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Abstract

Modern composite tooth fillings consist of inorganic filler and organic methacrylate
matrix. This matrix is cured with a photoinitiator system to achieve a solid material. It
is known that the state of the art photoinitiator system camphorquinone/ethyl-
(dimethylamino) benzoate shows moderate reactivity and low solubility in general but
especially in slightly acidic and aqueous primer mixtures. Furthermore higher
penetration depth of light is desired, which could be solved by developing

photoinitiators that initiate at longer wavelengths.

First studies with bisphosphylketones showed the desired red-shift but stability issues
concerning water or temperature led to their elimination from the list of possible new

photoinitiators.

Certain zirconium complexes also had potential but the zirconium central atom
coordinated with the monomer double bonds leading to decomposition of the

compounds.

Another concept is based on combination of diketone systems with heteroatoms with
free d-orbitals. Even though the very interesting red-shift concept (Amax Up to 490 nm)

worked out, the reactivity was not in a reasonable range.

Benzoyl phenyltelluride was expected to be a red-shifted photoinitiator but instead
was found to be a highly reactive TERP-reagent for visible light (400-500 nm)
induced controlled radical polymerization. It provides polydispersities (1.2-1.3) among
the lowest reported in literature and works best with acrylamides and acrylates.

In the field of water-soluble photoinitiators for primer mixtures an improvement could
be achieved as well. Monoacylphosphine oxide (MAPQO) and bisacylphosphine oxide
(BAPO) salts based on sodium or lithium define an important and in the latter case a
new class of water-soluble photoinitiators for radical polymerization. These
compounds show excellent water-solubility, biocompatibility, storage stability and
reactivity. Concerning these properties, the MAPO and BAPO salts are at least in the
same range (biocompatibility, stability) or show even better results (reactivity) than

state of the art photoinitiators.
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Kurzfassung

Moderne Zahnfillung auf Kompositbasis bestehen aus anorganischem Fuller und
organischer Methacrylatmatrix. Diese Matrix wird mit einem Photoinitiatorsystem
ausgehartet. Es ist bekannt, dass das aktuelle Initiatorsystem auf der Basis von
Campherchinon/Ethyl-(dimethylamino)benzoat generell eine geringe Reaktivitat
speziell in sauren und wassrigen Primer Mischungen aufweist. AuRerdem wére es
winschenswert eine hohere Eindringtiefe des Lichts zu erreichen, was durch die
Entwicklung von Photoinitiatoren, die bei langeren Wellenlangen initiieren geldst

werden kdnnte.

Erste Studien zu den Bisphosphylketonen misslangen im Hinblick auf die geringe

thermische und hydrolytische Stabilitat dieser Verbindungsklasse.

Zirkonkomplexe zeigten zunachst ein gewisses Potential, allerdings stellte sich
heraus, dass das Zirkonium Zentralatom mit den Monomerdoppelbindungen
koordiniert, was zu einer Spaltung der Verbindung fuhrt.

Diketonsysteme mit Heteroatomen mit freien d-Orbitalen wurden trotz interessantem
Konzepts und erreichtem Rotshift (Amax bis zu 490 nm) ebenfalls ausgeschlossen, da

die Reaktivitat zu gering war.

Benzoylphenyltellurid wurde als Photoinitiator mit h6herem Rotshift entwickelt, stellte
sich aber stattdessen als hochreaktives TERP-Reagenz fur kontrollierte radikalische
Polymerisation im sichtbaren Licht (400-500 nm) heraus. Damit kénnen einige der
niedrigsten Polydispersitaten (1.2-1.3) aus der Literatur erreicht werden und vor

allem Acrylamide und Acrylate lebend polymerisiert werden.

Auch im Gebiet der wasserldslichen Photoinitiatoren konnten Fortschritte erzielt
werden. Mono- und Bisacylphosphinoxidsalze auf Basis von Natrium und Lithium
definieren eine wichtige und in letzterem Fall sogar eine neue Klasse von
wasserloslichen  Photoinitiatoren.  Diese  Verbindungen weisen exzellente
Wasserloslichkeit, Biokompatibilitét, Lagerstabilitat und Reaktivitdt auf. Im Hinblick
auf diese Eigenschaften sind sie gleich gut (Biokompatibilitdt, Stabilitdt) oder sogar

besser (Reaktivitat) als die gangigen Photoinitiatoren.
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Introduction

In the early 90’s of the 20™ century it was normal to use amalgam for tooth fillings.
Dental amalgam®? is a mercury alloy that can be produced by mixing 50% mercury
with other metals (min. 40% silver, max. 32% tin, max. 30% copper, max. 5% indium,
max. 2% zinc) resulting in a kneadable mass that hardens within 3-5 minutes. The
big advantage of amalgam is the high margin of error while application to the cavity,

good stability and low price.

However, as soon as the 1830s people in Germany and the USA started to discuss
the toxicity of amalgam?®, especially considering the neurotoxicity of mercury, thus
leading to first bans. Back then analytical data for the amount of mercury that is
released from amalgam fillings was not available but with modern methods it became
evident that those inlays lead to a higher concentration of mercury in the body.
Electrochemical corrosion frees the mercury ions, which dissolve. Furthermore heavy
metals like copper or tin get into the human organism by abrasion. According to a
press release from 15.01.2009 the department of environment of Sweden decided to
ban mercury. In October 2013 the Minimata-agreement was negotiated to make the

reduction of mercury emission an international law. For these and also for esthetic

(Figure 1) reasons many patients favor other inlay materials for their teeth.

—~

Figure 1. Comparison between amalgam and composite filling

To understand what properties materials should show to be usable as dental inlays it

is mandatory to understand how a tooth is built up (Figure 2).*
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Figure 2. Scheme of a tooth®

Enamel consists of a matrix of almost 100% hydroxyl apatite, glued together with
collagen fibers leading to a great hardness but relatively low stability against acids.
Dentin consists of the same materials but with a lower percentage of hydroxyl apatite.
To substitute tooth material with artificial inlay material the following properties should

be matched as well as possible:

- Low solubility in acidic environments

- Excellent mechanical properties concerning hardness and toughness
- Stability against abrasion

- Perfect fill of the cavity to hinder bacteria from getting into the tooth

- Tooth color to be visually appealing

- Easy handling

- Biocompatibility

- Ductile at ambient temperature and hardenable in the mouth

-  Low cost

In the 2000s a lot of experimental inlays were tested and on the market for a while
(ormocere, glass ionomer cement, polymer modified glass ionomer cement,

compomer, ceramic inlays, composite inlays).* Also hammered gold was used quite
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frequently. Of all these only the ceramic and composite inlays are indicated today for
stress-bearing regions.® The cements are still sometimes used for temporary fillings
but lost their importance on the market.

Ceramic inlays are usually dressed to size the cavity they have to fill and composite
filings are applied directly. The excellent mechanical properties of the composites
are mostly resulting from the inorganic filler material (grinded glass, micro disperse
SiO, or hybrid materials). The adhesion however is provided by an organic
methacrylate matrix.” This is what the ceramics and the composites have in common.
This methacrylate matrix usually consists of bisphenol A — diglycidylmethacrylate
(bis-GMA), urethanedimethacrylate (UDMA) and 1,10-decanedioldimethacrylate
(DsMA).

i O O I
O O
YJ\O/\I/\O O/\I/\O)J\"/

Bis-GMA

o)
\[(U\O/\/\/\/\/\/ Oj(lk
o)
D;MA

Via radical polymerization of these difunctional compounds a 3-dimensional network
is formed. Choice of monomers defines the reactivity, viscosity and shrinkage of the
system. There is less but still some influence on mechanical properties and swelling

of the hardened materials.

To achieve good adhesion of the hydrophobic dental composites onto the mainly
hydrophilic, inorganic tooth substance first a so called primer layer (Figure 3) is applied
to the tooth.
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Figure 3. Primer with two functional groups

Dentin

This primer contains two functional groups: A methacrylate group (connection with
the hydrophobic matrix) and a reactive moiety that connects to the dentin. The
collagen in the dentin has hydroxyls (-OH), carboxyls (-COOH), amines (-NH>),
amides (-CONH,) and calcium ions (Ca*"). Therefore reactive moieties in the primer
monomers can be carboxylic acids, acid chlorides, carboxylic acid anhydrids,

isocyanates, aldehydes and ketones.

The newest development are self edging adhesives.2 A modern primer mixture of this

type is a water-based two component system (MA154 and V392).°

? oH N
/\O)Yo/\/g\OH /\WN\/\/N\[(\
O O

Of course, also other acidic monomers with carboxylic acid or phosphonic acid
groups can be used but MA154 shows best hydrolytic stability in acidic environments.
V392 as crosslinker is an excellent addition to this compound not only because of its
high stability against hydrolysis but also because of its very good biocompatibility.

For the polymerization of the organic monomer matrix of the dental composites as
well as for the polymerization of the primer mixtures an initiator system is necessary.
In dentistry photoinitiation is the technique of choice because initiation via light is

easy to handle, cheap and offers excellent control over the start and propagation of
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the polymerization reaction. Photoinitiators absorb light to form reactive species that
initiate polymerization, therefore transforming physical light energy into chemical
energy. To get a better understanding of this principle it is necessary to understand

the quantum physics behind this phenomenon.*®

If organic compounds contain heteroatoms, electronic states with a free electron pair
(non-bonding states, n-states) occur that are not involved in bonds. Free, non-

bonding electrons of an atom or molecule occupy these n-orbitals.

Electronic transitions can only occur from occupied to unoccupied states (Figure 4).
The highest occupied molecular orbital in the ground state is called HOMO. The
lowest unoccupied molecular orbital is called LUMO. Together, the HOMOs and

LUMOs define many molecular properties.

} o*-orbitals

} m™-orbitals

<@Aoum=Zm

———————— n-orbital (occupied)
} Tr-orbitals (occupied)

} o-ombitals (occupied)

Figure 4. Simplified molecular orbital scheme for organic molecules

The part of the molecule that has UV-VIS-irradiation absorbing 11- and n-electrons is
called chromophore. It consists of minimum two conjugated double bonds or a
mesomeric system, containing heteroatoms with free electron pairs. If the wavelength
A of the absorption lies between 400 nm and 800 nm, the compound is colored in the
complementary color of the absorbed light. Electron excitation via radiation
absorption causes the electrons to transit from occupied orbitals in unoccupied
orbitals thus transforming the compound from a ground state to an excited state.

Several transitions are possible (Figure 5).
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Figure 5. Areas of absorption for different transitions

- n—Tr*-transitions are only possible if free electrons are available, which occupy in
most cases the HOMO. These transitions require the least energy.

- m—Tr*-transitions can occur whenever Tr-electrons are part of a bond. If a
molecule contains no free electron pairs then the T—1r*-transitions are the ones
with the least transitional energy from HOMO to LUMO.

- n—o*-transitions can be found in saturated molecules with heteroatoms that
posses free electron pairs.

- o0—0o*-transitions occur especially in saturated hydrocarbons.

- o—Tr*-transitions require a lot of energy and are usually hidden under the TT—1r*-

and o—o*-transitions.

With the basics being understood the transformation of physical light energy into
chemical energy via a photoinitiator can be explained.***? A photoinitiator starts a
polymerization chain reaction by forming active radicals. This process takes three
steps.’® First the transformation of the initiator to the excited state occurs either by
direct light absorption or by energy transfer from a photochemically excited sensitizer.
In the second step radicals are formed by electron transfer, H-abstraction from an H-

donor or by photofragmentation resulting from a- or B-cleavage. The last step is the
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reaction of the formed radicals with the monomer, initiating the polymerization chain
reaction. For the formation of the excited state the main emission bands of the light
source need to overlap as completely as possible with the absorption bands of the
initiator. The photoinitiator needs chromophores for the energy uptake, mostly
conjugated systems with C=0 or C=N double bonds that allow m—1*- and n—ir*-

transitions (Table 1).

Table 1. Chromophores and the wavelength of their transitions

Chromophore Amax (M) Amax (M)
m—Tr* N—1r*
c=C 170 -
C=0 166 280
C=N 190 300
N=N - 350
C=5 - 500

First an electron pair that is in a singlet ground state (Sp) transfers through absorption
of radiation (hv) to an excited singlet state (S; or S,) (Figure 6).

hv ISC

Pl — 1PI* E—— 3 PI* — R* or R*

(So) Singlet (S4*) Triplet (T1*) Radical or Kation

Figure 6. Radical/kation formation from a photoinitiator

These short term states (<10® s) can't initiate photochemical reactions but their
energy can be released by fluorescence or non-radiative deactivation. In case S; is
occupied, internal conversion can transfer the energy within 10 s from the higher
excited states to singlet state S;. From this state emission or internal conversion can
cause energy loss and a drop back to the ground state Sop. If intersystem crossing

takes place the triplet states T can be formed (Figure 7).
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Figure 7. Jablonski diagram14

The triplet states show a much longer life time (10° s). Based on these states
radicals can form but this radical formation competes with non-radiative deactivation,
phosphorescence or bimolecular quenching (e.g. with O,). The radicals appear after
photofragmentation and depending on their stability these radicals can cleave again,

recombine or initiate a polymerization chain reaction.

When it comes to radical formation by photoinitiators two different types exist (Figure
8). The monomolecular compounds (Norrish type 1) produce radicals by a- or -
cleavage, while the bimolecular compounds (Norrish type 1) need an additional

coinitiator for radical production.*?

hv monomolecular reaction

Pl — PI* > R*+R"
hv bimolecular reaction

Pl — PI* + Col > R*+R'"

Figure 8. Norrish type | and Norrish type Il photoinitiators

a-cleavage in Norrish type | initiators occurs mostly directly next to a carbonyl moiety
resulting in an arylcarbonyl radical that starts polymerization. The most common type
| photoinitiators are based on aromatic carbonyls. The carbonyl moiety is in this case
the chromophore. Via a-cleavage benzoyl radicals are generated, which react very
efficiently with unsaturated compounds. The high reactivity of these benzoyl radicals
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towards C=C double bonds and in some cases (acyl phosphineoxides) a
photobleaching effect due to decomposition of the initiator are the biggest
advantages of type | photoinitiators. Important examples of type | photoinitiators™

are: Benzoinether, acylphosphine oxides, morpholinoketones and titanocenes.

N
o o //\O N F@F
VS IR,

Morpholinoketone

Benzoinether Acyl phosphinoxide

Titanocene

The alkylaminoacetophenone based photoinitiator Irgacure 907 undergoes mostly a-

cleavage but also -cleavage of the weaker C-N-bond occurs as side reaction:

o3
/©/ + 'C/NJ
y s »

: Alkylamino

o ﬁo Benzoyl radical radical

/©)J><NJ Cleavage
§ - 0
/\ + .N\)
s

Morpholine
Phenyl radical radical

Irgacure 907

Norrish type Il systems work according to a different mechanism. Radicals can be
formed by hydrogen transfer to the energetically excited ketone. Also photoinduced
electron/proton-transfer is possible. The excited compound (sensitizer) functions as

electron donor and a so called coinitiator as electron acceptor. Switched roles are

also possible (Figure 9).

S+A — (S..AY —— (S+ .. A%
initiating radicals
S+D —— (S.D) —— (S+..D%)

S...Sensitizer ; D...Electron Donor ; A...Electron Acceptor

Figure 9. Norrish type Il radical formation
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Important type Il photoinitiators are:™®  Benzophenones, thioxanthones,

antrachinones, xanthones, dibenzosuberones, fluorenones, benziles and

ketocoumarines.

O o /IR o}
XX P XX XX
I/—R I/—R
X O o Yo

Benzophenones X =-H H- Benziles Ketocumarines
Thioxanthones X =-S-

Antrachinones X =-CO-

Xanthones X =-0O-

Dibenzosuberones X =-CyHy-

Fluorenes X=-

A concrete example of a type Il reaction with an H-abstraction mechanism is the

photoinitiation with benzophenone:

ketyl radical
(I)H
o
0 o* ©/ \©
uv iPrOH
U — UuT
H-donor +
Benzophenone excited state
(I)H
PN

donor radical

In the metastable excited triplet-state the photoinitiator can react with the proton
donor resulting in a ketyl radical with lower reactivity and a highly reactive donor
radical. This reaction competes with a possible transition from triplet to ground state

via phosphorescence.

Due to absorption in the visible light area and low toxicity of camphorquinone®® (CQ)
this type Il photoinitiator is mainly used and state of the art in dental adhesives.
Visible light initiation is important because UV-light can be problematic for
applications involving living cells.*”*® CQ systems also show a photobleaching effect.
This effect is necessary to yield tooth colored materials after polymerization. As a
coinitiator for CQ N,N-dimethylaminobenzoic acid (DMAB) is used. Initiation of
polymerization happens via bimolecular reaction according to a type Il mechanism

where as a result the highly reactive amine radical initiates polymerization:

10



< <
0 O OH
ca fast cQ slow ca

DMAB DMAB DMAB

After radical formation the CQ radical can either dimerize or abstract hydrogen from
other compounds. The reactivity of the radical is usually not high enough to initiate
polymerization. As can be seen from the mechanism the electron transfer is very fast,
while the hydrogen abstraction is a slow process. This can lead to a back reaction
before the radical formation happens. In addition to that the reactivity is even further
reduced by the bimolecularity of the system where for a reaction to occur the two
compounds have to “meet” first. Herein the surrounding medium has a big influence,

e.g. if water is present a solvent cage can lead to a great reduction in reactivity.*

To overcome this problem type | photoinitiators based on acylphosphine oxides were
introduced for dental applications.® In general, this type of photoinitiator has been
commercially very successful in the last decade.'® Bisacylphosphine oxides (BAPO
derivates) show in comparison to monoacylphosphine oxides (MAPO derivates) a
higher reactivity. The reason for that is the formation of four radicals instead of two
via photocleavage and a bathochromic redshifted absorption maximum, overlapping
better with the emission spectrum of the halogen dental lamps. Typical, commercially

available acylphosphine oxides are:

O\\Q o
R P
o o i 0

2,4,6,-Trimethylbenzoy! diphenylphosphine

oxide = Speecure TPO® = MAPO Bis-(2,4,6-trimethylbenzoyl)-phenylphosphine
oxide = Irgacure 819® = BAPO



A free d-orbital on the phosphorus heteroatom overlaps with the t*-orbital of the
carbonyl group thus reducing the orbital energy leading to a bathochromic redshift of
the absorption maximum. Lower energy of the n—tr* transition of course requires
longer wavelengths. The methyl-groups attached to the aromatic system are
necessary to sterically hinder nucleophilic attacks on the carbonyl group(s).
Otherwise the compounds would not be stable against hydrolysis and decompose
after storage in reactive formulations. MAPO and BAPO show perfect
photobleaching because the chromophore is destroyed by the photocleavage
process. This makes them very effective in curing thick layers or layers with a high
degree of pigments or filler like they are used in dentistry.’® Many acylphosphine
oxides can be used only in very low concentrations in self edging adhesives because
the systems are water-based but the initiators show very low water-solubility. To
improve the water-solubility of acylphosphine oxides recently oligoethylenglycole
monomethylether moieties were added, which worked very well with older and now
outdated halogen lamps.?°

To increase the bathochromic red shift even further and achieve better overlap with
state of the art LED dental lamps the phosphorus heteroatom can be exchanged to a

germanium heteroatom.*

O O

Seraie¥

Ivocerin®

Ivocerin® (lvoclar Vivadent) is the newest development in the sector of photoinitiators
for dental applications. The n—ir* transition has a maximum of already 418 nm
making the compound’s absorption spectrum overlap very well with the emission

spectrum of the dental lamps (Figure 10).



BAPO
0.8 1 Halogen

absorbance
°
o

Ivocerin
0.2 1

0.1 1

ca

0.0 v v T T
340 360 380 400 420 440 460 480 500

wavelength (nm)

Figure 10. Absorption spectra of commerically used photoinitiators (red: BAPO; blue: Ivocerin; green: CQ) vs. emission
spectra of state of the art dental lamps (LED and halogen).

Additionally Ivocerin forms benzoyl radicals and a germanium radical leading to
higher reactivity of this photoinitiator compared to BAPO, where the reactivity of the
phosphorus radical is comparably low. The only disadvantages lie in the low water
solubility making it difficult to use Ivocerin for primer mixtures and particularly in the
high price of germanium compounds in general giving Ivocerin bad cost

effectiveness.



Objective

Goal of the work was to develop and test a new generation of photoinitiators for
dental materials. Two problems should be addressed: First and mainly the problem of
insufficient curing depth, which can be solved with using red-shifted photoinitiating
systems. The other problem is the polymerization of primer mixtures, which means
the photoinitiators have to be able to polymerize a methacrylate-based aqueous
acidic system. In both cases the following criteria should be met as completely as

possible:

- High reactivity

- Absorption between 400 and 500 nm

- Good solubility in the used monomer mixtures

- Stability against oxidation and hydrolysis at ambient conditions
- Storage stability in the monomer mixtures

- No or very low toxicity

- Sufficient photobleaching

- Low price

The usually used CQ/DMAB system shows very low reactivity and low solubility
especially in primer mixtures. The absorption bands of BAPO on the other hand
overlap very poorly with the emission bands of state of the art LED dental lamps.

Ivocerin has limits concerning price but also solubility in aqueous formulations.

Preliminary studies led to bisphosphylketones as promising first concept but also
tellurium as heteroatom next to a carbonyl group was an interesting approach. Also
different and new concepts except the heteroatom-carbonyl approach were goals of
this work. Metal complexes similar to already known titanocenes or new diketones as
part of Norrish type Il systems. For the problem with primer mixtures specifically
water-soluble photoinitiators based on acylphosphine oxides all were ideas how

these new initiator systems could look like.

The characterization of the newly discovered compounds should be done by UV-VIS,
photoreactivity by photo-DSC, storage stability in neutral, acidic and alkaline
solutions, toxicity by in-vitro cell tests and mechanistic studies with a photoreactor.



Results and Discussion

1. Bisphosphylketones

1.1. State of the Art

Classical photoinitiators like Irgacure 2959 (12959) have the maximum of their n—ir*-

transition at ~330 nm.

O

OH

12959

In recent days mono- and bisacylphosphinoxides were developed as photoinitiators.
In these structures the overlap of a free d-orbital in the phosphorus heteroatom with
the 1r*-orbital of the neighboring carbonyl group reduces the energy required for the
n—rir*-transition. This transition is responsible for the photocleavage reaction and
therefore the initiation of a radical polymerization. If the P-atom is exchanged to Ge
(~408 nm), Si (~404 nm) or Sn (~435 nm) an even higher shift can be achieved but
some of these compounds are too instable for a use as photoinitiator. Symmetrical
molecules like bisacylphosphine oxides (BAPO) or comparable germanium
compounds (Ivocerin) prove that a further bathochromic redshift of 10 nm is possible

by introducing a second carbonyl group.

o @ Seraie®

Ivocerin®

BAPO

Introducing two heteroatoms instead of two carbonyl groups like in disilyl- or digermyl
ketones leads to another remarkable shift of the n—ir*-transition to values well above

500 nm.?>%3
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In preliminary experiments at our institute?®* the syntheses of a Si-compound and a
Ge-compound were attempted.

hi§ I
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Ph Ph 2 R =CHs, CHs, Ph
1 3 R=Ph, Ph, Ph

The Si-compound 1 was successfully synthesized and showed an absorption
maximum at 541 nm. However, due to oxygen sensitivity a test of the initiator
efficiency was impossible. The synthesis of the similar Ge-compound 2 failed during
these experiments but Allonas et al. published the synthesis of the related compound
bis(triphenylgermyl)ketone 3.2 The formation of germyl radicals and
photopolymerization of a monomer film under visible light conditions were proven in

this work.

Carbonyl bisphosphonates (examples 4-10) can be expected to show the same

properties as the digermyl- and disilyl ketones.

4 R, R,=-OH
R, T 9/R1 5 Ry, R,=-ONa
Ry \ﬂ/P\Rz 6 R;=-0-iPr, Ry =-Ph
5 7 Ry, Ry =-O-iPr
8 Ry, R,=-Ph
9 R, R,=-O-Et
10 R, R, =-O-Me

Only two groups were working with this type of compound and there are only a very
limited number of publications available. They are for example providing information
about the free acid 4. McKenna et al. describe its Na-salt 5 as a pale yellow
powder.?® On the other hand, Quimby et al. describe the acid 4 as only stable in
solution and both acid 4 and salt 5 as generally instable, especially under acidic but
also under basic conditions, characterize it only in solution and use it in-situ for other

reactions.?” The main decomposition pathway is given in the publication:



HO.D 9,0H O H
HO/P\H/P\OH + HO —> CO, + 2 g

O
5

This contradicts the synthetic pathway used by McKenna et al., who claims the use of
concentrated HCI and NaOH on reflux to yield the sodium salt 5 of the free acid 4 in
isolated form.?® Other publications concerning the compounds 7 and 9 are also from

McKenna et al.?®%®

Herein synthetic pathways are partly described but
characterization is not complete (only one *P-NMR given)*! because most of the
desired compounds were only observed during reactions in-situ like
carbonylbis(diethoxyphosphine oxide) 9% or the free acid 4 and its sodium salt 5. It
was not clear if those compounds could be isolated or are even stable enough for
isolation and further characterization. Mostly they are just mentioned as side products
or intermediates for HIV or anti-cancer drugs. So the synthetic pathways should be
tested and in case pure and stable bisphosphylketones could be isolated also new

compounds could be prepared and characterized.

