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Summary

Vinyl cyclopropanes VCPs, undergoing radical ring-opening polymerization (RROP),
have been studied for potential applications in polymer chemistry. RROP can reduce
the volume shrinkage, crucial for dental applications or solvent-free coatings where vol-
ume shrinkage causes unwanted gaps. Modifying the side groups can produce mono- and
bifunctional VCPs with less shrinkage or even volume increase in some cases. However,
one drawback is the slow and incomplete conversion of VCPs, which can be addressed
by introducing VCP-amides. While the preorganization of the VCP-amide via hydro-
gen bonding was suspected to cause this behavior, a systematic study remains to be
conducted, mainly due to the difficulty of investigating bifunctional systems leading to
cross-linked structures. Therefore, this work explored the synthesis, characterization
and properties of VCPs (both VCP-esters and VCP-amides) to better understand the

effect of VCP structure on polymerization behavior, and polymer properties.

In the first part of the study, four monofunctional VCPs-esters were synthesized, each
with different functional groups in the side chain, including urea, urethane, amide, and
carbonate. These functional groups were selected to create VCPs esters with vary-
ing hydrogen-bonding capabilities, potentially influencing the preorganization of these
VCPs monomers. This, in turn, could affect the polymerization rate and the result-
ing polymer properties. All monomers were fully characterized using NMR and fourier
transform infrared spectroscopy (FT-IR) experiments. Solid-state NMR experiments
at different temperatures were performed to compare the hydrogen bonding capability
of different VCPs-monomers. Among the monomers, the urea side chain exhibited the
most substantial interaction, attributed to its involvement with two hydrogen bond
donors, resulting in a robust interaction. Urethane and amide showed strong link-
ages with their single hydrogen bond donor, with urethane exhibiting slightly stronger
interactions. The monomers were polymerized under visible light in the presence of
a light-sensitive initiator, and their conversion was monitored over time. The urea-
containing monomer demonstrated the fastest initial polymerization rate, followed by

urethane, amide, and carbonate. However, after 30 minutes, the polymerization rate of



the urea derivative slowed, leading to a lower overall conversion compared to the ure-
thane and amide derivatives. Similar behavior was observed in their viscosity changes
during photorheology experiments. Structural analysis of the polymers showed that
preorganized monomers showed reduced backbiting and are expected to show reduced

volume shrinkage.

In the next part, monofunctional VCP-amides were synthesized and fully character-
ized in order to study the effect of ester spacer in comparison to the amide. Apart
from the carbonate-bearing VCP, all monomers were solid; thus, polymerization was
conducted in solution. Rapid and complete polymerization was observed in all cases,
with an increase in overall conversion compared to the VCP esters. An exception is the
VCP-amide with additionals amide functionality in the side-chain, which only showed
a minor difference compared to ester. The H-bond strength was most substantial for

urea, followed by urethane, amide, and carbonate.

In the final part, sterically hindered bifunctional VCP diamines were synthesized; how-
ever only two out of the seven synthesized VCPs were liquid. For all bifunctional
systems, cytotoxicity was tested to determine their suitability for medical applications.
Linear monomers showed lower toxicity than cyclic linkers, and urethane dimethacry-
late (UDMA), a commonly used monomer matrix in dental fillings. Polymerization
was conducted in solution. All systems polymerized rapidly, and complete conversion
was achieved. Structural differences in the investigated monomers explained the differ-
ences in the polymerization rate, underlining the importance of considering the overall
structural properties. The resulting polymers showed high thermal stability and glass
transition temperatures (Tys) above 80 °C , making them suitable for dental restoration
applications.

Another critical factor investigated was volume shrinkage. While all monomers showed
reduced shrinkage compared to that observed during polymerization of, for example,
poly(methyl methacrylate) (PMMA) or polystyrene, the difference in shrinkage was
less dependent on the polymerization rate but by the steric hindrance of the monomers,

even leading, in one case, to volume expansion on polymerization.



Zusammenfassung

In dieser Arbeit wurden VCP auf ihre Anwendung in der Polymerchemie untersucht.
Diese sollten mittels RROP polymerisiert werden, um einen moglichst geringen Volu-
menschrumpf vorzuweisen, wichtig vor allem in der Anwendung im Dentalbereich. Es
ist bekannt, dass der Schrumpf sowohl in mono- als auch bifunktionellen VCPs durch
die richtige Auswahl der Seitengruppe drastisch, bis hin zu einer Volumenzunahme re-
duziert werden kann. Die geringe Reaktivitdt und unvollstindige Aushirtung, eines
der groflen Probleme von VCPs konnte in der Vergangenheit gelost werden, indem
anstelle eines VCP-Ester ein -Amid generiert wurde. Hierbei steht die Hypothese im
Raum, dass die Wasserstoffbriickenbindungen und die daraus resultierende Anordnung
der Molekiile, Grund fiir diese Verbesserung sind. Was bisher jedoch fehlt ist eine sys-
tematische Untersuchung, da dies fiir die bisherigen bifunktionellen Systeme nur schwer
moglich ist, da diese verzweigte Polymernetzwerke ausbilden. Dies wurde in der vor-
liegenden Arbeit nachgeholt um ein besseres Verstdndnis im Hinblick auf zukiinftige
Anwendungen zu erhalten.

Hierzu wurden im ersten Schritt vier VCPs mit unterschiedlichen Seitenketten syn-
thetisiert. Diese Seitenketten, Carbonat, Urethan, Harnstoff und Amid sind in un-
terschiedlichem Mafle in der Lage Wasserstoftbriicken auszubilden. Da der Effekt der
Seitenkette geringer ist, als eine mogliche Praorganisation nahe des aktiven Zentrums,
wurden VCP-Ester und keine Amide ausgewéhlt. Alle Molekiile wurden vollstandig
charakterisiert und die Stérke der Wasserstoftbriickenbindung wurde Mithilfe von Fes-
tkorper NMR untersucht, wo eine Schwichung der Wasserstoftbriicke mit steigender
Temperatur zu sehen ist. Hier zeigte Harnstoff die stiarkste Interaktion, bei der beide
Stickstoffpositionen beitrugen, gefolgt von Urethan und Amid.

Die Monomere wurden bei Raumtemperatur photopolymerisiert und der Umsatz tiber
die Zeit verfolgt. Hier konnte fiir das Harnstoffderivat die schnellste anfangliche Poly-
merisationsrate beobachtet werden, gefolgt von Urethan, Amid und Carbonat. Nach
ca. 30 min kam es im Falle von Harnstoff zu einer Verlangsamung der Polymerisa-
tion, was zu einem geringeren Gesamtumsatz gegeniiber der beiden anderen préorgan-

isierten Derivate, Urethan und Amid, fiihrte. Dieses Phanomen wurde mit Hilfe von



Photo-Rheology untersucht, wo das gleich Verhalten erkennbar war. Zudem zeigt das
Harnstoffderivat eine weitaus hohere Viskositéat, was den Schluss einer eingeschrankten
Molekularbewegung zulésst.

Im néchsten Schritt wurden monofuktionelle VCP-Amide synthetisiert und charakter-
isiert. AuBer das Carbonat-Derivat wurden alle Monomere in dem ungewiinschten fes-
ten Aggregatszustand erhalten, was eine Polymerisation in Losung notwendig machte.
hierbei wurde, trotz Losungsmittel, mit Ausnahme des Amid-Derivats, eine deutliche
Steigerung der Polymerisationsgeschwindigkeit sowie des Gesamtumsatzes beobachtet.
Die Starke der Wasserstoffbriickenbindung wies dieselbe wie bereits fiir die VCP-Ester
gefundene Reihenfolge auf.

Im letzten Teil sollten sterisch gehinderte bifunktionelle VCPs synthetisiert werden.
Ziel waren fliissige Monomere, was jedoch nur in zwei von sieben Féllen gelang. Es
wurden hierbei sowohl linear-verzweigte als auch cyclische Seitenketten eingesetzt. Die
Monomere wurden auf ihre Toxizitat untersucht, wo die linearen Systeme eine geringere
Toxizitat gegentiiber der cyclischen sowie UDMA, einem bereits in der Praxis eingeset-
zten Monomer, auswiesen.

Auch in diesem Fall war eine Polymerisation in Losung notwendig, welche in allen
Fallen eine schnelle und vollstandige Polymerisation zur Folge hatte. Unterschiede in
der Geschwindigkeit konnen auf strukturelle Unterschiede der Molekiile, beispielsweise
Taktizitdten, zuriickgefithrt werden, was die Wichtigkeit einer gesamtheitlichen Betra-
chtung der Monomer-Matrizen unterstreichen. Alle Systeme zeigten einen hohen T,.Der
Volumenschrumpf wurde ebenfalls untersucht, was eine stark verringerte Schrumpfung
gegeniiber anderen Polymeren, zum Beispiel PMMA oder Polystyrol aufwies und sich
im Bereich bereits bekannter VCPs bewegt. In einem Fall war sogar eine Volumenzu-
nahme erkennbar. Diese Ergebnisse korrelieren hierbei nicht mit der Polymerisation-
sgeschwindigkeit, sondern kénnen alleine durch die Struktur und sterische Hinderung
der Monomere erklért werden.

Zusammenfassend konnte die klare Beziehung zwischen Starke der Wasserstoftbriicken-
bindung verschiedener funktioneller Gruppen und deren Aushértegeschwindigkeit be-
trachtet werden. Zudem wurde gezeigt, dass sterische Hinderung diese nicht mafigeblich
beeintrachtigen, die Volumenabnahme jedoch verringert werden kann. Zusammen mit
der geringen Toxizitdt und der schnellen Aushéirtung konnte das grofie Potential von

VCPs fiir den Einsatz, zum Beispiel im Dentalbereich, aufgezeigt werden.



1 Introduction

Polymers play a considerable role in every aspect of our modern society. most of these
products are produced from polyethylene (PE), polypropylene (PP), polyvinyl chlo-
ride (PVC), and polystyrene (PS). These are the so-called commodity polymers, which
are cheap and easily accessible and comprise approximately two-thirds of the polymers
produced worldwide. On the other side are high-performance polymers. These show
exceptional properties, but their production is difficult and expensive. Therefore, they
are only used on a small scale for specific applications. Examples of commercially
used high-performance polymers are polytetrafluorethylene (PTFE), poly(phenylene
sulfide) (PPS), and poly(ether ether ketone) (PEEK).

The work presented here shows the development of new materials in the class of low
shrinkage polymers, one type of high-performance polymer. Fast polymerization, com-
plete monomer conversion, and low-to-no volume shrinkage are essential characteristics
for photo-cross-linkable resins used in dental applications, electronic coatings, and more.
VCP derivatives are particularly attractive monomers in this context, as they undergo
rapid and quantitative RROP with significantly less shrinkage compared to other vinyl
monomers, such as methacrylates. Previous research from Prof. Seema Agarwal’s group
has demonstrated that certain bifunctional VCP amides exhibit a promising combina-
tion of these properties. It was suggested that the exceptionally high polymerization
rate was due to the preorganization of monomers through hydrogen bonding between
amide units, which brought the reactive polymerizable vinyl groups into close prox-
imity, thus enhancing the polymerization rate. The goal of the present work was to
gain a deeper understanding of how substituents affect the ring-opening polymerization
behavior of VCPs by synthesizing VCP derivatives with various substituents connected
by spacers, such as amides, urethanes, urea and esters. These groups form hydrogen
bonds to different extents, which influences the degree of preorganization. With this
knowledge, the aim was to identify new bifunctional VCPs with improved properties
compared to those already known, targeting applications in medical 3D printing or
dental fillings.



In the following sections, the concept of material volume shrinkage and strategies to
mitigate it are discussed for comprehensive understanding. Additionally, the role of
preorganization, different polymerization techniques, and the latest findings on vinyl

cyclopropanes are presented.

1.1 Volume shrinkage of polymeric materials

The volume of each material depends on different factors. One is the molecular size
and orientation. Molecular size can be approximated by the use of atomic size, bond
lengths and bond angles. While the orientation is irrelevant for small molecules, larger
molecules can bend and twist, reducing their required volume.

The density and volume of the whole material are influenced by repulsive and attractive
interactions between the different molecules, determining the distance between them.
This distance, the Van-der-Waals distance, is reduced on polymerization as covalent
bonds are formed, which are shorter than the Van-der-Waals (VAW) distance. If the
resulting polymers are processed afterward, shrinkage can be neglected. For liquid,
polyfunctional monomers, polymerized in situ, volume shrinkage is a big issue. This
process can be divided into two parts: pre- and post-gel curing. During the pre-gel
contraction, the polymer chains still flow in the material, allowing the whole sample to
shrink.® In post-gel curing, the scaffold of the materials is fixed, and shrinking occurs
only in minor domains. Consequently, a porous material is created.*? The following

section presents, a theoretical background on volume shrinkage.

1.1.1 Theoretical background of the effect of volume shrinkage

As mentioned in the previous paragraph, volume shrinkage can be seen as an effect of
difference in monomer and polymer density. The density of a material, on a molecu-
lar level, depends on repulsive and attractive interactions. Repulsive interactions are
described by the Pauli-principle. This states that two identical particles cannot simul-
taneously occupy the same quantum state. Consequently, electrons showing the same
spin orientation repel each other when their orbitals overlap. As a result, a distance
requiring no orbital overlap, is favored. ® Therefore, this energy decreases drastically as
the distance between molecules increases. As attractive interactions, VAW- and dipole-
dipole-interactions and hydrogen and ionic bonds, whereby the latter plays no role in
organic substances, are possible. The VAW interactions, being the weakest, are only

present at a short distance and a low temperature with minimal molecular movement.



This attraction is due to a permanent and introduced dipole. With very short distances
between molecules, this attractive interaction changes to a repulsive force, with the
shortest distance being the VAW distance.[™% A particular form of VAW interaction
is the so-called -7 stacking. Recent studies question the need for an aromatic system,
claiming this interaction generally being the quadrupole interaction of w-systems. 112
The dipole-dipole interaction is present between two permanent dipoles. As with the
VdW-interaction, it depends on the distances of the different molecules but also the
orientation of the dipoles. Hydrogen bonding is among the most common ways to
guide the orientation of a molecule. Here, an electronegative free electron pair attracts
the hydrogen proton of an electropositive hydrogen.[® Typical hydrogen donors are
NH groups of amine, amide, urethane, or urea groups. However, sulfur or oxygen and
sometimes carbon-based donors are also possible. The free electron pairs of nitrogen,
sulfur, halogens, esters, and ethers, especially carbonyl groups, can be acceptors. [14:19]
For polymeric materials, additional factors must be considered, one being temperature.
Generally, the density is decreased with increasing temperature, as atom movement
increases with rising temperature and attractive interactions such as hydrogen bonds
weaken. Additionally, density changes drastically at temperatures below and above T,

s. 1617 A second

and above the melting temperature (Ty,) for semicrystalline polymer
factor, influencing polymer density is pressure, as represented by the Tuit equation, but
its effect is much lower. A significant effect is the density difference between semicrys-
talline and amorphous polymers. Since crystalline regions are packed much more closely,
semicrystalline polymers generally show a higher density with a higher degree of crys-
tallinity.['8) Another factor is the chain length. It is reported that polymer density
increases with chain length until it reaches a specific limit.[*) Additionally, elements
used in the polymer influence the molecular density. While light elements such as
hydrogen and carbon show a relatively low density, heavy elements such as halogens

increase the density significantly. 2

1.1.2 Strategies to reduce volume shrinkage in materials

Two different strategies are possible to reduce volume shrinkage. Since volume reduc-
tion depends on the difference between the monomer and polymer volume, one can
reduce the VAW distance of the monomer system used. As mentioned above, attrac-
tive and repulsive interactions exist even at this distance. The introduction of ionic
molecules can produce a much higher density. However, this alters the molecular prop-

erties considerably since a permanent charge is required. With only a partial shift in



charge, hydrogen (H)-bonding is a widely used attractive interaction.?'~23 While it is
mainly used to form a specific structure, for example, in proteins, it also leads to a
higher density in the resulting material.

As a second possibility, the polymer density can be increased. In the first step, lin-
ear polymers are favored over crosslinked systems, since every additional bond formed,
increases volume shrinkage. Section 1.1.1 shows that a higher crystallinity leads to
a higher polymer density. Since crystallinity is a result of organized polymer chains,
polymers with less and smaller substituents have a higher tendency to form crystalline
domains. Therefore, highly branched monomers, who have a higher tendency to form
amorphous polymers, are advantageous for a lower density. Since stereoregular poly-
mers promote crystallinity, stereoirregularity is an excellent strategy to ensure a higer
level of amorphousness.?¥ Preorganization promotes crystallinity and increases poly-
mer density as it increases monomer density.

Besides the general molecular design, volume shrinkage depends on the experimental
setup. The transition from a VAW distance to a covalent bond inevitably leads to a vol-
ume reduction. When composites are used, the percentage of new bonds in the overall
material volume, since monomers comprise only a fraction of the whole material, can
be reduced,decreasing shrinkage.?®) With this, the significance of the bond formation
can be lowered. The same effect can be obtained by adding reactive diluents with a

25,28] Pre-monomers are macromolecules with

low density?%%" or using pre-monomers.
reactive sites, which can be crosslinked afterwards. Here, the percentage of covalent
bonds based on the total molecular size is reduced. Additionally, with this strategy the
gel formation point can be altered, which is another factor of volume shrinkage. The
mechanical properties also depend on the crosslinking density. Therefore, reducing the

number of functional groups per molecule is only sometimes ideal. )

Another versatile strategy is ring-opening polymerization. While the concept is long

29 their purpose was not initially to

known, when polysaccharides were introduced,
reduce volume shrinkage. Since then, many aspects of cyclic monomers have been in-
vestigated, such as their free volume, ring strain, or polymerization kinetics. It was
shown that, generally, two rings must be opened for one newly formed bond to success-
fully reduce volume shrinkage. Nevertheless, even without this, the shrinkage could be
significantly reduced, as Barley et al. showed when comparing ethylene and ethylene
oxide.®% Here, the shrinkage was reduced by 17% due to the ring opening mechanism
of the epoxide, making ring-opening polymerization (ROP) an excellent and convenient

technique to reduce volume shrinkage.



1.2 ring-opening polymerization

ring-opening polymerization of cyclic monomers is one of the important ways to create
new polymer systems. This is mainly due to the extensive range of monomers and
the numerous, controllable, and specific properties that can be obtained. For example,
currently very important, biodegradable polyesters are often synthesized by ROP. [31-33]
Many of the hereby introduced functionalities are impossible to obtain by other poly-
merization techniques. In contrast to vinyl polymerization, the volume shrinkage during
ROP is significantly less or sometimes even there is an increase in volume. The reac-
tivity of cyclic monomers is mainly influenced by the ring strain, which is observed for
rings with ring sizes of 3-8, except the six-membered ring which often does not polymer-
ize. 435 In this range, the ring strain decreases with increasing ring size, for example,
from oxiranes, with a strain of 116 kJ mol™B% to six and seven-membered lactones
and lactams with a ring strain of approximately 6 J mol™." When heteroatoms such
as sulfur, silicon, or oxygen are introduced, the rotation freedom of rings is reduced,
usually leading to higher reactivity. *®l

However, when volume shrinkage should be reduced, larger ring sizes are favorable.
The volume loss from bond formation can be counteracted on polymerization by cre-
ating a longer molecule chain from the ring opening. Table 1.1 shows the shrinkage
for polymerization with different ring sizes. It is evident that the shrinkage decreases
drastically with ring size, emphasizing that the ring size is close to the actual VAW
radius of the resulting polymer chain for larger rings. The overall molecular volume
does not increase significantly, especially for larger rings, while the resulting polymer is

lengthened. Therefore, larger ring sizes generally lead to less volume shrinkage. [*°)

Although, ROP, in general provides low volume shrinkage, the slow rate of polymeriza-
tions and incomplete monomer conversions are disadvantageous. While reactivity and
shrinkage function in opposite directions, by selecting the appropriate reaction param-
eters, a fast reaction with low volume shrinkages is obtainable.®” Depending on the
starting material, different ROP types are possible: anionic ring-opening polymeriza-
tion (AROP), cationic ring-opening polymerization (CROP), ring-opening metathesis
polymerization (ROMP), and radical ring-opening polymerization. Figure 1 shows the

different mechanisms.



Table 1.1: Calculated volume shrinkage of different carbocycles with different ring sizes. 3%

Monomer Shrinkage [%]

Ethylene oxide 23
Cyclobutene 18
Cyclopentene 15
Cyclopentane 12
Cyclohexane 9
Cycloheptane 5
Cyclooctene 5
Cyclooctane 2
Cyclooctadiene 3

Anionic ring opening polymerization (AROP)

MO Nu-X Y @ Nu
W —— M == MR

Cationic ring opening polymerization (CROP)

Ring opening metathesis polymerization (ROMP)
R4

\=MR, Emn ™ MR, U MR,
—_— a —_— I pp—— I
— P
® @ @ N N

Radical ring opening polymerization (RROP)

Exo-methylene

e
TN R R
R R bz Y
ﬁL 2 —_— X z Y
X Y —— X Y —— X Y — .
. U X z
(LA

—
XY

: ‘\%x—v — R\—.\x—Y — R\j\x ¥, ——&’)_'.. RT\\X Yi_\\x Y

O O - O

Figure 1: Different possible ring-opening polymerization reactions to form polymers from cyclic
monomers. X, Y, and Z show heteroatoms and/or carbon atoms for ROP. Nu is a nucle-
ophile, E* is an electrophile, and R is a radical. For RROP, vinylic and exo-methylene
groups have been selected as an example, since they are the predominant species used.
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Depending on the functional groups and ring sizes, different ROP reactions are possi-
ble. While anhydrides and carbonates are exclusively opened via AROP, cationic and
anionic ROP is possible for lactones and lactams. Double bonds inside the ring are poly-

merized via ROMP, while vinylic or exo-unsaturated carbon bonds react predominantly
via RROP. ¥

1.2.1 RROP

While the first and most used ROP techniques were AROP 3 and ROMP, RROP has
also entered polymer chemistry with multiple examples. As a difference to the above
mentioned AROP and CROP, RROP does not need high ring strain for a successful
polymerization. Additionally, ring-opening can be promoted by a distorted ring struc-
ture. Since in RROP a radical is used, a radical acceptor, usually a carbon-carbon
double bond, and a stabilized radical is required after ring-opening.*®) The more stable
ring-opened structure is the driving force for RROP.?8 An additional isomerization
might take place to get to the thermodynamically stable end product. The main ad-
vantage of RROP is its easiness, with a limited controllable reaction by the design of
monomers, as mentioned above. Additionally, tolerance to different functional groups is
higher than with other ROP techniques. This is underlined by the number of monomers
usable for RROP, as shown in scheme 1.

Of these, especially cyclic ketene acetals and VCPs have attracted much interest for
implementing as commercial products, as their synthesis has proven relatively easy,
with great potential for polymer modifications by copolymerization with wide variety

41-43] They were also among the first monomers investigated for use

of vinyl monomers. |
as RROP material. [*4

An additional advantage of RROP is the possible copolymerization of vinylic and cyclic
monomers. 2% On the example of the copolymerization of VCP together with methyl
methacrylate (MMA) the concept of a controllable RROP can be shown. While the
predominated product in a free RROP is the cyclic polymer, by addition of a copper
catalyst, a linear chain was obtained (Scheme 2).6! This way, although using the same

starting material, different products can be obtained.
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Scheme 1: Different monomeric platforms usable for RROP. The two red-marked monomers
are the most investigated among these. Unless specifically mentioned, the R, R; and
R, positions can comprise heteroatoms or other functional groups, for example electron-
withdrawing groups of R and R, for VCP.

4 o
§> + \ﬁk - _RROP CO,Me
EtO,C 0 EtO,C
Et0,C EtO,C
Catalyst EtO,C CO,Me
=
CO,E

Scheme 2: Copolymerization of VCP with MMA. In an RROP, cyclic units are mainly formed,
while the addition of a Cu catalyst leads to a linear structure. 4!

Other monomers, such as maleic anhydride or substituted ethylene, can be copolymer-

ized as well, proving the versatility of VCP.[*"% For example, branched systems can be
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synthesized, ®® which is impossible with ROP. Therefore, in the next section, different

aspects of VCP chemistry will be discussed.

1.3 VvCP

As mentioned in section 1.2.1, VCPs were among the first molecules investigated as
natural ring-openable monomers because the highly strained cyclopropane ring has a
high tendency to be opened.* Nevertheless, the chemistry of VCPs is not only limited
to ROP. This section describes the general chemistry of VCPs, as well as their use in

polymer science.

