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Abstract

Alkynes are a class of hydrocarbons stemming from acetylene, which thus contain a carbon —
carbon triple bond, and are widely represented in modern organic chemistry and polymer
science. Concerning the broad field of applications however, the use of aliphatic alkynes is
limited compared to the corresponding aromatic derivatives. This stands in contrast to the
manifold and diverse chemistry that has emerged since FAVORskil’s pioneering work on
isometric conversion of unsaturated hydrocarbons at the end of the 19t century.l!
Furthermore, long-chain hydrocarbons feature desirable traits, such as high melting
temperatures and chemical stability, nevertheless, their difficult syntheses has limited their
use in polymer science, aside from a few examples.[?

On this premise, in the present thesis the synthesis and application of functionalized (long-
chain) aliphatic alkynes were investigated. Four distinct projects emerged in this context and
are summarized below.

In the first part of this thesis, the synthesis of long-chain a,w-functionalized hydrocarbons and
their respective use in polymer science was investigated. To this end, a modular synthesis
strategy based on the alkylation of commercially available short alkynes was devised.
Subsequently, the Alkyne Zipper reaction was employed to isomerize the internal alkyne
moieties to the chain ends, thus yielding a,w-functionalized alkynols with up to 25 in-chain
methylene units in multi-gram fashion. Importantly, high yields were ensured through an
improved reaction protocol, considering the challenging solubility of the long-chain
hydrocarbons.

In the second part, a new route towards precise poly(ethylene) via SONOGASHIRA
polycondensation was investigated. To this end, symmetrical divinyl halide monomers were
synthesized and reacted with aliphatic dialkynes to yield polymers with enyne-linkages in the
backbone. Initial setbacks, due to the intrinsic instability of these materials, were overcome
by in-situ hydrogenation, which in turn resulted in a poly(ethylene) derivative with precisely
placed ester groups along the main chain.

In the third part of the thesis, the trans-esterification of poly(pentafluorophenyl acrylate) with
long-chain a,w-alkynols was realized, and the thermal properties of the obtained bottlebrush
polymers investigated. In a second step the pendant alkyne group of a previously attached
alkynol was further modified through a three-component reaction allowing the attachment of
a mPEG 400 moiety, thus creating a core-shell bottlebrush copolymer (cs-BBCP) with a
cylindrical structure.



Finally, aliphatic dialkynes were reacted with 2,3,4,5,6-pentafluorobenzene-1-thiol (PFTP),
yielding a bifunctional pentafluorophenyl vinyl sulfide monomer. The stability of these motifs
under para-fluoro thiol reaction (PFTR) conditions was shown and the monomer subsequently
polymerized with a series of (functional) dithiols successfully. The resulting tetrafluorophenyl
vinyl sulfide motifs in the polymers were subsequently examined with regard to its post-
polymerization possibilities via oxidation, thiol-ene reaction, halogenation and through the
derivatization of functional groups of one dithiol.

In summary, the present work shows the importance of alkyne motif for the synthesis of
previously unknown polymeric structures, either through direct incorporation or functional
derivatives.



Zusammenfassung

Alkine sind eine Klasse von Kohlenwasserstoffen, die von Acetylen abstammen, also eine
Kohlenstoff-Kohlenstoff-Dreifachbindung enthalten, und in der modernen organischen
Chemie und Polymerwissenschaft weit verbreitet sind. Dabei ist der Anteil der aliphatischen
Alkine gegenliber aromatischen Derivaten in der Anwendung relativ gering. Dies steht im
Gegensatz zu der vielfédltigen Chemie, die sich seit FAVORSKIIs Pionierarbeit Uber die
isometrische Umwandlung ungesattigter Kohlenwasserstoffe Ende des 19. Jahrhunderts
herausgebildet hat.[!! Dariiber hinaus weisen langkettige Kohlenwasserstoffe zwar
winschenswerte Eigenschaften, wie hohe Schmelztemperaturen und chemische Stabilitat
auf, doch ihre komplexe Synthese schrankt ihre Verwendung in der Polymerwissenschaft ein,
abgesehen von einigen wenigen Ausnahmen.?!

Unter dieser Pramisse wurden in der vorliegenden Arbeit die Synthese und Anwendung von
funktionalisierten (langkettigen) aliphatischen Alkinen untersucht. In diesem Zusammenhang
wurden vier verschiedene Projekte bearbeitet, die im Folgenden zusammengefasst werden.

Im ersten Teil dieser Arbeit wurde die Synthese von langkettigen a,w-funktionalisierten
Kohlenwasserstoffen fiir den Einsatz in der Polymerwissenschaft untersucht. Zu diesem Zweck
wurde eine modulare Synthesestrategie entwickelt, die auf der Alkylierung kommerziell
erhaltlicher, kurzer Alkine basiert. AnschlieBend wurde die Alkin-Zipper-Reaktion eingesetzt,
um die interne Alkineinheit zu den Kettenenden zu isomerisieren und so a,w-funktionalisierte
Alkinole mit bis zu 25 Methyleneinheiten in der Kette in Multigrammform zu erhalten. Um
hohe Ausbeuten zu gewahrleisten, wurde ein optimiertes Reaktionsprotokoll entwickelt, das
der schwierigen Loslichkeit der langkettigen Kohlenwasserstoffe Rechnung tragt.

Im zweiten Teil wurde ein neues Herstellungsverfahren von prazisem Poly(ethylen) durch
SONOGASHIRA-Polykondensation entwickelt. Zu diesem Zweck wurden symmetrische
Divinylhalogenidmonomere synthetisiert und mit aliphatischen Dialkinen umgesetzt, um
Polymere mit Enin-Verknipfungen im Riickgrat zu erhalten. Anfangliche Schwierigkeiten, die
auf die Instabilitat dieser Materialien zurlickzufiihren waren, wurden durch in-situ-Hydrierung
Uberwunden, sodass ein Poly(ethylen) mit prazise angeordneten Estergruppen entlang der
Kette erhalten wurde.

Im dritten Teil wurde die Umesterung von Poly(pentafluorphenylacrylat) mit langkettigen o, w-
Alkynolen durchgefiihrt und die thermischen Eigenschaften der erhaltenen Bottlebrush-
Polymere untersucht. In einem zweiten Schritt wurde die Alkin-Seitengruppe eines zuvor
angefligten Alkynols durch eine Dreikomponentenreaktion (3-CR) weiter modifiziert, was die
Anknlipfung einer mPEG 400-Einheit ermoglichte, sodass ein Kern-Schale-Bottlebrush-
Copolymer (cs-BBCP) mit zylindrischer Struktur erhalten werden konnte.



SchlieBlich wurden aliphatische Dialkine mit 2,3,4,5,6-Pentafluorbenzol-1-thiol (PFTP)
umgesetzt, wodurch ein bifunktionelles Pentafluorphenylvinylsulfid-Monomer generiert
werden konnte. Die Stabilitdt der besagten Strukturmotive unter den Bedingungen der para-
Fluor-Thiol-Reaktion (PFTR) wurde nachgewiesen und das Monomer wurde anschlieBend
erfolgreich mit einer Reihe von (funktionellen) Dithiolen polymerisiert. Die resultierenden
Tetrafluorphenylvinylsulfid-Motive in den Polymeren wurden anschlieRend im Hinblick auf
ihre Post-Polymerisationsmoglichkeiten durch Oxidation, Thiol-En-Reaktion, Halogenierung
und durch die Derivatisierung der funktionellen Gruppen eines der Dithiole untersucht.

Zusammenfassend zeigt die vorliegende Arbeit die Bedeutung des Alkinmotivs fiir die
Synthese bisher unbekannter Polymerstrukturen auf, sei es durch direkten Einbau oder mittels
funktionaler Derivate.
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1 Introduction

Since STAUDINGER’s pioneering work on macromolecules at the beginning of the last century,
polymers have come to be universally used in the modern world.®) Nowadays, almost all
aspects of everyday life are in one way or another in contact to polymers, due to their use in
nearly every object we encounter, such as the fibers in clothing, detergents, plastic cups,
coatings, glues, smartphones and many more. The widespread use of plastics and polymers is
due to their special properties, such as formability, hardness, elasticity, breaking strength,
temperature and heat resistance, chemical resistance and a high strength-to-weight ratio.
Besides their use in everyday life through commercial products, polymers are also found in
special applications, such as flame retardants,* high-performance materials in industry®! and
sportsl® as well as medical applications (e.g., dentall”:8l and skin adhesives).”! In these areas,
functional polymer proofed to be of value as their functionalities lead to the abovementioned
special inherent properties, that makes them interesting for applications in the areas
mentioned above.

The synthesis of such functional polymers can be achieved via the polymerization of functional
monomers (e.g., pentafluorophenyl acrylate). However, some functionalities (i.e., alkenes and
alkynes) are incompatible with the desired polymerization technique, such as free-radical
polymerization, for instance. To circumvent this problem, the placement of the desired
functionalities on the polymer backbone can be achieved upon the initial polymerization via
so-called post-polymerization modification (PPM). In doing to, series of functional polymers
can be generated from a single parent polymer. In this regard, the combination of desirable
properties of commodity polymers, such as high temperature and chemical resistance, and
the specialized uses of functional polymers, can be possibly accomplished via the
incorporation of functional long-chain hydrocarbons in the polymer structure. However, the
synthesis of such building blocks is tedious, and thus their application in this context is limited,
besides a few examples.[1%11] |n this regard, established Organic Chemistry methods can be
transferred to polymer research in order to open up new possibilities for the synthesis of
functional synthons.

Among the broad toolbox of reactions, one such example is the Alkyne Zipper reaction, which
allows the migration of triple bonds along a carbon chain.'? Therefore, aliphatic alkynes and
alkynols especially, are a class of molecules with potential for polymer synthesis, either
through their direct incorporation in the polymer backbone or via PPM approaches. The latter
also gained much attention recently, due to another class of molecules that emerged to be of
great value for the synthesis of polymer architectures: pentafluorobenzene derivatives. In the
form of monomers such as pentafluorotyrene and pentafluorophenyl (meth)acrylates, these
substrates allow for the (orthogonal) attachment of (macro)nucleophiles to polymer



backbones. In combination with the very efficient para-fluoro thiol reaction (PFTR),!*3!
versatile polymer architectures, such as bottlebrush polymers, were achieved.[** However, a
structural relative of these motifs has been ignored in this context: pentafluorothiolphenol
(PFTP). This molecule possesses a rich chemistry of addition reactions, and the respective
products should be suitable precursors for the para-fluoro thiol reaction. Here, especially
alkynes could prove to be useful, as their hydrothiolation motif, pentafluorophenyl vinyl
sulfides offer great synthetic potential for PPM reactions.

The combination of the possible synthesis of a,w-functionalized long-chain hydrocarbons via
the Alkyne Zipper, the incorporation of aliphatic alkynes and alkynols in polymers and the
potential use of pentafluorophenyl vinyl suldides as substrates for the para-fluoro thiol
reaction offer immense potential for yet unknown polymeric structures and are the topic of
the presented work.

Accordingly, the following chapters summarize the distinctive topics that have been
investigated in the context of this work. Chapter 3 deals with a the synthesis of long-chain
a,w-functionalized hydrocarbons as synthons for direct polymerization or post-polymerization
reactions that are based on alkynes, and are covered in the successional chapters. The
modular synthesis is based on the connection of short-chain alkynes with haloalkanes and
subsequent a,w-alkynol formation via the Alkyne Zipper reaction.

Chapter 4 deals with a new modular approach towards precise poly(ethylene) via the
SONOGASHIRA coupling reaction. Here, dialkynes are linked with symmetrical divinyl halide
monomers to form the carbon backbone, that would then be hydrogenated subsequently to
form a poly(ethylene) with precisely placed ester groups along the chain.

In the 5™ chapter the post-polymerization modification of poly(pentafluorophenyl acrylate)
with the long-chain a,w-alkynols from Chapter 3 is realized and the thermal properties of the
obtained bottlebrush polymers investigated. In a second step the pendant alkyne group of a
previously attached alkynol is used for further modification allowing the attachment of a
mPEG 400 moiety, thus creating a core-shell bottlebrush copolymer (cs-BBCP) with a
cylindrical structure.

Finally in Chapter 6, the reaction alkynes with 2,3,4,5,6-pentafluorobenzene-1-thiol (PFTP) is
used for the synthesis of a monomer unit, that is subsequently polymerized with a series of
(functional) dithiols via para-fluoro thiol reaction. The resulting tetrafluorophenyl vinyl sulfide
motif in the polymers is subsequently examined regarding its post-polymerization possibilities
via oxidation, thiol-ene reaction, halogenation and through the derivatization of functional
groups of one dithiol derivative.



2 Theoretical Background

The current chapter provides background information for a better understanding of the
concepts, methods and reactions mechanisms used within this work. To this end, first some
detailed information on two integral reactions in the context of this work, i.e., the Alkyne
Zipper and the SONOGASHIRA reaction, is given. Further, fundamental definitions related to
polymer science, particularly macromolecular architectures, are elucidated, which in turn was
followed up with a detailed information on the chemistry of fluorinated pentafluoro motifs.

2.1 The Alkyne Zipper Reaction

The migration of functional groups is a viable tool in organic chemistry and is found in many
famous name reactions such as the Claisen,*® Cope!'®! and Carroll*”! rearrangements, for
example. Considering the movement of alkynes, FAVORskil was the first to observe their
movement as early as 1888, albeit from terminal (monosubstituted) to the more stable
disubstituted derivatives.l'®! Since then, many reports were published that cover the
movement of triple bonds along one position, mostly under very basic conditions (e.g. sodium
amide in liquid ammonia) in internal alkynes.[**2% But it was not until WoTiz et al. reported in
1966 that triple bonds can also isomerize along several carbon atoms, this time with sodium
amide in ethylenediamine.?%22l However, these reactions resulted in mixtures and were thus
unpractical from a synthetic standpoint. Almost a decade later, in 1974, BROWN reported the
“Acetylene Zipper”, i.e., the isomerization of internal alkyne bond towards terminal alkynes in
the presence of potassium 3-aminopropylamide (KAPA), which is obtained through the
reaction of potassium hydride (KH) and 1,3-diaminopropane (DAP), and is coined as a
superbase.['223] Shortly after, he applied the reaction to alcohols and successfully isomerized
the internal alkyne in hexadec-7-yn-1-ol to the w-position of the chain (Scheme 2.1 Top).[?4
Since, terminal alkynes are less stable (more acidic) compared to internal ones, Brown
described the reaction as “contrathermodynamic”.[*2]
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Scheme 2.1: Top: First example of the isomerization of a longer alcohol (hexadec-7-yn-1-ol) in the
presence of potassium 3-aminopropylamide (KAPA). Bottom: Mechanism of the Alkyne Zipper
reaction.

Mechanistically, the Alkyne Zipper reaction is a series of successive reversable alkyne-allene
interconversions. The alkyne adjacent position is deprotonated to form an allene, which is
rearranged to the alkyne again, thus moving the unsaturated moiety along one carbon
(Scheme 2.1 Bottom). This process is repeated until the chain terminus is reached, where the
acetylide anion is produced and stabilized with the counter ion. The stability of the acetylide
is the driving factor in this reaction.’?® Furthermore, due to the underlying mechanism,
isomerizations cannot proceed through branching points, such as alkyl groups or secondary
alcohols along the chain. Improvements of the original protocol by BRown were made through
the use of different salts, such as sodium and lithium, as well as the mixed alkali metal
procedure reported by ABrams.[26-28]

Due to the extremely basic conditions, the alkyne zipper reaction is mostly employed in the
very early stages of total syntheses of complex molecules, as is exemplarily shown in Scheme
2.2 for the synthesis of Tricolorin A. The total synthesis involves the preliminary synthesis of
chiral alkynol A, which is transformed to the terminal alkynol, that in turn is subsequently
converted to the final product within total five steps. For a clarification, the pristine carbon
skeleton is marked in red.

O OH

1. nBulLi B
%\ Hexanal CSH11)\ NB-Enantrane CsHﬂ/A\
CgHi7 2. Swern CgH17 CgH47

1. Alkyne Zipper (KAPA)
2. nBuLi, Me3SiCl

5 steps OTMS TMS

CsHyy

10

Tricolorin A

Scheme 2.2: Synthesis of Tricolorin A via the Alkyne Zipper reaction employed in the third step of the
sequence.



Since the Alkyne Zipper reaction yields terminal alkynes, those isomerized substrates can be
employed in SONOGASHIRA reactions. One such example is reported by BALOVA et al. and is
especially noteworthy (Scheme 2.3).122:30

Arl Ar

= LAETA ~~  Sonogashira =
x=2.3 2x+1 2x+1

Scheme 2.3: Depiction of the isomerization of 1,3-diynes, which leads towards vicinal alkynes at the
same chain end.

X

Particularly, the isomerization 1,3-diynes was achieved with lithium 2-aminoethylamide
(LAETA) as the isomerizing agent and gave products with both alkynes at the same chain
terminus. The obtained terminal alkynes were subsequently reacted with aryl iodides via
SONOGASHIRA coupling, which is covered in more details within the following section.



2.2 The SONOGASHIRA Reaction

The SONOGASHIRA reaction was first described in 1975 and is named after its investigator,
Kenkichi SONOGASHIRA.[31 [t is an extension of the CassaR-HECK reaction protocol®%33! and has
emerged to be the most important method among C-C linking cross-coupling reactions in
organic synthesis for linking terminal alkynes to sp2-hybridized carbon atoms, such as aryl or
vinyl halides.3334 The generalized reaction scheme is shown in Scheme 2.4 (top). This
transition-metal-catalyzed cross-coupling reaction is usually performed at atmospheric
temperatures with mild bases, such as triethyl amine, which is often also used as the solvent
medium. Due to these mild conditions, this reaction has also been employed for the synthesis
of myriad complex molecules, such as drug candidates for cancer treatment in kg-scale.3*
Furthermore, terminal alkynes have been coupled with several aryl and vinyl halides, including
iodides, bromides, chlorides and even triflates.3¢ Usually, the reactivity of the substrates is
dependent on the employed halide derivative (Scheme 2.4 (bottom). Generally, vinyl halides
are more reactive than aryl halides, whereas iodides are more reactive compared to bromides
and chlorides.3¢!

Pd/Cu catalyzed
— or _ X =1, Br, Cl, OTf

12
Pd-catalyzed, Cu-free R = Aryl, Alkenyl

| | | | [ OTf Br o]
\\/\I>\\\,/\0Tf>\\,/\8r>\,/ CI>©/ >©/ >©/ >>>©/
] ] ] ]

Scheme 2.4: General representation of the SONOGASHIRA reaction (top) and relative reactivities of sp?-
carbon substrates bearing different halides (halides).

The mechanism of the SONOGASHIRA reaction (Scheme 2.5) is divided into the palladium
catalytic cycle and the copper catalytic cycle. The activated palladium(0) complex reacts under
oxidative addition to the palladium(ll) complex, which is subsequently transmetallated with
the copper acetylide. This is followed by cis-trans isomerization, after which the product is
reductively eliminated with the reformation of the palladium(0) complex. The copper catalysis
cycle begins with the formation of a m-alkyne complex between the copper(l) ion and the
employed alkyne. The subsequent deprotonation by base (usually EtsN), often also used as
the reaction medium, forms the copper acetylide. This is subsequently transmetallated in the
palladium cycle, whereby the copper ion is reformed and can undergo further catalytic cycles.

Several modern variants of the SONOGASHIRA reaction allow the bond formation in conditions
free of solvents and nitrogen bases, as well as free of a copper cocatalyst.3” Since copper
favors the formation of undesirable GLASER coupling by-products, the elimination of copper is



of particular interest in order to prevent these side reactions. Thus, many scientific research
efforts have been made to exclude the metal from the reaction protocols, especially since the
reaction also yields the desired products, albeit under harsher conditions.8! For clarity, the
copper-free reaction mechanism is depicted in Scheme 2.5.

0 0 0
PdL, PdL, PdL,
+(n-2)L “ -(n-2)L +(n-2)L “ -(n-2)L +(n-2)L “ -(n-2)L
R—— y Psz R——= y PdL2 R——= Ry PdL2
R \< R \< R' \<
Cycle A L ” R Cycle A L ” /R Cycle A L ” R
Isom X Isom. Isom.
b
R—=— =-Pd-L
R
™
base-HX/j\L Pd—X
base R
n? complex F?dL /
2 “Pd
Cycle B H— R'N\ Cycle B L/ \
R
N base HX P R'
H 7@ R@ L\pd/ base-HX
Cu X base L~ X base

Scheme 2.5: Depiction of multiple reaction mechanisms of copper- and copper-free variants of the
SONOGASHIRA reaction. Left: Textbook mechanism for the Pd/Cu catalyzed coupling. Middle: Textbook
mechanism for the Cu-free variant. Right: Recently reported Pd-Pd transmetallation mechanism.% OA
— oxidative addition; TM — transmetallation; Isom. — cis—trans isomerization.

Although the first report on the so-called copper-free SONOGASHIRA reaction was reported more
than four decades ago,!3233! its mechanism is still not fully understood. In 2003, SoHEILI et al.
published a proposed mechanism consisting only of oxidative addition and reductive
elimination (Scheme 2.5 middle).*®) The mechanism is based on the reversible n2-complex
formation and subsequent base-mediated deprotonation of the terminal acetylenic proton.

However, this proposed mechanism has not yet been proven. Indeed, recent calculations even
suggest that this cycle is unlikely, since the activation barrier for the formation of the complex
is much too high.[*42] Based on these findings, GAzvoDA et al. postulated another mechanism
(Scheme 2.5 right).3*! According to this study, the copper-free SONOGASHIRA coupling proceeds
analogously to the conventional mechanism of the SONOGASHIRA coupling, through a tandem
double cycle, where the palladium takes over the role of the copper. Importantly,
computational studies and various experiments support this hypothesis.?*! However, a
complete elucidation has not yet been achieved.

Besides the numerous applications of the SONOGASHIRA reaction in the field of pure Organic
Chemistry, it was also extensively employed as a tool for polymer synthesis and modification.
As it is not possible to do justice to the countless number of examples, the following three
should show the broad possibilities of this method (Scheme 2.6). Thus, TomiTA et al. employed



the SONOGASHIRA polycondensation to form linear m-conjugated organometallic polymer by
coupling a titanafluorene and arylene ethynylene (top). GRuBBS et al. used the reaction for the
post-polymerization modification of poly(4-bromostyrene) with aliphatic alkynes, which
resulted in polymers that cannot be obtained via the preceded controlled radical
polymerization (middle).[*3! Finally, TRUNK et al. reacted 1,3,5-triethynylbenzene with various
multifunctional iodoarenes in a copper-free SONOGASHIRA-variant with extremely low palladium
loadings of 0.65% to form high-surface-area poly(aryleneethynylene) networks.[*4
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Scheme 2.6: Depiction of three different examples for the use of the SONOGASHIRA reaction in the field
of polymer and material science.




2.3 Polymer Chemistry & Polymerization Methods

Polymers (Greek: poly-, "many" and -mer, "part") are materials that consist of large molecules
(macromolecules), composed of linked repeating subunits (monomer). The idea that polymers
constitute of covalently linked repeating units was introduced by Hermann STAUDINGER in his
landmark publication “Uber Polymerisation” (‘On Polymerization’) in 1920.15! which is
recognized as the beginning of modern polymer science. Thus, Staudinger was honored with
a Nobel Prize in 1953.

In general, a distinction can be made between natural and synthetic polymers. Natural
polymers, also called biopolymers, encompass all polymers that are synthesized in living
organisms. These include, for example, carbohydrates, proteins and oligonucleotides in
addition to natural rubber. Synthetic polymers, on the other hand, are chemically produced
on a laboratory scale, which some of them in turn are also industrially accessible. Some of the
best-known examples are poly(ethylene), poly(styrene) and poly(vinyl chloride), since they are
utilizable nearly everywhere in everyday life, for example as plastic bags, cups, films, tubing
an many more. The process of polymer synthesis is called polymerization. Although many
polymerization techniques exist, usually a distinction is made between two mechanisms: Step-
and chain-growth. 46l

In step-growth processes, polymerization takes place in a step-wise manner. Here, another
differentiation can be made between polyaddition and polycondensation processes,
depending on wheatear a byproduct, water for instance, is expelled during the formation of
the monomer linkage.

A requirement for monomers to undergo step growth is that they need to be bifunctional.[4748!
Thus, the monomers first form dimers, then trimers or tetramers, which combine again to
form oligomers, and their linkage ultimately leads to the desired polymer. As a result, growth
is very slow, and large conversions are required to obtain compounds with high molecular
weight.[*! In fact, the correlation between the degree of polymerization and the conversion
of the monomers is described by the CAROTHERS equation.[>?

In contrast, polymers with a very high molecular weight can be obtained at low conversion
rates using a chain-growth polymerization technique. Here, initially a radical initiator
decomposes and adds to a monomer unit, thus creating a reaction site for further monomer
additions until the chain-growth is terminated via recombination of two radicals or a chain
transfer event. The chain-growth polymerization itself can be further divided into free radical,
anionic, cationic and coordinative polymerization.*®! Since only radical polymerization was
employed in the context of this work, it will be described in more detail below.

Within the radical based methods, two types can also be distinguished: Free Radical
Polymerization (FRP) and Reversible Deactivation Radical Polymerization (RDRP). FRP is one of



the best known and most widely used polymerization methods. It essentially involves three
steps: the initial decomposition of a radical initiator, formation of a reaction center and further
additions and termination (recombination of two radicals or chain transfer events). However,
especially the latter result in chain breaking, backbiting processes and transfer reactions that
prevent homogeneous chain growth and thus lead to polymer chains with different chain
lengths.[4]

Since the polymer properties, such as viscosity, glass transition temperature Tg or rheological
parameters, strongly depend on the chain lengths, the determination of the molecular weight
plays a vital role. As mentioned, both step-growth and chain-growth polymerizations yield
polymer chains of different lengths due to the nature of the polymerization of side reactions.
For this reason, polymer samples are obtained as distributions of chain lengths and described
through averages.

Most commonly the number-average molecular weight M,, (Equation 1) and the weight-
average molecular weight M,, (Equation 2) are used (respective definitions below).

i = w =ZNxMx .
"T YN, 2N, )

e Total weight w of all molecules divided by the number of moles present x = 1 — oo over all different

polymer sizes. N, & M, — number of chains and their respective molecular weight.

i _ZCxMx_ZCxMx_ZNng 2
v Ty c SN, 2

e Sum of the weight concentration, multiplicated with the corresponding molecular weight, c, - weight

concentration of M,, molecules. ¢ - total weight concentration of all polymer chains.

The dispersity D is the quotient of both averages (Equation 3) and describes the molecular
weight distribution.
b= @ (3)
My

Since the properties of polymers differ with their chain length usually low distributions are
required. In an ideal polymerization, all polymer chains would have the exact same length and
thus a dispersity (D) of 1. However, due to side reactions such as chains-transfer events this is
not possible to achieve with FRP. In order to allow for the synthesis of polymers with very
narrow distributions, Reversible Deactivation Radical Polymerization (RDRP) techniques, such
as Nitroxide-Mediated radical Polymerization (NMP), Atom Transfer Radical Polymerization
(ATRP) and Reversible Addition-Fragmentation chain Transfer (RAFT) polymerization, have
been developed. The latter is described in the following section.

10



2.3.1.1 Reversible Addition-Fragmentation Chain Transfer (RAFT) Polymerization

Reversible addition-fragmentation chain transfer (RAFT) polymerization is a reversible-
deactivation radical polymerization (RDRP) technique that was first introduced RizzarRDO et al.
in 1998.5% Here, control over the radical polymerization process is gained through the use of
mediating molecules, the so-called chain transfer agents (CTA) or simply ‘RAFT agents’.
Examples include thioesters (A), trithiocarbonates (B), dithiocarbamates(C) , and
xanthates(D), for instance.? The general structure as well as a representative compound for
each class, is presented in Figure 2.1.52734
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Figure 2.1: Depiction of the general RAFT agent structure as well as selected examples for the class of
thioesters (A), trithiocarbamates (B), dithiocarbamates (C) and xanthate esters (D).

RAFT polymerization is a very versatile method, as it allows the polymerization of
electronically different monomers if the RAFT agent is selected accordingly.®® Furthermore,
in contrast to other RDRP methods, the controlled nature does not stem from all over lowered
radical concentrations by reversable trapping of propagating free radicals (NMP, ATRP), but
instead is based on a degenerative transfer, i.e., an activation-deactivation process, and thus,
the overall radical concentration is not reduced, which in turn allows high polymerization
rates.
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Scheme 2.7: General reaction scheme (top) and mechanism of the RAFT process.

Mechanistically, after initial radical formation and addition to monomer (/nitiation), the
radical species adds to the RAFT agent entering the equilibrium between active and dormant
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species (Pre-Equilibrium), thereby expelling another radical (R’) via B-scission. The new radical
adds to monomer (Re-Initiation) and is again caught by the CTA, thus establishing the main
equilibrium. In this manner, the propagating chains are continually reversibly transferred
between a propagating and dormant state. Ideally, the rate of the addition-fragmentation
steps is higher than the propagating rates, keeping resulting in the addition of less than one
monomer per scission-propagation-addition sequence, which ensures a similar propagating
probability for all chains and thus a narrow dispersity £. The overall reaction constitutes of
the insertion of monomer between the R group and the dithioester moiety. This in turn, results
in polymers with the respective functional group at the chain end. Through aminolysis, the
terminal CTA group can be transformed into thiols, which can be subsequently used for series
of post-polymerization reaction, such as thiol-ene or nucleophilic substitutions, as shown in
Scheme 2.8.156-60]
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R-Py- aminolysis R-Py- thiol-halo
Pm
Hetero- '/ /_\R'
Z" | Diels-Alder Rd' | radical
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\
2 R' R'
R-P,-8" °8" "Ppn thiol-yne S~ R thiol-ene
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Scheme 2.8: Depiction of the varied post-polymerization chemistries that are available to RAFT-
polymers.
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2.3.2 Post-Polymerization Modification

Despite the numerous polymerization methods available, it is not always possible to achieve
the desired functionality or properties of the polymer directly during polymerization.
Problems such as different solubilities, stabilities or interactions of the functional groups or
their plain incompatibility with the employed polymerization conditions can be overcome by
functionalizing polymers after polymerization. For this so-called Post-Polymerization
Modification (PPM) approach, functionalized monomers are first polymerized and then
modified by orthogonal reactions to obtain their final properties.®%

Two early examples for this methodology are the vulcanization of natural rubber with
elemental sulfurl®? (1840) and the production of nitrocellulosel®3! (1847) by nitration of the
polysaccharide. Since then, a plethora of organic reactions has been used to modify polymers
yielding immensely diverse structures with varying functionalities.®) In combination with the
mentioned controlled free radical polymerization techniques, the synthesis of well-defined
polymers was possible and thus diverse polymer architectures such as micelles, lamellae,
brush polymers and many others could be achieved.!®* In order for an organic reaction to be
considered for PMM applications, it should feature several important characteristics, such as
high efficiency, chemoselectivity and most importantly, full conversion. In contrast to
reactions of small molecules, the separation of incompletely functionalized polymers is
extremely difficult, even one could postulate that it is impossible. For this reason, the most
employed PPM reactions feature criteria of so-called ‘click chemistry’,'®°! including Diels-Alder
reactions,®!l copper(l)-catalyzed alkyne-azide cycloadditions (CuAAC),®! thiol-enel®7:68 s
well as thiol-yne reactions (Figure 2.2).16%701 Recently, the chemistry of fluorinated moieties,
such as pentafluorophenyl esters and pentafluorobenzene-derivates, has gained increasing
attention in context of post-polymerization modification reactions.l®? In the case of the
former, the electron-deficient ester can be trans-esterified with alcohols and amines under
mild reactions conditions, reaching full conversions, which allows the introduction of varied
groups to the polymer backbone.l”%72 The latter undergoes nucleophilic aromatic substitution
(SnAr) reactions with nucleophiles such as alcohols, amines and thiols. Due to the preferred
use of the last, owing to their increased nucleophilicity, the replacement of the para-
positioned fluorine atom with thiols is referred to as the para-fluorine thiol reaction (PFTR).l3!
Beneficially, the conversion of reactions involving both motifs can be easily followed via
F NMR. The combination of both motifs in the polymer backbone further allows the
orthogonal functionalization of polymer structures, depending on the employed
nucleophile.*3!
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Figure 2.2: Overview over the most common PPM reactions: Diels-Alder, CUAAC, thiol-ene & thiol-yne,
trans-esterification and amidation of active-esters in addition to the para-Fluoro Thiol reaction (PFTR).

