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Abstract

Photopolymerization reactions are used in industry in various fields, from coatings and inks to dental
materials and 3D printing. To start the pohotopolymerization process, the polymerizable formulation
always contains a photoinitiator (Pl). The PI defines the wavelength of the light used to start the
photopolymerization by its absorption spectrum. The longer the used wavelength is, the deeper the
light can penetrate into the material and can therefore also cure thicker layers. For 3D printing, this

means better interlaminar bonding between the successively printed layers.

The first part of this thesis deals with the electric field modification of already existing Pls. This topic
was investigated by comparing the absorbance of acetophenone with its derivatives containing
various functional groups mainly in ortho- and para-position. Therefore, commercially available
acetophenone derivatives were used, and one very promising candidate, (2-acetophenyl)acetic acid

was synthesized.

Current state-of-the-art Pls for more advanced applications of photopolymerization like dental curing
and additive manufactoring techniques (AMT) are highly reactive acylgermanes. They exhibit high
reactivity, absorbance up to 490 nm, good photobleaching behaviour and excellent storage stability.
Unfortunately, they are only used in applications with a small scope as acylgermanes are expensive.
The substance class of acylstannanes can bridge the gap between high reactivity, absorbance at long

wavelengths as well as cost efficiency.

Therefore, in the second part of this thesis, novel acylstannanes as Type | Pls were successfully
synthesized and characterized including UV/Vis measurements to determine the absorbance and also
stability studies to assess the applicability in industry. The scope includes two bis- and a
trisacylstannane as well as a tetraacylstannane. The synthesis route was chosen according to
previously synthesized acylstannanes and -germanes. Especially tetrakis(2,6-dimethoxybenzoyl)-
stannane was tested in even more experiments like photo-DSC measurements, curing depth
experiments and steady state photolysis, as it showed outstanding properties during the UV/Vis
measurements with absorbance up to 575 nm. The further characterization showed, that also in every
other evaluated aspect, the tetraacylstannane resulted in better or at least similar properties
compared to the best reference compound. It was even possible to irradiate and polymerize a
formulation containing the target compound at 532 nm using a green laser pointer, what would not
cause any reaction for the current state-of-the-art substance class of the acylgermanes. The most
impressive result was the outstanding storage stability, as literature known acylstannanes are prone

to hydrolysis and are therefore not suitable for industrial application.

Vil
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Kurzfassung

Photopolymerisationsreaktionen werden in der Industrie in verschiedenen Bereichen eingesetzt, von
Beschichtungen und Druckfarben bis hin zu Dentalmaterialien und 3D-Druck. Um den
Photopolymerisationsprozess zu starten, enthdlt die polymerisierbare Formulierung immer einen
Photoinitiator (Pl). Der Pl bestimmt durch sein Absorptionsspektrum die Wellenlange des Lichts, das
zum Starten der Polymerisation verwendet werden kann. Je langer die verwendete Wellenldnge ist,
desto tiefer kann das Licht in das Material eindringen und somit dickere Schichten ausharten. Fir den

3D-Druck bedeutet dies eine bessere Bindung zwischen den nacheinander gedruckten Schichten.

Der erste Teil dieser Arbeit befasst sich mit der Modifikation bereits existierender Pls. Dieses Thema
wurde durch den Vergleich der Absorption von Acetophenon mit seinen Derivaten, die verschiedene
funktionelle Gruppen hauptsachlich in ortho- und para-Position enthalten, untersucht. Dazu wurden
handelstibliche Acetophenon-Derivate verwendet und ein vielversprechender Kandidat, (2-Aceto-

phenyl)essigsdure, synthetisiert.

Fur fortschrittlichere Anwendungen der Photopolymerisation (z.B. Zahnersatzmaterialien und 3D
Druck) werden im Moment hochreaktive Acylgermane als Typ | Pls verwendet. Sie weisen eine hohe
Reaktivitat, eine Absorption bis zu 490 nm, ein gutes Bleichverhalten und eine ausgezeichnete
Lagerstabilitat auf. Leider werden sie nur in Anwendungen mit geringem Umfang eingesetzt, da
Acylgermane teuer sind. Die Substanzklasse der Acylstannane kann die Licke zwischen hoher

Reaktivitat, Absorption bei langen Wellenldangen sowie Kosteneffizienz schlieRen.

Im zweiten Teil dieser Arbeit wurden neuartige Acylstannane als Typ | Pls erfolgreich synthetisiert und
charakterisiert, einschlieRlich UV/Vis-Messungen zur Bestimmung der Absorption und
Stabilitatsstudien zur Bewertung der Anwendbarkeit in der Industrie. Der Umfang umfasst zwei Bis-
und ein Trisacylstannan sowie ein Tetraacylstannan. Der Syntheseweg wurde ahnlich zu bereits
synthetisierten Acylstannanen gewahlt. Insbesondere Tetrakis(2,6-dimethoxybenzoyl)stannan wurde
in weiteren Experimenten wie Photo-DSC-Messungen, Durchhértetiefenexperimenten und Steady-
State-Photolyse getestet, da es bei den UV/Vis-Messungen mit einer Absorption bis 575 nm
hervorragende Eigenschaften zeigte. Die weitere Charakterisierung zeigte, dass das Tetraacylstannan
auch in jedem anderen bewerteten Aspekt zu besseren oder zumindest dhnlichen Eigenschaften im
Vergleich zur besten Referenzverbindung fihrte. Es war sogar moglich, eine Formulierung mit der
Zielstruktur bei 532 nm mit einem griinen Laserpointer auszuharten, was bei der derzeit modernsten
Substanzklasse der Acylgermanen keine Reaktion hervorrufen wiirde. Das beeindruckendste Ergebnis
war die hervorragende Lagerstabilitat, da literaturbekannte Acylstannane zur Hydrolyse neigen und

daher fir die industrielle Anwendung nicht geeignet sind.

IX
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Introduction

Photopolymerization is a technique known for more than half a century for curing monomer
formulations. Its first applications were protective and decorating coatings,® followed by more
advanced technologies nowadays including medical applications like tissue engineering? and dental

composites,® as well as 3D printing* to name a few.

3D printing is a technique developed in the early 1980s and is steadily evolving ever since.®> Additive
manufacturing technologies (AMT) is the process of creating a customized three dimensional object
by adding solid material in a layer-by-layer fashion. In this way, complex structures can be achieved,
such as pores or holes. In general, a digital template is created via computer-aided design (CAD), and
further sliced into thin layers. By adding material layerwise, complex structures can be achieved that

are otherwise difficult or impossible to generate.

Different types of additive manufacturing were introduced, among others stereolithography (SL) in
1986.% Therefore, a liquid resin is solidified via photopolymerization by using a UV/Vis light source,
e.g. a laser beam. Very precise three dimensional ceramic objects are usually produced via
lithography-based ceramic manufacturing (LCM), depicted generally in Figure 1.” Therefore, a

photocurable formulation is mixed with ceramic particles to obtain a so-called slurry.

printing of layers green body Gﬂg?ﬁ%ﬂ?g

, 7
=
¢ 7{« crack formation

Figure 1. Process of lithography-based ceramic manufacturing (LCM). Credit: Lukas Leutgeb.

final ceramic

This formulation is 3D printed following digital light processing (DLP), shown in Figure 2. The
formulation is stored in a vat with a transparent bottom, and a building platform is positioned as high
above this bottom as one layer of the 3D printed part should be. The layer is printed by localized
photopolymerization, where the area that should solidify is illuminated through a projector using a
UV/Vis light source, often a monochromatic LED. The building platform is lifted to remove the printed

layer from the bottom of the vat and the process is repeated.®®
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Figure 2. Schematic depiction of a 3D printer using digital light processing (DLP).10

When the print is completed, the received part is called green body, as it contains ceramic particles
trapped inside a polymeric network that acts as a binder. Afterwards, this green body is thermally
treated. The first step is drying, where the goal is to remove residual solvent. The second step is called
debinding, where the polymer network is decomposed. This is also the most delicate step as different
organic components require different temperatures for combustion and evaporation. The final
thermal step is the sintering of the remaining ceramic particles. The process of drying, debinding and

sintering during LCM is depicted in Figure 3.

-] (-]

Drying Debinding Sintering
o —_— — —
L]

Ceramic particles

o Solvent
| Photopolymer network

Figure 3. Process of the thermal treatment of the green body, consisting of drying, debinding and sintering, during the LCM
process. !

Generally, LCM achieves the best results with ceramics like ZrO, and Al O3 that have a very light colour.
Nevertheless, there is also demand for materials in darker colours like SiN, as they meet other

properties and advantages. The challenge with these materials is, that the penetration depth of light
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(Dp) is decreased as darker ceramic particles absorb this light. To achieve similar results as for lighter
materials, there is more than one way to do so. One way would be to shift the wavelength of the used
light to longer wavelengths, as red-shifted light can penetrate deeper into materials according to the

Lambert-Beer law (Figure 4).

wavelength
L — |
l l
penetration
depth
resin

Figure 4. Light penetration depending on the wavelength of the used light during photopolymerization.2

Not only the penetration depth of the light depends on the wavelength of the used light, but

subsequently also the curing depth (Cq), as described by the Jacob’s equation:*®

Ey
Cd = Dpln (E_)
Cc

In this equation, the energy of light on the surface (Eo) and also the critical energy dose for
polymerization (Ec) are also parameters important for Cq4. In LCM, Cq is responsible for homogeneous
materials manufactured via layer-by-layer printing and therefore also for the reproduceable and
sufficient mechanical properties. With increased Cq4, interlaminar bonding between the layers can
increase, what leads to reduced crack formation during the debinding and sintering process.** Of
course, there is also an economical advantage if the layer thickness can be enhanced, as the printing
process can be accelerated for some cases. The advantages of a higher Cq4 can be achieved by switching

to irradiation with higher wavelengths.**

A general free radical photopolymerization consists of three main steps. The very first step is the
initiation reaction. Thereby, a radical photoinitiator (Pl) is irradiated with light and subsequently

generates radicals (Figure 5).

*

hv

P —— [P|] —— P

Figure 5. Irradiation of the photoinitiator to generate radicals.
The generated radicals from the initiation reaction are very reactive towards monomers with
polymerizable groups, most likely double bond containing groups. An addition reaction of the Pl

radical and a monomer molecule takes place, maintaining the radical character (Figure 6).
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Pl + %R —_— PI\/-\R

Figure 6. Addition reaction of the photoinitiator radical and a monomer molecule.

The following step is the propagation, where the polymer chain is growing in form of a chain growth
reaction. Thereby, the radical of the PI/monomer adduct reacts with another polymerizable group of
a monomer, adding another monomer unit to the adduct. This step is repeated while maintaining the
radical character at the end of the growing polymer chain. The propagation can go on until no

polymerizable monomer molecule is left and/or a termination reaction takes place (Figure 7).

n Z >R

PI\/-\RJ“/\R—)\)\/\—)M\/\

Figure 7. Propagation reaction of a radical photopolymerization chain reaction.

The third step of a photopolymerization process is the termination, what marks the end of the chain
reaction. Thereby, two different types of inherent termination are known: recombination and
disproportionation, which differ in the resulting molecular weights of the polymer chains (Figure 8).
For the recombination, two radical polymer chains are combined to receive one chain with additive
length. Compared to the recombination, the disproportionation leads to shorter polymer chains as
two radical polymer chains react with each other to yield one saturated and one unsaturated chain

with each the original molecular weight.

recombination

M\/\ PI
n m
R

R
P'WR R R
" P * P _
disproportionation > R ~ R

Figure 8. Two types of termination reaction with different outcomes of the final polymer molecular weight.

As already mentioned, the so-called slurry is a photopolymerizable formulation used in LCM and
mainly consists of inorganic fillers,’” such as Al,Os or ZrO,, and an organic matrix (monomer and
photoinitiator). Other than that, also numerous other compounds are added to meet the
requirements for industrial application, such as stabilizers and inhibitors, surfactants, pigments,

regulators etc.®®
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The organic polymer is cured in terms of light-induced radical polymerization. Typical monomers for
the future polymer matrix are acrylates and methacrylates, as they are known to be highly reactive
with a high conversion and good storage stability.?® For tuning the properties of the final polymer in
terms of hardness, toughness, flexibility and more, different spacers between the polymerizable
groups can be used, including polyesters, polyethers, polyurethanes and polyepoxides.> ** A general
structure of typical monomers including two polymerizable groups for photopolymerization is
depicted in Figure 9.

CH3/H CHs/H
O

<]  polyester, polyether, 0O
o polyurethane, polyepoxide 5

Figure 9. Typical (meth)acrylate monomers for photopolymerization.

Another part of a formulation are very often reactive diluents, as they can decrease the viscosity and
therefore enhance the manageability of the formulation during processing while copolymerizing with
the typical monomers. Generally, reactive diluents are required to be highly reactive and have a low
viscosity, with a low volatility and additionally they should contribute positively to the mechanical
properties of the final polymer. The most prominent substances are mono- and difunctional
compounds as they exhibit the lowest viscosity, but for enhancement of the crosslinking density, also
higher functional monomers are used. Common compounds used for dilution are 1,6-hexanediol

diacrylate (HDDA) and trimethylolpropane triacrylate (TMPTA), as depicted in Figure 10.

Bt

0 0~ "o 0
%\rro\/\/\/\oJJ\& _ o) OJ‘j\f
5 Y
HDDA TMPTA

Figure 10. Reactive diluents 1,6-hexanedioldiacrylate (HDDA) and trimethylolpropane triacrylate (TMPTA).

To enhance the storage stability of a formulation, inhibitors are used to stop unwanted radicals from
starting a polymerization before this is intended. If an unwanted radical is generated, a hydrogen atom
is abstracted from the inhibitor. The new radical is so stable due to resonance stability, that no
polymerization reaction will take place. An inhibitor that is used in formulation is e.g. 2,6-di-tert-butyl-

4-methylphenol (BHT, Figure 11).2°
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Figure 11. Mechanism of radical inhibition on the example of 2,6-di-tert-butyl-4-methylphenol (BHT).

A key component of every photopolymerizable formulation is the photoinitiator (Pl). It is the
photoactive compound that starts the chain reaction. Thereby, energy from electromagnetic waves is
transformed into chemical energy via absorption followed by a change in the electronic structure in

the PI.

Absorption of light by a Pl results in excitation of the Pl from the ground state So to an excited singlet
state (position 1 at Figure 12). Through internal conversion it settles at the first excited singlet state
S1 (position 2). This state has a rather short lifespan (10! to 107 s), what reduces the probability of
reactions in this state. From this excited state, the molecule can follow two different paths: The first
one is an immediate transition back to the ground state (position 3). It is also known as fluorescence,
although this transition to the ground state can also be radiation-free. The second path would start
from the first excited singlet state S; to the excited triplet state T, (position 4) via intersystem crossing
(I1SC). The lifetime of this state is significantly longer (10 to 102 s), therefore radical formation occurs
much more likely from the triplet state. By splitting the molecule into radicals, they would drop back
into the ground state (position 5). If there is no radical formation, phosphorescence or a radiation-

free transition to the ground state can happen.?
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Figure 12. Jablonski diagram.??
Radical Pls are split up into two groups, depending on the mechanism how the radicals are
generated.” Type | PlIs are excited upon irradiation first, before they undergo homolytic cleavage and

radicals are generated in an unimolecular reaction (see Figure 13).

unimolecular
P| hv P|* reaction > R+ R

Excited state

Figure 13. Mechanism of radical formation for Type | Pls.

Type Il Pls require a so-called coinitiator (Col) to form radicals. The Pl molecule is irradiated and thus
undergoes transition to the excited state. In this state, it can react with the Col in a bimolecular

reaction to form radicals (Figure 14).23

bimolecular
Pl hv PI* + Col reaction > R + R
Excited state Coinitiator

Figure 14. Mechanism of radical formation for Type Il Pls.

For Type Il Pls, there are two pathways that can lead to radical formation. One way would be hydrogen
abstraction of the PI from the Col, the other way would be photoinduced electron transfer and
subsequent proton transfer.® A well known example for hydrogen abstraction would be
benzophenone as Pl and isopropanol acting as Col (Figure 15). Irradiating benzophenone with a
suitable wavelength, an electron from the oxygen atom will undergo n-rt* transition. This will lead to

a partial positive charge (6+) on said oxygen atom, which can then attract the electron rich C-H bond
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form the isopropanol molecule. The hydrogen atom is subsequently abstracted, leading to formation
of two radicals. As the two radicals are not similar at all, the benzophenone radical is rather stable due
to mesomeric stabilization, whereas the isopropanol radical is way more reactive and will finally

initiate the polymerization.?

OH OH - OH
T T T

o+ *

O 0 OH

Figure 15. Radical formation using benzophenone as Type Il Pl and isopropanol as Col by hydrogen abstraction.

The other pathway that can lead to radical formation, photoinduced electron transfer, can be
observed by a very typical Typell Pl system, using camphorchinone (CQ) as Pl and N,N-
dimethylaminobenzoic acid ethyl ester (DMAB) as electron donating Col (Figure 16). This system is
also widely used in industry due to its versatility.?* 2> When CQ is excited due to irradiation, an electron
from the amine is transferred to the molecule. Afterwards, radicals are generated by proton transfer
from DMAB to CQ. Similar to the benzophenone/isopropanol Type Il system, also here both radicals
are unequal reactive, as the primary radical of DMAB is much more reactive than the tertiary CQ

radical. For this type of radical generation, the redox potential of the PI and the Col are of great

importance.?

hydrogen
o) (o OH / abstraction
< l\( [J\/‘:O - J\( /&\o - l\( ﬁto \
dimerization
+ + +
hv
| e ) |+ e |
N N N )
o) 0 o monomer initiation
rO r0 rO

Figure 16. Radical formation using CQ as Type Il Pl and DMAB as Col by electron transfer.

Generally, Type Il Pl systems are less reactive than Type | Pls due to the bimolecular mechanism.
Another problem of Type Il Pl systems is the strong dependence on the environment. The CQ/DMAB
system for instance is less reactive in acidic conditions, and additionally aqueous environment can

interfere too due to solvent cage formation.?®
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As Type | PIs undergo unimolecular reaction for radical formation, they are more independent and
more reactive than Type Il Pl systems. An efficient chromophoric moiety for Type | Pls is the benzoyl
chromophore, depicted in Figure 17. Upon irradiation and subsequent transition in an excited state,
these molecules undergo ISC to the triplet state. From there, the bond between carbonyl moiety and
a-carbon is cleaved homolytically, resulting in a benzoyl radical and another radical including the other

substituents in a-position, giving it the name a-cleavage.

Figure 17. Mechanism of homolytic a-cleavage of Type | Pls with benzoyl moieties as chromophors.

One reason why benzoyl moieties are widely used among Type | Pls are the conjugated double bonds
that shift absorbance towards longer wavelengths. Additionally, benzoyl radicals are highly reactive
regarding C=C double bonds from monomers, e.g. acrylates and methacrylates, that are found

throughout polymerizable formulations.?’

As described previously, a Pl molecule can be excited from ground state Sp to an excited singlet state
S: upon irradiation. This transition is only possible from an occupied to an unoccupied molecular
orbital.?® According to Figure 18A, various transitions can take place, but the most important
transitions take place from the highest occupied molecular orbital (HOMO) to the lowest unoccupied
molecular orbital (LUMO). Among all the possible transitions, there are some that are forbidden
transitions due to spin selection rule and Laporte Selection Rule, where spin and symmetry of
transitions are restricted.?* Forbidden transitions like the n-rt* transition typically show less intensity

in the absorption spectra than other transitions like the m-rt* transition.
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Figure 18. Schematic depiction of n-m* and rt-rt* transitions (A) and listed chromophoric groups with their absorption
maxima (B).2% 29

To excite the PI molecule with UV/Vis irradiation, an overlap of the absorption spectrum of the energy
absorbing molecule and the emission spectrum of the light source is necessary. So-called
chromophores are parts of a molecule, mostly conjugated double bonds, such as C=C, C=0 or C=N,
which absorb light in the aforementioned wavelength region (Figure 18B). Therefore, these groups
are often responsible for the colour of the substance, e.g. B-carotene. Speaking about curing with a
UV/Vis light source, the two most important transitions for Pls are the m-it* transition and the n-t*
transition. Usually, the energy difference of the m-nt* transition is bigger than the difference of the
n-rt* transition. Thus, the m-nt* transition can be found at shorter wavelengths compared to the n-rt*

transition what is typically located at longer wavelengths.°

O

?\Ru
Rul
R

Figure 19. Benzoyl moiety as a chromophoric group.

As discussed previously, there are several advantages for photopolymerization processes, if light with
a longer wavelength can be used for the initiation. Obviously, a suitable Pl will be needed that absorbs

at this wavelength and undergoes cleavage.

The absorbance of Pl molecules containing arylketone moieties as chromophoric groups can be tuned
by three positions that are marked with different colours in Figure 19. Firstly, the substituents in a-
position (R’, R” and R” in Figure 19, marked green) can stabilize a positive charge in a-position, what

enhances the a-cleavage. Therefore, functional groups with an electron donating effect should be

10
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used, especially with heteroatoms, leading to functional groups like amines, hydroxy groups, ethers

and also aryl substituents.?

The substitution pattern at the benzoyl moiety can also influence the absorbance and the reactivity of
the Pl molecule (blue in Figure 19). It was found, that electron donating functional groups in ortho-
and para-position lead to increased absorbance. The effect was particularly pronounced for a di-ortho
substitution pattern, as two substituents can lead to a change in the torsion angle of the benzoyl
moiety between the aromatic ring and the carbonyl group (Figure 20).313 Additionally, these
substituents can help to increase the storage stability against nucleophiles such as water, alcohols or
amines. Especially methyl or methoxy groups in ortho position can shield the bond between a-position
and carbonyl due to steric hindrance.?* More cleavable chromophoric groups in a-position would not

shift the absorption to longer wavelengths, but increase the overall absorption of the molecule.

Figure 20. Torsion angle of the benzoyl moiety between the aromatic ring and the carbonyl group, influenced by di-ortho
substituents.3*

The third way to manipulate the absorbance of a Pl molecule is the introduction of heteroatoms in a-
position (marked red in Figure 19), using especially P, Si, Ge and Sn. The bigger the atom at this position
is, the more the absorbance is shifted to longer wavelengths. The bathochromic shift can be explained
by the overlap of the m-orbital of the carbonyl group with the empty d-orbital of the heteroatom.*?
The reactivity is even that much enhanced, that the reactive benzoyl radical is not the most reactive

anymore, but the heteroatom radical is even more reactive.®

Next to absorbance and reactivity, a Pl needs to fulfill some additional requirements to be suitable for
industrial application. As already mentioned, the stability is an important characteristic as
formulations will be stored for longer time periods and should be ready to use whenever needed.
Especially for dental application, the colour of the final polymer also plays a role. So-called
photobleaching is the ability of an often coloured Pl to result in colourless products after
photopolymerization and can be achieved by colourless cleavage products and complete cleavage of

the chromophores. Another main property of a Pl that should not be neglected is the solubility, as it

11



needs to be fully soluble in order to exploit its full potential. In this work, novel Pls will be synthesized

and characterized regarding all the mentioned properties.
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Objective

For 3D printing of ceramic parts, lithography-based ceramic manufacturing (LCM) is the state-of-the-
art how this task can be overcome. This currently works fine for white and light coloured ceramics,
e.g. AlLOs, but is still challenging for darker ceramics like SisNi. What makes it difficult is the
absorbance of the ceramic filler in the printable formulation, as it causes the light to penetrate not as
deep into the material as for lighter coloured fillers. This reduces the curing depth, what can cause
crack formation in the final ceramic part as the interlaminar bonding between the printed layers is
weaker. When light with a longer wavelength is used for the photopolymerization process, the
penetration depth and therefore also the curing depth can be enhanced. As the light that can be used
for photopolymerization depends on the used photoinitiator (Pl), a suitable molecule that absorbs at

longer wavelength is needed.

One strategy to reach this goal that was attempted in this thesis is the investigation of the influence
of different functional groups attached to the chromophoric moiety, here a benzoyl group, on the
absorbance spectrum. The modification of the electric field of a molecule should help to modify
already existing Pls with good properties on the one side to shift their absorbance to longer

wavelengths, and on the other side to enhance their solubility, e.g. in aqueous environment.

Therefore, acetophenone should be used as source and its UV/Vis spectrum will be compared with
the spectra of acetophenone derivatives with different functional groups in different positions on the
aromatic ring. This will include electron donating as well as electron withdrawing groups, e.g. hydroxy
groups, amino groups, halogens, acid groups, nitro groups, methyl groups and more. A special focus
will be laid onto the carboxy methyl group in ortho position (Figure 21). As this acetophenone
derivative is not commercially available, this compound should be synthesized in order to investigate
its absorbance compared to acetophenone. Additionally, the influence of the environment should be

determined by UV/Vis measurements in basic and acidic conditions.

O @)

COOH

Figure 21. Modification of the dummy substance acetophenone with a carboxy methyl group in ortho position.

In the second chapter of this work, the goal is to synthesize and characterize novel Type | Pls with tin
as a central atom. It is known that Sn-based Pls show high reactivity and a bathochromic shift in the

absorbance spectrum. Additionally, Sn-based molecules are less expensive in production, especially

13
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compared to Ge-based molecules like the state-of-the-art Pl Ivocerin®. Also, they are known to be less

cytotoxic than acylphosphine oxides that are currently also used as Pls.

As target structures, acylstannanes with two, three or four 2,6-dimethoxybenoyl groups as
chromophores were selected (Figure 22). The recently discovered tetrakis(2,6-dimethoxybenzoyl)-
germane led to the idea of combining this chromophore with Sn as central atom, as it showed

properties suitable for industrial applications.

MeO
MeO
Q OM
MeO Sn Me MeO eO e
Ph 0O OMe MeO
OMe OMe

10 11 TDMBS

©

Figure 22. Target molecules containing, bis-, tris- and tetraacylstannanes with the 2,6-dimethoxybenzoyl group as
chromophore.

After successful synthesis and purification, the target Pls should be characterized regarding their
photochemical properties, what includes the absorbance, the reactivity and the photobleaching
behaviour. An important property that should be investigated is the storage stability of the novel
compounds, as usually acylstannanes are known to have a poor storage stability. It is assumed that
especially the tetraacylstannane should result in higher storage stability, as the sterically demanding

methoxy groups attached to the benzoyl moiety can shield the sensitive Sn-C bond.

14
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State of the art

Type | photoinitiators (Pls) can be excited upon irradiation for generating reactive radicals in a
unimolecular reaction that will further initiate a polymerization reaction. These Pls are commonly
used in industry for various applications, as their advantages compared to Type Il Pl systems exceed,
mostly due to the higher reactivity. Starting with applications for coatings and paint, Type | Pls are
nowadays used for more advanced applications like dental materials® or 3D printing.? One of the most
important developments in Pl history is the absorbance shifting to longer wavelengths. The reason is,
that also light with longer wavelength can be used for irradiation, what shows the benefit of higher
curing depths. Especially for 3D printing, higher curing depth means better performance of the
materials, as the 3D printed layers exhibit better interlaminar bonding, what leads to reduced crack

formation.

The first Type | Pls were purely organic compounds with carbon as central atom, absorbing light only
in the UV region. A popular representative of this substance class is 2-hydroxy-1-(3-(hydroxymethyl)-
phenyl)-2-methylpropan-1-one (APi-180), as well as 2-hydroxy-4‘-(2-hydroxyethoxy)-2-methylpropio-
phenone (Irgacure 2959), both displayed in Figure 23.

O o)
OH OH
H
HO

APi-180 Irgacure 2959

Figure 23. Typical C-based Type I Pls APi-180 and Irgacure 2959.

The substance class of a-hydroxy alkylphenones is mostly used in applications like coatings and inks,
as the absorbance does not reach the Vis-region, with an absorbance maximum around 330 nm and a
tail-out up to 380 nm.?® The main advantage is the low cost of these Pls compared with the relative

high reactivity, what makes them suitable for big amounts when UV curing is possible.

The first introduction of heteroatoms in a-position contained phosphorus atoms. Very fast,
monoacylphosphine oxides (MAPOs) and bisacylphosphine oxides (BAPOs) were explored, launching
the new Type | P-based Pls diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (TPO) with one cleavable
chromophoric group and phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide (BAPO, also known as

Irgacure 819) with two cleavable chromophoric groups. The structured are depicted in Figure 24.
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Figure 24. Typical P-based Type | Pls TPO and BAPO.

Due to double the chromophoric groups of BAPO compared to TPO, it is also more reactive, as four

radicals are generated when all chromophores are cleaved, compared to TPO with only two radicals.

