhalten. Die Polymerisation dieser Monomere ergab
Polyhydroxyurethan-Oligomere mit Molekulargewichten bis zu 1700 g/mol. Die
Polyhydroxyurethan-Oligomere wurden daraufhin flr Vernetzungsreaktionen mit

epoxidiertem Sojadl verwendet, um neue Duroplaste zu erhalten.

Ziel der vorliegenden Arbeit ist es das Potential nachwachsender Rohstoffe und
insbesondere die vielseitige Nutzbarkeit von Terpenen fir die nachhaltige Synthese von

Plattformchemikalien und Polymerwerkstoffen aufzuzeigen.
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Introduction

1 Introduction

More than 300 years after the necessity for sustainable development was first documented
in the context of forestry,! and more than 30 years after the World Commission on
Environment and Development (WCED) conceptualised a guiding principle for a
sustainable development,? the need for further operationalisation and implementation is
greater than ever. In contrast to the original meaning of sustainability, describing the
balance between growing and felling trees, the Brundtland Report (‘Our Common Future’),
published by the WECD in 1987, defines sustainable development as "development that
meets the needs of the present without compromising the ability of future generations to
meet their own needs."? Starting with the Industrial Revolution, human actions have
become the main driver of global environmental change.®! Nowadays, these activities,
mainly the rapidly growing reliance on fossil fuels and industrialised forms of agriculture,
have reached a level that could damage Earth’s regulatory capacity leading to irreversible
global environmental change.! Consequently, a state less conducive to human
development may occur.® As an urgent call for action and build on decades of work by
countries and the UN, in 2015, the United Nations adopted the 2030 Agenda for
Sustainable Development, including the 17 sustainable development goals (SDGs)."! To
achieve the ambitious goals the cooperation of all stakeholders, i.e. decision-makers in
politics, industry, and civil society, as well as citizens, consumers and academia is
required. In that way, sustainability has become a major reference point for safeguarding
the future across societies worldwide and has entered practises and discourses, inter alia,
in policy making, urban development and in the chemical industry.[™

Today, modern chemistry and pharmacy contribute considerably to an improved quality of
life and longevity. Moreover, chemistry is fundamental for challenges related to sustainable
development, such as renewable energy, nutrition and health, environmental technology,
clean air and water, efficient materials and alternative feedstocks.[”! However, the ever-
increasing diversity and quantity of new chemicals and materials has downsides. The
pollution of the environment with hazardous chemicals and wastes results in public health
issues of global concern. In order to minimise the significant health and environmental
harms caused by chemical exposure, the Strategic Approach to International Chemicals
Management (SAICM) was developed at the World Summit on Sustainable Development
in Johannesburg in 2002 as a global policy framework. It states that “the sound
management of chemicals is essential to achieve sustainable development including the
eradication of poverty and disease, the improvement of human health and the environment

and the elevation and maintenance of the standard of living in countries at all levels of
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development”.® As less hazards are key to Green Chemistry, the main SAICM objectives
reflect many of the 12 principles of green chemistry making them an important element of
sound chemicals management.

The chemical industry and innovations in chemistry, on the one hand, enable medical
advancements, adequate food supplies and comfortable living standards for a growing
population and contribute to the climate change solution by improving energy efficiency
and reducing greenhouse gas emission (GHGs) through advanced building materials,
batteries, renewable energy sources, and lightweight plastic packaging. On the other
hand, however, the chemical sector is responsible for 13% of the global industrial carbon
emissions, due to its high energy demand.®! Although the chemical sector is making
progress on climate risk,*? rapid process innovations will be required to align with the
below 2-degree goal set out by the Paris Agreement.*!]

The environmental concerns, legislations and international agreements, together with
depleting fossil oil reserves and economic reasons stimulate the potential for sustainable
chemicals and polymeric materials derived from renewable resources. Especially,
materials that have been made efficiently from natural waste and that are recyclable or
biodegradable will be of increasing importance for future societies.*?
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2 Theoretical Background and State-of-the-Art

The following section aims to provide an overview of the theoretical background of the
main aspects of this thesis. The first chapter (2.1) is an introduction to green and
sustainable chemistry, including its origin, principles and several metrics. In chapter 2.2,
the use of renewable resources in the chemical industry in general as well as the global
bio-based and biodegradable plastics production capacity are discussed. Additionally,
promising approaches towards the design of more sustainable polymers based on the
different classes of renewable raw materials are highlighted. Chapter 2.3 discusses the
present situation and the fate of plastics and shortly explains biodegradability. Since
catalysis constitutes an indispensable part of green chemistry and is applied for synthesis
procedures performed in this thesis whenever possible, chapter 2.4 presents perspectives
on sustainable catalysis and discusses about elemental sustainability. Finally, the
following chapters focus on terpenes, as the sustainable exploitation of this class of
renewable raw material is an aim of this thesis. Therefore, chapters 2.5 and 2.6 briefly
discuss about the chemical structure of terpenes and their main industrial uses.
Subsequently, the state-of-the-art of the transformation of terpenes into fine chemicals,
monomers and polymers is summarised. Chapter 2.7 pays special attention to the
oxidation of a-pinene, followed by the isomerisation of a-pinene oxide. Chapters 2.8 and
2.9 provide a literature review on thermoplastic polymers and thermosets derived from the
most industrially important terpenes. The examples described within these two chapters
encompass direct polymerisation techniques as well as polymers from functionalised

terpenes.

2.1 Green and Sustainable Chemistry

For a very long time chemists and chemical engineers had the freedom to synthesise,
develop and design chemicals, reactions and processes without any or only few
limitations, facilitating longevity and a higher quality of life.'®l Unfortunately, along with
numerous success stories, an unmanageable number of unfavourable side effects
surfaced, which chemists did not anticipate. A prominent example is
dichlorodiphenyltrichloroethane (DDT), which was first synthesised in the second half of
the 19" century. After discovering its insecticidal action, for which Paul Hermann Miiller
was awarded with the Nobel Prize in Physiology or Medicine in 1948, DDT was used as
agricultural and household pesticide from the 1940s on. However, it was not perceived

that bioaccumulation of chlorinated insecticides takes place in birds leading to nestling
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failure and eggshell thinning and eventually in a dramatic decrease of bird populations. In
1962, the publication ‘Silent Spring’ by biologist Rachel Carson first drew attention to these
adverse impacts, resulting in a public outrage and a growing environmental movement.4
Finally, a worldwide ban of DDT was laid down in the Stockholm Convention on Persistent
Organic Pollutants in 2004.1*5 The convention has the aim to limit and eradicate the
production and use of persistent organic pollutants (POPs). Other environmental and
health problems caused by chemicals are being tackled since several years but have not
been fixed, yet, and transformed to global issues. Such examples are dioxin
contamination, ocean acidification, plastic pollution and climate change. Dioxin emissions
of incineration plants are strictly regulated since 1990 in Germany. However, large parts
of the population still have a higher intake of dioxins than recommended by the World
Health Organisation (WHO) due to contaminated food, especially through meat, fish and
dairy products.*¥! Ocean acidification, plastic pollution and climate change are currently
being addressed by the SDGs set by the UN in 2015 (SDG 3: Good health and well-being,
SDG 12: Responsible consumption and production, SDG 13: Climate action, SDG 14 Life

below water).l!

In the early 1990s, the field of green chemistry emerged from the development of
environmentally friendly processes and research efforts as an answer to the escalating
environmental issues and increasing awareness of chemical pollution and the finite nature
of resources.!? One of the important new aspects introduced by the green chemistry
movement was the focus on the prevention of pollution instead of cleaning up wastes that

could have possibly been prevented.

2.1.1 The 12 Principles

In 1998, John Warner and Paul T. Anastas, at that time directing the Green Chemistry
Program at the United States Environmental Protection Agency (US EPA), postulated a
set of 12 principles as a guideline for the practice of green chemistry.*8 The authors also
gave a widely accepted definition, stating that green chemistry is a framework “based on
a set of 12 principles that when used in the design, development and implementation of
chemical products and processes, enables scientists to protect and benefit the economy,
people and the planet”.'¥ The US EPA adds that green chemistry “applies across the life
cycle of a chemical product, including its design, manufacture, use, and ultimate
disposal”.® Therefore, the main objective of green chemistry is to reduce or eliminate the
use and the generation of hazardous substances.?? Anastas pointed out that the guiding

principle to achieve this goal is the design of environmentally benign products and
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processes (benign by design).?Y Moreover, the guidelines apply to raw materials and to

the efficiency and safety of the transformation. The 12 principles of green chemistry are

shown in Table 1:

Table 1: The 12 principles of green chemistry proposed by Anastas and Warner.[22

Number Principle Description of Principle

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 Wherever practicable, synthetic methods should be designed to use

Chemical Synthesis and generate substances that possess little or no toxicity to human
health and the environment.

4 Designing Safer Chemical products should be designed to meet their desired

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

6 Design for Energy Energy requirements of chemical processes should be evaluated

Efficiency with regard to their environmental and economic impacts and should
be minimised. If possible, synthetic methods should be conducted
at ambient temperature and pressure.

7 Use of Renewable A raw material or feedstock should be renewable rather than

Feedstocks depleting whenever technically and economically practicable.

8 Reduce Derivatives Unnecessary  derivatisation (use of  blocking  groups,
protection/deprotection, temporary modification of
physical/chemical processes) should be minimised or avoided if
possible, because such steps require additional reagents and
generate waste.

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

10 Design for Chemical products should be designed so that at the end of their

Degradation function they break down into innocuous degradation products and
do not persist in the environment.

11 Real-Time Analysis Analytical methods need to be further developed to allow for real-

for Pollution time, in-process monitoring and control prior to the formation of
Prevention hazardous substances.
12 Inherently Safer Substances and the form of a substance used in a chemical process

Chemistry for
Accident Prevention

should be chosen to minimise the potential for chemical accidents,
including releases, explosions, and fires.

Ever since the 12 principles were first published, they have played a significant role for

explaining and promoting the aims of green chemistry. Tang, Smith and Poliakoff produced
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an even simpler statement on the principles in order to provide a very straightforward way
to communicate them to a broad audience. They condensed the principles to a mnemonic
with which they tried to capture the spirit of each principle in just three or four words, as
shown in Table 2.3

Table 2: The 12 principles of green chemistry written in the form of a mnemonic: PRODUCTIVELY.[?3!

Prevent wastes

Renewable materials

Omit derivatisation steps
Degradable chemical products
Use of safe synthetic methods
Catalytic reagents

- O C O O @© T

Temperature, pressure ambient

In-process monitoring
Very few auxiliary substances
E-factor, maximise feed in product

low toxicity of chemical products

< mrm<

Yes, it is safe

Indicating their timeless nature, the 12 principles have not change in the last 20 years.
However, they inspired others to develop their own principles. For example, in 2013,
Gatuszka, Migaszewski and Namiesnik adapted the 12 principles for a guiding framework
for green analytical chemistry (GAC, see Table 3).?4 Therefore, they used four of the
original principles that can be directly transferred to analytical chemistry (principles 1, 5,
6, and 8) and supplemented them with eight new principles that fully meet the needs of
analytical chemistry. Generally, the goals of GAC principles are the reduction of chemical
substances and energy consumption together with proper management of the analytical
waste and increased safety for the operator. As already described by Anastas in 1999, the
focus area of GAC is the design of new analytical procedures that generate or uses less

hazardous substances.?!
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Table 3: The 12 principles of green analytical chemistry proposed by Gaftuszka, Migaszewski and

Namiesnik.[24

Number Description of Principle

1 Direct analytical techniques should be applied to avoid sample treatment.

2 Minimal sample size and minimal number of samples are goals.

3 In situ measurements should be performed.

4 Integration of analytical processes and operations saves energy and

reduces the use of reagents.

5 Automated and miniaturised methods should be selected.
6 Derivatisation should be avoided.
7 Generation of a large volume of analytical waste should be avoided and

proper management of analytical waste should be provided.

8 Multi-analyte or multi-parameter methods are preferred versus methods

using one analyte at time.

9 The use of energy should be minimised.

10 Reagents obtained from renewable source should be preferred.
11 Toxic reagents should be eliminated or replaced.

12 The safety of the operator should be increased.

Anastas and Zimmerman additionally devised 12 principles for green engineering in 2003
(see Table 4).281 These principles focus on the achievement of sustainability through
science and technology and aim to have a broader applicability compared to the 12
principles of green chemistry. The authors state that “sustainability requires objectives at
the molecular, product, and system levels”. Therefore, the principles must be likewise
applicable to the design of molecular architectures needed to construct a chemical
compound, to product architecture to create a car, or to urban architecture to build a city.
Beyond that, the authors want the 12 principles of green engineering to be seen as a

framework for necessary conversations that should take place between the designers of
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molecules, components, products as well as complex systems providing them a universal

method of approach.

Table 4: The 12 principles of green engineering proposed by Anastas and Zimmerman. 2!

Number Description of Principle

1 Designers need to strive to ensure that all material and energy inputs and
outputs are as inherently non-hazardous as possible.

2 It is better to prevent waste than to treat or clean up waste after it is formed.

3 Separation and purification operations should be designed to minimise
energy consumption and materials use.

4 Products, processes, and systems should be designed to maximise mass,
energy, space, and time efficiency.

5 Products, processes, and systems should be “output pulled” rather than
“input pushed” through the use of energy and materials.

6 Embedded entropy and complexity must be viewed as an investment when
making design choices on recycle, reuse, or beneficial disposition.

7 Targeted durability, not immortality, should be a design goal.

8 Design for unnecessary capacity or capability (e.g. “one size fits all”)
solutions should be considered a design flaw.

9 Material diversity in multicomponent products should be minimised to
promote disassembly and value retention.

10 Design of products, processes, and systems must include integration and
interconnectivity with available energy and materials flows.

11 Products, processes, and systems should be designed for performance in a
commercial “afterlife”.

12 Material and energy inputs should be renewable rather than depleting.
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The systematic implementation of green chemistry principles across all scales leads to
clear benefits for human health, the society, the environment and the economy, and lastly
for the ultimate goal of sustainability.”®! Human health and the society profit from cleaner
air and water, as well as from safer consumer products (including food) and increased
safety for employees in the chemical industry. The environment in turn benefits from less
pollution with toxic chemicals leading to less harm for plants and animals and less
disruption of ecosystems, since green chemicals can either be recovered for further use
or degrade to non-hazardous products. This also results in a lower danger for global
warming, ozone layer depletion and smog formation. Economy and businesses benefit
from these principles, on one hand, by saving costs through reduced energy and water
consumption and reduced waste, which in return leads to the elimination of costly
hazardous waste disposal, end-of-the-pipe treatments and remediation. On the other
hand, plant capacity is increased by using fewer synthetic steps, potentially allowing for
faster manufacturing of products and consuming smaller amounts of feedstocks, which

eventually leads to higher earnings.

Although green chemistry is well defined as a formal sub-discipline of chemistry with the
ultimate goal of pollution prevention, some important questions about ‘green chemicals’,
as raised by Klaus Kimmerer, still remain: “Can you already classify a product as green if
just one of the 12 principles is fulfilled, for example, by using renewable feedstocks? Or
must all 12 principles be fulfilled? How should they be weighted against each other? And
what if a chemical or material meets all the 12 principles but is simply not needed?”?" |t
should be noted, that there are no “green chemicals” in general, but some chemicals are
“greener” compared to other chemicals. Thus, chemicals, products and processes always
need to be compared to relevant benchmarks. In general, green chemistry only rarely
addresses aspects that go beyond the chemicals themselves and their technical issues.
Sustainable chemistry, however, generally includes all aspects of a product related to
sustainability. This includes the social and economic aspects connected to the use of
resources, as well as the shareholders, the stakeholders, and the consumers (see Figure
1)_[7]



Theoretical Background and State-of-the-Art

Green engineering /
green technology e.g.
recycling, process

Sustainability

Sustainable chemistry
(products, service, business
model, related social and
economical aspects)

Figure 1: The relationship of sustainability, sustainable chemistry, green engineering, green technology and
green chemistry.[”]

In contrast to green chemistry, sustainable chemistry has only been vaguely defined to
date. Currently, it is most frequently associated with efforts to achieve resource
efficiency,?® which implies that sustainable chemistry should use resources, including
energy, at a rate at which they can be regenerated naturally, and waste production should
not be faster than the rate of its remediation.!*®! This approach of describing sustainable
chemistry is in line with the original definition of sustainability from the 18" century, when
the term was first used to describe the balance between growing and felling trees.
However, the German Federal Environment Agency (UBA) described sustainable
chemistry as a broader concept: “Sustainable chemistry is a process that leads to a
sustainable society with regard to product design, manufacturing, consumption of
resources, health and safety at work, economic success and technical innovation — not
only in industrialised nations but in emerging and developing countries, too. Sustainable
chemistry thus extends far beyond the application of ecological principles in chemical
production.” Moreover Anastas states that the concepts, principles and methodologies
of green chemistry and green engineering are fundamental to integrate sustainability
throughout chemical enterprises.®® Through the incorporation of green chemistry
approaches at all stages, such as research, development, scale-up and commercialisation

in industry, great steps towards sustainability can be made.

For the future, both areas, green chemistry and sustainable chemistry, offer valuable
guidance that presumably will be further explored in an integrative way and harnessed to

devise new approaches such as innovative business models (e.g. chemical leasing). This
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ensures the comprehensive and coherent development of research, policies and practical

approaches.

2.1.2 Green Chemistry Metrics

To quantify yields or selectivity improvements, simple percentages are suitable. However,
for quantifying benefits from a new technology that is introduced to change a chemical
process towards improved sustainability, metrics of the potential environmental
acceptability are needed. Over time, numerous metrics have been introduced and two of
the most popular ones are the E factor and the atom efficiency/economy concept. The
E factor was first introduced by Sheldon in 1992 and is “the actual amount of waste
produced in the process, defined as everything but the desired product”.*? It is obtained
by calculating the mass ratio of waste to desired product and takes the chemical yield,
reagents, solvent losses, all process aids and, in principle, even fuel into account.®¥ To
make meaningful comparisons of E factors, water is excluded from the calculation and
only the inorganic salts and organic compounds contained in the water are taken into
account. This is necessary, since the inclusion of water would lead to exceptionally high
E factors in many cases, which is not useful for comparing processes. However, the
energy that is needed for subsequent wastewater treatment should also be taken into
account. As shown in Table 5, the E factors in various segments of the chemical industry
are increasing drastically from oil refining and bulk chemicals to fine chemicals and
pharmaceuticals. Since the ideal E factor is zero, a higher E factor indicates a higher
negative environmental impact through more waste. Pharmaceuticals typically have the
highest E factors as complex products often require multistep synthesis procedures and

extensive purification methods.

Table 5: E factors in the chemical industry. ]

Industry segment Product tonnage?® kg waste®/kg product
QOil refining 108-108 <0.1

Bulk chemicals 10%-106 <1-5

Fine chemicals 102-10* 5-50

Pharmaceuticals 10-103 25-100

a) Typically represents annual production volume of a product at one site (lower end of range) or world-
wide (upper end of range).
b) Defined as everything produced except the desired product (including all inorganic salts, solvent

losses, etc.).
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The atom efficiency/economy concept is, in contrast to the E factor, a theoretical number
and assumes a yield of 100%, exact stoichiometry and ignores substances that are not
part of the stoichiometric equation. It was first introduced by Trost and is calculated as the
molecular weight of the desired product divided by the molecular weight of all substances
formed in the stoichiometric equation.® The advantage of the atom efficiency/economy
calculation is that it can be carried out without experimental results and therefore, at the
very early stage of a synthesis design, one can easily find and discard low atom

efficiency/economy reactions.

Another metric for the environmental acceptability of a process is the effective mass yield
(EMY), introduced by Hudlicky and co-workers.!®! It is defined as the percentage of the
mass of the desired product relative to the mass of all non-benign materials used in its
synthesis.[”! This metric includes an attempt to recognise that not all chemicals have the
same environmental impact and therefore, requires the definition of environmentally
benign compounds, like for example NaCl, water, ethanol, methanol, and acetic acid, as
suggested by the authors. However, it does not take into account that the environmental
impact of the mentioned chemicals is quite volume-dependent, which makes it very difficult
to quantify. It also does not consider that the benign compounds might be contaminated
with non-benign substances after the reaction.

As a general rule, the more precise and universally applicable a metric is, the more
complicated it becomes, since a lot of input data is needed. This makes life-cycle
assessment (LCA) one of the most powerful but also very demanding approaches to
access the overall sustainability of a product or process. LCA evaluates the environmental
impacts of a product associated with all the stages of its life, from cradle-to-grave. Herein
included are the extraction of raw material, materials processing, manufacturing,
distribution, packaging, use, maintenance, repair and reuse, and the final disposal of a
product. Besides the inputs involved in delivering the product, LCA also includes the
outputs, emissions and wastes produced at all stages. The most commonly used
application for LCA is the comparison of the ‘total’ environmental impact of a product with

a comparable alternative product.k®

2.2 Renewable Resources and Bio-based Plastics

Still by far the most important source of organic raw materials used by the chemical
industry, not only in Germany, are fossil resources. In 2017, merely 13% of a total of

20.8 million tons of organic raw materials originated from renewable resources in
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Germany, the remaining 87% were based on crude oil, natural gas and coal (see Figure
2).B7 Well-established production concepts for products based on fossil resources and
affordable crude oil prices make the shift towards renewable resources seemingly
unalluring. Nowadays, it is still an ongoing discussion as to how long these fossil resources
will be available, however there is no doubt that fossil resources are finite.®

Relative quantities of organic raw Relative quantities of renewable
materials used by the chemical resources used by the chemical
industry in Germany (2017) industry in Germany (2017)

4
e Sugar
0,
- Fats and oils 6%
Renewable 42% )
resources 13% Other  e.g. waxes, resins,
21% tannins, glycerol,
natural rubber, cork
Proteins
3%
Total 20.8 Mt Total 2.7 Mt

Figure 2: Relative quantities of organic raw materials used by the chemical industry in Germany in 2017.571

Renewable resources are generally considered as agricultural and forestry derived
biomass that is not used for food or feed, but for material use, heat, electricity and fuel
production. This also includes residues of the food processing industry (e.g. cashew
nutshell liquid and orange peel oil) or waste products from bio-refining (e.g. rapeseed
press cake and beet pulp). Renewables can be replenished through natural reproduction
in a finite amount of time in a human time scale. In contrast, fossil fuels, earth minerals
and metal ores are considered non-renewable, as they cannot be replaced through natural

recurring processes within time frames meaningful to humans.

In Germany, fats and oils of plant and animal origin are the most used renewable raw
materials (42%, see Figure 2). Dissolving pulp, which is obtained from pulpwood via the
sulfite process or the kraft process with an acid prehydrolysis step to remove
hemicellulose, yields a high cellulose content of >90% and is the second most industrially
used renewable resource in Germany (16%). It is followed by carbohydrates, like starch
(12%) and sugar (6%), and proteins (3%). The other renewables like waxes, resins (mainly

composed of terpenes), tannins, glycerol (by-product of biodiesel production), natural
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rubber (a polyterpene) and cork account for less than 3%, each. The presented numbers
of organic raw materials used by the chemical industry in Germany include domestic as
well as imported agricultural and forestry derived biomass. It is estimated that
approximately 70% are imported from other European countries and from overseas.®”]
However, compared to crude oil, which is 100% imported,®% the further expansion of
domestic renewable resources contributes to the independency of the German economy

from oil-producing countries.

By performing photosynthesis, plants are able to transform water and a low-energy
compound like carbon dioxide into a vast variety of high-energy organic compounds using
solar energy. Natural syntheses can be readily exploited for the conversion of plant-based
biomass into bulk or fine chemicals. After subsequent processing steps, a wide range of
value-added products is accessible. Thermal treatment at the end of the lifetime of the
product again releases, at least in principle the previously absorbed carbon dioxide,
closing the idealised material cycle without adding additional greenhouse gas to the
atmosphere. Therefore, the closed loop results in a reduced carbon footprint, provided that

the natural reproduction occurs at a quick enough pace to keep up with consumption.®

The biorefinery concept is a key tool in utilising biomass in an efficient and clean way.!"
Biorefineries are ideally integrated biomass-conversion processes used to generate
biofuels, bioenergy (heat and power), and bio-based chemicals and materials.*!! The
concept is analogous to present-day petroleum refineries. To provide a benefit by reducing
the impacts on the environment, it is necessary that biorefineries utilise low-value, locally
sourced feedstocks, e.g. trees, grasses, energy crop and food crop by-products, marine

resource waste, seaweed and food waste.

Renewable resources are increasingly investigated for the production of a variety of more
environmentally benign materials and products such as plastics, hydrogels, flexible
electronics, resins, engineering polymers and composites. However, to date, there are
only few commercially successful bio-based (or partly bio-based) polymers. From the
348 Mt (including thermoplastics, poly(urethane)s, thermosets, elastomers, adhesives,
coatings and sealants and PP-fibres. Not included are poly(ethylene terephthalate)-,
poly(amide)- and poly(acryl)-fibers) of the global plastic production, in 2017,#? only
2.06 Mt were bio-based or biodegradable. Nonetheless the global market is predicted to
grow continuously. As of 2018, the total production capacity increased to 2.11 Mt, from
which the main products were poly(ethylene terephthalate) (PET; 25.6%, 30 wt% bio-
based), starch blends (18.2%, various amounts of bio-based raw material), poly(amide)s
(PA; 11.6%, up to 100% bio-based), poly(lactic acid) (PLA; 10.3%, 100% bio-based),
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poly(ethylene) (PE; 9.5%, 100% bio-based), poly(trimethylene terephthalate) (PTT; 9.2%,
up to ~50% bio-based), poly(butylene adipate terephthalate) (PBAT; 7.2% up to ~50% bio-
based), poly(butylene succinate) (PBS; 4.6%, up to 100% bio-based) and
polyhydroxyalkanoates (PHA; 1.4%, 100% bio-based) (see Figure 3). A possible
explanation for the low percentage of bio-based or biodegradable polymers compared to
the fossil-based plastic world market are the tough criteria, which need to be met for
commercially feasible sustainable polymer production.*? Two of these challenges are that
the transformation of renewable resources and the production of polymers must be highly
efficient to be economically favourable, and that the new polymers must show similar or
improved material properties, including thermal resistance, mechanical strength and
processability, compared to the fossil-based materials. Additionally, LCA should be used

to prove the benefits of the new polymers over the existing petrochemical benchmarks.

Global bio-based/biodegradable plastics production capacity

(2018)
PBAT
7.2%

’7 PBS 4.6%

PLA
10.3% PHA 1.4%

=

211 Mt

PA ‘
11.6% Total;

Other
PET (biodegrade-
25.6% able)
1.5%
Other (bio-based/
non-biodegradable)
0.9%
Bio-based/ Bio-based/ Fossil-based/
non-biodegradable biodegradable biodegradable

Figure 3: Global bio-based/biodegradable plastics production capacity by material in 2018.142
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In general, there are two strategies to design polymers that are more sustainable than the
currently available polymers.*? One approach is to decrease the environmental impact of
a known polymer, e.g. PET or PE, by using renewable resources to synthesise the
monomers (a so-called drop in solution). The other approach aims for the preparation of
new structures, like PLA, from biomass. Various opportunities that follow the described
approaches for creating sustainable polymers from renewable raw materials, such as
carbon dioxide, terpenes, vegetable oils and carbohydrates are shown in Figure 4. A
promising approach, for example, is the copolymerisation of carbon dioxide with propylene
oxide to produce propylene carbonate polyols that can be further applied for the
manufacture of polyurethanes.“3! An important advantage of upcycling carbon dioxide is
the possibility to use the existing infrastructure for fossil-derived polymer manufacturing,
such as reactors and procedures for purification and processing.*? Another approach is
the oxidation of terpenes, such as limonene to limonene oxide and the further
copolymerisation with carbon dioxide to yield poly(limonene carbonate).**! For further
details on the utilisation of terpenes as renewable feedstock for fine chemicals,
thermoplastic polymers and thermosets, see chapters 2.7, 2.8 and 2.9 Triglycerides
obtained from vegetable oils constitute another very promising class of renewable raw
materials for the synthesis of polymers.s) A common way of polymerising unsaturated
fatty esters that are usually produced through transesterification of the triglyceride with
methanol or ethanol, is by making use of the internal alkene functional groups. Methods
for transforming the alkene groups to polymers are for example thiol-ene, acyclic diene
metathesis, epoxidation and radical or thermal crosslinking reactions.¢! Carbohydrates,
such as starch, cellulose, glucose and fructose are readily obtained from plants such as
sugar cane and corn or agricultural waste and can be further transformed into monomers.
Interesting monomers are lactide, succinic acid and 2,5-furandicarboxylic acid (FDCA) that
can be subsequently polymerised to the corresponding polymers, namely PLA, PBS, and
polyethylene furanoate (PEF), respectively. Cellulose that has been used to synthesise
commercial polymers such as cellophane or cellulose acetate for more than a century, can

be also used to reinforce fibre-polymer composites.?’]
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Figure 4: Options for replacing petrochemicals as raw material for polymer synthesis. Adopted from reference
[12].

In conclusion, renewable raw materials have many advantages over fossil resources,
including the almost unlimited availability, remarkable structural diversity and carbon
footprint neutrality as well as economic benefits.*8 Thus, their contribution to a sustainable

development of society will ultimately make them an inevitable part of our future.®9

2.3 Plastics and Biodegradability

According to a study by Geyer, Jambeck, and Law,®™ the world plastic production
increased from 2 million metric tons (Mt) in 1950 to 380 Mt in 2015, which corresponds to
a compound annual growth rate of 8.4%. As a result, the total amount of plastics
synthesised from 1950 to 2015 is 8300 Mt. The globally most produced non-fibre plastic
is PE (including high-density PE, low-density and linear low-density PE; 36%), followed by
poly(propylene) (PP; 21%), poly(vinyl chloride) (PVC; 12%), PET (<10%), poly(urethane)s
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(PUR; <10%) and poly(styrene) (PS; <10%). Together with poly(ester)s, poly(amide)s, and
acrylic fibres, these polymer groups account for 92% of all plastics ever made. The major
share of 42% of the produced non-fibre plastics are used for packaging from which most
is used for less than one year. The next largest consuming sector, using 19% of all non-

fibre plastics, is the building and construction sector.

It is presumed that 30% of all plastics ever produced are currently in use (2,500 Mt),
whereas, as of 2015, a total of approximately 6,300 Mt of plastic waste has been
generated. Only around 9% of the plastic waste has been recycled, 12% was incinerated
(with or without energy recovery) and 79% is accumulated in landfills or the natural

environment (see Figure 5).

Primary production In-use stocks Discarded
8300 2500 primary 4900
4600 o e
300
700 )
Incinerated
500 100 800

100

Secondary

Recycled
600

Figure 5: Global production, use, and fate of polymer resins, synthetic fibres, and additives (1950 to 2015; in
Mt). This figure is reprinted from R. Geyer, J. R. Jambeck, K. L. Law, Sci. Adv. 2017; 3: e1700782, which is

licensed under the terms of the Creative Commons Attribution Licence.5%

Due to a functioning waste disposal system, the German numbers for plastic waste
treatment are quite different compared to the worldwide average. In 2016, 5.1 Mt of plastic
post-consumer waste were collected through official schemes from which 38.6% were

recycled, 60.6% were incinerated for energy recovery and only 0.8% were landfilled.®?

It is estimated that roughly 12,000 Mt of plastic waste will be discarded in landfills or the
natural environment by 2050, if current production and waste management trends continue

(see Figure 6).5% Since none of the mass-produced plastics biodegrade in any meaningful
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way, the increase of plastic waste in the environment further aggravates all issues related
to plastic accumulation in the oceans as well as the impacts of plastic waste on land-based
ecosystems of which still little is known.BY In particular, the fragmentation into small
particles (<5 mm) via natural weathering processes bears numerous threats since the
small size increases the probability of being ingested and accumulated in tissues of living
organisms.®? Upon ingestion, plastic additives and related chemicals (e.g. nonylphenols
considered as endocrine disruptor) may leach out, leading to human health hazards.b3
Another threat is that microplastic may act as pollutant accumulator for hydrophobic POPs,
such as polychlorinated biphenyls (PCBs) and dichlorodiphenyldichloroethylene (DDE),
that are commonly present in the environment and ambient seawater, bringing them from

the environment to organisms.4
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Figure 6: Cumulative plastic waste generation and disposal (in Mt). This figure is reprinted from R. Geyer, J.
R. Jambeck, K. L. Law, Sci. Adv. 2017; 3: e1700782, which is licensed under the terms of the Creative
Commons Attribution Licence.[

As a measure to reduce the severe impacts of plastic waste on the environment,
biodegradable polymers receive more and more attention in recent years, although they
have been around on an industrial scale since the end of the 1990s.5%1 The global
production capacity of biodegradable polymers was 0.912 Mt in 2018, corresponding to a

share of approximately 0.2% of the global non-biodegradable plastic production.?
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Biodegradable polymers are defined as polymers that can be completely converted into
energy, biomass, water and carbon dioxide and/or methane by the action of
microorganisms such as fungi, yeasts, algae and bacteria in their natural environment
within a given period of time (e.g. in composting standards: six months).® This property
is independent from the source of the raw material but only dependent on the chemical
composition of the polymer. This is in contrast to bio-based polymers that are by definition

completely or at least partially made of renewable resources.