1.2. Syntheses

The first goal was now to check the synthetic pathways McKenna and Quimby et al
described. The syntheses pathways A and B (Scheme 1) are mentioned in their
publications for different bisphosphylketones. B can be used for the free acid 4 and
sodium salt 5 respectively: R = -OH and R = -ONa.?®?” These bisphosphylketones
are described to be stable in solution. Pathway A is used for the alkoxy compounds:
R = -OMe 10, -OEt 9, -OiPr 7.28%3! These bisphosphylketones are used as in-situ
intermediates. For both pathways, A and B the starting material has two methylene
bridged phosphorus atoms. This bridge is halogenated and hydrolyzed (B), in-situ
hydrolyzed (B), or diazotized and subsequently hydrolyzed (A) to get the product,

usually in solution. Synthesis C by Becker et al*?

is used to prepare the non-oxidized
form of the aromatic bisphosphylketone 8 (no P=0O bond). By subsequent oxidation

with H,O;, it can be tried to yield the desired product 8.



The direct oxidation of the methylene group according to D is not described for a
phosphorus compound but this synthetic pathway can be used to oxidize a
methylene bridge with negative partial charge like it was for example shown in

camphor.*® Here 10-bromocamphor was oxidized to 10-bromocamphoroquinone.

Scheme 1. Potential syntheses pathways for bisphosphylketones

X = -Br, -Cl, -OH
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As potential starting materials basically three compounds were commercially

available:
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The free acid 4 and the sodium salt 5 of the bisphosphylketones are already
described only stable in solution at certain pH values (slightly acidic for the acid,
slightly alkaline for the salt).?” Additionally a full characterization was not made for the
obvious reason of stability issues. Even the starting material is already sensitive
towards bases, which contradicts the synthetic pathways necessary.®* For these
reasons the synthetic pathways were checked with methylenebis(diethoxyphosphine

oxide) 17, which was also used in literature®3%32

as in-situ reagent for the synthesis
of an anti-HIV drug. Furthermore another option is to get an isolatable and stable

compound with methylenebis(diphenylphosphine) 10.

1.2.1. Synthesis of Carbonylbis(diethoxyphosphine oxide) 9 (pathway A)

The synthesis of a carbonylbis(diphosphine oxide) according pathway A (Scheme 1)
via diazotation and subsequent hydrolysis is completely described in literature for
carbonylbis(diethoxyphosphine oxide) 9 as intermediate in solution.®* So it was tried

to reproduce literature and potentially even isolate the final product 9.

O
\/O\ Il 11_0
oy o™
J o
9

First the diazotizing agent 2-naphthalenesulfonyl azide 13 needed to be synthesized

according to literature.®

SO,CI NaNj SOzNa
acetone/H,0

13

As starting material the commercially available 2-naphthalinesulfonyl chloride was
used. 1 eq. of it was dissolved in acetone. 1 eq. of NaN3 dissolved in water was
added and the mixture was stirred at ambient temperatures for 2 h. Water was added
to achieve an acetone:water ratio of 1:1. The product was found in the brown,

organic phase, which was dried (Na,SO,) and the solvent evaporated.
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Recrystallization of the brown precipitate from PE gave the product as yellowish

powder in 47% yield. Formation and purity were checked via melting point.

The synthesis of the hydrolyzing agent t-BuOCI can also be found in literature.*®’

OH NaOCI (Cl):I
>( acetic acid, 0-10°C >‘/
t-BuOH

t-BuOCI

Under light protection agueous NaOCI (7.5%, 1 eq.) was cooled below 10°C. 1 eq. of
t-BuOH mixed with 1 eq. acetic acid was added and vigorously stirred for 3 min.
Subsequently the phases were allowed to separate and the yellowish organic phase
was washed with agueous Na,CO3; (10%) solution and brine. After filtration the t-
BuOCI was obtained as colorless liquid in a yield of 33% and stored at 5°C in a

brown glass bottle over CaCl..

Afterwards the commercially available methylenebis(diethoxyphosphine oxide) 12

could be reacted with the diazotizing agent 13 according to literature.®

i i 13 9 NZ(I?
(@] (@] (@] o

W W toluene ) W W
12 14

For this synthesis KOtBu (1.2 eq.) was dissolved in toluene and cooled to 0°C. 1 eq.
of methylenebis(diethoxyphosphine oxide) 12 also dissolved in toluene was added
dropwise while the temperature was kept below 5°C. After 15 min 2-
naphthalenesulfonyl azide 13 dissolved in toluene was added dropwise, while the
temperature was again kept below 5°C. After 2 h reaction time the mixture was
filtered and the solvent evaporated. The residue was distilled to get product 14 as
yellow liquid in 52% yield. Product formation und purity were confirmed via GC-MS-,
'H-NMR- and *'P-NMR-analysis.

The last step was the synthesis of carbonylbis(diethoxyphosphine oxide) 9.3



? N, 0%
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14 9

Therefore 4  eq. of water were dissolved in EE. 1 eq
diazomethylenebis(diethoxyphosphine oxide) 14 was added and the mixture was
cooled to 10-15°C. 1.5 eq. of t-BuOCI were added and strong gas formation (N5)
occurred. The color of the reaction mixture changed to strong yellow. Subsequently 4
eg. of chlorotrimethylsilane were added. One time this was done after gas formation
stopped (2-5 min.) and another time the reaction mixture was stirred for 0.5 h before
it was quenched with chlorotrimethylsilane. The second case resulted in reduced
yield. After solvent evaporation a yellow liquid was obtained that contained below
10% product calculated by 'H-NMR. ATR-IR- and CC-MS-analysis also showed
product formation but further purification via distillation or column chromatography led
to complete decomposition of the product 9, noticeable by decolorization of the liquid
raw product and disappearance of the product peak in the GC-MS-chromatogram.
The product 9 could not even be stored under argon atmosphere. After two days it
completely decomposed. All this in good accordance with literature, where the

product is used in-situ for follow-up reactions.®

1.2.2. Synthesis of carbonylbis(diphenylphosphine oxide) 8

1.2.2.1. Synthesis via Diazotation and Hydrolysis (Pathway A)

Since the reaction pathway worked before, it was tried to use a different substituent
on the P-atoms to prepare an isolatable and stable product. The goal was to use the

already tested synthesis pathway to yield carbonylbis(diphenylphosphine oxide) 8.

P
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Methylenebis(diphenylphosphine) 11 is used as commercially available starting

material. The required oxide 15 could be synthesized according to literature.®

; ; H,0, ; ;
©/P\/P\© 2h, toluene, RF ©/ﬁ\/ﬁ\©
(@] O
15

1

For that 1 eq. of the starting material 10 was dissolved in toluene 4 eq. of H,O, (30%)
were added dropwise and the reaction mixture was heated to reflux for 2 h.
Afterwards the solvent was evaporated and the residue dissolved in chloroform. This
solution was washed with saturated aqueous NaHCOj3; solution. Subsequent drying
(NapSO,4) and solvent evaporation gave the raw product that could be purified via
recrystallization from EE. Methylenebis(diphenylphosphine oxide) 15 was obtained as
white powder in 83% yield and product formation was confirmed by *H-NMR-, *3C-

NMR- and melting point measurements.

In analogy to the synthesis of diazomethylenebis(diethoxyphosphine oxide) 14 that is
described above, methylenebis(diphenylphosphine oxide) 15 had to be diazotized

first, too.

A slurry of 1.2 eq. KOtBu in toluene was cooled to 0°C. Another slurry of 1 eq.
Methylenebis(diphenylphosphine oxide) 15 in toluene was added dropwise over a
period of 10 min, while the temperature was kept at 5°C. After stirring for 15 min, 1
eq. 2-naphthalenesulfonyl azide 13 dissolved in toluene was added dropwise over a
period of 10 min while the temperature was kept below 10°C. The mixture was stirred
for 30 min at 5-10°C. Afterwards it was allowed to warm to ambient temperatures and
stirred for 2 h. Subsequently the reaction slurry was filtrated and the solvent

evaporated. The filtrate and the residue after evaporation showed the exact same
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thin layer chromatogram, so both fractions were mixed and an ATR-IR was made
where no diazo peak that could be found. The reaction was repeated with another
solvent where all starting materials show good solubility. Dioxane shows the desired
solubility but crystallizes at 10°C, so MeCN was used instead of toluene. This led to
possible product formation. A diazo peak was visible in the ATR-IR at ~2100 cm™ for
the raw product. Purification was tried via recrystallization from EE or EE/PE
mixtures. Column chromatography with EE:MeOH = 10:1 was also tried but the
product could not be isolated. Additionally it was estimated by TLC that the reaction
yield was very low with ~10% and at least two side products appeared during the
reaction that could not be separated from what was assumed to be the final product
16.

So for the synthesis of the desired bisphosphylketone carbonylbis(diphenylphosphine

oxide) 8 another pathway had to be found.

1.2.2.2. Synthesis via Halogenation and Hydrolysis (Pathway B)

Quimby et al describe the synthesis of bisphosphylketones in free acid or in sodium
form from a dihalogenated (—Br or —Cl) species.”’ McKenna et al describe the same
synthesis only with a dichlorinated species.? It has to be noted again that those
compounds were not fully characterized because of stability issues or stability only in
solution at certain pH levels. Nevertheless, the reaction pathway was tried for
diphenylphosphine oxides with the target of obtaining stable and isolatable products.
The syntheses of the brominated or chlorinated bisphosphylketones with —OMe-,
—OEt- or —OiPr-moieties attached to the phosphorus atoms can be found in
literature.®® According to these reaction pathways it was tried to brominate or
chlorinate methylenebis(diphenylphosphine oxide) 15. The bromination should work

as following:
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For that 9 eq. of aqueous NaOH (25%) were cooled to 0°C and 4.7 eq. of bromine

were added dropwise. 1 eq. of methylenebis(diphenylphosphine oxide) 15 dissolved
in a minimum amount of toluene was added and stirred vigorously for 10 min at 0°C.
Choice of toluene as a solvent instead of CCl, as in literature was made because
toluene dissolves the starting material and dissolves at least a little in water.
Afterwards the mixture was stirred for additional 5 min at ambient temperatures. The
phases were allowed to separate and the appearing precipitate was dissolved by
addition of water. Extraction with chloroform, drying with Na,SO, and subsequent
evaporation of the solvent gave the raw product as brownish solid. 'H-NMR
measurements showed disappearance of some aromatic signals but appearance of
multiplet signals at lower ppm values that could not be assigned, speaking for a

decomposition of the starting material probably due to the strong alkaline conditions.

The synthesis of a dichlorinated bisphosphylketone is described in the same paper.*

Herein a bisphosphylketone with —OMe groups on both phosphorus atoms is
chlorinated. According to this reaction pathway the chlorination of

methylenebis(diphenylphosphine oxide) 15 was tried.
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Therefore 3.25 eq. of NaOCI solution (15%) were mixed with 2.5 eq. NaCl and cooled
to 0°C. 1 eq. of methylenebis(diphenylphosphine oxide) 15 dissolved in THF (dioxane
was also tried in another attempt) was added dropwise and the reaction mixture was
stirred for 20 min. Extraction with chloroform, drying with Na,SO, and solvent
evaporation gave a white powder with a yield of 29%. *H-NMR and **C-NMR did not
show product formation but in the 'H-NMR a peak at 6.15 ppm appeared that
disappeared with addition of D,O. Unfortunately, GC-MS data could not be obtained
and ATR-IR did not lead to further conclusions. However, Quimby at al describe a
similar mechanism for the free acid.?” During the halogenation reaction the dihydroxy
compound appeared according this publication as an intermediate, only stable in
solution. Furthermore it is claimed that the dihydroxy compound can be reacted to the
ketone by addition of NaOH. So in case the dihydroxy compound 19 really was
obtained it should be possible to react it with NaOH to yield the final product
carbonylbis(diphenylphosphine oxide) 8.

P SR
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The powder that was assumed to be 1 eq. dihydroxymethylenebis(diphenylphosphine

oxide) 19 was dissolved in dioxane and in different experiments 8 eq. NaOH in
different concentrations was added (30%, 20%, 10%) and the mixture was heated to
reflux for 1h. Heating is according to literature necessary for the reaction to occur.?®%’
After cooling to ambient temperatures highly viscous, brownish oil precipitated that
could be dissolved only in DMSO. *H-NMR analysis showed only acid peaks and
multiplets in the lower (4-2) ppm area, which concludes to decomposition of the
product probably due to the strong basic environment. Repetition of the experiment

at different temperatures (ambient and 50°C) did not lead to another outcome.



1.2.2.3. Synthesis with Phosgene (Pathway C)

In literature a synthesis for the non-oxidized form of the bisphosphylketones is
described.** Carbonylbisdiphenylphosphine is described in this paper, which is
basically carbonylbis(diphenylphosphine oxide) 8 without (P=0) bonds. Subsequent
reaction with  H,O, or just with air should vyield the desired

carbonylbis(diphenylphosphine oxide) 8.
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In a first stepl eq. of Phosgene (20% in toluene) was dissolved in more toluene and
at -95°C under argon atmosphere 1.05 eq. diphenyl(trimethylsilyl)phosphane 20
dissolved in toluene were added. After a short period of time (10 min) a yellowish
precipitate started to appear. After 45 min when no fresh precipitate appeared
anymore it was filtered on a Schlenk-frit and washed with more toluene. *H-NMR of
the precipitate showed very acidic peaks above 6 ppm that could not be assigned.
HPLC analysis showed the formation of 5 different substances, all of them only
absorbing light in the UV region. Additionally **C-NMR did not show a carbonyl peak.
Since in literature diethyl ether is used as a solvent, a second experiment was
performed where a toluene:ether (1/18 v/v) mixture was used but the same results

were obtained.

Since the non-oxidized form was already not stable and results from literature could

not be reproduced the subsequent addition of H,O, was of course unnecessary.

1.2.2.4. Synthesis via Direct Oxidation (Pathway D)

After the previous experiments it could already be assumed that the desired

carbonylbis(diphenylphosphine oxide) 8 is unstable and cannot be isolated.
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Nevertheless, a direct oxidation of the methylene bridge was tried, since this was a
fresh and new approach that could be conducted in one step and was potentially
milder than other approaches with strong bases or acids.

The oxidation should be done with Se0,.3* This way is not in literature for the
oxidation of a bisphosphyl compound but for the oxidation of camphor. According to
literature the reaction works only with freshly sublimated SeO, and best in dioxane

with 5% water.

ﬁ\/ﬁ dioxane + 5% H,0, RF ﬁTﬁ
(@] (@] (@) (@]
(0]
15 8

So 1.3 eq. of freshly sublimated SeO, and 1 eq. methylenebis(diphenylphosphine

oxide) 15 were dissolved in dioxane with 5% water and heated to reflux. During the
reaction black precipitate formed, indicating an oxidation reaction. After 4.5 h the
starting material had almost completely reacted according to TLC. After cooling to
ambient temperature the black and insoluble precipitate was filtered off and the
solvent was evaporated. The raw product was only soluble in DMSO and *H-NMR
showed decomposition to a phosphoric acid. This led to the conclusion that not the
methylene bridge but the phosphorus was oxidized leading to decomposition of the

compound.

1.3. Characterization and Interpretation

The following figures show the 3P-NMR- and 'H-NMR-spectra of
carbonylbis(diethoxyphosphine oxide) 9 and the starting materials from every

synthetic stage (Figure 11 and Figure 12).
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Figure 11. 31P-NMR-spectrum of carbonylbis(diethoxyphosphine oxide) 9 and the starting materials from the previous

synthetic stages
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Figure 12. ‘"H-NMR-spectrum of carbonylbis(diethoxyphosphine oxide) 9 and the starting materials from the previous

synthetic stage

In the *'P-NMR-spectrum starting material can still be seen in the spectrum of the

diazo compound 14. Integration of the peak at 2.38 ppm in the *H-NMR-spectrum

gives a concentration of 10%, which should be no problem for the last step of the



synthesis. Also some diazotizing reagent 13 is still visible, which explains the
aromatic peaks from 8.49-7.29 ppm but it is only traces and there is no expectable
influence on the synthesis of the final product 9. Since further purification was not

possible a purity of approximately 90% was acceptable.

The *P-NMR-spectrum of the final bisphosphylketone product 9 clearly shows
several peaks that could not be assigned, which indicates the formation of a variety
of compounds. Only the peak at 6.84 ppm belongs to carbonylbis(diethoxyphosphine
oxide) 9 according to literature.®® The other compounds can be explained by
hydrolysis or rearrangements leading to the final decomposition of the product, which

is also described in literature for bisphosphylketones:*!
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Following this scheme the carbonyl peak should be characteristic for product
formation. Indeed, in the ATR-IR-spectrum a carbonyl peak could be found and it was
also shown that the diazo peak of the starting material 14 disappears almost

completely (Figure 13):
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Figure 13. ATR-IR-spectrum of carbonylbis(diethoxyphosphine oxide) 9 and the starting materials from the previous
synthetic stage

Finally, a GC-MS (Figure 14) was measured to prove the suggested pathway of

decomposition for bisphosphylketone 9.

100+
80
-3
2
5 ]
T 604
£ 807
2
< ]
£ 404
£ Y]
@
e ]
20
o T T T L T T T LI | T LI § T T T T 1
1 2 3 a 5 & 7 s 3 10 I 12 13 14 15
Time (min)
4.45 min 4,48 min.
9104 186887
100 100+ i o o
: 10 ] [ L
» 907 skt B ey g ] o7 NS N
g A 8085 o7 | O e A 125,02 () 0
5 ] ]
E 607 54,98 e W OW £ 80 \] 7
o ] 0 o
£ ] e ] 12
] 97,00
£ ] 500 12698 22 % ] 176,91
: ] 111,01 155 2 1 %% 7900|1070 204.8
= ] | = 140,90
201 ‘ 12099 131343191 ‘ 19098 207 18594 2294 er02
1 162,94 21497
Jes02 20094 21897 1 | | - 243,01 |
2| 77, ] ! 288,00
ool | il L .I ||| o, "I I17I"‘3‘5: e L od il | ll L. | e Lo plER i PR 2
0 20 100 120 140 180 200 220 50 100 150 200 250 300
miz miz
5,58 min. 7,77 min.
91,01
100 10z o 0 100
] U o i o]
30 80 (0] II II
5% o= \U/ | \O/\ s 7 N
c c 1 / \
2 o] o, © L. Y
2 80 92,08 2 80 o
i 9 2 ] 1.0
o @ 1 \/
Z.40 £ 404 |
E ] 65,00 ﬁ ] 21 (0]
20+ 98,95 20
] 80.97 24382 ]
3 o |57 1s201 16381 18190 pgags | isa zser 1 e e ey
L e o e B s e B e e o 0
50

50 100 150 200 250 300

miz

Figure 14. GC-MS of the raw product yielded from the synthesis of carbonylbis(diethoxyphosphine oxide) 9

With this chromatogram it is clear that the final product 9 appeared during synthesis

but decomposes due to its instability to the rearrangement product 21. As already

mentioned, also in literature the bisphosphylketones like 9 are used only in-situ to



react immediately with other reagents.?®?*3! To find out more about the possibility of
getting a stable bisphosphylketone and also why carbonylbis(diphenylphosphine
oxide) 8 could not be obtained some theoretical calculations were done by Dr.
Markus Griesser (TU Graz/TU Vienna). An electrostatic potential of optimized
structures was done with the B3LYP/6-31G(d) method and ESP according to Merz-
Sing-Kollman, implemented in Gaussian09 (Figure 15). The result showed a very
strong positive charge on both phosphorus atoms, which is probably responsible for
the instability of the compounds.

Figure 15. Calculated electrostatic potential for the final product 9 (blue: positive charge, red: negative charge)

Since —O-Et-moieties on the phosphorus like in the final product
carbonylbis(diethoxyphosphine oxide) 9 already show a very strong +I- and +M-effect
it is clear why the compound with phenyl groups carbonylbis(diphenylphosphine
oxide) 8 could not be synthesized at all. Most likely a reduction of the positive charge
on the phosphorus will not be possible in a magnitude that makes this type of
compound stable enough for an application as photoinitiator. Literature suggests that
the stability of different phosphyl ketones can be prolonged from 20 min to only 4 d*°
by introducing stronger electron donating moieties. Of course these are only similar
and not the same compounds but it can be expected that the bisphosphyl ketones




show even less stability. So this would not be sufficient for a practical use. For this

reason the concept of bisphosphylketones was no longer pursued.

2. Zirconium Complexes

2.1. State of the Art

Metal-based compounds have been described quite a while ago as photoinitiators.*°
These compounds can be metal salts and metallic salt complexes or in fewer cases
organometallic compounds and complexes. The first case of metal salts or metallic
salt complexes is less interesting for dentistry, since these compounds and also their
photoproducts are strongly colored and heavy metal ions would remain in the tooth
fillings. Two examples for this class of compounds are azidopentaamine cobalt (lll),
which gives an initiating azide radical upon irradiation and chromic acid which

produces together with acrylamide (AA) an initiating radical:**

h
CONHg)sN3 ———= Ng* + Co?* + 5NH;

Herot ¢ AA — e Crvisalt + aar
More interesting for the application in dentistry are the organometallic compounds
and complexes. A partial occupation of metal d-orbitals leads to colored compounds,
which therefore can potentially initiate upon visible light irradiation. Additionally, this
absorption in the visible light area can theoretically be tuned by manipulating or
changing the nature of the metal bound ligands. Only a handful of metal complexes
were actually used as radical photoinitiators. These compounds were based on

40,42,43 42,44

titanium, chromium or aluminum.** Tricarbonyl chromium complexes of

phenalky! trichloroacetates can react as type | photoinitiators:**
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For dentistry this compound is not interesting of course, since colored photoproducts

appear.

Aluminum on the other hand has a lot of colorless salts and complexes.

Photoinitiators based on aluminum have already been developed:*

R R =t-butyl

The problem with these complexes is that they cannot react according to a type |
mechanism. The excitation is presumably based on electron transfer from the dye to
the central Al-atom. While the exact mechanism is still not fully explored, it is known
that C4Ho-radicals are formed, which initiate polymerization. The aluminum
complexes itself are colorless but the dye has to be colored in the complementary
excitation wavelength for an electron transfer to happen. This excludes a
photobleaching effect since the dye will still be present in the same color after curing
the formulations. Therefore the aluminum complexes are no possible candidates for

an application in dentistry.

Titanium based initiators suffer too from a lack of photobleaching. However, they
were already used for dental applications*® because they show absorption up to 520

nm.** The structural features of titanocene photoinitiators are always very similar.

Four ligands, two of them fluorinated are bound to a central titanium atom.***3

Fluorinated ligands are mandatory for the stability of the structure. After years of
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trying to find a stable titanium complex the first titanium based photoinitiator was

described including the initiation mechanism:*°

QO

During the photocleavage reaction an electron transfer occurs from the ligand to the
central atom leading to formation of two ligand radicals which combine. The
polymerization was assumed to be started by the titanium diradical. However, newer
studies suggest that also the ligand radicals might start polymerization to a certain
degree but mostly the titanium radical is responsible for initiation.*® Without the —I-
and —M-effect of fluorine the electron transfer could occur even without excitation by
radiation. Even after 25 years of research no other way was found to stabilize the

titanocenes (only commercial product: Irgacure 784).%2

Irgacure 784

Except problems with stability and insufficient photobleaching also the reactivity of
the titanium complexes is greatly reduced in aqueous environments. For these

reasons the titanocenes could not penetrate the market for dental photoinitiators.

Nevertheless, the low number of patented compounds in this field makes research in
this direction very appealing. Publications on several interesting candidates can be
found in literature. Complexes absorbing in the visible light area, showing structural



features that are already known from other photoinitiating compounds are usually
based on zirconium,***"iron*®*° or ruthenium.*®*°

With ferrocenes it was already possible to produce a commercial product. Irgacure

261 is in fact no radical photoinitiator but upon irradiation it forms a lewis acid that
can be used to cure epoxy resins.**

Fe* PFg

Irgacure 261

For dentistry only radical photoinitiators are interesting, of course. Imaginable

complexes could have for example benzophenone groups:*®

O

The ferrocenes 23 and 24 indeed show absorption maxima around 500 nm (Figure 16):

24

3000

23
2000 -

g (M-Tem™

24
10001

300 400 500 600 700

Wellenlange [nm]

Figure 16. Absorption spectrum of the iron complexes 21 and 22%
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Unfortunately, ferrocenes have one big drawback. After potential photocleavage, iron
salts are formed, which are usually strongly colored. This contradicts with a required
photobleaching effect. The exact same behavior can be expected from the ruthenium

complexes.*®

This chain of thoughts led in combination with what was already known from literature
to the following conclusion: An organometallic compound, suitable for dental
applications should be built as organometallic complex, single component, with
initiation via cleavage and the salts of the central atom have to be colorless.
Zirconium complexes show all of these features. Even though most of them are
described as instable or are stored under argon after synthesis, they can be
produced also in a relatively stable form if the right ligands are chosen. They show
absorption in the visible light area, good photobleaching and recently published
zirconium based photoinitiators possessed high reactivity.***"** Cp,ZrCl, shows for
example very good properties ** It is stable under air and even seems to compensate
oxygen inhibition during polymerization to a certain degree. Furthermore it was more
reactive than the state of the art initiator 2,2-dimethoxy-2-phenylacetophenone in a
diacrylate system. The only problem with this complex is that it absorbs only in the
UV area. Several other complexes are described in literature with absorption maxima
between 425 nm and 750 nm.>****" Of course most of these complexes were not
investigated for an application as photoinitiator, nor was light sensitivity described.
Additionally, most of the more complex structures were described only under argon
atmosphere. The following scheme should just give an idea about the potential
redshifts that are achievable with the use of zirconium complexes, which in case of

photocleavage would form colorless salts:




2.2. Syntheses

As already mentioned before the field of existing zirconium complexes is wide and
the hunt for a zirconium based photoinitiator has only just begun. Within the limits of
this work it was chosen to orientate oneself closely to literature and try to reproduce
one of the more promising complexes for the application as photoinitiator. Since
Cp2ZrCl; showed good results but only initiates under UV irradiation it was tried to
find a compound that absorbs in the visible light area but with similar structural
features to guarantee stability and photoinitiation. The zirconium dichloride
complexes in general seemed to be the most stable according to literature. Almost all
other zirconium based complexes needed to be stored or were only characterized
under argon atmosphere (examples given above).”***>" However, the zirconium
dichlorides that can be found in literature are only red-shifted if the organic ligands
are bridged.***"°! The reason for this was not closely investigated yet but a possible
explanation might be that the bridge forces the ligands into a certain angle. This
leads to absorption maxima in the visible light area in contrast to for example
Cp2ZrCl,, which has freely rotatable ligands.