The para-Fluro Thiol reaction is described in detail in Chapter 2.5.1.1. Post-polymerization
reactions can also be used for the synthesis of different molecular architectures as shown in
following section, as well as in Chapter 5.
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2.4 Polymer Architectures

The physical properties of a polymer not only depend on its molar mass, but also on its
macromolecular structure, which is determined by the arrangement of the monomers. Thus,
polymers can exist as linear chains, branched chains or even as three-dimensional networks.
These branching points can either occur randomly during polymerization via backbiting, a
reaction with another chain, or can be targeted during the synthesis.”%

Furthermore, covalent bonds can form between linear chains, generating entire polymer
networks, which are thus named crosslinked polymers.l’”! Depending on the degree of
crosslinking, several polymer properties such as the glass transition temperature Tg and tensile
strength, is influenced. This is especially noticeable in the different types of poly(ethylene)
(PE), which accordingly classified as low- or high density PE inter alia, and is thus used for very

differ applications.[®!

| Ring block copolymer | Dendrlmer

Star Polymer P‘?Iymer | Block Copolymer |

architectures

@ S LTI

Cage-shaped Comb Polymer
Polymer ‘ Bottlebrush Polymer ‘

Figure 2.3: Depiction of various polymer architectures that can be generated via modern
polymerization techniques.

With the aid of modern polymerization techniques, such as reversible addition-fragmentation
chain-transfer (RAFT) polymerization for instance, and post-polymerization modification
(PPM) reaction, it is possible to generate a large number of structurally different
macromolecules in a targeted manner.”7l Skillful selection of monomers and suitable
synthesis methods results in defined macromolecular structures whose properties can be
specifically adapted according to their envisioned application. A large number of complex
molecular architectures, such as star polymers,’81 comb polymers,7®! bottlebrush
polymers,7?-81 dendrimers!®? and ring (block co-)polymers[®-33 35 well as cage polymers!86:87]
are known (Figure 2.3).
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2.4.1 Bottlebrush Polymers

Architectonically, bottlebrush polymers belong to the category of comb polymers, but deviate
from such through their very high grafting density.”?! Structurally, they consist of a linear main
chain to which side chains are tethered at more or less regular intervals. The structure and
thus also the properties depend on the graft density and the steric repulsion of the side chains.
The higher the graft density, the lower the flexibility of the architecture, twisting backbone
into an elongated shape and obtaining rod-like properties.!®8 Depending on the synthesis
method, very different properties can be obtained from the choice of side-chain types (water-
soluble PEG vs. poly(styrene) for instance), the length of the side chains as well es the type of
monomer for the bottlebrush backbone.[*47°]
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Scheme 2.9: Depiction of different grafting methods for the synthesis of bottlebrush polymers (which
can vary as statistical, block and core-shell): grafting though(/eft), grafting to (middle) and grafting from
(right).
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The synthesis of bottlebrushes is realized via grafting methods, hence the notion as graft
polymers. In principle, a distinction can be made between three grafting methods:
'grafting through', 'grafting to' and 'grafting from' (Scheme 2.9).014

The ‘grafting through' method is based on the copolymerization of monomer with polymers
that carry polymerizable side chains (macromonomers). As the chain grows, the polymerizable
side group is integrated into the backbone forming the bottlebrush. One advantage of this
approach is the fact that the macromonomer can be tuned in its length via controlled radical
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polymerization techniques, for instance. More importantly, the macromonomer cand
accordingly characterized before its use. Furthermore, the grafting density can be partially
controlled through the use of macromonomers consisting of A-branch-B diblock
macromonomers, for example.[®® However, full conversions cannot be reached caused by the
increasing steric hindrance during polymerization, and thus the removal of macromonomers
with high molar mass can become a problem.

In the ‘grafting from' method, a macroinitiator, i.e., a polymer scaffold that carries initiation
sites, is first produced. Here, the side chains are grown from the backbone initiation sites, thus
avoiding the problem of steric hindrance of the already linked side chains. In order to prevent
coupling of the growing chains, low radical concentrations are essential. For this reason,
Nitroxide-mediated radical polymerization (NMP) as well as Atom transfer radical
polymerization (ATRP) approaches are preferably used in this context. Another advantage
over the other two methods is that no separation of the unlinked side chains is required,
making the purification process much easier.[8091.92]

Finally, in the ‘grafting to' method, chain-end functionalized polymers as well as the to-be-
grafted-on macromolecules are prepared and subsequently reacted. To ensure efficient
grafting, often click chemistry reactions are employed.3 In similar manner, due to steric
hindrance of the side chains, high graft densities can be hard to reach and unreacted side
chains need to be removed upon grafting.[®*®*! In the context of this approach, especially
pentafluorophenyl (PFP) esters emerged as an effective synthesis platform, as they can be
easily post-polymerized with the suitable nucleophiles.[®®!

Since the described approaches allow for manifold combination of monomers,
macromonomers as well as structural variations of the backbone, many different bottlebrush
structures have been prepared. As an illustrative example, statistical bottlebrushes,
bottlebrush block copolymers as well as core-shell bottlebrush copolymers (cs-BBCPs) are
depicted in Scheme 2.9.[14:81,8497]
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2.5 Pentafluoro Motifs in Polymer Chemistry*

Fluorinated polymers are macromolecules, which are decorated with fluorine-carbon bonds.
These bonds are considered to be the strongest covalent bonds of any other carbon-X bond
(X = any other element).[® Due to this high bond strength, fluorinated polymers possess
remarkable properties, such as hydrophobicity, low surface energy, high thermal stability as
well as excellent chemical resistance. °*! The combination of these advantageous properties
led to their use as high-performance materials (coatings, electrical and thermal insulators,
anti-adhesives), and even found their way into everyday life, with poly(tetrafluoroethylene)
(PTFE) being the most known example in the form of coatings (Teflon) or waterproof fabric
membranes (Gore-Tex).[*®7191 Their extreme chemical resistance however, also renders them
inert to further reactions in order to tailor their properties. In contrast, a different class of
fluorinated polymers allows the targeted modification of the polymer backbone, and thus of
the properties: polymers possessing pentafluorobenzene moieties.

800 Although the use of pentafluorobenzene
700 - e r 5 motifs increased steadily in the last 20
500 - O years (Figure 2.4), their popularity in
%500 F F polymer science increased, when the
§ v facile  modification of pentafluoro
T 400
g pendant groups became apparent. Here,
2
5 300+ initially the substitution of
o
200 - pentafluorophenyl active esters was
100+ investigated in detail and used as
methodology to easily prepare polymer
0 T T T T T T
283 L8YIZgYIQLReYTEeg libraries via trans-esterification
SEPESRREIRRRRERR
Year reaction.’Y At a later stage, in the context
Figure 2.4: Publications containing the of pentafluorostyrene-derived polymers,
pentafluorobenzene motif per year from 1990 — the work of HooGenBooM and SCHUBERT

2021 (retrieved from SciFinder" on 07.09.22). proofed expedient as they reported the

grafting of (macro)molecules to a polymer
scaffold through para-substitution of pendant pentafluorobenzene moieties.[192! A year later,
BECER et al. used the same strategy for the synthesis of glycopolymers and selected a thiol-
glycoside for the reaction, which resulted in a full conversion at atmospheric
temperatures.['%] Thus, a new method for effective ligation with thiols was established, i.e.,
the para-fluoro thiol reaction (PFTR; see following section).

1 Parts of this subchapter - including text, figures, tables and schemes - might/will be subsequently published
within a perspective article in the near future.
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Since these findings, a large number of polymerizable pentafluorobenzene-derivatives
emerged in the context of functional polymers.[1%4 A small selection of representatives is
shown in Figure 2.5.1194 Here, the monomer structures were adjusted to fit certain
polymerization techniques, such as radical polymerization (pentafluorostyrene (PFS),
pentafluorofluorobenzyl acrylate (PFBA), pentafluorofluorobenzyl methacrylate (PFBMA),
pentafluorofluorophenyl acrylate (PFPA), pentafluorofluorophenyl methacrylate (PFPMA)),[6%
ring-opening metathesis polymerizations (ROMP) (pentafluorofluorophenyl
norbornenecarboxylate (PFPNorB))'%! and ring-opening polymerization(perfluorophenyl
methyl trioxocarboxylate (MTC-OPhF5)).[108]
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Figure 2.5: Depiction of several pentafluorobenzyl derived monomers.

Besides the grand variety of related monomers, one exception can be found: the structurally
related thiol, i.e., 2,3,4,5,6-pentafluorobenzene-1-thiol or pentafluorothiophenol (PFTP)
largely ignored in the context of polymer science and only found sporadic use as a ligand!107.108]
or was employed for the synthesis if electrolyte material additives.[*0?!
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Scheme 2.10: Overview of the possible addition reactions of pentafluorothiophenol (PFTP).

However, this is in strong contrast to the synthetic potential of this compound. As early as
1975, LEONG and PeacH showed the remarkable potential of PFTP through addition reactions
to numerous functional groups, such as alkenes, alkynes, oxiranes, thiiranes, diazo
compounds, aldehydes, ketones, and nitriles (Scheme 2.10).11%0 |n theory, some of
corresponding products should be suitable substrates for the para-fluoro thiol reaction (PFTR).
Since the focus of this thesis lays on the utilization of alkynes, for the first time, the chemistry
of the corresponding pentafluorophenyl vinyl sulfide was investigated in the context of
functional polymer synthesis (refer to Chapter 6).
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2.5.1.1 The Para-Fluoro Thiol Reaction

The para-fluoro thiol reaction (PFTR) is a nucleophilic aromatic substitution (SnAr) that has
found increasing application in organic chemistry, and especially polymer science, as a
platform for an efficient ligation.l”3! The approach involves the reaction of a fluorinated
benzene derivative with thiol substrates, resulting in the selective substitution of the para-
positioned fluorine atom on the aromatic ring (Scheme 2.11). This remarkable selectivity is
owed to the influence of the fluorine substituents; indeed, fluorinated molecules often show
drastically changed chemical behavior compared to their non-fluorine counterparts.i*11]
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Scheme 2.11: General reaction scheme for the para-fluoro thiol reaction (PFTR).

Since fluorine possesses the highest electronegativity of any element, the carbon-fluorine
bond is highly polarized, which results in a formal positive charge on the carbon atom, making
it vulnerable towards nucleophilic attack.[!12113] Early studies on the displacement of fluorine
atoms in such molecules were performed in the second half of the last century, when several
hexafluorobenzene derivatives were obtained through the reaction of with hydroxides,
alkoxides, amines, lithium organyls and others.[114-117] However, due to the increased acidity
and nucleophilicity of thiols, this class of substrates in particular, emerged as the preferred
nucleophile. Here, the reactions can be performed in polar solvents, such as DMF, with weak
bases, e.g., triethyl amine, to yield the desired substitution products in short reaction times
(minutes to hours, sometimes near instantly(*'8) at atmospheric temperatures.73119 The
observed selectivity of the PFTR can be elucidated via mechanistical considerations as
discussed in detail by Kvi¢aLa et al.’?% During the nucleophilic attack on the ring, the
delocalized electrons can be represented as mesomeric forms, as shown in Scheme 2.12. Here,
in similar fashion as with benzene derivatives, the substituent has an influence on the
regioselectivity of the reaction. With non-electron donating substituents, the para-
substitution pathway is favored due to a better charge delocalization. This observation is also
supported by computational studies.['20]
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Scheme 2.12: Depiction of resonance structures for the meta- and para-pathway of nucleophilic
substitutions in monosubstituted pentafluorobenzene derivatives.

In addition, the para-fluoro thiol reaction features the possibility to follow the reaction via
F NMR. Due to the extremely broad range of shifts of fluorine resonances (up to
1300 ppm!*2Y), structural changes can be easily detected. Since proton and carbon resonances
are not visible in °F NMR, this allows for quick reaction monitoring without the need for prior
purification.

Due to its mild conditions, regioselectivity, the commercial availability of thiols, and most
importantly its efficiency, PFTR has gained increasing attention as a method for post-
polymerization modification of polymer scaffolds.!*3!
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3 Synthesis of a,w-functionalized
Hydrocarbons via Alkyne Zipper Reaction

3.1 Motivation

As mentioned in Chapter 1 the aim of the current thesis is the evaluation of possible syntheses
of alkyne-functionalized PE-like materials via incorporation of long-chain hydrocarbon
synthons in the backbone structure of polymers or as side-chains. At the core of obtaining
such materials is the availability of functional long hydrocarbon molecules that can be
modified accordingly to enable their polymerization. Thus, one goal was to find a suitable
route towards functional hydrocarbons that can be obtained in a multi-gram fashion.

The most prominent literature-based strategies for the build-up of similar molecules usually
employ long multi-step routes that are either based on the dimerization of fatty-acid
derivatives with limited chain lengths via olefin metathesis or the connection of two alkyl
chains with protected functionalities via GRIGNARD reaction, WURTz coupling or WITTIG
reactions.[t011,122123] Both strategies have restrictions as they strongly depend on the
availability of necessary precursor molecules that need to be orthogonally protected and
deprotected for further use. In this manner, WAGENER et al. reported a procedure for the
synthesis of long-chain alkenols as building blocks for ADMET monomers.!1% Here the longest
alkenol bearing 36 carbon atoms between its functional groups could be synthesized in a yield
of 17 % over 16 reaction steps. Although the mentioned synthesis is claimed to be facile in
nature due to minimal chromatographic purification, it still shows that the build-up of a,w-
functionalized hydrocarbons is not trivial at all and requires great synthetic efforts including
lengthy multi-step syntheses.

Although a,w-functionalized long-chain hydrocarbons can be synthesized with the previously
mentioned method, their transformation from alkenes to alkynes requires two additional
steps. As such, a lengthy synthesis route requires immense effort, therefore a new and more
convenient methodology was greatly desired. To this end, alternative synthetic approaches
were investigated and a viable possibility based on the Alkyne Zipper reaction was discovered.
Here, the formation of long-chain hydrocarbons with a hydroxyl- and alkyne-moiety on the a-
and w-positioned end can be achieved through the migration of unsaturation from aliphatic
internal alkynes. In order to use such building blocks for the formation of PE-like polymers or
post-polymerization reactions, a substantial amount of material is necessary. Therefore,
ideally a viable, short and high-yielding route towards such molecules is essential. In addition,
a modular approach should enable the formation of any targeted chain length via the
conceived strategy. Accordingly, the following chapter describes the design of such a synthesis
concept.
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3.2 Synthesis of long-chain Hydrocarbons via Alkyne
Zipper Reaction

3.2.1 General Concept

To fulfill the above-mentioned criteria, a three-step synthesis starting from commercially
available, short chain length a,w-alkynols and n-haloalkanes was devised (Scheme 3.1).
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Scheme 3.1: General three-step synthesis of long-chain alkynols via Alkyne Zipper reaction.

To allow future scale-up of the synthesis route, the commercial alkynol starting units were
narrowed down to two substrates: propargyl alcohol and undec-10-yn-1-ol. Propargyl alcohol
was chosen due to its general availability and enhanced reactivity that is anticipated at the
alkylation step due to the hydroxyl group proximity to the alkyne. Furthermore, purification
and isolation of the elongated alkynols is simplified, as the deprotected propargyl alcohol is
water soluble and can thus be removed during aqueous purification steps, further facilitating
the removal of the unreacted n-haloalkanes by column chromatography.

In order to ensure chain lengths above 30 carbon atoms, a suitable synthon of at least ten
carbon atoms is essential. However, the commercial availability of long chain bifunctional
hydrocarbons is limited, as such molecules are mostly based on a few fatty acid derivatives in
milligram quantities. To overcome this substrate deficiency a simple two step synthesis of
protected tridec-12-yn-1-ol 5 was devised (vide infra).

Considering the n-haloalkanes, a plethora of commercial substrates with all desirable chain
lengths is available, especially for the bromide derivatives. Although n-iodoalkanes are
preferred due to increased reactivity in Sn2 reactions, the respective lesser stability tends to
limit their commercial availability. In consequence, the project was focused on the utilization
of all bromo-derivatives with a chain length above ten carbons and only one n-iodoalkane.
Notably, such haloalkanes are relatively cheap (e.g., $54 for 500 g of 1-bromotetradecane,
Ambeed'?4) compared to other substrate classes that are employed for the buildup of long-
chain hydrocarbons, such as expansive fatty acids or derivatives thereof (e.g., $524 for 250 mg
of tetradec-13-en-1-ol, Ambeed!*?9]), and thus especially suited for upscaling.

To generate any chain length of choice, it is essential to select the suitable commercial
haloalkane in accordance with the employed starting alkynol. In fact, a summary of the
possible chain lengths that theoretically can be obtained upon the Alkyne Zipper reaction
starting from propargyl alcohol, undecyn-1-ol or tridecyn-1-ol is shown in Table 3.1. For clarity
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the iodoalkanes are emitted, as only one such substrate was used in the context of this work.
It is also important to mention that the longest haloalkane that was considered in the context
of this project is 1-bromoeicosane, as it is commercially available.

Table 3.1: Overview of the possible chain lengths after the Alkyne Zipper reaction that can be obtained
from the combination of propargyl alcohol, undec-10-yn-1-ol or tridecyn-1-ol and n-bromoalkanes of
increasing chain lengths.

Starting alkynols
X NV
NN LO0H | N LOH |
AN
\(\/);1 \(\/); \/OH
Final chain lengths
n-Bromoalkanes [
OH
\(\/E
' N P\
Br
1-Bromoeicosane (CpoH,1Br) 31 ) 21
Br/\/\/\/\/\/\/\/\/\ 2 - o
1-Bromooctadecane (C4gH37Br)
Br/\/\/\/\/\/\/\/\/ - N s
1-Bromoheptadecane (C47H35Br)
2 G G G
Br
1-Bromhexadecane (C4gH33Br) 27 25 17
Br/\/\/\/\/\/\/\/ - iy iy
1-Bromopentadecane (C45H3¢Br)
Br/\/\/\/\/\/\/\ 25 s .
1-Bromotetradecane (C44H5gBr)
YA
Br
1-Bromododecane (C4,H,5Br) 23 2 13
/\/\/\/\/\/
Br
1-Bromoundecane (C4;H,3Br) 22 20 12

As can be seen in Table 3.1, the combination of the above mentioned alkynols with the
suitable n-haloalkane theoretically allows the synthesis of a,w-functionalized hydrocarbons
within the range of eleven to 31 carbons between the functional moieties. Noteworthy, both
even and also odd-chain lengths are easily accessible by this route, in contrast to fatty acid
derivatives which are mostly limited to even-numbered chain lengths.
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3.2.2 Precursor Synthesis and Alkylation

The first step in the reaction sequence consists in the protection of the alcohol group of the
starting alkynols. Although the alkylation is also possible without applying protecting groups,
the orthogonal protection-deprotection sequence was favored due to generally higher yields
and a better reproducibility.[126]

Thus, two a,w-alkynol substrates — propargyl alcohol or undec-10-yn-1-ol — were reacted first
with either trityl chloride or 3,4-dihydropyran (DHP) under basic (EtsN) and acidic (TsOH)
conditions, respectively (Scheme 3.2).

TrCl
= = DHP
F’h>(0/ Et;N HOL 7 TsOH _TsOH (cat) O
Ph™ o DCM, rt,, ) “DCM it U
X = 1, 9 )
18 h 18 h 2(x=1)88%
1 86% 3 (x=9)87%

Scheme 3.2: Protection of propargyl alcohol and undec-10-yn-1-ol with trityl chloride (TrCl) and
3,4-dihydropyran (DHP).

The trityl protecting group was initially chosen due to its stability under basic conditions as
well as its high UV-light absorption which facilitated the efficient product purification and
isolation via the employed automated flash purification system. However, due to its ease of
deprotection, the DHP group was preferred at a later stage of the project (vide infra).
Besides the two above-mentioned alkynols, a third alkynol substrate was essential to enable
the synthesis of chain lengths over 30 carbon atoms. Thus, trityl-protected tridecyn-1-ol was
obtained via a two-step synthesis (Scheme 3.3). To do so, commercially available
11-bromoundecan-1-ol was first protected with trityl chloride under basic conditions, yielding
almost quantitatively compound 4. Then, the trityl ether was alkynylated by lithium acetylide
ethylenediamine complex resulting in the desired tridecyn-1-ol derivative 5 in a good 70%
yield over both steps. The purity of the obtained products was verified via 'H and *3C NMR
spectroscopy.

Br ,OH TrCL EtzN  Br_ _OTr
—_—

Li*EDA \\MOTr
g 1"

" DCM, 0 °C, " DMSO, rt.,
18 h 4 2h
97% 73%

Scheme 3.3: Two-step synthesis of a trityl-protected tridecyn-1-ol (5) via protection with trityl
chloride and subsequent alkynylation with lithium acetylide ethylenediamine complex.
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The protected alkynes were alkylated with a selection of n-haloalkanes (Scheme 3.4). More
precisely, n-butyl lithium was chosen for deprotonation of the terminal alkynes and DMPU
was added as a polar cosolvent to help dissociating the lithium cations from the alkynyl anions
and thus increasing the overall reaction reactivity (vide infra).[?’]

PGOM// N XI‘/); _Alkylation Peoﬁx\w _Deprotection HOMX\M/
X

y y
x=1,9,11 X =Br, |

Scheme 3.4: General reaction scheme for the two-step synthesis of extended alkynols through
elongation of the terminal alkynes with n-alkane chains.

Following the alkylation, the obtained product mixture was not directly separated, as the
difference of polarity of the products after deprotection greatly facilitated the isolation of the
desired products. Thus, after usual aqueous workup, the protecting group was removed in a
second step by TsOH catalysis in pure methanol or with the use of THF or DCM as cosolvents.
At last, the resulting product mixture was again precleaned via aqueous workup. In the case
of the propargyl ethers, unalkylated propargyl alcohol could be removed due to its water
miscibility. Furthermore, at a later stage of the project, DHP was employed as the protective
group further facilitating the purification, which is discussed below in more detail.

In this manner a series of different extended alkynols were prepared and characterized by 'H-,
13C NMR, SEC and IR spectroscopy. An overview of the employed starting material
combinations is given in Table 3.2.

The critical step of the extended alkynols synthesis lies in the alkylation step, which strongly
depend on the starting material and the reaction conditions. In consequence, different
reaction conditions based on previous literature reports were evaluated to optimize those
parameters and thus increase the alkylation yields.[*28-131 Firstly, n-butyl lithium was chosen
as the base for the elongation, due to its general availability and suitable basicity (pKa = 50)!1%°]
for the generation of the prerequisite acetylide anion. As longer alkynes and haloalkanes show
lesser tendency to react in Sn2 reactions, additives such as tetrabutylammonium iodide
(nBuaNI, Entry 2) or potassium iodide (KI, Entry 1, 3 - 5) catalyzed the displacement of the
bromide towards better leaving groups, e.g., iodide. To further increase the reactivity,
tetramethylethylenediamine (TMEDA) was added as a deaggregation agent for the lithium-
base clusters to guarantee efficient deprotonation.[’32] The obtained yields (ranging from 38
to 93%) indicate that the use of DMPU as a polar cosolvent had the crucial effect on the
reaction. Possible outlier values (Entry 4) can be attributed to the varying quality of
commercially available nBuli batches.
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Table 3.2: Overview of the used starting material combinations, the conditions and yields for the
synthesis of the targeted alkylated alkynols A1 — A6.

Entr Protected Halo-alkane Alkylation | Deprotection Product Yield
y Alkynol conditions® | conditions [%]°
nBuli,
10 mol% KI 5 mol% TsOH
Br ¢ ’ HO X
1 THPO/ A THF/DMPU, | MeOH/DCM, /\W 93%
13
0°C->rt, rt,2h A1 13
18 h
nBuli,
BuaNI 5 mol% TsOH
Br n » | HO X
2 TrO/ A THF, MeOH/THF, N 61%
15
-84°C > 70°C,2h A2 15
70°C, 18 h
nBuli,
TMEDA 1eq. TsOH
Br ’ ’ HO X
3 TrO/ A 10 mol% K, MeOH/THF, /\(\’)/ 38%
17 ° A3
THF,0°C > r.t.,3h 17
rt.,18h
nBuli,
10 mol% Kl 10 mol% TsOH
Br ’ ’ HO \
4 THPO/ | THF/DMPU, | MeOH/DCM, /\M/ 45%
19
0°C->rt., reflux, 6 h A4 19
18 h
nBuli,
P | 10 mol% K, 5 mol% TsOH, HO' %
5 THPOM// | THE/DMPU, | MeOH/DCM, X 93%
° 0°C->rit, rt.,2h A5 15
18 h
nBuli,
P Br THF/DMPU | 15mol% TsOH, |
6 Tro\(\/)// \(v)g (3:1)v/v), | MeOH/DCM, IS 52%
" 0°C->r.t, reflux, 1 h A6 19
18 h

a) Usually, 1.5 equivalents of haloalkane were employed. b) Yield over two steps.

Comparing the two employed protecting groups in this strategy, it has been shown that the
UV-active trityl group is more burdensome in its deprotection as it usually needed longer
reaction times and higher temperatures (such as 70 °C or reflux) to reach high conversions. In
contrast, the DHP group showed faster protection-deprotection kinetics as well as easier work
up and side product removal, e.g., water-soluble 5-hydroxypentanal after scission of the
protecting group. Due to limited solubility in pure methanol additional solvents such as THF
or DCM were needed for the deprotection step. By this way, alkyl-elongated internal alkynols
with a total chain length of up to 33 carbon atoms were synthesized in up to 93% yield over a
two-step process and in a gram-scale fashion.

Following the successful synthesis of the elongated alkynes, the next section focuses on the
of the Alkyne Zipper reaction towards the formation of their a,w-functionalized analogs.
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3.2.3 a,w-Alkynol Synthesis via Alkyne Zipper Reaction

After successful synthesis of the elongated alkynols, their isomerization into the
corresponding a,w-functionalized derivatives was investigated. As previously mentioned in
Chapter 2.1 the Alkyne Zipper reaction requires a very strong base to be effective. In this
regard, several different synthesis protocols and reagent combinations were reported for the
in-situ  generation of suitable reactants, with the KAPA reagent (potassium
3-aminopropylamide, KH/1,3-diaminopropane) being the most used historically. Although
being very effective, potassium hydride suffers from several safety concerns, including its
hazardous nature and pyrophoric propensity in air which makes it difficult to handle.[132/133]
As a result, an alternative reagent based on the combination of n-butyl lithium, potassium
tert-butoxide (KOtBu) and 1,3-diaminopropane (DAP) was chosen for the alkyne

isomerization within this project.

Conventional literature protocols for the lithium 3-aminopropylamide-based Alkyne Zipper
reaction comprise of the preparation of the isomerization agent by reacting lithium metal with
DAP at elevated temperatures (such as 70 °C) and prolonged time, e.g., overnight.[131134 The
resulting mixture of DAP and the lithium salt thus form a white dispersion. The mixture is
subsequently treated with solid KOtBu, which only slowly dissolves into the reaction mixture
and gives it a slightly yellow coloration. However, most reactions described in the literature
involved substrates with hydrocarbon chains smaller than 12 carbon atoms, which are liquids.
As a result, such substrates could be added as is to the prepared mixture, resulting in the
formation of a brick-red dispersion indicating the effective alkyne-allene interconversion. A
graphical abstract of such general reaction protocols is depicted in Scheme 3.5, top).

KH/L| KOtBu AIkynoI %
o
1,3-DAP KAPA/LlAPA AZ
in 1,3-DAP reagent reaction
Alkynol
1 3-DAP nBULi solution (5=
Solid KOtBu AZ AZ
KOtBu dispersion reagent reaction

Scheme 3.5: Graphical depiction of the standard literature protocol for the Alkyne Zipper reaction (top)
and adjusted method (bottom) for the isomerization of long-chain alkynols. Problematic steps (low
solubility of KOtBu & long-chain alkynols) are denoted with an exclamation point.
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Although the standard reaction protocol is suitable for the isomerization of short-chain
alkynols, it is inadequate for the transformation of longer alkynols. Here the main problem
arises from the lowered solubility of the solid long-chain alkynols in 1,3-diaminopropane, as
well as of the corresponding alkoxides in DAP after deprotonation, as observed by BRown.[?4
Furthermore, it has been found impractical to add the solid substrates to the reaction, as they
tend to form an insoluble blanket atop the reaction mixture and thus impeding the actual
transformation and harshly lowering the overall yield of the desired product.

To overcome these challenges, a novel reaction protocol for the Alkyne Zipper had to be
devised. Starting at the actual in situ generation of the isomerization reagent, the necessary
reaction conditions were first optimized. Here, the low solubility of KOtBu was obviated
through an inverse order of addition of the reagents: first, a dispersion of the base in DAP was
prepared with vigorous stirring, slight heating at 50 °C and ultrasonication. After successful
formation of the dispersion the ambient atmosphere was switched to argon and subsequently
n-butyl lithium was added (as a hexane solution) under cooling with ice. The formed yellow
solution indicated that the actual generation of lithium 3-aminopropylamide/KOtBu reagent
was successful. Although mechanistically the reaction should only require catalytic amounts
of the isomerization reagent, an excess is usually employed in literature protocols.[27:135136]
Thus, for the optimized protocol five equivalents of KOtBu and nBulLi were used. In order to
cope with the very low solubility of the long-chain hydrocarbons in DAP, the starting materials
were dispersed in a small volume of the diamine, then slightly heated and placed in an
ultrasonic bath for ten minutes. If solid material persisted the volume of DAP was continuously
increased while the steps were repeated until a clear concentrated solution was obtained.
Consequently, the warm solution was added to the reaction yielding an orange reaction
mixture that was usually stirred overnight to ensure an adequate product formation. This
protocol allowed for a faster and more facile reaction setup, as well as homogenous reaction
mixture and thus higher yields. A graphical depiction of the optimized protocol is depicted in
Scheme 3.5, bottom.

