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Zusammenfassung

Die moderne Gesellschaft ist zur Aufrechterhaltung ihrer Wirtschaft und ihres
Energieverbrauchs stark von fossilen Brennstoffen abhangig. Die weltweiten Vorrdate an
diesen Ressourcen gehen jedoch schnell zur Neige und haben grofRe Auswirkungen auf die
Umwelt. Daher werden fiir die nahe Zukunft erneuerbare und nachhaltige Technologien
bendtigt. Der Einfang, die Speicherung und Nutzung von CO,, dem Hauptprodukt der
Verbrennung fossiler Brennstoffe und Hauptverursacher der globalen Erwdarmung, sowie die
Nutzung erneuerbarer Rohstoffe sind daher von hoher Relevanz, insbesondere im Bereich der
chemischen Forschung. Im ersten Teil dieser Arbeit wird die Verwendung von Kohlendioxid als
Ersatz fur teure und toxische Saurechloride zur Aktivierung von Hydroxamsauren wahrend der
Lossen-Umlagerung diskutiert. Hierbei erfolgte die O-Acetylierung der Hydroxamsaure ohne
Acylchloride, sondern durch Addition von CO; an die deprotonierte Hydroxylgruppe der Saure
in einem COz-schaltbaren ionischen Flissigkeitssystem (SWIL). Die Analyse der
mechanistischen Aspekte der Reaktion erfolgte mittels Gaschromatographie (GC),
kernmagnetischer Resonanzspektroskopie (NMR) und Online-Infrarot-Spektroskopie (IR). Im
zweiten Teil dieser Arbeit wurde die Lossen-Umlagerung auch fir die Synthese von
erneuerbaren Carbamat-Dien-Monomeren fir die Synthese von Nicht-Isocyanat-
Polyurethanen (NIPUs) tber Thiol-En-Polymerisation eingesetzt. Die Vorteile dieser Technik
liegen nicht nur im nachhaltigeren Verfahren, sondern auch in der Nutzung der
Nebenprodukte fiir den gleichen Zweck. Die anschlieBende Thiol-En-Polymerisation von
nachwachsenden Carbamat- und Harnstoff-Dienen mit sowohl erneuerbaren als auch
kommerziell erhdltlichen Dithiolen fiihrte zur Bildung von NIPUs mit interessanten und
einstellbaren Eigenschaften. Das vorgeschlagene System ermdglicht auch die Herstellung von
statistischen- und Block-Copolymeren, wodurch die Kombination von Monomereigenschaften
in ein und demselben Makromolekiil ermdglicht wird. Diese Fahigkeit wurde durch die
Kombination verschiedener NIPU-Eigenschaften ausgenutzt, um Materialien zu erhalten, die
fir die Beibehaltung einer bestimmten Form und fir die anschlieRende Analyse ihrer
Zugfestigkeit durch Spannungs-Dehnungs-Experimente geeignet sind. Besonders interessante
Ergebnisse lieferten NIPUs auf der Basis von Limonen und 10-Undecenoat, deren E-Modul und
gummiartige Konsistenz ein groBes Potenzial flir Anwendungen als Elastomermaterial zeigten.

Zusatzlich wurde das E-Modul des Limonen-basierten NIPU durch Zugabe von modifizierten



Cellulose Nanokristalle (CNCs) erhoht. SchlielRlich konnten die vorgeschlagenen Thiol-En-
Polymere durch H,0,-Oxidation der Sulfidbindungen auf einfache und nachhaltige Weise
nachmodifiziert werden, was zu entsprechenden Polysulfonen mit verbesserten thermischen

Eigenschaften fihrte.
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Abstract

Modern society strongly depends on fossil fuels to sustain its economy and energy
consumption. However, the global deposits of these resources are depleting fast and have a
major impact on the environment. This indicates that renewable and sustainable technologies
are needed for the near future. Therefore, the capture, storage and utilization of CO,, the
main product of fossil fuel burning and the major cause for global warming, as well as the
utilization of renewable feedstock are of high relevance, especially in the field of chemical

research.

In the first part of this work, the use of carbon dioxide as replacement of expensive and toxic
acid chlorides for the protection of hydroxamic acids during the Lossen rearrangement has
been performed. More specifically, the O-acetylation of the hydroxamic acid occurred without
an acyl chloride, but via addition of CO;to the deprotonated hydroxylic group of the acid in a
CO,-switchable ionic liquid system (SWIL). The analysis of mechanistical aspects of the
reaction were carried out via gas chromatography (GC), nuclear magnetic resonance (NMR)

spectroscopy and online infrared (IR) spectroscopy for monitoring.

In the second section of this thesis, the Lossen rearrangement was also employed for the
synthesis of renewable carbamate diene monomers for the synthesis of non-isocyanate-based
polyurethanes via thiol-ene polymerization. The advantages of this technique lie not only in
the sustainable procedure, but also in the usage of side-products for the same purpose. The
subsequent thiol-ene polymerization of carbamate and urea dienes with both renewable and
commercially available dithiols led to the formation of NIPUs with interesting and tunable
properties. The proposed system also allows for the preparation of random and block
copolymers, enabling the combination of monomer properties in the same macromolecule.
This ability was exploited by associating different NIPU characteristics in order to prepare
materials suitable for maintaining their shape and for subsequent analysis of their tensile
strength via stress-strain experiments. Especially interesting results were delivered by
limonene- and 10-undecenoate-based NIPUs, whose E-modulus and rubber-like consistency
showed great potential for applications as elastomeric material. Additionally, the E-modulus
of the limonene-based NIPU was increased by addition of modified cellulose nanocrystals

(CNCs). Lastly, the proposed thiol-ene polymers were modified by H,0, oxidation of the sulfide

VI



linkages in a facile and sustainable fashion, yielding the respective polysulfones with increased

thermal transitions.

Vil



Table of contents

Yol 4 Lo LT/ [=To F=d <Y o Y=Y o (SRR I
ZUSAMMENTASSUNE ..eeiiiiieii it e ettt ettt e sttt e e s sttt e e s s bteeeesabeeeessbaeeesaaseeeesanseeaeesnssaeessassaeessasseeessasseeessnnes Vv
FY o1y - [ot A TP PP U PPTOTOUPTRUPTRINt Vi
TaDIE OF CONTENES ...t ettt e b e st ettt et e sbe e sheesaeesane e IX
N [ ) o oo [¥ Lot T o O TSP OO UR PR PRPION 1
PN N o [=Yo T ¢y dTor= 1 I oF 1ol q={ 4o TU T o o FU USSR 3
2.1 Renewability and climate Change........cov i 3
2.2 Green Chemistry and ReNeWability.......ccoociiiiiiciiri i e 6
2.3 CO; switchable solvent systems and Materials .........ccceeieciieeieciiee e 16
2.3.1 Switchable polarity SOIVENTS (SPS)....ccc ittt et 18
2.3.2 Switchable hydrophilicity SOIVENTS (SHS)......eeiiiiieiiieeee et 20
2.3.3 SWItChable Water (SW) .ottt e st e e aae e re e e bae e saree s 22
234 Other applications in CO2 sWitChability .......ccueeieciiiiieiiic e 23

2.4 Hydroxamic acids and the Lossen Rearrangement ........ccceveeeveeeeecciieeeeecvieeeeceee e eeieee e 32
2.4.1 L NV Lo 1003 % 1 o 1o Yol o -SSP 32
24.2 LOSSEN FEAMTANEEIMENT. ..o i i e e e e e e e e e e e e e e e e e e e e e eeeeeaneens 34

2.5 Polyurethanes and Non-isocyanate polyurethanes (NIPUS) ........cccceevieerieeenieeciee e, 39
2.5.1 POIYUIEENANES.....eeeceeee e e et e e e e e e e e et e e e s e bae e e e eabeeeeeanrenas 39
2.5.2 Polyisocyanates and POIYOIS........ccocuiii i e 42
2.5.3 Non-isocyanate polyurethanes (NIPUS) .......cocciieiieiiie ettt e 44

2.6 Thiol-ENe “Click” REACTION ..coviiiiiiiierieeieeteete ettt ettt s e 51
2.6.1 B O ol o 1T 1 01 4 Y PPNt 51
2.6.2 The thiol-eNe FEACTION ...cocuiiiiiiie ettt st 53

3 AIM OF ThiS WOIK ettt ettt e sbe e sat e st s b b e beesnes 61
4 ReSUIS aNd dISCUSSION .....eiiiiiiiiiiieieee ettt ettt sttt s e st e e e e esreesaeesane e 63
4.1 The COz-based LOSSEN rearrangemMENT.......ccuccuvieeiiiieeeeiiieeeeciee e esree e e sree e e sbee e e e sabeeeeenaveeas 63
4.1.1 INEFOAUCTION ...ttt ettt s st sbe e b e sanesane e 63
4.1.2 FAN[T'o] oF-  a Tolfofe] 1Y oo 11 o Yo K0P 69
4.1.3 JiN o]0 aF- Lol o] 3 Y o To 101 g T KSR 80
4.1.4 IR SCIBENING o eeeeeeeeeeeeeee e e e e e e e e e e e s e e e e e e e e e s seeesasasasasananns 94
4.1.5 Conclusion and OULIOOK ........couiiiieeeieee e e 96

4.2 Thiol-ene POIYMETIZAtioN ......c.uiiiiiiiie e e e e e e e e e e 98
42.1 1Yo a o] 0 LT SO RO PPRP T 98
4.2.2 EffECt OF LIME ettt st 110



4.2.3 Effect of iINItiatioN ....cooooeieieieeeeee 112

424 Effect of CONCENEratioN.....oc.eiieee e 113
4.2.5 ChOiCE OF SOIVENTS.....coneieiiie ettt sb e 114
4.2.6 MONOMEN ChOICE ...ttt st s s 115
4.2.7 Allyl carbamate 3 based NIPUS.........ccoocciiiiiiiiec et 122
4.2.8 Dicarbamate 6 based NIPUS .......cccuiiiiiiiiieeee ettt et 125
4.2.9 LU =T L PPN 126
V% 20 0 B D I T=T o TN o - Ty =T I ole] o o Y/ o 1 V=1 o 0 PSP 129
4.2.11  Dithiol based COPOIYMETS .......uiiiiciieieecee et e e rrre e e earae e e e eareeas 132
L A = 1 Fo Yol ot o Yo 1Y/ 4 1T SRR 137
4.2.13  Post Polymerization modification (OXidation) .........cccccceevieeiieeeciee e 143
e S 1[4 o= 1y 4 o VPR 153
I T =T o Y| [ T 1 V-SSP 156
4.2.16  Cellulose nanocrystals (CNCs) as additiVes.........cccceeeieiieeeeeiiiee e e 163
4.2.17  Conclusions and OULIOOK .......cc.eeeuiriiiiiieiierie et 172
EXPErIMENTAl SECHION ..eiiiiiiie et e st e e e et e e e s sbae e e e saraeeesenraeeesanes 177
5.1 Experimental section — CO;-catalyzed Lossen rearrangement .......ccccceeeeveeeeecieeeescieeensnns 177
5.1.1 Y L= o T | S OO PPN 177
5.1.2 F N a1V A or-] W g 11 Vo Yo KSR 177
5.1.3 General procedure for the synthesis of methyl esters.........cccceeeecvieeeeciiee e, 179
5.1.4 General procedure for the synthesis of hydroxamic acids..........cccccveveieiiiccieneennen. 188
5.1.5 General procedure for the synthesis of ureas and anilines .........ccccceeeevieeieiieneenen. 223
5.1.6 Calibration curves for GC analysis ......cccueeieeiiieeiiiieee et e e e 236
5.1.7 General procedure for online-IR eXPeriments .........cccccueeeeeciieeecciiiee e e 238
5.2 Experimental section -Diene and dithiol MonomMers..........cccoecviiiieiiii e 238
521 Y LT AT | PSP PR PR PRSI 238
5.2.2 Additional analytical Methods.......c.ueiiiiiiiie e 238
5.2.3 General procedure for the synthesis of carbamates and ureas via the Lossen
FERAMMANEEMENT oo e e e e e e e e e e e e e e e e e e e e e eeeeeaasasasasasasasasasasasesasasasesasanenns 243
5.2.4 General procedure for the synthesis of dithiols from dienes .........cccccccvvviiiveeennnnen. 256
5.3 Experimental section — Non-isocyanate polyurethanes (NIPUS) .......ccccoeeveeviveecieeenneennee. 261
53.1 Y 1 =T 41 PO PPTOPRRPPRN 261
5.3.2 Additional analytical Methods.......ccei e 261
5.3.3 General procedure for the thiol-ene polymerization..........ccccceiviieiiiciee e, 262
534 General procedure for the preparation of block copolymers.........cccoeevveeeeiivereennen. 327
5.3.5 General procedure for the oxidation of polysulfides to polysulfones ........................ 327

Y o 01T T [ S SSURRN 343



7

8

6.1 List Of @DBreViatioNns ......cooeeiiiiiieeeeee e e e e
6.2 [T o) 3 o TV o] FTor= Y d o) o ISP

List of figures, schemes and tables........occviiiiiiiiiicc e
7.1 [y o) i =V =TSP PUR RN
7.2 LISt Of SCNEIMES ...ttt ettt
7.3 LIST OF TaDIES. ... s et aes

271 o] [ Lo = =T o] o 1V ZS PSRRI

Xl



Xl



Introduction

1 Introduction

Modern society currently depends on fossil fuel consumption for its energy demands.
Although the dependence on these resources increases each year, fossil fuel deposits are
rapidly declining. Additionally, the emissions derived from energy production, especially from
CO,, have increased the total greenhouse gas (GHG) concentration in the atmosphere to
almost 500 ppm, compared to the pre-industrial level (280 ppm).[! The alarming rate, at
which the environment is affected by resource depletion, global warming and pollution has
awakened the interest for the development of sustainable processes and the usage of
renewable feedstock for industry. In the chemical and engineering field, P. Anastas!?
introduced the now well established “12 principles of Green Chemistry” in 1998 as a guideline
for the design of sustainable procedures. The advances made by Green Chemistry over the
last decades have reached a significant progress, however, all the steps made so far are still
not sufficient to make a difference. Many sustainable technologies are still under
development, as well as not efficient enough and often not well funded to achieve a sufficient
reduction in CO; levels. Therefore, exploring all possibilities for sustainable methods is of

utmost importance.

The use of biomass as feedstock!3! for chemical synthesis, for instance from carbohydrates,
lignin or fatty acids, is an excellent way to exploit natures resources for everyday commodity
materials to fine chemicals. Another example are CO; capture technologies, which are being
intensively employed to reduce GHG emissions, for instance from exhaust streams.!
Additionally, next to storage, the obtained CO; can be converted into everyday materials like
polycarbonates in the polymer field.P! Another important class of polymers, namely
polyurethanes (PUs), are also produced in large quantities and distributed worldwide in many
forms for a wide range of applications.[! The scope of this polymeric class includes packaging,
furniture, coatings, and insulation materials, which will be discussed in section 2.5. However,
their industrial production requires the use of isocyanates, which are not only harmful for
human health, but are also produced from the reaction of amines with the highly toxic
phosgene,l’! a gaseous substance that was employed as chemical weapon during World War
1. Since then, multiple pathways were described to avoid isocyanates, creating the new class
of non-isocyanate polyurethanes (NIPUs), for instance rearrangement, transesterification,

ring-opening polymerization (ROP) or polyaddition.[® Especially the polyaddition of bis(cyclic

1



Introduction

carbonates) with amines was proven to yield polyhydroxyurethanes via sustainable starting
materials.”) However, this method possesses the major disadvantages of requiring high
temperatures and mostly reaching low conversions. Although the number of novel
approaches for the preparation of NIPUs published over the last decades increased almost
exponentially, an optimal procedure in the view of both sustainability and efficiency has not

been developed to this day.

Sustainability, and the related Green Chemistry, are topics of great importance, indicating the
way to a future with less pollution and a safe environment. However, this field is still not
developed enough, requiring more attention not only from scientists, but from every person.
Through the cooperation of society as a whole and the change sustainability has to offer on

many aspects of our life, a path to a better future can be achieved.
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2 Theoretical background

2.1 Renewability and climate change

In the last decades, the topic of climate change has gained great importance and many
organizations have been founded to study and fight against its major problem: global
warming. Global warming is a long lasting effect caused by many economic and environmental
factors, and is therefore difficult to predict with precision. Nonetheless, the primary effects
have already started to show, such as an increased rate of natural disasters, longer summers

and higher overall temperatures.[1

CO> has often been declared the main cause for climate change.[*!l As the main greenhouse
gas, COis present in the atmosphere in a concentration of 411 ppm (2019), much more than
the value of 280 ppm as determined before the industrial revolution.? CO, is therefore the
biggest contributor to the CO; equivalent (CO2e) of all greenhouse gases (GHGs), with around
80% out of a total of 500 ppm in 2019 (all GHG combined).[3] The CO,e is calculated by
multiplying the amount of the GHG (e.g. hydrofluorocarbons, sulfur hexafluoride SFs, etc.) by
its global warming potential (GWP) in respect to CO> (GWPcoz = 1).! For instance, SFe
possesses a GWP of 22,800. This COze increase has been deemed responsible for a
temperature increase between 1-2°C worldwide. Scientists have calculated that a
temperature stabilization is still possible in the range of 430 to 550 ppm, between which the
probability of major risks can be strongly reduced or even avoided. Although considering the
step of over 250 years from the 1750s and now, one has to keep in mind that, since the
beginning of the industrial revolution in 1750, the dependence on fossil fuel resources has
been increasing almost exponentially until today, and is likely to rise even further in the
future.! It has been calculated that carbon emissions have risen by at least 80% from 1970 to
2004, with a further annual CO,e gain of around 2 ppm during the early 2010s. More
recently, the CO;e changed from 407.4 ppm in 2018 to 414.7 ppm in 2019. Considering these
aspects, the upper limit will be reached in around 30 years if no countermeasures are taken
soon. Surpassing 550 ppm of COze will lead to an over 50% chance for the temperature to
increase by over 5 °C by the end of the century.[*> Figure 1 shows the 5-95% range of the

estimate temperature increase at different CO2e levels at equilibrium points.[®!
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450 ppm

650 ppm

—
_ : 5
550 ppm —

Figure 1 Range of temperatures projected at stabilization levels between 400 ppm and 750 ppm COze

at equilibrium, relative to pre-industrial revolution times (taken from the Stern review 2007).1%!

The increase of COze is caused by human activities and technology, as confirmed by analysis
of carbon isotope abundance in atmospheric CO». A decrease in the concentration of *3C and
14C nuclei detected in the air implies an artificial conversion of fossil fuels, since these species
are less common than in naturally produced CO,. Additionally, the atmospheric O; to N; ratio

drops further as carbon bonds to oxygen virtually irreversibly.[”]

Carbon-based emissions are represented in the chart in Figure 2. Power production represents
the main source, followed by transportation and industry. Nonetheless, also non-energy

emissions have a fundamental role in the overall picture, with a total amount of 35%.
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Emissions

Energy emissions (65%)

Waste
3%

Agriculture
14%

Land use
18%

Figure 2 Pie chart of the total emission percentage of energy and non-energy nature (2000, adapted

from the Stern Review 2007) (1]

Energy emissions consist essentially of CO,, with few exceptions in the industrial and other
energy-related fields, while non-energy emissions are represented both by CO; in land use
and other emissions in agriculture and waste. The total amount produced in 2000 adds up to
42 Gt COze.!! For instance, deforestation is a great contributor to global warming, belonging
to the non-emission block. With 13 million hectares of forests cut down every year, the ability
of trees to perform photosynthesis becomes more and more restricted. Especially tropical
deforestation causes almost 20% of the global greenhouse gas (GHG) emissions.[*8] Therefore,
less and less CO2 can be transformed into O, by trees and plants, ultimately increasing the

atmospheric COze.

Summarizing the paragraphs above, the main causes for climate change derive from the
creation of greenhouse gases, cutting of forests, energy creation and transportation.
Additionally, growing economies in particular tend to invest in fossil fuel technologies and

infrastructures, as cheap alternative to more renewable, but more expensive options. None
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of the points mentioned above show immediate consequences, but have been shown to lead

to severe results.

To stabilize the CO;e between 500 and 550 ppm, economists have predicted the necessity of
investment of 1% of the global gross domestic product (GDP) for a long-term plan.™! Ignoring
countermeasures and planning for the next few decades will lead to consequences requiring
at least 5% of GDP annually to contrast the effects of global warming, according to
estimations.[*! For instance, an increased wind speed of hurricanes of around 10-15% induced
by higher ocean temperatures will double the repair costs of the affected areas, especially in
the USA.[*11n 2003, the heatwave in Europe resulted in a financial damage of around 15 billion

US dollars and the death of 35,000 people.l?!

Therefore, the topic of renewability and sustainability, as well as the development of
“greener” technologies is of utmost importance in the current and upcoming decades and
should not be ignored or underestimated. Especially decreasing CO, concentration through its
capture,[?!l storagel?? and utilization?®! are viable possibilities to reduce pollution in the
atmosphere and for the continued use of carbon without harming the environment.?*
Meanwhile, the importance of the renewability and sustainability field will simultaneously
create many business opportunities worth billions of dollars in the direction of low-carbon
goods and services as well as technologies independent on fossil fuels, which have been
employed for centuries as energy source, and are slowly but steadily approaching complete

depletion.

2.2 Green Chemistry and Renewability

The concept of “Green Chemistry” emerged in the early 90s, as the causes of pollution
resulting from the rapidly expanding industry became more significant and resource shortage
gained major importance. Figure 3 reflects the growing interest on this topic over the last two

decades.
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Figure 3 Publications per year under research topic “Green Chemistry” as entered (SciFinder-n,

retrieved 06.07.2021).

The term Green Chemistry was first defined by P.T. Anastas and J.C. Warner in 1998[? and
applies both to chemistry as well as to chemical engineering. These 12 principles describe ideal
processes that focus on the synthesis of biodegradable and harmless materials from non-

hazardous chemicals, while also minimizing or avoiding the generation of waste:

1. Prevention. Preventing waste is better than treating or cleaning up waste after it is
created.

2. Atom economy. Synthetic methods should try to maximize the incorporation of all
materials used in the process into the final product. This means that less waste will be
generated as a result.[?!

3. Less hazardous chemical syntheses. Synthetic methods should avoid using or
generating substances that are toxic to humans and/or the environment.

4. Designing safer chemicals. Chemical products should be designed to achieve their

desired function while being as non-toxic as possible.[2®!
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10.

11.

12.

Safer solvents and auxiliaries. Auxiliary substances should be avoided wherever
possible and be as non-hazardous as possible when they must be used.

Design for energy efficiency. Energy requirements should be minimized and processes
should be conducted at ambient temperature and pressure, whenever possible.

Use of renewable feedstocks. Whenever it is practical to do so, renewable feedstocks
or raw materials are preferable over non-renewable ones.

Reduce derivatives. Unnecessary generation of derivatives—such as the use of
protecting groups—should be minimized or avoided, if possible, as such steps require
additional reagents and may generate additional waste.[?’]

Catalysis. Catalytic reagents that can be used in small quantities to repeat a reaction
are superior to stoichiometric reagents (ones that are consumed in a reaction).[2®!
Design for degradation. Chemical products should be designed so that they do not
pollute the environment. When their function is complete, they should break down
into non-harmful products.

Real-time analysis for pollution prevention. Analytical methodologies need to be
further developed to permit real-time in-process monitoring and control before
hazardous substances form.

Inherently safer chemistry for accident prevention. Whenever possible, the
substances in a process and the forms of those substances should be chosen to

minimize risks such as explosions, fires, and accidental releases.

Since following all 12 principles simultaneously is challenging, these rules were designed to

serve as guidelines for chemists and chemical engineers to pursue the goal of sustainable

chemistry for syntheses and processes.!?°!

The first bullet point in the list above delineates the minimalization of waste or its complete

prevention. For an easy and universal comparison of processes and overview over side

product formation, the “Environmental Factor” (E-Factor) was introduced in 1992 by R.A.

Sheldon.% The formula of the E-factor is simply the mass of waste divided by the mass of

product, for which an ideal value of zero is possible. Some typical values in industrial processes

are summarized in Table 1. The high E-factors in pharmaceutical industry trace back to the

multiple reaction steps and the resulting large need for solvents during purification.
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Table 1 E-factors in the chemical industry.

Industry segment Product tonnage E-Factor
[tons per year] [kg waste/kg product]
Oil refining 106-108 <0.1
Bulk chemicals 10%-108 <1-5
Fine chemicals 10%2-10% 5-50
Pharmaceuticals 10-103 25-100

It is noted that often “Green Chemistry” is wrongly considered as a synonym of sustainable
chemistry.3l To resolve this misunderstanding, one must consider the origin of the term
sustainability, which was formerly used to describe the balance between the felling and
growing of trees by lumberjacks, gradually evolving to the present day in economic,
environmental and social aspects.[3? Since these three categories are difficult to merge in one
definition, sustainability remains more like an idea with a broader scope with no fixed limits,
while the twelve principles of Anastas and Warner clearly describe all sides and boundaries of
Green Chemistry. Economic aspects include stability and growth of the market, as well as
secured prosperity for next generations. Social sustainability aims to ensure that education,
health systems and personal safety are ensured at present and for posterity. Meanwhile, the
ecological branch focuses on the regeneration of resources employed in every kind of process.
Since chemistry aiming for non-hazardous and recyclable materials from renewable resources
is strongly connected to this last category, Green Chemistry is ultimately considered as a

subgroup of ecological sustainability.

The other main focus of this work, which is described by the bullet point 7 of the list of the 12
principles of “Green chemistry”, is the employment of renewable feedstock for chemical
syntheses. By definition, a renewable resource is a resource that, after being partially
consumed or depleted, will be able to replenish itself by natural means at a faster rate than

its depletion.[33!

Focusing on renewable raw material feedstock, biomass is a widely known source with an
annual production of 150 billion tons worldwide.!3* Biomass consists of any organic material
derived from plants and animals, for instance wood from trees or ethanol from plants.[°!
Additionally, other naturally formed molecules and polymers are readily available just after

extraction from their natural sources by physical methods, such as polysaccharides,
9
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triglycerides and natural rubber, but also products like fatty acids and disaccharides, which
are obtained after one-step biochemical modifications.®! This way, materials in the scale of
millions of tons per year are obtained without the need of complex synthetic steps. Cellulose,
the most abundant organic polymer on earth is naturally produced in a scale of trillions of tons
p.a., making this polysaccharide a virtually inexhaustible source of raw material.?” Also,
industry has started to employ biomass as feedstock as it is inexpensive, vastly available and
can offer a wide range of chemicals. An overview of some of the components of biomass is

given in Figure 4.

Other

Terpenes Alkaloids
Resin acids Sterols
Phenols

Figure 4 Main components of biomass.®

The main categories of biomass components are lignin, oils and cellulosic materials like starch,
cellulose and hemicellulose.l3® However, as mentioned before, these components can be
easily transformed into other interesting compounds, either by chemical or biochemical
modification. The concept of a biorefinery is therefore to be introduced, as it describes the

process of the conversion of biomass into many fine chemicals and molecules. "

Both cellulose and hemicellulose constitute a great percentage of the biomass obtained from
wood, with a mass range between 55 and 80%. However, lignocellulose has to be treated

before isolating the pure sugar-based biopolymers, mostly by catalytic hydrolysis leading to

10
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the depolymerization of the polysaccharides. After this step, lignin can be easily separated
with the help of ionic liquids, which are able to disrupt the network between lignin and
hemicellulose, while simultaneously solubilizing cellulose.*¥ This is currently the most
common non-industrial separation method, without the risk of compromising the structure of
the carbohydrates.[*?l After lignin removal, the remaining sugars are subjected to different
refinery methods: catalytic hydrodeoxygenation and aqueous phase reforming convert the
saccharides to biofuels and other chemicals, for instance to hydrocarbons or biohydrogen.
Classical fermentation produces mostly alcohols, like bioethanol, and the dehydration of
sugars often yields furfurals, which can also be employed as fuels and are of great importance
in the chemical industry.[*3 Cellulose and hemicelluloses are exposed to hydrolysis,
liquefaction, gasification, pyrolysis and/or hydrogenation in order to obtain fine chemicals

with chain lengths between C1 and C6, as shown in Figure 5.

o Cellulose
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Figure 5 Fine chemicals with different chain lengths (C;-Cs) obtained from biomass derived cellulose

(adapted from 1#4).
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Observing the figure above, the importance of biorefineries and their development becomes
clear as a tool for the sustainable acquisition of a great variety of different structures. For this
reason, many different methodologies are being developed in order to optimize these

processes and to increase their efficiency.*"!

Meanwhile, lignin represents around 30% of lignocellulosic biomass, an amount making it
worth being exploited to its full potential. Additionally, it is the second most abundant organic
substance after cellulose.l*®l Structurally, this source of raw materials is composed of
phenylpropanoids, giving lignin the advantage of being a biodegradable material rich in
chemical functionalities, while simultaneously showing UV-blocking, antioxidant and

reinforcing properties. The three most common building blocks of lignin are depicted in Figure

coumaryl alcohol coniferyl alcohol sinapyl alcohol

Figure 6 The major components of lignin, coumaryl, coniferyl and sinapyl alcohol, all of which belong

to the phenol subclass.

As aromatic compounds are mostly extracted from petroleum in modern industry, similar
phenolic molecules can be isolated by exploiting the chemical structure of lignin. However,
currently, 98% of the yearly produced lignin is burned, since it is mostly seen as a byproduct,

for instance in the paper industry.[*®! The unique potential of this material is therefore lost.

With the importance gain of the topic of green chemistry and sustainability, many scientists
started developing new routes for the processing of lignin in order to obtain chemically
interesting phenolic compounds. This task is, however, not simple as the three alcohols shown
in Figure 6 are not only linked together in different ratios, but also form an extremely robust
3D network, which that is resistant to most chemical agents.[*”] Already known methods under
harsh conditions (up to 500 °C and 200 bar) are also undesirable, as the energy consumption
is not only unsustainable, but also very expensive. The Rinaldi group found two catalysts to
reduce emissions and optimize the reaction conditions. Thanks to this renewed process, lignin

degradation was achieved below 40 bar and at 150 °C, yielding a mixture of chemicals easier

12



Theoretical background

to separate, since the main issue concerning temperature-related side reactions was avoided
during the treatment of lignin.[*®! Following nature’s example, novel methods make use of
white rot fungi, through their enzymatic oxidative decomposition.*®! These fungi are named
after the kind of wood-decay caused, as the cellulosic fractions of wood are left undigested,
leading to a bright and soft rot residue.l® The effectiveness of these fungi has been tested
under laboratory conditions and, although slow when compared to burning, the
decomposition of lignin proceeds to full conversion, enabling the isolation of many different
functional groups and aromatic species.®¥ Under the detected compounds, phenolic

compounds like vanillin, coniferyl aldehyde, veratric acid and many more were identified.[>?

The other big class of noteworthy resources obtained from biomass are plant oils. Mostly
obtained as viscous liquids, the main component of oils is the triglyceride unit (Figure 4). A
triglyceride is a triester of glycerol and three fatty acids, which are carboxylic acids with long
aliphatic chains found as both saturated and unsaturated species. The most common fatty

acids found in nature are listed in Table 2.

Table 2 A few examples of the most common fatty acids and the respective saturation levels

Name Carbon atoms unsaturation type
Lauric acid 12 - -
Palmitic acid 16 - -
Stearic acid 18 - -
Arachidic acid 20 - -
Palmitoleic acid 16 1 cis-0°
Oleic acid 18 1 cis-0\°
Elaidic acid 18 1 trans-0°
Linoleic acid 18 2 cis, cis-0°,AT?
Linolenic acid 18 3 cis, cis, cis-A°, A2, A1>
Erucic acid 22 1 cis-A13

Additionally, most of the naturally occurring fatty acids are not only unbranched, but also
possess an even number of carbon atoms. Two exceptions are found in dairy products, namely

pentadecanoic (Cis-chain) and heptadecanoic acid (Ci7-chain).®3! It is worth mentioning that,
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depending on the oil source, different types and ratios of fatty acids are attached to the
glycerol. As an example, the compositions of fatty acids in vegetable oils are listed in Table 3.

Table 3 Examples of the most common vegetable oils and the percentual amount (mass) of saturated,

unsaturated and polyunsaturated fatty acids.

Name Saturated Monounsaturated Polyunsaturated
fatty acids [%] fatty acids [%)] fatty acids [%)]

Sunflower oil 10.3 19.5 65.7
Palm oil 49.3 37.0 9.3
Soybean oil 15.6 22.8 57.7
Canola oil 7.4 63.3 28.1
Walnut oil 9.1 22.8 63.3
Olive oil 13.8 73.0 10.5
Corn oil 12.9 27.6 54.7
Castor oil 1.8 94 3.8
Coconut oil 82.5 6.3 1.7

As clearly shown in the table above, the diversity of fatty acids obtained from oils is great and
should be therefore exploited as the yearly production of vegetable oil almost reached 210
million metric tons worldwide in the last year.!®* Another source of oils are lipids derived from
animals, which can be divided into rendered fats, fish oils and milk fats. These three categories
also greatly differ in their fatty acid compositions.’®! Rendered fats are, for instance, a
byproduct of the meat industry and they consist of mostly saturated fatty acids, while oil
extracted from fish, either as byproduct from the fishing industry or from fish explicitly caught
for the oil production, contain a great amount of polyunsaturated fatty acids (> 3 double
bonds). Dairy products, on the other hand, yield many short chain fatty acids, with most of

them being between C4 and Ci0. An overview is given by Table 4.15¢!
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Table 4 Fatty acid content of some animal oils compared to the vegetable soy oil. All values are

represented in percentages of the overall mass.

Fatty acid Soy Whale Chicken Pork Beef
[%] [%] fat [%] lard [%] tallow [%]
Myristic (C14, saturated) - 4-8 1 0.5-2.5 1.4-6.3
Palmitic (Cy6, saturated) 10 7-12 25 20-32 20-37
Stearic (Cis, saturated) 5 1-3 6 5-24 6-40
Palmitoleic (C16, monounsaturated) - 7-18 8 1.7-5 0.7-8.8
Oleic (C1s, monounsaturated) 20 28-32 41 35-62 26-50
Linoleic (Cis, polyunsaturated) 50 1-2 18 3-16 0.5-5

Industrially, fatty acids are isolated by hydrolysis of the triglycerides, and glycerol is removed
by distillation during the process.l®” Another useful treatment is the transesterification of the
triglycerides with alcohols like methanol, yielding valuable fatty acid esters (FAMEs). As methyl
esters are very reactive, these compounds are both employable as chemicals for further
modification and can also be used as biofuels. Two advantages are known for the utilization
of FAMEs as biofuels compared to the respective triglycerides: on the one hand the much
lower viscosity of the esters and on the other hand the lack of many toxic byproducts formed
by the thermal degradation of glycerol (e.g. acrolein). Ethanol, or the greener bioethanol,
represent an additional candidate alcohol for transesterification, as ethyl alcohol is less toxic

and volatile than the methyl alcohol counterpart.®!

Conclusively, renewable resources can be obtained from multiple sources in large quantities.
Depending on the treatment, the variability of the isolated chemicals and fuels, as well as the
production of green energy, possess great potential, which has to be exploited in the following
decades. It is especially important to research every aspect and process involved in each step
from biomass towards the desired product, since fossil fuels and petrol are not present in
infinite amounts on earth. Additionally, oil deposits are being depleted at higher rates by the
continuously increasing energetic demand. Therefore, alternative routes starting from
renewable feedstock are of utmost importance. The 12 principles of “Green Chemistry”
introduced by Anastas are a useful tool for chemists and engineers for the design of new

processes, a topic which is expected to gain even further importance during the next years.
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2.3 CO; switchable solvent systems and materials

In the chemical field, especially in organic chemistry, it is common that a synthesis comprises
multiple steps and purifications. During these “post-synthesis” actions, it is highly probable
that the solvent used in one step is unsuitable for the following one. Therefore, the solvent
has to be removed and replaced with an optimal alternative before being able to proceed. The
extra steps mentioned not only extend the overall duration of the procedure and increase the
cost in required laboratory materials and equipment, but also result in a large environmental
impact caused by the energy demand and the formation of additional waste. It has been
proposed that utilizing a solvent system capable of changing its physicochemical properties,
i.e. to optimize its suitability for different reaction steps, is highly desirable, particularly when
such a switch takes place on account of changes in the pressure or temperature.l!
Unfortunately, such a scenario is not achievable for common organic solvents. Alternatives
are supercritical fluids'®® and CO,/organic mixtures,®l with the main drawback of the
necessary switch being achievable only under harsh conditions (e.g. above 40 bar pressure).
An observation on the behavior of 1-hexanol and 1,8-diazabiciclo[5.4.0]Jundec-7-ene (DBU) in
the presence of CO; by Jessop et al. in 2005[%2! |ed to the development of a switchable solvent
system under mild conditions and the subsequent discovery of its revolutionary potential for
organic and polymer chemistry. The non-ionic liquid consisting of a base and an alcohol was
reversibly converted to an ionic system in the form of a liquid salt by exposure to an
atmospheric pressure of CO; (Scheme 1). Formally, the base deprotonated the alcohol, which
subsequently, as an alcoholate, underwent a nucleophilic attack on the weakly electrophilic
carbon of the CO,. The resulting carbonate anion and its charge were stabilized by the
remaining protonated base. It is worth mentioning that this addition even occurred at room
temperature, increasing the sustainability of the proposed system.®2! Returning the now ionic

solvent to its original state was achieved by bubbling inert gas through the mixture for 15

CoO O
N/j 2 Q\J\/j
Q\\N -CO2 \N RO)J\O@
H

Scheme 1 Reversible non-polar to polar solvent system with an alcohol and DBU.

minutes.
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Polarity changes are either measured by *H NMR spectroscopy or via solvatochromic methods,
i.e. by comparing the spectra of the same solvent in its ionic and non-ionic state. Additionally,
the alcohol component should be chosen wisely, as specific salts like bicarbonates®3 and
methyl carbonates!®! are not suitable solvents because of their solid state at standard

conditions.

A practical demonstration of the effectiveness of the CO, switchable solvent system is
depicted in Figure 7. In this scenario, DBU, alcohol, and decane are mixed in a flask or beaker.
Afterwards, the mixture is exposed to CO; by bubbling for a few minutes. The newly formed
highly polar ionic liquid separates from decane resulting in two distinct phases, facilitating
solvent removal without requiring evaporation or more complex procedures. The triggered
immiscibility is a promising alternative to rotary evaporation in the lab, but offers even greater

advantages on industrial scale, mainly for separation procedures via extraction.

& &

> co, O

ROH N> RCOL

DBU DBUH®

©_Cn) ©_Cn)

Figure 7 COz and N; as a switch for miscibility and immiscibility, respectively, between decane and an

alcohol.[¢%

Heldebrandt et al.[®*] have calculated the gravimetric uptake of different alcohol/base systems
in 2008. For instance, the 1-hexanol/DBU system is capable of capturing 1.30 mol of CO; for
each DBU equivalent. This confirms the involvement of physisorption of CO; to the solvent,
additionally to the expected chemisorption. This value is about 30% higher than for a
monoethanolamine solution, a standard mixture for CO; capture.[®® Studies have also been
performed on amino—alcohol/DBU based systems, which show an increased CO; uptake when

compared to their respective aqueous solutions.[®’]
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Two groups of switchable solvents based on CO; have been defined: switchable polarity
solvents (SPS) and switchable hydrophilicity solvents (SHS).[®! Even though both categories
seem to be very similar, their main difference is that SHSs are bound to their influence on
water, while SPSs are focused on polarity effects and have an organic nucleophile as the main
component. For example, Figure 7 represents a typical SPS. A third group, “Switchable Water”

(SW), will also be introduced in chapter2.3.3.

2.3.1 Switchable polarity solvents (SPS)

As mentioned before, it is common knowledge that for multiple reaction steps there is only a
small chance that the same solvent is adequate for all steps, especially in organic chemistry.
Therefore, a solvent possessing the ability to switch polarity on command (in this case

exposure to CO3) is highly desirable.

SPSs change their polarity based on the addition of CO; and are often composed of a
nucleophilic component and an organic base. Amines and alcohols are the most used
nucleophiles. Alcohols were the first example presented by Jessop and co-workers and show
greater polarity range than amines.[®® However, they present a major issue as these systems
have the crucial disadvantage of being highly water sensitive. All components need to be dried
before usage, as bicarbonate salts are thermodynamically more stable than carbonate salts
under mild conditions. Fortunately, this counts only if bicarbonate is not wanted, which is not
the case for SHSs or SW (see chapter 2.3.2 and 2.3.3). In contrast, amines are highly selective
towards CO; and the respective carbamate salts thermodynamically stable even at higher
temperatures.[®® As for the base, guanidine- and amidine-based SPSs have often been
reported in the literature and are highly efficient because of their basicity and readiness to
form salts. Nonetheless, most of the representatives of these two categories are expensive
and too basic to be appropriate for use as a solvent for reactive components (such as acids
and alkyl halides).[7% A possible solution to this problem are single-component SPSs.”Y The
first reported example was an SPS containing secondary amines, which possess the right
properties to be both a nucleophile and a base. Nonetheless, as many carbamate salts are
solid, they are not suitable for single-component SPSs, while anilines have been shown to be

inert towards COz in the absence of catalysts.l’?]
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These systems are not limited to phase separation, but are also employed for triggered
precipitation or solubilization of organic compounds. As SPSs can be employed both as
reaction solvents and extraction media, their attractiveness in organic and polymer chemistry
has greatly increased since their discovery. For instance, polymerization of styrene has been
performed in the presence of switchable compounds with low polarity.”3! By bubbling CO,
through the mixture, the precipitation of pure poly(styrene) was achieved because of the
polarity increase of the medium. The polymer was then removed by simple filtration. Other
examples of reactions in SPSs include Michael additions, Claisen-Schmidt condensations, and
even air sensitive Heck reactions.”"! As for extractions, a few notable examples were
developed and have to be mentioned. One is the extraction of lipids from algae, which is
currently performed with hexane and yields around 7.8% from freeze-dried samples. When
employing the 1-octanol/DBU SPS for the same task, a yield of 16% by weight was isolated.[””]
The SPS system was also employed in the extraction of soy oil from soybeans with benzylamine

or an alcohol as nucleophilic component.[7®!

The focus on facile recycling and the ability to reduce the amount of solvent and reduction of
purification steps has been proposed to bring great economic advantages in large scale

processes in the industry.l’’]

Deeply connected to the field of green chemistry is the functionalization of cellulose, the most
abundant natural polymer found on earth.3”] Cellulose is not only available in large quantities,
but is also biocompatible and biodegradable,!”® making it one of the best known and favorite
polymeric materials for green chemists. Changing the properties of the polysaccharide, for
instance by reducing the hydrogen bonding via hydroxy group transformation (e.g. to
esters’?]), is of utmost importance, as this material can afterwards be further processed when
its crystallinity and insolubility are reduced. Additionally, depending on the functionalization
chosen, cellulose properties can be tuned for the desired applications. However, cellulose
remains insoluble in most organic solvents and in water, inhibiting potential functionalization
of the saccharide backbone. lonic liquids represented virtually the only solution to this
drawback for a long time,[8% albeit at the expense of sustainability. Recently, two CO,-based
alternative routes were described, as published simultaneously by two different working

groups, namely the Xiel®l and Zhang[® groups. Even if the reactivity of CO, with alcohols
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under basic conditions was exploited in the same manner, one example features a non-

derivative pathway, while the second method is of derivative nature, as shown in Scheme 2.

Non-derivative
SN
B + ROH = = R ®
heat, N, "0 O® BH
not suitable for cellulose suitable for cellulose dissolution
dissolution
Derivative @)
 on - i OJ\O@@ BH
0 CO,
B + — ~ = — ©
HO oL heat, N, RO oL
OH o OR
L - n R = L -n
insoluble in DMSO WLKO@ %DH soluble in DMSO

Scheme 2 Non-derivative approach (top): formation of reversible ionic liquid suitable for cellulose
dissolution. Derivative approach (bottom): CO, addition to the deprotonated hydroxy groups of the

polysaccharide, forming DMSO-soluble cellulose carbonate salts.

The non-derivative approach changes the properties of the solvent by increasing its polarity,
allowing the solubilization of cellulose as a suitable ionic liquid, while the derivative strategy
is based on the generation of DMSO-soluble cellulose carbonates by in situ functionalization

of the saccharide hydroxyl groups with CO>.[]

While SPSs have been widely used, particularly when polymers with problematic solubility,
such as cellulose, are considered, they lack the interaction with water that is often needed in

SHS systems.

2.3.2 Switchable hydrophilicity solvents (SHS)

Simply described, an SHS consists of two separate layers of a hydrophobic base and water.
Through bubbling or exposure of CO,, the biphasic system changes into a homogeneous

solution. The chemical addition of CO; to water is followed by the protonation of the base,
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forming a water-soluble bicarbonate salt. Identical to the SPS, the gas can be removed via
heating, sonication, or bubbling of inert gases like N2 or Ar. The polarity range of a typical SHS,
in this case the system BuN=C(Bu)NBu>/H.0, was measured with Nile red dye and compared
with a few examples of SPS systems (Figure 8). It is worth mentioning that Nile red is a dye
whose fluorescence changed based on the polarity of its environment.®4 This uncharged
compound does, for instance, becomes red upon exposure to solvents like ethanol, while

turning yellow upon being dissolved in unpolar media like hydrocarbons.

solvents Loy SHS NHEtBu Diamine MeHNCH,Ph TMBG / MeOH DBU / PrOH Me-TBD / acidic

alcohol

570 nm

Ethylene glycol

560 nm

Methanol 550 nm
DMF 540 nm
Chloroform
Acetonitrile
Acetone 530 nm
Toluene 520 nm
510 nm

Ether

500 nm

Figure 8 Range of polarity change of a typical SHS and different SPS systems measured with Nile red

dye and compared to the polarity of common organic solvents.

The scheme shown above confirms the much larger polarity change upon switching an SHS.
One must note that, if the hydrophobic component is too basic, the application as an SHS
becomes disadvantageous since the respective CO;-based salt is highly stable. Thus, the
release of CO; requires large amounts of energy, mostly in form of heat. Also, in most
procedures, the solvent needs to be removed to isolate the product. This occurs mostly
through distillation, which requires volatile liquids for satisfying efficiency and energy
consumption. As SHSs separate from the product upon being triggered by CO, addition or
removal, the choice of SHS does not rely on the need for volatility. This method was employed
for extractions from renewable feedstocks, such as the recovery of soy oil from flakes®! or
bio oils from algae.[®l. Additionally, poly(styrene) was successfully recycled with different
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SHSs.[B7] A particular SHS system was developed by Ohno et al. based on
tertabutylphosphonium N-trifluoromethane sulfonylleucine.®® This compound behaves
oppositely to the Jessop system because of its water miscibility under neutral conditions.
While increasing acidity through the addition of CO,, the carboxylate group is protonated,

causing a phase separation between the ionic liquid and water.

The dependance on water of SHSs is of great use for tuning properties to cause miscibility and
immiscibility with water on command, however, other systems are also known to make use of

the increased polarity in aqueous media, such as switchable water (SW).

2.3.3 Switchable water (SW)

Distillation of water for a reaction workup is more expensive and energy consuming than for
most organic solvents.!®? An efficient method in organic chemistry to separate polar organic
compounds from water is to add salt to the mixture (“salting out”), thus increasing the ionic
strength and forcing precipitation or phase separation.[®® Unfortunately, this method is
irreversible and requires costly treatment for water recycling. For this purpose, a solvent
possessing tunable polarity without having to change solvents or “salting-out” is desirable.
Considering these premises, the switchable solvent system has been chosen as a suitable
alternative.®¥ Similar to SHSs, the system needs a base, this time with hydrophilic properties.
Fitting for this task are many amines, resulting in a single layer of low ionic strength. The
bubbling of CO; has the same chemical effect as on SHSs with the only difference being the
dependance on aqueous media. In SW, the high ionic strength resulting from the formation of
bicarbonate salt leads other organic compounds to become water-insoluble, thus facilitating

the process and increasing separation efficiency.

The simplicity of this system has put it in the centre of a debate as to whether it encompasses
a category of its own or whether it is a subgroup of SHSs. In this work, to the two were

separated in two chapters to avoid possible misunderstandings.

All CO; switchable solvent systems have shown great advantages over common organic
solvents for synthetic purposes. Therefore, the incorporation of such properties has been
researched for materials and polymers, as will be described by a few major examples in the

next subsections.
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2.3.4 Other applications in CO; switchability

Many more applications have been investigated and published since 2005. As switchability
does not capture CO; but rather entails its controlled addition and release that is responsible
for changing the properties of a chemical substance, four important categories of specially
designed switchable compounds arose next to the solvent system: catalysts, surfactants,

polymers, and initiators.

2.3.4.1 Catalysts

Homogeneous catalysts often present higher activity and selectivity than their heterogeneous
counterparts, but have the limitation of difficult separation from the product or solvent after
the reaction.l®? Therefore, a few examples of switchable catalysts have recently been
developed. One example is the aqueous extraction of a catalyst with terminal tertiary amines
on phosphine ligands.[®3 In the presence of CO,, the protonated amine groups act as counter
ion for a water-soluble bicarbonate salt enabling straightforward catalyst separation from
organic media after the reaction. Another similar approach was published by Desset et al. in
2009,°4 employing switchable solubility for a catalyst bearing a PPhs ligand with amidine
groups with a rhodium core for the hydroformylation of alkenes. The polarity increase caused
by the chemisorption of CO; to the amidines allowed for a facile extraction with water from
the organic reaction mixture. Of course, CO; switchability of catalysts is not restricted to its
solubility in water. Kénig et al. designed a catalytic system able to activate or deactivate the
benzamidine in the aldol reaction between acetophenone and 4-nitrobenzaldehyde.®!
Benzamidine in its polar form is unable to catalyze the reaction, a state that can easily be

reversed with heat or bubbling of inert gas when desired.

The reversible miscibility of catalysts to achieve homogeneous conditions has been proven to
be of major importance for many reactions. The CO; is not only able to create a water-soluble

catalytic system, but has also been employed for effective catalyst activation and deactivation.

2.3.4.2 Surfactants

Surfactants are essential to form polymeric emulsions and to stabilize latexes. Such materials
have a broad scope, however, after completion of the preparation, excess surfactant removal

is challenging, since often traces of surfactant can be found in the isolated polymer, even after
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many purification steps. Depending on the residual amount, the properties of the polymer are
also influenced.®® Additionally, for applications that require dry polymer powders, the latexes
have to be destabilized, which typically occurs by the addition of salt, base, or acid, depending
on the employed surfactant type.’”l The advantage of having a switchable surfactant,
therefore, lies in the simplicity of the reversible stabilization of latexes without the need for
additives. A review about switchable surfactants was published by Brown et a/.[®81in 2013 also
describing acid/base,® redox-1'%1 and light-11°U based systems as triggers. CO, as a trigger
presents the additional advantages of low toxicity and cost. At first, long alkyl chain amidines
and amines!'%? were chosen as suitable COz-switchable surfactants, as the hydrophobic tail
and hydrophilic (active) head possessed ideal properties for bicarbonate salt formation.
Poly(styrene) and poly(methyl methacrylate) (PMMA) were successfully synthesized in
aqueous media aided by these surfactants.[1%3! The colloidal stability was then tested by
multiple cycles of aggregation and redispersion of the latexes. The authors confirmed that if
not only the surfactant, but also the initiator is switchable by CO,, the best redispersion was

observed. A detailed representation is given in Figure 9.

\
e HCOg" CO,
Hccl)s- HN@ ﬁ"L'}" /
\ N, + Heat
/N'{ = /
CO,

Figure 9 Typical dispersion (left) and agglomeration (right) when the surfactants are active and
inactive, respectively. Reprinted with permission from M. Mihara, P. Jessop, M. Cunningham,

Macromolecules 2011, 44, 3688-3693.1*%! Copyright (2021) American Chemical Society (ACS).
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Imidazolium™%¥ groups have also been reported to be ideal as surfactant heads (Scheme 3),
as they are less basic and thus easier to switch off, while simultaneously possessing lower
protonation heats. Even if switchable surfactants mostly concern latexes for polymerizations,
other applications are important as well. For instance, single walled carbon nanotubes were
dispersed and coagulated multiple times by usage of a compound bearing an amidine group
and a pyrene tail.[1%! The latter were attached to the nanotubes via n-mt interactions, while
the head was in charge of solubility changes. Through formation of the corresponding
bicarbonate salt, the nanorods were dispersed in water, while switching back to the neutral

form caused precipitation.
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Scheme 3 Most common CO, switchable surfactant classes in their inactive (left) and active (right)

state.