(Ethylenbis(9-fluorenyl))zirconiumdichloride 25 is described in literature as stable
under air and shows an absorption maximum at 516 nm. For these two reasons it
was selected as a first model compound for synthesis, characterization and first tests

concerning this barely explored class of compounds.

In case of solubility issues in the used methacrylic monomer formulations it was also

considered to modify the structure:



Of course this might have influence on the stability of the complexes since as already
mentioned the zirconium dichlorides are the most stable, which can be explained by
high dissociation energy of the two attached chlorine atoms. For this reason it would
also not be possible to just exchange the chlorine with for example t-BuOH in one
step but other synthetic approaches that were not described in literature yet would be

necessary.

58,59

Nevertheless, model compound 25 was synthesized according to literature as a

first step in this project. First the fluorenyl ligand needed to be synthesized:

CI§)

. n-BuLi, CoH4Br,
Q O THF
Fluorene Q.O

26

Therefore 1 eq. of fluorene was deprotonated with 1 eq. n-BuLi in THF and the
resulting organolithium reagent was reacted with 1 eq. 1,2-dibromoethane at 0°C.
After stirring for 21 h, the reaction mixture was quenched with aqueous NH4CI. A
work-up in literature was not given. Therein just washing with pentane was used to
yield the product. However, this did not lead to a pure product so as a work-up the
white powder was recrystallized from ethanol to yield 48.6% of 90% pure bis(9-
fluorenyl)ethane 26 according to ‘H-NMR-analysis. Higher purity could not be
achieved with this synthetic method but is also not necessary because the starting

material and possible side products can’t form stable zirconium complexes.®®

With the ligand at hand the complex 25 could be synthesized:>®



Cl<_ .Cl i
N er\Cl MeLi
Cl Et,O, pentane

After deprotonation of 1 eq. of the ligand 26 with MeLi, the resulting lithium organyl
was reacted with 1 eq. of ZrCl, in diethyl ether. According to literature after 30 min.
the solvent can be evaporated and the red residue extracted with dichloromethane to
yield the pure product. Analysis was done only via elemental analysis. However, it
was found that with this method no pure product could be obtained. After extraction
with dichloromethane a white solid, which was assumed to be clustered zirconium
chloride could be filtered off but side products, ZrCl, and the ligand starting material
still remained in the raw product. After several retries and optimization experiments
where recrystallization in different solvents and different temperatures were tried,
Soxleth-extraction was found to be the most effective method of purification. With
diethyl ether side products and starting materials could be removed and the residue
was dissolved in dichloromethane. Filtration of this solution gave (ethylenbis(9-
fluorenyl))zirconiumdichloride 25 in 54.8% vyield as a red powder. Product formation
was confirmed via *H-NMR-analysis. **C-NMR analysis was also tried but coupling of
the Zr central atom with the carbon atoms gave a bad signal/noise ratio so that no
clear peaks could be obtained.

The product 25 was stable in organic solvents (diethyl ether, dichloromethane,
MeCN) but not in methacrylate based monomer mixtures (mixture A: UDMA, D3MA,
bis-GMA). So it was tried to stabilize the zirconium complexes the same way as the
titanium complexes were stabilized: By removing the chlorine and introducing
fluorinated aromatic moieties to achieve a similar electronic state as in Irgacure
784.%



Irgacure 784

Titanium and zirconium are both group 4 elements and have a similar orbital
configuration. The idea was to have two aromatic hydrocarbon systems and two
fluorinated hydrocarbons to stabilize the zirconium complexes the same way it was

done for the titanium complexes.

In literature zirconium complexes with fluorinated aromatic systems are either
synthesized with aryllithium® or with a Grignard reagent®® from Cp,ZrCl, and the
chlorinated or brominated fluoro-aromatic species. For (ethylenbis(9-
fluorenyl))zirconiumdichloride 25, which already tends to be instable the softer

synthetic route with a Grignard reagent was chosen:

F F
T T
O Zr (@)

F F

28



In first experiments a fully fluorinated aromatic system was chosen but here it turned
out to be impossible to analyze since the fully fluorinated system could not be
detected via *H-NMR. So in the end the reaction was done with a tetrafluorobenzene:
A Grignard reagent was synthesized from 2.2 eq. bromotetrafluorobenzene and 4 eq.
magnesium in diethyl ether. During a 6 h reaction time the reaction mixture changed
its color from colorless to yellow and brown in the end. The ongoing reaction could be
monitored by consumption of the magnesium in the reaction mixture. The resulting
Grignard-reagent  was reacted in-situ  with 1 eq. (ethylenbis(9-
fluorenyl))zirconiumdichloride 25 at -78°C under argon atmosphere in toluene. After
stirring for 24 h at ambient temperatures the solvent was evaporated and completely
substituted with toluene. Pentane was added until pentane/toluene = 1:1 v/v was
obtained and the mixture was filtered. This procedure was repeated two times.
Subsequent *H-NMR-analysis of the orange, powdery product did not show the
formation of the desired (ethylenbis(9-fluorenyl))zirconiumtetrafluorobenzene 27 but
the fluorenyl ligand was completely cleaved off and substituted by
tetrafluorobenzene. The chlorine was most likely substituted by diether resulting in
the undesired product 28. Another possibility is that chlorine was not substituted but
diethyl ether just coordinated additionally to the zirconium. This is however less likely
since zirconium favors four ligand complexes. A closer investigation of the product

with which photoinitiation was not possible was not done.

2.3. Characterization and Interpretation

To test the photoinitiator properties of (ethylenbis(9-fluorenyl))zirconiumdichloride 25
it was dissolved in mixture A (UDMA, D3MA, bis-GMA, 1:1:1 molar) with a
concentration of 1%. The deeply red photoinitiator (Amax = 516 nm) decolorized
immediately in the monomer mixture and initiation with visible light was not possible.
The stability of complex 25 under atmospheric conditions and in solution
(dichloromethane, diethyl ether, MeCN) but its decolorization in methacrylate based
monomer mixtures indicates a cleavage of the fluorenyl ligand only in the monomer.
Indeed, zirconium is known to coordinate with monomer double bonds.®*%* In the first

publication from Stoebenau et al zirconium cyclopentadienyl complexes are reacted
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with various alkenes and alkynes. Also “alkene flipping” is described, which means
continuous ligand exchange occurs in presence of more than one alkene. The
second one by Mulhaupt et al describes Ziegler-Natta polymerization, where the
ability of zirconium complexes to coordinate with monomer double bonds is used to
catalyze a polymerization reaction. Probably during these coordination reactions the
fluorenyl ligand is cleaved off and therefore the absorption maximum shifts to the UV

area. In the end the formulation could be polymerized in a UV-oven (Figure 17).

(o) (L)

Figure 17. Mixture A with 1% PI, polymerized under broad band UV light; (a) CQ+DMAB as a reference, (b) (ethylenbis(9-
fluorenyl))zirconiumdichloride 23

As can be seen, the polymerization of mixture A is not as complete with
(ethylenbis(9-fluorenyl))zirconiumdichloride 25 as it is with the state of the art
CQ/DMAB system but a polymerization reaction clearly occurs. It was tried to isolate
a potential newly formed complex from a mixture of complex 25 with MMA but
evaporation of MMA just gave a white, partly insoluble precipitate. The soluble part
consisted of the ligand 26, the insoluble was assumed to be clustered zirconium
chloride. It was now tried to polymerize mixture A also with pure ligand 26 in the UV-
oven but no polymerization reaction could be observed. All this led to the conclusion
that a new compound is formed in the monomer that is responsible for initiation under

UV light but it is only stable in monomer solution.

After all it can be said that photoinitiation works but the visible light initiation
necessary for dental applications was not reachable with zirconocenes at this point.
Only the bridged ligands showed similar structural features as known photoinitiators
from literature and at the same time visible light absorption. Bis(9-fluorenyl)ethane 26

was described in literature*>*">!

as most stable bridged ligand since it can be stored
under air. Other ligands like for example indanes showed no absorption in the visible

light area and other bridge lengths led to stability only under argon atmosphere.



So since the model reaction already did not work the way it was intended and no
direct follow-up compounds were under consideration, the focus of the work was

shifted to other projects.

3. Diketone Systems

3.1. State of the Art

An aliphatic ketone alone has an n—* transition at approximately 320 nm.®® By
addition of a second keto-group the absorption maximum can be shifted to longer
wavelengths depending on the angle between the two carbonyl groups. For years the
Norrish type Il diketone photoinitiator system CQ/DMAB has been state of the art for
dental applications. As a long wavelength photoinitiator it shows an absorption
maximum at 468 nm. Compared to a pure aliphatic ketone this is a shift of about 130

nm.

However, as already mentioned this system suffers from low reactivity and it might be
advantageous to shift the absorption maximum from 468 nm to higher wavelengths to
allow penetration of light into deeper layers. It is known from literature that the
maximum of the n—t1* transition of a diketone system can be shifted by changing the
angle between the two carbonyl groups. This correlation is shown in the table below
(Table 2).



Table 2. Angle between carbonyl groups and absorption maxima of different diketone systems®®®®

Compound Angle [°] Amax N—T1T*[NmM] Range [nm]
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A single benzoyl chromophore that is frequently applied in Norrish type | systems has
the maximum of its n—1r™* transition at 320 nm. Moreover, it is known that the empty
d-orbitals of a hetero atom next to a carbonyl group reduce the required energy for
an n—1r* transition thus leading to a bathochromic red-shift. This effect has been
proven for acylphosphinoxides, where the empty d-orbitals of a P-atom shift the
absorption maximum from 320 nm to 385 nm. If these two effects (the diketone and
the heteroatom effect) are combined, a new class of compounds with a high potential

for an application as photoinitiator might be obtained (Figure 18).
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Figure 18. Scheme, showing the concept for the new class of diketone photoinitiatorsss

A first compound phenylglyoxylic acid diphenylphosphine has already been

synthesized in preliminary experiments at our institute:®

o
P
9
Phenylglyoxylic acid diphenylphosphine
Amax = 460nm

The compound showed promising results, regarding its absorption maximum, but

wasn’t stable enough for polymerization experiments.

The synthesis for a Si-based compound 31 with an absorption maximum at 518 nm
can be found in literature. It is described as reddish-purple liquid and shows high light

sensitivity: "



31, Amax = 518 nm

The drawback of this compound is the instability, which is a common problem among
Si-compounds. However, it should be possible to adapt the described synthesis
based on a multi-step reaction of chlorotrimethylsilicium with phenylacetylene for a
Ge-based structure, leading to a stable compound. With Ivocerin it has already been
confirmed that acylgermanes are more stable than the analogous Si-based

molecules, which are highly sensitive towards hydrolysis and oxidation.

In literature it is not described if these diketone systems would work as a Norrish type
| or type Il initiator. A Norrish type | initiator would react through cleavage of the
compound between heteroatom and carbonyl, which would be possible in case of a
conjugated system. A type Il reaction will work similarly to the CQ/DMAB system

through hydrogen transfer and therefore also require a coinitiator.
3.2. Preliminary Experiments

Preliminary tests were made to decide, whether diketone systems in ring form or in
linear form should be synthesized for a first characterization. For these tests an
indanedione was chosen, since 1,2-indanedione 28 shows an absorption maximum
at 484 nm (¢ ~ 30 | mol* cm™), which is more red-shifted than CQ (Amax = 468 nm, € ~

44 | mol™* cm™).
ol

(0]
29

1,2-Indandione 29 is commercially available and was also therefore chosen as a first
testing compound. In Photo-DSC measurements (Figure 19; mixture A, 1 wt% PI

concentration, 400-500 nm irradiation) with DMAB as coinitiator and lvocerin and



CQ/DMAB as references a very low reactivity of the indanedione system was

observed.
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Figure 19. Photo-DSC measurements of 1,2-indandione 29 with references (mixture A, 1 wt% PI concentration, 400-500
nm irradiation)

This can be explained with the fluorescence of indanedione. The strong fluorescence
of indanedione 29 (Figure 20) is already mentioned in literature.”* Quantitative
fluorescence quantum yields are not given but it is commercially available because it

is used in forensics to make fingerprints visible.
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Figure 20. Absorption and emission spectrum of 1,2-indanedione 28"

The fluorescence hinders the compound from going in the excited triplet state, which
is necessary for a photoreaction and the most likely reason for this fluorescence is
the aromatic system, which forces the two ketones in a low angle, causing the high
bathochromic red-shift.

The compound dimethylindanedione 30 is also known from literature and shows an

even higher bathochromic shift (500 nm).®

o
30

However, it is not commercially available and was not synthesized since also here

typical fluorescence can be expected.

So the conducted experiments led to the conclusion that for a start and proof of
concept linear diketone systems should be preferred. Phenylpropanedione (PPD)

was for a long time a state of the art photoinitiator in dentistry and is therefore already
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well described regarding its photoinitiator properties. The goal was now to get a
compound with similar structural features and compare it to PPD as state of the art

compound. More experimental data regarding PPD can therefore be found below.
3.3. Syntheses

After the preliminary tests it was concluded that a good start for the diketone
photoinitiator project would be to synthesize structures that are based on the already

known and widely used PPD.

O

oY

PPD

This has not only the advantage of structural features that are known literature and
known to show photoinitiator properties but also PPD is in fact the most basic
structure one could think of when it comes to a diketone photoinitiator system. A
logical first step was now to substitute the methyl group neighboring the carbonyl with
a heteroatom. P, Ge and Si were chosen as possible candidates as it was before
also done for the cleavable type | systems (i.e. MAPO or Ivocerin). The most basic

structures were chosen as first target compounds:

A syntheses scheme (Scheme 2) was made that was based on syntheses that were
described in literature for similar structures (more information on that can be found
directly at the synthesis) or in the case of germanium (especially pathway B) were

described for silicium compounds. It was assumed that silicium and germanium could



behave similar during syntheses because both are group 14 elements and have
therefore similar orbital configurations.
Scheme 2. Potential syntheses pathways for diketones
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A simpler silicium diketone 31 is described in literature.”

However, as already described above, in the same publication stability issues are
mentioned. So the idea was to use germanium instead of silicium or stabilize the

silicium with introducing TMS groups.

3.3.1. Synthesis of Phenylglyoxylic Diethylphosphite 36 and Phenylglyoxylic
Diphenylphosphine Oxide 32 (Pathway D)

The acidity of phosphine hydrides was assumed to be high enough for an
organolithium reaction pathway. This pathway has the advantage of a very simple
and direct approach and was therefore tried first. The starting materials are either
commercially available (diethylphosphite) or were synthesized according to literature
(phenylglyoxylic acid chloride 35):"2

CI\(CI

0 S 0
OH - cl
o) 0
35

For this synthesis 1.5 eq. of Dichloromethoxymethane were added to 1 eq. of
phenylglyoxylic acid under argon atmosphere. The reaction mixture was stirred for 1
h at 50°C. Work-up via Kugelrohr distillation gave the pure product 35 as yellow liquid
with 38% yield.

Now the organolithium reaction could be tried.
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35 36

For this reaction 2.2 eq. of LDA in THF were added at -30°C over a period of 90 min
to a solution of 1.1 eq. phenylglyoxylic acid chloride 35 and 1 eq. diethylphosphite in
THF. After stirring the mixture at -30°C for 2 h toluene was added and the reaction
guenched with water. During quenching the red reaction mixture decolorized
completely. A product 36 formation could not be proven via GC-MS. Samples taken
during the reaction before quenching and of the organic phase after quenching
showed no product. Just in case phenylglyoxylic diethylphosphite 36 formed during
the reaction but was not stable enough to be isolated and characterized another
phosphorus reagent was tried too. From MAPO synthesis it is known that aryl
substituents provide theoretically better stability to the system. So the synthesis was

tried again with diphenylphosphine oxide.

)
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LDA 32

In analogy to the synthesis conducted before 2.2 eq. of LDA in THF were added at -
30°C over a period of 90 min to a solution of 1.1 eq. phenylglyoxylic acid chloride 35
and 1 eq. diphenylphosphine oxide in THF. After stirring the mixture at -30°C for 2 h,

toluene was added and the reaction quenched with water. This time the reaction
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mixture changed its color to orange/yellow. After evaporation of the solvent a yellow
precipitate was obtained. GC-MS and HPLC analysis showed starting materials (but
phenylglyoxylic acid chloride in free acid form) and the dimer 37. In good accordance
with the germanium hydrides a dimerization reaction had occurred and instead of the
product phenylglyoxylic diphenyphosphine oxide 32 the dimer 37 was obtained.
Since the desired product could not be detected no further purification or

characterization was done.

To avoid the dimerization reaction a reactive species had to be created from the acid
chloride and not from the heteroatom hydride. Since the hydrogen in
diphenylphosphine oxide is rather acidic a variation of the Einhorn-acylation’® was

tried where the alcohol was substituted with the phosphine oxide:

o

o O
' Cl

0] pyridine
_ > o
\© + o

I 0=

For that 1.1 eq. of phenylglyoxylic acid chloride 35 and 5 eq. of pyridine were
dissolved in toluene and stirred for 10 min. at ambient temperature to get activated
pyridinium salts. This solution was added to 1 eq. diphenylphosphine oxide. The
reaction mixture turned red immediately. After 2 h stirring at ambient temperature it
was washed with water and the solvent evaporated. The red/purple residue was
purified via flash chromatography to obtain product 32 with 62.3% vyield as red
needles with a purity >90%. The Iimpurities were mostly starting material
diphenylphosphine oxide and to a small part the dimer of the starting material, visible
in *'P-NMR measurements. These two substances could not be removed but were
also no problem for subsequent characterization methods since they are not

photoactive or absorb in the visible light region.

Since this reaction pathway worked very well for diphenylphosphine oxide it was
repeated for diethylphosphite in the exact same way with the exact same equivalents

of starting materials as described above:
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Unfortunately, again no product 36 was obtained. TLC and GC-MS analysis showed
a large variety of peaks. Some could be assigned to phosphorus dimers or
transesterification products; others could not be assigned at all. This led to the
conclusion that product 36 cannot be obtained in this way or might even not be stable
at all.

3.3.2. Synthesis of Oxalylbisdiphenylphosphine Oxide 38 (Pathway E)

To find out more about the influence of the benzoyl chromophore in the diketone
systems, a system without benzoyl moiety was synthesized according to the already

established Einhorn-like method:"®
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38

Under argon atmosphere a solution of 0.9 eq. of oxalylchloride and 10 eq. pyridine in
dichloromethane was made and stirred for 10 min. at ambient temperature. This
solution was added to 1 eq. diphenylphosphine oxide in dichloromethane. After
stirring for 2 h at ambient temperature the reaction mixture was washed with water.
The organic phase contained the product 38, which was purified via flash
chromatography to obtain the red product as red solid with 35.8% yield in a purity
>80%. The impurities were mostly starting material diphenylphosphine oxide and to a
small part the dimer of the starting material, visible in 3*P-NMR measurements.

These two substances could not be removed but were also no problem for



subsequent characterization methods since they are not photoactive or absorb in the

visible light region.

3.3.3. Synthesis of Phenylglyoxylic Tri(m)ethylgermanium 33 and 39

3.3.3.1. Synthesis with Pd-Catalyst (Pathway A)

After two phosphorus diketones were successfully synthesized the focus was shifted
to the germanium diketones. Pathway A (Scheme 2) was tried first, since this reaction
pathway already worked for an Ivocerin derivate in a former work.?* It was described
in literature only for digermanes and acid chlorides to yield benzoyl germanium
compounds.’® That means the synthetic pathway described in literature was modified
in a way that instead of benzoyl chlorides, phenylglyoxylic acid chloride 35 was used.

It was synthesized according to a published procedure as also described above.”

Subsequently, 1 eq. of hexamethyldigermane was reacted with 0.9 eq. of the acid
chloride 35 at 110°C in the presence of 0.05 eq. allylpalladium(ll)chlorid and 0.09 eq.
triethylphosphite as catalyst. GC-MS measurements of the raw product did not show
product formation but the presence of benzoylgermanes and other not closer defined
benzoyl compounds. The Pd catalyst probably caused a decarbonylation reaction like
it is also described in literature.” Hence, the same reaction was tried at lower
temperatures (65°C) to avoid decarbonylation but at these temperatures no reaction
occurred at all. This was visible in no formation of elemental Pd and no product

formation according to GC-MS measurements.



3.3.3.2. Synthesis in Analogy to Phenylglyoxylic Trimethylsilicium 31
(pathway B)

As already mentioned above Page et al describe the synthesis of the hydrolytically
instable phenylglyoxylic trimethylsilicium 31:7

Since this is a common problem in silicium containing structures the idea was to
substitute silicium with germanium. A higher stability could be expected like it is the
case for Ivocerin compared to Si-benzoyls, which decompose under air because of
their instability towards oxygen and moisture. It was tried to use the same synthetic
pathway that works for silicium as germanium is also a group 14 element, which has

a similar orbital configuration:
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In a first step 2-phenyl-1-trimethylgermylethine 40 had to be synthesized from

phenylacetylene and trimethylgermaniumchloride in an organolithium reaction:
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2-phenyl-1-trimethylgermylethine 40 is already known to literature’® where it is made
in a hydralumination reaction. Since it was tried to use the pathway of the Si
compound 31 for germanium, the synthesis was done in this way. To a solution of 1
ed. phenyl ethyne in THF under an argon atmosphere at -78 °C a solution of 1.2 eq.
butyl-lithium in hexane was added and the mixture was stirred at -78 °C for two
hours. 1.2 eq. of trimethyl chlorogermane were added, and the reaction mixture was
stirred at ambient temperatures for one hour. Quenching with saturated ammonium
chloride solution and extraction with dichloromethane gave the raw product, which
was purified via Kugelrohr distillation to get pure product in a yield of 51.6% as

colorless oil.

In the next step the triple bond of the obtained product 40 was reduced with DIBAL
(diisobutylaluminiumhydride) to yield Z-2-phenyl-1-trimethylgermylethene 41. Also
compound 41 is known to literature’” and was prepared from germanium hydride and
a corresponding bromine compound in an organolithium reaction. However,

according to pathway B the next step in the reaction was as following:
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Therefore 1 eq. of 2-phenyl-1-trimethylgermylethine 40 and 1.5 eq. N-
methylmorpholine dissolved in diethyl ether were mixed with 1.5 eq. diisobutyl
aluminium hydride at ambient temperatures overnight. After quenching with 10% HCI
and extraction with diethyl ether the raw product was purified via Kugelrohr distillation
to obtain product 41 with >90% purity as colorless oil in a yield of 52%. The 10%
starting material 40 in the purified product 41 were not possible to separate during

work-up.

However, since the triple bond of the starting material 40 cannot be oxidized in the
next step no further action was taken and the synthesis of the third step anti-2-

hydroxy-2-phenyl-1-trimethylgermylethanol 42 was conducted:
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It was tried to oxidize the double bond in the starting material Z-2-phenyl-1-
trimethylgermylethene 41 with an OsO4,/Me3sNO redox system. Unfortunately, the
yield was very low. After some tries the best synthesis with a yield of ~3% was found:
1 eq. of Z-2-Phenyl-1-trimethylgermylethene was dissolved in tert-butanol, water and
pyridine. 1.4 eq. Trimethylamine N-oxide dihydrate and freshly sublimated 0.02 eq. of
osmium tetroxide were added to the solution. The resulting mixture was boiled under
reflux under an argon atmosphere for twelve hours. The reaction mixture turned black
during the reaction, indicating the formation of OsO,. Aqueous sodium bisulphite was
subsequently used for quenching and extraction with dichloromethane in a
continuous extractor gave the raw product, which contained <5% product 33 that was
obtained in a total yield of ~3% estimated by GC-MS analysis. Due to the low amount
of product and/or also potential instability it could not be isolated for further
characterization. Distillation (Kugelrohr), recrystallization (CH,Cl,, MeOH) and
chromatography experiments with different solvents (CH,Cl,, MeOH) and stationary
phases (Florisil, SiO,, AlO3) respectively always led to complete product
decomposition, which means it was not detectable with GC-MS anymore. So it was
tried to achieve a higher yield and therefore make the product isolation easier by
repeating the synthesis once again but with NMO instead of Me3NO as reoxidizing
agent. NMO is the standard reoxidizing agent for oxidations with OsO,4, which is a
standard method in organic synthesis.”® However, this led to no product formation at

all.

Since the few percent product could not be separated from the raw product the whole
mixture was used for the last step of the synthesis looking for an easier separation

after the last step:
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A Swern-oxidation was carried out to oxidize anti-2-hydroxy-2-phenyl-1-
trimethylgermylethanol 42 to phenylglyoxylic trimethylgermanium 33. 4.4 eq. of oxaly
chloride were dissolved in dichloromethane and at -60°C 4.4 eq. of DMSO was
added. Afterwards 1 eq. of raw anti-2-hydroxy-2-phenyl-1-trimethylgermylethanol 42
was added and the mixture stirred for 30 min at -60°C. At this point a GC-MS of the
reaction mixture showed no product formation. After addition of 2.9 eq. of
trimethylamine the reaction mixture was warmed to ambient temperatures over a
period of 45 min. Quenching with water and extraction with dichloromethane gave a

residue wherein no product 33 could be found via GC-MS- or *H-NMR-analysis.