Regarding the absorbance, P-based Pls in general have bathochromic extinction coefficient maxima of
the n-it* transition, as the phosphinoyl group contributes to the conjugation of the carbonyl group
and therefore the whole chromophore.?” Alternatively, the shift can be also explained due to the
energy difference between the d-orbital of the phosphorus atom and the mt*-orbital of the carbonyl

group being smaller than the gap of C-based Pls.®

Comparing the two previously mentioned P-based Pls TPO and BAPO with each other by their
absorbance, Figure 25 shows that BAPO has generally higher extinction coefficients throughout the
n-rt* transition. As explained in the Introduction, this results from the higher amount of chromophoric
groups. Somehow, the maximum of BAPO is located at shorter wavelengths than TPO, but contrary,
the tail-out of BAPO is shifted to longer wavelengths up to 450 nm compared to TPO with absorbance
up to 420 nm, what makes BAPO a useful Pl for photopolymerization applications. Additionally,
acylphosphine oxides with 2,4,6-trimethylbenzoyl chromophores show great storage stability as they

are not prone to aqueous hydrolysis.?
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Figure 25. Extinction spectra of the P-based Type | Pls TPO and BAPO.

Unfortunately, BAPO is also known for severe disadvantages that makes it less applicable in terms of
appearance of the final polymer as well as biocompatibility. First of all, discolouration of the
polymerized materials was explored when using BAPO as P1.3*! This is especially problematic for
applications like dental materials, as the resulting product should be visible pleasing. Further, also
aspects like cytotoxicity and further toxicological properties are important if the final product is used
in biomedical applications. First of all, BAPO was discovered to be more cytotoxic than TPO according
to several studies.*™* Additionally, it also seems that BAPO shows genotoxic behaviour.** %% 44 These
drawbacks are favouring TPO as Type | Pl compared to BAPO, but somehow also for this molecule,
some undesired properties were found. Even if BAPO shows higher cytotoxicity, TPO still shows some
cytotoxicity. Also, some further studies categorize TPO as a reproductive toxic substance,* what limits
the use of the Pl massively. There are still some P-based PI derivatives that do not exhibit these severe
disadvantages, but subsequently show significantly less reactivity.*® Therefore, other substance
classes are investigated more intensively since the toxicologic properties of the most used P-based Pls

were published.

Another heteroatom that was investigated for the use of Type | Pls is silicon. Acylsilanes show
absorbance that is shifted to even higher wavelengths than the absorbance of acylphosphine oxides,
with a tail-out of the n-rt* transition at around 400 nm.*” Unfortunately, they are not relevant for

industrial applications as on one hand, they are very prone to hydrolysis*® and on the second hand,
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they can undergo the so-called Brook rearrangement (Figure 26).%¢°° This is a reaction that competes

with the a-cleavage to generate radicals and therefore reduces the reactivity of Si-based Pls.

Figure 26. Brook rearrangement and a-cleavage of acylsilanes during irradiation with light.#°

The Brook rearrangement describes a reversible siloxycarbene formation that is triggered by
irradiation, the same way as the oa-cleavage and therefore generating of radicals for a

photopolymerization reaction is induced.

3

TTBS

Figure 27. Typical Si-based Type | Pl tetrakis(2,4,6-trimethylbenzoyl)silane (TTBS).

A representative of the substance class of acylsilanes is tetrakis(2,4,6-trimethylbenzoyl)silane (TTBS),
that was investigated by Mitterbauer et al.>* in 2017 (Figure 27). This compound has a tail-out in the
absorbance spectrum up to 470 nm, what enables the use of light in the Vis-region. Similar to P-based
Pls, this shift can also be explained by the overlap of the d-orbital of the Si atom and the nt*-orbital of
the carbonyl group. Additional to the already mentioned drawback of the low storage stability and the
lower reactivity, also the photobleaching behaviour does not convince for an application outside the

research field.

The so-far probably most important heteroatom for Type | Pls is germanium.3® 47 51 |t was first
introduced in 1960 by Brook et al.>?> with benzoyltriphenyl germane. Although photochemical
reactions of acylgermanes were not studied after the successful synthesis for some time, research

moved on to bisacylgermanes and further also tetraacylgermanes.

The most important state-of-the-art Ge-based Pl especially for dental materials and 3D printing is di-
butylbis(4-methoxybenzoyl)germane (Ivocerin®). It was first synthesized in 2006>% and outperformed

every Pl since. Recently, also a very promising tetraacylgermane was discovered with tetrakis(2,6-di-
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methoxybenzoyl)germane (TDMBG).>* The substance resulted in a faster polymerization and a higher
conversion compared to Ivocerin® at longer wavelengths. Both typical Ge-based Type | Pls are

depicted in Figure 28.
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Figure 28. Typical Ge-based Type | Pls dibutylbis(4-methoxybenzoyl)germane (Ivocerin®) and tetrakis(2,6-dimethoxybenzoyl)-
germane (TDMBG).

The absorbance spectrum of Ge-based Type | Pls is shifted to even longer wavelengths compared to
P- and Si-based Pls, as the overlap of d-orbital of Ge and m*-orbital of the carbonyl carbon is even

bigger.

Ivocerin®

Molar extinction coeff. £ / L mol-’ cm™!

T T T B T

00 350 400 450 500 550
Wavelength L / nm

W

Figure 29. Extinction spectra of the Ge-based Type | Pls Ivocerin® and TDMBG.

According to the UV/Vis spectra of Ivocerin® and TDMBG in Figure 29, the absorbance maximum of
Ivocerin® is located at 408 nm and for TDMBG at 389 nm. Also here, a difference caused by the

different amounts of chromophores can be seen, as the extinction maximum is significantly higher for
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TDMBG with four chromophores compared to Ivocerin® with only two chromophores. Nevertheless,

the tail-out region for Ivocerin® absorbs until about 460 nm, and for TDMBG even higher until 480 nm.

Ge-based PIs have the advantage that they form very reactive radicals towards polymerizable groups,
whereas the Ge-containing radical is three orders of magnitude more reactive than the benzoyl
radical.” Generally, the substance class of acylgermanes show high storage stability against hydrolysis
and higher temperatures. Additionally, also the photobleaching behaviour is mostly fast and

complete.”

With germanium being a rather rare element compared to phosphorus, the costs of the starting
material are significantly higher than all previous investigated heteroatoms. In addition to the specific
reaction conditions and the mostly tedious purification steps, Ge-based Pls are more expensive than
P- and C-based PIs, what restricts the fields of application, as acylgermanes are rather used for smaller

and highly efficient applications like dental materials and 3D printing.

The next elementin Group 14 of the periodic table following Si and Ge is Sn. Until today, there is rather

little literature about Sn-based Pls with only a few research groups contributing to this topic.

Acyltin compounds and their absorbance were first introduced in 1968 by Peddle.*® However, this
substance class was not discovered as a Type | Pl for a long time. The first acylstannane used as a Pl
was published in 2018 by Mitterbauer et al.>” and by Radebner et al.>® simultaneously but separately.
Tetrakis(2,4,6-trimethylbenzoyl)stannane (TMesSn, Figure 30) was synthesized successfully and
characterized regarding the absorbance, photobleaching behaviour, reactivity using various

wavelengths and more.

TMesSn

Figure 30. Typical Sn-based Type | Pl tetrakis(2,4,6-trimethylbenzoyl)stannane (TMesSn).

The tetraacylstannane TMesSn showed high reactivity in methacrylate- and acrylate formulations and
was also able to initiate a polymerization upon irradiation with green light (522 — 532 nm), what
resulted in higher curing depths for highly filled systems. The photobleaching behaviour was also

satisfying and suitable for industrial application. Interestingly, the Pl as well as its photolysis products
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showed higher cytocompatibility than the analogous Ge-based Pl and in general high

cytocompatibility, in line with its low water solubility.>” %8
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Figure 31. Extinction spectrum of the Sn-based Type | PI TMesSn, in comparison to the literature-known Ge-based Pls.

For TMesSn, the extinction maximum of n-rt* transition is located at 397 nm (Figure 31, in comparison
to the before mentioned Ge-based Pls), what is surprisingly in the same region as the extinction
maximum of the before mentioned acylgermanes. Nevertheless, a big difference in the absorbance in
the tail-out region was found, with absorbance up to 520 nm, compared to around 480 nm for the

tetraacylgermane TDMBG.

Later on, some UV PIs for free radical photopolymerization of alkenes with Sn-Sn bonds were
investigated by Kim et al.>® Upon irradiation, it was found out that compounds like Me3Sn-SnMes or
PhsSn-SnPhs can selectively initiate polymerizations as MesSn- or Ph3Sn- fragments, whereas other Sn

derivatives do not at all initiate or generate different types of radicals.
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Figure 32. Sn-based Pls in form of oligoacyldistannanes.°

The latest publication on Sn-containing Pls was published in 2021 by Maier et al.®® about
stannenolates, that are used as building blocks for oligoacyldistannanes containing two or even three
Sn atoms and a hexaacyldistannane with Sn-Sn bond (Figure 32). Although these compounds showed
incomparable absorbance up to 600 nm and high reactivity in gylcerol dimethacrylate, the authors

admitted that for this compound, a possible sensitivity to oxygen has to be investigated.

The probably only and therefore also biggest problem of acylstannanes is the low storage stability. In
terms of several PhD theses, many acyltin compounds were not characterizable due to sensitivity
towards traces of moisture and oxygen.'> > This could be also a reason of the low number of

publications about Sn-based Type | Pls.
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General Part

A Electric field modification of commercial Pls

The absorption spectrum of a Pl can be changed in three different ways, as already discussed in the
Introduction. One would be the change of substituents in a-position of the benzoyl chromophore, as
electron donating substituents (like -OH, -NR3) can stabilize the partially positive charge. The second
way is the introduction of heteroatoms in a-position, as the absorbance shifts to longer wavelengths
the larger the atom is. The third way is the modification of the substitution pattern of the
chromophore, respectively the benzoyl moiety. Most importantly, the second approach changes the

n-t* transition whereas the third approach changes the less important n-nt* transition.

Recently, time-dependent density functional theory-based calculations revealed further strategies for
red-shifting the absorbance of Type | Pls by the molecular engineering of the internal electric fields.®?
The authors focused on the Type | Pl for 2-hydroxy-4‘-(2-hydroxyethoxy)-2-methylpropiophenome
(Irgacure 2959, Figure 33), as it is the most attractive Pl for bioprinting applications. Although Pls with
absorbance at longer wavelengths exist, they do not exhibit the excellent water solubility of

Irgacure 2959, what is very important for biomedical applications.

@)

OH
HO\/\ 0

Irgacure 2959

Figure 33. State-of-the-art C-based Type | Pl Irgacure 2959.

Hill et al.®! investigated three different strategies to reduce the energy gap between S; singlet state
(nmt*) and T, triplet state (mn*). The first strategy was the increased conjugation of the m-system.
Therefore, three ways of doing so were evaluated (structures depicted in Figure 34): fusing a phenyl
moiety to the already present phenyl ring (A); fusing an antiaromatic ring system to the phenyl ring of
Irgacure 2959 (B); and adding unsaturated alkyl chains or a phenyl moiety in ortho or meta position
to the present phenyl ring (C). Calculation resulted surprisingly in a decline in the photoinitiation
efficiency, although a red-shift will be visible in the absorbance spectra. Additionally, the water

solubility will be decreased by the increased m-conjugation.
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Figure 34. Effect of increased conjugation of the m-system of Irgacure 2959.

The second approach was the effect of Lewis acid complexation, where ZnCl,, MgCl, and CaCl, were
used for calculations, complexing with the acyl oxygen as the most favourable position. As this strategy
is highly dependent on the solvent, the energy levels were calculated in respective gas-phase, toluene,
DCM, acetonitrile and water. It was found that the introduction of MgCl, in water was the most

promising strategy, although the real effects vary considerably with the used system.

The third way to red-shift the absorbance of Irgacure 2959 was the introduction of remote charged
functional groups (Figure 35). Therefore, carboxylic acid and tertiary amine groups were selected in
ortho and meta position for the calculations. The best results for lowering the S; singlet state (nmt*)
and raising the T, triplet state (nrt*) to increase the photoinitiation efficiency were achieved with a

negative charge in ortho position, represented by the deprotonated carboxylic acid group.

R

H H

Figure 35. Effect of remote charged functional groups on Irgacure 2959.

Taking the findings of Hill et al.®* into account, the goal of this chapter is to introduce internal electric

fields via electron donating and withdrawing functional groups to commercial Typel Pls like
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Irgacure 2959 (Figure 36) or any other photoactive molecule, to shift the absorption spectrum to
longer wavelengths and therefore increase their photoinitiation efficiency. Additionally, the solubility

in monomers as well as in agueous media can be increased with certain functional groups.

O
o” O

(]
OH  — OH
HO\/\O HO\/\O

Figure 36. Electric field modification of the commercial Pl Irgacure 2959.

1 Commercially available compounds

The first step in this chapter was to find a model compound with many commercially available
derivatives to verify the shift of the absorption spectrum of certain functional groups. Therefore, the
simplest molecule was chosen, acetophenone (Figure 37). Acetophenone exhibits the least necessary
atoms to represent the benzoyl moiety, it is commercially available and additionally cheap as well as

many derivatives with functional groups attached to the aromatic ring.

)

Acetophenone

Figure 37. Structure of acetophenone as representative of the benzoyl moiety.

1.1 UV/Vis measurements of acetophenone derivatives

UV/Vis spectra were recorded of acetophenone and five derivatives with especially electron
withdrawing functional groups in ortho position of the ring in acetonitrile (1-10* M), except the
derivative with the boronic acid group that was measured in ethanol due to solubility issues (Figure

38).
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Figure 38. UV/Vis spectra of acetophenone and derivatives with electron withdrawing groups in ortho position (1-10* M in
acetonitrile; (2-acetylphenyl)boronic acid B(OH), in ethanol).

The derivative with the absorption at the longest wavelength was N-(2-acetylphenyl)acetamide (NAc),
as shown in Figure 38. Its absorption maximum is located at 324 nm, followed by 2'-
nitroacetophenone (NO2), where the absorption maximum can be found at 258 nm, but its tail-out

reaches at least until 350 nm.

Additionally, some derivatives with other functional groups at position 2 of the ring were also
available, so UV/Vis spectra were recorded in the same manner, depicted in Figure 39. These
derivatives contained electron donating as well as -withdrawing groups. All spectra of the measured
compounds from this chapter can be found separately (three different concentrations between 5-10°

and 110 M in acetonitrile) in the Appendix (Figure 88 to Figure 98).
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Figure 39. UV/Vis spectra of acetophenone and available derivatives with functional groups in ortho position (1-10* M in
acetonitrile).

For better comparison, both the first and the second maximum with the full name and the
abbreviation of the acetophenone derivatives are listed according the electron donating

/ -withdrawing effect of the functional groups in Table 1.

Table 1. Absorption maxima of acetophenone and its derivatives in acetonitrile.

Abbr. Amax 1 (NM) € (Amax) 1 Amax 2 (nm) € (Amax) 2
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Acetophenone - 239 10480 278 780
2’-Methylacetophenone Me 240 7830 283 980
2’-Aminoacetophenone NH2 254 5870 357 4700
N-(2-Acetylphenyl)acetamide NAc 258 10190 324 3410
2’-Hydroxyacetophenone OH 250 8600 323 3130
2’,4’-Dihydroxyacetophenone 2,4-DiOH 272 12860 312 5620
2’-Bromoacetophenone Br 233 4590 282 770
2’-Chloroacetophenone cl 243 11130 280 1060
2-Acetylbenzoic acid COOH 227 8190 272 /280 850
(2-Acetylphenyl)boronic acid*  B(OH)2 251 15870 289 1420
2-Acetylbenzonitrile CN 243 6700 287 1550
2’-Nitroacetophenone NO2 ca. 200 13490 258 4990

* measured in EtOH

Allin all, 2’-aminoacetophenone shows the second maximum at the longest wavelength (357 nm) with

a tail-out until 400 nm, followed by 2’-hydroxyacetophenone (323 nm) with a tail-out until 370 nm.
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Interestingly, the effect of the electron withdrawing groups was surpassed of derivatives with an

amino or a hydroxy group, both electron donating groups.

After some research, it was hypothesized that the red-shift of especially electron donating groups
containing molecules is caused by the shift of the m-m* transition what is located now at longer
wavelength than the n-rt* transition. A reason could be a six-membered transition state that is formed
including the carbonyl group from the acetic moiety, the two substituted ring positions, the a atom

and its attached proton (shown in Figure 40).5!

H., _H.
N |O

Figure 40. Six membered transition state of 2'-aminoacetophenone.

Although the desired red-shift is observed, it is not improving the photocleavage properties, as the
reaction to form radicals is caused by the n-t* transition. To have a look at the n-mt* transition peaks
of the molecules with electron donating groups, the derivatives were dissolved in toluene to measure
UV/Vis spectra. Typically, nonpolar solvents tend to shift the m-it* transition to shorter wavelengths
as well as the n-t* transition to longer wavelengths. The goal is to see both peaks separated to
determine the location of the n-rt* transition. As an example, both UV/Vis spectra in acetonitrile and
in toluene of 2’-aminoacetophenone with the same concentration are displayed in Figure 41.
Additionally, UV/Vis spectra of acetophenone, 2-acetylbenzoic acid, 2’-hydroxyacetophenone, 2’-
nitroacetophenone and N-(2-acetylphenyl)acetamide were investigated both in toluene and

acetonitrile.
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Figure 41. Comparison of UV/Vis spectra of 2'-aminoacetophenone with a concentration of 1-10*4 M in toluene and in
acetonitrile at 25 °C.

Figure 41 does not show any significant shift or overall difference in the absorbance in both a polar
and a nonpolar solvent. The shift expected when using different solvents is not occurring for any

acetophenone derivatives that were used for this experiment.

1.2 Influence of the pH

As most of the electron donating groups are shifting the r-it* transition to longer wavelengths instead
of the n-rt* transition which is causing the cleavage of Pls, the focus was set on electron withdrawing
groups like the nitro moiety and carboxylic acids. Especially for carboxylic acids, the absorption

spectrum, especially the location of the n-t* transition, can be tuned by adjusting the pH.

To gain an overview concerning the pH dependent UV/Vis spectra, 2-acetylbenzoic acid was used as a
model compound. Stock solutions of 0.05 M HCI (pH value of 1.3) and 0.05 M KOH (pH value of 12.7)
in acetonitrile were prepared and used for a dilution series containing the carboxylic acid. For the
concentration of the acidic and the basic solution, it was kept in mind that the carboxylic acid is fully
protonated in the acidic solution and fully protonated for the basic solution. This was ensured by the
comparison of the pH values of the solutions with the pKa value of benzoic acid (4.2), a structural
similar compound that’s pKa value is listed in literature. The comparison of the spectra is shown in

Figure 42.
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Figure 42. Comparison of UV/Vis spectra of 2-acetylbenzoic acid in acidic and basic conditions with a concentration of 1-103 M
in acetonitrile at 25 °C.

First of all was noted that the acidic measurement resulted in the same spectrum as the previous
measurement in neutral environment (pure ACN, see Figure 38). The acidic solution shows a slightly
higher absorbance than the basic solution and a rather pronounced peak with two local maxima. The
peak of the basic solution overlaps to a high percentage with the m-m* transition peak. The most
important difference is the tail-out region, where the basic solution is absorbing up to 350 nm

compared to the acidic solution with absorbance up to 320 nm.

1.3 UV/Vis measurements of benzil and its derivative

A useful method to shift the absorption of a molecule with two keto groups next to each other is to
force them into a special angle, as it is known for camphorquinone. A special case that will be
investigated is benzil compared to 9,10-phenanthrenequinone, which has a similar structure with only
an additional C-C bond between the aromatic rings. In theory, this should force the keto groups into

an angle which is responsible for absorption at longer wavelengths.

(¥ W,

Benzil 9,10-Phenanthrenequinone

Figure 43. Structure of the used compounds benzil and 9,10-phenanthrenequinone.
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Similar to the previous chapter 1.1, the substances were dissolved in acetonitrile in three or four
different concentrations (5-10° — 1-103 M) to measure UV/Vis spectra. One spectrum of each
molecule with the same concentration is shown in Figure 44 and their maxima are summarized in

Table 2 (all spectra see Appendix, Figure 99 and Figure 100).

2.5
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Figure 44. UV/Vis spectra of benzil and 9,10-phenanthrenequinone (1-104 M in acetonitrile).

Table 2. Absorption maxima of benzil and 9,10-phenanthrenequinone

Amax1(nM) € (Amax) 1 Amax 2 (nm) € (Amax) 2
Benzil <200 - 259 1902
9,10-Phenanthrenequinone 317 3980 410 1570

Figure 44 shows not only the red shifted absorption spectrum of 9,10-phenanthrenequinone, but also
an increase in the absorption maxima at lower wavelengths compared to benzil. This knowledge can

be applied to phosphoryl ketones that can be forced into a similar angle to achieve said red shift.
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2 (2-Acetylphenyl)acetic acid

In previous chapter, UV/Vis spectra of various acetophenone derivatives with both electron donating
and electron withdrawing in ortho position have been investigated. The structures with the most
promising absorbance were forming six-membered intermediate states as the functional group
included a hydrogen in alpha position. Unfortunately, the absorbance is influenced by that state and
is therefore not meaningful enough for further experiments. To prevent this intermediate state, a
methyl group should be introduced between aromatic ring and functional group, according to the

findings of Hill et al.%!

2.1 Synthesis of (2-acetylphenyl)acetic acid via cross-electrophile coupling

Hence, the next step was the synthesis of (2-acetylphenyl)acetic acid (3) in two steps (Scheme 1),
adapted from Wu et al.%? It is hypothesized that, compared to 2’-acetylbenzoic acid, the absorption of
the n-rt* transition is located at longer wavelengths and does not overlap with the absorption of the
T-rt* transition. This approach could be adapted for modification and improvement of already known

Pls.

Br O 0 NiCl,/bpy
+ Br\)LO/\ Mn, KI _Hydrolysis

Scheme 1. Strategy to synthesize (2-acetylphenyl)acetic acid.

It has to be noted, that (o-acylphenyl)acetic acids have been found to undergo light-induced
decarboxylation.®® According to literature, this reaction takes place at 300 nm for (2-acetylphenyl)-
acetic acid in a time interval of 30 min. Nevertheless, the corresponding esters and amides are
photoinert to this reaction. Anyway, Masuda et al.%* reported the reversed light-induced reaction of
carboxylation of o-alkylphenyl ketones with CO; at 365 nm. For final application of this concept on Pls,

it should be checked that no light-driven side reaction is happening during polymerization.

2.1.1 Synthesis of ethyl-(2-acetylphenyl)acetate (1)

The first step to synthesize the target structure was the synthesis of ethyl-(2-acetylphenyl)acetate (1)
according to Wu et al.®? by using Ni-catalyzed, Mn-mediated cross-electrophile coupling between an
aryl bromide, here 2’-bromoacetophenone, and an alkyl bromide, here ethyl 2-bromoacetate (Scheme

2).
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(bpy)NiCl,

Br O o K °
Mn
¥ Br\)J\ N R—> O~
0O DMA o

Scheme 2. Synthesis of ethyl-(2-acetylphenyl)acetate (1).

For the synthesis of 1, NiCl,-6 H,O was dried over night to receive anhydrous NiCl,. 2 eq. finely ground
Mn, 0.1 eq. Kl and each 3 mol% of 2,2’-bipyridine and anhydrous NiCl, were weighted into a dry
Schlenk flask and dried in HV. Dry DMF (33.18 ppm H20), 1.5 eq. 2’-bromoacetophenone and 1 eq.
freshly distilled ethyl 2-bromoacetate were added under Ar counterflow. The reaction was stirred
under inert atmosphere overnight. The reaction progress was monitored via TLC (PE 5:1 EE).
Unfortunately, the limiting component ethyl 2-bromoacetate was not visible under UV light nor when
using KMnO,. Nevertheless, another spot on TLC could be observed that was not 2‘-bromoaceto-
phenone, 2-bromoacetate or 2,2'-bipyridine. After another 18 h of stirring, the reaction mixture was
poured onto H,0, extracted four times with EE and the combined organic phases were washed with

saturated aqueous NaCl solution, dried with MgSO, and the solvent was evaporated in vacuo.

The *H NMR spectrum in CDCl; showed peaks according to the desired product, only with DMF present
(singlets at 8.01, 2.95 and 2.88 ppm; Figure 45). Therefore, the yellow liquid was dried in HV for 24 h.
The substance turned darker and more viscous; it was stored over 3 weeks under Ar at RT.
Unfortunately, another *H NMR spectrum afterwards showed some reaction of the product, as only

one aliphatic signal was visible instead of 4 signals (Figure 46).
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Figure 45. 1H NMR spectrum of the first synthesis of 1 with remains of DMF before drying in HV.
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Figure 46. 'H NMR spectrum of the first synthesis of 1 after drying in HV.
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The synthesis was repeated with the same chemicals and the same eq. ratio in double the size, except
that ethyl 2-bromoacetate was now distilled one month previously and had a yellow tint.
Nevertheless, the reaction mixture was stirred under inert atmosphere for 48 h without controlling
the conversion via TLC. During the aqueous work-up, a lot of brown solid was formed that impeded
the phase separation. As not all of the organic phase could therefore be separated from the aqueous
phase and the brown solid, the work-up was continued with only a part of the organic phase. After
finishing the work-up, where the organic phase was washed twice with saturated aqueous NaCl
solution to remove the remaining DMF and evaporating the solvent, a yellow-brown liquid was

received. The 'H NMR spectrum as well as the TLC did not show the presence of any product.

As the TLC seemed to show some starting material, *H NMR spectra of 2’-bromoacetophenone and 2-
bromoacetate were measured. It was revealed that not only the second synthesis attempt, but also
the first synthesis attempt did only contain starting material, but no product 1. As the original
synthesis was conducted in a planetary ball mill in the process of mechanochemical synthesis via ball
milling, this synthesis path is probably not applicable for a reaction in solution. Therefore, another

synthesis path will be introduced to synthesize (2-acetylphenyl)acetic acid.

2.2 Synthesis of (2-acetylphenyl)acetic acid via oxidative ring opening
As the synthesis of (2-acetylphenyl)acetic acid via cross-electrophile coupling only yielded in starting
material and by-products, we proposed a new mechanism to synthesize (2-acetylphenyl)acetic acid in

two steps according to Halford et al.®* (Scheme 3).

O

o) O o)

. —Mg _LTHF.0°C _ O‘ Na,Cry07:2H,0
2. 15 % HC, H,S0,, H,0 COOH

-78 °C

Scheme 3. Strategy to synthesize (2-acetylphenyl)acetic acid via Grignard reaction using 1-indanone and subsequent
dichromate oxidation.®

The first step will be a Grignard reaction, starting with the formation of methylmagnesium iodide by
using methyl iodide and magnesium. 1-Indanone will be added and the first step will be finished with
the addition of HCl and aqueous work-up. The second step will be the oxidative ring-opening using

sodium dichromate and sulfuric acid.

2.2.1 Synthesis of 3-methylindene (2)
The first step to synthesize the target structure (2-acetylphenyl)acetic acid was the synthesis of 3-

methylindene (2). According to literature,®® 7 the therefore used methyl Grignard reagent can be
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synthesized by using methyl iodide and magnesium shavings, where later on 1-indanone was added

(Scheme 4).

0]

1. THF, 0 °C
HC—l —M9 > Hemg + >~ ‘
b 2. 15 % HCl,
78°C

Scheme 4. Synthesis of 3-methylindene (2) via Grignard reaction using methyl iodide.

Therefore, 2 eq. magnesium shavings were dried and suspended dry THF. The mixture was heated up
slightly to start the reaction when the first drops of 2 eq. methyl iodide were added, noted by bubble
formation and a colour change to slightly yellow. Methyl iodide mixed with dry THF was added
dropwise, after full addition the reaction was heated again until no bubble formation was observed
anymore. After stirring the reaction for further 30 min, the yellow colour faded. After another 3 h, an
off-white precipitate started to form. The reaction was stirred at RT overnight, resulting in a grey
suspension. 1 eq. 1-indanone was dissolved in dry THF and added to the reaction mixture at 0 °C. The
now green-grey suspension was stirred at RT for 3 h before it was cooled to -78 °C. At this
temperature, 17 % HCl was added first slowly, as the reaction proceeded faster. The now milky yellow
suspension was stirred for 50 min before the cooling bath was removed, and afterwards 2 h at RT,
what resulted in a clear yellow solution. It was extracted three times with diethyl ether and washed
with NaHCOs, H,0 and brine. After evaporation of the solvent, the resulting dark liquid was stored in
the fridge, solidifying to a black solid. Unfortunately, NMR spectroscopy showed the presence of the
starting material with by-products, but no product formation. After consultation with colleagues, the
Grignard reagent is not usual with iodine but rather with bromine, where the whole Grignard reagent

can be bought in solution for a reasonable price.