Upon the isomerization, a suitable purification method needed to be established, as the
separation of starting materials and isomerized products was found to not be trivial due to
their chemo-physical and structural similarities. In particular, the difficulty of purification was
found to be proportional to the chain lengths of the internal and terminal alkynols. This is due
to two factors: first, the separation via column chromatography becomes more difficult as the
difference in polarity of the internal and terminal alkynes diminishes with increasing chain
length and thus the separation on silica usually necessitates less polar solvent mixtures. And
second, the general solubility of longer chain alkynols heavily decreases, especially with chain
lengths over 20 carbons. To solubilize these molecules larger solvent volumes of chlorinated
solvents such as DCM or chloroform are necessary, which further hampers purification, as the
separation on silica gel is lessened. Therefore, to efficiently isolate the desired products the
use of automated flash column chromatography has shown itself to be an effective
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purification method. Here, after regular agueous work up, the crude reaction mixture was
deposited on Celite® 545, transferred to a dryload cartridge and separated with chloroform or
DCM as the mobile phase over the course of up to 15 column volumes. In this manner, it was
possible to isolate the desired a,w-functinoalized alkynols with chain-lenghts up to 25 carbons
in good to excellent yields. A detailed summary is given in Table 3.3.

Table 3.3: Summarized results of the Alkyne Zipper isomerization reactions of previously prepared
internal alkynols A1 — A6.

Entry | Internal Alkynol Conditions Product Y[I;I]d
(]
_
HO A nBuLi/KOtBu HOT\/)// b)
1 A1 DAP, r.t., 18 h 0 e
13 AZ1
_
, | HTN nBuLi/KOtBu HOM// 68°
a2 L DAP, 50 °C, 18 h AZ127 94"
_
HO nBuLi/KOtBu HOy 8
3 DAP, r.t., 18 h 19 e
A3 17 Pt AZ3
_
4 HO % nBuLi/KOtBu HO\(\/)// 642
DAP, 80 °C, 18 h >
A4 19 AZ4
_
HO 9% nBulLi/KOtBu Hoiv)// b)
> DAP, r.t.,, 20 h 2 70
A5 15 AZ5
. nBuLi/KOtBu
DAP, r.t., 3 h =
S o Li%/KOtBu HO P _
A6 DAP, r.t., 36 h o
19 - AZ6
g nBuLi/KOtBu
DAP,0° - 70°C, 18 h

a) Literature protocol. b) Optimized protocol.

The successful transformation as well as the purity of the obtained products was verified by
SEC, as well as NMR and IR spectroscopy. Exemplarily the obtained proton spectra of the alkyl
ether 1, alkylated alkynol Al and a,w-alkynol AZ1 are shown in Figure 3.1 for comparison.
Here, the alkylation of the starting ether compound is clearly evidenced by the disappearance
of the terminal alkyne proton triplet marked in orange (2.41 ppm/Hs) and the newly emerged
alkyl chain resonances (2.21 ppm/Hz, 1.56 — 1.44 ppm/Hs and 1.42 — 1.15 ppm/Ha), with the
terminal methyl triplet marked in green (0.87 ppm/Hs). The successful alkyne isomerization is
further revealed by the newly appeared alkyne triplet marked in red at 1.9 ppm. Further
evidence is provided by IR spectroscopy. Here the terminal alkyne gives rise to the absorption
band located at 3330 — 3260 cm™ which correspond to the stretching of the terminal C-H bond
(Figure 3.1, right, grey box).
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Figure 3.1: Left: Comparative 'H NMR spectra (400 MHz, CDCls) of alkyl ether 1 (top), internal alkynol
Al (middle) and a,w-alkynol AZ1 (bottom). Associated resonances arising from the terminal groups are
colored. Right: Stacked IR spectra of undec-10-yn-1-ol (top), alkynol AZ1 (middle) and alkynol AZ5
(bottom). The alkyne C-H stretching band of all compounds is marked (grey box).

What can be deduced from the obtained vyields given in Table 3.3 is that longer alkynols
generally yield less product compared to shorter chains. This is easily rationalized from a
mechanistic point of view as the reaction is actually a set of repeated transformations
happening in succession. As shown in Chapter 2.1 the Alkyne Zipper reaction is the sum of
several allene-alkyne isomerization steps happening successively until the chain terminus is
reached and the alkyne moiety is fixated via the formation of a stable terminal acetylide.
However, this process is for the most part statistically driven. In the case of short-chain
substrates the deprotonated alcohol, i.e., the alkoxide, is driving the isomerization towards
the chain end by means of repulsion of the negative charges. In long-chain alkynols this effect
is mostly negligible as the distance between the alkoxide and the active reaction site are
largely separated by an extended number of carbon-carbon bonds and thus, the alkyne
moieties tend to “move” along the chain in both directions. As this process cannot be driven
towards the terminal alkyne formation, this results in a natural barrier for the overall
isomerization of longer hydrocarbon chains towards terminal acetylides past a certain
threshold (see Table 3.3, Entry 6 — 8).

In the case of the longest internal alkynol A6 the reaction did not yield the desired a,w-alkynol
AZ6 with the standard conditions/protocol (Table 3.3, Entry 6). To rule out a possibly degraded
batch of n-butyl lithium, the reaction was repeated with elemental lithium metal for the
generation the isomerization reagent and the reaction was carried out for 36 hours to ensure
an adequate time for the product formation (Table 3.3, Entry 7). Unfortunately, *H NMR
spectroscopy showed that upon workup, both crude reaction mixtures showed identical
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chemical shifts, with the desired alkyne triplet at 1.9 ppm missing. Subsequently, another
approach with the optimized reaction protocol was conducted and the reaction temperature
raised to 70 °C for 18 hours (Table 3.3, Entry 8). This time, although the alkyne resonance was
detectable via *H NMR, the overall product content in the obtained crude material was
calculated to be around 5%. However, in contrast to the two previous approaches the
resonance for protons adjacent to the internal alkyne moiety (2.13 ppm, Figure 3.2 left;
marked in beige) was shifted and distorted (2.18 ppm, Figure 3.2 left; dark grey line). This hints
a possible side reaction that damaged the alkyne bond. The resulting product could not be
deduced from the spectra obtained (NMR & ATR-IR), yet an addition of the diamine or the
reduction towards an alkene seems unlikely based on the proton spectrum. A reduction of the
triple bond, however seems most probable. Interestingly, the recorded SEC trace of the
obtained material (Figure 3.2 right) shows a shift of the main peak towards slightly higher
molecular mass (A) and one additional peal at a molecular mass of 2.20 kg-mol (B). The shift
of the SEC trace of A6 corresponds to a mass change of about 80 g:mol™* which could be
attributed to the molecular mass of 1,3-diaminopropane (74.1 g-mol?). However, this
measurement lies within the measurement accuracy of the SEC and requires further analysis
for validation. The appearance of the second peak B, indicates a possible linking of two (or
more) of the original alkynol chains. And although alkyne dimerization reaction catalyzed by
(non-noble) metal complexes under basic conditions were published, the reported products
of these reactions do not agree with the obtained NMR results.[137-139
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Figure 3.2: Comparative *H NMR (400 MHz, CDCls) (left) and SEC Traces (right) of alkynol A6 (purple)
and the reaction product after the isomerization attempt (dark grey) (refer to Table 3.3, Entry 8).

Finally, the obtained a,w-alkynols were analyzed via size exclusion chromatography (SEC) and
differential scanning calorimetry (DSC). As can be seen from the obtained SEC curves in Figure
3.3 the increasing chain length is directly correlated to the increasing chain size. Interestingly,
already the increase of two carbon atoms in the chain is evidenced by an increase of its
hydrodynamic volume.
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Figure 3.3: SEC curves of the synthesized a,w-alkynols A1 — A5 displaying the increasing hydrocarbon
chain length.

The same trend is verified by the thermal analysis of the long-chain hydrocarbons. As
expected, the increasing chain length is also expressed by the rising melting temperature of
the molecules from 58.7 °C (AZ1) to 84.0 °C (AZ5).

The obtained values enable the correlation of the chain length with the melting point and
thereby allow the theoretical prediction of the thermal properties of even longer alkynols.
However, such an interpretation is only limited towards a small range of longer chain lengths,
as the melting point curve of polyethylene-like compounds should approach a plateau and
flatten towards the reported melting point of high density-polyethylene at around 130 °C.[140I
The correlation of the collected data is depicted in Figure 3.4.
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Figure 3.4: Linear fit correlation of the melting points and chain lengths of the synthesized
o, w-alkynols A1 — A5.

Based on the obtained linear fit towards the peak temperatures of the obtained DSC curves,
the not-obtained alkynol AZ6 of 31-carbons length is expected to have a melting temperature
around 100 °C.
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3.3 Conclusion

In summary, a synthesis route towards long-chain hydrocarbons was devised and realized
through the use of the Alkyne Zipper reaction (Scheme 3.6). Here, short alkynols were
protected in an orthogonal manner and elongated via a Sn2 reaction with haloalkanes. The
thus obtained hydrocarbons bear an internal alkyne moiety that was subsequently shifted to
the w-terminus of the chains. The efficiency of the Alkyne Zipper reaction was particularly
increased by the optimization of the reaction protocol, where an inverse order of addition of
the reagents as well as longer reaction times (up to 20 h) facilitated the isomerization of chain
lengths comprising more than 20 carbon atoms. The successful conversion was verified by
NMR and IR spectroscopy, as well as SEC and DSC analyses. In this way a series of five a,w-
alkynols was synthesized in gram-scale fashion.

/
gz gz Pz HO\M//
HOM// Protection PGO\M// 1. Alkylation HOT\/%)},\ Alkyne Zipper g

x=1,9, 11 PG =Tr, THp 2 Deprotection z= ;ﬁ_’ ;g 19,

Scheme 3.6: Schematic summary of the synthesis approach towards alkylated alkynols A1 — A6 and
subsequent formation of the a,w-functionalized hydrocarbons AZ1 — AZ5 via Alkyne Zipper reaction.

The long-chain hydrocarbons illustrated in this chapter have been further employed for the
post-polymerization modification of poly(pentraflurophenol acerylate) (see Chapter 5).
Furthermore, the a,w-alkynols can be converted to the respective dialkynes for the precise
poly(ethylene) via SONOGASHIRA reaction (refer to Chapter 4) as well as for the synthesis of
fluorinated polymers via the para-fluoro thiol reaction of novel pentafluorophenyl vinyl
sulfide derivatives (see Chapter 6).
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4 Precise Polyethylene via  SONOGASHIRA
Polycondensation

4.1 Motivation

Precise poly(ethylene) polymers are a subclass of polyethylene polymers that are synthesized
in a non-classical way, e.g., without the use of ethylene gas or alkene comonomers and
classical Ziegler-Natta catalysts.[?l As the most prominent contributor to the field, WAGENER
showed that polyethylenes with precisely placed functional groups along the polymer
backbone can be synthesized via acyclic diene metathesis (ADMET) polymerization of
symmetrical long chain dialkenes (Scheme 4.1).2141 Here the imparted symmetry of the
monomer is transferred to the polymer yielding a fixed distance between the functional
groups upon a hydrogenation. In this way, a plethora of functional groups, such as alkyl
groups, esters, sulfones, halides and even amino acids have been incorporated in such
polymers.1Z

Most notably, such polymers bearing alkyl side chains have been used to study the impact of
side chain branching in the conventional poly(ethylene) synthesis, as the additional branching
off of the main branches has different effects (such as the crystallization behavior for instance)
on the PE properties.[76:142,1431

R ADMET R Hydrogenation
—_—

Scheme 4.1: General reaction scheme for the synthesis of precise poly(ethylene)s via ADMET
polymerization.

Furthermore, through the controlled placement of the functional group along the chain as
well as control over the chemical character of the introduced moiety, physical properties, such
as the melting point can be tailored. The latter has been exploited impressively by WEGENER in
a report with the placement of a butyl group on every 75% carbon atom along the polymer
chain.2 Although this outstanding example shows the possibility of sequence control, the
synthesis of such symmetrical long-chain monomers is extremely tiresome and usually
requires a long multistep syntheses, as shown Chapter 3.1. At the core of such syntheses is
the buildup of essential o, w-functionalized hydrocarbon synthons. As shown in the previous
section, such long-chain building blocks can also be synthesized via the Alkyne Zipper reaction,
which carry a terminal alkyne moiety, accordingly. Through retrosynthetic considerations one
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can conclude that the alkene group of the unsaturated ADMET polymers can be replaced with
other unsaturated motifs, such as an enyne moiety for example (Scheme 4.2).

R R

WI:{) \//"
X X n

X X

Scheme 4.2: Depiction of the conceived replacement of the alkene group in an ADMET polymer with
an enyne motif.

Since the focus of this thesis lays on the utilization of alkynes in the context of polymer science,
and such motifs can be generated through a combination of vinyl halides and terminal alkynes
via the SONOGASHIRA reaction, it was of great interest to investigate the possibility of the build-
up of such polymers. Accordingly, a detailed description of the general concept is given below.
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4.2 General Concept for the Synthesis of unsaturated PE
Precursors

The ADMET polymerization methodology is in-depth elaborated, and, indeed, it was efficiently
used for the synthesis of numerous polymers due to its efficiency.>41 However, this it is not
without flaws as shown in Table 4.1. Comparing the ADMET polymerization with the
established SONOGASHIRA polycoupling methodology, several differences become apparent. For
once, the SONOGASHIRA reaction shows a greater chemoselectivity, as unsaturated moieties are
generally well tolerated, and no isomerization reactions (such as the Ru-catalyzed hydride
isomerization) take place. Furthermore, even functional protic groups, such as alcohols are
tolerated, and no protection is required, in contrast to ADMET polymerization. The possible
side reaction in the form of Glaser coupling can be problematic but can be eliminated using
oxygen-free methods or copper-free protocols.[323844 Most importantly the SONOGASHIRA
reaction does not require low-pressure conditions in order to remove condensates and thus
drive the polymerization.

Table 4.1 Comparison between the SONOGASHIRA polycoupling and ADMET polymerization.

Criteria SONOGASHIRA polycondensation Acyclic diene metathesis (ADMET)

In-chain unsaturation x
Atm. pressure
No isomerization

Functional group tolerance

X X X X

Side reactions Glaser coupling

The benefits shown in Table 4.1 make the SONOGASHIRA reaction an attractive alternative for
the build-up of unsaturated polymeric carbon materials. Since the present thesis is focused on
the use of alkynes for the synthesis of such, a general concept for the synthesis of precise
poly(ethylene)s based on the SONOGASHIRA reaction shall be introduced at this point. A
retrosynthetic approach was followed for its design as shown in Scheme 4.3. As the
hydrocarbon chains in precise PE can be viewed as combinations of unsaturated motifs prior
the hydrogenation process, such as alkenes or alkynes for example. Thus, combinations of
these motifs were retrosynthetically introduced in the carbon chain. Since the SONOGASHIRA
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reaction allows the linking of alkynes and vinyl halides to enynes (light red), suitable precursors
for this motif were found in divinyl halides and dialkynes, respectively.

FG — FG FG
x+8°'n X n
PE Precursor

Precise PE Divinylhalide Dialkyne

Scheme 4.3: Depiction of the retrosynthetic approach towards Precise PE based on SONOGASHIRA
compatible motifs, i.e., vinyl halides and alkynes (FG = functional group).

With the desired enyne-motif in mind, two approaches for the synthesis of the PE precursor
polymers were devised (Scheme 4.4). Here, the AB-approach is based on the polymerization
of an a,w-functionalized monomer, i.e., a monomer that carries both, the alkyne and a vinyl
halide, as its terminal groups. Although AB-monomers are preferred in the context of step-
growth polymerization due to the intrinsic stochiometric balance of both reaction sites, the
synthetic effort to synthesize such is grand. The A;+B;-approach, however, requires the
combination of a central divinyl building block and dialkynes to form the targeted enyne-
linkages. Here, only the divinyl halide needs to be accordingly synthesized, as dialkynes of
different chain lengths are commercially available. Accordingly, through the use of dialkynes
of different chain lengths, the distance between the functional groups of the divinyl unit can
be precisely set, as shown in Scheme 4.5. Here, the influence of the chain-length is exemplary
demonstrated through the combination of the divinyl unit with 1,8-nonadiyne and nonadeca-
1,18-diyne, respectively. Due to this modular approach the synthetic effort is less demanding
compared to the ADMET-based syntheses of precise PE, especially if the functional group
placement cannot be achieved with commercial substrates.[>1% Thus, only the Ax+B;-
approach was investigated in the context of this thesis.

AB-Approach A2+B2 Approach

! b L F :
: FG . N o Fe Dialky fe = T :
i X Lo ialkyne H
' o X Vo X\/\M)\M/\/X _— A N '
H m\/ é x Y mo = x x = X X n
! a,w—functionalized : ; Divinyl halide '

monomer

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Scheme 4.4: Depiction of the AB- (left) and A,+B,-approach (right) towards unsaturated PE precursor
polymers based on the combination of alkynes and vinyl halides.
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Scheme 4.5 Depiction of the general concept, which allows to control the functional group distance in

precise PE using dialkynes with different chain lengths (ester group added for the purpose of
illustration).

Finally, as demonstrated in the previous section, long-chain a,w-functionalized hydrocarbons
can be synthesized via the Alkyne Zipper reaction. Since any chain length up to 30 carbon
atoms can be achieved, this methodology can be further leveraged for the conceptualized
precise PE synthesis presented in this section. To this end, the a,w-functionalized alkynols can
be transformed to the respective dialkynes by a two-step process depicted in Scheme 4.6.

\\MOH Tosylation \\{OTS =—LEDA X Z#

X X X

Scheme 4.6: Reaction scheme for the conversion of alkynols to dialkynes via tostylation and
subsequent reaction with lithium acetylide ethylenediamine complex (x = varying number of
methylenegroups, refer to Chapter 3).
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4.3 Synthesis of modular Monomers and their
Polymerization

4.3.1 Ester System

As mentioned in the previous section, the devised strategy employs a divinyl halide and a
dialkyne as the monomers. As some dialkyne derivatives are commercially available, initially
the focus of this chapter lay on the synthesis of the divinyl monomer unit (as shown in Scheme
X). Although the coupling of chloride substrates is less explored in SONOGASHIRA reactions
compared to bromides, 3¢ the considerably lower price of the former justifies investigates the
investigations of this reactant class, which would allow the essential scale-up. In the context
of this project, the price difference is particularly noticeable for the employed chlorine- (e.g.,
€95.10 for 250 mL of 1,3-dichloropropene, Sigma-Aldrich)**4 and bromine-bearing (e.g.,
€459.00 for 25 g of 1,3-dibromopropene, Sigma-Aldrich)**>! monomer building blocks. For this
reason, divinyl chlorine and divinyl bromine monomers should be investigated.

Here, in similar fashion to the ADMET-monomer syntheses,[?! the initial route was based on
the two-fold alkylation of diethyl malonate and subsequent KrRapcHo decarbalkoxylation[4®! as
shown in Scheme 4.7.

1 1 e , Os_OEt
M [Bmim]BF, EtO,C,_ CO,Et LiCl, H,0
diothvl malonat DMF, rt., 3 d N NMP. 140 °C. 8 h N
eyl malonate X = Cl, Br s1-Cl rt., 16 h SM1-CI

S1-Br 60% / 58% SM1-Br

Scheme 4.7: Reaction scheme for the two-step synthesis of divinyl monomers

The double alkylation of the employed malonate was carried out with the respective 1,3-
dihalopropene in DMF in the presence of K,COs as the inorganic base in addition to 1-butyl-
3-methylimidazolium hexafluorophosphate ([bmim][PFs]) as the cosolvent and phase transfer
catalyst.'4”l The obtained diester derivatives S1-CI and S1-Br were subsequently
decarbalkoxylated in NMP at 140 °C with LiCl to yield, upon an efficient column
chromatography, the respective mono-ester divinyl halides SM1-Cl and SM1-Br in good yields
of 58 and 60%, respectively. Exemplarily, the proton spectra of the corresponding bromo-
derivatives are shown in Figure 4.1. Notably, the second step of the synthesis is verified
through the appearance of the broad multiplet (3), caused by the coupling of the introduced
tertiary proton towards the adjacent methylene protons. Furthermore, both products were
obtained as mixtures of E-/Z-isomers, since the employed 1,3-dihalopropene starting
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materials were both isomeric mixtures. In the specific case of the shown monomer the starting
material ratio of E:Z = 40/60 was incorporated in SM1-Cl and thus in SM1-Br without change.

4
1 4
Br fo)
\ 2
~° ?/\4
1
o 3 \ Br ‘ "
2 CHEl, 2
1 =R 3
CHCl,  —a—\ H,0 —
.
— U
7 6 5 4 3 2 1 I 'If IIIII EIS IIIII é IIIII éll IIIII (IS IIIII 2I IIIII
&/ ppm S/ ppm

Figure 4.1: 'H NMR (CDCl3, 400 MHz) spectra of S1-Br (left) and SM1-Br (right) evidencing the
successful alkylation and decarbalkoxylation.

Since nona-1,8-diyne (from here on denoted as DAs, with the subscript number abbreviating
the number of methylene groups of the respective dialkyne) is the longest diyne, longer chain
lengths were desired to compare the influence on the polymer properties. Furthermore, a
solid dialkyne would facilitate the stochiometric weigh-ins required for optimal step-growth
processes. Thus, 1,12-dibromododecan was reacted with lithium acetylide to form hexadeca-
1,15-diyne (DA12) in an excellent yield of 95% (Scheme 4.8).

/\(\/},Br =——Li*EDA /\M/
Br 1 DMSO, rt., Z 1

18h DA,,
95%

Scheme 4.8: Reaction scheme for the synthesis of hexadeca-1,15-diyne (DAss).

With both essential components, functionalized divinyl halides and dialkynes of different
lenghts, in hand, the SONOGASHIRA polycoupling was investigated.

In order to obtain polymers from the synthesized building blocks, suitable reaction conditions
are essential. Even more so, as high molecular weight polymers can only be reached with
adequate reaction kinetics. Therefore, efficient reaction parameters were sought for the
planed polymerizations. Since the SONOGASHIRA reaction allows for the tuning of multiple
variables, such as solvent, concentration, employed base, temperature, additives, copper or
non-copper variants and finally the catalyst source itself, it was difficult to determine an ideal
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selection for the present case.!3®148] |n addition, literature protocols mostly concern coupling
reactions of more reactive aryl substrates and neglect on aliphatic substrates, which is
especially true for purely aliphatic coupling partners.!361481491 However, LINSTRUMELLE and
ALami published some selected works on very similar vinyl halide couplings***-153] gnd thus,
the employed conditions were adapted from these reports. Concerning the employed
Palladium catalysts, two species stood out in literature research:
Tetrakis(triphenylphosphine)palladium(0) (Pd(PPh2)s) as a “universal” catalyst for the
coupling of a broad spectrum of substrates and Bis(benzonitrile)palladium dichloride
(PdCI2(PhCN)2), which is especially suited for coupling reactions of chlorine substrates due to
facilitated oxidative addition through the weakly coordinating benzonitrile ligands.[*>! Thus,
the monomers SM1-Cl and SM1-Br were reacted with DAs and DAz under varying conditions
with Pd(PPh2)s and PdCl>(PhCN); as catalysts (Scheme 4.9). The summarized results are given
in Table 4.2.

O OFEt [Pd] O OFEt /\(\/
\ / / n
PSS = C
th\j/\/\ﬂx \(\’)X/ [Cu] ‘{/\I/\n“// 1

solvent, T, t
gm: -(BJI 325 hypothesized structure
-Br 12

Scheme 4.9: General reaction scheme for the SONOGASHIRA polycoupling of SM1-Cl and SM1-Br.
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Table 4.2: Summarized results of the SONOGASHIRA polycoupling of SM1-Cl & SM1-Br with DAs & DA;,.

Entry Catalyst Cocatalyst Monomer Alkyne Solvent? T t Result
1 PdCI,(PhCN), Cul SM1-Br DA1> Pyr r.t. 24 h No polymer
2 Pd(PPh,), Cul SM1-Br DA, Pyr 50°C 2d Insoluble materialb)
3 PdCl,(PhCN), Cul sM1-Cl DA, Pyr r.t. 24 h Insoluble material®
4 PdCI,(PhCN), - SM1-Cl DAs Pyr/DMF 70°C 24 h No polymer
5 Pd(PPh,), - sM1-Cl DAs Pyr/DMF 70°C 24 h No polymer
6 PdCI,(PhCN), Cul SM1-Cl DA Pyr/DMF 70°C 18h Crosslinking®!
7 PdCI,(PhCN), - SM1-Cl DA1, Pyr 70°C 5d No solids/no polymer
70°C 5d 5 d: No polymer
3 Pd(PPh,), - SM1-Cl DA, Pyr
(- 100 °C)d (>9d)y 9 d: No polymer
9 PdCIz(PhCN)2 - SM1-Cl DA1; Pyr 100 °C 24 h Crosslinking
10 PdCl,(PhCN), Cul SM1-Cl DA Pyr/o-DCB 70°C 5h Crosslinking
11 PdCl,(PhCN), Cul SM1-Cl DA, Pyr/o-DCB 70°C 6h Crosslinking during drying
MeHQ®) additive -
12 PdCl,(PhCN), Cul SM1-Cl DA Pyr 70°C 24h

Crosslinked in air during workup

3 pyr = Pyrrolidine; 0-DCB = ortho-Dichlorobenzene. M = 0.15 mol-L-L. b After precipitation. ©) Network formation during reaction. 9 Increased T after 5 d. ® MeHQ = 4-methoxyphenol.
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The polymerization reactions were conducted under the shown conditions and, if possible, an
aliquot of the reaction mixture was subjected to SEC analyses after solvent removal or
filtration over neutral alumina. Unfortunately, the desired polymers could not be isolated
accordingly as they showed an intrinsic instability. Notably, some of the polymerization
reactions led to crosslinked material that completely absorbed the solvent and thus yielded a
solid mass in the reaction vessel (Entry 6, 9, 10). Furthermore, precipitation of the crude
reaction mixture led to the isolation of material that was insoluble in most common solvents
as well as chlorinated hydrocarbons, such as chlorobenzene, even under ultrasonication
conditions (Entry 2 &3). In one case the crosslinking occurred during drying of the crude
aliquot via pressurized air (Entry 11). Since the crosslinking occurred at lower temperatures,
i.e.,, r.t. or 70 °C, only in the presence of a copper source, copper-free approaches were
conducted (Entry 4 & 5, 7 — 9). However, SEC analyses of the attempts showed no formation
of higher molecular mass polymers. An increase in temperature however, again led to network
formation (Entry 9). Interestingly, no crosslinking was observed (compare Entry 6 & 12) if a
radical scavenger, i.e., 4-methoxyphenol (MeHQ) was added to the reaction mixture. During
exposure to air however, the crude material inevitably crosslinked. Photographs of selected
examples of the crosslinked materials are shown in Figure 4.2.

Figure 4.2: Photographs of selected crosslinked specimen from the reactions summarized in Table 4.2.
Top left: Fully crosslinked material which took the shape of the reaction vessel. Top right & bottom left:
Ring and circle shaped networks obtained during drying in vials. Bottom right: Rectangle cut from the
circle (bottom left), evidencing the self-supporting nature of the crosslinked material.

Interestingly, the reactions mixtures that crosslinked during reaction of in air, took the shape
of their surrounding environments, i.e., the reaction vessel or vial. The formed materials were
self-supportive and could be bend and cut. After prolonged time (weeks) the networks
become increasingly brittle and broke down, if a force was applied. IR spectroscopic analyses
of the crosslinked materials did not allow for conclusions about the crosslinking mechanism.

45



Most likely, the accumulation of unsaturated motifs led to side reactions that possibly involve
the formed enyne moiety. Reports of structurally related, unsaturated substrates that
underwent enyne cyclization reactions under transition metal catalysis are known to
literature.[154155]

One of the key points in determining the success of the employed strategy is the evaluation
of the degree of GLASER coupling linkages, i.e., 1,3-diyne moieties arising as a side reaction.
Through the formation of such a unit, the precise placement of the functional group is
disturbed and thus a “defect” in the chain occurs. To evaluate the occurrence of said defects
the obtaining of pure and stable material is absolutely essential. Since the 1,3-diynes do not
differ in their proton resonances compared to the remaining part of the polymer structures,
the linked alkynes can only be observed via 3C NMR spectroscopy measurements.[>¢! To
conduct these, however, the potential cross-linking side reaction must be prevented. Due to
the instability of the materials, a structurally different monomer was devised, as described in
the following section.
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4.3.1 Diester System

Due to the unsuccessful utilization of the previously shown ester monomers owing to the
inherent instability of the obtained materials, a change either in conditions or chemical motifs
became apparent. Hereto, an alternative synthesis strategy was envisioned: due to the
unsuccessful use of the divinyl chlorine motifs the central building block structure, only divinyl
bromides were used for further reactions. Furthermore, to impart more stability in the
obtained polymeric systems, the second step of the central block synthesis, i.e., the KRAPCHO
decarbalkoxylation, was to be conducted after the parent polymerization. In doing so, it was
envisioned that the bulkier diester system would impede uncontrolled crosslinking reaction
of the enyne moieties. To this end, an alternative monomer was synthesized, starting from
potassium 3-methoxy-3-oxopropanoate (Scheme 4.10).

[Bmim]BF4
BrMBr
~0 o DMF, rt, 0 OBn DMF 50°C, 24d,
18 h rt,1d
S2 73% SM2-Br

Scheme 4.10: Two-step synthesis of the SM2-Br monomer from potassium 3-methoxy-3-

oxopropanoate.
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Figure 4.3: Proton NMR spectrum (CDCls, 400 MHz) of the diester divinyl bromide monomer SM2-Br.

Here, an unsymmetrical diester was considered, to facilitate the evaluation of cruder polymer
mixtures via NMR spectroscopy. Thus, the benzyl moiety was introduced to the monomer in
order to induce a steric hindrance between the enyne in the final polymers. Accordingly, the
proton spectrum of the new monomer is depicted in Figure 4.3 and shows all essential
resonances, such as the benzyl signals at 7.34 (1) and 5.18 ppm (2) as well as the vinyl
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resonances at 6.37 — 5.88 ppm (3). As in the case for the previous monomers, the product
showed a ratio of 40:60 of the E/Z-isomers.

