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For clarity, chemical structures in this thesis are abbreviated according to their respective

topic. These employed abbreviations followed by a consecutive number are:

Arylation substrates and products
Intermediates in catalytic cycles
DEO substrates and products

General epoxides and opening products

r m O O >»

Hantzsch esters

Structures of introductory examples
Nucleophiles for REO substrate synthesis
Pinacol coupling substrates and products
REO substrates and products

Other chemicals

Titanocene carboxylates

Commonly used reagents and substrates

N X 4 »w 1 1V Z2

Chloride-acceptors
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1 Introduction

The world-wide effects of climate change, global-warming and environmental degradation
have become increasingly perceptible and measurable in recent years.™ Finding solutions to
environmental and economic problems regarding renewable energy sources is one of the most
crucial long-term investments into a sustainable, livable future. The rapid decrease of
conventional fossil energy and resource stocks threatens the society and life standards we
know.? The dependency on energy in everyday life as well as in public infrastructure,
agriculture and industry becomes especially visible these days due to global political conflicts,
and resulting sanctions and energy embargos or shortages.

For this reason, innovative, independent and sustainable technologies and production
methods are indispensable to keep today’s lifestyle and standards without destruction of the

environment and a total and irretrievable depletion of fossil feedstocks.™*?

1.1 Sustainability and Environmental Protection

There is an unquestionable relation between renewable energies and sustainability.!! The
global demand for energy by the 25% of the world’s wealthiest industrial economies amounts
to 75% of the total energy supply.”) A major advantage of fossil energy sources is the
independency from weather and climate as well as their on demand availability. In contrast, a
reliable power provision from sustainable resources requires continuous research and

investment into new technologies and methods."!

“Anthropogenic greenhouse gas emissions [...] are extremely likely to have been the dominant
cause of the observed warming since the mid-20th century.”™ This statement by the
Intergovernmental Panel on Climate Change (IPCC) confirms and emphasizes the man-made
influence on climate change and environmental destruction. Hence, a reduction of these
emissions is crucial to diminish and eventually stop further global warming. In 2017, fossil fuels
contributed 73.5% to the global electricity production.® Although there is a tendency to replace
conventional energy sources by renewable feedstocks, the majority of this change is yet to be
fulfilled.® From a chemical point of view, the most apparent approach to this crisis is the
development of more sustainable, energy saving and resource efficient syntheses — the
German Federal Statistic Office (Statistisches Bundesamt) states that the chemical industry
contributed the major part (33%) of the industrial primary energy consumption in Germany in
2019. This fact shows that sustainability in this industrial sector has a lot of influence and

potential.
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1.2 Green Chemistry

Around the turn of the millennium a new approach to improve the compatibility of the chemical
industry and the natural environment and thereby also change the unfavorable image of the
chemical industry arose.®® As more and more people and governments accepted the
necessity of sustainable processes and development in their economies to maintain their high
standards of living in a growing global population, the term ‘Green Chemistry’ was implemented
to specify a number of principles by which this goal should be achieved. The key point of this
approach was the reduction of waste or, in the best case, the total elimination of the generation
of any hazardous substance in a chemical synthesis.!*® An ideal synthesis would additionally
be atom efficient, environmentally acceptable, safe and simple, give 100% yield and only use
readily available materials.®! In this context, the term hazardous includes physical,
toxicological, and also global harm.!? In 2000, P. Anastas published the twelve principles of
Green Chemistry for the design of environmentally friendly and sustainable syntheses and
products.[**1? A selection of these is shown in Figure 1, which focusses on applicability in the
development for chemical syntheses in a research laboratory rather than on industrial scale

application.

l. Prevention of waste.

Il. Reduction of the use of auxiliary substances.
M. Minimization of energy requirement.

V. Use of renewable, earth-abundant feedstocks.

V. Application of catalysts rather than stoichiometric reagents.
Figure 1: Selection of principles of Green Chemistry by Anastas.[%11

Not only is the disposal of waste a major reason for environmental pollution, but also a huge
cost factor for any kind of industrial process. New synthetic methodologies in industrial
processes and academia enable the minimization of waste generation by the application of
reactions with a higher atom-economy, which is determined by the amount of atoms of the
substrates found in the reaction products.%1314 For example, the synthesis of the well-known
nonsteroidal anti-inflammatory drug Ibuprofen has been improved to a three-step route with
about 80% atom-economy, compared to the originally developed six-step method, which
already requires “greater than stoichiometric quantities of AICIs"® in a Friedel-Crafts acylation
as the first synthesis step and below 40% atom utilization in the overall process.(
Additionally, the classical, widely-used homogeneous Friedel-Crafts acylation generates HCI
as byproduct in the acylation itself and in the preparation of the required acetyl chloride.™

Scheme 1 summarizes a comparison of the originally used and the modern, atom-efficient
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modification of the acylation employed in the Ibuprofen synthesis as well a heterogeneous,

solvent-free acylation method.

) e} > 1 eq. AICl3
PS HCI and AI(OH); waste
cl . hydrolysis, phase separation
AICI, distillation, solvent recycle
" 12
o O 0] HF containment and recycle

)J\ok OAc, regeneration
)\/@ - solvent-free
HF phase separation, distillation

0) H-beta regenerable

O (0]
: )J\O)K no solvent, no water

- distillation, OAc, regeneration
H-beta zeolite >0 only for reactive substrates

~o

13 14

Scheme 1: Comparison of sustainability in different acylations for Ibuprofen precursor 12.[6:10.15

While the 2"* and 3" method generate acetic acid as byproduct, which can be regenerated to
the respective anhydride, the HCI and aluminum hydroxide that are formed in the 1% reaction
must be disposed and cannot be easily recycled for the generation of acetyl chloride or AlCls.
Additionally, AICIls is used in over-stoichiometric amounts and in contrast, HF and H-beta
zeolite are used catalytically. The 3™ reaction minimizes the required chemicals even further
as it can be performed solvent-free. However, only reactive substrates such as 13 can be used
and the synthesis requires one additional reaction-step, the application is therefore
limited.®1%151 Particularly in industrial scale synthesis, the reduction of waste by application of
recyclable chemicals and catalysts are key parts to stop the depletion of raw materials and
feedstocks. The reduction of auxiliary substances is another important aspect of Green
Chemistry. Auxiliary substances are for example solvents or separation agents,*%'% which are
necessary to perform a reaction and may also be recycled. However, they thereby increase
the production cost and potentially require elaborate purification to be reused. In addition, they
might by hazardous themselves and therefore add risks in the reaction process and
purification.

As already stated above, the chemical industry requires an enormous amount of energy.
Especially with exploitation of fossil resources and rising costs for electricity, saving energy is
not only an economic, but also an environmentally beneficial task.®®l Probably the most
apparent measure to reduce energy requirements in industry as well as in a research

laboratory is the development of reactions that can be performed at ambient conditions,
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meaning room temperature and atmospheric pressure. The aspect of saving energy also
relates to waste minimization and renunciation of auxiliaries, as avoidable purification,

transport and disposal demand substantial amounts of energy.

Although energy from fossil sources is a limited good, in principle, renewable energy sources
such as wind, water and solar energy are inexhaustible and, thus, syntheses demanding higher
amounts of energy are preferrable, if chemicals can be saved.'® Of course, this demands large
investments in suitable reactions and processes and the expansion of sustainable, renewable

energy production in the future.

1.2.1 Renewable Energies and Feedstocks

There are several renewable and sustainable energy sources used for power generation these
days. Wind, water, biomass, geothermal and solar energy can be utilized depending on the
regional availability and climatic factors. Overall, the worldwide need for renewables is growing
rapidly due to an increasing demand for energy, reduced cost compared to fossil sources and
environmental concerns.!” The most general and globally almost omnipresent source of
renewable energy is the sunlight.®! The annual power of incoming solar radiation is about
178,000 TW (= 178,000,000,000,000 kW).*é1 Nevertheless, a seasonal variation in solar
radiation might cause problems, as storage of large amounts of electrical energy needs high-
capacity batteries and thus is not as convenient as fossil feedstock storage. For this reason, a
reliable power supply system based on various sustainable energy sources is the key to lose
dependency on fossil fuels.

Another possibility of exploiting (artificial) light energy is the immediate use in chemical
reactions by irradiation of suitable molecules. This photochemical approach will be discussed
in following parts of this thesis and a new synthetic route enabling the reduction of hazardous

chemicals in epoxide opening reactions will be introduced.

Not only the generation of ‘practical’ energy from renewable sources is important, but also the
utilization of earth-abundant resources to ensure a sustainable supply for all kinds of
manufacturing and syntheses. As organic material mainly consists of hydrogen, carbon,
oxygen and nitrogen and three of these elements can also be produced from water and air,
their feedstock is large enough to guarantee an inexhaustible supply. This is however not true
for many other elements and especially transition metals, which are indispensable in modern
societies. Prominent examples in large scale chemical processes are the use of iron in the
Haber-Bosch process*®, vanadium for the production of sulfuric acid®®, platinum in fuel cells
or for the production of nitric acid?'?? or nickel and rhodium in hydrogenation processes. 2324
While iron can be found in relatively large amounts in the earth’s crust (46.5 g/kg)®® and iron

ore is often found in discrete regions as banded iron formations and therefore easy to mine,
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the other above mentioned transition metals are much rarer: vanadium (0.09 g/kg)®?®,
nickel (0.03 g/kg)®¥, platinum (5 pg/kg)®?® and rhodium (1 pg/kg).28! Iridium, which will play a
key role in later parts of this work as it is used as central part of photocatalysts is also very rare
(1 ng/kg)?® and therefore, a substitution is beneficial.

High demand or depletion of rare transition metals inevitably leads to high prices.
Consequently, processes using readily available, earth-abundant elements are preferred. In
this thesis, titanocene catalyzed epoxide opening reactions will be discussed. In fact, titanium
is the 9" most abundant element in the earth’s crust (5.7 g/kg)?®! and thus inexpensive and

quite sustainable.

1.2.2 Catalysis

The fifth selected principle of Green Chemistry is catalysis. In contrast to stoichiometric
reagents, catalysts facilitate or accelerate a reaction without being consumed and thereby,
they may be used in sub-stoichiometric amounts due to their high turnover numbers. Catalysts
are no human invention, as natural enzymes can also be considered as catalysts. Because of
the regeneration after performing a reaction cycle, catalysts can be reused many times, which
makes them superior in contrast to stoichiometric reagents under the aspect of Green
Chemistry.[10.27.28]

Catalysts can be classified into two main sub-groups: homogeneous catalysts, which are
present in the same phase as the other reaction components (mostly liquid/dissolved) and
heterogeneous catalysts, where the reaction occurs at the interface between two phases (often

solid catalyst and liquid reactants).??®!

The overall standard Gibbs energy of the reaction or the chemical equilibrium are not
influenced by the catalyst, only the reaction rate is accelerated.?*3° Today, over 90% of all
chemically manufactured products have at least one catalyzed step in their synthesis.?® In
fact, the above mentioned uses of transition metals in chemical industry for the Haber-Bosch
process, the synthesis of sulfuric or nitric acid, running fuel cells or performing hydrogenations
are mostly heterogeneous catalytic reactions. Synthesis on a laboratory scale relies on the
power of catalytic reactions as well. Cross-coupling reactions enable the formation of carbon-
carbon or carbon-heteroatom bonds. There are catalyzed oxidations, reductions,
rearrangements, condensations or substitutions to name only a few.®-% The importance of
catalysis in general can be highlighted by the fact that since the year 2000, four Nobel-Prizes

in chemistry have been awarded for the development of catalytic reactions.6-39

This work will focus on the fields of (chiral) titanocene catalyzed epoxide opening reactions

and photocatalysis in detail and explain them in the following chapters.
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2 General Part

In this part of the thesis, the theoretical background and concepts to understand the research
topic of (chiral) titanocenes as photoredox catalysts and titanocene catalyzed epoxide opening

reactions will be described and explained.

2.1 Nature as Model for Synthetic Chemistry

Every living species on earth exists because of innumerable chemical reactions taking place
inside of them. These organisms have evolved from times with hostile conditions being hot,
with very low amounts of oxygen and high UV-radiation and evolved over 3.8 trillion years into
the nature we know today.l'34% Probably the most commonly known chemical process
developed over this period of time, and that human and vegetal life relies on, is the
photosynthesis taking place in the chloroplasts of plants, converting carbon dioxide into sugars
by transforming sunlight into chemically usable energy. However, photosynthesis does not only
generate organic carbon compounds, but also plays an important role in the generation of
oxidants, which are often oxidized forms of sulfur, iron, or water. Without these oxidants, the
evolution of life would have been impossible.'® As mentioned before, enzymes can be
understood as biochemical catalysts with a discrete space for one very specific reaction each,

and thus, catalysis is also a natural tool for synthesis — and life.

Since the chemical properties of a substance determine the reactions it can undergo, synthetic
chemistry cannot simply combine atoms to obtain a desired structure and function. Successful
synthesis requires elaborate concepts and feasible reaction pathways. Often complex
sequences are therefore necessary to obtain the desired product. Nature had trillions of years
to develop and improve those, and therefore, in synthetic chemistry it can often be used as a

model to gain new ideas for reactions.

2.1.1 Stereochemistry and Chirality

To understand the importance of the shape of chemical substances, explaining the concepts
of stereochemistry and chirality is crucial. Already in 1886, the Italian chemist A. Piultti
discovered that the two enantiomers of asparagine had a difference in taste, although there is
only a tiny difference in their chemical structure (Figure 2). The two molecules appear as
image and mirror image. He found that L-asparagine was without taste, whereas D-asparagine
tasted intensively sweet.* [-asparagine naturally occurs in proteins as one of the
proteinogenic amino acids, its enantiomer is much more rare: it was isolated by Piutti from

vetches in very small amounts. He extracted 100 g of the compound from 6500 kg of plants.[4%
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O O
@) 0]
OH HO
NH, NH, NH, NH,
L- or (S)-asparagine D- or (R)-asparagine

Figure 2: Structures of the two enantiomers of asparagine.

This example shows that the structure of a chemical compound can have a huge influence on
its perception by the human taste sense. A second example of stereoisomers having a different
influence on a human body is the effect of Escitalopram, an antidepressant, belonging to the
selective serotonin reuptake inhibitors (SSRI), and Citalopram, the mixture of both enantiomers
of the compound (Figure 3).1*2 As before, the molecules behave like image and mirror image,
but the desired effect on the receptors in the human body almost exclusively resides from the

(S)-enantiomer, Escitalopram. 243l

F F
- N~ N 8
o) | | 0!
NC CN
(S)-Citalopram (R)-Citalopram

or Escitalopram

Figure 3: Structures of the two enantiomers of Citalopram.

These cases clearly indicate that the absolute geometrical structure of a compound can be
distinguished by interaction with the human body, which can differentiate between image and
mirror-image of a molecule. A third example is the different smell of the enantiomers of cavone,
one smells like mint and the other like caraway.”¥ These findings can be explained by the fact
that the human body is chiral itself, which is a prerequisite for distinguishing between
enantiomers. This is easily noticeable by the comparison of the two hands, they also appear
like image and mirror image and cannot be held in a way that they are identical.

In general, isomerism describes molecules which have the same sum formula, but may differ
in their bonding sequence (constitutional isomers) or three-dimensional orientation of the
atoms in space (stereoisomers). Figure 4 displays different forms of isomerism and their
respective terms.” Enantiomers are a form of stereocisomers, which behave like image and
mirror image. They are not superimposable. In the shown example, the central carbon atom is
called the chiral center of the molecule, which bears four different substituents. This

phenomenon is called central chirality. There are other forms of chirality which will not be

7
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discussed at this point. A 1:1-mixture consisting of both enantiomers is called a racemic
mixture. Enantiomers have the same physical and chemical properties in achiral environments.
However, they differ under chiral conditions.®

Stereoisomers that are not defined as enantiomers and are non-identical are called
diastereoisomers. This can be the case, if more than one chiral center is present, or, as shown
above, a double bond is restricting the molecule’s rotation and two different substituents are
thereby fixed relative to each other. Conformers, however, can interconvert into each other by
rotation around one or more formal single bonds. One conformer of a molecule is often
energetically favored, but the energy difference is very small and can be compensated by
surrounding conditions (room temperature) so that the isolation of different conformers is not

possible.[*]
H H R H
— Constitutional isomers F: :Br H Br
)Oi OH E/Z-i
Isomers — P -isomers

Diastereoisomers

—1 Stereoisomers

syn/anti-isomers

t OH OH OH OH
Conformers B
R R'" R R'
Enantiomers
Br,, F Bfr
H Cl ClI H

Figure 4: Basic overview of isomerism.