Therefore, the reaction was repeated using 2 eq. methylmagnesium bromide (3 M in diethyl ether)

instead of methyl iodine and magnesium (Scheme 5).

+ HsC-Mgr 1. THF.0°C
2. 15 % HC,

-78 °C

@)

2

Scheme 5. Synthesis of 2 via Grignard reaction using methylmagnesium bromide.

The reaction was carried out with the exact same conditions and work-up as previously. After

evaporation of the solvent, the yellow liquid was characterized by NMR spectroscopy, showing pure
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product with a yield of 97 %. Anyway, the subsequent reaction for the synthesis of (2-acetylphenyl)-
acetic acid did not result in any product using 2 without further purification. After TLC analysis, at least
4 other compounds were found in the crude product that do not show up in the NMR spectra.
Therefore, column chromatography was conducted using DCM for elution, yielding 64 % of pure 2 that

was used for further reaction for the target compound.

2.2.2 Synthesis of (2-acetylphenyl)acetic acid (3)

The second and final step of the synthesis of (2-acetylphenyl)acetic acid (3) used sodium dichromate
in diluted sulfuric acid to oxidize the double bond of 2 (Scheme 6).%°> Before the double bond is
attacked, sodium dichromate reacts first with the sulfuric acid to generate Cr(VI)oxide, that is a strong

oxidation agent.

0]

o 0
Na,Cr,0;.2 H,0
O‘ H,S0,, H,0 COOH
2 3

Scheme 6. Synthesis of (2-acetylphenyl)acetic acid (3).

Water and sulfuric acid were mixed previously before adding 1.07 eq. sodium dichromate dihydrate
and 0.1 eq. sodium p-toluenesulfonate. At 55 °C, 2 was added to the orange solution, during what the
colour changed to blue-green and gas formation occurred. After some time, a spreadable white solid
was visible on the glass wall. After one night, the reaction mixture was cooled to 0 °C and was
centrifuged afterwards to separate the slimy brownish solid. Unfortunately, the reaction container
broke, but at least some of the solid could be saved. It was washed with cold diluted sulfuric acid, cold

water and toluene, leaving a slightly coloured solid that was dried in HV.

The crude 3 was attempted to recrystallize from water, where charcoal was added to the hot solution
and filtered. Unfortunately, no solid appeared when the solution was cooled, as a small amount of
water was used to wash the charcoal after filtering. Therefore, the filter was extracted with DCM,
filtered and syringe filtered and the solvent was evaporated using a rotary evaporator, leaving a mostly
white but slightly yellowish solid reaching 2 % vyield. The product was characterized via NMR
spectroscopy and melting point. For the 3C NMR, only 9 peaks out of 10 could be found even when
the experiment was conducted on the 600 MHz NMR device with higher resolution, with the carbonyl
peak of the acetyl group missing. Conducting a HMBC experiment, a crosspeak could be found at

202.97 ppm. As carbonyl moieties are known to be less pronounced as quaternary carbons and said
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peak could still not be found in a 3C NMR spectrum even when the location was known, 3 was

considered successfully characterized due to the HMBC experiment.

The full protonation of the product was ensured as the synthesis took place in diluted sulfuric acid,
followed by a washing step in cold diluted sulfuric acid. Therefore, it was assumed that no salt

formation took place.

2.3 UV/Vis spectroscopy

As soon as the synthesis of 3 was successful and the purity was confirmed, the absorbance was
investigated in order to prove or refute the previous hypothesis about the bathochromic shift. The
methyl group between the aromatic ring and the carbonyl from the COOH group should also prevent
the formation of a six-membered intermediate state that includes the functional group and further

also any direct electronic effects through the aromatic ring.®*

2.3.1 Comparison with acetophenone

For the UV/Vis measurements, a stock solution of 5:103 M of 3 in acetonitrile was prepared and
diluted four times to the lowest concentration of 5-10 M. All solutions were measured using a quartz
cuvette (d=1 cm) and the resulting spectra were compared to the absorbance of acetophenone, as

depicted in Figure 47. All concentrations that were measured can be found in Figure 101 in the

Appendix.
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Figure 47. Comparison of UV/Vis spectra of acetophenone and (2-acetylphenyl)acetic acid (3) with a concentration of 1-104 M
in acetonitrile at 25 °C (zoomed in spectra with a concentration of 5-104 M).

The biggest difference between 3 and acetophenone can be seen in the region between 220 and

250 nm, where acetophenone shows significantly higher absorbance. The most important part of the
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spectra is the tail-out region, what can only be evaluated if the zoom-in in Figure 47 is taken into
account. 3 is absorbing light up to 367 nm, whereas the absorbance of acetophenone reaches up to
only 357 nm. Although the difference is 10 nm, the absorbance of 3 in this region is barely visible

anymore.

Anyway, the experiment concerning acidic and basic environment in chapter 1.2 shows that this can
cause major differences in the absorbance. Therefore, this aspect was investigated in a follow-up

experiment.

2.3.2 Influence of the pH

The experiment concerning the influence of the pH on the target molecule 3 was conducted similar to
the experiment in chapter 1.2, where the influence of the pH was evaluated regarding 2-acetylbenzoic
acid. To ensure also here the full protonation and deprotonation, the pH values were compared to the
pKa of the most similar acid, acetic acid (4.76). Therefore, 0.05 M solutions of KOH and HCl were used

with water and acetonitrile in a ratio 2:3 as solvent.

The spectra of 3 are depicted in Figure 48, the sum of all measured spectra can be found in the

Appendix in Figure 102 and Figure 103.
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Figure 48. Comparison of UV/Vis spectra of 3 in acidic and basic conditions with a concentration of 1-10* M in acetonitrile at
25 °C.
In contrast to 2-acetylbenzoic acid in chapter 1.2, only a very small difference between basic and acidic

conditions can be seen in the absorbance spectra. The local maximum between 230 and 250 nm is
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shifted from 242 nm from acidic conditions to 245 nm from the basic condition. Anyway, the
absorbance for the acidic measurement is higher. In the tail-out region, only a minor bathochromic
shift can be seen for the basic solution. All in all, the difference is not big enough to justify an attempt

to modify the chromophore of an existing Pl with a methyl carboxy group.
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B  Heteroatom-based Photoinitiators

As the first attempt of changing the electric field of a Pl by introducing functional groups in ortho-
position at the benzoyl moiety was not successful, another way of shifting the absorbance was
investigated. The absorbance of a photoinitiator (Pl) can also be shifted to longer wavelengths by using
bigger atoms in a position of the chromophoric benzoyl moiety (C < P < Ge < Sn). The bathochromic
shift can be explained by the overlap of the t*-orbital of the carbonyl group with the empty d-orbital

of the heteroatom.'% 38

As already discussed previously, the general absorbance can also be increased by using more
chromophores® 3% and by introducing electron donating groups in ortho- and para-position at the
benzoyl moiety.>® The latter concept gives only a shift of the r-it* transition to longer wavelengths.
The compound tetrakis(2,6-dimethoxybenzoyl)germane (12, depicted in Figure 50) was already
introduced in the diploma thesis of Lukas Leutgeb.3* It is one of the latest achievements regarding Pls

containing heteroatoms and is therefore used as reference molecule for further research.

As the current state-of-the-art Pl is an acylgermane and we want to have even bigger central atoms,
Sn-based Pls were selected as target substance class in this chapter, in order to generate highly
reactive but storage stable products with red-shifted absorbance. Additionally, the reduction of costs
of the final product can be reduced as Sn-precursor molecules are less expensive than Ge-based

molecules.
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o) ) 0) 0
MeO Sn OMe MeO S:n OMe S OMe MeO W-sn OMSMS
o Ph O MeQ opre  Meo [/ Ao
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Figure 49. Sn-based target compounds with a 2,6-dimethoxybenzoyl group as chromophore.
The Sn-based target molecules are dibutylbis(2,6-dimethoxybenzoyl)stannane (14), diphenylbis(2,6-
dimethoxybenzoyl)stannane (15), butyltris(2,6-dimethoxybenzoyl)stannane (16) and tetrakis(2,6-di-
methoxybenzoyl)stannane (17), and are depicted in Figure 49. Additionally, the literature-known
molecules 12 and tetrakis(2,4,6-trimethylbenzoyl)stannane (13) were synthesized and with Ivocerin®

used as reference Pls (Figure 50).
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12 13 Ivocerin®

Figure 50. Reference molecules tetrakis(2,6-dimethoxybenzoyl)germane (12), tetrakis(2,4,6-trimethylbenzoyl)stannane (13)
and Ivocerin®.

The target molecules should be attempted to synthesize and after a successful synthesis and
purification, the Pls should be characterized regarding their absorption spectrum, photoreactivity and

stability.

1 Synthesis

To synthesize acylgermanes and -stannanes, a general synthesis path can be followed that was also
applied for the syntheses in this chapter, including the target molecules as well as the two synthesized
literature-known reference molecules. >* 57 8 Therefore, a previous synthesized trimethylsilyl-metal
precursor and KOtBu form an intermediate species what can react with the previously synthesized

acid fluoride to yield the desired target compounds (Scheme 7).

o)
n | A F
\ KOtBu W1 K [R{n/
—/Si]—a—}R]4_n m» —/Si]—d—}Rh_n —
n : -1 DME, 0 °C

a=Ge, Sn
n=2-4
m=2-3
R =-Bu, -Ph
R' = -Me, -OMe

Scheme 7. General path to synthesize the target structures.

At the very beginning, the tetraacylgermane 12 was synthesized to find a working routine for
synthesizing heteroatom containing Pls with special eye mark on the exclusion of moisture and oxygen
during the reaction as well as the handling of its light sensitivity. It was followed by the synthesis of
literature-known tetraacylstannane 13, to apply the knowledge onto Sn-based synthesis, as tin
derivatives are usually more sensitive to moisture and oxygen than germanes. Afterwards, the

syntheses of the target molecules were conducted.
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Since all reactions involved moisture-sensitive compounds, Schlenk techniques were used to exclude

even traces of oxygen and moisture during the reactions.

1.1 Acid fluorides

Before any reference or target molecule could be synthesized, the first step was to synthesize the

corresponding acid fluorides 2,4,6-trimethylbenzoyl fluoride (4) and 2,6-dimethoxybenzoyl! fluoride

(6).

For the synthesis of 4, later used for a Sn-based reference molecule, the cost-effective way with the
corresponding acid chloride, KF and 18-crown-6-ether is reported in literature.>” Unfortunately, this
path did not work out as it yielded 2,4,6-timethylbenzoic acid (5). Therefore, a path according to Kaduk
et al.®® was applied, using the fluorinating agent diethylaminosulfur trifluoride (DAST) combination

with the corresponding acid that was received in the previous attempt.

For the acid fluoride 6, that was used for the synthesis of all target molecules and a Ge-based reference

molecule, the same strategy according to Kaduk et al.%® was used.

1.1.1 Synthesis of 2,4,6-trimethylbenzoyl fluoride (4)

As the literature known fluorinating agent DAST is an expensive reactant, it was attempted to
synthesize 2,4,6-trimethylbenzoyl fluoride (4), that is required for the synthesis of tetrakis(2,4,6-tri-
methylbenzoyl)stannane (13), by using a more cost-effective strategy. Therefore, the corresponding
acid chloride, KF and 18-crown-6-ether in dry dimethoxyethane (DME) were used according to
literature,® as shown in Scheme 8. Nevertheless, also the previously used strategy can be used for the

synthesis of 4, as it is assumed to be more effective.

O O
KF

cl ———> F
18-crown-6

Scheme 8. Synthesis of 2,4,6-trimethylbenzoyl fluoride (4) via KF.>”

For this synthesis, 3.6 eq. KF and 0.06 eq. dry 18-crown-6-ether were suspended in dry DME. 1 eq.
2,4,6-trimethylbenzoyl chloride was added and the reaction was heated up to reflux overnight. Next
day, water was added until the white precipitate was dissolved completely. An aqueous work-up was
performed using PE. F NMR spectroscopy showed the desired peak at 52.67 ppm, but unfortunately
'H NMR spectroscopy confirmed the presence of 4 as well as the corresponding acid 5 with a ration of

approximately 1:1 (depicted in Scheme 9).
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O O O
KF
Cl > F + OH
18-crown-6

4 5

Scheme 9. Reaction of 2,4,6-trimethylbenzoyl chloride with KF yielding 2,4,6-trimethylbenzoyl fluoride (4) and 2,4,6-trimethyl-
benzoic acid (5).

Therefore, the received product was treated with DAST according to the previously synthesized acid

fluorides, shown in Scheme 10.

) @)
N __DAST _
F OH 0 °C, DCM

4 5 4

Scheme 10. Synthesis of 2,4,6-trimethylbenzoyl fluoride (4) via DAST.

The received product from the first step was dissolved dry DCM at 0 °C. 1.05 eq. DAST (in reference to
the containing acid) were added dropwise. The reaction was quenched with iced saturated NH4Cl
solution and the phases were separated. The slightly turbid aqueous phase was extracted with DCM
and the combined, slightly orange organic phases were washed with water, dried with Na,;SO4 and
dried. The crystalline, slightly yellow product (97 % yield) was characterized via *H, 3C and °F NMR

spectroscopy and melting point, and used for the next step without further purification.

1.1.2 Synthesis of 2,6-dimethoxybenzoyl fluoride (6)
The synthesis of 6 was carried out according to Kaduk et al.,% using the mild fluorinating agent DAST
and 2,6-dimethoxybenzoic acid (Scheme 11).

o) o NN
0°C,DCM

Scheme 11. Synthesis of 2,6-dimethoxybenzoyl fluoride (6).

Therefore, 1 eq. of 2,6-dimethoxybenzoic acid was dried, suspended in dry DCM and cooled to 0 °C.
Subsequently, 1.05 eq. DAST was added dropwise, meanwhile the insoluble solid vanished to become

a clear solution. The mixture was stirred at 0 °C and quenched afterwards with saturated aqueous
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NH.Cl and ice in a separatory funnel. The aqueous phase was washed with DCM. The combined organic
phases were dried and the solvent was removed. The *H-NMR spectrum as well as the yield above
100 % indicated the presence of DCM, so the crude product was dried in HV. The beige solid was

characterized via *H, *C and *F NMR spectroscopy yielding 99 %.

1.2 Trimethylsilyl-metal precursors

For the synthesis of all the target molecules, all in all, five trimethylsilyl-metal precursors were needed.
All syntheses followed a similar strategy, whereas structures with four trimethylsilyl groups were
synthesized according to Biirger et al.,’® and structures with two or three trimethylsilyl groups
followed Fischer et al.”* Therefore, the metal chlorides were used as starting material and reacted

with trimethylsilyl chloride (TMSCI) under presence of lithium or magnesium.

1.2.1 Synthesis of tetrakis(trimethylsilyl)germane (7)
The synthesis of tetrakis(trimethylsilyl)germane (7) was performed according to literature3* > 70 by

using GeCly, freshly distilled TMSCI and lithium under exclusion of moisture and oxygen.

¢ | 5 S
CI-GIe-CI + 4 —Sli—CI > —/Si-GIe-Si\—
Cl THF,-78 °C /sl‘.i\

7

Scheme 12. Synthesis of tetrakis(trimethylsilyl)germane (7).

To synthesize 7, 9.9 eq. finely chopped lithium foil and dry THF were weighted in a flask. Further a dry
dropping funnel was filled with1 eq. GeCls and 4.4 eq. freshly distilled TMSCI. The flask was cooled to
-78 °C and the TMSCI/GeCl; mixture was added dropwise. The black suspension was warmed up to RT
overnight. Then, the mixture was heated up to reflux. After cooling it to RT, it was filtered over Celite®
and the filtrate was quenched with saturated aqueous NH4Cl and ice, what resulted in a clear solution
with brown precipitate. After filtering the precipitate, the phases of the filtrate were extracted with
diethyl ether. The solvent was evaporated, leaving a white solid. The product was dried yielding 42 %

and characterized vig *H, 3C and 2°Si NMR spectroscopy.

1.2.2 Synthesis of tetrakis(trimethylsilyl)stannane (8)
As the synthesis paths of acylgermanes and acylstannanes are very similar, also the synthesis of
tetrakis(trimethylsilyl)stannane (8) was analogous to the Ge-based compound 7. Therefore, 8 was

synthesized according to literature’® by using SnCl; and TMSCI as depicted in Scheme 13.
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Scheme 13. Synthesis of tetrakis(trimethylsilyl)stannane (8).

Therefore, 10 eq. finely chopped lithium were suspended in dry THF. 6.25 eq. freshly distilled TMSCI
and 1 eq. SnCl,s were filled into the dropping funnel. TMSCI and SnCl, were mixed 30 min before it was
used for the next step, during which time period the mixture turned orange. The Li-suspension was
then cooled to -78 °C before the TMSCI/SnCl; mixture was added dropwise over 50 min. The mixture
was stirred and warmed up to RT overnight, resulting in a black solution. Afterwards, it was heated up
to reflux for 3 h. The metallic dark suspension was filtered with THF over Celite® to receive a turbid
brown filtrate instead of a clear colourless solution. This brown suspension was filtered again, but
without any changes about the filtrate. It was then extracted with 1 N H,SO, and the aqueous phase
was extracted three times with diethyl ether. The combined organic phases were washed three times
with water, where a white precipitate appeared in the aqueous layer. The clear organic phase was
dried over Na,S0Oy, filtered and the solvent was evaporated in vacuo. The white solid was stored under
argon at 6 °C and characterized via NMR spectroscopy. Unfortunately, the product could not be fully

dissolved in C¢Ds although this solvent was used in literature.

The difference in the second experiment was that TMSCI and SnCl, were mixed directly before it was
added dropwise to the Li-suspension. Unfortunately, the colour changed to yellow as soon as the
chemicals were mixed in the dropping funnel. Compared to the first experiment, the filtration over
Celite® resulted in a clear, slightly yellow solution. After the same work-up, a phase separation was
observed during the evaporation of the solvent. A turbid phase at the bottom which could contain still
water and a colourless clear phase at the bottom. The solvent was evaporated nevertheless to receive
a mixture of colourless crystals and a yellow viscous liquid. Although the product could be purified by

flashing it over silica gel (PE:EE 1:1), another experiment to synthesize 8 was carried out.

For the third try, TMSCI was distilled the day before and stored under inert gas at RT. Due to this step,
the yellow discolouration of the TMSCI/SnCl; mixture was prevented and the liquids remained
colourless. In contrast to the previous experiments, this time the filtrate was clear and colourless.
After an aqueous work-up, the solvent was dried two times over Na,SO4 and the solvent was removed

via a rotary evaporator. During the evaporation, a dark solid started to precipitate, the dried product
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was a mixture of a white and a grey/black solid. A possible reason could be the oxidation of 8 due to

remaining water, despite double drying.

The fourth attempt started similar to the attempt before, but the extracted and dried organic phase
was split up in three flasks to find a method to prevent the precipitation of dark solid. One control part
was evaporated again on the rotary evaporator, but this time at RT. When only a few mL of solvent
were left, a second phase separated at the bottom of the flask and the top layer became turbid. The
bottom layer was separated with a pipette, the organic phase was dried again over Na,SO, and the
solvent was evaporated completely. The second part of the solution was precipitated into hexanes,
what resulted in a turbid mixture. To separate the formed solid, it was centrifuged. The outcome was
very little white solid with a small aqueous layer above at the bottom. The third part was evaporated
and dried in HV. Due to the evaporation, the temperature of the solution sank below RT, and only a

little amount of black solid was observed in the remaining white product.

An explanation could be the formation of white Sn(OH), during the aqueous work-up, that is oxidized
to grey SnO when it is heated in an oxygen free atmosphere. Additionally, water is set free during this

oxidation, what would explain the aqueous layers during the evaporation of the solvent.

The product was separated from SnO by dissolving it again in diethyl ether and filtration. 8 was
obtained as colourless crystalline solid with a yield of 13 %. It was characterized via NMR spectroscopy

and melting point.

The yield of this reaction cannot exceed 20 % due to the side reaction in Scheme 14, described by
Birger et al.’”® Thereby, 80 % of the used Sn is recovered as metal, what explains the metallic

precipitate that is filtered before the work-up.

cl
CI-S:n-CI + L s sn o+ LC]
Cl

Scheme 14. Side reaction during the synthesis of tetrakis(trimethylsilyl)stannane (8).

An analogous side reaction occurs for the synthesis of the Ge-based compound 7, with the difference

that there up to 50 % yield can be obtained.

1.2.3 Synthesis of dibutylbis(trimethylsilyl)stannane (9)
The first step of the synthesis path for a bisacylstannane was the synthesis of 9 according to Fischer

et al.”!, starting with dibutyldichlorostannane and trimethylsilylchloride (Scheme 15).
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9

Scheme 15. Synthesis of dibutylbis(trimethylsilyl)stannane (9).

For the synthesis of 9, 4.4 eq. of finely cut lithium foil were suspended in dry THF in a dry flask
equipped with a dropping funnel. The dropping funnel was charged with 1 eq. dibutyldichloro-
stannane dissolved in dry THF and 2.6 eq. TMSCI. The reaction was cooled to -78 °C before the solution
was added to the Li suspension dropwise. Afterwards, the reaction reached RT overnight resulting in
a yellow solution with a white solid. After removing the solvent in HV, the beige solid was stored at -
18 °C overnight. The product was extracted three times using PE and filtering the resulting solution.
After removing the solvent in vacuo at 30 °C, the yellow, slightly turbid oil was stored under Ar
at -18 °C. The purity of 9 was confirmed via *H, 13C, 2°Si and *°Sn NMR spectroscopy. After 11 days, a
white solid sedimented at the bottom of the flask, which was removed by diluting the product again
with PE and using a syringe filter. Unfortunately, some of the already filtered product became again
turbid while filtering the rest of the product. It was filtered again and the solvent was removed as fast
as possible in HV. The target compound 9 appeared as a nearly colourless oil (91 % yield) with the
same purity as directly after the synthesis. It was stored at -18 °C under Ar, although after several days

again a white precipitate appears in the pure product.

1.2.4 Synthesis of diphenylbis(trimethylsilyl)stannane (10)

In addition to the bisacylstannane with butyl groups, also a bisacylstannane with phenyl groups was
planned to be synthesized (Scheme 16). To have a comparison of bisacylstannanes regarding their
stability, phenyl groups shall be introduced as they are assumed to stabilize the central Sn-atom.

Therefore, the first step was the synthesis of diphenylbis(trimethylsilyl)stannane (10).

\ /
O L v NO
Sn + 2 —Si-Cl —_— x> Sri
Cl | THF, -78 °C Sj—
I\

10
Scheme 16. Synthesis of diphenylbis(trimethylsilyl)stannane (10) using lithium.

The reaction was carried out analogous to the successful previous synthesis of 9,7 using freshly
distilled TMSCI and lithium. After stirring the reaction overnight at RT, the solvent of the brownish

suspension was removed in HV. After drying the dark yellow to green solid, it was extracted three
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times with PE, centrifuged to remove the remaining solids and the solvent was evaporated at 40 °C in
vacuo. The remaining slightly yellow solid was characterized via NMR spectroscopy, but unfortunately
no peaks could be found in the aromatic region of the *H NMR spectrum. As the solubility of 10 could
be different than the solubility of 9, another NMR sample was prepared by taking residue from the PE
extraction and suspending it in benzene-ds and remove the solids by syringe filter. This sample did
show peaks in the aromatic region of the *H NMR spectrum, therefore the whole residual solid was
extracted with toluene, centrifuged and the yellow solution was separated. During the removal of the
solvent, a solid precipitated that was removed again via centrifugation. As this happened again when
the solvent was removed in HV, the solvent was fully removed leaving a yellow solid. For this
compound, already the H NMR spectrum showed a lot of by-products beside the peaks in the

aromatic region.

Unfortunately, the received product was not sufficient for the use in a follow-up reaction. However,

another reaction path was found to synthesize 10, using magnesium at 0 °Cinstead of lithium at -78 °C

\ /
o [0 | o X )
Sr\1 + 2 —Si-CI Sr\\
Cl | THF,0°C Si—
VA

Scheme 17. Synthesis of diphenylbis(trimethylsilyl)stannane (10) using magnesium.

(Scheme 17).%

Y

Therefore, 4.1 eq. magnesium shavings were dried in the drying oven at 110 °C over the weekend.
1 eq. diphenyltin dichloride was weighted under Ar atmosphere into a Schlenk flask and dissolved in
dry THF. 2 eq. TMSCI were added and cooled to 0 °C with an ice bath before adding the pre-dried Mg.
The solution started to darken during stirring for 15 min at 0°C and afterwards stirring at RT for 24 h.
The solvent of the black suspension was removed in HV the next day, leaving a black solid as residue
that was stored overnight at -18 °C. The solid was extracted 3 times with PE, filtered and the solvent
was removed in HV. The colourless liquid was identified via H, 13C, 2°Si and '°Sn NMR spectroscopy
as pure product, although a white solid precipitated over a short time. The product was stored under

Ar at -18 °C and solidified overnight. Another *H NMR experiment did not show any changed peaks.

1.2.5 Synthesis of butyltris(trimethylsilyl)stannane (11)
The synthesis of butyltris(trimethylsilyl)stannane (11) followed the analogous reaction to synthesize 9

according to Fischer et al (Scheme 18).7
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.y + 3 —Si-Cl = g S
Cl | THF, -78 °C -~ Si-

Scheme 18. Synthesis of butyltris(trimethylsilyl)stannane (11).

For this synthesis, 6.6 eq. lithium were weighted in the Glovebox into a dry Schlenk flask and
suspended in dry THF. The dropping funnel was equipped with 1 eq. butyltin trichloride and 3.9 eq.
freshly distilled TMSCI in dry THF. The mixture was added dropwise at -78 °C over a period of 90 min.
After stirring it overnight at RT, the solvent of the dark suspension was evaporated in HV. The brown
solid was extracted with PE, centrifuged and the solvent was again evaporated at 30 °C. The orange

product 11 achieved 54 % yield and was characterized via *H, *3C, 2°Si and **°Sn NMR spectroscopy.

As the previously synthesized 9 and 8 both were received as colourless products, it was also
hypothesized that this product should be colourless, although no impurity could be detected
according to the NMR spectra. It was assumed that the orange colour could origin from an inorganic
compound that cannot be detected via *H, 3C and °Sn NMR spectroscopy. Nevertheless, attempts
were made to purify the product by selective dissolving of either the product or the orange impurity
by using each a fraction of the product and adding diethyl ether and ethyl acetate. For both solvents,
there was a white residue, but the latest after centrifugation, also the liquid phase has lost its colour.
IH and 9Sn NMR spectra were measured both of the residue and the extract, but unfortunately no
pure compound could be found. For the extract, the most product could be found, but the *°Sn NMR
spectra always showed more than one peak. This could be explained by hydrolysis of the product due

to the solvents.

As none of the purification attempts worked out, the product will be used without further purification

for the next step to synthesize butyltris(2,6-dimethoxybenzoyl)stannane (16).

1.3 Target molecules

The final step combined the acid fluoride with the trimethylsilyl-metal precursor by forming a K-Sn-
intermediate using KOtBu that was subsequently added dropwise to a solution of the acid fluoride.'*
5758 Scheme 19 shows the proposed mechanism of this reaction using the example of a tetraacyl-
stannane according to Radebner et a/.>® Thereby, the formed K-Sn-intermediate and the acid fluoride
undergo a salt metathesis reaction to form KF and the tris(trimethylsilyl)acylstannane. Further, the
previously formed (TMS);SiOtBu reacts with the fluoride and the potassium ion to generate (TMS)sSiF
and KOtBu, which can again form a new K-Sn-intermediate. Subsequently, the species can further

react with the excess of acid fluoride. This acylation reaction proceeds until all trimethylsilyl groups
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are replaced and the final product is formed. This mechanism can be also adapted for bis- and

trisacylstannanes as well as for acylgermanes.

0
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N KOtBu \ \Sll/ R/
—/Si-SIn-Si\— —/Si-SIn-K >
S ; S \v
\
—Si-OtBu K* + F~
)
—Si—F + KOtBu
0
» ~ \ 7 F
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Scheme 19. Proposed mechanism for the synthesis of tetraacylstannanes.>8
For the resulting compounds, various purification methods will be screened as acylstannanes can be
delicate to purify. It was very important that all following syntheses were performed in an orange light

lab with exclusion of wavelengths below 520 nm.