3.3.3.3. Synthesis via Grignard Reaction (Pathway C)

Another idea to get phenylglyoxylic trimethylgermanium 33 was a Grignard-type
reaction. A Grignard reaction is a standard reaction in organic synthesis and Grignard
reagents are usually of the type R3CMgCI or R;CMgBr. These Grignard reagents can
be reacted with for example acid chlorides leading to the formation of MgCI2 and
ketones. In literature germanium Grignard reagents are described.”® Herein it is also
mentioned that the germanium Grignard reagents tend to react with themselves
forming germanium dimers. For this reason they can only be used in-situ in a way
that the germanium Grignard reagent is formed and immediately consumed by a
reaction partner. This synthesis with phenylglyoxylic acid chloride is not described in
literature but from a retrosynthetic point of view this pathway showed some potential,

so it was tried out.



For this synthesis 1 eq. of Mg powder in THF was heated to reflux. 1 eq. of
trimethylgermanium chloride and 3 eq. of phenylglyoxylic acid chloride dissolved
together in THF were added. After 1 h the reaction mixture had turned red. It was
stirred for 2 more hours, then the reaction was stopped and the solvent evaporated.
The residue was partly soluble in Et,O and the rest was soluble in CH,Cl,. After
evaporation of the solvents the Et,O fraction was obtained as orange solid and the
CHCI, fraction was an intensively red liquid. Both fractions were analyzed by TLC,
GC-MS and *H-NMR. TLC and GC-MS showed a variety of not closer investigated
peaks but *H-NMR showed no trimethyl germanium peak. At this point it was already
clear that product 33 was not formed. Closer investigation showed as main peak on
TLC and in GC-MS the undesired product 43, which means the magnesium led to a
reduction of the acid chloride. Since this product was unwanted it was not isolated or

closer investigated.
3.3.3.4. Synthesis via Organolithium Reaction (Pathway D)

Alternative organometallic reactions to potentially obtain diketone germanium are
organolithium reactions.’® In this literature not only the germanium Grignard reagents
were described but also reactions of germanium hydrides with organolithium
reagents to yield the germanium lithium compounds, which can subsequently be
reacted with for example acid chlorides to yield ketones like it was also already tried

for the corresponding phosphorus compounds.
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However, triethylgermanium hydride could not be deprotonated with LDA (lithium

diisopropylamide) nor with n-BuLi (n-butyl lithium): 1.1 eq. of organolithium reagent

60



were added to 1 eq. of trimethylgermanium hydride in THF at -78°C and one time at
0°C. Subsequently 1.2 eqg. of phenylglyoxylic acid chloride 35 were added. Toluene
was added and the reaction was quenched with water. GC-MS of the organic phase
showed only the starting materials or phenylglyoxylic acid respectively. As a result
0.9 eq. of t-BuLi as a stronger base were used but in this case the deprotonation
reaction led to formation of hexaethyldigermane instead of the desired product. In
GC-MS, TLC and HPLC analysis a variety of not closer investigated peaks could be
found but the biggest one was according to GC-MS hexaethyldigermane. Since the
desired product 39 could not be found, no further purification or characterization was

done.

3.3.3.5. Synthesis via Seebach Umpolung (Pathway F)

A multistep Seebach diketone synthesis was also tried out.2>® In the first step a

Seebach reagent was made:
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For synthesizing the Seebach reagent 0.95 eq. of 1,3-dithian were deprotonated with
1 eqg. n-BuLi in THF at -10°C and subsequently reacted with 1 eq.
trimethylgermanium chloride at 0°C. Quenching with 2% HCI, extraction with diethyl
ether and Kugelrohr distillation gave the product 44 with 37.5% vyield as a colorless
liquid. Afterwards this reagent 44 was deprotonated again with n-BuLi and reacted
with benzoyl chloride:
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For that 1 eq. of (1,3-dithian-2-yl)trimethylgermane 44 in THF at -15°C was reacted
with 1 eq. of n-BuLi. This mixture was added to 0.95 eq. of benzoyl chloride in THF.
After stirring for 3 h water was added and the resulting solution extracted with diethyl
ether. Kugelrohr distillation of the raw product gave the product 45 with 23.1% yield.

In the last step the dithiane protective group needs to be removed. There are several
procedures available but the most efficient is usually stirring with CdCO3; and HgCl,
at elevated temperatures.®® In case of a successful synthesis and since the
photoinitiator is meant for biomedical applications these very toxic reagents could be
substituted with CaCO3 and I, but for this model reaction the most efficient way was

used.

A slurry of 1 eq. phenyl(2-(trimethylgermyl)-1,3-dithian-2-yl)methanone 45, 5 eq. of
HgCl, and 5 eq. of CdCO3 in THF and water was stirred for 8 h. No change in color of
the reaction mixture occurred and GC-MS showed no product formation. So the
reaction mixture was heated to reflux overnight. After 16 h still no change in color
occurred and GC-MS analysis still showed no product formation. Additionally the
starting material could not be detected anymore but a variety of peaks showing
decomposition products were obtained. So at lower temperatures no reaction
occurred at all within 8 hours and at reflux the starting material decomposed within 16
hours. This is in good accordance with literature, where a potential hydrolysis
reaction of germanium and silicium dithianes is described.®! These observations in
combination with what was known from literature led to the conclusion that another

synthetic route will be necessary.



3.3.3.6. Synthesis with a Copper Intermediate (Pathway G)

Piers and Lemieux describe another synthesis pathway where trimethylgermanium
hydride was reacted with different acid chlorides via an intermediate copper reagent
to yield a germanium ketone.®? The synthesis was modified because with the use of
triethylgermanium hydride a liquid starting material can be used instead of the
gaseous trimethylgermanium hydride. Additionally phenylglyoxylic acid chloride 35
was used instead of non-aromatic acid chlorides for the obvious reason of trying to

get a diketone.
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To 1 eq. of triethylgermanium hydride in THF at -10°C was added 0.85 eq. t-BulLi.
Afterwards this was added to 0.85 eq. CuBr.Me,S in THF at -78°C. Stirring at -78°C
for 1 h resulted in a deeply red liquid. 0.55 eq. Me3SiCl were used for quenching.
Afterwards a solution of 0.55 eq. phenylglyoxylic acid chloride 35 in THF was added
and the mixture turned black. The solution was stirred for 1 h at -78°C and for 2 h at -
30°C. As a work-up the reaction mixture was poured in aqueous NH4CI-NH,OH (pH
8-9) und diluted with diethyl ether. The aqueous phase was extracted with diethyl
ether. The deeply red and liquid raw product was purified via column
chromatography, which yielded pure product 39. It was identified with *H-NMR and
GC-MS. The yield was with 6.4% very low and therefore the synthesis very inefficient
but enough of the product could be obtained for a first characterization. However,
further characterization was difficult and not done because of the low yield, the high
price of the starting materials and the relative instability of the product 39. It already
decomposed after 3-4 days under argon atmosphere at 5°C, visible by complete

decolorization and disappearance of the product peak in GC-MS measurements.



3.3.4. Synthesis of Phenylglyoxylic Triphenylgermanium 46 (Pathway G)

Since a pathway for the synthesis of germanium diketones was found, a second one
with aryl moieties — phenylglyoxylic triphenylgermanium 46 — was synthesized in
hope for a more stable product:
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The synthesis was done in complete analogy to the synthesis described before for
the triethylgermanium compound 39. The yield was with 1.1% even lower than in the
previous synthesis but still enough for some basic characterizations. Product
formation was proven by *H-NMR analysis of the deeply red solid 46, which was
obtained after purification. Stability was even lower than for phenylglyoxylic
triethylgermanium 39. After 2 days under argon atmosphere at 5°C phenylglyoxylic
triphenylgermanium 46 completely decomposed, visible by complete decolorization of
the former deeply red solid and disappearance of the product peak in GC-MS

measurements.

3.3.5. Synthesis of Phenylglyoxylic Trimethylsilyl Silicium 47 (Pathway H)

Since the silicium diketone compound 31 Page et al synthesized’® was very instable
another silicium compound with stability enhancing TMS (trimethylsilyl) moieties was

synthesized according to literature:®
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1 eq. of Tetrakis(trimethylsilyl)silan was dissolved with 1.05 eq. KOtBu in
dimethoxyethane. The resulting solution was added to 1.05 eq. phenylglyoxylic acid
chloride 35 in diethyl ether and cooled to -40°C. After complete addition the reaction
mixture was allowed to warm to ambient temperature and stirred for another hour.
Subsequently, HCI (3%) was added. The aqueous phase was extracted with diethyl
ether. Column chromatography gave the pure product 47 in a yield of 33% as yellow
oil. The stability of the product was even under argon atmosphere too low to conduct
NMR measurements of over 15 min. The 40 min ?°Si-NMR and *C-NMR already
show a variety of peaks. For this reason only *H-NMR spectra are given and for
further characterization color and UV-VIS spectra were used respectively, which were
obtained from freshly prepared Si-diketone 47. A few hours old product 47 also

showed bad and not interpretable results in *H-NMR measurements.
3.4. Characterization & Interpretation

The first and most important characterizations for novel photoinitiators are UV-VIS-
and photo-DSC-measurements to determine whether the absorption maximum is as
desired in the visible light area or in the UV area and to determine the reactivity of the
photoinitiator. Two phosphorus diktones, two germanium diketones and one silicium
diketone were synthetically accessible. Those were compared to the reference PPD

(phenylpropanedione):
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The germanium diketones 39 and 46 but especially the silicium diketone 47 needed
to be freshly prepared for the following analysis to get reliable results. However, it
should be kept in mind that the stability of these compounds is very low so even the
results from the freshly prepared photoinitiators should be handled with care.

3.4.1. UV-VIS

UV-VIS-spectra were measured in dichloromethane with a concentration of 1 x 107

mol L™ (Figure 21, Figure 22 and Figure 23).
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Figure 21. UV-VIS-spectra of the phosphorus diketones 32 and 38 with the reference PPD (1 x 10 mol L™ in CH,CL,)

As can be seen from the UV-VIS spectrum of the phosphorus diketones (Figure 21) the
concept of a bathochromic redshift via combining the redshift of two neighboring
carbonyl groups with the redshift of d-orbital overlap works. Phenylglyoxylic
diphenylphosphine oxide 32 (Amax = 450 nm) shows a redshift of approximately 50 nm
compared to the reference PPD, which can be explained by the overlap of the empty

phosphorus d-orbital with one carbonyl group.

The bisphosphine oxide compound 38 shows a lower absorption maximum of just
410 nm. The lack of the benzoyl chromophore most likely leads to this lower
maximum. This is in good accordance with literature, where it is described that by
introducing a benzoyl chromophore in an arbitrary structure a red-shift can be

achieved.®
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Figure 22. UV-VIS-spectra of the germanium diketones 39 and 46 with the reference PPD (1 x 10 mol L in CH,Cl,)

The germanium diketones (Figure 22) show an even higher absorption maximum than
the phosphorus diketones (Figure 21). Phenylglyoxylic triethylgermanium has a Amax Of
470 nm, while phenylglyoxylic triphenylgermanium led to a higher redshift of 490 nm.
The shift of 20 nm between the phosphorus compound 32 and the germanium
diketone 39 fits with the difference between BAPO and Ivocerin. With introducing aryl
groups in 46 a further shift of 20 nm occurs. Surprisingly, germanium diketone 39

shows the highest extinction coefficient even though no aryl groups are present at
the germanium atom.
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Figure 23. UV-VIS-spectra of the silicium diketone 47 with the reference PPD (1 x 102 mol L in CH,Cl,)

The silicium diketone 47 (Figure 23) shows the lowest absorption maximum of the
newly described diketones (Amax = 420 nm). This comes as a surprise since it could
be expected from already know acyl compounds?! that the silicium diketones would

show an absorption maximum in the range of germanium diketones.

Amax = 412 nm Amax = 416 nm
Amax = 394 nm
As already mentioned before, the silicium diketone is very instable. So a possible
explanation could also be that the results of the UV-VIS measurement got
adulterated since the compound decomposed during or already before the

measurements.



3.4.2. Photo-DSC

Photo-DSC measurements were carried out to determine the reactivity of the new
diketone photoinitiators. Initiator concentration was 1 mol% in mixture B
(UDMA:DsMA = 1:1 m/m) with 1 equivalent DMAB as coinitiator. Mixture B was
chosen because of its lower viscosity compared to mixture A and therefore better and
easier solubility of the tested diketones. Range of irradiation was 400-500 nm since
all compounds possess absorption maxima of their n—tr*-transitions in this range.

The results were as following (Figure 24):
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Figure 24. Photo-DSC results for the new diketone initiators (1 mol% in mixture B with equimolar DMAB and 400-500 nm
irradiation)

As can be seen, the new diketone photoinitiators show reactivity worse than the
reference PPD. The best of the new initiators is the phenylgermanium compound 46

70



with a DBC (double bond conversion) of 42% and a tnax (time until the maximum heat
of polymerization is reached) of 26.8 s, which is almost as good as the reference.
Only the rate of polymerization is with 20 g L™ s™ higher than the reference PPD but
this has to be seen in a relation with the overall lower DBC. So germanium is actually
a suitable heteroatom concerning reactivity and phenyl groups do not sterically hinder
the initiation reaction. The germanium compounds lack of stability though and are
therefore not applicable for a use as photoinitiators.

The bisphosphine oxide 38 was synthesized and characterized to find out more
about the influence of the benzoyl chromophore in the other tested structures. The
achievable reactivity is with a DBC of 10% and a tmax Of over 45 s extremely low. A
benzoyl chromophore seems to be very important not only for a higher and more
redshifted Amax but also for the reactivity of the system. Nevertheless is the reactivity
of the phosphorus diketones (also for diphenylphosphine oxide 32) much too low to

be considered for an application as photoinitiator.

Silicium as a heteroatom turned out to be not suitable as well. Even though tynax was
for the silicium diketone 47 below the reference PPD the achievable DBC is with 30%
very low. However, these results have to be once again handled with care since the
silicium diketone was very instable. Of course the photo-DSC was measured with
freshly prepared silicium compound 47 but decomposition reactions before or even
during the measurements cannot be for sure excluded. Of course, also this instability

is a K.O. criterion for an application as photoinitiator.

It was tried to find a reason for the unexpected low reactivity of the diketone systems
compared to the reference PPD. Of course the following explanation only consists of
theoretical thoughts since no further studies concerning the reaction mechanism
were done. Even though this would be interesting, it was decided to focus on other
projects since no revolutionary results could be expected from the diketone
photoinitiators.

The reference PPD, which is much more reactive even though it has very similar

structural features than the newly described diketones reacts under visible light

irradiation as following:®>8¢
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So the question can be reduced to why the substitution of the C-atom in PPD with a

heteroatom like in the new diketones leads to a cut in reactivity of in some cases

more than half. Three possible explanations are thinkable:

- The quantum yield for the transition from singlet ground state to triplet excited

state is too low, leading to inefficient conversion of physical light energy to

chemical energy and therefore inefficient initiation.

- Electron transfer from the coinitiator does not happen sufficiently since the

new diketones already have electron rich heteroatoms and are therefore not

enough electrophile.

- Back electron transfer to the coinitiator happens too fast because the C-radical

is not stabilized enough by a neighboring heteroatom. This makes the H-

transfer and subsequent active radical formation even less likely and reduces

the reactivity.

In the end the conclusion of the experiments with new diketone initiators can only be

that the concept of achieving bathochromic redshift worked but the low reactivity

remains a problem. It could not be solved by varying heteroatoms or substituents.

The most likely reason is that the electron density in the system gets changed too

much compared to the reference PPD.



4. Acyltellurides

4.1. State of the Art

The initial idea for this part of the work was to introduce a new heteroatom next to a
carbonyl group to achieve a red-shifted photoinitiator as it was already described
before. Many acyl metal/metalloid compounds have been successfully synthesized
and described in literature, but have not yet been tested as photoinitiators for radical

polymerization.

According to Peddle,®” an absorption maximum of 435 nm was detected for the n—

* transition in benzoyltriphenyl stannate.

2,

Generally, acyl stannanes are described as very sensitive to oxygen and moisture.

Additionally, some of these compounds exhibit low thermal stability.®

Acyl lead compounds are another class of these acyl metal structures. Generally,
organolead derivatives are quite unstable, although the synthesis and successful

characterization of benzoyltrimesityl lead led to a breakthrough.®®

o}
Pbﬁ\
This compound is stable under air and the n—ir* transition shows an absorption

maximum at 448 nm.



Acyl silanes are also very interesting. The extraordinary absorption properties of this

class of compounds were insistently discovered by Brook et al.?
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Absorption maxima referring to the n—ir* transitions are located far above 400 nm. In
competition to the a-cleavage reaction, a siloxycarben could be formed reversibly.
Generally acyl silanes, excluding benzoyltriphenyl silane, are not very stable,

because even air moisture causes hydrolysis of these compounds.

Photochemical studies on benzoylphenyl selenide and benzoylphenyl telluride
showed, that these compounds formed radicals after irradiation (300 nm).%° A full

absorption spectrum of these compounds was not available.

Bond cleavage occurred always between the carbonyl-C and the selenium/tellurium
atom leaving a benzoyl radical and a phenyl selenide/telluride radical behind. Since
selenium compounds are known to be very toxic they are not very interesting for an
application in dentistry. For this reason the acyl tellurides were first objects of closer

investigation.
4.2. Syntheses

The goal of the conducted syntheses was to introduce a highly reactive benzoyl
chromophore next to a tellurium heteroatom as in compound BPT to get a red-shifted

photoinitiator, which is suitable for dental applications.
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That means mainly high reactivity, stability, photobleaching and low toxicity. Stability
or reactivity was not checked in literature so in case of issues with these properties
the benzoyl chromophore can also be modified for example the same way it was
done in the case of mono- and bisacylphosphine oxides, where mesitoyl instead of
benzoyl was used to stabilize the compound. Since the goal was to screen potentially
available acyl tellurides for the most reactive and stable ones a set of compounds

should be synthesized with different moieties.

48 R1_2 = O-CH3‘ R3_5 = H,

49 R1_3 = CH3’ R4_5 =H

50 R1_5 = F
Fluorine gives a very strong electron withdrawing effect and can protect the carbonyl
group from a nucleophilic attack via hydrophobic interactions. Methoxy groups can
donate electrons and potentially increase the reactivity of the system. Methyl groups

were, as already mentioned, used successfully in acylphosphine oxides for steric

W C

51

hindrance.

Additionally the aromatic ring at the side of the tellurium atom offers modification

possibilities. The idea was to introduce also here electron donating or withdrawing
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groups to check the effect on stability and/or reactivity. To test if a modification on
this side of the compound is possible pentafluoro phenyltelluride 51 should be

synthesized as a first compound.

4.2.1. Synthesis of benzoyl phenyltelluride BPT

42.1.1. Synthesis with a NaBH4/NaOH Redox-System

The most basic structure benzoyl phenyltelluride BPT can be found in literature and

was synthesized according to the given scheme.®

I® O~
Té NaBH,4, NaOH, O o

©+e b

BPT

Herein 1 eq. of diphenyl ditelluride in toluene and ethanol (25/75 v/v) were heated to
reflux. To this solution 0.8 eq. NaBH, dissolved in 1IN NaOH was added. During the
addition there appeared a strong formation of H, and the solution became colorless.
Afterwards, 1.22 eq. of benzoyl chloride were added. Water was used to quench the
reaction and the mixture was extracted with diethyl ether. The crude product was
purified via liquid chromatography to yield pure BPT with 74% yield as yellow
powder. However, stability was not perfect. Under atmospheric conditions at 5°C it
started to decompose slowly within a few days, visible in a color change to black,

indicating the formation of elemental tellurium.

Since benzoyl chloride is rather hydrolytically stable this synthetic pathway can be
chosen even though it involves an aqueous and alkaline reduction system. The yield
is very high nevertheless. For other acid chlorides with substituents on the aromatic
system another synthetic route is necessary because it turned out, those acid
chlorides are not hydrolytically stable enough. Mesitoyl chloride for example
immediately decomposed in contact with water, visible in a strong exothermic

reaction.



4.2.1.2. Synthesis with a Sm/ZrCl4 Redox-System

For the more instable acid chlorides a different route is described in literature.%
Zhang et al found a very general route for a variety of telluroesters with for example

methyl or methoxy groups, using diphenyl ditelluride and the corresponding acid

/© Sm, ZrCl, 0]
Te + _—
Te O Te

BPT

chloride.

The feasibility of this method was tested with synthesizing benzoyl phenyltelluride
BPT, which was already shown to be a quite stable and isolatable compound in the
previous synthesis. The general reaction pathway for this synthesis and the ones
conducted subsequently on the same pathway was as following: 1 eq. of Samarium,
1 eq. of diphenyl ditelluride and 0.2 eq. of zirconium tetrachloride were dissolved in
THF. The mixture was stirred for 2 h at room temperature undergoing a change in
color from red to brown, indicating the reduction of the bond between the two
tellurium atoms. Then, 1.5 eq. of acid chloride (benzoyl chloride in case of BPT) were
added to the mixture rapidly. The reaction mixture was stirred for 1 h at ambient
temperatures, followed by the evaporation of the solvent applying vacuum.
Dichloromethane was added to the gray/black precipitate and stirred for 30 min to
dissolve the product. After filtration, the solvent was evaporated giving the crude

product, which was purified using liquid chromatography. Yield for BPT was 22%.

4.2.2. Synthesis of Pentafluorobenzoyl Phenyltelluride 50

After the synthesis pathway was checked, first the fluorine moieties were introduced
because the idea was to stabilize BPT with the hydrophobic interactions caused by

the electron withdrawing effect of fluorine moieties. With that it was hoped to prevent



a nucleophilic attack on the carbonyl C. The general procedure described above and

in literature was used.®?

I® F b od
F F Sm, ZrCl
) 4
Te o

- . F

The synthesis gave the product 50 in a yield of 49%. Unfortunately also this
compound, like BPT, was not completely stable under air (stability for 2-3 h) but

under argon it could be stored for ~1.5 weeks.
4.2.3. Synthesis of Mesitoyl and Dimethoxybenzoyl Phenyltelluride 48 and 49

The synthesis was again conducted the same way as described above and in

literature.%?

Te Rs Te R,
Cl R, ©/

Ri.2 = O-CH3 R35=H;
Ri3=CHs Ry5=H 48 Ry, = O-CH3 Ry 5 = H;
49 Ry 3=CHz Ry5=H

The Sm/ZrCl, reduction system works in water-free environments. Work-up however
is conducted in a slightly acidic aqueous environment, which leads to immediate
decomposition of the very instable mesitoyl- and dimethoxybenzoyl-compounds 48
and 49 indicated by a loss of color and black precipitate formation. Product formation
in the reaction mixture could be shown via GC-MS analysis (molecule peak and
typical fragments) but hence their instability they are not interesting for an application
as photoinitiators and it was not tried to find other syntheses routes where they could

have potentially been isolated.



4.2.4. Synthesis of Benzoyl Pentafluorophenyltelluride 51

51

To find out more about the substituent effect also on the aromatic ring that belongs to
the Te atom the idea was to synthesize the fluorinated compound 51 as a first
structure. It should be tried to use the same syntheses as before with a Sm/ZrCl,

redox-system but with a different ditelluride 52.

F
F F
F o Té F
F Te F
F F
F
52

Since it is not commercially available, it had to be synthesized.

4.2.4.1. Grignard-Type Reaction

Literature provides for example a Grignard-type reaction of the corresponding
bromides with elemental tellurium.*® The fluoro-compound is directly described here

so it was used as a first structure to check this pathway.
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For synthesis 2.5 eqg. of magnesium powder were added to THF. 1 eq. of
bromopentafluoro benzene was added and after stirring for 3 h, 2 eq. of elemental
tellurium were added. Afterwards the reaction mixture was quenched with water and
filtered. The filtrate was extracted with diethyl ether. After evaporation of the solvent
GC-MS measurements of the residue were done, which showed no product 52
formation but instead mostly potential side product 53 was formed. This was visible in
the molecule peak and characteristic fragments and occurs when the Grignard-
reagent reacts again with the starting material.”® Since this side product was
undesired it was not isolated, further characterized or quantified. Instead another

synthetic pathway with the same goal was tried.



4.2.4.2. Organolithium Reaction

Another organometallic reaction that is described in literature uses elemental

tellurium, lithium and the corresponding iodine.®*

F
| F F
F F Li F Te F
vTe T Te F
F F
F F F
Li F
52
F F
F Te F
F FF F
F F
54

It was hoped that with the more reactive iodine and with the more reactive lithium a
successful synthesis will be possible. Therefore 1 eq. iodopentafluoro benzene, 1 eq.
elemental tellurium and 2 eq. of elemental lithium were dissolved in THF. The
reaction mixture was stirred at ambient temperatures until the lithium was completely
dissolved (18 h). Afterwards, it was quenched with saturated ammonium chloride.
Extraction with diethyl ether and evaporation of a solvent gave a residue that was
analyzed with GC-MS. The product 52 could be detected in traces via GC-MS in the
reaction mixture (molecule peak and characteristic fragments visible) but a work-up
was not conducted since almost exclusively the undesired monotelluride 54 was
formed that could also be seen by the molecule peak and characteristic fragments.

So another way was tried out.