While nature has its enzymes to ensure a chemo-, regio- and stereoselective synthesis ¢4 by
providing a specifically shaped, discrete ‘reactor’ only made for one single reaction,*® in a
chemical lab, stereoselective synthesis has to be performed in much more simple reactions
with only a few, yet effective reagents and catalysts. However, the possibility to use ‘every’

element of the periodic table extends the chemical toolbox immensely compared to nature.
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2.1.2 Stereoselective Synthesis

Obtaining enantiomerically and diastereoisomerically pure products in chemical synthesis is
often realized by employing enantiomerically pure ligands, auxiliaries or catalysts.“>50 The
pioneers in design and development of efficient ligand-catalyst-systems®52 are Knowles,®3!
Noyori® and Sharpless,®™ who were awarded with the Nobel-Prize for their work and
contributions on this field in 2001.28 The first industrially applied enantioselective synthesis
was used for the generation of pharmaceutical drug L-DOPA (Scheme 2).2356 The obtained
enantioselectivity in the product of this hydrogenation reaction is based on a chiral ligand:
(R,R)-DIPAMP (Figure 5).5™ In its synthesis, menthol serves as chirality resolving agent,!®!
which is isolated as chiral-pool substance from natural origin, which means that the chirality
has originally been induced by an enzyme, which is chiral itself consisting of single enantiomer

amino acids.
MeO Q [Rh(DIPAMP)(COD)]BF 4 MeO 0
2 OH H, OH
AcO HN ~Ac AcO HN “Ac
15 16
O
HO OH
HO NH,
L-DOPA

Scheme 2: Simplified depiction of the enantioselective hydrogenation in the synthesis of
L-DOPA. [52.56.58]

(R,R)-DIPAMP [Rh(DIPAMP)(COD)]*

OMe Q
MeO ®
\ /
P/\/P 'y Z)

Figure 5: Structure of (R,R)-DIPAMP and the (R,R)-DIPAMP rhodium(l) COD complex.(]
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The mechanism (Scheme 3) of the asymmetric enantioselective hydrogenation proceeds via
the formation of the active catalyst species [Rh(DIPAMP)]* C1 by losing the COD-ligand
(compare Figure 5). Upon bonding of substrate 15, square planar Rh(l)-complex C2 is formed,
in which the diastereoisomers (C2 and C2’) equilibrate rapidly. The rhodium center oxidatively
adds to H; to yield octahedral complex C3. Subsequently one hydride is transferred to the
former prochiral carbon atom in a migratory insertion. The alkyl hydride complex C4 reductively
eliminates and the active catalyst as well as 16, containing the enantiomerically pure desired

chiral center, are released.?®*°%

[Rh(DIPAMP)(COD)]* OMe
1 o e
[Rh] (;'[Rh] = [Rh(DIPAMP)]*

H ?COZH Coz 04(
/,,' |‘\\\\\ ’, %, =
( [Rh] ( [Rh] NH e ( [RhY:

C4 C2'
_ C3 _
CO-H
H 2
h
7

Scheme 3: Catalytic cycle of the asymmetric enantioselective hydrogenation DIPAMP

employed enantiomerically pure.®®

Knowles suggested that the stereochemical control of this reaction originated in the hydrogen
addition to form C3 or the alkyl species C4.5%1 This selectivity is possible, as the
enantiomerically pure DIPAMP ligand on the rhodium center blocks specific orientations of the
binding 15, which results in one energetically favored diastereoisomer of the complex. A similar
but much more substrate specific behavior can be seen in the binding of molecules in the
active site of enzymes.%-51 |n addition to the perfect enantio- or diastereoselectivity, enzymes
are also regio- and chemoselective which goes hand in hand with functional group tolerance.
The fact that for example of all the different molecules in a cell, only the ‘correct’ ones are
reacted in the enzyme unveils a high level of complexity and substrate selection, which is
unmatched in any artificial synthesis. However, this greatly limits the ‘applicability’ of enzymes,

as they are often only designed for one reaction of one specific substrate.

10
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2.1.3 Photosynthesis and Photochemistry

The process of photosynthesis in the chloroplasts of plants is probably the most important
photochemical reaction for life on Earth. It involves numerous enzymes and highly specialized
cell structures. The commonly known reaction products of this process are glucose and oxygen

made from water and carbon dioxide (Scheme 4).1

6 Hzo +6 COz —_— C6H1206 +6 02
Scheme 4: Net equation of the photosynthesis.®?

For this reaction to occur, capturing sunlight as radiation energy and transforming it into an
electrical potential is necessary. This happens at the photosystem Il, where an enzyme called
P680, the chlorophyll a (Figure 6) dimer in the photosystem’s center, absorbs red visible light
with a maximum of 680 nm at its Mg?*-ion centers.!52¢3 The excited P680* then transfers an
electron to pheophytin and therefore gets oxidized to a radical cation P680™, which is reduced
by tyrosine. The resulting tyrosine radical is reduced by water.264 |n summary, the
P680 enzyme is able to convert photons of a specific wavelength and therefore energy into
chemical energy. Without the absorption of light, the reaction does not occur. This is the key

concept of photochemistry, a field that has grown immensely in the past years.[65-6%

Figure 6: Structure of chlorophyll a.[’"

As depicted in Figure 6, chlorophyll a contains a porphyrin ring which chelates a magnesium
cation. In synthetic chemistry, photochemical reactions often use special photoredox catalysts
(PRCats). Various photoredox catalysts have been developed that resemble this motif of a
metal-centered complex.["Yl Especially transition metals are widely used and by derivatization
of the respective ligands, their photoredox properties can be modified.[’? A selection of metal-
centered photoredox catalysts is depicted in Figure 7. They contain rare and expensive
transition metals and therefore do not match the desired criteria for Green Chemistry. A

detailed discourse of photoredox catalysts can be found in chapter 2.4.

11
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[Ru(I)(bpy)sl** [Ir(IN(dF(CF3)ppy)2(bpy)]* [Ir(IN(dF(CF3)ppy)2(dtbpy)]”

Figure 7: Ru(ll) and Ir(lll) photoredox catalysts. 669731

Photochemistry is however not limited to the use of photoredox catalysts. Two other examples
are isomerization reactions and radical (de)cyclizations.’+"? For instance, the synthesis of
vitamin D3 in human skin by irradiation of precursors with UV-B light (280-315 nm)®% combines
a thermically forbidden six-electron electrocyclic conrotatory decyclization with a subsequent
isomerization reaction (Scheme 5). The isomerization in this case is not photochemically
induced but occurs due to the thermodynamically unfavored structure of previtamin Ds. For
simplicity, only the conversion of 7-DHC (7-dehydrocholesterol) is shown, other precursors are

lumisterol; and tachysterols.["8

HO

/ previtamin D3

vitamin D3

HO"

Scheme 5: Synthesis of vitamin D3.[87

12
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2.2 Stereoselective Catalysis

Making chiral centers in a stereoselective manner is a tremendous challenge in organic
synthesis. One possibility is the deracemization reaction or kinetic resolution, meaning that a
racemic mixture of a chiral compound is converted in a way that one enantiomer reacts faster
than the other.BY This reaction type can be further specified as kinetic or dynamic kinetic
resolution.882831 |n a kinetic resolution, a maximum of 50% yield can be obtained, as only one
enantiomer reacts either to give the product or to be converted to enable separation (compare
to chapter 5.6.1). In a dynamic kinetic resolution one enantiomer reacts faster as well, but the
slowly reacting enantiomer racemizes and can therefore reenter the kinetic resolution reaction.
By this method, the yield is potentially 100%.53!

Without going into detail, other obvious possibilities for stereoselective synthesis are the
formation of the chiral center during the reaction via the addition to a prochiral site of the
substrate or the conversion of or close to an already existing chiral center. The synthesis of
L-DOPA presented in Scheme 2 is one example of a prochiral olefin reacting with an
enantiomerically pure catalyst to form a stereodefined chiral center in a high enantiomeric ratio
(e.r.).

As the majority of this thesis will focus on epoxide opening reactions, the important concepts
for understanding stereoselective catalysis will be explained using this reaction type. The
detailed mechanisms will be explained later. For epoxide openings, enantio- and
diastereoselectivity are the two possible stereoselectivity distinctions. The enantiomerically
pure catalyst used in the reactions is a titanocene dichloride derivative with either D- or L-
menthol derived substituents, known as Kagan’s complex.+8! |t will be referred to as b- or

L-Kagan (-Cl, omitted for clarity) and its structure is depicted in Figure 8.

m

Cl

~

' Cl
e
,,%, -

D-Kagan

Figure 8: Structures of b- and L-Kagan complex.4

Due to their structure, a large number of epoxides possess two chiral centers. Exceptions are,
if the two substituents at each of the epoxide’s carbon atoms or all four are identical. Because
of that, these epoxides are either chiral or meso-compounds (containing a mirror plane). In
epoxide opening reactions the regioselectivity of the reaction also has to be considered. It can
either be substrate- or catalyst-controlled, as well as a combination of both

(matched/mismatched substrate- and catalyst-regioselectivity).
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An early example of substrate-controlled regioselectivity with achiral titanocene dichloride as
catalyst is shown in Scheme 6 (the mechanistic details of titanocene catalyzed epoxide
opening reactions are explained in chapter 2.3). In this case, a 1,1-disubstituted epoxide 17 is
opened in a single-electron transfer reaction (SET). In this way, two possible regioisomers 19
and 110 can be formed and due to the higher stability of the tertiary radical in 19, this pathway
is observed exclusively. A primary radical is not formed. Product I8 is obtained as racemic
mixture.

5 mol% Cp,TiCl,
1.1 eq. Mn

;;8//\ 4.5 eq. CHD /J:ii\
> 86%
OTBDPS 1.25 eq. Coll*HCI °
OTBDPS
0.1 M THF
17 rt, 18 h 18
OTiCp,Cl OH
)/\/\ )/\/\
OTBDPS OTBDPS
19 18

YR -
OTBDPS

17 \ wﬂ:l

OTBDPS
110

Scheme 6: Regioselective epoxide opening using titanocene dichloride as achiral catalyst.®®
If the epoxide is however 1,2-disubstituted the radical formed in an opening reaction is in both
cases a secondary radical. Consequently, substrate control of the regioselectivity cannot

longer be expected. For meso-epoxides, a reaction with an enantiomerically pure titanocene

catalyst, a desymmetrization is observed, yielding an enantiomerically enriched product.®":88l

14



Dissertation

0 OH 70%
/\/O\/Q\/O\/\ /\/O\/k/\o/\/ e.r. = 96:4
11 12

66%

Xoviyo\ﬁ — >‘/O\/;/\o)< e.r. =937

Scheme 7: Titanocene catalyzed enantioselective opening of meso-epoxides. Conditions:
10 mol% L-Kagan, 2.5 eq. Coll*HCI, 1.0 eq. epoxide, 1.0 eq. CHD, 2.0 eq. Zn, 0.1 M in THF,
rt, 22 h.e8l

Two examples are given in Scheme 7, in which meso-epoxides are opened by chiral L-Kagan
as catalyst. In contrast to the kinetic resolution of a racemic mixture described earlier, in this
case the catalyst distinguishes between two enantiotopic C—O bonds (at the epoxide), rather
than two enantiomers. Enantiotopic groups or bonds in a molecule are mirror images of each
other across an internal symmetry plane. When one of them is substituted they form

enantiomers and the symmetry plane is lost.%

2.2.1 Regiodivergence

If an enantiomerically pure catalyst is employed with a non-symmetric substrate in which two
different positions of similar reactivity can be differentiated,® the reaction can be called
regiodivergent. In the past years, Gansauer et al. developed several methods for
regiodivergent epoxide opening reactions, as well as regiodivergent carbopalladations.®-%7]
To understand the reason how the enantiomerically pure catalyst can distinguish the two ‘sides’
of an epoxide in regiodivergent reactions (and in desymmetrisations of meso-epoxides), the

interaction of catalyst and substrate 111 prior to the opening is depicted in Figure 9.[94.98-100]

Figure 9: Interaction of reduced L-Kagan catalyst and substrate prior to the epoxide opening.l*¥
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The selectivity of the catalyst is controlled by its absolute configuration. Upon binding to the
epoxide as Lewis acid, the adduct with 111 becomes chiral. As a consequence of steric
repulsion with one chain of the substrate, one of the enantiotopic carbon-oxygen bonds (blue
side) is weakened. This is why this bond is favorably cleaved in the following opening
reaction.’® The structure of the catalyst-substrate-adduct has been supported for an ethoxy-

substituted meso-epoxide by DFT calculations.™%

If the same concept is applied to a chiral, enantiomerically pure substrate, the reaction is
regiodivergent, as constitutional isomers result as products depending on the enantiomer of
the catalyst used. Scheme 8 shows the ideal case, in which an enantiomerically pure substrate
116 is converted into two different products. In this example, the L-Kagan opens the blue
carbon-oxygen-bond to form product 115, whereas the D-Kagan yields 117, a constitutional

isomer of 115.[93

OH
115 116 117

Scheme 8: Regiodivergent epoxide opening (REO) by application of different catalyst

enantiomers.

This theoretical description of regiodivergency could be verified by Gansauer in practice for
regiodivergent epoxide openings (REO).’>%101 The investigated reaction of an
enantiomerically enriched substrate (118) in a REO is given in Scheme 9. In contrast to the
ideal case above, the substrate is not enantiomerically pure, but possesses an e.r. of 90:10.
Because of this, the regioisomeric byproduct is also obtained in a small amount. The reaction
is however mainly catalyst-controlled.™%!

What is really interesting is the development of the e.r. in the products. In the upper case, the
e.r.=90:10 of 118 improves greatly to e.r.=97:3 for the main product 119, whereas it
decreases to e.r. = 25:75 for byproduct 120. In the lower case, the opposite product is mainly
formed as to be expected, though the enantiomeric ratios of 119 and 120 differ even more. This
deviation of the e.r. values can be explained by minor influence of the substrate on the
catalyst’s selectivity.® The regioselectivity of the REO matches the established model of
diastereomeric Lewis acid-base complexes formed with the different enantiomers of 118

(compare to Figure 9).[%499.100]
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OH COztBU COZtBU

OH
19 120

D—Kagan 76% 10%
0 CO,tBu e.r. =973 e.r. =25:75
18
e.r. =90:10 \ OH COs,tBu CO,tBu
L-Kagan \/\/‘\) + W

OH
119 120
13% 71%
e.r. =46:54 e.r. =99:1

Scheme 9: Regiodivergent epoxide opening of an enantiomerically enriched substrate.
Conditions: 10 mol% D- or L-Kagan, 1.0 eq. epoxide, 1.5 eq. Col*HCI, 1.5 eq. Mn, 4.4 eq.
CHD, 0.3 M in THF, rt, 16 h.[®59%¢

To elucidate the enantiomeric enrichment of the main products, a thought experiment
assuming 1000 molecules and a catalyst selectivity of 90% (red) and 95% (green) and the
substrate e.r. = 900:100 of 118 is shown in Scheme 10. The resulting e.r. is calculated from

the corresponding product ratio. Substrate influences are neglected.

o) CO,tBu o CO,tBu
118 ent-118
900 100
D-Kagan
er. e.r.
98.8:1.2 50:50
99.4:0.6 32.1:67.9
OH CO,Bu OH CO,tBu CO,tBu CO,tBu
OH OH
19 ent-119 120 ent-120
810 10 90 90
855 5 45 95

Scheme 10: Calculation of enantiomeric ratios in a REO with D-Kagan and a catalyst selectivity

of 90% (red) and 95% (green) exclusively under catalyst-control.
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This analysis shows a remarkable feature of regiodivergent reactions: The enantiomeric ratio
of the desired main product 119 can be significantly improved compared to the substrate 118,
as the minor enantiomer of the substrate ent-118 does yield ent-120, which is a constitutional
isomer of 119 and thus can be separated by column chromatography. Only the byproduct of
ent-118 (ent-119) is the enantiomer of 119 and cannot be separated. Overall, even a catalyst

selectivity of only 90% results in an excellent e.r. of 98.8:1.2.

2.2.2 Diastereodivergence

The concept of regiodivergence has been extended by F. Muhlhaus and M. Adamietz to the
conversion of ‘racemic mixtures’ of diastereoisomers (Figure 10).12%21%%1 They contain a syn-
and anti-configured diastereoisomer, their syn:anti ratio is referred to as diastereoisomeric ratio
(d.r.). Reactions of substrate mixtures of that type are called diastereodivergent epoxide
opening (DEO) reactions. As before, a thought experiment for the theoretical product
distribution assuming a total of 1000 molecules is given in Scheme 11, substrate influences

are neglected, the third chiral center (marked with star) is not reacting in the DEO.

o} X O X o X
/A\/'\ = /Q\/k + S
121 122 123

Figure 10: Display of diastereoisomeric mixture of epoxides for DEO reactions.

In the upper case, a 50:50 mixture of diastereomers 122 and 123 is converted with b-Kagan. By
assumption of 90% catalyst selectivity, the product d.r. is also 90:10 (red), for 95% selectivity,
it is 95:5 (green). This shows that for ‘racemic’ syn:anti substrate mixtures, solely the catalyst
selectivity determines the diastereomeric ratio of the products. This is no longer the case if the
substrate mixture is for instance 60:40 (lower case). The major substrate 122 now yields a
higher d.r. of 97:3 for 124 with 95% catalyst selectivity, and a lower d.r. of 93:7 for 125. The
regioisomeric ratio (r.r., 1,3- to 1,4-substituted product) of the main products 124 and 125

resembles the d.r. of the substrate mixture in case of high catalyst selectivity.
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A))(\ /\O_/\))(\
122 123
500 500

D-Kagan
a.r. a.r.
90:10 90:10
95:5 95:5
OH X X

OH OH
124 ent-124 ent-125 125
450 50 50 450
475 25 25 475
o) X o) X

‘7
K\

122 123
600 400
D-Kagan
d.r. d.r.
93:7 86:14
97:3 93:7
OH OH
124 ent-124 ent-125 125
540 40 60 360
570 20 30 380

S —

Scheme 11: Calculation of diastereoisomeric ratios in a DEO with D-Kagan and a catalyst
selectivity of 90% (red) and 95% (green) exclusively under catalyst-control.
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o) X OH X X
RA)\R, K R\)\/'\R' R\_/\/'\R'
D-Kagan o
9 X X QH X
R/MR' R\‘/\/'\Rl R\/\/'\Ru
- OH J
o X oH X | X
RA/T\R' R\)\/:\Rl R\/\/:\Rl
D-Kagan H
- OH
o X X oH X
RW\R' Rj/\/-\R' R\/\/\R'
OH
O X , X ] OH X
RA/'\R, K R\/\/'\R, R\)\/'\R'
L-Kagan 6H
Q X QH X X
R/MR' R\/\/'\R- R\‘/\)\R.
) OH
©) X , X | OH X
RA/-\R' R\/\/\R' R\)\/\Ru
L-Kagan -
_ OH
o X oH X X
R/W\R' R\/\/\Rl RY\/—\R|

\

J

Scheme 12: Overview of possible DEO reaction products. Main products encircled.