Subsequently, the Jessop group tested different head groups and their influence on basicity,
solubility, and heat of protonation.[1%! The authors determined that even if switchable
surfactants are useful for many applications, one must keep in mind that this kind of
surfactants are not disadvantage-free. The greatest problem derives from the degree of
protonation, which can only be partially controlled. Since the surfactant is only active in its
protonated form, the particle size and solids content are affected by every parameter that
changes the degree of protonation, such as temperature, local environment, and the
dissociation constant of the conjugate acids, as well as the effective dispersion of CO; in
water.[1971 Besides that, stability problems caused by surfactant migration on the surface
remain a problem, like for non-switchable surfactants, since they are not covalently bound to

the particle.
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Even if switchable surfactants show the above mentioned disadvantages, these materials
clearly possess an even greater potential in the polymer field by offering a potentially greener

stabilization of latexes, both under environmental and economical aspects.

2.3.4.3 Switchable polymers

Switchability has also been added to polymeric materials. For this purpose, one approach is to
employ already switchable monomers for radical polymerization. In the last decades, two
molecules in particular have been employed in a lot for this purpose: diethylaminoethyl
methacrylate (DEAEMA) and dimethylaminoethyl methacrylate (DMAEMA) (Figure 10).
Before recognizing the importance of CO, addition with regards to reversibility, polymers

based on these monomers were used on account of their pH responsive properties.[1%8!

o) \ O |
\[HLO/\/NV \[HLO/\/N\

DEAEMA DMAEMA
o) o)
W‘HJ\N/\/\N/ \[HLO/\/\N/
H | |
DMAPMAmM DMAPMA

Figure 10 Structure of the most common CO, switchable monomers.

These compounds possess tertiary amines: diethyl and dimethyl amines, which possess similar
structures, nonetheless they differ in their water-solubility properties thus influencing their
application.l®”? DEAEMA and DEAPMA are hydrophobic, while their respective methyl amine
monomers are hydrophilic. The choice of monomer depends on different factors, including
the precipitation solvent. For instance, precipitation of PDEAEMA with hexane is more difficult
than for PDMAEMA, when both polymers exhibit the same molecular weight.[2%°! Although
both polymers have shown satisfactory properties for potential applications, such as
biocompatibility, the respective monomers are prone to hydrolysis. Under basic conditions,
the two methacrylates decomposed into methacrylic acid and dialkylaminoethanol.[*%”]

Therefore, another monomer has been introduced: the hydrophilic
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N-[3-(Dimethylamino)propyllmethacrylamide DMAPMAm is, unlike the aforementioned

(meth)acrylates, an acrylamide featuring a higher water resistance.

Polymerization techniques employed are based on radicals, both the free radical (FRP) and
the reversible deactivation (RDRP) variant. Since control of molecular weight and dispersity
are important for polymer properties, only a few examples in FRP are of great importance.!*1%
The RDRP method, despite being more expensive and slower than FRP, offers advantages
other than molecular weight and dispersity control, such as the possibility to synthesize block
copolymers. Atom transfer radical polymerization (ATRP),[*'Y reversible addition-
fragmentation chain transfer (RAFT) polymerization!? and nitroxide mediated
polymerization (NMP)[13 gre some RDRPs that have been employed in the synthesis of
switchable polymers triggered by CO,. The use of switchable monomers has been thoroughly
studied but is not strictly necessary to achieve the desired properties. Responsive
functionalities can, for example, also be introduced via post-polymerization modification.*14
For instance, the Wang group(!1#! synthesized poly(p-azidomethylstyrene) by substitution of
the side chains of poly(p-chloromethylstyrene) with sodium azide. Afterwards, the azide
groups were “clicked” via 1,3-dipolar cycloaddition to N'-propargyl-N,N-dimethylacetamidine

(PDAA), a compound capable to undergo CO; switchability.

Applications for switchable polymers range over a vast field and the most important examples

are briefly described in the next subsections.

2.3.4.3.1 Switchable surfaces

Polymers are often employed as surface materials for many purposes such as coatings and
biomaterials. The most common synthetic pathways are represented by different grafting

approaches.

The first polymeric brushes featuring COj-switchability were prepared by Zhao and
coworkers¥! polymerizing DEAEMA via ATRP on gold or silicon surfaces. The synthesized
surface was then employed in controlled protein adsorption and release, depending on the
state of the switch of the polymeric chain. In the hydrated form (hydrophilic, CO, bubbling),
the chains extended, while they collapsed upon becoming dehydrated (hydrophobic, N»

bubbling). This new method revolutionized the controlled release of substrates, as previous
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approaches using pH (acid/base) as a switch always resulted in salt accumulation and

contamination.[115]

Interesting properties derived from switchable surfaces have also been reported for
nanoparticles (NPs). To control the dispersibility of NPs, CO; switchability has been confirmed
to be a reliable method. For instance, PDEAEMA covalently bound to gold NPs showed
reversible transitions upon exposure of CO, and N gas in aqueous media, facilitating the
recycling and increasing catalytic activity when compared to unmodified Au NPs.[11®l The
decrease of catalytic effectiveness of the unmodified Au NPs was reported to be caused by
irreversible agglomeration of the NPs, an effect that could be mitigated by CO,-switchability.
In another publication, magnetic NPs were coated with silica and the surface was modified
with methyl acrylate units. Afterwards, DMAEMA was polymerized in the presence of the
coated NPs.['17] After confirming switchable contraction and expansion of the polymeric shell
of the NPs, release experiments were conducted. Using doxorubicin (DOX) as payload, the
functionalized NPs demonstrated a time-controllable dosage upon CO; exposure. DOX is a
common drug against breast cancer,'8 bladder cancer,!*®! lymphoma!'?® or Kaposi’s
sarcoma.!’?! Upon exposure to CO», the release rate increased because of the swollen surface-
bound polymer chains. Additionally, these NPs indicated good biocompatibility and possessed

low cytotoxicity, thus showing promise for in vivo experiments.

Similar gold based NPs have also been employed for reversible water/organic phase
exchange.'??l |n this approach, NPs gained switchable hydrophilicity. This gain does not only
apply to particles with metal or silica cores, but also to pure organic conjugated polymer
nanoparticles (CPNPs).'231 Wang et al.'?¥ reported the reversible emulsification during
Pickering interfacial catalysis. Silica coated FesOas-based NPs (Fes0.@SiO2) surface-
functionalized with amine-based polymers were employed as switchable stabilizing agents in
water-in-oil Pickering emulsion systems, while simultaneously offering reactive sites for the
Anelli system for the oxidation of alcohols. By employing these NPs, the authors showed a
three-fold increase in the catalytic activity. Additionally, the disintegration of the emulsions
was easily achieved by bubbling of CO,, and recovery of the NPs was performed via magnetic
separation. Zhang et al.'?! prepared silica NPs and mixed them with a cheap and
commercially available surfactant, N,N-dimethyl-N-dodecylamine, in order to test the

efficiency for switchable oil-in-water emulsification purposes. Upon CO; exposure, the
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surfactant became cationic and was adsorbed on the particle surface. This caused stabilization

of the emulsion, which was destabilized at the desired time through N2 bubbling.

The combination of surface materials with CO; switchability is therefore of great importance
for the above-mentioned reasons, especially when combined with NPs, whose properties are

greatly reflected by their surface and surface to volume ratio.

2.3.4.3.2 Forward osmosis desalination

Another interesting application for switchable polymers with practical benefits has been

reported in the context of osmosis.

Forward osmosis desalination is a method to purify salt or wastewater via extraction through
a semipermeable membrane into a concentrated aqueous solution of an easily removable
salt.l128] This draw solution causes high osmotic pressure, attracting the water from the waste.
In 2012, Jessop et al.l'?7] patented a CO, switchable draw solution system in which a polymer
bicarbonate salt was produced via CO; addition. A system based on PDEAEMA as draw solute

was published shortly after by the Hu group in 2013 (Figure 11).1128]

29



Theoretical background

brackish
water
‘ FO membrane
(€]
H,0
N nn  HCOs
N o~
Na™
protonation FO process
—_— — diluted draw
C0,, 25°C solution

draw solute
recovery

supernatant deprotonation

air, 60 °C

Figure 11 Schematic representation of forward osmosis desalination with CO, responsive polymers

(PDEAEMA). Adapted from Ref.[*28) with permission from the Royal Society of Chemistry.

After osmosis, simple bubbling of nitrogen gas caused the polymer to precipitate from the
aqueous solution. PDEAEMA in particular showed promising properties, such as low toxicity,
low back diffusion, and did not degrade the membrane. Using the same polymer, Jiang and
co-workers!??! synthesized a pipe-like device, whose both ends were covered in PDEAEMA
brushes. These brushes were reversibly activated upon CO; bubbling, thus opening or closing
the channel entrances on command. It must be noted that this system finds applications not

only in forward osmosis desalination, but also in sample filtration.

Forward osmosis desalination and the respective membranes will require more attention in
the next years, especially with the increasing need for water. Their development and
combination to CO; switchability is therefore expected to be of great help in the mitigation of

the effects of global warming.
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2.3.4.4 Switchable initiators

As already mentioned in chapter 2.3.4.2, switchable initiators have also been reported as a
means to control their activity or solubility upon triggering with an external stimulus. The two
most common of such molecules are VA-061 and VA-044, which are the base and the
hydrochloride of the same compound (Figure 12). VA-044 only becomes CO; switchable after
neutralization with a base. The mechanism behind the initiation step is not of switchable
nature, but identical to the degradation mechanism of typical azo initiators like AIBN.[*30 The
difference between both mentioned VA-initiators and AIBN is the residual groups next to the

N=N double bond.

NH NH
< <\))><N¢ ><@(H ° Q><N¢ ><(H
Cl ©) Cl
” " HNQ | " r\}J

VA-044 VA-061

Figure 12 Structures of VA-044 and VA-061.

The remaining imidazole rings then act as surfactant, causing agglomeration in the deactivated
state (neutral form). By CO; exposure in agueous media, the basic imidazoles are protonated
and form a salt with bicarbonate anions, thus creating a repelling effect between the latexes,
and followingly causing their redispersion in water. As the 10 h half-life decomposition
temperature of VA-061 is just 61 °C, reactions and polymerizations can be initiated easily
under a CO; atmosphere, for instance the during surfactant-free polymerization of
polystyrene in water described by Su et al.[*3l However, many other polymerization require
higher temperatures, which are not suitable for these compounds. The degradation of the
initiator is favored by heat; however, it was already mentioned that also decreases or even
reverses the addition of CO; to the nucleophilic compounds. This effect causes a diminished
stabilization of the latexes, resulting in the formation of bigger polymer aggregates and lower

polymer efficiency.[107]

While CO, switchable initiators clearly facilitate several polymerizations while being
simultaneously being able to stabilize emulsions, the CO, employed for this process is
ultimately released again into the environment. Therefore, in the next subsection, a few

examples for the capture of CO; will be discussed.
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2.3.4.5 CO; capture

Connected to the rising greenhouse gas concentration in the atmosphere, CO; capturing is a
concept gaining great importance.*3?l Therefore, new systems are developed to covalently
bind CO; into materials reversibly. Many of them feature polymers or copolymers with
DMAEMA, 133 but also representatives with acrylamides or amidines,*34 all of which are able
to bind CO2 under mild conditions. Zhou and co-workers produced porous polymer networks
for CO; capturing on amines, increasing the capture efficiency even at low pressure. SPS
system are also being employed for the same purpose. These systems especially designed for
CO; capture were named CO-Binding Organic Liquids (CO;BOLs), and typically consist of
compound groups such as alkanolguanidines, alkanolamidines or various amines. %8135 While
the mentioned examples are being used for flue gas applications, capture from high pressure
streams is not ensured because of the required heating for sorbent regeneration. The
Heldebrant group therefore introduced an SPS capable of releasing CO; upon pressure
drops.[13¢! The proposed system showed to successfully capture the gas both chemically and
physically, however with the disadvantage of possessing low CO;-selectivity in mixed gas

streams.

Conclusively, this chapter has given a broad overview of the major CO; switchable solvent
systems (SPS, SHS and SW), as well as the most common materials, which have been combined
with CO; switchability. Additionally, many applications examples were given to describe the

huge advantages offered by this system and the vast potential of still researchable areas.

2.4 Hydroxamic acids and the Lossen Rearrangement

2.4.1 Hydroxamic acids

The first synthetic route to hydroxamic acids was developed by Heinrick Lossen in 1869 using

ethyl oxalate and hydroxylamine to form oxalohydroxamic acid.!*37!

The standard synthetic procedure for the synthesis of hydroxamic acids is the reaction of
carboxylic acids or esters with N,O-bisprotected hydroxylamine in aprotic solvents at low
temperatures and in the presence of a base.[!38 The use of protected hydroxyl amines leads
to the need of long and intensive deprotection steps, resulting in the major drawback of this
method: great yield loss. Another synthesis pathway also features a carboxylic acid, which is
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first converted into an anhydride and then added to a hydroxylamine solution in methanol.
The required workup is, however, rather time consuming, while purification via column

chromatography is commonly required.[*3

As for their chemical properties, this compound class “hydroxamic acid” already suggests
acidic properties, however, compared to their carboxylic acid counterparts (pKa = 4),
hydroxyamides possess higher pK; values (pKa = 9), making them weaker acids. The chemical
properties of hydroxamic acids are not only dependent on the pKj, but also on the keto-iminol

tautomerism. Figure 13 shows hydroxamate ions formed under basic conditions.!140
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Figure 13 The four possible anions of hydroxamic acids.!*4!

In biochemistry and coordination chemistry, the excellent behavior of hydroxamic acids as
bidentate ligands is exploited, especially in combination with metals like lead or iron.[*42
Specific types of hydroxamates exhibit high affinity to iron, thus earning the name
siderophores.'*3] The meaning of the latter term derives from the Greek word for “iron
carrier”, and the respective representatives are defined as the strongest ferric binding
agents.['*4 These compounds are able to render even the most chemically resistant and
insoluble Fe'”"-based blends and ores soluble. This is an ability, which was observed to be
employed by the metabolism of microbes grown under iron-deficient conditions in order to
assimilate iron from mostly indigestible sources like ores.['*] The separated iron ions bound
to hydroxamates can thus be transported into the cell, where the metal is assimilated by the
host organism. The same capability has been applied for antifungal**®! and antibacterial**’!

purposes as the metabolic integration of iron after its removal from the complex also led to
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cell apoptosis. Siderophores find numerous applications also in the medical field, for instance
for therapy of Cooley’s anemia, also known as B-thalassemia.[*8] The patient is required to
undergo numerous and constant blood transfusions caused by the lack of a B-protein in
Hemoglobin (Hb). However, the large amount of blood transfers often leads to an excessive
iron concentration in the bloodstream resulting in fatal organ failure. To prevent this,
siderophores, such as hydroxamates, are added in the blood bags in order to reduce and

stabilize the metal quantities in the blood.

The numerous aforementioned advantages of hydroxamic acids are, however, not the only
properties of this interesting compound class. N-hydroxyamides and hydroxamates have also
been widely exploited in the chemical field, especially as starting materials for the Lossen

rearrangement.

2.4.2 Lossen rearrangement

In 1872, Wilhelm Clemens Lossen isolated phenyl isocyanate after heating benzoyl
benzohydroxamate at a temperature above its melting point.[#?! After identifying the product
as a new substance, the rearrangement was named after him. With this method, not only
isocyanates are accessible, but also ureas and carbamates. Since hydroxamic acids alone are
not reactive enough, their O-acetylated derivatives are often used as reactants.l'>? Mostly
acid chlorides are used to yield O-acetylated hydroxamic acids, which are then eliminated as
anions after the rearrangement (Scheme 4). Reports showed that also other rearrangements
are possible, for example carbodiimidazoles,[*>! dimethyl carbonate,[’>? sulfonic
bromides, 53! as well as O-sulfonylating compounds®> as activating agents for hydroxamic

acids.
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Scheme 4 Synthesis of hydroxamic acid derivatives and subsequent Lossen rearrangement.[*4*!

In 1974, it was commonly known that a hydroxamic acid rearranges in strongly alkaline
solutions.[>>] However, Honda and coworkers[*>® only recently confirmed a self-propagating
mechanism for the Lossen rearrangement, whereby the activating agents are reduced to
catalytic amounts of a base. The authors declared that two hydroxamic acid molecules can
protect each other under basic conditions, forming the isocyanate, which in return possesses

the ability to protect another hydroxamic acid. An example is given in chapter 4.1.3.

Scheme 4 shows that through the Lossen rearrangement, isocyanates are obtained in situ.
Other routes towards isocyanates, like the Curtius or Hofmann rearrangement (Scheme 5),
are also known, as well as the phosgenation of amines, dehydrogenation of formamides, 57!
the carbonylation (oxidative) of amines[®®® and (reductive) of nitro compounds(**® and
oxidation of isonitriles.[*®% Compared to the other synthetic routes for isocyanates, the Lossen
rearrangement is the one that received the least attention because of the marginally lower

reactivity of hydroxamic acids.
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Scheme 5 General mechanism for the Curtius, Hofmann and Lossen rearrangements. 4%
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In other methods to synthesize isocyanates, however, the components are typically neither
renewable nor sustainable and most of them are also toxic. For instance, the Curtius
rearrangement makes use of azides, respectively, which have been proven to be toxic.[164
Some azides are also explosive.[*%2] Meanwhile, the Hofmann variant requires the extremely
harmful bromine.[?%3! |n this work, we concentrated on the Lossen reaction because
hydroxamic acids can be produced renewably and more sustainably and are not dangerous
for the human health, a characteristic that defines this route possibly as the safest of the three

rearrangements.

2.4.2.1 Products of the Lossen rearrangement

Isocyanates are known for their decomposition upon exposure to water.[2%*l The nucleophilic
addition H,O forms a highly unstable carbamic acid, which releases CO,, ultimately yielding an

amine (Scheme 6).

H
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Scheme 6 Hydrolysis of isocyanates to amines. 4!

Isocyanates with aromatic substituents are more prone to degradation than their aliphatic
counterparts with an aromatic amine obtained within minutes, compared to hours for
aliphatic amines, respectively. This instability towards water is exploited when the amine is

the desired product.[16°

Water is not the only nucleophile known to react with isocyanates. Alcohols and amines are
also added to the electrophilic carbon of the isocyanate yielding carbamates and ureas,

respectively. (Scheme 7).

Scheme 7 Synthesis of carbamates from isocyanates.

Two industrially important representatives of carbamates are carbaryl or aldicarb. These two

molecules have been widely employed as insecticides, since the active component is able to
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deactivate the acetylcholine esterase, thus inhibiting neurotransmission in insects.[1®]
Meanwhile, other compounds, like fenoxycarb, find application as an insect growth regulator
(IGR). IGRs hinder insects from reaching maturity, thus inhibiting their reproduction and thus
also limiting the life cycle of the organism.[*®”! Strong carbamate-based insecticides work as
nerve agents upon inhalation or dermal exposure and have also been considered for chemical
weapon testing.[%8 Similar compounds have also been reported to target melatonin receptors
in humans, which could lead do disrupted sleep-wake cycles and to a decrease in blood

pressure regulation. 16

Ureas are molecules composed of a symmetric, weakly electrophilic amide functional group,
enabling strong hydrogen bonding and the ability to activate numerous other functionalities,
such as carbonyl-, sulfoxide-, or nitro-containing molecules.[’%l On industrial scale, ureas find
application as herbicides for general weed control in agriculture,!’! the first example being
N,N-dimethyl-N’-(4-chlorophenyl)-urea, introduced by the company DuPont in 1952. Similarly
important is the usage of urea derivatives as pharmaceuticals, as ureas are waste products of
many living organisms,[72 but also show a large spectrum of biological activities.[*”3! For
instance, specific aromatic and heterocyclic ureas were shown to be efficient in cancer
treatment.[?74l Moreover, also in the medical field, first treatments against human
immunodeficiency virus (HIV) were tested with urethanes, for example with the drug

Darunavir.[174]

In industry, the reactivity of isocyanates towards alcohols is of great importance for the
synthesis of polyurethanes (PU, Scheme 8), a material that is typically sought as a foam, a rigid

solid, or a highly elastomeric solid and therefore finds use in many different applications.
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Scheme 8 Schematic synthesis of polyurethanes from toluene diisocyanate (TDI) and ethylene
glycol.l178!
Further information about polyurethanes can be found in the chapter 2.5.
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Conclusively, the Lossen rearrangement has been proven to provide a useful pathway towards
interesting chemical compounds, such as ureas, carbamates and amines, through the in situ
formation of isocyanates, a reactive functional group exploited for many applications, such as
the synthesis of polyurethanes. However, this rearrangement is also hindered by some side

reactions, which will be shortly discussed in the next paragraph.

2.4.2.2 Anomalous behavior in the Lossen rearrangement

The Lossen rearrangement is focused on producing isocyanates and the aforementioned
derivatives. However, interesting side reactions have been reported in the literature. For
instance, during the heating of benzoyllactohydroxamate in water, only three substances
were isolated, namely acetaldehyde, ethyl alcohol and dibenzoyl urea, next to carbon dioxide
and ammonia.['”” H. Yale explained this unexpected behavior as a side reaction based on the
dissociation of the reactant to the acetaldehyde and benzoyl fulminate.l’>®! The latter
compound is then suspected to rearrange towards an isocyanate, thus forming the urea. The
authors also tested benzoyl glycolohydroxamate under the same conditions in combination
with isoamyl alcohol. Unlike the previous example, the isolated products were formaldehyde
and isoamyl allophanate.['78] The established mechanism was predicted and confirmed to
feature the dissociation of the hydroxamate to cyanic acid and formaldehyde. Similar
molecules with hydroxy groups in the a-position exposed to Lossen rearrangement conditions
confirmed the hypothesis as the formation of cyanic acid was always accompanied by the

isolation of ketones or aldehydes (Scheme 9).
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Scheme 9 Side reaction of the Lossen rearrangement over formaldehyde and cyanic acid as

dissociation product.!**!

Another interesting experimental result was observed by Gastaldi after treating
a-benzoylformohydroxamic acid oxime with phosphorus pentachloride in dry ether.!7]
Instead of detecting the desired rearrangement product, which was the isocyanate, a different

hydroxamic acid was isolated, namely phenyl cabamyl formohydroxamic acid. The authors

38



Theoretical background

concluded that a Beckmann-type rearrangement is favored if the employed N-hydroxyamide

possesses an additional oxime group, leaving the hydroxamic functionality untouched.

Lastly, different types of hydroxamates have been confirmed to be unable to undergo a Lossen
rearrangement. Examples include arylsulfon-,[8 carbamyl-,1*81 thiocarbamamyl-'82l and

thiobenzo- (183 hydroxamic acids and their derivatives.

Although this paragraph described reported examples of an anomalous and unexpected
behavior during the Lossen rearrangement, the numerous advantages provided by this
reaction still dominate its drawbacks. The preparation of isocyanates is currently of great
importance for the chemical and polymer field, especially during the last decades. In the
following chapter, the use of isocyanates will be discussed further on a major polymer class:

the polyurethanes (PUs).

2.5 Polyurethanes and Non-isocyanate polyurethanes (NIPUs)

2.5.1 Polyurethanes

Polyurethanes (PUs) are polymers composed of carbamate linkages, typically synthesized by
the polyaddition of polyisocyanates with polyols (Scheme 10). This polyaddition reaction was
discovered by Otto Bayer in 1937 at IG Farben and published in 1947.1184 This new class of
materials showed various interesting properties, offering many advantages compared to the
already known polymeric materials at the time, like increased flexibility and coating efficiency.
Already during World War Il, PUs in form of fibers and foams were employed as aircraft
coatings!’®! and their importance grew further, especially after commercialization of
polyisocyanates in 1952.[181 A few years later, polyether polyols were introduced to the
market by DuPont, closely followed by Dow Chemicals and BASF. Afterwards, many other
chemical industries started their own polyurethane production, building the foundation of a

commercial sector that is still growing, even in 2020.[187]

o 0
H
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Scheme 10 standard synthesis of linear polyurethane.
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Thermoplastic PUs (TPUs) are a category of interest as their broad range of properties also
include a good processability.[!38 These materials are usually crystalline block copolymers
consisting of hard (mostly a rigid diisocyanate linked by a short polyol) and soft (in which the
long polyol is dominant) segments. Most examples possess appropriate hydrolytic stability for
outdoor uses as well as high impact resistance and good flexibility.!®! They exhibit different
attributes depending on side groups, monomers, crosslinking degree and additives in the resin
blend.!'®! Additionally, the presence of water influences the crystallinity of the polyurethane,
since the isocyanate decay caused by water leads to the formation of urea linkages instead of
carbamates. Because of the lower solubility, these functionalities mostly tend to separate into

hard segment phases.

As, however, the properties of PUs greatly derive from the employed monomers and can thus
be optimized through different monomer combinations, they will be further discussed in the

paragraphs regarding polyisocyanates and polyols (chapter 2.5.2).

Additionally, the polymer can be obtained as a foam,[1° either by the formation of CO; as side
product due to traces of water, or because of the boiling of volatile substances (so called
“blowing agents”), like chlorinated alkanes or hydrocarbons, present in the mixture during the
step-growth reaction. Two types of foam are known: the “closed-shell”* and the “open-
shell”,[192 depending if the bubbles in the polyurethane retained their shape or burst open.!1%3
Rigid foams are the result of the first scenario, while softer and more elastic materials
originate from the allowed airflow[*** of the “open-shell” model. These two models are not
only observed in the presence of blowing agents, but also when certain surfactants are mixed
in the blend. Depending on the design of the surfactant, the “open-"1%I! or “closed-cell”[1%®]
content can be maximized through stabilization of the respective cell type. In applications
based on non-foams, the surfactants act as wetting and antifoaming agents, as well as for the
elimination of surface imperfections. Foams are the most widespread form of PU as they make
up around 67% of the whole polyurethane market.[*? The highly crosslinked rigid foams are
mostly applied as noise and thermal insulation materials in buildings,!*°”! while the flexible
foams, whose properties depend on the soft segments, are more suitable for furniture and

packaging.[18]

In the industrial process, two (or more) liquid streams are converged, namely the isocyanate

component and the polyol blend. The polyol blend also consists of, other than the reactant
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and the catalyst, chain extenders, fillers, surfactants, stabilizers (UV, hydrolysis), pigments and

crosslinkers, depending on the desired properties.[1%°

Commonly used catalysts are tertiary amines, for instance DABCO or dimethylethanolamine,
which increase the nucleophilicity of the alcohol functionality, but also Lewis acids like

dibutyltin dilaurate, that enhance the electrophilicity of the isocyanate. 2%

It is worth mentioning that, although PUs are non-hazardous, chemically inert and are non-
carcinogenic and nontoxic, they are still flammable. The polymer can be ignited by open flame
and its fumes contain carbon monoxide, as well as hydrogen cyanide.?°!l Therefore, most of
commercially available products are enriched with flame retardants like diphenyl cresyl
phosphate and dimethyl propyl phosphonate. Other additives include UV stabilizers, 2% for
instance benzophenones and benzotriazoles or cyanoacetate esters, organic and inorganic
colorants!?%3! such as diazo dyes and titanium dioxide, respectively, as well as hydrolysis
stabilizers like carbodiimides, epoxides phenyliminooxazolidines.[?°1 Additionally, oxidation
stabilizers are added to prevent core scorching, defined as darkening of the material caused
by oxidative processes, mostly mediated by high temperatures.?%’! The most common
compounds are thioethers, alkylated anilines and sterically hindered phenols.[2%!

Meanwhile, stronger materials can be obtained via isocyanurates (Scheme 11), which were
first synthesized by Hofmann in 18582971 and characterized, much later, in 1965.12081 By
employing specific catalysts, like phenol Mannich bases?®® or potassium acetate?!% and an
excess isocyanate, the trimeric rings provide a robust structure, which is then reflected in the
overall rigidness of the polyurethane. Including isocyanurate in polyurethane foams does not
only increase the toughness, but also makes the material more resistant to heat.[?'! For
instance, Ball et al.l?'! showed that an isocyanurate foam with 20% isocyanate linkages
exhibited a 5% weight loss around 280 °C, while temperatures for MDI- and TDI-based
polyurethanes possessed a Tqsy at 220 °C and 240 °C. Decreasing the urethane content led to
Tas of up to 340 °C. An overview on the mechanical properties of poly(urethane-
isocyanurates) elastomers was published in 2002 by Samborska-Skowron and Balas.[?'? The
authors described the almost linear decrease in Young’s modulus from 32 MPa to 3.5 MPa,

based on a isocyanurate concentration of 540 mol/m?3 compared to the pure polyurethane.
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Scheme 11 Schematic representation of isocyanurate formation under basic catalysis.

2.5.2 Polyisocyanates and polyols

The choice of monomer is of vital importance to the overall traits of the final products. The
isocyanate component can be divided into the aromatic and aliphatic subclass. Nowadays,
over 90% of commercially available PU is produced as elastomers, thermosets, adhesives and
plastics, and is composed of purely aromatic polyisocyanates,!'®! as their mechanical
properties and reactivity are superior compared to their aliphatic counterparts.?'3! This
statement is nonetheless not aimed to underestimate the significance of the latter group.
Instead, aliphatic polyisocyanates exhibit a greater UV and heat resistance, making them

especially suitable as coatings.[?14

Compared to polyisocyanates, polyols (Figure 14) are also separated into different subgroups,
but their chemical composition and molecular weight impose an even greater influence on
the final material properties.??>! The first category, polyether polyols, are mainly produced
from oxiranes,[?'®l with the first and most important building blocks being ethylene or
propylene oxide (EO and PQ), resulting in very cheap materials with high hydrolytic stability.
In addition, the resulting PUs exhibit high flexibility and performance at low temperature.
However, at higher temperatures, the PU tends to degrade due to oxidation with atmospheric
oxygen.[2171 poly(THF) is another important representative employed during the synthesis of

polyurethanes, used as soft segment to increase chain mobility of the material.[218]

The second group is represented by polyester polyols, which are synthesized by
polycondensation of polyols and dicarboxylic acids or anhydrides.[?'® Contrary to ether-based
polyols, esters are resistant both to heat and UV irradiation, and are thus suitable as paints
and coating materials.[?* Their outstanding thermal stability also allows for employment as
flame retarding foams, but most polyester polyols are obtained in glassy/crystalline states or
as highly viscous substances, a major disadvantage in the industrial production, as the chain
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mobility is lowered, thus slowing the reaction.[?2! This is a major issue, since only high
conversions yield high molecular weights in step growth polymerizations. Polycaprolactone
polyols are also featured in this category, even if their synthesis differs from
polycondensation.?2!l Even if the production costs are higher, the reaction conditions of the
lactone ring-opening are significantly milder and result in lower dispersities, defined
functionality and higher reproducibility.l'®! The polyesters obtained via this method show
lower viscosities and enhanced hydrolytic stability than other typical polymers, like adipate
polyesters polyols.?2?2l Combined with their excellent resistance to outdoor conditions, like
heat, oxidation and UV irradiation, these macromolecules offer outstanding properties in

many desirable applications.

Finally, polycarbonates with terminal hydroxyl groups have been thoroughly researched in the
literature as polyol component. These compounds are obtained either by transesterification
of commercially available carbonates (usually dimethyl carbonate or diphenyl carbonate) with
glycols or via copolymerization of oxiranes with C0,.[223 They exhibit uniquely high tear and
tensile strength, for instance a PU composed of polypropylene carbonate exhibits Young's
moduli around 300 MPa compared to 10 MPa for pure polypropylene oxide polyols.[??4
Meanwhile, the chemical stability against hydrolysis, as well as their resistance towards fuels,
oils and light irradiation of the respective NIPU is also significant. Alagi et al. demonstrated
that the carbonate polyols exhibit lower corrosion current densities (/corr in solution 1.852E2
in NaOH and 1.412E® in HCI) than the respective polyether polyols (/corr in solution 5.826E2 in
NaOH and 3.105E in HCI).[?2*) The concentration of each medium was reported to be 3.5 wt%,
and the unit for leorr is A/cm?. However, the production of polycarbonates results in a more
expensive process than for the first two categories. The higher viscosities of these polyols also
reduce the attractiveness for the industry, as the need to contrast the low chain mobility has

to occur at high temperatures and inert atmosphere.2?]
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Figure 14 Most common polyol classes employed for polyurethane synthesis.

The variation and combination of building blocks result in properties that are responsible for
the versatility of PUs, thus allowing for tailored design towards desired materials. Examples
include construction materials,2%! high performance adhesives,??”! furniture coatings,??®' and
hard plastic parts,!2??! with an increase of the annual demand from 16 million (2016) to 20

million tons (2017)"& worldwide.

2.5.3 Non-isocyanate polyurethanes (NIPUs)

Despite the non-toxic nature of the final PUs, isocyanates, one of their main components, are
known to cause substantial damage to the human health, both via respiratory?3 as well as
dermal®31 exposure, leading to conditions ranging from asthma and respiratory sensitization
to hypersensitivity pneumonitis, all of which may be fatal. Additionally, the industrial
preparation of isocyanates requires the use of highly toxic phosgene, a gaseous substance
which was employed during World War | as chemical weapon.[?32 Exposure through inhalation
can lead to pulmonary edema, heart failure, chronic bronchitis and emphysema.?33! Its odor
can be detected starting from 0.4 ppm, a concentration four times higher than it is safe to
inhale, and no antidote exists so far.l'®l Due to these severe effects on the human body,
phosgene was banned by the Geneva protocol in 1925. Thus, it is obvious that the
development of milder and more sustainable synthetic routes towards PUs have become of
great interest by many research groups.[234 A representation of the increasing importance of

PU synthesis alternatives is given in Figure 15.
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Figure 15 Number of publications per year containing the concept “non-isocyanate polyurethane”

from 1959 to 2020 (Scifinder search “non-isocyanate polyurethane”, retrieved on 05.02.2021).

The same polymer class has therefore been divided into two different subgroups depending
on the synthetic employment of isocyanates or of substitutes thereof. The newly defined
“non-isocyanate polyurethanes” (NIPUs) have been prepared in multiple ways, shortly

described in Figure 16.
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Figure 16 Schematic representation of reported routes towards non-isocyanate polyurethanes (NIPUs)

and polyhydroxyurethanes (PHU) (adapted from[234),

The polycondensation route of polychloroformates?®! and polycarbonates!?3®! with
polyamines or of polycarbamates?3”! and polycarbamoyl chloride with polyols are well known,
but it possesses the drawback to require the use of phosgene at some stage during their
synthesis. Additionally, these pathways possess drawbacks for industrial applications, because
of the formation of side products like hydrogen chloride during the polycondensation. A more
sustainable approach was published by the Meier group, in which carbamate precursors for
NIPUs were prepared from renewable materials, namely from castor oil via the Lossen
rearrangement.!?38] From ricinoleic acid, two bis(methyl carbamates) were obtained in
satisfactory yields around 70%, which formed polyurethanes with molecular weights up to
25 kDa in combination with four renewable diols of different chain lengths. The same group
was also able to produce fully sustainable NIPUs from the polycondensation of limonene-
derived methyl carbamates and diols.?3? These NIPUs were obtained by first functionalizing

limonene to a diol or bis(methyl carbamates) via thiol-ene reaction, as depicted in Scheme 12.
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Scheme 12 Schematic synthesis of limonene-based NIPUs. In the first step, the terpene is subjected to

thiol-ene functionalization to obtain either the diamine or diol. The diamine is further reacted with

DMC to yield the respective bis(methyl carbamate). The polycondensation of diol and bis(methyl

carbamate) ultimately leads to polyurethane formation (adapted from 3% and [24%),

The obtained polymers possessed molecular weights up to 13 kDa and showed amorphous to

semicrystalline structures, as confirmed by DSC analysis. The same approach was also

employed for the production of limonene-based polyamides.
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Interestingly, NIPUs have also been prepared via ring-opening polymerization of 6- or 7-

membered cyclic carbamates?*! or aziridines,[?*? without any side products (Scheme 13).
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Scheme 13 Schematic representation of the ring-opening polymerization of aziridines and cyclic

carbamates to form the respective NIPUs.

Suitable for the ring-opening polymerization (ROP) of cyclic carbamates are either acid?*3 or
organometallic catalysts.[*4 Unfortunately, the reaction conditions are usually harsh and the
starting materials are either toxic, like in the case of aziridines,?**! or industrially synthesized
from phosgene (cyclic carbamates).[2*¢! Related to the previous chapter, the three
rearrangement approaches (Lossen, Curtius, Hofmann) have also been topic of discussion for
the synthesis of NIPUs. As explained before, the Curtius and Hofmann reactions make use of
toxic azides!?*”! and bromines, while the Lossen variant employs the more benign and stable
hydroxamic acids. In all cases, an isocyanate is formed in situ, which then reacts with a polyol

towards the formation of a polycarbamate.

The most sustainable pathway toward NIPUs is represented by the polyaddition of polyamines
to polycyclic carbonates,?*8! and will therefore be discussed more in detail. The required bis
cyclic carbamates are readily prepared from renewable resources. For instance, glycerol
carbonate has been esterified with a diacid?*®! or acid chloride.?*° Another example includes
the use of fatty acids, which are converted in the respective bis carbonates in a four-step
procedure, including the epoxidation of terminal alkene functions and subsequent
carbonation with C0,.[>!l Another interesting preparation procedure was first described in
2012 by Rokicki et al. featuring the carbonation of erythritol to the respective erythritol
bis(carbonate) (EBC) with dimethyl carbonate under basic conditions.?>2! However, the yield
did not exceed 5% at that time as it was considered a side product of tetrahydrofuran
derivatives. Other groups improved the reaction conditions by employing diphenyl carbonate
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and a metal catalyst to isolate the product in the range of 80% to 90% vyield after 19 h at 120 °C
and 30 mbar.[?>3 Although the authors determined the impossibility to synthesize EBC
efficiently from DMC, the Meier group published a much more sustainable route in DMC
shortly after.[?>* The reaction conditions were optimized to be performed at 60 °C at 350 mbar

for just two hours in the presence of catalytic amounts of TBD (Scheme 14).

0
30.0 eq. DMC
OH 0.05 eq. TBD OJ<O
OH >
HO/\;)\/ oh o :
OH 60 °C >fo
350 mbar @)

Scheme 14 Synthesis of erythritol bis(carbonate) from erythritol (adapted from 2°%),

Interestingly, the reaction was performed in a rotary evaporator, while the product was
obtained in 90% yield after simple filtration and the filtered residue was recycled up to 5 times

by simply adding more erythritol.

The polyaddition of the bis(carbonates) with diamines occurs at high temperatures, typically
around 100 °C, as kinetic studies have shown that the reaction accelerates with
temperature.?>3 The final polyhydroxyurethane (PHU) differs in properties from classical PUs,
as the hydroxyl groups on the side chains are capable of undergoing intra- and intermolecular
hydrogen bonding with the carbamate functionality, thus increasing the polarity and their
hydrolytic stability.[?°®! It is also worth mentioning that the opening of the carbonate ring

occurs in two directions leading to both primary and secondary alcohols (Scheme 15).

O

secondary

Scheme 15 Formation of primary or secondary alcohols after the nucleophile-mediated ring opening

of a cyclic carbonate.
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The formation of secondary alcohols is favored and the ratio of isomers was shown to be
dependent on the solvent, alkyl chain length and EWGs at the carbonate,?” rather than being
driven by temperature.!?*8! For instance, in DMSO, the percentage of primary hydroxyl groups
was higher than in toluene. Although this polyaddition is the most sustainable polymerization
of all listed examples, it is limited by the low reactivity of the cyclic carbonate, which often
leads to low molecular weight polymers. It has been speculated that this behavior derives

from the hydrogen bonding between amine and cyclic carbonate. 2>

Due to environmental regulations and issues, the recycling of polyurethanes has gained
increasing attention,?%% albeit it is not an easy task due to the stability and resistance of many
of the produced PU types. However, some techniques have been reported and are divided in
four categories: mechanical recycling, chemical, as well as thermochemical processing and
energy recovery.?61 The first group describes the physical treatment of PUs, such as
compression and injection molding, as well as regrinding. Meanwhile, chemical and
thermochemical processing focus on the treatment of PUs for the generation of chemical
feedstock making use of methods like glycolysis, hydrolysis, fractionation, aminolysis,
hydrogenation or pyrolysis, in which polyols are reobtained and recycled for further uses. 252
The energy recovery is achieved by combustion of the PU and related production of heat, fuels

and oils.[263]

In conclusion, polyurethanes have been shown to possess great versatility and tunability via
many parameters, such as choice of monomers, additives, polymerization method,
crosslinking degree and the presence of urea or isocyanurates in the material. Additionally,
numerous methods have been developed for the formation of PUs, with or without the use of
isocyanates, and the isolated materials are obtained in the desired forms, e.g. foams. The
advantages listed in this chapter and the wide range of applications covering many fields
therefore set this polymer class as one of the most important representatives in polymer

chemistry.
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2.6 Thiol-Ene “Click” Reaction

2.6.1 “Click” chemistry

The term “click chemistry” was introduced by K.B. Sharpless in 1998, but was first fully
evaluated three years later by Sharpless, Kolb and Finn.!?4l The idea was born from the
observation that, in nature, a large number of molecules possess great affinity for carbon (C)-
heteroatom (X) bond formations, rather than carbon-carbon bonding. Additionally, the
spontaneity of these natural formation processes is what captured the attention of
researchers. The most common examples are macromolecules connected by C-X-C bonds,
such as proteins (X=N) or polysaccharides (X=0), originating from the condensation of smaller
molecules. Therefore, the aim of this particular type of chemistry, i.e. “click”-chemistry, is to
reproduce similar linkages in the laboratory. To officially establish their concept, Sharpless et

al.?%4 published the prerequisites for a “click” reaction as follows:

1. Modular, wide scope

2. High yields

3. Generation of only inoffensive by-products, which can be easily removed without
chromatographic purification methods

Stereospecific reaction (but not necessarily enantioselective)

Simple reaction conditions (e.g. insensitivity to oxygen or water)

Readily available starting materials and reagents

N o v s

Avoidance of solvent or the employment of solvents which are benign (e.g. water) or
readily removable

8. Simple product isolation

The driving force is of thermodynamic nature. Values for the Gibbs free energy are usually
lower than -84 kJ/mol, which often lead to a single reaction product and near quantitative
yields.264 Therefore, this field of organic reactions has gained the attention of many
researchers, increasing the number of publications to a total of over 18,500 at the end of 2020,

with a peak in the year 2014 (Figure 17).
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Figure 17 Publications containing the concept “click chemistry” over the last decades (Scifinder-n
search “click chemistry”, retrieved on 07.07.2021).

Four major classes of “click” reactions have been established and are schematically shown in

Figure 18:
1. Cycloadditions
2. Nucleophilic ring-opening reactions
3. Additions to C-C double bonds
4. Non-aldol carbonyl reactions

The first category!?®®! features the 1,3-Huisgen dipolar cycloaddition[?%¢! as its most renowned
example, but also includes hetero-Diels-Alder reactions.[?” Meanwhile, nucleophilic ring-
opening reactions make use of the strain of an electrophile, such as aziridines268! or
epoxides,?%°! to force ring-opening via a nucleophile. Additions on unsaturated carbons!?7%
are fundamental in “click chemistry”, since olefins are easily accessible, cheap and come with
a wide variety of different functional groups. The oxidative addition on the double bond

creates a stable, but also reactive intermediate, like an epoxide,?’!l which can be further
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functionalized. Lastly, carbonyl-type chemistry, centered around the partial positive charge at
the carbonyl carbon and its susceptibility towards nucleophilic attacks entails reactions such
as the formation of urea,?’? amides?’3! and heterocycles.[?”# The reason behind the exclusion
of aldol reactions from “click” reactions is the low thermodynamic driving force, which
requires long reaction times and in most cases a push, such as the addition of a basic or acidic

catalyst, to achieve high yields.

/Multiple bond\ / \
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Figure 18 Common “click” reactions.?’”

Different types of “click” chemistry and their basic features have been introduced in this
chapter. The next section will focus on one category, namely the multiple bond

functionalization, more specifically via the thiol-ene reaction.

2.6.2 The thiol-ene reaction

An aspect of the work described in this thesis is concerned with thiol-ene chemistry, a reaction
which will be introduced here and is schematically depicted in Scheme 16. The organic
reaction between an alkene and a thiol is called “thiol-ene”. Although it was first described in
1905,127%1 its use as an important reaction only became evident in the last few decades after

the introduction of the concept of “click chemistry”.
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Scheme 16 Schematic representation of the thiol-ene reaction.

The number of relevant publications per year are shown in Figure 19 (research topic “thiol-
ene” in SciFinder). The rise in interest since the 1990s is based on the properties of this
reaction, including the fast addition rate, high vyields and regioselectivity.”?””l For such
characteristics, next to the large thermodynamic driving force, the thiol-ene reaction is also
considered a “click” reaction.[?78 Especially the light-mediated variant is a topic of extensive

research, as it carries both the advantages of photoinduction, which is the activation at

specific times and locations, and of “click” reactions.[?7°]
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retrieved on 05.02.2021).
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The thiol-ene reaction has been shown to proceed via two different mechanisms:
1. Radical addition!?”®!

In this category, radicals are formed in the first step of the reaction. This can be achieved by
light or heat, as well as in the presence of a radical initiator, such as azobisisobutyronitrile
(AIBN) or 2,2-dimethoxy-2-phenylacetophenone (DMPA). The thiyl radical (Scheme 17) reacts
with the double bond in an anti-Markovnikov addition, forming the more stable carbon-
centered radical. Finally, a hydrogen radical is removed via chain transfer from another thiol,

which can continue the reaction with another alkene.

/\%
/RN
photoinitiator
ct

. \ k¢t = chain transfer rate constant
SH— S - : .
- v - -— S ky, = propagation rate constant

.~ P

Scheme 17 Mechanism of free-radical addition pathway for the thiol-ene reaction.!?*"

The reactivity depends on the employed starting materials. Beginning from the three most
employed categories of thiol compounds, which are thiol glycolate esters, thiol propionate
esters and alkyl thiols, Hoyle et al.[?7®! described that the first two groups lead to weakened
sulfur-hydrogen bonds through hydrogen bonding with the carbonyl oxygen atom, thus
increasing the overall reaction rate. In the same publication, the authors state that addition
rates to 1-heptene were 6 times lower for 1-pentanethiol compared to methyl
mercaptopropionate. Although in most synthetic procedures only primary thiols are
employed, secondary or tertiary ones have advantages, like milder odor and lower risk of
spontaneously reacting without light stimulus, confirming the prediction that the reaction rate
decreases with higher substitution.[?811 An overview on reactivities of thiol groups towards
different -ene moieties in apolar and polar media are described in reviews by Renaud et al.[282

and by Karl Griesbaum.[283!
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The effect of the -ene component has been thoroughly analyzed by computational and kinetic
methods by B.H. Northrop.[?®* Unreactive species are molecules with conjugated double
bonds, which are stabilized by resonance, and -enes with groups that increase the stability of
the carbon-centered radical, such as acrylates or styrenes. The reactivity increases with the
electron density at the double bond. Additions to norbornenes are exceptionally fast,
compared to all previous examples. There, the reason behind the high tendency to form a
C-S-bond is the combination of high electron density and alleviation of ring strain. Therefore,

the predicted order of reactivity with methyl mercaptan is as follows (Figure 20):

O
; > /\SiH3 > ~_OR > Z>or > RO)WOR
O
norbornene vinyl silane allyl ether vinyl ether fumarate
X
N OR Q
— O OR
propene maleimide methacrylate crotonate styrene

> /\CN > \/\
acrylonitrile  butadiene

Figure 20 Most common examples of -ene compounds listed by decreasing predicted reactivity

towards the thiol-ene reaction (adapted from!%4).

Furthermore, the position of the double bond in the alkene is an important factor in the
reactivity. Using the reactivity of a terminal alkene (n-hexene) as reference, trans-2-hexene
and trans-3-hexene were shown to possess an 8- and 18-fold lower affinity towards addition,
resulting mostly from steric hindrance. The proposed reactivities were confirmed by
experimental data from other studies on the same topic,[2%>! as well as from the two reviews

mentioned before.[282.283]

The radical mechanism shows many advantages in the addition of thiols to alkenes, such as
high reaction rates and the possibility for photoinitiation. However, this system cannot always
be employed, for instance when radical coupling is to be avoided. An alternative, the

Michael-Addition mechanism, is therefore described in the next paragraph.
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2. Michael-Addition

The second pathway to a thiol-ene reaction is the Michael-Addition, which was first reported
by Allen et al. in 1964.28¢1 The main difference lies in the anionic species that suffers no penalty
of early chain termination through coupling. This advantage is especially useful in
polymerizations, thus allowing to reach high molecular weights without by-products. Specific
reactions, like the end-group functionalization of polymers, as well as the conjugation of
polymers under low concentration conditions, have been confirmed to proceed without the

generation of side reactions, for instance through disulfide formation.[?’”]

The Michael reaction is catalyzed by a base or a nucleophile resulting in the same product as
the radical addition.[?®”) Many catalysts have therefore been tested in order to efficiently shift
the equilibrium towards the adduct. Common examples include the usage of weak bases like
triethylamine (EtsN) or nucleophiles like methoxide salts or phosphines. However, further
systems have been analyzed, for instance the use of iodine,[?%8 Lewis acids like gadolinium
triflates?® or even ionic liquids.[?®® Nonetheless, the base- and nucleophile-mediated
pathways were confirmed to procure the highest efficacy as catalysts. The schematic
representation of basic and nucleophilic initiation is shown in Scheme 18.12°11 |t is noted that

primary amines catalyze the reaction in a nucleophilic way, rather than acting as bases. 27!

Basic catalysis
o ©
& sr+s | @ sHs|—— @S+ B

Nucleophilic catalysis

B sH

S
Nu EWG © EWG
EWG. > —— » N — s+ \H(\Nu

Scheme 18 The most common initiation pathways for the thio-Michael addition: base mediated (top),

and nucleophile mediated (bottom). Adapted from [,

The reactivity of dithiols for both the base and nucleophile mediated Michael addition is highly
dependent on the pK, of the thio component.[??21 The lower the pK, value, the more the thiol

is prone to deprotonate and form the required thiolate. Alkyl thiols (pKa = 10—11) are therefore
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one of the most inert thiol species, while thioglycolates, thiopropionates or even cysteine (pKa

ca. 8) are more reactive in a thio-Michael addition.

The electron deficiency of the -ene component is another factor influencing the kinetics of the
addition as it facilitates a nucleophilic attack. Typically, -enes such as acrylates or
maleimides,?®! in combination with amines®®* or alkyl phosphinesi?®*! are chosen.
Nonetheless, the free-radical variant is often preferred because of the shorter reaction times,

as well as more facile synthesis procedures.

After discussing the mechanisms of both radical and Michael addition, as well as the respective

properties and advantages, the possible applications will be discussed next.

The overall stability toward oxygen, simplicity of reaction kinetics and conditions as well as
high control over the activation step has also captured the attention of polymer chemists,?7°!
as these advantages unlock the facile synthesis of more complex structures. Many thiol-ene
dendrimers,1?°®! including glycodendrimers,?*”l have, for example, been reported in the
literature, in addition to new photocuring procedures for thermosets(?®®! and semicrystalline
materials.°?! As the number of different isolated polymeric structures increases based on the
variation of thiols and alkenes, so does the number of possible applications. Currently, the
scope ranges from high energy absorbing materials to adhesives and optical components.[?7!
Furthermore, thiol-ene chemistry has been applied for the preparation of materials with

interesting mechanical properties from dienes and dithiols.