1.3.1 VCPs in synthetic chemistry

One challenge in organic chemistry is the synthesis of cyclopentane rings. Six membered
carbocycles can be easily synthesized via a Diels Alder reaction. For five membered
rings, the corresponding [3+2] usually involves at least one heteroatom. Thus, furanes
or pyrroles can be synthesized but not carbocycles. This is due to the Woodward-
Hoffmann rule and the lack of odd-membered synthons to enable such reactions. !
When VCPs are used, this limitation can be overcome. As first reported in 1959, the
rearrangements of 1,1-dichloro-2-vinylcyclopropane, lead to cyclopentane (scheme 3). [52]
Since then, many techniques have been reported to optimize and further the scope of

VCP rearrangements.

/ ci

Cl
Cl 500 °C,
5 mmHg

Cl

Scheme 3: Rearrangement reaction of 1,1-dichloro-2-vinylcyclopropane to 4,4-dichlorocyclopent-
1-ene, the first reported reaction of VCP.

Therefore, VCPs are often used in organic synthesis. Besides rearrangement reactions,

different ring sizes and molecular structures can be formed using cycloaddition reactions.

1.3.1.1 VCP synthesis

The synthesis of VCP has been the object of a massive field of research due to its

highly versatile nature. Demjanov and Dojarenke reported the first successful synthe-
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sis in 1922, where 1-cyclopropylethan-1-one oxime was methylated to form the vinylic
double bond(scheme 4, 1).1% Since then, several alternative routes have been found to
obtain VCP (scheme 4).[%46%

~~T LI\ w2
7 Br
Copo ¢
OH +
¢C'O

Scheme 4: Chemical reactions known in the literature to form unsubstituted VCPs. The first
reported successful synthesis is shown in 1; 2-12 shows other approaches leading to VCP.
The starting materials from which VCP is formed are shown. Prior reaction steps are not
considered if these starting materials are synthesized beforehand.

While the synthesis of VCP is of academic interest, substituted VCPs can be used
for many applications, depending on the substituting group(s). Currently, the cyclo-
propane unit is mainly substituted. When electron-withdrawing groups are introduced,
the electron density at the vinylic moiety is reduced, leading to a electrophilic VCP.
This way it will readily react with nucleophiles at the vinylic moiety. Nucleophilic
properties can be consequently obtained if an electron donor at the cyclopropane is
synthesized, prone to react with electrophils under suitable conditions. A third class

of reaction is radical propagation. Here, a radical is needed to start the reaction. This
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can be favored when the substitutes stabilize the formed radical. 067

Several pathways are known for the synthesis of substituted VCPs. The most used ap-
proach is the reaction of an unsaturated bihalogenide, for example, trans-1,4-dibromo-2-
butene, with a good nucleophile, such as malonic esters, dicyanides, and others (scheme
5). This route is favored for its simplicity in inserting different substituents in the cy-

clopropane moiety and for its excellent yield.

Rl/\/ R 4 RZ/\Rz ﬁ» RzA =
Rz

R, = Cl, Br
R, = COOR, CN, COR, CONR, SO,R

Scheme 5: Chemical synthesis of VCP starting from a halogenated butene and a very electrophilic
carbon, due to electron-withdrawing groups attached.

A complete reaction is ensured by restricting the stereochemistry of the halogen to al-
most exclusively the trans product, enabling good overlap of the corresponding orbitals
to form the cyclopropane ring. Only one example is known in the case of the cis-
stereoisomer, leading to the desired cyclopropane in low yields. Here, using less active
malonate increases the cyclopropane formation, while for more CH-acidic malonates,

cyclopentane formation was favored, being the competing reaction product. 68!

Alternatively, carbene chemistry can be used. Here, chloro, bromo, or fluorocyclo-
propanes can be obtained using the corresponding di- tri- or tetrahalogenide, while
using iodine leads to unsubstituted VCP (see scheme 4, 4). The carbene reacts with
butadiene or other diene compounds, enabling the insertion of additional groups into the
cyclopropane(scheme 6).1%-72 Such bihalogenated VCPs are advantageous in RROPs,

as the halogens act as radical stabilizing groups. ™!

Base .. NS X

X=Cl, Br

Scheme 6: Carbene chemistry to synthesize VCP. The chemistry is not restricted to butadiene.
With iodine, unsubstituted VCPs can be obtained.

Diazo- and Grignard reagents and multi-step synthesis have been developed to further

[74-

widen the scope of possible VCP derivatives.[™ 7 The latter especially enables the
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insertion of complex substituents, essentially synthesizing natural products or other

difficult-to-synthesize molecules. ™77

With this, the substantial possibilities originating from VCP are becoming relatively

straightforward. The following section describes reactions starting from different VCPs.

1.3.1.2 Rearrangement reactions

Rearrangement reactions are kinetically driven by ring strain or, if the formed bonds are
thermodynamically favored, by the formation of a more stable structure after rearrange-
ment. Thus, otherwise difficult-to-realize molecule synthesis can be used, for example,
five-membered carbocycles. While Diels-Alder can easily create six-membered rings,
five-membered rings cannot be synthesized since, in a similar reaction, both reaction
partners would need the same charge, according to Evans’ law. Therefore, heteroatoms
are required to enable the reaction.

In 1959, the rearrangement of 1,1-dichloro-2-vinylcyclopropane to 1,1-dichlorocyclopent-
4-ene was reported, marking the beginning of the now well-known vinylcyclopropane-
cyclopentene rearrangement and the first opportunity to form five-membered carbo-
cycles (scheme 3). One year later, the rearrangement of an unsubstituted VCP was
developed independently by Vogell™ and Owerberger et al.[™).

Generally, two mechanisms are discussed to describe the rearrangement reaction: a
biradical and a concerted mechanism, both being probable depending on the concrete

reaction conditions and substituents (scheme 7).

R! R R
/ 7 i
a) E— ~ )  —— R™
R R™ R"
R" R

R> "

/

b) \/ﬂ o E}R
R" R"

Scheme 7: The two rearrangement mechanisms discussed in the literature: a biradical reaction
path (a) and a concerted mechanism (b).
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While rearrangements were initially conducted using high temperatures or photoinitia-
tion, later research focused on milder conditions via odd-electron-promoted isomeriza-
tion. Milder conditions widened the scope of these reactions, and the need for active
substrates resulted in additional synthetic steps.®83 Using a transition metal as a
catalyst was also investigated. It has been postulated that a highly reduced metal,
where the electron density at the metal center is high, should work well with unsub-
stituted VCP since its high nucleophilicity enables the attack of the olefinic site of the
VCP. Ligands stabilizing the positively charged intermediate metal also benefit the
reaction. 84

Rearrangement reactions of VCPs are mainly used to synthesize natural products with

complex structures. For example, the stereoselective synthesis of 2-oxindole deriva-

tives, substrates of several natural products, was conducted from VCP rearrangement
(85]

reactions and a [342] cycloaddition (Scheme 8).

rearrangement

Scheme 8: Ring strain of carbocycles with a ring size of three to nine carbon atoms and the VCP
synthon.

1.3.1.3 Cycloaddition

As shown in the previous example, VCPs undergo rearrangement reactions and can be
used in various cycloadditions.

In cycloaddition reactions, two or more unsaturated systems react with each other to
form a cyclic system. One of the best-known cycloadditions is the Diels-Alder reaction,

a [442] cycloaddition. Heat, light, Lewis acids, and transition metals can mediate cy-
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cloadditions. Metal induces cycloadditions, and often a C-C cleavage occurs. Due the
high energy required in this process, highly strained rings such as VCP are good can-
didates for such reactions, since the energy from the strain release makes the cleavage

energetically favorable.® Scheme 9 shows the ring strain of different ring sizes.

> > v~ 0 D OO ()

ring strain [kcal/mol] 55.7 29.0 28.0 7.4 1.3 6.2 9.7 12.6

Scheme 9: Ring strain of carbocycles with ring sizes of three to nine carbon atoms and the VCP
synthon. The values shown here comprise Baeyer and Pitzer strains.

VCPs can undergo various cycloaddition reactions, namely [5+1], [5+2], [5+2+1], and
[5+142] when five carbon atoms participate in the reaction, or as a three-carbon syn-
thon in [3+2] and [34+2+1] cycloadditions.!®”) In many cases, donor-acceptor systems
are used, where the vinylic double bond acts as an electron donor and the electron-
withdrawing substituents in the cyclopropane ring as acceptors.[®® Thus, the ring-
opening is further facilitated; only a few examples of intramolecular cycloadditions
are reported for activated VCPs®21 (Scheme 10), while most of the reactions are in-

termolecular cycloadditions with various transition metals used as catalysts (fig. 2).

|

RSN

™ TsN<ji>—\\ [3+2] cycloaddition
M] TSN@ [5+2] cycloaddition

Scheme 10: Intramolecular [3+2] and [5+2] cycloadditions of substituted VCPs are two examples
of cycloaddition reactions in which VCPs can participate.[°?]

¢

y
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C
|

For non-activated VCPs, intramolecular and intermolecular reactions are common. The
main difference from activated systems is the absence of a dipole and, therefore, a dif-
ferent reaction pattern, mainly via oxidative addition of the metal followed by the

[93-98]

cycloaddition. As for activated systems, intramolecular reactions require a more

complex structure, enabling the cycloaddition.
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One possible application of cycloadditions from VCPs is the synthesis of natural prod-
ucts. 99190 Here, almost no reports are known for activated systems, while non-activated
systems play a more prominent role due to seven-membered rings in many natural

molecules.

C@Q»wi

Rz Ra Catalysns Cataly:;ls )\r) "/‘y
VCPs R{

Rz }‘cosz
/ Pd
Catalysis
Catafysm X R R,
c-C Bond
X
Cleavage
Me. Me i Ir
Catalysis
Me
OHH HO Catalysm
Natural

products Catalysns

Figure 2: Metal catalyzed cycloaddition reactions of activated and non activated VCPs involv-
ing a C-C bond cleavage, showing the vast versatility of VCP in cycloaddition reactions.
Reprinted with permission. ! Copyright 2023 American Chemical Society

1.3.2 VCPs as low shrinking monomers and resins

While the first reports of VCP used all concerned organic synthesis, polymer scientists
discovered the potential of VCPs 30 years ago when seeking new materials with low
volume shrinkage. This research was mainly driven by the groups of Endo et. al. and
Moszner et al. , who introduced VCPs as polymerizable monomers. 192719 The growing
interest over the last decades is also observed in publications about VCPs in polymer
science. Figure 3 shows the number of publications in polymer science. Over the past
decade, the work on VCPs used as monomers grew significantly and in 2021 comprised
over half of all the work conducted on VCPs. The concept and reason for shrinkage
and strategies to work against it are described in section 1.1 and section 1.2. In this

section, VCP is described within this concept.
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Figure 3: The number of publications from 1980 to 2021 regarding VCPs and VCP in polymer
chemistry. The search was conducted on the Web of Science database using the keywords
"vinyl cyclopropane” (gray) or "vinyl cyclopropane” AND "polymer" (red) in the title or
abstract field.

As mentioned in section 1.2.1, VCPs polymerize via RROP, which Takahashi and Ya-
mashita first described. % Cationically induced and Ziegler-Natta-catalyzed polymer-
izations are also known to mainly result in a 1,2-type polymerization, leaving the cyclo-
propane ring untouched. 197198 The approach to anionically polymerizing VCPs resulted
in a 3,5-polymer, leaving the vinyl group untouched. ™ For low volume shrinkage, 1,5-
type reactions are required, mainly by radical polymerization. Scheme 11 shows the

polymerization mechanism. %
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Scheme 11: Polymerization mechanism and different possible polymeric structures of VCP. Py
and Pp are the linear, predominant species formed, depending on the substituents and the
preference of the ring-opening at position CZ—CH, or CZ—CX. P4 and Pc are additional
possibilities, contributing to higher volume shrinkage.

Formation of a linear chain is desired to obtain low-volume shrinkage. The radical
attack occurs at the vinylic end, which opens the cyclopropane ring or polymerizes in a
1,2-type reaction. The radical formed from the ring-opening can attack the next VCP
unit in a propagation reaction or the unsaturated backbone to form a cyclobutane unit
in the backbiting reaction. Backbiting must be avoided if low shrinkage is required.
It has been reported that sterically hindered substituents can significantly lower the
volume shrinkage. With an adamantyl VCP ester, even an expanding system could be

1] Degpite this re-

obtained despite only opening one cycle per newly formed bond.!
markable property, such systems never entered actual application due to the crystalline
nature of adamantyl-containing monomers.

When examining the potential of VCPs, they are consistently compared with the highly
accepted methacrylates, especially in the dental industry. Acrylates show high shrink-
age (for MMA, shrinkage is reported to be 21%; for UDMA, the shrinkage is around
9%), but the resulting polymer shows good mechanical properties, complete monomer
conversion, and reasonably rapid polymerization kinetics. Low polymerization speed
and restricted monomer conversion have long been proven challenges in replacing cur-

rently used (meth)acrylate based systems with VCP derivatives. Researchers focused
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on the development of new VCP-ester derivatives since the use of malonic ester is a
convenient means to obtain the VCP-esters, by adding different alcohols, di- or polyols
in a Steglich esterification. This way a huge variety of new compounds was formed but

only showed low reactivity. [25:105:112-115]

116l They undergo

Prof. Seema Agarwal’s group introduced amines to form VCP amides.
faster and more complete polymerization and exhibit low volume shrinkage (fig. 4). The
preorganization via hydrogen bonding has been identified as a possible reason for the
difference from previously reported VCP-ester systems. Since then, new molecules have

been reported following the same concept, and additional functional groups, such as ure-

thane, which can form hydrogen bonds, have been introduced. 711
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Figure 4: Comparison of polymerization rates of a VCP ester and a similar VCP amide (left)
and the viscosity and volume shrinkage of the VCP-amide compared to commercially used
monomer matrixxes in dental applications (right). The vast improvement in changing the
functional group is evident, with VCP amide comparable or even superior to methacrylate-
based monomers. Reprinted with permission!!!6],

RROP of VCPs was traditionally conducted using thermal radical initiators. The first
publications on this topic observed the significant influence of temperature on volume
shrinkage. "% A widely accepted and regularly used initiator is azobisisobutyronitrile
(AIBN), whose decomposition temperature is 65 °C . When used at 60 °C almost
exclusively the linear 1,5-ring-opened product was observed, while polymerization at
80 °C , using dibenzoyl peroxide (DBPO) as radical initiator, yielded a second product,

later identified as the cyclobutane-containing polymer. 110
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A second, much milder polymerization method, also used for VCPs, is described in the

next section: photopolymerization.

1.4 Photopolymerization

Besides thermal energy, light exists to form radicals and, therefore, enable radical poly-
merization. The main advantage is that local heat can be avoided. Additionally, a much
more controlled reaction path is possible with the appropriate intensity and choice of
exposure area. Furthermore, photopolymerization is usually much faster, than ther-
mally induced polymerization, can be performed without solvents, and is more cost-

[120,121]

effective. The general reaction path is shown as follows.

pI —V. ppx

The photoinitiator absorbs the emitted light if its absorption band overlaps with the
light source’s wavelength and is raised to an excited state (PI*).

PI PT* Itorl

While this excited state has only a short life span, a decay back to its original state (PI)

is possible, with the absorbed energy emitted by light or heat, or a chemical reaction

to a reactive intermediate ( I* or I') occuring.

RI R r M polymer

The reactive intermediate may then react with another radical or the monomer, forming
a polymer.

O, can inhibit the reaction by reacting with the excited initiator or another free rad-
ical.Consequently, the formed peroxy radical must usually be sufficiently reactive to

effectively initiate the polymerization.

O
PI* 2 ., PI+O,*
and 0

2 .
.0
o 0,

Therefore, the reaction conditions in a vacuum or an inert atmosphere are often pre-
ferred. While peroxides or azides are predominant in thermally induced radical polymer-
ization, the mechanism of light-induced excitation, and therefore the choice of initiators,
is different.

Two types of photoinitiators exist: type I and type II. Type I Initiators are cleaved into
two radicals when irradiated with light (a-cleavage) (fig. 5). These radicals directly

initiate the polymerization; consequently, the photoinitiator is incorporated into the
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polymer matrix. Commonly used type [ photoinitiators are benzylic ketones bearing
an a-hydroxy or a-alkyl group. These are cleaved into aldehyde and the corresponding

alkyl or phosphinoxide radical (fig. 5).

*

(0] o ?
©)J\R ¢> : /U\R ©)‘+0R

Figure 5: Activation of a Type I photoinitiator.

Recent research also reported using tin or germanium-based photoinitiators, with the
latter being introduced as a highly efficient photoinitiator activated by irradiation with
visible light. This is especially useful in dental applications, where visible light and low
initiator concentrations are required. %2

Type II Initiators, however, require a hydrogen from a donor as co initiator. Here, the
photoinitiator is excited by light and abstracts a hydrogen donor, to form a diradical.
This can then initiate the polymerization reaction. Due to its low cost and efficiency,

[123,124]

the industry’s most used type II initiator is benzophenone (BPO) It cannot

initiate any polymerization without an additional co initiator, since the formed ketyl
radical is stabilized by delocalization and steric hindrance .12

Alcohols, ethers, and ternary amines can be used as hydrogen donors. The advan-
tage of a ternary amine is its higher tolerance to oxygen; it is, therefore, the preferred
system in dental and biological applications. One example of a type II photoinitiator
is camphorquinone (CQ), the initiator selected in this work. It is often used in dental
composites, as its absorption maximum is at 467 nm, enabling it to initiate the reaction
with visible light. A light emitting diode (LED) can be used; this is a cost-effective
light source that does not emit heat, which is one reason for its popularity. As a co-
initiator, CQ is used with ethyl 4-dimethylaminobenzoate (EDMAB). Scheme 12 shows

the typical type II mechanism. 126
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Scheme 12: Initiation of CQ, a type II photoinitiator with EDMAB as co-initiator. On irradia-
tion, CQ is transferred to an excited singlet state. A diradical is formed via intersystem
crossing (ISC) (triplet state). Subsequently, EDMAB transfers an electron to CQ to form
an exciplex. After an H-proton transfer, an inactivated ketyl radical and EDMAB are
formed, the latter being able to initiate photopolymerization.

Besides radical photopolymerization, ionic photoinitiators are known. Here, similar to
type I photoinitiators ;jhomogeneous cleavage occurs on light exposure. The radicals
then react with a Lewis acid, which can then initiate the polymerization. The advan-
tages of this polymerization are the absence of oxygen inhibition and lower shrinkage
stress of the cured materials. Moreover, because the initiation step can be viewed as a
nucleophilic attack of the initiator on the monomer, a more selective polymerization is
possible, tolerating functional groups that would be polymerized in a radical-induced
polymerization, as shown by Al-Doaiss et al. , who investigated the cation-induced poly-
merization of a VCP- dioxolane co-monomer, where the VCP unit did not react under
the conditions used. " A low level of toxicity, due to the absence of acrylates, common
in radical polymerization, is another advantage of the cationic reaction path. It was
also shown, that cationic photopolymerization reduces the volume shrinkage, otherwise
observed for the polymerization of epoxy, improving the adhesion properties.?® The
most important advantage is the dark reaction of a cationic photopolymerization. In
contrast to radicals, which are extinguished quickly after termination of irradiation,
cationic polymerization can continue for some time, even when the light source is ab-
sent. 12l Commonly used initiators are onium salts, in which an organic cation is paired
with an inorganic anion. While the cation, as a light-absorbing unit, determines the
quantum yield of such initiators, the reactivity is related to the nucleophilicity of the
anion. While the cation absorbs the light, it is not the actual initiator, but reacts with
a proton-donating species to form a Brgnsted acid, the primary initiator.

Onium salts can also improve radical photopolymerization if used as a ternary initia-

tor. With CQ and EDMAB, for example, an increase in the polymerization and overall
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conversion rate was visible, while only the radical reaction could be observed.'3% An-
other possibility is hybrid systems, where, different functional groups are present in the
monomer. Only certain groups are polymerized by choosing the reaction conditions;

consequently, the material properties can be selectively tuned. 3132

1.5 Further research on VCPs as monomeric platforms

in polymer chemistry

Although the main property of VCPs scientists focus on is their low volume shrinkage,
the versatility of this molecule makes it a good platform for various high-end applica-
tions.

One challenge is the spatiotemporal polymerization control, which enables a precise
reaction that is crucial for various applications. Zhang et al. used VCP as a platform.
These were modified after polymerization to create a redox-sensitive polymers. 33
Post-polymerization modification is a widely used technique for using VCPs in dif-
ferent fields of high-performance applications. Seuyep et al. reported synthesizing an
amphiphilic polymer using the two ester groups. Simultaneously, using a different
approach, they showed an upper critical solution temperature (UCST) transition in
ethanol and an ethanol-water mixture with different substituents . 134135

The formed double bond of the linear polymer chain is inactive but can also be modi-
fied by epoxidation, bromination or thiol-ene addition under the appropriate reaction

conditions. 13 (scheme 13).
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Scheme 13: Post polymerization modification of VCPs. in P; synthesis of an amphiphilic poly-
mer is shown while the example of P, shows the formation of a polymer with an UCST
transition in ethanol. P3 shows the concept of a modification of the resulting backbone

double bond.
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2 Aim of the work

The advantage of vinyl cyclopropane (VCP)-esters in polymerization with reduced vol-
ume shrinkage is well documented in the literature. However, their incomplete con-
version and slow reaction kinetics calls for alternative approaches. Bifunctional VCP-
amides, first reported by the Agarwal group, were introduced as a promising alternative.
The presence of hydrogen-bonding amide groups in the VCP structure is presumed to
promote preorganization of the VCP-amide monomers, resulting in extremely fast poly-
merization with high monomer conversions.

Since bifunctional VCP-amides were employed in the pioneering work of Agarwal group,
a systematic investigation has yet to be conducted, mainly due to the challenges asso-
ciated with characterizing the cross-linked structures formed during RROP by spectro-
scopic methods.

Therefore, the aim of the present work was to explore the synthesis, characterization,
and properties of VCP derivatives (VCP-amides in comparison to VCP-esters) in order
to better understand how VCP structure and the potential preorganization of VCP

monomers influence polymerization behavior and polymer properties.
To achieve this aim, the following working strategies were adopted:

1. Comparison of VCP-esters:

Monofunctional VCP-esters bearing different functional groups in the side chain, ca-
pable of hydrogen bonding, were synthesized, including urea, urethane, and amide
functionalities. A reference VCP-ester containing a carbonate side chain, incapable of
hydrogen bonding, was also synthesized. All four monomers possess distinct functional
groups in the side chain but share an ester linkage to the VCP ring. (For structures,

please see scheme 14)
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Scheme 14: VCP ester investigated in this work.

Here, the effect of the different side chains on conversion, reaction rate and monomer/polymer

- properties were investigated.

2. Comparison of VCP-amides:

Analogous, monofunctional VCP-amides with various side-chain functionalities (urea,
urethane, and amide) were synthesized, alongside a reference carbonate-functionalized
VCP-amide that cannot engage in hydrogen bonding through side-chian. All four
monomers feature different hydrogen-bonding capabilities in the side chain but are
connected to the VCP ring via an amide linkage, a second position with possible hy-
drogen bonding. This comparison aimed to determine the impact of the position of
the hydrogen-bonding unit within the VCP structure on polymerization behavior. (For

structures, please see scheme 15)

EtO EtO EtO EtO

5o % 8¢ %
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Scheme 15: Structure of synthesized VCP amides, bearing carbonate, urethane, urea, and amide
side chains.

3. Comparison of mono- vs. bifunctional VCP-amides:

To further investigate structure-reactivity relationships, the behavior of monofunctional
VCP-amides were implemented in the design of of bifunctional VCP-amides. Seven
different bifunctional VCP-amides were synthesized and characterized. (For structures,

please see scheme 16)
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Scheme 16: Structures of linear and sterically hindered bifunctional VCPs.

The aim was to obtain a fast polymerizable system with a complete conversion, low

volume shrinkage and low monomer toxicity.

Throughout the study, the primary focus was on elucidating the influence of monomer

structure on polymerization rate and volume shrinkage.

31






3 Results and discussion

Parts of this work have already been published as two journal articles. These articles

(12 Parts of the following chapters are found

are cited in the present thesis as references
within these articles. Figures from these publications that are reproduced in this thesis

are appropriately cited.