In contrast to the REO reactions, in a DEO two regioisomers of the products can be obtained
in a single reaction, as technically a DEO can be classified as parallel resolution of a pseudo-
racemic mixture of two diastereomers. Due to the product’s difference in polarity, they can be
separated by column chromatography. Although the d.r. of the minor reaction product is slightly
decreased compared to the major product, it is still diastereomerically enriched. Scheme 12
shows all possible DEO reaction products and unequivocally the potential power of DEO

reactions in preparing molecular libraries containing all possible diastereomers and

enantiomers of these 1,3- and 1,4-diol-derived structures.
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2.2.3 Diversity-Oriented Synthesis

Both REO and DEO approaches for the synthesis of substituted, stereodefined alcohols are
especially appealing for natural product synthesis and drug development. The majority of
pharmaceutical agents consist of so called small molecules,**4 which are often derived from
natural compounds or extracts.'%! In drug development, one approach is to search for
molecules that have a specific influence on a target inside the body. This is mainly done by
copying privileged structures from natural sources in a so called target-oriented synthesis
(TOS)_[los-loS]

In contrast, REO and DEO reactions fit the second big strategy for finding biologically active
substances: diversity-oriented synthesis (DOS). By accessing molecular libraries through
synthesis of many chemically and physically diverse molecules from common precursors
without a specific target structure, the probability of finding lead structures for biologically active
compounds is vastly increased.®® By splitting reaction pathways of mutual precursors,
diversity is generated without prior long synthetic sequences for each molecule.['%! As already
shown in Scheme 12, all possible diastereocisomers and enantiomers of the four starting
substances can be made in four reactions. Additionally, Scheme 13 depicts the synthesis of
these starting substrates, which is also derived from common molecules and only requires
three steps up to the branching point for REO and DEO substrates. Because of this simple
synthetic approach, REO and DEO provide an appealing approach to synthesize molecular

libraries in a DOS manner.

oligomeric R——

(S,S)-Jacobsen-cat. R OH

O|>\ H,0 (|3>\ BF3'THF, nBuLi \/y\

S1 S2 126
e.r. =99:1
Ni(OAc),
REO-substrates EDA, NaBH,4
2

OH-functionalizati o0
-functionalization - A)\
OH-substitution ~ R

| OH-inversion ) 128 a
OH

s N R/;A

DEO-substrates

) N 0) OH
OH-functionalization - A\/‘\ b 127
R

OH-substitution
OH-inversion

129

Scheme 13: General synthesis of REO and DEO substrates from simple common precursors.
a) VO(acac)z, TBHP; b) mCPBA.[103110]
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2.2.4 Diols in Biologically Active Natural Compounds

1,3- and 1,4-diols are prominent motifs in natural products and pharmaceutical drugs.t-1]
Figure 11 contains a selection of molecules containing 1,3-diols highlighted in blue and
1,4-diols in red (not all highlighted). Especially interesting and ‘alcohol rich’ is the fused ring
structure of paclitaxel, not only as it is sold as chemotherapy medication in cancer treatment
(Taxol®),1*®l put also due to its multiple stereodefined diol-structures in close proximity.
Chivosazol A is an antibiotic substance,™* picrotoxinin is a highly potent neurotoxin®*'® and

esters of phorbol act as tumor promotors.[*19

o
MSOwOH

OMe

chivosazol A

phorbol paclitaxel (Taxol)

Figure 11: 1,3- and 1,4-diol-motif in natural products and pharmaceutical drugs.[**213l

Discrete 1,3-diol-structures in open chains as found in chivosazol A could readily be
synthesized by REO or DEO methods, which provide an easy and reliable synthetic approach
to diols and are therefore a powerful tool for any synthetic organic chemist. Particularly the
regiodivergent epoxide opening reactions enable synthesizing these valuable structural motifs
in good vyields and facilitate excellent control over enantio- and diastereoselectivity. An
example of a successful application of a REO for the synthesis of a small biologically active
compound is shown in Scheme 14. The antifungal®*?” (-)-massoialactone was synthesized by
Gansdauer in a REO and subsequent lactonization in excellent yields and regioisomeric ratio,

emphasizing the potential of this type of reaction.[®3110
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0 OH O REO OH OH O
\/\A/'\)J\OtBu a /\/\)\/'\)J\OtBu
130 131

e.r. =99:1 74%
d.r. = 86:14 TsOH r.r. = 98:2
b
o)

(-)-massoialactone, 94%

Scheme 14: Synthesis of (-)-massoialactone via REO. Conditions: a) 1.0 eq. epoxide 130,
1.5 eq., Lut*HCI, 1.5 eq. Mn, 7 mol% D-Kagan, 2.2 eq. BusSnH, 0.17 M in THF, rt, 72 h; b)
1.0 eq. 1,3-diol 131, 0.5 eqg. TsOH, 0.05 M in benzene, reflux, 7 h.[°3110

2.3 Titanocenes in Epoxide Opening Reactions

Titanocenes consist of two cyclopentadienyl ligands in a sandwich-complex with a titanium
center. In contrast, titanocene dihalides such as Cp.TiCl, have a tetrahedral structure with the
Cp-ligands and the halide ligands around the titanium atom. In this work, exclusively titanocene

dihalides are discussed and used. The term titanocene always refers to these.

Titanium is an earth-abundant 1%t row transition metal, present in almost every rock on the
planet.*?Y |t is also one of the most common elements found in the earth’s crust, ranking
number 9 in total and number 2 in the list of transition metals with 5.7 g/kg, only iron is found
more often.*?Y Therefore, the use of titanium-based reagents in organic synthesis matches
the criteria of Green Chemistry (chapter 1.2) very well, as they can be considered to be readily
available not toxic. Titanium is cheap and safe enough that its main use (as TiO,) is as white
pigment in paint.[26:121-124]

Titanocenes can easily undergo single-electron oxidations and reductions (Ti(ll)/Ti(IV)) and
are hence very well suited compounds for single-electron transfer catalysis or metalloradical
chemistry.[2]

In previous chapters many examples of titanocene catalyzed epoxide opening reactions have
been shown. However, the mechanistic details of these have not been elucidated so far. In
1988 W. Nugent and T. RajanBabu discovered that epoxides can be opened in a single-
electron-transfer (SET) reaction by stoichiometric amounts of CpTi(lll)Cl leading to the
formation of B-titanoxy radicals.!?6121 One carbon-oxygen bond is thereby homolytically
cleaved, releasing the epoxide’s high ring strain of 27 kcal‘mol™.1128 |n the following years,
Gansauer et al. improved this reaction by developing a catalytic method with either reduction

of the B-titanoxy radical formed or alternatively further functionalization.®®! Until today, the
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system has been improved even further and various methods for catalyst activation compared
to the original in situ reduction by manganese or zinc powder®®12% have been found.

Upon in situ reduction by a photocatalyst,[*3% electrochemically,*33 with chromium-hydride
complexes,32134 or as recently discovered by irradiation with visible light and subsequent
quenching with a tertiary amine,!*>*¢! the bench-stable precatalyst titanocene dichloride
(Cp-TiCly) is transformed into its catalytically active species. The corresponding catalytic cycle
is depicted in Scheme 15, with titanocene(lV) dichloride activation by reduction with
manganese.[!37.138l

The catalytically active Cp2Ti(lll)Cl species (Ti(lll) depicted in green, Ti(IV) in red) is formed
upon single-electron reduction with manganese powder from the air-stable precatalyst
Cp2Ti(IV)Cl,. It undergoes an equilibrium with Coll*HCI, forming a catalyst resting state (C5).
Therefore, only a small amount of free active catalyst species is present in the reaction mixture.
This sounds paradoxical at first, but the stabilization of active catalyst in a resting state

prevents catalyst decomposition or undesired side reactions. 139140

0.5 MnCl, O
Cp,TiCl R'f
0.5 Mn 132
Coll*HCl
Cp,TiCl, C6
_ R'—7~_-OITiCp,CI]
%\/OH ,H NG R
+ Coll

A

Coll*HClI %Vomcmcu 05 ©

Cc7

Scheme 15: General catalytic cycle of the titanocene catalyzed epoxide opening with in situ
catalyst activation by reduction with manganese powder. Depiction of the resting state C5 by

complex formation with Coll*HC].[92137.13]

For some reactions, manganese has been unveiled to be superior to zinc, as ZnCl, can itself
slowly open epoxides via a Meinwald rearrangement due to its more Lewis acidic character
compared to MnCl,.24-1431 Epoxide 132 is then opened via a one-electron oxidative addition to

Cp:Ti(lINCI via homolytic cleavage of the carbon-oxygen-bond of the higher substituted carbon
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atom, exclusively forming the tertiary B-titanoxy radical C6. The driving force of this reaction
step is the release of the epoxide’s ring strain as well as the formation of the stable titanium-
oxygen-bond.*4 The radical is reduced by a hydrogen atom transfer (HAT) from CHD or a
similar hydrogen atom donor (HAD) to form C7. Instead of the direct reduction, a radical
translocation to unsaturated compounds such as olefinsi**! or aromatic systems*3? with a
carbon-carbon-bond formation is also possible and will be discussed in later parts of this work.
The catalytic cycle is closed with the regeneration of precatalyst Cp.TiCl, and alcohol C8. The
cleavage of the titanium-oxygen-bond is mediated by the protonation of the oxygen by Coll*HCI
and chloride-donation to the titanium center.

The properties of the employed titanocene catalyst in epoxide opening reactions can be
modified by various approaches. To ensure a successful reaction, the ideal catalyst has to be
evaluated first in thorough screening and test reactions. Upon exchanging the anion of the
catalyst, properties like redox-potential, geometrical structure or influence on regioselectivity
in regiodivergent radical arylations can be modified.[144146-149]

The catalyst’s reactivity can additionally be tuned by application of halide-ion-acceptors that
activate the titanium-halide-bond for dissociation.*31:150151 Prominent structures for these
acceptors are sulfonamides (Z1), ureas (Z2), or squaramides (Z3). A selection of these is
depicted in Figure 12. They form hydrogen-bonds to the catalyst’s anions and thereby activate
the bonds for cleavage.™® Their binding abilities can be increased by substitution with electron
withdrawing groups, such as trifluoromethyl, as shown below. In addition, using the sulfur-
analogues of urea and squaric acid enhances the binding ability even further. Moreover,

sulfonamides like Z1 are able to stabilize the active titanocene species (chapter 3.6.3).1*50

C

éFs F4C. ; CF,
NH ) NH
o= ]
NH
0" NH
CF4 F4C”~ i “CF
22 z3

FsC
CF3 ’
CF

Figure 12: Prominent structures of halide-ion-acceptors.[*31:136.150,151]
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The third modification for tuning the titanocene catalyst’s reactivity and redox-potential is a
substitution on the Cp-ligands of the titanium. More electron-rich titanocenes facilitate the
oxidative addition to the epoxides but are harder to reductively eliminate and vice versa for
electron deficient complexes.[144.152.153]

In addition to the epoxide opening displayed in Scheme 15, in which CHD was used as
hydrogen atom donor, atom-economic radical arylations developed by Gansauer et al. in 2012
proceed via a different mechanism.*¥ The catalytic cycle is shown in Scheme 16.

In this case, only catalytic amounts of metal reductant (here zinc) are necessary to reduce
titanocene dichloride to yield the catalytically active species. An aryl-substituted epoxide 133 is
opened in a single-electron oxidative addition to form tertiary p-titanoxy radical C9. The radical
is subsequently added to the arene forming a radical o-complex C10, which transfers an
electron to the titanium(lV) center, giving cationic o-complex C11. This electron transfer is
coupled with a proton transfer (PCET) in a formal single-electron reductive elimination,
cleaving the titanium-oxygen-bond upon release of product 134 and catalytically active
Cp2Ti(llI)CL3 Regarding substrate 133 and product 134, the reaction proceeds with perfect
atom-economy. A regiodivergent variant of this reaction employing Kagan’s complex as

catalyst will be discussed in chapter 3.4.

Cp2TIC|2
OH 0.5 Zn
0.5 ZnCl, 133
134 0
N
R Cp,TiCl
N
R
O[TiCp,Cl|© O[TiCp,Cl]
o (T
N
R
O[TiCp,Cl]
H
E N
cio R

Scheme 16: General catalytic cycle of the titanocene catalyzed radical arylation.[**°!
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In addition to the given examples of epoxide opening reactions, Gansauer et al. developed
titanocene catalyzed pinacol-couplings,?%'%4 hydrosilylations,*%-2571 deuterosilylations, !
and acetalizations.[*>® This shows that titanocenes are in fact a broadly applicable class of
catalysts for many types of single-electron transfer reactions.!*¢° Especially the photochemical
properties of titanocenes are of high interest, as they enable the renunciation of toxic reagents
that were necessary under previous reaction conditions. Aspects of this ‘greener’ approach to
titanocene catalyzed epoxide opening reactions are given in the Special Part (chapter 3) of

this thesis.

2.4 Photoredox Catalysis

As discussed in chapter 1.2.1, using renewable energy sources is an important part of fulfilling
the requirements of Green Chemistry. This is not only true for electricity generation, but light
energy can also be employed directly as ‘reagent’ in chemical reactions. For this, numerous
photoredox catalysts (PRCats) have been developed, matching the requirements of various
reaction conditions in organic synthesis.[’2161 Visible light photoredox catalysts exploit the
energy of visible light, which is in a region of 380—750 nm.!*62l Mainly used and well investigated
2"4 and 3" row transition metal complexes are established as PRCats (compare Figure 7).
However, there are many purely organic PRCats known today.[*63-1671 |n addition, 15 row
transition metals recently became more popular as PRCats, especially appealing due to their
lower price and higher abundance.[72:135.168-170]

Photoredox catalysis (PRC) finds broad application in organic synthesis nowadays, especially
in reductions,*1:172 oxidations,*"*-17® or dehalogenations,©8177-17% as these reactions are
based on redox processes and hence (single-) electron transfer. Additionally, the substrate of
a reaction can participate in both oxidative and reductive process with the overall reaction
being redox neutral. Here photoredox catalysis can enable reaction pathways not possible
under other conditions. Well known examples are Diels-Alder reactions,8% (thermally

forbidden) [2+2]-cycloadditions,*81-183 or decarboxylations.[*84-188l

The basic mechanism of a transition metal PRCat can be understood by illustrating the
molecular orbitals of the complex. For this, a simplified molecular orbital scheme of
[Ir(1)(ppy)3] (tris(2-phenylpyridine)iridium(lll)) is depicted in Figure 13.["4

Upon irradiation with 375 nm light (the absorption maximum of the complex), one electron is
excited from the ground-state S, into the 1r*-orbital of the ligands via a single-electron transfer
(SET) and subsequent intersystem crossing into triplet-state T; (drawn in violet), which is

56 kcal-mol™ higher in energy than the ground-state So.[%:72:189.190]
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Figure 13: Simplified photochemical molecular orbital scheme of [Ir(ppy)s] under irradiation
with 375 nm light.[7*189)

The process of electron donation upon excitation from Sp at the metal core of the PRCat to the
lowest unoccupied molecular orbital (LUMO) at the ligand sphere (here 1*-orbital) is called
metal-to-ligand charge transfer (MLCT).

As Ti is an open-electron-shell species, it can react both as oxidant upon uptake of an electron
into the tyg-orbitals (yielding [Ir(IN(ppy)s]) and as reductant, donating the t*-orbital electron
(yielding [Ir(IV)(ppy)=]*). An important feature of most PRCats is that the excited state is long-

living (here 1 = 1.9 us).['Y Otherwise, no intermolecular electron transfer can occur.

The application of visible light PRCats in organic synthesis offers a number of advantages:
compared to high-energy UV-radiation which can cause side-reactions or destroy sensitive
functional groups, visible light possesses longer wavelengths and is therefore lower in energy.
By irradiation solely at the PRCat’s absorption maximum the possibility of undesired reactions
is minimized further. As described before, PRCats react via single-electron transfer and hence
are suited for radical processes, which in general can be classified as mild reaction conditions

with high functional group tolerance.*%1-193l

Combining the benefits of photochemistry and established radical reactions, Gansauer et al.
developed a titanocene catalyzed epoxide opening reaction merged with a photoredox process

for catalyst activation.l”>3% By this approach, radical arylations were realized without the need
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of a metal reductant. Scheme 17 shows the catalytic cycle of combining both photoredox
catalysis and the titanocene catalyzed epoxide opening.

In this example, Hantzsch ester H1 is used as a stoichiometric HAT reagent. The activation of
the precatalyst Cp.TiCl; is achieved by reduction with the photochemically excited Ir-PRCat.
The active catalyst oxidatively opens epoxide E1 to form a B-titanoxy radical C12 which is
reduced upon HAT from H1. The resulting radical C14 is oxidized to yield a stabilized cation
(C15) and thereby the oxidized PRCat is reduced. Thus, the photocatalytic cycle (depicted in
two half-cycles for clarity) is completed and the PRCat can be irradiated again. C15 is
protonating the titanium-oxygen bond of C13, liberating Cp.TiCl, and products E2 and H2.

[PRCat"]* [PRCat"'|CI

OH
|
N

Cp,TiCl, Cp,TiCl
0
H2 E2 ©/\X
E1
" O[TiCp,Cl O[TiCp,Cl
EtO,C.__A_-CO,Et /\)/\[I p2Cl] A)/\[u P2Cll
\ﬁ | Ph Ph
c13

H Cl@ Cc12
C15
H HH
[PRC"] Etozc.r(j;cozet EtO,C = CO,Et
N N
H H

[PRC™'ICI c14 H1

[PRC"] = [Ir(I)(dF (CF3)ppy)2(dtbpy)]PFg

Scheme 17: Catalytic cycle of photoredox catalysis coupled with the titanocene catalyzed

epoxide opening.[t30
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Condition optimization by Zhang resulted in an exchange of chloride for trifluoroacetate in the
titanocene catalyst. However, that does not affect the concept of the catalytic cycle.*3%
Regarding sustainability and atom economy, the use of 2.0 equivalents of Hantzsch ester as
HAT reagent leaves room for improvement, as only 0.8 wt% of the molecule is made up by the
desired hydrogen (MWu1 = 253.3 g/mol; MWy, = 251.3 g/mol). Furthermore, the PRCat is an
Ir-based complex and thus cheaper and more earth-abundant alternatives could replace it.

2.4.1 Stereoselectivity in PRC

As stated above, Scheme 17 does not accurately display the two catalytic cycles, which are
merged together. Generally, in most cases in photoredox chemistry the PRCat transfers or
receives an electron to/from a second redox cycle which is responsible for the actual organic
transformation. This dual-catalysis approach enables various reactions that are not possible

with either one of the cycles separately.

(@) O\ 20 mol% OC*HOTf (@] O\ /
o 0.5 mol% fac-Ir(ppy)s OI \/N
CeH13\) Br 20eq. Lut HN\,):O
; CgH =
NO household light 67113 NO Bn
135 2 DMSO, rt 2
136 76%, e.r. = 87:13 137 oc

C16 0
\N‘fo } ,\FK
'I/ .
/QN "B N Bn household light CO,Me
\ L]

Ar §
C17 fac-[Ir(ppy)s] Ar =
€20 G, CeH1s NO,

.