In similar fashion as previously with SM1-Cl and SM1-Br, the new monomer was subjected to
the polymerization conditions that are summarized in Table 4.3. Here, upon the
polymerization, the reactions mixtures were precipitated in ice-cold diethyl ether and
centrifuged. The obtained material was immediately subjected to SEC analyses to evaluate the
obtained molecular masses. Both dialkyne derivatives (DAs and DA12) were tested in this
manner to reveal if the different chain lengths of the monomers have an influence on the
obtained results (Entry 1 and 2), if the remaining parameters are held constant.

Br

(o] / X £~ [Pd(PPhy),] 0. _OEt =T
~0 o X [Cu] P
+ DA _— _— = x-1
/ 5 solvent, T, t A hypothesized

Br o DA, BnO

SM2-Br O sp-1 structure

SP-2

Scheme 4.11: General reaction scheme for the SONOGASHIRA polycondensation of SM2-Br.

Table 4.3: Summarized results of the SONOGASHIRA polycondensation of SM2-Br with DAs & DA;;.

M, My b
Entry Polymer Catalyst Cocatalyst Alkyne Solvent T
[kg-mol1]?  [kg:moli]?)  (Mw/M,)

1 SP-1 Pd(PPh,), Cul DAs Pyr rt. 19h 9.64 13.9 1.44
2 SP-2 Pd(PPh,), Cul DA, Pyr rt. 19h 19.1 30.8 1.61
3 - Pd(PPhZ)4 - DA, Pyl’/DMF r.t. 48 h - - -

3 Determined by THF-SEC with PS standards. Evaluation based on respective SEC peak traces (Figure 4.4).

To further proof the presence of the proposed polymer structure, a crude NMR sample was
taken, subsequently subjected to vacuum and analyzed by ensuring the exclusion of air under
any circumstances (SP-1, Entry 1). As shown in Figure 4.4 (left), the respective proton NMR
shows the magnetic resonances of the desired polymer structure (benzyl moiety — resonance
1 & 3; vinyl moiety — resonance 2; alkyl chain — resonances 6, 7 & 8). Notably, a broadening of
the signals at is observed, which in turn is characteristic for polymers. Most importantly
however, the presence of the vinyl group is evidenced through the resonances at 5.98 —
5.39 ppm, which corresponds to an upfield shift of the signals compared to the monomer (6.37
—5.88 ppm), caused by the displacement of the electronegative bromide atoms. Furthermore,
the assigned signals also show the expected integration values corresponding to the proposed
structure, thus indicating that the formation of the polymer essentially occurs.
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Figure 4.4: Crude proton NMR spectrum (CDCls, 400 MHz) corresponding to the experiment shown in
Table 4.3 Entry 1 (/eft) and the SEC traces corresponding to Entry 1 and 2, respectively.

Unfortunately, the structural change in the monomer imparted only partial stability to the
desired polymers as they still crosslinked after several minutes after precipitation. However,
at least an immediate SEC measurement of the obtained materials was possible. The
corresponding SEC measurements showed low-intensity traces in the molecular mass areas of
5 to 25 kg-mol™. Although the results cannot be regarded as fully meaningful due to possible
partial crosslinking, the samples were evaluated to have molar masses of 9.64 kg-mol™? (Table
4.3, Entry 1) and 19.1 kg-mol™? and dispersity values of ©= 1.44 and D =1.61 (Table 4.3,
Entry 2), respectively (evaluation based on the respective dashed SEC peak traces). A

comparative control experiment (Table 4.3, Entry 3; Figure 4.4 right — dotted line) did not
show comparable traces.

In a final attempt, in other words, as a proof of concept, a polymerization and subsequent in-
situ hydrogenation reaction was conducted (Scheme 4.12). Here, the contents of the
polymerization reaction were transferred to a second vessel containing p-toluenesulfonyl
hydrazide, which is decomposed to the hydrogenation agent, i.e., diimide, in-situ at 135 °C.

v

12
0. OEt 5% Pd(PPh3),
%/\I/\$ 10% Cul
[
Brw” BT Byr rt, 19h
SM1-Br

A

=
12

(o)

AN

OEt

=

n

Ts<
exs.

N
H

_NH,

(o)

OEt

_—
p-Xylene, 135 °C,

4h

S-PE

Scheme 4.12: Reaction scheme for the polymerization and in-situ hydrogenation.

After purification via precipitation, the obtained black material was analyzed via *H NMR, SEC

and TGA (Figure 4.5).
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Figure 4.5: Depiction of the conducted *H NMR (top left), SEC (top right) and TGA analyses (bottom) of
the hydrogenated polymer S-PE.

Fortunately, the in-situ hydration reaction has yielded the desired aliphatic polymer S-PE,
which could be analyzed via SEC (Figure 4.5 top right) without problems. The respective SEC
trace revealed a polymer with a molar mass of 14.5 kg-mol™ and a dispersity of © =2.47, which
is expected for a step-growth process. NMR spectroscopy (Figure 4.5 top left) evidenced the
incorporation and respective stability of the ester group through the resonances 1 —4 (4.13,
2.31, 2.13 and 2.00 ppm, respectively) as well as the overall aliphatic nature of the obtained
polymer (lacking the vinyl resonances at 5.98 — 5.39 ppm). Interestingly, the TGA trace of S-PE
showed a steady decomposition pattern starting from 100 °C to 470 °C. This can be attributed

to the continuous degradation of the incorporated ester group, which is accelerated above
300 °C.
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4.4 Conclusion

In this section, the conceptualization and synthesis of functionalized (precise) poly(ethylene)
polymers via SONOGASHIRA polycondensation was depicted. According to the general concept
(shown in Scheme 4.5), two suitable divinyl halide monomers carrying an ester group were
synthesized. To investigate a possible scale-up of the envisioned synthesis not only bromine
but also chlorine-bearing monomers were considered (SM1-Cl and SM1-Br). Subsequently,
both monomers were subjected to SONOGASHIRA reactions with two dialkynes of different chain
lengths (DAs and DAi2). Unfortunately, several challenges were encountered with the
employed conditions, such as crosslinking during the polymerization reaction or while the
precipitation process, in addition to the drying process at atmospheric environment. Due to a
possible involvement of a copper in these events, copper-free SONOGASHIRA protocols were
employed, which however did not yield polymeric material.

To circumvent the hurdles, a structurally bulkier monomer (SM2-Br) was synthesized and
subsequently polymerized under similar conditions as stated before. Here, only a slight
improvement in the synthesis was achieved, as the isolated material crosslinked marginally
slower, whereas still allowed for immediate SEC measurements that hinted towards high
molar mass species of 10 — 20 kg-mol?. Crude NMR analyses under strict air exclusion
conditions further hinted to the successful build-up of polymer through broadened magnet
resonances as well as upfield shifted vinyl resonances at 5.98 — 5.39 ppm, indicating successful
formation of enyne linkages. Finally, one attempt was undertaken to hydrate the presumably
unsaturated polymer in-situ with thermally released diimide. In doing so, the respective
polymer S-PE could be obtained, and its aliphatic character was verified via proton NMR. The
respective SEC trace of the hydrogenated polymer revealed a molar mass of 14.5 kg-mol* and
a dispersity of B =2.47.

Thus, the general concept for the synthesis of a functionalized poly(ethylene) via SONOGASHIRA
polycondensation was proven.
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5 Bottlebrush Architectures via PPM of
Poly(Pentaflurophenol acrylate) with long-
chain a,w-Alkynols

5.1 Motivation

Several different techniques have emerged in polymer science that allow the synthesis of
diverse polymer architectures that deviate from “classical” linear polymers. In this regard,
block copolymers, dentrimers,® star polymers,[738% rings(®! and even 3-D cage-shaped
polymers387.157 have been reported. Here, especially macromolecules with controlled three-
dimensional topologies stand out, as they mimic the architectonic complexity of protein
architectures on a basic level.1®®15% One famous example of architectonical control is the
synthesis of polyethylene (PE), as the properties of the final polymer, i.e., low-density PE vs.
high-density PE, depend on the employed reaction conditions that control the degree of
branching.l’®1%% To gain control over the branching degree several approaches for the
synthesis of graft polymers were devised, as described in Chapter 2.4.1. If (polymer) chains
are tethered to a parent linear macromolecule, so called comb or bottlebrush polymers
architectures are obtained, depending on the graft density, respectively.[!6 The latter exhibit
interesting properties and therefore were utilized as sensors,!'%2 pH-probes!'®3! or drug
delivery systems.['64 Recently, the grafting of radically polymerized active esters, and
especially pentafluorophenyl esters, became a popular method for the synthesis of such
polymers.[’2%1 Notably, this approach allows the attachment of pendant groups that are
incompatible with radical polymerization, e.g., unsaturated moieties such as alkenes or
alkynes.

As described in Chapter 3 long-chain alkynols were successfully synthesized via the Alkyne
Zipper reaction. The two terminal functionalities of these hydrocarbons, i.e., the (a-)hydroxy
group and the terminal (w-)alkyne, furthermore allow orthogonal reaction control through the
varied chemistry available to them. The a-hydroxy group for example can be used as a
nucleophile while the w-alkyne offers prospects for metal-catalyzed coupling reactions,
cycloadditions or thiol-yne reactions. However, the radical polymerization of monomers
derived from these alkynols is not possible, as the alkyne moiety is not compatible with the
radical process. However, a “graft-to”-approach should circumvent this problem and make
the corresponding bottlebrush polymers with pendant alkyne-terminal hydrocarbons
accessible.

To this end, through a post-polymerization process with long-chain alkynols of known lengths,
bottlebrush polymers with precisely controllable side-chain dimensions should be
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synthesized. Accordingly, a polymeric precursor carrying active ester groups with a narrow
molecular weight distribution shall be synthesized. In the second step of the synthesis, the
obtained polymer shall be modified through the attachment of long-chain alkynols, thus
yielding bottlebrush polymers with precise side-chain length. Spectroscopical analyses, SEC as
well as DSC measurements should be carried out in order to provide information about the
property dependance of the side-chain lengths of the new materials and give insights into the
thermal behavior. Since the employed alkynols carry an alkyne at the terminal chain end,
further chemical derivatization is possible and should be investigated in order to access more
complex architectures, such as core-shell bottlebrush copolymer (cs-BBCPs). The general
project concept is depicted in Scheme 5.1.

I;PF;A> 2

polymer Bottlebrush polymer

Scheme 5.1: Depiction of the general concept for the synthesis of bottlebrush polymers via trans-
esterification of PFP esters with previously synthesized long-chain alkynols and subsequent
derivatization with alcohols to core-shell bottlebrush copolymers (cs-BBCSs).
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5.2 Polymer Synthesis and Post-Polymerization
Reactions with a,w-Alkynols

To investigate the post-polymerization reaction with the previously synthesized long-chain
a,w-alkynols (refer to Chapter 3.2.3), a suitable parent polymer was needed. To this end, a
polymer with active ester moieties should be synthesized.

To enable better comparison of the final bottle-brush polymers, a precursor with a uniform
molecular weight distribution was essential. Hence, pentafluorophenyl acrylate (PFPA) was
polymerized via reversible-addition-fragmentation chain-transfer (RAFT) polymerization to
ensure a predictable chain lengths and narrow molecular weight distribution (Scheme 5.2).
Here, 4-Cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid (CDTPA) was the RAFT
agent of choice, as it allows excellent control over the polymerization of acrylates.>® As the
aim of the subsequent reactions were the employment of previously synthesized long-chain
alkynols for the synthesis of precise bottlebrush structures, the molecular weight changes
should be easily evidenced via SEC. Thus, a molecular weight below 10 kg-mol! was targeted
and the polymerization was run for a relatively short time of 105 minutes in 1,4-dioxane at
80 °C. After purification, the controlled nature of the polymerization was evidenced via SEC
indicating a low polydispersity index £ =1.13 and a molecular weight M, of around
7.10 kg-:mol™. The purity of the polymer was validated by *H and °F NMR (Figure 5.1) and DSC
analysis (Figure 5.4).
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Dioxane, 80 °C,
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Scheme 5.2: Synthesis of the active-ester polymer RAFT-PPFPA via controlled radical polymerization
with chain-transfer agent CDTPA.
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Figure 5.1: NMR spectroscopic analyses of RAFT-PPFPA showing the polymeric backbone as well as
additional chain-transfer agent resonances (left) and broadened pentafluoro phenol resonances
(right).

After the synthesis of a suitable precursor polymer, the nucleophilic substitution of the active-
ester moieties was investigated. As reported previously by THEATO et al. in 2015,
pentafluorophenol esters can be effectively substituted with various alcohols in the presence
of catalytical amounts of 4-dimethylaminopyridine (DMAP) at elevated temperatures in
DMF."%® Since these conditions covered not only low molecular weight molecules but also a
poly(ethylene glycol) methyl ether specimen of similar molecular weight as the to-be
employed long-chain alkynols, the reported experimental procedure was adapted. Thus,
RAFT-PPFPA was trans-esterified with the previously synthesized AZ1, AZ2 — AZ5 with
0.2 equivalents of DMAP at 80 °C in DMF for 24 hours towards the respective graft polymers
denoted as polyAZ, (with x abbreviating the number of methylene groups of the respective
alkynols) (Scheme 5.3). To ensure better comparison of grafted bottlebrush polymers with
shorter side chains, the reaction was also performed with undec-10-yn-1-ol and tridecyn-1-ol
as nucleophiles.

0 O
S__S S__S
HO STV N _on MO Y
NC S NC S
0~ Yo x o) o/
F F _ DMAP(cat) _ 7
DMF, 80 °C, 24 h x-1
F F polyAZ,
RAFT-PPFPA F x=9, 11, 15,19, 21, 25

Scheme 5.3: Reaction scheme for the trans-esterification of RAFT-PPFPA with undec-10-yn-1-ol,
tridecyn-1-ol AZ1, AZ3 — AZ5.
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Through careful choice of solvents for the precipitation of the polymers, all polymers could be
accordingly purified and were subsequently analyzed via NMR, SEC, DSC and IR spectroscopy.
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Figure 5.2: Depiction of arranged *H NMR measurements (cutout in CDCls, 400 MHz) of polyAZ, (x = 9,
11, 15, 19, 21, 25) evidencing the successful trans-esterification with all alkynols.

Fortunately, all substitution reactions showed full conversion for all employed alkynols, as is
confirmed through the absence of any resonances in the fluorine NMR spectra. Thus, a
complete grafting to the main-chain is affirmed. Respectively, 'H NMR revealed new magnetic
resonances corresponding to the now-attached alkynols. Exemplarily, the proton spectrum of
polyAZ;s is depicted in Figure 5.3 for more detail. Here, the alkynol resonances appear most
evidently as the broadened signal at 4.02 ppm (singlet, 1), the triplet of doublet at 2.18 ppm
(2) and the triplet at 1.93 ppm (3), which corresponds to the terminal alkyne proton (for
comparison, see Figure 5.1 left). Generally, the proton spectra of all polymers are similar in
appearance as shown in Figure 5.2. Here, the relative ratio of the ester-adjacent protons
(4.02 ppm, denoted as 1 in Figure 5.3 left) to the alkyl resonances (at 1.27 ppm) is continuously
lowered (arrow A) as alkynols with increasing chain lengths (arrow B) are employed for the
post-polymerization reaction. The successful trans-esterification is further proven by IR
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spectroscopy as shown in Figure 5.3 (top right). Here, for example the presence of the terminal
alkyne of AZ5 is evidenced by the present C-H stretching band at 3290 cm™ in polyAZas.

Most notably, the successful reaction with the individual alkynols is demonstrated via the SEC
graphs of the grafted polymers (Figure 5.3 bottom left). In similar fashion as already shown for
the long-chain hydrocarbons in Figure 3.3, a difference of only two carbon atoms in the chain
is already expressed through a shifted SEC trace towards higher molecular weights. The
obtained values are summarized in Figure 5.3 (bottom right). As expected, the apparent
molecular masses of the bottlebrush polymers increase accordingly to the lengths of the
employed alkynols. In the case of polyAZ;s, a number average molecular mass of 16.0 kg mol*
was obtained, which corresponds to an increase of more than twice of the parent polymer
mass value (7.10 kg mol?). Based on the degree of polymerization of the precursor polymer
RAFT-PPFPA (DP~ 30) the molar mass of polyAZs is calculated to be approximately
13.3 kg mol, which is roughly 3 kg mol* lower than the obtained value from the SEC analysis.
This difference can be attributed to an architectural change of the grafted polymer compared
to the precursor. Through the graft process, the backbone of the previously folded PPFPA
globule is uncoiled due to the steric repulsion of the grafted chains, resulting in a persistent,
cylindrical shape, which is expressed through an increased hydrodynamic radius ry, and in
consequence, a higher molecular mass in the SEC measurement,.[161,165,166]

The thermal analysis of the grafted polymers shows a strong dependance of the thermal
behavior to the chain length of the used alkynol. Most striking is the Ty change for the reaction
towards polyAZg. Here a change of the glass transition temperature of 101 K towards a lower
value is observed. Interestingly, the two-carbon extended alkynol, i.e., tridecyn-1-ol, yields a
polymer with a complex thermal response at -26.4 °C. Both materials were obtained as brown
honey-like oils, respectively. Further increasing the side-chain length from 11 to 15 carbon
atoms as in polyAZss already yields a solid polymer with a Ty, slightly above room temperature
and further side chain elongations yield higher melting temperatures up to 77.4 °C for the 25-
carbon side chain. The trend of these thermal responses can be explained by the possibility of
the side chains to form semi-crystalline areas. The grafted polymers with lower side-chain
lengths (polyAZg and polyAZi1) lack the necessary overlap of methylene groups to properly
align and thus the formation of crystalline areas is suppressed. This however, is possible for
longer side-chain lengths. Interestingly, only a four-carbon difference in side-chain length lay
between the amorphous and semi-crystalline polymers.
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Figure 5.3: Top left: Depiction of the proton NMR spectrum (CDCls, 400 MHz) of polyAZ;s with assigned
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5.3 Derivatization of precise Bottlebrush Polymers

Upon the successful synthesis of the grafted polymers further derivatization should be
investigated. As the tethered hydrocarbon chains carry an alkyne moiety at its w-chain end, a
plethora of chemical transformations is available for further derivatization.[*®”! Ideally, such
post-polymerization reactions should to proceed in quantitative fashion as the final polymer
properties are dependent on the degree of functionalization. To this end, versatile “click”
chemistry strategies have been developed that allow the chemo-selective and highly efficient
chemical transformations of polymers.['%8 Concerning alkynes in this context, two prominent
reactions have emerged as the tools of choice: copper(l)-catalyzed alkyne-azide cycloaddition
(CuAAC) 1651681 gnd thiol-yne (alkyne hydrothiolation).[6%70.16% However, one of the drawbacks
of these strategies are the set constraints on the structural necessities of the to-be-attached
molecules. That means, the desired attachment needs to be suitably functionalized with an
azide or thiol functionality, respectively, in der to be reacted with an alkyne. Although several
substrate classes are commercially available, in specialized cases the chemical synthesis of
derivatives becomes necessary which is sometimes accompanied by other difficulties, such as
functional group intolerance, tedious work-up procedures or simply a very high price. For this
reason, alternative reactions that circumvent the need for derivatization and allow direct
reaction of commercial substrates are sought after. One such method is the three-component
reactions (3-CR) of sulfonyl azides, terminal alkynes and nucleophiles, such as amines or
alcohols (Scheme 5.4).

, | LR
R4 + R R1\)\QR3 ! 1
\ NlIJ/ 4 & ! R
3 : 3

cat. CuX
R; '
sulfonyl ' sulfonyl
R, = R, = alkyl, aryl; amidines ' imidate

Nu =N, O; R34 = H, alkyl, aryl

Scheme 5.4: Schematic representation of the copper-catalyzed three-component reactions (3CR) of
sulfonyl azides, terminal alkynes and nucleophiles.

This copper-catalyzed multicomponent reaction yields N-sulfonylamidines with amines and N-
sulfonylimidates with alcohols, respectively, and thus allows the synthesis of complex
molecules in a straightforward one-pot fashion.['7%171 Dye to its high efficiency, this reaction
was also employed as a polymerization technique for biodegradable polymers.[172173 Most
importantly, it allows the attachment of variable nucleophiles towards alkynes, without the
need to transform them into suitable derivatives for the alkyne-azide cycloaddition or
thiol-yne reaction, respectively.

With this methodology established, a suitable nucleophile for the 3-CR was essential. As the
graft-to approach described in the previous section proofed to be very effective for the
synthesis of bottle-brush polymers, the attachment of a suitable nucleophile with known
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length and molecular weight would allow for the synthesis of core-shell bottlebrush
copolymers (cs-BBCPs), which have interesting properties such as large molecular size and
cylindrical “worm”-like shapes, high density in addition to bulk phase separation
characteristics.[39.90.174175] Moreover, this approach would expand the possible syntheses of
such macromolecular architectures, as they usually require the tedious synthesis of a suitable
polymerizable monomerl® (graft-through approach) or a multi-step synthesis including a
total of three polymerization reactions®”! (main-chain polymerization and 1% and 2"¢ graft-
from reactions) (graft-from approach). In the latter case, the approach carries one severe
downside associated with polymerization reactions: the appearance of distributions in each
step.

Due to the possibility to use amines and alcohols for the three-component reaction, one class
of alcohols was of particular interest due to its intensive use in battery science: polyethylene
glycols (PEGs). Interestingly, ROSENBACH et al. found that poly(methacrylate) bottlebrushes
carrying PEG sidechains exhibited good (~0.13 mS-cm™ at 30 °C) ionic conductivities when used
as polymer electrolytes for lithium batteries.[!’®l However, the T, of such PEG-carrying
polymers is low (<< 0 °C) and thus, they have lessened dimensional stability, which in turn is
suboptimal for the application as electrolytes.[176177] Since the obtained bottlebrush polymers
polyAZ (see previous section) show high Tm values (up to 77 °C), it was of interest to
investigate their PEGylated bottlebrush derivatives, as these could be applied as polymer
electrolytes.

Accordingly, polyAZ;1, should be reacted with a suitable PEG-derivative in a 3-component
reaction (3-CR) in the presence of a sulfonyl azide. To prevent the coupling of two bottlebrush
polymers during reaction a mono-funcitonalized alcohol of similar molar mass relative to the
grafted alkynol was chosen: methoxy polyethylene glycol with an average molecular weight
of 400 g-mol? or mPEG 400, for short. The necessary sulfonyl azide component was
synthesized in one step from tosyl chloride with sodium azide according to a literature
procedure.178l

Finally, with all components in hand, polyAZ,1, mPEG 400 and tosyl azide were reacted under
copper catalysis and DBU as base in THF (Scheme 5.5).

CuCl

TOSN3
/{’I DBU n  PolyAZy-mPEG
n

400

0" "o H(O\/é‘o/ ¢ 400
= 0\/3\ ~
- THF, r.t, 2d 20 o
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Scheme 5.5 Reaction scheme for the 3-component reaction of polyAZ,;, mPEG 400 and tosyl azide.
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To ensure adequate product formation, the reaction was conducted for two days and
subsequently quenched by precipitation in diethyl ether. After further purification via
precipitation in ethanol, the obtained material was analyzed via NMR and IR spectroscopy, in
addition to SEC and DSC.
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Figure 5.5: Top: 'H NMR (CDCls, 400 MHz) of polyAZ,;-mPEG (left) and a zoom-in (1.50 ppm —
2.50 ppm) (right) showing the remaining alkyne resonance. Middle: Comparative DMACc-SEC traces
(left) and IR spectra (right) before and after the 3-CR. Bottom: Comparative DSC analyses of polyAZ,;
and polyAZ,;-mPEG.
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NMR analysis of the obtained polymer revealed the successful attachment of mPEG 400 chains
to the terminal alkynes through the appearance of the respective polyethylene glycol
resonances at 3.76 — 3.4 ppm (4) and 3.37 ppm (5) (Figure 5.5 top left). Additionally, the
incorporation of the sulfonyl azide component is evidenced by the appearance of the
resonances at 7.79 and 7.15 ppm (1 and 2), as well as at 2.34 ppm (6), corresponding to the p-
tolyl moiety. As can be seen from the enlarged section of the proton spectrum shown in Figure
5.5 (top right), the conversion of the alkyne moiety was not quantitative as the terminal alkyne
proton is still present. However, an accurate calculation of the conversion is hindered through
the large overlap with the resonances of the polymer backbone. An approximate calculation
based on the resonances 1 and 3 resulted in a conversion ratio of about 70%. This moderate
value can be attributed to the relatively low nucleophilicity of the methoxy polyethylene glycol
and could be possibly improved through an increase in reaction temperature, as shown in
literature.[®® SEC analysis further evidenced the successful 3-CR through a strong shift of the
traces from 9.1 kg mol™? (polyAZ,1) towards a higher molecular mass of 22.5 kg mol for the
PEGylated polymer (Figure 5.5 middle left). In similar manner to the previous results, the mass
change exceeds a doubling due to further conformational change of the bottlebrush
architecture as discussed in the previous section (vide supra). In contrast to the bottlebrush
synthesis, the 3-CR also resulted in a slight increase of the dispersity from b =1.11to b = 1.24.
The newly introduced functional motifs, i.e., the sulfonyl imidates, are also expressed as new
absorption bands in the respective IR spectra (Figure 5.5 middle right). Here, the especially
the S=0 stretching band at 1324 cm™ and the C=N stretching band at 1645 cm™ are of
importance, as they represent the link between the aliphatic and PEG chains. Finally, the
thermal properties of the newly-synthesized core-shell bottlebrush copolymers were
investigated via DSC (Figure 5.5 bottom). Compared to the parent polymer, a change in the
thermal response is recorded in the thermogram of polyAZ,1-mPEG. Here, a melting transition
is observed from 57.8 to 64.5 °C with a peak temperature of 62.3 °C. Interestingly, the
integrals of both melting transitions greatly differ: the calculated enthalpy of fusion for
polyAZ,;-mPEG (20.2 J/g) is a fifth as large as the value for the parent polymer polyAZ;;
(93.3 J/g). The lessened energy requirements for the melting transition can be attributed to
the suppression of crystallization behavior of the amphiphilic chains. Notably, although the
melting process proceeds over a temperature range of nearly 13 K (57.8 — 64.5 °C), the still
very high values itself are evidence for the stability-providing nature of the long hydrocarbon
branches. Thus, the presented strategy indeed allows the synthesis of suitable materials for
application as polymer electrolytes, provided that the PEG chains provide a good enough
solubility for respective lithium salts.
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5.4 Conclusion

In this section the successful synthesis of core-shell bottlebrush polymers was shown. First, an
active-ester polymer (PPFPA) with a narrow dispersity was synthesized via RAFT
polymerization and characterized. Subsequently, this polymer was reacted with a series of
long-chain alkynols (refer to Chapter 3) to yield hydrocarbon bottlebrush polymers with
varying side-chain lengths. The obtained polymers were characterized via NMR, SEC, DSC and
IR spectroscopy. Notably, fluorine NMR analysis revealed that transesterification reactions
showed no remaining fluorine resonances, thus evidencing full conversion and a high grafting
density. Both SEC and DSC analyses showed a strong side chain length-dependance in their
curves and thermograms, respectively. The obtained SEC molar mass values indicate a change
in architecture towards less folded polymer particles due to increasing steric demand of the
grafted hydrocarbons, i.e., the formation of a cylindrical structure. The thermal behavior of
the polymers changed with increasing side-chain length and melting transitions were
observed above a threshold of 13 carbon atoms (including the alkyne moiety). With the
longest employed alkynol for the grafting, a high melting temperature Tm of 77.4 °C for the
corresponding bottlebrush polymer was observed.

As the obtained polymers carried a terminal alkyne moiety on their side-chains, further
derivatization of the polymers was investigated, based on this group. Deviating from the
standard alkyne-focused reactions, such as copper(l)-catalyzed alkyne-azide cycloadditions
(CuAAC) or thiol-yne reactions, a three-component reaction (3-CR) was chosen to enable the
attachment of broader substrate scopes such as alcohols. In order to examine the possible
synthesis of core-shell bottlebrush copolymers (cs-BBCPs) a low molar mass alcohol, i.e.,
methoxy polyethylene glycol (MW ~ 400 g mol') was reacted in the 3-CR with tosyl azide as
the third component. The successful attachment of the PEG chains was evidenced via NMR
and IR spectroscopy as well as SEC and DSC. The collected NMR data showed all anticipated
resonances, but also revealed a moderate conversion of roughly 70%. The linkage via the
sulfonyl imidate motif was further proven through the appearance of the S=0 (sulfonyl) and
C=N (imine) absorption bands. Notably, the SEC trace showed a strong shift to a higher molar
mass of 22.4 kg mol™* and the thermogram revealed a still high melting temperature (62.3 °C)
and a lowered enthalpy of fusion compared to the parent polymer brush. Thus, an application
of this material as a polymer electrolyte was deemed applicable.
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6 Pentafluorophenyl Vinyl Sulfides and their
Polymerization?

6.1 Motivation

Fluorinated polymers are a subclass of polymers that contain fluorine

F atoms in their structure. Due to the extremely stable carbon-fluorine

F bond these polymers exhibit remarkable properties such as
hydrophobicity, low surface energy, high thermal stability and excellent

F F chemical resistance.®® While “classical” fluoropolymers such as Teflon
F (polytetrafluoroethylene, PTFE), poly(vinylidene difluoride) (PVDF) were

:t‘f:cfteufét‘fxi;hemica' extensively investigated in the last century, more recently pentafluoro-
derivatives emerged as viable building-blocks in  polymer
science.[7299.179,180] A described in Chapter 2.4.1, different pentafluoro derivatives were used
in the context of polymer science. For example, the post-polymerization reaction via
substitution of pentafluorophenyl (PFP) active esters or para-fluoro substitution of fluorinated
poly(acrylates)s have been extensively studied.[8%181 Fyrthermore, the para-fluoro thiol
reaction (PFTR) has been used not only for ligation chemistry, but also for the synthesis of
polymeric networks through the use of linkers carrying multiple PFP moieties. 182 To this end,
pentafluorobenzene-derived motifs such as PFP esters or pentafluorostyrene remain the most
commonly employed in polymer science.[8%183] However, the structurally related thiol, i.e.,
2,3,4,5,6-pentafluorobenzene-1-thiol or pentafluorothiophenol (PFTP) (Figure 6.1) only found
sporadic use as a ligand in coordination chemistry[*°”! or as precursor for electrolyte material
additives!'®! and remains unused in the realm of polymer science. This is in strong contrast to
the available chemistry of this molecule.

In 1975, LEONG and PEACH reported a series of addition reactions of PFTP to a broad range of
substrates such as alkenes, alkynes, aldehydes, ketones, oxiranes, diazo compounds, nitriles
and others.['1% |n the context of the previously mentioned para-fluoro thiol reaction, the
products of these addition reactions should be suitable substrates the selective nucleophilic
aromatic substitution. As the focus of this thesis is laid on the use of alkynes, their reaction
with PFTP should be tested and subsequently evaluated whether the product obtained can
undergo a para-fluoro thiol reaction. Through the use of aliphatic dialkynes, this strategy
should yield a symmetric monomer that can be polymerized via PFTR with dithiols (Scheme
6.1).