3.1 Investigation of novel monofunctional VCP esters

Previous work reported the synthesis of new bifunctional VCPs. [116]

These systems show
exceptional properties, such as rapid polymerization, low volume shrinkage, good me-
chanical properties, and low toxicity, and can replace established mathacrylate based

13,115-117] Gince bifunctional VCPs provide a cross-linked

polymers in different fields. !
polymer upon photopolymerization, a deeper understanding of the effect of substituents
on photopolymerization rate, polymer structure, and other properties is not straight
forward. Crosslinked polymeric networks are impossible to be dissolved in solvent and
therefore, NMR and other analysis techniques, providing information on the polymer-
ization behavior, are not straight forward. Thus, the synthesis of monofunctional VCPs
was targeted. In the first part, four monofunctional VCP derivatives differing in the
side-chain- functional groups were prepared to study the effect of functional groups on
the polymerization rate. The working hypothesis was that the polymerization rate is
affected by the monomer organization by H-bonding through the side chain. The side-
chain functional groups selected were carbonate, which cannot form H-bonds; urethane
and amide, forming one H-bond; and urea, with two H-bond sites. Scheme 17 shows

the H-bonding possibilities in the four different functional groups in the side-chain.
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Scheme 17: Hydrogen bonding of the investigated side chains. !

3.1.1 Chemical synthesis of VCP derivatives

The VCP derivatives were prepared by the reaction of 1,4-dibromobut-2-ene with mal-
onic acid diethyl ester, to form the VCP diester. By addition of one equivalent KOH,
hydrolysis of one of the ester groups is achieved, which can be reacted with different

alcohols in an Steglich esterification, to obtain different VCP derivatives (Scheme 18).

EtO
o Br O O NaOEt e
N~ +
EtOH
\
KOH
EtOH
EtO EtO
) ROH o)

S O-R  steglich esterfication S OH

Scheme 18: General synthetic route for the synthesis of VCP-esters.

At each stage of synthesis the products were characterized by NMR. The 'H NMRs of
the respective products are given in section 3.1.2 and section 3.1.3 or in the Materials

and Methods section 4.2.2 and fig. 29. 116!
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3.1.2 Alcohols

As a second building block, alcohols containing the above-mentioned functional groups
were synthesized. Scheme 19 shows the synthesized alcohols. A close proximity between
the alcohol and the functionality was aimed at, to see the effect of each substituent,
since the impact on the polymerization increases with a the proximity between reactive

site and point of preorganization.

(@] (@] (@] (@] (6]
/\O)J\O/\/OH /\O)J\N/\/OH /\N)J\O/\/OH /\N)J\N/\/OH \)]\N/\/OH
H H H H H
16 17 18 19 20

Scheme 19: Synthesized alcohols for the syntheses of VCP monoesters.

The Syntheses of all the molecules were performed by modified literature procedures
( Scheme 20).[37140] The presence of the desired products was confirmed by 'H NMR
experiments. The corresponding 'H NMRs are given with peak assignments as sec-

tion 3.1.2 below and figs. 30, 31, 43, 50 and 57 on pages 84, 85, 94, 99 and 104.
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Figure 6: "H NMR of alcohol 17 as respective example.
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Scheme 20: Synthesis of the corresponding alcohols 21. All are synthesized according to literature
procedures and synthetic routes are described in details in section 4.2.3 on pages 83, 84,
88,93, 98 and 103.

Depending on the reaction, yield and purity differed a lot. While for alcohol 19 almost
quantitative yield was possible, in case of alcohol 16 a yield of only 15% was achieved.
The crude mixture is purified by flash chromatography, yielding in a completely pure
product. For alcohol 19 nevertheless, no side reaction is observed therefore, no purifi-
cation was needed. Alcohol 20 was obtained with a good yield of 88%, alcohol 17 with
a yield of 44%, while alcohol 18 could be synthesized with a yield of only 26%. Purity
was determined using gas chromatography (GC) and showed high purities in all cases.
Alcohols 21 were reacted with the VCP monoester to obtain VCP esters.

3.1.3 Chemical synthesis of monofunctional VCP esters

As mentioned, the esterification to obtain the desired monomers was conducted with
self-synthesized alcohols and the VCP monoacid. A straight forward reaction is not

possible, as the ester group of the VCP would react primarily, not yielding the de-
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sired product. To prevent this a Steglich esterification was performed. Here, the acid
is activated by N,N’-dicyclohexylcarbodiimide (DCC), enabling selective synthesis of
monofunctional VCP esters. The reaction conditions were applied from previous pub-
lished work "%, In addition to DCC, 4-dimethylaminopyridine (DMAP) needs to be
added, in order to prevent undesired side reactions between DCC and the acid. In this
reaction DCC is converted into an urea, binding the released water from the esteri-
fication. The urea is insoluble in the used solvent and can therefore, be removed by
filtration. By purification of the crude mixture via flash chromatography the esters are

obtained in good purities. Scheme 21 shows the structures of the five monomers.

EtO EtO EtO EtO, EtO

f‘b ® ® ® ®
(e} (e} (e} (@] (e}
\ _\_O%O/_ \ _\_N;_O/_ \ _\_O%N/H_ \ _\_N;_Nﬁ_ \ _\—N;_/
(e} (e} (e} (0] (e}
1 2 22 3 4

Scheme 21: VCP ester investigated in this section.

The chemical structure of the new VCP monomers was confirmed using various NMR
techniques. As an example for all five monomers, the characterization of monomer 1 is
described here. The 'H and '*C attached proton test (APT) NMR spectrum of monomer
1 is given in fig. 7 with peak assignments. Figure 8 presents the 2D heteronuclear sin-
gle quantum coherence (HSQC) and heteronuclear multiple bond correlation (HMBC)
spectra with the corresponding 'H and '*C experiments. For CH;s 8 and 10, an over-
lapping double triplet is observed in '"H NMR. Between 4.14 and 4.41, ppm —O—CH,—
protons 5, 6, 7, and 9 are found but are indistinguishable. The other signals can be
identified. The identification of primary, secondary, tertiary, and quaternary carbon (C)
is enabled by a *C APT experiment. While secondary and quaternary protons have
positive peaks, primary and tertiary protons show negative peaks (for spectrum of VCP
1 see fig. 34).

Based on the 'J cross-coupling of peaks in the HSQC spectrum, *C-peak assignments
were conducted ( Figure 8a). The peaks could be easily correlated to *C NMR peaks
by 'J coupling. The —O—CH,— protons 5, 6, 7, and 9 showed an overlapping broad
cross-peak, marked as "A" in fig. 8a. Moreover, based on the HSQC spectrum, 3C
signals of —CH, carbons could not be assigned individually. The '*C NMR shows three
different carbonyl carbons in the range of 150-170 Parts per million (ppm), as expected

from the monomer 1 structure, but correct peak assignments are impossible based on
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1D NMR and 2D HSQC. The HMBC experiment, which shows signals with coupling
J > 1, was employed to identify the missing signals and fully resolve the monomer
structure. The cross-peaks (7, 8) and (9, 10) in the HMBC spectrum ( Figure 8b)
confirmed that the peaks at 4.14-4.25 ppm belonged to protons 7 and 9. Protons 5 and

6 at 4.30-4.41 ppm showed cross-peaks with carbonyl carbons 12 and 13, respectively,

confirming the peak positions of these two carbonyl carbons in *C NMR. Carbonyl

carbon 12 is assigned by the observed cross-peak with proton 4.
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Figure 7: 3C APT NMR of VCP 1.
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(b) HMBC NMR spectrum of monomer 1

Figure 8: '"H NMR (a) and '>*C NMR (b) spectra of monomer 1

A similar method was used for the structural clarification and peak assignments in
NMR for monomers 2, 3, and 4, shown in section 4.2.3 Together with their respective

synthesis procedures.
FT-IR was used to confirm the present of functional groups (see figs. 35, 42, 49 and 56).

All monomers except monomer 22 were obtained as a liquid. Since bulk polymerization
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is impossible with a solid monomer, monomer 22 is not investigated further in the

following sections.

3.1.4 Preorganization of monofunctional VCP esters

As mentioned in section 1.3.2, the rapid rate of polymerization of VCPs-amides is
expected to be influenced by preorganization via H-bonding.Via the H-bond, monomers
are linked together and the distance between reactive sites is reduced. (Figure 9). In
the not preorganized case, some monomers might polymerize, while many monomers

need to move randomly in the bulk in order to find a reactive site close by.

Figure 9: Representative picture of a not-preorganized monomer mixture (left) and a preorganiza-
tion via the green sights (right). The reactive sides are depicted as yellow and the possible
reaction links are shown as red.

Therefore, a strong hydrogen bond between the different monomers is desired. The NH
protons work as H-bond donors, while the carbonyl groups in the side chain and all ester
oxygens can act as acceptors.'¥ By using variable-temperature solid-state NMR, the
H-bond strength can be determined. Due to weaker H-bonding at higher temperatures,
higher deshielding can be observed. The evaluation of the amine proton signals’ at
6.0 - 7.7 ppm temperature dependency shows a shift to a higher field with increased
temperature ( Figures 10a and 10b and section 4.3.2). Figure 11 shows the difference
of chemical shifts for the 3 monomers. The carbonate containing monomer VCP1 was
not investigated here, since there is no hydrogen bonding moiety present. The chemical
shift at 25 °C is set at 0 and the peak shift plotted. This way, the strength of hydrogen
bonding can be quantified.
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(b) Chemical shift of NH proton in correlation to temperature for monomer 3. Both
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Figure 10: Chemical shifts of at different temperatures 2 and 3
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Figure 11: Change in chemical shift with temperature for monomers 2 (red), 3 (black), and 4
(blue). For 3, both NH groups form hydrogen bonds are shown as 3a and 3b.!!!

For monomer 3, both nitrogen protons form H-bonds. In temperature-dependent NMR

at higher temperatures, two signals are formed. Further investigation in solution con-

41



firmed that these belong to the two distinctive NH- protons. While in chloroform,
the nitrogen protons’ signals are not visible, the NMR experiment in dimethyl sulfox-
ide (DMSO) showed two triplets at 5.9 ppm at room temperature, confirming no sole
effect of temperature existed (Figure 12) but they are in fact a result of both nitro-
gens protons showing a slight difference in chemical shift, being able to quantify the

contribution of both nitrogens to the overall preorganization.

The strength of the hydrogen bonds can be correlated to the slope of the change in
chemical shift with temperature. The slope was determined by a linear fit for each NH-
signal in the sss-NMR measurement. Slopes of 0.009 ppm /K for monomer 2, -0.007 and
-0.006 ppm/K for monomer 3,and -0.010 ppm/K for monomer 4 were observed. With
two H-bond donors, the overall strength for monomer 3 was expected to be highest,
followed by monomers 2, 4, and 1 which have no H-bond donors ( Figure 11). The
following section investigates a correlation between preorganization via H-bonding and

the polymerization rate.
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Figure 12: '"H NMR of 3 in DMSO. As postulated, the formation of two separate triplets for
the corresponding NH protons confirms the contribution of both hydrogens as hydrogen
donors.
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Solvent effect on the preorganization of monofunctional VCP esters

The previous section investigated the preorganization of the four liquid monomers.
Since monomer 22 was obtained as a solid, it was excluded from the study for this thesis.
Nevertheless, the need to dissolve this monomer was considered by studying the effect
of preorganization in solution. Thus, 22 was polymerized in N,N-dimethylformamide
(DMF), a solvent known to break hydrogen bonds at a specific concentration, ! and
anisole, which is the favored solvent for future solution-based radical polymerization
due to its benign nature and high compatibility with many different systems.

AIBN was used as an initiator at 70 °C . Figure 13 shows the change in conversion
over time in both cases. The measurement was performed only once, so no error was

determined. The points were fitted, using a Hill fit with no weighting.

100 - ]
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Figure 13: Polymerization of monomer 22 in anisole with AIBN as radical initiator. The conversion
was determined by GC and fitting performed using a Hill fit.

The polymerization conversion in DMF remained below 20 %, while when using anisole,
almost complete conversion was obtained after 24 h. VCP ester tends to have a low

conversion, 116!

so its polymerization behavior should be improved via preorganization.
Therefore, it can be suspected that anisole allows and probably even supports building
hydrogen bonds with VCPs (compare fig. 13). Notably, thermally induced polymeriza-
tion tends to have a higher volume shrinkage at elevated temperatures.''% Thus, the

following section only discusses photopolymerization.
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3.1.5 Photopolymerization of monofunctional VCP esters

Photoinduced radical polymerization is the technique of choice for VCP polymerization
reactions. Reason is the possibility to use room temperature and therefore, reduce
volume shrinking via backbiting. In addition, possible applications like the usage in
dental fillings require polymerization at room temperature, too. The polymerization of
monomers 1, 2, 3, and 4 was conducted with CQ as a free-radical photoinitiator and
EDMAB (1:2 mol%) as co-initiator. The optimal ratio between CQ and EDMAB has
been investigated before and is applied here. 3% The free-radical polymerization of VCP
derivatives mainly leads to 1,5 ring-opened units with a double bond in the polymer
backbone. The rearrangement of the growing radical by adding to the double bond
formed by the ring-opening of the VCP might also lead to the ring-closed cyclobutene

ring in the backbone (Scheme 22). The ratio between these mainly determines the

O%R  In n

Scheme 22: General scheme for forming a linear or cyclobutane-containing polymer from VCP
via photoinduced RROP. ]

volume shrinkage of VCPs.

OEt

oﬁ% hv
bR a%o
0

N

0~

EtO OFt <
8 e S G
O™ oR 0" OR

Kinetic measurements of RROP

Kinetic measurements were conducted to study the polymerization rate by following
the monomer conversion with time. Small samples of monomer and initiator were ir-
radiated with the light from a blue LED. After a given time, the sample was removed
and polymerization was terminated by immersing the mixture in liquid nitrogen. The
monomer was then extracted with a certain amount of a suitable solvent, dissolving the
monomer but not the polymer. An internal standard, which was phenol in this study
was used. Each measurement was repeated three times. The amount of unreacted
monomer was obtained by measuring the signal integral in GC (see also section 4.4).
The fastest polymerization was expected for monomer 3 due to the most robust hy-
drogen bonding shown in section 3.1.4 . Figure 14 presents time plots of the monomer

conversion.
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Figure 14: Conversion over time for the photoinduced polymerization of monomers 1 (green),
2 (red), 3 (black), and 4 (blue). Each signal represents a different sample irradiated with
visible light and analyzed via GC.

Table 3.1 shows the overall conversion and Initial rate of polymerization (Ry).

Table 3.1: Initial polymerization rate and the overall conversion of the photopolymerization of
monomers 1, 2, 3, and 4.

Monomer | R, [%/min] Overall conversion [%]
1 17.8 £ 5.8 80.2 + 2.6
2 19.1 £6.3 96.4 £+ 2.0
3 247 £ 8.9 88.1 + 2.8
4 18.6 £ 6.4 97.0 £ 1.7

The R, was calculated by the average slope of the first three points; the overall con-
version was determined after an irradiation time of 24 h. The highest R, was observed
for monomer 3, with 24.7%/min. This matches the findings in section 3.1.4, where
twice the number of hydrogen bonds was observed for monomer 3. With this higher
preorganization, faster polymerization can be expected. This expectation was con-

firmed by monomer 1, which showed the lowest R,. Nevertheless, the differences were

45



less significant than expected for preorganized monomers. Interestingly, for monomer
3, the polymerization rate changed after the first minutes, leading to a lower overall
conversion. One explanation could be the sample’s high viscosity disabling molecular
movement. This hypothesis was verified with rheometric measurements during photoin-
duced polymerization. Here, the change in viscosity was investigated and is discussed

in the next section.

Photorheology

A correlation between viscosity and R, was drawn by in-situ rheometric measurements
for all four monomers. Measurement was performed using a cone plate rheometer with
a glass plate, allowing constant irradiation with light from below. Viscosity was de-
termined by rotating measurement and a fixed shearing rate. Monomer 3 showed the
fastest increase in viscosity before this slowed significantly. Surprisingly, the second
fastest increase in viscosity was observed for monomer 1, although no H-bonds could
be formed here. One explanation is the low T, of polymer 23 of 9 °C (see table 3.2).
Additionally, the initial viscosity of monomer 1 was the lowest, enabling better molecu-
lar movement initially. The slowest growth in viscosity was found for monomer 2, with
a slightly more significant increase for monomer 4. For monomers 1 and 3, after 3 and
2 hours, respectively, a temporary loss of adhesion between the sample and glass plate
or sample and stamp was observed. Consequently, a viscosity fluctuation was deter-
mined, as observed in fig. 15. Nevertheless, no further conditions were tested for the
two monomers. Photorheology could not support the total result of previously obtained
kinetic measurements but could explain the decrease in the rate of polymerization for
monomer 3. In addition, the previously found similarity of the rate of polymerization

between monomers 1 and 4 could be supported as well.
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Figure 15: Change in viscosity over time for the photoinduced polymerization of monomers 1
(black), 2 (red), 3 (blue), and 4 (green). The samples were constantly irradiated with light
while measuring the viscosity.

3.1.6 Polymer characterization of monofunctional VCP esters

In addition to the rate of polymerization, low volume shrinkage is an important prop-

erty of VCPs. As mentioned in section 3.1.5, VCPs can form a linear structure or, via

backbiting, cyclobutane units. The ratio between these depends on the reaction con-

ditions, for example, temperature. A key feature of using VCPs is their ring-opening

mechanism, which produces a longer repeating unit than its monomer structure and,

therefore, counters the natural volume shrinkage occurring in polymerization reactions.

Therefore, the ratio of cyclobutane to the linear structure is crucial. The structural

characterization of the photopolymerized polymers was performed with *H NMR. Fig-

ure 16 shows the representative 'H NMR spectra of polymers 1, 2, 3, and 4.
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Figure 16: '"H NMR of polymers 1, 2, 3, and 4. Position 4+5 corresponds to the formed linear
structure, 3a, 4a, and 5a to the cyclobutane ring, while position 2 is found in both cases.
The number of cyclobutane units can be calculated from the ratio between these signals. [

The double bond of the open structure is observable as a clear peak at 5.3 ppm, while
the cyclobutane unit is observed as a broad signal between 1.5 and 2.5 ppm.% The
combined signal of —C(O)OCH,- protons of the ring-opened and ring-closed cyclobutene
units is observed at 4.1 ppm, and secondary protons 3 and 6 are located at 2.5 ppm.
Table 3.2 shows the percentage of the open-ring structure. The number of protons
located beside oxygens (eight for polymer 1, six for polymer 2, and four for polymers
3 and 4), signal 2 of fig. 16, is used to normalize the spectra. The ratio of open-ring
and cyclobutene units, z, can be directly followed using the integral of olefinic protons

4 and 5. For x = 2, only linear units are present; for x = 0, 100% of all units are
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cyclobutenes; and for x < 2, the analyzed NMR indicates a mixture of both. All
polymers, except for polymer 1, show a high degree ring-opened units. One reason is
the slower polymerization of monomer 1 favoring intramolecular reactions. Almost no
cyclobutane units are expected if the polymerization ratio is faster than the backbiting
reaction. This ratio correlated directly to the volume shrinkage, and a lower volume

shrinkage was expected, comparable to previous findings. 3%

gel permeation chromatography (GPC) was used to further characterize the polymers
for molar mass. Unimodal GPC curves were obtained for all low to medium molar
mass polymers (for curves, see section 4.5.1). The thermal stability was determined by
thermogravimetric analysis (TGA) (for curves, see section 4.5.3). Polymers 3 and 4
showed stability up to 200 °C , while a higher number of oxygen atoms in the polymer
increased the stability to 268 °C for polymer 2 and 333 °C for polymer 4 (Table 3.2).
The polymer properties were further investigated with differential scanning calorimetry
(DSC) (for curves, see section 4.5.2). Since no melting peak was visible in the observed
temperature range, amorphous polymers were expected. The T, shows an opposite
trend to the polymer stability. Polymer 1, unable to form hydrogen bonds, has a T, at
9 °C, while the T, increases from polymer 2 (27 °C ) to polymer 4 (34 °C ) to polymer
3 (46 °C ). The higher T, of polymer 3 is due to an additional hydrogen bond. While
the electron pulling effect of the urethane’ oxygen in polymer 2 does not affect the
strength of the hydrogen bond, as shown previously (Figure 11), it leads to a reduced

T, in comparison to polymer 4 bearing an amide group.

Table 3.2: Ratio of open- versus closed-ring polymeric structure, molecular weight, thermal sta-
bility, and glass transition temperature of the corresponding polymers for monomers 1, 2,
3,and 4.

Polymer | Open-ring structure® [%] M,,P by T [ °C] Ts9° [ °C]
1 61 3.6 101 1.4 9 333
2 91 2.6 -10* 2.8 27 268
3 93 8510 ¢ 1.6 46 194
4 87 1.3-10¢ 1.9 34 204

2 determined by 'H NMR.
> GPC (CHCI,, PS standard). © GPC (DMF)
4 determined by DSC from -30 to 150 °C with a heating rate of 20 K/min. Tonset
¢ temperature, where 95% of the original mass is still detectable.
Determined under a nitrogen atmosphere, measured from 20 to 600 °C
with a heating rate of 10 K/min.
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Polymer characteristics show that, depending on the field of application, different func-
tional groups might be favorable. In dental and medical applications, the average tem-
perature is at the body temperature of 37 °C . A T, above that and a high degree of
open ring structure and therefore a low volume shrinkage is preferable. Monofunctional
VCP-derivatives will never be used all alone for dental or coating applications due to
their linear structure. The systematic study, shown in this section, is an important step
forward in this field of research to make some rule of thumbs for future reactions with
the bifunctional VCP-derivatives. It helps understanding the polymerization behavior
of VCP-derivatives.

3.2 Investigation of novel monofunctional VCP amides

Further work was done for understanding the effect of the position of H-bonding units in
VCP-derivatives. Therefore, section 3.2 investigated VCP-derivatives in which the side-
chains were attached to the VCP ring by amide bond instead of an ester unit. These
new monomers are in general designated as VCP-amides. Previous work reported that
the R, and conversion significantly increase on using bifunctional VCP-amides rather
than VCP-esters.[''6] This section aimed to use this information and synthesize new
monofunctional VCP-amides for making a structure-property correlation. The VCP-

amides were prepared according to the following reaction scheme.

EtO
o a o 0 NaOEt @
NG N +
\
KOH
EtOH
EtO EtO
%) RNH, %)

HN-R DCC, HOBt-CI, NEt; S OH

Scheme 23: General synthetic route for the synthesis of VCP-amides.

The first steps of formation of VCP-diester and VCP-ester-acid remained the same by
reacting 1,4-dibromobut-2-ene with malonic acid diethyl ester followed by hydrolysis of
one of the ester groups. In the final step VCP-amides were prepared by the reaction
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of VCP-ester-acid with different amines having urethane, urea, and amide functional

groups (Scheme 24. As a reference, amine with carbonate functional group was also

prepared. The reaction scheme for the synthesis of these amines is given in scheme 26.

EtO

e
O-R
\
EtO
e
HN-R
\

o>:O
)

}ﬁ\/\ o

o

TN NN
O

F/\N)LN/\
H H

(0]
S NJ\/
H

Scheme 24: Chemical structures of the VCP-esters, investigated in the last section and their

corresponding VCP-amides.

The amines were synthesized according to the literature procedures. |

142-145)
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Scheme 25: Synthesized amines for synthesizing VCP amides.

(@] (@]
/\O)J\O/\/NHZ /\O)]\H/\/NHZ /\H)LH/\/NHz \)]\H/\/NHz
24 25 26 27

Scheme 26: Synthesized amines for synthesizing VCP amides.

For the synthesis of amines 25 and 27 no protection-deprotection chemistry was used.
In contrast, amines 24 and 26 required the usage of protective groups. The reason is
the higher nucleophilicity of amines in comparison to alcohols in the synthesis of amine
24. For amine 26 the high reactivity of the isocyanate would result in an undesired

product even when a huge excess of the diamine is used. The overall yields of the
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multi-step synthesis are 61% and 59%, respectively, while the direct synthesis of amine
25 resulted in a yield of 33%. The reason is the possible side reaction of the relatively
reactive acidic chloride. When a less reactive ester is used, the reaction performed at
a much higher temperature showed good yield of 83%, resulting in amine 26. All four
amines were characterized by NMR spectroscopic methods. The 'H NMR of amines
with peak assignments are given in figs. 59, 65, 75 and 83 on pages 106, 111, 118
and 124.

3.2.1 Chemical synthesis of novel monofunctional VCP amides

As in section 3.1, VCP amides were synthesized by the reaction of the VCP monoacid
and self- synthesized amines. Since OH is a poor leaving group, activation with DCC is
necessary. Additionally, following previous work, ''% 6-chloro-1-hydroxy-benzotriazole
(HOBt-Cl) was added to further activate the free amine. Thus, four new monomers
could be synthesized, bearing carbonate, urethane, urea, and amide side chains (for

general reaction scheme, see scheme 23). Scheme 27 shows the structures of the four

monomers.
EO_o EO_o EO_o EO_o
HN HN HN HN
\ s \ Y \ N\ \ N\
o o b '
o 0 o 0
5 6 7 8

Scheme 27: Structure of synthesized VCP amides, bearing carbonate, urethane, urea, and amide
side chains.