Typically, thiol-ene based polymers possess glass transition temperatures (Tg) between -30
and 60 °C and many of the studied materials also show high impact capacity.3%! The material
properties do not originate from the C-S bond itself, but rather from the monomer type.
Especially favored for providing high-impact resistance are monomers containing bisphenol
A,12%l which enhances the energy absorption, when combined to urethane functionalities, 30
which increase the elastomeric properties of a material via hydrogen bonding. These materials
promise great potential in personal protection gear, but also as dental devices. For example,
in the field of dentistry, studies have determined that carbamate-containing materials
synthesized via thiol-ene show higher impact attenuation at intraoral temperatures than the
commercially available Polyshok™, which is commonly used for dental prosthetics, while
simultaneously possessing greater water permeability and lower tear strength and

hardness.[3%2 Furthermore, the rapidly formed networks, derived from the fast reaction rates
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of the thiol-ene reaction, showed higher homogeneity compared to traditional

photopolymerizations.3%I

Meanwhile, adhesives synthesized via thiol-ene reaction have also been reported. Most
adhesives are based on acrylates or methacrylates, which suffer from the main drawback of
forming heterogeneous networks and oxygen inhibition of their curing processes.3% The
thiol-ene reaction, however, does not exhibit such disadvantages.3%! For instance, the Patton
group synthesized crosslinked thiol-ene networks in the presence of dopamine acrylamide,
ultimately forming a sticky polymer.B3%! The same group also reported novel polymeric
materials with good adhesive properties based on clove oil derivatives, such as eugenol.37]
Interestingly, thiol-ene networks have also been exploited as anthracene-based adhesives,

which showed reversible binding upon irradiation at different wavelengths.[308]

In bioorganic functionalization, examples where thiol-ene chemistry has been used include
glycodendrimers and glycopolymers, e.g. by “clicking” trehalose units to RAFT polymers, 3%
but also sugar-containing networks were efficiently polymerized, for instance via thiol-ene
polymerization of sucrose dienes with different dithiols.31% Cysteine, as the only amino acid
containing a thiol group, was also employed as thio-component during bioorganic
functionalization.!3!l As cysteine is a component in many peptides, functionalization®2l and
incorporation of peptides in synthetic hydrogels®3! vig thiol-ene reactions and
polymerizations has been well reported. Of utmost importance is the application of such
materials in drug delivery, while simultaneously taking advantage of the low toxicity and
biocompatibility of peptides. In 2007, Wittrock et al. conjugated via thiol-ene the core of
bovine serum albumin to glycopeptide antigens to work as a vaccine carriers.3'% Different
drug delivery systems have also been developed, e.g. micellar systems by Lou et al.B%! that
were obtained by functionalizing a butadiene-styrene copolymer with thiol-containing
saccharide units. This method is attractive in medical science since these glycopolymers are
easily accessible in high yields and show high affinity to lectins during biological recognition
events.l31% The importance of this affinity lies in ability of lectins to bind to cell walls and
trigger biochemical reactions,’3”! while simultaneously exhibiting antibiotic properties on
bacteria. For example, polyhedral silsequioxanes were coupled with thiol-terminated
saccharides with spacers of different lengths.l318] The resulting material demonstrated

efficient binding of lectins and receptor inhibiting properties of cell surface biological
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processes like infections and inflammations. Hubbel et al. developed hydrogels for controlled
drug release between 200131 and 2005,32° followed by many others like Giammona et al. in
2008 who presented a thiol-ene network based on vinyl sulfone—derivatized insulin for

controlled release of 2-methoxyestradiol, a known anti-cancer agent.324

The most common applications of thiol-ene products are in electrooptics, resulting from the
facile incorporation of sulfur and its high refractive index (np) in organic materials.’322l Apart
from the requirement for high content of sulfur, substrates for these materials lack long
carbon chains or functionalities, like esters, as they tend to lower the np.3?3! This effect is
caused by the low atomic refraction of the common organic components carbon, oxygen,
nitrogen and hydrogen compared to sulfur.3%4 Therefore, many groups have focused on the
use of thiol-epoxides and thiol-halides as substrates.?”! In these cases, apart from the
desirable optical properties, the advantageous processing of the resulting materials was also
enabled by the highly efficient thiol-ene reaction.

Liquid crystals are another class of materials where thiol-ene chemistry has proven highly
advantageous. Such materials are very sought-after because of their particular properties:
they are transparent in visible light,[32°! possess switchable birefringence by change from
isotropic to anisotropic phases through application of e.g. electrical fields3?®! and, more
importantly, electro-optic performances!®2’} that remain intact even if the material is
deformed.[328 Further applications for liquid crystals range from dielectric layers!3?°! to optical
waveguides3° and many more.331]

The “click” properties and further mechanistical aspects of the thiol-ene reaction were
discussed in this chapter. In conclusion, this reaction possesses many attractive characteristics
for both organic and especially polymer chemistry, proving to be advantageous for its fast
reaction rates, high selectivity and homogeneity of the obtained polymeric materials. The
versatility of the thiol-ene provides a useful tool for the tailored design of materials, allowing

for a wide range of applications such as adhesives, high impact materials and glycopolymers.
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3 Aim of this work

In the introduction and theoretical background, the importance of sustainability for various

chemical processes and especially for polymers, compounds that have tainted our world for

decades, was discussed. Therefore, the aims of this work were inspired on the principles of

Green Chemistry, a subgroup of sustainability.

The goal of this thesis is the preparative investigation and evaluation of novel sustainable

procedures bound to the Lossen rearrangement and further applications in the field of

polymer chemistry. The thesis is divided into two main topics:

1. The introduction of a CO,-based modification of the Lossen rearrangement, including the

optimization of reaction parameters for the synthesis of amines, carbamates and ureas

and application of gas chromatography (GC), nuclear magnetic resonance (NMR)

spectroscopy and infrared (IR) spectroscopy for reaction monitoring.

2. The sustainable synthesis and characterization of non-isocyanate polyurethanes (NIPUs)

via the highly efficient thiol-ene polymerization. This topic is divided in five sections:

a)

b)

d)

The preparation of diene carbamates and ureas from fatty acid derivatives via the

Lossen rearrangement and the synthesis of dithiols from renewable feedstock.

The optimization of the molecular weight (M,) for the thiol-ene polymerization of
diene monomers and both renewable and commercially-available dithiols, as well as

the analysis of thermal properties via differential scanning calorimetry (DSC).

The preparation of random copolymers via multi-component polymerization of
different dienes and dithiols as well as the formation of block copolymers by thiol-ene
“click” reaction of end group—functionalized prepolymers and the evaluation of their

thermal properties in order to produce macromolecules with combined properties.

The sustainable post-polymerization modification of polysulfides via the

straightforward oxidation with hydrogen peroxide to the respective polysulfones.
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e) The preparation of specific thermally processable random copolymers and the

evaluation of mechanical properties (Young’s modulus) by stress-strain experiments.

The CO; based Lossen rearrangement was found to proceed under different mechanisms than
proposed in the past, as determined by online IR monitoring. Meanwhile, the renewable
preparation of NIPUs via thiol-ene polymerization led to the formation of materials with

tunable thermal and mechanical properties, opening new doors for future applications.
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4 Results and discussion

4.1 The CO2-based Lossen rearrangement

4.1.1 Introduction

In this chapter, by employing the well established Lossen rearrangement, the aim is to test a
more sustainable variant by replacing toxic activating reagents for hydroxamic acids in favor
of CO,. The experimental methods, the results and evaluation, as well as the outlook for this

reaction will be discussed in the following chapter.

In the Lossen rearrangement, a hydroxamic acid is employed that is readily synthesized in one
step from methyl esters or acid chlorides with hydroxylamine under basic conditions (e.g.
potassium hydroxide).?32! |t is worth mentioning that the approach featuring the methyl
esters is preferred in view of sustainability, as these compounds can be readily obtained in
high yields from the respective carboxylic acid with methanol and result in less waste and use
less toxic chemicals as for the acid chloride route. Besides the Lossen approach, two similar
rearrangements are known in organic chemistry,33 all of which possess the same building
block, namely an amide function, but a different leaving group that forms an isocyanate via a
nitrene. In the Curtius variant (see chapter 2.4.2), the very reactive azide next to the carbonyl
reacts upon heating by the energetically favored release of nitrogen. The remaining unstable
nitrene readily rearranges to an isocyanate. In the Hofmann rearrangement, an amide is
functionalized with Br; to a N-bromoamide providing a bromide anion as strong leaving group.
Comparing these three rearrangement approaches, the stability of the starting material is the
main difference.?3¥ Hydroxamic acids, being much more stable than azides and
N-bromoamides against heating and light irradiation, do not undergo a spontaneous Lossen
reaction, even at high temperatures, but have to be priorly activated. One possibility is to
employ salts of hydroxamic acids, namely hydroxamates, but these need temperatures above
100 °C. Furthermore, industry and other large scale productions usually convert hydroxamic
acids with O-acyl, O-sulfonyl or O-phosphoryl groups in order to create a better leaving group
that releases as carboxyl, sulfonate or phosphate group, respectively. The problem of this
method is the general toxicity of the functional groups of the agents used for activation; for
instance acid chlorides, sulfuryl chlorides and phosphoryl chlorides. Especially phosphoryl
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chlorides have been confirmed to need special precautions due to their toxic and strongly

corrosive properties.33°]

Taking a closer look at the structure of hydroxamic acids, one notices the presence of two
acidic protons. The transformation with acid chlorides increases the reactivity of the
hydroxamate by forming a better leaving group, while the deprotonation of the amide
functionality facilitates a rearrangement.!33! Following this line of thought, the idea was to
employ CO; as activating group in cooperation with a base, in a system similar to the
“switchable ionic liquids” described by Jessop et al. in 2005 (Scheme 1a).[%%] In the first step,
the base (DBU) deprotonates N-hydroxyamide forming a hydroxamate salt. Subsequently, the
weakly electrophilic CO2 molecule attaches to the nucleophilic hydroxamate, possibly forming

the intermediate A (Scheme 19b).

a) ROH + B R. M oo
inert gas O BH
i £ 088
.0 BH
b) RJ\ OH + B —— g\
H inert gas H

Scheme 19 a.) Schematic representation of the formation of a carbamate salt with DBU and an alcohol
introduced by Jessop et al. b.) formation of intermediate A with the same approach using a hydroxamic

acid instead of an alcohol.

Afterwards, it was hypothesized that upon subsequent heating, the rearrangement should
take place leading to the isocyanate (Scheme 20). The presence of water in the reaction
mixture hydrolyses the formed isocyanate to an unstable carbamic acid, which readily
decomposes into the more thermodynamically stable amine and CO;. As a consequence, a
second common side reaction takes place, since the highly reactive isocyanate also reacts with
its hydrolysis product, an amine. Therefore, next to the amine, ureas are synthesized in
moderate yields.[*>2] Although the formed isocyanate is isolated by performing the reaction
and work-up in the absence of water, or rather avoiding long time exposure to larger amounts

of water,™U typically in situ conversion/capture is commonly applied in an isocyanate-
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forming rearrangement by using nucleophiles, like alcohols. This way, carbamates (or

urethanes) are isolated.337]

H
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Scheme 20 Rearrangement of intermediate A and possible subsequent nucleophilic additions of the

formed isocyanate with alcohol and water.

Another point to keep in mind is the difference in reactivity between aliphatic and aromatic
compounds. The partial negative charge at the nitrogen atom is delocalized if a suitable -
system is present, thus increasing the partial positive charge at the carbonyl carbon. Aliphatic
compounds, therefore, take longer times to rearrange under standard reaction conditions
(around 20 h), while aromatic molecules are converted into their products around three times
faster.[338 Also, aromatic hydroxamic acids do not form ureas or carbamates under basic
conditions, but only anilines and derivatives are isolated from their Lossen rearrangement.[1>2
One of the reasons is related to the formation of the hydrogen carbonate, which is the anion
of the adduct of water and CO;. The influence of heat and partial re-protonation leads to
decarboxylation, thus producing water in the reaction mixture. Secondly, anilines are weak
nucleophiles, therefore showing a reduced affinity to the isocyanate. However, aromatic
hydroxamic acid would lead to more reactive intermediates that would benefit the overall

reaction.[338l

Here, a library of 19 hydroxamic acids was synthesized containing aliphatic and aromatic
moieties, as well as five dihydroxamic acids, to obtain detailed information on the influence
of the moieties of hydroxamic acids in a Lossen rearrangement with CO; (Figure 21). In
addition, the focus was put on renewable starting materials. For instance oleic acid, the most
abundant fatty acid representative, but also other less known components, like erucic acid
obtained from rapeseed oil,[33% or capric acid found in coconut oil, were used, while keeping

the scope of the library as diverse as possible. It is noted that some hydroxamic acids do not
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have a sustainable origin, but were synthesized to expand the library and assist with drawing
conclusions (for instance, adamantly hydroxamic acid 1l). All compounds were synthesized
from the respective methyl esters, which were obtained via sulfuric acid (H2S04)-catalyzed

esterification from the respective acid in methanol.

Synthetic methods
o H,NOH-HCI o o o o o
KOH H,NOH
1) S — L on 2) i 7 . oo U oH
v - ~ - ~ -
R© -KCl RN 0" RT O -MeOH N" RN
-MeOH rt, 48-72 h
70°C, 20 h
Library oH
OH \
o o o o o O+ NH
— _OH
WVVWLN HO\NMNKOH N.OH
H H H H
1a (65%) 1g (84%) OH
O\
2 o}
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Figure 21 Synthetic procedures and library of synthesized hydroxamic acids with corresponding yields.

While the vyields for aromatic starting materials ranged between 63-87%, their aliphatic
counterparts behaved differently, depending on chain structure. Methyl esters bearing longer
alkyl chains were isolated as N-hydroxyamides with similar yields above, i.e. 64-77%. More
problematic were shorter alkyl chains, with less hydroxamic acid isolated the shorter the
aliphatic group. Chains shorter than isopropyl were not isolated. The reason behind this
behavior was likely the standard purification method, which employs extraction with ethyl
acetate (EA) and washing with water. Even though hydroxamic acids are highly polar and
prone to form hydrogen bonding, possessing an apolar chain still results in greater solubility
in the organic phase rather than in the aqueous one. This seems reasonable since they can

also form hydrogen bonding in organic media among themselves and, in this case, also with
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the solvent resulting in no obvious thermodynamical penalty compared to aqueous phase.340
Therefore, if a shorter tail is chosen, solubility in water becomes dominant, leading to large
yield losses. In the case of 1f and 11, the increased steric hindrance derived from the isopropyl
and adamantly structures are also expected to cause a yield reduction. The procedure
containing hydroxylamine solution, employed for diesters, led to the highest yields. The
reason behind this behavior is likely the fact that the dihydroxamic acids were simply
precipitated by addition of an antisolvent and directly filtered off, while the mono hydroxamic

acids were purified by aqueous workup and recrystallization, thus leading to losses in yield.

In the following chapter, the respective subgroups of the library are discussed in more detail.
In general, first confirmation of the presence of hydroxamic acids was achieved through
simple visual observation, as the hydroxamic acids are obtained as crystalline substances,
unlike the respective liquid methyl esters. All compounds were fully characterized by proton
and carbon NMR spectroscopy and high-resolution mass spectrometry (HRMS). In a typical
NMR spectrum (1a), the disappearance of the methyl ester signal at around 3.7 ppm is clearly
depicted, while two other distinct broad peaks in the range between 8 and 11 ppm, that

belong to the acidic protons of the hydroxamate moiety, are observable in Figure 22.
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Figure 22 'H NMR spectra of methyl oleate (top, measured in CDCl; with a residual peak at 7.26 ppm)
and the respective hydroxamic acid 1a (bottom, measured in DMSO-ds with a residual peak at 2.5 ppm

and respective water signal at 3.3 ppm).

The methyl ester peak at 3.7 ppm is replaced by the acidic amide and hydroxyl protons at 8.7
and 10.4 ppm, while the other signals remain nearly identical. Exception is the small shift of

the CH; group next to the carbonyl function, due to the changing from an ester to an amide.
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The preparation of both aliphatic and aromatic hydroxamic acids with hydroxylamine was
performed and the resulting compounds 1a—1s were isolated in moderate to high yields. In
the next section, the CO,-based Lossen rearrangement is first discussed on the aliphatic

N-hydroxyamides.

4.1.2 Aliphatic compounds

The first compounds prepared for the Lossen rearrangement were methyl esters derived from
sustainable materials. However, also shorter chain hydroxamic acids and dihydroxamic acids

were synthesized to cover a broader spectrum of application (Figure 21).

A major issue in the Lossen test reactions was first represented by the insufficient solubility of
many compounds in DMSO. Especially hydroxamic acids possessing long alkyl chains and
diacids were problematic, as only very dilute conditions were achieved. An approach featuring
a reaction in suspension with 1c in DMSO was unsuccessful. The premature addition of the
base, in this case DBU, only partially improved the homogeneity of the reaction mixture.
However, increasing the temperature (up to 70 °C) led to sufficient solubility in most cases.
Still, DMSO was the best solvent choice for several reasons and was used for most reactions.
The first reason is that DMSO was the best medium for dissolving such polar groups, with a
few exceptions that were mostly caused by long unpolar aliphatic side chains of several
starting materials. Secondly, DMSO is non-toxic, “green” and possesses a high boiling point,

making it suitable for high temperature conditions.

For the first test Lossen rearrangement reaction, the two compounds l1le and 1la with
10-undecenoic and oleic chains were chosen as renewable substrates. Before the start of
every reaction, the DMSO mixture containing 1.00 eq. hydroxamic acid and 1.00 eq. base was
exposed to atmospheric CO; pressure (balloon) for 15 minutes to ensure the formation of the
intermediate. Afterwards, the reaction flask was heated to the desired temperature for 24 h,

while CO; was added via balloon (Scheme 21).

69



Results and discussion

)OJ\ OMEO )OJ\ 06 N
_OH - R™ “Cs
15 min 24 h

r.t.

Scheme 21 Reaction procedure for the CO; based Lossen rearrangement.

After the cooling of the reaction mixture, formation of colorless solid was observed in both
cases, which was easily filtered off. After analysis via 'H NMR, 3C NMR and IR spectroscopy,
as well as HRMS, the powder was determined to be the respective symmetrical urea
(compounds 9 and 10). The presence of the urea moiety was a strong indirect indication of
the in situ formation of the isocyanate and its degradation to the respective amine, as shown
in Scheme 20. However, as the yield was low (ca. 10%), the filtrate was worked up further to
isolate further possible products. Subsequent addition of water to the filtrate and extraction
with different organic solvents was performed and the residue obtained after evaporation of
the solvent was used for thin layer chromatography (TLC) analysis for first indication of the
obtained mixture. Although the TLCs did not show clear spots (Seebach reagent and potassium
permanganate used for staining), column chromatography was performed with
cyclohexane:ethyl acetate mixtures. However, none of the two obtained fractions (Rf = 0.52
and Rf = 0.40 in CH:EA (2:1)) contained the respective product (isocyanate or amine) of the
Lossen rearrangement. The starting material and the base were partially recycled by flushing
the column with ethyl acetate, however, multiple steps, including redistillation of the DBU,
were necessary for this purpose. Since the isocyanate was not obtained, it was decided to
change the reaction parameters based on the urea yield. The temperature was varied
between 70 and 110 °C, the concentration was increased from 0.1 to 3 mol/L, and different
reaction times were tested in the range of 8 and 72 h. Additionally, different organic and
inorganic bases were employed, including 1,8-diazabicyclo(5.4.0)undec-7-ene (DBU),
1,5,7-triazabicyclo(4.4.0)dec-5-ene (TBD), 1,5-diazabicyclo(4.3.0)non-5-ene (DBN), K,COs and
1,4-diazabicyclo[2.2.2]octane (DABCO). DBU equivalents between 0.50 eq and 2.00 eq. were
also tested. However, urea yields did not surpass 12% for any of these conditions. A possible
explanation was speculated to be the degradation of the CO, intermediate after the
temperature increase, leading to low yields. No bubbling was noticed during the reaction,

probably because of the high stirring rates. The CO; atmosphere was therefore kept for up to
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8 h by continuously renewing the CO; balloons shifting the equilibrium to the intermediate A.
No improvement was detected, thus the pressure was increased by working with a Berghof
300 mL pressure vessel. The pressure was set to the desired value (5 — 30 bar) and the reaction
mixture was allowed to stir overnight at the chosen temperature. Even after 72 h under the
described conditions, the urea yield remained under 15%. The possible formation of water
through the hydrogen carbonate or the presence of water in DBU and DMSO were
hypothesized to lead to a “dying” effect by the isocyanate. The isocyanate, therefore,
degraded faster to the amine with high concentrations of water before another amine was
able to capture it by forming the urea. However, this explanation does not explain why the
amine yields were too low to be isolated, even if over 50% of unreacted hydroxamic acid was

recycled afterwards.

Therefore, a different approach included the capture of the in situ isocyanate with an alcohol
(2.00 eq., respective to the hydroxamic acid) as nucleophile. Three alcohols were chosen:
methanol, ethanol and butanol. Methanol, despite its higher nucleophilicity, however, was
eliminated as its boiling point is lower than the applied temperatures. Ethanol and 1-butanol
evaporate at around 80 and 120 °C, allowing for test reactions at higher temperatures.
However, after workup and column chromatography, no carbamate was isolated or detected
by NMR spectroscopy or GC-MS, while the urea yield remained stable around 12%. This
behavior may be explained through the strong nucleophilic character of water and amines,
therefore consuming the isocyanate before being able to undergo an addition with the alcohol
component. The alcohol also forms adducts with CO; producing a weakly nucleophilic
carbonate anion, which is less reactive than water. Following this line of thought, water was
employed as an additive to avoid urea formation in favor of an increase of the amine
formation. On the contrary, the mentioned addition did not shift the equilibrium towards the
amine, but rather helped the formation of bicarbonate salt already in the early stages of the
reaction. The bicarbonate ion utilizes the protonated base as counterion, thus inhibiting the
Lossen rearrangement completely. However, in most cases, much of the unreacted
hydroxamic acid (up to 50%) was recycled by extraction and crystallization out of ethyl acetate
or ethyl acetate/cyclohexane mixtures. The capture of the isocyanate with an amine was not

attempted, as side reactions, i.e. formation of a carbamate salt with CO; are expected to occur.
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For the reasons mentioned above, it was decided to abandon the further optimization of the
reaction conditions to study the reaction mechanism more in detail. First, to capture the
intermediate A, the hydroxamic acid was mixed with DBU in DMSO and exposed to CO;
followed by the addition of methyl iodide. As a second electrophile, benzyl bromide, was also
tested to capture the intermediate. However, the captured intermediate A (respective methyl
or benzyl ester) was not detected by neither GC-MS nor NMR spectroscopy (Scheme 22) after
extractions with different organic solvents, and thus its formation, the intermediate was not
detected. The reason for the unsuccessful activation of A was not possible. However, the
strong electrophiles possibly interact with the base, thus leading to the decarboxylation of the

now destabilized intermediate before capture occurred.
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Scheme 22 Schematic representation of the formation and attempted capture of the CO,-intermediate
with methyl iodide as electrophile. Capturing with benzyl bromide was hypothesized to follow the

same reaction path.

To fully understand the mechanism, further screening methods were performed. As a model
system, a mixture composed of DBU, DMSO-ds and N-hydroxyisobutyrate 1f was chosen to be
able to monitor the reaction process via NMR spectroscopy. 1f showed good solubility in
DMSO at room temperature and possesses a structure, which is easily further analyzed via GC
or GC-MS. However, after exposure to CO», the solution changed to a cloudy mixture in which
a colorless solid precipitated. The precipitate was confirmed by NMR spectroscopy to be the
bicarbonate salt of DBU, a very stable compound which ultimately consumed most of the
added base. With water being the consequence of this side reaction, further reactions were
performed in anhydrous DMSO. At the desired intervals, *H NMR spectroscopy samples were
taken and diluted with DMSO-ds. However, the monitoring yielded unsatisfactory resolution,

since the signals of remaining non-deuterated DMSO, DBU and water dominated a significant
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range of the spectrum. Especially the shifting of the 2.3 ppm signal belonging to the CH; group
adjacent to the amide carbonyl (hydroxamate) to 3.2 ppm of a rearranged amide (urea) was
obstructed by those residual signals. In case of amine formation, the same alkyl group next to
the NH function also overlapped with the base, hindering a possible evaluation. This
disadvantage was observed with most organic superbases, such as TBD, DABCO, and DBN,
other than DBU. Inorganic bases such as K;COs3 was anticipated to partially improve the
mentioned issues exhibiting no proton signals, however, a related signal broadening in the
whole spectrum made the integration ineffective due to extensive overlapping of neighboring

peaks (e.g. Figure 23).
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Figure 23 Typical spectrum of a reaction mixture of the CO,-based Lossen rearrangement containing
1c and DBU in DMSO. The CH; group next to the amide functionality (expected at ca. 3.15 ppm) is
masked by DBU, while the amide (expected at ca. 4.5 ppm) overlaps with the broad water signal, which

is shifted toward higher ppm values because of the acidifying influence of CO..

The amide proton, in many cases the only signal visible, was impossible to be used as a

guantitative handle as the span of the broad peak was found to vary across measurements
73



Results and discussion

due to minor baseline fluctuations and other minor peaks overlapping. It was speculated that
the basicity of the reaction solution leads to such peak broadening that disappearance of the
amide signals was possible. Therefore, quantitative screening could not be performed by NMR

analyses.

As an alternative, gas chromatography (GC) was tested for monitoring. The hydroxamic acid
1f was initially chosen for its low molecular weight, thus improving detectability in the
chromatogram, and for the isopropyl group, which is easy to evaluate in mass spectra, while
it offers greater steric hindrance, thus leading to a rise in dwell time for the isocyanate. For
these reasons, it was supposed to better the detection of the isocyanate moiety. For
guantitative calculation of the yield obtained in via GC, a calibration curve is crucial. Thus, one
was produced using six prepared samples containing 2f and an internal standard (IS), namely
tetradecane (Figure 24).3*1 The standard was chosen because of its miscibility in ethyl acetate

and high boiling point.

3.5 1
] ®m calibration diisopropyl urea
3.0
2.5 -
2.0 -
%)
g -
< 1.5
1.0
Equation y=a+b*
05 =] V\?eight No Weighting
i Intercept 0%--
Slope 1.17531 + 0.02604
0.0 R-Square (COD) 0.99755
1 ! 1 ! 1 ! 1 ! 1 ! 1 ! 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0
C,/Cis

Figure 24 Calibration curve for diisopropyl urea 2f with tetradecane as internal standard for GC
measurements. The response factor R; equals to the slope of the curve (linear fit).
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Each sample contained the same amount of internal standard and an increasing amount of
diisopropyl urea. The different ratio detected in the GC was afterwards calculated with the

following formula (Equation 1):

Equation 1

(Axcis)
Rf =
(Ais Cx)

Ayjis = area of the sample/internal standard peak
Cy/is = concentration of the sample/internal standard
R = response factor

Itis worth mentioning that the intercept for the linear fit was set to zero, as absence of product
leads to no signal. The response factor is used to measure the relative chromatographic
response of the analyte compared to the mass spectral response of the internal standard, with
which it is possible to determine the yield by integration of the product and internal standard

peak in the GC chromatogram according to equation 2:

Equation 2

— Axcis
AiSRf

Cx

However, the previously chosen system could not be analyzed directly, as DMSO is known to
cause many problems in GC columns and detectors, such as clogging.[**?! For this reason, the
reaction parameters were changed to enable GC screening. First, the solvent was changed to
EA for easier sample preparation and the temperature was adjusted to 70 °C to avoid boiling
of the reaction mixture. Additionally, the concentration was reduced from a range of 2 mol/L
to 5 mol/L to values below 1 mol/L, since even the most soluble aliphatic hydroxamic acids
were rather insoluble in EA. After the addition of DBU, the first sample was taken (to).
Subsequently, the reaction mixture was exposed to a CO; atmosphere and the temperature
set to the desired value, and the samples were extracted at increasing intervals. In Figure 25,
the monitored reaction was performed in a concentration of 0.4 mol/L with 1.00 eq. of DBU

at 70 °C.
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Figure 25 GC screening of the CO,-protected Lossen rearrangement of N-hydroxy isobutyramide 1f.

The reaction was performed under diluted conditions in EA (c = 0.40 mol/L) at 70 °C with 1.00 eq. DBU.

Two close signals were detectable after the first sample (5 minutes) in the region of 2.5 min of
retention time and were assigned to the amine and isocyanate products, after confirmation
by GC-MS analysis: the same samples also measured via GC-MS and comparison of
chromatograms and mass spectra with isopropylamine was carried out. From the initial
results, the chromatograms suggested fast reaction towards the isocyanate and the amine,
since already after 5 minutes the amine/isocyanate signals indicated maximum intensity,
which subsequently decreased over time. Meanwhile, starting from the 20 min sample,
another signal around 4.3 min was observed, which was shown via GC-MS to belong to
diisopropyl urea. This transition clearly shows that both amine and isocyanate directly begin
to be transformed to their respective adduct. Interestingly, after this initial phase the 2.5 min
signals disappeared, while the urea peak continued to increase, further suggesting a
continuous in situ generation of isocyanate and subsequent conversion. After a reaction time
of two hours, the urea yield remained stable with slight fluctuations, while more signals in the
range of 16 to 17 min appeared. However, these peaks could not be assigned to any known

compound, even after GC-MS analysis. The result of the yield calculation is shown in Table 5.
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Table 5 GC calculated vyields of diisopropylurea

N-hydroxyisobutyramide 1f.

Results and discussion

during the Lossen rearrangement of

Time [min] vyield [%]

40 2

60 5
120 13
180 14
240 19
420 16
1440 14

A maximum in yield was obtained after four hours of reaction time under the described

conditions. As no amine or isocyanate were detected after 60 minutes, no attempt to isolate

further products was attempted. The observed GC vyields are in good agreement with the

isolated yields.

The same GC screening was performed with compound 1e. The respective amine was found

to exhibit a retention time of around 4.8 minutes (Figure 26) and the mass was determined

by GC-MS. It is worth mentioning beforehand that the retention times are shifted between

GC and GC-MS, as the instruments do not possess the same columns.
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Figure 26 GC screening of the amine and urea of 1e. The signal intensities were normalized to the

standard peak (IS, tetradecane).

During this GC screening, another peak was observed at around 6.0 min, which, based on the
mass fragmentation data in the GC-MS (peak in chromatogram at 6.5 min), was ascribed to be
the isocyanate. However, the same signal appeared for both the urea and the hydroxamic acid
of 1e (Figure 27), which also exhibited the same fragmentation pattern in the GC-MS. As the
isocyanate was not isolated, the retention time in GC and GC-MS, as well the mass spectrum
in GC-MS was not confirmed for this compound. Another possibility is that the isocyanate is
not stable under GC conditions or that the urea decomposes to an isocyanate during the GC

heating process.
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Figure 27 GC-MS chromatograms of 1e (black), the corresponding urea (red), and the crude reaction
mixture after 5 h. The signal intensity was normalized to the 6.5 min peak, belonging to both 1e and
urea. The internal standard employed was tetradecane (IS). The mass spectra of the signals at 6.5 min

were identical for each measurement.

The same behavior was also observed for another fatty acid component, namely
N-hydroxyoleamide 1a. A clear difference was not visible between the three possible species.
In Figure 26, the GC signal at 6.0 min has its peak after 4 to 5 hours, steadily decreasing
afterwards. Similarly, the amine yield maximum (signal at 4.8 min) is at 5 hours, since the
amine is strictly bound to the isocyanate, more specifically to its hydrolysis. The 6.0 min signal
(hydroxamic acid) was present in the chromatogram at to albeit its intensity was weak. The
additional increase in intensity, therefore, relates to the concentration increase of isocyanate,
urea or both. It was assumed that the urea is not consumed or degraded during the reaction
since there is no reasonable reaction partner present and ureas do not decompose at the
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applied temperatures,343] therefore the decrease of the peak intensity was ascribed to
isocyanate consumption. Furthermore, due to their low intensity, the small peaks carry
characteristically large measurement error values. The presence of three overlapping species
in the chromatogram makes the calculation of the urea vyield inaccurate, even with a
calibration. Additionally, as the amine was not possible to be isolated via the proposed
approach, a calibration was not performed and the yield was not calculated. Similar
assumptions can be also made for the rearrangement of 1f where the urea yield decreased
after 4 hours. Although improbable that all substances behave like 1a and 1e in GC screenings,
the large inconsistency observed was a significant drawback for this monitoring method.
Meanwhile, dihydroxamic acids could not be screened via GC because of solubility issues in
ethyl acetate and methanol. It is also worth mentioning that the dialkyl ureas were hardly
soluble in either ethyl acetate or methanol, increasing the measurement error and the

difficulty of this screening method.

Therefore, GC monitoring of the reaction leads to insufficient resolution of the reaction
progress and instead other characterization techniques, for instance liquid chromatography
(LC) and/or suitable heating methods and columns, have to be established to obtain

reasonable data.

Exhibiting many issues during the Lossen rearrangement, such as solubility and low yields,
aliphatic components were discarded and the focus was shifted towards aromatic hydroxamic
acids 1m-1s. It was anticipated that the higher reactivity in the rearrangement could lead to a

better insight of the reaction progress.

4.1.3 Aromatic compounds
4.1.3.1 GC screenings

The seven aromatic hydroxamic acids synthesized for the screening of the CO; catalyzed
Lossen rearrangement are shown in Figure 21. To facilitate the characterization and
monitoring, the aromatic moieties were chosen to be simple, containing only functional
groups, which were to be expected to be inert under the applied conditions, with the
exception of 1m that bears an OH group and was chosen for the purpose of isocyanate

capture.
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For the aromatic compounds 1m-s, no sustainable precursors were used because of the
unavailability of suitable compounds. Though not as sustainable as the fatty acid—based
hydroxamic acids, the aromatic counterparts all produced the expected products when
subjected to the same reaction conditions, as explained in the chapter before (Chapter 4.1.2).
Applying the same reaction conditions for the Lossen rearrangement, the aromatic
compounds did not yield the respective ureas as described above but the amines, i.e. aniline
derivatives. As a proof of concept, the isolation of methyl carbamates by work-up was
attempted several times by addition of methanol to the reaction mixture. This approach was,
as expected, unsuccessful in every case, as methyl carbamates of anilines are supposedly not
stable under basic conditions.[1>21344] The increased formation of amine compounds was
explained by the higher reactivity of the isocyanate, as mentioned at the end of the previous
section. Furthermore, the following reaction toward the urea compound is more inhibited
because of the lower stability of aromatic ureas under basic conditions and heat3** and the

weaker nucleophilic character of anilines compared to aliphatic amines.

(I)H
(@) NH 1) CO,, r.t., 15 min

2)110°C, 6 h NH2

DBU
DMSO

T O O <>

2m1 (15%) 2m2 (34%) 2n (56%) 20 (50%)
NH, NH, NH, NH,
i i\r J\; O i O
Cl NO, | ONg |

2p (49%) 2q (54%)  2r (47%) 2s (47%)

Figure 28 Structures and yields of products 2m-s of aromatic hydroxamic acids after the CO,-protected

Lossen rearrangement. The yields refer to the optimized conditions discussed in this chapter.
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It is evident from the above listed isolated yields, ranging from 34% to 56%, that the different
functionalities on the benzene ring have minimal effect on the Lossen rearrangement of the
hydroxamic acids. For instance, trimethoxyaniline 2s, possessing three methoxy substituents
with positive mesomeric (+M) effect, was isolated with a yield slightly lower than p-toluidine
2r, with substituents with -M effect. In the literature, the higher reactivity of aromatic
hydroxamic acids with electron-donating groups in para- and meta-positions have been
reported to be good substrates for the classical Lossen rearrangement, 345! which justifies the
higher yield of 2q compared to 2r, although the effect is small. In the same publication, the
authors also describe the increased efficiency of the presence of ortho-substituents toward
the rearrangement, independently of the nature of the side group (electron-donating
or -withdrawing). Therefore, the Lossen rearrangement of salicylhydroxamic acid bearing a
hydroxy group in the 2-position is worth mentioning. Due to the vicinity of the alcohol to the
in situ formed isocyanate, the aromatic nature of the two functionalities and the presence of
an ortho substituent, carbamate 2m1 was indeed obtained during the reaction in a yield of
15%, providing indirect proof for isocyanate formation This explains why compound 1m has
the lowest yield of the aniline derivatives (34%, 49% taking the carbamate yield into account)
(Scheme 23). Berndt et al.3%%] studied the influence of steric hindrance on aryl hydroxamic
acids, concluding that the reaction rate is slowed down with sterically demanding
substituents. This effect is observable on the yield of 2n, derived from the lack of side groups

of compound 1n.

O

N N
_OH “Cas
" | o Ty
OH O

OH

Scheme 23 Formation of benzo[d]oxazol-2(3H)-one 2m1 during the Lossen rearrangement of

salicylhydroxamic acid 1m.

As the only example, next to the respective amine product, a cyclic carbamate was isolated
after column chromatography, however, the yields were low. Nonetheless, this method shows
that the synthesis of anilines is possible via the CO,-based Lossen rearrangement. Additionally,
the formation of cyclic carbamates was confirmed and the isocyanate intermediate thus
indirectly confirmed. This increases the sustainability for such compounds, as they are usually
produced from phosgene (see chapter 2.5.3).
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Therefore, as a subsequent step, the reaction was screened via GC in the same fashion as
aliphatic N-hydroxyamides to optimize the yield. N-Hydroxybenzamide 1n was chosen as the
model compound, since it would lead to unsubstituted aniline, which is easily detectable by
GCand is expected to resemble in reactivity to those of the synthesized aromatic compounds.
The reaction conditions were therefore adjusted. The solvent was changed to ethyl acetate
from DMSO to enable the measurement and the reaction temperature was reduced to 70 °C
from 90 °C. Additionally, the concentration was lowered to ensure dissolution of all
components. Most of the selected examples were nonetheless heated to at least 40 °C to
produce a clear solution. The samples were taken at the following times: 5, 10, 20, 40, 60, 120,

180, 240 and 300 minutes (Figure 29).

Afterwards, the chromatograms were evaluated by integration of the product and standard
(tetradecane) signals. Analogously to chapter 4.1.2, a calibration was performed beforehand

for each aniline.
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Figure 29 GC screening of the aniline signal during the CO, catalyzed Lossen rearrangement of

N-hydroxybenzamide 1n.
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Table 6 Yields of the GC screening of the Lossen rearrangement of N-hydroxybenyamide 1n.

Time [min] Yield [%]? Time [min] Yield [%]?)
0 0 120 22
20 7 180 19
40 14 240 15
60 20 300 9

a) Conditions: 0.4 mol/Lin EA, 70 °C, 1.00 eq DBU, the yield was determined via internal

standard (IS) integration.

The yield reached a maximum of 22% after 2 h, decreasing afterwards to 9% after 5 h. This
result was not expected as the Lossen rearrangement supposedly reaches its maximum vyield
after two hours at 90°C, at least in a self-propagated reaction mechanism.[>® Two
explanations are possible: the first is that although the maximal yield is obtained in early
stages, prolonged heating in ethyl acetate causes side reactions with the aniline, while the
second is, analogously to 1a and 1e, that the isocyanate signal overlaps with the aniline. The
second explanation is plausible as after comparing the chromatograms aniline and phenyl

isocyanate, the retention times were similar (Figure 30).
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Figure 30 GC chromatograms of phenyl isocyanate (black), aniline (red) and aniline after 60 min

reaction at 70 °C in EA in the presence of 1.00 eq. DBU (green).

However, the signal for aniline during the reaction was at around 2.73 minutes (retention
time (aniline) = 2.56 min). This behavior is expected to originate from the basicity of the
solution as DBU is a strong base capable of deprotonating aniline. Aniline therefore requires
more time to pass the GC column, leading to higher retention. The isocyanate does not
deprotonate and therefore is not expected to undergo a shift on the x-axis. Additionally, the
green trace shows the presence of a small peak at the same location as the black trace, which
confirms that the isocyanate is present in small concentrations in the reaction mixture and
that its degradation proceeds with high rates. Lastly, the decrease in aniline yield after 2 h is
expected to be caused by side reactions, for instance by undergoing amidation with ethyl
acetate over prolonged times. However, the determination of side products was not possible

via GC-MS, as the fragments in the mass spectra were not consistent with aromatic moieties.

Subsequently, the screening was performed with compounds 1q and 1s. Interestingly, a
product signal (determined by GC-MS) was detected in the to sample for both N-hydroxy-3,4,5-

trimethoxybenzamide 1s and N-hydroxy-4-methylbenzamide 1q. The same vial was
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subsequently measured via GC-MS to give further insights into the nature of the peaks. The
mass spectrum confirmed the presence of both aniline and/or isocyanates before the addition
of CO; at low temperatures. Therefore, it was decided to run a GC-MS sample of the starting
material. This step was avoided after hydroxamic acid synthesis as the procedure had been
previously reported and the only analytical methods performed were NMR and IR
spectroscopy.l®? The evaluation showed an almost identical chromatogram as the to
measurement. The main difference consisted in the mass spectrum of the signal at 8.7 min,

whereby the fragmentation pattern suggested the presence of isocyanate instead of aniline

(Figure 31).
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Figure 31 GC-MS results for N-hydroxy-3,4,5-trimethoxybenzamide 1s (black) and

N-hydroxy-4-methylbenzamide 1q (red). The MS spectra of 1-isocyanato-3,4,5-trimethoxybenzene (B)

and 1-isocyanato-4-methylbenzene (D) correspond to the peak with a retention time of 8.7 (A) and

4.0 min (C), respectively, and suggest that the eluting molecules are the respective isocyanates.
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Consequently, the isocyanate is expected to have already formed during the synthesis of the
hydroxamic acid. This hypothesis is highly plausible, as the nucleophilic attack on the methyl
ester is base-catalyzed and performed under reflux conditions, parameters that are similar to
the Lossen rearrangement. Since the usual work-up was performed by recrystallization, the
aniline derivatives were not removed, since they also exhibit low solubility in EA. In a previous
publication, in 2016, by Honda et al.,[**® the authors proposed the self-propagated Lossen
rearrangement under basic conditions, in which the reaction starts by formation of catalytic
amounts of isocyanate after a first rearrangement of self-protected hydroxamic acid. This is

shown for 1q in Scheme 24.
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1. catalytic formation of isocyanate
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Scheme 24 Mechanism of the self-propagative Lossen rearrangement after an initial self-condensation

step proposed by Honda et al. with p-toluidine 2q as final product.

The first step occurs only in catalytic amounts, therefore the chance that the expelled
hydroxylamine performs side-reaction is small. Beside this self-propagating aniline formation,
it is also plausible that both tested hydroxamic acids (1q und 1s) are not stable under GC
conditions (temperature up to 300 °C) and therefore fragmenting and/or rearranging during
the chromatographic analysis cannot be ruled out. In either case, these examples produce

unreliable results, thus being unsuitable for screening via the proposed method.

Conclusively, a satisfactory screening could not be performed via GC, as the activating effect
of COz on the Lossen rearrangement was not quantified. The results and calculated yields were
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tainted from the presence of aniline and phenyl isocyanate moieties already present in the
mixture before addition of CO, or the degradation of the aromatic components during the GC
analysis. Additionally, the screening parameters, including the need for a certain temperature
to dissolve the starting material in ethyl acetate, only partially reflect the properties of the
DMSOQO/CO; switchable solvent system. Therefore, an alternative is proposed in the next

subsection to avoid the mentioned issues.

4.1.3.2 NMR screening

After initial problems with the GC monitoring, 'H NMR spectroscopy proved to be an efficient
monitoring analysis. Compared to aliphatic hydroxamic acids, the aromatic compounds
possess the advantage of typical structural signals located at higher ppm values, far from

solvent residual peaks and interference from the organic bases (see chapter 4.1.2).

The model system was designed to employ dry chemicals to avoid the formation of
bicarbonate salt. In a standard procedure, the hydroxamic acid and the analytical standard
were dissolved in anhydrous DMSO, followed by the addition of DBU. The to sample was taken
before and after exposure to CO; (to(CO3)). Afterwards, samples were taken at the desired
times and diluted with DMSO-de. The internal standard, in this case 1,3,5-trimethoxybenzene,
was chosen since its signals do not overlap with those of other reaction components, as well
as of intermediates and products (signal of standard at 3.8 (s) and 6.1 ppm (s)). In Figure 32, a
typical screening spectrum is shown for the Lossen rearrangement of N-hydroxybenzamide

1n.
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Figure 32 Typical NMR spectrum from the screening of the CO, based Lossen rearrangement of

N-hydroxybenzamide 1n in the presence of DBU and DMSO.

It is noted that the single broad acidic signal of the hydroxamic acid functionality under basic
conditions differs to the sharp signals in a slightly acidic environment and, therefore, the
baseline error for the amine protons of the aniline (ca. 5 ppm) increases. As the reaction
progressed, the mixed broad OH/NH signal of the hydroxamic acid shifted towards lower ppm
values: from ca. 9 ppm to 4 ppm after 20 h, a behavior indicating increasing basicity with time,
which is explained by the transformation of hydroxamic acid to a weakly basic aniline. A similar
effect is observed directly after the introduction of CO;, since the broad signal shifts from
9.12 ppm to 9.37 ppm, indicating a minor acidification of the reaction mixture (Figure 33 A).
However, the presence and shift of the mentioned peak prevented the uniform integration of
the same peaks for the whole reaction. For instance, the amine signal at 5 ppm was compared
to the internal standard up to 5 hours (Figure 33, B), while the benzene ring proton signals

were only integrated after.
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Figure 33 A: Gradual upfield shift of the acidic protons signals caused by the decrease in acidity of the

system. B: The signal at 5 ppm of the aniline 2n protons increasing in intensity with time.

Table 7 Yield over time calculated from *H NMR spectra for the CO, based Lossen rearrangement.

Conditions: 1.00 mol/L in DMSO, 100 °C, 1.00 eg. 1n, 1.00 eq. DBU, CO; (atm).

Time [min] Yield [%]?) Time [min] Yield [%]?
0 0 60 10
5 0 120 17
10 1 180 29
15 2 240 32
20 3 300 32
30 5 360 33
40 7 480 34

a) Yield was determined using IS (3,4,5-trimethoxybenzene).

Therefore, the yield was calculated by integrating both the aromatic region and the aniline
protons and comparing them to the signals of the IS, which was set to the same integral
determined prior by the to sample (Table 7). 'H NMR screening reactions were exclusively
conducted on the system based on the same hydroxamic acid, namely N-hydroxybenzamide
1n, under different reaction parameters. For instance, the temperature range was increased
from 70to 110 °Cin 10 K steps. The results indicated an optimal temperature of 110 °C, which
is higher than what was reported in literature (90 °C). At 70 °C, no conversion was observed,

even after 6 hours (Table 8).
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Table 8 Yields of 2n in a CO; based Lossen rearrangement after 6 h at different temperatures.

T[°C] Yield [%]
70 -
80 10
90 18
100 33
110 60
120 56

This result confirms the inadequacy of GC screenings, where the reaction was performed at
70 °C under more dilute conditions in a non-optimal system and thus presumably led to the
formation of aniline 2n, in low yield. One possible explanation discussed at the end of chapter
4.1.3.1, the fact that N-hydroxybenzamides are not stable under GC conditions, was therefore

supported by the *H NMR spectroscopy findings.

By observing the obtained yields, the low efficiency of the reaction becomes clear, especially
when compared to already published procedures. Honda et al. reported a 96% isolated yield
of aniline in a DBU promoted Lossen rearrangement at 90 °C for 2 h, in which the base was
employed in catalytic amounts.[*>®! The mechanism of the reaction has already been shown in
Scheme 24. Though the reaction conditions described in this work were adjusted to enable
suitable monitoring (higher dilution, equimolar amount of base), the overall yield did not
surpass 60% after 6 h at 110 °C. Further parameter optimization is therefore unlikely to reach
the same yield as that reported in literature. As the only difference in the mechanistic pathway
is the exposure to CO3, two explanations are possible. The first one is based on the equilibrium
in the last step of the Lossen rearrangement: the addition of water to the isocyanate leads to
the formation of the carbamic acid, a highly unstable compound which quickly degrades to
amine and CO,. Performing the rearrangement under CO, atmosphere could promote a shift
in the equilibrium toward the carbamic acid. However, the formation of the carbamic acid is
energetically unfavorable and this class is usually unstable at atmospheric pressure. In
addition, aromatic amines are known to be inert toward CO,."Y A pressure slightly over 1 bar
is therefore improbable to cause a retrogression of the reaction course. Meanwhile, the
second possibility focuses on the base. DBU is a weakly nucleophilic guanidine base, therefore

able to actively bond electrophiles such as CO; in a covalent manner, an addition reported
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multiple times in the literature.[®30MB3471 As the equilibrium between the guanidine and its
adduct is dependent on the temperature and pressure, the presence of CO; could cause a
decrease in concentration of free base in the reaction mixture, thus partially preventing the
reaction. Furthermore, further optimization of the reaction conditions (like solvent,
stoichiometry, concentration, additives, etc.) could lead to a reasonable increase in vyield,
although screening is challenging since the conditions do not match those of the *H NMR
monitoring. However, since optimizations are time-consuming and are not likely to reach the
same yields as reported in literature, no further adjustments on the synthetic parameters

were performed.

As a final part of this project, the influence of CO2 on the Lossen rearrangement was studied
to determine the difference in mechanistical pathways between the proposed method and a

classical Lossen rearrangement, which will be shortly discussed in the next subsection.

4.1.4 IR screening

As discussed in the previous chapters, the impossibility to determine the mechanistic details
on the rearrangement of hydroxamic acids, as well as to confirm the presence of intermediate
A, led to a temporary halt of the project. To gain further insights, a new approach based on
online IR spectroscopy was chosen to overcome the deficiencies of both NMR spectroscopy
and GC. The monitoring setup consisted of a 130 mL pressure reactor coupled to a
MettlerToledo® online IR detector, as described in section 5.1.7. This system was designed for
easy detection of typical vibrational signals, such as carbonyls expected from intermediate A,
under harsh conditions, thus enabling the detection of a possible intermediate at CO:
pressures up to 130 bar and at temperatures ranging from -80 to 180° C. Additionally, a
vertical window was installed for a visual check on the homogeneity of the mixture on the

chosen conditions.

In a typical reaction, the hydroxamic acid and DBU were dissolved in DMSO and the reaction

status was monitored every 30 seconds. A typical 3D spectrum is shown in Figure 34.
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Figure 34 3D absorbance plot over reaction time of the mixture containing hydroxamic acid 1e and

DBU in DMSO, after exposure to 10 bar of CO; at 40 °C.

The differing IR signal intensities, especially in the central regions of the plot, are caused by
temperature fluctuations resulting from external factors such as during temperature
stabilization after fast heating. The advantage of online monitoring becomes clear as one
measurement is taken in intervals to check for changes in the spectrum. This method allows
for the screening of many parameters at once, which is difficult via offline screenings. In this
case, after the addition of CO, a new signal was detected around 1725 cm?, and is seen in the

last scan (front) of the 3D plot.

The 2D plot of the reaction mixture composed of hydroxamic acid and DBU in DMSO at 10 bar

CO; pressure and 40 °Cis shown in Figure 35.
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Figure 35 2D IR spectrum of the reaction mixture containing hydroxamic acid 1e and DBU in DMSO,

after exposure to 10 bar of CO; at 40 °C.

After the addition of CO,, a low intensity signal in the region of carbonyls (1725 cm™)
appeared. The signal does not belong to either DBU in its neutral or protonated form (1615
and 1640 cm’?, respectively)348! or the hydroxamic acid (1625 cm™). However, the experiment
was not repeated a second time due to technical- and time-related issues. In the future,
further attempts for a full characterization of this species will be performed. The intermediate
was thus not be further identified, however, IR spectroscopy under harsh conditions clearly
pointed to the change in chemical properties upon CO; exposure. In the future, the
employment of online IR technology should be fully exploited for further insights in this

project, but also for many other potential procedures requiring CO».

4.1.5 Conclusion and outlook

Conclusively, this chapter described the synthesis of hydroxamic acids from renewable
materials and aromatic compounds and their subsequent CO;-mediated Lossen

rearrangement. The optimization of the rearrangement conditions with aliphatic hydroxamic
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acids was followed by NMR spectroscopy and GC screening methods giving further insights on

the mechanistical aspects of the procedure and the related encountered issues.