Organocatalytic SET Photoredox

cycle cycle
135
CO,Me
0o —
\N~§ \NKO SET Br/\©\
/4
g .,
n N

fac-[Ir(ppy)s]*
H Bn
| 136
C1 9 y K(\Ar . CO2Me
c18
137

NO,

CeH1s BroO

NO,
c16

Scheme 18: Dual-catalysis by MacMillan coupling photoredox catalyst with imidazolidinone-

based organocatalyst in enantioselective a-benzylation of aldehydes.[*%
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A noticeable example of such a dual system by Nobel Prize laureate D. W. C. MacMillan is
given in Scheme 18. He used an enantiomerically pure imidazolidinone organocatalyst in an
enantioselective a-benzylation of aldehydes.[*% In the photocatalytic cycle, visible-light excited
PRCat fac-[Ir(ppy)s]* serves as reductant for benzyl bromide 136, forming benzyl radical C16

and oxidized fac-[Ir(ppy)s]*, an Ir(IV)-complex.

In the organocatalytic cycle, radical C16 accepts one electron from the double bond of enamine
C20 forming radical C17. In another SET, fac-[Ir(ppy)s]” gets reduced to its Ir(lll)-species, ready
for another turn in the photoredox cycle.

Simultaneously, iminium ion C18 is formed, which can dissociate to yield enantioenriched
a-benzyl aldehyde 137 and C19 as free organocatalyst. C19 can subsequently activate another
aldehyde for the reaction. Besides this system, MacMillan et al. have developed several similar
photochemical organocatalytic reactions enabling various functionalizations  of
aldehydes.[66:194-196]

Most examples of photocatalyzed stereoselective reactions in the literature follow an approach
alike the one displayed above. The chirality in an asymmetric reaction is induced in the
organocatalytic cycle of a dual-catalysis with the PRCat solely serving as one-electron

reductant and oxidant.[72197.198]

There are only a few exceptions of bifunctional photocatalysts known,**? one of them using a
bimetallic Ru(Il)-Pd(Il)-complex [Ru(bpy)z(bpm)PdMe(MeCN)]** which on the one side serves
as PRCat (Ru-center) and dimerizes styrene at the Pd-center after a metal-to-ligand charge-
transfer (MLCT).[290-2041 |n this case however, the reaction is not stereoselective. The catalyst
is shown in Figure 14 as well as an enantiomerically pure Ru(ll)-complex (A-[Ru(menbpy)s]?*)
that enables coupling of two biaryl-moieties (2-naphthol) in a reaction using Co(acac)s as
stoichiometric oxidant.l2%5:20¢1 Although the Ru-complex was used in enantiomerically pure

form, (R)-BINOL could only be obtained with an e.r. = 58:42 as best result.

2+

[Ru(Il)(bpy)o(bpm)Pd(I)Me(MeCN)J3* A-[Ru(menbpy);]?*

Figure 14: Structures of bimetallic Ru-Pd-complex and enantiomerically pure Ru-PRCat.[?]
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Novel approaches to asymmetric photoredox catalysis by T. Bach are the application of chiral
Lewis and Brgnsted acid-base adducts that are themselves excitable by light due to attached
photosensitizers. Upon stereodefined binding of a prochiral substrate forming a chiral adduct,
the attached excited photocatalyst undergoes an intramolecular SET to the bound substrate in
close proximity, ensuring a stereoselective reaction due to steric interactions (compare to

enzyme substrate binding described in chapter 2.1.2).[207-211l

UV-light (366 nm)

20 10 mol% 141
PhCF5 -25°C
N : > +
89%
N © rr. =77:23
138 139 (e.r. = 95:5) 140 (e.r. = 95:5)

Scheme 19: First enantioselective triplet-sensitized [2+2]-photocycloaddition by Bach. 27210

For instance, in Scheme 19 an enantioselective photosensitized [2+2]-cycloaddition catalyzed
by xanthone (141) is shown, in which prochiral 138 is cyclized with high enantioselectivity and
mediocre regioselectivity.

However, in these systems the photocycle and the stereoselective organic transformation only
occur ‘intramolecularly’ due to the adduct formed (Figure 15), although the photosensitizer
itself is not involved in the reaction by any immediate (covalent) bond. The triplet energy Er is
transferred from the photosensitizer (UV-irradiation, 366 nm) to the hydrogen bond-attached
substrate which then undergoes an intramolecular cyclization. The reaction has to be
performed in trifluorotoluene (PhCF3) at -25°C to achieve best results. Although the
enantiomeric purity of the products is quite high, the reaction does not proceed fully
regioselectively.?9721% This separation into two reactive sites is also true for the other examples

given above.
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141*138

Figure 15: Triplet-energy (Er) transfer from excited 141 to bound substrate in the hydrogen

bond adduct.[?19

To summarize, there are only a few dual-functional, stereoselective photocatalysts known
today and their regio- and stereoselectivity is still not perfect. In most cases, photoredox
catalysts are combined with a second catalyst in a dual-catalysis system — this strategy has
proven itself reliable and applicable to many reaction types over the past decades.
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3 Special Part

3.1 Task and Obijective of this Work

After the recent finding that Cp,TiCl» can be irradiated with green light and be employed as a
photoredox catalyst, enabling a new approach to known, well investigated reactions,™%! the
objective of this work was to find possible applications of catalytic systems based on
photoexcited titanocenes. In addition, the development of a stereoselective variant, facilitating
the use in regio- and diastereodivergent epoxide opening reactions was desirable as the
renunciation of until then essential reagents would make the conditions more sustainable and
thus meet the requirements of Green Chemistry in a better manner. In a series of screening
reactions and evaluating potential applications on not only epoxide opening reactions, but also
pinacol couplings and decarboxylations, in combination with various analytical methods and in
collaboration with T. Krebs, Z. Zhang, T. Hilche, M. Leuschner, J. Schmidt and M. Heinz, new
reaction conditions and substrate structures were investigated. Also, the improvement of
established methods aiming for employing less hazardous, cheaper, more sustainable or
easily removable reagents played a major role in planning and executing the practical
laboratory work underlying this thesis.

In cooperation with the groups of Prof. R. Flowers (Bethlehem, PA, USA), Prof. P. Vohringer
(Bonn, Germany) and Prof. S. Grimme (Bonn, Germany), photochemical investigations and
theoretical calculations should be employed to further extend the knowledge and elucidate the
mechanism of how titanocenes work when irradiated with visible light and used in new catalytic

reactions.
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3.2 Applications of the Photoactive Properties of Titanocenes

Soon after the first application of titanocene catalysis merged with photoredox catalysis,
described in chapter 2.4 (Scheme 17),1*% Zhang discovered that even without the utilization
of an external transition metal-based photoredox catalysts (containing for example Ir or Ru),
epoxide opening reactions could successfully be performed. As titanocene dichloride, a bright-
red solid, absorbs visible light with two maxima (measured in THF) at 515 nm (green light) and
385 nm (violet light),/?'? irradiation with a suitable light source leads to excitation of an electron
from the mainly Cp-ligand centered HOMO (highest occupied molecular orbital) to the mainly
titanium-centered LUMO (lowest unoccupied molecular orbital).***! Hence, the energy transfer
is referred to as ligand-to-metal charge-transfer (LMCT).!?*¥ In the solid state, Cp,TiCl, exhibits
a long-lived LMCT phosphorescence at 77 K of 800 us.?14-21¢1 Consequently, this irradiation
leads to a weakening of the Ti—Cp-bond. At room temperature, the lifetime of the excited state
is massively decreased.*3%

Irradiation with high energy light can eventually lead to photolysis of the titanocene with loss
of one of the Cp-ligands.?*?! Although the absorption maximum in the violet light region is much
higher (compare Figure 16), reactions are carried out under green light irradiation. This is to
prevent or delay photolysis, which can be observed after longer reaction times. 213217218l Ag the
absorbance maximum in the green light region is very broad, no specific wavelength has to be
used, so that conventional and commercially available 10 W LEDs are employed.

To avoid the problems resulting from the short lifetime of the excited titanocenes, reductive
guenching with a tertiary amine (DIPEA, N,N-diisopropylethylamine) leads to formation of
catalytically active Cp-Ti(lll)Cl and an amino radical cation. This is particularly convenient, as

these amino radical cations can also serve as hydrogen atom donors.?1%

l

1.2

0.8

0.6

Absorbance

0.4

l

350 400 450 500 550 600

Wavelength [nm]

Figure 16: UV-Vis spectrum of Cp,TiCl, in MeCN (c = 0.5 pmol/mL). Maxima at 392 nm and
525 nm.
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Unfortunately, no direct HAT from this radical to the intermediate B-titanoxy radical formed
during the reaction is possible. Hence, a thiol (methyl thioglycolate, MTG) is employed to serve
as hydrogen atom transfer catalyst. The proposed catalytic cycle of the titanocene catalyzed

epoxide opening under photoredox conditions is depicted in Scheme 20.13°

green
Et LED iPr<
0 ,{,\_ ",y [Cp,TiCly]* N = DIPEA
/\)/\X iPr Et
i o iP J\
c21 Cp,TiCl, Cp,TiCly : ' r\l}l
Et
P @/J\ O[TiCp,Cl
] r\,}l clo /\)/\[ P2 ]
Et P .J\
Ph Cp,TiCl: TN clo
c23 2 .
c13 Et
c22
O[TiCp,Cl]
OMe
iPr\@/ C24 C12 Ph
N clo e
Et

0
c23 HS\)J\OMe = MTG

. @.J\
/Pr\ITI clo

Et
C22

Scheme 20: Catalytic cycle of the titanocene catalyzed epoxide opening under photoredox
conditions with DIPEA as reductive quencher and MTG has HAT-catalyst.[*3!

Regarding the epoxide, the mechanism only varies in the formation of the hemiaminal C21.
Alcohol E2 is liberated in the aqueous work-up (compare to Scheme 15 and Scheme 17).
Instead of a protonation of C13, the alcohol function of the desired product is protected as a
hemiaminal, which is beneficial, as the overall reaction conditions do not tolerate free alcohol,
because they can undergo hydrogen-bonding with the thiol (MTG) and thus deactivate it for
any HAT reaction.["3

The catalytic cycle starts by irradiation of the precatalyst Cp,TiCl, with green light. The excited
titanocene is reduced upon complex formation with DIPEA, which donates one electron to yield
a radical cation. Dissociation of the anionic titanocene complex results in the formation of active
Cp.TiCl and radical cation C22. As discussed earlier, E1 is opened forming B-titanoxy radical

C12 thatis reduced by MTG in a hydrogen atom transfer. This results in thiyl radical C24 which
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then regenerates MTG by oxidation of amino radical cation C22 to cationic C23. In contrast to
the previous reaction conditions, C23 cleaves the titanium-oxygen bond of C13 not via
protonation but via formation of hemiaminal C21 under release of Cp,TiCl,.

Control experiments with renunciation of either of the reagents show that the reaction only
occurs when DIPEA, MTG and Cp,TiCl, are present.l’313® The hemiaminal species C21 is
proposed due to IR investigations of the reaction mixture after removing the solvent but before
quenching and aqueous work-up. A comparison with pure E2 (blue line, alcohol at 3330 cm)

revealed the lack of the O—H stretching modes in the IR spectrum (red line, Figure 17).

100

20 M“wmfw

80 \

3330
70

60

% Transmission

50

40

30
3500 3000 2500 2000 1500 1000 500

Wavenumbers [1/cm]

Figure 17: IR spectra of E2 (blue, O—H stretching modes at 3330 cm™) and crude reaction
mixture (C21, red).

The ideal reaction conditions have been examined by Zhang and are shown in Scheme 21,
they consist of 10 mol% Cp.TiCl;, 20 mol% MTG, 3.0 eq. DIPEA and 0.1 m epoxide in THF
under irradiation with two green 10 W LEDs at room temperature. Zhang evaluated different
amines as reductive quenchers, thiols as HAT-catalysts and titanocenes with other anions than
chloride. Out of these, only titanocene bromide led to an acceptable, but lower yield (74% vs.
85% with chloride). The reaction can be performed using blue light as well, this however lowers
the yield substantially (52%).[7313%]
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10 mol% Cp,TiCl, OH
(0] 20 mol% MTG

3.0 eq. DIPEA
> 85%

0.1 Min THF
E1 green LED E2
rt

Scheme 21: Optimized reaction conditions for the photochemical titanocene catalyzed epoxide

opening.**

The more rapid catalyst decomposition when higher energy radiation is used is responsible for
this. The low yield cannot be rationalized by worse catalyst excitation, as the UV-Vis spectrum
shows a high absorption in the energetically higher blue light region (430—-490 nm, Figure 16),

but only by the photolytic decomposition of the catalyst upon irradiation with blue light.

The scope of the photochemical titanocene catalyzed epoxide opening was tested on various
1-monosubstituted, 1,1-disubstituted and 1,1,2-trisubstituted epoxides. A selection of the
results following the reaction scheme displayed above (Scheme 21) is given in Table 1.

Noticeable is the high substrate controlled regioselectivity of the reaction exclusively forming
the anti-Markovnikov product from most substrates due to the higher stability of secondary or
tertiary B-titanoxy radicals formed as intermediates (compare to C12, Scheme 20). Solely an
oxygen atom in B-position to the epoxide as found in E13 and E15 results in comparably low
yields, as the inductive effect of oxygen destabilizes the desired 1,3-diol-pattern leading to E14
and E16. Preferably, these ‘Sharpless-type’ epoxides result in 1,2-diol-products which was
verified by theoretical calculations (DFT).[®22202211 However for these examples, a primary
radical would be formed which is instable and thus the influence of the B-oxygen is hard to
determine. The low yields may result from two unfavorable substrate properties in combination
with the less stabilized secondary radical formed compared to the tertiary radical from 1,1-

disubstituted or 1,1,2-trisubstituted epoxides.

Besides simple opening reactions with subsequent radical reduction, the system was extended
by Zhang to radical 5-exo cyclizations. However, the reaction conditions were modified and
instead of MTG, n-octyl thioglycolate (OTG) was used in combination with PhSiH3 as hydrogen
atom donor. Application of the original conditions led to unselective reactions with low yields.
This is explained by the competing termination of thiyl radical C24 by addition to the olefin of
the cyclization substrates.[35222-225 Mechanistically, only the 5-exo cyclization of the B-titanoxy
radical prior to the radical reduction differs from the mechanism displayed in Scheme 20.
Generally, 5-exo cyclizations are the most prominent radical cyclization reactions with broad

application in organic synthesis.[141:191.226-228]
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Table 1: Scope of the photoexcited titanocene catalyzed epoxide opening.

Substrate Product Isolated Yield [%0]
OH
O
7504
E3 E4
OH
0 ,
;QM/OPN ):H/OPIV 86
A 9
E5 E6
Q OH 760
Bu._ /7 Bu />
E7 ES cis:trans = 17:83
CeH13 CeH13
% X
OH cis:trans = 42:58
E9 E10
\M/éf \M/\/OH 41/350!
9 9
E11 E12 1-ol:2-ol = 99:1[°!
O/\<I O/\/\OH
@]
27
E13 E14
O
o< O~ OH
9l 9 2
E15 E16

[a] Performed by Zhang.*%! [b] (tBuCp).TiCl.. Conditions: 10 mol% Cp.TiCl,, 20 mol% MTG,
3.0 eq. DIPEA, 0.1 m in THF, green LED, rt.
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Table 2: Titanocene catalyzed radical 5-exo cyclizations under photoredox conditions.

Substrate Product Isolated Yield [%0]
S 63
O\/\
d.r.=83:17
E17
00—
64
\ d.r.=99:1
E19 E20
0 CeH13 CoHia™ 0 72
d.r. =52:48
E21 E22

Reaction conditions: 10 mol% Cp.TiCl,, 20 mol% OTG, 2.5 eq. PhSiH3, 0.1 M in THF, green
LED, rt.[tssl

Examples for titanocene catalyzed radical 5-exo cyclizations under photoredox conditions are
shown in Table 2.["31%] Tetrahydrofuran derivatives E18 and E22 can be obtained in
acceptable yields as well as fused 5-membered aliphatic carbon ring structures such as E20.
The diastereoselectivities match the ones typically found for reactions performed with

titanocene dichloride reduced with zinc or manganese.41.227.228]

With these new results in hand, an expansion and application to other titanocene catalyzed
reactions was planned. In addition, the combination with external photocatalysts and various
HAT reagents and reductive quenchers promised a broader usability of reactions of these type,
especially as there are already many examples reported in the literature.l*30.22%-2331 By this,
regio- and stereoselective reactions under more sustainable reaction conditions and with a

greater substrate and product scope were set as final target.
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3.3 Expansion to Other Systems

3.3.1 UV-Vis Investigations of Titanocenes

To understand the mechanistic details of the photoexcitation of titanocene dichlorides under
visible light irradiation, the absorption properties must be investigated. As these compounds
typically show a bright red to orange color, an absorption of complementary green light can be
assumed. To verify this, UV-Vis spectroscopy investigations of titanocenes in different solvents
were conducted. Generally, titanocene dichlorides exhibit an absorption maximum in the near
UV light to violet region of the visible spectrum.?2213 Additionally, a second but much lower
absorption maximum can be found in the green region, responsible for the visible red color of
the compounds.

A selection of absorption maxima of different titanocene dihalides is given in Table 3. The
influence of the solvent does not drastically change the maxima (<10 nm). For mimicry of the
conditions in a reaction solution, DIPEA was added when investigating L-Kagan and Cp*TiCls,
nevertheless, the influence of the amine for the absorption is neglectable, as no change in

color is observed upon addition to the dissolved titanocene.

Table 3: UV-Vis absorptions of selected titanocene dichlorides.

Titanocene Solvent Maximum 1 [nm] Maximum 2 [nm]
Cp2TiClL,® THF 385 515
Cp.TiCl MeCN 392 525
L-Kagan(®! THF 390 525
(MeCp),TiCl,™ THF 388 520
(MeCp),TiCl, MeCN 395 528
Cp*TiCl5@ toluene <350 -

MeCp = MeCsH. [a] By Tsai.?*? [b] Containing 20 eq. DIPEA. [c] Containing 30 eq. DIPEA.

To examine the titanocene dichloride photolysis which occurred in reactions conducted in
collaboration with Heinz and was visible by color change from red to yellow,?'"! a yellow half-
sandwich titanocene Cp*TiCl; was also spectroscopically investigated, showing no absorption
maximum in the green light region but an increase of absorption towards the UV-region.
Reaction details will be given in the following chapters (mainly 3.4), but generally, a catalyst
decomposition was observed in unsuccessful reactions after a long reaction time.