The degradation starts with a deterioration that is cooperatively accomplished by
microorganisms and abiotic factors such as ultraviolet (UV) radiation, oxidative or thermal
degradation, as well as chemical hydrolysis (see Figure 7). Both factors lead to
fragmentation of the bulk polymer with increasingly exposed surfaces available for
biological attack.® Since most of the biodegradable polymers are insoluble in water and
the fragments are still too large to pass the cellular membrane of the microorganisms, the
biodegradation starts extracellular with enzymes, such as lipases and esterases that were
secreted by the microorganism. The enzymes are too large to diffuse into the polymer,
and therefore only work at the surface, making biodegradation a surface erosion process.
The cleavage process of the polymer chains can be either exolytic, which directly results
in small degradation products, or endolytic, which in contrast first yields oligomers and
subsequently the small degradation products. The degradation products can be absorbed
by the cell for further metabolisation, as soon as the molecular size has been reduced to
ca. 10-50 carbon atoms.’ The product composition is highly influenced by the oxygen
level, as the microbial degradation can take place under aerobic conditions, resulting in
carbon dioxide, water, energy and biomass, or anaerobic conditions, which additionally

lead to the formation of methane.

In addition to the microbial degradation, abiotic processes usually take place at the same
time, making the overall degradation process also dependent on humidity, light, and
temperature. During the degradation process, various intermediates are formed.
Depending on the nature of the surrounding, the intermediates can potentially interact with
surfaces of the natural environment, such as mineral oxides, clay minerals or soil organic
matter. The interaction leads to reversible or permanent bonds resulting in bound
residues.®® To be able to design biodegradable polymers that are non-hazardous during
degradation and thereby decrease environmental pollution, it is of high importance to

investigate the intermediates, their toxicity and their potential for bioaccumulation.
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Figure 7: Schematic illustration of plastic biodegradation. This figure is reprinted from R. Wei, W. Zimmermann,
Microbial biotechnology, 2017, 10, 1308-1322, which is licensed under the terms of the Creative Commons
Attribution Licence. 5]

2.4 Perspectives on Sustainable Catalysis

Catalysts enable alternative, energetically favourable reaction mechanisms allowing
processes to be carried out more efficiently if compared the uncatalysed reaction and
under industrially feasible temperatures and pressures. Nowadays, approximately 85—
90% of all products of the chemical industry are produced by catalytic processes.P® The
term “catalysis” was coined by Jacob Berzelius in 1836 and later, in 1894 Friedrich Wilhelm
Ostwald gave a precise definition saying: “A catalyst affects the rates of the chemical
reactions without being consumed and without influencing the thermodynamic equilibrium

of reactants and products”.[6%

Interestingly, the mechanisms of numerous catalytic transformations that are successfully
utilised in industry are not fully known despite extensive research. Often pre-catalysts,
additives and promoters (co-catalysts) are used, which form the actual catalytically active
species in situ. Thus, the prediction of the activity of a catalyst in advance is almost
impossible. This in turn makes the preparation and design of an efficient and selective

catalyst challenging as the whole process requires a lot of experience and investigations.

It is especially true for oxidation reactions, that there is a huge need for green catalytic
alternatives in the production of fine chemicals.®® In contrast to reductions, oxidation
reactions still largely depend on the use of stoichiometric oxidants such as chromium(VI)
reagents, permanganate, manganese dioxide or periodate. However, from an economic
and environmental point of view, the utilisation of clean primary oxidants, like molecular

oxygen or hydrogen peroxide, is more favourable. Molecular oxygen as catalytic oxidant
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is predominantly used for the production of bulk petrochemicals for economic reasons.®"
Due to the multifunctional nature of fine chemicals, the application of molecular oxygen is
usually more challenging. Nonetheless, there are processes that successfully utilise
molecular oxygen to produce fine chemicals on industrial scale. One example applied by
BASF is a novel synthetic route for the production of citral, which is an important
intermediate for the synthesis of fragrances and the vitamins A and E (see Figure 8).1?
This route starts from fossil-derived isobutene and includes a supported silver catalyst for
vapour phase oxidation as a key step, instead of a stoichiometric oxidation with
manganese dioxide. Compared to the classical route, starting from (3-pinene, the new
synthesis route is more atom-efficient and produces less salt waste. Thus, new route is
also in accordance with more of the 12 principles of green chemistry, e.g. principle 1 (waste
prevention), principle 2 (high atom economy) and principle 9 (catalysis instead of
stoichiometric reagents). However, principle 7, the use of renewable feedstocks, is not

fulfilled anymore, as it was for the classical route.
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Figure 8: Classical and new routes to citral.[3%!

As the availability of elements within the Earth crust is finite,[® many elements used as
catalysts today are currently regarded as critical, including silver. However, there is no
universal definition for the assessment of critical elements. Therefore, diverse lists of
critical elements have been generated by the European Union, United Kingdom, United
States of America (USA), and a global assessment has been made by the United
Nations.®4 A two-dimensional “criticality matrix”, where the two axes represent supply risk
and the impact, if the supply of that element is compromised, has been developed by the
National Research Council of the National Academics (NRCNA, USA). The NRCNA

highlights certain elements including rare earth elements, platinum group metals and
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indium, manganese and niobium as being most critical.®¥ For a full assessment of
“elemental sustainability” a third axis, showing the environmental impact of extraction and
use of an element, is added (see Figure 9). The concept of elemental sustainability aims
to guarantee that the use of an element by this generation, does not restrict its use by
future generations.!®! At this point, elemental sustainability does not intend to prohibit the
use of elements, but rather to promote holistic multidisciplinary strategies for extraction,

manufacture, utilisation and recovery of elements. ¢!
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Figure 9: Diagram of criticality of elements according to A. J. Hunt et. al., Element Recovery and Sustainability,
The Royal Society of Chemistry, Cambridge, 2013.[64

For a catalyst to be regarded as sustainable, several requirements need to be fulfilled.[
When using earth-abundant, or especially when critical elements are used as catalysts,
the recovery of these catalysts must be ensured after usage and at the end of their useful
life. Organic-based catalysts should be preferably produced from renewable feedstock and
allow for recycling, regeneration, recovering and incineration for energy recovery at the
end of life. The energy consumption for recovery and preparation should also be
considered and it needs to be ensured that no hazardous substances are released into

the environment through the catalyst.

In conclusion, catalysis is an important tool to meet the demands of green and sustainable
chemistry. Therefore, the research on novel and efficient catalytic systems for the
transformation of renewable resources into fine chemicals marks an essential milestone

on the way to sustainable development.
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2.5 Chemical Structure of Terpenes

Terpenes are a large class of organic compounds with a remarkable structural diversity.
To date, about 8,000 terpenes and 30,000 terpenoids are known in the literature.]
Although both terms are sometimes used interchangeably, terpenes are pure
hydrocarbons, whereas terpenoids possess usually oxygen-containing functional groups

such as alcohol-, ether-, aldehyde-, ketone-, carboxylic acid- or ester groups.!©®

The carbon skeleton of terpenes is formally derived from isoprene units that are mostly
condensed head-to-tail, known as the “isoprene rule” (see Figure 10). The part of the
isoprene unit, which contains the isopropyl group, is defined as “head” and the ethyl
residue is defined as the “tail’. Besides head-to-tail, some examples of isoprene units
connected head-to-head or tail-to-tail are also known. Depending on the number of
isoprene units terpenes, are classified as hemi- (Cs), mono- (Cio), sesqui- (Cis), di- (Cz),

sester- (Czs), tri- (Cao), tetra- (Cao) and polyterpenes (Cs)n with n > 8.

The isoprene rule was framed by Otto Wallach in 1887, and formulated and named by
Leopold Ruzi¢ka in 1922.1%% In the 1950s, Ruzitka suggested the “biogenic isoprene rule”,
which claims that all terpenes are obtained from a defined number of precursors by
condensation, cyclisation and/or rearrangement, sharing a common biosynthetic
pathway.["® For their research on terpenes, both scientists were awarded the Nobel prize
in Chemistry (O. Wallach 1910 and L. Ruzi¢ka 1939).
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Figure 10: Isoprene unit and examples of terpenes and terpenoids with varying number of carbon atoms.

2.6 Terpenes as Renewable Feedstock

The term terpene originates from the resin of pine trees, the so-called “turpentine” (lat.
balsamum terebinthinae) and was introduced by August Kekulé on a suggestion of the
French chemist Marcelin Berthelot."Y However, terpenes are not only found in the resin of
pine trees but also in many other plants (see Table 6). The biological and biochemical
functions of terpenes in plants are still under investigation. It is known that many plants
produce volatile and less volatile terpenes to attract specific insects for pollination or to
expel certain animals and to protect themselves from being eaten. Terpenes also play an
important role as growth regulators and signal compounds of plants (phytohormones).
After having received terpenes with their plant food, a wide range of insects metabolises
them to pheromones and growth hormones.®” Since antiquity, terpenes have been
isolated and used as fragrances and flavours, which is still the most important application

of pure or crude terpenes today."? Additionally, terpenes serve as solvents or diluting
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agents for dyes and varnishes and many pharmaceutical syntheses of vitamins and

insecticides start from terpenes.

Table 6: Some terpenes and the plants they can be isolated from.["!

Substance Plant

Pinenes Coniferous trees, terebinth
Limonene Citric fruits (e.g. lemon, orange)
Citronellal Citronella, eucalyptus

Citral Lemongrass

Geraniol Geranium

Citronellol Citronella

Menthol Peppermint

Eugenol Clove

Linalool Lavender

Two of the most important industrial sources of terpenes are turpentine obtained from
coniferous trees or terebinth, and essential oils from citric fruits.’? Turpentine is mainly
composed of a-pinene (45-97%) and B-pinene (0.5-28%), as well as smaller amounts of
other monoterpenes (see Figure 11).["4 The global production of turpentine and (R)-(+)-
limonene, the main component of orange oil (94-96%)," is modest. Worldwide,

approximately 300,000 tons of turpentine and 70,000 tons of limonene are produced per

PP P e

o-Pinene  B-Pinene  3-Carene  Camphene Tricyclene

RDPQPY

Limonene p-Phellandrene Terpinolene p-Cymene ao-Terpinene Myrcene

year.["4l

Figure 11: Structures of the most common monoterpenes found in turpentine.[76l
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There are three different ways to produce turpentine:? first, turpentine can be obtained
via tapping of living pine trees and subsequent steam distillation of the gum resin
generated by the trees (gum turpentine). A second method to obtain turpentine is solvent
extraction or destructive dry distillation of aged pine stumps, followed by purification (wood
turpentine). The third route leads to turpentine as a by-product from the kraft and sulfite
pulping processes that produce pulp and paper (crude sulfate or sulfite turpentine). The
obtained turpentine is then distilled at 70 mbar to yield a-pinene (boiling point (bp): 156 °C)
and B-pinene (bp: 164 °C) in two different fractions and to separate them from smaller
amounts of other impurities with almost no commercial value. For the further conversion
of pinenes into a wide variety of chemicals for the pharmaceutical, flavour and fragrance
industry, different catalytic chemical processes have been developed including reactions
such as hydrogenation, oxidation, isomerisation, hydration, hydroformylation,

condensation, cyclisation, ring contraction, etc. (see Chapter 2.7 for further details).

Essential orange oil, distilled for the flavour and fragrance industry since the late 1800s,
contains along with (R)-(+)-limonene over 140 different chemical compounds. Nowadays,
orange oil is produced as a by-product of citric fruit processing.[”® The oil is obtained either
by steam distillation or by a cold process that involves centrifugation and leads to high
guality orange oil due to the minimisation of oxidation reactions that take place at higher

temperatures. (R)-(+)-limonene can be extracted from orange oil by distillation.

Recently, Luque, Clark and co-workers reported a novel cascade-type valorisation
approach to extract (R)-(+)-limonene, a-terpineol, pectin, sugars and a form of
mesoporous cellulose from waste orange peel using a single-step, low-temperature
hydrothermal microwave treatment.’® The industrial potential of this approach is
emphasised by already available continuous microwave processors that operate at several

tonnes per hour.

2.7 Catalytic Conversion of Terpenes into Fine Chemicals

Due to the large number of terpenes and corresponding transformation reactions, a vast
literature on catalytic transformations of terpenes into fine chemicals is available. This
chapter focuses on the reactions related to pinenes and with a particular attention to the
oxidation of a-pinene. An in depth overview of recent studies comprising other important

terpenes and catalytic transformation reactions, can be found in the literature.[”s 79811

To date, many different reactions for the conversion of pinenes into valuable compounds

have been developed. An overview of these conversions is presented in Figure 12.
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Figure 12: Overview of valuable compounds obtained from a- and B-pinene, adopted from reference /2,

2.7.1 Isomerisation of a-Pinene

The industrial isomerisation of a-pinene occurs at temperatures above 373 K and under
normal pressure in closed systems over TiO; catalysts that have been treated with acids
to form a layer of titanic acid on the catalyst surface.®? In the presence of acid catalysts,
the isomerisation starts by protonation of the double bond and subsequent formation of a

pinyl-carbonium ion intermediate, which can rearrange into a complex mixture of mono-,
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bi- and tricyclic products e.g. via Wagner-Meerwein rearrangement. The overall yield of
the main products camphene and limonene, and of by-products (B-pinene, tricyclene, p-
cymene, terpinenes, terpinolenes, phellandrenes, etc.) is around 75-80%. However, the
isomerisation rate is relatively low, which increases the interest in finding novel catalysts
with higher activity and selectivity to camphene and/or limonene. Generally, the selectivity
and conversion depend on the nature of the catalyst. Camphene is an industrially
important intermediate for the synthesis of camphor, which is used as insect repellent, as
cough suppressant and decongestant, and in the manufacture of films, plastics, lacquers,
and explosives.’”? The investigated catalysts are usually acidic materials, like clays,®4

zeolites!®! or carbon.®8

2.7.2 Hydration of a-Pinene

The hydration of a-pinene results in complex mixtures containing a-terpineol, limonene
and terpinolene as main products and oligomers, while other terpineols, terpinenes,
borneol, etc. can be formed minor by-products.’2 a-Terpineol is the most important
monocylic monoterpenic alcohol and, owing to its typical lilac odour, is mainly used as
fragrant. A common industrial preparation of a-terpineol is the hydration of a-pinene with
agueous mineral acids, yielding crystalline cis-terpin hydrate. The hydration is followed by
partial dehydration to give the desired product (see Figure 13). Acid-activated silica gel or
weak acids are suitable catalysts for the hydration reaction. It is also possible to use
organic acids, such as acetic acid, to convert a-pinene into terpinyl esters, which can be

further hydrolysed to terpineol, sometimes in situ.l”

OH
—_ _ + isomers
OH OH
a-Pinene Terpin o-Terpineol

Figure 13: Industrial a-terpineol synthesis via the hydration of a-pinene.[87]

2.7.3 Dehydroisomerisation of a-Pinene

Dehydroisomerisation of a-pinene,® 3-carene® or limonenel® can be applied to produce
p-cymene which is used as solvent for dyes and varnishes, as an additive in fragrances,
in musk perfume, and as a masking odour for industrial products.[’? Palladium or platinum

supported on silica, alumina, and zeolites have proven to be useful catalysts for the
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dehydroisomerisation of a-pinene.Y For this reaction, the catalyst has a dual functionality:
the acid sites of the carrier material are responsible for the isomerisation, whereas the
metal sites carry out the hydrogenation/dehydrogenation. The reaction cascade starts with
the isomerisation of a-pinene into camphene and terpinolene. Camphene subsequently
isomerises into terpinolenes, which isomerise to give terpinenes. In the next step, the
terpinenes are dehydrogenated to give p-cymene or partially hydrogenated to yield

menthenes and carvomenthenes (see Figure 14).2

Dehydro-
Isomerisation p-Cymene
Isomerisation L% Hydro/Dehydrogenation
—_— + B —— . —— +
a—Pinene Camphene  Terpinolene a-Terpinene y-Terpinene \ ? + ?

Dispropor-
tionation

3-p-Menthene Carvomenthene

Figure 14: Possible pathways and products resulting from dehydroisomerisation of a-pinene.

2.7.4 Oxidation of a-Pinene

A common approach towards commercially important intermediates for pharmaceuticals,
flavours, fragrances and chiral building blocks based on monoterpenes is the epoxidation
of the respective double bond and the subsequent rearrangement of the resulting epoxide
ring-system under the influence of various catalysts. The main products of the selective
oxyfunctionalisation, which is followed by a rearrangement, are usually alcohols, carbonyl

compounds and skeletally rearranged products.[”

The autoxidation of pinenes is known for more than two centuries and has been
extensively described in the literature.®? The epoxidation of a-pinene with various oxidants
and catalysts usually yields a complex mixture of different products, since competitive
reactions, such as isomerisation, hydration, hydrogenation and dehydrogenation can
occur simultaneously.[’? Verbenol, verbenone and a-pinene oxide, which can be
isomerised to campholenic aldehyde, are the most important oxidation products. The
oxygenated a-pinene derivatives can be used as flavour chemicals and as precursors for
fine chemicals such as citral, menthol, sandalwood-like fragrances, vitamin A and E, and

paclitaxel 57 93. 941
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Despite great industrial and academic interest, the basic chemistry behind the autoxidation
process is not completely understood. The radical chain mechanism proposed by early
studies has been investigated in detail in 2010 by Hermans et al., who combined
experimental findings with quantum chemical calculations to gain a quantitative insight into
the reaction mechanism of the aerobic oxidation of a-pinene.® The oxidation was studied
at 363 K and 1 bar of pure oxygen and already at conversions as low as 2%, a multitude

of products was formed (see Figure 15).

e
e
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OOH OH @)
Verbenyl-hydroperoxide  Verbenol Verbenone
R(a)-OOH Q(a)=O

OOH OH
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fOOH fOH @)
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R(c-OOH R(o-OH PO
OOH
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Myrtenyl-hydroperoxide  Myrtenol Myrtenal
R(d)-OOH R(d)-OH Q(d)=0

Figure 15: Main products observed during the thermal oxidation of a-pinene.[®]

The large number of products can be explained by the fact that radicals are able to abstract
hydrogen atoms from different carbon atoms of the a-pinene molecule: The two most
reactive positions are denoted a and d (see Figure 16, left). To date, it remains unclear
how the first radicals are generated. It has been proposed that traces of impurities, such

as ROOH, induce the initial reaction.!°®

In case the radical abstracts the hydrogen atom from the a-site, a resonance-stabilised

radical is formed, from which verbenyl as well as pinenyl products can emerge (see Figure

31



Theoretical Background and State-of-the-Art

16). The abstraction of an hydrogen atom from the d-site leads to another resonance-
stabilised radical resulting in pinocarvyl and myrtenyl products (see Figure 16). Radicals
that arise from the abstraction of other hydrogen atoms are not resonance-stabilised or

contain a lot of ring strain which makes them less relevant.

d _
c
b _-RH_ -
a R )
~_
d‘/—\ ) B}
C .
b R .
a -RH

Figure 16: Four different oxidation sites (denoted a — d) in a-pinene and the resulting resonance-stabilised

radicals formed upon abstraction of an hydrogen atom at the a- and d-sites (top and bottom, respectively).[®

In a next step, the resonance-stabilised alkyl radicals react with molecular oxygen resulting
in the following four different types of chain-carrying peroxyl radicals: Rz)-O0¢, Rg)-OO0-,
R)-O0+ and R@)-OO0-. The peroxyl radicals then give rise to the various allylic oxidation
products found in the reaction mixture. To yield the also observed a-pinene oxide
molecule, peroxyl radicals add to the C=C double bond of a-pinene. This is followed by a
unimolecular ring-closure leading to the elimination of alkoxyl radicals (RO*) and resulting

in a-pinene oxide as product (see Figure 17).1%

OOR

ROO" + E—— e + RO’

Figure 17: Epoxidation of a-pinene under autoxidation conditions.®!

The addition of molecular oxygen to the radical adduct, which arose from the peroxyl
radical and a-pinene (see Figure 18), competes with the conversion of a-pinene to pinene
oxide shown in Figure 17. However, the addition of molecular oxygen to the radical adduct
is likely diffusion-controlled and therefore cannot compete with the epoxidation mechanism

under 1 bar oxygen pressure.

32



Theoretical Background and State-of-the-Art

OOR 0
+ 0, OOR

Figure 18: Addition of molecular oxygen to a radical adduct; a reaction that can potentially compete with the

epoxidation shown in Figure 17.199

Hermann et al. also investigated the primary and secondary nature of the main reaction
products pinene oxide, verbenyl-hydroperoxide (R@)-OOH), verbenol (R@-OH) and
verbenone Q=0). They found that strikingly all products appeared to be predominantly
primary in origin. Based on the epoxidation mechanism, this can readily be explained for
pinene oxide and R»-OOH (see Figure 17). The epoxidation mechanism co-produces
alkoxyl radicals (RO¢), which can rapidly (much more than peroxyl radicals) abstract allylic
hydrogen atoms. This leads to the formation of the alcohol R@)-OH having a primary
character. However, the ketone seems to be predominantly of primary origin as well.
Herman et al. observed an initial linear correlation of the concentrations of R)-OH and
Q@=0 with the epoxide, indicating that both the alcohol and the ketone arise from the
same species, the alkoxyl radicals. The abstraction of the weakly bonded a-hydrogen atom
by molecular oxygen from the alkoxyl radical appears to be a likely mechanism for the
formation of the ketone (see Figure 19). The HO-e radicals that are also produced during
this reaction mainly react with the hydroperoxide products, converting them in turn into
peroxyl radicals for further reactions.

oH *+ R

o
H \
02 7&1 + HO,
@]

Figure 19: Proposed fate of the R()-O- radicals.

The autoxidation mechanism results in several different products and is nonselective
towards a specific species. To enhance the efficiency and the selectivity, considerable

efforts have been made in developing catalysts, mainly based on transition metals. Wang
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et al. recently investigated a metal-free catalytic system based on carbon nanotubes
(CNTs) and nitrogen-doped CNTs (NCNTSs).! For the liquid-phase oxidation of a-pinene
with molecular oxygen as oxidising agent, a conversion of 54.5% and selectivities up to
37.8% for pinene oxide after 4 h were achieved. Wang et al. also proposed a plausible
mechanism for the metal-free catalytic oxidation based on the results and theoretical
calculations (see Figure 20). Pathways I, Il and IV are similar to the previously described
autoxidation process. Pathway | and Il result in equimolar amounts of epoxidation product
and allylic oxidation products. However, the autoxidation process usually yields more
allylic oxidation products than epoxidation products caused by the additive allylic product
contribution of pathway IV. The higher epoxide selectivity achieved by the carbon-
catalysed oxidation is explained by the radical stabilisation abilities of CNTs. Thus, the
stability of ROR- radicals formed by the interaction of alkoxyl radicals and a-pinene in
pathway Il might increase. The additionally obtained pinene oxide then leads to the

observed selectivity towards the epoxidation product.
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Figure 20: Proposed reaction pathways of the NCNT-catalysed oxidation of a-pinene.%¢]

Transition metals as catalysts in autoxidation reactions of alkenes are more widespread
than metal-free catalytic systems. The role of the metal ions is generally explained in terms
of catalysis by the decomposition of allylic hydroperoxide intermediates facilitating the
initiation of the free radical chain mechanism.®"! In the literature, numerous approaches to

harness transition metals, such as cobalt, chromium, iron, manganese, etc. for the
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oxidation of pinenes have been reported. However, a direct comparison of the catalytic
performance is rarely possible since these systems differ in many aspects, such as
oxidising agent (e.g. molecular oxygen, hydrogen peroxide (H20,), tert-butyl
hydroperoxide (TBHP)), homogeneous or heterogeneous catalysis, as well as reaction

conditions (solvent, temperature, pressure, reaction time).

Nardello-Rataj et al. performed the epoxidation of various terpenes with eco-friendly
solvents (cyclopentyl methyl ether (CPME) and 2-methyl tetrahydrofuran (2-MeTHF)) and
amphiphilic polyoxometalate nanoparticles using H.O, as oxidant.l®®! Employing a-pinene
as substrate and CPME as solvent, a conversion of 58% with an a-pinene oxide selectivity
of 32% was obtained after 3 h at 65 °C. Moreover, the authors showed that the

polyoxometalate nanoparticles could be easily reused.

In some other studies, catalytic systems for the oxidation of terpenes that do not require
the use of any solvent were developed. For example, Lajunen and coworkers performed
the aerobic oxidation of olefins under solvent-free conditions using a Co(ll)-pyridine
complex as catalyst and, in contrast to several previous papers,©®® without co-oxidant.[*°
After 22 h at 50 °C with continuous oxygen flow through the reaction mixture, a conversion
of 77% was achieved, while 14% pinene oxide, 14% verbenol, 32% verbenone and 17%
other products were formed. However, this procedure shows the typical environmental and
economical drawbacks of homogeneous catalytic systems as the complexity of catalyst
separation hinders the recycling and leads to product contamination with traces of metal

ions.[101

Gusevskaya et al. also performed the reaction under solvent-free conditions with
molecular oxygen, but promoted by heterogeneous chromium containing mesoporous
molecular sieves MCM-41.12%2 A reaction time of 6 h at 1 atm and 3.5 h at 5 atm oxygen
pressure at 60 °C resulted in a substrate conversion of 40%. The main product was
verbenol with a selectivity of 33%, followed by verbenone (26%), along with smaller
amounts of pinene oxide (8%) and campholenic aldehyde (4%). Additionally, no metal
leaching of the catalyst was observed, which made catalyst recovery easy and enabled its

recycling without any special treatment.

Kholdeeva and colleagues explored the potential of the iron- and chromium-based metal-
organic frameworks (MOFs) MIL-100 and MIL-101 for the solvent-free oxidation of
alkenes.[1%% 104 The applied reaction conditions were rather mild (1 bar of O,, 40 — 60 °C,
TBHP as initiator) and afforded mainly the allylic oxidation products with an a-pinene
conversion of 26% after 16 h. The authors also investigated the heterogeneous nature of

the catalysis and found that Fe-MIL-101 only behaves as heterogeneous catalyst at
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temperatures lower than 50 °C, otherwise iron leaches into the solution which drastically

limits the potential of the heterogeneous catalyst for liquid-phase oxidations.[*%!

Over the last twenty years, various Mn(lll) acetate-mediated oxidative free-radical reaction
protocols have been developed for inter- or intramolecular reactions:*%¢ 19 Usually, Mn(lIl)
acetate is used for oxidative free-radical cyclisations?®! and for a-keto-acetoxylations. [
Some studies also utilised Mn(lll) acetate for allylic oxidation reactions. One example was
reported by Bégué et al. who used Mn(lll) acetate as a catalyst for the aerobic epoxidation
of various olefins including limonene with pivalaldehyde as sacrificial aldehyde in fluorous
solvents.'? Likewise, Shing et al. applied Mn(lll) acetate for allylic oxidations of simple
and complex olefins while using TBHP in decane as co-oxidant.''l The authors also
implemented the catalytic system for a-pinene. For this, 3 A molecular sieves and ethyl
acetate as solvent were applied. After degassing the solution, filling it with pure oxygen
and stirring at room temperature for 48 h, pinene oxide was obtained in a yield of 63%.
Manganese has also been employed for the heterogeneously catalysed epoxidation of
alkenes with air as oxidant. For instance, Raja et al. designed redox molecular sieve
catalysts for the selective oxidation of a-pinene among other alkenes and used

benzaldehyde as sacrificial aldehyde.!*'?

2.7.5 Isomerisation of a-Pinene Oxide

The isomerisation of a-pinene oxide yields different compounds depending on the utilised
type of acid catalyst. Bronsted acid catalysts favour the formation of trans-carveol, trans-
sobrerol, isopinocamphone and p-cymene, while mild Lewis acids tend to facilitate the

formation of campholenic aldehyde and pinocarveol.l”
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Figure 21: Compounds obtained from isomerisation of a-pinene.l’?

From an industrial point of view, the most important product coming from pinene oxide is
campholenic aldehyde. The most active and selective catalysts for the isomerisation of
pinene oxide into campholenic aldehyde are the homogenous Lewis acid catalysts ZnCl,
and ZnBr, 13 However, the use of zinc halides has several drawbacks. The low reaction
rates (turn over numbers lower than 20)*'4 and the fast deactivation require a high catalyst
to substrate ratio. Additionally, the aqueous extraction of the catalyst produces a
considerable amount of heavy metal contaminated waste.[? Zeolites, zeotype materials
and MOFs have also been explored as Lewis acids and proved to be promising

heterogeneous catalytic materials for overcoming the mentioned drawbacks.[*15117]

In conclusion, terpenes constitute a very versatile class of natural products that can be
transformed into a wide range of commercially valuable products, e.g. for fragrances,
flavours, pharmaceuticals, chiral building blocks and useful synthetic intermediates. The
reactions applied for these transformations comprise reactions, such as isomerisation,
hydration, condensation, hydroformylation, hydrogenation, cyclisation, oxidation,

rearrangement, and ring contraction/enlargement.
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2.8 Sustainable Thermoplastic Polymers from Terpenes

Since a-pinene, B-pinene, myrcene and limonene are relatively easy to isolate at low cost
and show high abundance, they are, despite the vast number of different terpenes
available, the most widely studied terpenes for polymerisation applications.**® This

chapter will therefore focus on these terpenes as renewable raw materials for polymers.

2.8.1 Direct Polymerisation

2.8.1.1 Homopolymers of B-pinene

It was in 1798, when Bishop Watson published the possibly first report of a polymerisation
of B-pinene. He recorded that the addition of a drop of sulfuric acid to turpentine resulted
in the formation of a sticky resin. However, it took another one and a half centuries before
the first systematic studies of polymerisations based on terpenes were reported.*®! Early
research mainly focused on B-pinene instead of a-pinene because it has a sterically more
accessible exocyclic double bond. In addition, it has two alkyl groups with electron
donating effects at the double bond, stabilising the carbenium ion that is formed during
cationic polymerisation. Roberts and Day carried out the first studies of the cationic
homopolymerisation of B-pinene in 1950 using Friedel-Crafts conditions (see Figure 22,
A).*2% Used as a catalyst, aluminium trichloride forms a strong proton donor after reacting
with water and subsequently protonates the double bound. The formed carbenium ion
rearranges to a para-menthene type carbenium ion which starts and propagates the
reactions. The polymerisation is driven by the high reactivity of the exomethylene double
bond, the breaking of the highly strained fused cyclobutane ring and the formation of the
relatively stable para-menthene carbenium ion, leading to a solid polymer with a molecular

weight of around 2 kDa.[*18l

Lu et al. presented the first example of a living cationic polymerisation based on B-pinene
in 1997.121 Using a-chlorodiethyl ether as initiator and titanium trichloride isopropoxide
(TIiCl3(QOiPr)) as activator in the presence of tetrabutylammoniumchloride (nBusNCI) in
dichloromethane at temperatures between -40 to -78 °C, molecular weights of up to 5 kDa
and a narrow dispersities of © = 1.1 to 1.2 were achieved. The authors confirmed the living

nature of the system with the linear increase of M, with monomer conversion.

38



Theoretical Background and State-of-the-Art

AICl; + H,0 H*[AICI;OHT

H* [A|C|3OH] Isomerlsatlon B—Pinene
@ —_—
Isomerisation
+ transfer
: : Propagation

®

Ok M

Poly(B—pinene)

B)  AICI;OPh,

l OPh,

"A|C|3OH Isomerlsatlon o
o+ no ®--- AICI30H --- OPh,

B—Pinenel

ALCl,

Poly(B—pinene)

Figure 22: Cationic polymerisation of B-pinene: A) General mechanism catalysed by AICIs;[*?° B) Proposed

mechanism using H20/AICIzOPh; as initiating system.[122]

In order to decrease the relative kinetic contribution of the transfer reaction with respect to
chain propagation, the polymerisation reaction needs to be carried out at low
temperatures, such as -78 °C, to be able to obtain polymers with higher molecular

weights.*8 However, such temperatures are incompatible with industrial requirements.

Yu et al. aimed to overcome these issues by applying Schiff-base nickel complexes in
conjunction with methylaluminoxane (MAQ).'23 The catalytic system was employed at
40 °C and polymers with a molecular weight of M, = 11 kDa were obtained.

More recently, Satoh and co-workers established a synthesis protocol for a high molecular
weight hydrogenated poly(B-pinene) with useful properties such as good processability,
high optical transparency, non-hygroscopicity, high mechanical strength, and excellent
thermal properties.*?* 125 The polymerisation was achieved by using ethylaluminium
dichloride (EtAICIy)/diethyl ether in a solvent mixture of dichloromethane and n-hexane

and a halide as the initiator at -78 °C and resulted in a molecular weight of M, > 40 kDa.
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The post-modification hydrogenation was performed in order to increase the durability,
optical properties and thermal resistance. It yielded a conversion > 99% using n-hexane
at 1 MPa hydrogen pressure with a Pd/aluminium oxide (Al.Os) species as a catalyst and
resulted in a material possessing mechanical strength (> 70 MPa) comparable to

commercial polymers.