2 Parts of this subchapter - including text, figures, tables and schemes - will be subsequently published in the near
future.
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Scheme 6.1: Depiction of the general concept for the synthesis of a symmetrical monomer based on
PFTP and dialkynes and subsequent polymerization via para-fluoro thiol reaction with dithiols.

66



6.2 PFPT Hydrothiolation & Monomer Synthesis

As mentioned above, pentaflurothiophenol can undergo addition reactions to unsaturated
substrates such as alkenes and alkynes. In the case of alkynes, the resulting structural motif,
pentafluorophenyl vinyl sulfide, has several potential sites for further modification. For
example, the fluorinated ring should allow for (para-)substitution reactions with nucleophiles
and the vinyl group can be addressed via alkene chemistry.[184-18] prerequisite for the
successful use of the para-fluoro thiol reaction on such a substrate is its stability under the
employed conditions, as further substitutions on the neighboring fluorine atoms are
theoretically possible. As no reports of such structural motifs under similar conditions exist, a
model compound was synthesized to validate productive reaction parameters and ensure the
stability of this structural motif.

Thus, first the reaction of pentafluorothiophenol (PFTP) with terminal alkynes and the
subsequent fluorine substitution was investigated. For this purpose, PFTP was reacted with
1-octyne to obtain a model substrate for the to-be-investigated para-fluoro thiol reaction. The
obtained pentafluroro vinyl sulfide pF-1 was then reacted with 1-dodecanthiol in the presence
of DBU as a base (Scheme 6.2).

F [ F DBU F
HS
F s Ny f s F s
P s g . SN S o
DCM or THF, THF, rt.,

F F rt,1h F F 15h s F

F F F

PFTP pF-1 pF-2

Scheme 6.2: Reaction scheme for the hydrothiolation of 1-octyne with PFPT towards pentafluroro vinyl
sulfide pF-1 and subsequent para-fluoro thiol reaction with 1-dodecanthiol in THF.
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Figure 6.2: Comparative H (left, 400 MHz) and *°F (right, 377 MHz) spectra of pentafluoro vinyl sulfide
pF-1 (top) and para-fluoro thiol reaction product pF-2 (bottom) evidencing successful mono-
substitution with no apparent side-reactions.
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As can be seen in the *H and °F NMR spectra in Figure 6.2 both reactions were successful
under the employed reaction conditions (DCM/THF, r.t., 1 — 1.5 h). First, the hydrothiolation
with PFTP is evidenced by the appearance of the vinyl proton resonances (Figure 6.2, left,
denoted as 1 and 2) and their adjacent methylene protons (denoted as 3). As expected, the
reaction yielded a mixture of isomers which is reflected in the splitting of the allylic proton
resonances (5.96 & 5.87 ppm), with the further downfield shifted which is attributed to the E-
isomer. From the integration values of these resonances, no apparent isomer is favored in the
reaction, independent of the employed reaction solvent (THF or DCM). Notably, only the anti-
MARKOVNIKOV product was spectroscopically observed. Second, the employed conditions for
the para-fluoro thiol reaction were compatible with the desired product. 1-Dodecanthiol was
the choice of nucleophile due to lessened odor, and DBU as the base, as it is known to be an
efficient promotor for the PFTR.18187] The successful incorporation of the dodecyl chain is
evidenced by the newly appeared proton resonances (Figure 6.2, bottom left, denoted as 3, 5
and 6). Satisfactorily, no reaction occurred on the vinyl moiety as the corresponding
resonances remained intact, although a slight excess (0.1 eq) of the thiol was used. The
nucleophilic aromatic substitution was particularly evident from the collected *°F NMR spectra
(Figure 6.2, right). Here, the complete disappearance of the para-fluorine as well as a shift of
the meta-resonance from -161 ppm (Figure 6.2, top right, m) to -134 ppm (Figure 6.2, top
right, m’) confirmed the formation of the desired mono-substituted product. Thus, it was
concluded that the new structural motif of a pentafluoro vinyl sulfide is a suitable candidate
for the polymerization reactions under the employed conditions.

With these results in hand, subsequently a suitable monomer for the polymerization via the
para-fluoro thiol reaction was synthesized. For this purpose, a commercially available diyne,
i.e. 1,8-nonadiyne, was reacted with PFTP under the same conditions as before (vide supra),
yielding the symmetrical di(pentafluoro vinyl sulfide) monomer pF-M, which was obtained in
89% vyield as a mixture of isomers that could not be separated. 1,8-Nonadiyne was chosen as
the initial dialkyne, as it provides a long enough spacer between the two reaction sites during
hydrothiolation, thus preventing a possible loss of yield due to steric hindrance of the bulky
fluorinated rings. Repeated syntheses of pF-M in THF gave similar yields (e.g., 86 — 89%),
successfully even on multi-gram scale. In similar manner, the purity of the product was
assessed by proton and fluorine NMR (Figure 6.3). Similar to pF-1, the spectrum of pF-M
reveals the newly formed vinyl (5.95 and 5.82 ppm) as well as the desired fluorine resonances
(-133,-153 and -161 ppm; ortho-, para- and meta-fluorine, respectively).
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Scheme 6.3: Reaction scheme for the hydrothiolation of 1,8-nonadiyne with PFTP towards the
difunctional monomer pF-M in DCM.

CHCI, F
F 1 S A s 1 F o NS F "
R N YV
r3 4 oF F
F F F F H;0 L p
F F
m p
1
4
3
2
T T T T T T T T 1 r r r rr | | T T
7 8 5 4 3 2 -120 -130 -140 -150 -160
S/ ppm S/ ppm

Figure 6.3: 'H NMR (left, 400 MHz) and °F NMR (right, 377 MHz) spectra of pF-M showing the
characteristic vinyl as well as fitting fluorine resonances for the desired symmetrical monomer.

Thus, the relevant di(pentafluoro vinyl sulfide) monomer pF-M could be synthesized in one
step by a hydrothiolation reaction starting from commercially available substrates in excellent
yield (89%). Subsequently, polymerization reactions with different dithiols were conducted in
a systematic manner. The synthesis and characterization of targeted polymers as well as
further post-polymerization reactions are described in the following section.
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6.3 Polymerization via para-Fluoro Thiol Reaction

Upon the successful synthesis of the new difunctional monomer pF-M, its polymerizability
with various dithiol derivatives should be investigated. To demonstrate the versatility of the
employed strategy and show the ability to fine-tune the final polymer properties, a series of
structurally diverse dithiols was selected.

F F F F
F S X F G’
WENRIRS DBU F. Ty F
F F F F E . B ’h
F F

pF-M1 F F pF-P1-P5

Scheme 6.4: General reaction scheme for the synthesis of fluorinated polymers via para-fluoro thiol
reaction of the difunctional pentafluoro vinyl sulfide monomer pF-M and a series of dithiols.

The chosen commercially available dithiols comprise a variety of structural motifs, thus
mimicking other common polymer classes. These thiols include an aliphatic dithiol (DT2)
representing generic polymer backbones, an ether-linked dithiol (DT1) mimicking PEG-ylated
chains, dithiothreitol (DT3) representing functional, hydroxy-decorated polymers, a polyester-
like thiol (DT4) and an aromatic specimen (DT5) as shown in Figure 6.4
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/A\V/O\V/A\O/A\V/ NN _4>__<r_
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DT3

DT1 DT2
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DT4 DTS

Figure 6.4: Depiction of the series of dithiols used for the para-fluoro thiol polymerization.

As only few synthetic procedures for the build-up of polymers via para-fluoro thiol reaction
have been reported in the literature, initial conditions were adopted from those
reports.[118188189 To this end, for the first investigations DT1 was chosen as the dithiol
component. To ensure efficient deprotonation 1,8-diazabicyclo(5.4.0)undec-7-ene (DBU) was
used as the base. Furthermore, 2.2 equivalents of base were employed as it was shown, that
less-than-stochiometric amounts have a negative effect on the maximum attainable molecular
mass.[188] First, the kinetics of the devised polymerization was investigated. Hence, a screening
of the polymerization in different solvents was conducted first. For better comparison of the
reactivity of the different dithiols (based on the literature), in the initial phase of the project,
the polymerization time was set to 15 minutes. Thus, a number of different polar and nonpolar
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solvents was tested for the polymerization, and the obtained polymers were subsequently
analyzed by SEC. The results are summarized in Table 6.1. The corresponding SEC curves are shown
in Figure 9.3 in the Appendix.

Table 6.1: Summary of the solvent screening of pF-M with dithiol DT1 under standard conditions.

Concentration M, My, b
Entry Solvent
[mol-L1] [kg-mol1]2) [kg:mol1]?) (Mw/M,)

1 Toluene® ~0.2 42.1 275 7.3
2 MeCNP) ~0.2 50.2 214 4.3
3 Dioxane ~0.2 38.4 264 6.8
4 DMac ~0.2 31.7 245 7.7
5 DMF ~0.2 22.2 90.1 4.0
6 DMF 0.5 26.5 76.7 2.8
7 DCM 0.5 15.7 29.6 1.9
8 THF 0.5 29.7 141 4.7
9 THF ~0.2 27.3 93.4 34
10 THF<) 1 - - -
11 THFY 0.5 14.3 27.9 1.9
12 THFde) 0.2 29.5 47.1 1.6
13 THFdA 0.2 33.8 67.4 1.9

Standard conditions: r.t., 15 min. 2 Determined by THF-SEC with PS standards; ®) Resulted in coagulation. Results correspond
to soluble fraction. ¢ Instant crosslinking. 9 Performed at 0 °C. © Runtime: 3h.f) Runtime: 6h.

It was possible to obtain polymeric material in both polar and nonpolar solvents with a broad
distribution of number average molecular masses ranging from 14 to 50 kg-mol? with
expected dispersity (P) values for step growth polymerizations. In some solvents (such as
acetonitrile and toluene), gelation or crosslinking occurred, and thus only the soluble fractions
could be analyzed, which showed very broad distributions (Table 6.1, Entry 1 — 3). The latter
could be attributed to possible side reactions, involving additional fluorine substitutions on
the aromatic ring, which lead to potential crosslinking. Judging from the SEC curves, DCM and
THF appeared to be the most promising solvents, as they resulted in the formation of polymers
with monomodal distributions (shown in Figure 6.5). Due to its higher boiling point compared
to the other solvents, THF appeared to be the favored solvent.
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Figure 6.5: SEC traces of pF-M with dithiol DT1 in DCM and THF yielding monomaodal distributions.

A detrimental effect was observed in DMF, as crosslinking was often observed in this solvent.
Increasing the concentration from around 0.2 mol L™ to 0.5 mol L slightly improved the
obtained values. A further increase towards concentrations of 1M (Table 6.1, Entry 10)
however, resulted in the instant formation of crosslinked material upon the addition of the
base, i.e., DBU. One possible reason for this is the slight exothermic reaction is released at the
point of base addition. In high concentrations the dissipation of heat is hindered and thus side
reactions resulting in crosslinking are favored. However, a control experiment (0.5 mol L't in
DMF; not shown) with dropwise base addition did not yield improved results compared to
Entry 6 in Table 6.1. On the contrary, lowering the temperature towards 0 °C resulted in
narrower distributions, however, accompanied with lower molecular masses (Table 6.1, Entry
11 — 13). Interestingly, at this temperature (0 °C) the concentration as well the prolongation
of polymerization time to three or six hours only had a small effect on the obtained masses.
Based on these results, the optimum conditions were determined to be THF or DCM as the
solvent with a concentration of either 0.2 mol L or 0.5 mol L and a reaction time of
15 minutes.

Based on the above conditions, the polymerizations with the remaining dithiols DT2 — DT5
were conducted in a similar fashion. Due to the deviating nucleophilicities of the employed
dithiols (e.g., less reactive DT3 to very reactive DT5), the employed conditions were adjusted
in order to minimize crosslinking and assure monomodal distributions. Accordingly, the
remaining polymerization results are summarized in Table 6.2 with Entry 1 as a reference for
DT1.

72



Table 6.2: Overview of the polymerization results of pF-M with selected dithiols DT2 — DT5.

Concentration M, My, b
Entry Monomer  Solvent T[°C]
[mol-L1] [kg:-mol1]2  [kg-moll]?) (Mw/M,)

1 DT1 THF ~0.2 r.t. 27.3 93.4 3.4
2 DT2 DCM 0.5 r.t. 38.1 147 3.89
3 DT2 DCM 0.5 0 41.2 226 5.4
4 DT2 DMF 0.5 0 - - )
5 DT2 THF 0.2 -40 37.8 143 3.7
6 DT2 THF 0.5 -40 58.8 193 3.2
7 DT3 THF 0.5 r.t 39.4 110 2.79
8 DT4 THF 0.5 r.t. 15.6 59.4 3.7
9 DT5 THF 0.5 r.t. 49.7 399 8.00
10 DTS5 THF 0.5 0 38.9 134.1 3.4¢)
11 DTS5 THF 0.2 r.t. 6.51 9.33 1.49
12 DTS5 THF 0.2 r.t. 13.0 27.8 2.18)

Standard runtime: 15 min. ® Determined by THF-SEC with PS standards;  Resulted in coagulation. Results
correspond to soluble fraction. @ Instant crosslinking. 9 Determined by DMAc-SEC with PS standards. ¢ Gelation
observed within 5 min; reaction quenched. ? Obtained oligomers. 8 Reaction time: 3 h.

As can be seen from the summary shown in Table 6.2, the successful polymerization could be
achieved with all dithiols yielding molecular masses in the range of 6 to 58 kg mol™.
Interestingly, the differences in reactivity of the chosen nucleophiles became apparent, as it
was essential to lower the reaction temperature to 0 °C (compare Entry 3 vs. Entry 5 and
Entry 9 vs. Entry 10). The more nucleophilic dithiols DT2 and DT5 tended towards crosslinking
(Entry 2, 3, 9) while the less reactive DT3 and DT4 yielded polymers at room temperature in a
homogenous fashion. Once more, the latter can be attributed to additional fluorine
substitution reactions on the fluorinated moieties. In the case of DT2, it was even necessary
to lower the temperature to -40 °C to obtain near monomodal distributions. Similarly, the
polymerizations with DT5 coagulated at 0.5 molar concentrations, even at 0 °C after 5 minutes
(Entry 9 & 10). The SEC analyses of the associated soluble fractions showed polymers with
high number average molecular masses of 49.7 kg mol (Entry 9) and 38.9 kg mol* (Entry 10),
but with substantially high dispersity values (e.g., ® = 8.0 and 3.4, respectively). With a
reduced concentration of 0.2 mol LY however, after 15 minutes the obtained SEC curve
showed only an oligomeric composition of the material. With a prolonged runtime of three
hours, polymeric material with a molecular mass of 13.0 kg mol™* (Entry 12) could be obtained.
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Thus, it was evidenced that the employed strategy for the synthesis of polymers via the para-
fluoro thiol reaction is expedient. The obtained polymers were analyzed by means of H-, 1°F
NMR and IR spectroscopy, as well as SEC, DSC and TGA.

In an exemplary manner, Figure 6.6 shows the obtained proton and fluorine spectra with the
resonance assignments.

As can be seen from Figure 6.6, the proton spectra for all obtained polymers evidence the
successfully incorporated dithiol monomers, as can be seen from the newly appeared
chemical shifts corresponding to their respective structures, e.g., the aromatic resonances
denoted as 1 (at 7.24 ppm) in the proton spectrum of pF-P5. Furthermore, the stability of
pF-M under the employed polymerization conditions is again proven. First, the proposed
structure is confirmed through the chemicals shifts of the vinyl resonances around 6 ppm
(compare with Figure 6.3). Second, all recorded fluorine spectra show the disappearance of
the para-fluorine atom of the monomer (-153 ppm; compare Figure 6.3 right) and the desired
characteristic shift of the meta-positioned atom on the aromatic rings. Interestingly, the high
sensitivity of the °F NMR shows slightly different shaped resonances depending on the
electronic nature of the employed dithiol.

Furthermore, ATR-IR spectroscopic analyses confirmed the previous results, as the presence
of characteristic functional groups is evidenced by the appearance of the corresponding
absorption bands Exemplarily, the most meaningful spectra are depicted in Figure 6.7. Here,
the IR spectra of the monomer pF-M (top), pF-P3 (middle) and pF-P4 are compared. Most
notably, the absorptions for the C=C bending vibrations (orange box) around 1000 cm™,
corresponding to the vinyl group, are present in all polymer spectra, which again proves that
the vinyl group is stable under the employed conditions and also no further thiol addition
takes place. Functional groups relevant to the polymer structure, such as the hydroxyl groups
in the case of pF-P3 are represented by the broad absorption at 3350 cm™ (blue box). Similarly,
the ester groups of pF-P4 (green box) are clearly represented at 1730 cm™.
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Figure 6.6: Depiction of the H (/eft) and °F NMR (right) spectroscopic investigations of pF-P1 — pF-P5
(descending order) and their respective signal assignments.
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Figure 6.7: Stacked IR-Spectra of monomer pF-M (top), pF-P3 (middle) and pF-P4 (bottom). The
polymer-characteristic IR bands are color coded: pF-P3: hydroxyl group — blue; pF-P4: ester group —
green).

Finally, the thermal properties of the obtained polymers were investigated by differential
scanning calorimetry (DSC) and thermogravimetric analysis (TGA). The obtained results are
summarized in Table 6.3. As can be seen from Figure 6.8, the obtained DSC heating curves of
the polymers differ, depending on what structural motif was introduced into the polymer
backbone through the respective dithiol. All obtained polymers only show glass transition
temperatures and no discrete melting points, and are thus in an amorphous state. Notably,
the polymers with linear methylene chains, i.e., pF-P1, pF-P2 and pF-P4, show a similar heating
response with a low glass transition temperatures ranging from -30 to -18 °C. Whereas the
shorter and more rigid dithiols, such as DT3 and DTS5 yielded polymers with a much higher T
around 20 °C. Interestingly, the incorporation of oxygen atoms in the repeating unit, instead
of a bare methylene chain, only marginally increased the glass transition temperature, while
the incorporation of hydroxy groups on the chain drastically impacted the thermal behavior
through the formation of hydrogen bonds. In the case of pF-P5 the planar aromatic rings
enabled r1-it stacking between the chains and thus a higher energy is necessary to induce the
state transition. Considering the general thermal stability of the obtained materials, the
deviations within the series are only minor as the onset temperatures of the thermal
degradations begin at around 300 °C and increase up to 328 °C. This stands in strong contrast
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to the facile degradation of these polymers that can be easily triggered by means of oxidative
or radical treatment (refer to Chapter 6.4.2).
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Figure 6.8: Comparative depiction of the DSC (/eft) and TGA curves (right) of polymers pF-P1 - pF-P5.

Table 6.3: Summary of the thermal properties obtained via DSC and TGA analyses.

Polymer
F F
F Su g NS F Tq[°C] To [°C]?
: NP R,

F F
pF-P1 AN~ -29.6 317
pF-P2 AN -33.2 302

OH
pF-P3 /\H\/ 21.4 297
OH
J_
pF-P4 O ~o -22.1 328
Y

S
pF-P5 /©/ \©\ 16.0 317

3 Onset temperature of thermal decomposition.
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6.4 Post-Polymerization Modification

As mentioned in the previous chapter, the general polymer structure that is obtained from
the pentafluoro vinyl sulfide monomers should be susceptible to a series of different post-
polymerization functionalization reactions that are derived from the incorporated functional
groups. Following a post-polymerization approach, three distinct functional groups can be
identified that possibly allow for further derivatization of the polymer structure. The devised
strategies are depicted in Scheme 6.5. Beginning with the dithiol, such substrates can be
selected that carry further functional groups, which can be chemically accessed for
derivatization (top left). Next, the ring-adjacent sulfur atoms can be oxidized to the
corresponding sulfoxides, thus changing the polymer properties (top right).1®® Furthermore,
the internal double bond opens up possibilities to use well-investigated alkene chemistry for
transformations on the polymer backbone (bottom left). The often-employed thiol-ene
reaction as well as halogenation reactions stand out in particular in this context.[!°%192] | astly,
the remaining tetrafluorobenzene-motif offers the possibility to further derivatize the
aromatic ring via nucleophilic aromatic substitution reactions (SnAr) (bottom right).[1%3

However, since the nucleophilic aromatic substitutions of para-substituted tetra-
fluorobenzene moieties have been covered intensively in literature,[193-1%8l jnvestigations for
the derivatization on this part of the structure were excluded from this project. Thus, the
synthetic potential of the first three mentioned functional moieties shall be investigated.

Scheme 6.5: Schematic depiction of the theoretically possible PPM strategies based on the available
functional groups/atoms embedded in the polymer structures.
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6.4.1 Derivatization based on the Dithiol Functional Groups

The use of different nucleophiles for the polymerization enables further chain modification by
employment of functional dithiols, such as dithiothreitol, i.e., DT3. After polymerization, these
functional groups can be addressed for further reactions. In the case of pF-P3 the two hydroxy
groups of dithiothreitol can be used for the formation of acetals,**® (silyl) ethers[200.201] of
(boronic) estersi2022931 among others. Recently, the condensation of diols with boronic acid or
their derivatives was increasingly employed for the synthesis of stimuli-responsive biomedical
materials, such as dynamic covalent networks or boronic ester-based hydrogels.[?°¥ Thus, the
formation of boronic esters on the glycol motifs in the backbone of pF-P3 was investigated.

F

s 4-F-PhB(OH), S ‘
II ““/\M/\f” II _ MgSO, _ I;mﬁi
ﬁ)\/s\} THF 50 °C, SN/\/S\}
94 h

F pF-P3 F pF-P3-B

Scheme 6.6: Reaction scheme of the boronic ester formation of pF-P3 with

The ester formation was carried out with 4-fluorophenylboronic acid, as the additional
fluorine atom allows facile tracking of the reaction progress via *°F NMR and pF-P3 is lacking
any aromatic protons whose resonances could overlap with the employed substrate. After a
reaction time of four days, the esterified polymer pF-P3-B could be obtained upon a basic
aqueous workup and precipitation in cold petrol ether, and was characterized by NMR and
SEC. The obtained results are depicted in Figure 6.9.

1] 2 3 5 8 2 8
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Figure 6.9: Analysis of polymer pF-P3-B via H and °F NMR, depicting the newly appeared aromatic
protons as well as the additional fluorine resonance.
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Proton NMR analysis revealed that the obtained polymer showed full conversion of the
hydroxyl groups, which is indicated by the shifted resonances of the tertiary protons at
4.60 ppm. The incorporation of the phenyl moiety is furthermore evidenced by the
appearance of the aromatic proton resonances at 7.43 and 6.98 ppm in addition to the *°F
NMR spectrum at -106 ppm. The successful transformation is also confirmed via SEC analysis
(Figure 6.10). Here however, the obtained SEC trace is shifted towards a lower molecular mass
compared to the parent polymer. This phenomenon can be possibly explained through the
ability of the introduced 4-fluoropheny groups to form mt-rt-stacking interactions. This would
in return stabilize a more compact folded polymer globule, which is expressed in a lower
hydrodynamic radius rq and thus an apparent lower molecular mass in the SEC measurement.
Interestingly, WEeck et al. employed a combination of structurally similar phenyl and 2,3,4,5,6-
pentafluorophenyl groups on a triblock polymer to force in-chain folding via m-rt-stacking
interactions, thus further validating the observed phenomenon as a compaction event.[2051 A
depiction of a hypothesized folding motif is shown in Figure 6.10.

In summary, this example showed that free functionalities in the polymer backbone, brought
in through careful choice of the employed dithiol, can be further used for post-polymerization
functionalization reactions, which can lead to possibly interesting property changes of the final

polymers.
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Figure 6.10: SEC analyses of pF-P3-B and its parent polymer pF-P3 (left) and a simplified drawing of the
hypothesized rt-rt-stacking interactions.
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6.4.2 Derivatization based on Oxidation

One of the most common post-polymerization modifications of polymers decorated with
thioether linkages is the oxidation towards their respective polysulfone derivatives, [190,192,206]
This transformation is usually facile and quantitative, and yields polymers with drastically
altered thermal characteristics compared to their unoxidized precursors. As the polymers
presented in Chapter 6.3 carry sulfur atoms in their backbone linking not only aromatic with
aliphatic motifs, but additionally also aromatic groups with vinyl groups, it was of great
interest to investigate the oxidation behavior of these materials (Scheme 6.7).

F
\\’/ \\’/ g hypothesized
\/\(v}/\/ _ Oxidant structure
e \/y\s% Solvent T, s \/)/\S%
7\ // \\
F OO

pF-P1 pF-P1-Ox

Scheme 6.7: General reaction scheme for the oxidation of pF-P1 with the originally assumed structure
of the oxidized polymer pF-P1-Ox.

As several literature protocols for the oxidation of thioethers towards sulfoxides exist, three
sets of different conditions were adapted. Potassium peroxymonosulfate (KMPS, Oxone®) and
meta-chloroperoxybenzoic acid (mCPBA) were initially chosen as oxidants, since both are solid
materials and thus easy to handle. Additionally, Oxone® is water soluble, which facilitates the
respective purification. Finally, one approach was carried out with hydrogen peroxide as the
adapted literature protocol previously proved to be efficient for the oxidation of
polythioethers.[2%! The summarized reaction conditions are depicted in Table 6.4. The
reactions were carried out with three different batches of previously synthesized pF-P1
stemming from the polymerization solvent screening described in Table 6.1.

Table 6.4: Summary of the reaction conditions for the oxidation of pF-P1.

Entry Oxidant Solvent Reaction time Temperature [° C]
1 Oxone® MeCN/DMF 5d 60
2 mCPBA DCM 2d r.t.
AcOH/THF
3 HzOz 15 min 80
(2.5:1)

The previously synthesized polymers were dissolved in the respective solvents and treated
with the oxidizing agents for the respective time listed in Table 6.4. Depending on the
employed reagents, usually an aqueous workup step was conducted to purify the oxidized
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materials, and subsequently SEC and NMR analyses were conducted. As can be seen from the
SEC traces depicted in Figure 6.11, every oxidation approach led to the degradation of the
polymers. The recorded SEC traces indicate that the reaction time directly correlates with the
degree of degradation, as the 5 d-long oxidation with Oxone® yielded smaller oligomers than
the 2 d-long mCPBA treatment. Interestingly, even the very short reaction time of the
hydrogen peroxide reaction led to drastically reduced molecular mass compared to the parent

polymer.
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Figure 6.11: Comparative SEC traces of the different batches of pF-P1 and the obtained oxidized
materials after reaction with Oxone® (top left), mCPBA (top right) and H,0, (bottom left). The
hypothesized structural breaking point in the polymer backbone is depicted in red (bottom right).

In the case of the hydrogen peroxide-oxidation, °F NMR analysis showed no remaining
fluorine resonances in the purified material. This indicates that the linkage towards the
aromatic group is degraded and that a polar, water-soluble product is formed which
potentially has been removed during the aqueous workup step.

To better understand the mechanism of the oxidative degradation of the polymers, literature
research was conducted to find similar structural motifs that were oxidized in similar
conditions (Scheme 6.8). To this end it was found that pentafluorothiophenol ethers,207-20]
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aliphatic tetrafluorophenol thioethers (with and without para-substituents),?1°® and
4-thiophenyl-2,3,5,6-tetrafluorobenzenesulfonamides?!!l were oxidized under very similar
conditions as the ones employed in the context of this project. Interestingly,
DE LA PRADILLA et al. reported a protocol for the epoxidation of cis-vinyl sulfoxides, albeit not
with fluorinated substrates, indicating that an epoxide moiety adjacent to a sulfoxide group is
stable under atmospheric conditions.?12! Unfortunately, no such fluorinated structural motif
is reported in literature, indicating the possible instability of such a group.
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Scheme 6.8: Summary of literature reports covering oxidation reactions of structurally similar motifs
as in pF-P1.

Finally, GAVENONIS et al. reported the oxidation-elimination of a symmetrical tetrafluorobezene
dithioether which was obtained after reacting a protected cysteine with hexafluorobenzene.
Here interestingly, similar conditions were employed as shown in Table 6.4, Entry 1, which
resulted in the oxidative elimination of the fluorinated moiety in 42%. No further information,
however, was provided on the reaction products or a plausible mechanism and thus a
comparison with the observed reaction outcomes in this project is hindered. Finally, partially
fluorinated poly(aryl thioether)s carrying the 2,3,5,6-tetrafluorophenyl-motif could be
oxidized with H>0; in acetic acid at 100 °C, as reported by KiMura et al.?13! Although no
aliphatic dithiol was used in this study, it seems that the absence of a vinyl sulfide group
enables the degradation-free oxidation of such polymers.

Based on the obtained results for the three oxidation reactions, as well as from the literature
research, it can be concluded that a polymer degradation is probably occurring at the
pentafluoro vinyl sulfide moiety (a depiction is shown in Figure 6.11, bottom right), as

83



numerous reports describe the oxidation of penta- and tetrafluoro (di)thio ethers with the
same oxidants as shown in Table 6.4.

Mechanistically the degradation is most plausibly explained by the weakening of the sulfur-
carbon bond caused through the oxidation processes of both the sulfur and the adjacent
double bond. The resulting structure, comprising of an electron- deficient
tetrafluoro(sulfonyl)phenyl sulfonyl-oxirane is unknown to literature which indicates the
impossibility of isolation of such motifs. Unfortunately, the resulting oxidation products could
not be elucidated in the course of this thesis.

Interestingly, the results described in this chapter stand in strong contrast to the thermal
stability of the polymers observed by the TGA measurements described in Chapter 6.3. There,
all polymers proved to be stable up to temperatures of 300 °C independent of the employed
dithiol for the polymerization. In contrast, it was shown in this chapter that the same polymers
can be degraded via oxidative treatment using common oxidizing agents such as hydrogen
peroxide, mCPBA or Oxone® under mild conditions.

These results prove that the obtained polymers, although thermally stable under inert
atmosphere, carry an oxidation-sensitive handle that enables their breakdown in mild
conditions. In the context of ever-increasing accumulation of polymer wastes in nature,
structural motifs such as tetrafluorophenyl vinyl sulfides could pose an interesting possibility
for natural polymer degradation, especially through Iron-oxidizing bacteria.[?14
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6.4.3 Derivatization based on the Vinyl Group

6.4.3.1 Modification based on the Thiol-ene Reaction

As mentioned previously, the thiol-ene reaction is one of the most employed methods for the
transformation of unsaturated substrates.[®!l Here, a thiol is reacted with an alkene, usually
with a radical initiator, to form a thioether in anti-MARKovNIKoV fashion.

H
R+ AR, — R1/S\/kR2

Scheme 6.9: General reaction scheme for the thiol-ene reaction yielding a thioether.