From the information gained with the mentioned compounds, an improvement was made by
employing aromatic hydroxamic acids. Aliphatic hydroxamic acids did not react in the
proposed rearrangement under the employed conditions. The respective aniline products
were synthesized under the optimized conditions determined by both GC and by 'H NMR
spectroscopy screening. Especially the second option proved extremely helpful, with facile
evaluation by simple integration of typical aromatic signals and comparison with an inert
standard, namely 1,3,5-trimethoxybenzene. The employed techniques increased aniline
yields, for instance for aniline 2n from around 10% to 60%. Even if reported literature yields
are higher than with the proposed CO;-based system, further optimization of the reaction
conditions is still possible. Crucially, this method represents a “greener” procedure for the

preparation of anilines.

Furthermore, preliminary online IR analysis indicated the formation of a new species upon CO;
exposure at pressures higher than atmospheric, possibly originating from a CO,-hydroxamate
intermediate. Therefore, it is likely that the mechanism of the described Lossen
rearrangement proceeds differently than the pathway introduced by Honda et al. in 2016.
Following research on this topic should focus on the use of online IR techniques for two
reasons: to find the optimal conditions for the intermediate formation, to capture the adduct
of CO;z and the hydroxamic acid with an electrophile such as methyl iodide, and to monitor the
course of the reaction by examining the carbonyl regions between 1600 and 1800 cm™. The
last point will include an improvement of the reaction conditions for the synthesis of the
desired product, which is either an amine, urea or carbamate. As the described reactor system
can withstand even harsh temperatures and extreme pressure, for laboratory scales, great
variation of parameters can be performed highlighting the great potential of the proposed
system. Additionally, theoretical calculations are anticipated to help understand the reaction

mechanism and pinpoint the optimal conditions.

97



Results and discussion
4.2 Thiol-ene Polymerization

4.2.1 Monomers

In the previous chapter, the Lossen rearrangement was introduced on the basis of amine and
urea synthesis, via a CO; based mechanism. In this section, the Lossen rearrangement will be

employed for another purpose.

In a publication of the Meier group in 2013, a more sustainable variant of the Lossen
rearrangement was published. Kreye et al.l*>2l employed dialkyl carbonates as solvent and
reactant in cooperation with alkyl alcohols as trapping agents. With this method, alkyl
carbamates were isolated in yields up to 85%, especially methyl carbamates.*>2 As mentioned
in the previous chapter, aromatic compounds only led to the formation of anilines also in this
case. Therefore, the use of diallyl carbonate and allyl alcohol in the Lossen rearrangement is
of particular interest. A rearrangement in such a system leads to a terminal allyl double bond

(Scheme 25), which offers a variety of possible applications for further functionalization.

O /\/OH

Scheme 25 Lossen rearrangement performed in diallyl carbonate with allyl alcohol as trapping agent.

Terminal double bonds are not only interesting for the easy conversion into other groups via
epoxidation, addition and hydroxylation reactions, but also for polymerization. For example,
the conversion of the unsaturated moiety to a polyethylene backbone—based polymer with
carbamate side chains is possible (e.g. vinyl carbamates, Scheme 26, A),3*?! whereas such
carbamates are currently typically introduced by post-polymerization functionalization of

polyols with toxic isocyanates (Scheme 26, B).(3°0
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Scheme 26 Two different approaches for the preparation of polymers with carbamate side

chains.[3491[350]

Another possible conversion is the formation of a polyurethane backbone, which is industrially
produced via polyaddition of diisocyanates and dialcohols.[8¥ To be able to form non-
isocyanate-based polyurethanes (NIPU), a different kind of polymerizable monomer is
needed. For example, the Lossen rearrangement of an hydroxamic acid with terminal double
bond allows for the preparation of carbamates with two terminal alkene groups. Afterwards,
two polymerization methods are possible: either acyclic diene metathesis (ADMET)®3>1 or
thiol-ene polyaddition. The first method requires only the carbamate as monomer, but
depends on a metal catalyst and, to achieve high molecular weights, the polymerization has
to be performed under vacuum or under constant inert gas stream to remove the ethylene

formed during the condensation (Scheme 27).13>2

M]

\

N AT

-z n
Scheme 27 Schematic representation of the ADMET-polymerization of dienes.

Polymer properties derive only from the functionality of the diene. The thiol-ene method
requires a dithiol as second component and offers high selectivity, fast reaction times, no
necessity for a catalyst and the polymer properties are influenced by the choice of both dithiol
and diene, and their additional functionalities.[?’>! Furthermore, as already mentioned in
chapter 2.6.2, polymers with high sulfur content tend to display promising optical properties.
Considering the advantages and disadvantages of both methods, the thiol-ene polymerization

was deemed advantageous, both from a synthetic and applications point of view (Scheme 28).
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Scheme 28 Schematic representation of the formation of carbamates with two terminal double bonds
via the Lossen rearrangement (above) and subsequent thiol-ene copolymerization with a dithiol

(below).

As mentioned in chapter 2.4.2, the Lossen rearrangement of hydroxamic acids leads to
carbamates, while side reactions yield further useful products. The main side reaction results
in the formation of urea compounds, which are generated through the addition of the in situ

formed isocyanate and its hydrolyzed form, the amine.[3°3!

The aim of this chapter was therefore to perform the Lossen rearrangemement of unsaturated
fatty hydroxamic acids in the presence of diallyl carbonate and allyl alcohol in order to isolate
both carbamate and urea, which possess two terminal double bonds. The double bonds
present on each side of the functionality then allow these compounds to be used as monomers
in the thiol-ene polymerization. A general observation was, that the urea precipitated after
cooling of the crude reaction mixture. Simple filtration and drying of the white precipitate
yields clean urea. The advantage of the formation of polymerizable products and side
products, which are also readily separable after the rearrangement, increases the importance
of the Lossen reaction and opens new opportunities in the polymer field. Another interesting
compound has been detected during the column chromatography at a high retardation factor
(Re) in TLC of ca. 0.87, which is the respective allyl ester, as determined by NMR spectroscopy,
presumably formed through transesterification of the hydroxamic acid with the present allyl

alcohol (Scheme 29).
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Scheme 29 Formation of products, intermediates and side products during the Lossen rearrangement

based on the model compound N-hydroxy-10-undeceneamide 1e.

However, the fraction containing allyl undecenoate was found to be contaminated by diallyl
carbonate (DAC), as identified by NMR spectroscopy. Weakly dependent on the eluent
mixture, DAC yielded broad bands on the TLC that overlapped with the spot of the ester and
thus isolation of pure allyl undecenoate was not possible. After integration of the signals
observed in the corresponding *H NMR spectra and subsequent subtraction of DAC from the
yield, it was decided not to perform a second column chromatography, as it would result in
waste of materials, considering the low amount of ester side product (8%) (Scheme 29). The
carbamate (Rr = 0.4) was isolated in 64% yield and was not contaminated by DAC because of

the large difference in Rr value.

The same procedure was applied to different fatty hydroxamic acids (Figure 36). For instance,
the respective carbamate and urea obtained from N-hydroxyoleamide (1a) were isolated in
moderate yields (40% urethane 5 and 3% urea 10). More problematic were molecules with
longer alkyl chains, like the hydroxamic acid synthesized from erucic acid 1c. The Cy; residue
bearing one unsaturated double bond was found to be insoluble in diallyl carbonate, even
under the influence of heat. The introduction of DMSO as cosolvent also proved to be

unsuccessful.

In a similar approach, the same reaction was then attempted with five hydroxamic acids

produced from diesters (1g-h) (Figure 21). In the case of the sebacate 1j and
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tetradecanedioate 1k staring materials, even the addition of DMSO as cosolvent did not
dissolve the compounds in diallyl carbonate. The rearrangement took place nonetheless,
leading to a white solid after filtration of the reaction mixture. The precipitate was analyzed
via mass spectrometry, where both the carbamate and the urea (7a+b) were detected. The
two molecules were impossible to separate by recrystallization or column chromatography
because of solubility issues. The Lossen rearrangement of 1j was repeated at 160 °C, a
temperature at which the dihydroxamic acid became soluble. The result, however, did not
change, as the white solid forming upon cooling to room temperature could not be purified
because of the same issues as in the previous attempts. In contrast, the shorter
N-hydroxyamides of maleic and succinic diesters were soluble. TLC suggested the presence of
both carbamate products based on the appearance of new spots, however, upon isolating the
fractions by column chromatography in DCM:EA (85:15) and removing the solvent via
distillation, the amount of solid obtained was insufficient for any kind of analysis (<1 mg from

a 0.5 g batch). Therefore, the respective carbamates were not isolated.

Meanwhile, the Lossen rearrangement of adipoyl dihydroxamic acid 1i produced the bis allyl
carbamate 6 in moderate to low yields (Figure 36). Despite the low yield, its employment as a
diene component in the thiol-ene polymerization, as will be discussed in chapter 4.2.8, was

carried out.

Furthermore, a shorter chain carbamate diene was synthesized to enable determination of a
trend if a property change was observed after the polymerization. Therefore, N-allyl
allylcarbamate 3 was synthesized from diallyl carbonate and allyl amine. The reaction
proceeded slowly as the reaction temperature was limited by the boiling point of allylamine.
The conversion was monitored by GC until the DAC signal disappeared. After purification, the

carbamate was polymerized as described in chapter 4.2.7.
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Figure 36 Structures and yields of the synthesized dienes. All compounds, except 3, were obtained via
the Lossen rearrangement. Carbamates 7 and urea 8 were detected by FAB-MS, the compounds were,

however, not isolated.

With several carbamate containing dienes in hand, the focus was turned to the preparation of
the second monomer for the thiol ene polymerization, namely the dithiols. Most of the
employed dithiols were commercially available, however, since this work is focused on the
employment of renewable materials, three dithiols were synthesized following an already
known procedure (Scheme 30).135% For this purpose, (R)-(+)-limonene and 1,4-cylohexadiene

were chosen as starting materials.
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Scheme 30 Schematic representation of the synthetic procedure for the synthesis of dithiols from the

respective renewable dienes in a two-step approach.

Limonene is abundant in citrus fruits and is extracted from the respective peel oil, while
1,4-cyclohexadiene is obtained as a product from the metathesis of plant oils with high
linolenic acid content.3%%] The procedure for the formation of the dithiols is based on a two-
step synthesis. First, the diene is reacted with two equivalents of thioacetic acid to yield the
dithioester in quantitative yields. The full conversion to the respective dithioester was
confirmed by GC analysis in ethyl acetate (Figure 37). It is worth mentioning that the
cyclohexanedithiol was obtained as a mixture of four different isomers, specifically the cis-
and trans-isomers for both the 1,3- and the 1,4-products, respectively. Since the isomers were
not possible to be separated by column chromatography, the mixture was used as isolated for

future polymerizations.
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Figure 37 GC graphs of the dithioester intermediates and respective MS of limonene (A, B) and

1,4-cyclohexadiene (C, D).

The multiple signals in the chromatogram result from the different isomers after the addition
of thioacetic acid to the diene functionalities (Figure 38). Llimonene possesses two cis- and
trans-adducts (A1-2), however, another isomer is visible at a small intensity, which was
assumed to belong to the sterically hindered A3 (see Figure 38). In case of 1,4-cyclohexadiene,
the four signals were attributed to the cis- (B1, B3) and trans-isomers (B2, B4) of the 1,3- and
1,4-dithioester products. The respective product masses were found by GC-MS, as also shown

in Figure 38.
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Figure 38 Isomers of the dithioesters prepared from limonene (A), and 1,4-cyclohexadiene (B).

Afterwards, the isolated dithioesters were transesterified with methanol in the presence of
either TBD or H,SO4 as basic or acid catalyst, respectively. Subsequently, the resulting dithiols
were analyzed via NMR and high-resolution mass spectrometry (HRMS) techniques (see

chapter 5.2.4).

Another terpene, 1-isopropyl-4-methylcyclohexa-1,4-diene (y-terpinene), was employed for
the preparation of the respective dithiol (Scheme 31) and subsequent employment in the

thiol-ene polymerization, however, only the monothioester was observed via GC-MS.

)OJ\SH S )O]\SH S

Scheme 31 Schematic representation of the synthesis of a dithioester from y-terpinene.

An attempt or prepare the dithioester by increasing the equivalents of thioacetic acid was

unsuccessful, as the outcome did not change. This behavior was hypothesized to be the result
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of the steric hindrance of the isopropyl group, hindering the addition of thioacetic acid to the

unsaturated substrate.

With suitable renewable diene and thiol monomers in hand, their polymerization in a classical
thiol-ene fashion was sought: the diene and dithiol were mixed at room temperature (r.t.) in
tetrahydrofuran (THF) in a 1:1 ratio, followed by the addition of a suitable photoinitiator and
subsequent exposure to ultraviolet (UV) light (365 nm) for the desired time. The crude
mixtures were analyzed via size exclusion chromatography in hexafluoroisopropanol
(HFIP-SEC) to determine the molecular weight and dispersity of the polyurethane, as well as
the presence of impurities. After purification by precipitation in cold methanol from a
concentrated THF solution and drying under vacuum, the polymers were compared with the

diene via IR (Figure 39) and NMR spectroscopy (Figure 40).
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Figure 39 IR spectra of the carbamate monomer 4 (red) and the respective polyurethane P3 (black).

In Figure 39, the arrow indicates the double bond signal, which almost disappears after the
polymerization, indicating the conversion of the terminal double bonds of the carbamate 4.
Meanwhile, the amide carbonyl signal at 1700 cm™ belonging to the carbamate functionality

remains unchanged after the polymerization.
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Figure 40 'H NMR spectra of the carbamate monomer 4 (red) and the respective NIPU P3 (black).

In Figure 40, the difference in 'H NMR between the carbamate monomer and the respective
NIPU is observed by means of three different signals. The increase of intensity after
polymerization in the double bond region (red box) is caused by the unsaturated terminal
functionalities of the diene being converted to thioethers, whose signals are visible in the
region between 2.4 and 2.6 ppm (green box). Additionally, the CH;-group in the blue box shifts
towards lower ppm values (from 4.6 to 4.1 ppm) as a thiol is added to the allyl group.

Meanwhile, the alkyl group in the vicinity of the amide functionality (yellow box) remains
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unaffected by the polymerization, thus possessing a signal at 3.1 ppm in both the monomer

and respective polymer.

As the focus of this work was to create sustainable procedures, the utilization of the
mentioned urea side-products is a highly desirable possibility. Consequently, the urea dienes
were polymerized in a similar manner. As urea exhibits stronger hydrogen bonding than the
corresponding carbamate,3°¢! the use of THF as solvent is not suitable. Therefore, chloroform,

as the only suitable solvent for ureas 9 and 10 at room temperature, was employed.

In the next subchapters, the optimization of the reaction conditions for the carbamate

monomers is discussed.

4.2.2 Effect of time

The parameter of time was investigated as follows: the 1:1 monomer mixture composed of
carbamate 4 and different dithiols was dissolved in THF at a concentration of 5 mol/L.
Afterwards, the initiator 2,2-dimethoxy-2-phenylacetophenone (DMPA) was added and the
mixture was stirred for 3 hours at room temperature under UV irradiation (365 nm). In most
cases, the formation of a solid was observed within the first two hours, completely inhibiting
magnetic stirring. In order to investigate the parameter of time in detail, the polymerization
was thus performed under more dilute conditions (Table 9) to ensure full solubility of the NIPU
throughout the experiment. Already after one hour, the molecular weight exceeded 7 kg/mol,
while only a small increase throughout the subsequent measurements, with a M, value of
8.5 kg/mol after four hours. The reaction mixture was then allowed to stir overnight. Entry 5
was measured after 18 h reaction time, when a rise of about 3 kg/mol was obtained after
further reaction of 12 hours. Therefore, it was decided to not change the reaction time (3 h)

further. The SEC traces are depicted in Figure 41.
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Table 9 Effect of time on the thiol-ene polymerization.

entry Reaction time [h] M, [g/mol]® Dy ©)
1 1 7,450 1.97
2 2 7,900 1.96
3 3 8,100 1.90
4 4 8,500 1.93
5 18 11,350 1.79

3 Conditions: 0.40 mol/L in THF, r.t., 1.00 eq. 4, 1.00 eq. 1,4-butanedithiol, DMPA
b} HFIP-SEC calibrated with poly(methyl methacrylate) (PMMA) standards

——1h
—2h
——3h
——4h
18 h

| |
450 475 5.00

I I I I
525 550 575 6.00 6.25 6.50
retention time [min]

Figure 41 SEC traces of the polymerization of carbamate 4 with 1,4-butanedithiol. The samples were

taken at 1, 2, 3, 4 and 18 hours from the beginning of the reaction and measured via HFIP-SEC.

In the case of carbamate 5, which was expected to be less reactive because of the
disubstituted double bond instead of being a terminal alkene, the reaction time was first set
to 6 h. After HFIP-SEC analysis of the crude mixture, only low molecular oligomers were
detected in the chromatogram and the mixture was further exposed to UV light overnight.

However, the M, values did not increase over 2 kg/mol even after multiple experiments to
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confirm the reproducibility of the procedure. This behavior is dictated by the decreasing
reactivity with the degree of substitution at the double bond, as already discussed in

chapter 2.6.2.

4.2.3 Effect of initiation

As mentioned in previous chapters, the thiol-ene reaction is induced either by light or heat.
Two different irradiation wavelengths are usually used for thiol-ene reaction and many other
photoreactions: 254 nm and 365 nm. For this purpose, DMPA was chosen as photoinitiator
(absorption maximum (Amax) 310-390 nm). Additionally, for the heat-based initiation,
azobisisobutyronitrile (AIBN) is a commonly employed material, as it produces radicals starting
from 40 °C.1357) In Table 10, the comparison of the mentioned initiation methods is shown in
the system consisting of carbamate 4 and 1,4-butanedithiol as a 5 mol/L solution in THF. The

molecular weights and dispersities were determined by HFIP-GPC.

Table 10 M, and Dy values for different types of initiation for polymer P3.

entry initiation? M, [g/mol]® Dy P
1 UV (254 nm) 10,900 2.51
2 UV (365 nm) 26,600 1.87
3 Heat (50 °C) 1,700 1.37

a) Conditions: 5.00 mol/L in THF, 3 h, r.t.,, 1.00 eq. 4, 1.00 eq. 1,4-butanedithiol, DMPA (UV),
AIBN (heat)
b) HFIP-SEC calibrated with PMMA standards

Initial experiments employing 254 nm UV irradiation yielded low M, products, a result that
was ascribed to the glass vial employed for the reaction as UV light (254 nm) is partially
absorbed by normal glassware, which consist of around 80% of silica. In comparison, quartz
glass possesses greater transmission (99.9%) at the same wavelength.3%8! Therefore, all
subsequent tests at 254 nm were performed in a quartz glass flask. However, the molecular
weight of the resulting polyurethanes did not exceed 11 kg/mol, whilst resulting in broader
dispersity. This behavior is explained by the Amax of DMPA, which lies in the region between
310 nm and 390 nm.B%9 Therefore, at 254 nm, radicals are not formed in high amounts, as
DMPA does not degrade efficiently. In the next step, DMPA was replaced by

azobisisobutyronitrile (AIBN) in order to provide an initiation by heat. A temperature of 50 °C
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was chosen and kept for the desired time, as higher temperatures are expected to lead to
evaporation of the solvent. However, as seen from entry 3, only oligomers were formed during
the polymerization. Although the decomposition of AIBN starts at 40 °C,13°7] the temperature
was insufficient for producing an adequate amount of radicals in three hours, as it possesses
a half-life time of 10 h at 60 °C. As this last mentioned method did not supply satisfactory
results, further reactions were carried out exclusively under the influence of UV irradiation at

365 nm.

4.2.4 Effect of concentration

After evaluating suitable initiation conditions (UV, 365 nm), the following series of
experiments focused on the choice for the optimal concentration, as step-growth
polymerizations are highly dependent on the concentration and are therefore often
conducted in bulk.[3%% The chosen system featured the thiol-ene polymerization of carbamate
4 and 1,4-butanedithiol in THF. Tested values ranged from 0.1 mol/L solutions to bulk

polymerizations and the respective values are shown in Table 11.

Table 11 Effect of concentration on M,, and Dy, of P3.

entry ¢ [mol/L] M, [g/mol] Dy ?
1 bulk 13,200 1.75
2 5 26,600 1.87
3 2.5 17,900 1.88
4 1 9,750 1.59
5 0.5 11,900 1.87
6 0.1 5,600 2.32

a3 Conditions: THF, 1.00 eq. 4, 1.00 eq. 1,4-butanedithiol, DMPA, 365 nm, r.t., 3 h
b)  HFIP-SEC calibrated with PMMA standards

For every entry, the formation of a solid was observed during the reaction. Nonetheless, a
trend was observed as the molecular weight of the isolated product increased with
concentration, with a maximum at 5 mol/L. This result was expected as polyadditions are
known to proceed faster under concentrated conditions.3%°! However, bulk conditions were
less efficient with the M, reaching a value of 13 kg/mol. The most plausible explanation is

similar to the problem occurring during most laboratory or industrial step-growth
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polymerizations: the increasing viscosity.[??°! In this case, the rapid solid formation and the
absence of a solvent, like THF, is presumed to lower the diffusion greatly. Between entries 4
and 5, a discrepancy is noted as the higher concentration resulted in a lower molecular weight.
The reason was not determined albeit it is likely that the real M, value was in the standard
deviation range of the SEC instrument, especially since the SEC columns were designed for
high molecular weights and because of the high dispersities. However, since the
polymerization in a 5 mol/L solution in THF led to the most promising results, this

concentration was chosen for all further thiol-ene reactions with carbamates.

4.2.5 Choice of solvents

Continuing with a DMPA-photoinitiated procedure in a 5 mol/L solution, the next parameter
to optimize was the choice of solvent. The optimization was performed with common organic
solvents like chloroform (CHCl3) and THF,361 as well as greener variants to increase the
sustainability of the process (Table 12). Possible renewable choices are y-valerolactone (GVL),
y-butyrolactone (GBL), dimethyl carbonate, DMSO, cyrene and methyl tetrahydrofuran
(Me-THF). Me-THF and GVL can both be synthesized from levulinic acid,*®% which can in turn
be obtained from hexoses isolated from cellulosic biomass, thus making their sourcing
sustainable.3831 Me-THF exhibits a far lower toxicity than THF, as well as higher boiling point,
rendering it an optimal solvent for pharmaceutical product synthesis.[3%*! Meanwhile, cyrene
has been shown to be an excellent alternative for solvents like N,N-dimethylformamide (DMF)
and N-methyl-2-pyrrolidone (NMP), as it is fully biodegradable and originates from
levoglucosenone, a material obtained from lignocellulosic biomass.3*! Finally, DMSO and
dimethyl carbonate are known for their low toxicity and mild synthetic conditions.[3%¢ The last
example is synthesized by acidic esterification of gamma hydroxybutyric acid to form the
simplest lactone, GBL. One last attempt was made with a new solvent called PolarClean®. It
was recently commercialized by the company Solvay®®”! showing many advantages like wide
polarity range, low vapor pressure, excellent eco-friendliness as well as virtually non-existing
flammability.[*%”! For the aforementioned reasons, PolarClean®, with the main component

being methyl 4-(dimethylcarbamoyl)-2-methylbutanoate, was included in the following

list.[367]

Carbamate 4 and 1,4-butanedithiol were polymerized in a 5.00 mol/L solution in the chosen

solvent, under UV irradiation (365 nm) and at room temperature for 3 h.
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Table 12 Molecular weights and Py of P3 in different solvents.

entry solvent? M, [g/mol] Dy °
1 Cyrene Oligomers -
2 Dimethyl carbonate 3,200 2.70
3 GBL 5,200 2.73
4 GVL 5,400 2.70
5 DMSO 6,900 2.00
6 PolarClean® 10,600 1.87
7 Me-THF 12,650 1.77
8 CHCI, 22,000 1.69
9 THF 26,600 1.87

3 Conditions: 5.00 mol/L, 1.00 eq. compound 4, 1.00 eq. 1,4-butanedithiol, DMPA, 365 nm, r.t.,
3h
b HFIP-SEC calibrated with PMMA standards

Classical solvents employed for polymerizations, like CHCls or THF, showed an increased
effectiveness compared to the more sustainable representatives, leading to molecular
weights above 20 kg/mol. However, the greener alternatives resulted in a range between
3 kg/mol and 12 kg/mol. Lactones, carbonates and sulfoxides were found to poorly dissolve
the resulting polymer, as a few minutes after the beginning of the reaction, insoluble solid
formation was observed, hindering stirring of the mixture and ultimately leading to low
molecular weights and larger dispersities. Promising results were delivered by both Me-THF
and PolarClean®, surpassing 10 kg/mol with a dispersity value below 2 allowing for a greener
procedure compared to ethers and chlorinated solvents. Nonetheless, the best conditions
regarding solubilization and M, of the resulting NIPUs were applied for further syntheses.

Thus, THF was chosen as solvent for future investigations.

4.2.6 Monomer choice

Up to this point, the analyzed NIPU was composed of carbamate 4 and 1,4-butanedithiol.
However, polymer properties prepared via thiol-ene polymerization do not originate from the

urethane only, as the dithiol monomer possesses a decisive influence on structure and
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material properties. Therefore, the influence of the dithiol moiety on molecular weight and
thermal transitions was analyzed next by SEC and DSC. At first, linear aliphatic monomers were
compared, based on their respective chain length to evaluate the changes in melting point
with longer linkers. The results are shown in Table 13. With increasing length, the molecular
weight rapidly increases up to 34 kg/mol for a Cs chain (P4), while the molecular weight
decreased again for even longer spacers. The volatility of 1,2-ethanedithiol and
1,3-propanedithiol was ascribed to be the issue behind the low molecular weight of P1 and
P2, being 8 kg/mol and 7.5 kg/mol, respectively, by disrupting the stoichiometry between
diene and dithiol due to evaporation. Another reason for these values was deemed to be the

inhomogeneous reaction mixture caused by the increased polarity of the two.

Meanwhile, reaction mixtures of Cs, Cs and Cs dithiols were homogeneous. A longer chain
dithiol, 1,10-decanedithiol, formed an inhomogeneous mixture after the addition to THF. The
same assumption can be made with the corresponding polymers, as THF, especially under
concentrated conditions, is expected to be unable to dissolve the more polar P1 or the unpolar
P6 efficiently. These polymers supposedly start to precipitate early during the reaction upon
reaching certain molecular weights, inhibiting further additions to the macromolecule.
Therefore, the synthetic procedure of P6 was repeated in CHCl3, leading to a fourfold increase
in molecular weight and confirming the assumptions regarding the solubility of monomers and
polymers. The dispersities are in range of 1.5-2.3, near the expected value of 2 for step-growth

polymerizations. 360!
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Table 13 Molecular weights and Bw of polymers of 4 with different alkyl dithiols.

Polymer Dithiol? M, [g/mol]? DyP) Tz [°C] Tm [°C]

P1 1,2-ethane 8,000 1.50 - 80.4

P2 1,3-propane 7,200 2.29 - 65.4

P3 1,4-butane 26,600 1.87 - 73.3

P4 1,6-hexane 33,900 2.73 - 66.5

P5 1,8-octane 15,250 1.90 - 83.1
1,10-decane 5,550 2.29

P6 - 84.6
1,10-decane? 21,550 2.00

3 Conditions: 5.00 mol/Lin THF, 3 h, r.t., 1.00 eq. compound 4, 1.00 eq. dithiol, DMPA, 365 nm
b HFIP-SEC calibrated with PMMA standards

¢ Reaction in CHCl5

The thermal properties of the polymers listed above were assessed by DSC and were found
similar for every entry, showing melting points in the range of 65-80 °C. One exception in the
melting trend is seen in Table 13, as P4 exhibits a lower T, than P3 and P5 although showing
higher molecular weights. This behavior is expected to be caused by the broader dispersity of
P4 (Pwv = 2.7) compared to P3 and P5 (Dwm ca. 1.9). Such temperatures do not enable the usage
of the polymers for high temperature applications, e.g. for electrical encapsulation or in
automotive industry,3%8! where materials are required to remain rigid at temperatures over
100 °C. Nonetheless, low Tr, values allow facile processability, especially when a material can
be molded into a defined shape. In polymer industry, where often a single batch is in the ton
scale, the energy consumption and the related costs for the processing are greatly reduced

for low melting materials.

After evaluating the influence of the chain length on both molecular weight, dispersity, and
melting point, more bulky dithiols were employed to study the effect of steric hindrance not
only on the molecular characteristics but also on the morphology of the resulting polymers.
The results are shown in Table 14. Three different dithiols were chosen for this purpose:
limonene- (11) and cyclohexene dithiol (12 a and b) were employed for their renewable
sources and for the presence of a bulky cyclohexane ring in both monomer structures, while
2,3-butanedithiol was chosen to analyze the effect of steric hindrance on NIPU properties

caused by two methyl side chains. NIPUs P7 and P9 led to high M, values, up to 21 kg/mol,
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while the cyclohexane-based P8 resulted in low molecular weight chains, slightly above
6 kg/mol, even after 18 hours reaction time. In the latter case, the issue was partially caused
by the low solubility of the monomer in THF. However, traces of residual cyclohexane from
column chromatography had been detected in the NMR spectrum of the dithiol 12. The
presence of cyclohexane could not be avoided, since high yield loss was experienced during
prolonged rotary evaporation due to the high volatility of the 1,3- and 1,4-cyclohexane dithiol
monomers. It is worth mentioning that the cyclohexane impurity was subtracted from 12 by
NMR spectroscopy, however, the cyclohexane signal overlapped with the dithiol compound
(see experimental 12), increasing the calculation error for the polymerization batch.
Followingly, the presence of cyclohexane in the monomer mixture is expected to disrupt the
1:1 ratio of monomers, thus causing the low molecular weight. Nevertheless, the yield and M,
of the obtained polymers proved to be enough for further analysis via NMR spectroscopy
(experimental section, chapter 5.3) and DSC (Table 14). In the future, the purification of dithiol
12 is suggested to be performed via column chromatography with lower boiling solvents

(e.g. pentane), to avoid both yield losses and the presence of impurities.

The difference in thermal behavior of P7-P9 compared to their unsubstituted alkyl chain
counterparts represented in Table 14 was observable after precipitation as the obtained
substances were not colorless powdery solids but rather liquids with high viscosity and
transparency. The introduction of side chains was expected to inhibit the formation of
intermolecular hydrogen bonds, thus hindering the formation of crystalline regions. The
viscous liquid character of these polymers suggests that the glass transition temperatures of
the synthesized materials are below room temperature.3® Indeed, P7-9 were viscous while
DSC indicated glass transitions ranging from -30 to -15 °C. Simultaneously, no Tms were

detected, suggesting the presence of pronounced amorphous domains.
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Table 14 Molecular weights and Pus of polymers of 4 with different bulky dithiols.

Polymer? Dithiol M, [g/mol]? By T.[°C] Tm[°C]

Limonene 11°

SH

P7 21,150 2.08 -22.9 -
HS

P8 1,3- and 1,4-Cyclohexane 12% 6,150 2.00 -14.6 -

P9 2,3-Butane 15,650 1.88 -28.8 -

3 Conditions: 5.00 mol/Lin THF, 3 h, r.t., 1.00 eq. compound 4, 1.00 eq. dithiol, DMPA, 365 nm
b HFIP-SEC calibrated with PMMA standards
©  Reaction in bulk

9 18h

After observing the changes brought by variation of the employed monomers, it was decided
to attempt the same polymerization with additional dithiols: differing in functionalities as side
groups or with functional groups integrated in the main chain (Table 15). For the first category,
two polymers were prepared (P10 and P11). The monomer 2-aminobutane-1,4-dithiol
hydrochloride was dissolved in the presence of DMSO as the salt could not be dissolved in
pure THF. Additionally, the respective polymer P10 was precipitated in diethyl ether instead
of methanol because of the increased solubility in the alcohol derived by the increased polarity
given by the ionic nature of the monomer. Nonetheless, P10 was isolated with a satisfactory
M, value of almost 14 kg/mol. The white powder, however, did not show any thermal
transitions in the measured temperature range (-80 — 180 °C). This effect most probably
resulted from the strong interactions of the amino hydrochloride salt via hydrogen bonding.
Although suspected that the T, of P10 was above 180 °C, the measurement was not repeated
at higher temperatures, as urethane linkages are known to decompose above 180 °C.[201 |n
the future, TGA measurements will be performed in order to analyze the degradation
temperature of P10. By using 2,3-dihydroxybutane-1,4-dithiol as dithiol monomer, the
introduction of polar groups showed an increase in melting point of P11 (98 °C) of almost 30 °C
compared to P3 (73 °C) at similar molecular weights and with the same chain length (Ca),
caused by the increased hydrogen bonding between polymeric chains. By means of these

results, it was confirmed that introducing functionalities in the dithiol side chains is an
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effective method to achieve distinct variations in thermal properties, mostly derived by the

polarity of the side groups.

As for the second category, the introduction of functionalities in the polymer backbone was
attempted with dithiols with different linkers. The aromatic dithiol of P12 only formed short
oligomers, as expected due to the stabilization offered by the m-system: the thiyl radical
exhibits lower reactivity, since it is stabilized by three mesomeric resonance structures of the
aromatic species, including the thioketone.?33 |n the case of ethers, the degree of
polymerization remained in the same range for each monomer (P13-15) with the molecular
weight increasing proportionally to the length of the dithiol to up to 20 kg/mol. By changing
from oxygen to sulfur-based ethers, the molecular weight dropped to a maximum value of
5 kg/mol (P16) since an early precipitation (ca. 1 min) from the reaction mixture was caused
by the lower polarity of the thioether dithiol. Therefore, no further experiments were
performed with thioethers. It is worth mentioning that the already described polymers of
Table 15 were colorless solids, independently of the molecular weight. In contrast, diester
dithiols yielded transparent liquid polymers (P17, P18) with a viscosity similar to the bulky side
chain based NIPUs listed in Table 14. However, even if the mixture could not be stirred further,
M, values did not exceed the low value of 9 kg/mol, probably because of solubility issues of

the polyester urethane.
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Table 15 Molecular weights and Pw of polymers of 4 with dithiols bearing different functional groups.

entry Dithiol? Mng/mol]?  DBm® Tg[°C] Tm[°C]
2-amino-1,4-butane-hydrochloride
P10 HS SH 13,550 1.67 - -
NH,HCI
dithioerythritol
OH
P11 SH 23,000 1.99 -8.0 98.2
HS
OH
1,3-mercaptobenzene
P12 HS i: _SH oligomers - - -
2,2’-oxybis(ethane-1-thiol)
P13 HS SH 6,550 1.86 -41.0 63.7
\/\O/\/
3,6-dioxa,1,8-octane
P14 HS 0 12,550 1.78 - 46.3
\/\O/\/ \/\SH
10,10'-(hexane-1,6-
P15 dlylbIS(OXY))bIS(decane-l-thlon 20,000 1.86 _ 62.3
HS (@) (@) SH
\,Hg/ W M/
2,2’-thiobis(ethane-1-thiol)
P16 S 5,450 2.30 - 94.8
HS/\/ \/\SH
butane-1,4-diyl bis(2-mercaptoacetate)
O -0.6
P17 5,550 2.11 -545
HS/\[(O\/\/\O)J\/SH 39.8
O
ethane-1,2-diyl bis(3-
t t
mercaptopropanoate) 990
P18 ) 8,600 2.11 -25.7
HS O 49.5
\/\[( \/\O)J\/\SH
O

a)

b)

Conditions: 5.00 mol/L in THF, 3 h, r.t., 1.00 eq. compound 4, 1.00 eq. dithiol, DMPA, 365 nm

HFIP-SEC calibrated with PMMA standards
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The introduction of functionalities to the backbone shows great promise for the tuning of
polymer properties. Esters, for instance, confirmed the possibility to prepare viscous NIPUs
with crystalline domains (P17, P18), compared to the amorphous P7-P9, while thioethers were

found to greatly increase the melting point even at lower molecular weights.

This section described the effect of different dithiols employed during the thiol-ene
polymerization on molecular weight, dispersity and thermal properties. The influence of the
dithiol moiety greatly influenced these attributes, especially by introduction of functionalities
like esters or bulky structures in the polymer backbone. To give further comparison, the

influence of other carbamates will be discussed in the following section.

4.2.7 Allyl carbamate 3 based NIPUs

As already mentioned in chapter 4.2.1, N-allyl allylcarbamate 3 was prepared in a
condensation reaction between diallyl carbamate and allylamine. After the optimization of
the reaction conditions and thorough testing with different dithiol monomers, most of the
already shown dithiol monomers were copolymerized with the shorter carbamate 3 in order
to investigate the influence of the chain length of the dithiol on the synthesis of polyurethanes

(P19-P27). An overview is given in Table 16.
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Table 16 Molecular weights and Pw of polymers of N-allyl allylcarbamate 3 with different dithiols.

entry Dithiol? M, [g/mol]?) DyP) Tz [°C] Tm[°C]

P19 1,2-ethane 12,300 5.81 -13.6 69.0
P20 1,4-butane 16,000 1.94 - 56.3
P21 1,6-hexane 30,500 2.27 - 63.1
P22 2,3-butane 7,500 1.69 -12.4

P23 limonene 11 2,100 3.64 1.4 -
P24 dithioerythritol 10,400 1.34 3.1 -
P25 3,6-dioxa,1,8-octane 9,350 1.30 -49.9 -
P26 2,2’-thiobis(ethane-1-thiol) 3,800 2.43 - 91.6

butane-1,4-diyl bis(2-
P27 8,000 1.90 -41.9 -
mercaptoacetate)

3 Conditions: 5.00 mol/L in THF, 3 h, r.t., 1.00 eq. 3, 1.00 eq. dithiol, DMPA, 365 nm
b HFIP-SEC calibrated with PMMA standards

The shorter carbamate monomer, allyl allylcarbamate 3, produced NIPUs similar to polymers
based on allyl dec-9-en-1-ylcarbamate (4). However, the overall molecular weights appeared
to be lower than for 4, for instance comparing the 1,4-butanedithiol-based P3 (26 kg/mol) and
P20 (16 kg/mol), or the 2,3-butanedithiol-based P9 (16 kg/mol) and P22 (7.5 kg/mol). The
possible cause between the decreased M, values lies in the more polar nature of carbamate
3, since it leads to increased hydrogen bonding with increasing molecular weight, thus causing

precipitation of the polymer at lower M, values than 4.

The thermal properties of P19-21 and P26 resembled the values for the carbamate 4 based
NIPUs with small variations. The use of a Cio (4) or a Cs3 (3) carbamate chain did not influence
the Tm values significantly as these thermal transitions appear to slightly shift towards lower
temperatures compared to 4. This effect is, however, most likely determined by the overall
smaller chain length obtained under the same polymerization conditions.3”! For instance, for
P21 (Cs), possessing a longer spacer than P20 (Ca), the Tm increased from P20 (T = 56 °C) to
P21 (Tm = 63 °C), caused by an increase of the M, from 16 kg/mol to 30 kg/mol, respectively.
More interesting is the increase of all glass transition temperatures for polymers bearing side
chains or NIPUs prepared with bulky dithiols (P22-24, P27). Analogously to the effect on the

melting point, lower Tgs are expected with lower M, values. However, the polarity increase
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appears to be dominant in this case as the Tgs measured via DSC show an increase of the Tg
between 10 °C and 30 °C. P22 (Tg=-12 °C) and P23 (Tg =1 °C), for example, exhibit a glass
transition 17 °C and 24 °C higher than the respective 4-based P9 (T;=-29°C) and P7
(Tg=-23°C).

By shortening the carbamate, it was observed that P25, prepared with
3,6-dioxa-1,8-octanedithiol, exhibited thermal transitions more similar to polyethylene oxide
(PEO) than of PUs, with a T around -50 °C, compared to -52 °C for PEO.3’Y However, no
melting point was observed in DSC for this polymer, contrary to the allyl
dec-9-en-1-ylcarbamate (4) based P14 (T = 46 °C). Deeper analysis of the thermal properties

will be performed in future, as the cause of these changes are not completely clear.

Another main difference caused by the chain length variation between carbamates 3 and 4 is
represented by P19. All described macromolecules with linear alkyl chains exhibited only Tis
in the measured temperature ranges. However, this polyurethane exhibited also a Ty around
-13 °C, as visible by DSC analysis. This behavior is supposedly caused by the broad dispersity
(Pm = 5.8), compared to the dispersities of P1-P6 (Pwm ca. 2). However, as DSC analysis proved
to be inadequate for T; detection of P1-P6, these NIPUs require different analytical methods

in future, such as thermomechanical analysis (TMA) or dynamic mechanical analysis (DMA).

Conclusively, the use of a shorter carbamate (3) resulted in an overall increase of polarity in
the respective polymers, which led to lower molecular weights caused by the lower solubility
of the macromolecules in THF. The lower M, values likely led to lower melting transitions in
the polymers P19-21 and P26, however, the polarity increase proved to be dominant against
the M, reduction, increasing the glass transition temperatures of NIPUs P19-25 and P27 by up
to 30 °C. Additionally, P19 and P25 exhibited interesting thermal transitions, varying greatly
from the respective carbamate 4 based NIPUs (P1 and P14). These thermal properties will be

analyzed in future with analytic techniques different from DSC.

Another type of carbamate-based diene was prepared for the thiol-ene polymerization, whose

polymerization will be described in the next section.
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4.2.8 Dicarbamate 6 based NIPUs

In order to broaden the range of the compared carbamates 3 and 4, the focus was
subsequently shifted to the synthesis of dicarbamates starting from diesters or diacids

followed by the Lossen rearrangement in diallyl carbonate and allyl alcohol.

The bis-allylcarbamate 6 was, contrary to 3 and 4, a colorless solid which was partially soluble
in THF. Thus, CHCls was used as solvent under more diluted conditions of 1.00 mol/L. The

results of SEC and thermal analysis are shown in Table 17.

Table 17 SEC and DSC data of polymers obtained by polymerizing compound 6 with different dithiols.

entry Dithiol? M, [g/mol]? B® T.[°C] Tm[°C]
P28 1,4-butane 2,500 4.73
- 133.1
P28°) 1,4-butane 12,100 3.20
P29 limonene 11 3,300 3.47 4.5 -
P30 2,3-butane 8,600 2.57 -0.7 -
butane-1,4-diyl bis(2-
P31 9,050 3.42 -24.2 -
mercaptoacetate)

10,10'-(hexane-1,6-
P32 diylbis(oxy))bis(decane- 6,400 4.00 - 115.1
1-thiol)
3 Conditions: 1.00 mol/L in CHCls, 18 h, r.t., 1.00 eq. 6, 1.00 eq. dithiol, DMPA, 365 nm
®) HFIP-SEC calibrated with PMMA standards
9 DMSO instead of CHCl3

The first two experiments (P28, P29) produced polymers with molecular weights below
4 kg/mol. The formation of solid was observed at early stages of the reaction, which was
attributed to either the high polarity of the diene or the opposite effect deriving from the
employed dithiols and the resulting solubility issues. Therefore, ester- and ether-based
dithiols were applied for the following experiments only slightly increasing the M, values to a
maximum of 9 kg/mol. By repeating the synthesis of P28 in the more polar solvent DMSO, the
molecular weight was increased by a factor of approximately 5, thus confirming the
assumption that the polymerization in CHCls is hindered by the high polarity of the carbamate

moiety instead of the dithiol.
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All thermal transitions were found shifted toward higher temperatures, compared to
polymers synthesized from 3 and 4. For instance, P28 exhibited a melting point at 133 °C, 60 °C
above that of P3 and 85 °C more that of P20, while all Tgs increased in the range of 20 to 25 °C.
Notably, when 6 was employed, instead of monocarbamates, the resulting polymers that
exhibited glass transitions had a different appearance: while P7 and P9 were viscous colorless
substances, the analogous macromolecules P29 and P30 were similar to elastic rubbers. All
effects on the thermal and morphological properties were likely caused by the fact that the
diene 6 possesses twice the number of functional groups capable of hydrogen bonding,
compared to 3 and 4, thus increasing the interactions between chains of the material.
However, the low yield during the synthesis of 6 hindered the usage of polymers P29 for

tensile testing, where several grams of material are required for each sample.

The Lossen rearrangement in the presence of diallyl carbonate and allyl alcohol was
performed also on the hydroxamic acids derived from malonic, succinic, sebacic and
tetradecanedioic methyl esters. As previously mentioned in chapter 4.1.2, the products of the
rearrangement of 1j and 1k (Figure 21), the dihydroxamic acids of sebacic acid and
tetradecanedioic acid, were isolated only as mixtures containing many different products,
including the dicarbamate and urea. The polymerization of the crude diene mixture of 7 and

8 was attempted via thiol-ene. However, only oligomers were detected by SEC analysis.

As three types of carbamates and the related NIPUs have been analyzed and compared, the
focus was shifted to the polymerization of the side product of the monomer synthesis: the

ureas.

4.2.9 Ureas

As mentioned at the beginning of this chapter, the urea compounds 9 and 10, obtained as side
products from the Lossen rearrangement, also possess two polymerizable double bonds.
Therefore, the same approach used for carbamate 4 was tested with the isolated 1,3-di(dec-
9-en-1-yl)urea 9 as model compound. However, two parameters were varied before
attempting the thiol-ene polymerization. First, urea 9 is insoluble in THF at room temperature,
therefore, CHCl; was chosen as solvent instead. Second, although the monomer was dissolved
in chloroform at 25 °C, the maximal concentration achievable was lower than that of the

carbamate concentration in THF (5 mol/L). By testing different concentrations for the urea 9,
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the maximum concentration for complete dissolution at room temperature was found to be
0.83 mol/L. In addition, the influence of different solvents on the polymerization was
investigated under elevated temperatures to improve monomer solubility (Table 18). DMSO
and PolarClean® represent appropriate replacements for CHClz at 50 °C (entries 2 and 3)
regarding monomer solubility, however, the obtained molecular weights and broader
dispersities were attributed to low molecular weight oligomers rather than polymers.
Therefore, all subsequent experiments were performed at room temperature in CHCls as in

entry 1.

Table 18 Results of the copolymerization of urea 9 in different solvents.

entry T[°C] solvent? M, [g/mol] Py
1 r.t. CHCls 5,750 2.24
2 50 PolarClean - -
3 50 DMSO - -

3 Conditions: 0.83 mol/L, 1.00 eq. compound 9, 1.00 eq. 1,4-butanedithiol, 365 nm, DMPA, 3 h.
b HFIP-SEC calibrated with PMMA standards

Next, different dithiol monomers were employed for the thiol-ene polymerization. Among the
employed dithiols, commercially available examples based on linear alkyl chains as well as the
renewable and bulkier limonene dithiol 11 were mixed with urea 9 in CHCls in the presence of
the initiator DMPA. Already at the early stages of the reaction (<5 min), the mixture showed
some turbidity followed by formation of precipitate over the following 3 to 6 hours. The

HFIP-SEC and DSC results are shown in Table 19.
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Table 19 Results of the copolymerization of urea 9 with different dithiols.

entry Dithiol? M, [g/mol] © IV Tz [°C] Tm [°C]
P33 1,2-ethane 7,150 2.02 - 142.3
P34 1,4-butane 5,750 2.24 - 137.4
P35 1,6-hexane 4,850 2.32 - 136.3
P36 1,10-decane 6,500 1.59 - 132.8
P37 limonene 11 7,400 2.13 - 67.5
P38 1,3-and 1,4-cyclohexane 12 1,800 4.2 - 122.1
P39 2,3-butane 5,850 2.15 - 81.6
P40 butane-1,4-diyl bis(2- 3,950 2.14 - 119.7
mercaptoacetate)

a) Conditions: 0.83 mol/L in CHCls, 1.00 eq compound 9, 1.00 eq dithiol, 365 nm, DMPA, r.t., 3 h.
b) HFIP-SEC calibrated with PMMA standards

The measurements were performed after purification by washing with CHCl3 in order to
remove low molecular oligomers, as the polyureas were not soluble in most common organic
solvents and were therefore not purified by precipitation. The washing and the low M, are
also possibly the main reasons for the lower polyurea yields listed in chapter 5.3 (Experimental
section) compared to the respective polyurethanes. In this case, the molecular weights were
found to be dictated by the diene monomer as the isolated polymers all showed comparable
M, values, independently of the employed dithiol. The only exception was P38, which,
analogously to P8, was synthesized from cyclohexane dithiol 12. The reason for the low
molecular weight below 2 kg/mol was once again the presence of cyclohexane in the

monomer mixture, thus lowering the dithiol/diene ratio.

The tendency of urea moieties for hydrogen bonding was suspected to be the reason behind
the overall lower M, values compared to the respective NIPUs. CHCI; and other solvents, like
MeOH and DMSO, have limited capacity to antagonize and thus reduce the hydrogen bonding
between the polymeric chains, limiting the maximum molecular weight to a value below
10 kg/mol through early precipitation, even if a bulky linker, like imonene (Table 19, entry 4),
is employed. As for the thermal properties, all synthesized polymers exhibited melting points,
while a Tz was not observable. Compared to the respective linear alkyl NIPUs P1-6, the

polyureas P33—-36 had melting points above 100 °C, typically around 50-70 °C more than their
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NIPU counterparts. As an example, the 1,4-butanedithiol-based P34 (Tm=137°C,
M = 5,750 g/mol) requires 64 °C more than P3 (Tm = 137 °C, M, = 26,600 g/mol) in order to
melt, although possessing a much lower molecular weight. The last four entries of Table 19
(P37-40) were prepared with the same dithiols employed for NIPUs P79 (Table 14) and P17
(Table 15), whose thermal properties were characterized by low glass transitions, leading to
their unique viscosity. Meanwhile, the respective polyureas P37-40 were obtained as
colorless solids exhibiting only moderate to high melting temperatures. For instance, the
limonene-based P37 exhibited a Tm at 67 °C, while the respective P7 a T at —29 °C without
melting. This behavior was explained by the increased hydrogen bonding derived from the
second NH-unit of the urea functionality. Urea 10, derived from N-hydroxyoleamide 1a, was
polymerized by the same reaction conditions for comparative purposes. However,
analogously to its respective carbamate 5, only oligomers were obtained and the diene was

not employed for further polymerizations.

The thiol-ene polymerization of urea dienes for the synthesis of polyureas overall yielded
relatively high-melting polymeric materials. In the next subsections, the influence of urea
content in NIPUs on molecular weight and thermal properties will be investigated and

discussed.

4.2.10 Diene based copolymers

As already mentioned in chapter 2.5.1 of the theoretical background, in some cases,
commercially available polyurethanes contain not only carbamate units, but also urea linkages
(poly(urea-urethanes)). Depending on the amount of urea functionalities, the polymer
exhibits different thermal and mechanical properties.’®’2l Industrially, the selective urea
linkage formation in a polyurethane is achieved by water addition prior to polymerization
causing partial degradation of the isocyanates to amines.l373! In this work, the same kind of
copolymers were synthesized, however, the urea and carbamate diene ratio was adjusted
directly by mixing the exact quantity of the desired monomer to the reaction mixture. As a
model system, a mixture of 0.9 eq. of carbamate and 0.1 eq of urea in CHClz was chosen

(Scheme 32).
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Scheme 32 Schematic synthesis of copolymers consisting of both carbamate and urea dienes.

Being completely soluble at room temperature, the monomers were polymerized with
1,4-butanedithiol in the presence of DMPA under UV irradiation (365 nm) for 8 hours.
Different concentrations were tested for the aforementioned reaction and the HFIP-SEC

results are shown in Table 20.

Table 20 Concentration effects on the three-component polymerization of carbamate 4 and urea 9

with 1,4-butanedithiol (P41).

entry ¢ [mol/L]? M, [g/mol] © D ©
1 3.33 4,650 1.87
2 2.5 15,850 1.98
3 1.67 21,250 1.87
4 1 - -

3 Conditions: CHCls, 0.10 eq urea 9, 0.90 eq carbamate 4, 1.00 eq 1,4-butanedithiol, 365 nm,
DMPA, r.t., 8 h.
b} HFIP-SEC calibrated with PMMA standards

At a concentration of 3.33 mol/L, the urea was not dissolved completely leading to a slightly
turbid solution. The resulting low molecular weight is therefore possibly caused by the early
precipitation of the polymer from the chloroform. Subsequently, dilution of the reaction
mixture led to a great increase of M, with a maximum of 21 kg/mol at a concentration of

1.67 mol/L. However, decreasing the concentration even further lowered the molecular
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weight, leading to the formation of only low molecular oligomers (Table 20 entry 4). This

decrease is supposedly caused by the low reaction rate under diluted conditions.