The new monofunctional VCP-amide derivatives were structurally analyzed using dif-
ferent NMR techniques (compare section 3.1.3). For monomer 5, the 'H and '3C spectra

with peak assignments are shown in fig. 17 as a representative example.
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Although some of the protons, such as CH; protons (9, 11) at 1.25 ppm and —O—CH,
protons 7, 8, and 10 with peaks between 4.15 and 4.25 ppm show overlapping signals
in 'H NMR and are indistinguishable, the integrated peak area agrees excellently with
the monomer structure. Full characterization is possible with *C NMR as well as

2D-experiments (Figure 18).
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Figure 18: HSQC (a) and HMBC (b) spectra of monomer §

The quaternary carbon at the cyclopropane ring (position 12) can be identified with
cross-peaks (3, 4) and (4, 12). Conversely, the three carbonyl carbon peaks can be
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assigned based on their coupling to different 'H signals. Here, coupling the overlapping
peaks of 7, 8 and 10 helped assign the Cy4; distinctions between Ci3 and Ci5 were
possible due to the cross-peaks (6, 13) and (10, 15). NH proton 5 could be identified
with correlation spectroscopy (COSY) (for the spectra of monomer 5, see figs. 60 to 63
on pages 108 to 109).

The structure of monomers 6, 7, and 8 was clarified using the same technique for peak
assignments (please refer to figs. 66 to 71, figs. 76 to 81 and figs. 84 to 89 on pages 112
to 115, pages 120 to 122 and pages 125 to 128). FT-IR spectra were obtained to confirm
the presence of the corresponding functionalities (figs. 64, 72, 82 and 90 on pages 110,
115, 123 and 128).

3.2.2 Preorganization of monofunctional VCP amides

As in section 3.1.4, temperature-dependent solid-state NMR was used to observe the
hydrogen bond strength of VCP amides. The NH units of the side-chain functional
groups, urethane, urea, and amide, and those of the NH units connecting the side chain
to the VCP ring, were investigated and distinguished. Generally, signals of the side-
chain NH units can be observed at a much higher field than the amide linked to the
VCP ring. The H-bonds are weakened as the temperature rises, and a shift to a higher
field can be observed. The strength of each hydrogen bond can be estimated from the
slope of this shift.

For 5, only one amide proton signal beside the VCP unit is visible, with a slope of
-4.34-103 ppm/K, as it has no other H-bonding units in the side chain. For 6, the VCP
C(O)NH proton (proton of amide group directly attached to the VCP ring) shows a
slope of -6.70-10 and a side chain amide of -8.35-10* ppm/K; 7 shows two signals for
both nitrogen protons in the side chain with slopes of -6.00-10 and -5.70-1073 in addition
to -3.77-10 ppm/K for the VCP C(O)NH proton. For 8, the VCP C(O)NH proton
has a slope of -4.54-10 and the side chain -7.87-10 ppm/K. Variable-temperature
solid-state 'H NMR measurements of 6 from 2560 °C are shown in fig. 19 and the
change in chemical shifts with the temperature of the different NH signals in fig. 20.
Variable-temperature 'H NMR measurements of 5 and 31 and the complete spectrum
of 6 are presented in section 4.3.2 section 4.3.2. Since the measurement was performed

only once, no standard deviation was possible.
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Figure 19: Change in chemical shift of monomer 6 with increasing temperature. Left, shift of
signal A, right of signal B

Chemical shifts of side-chain amide protons are more significant, probably due to re-
duced steric hindrance, allowing a stronger bond than the amide protons directly at-
tached to the VCP ring. Of the four monomers, 6 show the most significant shift, while
the other three shows similar chemical shift behavior for the amides directly attached
to the VCP ring. Urethane has a higher electron density and is therefore the better
hydrogen acceptor. This results in a stronger hydrogen bond between the VCP amide
and the side chain, contributing to this higher chemical shift. For the side-chain signals,
urea hydrogen contributes to good preorganization but with less strength than the sin-
gle NH-protons from monomers 6 and 8, which show similar behavior. Correlating the
H-bond strength to preorganization and, therefore, R, the fastest reaction is expected
for monomer 6. Monomer 5 due to only one site of preorganization should show the
lowest rate. Monomer 7 is expected to react rapidly as well, as three NHs contribute to
H-bonding, while monomer 8 is prone to show a slower reaction. The following section

discusses the polymerization behavior of monomers 5, 6, 7, and 8.
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Figure 20: Change in chemical shifts with temperature for monomers 5 (green), 6 (red), 7 (black),
and8 (blue). a) shows the change in the hydrogen proton beside the VCPunit, while b)
shows the change in the respective side-chain hydrogens.

3.2.3 Photo polymerization of monofunctional VCP amides

Section 3.1.5 describes the effect of different side chains on R,,.

In this section, the polymerization rate of VCP amides, where an additional hydrogen
donor is introduced near the VCP backbone, is investigated. Figure 21 shows the
kinetic measurement of the photopolymerization of monomers 5, 6, 7, and 8 carried

out at room temperature by a white LED-light.
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Figure 21: Light polymerization of monomers 5 (green), 6 (red), 7 (black), and 8 (blue). Change
in conversion over time. Each signal represents a different sample irradiated with visible
light and analyzed via GC.

With an initial R, of 2.35 %/s, monomers 7 was the fastest, followed by monomer
6 (1.99 %/s), 5 (1.62 %/s), and 8 with 1.35 %/s. After 30 min, monomer 7 showed
almost complete conversion, while the other monomers showed a much slower increase in
conversion. At 6 hours, the conversion of 8 (~83%) surpassed 5 (~76%), although the
high fluctuation of results in the case of 5 might have led to this result, and the actual
conversion of 5 was higher. It is known in the literature that the N—H groups of urea
exhibit a stronger H-bond than other functional groups, such as urethane,¢ which
explains the faster polymerization behavior of monomer 7. Mattia et al. investigated the
hydrogen bonds of different functional groups. Their calculation was performed in bulk,
however, while polymerization was performed in solution. Anisole was used as a solvent,
as it does not prevent hydrogen bonding (see section 3.1.4). Nevertheless, the solvent
effect must be considered when evaluating these results. Its ether group might act as
a hydrogen bond donor, supporting the preorganization of hydrogen donor-containing

monomers. 147 Table 3.3 shows an overview of the overall conversion and R;.
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Table 3.3: Initial polymerization rate and the overall conversion of the photopolymerization of
monomers 5, 6,7, and 8.

Monomer | R,* [%/s] Overall conversion® [%]
5 1.62 £ 0.71 90.2 + 4.3
6 1.99 £+ 0.70 925 £ 1.8
7 2.35 £ 0.98 95.1 £ 2.1
8 1.35 £ 0.51 98.7 + 1.9

@ calculated by the average slope of the first three points.
b conversion after 24 h.

Figure 22 shows the photopolymerization of VCP esters and corresponding VCP amides.
VCP esters show a lower polymerization rate, despite polymerization being performed
in bulk. This comparison shows the immense influence of preorganization via H-bonding
on the polymerization behavior. In all cases, the only difference between VCP esters
and VCP amides was the additional N—H group of VCP amides, rather than —C(O)—
in the case of VCP esters, enabling the formation of an additional hydrogen bond beside
the VCP unit. A comparison of monomers 1 and 5 showed this amide linker’s effect on
the polymerization rate since no preorganisation occurs in case of 1. In comparison, 5
shows the effect of a preorganization near the reactive site. This effect is enhanced in
terms of the rate of polymerization and monomer conversions when the side chain also
contains functional groups capable of forming H-bonds.

The expected effect is not observed for monomers 4 and 8, displaying an amide func-
tionality. While a synergistic effect of the position of H-bonding sites might also play
a role, other factors such as steric hindrance, conformation, or dipole effects could also
explain this behavior."® Furthermore, section 3.1.5 showed the high initial rate of
polymerization in the case of monomer 4 in comparison to other VCP esters. This
supports the reduced effect of an additional hydrogen bond donor. A more detailed

investigation of the mentioned effects will be part of future studies.
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Figure 22: Comparison of conversion over time for the VCP amides and their corresponding
esters. While the VCP esters were polymerized in bulk, polymerization of VCP amides
was conducted in solution, with anisole as solvent. a) Monomer 1 (black) and monomer 5
(red). b) Monomer 2(black) and monomer 6(red). ¢) Monomer 3 (black) and monomer 7
(red). d) Monomer 4 (black) and monomer 8 (red).

3.2.4 Polymer characterization of monofunctional VCP amides

Polymer properties were characterized using GPC, TGA, and DSC analysis (Table 3.5).
All polymers showed unimodal GPC curves with a low-medium molar mass. For the
urea bearing polymer, the lowest thermal stability of up to 220 °C was obtained, while
changing the sidechain to urethane or amide led to an increase in stability of 100
K. None of the investigated polymers showed a melting peak in DSC analysis, so
amorphous polymers could be assumed. The T, ranges from 32 °C for polymer 32 to
89 °C for the urea-containing polymer. The higher T, can be explained by the degree

of polymerization in the polymer and, therefore, reduced polymer chain mobility. For
curves, see sections 4.5.1 to 4.5.3.
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Table 3.4: Initial polymerization rate and the overall conversion of the photopolymerization of
monomers 5, 6,7, and 8.

Polymer | M,* Dy T,"[°C] Tsq° [ °C]
5 6.9- 10> 1.4 32 275
6 1.6 -10* 2.8 55 324
7 1.1-10* 1.6 89 221
8 4.6 -10* - 69 323

* GPC (DMF, PS standard).
> Determined by DSC from -60 to 150 °C
with a heating rate of 20 K/min. Topset
¢ Temperature, where 95% of the original mass is still detectable.
Determined under a nitrogen atmosphere,
measured in a range of 20 to 600 °C
with a heating rate of 10 K/min.

3.3 Investigation of novel bifunctional VCPs

Based on the results obtained in previous sections, urea functional group in the side
chain of VCP-amide and VCP-esters appears to be more promising in enhancing the R,
in comparison to the other H-bonding functional groups. Therefore, synthesis of novel
bi-functional VCPs with urea in the spacer group connecting the two polymerizable
VCP- rings was targeted. Bifunctional monomers, on polymerization, form a stable
network, which cannot be dissolved without breaking polymerization down the polymer
chains. For any application where the stability of the polymer is essential, these systems

are preferably used (see fig. 23).
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Figure 23: Representative polymer chain formation from monofunctional monomers (up) and
bifunctional systems (below). While the monofunctional chains can be separated with
the penetration of, e.g., solvents, in bifunctional systems, the crosslinking prevents such
behavior.

The polymerization behavior and properties of new bifunctional urea group containing
VCP-derivatives were investigated in this section with an aim to obtain versatile fast
polymerizing alternatives for dental and coating applications The targeted properties
are low shrinking, low viscosity, low toxicity, and rapid polymerization. Rapid polymer-
ization and low volume shrinkage are crucial to outperform currently used methacrylate
based materials in dental applications and also for a new class of coating material. A
liquid monomer is required in both cases to enable solvent-free polymerization. For
medical applications, only non-toxic materials can be used. The following section de-

scribes the synthesis of bifunctional VCPs.

3.3.1 Chemical synthesis of bifunctional VCPs

In section 3.1 and section 3.2, urea was the side chain identified to boost the initial
Rp. Therefore, the synthesis of bifunctional VCPs bearing an intervening urea unit
was targeted. Although the importance of a VCP amide in which amide group links
the side chain to the VCP ring in enhancing the rate of polymerization could be con-
firmed in previous sections, the bifunctional VCP derivatives were prepared using both
amide (bifunctional VCP-amide) and ester (bifunctional VCP-ester) linking functional-
ities (Structures 9 and 10). Bifunctional VCP ester (10) was synthesized as reference
material. Aditionally, a side chain with oxalyl diamine was identified as an additional
monomer (structure 33). Here, an additional H-bond acceptor could be introduced,
leading to even stronger preorganization. The additional acceptor might increase the
viscosity of the resulting monomer since the molecules are more prone to being fixed

into a particular position. Conversely, it should simultaneously increase the polymer-
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ization rate. Scheme 28 shows the structure of the desired linear bifunctional monomers
9, 10, and 33.
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Scheme 28: Linear bifunctional VCP investigated in this section.

Bifunctional VCP derivatives were prepared by the reaction of VCP monoacid with the
corresponding diamines or diols (For reaction schemes see page 131 and page 136). The
diol and diamine were synthesized according to known literature procedures as shown
on pages 130 and 136.1915% In case of the diol 34, with nitrogen being the better
nucleophile, a direct synthesis is possible. In case of the diamine 35, the protected
ethylene diamine was used, similar to section 3.2.1. Both products were obtained in a
moderate yield and high purity after recrystallization for 34 and precipitation in the
case of 35. Esterification and amidation reactions were used from the same sources as
previously described. The presence of monomer 9 and 10 intermediate and final prod-
ucts was confirmed using NMR experiments (for spectra, see section 4.2.5 and figs. 92
to 98 and 100 to 105 on pages 130 to 135 and pages 137 to 140. For F'T-IR spectra, see
figs. 99 and 106 on pages 135 and 140
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Scheme 29: Synthesis scheme of monomers 9 and10

While the bifunctional VCP of the two isomers 2,4,4-trimethylhexane-1,6-diamine and
2,2,4-trimethylhexane-1,6-diamine, which was synthesiszed in Agarwal group by Dr.
Pineda '8! and has since been established as benchmark material, was described as a
low viscosity monomer, the bifunctional VCP-derivatives obtained in this work were
solid. This reason is probably due to the higher degree of preorganization resulting
from the urea unit and linear spacer structure, which allows dense packing of the dif-

ferent molecules, which can be confirmed by density measurements of the monomers
(Table 3.5).
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Table 3.5: Density of monomers 9 and 10 measured by gas pycnometry.
Monomer | Monomer density [g/cm]

9 1.184 + 0.019
10 1.179 £ 0.011

A second reason might be the lack of different isomers, which prevented high-density

molecular stacking.

Synthesis of the oxalyl diamine is also already known in the literature but could not
be repeated here. While the first steps (scheme 30, and section 4.2.6) were successful
and could be confirmed with NMR experiments, after the deprotection, the obtained
solid was insoluble in all of the solvents used, namely acetone, ethyl acetate, methanol,
toluene, tetrahydrofuran (THF'), methylene chloride (DCM), anisole, DMF, and DMSO,
and therefore, could not be analyzed. A small trial reaction was performed to deter-
mine whether a reactive amine was present, but synthesis of targeted monomer 33 was
unsuccessful. Since no confirmation of the correct product was possible, the synthesis

of monomer 33 was not pursued further.
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Scheme 30: Synthesis scheme of monomer 33
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Since monomers 9 and 10 showed a high density which leads to a high volume shrinkage,
sterically hindered groups should be introduced. Thus, a strong preorganization but

less dense packaging is targeted in the next step.

3.3.1.1 Sterically hindered bifunctional VCP amides

Commercially available diamines were used to synthesize novel bifunctional VCPs.
Thus, easy access to new material was ensured since the synthesis of the diamines is a
multiple-step process and, therefore, is costly and time-consuming. All the amines used
are produced in large quantities, registered at the European Chemicals Agency (ECHA)
database and, REACH compliant. This and cost-effective production are crucial for
transitioning from academia to industrial application. Scheme 31 shows the commer-

cially used diamines and their resulting monomers.
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Scheme 31: Structures of sterically hindered VCP amides investigated in this section.

Synthesis , under the same conditions as in section 3.2.1, of all five bifunctional monomers
was successful, with yields ranging from 15% for monomer 14 to 68% for monomer 13.
The correct structure was confirmed by different NMR, experiments (for spectra see
figs. 107 to 112, 114 to 119, 121 to 126, 128 to 133 and 135 to 140. NMR analysis
proved difficult for various reasons. For monomers 11 and 13, the diamine was used
in two stereoisomers, leading to several overlapping signals. For monomer 12, traces of
the unreacted diamines remained after purification, so the NMR spectrum was complex
to evaluate, underlining the importance of a secondary analysis method to confirm the
successful reaction of the desired monomers. Section 4.2.5 presents the NMR spectra

with peak assignments of all monomers. The evaluation was conducted as described
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in section 3.1.3. Of the synthesized monomers, only monomers 14 and 15 were liquid,
while the remainder were obtained as solids. One factor affecting the melting point
is the molecule’s molar mass.["®] However, preorganization must also be considered
since hydrogen bonds can be formed, influencing the physical properties of different

molecules. The proportions of the two effects were not investigated in this work.

3.3.2 Cytotoxicity tests

As mentioned above, toxicity measurements are essential in medical applications. Thus,
all seven monomers were investigated in a standard assay performed by Matthias
Volkl of Prof. Freitag’s group, where different concentrations of the DMSO-dissolved
monomers, diluted with water, were added to L.929 cells and the number of viable cells
measured after 24 h. Figure 24 shows the concentration dependencies of the different

monoImmers.
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Figure 24: Cell viability with different concentrations of 9 (black), 10 (red), 11 (blue), 12 (pink),
13 (green), 14 (orange), and 15 (purple).

The median lethal dose (LDjp), the value at which half of the cells remain alive, is given
in table 3.6:

69



Table 3.6: LDs( values of self-synthesized bifunctional VCPs. Tests were conducted with 1.929
cells over 24 hours.

Monomer | LDjp [mM]

9 0.356 £ 0.022
10 0.048 £ 0.003
11 0.010 £ 0.004
12 0.030 £ 0.004
13 0.035 £ 0.004
14 0.632 = 0.035
15 0.184 £+ 0.015

While all cyclohexane-containing monomers show relatively high toxicity, monomer 14
was the least toxic. All monomers were dissolved in DMSO, which is slightly cytotoxic.
At the highest concentration of 10 mM after 24 h, 86 £ 12 % of all cells remained alive,
meaning the obtained values should have been slightly higher had no solvent been used.
However, this effect is lower for a more diluted sample. In previous work, the cytotox-
icity of VCPs was investigated and compared to UDMA, a widely used dental filling
material. 2193 In this test, UDMA showed an LDs, value of 0.071 4 0.009 mM, mak-
ing it three times more toxic than monomer 9, twice as toxic as monomer 15, and eight
times as toxic as monomer 14 in this study. Based on these measurements, it appears
that linear systems are far more favorable. Another observation is the higher toxicity of
the VCP ester compared to the amide. Additionally, VCP esters were generelly shown
to polymerize much slower. Toxicity tests were performed for 24 hours, while materials
remain in the human body for much longer. Therefore, long-term cytotoxicity tests are

necessary.

3.3.3 Photopolymerization of sterically hindered bifunctional VCP

amides
Kinetic measurements

As in section 3.1.5 and section 3.2.3, monomer conversion was followed over time while
irradiating the monomers with light. Since only a fraction of all the monomers obtained
were liquid, polymerization was performed in solution with anisole as solvent. The
conversion was analyzed using GC for monomers 39 and 40 and NMR for the remaining

synthesized monomers. Figure 25 shows the conversion over time.
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Figure 25: Change in conversion over time for the light-induced RROP of monomers 9 (black), 10
(red), 11 (blue), 12 (pink), 13 (green), 14 (orange), and 15 (purple).

It is evident that all monomers show a high R, and almost complete conversion after
24 hours (table 3.7). A minor exception is 14, which has a relatively slow increase in
conversion in comparison. The unsymmetric monomeric structure leads to a less degree
of preorganisation. As a result, a slower polymerization can be observed.

The highest R, is observed for 12, closely followed by 11 and 13. The bulky cy-
clohexane rings do not affect the polymerization behavior. All three diamines were
supplied as stereoisomers with an unknown ratio. While this should reduce the degree

of preorganization, nothing is observable from the polymerization rate.

With 10 showing a slightly slower polymerization behavior than the amide equivalent
9, the effect of the additional H-bond is demonstrated again. However, the urea group
might have helped minimize the difference. Nevertheless, both sterically hindered linear
systems show the lowest R,, with 15 being the fastest, probably due to the above-
mentioned reason. This study underlines the importance of considering the functional

groups and the overall structure.
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Table 3.7: Overall conversion and R, for monomers 9, 10, 11, 12, 13, 14, and 15.

Monomer | Overall conversion [%] R, [%/s]
9 99.13 £0.74 1.85 £ 0.58
10 97.09 £2.06 1.87 £ 0.61
11 98.69 £0.25 1.96 £+ 0.47
12 99.51 £0.41 2.84 + 0.51
13 99.02 £0.57 1.78 £ 0.50
14 96.65 £+ 0.37 1.41 £ 0.19
15 97.90 +1.39 1.96 £+ 0.47

3.3.4 Polymer characterization of bifunctional VCP amides

Since bifunctional systems form a network, determination of the molecular mass via
GPC is impossible. The thermal stability of monomers 9, 10, 11, 12, 13, 14, and 15
was analyzed by TGA. TGA curves and Tsy values are shown in section 4.5.3 and
table 3.8.

The most significant difference is observed between urea-linked, linear systems which
showed much lower stability than more hindered and rigid structures for the remaining
polymers. Their degradation temperature is in the same range found for polycarbonates
and slightly higher than that found for monofunctional VCP amides (Table 3.8).

Table 3.8: Thermal stability and glass transition temperature of the corresponding polymers to
monomers 9, 10, 11, 12, 13, 14, and 15.

Polymer of monomer | T,* [ °C] Ts%" [ °C]
9 112 236
10 84 224
11 143> 329
12 164° 340
13 158°¢ 343
14 97 329
15 83 335

@ Determined by DSC from -40 to 150 °C with a heating rate of 20 K/min;

b _40 to 180 °C with a heating rate of 20 K/min; ¢ -40 to 200 °C at 20 K/min;

4 Temperature, where 95% of the original mass is still detectable.

determined under a nitrogen atmosphere, measured in a range of 20 to 600 °C
with a heating rate of 10 K/min.
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3.3.5 Determination of volume shrinkage

Low volume shrinkage is one reason for using VCPs in polymer chemistry. Steric
hindrance is reported as a tool to work against shrinkage and obtain even volume-

s. 116154 A second factor is rapid polymerization. Both favor the inter-

expanding VCP
rather than the intramolecular attack. As mentioned in section 3.1.6, the intramolecular
attack leads to a cyclobutane structure responsible for the volume shrinkage. A more
direct method of measuring volume shrinkage is the change in density from monomer
to polymer. The monomer density was determined with a gas pycnometer, since it
enables the exact measurement of liquid and solid samples. Air encapsulations, which
cannot be reached with helium gas, are a drawback of this technique. Therefore, an
alternative method was selected for less porous structures with a fixed geometry, as for
precipitated polymer samples. The Archimedes method was used for polymer samples,
where density is measured based on the weight change between the sample in air and
in a liquid with a known density, in this case, water. Figure 26 and table 3.9 show the

volume shrinkage of bifunctional VCP.

Shrinkage [74
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Figure 26: Volume shrinkages of bifunctional polymers 9, 10, 11, 12, 13, 14, and 15, determined
by the difference in density between monomer and polymer.

All investigated monomers show a shrinkage of 4-6%, all in the range of commonly used
dental matrixes, and the VCP previously presented by the Agarwal group benchmark
molecule ¢ with two exceptions: monomer 10 with a shrinkage of 0.8% and 13, which
even shows an expansion of 2.8%. The only known example of a volume-expanding

VCP containing monomer, with an expansion of 6.1%, contains adamantane units to
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induce this effect (scheme 32).154 Monomer 13, due to a much more straightforward

approach, is a good alternative for this known system.
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Scheme 32: Volume-expanding VCP amide 13 and the already known expanding adamantyl VCP
monomer 41.

Since a rapid ring opening polymerization should lead to low volume shrinkage, % the
lowest shrinkage is expected for monomers 12, 11, and 13, while monomers 14 and
15 should show the highest shrinkage. In the obtained results, monomer 13 showed
the lowest shrinkage, followed by monomer 10, which is inconsistent with the kinetic
measurements.

As mentioned above, steric hindrance is also a significant factor. In the case of monomer
13, the VCP amide has a direct connection to the cyclohexane ring. Therefore, molec-
ular mobility is reduced and backbiting is less likely. This also explains the high shrink-
age of monomer 11, despite the rapid polymerization, where, due to the more flexible
—CH,—cyclohexane connection, more molecular movement is possible. The linear and
less sterically hindered structures also show relatively high shrinkage, with VCP amide
9 having the highest shrinkage.