Due to this regioselectivity, as well as high yields and fast addition rate, the reaction fulfils the
“click chemistry” criteria, which justifies its popularity.[6319%215] |n the context of polymer
science, it has been employed for the synthesis of monomers, (photo) thiol-ene
polymerization and post-polymerization reactions, covering the entire bandwidth of polymer
synthesis and modification.[191,216,217]

Since the thiol-ene reaction is usually performed with terminal alkenes, examples of reactions
with vinyl sulfide substrates are less often reported. Still, DAvis and DONDONI reported the
successful hydrothiolation of a cysteine-carbohydrate vinyl sulfide with a fluorescein-derived
thiol under UV irradiation with 2,2-dimethoxy-2-phenylacetophenone (DPAP) as
photoinitiator.l?!8] Furthermore, Roy et al. presented the synthesis of unsymmetrical
neoglycolipids by reacting an alkyne-carrying carbohydrate with two different aliphatic thiols
successively. In their study, the vinyl sulfide was reacted under thermal conditions with AIBN
as the radical source (Scheme 6.10).[21°]
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Scheme 6.10: Reported examples of hydrothiolation reactions of vinyl sulfides under UV irradiation
(top) and thermal conditions (bottom) (adapted from 238l and 2%, respectively).
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In both cases however, the vinyl sulfide moieties are enclosed by aliphatic groups. As no
thiol-ene reaction on pentafluorophenyl vinyl sulfides is reported in literature, the reaction
conditions for the post-polymerization reaction were loosely adapted from Roy et al.?**] Here,
the thermally activated thiol-ene reaction was preferred over the UV induced variant due to
extensively higher yields and facilitated reaction setup. However, the temperature was
lowered to 75 °C to obviate possible side reactions.

Thus, pF-P1 and pF-P5 were reacted with 1-dodecanthiol in 1,4-dioxane at 75 °C and AIBN as
the radical initiator (Scheme 6.2). These two structurally different polymers were chosen due
to their very different glass transition temperatures Tz as shown in Figure 6.8. Through the
attachment of the aliphatic chain the impact on the thermal properties should be investigated.

hypothesized

F \(\’)ﬂ)\s S/\(\’)ﬁ) F  structure

Moy
F F
___ABN S\)\(\’};K/
QS% Dloxane 75 °C, F F S’Q\S%n
pF -P1 20 h F pF-P1-T E

pF-P5 pF-P5-T
S

By = o YL
pF-P1 pF-P5

Scheme 6.11: Reaction scheme for the thiol-ene reaction of 1-dodecanthiol with pF-P1 and pF-P5.

In similar fashion as described in Chapter 6.4.2, the reacted polymers were precipitated and
subsequently analyzed via *H and °F NMR as well as SEC. Interestingly, a similar reaction
outcome was observed as with the previously described oxidation reactions (vide supra). SEC
analysis revealed that the original polymer had degraded into lower molecular mass chains
(Figure 6.12 top left & right). To further investigate the observed phenomenon, the
precipitation supernatant of pF-P5 was also subjected to SEC analysis revealing that smaller
chain fragments solubilized during precipitation and were removed from the precipitate.
However, although the SEC analyses of both reaction products showed no trace of
1-dodecanthiol (soluble in the precipitation solvent)??%! in the precipitate the magnetic
resonance of the terminal methyl group appears in the corresponding proton spectra, which
also shows complete removal of vinyl proton resonances (see Appendix, Figure 9.1). This
indicates, that the radically induced hydrothiolation of the polymers was partially successful
and either a side or follow-up reaction led to the breaking of the polymer chains. Also, the
recorded fluorine spectra showed that chemical shifts changed (Figure 6.12). Notably, for
pF-P1-T the fluorine resonances at -134.2 ppm vanished, indicating that the previously
unsymmetrical structure of the pentafluorophenyl vinyl sulfides is changed towards a more
symmetrical one. In the case of pF-P1-T a similar change is observed: the multiplet at -132.4
is drastically reduced and instead a resonance at -131 ppm appeared. Although the obtained
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resonances cannot be assigned to a particular structural motif, they indicate strong change in
the chemical environment of the fluorine atoms.

— pF-P1 — PpF-PS
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Figure 6.12: SEC analyses of the attempted thiol-ene reactions with pF-P1 (top left) and pF-P5 (top
right). Comparative fluorine NMR (bottom left) and IR spectra (bottom right) of the parent polymers
and the reaction products.

Two observations stand out from the obtained IR spectra of the reaction products. On one
hand, the absorbance of the C-H stretching band ranging from 2800 — 2990 cm™ increased in
both cases (Figure 6.12 bottom right; green box). On the other hand, the vinylidene c=c
stretching band at 1640 cm™ nearly vanished (Figure 6.12 bottom right; blue box). These
results support the hypothesis that a reaction of the vinyl group took place, either via
hydrothiolation or a side reaction, respectively.
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6.4.3.2 Modification based on Halogenation

Halogenation is one of the oldest reported reactions for unsaturated substrates and
commonly used for the production of flame-retardant materials or intermediates in chemical
synthesis.!?21] Literature protocols for the halogenation of aryl vinyl sulfides or derivatives date
back to as early as 1912.2221 Since then, protocols for the chlorination,?23! bromination?? and
fluorination[??® were reported. Although the halogenation of the particular fluorinated aryl
vinyl sulfide motif, which is dealt with in this thesis, is unknown to literature, structurally
similar aryl vinyl sulfide halogenations were reported (vide supra) and thus allow a rough
estimation of reactivity for the present case. Here, the electronegative fluorine atoms on the
ring should exert an electron withdrawing effect on the double bond, which should thus have
lessened reactivity in halogenation reactions compared to non-fluorinated vinyl sulfide
counterparts, respectively. In contrast to chlorinations and fluorinations, bromination
reactions are easiest to carry out on a laboratory scale and thus this reaction was chosen in
the context of this work.

For the investigation of the bromination of the tetrafluorophenyl vinyl sulfide moiety the
model compound pF-2 was employed for preliminary studies. To evade the health risks
associated with the use of elemental bromide, a chemical substitute in the form of
tetrabutylammonium bromide (nBusNBrs, TBAT) was used for the halogenation. This solid
reagent is easily weighed in and allows precise balancing of the desired equivalents of
bromine, which is provided in the form of a [Brs]" ion. Furthermore, as reported by
BERTHELOT et al., TBAT very effectively brominates alkenes under ultrasonic irradiation.[22¢!
Thus, pF-2 was reacted with the tribromide in DCM under ultrasonic irradiation (Scheme 6.12).

Br

F F

F s ) F s
"«»/\(\15/ nBugNBrs :
—_—

1. ° B
\(\’)/\S F DCM, r.t. = 40 °C, \%\S F r

10 1h
F pF-2 F  pF-2-DiBr

Scheme 6.12: Reaction scheme for the bromination of pF-2 with nBusNBr3 (TBAT).

Delightfully, fluorine NMR showed a complete shift of the magnetic resonances from -134.1
to-132.5 ppm indicating full conversion of the vinyl bond (Figure 6.13 right). Accordingly, also
proton NMR showed the successful transformation of the vinyl bond towards the vicinal
dibromide. As expected, the product was obtained as a mixture of threo- and erythro forms in
equal ratios, which is indicated by the splitting of the proton resonances at 5.55 ppm and
4.34 ppm (denoted as 1 and 2 in Figure 6.13 left), respectively.
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Figure 6.13: Proton (left) and fluorine NMR (right) analyses of the bromination product pF-2-DiBr
evidencing the successful halogenation of the vinyl sulfide moiety of pF-2.

Upon the successful halogenation of the model compound, the halogenation of the polymer
pF-P1 was investigated. The reaction was conducted under the same conditions as previously,
i.e., under ultrasonic irradiation for one hour. Consecutively after the halogenation, the
polymers were subjected to aqueous workup to remove the ammonium salts and then
precipitated. The obtained material was analyzed via SEC, NMR and IR spectroscopy, TGA and
DSC.

In contrast to the small molecule reaction however, the ultrasonication led to a side reaction
on the polymer as was evidenced by proton NMR analysis (see Appendix, Figure 9.2). Most
likely, an addition of the tert-butyl ammonium unit to the polymer occurred since a methyl
group resonance appeared in the corresponding proton spectrum. To circumvent this side
reaction, the same reaction was repeated with conventional stirring for 20 hours at ambient
temperature. Luckily these conditions suppressed the side reaction nearly completely as
shown in the recorded proton spectrum (Figure 6.14 top left). To circumvent the side reaction
altogether the halogenation was also once conducted with a different batch of pF-P1 and
elemental bromine as the halogenation agent. Interestingly, these conditions led to a
degradation of the polymer which is confirmed via SEC (Figure 6.14, bottom left). Possibly, an
oxidative follow-up reaction caused by excess bromine took place after the halogenation and
led to chain deterioration, similarly as described previously with other oxidants (refer to
Chapter 6.4.2).
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F
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Scheme 6.13: Reaction scheme for the halogenation of pF-P1 with nBusNBrs.

89



3
CHC, 5 J\M

T
132 -133

1 &1 ppm
| 2 6 L
| I
T T T T T T T T T T T
7 6 5 4 3 2 1 -120 -130 -140 -150 -1860 -170
5/ ppm 5/ ppm
— pF-P1 pF-P1
M, tursec: 34.0 kg/mol M, bvac-sec: 20.2 kg/mol
=202 D=270
Br, —— pF-P1-DiBr
M, omacsec: 16.8 kg/mol
D =247
; ;
= =
T T T T
2 4 6 8 4 8
log M log M

Figure 6.14: Proton (top left) and fluorine (top right) NMR analyses of the halogenated polymer pF-P1.
SEC traces for the halogenation reaction with bromine (bottom left) and nBusNBrs; (bottom right)
confirm the polymer stability in the latter case.

As seen in the case for pF-2-DiBr, the polymer proton spectrum of pF-P1-DiBr shows threo-
and erythro mofits in the backbone. Interestingly, the corresponding fluorine resonance is
shifted to -132 ppm and distorted compared to the fluorine spectrum of the model compound
or the parent polymers (vide supra), hinting towards a different chemical environment of the
polymer globule compared to previous polymers. The chemical change is further evidenced
via a shift in the SEC trace compared to the precursor. Interestingly, the shift implies a change
towards lower molecular mass from 20 kg-mol* (pF-P1) towards nearly 17 kg-mol? (pF-P1-
DiBr). This observation can be possibly explained by the fact that sulfur and bromine atoms
can form so-called halogen bonds (X-bonds). i.e., S--:Br bonds in this case, which are non-
covalent attraction forces similar to the well-known hydrogen binding motifs.[?2”7! Switching
the SEC eluent to THF yielded the same shift towards lower molecular weights, thus verifying
the previous results.

Finally, the thermal properties of the halogenated polymer pF-P1-DiBr were investigated via
DSC and TGA and compared to the precursor polymer (Figure 6.15). The DSC thermogram
revealed a shift of nearly 45K of the glass transition temperature T from -29.6 °C (pF-P1) to
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15.1 °C for the halogenated derivative, indicating amorphous behavior of the new material.
Interestingly, the TGA curve shows a strong change after the post-polymerization
modification: a two-step degradation pattern for the halogenated polymer is observed with
onset-temperatures of 197 °C for the first and 308 °C for the second step. Most likely, the first
degradation step consists of the deterioration of the vicinal dibromides as it corresponds to
27% weight loss, which is close to the calculated value of 32%.
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Figure 6.15: Comparative DSC (/eft) and TGA (right) traces of pF-P1 and pF-P1-DiBr.

Thioethers with adjacent vicinal dibromide groups can undergo regioselective elimination
reactions towards halo-vinyl sulfides?24228.22% or complete eliminations to alkynes.[?3% Thus,
the halogenated polymer pF-P1-DiBr has further synthetic potential via these reactions.
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6.5 Conclusion

In this chapter, the synthesis and characterization of new fluorinated polymers on the basis of
PFTP hydrothiolation and subsequent para-fluoro thiol reaction was shown. First, preliminary
studies were conducted where 2,3,4,5,6-pentafluorobenzene-1-thiol (PFTP) was reacted with
alkynes to yield fluorinated aryl vinyl sulfides. It was then tested in a para-fluoro thiol reaction
(PFTR) and successfully yielded the desired para-substituted product. Based on these results
the reaction was repeated with a commercial dialkyne to yield a symmetrical monomer pP-M,
which was subsequently polymerized with a series of (functional) dithiols DT2 — DT5. The set
of structurally different polymers was characterized via NMR and IR spectroscopy, SEC, DSC
and TGA. Proton NMR analysis revealed the incorporation of all desired structural
functionalities and fluorine NMR confirmed their attachment in the para-position through
disappearance of the para-fluorine signal and shift of the ortho- and meta-fluorine
resonances. The obtained SEC traces evidenced molecular masses in the range of 6 to
58 kg-mol* with dispersity values that are expected for step-growth polymerizations. Thermal
analysis via TGA revealed a thermal stability of all polymers ranging from 300 °C to 330 °C,
depending on the employed structural motifs of the employed dithiol. Similarly, the structural
differences were noticeable in the SEC thermograms through a range of glass transition
temperatures Tg from -33 °C to 21 °C, indicating the amorphous state of all polymers.

Subsequently, several post-polymerization modification approaches for were investigated.
The chemical transformations of the synthesized polymers were structured according to the
targeted structural motifs in the polymer, including the functional dithiol, the thioether
linkages and the vinyl bonds. The reaction products were analyzed accordingly via NMR, SEC,
IR spectroscopy and TGA and DSC where applicable. To this end, the modification of the
hydroxy functionalities of the dithiol unit in pF-P3, j.e., dithiothreitol were investigated. The
successful boronic ester formation of these units was evidenced by SEC and more importantly
by 'H and *°F NMR, as the employed boronic acid carried a fluorine atom. Investigations of the
oxidation reaction on the polymers yielded interesting results, as their degradation was easily
triggered by different oxidants in acidic and basic conditions in short reactions times, possibly
again through involvement of the tetrafluorophenyl vinyl sulfide moiety, as was shown
through a comparison of reactions on similar structures in literature. Finally, the vinyl group
was targeted for the modification via thiol-ene and halogenation reactions. In the first case,
the employed radical conditions led to polymer degradation, which was proven by °F NMR,
SEC and IR spectroscopy. In the latter, the halogenated polymer could be obtained via careful
choice of the halogenating agent, i.e., TBAT instead of elemental bromine. The halogenated
polymer showed greatly changed properties compared to the precursor, such as threo- and
erythro mofits in the backbone, a much higher T; and a two-step thermal degradation which
was revealed by NMR, DSC and TGA analyses, respectively.
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7 Conclusion and Outlook

The present thesis demonstrated the use of aliphatic alkynes for the synthesis of structurally
diverse macromolecules, such as precisely functionalized poly(ethylene) (Chapter 4), core-
shell bottlebrush copolymers (Chapter5) and alkyne-derived polymers based on
pentafluorophenyl vinyl sulfide monomers (Chapter 6).

Accordingly, Chapter 3 addressed the need for a straightforward approach for the synthesis
of a,w-functionalized hydrocarbons through the Alkyne Zipper reaction. To this end,
commercially available short alkynols were elongated via alkylation with haloalkanes. In a
second step the internal alkyne groups were isomerized to the w-terminus of the chains,
yielding the desired a,w-functionalized derivatives. In this manner, five long-chain alkynols
with up to 25 methylene spacers could be obtained in gram-scale. They were further
employed for the synthesis of bottlebrush polymers, which were elaborated in Chapter 5.

To leverage the described method for the build-up of long hydrocarbons, the polymerization
of their structural relatives, i.e., aliphatic dialkynes, was investigated in Chapter 4. Here, an
alternative route towards precise poly(ethylene) through the linking of dialkynes and
symmetric divinyl halide monomers towards enyne moieties via the SONOGASHIRA reaction was
investigated. Although the conceived strategy was hindered by an intrinsic instability of the
final materials, as they tended to crosslink, subsequent studies with a sterically more
demanding monomer led to the verification of the actual formation of the desired polymer
structure by SEC and NMR spectroscopy, respectively. In a final proof-of-concept experiment,
the instability of the enyne-containing polymers was circumvented by in-situ hydrogenation,
which led to the successful isolation and characterization of the desired precise poly(ethylene)
derivative.

The project in Chapter 5, presented the use of long-chain a,w-alkynols for the synthesis of
bottlebrush polymers via a ‘grafting to’ approach with poly(pentafluorophenyl acrylate)
(PPFPA). The active-ester decorated parent polymer was initially synthesized via RAFT
polymerization, and subsequently reacted with a series of alkynol derivatives of different
chain lengths. The full conversion of the PFP moieties was revealed by °F NMR, thus proving
a high grafting density. Expectedly, both SEC and DSC results showed a strong dependency on
the employed chain length of the alkynols. Notably, the obtained SEC results further indicated
an unfolding of the polymer globule towards a more cylindrical structure. Subsequently,
further derivatization of one bottlebrush polymers was investigated by the means of a three-
component reaction (3-CR) involving the alkyne moiety at the terminal chain ends in the
presence of a sulfonyl azide and an alcohol. Thus, methoxy polyethylene glycol (MW ~
400 g mol?) was tethered via the 3-CR, yielding in sulfonyl imidate linkages with a 70%
conversion. In this way, a non-trivial synthesis of core-shell bottlebrush copolymers (cs-BBCPs)
was achieved.
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Finally, in Chapter 6, a new fluorinated motif for polymerizations via the para-fluoro thiol
reaction (PFTR) was introduced for the first time. Here, anew, an aliphatic dialkyne was
reacted with pentafluorothiophenol (PFTP) yielding a difunctional pentaflurophenyl vinyl
sulfide monomer, which was subsequently polymerized with a series of structurally diverse
dithiols via PFTR. The successful incorporation of the thiols was evidenced by 'H-, *°F NMR and
IR spectroscopy, as well as TGA and DSC analyses. The two latter methods revealed a strong
dependance of the thermal properties to the incorporated structural motifs of the dithiols and
showed thermal stability up to 330 °C. Since the tetrafluorophenyl vinyl sulfide moiety in the
final polymers displayed a great synthetic potential, several post-polymerization methods
were investigated. The respective PPMs were applied on the dithiol functionalities, the
thioether linkages and the vinyl group. In the first case, the vicinal dithiothreitol hydroxyl
groups were successfully converted to a fluorinated boronic ester, which was evidenced by
NMR spectroscopy and SEC. The modification of the thioether linkages was examined through
oxidation reactions, which led to the degradation of the polymers in basic and acidic
conditions, respectively. Finally, the vinyl group should be modified through thiol-ene and
halogenation reactions. In the first case, again polymer degradation was observed, while the
latter yielded a halogenated polymer with threo- and erythro mofits in the backbone and a
two-step thermal degradation pattern.

The logical extension of the herein presented projects would envision the combination of the
developed methods for the synthesis of new polymers based on the molecules shown in the
individual chapters. In this regard, the three-component reaction (3-CR) described in
Chapter 5 in combination with the synthesized a,w-alkynols (Chapter 3) should yield PE-like
polymers with sulfonyl imidate motifs in the backbone. This would also further establish the
use of the Alkyne Zipper reaction in polymer science, since it can be considered pioneering in
the field of macromolecular chemistry as shown in this thesis. In a similar manner, the
hydrothiolation reaction of pentafluorothiophenol (PFTP) can be applied as a post-
polymerization reaction, for instance on polymers with alkyne-pendant sidechains as the ones
presented in Chapter 5, thus yielding fluorinated bottlebrush polymers. This would further
enable structural deviation of said polymers through multiple nucleophilic fluorine
substitutions on the pentafluoro phenyl vinyl moiety. Finally, the intrinsic instability of the
unsaturated polymers described in Chapter 4 could be addressed through an alternative
coupling methodology. Here, an alternative linking motif, i.e., a change from enynes to 1,3-
diynes, should impart the desired stability and allow in-depth characterization of unsaturated
PE precursor polymers. Indeed, a suitable protocol for the straight-forward polymerization of
symmetrical dialkynes via a nickel(ll)-based Glaser-Hay reaction was reported very recently by
REINEKE and Hove.[231

Thus, the results presented in this work can be considered as an advance towards new ways
for the synthesis of novel (fluorinated or PE-like) functional materials for future applications.
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8 Experimental Part

8.1 Materials

Used chemicals were obtained from ABCR, ACROS ORGANICS (THERMO FISHER), ALFA AESAR,
CARL ROTH, MERCK, SIGMA ALDRICH, TCl and VWR in the highest possible purity but at least in “for
synthesis”-grade. Liquid chemicals were stored in a fridge, radical initiators in a freezer
at -20 °. 1,3-Dichloropropene was distilled prior to use. Commercially redistilled compounds
as well as air- and water-sensitive chemicals were handled via common SCHLENK line
techniques under argon atmosphere and reactions were performed in dry solvents. Common
solvents were obtained from VWR CHEMICALS with AnalaR NORMAPUR purity grade and were
used as received.

NMR samples were prepared with deuterated solvents from EURISO-TOP.

8.2 Instrumentation

8.2.1 Nuclear Magnetic Resonance (NMR) Spectroscopy

'HNMR, 3C{H}NMR and °F{*H} NMR measurements were performed on a Bruker
Avance 11l 400 MHz spectrometer with a frequency of 400 MHz, 101 MHz and 377 MHz for
proton, carbon and fluorine spectra, respectively. Samples were dissolved in CDCls or
deuterated DMSO-ds. Chemical shifts are reported relative to the solvent residual peaks
(*H NMR: 6 7.26 for CDCls; 6 2.50 for DMSO-ds, 3*C NMR: § 77.16 for CDCls; § 39.52 for DMSO-
de). Abbreviations for the multiplicity of signals are: s (singlet), d (doublet), t (triplet), g
(quartet) and m (multiplet) or combinations thereof, for example dt (duplet of triplet).
Assignments are based on COSY, HSQC and HMBC 2D NMR measurements. The obtained
spectra were analyzed with the software MestReNova 14.

8.2.2 Liquid Flash Chromatography Purification

Liquid Flash chromatography was performed on an Interchim puriFlash® XS520 Plus with
Interchim puriFlash® SI-HP 30 um columns. If soluble, the crude materials were deposited on
the purification column as a concentrated solution in a suitable solvent, usually mixtures of
cyclohexane. Crude materials with insufficient solubility in the main eluent or mixtures thereof
were deposited on Celite 545 prior to purification with puriFlash® Dry-Load cartridges (PF-DLE-
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FO012, PF-DLE-FO025 or PF-DLE-F0040). If possible automated UV-detection was used for
fraction collection.

8.2.3 Size Exclusion Chromatography (SEC)

Due to changing analytics devices, two THF SEC systems were used in the context of this thesis.
For individual projects, measurements were always conducted using the same system, to
enable comparison. Samples insoluble in THF or incompatible with the employed THF systems
were measured in DMAc.

The following calibrations were used for the respective projects:

Chapter 3: PMMA Calibration
Chapter 4: PS Calibration
Chapter 5: PMMA Calibration
Chapter 6: PS Calibration

8.2.3.1 THF Systems

System 1:

Agilent Technologies 1200 Series System, comprising an autosampler, a guard column
followed by three PLgel 5 um Mixed - C (300 x 7.5 mm) and one PLgel 3 um Mixed - E columns
(300 x 7.5 mm) and a differential refractive index detector (RID) as well as a UV detector (DAD)
using THF (HPLC grade + 0,55g/2,5L BHT) as the eluent at 40 °C with a flow rate of 1 mL-min_.

System 2:

Agilent Technologies 1260 Infinity Il System, comprising an autosampler, a guard column
followed by a PSS SDV Lux 1000A 5um (300 x 8 mm) and one PSS SDV Lux 100.000A 5um (300
x 8 mm) column and a differential refractive index detector (RID) as well as a UV detector
(VWD) using THF (HPLC grade + 0,55g/2,5L BHT) as the eluent at 40 °C with a flow rate of
1 mL-mint. The SEC system was calibrated using ReadyCal Standards:

Both SEC systems were calibrated using ReadyCal Standards:
e PSstandards S3 ranging from 370 to 2.25-10° Da
e PMMA standards S3 ranging from 800 to 2.2-10° Da

Calculation of the molecular weight proceeded via the Mark-Houwink parameters for
polystyrene, ie., K=14.1-10" dL-g!, a«=0.70. The samples were filtered through
polytetrafluorethylene (PTFE) membranes with a pore size of 0.2 um prior to injection.
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8.2.3.2 DMACc System

Agilent Technologies 1260 Infinity Il System, comprising an autosampler, a guard column
followed by two PSS GRAM Lux 1000A 5um (300 x 8 mm) and one PSS GRAM Lux 30A 5um
(300 x 8 mm) column, a differential refractive index detector (RID) as well as a UV detector
(VWD) using DMAc (HPLC grade + 0,79g/2,5L LiBr) as the eluent at 40 °C with a flow rate of
1 mL-mint. The SEC system was calibrated using the same ReadyCal Standards as for the THF
systems.

8.2.4 Thermogravimetric Analysis (TGA)

TGA was performed on a TGA Q5000 from TA Instruments or on a TGA/SDTA851e instrument
by Mettler Toledo. Pre-dried samples were measured in nitrogen atmosphere up to at least
600 °C with a heating rate of 10 K/min.

8.2.5 Differential Scanning Calorimetry (DSC)

DSC measurements were performed on a DSC 214 Polyma by Netzsch. Samples were prepared
with 3—7 mg of sample material with a pierced lid crucible. The measurements were done with
the following sequence:

1.) 25°C - 150 °C, 5 K/min

2.) 150 °C - -80 °C, 5 K/min

3.) Isothermal at -80 °C for 10 min

4.) -80°C - 150 °C, 10 °C / min
All graphs of DSC traces are depicted as “exo up”.

8.2.6 IR Spectroscopy

IR spectra were recorded on a Bruker ALPHA 1l Spectrometer in the frequency range from 400
to 4000 cm™ employing ATR technology.

8.2.7 Centrifuge

For centrifugation, Sigma 2-7 and Sigma 2-16P centrifuges were used. Usual centrifugation
time was four minutes at maximum RPM settings.
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8.3 Synthesis Procedures

8.3.1 Experimental Procedures for Chapter 3

8.3.1.1 Synthesis of precursor molecules

8.3.1.1.1 Propargyl trityl ether (1)

X_OH

In an oven-dried 100 mL flask 2 g of propargyl alcohol (35,7 mmol, 1.3 eq.) and 67 mg of DMAP
(0.548 mmol, 2 mol%) were dissolved in 8 mL dry DCM and treated with 7.66 mL EtsN
(55.9 mmol, 5.55 g, 2 eq.). The mixture was stirred for 15 minutes and 7.65 g Trityl chloride
(27.4 mmol, 1 eq.) was added in portions at atmospheric temperature. The reaction was
stirred at atmospheric temperature for 18 h and subsequently quenched by the addition of
water and ethyl acetate. The phases were separated and the ag. phase was extracted once
with DCM. The combined organic phases were washed with brine, dried with MgSO4 and the
solvent was removed in vacuo. The obtained crude solids were purified by Flash column

chromatography (CH/DCM = 4:1).

Yield: 6.07 g, 86%.

1H-NMR (400 MHz, DMSO-ds): & / ppm = 7.45 — 7.21 (m, 15H, H1), 3.66 (d, J = 2.4 Hz, 2H, H2),

3.40 (t, J = 2.4 Hz, 1H, H3).

13C-NMR (100 MHz, DMSO-ds): & / ppm = 143.5 (3C), 128.5 (8C), 127.7 (3C), 87.3, 80.6, 77.1,

52.9.

TrCl, Et3N
DCM, r.t.,

18 h

\/OTr

H,0

DMSO

A

o/ ppm

Figure 8.1: Proton NMR spectrum of 1 (DMSO-dp).
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8.3.1.1.2 2-(Prop-2-yn-1-yloxy)tetrahydro-2H-pyran (2)

HO™ Ny oo F

O
@ TsOH (cat.) U

DCM, r.t., 18 h

In an oven-dried 50 mL flask 5.00 g propargyl alcohol (89.2 mmol, 1.10 eq.) and 140 mg of
p-toluenesulfonic acid (0.811 mmol, 0.01 eq.) were dissolved in 15 mL DCM and cooled to 0 °C.
Subsequently, 7.13 g of 3,4-dyhydropyran (7.69 mL, 84.8 mmol, 1.00 eq.) were added
dropwise and the mixture was stirred for 18 hours at atmospheric temperature. To quench
the reaction saturated Na,COs solution was added and the phases were separated. The
aqueous phase was extracted once with DCM and the combined organic phases were washed
twice with water, once with brine, dried with MgS04 and the solvent was removed in vacuo.
The material was obtained as a slightly yellow liquid and was pure according to *H NMR
spectroscopy.

Yield: 9.97 g, 88%.

1H-NMR (400 MHz, CDCl3): & / ppm = 4.82 (t, J = 3.5 Hz, 1H, H1), 4.34 — 4.18 (m, 2H, H,), 3.90
—3.78 (m, 1H, H3), 3.59 — 3.49 (m, 1H, H3), 2.41 (t, J = 2.4 Hz, 1H, Ha4), 1.92 — 1.44 (m, 4H, Hs).

The obtained spectroscopic data is in agreement with the literature.232

4

[c)/\i,o\/// 4
2
5
6

2
1
5
33
4 3

3
5
CHCI,

5
T T
5 2
o/ ppm

Figure 8.2: Proton NMR spectrum of 2 (CDCls).
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8.3.1.1.3 2-(undec-10-yn-1-yloxy)tetrahydro-2H-pyran (3)

\OH

o) 0.0

@ TsOH (cat.) U "

DCM, r.t, 18 h

A\

In an oven-dried 50 mL flask 1.50 g undec-10-yn-1-ol (8.91 mmol, 1.00 eq.) and 30.2 mg of
p-toluenesulfonic acid (0.178 mmol, 0.02 eq.) were dissolved in 15 mL DCM and cooled to 0 °C.
Subsequently, 1.21 mL of 3,4-dyhydropyran (1.21g, 13.4 mmol, 1.50 eq.) were added
dropwise and the mixture was stirred for 18 hours at atmospheric temperature. To quench
the reaction saturated Na;COs solution was added and the phases were separated. The
aqueous phase was extracted once with DCM and the combined organic phases were washed
twice with water, once with brine, dried with MgS04 and the solvent was removed in vacuo.
The material was obtained as a slightly yellow liquid and was pure according to 'H NMR
spectroscopy.

Yield: 1.95 g, 87%.