The highest visible values for the half-sandwich titanocene can be found for blue-violet light,
which matches the complementary color of the compound. Harrigan found that photolysis of

titanocene dichlorides leads to loss of a Cp-ligand. This supports the experimental results as
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well as the fact that irradiation weakens the Ti—Cp bond by excitation of an electron from the
Cp-centered HOMO into the Ti-centered LUMO.'52131 [f the excited titanocene cannot be

reductively quenched or transfer the energy towards a suitable acceptor (substrate), the

Ti—Cp bond is cleaved.

A second target for UV-Vis investigations were titanocene carboxylate complexes. They were
investigated to employ photoexcited titanocenes in decarboxylation reactions. To this end,
complexes synthesized by Zhang?*¥ were examined dissolved in THF (Figure 18).
Unfortunately, none of the four complexes possess any absorption maxima in the green light
region (Figure 19). Generally, the absorption in the visible spectrum is poor. Only carboxylate-
chloride complex T1 has a small absorption maximum at 470 nm (blue light). The compounds

themselves are light-orange (T1) or light-yellow crystalline solids.[23423%]

Figure 18: UV-Vis investigated titanocene carboxylate complexes.
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Figure 19: UV-Vis spectra (5 pum in THF) of Cp.TiCl, (red, 5pum in MeCN), T1 (blue),

T2 (green), T3 (violet), T4 (yellow).
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3.3.2 Pinacol Couplings

Titanocene catalysts have successfully been employed to convert aldehydes to syn-1,2-diols
in pinacol coupling reactions.[12°:154.236-23%1 Gansauer initially used catalytic amounts of Cp.TiCl,
with Zn or Mn as reducing agents for active catalyst generation in combination with TMSCI and
MgBr; as Lewis acid. The reaction scheme shows the formation of intermediate ketyl radicals
formed by addition of active Cp.Ti(lll)Cl catalyst to the respective substrate (Scheme 22). Due
to complexation of MgBr, a dimeric titanium species ensures a high diastereoselectivity, as a

result of steric interactions of the carbonyl’s aryl substituent.[*2%:154238]

3 mol% Cp,TiCl, OH Ph, H H, Ph
Np  Zn, TMSCI, MgBr, O = o <
via \./O\ /O\ 4

. Ti ~Mg _Ti
0.1 M in THF O Il ~CIT oy
b1 t, 3 h OH N -

Scheme 22: Titanocene catalyzed diastereoselective pinacol coupling of benzaldehyde.
Conditions: 1.0 eq. Zn, 1.5 eq. TMSCI, 1.0 eq. MgBr2, 90% yield, d.r. (syn:anti) = 95:5.154

The reaction proceeds via single-electron reduction of Cp,TiCl; by Zn and the active catalyst
then oxidatively adds to the aldehyde. With MgBr2 (or alternatively zinc halides), the dimeric
complex shown in Scheme 22 is formed and the titanium alkoxide is scavenged by TMSCI
yielding titanocene dichloride and the silyl-protected pinacol product. P2 is released by acidic
work-up (2 M aq. HCI).[129.154

Based on this reaction, a potential new catalytic system using a photoexcited titanocene
catalyst which is converted to the active Ti(lll) species via reductive guenching with a tertiary
amine was planned. Mechanistically, the catalyst activation follows the approach depicted in
Scheme 20. Subsequently, upon binding to the aldehyde, a ketyl radical is formed after a
single-electron oxidative addition to the Ti-center. A dimerization of two ketyl radicals yields
the pinacol product P2. The results of the conducted screening reactions (Scheme 23) are

given in Table 4.

OAO amine, Lewis acid O
THF O

green LED CH
P1 rt, 18 h P2

Scheme 23: General reaction conditions for pinacol coupling screening reactions. Conditions:
10 mol% Cp.TiCl, 3.0 eg. amine, 1.5 eq. TMSCI, 1.0 eq. ZnCl;, 0.05 M in THF.
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Table 4: Investigated reaction conditions for pinacol coupling of benzaldehyde (P1).

No. Amine Lewis acid LED Conversion
1 NEts = green =
2 DIPEA - green -
3 NEts TMSCI green -
4 DIPEA TMSCI green -
5 DIPEA TMSCI, ZnCl, green/blue® -
6 DIPEA ZnCl, green/blue® -

[a] 20 h green LED then 20 h blue LED. Conversion monitored by TLC.

Unfortunately, none of the tested reaction conditions showed any conversion of benzaldehyde.
The reason for this could potentially be a complex formation of titanocene dichloride with the
aldehyde upon ligand exchange, either blocking the approach of the tertiary amine which is
crucial to enable the outer-sphere electron transfer to the photoexcited titanocene or changing
the absorption properties of the resulting complex to other than the used wavelengths. As
Cp:Ti(lINCI is generally able to oxidatively add to benzaldehyde, the reaction should proceed,
once the ketyl radical is formed. This explanation is supported by the fact that the Ti—O bond
is substantially stronger (157 kcal-mol 24y compared to the Ti—Cl bond (93 kcal-mol*241) and
hence, the ligand exchange is energetically favored. As discussed before, carbonyl ligands do
have a huge impact on the UV-Vis absorption spectrum of the respective titanocene complex
(see Figure 19). Under these circumstances and tested reaction conditions, no pinacol
couplings of benzaldehyde by photochemically activated titanocene dichloride could be

performed.
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3.3.3 Epoxide Openings with Other Titanocenes

Building on the epoxide opening reactions under photochemical conditions published by
Gansauer et al.,['%! the scope of applicable titanocene catalysts should be widened. As the
guenching and hydrogen atom transfer system containing DIPEA and MTG had proven to be
reliable, epoxide E1 was reacted with different half-sandwich titanocenes as well as
titanocenes containing various non-chloride anions (Scheme 24). Matching the UV-Vis
properties of Cp*TiCls, which show no green region absorbance and a mediocre blue region
absorbance, only blue light irradiation leads to the formation of minor product amounts
(entries 1 and 2). Interestingly, the addition of ZnCl, inhibits the product formation, although
the conditions have not been maodified otherwise (entry 5). The less electron rich half-sandwich

titanocene CpTiCls led to no conversion at all.

OH
O [Ti]
DIPEA, MTG

THF

LED, rt

E1 E2

Scheme 24: General reaction conditions for photoexcited titanocene catalyzed epoxide
opening reactions. Conditions: 10 mol% titanocene catalyst [Ti], 3.0 eq. DIPEA, 20 mol%
MTG, 0.05 m in THF.

Entries 6—9 show that non-chloride titanocenes cannot reliably form the desired product neither
under irradiation with blue nor green LEDs. For Cp.TiF2, a bright yellow compound, only
complementary blue light has been chosen due to the UV-Vis absorption maximum of
340 nm.*3 Under similar reaction conditions as in entries 10-12, Cp.TiCl, has given a yield
of 85% (entry 13)%! and the combined catalyst systems of 5 mol%:5 mol% mixtures of
Cp2TiCl/Cp2Ti(OMs), and Cp,TiCl./Cp.Ti(TFA). do not improve this result but impair the yield,
although some conversion is detectable. This matches the findings of entries 7 and 8, by
applying the mesylate and trifluoro acetate catalysts the concentration of potent titanocene
dichloride is diminished. However, when only employing 5 mol% of titanocene dichloride, the
effective amount is the same as in the mixed examples, but the yield is even lower, about half
of what is obtained with 10 mol% of the respective catalyst. This indicates that the non-chloride
catalysts can in fact to some extend successfully open epoxide E1 to give E2, but their

capability is worse than the originally employed Cp-TiCl..
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Table 5: Investigated reaction conditions for epoxide openings of E1.

No. Titanocene LED Reaction time [h] Yield [%)]
1 Cp*TiCls green 90 =
2 Cp*TiCls blue 90 23l
3 CpTiCls green 70 -
4 CpTiCls blue 70 -
5[] Cp*TiCls blue 20 -
6 Cp:Ti(OTs) blue/green® 40 tracel™
7 Cp2Ti(OMs). blue/green® 40 tracel
8 Cp2Ti(TFA) blue/green® 40 trace
9 Cp2TiF2 blue 90 -
Cp2TiCly/
10 green 16 57
Cp2Ti(OMSs)2
Cp2TiCly/
11 green 16 63
Cp:Ti(TFA),
12 Cp:TiClyl® green 16 38
13 Cp2TiCl, green 48 85!

[a] NMR-yield. [b] Addition of 1.0 eq. ZnCl,. [c] 20 h blue LED then 20 h green LED. [d]
Conversion according to TLC. [e] 5 mol% Cp:TiCl,. [f] By Zhang.[*%!

A Brintzinger-type?*? titanocene was also tested under the new photochemical conditions.
These ansa-metallocenes, especially the zirconium complexes, are well-known for their
employment in olefin-polymerization reactions, especially the respective zirconocene
derivatives.?*3-246] Epoxide E1 is not opened to the corresponding alcohol (Scheme 25). This
might be due to a tighter binding pocket on the titanium-center because of the bridged

Cp-ligands, so that the epoxide binding is inhibited.
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OH

DIPEA, MTG

THF
green LED E2
rt, 24 h

E1

Scheme 25: Photoexcited Brintzinger-titanocene catalyzed epoxide opening. Conditions:
10 mol% rac-(ebthi)TiCl,, 3.0 eq. DIPEA, 20 mol% MTG, 0.05 ™ in THF.

OH
0 3DPAFIPN
Ca()CsA W
X ~(+)-CSA THE HO,S 5
E1 blue LED 40% E2
rt, 48 h (+)-H-CSA

Scheme 26: Epoxide opening applying cHex-(+)-CSA titanocene catalyst. Conditions:
10 mol% (cHexCp).Ti(CSA)., 3 mol% 3DPAFIPN, 2.0 eq. H1, 0.05 m in THF.

Besides the given examples with the titanocene acting both as photoredox catalyst and
electron transfer catalyst, a new type of chiral titanocenes was tested for epoxide opening
reactions applying an external organic photocatalyst (3DPAFIPN) and Hantzsch ester (H1) as
hydrogen donor in a collaboration with Hilche et al. (Scheme 26).24"l The epoxide is opened
to E2 in an isolated yield of 40%, which corresponds to about half the yield obtained when
employing the classical titanocene dichloride as photoredox catalyst. However, the reaction
results are not easily comparable as the catalytic systems differ substantially. Nevertheless,
this reaction shows the potential use of CSA-titanocenes in epoxide opening reactions. Krebs
designed this type of complexes as potential enantiomerically pure non-ansa titanocenes for
stereoselective reactions. The clue of these titanocenes is their confined or prevented

Cp-rotation due to the steric hinderance of the CSA-ligands.*36220.248]
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3.3.4 Decarboxylations

In recent years, photocatalysis has been employed in decarboxylation reactions of alky and
aryl carboxylic acids.[163184186.188249-2521 Decarboxylations also occur in nature. A prime
example is the regioselective enzymatic decarboxylation of glutamic acid forming the vital
neurotransmitter y-aminobutyric acid.!?>3

MacMillan et al. developed a method coupling aliphatic radicals made from carboxylic acids to
electron deficient Michael acceptors such as acrylates after photocatalytic decarboxylation
using an iridium photocatalyst.[?>? Their proposed catalytic cycle is shown in Scheme 27 and

exhibits substantial parallels to the single-electron catalysis titanocenes can perform.

household

light bulb
=,

[r () R
o) o)
o ™ OH
ez N T s
H*  SET SET -CO,, -H*

(@]
A~ » Michael
(@] i
C25

acceptor

c27 ( /Wov

O
C26

iram =

Scheme 27: Catalytic cycle of the photochemical decarboxylation with subsequent alkylation
by MacMillan.?52
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The Ir-photocatalyst is irradiated with a household light bulb forming a strongly oxidizing
excited species and upon SET from deprotonated carboxylic acid S4, it is reduced from Ir(lll)
to Ir(l1). S4 is transformed to a carboxyl radical and upon COz-extrusion, secondary alkyl radical
C25 is generated. As this sp3-radical species is highly nucleophilic, it readily undergoes a
radical-addition with an electron deficient Michael acceptor (C26). As Ir(ll) can act as a
reducing agent, the secondary radical C27, which is formed after C—C bond formation, is
reduced vyielding an ester enolate and thereby reforms the Ir(lll) photoredox catalyst. By
protonation, the 1,4-addition product C28 is liberated./?52

The plan was to develop a titanocene catalyzed variant of such a decarboxylation reaction in
which Cp.TiCl, serves as photoredox catalyst. In a basic environment, the carboxylic acid
would form a carboxylate complex on the titanium center ensuring close proximity to the
PRCat. The excited titanocene being a good oxidant would be quenched by an SET from the
carboxylate, generating the carboxyl radical which immediately loses CO.. A Michael addition
as displayed in Scheme 27 would follow, finally generating the addition product after enolate

protonation.

A series of test reactions was performed to investigate, whether this idea could be realized. At
the same time, titanocene carboxylate complexes were synthesized by Zhang?** to examine
the UV-Vis absorption of this type of titanocenes. Unfortunately, as depicted above in
Figure 19, they do not exhibit high absorption properties in the visible light region.
Consequently, the reaction results showed no product formation, moreover, precipitation of a
colorless solid from the reaction mixture could be observed, supporting the assumption of
guantitative desired titanocene carboxylate formation. The results and corresponding reaction
conditions are given in Scheme 28 and Table 6 for the decarboxylation of
cyclohexanecarboxylic acid and in Scheme 29 and Table 7 for (tert-butoxycarbonyl)-L-proline.
Various titanocenes, bases, base equivalents and solvents were tested for this system. As
none of the reactions led to any conversion, the decarboxylation reactions were not

investigated further in this work.

O Cp,TiX, o J<
0 base
OH /\[( 7< N O/\)J\O
0 THF
green LED
S4 X1 it, 20 h S5

Scheme 28: General reaction conditions for photoexcited titanocene catalyzed
decarboxylation of S4. Conditions: 10 mol% titanocene precatalyst Cp.TiX2, 2.0 eq. X1,
10 mol% to 1.0 eq. base, 0.05 M in THF. Conversion monitored by TLC.

49



Daniel Slak

Table 6: Investigated reaction conditions for decarboxylations of S4.

No. Titanocene Base Eq. base precipitate  Conversion
1 Cp-TiCl, DABCO 0.1 white -
2 Cp2TiBr: DABCO 0.1 white -
3 Cp2Ti(TFA), DABCO 0.1 - -
4 Cp2Ti(OMs), DABCO 0.1 white -
5 Cp2TiCl DABCO 1.0 white -
6 Cp2Ti(TFA). DABCO 1.0 - -
7 Cp.TiCl, NEts 0.5 - -
8 Cp:TiCl, collidine 0.5 - -

o Cp,TiCl, 0 J<
0 base
N, O solvent N
Boc green LED Boc

S6 X1 rt, 20 h S7

Scheme 29: General reaction conditions for photoexcited titanocene catalyzed
decarboxylation of S6. Conditions: 10 mol% Cp.TiCl,, 2.0 eq. X1, 0.5 eq. base, 0.05 M in

respective solvent. Conversion monitored by TLC.

Table 7: Investigated reaction conditions for decarboxylations of S6.

No. Base Solvent Conversion
1 NEts THF =
2 collidine THF -
3 NEts DMF -
4 NEts DMPU -
5 NEtz MeCN -
6 NEts DME -
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3.4 Arylations

As sketched out in chapter 2.3, atom-economical radical arylations of epoxides enable the
transformation of easily accessible and broadly customizable aniline-derived epoxides to
indolines. The mechanistic details are given in Scheme 16 and involve the generation of the
active titanocene catalyst by reduction with Mn or Zn metal. As substrates, 1,1-disubstituted
epoxides are employed, ensuring the regioselective formation of the anti-Markovnikov epoxide
opening product.*%2l However, this basic arylation does not work well with 1,2-disubstituted
epoxides and the reaction cannot be performed in an enantio- or diastereoselective manner.
To overcome these drawbacks, a regiodivergent radical arylation has been developed,
enabling the diastereo- and enantioselective formation of indoline and tetrahydroquinoline
derived products in an atom-economic titanocene catalyzed reaction.2%4149 The general
substrate structure for this reaction is shown in Figure 20 and comprises aniline-derived
syn-1,2-disubstituted enantiomerically pure epoxides. Their synthesis will be discussed in the

following chapter.

Figure 20: Basic structure of REO-Arylation substrates.[*4%!

In contrast to the first reported arylation, the regioselectivity for the epoxide opening does not
depend on the Markovnikov-rule, as in both possible cases, a secondary B-titanoxy radical
would be formed. Because of this, an enantiomerically pure titanocene catalyst is employed,
controlling the regioselectivity and thus the product formed in the reaction. Depending on the
enantiomer used, an indoline A2 or tetrahydroquinoline A3 is obtained as arylation product
(Scheme 30). The catalytic cycle of the REO-arylation does not substantially vary from the one
presented for the radical arylations in chapter 2.3. Most importantly, a derivative of Kagan’s
complex is employed as titanocene catalyst. The cycle is displayed in Scheme 31 for the
formation of indolines from suitable substrate A4, the mechanistic steps proceed identically for
the formation of the respective tetrahydroquinoline product, apart from the regioselectivity in
the epoxide opening.!*49

The diastereoselectivity of the REO-arylation (compare to Scheme 30) is rationalized by the
formation of two diastereomeric transitions states during the approach of the secondary radical
to the arene in intermediate C29. Steric repulsion of substituents R and R’ as well as Felkin-
Anh-selectivity[?542%9] disfavor the transition state leading to a syn-diastereoisomer, enforcing
the anti-product C30 (A5) almost exclusively. For THQ formation, a similar explanation is

reported, giving the anti-THQ-product.!*4%
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Scheme 30: Concept of product scope for the REO-arylation of epoxide A1.1249
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Scheme 31: Catalytic cycle for the formation of indolines in the REO-arylation.!*4%
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Table 8: Selected scope of indoline and THQ synthesis via REO-arylation.