To overcome synthesis procedures that involve cryogenic temperatures and catalysts
such as Schiff-base nickel complexes, which are not commercially available but need a
multistep synthesis and expensive MAO activators, Kukhta et al. investigated
commercially available aluminium chloride etherates (AICIsOPh;) for room-temperature
polymerisation of B-pinene (see Figure 22, B).!?21 The obtained polymers possessed a
molecular weight in the range of 9-14 kDa and glass transition temperatures (T,) of 82-
87 °C, demonstrating that it is possible to synthesise homopolymers of B-pinene at
ambient temperatures and with inexpensive catalyst systems. One important factor for the
achievement of higher molecular weight was thought to be the in situ generation of a
weakly nucleophilic counter anion through the interaction of AICIzOH" with diphenyl ether
that leads to the suppression of chain transfer reactions (see Figure 22, B).['?2

2.8.1.2 Homopolymers of a-Pinene

In contrast to B-pinene, a-pinene possesses a sterically shielded and thermodynamically
more stable endocyclic double bond, instead of a reactive exocyclic one. Since this double
bond is obstructed and consequently chain growth is slower, polymerisation attempts for
a-pinene have not been as successful as for B-pinene, yielding only oligomers. Despite
the lack of reactivity, many approaches for the polymerisation of a-pinene have been
reported, on account of a-pinene being the most naturally abundant terpene.*8 The first
polymerisation was published by Roberts and Day in 1950. However, using a Lewis acid
resulted in very low yield and only oligomer formation.*?°l Other groups improved the
cationic polymerisation approach by combining Lewis acids with antimony trichloride
(SbCl;) as activator.*?! The polymerisation was carried out in toluene at -15 °C using
aluminium chloride and ShCls as catalyst system yielding poly(a-pinene) with a molecular
weight of M, = 1.1 kDa. SbCl; is able to co-catalyse the polymerisation by stabilising the
growing carbenium ion, favouring propagation. Interestingly, the addition of SbCls to a
polymerisation of B-pinene is rather detrimental concerning reaction rate and molecular
weight. The mechanism for the polymerisation of a-pinene involves two different pathways
(see Figure 23). The first forms a para-menthene intermediate, as obtained during the

B-pinene polymerisation mechanism, whereas the second pathway involves the
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isomerisation into a saturated secondary bornane isomer.’?” The main chain of the

resulting poly(a-pinene) contains both repeating units.

?/R a-Pinene R
— —_—
® Rr ®
é@/}? a-Pinene R
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Figure 23: Two proposed mechanisms for the polymerisation of a-pinene.[118l

2.8.1.3 Polymerisation of Limonene and Myrcene

For the polymerisation of limonene, different cationic polymerisation procedures have
been described, including the application of a Ziegler-type catalyst. However, only low-
molecular weight polymers have been achieved.*?® 281 Brum et al. recently studied the
cationic polymerisation of limonene in more detail using AICl; and obtained a molecular
weight around of 0.5 kDa and low conversion, which was attributed to chain termination

via B-elimination.[*29

It is generally assumed that cyclic monoterpenes do not undergo radical
homopolymerisation due to their high reactivity and ability to act as chain transfer
agents.!1% Although there are a few studies that report radical homopolymerisation using
azobisisobutyronitrile (AIBN), the obtained products are only oligomers (M, ~ 0.9 kDa).[*30
181 To achieve higher molecular weight and useful properties based on free-radical
polymerisation of monoterpenes, they are used as co-monomers in the polymerisation of
auxiliary synthetic monomers. In this context, many radical co-polymerisations of limonene
with methacrylates,*3? 131 acrylonitrile,*** styrenel**s and N-vinyl pyrrolidone**® have
been reported. One example was descirbed by Kamigaito and co-workers who co-

polymerised limonene and maleimides via radical polymerisation (see Figure 24).1*37. 138l
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Figure 24: Copolymers obtained by sequence-regulated radical copolymerisation of limonene and

functionalised maleimide derivatives.[138l

The polymerisation was conducted in 1,1,1,3,3,3-hexafluoro-2-phenyl-2-propanol and
resulted in a 1:2 (limonene-maleimide) statistical copolymer with molecular weights (Mn)
up to 16.9 kDa.

While the introduction of synthetic co-monomers into the monomer feed increases the
molecular weight and the material properties, it reduces at the same time the sustainability

of the obtained polymers.

The acyclic monoterpene myrcene can be readily obtained by pyrolysis of 3-pinene or from
the essential oils of various plants.**? |ts three double bonds make myrcene an attractive
candidate for cationic or radical polymerisation. Recently, Sarkar and Bhowmick
introduced an environmentally benign emulsion polymerisation technique for the
preparation of polymyrcene (see Figure 25, A).1% The polymerisation was initiated by
ammonium persulfate (APS) and resulted in high molecular weights (up to 93 kDa) and a
very low glass transition temperature of -73 °C. Additionally, the polymer exhibited shear
thinning behaviour, making it a promising candidate in the field of bio-based elastomers.
More recently, Hilschmann and Kali presented the first approach to polymerise myrcene
in a controlled way by applying reversible addition-fragmentation chain-transfer (RAFT)
polymerisation (see Figure 25, B).!#1 Using AIBN as initiator and ethyl
2-[(ethylthio)thiocarbonylthio]propionate as chain transfer agent, the polymerisation was
run in bulk at 65 °C for three days. The obtained polymer showed low dispersities between
1.1 and 1.4 and exhibited a glass transition temperature of -60 °C. Nuclear magnetic
resonance (NMR) spectroscopy validated that the polymer consisted of 96% 1,4 units,

both cis and trans.
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Figure 25: Two polymerisation procedures for the synthesis of polymyrcene: A) Emulsion polymerisation;140]
B) RAFT polymerisation.41]

In 2014, a way of utilising myrcene for the synthesis of thermoplastic elastomers (TPES)
was presented by the group of Hillmyer and Hoye.** The authors synthesised an ABA
triblock co-polymer by living anionic polymerisation (see Figure 26). Besides myrcene, a-
methyl-p-methylstyrene (AMMS) was used as the second co-monomer. AMMS can be
obtained from limonene via a one-step dehydrogenation reaction applying Wacker-type
reaction conditions.**®! For the synthesis of the triblock co-polymer, myrcene (MYR) was
sequentially added to a solution of living poly(a-methyl-p-methylstyrene) (PAMMS-Li) to
yield living PAMMS-PMYR-Li. Then, dichlorodimethylsilane, which served as a coupling
agent, was added to the solution leading to PAMMS-PMYR-PAMMS triblocks. The
resulting bio-renewable thermoplastic elastomer showed ultimate elongation of up to
1300%, low energy loss recovery attributes and competitive tensile strength compared to
petroleum-derived styrenic TPEs. Additionally, the upper service temperature is about
70 °C higher than for current styrenic TPEs, making it attractive for high-temperature

applications.

43



Theoretical Background and State-of-the-Art

sBuLi
MYR
—>° \/\ o > \/\/\ o
THF, -78 °C 78 to -10 °C
PAMMS-Li PAMMS-PMYR-Li Me,SiCl,
AMMS 0°C

\/\\/\s:u\/\/\

PAMMS-PMYR-PAMMS

—SiMez

2

Figure 26: Synthesis of PAMMS-PMYR-PAMMS triblock copolymer by sequential anionic polymerisation of a-
methyl-p-methylstyrene  (AMMS) and myrcene (MYR) and subsequent coupling  with
dichlorodimethylsilane.[42

In conclusion, most of the direct polymerisation approaches of terpenes resulted in
polymers that do not meet the requirements of commercially used plastics since they often
lack the necessary properties. In this case the path of polymerising terpenes directly is
futile even if the utilisation of renewable raw material is very desirable. For that reason,

new approaches for the polymerisation of terpenes are highly appreciated.

2.8.2 Polymers from Functionalised Terpenes

Apart from the discussed direct polymerisation of terpenes, much research is focused on
the controlled and sustainable functionalisation of terpenes to transform them into
monomers for renewable polymers that can compete with current plastics. The following
chapters show selected examples for the functionalisation of the terpenes a- and 3-pinene,
limonene, myrcene, carvone and menthol; including the subsequent polymerisation

methods.

2.8.2.1 a-/B-Pinene and Limonene

In order to establish a different way to polymerise unreactive a-pinene by radical
polymerisation techniques, Satoh and Kamigato quantitatively converted a-pinene into
pinocarvone under visible-light irradiation. Pinocarvone possesses a reactive exo-

methylene group conjugated to the ketone moiety (see Figure 27).44 The bicyclic vinyl
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ketone was then homopolymerised via radical ring-opening polymerisation. After a
reaction time of 18 h in hexafluoroisopropanol (HFIP) and with AIBN as initiator, a polymer
with a high molecular weight of 26 kDa and a high glass transition temperature of 162 °C
was obtained. The resulting polymer contained chiral six-membered rings with conjugated
ketone units in the main chain and exhibited optical activity dependent on the number of

ring-opened units.
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Figure 27: Selective ring-opening radical polymerisation of a-pinene-derived pinocarvone.[144

Recently, Howdle and Stockmann et al. developed new pinene- and limonene-based
monomers through the addition of acrylate and methacrylate functionalities that can
undergo free-radical polymerisation (FRP) (see Figure 28). Starting from a- and B-pinene
and limonene, the terpenes were transformed into alcohol derivatives by a hydroboration
and oxidation sequence. In the case of (R)-(-)-carvone, reduction of the ketone
functionality to the alcohol was achieved by lithium aluminium hydride. Considering the 12
principles of green chemistry, both procedures are unfavourable, since stoichiometric
amounts of by-products are formed, resulting from the use of boranes and lithium
aluminium hydride. The introduced alcohol functionality was then esterified using acryloyl
or methacryloyl chloride with triethylamine as a base yielding (meth)acrylate monomers.
In order to make the reaction “greener” and more sustainable by avoiding the use of toxic
acryloyl and methacryloyl chloride, the authors established a reaction protocol using
acrylic and methacrylic acid, which might become commercially available from renewable
resources in the near future.*'® The esterification was then promoted by propyl
phosphonic anhydride, only resulting in an environmentally benign, water-soluble
triphosphate by-product. The monomers were polymerised by FRP with AIBN as initiator
yielding polymers with molecular weights up to 24 kDa and glass transition temperatures
ranging between 12 and 142 °C. By varying the terpene and acrylic acid starting material,
the properties of the resulting polymer were tuned, making the approach an interesting

candidate for useful polymers from renewable resources.
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Monomer synthesis and free-radical polymerisation (FRP)
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Figure 28: Synthesis of acrylate and methacrylate monomers based on various terpenes followed by free-

radical polymerisation.[*4%!

To overcome the two-step synthesis of the monomers, the authors also introduced a more
efficient one-step synthesis protocol for the methacrylic monomer based on B-pinene. The
new catalytic protocol incorporates acrylates at allylic positions using C-H oxidation. The
best conditions were found to be two equivalents of benzoquinone (BQ) and 2 mol%
palladium(ll) acetate in air at 50 °C, yielding 82% product. However, the use of
stoichiometric amounts of BQ also leads to considerable amounts of waste which

significantly decreases the sustainability of the reaction.
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Figure 29: Catalytic C-H oxidation/coupling of B-pinene with methacrylic acid in a one-step procedure.145]

Coates and co-workers used limonene oxide for the co-polymerisation with anhydrides. 246!
The catalyst chosen was a highly active B-diiminate (BDI) zinc acetate catalyst that was
previously shown to be highly active for the co-polymerisation of epoxides with CO» (see
below (Figure 32)).141 In the case of limonene oxide and maleic anhydride, the resulting
novel aliphatic polyesters exhibited a molecular weight of M, = 12 kDa, narrow dispersity

of 1.1 and a glass transition temperature of 62 °C. In 2011, Thomas et al. reported a new
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strategy for the synthesis of alternating polyesters from dicarboxylic acids and epoxides
based on tandem catalysis (see Figure 30).1%® The authors found that commercially
available salen complexes were efficient catalysts for the cyclisation of dicarboxylic acids
with commercially available dialkyl dicarbonates. When full conversion was indicated by
NMR spectroscopy after a reaction time between 0.5 and 10 h at 40 °C in tetrahydrofuran
(THF), volatile by-products were removed, and the resulting monomers polymerised
without further purification. For the polymerisation step, the epoxide was added in toluene
and the reaction was conducted at elevated temperatures. Tested epoxides include the
terpene-based pinene oxide and limonene oxide, which gave molecular weights of up to
M, = 8.4 kDa and M, =27 kDa, respectively. Inspired by the work of Coates et al.,
Duchateau and co-workers investigated the copolymerisation of limonene oxide and
phthalic anhydride, using metal salen catalysts.**° The authors found that chromium and
aluminium catalysts in combination with the onium salt PPN*CI- performed best.
Additionally, the authors investigated the application of various mono-, di-, and trifunctional
chain transfer agents including alcohols, acids and amines to afford (poly)-functionalised

polyesters.

-2 COy
Anhydrides:
Epoxides:

SN Qe P

M= Cr-Cl, AI-Cl, Co, Mn-ClI

Figure 30: Tandem synthesis of aliphatic polyesters from epoxides and anhydrides. Salen-complexes are
efficient catalysts for the cyclisation of dicarboxylic acids and the subsequent polymerisation of the resulting

anhydride with epoxides.[14]
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In 2015, Coates and co-workers similarly described the alternating copolymerisation of
propylene oxide with terpene-based cyclic anhydrides catalysed by chromium, cobalt and
aluminium salen complexes (see Figure 31).!°%0 The anhydride monomers were
synthesised by Diels-Alder reaction of maleic anhydride with 1,3-cyclohexadiene,
a-phellandrene and a-terpinene, respectively. The authors found a high dependency of
the polymerisation conditions and the choice of catalyst on the molecular weight
distribution, the glass transition temperature and the relative stereochemistry of the diester
units along the chain. When the Diels-Alder adduct of a-terpinene and maleic anhydride
was co-polymerised with propylene oxide, catalysed by an aluminium salen complex, the
resulting polymer exhibited a high molecular weight of M, = 55.4 kDa, narrow dispersity
(P = 1.3) and a high glass transition temperature of 109 °C. The low cost of the monomer
and the high bio-content make these polyesters an interesting alternative to fossil-based

high-T4 polymers.
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Figure 31: Cyclic anhydride comonomers: The first three were obtained by reacting 1,3-cyclohexadiene, a-
phellandrene and a-terpinene, respectively, with maleic anhydride in a Diels-Alder reaction. The fourth was

obtained by catalytic hydrogenation of the third one.[5]

Another promising approach for the transformation of limonene into bio-based and
potentially bio-degradable polymers is the ring-opening copolymerisation (ROCOP) of
limonene oxide with CO; to produce linear polycarbonates. Coates and co-workers utilised
BDI zinc acetate complexes for the polymerisation on account of their high activity known
from prior research on the co-polymerisation of petroleum-based cyclohexene oxide and
CO; (see Figure 32)1%1 The authors studied the effect of temperature, pressure and
various ligands on the molecular weight and the dispersity of the resulting polymers.[*52
Under optimised conditions of 0.2 mol% catalyst over 24 h at 25 °C and 7 bar CO,, a high
molecular weight regio- and stereoregular alternating polycarbonate (M, = 25 kDa), with a
narrow dispersity of £ =1.16 was obtained. At higher temperatures (50 °C), the
copolymerisation yielded the regioirregular poly(limonene carbonate) with a broadened
molecular weight distribution (P = 1.34) and 13% cis-isomer in the co-polymer. The

drawback of this polymerisation technique is the superior selectivity to the trans-limonene
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isomer compared towards the cis-isomer, leading to a considerable amount of unreacted

starting material.
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Figure 32: Copolymerisation of trans- and cis-(R)-limonene oxide and CO: using B-diiminate zinc acetate
complexes as catalyst.[52]

In order to overcome this disadvantage, Greiner et al. established a synthesis protocol for
the stereoselective synthesis of trans-limonene oxide without hydroxy impurities (see
Figure 33).144 The synthesis protocol starts with a slightly modified procedure of the two-
step synthesis of trans-limonene oxide from (R)-limonene developed by Gurudutt and
coworkers.’5® The first step involves the synthesis of the endo-cyclic bromohydrin (regio
and stereoselective for limonene) with N-bromosuccinimide (NBS) in agueous acetone. In
a second step, the bromohydrin is transformed into the corresponding epoxide by the
addition of aqueous sodium hydroxide (see Figure 33, A). However, the obtained product
contained impurities with hydroxyl groups that could neither be removed by simple
distillation nor by chromatographic methods, but act as chain transfer agent and lower the
molecular weight in polymerisations. Therefore, the hydroxyl groups were masked through
O-methylation via Williamson ether synthesis with sodium hydride as deprotonating agent
and methyl iodide as O-methylating moiety (see Figure 33, B). The methylated mixture
was then fractionally distilled resulting in 85% trans-limonene oxide and mainly cis-
limonene oxide as by-product. The monomer synthesis and the subsequent
copolymerisation were conducted in kilogram-scale and yielded 1.2 kg poly(limonene
carbonate) with a very high molecular weight of 109 kDa and a low dispersity (P = 1.13).
To remove the B-diiminate zinc acetate catalyst from the polymer without precipitation,
which  would require considerable amounts of solvent, amide coupled
ethylenediaminetetraacetic acid (EDTA) on silica was applied. EDTA on silica was easily

filtered from the solution reducing the amount of organic solvents employed by a factor 10,
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compared to standard precipitation methods. The high glass transition temperature of
130 °C, which is close to that of bisphenol A (BPA)-based polycarbonate, and the
transparency make the obtained poly(limonene carbonate) a promising candidate for bio-
based coating materials. Albeit efficient, a less hazardous masking agent than
iodomethane has yet to be reported for such reactions.

OH
> Br
A NBS
) acetone/H,0 NaOHnq
: 0-25°C,1 h : 60°C, 2 h :
X P X
90% 80%
NaH
B) + R-OH + Mel > + R-OMe
1.1h,0°C
2.24 h, 20 °C

Figure 33: A) Stereoselective synthesis of trans-limonene oxide via the corresponding trans-bromohydrin and

subsequent ring-closing by the addition of a base; B) O-Methylation of OH-impurities with sodium hydride and
methyl iodide.[*4

Greiner et al. showed that the double bond, which poly(limonene carbonate) possesses in
every repeating unit, can be exploited for further chemical modifications.**¥ Thiol-ene
reactions proved to be a versatile technique for introducing hydrophilicity, pH-dependent
solubility or antibacterial activity (by functionalisation with quaternary amines) to the
polymer. By addition of butyl-3-mercaptopropionate, the thermoplastic poly(limonene
carbonate) was turned into a rubbery material. The authors also demonstrated a synthetic
route to obtain the saturated counterpart of poly(limonene carbonate), which has a lower
reactivity and therefore exhibits improved heat processability which is important for
extrusion and injection moulding. Kleij and co-workers, post-synthetically modified
poly(limonene carbonate) to synthesise poly(limonene dicarbonate) (PLDC) in two
steps.[*¥ In the first step, the double bonds of poly(limonene carbonate) were epoxidised
to obtain poly(limonene-8,9-oxide carbonate) using meta-chloroperoxybenzoic acid
(mCPBA). Then, in the second step, the epoxy groups of poly(limonene-8,9-oxide
carbonate) were reacted with CO, applying an air-stable Al(lll) complexes as catalyst. The
obtained PLDC exhibited molecular weights of up to 15.3 Da and tuneable and very high
Tg values of up to 180 °C. Another way to obtain PLDC was demonstrated by Sablong et

al. by polymerising limonene dioxide with CO, using a zinc B-diiminate complex as
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catalyst.**¢! The obtained poly(limonene-8,9-oxide carbonate)s showed glass transition
temperatures up to 135 °C and were subsequently converted into PLDC by CO. insertion
catalysed by lithium bromide. Additionally, the authors demonstrated the modification of
the epoxy groups present in these polycarbonates using thiols or carboxylic acids in
combination with lithium hydroxide or tetrabutylphosphonium bromide as catalysts,
respectively. The molecular weight of the functionalised polycarbonates ranged between
11.8 and 14.2 kDa. Kleij and Martin further exploited the double bond of limonene in
polycarbonates via thiol-ene cross-linking.*>” For this, the authors prepared terpolymers
derived from non-functional cyclohexene oxide, functional limonene oxide and CO; using
a binary combination of an Al"'(aminotriphenolate) complex (see below, Figure 48) and
bis(triphenylphosphine)iminium chloride (PPNCI) as catalytic system. The obtained
polycarbonates featured a controllable number of olefinic groups in their terpolymer
backbone, which were subsequently crosslinked through thiol-ene reactions with dithiols
such as 1,2-ethanedithiol. After crosslinking, the networks showed improved thermal
properties and glass transition temperatures of up to 150 °C. Koning and Williams et al.
also investigated the thiol-ene crosslinking reactions of low molecular weight
poly(limonene carbonate) (M, =4.2 kDa) obtained with the aforementioned binary
catalytic system.!*%8 The low molecular weight was targeted to minimise the melt viscosity
with regard to the desired coating applications. For the cross-linking reaction, the
commercial trithiol trimethylolpropane tris(3-mercaptopropionate) was used in the
presence of a photo-initiator. The resulting thermosets were evaluated as coatings,

showing promising properties in terms of scratch and solvent resistance.

In 2015, Coates et al. synthesised enantiomerically pure, regioregular isotactic poly((R)-
limonene carbonate) as the first example of an amorphous, enantiomerically pure polymer
that became crystalline via stereocomplexation with its complementary enantiomer
poly((S)-limonene carbonate).*> As with other biodegradable stereocomplex polymers,
the authors suggested biomedical uses, such as drug delivery, tissue engineering and

nanostructured surfaces as potential applications.

Photoinitiated cationic ring-opening polymerisation constitutes another method for the
utilisation of limonene oxide and a-pinene oxide as renewable raw material for polymers.
Crivello et al. investigated the reactivity of these monomers for cationic polymerisation
using diaryliodonium salts and triarylsulfonium salts as photoinitiators.®® The study
showed that a-pinene oxide is more reactive than limonene oxide, since it is able to
simultaneously undergo ring-opening reaction of the epoxide group and of the cyclobutane
ring, however, it also undergoes undesirable side reactions. Due to the competing side

reactions, the cationic ring-opening polymerisations of limonene oxide and a-pinene oxide
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result in low-molecular weight polymers, limiting the use of these monomers for the
production of homopolymers. However, as demonstrated by the authors, these bio-
sourced terpene epoxide monomers are highly beneficial as co-monomers in
photoinitiated cationic crosslinking polymerisations (see Figure 34). The benefits of adding
these monomers to crosslinking photocopolymerisations with multifunctional epoxide and
oxetane monomers included lowered viscosity, polymerisation rate enhancement and

shortening of the induction periods.

9 o

Figure 34: Structural elements of the co-polymers derived from limonene oxide and a-pinene oxide with 1,2-
epoxydecane. 160

Thiol-ene additions are known to proceed either through a free-radical addition mechanism
when initiated by light, heat or radical initiators or a Michael addition mechanism when
catalysed by a base or a nucleophile (see thia-Michael addition). Radical thiol-ene
additions represent an interesting reaction type for the efficient introduction of functional
groups into terpene monomers, as well as for their polymerisation. The reaction between
an aliphatic thiol and an alkene leads to anti-Markownikow addition products and has been
extensively used over the past century.*sY Due to the tolerance of various functional
groups, regioselectivity, compatibility with water and oxygen, generally high yields and
reaction rates, together with a high atom efficiency, thiol-ene reactions can in some cases
be considered as “click” reactions, when they comply with most of the “click” features.[*62
1631 Although the thiol-ene addition can start via self-initiation,*%4 it is usually performed
with a radical initiator such as AIBN or 2,2-dimethoxy-2-phenylacetophenone (DMPA). In
the first step, a radical provided from the radical initiator reacts with the thiol to form a thiyl
radical (see Figure 35). Then, the alkene reacts with the thiyl radical resulting in a
secondary carbon radical. This reaction step is reversible and thus cis/trans isomerisation
is possible.'®sl The secondary carbon radical, in turn, undergoes an irreversible chain
transfer reaction with another thiol, yielding the desired addition product and a new thiyl

radical, starting the reaction cycle again.
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Figure 35: General mechanism of thiol-ene additions.[*6¢]

Radical thiol-ene reactions can be applied either as a polymerisation technique for AA- or
AB-type monomers, or to introduce polymerisable functional groups into monomers for the
subsequent polymerisation. In 2011, the Meier working group chose the latter approach to
synthesise various difunctional and heterodifunctional monomers for polyester synthesis
(see Figure 36).1%" The two double bonds in limonene (exocyclic and endocyclic) possess
considerable differences in reactivity. Therefore, it was possible to selectively functionalise
the more reactive exocyclic one and leave the endocyclic double bond unreacted to
introduce another thiol with a different functional group in a second reaction step. This led
to heterodifunctional limonene monomers. For the introduction of methyl ester and alcohol
groups, limonene was reacted with 2-mercaptoethanol and methyl thioglycolate in the
absence of solvent and radical initiator at room temperature. The authors optimised the
terpene to thiol ratios for the diaddition product, resulting in two difunctional monomers,
containing either two alcohol groups or two methyl ester groups. Furthermore, the ratios
for the monoaddition were optimised and the products were obtained in good yields after
column chromatography. Subsequently, the monofunctionalised products were subjected
to a second thiol addition, yielding two heterodifunctional monomers containing both a
methyl ester and an alcohol functionality. The polycondensations were conducted at
120 °C under reduced pressure with 5 mol% 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) as
transesterification catalyst. Even though TBD has a high transesterification activity, the
copolymerisation between the diester and the diol only resulted in oligomers. In contrast,
the homopolymerisation of the heterodifunctional monomers produced polyesters with low
molecular weights between 7.7 and 10.5 kDa and dispersities from 1.65 to 1.89. The low
molecular weight was attributed to the steric hindrance of the bulky cyclic structure of the
terpene preventing the catalyst from accessing the reactive centres. Therefore, when long-

chain fatty ester-based diols and diesters derived from castor oil were used as co-
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monomers for the difunctional limonene monomers, polyesters with M, up to 25 kDa were
obtained. In this case, long-chain fatty ester-based diols and diesters served as long-chain
spacers, reducing the effect of the steric hindrance of the bulky limonene molecule.

A) Monomer synthesis
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Figure 36: A) Monomer synthesis via diadditions or mono- and subsequent diadditions of thiols to limonene;
B) resulting monomers; C) homopolymerisation of heterodifunctional monomers a and b, respectively, and co-

polymerisation of difunctional monomers ¢ and d (yielding oligomers).[67]

More recently, in 2013, the Meier working group established a synthesis protocol for
polyamides and isocyanate-free polyurethanes based on a limonene-derived diamine,
dicarbamate and diol obtained via thiol-ene reactions (see Figure 37).1'%¢1 To synthesise
the diamine, limonene was reacted with cysteamine hydrochloride. The thiol-ene addition
was performed under UV irradiation using DMPA as photoinitiator and a small amount of
ethanol as a solvent. After column chromatography, the diaddition products of (R)-(+)-
limonene and (S)-(-)-limonene were obtained in 84 and 81% yield, respectively. In a
second step, the diamines were further transformed in order to introduce a carbamate

functionality. For the methoxycarbonylation of the diamines, dimethyl carbonate in
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combination with TBD as an organocatalyst was used, instead of toxic phosgene or
chloroformates. After 4 h at 80 °C in bulk, the limonene-derived carbamates were purified
via column chromatography and received in 82 and 79% vyield, respectively. Finally,
limonene-based diamines and the aforementioned limonene-based diesters were
copolymerised in a polycondensation reaction, catalysed by TBD at 140 °C and reduced
pressure. The resulting polyamides exhibited low molecular weights up to 7.8 kDa.
Through the combination of the limonene-based diamine monomers with less bulky, long-
chain fatty acid derived diesters or hexamethylenediamine and dimethyl adipate (Nylon
6,6), higher molecular weights up to 12 kDa were achieved. In a second approach, the
limonene-derived dicarbamates were employed for polycondensation reactions with
several renewable diols, including the formerly discussed limonene-based diol. The
obtained linear isocyanate-free polyurethanes were obtained at molecular weights
between 6.1 and 12.6 kDa.
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Figure 37: Synthesis of limonene-derived diamine and dicarbamate monomers for the synthesis of A)

polyamides; and B) polyurethanes. 28!

Additionally, in 2013, Meier, Metzger and co-workers, reported the application of dithiol-
functionalised limonene and a bio-based monomer from castor oil for thiol-ene
copolymerisations (see Figure 38). 2,9-p-Menthanedithiol is a commercially available
product, however, it was easily synthesised in high yield (90%) by thiol-ene addition of
thioacetic acid to limonene and subsequent TBD-catalysed saponification of the resulting
thioester. The synthesis procedure was adapted and slightly modified from a protocol

reported by Marvel and Olsen.*®® The thiol-ene copolymerisation of the limonene-based
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dithiol and castor oil-derived di-10-undecenyl ether (obtained via GaBrs-catalysed
reduction of 10-undecenyl 10-undecenoate) was photochemically initiated with DMPA in
bulk resulting in a high molecular weight polymer (M, = 31.8 kDa).

Monomer synthesis
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Figure 38: Synthesis of a limonene-based dithiol monomer and subsequent co-polymerisation with a castor
oil-derived diene via thiol-ene reaction.i*7l

Exploiting a similar concept as Meier et al., Zhang and co-workers used the limonene-
based diol, resulting from the thiol-ene diaddition of 2-mercaptoethanol to limonene, for
the synthesis of elastomers.*"! For this purpose, the authors reacted the limonene-based
diol with several diacids, such as sebacic acid, succinic acid, itaconic acid and maleic
anhydride, as comonomers in the presence of tetra-n-butyltitanate as catalyst and under
constant vacuum (200 mbar) via melt polycondensation. Apart from the polyester based
on maleic anhydride (M, = 186 kDa, B = 4.6), molecular weights between 3.1 and 8.7 kDa
and dispersities between 2.1 and 4.1 were achieved. To further process the obtained
elastomers, the products were mixed with dicumyl peroxide resulting in cross-linked

elastomers.

In order to synthesise a bio-based analogue of a plastic that is already in use, Colonna et
al. produced the commadity monomer terephthalic acid from limonene and butanediol from
bio-succinic acid (see Figure 39).172 After polymerisation, high molecular weight
poly(butylene terephthalate) (PBT, M, = 44 kDa) with thermal properties (Tm =222 °C)
very close to those of commercial PBT (Tm =223 °C) was obtained. However, this
synthesis protocol of bio-based poly(terephthalic acid) cannot be considered as green due

to the use stochiometric amounts of oxidising agents leading to increased waste formation.
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This shows that merely utilising a renewable resource for the synthesis of a polymer does

not necessarily lead to a commercially viable or sustainable route to a polymeric material.
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Figure 39: A) Synthesis of terephthalic acid from limonene; B) Butanediol synthesis from succinic acid; and

terephthalate polyester synthesis.[172

2.8.2.2 Myrcene

Hillmyer, Hoye and co-workers utilised ring-closing metathesis (RCM) for the synthesis of
3-methylenecyclopentene from myrcene (see Figure 40).17% Cationic polymerisation of
3-methylenecyclopentene afforded regiopure 1,4-poly-3-methylenecyclopentene with a
molecular weight of up to 22 kDa and a narrow molecular weight distribution (b = 1.21).
The polymerisation was initiated by a i-BuOCH(Cl)Me/zinc chloride/Et,O system in toluene
at -40 °C and showed excellent control of the molecular weight. The end groups were
identified as exploitable 1,3-cyclopentadienyl groups. However, drawbacks of this
procedure are the low yield of the RCM (45%) and the use of an expensive ruthenium
metal catalyst.

©)
)\/\/U\/ Grubbs Il @; R
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Figure 40: Ring-closing metathesis of myrcene to 3-methylenecyclopentene and subsequent cationic
polymerisation with i-BuOCH(Cl)Me/Lewis Acid/Et20 in toluene.l*7l

2.8.2.3 Carvone and Menthol

(4S)-(+)-Carvone is the main constituent of caraway (Carum carvi) and dill (Anethum
graveolens) seed oil, whilst (4R)-(+)-carvone is the main constituent of spearmint (Mentha
spicata).*” Dihydrocarvone can be produced by the hydrogenation of carvone or by the

oxidation of limonene. Hillmyer, Tolman and co-workers oxidised dihydrocarvone to the
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corresponding epoxylactone using mCPBA (see Figure 41).17 The resulting epoxylactone
was applied as multifunctional monomer and cross-linker for ring-opening polymerisations
(ROP). However, homopolymerisations using diethyl zinc or tin(ll) 2-ethylhexanoate
resulted in low molecular weight oligomers with apparent M, values of less than 2.5 kDa.
Co-polymerisations between e-caprolactone and 0.3 to 50% of the epoxylactone, in turn,
yielded cross-linked materials with shape memory properties. In another study by Hillmyer,
Tolman and co-workers, the authors chose Oxone® as the oxidant for the Baeyer-Villiger
reaction to avoid the epoxidation of the terminal double bond of dihydrocarvone (see
Figure 41).181 The obtained dihydrocarvide was polymerised by ROP in bulk at 100 °C
using diethyl zinc as a catalyst and benzoyl alcohol as the initiator. In a second approach,
dihydrocarvone was first hydrogenated by using Wilkinson's catalyst to give
carvomenthone, which was transformed into carvomenthide using mCPBA for the Baeyer-
Villiger reaction. Carvomenthide was also polymerised via ROP. The resulting aliphatic
polyesters exhibited a high molecular weight of M, = 62.3 kDa, a narrow molecular weight
distribution (B = 1.16) and a T4 of -27 °C in the case of the poly(carvomenthide), while for
poly(dihydrocarvide) a lower M, of 10.5 kDa, a dispersity of b = 1.24 and a T4 of -20 °C
was reported. Additionally, both monomers were co-polymerised and the double bonds in
poly(dihydrocarvide) were modified by post-polymerisation reactions, such as radical-
induced crosslinking and epoxidation. It should, however, be noted that the synthesis of
the polymerizable monomers using of oxidising agents, such as Oxone® and mCPBA
cannot be considered as sustainable, since stoichiometric amounts of waste is formed

during the reaction.
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Figure 41: Retrosynthesis of dihydrocarvone and synthesis of dihydrocarvone-based lactones followed by

polymerisation to polydihydrocarvide and polycarvomenthide.[*7> 176l

Menthol is commercially available in its oxidised form, known as menthone. Similar to the

previously mentioned ROP of dihydrocarvone-based monomers, Tolman, Hillmyer et al.

transformed menthone into the lactone monomer menthide via Baeyer-Villiger oxidation

using mCPBA.771 Subsequently, menthide was polymerised by ROP using a highly active

zinc alkoxide catalyst, which allowed to perform the reaction at room temperature for 8.5 h.