1H-NMR (400 MHz, CDCl3): & / ppm = 4.57 (dd, J = 4.4, 2.7 Hz, 1H, H1), 3.87 (ddd, J = 11.2, 7.4,
3.5 Hz, 1H, H,), 3.73 (dt, J = 9.6, 6.9 Hz, 1H, Hs), 3.50 (dtd, J = 10.7, 4.9, 4.0, 2.4 Hz, 1H, H,),
3.38(dt, J=9.6, 6.6 Hz, 1H, H3), 2.18 (td, J = 7.1, 2.7 Hz, 2H, Ha), 1.93 (t, J = 2.6 Hz, 1H, Hs), 1.83
(qt, J=8.5,3.7 Hz, 1H, He), 1.77 — 1.66 (m, 1H, He), 1.65 — 1.45 (m, 8H, He & H7), 1.44 — 1.22 (m,
10H, Hs).

13C-NMR (100 MHz, CDCl3): 6 / ppm = 98.87, 84.81, 68.05, 67.69, 62.37, 30.81, 29.76, 29.43,
29.06, 28.75, 28.49, 26.23, 25.53, 19.73, 18.41.

2
0
§ O I,
8 6&7
t:
5
4 |
P
1 33
2
2
CHCI, L
7 6 5 4 3 2 1
&/ ppm

Figure 8.3: Proton NMR spectrum of 3 (CDCls).
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8.3.1.1.4 Synthesis of (((11-Bromoundecyl)oxy)methanetriyl)tribenzene (4)

Br., .OH TrCl,EtzN  Br_ _OTr
—_—

1 DCM, 0 °C, 11
18 h

In an oven-dried 250 mL flask 4.65 g 11-bromoundecan-1-ol (18.5 mmol, 1 eq.) and 5.16 mL
EtsN (3.75 g, 37.0 mmol, 2 eq.) were dissolved in 20 mL dry THF and 20 mL dry DCM. The
solution was cooled to 0 °C and 6.45 g TrCl (23.1 mmol, 1.25 eq.) was added in portions. After
stirring for 15 min the ice bath was removed and the reaction was stirred at room temperature
for 3d. Subsequently, sat. NH4Cl solution and ethyl acetate was added to quench the reaction,
which was then transferred to a separation funnel. Additional brine was required to enable
separation of the aq. and organic phase. The aq. phase was extracted with DCM until the
organic phase was colorless. The combined organics were dried with MgSO4 and the solvent
was removed in vacuo. The crude product was obtained as a yellow oil. Toluene was added
and partial precipitation was observed. The precipitate was suspended with ultrasonication
and filtered off leaving a clear solution. The solvent was removed in vacuo yielding an orange
viscous oil. The product was dried in high vacuum overnight.

Yield: quant.

1H-NMR (400 MHz, DMSO-ds): & / ppm = 7.45 — 7.17 (m, 15H), 3.61 (t, J = 6.7 Hz, 1H), 3.51 (t,
J=6.7 Hz, 1H), 2.95 (t, J = 6.4 Hz, 2H), 1.72 (ddt, J = 34.0, 14.2, 7.0 Hz, 2H), 1.54 (p, J = 6.7 Hz,
2H), 1.26 (m, 16H).

aaaaa

&/ ppm

Figure 8.4: Proton NMR spectrum of 4 (DMSO-ds).
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8.3.1.1.5 Synthesis of ((Tridec-12-yn-1-yloxy)methanetriyl)tribenzene (5)

Br OTr = L"EDA \on

11 DMSO, rt., 11
2h

To a solution of 3.03 g (90%, 29.6 mmol, 1.5 eq.) lithium acetylide ethylenediamine complex
in 20 mL dry DMSO was added a 20 mL THF solution of 9.75 g of AZ-28 in a portion wise
manner in two hours. The reaction was stirred for two hours at room temperature and then
carefully quenched by addition of water. The mixture was transferred to a separation funnel
with 100 mL additional water and was extracted three times with ethyl acetate. The combined
organic phases were washed with 1 M HCI solution and dried with MgSQO4. The solvent was
removed in vacuo. The crude product was purified by flash chromatography
(cyclohexane/ethyl acetate, gradient 100:0 — 70:30 v/v).

Yield: 6.34 g, 73%.

1H-NMR (400 MHz, DMSO-ds): & / ppm = 7.43 —7.19 (m, 15H), 2.95 (t, J = 6.5 Hz, 2H), 2.72 (t,
J=2.6Hz, 1H), 2.13 (td, J = 7.0, 2.7 Hz, 2H), 1.54 (p, J = 6.7 Hz, 2H), 1.48 — 1.08 (m, 16H).

13C-NMR (100 MHz, DMSO-d): 6 / ppm = 144.58, 128.64, 128.31, 127.38, 86.22, 63.34, 29.74,
29.34, 29.13, 28.93, 28.58, 26.12, 18.13.

I;I’hC 2 :
3‘0/\/\/\/\/\/\
EY~—~—"6 \\3
7
1
7
2 ol
3 5
7 6 5 s 3 2
S/ ppm

Figure 8.5: Proton NMR spectrum of 5 (DMSO-ds).
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8.3.1.2 General procedure for the alkylation of terminal alkynes

In an oven-dried flask the protected alkynol was dissolved in dry THF. The solution was purged
with Argon for 5 minutes and cooled to 0 °C. Subsequently, a 2.5M nBuli solution was added
dropwise. The reaction mixture was warmed up to atmospheric temperature and the
respected additive (nBuaNI; KI; TMEDA) if desired. Subsequently, the bromoalkane was added
to the reaction as a DMPU solution (full dissolution was ensured via slight heating or
ultrasonication). The reaction was stirred for the indicated time and subsequently quenched
by addition of sat. NH4Cl solution. The phases were separated and the aq. phase was extracted
multiple times with ethyl acetate or DCM, depending on the solubility of the products. The
combined organic extracts were washed with brine, dried with MgSQO4 and concentrated in
vacuo. The crude products were dissolved in MeOH (or MeOH/DCM for A3-A6) and TsOH was
added in one portion. After the indicated reaction times, the reaction was quenched by
addition of water. The organic phase was washed twice with water and the aqg. phases were
extracted thrice with DCM. The combined organic phases were dried with MgS0O4 and the
solvent was removed in vacuo yielding a white solid material. The crude products were
purified by flash chromatography with cyclohexane/ethyl acetate mixtures or DCM as the
eluent. The employed reaction conditions are summarized in Table 3.2
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8.3.1.2.1.1 Synthesis of Heptadec-2-yn-1-ol (A1)

HO/\M/
A

1 13

1H-NMR (400 MHz, CDCl3): & / ppm = 4.25 (t, J = 2.2 Hz, 2H, H1), 2.21 (tt, J = 7.2, 2.2 Hz, 2H,
Ha), 1.56 — 1.44 (m, 2H, Hz), 1.42 — 1.15 (m, 22H, Ha), 0.92 — 0.84 (m, 3H, Hs).

13C-NMR (100 MHz, CDCl3): 6 / ppm = 86.75, 78.25, 51.49, 31.94, 30.95, 29.71, 29.69, 29.67,
29.64, 29.54, 29.37, 29.16, 28.90, 28.62, 22.71, 18.75, 14.13.

HO

V4

CHCl,

S/ ppm

Figure 8.6: Proton NMR spectrum of Al (CDCls).
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8.3.1.2.1.2 Synthesis of Nonadec-2-yn-1-ol (A2)

HO/\W
A2

15

1H-NMR (400 MHz, DMSO-ds): 6 / ppm = 5.00 (t, J = 5.8 Hz, 1H, H1), 4.01 (dt, J = 5.7, 2.2 Hz,
2H, Ha), 2.16 (tt, J = 7.0, 2.2 Hz, 2H, Hs), 1.24 (s, 25H), 0.89 — 0.81 (m, 3H, He).

13C-NMR (100 MHz, DMSO-de): 6 / ppm = 84.58, 80.79, 49.60, 31.76, 29.50, 29.42, 29.17,
29.01, 28.73, 28.69, 22.56, 18.47, 14.43.

DMSO
5
2
4
HO” " 6
3 5'13
H,0
6
1 2 3 4
LA A I A AJ
5 2 3 2 1
S/ ppm

Figure 8.7: Proton NMR spectrum of A2 (DMSO-d).
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8.3.1.2.1.3 Synthesis of Henicos-2-yn-1-ol (A3)

HO\M/
A3

17

1H-NMR (400 MHz, DMSO-de): & / ppm = 4.25 (dt, J = 6.1, 2.2 Hz, 2H, H1), 2.21 (tt, ) = 7.2, 2.2
Hz, 2H, H2), 1.54 — 1.45 (m, 2H, Hs), 1.25 (s, 30H, Hs — aliphatic chain), 0.92 —0.83 (m, 3H, Hs).

13C-NMR (100 MHz, DMSO-ds): & / ppm = 86.72, 78.26, 51.47, 31.93, 30.92, 29.68 (d, J = 3.6
Hz), 29.53, 29.37, 29.15, 28.89, 28.62, 22.70, 18.74, 14.12.

1 4

Ho/\/s\/\/\/\/\/\/\/\/5

2 4 = gliphatic chain
5

CHCI, 1 2 3
| |

7 6 5 4 3 2 :

S/ ppm

Figure 8.8: Proton NMR spectrum of A3 (CDCls).
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8.3.1.2.1.4 Synthesis of Tricos-2-yn-1-ol (A4)

HO\M/
A4

19

1H-NMR (400 MHz, DMSO-de): & / ppm = 4.25 (dt, J = 6.0, 2.2 Hz, 2H, H1), 2.21 (tt, J = 7.2, 2.2
Hz, 2H, H2), 1.53 — 1.43 (m, 2H, Hs), 1.25 (s, 34H, Hs — aliphatic chain), 0.92 — 0.84 (m, 3H, Hs).

13C-NMR (100 MHz, DMSO-de): 6 / ppm = 86.87, 78.39, 51.62, 32.08, 29.83 (d, J = 3.3 Hz),
29.68, 29.51, 29.30, 29.04, 28.76, 22.84, 18.89, 14.27.

1
HO Ty 3 5 4
2 4 = aliphatic chain
2 5
CHCl, 1 JABJ
) A A U_
T T T T T T T
7 6 5 4 3 2 1
S/ ppm

Figure 8.9: Proton NMR spectrum of A4 (CDCls).
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8.3.1.2.1.5 Synthesis of Heptacos-10-yn-1-ol (A5)
HON
A5 15

1H-NMR (400 MHz, CDCl3): 6 / ppm = 3.64 (t, J = 6.6 Hz, 2 H, H1), 2.17 — 2.09 (m, 4 H, H,), 1.56
(@,J=7.4Hz,2 H,H1), 1.52-1.42 (m, 6 H, Ha), 1.41 - 1.15 (m, 34 H, Hs), 0.92 - 0.84 (m, 3 H,
He).

13C-NMR (100 MHz, DMSO-de): 6 / ppm = 63.11, 32.83, 31.94, 29.72, 29.70, 29.68, 29.59,
29.51, 29.40, 29.38, 29.20, 29.17, 29.11, 28.90, 28.85, 25.74, 22.71, 18.78.

1 4 2 5
HO N 4 6
5 2 /
Y
5
CHCI
? 2 44| 8
1 2 |
Il Ll
7 6 5 4 3 2 1
8/ ppm

Figure 8.10: Proton NMR spectrum of A5 (CDCls).
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8.3.1.2.1.6 Synthesis of Tritriacont-12-yn-1-ol (A6)

HO™ 11
A6 19

1H-NMR (400 MHz, CDCl3): 6 / ppm =3.57 (t, J = 6.6 Hz, 1H), 2.11 —2.02 (m, 2H), 1.48 (s, 7H),
1.39 (q, J = 7.1 Hz, 1H), 1.19 (d, J = 7.3 Hz, 19H), 0.85 — 0.77 (m, 1H).

5
5
HO 3 2 .
T 3 %% X3 6
2 57 H,0
CHCl,
4
1 2 3u 6
A e
7 6 5 4 3 2 1
8/ ppm

Figure 8.11: Proton NMR spectrum of A6 (CDCls).
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8.3.1.3 General procedure for the Alkyne Zipper reaction

The improved reaction protocol is stated here, for the standard procedure refer to the
literature.[?®]

In a 250 mL flask 5.00 eq. KOtBu are dispersed in 10 mL 1,3-diaminopropane (DAP) with slight
heating (heat gun) or ultrasonication. The dispersion is cooled to 0°C and purged with argon
for 10 minutes. Subsequently, a nBuli solution (5.00 eq.) is added to the mixture and stirred
for 30 minutes. The white dispersion slowly changes color to yellow, indicating successful
formation of the isomerization reagent. The starting materials are dispersed in a small volume
of the diamine, then slightly heated and placed in an ultrasonic bath for ten minutes. If solid
material persisted the volume of DAP was continuously increased while the steps were
repeated until a clear concentrated solution was obtained. Consequently, the warm solution
was added to the reaction yielding an orange reaction mixture that was usually stirred
overnight to ensure an adequate product formation. The reaction is quenched by precipitation
into ice-cold water.

Purification of the isomerized alkynols was achieved via Flash column chromatography
(CH/EA =9:1 or pure chloroform).
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8.3.1.3.1.1 Synthesis of Heptadec-16-yn-1-ol (AZ1)

HO/\/\/\/\/\/\/\/\

AZ1

1H-NMR (400 MHz, CDCl3): & / ppm = 3.64 (t, J = 6.6 Hz, 2H, H1), 2.18 (td, J = 7.1, 2.6 Hz, 2H,
H,), 1.94 (t, J = 2.6 Hz, 1H, Hs), 1.54 (dddd, J = 17.9, 15.0, 9.8, 4.5 Hz, 4H Ha), 1.44 — 1.19 (m,
24H, Hs — aliphatic chain).

ATR-IR: 7 / cm™: 3354, 3286, 2915, 2848, 1461, 1059, 680, 629.

3
HOM/W
1 5 = aliphatic chain 2 5
(O]
Q
[
CHCI, £
£
[22])
=
o
1 =
23
I
. U
T T T T T T T L

T T T T T T T T
7 6 5 4 3 2 4000 3500 3000 2500 2000 1500 1000 500
o/ ppm Wavenumber / cm™

Figure 8.12: Proton NMR (CDCls) (/eft) and IR spectrum of AZ1.
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8.3.1.3.1.2 Synthesis of Nonadec-18-yn-1-ol (AZ2)

AZ2

1H-NMR (400 MHz, DMSO-de): & / ppm = 4.30 (t, J = 5.2 Hz, 1H, H1), 3.36 (td, J = 6.5, 5.1 Hz,
2H, Ha), 2.72 (t, J = 2.7 Hz, 1H, Hs), 2.13 (td, J = 7.0, 2.7 Hz, 2H, Ha), 1.24 (s, 30H, Hs).

ATR-IR: ¥ / cm™: 3338, 3286, 2915, 2848, 1461, 1059, 682, 629.

2 4
HO/\/\/\/\/\/\/\/\/\
1 5 = aliphatic chain =3 \~\ﬂ
(0]
Q
[
ol
=
£
[2]
C
o
l_
1 2l 314 5
| Pl a0
..... T T T L e N L B B R —
8 7 6 5 4 3 2 1 4000 3500 3000 2500 2000 1500 1000 500
&/ ppm Wavenumber / cm™®

Figure 8.13: Proton NMR (DMSO-dg) (left) and IR spectrum of AZ2.
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8.3.1.3.1.3 Synthesis of Henicos-20-yn-1-ol (AZ3)

HO/\/\/\/\/\/\/\/\/\/\\\

AZ3

1H-NMR (400 MHz, CDCl3): 6 / ppm = 3.64 (g, J = 6.1 Hz, 2H, H1), 2.22 — 2.13 (m, 2H, H,), 1.93
(d,J=3.1Hz, 1H, H3), 1.67 — 1.45 (m, 4H, Ha), 1.26 (d, J = 6.9 Hz, 28H, Hs).

ATR-IR: 7 / cm™: 3348, 3286, 2914, 2846, 1462, 1057, 682, 627.

1 4
HO/\/\/\/\/\/\/\/\/\/\\
4 5 = aliphatic chain 2 S m

Transmittance

2
CHCI, I

T T T T T T T T
7 5 5 4 3 2 4000 3500 3000 2500 2000 1500 1000 500

S/ ppm Wavenumber / cm™

Figure 8.14: Proton NMR (CDCls) (/eft) and IR spectrum of AZ3.
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8.3.1.3.1.4 Synthesis of Tricos-22-yn-1-ol (AZ4)

HO/\/\/\/\/\/\/\/\/\/\/\\\

AZ4

1H-NMR (400 MHz, CDCl3): 6 / ppm = 3.64 (q, J = 6.1 Hz, 2H, H1), 2.22 — 2.13 (m, 2H, H,), 1.93
(d,J=3.1Hz, 1H, H3), 1.67 — 1.45 (m, 4H, Ha), 1.26 (d, J = 6.9 Hz, 34H, Hs).

ATR-IR: ¥ / cm™: 3334, 3286, 2914, 2846, 1462, 1061, 719, 684, 627.

14 4 5
HOWW\\\S
5 = aliphatic chain
(0]
Q
[
q
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CHCl, 1 I 34 /
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L L o o B e o o e o o e L B o i o T T T T T T T T T T T T T T
7 6 5 4 3 2 1 4000 3500 3000 2500 2000 1500 1000 500
S/ ppm Wavenumber / cm™®

Figure 8.15: Proton NMR (CDCls) (/eft) and IR spectrum of AZ4.
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8.3.1.3.1.5 Synthesis of Heptacos-26-yn-1-ol (AZ5)

HO/\/\/\/\/\/\/\/\/\/\/\/\/\

AZ5

1H-NMR (400 MHz, CDCl3): & / ppm = 3.64 (t, J = 6.6 Hz, 2H, H1), 2.18 (td, J = 7.1, 2.7 Hz, 2H,
Ha), 1.93 (t,J = 2.6 Hz, 1H, H3), 1.62 — 1.46 (m, 4H, Ha), 1.25 (s, 42H, Hs).

13C-NMR (100 MHz, CDCl3): & / ppm = 68.02, 63.14, 32.84, 29.71, 29.63, 29.45, 29.13, 28.79,
28.52, 25.75, 18.42.

ATR-IR: 7 / cm™: 3354, 3284, 2915, 2848, 1461, 1059, 725, 653.

5 _‘_\/‘\

Transmittance

T T T T T T T T T T T T T T T T L T T T T T T T T T T T T T T
7 6 5 4 3 2 1 4000 3500 3000 2500 2000 1500 1000 500
S/ ppm Wavenumber / cm™®

Figure 8.16: Proton NMR (CDCls) (/eft) and IR spectrum of AZ4.
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8.3.1 Experimental Procedures for Chapter 4

8.3.1.1 Monomer Synthesis

8.3.1.1.1 Synthesis of Diethyl 2,2-bis(3-haloallyl)malonate (S1-Cl & S1-Br)

X NF My
O o K,COg4

)J\/U\ [Bmim]BF, EtO,C CO,Et
EtO OBt — ™ X, .~ X

DMF, rt., 3d X
X =Cl, Br s1-Cl
89% / 81% S1-Br

General procedure:

In an oven-dried 100 mL flask K,CO3 (2.50 eq.) was weighed in, dispersed in 20 mL DMF and
cooled to 0 °C. Diethyl malonate (1.00 eq.) is added via syringe and the reaction is stirred for
15 minutes at 0 °C. The respective 1,3-dihalopropene (2.20 eq.) was added in portions over
10 minutes. Subsequently, [Bmim]PF4 (0.10 eq.) was added via syringe and the reaction was
stirred for three days. Subsequently, the reactions mixture was filtered into a separatory
funnel and the solids were rinsed with ethyl acetate. Water was added and the aqueous phase
was extracted thrice with ethyl acetate. The combined organic phases were washed with
brine, dried with MgS04 and the solvent was removed in vacuo. The obtained crude oils were
purified by Flash column chromatography (CH/EA = 9:1).

Diethyl 2,2-bis(3-chloroallyl)malonate (S1-Cl)
Yield: 2.43 g, 89%.

1H-NMR (400 MHz, CDCl): 6 / ppm = 6.03 (dt, J = 13.2, 1.3 Hz, 2H, H1), 5.76 (dt, J = 13.2, 8.0
Hz, 2H, H2), 4.20 (q, J = 7.1 Hz, 4H, H3), 2.61 (dd, J = 7.9, 1.3 Hz, 4H, Ha), 1.25 (t, J = 7.1 Hz, 6H,
Hs).

13C-NMR (100 MHz, DMSO-ds): 6 / ppm = 170.06, 127.65, 121.11, 61.86, 57.05, 34.50, 14.24.
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Figure 8.17: Proton NMR (CDCl3) of S1-Cl.

Diethyl 2,2-bis(3-bromoallyl)malonate (S1-Br)
Yield: 5.42 g, 81%.

1H-NMR (400 MHz, CDCls): 6 / ppm = 6.36 — 5.93 (m, 4H, H1), 4.20 (q, J = 7.2 Hz, 4H, Ha), 2.90
—2.53 (m, 4H, H3), 1.26 (t, J = 7.1 Hz, 6H, Ha).

13C-NMR (100 MHz, DMSO-ds): & / ppm = 84.82, 68.01, 63.10, 32.83, 29.67, 29.61, 29.51,
29.44,29.12, 28.77, 28.51, 25.75, 18.41.
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Figure 8.18: Proton NMR (CDCls) of S1-Br.
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8.3.1.1.2 Synthesis of Ethyl 5-halo-2-(3-bromoallyl)pent-4-enoate (SM1-Cl & SM1-Br)

. O«__OEt
YA o H./\J\/\/\,J
X~ K X X X
= N NMP, 140 °C, 8 h, & N

S1-Cl rt, 16 h SM1-Cl
S1-Br 58% /60% SM1-Br

General procedure:

In a 2-neck 250 mL flask LiCl (3.00 eq.) and H,0 (2.00 eq.) were weighed in. 10 mL of dry NMP
were added and the flask was equipped with a waterless condenser. The solution was purged
with argon for 5 minutes and the condenser was sealed with a septum and an argon balloon.
$1-X (1.00 eq.) was dissolved in 5 mL NMP and another 5 mL were used to rinse the flask. The
NMP solution was added to the reaction mixture under argon and the flask was placed in a
140 °C preheated oil bath. The reaction mixture was stirred 8 h at 140 °C, then the heating
was stopped and the reaction was left stirring in the hot oil bath for another 16 hours. Ethyl
acetate was added and the mixture was transferred to a separation funnel. Saturated NH4Cl
solution was added and the phases were separated. The aq. phase was extracted with ethyl
acetate and the combined organics were washed with 1M HCl and brine, dried with MgSOa.
Removal of the solvent in vacuo yielded yellow oils. Purification was performed via flash
column chromatography (CH 100% — CH/EA = 95:5). The products were obtained as yellowish
oils.

Ethyl 5-bromo-2-(3-chlorooallyl)pent-4-enoate (SM1-Cl)
Yield: 7.20 g, 50%.

1H-NMR (400 MHz, CDCls): & / ppm = 6.01 (dt, J = 13.2, 1.3 Hz, 2H, H1), 5.82 (dt, ) = 13.2, 7.6
Hz, 2H, Ha), 4.15 (q, J = 7.1 Hz, 2H, Hs), 2.49 (tt, ) = 7.8, 6.0 Hz, 1H, Ha), 2.43 = 2.17 (m, 4H, Hs),
1.26 (t,J = 7.1 Hz, 3H, He).
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Figure 8.19: Proton NMR (CDCls) of SM1-Cl.

Ethyl 5-bromo-2-(3-bromooallyl)pent-4-enoate (SM1-Br)
Yield: 1.37 g, 58%.

1H-NMR (400 MHz, CDCl3): & / ppm = 6.31 — 6.01 (m, 4H, H1), 4.25 — 4.09 (m, 2H, H2), 2.76 —
2.15 (m, 5H, Hs), 1.26 (ddt, J = 8.1, 7.3, 1.0 Hz, 3H, Ha).

4
1
—he,
CHCI, 5
3
—h,
u
7 6 5 4 3 2
&/ ppm

Figure 8.20: Proton NMR (CDCls) of SM1-Br.
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8.3.1.1.3 Synthesis of Hexadeca-1,15-diyne (DA1s)

=— Li‘EDA _
Br /\M//
B, DMSO, rt., Z 1

18 h DA,
95%

To a dispersion of 0.655 g lithium acetylide ethylenediamine complex (90%, 6.40 mmol,
2.10 eq.) in 10 mL dry DMSO was added a 10 mL DMSO solution of 1 g 1,12-dibromododecan
(3.05 mmol, 1.00 eq.) in a portion wise manner. After full addition, the reaction was stirred
overnight at room temperature and then carefully quenched by the addition of water. The
mixture was transferred to a separation funnel with 100 mL additional water and was
extracted three times with petrol ether. The combined organic phases were washed with 1 M
HCI solution and dried with MgS04. The solvent was removed in vacuo. Purification was
performed via flash column chromatography (PE 100% — PE/EA = 95:5).

Yield: 0.631 g, 95%.

1H-NMR (400 MHz, CDCls): 6 / ppm = 2.18 (td, J = 7.1, 2.6 Hz, 4H, H1), 1.94 (t, J = 2.7 Hz, 2H,
Ha), 1.58 — 1.46 (m, 4H, Hs), 1.43 — 1.34 (m, 4H, Ha), 1.32 = 1.23 (m, 12H, Hs).

5
/1\/4\/\/\/\/\///
2// 3
5
2
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CHel,
3|4
|
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Figure 8.21: Proton NMR (CDCls) of DAs,.
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8.3.1.1.4 Synthesis of Benzyl methyl malonate (S2)

6 0 K+ BnBr o 0
\OJ\/U\O' DMF, rit., \OJ\/U\OBn
18 h
s2

A dispersion of 5 g (32.0 mmol, 1 eq.) of methyl potassium malonate in 70 mL dry DMF was
purged with argon for ten minutes. Subsequently, 3.61 mL (5.20 g, 30.4 mmol, 0.95 eq.) of
benzyl bromide was added slowly (first dropwise, then faster) to the mixture. The reaction
was stirred for 21 hours at atmospheric temperature and quenched by addition of water. Ethyl
acetate was added and the phases were separated. The aqueous phase was once extracted
with ethyl acetate and the combined organic phases were washed three times with water.
After drying with MgS0O4 and removal of the solvent in vacuo the crude oil was purified by
passing it through a silica plug (CH/EA = 9:1). The product was obtained as a yellow oil.

Yield: 5.42 g, 81%.

1H-NMR (400 MHz, CDCl3): & / ppm = 7.43 = 7.27 (m, 5H, H1), 5.19 (s, 2H, H2), 3.74 (s, 3H, Hs),
3.44 (s, 2H, Ha).

13C-NMR (100 MHz, CDCl3): 6 / ppm = 167.00, 166.48, 135.37, 128.74, 128.59, 128.42, 67.40,
52.67,41.47.

3
\ o o
~
Saae
— 4
1
2
CHCI, H,0
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8 7 6 5 4 3 2 1
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Figure 8.22: Proton NMR (CDCls) of S2.
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8.3.1.1.5 Synthesis of 1-Benzyl 3-methyl 2,2-bis(3-bromoallyl)malonate (SM2-Br)

[Bmim]BF4
BrMBr
o o KGO, \/@
\OMOBn DMF, 50 °C, 2 d, ﬁ/%/.
s2 rf,3.;,d SM2-Br

The synthesis was conducted in similar manner as for SM1-X (see 8.3.1.1.1).
Yield: 3.15 g, 73%.

1H-NMR (400 MHz, CDCl3): 6 / ppm = 7.34 (dtt, J = 11.9, 7.3, 1.9 Hz, 5H, Ha), 6.37 — 5.88 (m,
4H, H2), 5.18 (d, J = 4.6 Hz, 2H, H3), 3.68 (d, J = 1.6 Hz, 3H, Ha), 2.90 — 2.55 (m, 4H, Hs).

4
Q}1
2 43
S Br
Br =
/0 05
4
3
1
cHe, 2 2
7 6 : 4 3
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Figure 8.23: Proton NMR (CDCls) of SM2-Br.
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8.3.1.2 General Procedure for SONOGASHIRA Polycondensation reactions

Oy OEt [Pd] Oy ~OEt .
F X = [Cu] _ Z "
X, = N X " - — N 7 x-1

solvent, T, t
hypothesized structure

In an oven-dried crimp vial both monomers (dialkyne and divinyl halide) were weighed in,
dissolved in dry pyrrolidine (or pyrrolidine/solvent mixtures) mixtures, purged carefully with
argon for ten minutes and stirred at room temperature. In a second crimp vial the palladium
and copper catalysts were weighed in, dissolved in dry pyrrolidine and purged with argon for
ten minutes. Subsequently, the catalyst solution was injected into the reaction mixture at once
and placed in a vial block at the desired temperature. The reaction was stirred for the indicated
time, filtered through neutral aluminum oxide and precipitated in MeOH or Et;0.

Stoichiometric calculations were performed with respect to 100 mg of the dihalide monomer,
with one equivalent of dialkyne. 5 mol% of palladium catalyst and 10 mol% of copper iodine.
Solvent (pyrrolidine) volumes were calculated to be 50:50 mixtures and yield a final
concentration of M =0.15 mol-L?,
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8.3.1.3 Procedure for the in-situ hydration (S-PE)

v

12

0. OEt 5% Pd(PPh3)s O« OEt s~y -NH2 Oy -OFEt
Bro, =~ Br N = A
X Pyr, rt., 19 h % 4 5 p-Xernf,h135 C, o Th
SM1-Br S-PE

The polymerization was conducted as described in the previous section prior to
hydrogenation.

In a 250 mL flask equipped with a waterless condenser 2 g of p-toluenesulfonyl hydrazide
(10.7 mmol) were dissolved in10 mL p-xylene, 3 mL of triethyl amine were added and the
mixture was purged with argon for 10 minutes. After 19 h of polymerization time, under
argon, the polymerization mixture was transferred to the flask, which was immediately placed
in a 135 °C preheated oil bath. The previously white mixture slowly darkened and gas
evolution was observed. After one hour, the solution turned grey and heating was stopped.
After the mixture reached room temperature, again 3 mL of triethyl amine and 2 g of p-
toluenesulfonyl hydrazide were added under argon and the process was repeated. The thus
obtained grey mixture was subsequently precipitated in 250 mL of MeOH, which was acidified
with a few drops of conc. HCI. The mixture was left to settle and excess MeOH was decanted.
The remaining mixture was centrifuged, upon which black solids were obtained. The material
was precipitated two more times in MeOH and dried in vacuo.

1H-NMR (400 MHz, CDCl3): &6 / ppm = 4.13 (q, J = 7.1 Hz, Hi), 2.46 — 2.20 (m, Hy), 2.13 (q, J =
7.6 Hz, H3), 2.08 —1.93 (m, J = 6.8 Hz, H4), 1.70 — 1.14 (m, Hs).

THF-SEC: 14.5 kg/mol, D = 2.45.