1.3.1 Synthesis of tetrakis(2,6-dimethoxybenzoyl)germane (12)
The final step to synthesize 12 followed Radebner et al.3? 33 Previously synthesized Sn-derivative 7 was
used to achieve with KOtBu an intermediate germanyl potassium species what reacted further with

4 eq. of the acid fluoride 6.
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Scheme 20. Synthesis of tetrakis(2,6-dimethoxybenzoyl)germane (12)

Therefore, 1 eq. 7 and 1.1 eq. KOtBu were dried and afterwards dissolved in DME. The orange solution
was stirred for a few minutes until the colour changed to yellow. 4.1 eq. 6 was weighted into a
separate Schlenk flask, dried in HV and dissolved in dry DME. It was cooled to 0 °C before the 7/KOtBu
solution was added dropwise resulting in a turbid orange suspension. The reaction was warmed up to
RT overnight. The now yellow suspension was quenched with saturated aqueous NH4Cl solution. The
phases were separated and the aqueous layer was extracted three times with DCM until there was no
colouration anymore. The combined organic phases were washed two times with water, dried with
Na,S0O, and the solvent was removed. The crude product showed an orange colour in a viscous state
with a few crystals. It was dried in HV before it was dissolved in DCM and precipitated two times in
diisopropyl ether. The first time a ratio of DCM:diisopropyl ether 1:3 was used. After adding another
3 parts of diisopropyl ether, more product precipitated. The yellow solid was centrifuged, dried in HV

(yield 23 %) and characterized via NMR spectroscopy.

A few mg of 12 were dissolved in HDDA resulting in a yellow formulation. It was filled into a silicon
mould and irradiated for 11 min with UV light to receive a polymerized stable test specimen with a

yellow tint.

1.3.2 Synthesis of tetrakis(2,4,6-trimethylbenzoyl)stannane (13)
For further characterization of the target structures, literature-known tetrakis(2,4,6-trimethyl-
benzoyl)stannane (13) was synthesized as a reference compound using the same synthesis route®’

for 12, shown in Scheme 21.
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Scheme 21. Synthesis of tetrakis(2,4,6-trimethylbenzoyl)stannane (13).

To synthesize 13, 1 eq. 8 was weighted into a brown glass vial and dried in HV. 1 eq. dry KOtBu was
added and afterwards dissolved in dry DME. Meanwhile, 4 eq. of the previously synthesized acid
fluoride 4 were dissolved in dry DME. Both solutions were cooled to -40 °C using CaCl:ice 1:0.8. The
stannyl potassium solution was added dropwise over 8 min to the acid fluoride solution, where the

colour changed from orange to red.

After stirring for 17 h, this mixture had a dark colour. The solvent was evaporated and the crude
product was washed three times with dry PE under inert conditions, separated via centrifugation and
dried in HV. Afterwards, the solid was extracted three times with dry toluene and filtered. The toluene
fractions were combined and the solvent was evaporated. After drying the product in vacuo, the

yielded yellow crystalline solid (66 %) was characterized via NMR spectroscopy.

1.3.3 Synthesis of dibutylbis(2,6-dimethoxybenzoyl)stannane (14)
The synthesis of the bisacylstannane 14 followed the general path of the synthesis of the previously
synthesized acylstannane 13.22 Therefore, previously synthesized 9 was converted to a K-intermediate

which was combined with 6 as a chromophore (Scheme 22).
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Scheme 22. Synthesis of dibutylbis(2,6-dimethoxybenzoyl)stannane (14).
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For this synthesis, 1.1 eq. dry KOtBu was dissolved in dry DME, 1 eq. 9 was added and stirred, resulting
in a slightly yellow solution with the stirring bar turning black. In the meantime, 2.1 eq. 6 were
dissolved in dry DME and both solutions were cooled to -78 °C. The Sn-K-intermediate was added
dropwise to the solution of the acid fluoride 6 over10 min. As the temperature was obviously below
the melting point of the solvent (-58 °C for DME), a part of the reaction mixture solidified temporarily,
but was immediately melted again by removing the cooling bath. After warming the reaction up to RT
overnight, the reaction mixture changed to a dark orange suspension, what implied the presence of a
molecule absorbing at long wavelengths. The solvent was removed in HV, resulting in an orange and
white solid. The crude product was somehow still not completely dry after drying it for 7 h at HV, as it
had still a waxy consistency. It was stored under Ar at -18 °C covered with aluminum foil to exclude

light.

A small amount was suspended in DCM and filtered via syringe filter for TLC experiments. Additionally,
similar experiments were conducted using EE for suspending the crude, giving similar results. A2D TLC
experiment led to the hypothesis that 14 could be stable enough for flash chromatography. The
solutions were stored at RT under orange light in brown glass vials for 3 days when the TLC
experiments were repeated. Both solutions still showed some product. In the DCM solution, the spot
of the product had approximately half the size of the TLC with the fresh solution. The product kept in
EE was nearly fully degraded, only a small product spot was still visible. This could be explained as EE

has a generally higher water content than DCM, with which 14 could have reacted.

Another small amount of the crude product (approx. 5 mg) was dissolved in 1 mL HDDA and cured for

11 min using the Lumamat®, converting the formulation completely to a colourless polymer.

The remaining crude product was suspended in DCM, centrifuged and the solid was separated. After
repeating this step another two times, the resulting solution was used for flash chromatography,
starting with EE:PE 1:10, and continuing with 1:3 and 1:2. The remaining yellow colouration of the
silica was washed out with pure EE. The flask for the eluting liquid was changed as the solvent
composition was changed. Interestingly, not only the solutions contained in the last two flasks were
yellow, but also the first one. It is assumed, that too much DCM was used for bringing the crude
product onto the silica and some of the product eluted with the DCM. However, *H NMR spectroscopy

did show slightly altered peaks, best visible in the aromatic region as depicted in Figure 51.
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Figure 51. Comparison of 1H NMR spectra of the aromatic region of bisacylstannane 14 before (bottom) and after flash
chromatography (top).

According to this difference and the colour change from an orange solid before flash chromatography
to a yellow solid after flash chromatography, it is assumed that some reaction happened to the

product 14. Therefore, the synthesis was repeated to find an alternative purification method.

The second synthesis attempt resulted after extracting the product with DCM in a very similar orange
waxy solid with a similar 'H NMR spectrum. Another 2D TLC experiment showed clearly the
degradation on silica over 45 min. Additionally, also TLCs with Al,Os and reversed phase sheets were

performed, showing similar results.

Solubility tests of the crude were performed by putting a small amount into roughly 2 mL of solvent,
and resulted in full solubility in toluene, THF and chloroform, and bad to no solubility in PE, diethyl
ether, EE and acetone. Further, NMR experiments were conducted to find a soluble solvent for

selective dissolving or precipitation. Unfortunately, no solvent was found to increase the purity.

The final purity of the crude product 14 was determined via quantitative *H NMR spectrum for further
characterization. Unexpectedly, no peak could be found in any °Sn NMR spectrum, even with
increased concentration. Later on, the molecule was additionally confirmed by LC-MS. Further analysis

was conducted using the product 14 as received after DCM extraction.
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1.3.4 Synthesis of diphenylbis(2,6-dimethoxybenzoyl)stannane (15)
Analogous to the synthesis of 14, the synthesis of diphenylbis(2,6-dimethoxybenzoyl)stannane (15)

was carried out using the previously synthesized 10 and the acid fluoride 6 (Scheme 23).

S
©/ S DME, RT ©/ K DME,0°C 2 t )

10 15

Scheme 23. Synthesis of diphenylbis(2,6-dimethoxybenzoyl)stannane (15).

After conducting the synthesis according to the previous chapter, 1 to 5 mg of the orange crude
product were mixed with approximately 1 mL HDDA and irradiated with 405 nm for 11 min using the
Lumamat®. A colourless polymer was obtained, what was the first hint that a useable Pl could be
synthesized. The crude was extracted with DCM and after centrifugation, the solvent was removed

leaving a waxy orange solid.

Afterwards, TLC experiments were conducted, including a 2D TLC on silica plate. 15 was found to have
medium stability on silica, therefore a flash chromatography attempt was made using diethyl ether
and PE (ratio 1:2) for eluting the by-products and diethyl ether to elute the product. Unfortunately,

NMR spectra did not show a pure product, and another curing experiment in HDDA was not successful.

Similar to the procedure for solubility tests for 14, the solubility of 15 was investigated in several
solvents. The crude was completely soluble in THF and only slightly or not soluble in toluene, PE, EE,
diethyl ether and acetone. According to these results, a precipitation experiment was carried out,
dissolving a small amount of crude in a few drops of THF and dropping it into a vast excess of PE. After
centrifugation, both the precipitate and the solution were analyzed via H NMR and TLC.

Unfortunately, an increased amount of product could not be found in any phase.

Another purification method that was tried out was sublimation. Therefore, a melting point was
measured in advance. It resulted in a broad interval (182.0 — 220.4 °C), with visible bubble formation
above 209 °C and decomposition above 212 °C. For the sublimation, the oil bath was heated up to
185 °C to avoid the destruction of 15. Some compound sublimed, the residue at the bottom turned
black after a few minutes. NMR spectra confirmed the absence of 15 and therefore the failure of the

sublimation experiment.
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As no increase in purity could be achieved, further characterization, including LC-MS and UV/Vis
measurements, were conducted with the crude product that was extracted using DCM. Interestingly,
this compound could be characterized by *H and 1*°Sn NMR spectroscopy, in comparison to 14 where

no peak could be found in the *Sn NMR spectrum.

1.3.5 Synthesis of butyltris(2,6-dimethoxybenzoyl)stannane (16)
The synthesis of 16 was carried out analogous to the synthesis of 14 and 15, although of course the

stoichiometry was adapted and. consequently 3.1 eq. of 6 were used for this synthesis.
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Scheme 24. Synthesis of butyltris(2,6-dimethoxybenzoyl)stannane (16).

For the synthesis of 16, 1.1 eq. dry KOtBu and 1 eq. 11 were weighed into a dry Schlenk flask and
3.1 eq. 6 into another dry Schlenk flask. Both flasks were dried in HV and afterwards dissolved in dry
DME. Both solutions were cooled to 0 °C, and the Sn-intermediate was added dropwise to the acid
fluoride solution. The dark red reaction mixture was covered in aluminium foil and reached RT
overnight while stirring. Next day, the solvent was evaporated in HV, showing orange colour in the
dark solid. Analogous to 14 and 15, the product 16 was extracted using DCM. After removing the

solvent again, a bright orange solid of a honey-like consistency was left.

To test the presence of a Pl in the received crude product, a curing test was performed by dissolving
a few mg of the crude was dissolved in 1 mL HDDA and irradiated using the Lumamat®. It resulted in

a colourless, completely cured polymer.

The next approach of purification was chromatography, where the first step were TLCs. Different
solvents and mixtures were investigated, resulting in not only different R¢ values, but also different
amounts of spots, therefore being inconclusive. It can be assumed that the product degraded during
the development of the TLCs with different velocities, what can also depend on the water content in

the different solvents that were used.

As chromatography could be excluded as suitable purification method, it was followed by a

sublimation approach. Unfortunately, no melting point of the crude could be measured in advance as

57



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

the honey-like state made it impossible to fill a melting point tube. Anyway, after sublimation a white
solid sublimated onto the cooling finger and an orange solid stayed at the bottom. *H NMR spectra of
both fractions did not show any improvement of purity after this experiment, although only by-

product sublimated.

Another step for enhancing the purity were solubility tests. It was found, that the crude product could
be further purified by dissolving it in toluene or DCM and adding it dropwise into an at least 10-fold
excess of PE. Although the product found in the solvent was not completely pure, the purity was
enhanced by precipitating a white solid in PE. The experiment was first conducted with a small

amount, later with the whole amount of product.

One of the impurities according to *H NMR spectra (Figure 52) could be identified, it was tetrakis(2,6-
dimethoxybenzoyl)stannane (17). The purity of the commercially acquired butyltin trichloride that was
used for the synthesis of 11 was stated with 95 %. This could not be checked due to its extreme
sensitivity regarding moisture, what made characterization methods like NMR spectroscopy and HPLC
impossible. It can be assumed that a major impurity, probably above 5 %, was SnCls;, as butyltin
trichloride is industrially synthesized using SnCls and SnBu, via the Kozeschkow-rearrangement’? or as
an alternative synthesis route, with SnCl; and butylmagnesium chloride. As already mentioned, it is
probably not easy to purify due to its high reactivity, leaving mainly SnCl, as a by-product. As it reacts

in the same way as butyltin trichloride, it results in 17 during the synthesis of 16.

As 17 has most likely very similar properties as 16, like solubility and melting point, what makes it

challenging to separate these two substances.
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Figure 52. 1H NMR spectrum of the crude 16, showing peaks of at least 3 different molecules.

According to 'H NMR spectroscopy, there was also another compound that showed similar peaks, only
slightly shifted (Figure 52). The predicted peak for the aromatic proton in meta position of 16 would
be located at 6.78 ppm (dd), whereas the remaining signals can be found at 6.41 ppm (dd) or 6.27 ppm
(d). From these three substances, only 17 could be assigned with certainty, as reference spectra were
available due to the simultaneous synthesis of 17. Unfortunately, the two remaining substances could
not be definitely assigned to peaks, what made further characterization only possible in a limited
amount. Similar to previous compounds, also here no Sn-signal could be found in any *°Sn NMR

spectrum.

1.3.6 Synthesis of tetrakis(2,6-dimethoxybenzoyl)stannane (17)
The synthesis of 17 was conducted in analogy to the final step of the synthesis of 12 (see chapter
1.3.1). Therefore, a stannyl potassium species was synthesized using the Sn-based precursor 8 and

KOtBu, to which later the acid fluoride 6 was added.
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Scheme 25. Synthesis of tetrakis(2,6-dimethoxybenzoyl)stannane (17).

For this synthesis, 1 eq. 8 and 1.1 eq. KOtBu (stored in a desiccator) were weighted into a vial and
dried in HV. The solids were dissolved in dry DME. 4.1 eq. 6 were weighted into a separate vial, dried
in HV and dissolved in dry DME. The 8/KOtBu solution was added dropwise to the solution containing
6 that was cooled to 0 °C previously. The resulting black suspension was warmed up to RT overnight.
Additionally, the reaction mixture was protected from all irradiations with aluminium foil. Next day,
the mixture was quenched with saturated aqueous NH4Cl. The black suspension was filtered, dividing
into a black solid and a yellow solution. The yellow solution was extracted three times with DCM and
the combined organic phases were washed two times with water. After drying them with Na,SQO,, the
solvent was evaporated and the yellow residue was dried overnight in HV. The crude product was
stored under argon at -18 °C covered in aluminium foil. The presence of the product could not be
confirmed via NMR spectroscopy and additionally a polymerization attempt by dissolving a few mg of

crude 17 in HDDA and irradiating it with UV light for 17 min was negative.

According to Mitterbauer,'> most tetraacylstannanes are hydrolyzed during an aqueous work-up.
Therefore, the work-up of the next experiment differed as the solvent was simply evaporated in HV.
The residue was characterized via *H and 'Sn NMR spectroscopy and polymerization attempts in
HDDA were conducted. Unfortunately, no 17 was spotted in the black residue from the second

experiment and also no polymerization occurred.

The third experiment was carried out at a red light laboratory, as there was the possibility that 17 was
formed, but was cleaved before its isolation due to absorption at longer wavelengths. Additionally,
the potassium stannane intermediate in solution was examined via *Sn NMR using a D,0 capillary.
According to literature,!? the peak from the starting material 8 (-664.06 ppm) should vanish and a peak
at -895.6 ppm should be visible. Unfortunately, no peak was detected at all, what can be explained

that most likely the tin compound was oxidized. Therefore, the experiment was aborted.
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For a successful synthesis of the potassium intermediate, the following experiment was set up with
extra dry KOtBu from the glovebox in a brown glass vial, as it was possible that the tin compound was
oxidized by the resulting base when KOtBu is exposed to moisture. This time, the 12Sn NMR spectrum
showed only one peak at the desired location of -895.87 ppm. Due to the successful first part of the
synthesis, the experiment proceeded as mentioned before. After the dropwise addition of the acid
fluoride 6, the suspension had a dark red colour. Next day, the colour had changed again to an orange
suspension and the solvent was evaporated in HV, leaving an orange waxy solid. The *H NMR spectrum
showed the product including impurities (Figure 53, spectrum A), in contrast to the °Sn NMR
spectrum where no peak was spotted. Anyway, the polymerization attempt in HDDA was successful

and resulted in a solid polymer without any colour.

To the crude product, dry DCM was added to dissolve the target molecule and separate salts that
formed during the synthesis. The suspension was centrifuged and the yellow to white residue was

separated from the orange solution and washed with additional dry DCM.

The solution was reduced to 2 mL and precipitated into cooled n-pentane. To separate the solid, the
mixture was centrifuged and the precipitate was washed with cold n-pentane. The product was dried
in HV and stored at -18 °C. *H NMR spectroscopy in benzene-ds showed still impurities in the product

(Figure 53, spectrum B) and no peak could be found in the **Sn NMR spectrum.

The next attempt was to recrystallize the product in dry toluene according to Radebner et al. for the
synthesis of 13.58 Unfortunately, there was an impurity present that was not soluble in hot toluene at
all, therefore an excessive amount of toluene was added in the aim to dissolve all of the product. The
turbid solution was cooled to 6 °C overnight to increase precipitation of the product. Next day, the
mixture was centrifuged, leaving a yellow solution, a fine yellow precipitate on the bottom of the flask
(*H NMR spectrum in Figure 53, spectrum C) and small orange crystals on the stirring bar. The crystals
were stored under Ar at -18 °C as they were too little to measure NMR spectroscopy. In attempt to
create more of these crystals, the solvent of the solution was evaporated and the residue was
recrystallized correctly. After cooling it to 0 °C, a dark yellow solid was separated from the yellow
solution. The *H NMR spectrum nevertheless showed still some impurities (Figure 53, spectrum D),
but another polymerization attempt in HDDA was again successful. It is assumed that a small part of

the product decomposed, probably due to the multiple treatment at elevated temperature.
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Figure 53. 'H NMR spectra in benzene of the crude product 17 after evaporation of the solvent (A), after precipitation in n-
pentane (B), after removing the insoluble parts in toluene (C) and after recrystallizing in toluene (D).

To solve the mystery of the 1°Sn NMR spectra without peak, another consideration was that the Sn
peak of the molecule would be not in the range of a standard **°Sn NMR spectrum due to the electron
donating methoxy groups (400 — -1600 ppm). The range of the next spectrum was doubled to 1400
—-2600 ppm. Unfortunately, also no peak was detected using a bigger range. Nevertheless, the same

method was applied to the *C NMR spectrum, where the missing carbonyl peak could be found.

To determine the number of impurities, reversed phase HPLC measurements were conducted using
methanol and water as solvent (methanol 40 % - 100 %). The UV detector used a wavelength of

270 nm and the resulting elugram is shown in Figure 54.
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Figure 54. Reversed phase HPLC elugram of the crude 17 with UV detector using a wavelength of 270 nm.

According to Figure 54, it was hypothesized that the main peak eluted after 9.50 min is from the
product, due to the additional NMR spectra showing clearly the product as main component.
Unfortunately, the main peak overlaps with at least three peaks of by-product, therefore a more
specific method would be needed to separate all the peaks and integrate them separately. Typically,
this information could be used for the determination of the purity. In this case, the results would not
be reliable as a Pl molecule should absorb light far more than most of the side products, therefore the

purity of the crude 17 was examined differently.

For the calculation of the content of 17 in the crude product, an *H-NMR spectrum was measured

containing a certain amount of naphthalene as internal standard (see Table 3).

Table 3. Amounts of 17 and naphthalene for the calculation of the purity of the crude 17

Compound M (g/mol) m (mg) n (umol) Molar ratio (-)
17 779.37 18.92 24.28 1.00
Naphthalene 128.17 12.19 95.11 3.92

According to Table 3, the ratio of 17 to naphthalene should be 1:3.92 if the crude product would be
100 % pure. The integrals of the naphthalene peaks (both 4 H) in the NMR spectrum in Figure 55 were
set therefore to 3.92 (blue peaks), and compared to the integral of the aromatic 17 peak (para

position, red peak, 4 H). This experiment resulted in a purity of 56 % of the crude 17.
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Figure 55. 1H NMR spectrum of the crude 17 with internal standard naphthalene in benzene-ds for investigation of its purity.

Additionally, an *°Sn NMR spectrum was also measured as the amount of 17 was more than the
typical amount of substance used for an NMR experiment (nearly 19 mg 17 instead of around 10 mg).
Surprisingly, this time a small peak was detected at -547.04 ppm. As the crude product is only 56 %
pure, the typical amount in a standard NMR experiment was most likely not enough substance to
detect a tin signal, a higher amount of product was needed what was achieved by the latest NMR

experiment.

A new batch of 17 was synthesized and yielded in a product with 48 % purity after selective dissolving
with DCM was carried out, but without the precipitation step in n-pentane. The drying of 17 after this
step could not be completed and resulted therefore in a wax-like solid. To further increase the purity
and fully remove any solvent, the precipitation in n-pentane was also carried out for this batch using
the same procedure. The purity of the yellow powder was again analyzed using *H-NMR spectroscopy
in benzene-ds with naphthalene as internal standard, but the solids were not fully soluble any more

as the solution stayed turbid. Therefore, the purity could not be determined.

To get the bottom of the problem, eventual degradation reactions of 17 were investigated by
dissolving a small amount of the product in DCM and conducting TLCs in EE every 30 min for 4.5 h.

There was no difference in any TLC compared to the first TLC, therefore no reaction was happening
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with 17 in DCM. The same experiment was also carried out with 17 dissolved in EE, also without any
change over time. Subsequently, also a 2D TLC was conducted with the conclusion, that the product
is stable on silica gel for at least 2 h. Beside the product (Rs 0.21; yellow coloured spot), two by-
products (R 0.53 and 0) were visible. The side products were compared to TLCs with the acid fluoride
6 and 2,6-dimethoxybenzoic acid, but the TLC spots did not match so these substances could be

excluded as possible impurities.

With this information, flash chromatography over silica gel was carried out by dissolving the product
in the least amount DCM possible. The by-product was eluated using PE:EE 1:1 and the pure product
was eluated using pure EE. The fraction of the product had a deep orange colour, whereas the fractions
with by-product had a yellow colour. After evaporating the solvent, a deeply orange coloured, partly
crystalline solid was obtained and confirmed as pure 17 by NMR spectroscopy, HPLC and LC-MS. NMR
spectroscopy was from now on conducted in CDCl; as the pure product was not soluble in the
previously used benzene. The purified product was stored under exclusion of light and under Ar

at-18 °C.

During the characterization of 17, it was noted that the highly purified 17 was not good soluble in
various monomers, although the structural similar tetraacylgermane 12 was very good soluble and
their solubility was assumed to be similar. During the analysis, it was found that the solubility was
better if the product was dissolved together with 2,6-di-tert-butyl-4-methylphenol (BHT) in DCM
(molar ratio 17:BHT 2:1) and the solvent was evaporated again before adding monomers. A hypothesis
is that the purified 17 is highly crystalline as it is typically only barely soluble in EE and crystallized very
well when removing this solvent after flash chromatography. When dissolved with BHT, the crystal
structure is broken and cannot be formed again due to the second compound. The now amorphous
solid can be dissolved very well in several monomers. Later on, the purified 17 was dissolved without
BHT in DCM and dried again, what had the same effect, although it was not easy to dry the compound

completely as it can trap DCM very well.
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2 Characterization of bis- and trisacylstannanes

The synthesis of the target structures dibutylbis(2,6-dimethoxybenzoyl)stannane (14), diphenylbis-
(2,6-dimethoxybenzoyl)stannane (15) and butyltris(2,6-dimethoxybenzoyl)stannane (16) was carried

out in the previous chapter to receive the crude products as depicted in Figure 56.

MeO
MO Me
(@) e Me

MeO Sn OMe MeO
0 Ph o OMe
OMe OMe
14 15 16

Figure 56. Target molecules dibutylbis(2,6-dimethoxybenzoyl)stannane (14), diphenylbis(2,6-dimethoxybenzoyl)stannane
(15) and butyltris(2,6-dimethoxybenzoyl)stannane (16).

Unfortunately, these crude products could not be fully purified. Therefore, the first step was to
confirm the presence of each molecule, as *H NMR spectra were difficult to evaluate due to the
influence of the sterical structure of the molecules on the chemical shift and the coupling patterns.
Additionally, not for all compounds was a peak visible in the ¥Sn NMR spectrum. Further, it was
necessary to determine the purity of the crude products in order to conduct concentration dependent
characterization methods like UV/Vis measurements. Finally, also a stability study in solution was

conducted over 4 days. For these experiments, the molecules depicted in Figure 57 were used as

%ﬁm TR e
%;@ ey

reference.

Jﬁ <o

12 13 Ivocerin®

Figure 57. Reference molecules tetrakis(2,6-dimethoxybenzoyl)germane (12), tetrakis(2,4,6-trimethylbenzoyl)stannane (13)
and Ivocerin®.

2.1 LC-MS

After the synthesis of the bis- and trisacylstannanes 14, 15 and 16, it was not possible for all molecules
to find a signal in the 'Sn NMR spectra, although the molecules were identified via *H NMR
spectroscopy. Therefore, LC-MS was conducted, with the aim to find the specific Sn isotope pattern in

the MS and also the corresponding mass of the molecules. In the device, a C8 reversed phase UPLC
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column was used with the solvent gradient acetonitrile 50 =100 % in H,0. The sample preparation
for LC-MS measurement was done by dissolving each product in HPLC-grade acetonitrile and adding

at least 10 % of HPLC-grade water. The solutions were syringe filtered and filled into according vials.

Generally, it has to be noted that Sn is the element with the most isotopes in the whole periodic table.
This has the advantage that a typical isotopic pattern can be spotted for compounds including at least
one Sn atom. As we use the average mass of all isotopes for calculation of the molar mass of our
molecules, the highest m/z peak of MS (TIC+) does not match with the average molar mass by +1, as
usual for carbon-based molecules. Anyway, the presence of the products can still be confirmed

keeping this in mind.

Crude 14 showed 6 major peaks, with two of them showing the typical Sn isotopic pattern. For the
peak at 1.518 min retention time, a m/z of 569.10 (average molar mass 563.27 g/mol) including the
Sn isotopic pattern confirmed the presence of the product. Additionally, the same peak also showed

absorbance up to roughly 500 nm, what would also match the properties of a PI.

For 15, no matching m/z could be found in the MS, although only one major peak and 4 minor peaks
were visible in the TIC. The major peak at 1.170 min showed the Sn isotopic pattern, but with a major
m/z at 524.99 and a minor m/z at 1228.89 (average molar mass 603.25 g/mol). Eventually, a phenyl
group (77 g/mol) was cleaved, what would result approximately in the given m/z. To support this
theory, also the absorbance regarding the UV/Vis detector showed for the same peak high absorbance

up to 500 nm.

The trisacylstannane 16 showed 5 peaks in the TIC, with the two highest peaks including the Sn
isotopic pattern. One of these peaks, at a retention time of 0.922 min, with a m/z of 673.06 fitted
perfectly to the average molar mass of 16 with 671.31 g/mol. Also here, the UV/Vis detector showed
absorbance up to 500 nm for this peak to additionally confirm the presence of the product.
Additionally, the second peak (retention time 0.540 min) with Sn isotopic pattern confirmed the
presence of tetrakis(2,6-dimethoxybenzoyl)stannane (17) (m/z 780.95, average molar mass

779.37 g/mol), as already proven in previous *H NMR spectra.

LC-MS in general could not be used for determination of the purity regarding the bis- and
trisacylstannanes as stability in aqueous, mildly acidic conditions is not known. Therefore, the product
content in the crude could be higher as calculated. An alternative to determine the purity was the

implementation of quantitative NMR experiments.
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2.2 Quantitative *H NMR experiments

As none of the three target structures could be fully purified, the purity was determined via
quantitative 'H NMR analysis using naphthalene as internal standard with CDCl; as solvent. This was
possible for the bisacylstannanes 14 and 15, but unfortunately not for the trisacylstannane 16 as it
was not possible to identify the definitive peaks in the 'H NMR spectrum out of most likely three

similar species (see chapter 1.3.5).

In Table 4, the theoretical molar ratio describes the ratio of the Pl to naphthalene that was weighted
into the NMR tubes, assuming to have only pure products. The molar ratio from the NMR is the ratio
of two selected peaks that can be integrated very well without impurities nearby. Therefore, the
quadruplet of naphthalene at 7.85 ppm was chosen (4H), and for each PI it was the singlet of the
methoxy group at 3.81/3.63 ppm (12H). Exact amounts can be found in the Experimental Part in Table
17.