The molecular weight of the resulting polyester was tuned by adjusting the monomer-to-

catalyst ratio and ranged from 3 to 91 kDa with B values below 1.6.
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Figure 42: Synthesis of menthone from menthol followed by Baeyer-Villiger oxidation to give menthide and

polymerisation of menthide using a defined Zn alkoxide catalyst.[77]
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The same group also synthesised thermoplastic elastomers based on renewable triblock
copolymers that contain polymenthide (PM).[*"® This was achieved by ROP of menthide
in the presence of diethylene glycol followed by termination with water, affording
a,w-dihydroxy polymenthide (HO-PM-OH).!”® The obtained telechelic polymer was
treated with triethylaluminium, which resulted in the corresponding aluminium alkoxide
macroinitiator. The macroinitiator was used for the controlled polymerisation of lactide to
yield polylactide-b-polymenthide-b-polylactide triblock copolymers (PLA-PM-PLA). Later,
a new method for the synthesis of PLA-PM-PLA triblock co-polymers, which show promise
as hydrolytically degradable pressure-sensitive adhesives, was reported by the same
group.® In another study, HO-PM-OH was functionalised via esterification with
2-bromoisobutyryl bromide to give bromo-terminated polymenthide.l'8Yl The latter was
used as macroinitiator for atom transfer radical polymerisation (ATRP) with methylene
butyrolactone (MBL). The obtained triblock co-polymer (PMBL-PM-PMBL) was proposed
to serve as a useful candidate for renewable high-performance thermoplastic elastomers.

Using a similar approach as for the ROP of carvone- and menthone-based lactones, the
Beckmann rearrangement can be utilised to produce lactams from menthone for
subsequent ROP. It is known that menthone can be transformed into its oxime followed by
the transformation into the corresponding lactam.[*82-184 The second regioisomeric lactam
has been reported.®® |n 2014, Rieger et al. synthesised both lactams starting from
menthone via oxime and Beckmann rearrangement.['®8! The authors also reported the
ROP of these lactams using anionic or acid-catalysed conditions. The use of potassium
as initiator and benzoyl chloride as co-initiator, however, resulted in alkyl-substituted and
stereocenter-containing oligoamides (Mn approximately 0.5 kDa). An acid-catalysed
hydrolytic procedure at 230 °C also resulted in oligomerisation, but only for lactam a (see
Figure 43). Lactam b was not converted, due to the steric hindrance of the bulky isopropyl
group next to the amino group. More recently, the Rieger working group developed a
regioselective one-step synthesis route from menthone to lactam b, using hydroxylamine-
O-sulfonic acid (HOSA).®® The procedure also proceeds via Beckmann rearrangement,
but without any necessary isolation of oxime species. Again, acid induced and neutral
ROP, this time induced by benzoylated caprolactam, produced only oligoamides. In
another approach, the free amino acid, which can be obtained by treatment of lactam b
with sulfuric acid/H,O, was first isolated and then polymerised. However,
polycondensation resulted in oligomerisation, although monomer was still present. These
findings were assumed to be due to precipitation from bulk. In 2016, Winnacker and Rieger
et al. improved the ROP of menthone-derived lactams by using sodium hydride or

potassium tert-butoxide as initiator instead of elemental potassium.*®® These changes
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allowed to perform the synthesis on a larger scale and gave materials with M, values of
1.4 to 1.9 kDa with dispersities between 2.0 and 3.0 and high melting temperatures of
around 300 °C.
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Figure 43: Menthone-based synthesis of lactams a and b, via oxime, or direct and regioselective synthesis of
lactam b with hydroxylamine-O-sulfonic acid (HOSA) followed by ROP.[187]

In conclusion, the functionalisation of terpenes prior to polymerisation has enabled the use
of polymerisation techniques other than radical and cationic polymerisations. It allowed to
apply methods such as condensation and ring-opening polymerisations achieving the
synthesis of novel polyesters, polyamides, polyurethanes and polycarbonates with useful
properties. However, only a limited amount of the examples were completely “green”
approaches. Indeed, the applied procedures for the functionalisation of the monomers
often do not meet the requirements of green and sustainable chemistry e.g. by using
stoichiometric amounts of reagents, toxic reagents or non-biobased co-monomers. This
finding further emphasises that the renewability of the monomers is not enough to achieve
“green” polymers. Therefore, the research on catalytic routes in combination with mild and
solvent-free conditions is an important step for the design of sustainable polymeric

materials.

2.9 Sustainable Thermosets from Terpenes

Thermosetting polymers are prepolymers in a viscous or soft solid state, that can be
irreversibly transformed into an insoluble, infusible polymer network by curing. The curing
of a thermosetting polymer or monomers can be induced through suitable radiation and/or
heat, and after curing the thermosetting polymer is called thermoset.'89 A necessary

requirement for the production of a thermoset via step-growth polymerisation is that one
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or more of the monomers bears three or more reacting groups per molecule. Then, a three-
dimensional, cross-linked network is formed, which cannot be reshaped, once the
chemical reaction takes place. In industry, a large variety of thermosets is used, however,
thermoset materials represent only 20% of the global plastic production.!**® Well-known
examples are phenolic and urea formaldehyde resins, unsaturated polyesters and epoxy

resins.

A commercial application for terpenes in epoxy resins is the use of limonene oxide and
dioxide as reactive diluents.**® As shown by Mathers et al., monoterpenes can also be
utilised to control the degree of crosslinking during ring-opening metathesis
polymerisations (ROMP).12% The authors investigated the influence of B-pinene, carvone,
limonene, limonene oxide and myrcene on the physical properties and thermal stability of
the ROMP of dicyclopentadiene (DCPD). As a result, the T4 values of poly(DCPD) could
be adjusted between 65 and 150 °C by adding various amounts of B-pinene. By adding
5 wt% of B-pinene, the crosslinking density was decreased, leading to a decrease in Tq
and storage modulus. However, when 10-20 wt% were added, covalently bound side
chains and noncovalently bound oligomers were formed, the latter acting as plasticiser in

the thermoset, further lowering the Tq values.

Another strategy is to use terpenes as hardeners for epoxy materials that either carry
amine or phenol groups. One example is the use of menthane diamine to decrease the
exotherm during the curing reaction of an epoxy resin (see Figure 44).11%21 Another way of
exploiting terpenes as hardeners was achieved by using terpene diphenol, which has
already been utilised to synthesise a bio-based polycarbonate through the reaction with
diphenyl carbonate (see Figure 44).11%% |t was also shown that it is possible to use limonene
for the synthesis of steric epoxy monomers by alkylation with naphthol with a Friedel-Crafts
catalyst.'% After introducing a methylene linkage between the naphthalene rings, an
epoxy resin was obtained by epoxidation with epichlorohydrin in the presence of sodium
hydroxide and poly(ethylene glycol). The epoxy resin was then cured with different curing
agents and showed a higher Tg, lower coefficient of thermal expansion, higher thermal
stability, better moisture resistance and dielectric property compared to that of bisphenol
A diglycidyl ether (DGEBA).
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Figure 44: Formula of menthane diamine and terpene diphenol that can be used as hardeners for epoxy resins
and formula of the C-alkylated product of 1-naphthol and limonene that can be transformed into an epoxy

resin.

Another concept to produce terpene-containing prepolymers is the reaction of
1,1’-(methylenedi-4,1-phenylene)bismaleimide (BMI) with limonene or myrcene at 150 °C,
as reported by Shibata and Asano.®! The curing reaction was achieved via compressing
(5MPa) at 250°C and produced cross-linked myrcene/BMI and limonene/BMI
thermosets.

Sibaja and co-workers exploited limonene and myrcene as co-monomers for the cationic
co-polymerisation with tung oil, initiated by boron trifluoride.*® Dynamic mechanical
analysis revealed the thermosetting behaviour of the copolymers. By increasing the
myrcene content, the T4 increased. Increased limonene content led to an almost linear
decrease of the Ty. The Young’s modulus ranged from 33.8 to 4.7 MPa for all tested

thermosets.

As described above, some cationic polymerisations of terpenes result in oligomers or low-
molecular-weight polymers. Along with other terpene monomers, these oligomers can be
further modified to synthesise epoxy resins and polyols.**”1Wu et al. started their synthesis
protocol by adding maleic anhydride to a-terpinene and hydrogenated the adduct in an
autoclave to obtain hydrogenated terpinene-maleic anhydride (HTMA) (see Figure 45).[1%]
HTMA was further reacted with epichlorohydrin resulting in hydrogenated terpinene-maleic
ester type epoxy resins (HTME). To prepare polyols with different hydroxyl values, HTME
was functionalised with three kinds of secondary amines (diethylamine, N-
methylethanolamine and diethanolamine). These polyols were then reacted with
polyisocyanates, catalysed by the tertiary amine groups included in the polyol, resulting in
cross-linked epoxy-urethane polymers with good chemical- and thermal resistance
properties, good impact strength and flexibilities.!*® The new crosslinked thermosets
combine the flexibility and resilience of polyurethanes with the rigidity and weathering

resistance of saturated alicyclic terpinene epoxy resins.
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Figure 45: Synthesis of polyols and polyurethanes from hydrogenated terpinene-maleic ester type epoxy resin
(HTME).[1981

Johansson and co-workers utilised limonene directly as a co-monomer in combination with
free-radical thiol-ene coupling reactions to obtain permanent networks.2%! After having
investigated the kinetics of free-radical thiol-ene photo-additions between limonene and
thiols that possess a propionate ester moiety, the authors found that the reaction taking
place at the exo-olefinic bond is about 6.5 times faster than at the endocyclic one.?°Yl The
first step in the synthesis protocol for limonene-based thermosets makes use of this
intrinsic difference in reactivity to produce branched macromonomer ene precursors by
reacting limonene with two different thiols (either tri- or tetrafunctional, see Figure 46).
Although an excess of limonene facilitates the formation of well-defined macromolecular
precursors, an initial thiol-ene ratio of 1:0.5 was chosen, since the low vapour pressure of
limonene hampers its removal via evaporation after the macromonomer formation. In a
second step, the macromonomer ene precursors were crosslinked with equimolar
multifunctional alkyl ester 3-mercaptopropionates, yielding amorphous, highly sticky and
flexible elastomers. The final poly(thioether) network showed tuneable thermo-mechanical
properties depending on the amount of unreacted thiol occluded within the thermoset that

works as a plasticiser. In addition, Johansson et al. developed a fundamental kinetic
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platform for the design of thiol-ene systems based on limonene and alkyl ester 3-

mercaptopropionates. 202

A) Synthesis of the limonene-terminated precursors
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Figure 46: A) Synthesis route for the limonene-terminated precursors. Bidirectional grey arrows denote thiol-
ene coupling between multifunctional thiols and macromonomers. B) Network formation based on equimolar

amounts of multifunctional groups.2°0

Another example for network polymers composed solely of limonene and a polythiol
co-monomer was reported by Hearon et al.?®l The authors reported a method for the
recycling of polystyrene by synthesising new poly(thioether) networks based on limonene.
First, a beverage-contaminated expanded polystyrene waste cup was dissolved in

limonene (Mw = 396 kDa). Through basic extraction and filtration, a purified solution of

65



Theoretical Background and State-of-the-Art

polystyrene in limonene was obtained. The reclamation of poly(styrene) was then
accomplished by addition of DMPA as photoinitiator and trimethylolpropane tris(3-
mercaptopropionate) (TMPTMP) as co-monomer. The mixture was heated to 140 °C for
homogeneous dissolution and poured into a preheated mould that was irradiated with UV
light. With proceeding formation of the elastomeric poly(thioether) network, phase
separation of poly(styrene) occurred, leading to polystyrene micro- and nanophases
throughout the network. To demonstrate the processability of the new material, a prototype

of a protective cover for a mobile phone was fabricated.

Yan et al. used limonene-based 2,9-p-menthanedithiol, for the synthesis of thiourethane
thermoset coatings.?®? The coatings were produced via thermal thiol-ene reactions
between sucrose soya ester and multifunctional thiols, including 2,9-p-menthanedithiol,
followed by the reaction with hexamethylene diisocyanate trimer or isophorone
diisocyanate trimer. All the coatings exhibited low chemical resistance and mechanical

properties due to the softness of the fatty acid chains in the sucrose soya ester.

Morinaga and Sakamoto also used thiol-ene reactions for network formations derived from
limonene, however, thiol-ene reactions were only used for the synthesis of multifunctional
epoxides, that were subsequently cured with branched poly(ethylenimine).2! For the
synthesis of the multifunctional epoxides, limonene oxide was reacted with polyhydric
thiols such as 1,2-ethanedithiol, TMPTMP, and pentaerythritol tetrakis(3-
mercaptopropionate) (PTM) resulting in di-, tri-, and tetra-epoxides. The cured epoxy

resins were obtained in high yields and exhibited relatively high thermal resistance.

In 2012, Mulhaupt and co-workers investigated the catalytic conversion of limonene
dioxide with CO, to synthesise cyclic limonene dicarbonate and presented the first
approach for the preparation of non-isocyanate poly(hydroxyurethanes) (NIPUs) derived
from limonene dicarbonate.’?°®! For this purpose, limonene dioxide was carbonated with
CO; in the presence of either homogeneous tetrabutylammonium bromide or
heterogeneous silica-supported 4-pyrrolidinopyridinium iodide (SiO»-(1)) (see Figure 47).
Despite the advantages of a heterogeneous catalyst in terms of easy removal, TBAB at
140 °C and 30 bar CO; pressure was preferred over SiO»-(1) (78% epoxy conversion after
120 h), since it showed better activity and full conversion was achieved after 55 h. In the
preliminary study, the authors applied the obtained limonene dicarbonate without any
purification directly for NIPU preparation, although NMR analysis revealed olefinic as well
as aldehyde by-products. First, a set of linear NIPU prepolymers possessing molecular
weights (M,) between 0.43 and 1.84 kDa and dispersities between 1.2 and 1.5 were

obtained by reacting limonene dicarbonate with commercial diamines, such as 1,4-butane
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diamine, 1,6-hexamthylene diamine, isophorone diamine or 1,8-octamthylene diamine.
Additionally, the limonene carbonate to diamine ratio was varied to gain control over the
end groups of the prepolymers. In a second approach, limonene carbonate was cured with
tri- and polyfunctional amines like citric acid aminoamides, tris(N-2-aminoethyl)amine and
amine-terminated hyperbranched poly(ethylenimines) resulting in novel thermosets.
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Figure 47: Conversion of limonene dioxide to limonene dicarbonate. 2!

Recently, Kleij et al. reported another synthesis procedure for the coupling of CO, and
highly substituted acyclic as well as cyclic terpene epoxides, including limonene dioxide
(see Figure 48).2%71 The authors used Lewis acidic Al"'(aminotriphenolate) complexes?%:
2091 as catalysts together with PPNCI as a nucleophilic additive. The reaction was usually
conducted in methyl ethyl ketone for 66 h, at 85 °C with 1.0 MPa of CO; pressure and after
chromatographic purification resulted in isolated yields in the range of 50-60% in most
cases. In general, cyclic substrates exhibited good chemoselectivity towards the cyclic
carbonate, whereas acyclic terpene oxides showed lower selectivity due to unwanted

polyether side product formation and epoxide rearrangement reactions.
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Figure 48: Coupling of terpene-based epoxides with CO:2 catalysed by Al(aminotriphenolate) complexes and

product scope.[?7]
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More recently, Milhaupt et al. reported the synthesis of limonene dicarbonate via TBAB-
catalysed carbonation of limonene dioxide with significantly improved purity and without
chromatographic separation.?!® The purification was achieved by crystallisation and
resulted in a mixture of crystalline cis/trans-limonene dicarbonate after the first
recrystallisation and isomerically pure trans-limonene dicarbonate after the second
recrystallisation. Subsequently, the crystalline limonene carbonate was used for the melt-
phase polyaddition with a commercially available dimer fatty acid-based diamine (Priamine
1074) in excess, resulting in a low molecular weight diamine-terminated prepolymer
(M, = 4.3 kDa) (see Figure 49). To increase the molecular weight, carbonated 1,4-
butanediol diglycidyl ether (BDGC) was added as a chain extender, since BDGC has a
much higher reactivity compared to limonene dicarbonate. The resulting NIPU
thermoplastics were fully bio-based and had a molecular weight of M, =22.8 kDa at
21.3 wt% limonene dicarbonate content. Besides limonene dicarbonate-derived NIPU
thermoplastics, the authors also reported a synthesis protocol for limonene dicarbonate-

based NIPU thermosets (see Figure 49).
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Figure 49: Synthesis of fully bio-based NIPU thermosets from carbonated pentaerythritol glycidyl
ether/limonene dicarbonate blends cured with 1,5-diaminopentane and synthesis of thermoplastic NIPU
copolymers via prepolymers based on limonene dicarbonate and Priamine 1074 with subsequent chain

extension by using carbonated 1,4-butanediol diglycidyl ether.[219
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For this purpose, limonene dicarbonate was blended with pentaerythritol glycidyl ether and
then cured with bio-based 1,5-diaminopentane, gained from lysine. The incorporation of
23 wt% of the rather rigid limonene dicarbonate building block into the NIPU thermoset
leads to an increase of the glass transition temperature, of the tensile strength and of the
Young’s modulus. However, embrittlement was observed at limonene dicarbonate

contents higher than 38 wt%, which was attributed to the rigidity of the limonene unit.

In conclusion, the utilisation of terpenes in thermosets comprises the direct application as
reactive diluents or as co-monomers as well as the application of functionalised terpenes.
After functionalisation, the terpene monomers can be applied as hardeners for epoxy
resins, as polyepoxides that can be cured to form networks or as co-monomers for other
thermosetting polymers. Although the methods of applying terpenes in thermosets are very

versatile, fully terpene-based thermosets are rare.

All'in all, the above described examples for the transformation of terpenes into polymeric
materials, show that these building blocks fulfil all requirements, such as abundance,
(relatively) low cost and functionality, to be a highly applicable renewable feedstock.
Although terpenes are widely used as renewable fine chemicals, they have been neglected
for the synthesis of sustainable polymers and advanced materials for a long time. This was
mainly due to the difficulties of precisely controlling the molecular and macromolecular
structures, as it is well established for polymeric materials derived from petrochemicals.
However, the interest in terpenes as starting material for polymers has increased in the
last decade, encouraged by recent accomplishments in the field of controlled

polymerisation and post-polymerisation modification techniques.

The present production of terpenes is not sufficient to synthesise commodity materials on
a large scale, but there is the potential to increase the production of terpenes by exploiting
waste streams, if the demand is rising.**® The chemically diverse nature of terpenes
makes them very promising candidates for the synthesis of low-volume speciality materials
that are directly obtainable from the renewable feedstock. To be successful in producing
sustainable polymers and fine chemicals with valuable and tuneable properties, the
polymerisation processes and the procedures for the modification of the terpenes needs
to be efficient and “green”. Catalysis plays a fundamental role for the development or
adaption of new technologies that fulfil these requirements. Especially in the case of fine
chemicals production, catalysis is often the key to enable benign reaction conditions and

to achieve the necessary selectivity.["®

The present demand towards more sustainability, in both society and research, urges the

scientific community to ensure that there are suitable solutions for environmental needs
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available. In this regard, the development of collaborations across all scientific disciplines
and industry is imperative to be able to provide sustainable polymeric materials and fine
chemicals.'8 With continuous efforts to improve their synthesis and polymerisation
technologies, and with conscientious understanding among the public, renewable
chemicals and polymers will play an ever-increasing role for future generations and a

sustainable society.

In this thesis, terpenes are assessed for their potential as renewable starting materials to

produce sustainable fine chemicals, monomers and polymers.
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3 Aims

In the previous chapters (chapter 2.7,2.8 and 2.9), the general synthetic procedures to
obtain terpene-derived chemicals described in the literature as well as industrial uses were
outlined. These approaches also apply petrochemicals, toxic reagents and non-
sustainable reaction pathways. In light of the European Commission’s initiative for a
Circular EconomyYl and a general perception that “renewability is not enough”,?'? the
development of renewable platform chemicals in a sustainable and green fashion is of high
interest. Therefore, this thesis aims for novel strategies towards the transformation of
terpenes into valuable fine chemicals and polymeric materials using green and sustainable
reaction procedures and applying the 12 principles of green chemistry as guideline in all

synthetic steps.

In particular, the field of catalytic systems used to convert terpenes into valuable chemicals
is extremely fertile for the development of new ideas, since there is a constant interest for
novel catalysts exhibiting higher activity, stability and selectivity to the desired products.
Lately, a lot of effort has been made to substitute conventional homogeneous catalysts
with heterogeneous ones to simplify catalyst separation and regeneration. In the first part
of this thesis (chapter 4.1), the use of Mn(lll) acetate as a homogeneous catalyst for the
oxidation of a-pinene is thus studied and compared to the performance of a novel Mn-
containing metal-organic framework catalyst. The focus is laid on a more environmentally
benign reaction procedure by avoiding stoichiometric reagents, such as organic
hydroperoxides, which are generally toxic and hazardous and lead to the formation of
considerable amounts of waste. Instead the aim is to adapt the reaction conditions in such
a way that oxygen from air can be used as the sole oxidant. Furthermore, different
reactions conditions are investigated in detail for the homogeneous model catalyst, Mn(lll)
acetate in order to find optimised conditions while focussing on high conversion in
combination with a high selectivity. For the purpose of “greener” reaction conditions,
commonly employed organic solvents are substituted by “greener” alternatives, e.g. diethyl
carbonate. Furthermore, to benefit from the advantages of heterogeneous catalysis, such
as easy recyclability and thus conservation of resources, a new strategy for the preparation
of a heterogeneous Mn catalyst is explored. Therefore, Mn complexes are immobilised in
a novel metal-organic framework which is synthesised via two-step post-synthetic
modification of MIXMIL-53-NH,(50) with maleic anhydride and Mn(lll) acetate. With the
aim to directly compare the efficiency of both catalysts, the reaction conditions developed
for the homogenous model catalyst are transferred to the liquid-phase oxidation of a-

pinene using the Mn-containing MOF as heterogeneous catalyst. Finally, the
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heterogeneous nature of the catalytic system is assessed to ensure that no metal-leaching
takes place which substantial limits the recyclability and leads to a metal contamination of

the organic phase including the product.

Among the selective oxyfunctionalisation of olefins, which is an important step in the
chemical chain as readily available substances can be converted into a wide variety of
valuable products, the sustainable production of cyclic carbonates is a valuable synthetic
target. Cyclic carbonates are useful as inert media, e.g. as solvent or electrolytes, and as
reactive intermediates for polymers, plasticisers and lubricants. However, the synthesis of
the starting epoxides mainly used for the production of cyclic carbonates involves
petrochemicals, powerful oxidants, and procedures that produce waste. Within the second
part of this thesis (chapter 4.2), the formation of renewable cyclic carbonates is targeted
using a- and B-pinene as substrates and applying “greener” reaction conditions. Therefore,
CO; as a readily available and non-toxic carbonyl source is assessed for the insertion into
the epoxide functionality of a-pinene oxide to directly obtain the a-pinene-based cyclic
carbonate. To profit from the mild reaction conditions of the TBD-catalysed
transesterification reaction, a strategy introducing the carbonyl functionality via
transesterification of 1,2 diols with linear organic carbonates is investigated for a- and for
B-pinane diol. With the aim to obtain B-panendiol via an environmentally benign oxidation
protocol followed by the epoxide ring-opening with water instead of a dihydroxylation
reaction using highly toxic osmium tetroxide, a procedure applying hydrogen peroxide as
benign oxidising agent and methyltrioxorhenium as catalyst was employed. Finally, the
synthesis protocol for the catalytic transesterification of a- and B3-pinanediol is compared
to existing literature procedures in order to prove the advantages of the new protocol

regarding the environmental sustainability.

Besides being useful for the preparation of platform and fine chemicals, terpenes are also
very interesting candidates for the synthesis of advanced polymers. Polyurethanes (PUs)
are indispensable in daily life, however, PUs are commercially synthesised from highly
toxic isocyanates. Non-isocyanate polyurethanes (NIPUs), on the other hand, are
available by polymerising cyclic carbonates with amines to yield poly(hydroxy urethane)s
(PHUS). Inspired by the work of Milhaupt et al., who used cyclic limonene dicarbonate as
monomer for non-isocyanate oligo- and polyurethanes (NIPU) for the first time,2% 210 the
synthesis of fully limonene-based NIPUs and their application as hardeners for epoxy
thermosets is investigated in chapter 4.3. Therefore, cyclic limonene dicarbonate and
limonene diamine are synthesised and subsequently applied as homo-bifunctional
monomers for the preparation of poly(hydroxy urethane)s. To establish green and

sustainable reaction conditions, various reaction temperatures, solvents and catalysts are
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evaluated. Moreover, the influence of the amine to cyclic carbonate molar ratio on the
molecular weight and on the end groups of the prepolymer is investigated to enable the
further application as hardener for epoxy resins. To prove the concept, the novel
poly(hydroxy urethane) prepolymers are used as renewable alternatives to petrochemical-
based curing agents in the synthesis of renewable epoxy thermosets based on soybean
oil.

Overall, this work aims to develop novel and environmentally benign routes to renewable
fine chemicals, monomers and polymers based on terpenes. It thereby paves the way for
the implementation of more sustainable routes towards the replacement of fossil-based
materials with renewable feedstocks.
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4 Results and Discussion

4.1 Aerobic Oxidation of a-Pinene Catalysed by Homogeneous
and MOF-based Mn Catalysts

Parts of this chapter and the associated parts in the experimental section were published
before: Y. S. Raupp, C. Yildiz, W. Kleist, M. A. Meier, Appl. Catal., A, 2017, 546, 1-6.%
This project has been started during this PhD canditates master thesis®?'4 and was
continued in the PhD thesis. Footnotes in the experimental section mark the respective
reactions that were carried out during the master thesis and provide detailed differentiation

between master and PhD thesis.

The aerobic oxidation of a-pinene was performed as a collaboration project with the
working group of Prof. Wolfgang Kleist. The catalytic oxidation reactions were performed
by Yasmin Raupp, whereas the synthesis of the MOF-based Mn catalyst was performed
by Ceylan Yildiz. The catalytic oxidation reactions as well as the synthesis of the
heterogeneous MOF catalyst will be discussed within this chapter with a detailed focus on
the catalysis as it was carried out by the author. Footnotes in the experimental part mark
the reactions and characterisations that have been carried out by the cooperation partner

and provide detailed differentiation.

75



Results and Discussion

Within this chapter, Mn-based catalysts were investigated for the oxidation of a-pinene
(see Figure 50). In particular Mn(lll) acetate was used homogeneous catalyst and
compared to the performance of a novel Mn-containing MOF catalyst. The heterogeneous
MOF catalyst allowed to benefit from the advantages of heterogeneous catalysis, such as
easy recovery and straightforward reusability of the catalyst facilitating waste prevention
and conservation of resources. To establish environmentally benign reaction conditions,
the use of stoichiometric reagents such as organic hydroperoxides, which produce
considerable amounts of waste and are generally toxic and hazardous, was avoided by
utilising oxygen from air as the oxidant. Additionally, diethyl carbonate, which is considered
a more sustainable alternative to conventional solvents, was employed as reaction

medium.

aerobic oxidation o
Mn catalysis
- + +
homogeneous vs. heterogeneous 0 OH

Figure 50: Graphical abstract for the aerobic oxidation of a-pinene catalysed by homogeneous and MOF-
based Mn catalysts yielding pinene oxide as main product and verbenone and verbenol as side-products.

The investigations on the manganese-catalysed aerobic oxidation of a-pinene were
started by determining optimal reaction conditions for Mn(lll) acetate as a homogeneous
counterpart to the metal-organic framework MIXMIL-53-NH>(50)-Mal-Mn that was
subsequently applied as a heterogeneous oxidation catalyst. Conversion, yield and
selectivity were optimised by variation of one reaction parameter at a time (reaction time,
solvent composition, catalyst concentration, temperature, oxidant flow rate). Reaction
products were identified using gas chromatography-mass spectrometry (GC-MS) by
comparison with authentic samples and quantified by gas chromatography (GC)
techniques (for details see experimental part 6.3.1). In the first set of experiments, the
oxidation of a-pinene was monitored at 130 °C for 24 h with continuous air flow through
the solution (50 mL min™) and a 50:50 mixture of toluene/DMF as solvent. The solvent
mixture toluene/DMF was chosen on the basis of reports on aerobic epoxidations of olefins
without radical initiators or sacrificial aldehydes using DMF as solvent.?*5-229 |n these
reports, the use of DMF was essential for the progress of the catalytic reaction and the
following mechanism was suggested: a metal-DMF complex is produced that coordinates
molecular oxygen to form a superoxo species, which then transfers the molecular oxygen

to the olefin. On that account, the suitability of DMF was tested first. For practical reasons,
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the addition of a lower boiling solvent was required to achieve adequate reflux conditions.
Since toluene has been widely used for the aerobic oxidation of alcohols at least 50%
toluene were added as co-solvent.[??!]

Applying the above-mentioned conditions, the reaction gave pinene oxide as the main

product together with verbenone and verbenol as minor side-products (see Figure 50).

First, the impact of the reaction time was studied. An increase in reaction time from 6 to
24 h improved the a-pinene conversion from 30 to 51%. In contrast, only a slight increase
of the pinene oxide yield was observed, resulting in a remarkable decrease of the
selectivity from 60 to 36% (see Figure 51). This observation is in accordance with the
studies of Jasra et al.?'® and Yu et al.l®®, who explained this observation by the high
reactivity of epoxides and thus the conversion of pinene oxide into isomeric products.

Therefore, longer reaction times were not favourable for the formation of pinene oxide.
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Figure 51: Conversion, yield and selectivity of aerobic a-pinene oxidation catalysed by Mn(lll) acetate.
Reaction conditions: a-pinene (1.00 mmol), catalyst (1.00 mol% Mn), toluene/DMF (50:50, 30 mL),
compressed air (50 mL min-1), 130 °C.

Next, the influence of the solvent was subject of investigation. Thus, the toluene/DMF ratio
was varied (50:50, 60:40, 70:30, 80:20, 90:10), proving the 90:10 mixture to be the most
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efficient solvent system. This observation might be explained by a lower concentration of
amines, which are formed by DMF decomposition at high temperature and can block the
free metal sites of the catalyst and thus limit the oxidation reaction. However, a certain
amount of DMF seems to have a positive impact on the conversion and yield of pinene
oxide, as the latter dropped if only toluene was used. This observation was also made in
earlier studies, when Baiker and co-workers discovered that the STA-12(Co)-catalysed
epoxidation of (E)-stilbene did not occur in toluene, whereas mixtures of toluene and DMF
permitted some catalytic activity,??? most likely due to a solvent co-oxidation mechanism.
A strong indication for this theory was the detection of N-formyl-N-methylformamide (FMF)
as a by-product by GC-MS, which was also found in this study. This is in accordance with
the studies of Baiker et al., who reported that olefin transformation can be accompanied
by significant DMF oxidation, leading to FMF formation.??: 2231 |n this case, the
intermediate N-(hydroperoxymethyl)-N-methylformamide derived from DMF can act as an
oxygen-transfer agent, forming FMF as result. The autoxidation of amides is accelerated
by transition metal ions and thus by the presence of the catalyst.??*l However, also the
oxidation of the olefin mediated by a transition metal peroxo species and the following
regeneration of the catalyst through oxidation of the solvent could explain the strong

influence of the solvent and its oxidation.222
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Figure 52: Autoxidation of DMF: a: thermal oxidation of DMF including the epoxidation of alkenes in DMF and

the formation of N-formyl-N-methylformamide (FMF); b: metal ion-catalysed oxidation of DMF.[223]

Ensuing investigations were focused on the effect of five different catalyst concentrations
on the conversion and selectivity. The results of the performed reactions with catalyst
amounts varying between 2.00 and 0.250 mol% are summarised in Table 7. A reaction
without catalyst was performed as blank test (Table 7, entry 6). The blank test gave 5%
conversion with only 2% product formation, conforming that the successful formation of

pinene oxide in the other reactions was truly induced by the catalyst.