Further, different monomer ratios were tested for the same system. The carbamate molar
percentage was decreased in 0.10 eq. steps to a final value of 0.60 eq. (Table 21). At 0.5 eq.
and lower, the respective urea fraction was not fully dissolved at room temperature. The
HFIP-SEC results shown in Table 21 indicate that the molecular weights rapidly drop below
5 kg/mol with decreasing carbamate. The early precipitation of polymer above a certain urea
content may be responsible for this behavior, as the solvent was not able to break the urea
hydrogen bonds after a certain threshold. Afterwards, the thermal properties were analyzed
via DSC to determine the influence of increased hydrogen bonding during the

copolymerization.

Table 21 Changes in the molar ratio between urea 9 and carbamate 4 monomer and the respective

effect on molecular weight and thermal properties.

entry? carbamate 4 (eq.) M, [g/mol]? P P T.[°C] Tm [°C]
1 0.9 21,250 1.87 - 87.2
2 0.8 9,300 1.68 - 92.2
3 0.7 3,600 3.09 - 92.5
4 0.6 4,950 3.50 - 101.5/139.4

3 Conditions: 1.67 mol/L in CHCls;, x eq. 4, (1-x) eq. 9, 1.00 eq. 1,4-butanedithiol (1.00 eq),
365 nm, DMPA, r.t,, 8 h.
b HFIP-SEC calibrated with PMMA standards

The effect of hydrogen bonding was observed by the increase of the melting temperature with
the decreasing concentration of the carbamate. The Tns increase to up to 140 °C in the case
of entry 4, where 0.4 eq. of the urea monomer was applied as the diene component. However,
a double melting transition is observable in this case, most probably caused by phase
separation of the highly crystalline urea segments from the more amorphous carbamate
region. The small difference in melting temperature between entry 2 and 3 is caused by the

low molecular weight of the polymer composed of 0.3 eq. urea 9.

Since this work lays its focus on sustainability and the synthesis of both carbamate and urea

includes purification by column chromatography, an attempt at polymerizing the crude
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product was performed. Following the procedure explained in detail in chapter 5.2 of the
experimental section, the solid urea was filtered off and the reaction mixture was freed from
the solvent by evaporation after complete conversion of the hydroxamic acid starting
material. In this case, the solvent was evaporated prior to urea filtration, leaving a crude
product consisting of both monomers, namely allyl dec-9-en-1-ylcarbamate 4 and
1,3-di(dec-9-en-1-yl)urea 9. After confirming a ratio of around 7:3 between carbamate and
urea by NMR analysis, the crude mixture was directly polymerized via thiol-ene
polymerization, leading to a NIPU with a molecular weight of 6 kg/mol. This value was
compared to Table 20 entry 3, where the copolymer was prepared with a similar diene ratio.
The approach from the crude produced a lower yield, possibly because of the not completely
precise diene content, as further species undetectable by NMR spectroscopy may have
skewed the required mass for the polymerization. However, the procedure for the preparation
of poly(urea-urethane)s directly from the crude reaction mixture of the Lossen rearrangement
clearly demonstrated its effectiveness in producing polymers. Additionally, this approach
represents a highly sustainable alternative by avoiding distillation and excessive purification
steps, like column chromatography, thus preventing high energy consumption and large
amounts of waste. As an additional proof for the efficiency of this copolymerization method,
a NIPU consisting of 0.9 eq. carbamate 4 and 0.1 eq. urea 9 was synthesized with limonene
dithiol 11. The obtained polymer P42 was analyzed via HFIP-SEC and DSC, showing a M, value
of 10 kg/mol and a dispersity of around 2.1, typical for step-growth polymerizations.
Additionally, the obtained thermal transition, a Tz at =19.2 °C, was found to be slightly higher

than for the pure carbamate polymer (P7, Tg = -22.9 °C).

The thiol-ene copolymerization of more types of dienes proved to be successful, yielding
polymers with tunable properties. In the next subsection, another approach for three or more

components will be discussed.

4.2.11 Dithiol based copolymers

The copolymerization of carbamate and urea dienes led to the formation of NIPUs with
increased thermal transition, showing that the properties of all monomers are transferred to

the resulting polymer. The same principle as with diene-based copolymers is applicable for
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producing copolymers with more than one dithiol monomer, as depicted in Scheme 33.
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Scheme 33 Schematic synthesis of polyurethane copolymers prepared with two different dithiols in a

one pot reaction.

Only one carbamate species was employed for the polymerization in the presence of two
different dithiols. For instance, monomer 4 was mixed with 1,4-butanedithiol and
1,10-decanedithiol in a 1:1 ratio in order to investigate how the thermal properties are

affected (Table 22, P46).
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Table 22 HFIP-SEC and DSC results for the polymerization of carbamate 4 with a mixture of two

different dithiols (1:1).

entry  Diene? dithiol Ma[g/mol]®? DPu®  Tg[°C] Tm [°C]

1,4-butane

P43 4 10,650 2.29 -27.7 -
limonene 11
1,4-butane

P44 4 9,250 1.74 -39.0 37.4
2,3-butane
1,4-butane

P45 4 ethane-1,2-diyl bis(3- 9,450 1.91 -42.9 62.6

mercaptopropanoate)

1,4-butane

P46 4 13,900 1.97 - 74.3
1,10-decane
1,4-butane

P47 3 10700 1.55 -20.2 -
limonene 11
1,2-ethane

P48 4 2,200 1.88 -30.5 71.9/78.4

limonene

1,8-octane

P49 4 4,100 2.09 -28.6 44.7
limonene 11

4 1,4-butane
P50 4,550 1.97 -31.6 60.9
9 limonene 11

a) Conditions: 1.00 eq. diene, 0.50 eq. dithiol 1, 0.50 eq. dithiol 2, 5 mol/L in THF, 10 h, 365 nm,
DMPA, r.t.
b) HFIP-SEC calibrated with PMMA standards

The obtained NIPU P46 showed one thermal transition, similar to the 1,4-butanedithiol based
P3, with a melting point around 74 °C. This analysis clearly shows that the shorter dithiol has
a larger influence on the overall properties of the macromolecule. It is noted that there is a
chance that one dithiol possesses a higher reactivity, thus being incorporated in a non-
statistical distribution. However, *H NMR analysis confirmed an almost identical presence of
both species, as evaluated on the basis of P45. P45 was chosen as the key signals of the ester
(red box), the alkyl groups of 1,4-butanedithiol (green box) and the N-CH, (yellow box) signals
do not overlap with any other group (see Figure 42).
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Figure 42 'H NMR spectrum of P45 and integrated values of specific signals belonging to carbamate 4

(3.15 ppm), 1,4-butanedithiol (1.67 ppm) and ethane-1,2-diyl bis(3-mercaptopropanoate) (4.32 ppm).

As previously discussed in chapter 4.2.6, viscous polymers like P7 or P9 exhibit low glass
transitions without melting, while all NIPUs produced from linear dithiols P1-6 exhibit a
melting point, without any observable T;. The aim of the copolymerization is therefore the
combination of different thermal transitions, which depend on the employed dithiol, in one
polymer. Therefore, first experiments were performed by adding a 1:1 ratio of
1,4-butanedithiol and limonene dithiol to carbamate 4 under the optimized reaction
conditions (P43). The polymer reached a molecular weight of around 10 kg/mol and the

thermal properties were analyzed by DSC.

NIPU P43 shows the presence of a Ty around -28 °C (Table 23, entry 1), a glass transition
similar to the related P7. However, the material did not exhibit any melting transition in the
measured range. Most likely, the steric hindrance caused by the limonene is able to suppress
crystallization thus forming a mostly amorphous polymeric material. The same reaction was
repeated with carbamate 3 to yield P47. Also for this NIPU, only a glass transition was

observed. By copolymerizing two alkyl dithiols with different chain lengths, namely a Csand a
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Ci0, (P46) additionally confirmed the dominance of one monomer over the other, since the

onset point of the PU melting curve corresponded to P3 rather than to P6.

In order to fully understand the behavior of this copolymer, four NIPUs with different
monomer ratios were prepared exclusively for thermal analysis. P43 was chosen as model
compound as it includes the renewable limonene dithiol 11 and because the various thermal
transitions are typically within the measured temperature range. The data is presented in

Table 23 below.

Table 23 Thermal transitions of copolymer P43 with different monomer ratios of limonene dithiol 11.

entry limonene dithiol [eq.] Tg [°C] Tm [°C]
19 0.50 -27.7 -
2 0.40 -45.4 69.3/77.5
3 0.30 -48.1 66.7/78.2
4 0.20 - 71.6
5 0.10 - 77.9

3 Conditions: 5 mol/Lin THF, 3 h, r.t., 1.00 eq 4, DMPA, 365 nm
b) P43 (Table 22), 10 h

Interestingly, the single Tgs and Tms of Table 23 entries 1, 4 and 5 differ from those in entries
2 and 3. This was probably caused by the shorter reaction times compared to entry 1 (10 h,
Table 22, P43), leading to lower molecular weights. Additionally, the entries 2 and 3 exhibited

a double melting, supposedly caused by phase separation.74

For further comparison, another polymer was prepared by adding the 1,4- and 2,3-isomers of
butanedithiol starting again from a 1:1 ratio (Table 22, P44). Differently to the previous
example, both Tm and T; were observed under the measurement conditions. Similarly, all
other random copolymers (P45, P48 and P49) showed transitions ascribed to both dithiols.
The molar composition and resulting thermal properties of these copolymers were not
investigated like the limonene based NIPU, as they are less interesting from the point of view
of renewability and the 1:1 ratio gave satisfactory results, thus not requiring changes in

synthetic procedure.

One last copolymer (P50) was prepared from two different dienes (0.90 eq. carbamate 4 and

0.10 eq. urea 9) in the presence of 1,4-butanedithiol and limonene dithiol 11. The resulting
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macromolecule melted at around 60 °C, confirming that the limonene structure was
responsible for the missing crystallinity of P43, thus resulting in the lack of melting. By
increasing the hydrogen bonding by just replacing 0.10 eq. of carbamate with urea, the T was

observed at 61 °C by DSC analysis (Table 22, P50).

Random copolymers are of high importance for the tuneability of NIPU properties. This
copolymerization offers the possibility for the tuning of Tgs and Tms in desired ranges by
varying the monomer ratios, as well as by interchanging different diene and dithiol
compounds. The consistency of the resulting material is also affected by the inclusion of more
than two monomers. For instance, P43 possesses a texture that resembles a combination of
its respective homopolymers, more specifically the viscous character of P7 and the solidity of
P3. However, their exact structure cannot be determined via NMR spectroscopy, especially
regarding the statistical arranging of the dithiols, owing to the potential difference in reactivity

of the respective monomers. A solution is proposed in the next paragraph.

4.2.12 Block copolymers

A solution to the issue mentioned above is the synthesis of block copolymers, which are
composed of two or more different homopolymers, in a two-step procedure (Scheme 34).
First, two separate NIPUs with the desired properties are prepared under optimized reaction
conditions (chapters 4.2.2 - 4.2.5). At the end of the reaction, an excess of diene or dithiol is
added to the prepared NIPUs in order to assure the presence of either alkene or thiol end
groups. In the second step, the two end group-functionalized homopolymers are mixed in a
suitable solvent and subjected to polymerization conditions. This way, they are linked on each

end forming the desired multiblock copolymer.
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Scheme 34 Schematic of the preparation of block copolymers via thiol-ene polymerization of end

group-functionalized homopolymers.

A model system with the first NIPU being based on carbamate 4 and limonene dithiol 11 and
the second NIPU based on carbamate 4 and 1,4-butanedithiol was chosen because of the
efficiency of the monomers, the greatly differing thermal transitions of the two prepolymers
and the renewability of monomer 4. To confirm the successful preparation of a block
copolymer, the two prepolymers were first analyzed via SEC, NMR spectroscopy and DSC
separately to determine their molecular and thermal characteristics after end-group
modification. Afterwards, the two NIPUs were reacted with each other and the obtained solid
was analyzed in the same fashion and under the same criteria. The obtained data on molecular

weight of the block copolymers are listed in Table 24.
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Table 24 SEC data for the synthesized block copolymers of BP43-45.

Entry? Block 1 Block 2 M, [g/mol]® Dy P
BP43 P3 P7 10,450 1.77
BP44 P3 P9 6,600 2.24
BP45 P3 P18 13,150 1.87

a) Conditions: THF, 24 h, r.t., DMPA, 365 nm
b) HFIP-SEC calibrated with PMMA standards

The prepolymers and block copolymers were analyzed by HFIP-SEC to ensure the successful
conjoining of the blocks. In Figure 43, the two end group- functionalized prepolymers P3

(green) and P18 (blue) were superimposed with the trace of the block copolymer BP45
(orange).

block 1 (P3)

block 2 (P18)

block copolymer
(BP45)

400 425 450 475 500 525 550 5.75 6.00 6.25 6.50
retention time [min]

Figure 43 SEC chromatograms of block 1 (P3, green), block 2 (P18, blue) and the respective block
copolymer BP45 (orange).
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The SEC chromatograms indicate coupling of the polymers, as the curve shifts to lower
retention times,. It is worth mentioning that the decrease of the prepolymers signals is not a
result of the workup as the purification of the block copolymer was performed by precipitation
in methanol, which is the same Solvent used for the precipitation of the respective
prepolymers. However, SEC is unable to confirm the absence of small amounts of unreacted
prepolymers in the final product, as the dispersity of the block copolymer is large and the peak
overlaps with potential residual peaks of the prepolymers. Therefore, additional to SEC, the
polymers were subjected to DOSY NMR to check for multiple species in the polymer. This
technique distinguishes the *H NMR signals of different compounds in a mixture based on
their diffusion coefficients. DOSY therefore permits the identification of residual unreacted
end group-functionalized prepolymers in the block copolymer sample by separating

overlapping NMR signals in a 2D spectrum.37°]

=
=

F1x10°

diffusion cBefficient [cm?/sec]

48 46 44 42 40 3.8 36 34 32 3.0 28 26 24 22 2.0 18 16 14 12 1.0 0.8
d [ppm]

Figure 44 DOSY NMR of block 1 (P3, green), block 2 (P18, blue) and the respective block copolymer

(BP45, orange) obtained after copolymerizing the two polymers via thiol-ene reaction.

In Figure 44, the orange trace for the block copolymer BP45 (described in Table 24, entry 3)
was superimposed with the DOSY spectra of block 1 (green, P3) and block 2 (blue, P18), both
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employed for its synthesis. All species exhibit different diffusion coefficients indicating that P3

has been successfully reacted with P18 to yield the block copolymer BP45.

Afterwards, the thermal properties of the synthesized block copolymers were analyzed via

DSC. In Table 25, the DSC data is listed for block-copolymers BP43-45, while the thermal data

of the blocks P3, P7, P9 and P18 is shown in Table 26.

Table 25 DSC data for the synthesized block copolymers of BP43-45.

entry Block 1 Block 2 T [°C] Tm [°C]
BP43 P3 P7 -28.1 57.7
BP44 P3 P9 -32.6 80.5
25.8
BP45 P3 P18 -36.1 52.2
64.5

Table 26 DSC data and monomer composition of the individual blocks employed for the synthesis of

block copolymers.

entry diene dithiol Tz [°C] Tm [°C]
P3 4 1,4-butane - 73.3
P7 4 limonene 11 -22.9 -
P9 4 2,3-butane -28.8 -
ethane-1,2-diyl bis(3- 22.0
P18 4 -25.7
mercaptopropanoate) 49.5

From the data in the two tables above, the Tgs and Tms of each block are also exhibited by the

respective block copolymer. As a visual example, in Figure 45, the DSC trace of BP43 was

compared to the respective random copolymer P43, as well as to the thermal transitions of

its prepolymers P3 and P7.
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prepolymer 1 (P3)
prepolymer 2 (P7)

block copolymer (BP43)
random copolymer (P43)
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Figure 45 DSC trace of the block copolymer (purple) BP43, showing both transitions of P7 (green, Tg)

and P3 (orange, Tn), compared to the T, of the random copolymer P43 (black).

An exothermic transition observed at around 12 °C (Figure 45) derives from cold
crystallization, which occurs during fast heating rates.[37®! Even with a dithiol ratio of 1:1, a
melting point at around 70 °C belonging to the linear NIPU P3 is clearly observed, along the
already known glass transition temperature of ca. -30 °C. In this case, as the block copolymer
is composed of two distinct units, the individual properties of the polymer blocks are still
distinguishable, while the characteristics of a random copolymer are dictated by the local
environment and statistical nature of interactions.?””! BP44 also inherited the thermal
transitions of the respective prepolymers, showing a T; at =37 °C (derived from P9) and a Tn,

at 81 °C (derived from P3). BP45 even exhibits three distinct melting points, two of which
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belong to the P18 block (Tm =26 °C and 52 °C) and the other to P3 (T = 65 °C). Additionally,
the Ty of P18 (Tm = =26 °C) was also detected by DSC.

In conclusion, the thiol-ene polymerization was determined to be a useful tool for the
preparation of end group-functionalized homopolymers and the subsequent transformation
into block copolymers. This method also proves to be able to provide better thermal property
transfer of the individual monomers than the synthesis of random copolymers. The Tgs and
Tms of each block were efficiently transferred to the final product, allowing for the
combination of desired thermal properties. Additionally, the simple and straightforward
preparation of random- and multiblock copolymers can also be exploited for the tuning of

mechanical properties. This topic will be however described in chapter 4.2.15.

In previous chapters, the structure and properties of the NIPUs were determined to be
influenced by both diene and dithiol components. However, the synthesis of NIPUs via
thiol-ene polymerization also leads to the formation of sulfide linkages, opening an
opportunity for post-polymerization oxidation of the thioether, as will be discussed in the next

section.

4.2.13 Post Polymerization modification (Oxidation)

The post polymerization modification or functionalization of isolated polymers is interesting
in the view of material properties for application purposes. For instance, a PMMA surface
treated with calcium phosphate or substituted with alkoxysilanes led to improved adhesive
properties. After modification, these materials possessed properties suitable for application
as corneal substitutes in medicine.378! For the NIPUs and polyureas reported in all previous
sections of this chapter (chapter 4.2), the functionalization by substitution is more difficult
because of the unavailability of commercial dithiols with ester side chains. However, another

possibility is described in this chapter.

An optimal modification suitable for both NIPUs and polyureas prepared via thiol-ene
polymerization is based on the main structural similarity represented by the thioether
linkages. Previously reported by Meier et al.3** in 2014, similar polysulfides derived from
renewable materials were oxidized to yield the respective polysulfones, with water as the only
side product. As the procedure proved to be straightforward and efficient, the herein reported
polymers (Table 27) were subjected to the same conditions. After polymer dissolution in THF
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and addition of a 30% H,0; solution, the reaction mixture was stirred for 24 h at 65 °C (Scheme
35) and subsequently precipitated in a water-methanol mixture (3:7, volume ratio). The dried
products were then first analyzed via IR spectroscopy to qualitatively observe changes in the
chain structures. As shown in Figure 46, new signals arose after the reaction at around 1230
and 1100 cm™, typically assigned to sulfone functionalities, both belonging to the S=0

stretching vibration.

)OJ\
S\/\/\/\
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H202 | THF, 65°C, 24 h
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Scheme 35 Oxidation of polysulfides to polysulfones with H,0,. As an example, polyurea P35 and the

respective oxidized P35 ox. were chosen.

144



Results and discussion

' S
— P35
— P350x |

O\\ ,/O

/S\

LR R

I ' I ' I ' I ' I ' I ' I ' I
4000 3500 3000 2500 2000 1500 1000 500
v [em™]

Figure 46 Comparison between the IR spectra of the unmodified (P35, red) and oxidized (P35 ox.,

black) polyurea. At the signals at 1,230 cm™ and 1,100 cm™ are ascribed to the sulfone moiety.

It is worth mentioning that, although polyureas P35-37 were not soluble in THF even at the

reaction temperatures of 65 °C, the desired oxidized polymer was still obtained.

Afterwards, the polysulfones were tested for solubility in common deuterated solvents to
allow NMR analysis. Unfortunately, none of the polysulfones could be dissolved, except for
P7 ox., which was measured in CDCls at highly diluted concentrations. The higher solubility of
P7 ox. in chloroform compared to the other polymers may result from the bulkier nature of
the limonene dithiol-based NIPU. The compared spectra of sulfide and sulfone are shown in

Figure 47.
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Figure 47 'H NMR spectrum of polysulfide NIPU (P7, black) and the respective oxidized polysulfone
NIPU (P7 ox., red).

Figure 47 suggests that the modification was near quantitative as the proton signals of the
methylene groups adjacent to the sulfide linkage at 2.42 ppm are small. Furthermore, the new
signals at 2.8-3.1 ppm are attributed to the new oxidized species as expected from a sulfone.
Also, the methyl groups, which previously ranged in a multiplet from 0.8 to 1.05 ppm, shifted
uniformly toward a single peak at 1.07 ppm. The urea proton shifted from 4.65 to 4.97 ppm,
showing significant broadening. Therefore, the method was successful, as confirmed by both
IR and NMR spectroscopy. The use of the more polar DMSO for both synthesis and NMR

analysis was avoided. The reason for not performing the reaction in DMSO is because this
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solvent is also readily oxidized by H.0; to the respective dimethylsulfone, which is a solid. As
for NMR analysis, none of the polysulfones were soluble in deuterated DMSO. Additionally,
the residual solvent signal at 2.5 ppm overlaps with the alkyl signals adjacent to the sulfide,

thus covering traces of unoxidized thioether in the polysulfone.

In the next step, both molecular weight and molecular weight distributions were determined
via SEC for all prepared polysulfones. Since the oxidized polymers were insoluble in THF, HFIP

(0.1 wt% potassium trifuoroacetate) was chosen as solvent. The results are shown in Table 27.
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Table 27 Molecular weight and dispersities of the polysulfides before and after oxidation with H,0,.

entry diene dithiol M, [g/mol] @ Py ?
P2 7,200 2.29
4 1,3 propane
P2 ox 4,600 2.50
P3 11,850 1.82
4 1,4-butane
P3 ox 3,800 2.69
P4 3,550 1.90
4 1,6- hexane
P4 ox 1,200 3.12
P7 5,800 1.77
4 limonene 11
P7 ox 7,400 1.56
P9 11,300 2.05
4 2,3-butane
P9 ox 6,000 1.72
P14 9,850 1.48
4 3,6-dioxa,1,8-octane
P14 ox 21,000 1.20
P15 10,10'-(hexane-1,6- 32,900 2.18
4
P15 ox diylbis(oxy))bis(decane-1-thiol) 9,400 1.94
P21 5,700 2.09
3 1,6-hexane
P21 ox 1,450 2.59
P35 4,850 2.32
9 1,6-hexane
P35 ox 2,050 3.52
P36 5,550 2.29
9 1,10-decane
P36 ox 3,500 2.14
P37 6,450 2.46
9 limonene 11
P37 ox 5,000 2.53
P43 1,4-butane 10,650 2.29
4
P43 ox limonene 11 17,250 1.52
P44 1,4-butane 9,250 1.74
4
P44 ox 2,3-butane 6,050 1.79
P45 1,4-butane 9,450 1.92
4 Butane-1,4-diyl bis(2-
P45 ox 2,700 1.78
mercaptoacetate)

3 HFIP-SEC calibrated with PMMA standards
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Using the same calibration as with polysulfides, polysulfones exhibited lower apparent
molecular weights in most cases, despite the anticipated increase due the oxidation process.
This behavior was explained by the stronger interactions caused by the sulfone moiety: in the
polysulfone, the additional oxygen atoms can provide both inter- and intramolecular dipole-
dipole interactions between chains. The sulfone macromolecules are expected to exhibit
increased attraction compared to the respective sulfides, ultimately leading to smaller
hydrodynamic radii and therefore retention times on the SEC setup that correspond to low M,
values. The only contradicting examples are limonene-bearing NIPUs (P7 ox. and P43 ox.). The
synthesis and post polymerization modification of the limonene-based polyurethane was
repeated to ensure the reproducibility of the experiment and the SEC evaluation. In both cases,
the molecular weight and the dispersity exhibited opposite behavior compared to the linear
sulfone NIPUs as the M, value increased, for instance from approximately 6 kg/mol to
7.5 kg/mol and the dispersity decreased from 1.8 to 1.6 for P7. The bulkier structure of the
limonene is assumed to partially disrupt the dipole interactions because of the steric hindrance

of the terpene moiety leading to the detection of an expected weight gain after the oxidation.

Lastly, the study of the thermal properties of the polymers was performed via DSC. In Table 28
the melting and glass transition temperatures of the polysulfones are directly compared to

their sulfide counterparts.
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Table 28 T;s and Tis before and after the oxidation of polysulfides with H,0,.

Entry @ T:[°C] Tm[°C]
P2 - 65.4
P2 ox - 187.7
P3 - 73.3
P3 ox - 163.5
P4 - 64.8
P4 ox - 154.8
P7 -22.9 -
P7 ox 41.3 -
P9 -30.0 -
P9 ox 30.0 -
P14 - 46.3
P14 ox. -34.1 -
P15 - 62.3
P15 ox - 128.9
P21 - 63.1
P21 ox - 152.5
P35 - 136.3
P35 ox 151.8 /179.2
P36 - 124.6
P36 ox 126.5 162.9
P37 - 63.8
P37 ox - 129.5
P43 -27.7 -
P43 ox 33.4 148.7
P44 -39.0 37.4
P44 ox - 153.3
P45 -42.9 62.6
P45 ox 50.2 152.1

3 Conditions: 5.00 eq. H,0; (30% aqueous solution), THF, 24 h, 65 °C.
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Based on the results listed in Table 28, significant changes in thermal transitions were
observed, with polysulfones exhibiting values greatly surpassing their polysulfide
counterparts. For instance, P3, a linear NIPU melting at 73 °C before oxidation, exhibited a

melting point of 164 °C after oxidation (Figure 48).
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Figure 48 DSC trace of the polysulfide P3 (black, above) and the respective polysulfone P3 ox. (red).

NIPUs prepared with sterically more demanding dithiols, like limonene or 2,3-butanedithiol,
formed viscous materials with Tgs below 0 °C (=23 and -30 °C, respectively). These polysulfides
exhibited much lower transitions compared to the oxidized polysulfone NIPUs, with new glass
transition temperatures being around 60 °C higher. The same effect was observed for all other
examples. When comparing the oxidation of P43-45, the modification had different impacts
on each polymer. P45 showed an expected increase for both Tz and Tm of 90 °C. However, in
P43, the glass transition was dominant in the DSC, which was not the case in its oxidized form,
for which a melting transition at around 150 °C was observed. For P44, the opposite effect
was observed: the sulfide copolymer composed of the 1,4- and 2,3- isomers of butanedithiol
possessed a distinctive Tz at =39 °C and a Tm at 37 °C, while only a higher T of 153 °C was
observed for the respective polysulfone. This suggests that the oxidation and increase of

polarity of the species by additional dipole-dipole interactions can weaken the intensity of the
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glass transition in favor of the melting transition. This is likely caused by the higher crystallinity
percentage in the polysulfone, since melting transitions are a property of crystalline regions
while glass transitions of amorphous domains. In order to confirm this hypothesis, additional
analytical methods to detect the glass transitions, e.g. TMA and DMA, will be employed in

future.

An exception is P14 as it behaves in an opposite fashion compared to all other polymers, both
in SEC and DSC experiments. First, the molecular weight increased by oxidation, however, it
was determined that the dipole interactions tend to lower the hydrodynamic radius of the
polysulfone compared to the polysulfide. One would assume that the ethylene glycol structure
might be the reason for this behavior, however, the thermal properties also changed
dramatically upon oxidation. In P14 ox. a Tg was observed at around -35 °C, while a melting
transition was not detected. Two possible explanations are a that either the NIPU was both
oxidized, as suggested by IR spectroscopy (see experimental section, chapter 5), and further
modified via an unknown reaction pathway that cannot be identified by IR alone, or the
melting point increased to temperatures above the measurement settings (200 °C). In a
publication of Zhang et al. in 2003, the authors reported that dipole interactions with PEG-
based resins cause physical crosslinking, decreasing the mobility of the chains.3”°! The
formation of crosslinking is therefore a plausible explanation for the second option, although
this hypothesis was not proven. Unfortunately, as P14 ox. was insoluble in all common
deuterated solvents, NMR analysis was not performed. Alternative analytical methods will be
attempted in future, such as solid state NMR or high temperature NMR spectroscopy.
Additionally, P14 ox. exhibits the texture of a colorless solid, however, as no Ty, was detected
via DSC, the degree of crystallinity is suggested to be determined via small angle- or wide angle

X-ray scattering (SAXS or WAXS).

Dicarbamate NIPUs P28-32 were not soluble in THF and could therefore not be oxidized.
Utilizing DMSO as solvent or co-solvent was also impossible as the hydrogen peroxide would
also transform the sulfoxide to dimethyl sulfone. Therefore, polymers prepared from

dicarbamate 6 were not utilized in this chapter.

Conclusively, the oxidation of polysulfides to polysulfones is a straightforward and green
method for the post-polymerization modification of NIPUs. The efficient conversion with

water as the only waste product makes it an optimal procedure for property tunability. In the
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future, the partial oxidation of the polysulfide NIPUs is expected to make even further
properties accessible, based on the average composition between sulfide, sulfoxide and
sulfone species. The thermal properties were tuned in ranges of more than 90 °C,
independently of the transition type, thus enabling possible applications at high
temperatures. With this method, polysulfide Tgs similar to poly(vinylidene fluoride) (PVDF, T
= -40 °C), plasticized poly(vinyl chloride) (PVC, Tg = -50 °C) or poly(propylene) (PP, Tg =-10 °C)
were increased to values resembling those of poly(butylene terephthalate) (PBT, Ty = 55 °C),
poly(amide 11) (PA, Tg = 35 °C) or poly(methyl pentene) (PMP, T = 20 °C) in polysulfones, all

of which are valuable commodity polymers.

4.2.14 Film casting

As previously mentioned (chapter 2.5.1), polyurethanes find applications in many fields, such
as foams and insulation materials. However, the main differences between industrially
produced polyurethanes and the polymers described in this work is the absence of networks
obtained via crosslinking and the presence of thioether linkages herein. In this chapter, a few
approaches have been tested to obtain films or different shapes from the synthesized NIPUs

for further applications and to evaluate material properties.

First, solution casting!3° was investigated because of the simplicity of this method, and P3
was chosen as a model compound for its good solubility in THF and chloroform. The sample
was dissolved in THF or chloroform, and solvent casting was applied on a glass plate. The
solution was subsequently heated in a vacuum oven until the solvent had completely
evaporated. Although almost no bubbles were observed in the final film, the material adhered
to the surface of the glass causing numerous fractures during its removal (Figure 49 A).
Therefore, the casting was repeated in a Teflon™ dish. However, the obtained films were
inhomogeneous and the evaporating solvent caused bubbles in the final film. The most
homogeneous films were obtained by heating the Teflon™ dish in an oil bath in the fumehood.
Most likely, the slightly decreased vapor pressure was optimal for the solution casting.
However, it was difficult to align the dish horizontally, hence, the obtained film possessed one

thicker side that also presented bubbles (Figure 49 B and C).
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Figure 49 Results of solvent casting of NIPU P3. A: on glass. B and C: on a Teflon™ dish and heating in

a vacuum.

To mitigate these issues, the pure polymer was ground into a fine powder and distributed
evenly on a Teflon™ dish and was then heated in an oven around 10 °C above the melting
temperature (at 85 °C) for approximately 1 h. The material was given time to spread evenly
across the dish. However, the final film was not homogeneous and bubbles were observed on
the surface. In another attempt, a vacuum oven was employed to avoid bubble formation,
because of the reduced pressure. Although the obtained film was more even, it was still too
inhomogeneous for mechanical testing. After cooling, the residual material was rather brittle
(Figure 50) leading to the conclusion that solvents like chloroform or THF are able to act as
plasticizers, thus yielding a film suitable for mechanical testing. Without any plasticizing agent,
the final material was only isolated as a brittle opaque disc. Similarly, NIPUs synthesized with

different monomers led to similar outcomes.
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Figure 50 Disc obtained after melt casting polymer P3 in the absence of solvent (A). The same disk was

kept near a light source to show the partial transparency of the sample (B).

The use of a hot press was considered for this task, however, the resulting material (P3) was
expected to exhibit high brittleness as with the melt-casting. An exception were the
polyurethanes produced from bulkier dithiols: NIPUs from limonene dithiol 11 and
2,3-butanedithiol, for instance, possess side groups bulky enough to prevent crystallization.
The respective polymers were, therefore, highly viscous and transparent, showing almost
adhesive properties, with a highly sticky consistency. In chapter 4.2.11 and 4.2.12, it was
shown that if a NIPU is synthesized from both a linear and a bulky dithiol, the thermal
transitions of both components are identified in the DSC. Therefore, it was assumed that the
same copolymers or block copolymers exhibit rubber-like mechanical properties by combining
the hard segments of P3 and the soft segments of the limonene-based P7.[8¢! To investigate
the mechanical properties, the casting of films of rectangular shape was performed utilizing a

hot press (Figure 51).
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Figure 51 Digital image of a hot-pressed NIPU copolymer (P43).

The samples were heated for 15 minutes at 10 °C above their melting temperature, to be
subsequently pressed at 2 bar for 2 minutes at the same temperature and subsequently for
around 1 hour while cooling. Qualitatively, the samples of P44 and 45 were both rubbery with
an opaque yellowish appearance, probably because of initial degradation derived by the long
exposure to heat. A difference in processability between random and block copolymers was
not observed, therefore, only the synthetically more simple copolymers were employed for
further testing to preserve valuable samples for future assessments. The hot pressed film of
the limonene-based NIPU P43 was more elastic and more transparent than all other samples.
The high elasticity is a sign of the glass transition being near room temperature, and the
transparent character is explained by the reduced crystallinity derived from the sterically

demanding limonene structure.

For the evaluation of the mechanical properties of the hot pressed polymers, stress-strain

testing was conducted to analyze the elasticity of the new materials.

4.2.15 Tensile testing

The six copolymers chosen for their mechanical testing are shown in Figure 52. Additionally,
the copolymer P43 was tested with both a 50% and 40% molar percentage of limonene for a

better understanding of the mechanical behavior of the synthesized NIPUs.
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Figure 52 The five thiol-based NIPU copolymers employed for tensile testing.

As mentioned in the previous chapter, P44 was qualitatively harder than the more elastic P43.
However, one major problem was encountered at the beginning of the tensile testing as the
specimen proved to be problematic during clamping. Only a few data points were obtained
from each measurement, as the sample either slipped or was fractured by the clamp during

further tightening. Meanwhile, copolymer P43 was clamped and measured without issues.

A typical stress-strain diagram of P43 is shown in Figure 53.
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Figure 53 Typical stress-strain diagram for P43. The E modulus was calculated from the slope of the

linear fit of the initial region.

The axis values were calculated with the following formulas (Equation 3, Equation 4):381

Equation 3
F [N]
t MPa| = ————
stress [MPa] A [em?]
Equation 4
. —
strain = x 100%
0

In Equation 3 and Equation 4, F represents the applied force, A the surface area of the sample,
I and lp the sample length at each timepoint and at the start of the experiment, respectively.
The stress-strain plot provides the Young modulus as the slope of the initial linear region.384
From the diagram, it was argued that the material behaves like a thermoplastic,33? with a
curve progression similar to that of low density polyethylene (LDPE) at room temperature. PUs

exhibit the same behavior at low weight percentages of hard segments.[383 Large elongations
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already at low applied force are also typical of polymers with broad amorphous regions and a
T lower than room temperature,384 as DSC measurements already confirmed for this NIPU
copolymer. This behavior derives from the mobility of the polymeric chains in the amorphous
domains. In summary, the maximal elongation of 300% was reached for the random

copolymer P43 at a force of 53 N, with an average Young’s modulus of 30 MPa.
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Figure 54 Stress-strain diagrams for P43-45 and P48-50. Some diagrams were plotted with a smoothing

option because of the low amount of data points in the initial region (e.g. P45 with two suitable data

points). The linear fit was performed on the experimental data points and not on the smoothened plot.

160



Results and discussion

The other random copolymers were analyzed under the same conditions as P43. However, as
mentioned before, the samples were more brittle than the elastic limonene-based NIPU. P44
and P45 showed maximal elongations around 2% before the polymer sample broke. It is worth
mentioning that the samples did not break in the middle but rather at the clamping position.
The obtained results until that point have been used for preliminary E modulus calculation
(Figure 54). However, the inaccuracy of the obtained data is expected to be high since the

weakening caused by the clamp most likely results in a lower Young’s modulus.

Nonetheless, a difference in the stress-strain slope between P44 and P45 was observed. The
average Young's modulus of 2,3-butanedithiol based NIPU was 63 MPa while changing the
second dithiol component to butane-1,4-diyl bis(2-mercaptoacetate) led to a lowered Young’s
modulus of around 45 MPa. This behavior was attributed to the longer backbone chain of the
diester monomer compared to the C; chain of the 2,3-butane structure. Furthermore, the
polarity increase endowed by the carbonyl groups of P45 as well as the related higher
probability of the carbamate to build hydrogen bonds between polymer chains contributed

less to tensile strength than shorter linkers between urethane functionalities.

To give further comparison, P43 was subjected to tensile testing with a limonene content of
40% instead of 50% in order to determine if the material was toughened by reducing the soft
segment percentage of the NIPU, while simultaneously retaining the stability of the previously
measured P43 (50 mol% limonene). The hot-pressed sample, which was already optically
similar to P44 and P45, was found to possess the same brittleness as the other two copolymers
with an average E modulus of 48 MPa. Although the measurements ended prematurely due
to the issue with the clamping, this material was more resistant towards elongation when
compared to P43 with a 1:1 molar composition of limonene and 1,4-butanedithiol. Since a
change of 10% molar content caused such a pronounced change in morphology, P43 should
be analyzed further on mechanical properties in future, especially in the range of limonene

dithiol percentage between 40 and 50%.

Furthermore, to determine the influence of the chain length of the repeating unit of the NIPU,
P48 and P49 were prepared in which the 1,4-butanedithiol component in P43 was switched
to 1,2-ethane- and 1,8-octanedithiol, respectively. Both materials were less elastic than P43
leading to similar brittleness as did P44 and P45. Only a few data points were collected before

the samples were fractured by the clamp. Nonetheless, the average E moduli differed from
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each other. P48, bearing the ethane chain, resulted in an average tensile modulus of 74 MPa,
more than twice as resistant to elongation than P43 (30 MPa). The increase was expected as
the carbamate functionalities are closer to each other in shorter repeating units. However,
P49 also resulted in a Young’s modulus of around 64 MPa surpassing the value for P43. This
behavior was explained by the lowered influence of the limonene structure on the suppression
of hydrogen bonding induced crystallization in a longer repeating unit, thus making the

material more rigid.

With a Cg linker, an increase of interactions between carbamate groups is achieved, as the
bulky terpene probably does not possess the required steric hindrance to block hydrogen
bonding over a long repeating unit. This assumption is valid only for the already reported 1:1
ratios between dithiols, as this effect is most likely tunable by increasing the limonene content
in P49. Under the described polymerization conditions, 1,4-butanedithiol offers the optimal
chain length in which the amorphous and crystalline regions, or rather the ratio between hard
and soft segments, are balanced in order to form an elastic material. Therefore, this system
will have to be analyzed thoroughly in the future by varying the monomer ratios of P48 and
P49. Additionally, experiments should include the synthesis of a random copolymer with 1,6-
hexanedithiol, possessing a different chain length between the 1,4-butane- and 1,8-

octanedithiol.

One last attempt to increase the resistance against elongation of the flexible P43 is described
by the stress-strain diagrams of P50. This random copolymer was prepared by adding two
different dithiols in the initial polymerization mixture as well as two different dienes. For this
purpose, it was decided to include 0.10 eq. of urea 9 in combination to 0.90 eq. of carbamate
4 to induce stronger hydrogen bonding interactions between polymer chains. However,
preliminary results suggested a 10% molar concentration of urea to cause the formation of a
material too brittle for tensile testing. After calculation of the slope of the initial region of the
stress-strain diagrams, an average Young’s modulus of 66 MPa, a value similar to P49, was
determined. The molar composition of P50 is therefore to be adjusted to contain less than
0.1 eq. of urea as diene component in order to avoid the material to become too brittle for

further applications.

Conclusively, seven different random copolymers were analyzed via stress-strain experiments

to determine the respective tensile modulus to gain further insights on material properties for
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further application. A 1:1 dithiol ratio was determined to be optimal for the preparation of the
rubber-like NIPU P43 produced from carbamate 4, 1,4-butanedithiol and limonene dithiol 11,

which showed properties of a typical elastic material.

Under the same polymerization conditions, polymers P44, P45 and P48-50 were too brittle to
be employed as elastic materials, showing E moduli between 45 and 80 MPa. Lowering the
limonene content to 40% or exchanging 10% of carbamate 4 with urea 9 led to similar results,
with the material breaking at low strains. However, the investigated materials show great
potential for the development of tunable materials with a variety of promising properties, just

by varying monomers and their molar composition as suggested in the previous paragraphs.

However, apart from elasticity, for many applications it is desirable for the elastomer to
exhibit a high tensile strength. A strong PU material is defined by its hard segments, more
specifically on the hydrogen bonds and the crystallinity, however, often at the cost of
brittleness, as seen with the random copolymers P44, P45 and P48-50. In brittle samples it is
common to add plasticizer to make the material more ductile by increasing the elasticity. In
the same way, additives such as the bioderived cellulose nanocrystals (CNCs) present an
opportunity to increase the tensile strength in rubbery materials, as P43 will be described in

the subsequent section.

4.2.16 Cellulose nanocrystals (CNCs) as additives

Material properties are readily tuned by including different types of, for example plasticizers,
flame retardants and many others, as explained in the theoretical background in
chapter 2.5.1. For an elastic material, it is common to employ additives that offer
strengthening. For this work, cellulose nanocrystals (CNCs) were explored. CNCs are obtained
from the acid hydrolysis of cellulosic feedstock such as cotton, thus making them a renewable
candidate additive. Additionally, it has been shown that the presence of CNCs in polymeric
composites leads to an increased rigidity of the final material, increasing the Young’s modulus
in an almost linear fashion with the added CNC weight percentage.*®®! However, most
composites are limited to low CNC weight fractions as the percolation threshold 138! js easily
exceeded causing the CNCs to agglomerate and form crystalline domains ultimately leading to

brittle materials.[3851.(387]
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Another advantage of the mentioned composites is the fact that, through dissolution of the
polymer, the CNCs can be separated from the polymer and reused. However, for common
polymeric materials, melting or dissolution are needed for processing, two methods which
often cause phase separation and aggregation of the CNCs. This ultimately causes brittleness
and introduces inhomogeneities in the processed material. In this line of thought, if the CNCs
are covalently connected to the NIPUs, the overall strength should not decrease even after
heating or after more cycles of solvent casting. Therefore, in a thiol-ene polymerization, CNCs
modified with side chains bearing double bonds, for instance with unsaturated fatty acids,

represent an optimal option for the binding of the crystals to the polymer.

During a three-month visit at the Adolphe Merkle Institute (AMI) in Fribourg, one of the
projects included the modification of CNCs with fatty acids. The CNCs were provided by the
Weder group and prepared by acid hydrolysis with sulfuric acid. The procedure was
furthermore inspired by a previous publication from our group featuring the modification of
cellulose with high oleic sunflower oil (HOSO).3%8! The main component of the oil, the
triglyceride, was transesterified under basic conditions to yield the cellulosic ester of oleic
acid.l38] However, as the CNCs rod-like structure was to be maintained, they were not
dissolved but first sonicated in distilled water in order to perform a solvent exchange from
water to ethanol, from ethanol to acetone and from acetone to the oil. The solvent exchange
procedure reduced the agglomeration of the nanocrystals compared to direct addition to the

triglyceride.

After the solvent exchange, the initial synthetic conditions applied for transesterification of
CNCs with oils were similar to the above-mentioned publications,®88 with 1.00 eq. base at
115 °C for 24 h, without DMSO and CO;. The two employed oils were HOSO and epoxidized
soybean oil (ESBO). ESBO was chosen for further possible post-modifications not involving
double bonds, for instance the ring-opening of the oxiranes with different nucleophiles
(curing). After the reaction, the crude product was purified via multiple washing steps with
different organic solvents, like acetone and ethyl acetate. The IR spectrum of the dried solid
suggested the presence of residual DBU (1,640 cm™) on the cellulose and traces of carbonyl
species at ca. 1,730 cm™ (Figure 55, B). The product was additionally washed with ethanol five
times, leading to the disappearance of both the DBU and carbonyl signals, confirming that

transesterification did not occur.
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Figure 55 Schematic representation of CNC-modification with triglycerides with DBU as catalyst (A). IR
spectra at different reaction times with the saccharide ester signals highlighted (B). IR spectra of the

purified products at different reaction times. The addition of 2.00 eq. of DBU was performed after 96 h
(C).

The low intensity of the carbonyls indicated the inefficiency of this method as also the
variation of the reaction conditions, like temperature (100-130 °C), reaction time (12-120 h)
and CNC concentration (2-5 wt%) did not improve the carbonyl intensity, based on IR
measurements. A small enhancement in DS was achieved by increasing the equivalents of base
as seen in Figure 55 (C). During the reaction, two equivalents of DBU were added after 96 h
(green trace), leading to a more distinct carbonyl signal in the next sample (purple trace).
However, after evaluation of the elemental analysis (Equation 6), the degree of substitution

(DS) was calculated to be low (<0.1).

DS determination was performed via elemental analysis.[33° The utilized formula for DS

calculation is shown below (Equation 5, Equation 6):
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Equation 5

_ 12.011x (6 + Y. DS;n;)
T 12,011 x (6+ XL DS;n) +1.008 X (10+ Y2 X DS;(n; — 1)) +15.999 x (5 + % DS,)

C

Equation 6

5.13766 —11.5592 x C

DS = 0.996863 x € — 0.856277 xn +nC

The values for C and n are given by the carbon content and the amount of carbon atoms of
the substituent of the elemental analysis, respectively. Equation 5 is the formula for the
carbon content of a sample and is valid for the modification to one or more different ester
types (ni). However, if only one acid is used during the esterification (i= 1), then the equation

is solved to yield Equation 6.

Performing the reaction with ESBO did not change the result for the modification of CNCs.
Epoxide signals were also not detected during IR measurement, indicating a poor conversion
or/and the instability of oxirane rings towards the reaction conditions. The calculated DS was

similar as for the approach with HOSO (ca. 0.08).

Since neither conversion nor DS showed any signs of improvement after increasing time
(144 h) and base equivalents (5.00 eq.) even further, the transesterification was attempted by
directly using the methyl ester of a fatty acid. For this purpose, methyl-10-undecenoate was
chosen as model compound, since the terminal double bond offers a higher reactivity
compared to disubstituted unsaturated bonds, for instance for thiol-ene modifications. IR
results showed again low reactivity of the methyl ester towards the transesterification of the
CNCs, even with a 10-fold excess of carbonyl compound. The route was therefore abandoned

in favor of a traditional esterification.

The model compound chosen was 10-undecenoic acid, because of its sustainable source, as it
is obtained by pyrolysis of ricinoleic acid. A first approach included a classical esterification
under acidic conditions. The reaction was monitored via IR spectroscopy. Even after numerous
days and optimization of the parameters, such as temperature (90-115 °C) and concentration
(1.5-5 wt%), as well as an optimization of the workup procedure, the ester signal was only

visible at low intensities indicating that low DSs were obtained.

As a last alternative, a modified procedure from Ushanov et al.3° was attempted, in which
freeze-dried CNCs were added to a mixture consisting of p-tosyl chloride and undecenoic acid
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followed by the subsequent addition of pyridine (Scheme 36). The reaction mixture was

stirred for 2 hours at 50 °C under nitrogen atmosphere.

O
OH undecenoic acid )W
TN, !
-0 -
. o)
OH Py HO o..

Scheme 36 Schematic representation of the functionalization of CNCs with 10-undecenoic acid.

The work up consisting of multiple washing steps with ethanol and water was fortified by an
additional Soxhlet extraction in ethanol. The obtained powder was analyzed qualitatively by

IR after drying in vacuo (Figure 56).
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Figure 56 IR spectra of 10- undecanoic acid (blue), the pure CNCs (black) and of the 10-undecenoic

acid—modified CNCs (red).

The DS of the undecenoate-functionalized CNCs was calculated to be 0.12, with a maximum
possible value of less than 113°1 as two of the three hydroxyl groups of CNCs are oriented
inside the structure of the nanocrystals and the OH groups on the surface are partially
sulfonated. The sulfonated groups are formed during the synthesis of the CNCs, more
specifically during the acid hydrolysis of cellulose with sulfuric acid.[*? Nonetheless, the
properties of the modified CNC-undecenoate largely vary from the pure CNCs, even with low
amounts of side chains. First, CNC-undecenoate nanocrystals were found to be hydrophobic
as they were impossible to redisperse in water, even after extensive sonication. THF, however,

was able to produce a dispersion in just a few minutes of sonication. The resulting mixture
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was stable for ca. 10 to 15 minutes before some sedimentation was observed. Via this
method, it is therefore possible to covalently bind these modified CNCs to a NIPU in a one-pot
thiol-ene polymerization, without the risk of causing phase separation or agglomeration of the
CNCs. Thus, after the end of the visit at the Adolphe Merkle Institute, the CNC-NIPU

composites were prepared via thiol-ene polymerization.

The NIPU was synthesized in the same manner as previously described in chapter 4.2.11. The
undecenoate-modified CNCs were mixed with carbamate 4 before the addition of DMPA and

dithiols in form of a THF suspension (Scheme 37).
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Scheme 37 Synthetic pathway for the synthesis of the random NIPU copolymer P43 with different

amounts of modified CNCs as covalently bonded additives.

Afterwards, the reaction mixture was allowed to react overnight to ensure high conversions.
CNC concentrations of 1.5, 3 and 5 wt% were chosen with the goal to evaluate the mechanical
properties of the composites. As the CNCs are not soluble in any solvent but are instead

dispersed, solvent-based analytical methods like NMR spectroscopy and SEC were not
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performed since it does not offer any insights on the conversion of the modified CNCs. IR

spectroscopy and DSC analysis of the composites did not show any difference compared to

the pure P43 copolymer, supposedly because of the low CNC concentration (max. 5 wt%).

After workup and subsequent drying, the materials were hot pressed at 85 °C and subjected

to tensile testing under the same conditions as the respective NIPU counterpart (random

copolymer P43) (Figure 57).

It is worth mentioning that the opaque rectangular shapes containing CNCs were qualitatively

more rigid than the counterpart without additives but also less flexible.
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Figure 57 Stress strain diagrams for 0, 1.5, 3, and 5 wt% CNC-undecenoate in copolymer P43.
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Figure 58 Comparison of the initial region for all tested CNC-undecenoate-containing P43 composites.

Results showed a shortening of the elongation at break, decreasing from around 300% to just
8% (Figure 57). Simultaneously, the E modulus calculated form the slope of the initial region
of the plot increased (Table 29, Figure 58). This behavior was anticipated on the basis of

previously published works on the CNC-induced strengthening of materials.[3%3

Table 29 E modulus and max. elongation at break of P43 composites with different concentrations of

modified CNCs.

CNCs [wt%] E modulus [MPa] Elongation at break [%]
- 20 300
1.50 23 65
3.00 33 27
5.00 50 8

Conclusively, 10-undecenoic acid—modified CNCs with a DS of 0.12 were prepared and used
as covalent additives in the limonene-based random copolymer P43. Results showed that by
increasing the concentration from 1.5 to 5 wt% of CNC-undecenoate led to a decrease of the
maximal elongation, while simultaneously increasing the E modulus of the copolymer.
Therefore, this approach represents a good method for the strengthening of rubber-like

materials in a straightforward way with renewable additives derived from cellulose.