Table 4. Calculation of the purity of the compounds 14 and 15 according to quantitative 1H-NMR spectra using naphthalene
as internal standard.

Molar ratio (theoretical) Molar ratio (NMR) Purity of product (%)
14 0.776 0.140 18.0
15 0.849 0.346 40.7

Although no purity could be calculated for the trisacylstannane 16, it could be at least estimated
according to the *H NMR spectrum. As we know two of the molecules present in the crude, 16 and 17,
the approximate amount of 17 is estimated to be 35 %, and the target structure between 25 and 40 %,

as the peaks cannot be directly assigned.

2.3 UV/Vis spectroscopy

One of the most important characteristics of a Pl is the absorbance in the UV/Vis region. Therefore,
the products 14, 15 and 16 were used as received and dissolved in ACN to generate a stock solution,
which was dissolved further. Measurements were conducted in quartz cuvettes (d = 1 cm) against a

blank of ACN at 25 °C from 190 to 650 nm.

Although the target molecules 14, 15 and 16 could not been purified completely, their purity was
calculated via quantitative NMR analysis. With these results, it was possible to compare the

absorbance of the compounds by calculating the molar extinction coefficient € via Lambert-Beer law:
A=¢€-c-d

A ... absorbance (-)
€ ... molar extinction coefficient (L mol™* cm™)
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c ... concentration (g/mol)
d ... path length (cm)

Additionally, it was also important if some of the impurities showed absorbance above 350 nm, what
could be investigated via LC-MS. For the bisacylstannanes 14 and 15, no UV active impurities were
found, so the received absorbance was divided by the actual concentration in the solution what was
previously determined via NMR spectroscopy, to receive the molar extinction coefficient. The
trisacylstannane 16 included an impurity of the tetraacylstannane 17. Therefore, the calculation of the
molar extinction coefficient was not as precise possible as for the other molecules. As there is a range
between 25 to 40 % purity of 16 in the crude, the molar extinction coefficient was calculated using
both minimum and maximum content to generate a range where the true absorbance would be in.
The results are plotted in Figure 58 and Figure 59 and the molar extinction coefficient maxima with

their corresponding wavelengths are summarized for better comparison in Table 5.
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Figure 58. Molar extinction coefficient of the bis- and trisacylstannanes 14, 15 and 16 compared to Ivocerin®, 12 and 13.
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Figure 59. Molar extinction coefficient of the bis- and trisacylstannanes 14, 15 and 16 compared to Ivocerin®, 12 and 13.

Table 5. Maximum molar extinction coefficient of the target molecules 14, 15 and 16 compared to Ivocerin®, 12 and 13.

Amax (nm) €max (L mol™t cm™)
14 420 451
15 424 862
16 435 885-1105
Ivocerin® 408 850
12 389 1383
13 397 1354

Comparing the maximum molar extinction coefficient emax of the compounds, it can be noticed that
the bisacylstannane 14 with the butyl groups shows smaller ema than the bisacylstannane 15 with
phenyl groups. The absorbance of the trisacylstannane 16 was expected to show higher values at gmax
due to its three chromophoric groups compared to bisacylstannanes. This expectation was fulfilled,
especially compared to 14 which has a similar structure. Comparing 16 with 15, the difference is

smaller, which can also here be explained by the phenyl groups of 15 that contribute to its absorbance.

Additionally, a difference is noted in the wavelength assigned to €max, Amax. What can be noted first
that all the novel compounds show a bathochromic shift of Amax in comparison to all the reference
molecules. Comparing the novel acylstannanes with each other, 16 is 11 nm bathochromic shifted in

comparison to 15 and even 15 nm compared to 14.

Regarding the tail-out area depicted in Figure 59, all compared substances showed similar absorbance
up to 540 nm, what is a big difference to all of the reference molecules, with 13 showing absorbance

up to 520 nm being the molecule with the biggest red shift. So far, no stable Pl in the substance class
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of group 14 heteroatom based PlIs is known with absorbance at these long wavelengths. The only
differences of 14, 15 and 16 can be found in the molar extinction coefficient, as already discussed for
€max. It Was not expected to see any big differences in this region for the three novel Pls, as the

chromophoric group as well as the central atom are the same.

2.4 Stability study in solution

As in the previous chapter, the absorbance of the target molecules was investigated, the solutions
were kept for four days and UV/Vis measurements were conducted again to gain insight into the
stability of the Pls in solution. Solutions with 5-10* M Pl in ACN with 101.5 ppm water (equals 4:103 M
H,0, molar ratio PI:H,0 1:8) were stored in brown glass vials in an orange light lab at RT. The results

are depicted in Figure 60 A-D.
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Figure 60. Stability of 14 (A), 15 (B) and 16 (C) and as comparison literature-known tetraacylstannane 13 (D) in solution (ACN
with 101.5 ppm water) over 4 days.

For better comparison, the absorbance at the absorption maximum at day 0 was set to 100 % and the
remaining absorbance after four days at the same wavelength was calculated in percentage, displayed

in Table 6.
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Table 6. Stability of the target molecules 14, 15 and 16 determined via UV/Vis spectroscopy over 4 days.

14 15 16 13
Absorbance (%) 85.4 91.5 97.0 9.9

As shown in Table 6, the overall stability of the target molecules is much higher than for the literature
known Sn-based Pl 13, which degraded more than 90 %, leaving only 9.9 % absorbance after four days.
Comparing the novel Pls to each other, 14 is the least stable with only two chromophoric groups and
two butyl groups, 15 being more stable with phenyl groups instead of butyl groups and 16 being the

most stable with three chromophoric groups.

As this study was conducted with crude products of bis- and trisacylstannanes, a trend is shown that
the stability increases with the number of chromophores. It can be hypothesized that the
chromophoric groups cause sterical hindrance of the Sn-atom so nucleophilic substances like water
cannot attack it. Therefore, molecules like 14 or 15 show less stability due to only 2 chromophoric
groups, although 15 is more stable than 14 as the phenyl groups of 15 cause more shielding of the Sn-

atom than the butyl groups of 14.
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3 Characterization of tetrakis(2,6-dimethoxybenzoyl)stannane (17)

The successful synthesis of tetrakis(2,6-dimethoxybenzoyl)stannane (17) yielded in a crude product

that could be purified via flash chromatography, and characterized so far via NMR spectroscopy.

Herein, more characteristics of 17 are investigated, e.g. chromatographic methods like HPLC and LC-
MS, the crystal structure via single crystal X-ray crystallography, absorption via UV/Vis spectroscopy,
photo-DSC measurements, curing depth experiments and steady state photolysis, as well as an
advanced stability study in solution with a defined amount of water and a long distance
polymerization. In addition to the novel tetraacylstannane 17, three literature-known long wavelength
PIs were selected as references (Figure 61). This includes the tetraacylgermane tetrakis(2,6-di-
methoxybenzoyl)germane (12) with the same chromophoric groups as 17, the tetraacylstannane
tetrakis(2,4,6-trimethylbenzoyl)stannane (13) with different chromophoric groups, as well as the

current state-of-the-art Ge-based Pl Ivocerin®.

17 12 13 Ivocerin®

Figure 61. Tetrakis(2,6-dimethoxybenzoyl)-stannane (17) and reference molecules tetrakis(2,6-dimethoxybenzoyl)germane
(12), tetrakis(2,4,6-trimethylbenzoyl)stannane (13) and Ivocerin®.

3.1 HPLC
As the impurities of 17 before the final purification step could not be counted nor identified, one
strategy to gain more information about them were HPLC experiments. The samples were prepared

by dissolving them in HPLC-grade chloroform and filtering them using a syringe filter.

In literature, reversed phase HPLC measurements for Sn-based Pls were conducted.’? Due to a
measurement time of 20 min, it was chosen to conduct normal phase HPLC as 17 could undergo
hydrolysis reaction in the aqueous mobile phase of the reversed phase HPLC. Measurements were
conducted using 100 % hexane = 100 % CHCl, = 100 % MeOH - 100 % CHCl, = 100 % hexane over

20 min.
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Figure 62. HPLC elugram of 17 before the final purification step (56 % pure).

Figure 62 shows a main peak with at least three additional local maxima what are assumed to be

impurities that appeared during the synthesis. The main peak will most likely be the product 17, as it

takes 56 % according to NMR spectroscopy with internal standard (see chapter 1.3.6) and also the

absorption will be higher than the absorption of any by-product.
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Figure 63. HPLC elugram of 17 after the final purification step.
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In Figure 63, the same measurement was conducted using the final purified 17. Compared to Figure
62, only one main peak without additional local maxima is visible. This confirms the absence of UV/Vis
active by-products and ensures therefore that no side reactions of by-products during irradiation will

take place.

3.2 LC-MS

As the identity of the purified 17 was already confirmed by NMR spectroscopy (chapter 1.3.6) and the
purity was determined via HPLC (chapter 3.1), one additional characterization method was the
confirmation via LC-MS. The device is using a reversed phase UPLC column, what shows additionally

an overview about the stability in aqueous environment.

The sample preparation is described in chapter 2.1. Similar to the HPLC characterization, also here two
samples were prepared: one using the crude product before the final purification step and one

afterwards. The elugrams of both samples are shown in Figure 64 and Figure 65.
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Figure 64. LC-MS elugram of 17 before the final purification step.

75



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

nmExtract:TimH,GBS Wawvelength 281 Time 2,73 Wavelength 570

—_——

225 2,50

Max Intensity ;. 61 700 %
Time 1,470 Inten. =3 450 Conc. 58,56

75,0

50,0

~100] F2s.0

0,0

0,00 025 0,50 075 1,00 125 150 175 2o 258 250 min
Figure 65. LC-MS elugram of 17 after the final purification step.
Figure 64 shows the results of the analysis of 17 before the final purification step. There, one main
peak (eluted after 1.68 min) is visible, what is according to its m/z ratio and isotopic patter of the mass
spectrum the target compound (m/z = 780.95). Additionally, 6 peaks of other compounds were
detected. After analysis of the UV/Vis spectra, mass spectra and elution time in comparison to LC-MS
measurements of 2,6-dimethoxybenzoic acid and its benzoyl fluoride 6, most of the peaks were
identified except the peak eluted after 1.88 min. Apparently, this peak is a measurement artefact that

is not a compound of the crude product.

Figure 65 shows in comparison the results of the product after the final purification step. Again, a main
peak is detected after 1.68 min that shows the same isotopic pattern as the product peak in the
previous measurement with a m/z ratio of 781.05 (Figure 66). The peaks at the beginning of the
measurements can be neglected as they were already eluted after 0.25 min, what is below the

retention time of pure solvent.
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Figure 66. Mass spectrum of the main peak eluted after 1.69 min of the LC-MS measurement of 17 after the final purification
step.

33 Single crystal X-ray crystallography

The crystallographic parameters of 17 were investigated by Dr. Berthold Stoger from the X-Ray Center
at TU Wien (Building BC, Room U01A22, Getreidemarkt 9, 1060 Vienna) in the group of Dr. Klaudia
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Hradil. Thereby, crystals obtained from the recrystallization attempt in dry toluene (chapter 1.3.6)
were used for single crystal X-ray crystallography. Parameters including the space group, the position
of the atoms, their bond length and angles (shown in Figure 67, Appendix Table 33 to Table 35) were

determined.

The results of the crystallography are correlating strongly with the crystallographic parameters of the
tetraacylgermane 12, although the crystals of 12 contained two equivalents of water (as determined
in the work of Lukas Leutgeb).3* The 3D structure in Figure 67 shows that the methoxy groups are
shielding the Sn central atom, what explains the difference to similar molecules with side groups in

different positions or smaller side groups.

b

17
C36H360125n
779.372 g/mol

Figure 67. 2D structure (left) and 3D structure (right) of crystalline 17, hydrogen atoms are omitted for clarity.

3.4 UV/Vis spectroscopy

To investigate the absorbance of the novel tetraacylstannane 17 in comparison to the before
mentioned reference substances, the Pls were dissolved in ACN in a concentration of 1-:10% M under
light protection. The solutions were transferred from brown glass vials into quartz cuvettes (d = 1 cm)
directly before UV/Vis measurement. The results can be compared to each other by calculating the
molar extinction coefficients via Lambert-Beer law (see chapter 2.3). The results are shown in Figure

68 and Figure 69 and are summarized in Table 7.
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Figure 68. UV/Vis absorption spectra of 17 and the reference compounds measured in acetonitrile at 25 °C.
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Figure 69. UV/Vis absorption spectra in the tail-out region between 440 and 580 nm of 17 and the reference compounds
measured in acetonitrile at 25 °C.

Table 7. Absorption maxima Amax Of the n-rt* transition and the corresponding molar extinction coefficient emax of 17 and the
reference compounds.

Amax (Nnm) €max (L mol™* cm?)
17 436 1964
12 389 1383
13 397 1354
Ivocerin® 408 850
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The absorption maxima Amax of the n-it* transition of the tetrafunctional compounds in Figure 68 is
increasing from 12 to 13 and finally to 17 (summarized in Table 7). The UV/Vis measurement of 17
shows even a higher Amax than Ivocerin®. The Sn-based compounds 17 and 13 show higher molar

extinction coefficients at their Amax (Emax) cOmpared to the Ge-based Pls (12 and Ivocerin®).

Figure 69 shows the tail out region of the UV/Vis spectra in more detail, as it is a crucial goal for any
Pl to achieve a red-shift in the absorption spectrum. Here the difference between the compared Pls
can be seen very clearly, as Ivocerin® shows absorption up to 470 nm, 12 up to 480 nm, 13 up to
520 nm and 17 is absorbing light up to 575 nm, what is a considerable red-shift that fits to the

requirement of a novel PI.

3.5 Photo-DSC

For the determination of the initiation kinetics and the further completeness of the photo-
polymerization process, photo-DSC experiments were conducted using acrylates and methacrylates
as monomer and 0.1 mol% PI. With these experiments, parameters like double bond conversion (DBC),
rate of polymerization (R;), time to reach 95 % heat flow (tss) and the time until heat flow maximum

is reached (tmax).

To compare Pls with four chromophores (17, 12, 13) with Pls with only two chromophores (Ilvocerin®),
an additional formulation was investigated using double the molar amount of Ilvocerin® (0.2 mol%).
For preparation of the formulations, the according amount of Pl had to be dissolved in the monomer.
While this was no problem for Ivocerin® and 12, it took a longer time for 13 and was not possible for
17, even at elevated temperatures and while using the ultrasonic bath. Therefore, 17 was dissolved in
chloroform, mixed with hexanediol diacrylate (HDDA) and the solvent was evaporated in HV.
Unfortunately, the monomer polymerized during the removal of the solvent. To reduce the time in HV
to evaporate the solvent, a new formulation was mixed in the same manner using DCM. This time, the

formulation polymerized already after 5 min.

A reason for these solubility issues could be the crystallinity of 17 which can be seen when having a
closer look at the substance. A strategy to reduce crystallinity and additionally prevent the
polymerization of the formulation when 17 is finally dissolved, 2 eq. 17 was weighted into a vial
together with 1 eq. butylated hydroxytoluene (BHT, see Table 8). The solids were dissolved in DCM,
mixed and the solvent was evaporated subsequently in HV, resulting in a non-crystalline powder. This
solid was finally soluble in HDDA and additionally also urethane dimethacrylate (UDMA) and
dipropylene glycol diacrylate (DPGDA).
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Table 8. Used acrylic and methacrylic formulations for photo-DSC measurements.

Acrylic Methacrylic
(HDDA) (UDMA/DsMA)
17 BHT 17 BHT
mol% 0.10 0.05 0.10 0.05
wt% 0.35 0.05 0.20 0.03

For photo-DSC measurements, the 17/BHT mixture was dissolved in HDDA and for further
measurements in UDMA and decanediol dimethacrylate (DsMA) (1:1 molar ratio) to produce

formulations containing 0.1 mol% Pl and 500 ppm BHT (listed in Table 8).

The curing was carried out using a 460 nm LED with 10.0 mW/cm? (acrylates), respectively
10.1 mW/cm? (methacrylates) and a 400 nm LED with 10.3 mW/cm? (acrylates). The samples were

irradiated for 300 s at 25 °Cin triplicates.

Double bond conversion (DBC) was calculated with the following equation:

AH-M
DBC (%) = A

- 100
T'n

AH ... experimental heat of polymerization, peak area (J/g)
M ... molar mass of monomer (g/mol)

AHr ... theoretical heat of polymerization (J/g)

n ... number of reactive groups per molecule

The rate of polymerization (Ry) was determined as followed:

h- Pmonomer
s71) = —Lmenomer

R L1
p (mo AHT n

h ... height of peak (mW/mg)
Pmonomer ... density of monomer (mg/mL)

For the theoretical heat of polymerization AHr the literature known values of 80.5 kJ/mol per acrylic
group and 56 kJ/mol per methacrylic group were used.”® The results of the measurements using the
400 nm LED on the acrylic formulation are displayed in Table 9, with the 460 nm LED on acrylic
formulation in Table 10 and on methacrylic formulation in Table 11. As some acrylic formulation
containing 17 was left over from the previous day (measurements with 400 nm LED) when conducting
the experiments with 460 nm, it was measured additionally (17 old) to the freshly made formulation

(17 fresh) to see if storage at RT overnight has already an impact on the results (Table 10).
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Table 9. Photo-DSC results using 0.1 mol% Pl and 500 ppm BHT in HDDA, irradiated with 400 nm at 10.3 mW/cm? for 300 s

at 25 °C.
DBC (%) R, (mol/Ls) tmax (S) tos (s)
17 74.2 + 1.2 397 + 15 3.2 + 0.0 231 + 0.8
12 76.8 x 0.4 404 + 12 3.0 * 0.2 243 + 0.6
13 74.0 + 0.5 372 + 10 3.4 + 0.1 248 + 04
Ivocerin® 75.7 + 1.1 393 + 7 3.1 + 0.1 242 + 1.0
2x lvocerin® 77.9 x 0.2 403 + 15 2.9 * 0.1 243 + 0.7

Table 10. Photo-DSC results using 0.1 mol% Pl and 500 ppm BHT in HDDA, irradiated with 460 nm at 10.0 mW,/cm? for 300 s

at 25 °C.
DBC (%) Rp (mol/Ls) tmax (S) tos (s)
17 fresh 75.2 + 0.3 426 + 19 2.9 + 00 22.3 + 0.8
17 old 73.6 + 3.3 449 + 40 2.9 + 0.1 20.1 + 15
12 68.5 * 0.3 401 + 1 3.8 + 0.1 22.5 + 04
13 68.0 ¢t 0.2 415 + 3.9 + 0.1 20.8 + 04
Ivocerin® 63.0 + 0.7 258 + 14 5.7 + 0.1 27.9 + 1.8
2x lvocerin® 69.0 ¢ 2.2 395 + 6 4.3 + 0.1 22.6 + 0.1

Table 11. Photo-DSC results using 0.1 mol% Pl and 500 ppm BHT in UDMA:DsMA (1:1 molar ratio), irradiated with 460 nm at
10.1 mW/cm?for 300 s at 25 °C.

DBC (%) Rp (mol/Ls) tmax (S) tos (s)
17 647 £ 1.3 139 + 5 6.8 + 0.1 47.7 = 0.8
12 649 + 0.6 129 + 3 73 + 0.1 498 + 0.6
13 56.6 £+ 25 80 i 7 120 + 0.6 67.1 + 0.8
Ivocerin® 61.7 = 1.0 91 * 3 104 + 0.3 652 + 16
2x Ivocerin® 649 + 0.9 112 + 2 90 + 0.2 59.2 + 04

The DBC in general is higher when using 400 nm LED compared to the measurements with 460 nm.

Looking closer into the results of each PI, the DBC decreasing with increasing wavelength for each PI

except for 17, where it is even slightly increasing. Correlating to these results, 17 yields the highest

DBC for the 460 nm experiments, exceeding even 2x Ivocerin®, which has the best DBC for the 400 nm

experiments.

Comparing R, the trend in general is different than the DBC trend, as for most of the Pls the R; is

increasing (17, 13) or staying similar (12) for 460 nm compared to 400 nm, except for Ivocerin®, where

the Ry is lower for the longer wavelength. Due to this trend, it can already be assumed that the

reactivity of Ivocerin® is clearly lower at 460 nm and it would be more reactive using shorter
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wavelengths like 400 nm or even less. The best results regarding R, at 460 nm are achieved also by 17,

directly followed by 13.

Similar to DBC and Ry, also the values for tmax at 400 nm are very similar for all Pls. Rather unexpected
are the results for tos at 400 nm, as 17 needs the shortest time; 13 reaches the highest value for this
parameter, although all Pls achieved results in a similar range. The results from the experiments at
460 nm are also here more differing, showing again 17 with the best results by far (2.9 s), as it is nearly
one second faster than 12 (3.8 s) and 13 (3.9 s). Fitting the trend, Ivocerin® needs the longest at

460 nm to reach both tya.x and tos.

A difference between the fresh formulation containing 17and the formulation containing 17 stored at
RT overnight can be seen for DBC, R, and tgs, although it does not influence the general trend and the
comparison to the other Pls. Also, it cannot be stated that one formulation is better than the other,

as the values for R, and tgs are more favorable for 17 old, but DBC yields higher for 17 fresh.

All in all, the parameters for curing HDDA formulation with different Pls at 400 nm results in similar
results for all the Pls. Nevertheless, there is clearly a best alternative for the curing with 460 nm, which
is the novel Pl 17. It exceeds in three of four parameters, DBC, R, and tmax, and is comparably good at

tos.

Looking at Table 11, where the Pls in a methacrylic formulation were irradiated with 460 nm in the
same manner, we can see approximately the same trend as for the same wavelength with an acrylic
formulation, as expected. The main difference is the general lower reactivity of the methacrylates,
resulting in a lower overall DBC and R, as well as a higher overall tmax and tes. The highest DBC was
achieved with the Pls 12 and the double concentration of Ivocerin® (64.9 %), followed directly by 17
(64.7 %). As the difference is significantly smaller than the standard deviation, the DBC for all three Pls
can be considered equally. For the R, 17 shows with 138.7 mol/L s clearly the highest value, followed
by 12 with 129.4 mol/L s. For both tm. and tgs of the methacrylic formulation, the shortest time was

determined for 17, also here followed by 12.

Therefore, 17 achieved all in all the best overall results in a methacrylic formulation, with the best
values for Ry, tmax and tes and an equally good DBC as 12 and 2x Ivocerin® with the best numbers at

around 65 %.

3.6 Curing depth experiments
For the determination of the curing depth, parameters were chosen similar to Mitterbauer et al.>’ The
formulations used for all the following experiments consisted of 0.1 mol% PI (13 or 17), 500 ppm BHT

as stabilizer, urethane dimethacrylate (UDMA) and decanediol dimethacrylate (DsMA) as monomer
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system (molar ratio 1:1) and 10 wt% dental glass as filler. As discussed previously (chapter 3.5), 17 and
BHT (molar ratio 2:1) were dissolved in DCM and the solvent was evaporated to reduce the crystallinity

of 17. In contrast, 13 was dissolved separately to BHT in the formulation.

As a set-up, a specially manufactured Teflon mould was used, where a thin glass plate (0.1 mm
thickness) was used as a bottom with a cylindrical hole (10 mm diameter) to hold the formulation

(Figure 70), in combination with the green laser pointer (532 nm, 80 mW/cm?) as light source.

T am» O

Teflon mold

Formulation

e Glass plate

Laser pointer

Figure 70. Set-up used for curing depth determination.2

For determination of the curing depth of formulations with two different Sn-based PIs (17 and 13), the
Teflon mould was completely filled with the formulation. The laser pointer was put under the glass
plate to irradiate the formulation directly for a certain time (Figure 70). After irradiation, the liquid

formulation was removed and the resulting polymer was cleaned with acetone and dried.

The final polymers are shown with 13 as Pl in Figure 71 and with 17 as Pl in Figure 72. For some
samples, the highest part of the polymer is not in the center of the polymer as it would be expected,
as the narrow beam of the laser pointer is placed directly in the middle. Besides the clearly visible
differences in the height of the samples, also the colour is different. This is correlating to the colour
and therefore the absorbance of the two Pls, as 13 is a yellow solid and 17 appears due to the
absorbance at longer wavelengths orange. Both sample types have been stored under ambient light
and show similar fast photobleaching, what resulted in white polymers after approximately two
months. If the samples would have been irradiated with a higher intensity, the colour of the polymers

would probably have been white directly after polymerization.
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Figure 71. Samples of curing depth experiments containing 13 as PI, irradiated for 30, 60, 90, 120 and 180 s.
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Figure 72. Samples of curing depth experiments containing 17 as PI, irradiated for 30, 60, 90, 120 and 180 s.
The final polymers were characterized regarding their height and their mass, as the maximum height
was not always in the middle of the polymer cylinder. The results are listed in Table 12 and displayed

graphically in Figure 73.

Table 12. Results of the curing depth experiments of 13 and 17 by height and mass for different irradiation times using a
532 nm laser pointer with 80 mW/cm?

. Height (mm) Mass (g)
Time (s)
13 17 13 17
30 4.1 8.4 0.037 0.559
60 8.6 11.6 0.268 0.932
90 8.7 14.6 0.559 1.058
120 13.8 15.6 1.113 1.315
180 15.8 19.6 1.248 1.596
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Figure 73. Correlation of irradiation time with the height (A) and the mass (B) of the resulting polymer initiated by two
different Pls when irradiating with a 532 nm laser pointer with 80 mW/cm?.

For every single point of Figure 73, both for height (A) and mass (B), the formulation with 17 achieved
more polymerization than the formulation with 13. Therefore, it can be stated that 17 is more reactive
at 532 nm than 13. The highest difference can be seen in the mass for short irradiation times,
especially from 30 to 90 s. For longer irradiation times, starting from 120 s, the parameters in height

and mass assimilate for both initiators, but with 17 still exceeding.

3.7 Steady state photolysis

The next step was the investigation of the photobleaching behaviour via steady state photolysis (SSP).
Therefore, a novel set-up was established similar to Gescheidt et al.,’”* containing a
deuterium/tungsten light source, a spectrometer, a 460 nm LED, a fluorescence quartz cuvette with
lid, a cuvette holder with lid and a magnetic stirrer with stirring bar (Figure 74, Figure 75 and Figure

76).

H
A

Light source l|LED|;:.: 0 | '

Figure 74. Schematic representation of the novel UV/Vis set-up for SSP experiments.
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Figure 75. SSP set-up, containing a light source with an UV/Vis detector around a quartz cuvette with a stirring bar, and a LED
irradiating from a 90° angle.

Figure 76. SSP set-up including custom modified cuvette holder, lid, magnetic stirrer, LED and light guides of the UV/Vis
photospectrometer.

One of the most important considerations during the establishment of the novel UV/Vis set-up was
the LED entrance in the cuvette holder. An available cuvette holder from OceanOptics was
disassembled and one part was custom designed and 3D printed to assemble the LED in a reproducible
way (white part in Figure 76). Another two custom parts were designed to introduce the OceanOptics

opposite the LED to measure the intensity before conducting the SSP experiments.

Luckily, the available cuvette holder came with a black lid that prevented ambient light to meet the
sample during the calibration of the LED as well as during the SSP experiments. Additionally, it was

also reasonable to use the Teflon lid of the cuvette during the measurement.
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The samples were dissolved in ACN to receive a 1:10% M solution. The exact amount of 2 mL was
pipetted into the cuvette and it was very important to stir the solution during the whole experiment
with a small magnetic bar that would fit into the cuvette and a magnetic stirrer under the cuvette
holder. As background, a spectrum of pure acetonitrile was recorded. Each sample was irradiated
using a 460 nm LED with 130 mW/cm? for 900 s, recording a UV/Vis spectra every 5s. Due to the

amount of data, only UV/Vis spectra every 10 s for the first 180 s are shown in the diagrams below.
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Figure 77. SSP of (A) Ivocerin®, (B) tetrakis(2,6-dimethoxybenzoyl)germane (12), (C) tetrakis(2,4,6-trimethylbenzoyl)stannane
(13), (D) tetrakis(2,6-dimethoxybenzoyl)stannane (17) (each 2 mL sample with 1-103 M in acetonitrile), irradiated using a
460 nm LED with 130 mW/cm? for 180 s, time steps between each spectrum: 10 s.

In Figure 77, the UV/Vis spectra of the different Pls during irradiation with 460 nm are shown. The
most noticeable diagram is Figure 77D, the novel tetraacylstannane 17, as the absorbance is ranging
into negative absorbance. It can be explained as the solution that was observed afterwards was turbid.

This was a very surprising result as it was expected to behave similar to the tetraacylgermane 12.