No. Substrate Catalyst Product Yield [%)]
N
[al 2
1 N\A/\ D-Kagan-Cl, 72
H
o CsH
N HO 37
A2, r.r. =90:10
d.r.=92:8
N
®)
2 N \/Q\/\ L-Kagan-(OTs)2 @l 73
o o
A1 C3H7
A3, r.r.r =94:6
d.r.=76:24
y
| o)
N\A/\
3 /O/ L-Kagan-(OTs);  C! v~ YOH 81
CsH
Cl 3M7
A6 A7, rr. = >98:<2
d.r. =94:6
FHex
N
° cl
4 AN p-Kagan-Cl, H 57
S C3H7
O HO
Cl A8 A9 rr. =928
d.r.=84:16

L-Kagan-(OTs):

.
-~ oH <

CsH;
A11, rr. =937
d.r.=88:12

Conditions: 7 mol% catalyst, 30 mol% Zn, 30 mol% Lut*HCI, 0.2 min THF, rt, 48 h. d.r. of crude

products. [a] 5 mol% cat.[149]
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Muhlhaus and Weil3barth investigated the scope and optimal conditions of the REO-arylation
for various alkyl- and aryl-substituted substrates. An exemplary selection is presented in
Table 8.0149

Overall, these examples show that the REO-arylation of epoxides is an excellent method for
the diastereoselective synthesis of enantiomerically pure indolines and tetrahydroquinolines in
good yields. Screening reactions revealed that for the synthesis of the indolines, the chloride-

substituted Kagan’s complex gave the best results (Kagan-Cly).

For THQ synthesis, the tosylate derivative was employed (Kagan-(OTs).). Moreover, the
indoline products always exhibited a good diastereoisomeric ratio which was generally higher
than that for THQs.'*® The best result was however obtained for the THQ synthesis from
epoxide A6 (entry 3), giving high yield and ideal regio- and diastereoselectivity. Due to this
result, epoxide A6 has been chosen as screening substrate for photocatalytic REO-arylations
(chapter 3.4.2).

3.4.1 Arylation Substrate Synthesis

The substrates for the ‘conventional’ as well as for the REO-arylation can be obtained via
reliable, a modular synthesis from commercially available precursors in a few synthetic steps.
The synthesis of arylation substrates is shown in Scheme 32. Modifications are possible by
using functionalized aniline derivatives, as long as their nucleophilicity is high enough to
undergo the Sy2-reaction with X2 or X3. For the presented examples, no double-alkylation
leading to the respective ammonium salts is observed in the second step, the alkylating agent

is employed in a slight excess of 1.2 eq. with regard to the aniline.

mCPBA O
Br\)J\ I — Br
DCM
S8

X2, 92% PhRNH O

LDA O\ A12:R = Ph, 65%
— A13: R = Me, 48Y%

THF N e, aet

mCPBA O R
ol s a X
DCM
s9 X3, 73%

Scheme 32: Synthesis of arylation substrates. X2 employed in the Sy2-reaction.

For REO-arylation substrates, the synthetic effort is significantly higher, as the substrate has
to be made in enantiomerically pure form (Scheme 33). This requires a potent method for the
preparation of enantiomerically pure epoxides. The hydrolytic kinetic resolution (HKR) by

Jacobsen using the oligomeric Jacobsen-catalyst is employed to resolve the enantiomers of
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terminal a-bromo epoxides.?>¢-2%¢] The synthetic approach starts from (E)-allylic alcohols,
which are either commercially available (S17 and S18), or can be made from the corresponding
aldehyde via a Horner-Wadsworth-Emmons-olefination with subsequent ester reduction by
DIBAL-H (S15 and S16) in excellent yields. Upon bromination of the allylic double bond, an
a,B-dibromo alcohol is obtained and immediately converted into the respective terminal a-
bromo epoxide (X4 to X6) via an intramolecular Sy2-reaction promoted by stirring with K2CO3
in MeOH.[?%9280 The epoxides are resolved in an HKR yielding enantiomerically pure (e.r.
>99:<1) a-bromo epoxides (X7 and X9). The REO-arylation substrate is obtained after an Sn2-
reaction with a (substituted) aniline derivative (N1), opening the terminal epoxide which then
undergoes a ring closure losing bromide.

This procedure works well for diaryl- or aryl/alkyl-substituted amines. However, free N-H
bonds or common N-protecting groups cannot be used.!* Employing various other
nucleophiles to establish new REO-substrates was tested in multiple approaches under
different reaction conditions, these reactions are discussed in chapter 3.5.1.

(@]
1]
(EtO),P<_ CO,Et
(0]
S12 DIBAL-H
O+ _R > )K/\ > NN
N NaH EtO R THE HO R
$10: R = Bu THF $13: R = Bu, 97% $15: R = iBu, 75%
S11:R = jPr S$14, R = jPr, 94% S$16, R = iPr, 99%
oligomeric
1) Bry, DCM 0] (S,S)-Jacobsen-cat. o)

_ 2) K,CO3 MeOH Q\rR H,0 Q\rR
HO/\/\R ~ Br Br
S17:R = CsH11 X4:R = C5H11, 54% X7:R = CsH11, 38%,
$16, R = iPr X5, R = iPr, 23% e.r. =99.7:0.3
S18, R= C3H7 X6 R = CaH-. 72° [b] Xg, R= C3H7, 430/0,

’ aHy, 72% e.r. =99.2:0.8
nBuLi
Ph,NH = N1 o)
> N\/Q\/\
THF ©/
A1, 85%

Scheme 33: Modular synthesis of enantiomerically pure REO-arylation substrates.!24%
[a] Performed by Heinz.?*" [b] Performed by WeiRRbarth.[22°
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3.4.2 Photochemical REO-Arylations

As titanocene catalyzed (REO)-arylations of epoxides are atom economic reactions, meaning
that all atoms of the substrate are found in the resulting product, they can be performed without
the need for hydrogen atom donors. As Cp.TiCl, can act as both photocatalyst and electron
transfer catalyst,[*3® Kagan’s complex was assumed to have similar properties due to its nearly
identical UV-Vis absorption spectrum. This was tested during a series of screening reactions

(Scheme 34), the results for the REO-arylations of epoxide Al are presented in Table 9.

Ph
/
N
H .
HO\‘ C3H7
O -
L-Kagan N A2

N N — -
s THF on
green LED z

A1 0]
C3H
rt 3tir
A3 )J\ /EH/OMe
H
S19

0]

Scheme 34: General THQ synthesis from Al in the REO-arylation with indoline A2 as
side-product. Conditions: 10 mol% cat., 0.1 to 1.0 eq. additive if used, 0.05 M in THF.

Table 9: Investigated reaction conditions for REO-arylations of Al.

No. Catalyst Additive Temp. Reactiontime Yield A3:A2 [%]
1@ D-Kagan - rt 46 h -
20l L-Kagan - rt 46 h -
3] L-Kagan MTGL 65°C 18 h -
4[°] L-Kagan S190 65°C 18 h -
5 L-Kagan Ph3N[ 60°C 4h 40:23
6 L-Kagan PhsN rt 4h 13:6
7 L-Kagan PhsNel rt 4 h 12:6
8 L-Kagan (p-MeOPh)Ph;Ne! rt 4d 26:11
9 L-Kagan - rt 4d 24:11
10 L-Kagan SDPAFIPNI rt 6d 14:3

NMR-yield. [a] 0.2 M in THF. [b] 0.8 M in THF. [c] 10 mol%. [d] 1.0 eq. [e] 20 mol%. [f] 3 mol%,
blue LED, 0.1 M in THF.
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The first attempts basically employed the reported reaction conditions of conventional REO-
arylations (entries 1 and 2) under irradiation with green LEDs, performing the reaction at room
temperature over 2 days.!*4%

Unfortunately, neither the indoline nor the THQ could be obtained by this method. Higher
reaction temperatures in combination with thiols as hydrogen atom transfer catalysts, as used
in the photoexcited titanocene catalyzed epoxide openings (chapter 3.2), showed no product

formation as well (entries 3 and 4).

A major improvement was achieved when using PhsN as additive (entry 5). At 60°C even after
a short reaction time of 4 h, 40% of the desired THQ A3 were yielded. On the other hand, the
reaction did not proceed with a good regioselectivity, as additionally 23% of the indoline
derivative A2 were formed. The first approach to explain this finding was that due to the high
reaction temperature, the catalyst selectivity was decreased. Hence, the reaction was repeated
at room temperature. This led to a drastic decrease in conversion and yield (entry 6).
Surprisingly, the ratio of THQ:indoline did not change significantly being 13:6 under these
conditions. Decreasing the amount of PhsN employed from 1.0 eq. to 0.2 eq. resulted in the

same yields (12:6, entry 7).

A3
. hv
Ph L-Kagan = [Ti]
N [Ti*
& _ A1
< O[Ti]
C3H
caa ¥7
Ph 0

|
om: NA03H7
Ph O[] C32
caz Gt

Clo

Scheme 35: Proposed catalytic cycle for the THQ formation via photocatalyzed REO-arylation.

To investigate, whether a more electron rich aryl amine favors the required quenching of the
excited titanocene (details in the catalytic cycle, Scheme 35) and therefore accelerates the
reaction, (p-MeOPh)Ph;N was used. Indeed, the yields could be increased to 26% and 11%,
respectively, keeping the ratio of A3:A2 almost fixed (entry 8). However, the reaction was

additionally stirred for a much longer reaction time. Thus, the effect of the amine cannot be
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unequivocally assessed. Especially interesting in this regard is the reaction described in
entry 9, as even without any additive, at a longer reaction time the yields could be increased
to 24% and 11%, respectively. Employing 3DPAFIPN as external photoredox catalyst led to
poor results, even after an exceptionally long reaction time (entry 10).

The role of external quenchers has to be evaluated more thoroughly. A possible explanation
can be derived from the proposed catalytic cycle of the photochemical REO-arylations, which
is displayed in Scheme 35.

As the titanocene (Kagan’s complex) is photochemically excited and then reduced by the aryl
amine present (either the substrate or the external quencher), no zinc or manganese is
required. In the proposed cycle, A1 donates an electron to the photoexcited titanocene in close
proximity via an outer-sphere electron transfer (OSET). Thereby, radical cation C32 is
generated (mesomeric stabilization over nitrogen and second phenyl omitted for clarity). Upon
regioselective reductive epoxide opening, diradical C33 is obtained, which can undergo radical
recombination to give cationic species C34. Rearomatization and cleavage of the titanocene

by a proton transfer leads to formation of THQ A3 and liberation of the unexcited catalyst.

This catalytic cycle features some major differences compared to the ‘classic’ cycle for radical
arylations (Scheme 16 and Scheme 31): Apart from catalyst activation, a radical cation is
formed from the substrate before the epoxide is opened. This lowers the electron density in
the aromatic system and favors a nucleophilic attack to the arene. After generation of the 3-
titanoxy radical, an intramolecular radical cyclization (recombination) is possible, which is
generally a favorable reaction.[t52261-2651 Sypsequently, cationic intermediate C34 is obtained
without the slow, rate determining PCET necessary in the ‘classic’ mechanism. In this new
cycle, the catalyst is liberated in the catalytically inactive Ti(IV) form and must be excited again
for activation.

When a triaryl amine is added to the reaction mixture as external quencher, radical cation C32
is not formed, as the electron is transferred from the quencher instead of the arylation
substrate. This requires close proximity of excited catalyst and quencher. As this process is
assumed to be reversible, the Ti(lll) can only open an epoxide, if this is also closely present.
Substrate and external quencher compete for the electron transfer. This is why the use of

external quenchers does not necessarily increase the yield of the arylation.

Even if the B-titanoxy radical is formed by the reduced titanocene catalyst, the cyclization was
much slower compared to the cyclization of displayed diradical cation C33. This hypothesis is
supported by investigations performed by Heinz, as he obtained the 1,2- and
1,3-aminoalcohols instead of the arylation-products when performing reactions with a novel
REO-substrate.?”

58



Dissertation

D-Kagan

3DPAFIPN
o H1, DMPU g oH .
N\A/\ THF N\/'\/\/ N~~~
blue LED :
A14 . 2d A15 A16 OH
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Scheme 36: REO by Heinz.[?*") Conditions: 10 mol% b-Kagan, 3 mol% 3DPAFIPN, 2.0 eq. H1,
1.5 eq. DMPU, 0.1 m in THF. Isolated yield.

The investigated reaction is depicted in Scheme 36. This indicates that the intramolecular
arylation does not occur although the B-titanoxy radical must be reduced intermolecularly. In
general, the REO-arylation is a slow reaction compared to the conventional arylation, the

reaction times vary greatly (48 h versus 30 min).[139.149]

Heinz also reported catalyst decomposition in his research on photochemical REO-arylations
as indicated by a color change of the reaction mixture from dark red to yellow after a few hours
of irradiation.?*! UV-Vis investigations of this decomposition or photolysis process also
indicate the loss of one Cp-ligand from the titanocene.?*®! In this case, longer reaction times
would not influence the conversion, as the decomposed catalyst is not able to reenter the
catalytic cycle. This is supported by the best REO-arylation results obtained (entry 5) in
Table 9, showing that the conversion is influenced by a high reaction temperature rather than

by a long reaction time.

Besides substrate A1, the best substrate for the conventional REO-arylations!**®! (Table 8) by
Mihlhaus and WeiRbarth, A6, was also employed under photocatalytic conditions
(Scheme 37). For this, L-Kagan-(OTs). was chosen as catalyst, as it originally yielded the best

results.**9 The respective reaction results are summarized in Table 10.

C3H
L-Kagan-(OTs), s
ML\/\ Z cl WOH
/©/ THF
cl green LED N
A6 A7 |

Scheme 37: General THQ synthesis from A6 in the REO-arylation. Conditions: 10 mol% cat.,
1.0 eq. additive if used, 0.05 M in THF.

59



Daniel Slak

Table 10: Investigated reaction conditions for REO-arylations of A6.

No. Catalyst Additive Temperature  Reaction time  Yield [%]
1 L-Kagan-(OTs)- - 65°C 24 h -
2 L-Kagan-(0OTs): - 65°C 72 h -
3 L-Kagan-(OTs)- - rt 72 h -
4 L-Kagan-(OTs).1@ - 65°C 72 h -
5 L-Kagan PhsN 60°C 16 h 3700

[a] 20 mol% cat. [b] NMR-yield.

It turned out that although L-Kagan-(OTs). catalyzes REO-arylations under the ‘classic’
conditions, its performance in photochemical REO-arylations is much poorer. In fact, no
conversion was obtained in any of the investigated reactions, even at elevated temperatures,
higher catalyst loading or long reaction times (entries 1 to 4). Surprisingly, the application of
L-Kagan in combination with PhsN as external quencher led to the formation of 37% of the
desired THQ A7. At first sight, this contradicts the results presented for the conversion of A1l
(Table 9), in which an external quencher did not increase the yield. However, the electronic
properties of A1 and A6 vary greatly.

To successfully reductively quench the excited titanocene catalyst, an electron has to be
transferred to it in an OSET. This requires a high electron density at the respective quencher,
which is given for the two unsubstituted aryl substituents at substrate Al. In contrast, A6 only
possesses one aryl substituent, which is in addition less electron rich due to the para-chloro
substitution. Because of that, A6 might not be able to act as a reductive quencher and, thus,

only PhsN meets the required redox potential.[266.267]
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3.4.3 Photochemical Arylations

To further investigate the influence of the substitution pattern of aniline-derived arylation
substrates as well as finding suitable titanocene catalysts for photochemical radical arylations,
the less complex and fast ‘classic’ arylation of A12 and derivatives was chosen (Scheme 38).
The corresponding reaction results are given in Table 11. For the least electron rich substrate
A13, no product formation could be obtained, even adding electron rich (p-MeOPh);N did not

give any conversion.

R O R OH
\©\ jﬂ D-Kagan
N THF N
|'q- green LED R'
rt, 19 h
A12: R=H, R'=Ph A17:R=H, R'=Ph
A13: R=H, R'= Me A18: R=H, R'= Me
A19: R = Br, R' = p-BrPh A20: R =Br, R' = p-BrPh

Scheme 38: General indoline synthesis in photochemical arylations. Conditions: 10 mol%
D-Kagan, 0.05 M in THF.

Table 11: Investigated reaction conditions for photochemical arylations.

No. Substrate Product Yield [%]
1@ Al2 Al7 93
2 A13 A18 -
3! A13 A18 -
4 Al19 A20 53

NMR-yield. [a] 20 h. [b] Addition of 1.0 eq. (p-MeOPh)sN.

For the para-bromo substituted substrate A19, the indoline was formed in 53% yield and the
standard substrate A12 gave almost perfect 93%. These findings indicate that the diphenyl-
substituted pattern is best suited for successful photochemical arylations. Employing the
classic zinc reduced conditions with D-Kagan at 65°C did not result in a higher product
formation, 94% of Al7 was isolated (Scheme 39). Using photocatalytic conditions with
3 mol% 3DPAFIPN and blue light irradiation diminishes the yield to 73% (5.5.1.2).
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D-Kagan OH
Zn
N/\’(\
@)

N

THF
65°C, 20 h

A12 A17,94%

Scheme 39: Classic radical arylation of A12. Conditions: 10 mol% D-Kagan, 10 mol% Zn,
0.05 M in THF.

With these results in hand, A12 was selected for further investigation of suitable titanocenes
for the radical arylation (Scheme 40). When titanocene dichloride is used as catalyst, 62% of
the desired indoline could be isolated (Table 12, entry 1). Lower catalyst loading (5 mol%,
entry 2) led to major diminution of conversion. Although finding this almost ideal catalytic
system with only catalyst, substrate and solvent necessary as reagents in an atom-economic

reaction was already a great result, even more spectacular conditions could be found.

OH
@N% (il -

N
THF
green LED
20 h
A12 A17

Scheme 40: Photochemical radical arylations of A12. Conditions: 10 mol% catalyst, 0.05 M in
THF.

Repeating the reaction with Kagan’s complex at reflux temperature gave 93% of the desired
product (72% isolated), at room temperature 95% of A17 were obtained (entries 3-5). An
elevated reaction temperature does apparently not play a crucial role for this reaction. When
(CyHexCp).TiCl, is used at catalyst at reflux temperature, a minor yield of 62% was isolated.
In addition, a series of electron rich titanocenes, structurally similar to Kagan’s complex, was
tested at room temperature to see, whether steric bulk at the Cp-ligand influences the catalyst
performance (entries 7-10). Surprisingly, (CyHeptCp).TiCl, only yielded 63% indoline,
whereas the sterically more demanding examples (entries 8—10) resulted in excellent yields of
88-93%. Nevertheless, none of these titanocenes was able to outperform Kagan’s complex
with 95%. Based on this, mainly the electronic influence of the alkyl-substituents on the
titanocene define the performance in the arylation reaction. Steric effects are less important
with the exception of (CyHeptCp).TiCl,. The proposed catalytic cycle for this photochemical
radical arylation is similar to the one suggested for the photochemical REO-arylations. It is

shown in Scheme 41 and starts with the photoexcitation of the respective Ti(IV) precatalyst.
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The excited species [Ti]* is reductively quenched by substrate A12 via an OSET to give
[Ti(l) : radical cation] complex C35. The epoxide is reductively opened by a SET forming the
B-titanoxy radical C36. Upon radical recombination, cationic intermediate C37 is generated,
from which indoline A17 and titanocene(lV) precatalyst are liberated. Less electron rich
substrates A13 and A19 are less potent reductive quenchers for the excited titanocene and

therefore, the formation of active Ti(lll) catalyst is reduced.