171



Results and discussion

4.2.17 Conclusions and outlook

The first sections of this chapter described the sustainable synthesis of carbamate dienes via
the one-pot TBD-catalyzed Lossen rearrangement of fatty hydroxamic acids, like
10-undecenoic and oleic acid, in the presence of diallyl carbonate and allyl alcohol. The
advantage of this method lies not only in the efficiency of the procedure, but also in the simple
isolation of the respective useful diene byproducts, the symmetric ureas. In order to produce
fully renewable polyurethanes via thiol-ene polymerization, dithiols from renewable
materials, like limonene and 1,4-cyclohexadiene, were synthesized in a two-step pathway and

isolated in high yields (70-95%).

Afterwards, an optimization of the reaction conditions was performed for the system
composed of carbamate 4 and 1,4-butanedithiol in order to achieve high molecular weights.
It was found that the maximum molecular weight was obtained in a 5 mol/L system in THF at
room temperature under UV irradiation (365 nm). The same parameters were used for the
photopolymerization of carbamate dienes with both renewable and commercially available
dithiols. The obtained NIPUs were analyzed by HFIP-SEC and DSC. The linear dithiols led to
NIPUs with melting points ranging from 60 °C to 100 °C, while more bulky monomers like
limonene dithiol 11 formed transparent viscous NIPUs with glass transition temperatures
below -10 °C. Further thermal property tuning was achieved by employing dithiols with
additional functionalities, like ethers, alcohols and esters. For instance, NIPUs including esters
in the backbone exhibited Tgs around -50 °C, while the polar alcohols raised the melting

temperature of the macromolecule by ca. 30 °C via increased hydrogen bonding.

Another approach was presented by preparing and polymerizing more polar non-fatty acid—
based carbamate dienes, like the bis-allylcarbamate 6 and allylcarbamate 3 with the already
discussed dithiol monomers, confirming the efficient property variation by exchanging the
diene component. The thermal data was compared, resulting Tgs and Tms were higher by a
range of 40 °Cto 70 °Cwhen 6 was employed, due to increased hydrogen bonding interactions
derived from the second carbamate unit. NIPUs consisting of 3 showed higher transitions (T
and Tr) than polymers derived from 4, caused by the higher polarity of the shorter carbamate
3. Polarity also led to overall lower molecular weights since the more polar NIPUs precipitated

early from the reaction solvent, THF.
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The aforementioned urea side product 9, which also possesses terminal alkene groups on each
side of the moiety, was also polymerized in a similar fashion. The more polar urea led to
polyureas with M, values up to 10 kg/mol, whose detected melting temperatures were in the
region between 115 °C and 150 °C, depending on the employed linear dithiol. The use of
sterically hindered terpene dithiols or more sterically demanding alkyl chains led to Tms below

100 °C.

In order to showcase the straightforward nature of the experimental setup, mixtures of
monomers were prepared and led to copolymers. Therefore, diene-based copolymers were
prepared by mixing two dienes in the same pot, combining the properties of both components
into one macromolecule. The same approach was also applied for dithiol-based NIPU
copolymers, where polymers exhibiting both glass and melting transitions were obtained. This
combination was exploited to create copolymer NIPUs exhibiting a range of physical
properties between the powdery polymers P1-6 and the viscous NIPUs obtained from bulky
dithiols (P7-9) or ether dithiols (P17, P18), leading to flexible polymeric materials. The six
copolymers P43-45 and P48-50 were successfully hot-pressed and the E-moduli were
calculated after tensile testing. Especially P43, composed of carbamate 4, and an equimolar
ratio of 1,4-butane- and limonene dithiol 11, demonstrated interesting elastic properties with
great potential for applications requiring elastic rubber-like materials. Undecenoate-modified
CNCs were introduced in four different concentrations as covalent additives in the same
random copolymer, increasing the E-modulus of P43, while simultaneously reducing the

maximal elongation.

During the thermal analysis of the random copolymers consisting of two different thiol
monomers, it was observed that transitions derived from one dithiol monomer were
dominant, thus hindering the detection of Tgs or Tms of the second dithiol. For instance, P43,
which consists of repeating units of P3 and P7, exhibited only the T; typical of P7 during DSC
analysis. In order to determine the influence of both dithiol species in the copolymers, a
straightforward approach was tested by synthesizing block copolymers. Three different block
copolymers (BP43-45) were produced by thiol-ene “click” reaction of two polymers, which
were previously end group-functionalized with either thiol or alkene groups. The synthetic
efficiency of this method was confirmed by SEC and DOSY-NMR, while and the thermal

transitions of all prepared block copolymers BP43-45 were analyzed via DSC. The DSC traces
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proved the presence of all expected transitions derived from the respective integrated blocks,
more specifically the thermal properties of P3 (Tm=73.3°C) and P7 (Tz=-22.9°C) in
BP43 (T;=-28.1°C, Tm=57.7°C), of P3 and P9 (T;=-28.8°C) in BP44 (T;=-32.6°C,
Tm=80.5 °C). and of P3 and P18 (Ty=-25.7 °C, Tm=22.0, 49.5°C) for BP45 (Tz=-36.1"°C,
Tm=25.8,52.2,64.5 °C).

Lastly, the post-polymerization modification of NIPUs and polyureas was achieved via the
facile oxidation with H,0 in THF. The transition from polysulfides to polysulfones was verified
by IR and *H NMR spectroscopy and the increase of all thermal transitions caused by additional

dipole-dipole interactions was confirmed via DSC analysis.

Subsequent research on thiol-ene derived NIPUs, as well as on NIPU random and block
copolymers, can be performed in a wide range of parameters based on the employed
monomers and their ratios to get the desired composition between hard and soft segments.
For instance, the use of more sterically demanding dithiols is promising for the preparation of
the soft segments of the NIPU, while more polar dithiols and dienes are optimal for the specific
design of hard segments. In addition, after the optimization of the NIPU compositions for
suitable polymer properties, the thermomechanical analysis of the resulting materials by
rheology and DMA is considered important. By analyzing the influence of frequency and
temperature on the mechanical properties of the synthesized NIPUs, a comparison between
these prepared materials and other known commodity polymers will be made in order to
introduce fully renewable sourced NIPUs with widely tunable properties in the market, while

simultaneously providing a replacement to toxic alternatives.

While the efficiency of additives was confirmed by introducing CNCs in the polymer, many
other additive classes exist and are expected to tune the NIPU properties even further, such
as plasticizers or fillers. For instance, the use of plasticizers was not explored in this work.
However, plasticized NIPUs, especially polymers with hard segment dominance, are expected

to exhibit interesting mechanical and thermal properties.

To conclude, the thiol-ene polymerization of sustainable carbamate and urea dienes in
combination with dithiols derived from either renewable feedstock or from commercially
available sources was confirmed to constitute a stable and flexible polymerization method for
the formation of NIPUs and polyureas. The advantages of the proposed procedure include the

main benefits of the “click” properties of the thiol-ene reaction as well as the facile adjustment
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of properties by synthesizing random and block copolymers and the possibility for “green”

post-polymerization modifications in order to further tune the polymer properties.
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5 Experimental section

5.1 Experimental section — CO,-catalyzed Lossen rearrangement

5.1.1 Materials

Succinic acid (99%, Acros Organics), Stearic acid (95%, Sigma-Aldrich), Oleic acid (90%, Sigma-
Aldrich), 10-undecenoic acid (98%, Sigma-Aldrich), adamantane carboxylic acid (98%, Acros
Organics), methyl caprate (98%, Acros Organics), methyl isobutyrate (99%, Sigma-Aldrich),
methyl erucate (90%, CRODA), methyl benzoate (99%, Sigma-Aldrich), dimethyl sebacate
(99%, Sigma-Aldrich), dimethyl adipate (99%, Sigma-Aldrich), dimethyl tetradecanedioate
(98%, TCl), methyl-p-anisate (99%, Sigma-Aldrich), methyl-4-chlorobenzoate (99%, Sigma-
Aldrich), methyl-p-toluate (99%, Sigma-Aldrich), methyl-3,4,5-trimethoxybenzoate (98%,
Sigma-Aldrich), methyl salicylate (99%, Sigma-Aldrich), methyl-4-nitrobenzoate (99%, Sigma-
Aldrich), dimethyl malonate (98%, Sigma-Aldrich), methyl linolenate (70-80%, Sigma-Aldrich),
acetic acid (glacial 96%, ROTH), potassium hydroxide (Bernd Kraft GmbH), TBD (98%, TCl),
DABCO (99%, Sigma-Aldrich), DBN (98%, abcr), DBU (98%, TCl), K2CO3 (99%, Sigma-Aldrich),
hydroxylamine hydrochloride (97%, ACROS Organics), hydroxylamine solution (50 wt% in H20,
abcr), DMSO (Acros Organics, anhydrous; Fisher Scientific, 99.9%), cyclohexane and ethyl

acetate were used in above technical grade.

5.1.2 Analytical methods

Thin layer chromatography (TLC)-identifications of reactants and products were performed
on silica gel coated aluminum foil (silica gel 60, F254 with fluorescence indicator) from Aldrich.
Compounds were visualized by Seebach reagent (mixture of phosphomolybdic acid,
cerium(lV)-sulfate, water and sulfuric acid) or potassium permanganate staining solution

(mixture of potassium permanganate, potassium carbonate, sodium hydroxide and water).

High Resolution Electron ionization (HR-EI) and fast atom-bombardment (FAB) mass spectra

were recorded on a Finnigan MAT 95 instrument.

Electrospray-lonisation Mass Spectrometry (ESI-MS) mass spectra were recorded on a Q

Exactive (Orbitrap) mass spectrometer (Thermo Fisher Scientific, San Jose, CA, USA) equipped
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with an atmospheric pressure ionisation source operating in the nebuliser assisted

electrospray mode. The protonated molecular ion is expressed by the term: [M + H]*.

'H and 3C NMR spectra were recorded on BRUKER Avance DPX spectrometer with a 5-mm
dual proton/carbon probe (400 MHz). All spectra were measured at ambient temperature.
The chemical shift for *H NMR spectra was reported in parts per million (ppm) and referenced
to characteristic solvent signals of partly deuterated solvents e.g. CDCl3 at 7.26 ppm. 3C NMR
spectra were reported in ppm relative to characteristic signals of partly deuterated solvents,
e.g. the centroid peak of the CDCls triplet at 77.2 ppm. The spin multiplicity and corresponding
signal patterns were abbreviated as follows: s = singlet, d = doublet, t = triplet, q = quartet,
quint. = p, sext. = h, m = multiplet and br = broad signal. Coupling constants J were noted in

Hz.

Gas chromatography (GC) was performed on a Bruker 430 GC instrument equipped with
capillary column FactorFourTM VF-5 ms (30.0 m x 0.25 mm x 0.25 um), using flame ionization
detection (FID). The oven temperature program was: initial temperature 95 °C, hold for 1 min,
ramp at 15 °C min™t to 220 °C, hold for 4 min, ramp at 15 °C min' to 300 °C, hold for 2 min,
ramp at 15 °C min™? to 325 °C, hold for 3 min. Measurements were performed in split-split

mode using nitrogen as the carrier gas (flow rate 30 mL min).

Gas Chromatography — Mass Spectrometry (GC-MS) electron impact (EI) measurements were
performed on the following system: a Varian 431 GC instrument with a capillary column
FactorFour VF-5 ms (30 m x 0.25 mm x 0.25 mm) and a Varian 210 ion trap mass detector.
Scans were performed from 40 to 650 m/z at rate of 1.0 scans s*. The oven temperature
program was: initial temperature 95 °C, hold for 1 min, ramp at 15 °C min to 220 °C, hold for
4 min, ramp at 15 °C min'! to 300 °C, hold for 2 min. The injector transfer line temperature
was set to 250 °C. Measurements were performed in the split — split mode (split ratio 50:1)

using helium as carrier gas (flow rate 1.0 mL min?).

Online infrared (IR) spectroscopy screening was performed with a React IR 702 detector
(MettlerToledo) and a DST 6.35 x 1.5 m DiComp probe coupled to a Parr 130 mL pressure
vessel. The spectra were recorded at a rate of 2 spectra mint in a range of 650-3000 cm™. The

temperature was set via a Parr temperature controller of the type LTR 2500.
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5.1.3 General procedure for the synthesis of methyl esters

The carboxylic acid (1.00 eq.) was dissolved in methanol (10.0 — 20.0 eq.), following the
addition of catalytic amounts of sulfuric acid (0.10 eq.). Afterwards the reaction mixture was
heated to reflux for at least six hours. The solution was allowed to cool down to room
temperature and NaHCO3 was added until the solution reached pH 7. The formed salt was
filtered off and the solution was evaporated under reduced pressure. The residue was
dissolved in ethyl acetate and washed thrice with saturated NaHCOs solution. The organic
phase was subsequently washed with water and brine and dried over Na;SO4. The crude
product was further purified by flash column chromatography (cyclohexane/EA 4:1) over basic

aluminium oxide.
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Methyl-10-undecenoate

13

The esterification of 10-undecenoic acid (1.00 eq.) with excess methanol catalyzed by H2S04

(0.10 eq.) led to the formation of methyl-10-undecenoate as light-yellow liquid (88%).

14 NMR (CDCls, 400 MHz) 6= 1.22 — 1.40 (m, 10 H, 5 CH,%%), 1.60 (p., J = 7.2 Hz, 2 H, CH,?),
2.02 (q,) = 6.2 Hz, 2 H, CH23), 2.28 (t, J = 7.4 Hz, 2 H, CH,%9), 3.65 (s, 3 H, CH3%),4.87 — 5.02
(m, 2 H, CH2?), 5.79 (tdd, J = 17.0 Hz, 10.4 Hz, 6.6 Hz, 1 H, CH?) ppm.

13C NMR (CDCI3, 100 MHz) & = 24.9 (CH,?), 28.8 (CH2%), 29.0 (CH,5%), 29.1 (CH,5%),
29.1 (CH258), 29.2 (CH259), 33.7 (CH19), 34.0 (CH,3), 51.4 (CH3%),114.1 (CH,?), 139.1 (CH?),
174.2 (CO?) ppm.

HRMS-EI-MS of C12H2,0; [M+H]* calculated: 198.1614, found 198.1617.
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Figure 59 'H NMR spectrum of methyl-10-undecenoate (CDCls, 400 MHz).
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Methyl stearate
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The esterification of stearic acid (1.00 eq.) with excess methanol catalyzed by H,S04
(0.10 eq.) led to the formation of methyl stearate as white solid (94%).

14 NMR (CDCls, 400 MHz) 6= 0.80 (t, J = 7.1 Hz, 3H, CH3l), 1.14 — 1.26 (m, 28H, CH,>1%), 1.55
(p., J = 7.4,7.0 Hz, 2H, CH,%®, 2.23 (t, J = 7.5 Hz, 2H, CH,'7), 3.60 (s, 3H, CHs2) ppm.

13C NMR (CDCls, 100 MHz) 8= 14.1 (CHsY), 22.7 (CH,2), 24.9 (CH,%6), 27.1 (CH&1), 27.2 (CH&1),
29.2 (CH2*5), 29.3 (CH2*S), 29.4 (CH2*S), 29.5 (CH2*5),29.6 (CH2*15), 29.7 (CH,*15), 29.7
(CH2*15), 29.7 (CH2*15), 31.9 (CH,3), 34.1 (CH,'), 51.4 (CHs2Y), 174.3 (CO8) ppm.

HRMS-EI-MS of Ci19H3802 [M+H]* calculated: 298.2866, found 298.2868.
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Figure 60 'H NMR spectrum of methyl stearate (CDCls, 400 MHz).
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Methyl-adamantane-1-carboxylate

The esterification of adamantane-1-carboxylic acid (1.00 eq.) with excess methanol catalyzed
by H2S04 (0.10 eq.) led to the formation of methyl-adamantane-1-carboxylate as colorless

solid (78%).

1H NMR (CDCls, 300 MHz) 6= 1.69 (t, J = 15.2 Hz, 6H, CH,%*6), 1.86, (d, J = 3.0 Hz, 6H, CH,719),
1.99 (p., J = 3.3 Hz, 3.1 Hz, 3H, CHY35), 3.62 (s, 3H, CH3!4) ppm.

13C NMR (CDCls, 75 MHz) &= 27.9 (CH3>), 36.5 (CH,%>*®), 38.9 (CH,"%19), 40.7 (C°),
51.5 (CHs), 178.2 (CO'8) ppm.

HRMS-EI-MS of C1,H1802 [M]* calculated: 194.1301, found 194.1300.
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Figure 61 'H NMR spectrum of methyl-adamantane-1-carboxylate (CDCls;, 400 MHz).
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Methyl oleate
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The esterification of oleic acid with excess methanol catalyzed by H.SO4 (0.10 eq) led to the

formation of methyl oleate as colorless liquid (92%).

1H NMR (CDCls, 300 MHz) 6= 0.87 (t, J = 6.2 Hz, 3H, CH31), 1.26, (m, 20H, CH,271215), 1.59 (p.,
J=7.2 Hz, 2H, CH,%6), 1.97 (m, 4H, CH,%11), 2.27 (t, J = 7.6 Hz, 2H, CH>'7), 3.63 (s, 3H, CH321),
5.31 (m, 2H, CH?%%) ppm.

13C NMR (CDCls, 75 MHz) &= 14.1 (CHs'), 22.7 (CH2?), 24.9 (CH,'®), 27.1 (CH®™), 27.2 (CH31Y),
29.1-29.7 (CH*7121%), 31.9 (CH23), 34.0 (CH27), 51.5 (CH32), 129.7 (CH>™9), 129.9 (CH>19),
174.2 (CO*8) ppm.

HRMS-EI-MS of C19H360; [M+H]* calculated: 296.2710, found 296.2709.
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Figure 62 H NMR spectrum of methyl oleate (CDCls;, 400 MHz).

186



Experimental section

Dimethyl succinate

O 7
9
The esterification of succinic acid (1.00 eq.) with excess methanol catalyzed by H2SO4
(0.10 eq.) led to the formation of dimethyl succinate as colorless liquid (91%).
1H NMR (CDCls, 400 MHz) &= 2.59 (s, 4H, CH,*5), 3.65 (s, 6H, CH38) ppm.
13C NMR (CDCl3, 100 MHz) &= 28.8 (CH,*%), 52.8 (CH3%#), 172.7 (CO3%) ppm.

ESI-MS of CcH1104 [M+H]" calculated: 147.0652, found 147.0651.

T T T T " T T T T T " T " T T T T 1
7.5 7.0 6.5 6.0 555045 40 35 3025201510 0.5 0.0
5 [ppm]

Figure 63 'H NMR spectrum of dimethyl succinate (CDCls, 400 MHz).
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5.1.4 General procedure for the synthesis of hydroxamic acids

Most hydroxamic acids were prepared with the procedure from Kreye et al.[*>%]

The methyl esters (1.00 eq.) were suspended with hydroxylamine hydrochloride (3.00 eq.) in
methanol. After the addition of potassium hydroxide (6.00 eq.), the reaction mixture was

stirred for the selected amount of time under reflux conditions.

After full conversion was determined via GC, the reaction mixture was acidified with 25%
acetic acid solution to pH 4. After removing all solvents under reduced pressure, the solid
residue was dissolved in an ethyl acetate/water mixture (4:1). The organic layer was separated
and dried over Na>SOas. The solvent was evaporated and the crude product recrystallized (from

ethyl acetate/hexane mixtures).

In case of dimethyl succinate, malonate and adipate, the hydroxamic acid was prepared by
mixing the diester in 2.10 eq. hydroxylamine solution (50 wt% in H20) and stirring for 48 h at
room temperature. The product was then collected by filtration after the addition of an

antisolvent (ethanol) or after crystallization at 4 °C.
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N-Hydroxyoleamide 1a
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The reaction of methyl oleate (1.00 eq.) with hydroxylamine hydrochloride (3.00 eq.) and
potassium hydroxide (6.00 eq.) for 20 h under reflux conditions led to the formation of pure
N-hydroxyoleamide 1a (65%) in form of a colorless crystalline solid. The crude product was

purified by recrystallization from ethyl acetate/hexane (1:5).

14 NMR (CDCls, 300 MHz) 6= 0.88 (t, J = 6.9 Hz, 3H, CHs%), 1.21-1.38 (m, 20H, CH,2712:15),
1.62 (p.,J = 7.4 Hz, 7.1 Hz, 2H, CH,'6), 2.01 (dt, 8.9 Hz, 6.5 Hz, 6.1 Hz, 4H, CH,®1Y),
2.13 (t, ) = 7.7 Hz, 2H, CH,Y7), 5.34 (m, 2H, CH%°), 9.14 (s, br, 2H, NH2, OH2%) ppm.

3C NMR (CDCl3, 75 MHz) 6 = 14.1 (CH3") ,22.7 (CH2?), 25.5 (CH2™), 27.2(CH.*™),

29.1 (CH,471215) 29.2 (CH,4712:15), 29.2 (CH,*712-15), 29.3 (CH,471215), 29.3 (CH,4712:15),
29.5 (CH2*71215), 29.7 (CH,*7121), 29.8 (CH,*7121%), 31.9 (CH>?), 33.0 (CH,Y7), 129.7 (CH1),
130.0 (CH%19), 172.1 (CO) ppm.

HRMS-EI-MS of C1gH3sNO> [M+H]* calculated: 298.2741, found 298.2741.
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6 [ppm]

Figure 64 'H NMR spectrum of 1a (CDCls, 400 MHz).
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N-Hydroxydecanamide 1b

The reaction of methyl decanoate (1.00 eq.) with hydroxylamine hydrochloride (3.00 eq.) and
potassium hydroxide (6.00 eq.) for 20 h under reflux conditions led to the formation of pure
N-hydroxydecaneamide 1b (72%) in form of a colorless crystalline solid. The crude product

was purified by recrystallization from ethylacetate/hexane (1:5).

1H NMR (DMSO-ds, 300 MHz) 8= 0.84 (t, J = 6.9 Hz, 3H, CH31), 1.23 (m, 12H, CH27),
1.47 (p., J = 7.1 Hz, 6.6 Hz, 2H, CH.8), 1.92 (t, J = 7.6 Hz, 2H, CH,°), 8.77 (br, s, 1H, NH),
10.16 (br, s, 1H, OH*?) ppm.

13C NMR (DMSO-ds, 75 MHz) & = 14.4 (CHs!), 22.6 (CH2?), 25.6 (CH2%), 29.1 (CH.*7),
29.2 (CH2*7), 29.2 (CH2*7), 29.4 (CH2*7), 31.8 (CH23), 32.7 (CH,®), 169.5 (CO%°) ppm.

HRMS-EI-MS of C10H22NO2 [M]* calculated: 188.1645, found 188.1643.
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Figure 65 'H NMR spectrum of 1b (DMSO-ds, 300 MHz).
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(Z)-N-Hydroxydocos-13-enamide 1c
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The reaction of methyl erucate (1.00 eq.) with hydroxylamine hydrochloride (3.00 eq.) and
potassium hydroxide (6.00 eq.) for 20 h under reflux conditions led to the formation of pure
(2)-N-hydroxydocos-13-enamide 1c (64%) in form of a colorless crystalline solid. The crude

product was purified by recrystallization from ethylacetate/hexane (1:5).

H NMR (DMSO-ds, 400 MHz) 6= 0.81 (t, J = 7.1 Hz, 3H, CHsY), 1.20 (m, 28H, CH,271219),
1.55 (p, J = 7.2, 6.7 Hz, 2H, CH,2°), 1.94 (dt, J = 9.9 Hz, 6.5, 5.6 Hz, 4H, CH,51?),
2.06 (t, J = 7.7 Hz, 2H, CH,%), 5.26 — 5.30 (m, 2H, CH%19), 7.81 (br, 5, 2H, NH24, OH25) ppm.

13C NMR (DMSO-de, 100 MHz) 6= 14.1 (CHs?), 22.7 (CH»?), 25.4 (CH»*), 27.1 (CH3), 27.2
(CH211), 29.2 (CH,>712Y7),29.3 (CHy>7+1217), 29.3 (CHL>71%17), 29.5 (CHy>71217), 29.6 (CHZ™
71217) 297 (CH,571217), 29.7 (CH,571217), 29.8 (CH,571217), 29.8 (CH,>71217), 31.9 (CH,3),
33.1 (CH,?1), 129.9 (CH>10), 129.9 (CH>1?), 171.8 (CO??) ppm.

HRMS-EI-MS of Cy2H44NO> [M]* calculated: 354.3367, found 354.3367.
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Figure 66 'H NMR spectrum of 1¢ (DMSO-ds, 400 MHz).
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(92,12Z,15Z)-N-hydroxyoctadeca-9,12,15-trienamide 1d

1 3 4 6 7 9 10 12 14 16 21

The reaction of methyl linolenate (1.00 eq.) with hydroxylamine hydrochloride (3.00 eq.) and
potassium hydroxide (6.00 eq.) for 20 h under reflux conditions led to the formation of pure

(92,122Z,152)-N-hydroxyoctadeca-9,12,15-trienamide 1d (67%) in form of a yellow oil.

1H NMR (CDCls, 400 MHz) 6= 0.89 (t, J = 6.8 Hz, 3H, CH31), 0.97 (t, J = 7.4 Hz, 3H, CHs1),

1.31 (s, 8H, CH»1215), 1.63 (p, J = 7.2 Hz, 2H, CH,16), 2.03 — 2.07 (m, 4H, CH,21), 2.34 (t, J =
7.5 Hz, 2H, CH,17), 2.78 — 2.82 (m, 4H, CH>>8), 5.33 — 5.38 (m, 6H, CH3467.910) 9,01 (s, br, 2H,
NH%, OH?1) ppm.

13C NMR (CDCls, 100 MHz) 8= 14.3 (C1), 20.6 (C?), 24.7 (C16), 25.6 (C>8), 25.6 (C58), 27.2 (C1Y),
29.0 (C%5), 29.1 (C1), 29.2 (C*3), 29.6 (C12), 34.0 (C17), 127.1 (C?), 127.8 (C*), 128.3 (C®),
128.3 (C57), 130.3 (C19), 132.0 (C3), 171.7 (C'8) ppm.

HRMS-EI-MS of C1gH3102N [M+] calculated: 293.2349, found 293.2350.
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Figure 67 *H NMR spectrum of 1d (CDCls, 400 MHz).
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N-Hydroxyundec-10-enamide 1e

The reaction of methyl-10-undecenoate (1.00 eq.) with hydroxylamine hydrochloride
(3.00 eq.) and potassium hydroxide (6.00 eq.) for 20 h under reflux conditions led to the
formation of pure N-hydroxyundec-10-eneamide 1e (77%) in form of a colorless crystalline

solid. The crude product was purified by recrystallization from ethylacetate/hexane (1:5).

1H NMR (CDCls, 400 MHz) &= 1.22 — 1.40 (m, 10 H, 5 CH»*¥), 1.60 (p., J = 7.2 Hz, 2 H, CH?),
2.02 (q,/=6.2 Hz, 2 H, CH3), 2.28 (t,J = 7.4 Hz, 2 H, CH219), 4.87 = 5.02 (m, 2 H, CH,), 5.79 (tdd,
J=17.0 Hz, 10.4 Hz, 6.6 Hz, 1 H, CH?), 8.92 (br, s, 2H, NH2, OH3) ppm.

13C NMR (CDCls, 100 MHz) & = 25.5 (CH,%), 28.9 (CH»%#), 29.1 (CH»*#), 29.1 (CH.*%), 29.3
(CH2*8), 29.3 (CH»*%), 33.0 (CH,1), 33.8 (CH,%), 51.4 (CHs%),114.2 (CH»!), 139.1 (CH?),
172.0 (CO?) ppm.

HRMS-EI-MS of C11H21NO2 [M+H]* calculated: 200.1645, found 200.1647.
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Figure 68 'H NMR spectrum of 1e (CDCls;, 400 MHz).
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N-Hydroxyisobutyramide 1f
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The reaction of methyl isobutyrate (1.00 eq.) with hydroxylamine hydrochloride (3.00 eq.)
and potassium hydroxide (6.00 eq.) for 20 h under reflux conditions led to the formation of

pure N-hydroxyisobutyramide 1f (54%) in form of a colorless crystalline solid. The crude

product was purified by crystallization from ethylacetate.

1H NMR (DMSO-ds, 400 MHz) 8= 0.99 (d, J = 6.8 Hz, 6H, CH3“2), 2.22 (hept, J = 6.8 Hz, 1H,
CH3), 9.51 (br, s, 2H, NH®, OH’) ppm.

13¢ NMR (DMSO-ds, 100 MHz) 8= 19.9 (CHs%2), 31.6 (CH3), 173.6 (CO%) ppm.

HRMS-EI-MS of C4H9NO [M+H]* calculated: 103.0628, found 103.0628.

11 10 9 8 7 6 5 4 3 2 1 0
d [ppm]

Figure 69 'H NMR spectrum of 1f (DMSO-ds, 400 MHz).
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N, N3-dihydroxymalonamide 1g

The reaction of dimethyl malonate (1.00 eq.) and hydroxylamine solution (50wt%, 6.00 eq.)
led to the formation of N,N3-dihydroxymalonamide 1g in the form of a colorless crystalline

solid (84%).

1H NMR (DMSO-ds, 400 MHz) 8= 2.75 (s, 2H, CH2?), 8.88 (br, s, 2H, NH26), 10.47 (br, s, 2H,
OHY’) ppm.

13C NMR (DMSO-ds, 100 MHz) 6= 38.7 (C?%), 163.8 (C>°) ppm.

HRMS-EI-MS of C3HeN204 [M+H]* calculated: 134.0322, found 134.0321.

11 10 9 8 7 6 5 4 3 2 1 0
d [ppm]

Figure 70 'H NMR spectrum of 1g (DMSO-ds, 400 MHz). The impurities at 3.61 and 3.16 ppm are the

methyl ester and methanol, respectively.
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N, N*-dihydroxysuccinamide 1h

© O

The reaction of dimethyl succinate (1.00 eq.) and hydroxylamine solution (50wt% in H.0O,
6.00 eq.) led to the formation of N!,N*-dihydroxysuccinamide 1h in the form of a colorless

crystalline solid (77%).

1H NMR (DMSO-ds, 400 MHz) 6= 2.18 (s, 4H, CH>*5), 9.01 (s, br, 2H, NH217), 10.37 (br, s, 2H,
OHY8) ppm.

13C NMR (DMSO-ds, 100 MHz) 6= 28.2 (C*5), 168.6 (C>€) ppm.

ASAP-MS of C4H9N204 [M+H]* calculated: 149.0557, found 149.0556.

12 11 10 9 8 7 6 5
d [ppm]

Figure 71 *H NMR spectrum of 1h (DMSO-ds, 400 MHz).
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N, Ne-dihydroxyadipamide 1i

The reaction of dimethyl adipate (1.00 eq.) and hydroxylamine solution (50wt%, 6.00 eq.) led
to the formation of N!,N°-dihydroxyadipamide 1i in the form of a colorless crystalline solid

(82%).

'H NMR (400 MHz, DMSO-de) 6= 1.45 (p, J = 3.7 Hz, 4H), 1.93 (p, J = 3.7 Hz, 4H, CH,*7), 8.66 (s,
2H, NH%?), 10.33 (s, 2H, OH%1%) ppm.

13C NMR (100 MHz, DMSO-dg) 8= 25.3 (CH256), 32.6 (CH2*7), 169.4 (C>%) ppm.

HRMS-EI-MS of CsH12N204 [M+H]* calculated: 176.0792, found 176.0790

6 [ppm]

Figure 72 *H NMR spectrum of 1i (DMSO-ds, 400 MHz).
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N, N¥-Djhydroxydecanediamide 1j

The reaction of dimethyl sebacate (1.00 eq.) with hydroxylamine hydrochloride (3.00 eq. for
each ester group) and potassium hydroxide (6.00 eq. for each ester group) for 20 h under
reflux conditions led to the formation of N,N°-dihydroxydecanediamide 1j (83%) in form of
a colorless crystalline solid. The insoluble crystals in the ethyl acetate/water mixture were

filtered and dried.

1H NMR (DMSO-ds, 400 MHz) 8= 1.19 — 1.25 (m, 8H, CH25%), 1.47 (p., J = 7.5 Hz, 6.5 Hz, 4H,
CH,519), 1.92 (t, J = 7.4 Hz, 4H, CH,*11), 9.07 (br, s, 2H, NH213), 10.31 (br, s, 2H, OH4) ppm.

13C NMR (DMSO-ds, 100 MHz) & = 25.6 (CH2519), 29.0 (CH»59), 29.1 (CH,59), 33.7 (CH2%1),
169.5 (CO>??) ppm.

HRMS-EI-MS of C10H20N204 [M]* calculated: 232.1418, found 232.1419.
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Figure 73 'H NMR spectrum of 1j (DMSO-ds, 400 MHz).
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N1 N4-dihydroxytetradecanediamide 1k
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The reaction of dimethyl tetradecanedioate (1.00 eq.) with hydroxylamine hydrochloride
(3.00 eq. for each ester group) and potassium hydroxide (6.00 eq. for each ester group) for
20 h under reflux conditions led to the formation of N*,N**-dihydroxytetradecanediamide 1k

(74%) in form of a colorless crystalline solid. The insoluble crystals in the ethyl acetate/water

mixture were filtered and dried.

1H NMR (DMSO-ds, 400 MHz) 8= 1.24 (s, 16H, CH2513), 1.47 (p., J = 6.8 Hz, 4H, CH,54),
1.93 (t,J = 7.4 Hz, 4H, CH2%5), 9.01 (br, s, 2H, NH2'7), 10.33 (br, s, 2H, OHY8) ppm.

13C NMR (DMSO-ds, 100 MHz) 8= 25.6 (CH2>™4), 29.1 (CH2513), 29.1 (CH.513), 29.2 (CH,51),
29.3 (CH,513), 29.4 (CH,513), 29.5 (CH,513), 29.5 (CH,513), 32.7 (CH2%1S, 169.6 (CO316) ppm.

ASAP-MS of C14H29N204 [M+H]"* calculated: 289.2122, found 289.2119.
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Figure 74 *H NMR spectrum of 1k (DMSO-ds, 400 MHz).
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N-Hydroxyadamantane-1-carboxamide 1l

The reaction of methyl adamantane-1-carboxylate (1.00eq.) with hydroxylamine
hydrochloride (3.00 eq.) and potassium hydroxide (6.00 eq.) for 20 h under reflux conditions
led to the formation of pure N-hydroxyadamantane-1-carboxamide 1l (35%) in form of a
colorless crystalline solid. The crude product was purified by recrystallization from ethyl

acetate/hexane (1:5).

1H NMR (CDCls, 400 MHz) 8= 1.71 (t, J = 14.9 Hz, 6H, CH,246), 1.91 (d, J = 2.6 Hz, 6H, CH,7819),
2.03 (p., J = 3.2 Hz, 2.8 Hz, 3H, CHY35), 10.51 (br, s, 2H, NH3, OH4) ppm.

13C NMR (CDCls, 100 MHz) & = 27.9 (CH35), 36.5 (CH,2%¢), 39.0 (CH,”#%) 178.9 (CO™) ppm.

The peak for C° could not be attributed, as it overlaps with the DMSO signals around 40 ppm.

HRMS-EI-MS of C11H1sNO> [M]* calculated: 196.1332, found 196.1331.
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Figure 75 'H NMR spectrum of 11 (CDCls, 400 MHz). The impurity at 3.6 ppm belongs to residual methyl

ester.
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N-Hydroxy-2-hydroxybenzamide 1m

The reaction of methyl-salicylate (1.00 eq.) with hydroxylamine hydrochloride (3.00 eq.) and
potassium hydroxide (6.00 eq.) for 20 h under reflux conditions led to the formation of pure
salicyl hydroxamic acid 1m (63%) in form of a colorless crystalline solid. The crude product was

purified by crystallization in ethyl acetate.

1H NMR (DMSO-ds, 400 MHz) 8= 6.79 — 6.97 (m, 2H, CHS), 7.37 (dt, J= 7.2 Hz, 1H, CHS),
7.68 (dd, J= 8.0 Hz, 1.7 Hz, 1H, CH%), 9.33 (s, 1H, NHX), 11.44 (s, 1H, OH), 12.24 (s, 1H,
OH’) ppm.

3¢ NMR (DMSO-ds, 100 MHz) & = 114.5 (CHY), 117.8(C3), 119.2 (CHS), 127.5 (CH%),
133.8 (CH®), 159.9 (C?), 166.8 (CO%) ppm.

HRMS-EI-MS of C;H7NOs [M+H]* calculated: 153.0420, found 153.0419.
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Figure 76 'H NMR spectrum of 1m (DMSO-ds, 400 MHz).
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N-Hydroxybenzamide 1n
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The reaction of methyl benzoate (1.00 eq.) with hydroxylamine hydrochloride (3.00 eq.) and
potassium hydroxide (6.00 eq.) for 20 h under reflux conditions led to the formation of pure
N-hydroxybenzamide 1n (80%) in form of a colorless crystalline solid. The crude product was

purified by recrystallization from ethyl acetate/hexane (1:1).

1H NMR (DMSO-ds, 400 MHz) 8= 7.42 — 7.47 (m, 2H, CH24), 7.49 — 7.53 (m, 1H, CH?), 7.75 —
7.78 (m, 2H, CH5), 9.26 (br, s, 1H, NH?), 11.24 (br, s, 1H, OH?) ppm.

3C NMR (DMSO-ds, 100 MHz) 8= 127.3 (CH%), 128.8 (CH,%), 131.6 (C?), 133.3 (C9),
164.6 (CO’) ppm.

HRMS-EI-MS of C;H7NO; [M+H]* calculated: 137.0471, found 137.0470.
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Figure 77 *H NMR spectrum of 1n (DMSO-ds, 400 MHz).
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N-Hydroxy-4-methoxybenzamide 10
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The reaction of methyl-4-methoxybenzoate (1.00 eq.) with hydroxylamine hydrochloride
(3.00 eqg.) and potassium hydroxide (6.00 eq.) for 20 h under reflux conditions led to the
formation of pure N-hydroxy-4-methoxybenzamide 10 (84%) in form of a colorless crystalline

solid. The crude product was purified by crystallization in ethyl acetate.

1H NMR (DMSO-ds, 400 MHz) &= 3.79 (s, 3H, CHs®), 6.98 (dt, J = 2.8 Hz, 8.9 Hz, 2H, CH2),
7.73 (dt, J = 2.8 Hz, 8.9 Hz, 2 H, CH%), 8.90 (s, br, 1H, NH9), 11.07 (s, br, 1H, OH!) ppm.

3C NMR (DMSO-ds, 100 MHz) 8= 55.8 (CHs%), 114.1(CH2), 125.4 (Cf), 129.1 (CH,%),
162.0 (C0O?), 164.5 (C3) ppm.

HRMS-EI-MS of CgHgNOz [M+H]* calculated: 167.0577, found 167.0578.

213



Experimental section

1|2I1I1I1IOI£|)I;3I%I(|3
d [ppm]

Figure 78 'H NMR spectrum of 10 (DMSO-ds, 400 MHz).
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N-Hydroxy-4-chlorobenzamide 1p
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The reaction of methyl-4-chlorobenzoate (1.00 eq.) with hydroxylamine hydrochloride
(3.00 eq.) and potassium hydroxide (6.00 eq.) for 20 h under reflux conditions led to the
formation of pure N-hydroxy-4-chlorobenzamide 1p (84%) in form of a colorless solid. The

crude product was purified by crystallization in ethyl acetate.

1H NMR (DMSO-ds, 400 MHz) 6= 7.51 — 7.55 (m, 2H, CH2?), 7.74 — 7.78 (m, 2H, CH™%), 9.11 (br,
s, 1H, NH?), 11.30 (br, s, 1H, OH°) ppm.

3C NMR (DMSO-ds, 100 MHz) 8= 129.0 (CH,%%), 129.2 (CH%), 132.0 (Cf), 136.4 (C3),
163.6 (CO%) ppm.

HRMS-EI-MS of C7HeNO»3>Cl [M+H]* calculated: 171.0082, found 171.0080.
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Figure 79 *H NMR spectrum of 1p (DMSO-ds, 400 MHz).
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N-Hydroxy-4-methylbenzamide 1q
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The reaction of methyl-4-methylbenzoate (1.00 eq.) with hydroxylamine hydrochloride
(3.00 eqg.) and potassium hydroxide (6.00 eq.) for 20 h under reflux conditions led to the
formation of pure N-hydroxy-4-methylbenzamide 1q (79%) in form of a colorless crystalline

solid. The crude product was purified by crystallization in ethyl acetate.

1H NMR (DMSO-ds, 400 MHz) 8= 2.34 (s, 3H, CHs7), 7.23 — 7.27 (m, 2H, CH2*), 7.65 — 7.69 (m,
2H, CH%%), 9.13 (br, s, 1H, NH?), 11.13 (br, s, 1H, OH%) ppm.

13C NMR (DMSO-ds, 100 MHz) &= 21.4 (CHs7), 127.3 (CHS), 129.0 (CH»%%), 130.4 (C9),
141.4 (C3), 164.6 (CO®) ppm.

HRMS-EI-MS of CgHoNO; [M+H]* calculated: 151.0628, found 151.0628.
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Figure 80 'H NMR spectrum of 1q (DMSO-ds, 400 MHz).
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N-Hydroxy-4-nitrobenzamide 1r

The reaction
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of methyl-4-nitrobenzoate (1.00 eq.) with hydroxylamine hydrochloride

(3.00 eqg.) and potassium hydroxide (6.00 eq.) for 20 h under reflux conditions led to the

formation of pure N-hydroxy-4-nitrobenzamide 1r (87%) in form of an orange solid. The crude

product was purified by crystallization in ethyl acetate.

1H NMR (DMSO-ds, 400 MHz) &= 7.95 (d, J = 8.2 Hz 2H, CH%5), 8.29 (d, J = 8.9 Hz, 2H, CH2%),
9.38 (br, s, 1H, NH?), 11.56 (br, s, 1H, OH%%) ppm.

3C NMR (DMSO-ds, 100 MHz) 8= 123.6 (CH2%), 128.3 (CHS), 138.5 (Cf), 148.9 (C3),
162.1 (CO8) ppm.

HRMS-EI-MS of C7H7N204 [M+H]* calculated: 182.0322, found 182.0324.
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Figure 81 'H NMR spectrum of 1r (DMSO-ds, 400 MHz).
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N-Hydroxy-3,4,5-trimethoxybenzamide 1s
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The reaction of methyl-3,4,5-trimethoxybenzoate (1.00 eq.) with hydroxylamine
hydrochloride (3.00 eq.) and potassium hydroxide (6.00 eq.) for 20 h under reflux conditions
led to the formation of pure N-hydroxy-3,4,5-trimethoxybenzamide 1s (76%) in form of a

colorless crystalline solid. The crude product was purified by crystallization in ethyl acetate.

1H NMR (DMSO-ds, 400 MHz) &= 3.69 (s, 3H, CHs?), 3.81 (s, 6H, CHs'213), 7.09 (s, 2H, CH%?),
7.65—7.69 (m, 2H, CH5), 9.02 (s, 1H, NH4), 11.17 (s, 1H, OH6) ppm.

13C NMR (DMSO-ds, 100 MHz) &= 56.4 (CH3!2%3), 60.5 (CHs°), 104.8 (CHY®), 128.3 (C?),
140.2 (C3), 153.1 (C%>*), 164.1 (CO®) ppm.

HRMS-EI-MS of C10H13NOs [M+H]* calculated: 227.0788, found 277.0790.
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Figure 82 'H NMR spectrum of 1s (DMSO-ds, 400 MHz).
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5.1.5 General procedure for the synthesis of ureas and anilines

Hydroxamic acids (1.00 eq.) were dissolved in dimethyl sulfoxide in a 20 mL vial. After the
addition of DBU (1.00 eq.), the mixture was allowed to stir for 2 minutes at room temperature.
Afterwards the vial was moved to a Parr reactor vessel (300 mL) and the selected pressure of
10 bar CO; was applied. After setting the temperature at 110 °C, the mixture was stirred for

18 h before releasing the gas.

Depending on the employed hydroxamic acid, the synthesis led to either ureas or anilines.
Urea derivatives were isolated after column chromatography or filtration, anilines were

extracted from the crude mixture and amines via flash column chromatography.

1,3-Di((Z)-heptadec-8-en-1-yl)urea 10
21
2 4 6 8 11 13 15 17 9 22 24 26 28 31 33 35 37
T 3 5 7 9 10 12 14 16 H H
18 20

The CO; based Lossen rearrangement of N-hydroxy oleamide 1a (1.00 eq) with DBU (1.00 eq)
led to the formation of 1,3-Di((Z)-heptadec-8-en-1-yl)urea 10 as white solid (10%). The

product was obtained by filtration from the reaction mixture.

The analytical data is found in chapter 5.2.3.

1,3-Di(dec-9-en-1-yl)urea 9
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The CO; based Lossen rearrangement of N-hydroxy undeceneamide 1e (1.00 eq) with DBU
(1.00 eq) led to the formation of 1,3-Di(dec-9-en-1-yl)urea 9 as white solid (15%). The

product was obtained by filtration from the reaction mixture.

The analytical data is found in chapter 5.2.3.
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Diisopropylurea 2f
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The CO, based Lossen rearrangement of N-hydroxy isobutyramide 1f (1.00 eq) with DBU
(1.00 eq) led to the formation of diisopropylurea 2f as white solid (11%). The product was

obtained by filtration from the reaction mixture.

1H NMR (DMSO-ds, 300 MHz) 6= 1.14 (d, J = 6.5 Hz, 12H, CH3>599), 3.84 (hept, J = 6.5 Hz,
6.6 Hz, 6.5 Hz, 2H, CH%8), 4.26 (br, s, 2H, NH26) ppm.

13C NMR (DMSO-ds, 75 MHz) 6= 23.8 (CH334), 41.1 (CHY), 157.3 (CO%) ppm.

HRMS-EI-MS of C7H17N20 [M+H]* calculated: 144.1257, found 144.1256.
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Figure 83 'H NMR spectrum of 2f (DMSO-ds, 300 MHz).
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Benzo[d]oxazol-2(3H)-one 2m1
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The CO; based Lossen rearrangement of salicylhydroxamic acid 1m (1.00 eq.) with DBU

(1.00 eq.) led to the formation of pure Benzo[d]oxazol-2(3H)-one 2m1 as light brown solid

(15%). The crude was purified by column chromatography (ethyl acetate).

1H NMR (DMSO-ds, 500 MHz) 6= 7.07 — 7.10 (m, 2H, CH%2), 7.13 — 7.16 (m, 1H, CH®), 7.26 —
7.30 (m, 1H, CH3), 11.61 (s, 1H, NH®) ppm.

13C NMR (DMSO-ds, 125 MHz) 8= 109.9 (CH36), 110.2 (CH2), 122.3 (CH?), 124.2 (CH1), 130.8
(CHS), 143.8 (CH?), 154.9 (CO8) ppm.

HRMS-EI-MS of C;HsNO; [M]* calculated: 135.0315, found 135.0314.
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Figure 84 'H NMR spectrum of 2m1 (DMSO-ds, 500 MHz).
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2-Hydroxyaniline 2m2

The CO; based Lossen rearrangement of salicylhnydroxamic acid 1m (1.00 eq.) with DBU
(1.00 eq.) led to the formation of pure 2-hydroxyaniline 2m2 as light-yellow solid (34%). The

crude was purified by column chromatography (ethyl acetate).

1H NMR (DMSO-ds, 400 MHz) 8= 4.44 (s, 2 H, NH7), 6.38 (td, J = 7.5 Hz, 1.9 Hz, 1H, CHY),
6.49-6.59 (m, 2H, CH2*), 6.62 (dd, J = 7.8 Hz, 1.4 Hz 1H, CH?), 8,90 (s, 1H, OH®) ppm.

13C NMR (DMSO-ds, 100 MHz) 6 = 115.6 (CH5), 119.2 (C3), 128.9 (CH?*), 148.2 (C°) ppm.

HRMS-EI-MS of CcHsNO [M+H]* calculated: 109.0522, found 109.0523.
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Figure 85 'H NMR spectrum of 2m2 (DMSO-ds, 400 MHz).
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Aniline 2n

The CO; based Lossen rearrangement of N-hydroxybenzamide 1n (1.00 eq.) with DBU
(1.00 eq.) led to the formation of pure aniline 2n as light-yellow liquid (56%). The crude was

purified by column chromatography (cyclohexane/ethyl acetate 5:1 to 2:1).

1H NMR (DMSO-ds, 400 MHz) 8= 5.00 (s, 2H, NH,7), 6.55 (t, J = 7.1 Hz, 1H, CH?3), 6.63 —6.67 (m,
2H, CH,%%), 7.04 — 7.09 (m, 2H, CH%%) ppm.

13C NMR (DMSO-ds, 100 MHz) 6= 114.4 (CHY®), 116.2 (C3), 129.3 (CH?*), 149.1 (C) ppm.

HRMS-EI-MS of CgHsN [M+H]* calculated: 93.0573, found 93.0572.
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Figure 86 'H NMR spectrum of 2n (DMSO-ds, 400 MHz).
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4-Methoxyaniline 20

The CO; based Lossen rearrangement of N-hydroxy-4-methoxybenzamide 1o (1.00 eq.) with
DBU (1.00 eq.) led to the formation of pure 4-methoxyaniline 20 as light yellow solid (50%).

The crude was purified by column chromatography (cyclohexane/ethyl acetate 9:1 to 1:1).

'H NMR (DMSO-de, 400 MHz) 6= 3.62 (s, 3H, CHs?), 4.58 (s, 2H, NH2®), 6.48 - 6.52 (m, 2H,
CH,*?), 6.62-6.67 (m, 2 H, CH,"*) ppm.

13C NMR (DMSO-ds, 100 MHz) 6= 55.8 (C%), 115.0 (C>4), 115.4 (C%5), 142.8 (CF), 151.1 (C3) ppm.

HRMS-EI-MS of C7HsNO [M]* calculated: 123.0679, found 123.0680.

i i W
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Figure 87 'H NMR spectrum of 20 (DMSO-ds, 400 MHz).
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4-Chloroaniline 2p

The CO; based Lossen rearrangement of N-hydroxy-4-chlorobenzamide 1p (1.00 eq.) with
DBU (1.00 eq.) led to the formation of pure 4-chloroaniline 2p as white powder (49%). The

crude was purified by column chromatography (cyclohexane/ethyl acetate 4:1 to 1:1).

1H NMR (DMSO-ds, 400 MHz) 6= 5.21 (br, s, 2H, NH.8), 6.52 — 6.56 (m, 2H, CH%%), 6.98 —
7.02 (m, 2H, CH?>?) ppm.

13C NMR (DMSO-ds, 100 MHz) 6= 115.6 (CH®), 119.2 (C3), 128.9 (CH?*), 148.2 (C) ppm.

HRMS-EI-MS of CsHeNCI [M]* calculated: 127.0183, found 127.0182.

o JL .JL. L.

Frrr+>r—r+ 1T r+ 1T r 1> 1r T 17T TVr 1 Ti1T Tl
75 7.0 65 6.0 55504540 353025201510 050.0
d [ppm]

Figure 88 'H NMR spectrum of 2p (DMSO-ds, 400 MHz).
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p-Toluidine 2q

The CO; based Lossen rearrangement of N-hydroxy-4-methylbenzamide 1q (1.00 eq.) with
DBU (1.00 eq.) led to the formation of pure p-toluidine 2q as light-yellow solid (54%). The

crude was purified by column chromatography (cyclohexane/ethyl acetate 4:1 to 1:1).

1H NMR (DMSO-ds, 400 MHz) 8= 2.12 (s, 3H, CH37), 4.76 (s, 2H, NH,8), 6.38 — 6.52 (m, 2H,
CH%®), 6.73 — 6.85 (m, 2H, CH?**) ppm.

3C NMR (DMSO-ds, 100 MHz) & =20.6 (CHs7), 114.9 (CH®), 124.4 (C3), 129.7(CH%%),
146.5 (C°) ppm.

HRMS-EI-MS of C7H9N [M]* calculated: 107.0730, found 107.0728.
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Figure 89 'H NMR spectrum of 2q (DMSO-ds, 400 MHz).
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4-Nitroaniline 2r

The CO; based Lossen rearrangement of N-hydroxy-4-nitrobenzamide 1r (1.00 eq.) with DBU
(1.00 eq.) led to the formation of pure 4-nitroaniline 2r as yellow solid (47%). The crude was

purified by column chromatography (cyclohexane/ethyl acetate 4:1 to 1:1).