It is possible, that the formed benzoyl radicals of 17 were stable enough in ACN to undergo a
recombination reaction and form the product shown in Figure 78. This molecule could then precipitate
in the used solvent during the experiment. For the similar tetraacylgermane 12, which would result in

the same benzoyl radicals, the cleavage is not as fast as for 17, what could delay the recombination
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reaction of the radicals. This would explain why no negative absorbance can be seen in Figure 77B for
the tetraacylgermane 12. This recombination reaction could be prevented by using a different solvent,

where the radicals are not stable enough to react with each other.

Figure 78. Possible product due to recombination of the benzoyl radicals during the SSP experiment of 17 in ACN.
To solve this challenge and see the final spectrum after irradiation and compare the photobleaching,

the experiment was repeated using chloroform as solvent. Additionally, the light intensity was

decreased to 60.0 mW/cm?, as the cleavage of 17 was finished approximately after 30 s.
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Figure 79. SSP of (A) Ivocerin®, (B) tetrakis(2,6-dimethoxybenzoyl)germane (12), (C) tetrakis(2,4,6-trimethylbenzoyl)stannane
(13), (D) tetrakis(2,6-dimethoxybenzoyl)stannane (17) (each 2 mL sample with 1-103 M in chloroform), irradiated using a
460 nm LED with 60.0 mW/cm?for 180 s, time steps between each spectrum: 10 s.

The second SSP results are displayed in Figure 79. Using chloroform as solvent, also 17 delivered

interpretable results that could be compared with other Pls. Although the intensity of the LED was
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decreased compared to the first experiment, 17 shows really fast photobleaching compared to
Ivocerin®, 12 and 13. Another important detail is the absorption after irradiation, which indicates
residual colouration of the polymerized part. The least absorption after 180 s was observed for the
literature known tetraacylstannane 13, followed by 17 and Ivocerin®. Only 12 shows still significant

colouration after 180 s irradiation.

As the samples in Figure 77 were irradiated with higher intensity, it can be determined if the
acylgermanes Ivocerin® and 12 would bleach more if they were irradiated for a longer time. lvocerin®
is decreasing to nearly no absorption above 330 nm, what can be called colourless. 12 in comparison
shows still some quite high absorption up to 440 nm, therefore the polymer with this Pl would have a

yellow tint.

3.8 Stability study in solution

The stability of Pls in solutions or in formulations is important for further applications, as it is in most
of the cases not possible to store it under inert conditions below RT. Therefore, it is important to
investigate and compare the stability of novel PIs with literature known substances like 12 and 13 and

most importantly with the state-of-the-art Pl Ivocerin®.

For these experiments, solutions of 17 and the reference Pls 12, 13 and Ivocerin® with the
concentration of 1-10° M in ACN with a water content of 200.3 ppm were prepared. According to
these concentrations, the molar ratio of water to Pl was calculated to be 8.7:1, which should be
sufficient to simulate the stability in moist surroundings. The solutions were filled each in a quartz
cuvette (1 cm length), flushed with argon and closed with the associated lid and parafilm to prevent
the diffusion of air into the cuvette. These solutions were stored protected with aluminum foil in the
orange light lab at RT. Besides the UV/Vis measurements after 0, 1, 2, 3, 4, 7, 9 and 14 days, the

cuvettes were stored under light exclusion at RT. The results are shown in Figure 80.
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Figure 80. Change of the UV/Vis spectra of Ivocerin® (A), 12 (B), 13 (C) and 17 (D) during under inert atmosphere under light
exclusion over two weeks using 1-103 M solutions in acetonitrile with 200 ppm water.

The biggest change over time can be clearly seen for the solution containing 13 (Figure 80C). Already
after one day, a clear difference was seen. After 7 days, the solution was already completely
colourless, what was also confirmed by the UV/Vis spectrum. The solutions of Ivocerin® (Figure 80A)

and 12 (Figure 80B) did not show any significant change, as expected and typical for Ge-based Pls.

The stability of 17 (Figure 80D) is surprisingly high, with only minor change over two weeks. As already
mentioned in chapter 2.4 where the stability of the bis- and trisacylstannanes was investigated, so far
there is no literature-known Sn-based Pl that is as stable. Only a slight decrease of absorption can be
observed over two weeks, although the general absorbance at its maximum is more than double the
absorption of Ivocerin®. Therefore, the absorbance at the maximum of each Pl was plotted over the
storage time in Table 13 and Figure 81, standardizing the absorbance of day 0 as 100 %. The absolute

absorbances of the Pls over time can be found in the Appendix.

90



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

Table 13. Change of the absorbance maximum of the Pls in solution (1-103 M in ACN with 200 ppm H>0) over 14 days,
standardized to 100 % for day 0.

% 12 Ivocerin® 13 17
Day 0 100.0 = 0.0 100.0 + 0.0 100.0 = 0.0 100.0 = 0.0
Day 1 99.1 + 0.2 975 + 0.1 16.1 £+ 0.3 989 + 0.2
Day 2 99.7 + 0.3 979 + 0.1 11.8 * 0.6 98.6 + 0.4
Day 3 99.2 + 0.5 97.1 + 0.1 10.6 * 0.9 97.8 + 0.4
Day 4 995 + 0.2 96.3 + 0.4 99 + 0.5 969 + 0.1
Day 7 995 + 0.3 956 + 0.2 9.1 + 0.8 95.8 + 0.2
Day 9 99.2 + 0.7 949 + 0.0 85 + 04 949 + 0.5
Day 14 99.1 + 0.8 945 + 0.2 80 + 04 945 + 0.8
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Figure 81. Change of the absorbance maximum of the different Pls in solution (1-103 M in ACN with 200 ppm H>0) over
14 days, under inert atmosphere and under light exclusion.

In Figure 81, the standardized absorbance of each Pl at its absorption maximum allowed a better
comparison between the Pls as their maximum absorbance ranged from roughly 0.7 to 2.0. The
absorbance of the tetraacylstannane 13 with the lowest stability decreased in one day by more than
80 %. With this result, it is not suitable for industrial application. As already mentioned, the other Pls
12, Ivocerin® and 17 show good stability for two weeks and most likely even longer. In this diagram,
there is a difference visible between the acylgermanes 12 and Ivocerin®. As Ivocerin® is used
commercially and considered stable, 12 is even more stable according to this experiment. Surprisingly,
the absorbance of 17 is percentual remaining as high as the absorbance of Ivocerin®, what makes it

the first Sn-based PI that is stable enough for industrial application.

To confirm this hypothesis and additionally expand the duration of the experiment, another stability

study in solution was conducted afterwards. Due to the high stability, UV/Vis measurements were
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conducted in longer intervals, starting after 4 weeks and with a higher water content in the solvent.
To prevent any evaporation of the solvent and compare the Pls even better, the solutions will be

stored in brown glass vials with screw cap.

1-103 M solutions of 17, 12 and Ivocerin® were prepared using ACN with a water content of 306.2 ppm
(1.3-102 M). This time, the solutions were stored in brown glass vials with screw cap that was
additionally sealed with parafilm, located in a dark box in the orange lab at RT. For the measurements,
the solutions were poured into quartz glass cuvettes and afterwards transferred back into the
according vial. In this way, no solvent evaporated visibly (level of liquid was marked on the vial) for

30 weeks. UV/Vis spectra of the samples were measured after 4, 8, 12, 20 and 30 weeks.

As previously, the absorbance at the maximum of each Pl was plotted over the storage time in Table
13 and Figure 81, standardizing the absorption of day 0 as 100 %. The absolute absorbances of the Pls

over time can be found in the Appendix (Table 36).

Table 14. Change of the absorbance maximum of the Pls in solution (1-103 M in ACN with 306.2 ppm H,0) over 30 weeks,
standardized to 100 % for day 0.

% Ivocerin® 12 17

Day 0 100.0 100.0 100.0
Week 4 99.4 99.9 99.4
Week 8 98.9 101.2 97.3
Week 12 98.9 102.1 96.4
Week 20 98.5 102.5 92.4
Week 30 98.3 103.5 85.3
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Figure 82. Change of the absorbance maximum of the different Pls Pls in solution (1-103 M in ACN with 306 ppm H,0) under
light exclusion over 30 weeks.

In Figure 82, the change of the absorbance maximum over time is displayed, standardized to the
original absorbance at day 0. Compared to the previous stability study, where 17 and Ivocerin®
showed very similar storage stability, after 8 weeks a difference is already visible, although only a small
one. When the experiment proceeded, the difference became more visible after 20 weeks. According
to Table 13, the absorbance for Ivocerin® stays at 98.5 %, compared to 17 with 92.4 %. After 30 weeks,
the results are even more distinct. A non-expected behaviour is shown by the tetraacylgermane 12,
as its absorbance seems to increase over time. This could be explained by traces of solvent evaporating
despite all the precaution steps, in combination of the complete or nearly complete stability of this

compound.

The hypothesis formulated based on the results of the previous stability study that 17 is probably even
more stable than Ivocerin® could not be confirmed by this stability study. Anyway, it shows once more
that 17 is a promising candidate for future industrial application. A stability of 85.3 % over 30 weeks
was never imagined that it could be reached with a Sn-based PI, arousing hope for the whole

substance class of acylstannanes.

3.9 Long distance polymerization

In the previous curing depth experiments, a green laser pointer was used for irradiation directly onto
the glass plate behind the formulation. As these devices are also used for longer distances, the idea

was to test the polymerization of a formulation containing 17 irradiated over a longer distance.
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Therefore, a formulation containing 0.1 mol% 17, 500 ppm BHT and HDDA as monomer was filled into
a glass vial and transported covered with aluminum foil for light protection to the ground floor in front
of our building BC. At the same time, the green laser pointer (wavelength 532 nm, 80 mW/cm?) was
set up at the third floor pointing towards the ground floor. The spot of light from the laser pointer was
marked with chalk to find the ideal position of the formulation. The vial was placed without light
protection directly onto the marked spot and the laser pointer was switched on directly afterwards.
The formulation solidified and even cracked due to excessive reaction after approximately 10 s, the

irradiation was stopped after 30 s, resulting in a yellow to orange polymer.

94



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

Summary

Photopolymerization is used in various applications, reaching from adhesives and coatings to more
advanced fields, such as dentistry and 3D printing. A very important part of a photopolymerizable
formulation is the photoinitiator (Pl). Upon irradiation with light in the UV or Vis region, radicals are
generated that can start the polymerization process. It is important, that the wavelength of the used

light source lies within the absorbance spectrum of the Pl, otherwise no reaction can happen.

For photopolymerization, the curing depth of a potopolymerization system is very important. This
parameter can be enhanced by using light with longer wavelengths, as these can penetrate deeper
into the material and therefore also enhance the curing depth. In order for such light to be used, the
Pl needs to absorb the light at longer wavelengths. Therefore, the molecular structure of the Pl needs

to be modified with various strategies to shift the absorbance to longer wavelengths.

The first topic that was discussed in this thesis was the electronic field modification of commercial Pls
to reach higher curing depths in highly filled systems. The benzoyl group should be modified with
substituents at the aromatic ring to achieve most importantly a red shift in the absorption spectra. In

particular, one example would be the modification of Irgacure 2959 according to Figure 83.

O
o” 0}

(@]
OH  — OH

Figure 83. Electronic field modification of the commercial Pl Irgacure 2959.

At the beginning, UV/Vis spectroscopy of acetophenone and some derivatives was conducted to
compare the influence of electron donating and electron withdrawing groups in ortho position at the
benzoyl moiety regarding the n-n* transition. Further, to separate the n-n* transition and the m-nt*
transition, UV/Vis spectra of some of the derivatives with electron withdrawing and donating
functional groups in ortho position, such as nitro group, hydroxy group, carboxylic group and
acetamide group, were measured in a polar and a nonpolar solvent. Additionally, the absorbance of

2-acetylbenzoic acid was investigated in basic as well as in acidic condition.

The next step was the synthesis of (2-acetylphenyl)acetic acid (3), as it is hypothesized that, compared
to 2’-acetylbenzoic acid, the absorption of the n-n* transition is located at longer wavelengths and
does not overlap with the absorption of the m-nt* transition. This approach could be adapted for
modification and improvement of already known Pls. Following Wu et al.,%? ethyl-(2-acetylphenyl)-

acetate was attempted to synthesize using a Ni-catalyzed, Mn-mediated cross-electrophile coupling.
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Unfortunately, no product was achieved following this path. A novel route was planned to be
established, according to Halford and Weissmann,®® starting with the preparation of 3-methylindene
(2) from 1-indanone, followed by a dichromate oxidation (Scheme 26). The synthesis of 2 via Grignard
reaction and subsequent elimination reaction as well as the following oxidative cleavage resulting in

3 could be carried out successfully.

0
0 © 0
0 Na,Cr,0,.2 H,0O
+ H3C-MgBr 1. THF, 0 °C > O‘ 32 r2 7 2 >
2. 15 % HCI, H,SO,, H,O
S LS04, H, COOH
2 3

Scheme 26. Strategy to synthesize (2-acetylphenyl)acetic acid (3) via Grignard reaction using 1-indanone and subsequent
dichromate oxidation.®

The target molecule 3 was then used for UV/Vis spectroscopy in acetonitrile, and the resulting spectra
were compared to acetophenone. Additionally, the experiment was repeated with 3 in acidic and basic
conditions, as this is known from the previous UV/Vis experiments to cause major differences in the
absorbance. Anyway, there were only small differences visible both in comparison to acetophenone
as well as the comparison of acidic and basic solvent, especially in the tail-out region, the most
important part for photoinitiation. Due to these results, the modification of commercially available Pls

was no longer followed. Instead, the focus was put on the modification of the central atom of Pls.

The second topic in this thesis are acylstannanes, as they seem to be an interesting substance class
using the 2,6-dimethoxybenzoyl chromophoric group to shift the absorbance of the molecule towards
longer wavelengths. Four promising target molecules were selected as shown in Figure 84, including
two bisacylstannanes and each one tris- and one tetraacylstannane, as they are expected to be the

most promising candidates.

OMe

MeO
MeO
Q OM
MeQ Sn OMe MeQ eO e
Ph o OMe MeO
OMe OMe

14 15 16 17

Figure 84. Target molecules containing, bis-, tris- and tetraacylstannanes with the 2,6-dimethoxybenzoyl group as
chromophore.
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The first step to assure a sufficient manner of dealing regarding the chemicals and the reaction
conditions, literature known tetrakis(2,6-dimethoxybenzoyl)germane (12) and tetrakis(2,4,6-tri-
methylbenzoyl)stannane (13) were synthesized in three steps. >**” Therefore, the acid fluorides 2,4,6-
trimethylbenzoyl fluoride and 2,6-dimethoxybenzoyl fluoride were synthesized using the fluorinating
agent diethylaminosulfur trifluoride (DAST).%° The second step was the synthesis of the trimethylsilyl-
metal preursors, using TMSCI and the metal chloride in combination with Li, followed by the third step
combining the acid fluoride with the trimethylsilyl-metal precursor and KOtBu resulting in the desired
end products. 12 and 13 were further used as literature known reference compounds additionally to

the state-of-the-art Ge-based Pl Ivocerin® (see Figure 85).

12 13 Ivocerin®

Figure 85. Reference molecules tetrakis(2,6-dimethoxybenzoyl)germane (12), tetrakis(2,4,6-trimethylbenzoyl)stannane (13)
and Ivocerin®.

After the successful synthesis of the reference molecules, we synthesized the target structures (14-
17) successfully in three steps, using an analogous route.>* >’ The presence of the acylstannanes was
confirmed using *H NMR spectroscopy as well as LC-MS. Unfortunately, it was not possible to purify
the three target molecules 14, 15 and 16 completely. On the contrary, the tetraacylstannane 17 was
purified successfully using precipitation with DCM in n-pentane as first step and flash chromatography
as second step. The purity of the product 17 was confirmed via *H, *C and °Sn NMR spectroscopy,

HPLC and LC-MS.

The purity of the bis- and trisacylstannanes was determined via quantitative *H NMR spectra with
naphthalene as internal standard. The content of 14 in the crude product was around 18 %, for 15 the
content was 41 %. Unfortunately, the exact content of 16 could not be determined as it was difficult
to assign the peaks in the 'H NMR spectrum. The content was between 25 and 40 %, and it was also
found that around 35 % of 17 was present in the crude product. This was caused due to the industrial
synthesis of the starting material SnBuCls, what caused impurities of SnCls which later on during the

synthesis of 16 were modified to 17.

As the purity was determined, the next step was UV/Vis measurements to compare the absorbance.

For this experiment, the literature known tetraacylgermane 12, tetraacylstannane 13 and lvocerin®
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were used as a reference compounds. The absorbance maxima Amax of the target molecules 14, 15 and
16 were located at longer wavelengths than the Amax of all the reference molecules. The
bisacylstannane 14 showed the lowest extinction coefficient at Amax (€max) due to the lower number of
chromophores attached to the central atom, followed by the aromatic bisacylstannane 15 and the
trisacylstannane 16. The tail-out region showed a similar trend as Amax for all three compounds,
exceeding the reference compounds significantly. Comparing the tail-out region of the target
compounds 14, 15 and 16 to each other, the results were very similar, probably due to the same

central atom and the same chromophoric group.

Another very important parameter of the new Pls was the storage stability. The target molecules were
dissolved in acetonitrile with 102 ppm water content and stored for four days at RT under light
exclusion. UV/Vis measurements were conducted on day 0 and day 4 and the relative differences of
the absorbance maxima were compared, using Ivocerin® as reference. A trend following the number
of chromophoric groups was visible, with 14 being the least stable PI, followed by 15, and 16. Anyhow,
all compounds did not degrade more than 15 %, leaving at least 85 % of Pl after four days. For target
compound 16, it was even as stable as the state-of-the-art Pl Ivocerin®. So far, no Sn-based Pl was
recorded in literature with this good stability, leading the mentioned target molecules to be the first

Sn-based Pls that can be considered in industrial application according to their storage stability.

The tetraacylstannane 17 was the only target compound that could be fully purified, leading to a more
pronounced characterization. Therefore, 17 was compared with the literature known Pls depicted in

Figure 86.

OMe
MeO
5 O o) > O
OMe OMe
Sn G
MeO OMe MeO 0 /<j|)L ©
0 ~o o}

17 12 13 Ivocerin®

Figure 86. Tetrakis(2,6-dimethoxybenzoyl)-stannane (17) and reference molecules tetrakis(2,6-dimethoxybenzoyl)germane
(12), tetrakis(2,4,6-trimethylbenzoyl)stannane (13) and Ivocerin®.

The characterization of 17 started with single crystal X-ray crystallography and UV/Vis measurements.
The absorbance of 17 showed the highest absorbance of all Pls with the maximum shifted to the
longest wavelength (436 nm for 17, 408 nm for Ivocerin®, 397 nm for 13 and 389 nm for 12). The even

more important achievement was the tail-out region, with 17 showing absorbance up to 575 nm, what
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is more than 50 nm red-shifted compared to the literature-known Pl with the longest absorbance

(tetraacylstannane 13 with up to 520 nm).

The reactivity of the novel tetraacylstannane 17 was determined via photo-DSC measurements.
Therefore, 17 and the reference Pls (see Figure 86) were dissolved in 1,6-hexanediol diacrylate (HDDA)
as monomer with 500 ppm 2,6-di-tert-butyl-4-methylphenol (BHT) as stabilizer. Somehow, it was not
possible to dissolve 17 without causing the formulation to polymerize although it was possible for the
similar tetraacylgermane 12. It was assumed that the crystallinity of the product made it difficult. The
problem was solved by dissolving 17 and BHT in the desired ratio in DCM and subsequently remove
the solvent in HV. After this step, the crystallinity of 17 was reduced visibly and it could be easily

dissolved in several kinds of monomers.

The formulations were irradiated with a 460 nm LED during the photo-DSC measurements for 300 s.
Comparing the rate of polymerization, double bond conversion and the time until the maximum heat
flux, 17 performed the best for all these parameters. Further photo-DSC measurements were
conducted using the HDDA formulations with a 400 nm LED and a methacrylic formulation (urethane
dimethacrylate (UDMA) and decanediol dimethacrylate (DsMA) in a 1:1 molar ratio, 500 ppm BHT)

with the 460 nm LED. Also for these combinations, 17 showed outstanding performance.

Additionally, curing depth experiments were conducted, using a formulation with UDMA:DsMA 1:1,
500 ppm BHT, 0.1 mol% Pl and 10 wt% dental glass as filler. The formulation was filled into a Teflon
mould and irradiated with a 532 nm laser pointer for different times. Due to the wavelength, only the
tetraacylstannanes 17 and 13 could been used as Pls. Comparing the height as well as the mass of the

resulting polymers, 17 achieved in every situation more polymerized residue than 13.

Steady state photoylsis (SSP) was carried out with a novel set-up that was established due to the desire
of these results. 1-10° M solutions of each PI in chloroform were irradiated with a 460 nm LED
(60 mW/cm?) during the recording of UV/Vis spectra every 10 s. 17 achieved excellent photobleaching

as well as a fast decrease of absorbance during the irradiation.

One of the most important characterization methods was the stability study in solution. 1:103 M
solutions of Pl in acetonitrile with 200 ppm water were stored at RT in the orange light lab and UV/Vis
measurements were conducted over two weeks. Literature-known Sn-based PlIs like 13 showed a

massive decrease after already one day, but surprisingly, 17 was as stable as Ivocerin®.

In another prolonged stability study, a difference of Ivocerin® and 17 was visible after around
12 weeks, having a remaining content of Pl with for Ivocerin® with 99 % and for 17 with 96 %. At the

end of the study (30 weeks), an even more pronounced difference was visible with 98 % (lvocerin®)
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compared to 85 % (17). Nevertheless, the stability of 17 is the highest of any known acylstannane and

suitable for industrial applications.

Additionally, a long-distance polymerization experiment was carried out, where a formulation
containing 17 was irradiated with the 532 nm laser pointer over three floors. Not only did the

formulation polymerize, but also it did so after only approximately 10 s.

All in all, it can be concluded that with 17, the first stable acylstannane was found that shows a high
bathochromic shift in the absorbance spectrum and additionally excellent photoreactivity. Therefore,
17 is a very promising candidate for future industrial applications as a more economical substitute for

Ivocerin®.
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Experimental Part

A Electric field modification of commercial Pls

1 Commercially available compounds

2 (2-Acetylphenyl)acetic acid

2.1 Synthesis of (2-acetylphenyl)acetic acid via cross-electrophile coupling
2.2 Synthesis of (2-acetylphenyl)acetic acid via oxidative ring opening

2.2.1 Synthesis of 3-methylindene (2)

0
+ HyC-MgBr _1-THF,0°C
2.15 % HCl,

-78 °C

Scheme 27. Synthesis of 3-methylindene (2).

The synthesis of 3-methylindene (2) was carried out according to literature.®® %’ Therefore, 1-indanone
(2.635 g, 19.98 mmol, 1 eq.) was weighted into a vial and dried in HV before dissolving it in 10 mL dry
THF. Methylmagnesium bromide (13.5 mL of a 3 M solution in diethyl ether, 39.95 mmol, 2 eq.) and
50 mL dry THF were mixed in a dry Schlenk flask and cooled to 0 °C. The 1-indanone solution was
transferred via syringe into the dropping funnel and added to the Methylmagnesium bromide solution
over 19 min, resulting in a yellow turbid suspension. Afterwards, it was stirred for 3 h at RT before
cooling it to -78 °C. 25 mL conc. HCl was diluted with 25 mL water and added slowly over 10 min to
the reaction, leading to vigorous gas formation. Subsequently, the mixture was stirred at RT for
another hour and was extracted afterwards three times with each 40 mL diethyl ether. The organic
phases were washed with each 40 mL saturated NaHCOs solution, water and brine. After drying with
MgSQO,, the solvent was evaporated in vacuo. The crude was purified by column chromatography using

DCM as solvent. The yellow oil was confirmed by NMR spectroscopy.

Yield: 1.85g (71 %)
Characterization: yellow oil
Re: 0.44 (PE)

H NMR (400 MHz, CDCls, ppm): 8 7.49 — 7.44 (m, 1H, aromatic H), 7.34 (d, J = 1.0 Hz, 2H, aromatic
H), 7.21 (d, J = 1.6 Hz, 1H, aromatic H), 6.21 (d, J = 1.8 Hz, 1H), 3.32 (t, ] = 2.3 Hz, 2H, -CH,-), 2.18 (d, J
=1.9 Hz, 3H, -CHs).
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3C NMR (101 MHz, CDCls, ppm): § 146.25, 144.46, 140.07, 128.87, 126.17, 124.57, 123.72, 118.96,
37.80, 13.18.

2.2.2 Synthesis of (2-acetylphenyl)acetic acid (3)

o
o o)
Na20r207.2 H20 N
O‘ H,S0,, H,0 COOH
2 3

Scheme 28. Synthesis of (2-acetylphenyl)acetic acid (3).

(2-Acetylphenyl)acetic acid (3) was synthesized according to Halford et al.%®> Therefore, 5mL of
deionized water and 3.4 mL of conc. sulfuric acid were mixed and cooled to RT. Sodium dichromate
dihydrate (0.76 g, 4.11 mmol, 1.07 eq.) and sodium p-toluenesulfonate (0.046 g, 0.38 mmol, 0.1 eq.)
were dissolved in the diluted sulfuric acid and placed in the preheated oil bath at 55 °C. 13 (0.51 g,
3.84 mmol, 1 eq.) was added dropwise over 8 min. Gas formation occurred over the first 30 min and
a yellow phase was visible on top of the green-blue reaction solution. The reaction was stirred at 55 °C
for 23 h before it was cooled to 0 °C using an ice bath for 3 h. The liquid phase was decanted and the
remaining solid was washed with cold diluted H,SO,, cold water and toluene, leaving a yellow solid
after drying. The crude product was recrystallized from water, adding charcoal before hot filtration.
As no precipitation took place, the charcoal was extracted with DCM, filtered and the solvent was

evaporated, leaving a pure product 3.

Yield: 10 mg (2 %)
Characterization: white powder
Melting point: 113.5-144.9 °C (decomp.; lit. 177 — 178 °C®)

'H NMR (400 MHz, CDCls, ppm): & 9.41 (s, 1H, -COOH), 7.83 (d, J = 7.7, 1.4 Hz, 1H, -Ar-H), 7.51 (t, ) =
7.5, 1.4 Hz, 1H, -Ar-H), 7.42 (t, ) = 7.5, 1.4 Hz, 1H, -Ar-H), 7.38 — 7.31 (d, 1H, -Ar-H), 3.90 (s, 2H, -CH,-),
2.65 (s, 3H, -CHa).

13C NMR (101 MHz, CDCls, ppm): & 174.53 (-COOH), 137.10 (Ar), 133.94 (Ar), 132.93 (Ar), 132.88 (Ar),
130.33 (Ar), 127.92 (Ar), 40.92 (-CH,-), 28.94 (-CH).

2.3 UV/Vis spectroscopy

2.3.1 Comparison with acetophenone
A stock solution of 3 in ACN (5-10 M) was prepared for UV/Vis spectroscopy using the amounts in

Table 15.
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Table 15. Solution for UV/Vis measurement of 3 using acetonitrile as solvent.

3
m (mg) 3.15
ACN (mL) 3.535

2.3.2 Influence of the pH
For the acidic and basic samples of 3, the stock solution from chapter 2.3.1 was used and diluted using

acetonitrile and 0.05 M KOH, respectively 0.05 M HCI (Table 16, ACN:aqueous 3:2).

Table 16. Chemicals and amounts used for acidic and basic samples.

acidic basic
Chemical conc. HCI KOH
Amount 30 uL 56 mg
H,0 (mL) 8.000 8.000
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B  Heteroatom-based Photoinitiators

1 Synthesis

1.1 Acid fluorides

1.1.1 Synthesis of 2,4,6-trimethylbenzoyl fluoride (4

oH DAST
18 -crown-6

Scheme 29. Synthesis of 2,4,6-trimethylbenzoyl fluoride (4) via KF and DAST.The synthesis of 4 was carried out

-

according to Mitterbauer et al.>” and Kaduk et al.%. Therefore, KF (4.44 g, 76.42 mmol, 3.6 eq.) was
dried in HV at elevated temperature. It was suspended in 22 mL dry DME before 18-crown-6 ether
(0.37 g, 1.31 mmol, 0,06 eq.) and 2,4,6-trimethylbenzoyl chloride (3.7 mL, 21.90 mmol, 1 eq.) were
added. The mixture was heated up to reflux for 20 h. After cooling to RT, water was added until the
aqueous phase turned clear (50 mL), and the phases were separated. The aqueous phase was
extracted three times with PE (15 mL each) and the combined organic phases were washed with
water two times (15 mL each) and dried using Na,SO,. The solvent was evaporated and the product
was dried in HV, yielding 3.13 g white crystalline powder. According to NMR spectroscopy, 45 mol%
were 2,4,6-trimethylbenzoic acid (5) instead of pure 4. Therefore, all of the product was dissolved in
dry DCM (80 mL) and cooled to 0 °C. DAST (1.2 mL, 20.01 mmol, 1.05 eq. compared to the benzoic
acid) was added dropwise over 3 min. After stirring it for 1 h at this temperature, the reaction was
guenched with ice and saturated aqueous NH4Cl. The phases were separated, the aqueous phase
was extracted three times with DCM (20 mL each) and the combined organic phases were washed

once with water. After drying with Na,SO,, the solvent was evaporated to receive pure 4.