Table 12: Investigated reaction conditions for photochemical arylations.

No. Catalyst Temperature Yield [%]
1 Cp2TiCl> rt 62
2 Cp:TiCl® rt <20 conv.
3 D-Kagan 65°C 93
4 D-Kagan rt 95
5 L-Kagan 65°C 720!

CyHex
6 ‘\Tiig: 65°C 620
DD
CyHex/§>
CyHept
7 “Ti;g: rt 63
)
CyHept/§>
tBu
8 1:Cl rt 91
L “Cl
DD
tBu/t>
tBu%\@
9 N rt 88
D
tBu
10 ‘:ri Cl rt 93
%' *Cl

NMR-yield. [a] 5 mol% catalyst. [b] Isolated yield.
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N
Ph O[T : @ )@O

C36 ;
Scheme 41: Proposed catalytic cycle for the photocatalyzed radical arylation of A12.

In summary, especially alkyl substituted titanocenes, such as Kagan’s complex, have proven
to be useful and efficient photoredox catalysts, especially for photocatalyzed radical arylations
of electron rich substrates. Nevertheless, they lack stability in reactions with long irradiation
times, as they are prone to photolysis. Because of this, more stable conditions for REO-
arylations and modifications to enable conversion of a broader substrate scope will have to be

found. However, the given examples make a solid basis for future investigations on this topic.

3.5 REO and DEO Substrates

Regio- or diastereodivergent epoxide opening reactions using Kagan’s complex as catalyst
require either enantiomerically pure syn-1,2-epoxides as REO substrates (Figure 21) or
pseudo-racemic mixtures of syn-1,2-epoxides for DEO reactions, if another stereocenter with
a defined configuration is present in the molecule. If racemic mixtures are employed, the

reaction is called a parallel resolution.

A o
R R RT R

Figure 21: General structure of REO substrates.
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Especially the field of REO reactions has been investigated over the past decade by the group
of Gansduer, as this reaction type enables stereoselective and reliable access to optically pure
compounds in high yield.[9-94:96.101,110,149,221,268]

Whereas the ideas and concept behind REO and DEO reactions have been explained in
chapters 2.2.1 and 2.2.2, the synthesis of suitable substrates has not been elucidated yet. The
first idea to synthesize syn-1,2-epoxides is an epoxidation of (Z)-olefins, in which R equals R’.
In this case, a meso-epoxide is obtained, which can be used in enantioselective
desymmetrization reactions. However, as meso-compounds are achiral, technically their
desymmetrizations constitute as subclass of the REO as only one substrate reacts.®
Desymmetrizations are not a double asymmetric process and thus the enantiomeric ratio of

the product solely depends on the catalyst’s stereoselectivity.

The reaction of a DEO substrate (referred to pseudo-racemic mixture for clarity) can be
classified as a parallel resolution regarding the epoxide, as both pseudo-enantiomers react at
a similar rate (Scheme 11).°¢! Here, the products are formed as major product of one pseudo-
enantiomer and minor product of the other. Again, the ratio of the products solely depends on
the catalyst’s regioselectivity — 90% catalyst regioselectivity results in a product ratio of 90:10
(in case of pure catalyst regiocontrol).

REO substrates are ideally highly enantiomerically enriched or even enantiomerically pure. In
this case, the reaction product is formed as the major product of the predominant enantiomer
and minor product of the minor enantiomer. This double asymmetric strategy leads to
exceptionally high enantiomeric ratios, higher than in the employed substrate
(Scheme 10).°¢%6° The substrate shown in Scheme 9 proving the usefulness of the REO was
prepared by an asymmetric Sharpless-epoxidation in an efficient synthesis with an

enantiomeric ratio of 90:10 of the resulting epoxide (Scheme 42).[%%

Sharpless
epoxidation,

tosylation O, Nal O
/\ﬂOH . OTs I /\/Q\/I

e.r. =90:10 84%
82% S21 S22

OLi

OfBu (@) COztBU

_

o,
80% 118, e.r. =90:10

Scheme 42: Synthesis of first enantiomerically enriched REO substrates by Gansauer.
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A strategy developed to achieve higher enantiomeric ratios (up to e.r. >99:<1) as well as the
implementation of a third ‘enantiomerically pure’ chiral center utilizes the hydrolytic kinetic
resolution (HKR) of terminal epoxides by Jacobsen.[t10270-2721 The synthetic approach is
displayed in Scheme 43 for a selected exemplary REO substrate R1 and starts with the
mentioned HKR. The maximum yield in this reaction is limited to 45% (for 0.55 eq. of H,0),
epoxide S23 is cheap and commercially available. S24 is obtained enantiomerically pure and
this stereocenter is set for the following reaction steps including the final product. Alkyne
addition and syn-reduction[?”3274 yield (Z)-B-hydroxy alkene X10 which is then converted in a
syn-selective epoxidation with VO(acac), and TBHP.?"52771 R1 represents the general
structure of an enantio- and diastereomerically pure REO substrate. Overall, the synthetic
route is only one step longer than the previously described. It can be synthetically modified by

for example alcohol inversion, substitution, or protection.

(S,S)-Jacobsen-

catalyst CsHyy——
(|)>\ 0.55 eq. H,0 c|)>\ S25 CsH11\/('3\H
CeH13 CeH13 . CsH1s
e.r. =99.9:0.1 BF3*THF
523 oo s24 L X8
Ni(OAC),
EDA, NaBH, VO(asac),
H, QH TBHP o A
—_— —
H H H H
49541 CsHaq 1 CeH13 81% CsHaq y CeH13
e.r. =>99:<1
d.r. =98:2

Scheme 43: Synthetic approach to enantiomerically and diastereomerically pure REO

substrates.*19 [a] Yield over two steps.
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3.5.1 Novel REO Substrate Concepts

Besides the presented route, the HKR was used as starting point for a series of testing
reactions to synthesize new REO substrates by addition of different nucleophiles. For this,
enantiomerically pure a-bromo epoxides were synthesized according to the procedure
developed for the formation of REO-arylation substrates (Scheme 33).Instead of employing
diaryl amines as nucleophiles, various C-, N- and O-nucleophiles were tested for their
performance in an Sy2-reaction with the terminal epoxide (Scheme 44). By these methods,
REO substrates for the synthesis of enantiomerically pure alcohols and cyclization reactions

were prepared in collaboration with Zhang and Heinz.[217:234

Direct Route

!

o OH 0)
N+ ¢>\T/R Nu\/)\T/R Nu AN
Br

Two-Step Route

OH & NH,
A
“m O OO
N6 N10

N2 N14
cl
N_oH X | MBr
SX_NH N
N3 N7 N1 N15
|
>}_ | //[:::I/NH OLi
OH _NH
Ts cl /I\OtBu
N4 N8 N12 N16
It y
\
/ )
Ts
N5 N9 N13 N17

Scheme 44: Strategies for the synthesis of new REO substrates and screened nucleophiles.
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REO cyclization substrates require a double or triple bond in d-position for 5-exo-cyclizations
or e-position for 6-exo-cyclizations regarding the radical formed after reductive epoxide

opening according to Baldwin’s rules.?’®27 For these, O- and N-nucleophiles containing a
terminal alkyne were selected.
The other employed nucleophiles exhibit different steric demands, electronic properties,

protecting groups or secondary reactive sites for possible further modifications.

3.5.2 REO and DEO Substrate Synthesis

;
%

R2[@ R3[el R4
O O
H |
\/N\A/\ \/N\A/\/\
R5 R6
o) Ts o) Ts 0)
N [ [
N O\A/\ /N\A/\/\ O/N\A/\/\
R7 R8 R9
H O 0 == 0
O/N\A/\/\ \(O\A/\/\ N\ N\A/\
R10 R11 o R12
O O O
NMQ\/\ ©/\A/\ >(O\H/\A/\
(0]
R13 R14 R15

R16 R17

Figure 22: New REO substrates (top) and attempted structures (bottom). [a] Synthesized by

Heinz.l27]
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To ensure optical purity of the REO substrates, a-bromo epoxides are converted in an HKR
and thus prepared enantiomerically pure. The addition of nucleophiles leads to epoxide
opening and subsequent closure, either in one step (direct route, Scheme 44) or in two
reaction steps with isolation of the intermediate bromo alcohol. The reaction conditions are

based on the reported procedures for the synthesis of REO-arylation substrates.49

The REO substrates synthesized in collaboration with Heinz during his M.Sc. project are
displayed in Figure 22 (R2-R6). Furthermore, unsuccessfully attempted compounds are
shown. Some compounds cannot be classified as REO substrates, as they were prepared

using racemic a-bromo epoxides. Thus, their epoxide openings are parallel resolutions.

Initial experiments via the direct route were conducted using nBuLi as base for deprotonation
of the respective nucleophile (Scheme 45). This increases the nucleophilicity and in a double
Sn2-reaction, the desired product is obtained. The lithium cation is acting as Lewis acid,
activating and thus favoring the epoxide opening. The binding must not be too strong, as
otherwise the subsequent epoxide formation is hindered and an a-bromo alcohol is formed,
which is the case in the two-step approach, but undesired here. The reactions performed under

these conditions are listed in Table 13.

R
O R MBuli ! 0
NuH -+ O R — Nu
Br - butane Nuo_ - LiBr R

(Br

Scheme 45: Double Sy2-mechanism in the synthesis of REO substrates from enantiomerically

pure a-bromo epoxides.
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Table 13: Synthesis of REO substrates via the direct double Sy2 route.

No. Nucleophile Epoxide Reaction time [h] Yield [%]
1 N2 X4 19 -
2 N10 X4 19 -
3 N4 X4 21 -
4 N13 Xoul 22 -
5l N14 X9 48 -
6'° N16 X9 20 -
70 N17 X9 19 -
8 N1 X9 44 85

Conditions: 1.2 eq. epoxide, 1.05 eq. nBuLi, 0.5 M in THF. N1 = PhoNH. [a] 1.1 eq. epoxide.
[b] 1.2 eq. nBuLi. [c] 0.4 M in THF. [d] 1.0 eq. epoxide.

For condition evaluation, racemic epoxide X4 (compare chapter 3.4.1, Scheme 33) has been
employed (entries 1-3). Unfortunately, none of the tested nucleophiles was able to
successfully perform the epoxide opening. In most cases, unreacted substrates were
recovered (entries 1-7). Entry 8 shows that for diaryl amines these reaction conditions can be
reliably applied for substrate synthesis.* This suggests that only highly nucleophilic
compounds, such as diaryl amides are suitable nucleophiles under these reaction conditions.
Steric repulsion should not be limiting the reaction performance, as only N2 (entry 1) can be

considered demanding in this regard.

Furthermore, nBuLi is a strong enough base (pKp (nBuLi) = -36[280281) to quantitatively
deprotonate alcohols and amines, hence solely the corresponding lithium alcoholates and

amides are present in the reaction solution.

As none of the desired products could be synthesized by this approach, screening of different

bases for deprotonation and Lewis acids for epoxide activation was conducted.

Especially appealing for further investigations was N2 to obtain R7 (via X11), as the contained
spiro-center would render a structurally complex spiro-bicyclic molecule upon radical 5-exo-
cyclization (Scheme 46). Table 14 displays the tested reaction conditions. Unfortunately, no
epoxide opening could be observed in either of the reactions. This could be explained by the
steric demand of N2, inhibiting the approach to the terminal epoxide.

In contrast to the lithium alcoholates, sodium binds less strongly to the oxygen, making the
alcoholate more nucleophilic. Although X9 is additionally activated for epoxide opening by
Lewis acids of different strengths, no Sn2-reaction occurred. The crude NMR-data showed

unreacted substrates.[?82
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/ NaH

, . // OH
(0] Lewis acid
OH \)Y\/ o O\)Y\/
Br THF Br

rt, 72 h
N2 X9 X1

S O, 5-exo- OH
A OA/\ cyclization O}j”)\/\
O
R18

R7

Scheme 46: Two-step route for the synthesis of R7 and desired 5-exo-cyclization.

Table 14: Synthetic approaches to X11.

No. Lewis acid
10 -

2 ZnCl;

3 AICl3

4 Yb(OTf)s

5 BF3*OEt>
6! AlMes

Conditions: 1.2 eq. X9, 1.5 eq. NaH, 1.1 eq. Lewis acid, 0.67 M in THF. [a] 16 h. [b] 1.0 eq.
AlMe3z, 0.2 M in DCM.

To circumvent steric hinderance by employing a structurally more flexible derivative of N2, the
corresponding propargylic alcohol N3 was reacted under the former ineffective reaction
conditions (Scheme 47). Although not satisfying, 16% of R4 could be isolated, whereas no
opened a-bromo alcohol was formed. This is reasonable, as no additional Lewis acid was
used, stabilizing the alcoholate after the first Sy2-reaction and thus leading to the a-bromo
alcohol. In addition, the second Sn2-reaction is intramolecular, which is generally faster than

intermolecular reactions of the same type.[283-287]
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o) NaH O
/\OH \>Y\/ \/O\A/\
Br THF
rt, 17 h o
N3 X9 R4, 16%

Scheme 47: Preparation of REO-cyclization substrate R4. Conditions: 1.2 eq. X9, 1.2 eq. NaH,
0.67 M in THF.

Modified reaction conditions!?*4 converting the more nucleophilic N6 by activation with AlMes
have been successfully used for the synthesis of X12 (Scheme 48). AlMes acts as Brgnsted
basel?®® upon formation of methanel?® and additionally as Lewis acid for epoxide activation.
Trapping the bromo alcohol X12 is possible due to the Al-O bond formed, inhibiting ring
closure. The product is liberated during agueous work-up in a good yield of 73%. A similar
approach for aromatic amines has been used for the synthesis of REO-arylation substrates.[*4°!
Formation of the desired epoxide is achieved by stirring with K,COs, promoting the

intramolecular Sny2-reaction to R5 in 39% isolated yield (Scheme 49).

o) AlMe OH
/NHZ \}\l/\/ 3 . \H\)\l/\/
Br DCM
rt, 20 h Br
N6 X6 X12, 73%

Scheme 48: Application of AlMe; as Lewis acid and Bransted basel?®? for the conversion of
propargyl amine with X6. Conditions: 1.2 eq. X6, 1.0 eq. AlMes, 0.2 M in DCM.

OH @)
H K,CO H
\N\)\l/\/ = \N\A/\
B MeOH
x12 o 40°C, 1h RS, 39%

Scheme 49: Intramolecular epoxidation of X12 via Sn2-reaction. Conditions: 2.0 eq. K2COs,
0.5 M in MeOH.

For testing the performance of the reaction conditions, racemic epoxide X6 has been used.
Consequently, R5 is no REO substrate, but can be used in a parallel resolution. The same
reaction conditions were afterwards employed in the synthesis of REO substrate R6. In two
reaction steps, the desired compound could be isolated in 56% yield (Scheme 50). For the
conversion of alkyl substituted primary or propargyl amines, the found reaction conditions
rendered a reliable synthetic strategy. By this method, Heinz synthesized R2 and R3 during

his M.Sc. research project (Figure 22).127]
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1. AlMe X
. 9 DCM \ o
/N \>Y\/\/ " \/Q\/\/\
H N
Br 2. K2CO3 -~
N7 X7 MeOH R6, 56%
Scheme 50: Synthesis of REO substrate R6 via two-step approach with AlMes. Conditions: 1)

1.2 eq. X7, 1.0 eq. AlMes, 0.2 M in DCM, rt, 20 h; 2) 2.0 eq. K2CO3, 0.5 M in MeOH, 40°C, 1 h.

In addition to the REO-cyclization substrates, a humber of further REO substrates for the
formation of enantiomerically pure aminols and (di)alcohols was planned. For these, the
nucleophiles did not contain any terminal olefin or alkyne.

Starting under mild basic conditions (K.COs), tosyl protected amines N8 and N9 (Scheme 44)
were reacted with epoxide X4 (Table 15). In the latter case, LiCl was employed as Lewis acid
for epoxide activation. However, these conditions did not lead to any epoxide opening.
Pyrazole derivative N11 did also not react as nucleophile with AlMes (entry 3), although Sy2-
reactions at N-1 of the pyrazole ring have been reported for alkylation reactions even under

milder conditions.[2%0-292]

Table 15: Unsuccessful synthetic approaches to new REO substrates.

No. Nucleophile Epoxide Base Lewis acid Conversion
1@ N8 X4 K2COs3 = =
2M] N9 X4 KoCO3 LiCl -
3 N11 X7 AlMes = =
4 N11 X9 - SiO; -
5t N12 X9 - SiO» -
6Ll N15 X9 - - -
710 N15 X9 = CuCl =

Conditions: [a] 1.2 eq. X4, 1.5 eqg. KoCOs3, 1.0 M in DMF, 80°C, 16 h. [b] 1.2 eq. X4, 1.5 eq.
K2COs, 0.5 eq. LiCl 1.0 M in DMF, 80°C, 16 h. [c] 1.2 eq. X7, 1.0 eq. AlMes, 0.2 M in DCM, t,
22 h. [d] 1.0 eg. X9, 20 wt% SiO, rt, 3d. [e] 1.0 eq. X9, 0.5 M in THF, -78°C to rt, 19 h. [f]
1.0 eq. X9, 5 mol% CuCl, 0.5 M in THF, -78°C to rt, 19 h.