1H NMR (DMSO-ds, 400 MHz) 6= 6.57 — 6.62 (m, 2H, CH5), 6.68 (s, 2H, NH-8), 7.89 — 7.97 (m,
2H, CH%**) ppm.

13C NMR (DMSO-ds, 100 MHz) §=112.8 (CH?), 126.8(CH>4), 136.1 (C?), 156.2 (C°) ppm.

HRMS-EI-MS of CgH7N20, [M+H]* calculated: 138.0424, found 138.0424.
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6 [ppm]

Figure 90 'H NMR spectrum of 2r (DMSO-ds, 400 MHz).
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3,4,5-trimethoxyaniline 2s

The CO; based Lossen rearrangement of N-hydroxy-3,4,5-trimethoxybenzamide 1s (1.00 eq.)
with DBU (1.00 eq.) led to the formation of pure 3,4,5-trimethoxyaniline 2s as white solid
(47%). The crude was purified by column chromatography (cyclohexane/ethyl acetate 4:1 to

1:2).

1H NMR (DMSO-ds, 400 MHz) 8= 3.34 (s, 3H, CH3°), 3.66 (s, 6H, CH3!213), 4.85 (s, 2 H, NH,5),
5.87 (s, 2H, CH**) ppm.

13C NMR (DMSO-ds, 100 MHz) 8= 55.8 (CH31213), 60.6 (CH3%), 92.0 (CH™5), 128.8 (C3), 145.6 (CF),
153.8 (C%*) ppm.

HRMS-EI-MS of CoH13NOs3 [M]* calculated: 183.0890, found 183.0890.
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Figure 91 'H NMR spectrum of 2s (DMSO-ds, 400 MHz).
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5.1.6 Calibration curves for GC analysis
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Figure 92 GC calibration curve for diisopropylurea 2f.
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Figure 93 GC calibration curve for aniline 2n.
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Figure 94 GC calibration curve for p-toluidine 2q.
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Figure 95 GC calibration curve for 3,4,5-trimethoxyaniline 2s.
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5.1.7 General procedure for online-IR experiments

The DST 6.35 x 1.5 m probe was first coupled with the Parr 130 mL pressure vessel and the
measurement was started, followed by the addition of the solvent. Afterwards each
component was added to the solvent separately in order for the detector to separate each
spectrum. After the addition of all required chemicals, the pressure vessel was closed, and the
desired CO; pressure (5-30 bar) was set. The pressure vessel was then heated to the required

temperature and the reaction mixture is stirred for the desired time.

5.2 Experimental section -Diene and dithiol monomers

5.2.1 Materials

(+)-limonene (96%, ACROS Organics), allyl amine (98%, Alfa Aesar), gamma-terpinene (97%,
Sigma-Aldrich), 1,4-cyclohexadiene (97%, ACROS Organics), thioacetic acid (97%, abcr GmbH),
allyl alcohol (99%, ACROS Organics), 1,5,7-triazabicyclo[4.4.0]dec-5ene (TBD, 98%, Sigma-
Aldrich), dimethyl carbonate (anhydrous, Sigma-Aldrich), gamma-valerolactone (99%, Sigma-
Aldrich), dimethyl sulfoxide (99.9%, Fisher Chemical), cyclohexane and ethyl acetate were

used in a purity above technical grade.

5.2.2 Additional analytical methods

Infrared (IR) spectra of all samples were recorded on a Bruker alpha-p instrument in a

frequency range from 3998 to 374 cm™ using ATR technology.
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Diallyl carbonate

The transesterification of dimethyl carbonate (1.00 eq.) with allyl alcohol (2.10 eq.) catalyzed

by TBD (0.20 eq) led to the formation of diallyl carbonate as a colorless liquid (60%).

1H NMR (CDCls, 400 MHz) 6= 4.64 (dt, J = 5.8, 1.4 Hz, 4H, CH»>7), 5.42 — 5.23 (m, 4H, CH,%9),
5.94 (ddt, J = 17.3, 10.5, 5.8 Hz, 2H, CH28) ppm.

13C NMR (CDCls, 100 MHz) 8= 68.4 (C37), 118.9 (C*9), 131.6 (C>8), 154.8 (C°) ppm.

IR (ATR) ¥ = 3021, 2951, 1743 (carbonate), 1650, 1451, 1376, 1294, 1237, 1064, 963, 932,
790 cm™.

HRMS-EI [M+H*] of C;H1103 calculated 143.0703, found: 143.0703.
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Figure 96 'H NMR spectrum of diallyl carbonate (CDCls, 400 MHz). The impurity at 3.79 ppm belongs

to the residual methyl carbonate (0.12 integral, normalized).
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Allyl allylcarbamate 3

10
3 Q 7
1 9
\/\N%Lo/\/
2 H 6 8
4
The reaction of diallyl carbonate (1.00 eq.) with allylamine (3.00 eq.) at 50 °C for 48 h led to

the formation of N-allyl allylcarbamate 3 in form of a colorless liquid (75%).

'H NMR (CDCls, 400 MHz) &= 3.81 (t, J = 5.5 Hz, 2H, CH,3), 4.57 (d, J = 5.7 Hz, 2H, CH)’),
4.84 (br, s, 1H, NH?#), 5.10-5.33 (m, 4H, CHy*®), 5.77 — 5.98 (m, 2H, CH?%) ppm.

13C NMR (CDCls, 100 MHz) 6= 43.5 (C3), 65.6 (C7), 116.0 (C%), 117.7 (C1), 132.9 (C?), 134.5 (C?),
156.1 (C°) ppm.

HRMS-EI-MS of C7H11NO; [M]* calculated: 141.0784, found 141.0786.

IR (ATR) ¥ = 3330.1, 3081.3, 2929.0, 1694.9 (amide), 1647.6, 1520.1, 1460.4, 1421.3, 1396.6,
1324.6,1238.3, 1147.8, 1137.5, 1061.4, 1032.6, 987.3,917.4, 777.5, 627.4, 547.1 cm™.
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Figure 97 *H NMR spectrum of 3 (400 MHz, CDCls).
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5.2.3 General procedure for the synthesis of carbamates and ureas via the

Lossen rearrangement

The hydroxamic acid (1.00 eq.) was dissolved in diallyl carbonate (20.0 eq.) and allyl alcohol
(2.00 eq.). After addition of TBD (0.20 eq.), the reaction mixture was stirred at 110 °C for 20 h.
The mixture was allowed to cool down to ambient temperature. The urea, precipitated as
white solid during the cooling, was filtered, washed with diallyl carbonate and acetonitrile,
and dried in vacuo. The reaction mixture was freed from the solvent and unreacted allyl
alcohol by vacuum distillation, and the residue is purified via flash column chromatography
(CH/EA, 9:1). If a dihydroxamic acid was employed, DMSO was added as cosolvent and the
equivalents for TBD (0.60 eq.) and allyl alcohol (4.00 eq.) were increased.
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Allyl dec-9-enylcarbamate 4
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The Lossen Rearrangement of N-Hydroxyundeceneamide 1le (1.00 eq.) in allyl alcohol
(2.00 eq.) and diallyl carbonate catalyzed by TBD (0.20 eq.) led to the formation of allyl dec-9-

enyl carbamate 4 as a colorless viscous liquid (64%).

'H NMR (CDCls, 300 MHz) 6= 1.24-1.38 (m, 10H, CH>*%), 1.48 (p, J = 6.5 Hz, 6.6 Hz, 2H, CH?),
2.01 (q, J = 6.5 Hz, 2H, CH>3), 3.15 (q, J = 6.5 Hz, 2H, CH,'9), 4.55 (d, J = 5.5 Hz, 2H, CH,*),
4.74 (br, s, 1H, NH), 4.85 — 5.01 (m, 2H, CH2!), 5.17 — 5.32 (m, 2H, CH,'®), 5.79, (tdd,
J=16.9 Hz, 10.2 Hz, 6.5 Hz, 2H, CH?), 5.91, (tdd, J = 16.3 Hz, 10.9 Hz, 5.9 Hz, 2H, CH2) ppm.

13C NMR (CDCls, 75 MHz) 8= 26.9 (CH28), 28.9 (CH2*7), 29.0 (CH2*7), 29.2 (CH2*7), 29.4 (CH*7),
30.0 (CH,?), 33.8 (CH-3), 41.1 (CH19), 65.4 (CH2), 114.2 (CH,Y), 117.5 (CH,6), 133.1 (CH1S),
139.2 (CH?), 156.3 (CO*2) ppm.

ESI-MS of C14H25NO; [M+H]* calculated: 240.1958, found 240.1952.

IR (ATR) ¥ = 3335.5, 2925.4, 2854.5, 1697.2 (amide), 1641.3, 1530.2, 1462.6, 1245.9, 1137.6,
991.8,909.3, 776.9, 722.9, 634.8, 552.5 cm™.
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Figure 98 'H NMR spectrum of 4 (400 MHz, CDCls).
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Allyl (Z)-heptadec-8-en-1-ylcarbamate 5
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The Lossen rearrangement of N-hydroxy oleamide 1a (1.00 eq.) in diallyl carbonate and allyl
alcohol (2.00 eq.) catalyzed by TBD (0.20 eq.) led to the formation of allyl (Z2)-heptadec-8-en-

1-ylcarbamate 5 as colorless oil (40%).

1H NMR (CDCls, 400 MHz) 6= 0.88 (t, J = 7.1, 6.6 Hz, 3H, CHs?), 1.26 (m, 20H, CH,271215),
1.48 (p, J = 7.0, 6.4 Hz, 2H, CH,%¢), 2.00 (q, J = 6.7, 6.4, 5.9 Hz, 4H, CH,®1), 3.18 (q, J = 6.7 Hz,
2H, CH,Y7), 4.56 (d, J = 5.9 Hz, 2H, CH,?2), 4.69 (br, s, 1H, NH18), 5.18 — 5.39 (m, 4H, CH%1°,
CH,24), 5.92 (ddt, J = 16.2, 10.9, 5.6 Hz, 1H, CH23) ppm.

13C NMR (CDCls, 100 MHz) 6= 14.1 (C?), 22.7 (C?), 26.7 (C%), 27.2 (C31Y), 27.2 (C®1Y),
29.2 (C%), 29.3(C), 29.3 (C>5), 29.5(C*4), 29.7 (C*3), 29.8 (C7), 30.2 (C'2), 31.9 (C3),
41.1 (CY), 65.4 (C*2), 117.6 (C*%), 129.7 (C>1°), 130.0 (C>1°), 133.1 (C%), 156.2 (CO™) ppm.

ESI-MS of C21H39NO2 [M+H]* calculated: 338.3054, found 338.3051.

IR (ATR) ¥ = 3339.5, 2922.9, 2853.3, 1699.2 (amide), 1530.0, 1462.8, 1248.3, 1137.8, 992.0,
926.1,776.3,722.2 cm™,
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Figure 99 'H NMR spectrum of 5 (400 MHz, CDCls).
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Diallyl butane-1,4-diyldicarbamate 6
13
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6
The Lossen Rearrangement of N?,N°-dihydroxyadipamide 1i (1.00 eq.) in allyl alcohol (4.00 eq.)
and diallyl carbonate catalyzed by TBD (0.60 eq.) led to the formation of diallyl butane-1,4-

diyldicarbamate 6 as a colorless solid (15%).

1H NMR (CDCls, 400 MHz) 6= 1.39 — 1.59 (m, 4H, CH»®%), 3.20 (p, J = 5.6 Hz, 4H, CH,"19),
4.55 (d,J=5.7 Hz, 4H, CH.>%), 4.77 (br, s, 2H, NH), 5.05 — 5.52 (m, 4H, CH,%>1718),
5.92 (ddt, J = 16.4, 10.9, 5.6 Hz, 2H, CH>'7) ppm.

13C NMR (CDCls, 400 MHz) 8= 27.3 (C®9), 40.6 (C19), 65.5 (C>16), 117.7 (CL18), 132.9 (C217),
156.3 (C>*?) ppm.

IR (ATR) ¥ = 3320.3, 2953.2, 2880.1, 1683.9 (amide), 1649.5, 1525.0, 1477.1, 1457.5, 1422.8,
1422.8,1270.9, 1230.9, 1134.9, 1037.7, 989.4 cm™.

HRMS-EI-MS of C12H20N204 [M]* calculated: 256.1418, found 256.1420.
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Figure 100 'H NMR spectrum of 6 (400 MHz, CDCls).
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Diallyl dodecane-1,12-diyldicarbamate 7
\/\O)J\ NN TN \”/O\/\
O

The product of the Lossen rearrangement of tetradecane dihydroxamic acid 1k was identified

N
H

by FAB-MS, however the bisallylcarbamate 7 was not isolated from the crude mixture. The
urea side product 8 was also detected with the same method alongside the respective

carbamate.

FAB-MS of Cy0H37N204 [M+H]* calculated: 369.2748, found 369.2750.
(@] O

H H
H 9 9 H

O
ESI-MS of C33H62N405 (|V|+H)2 calculated 595.4792, found 595.4792.

IR (ATR) ¥ =3309.6, 2929.0, 2875.6, 2852.9, 1682.6 (amide, carbamate), 1622.9 (amide, urea),
1571.5, 1536.5, 1478.9, 1466.6, 1448.1, 1423.4, 1367.8, 1304.1, 1246.5, 1205.3, 1141.6,
1123.1, 1084.0, 1040.8, 1026.4, 987.3, 923.6, 781.6, 728.1, 701.4 cm™™.
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Figure 101 IR spectrum of the mixture containing both carbamate 7 and urea 8. Both carbonyl species

are clearly visible at ca.1680 and 1620 cm™™, respectively.
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1,3-Di(dec-9-en-1-yl)urea 9
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The side reaction of the Lossen rearrangement of N-Hydroxyundeceneamide 1e (1.00 eq.) in
allyl alcohol (2.00 eq.) and diallyl carbonate catalyzed by TBD (0.20 eq.) led to the formation
of 1,3-di(dec-9-en-1-yl)urea 9 as a colorless solid (12%).

14 NMR (CDCls, 300 MHz) 8= 1.24 — 1.40 (m, 20H, CH,*§1620), 1.48 (p, J = 7.0 Hz, 6.6 Hz, 4H,
CH,%%%),2.02 (g, J = 6.8 Hz, 4H, CH23?Y), 3.14 (g, J = 7.2 Hz, 4H, CH,'4), 4.37 (br, s, 2H, NH%13),
4.90 —5.02 (m, 4H, CH,“?3), 5.75-5.86 (tdd, J = 16.9 Hz, 10.3 Hz, 6.8 Hz, 4H, CH,>?2) ppm.

3¢ NMR (CDCls, 75 MHz) &= 27.0 (CH:3%), 28.9 (CH*71720) 29.1 (CH*717-29),
29.4 (CH,4717-20) 29.4 (CH,*7), 30.3 (CH.>'), 33.8 (CH232Y), 40.5 (CH,%), 114.2 (CH, %),
139.1 (CH??2), 158.6 (CO*2) ppm.

ESI-MS of C21H40N20 [M+H]* calculated: 337.3214, found 337.3205.

IR (ATR) ¥ = 3334.2, 2921.5, 2850.3, 1615.1 (amide), 1571.5, 1477.4, 1465.0, 1253.7, 1229.5,
1075.3, 990.8, 909.0, 723.3, 615.6 cm™.
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Figure 102 'H NMR spectrum of 9 (400 MHz, CDCls).
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1,3-Di((Z)-heptadec-8-en-1-yl)urea 10
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The side reaction of the Lossen rearrangement of N-hydroxy oleamide 1a (1.00 eq.) in diallyl
carbonate and allyl alcohol (2.00 eq.) catalyzed by TBD (0.20 eq.) led to the formation of di-
((2)-heptadec-8-en-1-yl)urea 10 as colorless solid (3%).

'H NMR (CDCls, 400MHz) 6= 088 (t, J = 7.0Hz 6H, CHs%®), 1.24-
1.30 (m 40H, CH,2712152427,3237) 1 48 (p, J = 7.1 Hz, 4H, CH,'%23), 2.00 (q, J = 6.7 Hz, 8H,
CH,3112831),3.14 (t, J = 7.2 Hz, 2H, CH,'7%2), 4.24 (s, 1H, NH829), 5.34 (m, 2H, CH1°293%) ppm,

13C NMR (CDCl3, 100 MHz) 8= 14.1 (C*%9), 22.7 (C2%), 26.9 (C'5%), 27.2 (C1+2331), 27.2 (C51+2831), 29.2
(C*3), 29.3 (C19%), 29.3 (C>433), 29.5 (C1*%9), 29.7 (C13%), 29.8 (C7), 30.2 (C*¥"), 31.9 (C>%),
40.7 (C7?), 129.7 (C%102%%), 130.0 (C*192%%), 158.2 (CO™) ppm.

IR (ATR) ¥ = 3325.0, 2919.5, 2849.3, 1611.6 (amide), 1578.9, 1459.3, 1379.0, 1261.1, 1233.7,
1051.8, 717.5, 619.8cm™.

ESI-MS of C3sHesN20O [M+H]* calculated: 533.5405, found 533.5404.
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Figure 103 'H-NMR spectrum of 10 (400 MHz, CDCls).

255



Experimental section

5.2.4 General procedure for the synthesis of dithiols from dienes

Dithiols were synthesized in a modified procedure previously published by our group.?%# The
diene component (1.00 eq.) was prepared in a round bottom flask, followed by the addition
of thioacetic acid (2.50 eq.). The mixture was allowed to stir for 18 h at room temperature.
Afterwards, excess of thioacetic acid was removed via rotary evaporation. Methanol (20.0 eq.)
and H;S04 (0.10 eq.) or TBD (0.20 eq.) were added to the dithioester and stirred under reflux
conditions for 16 h. The solvent was evaporated under reduced pressure, and the crude

product purified by flash column chromatography (CH/EA, 19:1).
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Limonene dithiol 11

HS

10 6

The reaction between limonene and thioacetic acid and subsequent transesterification with
methanol catalyzed by TBD led to the formation of limonene dithiol 11 as colorless liquid
(89%). The evaluation by NMR required the use of COSY and HSQC technique, since signal
assignment is unambiguous, especially in the case of the carbon spectrum. In the proton

spectrum, the use of CHx groups in the brackets was omitted for clarity.

1H NMR (CDCls, 400 MHz) 6= 0.89 — 0.98 (m, H1°, H&, H?, H4), 1.06 (d, J = 6.5 Hz, H7), 1.00 —
1.21 (m, H2, H4, HS, HF), 1.21 — 1.33 (m, H%, SH), 1.34 — 1.52 (m, H&, H%), 1.53 — 1.60 (m, H3),
1.61 — 1.73 (m, HS, HS), 1.74 — 1.88 (m, H2, H3), 1.99 (dd, J = 21.3, 8.0 Hz, H3), 2.34 -
2.47 (m, HY, H°), 2.53 —2.63 (m, H°), 3.33 (h, J = 6.7, 3.4 Hz, H) ppm.

13C NMR (CDCls, 100 MHz) 8= 15.3 (C19), 15.3 (C19), 15.4 (C19), 20.5 (C7), 20.5 (C7), 20.8 (C7),
20.8 (C7), 27.8 (CE), 28.0 (CF), 28.2 (C%), 28.3 (C?), 29.3 (C9), 29.4 (C°), 29.6 (C9), 30.3 (CF),
30.4 (C®), 32.9 (C, minor diast), 33.0 (C, minor diast), 33.7 (C?), 33.9 (C?), 34.3 (C, minor diast),
33.4 (C, minor diast), 35.3 (C?%), 35.4 (C?%), 35.9 (C, minor diast), 36.2 (C°), 36.2 (C°), 37.1 (C3),
39.3 (C3), 40.6 (C8), 40.7 (C?), 40.9 (C?), 40.9 (C?), 40.9 (C3), 41.0 (C, minor diast),
41.1 (C, minor diast), 41.3 (C°), 41.6 (C?8), 41.6 (C?®), 41.9 (C, minor diast), 41.9 (C, minor diast),
42.4 (C, minor diast), 42.5 (C, minor diast), 43.1 (C3), 43.8 (CY), 43.9 (C!), 46.2 (CY),
46.2 (C!) ppm.

IR (ATR) ¥ = 2955.1, 2918.8, 2851.8, 2557.1 (thiol), 1452.2, 1375.5, 1292.1, 1251.6, 979.4,
938.4,766.5, 719.4 cm™™.

HRMS-EI-MS of C10H20S2 [M]* calculated: 204.1001 found 204.1000.
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Figure 104 'H NMR spectrum of 11 (400 MHz, CDCls).
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1,3- and 1,4-cyclohexanedithiol 12

"HS U5 THs_1 25 sH®
.U
2 ; SH8 2 ; 4
12a 12b

The reaction between 1,4-cyclohexadiene and thioacetic acid and subsequent cleavage of the
thioester in methanol catalyzed by sulfuric acid led to the formation of a mixture of 1,3- and
1,4-cyclohexanedithiol 12 (ratio 1:2, 72%). Because of the high volatility of the product, the
main impurity derives from residual solvent (cyclohexane) at 1.43 ppm. The spectrum can be
compared to the literature of a mixture of cis- and trans-cyclohexane dithiol.3%4

14 NMR (CDCls, 400 MHz) =1.21 — 1.65 (m, 2H, 12a-CH,%>>%; 4H, 12b-CH,**), 1.47 — 1.59 (m,

2H, 12a-SH”%; 2H, 12b-SH”#), 1.65 — 2.15 (m, 6H, 12a-CH,2>55; 4H, 12b-CH,>%),
3.19, 2.91, 2.63 (m, 2H, 12b-CH%), 3.40, 3.08, 2.75 (m, 2H, 12a-CH'*) ppm.

13C NMR (CDCls, 100 MHz) 8= 21.1 (12b-C3), 33.2 (12b-C2356), 37.2 (12b-C*5), 38.1 (12a-C14,
12b-C24), 45.4 (12b-C5) ppm.

IR (ATR)¥=2929.4,2849.5, 2550.5 (thiol), 1443.8, 1343.7,1274.3, 1182.5,995.6, 893.8, 734.9,
568.9 cm™.

HRMS-EI-MS of CgH1,S; [M]* calculated: 148.0375, found 148.0373.

259



Experimental section

M r 1T rr>1Tr VT 17rTr > 1rTr 7T tT1r v 71T "l
75 7.0 65 6.0 555045 40 353025201510 0.50.0
d [ppm]

Figure 105 *H NMR spectrum of 12 (400 MHz, CDCls).
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5.3 Experimental section — Non-isocyanate polyurethanes (NIPUs)

5.3.1 Materials

1,2-Ethanedithiol (98%, Fluka Analytical), 1,3-propanedithiol (97%, VWR), 1,4-butanedithiol
(97%, SAFC), 1,6-hexanedithiol (97%, Alfa Aesar), 1,8-octanedithiol (97%, Sigma-Aldrich), 1,10-
decanedithiol (98%, TCl), 2,3-butanedithiol (98%, TCl), dithioerythritol (99%, Acros Organics),
2,2’-oxybis(ethane-1-thiol) (95%, Sigma-Aldrich), 3,6-dioxa-1,8-octanedithiol (95%, TCl), (S)-2-
aminobutane-1,4-dithiol hydrochloride (99%, Sigma-Aldrich), 1,3-benzenedithiol (99%, Sigma-
Aldrich), 2,2-thiobis(ethane-1-thiol) (90%, Acros Organics), Butane-1,4-diyl bis(2-
mercaptoacetate) (95%, TCl), ethane-1,4-diyl bis(2-mercaptoaetate) (97%, abcr), gamma-
valerolactone (99%, Sigma-Aldrich), gamma-butyrolactone (99%, Sigma-Aldrich), Cyrene
(Sigma-Aldrich), dimethyl sulfoxide (99.9%, Fisher Chemical), tetrahydrofuran (HPLC grade,
VWR), chloroform (99.8%, Fisher Chemical), PolarClean (SOLVAY), 2-methyl tetrahydrofuran
(99.5%, Sigma-Aldrich), 2,2-dimethoxy-2-phenylacetophenone (99%, Sigma-Aldrich),
methanol (HPLC grade, VWR).

The dithiol 10,10'-(hexane-1,6-diylbis(oxy))bis(decane-1-thiol) was synthesized and
characterized by Dr. Patrick-Kurt Dannecker, a previous PhD student of our group. The full

characterization can be found in his doctoral thesis.[254

5.3.2 Additional analytical methods

Size exclusion chromatography (SEC) measurements were performed on a Tosoh EcoSEC HLC-
8320 SEC with 1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP) containing 0.1 wt.% potassium
trifluoroacetate as eluent. The solvent flow was 0.40 mL min™! at 30 °C and the concentration
of the samples was 1.00 mg mL. The analysis was performed on a three-column system: PSS
PFG Micro precolumn (3.0 x 0.46 cm, 10,000 A), PSS PFG Micro (25.0 x 0.46 cm, 1000 A) and
PSS PFG Micro (25.0 x 0.46 cm, 100 A). The system was calibrated with linear poly(methyl
methacrylate) standards (Polymer Standard Service, Mp 102 — 981 kDa).

Differential scanning calorimetry (DSC) experiments were performed on two different
instruments. The first was a DSC821e (Mettler Toledo) calorimeter using 40 pyL aluminum
crucibles under nitrogen atmosphere. The cycles were adjusted accordingly to the employed

monomers. For macromolecules containing urea moieties or oxidized NIPUs three cycles
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respectively of 25—-125 °C, 125 —--50 °C and -50 — 200 °C were used. For NIPUs and thiol-based
copolymers three cycles respectively of 25 — 125 °C, 125 — -80 °C and -80 — 180 °C were
measured. Each measurement was performed with 3-7 mg sample. Tg and Tm values were

recorded by taking the second heating curves.

The second instrument was a TA DSC 2500 with a in TA Tzero sample holder. The glass
transition temperature Tg and melting temperature T, were determined in the second heat
run to eliminate possible interference from the polymer’s thermal history. The heating rates

and temperatures were kept as for the previous instrument.

5.3.3 General procedure for the thiol-ene polymerization

The desired amount of carbamate and/or urea was weighted in a 2 mL vial, followed by
addition of solvent. The mixture was stirred until completely homogeneous. Afterwards, the
initiator was added and stirred for a few seconds. The dithiol was added via Eppendorf pipette,
and the vial was placed either between two handheld 6 W-UV lamps or in front of a single
13 W-UV lamp (365 nm). In the case of 254 nm polymerization, the reaction was performed
in a quartz glass flask. The mixture was lastly allowed to stir at the required temperature for

the desired time.

Purification of polymers varied depending on the solubility in THF. If the polymeric compound
was soluble, it was dissolved in a small amount of THF and reprecipitated in cold methanol.
The white solid was then collected by filtration or centrifugation and dried under reduced

pressure.

In the case of insoluble products, the polymers were washed several times with CHCl; and

dried in vacuo.
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P1

The thiol-ene polymerization of allyl dec-9-enyl carbamate 4 (1.00 eq.) and 1,2-ethanedithiol

(1.00 eq.) led to the formation of P1 as a colorless solid (88%).

1H NMR (CDCl3,400 MHz) 6= 1.15 — 1.36 (m, 12H, CH,>#), 1.41 (q, J = 7.0 Hz, 2H, CH,2), 1.51 (p,
J=7.5Hz, 2H, CH,°), 1.83 (p, J = 6.7 Hz, 2H, CH,%%), 2.47 (t, J = 7.4 Hz, 2H, CH,Y), 2.54 (t, J =
7.3 Hz, 2H, CH,%), 2.65 (t, J = 2.2 Hz, 4H, CH,'#19), 3.09 (q, J = 6.9 Hz, 2H, CH,1°), 4.07 (t, J =
6.3 Hz, 2H, CH,%4), 4.64 (br, d, J = 22.1 Hz 1H, NH) ppm.

IR (ATR) ¥ =3319.8, 2918.8, 2848.8, 1682.6 (amide), 1536.5, 1466.6, 1437.8, 1320.5, 1260.9,
1246.5,1205.3, 1143.6, 1061.4, 1024.3, 779.6, 721.0 cm™™.

1 S

T T T~ T T~ T T " T " T "1
4.0 3.5 3.0 25 20 1.5 1.0 0.5 0.0

6 [ppm]

Figure 106 *H NMR spectrum of P1 (400 MHz, CDCls).
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P2
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The thiol-ene polymerization of allyl dec-9-enyl carbamate 4 (1.00 eq.) and 1,3-propanedithiol
(1.00 eq.) led to the formation of P2 as a colorless solid (91%).

1H NMR (CDCls, 400 MHz) 8= 1.20 — 1.42 (m, 12H, CH.%'%), 1.48 (t, J = 7.4, 6.9 Hz, CH,%4),
1.57 (p,/=8.1,7.7,7.0,6.7 Hz CH27), 1.79 — 1.96 (m, 4H, CH23%°), 2.45 — 2.66 (m, 8H, CH,>*6:21),
3.15 (q, J = 6.8 Hz, 2H, CH2%), 4.13 (t, J = 6.3 Hz, 2H, CH,%%), 4.69 (br, s, 1H, NH6) ppm.

IR (ATR) ¥ = 3324.8, 2920.5, 2850.7, 1682.1 (amide), 1535.0, 1468.9, 1289.6, 1244.4, 1142 4,
1078.7, 1039.2, 778.8, 720.8, 637.6 cm™™.

1 -

T T T T T T " T T " T T " T~ T "~ T T "1
7.5 7.0 6.5 6.0 55504540 35 3.02520151.0 0.5 0.0
o [ppm]

Figure 107 'H NMR spectrum of P2 (400 MHz, CDCls).

264



Experimental section

23
2 4 6 8 10 12 14 16 o 20 22
S N“18 O
3 5 7 9 1 13 15 21

1 19

17

The thiol-ene polymerization of allyl dec-9-enyl carbamate 4 (1.00 eq.) and 1,4-butanedithiol

(1.00 eq.) led to the formation of P3 as a colorless solid (90%).

14 NMR (CDCls, 400 MHz) 8= 1.22 — 1.40 (m, 12H, CH,%), 1.47 (p, J = 6.8 Hz, 2H, CH,19),
1.55 (p, J = 7.7, 6.7 Hz, 2H, CH,8), 1.68 (p, J = 3.4 Hz, 4H, CH»>%), 1.89 (p, J = 7.0, 6.6 Hz, 2H,
CH»2Y), 2.45 — 2.59 (m, 8H, CH,25722), 3.14 (t, J = 6.6 Hz, 2H, CH,), 4.14 (t, J = 6.1 Hz, 2H,
CH2%9), 4.69 (br, s, 1H, NHY) ppm.

IR (ATR) ¥ = 3333.0, 2919.4, 2850.6, 1683.1 (amide), 1530.4, 1468.9, 1289.5, 1141.2, 1019.5,
779.4,721.2,630.7 cm™.

|

LI DL L L L L D I " 17 "1
504540 353025201510 050.0
d [ppm]

Figure 108 *H NMR spectrum of P3 (400 MHz, CDCls).
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P4

The thiol-ene polymerization of allyl dec-9-enyl carbamate 4 (1.00 eq.) and 1,6-hexanedithiol

(1.00 eq.) led to the formation of P4 as a colorless solid (94%).

1H NMR (CDCls, 400 MHz) 6= 1.21 — 1.36 (m, 12H, CH.>®), 1.38 (td, J = 10.2, 8.7, 5.1 Hz, 4H,
CH22°2Y),1.47 (q, J = 7.1 Hz, 2H, CH»?), 1.58 (dq, J = 14.6, 7.2 Hz, 6H, CH,%19%?), 1.87 (p, J = 6.3,
5.8 Hz, 2H, CH,5), 2.43 — 2.58 (m, 8H, CH,161823) 314 (q, J = 6.8 Hz, 2H, CH,10), 4.14 (t, J =
6.1 Hz, 2H, CH2'%), 4.68 (br, s, 1H, NH) ppm.

IR (ATR) ¥ = 3328.1, 2918.8, 2850.9, 1682.5 (amide), 1534.5, 1468.6, 1439.8, 1345.2, 1322.6,
1289.7, 1262.9, 1244.4, 1186.8, 1143.6, 1116.9, 1077.8, 1061.4, 1040.8, 1018.2, 779.6,
719.9 cm™.
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Figure 109 *H NMR spectrum of P4 (400 MHz, CDCls). The impurity at 3.49 ppm derives from residual

methanol.

P5

The thiol-ene polymerization of allyl dec-9-enyl carbamate 4 (1.00 eq.) and 1,8-octanedithiol

(1.00 eq.) led to the formation of P5 as a colorless solid (90%).

'H NMR (CDCls, 400 MHz) &= 1.25 — 1.35 (m, 20H, CH,3>71318) 1.48 (t, J = 6.8 Hz, CH,%),
1.57 (p, J = 7.6 Hz, 6H CH,>®'?), 1.88 (p, J = 6.9Hz, 2H, CH,?°), 2.50 (td, J = 7.4, 2.9 Hz, 6H,
CH2%1), 2.56 (t, J = 7.3 Hz, 2H, CH,%), 3.15 (q, J = 6.8 Hz, 2H, CH,?°), 4.13 (t, J = 6.1 Hz, 2H,
CH»?%), 4.66 (br, s, 1H, NH?!) ppm.

IR (ATR) ¥ =3328.1, 2918.8, 2850.9, 1684.6 (amide), 1536.5, 1468.6, 1322.7, 1289.7, 1265.0,
1244.4,1141.6, 1075.8, 1040.8, 1022.3, 779.6, 719.1 cm™.

267



Experimental section

L L

M rr*>1r1Trr>r 1 rrT1rTrTrvT1rvi1r 'l
75 7.0 656.0555045 40 353025201510 050.0
d [ppm]

Figure 110 *H NMR spectrum of P5 (400 MHz, CDCls).
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The thiol-ene polymerization of allyl dec-9-enyl carbamate 4 (1.00 eq.) and 1,10-decanedithiol

(1.00 eq.) led to the formation of P6 as a colorless solid (82%).

1H NMR (CDCls, 400 MHz) 8= 1.18 — 1.41 (m, 24H, CH,*%1520), 1.46 (p, J = 7.0, 6.4 Hz, 2H,
CH2?Y), 1.58 (d, J = 7.4 Hz, 6H, CH,>1014), 1.88 (p, J = 6.7 Hz, 2H, CH,?7), 2.50 (td, J = 7.5, 2.7 Hz,
6H, CH,>113), 2.56 (t, J = 7.4 Hz, 2H, CH,%), 3.15 (q, J = 6.8 Hz, 2H, CH,??), 4.13 (t,J = 6.2 Hz,
2H, CH,?%), 4.65 (br, s, 1H, NH?3) ppm.
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IR (ATR) ¥ =3328.2, 2919.0, 2850.3, 1685.8 (amide), 1535.9, 1468.7, 1345.4, 1289.0, 1245.7,
1142.4,1021.8,779.1, 719.5, 638.8 cm™™.

s WA Ui

T T T - T T T " T T "~ T " T T "~ T "~ T 7T "1
7.5 7.0 6.5 6.0 55504540 35 3025201510 0.5 0.0
o [ppm]

Figure 111 'H NMR spectrum of P6 (400 MHz, CDCls).

P7

The thiol-ene polymerization of allyl dec-9-enyl carbamate 4 (1.00 eqg.) and limonene dithiol

(1.00 eq.) led to the formation of P7 as transparent, viscous substance (90%).

1H NMR (CDCls, 400 MHz) 6= 0.91 — 1.12 (m, CH26, CH,22, CH325?7), 1.22 — 1.80 (m, CH,2%222,
CH2*), 1.89 (m, 2H, CH,%5), 1.96 — 2.42 (m, CH,23, CH?L19), 2.48 (t, J = 7.5 Hz, CH,%6), 2.51 —
2.64 (m, CH,+28), 2.93(br, s, CH'®), 3.14 (q, / = 6.9, 6.2 Hz, CH,10), 4.14 (t, ] = 6.1, 5.4 Hz, CH,14),

4.71 (br, s, NH) ppm.
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IR (ATR) ¥ = 3336.6, 2921.6, 2851.8, 1699.7 (amide), 1522.8, 1453.3, 1373.7, 1242.5, 1135.8,
1019.7,910.4, 776.0, 730.3, 645.8 cm™.

T T T T T T " T T T T " T "~ T T T "1
7.5 7.0 65 6.0 55504540 3530252015 1.0 05 0.0

6 [ppm]
Figure 112 H NMR spectrum of P7 (400 MHz, CDCls).
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The thiol-ene polymerization of allyl dec-9-enyl carbamate 4 (1.00 eq.) and a mixture of 1,3-

and 1,4-cyclohexanedithiol (1.00 eq.) led to the formation of P8 as a viscous substance (84%).
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'H NMR (CDCls, 400 MHz) 6= 1.17 — 1.42 (m, CHx*®), 1.48 (t, J = 7.3, 6.3 Hz, CH>°), 1.52 —
1.72 (m, CH»2%), 1.50 — 2.20 (m, CHp202L23242931) 3 46 — 2. 64 (m, CH Y16, CH19222628)
2.83 (br, s, CH!9222628) 314 (q, J = 7.1 Hz, CH»'9), 4.12 (t, J = 5.8 Hz, CH,'*), 4.66 (br, s,
NH) ppm.

IR (ATR) ¥ = 3330.1, 2924.6, 2851.2, 1721.4 (amide), 1530.0, 1447.2, 1243.1, 1136.1, 1066.6,
996.3, 905.8, 776.2 cm™.
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M r 1T rr>1rrrTr > 1rTrTrTr- Tr v7I1T 'l
75 7.0 6.5 6.0 555045 40 353025201510 050.0
d [ppm]

Figure 113 H-NMR spectrum of P8 (400 MHz, CDCls).
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P9
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The thiol-ene polymerization of allyl dec-9-enyl carbamate 4 (1.00 eq.) and 2,3-butanedithiol

(1.00 eq.) led to the formation of P9 as a viscous substance (87%).

1H NMR (CDCls, 400 MHz) 6= 1.18 — 1.42 (m, 18H, CH,%4 CH325), 1.48 (t, J= 6.9 Hz, 2H, CH,%9),
1.52-1.60 (M, 2H, CH,%), 1.88 (dd, J = 14.1, 7.4 Hz, 2H, CH,2Y), 2.47 — 2.67 (m, 4H, CH,7?2), 2.88 —
3.07 (m, 2H, CH3%), 3.15 (q, J = 6.8 Hz, 2H, CH,%6), 4.14 (t, J = 6.4 Hz, 2H, CH,2°), 4.74 (br, d, 1H,
NH’) ppm.

IR (ATR) ¥ = 3332.2, 2922.9, 2852.9, 1696.9 (amide), 1524.2, 1446.0, 1372.0, 1242.4, 1135.4,
1100.4, 1042.9, 1024.3,954.4, 775.5, 722.0 cm™.

BN o

rFr>r —r r 1T 7rr 1 1rTrTrTTrTr v v
75 706560555045 40 353025201510 050.0
d [ppm]

Figure 114 'H NMR spectrum of P9 (400 MHz, CDCl3). The impurity at 3.49 ppm derives from residual

methanol.
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P10

The thiol-ene polymerization of allyl dec-9-enyl carbamate 4 and 2-amino-1,4-butanedithiol

hydrochloride led to the formation of P10 as a colorless solid (81%).

1H NMR (DMSO-ds, 400 MHz) 6=1.15 — 1.43 (m, 12H, CH,>9), 1.51 (t, J = 6.8 Hz, 2H, CH1?),
1.80(q, J = 6.6 Hz, 2H, CH>'®), 1.85 — 1.97 (m, 2H, CH2?), 2.44 — 2.70 (m, 8H, CHyL171%a.22)
2.72 - 2.84 (m, 2H, CH?, CH»%*) 2.93 (q, J = 6.6 Hz, 2H, CH,'9), 3.98 (t, J = 5.3 Hz, 2H, CH,%),
7.08 (s, 1H, NH), 8.24 (br, s, 4H, ammonium NHs*) ppm.

IR (ATR) ¥ = 3305.5, 2922.9, 2852.9, 2620.5, 1703.1 (amide), 1614.7, 1528.3, 1435.7, 1415.2,
1376.1, 1248.5, 1137.5, 1016.1, 952.3, 703.5 cm™.
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Figure 115 'H NMR spectrum of P10 (400 MHz, DMSO-ds).
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P11
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The thiol-ene polymerization of allyl dec-9-enyl carbamate 4 (1.00 eq.) and dithioerythritol
(1.00 eq.) led to the formation of P11 as a colorless solid (85%).

1H NMR (CDCls, 400 MHz) 6= 1.14 — 1.41 (m, 12H, CH,11"16), 1.47 (p, J = 7.2, 6.2 Hz, CH,7),
1.58 (p, J = 7.6, 7.0 Hz, 2H CH,19), 1.89 (p, J = 7.0, 5.7 Hz, 2H, CH,%), 2.13 (br, s, 2H, OH5),
2.53 (t, J = 7.2 Hz, 2H, CH,9), 2.62 (t, J=7.2 Hz, 4H, CH,%722%) 2.82 — 2.95 (m, 2H, CH,27?),
3.14 (g, J = 7.0 Hz, 2H, CH,8), 3.67 (br, s, 2H, CH3*), 4.15 (t, J = 6.1 Hz, 2H, CH,??), 5.01 (br, d,
1H, NH®®) ppm.

IR (ATR) ¥ = 3332.2, 2920.8, 2850.9, 1682.6 (amide), 1536.5, 1468.6, 1435.7, 1417.2, 1337.0,
1244.4,1145.7,1049.0,981.1, 779.6, 719.9 cm™.
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Figure 116 'H NMR spectrum of P11 (400 MHz, CDCls).
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P13
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The thiol-ene polymerization of allyl dec-9-enyl carbamate 4 (1.00 eq.) and 2,2 -oxybis
(ethane-1-thiol) (1.00 eq.) led to the formation of P13 as a colorless solid (89%).

1H NMR (CDCls, 400 MHz) 8= 1.20 — 1.42 (m, 12H, CH,3*®), 1.47 (q, J = 6.9 Hz, 2H, CH2), 1.57 (m,
2H, CH,®), 1.89 (p, J = 6.8 Hz, 2H, CH,%5), 2.54 (t, J = 7.5 Hz, 2H, CH,Y), 2.62 (t, J = 7.3 Hz, 2H,
CH,%%), 2.70 (td, J = 6.8, 2.7 Hz, 4H, CH,822), 3.15 (q, J = 6.8 Hz, 2H, CH,%°), 3.62 (td, J = 6.7,
2.9 Hz, 4H, CH,1°2Y), 4.13 (t, J = 6.3 Hz, 2H, CH,4), 4.70 (br, s, 1H, NH) ppm.

IR (ATR) ¥ = 3324.0, 2918.8, 2850.9, 1682.6 (amide), 1536.5, 1468.6, 1437.8, 1355.5, 1289.7,
1265.0, 1246.5, 1143.6, 1100.4, 1038.3, 1018.2, 779.6, 719.9 cm™..

. Lﬁ_ﬂ w

M r*1Trr* T r>—r—r*>1rTr*T1r*Tr 1t 1 T 1T v
75 7.0 656.0 555045 40 353025201510 050.0
o [ppm]

Figure 117 'H NMR spectrum of P13 (400 MHz, CDCls).
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P14

The thiol-ene polymerization of allyl dec-9-enyl carbamate 4 (1.00 eq.) and 3,6-oxa-1,8-

octanedithiol (1.00 eq.) led to the formation of P14 as a colorless solid (82%).

H NMR (CDCls, 400 MHz) 6= 1.20 — 1.42 (m, 12H, CH,!3®), 1.48 (p, J = 7.7, 7.5, 6.4 Hz, 2H,
CH219), 1.52 — 1.60 (m, 2H, CH,2), 1.89 (p, J = 6.9 Hz, 2H,CH,?), 2.54 (t, J= 7.6 Hz, 2H, CH,1),
2.61 (t, J= 7.4 Hz, 2H, CH,%), 2.71 (td, J= 6.9, 2.3 Hz, 4H, CH,>°), 3.15 (q, J = 6.8 Hz, 2H, CH,%),
3.69-3.58 (m, 8H, CH23568), 4.13 (t, J = 6.3 Hz, 2H, CH,?*), 4.71 (br, s, 1H, NH?2) ppm.

IR (ATR) ¥ = 3311.6, 2916.7, 2898.2, 2848.8, 1682.5, 1540.6, 1466.6, 1439.8, 1417.2, 1351.4,
1320.5,1279.4, 1246.5,1127.2,1110.7, 1036.7, 975.0, 946.2, 888.6, 781.6, 736.4, 722.0 cm™.

] N S

rrrrrr—rrrtrtr T rtrtr Tt 1t Tt
7.5 7.0 6.5 6.0 55 5.0 4.5 40 35 3.0 25 2.0 1.5 1.0 0.5 0.0
o [ppm]

Figure 118 *H-NMR spectrum of P14 (400 MHz, CDCls).
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The thiol-ene polymerization of allyl dec-9-enyl carbamate 4 (1.00 eq.) and 10,10'-(hexane-
1,6-diylbis(oxy))bis(decane-1-thiol) (1.00 eq.) led to the formation of P15 as a colorless solid
(95%).

1H NMR (CDCls, 400 MHz) 6= 1.20 — 1.42 (m, 40H, CH,3-821-2632,33,39-44) 1 44.1 51 (m, 2H, CH,°),
1.52 — 1.62 (m, 14H, CH,2202731343845) 189 (p, J = 8.0, 6.7 Hz, 2H,CH,), 2.50 (td, J= 7.5,
2.6 Hz, 6H, CH,M19%), 256 (t, J= 7.3 Hz, 2H, CH,'), 3.15 (q, J = 6.6, 6.1 Hz, 2H, CH,™),
3.39 (td, J= 6.7, 2.9 Hz, 8H, CH,2393537) 414 (t, J= 6.2 Hz, 2H, CH>!5), 4.65 (br, s, 1H,
NH) ppm.

IR (ATR) ¥ = 3334.2, 2918.8, 2850.9, 1688.7 (amide), 1534.5, 1485.1, 1468.6, 1376.1, 1283.5,
1242.4,1114.8,1053.1, 1036.7, 1022.3, 719.9 cm ™.

e ,LLJLAJL___L

rrrrrr rrTrrTr-Tr-rt-r- T rtT1r T 1Tt
7.5 70 6.5 6.0 55504540 35 30252015 1.0 0.5 0.0
o [ppm]
Figure 119 'H NMR spectrum of P15 (400 MHz, CDCls).

279



Experimental section

P16
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The thiol-ene polymerization of allyl dec-9-enyl carbamate 4 (1.00 eq.) and 2,2 -thiobis
(ethane-1-thiol) (1.00 eq.) led to the formation of P16 as a colorless solid (80%).

'H NMR (CDCl3, 400 MHz) 6= 1.19 — 1.42 (m, 12H, CH,1%1%), 1.48 (p, J = 7.3 Hz, 2H, CH,¢), 1.58
(m, J=7.7, 6.8 Hz, 2H, CH,%), 1.89 (p, J = 6.6 Hz, 2H, CH,%), 2.53 (t, J = 7.4 Hz, 2H, CH,8), 2.60
(t, J = 7.3 Hz, 2H, CH,?%), 2.67 — 2.82 (m, 8H, CH»%>35%), 3.15 (q, J = 6.8 Hz, 2H, CH,7), 4.13 (t, J
=6.2 Hz, 2H, CH2??), 4.72(br, s, 1H, NH*®) ppm.

IR (ATR) ¥ =3330.1, 2920.8, 2848.8, 1682.6 (amide), 1534.5, 1468.6, 1423.4, 1293.8, 1267.1,
1246.5,1188.9, 1135.4, 1014.1, 779.6, 722.0, 707.6 cm™™.

i |

| L L L D L L "1 ' 1
5045 40 353025201510 050.0
o [ppm]

Figure 120 '*H NMR spectrum of P16 (400 MHz, CDCls).
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P17
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The thiol-ene polymerization of allyl dec-9-enyl carbamate 4 (1.00 eq.) and 1,4-Butanediol

bis(thioglycolate) (1.00 eq.) led to the formation of P17 as a colorless solid (87%).

H NMR (CDCls, 400 MHz) 8= 1.41 — 1.19 (m, 12H, CH,*%), 1.48 (p, J = 7.0, 6.5 Hz, 2H, CH?),
1.59 (p, J = 7.7, 6.9 Hz, 2H, CH,?), 1.75 (hept, J = 2.9 Hz, 4H, CH,?2%%), 1.91 (p, J = 6.8 Hz, 2H,
CH,*), 2.61 (t,J = 7.3 Hz, 2H, CH,?), 2.70 (t, J = 7.3 Hz, 2H, CH2'°), 3.15 (q, J = 6.8 Hz, 2H, CH,™),
3.21(d,J = 3.2 Hz, 4H, CH,'%?7), 4.24 - 4.09 (m, 6H, CH,*#?+2%), 4.74 (br, s, 1H, NH) ppm.

IR (ATR) ¥ = 3321.9, 2920.8, 2850.9, 1725.7 (ester), 1680.5 (amide), 1536.5, 1468.6, 1411.0,
1386.4, 1265.0, 1246.5 (sulfone), 1168.3, 1129.2 (sulfone), 1079.9, 1034.6, 954.4, 886.5,
779.6,719.9 cm'L.

A A JL)J_A.N UM

rFrrr r1rr1rr1rrTrr 1 T7rrTr vl
75 706560555045 40 353025201510 0.50.0
d [ppm]

Figure 121 'H NMR spectrum of P17 (400 MHz, CDCls).
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11
The thiol-ene polymerization of allyl dec-9-enyl carbamate 4 and ethane-1,2-diyl bis(3-

mercaptopropanoate) led to the formation of P18 as a colorless solid (86%).

1H NMR (CDCls, 400 MHz) 6= 1.21 — 1.41 (m, 12H, CH,%722), 1.47 (q, J = 7.1 Hz, 2H, CH,?%3), 1.58
(p,J = 7.7, 7.2 Hz, 2H CH,16), 1.89 (p, J = 6.7 Hz, 2H, CH,*), 2.53 (t, J = 7.5 Hz, 2H, CH,5), 2.55
—2.67 (m, 6H, CH,>1231), 2.78 (td, J = 7.1, 4.5 Hz, 4H, CH,>%3), 3.15 (q, J = 6.8 Hz, 2H, CH,?*),
4.14 (t,J = 6.3 Hz, 2H, CH,%), 4.31 (s, 4H, CH,"#), 4.75 (br, s, 1H, NH?5) ppm.

IR (ATR) ¥ = 3324.0, 2918.8, 2848.8, 1729.9 (ester), 1717.5, 1682.6 (amide), 1532.4, 1468.6,
1456.3, 1437.8, 1423.4, 1415.2, 1374.0, 1341.1, 1242.4, 1137.5, 1038.7, 981.1, 952.3,
777.5cm™.

1 Y

M r T Tr—r*>1Tr r 1T r T 7rTrTVrrTvir TV Tn1r v i1 ']
75 706560555045 40 353025201510 0.50.0
& [ppm]

Figure 122 'H NMR spectrum of P18 (400 MHz, CDCls).
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P19

The thiol-ene polymerization of allyl allyl carbamate 3 (1.00 eq.) and 1,2-ethanedithiol
(1.00 eq.) led to the formation of P19 as a colorless solid (84%).

1H NMR (CDCls, 400 MHz) 6= 1.81 (p, J = 7.1 Hz, 2H, CH,%), 1.90 (p, J = 6.7 Hz, 2H, CH,13),
2.60(q, J = 7.5Hz, 4H, CH,5), 2.73 (s, 4H, CH,23), 3.28 (q, J = 7.5Hz, 2H, CH)),
4.14 (t,J = 7.5 Hz, 2H, CH»™2), 5.08 (br, s, 1H, NH) ppm.