Yield: 3.08 g (85 %)
Characterization: yellowish, large crystals
Re: 0.35 (pure PE)

Melting point: 34.3-35.9°C

'H NMR (400 MHz, Benzene-ds, ppm): & 6.46 (s, 2H, aromatic H), 2.22 (d, J = 3.4 Hz, 6H, Ar-CH: ortho),
1.90 (s, 3H, Ar-CHs para)-

13C NMR (101 MHz, Benzene-ds, ppm): 6 160.35, 156.85, 142.42, 139.42, 129.77, 129.75, 21.01.

1F NMR (368 MHz, Benzene-ds, ppm): & 52.66.
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1.1.2 Synthesis of 2,6-dimethoxybenzoyl fluoride (6)
S0 o S0 o
0°C,DCM
OH , >N

I _— F

SF3

Scheme 30. Synthesis of 2,6-dimethoxybenzoyl fluoride (6).

The synthesis was conducted according to literature.®® Therefore, 2,6-dimethoxybenzoic acid (1.154 g,
5.5 mmol, 1 eq.) was dried in HV and 25 mL dry DCM were added. The suspension was cooled to 0 °C
with anice bath. Diethylaminosulfur trifluoride (DAST, 1.12 g, 5.8 mmol, 1.05 eq.) was added dropwise
over 5 min, resulting in a clear solution. After stirring at 0 °C for 1 h, the solution was poured onto iced
saturated NH4Cl solution. The aqueous phase was extracted three times with each 25 mL DCM, the
combined organic phases were dried over MgS0. and filtered. The solvent was removed in vacuo, and

the beige solid was dried in HV. The product was characterized via NMR spectroscopy.

Yield: 1.15g (99 %)
Characterization: beige solid

Re: 0.83 (pure EE)

Melting point: 65.9-67.1 °C (lit. 66 — 68 °C™)

'H-NMR (400 MHz, CDCls): 6 7.41 (t, ) = 8.5 Hz, 1H, Ar), 6.59 (dd, J = 8.5, 1.0 Hz, 2H, Ar), 3.87 (s, 6H,
CHs).

13C NMR (101 MHz, CDCl3) § 159.28, 157.31, 153.83, 133.98, 104.03, 56.29.

F-NMR (376 MHz, CDCls): § 53.64.

1.2 Trimethylsilyl-metal precursors

1.2.1 Synthesis of tetrakis(trimethylsilyl)germane (7)

~dr

Cl | Li Si
I N\ 1 /
CI-GIe-CI + 4 —S||—CI > —/Si-GIe-Si\—
Cl THF,-78 °C /&l‘,i\
7

Scheme 31. Synthesis of tetrakis(trimethylsilyl)germane (7).

For the synthesis of 7, Biirger et al.”° was followed. Therefore, finely chopped lithium (1.99 g,

288 mmol, 9.9 eq.) was suspended in 60 mL dry THF in a Schlenk flask. It was further equipped with a
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dropping funnel, in which TMSCI (16.25 mL, 128 mmol, 4.4 eq.) and GeCl,s (6.34 g, 29 mmol, 1 eq.)
were mixed. The flask was cooled to -78 °C before the TMSCI/GeCl,; mixture was added dropwise over
27 min. The reaction was left to reach RT overnight, afterwards it was heated to reflux for 3 h. After
cooling it to RT, the black suspension was filtered over Celite® and quenched with iced sat. aqueous
NH.CI, precipitating a brown solid. The solid was filtered off, leaving a clear filtrate. The phases were
separated and the aqueous phase was extracted two times with diethyl ether. The combined organic
phases were dried over Na,S0O,, filtered and the solvent was evaporated in vacuo. The white solid was

stored at -18 °C under argon.

Yield: 4.42 g (42 %)
Characterization: white solid

Re: 0.90 (pure PE)

Melting point: 230.8 —283.0 °C (lit. 295 °C"®)

IH-NMR (400 MHz, CDCls, ppm): 6 0.23 (s, 27H).

13C NMR (101 MHz, CDCls, ppm): & 3.42.

295 NMR (79 MHz, CDCls, ppm): & -5.29.

1.2.2 Synthesis of tetrakis(trimethylsilyl)stannane (8)

~do

Cl | Li Si
| _ N T /
CI-SIn-CI + 4 —S||—CI > —/SI'SII’]'SI\—
Cl THF, -78 °C /Sli\
8

Scheme 32. Synthesis of tetrakis(trimethylsilyl)stannane (8).

Similar to the synthesis of the Ge-based compound 7, 8 was synthesized according to literature.”
Therefore, lithium foil (1.99 g, 288 mmol, 10 eq.) was cut into small pieces and suspended in 59 mL
dry THF in a Schlenk flask. TMSCI (22.5 mL, 180 mmol, 6.25 eq.) was mixed with SnCls (3.4 mL,
28 mmol, 1 eq.) and filled into a dropping funnel equipped to the Schlenk flask. The flask was cooled
to -78 °C before the TMSCI/SnCl; mixture was added dropwise over 50 min. The reaction was stirred
overnight during reaching RT. The black suspension was heated up to reflux for 3 h and after cooling
to RT filtered over Celite®, resulting in a clear solution. The liquid was quenched with 50 mL cooled
1 N H,S04, the aqueous phase was washed three times with each 25 mL diethyl ether. The combined
organic phases were washed three times with each 25 mL water and dried over Na,SO,4. The solvent
was evaporated in vacuo, resulting in a grey solid. It was dissolved in diethyl ether, filtered and the

solvent was evaporated again in vacuo. The white solid was stored under argon at 4 °C.
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Yield: 2.02g(17 %)

Characterization: white solid
R 0.90 (pure PE)
Melting point: 181.3-199.1°C

'H NMR (400 MHz, Benzene-de, ppm): 6 0.37 (tt, 27H).
13C NMR (101 MHz, Benzene-ds, ppm): 6 4.47 (t, 12C).
29Si NMR (79 MHz, Benzene-ds, ppm): 6 -9.69 (s, 4Si).
11550 NMR (149 MHz, Benzene-ds, ppm): & -664.06.

1.2.3 Synthesis of dibutylbis(trimethylsilyl)stannane (9)

. \ /
cl | Li —si
SI’\]/\/\ + 2 —Si-Cl > \/\/SQ
cl | THF, -78 °C Sj—
N\
9

Scheme 33. Synthesis of dibutylbis(trimethylsilyl)stannane (9).

The synthesis was carried out according to Fischer et al.”* Therefore, finely cut lithium foil (1.13 g,
4.4 eq., 163 mmol) was weighted into a dry flask under Ar atmosphere and suspended in 50 mL dry
THF. Dibutyldichlorostannane (11.2 g, 1 eq., 37 mmol) was dissolved in 20 mL dry THF, mixed with
TMSCI (12.5 mL, 2.6 eq., 96 mmol) and filled into a dropping funnel equipped onto the flask. The
lithium suspension was cooled using acetone/N; before the TMSCI/dibutyldichlorostannane solution
was added dropwise over 2 h. The reaction mixture was stirred for 18 h while allowing it to reach RT
what resulted in a white solid suspended in a yellow solution. The solvent was removed in HV and
extracted three times with each 40 mL PE, filtered and the solvent was removed in vacuo at 30 °C. The
slightly yellow oil was stored under Ar at -18 °C, but after 11 days a small amount of white solid

precipitated. It was removed by diluting the product with PE and using a syringe filter.

Yield: 12.72 g (91 %)

Characterization: slightly yellow oil

'H NMR (400 MHz, Benzene-ds, ppm): § 1.72 — 1.54 (m, 4H, -CH,-), 1.46 — 1.35 (m, 4H, -CH»-), 1.17 —
1.10 (m, 2H), 1.06 —0.89 (m, 8H), 0.41 — 0.28 (m, 18H, -Si-(CH3)3).

13C NMR (101 MHz, , Benzene-ds, ppm): 6 32.23, 30.84, 29.78, 28.17, 28.04, 27.88, 13.97, 9.13, 8.29,
5.94,4.47,3.26, 2.28, 1.62.

29Si NMR (79 MHz, Benzene-ds, ppm): & -9.52 —-10.64 (m).

115Sn NMR (149 MHz, Benzene-ds, ppm): 6 -257.75.

107



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

1.2.4 Synthesis of diphenylbis(trimethylsilyl)stannane (10)

\ /
O L m . N
S1 + 2 —Si-Cl St
cl | THF, 0°C Si—
/\

Scheme 34. Synthesis of diphenylbis(trimethylsilyl)stannane (10).

\J

To synthesize 10, Fischer et al.”* was used as literature reference. Therefore, magnesium shavings
(0.30g, 12.3 mmol, 4.1eq.) were pre-dried at 110 °C overnight. Diphenyltindichloride (1.06 g,
3.0 mmol, 1 eq.) was weighted into a dry Schlenk flask, dried in HV for 30 min and dissolved in 29 mL
dry THF. TMSCI (0.76 mL. 6.0 mmol, 2 eq.) was added and the mixture was cooled to 0 °C. The pre-
dried magnesium was added in Ar counterflow and afterwards stirred for another 15 min at 0 °C. The
now dark solution was further stirred at RT for 24 h. The solvent was evaporated in HV and the residue
was extracted three times with overall 35 mL PE. The colourless and clear solution was evaporated in
HV leaving a colourless liquid with some white solid. The product was stored under Ar at -18 °C,

causing the product to transform into a white solid.

Yield: 0.63 g (50 %)

Characterization: colourless liquid/white solid

'H NMR (400 MHz, Benzene-ds, ppm): 7.65 (dq, J = 7.5, 1.5 Hz, 2H, aromatic H), 7.26 — 7.17 (tq, 3H,
aromatic H), 0.37 — 0.27 (t, 9H, -Si(CHs)s).

13C NMR (101 MHz, , Benzene-ds, ppm): 6 139.80, 138.43, 128.78, 1.81.

29Si NMR (79 MHz, Benzene-de, ppm): & -7.47.

119Sn NMR (149 MHz, Benzene-ds, ppm): 6 -252.67.

1.2.5 Synthesis of butyltris(trimethylsilyl)stannane (11)

_ \ /
cl AN | Li —Si
oS0 + 3 —Si-Cl > ;ST
Cl | THF, -78 °C - si—
N\
11

Scheme 35. Synthesis of butyltris(trimethylsilyl)stannane (11).

The synthesis of 11 was carried out according to Fischer et al.”* Therefore, finely cut lithium foil
(0.767 g, 108 mmol, 6.6 eq.) was weighted into a dry Schlenk flask and suspended in 54 mL dry THF.
Butyltrintrichloride (2.8 mL, 16 mmol, 1 eq.), freshly distilled TMSCI (8.5 mL, 64 mmol, 3.9 eq.) and

14 mL dry THF were filled with Ar counterflow into the dropping funnel. After cooling the flask
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to -78 °C, the mixture was added dropwise over 90 min. The reaction was stirred and warmed up to
RT overnight. The solvent of the dark suspension was removed in HV and the remaining solid was
dried. The product was extracted three times with each 20 mL PE. After centrifugation, the clear
orange to red solution was evaporated at 30 °C leaving a yellow-orange waxy solid. The product was

stored under Ar at -20 °C.

Yield: 3.47 g (54 %)

Characterization: orange solid

'H NMR (400 MHz, Benzene-ds, ppm): § 1.77 — 1.53 (m, 2H, CH>), 1.46 — 1.34 (m, 2H, CH,), 1.25 -
0.92 (m, 5H, -CH,-CHs), 0.36 (t, J = 8.9 Hz, 27H, -Si(CH3)s).

13C NMR (101 MHz, , Benzene-ds, ppm): & 33.87, 32.23, 30.84, 28.18, 4.48 (t, 3C, -Si(CHs)3), 3.27 (t,
3C, -Si(CHs)s3), 2.29 (t, 3C, -Si(CH3)3).

295§ NMR (79 MHz, Benzene-ds, ppm): 6 -8.85 —-10.80 (m).

119Sn NMR (149 MHz, Benzene-ds, ppm): 6 -664.11.

1.3 Target molecules

1.3.1 Synthesis of tetrakis(2,6-dimethoxybenzoyl)germane (12)

~

O O
F
| |
~si” KOtBu s
o/ AN OMe
—SI'Gle'SI\— —_—> —/Si-GIe-K MeO
/S|’i\ DME,RT /Sli\ DME, 0°C %\/I@
7 12

Scheme 36. Synthesis of tetrakis(2,6-dimethoxybenzoyl)germane (12).

This synthesis was conducted according to literature.>* Therefore, 7 (507 mg, 1.39 mmol, 1 eq.) and
KOtBu (179 mg, 1.60 mmol, 1.1 eq.) were weighted into a Schlenk flask, dissolved in 14 mL dry DME
and stirred for 20 min, changing from an orange coloured solution to yellow. Meanwhile, 6 (1060 mg,
5.76 mmol, 4.1 eq.) was dissolved in 8.5 mL dry DME and cooled to 0 °C. The yellow solution containing
7 was added dropwise to the solution containing acid fluoride 6 over 15 min, resulting in an orange
turbid suspension. The reaction was protected additionally with aluminum foil and was warmed up to
RT overnight. The colour changed again to a yellow turbid suspension that was quenched with sat.

aqueous NH4Cl solution. The phases were separated and the aqueous layer was extracted three times
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with DCM (overall 100 mL) until the phases were colourless. The combined organic phases were dried
over Na,SO,, filtered and the solvent was removed in vacuo yielding in an orange viscous liquid
containing crystals. The crude product was dried in HV, dissolved in DCM and precipitated in

diisopropyl ether (DCM:diisopropyl ether 1:6) for two times. The solid was centrifuged, separated and

dried in HV.

Yield: 251 mg (23 %)

Characterization: yellow solid

Melting point: 140.2 — 158.7 °C (lit. 158 — 164 °C3*)

IH-NMR (400 MHz, CDCls, ppm): 6 7.11 (t, J = 8.4 Hz, 1H, Ar-H), 6.35 (d, J = 8.4 Hz, 2H, Ar-H), 3.74 (s,
6H, -O-CHs).
13C NMR (101 MHz, CDCls, ppm): § 221.18, 158.40, 132.60, 120.88, 103.58, 55.62.

1.3.2 Synthesis of tetrakis(2,4,6-trimethylbenzoyl)stannane (13)

o)
)é(%
| | o)
Ssi” KOtBu Ssi” 4 o)
N T 7/ \
—/SI-Sln'SI\— —_— —/Si-Sln—K —_— Sn
. . o O

Scheme 37. Synthesis of tetrakis(2,4,6-trimethylbenzoyl)stannane (13).

13 was synthesized by following Mitterbauer et al.>” The reaction was carried out in an orange light
lab and under inert conditions using Schlenk techniques. 8 (296.7 mg, 0.73 mmol, 1 eq.) and KOtBu
(80 mg, 0.73 mmol, 1 eq.) were dissolved in 1.8 mL dry DME and stirred for 50 min under Ar. In the
meantime, 4 (483.8 mg, 2.91 mmol, 4 eq.) was also dissolved in 1.8 mL dry DME and both solutions
were cooled to -40 °C by using CaCl,:ice 1:0.8. The stannyl potassium solution was added dropwise
over 6 min to the acid fluoride solution, resulting in a dark red mixture. After the reaction was allowed
to reach RT overnight, the solvent of the now dark mixture was evaporated. The crude product was
washed three times with each 2 mL dry n-pentane. The residue was centrifuged with 2 mL dry toluene
to extract the product. This extraction step was repeated two times and the solvent of the combined
fractions was evaporated at RT yielding a pure product that was dried in HV. 13 was stored under Ar

at -18 °C under light exclusion.
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Yield: 3.08 g (85 %)

Characterization: yellow crystals

Melting point: 91.1-108.3 °C (lit. 92 — 94 °C™?)

'H NMR (400 MHz, Benzene-ds, ppm): 8 6.37 (s, 8H, Ar-H), 2.21 (s, 24H, -CHs), 1.99 (s, 12H, -CHs).
13C NMR (101 MHz, Benzene-ds, ppm): & 243.85, 144.54, 139.18, 132.13, 129.21, 21.14, 19.03.
119Sn NMR (149 MHz, Benzene-ds, ppm): 6 -499.23.

1.3.3 Synthesis of dibutylbis(2,6-dimethoxybenzoyl)stannane (14)

~

o 0
F
o)
| \
W \ / 0O
—s KOtBu —s] 6 0
\/\/S'\‘/\/\ - \/\/SQ/\/\ —— > =0 Sn 0—
Si— DME, RT K DME, 0°C 0
N\ o
\
9 14

Scheme 38. Synthesis of dibutylbis(2,6-dimethoxybenzoyl)stannane (14).

For this synthesis, Mitterbauer et al.>” was applied. Therefore, dry KOtBu (260 mg, 2.32 mmol, 1.1 eq.)
was dissolved in 5.3 mL dry DME before 9 (791 mg, 2.11 mmol, 1 eq.) was added and stirred for
25 min. Meanwhile, 6 (844 mg, 4.43 mmol, 2.1 eq.) was dissolved in 2.8 mL dry DME and both
solutions were cooled below 0 °C. The K-Sn-intermediate was added dropwise over 10 min to the acid
fluoride solution, with its colour turning to red. The mixture was allowed to reach RT and stirred
overnight. Then, the solvent was evaporated in HV and the resulting orange solid was dried in HV for
several hours. To remove the salts, the crude was extracted with DCM until the residue was not orange
anymore. The combined organic phases were separated from any solid by centrifugation and dried in

HV. 14 was used for further characterization as received.

Purity: 18.0%

Characterization: orange solid

IH NMR (400 MHz, CDCls, ppm): & 7.40 (s, 2H, Ar-H), 6.58 (dd, J = 8.5, 1.1 Hz, 4H, Ar-H), 3.80 (s,
12H, -OCHs), 1.53 - 0.71 (m, 18H, aliphatic H).
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1.3.4 Synthesis of diphenylbis(2,6-dimethoxybenzoyl)stannane (15)

S0 0
@F
o)

\
I o)
\ / \ /
—5f /@ KOtBu —5] /@ 6 0 o—
SQ B —— Sr\1 _— Sn
©//Si\— DME, RT ©/ K DME,0°C 2 0
0
\
15

10

Scheme 39. Synthesis of diphenylbis(2,6-dimethoxybenzoyl)stannane (15).

For the synthesis of 15, Mitterbauer et al.>” was followed. Therefore, dry KOtBu (152 mg, 1.31 mmol,
1.1 eq.) was dissolved in 3.0 mL dry DME before 10 (630 mg, 1.19 mmol, 1 eq.) was added and stirred
for 25 min. Meanwhile, 6 (844 mg, 4.43 mmol, 2.1 eq.) was dissolved in 2.8 mL dry DME and both
solutions were cooled below 0 °C. The K-Sn-intermediate was added dropwise over 10 min to the acid
fluoride solution, with its colour turning to red. The mixture was allowed to reach RT and stirred
overnight. Then, the solvent was evaporated in HV and the resulting orange solid was dried in HV for
several hours. The compound was extracted by selected dissolving in DCM. For further

characterizations, the product was used as received.

Purity: 40.7 %

Characterization: orange solid

'H NMR (400 MHz, CDCls, ppm): § 7.93 — 7.87 (td, 4H, Ph-H,), 6.90 (t, J = 8.5 Hz, 2H, Ar-H,), 6.80 (t, J
= 8.4 Hz, 2H, Ph-H,), 6.03 — 5.94 (m, 8H, Ph-Hy, Ar-Hp), 3.22 (s, 12H, -OCHs).

11967 NMR (149 MHz, CDCls, ppm): & -351.88.

1.3.5 Synthesis of butyltris(2,6-dimethoxybenzoyl)stannane (16)

~o 0
F /
0
o) o)
\ / | °
—Ssi KOtBu _\Si/ 6 0o o—
~ai-oN — S —> —0Q Sn
S gi— DME, RT K™ 5i— DME. 0°C o)
| \ ’
o)
\
1 16

Scheme 40. Synthesis of butyltris(2,6-dimethoxybenzoyl)stannane (16).
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To synthesize 16, a general procedure according to Mitterbauer et al.>” was followed. Therefore, dry
KOtBu (0.238 g, 1.95 mmol, 1.1 eq.) and 11 (0.70 g, 1.77 mmol, 1 eq.) were dissolved in 4.6 mL dry
DME and stirred for at least 45 min. In the meantime, 6 (1.02 g, 5.49 mmol, 3.1 eq.) was dried in HV
and dissolved in 3.6 mL dry DME. Both solutions were cooled with an ice bath to 0 °C and the Sn-
solution was subsequently added dropwise over 10 min to the acid fluoride. The dark coloured
reaction was stirred and left to reach RT overnight. After 21 hours, the solvent of the dark reaction
mixture was evaporated in HV, leaving a dark violet viscous solid with orange and white colour when
dry. The solid was extracted three times with overall 20 mL dry DCM, the solid was removed via
centrifugation. The deeply orange liquid was dried in HV, yielding an intensely orange solid. It was
further purified by dissolving it in 1 mL DCM and precipitating it into 15 mL PE. After separating the
liguid using a centrifuge, the solvent was evaporated and the solid was used for further

characterization.

Purity: 25-40 %

Characterization: orange solid

IH NMR (400 MHz, CDCls, ppm): 6 7.41 (t, 3H, Ar-H), 6.59 (dd, J = 8.5, 1.0 Hz, 6H, Ar-H), 3.87 (s,
18H, -OCHs), 1.26 —0.71 (m, 9H, aliphatic H).

1.3.6 Synthesis of tetrakis(2,6-dimethoxybenzoyl)stannane (17)

S0 0o

Si. ¥ DMERT DME, 0°C

|
/l\ /Sll\

| | | MeO
o)
\ \Sli/ y KO?Bu \ \Sli/ 6 o) oMo
Ik L —— —SignK ————> Mec'\)/'eo iSn OMe
o)

Scheme 41. Synthesis of tetrakis(2,6-dimethoxybenzoyl)stannane (17).

The synthesis of 17 was carried out according to literature.>” Therefore, 8 (500.8 mg, 1.22 mmol, 1 eq.)
and dry KOtBu (150.5 mg, 1.34 mmol, 1.1 eq.) were weighted in the glovebox into a dry brown glass
vial. 12.5 mL dry DME was added and it was stirred for 2 h. The potassium intermediate was confirmed
via 1%Sn-NMR. In the meantime, 6 (914.2 mg, 4.98 mmol, 4.1 eq.) was dissolved in 6.7 mL dry DME in
another dry brown glass vial. Both solutions were cooled to 0 °C before the 8/KOtBu solution was
added dropwise to the acid fluoride solution. The addition ended in a dark red suspension that was

allowed to reach RT overnight. The following day, it appeared as orange suspension where the solvent
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was evaporated in vacuo. The orange residue was extracted with 18 mL DCM, centrifuged and the
solution was reduced to 2 mL. Further, it was precipitated into 75 mL cold n-pentane, centrifuged and
dried in HV. Further by-products were separated using flash chromatography, where the impurities
were eluated first using PE:EE 1:1 and the pure product was eluated using pure EE. The final product

was dried in HV.

Yield: 376 mg (20 %)

Characterization: orange solid

R 0.21 (pure EE)

Melting point: 187-8 —191.9 °C (via STA, afterwards decomposition)

H NMR (400 MHz, CDCls, ppm): 6 7.10 (t, J = 8.4 Hz, 4H, Ar-H), 6.39 — 6.30 (d, 8H, Ar-H), 3.83 (s, 24H,
-OCHs).

13C NMR (101 MHz, CDCls, ppm): 6 236.73 (C=0), 158.02, 133.14, 121.85, 103.76, 55.91 (-OCHs).
11957 NMR (149 MHz, CDCls, ppm): & -547.04.

HRMS (ESI) m/z calcd for C3gH3601,Sn+H*: 780.3796 [M+H]*; found: 780.1317

UV/Vis (acetonitrile, nm (mol™*dm3cm™)): Amax (€)=436 (1940), 270 (43766)
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2 Characterization of bis- and trisacylstannanes
2.1 LC-MS

2.2 Quantitative *H NMR experiments
The used amounts of 14 and 15 as well as naphthalene for quantitative *H NMR experiments to

determine the purity of the crude products are listed in Table 17.

Table 17. Used amounts of 14, 15 and naphthalene for quantitative 'H NMR experiments and their theoretical amount of
substance.

m (mg) M (g/mOI) Ntheoretical (I»lmOI)

crude 11.60 563.3 20.6
14 naphthalene 3.40 128.2 26.5
03 crude 11.91 603.3 19.7
naphthalene 2.98 128.2 23.3

2.3 UV/Vis spectroscopy

Used stock solutions in ACN (1:102 M) for UV/Vis spectroscopy are listed in Table 18 and further
diluted to the concentrations 5-:103 M, 1-103 M, 5-10* M, 1-10* M and 5-10° M.

Table 18. Solutions for UV/Vis measurements of compounds 14, 15 and 16 using acetonitrile as solvent.

14 15 16
m (mg) 22.74 24.35 26.94
ACN (mL)  4.000 4.000 4.000

2.4 Stability study in solution
For the stability study, solutions from chapter 2.3 were used. The solvent contained 101.5 ppm H,0

according to Karl-Fischer titration.
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3 Characterization of tetrakis(2,6-dimethoxybenzoyl)stannane (17)

3.1 HPLC
3.2 LC-MS
3.3 Single crystal X-ray crystallography

3.4 UV/Vis spectroscopy

Used 1-103 M solutions in ACN for UV/Vis spectroscopy are listed in Table 19.

Table 19. Solutions for UV/Vis measurements of 17 and its reference compounds using ACN as solvent.

12 Ivocerin® 13
m (mg) 2.42 1.39 2.13 2.36
ACN (mL) 3.300 3.465 3.010 3.030

3.5 Photo-DSC

Formulation contents of the Photo-DSC measurement with 400 nm (10.3 mW/cm?) in HDDA are listed

from Table 20 to Table 23.

Table 20. Used chemicals for Photo-DSC measurements in HDDA using 400 nm.

Chemical M (g/mol) Eq. m (mg) Formulation
17 779.4 0.10 1.73
17+BHT

BHT 220.4 0.05 0.24
HDDA 226. . 701.

6.3 99.85 01.06 HDDA+BHT
BHT 220.4 0.05 0.36

Table 21. Formulations for Photo-DSC measurements using 400 nm with HDDA.
Chemical M (g/mol) Eq. m (mg) Formulation
17+BHT 593.0 0.15 0.54 17
HDDA 226.3 99.85 128.55
Ivocerin® 401.0 0.1 0.24 .
Ivocerin®

HDDA+BHT 226.1 99.9 133.18
12 733.3 0.1 0.34 o
HDDA+BHT 226.1 99.9 107.20
13 707.5 0.1 0.32 13
HDDA+BHT 226.1 99.9 105.04
2x lvocerin® 401.0 0.2 0.35 9% Ivocerin®
HDDA+BHT 226.1 99.8 106.30

Formulation contents of the Photo-DSC measurement with 460 nm (10.0 mW/cm?) in HDDA are listed

in Table 22 and Table 23.
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Table 22. Used chemicals for Photo-DSC measurements using 460 nm in HDDA.

Chemical M (g/mol) Eq. m (mg) Formulation
17 779.4 0.10 1.73 17+BHT
BHT 220.4 0.05 0.24
HDDA 226.3 99.85 679.25
HDDA+BHT
BHT 220.4 0.05 0.33
Table 23. Formulations for Photo-DSC measurements using 460 nm with HDDA.
Chemical M (g/mol) Eq. m (mg) Formulation
17+BHT . ! 4
+ 593.0 0.15 0.43 17 fresh
HDDA 226.3 99.85 108.16
Ivocerin® 401.0 0.1 0.20 .
Ivocerin®
HDDA+BHT 226.1 99.9 111.58
12 733.3 0.1 0.32 12
HDDA+BHT 226.1 99.9 100.75
13 707.5 0.1 0.30 13
HDDA+BHT 226.1 99.9 99.50
2x Ivocerin® 401.0 0.2 0.36 .
2x Ivocerin®
HDDA+BHT 226.1 99.8 102.94
17+BHT 593.0 0.15 0.54
17 old
HDDA 226.3 99.85 128.55

Formulation contents of the Photo-DSC measurement with 460 nm (10.1 mW/cm?) in UDMA:DsMA
1:1 are listed from Table 24 to Table 25.