The high shrinkage of 14 is probably explainable due to its asymmetric nature, less
orientated monomer structure, and slower polymerization. This differs for 15, where
the reduced molecular mobility causes less backbiting and, consequently, much lower
shrinkage. The same applies to 12, where the direct connection to the cyclohexane
ring on the one side and the additional methyl substituent on the other lead to reduced

shrinkage.
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Table 3.9: Monomer and polymer density of monomers 9, 10, 11, 12, 13, 14, and 15 and calculated
volume shrinkage.

Monomer | Monomer density® [g/cm®] Polymer density® [g/cm?] Volume shrinkage [%]
9 1.184 1.259 5.9
10 1.179 1.188 0.8
11 1.069 1.131 5.5
12 1.058 1.101 3.9
13 1.066 1.038 -2.7
14 1.080 1.152 6.2
15 1.058 1.105 4.2

® determined by gas pycnometry.
b determined by the Archimedes method in H,O.

3.4 Conclusion

This work shows the successful synthesis of nine new monofunctional and seven new
bifunctional VCPs. All molecules were fully characterized.

The first set of five monomers, all monofunctional VCP esters with different functional
groups in the side chain, showed the highest strength of hydrogen bonds in the case of
urea, followed by urethane, amide, and finally, carbonate not capable of forming hydro-
gen bonds. This behavior could also be observed on the initial rate of polymerization;
however, viscosity, increased by a high degree of preorganization, countered the effect
to a certain extent, which was analyzed using photorheology. As a result, the amide
containing VCP was identified to show the best overall behavior.

On changing from VCP esters to VCP amides, the following four monofunctional
monomers, led to completely solid monomers and much faster polymerization, although
solvent use was necessary. As similar trend, as observed for VCP esters, could be
observed with the urea containing VCP showing the highest rate of polymerization,
followed by urethane. The carbonate bearing VCP showed a much increased rate of

polymerization but remains the slowest of the investigated monomers.

For bifunctional VCP, new aspects of these systems could be shown, one being the lower
toxicity of linear structures, compared to cyclohexane-containing VCPs and the higher
toxicity of ester functional groups compared to the amide-bearing equivalent. Differ-

ences in the polymerization rate could be correlated with structural differences, one

5



being the uneven effect of monomer 14, where the two hydrogen donor point in differen
directions, leading to a less ordered macrostructure and, consequently, a slower poly-
merization. However, the bulkiness of the substituents did not lead to slower polymer-
ization. This bulkiness, implemented to reduce volume shrinkage, prohibits backbiting,
the most significant cause of volume shrinkage for VCPs, especially when intramolec-
ular mobility is restrained. Thus, volume expansion of 13 was possible. Generally,
the impact of VCPs on volume shrinkage could be demonstrated, with shrinkage being
roughly 4-6% compared to 21% for PMMA. While dental applications were targeted
in this work, low toxicity and shrinkage are also significant in other applications such
as medical 3D printing, indicating the same materials might be usable in both cases.
While several new materials were synthesized and their basic properties investigated,
mechanical properties are also necessary for the application, which could not be ob-
tained in this work due to unsuccessful specimen preparation and the ultimate lack of
material. Of the seven VCPs, only two were liquid (monomers 14 and 15) and, there-
fore, usable as such. For the others, additives or solvents would be necessary to convert
them into a liquid. This, as well as the formulation of the exact composition of new

systems, is the task of future researchers.

3.5 Outlook

The high versatility of VCPs has been shown by various groups over the past years,
with dental fillings being only a tiny proportion.

A growing field where different techniques and materials have been intensively inves-
tigated is 3D printing.['*") The most common technique is fused deposition modeling,
where a continuous flow of melted filament is produced and printed in the desired shape.
While structures otherwise impossible to form can thus be built, its relatively low preci-
sion limits the field of application. Therefore, other techniques are preferred in medical
3D printing.

The most commonly used method is powder sintering, where a material is exposed to
a laser beam and thereby selectively cured.!'®® While this is already implemented to
build implants and models of the patient’s anatomy for better surgery planning, this
technique is expensive due to its complexity and the machines required. ™™ Using a
liquid platform and light to cure the desired form selectively enables faster, easier, and
cheaper specimen production for crafting very fine and complex structures.'*¢! VCPs

would be a suitable platform for this type of 3D printing due to their rapid polymer-
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ization and low shrinkage, both essential properties for a highly effective process.

As the spacer between the VCP units can be easily modified, antimicrobial or water-
soluble monomers are likely. Thus, the formation of hydrogels, for example, in tissue
engineering, is feasible. Different photoinitiators might be necessary, to ensure good

crosslinking and rapid polymerization in an aqueous solution.

Since sustainability is becoming an increasingly critical part of society, investigating
bio-based linkers would be of interest. These can be naturally occurring amines or

molecules that can be easily converted into them.

Functional groups in bio-based molecules can be reacted to form amines, the most com-
mon being alcohols via ammonolysis'® and unsaturated carbons via hydroamination
reactions. 16011 Acids, for example, in fatty acids, might be either reacted to form
epoxides, standard products in the epoxy industry, which can then react with aqueous
ammonia to form amines!'%? or transformed into aldehydes or alcohols which can also
be reacted to form amines. [163164

Several molecules are also available from the enzymatic fermentation of biomass, such

as 1,3-propanediol and 1,4-butanediol.

Another aspect is reevaluating the synthesis of VCPs to use bio-based resources and

reduce waste throughout the process (Figure 27).
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Figure 27: Possible bio-based and sustainable synthesis of bifunctional VCP amides.

Various publications exist on the bio- or chemical synthesis from a bio source of buta-
diene!'65160 a5 well as malonic acid.['971%8) Malonic acid is also known to be present in
plants such as legumes. 16917 Recyclability is another factor in a sustainable synthesis.
Bromine can be used to convert butadiene into the desired dibromide. This is then elim-
inated in the next step, forming NaBr. Therefore, bromide recycling is an important
step in reducing waste. Additionally, a more sustainable bromination can be consid-
ered. Much research has been conducted in this field, although Sabuzi et al. showed
in their review that not all processes declared sustainable adhere to all the principles
of green chemistry.['™ Another focus is on an alternative amidation reaction. 172173
DCC enables a mild amidation reaction and increases the yield, as the water formed
is removed by forming an insoluble urea compound. From a sustainability viewpoint,
this process could be improved due to its poor atomic economy. Therefore, alternative

amidation reactions should be considered.
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4 Materials and methods

4.1 Analytical methods

'H- (300 MHz) and *C-NMR spectra (75 MHz) were recorded on a Bruker Ultrashied-
300 spectrometer at room temperature. To distinguish between primary and tertiary
or secondary and quarterly carbons, *C APT was conducted. The two-dimensional
NMR heteronuclear single quantum coherence experiments were performed to observe
1J coupling and heteronuclear multiple bond correlation experiments for coupling J>1.
Solid-state NMR, (2.0 kHz) was recorded on a Bruker Advance III HD NMR 400 (field
strength 9,4 T) with a 3.2 mm sample carrier. Variable 'H temperature experiments
have been performed from 25 °C to 60 °C .

GPC was performed using an SDV XL gel column (particle size = 5um with a separa-
tion range of 100 - 3 000 000 Da)and a refractive index detector (1200 series, Agilent
Technologies). Chloroform or DMF was used as the solvent and eluant with a flow rate
of 0.5 ml min™.The calibration was performed with a narrowly distributed polystyrene
homopolymer (PSS calibration kit). Before measurement, the sample was dissolved in
chloroform/ DMF and filtered with a 0.22 ym PTFE filter. The injection volume was

20 pl. Toluene served as the internal standard
DSC measurements were performed on a NETZSCH DSC 204 F1 Phoenix under a ni-

trogen atmosphere with a 20 ml /min flow.

TGA was performed in alumina pans with sample masses of around 5 mg and a flow
rate of 20 ml per minute on a NETZSCH Libra F1 device.

Photo rheology measurements were performed on an Anton Paar MCR 302 rheometer.
Rotational tests were performed between a glass plate with Peltier temperature control
and a cone with a diameter of 25mm and an angle of 2° with a frequency of 1 Hz.
The sample was irradiated with an Omnicure S2000 light source and an intensity of
2W /cm? at the light source. All rheology measurements were performed under nitrogen
gas using a Peltier temperature-controlled hood and a constant gas flow of 200 L/h.

Cytotoxicity tests were performed in the group of Prof. Freitag by Matthias Volkl as a
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standard 1.929 essay.
Density measurements by gas pycnometer were measured on an AccuPyc 1330 gas py-

cnometer (Micromeritics) with helium used as measuring gas.

4.2 Chemical synthesis

4.2.1 General remarks

1,4-Dibromo-2-butene, diethyl malonate, sodium, ethanolamine, methyl chloroformate,
ethylamine, ethylenediamine, tert-butyl dicarbonate, oxalyl chloride, LiAlH, powder,
isophorone diamine, 2,2-dimethylpropane-1,3-diamine, valinamid-hydrochloride, 2-chloropropane,
and CQ were supplied by Aldrich and used without further purification. Ethylene glycol,
DMAP, and EDMAB (Fluka) were used without further purification. Ethyl isocyanate,
ethyl chloroformate, N-Boc-ethanolamine, ethylenediamine, DCC, 1,1’-carbonyldiimidazole
(CDI), and ethylene carbonate were supplied by Alfa Aesar and used without further pu-
rification. Diethyl carbonate, 6-Chlor-1-hydroxy-1H-benzotriazole, nitromethane, mal-
ononitrile, boron trifluoride - ethyl ether complex, and propane-1,2-diamine were sup-
plied by TCI and used without further purification. Sodium bicarbonate, a cis and trans
mixture of 1,3-cyclohexanebis(methylamine) and 3,3’-methylenebis(2-methylcyclohexan-
l-amine), tert-Butylchloride, and AICl; (Fisher chemical) was used without further pu-
rification. Potassium hydroxide (Carl Roth), propionic acid, and triethylamine (Giiss-
ing) were used without further purification. Sulfuric acid and ammonium chloride were
supplied by VWR and used without further purification. All solvents were distilled

before use.

4.2.2 Synthesis of

1-(ethoxycarbonyl)-2-vinylcycloporpane-carboxylic acid

2-vinylcyclopropane-1,1-dicarboxylate

EtO
O O NaOEt Cb

AN~Br o+
Br
/\OJ\/U\O/\ EtOH, rt, over night OEt

42
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The synthesis was performed as reported before'*?). Under argon, trans-1,4-dibromobutene-
2 (12.0 g, 56 mmol) and malonic acid diethyl ester (1 eq, 9.0 g, 56 mmol) were dissolved
in 40 ml of predried absolute ethanol. At room temperature freshly prepared sodium
ethanolate (2.2 eq, 68 ml, 67.3 mmol) was added slowly. The reaction mixture was
stirred at room temperature over night and conversion was monitored via GC-analysis.
The reaction mixture was filtered, washed with ethanol and the solvent was removed
under reduced pressure. The remaining product was filtered again and washed with
diethylether. The organic phase was washed with water, saturated sodium chloride so-
lution, dried over Mg,SO, and the solvent was removed under reduced pressure. After
purification via flash chromatography (Cylcohexane:EtOAc 10:1) the purified product
42 was obtained as colorless liquid in a yield of 90 % (10.7 g, 50.2 mmol).

'H NMR (300 MHz, CDCl3, 293K):

d [ppm] = 5.41 (m, 1H), 5.31 (dd, 1H), 5.12 (dd, 1H), 4.19 (m, 4H), 2.58 (q, 1H), 1.68
(q, 1H), 1.55 (q, 1H), 1.27 (t, 6H) ppm.
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Figure 28: 'H NMR of 42.
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1-(ethoxycarbonyl)-2-vinylcycloporpane-carboxylic acid

EtO EtO
e KOH e
OEt EtOH, 0 °C —>rt, OH
\ over night \
42 43

The synthesis was performed as reported before!™?. Under argon, at -5 °C in 40 ml
predried ethanol dissolved KOH (5.5 g, 98.9 mmol, 1.05 eq) was slowly added to a
solution of 42 (20.0 g, 94.2 mmol), dissolved in 10 ml predried ethanol. Temperature
should not surpass 5 °C . The mixture was stirred at room temperature over night. The
solvent was evaporated under reduced pressure, and the crude product was dissolved in
100 ml of water with pH=9. The solution was washed three times with Et,0, acidified
to pH=2 and extracted with Et,O. After washing with saturated NaCl solution and
evaporating the solvent, the product 43 was obtained as a colourless liquid in a yield
of 54% (9.24 g, 50.2 mmol).

'H NMR (300 MHz, CDCl3, 293K):

d [ppm] = 5.66 (m, 1H), 5.40 (dd, 1H), 5.25 (dd, 1H), 4.29 (m, 2H), 2.76 (q, 1H), 2.15
(dd, 1H), 2.00 (dd, 1H). 1.32 (t, 3H) ppm.
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Figure 29: 'H NMR of 43.

4.2.3 Synthesis of Monofunctional VCP esters

Ethyl (2-hydroxyethyl) carbonate

JZ) P NaOEt j\

o + OH HO

P EtOH, 60 °C, 1h ~"o0" o™
44

Under argon, NaOEt (0.03 eq, 235 pl, 3 mmol) was added slowly to in 35 ml of predried
ethanol dissolved ethylencarbonate (8.81 g, 100 mmol). The mixture was stirred at
60 °C for 1 h. The reaction was quenched by adding water and the mixture was
extracted with DCM. the organic phase was dried over Mg,SO,, filtered and the sol-
vent was removed under reduced pressure. After purification by flash chromatographie

(Cylcohexane:Ethylactetate 7:3) the product 44 was obtained as yellow liquid in a yield
of 11 % (1.44 g, 10.7 mmol).
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'H NMR (300 MHz, CDCl,, 293K):
0 [ppm] = 4.23 (m, 2), 4.20 (m, 2H), 3.85 (t, 2H), 1.32 (t, 3H) ppm.
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Figure 30: 'H NMR of 44.

0 oH pyridine o)
+ A~
CI)J\O/\ HO DCM, 0 °C --> rt, over night /\O)J\O/\/OH

44

This compound was synthesized as reported before['®s). Under argon ethyl chlorofor-
mate (10 g, 81.6 mmol) was dissolved in 50 ml dry DCM. At 0 °C pyridine (3 eq, 19.8
ml, 244.8 mmol) and ethylene glycol (3 eq, 16.9 ml, 244.8 mmol) were slowly added.
The reaction was stirred at room temperature for 20 h. The solvent was removed under
reduced pressure and the product 44 was obtained as a colourless oil in a yield of 15 %
(1.63 g, 12.2 mmol).

'H NMR (300 MHz, CDClj3, 293K):

d [ppm] = 4.32 — 4.14 (m, 4H), 3.88 — 3.82 (m, 2H), 1.32 (t, J = 7.1 Hz, 3H) ppm.
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Figure 31: 'H NMR of 44 second synthesis path.

1-(2-((Ethoxycarbonyl)oxy)ethyl) 1-Ethyl 2-vinylcyclopropane-1,1-dicarboxylate

EtO

Q) o (0] O
DCC,DMAP o o
+ HO\/\O)J\O/\ ——— EO o> \”/ ~
OH DCM, 0°C > 1, 5
\ 72 h
43 44 1

Under argon 4.07 g of 43 (22.0 mmol), DMAP (0.11 eq, 268 mg, 2.2 mmol)), and 44
(1.1 eq, 3.68 g, 24.0 mmol) were dissolved in 50 ml dry DCM. At 0 °C in 30 ml dry
DCM, dissolved DCC (1.1 eq, 5.02 g, 24.0 mmol) was slowly added. The reaction was
stirred at 0 °C for one hour and at room temperature for 17 h. The reaction mixture was
filtered, and the filtrate was washed three times with 0.5 M HCI, saturated NaHCOs,,
and saturated NaCl solution, respectively. The organic phase was dried over MgSO,,
and the solvent was removed under reduced pressure. The product 1was obtained after
purification using flash chromatography (Cylcohexane:EtOAc 95:5) as a slightly yellow
liquid in a yield of 40 % (2.64 g, 8.8 mmol).

'H NMR (300 MHz, CDCl3, 293K):

d [ppm] = 5.52 — 5.34 (m, 1H), 5.30 (dd, J = 17.2, 1.8 Hz, 1H), 5.18 — 5.08 (m, 1H),
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4.48 — 4.27 (m, 4H), 4.27 — 4.09 (m, 4H), 2.60 (dd, J = 16.8, 7.9 Hz, 1H), 2.04 (s, 1H),
1.74 (dd, J = 7.6, 5.0 Hz, 1H), 1.58 (s, 3H), 1.31 (t, J = 7.1 Hz, 3H), 1.26 (t, J = 7.1
Hz, 3H).

13C NMR (75 MHz, CDCl;, 293K):

§ [ppm] = 169.6, 167.2, 155.0, 133.0, 118.9, 65.2, 64.4, 63.2, 61.7, 35.8, 31.5, 20.8, 14.3.
FT-IR (ATR mode): 2986, 1724, 1639, 1446, 1394, 1373, 1319, 1278, 1247, 1196, 1130,
1027, 990, 960, 917, 863, 789, 747, 710, 666 cm-1.

HRMS (ESI, pos.) m/z calculated for C,,H,,NaO, [M + Na]t 323.1107, found
323.1099
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Figure 32: '"H NMR of VCP 1.
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Figure 34: 'C APT NMR of VCP 1.
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Figure 35: FT-IR of 1.

Ethyl (2-hydroxyethyl)carbamate

0 oH NEts 0
+ /\/
PS H,oN L OH
c” o™ DCM, 0 °C --> 1t, over night = O H/\/
45

Under argon, ethanolamine (1.2 g, 20.0 mmol) was dissolved in 40 ml dry DCM. At
0 °C , 3.3 ml NEt; was added, and ethyl chloroformate (1.2 eq, 2.6 g, 24 mmol) was
added dropwise. The reaction mixture was stirred at 0 °C for one hour and room
temperature overnight. The solvent was removed under reduced pressure, the mixture
dissolved in ethyl acetate (EtOAc), and filtered. After removing the solvent under re-
duced pressure, the mixture was purified via flash chromatography (Cylcohexane:EtOAc
2:8 ). The product 45 was obtained in a yield of 44% (1.2 g, 8.8 mmol).

'H NMR (300 MHz, CDCl3, 293K):

d [ppm] = 5.06 (s, 1H), 4.21 — 4.06 (m, 2H), 3.77 — 3.67 (m, 2H), 3.34 (d, J = 4.7 Hz,
2H), 1.25 (dd, J = 8.4, 5.9 Hz, 3H).
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Figure 36: 'H NMR of 45.

1-ethyl 1-(2-propionamidoethyl) 2-vinylcyclopropane-1,1-dicarboxylate

EtO

e 0 DCC,DMAP @ Q H o
+ HO\/\NJ\O/\ — " EtO o g ~
OH N DCM, 0°C -->1t, o o
\ 72h
43 45 2

Under argon 3.68 g of 43 (20.0 mmol), DMAP (0.11 eq, 268 mg, 2.2 mmol)), and 45
(1.1 eq, 2.93 g, 22.0 mmol) were dissolved in 50 ml dry DCM. At 0 °C in 30 ml dry
DCM, dissolved DCC (1.1 eq, 4.54 g, 22.0 mmol) was slowly added. The reaction was
stirred at 0 °C for one hour and at room temperature for 17 h. The reaction mixture was
filtered, and the filtrate was washed three times with 0.5 M HC], saturated NaHCOj,
and saturated NaCl solution, respectively. The organic phase was dried over MgSO,,
and the solvent was removed under reduced pressure. The product 2 was obtained after
purification using flash chromatography (Cylcohexane:EtOAc 9:1) as a yellow oil in a
yield of 55 % (3.19 g, 11.0 mmol).
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'H NMR (300 MHz, CDCl,, 293K):

§ [ppm] = 5.97 (s, 1H), 5.53 — 5.39 (m, 1H), 5.31 (dd, J = 17.0, 1.9 Hz, 1H), 5.19 -
5.13 (m, 1H), 4.33 (ddd, J = 11.1, 6.6, 4.2 Hz, 1H), 4.25 — 4.06 (m, 3H), 3.63 — 3.46
(m, 2H), 2.60 (dd, J = 16.7, 8.0 Hz, 1H), 2.24 (d, J = 7.6 Hz, 2H), 1.76 (dd, J = 7.7,
5.0 Hz, 1H), 1.57 (dd, J = 9.1, 4.9 Hz, 1H), 1.25 (t, J = 7.1 Hz, 3H), 1.15 (t, J = 7.6
Hz, 3H).

13C NMR. (75 MHz, CDCl3, 293K):

5 [ppm] = 169.7, 167.4, 156.6, 132.8, 119.1, 64.8, 61.8, 61.1, 39.9, 35.8, 31.7, 21.0, 14.7,
14.3.

FT-IR (ATR mode)): 3382, 2982, 2118, 1716, 1638, 1525, 1446, 1372, 1319, 1255,
1197, 1172, 1130, 1036, 991, 959, 917, 863, 836, 778, 747, 707, 664 cm-1.

HRMS (ESI, pos.) m/z calculated for C,,H,NNaO; [M + Na|* 306.1317, found
306.1310
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Figure 37: '"H NMR of 2.
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Figure 42: FT-IR of 2.

1-ethyl-3-(2-hydroxyethyl)urea

(0]
HO\/\N)J\N/\
H H

46

0]
/\N/ + H2N/\/OH

Et,0, 1t, 1h

The synthesis was performed as reported before["*?). Under argon, at room temperature,
ethylisocyanate (2.52 g, 35.3 mmol) was added drop wise to a solution of ethanolamin (1
eq, 2.16 g, 35.3 mmol) in 17 ml dry Et,O. The reaction was stirred at room temperature
for 1 h, till GC-analysis showed complete conversion. The mixture was filtered, washed
with Et,O and the solvent was removed under reduced pressure. The product 46 was
obtained after recrystallization in 95% ethanol as a white solid.

'H NMR (300 MHz, CDClj3, 293K):

d [ppm] = 4.42 (t, 1H), 4.06 (t, 1H), 3.72 (q, 4H), 1.24 (t, 3H) ppm.
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Figure 43: '"H NMR of 46.

1-ethyl 1-(2-(3-ethylureido)ethyl) 2-vinylcyclopropane-1,1-dicarboxylate

EtO

o]
pe o DCC,DMAP o H H
+ HO~ AN o T g
OH H H DCM, 0°C -->1t, S o
\ 72h
43 46 3

Under argon 3.10 g of 43 (16.8 mmol), DMAP (0.11 eq, 226 mg, 1.9 mmol)), and 46
(1.1 eq, 2.44 g, 18.5 mmol) were dissolved in 45 ml dry DCM. At 0 °C in 25 ml dry
DCM, dissolved DCC (1.1 eq, 3.82 g, 18.5 mmol) was slowly added. The reaction was
stirred at 0 °C for one hour and at room temperature for 17 h. The reaction mixture was
filtered, and the filtrate was washed three times with 0.5 M HCI, saturated NaHCOs,,
and saturated NaCl solution, respectively. The organic phase was dried over MgSO,,
and the solvent was removed under reduced pressure. The product 3 was obtained after

purification using flash chromatography (DCM:EtOAc 9:1 — 7:3) as a light yellow oil
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in a yield of 65 % (3.26 g, 10.9 mmol).

'H NMR (300 MHz, CDCl;, 293K):

§ [ppm] = 5.53 — 5.39 (m, 1H), 5.36 — 5.27 (m, 1H), 5.20 — 5.13 (m, 1H), 4.80 (s, 1H),
4.38 — 4.07 (m, 4H), 3.48 (dd, J = 10.5, 4.8 Hz, 2H), 3.20 (q, J = 7.2 Hz, 2H), 2.61 (dd,
J = 16.8, 8.0 Hz, 1H), 1.76 (dd, J = 7.6, 5.0 Hz, 1H), 1.59 (dd, J = 9.1, 4.9 Hz, 1H),
1.27 (t, J = 7.1 Hz, 3H), 1.13 (¢, J = 7.2 Hz, 3H).

13C NMR (75 MHz, CDCl;, 293K):

d [ppm] = 169.8, 167.6, 158.1, 132.8, 119.1, 65.3, 61.7, 39.3, 35.8, 35.5, 31.9, 20.9, 15.6,
14.4 ppm.

FT-IR (ATR mode):

3335, 2979, 1723, 1634, 1566, 1446, 1371, 1318, 1262, 1196, 1129, 1033, 991, 959, 317,
862, 843, 775, 747, 635 cm-1.