4.2.4.3. Synthesis from TeK;

After a substituted ditelluride could not be successfully synthesized with the pathways
described above (Grignard and organolithium) another approach was chosen. In
Literature a route®™ is described that starts from potassium telluride, which was
prepared according to known procedures:®

NHz (I)
Te + K ——— Teky

-70°C
In a Birch reduction with 1 eq. elemental tellurium and 1 eq. of elemental potassium
TeK, was prepared. The potassium telluride was subsequently tried to be reacted
with iodopentafluoro benzene and benzoyl chloride as it is described in literature for

iodoalkanes and -alkenes:®®

+ TeK, + — F Te
F F

F F F

F

\ 51
(@]
TeK
55

Therefore 1.5 eq of TeK; were added to MeCN. The slurry was cooled to 0°C and 1
eq. of benzoyl chloride was added. The color of the reaction mixture changed to
black and it was stirred for 2h at 0°C. Afterwards the black precipitate was filtered
and the solvent evaporated. To the resulting red oil 7 eq. of iodopentafluoro benzene
were added and stirred overnight. Diethyl ether was added and after stirring for 15
min at ambient temperatures the precipitate was filtered off. A product in form of red
oil was obtained. Subsequent GC-MS measurements showed unreacted potassium
benzoyltellurate 55 (molecule peak and characteristic fragments). So it can be
assumed that aromatic iodides are not reactive enough for this reaction pathway that

did not lead to the desired product 51, but instead the reaction stopped at the stage
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of the theoretical intermediate potassium benzoyltellurate 55. Further characterization
or purification was not done because the desired product was not accessible via this
pathway.

In general, it has to be said that the fluorinated aromatic bromine and iodine
compounds seemed to be not reactive enough to form a substituted diphenyl
ditelluride. Since no aromatic tellurium compounds with other substituents than
fluorine could be found in literature the focus of the screening was switched to the
bisacyl tellurides as another class of compounds. This was possible because TeK; as

a starting material was now available.

4.2.5. Synthesis of Bis(2-methoxybenzoyl)telluride 56

This new and fresh approach can be found in literature where the synthesis of bis(2-
methoxybenzoyl)telluride 56 is described.”” As a bisacyl compound it was
synthesized to get a deeper insight in the properties of acyl tellurides. It was hoped to
achieve higher stability or higher reactivity with them and of course it was tried to

have a more complete screening.

\OO ~ ~

Therefore 1 eq. of potassium telluride was added to acetonitrile and cooled to 0°C.
Then, a cooled solution of 2.5 eq. 2-methoxybenzoyl chloride in acetonitrile was
added slowly to the potassium telluride suspension. After that, the reaction mixture
was stirred for 3 hours at 0°C. Acetonitrile was removed and diethyl ether was added,
before stirring for another 45 min. The black precipitates were removed by filtration,
giving a yellow filtrate. Diethyl ether was then largely removed, followed by washing
with n-pentane. Vaporization of solvent residues gave the product bis(2-
methoxybenzoyl)telluride 56 with 58% vyield. The product was stable under argon
atmosphere but decomposed under air within several hours and in solution under

atmospheric conditions almost immediately.
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4.3. Characterization

In the end benzoyl phenyltelluride BPT, its fluorinated derivate 50 and the bis-
compound 56 were synthetically accessible, isolatable and available for further

characterization.

F F
0 0
Y© F SN o o o
T Te F
98 T @* Te*@
BPT; A, = 407 nm 50; A, = 404 56; Aoy = 460

Since the bis(2-methoxybenzoyl)telluride 56 was not stable under air and insoluble
and instable in methacrylic monomer mixtures no further studies were made with it.
UV-VIS spectra were measured and Benzoyl phenyltelluride BPT showed an
absorption maximum at 407 nm, was stable under air und showed good solubility in
the monomer mixtures. Same goes for the fluorinated compound 50, which showed
less stability under air but still enough (stability for 2-3 h) for some preliminary tests.
The absorption maximum could be found at 404 nm so photo-DSC measurements
were done at 400-500 nm irradiation to determine the reactivity of the compounds
(Figure 25 and Figure 26). Two separate measurements were done, so also the
reproducibility of the photo-DSC measurements is clearly visible. Initiator
concentration was 0.5 wt% in mixture A (UDMA:D3sMA:bis-GMA = 1:1:1 m/m).

Irradiation intensity was 3 W/cmz2.
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Figure 25. Photo-DSC results for pentafluorobenzoyl phenyltelluride 50 (0.5 wt% in mixture A and 400-500 nm
irradiation)
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Figure 26. Photo-DSC results for benzoyl phenyltelluride BPT (0.5 wt% in mixture A and 400-500 nm irradiation)
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Based on these preliminary results pentafluorobenzoyl phenyltelluride 50 was
discarded as possible candidate for an application in dental materials. The reactivity
is with a tmax of 40 s much too low. Even though the DBC is with about 40% in a
similar range for both compounds, the rate of polymerization for the fluorinated
compound 50 is only approximately half of BPT. Furthermore the stability was not
high enough. After only a few hours in the monomer formulations the compound
started to visibly decompose.

In general the reactivity of both the fluorinated compound 50 and BPT were much
lower than expected. This came as a surprise but literature research showed a very

recently published paper from Nakamura,®®

where the organotellurium compound
ethyl 2-phenyltellanyl-2-methylpropionate was used for controlled radical

polymerization under visible light.

O

Q/T%oa

ethyl 2-phenyltellanyl-2-methylpropionate

This method called TERP (tellurium mediated controlled radical polymerization) was
the explanation for the low reactivity since the control of the reaction leads to a loss
of speed. In general this control was very interesting not only for dentistry but even
more for other applications involving controlled living polymerization. For this reason
some basic investigations were done to test the potential of BPT as a TERP

reagent.”
4.4. TERP - State of the Art

To understand TERP it is necessary to understand the basics of controlled radical
polymerization. There are three classical ways to achieve controlled living radical
polymerization (CRP): Atom transfer radical polymerization (ATRP), which reacts
according to an atom transfer mechanism;'® Nitroxide-mediated polymerization

1

(NMP) with a dissociation-combination mechanism;*** and reversible addition

fragmentation chain transfer (RAFT), which is based on degenerative transfer.®?
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These methods are well known and in use for various applications, such as drug

delivery systems, synthesis of complex polymer architectures (Figure 27) and
103-105

others.
Topology M Wéwgyéww Q
% M[NTM] : ¢ §
Linear Star / Multi-Arm Graft / Comb (Hyper)Branched Network / Gel Cyclic

Composition

oy @O WD @EEI30

Statistical Gradient
Homopolymers Copiolyfers Copolymers Block Copolymers  Graft Copolymers
Functionality X \ XXX X x
A AN AN X

X(Y) X O avvnne(X) XXX XX X X 23

X x Y xX
Homo / Hetero Side Functional pyitifunctional ~ Hyperbranched /
Telechelic Macromonomers Groups Star nxszuncﬁonm

Figure 27. Complex polymer architectures that can be achieved with controlled radical polymerization.106

To ensure a linear increase of the molecular weight with ongoing monomer double
bond conversion and a narrow molecular weight distribution, the concentration of
active radicals has to be kept low to avoid unwanted radical-radical recombination
reactions. While control is the main advantage, the main disadvantage is reduced
reactivity and as a result a long reaction time (usually several hours). Furthermore
the classical living systems are usually thermally initiated, which provides less spatio
and temporal control in comparison to photochemical systems. To provide better
control, photoiniferters function as initiators that allow controlled living
polymerization.’?"'%®® These systems are capable of behaving as photoinitiator,
transfer agent and polymerization control agent in one single compound and react
based on a dissociation-combination mechanism. Applications for photoiniferters
include synthesis of complex polymer structures (e.g. surface grafted polymers),
photolithography, photografting and so on.****'? Especially for applications where a
narrow polydispersity is beneficial, photoiniferters should be considered. One
disadvantage though is the higher polydispersity (PDI) obtained by the use of

photoiniferters (1.5 for the best ones reported so far)**?

108

in comparison to thermal

control agents (1.1-1.4).



To date only a few compounds have been reported in literature, which show the
ability to function as photoinferters.*®”*4118 Most of these compounds are based on
a dithiocarbamate structure like for example benzyl dithiocarbamate BDC. These
photoiniferters are only active in the UV-region, although many absorb up to 500-600
nm. This limits the use of photoiniferters to applications where UV-light isn’t
considered problematic, but even there, special light protection is usually required
along with other problems that are to overcome.**

Recently new and alternative methods to achieve controlled radical polymerization
were reported. Reversible chain transfer catalyzed polymerization and cobalt-
mediated radical polymerization are only two of them.**>*?! |mportant for this work is
the organotellurium-mediated controlled radical polymerization (TERP).'?'?® TERP
has been established as a powerful method to achieve controlled radical
polymerization, but most of the TERP-reagents still require additional thermal
initiation and/or temperatures above room temperature. An exception is the

124

photolabile TERP reagent (ethyl 2-phenyltellanyl-2-methylpropionate), which

allows reasonable molecular weight polymer with low polydispersity.

O

Q/T%oa

ethyl 2-phenyltellanyl-2-methylpropionate

The positive characteristics of the already mentioned organotellurium compound
ethyl 2-phenyltellanyl-2-methylpropionate can be combined with the reactivity of a
benzoyl chromophore. It is worth mentioning that a similar compound (benzoyl

methyltelluride) has already been described in literature as a thermal TERP-reagent.
o)

-
©)‘\Te

benzoyl methyltelluride

It is claimed in literature without giving specific values that this compound showed
poor control abilities because of the high C-Te-bond dissociation energy, which

should be lower in the case of an aryl substituent on the Te atom.'?®



4.5. Characterization of BPT as TERP Reagent

Benzoyl phenyltelluride BPT, which was the most stable and therefore most
interesting compound, was now characterized in detail. It was compared to the most
relevant photoiniferter from literature benzyl dithiocarbamate (BDC).}%"!1411¢ The
comparison to a photoiniferter makes more sense than the comparison to other
TERP reagents, since TERP reagents behave very similar to photoiniferters when
they are used as photoinitiator instead of thermal initiator.*** This applies especially
to the mechanism. While in thermally initiated TERP a degenerative transfer
mechanism is exclusively responsible for the control abilities, in photoinduced TERP
a dissociation-combination is assumed to play also an important role, although
degenerative transfer still occurs as a competing reaction.'? This is also the case for
photoiniferters even though the degenerative transfer is less important. The ability of
BPT to control the polymerization was confirmed by steady state polymerization
experiments, which include measurements of the polydispersity and the combination
of molecular weight and double bond conversion, respectively. While rate constants
for reactions of dithiocarbamyl radicals were reported in literature,** no constants for
photo-induced reactions of TERP reagents have been reported yet. Therefore the
comparison of control abilities was done on the basis of achievable PDIs. A
polymerization mechanism based on literature was proposed, Photo-DSC and UV-
VIS measurements are provided for comparison with other photoinitiating systems

(Figure 28).

BPT BDC
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Figure 28. Compared photoinitiating and polymerization control systems
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4.5.1. UV-VIS

The UV-VIS spectrum (Figure 29) of the tellurium compound BPT is compared to the
spectrum of the dithiocarbamate BDC and a classical Type | (MAPO) and Type Il
(CQ) photoinitiator.
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Figure 29. UV-VIS-absorption spectra of the photoiniferters/photoinitiators BDC, BPT, MAPO and CQ (1 x 10" mol L™ for
BDC, BPT and MAPO and 1 x 10”2 mol L™ for CQ in CH,Cl,)

The telluride BPT has a maximum of 339 nm in the absorption spectrum, which most
likely marks the n—o™* transition of the compound. This was already shown in
literature for telluriumorganic compounds by using time-dependent DFT
calculations.** In this band a significant shoulder appears at 407 nm that tails out
until 473 nm, which can be assigned to the n—1r* transition of the carbonyl moiety.
This is in good accordance with other Ar-CO-X systems like acylphosphine oxides
(e.g. MAPO, A = 380 nm) and acyl germanium compounds (e.g. benzoyl
trimethylgermane, A = 412 nm).21 The strong shift of the n—11™ transition compared to
the classical benzoyl chromophore (n—m* ~350-360 nm) can be explained by the
overlap of the d-orbitals of P, Ge or Te with the 1*-orbital of the C=0 group thus

reducing the necessary energy for the n—1t* transition.

BDC on the other hand has its maximum absorption (belonging to the n—r*
transition of the carbamate moiety) at 335 nm.*?"1?® Due to the high conjugation of

this functional group the peak tails out far into the visible region even above 500 nm.
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The extinction coefficient is 50 L mol™ cm™, which is very low but still in the same

range of CQ.

The classical Type Il photoinitiator CQ has its absorption maximum at 468 nm. The
long wavelength of the n—ir* transition can be explained by the angle between the

two carbonyl groups.®®

The quantitative results can be found in Table 3.

Table 3. UV-VIS data® for the compared CRP-reagents/photoinitiators

Amax [NM]® € [L mol™* cm™}?
BDC 335 126
BPT 407° 595
MAPO 380 636
CcQ 468 44

Footnote: 1. *1 x 10~ mol L™ for BDC, BPT and MAPO and 1 x 102 mol L for CQ in CH,Cl,. bAbsorption at the shoulder of
the UV-VIS-spectrum determined by peak deconvolution, marking the n—n* transition of the carbonyl group

4.5.2. Controlled Living Radical Photopolymerization

The living character of a polymerization can be proven with studies of the

polymerization kinetics.™*

If the polymerization occurs according to a living
mechanism, the molecular weight increases in a linear relationship with the double
bond conversion (DBC) of the monomer. Also the PDI should be significantly below
1.5, since the control agent should theoretically provide a homogenous chain length.
In case of a free radical polymerization the overall number-average molecular weight
(M;) will decrease before the gel point is reached. Moreover, due to termination and

unwanted transfer reactions the PDI will usually be above 1.5.

The living character of the reference BDC for a polymerization carried out with UV
light has already been shown in literature.'® The typical PDI for that compound as

photoiniferter for the bulk polymerization of MMA is around 1.7-1.8 over 50%



conversion. In that paper also a linear correlation between increasing molecular

weight and double bond conversion has been proven.

In the present study, the experiments for the determination of the polymerization
kinetics were carried out in a photoreactor with a 400-500 nm light source and four
different classes of monomers (St, BMA, BA, NAM) to find out which monomer types
can be polymerized in a controlled way with BPT. The molar concentration of
photoiniferter/TERP-reagent in the monomer varies between 1:100 and 1:500 (0.3-
2.2 wt%) and was adjusted to the reactivity of the monomer. For both the reference
BDC and the tellurium compound BPT M, vs. DBC plots from data of *H-NMR-
spectroscopy and GPC measurements were made. Additionally the PDIs of the

synthesized polymers were measured.

Generally, styrene photoinitiation with both BDC and BPT was ineffective since
styrene is more likely to quench the initiator than to propagate under these
conditions. By comparison, benzoyl tellurides have been previously shown to
moderate styrene propagation under thermal initiation conditions (Yamago 2002).%
The methacrylate BMA could be polymerized with both BDC and BPT, but not in a

living radical polymerization and the rate for the reference BDC was very low (Figure

30).
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Figure 30. Number-average molecular weight Mn (diamonds) and PDI (crosses) vs. double bond conversion (DBC) plots
for BDC and BPT with BMA in bulk determined with photoreactor experiments.

This is in good accordance with literature, which highlights the important role of
dimethy! ditelluride for the controlled TERP polymerization of methacrylates.**® The
monomers BA and NAM both met the criteria for a living radical polymerization with
BPT (Figure 31).
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Figure 31. Number-average molecular weight Mn (diamonds) and PDI (crosses) vs. double bond conversion (DBC) plots
for BDC and BPT with BA and NAM in bulk determined with photoreactor experiments.

It has to be noted, that NAM was only polymerized to a DBC of ~20% with both
photoiniferters due to its high viscosity, which made it impossible to take samples
from the photoreactor at higher DBCs.

The increase of the PDI for NAM with BPT in the beginning can be explained by
termination reactions, which still appear in this early phase of the polymerization.

At conversions as low as 4%, M, has values around 4-5 kDa for both BA and NAM
polymerized with the tellurium compound BPT. M, increases linearly with DBC to
values around 11 kDa. The deviation of the best-fit line from the origin is due to
radical recombination reactions, which still appear in the early stage of the
reaction.''® This causes an initial steep increase in molecular weight as the initiator is
consumed followed by a less steep but linear propagation phase. All this is in good
accordance with other photoiniferter studies found in literature.’*®* The PDIs are
significantly below 1.5 and are as low as 1.2 for BA over 50% DBC and 1.3 for NAM
over 50% DBC (PDI over 50% DBC for BDC according to literature: 1.7-1.8).*3 This
fact is especially remarkable, since the best photoiniferter system so far (benzyl 9H-

carbazole-9-carbodithioate), can only reach a PDI of 1.5 over 40% conversion.*®



In contrast to BPT, the reference BDC was not suitable for living polymerization
under visible light for any tested monomer. Even though the PDIs were below 2 for
BA and NAM, M, does not increase linearly for either monomer.

45.3. Photo-DSC

For comparing the reactivity of photoinitiators Photo-DSC is versatile method. The
reactivity of the telluride BPT was compared with the reactivity of the reference
dithiocarbamate BDC. The comparison was done only for acrylamides, since the
reactivity of butylacrylate was too low to produce significant and accurate results with
photo-DSC. In general, the reactivity of photoiniferters is lower than the reactivity of
photoinitiators, which can be explained by the reaction mechanism. While
photoinitiators produce radicals, which directly induce radical chain growth, the use of
photoiniferters leads to the formation of so called dormant species during the
polymerization reaction. These species have to be reactivated by light, which leads to
a significant decline in the reaction rate. Of course this is a generalization and it also
has to be mentioned that other effects like quantum yields of the compounds play an
important role as well. Nevertheless, classical photoinitiator systems, which initiate in
the visible light range (MAPO and CQ/DMAB) were measured (Table 4 and Figure 32)
too, to compare the controlled radical polymerization reagents among commercially

used photochemical polymerization systems.

Table 4. Results of the photo-DSC measurement with CRP-reagent/photoinitiator in NAM with a molar ratio of 1:500
each.

Rp[10°mol L' s?] DBC[%] tmax[S] tosw [S]
BDC 15.9 40 53.5 257
BPT 14.0 29 33.0 180
MAPO 665.2 89 8.0 22
cQ/ 281.0 80 141 34
DMAB
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Figure 32. Double bond conversion DBC [%] vs. time [s] for BDC and BPT and for the photoinitiator systems MAPO and
CQ/DMAB in NAM with a molar ratio of 1:500 each (0.3, 0.4, 0.5 and 0.5 wt%, respectively).

As expected, the reactivity (expressed by Ry, tmax and tese) and the DBC of the

classical free radical photoinitiator systems MAPO and CQ/DMAB are significantly

higher than the values for the controlled polymerization reagents. The photoiniferters

BDC and BPT are both in a similar range of reactivity. The rate of polymerization Ry
is approximately the same (14.0 x 10° mol L s for BPT and 15.9 x 10> mol L* s™
for BDC), but the time till the maximum heat of polymerization tmax is reached and the
time till 95% of the polymerization reaction is completed tgse, are significantly lower
for BPT. The reason for that might be the formation of a highly reactive benzoyl
radical in the case of BPT (which is also the main difference to the photoinducible
TERP reagent ethyl 2-phenyltellanyl-2-methylpropionate), instead of a benzyl radical
as for BDC,'®3 which makes the initiation step very efficient (Figure 34 and Figure 35,
Line 2). The DBC is, with around 30% for BPT and around 40% for BDC for both
systems, relatively low. The higher DBC for the reference BDC can be explained by

the non-controlled polymerization mechanism.

Higher DBC (over 50%) for BPT can be achieved by longer polymerization times as it

could be seen in the kinetic studies. A higher light intensity leads of course to faster

polymerization and higher concentration of TERP reagent leads to slower

polymerization as can be seen below (Figure 33). This figure should give an idea about



the tuning possibilities one has, with changing light intensity and TERP-reagent

concentration.
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Figure 33. Double bond conversion DBC [%] vs. time [s] for BPT in NAM determined with photo-DSC experiments. Graph
is showing different concentrations and irradiation intensities.

The reason for the slower polymerization with higher concentration is more transfer
reactions, which is described much more detailed in the mechanistic part below.
However, the concentrations used for the comparison with other photoinitiating
systems were chosen, to get comparable results for every system and also to be

consistent with the concentrations used in the kinetic studies.

Generally, the fact that the reference BDC is slightly less reactive doesn’t come as a

surprise. Literature already suggests that BDC would need UV-light for reinitiation'®®

(Figure 34, Line 3) or at least UV-light would make this reinitiation much more

efficient.*3
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Figure 34. Mechanism for the living radical polymerization with BDC as photoiniferter.108

Poor visible light efficiency of BDC is explained by poor overlap with the n—r*
transition, which has its maximum in the UV region. As thus requires UV-light for
efficient cleavage of the C-S-bond between polymer and chain transfer agent. It can
be assumed that the absorption in the visible light region for the reagent BDC is
similar to the resulting dormant species. Therefore cleavage can take place but is
very inefficient, which results in no control of the polymerization. In contrast, it can be
expected from the dormant species of our BPT to still efficiently cleave in the visible
light area, which is in good accordance with literature, where the TERP reaction is
described to propagate with visible light irradiation.*** It is also worth mentioning that
a degenerative transfer mechanism may compete with the described mechanism
(Figure 34, Line 4), therefore reducing the reactivity of BDC, but for the control of

polymerization the dissociation-combination mechanism plays the main role.**

The tellurium compound BPT reacts via a similar mechanism which is already
proposed in literature for another telluroorganic compound.’®* The adapted

mechanism for the specific photoiniferter is shown below (Figure 35).
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Figure 35. Proposed living radical polymerization mechanism with BPT as TERP-reagent.124

The cleavage of the C-Te-bond (Figure 35, Line 3) requires less energy (absorption
above 400 nm) and is therefore still efficient under the influence of visible light, which
was already shown in literature for tellurium controlled living radical polymerizations
(TERP).®®1% |t has to be noted that also here degenerative transfer (Figure 35, Line 4)
may compete with the dissociation-combination mechanism (Figure 35, Line 3) and
may even be very important for polymerization control. However, while degenerative
transfer is the major mechanism for thermally initiated TERP, for photoinduced TERP

the dissociation-combination also plays a major role.*?**2

In conclusion it can be said that BPT is a very interesting TERP reagent but for
dental applications it is not widely usable because it does not polymerize methacrylic
monomers in a living way. However, for special applications, like for example the

polymerization of the dental primer V392 it has some potential.
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This would be an interesting topic for future investigations.

5. Water-Soluble Photoinitiators

5.1. State of the Art

Water soluble photoinitiators**! are not only required for dental primer mixtures but
for various applications, such as industrial inkjet printing,*** hydrogel production,*3
cell encapsulation for biological applications,*** liquid crystal monomer production,*®

® and many others.”*"**° Given that fact, it is hard to

3D-printing technologies™®
understand why the commercially available variety and performance of water soluble

photoinitiators (PIs) is much lower as for the organo-soluble initiators.

Currently, almost exclusively 2-hydroxy-1-[4-(2-hydroxyethoxy)phenyl]-2-methyl-1-

d40-142 gince

propanone (Irgacure 2959®) is used when water solubility is require
years of research have not yet led to a breakthrough in establishing well suitable
water-borne photoinitiators.'***31** The advantages of Irgacure 2959 (12959) are
high reactivity because of a Norrish Type | cleavage process and good
biocompatibility. However, one major drawback is low water-solubility. This can
become a problem especially for applications where a higher photoinitiator
concentration (over 0.5 wt%) is required. To overcome this problem the structure of
12959 was recently modified.**> 2-Hydroxy-1-[3-(hydroxymethyl)phenyl]-2-methyl-1-
propanone (APi-180®) offers much better solubility in water but, like 12959, only
cleaves under irradiation with UV-light, which can be undesired for applications

involving living cells like it is the case in dentistry.*"*3

0
OH o

OH
APi-180

Furthermore there is a variety of Norrish type Il photoinitiators, which are used for

14
d6

water-based monomer formulations. Naphthalimid*® and thioxanthone®*’ derivates
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were reported recently, whereas benzophenone*®

type initiators, like 3-(4-
benzoylphenoxy)-2-hydroxy-N,N,N-trimethyl-1-propanaminium-chloride (Quantacure
BPQ; Q-BPQ) have been on the market for quite a while. As a coinitiator usually

methyldiethanolamine (MDEA) is used.

0]

| cr HO\/\N/\/OH

| oH MDEA
Q-BPQ

Even though these photoinitiators show usually good solubility and biocompatibility
they suffer from lower reactivity. This can be explained by the Norrish type Il initiation
mechanism. The cleavage of a type | system is much faster, than the electron and/or
proton transfer of a type Il system. Additionally type Il systems are usually two
component systems, wherein a solvent cage hinders the two components from a fast
reaction.”® This is also the case for CQ/DMAB, which is still used in dental primer
mixtures even though it shows very low solubility in the formulations but it is the only

available system, which absorbs in the visible light region.

A new development is the discovery of monoacylphosphineoxide (MAPO) and
bisacylphosphineoxide (BAPO) salts and especially the discovery of their good
photoinitiation properties. The BAPO salt BAPO-ONa*®*® was only recently
published, while the MAPO salts Na-TPO™* and Li-TPO™? are already known for
some years but their properties and application in aqueous media has not been fully

explored yet.
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Na-TPO Li-TPO BAPO-ONa

In fact, there are currently only a very limited number of publications were available,

where BAPO and MAPO salts were used for photopolymerization.1491°0152-154

Both the MAPO and BAPO salts show very promising results, especially in
comparison to state of the art photoinitiators (12959, APi-180 and Q-BPQ).