IR (ATR) ¥ = 3321.9, 2953.7, 2922.9, 2852.9, 1682.6 (amide), 1536.5, 1437.8, 1423.4, 1297.9,
1246.5,1201.2, 1137.5, 1075.8, 1014.1, 777.5 cm™.

o ULA_JL

T T -~ T T T~ T~ T T~ T~ T~ T~ T~ T~ T "1
7.5 706560555045 40 353025201510 0.50.0
o [ppm]

Figure 123 'H NMR spectrum of P19 (400 MHz, CDCls).
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P20
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The thiol-ene polymerization of allyl allyl carbamate x (1.00 eq.) and 1,4-butanedithiol
(1.00 eq.) led to the formation of P20 as a colorless solid (90%).

1H NMR (CDCls, 400 MHz) 6= 1.68 (dd, J = 10.6, 3.3 Hz, 4H, CH2>%), 1.79 (p, J = 7.0 Hz, 2H CH,%),
1.88 (p, J = 6.9 Hz, 2H, CH2%), 2.49 — 2.60 (m, 8H, CH,>57%%), 3.27 (q, J = 6.5 Hz, 2H, CH,?),
4.14 (g, J = 6.3, 5.7 Hz, 2H, CH»13), 4.96 (br, s, 1H, NH2) ppm.

IR (ATR) ¥ = 3315.7, 2935.2, 2918.8, 2855.0, 1678.4 (amide), 1536.5, 1470.7, 1431.6, 1326.7,
1310.3, 1254.7, 1193.0, 1137.5, 1077.8, 1042.9, 1009.9, 798.1, 779.6, 746.7, 732.2 cm™..

NN

F - rr1T 17T r1r 1T 1r7rrr 17T r TV rt1 v
75 7.0 65 6.0 55504540 353025201510 050.0
d [ppm]

Figure 124 'H NMR spectrum of P20 (400 MHz, CDCls). The contamination at 1.25 ppm could not be

identified or removed through multiple precipitation steps.
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The thiol-ene polymerization of allyl allyl carbamate 3 (1.00 eq.) and 1,6-hexanedithiol

(1.00 eq.) led to the formation of P21 as a colorless solid (90%).

14 NMR (CDCls, 400 MHz) &= 1.39 (dg, J = 10.0, 6.3, 4.8 Hz, 4H, CH,*%), 1.52 — 1.63 (m, 4H,
CH23%), 1.79 (p, J = 7.0 Hz, 2H, CH,1°), 1.88 (p, J = 5.6 Hz, 2H, CH,®), 2.41 — 2.61 (m, 8H,
CH227917), 3.27 (q, J = 6.8 Hz, 2H, CH2!Y), 4.14 (t, J = 5.9 Hz, 2H, CH.,15), 4.89 (br, s, 1H,
NH2) ppm.

IR (ATR) ¥ = 3315.7, 2920.8, 2850.9, 1678.4 (amide), 1538.6, 1470.7, 1460.4, 1450.1, 1431.6,
1326.7,1252.7,1221.8,1188.9, 1141.6, 1075.8, 1047.0, 1012.0, 775.5, 746.7, 726.1 cm™.,

I JLJ w L

Frrr1Trr—r r 17177 Tr 1T 1 T1 "
75 7.0 6.56.0555045 40 353025201510 050.0
d [ppm]

Figure 125 'H NMR spectrum of P21 (400 MHz, CDCls).
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The thiol-ene polymerization of allyl allyl carbamate 3 (1.00 eq.) and 2,3-butanedithiol

(1.00 eq.) led to the formation of P22 as a transparent viscous substance (85%).

1H NMR (CDCls, 400 MHz) &= 1.27 — 1.40 (m, 6H, CH3'2%4), 1.79 (p, J = 7.8, 6.9 Hz, 2H, CH,?),
1.88 (p, J = 6.2, 4.7 Hz, 2H, CH,8), 2.47 — 2.68 (m, 4H, CH,°), 2.89 — 3.06 (m, 2H, CH!13), 3.20
(q,J=7.2,7.2,5.2 Hz, 2H, CH23), 4.14 (t, J = 6.2 Hz, 2H, CH,7), 5.12 (s, 1H, NH*) ppm.

IR (ATR) ¥ = 3326.0, 2961.9, 2924.9, 1692.8 (amide), 1522.1, 1443.9, 1372.0, 1316.4, 1242 4,
1176.6, 1135.4, 1102.5, 1073.7, 1036.7, 1009.9, 954.4, 775.5 cm™.

W
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Figure 126 *H NMR spectrum of P22 (400 MHz, CDCls). The impurity at 3.49 ppm belongs to residual

T T T T "1
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methanol.
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P23

The thiol-ene polymerization of allyl allyl carbamate 3 (1.00 eq.) and limonene dithiol

(1.00 eq.) led to the formation of P23 as a transparent viscous substance (90%).

1H NMR (CDCls, 400 MHz) &= 0.99 (m, CH3, CHs*11), 1.55 (m, 1H, CH®), 1.70 — 1.75 (m, CH,51°,
CH®), 1.79 (p, J = 7.0 Hz, 2H, CH,™), 1.88 (p, J = 6.9 Hz, 2H, CH2%), 2.49 — 2.62 (m, CH357,
CH221321),2.93 (br, s, CH7), 3.27 (q, / = 6.7, 6.3, 5.5 Hz, 2H, CH,1%), 4.14 (t, J = 6.4 Hz, 2H, CH,19),
4.99 (br, s, 1H, NH®) ppm.

IR (ATR) ¥ = 3326.0, 2953.7, 2918.8, 2867.3, 2850.9, 1694.9 (amide), 1524.2, 1446.0, 1374.0,
1318.5, 1244.4,1135.4, 1075.8, 1014.1, 913.3, 775.5, 730.2 cm™™.

- . LL

T T T T T T T T T T T T T T 1
7.5 7.0 6.56.0 55504540 35 30252015 1.0 0.5 0.0
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Figure 127 'H NMR spectrum of P23 (400 MHz, CDCls).
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The thiol-ene polymerization of allyl allyl carbamate 3 (1.00 eq.) and dithioerythritol (1.00 eq.)

led to the formation of P24 as a colorless solid (83%).

IH NMR (DMSO-ds, 400 MHz) 6= 1.64 (p, J = 7.1 Hz, 2H, CH2?), 1.79 (p, J = 6.7 Hz, 2H, CH,8),
2.43 = 2.52 (m, 2H, CH,'1>18), 2.56 (t, J = 7.2 Hz, 6H, CH,%9110160) 2,70 — 2.83 (m, 2H,
CH,!12162), 3.04 (q, J = 6.5 Hz, 2H, CH,3),3.37 — 3.47 (m, 2H, CH21), 4.00 (q, J = 6.6 Hz, 2H,
CHy’), 4.86 (ddt, J = 8.1, 5.7, 4.1 Hz, 2H, OH'315), 7.12 (t, J = 5.7 Hz, 1H, NH*) ppm.

IR (ATR) ¥ = 3330.1, 2920.8, 2896.1, 1680.5 (amide), 1536.5, 1470.7, 1435.7, 1417.2, 1334.9,
1248.5, 1139.5, 1049.0, 977.0, 777.5 cm™.

J Y|

L |
75 7.06560555045 40 353025201510 0500
d [ppm]

Figure 128 H NMR spectrum of P24 (400 MHz, DMSO-ds). The impurity at 3.3 ppm derives from

residual water in the deuterated solvent.
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The thiol-ene polymerization of allyl allyl carbamate 3 (1.00 eq.) and 3,6-oxa-1,8-octanedithiol
(1.00 eq.) led to the formation of P25 as a colorless solid (79%).

1H NMR (CDCls, 400 MHz) 5= 1.80 (p, J = 7.0 Hz, 2H, CH,2), 1.89 (t, J = 7.1 Hz, 2H, CH,%), 2.55 —
2.66 (m, 4H, CH,°), 2.71 (td, J = 6.8, 1.7 Hz, 4H, CH,'%18), 3.27 (q, J = 6.6 Hz, 2H, CH,3), 3.58 —
3.71 (m, 8H, CH,12141517), 4,13 (t, J = 6.2 Hz, 2H, CH,7), 5.01 (s, 1H, NH*) ppm.

IR (ATR) ¥ = 3330.1, 2916.7, 2863.2, 1696.9 (amide), 1526.2, 1470.7, 1441.9, 1351.4, 1320.5,
1244.4,1098.4, 1038.7, 1003.8, 775.5 cm™.

B N ) ua 1

| |
75 7.0 65 6.0 55 5.0 45 4.0 35 3.0 25 2.0 1.5 1.0 0.5 0.0
6 [ppm]

Figure 129 'H NMR spectrum of P25 (400 MHz, CDCls).

289



Experimental section

P26

The thiol-ene polymerization of allyl allyl carbamate 3 (1.00 eq.) and 2,2 -thiobis (ethane-1-
thiol) (1.00 eq.) led to the formation of P26 as a colorless solid (84%).

1H NMR (CDCls, 400 MHz) &= 1.80 (p, J = 6.9 Hz, 2H, CH»2), 1.90 (h, J = 6.8, 6.2 Hz, 2H, CH,%),
2.60 (q, J = 7.3 Hz, 4H, CH,?), 2.75 (tt, J = 7.3, 3.5 Hz, 8H, CH,11121415) 327 (g, J = 6.6 Hz, 2H,
CH,3), 4.14 (t, J = 6.1 Hz, 2H, CH,7), 4.99 (br, s, 1H, NH%) ppm.

IR (ATR) ¥ = 3321.9, 2953.7, 2924.9, 1682.6 (amide), 1536.5, 1468.6, 1437.8, 1423.4, 1250.6,
1193.0, 1137.5, 1073.7, 1038.7, 1016.1, 777.5 cm™.

B o S

M T rr 1T rTr1rrr rrrrrTir "t 1 v
75 7.0 6.5 6.0555045 40 353025201510 050.0
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Figure 130 'H NMR spectrum of P26 (400 MHz, CDCls).
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The thiol-ene polymerization of allyl allyl carbamate 3 (1.00 eq.) and 1,4-Butanediol

bis(thioglycolate) (1.00 eq.) led to the formation of P27 as a colorless solid (88%).

1H NMR (CDCl3,400 MHz) 6 = 1.75 (dq, J = 5.9, 2.8 Hz, 4H, CH,1%18), 1.89 — 1.79 (m, 2H, CH?),
1.92 (q,J = 6.7 Hz, 2H, CH2%), 2.75 — 2.63 (m, 4H, CH2%9), 3.22 (s, 4H, CH,1%23), 3.32 — 3.24 (m,
2H, CH23), 4.15 (dt, J = 16.1, 5.4 Hz, 6H, CH271419), 5.05 (s, 1H, NH*) ppm.

IR (ATR) ¥ = 3350.7, 2955.8, 1715.5 (ester, amide), 1524.2, 1468.6, 1446.0, 1411.0, 1265.0,
1246.5, 1127.2, 1065.5, 1026.4, 960.6, 775.5 cm™.

L JLJ U

7!5 7!0 6!5 6!0 5!5 5!0 4!5 4!0 3!5 3!0 2!5 2!0 1!5 1!0 0!5 O!O
6 [ppm]

Figure 131 'H NMR spectrum of P27 (400 MHz, CDCls). The impurities at 1.85 and 3.73 ppm derive from

residual THF.
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The thiol-ene polymerization of diallyl butane-1,4-diyldicarbamate 6 (1.00 eq.) and 1,4-
butanedithiol (1.00 eq.) led to the formation of P28 as a colorless solid (90%).

1H NMR (DMSO-ds, 400 MHz) 6= 1.28 — 1.42 (m, 4H, CH,3°), 1.59 (hept, J = 3.5, 3.4, 2.8, 2.6 Hz,
4H, CH,'%2%), 1.78 (p, J = 6.9, 6.5, 6.3 Hz, 4H, CH,>5), 2.40 — 2.63 (m, 8H, CH,%16:1821) 2 95 (q,
J=5.7,5.3,5.0 Hz, 4H, CH,719), 3.98 (t, J = 6.3 Hz, 4H, CH,>'4), 7.07 (s, 2H, NH®1) ppm.

IR (ATR) ¥ =3313.7, 2949.6, 2935.2, 2914.6, 1680.5 (amide), 1534.5, 1478.9, 1435.7, 1406.9,
1279.4, 1236.2, 1141.6, 1028.5, 952.3, 744.6 cm™.

WO

1 17 "1 *"™Y1r "Y1 "1 "1 I " 1 "1
5045 40 353025201510 050.0
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Figure 132 'H NMR spectrum of P28 (400 MHz, DMSO-ds).
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P29

The thiol-ene polymerization of diallyl butane-1,4-diyldicarbamate 6 (1.00 eq.) and limonene

dithiol 11 (1.00 eq.) led to the formation of P29 as a colorless solid (91%).

1H NMR (DMSO-ds, 400 MHz) 6= 0.84 — 0.92 (m, 4H, CH32%2%), 0.94 (d, J = 6.6 Hz, 2H, CH3?*),
1.01 (d, J = 6.4 Hz, 2H), 1.24 (s, 4H), 1.36 (s, 6H, CH,%°), 1.67 — 1.89 (m, 7H, CH?3, CH,%>™®), 2.29
(p, J = 1.7 Hz, 1H), 2.33 (p, J = 1.8 Hz, 6H), 2.43 — 2.55 (m, 6H, CH,%1¢), 2.94 (q, J = 5.7, 5.4,
4.9 Hz, 5H, CH8, CH,719), 3.98 (t, J = 6.2 Hz, 4H, CH,314), 7.05 (s, 2H, NH®) ppm.

IR (ATR) ¥ =3323.2, 2922.1, 1694.4 (amide), 1532.0, 1447.7, 1375.5, 1253.6, 1141.0, 1024.1,
753.4,636.4 cm™.
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Figure 133 *H NMR spectrum of P29 (400 MHz, DMSO-ds). Chloroform was also employed for the

solubilization (8.32 ppm).
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P30

The thiol-ene polymerization of diallyl butane-1,4-diyldicarbamate 6 (1.00 eq.) and 2,3-

butanedithiol (1.00 eq.) led to the formation of P30 as a colorless solid (87%).

1H NMR (CDCls, 400 MHz) 8= 1.20 — 1.40 (m, 4H; CH,%°), 1.75 — 2.00 (m, 4H, CH?>15), 2.45 —
2.73 (m, 4H, CH,%%6), 3.01 (q, J = 6.1 Hz, 2H, CH819), 3.18 (s, 4H, CH,7'), 3.49 (d, J = 5.1 Hz,
2H, CH!819), 4.13 (t, J = 6.3 Hz, 2H, CH2>4), 5.14 (d, J = 63.1 Hz, 2H, NH®1) ppm.

IR (ATR) ¥ =3330.1, 2957.8, 2931.1, 2869.4, 1692.8 (amide), 1524.2, 1446.0, 1374.0, 1244 4,
1137.5,1100.4, 1022.3,777.5 cm™.

__JLL e N UL _____.__J.

| |
75 7.0 65 6.0 55 50 45 4.0 3.5
5 [ppm]

Figure 134 'H NMR spectrum of P30 (400 MHz, DMSO-ds).

| |
3.0 2520 15 1.0 0.5 0.0

295



Experimental section

P31
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The thiol-ene polymerization of diallyl butane-1,4-diyldicarbamate 6 (1.00 eq.) and 1,4-

Butanediol bis(thioglycolate) (1.00 eq.) led to the formation of P31 as a colorless solid (92%).

1H NMR (DMSO-ds, 400 MHz) 6= 1.36 (p, J = 3.1 Hz, 4H, CH,%9), 1.66 (dd, J = 5.5, 3.0 Hz, 4H,
CH,2223),1.80 (p, J = 6.8 Hz, 4H, CH21%), 2.62 (t, J = 7.2 Hz, 4H, CH,%16), 2.95 (q, J = 6.4, 5.9 Hz,
4H, CH,71%),3.34 (s, 4H, CH,827),3.98 (t, J = 6.4 Hz, 4H, CH,>%), 4.08 (g, J = 3.7 Hz, 4H, CH,2+24),
7.07 (t, J = 5.1 Hz, 2H, NH51) ppm.

IR (ATR) ¥ = 3313.7, 2951.7, 2922.9, 1725.7 (ester), 1682.6 (amide), 1532.4, 1472.7, 1439.8,
1411.0, 1386.4, 1277.3, 1258.8, 1236.2, 1168.3, 1131.3, 1079.9, 1030.5, 954.4, 886.5, 779.6,
744.6 cm™.
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Figure 135 'H NMR spectrum of P31 (400 MHz, DMSO-ds).
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P32
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The thiol-ene polymerization of diallyl butane-1,4-diyldicarbamate 6 (1.00 eq.) and 10,10'-
(hexane-1,6-diylbis(oxy))bis(decane-1-thiol) (1.00 eq.) led to the formation of P32 as a

colorless solid (95%).

1H NMR (DMSO-ds, 400 MHz) 6= 1.19 — 1.43 (m, 28H, CH,20-2531:32.3843) 1 46 — 1.65 (m, 16H,
CH,®9192630,33,3744) 1 90 (dp, J = 13.5, 6.8 Hz, 3H, CH,%1%), 2.41 —2.61 (m, 8H, CH,-161845) 309
—3.25 (m, 12H, CH,71027,29.3436) 4 16 (t, J = 6.2 Hz, 4H, CH2>4), 4.77 (s, 2H, NH®1) ppm.

IR (ATR) ¥ =3315.7, 2918.8, 2850.9, 1682.6 (amide), 1534.5, 1468.6, 1376.1, 1281.5, 1236.2,
1141.6,1114.8, 1034.6, 968.8, 783.7, 719.9 cm™.

A " AJ._J T

T T T T T T T T "~ T T T T T "1 1
75 7.0 65 6.0 55 5045 40 3530252015 1.0 05 0.0
6 [ppm]

Figure 136 'H NMR spectrum of P32 (400 MHz, CDCls).
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P33

)

H H

The thiol-ene polymerization of 1,3-di(dec-9-en-1-yl)urea 9 (1.00 eq.) and 1,2-ethanedithiol

(1.00 eq.) led to the formation of P33 as a colorless solid (68%).

IR (ATR) ¥ = 3336.3, 2918.8, 2848.8, 1614.7 (amide), 1577.6, 1476.9, 1464,.5, 1411.0, 1285.6,
1260.9, 1236.2, 1193.0, 1182.7, 724.0 cm™.

| | | | | | |
3500 3000 2500 2000 1500 1000 500

v [ecm™]

Figure 137 IR spectrum of P33.
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P34
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The thiol-ene polymerization of 1,3-di(dec-9-en-1-yl)urea 9 (1.00 eq.) and 1,4-butanedithiol
(1.00 eq.) led to the formation of P34 as a colorless solid (66%).

Unfortunately, the polymer was insoluble in all common deuterated solvents.

IR (ATR) ¥ = 3335.3, 2921.2, 2849.1, 1613.5 (amide), 1572.7, 1461.7, 1214.8, 750.3, 666.7,
613.5cm™.

| | | | | | |
3500 3000 2500 2000 1500 1000 500

v [ecm™]

Figure 138 IR spectrum of P34.
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P35
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The thiol-ene polymerization of 1,3-di(dec-9-en-1-yl)urea 9 (1.00 eq.) and 1,6-hexanedithiol
(1.00 eq.) led to the formation of P35 as a colorless solid (71%).

Unfortunately, the polymer was insoluble in all common deuterated solvents.

IR (ATR) ¥ = 3334.2, 2920.8, 2848.8, 1612.6, 1569.4, 1509.8, 1476.9, 1462.5, 1429.6, 1285.6,
1267.1,1232.1, 1077.8, 773.4,724.0 cm™.

| | | | | | |
3500 3000 2500 2000 1500 1000 500

o -1
viem™l
Figure 139 IR spectrum of P35.
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P36
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The thiol-ene polymerization of 1,3-di(dec-9-en-1-yl)urea 9 (1.00 eq.) and 1,10-decanedithiol
(1.00 eq.) led to the formation of P36 as a colorless solid (73%).

Unfortunately, the polymer was insoluble in all common deuterated solvents.

IR (ATR) ¥ = 3336.3, 2918.8, 2848.8, 1614.7 (amide), 1571.5, 1462.5, 1285.6, 1258.8, 1230.0,
724.0 cm™.

| | | | | | |
3500 3000 2500 2000 1500 1000 500

v [em™]

Figure 140 IR spectrum of P36.
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P37

The thiol-ene polymerization of 1,3-di(dec-9-en-1-yl)urea 9 (1.00 eqg.) and limonene dithiol
(1.00 eq.) led to the formation of P37 as a colorless solid (58%).

1H NMR (CDCls, 400 MHz) 8= 0.85 — 1.02 (m, CH33, CH,28, CH32426), 1.11 — 1.33 (m, 26H,
CH,3-81621.262829) 133 — 1.44 (m, 4H, CH,>'5), 1.49 (p, J = 7.6 Hz, 4H, CH,2%?), 1.59 —
2.35 (m, CH2527, CH,1628.2%) 2.41 (ddt, J = 9.6, 7.3, 2.8 Hz, 4H, CH,+?3), 2.52 (m, 4H, CH,34), 2.88
(q,J = 3.7 Hz, CH3?), 3.07 (t, J = 6.0 Hz, 4H, CH,1%%4), 5.01 (br, s, 2H, NH113) ppm.

IR (ATR) ¥ = 3321.6, 2918.9, 2848.9, 1616.4 (amide), 1571.9, 1464.9, 1374.1, 1234.8, 721.6,
616.6 cm™.

M r T 1T 1r 7Y r 71T rvr v 1 v 1T Tt
75 706560555045 40 3530252015
d [ppm]

Figure 141 'H NMR spectrum of P34 (400 MHz, CDCls).

|
1.0 0.5 0.0
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P38

S/O\S H H S
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The thiol-ene polymerization of 1,3-di(dec-9-en-1-yl)urea 9 (1.00 eq.) and a mixture of 1,3-
and 1,4-cyclohexanedithiol (1.00 eq.) led to the formation of P38 as a colorless solid (44%).

Unfortunately, the polymer was insoluble in all common deuterated solvents.

IR (ATR) ¥ = 3341.7, 2919.8, 2849.2, 1618.3 (amide), 1568.8, 1466.0, 1443.6, 1341.0, 1261.4,
1233.8, 1027.9,994.9, 895.4, 721.6, 618.2 cm™.

| | | | | |
3500 3000 2500 2000 1500 1000

A

Figure 142 IR spectrum of P38.
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P39

The thiol-ene polymerization of 1,3-di(dec-9-en-1-yl)urea 9 (1.00 eq.) and 2,3-butanedithiol
(1.00 eq.) led to the formation of P39 as a colorless solid (59%).

1H NMR (CDCl3,400 MHz) 8= 1.09 — 1.41 (m, 30H, CH32822, CH,381621) 1.47 (m, 4H, CH>15),
1.57 (d, J = 4.9 Hz, 4H, CH,2?2), 2.39 — 2.65 (m, 4H, CH2%?3), 3.03 (tdd, J = 8.7, 7.0, 2.9 Hz, 2H,
CH2526),3.14 (d, J = 8.5 Hz, 4H, CH,1%%4), 5.19 (br, s, 2H, NH+13) ppm.

IR (ATR) ¥ =3332.2, 2920.8, 2848.8, 1616.7 (amide), 1573.5, 1478.9, 1464.5, 1372.0, 1283.5,
1258.8, 1236.2, 1036.7, 722.0 cm™L,

o . . L

rFr —r—r*>1T 7 rrr 17T 17r 1T 17T T 1T v 1T T
75 7.0 65 6.0 555045 40 353025201510 050.0
d [ppm]

Figure 143 *H NMR spectrum of P39 (400 MHz, CDCls). The impurity at 3.49 ppm derives from residual

MeOH.
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P40
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The thiol-ene polymerization of 1,3-di(dec-9-en-1-yl)urea 9 (1.00 eq.) and 1,4-Butanediol

bis(thioglycolate) led to the formation of P40 as a colorless solid (65%).

1H NMR (CDCl3,400 MHz) 6= 1.19 — 1.42 (m, 24H, CH,3%1621), 1.43 (m, 4H, CH,>5), 1.58 (p, J
=7.7,7.0 Hz, 4H, CH,%?), 1.76 (hept, J = 3.2 Hz, 4H, CH,2%3%), 2.62 (t, J = 7.4 Hz, 4H, CH,123),
3.14 (q, J = 7.0 Hz, 4H, CH,101%), 3.21 (s, 4H CH,253%), 4.08 — 4.22 (m, 4H, CH,%%31), 4.75 (br, s,
2H, NH%13) ppm.

IR (ATR) ¥ =3332.2, 2920.8, 2848.8, 1727.8 (ester), 1612.6 (amide), 1577.6, 1476.9, 1460.4,
1384.3, 1295.9, 1260.9, 1234.1, 1164.2, 1133.4, 1075.8, 1044.9, 954.4, 750.8, 724.0 cm™™,

1 e it ]

Frr—r r 1T " Vrr 17 TrrTVrYr i1 v1T vt 1T v
75 7.0 6.56.0555045 40 353025201510 05 0.0
d [ppm]

Figure 144 'H NMR spectrum of P40 (400 MHz, CDCls).

306



Experimental section

P41

The thiol-ene polymerization of 4 (0.90 eq.) and 9 (0.10 eq.) and 1,4-butanedithiol (1.00 eq)

led to the formation of P41 as colorless solid (89%).

1H NMR (CDCls, 400 MHz) 8= 1.22 — 1.40 (m, 12H, 4-CH,>, 9-CH,3%1621), 1.47 (p, J = 7.8,
6.8 Hz, 2H, 4-CH,%°, 9-CH,>'®), 1.55 (p, J = 7.8, 7.3, 6.9 Hz, 2H, 4-CH% 9-CH,>??),
1.70 (dt, J = 6.6, 3.1 Hz, 4H, 4-CH2>%), 1.89 (p, J = 6.7 Hz, 2H, 4-CH,%1), 2.45. — 2.59 (m, 8H, 4-
CH225722 9-CH,123), 3.14 (t, J = 6.7 Hz, 2H, 4-CH,'6, 9-CH,1%14), 4.14 (t, J = 6.3 Hz, 2H, 4-CH,2),
4.69 (br, s, 1H, 4-NHY, 9-NH*%13) ppm.

IR (ATR) ¥ = 3329.5, 2919.2, 2850.5, 1685.5 (amide), 1532.1, 1468.4, 1242.5, 1140.4, 1019.7,
778.6,721.0,629.5 cm™,
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Figure 145 *H NMR spectrum of P41 (400 MHz, CDCls).
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P42

The thiol-ene polymerization of 4 (0.90 eq.) and 9 (0.10 eq.) and limonene dithiol 11 led to the

formation of the random copolymer P42 as an opaque solid (87%).

1H NMR (CDCl;, 400 MHz) 6= 0.91 — 1.12 (m, 4-CH?%%,CH»%*?,CH3?>?7), 1.22 — 1.80 (m,
4-CH,29202223) CH2L24, 9.CH,2%1522), 1.89 (m, 2H, 4-CH,5), 1.96 — 2.42 (m, 4-CH,%, CH2L19),
2.48 (t, J = 7.5Hz, 4-CH,1), 2.51 — 2.64 (m, 4-CH,?8, 9-CH,2%3), 2.93 (br, s, 4-CH),
3.14 (q,/=6.9, 6.2 Hz, 4-CH,1%, 9-CH,19%), 4.14 (t, J = 6.1, 5.4 Hz, 4-CH3'4), 4.71 (br, s, 4-NH'?,
9-NH!%13) ppm.

IR (ATR) ¥ =2923.1, 2852.6, 1704.5 (amide), 1519.0, 1453.8, 1241.1, 1136.5, 750.3, 665.6 cm™.
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Figure 146 'H NMR spectrum of P42 (400 MHz, CDCls).
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P43

The thiol-ene polymerization of allyl dec-9-enyl carbamate 4 (1.00 eq.) with 1,4-butanedithiol
(0.50 eq.) and limonene dithiol 11 (0.50 eq.) led to the formation of the random copolymer
P43 as a colorless solid (90%).

H NMR (CDCls, 400 MHz) 8= 0.84 — 1.17 (m, CH3%749, CH), 1.16 — 1.41 (m, CH,>142530), 1.47
(a,J = 6.8 Hz, 3H, CH,®31), 1.55 (q, J = 7.2, 6.6 Hz, CH,1>%%), 1.70 (p, J = 3.4 Hz, 4H, CH,!%%°), 1.88
(p, J = 7.1, 6.3 Hz, CH22%8), 2.41 — 2.67 (m, 7H, CH,161821.2339) 3,15 (q, J = 6.8 Hz, 2H, CH,"3?),
4.13 (t,J = 6.3 Hz, 2H, CH23¥7), 4.70 (br, s, 1H, NH33) ppm.

IR (ATR) ¥ = 3338.4, 2918.8, 2850.9, 1686.7 (amide), 1530.3, 1466.6, 1456.3, 1372.0, 1289.7,
1242.4,1137.5,1020.2, 777.5,722.0 cm™.
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Figure 147 'H-NMR spectrum of P43 (400 MHz, CDCls).
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P44
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The thiol-ene polymerization of allyl dec-9-enyl carbamate 4 (1.00 eq.) with 1,4-butanedithiol
(0.50 eq.) and 2,3-butanedithiol (0.50 eq.) led to the formation of the random copolymer P44

as a colorless solid (89%).

'H NMR (CDCl3, 400 MHz) 6= 1.16 — 1.42 (m, CH,>143136, CH32427), 1.47 (q, J = 7.1 Hz, CH,'>%7),
1.51 — 1.59 (m, CH»%39), 1.62 — 1.73 (m, CH>>*), 1.88 (p, J = 6.9 Hz, CH,2Y*%), 2.42 — 2.68 (m,
CH,%%7:222945) '3 01 (tt, J = 6.7, 4.1 Hz, CH,?>%), 3.14 (p, J = 8.7, 7.6 Hz, CH,1638), 4.13 (t, J =
6.3 Hz, CH»?%*3), 4.74 (br, s, NH'"3%) ppm.

IR (ATR) ¥ = 3336.3, 2918.8, 2850.9, 1684.6 (amide), 1530.3, 1468.7, 1456.3, 1372.0, 1289.7,
1242.4, 1137.5, 1040.8, 1020.2, 777.5, 722.0 cm™.
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Figure 148 'H NMR spectrum of P44 (400 MHz, CDCls).
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The thiol-ene polymerization of allyl dec-9-enyl carbamate 4 (1.00 eq.) with ethane-1,2-diyl

bis(3-mercaptopropanoate) (0.50 eq.) and limonene dithiol 11 (0.50 eq.) led to the formation

of the random copolymer P45 as a colorless solid (86%).

1H NMR (CDCls, 400 MHz) 6= 1.18 — 1.41 (m, CH,%143%-44) 1.46 (q, J = 6.5 Hz, CH,15%), 1.52-
1.61 (m, CH2338), 1.68 (hept, J = 5.1, 3.3, 2.8 Hz, CH,>*), 1.88 (h, J = 7.2, 6.6, 6.0, 2.9 Hz,
CH2Y52), 2.45 — 2.68 (m, CH,>5722243437,53) 3 77 — 2.83 (m, CH,2*3%), 3.15 (q, J = 6.8 Hz,
CH,1646), 4.13 (t, J = 6.4 Hz, CH,2°5%), 4.31 (t, J = 1.0 Hz, CH,2°39), 4.71 (br, s, NH747) ppm.

IR (ATR) ¥ = 3330.1, 2920.8, 2850.9, 1731.9 (ester), 1682.6 (amide), 1532.4, 1468.6, 1456.3,
1437.8, 1376.1, 1345.2, 1322.6, 1289.7, 1262.9, 1242.4, 1139.5, 1077.8, 1055.2, 1040.8,
1022.3,779.6, 722.0 cm™.
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Figure 149 'H NMR spectrum of P45 (400 MHz, CDCls).
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P46
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The thiol-ene polymerization of allyl dec-9-enyl carbamate 4 (1.00 eq.) with 1,4-butanedithiol
(0.50 eq.) and 1,10-decanedithiol (0.50 eq.) led to the formation of the random copolymer

P46 as a colorless solid (83%).

1H NMR (CDCls, 400 MHz) 6= 1.21 — 1.41 (m, CH,%1426313742) 1 47 (p, J=7.1, 6.5 Hz,
CH215%3), 1.57 (p, J = 7.6, 6.9 Hz, CH»%253236) 1.69 (p, J = 3.5 Hz, CH,>*%), 1.89 (p, /= 7.0, 6.5,
6.5 Hz, CH214%), 2.44 — 2.60 (m, CH,257,222433,3550) 3 15 (q, J = 6.4, 5.9 Hz, CH,16%4), 4.14 (t,
J=6.3 Hz, CH,2%48), 4.67 (br, s, NH'"*%) ppm.

IR (ATR) ¥ =3327.1, 2919.2, 2850.3, 1684.2 (amide), 1535.3, 1648.4, 1345.1, 1288.9, 1244.5,
1140.6, 1020.6, 778.7, 720.0, 635.9 cm™™.
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Figure 150 *H NMR spectrum of P46 (400 MHz, CDCls).
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P47

The thiol-ene polymerization of allyl allyl carbamate 3 (1.00 eq.) with 1,4-butanedithiol
(0.50 eq.) and limonene dithiol 11 (0.50 eq.) led to the formation of the random copolymer
P47 as a colorless solid (89%).

1H NMR (CDCls, 400 MHz) 6= 0.87 — 1.15 (m, CH33%34, CH33, CH,?°), 1.17 — 1.46 (m, CHy?72%30),
1.55 (m, CH3Y), 1.63 — 1.73 (m, CH3%33, CH,%72°39), 1,73 — 1.84 (m, CH»%'7), 1.84 — 1.98 (m,
CH,323), 2.46 — 2.65 (m, CH,91114162435) ) 93 (br, s, CH?®), 3.27 (q, J = 6.6 Hz, CH,>18), 4.14
(t, J = 6.4 Hz, CH2"??), 4.96 (s, NH*1°) ppm.

IR (ATR) ¥ =3328.1, 2916.7, 2865.3, 2852.9, 1692.8 (amide), 1524.2, 1441.9, 1242.4, 1135.4,
1067.5, 1009.9, 775.5 cm™.
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Figure 151 'H NMR spectrum of P47 (400 MHz, CDCls).
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P48

The thiol-ene polymerization of allyl dec-9-enyl carbamate 4 (1.00 eq.) with 1,2-ethanedithiol
(0.50 eq.) and limonene dithiol 11 (0.50 eq.) led to the formation of the random copolymer
P48 as a colorless solid (85%).

1H NMR (CDCl3, 400 MHz) 6= 0.84 — 1.11 (m, CH?®, CH2?2, CH3%>?7), 1.17 — 1.42 (m, CH,382022,32-
37, CH?%), 1.46 (p, J = 6.3, 5.8 Hz, CH,%%), 1.62-1.53 (m, CH223Y), 1.90 (t, J = 7.1 Hz, CH'>%),
2.48 (t, J = 7.4 Hz, CH223, CH1921), 2.54 (t, J = 7.4 Hz, CH,-283046 CH), 2.61 (t, J = 7.4 Hz, CH,%),
2.72 (d, J = 2.1 Hz, CH,%%49), 2.93 (br, s, CH'®), 3.16 (p, J = 6.7 Hz, CH,1039), 4.14 (t, J = 6.4 Hz,
CH,%44), 4.69 (br, s, NH4) ppm.

IR (ATR) ¥ = 3318.1, 2917.0, 2850.2, 1683.7 (amide), 1535.6, 1466.3, 1375.3, 1246.8, 1207.3,
1143.5, 1025.7, 935.2, 722.0, 688.4, 645.8 cm™™,
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Figure 152 'H NMR spectrum of P48 (400 MHz, CDCls).
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P49

The thiol-ene polymerization of allyl dec-9-enyl carbamate 4 (1.00 eq.) with 1,8-octanedithiol
(0.50 eq.) and limonene dithiol 11 (0.50 eq.) led to the formation of the random copolymer
P49 as a colorless solid (89%).

'H NMR (CDCls, 400 MHz) & = 0.90 — 1.12 (m, CH?, CH,??, CH3%>?7), 1.16 — 1.41 (m, CH,>%3%
364247), 1.47 (p, J = 7.9 Hz, CH,**9), 1.52-1.60 (m, CH,>323741), 1.80 — 1.98 (m, CH,55%), 1.94-
2.40 (m, CH,%3, CH219), 2.41 - 2.65 (m, 3H, CH,1/16:28:31.384056) 3 16 (p, J = 6.8 Hz, CH,1%%%), 4.13
(t, J = 6.4 Hz, CH'%>%), 4.68 (br, s, NH>%) ppm.

IR (ATR) ¥ =3334, 2918, 2850, 1685 (amide), 1530, 1467, 1289, 1263, 1241, 1139, 1022, 923,
778,720 cm™L,
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Figure 153 'H NMR spectrum of P49 (400 MHz, CDCls).
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P50

The thiol-ene polymerization of allyl dec-9-enyl carbamate 4 (0.90 eq.) and 1,3-di(dec-9-en-1-
yl)urea 9 (0.10 eq.) with 1,4-butanedithiol (0.50 eq.) and limonene dithiol 11 (0.50 eq.) led to

the formation of the random copolymer P50 as a colorless solid (89%).

'H NMR (CDCl3, 400 MHz) & = 0.89 — 1.11 (m, 2H, CH55, CH3%456), 1.19 — 1.41 (m), CH,%1425:303%
44),1.47 (q, J = 6.8 Hz, CH,'5338), 1.55 (q, J = 7.7, 6.9 Hz, CH,32223%6), 1,68 (h, J = 7.2 Hz, 2H),
1.80 — 1.94 (m, 1H, CHz?"), 2.43 - 2.64 (m, CH,>*7234¢), 3.05 - 3.21 (m, CH,'%32%7), 4.13 (t, J =
6.3 Hz, CH,2), 4.70 (br, s, NH17:333%) ppm.

IR (ATR) ¥=3335.2,2919.4, 2850.1, 1685.1 (amide, carbamate), 1614.5 (amide, urea), 1531.9,
1468.4, 1372.6,1289.2, 1262.2, 1243.7, 1140.1, 1021.0, 779.8, 722.5, 627.1 cm™.
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Figure 154 'H NMR spectrum of P50 (400 MHz, CDCls).
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5.3.4 General procedure for the preparation of block copolymers

Each block is firstly prepared in the same fashion as in the previous section (chapter 5.3.3).
Without further purification, excess of one monomer type is added to each prepolymer (e.g.
excess dithiol to prepolymer 1 and excess diene to prepolymer 2), and the mixtures are left
stirring for 16 h at r.t. under UV irradiation (DMPA, 365 nm). Afterwards, the end group-
functionalized NIPUs are purified by precipitation in methanol and dried under vacuum
overnight. The two prepolymers are then mixed together in a THF solution and stirred for 24 h
at r.t under UV irradiation (DMPA, 365 nm), followed by purification via precipitation in
methanol and subsequent drying in vacuo. The prepolymers and the block copolymers are

analyzed by SEC, NMR (proton and DOSY) and DSC.

5.3.5 General procedure for the oxidation of polysulfides to polysulfones

The polymers were dissolved in THF at room temperature, followed by the addition of H,0;
(5.00 eq., 30 wt% in H20). The reaction mixture was then heated to 65 °C for 24 h. Afterwards,
the oxidized polymers were precipitated in a water/methanol (30:70) mixture and dried in
vacuo overnight. The successful conversion from sulfide to sulfone was determined via IR
spectroscopy. The yields cannot be precisely calculated without a determined DS and were

therefore neglected.
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P2 ox.

The oxidation of P2 with H,0, in THF led to the formation of P2 ox. as a colorless solid.

Unfortunately, the polymer was insoluble in all common deuterated solvents.

IR (ATR) ¥ = 3346.6, 3299.3, 2920.8, 2850.9, 1676.4 (amide), 1540.6, 1464.5, 1450.1, 1413.1,
1318.5, 1289.7, 1262.9, 1230.0 (sulfone), 1123.1 (sulfone), 1077.8, 1040.8, 1026.4, 775.5,
736.4 cm™.

| | | | | | |
3500 3000 2500 2000 1500 1000 500

v [em™]

Figure 155 IR spectrum of P2 ox.
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P3 ox.
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The oxidation of P3 with H20, in THF led to the formation of P3 ox. as a colorless solid.

Unfortunately, the polymer was insoluble in all common deuterated solvents.

IR (ATR) ¥ = 3301.3, 2920.8, 2850.9, 1676.4 (amide), 1538.6, 1466.6, 1450.1, 1411.0, 1324.6,
1250.6 (sulfone), 1225.9, 1211.5, 1121.0 (sulfone), 1077.8, 1038.7, 1005.8, 979.1, 763.1,
736.4 cm™,

| | | | | | |
3500 3000 2500 2000 1500 1000 500

v [em™]

Figure 156 IR spectrum of P3 ox.
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P4 ox.
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The oxidation of P4 with H,0; in THF led to the formation of P4 ox. as a colorless solid.
Unfortunately, the polymer was insoluble in all common deuterated solvents.
IR (ATR) ¥ = 3299.3, 2920.8, 2850.9, 1676.4 (amide), 1538.6, 1466.6, 1456.3, 1411.0, 1324.6,

1289.7, 1262.9, 1240.3 (sulfone), 1201.2, 1121.0 (sulfone), 1079.9, 1038.7, 991.4, 962.6,
905.0, 851.6, 771.3,728.1 cm™.

| | | | | | |
3500 3000 2500 2000 1500 1000 500

v [em™]

Figure 157 IR spectrum of P4 ox.
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P7 ox.

The oxidation of P7 with H,0; in THF led to the formation of P7 ox. as a colorless solid.

The polymer was scarcely soluble in CHCls, thus the intensities in HSQC and COSY were
insufficient for an exact attribution of all proton signals. Worth mentioning is the shift of the
CH; groups 1, 16, 28 and the CH group 19 towards lower field (from 2.4 in the unoxidized
polymer to 3.1 ppm), while the CH; group 14 remained at around 4.2 ppm (Chapter 4.2.13).

IR (ATR) ¥ = 3361.0, 2924.9, 2855.0, 1707.2 (amide), 1530.3, 1460.4, 1411.0, 1273.2, 1248.5
(sulfone), 1125.1 (sulfone), 1063.4, 1032.6, 905.0, 868.0, 847.4, 777.5, 750.8, 722.0 cm™™.

L

rFrrrrr>r*> 11 rrrrTrrTrTvr "t
75 7.0 656.0555045 40 353025201510 050.0
d [ppm]

Figure 158 'H NMR spectrum of P7 ox. (400 MHz, CDCls).

331



Experimental section

| ! | ! | ! | ! | ! | ! |
3500 3000 2500 2000 1500 1000 500
v [em™

Figure 159 IR spectrum of P7 ox.
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P9 ox.
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The oxidation of P9 with H,0, in THF led to the formation of P9 ox. as a colorless solid.

Unfortunately, the polymer was insoluble in all common deuterated solvents.

IR (ATR) ¥ = 3367.2, 2924.9, 2855.0, 1697.0 (amide), 1532.4, 1460.4, 1411.0, 1357.6, 1289.7,
1260.9 (sulfone), 1131.3, 1114.8 (sulfone), 1053.1, 1024.3, 835.1, 775.5, 722.0 cm™.

| | | | | | |
3500 3000 2500 2000 1500 1000 500

v [em™]

Figure 160 IR spectrum of P9 ox.
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P14 ox.
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The oxidation of P14 with H,0, in THF led to the formation of P14 ox. as a colorless solid.

Unfortunately, the polymer was insoluble in all common deuterated solvents.

IR (ATR) ¥ = 3307.5, 2920.8, 2852.9, 1678.4 (amide), 1538.6, 1466.6, 1406.9, 1394.6, 1374.0,
1357.6, 1316.4, 1289.7, 1262.9 (sulfone), 1248.5, 1188.9, 1121.0 (sulfone), 1079.9, 1036.7,
997.6, 968.8, 925.6, 820.7, 804.3, 779.6, 763.1, 750.8, 717.9 cm™.

| | | | | | |
3500 3000 2500 2000 1500 1000 500

v [em™]

Figure 161 IR spectrum of P14 ox.

334



Experimental section

H NP
N NN
7 0 A s O 0

The oxidation of P15 with H,0, in THF led to the formation of P15 ox. as a colorless solid.

Unfortunately, the polymer was insoluble in all common deuterated solvents.

IR (ATR) ¥ =3299.7, 2916.7, 2848.8, 1676.4 (amide), 1538.6, 1464.5, 1324.6, 1289.7, 1265.0,
1250.6 (sulfone), 1223.9, 1116.9 (sulfone), 1079.9, 1051.1, 1026.4, 773.4, 724.0 cm™.

iy L

| | | | | | |
3500 3000 2500 2000 1500 1000 500

v [em™]

Figure 162 IR spectrum of P15 ox.
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P21 ox.

The oxidation of P21 with H,0, in THF led to the formation of P21 ox. as a colorless solid.

Unfortunately, the polymer was insoluble in all common deuterated solvents.

IR (ATR) ¥ =3313.7, 2943.4, 2931.1, 1676.4 (amide), 1538.6, 1470.7, 1456.3, 1411.0, 1324.6,
1297.9, 1289.7, 1260.9 (sulfone), 1240.3, 1201.2, 1180.7, 1164.2 (sulfone), 1119.0, 1084.0,
1073.7,1038.7, 1012.0, 989.4, 929.7,911.2, 851.6, 771.3, 750.8, 730.2, 711.7, 637.6 cm™.

| | | | | | |
3500 3000 2500 2000 1500 1000 500

v [em™]

Figure 163 IR spectrum of P21 ox.
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P35 ox.
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The oxidation of P35 with H,0, in THF led to the formation of P35 ox. as a colorless solid.

Unfortunately, the polymer was insoluble in all common deuterated solvents.

IR (ATR) ¥ = 3336.3, 2920.8, 2848.8, 1614.7 (amide), 1571.5, 1509.8, 1476.9, 1462.5, 1413.1,
1318.5, 1285.6, 1275.3 (sulfone), 1236.2, 1182.7, 1162.2, 1125.1 (sulfone), 1077.8, 1032.6,
993.5,773.4,724.0 cm™.

| | | | | | |
3500 3000 2500 2000 1500 1000 500

v [em™]

Figure 164 IR spectrum of P35 ox.
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P36 ox.
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The oxidation of P36 with H,0, in THF led to the formation of P36 ox. as a colorless solid.

Unfortunately, the polymer was insoluble in all common deuterated solvents.

IR (ATR) ¥ = 3336.3, 2918.8, 2848.8, 1614.7 (amide), 1571.5, 1509.8, 1476.9, 1464.5, 1322.6,
1285.6, 1265.0, 1230.0 (sulfone), 1195.1, 1180.7, 1166.3, 1127.2 (sulfone), 1077.8, 1036.7,
1014.1,771.3,736.4,724.0 cm™.

| | | | | | |
3500 3000 2500 2000 1500 1000 500

v [em™]

Figure 165 IR spectrum of P36 ox.
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P37 ox.
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The oxidation of P37 with H,0, in THF led to the formation of P37 ox. as a colorless solid.

Unfortunately, the polymer was insoluble in all common deuterated solvents.

IR (ATR) ¥ = 3326.0, 2918.8, 2850.9, 1618.8 (amide), 1573.5, 1464.5, 1277.3 (sulfone), 1127.2
(sulfone), 1077.8, 1012.0, 738.4, 722.0 cm™%.

| | | | | | |
3500 3000 2500 2000 1500 1000 500

v [em™]

Figure 166 IR spectrum of P37 ox.
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P43 ox.
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The oxidation of P43 with H,0, in THF led to the formation of P43 ox. as a colorless solid.

Unfortunately, the polymer was insoluble in all common deuterated solvents.

IR (ATR) ¥ = 3303.4, 2918.8, 2850.9, 1688.7 (amide), 1536.5, 1324.6, 1250.6 (sulfone), 1121.0
(sulfone), 1077.8, 1036.7, 1024.3, 771.3, 763.1 cm™.

| | | | | | 1
3500 3000 2500 2000 1500 1000 500

v [em™
Figure 167 IR spectrum of P43 ox.
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P44 ox.

The oxidation of P44 with H,0, in THF led to the formation of P44 ox. as a colorless solid.

Unfortunately, the polymer was insoluble in all common deuterated solvents.

IR (ATR) ¥ = 3305.5, 2920.8, 2850.9, 1680.5 (amide), 1538.6, 1466.6, 1452.2, 1324.6, 1252.7
(sulfone), 1119.0 (sulfone), 1077.8, 1036.7, 771.3, 763.1, 736.4, 724.0 cm..

| | | | | | |
3500 3000 2500 2000 1500 1000 500

~ -1
Vcm™]
Figure 168 IR spectrum of P44 ox.

P45 ox.
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The oxidation of P45 with H,0; in THF led to the formation of P45 ox. as a colorless solid (x%).

Unfortunately, the polymer was insoluble in all common deuterated solvents.

IR (ATR) ¥ = 3307.5, 2918.8, 2848.8, 1727.8 (ester), 1680.5 (amide), 1538.6, 1468.6, 1413.1,

1322.6, 1306.1, 1250.6 (sulfone), 1225.9, 1186.8 (sulfone), 1119.0, 1077.8, 1038.7, 769.3,
736.4,724.0 cm™,

| | | | | | |
3500 3000 2500 2000 1500 1000 500

v [cm™]

Figure 169 IR spectrum of P45 ox.
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6 Appendix

6.1 List of abbreviations

ADMET
AIBN
ASAP
ATRP
Cat.
CHD
CH
CHCls
CNCs
cosy
cyrene
Dwm
DABCO
DBU
DBN
DAC
DCM
DMC
DMF
DMPA
DMSO
DOSY
DPC
DSC
e.g.

EA
EI-MS

eq.

acyclic diene metathesis
Azobisisobutyronitrile

atmospheric solids analysis probe

atom transfer radical polymerization

catalyst

cyclohexadiene

cyclohexane

chloroform

cellulose nanocrystals
Correlated spectroscopy
Dihydrolevoglucosenone
dispersity
1,4-diazabicyclo[2.2.2]octane
1,8-diazabicyclo[5.4.0]Jundec-7-ene
1,5-Diazabicyclo(4.3.0)non-5-ene
diallyl carbonate
dichloromethane

dimethyl carbonate
dimenthylformamide
2,2-Dimethoxy-2-phenylacetophenone
dimethylsulfoxide

diffusion oriented spectroscopy
diphenyl carbonate

differential scanning calorimetry
example given

ethyl acetate

electron impact ionization-mass spectrometry

equivalents
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ESBO epoxidized soyabean oil

ESI-MS electrospray ionization-mass spectrometry
Et.0 diethyl ether

EWGs electron withdrawing groups

FAB-MS fast atom bombardment-mass spectrometry
GBL y-butyrolactone

GC gas chromatography

GC-MS gas chromatography mass spectrometry
GVL y-valerolactone

H,0, hydrogen peroxide

HFIP hexafluoroisopropanol

HIV human immunodeficiency virus

HOSO high oleic sunflower oil

HSQC Heteronuclear single quantum correlation
ie. id est

lcorr corrosion current density

IR infrared

IS internal standard

K2COs potassium carbonate

MeCN acetonitrile

Me-THF 2-methyl tetrahydrofuran

M number average molar mass

MS mass spectrometry

NIPU non-isocyanate poly(urethane)

NMP nitroxide-mediated radical polymerization
NMR nuclear magnetic resonance

p.a. per annum

PEG poly(ethylene glycol)

PMMA Poly(methyl methacrylate)

Polarclean® methyl-5-(dimethylamido)-2-methyl-5-oxopentanoate
ppm parts per million

PU poly(urethane)
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PHU
r.t.
RAFT
ROP
Rs
SAXS
scCO2
SEC

T
TEA
THF
TLC
uv
WAXS

wt%

poly(hydroxy urethane)

room temperature

reversible addition-fragmentation chain transfer polymerization
ring opening polymerization
retention factor

Small angle X-ray spectroscopy
supercritical CO;

size exclusion chromatography
temperature

glass transition temperature
melting temperature
triethylamine

tetrahydrofuran

thin layer chromatography
ultraviolet

Wide angle X-ray spectroscopy

weight percent
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6.2 List of publications

[1] Filippi, L., Meier, M. A. R., Macromol. Rapid Commun. 2021, 42, 2000440.
https://doi.org/10.1002/marc.202000440.
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