Interestingly, the best conversion (62%) and yield of pinene oxide (40%) were achieved
by the lowest amount of catalyst (0.250 mol%). Conversion, yield and selectivity observed

for the reactions containing 1.50, 1.00 and 0.500 mol% catalyst were in a similar range but
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slightly lower. The reaction with the highest amount of catalyst (2.00 mol%) resulted in only
46% conversion. These findings are in accordance with the study of Lajunen et al., who
applied Co(ll) complexes for the aerobic oxidation of a-pinene. The authors also reported
that the oxidation with the largest catalyst amount was slower and produced fewer product
than the reactions with less catalyst.l'%? A possible explanation might be a bimolecular
catalyst deactivation mechanism.

Table 7: Effect of catalyst concentration on conversion and selectivity. Reaction conditions: a-pinene
(1.00 mmol), Mn(lll) acetate (as indicated), toluene/DMF (90:10, 30 mL), compressed air (50 mL min™?),
130 °C, 6 h.

Entry Catalyst conc. Conversion Selectivity (yield) [%]
[mol/%] [%0]
Pinene oxide Verbenone Verbenol

1 2.00 46 67 (31) 4(2) 5(2)

2 1.50 53 67 (35) 8 (4) 6 (3)

3 1.00 53 66 (35) 5(3) 4(2)

4 0.50 52 66 (34) 7 (3) 5(3)

5 0.25 62 65 (40) 7(4) 5(3)

6 0 (blank test) 5 52 (2) 8 (0.4) 6 (0.3)

In further experiments, the dependency of conversion and yield on the reaction
temperature was investigated (see Figure 53). a-Pinene conversion and pinene oxide yield
increased at higher temperatures. By increasing the temperature from 100 to 130 °C,
conversion and pinene oxide yield almost tripled from 19 and 13% to 53 and 36%,
respectively. As expected, the increase of the reaction temperature led to an increased
reaction rate but did not result in a significant difference in selectivity, as only a marginal

decrease from 69 to 67% was detected for the pinene oxide selectivity.??Sl

79



Results and Discussion

60
—=— conversion (130 °C)
1 yield pinene oxide (130 °C) .
50 4—— conversion (100 °C) . _
= (100 °C)
o
Q )
= 30 N —
o .
o
g
£ 207 i
(&) ///E/J
,,/V/B///' .
10 o —
0 | I I
0 , 5 |

reaction time [h]

Figure 53: Dependency of reaction temperature on conversion and yield. Reaction conditions: a-pinene
(2.00 mmol), Mn(Ill) acetate (1.00 mol%), toluene/DMF (90:10, 30 mL), compressed air (50 mL min™2).

Next, the applied air flow rates were varied from 25 to 100 mL min™! (see Figure 54). The
analysis showed that high flow rates were advantageous for the overall conversion. By
doubling the oxidant flow rate from 25 to 50 mL min?, the conversion increased from 36
to 54% and also the yield of pinene oxide increased to 35%. However, an increase in flow
rate from 50 to 100 mL min™* did not result in further enhancement of conversion, yield
and selectivity to pinene oxide. The selectivity, which amounted almost 70% in all three
experiments, did not depend on the flow rate. Thus, it can be concluded that a high oxygen
availability is crucial to this reaction, although an upper limit for the positive impact was
discovered. Another cause of the benefits from high oxidant flow rates might be assigned
to the faster removal of volatile catalyst poisons, such as dimethylamine, that could be
generated by DMF degradation.
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Figure 54: Influence of air flow rate on conversion and yield for the catalytic oxidation of a- pinene. Reaction
conditions: a-pinene (1.00 mmol), catalyst (0.500 mol% Mn), toluene/DMF (90:10, 30 mL), compressed air
(flow as indicated), 130 °C, 6 h.

Combining the findings of the performed screening reactions, a reaction time of 6 h,
toluene/DMF (90:10) as solvent mixture, 130 °C, 0.250 mol% catalyst concentration and
an air flow of 50 mL min~t gave the best result for the aerobic a-pinene oxidation catalysed
by Mn(lll) acetate. With the optimised reaction conditions, an a-pinene conversion of 62%
and a pinene oxide yield of 40% were achieved, resulting in a turnover number
(TON = [Nproduct/Ncatalyst]) Of 166 and a selectivity of 65%.

Although, Anastas and Warner recommend solvent-free procedures in their 12 principles
of Green Chemistry in this case the use of a solvent is inevitable to dissolve the catalyst.[??
As reviewed by Mallat and Baiker, the involvement of organic solvents in redox reactions
is rarely considered, although the ‘sacrificial’ solvent may take over the role of the actual
oxidising agent leading to false mechanistic interpretations of the results.??! Moreover,
the formation of solvent-derived by-products that do not belong to the actual oxidation
mechanism effects the atom economy and increases the E factor. In particular, sulfoxides
(e.g. DMSO), nitriles (e.g. acetonitrile) and amides (e.g. DMF) are known to act as

sacrificial solvents. Caps et al. also identified methylcyclohexane as an active part in the
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epoxidation mechanism of trans-stilbene.??!! Considering these studies, the choice of an

appropriate reaction medium represents a demanding task.

In this regard, both DMF and toluene are not ideal solvents for this reaction, although DMF
turned out to be an essential component for the epoxidation mechanism. In addition to the
by-product formed by DMF oxidation, GC-MS analysis of the reaction mixture also
revealed that toluene was not an inert solvent under the applied reaction conditions,
leading to considerable amounts of benzyl alcohol and benzaldehyde as by-products. To
find a more sustainable alternative for toluene, dimethyl carbonate (DMC) and diethyl
carbonate (DEC) were evaluated as co-solvents under the same reaction conditions (see
Table 8). The 90:10 mixture of DMC and DMF resulted in the lowest conversion (7%) and
yield of pinene oxide (1%), which might be caused by the lower boiling point (90 °C)
compared to toluene (111 °C) and DEC (126 °C). The 90:10 mixture of DEC and DMF
gave an a-pinene conversion of 38% and a pinene oxide yield of 23%. This mixture should
be preferred over toluene/DMF for sustainability reasons (see safety (S), health (H) and
environment (E) scores by CHEM21 selection guide: toluene: S =5, H=6, E = 3, overall
ranking = problematic; DMC: S=4, H=1, E = 3, overall ranking = recommended),??"
even if the conversion was slightly lower (compare Table 8, entries 1 and 3). Although
these data are for DMC (data for DEC is not available), they suggest a better sustainability
for the latter. Moreover, no additional by-products related to solvent oxidation were
produced (i.e. carbonates were inert solvents under these conditions). However, as
already experienced for toluene as the sole solvent, DEC without addition of DMF gave
poor conversion and yield. Moreover, if only a stoichiometric amount of DMF (Table 8,
entry 4) was used (in relation to a-pinene), both conversion (20%) and pinene oxide yield

(9%) were low compared to the reaction using larger amounts of DMF (Table 8, entry 3).
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Table 8: Solvent effect in the aerobic epoxidation of a-pinene. Reaction conditions: a-pinene (1.00 mmol),
Mn(lll) acetate (1.00 mol%), solvent (30 mL), compressed air (50 mL min™), 130 °C, 6 h.

Entry  Solvent Conversion Selectivity (yield) [%)]
(%]
Pinene oxide Verbenone Verbenol

1 Toluene/DMF 53 66 (35) 5(3) 4(2)
(90:10)

2 DMC/DMF 7 14 (1) 6 (0.4) 5(0.3)
(90:10)

3 DEC/DMF 38 59 (23) 5(2) 4 (1)
(90:10)

4 DEC/DMF 20 43 (9) 7 8 (2
(99.5:0.5)

6 DEC 11 14 (2) 4 (0.4) 5(0.3)

After having investigated appropriate reaction conditions for the aerobic a-pinene oxidation
with  Mn(lll) acetate as a homogeneous catalyst, these reaction conditions were
subsequently applied for the reaction using a novel Mn-containing MOF as heterogeneous

counterpart.

Recently, a lot of effort has been made to replace conventional homogeneous catalytic
systems by their heterogeneous equivalents to benefit from the possibility of catalyst
regeneration. This substitution contributes to avoid or simplify steps, such as catalyst
separation, etc. For this purpose, various strategies for the immobilisation of redox-active
elements in a solid matrix have been investigated. For instance, isomorphous substitution
in the crystallographic positions of an inorganic framework, deposition of metal compounds
onto surfaces, tethering metal complexes to the surface via a spacer ligand, encapsulation
into a solid matrix, etc. proved to be suitable approaches.??® Recently, metalorganic
frameworks have been considered as promising and effective catalysts for various types
of oxidations in the liquid phase (e.g. alcohol oxidation,??%-231 epoxidation,[10% 222 232, 233]
hydrocarbon oxidation,*% etc.). Advantageously, the well-distributed and well-defined
isolated metal centres of MOFs enable them to potentially combine the advantages of

heterogeneous and the efficiency of homogeneous catalysts. 234 235

In this regard, a novel Mn-containing MOF MIXMIL-53-NH,(50)-Mal-Mn was developed
and implemented for a more sustainable catalytic process. The heterogeneous catalyst
also enabled a direct comparison to the performance of the homogeneous Mn(lll) acetate

catalyst. For this purpose, a mixed-linker metal-organic framework with MIL-53(Al)
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structure containing equal amounts of terephthalate and 2-aminoterephthalate linkers was
synthesised in a modified two-step post-synthetic modification (PSM) that has been
previously reported for the generation of MOF-based single-site Pd catalysts (see Figure
55).12%1 First, the amine groups of the organic linker molecules were covalently modified
using maleic anhydride, resulting in a chelating side group at the linkers that was

subsequently used for the immobilisation of manganese complexes.
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Figure 55: Synthesis procedure for MIXMIL-53-NH2(50) and subsequent two-step post-synthetic modification

to immobilise manganese complexes.

The XRD pattern (see Figure 56) of the resulting catalyst revealed a crystalline structure
that is very similar to the simulated diffractogram for MIL-53(Al) with minor deviations that
can be explained by a breathing behaviour of the pores after the introduction of the

immobilized guest species in the pore structure. 236l
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Figure 56: XRD patterns of simulated MIL-53(Al) and MIXMIL-53(Al)-NHz(50)-Mal-Mn.

Attenuated total reflection (ATR) IR spectra (see Experimental Part, Chapter 6.3.1, Figure
94 - Figure 96) were recorded to exclude residual free acid (C=0O band expected around
1685 cm™) or solvent molecules (DMF; C=0 band expected around 1650 cm™) in the
pores of the frameworks. The N-H stretching vibrations of the amine functionalities (around
3500 cm™ and 3389 cm™), the OH stretching vibrations of the Al-OH-chains (around
3621 cm™) and the OH stretching vibrations of the maleate side group (around 3692 cm™)
were observed. *H NMR spectra of the MOF before and after immobilisation of the Mn
species proved the presence of the two linker molecules in the desired ratio (1:1) and
revealed a modification degree of ~6% of the amine groups. Results from physisorption
experiments (see Table 9) proved that the catalyst still featured a high specific surface
area and accessible micropore volume after the PSM reaction. The manganese content
of the catalyst was determined by atomic absorption spectroscopy (AAS), resulting in a
loading of 0.9 wt% (see Table 9, entry 3).
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Table 9: Specific surface areas and micropore volumes of modified MIL-53(Al) materials obtained from

nitrogen physisorption measurements. Mn content of MIXMIL-53-NH2(50)-Mal-Mn determined by AAS

measurements.
Entry  Material Seer [m?g™?] Micropore volume Mn content [wt%)]
[cm® g]
1 MIXMIL-53- 840 0.23 -
NH(50)
2 MIXMIL-53- 480 0.21 -
NH2(50)-Mal
3 MIXMIL-53- 380 0.15 0.9

NH2(50)-Mal-Mn

In a first attempt, the Mn-containing MOF catalyst showed notable activity for the aerobic
oxidation of a-pinene in a solvent mixture of DEC and DMF with a continuous feed of air
into the reaction mixture for 6 h at 130 °C. Pinene oxide was detected as the major product
by GC-MS and comparison with authentic samples (see Figure 57). Additionally, the

formation of the side-products verbenone and verbenol was observed.

S

a-Pinene Pinene oxide Verbenone Verbenol

Figure 57: Catalytic oxidation of a-pinene by MIXMIL-53-NHz(50)-Mal-Mn resulting in pinene oxide, verbenone
and verbenol as the main products (conversion: 31%, selectivities: 54, 8 and 3%, respectively). Reaction
conditions: a-pinene (1.00 mmol), MIXMIL-53-NHz(50)-Mal-Mn (0.500 mol% Mn), DEC/DMF (90:10, 30 mL),
compressed air (50 mL min™), 130 °C, 6 h.

Subsequently, the catalytic performance of the MOF-based catalyst was compared to the
homogeneously dissolved Mn salt (see Figure 58). The heterogeneous catalyst exhibited
a good activity and showed similar results as achieved with 0.500 mol% Mn(lll) acetate
under the same conditions. Indeed, after 6 h, the conversion was 31% both for the
homogeneous system and the MOF-containing catalyst. The selectivities of Mn(lIl) acetate
and the MOF-containing catalyst to pinene oxide (55% and 54%, respectively), verbenone
(7% and 8%, respectively) and verbenol (6% and 3%, respectively) were also similar. The
mass balances accounted for 68% and 65%, respectively. The remainder of the converted

a-pinene could be assigned to pinene oxide isomerisation products since the
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chromatogram showed several, very small peaks in the same region as the main oxidation
products pinene oxide, verbenol and verbenone. GC-MS analysis indicated the additional

formation of campholenic aldehyde, pinocarvone and carveol in low concentrations.

35
|—=— conversion (MIXMIL-53-NH,(50)-Mal-Mn)
304 —® Yyield pinene oxide i
(MIXMIL-53-NH,(50)-Mal-Mn)
S5 T conversion (Mn(OAc),) |
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Figure 58: Conversion and yield of aerobic a-pinene oxidation catalysed by MIXMIL-53-NH2(50)-Mal-Mn and
homogeneous Mn(lll) acetate, respectively. Reaction conditions: a-pinene (1.00 mmol), catalyst (0.500 mol%
Mn), DEC/DMF (90:10, 30 mL), compressed air (50 mL min™?), 130 °C.

To benefit from the main advantages of heterogeneous catalysis, the Mn-containing MOF
must be easily recoverable from the reaction medium and allow for a straightforward
regeneration. If these criteria are fulfilled, heterogeneous catalysis facilitates waste
prevention and conservation of resources. Therefore, the stability of the catalyst under the
applied reaction conditions has to be ensured. For the assessment of its stability, the
reusability of the MOF-based catalyst was tested by using it in five successive catalytic
reactions. After each catalytic reaction, the catalyst was filtered from the reaction mixture,
washed, dried at room temperature and reused in another a-pinene oxidation reaction
under the same conditions. The results of the recycling test showed that the catalyst was

active for at least five reaction cycles without significant loss of activity (see Figure 59).
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Figure 59: Catalytic performance of MIXMIL-53-NH2(50)-Mal-Mn in five cycles of a-pinene epoxidation.
Reaction conditions: a-pinene (1.00 mmol), MIXMIL-53-NHz(50)-Mal-Mn (0.500 mol% Mn), DEC/DMF (90:10,
30 mL), compressed air (50 mL min™t), 130 °C, 6 h.

The successful reuse of MIXMIL-53-NH2(50)-Mal-Mn may be interpreted as a first
indication that the catalytically active sites of the catalyst neither became inactive during
the reaction nor that significant amounts of Mn leached out of the catalyst. However, a
truly heterogeneous reaction pathway can only be asserted by a heterogeneity test as
proposed by Sheldon and Schuchardt et al.'%! Therefore, a hot filtration test was carried
out by filtering the catalyst from the hot reaction mixture after 3 h and continuing the
reaction for another 5 h. At the same time, a control experiment was conducted, in which
the catalyst remained in the reaction mixture. In the case of exclusive heterogeneous
catalysis, conversion and yield should remain constant after catalyst removal. In the
experiments, the conversion and yield of pinene oxide further increased slightly after
removal of the MIXMIL-53-NH;(50)-Mal-Mn catalyst (see Figure 60). However, in
comparison to the control experiment, the reaction rate was remarkably lower, indicating

that the reaction was mainly catalysed heterogeneously.
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Figure 60: Comparison of conversion and yield of a-pinene epoxidation with and without catalyst removal after
3 h (as indicated by vertical line). Reaction conditions: a-pinene (1.00 mmol), MIXMIL-53-NHz(50)-Mal-Mn
(0.500 mol% Mn), DEC/DMF (90:10, 30 mL), compressed air (50 mL min™1), 130 °C.

The observed activity despite catalyst filtration might arise from solid catalyst particles that
were too small to be removed by the filter, although minor amounts of homogeneous
species cannot be completely ruled out as an additional catalytically active species. In
summary, the recycling experiments demonstrated the reusability of the catalyst and the

advantages of a heterogeneous system. In the five consecutive runs, an overall TON of
166 was obtained.

Despite significant constraints due to the necessity of DMF as a sacrificial reductant, this
work provides evidence that the Mn-containing MOF MIXMIL-53-NH2(50)-Mal-Mn can be

considered a promising solid catalyst for aerobic oxidation reactions.
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4.2 Follow-up Chemistry for Oxidised Terpenes

4.2.1 Cyclic and Linear Carbonates from a-Pinene

Within this chapter, oxidised pinenes are evaluated as renewable starting materials for the
synthesis of cyclic and linear carbonates. For the design of new synthesis protocols, the
focus lies with the development of green and sustainable reaction procedures. Before
discussing results, the properties, applications and production of organic carbonates in

general are briefly introduced, elucidating the motivation for the presented studies.

Among linear and cyclic carbonates, dimethyl, diphenyl, ethylene and propylene carbonate
are prominent examples, which are produced on industrial scale with increasing growth
rates.”®1 Organic carbonates are particularly relevant as intermediates in the
manufacturing of fine chemicals?®®24l and as monomers for the production of
isocyanate-free polyurethanes, polycarbonates and other polymers.[2422451 |n addition, they
can be used as components of electrolytes in lithium ion rechargeable batteries, 246!
industrial lubricants,?*"l additives to gasoline?*® and components in cosmetics and
paints.?4% 2501 Due to their high solubilising power, relatively low toxicity, good
biodegradability, high boiling and flash points, and low odour and evaporation rates,
organic carbonates are well suited as aprotic polar green solvents, capable of replacing

conventional hazardous solvents, such as toluene or dichloromethane.?>1]

The conventional route to linear carbonates is a two-step process starting with the
formation of phosgene from carbon monoxide and chlorine gas, followed by the reaction
with alcohols (see Figure 61, A). Due to the high toxicity of phosgene and co-produced
hydrogen chloride, several alternative routes to linear carbonates were established. Since
the middle 1980s, a single-step process based on the copper salt catalysed oxidative
carbonylation of methanol was commercialised for the production of dimethyl carbonate
(DMC) (see Figure 61, B).1252 Another alternative route to linear carbonates is the insertion
of CO; into an epoxide, such as ethylene oxide, resulting in cyclic carbonate, which is
subsequently reacted with an alcohol, e.g. methanol. This route is nowadays mainly used
for the production of dimethyl carbonate.?>® However, it generates ethylene glycol as by-
product and involves toxic and explosive ethylene oxide as starting material (see Figure
61, C). From an environmental point of view, the direct formation of dimethyl carbonate
from CO, and methanol is the most efficient and straightforward process (see Figure 61,
D). The dehydrative condensation is carried out at elevated temperatures and high
pressures using organostannanes, titanium or zirconium alkoxides as catalysts and

acetals as dehydrating agents.?>* Another approach, which is also carried out on industrial
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scale, is the transesterification of urea with methanol. Here, only ammonia is formed as a

by-product which, in principle, can be recycled for urea synthesis with CO,.[?%!
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Figure 61: Synthesis routes for the production of linear carbonates exemplified by dimethyl carbonate. A) via
phosgene; B) by catalytic oxidative carbonylation of methanol, C) by CO: insertion into oxirane; D) dehydrative
condensation of methanol and COz; and E) by transesterification of urea with methanol.

It is worth noting that dimethyl carbonate, depending on the reaction conditions and the
applied nucleophile, can either be used as a methoxycarbonylation or methylation agent
and therefore allows replacing toxic and carcinogenic substances such as dimethyl sulfate,
methyl halides, and phosgene.!?° Its remarkably versatile reactivity arises from the two
different pathways, in which nucleophiles can react with DMC. In the first pathway (see
Figure 62, left), the nucleophile attacks the carbonyl carbon group resulting in
transesterification, while methanol is released. The second pathway (see Figure 62, right),
leads to the alkylation of the nucleophile by attacking at the methyl group of DMC. The
preferred reaction pathway depends on the reaction conditions and on the type of
nucleophile according to the HSAB theory. Aliphatic amines and alcohols, classified as
hard nucleophiles, predominantly attack the carbonyl carbon group at low temperatures
leading to reversible transesterification. At temperatures higher than the reflux temperature
of 90 °C hard nucleophiles also undergo alkylation as side reaction. Soft nucleophiles such
as anilines, phenols and carboxylates are irreversibly alkylated, while CO; is released,

which can be useful in polymer foam production. If the temperature exceeds 150 °C, both
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hard and soft nucleophiles attack the soft electrophilic site of the two methyl groups

resulting irreversible alkylation.2%”]

Transesterification Alkylation
(0] Nu hard m o m H
A G M ey
O -MeOH o} -CO,
-MeOH

Figure 62: Reactivity of dimethyl carbonate according to the HSAB theory: transesterification (left) and
alkylation (right).[257

Since their commercialisation in the mid-1950s, cyclic carbonates are valuable synthetic
targets with a wide range of applications (see Figure 63).254 Particularly cyclic carbonates
with a five-membered ring are not only useful as inert media, but also as reactive
intermediates, e.g. as alkylating agents for aromatic amines, phenols and thiols at high
temperatures.?%® Figure 63 shows various phosgene free, CO, based synthetic routes to

five-membered cyclic carbonates using carbon dioxide and their possible applications.

(0]
» R
R HO/
OH
co, or
HO R
Cco, cat.
R cat. HO\&
co,

(0]
)J\ cat.
CO, (0] o o

2ROH —= y
cat. ROJ\OR
&~ R S
lubricants
plasticisers ﬂ green solvents
polymers

\

electrolytes

Figure 63: Synthetic routes to five-membered cyclic carbonates and various fields of application.

The synthesis procedures exploit the reaction of carbon dioxide with activated alkenes or
alkynes, oxiranes and diols, and the reaction of diols with dialkylcarbonates. On an
industrial scale, the synthesis of cyclic carbonates is usually achieved via CO, and
oxiranes using Lewis acids or bases as catalysts at high temperatures and pressures.

However, the harsh reaction conditions are the limiting factor due to the excessive energy
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consumption resulting in high energy costs and high indirect carbon dioxide emission
associated with the energy production which reduces the overall sustainability of the
process. Therefore, there is a great demand for new, commercially viable catalysts that
enable reactions to proceed at room temperature and at atmospheric CO; pressure. In the
literature, numerous catalytic systems have been investigated for the coupling of CO; and
epoxides. These catalysts include transition metals,?> alkali metal salts,?%°! carbenes, 254
quaternary ammoniumi?®? or phosphonium salts,?¢® functional polymers?%* and ionic
liquids.125%!

The mechanism postulated for the formation of five-membered cyclic carbonates by
catalytic conversion of epoxides with CO. involves the ring-opening of the epoxide via
nucleophilic attack at the less hindered carbon atom by the anion X (see Figure 64). The
thereby formed alcoholate then reacts with CO,, resulting in another anion which yields
the cyclic product upon ring-closure.
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Figure 64: Proposed reaction mechanism for the synthesis of five-membered cyclic carbonates via direct

chemical fixation of CO2 with epoxides.[256]

The chemical fixation of CO; into commodity chemicals has been proposed as part of the
solution to mitigate the effects of the increased concentration of CO- in the atmosphere by
capture and sequestration. This, together with the wide availability, renewability and non-

toxicity puts the utilisation of CO; as a C; feedstock in the spotlight of academic research.
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4.2.1.1 Coupling of a-Pinene Oxide and CO-

With the aim to synthesise linear and cyclic carbonates based on pinenes, various
approaches were investigated within this chapter. Due to the aforementioned advantages
related to chemical fixation of CO2, synthesis protocols involving the coupling reaction
between epoxides and CO. were tested first. To begin with, commercially available
a-pinene oxide was chosen as substrate (see Figure 65). To date, no reaction procedure
was reported that proved to be capable of transforming a-pinene oxide into the
corresponding cyclic carbonate using CO.. Pescarmona and co-workers reported the
attempt to transform a-pinene oxide and limonene oxide into the corresponding cyclic
carbonate via CO; insertion using a novel iron pyridylamino-bis(phenolate) catalyst.
However, the presence of a methyl group on the epoxide ring imposed a significant steric

barrier for the nucleophilic attack and therefore no conversion was achieved.?%

0]
o~
cat.
+ C02 _ > i O

Figure 65: Theoretical coupling reaction between a-pinene oxide and COz: yielding a-pinene cyclic carbonate.

O

In order to find reaction conditions that enable the conversion of a-pinene oxide with CO,,
several promising literature-known procedures for the coupling of CO; with other epoxy
substrates were transferred to the reaction of CO; with a-pinene oxide. However, since in
the literature a vast amount of catalytic systems for the cyclic carbonate formation from
epoxides (other than a-pinene oxide) can be found, the search for a suitable catalytic
system needed to be specified. Employed criteria were commercial availability of the
catalyst as well as the potential co-catalyst, and in ideal case, proved activity for internal,
bulky epoxides. With these criteria in mind, four different catalytic systems were selected
(see Figure 66). The first system tested was established by Werner and Tenhumberg in
2014 (see Figure 66, A).?5 The authors combined simple amines and especially amino
alcohols with catalytically active potassium iodide for the cyclic carbonate formation from
epoxides and CO.. It was stated that the enhanced catalytic activity originates from
synergistic effects of the potassium iodide/triethanolamine system. This was explained by
the known ability of amino alcohols to complex alkali metal halides, which potentially allows
triethanolamine to act as a phase transfer catalyst increasing the solubility of the salt.

Additionally, the hydroxyl function of the amino alcohol can activate the epoxide through

94



Results and Discussion

hydrogen bonding. Furthermore, it was assumed that CO, is activated by the amino
alcohol in close approximation to the activated epoxide. By applying the catalytic system
for the coupling of different epoxides, including cyclohexene oxide as an internal epoxide,
with CO., the authors proved its activity. However, in the case of cyclohexene oxide
2 mol% potassium iodide, 2 mol% triethanolamine, 90 °C, and 10 bar CO; pressure for
two hours under solvent-free conditions resulted in a yield of only 2%. Therefore, the
authors increased temperature, pressure and time to 120 °C and 50 bar for six hours,

which led to a better result of 27% yield after column chromatography.
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Figure 66: Literature procedures for the coupling reaction between epoxides and CO2. A) Werner and
Tenhumberg;?%71 B) Millhaupt et al.;[?1% C) Shi et al.[?8l and D) D’Elia et al.[?6°]

Since these reaction conditions seemed promising also for internal epoxides, they were
transferred to a-pinene oxide. Therefore, a stainless-steel high-pressure-reactor with
PTFE inset was charged with 25.0 mmol of the substrate, 2 mol% triethanolamine and
2 mol% potassium iodide. Additionally, 10 mol% hexadecane were added as internal

standard for GC analysis. Due to the layout of the available high pressure equipment, it
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was not possible to reach 50 bar CO; pressure as used by Werner and Tenhumberg.
Instead, 35 bar CO, pressure were applied. After a reaction time of six hours, the vessel
was allowed to cool down to room temperature. Subsequently, a GC sample was taken.
However, when compared with and authentic sample and the internal standard, the
obtained chromatogram revealed that no conversion took place. It is assumed that steric
hindrance of the bicyclic a-pinene skeleton does not allow the catalyst and the co-catalyst

to activate and open the epoxide ring for CO; insertion.

In a second approach, tetrabutylammonium bromide (TBAB) was evaluated as catalyst for
the coupling of a-pinene oxide and CO; based on preliminary studies by Muilhaupt et al.
(see Figure 66, B).?2% The authors showed that it was possible to transform limonene
dioxide into the corresponding dicarbonate with CO; in the presence of TBAB. It was
proposed that the halide opens the epoxy ring resulting in an alkoxide ion. The alkoxide
ion, in turn, attacks the CO. yielding a five-membered cyclic carbonate after ring-closure.
The authors applied 2 wt% of TBAB at 135 °C and 30 bar of CO; pressure for four days
and obtained limonene dicarbonate in 18% yield after recrystallisation. However,

transferring these reaction conditions to a-pinene did not result in any conversion.

Animated by the readily available catalytic system established by Shi and co-workers, a
third attempt for the synthesis of a-pinene carbonate from CO, was carried out using a
combination of a phenol and an organic base, i.e. N,N-dimethylpyridin-4-amine (DMAP)
(see Figure 66, C).?%8 As assumed by the authors, the amine and the phenol (through
hydrogen bonding) serve as Lewis base and Lewis acid, respectively, which together co-
catalyse the reaction. In the proposed reaction mechanism, the Lewis base and the Lewis
acid work together to open the epoxy ring followed by CO; insertion and recyclisation.
Unlike the aforementioned studies, the authors evaluated the catalytic system only by the
reactions of terminal epoxides with CO,. The established reaction conditions of 4 mol%
p-methoxyphenol, 4 mol% DMAP in dichloromethane at 120 °C and 36 bar CO; pressure
for 48 h were directly applied for a-pinene oxide as a substrate. Most likely due to the same

reason as in reaction protocols above, no conversion was observed by GC analysis.

In a last approach, ascorbic acid was evaluated as an environmentally benign hydrogen
bond donor in combination with tetrabutylammonium iodide (TBAI) as nucleophilic
co-catalyst for the coupling of a-pinene oxide and CO: (see Figure 66, D). D’Elia et al.
recently showed that the binary catalytic system ascorbic acid/TBAI has remarkable
activity also for internal epoxides.!?®° This was supported by density functional theory
(DFT) calculations proving the cooperative role of the different hydroxyl moieties (enediol,

ethyldiol) of the ascorbic acid scaffold for lowering the activation barrier of CO,. As
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reported, 2 mol% ascorbic acid and 4 mol% TBAI at 100 °C and 20 bar CO, pressure for
23 h resulted in 88% vyield of cyclohexene carbonate from cyclohexene oxide determined
by 'HNMR spectroscopy. After directly transferring the reported reaction conditions to a-
pinene oxide, GC analysis revealed that five different products were formed during the
reaction. However, as analysed by comparison with an authentic a-pinene carbonate
sample (retention time: 8.4 min), carbonate formation did not take place. The obtained
product peaks (3.3 — 4.9 min) are in the region of the retention time of the starting material
(3.5 min) implying isomerisation. Also prolonged reaction times of 48 h instead of 23 h did
not lead to cyclic carbonate formation. Again, steric hindrance caused by the bicyclic a-
pinene skeleton might be the strongest reason for the obtained isomerisation instead of
product formation. Thus, harsh conditions are required, but these lead to the typically

observed side-reactions for terpenes, such as isomerisation.

4.2.1.2 a-Pinene Carbonate Synthesis via a-Pinanediol

To overcome the issues related to the sterically hindered CO; insertion of a-pinene oxide,
a new synthesis strategy was applied. The new strategy aims to circumvent the CO;
insertion step by introducing the carbonyl functionality via transesterification. Therefore, it
is necessary to introduce a diol functionality into the substrate to obtain a-pinanediol. In
the literature, three different procedures for the synthesis of a-pinene carbonate are known
- all starting from a-pinanediol (see Table 10). In 1969, Richards et al. reported the cyclic
carbonate formation using ethyl chloroformate, pyridine and a pinene based diol as
substrate with 47% yield.?”® However, due to the toxicity of ethyl chloroformate and its
production from phosgene, this procedure must be considered as problematic for
environmental reasons. Another synthesis protocol for the transformation of cis-a-
pinanediol into the corresponding cyclic carbonate was published by Beller and co-workers
in 2016.271 The authors used urea as sustainable carbonylation agent and FeBr, as
catalyst. As reported, after a reaction time of 18 h in 1,4-dioxane at 150 °C, a-pinene
carbonate was obtained in 93% yield. A major drawback of this procedure are the relatively

harsh reaction conditions of 150 °C.