5.2. Syntheses

The goal was to synthesize the sodium and lithium salts of MAPO and BAPO and
explore their potential for the use in water-based monomer formulations. Literature
provides syntheses pathways for the desired compounds.*****? Additionally it was
tried to modify lvocerin to increase its water-solubility by adding —OH-groups as it

14
05

was done for APi-180* and subsequently also diethanolamine-groups®”**® to the

molecule. The target compounds are summarized below.
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5.2.1. Syntheses of the MAPO-Salts Na-TPO and Li-TPO

5.2.1.1. Synthesis of Na-TPO with an lon-Exchange Resin

A synthesis from literature was chosen to get the MAPO salt Na-TPO.*® This route
has the advantage of using commercially available TPO-L as starting material. Via

ion exchange reaction sodium is introduced in the structure.

o /© Br\S -
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Amberlite IR 120 Na o Na*

TPO-L Na-TPO

For this synthesis 1 eq. of TPO-L was dissolved in MeCN and 2.15 eq. of
bromotrimethylsilane were added. After 4 h at 60°C, MeOH/H,O was added. After
removal of the solvent a white solid was obtained, which was assumed to be the free
acid. H,O and Amberlite IR 120 Na were added. After the reaction was finished,
visible in complete solution of the former white precipitate (~2.5 h), the product was
dissolved in MeOH and filtered. Removal of the solvent gave the product Na-TPO
with 56% yield.

5.2.1.2. Synthesis of Na-TPO from Nal

There is also a very similar pathway described in literature where alkali salts are

stirred with TPO-L in ethylmethylketone and the desired product precipitates.>31°6:1%7

In hope of an easier synthesis with better yield this method was tried too.
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It was tried first for Na-TPO. Therefore 1 eq. of TPO-L was dissolved in
ethylmethylketone and 1.1 eq. of Nal were added. The solution was heated to 65°C
and stirred for 24 h. The resulting precipitate was filtered off and washed with
ethylmethylketone and PE. After drying in high vacuum the product was recrystallized
from diethylether to yield the product Na-TPO as yellowish powder in almost

quantitative yields.

5.2.1.3. Synthesis of Li-TPO from LiBr

The same synthetic pathway as for Na-TPO was now also used for Li-TPOQ.**31%6:1%7
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TPO-L

Here 1 eq. of TPO-L was dissolved in ethylmethylketone and 4 eq. of LiBr were
added. The solution was heated to 65°C and stirred for 24 h. The resulting precipitate
was filtered off and washed with ethylmethylketone and PE. After drying in high
vacuum the product was recrystallized from diethylether to yield the product Li-TPO

as white powder in almost quantitative yields.

5.2.2. Syntheses of the BAPO-Salts Na-BAPO and Li-BAPO

In contrast to the MAPO salts where TPO-L could be used as commercially available

starting material, the BAPO salts had to be made from scratch. This was done by

cooperation partners from ETH Zurich, namely Jieping Wang.**"**°
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5.2.3. Modification of Ivocerin

5.2.3.1. Synthesis of ((3-(Chloromethyl)-4-methoxybenzoyl)-diethylgermyl)-
(4-ethoxyphenyl)methanone 57

The modification of Ivocerin was planned according to a modified synthesis from
literature.**> Herein the synthesis of APi-180 is described, where basically CH,OH
groups are introduced in the structure of Darocur 1173. In a first step chloromethyl

moieties had to be introduced:
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57

Therefore, under argon 1 eq. of Ivocerin and 6 eq. of AICI; were dissolved in CHCI;
and cooled to 4°C. 12 eq. of Paraformaldehyde were added slowly and the mixture
was stirred overnight (16 h) at ambient temperatures. Subsequently, water was
added and the organic phase was separated. The red, jelly precipitate was dissolved
in EE and washed with water too. The combined organic phase was dried and the
solvents removed. The vyellow, liquid residue was purified via column

chromatography, which gave the monosubstituted product 57. Unfortunately, a
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double substitution did not work because after introducing only one chloromethyl
group product 60 already precipitated from the reaction mixture. Nevertheless, after
work-up the monosubstituted product 57 could be obtained as yellow oil with a yield
of 64%.

5.2.3.2. Attempted Introduction of —OH- and diethanolamino-groups

Since for a proof of concept (model reaction) also a monosubstituted compound is

enough the next steps of the syntheses were conducted.

LiOH/NaOH
HO
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~o Q o)
59

First it was tried to introduce —OH-groups.**> Under argon atmosphere and at 40°C 1
eq. of the Ivocerin derivate 57 was mixed with 1.2 eq. 0.5 N LiOH solution and stirred
overnight. TLC and GC-MS during reaction showed no product formation but only the
starting materials. So to half of the reaction mixture 1.2 eq. 1 N NaOH was added as
it is also described in literature.* The other half was heated to reflux for 24 h. Both
cases led to decolorization and on TLC plates no product 58 but also no starting

materials could be found anymore.

A similar case was the attempted reaction with diethanolamine.™®®**° 1 eq. of the
Ivocerin derivate 57 was dissolved in MeCN and added to a mixture of 1 eq.

diethanolamine and 0.7 eq. Na,CO3 in MeCN. The resulting slurry was stirred for 1 h
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at ambient temperatures and heated afterwards to reflux since at ambient
temperatures no reaction occurred. After 6 h at reflux the starting material had to a
small part decomposed according to TLC but mostly no reaction had occurred. A
small amount of water was added to dissolve the Na,COgs fully and the mixture was
continued to stir overnight. After 24 h TLC showed complete decomposition of the
starting material but no product 59 formation. The reaction mixture was completely

decolorized.

5.3. Characterization

Since the modification of Ivocerin was not successful only the MAPO and BAPO
salts were further characterized.**! They were compared to the state of the art water-
soluble photoinitiators 12959, APi-180 and also Q-BPQ, to offer better comparability

between different initiating systems.
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The photoinitiators were compared concerning their solubility in water, storage
stability, UV-VIS-spectra, cytotoxicity and reactivity.

5.3.1. Solubility

The solubility in water is of course the most important characteristic of a photoinitiator
for applicability in water-based formulations. The solubility of the MAPO and BAPO

salts and of the references can be seen below (Figure 36).
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Figure 36. Solubility of MAPO and BAPO salts and references in deionized water.

The MAPO and BAPO PIs have an excellent solubility in water that ranges from 29 g
L™ for Na-TPO to 60 g L™ for BAPO-ONa. Only APi-180 (74 g L™) as a modified
12959 offers water solubility in a similar range. The state of the art photoinitiator 12959
suffers from very low solubility (5 g L™). The solubility of the reference Q-BPQ (54 g
L") is also quite good and comparable to the MAPO and BAPO salts. The

guantitative results are summarized in Table 5.

Table 5. Comparison of the solubility data of the described MAPO and BAPO salts with state of the art photoinitiators as
an overview.

Solubility [g/L]

Na-TPO 29
Li-TPO 47
BAPO-ONa 60
BAPO-OLi 54
APi-180 74
12959 5

Q-BPQ + MDEA 542

Footnote: 2. *Value for BPQ only
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5.3.2. UV-VIS

Below, the UV-VIS spectra of the MAPO and BAPO salts (Figure 37) are compared to

the references (Figure 38).
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Figure 37. UV-VIS-spectra of the tested photoinitiators. The concentration was 10° mol L' in methanol.
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Figure 38. UV-VIS-spectra of the tested photoinitiators. The concentration was 10 mol L™ in methanol.

As expected, the references API-180, 12959 and Q-BPQ only absorb in the UV-
region and have their maxima of the n—tr* transitions between 328 and 347 nm. The
MAPO and BAPO salts have strong absorption bands well above 400 nm. The
maxima below 340 nm in the absorption spectra mark the T—rr* transitions of the

compounds. For the MAPO salts the maximum of the n—t* transition of the



carbonyl moiety is at 380.5 nm and for the BAPO salts it is at 383.5 nm. This is in
good accordance with other Ar-CO-X systems like monoacylphosphine oxides (e.g.
MAPO, A = 380 nm) and acyl germanium compounds (e.g. benzoyl
trimethylgermane, A = 412 nm).?* The strong shift of the n—* transition compared to
the classical benzoyl chromophore (n—m* ~350-360 nm) can be explained by the
overlap of the d-orbitals of P or Ge with the 1*-orbital of the C=0 group thus reducing
the necessary energy for the n—tr* transition. The slight red-shift for the BAPO salts
compared to the MAPO salts can be explained by the presence of a second benzoyl

chromophore. All data is summarized in Table 6.

Table 6. Comparison of the UV-VIS spectra of the described MAPO and BAPO salts with state of the art photoinitiators as
an overview.

UV-VIS

Amax[NM] € [L mol* cm™]

Na-TPO 380.5 250
Li-TPO 380.5 191
BAPO-ONa 383.5 256
BAPO-OLI 383.5 197
APi-180 329.5° 97

12959 328.0° 296

Q-BPQ + MDEA 347.0°¢ 262°

Footnote: 3. "Value for BPQ only. “Absorption at the shoulder of the UV-VIS-spectrum determined by peak
deconvolution, marking the n—nt* transition of the compound.

5.3.3. Storage Stability

Storage stability is crucial for industrial applications in general and for dental
materials in particular to sell ready to use light curable mixtures of monomer,
additives and photoinitiator. Very often the monomer mixtures are not neutral but

show acidic or basic behavior because of impurities from the production process or
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functional groups on the monomer. Therefore the storage stability not only in neutral
solvents (MeCN/H,O = 50/50 v/v) but also in acidic (MeCN/H,O = 50/50 v/v + H3POy,,
pH = 2) and basic (MeCN/H,O = 50/50 v/v + NaOH, pH = 11) environments was
tested. After storing the photoinitiator samples in solution for 20 days none of them
showed any degradation in a neutral environment. However, there was some

degradation detectable for acidic but especially for basic environments (Figure 39).

100
99
98
97
96
95
94
93
92
91
90

Remaining Concentration [%]
NN AN
ORI RN AN

Na-TPO Li-TPO BAPO-ONa BAPO-OLi APi-180 12959

jo)

-BPQ

Figure 39. Remaining concentration of tested photoinitiators after storage in solution (MeCN/H,0 = 50/50 v/v) (10'3 mol
L™) for 20 days. Solid: + NaOH (pH = 11); dashed: + H;PO, (pH = 2)

Most likely a nucleophilic attack on the benzoyl chromophore is favored under
alkaline conditions. This degradation behavior was detected via UV/VIS
measurements. Especially the MAPO and BAPO salts lose their functionality if a
cleavage reaction occurs between heteroatom and carbonyl group. For this reason
the relative decline of the extinction coefficient of the chromophore was used for
calculating the residual (functional) compound after storage. For the references API-
180, 12959 and Q-BPQ this method of evaluation is more problematic since it shows
only the disappearance of the chromophore. Here it is theoretically thinkable that the
chromophore still is detectable even after the molecule reacted with another moiety
and potentially even decomposed, since the benzoyl chromophore is not particularly
far red-shifted for example in 12959. Nevertheless, since the references are industrial
products good storage stability is already known and to have a consistent method,
evaluation was done in the same way. However, the values measured for the

references have to be seen within the limits of the method.



As a conclusion, both the MAPO and BAPO salts show quite good storage stability in
neutral, acidic and basic environments. The remaining concentration after storage is
in any case at least 96%, usually over 99%. This makes the Pls easy to use and a

variety of industrial applications possible.

5.3.4. Cytotoxicity and Cell Encapsulation

Cytocompatibility is a very important factor for the applicability of water-soluble PIs.
For biological applications, like cell encapsulation it is absolutely mandatory. Also for
other applications like industrial inkjet printing it can be very important when it comes

to printing on food packaging.

A number that describes the cytotoxicity of a compound very well is the LCsp (lethal
concentration, 50%), which is the concentration required to kill half of the members of
a tested population after a specified test duration. In our case this means 50% of the
cell culture (fibroblast cells L929) still showed metabolic activity after incubation for
24 h together with an LCsy concentration of the photoinitiator (Figure 40). All the
subsequent tests and characterization concerning cytotoxicity and cell encapsulation

were done by a cooperation partner from TU Wien, namely Marica Markovic.
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As can be seen (Figure 40) the biocompatibility of the MAPO and BAPO photoinitiators
is in a similar range as the state of the art Pls. Only Na-TPO has a very low
biocompatibility (LCso < 0.56 mmol L™). However, the cytotoxicity of Li-TPO (LCso =
3.1 mmol LY, BAPO-ONa (LCso = 2.8 mmol L™) and BAPO-OLi (LCsp = 2.6 mmol L’
1 is very low. This can also be seen very clearly from the quantitative results in the

following table (Table 7):

Table 7. Comparison of the toxicity data of the described MAPO and BAPO salts with state of the art photoinitiators as an
overview.

Toxicity
LCso [mmol/L]
Na-TPO <0.56
Li-TPO 3.1
BAPO-ONa 2.8
BAPO-OLi 2.6
APi-180 8.7
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12959 9.0

Q-BPQ + MDEA 5.4

Footnote: 4. *Value for BPQ only.

These good results are making it possible to use the MAPO and BAPO salts even for
biological applications, such as cell encapsulation. To show this cell viability and

distribution within a 10 % GelMod (methacrylamide-modified gelatin)*®°

pellet was
monitored for 36 days using laser scanning microscopy. The figure below (Figure 41)
shows confocal images of stained MC3T3-E1 on day 9 pellet showing that the cells
formed small clusters. This could be due to proliferation of the cells. They also
preserved round morphology from the beginning of encapsulation until the last
monitored time point. After approximately 2 weeks, the cell number in the pellets

started to drop.

Figure 41. Distribution of MC3T3-E1 in 10 % GelMOD pellet with 0,6 mM Li-TPO 56 9 days after structuring. Living cells
were stained green with calcein and dead red cells stained with propidium iodide were not found. Cells formed small
clusters and had a round morphology. Scale bar represents 200 um.



5.3.5. Photo-DSC

The reactivity of the tested photoinitiators was characterized via photo-DSC
experiments. As a monomer N-acryloylmorpholine (NAM) 40 wt% in water was used.
NAM was used because of its excellent miscibility with water, good
biocompatibility,**>*®> high monomer reactivity and the ability to form polymer

hydrogels.

All photoinitiators were tested with a 320-500 nm light source. As can be seen from
the UV-VIS-spectrum (Figure 37) the MAPO and BAPO salts also have strong
absorption bands in the visible light spectrum. Therefore they were additionally tested
with a 400-500 nm light source to determine the reactivity under visible light
irradiation, which is especially important for an application in dentistry.

There are several numbers that characterize the reactivity of a
photoinitiator/monomer system. The time until the maximum heat of polymerization is
reached, tmax [S] as well as the time until 95% of the polymerization is complete, tgse,
[s] should both be as low as possible for high reactivity. The monomer double bond
conversion DBC [%] is another indicator. A higher percentage means higher
reactivity. Furthermore the rate of polymerization R, [mmol L™* s™] is a possibility to
compare the reactivity. Besides these quantitative numbers (Table 8) the reactivity can
also be compared in a qualitative way by plotting the DBC during the polymerization

against the time (Figure 42, Figure 43 and Figure 44).
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Figure 42. Double bond conversion (DBC) vs. time for the tested photoinitiators in a concentration of 1 mol% in NAM +
H,0 (40/60 w/w). Irradiation wavelength was 320-500 nm with an irradiation intensity of 1 W em™
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Figure 43. Double bond conversion (DBC) vs. time for the tested photoinitiators in a concentration of 1 mol% in NAM +
H,0 (40/60 w/w). Irradiation wavelength was 320-500 nm with an irradiation intensity of 1 W cm™.
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Figure 44. Double bond conversion (DBC) vs. time for the MAPO and BAPO salts in a concentration of 1 mol% in NAM +
H,0 (40/60 w/w). Irradiation wavelength was 400-500 nm with an irradiation intensity of 1 W em™.

The MAPO and BAPO salts clearly show higher reactivity than the references. With
UV irradiation (320-500 nm) the MAPO salts Na-TPO 55 and Li-TPO 56 show best
reactivity. The polymerization is very fast with rates of polymerization over 660 mmol
L™ s and double bond conversions of over 97% are achievable. The BAPO salts
BAPO-ONa 57 and BAPO-OLi 59 also show good reactivity with double bond
conversions almost at 90%. The references APi-180, 12959 and Q-BPQ only show
DBCs around 80%. As expected, Q-BPQ shows the lowest reactivity because of its

bimolecular Norrish type Il initiation mechanism.

For visible light irradiation (400-500 nm), both the MAPO and BAPO salts show very
good reactivity with double bond conversions around 85%. Only BAPO-OLi 59

displays outstanding performance with a rate of polymerization of 750 mmol L™ s™.

The photo-DSC data can be summarized as following: The MAPO salts Na-TPO 55
and Li-TPO 56 show best reactivity for UV-irradiation and for visible light irradiation
BAPO-OLI 59 is the photoinitiator of choice.

The data from photo-DSC measurements can be found in the following table (Table 8):



Table 8. Comparison of the reactivity of the described MAPO and BAPO salts with state of the art photoinitiators as an
overview.

Photo-DSC

tnax [S]*  Rp[mmolL*s™*  DBC [%]° tose, [S]2

Na-TPO 8.0 (7.8) 690 (620) 99.1 (84.9) 16.2(16.9)

Li-TPO 8.0 (7.9) 670 (590) 97.7 (83.7) 16.9 (17.2)

BAPO-ONa 7.9 (8.3) 620 (520) 89.8 (84.9) 17.9 (18.5)

BAPO-OLj| 8.3 (7.3) 540 (750) 88.1(87.6) 18.6 (15.9)
APi-180 9.5 480 84.4 21.2
12959 8.8 540 82.2 19.5
Q-BPQ + MDEA  12.1 290 81.4 30.1

Footnote: 5. *Values for 320-500 nm irradiation and in brackets () values for 400-500 nm irradiation.



Experimental

If not mentioned otherwise all syntheses were performed in an orange light lab, which
provided light protection from wavelengths below 520 nm. Additionally inert
atmospheres were used (typically argon) by application of basic Schlenk line

techniques.

1. Bisphosphylketones

1.2. Syntheses

1.2.1. Carbonylbis(diethoxyphosphine oxide) 9

1.2.1.1. 2-Naphthalenesulfonyl Azide 13

SO,CI NaN3 SOst
acetone/H,0, 25°C

13

The diazotizing agent 2-naphthalenesulfonyl azide 13 was synthesized according to
literature.®® 2-Naphthalenesulfonyl chloride (4.03 g, 17.8 mmol, 1 eq.) was dissolved
in acetone (24 mL). An aqueous (4 mL) solution of NaN3 (1.16 g, 17.8 mmol, 1 eq.)
was added over a period of 2 h at ambient temperature. Subsequent addition of 20
mL of water led to phase separation. The lower, brown organic phase contained the
product and was separated, the solvent evaporated and the residue recrystallized
from PE (53 mL g™) to yield the product 13.

Yield: 2.0 g, 47%, yellowish powder

Tm = 44.6-45.8 °C: Lit*°.: 44-45 °C



1.2.1.2. Diazomethylenebis(diethoxyphosphine oxide) 14

(0] (@] (@] (@]
i i 13 I Nyl
(@] (@] (@] O

W W toluene ) W W
12 14

Methylenebis(diethoxyphosphine oxide) 12 could be reacted with the diazotizing
agent 13 according to literature.®® Potassium tert-butoxide (0.43 g, 3.9 mmol, 1.2 eq.)
was mixed with toluene (33 mL) and cooled to 0°C. Methylenebis(diethoxyphosphine
oxide) 12 (0.94 g, 3.2 mmol, 1 eq.) was dissolved in toluene (6 mL) and added
dropwise over a period of 10 min., while the temperature was kept below 5°C. After
stirring for 15 min. 2-naphthalenesulfonyl azide 13 (0.76 g, 3.2 mmol, 1 eq.) in
toluene (6 mL) was added dropwise, while the temperature was kept below 5°C
again. After 2 h at 25°C the reaction mixture was filtered and the solvent evaporated.
As a work-up the residue was distilled via Kugelrohr distillation (120°C, 0.36 mbar).

Yield: 0.52 g, 52%, yellow liquid
'H-NMR (CDCls): & [ppm] = 1.30 (m, 3 H), 4.12 (m, 2H)
13C-NMR (CDCl5): & [ppm] = 25.2 (CHs), 62.8 (CHy)

Tpp = 120°C, 0.36 mbar ; Lit®.: 94-95°C, 0.010 torr

1.2.1.3. Carbonylbis(diethoxyphosphine oxide) 9
0 N.J tBuOClI, H,0 Nof
o Fl)\U/ ',D\O/\ o ||D\U/ '?\O/\
EE, 10-15°C ) Oj oT

A



Hydrolysis of Diazomethylenebis(diethoxyphosphine oxide) 14 led to the formation of
carbonylbis(diethoxyphosphine oxide) 9.3 Therefore water (0.17 mL, 9.3 mmol, 4
eq.) was dissolved in EE (46 mL). Diazomethylenebis(diethoxyphosphine oxide) 14
(0.73 g, 2.3 mmol, 1 eq.) was added and the mixture was cooled to 10-15°C. t-BuOCI
(0.39 mL, 3.5 mmol, 1.5 eq.) in EE (23 mL) was added, which led to strong N
formation and a change in color to strong yellow. Chlorotrimethyl silane (1.18 mL, 9.3
mmol, 4 eq.) was added and after stirring for 5 min the solvent was evaporated.

Further purification led in any case to product decomposition.
Yield: ~3 mg, ~5% (calculated from *H-NMR), yellow liquid
'H-NMR (CDCls): & [ppm] = 1.26 (m, 3 H), 4.15 (m, 2H)
3IP.NMR (CDCls): d [ppm] = 6.84

GC-MS (El, CH,Cl,): m/z: 299.87 (M), 271.84 (M - Et), 243.82 (M - (Et),), 219.93 (M -
(Et)3), 191.90 (M - (Et),), 163.91 (COPO(OE),), 108.97 (COPO(0O),), 92.06 (PCOP),
91.02 (POOEt), 65.00 (POO)

IR (ATR) [cm™]: 1666.25 v(C=0)

1.2.2. Carbonylbis(diphenylphosphine oxide) 8

1.2.2.1. Methylenebis(diphenylphosphine oxide) 15

; ; H,0, ; ;
©/P\/P\© 2h, toluene, RF ©/ﬁ\/ﬁ\©
(@] O
15

1

The synthesis according to literature®® was modified to avoid the formation of
acetoneperoxide. Methylenebis(diphenylphosphine) 11 (4.17 g, 10.8 mmol, 1 eq.)
was dissolved in toluene (55 mL) und H,0, (30%, 4.34 mL, 43.4 mmol, 4 eq.) was
added dropwise. After heating 2 h at reflux the solvent was evaporated and the

residue dissolved in chloroform (10 mL). The resulting solution was washed with
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aqueous NaHCOg3; (30 mL) and water (30 mL). The organic phase was dried with
Na,SO, and the solvent again evaporated. Purification was done via recrystallization
from ethyl acetate (34 mL g?), which gave the product

methylenebis(diphenylphosphine oxide) 15 as a white powder.
Yield: 3.7g, 83%, white powder
'H-NMR (CDCls): & [ppm] = 3.49 (t, 2 H), 7.15-7.41 (m, 12H), 7.66 (t, 8H)

13C-NMR (CDCls): & [ppm] = 34.6 (CH,), 128.47 (Ar-CH), 131.01 (Ar-CH), 131.85 (Ar-
CH), 132.41 (Ar-CH)

Tm = 185-186 °C: Lit*®.: 186-186.5 °C

1.2.2.2. t-BuOCI

OH NaOCI (CI;I
>( acetic acid, 0-10°C >(
t-BuOH

t-BuOCI

The synthesis of t-BuOCI can be found in literature.®***” NaOCI (15%, 114 mL, 276
mmol, 1 eqg.) was added to water (114 mL). The solution was cooled to 10°C. t-BuOH
(26 mL) mixed with acetic acid (16 mL) was added and vigorously stirred for 3 min.
Subsequently the phases were separated and the yellow organic phase was washed
with an aqueous solution of Na,CO3; (10 wt%) (100 mL) and brine (100 mL)
respectively. After drying with CaCl, and filtration the product t-BuOCI was stored in a
brown glass flask over CaCl, at 6°C. The liquid was characterized by its pungent
smell and look (colorless, in contrast to the yellow starting material NaOCI). Further

characterization was not possible due to stability issues.

Yield: 9.9 g, 33%, colorless liquid



2. Zirconium Complexes

2.2. Syntheses

2.2.1. Bis(9-fluorenyl)ethane 26

Cr§)

. n-BuLi, C,H4Br,
Q O THF
Fluorene Q.O

26

The synthesis was performed with slight modifications in regards to literature.>®>°

Fluorene (13.9 g, 83.7 mmol, 1 eq.) was dissolved in THF (98 mL) and cooled to 0°C.
n-BuLi (2.5M in hexane, 33.5 mL, 83.7 mmol, 1 eq.) was added dropwise and the
reaction mixture was allowed to warm to ambient temperature. After stirring for 5 h
the mixture was again cooled to 0°C and 1,2-dibromoethane (3.6 mL, 41.8 mmol, 1
eq.) was added dropwise. Subsequently the reaction mixture was again allowed to
warm to ambient temperature and stirred overnight (16 h). Quenching with aqueous
NH4Cl (70 mL) led to phase separation. The organic phase was separated and
dichloromethane (=100 mL) was added until all precipitate was dissolved. Washing
with water and evaporating the solvent gave a residue, which could be recrystallized
from ethanol (~100 mL g™) to yield the product 26 with 90% purity. Since starting
materials and side products can complex with ZrCl, further purification was not

necessary.®
Yield: 14.6 g, 48.6%, white powder

'H-NMR (CDCl3): & [ppm] = 1.75 (m, 4H), 3.85 (broad s, 2H), 7.1-7.5 (m, 12H), 7.73-
7.77 (d, 4H)

Tm = 207-208 °C; Lit'%3.: 207.5 °C



2.2.2. (Ethylenebis(9-fluorenyl))zirconiumdichloride 25

Cl<_ .CI i
N er\Cl MeLi
Cl Et,O, pentane

The synthesis is described in literature but the work-up had to be adapted to yield
pure product 25.%° Bis(9-fluorenyl)ethane 26 (1.33 g, 3.7 mmol, 1 eq.) was added to
diethyl ether (55 mL) and cooled to 0°C. MeLi (1.6 M, 4.6 mL, 7.4 mmol, 1 eq.) was
added dropwise and afterwards the reaction mixture was allowed to warm to ambient
temperature. After gas formation stopped (~1 h) stirring was continued for 19.5 h.
The resulting slurry was again cooled to 0°C and added to a slurry of ZrCl, (0.86 g,
3.7 mmol, 1 eq.) in pentane (37 mL). Afterwards the reaction mixture was allowed to
warm to room temperature and stirred for 2 h. The resulting red precipitate was
filtered off and dried in high vacuum. Starting materials and side products were
removed by washing this red solid in a Soxleth-extractor for 20 h with diethyl ether
(200 mL). After drying again in high vacuum the red solid was dissolved in
dichloromethane (200 mL g™) and filtered, whereby a white solid could be removed,
which is most likely clustered zirconium chloride. The red filtrate was once again

dried in high vacuum, which gave the product 25.
Yield: 1.05 g, 54.8%, deeply red powder

'H-NMR (CDCls): & [ppm] = 4.41 (s, 4H), 7.04-7.27 (sext, 8H), 7.61-7.80 (q, 8H)



3. Diketone Systems

3.3. Syntheses

3.3.1. Synthesis of Phenylglyoxylic Diethylphosphite 36 and Phenylglyoxylic
Diphenylphosphine Oxide 32 (Pathway D)

3.3.1.1. Phenylglyoxylic Acid Chloride 35
Cl.__Cl
o) \o( o)
-
OH Cl
35

Phenylglyoxylic acid chloride was prepared according to known procedures.”