HRMS (ESI, pos.) m/z calculated for C,;Hy,N,NaO; [M + Na]* 321.1426, found
321.1419
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Figure 44: '"H NMR of 3.
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Figure 49: FT-IR of 3.
N-(2-hydroxyethyl)propionamide

O

NH [e) NEts, \o)km L
SN2+ HO. _~
HO HO)J\/ DCM, 0°C --> rt, 20h N
47

The alcohol 47 was prepared by a modified literature procedure™?. Propionic acid
(3.7 g, 50 mmol) was dissolved in 50 ml DCM. At 0 °C , triethylamine (2 eq, 13.9 ml,
100 mmol) was added, and methyl chloroformate (2 eq, 9.45 g, 100 mmol) was slowly
added. The reaction mixture was stirred at room temperature for two h. At 0 °C ,
ethanolamine (2 eq, 6.1 g, 100 mmol) was added dropwise. The reaction was stirred
at room temperature over night. The solvent was removed under reduced pressure,
and the product 47 was obtained after purification via flash chromatography (EtOAc:
EtOH 85:15) in a yield of 26% (1.53 g, 13 mmol).

'H NMR (300 MHz, CDCl3, 293K):

§ [ppm] = 6.20 (s, 1H), 3.77 — 3.69 (m, 2H), 3.42 (dd, J = 10.2, 5.4 Hz, 2H), 2.25 (q, J
= 7.6 Hz, 2H), 1.16 (t, J = 7.6 Hz, 3H).
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Figure 50: 'H NMR of 47.

1-(2-((ethoxycarbonyl)amino)ethyl) 1-ethyl
2-vinylcyclopropane-1,1-dicarboxylate

EtO

o O
e o DCC,DMAP H
+ HO\/\N)K/ ————— EtO o > \ﬂ/\
OH N DCM, 0°C =->1t, o
\ 72h
43 47 4

Under argon 3.13 g of 43 (17.0 mmol), DMAP (0.11 eq, 228 mg, 1.9 mmol)), and 24
(1.1 eq, 2.19 g, 18.7 mmol) were dissolved in 50 ml dry DCM. At 0 °C in 30 ml dry
DCM, dissolved DCC (1.1 eq, 3.86 g, 18.7 mmol) was slowly added. The reaction was
stirred at 0 °C for one hour and at room temperature for 17 h. The reaction mixture was
filtered, and the filtrate was washed three times with 0.5 M HC], saturated NaHCOj,
and saturated NaCl solution, respectively. The organic phase was dried over MgSO,,
and the solvent was removed under reduced pressure. The product 4 was obtained after
purification using flash chromatography (Cylcohexane:EtOAc 100:0 — 7:3) as a light
yellow oil in a yield of 65 % (3.13 g, 11.1 mmol).

99



IH NMR (300 MHz, CDCl;, 293K):

§ [ppm] = 5.52 - 5.38 (m, 1H), 5.31 (dd, J = 17.1, 1.8 Hz, 1H), 5.19 — 5.13 (m, 1H),
4.96 (s, 1H), 4.37 — 4.05 (m, 6H), 3.55 — 3.39 (m, 2H), 2.60 (dd, J = 16.8, 7.9 Hz, 1H),
1.75 (dd, J = 7.6, 4.9 Hz, 1H), 1.58 (dd, J = 9.1, 4.9 Hz, 1H), 1.26 (dt, J = 10.4, 7.1
Hz, 6H).

13C NMR (75 MHz, CDCls, 293K):

5 [ppm] = 174.1, 169.8, 167.5, 132.7, 119.1, 64.6, 61.7, 38.4, 35.7, 31.7, 29.7, 20.9, 14.3,
9.8.

FT-IR (ATR mode): 3304, 3087, 2981, 1723, 1647, 1538, 1464, 1446, 1371, 1319, 1267,
1196, 1127, 1058, 1032, 991, 359, 916, 862, 822, 779, 746, 706, 665 cm-1.

HRMS (ESI, pos.) m/z calculated for C,;,H,;NNaOg [M + Na|t 322.1267, found
322.1259
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Figure 51: 'H NMR of 4.
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Figure 53: '3CAPT NMR of 4.
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Figure 56: FT-IR of 4.

2-hydroxyethyl ethylcarbamate

o) 0
ol HoNT /\N)J\O/\/OH
L_° DCM, 0 °C > 1t,
over night 48

The alcohol 48 was prepared by a modified literature procedure . Ehylencarbonate (10.0
g, 114 mmol) was dissolved in 100 ml DCM. At 0 °C ethylamin (1.1 eq, 5.6 g, 125 mmol)
was added dropwise. The reaction mixture was stirred at room temperature for 2 h and
at room temperature over night. The solvent was removed under reduced pressure, and

the product 48 was obtainedas white solid in a yield of 84% (12.9 g, 97 mmol).
IH NMR, (300 MHz, CDCl,, 293K):

§ [ppm] = 4.84 (s, 1H), 4.35 — 4.14 (m, 2H), 3.88 — 3.75 (m, 2H), 3.30 - 3.13 (m, 2H),
1.14 (t, J = 7.3 Hz, 3H).
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Figure 57: 'H NMR of 48.

1-ethyl 1-(2-((ethylcarbamoyl)oxy)ethyl) 2-vinylcyclopropane-1,1-dicarboxylate

EtO
O O
> 0 DCC,DMAP o H
+ HO\/\O)J\N/\ — ™ EtO o his ~
OH N DCM, 0°C --> 1t, g 5
\ 72h
43 48 22

Under argon 3.68 g of 43 (20.0 mmol), DMAP (0.11 eq, 270 mg, 2.2 mmol)), and 48
(1.1 eq, 2.92 g, 22.0 mmol) were dissolved in 40 ml dry DCM. At 0 °C in 30 ml dry
DCM, dissolved DCC (1.1 eq, 4.54 g, 22.0 mmol) was slowly added. The reaction was
stirred at 0 °C for one hour and at room temperature for 17 h. The reaction mixture was
filtered, and the filtrate was washed three times with 0.5 M HC], saturated NaHCOj,
and saturated NaCl solution, respectively. The organic phase was dried over MgSO,,
and the solvent was removed under reduced pressure. The product 22was obtained'H
NMR (300 MHz, CDCl;, 293K):

d [ppm] = 5.54 — 5.35 (m, 1H), 5.30 (dd, J = 17.1, 1.8 Hz, 1H), 5.20 — 5.09 (m, 1H),
4.69 (s, 1H), 4.45 — 4.07 (m, 6H), 3.30 — 3.13 (m, 2H), 2.60 (dt, J = 15.8, 7.9 Hz, 1H),
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1.72 (dt, J = 8.5, 4.3 Hz, 1H), 1.64 — 1.55 (m, 1H), 1.26 (td, J = 7.1, 1.9 Hz, 3H), 1.14
(t, J = 7.2 Hz, 3H).
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Figure 58: 'H NMR of 22.

4.2.4 Synthesis of Monofunctional VCP amides

2-aminoethyl ethyl carbonate

o} NEts, DMAP o
i P - Hn R
A 0~ o
CI)J\O/\ o N DCM, 1t, 72 h \(f)(
29

Under argon, 5.00 g tert-butyl (2-hydroxyethyl)carbamate (31.0 mmol) was dissolved in
200 ml DCM. At room temperature NEt; (1.1 eq, 3.45 g, 34.1 mmol) and DMAP (0.1
eq, 378 mg, 3.1 mmol) was added. At 0 °C , ethyl chloroformate (1.1 eq, 5.60 g, 34.1
mmol) was slowly added. The mixture was stirred at room temperature overnight. The
crude mixture was washed three times with citric acid, saturated NaHCO3 solution and
dried over MgSO,. After removing the solvent, the product 29 was obtained without
further purification in a yield of 92% (6.62 g, 28.4 mmol).
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(0]
HCI 0_.0
>LO)L ~_0._0_ — 5 HzN/\/ \ﬂ/ ~
H \g/ EtOAc/ Dioxane O

29 24

49 (6.60 g, 28.3 mmol) was dissolved in 140 ml ethyl acetate. At room temperature, 84
ml of a 4 M solution of HCI in Dioxane was added and the mixture was stirred at room
temperature for 5 h. The solvent was removed under reduced pressure and the product
24 used without further purification. *H NMR (300 MHz, CDCl;, 293K):

d [ppm] = 8.24 (s, 3H), 4.32 — 4.22 (m, 2H), 4.15 (q, J = 7.1 Hz, 2H), 3.14 — 3.01 (m,
2H), 1.22 (t, J = 7.1 Hz, 3H).
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Figure 59: 'H NMR of 24.
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ethyl
1-((2-((ethoxycarbonyl)oxy)ethyl)carbamoyl)-2-vinylcyclopropane-1-carboxylate

EtO
0O O
e 0 DCC,HOBt-Cl, NEtg o. o
+ HZN\/\OJKO/\ EtO N hid ~
OH DCM, 0°C --> 1, ~ H )
\ 72h

43 24 5

Under argon, 4.17 g 43 (1.1 eq, 22.6 mmol), HOBt-CI (1.25 eq, 4.05 g, 23.9 mmol), and
24 (2.51 g, 18.9 mmol) were dissolved in 30 ml dry DCM. At 0 °C , NEt, (2.1 eq, 4.02
g, 5.5 ml, 39.7 mmol) was added, and the reaction stirred for 15 min. At °C in 50 dry
DCM, dissolved DCC (1.05 eq, 4.09 g, 19.8 mmol) was slowly added. The reaction was
stirred at 0 °C for one hour and at room temperature for 17 h. The reaction mixture was
filtered, and the filtrate was washed three times with 0.5 M HCIl, saturated NaHCO,,
and saturated NaCl solution, respectively. The organic phase was dried over MgSO,,
and the solvent was removed under reduced pressure. The product 5 was obtained after
purification using flash chromatography (Cylcohexane:EtOAc 9:1 — 7:3). White solid,
yield 66 % (3.73 g, 12.4 mmol).

'H NMR (300 MHz, CDCl3, 293K):

d [ppm] = 8.66 (s, 1H), 5.71 — 5.57 (m, 1H), 5.33 (dd, J = 17.1, 1.5 Hz, 1H), 5.16 (dd,
J=10.2, 1.5 Hz, 1H), 4.28 — 4.13 (m, 6H), 3.64 — 3.54 (m, 2H), 2.53 (dd, J = 17.1, 8.7
Hz, 1H), 2.08 — 1.99 (m, 1H), 1.91 — 1.83 (m, 1H), 1.29 (dt, J = 8.5, 7.1 Hz, 6H).

13C NMR. (75 MHz, CDCl3, 293K):

d [ppm] = 171.2, 168.6, 155.2, 133.3, 119.8, 66.5, 64.3, 61.6, 39.1, 37.3, 34.4, 21.7, 14.4,
14.3 ppm.

FT-IR (ATR mode):

3361, 2384, 2938, 1744, 1704, 1657, 1528, 1466, 1447, 1371, 1250, 1142, 1019, 917, 866,
790,741, 626 cm-1.
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Figure 60: '’C APT NMR of 5.
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Figure 61: HSQC 2D NMR of 5.
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Figure 64: FT-IR of 5.

Ethyl (2-aminoethyl)carbamate

o) 0
+ ~_-NH2
CI)]\O/\ HN THF,0°C-->1t,3h /\OJLH/\/NHZ
25

Under argon, at 0 °C , in 100 ml THF dissolved ethyl chloroformate (2.7 g, 25 mmol)
was added slowly to a solution of ethylenediamine (10 eq, 15.0 g, 250 mmol), dissolved
in 200 THF. The solution was stirred at room temperature for three hours. The
organic phase was extracted using a HCI solution (pH=2) and saturated NaCl solution.
The aqueous phase was basified to pH=12 and extracted with THF. The solvent was
removed under reduced pressure and product 25 was obtained as a colourless oil in a
yvield of 33 % (1.09 g, 8.24 mmol). *'H NMR (300 MHz, CDCl3, 293K):

d [ppm] = 5.10 (s, 1H), 4.10 (q, J = 7.1 Hz, 2H), 3.23 (dd, J = 11.7, 5.9 Hz, 2H), 2.87
—2.77 (m, 2H), 1.62 (s, 1H), 1.60 (s, 1H), 1.23 (t, J = 7.1 Hz, 3H).

110



oform-d
N
-
o

7.26 Chlor

4
N J\L
3 £

] S—

17H |=
| 2061
3.00

T T T T T T T T T T T T T T T T T T T T
"5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
chemical shift [ppm]

Figure 65: 'H NMR of 25.

1-ethyl 1-(2-propionamidoethyl) 2-vinyl cyclopropane-1,1-dicarboxylate

EtO
O O

pe o DCC,HOBt-Cl, NEt3 H o
* HZN\/\NJ\O/\ EtO N
OH N DCM, 0°C --> 1t, g H
o
\ 72h
43 25 6

Under argon, 1.45 g 43 (1.1 eq, 7.9 mmol), HOBt-Cl (1.25 eq, 1.41 g, 8.3 mmol), and
25 (950 mg g, 7.2 mmol) were dissolved in 20 ml dry DCM. At 0 °C , NEt; (2.1
eq, 1.60 g, 2.2 ml, 15.8 mmol) was added, and the reaction stirred for 15 min. At
0 °C in 10 dry DCM, dissolved DCC (1.05 eq, 1.63 g, 7.9 mmol) was slowly added.
The reaction was stirred at 0 °C for one hour and at room temperature for 17 h. The
reaction mixture was filtered, and the filtrate was washed three times with 0.5 M HCI,
saturated NaHCOj;, and saturated NaCl solution, respectively. The organic phase was

dried over MgSO,, and the solvent was removed under reduced pressure. The product 6
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was obtained after purification using flash chromatography (Cylcohexane:EtOAc 100:0
— 8:2). White solid, yield 94 % (2.02 g, 6.8 mmol).

'H NMR (300 MHz, CDCl3, 293K):

§ [ppm] = 8.62 (s, 1H), 5.64 (ddd, J = 17.1, 10.2, 8.7 Hz, 1H), 5.37 - 5.28 (m, 1H),
5.16 (dd, J = 10.2, 1.1 Hz, 1H), 4.24 — 4.04 (m, 4H), 3.49 — 3.26 (m, 4H), 2.53 (dd, J
— 17.1, 8.7 Hz, 1H), 2.03 (dt, J = 8.7, 4.3 Hz, 1H), 1.87 (dd, J = 8.0, 4.3 Hz, 1H), 1.31
—1.18 (m, 7H).

13C NMR . (75 MHz, CDCl3, 293K):

§ [ppm] = 171.3, 169.2, 157.0, 133.3, 119.8, 61.7, 61.0, 41.4, 40.1, 37.2, 34.4, 21.6, 14.8,
14.3 ppm.

FT-IR (ATR mode):

3326, 2981, 2929, 1716, 1691, 1641, 1531, 1479, 1450, 1373, 1344, 1314, 1258, 1239,
1146, 1030, 1018, 991, 971, 961, 915, 868, 838, 789, 738, 653 cm-1.
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Figure 66: 'H NMR of 6.
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Figure 68: '3C APT NMR of 6.
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Figure 71: COSY 2D NMR of 6.
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Tert-butyl (2-aminoethyl)carbamate

H

o o
HaN o)ko)ko DCM 2 \g

0°C->RT
17h 28

Ethylene diamine (10 eq, 60.1 g, 1000 mmol) was dissolved in 700 ml DCM. At 0°, in
500 ml DCM dissolved tert-butyl dicarbonate (21.8 g, 100 mmol) was added dropwise.

The reaction mixture was stirred one hour at 0 °C and over night at room temperature.

The solvent was removed, the reaction mixture dissolved in saturated NaHCO; solution

and extracted with DCM. After evaporating the solvent, the product 28 was obtained

as a slightly yellow liquid in a quantitative yield.
'H NMR (300 MHz, CDCl3, 293K):

§ [ppm] = 4.95 (s, 1H), 3.18 (dd, J = 11.7, 5.8 Hz, 2H), 2.81 (t, J = 5.9 Hz, 2H), 1.76

(s, 2H), 1.44 (s, 9H).
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Figure 73: 'H NMR of 28.
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1-(2-aminoethyl)-3-ethylurea

The protected diamine 28 (4.00 g, 25 mmol) was dissolved in 70 ml DCM. At 0 °C, in
25 ml DCM dissolved ethyl isocyanate (1 eq, 25 mmol 1.98 ml) was added. The reaction
was stirred at 0 °C for one hour and at room temperature overnight. The formed solid
was filtered and washed with hexane. The product 30 was obtained as a white solid in
a yield of 83 % (4.81 g, 20.8 mmol).

'H NMR (300 MHz, DMSO, 293K):

d [ppm] = 6.78 (t, J = 5.0 Hz, 1H), 5.93 — 5.76 (m, 2H), 3.08 — 2.83 (m, 6H), 1.37 (s,
9H), 0.96 (t, J = 7.2 Hz, 3H).
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Figure 74: 'H NMR of 30.
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o HCl(g) 0

H
/\N)J\N/\/N\n/o - @@ 5 /\N)I\N/\/NHZ
H H Acetone, rt, 2h H H
(@)
30 26

The protected Urea 30 (4.62 g, 18 mmol) was dissolved in 200 ml acetone. Over 1.5
h, freshly created HCI gas was bubbled through. The HCI gas was created by slowly
adding concentrated H,SO, to NH,Cl. As soon the acetone solution is saturated with
HCI, the solution becomes turbid and then a white solid is produced. After 1.5 h, the
HCI flow was stopped and the solution was left for another hour. The product 26 was
obtained as a white solid after filtration and washing with acetone.

'H NMR (300 MHz, DMSO, 293K):

d [ppm] = 8.11 (s, 2H), 3.20 (t, J = 6.2 Hz, 2H), 3.00 (q, J = 6.9 Hz, 2H), 2.78 (d, J =
5.2 Hz, 2H), 0.98 (t, J = 6.8 Hz, 3H).

;
5
J\ NH,
VSN W e

3 4

2.50 Dimethyl Sulfoxide-dé

5
2
3.4 "\
33

75 7.0 65 6.0 55 50 45 40 35 3.0 2.5 2.0 1.5
chemical shift [ppm]

198 o= o
1300 [——— 2

@ 2.78{
o

8.5 0.5 0.

-
f=]

Figure 75: 'H NMR of 26.
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1-ethyl 1-(2-(3-ethylureido)ethyl) 2-vinyl cyclopropane-1,1-dicarboxylate

EtO,

® o O O
DCC,HOBt-Cl, NEt3 H H
+ HZN\/\N)]\N/\ EtO N/\/ \”/ ~
OH H H DCM, 0°C -->1t, . H
\ 72h

43 26 7

Under argon, 3.0 g 43 (1.1 eq, 16.3 mmol), HOBt-Cl (1.25 eq, 2.89 g, 17.0 mmol),
and 26 (1.94 g, 14.8 mmol) were dissolved in 45 ml dry DCM. At 0 °C, NEt; (2.1
eq, 3.30 g, 4.5 ml, 32.6 mmol) was added, and the reaction stirred for 15 min. At
0 °C in 20 dry DCM, dissolved DCC (1.05 eq, 3.36 g, 16.3 mmol) was slowly added.
The reaction was stirred at 0 °C for one hour and at room temperature for 17 h. The
reaction mixture was filtered, and the filtrate was washed three times with 0.5 M HCI,
saturated NaHCQOj;, and saturated NaCl solution, respectively. The organic phase was
dried over MgSO,, and the solvent was removed under reduced pressure. The product 7
was obtained after purification using flash chromatography (DCM:EtOAc 3:7 — 0:100).
Light yellow highly viscous liquid, yield 19 % (847 mg, 2.85 mmol).

'H NMR (300 MHz, CDCl3, 293K):

§ [ppm] = 8.69 (s, 1H), 5.75 — 5.56 (m, 1H), 5.39 — 5.25 (m, 1H), 5.20 — 5.09 (m, 1H),
4.29 - 4.09 (m, 2H), 3.43 (ddt, J = 10.8, 8.3, 6.0 Hz, 2H), 3.36 - 3.26 (m, 2H), 3.18 (q,
J = 7.2 Hz, 2H), 2.58 — 2.42 (m, 1H), 2.05 — 1.93 (m, 1H), 1.93 - 1.84 (m, 1H), 1.26
(dt, J = 6.0, 4.8 Hz, 4H), 1.12 (t, J = 7.2 Hz, 3H).

13C NMR. (75 MHz, CDClj3, 293K):

§ [ppm] = 171.1, 169.7, 158.6, 133.2, 119.8, 61.7, 41.1, 40.5, 37.0, 35.5, 34.5, 21.6, 15.5,
14.3 ppm.

FT-IR (ATR mode):

3345, 2978, 2874, 1707, 1633, 1531, 1444, 1372, 1312,2 1242, 1142, 10462, 1020, 993,
959, 915, 864, 773, 632 cm-1.
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Figure 82: FT-IR of 6.

N-(2-aminoethyl)propionamide

o O

HoN

+ 2NN ™ B — NH

\)J\O/\ NH2 Hzo, refIUX, \)]\u/\/ 2
17h 27

Under argon, ethylene diamine (24.0 g, 400mmol) and ethyl propionate (1 eq, 40.8
g, 400 mmol) were dissolved in 20 ml water. The mixture was stirred under reflux
overnight. The solvent and unreacted compounds were removed under reduced pressure.
The crude product 27 was used without further purification. *H NMR. (300 MHz,
CDCl;, 293K):

d [ppm] = 6.10 (s, 1H), 3.32 (dd, J = 11.6, 5.8 Hz, 2H), 2.90 — 2.82 (m, 2H), 2.29 — 2.14
(m, 2H), 1.20 — 1.13 (m, 3H).
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Figure 83: 'H NMR of 27.

1-(2-((ethoxycarbonyl)amino)ethyl) 1-ethyl 2-vinyl

cyclopropane-1,1-dicarboxylate

EtO
O O
e o DCC,HOBt-Cl, NEtg H
+ HzN\/\NJ\/ EtO N7 \f(\
OH ™ DCM, 0°C --> tt, ~ H o
\ 72h
43 27 8

Under argon, 6.8 g 43 (1.1 eq, 36.9 mmol), HOBt-Cl (1.25 eq, 6.68 g, 39.4 mmol),
and 27 (3.98 g, 34.0 mmol) were dissolved in 15 ml dry DCM. At 0 °C, NEt; (2.1
eq, 7.64 g, 10.5 ml, 75.4 mmol) was added, and the reaction stirred for 15 min. At
0 °C in 40 dry DCM, dissolved DCC (1.05 eq, 5.47 g, 37.7 mmol) was slowly added.
The reaction was stirred at 0 °C for one hour and at room temperature for 17 h. The
reaction mixture was filtered, and the filtrate was washed three times with 0.5 M HCI,
saturated NaHCO,, and saturated NaCl solution, respectively. The organic phase was
dried over MgSO,, and the solvent was removed under reduced pressure. The product

8 was obtained after purification using flash chromatography (EtOAc: MeOH 100:0 —
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9:1). Light yellow viscous liquid, yield 41 % (3.84 g, 13.7 mmol).

IH NMR (300 MHz, CDCl;, 293K):

5 [ppm] = 8.73 (s, 1H), 6.38 (s, 1H), 5.64 (ddd, J = 17.2, 10.1, 8.8 Hz, 1H), 5.39 - 5.25
(m, 1H), 5.17 (dd, J = 10.2, 1.4 Hz, 1H), 4.19 (q, J = 7.2 Hz, 2H), 3.55 — 3.30 (m, 4H),
251 (q, J = 8.7 Hz, 1H), 2.20 (q, J = 7.6 Hz, 2H), 2.02 (dd, J = 9.1, 4.3 Hz, 2H), 1.88
(dd, J = 8.0, 4.3 Hz, 1H), 1.28 (t, J = 7.1 Hz, 3H), 1.13 (t, J = 7.6 Hz, 3H).

13C NMR (75 MHz, CDCls, 293K):

d [ppm] = 174.5, 171.2, 169.9, 133.2, 119.9, 61.8, 41.0, 39.6, 37.3, 34.3, 29.8, 21.7, 14.3,
10.0.