For the dihydroxylation of double bonds that can be used to transform a-pinene into cis-a-
pinanediol procedures using osmium tetroxide are known.l?”?l Another way to achieve the
introduction of a diol functionality, although in trans configuration, is the epoxidation of a
double bond followed by the ring-opening of the epoxy ring with water. However, since the
butane ring in a-pinene oxide possesses high ring-strain, which tends to be relieved, there
are no reports in the synthetic organic chemistry literature that describe the production of

anti-pinanediols from the hydrolysis of epoxides of a-pinene. Nevertheless, the hydrolysis
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of a-pinene oxide results in valuable products, such as sobrerol, campholenic aldehyde
and carveol. Espicially sobrerol is an interesting substrate, since its two hydroxy groups
could be used to introduce polymerisable functional groups via transesterification. Ellrod
and Bleier studied the hydrolysis of a-pinene oxide under neutral and acidic condition in
great detail using D,O as reaction medium.?”®l However, the authors did not investigate
basic conditions. To directly compare the influence of the pH value on the product
distribution of the hydrolysis of a-pinene oxide, the hydrolysis was performed using acidic,
basic and neutral conditions. For the acid-catalysed reaction, 0.1 g a-pinene oxide were
dissolved in 5 mL dioxane and subsequently 1 mL water and 0.03 mL concentrated
sulfuric acid were added. Then, the reaction mixture was stirred for 24 h at room
temperature. The crude reaction mixture was analysed by GC showing that full conversion
into three main products and various by-products was achieved. GC-MS analysis showed
that campholenic aldehyde was formed as main product at 3.8 min along with smaller
amounts of unidentified by-products. The base-catalysed hydrolysis of a-pinene oxide was
conducted in the same scale and same solvent as the acid-catalysed hydrolysis and
0.9 mL of aqueous one molar solution of sodium hydroxide under reflux conditions
(115 °C) for 16 h. GC analysis revealed extremely low conversion and only small peaks
around the peak of the substrate. In contrast, the hydrolysis performed without acid or
base catalysis gave full conversion into various products, from which the main product at
6.3 min was found to be sobrerol (see Figure 67). After evaporation of the solvent and
drying over sodium sulfate, the crude product was purified by column chromatography to
obtain the pure main product as white solid in 29% vyield.
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Figure 67: GC chromatograms of a-pinene oxide hydrolysis under neutral conditions. A: t =0 h, B: crude

reaction mixture under basic conditions after 24 h. C: crude reaction mixture in acidic medium after 24 h. D:

crude reaction mixture in neutral medium after 24 h, E: pure product after purification via column

chromatography. Reaction conditions: B: a-pinene oxide (100 mg), water (1.00 mL), dioxane (5.00 mL), 1M-

sodium hydroxide solution (0.9 mL), 115 °C, 24 h. Reaction conditions C: a-pinene oxide (100 mg), water
(1.00 mL), H2SOa4 (0.03 mL), dioxane (5.00 mL), RT, 24 h. D: a-pinene oxide (100 mg), water (1.00 mL),

dioxane (5.00 mL), 115 °C, 24 h.
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Thorough NMR analysis proved the formation of sobrerol (5-(2-hydroxypropan-2-yl)-2-
methylcyclohex-2-en-1-ol) (see Figure 68). In the INMR spectrum two distinct peaks at
4.00 ppm and 4.5 ppm are observed belonging to the two hydroxy groups since they do
not show any coupling to carbon atoms in the HSQC NMR spectrum. Furthermore, the
typical chemical shift for the vinyl proton is observed at 5.44 — 5.38ppm. Also, the chemical
shifts of the vinyl carbon atoms obtained at 134.88 ppm and 123.79 ppm in the 3C NMR
spectrum confirm the presence of the double bond. Additionally, the mass of sobrerol
(calculated: 170.1307 m/z) was confirmed via mass spectrometry (HRMS-EI, found:
170.1307 m/z). Sobrerol is well known to be formed in Brgnsted acid catalysed
isomerisation reactions of a-pinene oxide (see Chapter 2.7.1). Interestingly, this product
is already formed as main product without the addition of any acid catalyst. The product
formation might be explained by water acting as a weak acid catalyst. Then, one water
molecule forms a bond with the epoxide oxygen atom acting as the general acid by using
one of its acidic hydrogen atoms. In the next step, a second water molecule attacks this
water-epoxide species acting as a nucleophile. Finally, the first water molecule is released,
and the hydrolysis product is formed. This observation is in accordance with the studies of
Elrod and Bleier, who also discovered that a-pinene oxide added to D,O additionally
results in the isomerisation products campholenic aldehyde and cis- and trans-carveol.?”3
The addition of sulfuric acid in high concentration, in contrast, did not result in sobrerol as
product (see Figure 67, C). At higher acid concentrations, campholenic aldehyde as
confirmed by GC-MS and pinol are observed to form in higher yield, as reported by Elrod
and co-workers.?®l With the help of computational thermodynamics calculations, the
authors also showed that the relief of ring-strain in the bicyclic a-pinene oxide molecule,
which is a large enthalpic driving force, most likely is the reason that no product with the

retained bicyclic carbon skeleton was observed.
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Figure 68: Proposed reaction mechanism for the acid-catalysed synthesis of sobrerol from a-pinene oxide.?”3!

To evaluate the reactivity of the two different hydroxyl groups, the obtained sobrerol was
transesterified with dimethyl carbonate (see Figure 69). The reaction was carried out on
50.0 mg-scale in a pressure tube using DMC as reagent and as solvent. Since TBD is

known to be a selective transesterification catalyst with high activity also at low
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temperatures,?’4 5 mol% TBD were chosen as catalyst in a first try. After a reaction time
of 20 h at 60 °C, DMC was evaporated under reduced pressure and the crude product was
purified via column chromatography.*H, *C and 2D NMR spectroscopy revealed that only
the secondary hydroxy group of sobrerol was esterified in 84% yield, whereas the tertiary
hydroxy group remained unmodified. Changing the catalyst from TBD to
1,8-diazabicyclo[5.4.0lundec-7-ene (DBU), TBAB and potassium carbonate (K.COg),
respectively, did not lead to any product formation. Also, the variation of the reaction
conditions for the reaction catalysed by TBD from a pressure tube to microwave irradiation
in a closed vessel did only lead to the formation of the monofunctionalised product. To
shift the reaction equilibrium to the product side and to promote the transesterification of
the tertiary hydroxyl group, the reaction was also run while constantly removing methanol
from the reaction mixture under reduced pressure. Therefore, the reaction mixture was
heated to 60 °C at the rotary evaporator at 300 mbar. However, again, only the
monofunctionalised-carbonate was obtained. Most probably due to the steric hindrance,

the tertiary hydroxyl group was not esterified under the applied conditions.

OH 0. _O 0. _O
~N ~N
0 TBD hig g
+ g - 0 + 0
~ ~ (@]
0~ o 60 °C, 20 h Py
OH -MeOH OH o o~

Figure 69: Transesterification of sobrerol with DMC showing both theoretically possible products.

Since it was not possible to obtain trans-a-pinanediol via epoxide ring-opening reaction
with water, in a next step, commercially available cis-a-pinanediol ((1R,2R,3S,5R)-(-)-
pinanediol) was subsequently evaluated as substrate for the formation of the cyclic
carbonate. Cis-a-pinanediol was converted in the same manner as sobrerol using DMC
as reagent and solvent, and TBD as transesterification catalyst for 17 h at 60 °C (see
Figure 70).

) 0
< OH 0
~o” o7 60 °C, 17 h
- MeOH

Figure 70: TBD-catalysed transesterification of cis-a-pinanediol with DMC yielding a-pinene carbonate.
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Then, DMC was evaporated under reduced pressure and the crude product was washed
with water to obtain pure a-pinene carbonate in a yield of 86%. Subsequently, the product
was analysed via *H, *C, COSY, HSQC and HMBC NMR spectroscopy and the mass of
a-pinene carbonate (calculated: 196.1099 m/z) was confirmed via mass spectrometry
(HRMS-EI, found: 196.1101 m/z). The presence of the cyclic carbonate functionality was
proven by the presence of a quaternary carbon atom with a chemical shift of 154.51 ppm,
which is typical for carbonate functionalities and by the vanishing of the signals belonging
to the hydroxyl groups. Due to the mild and safe reaction conditions and the simple workup,
together with the renewable origin of the non-hazardous reagents, this catalytic reaction
procedure clearly fulfils the 12 principles of green chemistry. Further advantages are the
relatively high yield and the good atom economy of 75.4% (see Table 10). As recently
reported for the cyclic carbonate formation from erythritol by Meier and Dannecker, it is
possible to recycle a reaction mixture containing excess DMC and TBD up to eight
times.?”"! The product erythritol bis(carbonate) precipitated from the reaction mixture
during the reaction and was filtered and washed with DMC to remove the catalyst and to
obtain the pure product in high yields. The mother liquor and the DMC used for washing
were then reused for the next reaction proving that the catalyst is stable under the applied
reaction conditions. The reaction conditions of 5 mol TBD at 60 °C, as applied by the
authors, are quite similar to the ones used for the cyclic carbonate formation from cis-a-
pinanediol herein and therefore indicate that recycling of excess DMC and might also be
possible for the herein investigated reaction. In this case, DMC needs to be evaporated
from the reaction mixture to allow a-pinene carbonate to precipitate and to enable
subsequent washing with water to remove the catalyst. The possibility to recycle and reuse
the excess of DMC which is serving as solvent and as reagent at the same time could

drastically decrease the E factor of this procedure.

Only recently, Kim and co-workers applied diphenyl carbonate as carbonyl source in the
combination with TBD for the synthesis of sterically demanding carbonates including
a-pinene carbonate.?’® As reported, the reaction was conducted at 30 °C for 12 h using
2-methyltetrahydrofuran as solvent and the product was obtained in a yield of 91% after
purification via column chromatography. 2-Methyltetrahydrofuran (2-MeTHF) is
considered an eco-friendlier alternative to tetrahydrofuran, since it can be produced from
renewable resources, i.e. furfural, and is less toxic. However, it is still ranked as
“problematic” in the CHEM21 solvent selection guide due to health and safety issues.???"]
In contrast, DMC is ranked as “recommended”. Furthermore, the atom economy of DMC
as reagent is 75.4%, whereas the atom economy of diphenyl carbonate is only 51.0%, due

to the formation of phenol as by-product instead of methanol. It is also less sustainable
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compared to DMC since it is industrially produced from fossil-based phenol. Table 10

provides a detailed comparison of the literature procedures and the new procedure

reported herein, clearly demonstrating the advantages.

Table 10: Comparison of literature procedures and the new procedure for the synthesis of a-pinene

carbonate.
Richards et Beller et al.l?"! Kim et al.l?7® New
al.lz7o procedure
Carbonyl Ethyl Urea Diphenyl DMC
source chloroformate carbonate
Solvent Pyridine & 1,4-Dioxane 2-MeTHF DMC
ethyl
chloroformate
Reaction RT 150 °C, Ar 30 °C 60 °C
temperature atmosphere
and conditions
Reaction time  N/A 18 h 12 h 17 h
Stochiometric HCI, EtOH NHs Phenol MeOH
by-products
Workup Distillation Column Column Washing with
chromatography  chromatography water
Catalyst Pyridine FeBr; TBD TBD
Reagent in Ethyl Diol, recycling via  Diol, recycling DMC,
excess chloroformate, column via column recycling via
recycling not chromatography  chromatography distillation in
possible in theory possible in theory theory
possible possible
Atom 70.4% 85.2% 51.0% 75.4%
economy
Yield 47% 93% 91% 86%

4.2.2 Cyclic Carbonate from B-Pinene

Subsequently, also B-pinene was evaluated as a substrate for the cyclic carbonate

formation applying the reaction procedure established above. Analogous to the hydrolysis

of a-pinene oxide there appear to be no reports in the literature that describe the formation

of B-pinanediol from the hydrolysis of B-pinene. However, it is reported that B-pinanediol
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can be achieved starting from B-pinene via selective epoxidation with hydrogen peroxide
catalysed by methyltrioxorhenium (MTO) and followed by the likewise catalysed in situ
epoxide ring-opening reaction (see Figure 71).277]

MTO o MTO OH
H,0, H,O OH
- H,0

Figure 71: MTO-catalysed epoxidation of B-pinene followed by the MTO-catalysed epoxide ring-opening

reaction with water yielding B-pinanediol.

The catalytic reaction cycle starts with the multistep formation of a hydroperoxo complex
by the reaction of MTO with hydrogen peroxide. This complex then serves as oxidising
agent transforming the alkene into the epoxide. The subsequently catalysed ring-opening
reaction with water can be supressed by adding a base co-catalyst, such as pyridine.?"
Following the reaction procedure without the addition of pyridine,as reported by Herrmann
et al., the reaction was started by adding B-pinene at 5°C to a solution of MTO in
tert-butanol and hydrogen peroxide. The mixture of tert-butanol and hydrogen peroxide
was previously dried over magnesium sulfate. After addition of B-pinene, the reaction
mixture was allowed to warm-up to room temperature, while stirring overnight. For the
decomposition of excess hydrogen peroxide, manganese(lV) oxide was added followed
by filtration of the suspension and evaporation of the solvent at reduced pressure. The
crude product was analysed by GC and purified via column chromatography, yielding a
fraction with two product species (see Figure 72). GC analysis showed that full conversion

was achieved, since the peak of the starting material at 2.5 min completely vanished.
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— after purification

]

crude reaction mixture

P S P P N R R R S
2 3 4 5 6 7 8 9 10 1

retention tim [min]

Figure 72: GC chromatograms of the MTO catalysed epoxidation and ring-opening reaction of S-pinene.

Bottom: crude reaction mixture. Top: fraction containing two species after column chromatography.

However, it was not possible to separate the main product from a minor by-product by
column chromatography due to equal retention times. Therefore, NMR analysis of the
obtained fraction containing two product species (GC retention times: 6.2 min and 6.7 min)
was difficult. Comparison of the measured *C NMR spectrum with a *3C NMR spectrum
of B-pinanediol reported in the literature?”® showed that the signals with the lower intensity
have similar shifts as the signals of the authentic B-pinanediol sample. This indicates that
the species at 6.7 min corresponds to 3-pinanediol. To prove this assumption, the fraction
containing both species, of which one corresponds to [B-pinanediol, was further
transformed with diallyl carbonate to obtain either the B-pinene based cyclic carbonate or

other allylated products via transesterification (see Figure 73).
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Figure 73: Transesterification reaction of B-pinanediol showing all theoretically possible products.

The reaction was carried out at 60 °C and 300 mbar for 7 h using TBD as catalyst and
diallyl carbonate as reagent and solvent. Subsequently, the crude reaction mixture was
purified via column chromatography and 3-pinene carbonate was obtained as pure product
as confirmed by 'H, *C and 2D NMR spectroscopy. This proved that B-pinanediol was
present in the product mixture obtained from the MTO catalysed epoxidation and ring-
opening reaction of B-pinene. However, it was not possible to calculate a yield, since a
mixture of two substrates, from which one could not be identified, was used as starting
material. In the literature, the formation of B-pinene carbonate was only reported by
Richards et al. in 1969. The authors reacted B-pinanediol with diethyl carbonate and
sodium as base catalyst. However, no detailed analysis of the product is provided. To
complement the available characterisation data of B-pinene carbonate, detailed NMR
analysis including the exact assignment of all signals was performed using 2D NMR
techniques (see Figure 74 and Figure 75). In the 'H NMR spectrum, the two protons CH,°
adjacent to the oxygen atom exhibit the most upfield shift at 4.39 ppm. Since these protons
are different in a stereoisomeric manner, the coupling results in two doublets. As typically
for the methylene protons present in the cyclobutane ring of the a-pinene skeleton, the
signals of the protons H@ and H™ are widely split and obtained at 2.30 — 2.09 ppm and
1.36 ppm, respectively, which is confirmed by the HSQC NMR spectrum. The *C NMR
shows a strong upfield shift for the tertiary carbon C4* at 153.91 ppm. Thus, C4! can be
assigned as the carbonyl carbon present in the cyclic carbonate. As confirmed by the
HSQC NMR spectrum, no hydroxy groups are present in the obtained molecule further

proving the formation of a cyclic carbonate instead of a linear carbonate.
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In summary, the successful synthesis of the cyclic carbonates based on the sterically
demanding substrates a- and B-pinene was demonstrated. In the case of a-pinene,
commercially available cis-pinanediol was used as starting material to establish a
sustainable and benign reaction procedure for the cyclic carbonate formation via
transesterification. Starting from B-pinene, the substrate was first transformed into the
corresponding epoxide using hydrogen peroxide as environmentally friendly oxidising
agent followed by in situ catalysed ring-opening to obtain 3-pinanediol. The diol was then

successfully transesterified to yield the desired cyclic B-pinene carbonate.
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Figure 74: Fully assigned *H NMR spectrum of 8-pinene carbonate.
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Figure 75: Fully assigned 3C NMR spectrum of B-pinene carbonate.
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4.3 Limonene-based Poly(hydroxy urethane)s

Within this chapter, the synthesis of poly(hydroxy urethane)s (PHUs) based on monomers
prepared from limonene is described. PHUs can be obtained by step-growth polyaddition
of cyclic dicarbonates and diamines and therefore belong to the class of non-isocyanate
polyurethanes (NIPUs). Additional relevant methods for synthesising NIPUs are the step-
growth polycondensation between linear activated dicarbonates and diamines or similarly
between linear activated carbamates and diols, as well as the ring-opening polymerisation
of cyclic carbamates.l?° Qriginally, linear polyurethanes are produced by reacting diols
with diisocyanates in the presence of a catalyst based on the discovery by Bayer.!?8Y Due
to their low cost and diverse application possibilities, polyurethanes account for almost
5wt% of the worldwide polymer production.?®2 The growing trend to synthesise
polyurethanes without the use of isocyanates stems from the toxicity of isocyanate
monomers like methylene diphenyl diisocyanate and toluene diisocyanate, and their

synthesis from phosgene, an even more toxic reagent causing environmental hazards.

The most popular synthetic way to synthesise isocyanate-free polyurethanes is the
reaction of cyclic dicarbonates and aliphatic amines.?®® Among the carbonates, five- and
six-membered cyclic dicarbonates have been extensively studied. Six-membered cyclic
carbonates have the advantage of higher reactivity than five-membered ones. However,
their synthesis generally requires chlorinated carbonylating agents like phosgene or alkyl
chloroformates.?®3 In contrast, five-membered cyclic carbonates can be prepared in a
more sustainable way by insertion of CO; into epoxides, which can also be present in
renewable resources (see Chapter 4.2.1). Additionally, they are the most stable
carbonates, which is important for safe storage and shelf-life.?®¥ The reaction route to
PHU prepolymers presented in this chapter therefore utilises limonene dioxide as
renewable diepoxide for the chemical fixation of CO; to obtain fully renewable limonene
dicarbonate (see Figure 76). On the other hand, limonene is transformed into a renewable
diamine monomer via thiol-ene reaction with cysteamine hydrochloride. Both monomers
can then be used to synthesise PHUs. However, the reaction between five-membered
cyclic carbonates and amines has two drawbacks: first, the low reactivity of the cyclic
carbonate aminolysis and second, the low molecular weight of the resulting PHUs.?84 To
nevertheless transform the obtained oligo-PHUs into useful materials, they can be used
as prepolymers for the synthesis of thermosets. Crosslinking of the prepolymers bearing
amine end groups can be achieved through the reaction with various renewable monomers

having more than two epoxy functionalities, like commercially available epoxidised
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soybean oil (ESBO). In that way, the obtained PHU prepolymers are attractive curing

agents for renewable epoxy resins.

Renewable raw material
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Figure 76: Graphical abstract for the synthesis of poly(hydroxy urethane) prepolymers starting from limonene

and further crosslinking to give thermosetting polymers.

4.3.1 Monomer Synthesis

4.3.1.1 Cyclic limonene dicarbonate

Starting from limonene, cyclic limonene dicarbonate (LC) can be synthesised in a two-step
procedure via epoxidation followed by CO; insertion (see Figure 77). For the epoxidation
of limonene, several oxidation procedures using stochiometric amounts of organic
peroxides e.g. peracetic acid or tert-butyl hydroperoxide, as oxidising agents are known in
the literature.?8 28 Moreover, a procedure using in situ generated dimethyl dioxirane by
the reaction of acetone and potassium peroxymonosulfate, commercially known under the
trade name of Oxone, is able to reach high yields of up to 100% at room temperature in
short times (45 min).[28” However, those procedures result in stochiometric amounts of

waste, which considerably increases the E factor and makes the reaction less
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environmentally benign. In contrast, the use of hydrogen peroxide as oxidising agent only
results in water as by-product, which is generally not taken into account for the calculation
of the E factor and represents a greener alternative that is economically feasible. Since
limonene dioxide (LDO) is used commercially in epoxy resins as reactive diluent, it is
produced on industrial scale using hydrogen peroxide as oxidising agent. For the synthesis
of limonene dicarbonate from LDO, a commercially available mixture containing two cis-

(+) and two trans-(+) isomers was used.

o)
0 O’{)
[H'] CO, (30 bar)
B —————— _— >
H,0, - TBAB (2 wt%) .
/'<? 140 °C, 4 d : o0
T o
o}

(R)-(+)-Limonene Limonene dioxide Limonene dicarbonate

Figure 77: Synthesis route for limonene dicarbonate starting from limonene via epoxidation and subsequent
CO:z insertion.

The transformation of LDO into LC was achieved applying a procedure first published by
Mulhaupt et al. in 2012[2%! followed by an improved purification technique reported by the
same group in 2017.219 Using LDO as starting material, the carbonation of was performed
in bulk under solvent-free conditions. 2 wt% of TBAB were applied as catalyst for a batch
size of 100 g of LDO. The reaction was run at 140 °C and 30 bar of CO, pressure. After a
reaction time of for four days, the crude mixture was allowed to cool down to room
temperature and the pressure reactor was slowly depressurised. *H NMR spectroscopy
indicated full conversion by complete disappearance of the signals belonging to the epoxy
groups. However, the formation of olefinic by-products was detected by H NMR
spectroscopy showing proton signals visible between 5.6 and 4.7 ppm. The crude product
mixture was obtained as highly viscous brown liquid. For the purification of a smaller
1 gram-batches, column chromatography was performed first. However, it was not
possible to separate the olefinic by-products from the main product limonene dicarbonate,
due to very similar retention times. In contrast, by dilution of the crude reaction mixture
with 33 mL EA and addition of 76 mL triethylamine, the pure product precipitated from the
crude product mixture. After crystallisation over the weekend, the white solid was filtrated
from the mother liguor and washed with very few amounts of EA to obtain a yield of 5%
(7.35 g) of a stereoisomerically pure limonene carbonate species, as verified by *H and

13C NMR spectroscopy. In the 'H NMR spectrum, the CH proton and the CH, protons
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adjacent to the oxygen atoms are observed at 4.39 ppm and 4.18 ppm, respectively. The
CH, protons are observed as two doublets, due to their stereoisomerical difference. The
13C NMR spectrum proved the formation of two cyclic carbon moieties since two new
tertiary carbon peaks with an almost identical chemical shift at 154.20 ppm appeared.
Compared to the literature procedure, only one recrystallisation cycle was necessary to
result in one specific sterecisomer in a slightly better yield (literature batch size: 1506 g
LDO, yield of trans-LC: 25.3 g, 1.10%). The vyield might be increased by using all
stereoisomers instead of only using the trans-isomer. However, as reported in the
literature, also a blend of two stereoisomers was only obtained in a rather low yield of 18%.
Due to the low yield and the high toxicity of triethylamine, the presented purification method
is not ideal and needs to be improved to make future applications of LC in polymers and

thermosets more sustainable.

4.3.1.2 Limonene-based diamine via thiol-ene reaction

The diamine monomer based on limonene was synthesised following a procedure that
was previously established in the Meier group.l*¢® As already shown for the synthesis of
limonene-based monomers for polycondensation,*®” the thiol-ene reaction of
functionalised thiols with both double bonds of limonene is an attractive tool to introduce
various functionalities such as hydroxyl, methyl ester or amine groups into the substrate.
Thiol-ene reactions have the advantage that the functionalised monomers can be obtained
in a one-step procedure with very high atom efficiency directly from the renewable
feedstock. For the introduction of an amine functionality, cysteamine hydrochloride was
used as thiol component (see Figure 78). Regarding atom efficiency, cysteamine in the
pure form is more favourable than the hydrochloride salt. However, cysteamine
hydrochloride gave better yields and is more stable, which prevents side reaction and thus
the formation of waste. The reaction was performed in ethanol at room temperature and

under UV irradiation using DMPA as photo initiator.

. S
g~ NHz" CI " NH,
> +
: DMPA, UV H :
AN RT, 20 h /\/S\/\NH2 /\/S\/\NHZ
(R)-(+)-Limonene Limonene-based diamine (LA)

Figure 78: Synthesis of the limonene-based diamine via thiol ene reaction.[168l
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After 20 h reaction time, the solvent was removed under reduced pressure and the residue
was redissolved in dichloromethane. The organic phase was subsequently washed with
potassium carbonate solution in water to neutralise the hydrochloride salt and to obtain
the free amines. The crude product was purified via column chromatography to give the
limonene-based diamine (LA) as a slightly yellow viscous liquid in a yield of 56%. Due to
the difference in double bond reactivity of the two double bonds in limonene, the
monofunctionalised limonene-based amine was observed as by-product (see Figure 78).
As reported by Johansson and co-workers, the difference of the reactivity of the two double
bonds in limonene is predominantly ascribed to a higher relative energy of the tertiary
B-thioether carbon-radical intermediate arising from the thiyl-radical insertion across the
endocyclic double bond.?°Y The effects of steric hindrance are also mentioned to be
partially responsibly to control the thiyl-radical addition onto the two double bonds. These
two effects lead to an about 6.5 times faster thiol-ene coupling reaction at the exo-olefinc
bond than at the endocyclic one. For that reason, the thiol component cysteamine

hydrochloride was used in an excess of 1.5 equivalent per double bond.

Starting from the pure (R)-(+)-limonene enantiomer, three additional stereocenters are
generated during the reaction and thus 2% =8 possible diastereomers can be formed.
However, the *C spectrum of LA shows only four signals for the carbon atom C® instead

of eight different signals (see Figure 79).
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Figure 79: 13C NMR spectrum of the limonene-based diamine (LA) with a zoom to the region of 52 — 50 ppm

showing the signals of the four diastereomers A, B, C and D, belonging to carbon C8.
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This finding indicates that the main product of the thiol-ene reaction is a mixture of four
different diastereomers, which is in accordance with the literature.!*5”- 1681 Due to the four
different diastereomers present in the product fraction, complex *H and *C NMR spectra
were received (see Figure 79 and Figure 80). With the help of 2D NMR techniques, the
signals corresponding to the protons at the a- and [B-positions to the thioether were
assigned, proofing the incorporation of the thiol. The multiplet with a chemical shift of
2.86 — 2.78 ppm belongs to the methylene groups CH.* and CH!/, the multiplet at
2.67 — 2.44 ppm corresponds to the methylene groups CH.® and CH!®. The protons of the

free amines NHz 't and NH,!® are assigned to the broad signal at 1.58 ppm.
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Figure 80: *H NMR spectrum of the limonene-based diamine (LA).

4.3.2 Poly(hydroxy urethane) Prepolymer Synthesis

Having the limonene-based cyclic dicarbonate and the limonene-based diamine in hand,
the amine-mediated ring-opening of the five-membered cyclic carbonates was
investigated as a the next step to obtain poly(hydroxy urethane) prepolymers (see Figure
81). For the synthesis of the poly(hydroxy urethane) prepolymers, various reaction
temperatures and catalysts were tested to find suitable reaction conditions. Due to the
rather low reactivity of the endocyclic, electron-rich five-membered cyclic carbonate

present in LC, elevated temperatures and/or catalysts are necessary to accelerate the
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reaction. However, it is generally known that alkylation side reactions increasingly occur
at temperatures above 130 °C.% Thus, the test reactions were conducted at
temperatures between 80 and 120 °C. Even if the polymerisation in solvents limits the
application range, since solvents are often not suitable at an industrial scale, a protic
solvent, i.e. ethanol, was evaluated as reaction media for the aminolysis reaction. A model
study by Caillol and co-workers showed that the use of protic solvents has a positive
influence on both reactivity and conversion of cyclic carbonates during their aminolysis
reaction.?®! The increased conversion is explained by interactions between the solvent
and the polymer that reduce the inter- and intra-molecular hydrogen bonding between the
poly(hydroxy urethane) chains and thus increases the mobility of the polymer chains.
Moreover, the hydrogen bonds between the oxygen atoms of the cyclic carbonate and the
protic solvent result in an increase of the positive partial charge of the carbonyl group. This
in turn facilitates the nucleophilic attack of the amine on the cyclic carbonate. Due to its
ranking as ‘recommended’ in the CHEM21 solvent selection guide,??” ethanol (bp: 78 °C)
was chosen as a protic solvent for test reactions at 80 °C. Test reactions conducted at
100 °C required higher-boiling DMSO (bp: 189 °C, CHEM21 ranking ‘problematic’) as
aprotic solvent.
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Figure 81: Synthesis of poly(hydroxy urethane) prepolymers from LC and LA at elevated temperatures.
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Besides the variation of solvent and temperature, two different catalysts were evaluated
for promoting the nucleophilic attack of the amine on the carbonyl group of the cyclic
carbonate. The use of a catalyst is generally required due to the low reactivity of five-
membered cyclic carbonates. However, in the case of linear primary amines, even at room
temperature, the nucleophilicity is sufficient for reacting with the carbonate without the
involvement of a catalyst.?® To investigate the influence of a catalyst on the aminolysis
reaction, lithium chloride was used as weak Lewis acid and tested for the enhancement of
the reactivity of the carbonate function. In addition, TBD was applied as organocatalyst. It
is known from literature that TBD can activate both the carbonate and the nucleophile and
thus enhances the reaction.?® 2%% The screening of the reaction conditions was started by
performing the aminolysis reaction on a 0.2 mmol-scale with equimolar amounts of LC and
LA at 80 °C for 18 h at ambient atmosphere. Without catalyst, the reaction resulted in a
poly(hydroxy urethane) prepolymer with a molecular weight of M, = 1120 g/mol (PHUL1,
see Table 11).

Table 11: Screening of the reaction conditions for the synthesis of poly(hydroxy urethane) prepolymers and
influence on the molecular weight of the obtained prepolymers. Reaction conditions: LC (50.0 mg,
0.195 mmol), LA (56.7 mg, 0.195 mmol), solvent (1M), catalyst (5 mol%), 18 h.

Prepolymer Solvent T[°C] Catalyst Mn [g/mol]?
PHU1 EtOH 80 - 1120
PHU2 EtOH 80 LiCl 1340
PHU3 EtOH 80 TBD 1250
PHU4 DMSO 100 - 1160
PHUS DMSO 100 LiCl 1440
PHU6 - 120 - 1650

aSEC (System B, DMF, PMMA standards).

The use of 5mol% lithium chloride as a catalyst increased the molecular weight to
Mn = 1340 g/mol (PHUZ2). Size exclusion chromatography (SEC) analysis comparing
PHU1 and PHU2 reveals clear differences in the molar mass distribution (see Figure 82).
The signal at 20.8 min corresponding to unreacted LC starting material shows that neither
the reaction with catalyst nor the uncatalysed reaction resulted in full LC conversion.
However, comparison of the LC signals for both reactions indicates higher conversion for
the polymerisation using LiCl as catalyst. Furthermore, the reaction performed with the
catalyst resulted in additional oligomeric species with lower retention times
(16.0 - 17.5min) and thus higher molecular weights that are not present in the

chromatogram of the uncatalysed reaction, thus proving the effectiveness of the catalyst.
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The main products of both reactions are oligomeric species with a retention time of
18.7 min.

Using TBD instead of LiCl as catalyst in ethanol at 80 °C had no significant influence on
the molecular weight (PHU3, M, = 1250 g/mol). In a next step, the reaction temperature
was increased to 100 °C and DMSO was used as solvent due to its higher boiling point
compared to ethanol. In a first approach, the reaction was conducted without catalyst and
resulted in a similarly low M, of 1160 g/mol (PHU4) as the uncatalysed aminolysis reaction
in ethanol (PHU1, M, =1120 g/mol). The addition of LiCl as catalyst again led to an
increase of the molecular weight distribution yielding PHUS with a molecular weight of
1440 g/mol. The obtained molecular weight is in the same range as the molecular weight
of the LiCl-catalysed reaction in ethanol at 80°C (PHU2, M, = 1340 g/mol), indicating that
the increase in temperature by 20 K in combination with the change to an aprotic solvent
had only very little influence on the reaction.

|l—— PHU1 (without catalyst)
1.0 q9|—— PHU2 (5 mol% LiCl) “

/norm.

-

— - 1 '~ 1 T~ T T 1T T~ T "~ T "~ T T 1
14 15 16 17 18 19 20 21 22

retention time [min]

Figure 82: SEC analysis (System A, THF, PMMA standards) of the poly(hydroxy urethane) prepolymers PHU1
and PHU2.
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In a last approach, the reaction temperature was increased to 120 °C and the reaction was
performed in bulk. Compared to the approaches conducted in solvent, the approach in
bulk at a higher temperature resulted in the highest obtained molecular weight of
M, = 1650 g/mol. However, for practical reasons, i.e. the preparation of standard solutions
of LA, as well as for sustainability considerations and the only small differences that were

observed, the following reactions were performed with ethanol as solvent.