Dichloromethoxymethane (5.11 g, 44.5 mmol, 1.5 eq.) was added to phenylglyoxylic
acid (4.45 g, 30 mmol, 1 eq.) under argon atmosphere. The reaction mixture was

stirred for 1 h at 50°C. Work-up via Kugelrohr distillation gave the pure product 35.
Yield: 1.9 g, 38 %, yellow liquid
'H-NMR (CDCls): & [ppm] = 7.5 (m, 3H), 7.7 (m, 2H)

3C-NMR (CDCls): & [ppm] = 181.29 (CO-Ar), 166.88 (CO-Cl), 136.15 (Ar-CH),
131.76 (Ar-CH), 130.68 (Ar-CH), 129.51 (Ar-CH)

Twp = 87°C, 10 torr; Lit".: 80°C, 3 torr



3.3.1.2. Phenylglyoxylic Diphenylphosphine Oxide 32

&= e

In a Einhorn-type acylation reaction’® phenylglyoxylic acid chloride 35 (1.66 g, 9.9
mmol, 1.1 eq.) and pyridine (3.62 mL, 44.9 mmol, 5 eq.) were dissolved in toluene
(15 mL) and stirred for 10 min. at ambient temperature. This solution was added to
diphenylphosphine oxide (1.81 g, 9.0 mmol, 1 eq.) in toluene (15 mL). The reaction
mixture turned red immediately and aluminum foil was used to protect it from light.
After 2 h stirring at ambient temperature it was washed with water, the organic phase
dried with sodium sulfate and the solvent evaporated. The red/purple residue was
dissolved in EE and filtered over silica gel. Subsequent removal of the solvent gave

the red product 32 in a purity >90%.
Yield: 1.87 g, 62.3%, red needles

GC-MS (CHCly, El): m/z: 335.04 (M), 201.09 (POAr,), 118.06, 105.15 (ArCO), 90.17
(ArC), 77.07 (Ar)

HR-MS (MeOH, ESI): m/z: 201.07619 (Ph,PO)
'H-NMR (CD,Cl,): & [ppm] = 7.89-7.10 (m, 15H)

13C-NMR-CPD (CD,Cl,): & [ppm] = 193.0 (PCO), 192.2 (ArCO), 136.3 (CAr), 134.2
(CAr), 133.0 (CAr), 132.0 (CAr), 129.8 (CAr), 129.0 (CAr), 128.9 (CAr), 128.7 (CAr)

31P.NMR (CD.,Cl,): & [ppm] = 32.7

Tm=49-52 °C



3.3.2. Synthesis of Oxalylbisdiphenylphosphine Oxide 38

0]
9 o pyridine ©\ //O Q
H (@] /7
cl o ©
38

The already established Einhorn-acylation was also used to synthesize the bis
substituted product 38. Under argon atmosphere a solution of oxalylchloride (0.51
mL, 11.7 mmol, 0.9 eq.) and pyridine (5.28 mL, 65.4 mmol, 10 eq.) in
dichloromethane (15 mL) was made and stirred for 10 min. at ambient temperature.
This solution was added to diphenylphosphine oxide (2.65 g, 13.1 mmol, 1 eq.) in
dichloromethane (15 mL). After stirring for 2 h at ambient temperature the reaction
mixture was washed with water and the agueous phase was separated. The organic
phase was dried with sodium sulfate and the solvent removed. The residue was
dissolved in EE and filtered over silica gel. Subsequent elution with methanol and

removal of the solvent gave the red product 38 in a purity >80%.
Yield: 2.15 g, 35.8%, red solid

LC-MS (MeOH, DUISI): m/z: 459.1 (M)

HR-MS (MeOH, ESI’): m/z: 201.07617 (Ph,PO)

'H-NMR (CD,Cl,): & [ppm] = 8.19-6.56 (m, 20H)

13C-NMR-CPD (CD,Cl,): & [ppm] = 132.5 (CAr), 130.6 (CAr), 128.9 (CAr), 127.7
(CAY)

3P_NMR (CD,Cl,): d [ppm] = 20.6

Tm=43-45°C



3.3.3. Synthesis of Phenylglyoxylic Tri(m)ethylgermanium 33 and 39

3.3.3.2.1.  2-Phenyl-1-trimethylgermylethine 40

/
~Z~  1.BuLi N
- =
2. CIGeMej;

This synthesis and the following steps were a modification of the synthesis for a
corresponding silicium compound.” To a solution of phenyl ethyne (2.05 g, 20.1
mmol, 1 eq.) in anhydrous tetrahydrofuran (15 mL) under an argon atmosphere at -78
°C a solution of butyl-lithium in hexane (2.5M, 9.65 mL, 24.1 mmol, 1.2 eq.) was
added and the mixture was stirred at -78 °C for two hours. Trimethyl chlorogermane
(2.98 mL, 24.1 mmol, 1.2 eq.) was added, and the reaction mixture was allowed to
reach room temperature over a period of one hour. The solution was poured into
saturated ammonium chloride solution (20 mL) and extracted with dichloromethane
(3 x 20 mL). The combined organic layers were washed with water (20 mL) and brine
(20 mL), and dried over sodium sulphate. Evaporation of the solvent, followed by
bulb-to-bulb distillation (Kugelrohr) gave the product 40.

Yield: 2.27 g, 51.6%, colorless liquid
'H-NMR (CDCls): & [ppm] = 0.32 (s, 9H), 7.11-7.20 (m, 3H), 7.29-7.39 (m, 2H)

Tpp = 87°C, 1.5 torr; Lit"®.: 70 °C, 1.5 torr

3.3.3.2.2.  Z-2-Phenyl-1-trimethylgermylethene 41

%% 1.DBAL EQO P
2. HyO" ©/

40 41



To a stirred solution of 2-phenyl-1-trimethylgermylethine 40 (1.59 g, 7.2 mmol, 1 eq.)
and N-methylmorpholine (1.19 mL, 11 mmol, 1.5 eq.) in anhydrous ether (8 mL) at
room temperature, was added dropwise a diisobutyl aluminium hydride solution in
heptane (1M, 10.9 mL, 11 mmol, 1.5 eq.). The solution was stirred overnight at room
temperature under an argon atmosphere. The mixture was then poured into a
separating funnel containing cold 10% hydrochloric acid and ice. The layers were
separated, and the aqueous layer was extracted with ether. The combined organic
extracts were washed with water and brine, and dried over magnesium sulphate.
Evaporation of the solvent followed by bulb-to-bulb distillation of the residue

(Kugelrohr) gave the product 41 with >90% purity.
Yield: 0.83 g, 52%, colorless liquid
'H-NMR (CDCls): & [ppm] = 0.31 (s, 9H), 6.11 (d, 1H), 7.33-7.44 (m, 5H) 7.49 (d, 1H)

Tpp = 60-62°C, 0.5 torr; Lit'®*.: 83 °C, 4 torr

3.3.3.2.3.  Anti-2-hydroxy-2-phenyl-1-trimethylgermylethanol 42

_ _Ge_ 0s0, Ge_
©/ MesNO/NMO OH
41 42

Z-2-Phenyl-1-trimethylgermylethene (0.39 g, 1.8 mmol, 1 eq.) was added to a
solution of tert-butanol (3.9 mL), water (0.8 mL), and pyridine (0.16 mL).
Trimethylamine N-oxide dihydrate (0.27 g, 2.5 mmol, 1.4 eq.) and osmium tetroxide
(9 mg, 0.035 mmol, 0.02 eq.) were added to the solution and the mixture boiled
under reflux under an argon atmosphere for twelve hours. Work-up: Aqueous sodium
bisulphite (20 mL) was added and the solvent removed under reduced pressure. The
residue was added to saturated aqueous ammonium chloride (100 mL) and extracted
with dichloromethane (20 mL) in a continuous extractor. The organic layer was dried
with sodium sulphate. Evaporation of the solvent gave 256 mg of the raw product,

which contained estimated <5% product 42.
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Yield: ~14 mg, ~3%, estimated by GC-MS

GC-MS (El, CH,Cly): m/z: 253.09 (M), 219.83 (M — (OH),), 204.95, 175.00 (M — Ar),
147.00 (OHCHGe(CHs)s), 115.08, 88.99 (ArCH)

3.3.3.5.1. (1,3-Dithian-2-yhtrimethylgermane 44

<l . K\ n-BuLi p

Ge S
Cl S-S \(/
/Ge\

44

To 1,3-dithian (0.72 g, 6 mmol, 0.95 eq.) in dry THF (30 mL) was added n-BulLi (2.53
mL, 6 mmol, 1 eqg.) under argon atmosphere at -10°C within 11 min. The resulting
slurry was warmed to 0°C and trimethylgermanium chloride (0.78 mL, 6 mmol, 1 eq.)
in THF (19 mL) was added dropwise within 30 min. Subsequently, the reaction
mixture was stirred at 0°C for 3 h. Afterwards, the solution was concentrated and HCI
(2%) was added. Extraction with diethyl ether and Kugelrohr distillation gave the
product 44.

Yield: 533 mg, 37.5%, colorless liquid
'H-NMR (CDCls): & [ppm] = 3.80 (d, 1H), 2.79 (m, 4H), 2.06 (m, 2H), 0.28 (s, 9H)

Tpp = 60°C, 0.5 torr; Lit'®°.: 99 °C, 3 torr

3.3.3.5.2. Phenyl(2-(trimethylgermyl)-1,3-dithian-2-yl)methanone 45
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4 45
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(1,3-Dithian-2-yNtrimethylgermane 44 (0.56 g, 2 mmol, 1 eq.) was dissolved in dry
THF (11 mL) and cooled to -15°C. n-BuLi (0.95 mL, 2 mmol, 1 eq.) was added
dropwise within 11 min. The reaction mixture was warmed to 0°C and added to a 0°C
solution of benzoyl chloride (0.26 mL, 2 mmol, 0.95 eq.) in THF (7 mL). After stirring
for 3 h water was added and the resulting solution extracted with diethyl ether. The
combined organic phase was washed with water and brine, dried with sodium sulfate
and the solvent evaporated. Kugelrohr distillation gave the product 45.

Yield: 158 mg, 23.1%, colorless liquid

GC-MS (CHCly, El): m/z: 339.37 (M), 237.41 (M — ArCO), 133.34 (Dithian + Me)
HR-MS (MeOH, ESI*): m/z: 341.15607 (M)

'H-NMR (CD,Cl,): & [ppm] = 7.89-7.10 (m, 15H)

13C-NMR-CPD (CD,Cly): & [ppm] = 192.7 (CO), 134.8 (CAr), 133.4 (CAr), 128.8
(CAr), 31.3 (SCS), 27.2 (SCH), 25.3 (CH,), 0.05 (CHs)

Tpp = 160°C, 0.1 mbar

3.3.3.6. Phenylglyoxylic Triethylgermanium 39

(@) _ . .
o Hé> t-BuLi, Me3SiCl ‘ o) GZ /
( > \<\\ /R CuBr.Me2S
O upr.ivie o) )
35 39

To a solution of triethylgermanium hydride (0.47 g, 3.4 mmol, 1 eq.) in dry THF (1
mL) at -10°C under argon atmosphere was added t-BuLi (1.71 mL, 2.9 mmol, 0.85
eg.) within 3 min. After stirring the mixture for 5 min. it was added to vigorously stirred
slurry of CuBr.Me,S (0.60 g, 2.9 mmol, 0.85 eq.) in THF (15 mL) at -78°C. Stirring at -
78°C for 1 h resulted in a deeply red liquid. Me3SiCl (0.24 mL, 1.9 mmol, 0.55 eq.)
was added to the reaction mixture, which was then stirred for 5 min. Afterwards a

solution of phenylglyoxylic acid chloride 35 (0.32 g, 1.9 mmol, 0.55 eq.) in THF (1



mL) was added and the mixture turned black. The flask was wrapped in aluminum foil
and the solution stirred for 1 h at -78°C and for 2 h at -30°C.

As a work-up the reaction mixture was poured in aqueous NH4CI-NH,OH (pH 8-9, 18
mL) und diluted with diethyl ether (18 mL). The heterogeneous mixture was
vigorously stirred until the aqueous phase was deeply blue and no color change was
visible anymore (~15 min.). Afterwards the phases were separated and the agueous
phase was extracted with diethyl ether. The combined organic phase was washed
with water and then with brine, dried with sodium sulfate and the solvent evaporated.
The deeply red and liquid raw product was purified via column chromatography
(PE:EE = 50:1), which yielded pure product 39. Low product yield and stability issues

even under argon atmosphere made further characterization impossible.
Yield: 64 mg, 6.4%, deeply red liquid

GC-MS (CH.Cl,, EI): m/z: 324.20 (M + Et), 293.20 (M), 261.27 (M — Et), 235.29 (M —
Ety), 205.32 (M — Ets), 177.27 (MeGeEts), 133.27 (ArCOCO), 103.21 (ArCO), 75.10
(Ar)

'H-NMR (CD.Cl,): & [ppm] = 7.95 (d, 2H), 7.66 (t, 1H), 7.51 (t, 2H), 1.08 (s, 15H)

3.3.4. Phenylglyoxylic Triphenylgermanium 46

Q t-BuLi, Me3SiCl o Q
Cl H
+ Ge > Ge\©
0 CuBr.Me2S (@]
35

46

To a solution of triphenylgermanium hydride (2.09 g, 6.9 mmol, 1 eq.) in dry THF (2.3
mL) at -10°C under argon atmosphere was added t-BuLi (3.43 mL, 5.8 mmol, 0.85
eq.) within 3 min. After stirring the mixture for 5 min. it was added to vigorously stirred
slurry of CuBr.Me,S (1.20 g, 5.8 mmol, 0.85 eq.) in THF (30.1 mL) at -78°C. Stirring
at -78°C for 1 h resulted in a deeply red liquid. Me3SiCl (0.48 mL, 3.8 mmol, 0.55 eq.)
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was added to the reaction mixture, which was then stirred for 5 min. Afterwards a
solution of phenylglyoxylic acid chloride 35 (0.64 g, 3.8 mmol, 0.55 eq.) in THF (2.3
mL) was added and the mixture turned black. The flask was wrapped in aluminum foil
and the solution stirred for 1 h at -78°C and for 2 h at -30°C.

As a work-up the reaction mixture was poured in agueous NH4CI-NH,OH (pH 8-9, 18
mL) und diluted with diethyl ether (18 mL). The heterogeneous mixture was
vigorously stirred until the aqueous phase was deeply blue and no color change was
visible anymore (~15 min.). Afterwards the phases were separated and the aqueous
phase was extracted with diethyl ether. The combined organic phase was washed
with water and then with brine, dried with sodium sulfate and the solvent evaporated.
The deeply red and liquid raw product was purified via column chromatography
(PE:EE = 50:1), which yielded pure product 46. Yield of product and stability even
under argon atmosphere were too low, to reasonably get *C-NMR-spectra and

characterization with GC-MS was not possible.
Yield: 33 mg, 1.1%, deeply red solid

IH-NMR (CD,Cl,): & [ppm] = 7.96 (d, 2H), 7.70-7.21 (m, 15H)

3.3.5. Synthesis of Phenylglyoxylic Trimethylsilyl Silicium 47

o
0
™S KOtBu ™S 35 ™S
TMS-Si—TMS TMS-Si—K TMS-Si
T™MS ™S ™S O
47

Tetrakis(trimethylsilyl)silan (0.7 g, 2.2 mmol, 1 eq.) and KOtBu (0.26 g, 2.3 mmol,
1.05 eq.) were dissolved in dimethoxyethane (10 mL). The mixture was stirred for 2 h
at ambient temperature. The resulting solution was added dropwise over a period of
40 min to phenylglyoxylic acid chloride 35 (0.39 g, 2.3 mmol, 1.05 eq.), which was
dissolved in diethyl ether (5 mL) and cooled to -40°C. After complete addition the
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reaction mixture was allowed to warm to ambient temperature and stirred for another
hour. Subsequently, HCI (3%) was added resulting in a phase separation. The
aqueous phase was extracted with diethyl ether and the combined organic phase
was dried with sodium sulfate and the solvent removed. Column chromatography
(DCM:PE = 1:1) gave the pure product 47. Stability of the product was even under
argon atmosphere too low to conduct NMR measurements of over 15 min. For this
reason only *H-NMR spectra are given and for further characterization color and UV-

VIS spectra were used respectively.
Yield: 276 mg, 33%, yellow oll

'H-NMR (CDCls): d [ppm] = 7.93-6.76 (5H, m), 0.07 (27H, s)

4. Acyltellurides

4.2. Syntheses

4.2.1. Benzoyl Phenyltelluride BPT

I® (O~
Té NaBH4, NaOH, O _ O

©+e o

BPT

The following procedure is slightly modified from that of Gardner et al.®* Diphenyl
ditelluride (1.32 g, 3.23 mmol, 1 eq.) was dissolved in a mixture of toluene and
ethanol (5 mL, 25/75 v/v) and heated to reflux. To this solution NaBH4 (0.20 g, 5.17
mmol, 0.8 eq.) dissolved in 1IN NaOH (4.4 mL) was added dropwise. During the
addition there appeared a strong formation of H, and the solution became colorless.
Then benzoyl chloride (1.09 g, 0.89 mL, 7.75 mmol, 1.22 eq.) was added in one
portion and the warm reaction mixture was stirred for another 5 min. Afterwards 25
mL of water were added and the resulting mixture was extracted with diethyl ether.

The combined organic phase was dried over anhydrous NaSO,4 and after removal of
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the solvent the crude product was purified via liquid chromatography (PE:Et,O =

20:1, silica gel) to yield pure BPT.

Yield: 0.74 g, 74%, bright yellow powder

GC-MS (THF, El): m/z: 311.96 (M), 282.00, 206.99, 154.10, 105.03, 77.06
'H-NMR (CD,CL): & [ppm] = 7.75-7.49 (m, 5H), 7.48-7.20 (m, 5H)

13C-NMR (CDCls): & [ppm] = 143.3 (Ar-C-CO), 141.1 (Ar-CH), 134.5 (Ar-CH), 129.9
(Ar-CH), 129.6 (Ar-CH), 129.3 (Ar-CH), 127.3 (Ar-CH), 125.7 (Ar-C-Te)

IR (ATR) [cm™]: 1663.47 v(C=0)

T = 70-72°C: Lit*.: 70-72°C

4.2.2. Pentafluorobenzoyl Phenyltelluride 50

F F F
F F Sm, ZrCl,
Te (@]

_—
+

Samarium (301 mg, 2.00 mmol, 1.0 eq.), diphenyl ditelluride (410 mg, 1.00 mmol, 1
eg.) and zirconium tetrachloride (93 mg, 0.40 mmol, 0.2 eq.) were weighed into the
reaction vessel (Schlenk tube) using a Glove box and Schlenk tubes. Dry THF (20
mL) was added and the mixture was stirred for 2 h at room temperature undergoing a
change in color from red to brown, indicating the reduction of the bond between the
two tellurium atoms. Then, pentafluorobenzoyl chloride (692 mg, 3.00mmol, 1.5 eq.)
was added to the mixture rapidly using a syringe. The acid chloride was stored in a
Schlenk tube under argon atmosphere to prevent hydrolysis and in the refrigerator
due to its apparently low flash point (49.7°C). The reaction mixture was stirred for 1 h
at ambient temperature, followed by the evaporation of the solvent applying vacuum.
Dry dichloromethane (50 mL) was then added to the gray/black precipitate and stirred
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for 30 min to dissolve the product. Afterwards, the precipitate was separated from the
product solution using a funnel filter. The solvent was evaporated giving the crude
product 50, which was purified using liquid chromatography (PE:CH,Cl, 10:1 +

triethyl amine).
Yield: 392 mg, 49%, yellow solid
'H-NMR (CD,CL,): 8 [ppm] = 7.73 (m, 2H), 7.30 (m, 3H)

13C-NMR-APT (CD.Cl,): d [ppm] = 140.9 (Ar-C-CO), 140.5 (Ar-CH), 130.2 (Ar-CH),
130.1 (Ar-CH)

GC-MS (THF, EI): m/z: 401.90 (M), 206.93 (ArTe), 194.96 (ArFsCO), 166.96 (ArFs),
77.04 (Ar)

IR (ATR) [cm™]: 1673.32 v(C=0)

R¢-value (PE:CH,CI, 10:1): 0.31

4.2.5. Synthesis of Bis(2-methoxybenzoyl)telluride 56

4.25.1. TeK;

NHz (I)
Te + K ——— Teky

-70°C
By using a Glove box providing argon atmosphere, elemental potassium (7.55 g,
194.37 mmol, 2.0 eq.) and tellurium powder (12.401 g, 97.18 mmol, 1.0 eq.) were
weighed into a Schlenk tube. Then, gaseous ammonia was passed over a condenser
into the mixture. For cooling to -70°C, an acetone/liquid N, mixture was used. After
condensing ammonia (150 mL) into the reaction vessel, the mixture was intensively
stirred for 6 hours at -70°C under argon. The color of the solution changed to purple,
indicating the ionization of potassium. Afterwards, cooling was stopped and
temperature was raised gradually to room temperature overnight forming potassium

telluride. The majority of ammonia was evaporated at this point. To remove last



traces of NHgs, the reaction vessel was put into a tube furnace giving the product
TeKo.

Yield: 14 g, 70%, bright brown solid

4.25.2. Bis(2-methoxybenzoyl)telluride 56

Potassium telluride (517 mg, 2.51 mmol, 1 eqg.) was weighed into a Schlenk tube
using a Glove box. Afterwards, dry acetonitrile (25 mL) was added under argon and
the mixture was cooled to 0°C. Then, a cooled solution of 2-methoxybenzoyl chloride
(0.84 mL, 6.3 mmol, 2.5 eq.) in acetonitrile (12 mL) was added slowly to the
potassium telluride suspension under argon using a syringe. After that, the reaction
mixture was stirred for 3 hours at 0°C. Acetonitrile was removed applying vacuum
and diethyl ether (32 mL) was added, before stirring for another 45 min. The black
precipitates were removed by filtration using a funnel filter, giving a yellow filtrate.
Diethyl ether was then largely removed keeping 1mL of the solution, followed by 3
washing steps each with 5mL of dry n-pentane. After each step, the supernatant was
removed with a pipette. Vaporization of solvent residues gave the product bis(2-
methoxybenzoyl)telluride 56.

Yield: 580 mg, 58%, yellow crystals
'H-NMR (CD,Cl,): & [ppm] = 7.88 (d, 2H), 7.49 (t, 2H), 6.96 (m, 4H), 3.75 (s, 6H)

13C-NMR-APT (CD,Cl,): & [ppm] = 160.5 (Ar-C-O), 135.7 (Ar-CH), 133.2 (Ar-CH),
120.7 (Ar-CH), 118.5 (Ar-CH), 112.6 (Ar-CH), 56.3 (CHs)

IR (ATR) [cm™]: 1729.50 v(C=0)

Rf-value (CH2C|2): 0.70



4.5.2 Kinetic Studies

The photopolymerization of the four different monomers (BA, BMA, St, NAM) was
carried out in a photoreactor. The reactor was filled to a height of approximately 25
mm with monomer formulation (monomer + BPT/BDC), which was degassed with
argon. For irradiation an OmniCure 2000 (Lumen Dynamic) mercury lamp with a filter
excluding all but 400-500 nm was used. The effective irradiation intensity was
adjusted to the reactivity of the monomer (0.07 W cm™ on the surface of the
formulation for BA, BMA and St and 0.03 W cm™ on the surface for NAM). For the
more reactive monomers a lower effective irradiation intensity and
photoiniferter/TERP-reagent to monomer molar ratio was chosen (BA: 1:200, BMA:
1:100, St: 1:100, NAM: 1:500), to make sure the polymerization would be slow
enough to take samples. These samples were taken with a syringe over the side joint
of the reactor. Typical sample size was 0.05 mL of which 10 mg was used for GPC

analysis and the rest of approximately 40-50 mg was used for *H-NMR-spectroscopy.