Figure 8.24: Proton NMR (CDCls) of S-PE.
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8.3.2 Experimental Procedures for Chapter 5

8.3.2.1 RAFT Polymerization of Pentafluoro acrylate (RAFT-PPFPA)

By i
S S

o s SO0 s o

S S
I S Dioxane, 80 °C, E E
F F N 105 min
F

F F

In an oven-dried 5 mL flask 0.681 mL pentafluorophenyl acrylate (0.9858 g, 4.33 mmol,
48 eq.), 0.35 mg CDTPA (0.086 mmol, 1 eq.) and 2.6 mg AIBN (0.016 mmol) were dissolved in
1.3 mL dioxane and the solution was purged with argon for 10 minutes in a water bath.
Subsequently, the flask was lowered in a preheated 80 °C warm oil bath and stirred for 105
minutes. The reaction was quenched by opening it to air and cooling in an ice bath. The yellow
solution was precipitated twice in cold methanol and dried overnight in vacuo at 40 °C to yield
a slightly yellow powder.

1H-NMR (400 MHz, CDCl3): § / ppm = 3.09 (s, H1 - backbone), 2.28 — 1.84 (m, H; - backbone),
1.46 — 1.16 (m, Hz — dodecyl chain), 0.87 (t, ) = 6.5, 3.1 Hz, Ha — dodecyl methyl).

19E.NMR (377 MHz, CDCl3): 6 / ppm =-153.17 (d, J = 36.4 Hz), -156.73, -162.12.
THF-SEC: 7.11 kg/mol, = 1.1.

ATR-IR: ¥ / cm™: 1782, 1516, 1079, 989.

Transmittance

T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber / cm™?

Figure 8.25: ATR-IR spectrum of RAFT-PPFPA.
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Corresponding NMR spectra are depicted in Figure 5.1, IR spectrum and DSC thermogram in
Figure 5.3.

8.3.2.2 General procedure for the trans-esterification of RAFT-PPFPA

O O

S__S S__S
HO 3 gt X, OH HO M
NC s NC S
07 o x 0 0
F F __ DMAP(cat) _ 7
DMF, 80 °C, 24 h x-1
F F polyAZ,
RAFT-PPFPA F x=9,11, 15,19, 21,25

In an oven-dried crimp vial 100 mg of RAFT-PPFPA (7.11 kg/mol, b = 1.1), 10.3 mg DMAP
(0.083 mmol, 0.2 eq.) and the specific alkynol (1.2 eq.) were dissolved in 1 mL DMF (final
concentration of 420 uM) and stirred at 80 °C for 24 h. After cooling to room temperature, the
reaction was quenched by addition of saturated NaHCOs solution and ethyl acetate. The
phases were separated, the organic phase was washed once with brine, dried with MgS04 and
concentrated in vacuo. The obtained crude material was purified by precipitation in cold PE
(polyAZs & polyAZi1), MeOH (polyAZ;s, polyAZie, polyAZ;1) or EtOH (polyAZ;s) and dried in
vacuo at 40 °C. The products were obtained as brown oils (polyAZs & polyAZi,) or beige solids
(polyAZ1s, polyAZ;9, polyAZ;1 & polyAZ;s).

The corresponding SEC traces of all polymers are shown in Figure 5.3.

Table 8.1: Summarized SEC results for the trans-esterification reactions.

M, My, D
Entry Polymer
[kg mol1]?) [kg mol] (Muw/M,)
1 RAFT-PPFPA 7.10 8.00 1.13
2 polyAZ, 8.50 9.60 1.13
3 polyAZy, 10.4 11.6 1.12
4 polyAZ;s 11.5 13.0 1.16
5 polyAZiq 13.0 14.7 1.13
6 polyAZy 14.0 15.6 1.12
7 pOlyAZss 16.0 18.5 1.11
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Table 8.2: Summarized DSC results for the polymers in Chapter 5.

Entry Polymer [oga) [°7(;Tb)
1 RAFT-PPFPA 50.6 -
2 polyAZ, -50.4 -
3 polyAZ;, -26.7 -
4 polyAZ;s - 26.8
5 polyAZ;e - 54.9
6 polyAZy - 62.3
7 polyAZ,s - 77.4
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8.3.2.3 polyAZ

1H-NMR (400 MHz, CDCls): 6 / ppm = 4.06 (d, ) = 31.5 Hz, H1), 2.18 (td, ) = 7.2, 2.6 Hz, HJ), 1.94
(p,J =1.7 Hz, H3- alkyne), 1.73 — 1.15 (m, alkyl chain & backbone).

ATR-IR: ¥ / cm™: 3290, 2927, 2854, 1518, 1162, 1003, 625.

CHCI,

backbone

[1}]
i;l 2
o ™0 8
2 - —
kﬂ,\\ 5
7 ©
AN =
23
B SR
|} AN
backbone & alkyl
T T T LI T L T T T T T T T
7 6 5 4 3 2 1 4000 3500 3000 2500 2000 1500 1000 500
&/ ppm Wavenumber / cm™

Figure 8.26: Proton NMR (CDCIs) (left) and ATR-IR spectrum (right) of polyAZs.

8.3.2.4 polyAZi1

1H-NMR (400 MHz, CDCls): 6 / ppm = 4.02 (s, H1), 2.18 (td, J = 7.1, 2.6 Hz, H2), 1.94 (td, J = 2.8,

1.3 Hz, Hs), 1.67 — 1.15 (m, alkyl chain & backbone).

ATR-IR: ¥ / cm™: 3305, 2922, 2852, 1729, 1520, 1454, 1164, 1064, 1003, 625.

CHCl,
backbone
—_——
*I’n
©
=
0" "0 8
1 \ o
c
m
9 \ 3 s|__
23
1
IVANY
backbone & alkyl
T T T T T T T T T T T T T
7 6 5 4 3 2 1 4000 3500 3000 2500 2000 1500 1000 500
&/ ppm Wavenumber / cm™

Figure 8.27: Proton NMR (CDCls) (left) and ATR-IR spectrum (right) of polyAZ;.
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8.3.2.5 polyAZis

1H-NMR (400 MHz, CDCls): & / ppm = 4.02 (s, H1), 2.18 (td, J = 7.1, 2.7 Hz, H2), 1.93 (t, J = 2.7
Hz, Hs), 1.77 — 1.11 (m, alkyl chain & backbone).

ATR-IR: ¥ / cm™: 3292, 2930, 2859, 1520, 1160, 1013, 632.

CHCl,
backbone
—_——
*I’n
[}
2
0" "0 s
'\H}\ 5
1 \ o
C
©
13 \ 3 t|__
23
! y
A S
backbone & alkyl
T T T T T T T T T T T T T
7 6 5 4 3 2 1 4000 3500 3000 2500 2000 1500 1000 500

&1 ppm Wavenumber / cm™?

Figure 8.28: Proton NMR (CDCls) (left) and ATR-IR spectrum (right) of polyAZ;s.

8.3.2.6 polyAZis

1H-NMR (400 MHz, CDCl3): 6 / ppm = 4.02 (s, Hi1), 2.24 — 2.13 (m, Ha), 1.94 (d, J = 2.8 Hz, H3),
1.72 - 1.13 (m, alkyl chain & backbone).

backbone

CHCl,
2
1 \
2
17 S 3

1 U
backbone & alkyl

T T T T T T
7 6 5 4 3 2 1

Figure 8.29: Proton NMR (CDCls) of polyAZ;s.
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8.3.2.7 polyAZy:

1H-NMR (400 MHz, CDCl3): 6 / ppm = 4.03 (s, H1), 2.17 (td, J = 7.1, 2.6 Hz, Ha), 1.96 — 1.90 (m,
Hs), 1.73 —1.05 (m, alkyl chain & backbone).

ATR-IR: ¥ / cm™: 3286, 2916, 2848, 1729, 1520, 1464, 1162, 995, 719, 629.

backbone
—_——
n
*f 8
CHCI, =
o” "0 8
1 \ 7]
C
m
19 \ 3 s|__
! jjJ\JL
h
backbone & alkyl
T T T T T T T T T T T T T
7 6 5 4 3 2 1 4000 3500 3000 2500 2000 1500 1000 500
S5/ ppm Wavenumber / cm™

Figure 8.30: Proton NMR (CDCls) (left) and ATR-IR spectrum (right) of polyAZ,i.

8.3.2.8 polyAZ;s

1H-NMR (400 MHz, CDCl3): & / ppm = 4.02 (s, H1), 2.17 (td, J = 7.1, 2.7 Hz, H3), 1.93 (t, J = 2.7
Hz, Hs), 1.81 —1.11 (m, alkyl chain & backbone).

ATR-IR: ¥ / cm™: 3282, 2915, 1731, 1467, 1161, 719, 631.

backbone

. V4
Transmittance

3
CHCI,
' -
backbone & alkyl
ML L L L L L T T T T T T T
7 6 5 4 3 2 1 4000 3500 3000 2500 2000 1500 1000 500

&1 ppm Wavenumber / cm™

Figure 8.31: Proton NMR (CDCls) (left) and ATR-IR spectrum (right) of polyAZ,s.
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8.3.2.9 3-Component reaction (3-CR) with polyAZ: (polyAZ21-mPEG)

CuCl

TosN3
)(I DBU *jif polyAZ;-mPEG
n
400
0" "0 H(O\/a‘o/ o 400
& —_— O\/\}\ -
. THF, rt, 2d Lo o

polyAZ,, NTos

In an oven-dried crimp vial 60 mg of polyAZ,; (0.154 mmol of repeating unit, 1 eq.), 5 mg of
copper(l) chloride (0.05 mmol, 0.33 eq.) and 78.9 mg of mPEG-400 (0.184 mmol, 1.20 eq.)
were dissolved in 2 mL of THF, purged with argon for 5 minutes and stirred at atmospheric
temperature. In a second oven-dried crimp vial 90.8 mg tosyl azide (0.460 mmol, 3.00 eq.)
were dissolved in 1 mL THF, purged with argon for 5 minutes and added to the previous
reaction mixture, yielding a yellow solution. Finally, 0.115 mL DBU (117 mg, 0.768 mmol,
5 eq.) was added via syringe to the reaction mixture which then slowly turned brown. NMR
spectroscopy revealed nearly full conversion of the alkyne moiety after two days and the
reaction was subsequently dried in vacuo. The crude material was dissolved in a small volume
of THF and precipitated twice into cold Et;0 yielding a dark brown, slightly sticky material that
was dried in vacuo at 40 °C. Further purification von done via precipitation in room-
temperature warm EtOH and subsequent drying in vacuo at 40 °C for three days.

The respective 'H NMR and IR spectrum, SEC curve and DSC thermogram are depicted in
Scheme 5.5.

1H-NMR (400 MHz, CDCls): & / ppm = 7.79 (d, J = 7.9 Hz, 2H, H1), 7.15 (d, J = 7.8 Hz, 2H, Ha),
3.99 (s, 2H, H3), 3.76 — 3.40 (m, 36H, Ha — PEG chain), 3.37 (s, 3H, Hs), 2.34 (s, 3H, Hs), 1.96 —
1.06 (m, H7 & Hg — backbone and alkyl chain).

DMACc-SEC: 22.5 kg/mol, b = 1.24.
DSC: T, = 63.6 °C.

ATR-IR: 7 / cm™: 3435 (broad), 3554, 2916, 2848, 1729, 1645 (C=N), 1468, 1445, 1324(S=0),
1118 (broad), 1032, 1009, 816, 680, 555.
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8.3.3 Experimental Procedures for Chapter 6

8.3.3.1 Experimental Procedures for the Synthesis of Small Molecules

8.3.3.1.1 Synthesis of Oct-1-en-1-yl(perfluorophenyl)sulfane (pF-1)

ﬁ DCM or THF, ﬁ
rt,1h

PFTP

In a 50 mL flask, 700 mg of 1-octyne (6.35 mmol, 1.10 eq.) were dissolved in 3 mL of THF and
purged with argon for 10 minutes. Subsequently, a solution of 1.16 g of pentafluorothiophenol
(5.77 mmol, 1.00 eq) in 2 mL of THF was added and the mixture was stirred for 1 hour. The
solvent was removed and the obtained crude oil was purified by flash column chromatography
(PE).

Yield: 1.44 g, 80%.

1H-NMR (400 MHz, DMSO-de): & / ppm = 6.15 — 6.05 (m, 1H, H1), 5.91 — 5.78 (m, 1H, H,), 2.26
—2.01(m, 2H, Hs), 1.40 (q, J = 7.1 Hz, 2H, Ha), 1.38 — 1.16 (m, 6H, Hs), 0.86 (dt, J = 9.6, 6.9 Hz,
3H, He).

19F.NMR (377 MHz, CDCl3): 6 / ppm = -133.70 —-133.87 (m), -153.20 (dt, ) = 144.4, 22.2 Hz), -
161.23 - -161.63 (m).

13C-NMR (100 MHz, DMSO-de): 6 / ppm = 136.02, 134.13, 121.19, 118.84, 32.46, 31.48, 31.43,
28.76, 28.63, 28.51, 28.46, 22.52, 22.48, 14.37, 14.32.

The respective *H and *°F NMR spectra are shown in Figure 6.2.
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8.3.3.1.2 Synthesis of Dodecyl(tetrafluoro-4-(oct-1-en-1-ylthio)phenyl)sulfane (pF-2)

F DBU E
HS
F SW \Mﬁ F SW
5 —_— 5
THF, rt.,
F: i :F Teh \Mfo\s i :F
F F
pF-1 pF-2

In an oven-dried crimp vial 800 mg pF-1 (2.58 mmol, 1.00 eq.) was dissolved in 2 mL THF and
574 mg dodecane-1-thiol (2.84 mmol, 1.10 eq.) was added. The mixture was stirred at
atmospheric temperature for 5 minutes. In a second vial 471 mg of DBU were weighed in,
dissolved in 2 mL of THF and subsequently slowly added to the reaction mixture. After
complete addition the reaction was stirred for 1.5 hours and the solvent was removed in
vacuo. The obtained oil was taken up in a few mL cyclohexane and directly subjected to flash
chromatography (CH). The product was obtained as a clear oil (1.17 g, 92%).

Yield: 1.17 g, 92%.

1H-NMR (400 MHz, CDCl3): & / ppm = 6.08 — 5.94 (m, 1H, H1), 5.83 (dt, J = 9.0, 7.3 Hz, 1H, H2),
2.93 (t,J = 7.4 Hz, 2H, H3), 2.34 — 2.06 (m, 2H, H3), 1.62 — 1.50 (m, 2H, Hs), 1.48 — 1.18 (m, 26H,
He), 0.88 (dd, J = 7.3, 6.3 Hz, 6H, H-).

19F.NMR (377 MHz, CDCl3): 6 / ppm = -133.75 (td, J = 24.8, 11.5 Hz), -134.17 — -134.46 (m).

13C-NMR (100 MHz, CDCls): 6 / ppm = 138.21, 138.06, 135.03, 134.91, 120.55 (d, J = 7.7 Hz),
118.48,32.80 (d, J = 3.1 Hz), 28.85, 28.79, 28.72, 28.63, 28.57, 28.49.

The respective *H and *°F NMR spectra are shown in Figure 6.2.
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8.3.3.1.3 Synthesis of Dodecyl(tetrafluoro-4-(oct-1-en-1-ylthio)phenyl)sulfane (pF-2)

DCM, 0 C—>rt

PFTP 89%

In a 50 mL flask, 1.5 g pentafluorothiophenol (7.27 mmol, 2.10 eq.) was weighed in and
dissolved in 10 mL DCM. The solution was cooled to 0 °C, purged with argon for 10 minutes
and 0.521 mL 1,8-nonadiyne (3.46 mmol, 416 mg, 1.00 eq.) was added via syringe. The
reaction was stirred for two hours at atmospheric temperature and was subsequently
guenched with saturated NaHCOs solution. The phases were separated and the aqg. phase was
extracted once with DCM. The combined organic phases were dried with MgSO4 and the
solvent was removed in vacuo. Purification was performed via flash chromatography with
cyclohexane. The product was obtained as a yellow oil (1.61 g, 89%).

Yield: 1.61 g, 89%.

1H-NMR (400 MHz, CDCls): 6 / ppm = 6.03 — 5.88 (m, 2H, H1), 5.82 (ddt, J = 11.2, 9.0, 7.2 Hz,
2H, Ha), 2.37 = 2.03 (m, 4H, Hs), 1.53 — 1.24 (m, 6H, Ha).

19F.NMR (377 MHz, CDCl3): 6 / ppm = -132.99 (m), -152.93 (m), -160.95 (m).

13C-NMR (100 MHz, CDCl3): 6 / ppm = 138.21, 138.06, 135.03, 134.91, 120.55 (d, J = 7.7 Hz),
118.48,32.80 (d, J = 3.1 Hz), 28.85, 28.79, 28.72, 28.63, 28.57, 28.49.

The respective *H and °F NMR spectra are shown in Figure 6.3.
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8.3.3.2 Polymerization Procedures

F F F
F SN p e S F  HS"R-SH
WS DBU F. S.,.,/\R/\.,S F
F F F F F F s’R‘s’]'n
- F

General procedure:

In an oven-dried crimp-vial pF-M1 and the respectice dithiol (DT1 — DT5) weighed in in
stochiometric amounts (100 mg of pF-M1 was targeted during weighing of the oil).
Subsequently, 2.50 eq. of Ph3P was added to prevent disulfide formation. The desired solvent
was weighed in and the mixture was stirred at the indicated temperature. The base DBU
(2.20 eqg.) was weighed in a second vial and dissolved in the same solvent. Both solvent
volumes were calculated to give a final monomer concentration of either 1M, 0.5M or ~0.2M
solutions (the final solvent weight was calculated before reaction and allotted to 3/4 for the
monomer solution and 1/4™ to the base solution). The base solution was injected to the
monomer mixture under vigorous stirring and the polymerization was run for the indicated
time. Subsequently, the polymerization was quenched with a drop of acetic acid and the
materials were subjected to aqueous workup to remove the formed DBU salts. DCM or ethyl
acetate was added to extract the polymers. The phases were separated and the organic phase
as washed once with 1 M HCI solution, dried with MgS0a4 and concentrated in vacuo. The
obtained crude polymers were dissolved in small amounts of THF or DCM and precipitated in
petrol ether. This process was repeated once more and the polymers were subsequently
isolated via centrifugation and dried in vacuo.

The respective 'H and °F NMR spectra are shown in Figure 6.6. The DSC and TGA thermograms
are shown in Figure 6.8 and the associated results are summarized in Table 6.3.
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8.3.3.2.1 pF-P1 - Polymerization with 2,2'-(Ethane-1,2-diylbis(oxy))bis(ethane-1-thiol)

F

F
F Sms F
s F F s Ot
F

F PF-M1

1H-NMR (400 MHz, CDCl3): & / ppm = 6.08 — 5.94 (m, H1), 5.89 — 5.76 (m, H,), 3.62 (t, J = 6.4
Hz, Hs), 3.52 (s, Ha), 3.10 (td, J = 6.4, 1.9 Hz, Hs), 2.38 — 2.03 (m, He), 1.52 — 1.21 (m, H-).

19E-NMR (377 MHz, CDCls): 6 / ppm = -133.23 (ddq, J = 32.7, 25.0, 9.1, 8.5 Hz), -134.01 — -
134.38 (m).

ATR-IR: ¥ / cm™: 2927, 2855, 1644, 1456, 1246, 1108, 953, 811, 618.

I
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T T T T T T T T T T T T T T
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Figure 8.32: IR spectrum of pF-P1.

136



8.3.3.2.2 pF-P2 - Polymerization with Octane-1,8-dithiol

F F

F SMS F
5
S
F F s
n
F PpF-P2 F

1H-NMR (400 MHz, CDCl3): & / ppm = 6.07 — 5.94 (m, H1), 5.82 (ddt, J = 10.4, 9.1, 7.3 Hz, H,),
2.92 (t,J = 7.3 Hz, Hs), 2.37 = 2.01 (m, Ha), 1.56 (p, J = 7.4 Hz, Hs), 1.45 — 1.34 (m, He), 1.26 (d,
J=4.1Hz, Hy).

19E-NMR (377 MHz, CDCl3): & / ppm = -133.70 (dddd, J = 36.8, 24.6, 11.3, 5.7 Hz), -134.05 — -
134.44 (m).

ATR-IR: ¥ / cm™: 2922, 2852, 1618, 1456, 1244, 954, 812, 719, 617.
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4000 3500 3000 2500 2000 1500 1000 500
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Figure 8.33: IR spectrum of pF-P2.
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8.3.3.2.3 pF-P3 - Polymerization with Dithiothreitol

F F
F s s F
m/\M;\w OH
S
:E i :F F: i sﬂ)y ‘}n
pF-P3 F OH

F

1H-NMR (400 MHz, CDCl3): & / ppm = 6.08 (q, J = 8.2 Hz, H1), 5.95 — 5.76 (m, H,), 5.02 (s, Ha),
3.54 (d, J = 5.5 Hz, Ha), 3.01 (d, J = 6.2 Hz, Hs), 2.25 — 2.11 (m, He), 2.11 — 1.97 (m, Hs), 1.50 —
1.10 (m, Hy).

19E.NMR (377 MHz, CDCl3): 6 / ppm = -133.61 — -133.86 (m), -134.70 — -134.94 (m).

ATR-IR: 7 / cm™: 3344 (broad), 2924, 2852, 1618, 1456, 1246, 1083, 1040, 956, 810, 540.

W
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Figure 8.34: IR spectrum of pF-P3.
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8.3.3.2.4 pF-P4 - Polymerization with Butane-1,4-diyl bis(2-mercaptoacetate)

F F
F S NS F
5
F F s/ﬁ(o\(v)jloj(\s’h
PF-P3 F o) 0

F

1H-NMR (400 MHz, CDCl3): & / ppm = 6.07 — 5.96 (m, H1), 5.91 — 5.78 (m, H2), 4.10 (d, J = 5.4
Hz, Hs), 3.67 —3.59 (m, Ha), 2.42 — 1.99 (m, Hs), 1.64 (s, He), 1.57 — 1.16 (m, Hy).

19E-NMR (377 MHz, CDCls): & / ppm = -133.05 — -133.36 (m), -133.55 — -133.72 (m), -133.74 -
-133.95 (m).

ATR-IR: 7 / cm™: 2924, 2850, 1731, 1460, 1246, 1125, 958, 812.

Transmittance

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber / em™

Figure 8.35: IR spectrum of pF-P4.
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8.3.3.2.5 pF-P4 - Polymerization with 4,4'-Thiodibenzenethiol

F F
F S~ NS F S
;@:FWF]@SQ \Q\S{,

F pF-P5 F

1H-NMR (400 MHz, CDCl3): & / ppm = 7.29 — 7.18 (m, H1), 6.10 — 5.79 (m, H2), 2.34 — 2.24 (m,
Hs), 2.18 — 2.04 (m, Hs), 1.50 — 1.22 (m, Ha).

19E-NMR (377 MHz, CDCl3): 6 / ppm = -132.21 —-132.53 (m), -132.98 — -133.23 (m), -133.31 -
-133.50 (m).

ATR-IR: ¥ / cm™: 2924, 2852, 1620, 1460, 1382, 1244, 1092, 1011, 956, 812, 621, 555, 516,
487.
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Figure 8.36: IR spectrum of pF-P5.
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8.3.3.3 Post-Polymerization Reactions

8.3.3.3.1 Boronic ester formation

E

F F Q
B
F sms F o
S
F F s
F

F pF-P3-B

In a crimp-vial, 116 mg of polymer (pF-P3, 39.5k g/mol, & = 2.79) were dissolved in 5 mL THF.
Subsequently, 386 mg of (4-fluorophenyl)boronic acid (2.76 mmol, 15 eq.) and 663.93 mg of
dried magnesium sulfate (5.52 mmol, 30 eq.) were added. The solution was stirred at
atmospheric temperature for 2d, then the temperature was increased to 50 °C stirring
continued for four more days. After cooling down the solids were filtered off and the solvent
was removed in vacuo. The solids were dissolved in ethyl acetate and washed with Na,COs.
The organic phase was dried with MgS04 and removed in vacuo. Only little amounts of product

were obtained.

1H-NMR (400 MHz, CDCl3): & / ppm = 7.47 — 7.39 (m, H1), 7.03 — 6.94 (m, H,), 6.08 — 5.93 (m,
Hs), 5.93 = 5.77 (m, Ha), 4.63 —4.57 (m, Hs), 3.39 — 3.14 (m, He), 2.36 — 2.23 (m, H7), 1.67 — 1.17
(m, Hs).

19E.NMR (377 MHz, CDCl3): 6 / ppm = 106.72 (q, J = 8.0 Hz), -132.80 —-133.14 (m), -133.62 — -
133.84 (m), -133.84 —-134.09 (m).

THF-SEC: 7.11 kg/mol, b = 1.1.

The respective *H and °F NMR spectra as well as the SEC trace are shown in Figure 6.9 and
Figure 6.10, respectively.
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8.3.3.3.2 Oxidation procedures

F
Q ’/ ° ’/ g hypothesized
\/\(v}/\/ _ Oxidant structure
e \ﬁ/\S% Solvent T, s \ﬁ/\s%
7\ // \\

PF-P1 pF-P1-Ox F OO

The respective SEC traces are shown in Figure 6.11

Oxidation with Oxone:

In an oven-dried crimp vial 30 mg of pF-P1 and 287 mg Oxone (18 eq. in relation to the
monomer unit) and 76 mg NaHCO3 were weighed in, dissolved in 2.5 mL MeCN and stirred for
five days at 60 °C. The reaction was quenched by addition of water and DCM. The phases were
separated, the organic phase was dried with MgSO4 and the solvent was removed in vacuo.

Oxidation with mCPBA:

In an oven-dried crimp vial 105 mg of pF-P1 and 492 mg of 3-chloroperbenzoic acid (18 eq. in
relation to the monomer unit) were weighed in, dissolved in 5 mL DCM and stirred for five
days at ambient temperature. The reaction was quenched by addition of saturated sodium
sulfite to remove unreacted mCPBA and the aqueous phase was extracted twice with DCM.
The combined organic phases were washed with 1M NaOH solution, dried and the solvent was
removed in in vacuo.

Oxidation with H,0.:

Weighed in 50 mg of pF-P1 in a crimp-vial and dissolved in 2.5 mL AcOH and 2 mL THF. Added
1 mL 35% H,0; solution dropwise while stirring. After complete addition the vial was closed
and immediately placed in a preheated 80 °C vialblock for 15 minutes. Subsequently, the
reaction was quenched by addition of ethyl acetate and Na;COs solution. The phases were
separated, the organic phase was dried with MgSO4 and the solvent was removed in vacuo.
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8.3.3.3.3 Thiol-ene reactions
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pF-P5 PF-P5-T
S
By = oot [T
pF-P1 pF-P5

In a crimp-vial, 70 mg of polymer (pF-P5, 13k g/mol, = 2.14), 32 mg of AIBN (0.194 mmol, 2
eq) and 157.7 mg of dodecane-1-thiol (0.779 mmol, 8 eq) were weighed in and dissolved in
2 mL of 1,4-dioxane. The solution was purged with argon for 15 minutes and then placed in a
75 °C vialblock for 20h. Subsequently, the reaction was cooled with cold water, precipitated
in cold ethanol and centrifuged. The supernatant was discarded and the obtained yellow solids

were dried in vacuo at 40 °C.
The same procedure was used for the reaction with pF-P5.

The respective SEC traces, 1°F NMR and IR spectra are shown in Figure 6.12.
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8.3.3.3.4 Halogenation reactions

8.3.3.3.4.1 Synthesis of pF-2-Br

F
F s ) F
"«»/\(\15/ nBugNBrs
_—
DCM, r.t. — 40 °C,
s F 1h TS
F  pF-2

Br

v

Br
F

F  pF-2-DiBr

In an oven-dried crimp vial 308.8 mg (0.627 mmol, 1.00 eq.)) of pF-2 and 340 mg of

tetrabutylammonium tribromide (1.25 mmol, 2.00 eq) were weighed in and dissolved in 5 mL

DCM. The vial was closed with a septum cap equipped with a balloon for overpressure release

and placed in an ultrasonic bath. After 1 hour of sonication the reaction mixture was washed

twice with aqueous Na,S;0s solution, dried with MgS0O4 and concentrated in vacuo.

Yield: quant.

1H-NMR (400 MHz, CDCl3): 6 / ppm = 5.63 — 5.46 (m, 1H, H1), 4.47 — 4.24 (m, 1H, H2), 3.00 (t, J
= 7.4 Hz, 2H), 2.26 — 1.92 (m, 1H), 1.59 (p, J = 7.4 Hz, 3H), 1.47 — 1.16 (m, 31H), 0.94 — 0.84 (m,

7H).

19E-NMR (377 MHz, CDCl3): 6 / ppm = -132.23 — -132.46 (m), -132.58 — -132.87 (m).

13C-NMR (100 MHz, CDCl3): 6 / ppm = 138.21, 138.06, 135.03, 134.91, 120.55 (d, J = 7.7 Hz),
118.48,32.80 (d, J = 3.1 Hz), 28.85, 28.79, 28.72, 28.63, 28.57, 28.49.

The respective *H and *°F NMR spectra are shown in Figure 6.13.

144



8.3.3.3.4.2 Synthesis of pF-1-DiBr

F Br Br F
F s s F
5
o Bre s O st
F F

PF-P1-DiBr

In an oven-dried crimp vial 152.70 mg of pF-P1 (230 umol of repeating unit) and 555.5 mg of
tetrabutylammonium tribromide (TBAT, 1.15 mmol) were weighed in and dissolved in 5 mL
DCM. The reaction mixture was stirred for 21 h at atmosphere temperature and was
subsequently washed thrice with aqueous Na,S;0s solution and seven times with 1M HCI. The
organic phase was dried with MgS0O4 and the solvent was removed. The obtained polymer was
dissolved in DCM and precipitated twice in petrol ether and dried in vacuo, yielding a beige
solid.

1H-NMR (400 MHz, CDCl3): 6 / ppm =5.61 (d, J = 2.9 Hz, H1), 5.50 (d, J = 3.9 Hz, H1), 4.43 (d, J
= 9.7 Hz, H2), 4.30 (d, J = 9.1 Hz, H2), 3.66 (t, J = 6.3 Hz, H3), 3.52 (s, Ha), 3.22 — 3.14 (m, Hs),
2.26 —1.97 (m, He), 1.77 — 1.35 (m, H-).

19F.NMR (377 MHz, CDCl3): 6 / ppm = -131.92 —-132.26 (m).

The respective *H and °F NMR spectra and SEC curve are shown in Figure 6.14.
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9 Appendix

Appendix Spectra for Chapter 6
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Figure 9.1: Comparative 'H NMR spectra of pF-P1-T and pF-P5-T evidencing the addition of
1-dodecanethiol to the polymers.
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Figure 9.2: Comparative 'H NMR spectra for the bromination reaction of pF-P1 under ultrasonication
conditions (top) and conventional stirring (bottom) evidencing the addition of n-butyl chains of TBAT
to the polymer in the first case.
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Figure 9.3: SEC traces of the solvent screening for the polymerization of pF-M and DT1.
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