In order to investigate the influence of the LC/LA molar ratio on the resulting PHU
prepolymers, two different LC/LA ratios, i.e. 1:1.1 and 1.1:1 were evaluated. In step-growth
polymerisations, the excess of one reactant reduces the number-average value of the
degree of polymerisation (X,) for a given monomer conversion, p, according to the
Carothers equation:

1+r

Xp=——
" 1+4r-2rp

with r being the stochiometric ratio of reactants. Final conversions of cyclocarbonate
aminolysis reaction generally remain close to 80%.2°% Thus, for a hypothetical conversion
of 80% and a monomer ratio of 1:1.1, the number-average value of the degree of
polymerisation is 4.2. The reactions with a LC:LA ratio of 1:1.1 (PHU7) and 1.1:1 (PHUS8)
were conducted on a 50.0 mg scale in a pressure tube to be able to heat the reaction
mixture at 100 °C in ethanol for 18 h with 5 mol% of LiCl as catalyst. After the reaction, the
solvent was evaporated at reduced pressure and the product was analysed via SEC and
FT-IR spectroscopy without further purification (see Figure 83).
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Figure 83: Top: SEC analysis of PHU7 and PHUS8 prepared at LC:LA molar ratios of 1:1.1 and 1.1:1,
respectively. Bottom: FT-IR spectra of PHU7 and PHUS8 showing the characteristic peaks of the carbonate
carbonyl band at 1791.5 and 1785.3 cm?, respectively, and the carbonyl IR absorption of the urethane group
at 1694.8 cm.

SEC analysis showed a very similar molar mass distribution for both polymerisations.
Using a 10% excess of the diamine monomer (PHU7) resulted in a molecular weight of
M, = 1300 g/mol and a dispersity of B = 1.22, while with 10% excess of the dicarbonate
monomer (PHUS8), a molecular weight of M, = 1250 g/mol and a dispersity of b = 1.20 was
obtained. The SEC chromatograms for both polymerisations show up to five separate
oligomeric product species and in both cases the oligomer with the highest retention time
of 18.6 min, most likely corresponding to the dimer, is the main product. Again, the signal
at 20.8 min belonging to unreacted LC, indicates incomplete conversion. Via integration of
the SEC peaks a conversion of around 80% can be estimated. Comparing both peaks
corresponding to LC, the polymerisation using the diamine monomer in excess resulted in
a smaller amount of unreacted LC. This finding is also reflected in the FT-IR spectra of

both polymerisations (see Figure 83). The FT-IR spectra show, in addition to the carbonate
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signal at 1791.5 and 1785.3 cm?, respectively, the carbonyl IR absorption of the urethane
group at 1694.8 cm™. Furthermore, the N-H deformation of the urethane group and the
hydroxyl groups appear at 3350.7 cm2,

To allow for a more detailed analysis of the end groups of the obtained PHU prepolymers,
PHU7 (LC:LA = 1:1.1) was analysed by SEC-ESI-MS (see Table 12).

Table 12: Result of the SEC-ESI-MS analysis of PHU7 showing the calculated masses of each oligomer from
monomer to nonamer and the masses that were found in the measurement. Number 1 corresponds to the

carbonato telechelic oligomers and number 2 to the amino telechelic ones.

Oligomer Calculated Measured
Monomer 1 (LC)  257.1020 [M+H]* 257.1013
Monomer 2 (LA)  291.1923 [M+H]* -

Dimer 547.2870 [M+H]* 547.2861
Trimer 1 825.3636 [M+Na]* 825.3618
Trimer 2 837.4720 [M+H]* 837.4703
Tetramer 1093.5667 [M+H]* 1093.5648
Pentamer 1 1371.6434 [M+Na]* 1371.6409
Pentamer 2 1383.7518 [M+H]* 1383.7512
Hexamer 1639.8465 [M+H]* 1639.8470
Heptamer 1 1917.9231 [M+Na]* 1917.9248
Heptamer 2 1930.0315 [M+H]* 1930.0310
Octamer 2186.1262 [M+H]*  2186.1228
Nonamer 1 2464.2028 [M+Na]" -

Nonamer 2 2476.3112 [M+H]* -

Due to an insufficient resolution of the SEC system coupled to the ESI-MS, it was not
possible to assign the well-defined signals of the individual oligomers obtained by the
previous SEC analysis to their corresponding mass. Analysis of the combined mass
spectra at different retention times showed that starting from the mass of the dimer all
masses of the following oligomers up to the octamer were present in the analyte. In the
case of an uneven number of monomer units, the masses found by ESI-MS include the
carbonato telechelic oligomers as well as the amino telechelic ones. This is especially
interesting, since the limonene-based diamine monomer was used in an excess of 10%.
Possible reasons for unexpected occurrence of unreacted cyclic carbonate end groups
are the low reactivity of the endocyclic five-membered cyclic carbonate and the high

viscosity of the reaction mixture during the course of the reaction. Exemplarily, a potential
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chemical structure of the octamer and its measured isotopic pattern next to the calculated
pattern obtained by the program mMass are shown in Figure 84. The high agreement of
the isotopic patterns proves the existence of a PHU prepolymer species containing eight
monomer units present in the polymerisation product.

PHU octamer: [M+H]" 4. = 2186.1262
[IM+H]* eas. = 2186.1228

o
o HO s
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Figure 84: Top: Potential chemical structure of the LC- and LA-based PHU prepolymer species containing

eight monomer units. Bottom: Measured isotopic pattern (blue) and calculated isotopic patter (black) showing
high agreement.

To further assess the reactivity of the five-membered cyclic carbonate groups and with the
aim to achieve full conversion of LC, 1,10-diaminodecane was applied as sterically less

demanding nucleophile for the polymerisation with LC (see Figure 85).

(0]
o
O
+ HzN/\/\/\/\/\/NHz —_— PHU
EtOH
o) 75°C, 18 h
=0
(0]

Figure 85: Synthesis of LC-based PHU using 1,10-diaminodecane as amine component. Reaction conditions:
LC (50.0 mg, 0.195 mmol, 1 eq), 1,10-diaminodecane (37.0 mg, 0.215 mmol, 1.1 eq), EtOH (1M), 75 °C, 18 h.
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The reaction was conducted in ethanol as solvent with a LC:1,10-diaminodecane ratio of
1:1.1 at 75 °C without catalyst. After 18 h, the solvent was evaporated, and the crude
product was analysed via SEC (see Figure 86). The only minor peak at 20.8 min indicates
that almost full conversion of LC was achieved. The signal at 20.1 min might most probably
be assigned to unreacted 1,10-diamonodecane due to its use in excess. Compared to the
polymerisations performed with LA instead of 1,10-diamonodecane, the molar mass
distribution of the obtained oligomers is similar and shows up to seven separate oligomeric
species, from which the presumed dimer, trimer and tetramer account for the largest
product fraction. Also, the molecular weight of M, = 1900 g/mol is in the same range as for

the LA-based PHU prepolymers.
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Figure 86: SEC analysis of the PHU obtained from the reaction of LC and 1,10-diaminodecane in comparison
to PHU2.

The results of the test reaction showed that the high nucleophilicity of a linear primary
amine, such as 1,10-diamonodecane, is able to attack the cyclic carbonates presentin LC,
resulting in almost full conversion. In contrast, the sterically more demanding LA based on
the rigid limonene-carbon skeleton, failed in achieving full conversion of the cyclic

carbonate monomer even when a catalyst at higher temperatures was used. However,
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high conversion of the cyclic carbonate functionalities is necessary to obtain a large
amount of amine terminated PHU prepolymer, which is in turn beneficial for the
subsequent application as epoxy hardener. For that reason, the PHU prepolymer
subsequently used for the synthesis of epoxy resins was prepared with a LC:LA ratio of
1:1.3. The polymerisation was performed in a pressure tube using 5 mol% of LiCl as
catalyst and ethanol as solvent. After heating at 100 °C for 18 h, the solvent was
evaporated vyielding the crude product as brownish powder. Without further purification,
the product was analysed via SEC and FT-IR spectroscopy (see Figure 87). The
chromatogram obtained by SEC revealed almost full conversion of LC and showed up to
four individual oligomer species. The PHU prepolymer was obtained with a molecular
weight of M, = 1380 g/mol and a dispersity of B = 1.18. Analysis of the FT-IR spectrum
showed a band with rather low intensity at 1795.6 cm™ characteristic for the carbonate
carbonyl functionality which might arise from carbonate terminated prepolymers or small
amounts of unreacted starting material. The carbonyl IR absorption band of the urethane
group at 1694.8 cm™, and the N-H deformation of the urethane group and the hydroxyl
groups at 3350.7 cm™prove the successful formation of the poly(hydroxy urethane)

prepolymer.
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Figure 87: Left: SEC graph of PHU9 showing almost full conversion of LC. Right: FT-IR spectrum of PHU9
showing the characteristic peaks of the carbonate carbonyl band at 1795.6 cm and the carbonyl IR absorption

of the urethane group at 1694.8 cm™.

4.3.3 Application of PHU Prepolymers as Hardeners for Epoxy Resins

As a next step, the obtained PHU prepolymer PHU9 was assessed as hardener for epoxy
resins. In contrast to the synthesis of high molar mass linear PHUs, precise stoichiometry

is significantly less important for the preparation of epoxy thermosets. The amine value of

123



Results and Discussion

the PHU prepolymer was calculated from the initial LC:LA ratio used for the polymerisation
resulting in an amine value of 0.975 mmol/g. Epoxidised soybean oil (ESBO) was chosen
as epoxy component. The statistical main component of ESBO is epoxidised linolein,
which possesses six epoxy groups per molecule. The commercially available ESBO was
analysed via FT-IR spectroscopy and *H, *C and 2D NMR spectroscopy (see Figure 88).
The IR spectrum shows a characteristic peak at 822.8 cm™ originating from the epoxy
groups. The peak at 1740.1 cm™ corresponds to the aliphatic C=0 stretch of the ester
groups. The epoxy content of the ESBO was calculated with the help of the *H NMR data
(see Figure 88). The value of the integrals was normalised to the signal of the nine protons
belonging to the three methyl groups present at 0.93 — 0-84 ppm. This resulted in a value
of 8.63 for the integral of the methylene group protons adjacent to the epoxy groups. The
value of the integral corresponds to 4.32 epoxy groups per molecule, which gives an epoxy

value of 4.53 mmol/g.
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Figure 88: Top: fully assigned *H NMR spectrum of ESBO; bottom: FT-IR spectrum and HSQC spectrum of
ESBO.

Since the reaction of primary amines with epoxides results in a hydroxyl group and a
secondary amine, which can further react with an epoxide forming an additional hydroxyl
group and a tertiary amine, the molar amine to epoxide ratio was chosen to be 1:2 for the
subsequent curing reaction. To achieve a homogeneous mixture of the two reactants for

the curing reaction, both components were mixed and heated to 70 °C under vigorous
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stirring. After a homogeneous mixture was obtained, the mixture was poured into a round
silicon mould and heated for 3 h at 140 °C (see Figure 89).

H
J/S HO O\H/N\/\S
HoN O ©
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Epoxidised linolein
140 °C
3h

Epoxy thermoset

R ————

Figure 89: Reaction scheme for the application of the PHU prepolymers as hardener for epoxy thermosets

based on epoxidised linolein and photograph of the obtained thermoset.

The curing reaction was further analysed via differential scanning calorimetry (DSC). Since
thermal gravimetric analysis (TGA) of PHU9 revealed a degradation temperature
Tasw = 209 °C, the curing reaction was analysed from -75 °C to 200 °C by DSC (see
Figure 90). In the region between -70 and 10 °C, the melting peaks of the ESBO are visible.
The region of 15 to 25 °C shows the glass transition of the PHU prepolymer (T4 = 23 °C).
It can be presumed that the enthalpy peak starting at 122 °C corresponds to the reaction
between the epoxy groups and the amines. The enthalpy reaches a maximum at 200 °C.

However, since the DSC measurement did not allow for higher temperatures, it was not
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possible to detect the temperature at the end of the reaction enthalpy peak, which is

normally used for a post-curing of the epoxy resin.
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Figure 90: Top: DSC analysis of the curing reaction between PHU9 and ESBO; Bottom: DSC analysis of ESBO
(left) and PHU9 (right).

Moreover, the obtained epoxy thermoset was analysed via, DSC, TGA and FT-IR. The
thermoset showed a glass transition temperature of 29 °C and a thermal stability of
Tasw = 237 °C (see Figure 91).

This first study demonstrated an application for the limonene-based PHU prepolymers.
However, further studies are necessary, such as the analysis of the mechanical properties

and the swelling properties in order to propose possible applications for the obtained epoxy
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resin. Furthermore, it might be promising to investigate the biodegradability which may be

induced by the ester groups present in the resin.
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Figure 91: DSC and TGA analysis of the epoxy resin obtained from the curing reaction between PHU9 and
ESBO.

In summary, the successful synthesis of two limonene-based AA-monomers bearing either
five-membered cyclic carbonate functionalities or amine groups was shown. The
monomers were subsequently polymerised to obtain poly(hydroxy urethane) prepolymers
that contained all possible oligomeric species up to the octamer as analysed by SEC-ESI-
MS measurements. When using the limonene-based diamine in 1.3-fold excess, almost
full conversion of limonene dicarbonate was achieved for the polymerisation. Finally, the
obtained prepolymer was successfully applied as hardener for the preparation of an epoxy

thermoset with epoxidised soybean oil as a proof-of-concept.
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5 Conclusion and Outlook

The perception that satisfying the increasing needs of our society must not be achieved at
the expense of future generations, who should also have the means to satisfy their needs,
has triggered the shift towards sustainable chemistry. Developing novel biomass-based
chemicals and polymers and innovative technologies, helps to reduce the dependence on
depleting fossil resources, to decrease carbon dioxide emission and to promote more
environmentally benign materials. In this thesis, three routes for the transformation of
terpenes into valuable fine chemicals, monomers and polymers were shown. Besides
using renewable resources as starting material, the 12 principles of green chemistry were

also followed to design as sustainable synthetic procedures as possible.

In a first approach, Mn(lll) acetate was applied for the liquid-phase aerobic oxidation of
a-pinene. Subsequently, the influence of reaction time, solvent, temperature, oxidant flow
rate and catalyst concentration on conversion, yield, and selectivity were evaluated. It
turned out that high temperatures (130 °C) and high oxidant flow rates (50 mL min), low
catalyst concentrations (0.25 mol%) and a toluene/DMF solvent mixture allowed to
achieve the highest conversion (62%) and with the highest yield of pinene oxide (40%,
65% selectivity). Reaction times longer than 6 h did not enhance the formation of pinene
oxide, since epoxides tend to isomerise if subjected to such high temperatures for
prolonged times. To prevent side reactions, toluene was exchanged by diethyl carbonate,
which proved to be inert under the applied conditions and is regarded as a more
sustainable solvent. Furthermore, a novel mixed-linker metal-organic framework MIXMIL-
53-NHz(50)-Mal-Mn was synthesised and structurally characterised. Physisorption
experiments showed a high specific surface area, which was maintained after the post-
synthetic modification reactions leading to a potentially highly active catalyst. All in all, it
could be shown that the metal-organic framework with its immobilised and well-defined
manganese(lll) complexes featured notable catalytic activity for the oxidation of a-pinene
with molecular oxygen in DEC/DMF applying the aforementioned reaction conditions. The
main product, pinene oxide, was obtained in high selectivity, along with smaller amounts
of verbenol and verbenone. Compared to the conversion and yield achieved by Mn(lll)
acetate, the novel MOF catalyst gave similar results, however, the accumulated TON of
the MOF catalyst (166) was considerably higher than the TON of the homogeneous
catalyst system (23). As indicated by a hot filtration test, the reaction mainly proceeded
through a heterogeneous pathway, although an involvement of homogeneous species

could not be completely ruled out. Moreover, the constant activity over at least five catalytic
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cycles of the Mn-containing MOF proved its recyclability and underlined the stability of the

MOF under the applied reaction conditions.

In the second approach, epoxidised a- and B-pinene were applied as renewable substrates
for the synthesis of cyclic and linear carbonates. First, the chemical fixation of CO; via
coupling with a-pinene oxide was investigated to transform a-pinene oxide into the
corresponding cyclic carbonate. Due to the bulkiness of the bicyclic a-pinene carbon
skeleton, none of the tested catalytic systems was able to achieve the insertion of CO; into
the epoxide ring, and thus, a new concept was evaluated exploiting the vicinal double
bounds present in a- and B-pinanediol and introducing the carbonyl functionality via
transesterification with dimethyl carbonate or diallyl carbonate. Therefore, 3-pinene was
oxidised using commercially available methyltrioxorhenium (MTO) as catalyst and
hydrogen peroxide as environmentally benign oxidising agent, as it generates only oxygen
and water as waste. The produced water allowed for the in situ formation of the desired
B-pinanediol as an epoxide ring-opening of the pinene oxide took place with water as the
nucleophile. Both, B-pinanediol and the commercially available cis-a-pinanediol, were
sustainably transformed into the corresponding cyclic carbonates by transesterification
with linear carbonates using catalytic amounts of 1,5,7-triazabicyclo[4.4.0]dec-5-ene
(TBD) at mild temperatures. An excess amount of linear carbonate allowed to eliminate
the need for a solvent. Additionally, the linear carbonate could be easily recycled by
distillation, preventing waste formation. The demonstrated procedure for the cyclic
carbonate formation based on a-pinanediol was compared to already existing literature

procedures clearly highlighting the environmental benefits of the novel reaction protocol.

In a third approach, limonene was assessed as a raw material for the synthesis of
renewable poly(hydroxy urethane)s. After successful synthesis of a limonene-based cyclic
dicarbonate via CO; insertion into the corresponding limonene diepoxide and a limonene-
based diamine using thiol-ene chemistry, an environmentally benign reaction protocol for
the formation of PHU prepolymers was established using ethanol as solvent at
temperatures between 80 and 100 °C. It turned out that the use of a catalyst, e.g. lithium
chloride, is beneficial for obtaining higher molecular weights at temperatures low enough
to prevent side-reactions (i.e. <140 °C). The variation of the solvent from aprotic DMSO to
protic ethanol had no significant influence on the molecular weight and it appeared that
the highest molecular weight was achieved for reactions performed in bulk at 120 °C.
Moreover, the obtained PHU prepolymers were analysed via SEC-ESI-MS revealing that
oligomeric species ranging from two to eight monomer units corresponding to a molecular
weight of 2186 g/mol were present in the product. Virtually full conversion of limonene

dicarbonate was achieved using the diamine component in 1.3-fold excess. The resulting
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prepolymer exhibited a molecular weight of M, = 1,400 g/mol and a dispersity of b = 1.18.
As a proof-of-concept, the obtained PHU prepolymer was successfully applied as hardener

for an epoxy resin based on soybean oil.

Overall, the presented procedures for the synthesis of a-pinene oxide, cyclic carbonates
from a- and B-pinene, and PHU prepolymers from functionalised limonene open up novel
sustainable routes to renewable fine chemicals and polymers. Regarding future
applications of the obtained materials, further investigations of the material properties are
necessary and should at least include mechanical properties, swelling properties and
biodegradability. In addition, improvements in terms of yields and replacing all steps that
contain column chromatographic purification by more environmentally benign and scalable
procedures is also necessary to pave the way for upscaling the demonstrated procedures.
Allin all, this work establishes novel routes towards a sustainable exploitation of renewable

resources and their transformation into platform/fine chemicals and polymeric materials.
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6 Experimental Section

6.1 Materials

Ethyl acetate, dichloromethane and cyclohexane were pre-distilled, all other solvents were
used without further purification. The following chemicals were used as received from the
following: 2-Aminoterephthalic acid (99%, Sigma-Aldrich), terephthalic acid (97%, Sigma-
Aldrich), aluminium nitrate nonahydrate (Sigma-Aldrich), N,N-dimethylformamide (99.8%,
Sigma-Aldrich), maleic anhydride (99%, Sigma-Aldrich), acetonitrile (99.8%, Sigma-
Aldrich), ethanol (96%, VWR Chemicals), (+)-a-pinene (98%, Sigma-Aldrich), biphenyl
(>99%, Sigma-Aldrich), manganese(lll) acetate dihydrate (97%, Sigma-Aldrich), dimethyl
carbonate (99%, Acros Organics), diethyl carbonate (Merck Millipore), toluene (99.7%
Bernd Kraft), a-pinene oxide (Sigma-Aldrich, 97%), potassium iodide (Fisher Scientific),
triethanolamine (>99%, Sigma-Aldrich), tetrabutylammonium bromide (TBAB, 98%,
Sigma-Aldrich), p-methoxyphenol (98%, Sigma-Aldrich), N,N-dimethylpyridin-4-amine
(DMAP, 99%, Alfa Aesar), L-ascorbic acid (99%, Sigma-Aldrich), tetrabutylammonium
iodide (TBAI, 98%, abcr GmbH), sodium sulfate (anhydrous, >99%, Bernd Kraft), a-pinene
oxide (>95%, TCI), TLC silica gel F254 (Sigma-Aldrich), Silica gel 60 (0.040 - 0.063,
Sigma-Aldrich), cerium(lV) sulfate (99%, Sigma-Aldrich), phosphomolybdic acid hydrate
(99%, Sigma-Aldrich). dichloromethane (HPLC grade 299.9%, Sigma-Aldrich),
1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU, >98%, TCI), hexadecane (99%, Sigma-
Aldrich), methyltrioxorhenium (MTO, Re: 71-76%, Sigma-Aldrich), manganese(lV) oxide
(>90%, Sigma-Aldrich), (1R,2R,3S,5R)-(-)-pinanediol (cis-a-pinanediol, 99%, Sigma-
Aldrich), B-pinene (99%, Sigma-Aldrich), lipase B (Candida antartica immobilised on
Immobead 150, Sigma-Aldrich), tert-butanol (99%, Fluka), magnesium sulfate (anhydrous,
VWR), sodium sulfite (98%, Merck), magnesium sulfate (anhydrous, 99.5%, Sigma-
Aldrich), hydrogen peroxide (30 wt% in H>O, Sigma-Aldrich), chloroform-d (99.8%,
Eurisotop), dimethyl sulfoxide-ds (99.8%, Eurisotop). Limonene dioxide (mixture of cis-(+)
and trans-(+) isomers, 98%, Rheinmetall Nitrochemie), (R)-(+)-Limonene (97%, Sigma-
Aldrich), cysteamine hydrochloride (>97%, Fluka), 2,2-dimethoxy-2-phenylacetophenone
(DMPA, 99%, Sigma-Aldrich), potassium carbonate (99%, Sigma-Aldrich), ninhydrin
(95%, ChemPur), 1,10-diaminodecane (97%, Sigma-Aldrich), epoxidised soybean oil
(98%, abcr GmbH). Diallyl carbonate was previously synthesised in this group by Charlotte

Over. Water, when used in the synthesis, was de-ionised.
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6.2 Instrumentation

Powder X-ray diffraction (PXRD)

PXRD measurements were performed using a Bruker D8 Advance. The samples were
analysed in the range 2® =6 — 50° using Cu Ky radiation. The step width was

2 ® = 0.0164° with a dwell time of 2 s.

Nitrogen physisorption (BET)

Nitrogen physisorption was measured using a Belsorp mini Il from BEL Japan. The specific

surface area was determined using the BET method and the BEL Master software.

Attenuated total reflection infrared spectroscopy (ATR-IR)

IR data were acquired using either system A or system B:

System A: FT-IR spectrometer Vertex 70 from Bruker Optics equipped with a Golden Gate
Single Reflection ATR sample cell from Specac. The data were collected from 4500 to

600 cm™ and for each spectrum the arithmetic average of 400 measurements was taken.

System B: Bruker Alpha-p instrument in a frequency range from 3998 to 374 cm™* applying
attenuated total reflection (ATR) technology.

Nuclear Magnetic Resonance (NMR) Spectroscopy

NMR spectra were acquired using either system A or system B:

System A: WB Bruker AVANCE | spectrometer operating at 500 MHz for *H- and 126 MHz

for 23C-measurement.

System B: Bruker Aspect NMR spectrometer operating at 400 MHz for *H- and 101 MHz

for 13C-measurement.

CDCl; or DMSO-ds were used as solvents. Chemical shifts are presented in parts per
million () relative to the resonance signal at 7.26 ppm (*H, CDCIls) and 77.16ppm (*3C,
CDClIs) or 2.50 ppm (*H, DMSO-ds) and 39.52 ppm (*C, DMSO-dg), respectively. Coupling
constants (J) are reported in Hertz (Hz). All measurements were recorded in a standard
fashion at 25 °C. Full assignment of structures was aided by 2D NMR analysis (COSY,
HSQC and HMBC).
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Atomic absorption spectroscopy (AAS)

For AAS measurements, a Z-6100 Polarized Zeeman atomic absorption spectrometer
from Hitachi was used.

Gas chromatography (GC)

GC measurements were performed either on system A or system B:

System A: GC-2010 Plus instrument from Shimadzu with a nonpolar column (Rxi-5Sil MS,
length: 30 m, diameter: 0.25 mm, film thickness: 0.25 mm) and a flame-ionisation detector
(FID) was used. The sample was injected and vaporised at 250 °C. The column was
heated from 50 to 280 °C at a rate of 10 K min™.

System B: Bruker 430 GC instrument with a capillary column FactorFour™ VF-5ms (30 m
x 0.25 mm x 0.25 mm) and an FID.

Gas Chromatography-Mass Spectrometry (GC-MS)

GC-MS (El) chromatograms were recorded with a Varian 431 GC instrument with a
capillary column FactorFour™ VF-5ms (30 m x 0.25 mm x 0.25 mm) and a Varian 210 ion

trap mass detector.

Thin Layer Chromatography (TLC)

Thin layer chromatography was carried out on silica gel coated aluminium foil (TLC silica
gel F2s4, Sigma-Aldrich). Compounds were visualised by staining with Seebach-solution
(mixture of phosphomolybdic acid hydrate, cerium(IV) sulfate, sulfuric acid and water) or

ninhydrin solution in ethanol.

Size Exclusion Chromatography (SEC)

SEC analysis was performed either on system A or system B:

System A: Prepolymers were characterised on a Varian 390-LC SEC system equipped
with a LC-290 pump (Varian), refractive index detector (24 °C), PL AS RT GPC-
autosampler (Polymer laboratories) and a Varian Pro Star column oven Model 510,
operating at 40 °C. For separation, two SDV 5 pym linear S columns (8 x 300 mm) and a
guard column (8 x 50 mm) supplied by PSS, Germany, were used. Tetrahydrofuran (THF)
stabilised with butylated hydroxytoluene (BHT, HPLC-SEC grade) supplied by Sigma
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Aldrich was used at a flow rate 1.0 mL min. Calibration was carried out with linear
poly(methyl methacrylate) standards (Agilent) ranging from 875 to 1 677 000 Da. Detection

was done by a refractive index detector operating in THF (flow rate 1.0 mL min't).

System B: DMF-SEC analysis was performed on a TOSOH EcoSEC HLC-8320GPC
system equipped with an EcoSEC RI detector and three columns (PSS PFG 5 um;
Microguard, 100 A and 300 A) (MW resolving range: 300-1.0x105 Da) from PSS GmbH.
Measurements were carried out at 50 °C using DMF solvent supplemented with 0.01 M
LiBr as mobile phase (isocratic elution, 0.2 mI min~). A conventional calibration method
was created using narrow linear poly(methyl methacrylate) standards. Corrections for flow
rate fluctuations were made using toluene as an internal standard. PSS WIinGPC Unity
software version 7.2 was used to process and analyse the data. Analytes were dissolved
in DMF/LiBr solvent (2.5 mg ml™) and the resulting solutions filtered with a 0.45 pl teflon

filter before analysis.

Size Exclusion Chromatography Coupled to Electrospray lonisation Mass
Spectrometry (SEC-ESI-MS)

Spectra were recorded on a Q Exactive (Orbitrap) mass spectrometer (Thermo Fisher
Scientific) equipped with a HESI Il probe. The instrument was calibrated in the m/z range
74-1822 using premixed calibration solutions (Thermo Scientific). A constant spray
voltage of 4.6 kV, a dimensionless sheath gas of 8, and a dimensionless auxiliary gas flow
rate of 2 were applied. The capillary temperature and the S-lens RF level were set to
320 °C and 62.0, respectively. The Q Exactive was coupled to an UltiMate 3000 UHPLC
System (Dionex, Sunnyvale, CA, USA) consisting of a pump (LPG 3400SD), autosampler
(WPS 3000TSL), and a thermostated column department (TCC 3000SD). Separation was
performed on two mixed bed size exclusion chromatography columns (Polymer
Laboratories, Mesopore 250 x 4.6 mm, particle diameter 3 um) with pre-column
(Mesopore 50 x 4.6 mm) operating at 30 °C. THF at a flow rate of 0.30 mL min* was used
as eluent. The mass spectrometer was coupled to the column in parallel to a RI-detector
(RefractoMax520, ERC, Japan). 0.27 mL min of the eluent were directed through the RI-
detector and 30 pL mint infused into the electrospray source after postcolumn addition of
a 100 uM solution of sodium iodide in methanol at 20 yL min* by a micro-flow HPLC
syringe pump (Teledyne ISCO, Model 100DM). A 20 uL aliquot of a polymer solution with

a concentration of 2 mg mL* was injected onto the HPLC system.
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Electron ionisation (El)

Electron lonisation (EI) mass spectra were recorded on a Finnigan MAT 95 instrument.

Differential Scanning Calorimetry (DSC)

The DSC experiments were caried out using a Mettler Toledo DSC star® system. The DSC
experimints are carried out under nitrogen atmosphere using 40 pl aluminium crucibles
and a sample mass of 10 mg. The cured epoxy resin was analysed with the following
heating program with two cycles: first heating cycle: 20 °C to 100 °C in 10 K min‘%; cooling:
100 °C to -40 °C in -10 K min't; second heating cycle: -40 °C to 100 °C in 10 K min. The
PHU prepolymer and ESBO were analysed using the following heating programm: first
heating cycle: 20 °C to 70 °C in 10 K min‘%; cooling: 70 °C to -20 °C in -10 K min‘*; second
heating cycle: -20 °C to 70 °C in 10 K min. The curing reaction of ESBO with the PHU
prepolymer was analysed with the following heating program: first heating cycle: 25 °C to
70 °C in 30 K min’; holding at 70 °C for 5 min, cooling: 70 °C to -100 °C in -10 K min;
second heating cycle: -100 °C to 200 °C in 10 K mint. The glass transition temperature
(Ty) was defined as the midpoint of the change in heat capacity occurring over the
transition in the second heating cycle.

Thermal gravimetric analysis (TGA)

TGA measurements were performed using a Netzsch STA 409C instrument with Al,O3 as
a crucible material and reference sample. The samples (15-20 mg) were heated from 25-
650 °C with a heating rate of 10 K min** under synthetic air flow.

Microwave reactor

Microwave-assisted syntheses were performed in a CEM EXPLORER 12 HYBRID
microwave reactor using a dynamic program at 150 W. The reaction mixture was pre-
stirred with a magnetic stir bar for 30 s at medium speed in glass vessels sealed with a
PTFE rubber band.

Pressure reactor

High pressure reactions were performed in a high-pressure laboratory reactor (BR-100)

from Berghof products + instruments.
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6.3 Experimental Procedures

6.3.1 Experimental Procedures for Chapter 4.1

6.3.1.1 Synthesis and Characterisation of MIXMIL-53-NH(50)-Mal-Mn’
6.3.1.1.1 Synthesis of MIXMIL-53-NH2(50)

MIXMIL-53-NH,(50) was synthesised according to a modified procedure of MIL-53(Al)-
NH,.12%%  2-Aminoterephthalic acid (H.ABDC, 483 mg, 2.67 mmol, 1.00eq) and
terephthalic acid (H.BDC, 444 mg, 2.67 mmol, 1.00 eq) were dissolved in H,O (20 mL)
and DMF (50 mL) at 90 °C. A solution of AI(NO3)3 x 9 H20 (2.00 g, 5.33 mmol, 2.00 eq) in
H.O (5 mL) was added and the reaction mixture was stirred at 90 °C for 24 h. After
filtration, the material was washed with DMF (3 x 25 mL) and H>O (1 x 25 mL) and was
dried overnight at room temperature and then for 3 days at 130 °C in air.

6.3.1.1.2 Post-synthetic modification of MIXMIL-53-NH(50)

0 H H
we 0 A e~
— T mosonxarho T o
(6] O,
acetonitrile, (0] OH DMF, 60°C, 24 h ‘Mn©
80°C, 24 h (L
MIL-53-NH,(50) MIL-53-NH,(50)-Mal MIL-53-NH,(50)-Mal-Mn

Figure 92: Two-step PSM reaction for the synthesis of MIXMIL-53-NHz(50)-Mal-Mn.

MIXMIL-53-NH,(50) was modified in a two-step PSM reaction. First step: maleic anhydride
(471 mg, 4.80 mmol, 4.00 eq, based on the number of amine groups) was dissolved in
acetonitrile (60 mL). MIXMIL-53-NH»(50) (517 mg, 2.40 mmol, 1.00 eq) was suspended in
the solution and the reaction mixture was heated to 80 °C for 24 h. After filtration, the
resulting material was washed with acetonitrile (4 x 20 mL), DMF (1 x 20 mL) and H.O
(1 x 20 mL). The solid was dried overnight at room temperature and then for 3 days at
130 °C in air. Second step: manganese(lll) acetate dihydrate (24.2 mg, 0.09 mmol,
1.00 eq) was dissolved in ethanol (40 mL). MIXMIL-53-NH(50)-Mal (441 mg, 2.50 mmol,
1.00 eq) was suspended in the solution and the reaction mixture was heated to 60 °C for
24 h. After filtration, the resulting material was washed with ethanol (4 x 20 mL). The solid

was dried overnight at room temperature and then for 3 days at 130 °C in air.