For determination of the number-average molecular weight (M,) and the
polydispersity index (PDI) a Waters 717plus GPC with three columns (Styragel HR
0.5 THF, Styragel HR 3 THF and Styragel HR 4 THF) and a Waters 2410 refractive
index detector was used. The eluent was THF with a flow rate of 1.0 mL min™ and
the temperature was set to 40°C. For calibration polystyrene standards were used
which offer a molecular weight resolving range of 10%-10° g/mol.

A Bruker AC-E-200 FT-NMR-spectrometer was used for the samples taken from the
photoreactor, to determine the monomer double bond conversion. The solvent was
deuterated chloroform (CDCI3) with a degree of deuteration =2 99.8% D. Out of these
spectra the double bond conversion was calculated by comparing the integrals of the
monomer specific double bonds to the combined integrals of the side chains of

monomer and polymer.



5. Water-Soluble Photoinitiators

5.2. Syntheses

5.2.1. Syntheses of the MAPO-Salts Na-TPO and Li-TPO

5.2.1.1. Sodium Phenyl(2,4,6-trimethylbenzoyl)phosphine Oxide (Na-TPO)
Synthesized with lon Exchange Resin

B ~ ..~

? O i
o \\
oj Amberlite IR 120 Na O Na*

TPO-L

This route is described completely in literature.*> Trimethylbenzoylphenylphosphine
acid ethylester (Lucirin® TPO-L, BASF AG; 1.02 g, 3.22 mmol, 1 eq.) was dissolved
in MeCN (3 mL) and bromotrimethylsilane (1.06 g, 6.93 mmol, 2.15 eq.) was added.
After 4 h at 60°C, MeOH/H,O (32 mL, MeCN/H20 = 95/5 v/v) was added. After
removal of the solvent a white solid was obtained, which was assumed to be the free
acid. H,O (10 mL) and Amberlite IR 120 Na (5 g) were added. After the reaction was
finished, visible in complete solution of the former white precipitate (~2.5 h), the
product was dissolved in MeOH (40 mL) and filtered. Removal of the solvent and
subsequent recrystallization from diethyl ether gave the product Na-TPO as yellowish

powder.
Yield: 0.56 g, 56%, yellowish powder

'H-NMR (d-DMSO): & [ppm] = 2.2 (s, 6 H), 2.25 (s, 3H), 6.6 (s, 2H), 7.3 (m, 3H), 7.6
(m, 2H)

3C-NMR-APT (CD,Cl): & [ppm] = 134.9 (Ar-C), 134.0 (Ar-C), 133.8 (Ar-C), 132.4
(Ar-C), 128.9 (Ar-C), 21.4 (CHs), 19.9 (CHa)

3P.NMR (de-DMSO): & [ppm] = 10.8

Tm=372.4°C



5.2.1.2. Sodium Phenyl(2,4,6-trimethylbenzoyl)phosphine Oxide (Na-TPO)
Synthesized from Nal

(0]
Na
o//Fu) \\
OW O Na*

Na-TPO

TPO-L

The synthesis was done according to Noe et al.”** Trimethylbenzoylphenylphosphine
acid ethylester (Lucirin® TPO-L, BASF AG; 1.02 g, 3.22 mmol, 1 eq.) were dissolved
in ethylmethylketone (5 mL). Nal (0.53 g, 3.55 mmol, 1.1 eq.) was added and after 15
min. the homogenous solution was heated to 65°C and stirred for 24 h. The resulting
yellow precipitate was filtered off and washed one time with 10 mL ethylmethylketone
and two times with 10 mL PE. After drying in high vacuum the product was

recrystallized from diethylether to yield the product Na-TPO as yellowish powder.
Yield: 0.85 g, 85%, yellowish powder

'H-NMR (ds-DMSO): & [ppm] = 2.2 (s, 6 H), 2.25 (s, 3H), 6.6 (s, 2H), 7.3 (m, 3H), 7.6
(m, 2H)

13C-NMR-APT (CD,Cl,): & [ppm] = 134.9 (Ar-C), 134.0 (Ar-C), 133.8 (Ar-C), 132.4
(Ar-C), 128.9 (Ar-C), 21.4 (CHs), 19.9 (CHs)

31P.NMR (ds-DMSO): & [ppm] = 10.8
Tm=372.4°C
5.2.1.3. Lithium Phenyl(2,4,6-trimethylbenzoyl)phosphine Oxide (Li-TPO)

@]
5 LiBr o}
- > R
o~ \
o) O Li*
(0]

Li-TPO




The synthesis was performed with slight changes compared to Majima et al.**?
Trimethylbenzoylphenylphosphine acid ethylester (Lucirin® TPO-L, BASF AG; 10.75
g, 33.99 mmol, 1 eq.) were dissolved in ethylmethylketone (150 mL). LiBr (11.81 g,
135.96 mmol, 4 eq.) was added and after 15 min. the homogenous solution was
heated to 65°C and stirred for 24 h. The resulting yellow precipitate was filtered off
and washed one time with 10 mL ethylmethylketone and two times with 10 mL PE.
After drying in high vacuum the product was recrystallized from diethylether to yield
the product Li-TPO as white powder (9.9 g, 33.65 mmol).

Yield: 9.9 g, 99%, white powder

IH-NMR (CDsOD): & [ppm] = 2.12 (s, 6H), 2.23 (s, 3H), 6.77 (s, 2H), 7.4 (m, 3H),
7.81 (t, 2H)

13C-NMR (CDsOD): & [ppm] = 21.3 (CHs), 128.5 (Ar-C), 129.0 (Ar-C), 129.1 (Ar-C),
132.2 (Ar-C), 134.0 (Ar-C), 134.3 (Ar-C), 135.1 (Ar-C)

31P_NMR (de-DMSO): & [ppm] = 11.1

Tm =350.5°C

5.2.3. Modification of Ivocerin

5.2.3.1. ((3-(Chloromethyl)-4-methoxybenzoyl)-diethylgermyl)-(4-

methoxyphenyl)methanone 57

o o 0] > ONG
> ~ AICl, Ge
Ge N Q
« paraformaldehyde (0) @)
o

o]
Ivocerin
57
Under argon Ivocerin (2.42 g, 6 mmol, 1 eq.) and AICl; (4.82 g, 36 mmol, 6 eq.) were
dissolved in CHCI3 and cooled to 4°C. Paraformaldehyde (2.17 g, 72 mmol, 12 eq.)
was added slowly and the mixture was stirred overnight (16 h) at ambient

temperature. Subsequently water was added and the organic phase was separated.
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The red, jelly precipitate was dissolved in EE and washed with water too. The
combined organic phase was dried with sodium sulfate and the solvents removed.
The yellow, liquid residue was separated via column chromatography (PE:EE = 4:1),

which gave the monosubstituted product 57.
Yield: 1.7 g, 64%, yellow oll

GC-MS (CH.Cl,, El): m/z: 450.98 (M), 423.02 (M — Et), 393.91, 349.86, 315.77 (M —
COArOMe), 287.73, 267.67 (M — COArOMeCH,Cl), 259.64, 239.62, 211.57, 183.53
(COArOMeCH,Cl), 135.45 (COArOMe), 91.41 (ArC), 77.28 (Ar)

HR-MS (MeOH, ESI*): m/z: 473.05283 (M + Na), 449.07227 (M)

'H-NMR (CD.Cl,): & [ppm] = 7.75 — 7.51 (m, 4H), 6.93 — 6.73 (m, 3H), 4.53 (s, 2H),
3.82 (s, 3H), 3.74 (s, 3H), 1.51 — 1.25 (m, 4H), 1.11 — 0.92 (m, 6H)

13C-NMR-CPD (CDCls): & [ppm] = 163.9 (ArO), 161.4 (ArO), 134.8 (CAr), 130.8
(CAr), 130.5 (CAr), 114.1 (CAr), 110.5 (CAr), 55.7 (OCHs), 41.0 (CH,CI), 9.0 (CH3),
6.5 (GeCHy)

R¢ (SiO,, PE:EE =5:1): 0.43

5.3.1. Solubility

The solubility in deionized water was tested by preparing a saturated solution of
photoinitiator at ambient temperature (25°C) and drying a defined volume (1 mL) of
this solution after filtration through a syringe filter. The resulting precipitate was
weighed and the residual water in the crystal structure of the dried compounds was
measured with *H-NMR analysis. Via subtraction of the crystal water content the
solubility in mg mL™ was obtained. For checking the reproducibility of this method it
was tried two times, where the values in g/L deviated from the first measurement only

in the first digit after the comma.



5.3.3. Storage Stability

The storage stability of the photoinitiators was tested in 3 different solvents.
MeCN/H,0 = 50/50 v/v for stability in neutral solutions, MeCN/H,0O = 50/50 v/v with a
few drops of H3PO, (pH = 2) for stability in acidic solutions and MeCN/H,0O = 50/50
v/v with a few drops of concentrated NaOH (pH = 11) for stability in alkaline solutions.
Each photoinitiator was dissolved in each solvent with a concentration of 1 x 10 mol
Lt and at t = 0 d UV-VIS-spectra were measured. Afterwards the solutions were
stored in the dark for 20 days at 40°C. At t = 20 d UV-VIS-spectra were measured
again. The percentage of decline in absorbance at the maximum (or shoulder) of the
n—rr* transition (Table 5) is directly proportional to the percentage in concentration

decline, therefore directly providing the remaining concentration of photoinitiator.

5.3.4. Cytotoxicity Studies

The mouse fibroblast cells L929 (Sigma) were used for cytotoxicity experiments.
Among others this cell line is recommended for biological evaluation of medical
devices as described in 1ISO10993 standard testing. The cells were cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM) with 4500 mg L™ glucose, L-glutamine
and sodium bicarbonate, without sodium pyruvate (Sigma), supplemented with 10%
fetal bovine serum (Sigma) and 1% of 10000 U mL™ Penicillin/Streptomycin (Lonza).
96 well plates were seeded with 5000 cells per well and incubated overnight for cells
to attach in an incubator in a humid atmosphere with 5% carbon dioxide at 37°C. On
the next day the medium was removed from the wells and freshly prepared solutions
of different Pls in different concentrations (8.92 mM, 4.43 mM, 2.23 mM, 1.12 mM
and 0.56 mM) were added to the cells residing in different wells. Due to the
photosensitivity of the Pls, all subsequent cell and Pls handling were performed

under red light.

The plates with cells and Pl were wrapped with aluminum foil and incubated for 24h
in an incubator. After 24h the medium was removed and all wells were washed with
PBS.



To evaluate the viability of cells exposed to different photoinitiators PrestoBlue Cell
Viability Reagent (Life Technologies) was used. The resazurin-based reagent
PrestoBlue was diluted 1:10 with DMEM and 100 pL were applied per well and
incubated for 1 hour. This reagent transforms and turns red thus becoming highly
fluorescent because of the reducing environment of viable cells. The fluorescence
was measured with a plate reader (Synergy BioTek, excitation 560 nm, emission 590
nm). After correction for background fluorescence, the metabolic activity of the cells
exposed to different concentrations of photoinitiators were compared to each other
and to the positive control (non-stimulated cells, 5000 cells per well) and DMSO
control (cells stimulated with 50% DMSO and 50 % medium for 1 hour to evaluate
fluorescence signal of the wells containing dead cells). On every plate were five point
standard curves (1000, 2000, 3000, 4000, 5000 cells per well). Wells with 5000 cells

were chosen for positive control (showing the highest metabolic activity).

LCso of the different photoinitiators was determined by polynomial (second order)
regression of the metabolic activity at different Pl concentrations and then graphical

evaluation of the resulting curve.

5.3.4. Cell Encapsulation

Cell encapsulation experiments were performed with mouse calvaria-derived
preosteoblast cells (MC3T3-E1 Subclone 4 from ATCC-LGC Standards). MC3T3-E1
were expanded in Alpha Minimum Essential Medium (aMEM) with ribonucleases,
deoxyribonucleases, 2 mM L-glutamine, without ascorbic acid (Gibco), supplemented
with 10% fetal bovine serum (Sigma) and 1% of 10000 U mL™ Penicillin/Streptomycin
(Lonza).

Methacrylamide-modified gelatin (Gel-MOD) with degree of substitution of 72 % was
prepared in accordance to previously reported protocol.*®® Cells were encapsulated
in 10 % Gel-MOD solution in aMEM containing 0.6 mM Li-TPO 56 and a cell density
of 10 million cells per mL. Gel pellets with encapsulated cells were produced using
chambered coverslip molds (Sigma) resulting in pellets with 6 mm in diameter and 1

mm height subsequently exposed to UV light for 10 minutes (365 nm, 4 mW c¢m™) in
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order to cross-link the gel. After that, pellets were soaked in a-MEM and left in

incubator. Samples were maintained during 36 days.

The LIVE/DEAD viability assay (Molecular Probes, Life technology) was used to
assess cell viability according to manufacturer’s instructions. The culture media was
aspirated and the scaffolds and pellets were rinsed 3 times in sterile phosphate-
buffered saline (PBS, Sigma). The staining solution with 0.2 yM Calcein AM (live
stain) and 0.6 uyM propidium iodide (dead stain) was added for 20 minutes at 37°C.
Samples were washed 3 times with PBS and examined and imaged using laser
scanning microscopy (LSM 700, Zeiss) with excitation/emission filter set at 488/530

nm to observe living cells (green) and 530/580 nm to detect dead (red) cells.

Materials, Equipment and Analysis

Chemicals and solvents:

If not mentioned otherwise the used chemicals were ordered from Sigma-Aldrich and
TCI respectively. Solvents were taken from the TU internal distillation facility and if

necessary further dried according to known procedures.*®®

Melting points:

The melting points were measured with an OptiMelt — Automated Melting Point
System. For that the samples had to be put in a one side open capillary (80 x 1.3

mm).

TLC:

Aluminum based TLC plates from Merck (silica gel 60 F2s4) were used for thin layer

chromatography.



GC-MS:

GC-MS measurements were carried out on a Thermo Fisher Scientific DSQ I

employing a Fused Silica capillary column (30m x 0.25mm).

LC-MS:

LC-MS measurements were carried out on a Shimadzu LCMS-2020 MS Detektor
with DUISI ionisation, Eluent was typically methanol:water = 90:10 or pure methanol
at 30 °C and 0.5 ml/min.

HR-MS:

HR-MS were measured in cooperation with FH Tulln by Dr. Justyna Rechthaler.
Measurements were conducted on an Exactive PLUSTM Massenspektrometer
(Thermo Fisher Scientific) in ESI mode with a capillary temperature of 320°C. Typical

sample concentration was 1 ppm in MeOH.

NMR:

The H-NMR and **C-NMR signals were measured on a BRUKER AC-E-200 FT-
NMR. **P-NMR signals were measured on a BRUKER AVANCE 200. Deuterated
dichloromethane, chloroform and methanol were used in the highest degree of

deuteration available at euriso-top.

IR:

All IR-spectra were measured on a Perkin ElImer Spectrum 65 FT-IR Spectrometer

with a Specac MKIl Golden Gate ATR system.



UV-VIS:

UV-VIS measurements were carried out on a Shimadzu UV-1800 Spectrophotometer
using quartz cuvettes with 10 mm thickness. Samples were typically dissolved in
CH.Cl, or MeOH with a concentration of usually 1 x 10 mol L™ and measured in the

dark if light protection was required.

Photo-DSC:

Photo-DSC analysis was done on a Netzsch DSC 204 F1 using an OmniCure 2000
(Lumen Dynamic) mercury lamp light source equipped with a built in 400-500 nm
filter. The lamp was calibrated with an OmniCure R2000 radiometer to an effective
irradiation intensity of 1.00 W cm™. The measurements were done with 101 mg of
monomer formulation, which consisted of photoinitiator and monomer. As a result
from the measurements, the time until the maximum heat of polymerization (tmax) iS
reached can be obtained directly. Also the time until 95% of the maximum double
bond conversion (tgse,) can be directly acquired through integration of the resulting
curves. However, the rate of polymerization (Rp) and the double bond conversion
(DBC) of the monomer need to be calculated according to eq. 1 and 2:

R, = Ymaxp  (q) DBC = -2 %100 )

P AHy*M,, AHy

Herein AHma is the maximum heat of polymerization, AHo (NAM: 460.58 J g*;
mixture A: 240.4 J g*; mixture B: 299.54 J g1)*"1® is the theoretical heat of
polymerization, p (NAM: 1.1 kg L™; mixture A: 1.1 kg L™*; mixture B: 1.1 kg L™)*®"%8 s
the density of the formulation, M,, the molecular weight and A the integrated area of

the DSC-plot. All these numbers are referring to the monomer.

The maximum heat of polymerization for NAM AH, was determined by photo-DSC
measurements of pure NAM polymerized with the photoinitiator MAPO (Speedcure
TPO®) and subsequent *H-NMR measurements of the resulting polymer to correlate
the double bond conversion after polymerization with the measured heat of
polymerization in the photo-DSC.



Summary

Modern composite materials, which are used in dentistry, consist of inorganic filler
and an organic methacrylate matrix. To cure this matrix, photoinitiator systems are
used. Currently, camphorquinone/dimethylamino benzoate (CQ/DMAB) is state of

the art for this application.

o
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However, there are problems concerning reactivity due to the Norrish type Il system,
especially in water-based primer mixtures, which are used as a first layer directly on
the tooth material. However, the main problem addressed in this work is the
insufficient photobleaching of this type Il system but also the low curing depth. For
these reasons the goal of the work was to find new cleavable, one-component
systems for visible light initiation to replace state of the art systems. These systems

should be as red-shifted as possible to guarantee a deeper penetration depth of light.

The first project — the syntheses of the bisphosphylketones — was based on

preliminary experiments with germanium and silicium containing compounds:**%

(@] O O O
Me3Si SiMe3 Ph38| SIPh3 Me3Ge GeMe3 Ph3Ge GePh3
Ao = 533 Ao = 550 Ao = 509 Ao = 513

These compounds showed a strong bathochromic red-shift and were also assumed
to initiate radical polymerization very efficiently, due to the formation of four active
radicals. However, they did not show enough stability under atmospheric conditions

to be considered as new dental photoinitiators.

Syntheses and attempted syntheses of the corresponding bisphosphylketones 8 and

9 led to a similar conclusion.
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This class of compounds indeed shows interesting properties and also the
bathochromic red-shift could be shown. The major problem of course was the
hydrolytic and thermal instability, leading to decomposition and rearrangement
reactions already at low temperatures and atmospheric conditions. This was also

described in literature® and could be proven by GC-MS measurements.

In fact, only carbonylbis(diethoxyphosphine oxide) 9 could be synthesized but shown
to exist only in the reaction mixture. Attempts to stabilize the compound further with
different substituents on the phosphorus heteroatoms failed and subsequent
theoretical calculations showed that a stabilization of the compound type will most

likely not be possible.

The attention was shifted to metal based photoinitiators. Especially zirconium
complexes offer interesting possibilities in this field because of a cleavage reaction
during initiation and uncolored zirconium salts that are formed. Indeed, the zirconium
complex 25 showed no stability problems under atmospheric conditions and in

solution (dichloromethane, diether, MeCN).

Nevertheless, it is not suitable for an application as long wavelength photoinitiator,
since it reacted with monomer double bonds as it is described in literature for other
zirconium complexes.®*%*% This led to cleavage of the fluorenyl ligand and

decolorization of the photoinitiator, meaning that the red-shift of the compound was
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lost and only UV-polymerization was possible. It was tried to stabilize the complex
also in methacrylic monomer mixtures as it was done for the commercially available
titanocene Irgacure 784. In this compound fluorinated aromatic ligands were used to
hinder the electron back donation from ligand to central atom already at ambient

conditions.

This electron back donation was assumed to be the reason for the instability of the
compound. Unfortunately, (ethylenbis(9-fluorenyl))zirconiumtetrafluorobenzene 27
was synthetically not accessible.

Another very interesting concept was the achievement of a bathochromic red-shift via
combination of the empty d-orbital effect next to a carbonyl group with the effect that

two neighboring carbonyl groups also lead to a red-shift:

Shift of the n--t*-transition

O
OH

K Amax = 320 nm

Amax = 400 nm caused by
angle between carbonyls Amax = 385 nm caused by empty

d-orbital of phosphorus
O
_0
P
W 1®
phenylglyoxylic acid diphenylphosphinoxide

Amax = 460nm

A whole set of compounds, also with different heteroatoms, was synthesized and
characterized.
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Even though the concept of the red-shift worked very well, the synthesized
compounds did not show reactivity in a range, where an application as photoinitiator
is reasonable. All tested compounds’ reactivity was significantly below the reactivity
of the reference PPD and therefore also much worse than the reactivity of the state of
the art CQ/DMAB system.

Subsequently, the focus of the work was shifted to acyl tellurium compounds. It was
hoped to achieve a bathochromic red-shift by introducing a tellurium heteroatom next
to a carbonyl group of a benzoyl chromophore. However, reactivity of these systems
turned out to be very low. Literature research gave an explanation for this
phenomenon. Organotellurium compounds can be wused for controlled living
polymerization. For special applications but even more for non-dentistry related
fields, photochemical polymerization control agents can be very beneficial. The
concept of using acyltellurides as exclusively photoactivated TERP (tellurium
mediated controlled radical polymerization) reagents worked very well. It could be
shown that the telluroorganic compound BPT is a suitable polymerization control
agent for acrylates and acrylamides, yielding polydispersities as low as 1.2-1.3. BPT
leads to lower polydispersities than it was reported in literature for photoiniferters so
far. The most important benefit of BPT though, can be found in the ability to carry out
controlled radical polymerization at room temperature with a visible light (400-500
nm) radiation source. The reference BDC also has some potential, but needs UV

light for its living radical polymerization mechanism.
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Explanation can be given by the UV-VIS spectrum in general and the n—ir™ transition
(335 nm for BDC and 407 nm for BPT) of the two compared compounds in particular.
The subsequently formed tellurium dormant species was still active under visible light
irradiation. The high reactivity of the tellurium compound BPT, compared to the
reference BDC has been shown by photo-DSC experiments and can be attributed to
the highly reactive benzoyl radical. In conclusion, BPT is highly suitable for
photopolymerizations, where a narrow molecular weight distribution is mandatory and
visible light is preferred. This is for example the case for debonding on demand

applications in dentistry.*®°

As already mentioned above, another project in this work was to find a photoinitiator
system with improved water-solubility for primer mixtures. Especially in water-based
primer mixtures the state of the art system CQ/DMAB has its limits. The MAPO and
BAPO salts as water-borne photoinitiators not only show storage stability and
biocompatibility in the same range as state of the art photoinitiators but exceed them

by far in solubility and reactivity.

BAPO-ONa BAPO-OLi

Furthermore it is possible to use the MAPO and BAPO salts as visible light initiators,
which is a big advantage for applications involving living cells. However, the

compared compounds differ in some properties from each other. Na-TPO and Li-
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TPO are recommended for UV irradiation as they show best results for these
irradiation wavelengths. Best biocompatibility can be achieved with Li-TPO. For
visible light irradiation BAPO-OL.i is the initiator of choice with an extraordinary high
rate of polymerization. The biggest advantage of BAPO-ONa is the highest solubility
for applications where very high Pl concentrations are necessary. In conclusion, the
goal to find and characterize well suited water-borne photoinitiators, which show
better properties than state of the art photoinitiators was achieved. Therefore a
variety of new possibilities for many applications also besides dentistry are

imaginable.
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1. Abbreviations

AA
APi-180
ATRP
BA
BAPO
BDC
bis-GMA
BMA
BPT
BulLi

CcQ

CRP
DsMA
DBC
DFT
DMAB
DSC
ESP
GC-MS
GPC
HOMO
12959
ISC
KOtBu
LDA
LED
Li-BAPO
Li-TPO
LUMO
MA154
MAPO
MDEA
Mixture A
Mixture B
MMA
Na-BAPO
NAM

Acryl amide
2-Hydroxy-1-[3-(hydroxymethyl)phenyl]-2-methyl-1-propanone
Atom transfer radical polymerization
Butylacrylate

Bisacylphosphine oxide

Benzyl dithiocarbamate

Bisphenol A — diglycidylmethacrylate
Butylmethacrylate

Benzoyl phenyltelluride

Butyl lithium

Camphorquinone

Controlled living radical polymerization
1,10-Decanedioldimethacrylate

Double bond conversion

Density functional theory
N,N-Dimethylaminobenzoate

Differential scanning calorimetry

Equally spaced polynomial

Gas chromatography - mass spectrometry coupling
Gel permeation chromatography

Highest occupied molecular orbital
2-Hydroxy-1-[4-(2-hydroxyethoxy)phenyl]-2-methyl-1-propanone
Intersystem crossing

Potassium tert-butoxide

Lithium diisopropylamide

Light-emitting diode

Li salt of bisacylphosphine oxide

Li salt of monoacylphosphine oxide

Lowest unoccupied molecular orbital
Phosphonic ester acrylate for primer mixtures
Monoacylphosphine oxide
Methyldiethanolamine

UDMA, D3MA, bis-GMA = 1:1:1 molar
UDMA, DsMA = 1:1 molar

Methyl methacrylate

Na salt of bisacylphosphine oxide
N-Acryloylmorpholine
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Na-TPO Na salt of monoacylphosphine oxide

NMO N-Methylmorpholine N-oxide

NMP Nitroxide-mediated polymerization

NMR Nuclear magnetic resonance spectroscopy

PDI Polydispersity index

PPD Phenylpropanedione

Q-BPQ 3-(4-benzoylphenoxy)-2-hydroxy-N,N,N-trimethyl-1-
propanaminium-chloride

RAFT Reversible addition fragmentation chain transfer

St Styrene

t-BuOCI tert-butyl-hypochlorite

TERP Organotellurium-mediated controlled radical polymerization

TLC Thin layer chromatography

TPO-L 2,4,6-Trimethylbenzoylphenylphosphinate

UDMA Urethanedimethacrylate

UVv-VvIS Ultraviolet and visible light

V392 Acrylamide based crosslinker for primer mixtures
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