FT-IR (ATR mode):

3317, 2981, 2939, 1707, 1642, 1529, 1464, 1434, 1372, 1339, 1238, 1143,1046, 959, 915,
863, 774, 634 cm 1.
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Figure 84: 'H NMR of 8.
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4.2.5 Synthesis of Bifunctional VCPs

1,3-bis(2-aminoethyl)urea

H

o o
~_NHz2 4 j\ J< - HN/\/N O\’/
H,N
2 o)ko)ko DCM 2 \g
0°C-->RT
17h 28
Synthesis of 28 was performed as described in section 4.2.4.
o)
H ¢} N=/ Nﬂ\N o H A H o
HN™ > \{/ X tBu” T ONT Ny kB
H H
0] THF, rt 0 0
28 36

28 (2 eq, 7.9 g, 49.34 mmol) was dissolved in 100 ml of dry THF. At 0 °C CDI (4.0 g,
24.67 mmol) was added. The reaction mixture was stirred at room temperature over
night. The reaction was quenched by adding water and extracted with EtOAc. The
organic phase was dried over MgSO,, and the solvent was reduced to a little amount.
The product 36 starts to crystallize and can be obtained after filtration and washing
with THF in a yield of 58 % (4.93 g, 14.3 mmol)

'H NMR (300 MHz, DMSO, 293K):
d [ppm] = 2.98 (t, J = 5.5 Hz, 2H), 2.92 (t, J = 5.3 Hz, 2H), 1.37 (s, 9H).
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Figure 91: 'H NMR of 36.

i 0
o
tBu” Yy Ay~ Y tBu HzN\/\N)J\N/\/NHZ
el o HCI, EtOAc, rt 1h N N

36 35

36 (2.0 g, 5.8 mmol) was added to 6 ml of a 6 molar (M) HCI in EtOAc solution. The
mixture was stirred at room temperature (rt) for 2 h. After 1 h, 1 ml of concentrated
HCI was added. The mixture was filtered and washed with EtOAc to obtain the product
35 as white solid.

'H NMR (300 MHz, DMSO, 293K):

d [ppm] = 3.31 — 3.18 (m, 4H), 2.81 (dd, J = 11.4, 5.7 Hz, 4H).
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Figure 92: 'H NMR of 35.

Diethyl 1,1’-(6-ox0-2,5,7,10-tetraazaundecane-1,11-dioyl)bis(2-

vinylcyclopropanecarboxylate)

EtO

Q o o o o o
)k DCC,HOBt-CI, NEt3 H H - )
+ HN o~ AN NH: EtO NN OEt
OH NN DCM, 0°C > 1, \ H 0 H =~
\ 72h
43 35 9

Under an argon atmosphere, 35 (1.86g, 12.7 mmol), 9 (2.0 eq, 4.68 g, 25.4 mmol) and
HOBt-C1(2.1 eq, 4.5 g, 26.6 mmol) were dissolved in 20 ml dry DCM. At 0 °C NEt,
(4.2 eq, 7.4 ml, 53.3 mmol) was added and in 30 ml dry DCM dissolved DCC (2.2
eq, 5.76 g, 27.9 mmol) was added dropwise. The reaction mixture was stirred at room
temperature overnight. The mixture was filtrated, the solvent removed and the mixture
purified via flash chromatography (EtOAc:MeOH 20:1 — 10:1) to obtain the product
9 in a yield of 4% (424 mg, 0.5 mmol).

'H NMR (300 MHz, CDCl3, 293K):

§ [ppm] = 5.70 — 5.54 (m, 2H), 5.31 (dd, J = 17.1, 1.1 Hz, 2H), 5.15 (dd, J = 10.3, 1.3
Hz, 2H), 4.16 (tdd, J = 7.2, 5.3, 1.9 Hz, 4H), 3.51 — 3.20 (m, 8H), 2.50 (dd, J = 17.1,
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8.7 Hz, 2H), 1.98 (dd, J = 9.1, 4.3 Hz, 2H), 1.85 (dd, J = 8.0, 4.3 Hz, 2H), 1.26 (t, J
— 7.1 Hz, 6H).
13C NMR (75 MHz, CDCl3, 293K):

§ [ppm] = 171.0, 169.3, 158.8, 133.2, 119.8, 61.7, 40.6, 36.9, 34.4, 21.5, 14.3.
FT-IR (ATR mode):

3335, 3087, 2983, 2935, 1705, 1634, 1530, 1467, 1435, 1395, 1340, 1313, 1264, 1197,
1142, 1095, 1073, 1019, 993, 959, 916, 863, 840, 805, 775, 712, 639,516

o 0 0
§ 11 § £H13 NH
T T T \H/ T o T~
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Figure 93: 'H NMR of 9.
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1,3-bis(2-hydroxyethyl)urea

o)
0
Py + ~~-OH HO J OH
HZN ~ I~
o7 o 90 to 130 °C NN
3d 34

Diethylcarbonate (72.15 g, 610 mmol) and 2-aminoethan-1-ol (3 eq, 111.78 g, 1830
mmol) were stirred at 90 °C for one hour and at 130 °C for three days. The flask was
attached to a distillation bridge to remove the built ethanol from the reaction. The
mixture was put under reduced pressure till a solid was formed. The crude mixture was
recrystallized in ethanol to yield the pure product 34 as white crystals.

'H NMR (300 MHz, DMSO, 293K):

d [ppm] = 5.98 (t, J = 5.6 Hz, 2H), 4.66 (t, J = 5.2 Hz, 2H), 3.33 (dt, J = 5.7 Hz, 4H),
3.03 (dt, J = 5.8 Hz, 5.7 Hz, 4H).

0’1,01-((carbonylbis(azanediyl))bis(ethane-2,1-diyl)) 1-diethyl
bis(2-vinylcyclopropane-1,1-dicarboxylate)

EtO

% 0 o o
g DCC, DMAP g K J
+ HO A~ Sy OH EtO S e OFEt
\ OH H H DCM, 0°C -->1t, S o P

72 h
43 34 10

Under argon 34 (1.48 g, 10.0 mmol), 43 (2.5 eq, 4.60 g, 25.0 mmol) and DMAP (0.1
eq, 122 mg, 1.00 mmol) were dissolved in 20 ml dry DCM. At 0°in 40 ml dry DCM dis-
solved DCC (2.4 eq, 4.95 g, 24.0 mmol) was added dropwise. The reaction was stirred
at room temperature for 5 days and afterwards filtrated. The organic phase was washed
once with 0.5 M HCI solution, once with saturated NaHCO, solution and twice with
water. After drying over MgSO, the solvent was removed and the product 10 obtained
after purification via flash chromatography (Cylcohexane:EtOAc 7:3 — 3:7 — 0:100)
in a yield of 68% (3.26 g, 6.78 mmol).

'H NMR (300 MHz, CDCl3, 293K):

d [ppm] = 5.52 — 5.38 (m, 2H), 5.31 (dd, J = 17.0, 1.8 Hz, 2H), 5.16 (dd, J = 10.0, 1.6
Hz, 2H), 4.36 — 4.08 (m, 8H), 3.48 (s, 4H), 2.61 (dd, J = 16.8, 7.9 Hz, 2H), 1.75 (dd, J
= 7.6, 5.0 Hz, 2H), 1.59 (dd, J = 9.1, 4.9 Hz, 2H), 1.26 (t, J = 7.1 Hz, 6H).
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13C NMR. (75 MHz, CDCl3, 293K):
§ [ppm] = 169.7, 167.6, 157.8, 132.8, 119.1, 652, 61.7, 39.4, 35.8, 31.8, 20.9, 14.4.

FT-IR (ATR mode):

8
SR G RY N
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Figure 100: 'H NMR of 10.
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Diethyl
1,1’-(((cyclohexane-1,3-diylbis(methylene))bis(azanediyl) ) bis(carbonyl) ) bis(2-
vinylcyclopropane-1-carboxylate)

Eto Q 0O O o O

HZN/\O/\NH2 DCC,HOBt-Cl, NEt3
+ EtO N N OEt
OH DCM, 0°C --> tt, \ HvH ¥
\ 72h

43 11

Under an argon atmosphere, 3.0 g 43 (2.1 eq, 16.3 mmol), DCC (2.1 eq, 3.36 g, 16.3
mmol) and HOBt-C1(2.16 eq, 2.84 g, 16.75 mmol) were dissolved in 50 ml dry DCM.
At 0°C NEt, (4.2 eq, 3.29 g, 4.54 ml, 32.56 mmol) was added and in 50 ml dry DCM
dissolved cyclohexane-1,3-diyldimethanamine (1.10 g, 7.76 mmol) was added dropwise.
The reaction mixture was stirred at room temperature for three days. The mixture was
filtrated and the organic phase was washed once with 0.5 M HCI solution, once with
saturated NaHCO, solution and twice with water. After drying over MgSO, the solvent
was removed and the product 11 obtained after purification via flash chromatography
(Cylcohexane:EtOAc 9:1 — 7:3) in a yield of 24% (866.15 mg, 1.83 mmol).

'H NMR (300 MHz, CDCl3, 293K):

d [ppm] = 8.50 (t, J = 5.2 Hz, 1H), 5.65 (ddd, J = 17.2, 10.2, 8.8 Hz, 1H), 5.30 (dd,
J = 8.9, 8.2 Hz, 1H), 5.15 (dd, J = 10.2, 1.3 Hz, 1H), 4.28 — 4.07 (m, 2H), 3.33 — 2.98
(m, 2H), 2.52 (q, J = 8.6 Hz, 1H), 2.13 — 1.97 (m, 1H), 1.84 (dd, J = 7.9, 4.2 Hz, 1H),
1.78 (d, J = 11.5 Hz, 2H), 1.67 — 1.45 (m, 1H), 1.28 (¢, J = 7.1 Hz, 4H), 0.96 — 0.79
(m, 1H), 0.66 (q, J = 12.1 Hz, 1H).

13C NMR (75 MHz, CDCl3, 293K):

d [ppm] = 171.6, 168.0, 133.5, 119.6, 61.5, 46.3, 37.6, 37.0, 35.3, 34.3, 30.8, 25.4, 21.5,
14.3.

FT-IR (ATR mode):

3357, 3086, 2983, 2922, 2854, 1703, 1650, 1531, 1463, 1446, 1395, 1371, 1338, 1313,
1286, 1265, 1197, 1137, 1096, 1074, 1019, 993, 959, 913, 772, 741, 705, 684, 628, 515,
458
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Figure 107: 'H NMR of 11.
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Figure 113: FI-IR of 11.

Ethyl 1-(((5-(1-(ethoxycarbonyl)-2-vinylcyclopropane-1-carboxamido)-1,3,3-
trimethylcyclohexyl)methyl)carbamoyl)-2-vinylcyclopropane-1-carboxylate

EtO (@] (@] x
QY NH, H
H,N DCC,HOBt-C, NEt; N OE
. EtO H \[ t
OH DCM, 0°C > rt, x O O
\ 72 h
43 12

Under an argon atmosphere, 3.0 g 43 (2.1 eq, 16.3 mmol), DCC (2.1 eq, 3.36 g, 16.3
mmol) and HOBt-CI1(2.16 eq, 2.84 g, 16.75 mmol) were dissolved in 50 ml dry DCM.
At 0°C NEt; (4.2 eq, 3.29 g, 4.54 ml, 32.56 mmol) was added and in 50 ml dry DCM
dissolved isophorone diamine (IPDA) (1.32 g, 7.76 mmol) was added dropwise. The
reaction mixture was stirred at room temperature for three days. The mixture was
filtrated and the organic phase was washed once with 0.5 M HCI solution, once with
saturated NaHCO, solution and twice with water. After drying over MgSO, the solvent
was removed and the product 12 obtained after purification via flash chromatography
(Cylcohexane:EtOAc 100:0 — 7:3) in a yield of 38% (1.70 g, 2.95 mmol).

'H NMR (300 MHz, CDCl3, 293K):
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5 [ppm] = 8.58 (s, 1H), 8.25 (t, J = 8.4 Hz, 1H), 5.77 - 5.52 (m, 2H), 5.32 (dd, J =
21.2, 5.6 Hz, 2H), 5.22 - 5.07 (m, 2H), 4.35 — 3.98 (m, 5H), 3.25 — 2.90 (m, 2H), 2.67
2.43 (m, 2H), 2.17 - 1.95 (m, 2H), 1.95 -~ 1.81 (m, 2H), 1.74 (t, J = 12.2 Hz, 2H), 1.34
~ 1.26 (m, 6H), 1.24 (dd, J = 7.1, 1.3 Hz, 2H), 1.10 (t, J = 3.1 Hz, 3H), 1.08 (d, J =
2.9 Hz, 3H), 1.04 — 0.97 (m, 2H), 0.91 (dd, J = 13.3, 5.8 Hz, 4H).

13C NMR (75 MHz, CDCls, 293K):

§ [ppm] = 171.7, 168.3, 167.1, 133.5, 119.7, 61.6, 54.0, 47.6, 46.1, 43.5, 37.2, 36.3, 35.2,
34.3, 32.0, 27.7, 23.5, 21.5, 14.3.

FT-IR (ATR mode):

3354, 3086, 2983, 2955, 1703, 1651, 1528, 1463, 1447, 1371, 1338, 1313, 1286, 1265,
1198, 1139, 1096, 1075, 1017, 993, 959, 913, 865, 838, 773, 741, 710, 661, 628, 272
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Figure 114: 'H NMR of 12.
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Diethyl 1,1’-(((methylenebis(2-methylcyclohexane-3,1-
diyl))bis(azanediyl))bis(carbonyl))bis(2-vinylcyclopropane-1-carboxylate)

72h

EtO % o o
, HaN NH, DCCHOBtCI, NEts /Q\/Q\
R EtO N N OEt
OH DCM, 0°C -->rt, ~ H H o
\
43 13

Under an argon atmosphere, 3.0 g 43 (2.1 eq, 16.3 mmol), DCC (2.1 eq, 3.36 g, 16.3
mmol) and HOBt-Cl1(2.16 eq, 2.84 g, 16.75 mmol) were dissolved in 60 ml dry DCM. At
0°C NEt, (4.2 eq, 3.29 g, 4.54 ml, 32.56 mmol) was added and in 40 ml dry DCM dis-
solved 3,3’-methylenebis(2-methylcyclohexan-1-amine) (1.85 g, 7.76 mmol) was added
dropwise. The reaction mixture was stirred at room temperature for three days. The
mixture was filtrated and the organic phase was washed once with 0.5 M HCI solution,
once with saturated NaHCO, solution and twice with water. After drying over MgSO,
the solvent was removed and the product 13 obtained after purification via flash chro-
matography (Cylcohexane:EtOAc 9:1 — 7:3) in a yield of 68% (2.65 g, 5.27 mmol).
'H NMR (300 MHz, CDCl3, 293K):

§ [ppm] = 8.16 (dt, J = 8.3, 4.1 Hz, 1H), 5.75 - 5.58 (m, 1H), 5.38 - 5.27 (m, 1H), 5.19
—5.10 (m, 1H), 4.30 — 4.03 (m, 2H), 3.46 (ddt, J = 15.1, 10.8, 5.9 Hz, 1H), 2.59 — 2.43
(m, 1H), 2.08 — 1.99 (m, 1H), 1.90 — 1.81 (m, 1H), 1.71 (d, J = 9.7 Hz, 2H), 1.60 — 1.46
(m, 1H), 1.46 — 1.33 (m, 2H), 1.33 — 1.24 (m, 3H), 1.18 (dd, J = 18.0, 5.2 Hz, 1H), 1.05
(dd, J = 12.9, 5.5 Hz, 1H), 0.99 — 0.81 (m, 4H), 0.80 — 0.66 (m, 1H).

13C NMR. (75 MHz, CDClj3, 293K):

5 [ppm] = 171.6, 167.5, 133.6, 119.4, 61.5, 55.0, 41.5, 38.2, 36.9, 34.3, 33.4, 32.3, 31.2,
97.7, 21.4, 19.4, 19.0, 14.4.

FT-IR (ATR mode):

3348, 3086, 2918, 2849, 1703, 1651, 1528, 1446, 1372, 1340, 1313, 1197, 1138, 1068,
1018, 993, 959, 912, 865, 835, 781, 766, 740, 706, 630, 503, 470
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Figure 127: FI-IR of 13.

Diethyl 1,1’-((propane-1,2-diylbis(azanediyl))bis(carbonyl))bis(2-
vinylcyclopropane-1-carboxylate)

EtO

e DCC,HOBt-CI, NE 79 H N
NH ,HOBt-CI, NEt
+ HZN/\( 2 P o N N OEt
OH DCM, 0°C --> i, N H
\ 72h © 0
43 14

Under an argon atmosphere, 5.5 g 43 (2.2 eq, 29.9 mmol), DCC (2.2 eq, 6.17 g, 29.9
mmol) and HOBt-CI(2.3 eq, 5.29 g, 31.2 mmol) were dissolved in 30 ml dry DCM. At
0°C NEt; (4.2 eq, 5.76 g, 7.95 ml, 57.0 mmol) was added and in 50 ml dry DCM dissolved
propane-1,2-diamine (1.00 g, 13.6 mmol) was added dropwise. The reaction mixture was
stirred at room temperature for three days. The mixture was filtrated and the organic
phase was washed once with 0.5 M HCI solution, once with saturated NaHCO; solution
and twice with water. After drying over MgSO, the solvent was removed and the
product 14 obtained after purification via flash chromatography (Cylcohexane:EtOAc
7:3 — 1:1) in a yield of 15% ( 805 mg, 2.0 mmol).
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IH NMR (300 MHz, CDCl;, 293K):

5 [ppm] = 8.64 — 8.46 (m, 1H), 8.44 — 8.25 (m, 1H), 5.74 — 5.52 (m, 2H), 5.39 — 5.25
(m, 2H), 5.18 — 5.10 (m, 2H), 4.28 — 4.01 (m, 6H), 3.62 — 3.15 (m, 2H), 2.64 — 2.41 (m,
9H), 2.10 - 1.90 (m, 3H), 1.90 - 1.76 (m, 2H), 1.31 - 1.23 (m, 7H), 1.23 - 1.15 (m, 4H).
13C NMR (75 MHz, CDClg, 293K):

§ [ppm] = 171.1, 168.6, 168.0, 1335, 119.5, 61.5, 46.1, 45.4, 36.8, 34.5, 22.1, 18.5, 14.3.
FT-IR (ATR mode):

3346, 3087, 2982, 2936, 1704, 1651, 1523, 1463, 1447, 1372, 1339, 1313, 1287, 126, 1198,
1137, 1097, 1019, 993, 959, 913, 864, 834, 776, 742, 710, 627, 510, 466
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Figure 128: 'H NMR of 14.

155



O O 15 14 13\12
10 5 6
11 18 N._22X 23
/\O 20 19 N 3 O\/17
N H 5 16
2 34 9
11, 17
1,12 2,13 10, 16
19,22 7 314415
20, 23 6 is, 21 9
o | |
210 190 170 150 130 110 90 80 70 60 50 40 30 20 10 O
chemical shift [ppm]
Figure 129: 1*C NMR of 14.
2,13
15142 12
1 2 181> 8 N.22¥ 230
N ~17
0720 19” 7 16 10, 16
11X

210 190 170 150

130

90 80 70 60 50 40 30 20 10 O

110
chemical shift [ppm]
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Diethyl 1,1’-(((2,2-dimethylpropane-1,3-diyl)bis(azanediyl) ) bis(carbonyl))bis(2-
vinylcyclopropane-1-carboxylate)

EtO

b

o O 0O O

P \’A DCC,HOBt-C, NEtg
+ HaN NH; EtO N N OEt
OH DCM, 0°C -->t, Ny H H =
\ 72h N
43 15

Under an argon atmosphere, 5.5 g 43 (2.2 eq, 29.9 mmol), DCC (2.2 eq, 6.17 g, 29.9
mmol) and HOBt-CI1(2.3 eq, 5.29 g, 31.2 mmol) were dissolved in 30 ml dry DCM.
At 0°C NEt, (4.2 eq, 5.76 g, 7.95 ml, 57.0 mmol) was added and in 50 ml dry DCM
dissolved 2,2-dimethylpropane-1,3-diamine (1.39 g, 13.6 mmol) was added dropwise.
The reaction mixture was stirred at room temperature for three days. The mixture was
filtrated and the organic phase was washed once with 0.5 M HCI solution, once with
saturated NaHCOj, solution and twice with water. After drying over MgSO, the solvent
was removed and the product 15 obtained after purification via flash chromatography
(Cylcohexane:EtOAc 100:0 — 7:3) in a yield of 24% (1.419 g, 3.27 mmol).

'H NMR (300 MHz, CDCl3, 293K):

5 [ppm] = 8.59 (t, J = 6.1 Hz, 1H), 5.71 — 5.57 (m, 1H), 5.36 — 5.27 (m, 1H), 5.18 -
5.10 (m, 1H), 4.27 - 4.15 (m, 2H), 3.26 - 2.97 (m, 2H), 2.60 - 2.44 (m, 1H), 2.02 - 1.93
(m, 1H), 1.82 (dt, J = 8.4, 4.2 Hz, 1H), 1.33 — 1.24 (m, 3H), 0.91 (d, J = 3.2 Hz, 3H).
13C NMR . (75 MHz, CDCl3, 293K):

§ [ppm] = 171.0, 168.7, 133.6, 119.4, 61.6, 46.9, 36.7, 36.4, 34.8, 23.6, 21.4, 14.4.
FT-IR (ATR mode):

3350, 3087, 2963, 2933, 2873, 1704, 1651, 1531, 1472, 1446, 1393, 1371, 1338, 1308,
1198, 1178, 1139, 1096, 1063, 1021, 993, 959, 913, 863, 832, 775, 660, 569, 502, 472
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4.2.6 Unsuccessful synthesis of new bi functional monomers

N!,N2-bis(2-aminoethyl)oxalamide

o Q NEt )OL Ho S H
ca _—% . tBu. N N_ _O.
BE\O)J\N/\/NHZ + CI)H]/ u o N/\/ %N/\/ W t-Bu
H DCM, 0°C --> rt H H
o) o) o)
17 h
50 37

Under an argon atmosphere, 50 (2.0 eq, 15.0 g, 93.6 mmol) and NEt; (3.0 eq, 14.09 g,
19.3 ml, 13.9 mmol) were dissolved in 100 ml dry DCM. At 0 °, in 70 ml dry DCM
dissolved oxalylchloride (5.90 g, 4.00 ml, 4.66 mmol) was added dropwise. The reaction
was stirred at rt over night. The reaction was quenched by adding H,O, stirred for
another hour and filtrated. The filter cake was suspended in EtOAc, stirred for 30
min and centrifuged. The solvent was removed under reduced pressure to obtain the
desired product 37 as white solid in a yield of 91 % (15.84 g, 4.23 mmol). 'H NMR
(300 MHz, DMSO, 293K):

§ [ppm] = 8.72 (d, J = 5.4 Hz, 1H), 6.89 (s, 1H), 3.23 — 3.12 (m, 2H), 3.11 — 3.03 (m,
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3H), 1.37 (s, 9H).

eeu, L R N o oo
~ U\O N/\/ \H)J\N/\/ \ﬂ/ \t-Bu - H N/\/N\H/U\N/\/NHZ
H o H 0 HCI, EtOAc 2 H
rt, 2h 0
37 38

The, in 6 ml of a 4 molar solution of HCI in EtOAc, dissolved 37 was stirred at room
temperature for 2 h. The solvent was removed under reduced pressure to obtain a
brown solid. No analysis technique was possible for the obtained substance, since no

solvent could be found in which the solid was solvable.

diethyl 1,1’-(4,8-dimethyl-6-oxo0-2,5,7,10-tetraazaundecanedioyl)bis(2-

vinylcyclopropane-1-carboxylate)

O

NH 6o O
HZN/\( 2, >‘\)J\JKJ< - t-Bu\O)LN NH,
(0) (0) (o) DCM H/\(
0°C-->RT
17 h 51

Propane-1,2-diamine (10 eq, 37.13 g, 500 mmol) was dissolved in 400 ml DCM. At 0 °C,
in 200 ml DCM dissolved N-Boc decarbonate (11.7 g, 53.8 mmol) was added dropwise.
The reaction mixture was stirred one hour at 0 °C and over night at room temperature.
The reaction mixture was filtrated and washed with DCM. After evaporating the sol-
vent, the product 51 was obtained as a slightly yellow liquid in a quantitative yield.
'H NMR (300 MHz, CDClj3, 293K):

0 [ppm] = 5.01 (s, 1H), 3.13 (dd, J = 11.3, 6.3 Hz, 1H), 3.07 — 2.93 (m, 1H), 2.93 — 2.79
(m, 1H), 1.42 (s, 9H), 1.06 (d, J = 6.3 Hz, 3H).

0
e
o = NN o) o

o H H
Bu. L NH ~ tBu. L~ _N__N U _tBu
o H/\( 2 THE 1t o) H Y \c[)]/ W/\H o

51 52

Under an argon atmosphere, 4.0 g CDI (24.87 mmol) was dissolved in 100 ml dry THF.
At 0 °C, 51 ( 2.0 eq, 8.7 g, 50.0 mmol) was added. The reaction was stirred 20 min
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at 0 °C and at rt over night. The solvent was removed under reduced pressure, the
mixture dissolved in EtOAc and washed with H,O. The solvent was removed under
reduced pressure and the product 52 obtained as white solid in a yield of 90% ( 8.89
g, 23.7 mmol).