* The synthesis and characterisation of MIXMIL-53-NH2(50)-Mal-Mn was performed by cooperation
partner Ceylan Yildiz at Karlsruhe Institute of Technology (KIT).
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6.3.1.1.3 Material characterisation of MIXMIL-53-NHz(50)-Mal-Mn

PXRD measurements revealed that the structure of MIL-53-NH2(50) was retained
throughout the whole modification process (see Results and Discussion, Chapter 4.1,

Figure 56).

For nitrogen physisorption (BET) the samples were activated for 20 h at 130 °C under
vacuum. Nz physisorption measurements of MIXMIL-53-NH»(50)-Mal and
MIXMIL-53-NH(50)-Mal-Mn showed a significant decrease of the specific surface area
(see Table 9) after modification of MIXMIL-53-NH2(50) (see Figure 93).

600
= —— MIXMIL-53-NH,(50)

4— —s— MIXMIL-53-NH,(50)-Mal
—e— —c— MIXMIL-53-NH,(50)-Mal-Mn
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Figure 93: Adsorption (closed symbols) and desorption (open symbols) isotherms of MIXMIL-53-NH2(50),
MIXMIL-53-NH2(50)-Mal and MIXMIL-53-NH(50)-Mal-Mn.

For ATR-IR measurements system A (see Instrumentation, Chapter 6.2) was used.
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Figure 94: Complete ATR-IR spectra of MIXMIL-53-NHz(50), MIXMIL-53-NHz(50)-Mal and MIXMIL-53-
NH2(50)-Mal-Mn.
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Figure 95: Zoom to O-H and N-H stretching vibrations of ATR-IR spectra of MIXMIL-53-NH2(50), MIXMIL-53-
NH2(50)-Mal and MIXMIL-53-NH2z(50)-Mal-Mn.

140



Experimental Section

v(C=0

free acid)

relative transmittance

—— MIXMIL-53-NH2(50)
——— MIXMIL-53-NH2(50)-Mal
—IMIXMIII_-53-NI-I|2(50)-I\I/IaI-Mn . . .
1850 1800 1750 1700 1650 1600 1550 1500
wavelength [cm™]

Figure 96: Zoom to expected C=0 bands in the ATR-IR spectra of MIXMIL-53-NH2(50), MIXMIL-53-NH2(50)-
Mal and MIXMIL-53-NH2(50)-Mal-Mn to exclude free acid or solvent molecules (DMF).

MIXMIL-53-NH,(50) (400 MHz, NaOH/D,0): & = 7.91 (s, 4H, CH), 7.73 (d, 1H, CH), 7.30
(d, 1H, CH), 7.22 (dd, 1H, CH) ppm.

MIXMIL-53-NH,(50)-Mal-Mn (400 MHz, D,O): & = 7.92 (s, 4H, CH), 7.75 (d, 1H, CH), 7.31
(s, 1H, CH), 7.23 (d, 1H, CH), 6.56 (s, 1H, CH), 6.06 (s, 1H, CH) ppm.

For AAS measurements the manganese-containing solid frameworks (20 mg) were

digested in aqua regia (4 mL) and diluted with distilled water to 25 mL.

6.3.1.2 Catalytic test reactions’

Catalytic test reactions were performed in a 100 mL three-necked flask equipped with a
reflux condenser, magnetic stir bar, and gas inlet. The flask was charged with solvent
mixture (30 mL, DMF:diethyl carbonate = 10:90), a-pinene (136 mg, 1.00 mmol, 1.00 eq),
catalyst (0.25 mol% Mn) and biphenyl (38.6 mg, 0.25 mmol, 0.25 eq) as internal GC
standard. Then, the flask was immersed in an oil bath and kept at 130 °C under vigorous

stirring (1000 rpm) for 6 h. Compressed air was continuously fed to the reaction mixture

* The reaction screening over 24 h and the catalytic test reactions varying the temperature, oxidant
flow, DMF to toluene ratio and certain concentrations (0.25, 1.50 and 2.00 mol%) were performed
by Yasmin Raupp within the framework of the master thesis.[?14
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through the gas inlet at 50 mL/min. Reaction temperature, catalyst concentration and flow
rate were varied to establish the optimised reaction conditions. Reaction products were
identified by GC-MS and quantified by GC techniques. For this, aliquots (200 pL) were

taken at regular intervals and diluted with ethyl acetate (1.50 mL).

For GC measurements system A was used (see Instrumentation, Chapter 6.2).

6.3.1.2.1 Determination of conversion, yield and selectivity

To determine conversion, selectivity and yield, the gas chromatograph was calibrated.
Therefore, five standard solutions containing authentic samples of starting material,
products (pinene oxide, verbenone and verbenol) and an internal standard (biphenyl) were
prepared and measured. Calibration curves were obtained by plotting the ratio of internal
standard peak area to the mass of internal standard in the solution against the ratio of
analyte peak area to the mass of analyte. The slope of the calibration lines, received by
linear fit, is the response factor Ry, which takes into account the differences in the detector
response between the analyte and the standard:

R, = Ayg/myg ’

Ay /My
with Ais: peak area of the internal standard, Ax: peak area of the analyte, mis: mass of the

internal standard, and my: mass of the analyte.

Masses then were calculated using the following equation:
_ My,

My = ——* Ay * Ry
LS

Conversion, yield and selectivity were calculated as follows:

] ng(a — pinene) — n(a — pinene)
conversion = * 100

ny(a — pinene)

n duct
(pro u ct) * 100
ny(a — pinene)

yield = <

o yield
selectivity = (m) * 100
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TONSs were calculated using the following equation:

n duct
TON = (product)
n(catalyst)
n duct
n(catalyst)

6.3.1.2.2 Recycling experiments

For recycling experiments, the catalyst was recovered from the reaction mixture by
filtration (pore filter, por. 4) after 6 h. Then, the catalyst was washed thoroughly with diethyl
carbonate and dried at room temperature. The recycled catalyst was subsequently reused

for the next aerobic oxidation of a-pinene, maintaining the same reaction conditions.

6.3.1.2.3 Hot filtration test

For a hot filtration test, the catalyst was removed from the hot reaction mixture after 3 h by
filtration (pore filter, por. 4) while the reaction is still ongoing for another 5 h. To follow the

reaction progress, GC samples were taken hourly.
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6.3.2 Experimental Procedures for Chapter 4.2

For ATR-IR measurements, system B was used (see Instrumentation, Chapter 6.2).

For GC measurements system B was used (see Instrumentation, Chapter 6.2).

In the *H NMR spectra, “a” and “b” differentiates between two protons connected to the

same carbon.

6.3.2.1 Sobrerol (5-(2-hydroxypropan-2-yl)-2-methylcyclohex-2-en-1-ol) via a-pinene
oxide hydrolysis in neutral medium

OH

OH

To a solution of a-pinene oxide (500 mg, 3.28 mmol, 1.00 eq) in 10 mL dioxane, 2 mL
water (2.00 g, 111 mmol, 33.8 eq) were added. The reaction mixture was stirred at 90 °C
for 24 h and the conversion was monitored by GC. After completion of the reaction, the
solvent was evaporated under reduced pressure and the residue dissolved in CH,Cl; and
dried over sodium sulfate. The crude product was purified via column chromatography
(CH2Cl2:MeOH, 30:1 - 20:1). The product was obtained as white solid in a yield of 29%
(160 mg, 943 umol).

IH-NMR (DMSO-ds, 400 MHz): & = 5.44 — 5.38 (m, 1H, CH®), 4.50 (d, J = 5.8 Hz, 1H,
OH2), 4.00 (s, 1H, OH), 3.81 — 3.75 (m, 1H, CHY), 2.03 — 1.91 (m, 1H, % CH,%),
1.84 — 1.77 (m, 1H, %2 CH,"™®), 1.69 — 1.60 (m, 5H, CH?, % CH»*, CHs%), 1.24 — 1.14 (m,
1H, % CH,™), 1.03 (s, 6H, CHs?, CHs°) ppm.

13C-NMR (DMSO-ds, 101 MHz): & (ppm) = 134.88 (Cf), 123.79 (CH®), 70.20 (C,2), 66.66
(CHY), 38.12 (CH?), 33.08 (CH."), 27.20 (CHs®9), 27.06 (CH:®9), 26.69 (CH%), 21.02
(CH3) ppm.

HRMS (El) m/z: [M]* calculated for [C10H1502]*: 170.1307, found 170.1307.

IR (ATR platinum diamond): vicm? = 3324.2, 2972.9, 2933.1, 1428.8, 1376.1, 1360.0,
1311.4,1252.4,1154.5, 1136.8, 1051.9, 1026.7, 984.3, 959.3, 939.4, 918.1, 861.9, 807.3,
761.5, 661.8, 612.2, 561.0, 500.4, 468.5, 421.6, 405.4.
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Figure 97: *H NMR spectrum of sobrerol.
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Figure 98: 13C NMR spectrum of sobrerol.
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Figure 99: COSY spectrum of sobrerol.
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Figure 100: HSQC spectrum of sobrerol.
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Figure 101: HMBC spectrum of sobrerol.

6.3.2.2 5-(2-hydroxypropan-2-yl)-2-methylcyclohex-2-en-1-yl methyl carbonate via trans-

esterification of sobrerol

\TT/’ ~

0]

OH
To a solution of sobrerol (50.0 mg, 294 umol, 1.00 eq) in 2.60 mL DMC 5 mol% TBD was

added (2.04 mg, 14.7 umol, 0.05 eq) in a pressure tube. The reaction mixture was then
heated to 60 °C for 20 h. After the reaction, DMC was evaporated under reduced pressure
and the crude product was purified via column chromatography (cyclohexane (CH):ethyl
acetate (EA), 10:1 -> 2:1). The product was obtained as white solid in a yield of 84%
(56.4 mg, 247 pmol).

IH-NMR (DMSO-ds, 500 MHz): & = 5.73 — 5.68 (m, 1H, CH®), 4.96 (s, 1H, CHY), 4.19 (b,
1H, OH), 3.69 (s, 3H, CH3%¥), 2.09 — 1.97 (m, 2H, ¥ CH,*, % CH,™), 1.77 — 1.68 (m, 1H,
Y5 CHz*), 1.64 (s, 3H, CHs'%), 1.55 — 1.46 (m, 1H, CH?), 1.40 — 1.32 (m, 1H, ¥% CH,™),
1.04 (s, 1H, CH5®°), 1.00 (s, 1H, CH3®°) ppm.
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13C-NMR (DMSO-ds, 126 MHz): & = 155.29 (Cq?), 129.67 (C,f), 128.76 (CHS), 74.76
(CHY), 69.88 (C4?), 54.51 (CH3%), 38.82 (CH?), 29.31 (CH,’), 27.62 (CH:%9), 26.59 (CH,?),

26.17 (CHs®°), 20.41 (CH3°) ppm.

The NMR spectra are in accordance with the literature.2%?
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Figure 102: *H NMR spectrum of 5-(2-hydroxypropan-2-yl)-2-methylcyclohex-2-en-1-yl methyl carbonate.
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Figure 103: 3C NMR spectrum of 5-(2-hydroxypropan-2-yl)-2-methylcyclohex-2-en-1-yl methyl carbonate.
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Figure 104: COSY spectrum of 5-(2-hydroxypropan-2-yl)-2-methylcyclohex-2-en-1-yl methyl carbonate.
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Figure 105: HSQC spectrum of 5-(2-hydroxypropan-2-yl)-2-methylcyclohex-2-en-1-yl methyl carbonate.

A

A

L

o

& @ it

s 8

b

40

=50

reo

70

-80

90

- 100

F110

120

-130

-140

150

- 160

+170

5.8

5.4

5.0

4.6 4.2

T T T T
38 34 3.0

chemical shift [ppm]

2.6

2.2

Figure 106: HMBC spectrum of 5-(2-hydroxypropan-2-yl)-2-methylcyclohex-2-en-1-yl methyl carbonate.

150

chemical shift [ppm]

chemical shift [ppm]



Experimental Section

6.3.2.3 a-Pinene carbonate ((3aR,4R,6R,7aS)-3a,5,5-trimethylhexahydro-4,6-
methanobenzo[d][1,3]dioxol-2-one) via transesterification of cis-a-pinanediol
with DMC

0
o4
d b

In a pressure tube, cis-a-pinanediol (100 mg, 587 pumol, 1.00 eq) and 5 mol% TBD
(4.09 mg, 29.4 mmol, 0.05 eq) were dissolved in 1.18 mL DMC. The solution was heated
to 60 °C for 17 h. Excess DMC was then evaporated under reduced pressure and the
residue was diluted with EA. The organic phase was washed with water and dried over
sodium sulfate. After evaporation of the solvent under reduced pressure, the pure product

was obtained as white solid in a yield of 86% (99.1 mg, 505 pmol).

IH-NMR (CDCls, 500 MHz): & = 4.59 — 4.54 (m, 1H, CHS), 2.40 — 2.30 (m, 2H, % CH.*, ¥
CH,"™), 2.18 (t, J = 5.38 Hz, 1H, CHY), 2.07 — 1.96 (m, 2H, % CH*, CH?), 1.53 (s, 3H,
CHs'9), 1.31 (s, 3H, CH:%9), 1.25 (d, J = 11.5 Hz, 1H, % CH,™), 0.84 (s, 3H, CHs%°) ppm.

13C-NMR (CDCls, 126 MHz): & = 154.51 (C4Y), 87.12 (Cf), 77.30 (CHS), 50.16 (CHY),
38.74 — 38.72 (2C, C42,CH?), 33.33 (CH,?), 26.93 (CHs!), 26.78 (CHs8®), 25.96 (CH.'),
23.84 (CH3®°) ppm.

HRMS (El) m/z: [M]" calculated for [C11H1603]": 196.1099, found 196.1101.

IR (ATR platinum diamond): v/icm™ = 2946.7, 1787.4, 1482.7, 1384.6, 1363.5, 1337.8,
1276.1, 1256.5, 1211.0, 1141.7, 1122.7, 1107.3, 1078.6, 1043.9, 980.7, 932.9, 908.3,
865.8, 770.3, 700.0, 602.4, 523.9, 460.1.
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Figure 107: *H NMR spectrum of a-pinene carbonate.

10
8/9 8/9
b

4b+3
i

Tg8 dgg &

3‘,0 25 2"0 1‘.5 1‘.0 0‘.5 0“(4\
3+2 1089 7 8/9

CDCly

T T T
160 150 140

T T T T
130 120 110

100 90 80 70 60 50

chemical shift [ppm]
Figure 108: *3C NMR spectrum of a-pinene carbonate.
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Figure 109: COSY spectrum of a-pinene carbonate.
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Figure 111: HMBC spectrum of a-pinene carbonate.

6.3.2.4 B-Pinanediol (2-(hydroxymethyl)-6,6-dimethylbicyclo[3.1.1]heptan-2-ol ) via
MTO-catalysed epoxidation of 8-pinene followed by the MTO-catalysed epoxide
ring-opening reaction with water’

OH

The epoxidation of B-pinene followed by in situ ring-opening was carried out, analogous to

literature.[277]

For the preparation of an oxidation solution H2O2 (30 wt%, 9 mL, 9.99 g, 88.1 mmol,
8.81 eq) was mixed with tert-butanol (30 mL) and magnesium sulfate (anhydrous, 6.00 g).
The mixture was heated to 30 °C for 2.5 h, filtered and cooledto 5 C. After MTO (20.0 mg,
80.0 umol, 0.00800 eq) was dissolved in the oxidation solution, B-pinene was added and
the reaction was allowed to heat up to room temperature (1.36 g, 10.0 mmol, 1.00 eq) over
night. Then, manganese(lV) oxide was added followed by filtration of the suspension and

evaporation of the solvent at reduced pressure. The crude product was purified via column

* The synthesis was carried out by B. Sc. Helene Niess under the lab-supervision of Yasmin
Raupp.
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chromatography (CH2Cl>:MeOH, 50:1). Since column chromatography resulted in mixed
fractions, the fraction containing two species (a and b) from which one is the desired diol,
as verified via *C NMR, is directly used for the subsequent transesterification with diallyl
carbonate (see Chapter 6.3.2.5).

13C-NMR (CDCls, 100 MHz): & = 78.19 (a), 75.58 (b), 69.12 (b), 62.81 (), 54.88 (a), 48.27
(b), 47.20 (a), 40.56 (b), 38.61 (a), 37.62 (b), 36.28 (a), 30.50 (a), 27.58 (b), 27.00 (b),
26.80 (b), 25.38 (a), 24.68 (b), 23.30 (b), 20.71 (a), 20.19 (a) ppm.

The *C-NMR signals of species b are in accordance with the literature.?”

6.3.2.5 B-Pinene carbonate (6,6-dimethylspiro[bicyclo[3.1.1]heptane-2,4'-[1,3]dioxolan]-
2'-one) via transesterification of 8-pinanediol with diallyl carbonate”

0
o+
0

50.0 mg of the mixed fraction of B-pinanediol and another unidentified species obtained
from the MTO-catalysed epoxidation and in situ ring-opening of B-pinene (see Chapter
6.3.2.4) was dissolved in diallyl carbonate (2.50 mL) and TBD (2.01 mg) was added. The
solution was heated to 60 °C at 300 mbar for 7 h. Excess diallyl carbonate was then
evaporated under reduced pressure and the residue was purified via column
chromatography (CH/EA, 1:1) to obtain the pure product as white solid (27.9 mg,
0.142 mmaol).

IH-NMR (DMSO-ds, 500 MHz): & = 4.39 (2d, J = 8.5 Hz, J = 8.5 Hz, 2H, CH,'?), 2.30 —
2.09 (M, 4H, % CH,"™, CH2, CH.%), 1.96 — 1.85 (m, 2H, CH*, ¥ CH.5?), 1.79-1.68 (m, 1H,
Y5 CH,®), 1.36 (d, J = 10.2 Hz, 1H, % CH,™), 1.23 (s, 3H, CH3®9), 0.81 (s, 3H, CH4%°) ppm.

13C.NMR (DMSO-ds, 126 MHz): & = 153.91 (C411), 88.74 (C4Y), 75.77 (CH219), 49.39 (CH?),
39.14 (CH%), 37.91 (C¢d), 27.66 (CH.®), 26.19 (CHs®), 25.26 (CH,"), 22.86 (CH.%), 21.89
(CHs®®) ppm.

Further characterisation data can be found in the literature.27

* The synthesis was carried out by B. Sc. Helene Niess under the lab-supervision of Yasmin
Raupp.
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Figure 114: COSY spectrum of B-pinene carbonate.
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6.3.3 Experimental Procedures for Chapter 4.3

In the *H NMR spectra, “a” and “b” differentiates between two protons connected to the

same carbon.

6.3.3.1 Cyclic limonene dicarbonate (LC, (6R)-3a-methyl-6-((R)-4-methyl-2-oxo-1,3-
dioxolan-4-yl)hexahydrobenzo[d][1,3]dioxol-2-one) via coupling of CO, and
limonene dioxide

0
o~
Y
EJe)
T p=o
o
The carbonation of limonene dioxide was carried out, analogous to literature.!?1%

A stainless-steel reactor with Teflon inset was charged with limonene dioxide (100 g,
0.594 mol, 1.00 eq), TBAB (2 wt%, 2.00 g, 6.20 mmol, 0.01 eq) and 30 bar CO; pressure.
The reaction mixture was stirred and heated to 140 °C for 4 d. After completion of the
reaction and cooling to room temperature, the viscous liquid was diluted with EA (33 mL)
and triethylamine was added (76 mL). The crude reaction mixture was allowed to
crystallise for 72 h before the white precipitate was filtered from the mother liquor and
washed with small amounts of EA. The product was obtained as white solid in a yield of
5% (7.35 g, 28.7 mmol).

IH-NMR (CDCls, 400 MHz): & = 4.42 — 4.35 (m, 1H, CH®), 4.18 (2d, J = 8.7 Hz, J = 8.7 Hz,
2H, CH,%), 2.39 — 2.30 (m, 1H, % CH,'?), 2.17 — 2.08 (m, 1H, % CH»%), 1.84 — 1.71 (m,
2H, ¥ CH,?2, CH?), 1.68 — 1.58 (m, 1H, % CH,™), 1.47 (s, 3H, CHs%9), 1.46 (s, 3H, CHz%"),
1.45 — 1.28 (M, 2H, ¥ CH,%, ¥ CH*) ppm.

13C-NMR (CDCls, 126 MHz): & = 154.20 (C4t¥12), 154.14 (C4t¥12), 84.75 (C47), 82.07 (CJP),
79.57 (CHS), 73.06 (CH,), 40.69 (CH?), 32.49 (CH.%), 29.08 (CH.%), 26.05 (CHs°), 21.43
(CHz®), 20.79 (CH-2) ppm.

159



Experimental Section

8+9

10
CDCly
5
1a Za+31b 2b+4b
N 4a ﬂ ML
E

0.981

7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
chemical shift [ppm]
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Figure 118: 3C NMR spectrum of cyclic limonene dicarbonate.
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Figure 119: COSY spectrum of cyclic limonene dicarbonate.
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Figure 121: HMBC spectrum of cyclic limonene dicarbonate.

6.3.3.2 Limonene-based diamine (2-(((2R)-2-((1R)-3-((2-aminoethyl)thio)-4-
methylcyclohexyl)propyl)thio)ethan-1-amine) via thiol ene reaction with

cysteamine hydrochloride
‘/ \/\N

s
13/12\4/ \/\NHz

The thiol ene reaction of limonene and cysteamine hydrochloride was carried out,

analogous to literature. [

Cysteamine hydrochloride (2.50 g, 22.0 mmol, 3.00 eq) was dissolved in EtOH (30 mL).
Then, (R)-(+)-limonene (1.00g, 7.34mmol, 1.00eq) and 2,2-dimethoxy-2-
phenylacetophenon (DMPA, 94.1 mg, 367 umol, 0.05 eq) were added. The mixture was
exposed to a hand-held UV-lamp (2 x 4 W, A = 365 nm) for 20 h. Then, the solvent was
removed under reduced pressure and the mixture was dissolved in dichloromethane. The
solution was washed with a K,CO3 solution until the pH became 10 and then washed two
times with water. The organic layer was dried over anhydrous Na>SO, and the solvent was

removed under reduced pressure. The crude product was purified via column
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chromatography (MeOH:EA, 1:1 - 100% MeOH, TLC was stained with ninhydrin solution
in EtOH) to obtain the pure product as yellow viscous liquid in a yield of 56% (1.19 g,
4.11 mmol).

When possible, “A, B, C or D” is used to differentiate between different diastereomers. The

two major diastereomers are marked with “A” and “B”, and the minor ones with “C” and “D”

'H-NMR (CDCls, 400 MHz): & = 2.92 — 2.87 (m, CH®"8), 2.86 — 2.78 (m, CH,%°, CH,'"), 2.67
— 2.44 (m, CH2®, CH"®), 2.38 — 2.21 (m, CH,**"®¥P), 2.20 — 2.08 (m, CH°®°P), 1.99 — 0.85
(m CHzSABCD CH#4ABCD  CHABCD CH23ABCD CH?12ABCD CH22ABCD CH38ABCD CH313ABCD) 1.58
(b1 NH218+11) ppm.

The *H NMR spectrum is in accordance with the literature. 268l

For *H and *3C spectra see Chapter 4.3.1.2, Figure 80 and Figure 79.

The mono-addition product 2-(((S)-2-((R)-4-methylcyclohex-3-en-1-yl)propyl)thio)ethan-1-
amine was obtained as by-product in a yield of 33% (517 mg, 2.42 mmol). The mono-

addition product fraction contained two stereocisomers A and B.

/NS\/\NHz

'H-NMR (CDCls, 400 MHz): & = 5.36 — 5.30 (m, 1H, CH®), 2.84 (t, J = 6.3 Hz 2H, CH,%),
2.63 — 2.51 (m, 3H, % CH,'%, CH,'"?), 2.38 — 2.28 (m, 1H, ¥» CH,'*?), 2.05 — 1.84 (m, 3H,
CH2', % CH2*), 1.82 — 1.45 (m, 6H, NH2!*, ¥ CHy*, % CH,%, CH?8, CH?), 1.60 (s, 3H,
CHs’), 1.34 — 1.14 (m, 1H, ¥ CH,%), 0.94 (dd, J = 7.8 Hz, J = 6.6 Hz, 3H, CHs°) ppm.

13C-NMR (CDCls, 101 MHz): & = 134.08 (C,*%), 134.05 (C,%8), 120.67 (CHS?), 120.62
(CHSB), 41.18 (CH,%3), 37.85 (CHEMB/CH3AB), 37.78 (CHBAB/CH3AB), 37.73 (CHEAB/CHAB),
37.59 (CH®MB/CH3B), 37.41 (CH,'%), 37.32 (CH,'%8), 36.95 (CH.'%), 36.90 (CH'?®),
30.84 (CH2™), 30.69 (CH,8), 29.63 (CH.™), 27.43 (CH*), 27.21 (CH,?), 25.34 (CH,%®),
23.50 (CHs7), 16.24 (CH5™), 15.79 (CH2%) ppm.
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Figure 122: *H NMR spectrum of 2-(((S)-2-((R)-4-methylcyclohex-3-en-1-yl)propyl)thio)ethan-1-amine.
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Figure 123: 13C NMR spectrum of 2-(((S)-2-((R)-4-methylcyclohex-3-en-1-yl)propyl)thio)ethan-1-amine.
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Figure 124: COSY spectrum of 2-(((S)-2-((R)-4-methylcyclohex-3-en-1-yl)propyl)thio)ethan-1-amine.
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Figure 125: HSQC spectrum of 2-(((S)-2-((R)-4-methylcyclohex-3-en-1-yl)propyl)thio)ethan-1-amine.
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Figure 126: HMBC spectrum of 2-(((S)-2-((R)-4-methylcyclohex-3-en-1-yl)propyl)thio)ethan-1-amine.

6.3.3.3 Preparation of LC- and LA- based PHU prepolymers

OH

S/\’/

n

In a typical experiment (PHU9), LA (600 mg, 2.07 mmol, 1.30 eq) was dissolved in EtOH
(2.07 mL, 1M) and the solution was added to LC (40.7 mg, 1.59 mmol, 1.00 eq) in a

pressure tube. Then, LiCl (78.9 umol, 3.34 mg, 5 mol%) was added and the suspension

was stirred and heated to 100 °C for 18 h. The solvent was removed under reduced

pressure and the PHU prepolymer was obtained as brownish powder and was analysed
via SEC and/or FT-IR (ATR).

PHU1: SEC (System B, DMF, PMMA standards): M»=1120 g/mol, My = 1480 g/mol,

b =132

PHU2: SEC (System B, DMF, PMMA standards): M» = 1340 g/mol, My = 1930 g/mol,

b =1.44.
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PHU3: SEC (System B, DMF, PMMA standards): M, = 1250 g/mol, My = 1730 g/mol,
b =1.39.

PHU4: SEC (System B, DMF, PMMA standards): M, = 1160 g/mol, My = 1490 g/mol,
b =1.28.

PHUS: SEC (System B, DMF, PMMA standards): M, = 1440 g/mol, My = 2250 g/mol,
b=157.

PHU6: SEC (System B, DMF, PMMA standards): M, = 1650 g/mol, My = 2620 g/mol,
b =1.59.

PHU7: SEC (System A, THF, PMMA standards): M, = 1300 g/mol, M,, = 1590 g/mol,
D =1.22. IR (ATR platinum diamond): v/cm™ = 3328.0 (N-H, O-H), 2953.7, 2920.9 (C-H),
2869.3, 2852.9 (C-H), 1791.5 (C=0, 5mcc), 1694.8 (C=0, urethane), 1522.1, 1448.0,
1374.0, 1252.6, 1230.0, 1195.0, 1131.2, 1051.0, 1026.3 (C-0), 944.1, 894.8, 841.3, 775.5,
722.0,592.4, 524.5, 427.8.

PHUS8: SEC (System A, THF, PMMA standards): M, = 1250 g/mol, M,, = 1500 g/mol,
D =1.20. IR (ATR platinum diamond): v/cm* = 3350.7 (N-O, O-H), 2951.6, 2920.8 (C-H),
2869.3, 2852.9 (C-H), 1785.3 (C=0, 5mcc), 1694.8 (C=0, urethane), 1522.1, 1448.0,
1376.0, 1250.5, 1230.0, 1195.0, 1141.5, 1129.2, 1053.1, 1026.3 (C-0), 944.12, 894.8,
841.3, 775.45, 722.0, 588.3, 557.4, 425.8.

PHU9: SEC (System A, THF, PMMA standards): M, = 1380 g/mol, My, = 1620 g/mol,
D =1.18. DSC: Onset=15°C, Tg=23°C. TGA: Tgs% =209 °C. IR (ATR platinum
diamond): v/cm™ = 3350.7 (N-H, O-H), 2953.7, 2918.7 (C-H), 2869.3, 2854.9 (C-H), 1795.6
(C=0, 5mcc), 1694.8 (C=0, urethane), 1520.0, 1446.0, 1374.0, 1252.6, 1232.0, 1195.0,
1129.2, 1049.0, 1026.3 (C-0O), 942.1, 896.8, 818.6, 773.4, 722.0, 687.0, 586.2, 557.4,
425.8.

For FT-IR spectrum and SEC graph see Chapter 4.3.2, Figure 87.

6.3.3.4 Curing reaction of epoxidised soybean oil (ESBO) with poly(hydroxy urethane)
prepolymer (PHU9)

The poly(hydroxy urethane) prepolymer PHU9 (58.1 mg, amine value: 975 umol/g,
56.7 umol amine) was mixed with ESBO (25.0 mg, epoxide value: 4.53 mmol/g,
0.113 mmol epoxide) in a v-vial. The mixture was heated to 70 °C and stirred until the
prepolymer and the ESBO was melted and a homogeneous mixture was obtained. Then

the liquid mixture was poured into a round silicone mould and heated to 140 °C for 3 h
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under ambient atmosphere in an oven. After cooling to room temperature, the epoxy resin
was removed from the silicon mould and analysed via FT-IR spectroscopy, DSC and TGA

measurements.

IR (ATR platinum diamond): v/icm™? = 3350.7, 2922.8, 2854.9, 1797.7, 1696.9, 1524.1,
1454.2, 1415.1, 1374.0, 1250.5, 1193.0, 1131.2, 1053.1, 1026.3, 944.1, 866.0, 841.3,
822.8, 773.4, 722.0, 586.2, 427.8.

DSC: Onset = 20 °C, Tq =29 °C.

TGA: Tas% = 237 °C.
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7 Abbreviations

2-MeTHF

5mcc

AIBN
AMMS
APS
ATR
ATRP

BDGC
BDI
BET
BMI
BPA
Bp
BQ
Cat.
CH
CNTs
Conc.
COosY
CPD
CPME

DBU
DCPD
dd

DDE
DDT
DEC
DFT
DGEBA
DMAP
DMC

2-Methyl tetrahydrofuran
5-membered cyclic carbonate
Atomic absorption spectroscopy
Azobisisobutyronitrile
a-Methyl-p-methylstyrene
Ammonium persulfate

Attenuated total reflection

Atom transfer radical polymerisation
Broad

Carbonated 1,4-butanediol diglycidyl ether
B-Diiminate

Nitrogen physisorption
1,1'-(Methylenedi-4,1-phenylene)bismaleimide
Bisphenol A

Boiling point

Benzoquinone

Catalyst

Cyclohexane

Carbon nanotubes

Concentration

Correlation spectroscopy
Cyclopentadienyl

Cyclopentyl methyl ether

Dispersity
1,8-Diazabicyclo[5.4.0]Jundec-7-ene
Dicyclopentadiene

Doublet of doublets
Dichlorodiphenyldichloroethylene
Dichlorodiphenyltrichloroethane
Diethyl carbonate

Density functional theory

Bisphenol A diglycidyl ether
N,N-dimethylpyridin-4-amine

Dimethyl carbonate
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DMF
DMPA
DMSO-ds
DSC
EA
EDTA
El
EMY
ESBO
ESI-MS
FDCA
FID
FMF
FRP
GAC
GC
GC-MS
GHG
h
HFIP
HMBC
HOSA
HPLC
HRMS
HSAB
HSQC
HTMA
HTME
Hz

IR
kDa
LA
LC
LCA
LDO

170

Dimethylformamide
2,2-Dimethoxy-2-phenylacetophenone
Deuterated dimethyl sulfoxide
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Wissam, Viktor, Heba, Marcus, Tahani, Mads, Arne, Jamie, Sarah, Dan, Calvin, Deniz,
Niklas, Tobias, Carmen and Joakim. A very special thanks goes to Rosella, Tijana, Jakob,
Lynn, Karen and Ludvig. Thank you for all the great activities during the weekends and the
unforgettable time we spend together. | am beyond grateful for all the shared experiences,

and | hope our friendship will continue.

Bei meinen Freunden aul3erhalb des Labors, insbesondere Leonie und Hannah, méchte
ich mich fir die grof3artige Freundschaft und unsere gemeinsamen Unternehmungen

bedanken.

Zuletzt gilt mein groBter Dank meiner Familie, die mir stets Rickhalt gibt und mich

unendlich unterstitzt und starkt.
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