Table 24. Used chemicals for Photo-DSC measurements using 460 nm in methacrylates.

Chemical M (g/mol) Eq. m (mg) Formulation
17 779.4 . .
9 0.10 1.68 S

BHT 220.4 0.05 0.23
UDMA 470.6 1.00 700.28 UDMA+DsMA
DsMA 3104 1.00 463.47 2Mix
2Mi . . .

ix 390.5 99.85 699.93 S Mix+BHT
BHT 220.4 0.05 0.20
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Table 25. Formulations for Photo-DSC measurements using 460 nm with methacrylates.

Chemical M (g/mol) Eq. m (mg) Formulation
17+BHT 593.0 0.15 0.51 17
2Mix 390.5 99.85 219.20
Ivocerin® 401.0 0.1 0.21 Vocerin®
2Mix +BHT 390.0 99.9 200.36
12 733.3 0.1 0.19 12
2Mix +BHT 390.0 99.9 99.15
13 707.5 0.1 0.31 B
2Mix +BHT 390.0 99.9 171.85
2x lvocerin® 401.0 0.2 0.30 .

. 2x Ivocerin®
2Mix +BHT 390.0 99.8 145.06

3.6 Curing depth experiments

Formulation contents for curing depth experiments with 532 nm laser pointer (80 mW/cm?) using a
Teflon mould covered with a glass plate at the bottom are listed in Table 26 andTable 27. 17 in
Formulation 2 was prior to use dissolved with BHT in DCM and the solvent was evaporated to reduce
the crystallinity and enhance the solubility in the formulation. Table 28 shows the mixing ratios of the

formulations with dental glass as filler.

Table 26. Formulation 1 for curing depth experiments containing 13 as PI.

Chemical M (g/mol) Ratio m

13 707.5 0.10 18.31 mg
BHT 220.4 0.05 2.84 mg
UDMA 470.6 49.93 6.05g
DsMA 3104 49.93 400g

Table 27. Formulation 2 for curing depth experiments containing 17 as PlI.

Chemical M (g/mol) Ratio m

17 779.4 0.10 17.76 mg
BHT 220.4 0.05 2.48 mg
UDMA 470.6 49.93 530¢g
DsMA 3104 49.93 3.50¢g

Table 28. Mixing ratio of the formulations with dental glass as filler.

Chemical Ratio m (g)
Formulation 90 wt% 1.80
Dental glass 10 wt% 0.20
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3.7 Steady state photolysis

Used 1-103 M solutions in ACN for steady state photolysis experiments are listed in Table 29.

Table 29. Solutions for UV/Vis measurements during the course of steady state photolysis of 17 and its reference compounds
using ACN as solvent.

12 Ivocerin® 13 17
m (mg) 3.87 2.22 2.98 1.90
ACN (mL) 5.275 5.535 4.210 2.440

Used 1-:103 M solutions in chloroform for steady state photolysis experiments are listed in Table 30.

Table 30. Solutions for UV/Vis measurements during the course of steady state photolysis of 17 and its reference compounds
using chloroform as solvent.

12 lvocerin® 13 17
m (mg) 3.44 2.24 2.21 2.02
CHCI3 (mL) 4.690 5.580 3.125 2.590

3.8 Stability study in solution

Used 1-:10° M solutions in ACN with 200.6 ppm H,O are listed in Table 31.

Table 31. Solutions for UV/Vis measurements to investigate the stability of 17 and its reference compounds.

12 Ivocerin® 13 17
m (mg) 2.50 1.53 2.39 2.46
ACN (mL) 3.410 3.825 3.380 3.155
39 Long distance polymerization

The detailed amounts for the formulation used for long distance polymerization were mixed until

homogeneous (Table 32).

Table 32. Used amounts of 17, BHT and HDDA for a formulation used for long distance polymerization.

Chemical M (g/mol) Eq. n (mmol) m (mg)
17 779.4 0.10 0.002 1.95
BHT 220.4 0.05 0.001 0.27
HDDA 226.3 99.85 2.216 506.03
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Materials and Methods

Chemical Abbr. Distributor
1,10-Decanediol dimethacrylate DsMA Ivoclar Vivadent
1,2-Dimethoxyethane DME Thermo Scientific Acros
1,6-Hexanediol diacrylate HDDA Rohm
18-crown-6 Merck
1-Indanone BLDpharm
2,2'-Bipyridin Merck
2,4,6-Trimethylbenzoyl chloride TCI
2,6-Dimethoxybenzoic acid Fluka
2-Bromoacetophenone BLDpharm
Butylated hydroxytoluene BHT Merck
Butyltrichlorostannane Sigma Aldrich
Dental Glass GM27884 Ivoclar Vivadent
Dibutylbis(4-methoxybenzoyl)germane Ivocerin® Ivoclar Vivadent
Dibutyldichlorostannane Sigma Aldrich
Dichlorodiphenylstannane Thermo Scientific
Diethylaminosulfur trifluoride DAST abcr
Dimethylformamide DMF Acros

Ethyl 2-bromoacetate Fluka
Germanium(IV)chloride abcer

Lithium (foil) Li abcer

Magnesium (shavings) Mg Roth

Manganese (chunks) Mn ChemPUR
Methyliodide abcr
Methylmagnesiumbromide (3 M in Et;0) Thermo Scientific
Nickel(ll)chloride hexahydrate Merck

Potassium fluoride KF abcr

Potassium iodide Kl Merck

Potassium tert-butoxide KOtBu TCI

Sodium dichromate dihydrate Thermo Scientific
Sodium p-toluenesulfonate Merck
Tin(IV)chloride Fluka
Trimethylsilyl chloride TMSCI abcr

Urethane dimethacrylate UDMA Ivoclar Vivadent
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Orange light laboratory was used as location for all synthesis and preparation of the formulations. All
windows of this laboratory were covered with adhesive foils (Asmetec metolight SF-UV foils, type ASR-
SF-LY5), and the fluorescent lamps were type Osram lumilux with chip control light colour 62 (filtration

of wavelengths below 520 nm).

Thin layer chromatography (TLC) was done on silica-coated aluminium foils (silica 60 F254) produced

by the company Merck.

Column chromatography was carried out using a preparative column using Silica gel 60 (Merck, 40 —
64 um). The used eluents are mentioned at the corresponding chapter in the experimental part of the

purified product.

Ultra-High-Pressure Liquid Chromatography-mass spectroscopy (UHPLC-MS) analysis was performed
on a Nexera X2® UHPLC system (Shimadzu®) comprised of LC-30AD pumps, SIL-30AC autosampler,
CTO-20AC column oven and DGU-20A5/3 degasser module. Detection was done using an SPD-M20A
photo diode array, an RF-20Axs fluorescence detector, and ELS-2041 evaporative light scattering
detector (JASCO®) and an LC-MS-2020 mass spectrometer (ESI/APCI). For the measurements, two
different columns were used (Waters ™ XSelect® CSH™ C18 XP Column, 130A, 3.5 pum 3.0x50 mm;
reversed phase; Waters™ XBridge C8 Column, 130A, 3.5 um, 3.0x50 mm), and a flowrate of 1.7

mL/min with water/acetonitrile + 0.1% formic acid gradient elution.

High-performance liquid chromatography (HPLC) measurements were conducted on a Hewlett-
Packard Agilent 1100 Series HPLC Value System using a normal phase LiChrosorb CN-5y, 4.6 x 150 mm
column. A UV detector was used for signal recording. The solvent mixture used was

chloroform/methanol.

Karl Fischer titrations were conducted on an Envirotech CA-21 moisture meter containing an anode
solution (anolyte) for General-Use (Aquamicron™ AX Karl Fischer Reagent for Coulometric Moisture
Meter: methanol, propylene carbonate, 2,2’-iminodiethanol, sulfodioxide, iodine) and a cathode
solution (catholyte) (Aquamicron™ CXU Karl Fischer Reagent for Coulometric Moisture Meter:

methanol, ethane-1,2-diol, choline chloride).

For the UV/Vis measurements samples were dissolved in pure acetonitrile and measured in a 10 mm
quartz cells on an UV-1800 UV/Vis spectrometer by Shimadzu (scanning mode) from 190 to 650 nm
at a slit width of 2 nm. The software Spectrum from PerkinElmer v10.03.07 was used to process the

data.

NMR spectra were recorded on a Bruker Avance DRX-400 FT-NMR spectrometer at 400 MHz for H,
at 101 MHz for 13C, at 368 MHz for °F, at 79 MHz for 2°Si and at 149 MHz for 1Sn. The signals are
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recorded according to their chemical shifts, which were reported in ppm (s = singlet, d = doublet, t =
triplet, g = quartet, m = multiplet) in comparison to tetramethyl silane (d = 0 ppm). The spectra were
then referenced on the used NMR-solvent [*H: CDCl;3 (7.26 ppm), CsDs (7.16 ppm), 3C: CDCls
(77.16 ppm), CsDs (128.06 ppm)].”” For the 2°Si signals, the INEPT pulse sequence (insensitive nuclei
enhanced by polarization transfer) was applied. Analysis of the spectra was performed with the

program MestRe Nova v12.0.4 from Mestrelab Research S.L.

HR-MS analysis was performed from the monomer samples, dissolved in HPLC-grade acetonitrile
(concentration: 10 uM), by using an HTC PAL system autosampler (CTC Analytics AG, Zwingen,
Switzerland), an Agilent 1100/1200 HPLC with binary pumps, degasser, and column thermostat
(Agilent Technologies, Waldbronn, Germany), and an Agilent 6230 AJS ESI-TOF mass spectrometer
(Agilent Technologies, Palo Alto, CA).

Melting Points (or decomposition onsets) were conducted with an OptiMelt MPA100 Automated
Melting Point System (Standford Research System) at a heating rate of 1 °C min. For more advanced
analysis of the melting points, Simultaneous Thermal Analysis (STA) was performed on a Netzsch
Jupiter STA 449 F1 thermal analysis instrument with an autosampler, which combines differential
scanning calorimetry (DSC) with a thermal gravimetric analysis within one measurement. The sample
was weighed into a DSC aluminum pan (10 + 2 mg) and measured with a constant N, gas flow
(40 mL min?). The measurement was performed using a temperature ramp (25°C — 250 °C,
10 °C minY). The mass loss (wt%) and the heat flow (DSC signal) were simultaneously recorded and

evaluated with the software NETZSCH-PROTEUS.

For irradiating the samples, an OmniCure LX500 UV-LED-spot curing system was used with a 405 and
460 nm LED. In order to measure the light intensity an Ocean Optics 2000+ USB device was used with

the program SpectraSuit 2.0 by Ocean Optics, Inc.

A Green laser pointer (532 nm, model LP-890) by Hightech X-Point was used for the curing depth
experiments and the long distance polymerization. For light intensity measurements, an Ocean Optics

USB 2000+ spectrophotometer device was used.

For steady state photolysis, all the instruments were purchased from ASEQ instruments, Canada. As
light sources, D2-S2 UV/VIS/NIS Deuterium/Tungsten light source and an optical fiber coupler for D2-

S2 light source were used.

e Spectrometer: LR1 spectrometer, 300-1000 nm, 1 nm resolution/50 um slit, 1 m (400 um core)
optical fiber for 200-1200 nm, software (ASEQ_16bitsV1_14), external trigger.
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e Light guides: 8 fiber bundle (solarization resistant) 1 m with metal jacket and SMA905 Connectors
(connecting the light source and cuvette) and 1 fiber bundle (solarization resistant) 1 m with metal

jacket and SMA905 Connectors (connecting the cuvette and detector).

All the measurements were performed in red light lab (dark room with LEDS Amax = 620 nm as the only

light source).

Photo-DSC measurements were conducted on a Photo-DSC 204 F1 from Netzsch, using 15 pL
aluminum pans. All measurements were conducted under N,-atmosphere (flow rate 20 mL min?) at
25 °C. For each experiment, three DSC pans with the same formulation were prepared. As a reference,
an already measured and therefore fully cured sample with Ivocerin® as Pl was used. The data analysis

was performed with the program Netzsch Proteus Thermal Analysis in version 8.0.1.
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Abbreviations

ACN
AMT
APi-180
ATZ
BAPO
BHT
CAD
Ca

Col
ca
DsMA
DAST
DBC
DCM
DMAB
DME
DMF
DLP

DPGDA
EE
Eo
Ec

Emax

Emax

eq.

HDDA

HMBC
HOMO

HV

Irgacure 2959
ISC

Ivocerin®

Acetonitrile

Additive manufacturing technologies
2-Hydroxy-1-(3-(hydroxymethyl)phenyl)-2-methylpropan-1-one
Ceramic particle mixture (80 % Al,03, 20 % stabilized ZrO,)
Phenylbis(2,4,6-trimethylbenzoyl)phospine oxide, bisacylphosphine oxide
2,6-Di-tert-butyl-4-methylphenol

Computer-aided design

Curing depth (um)

Coinitiator

Camphorquinone

1,12-Dodecandiol dimethacrylate

Diethylaminosulfur trifluoride

Double bond conversion (%)

Dichloromethane

N,N-dimethylaminobenzoic acid ethyl ester
1,2-Dimethoxyethane

Dimethylformamide

Digital light processing

Penetration depth of light (um)

Dipropylene glycol diacrylate

Ethyl acetate

Energy of light at the surface (mW/cm?)

Critical energy dose to initiate photopolymerization (mW/cm?)
Maximum light exposure / light intensity (mW/cm?)
Molar extinction coefficient (L mol™ cm™)

Maximum molar extinction coefficient (L mol* cm™)
Equivalent(s)

1,6-Hexanediol diacrylate

Heteronuclear multiple bond correlation

Highest occupied molecular orbital

High vacuum
2-Hydroxy-4‘-(2-hydroxyethoxy)-2-methylpropiophenone
Intersystem crossing

Dibutylbis(4-methoxybenzoyl)germane
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KOtBu
LCM
LC-MS
LUMO
Amax
MAPO
NMR
PE

Pl

RT

SL

SSP
THF
TIC
Tmax
TMSCI
TPO
TTBS

tos

UDMA

Potassium tert-butoxide

Lithography-based ceramic manufacturing
Liquid chromatography-mass spectrometry
Lowest unoccupied molecular orbital
Wavelength with the highest absorption (nm)
Monoacylphosphine oxide

Nuclear magnetic resonance

Petroleum ether, hexanes

Photoinitiator

Rate of polymerization (mol L s7)

Room temperature

Stereolithography

Steady state photolysis

Tetrahydrofuran

Total ion count

Time until heat flow maximum is reached (s)

Trimethylsilyl chloride

Diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide

Tetrakis(2,4,6-trimethylbenzoyl)silane
Time to reach 95 % heat flow (s)

Urethane dimethacrylate
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Figure 87. UV/Vis spectrum of acetophenone in acetonitrile.
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Figure 88. UV/Vis spectrum of 2’-bromoacetophenone in acetonitrile.
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Figure 89. UV/Vis spectrum of 2’-chloroacetophenone in acetonitrile.
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Figure 90. UV/Vis spectrum of 2’-methylacetophenone in acetonitrile.
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Figure 91. UV/Vis spectrum of 2’-nitroacetophenone in acetonitrile.
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Figure 92. UV/Vis spectrum of 2’-aminoacetophenone in acetonitrile.
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Figure 93. UV/Vis spectrum of (2-acetylphenyl)boronic acid in ethanol.
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Figure 94. UV/Vis spectrum of 2-acetylbenzoic acid in acetonitrile.
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Figure 95. UV/Vis spectrum of 2-acetylbenzonitrile in acetonitrile.
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Figure 96. UV/Vis spectrum of N-(2-acetylphenyl)acetamide in acetonitrile.
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Figure 97. UV/Vis spectrum of 2’-hydroxyacetophenone in acetonitrile.
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Figure 98. UV/Vis spectrum of 2°,4’-dihydroxyacetophenone in acetonitrile.
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Figure 99. UV/Vis spectrum of benzil in acetonitrile.
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Figure 100. UV/Vis spectrum of 9,10-phenanthrenequinone in acetonitrile.

135



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

LARRY Your knowledge hub

[ 3ibliothek,

4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0

4.0
35
3.0
2.5
2.0
1.5
1.0
0.5
0.0

4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0

(2-Acetylphenyl)acetic acid 3

=—5-10-5
—1-10-4
——5.10-4
——1-10-3
200 220 240 260 280 300 320 340 360 380
Wavelength / nm
Figure 101. UV/Vis spectrum of (2-acetylphenyl)acetic acid 3 in acetonitrile.
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Figure 103. UV/Vis spectrum of (2-acetylphenyl)acetic acid 3 in acidic conditions.
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Table 33. Characteristic crystallographic parameters of 17 determined via single crystal X-ray crystallography

Formula C36H360125n

Space Group  Pccn

Cell Lengths  a19.1413(8) b 9.7989(4) c 16.9059(9)
Cell Angles a90B90y90

Cell Volume  3170.93

Table 34. Bond lengths of 17 determined via single crystal X-ray crystallography
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Number Atom1l Atom2 Cyclicity Length /A

1|Sn1 05 cyclic 2.799

2| Snl c7 acyclic 2.234
3|Snl Ci16 cyclic 2.253

4 | Snl 05 cyclic 2.799

5| Snl c7 acyclic 2.234

6 | Snl Ci16 cyclic 2.253
7|01 C7 acyclic 1.221(4)
8| 02 C2 acyclic 1.365(4)
9|02 Cc8 acyclic 1.432(4)
10 | O3 cé6 acyclic 1.370(4)
11 | 03 c9 acyclic 1.426(4)
12 | 04 C16 acyclic 1.201(4)
13 | O5 C11 cyclic 1.358(4)
14 | O5 Cc17 acyclic 1.445(4)
15 | 06 C15 acyclic 1.366(4)
16 | 06 C18 acyclic 1.430(4)
17 | C1 Cc2 cyclic 1.410(4)
18 | C1 Ccé6 cyclic 1.407(4)
19| C1 c7 acyclic 1.502(4)
20 | C2 Cc3 cyclic 1.396(4)
21| C3 H3 acyclic 0.950
22| C3 ca cyclic 1.384(4)
23 | C4 H4 acyclic 0.950
24 | C4 C5 cyclic 1.382(5)
25| C5 H5 acyclic 0.950
26 | C5 C6 cyclic 1.388(4)
27 | C8 H8A acyclic 0.980
28 | C8 H8B acyclic 0.980
29 | C8 H8C acyclic 0.980
30 | C9 HOA acyclic 0.980
31| C9 H9B acyclic 0.980
32| C9 H9C acyclic 0.980
33 | C10 Cl1 cyclic 1.408(4)
34 | C10 C15 cyclic 1.411(4)
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35| C10 Ci16 cyclic 1.502(5)
36 | C11 C12 cyclic 1.387(4)
37 | C12 H12 acyclic 0.949
38 | C12 C13 cyclic 1.370(5)
39 | C13 H13 acyclic 0.951
40 | €13 C14 cyclic 1.388(7)
41 | Cl14 H14 acyclic 0.950
42 | Cc14 C15 cyclic 1.392(5)
43 | C17 H17A acyclic 0.980
44 | C17 H17B acyclic 0.979
45 | C17 H17C acyclic 0.980
46 | C18 H18A acyclic 0.980
47 | C18 H18B acyclic 0.980
48 | C18 H18C acyclic 0.982
49 | 01 Cc7 acyclic 1.221(4)
50 | 02 C2 acyclic 1.365(4)
51| 02 Cc8 acyclic 1.432(4)
52 | 03 cé6 acyclic 1.370(4)
53| 03 c9 acyclic 1.426(4)
54 | 04 C16 acyclic 1.201(4)
55 | 05 C11 cyclic 1.358(4)
56 | O5 Cc17 acyclic 1.445(4)
57 | 06 C15 acyclic 1.366(4)
58 | 06 C18 acyclic 1.430(4)
59 | C1 C2 cyclic 1.410(4)
60 | C1 Ccé6 cyclic 1.407(4)
61| C1 Cc7 acyclic 1.502(4)
62 | C2 c3 cyclic 1.396(4)
63 | C3 H3 acyclic 0.950
64 | C3 Cca cyclic 1.384(4)
65| C4 H4 acyclic 0.950
66 | C4 C5 cyclic 1.382(5)
67 | C5 H5 acyclic 0.950
68 | C5 Ccé6 cyclic 1.388(4)
69 | C8 H8A acyclic 0.980
70 | C8 H8B acyclic 0.980
71| C8 H8C acyclic 0.980
72 | C9 HOA acyclic 0.980
73 | C9 HI9B acyclic 0.980
74 | C9 HIC acyclic 0.980
75 | C10 C11 cyclic 1.408(4)
76 | C10 C15 cyclic 1.411(4)
77 | C10 Ci16 cyclic 1.502(5)
78 | C11 C12 cyclic 1.387(4)
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79 | C12 H12 acyclic 0.949
80 | C12 C13 cyclic 1.370(5)
81 | C13 H13 acyclic 0.951
82 | C13 Cl14 cyclic 1.388(7)
83 | C14 H14 acyclic 0.950
84 | Cl14 C15 cyclic 1.392(5)
85 | C17 H17A acyclic 0.980
86 | C17 H17B acyclic 0.979
87 | C17 H17C acyclic 0.980
88 | C18 H18A acyclic 0.980
89 | C18 H18B acyclic 0.980
90 | C18 H18C acyclic 0.982
Table 35. Bond angles of 17 determined via single crystal X-ray crystallography
Number Atom1l Atom2 Atom3 Angle/°

1|05 Snl c7 77.62

2| 05 Snl Ci16 64.9

3|05 Snl 05 110.65

4| 05 Snl c7 69.03

5|05 Snl Ci16 173.3

6| C7 Snl Ci6 104.6

7|C7 Snl 05 69.03

8| C7 Snl c7 119.6

9| C7 Snl C16 104.5
10 | C16 Snl 05 173.3
11 | C16 Snl c7 104.5
12 | C16 Snl Ci6 120.0
13| O5 Snl c7 77.62
14 | O5 Snl Ci6 64.9
15| C7 Snl Ci6 104.6
16 | C2 02 Cc8 118.3(3)
17 | C6 03 Cc9 117.6(2)
18 | Snl 05 C11 103.0
19 | Snl 05 C17 125.7
20 | C11 05 c17 117.7(3)
21 | C15 06 C18 116.5(3)
22| C2 Cc1 Cé6 117.8(3)
23| C2 Cc1 c7 119.5(2)
24 | C6 C1 c7 122.7(3)
25| 02 C2 Cc1 115.3(3)
26 | 02 Cc2 C3 123.2(3)
27 | C1 C2 C3 121.4(3)
28 | C2 Cc3 H3 120.7
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29 | C2 c3 ca 118.6(3)
30 | H3 c3 ca 120.7
313 ca H4 119.0
32| c3 ca 5 121.8(3)
33 | H4 ca 5 119.1
34| ca s H5 120.3
35| ca Cc5 6 119.4(3)
36 | H5 5 6 120.3
37 | 03 6 c1 116.2(2)
38| 03 6 5 122.7(3)
39| c1 6 5 121.1(3)
40 | Sn1 c7 01 122.9
41 | sn1 c7 c1 116.1
42 | 01 c7 c1 121.0(3)
43 | 02 c8 H8A 109.4
44 | 02 cs H8B 109.4
45 | 02 c8 H8C 109.4
46 | H8A c8 H8B 109.6
47 | H8A c8 H8C 109.6
48 | HSB c8 H8C 109.5
49 | 03 c9 H9A 109.4
50 | 03 c9 H9B 109.4
51| 03 c9 H9C 109.5
52 | H9A c9 H9B 109.6
53 | H9A c9 H9C 109.4
54 | HOB co HoC 109.5
55 | C11 C10 15 117.7(3)
56 | C11 C10 C16 120.0(3)
57 | c15 C10 C16 122.3(3)
58 | 05 c11 C10 115.5(3)
59 | 05 c11 c12 122.9(3)
60 | C10 c11 c12 121.5(3)
61 | C11 c12 H12 120.6
62 | C11 c12 C13 118.9(3)
63 | H12 C12 c13 120.6
64 | C12 C13 H13 118.9
65 | C12 c13 C14 122.3(3)
66 | H13 c13 C14 118.8
67 | C13 C14 H14 120.7
68 | C13 C14 15 118.7(3)
69 | H14 C14 15 120.6
70 | 06 15 C10 116.3(3)
71| 06 Cc15 C14 122.8(3)
72| c10 15 C14 120.9(3)
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73 | sn1 C16 04 122.7
74 | sn1 C16 C10 113.9
75 | 04 C16 C10 123.3(3)
76 | 05 c17 H17A 109.5
77 | 05 c17 H178B 109.5
78 | 05 c17 H17C 109.4
79 | H17A c17 H178B 109.5
80 | H17A c17 H17C 109.5
81 | H17B c17 H17C 109.5
82 | 06 C18 H18A 109.5
83 | 06 c18 H18B 109.4
84 | 06 C18 H18C 109.4
85 | H18A C18 H18B 109.6
86 | H18A C18 H18C 109.4
87 | H18B C18 H18C 109.4
88 | C2 02 c8 118.3(3)
89 | C6 03 c9 117.6(2)
90 | Sn1 05 c11 103.0
91 | sn1 05 c17 125.7
92 | c11 05 c17 117.7(3)
93 | C15 06 C18 116.5(3)
94 | C2 c1 6 117.8(3)
95 | C2 c1 c7 119.5(2)
9 | C6 c1 c7 122.7(3)
97 | 02 c2 c1 115.3(3)
98 | 02 c2 c3 123.2(3)
99 | c1 c2 c3 121.4(3)
100 | C2 c3 H3 120.7
101 | C2 c3 ca 118.6(3)
102 | H3 c3 ca 120.7
103 | C3 ca H4 119.0
104 | C3 ca 5 121.8(3)
105 | H4 ca4 5 119.1
106 | C4 5 H5 120.3
107 | c4 5 6 119.4(3)
108 | H5 5 6 120.3
109 | 03 6 c1 116.2(2)
110 | 03 6 5 122.7(3)
111 | c1 6 5 121.1(3)
112 | Sn1 c7 01 122.9
113 | Snl c7 c1 116.1
114 | 01 c7 c1 121.0(3)
115 | 02 c8 H8A 109.4
116 | 02 c8 H8B 109.4
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117 | 02 cs H8C 109.4
118 | H8A cs H8B 109.6
119 | H8A cs H8C 109.6
120 | H8B cs H8C 109.5
121 | 03 c9 H9A 109.4
122 | 03 c9 H9B 109.4
123 | 03 c9 HOC 109.5
124 | H9A c9 H9B 109.6
125 | H9A c9 HOC 109.4
126 | H9B c9 HOC 109.5
127 | C11 C10 15 117.7(3)
128 | C11 C10 C16 120.0(3)
129 | €15 C10 c16 122.3(3)
130 | 05 c11 C10 115.5(3)
131 | 05 c11 c12 122.9(3)
132 | C10 c11 c12 121.5(3)
133 | C11 C12 H12 120.6
134 | C11 C12 C13 118.9(3)
135 | H12 C12 C13 120.6
136 | C12 C13 H13 118.9
137 | C12 C13 c14 122.3(3)
138 | H13 C13 c14 118.8
139 | €13 c14 H14 120.7
140 | C13 C14 15 118.7(3)
141 | H14 c14 C15 120.6
142 | 06 15 C10 116.3(3)
143 | 06 15 C14 122.8(3)
144 | C10 C15 c14 120.9(3)
145 | Sn1 C16 04 122.7
146 | Sn1 C16 C10 113.9
147 | 04 C16 C10 123.3(3)
148 | 05 c17 H17A 109.5
149 | 05 c17 H17B 109.5
150 | 05 c17 H17C 109.4
151 | H17A c17 H17B 109.5
152 | H17A c17 H17C 109.5
153 | H178B c17 H17C 109.5
154 | 06 C18 H18A 109.5
155 | 06 C18 H18B 109.4
156 | 06 C18 H18C 109.4
157 | H18A C18 H18B 109.6
158 | H18A C18 H18C 109.4
159 | H18B C18 H18C 109.4
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Table 36. Absolute absorbance of the Pls at their absorbance maximum during the stability study in solution (1-103 M with

306.2 ppm H,0) over 12 weeks.

12 Ivocerin® 17
Day 0 1.259 0.712 1.907
Week 4 1.258 0.708 1.895
Week 8 1.274 0.704 1.855
Week 12 1.286 0.704 1.838
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