'H NMR (300 MHz, CDCl3, 293K):

d [ppm] = 5.00 (s, 1H), 3.25 — 3.10 (m, 1H), 3.04 (dt, J = 10.6, 6.4 Hz, 1H), 2.98 — 2.85
(m, 1H), 1.51 — 1.36 (m, 9H), 1.10 (d, J = 6.3 Hz, 3H).

0 0 H H
H H
_ _ N N
t BU\O)J\N N\H/N N)J\O/t Bu U HZN/\( \n/ j/\NH2
H H HCI, EtOAc Io)
o rt, 2h
52 53

In a mixture of 4 ml concentrated HCI in 9.3 ml EtOAc, 8.89 g of 52 (23.7 mmol)
was stirred at rt for 2 h. The reaction was quenched by adding a saturated NaHCO,
solution and the organic phase washed with a saturated NaHCO, solution. The organic
phase was filtered and the solvent removed under reduced pressure and the product

used as such, without further purification.

FO_q, H o o o o

H H H

N._N DCC,HOB}-Cl, NEts NN
+ HzN/W/ g T/\NHZ EtO N/\r N \(\N OEt
OH o DCM, 0°C --> 1, § H o H e

\ 72 h
43 53 54

Under an argon atmosphere, 6.19 g 43 (2.2 eq, 33.6 mmol), 53 (2.80 g, 16.0 mmol) and
HOBt-C1(2.3 eq, 5.869 g,34.6 mmol) were dissolved in 100 ml dry DCM. At 0°C NEt,
(4.2 eq,6.80 g, 9.31 ml, 67.2 mmol) was added and in 90 ml dry DCM dissolved DCC
(2.2 eq, 6.93 g, 33.6 mmol) was added drop wise. The reaction mixture was stirred
at room temperature for three days. The mixture was filtrated and the organic phase
was washed twice with 0.5 M HCI solution, once with saturated NaHCO, solution and
twice with water. After drying over MgSO, the solvent was removed and the mixture
purified via flash chromatography (Cylcohexane:EtOAc 50:50). The desired product
couldn’t be identified.
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diethyl 1,1’-(4,8-diisopropyl-6-oxo0-2,5,7,10-tetraazaundecanedioyl)bis(2-
vinylcyclopropane-1-carboxylate)

Compound 55 was synthesized as per published procedurel!. Under an argon atmo-
sphere, 14.8 g of LiAlH, (2.2 eq, 390.4 mmol) was suspended in 200 ml dry THF. At
0 °C, 2-amino-3-methylbutanamide (19.86 g, 171 mmol) was added in small portions.
The mixture was stirred at 80 °C over night. The reaction was quenched by carefully
adding technical grade THF and extracted with cyclohexane. The solvent was removed
under reduced pressure and the product 55 obtained as white solid and used without

further purification.

(0]
NH
HoN 2 >L)Ok)ok)< tBuL AN N2
(SN e N DCM H/I
0°C-->RT
17 h
55 56

The previously obtained diamine 55 (1.2 eq, 9.95 g, 97.0 mmol) was dissolved in 20
ml dry THF. In 80 ml dry THF dissolved tert-butyl dicarbonate (7.9 g, 48.5 mmol)
was added at 0 °C . The solution was stirred at rt for 3 days, the solvent removed
and the mixture dissolved in DCM. After washing with water, the poduct 56 was
obtained in a yield of 38 % (3.68 g, 18.2 mmol) whose presence was confirmed using

liquid chromatography—mass spectrometry (LC-MS)

o]
%\N/Z(N/\
0 N=/ N o] 0
t-Bu. )L NH, S/ t-Bu. )k H H JJ\ _t-Bu
"X APSPLE
H THF, rt H o H
57

56

Under and argon atmosphere, 3.45 g 56 (2.0 eq, 17.0 mmol) was dissolved in 36 ml
dry THF. At 0 °C , DCC (8.5 mmol, 1.38 g) was added and the mixture stirred at rt
over night. The reaction was quenched by addition of H,O and the mixture extracted

with EtOAc. The organic phase was separated and washed with H,,. The organic
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phase was dried over MgSO, and the solvent was removed to obtain the product 57 in
a quantitative yield. 'H NMR (300 MHz, CDCl;, 293K):

d [ppm] = 6.74 (s, 1H), 4.88 — 4.49 (m, 1H), 3.97 — 3.41 (m, 1H), 3.17 (s, 1H), 1.68 (s,
1H), 1.43 (s, 9H), 1.03 — 0.85 (m, 6H).

rt, 2h

O 0 H H
H H
. : N_ _N
tBU\O)J\N/ N\H/N N)I\O/t Bu HoN \H/ NH,
H o H HCI, EtOAc o}
57 58

Deprotection was performed by the addition of 5 ml of a 12 molar HCI solution at
0 °C to 4.23 g of 57 (9.25 mmol). The mixture was stirred at rt for 2 h before the
solvent was removed and the obtained mixture purified by flash cromatography. The
product was obtained in a yield of 19% (410 mg, 1.78 mmol). 'H NMR. (300 MHz,
CDCl;, 293K):

d [ppm] = 3.62 — 3.44 (m, 2H), 3.31 — 3.10 (m, 1H), 1.79 — 1.58 (m, 1H), 0.94 (d, J =
6.7 Hz, 3H), 0.88 (d, J = 6.7 Hz, 3H).

EtO Cb H H (@] (@] H H (@] (@]
~__N__N DCC,HOBL-CI, NEts N. N
+ HoN e NH, EtO N e N OEt
OH o} DCM, 0°C --> 1t x H H =
,0°C >, o}
\ 72h
43 58 59

Under an argon atmosphere, 722 mg 43 (2.2 eq, 3.92 mmol), DCC (2.2 eq, 808 mg,
3.92 mmol) were added to in 10 ml dry DCM dissolved 57 (410 mg, 1.78 mmol). At
0°C NEt; (4.2 eq, 756 mg, 1.0 ml, 7.48 mmol) was added to the mixture. HOBt-CI1(2.3
eq, 693 mg, 4.09 mmol) was dissolved in 10 ml dry DCM and added dropwise at 0 °C .
The reaction mixture was stirred at room temperature for six days. The mixture was

filtrated and analysed using LC-MS, where no product could be found.
1,3-bis(2-(aminomethyl)-3-methylbutyl)urea

Cl AICl3
N///\\\N ’ )\ i //\Q\
CH3NO, = =

N
-10 -->0°C

60

N

167



To at -10 °C in 240 ml nitromethane dissolved AICl; (104 g, ), in 60 ml nitromethane
dissolved malononitrile (1.00 eq, 56.6 g, 856 mmol) was added drop wise. Secondly,
147.6 ml of pre-distilled isopropyl chloride (2.0 eq, 127.3 g, 1.62 mol), dissolved in 60
ml nitromethane was added drop wise. The mixture was stirred at 0 °C over night
before 1 litre of a saturated NaHCO, solution was added drop wise, maintaining the
temperature below 10 °C . The reaction mixture was charged with NaHCO; till no gas
formation can be observed. The phases where separated and the aqueous phase washed
with DCM. The combined organic phases were dried over MgSO, and the solvent
was removed under reduced pressure. The mixture was was purified by water steam
distillation. The desired product couldn’t be obtained.

0]

A

NaBH,
N///\\\N4> /\Q
NS

iPrOH N
0°C
60

N

At 0 °C , 33.3 ml malononitril (39.64 g, 600 mmol) and acetone (2 eq, 69.69 g, 1.20
mol, 88.3 ml) were dissolved in 1.2 liter isopropanol. NaBH, (1 eq, 22.69 g, 600 mmol)
was added and the mixture stirred at 0 °C for 2 h before another 11.9 q¢ NaBH, (0.5 eq,
300 mmol) was added. The reaction was quenched by the addition of a 2 molar HCIl
solution until a pH of 1 is obtained. The product was extracted with DCM, dried over
MgSO, and the solvent removed under reduced pressure. The product 60 was obtained
after distillation and purification via flash chromatography as a yellow viscous liquid in
a yield of 5% (3.31 g, 31.0 mmol).

'H NMR (300 MHz, CDCl3, 293K):

d [ppm] = 3.36 (d, J = 5.4 Hz, 1H), 2.49 — 2.29 (m, 1H), 1.33 — 1.00 (m).

NaBH, , BF3*Et,0
— N H2N NH2

= X
N N THF, rt

60 61

Under an argon atmosphere 3.0 g of 60 (27.76 mmol) and NaBH, (1.8 eq, 1.90 g, 50.30
mmol) were dissolved in 17 ml dry THF. In 5.5 ml dry THF dissolved BF,-Et,O
(2.2 eq, 9.46 g, 8.22 ml, 60.62 mmol) was added drop wise. The reaction was stirred
at rt over night before it was quenched by the addition of 3.3 ml concentrated HCI.

The solvent was removed under reduced pressure and the mixture neutralized by slow
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addition of a 40% NaOH solution. The aqueous phase was extracted with Et,O, the
organic phase dried over MgSO, and the solvent removed under reduced pressure. No

product could be found.

1,3-bis(2-(aminomethyl)-3,3-dimethylbutyl)urea

cl AlCI
i — //\K\
CH3NO,

-10 --> 0°C

To at 0 °C in 200 ml nitromethane dissolved AICl; (90.0 g, 674 mmol), in 50 ml ni-
tromethane dissolved malononitrile (1.00 eq, 45.0 g, 682 mmol) was added drop wise.
Secondly, 178.6 ml of tert-butyl chloride (2.0 eq, 150.0 g, 1.62 mol), dissolved in 50
ml nitromethane was added drop wise. The mixture was stirred at 0 °C over night
before 1 litre of a saturated NaHCO, solution was added drop wise, maintaining the
temperature below 10 °C . The phases where separated and the aqueous phase washed
with DCM. The combined organic phases were dried over MgSO, and the solvent was
removed under reduced pressure. The mixture was was purified by water steam dis-
tillation. The obtained solid was washed with Et,O and purified via sublimation at
40 °C under reduced pressure to obtain the product 62 in a yield of 45% (33.3 g, 308
mmol).

'H NMR (300 MHz, CDCl3, 293K):

0 [ppm] = 3.45 (s, 1H), 1.27 (s, 9H).

j/\ NaBH, , BF5*Et,O i/
// \\ H2N NH2

N THE
62 63

N

Under an argon atmosphere 33.3 g of 62 (308 mmol) and NaBH, (1.8 eq, 21.0 g, 555
mmol) were dissolved in 180 ml dry THF. In 70 ml dry THF dissolved BF; - Et,O
(2.4 eq, 105.0 g, 91.3 ml, 740 mmol) was added drop wise. The reaction was stirred
at rt over night before it was quenched by the addition of 30 ml concentrated HCI.
The solvent was removed under reduced pressure and the mixture neutralized by slow
addition of 125 ml of a 40% NaOH solution. The mixture was stirred at 90 °C for 30
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min, the aqueous phase was extracted with Et,O, the organic phase dried over MgSO,
and the solvent removed under reduced pressure. The product 63 was obtained after
destillation in a yield of 25% (9.92 g, 76.2 mmol).

'H NMR (300 MHz, CDClj3, 293K):

0 [ppm] = 3.11 — 2.97 (m, 2H), 2.74 — 2.59 (m, 2H), 1.16 (dt, J = 5.8, 2.2 Hz, 1H), 0.91
(s, 9H).

o
6 O t-Bu .
+ j\ L )< -, UOJ\N NH,
HoN NH, 0" Yo" o DCM H
0°C->RT
17h
63 64

To in 100 ml dry DCM dissolved 63 (10 eq, 9.92 g, 76.2 mmol), at 0 °C , in 100 ml
dry DCM dissolved tert-butyl dicarbonate (1.66 g, 7.6 mmol) was slowly added. The
reaction mixture was stirred 1 hour (h) at 0 °C and at rt over night. The solvent was
removed under reduced pressure, the crude product dissolved in saturated NaHCO,
solution and extracted with DCM. No product could be found in any of the analyzed

fractions

1,3-bis(3-amino-2,2-dimethylpropyl)urea

o)
6 O t-Bu.
N ﬁ\ s )< uO)I\NA’/\NHZ
H,N NH, 0”0”7 Mo DCM H
0°C->RT
17h
65

To in 200 ml dry DCM dissolved 2,2-dimethylpropane 1,3-diamine ( 20.0 g, 195.7 mmol),
at 0 °C NEt; (19.8 g, 27.3 ml, 195.7 mmol) was added and in 100 ml dry DCM dissolved
tert-butyl dicarbonate (0.7 eq, 41.82 g, 191.7 mmol) was slowly added. The reaction
mixture was stirred at rt over night. The reaction mixture was filtrated and the aque-
ous phase extracted with DCM. After driying over MgSO, and removal of the solvent

under reduced pressure, the product 65 was obtained without further purification.
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72 N/Z(N/\\

9 RN o N M R K o
t-Bu. t-Bu” “t-Bu
ST LA S

65 66

Under an argon atmosphere, 10.15 g 65 (50.2 mmol) was dissolved in 100 ml dry THF.
At 0°C, CDI (0.5 eq, 4.0 g, 24.67 mmol) was added. The reaction was stirred 1 h at
0 °C and for 3 days at rt. The reaction was quenched by adding water, extracted with
EtOAc and dried over MgSO,. The solvent was removed under reduced pressure but

no product could be found.

1,3-bis((3- (aminomethyl)cyclohexyl)methyl)urea

o
H,N NH, >‘\ 6 0 J< — I _tBu
+ S T——
@A o)J\o)ko DCM e \O/\N °
0°C->RT
17h

To in 200 ml dry DCM dissolved cyclohexane-1,3-diyldimethanamine ( 50 g, 351 mmol),
at 0 °C NEt; (1.0 eq, 35.6 g, 52.6 ml, 351 mmol) was added and in 400 ml dry DCM
dissolved tert-butyl dicarbonate (0.7 eq, 53.7 g, 246 mmol) was slowly added. The
reaction mixture was stirred at rt over night. The reaction mixture was filtrated and
the aqueous phase extracted with DCM. After drying over MgSO, and removal of the
solvent under reduced pressure, the product 67 was obtained in a yield of 14% (12.1 g,
49.9 mmol)

'H NMR (300 MHz, CDCl3, 293K):

d [ppm] = 4.64 (s, 1H), 3.13 — 2.85 (m, 2H), 2.58 — 2.46 (m, 3H), 1.88 — 1.64 (m, 4H),
1.40 (d, J = 13.3 Hz, 9H), 1.26 (dtdd, J = 17.0, 10.3, 6.4, 3.6 Hz, 3H), 0.79 (ddt, J =
16.1, 7.6, 4.2 Hz, 2H), 0.53 (qd, J = 12.0, 2.9 Hz, 1H).
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o) N o 0 o
.y X
N N
~t-B t-Bu _t-B
N Aot ~ TN sy Ao tBu
H THF, 1t H H H H
67 68

Under an argon atmosphere, 5.44 g 67 (22.46 mmol) was dissolved in 100 ml dry THF.
At 0 °C, CDI ( 0.5 eq, 1.82 g, 11.23 mmol) was added. The reaction was stirred 1 h
at 0 °and for 3 days at rt. The reaction was quenched by adding water, extracted with
EtOAc and dried over MgSO,. The solvent was removed under reduced pressure and
the product 68 obtained in a yield of 28% (3.14 g, 6.15 mmol).

'H NMR (300 MHz, CDCl3, 293K):

d [ppm] = 4.62 (d, J = 25.1 Hz, 1H), 2.96 (t, J = 5.7 Hz, 3H), 1.89 — 1.65 (m, 3H),
1.53 - 1.32 (m, 14H), 1.26 (ddt, J = 19.4, 14.0, 7.2 Hz, 1H), 0.91 - 0.69 (m, 1H), 0.70
—0.48 (m, 1H).

i b i X
t-Bu. t-B
u OJ\N N N NJ\O/ ‘e HoN NN NH,
H H H H HCI, EtOAC H H
rt, 2h
68 69

In a mixture of 4 ml concentrated HCI in 9.3 ml EtOAc, 3.14 g of 68 was stirred at rt
for 4 days. The reaction was quenched by adding a saturated NaHCO; solution and
the organic phase washed with a saturated NaHCO, solution. The organic phase was
filtered and the solvent removed under reduced pressure not resulting in the desired

product.

1,3-bis(3-((3-amino-2-methylcyclohexyl) methyl)-2-methylcyclohexyl)urea

H,N NH, o o HN N._O
ol ke ——— R
0”0”0
0°C —>RT ©

17h

To in 40 ml dry MeOH dissolved 3,3’-methylenebis(2-methylcyclohexan-1-amine) ( 23.8
g, 25.1 ml, 100 mmol), at 0 °C 42 ml of a 8 molar HCI solution was added dropwise.
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The reaction mixture was stirred at rt for 1 h and in 448 ml MeOH dissolved tert-
butyl dicarbonate (1.0 eq, 21.8 g, 100 mmol) was slowly added. The reaction mixture
was stirred at rt for 2 h and washed with Et,O. The aqueous phase was neutralized
by adding in 100 ml dissolved NaOH (1.0 eq, 4.0 g) and extracted with DCM. The
combined organic phases were washed with a saturated NaCl solution, dried over MgSO,
and the solvent was removed under reduced pressure. The product was obtained in a
yield of 30% (10.1 g, 29.9 mmol) without further purification.

(0]
e

HaN N_ o <N o N NN N_ o
2 \n/ “t-Bu t-Bu” \n/ \n/ \n/ “t-Bu
o) THF, rt o o) o)
71

Under an argon atmosphere, 10.11 g 70 (29.9 mmol) was dissolved in 100 ml dry THF.
At 0 °C, CDI ( 0.5 eq, 2.42 g, 14.95 mmol) was added. The reaction was stirred 1 h
at 0 °C and for 4 days at rt. The solvent was removed under reduced pressure, the
crude product was dissolved in water and extracted with ETOAc. No product could be

detected in any of the phases.

4.3 Monomer characterization

4.3.1 nuclear magnetic resonance spectroscopy

For 'H- NMR 5 mg and for *C-NMR 20 mg were dissolved in 0.7 ml of the respective
deuterated solvent CDCl;, CD,Cl,, d-DMSO or d-DMF.

4.3.2 temperature variable NMR

Temperature dependent solid state NMR was performed by the group of Prof. Dr.
Senker (Inorganic Chemistry III)
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Figure 142: temperature dependent solid state NMR of monomer 2
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Figure 144: temperature dependent solid state NMR of monomer 22
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Figure 145: temperature dependent solid state NMR of monomer 6
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4.4 Photo-polymerization

4.4.1 Kinetic measurements

In a brow glass vial 1 mol% CQ as initiator and 2 mol% EDMAB as coinitiator were
dissolved in the respective monomers 3, 4 and 72. In the abscence of light, 11 vials
were prepared, each containing 10 ul of the solution. Each vial was degassed for 30
sec with argon. The solutions were irradiated with light with a maximum intensity
of 800 W halogen equivalents (data as per the lamp manual provided by GSVITEC)
primarily at 442 and 540 nm. After 1, 3, 5, 10, 15 and 30 min, 1, 2, 4, 8 and 24h a vial
was removed and quenched by adding it to liquid nitrogen. To each vial, 1.5 ml Et,O
containing phenol in a concentration of 1 mg/ml was added and the residual monomer
was extracted. The amount of unreacted monomer was analyzed via GC, using phenol

as internal standard.

For monomers 7, 8 and 73, in a brown glass vial, the respective monomers as well as 1
mol % CQ as initiator and 2 mol% EDMAB as coinitiator were dissolved in anisol as
a 2.5 M solution. In the abscence of light, 14 vials were prepared, each containing 20
1l of the solution. Each vial was degassed for 30 sec with argon. The solutions were
irradiated with light with a maximum intensity at 442 nm and 540 nm. After 5, 10, 20,
30 and 45 s, 1, 3, 5, 10, 15 and 30 min, 1, 2 and 24h a vial was removed and quenched
by adding it to liquid nitrogen. To each vial, 1.5 ml Et,O in case of monomers 5 and
8 and toluene in case of monomers 6 and 7 containing phenol in a concentration of 1
mg/ml was added and the residual monomer was extracted. The amount of unreacted

monomer was analyzed via GC, using phenol as internal standard.

For monomers 9, 10, 11, 12, 13, 14 and 15, in a brown glass vial, the respective
monomers as well as 1 mol % CQ as initiator and 2 mol% EDMAB as coinitiator were
dissolved in anisol as a 2.5 M solution. In the abscence of light, 6 vials were prepared,
each containing 20 ul of the solution. Each vial was degassed for 30 sec with argon.
The solutions were irradiated with light with a maximum intensityof 800 W halogen
equivalents (data as per the lamp manual provided by GSVITEC) primarily at 442 and
540 nm. After 30s, 1, 3, 10 and 30 min and 17 h a vial was removed and quenched by
adding it to liquid nitrogen. In the case of monomers 14 and 15, the residual monomer
was extracted using DCM, containing phenol in a concentration of 1 mg/ml and for
monomers 9, 10, 11, 12 and 13 the residual monomer was extracted using CDCl; and
mesythylen as internal standard. The amount of unreacted monomer was determined
using GC for monomers 14 and 15 and NMR for monomers 9, 10, 11, 12 and 13

177



4.4.2 Photo-Rheology

In a brow glass vial 1 mol % CQ as initiator and 2 mol% EDMARB as coinitiator were
dissolved in the respective monomers 1, 2, 3 and 4. Each monomer was degassed using
argon. In a nitrogen atmosphere ca. 250 mg of each solution was placed on a class plate
and a frequency sweep was performed. At the there determined frequency, the viscosity
was measured over time, while the sample was irradiated with ultra violet (UV)-light

1

at a intensity of 20 Wem™". The viscosity was plotted in a logarithmic scale against

the time of irradiation.

4.5 Polymer characterization

4.5.1 gel permeation chromatography

Polymer masses and dispersity were analyzed by gel permeation chromatography. The
measurements were recorded using an SDV XL gel column (particle size=5 pm with a
separation range of 100 - 3 000 000 Da) and a refractive index detector (1200 series,
Agilent Technologies). Chloroform or DMF was used as the solvent and eluant with
a flow rate of 0.5 ml min™!.The calibration was performed with a narrowly distributed
polystyrene homopolymer (PSS calibration kit). Before measurement, sample was dis-
solved in the respective solvent to a concentration of 10 mg/ml and filtered with a
0.22 pm PTFE filter. The injection volume was 20 pnl. Toluene served as the internal

standard.
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Figure 148: GPC curves of VCP-ester polymers 1 - 4
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Figure 149: GPC curves of VCP-amide polymers 5 - 8

4.5.2 differential scanning calorimetry

Thermal stability is measured by TGA in a NETZSCH 204 F1 Phoenix. measurement
conditions were dependent on the sample and range where signals are expected. The
upper range was conducted by the thermal stability, while the lower range was selected
to be at least 50 K below the T,. Standard heating rate was 10 K/min, while in cases
where the T, was hard to observe, a heating rate of 20 K /min was selected. For each
sample about 5 mg were added to an aluminium pan, equipped with a pinned cap.
Evaluation was done in the software provided by NETZSCH. In all cases, T, of the

second heating curve was evaluated.
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Figure 151: DSC curves of VCP-amide polymers 5 - 8

4.5.3 Thermal stability
Thermal stability is measured by TGA in a NETZSCH Libra F1. Measurements were

done under a nitrogen atmosphere with a flow of 20ml/min from 20 to 600 °C with a
heating rate of 10 k/min. For each sample about 5 mg were added to an aluminium

pan, equipped with a pinned cap. Evaluation was done in the software provided by

NETZSCH
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4.5.4 Volume shrinkage

Volume shrinkage was determined by the change of density from monomer and polymer.
Therefore, the density of monomers 9, 10, 11, 12, 13, 14 and 15 was determined by gas
pycnometry. The pycnometer was calibrated beforehand by the Prof. Moos chair. An
empty glas vial was added into the chamber and the volume was measured to determine
the free volume of the chamber. To this glass vial, ca. 1 g of a monomer was added
and the weight was noted. The volume of the chamber was measured again. By the
difference of these two volumes and the added weight monomer density can be obtained.
For polymer density, the pure and dried polymer was weighted in the chamber and the
free volume determined. Polymer density was determined by the alchimedes method.
Here, around 100 mg of the resulting polymers were put on a balance, equipped with
a beaker filled with water. The balance was set to zero and the polymers immersed in
water. by the difference of weight and the known density of water at that temperature,

the polymer density could be obtained.
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