Activation of the epoxide by SiO; in a solvent-free reaction did not lead to epoxide conversion,
either (entry 4). This approach is based on the conditions developed by Muhlhaus et al. for the
preparation of REO-arylation substrates.° For N11 and N12, the nucleophilicity is apparently
insufficient for this kind of reaction. Furthermore, the addition of a Grighard reagent N15 to

a-bromo epoxide X9 was tried. In these cases, the epoxide was converted, but no desired
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product was formed (entries 6 and 7). Instead, S26 was isolated in 39% vyield for the reaction
in entry 7 (Scheme 51). The formation of this compound indicates a successful nucleophilic
substitution at the terminal epoxide with ring closure and substitution of bromide, but a

subsequent loss of MgBr, and a Meinwald-rearrangement leading to ketone S26.

O
0 5 mol% CuCl
MgBr \}Y\/
g THF
Br -78°C > rt, 19 h
N15 X9 S$26, 39%

Scheme 51: Observed ketone formation by addition of Grignard reagent N15 to X9.

Following the ‘classic’ approach to REO substrates,**% multiple new functionalized or silyl-
protected compounds have been prepared in collaboration with Zhang.*%6234 One conducted
synthesis is displayed in Scheme 43.

The synthesis was performed according to the procedures developed by Funken et al. Alkyne
addition to enantiomerically pure terminal epoxide S2 mediated by BFs as strong Lewis acid
for epoxide activation (Scheme 52) set the required enantiomerically pure stereocenter in the
REO substrate in an efficient reaction with a good yield of 88%. Subsequently, the
homopropargylic alcohol was selectively hydrogenated to give a (Z)-B-hydroxy alkene.
Employing in situ generated P-2 nickel (from Ni(OAc),, NaBHs and EDA) as a poisoned
hydrogenation catalyst under hydrogen gas atmosphere (Scheme 53), this reaction proceeded

almost quantitatively with an excellent yield of 96%.1273:274]

BF,*THF
nBuLi OH
O o e
THF
S2 s3 -96°C, 2 h X13, 88%

Scheme 52: Alkyne addition to enantiomerically pure S2 (e.r. = 98:2). Conditions: 1.0 eq. S3,
1.1 eq. nBuLi, 1.0 eq. BFs*THF, 0.63 M in THF.

Ni(OAc),
NaBH, EDA
OH Hy OH
C+H, NN _
7 5/\)\ MeOH C7H15N
X13 0°C —rt, 18 h X14, 96%

Scheme 53: Alkyne reduction to (Z2)-B-hydroxy alkene X14. Conditions: 0.25 eq. Ni(OAc),
0.25 eqg. NaBH,, 0.5 eq. EDA, 0.5 M in MeOH.
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CgHj /Q\/\

7

R19 -78°C —rt, 19 h R20, 76%, d.r.= 1:99
Mel
O OH NaH o) OMe
tBDOPSO._~_ 2\ - TtBDPSO._~_2\_N
C4Hg THF C4Hg
R21(l 0°C—rt, 3d R22, 97%, d.r. = 96:4
TBSCI
Bn DMF Bn
rt, 2 h
R23lal R24, 69%, d.r. = 95:5
TBSCI
0 OH imidazole ) OTBS
C4Hog D'\th C4Hg
rty
R25 R26, 83%, d.r. = 94:6
TIPSCI
0O OH imidazole O OTIPS
Cs"'wA/'\ DMF CgHq7
rt, 24 h
R19 R27, 83%, d.r. = 99:1[t
DMPSCI
0 OH imidazole 0 ODMPS
CusA/'\ DMF C8H17A)\
R19 r, 24 h R28, 56%, d.r. = 99:1
TBSCI
0 OH imidazole 0 OTBS
Cs"'ﬂA/'\CsHm DMF C5H11A)\C6H13
rt, 2 h
R1 R29, 69%, d.r. = 99:1

Scheme 54: Derivatization of syn-B-hydroxy alcohols to substrates for the photochemical
REO. Conditions: (fluorination) 1.1 eq. DAST, 0.1 M in DCM; (methylation) 1.94 eq. Mel,
1.46 eq. NaH, 0.3 M in THF; (silylation) 1.2 eq. silyl chloride, 2.5 eq. imidazole, 1.0 M in DMF.
[a] Synthesized by Zhang.[**® [b] Contained inseparable impurity.
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The final REO substrate precursor R19 is obtained via syn-selective epoxidation of the
(2)-B-hydroxy alkene with VO(acac). as catalyst,?”>27" yielding the respective syn-B-hydroxy
alcohol in moderate yield and good diastereomeric ratio (64%, d.r. = 93:7, Scheme 55). Under
the original reaction conditions using BusSnH as hydrogen atom donor, R19 could be
employed as a REO substrate itself.'® However, for the photochemical REO reactions a
functionalization, substitution or protection of the free alcohol is hecessary. Details on this are
given in chapter 3.6.

Because of this, methylation, fluorination and silyl-protection of syn-B-hydroxy alcohols were
performed to synthesize multiple REO substrates (Scheme 54). The diastereomeric ratio of
the product did not necessarily resemble the substrate’s d.r., as purification by flash column
chromatography enables the separation of syn- and anti-configured compounds.

Fluorination of R19 with DAST leads to an inversion of configuration at the former hydroxy
substituted carbon, as this reaction proceeds via an Sy2 mechanism.?%2%41 By this method,
R20 is obtained in a good yield and diastereomerically pure.

In collaboration with Krebs, who synthesized the TBS and TBDPS protected derivatives of
R19,1136.248 multiple new silyl-protected REO substrates have been prepared for subsequent
investigations under photochemical REO conditions. The protection reactions employing the
respective silyl chloride and imidazole for silyl chloride activation in DMF worked well, resulting
in good yields and products with excellent diastereomeric ratios. Only DMPSCI did not perform
as expected, R28 could only be obtained in moderate 56% yield.

Unfortunately, R27 could not be employed in a REO reaction, as traces of an inseparable

impurity, likely resulting from a side reaction of TIPSCI, contaminated the desired compound.

VO(acac),
CeHi7~ DCM CgHi7
X14 -10°C —rt, 3 d R19, 64%, d.r. = 93:7

Scheme 55: Syn-selective epoxidation to REO substrate precursor R19. Conditions: 5 mol%
VO(acac),, 1.5 eq. TBHP, 0.1 M in DCM.
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3.6 Photochemical REO and DEO Reactions

3.6.1 3DPAFIPN as External Photoredox Catalyst

. @J\
/Pr\,}l . CI@

[3DPAFIPN]
c22
hv
iPre. J\ NPh,
N NC CN
Et
DIPEA Ph,N NPh,
F
[3DPAFIPN]™ CI 3DPAFIPN [3DPAFIPNJ*
@\F ><
c41 Cp',TiCl, Cp',TiCl
: o X
RA)\R'
iPr\@/J\ © v c38
N cl
Et
Cc23 H X L-Kagan X
R = Cp',TiCl R
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Scheme 56: Proposed catalytic cycle for the 3DPAFIPN and L-Kagan catalyzed REO

reaction.[”™
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Based on the combination of titanocene(lll) catalysis with iridium photoredox catalysts, the
hydrogen donor and transfer system of the photoexcited titanocene catalysis (DIPEA and
MTG) and the REO approach, a new system, merging these with a cheaper, purely organic
photoredox catalyst (3DPAFIPN) enabling the conversion of silyl-protected substrates was
developed.[110:130.135]

In Scheme 56, the catalytic cycle is shown, highlighting the major advantages of this combined
reaction mechanism over the previously used systems. It starts with the excitation of
3DPAFIPN, an easily accessible organic photoredox catalyst, which can be synthesized in a
one-step reaction from commercially available starting materials (chapter 5.12.20) that does
not contain expensive and unsustainable Ir. Upon irradiation with blue light and consequent
excitation, its redox potentials are altered as displayed in Table 16.!%4 The excited
[BDPAFIPN]* now bears a reduction potential of E1», (PRCat™/PRCat*) = -1.38 V compared to
Ei> (PRCat™/PRCat) = +1.30 V in its ground state and thus becomes able to reduce the
L-Kagan (Eu (TiV/Ti") = -0.89 V (in THF versus SCE)482%)) as a strong reductant. The
photocatalytic cycle is completed by reduction of [3DPAFIPN]* with DIPEA
(Ev2 (DIPEA™/DIPEA) +0.90 V (in THF versus SCE)!29:2971),

Table 16: Ground state and excited state redox potentials E1, of 3DPAFIPN.

3DPAFIPN PRCat PRCat*
PRCat™" +1.30 -1.38
PRCat™ -1.59 +1.09

All values denoted in V versus SCE in MeCN.[164.298]

The titanocene cycle and the hydrogen atom transfer cycle proceed identical to the one
discussed in Scheme 20 with the only difference in titanocene reduction and the employed
substrate. As the regioselectivity in the epoxide opening to intermediate C39 is mainly catalyst
controlled, the stereocenter and substituent in B-position do not have a substantial influence
on the outcome. This is proven by the application of sterically demanding TBS-protection

groups. Table 17 shows the conducted REO reactions with the new, merged system.
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Table 17: REO reactions using 3DPAFIPN as catalyst.

No. Substrate Product r.r. d.r. Yield®
OTBS
O OTBS C8H17
1 = 9:91 1:99 71
C8H17A)\ OH
R30W! R31
e} OTBS
/Q\)\ OH OTBS
2 CgHy7 CeHire AL 96:4 9911 61
R30™! R41[!
OTBS
3 - on 20:80 1:99 30
R24 R33
OH OTBS
O\A/(')\TBS
4 Bn Bn 928 991 39
R24 R35
OTBS
5 Cy~ = CiHo 1585 1:.99 59
C4He OH
R26 R35
0 OTBS OH OTBS
6 C4Ho Cy C,H, 946 991 78
R26 R36
< A
7 \\/N\/M\CsHﬂ ) i i
R6 R37
OH
S | (0] k/\/\
8 XN - - -
\/ \/A\C5H11 /N
R6 R38
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18 CgH17 D CoHin A 595 199 72
R54L R56(
0 o OTBS , OH OTBS
N M0 HAA G
1y WHEY WG CeHis | I o g9:11 99:1 61
R570! R58M!
o o OTBS . 0TBS
MeO — : CeH MeO : CegH
e 67113 . .
20 7 His  p G 6:94 199 36
R570! R59[!

Conditions: 10 mol% L- or b-Kagan, 3 mol% 3DPAFIPN, 3.0 eq. DIPEA, 20 mol% MTG, 0.1 m
in THF, blue LED, rt, 4 d. r.r. denoted as 1,3:1,4. d.r. denoted as syn:anti. [a] Isolated yield of
the displayed REO product in %. [b] Synthesized by Krebs.!?*® [c] Synthesized by Zhang.?4

The reactions were performed in collaboration with Krebs and Zhang.?3*2481 Qverall, the
applied method is reliable for the preparation of diastereomerically and enantiomerically pure
1,3- and 1,4-diol-derived molecules from methylated, fluorinated or silyl-protected
enantiomerically pure substrates.

Especially the tolerance against silyl ethers in the reaction is an important advantage compared
to the original REO-conditions, in which this was not observed.['22%! Funken proposed that
steric hinderance inhibits binding of the titanocene catalyst to the epoxide moiety. However,
this could not be verified as even more bulky TBDPS-protection groups in combination with
large supramolecular chloride-binders have also been successfully employed in REO
reactions, details on that can be found in chapter 3.6.3. On the downside, free alcohol groups
are not tolerated under the photochemical reaction conditions. Due to the hemiaminal
formation, this functional group arising from the epoxide is not present in the reaction mixture,
although being the final reaction product, as it is only liberated during aqueous work-up.

For all successfully performed reactions, the diastereomeric ratio of the obtained product is
99:1 or 1:99, respectively. This can be explained by the double asymmetric mechanism in the
REO reaction (Scheme 10).[269300301  gGtarting from an enantiomerically pure and
diastereomerically enriched (typically >95:<5) substrate, the ‘wrong’ regioselectivity in the
epoxide opening leads to the formation of a constitutional isomer — hence a separation is
possible via flash column chromatography. This is reflected in the regioisomeric ratio, which is
usually higher than 90:10 in favor of the desired regioisomer (except for entries 3 and 5),
although the minor substrate diastereoisomer is mainly converted to the ‘wrong’ regioisomer

as well. Because of this, the product’s diastereoisomer cannot be detected by *C-NMR
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spectroscopy (<1%). The products are obtained diastereomerically pure. As the non-reacting
stereocenter has been set in enantiomerically pure manner by an HKR during substrate

synthesis, the final REO product is also enantiomerically pure.

Besides this great stereoselectivity, the reactions can be carried out in good yields, typically
around 70%, which is a good result considering the high number of stereo- and regioisomers
possible. Exceptions of these yields are entries 3 and 4, in which sterically demanding R24
was converted. This is true for both catalyst enantiomers used. The substrate’s structure bears
phenyl- and cyclohexyl-substituents in close proximity to the epoxide center. In contrast to the
alkyl-chains present in most other substrates, which can rotate to diminish steric interactions
with the catalyst, the rotation of the cyclohexyl-, OTBS- or benzyl-substituents does not suffice
to avoid repulsion. In addition, the presence of a benzylic position in the substrate might disturb
the hydrogen transfer cycle, as hydrogen atoms originating from this position can quench the
required thiyl radical C24 (Scheme 56). It was found by Zhang that benzyl-protection groups
at the alcohol-center are not tolerated under the reaction conditions used.?3¥ However, this
influence, if present at all, is minor compared to the steric influence, as R48 can be converted
in good yields (entries 13 and 14).

The only other major exception from high yields for the formation of diol-derivatives is the REO
of R57 with D-Kagan (entry 20). As the reaction with the catalyst’s enantiomer proceeds as
expected, showing the ricinolate’s ability to rotate the terminal alkyl-chain and thus avoid steric
inhibition, this cannot explain the poor result. It is more likely that a ‘human mistake’ during
work-up or purification is the origin of the low yield of 36%, as r.r. and d.r. indicate no trouble
originating from the reaction itself.

In previous investigations of the REOQ, it has also been discussed, whether the substrates bear
an influence on the regioselectivity of the reaction.[922% As stated above, the REO is mainly
catalyst-controlled, meaning that the structure of the substrate does not affect the r.r. in the
opening. A substrate-specific favoring of the formation of 1,4-diol-derivatives could not be
observed in the performed reactions displayed in Table 17. It has been argued that the
differences in size of the epoxide’s substituents (alkyl-chain > CH(OR)Me) benefit the
1,4-opening and create a matched-case scenario, in which both substrate and catalyst favor
this regioisomer.'2 This could not be verified with the REO reactions conducted under
photochemical conditions. As many substrates do not possess the ‘classic’ shape of the REO
substrates (compare R54) with two substituents which differ substantially in size, this could
explain the lack of the substrate’s influence. Moreover, a better reaction performance when
using anti-substrates as for example R54 compared to syn-substrates, which has been
previously reported,*°? could not be observed.

Noteworthy in the presented REO reactions are entries 7 and 8 as here, a REO cyclization

was attempted. Unfortunately, neither of the catalyst’s enantiomers yielded any of the desired
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5-ex0- or 6-endo-cyclization products. Reactions of this type have been reported for the
photochemical non-regiodivergent epoxide openings.!**® Possible competing reactions are the
HAT to the B-titanoxy radical or radical trapping by either active titanocene catalyst or thiyl
radical.l!4217 |n a parallel resolution, racemic epoxide R5 was also tested for its ability to
undergo these types of cyclization reactions (Scheme 57). Here, 4CzIPN was used as
photoredox catalyst, which has similar redox potentials as the previously employed
3DPAFIPN, 4 in combination with Hantzsch ester H1 as hydrogen atom donor (HAD). Again,
no conversion was observed in these cyclizations, as before for the REO cyclizations.

PN
D-Kagan
o 4CzIPN, DMPU OH \\\OH
H H1

\NMQ\/\ )TM N

THF HN H
R5 blue LED R39 R40

rt, 3d

Scheme 57: Attempted photochemical parallel resolution of R5. Conditions: 10 mol%
D-Kagan, 2.5 mol% 4CzIPN, 1.5 eq. DMPU, 2.0 eq. H1, 0.1 M in THF.

Table 18: DEO reactions using 3DPAFIPN as catalyst.

No. Substrate/Cat. 1,3-Product 1,4-Product
OMe
o  {Me OH OMe CgHw\(\)\
R e
CoHug CoH1g OH
1 D1 D7 D8
d.r. =62:38

D-cat., r.r. = 57:43[@5]

D-cat., r.r. = 62:38

34%, d.r. = 96:4
46%, d.r. = 95:5

26%, d.r. = 81:19
33%, d.r. = 82:18

OMe
Me OH OMe CoHig~ A
CoH1g CoHio -~ OH
2 D1 D9 D10
d.r. =62:38 15% 31%
L-cat., r.r. = 32:68[ d.r.=18:82 d.r.=7:93

83



Daniel Slak

0) F

CsH1 A/\

7
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d.r. = 32:68
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7
4 D2
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O o OTBS

MeO 7
D3
d.r. = 60:40
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o) OTBS
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d.r. =68:32
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o) OTBS
CgH17
D4
d.r. = 68:32
L-cat., r.r. = 32:68

CBH1 A/\

7
D5
d.r. = 40:60
D-cat., r.r. = 33:67

84

CeH13

CeH1rn
D13
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d.r.=89:11

OH OTBS
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CeH13
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27%
d.r. =12:88

OH OTBS
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R41
57%
dr.=99:1

OH OTBS
CgH47 -

D18
26%
d.r. = 14:86

OH ClI
CgHq7 -

D19
47%
d.r.=28:72

F
Cs"'wY\/\

OH
D12
31%
d.r.=16:84
£
CaHirn
OH
D14
53%
d.r.=93:7
OTBS

MeO v
\H/WCGHB

O OH
D16
51%
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CgH47
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Cl
o ¢ OH Cl Coblira
CsH17A/\ CsH17\/?\/?\ 5H
9 D5 D21 D22
d.r. = 40:60 27% 36%
L-cat., r.r. = 33:671 d.r. = 62:38 d.r. = 75:25
0 o
Cs“wA)\
10 D6 - -
d.r. =70:30
D-cat.

Conditions: 10 mol% L- or b-Kagan, 3 mol% 3DPAFIPN, 3.0 eq. DIPEA, 20 mol% MTG, 0.1 m
in THF, blue LED, rt, 4 d. r.r. denoted as 1,3:1,4 and determined from crude *C-NMR. d.r.
denoted as syn:anti. Isolated yields. [a] 7 d. [b] Addition of 1.5 eq. DMPU. [c] 5 d.

Following the same reaction mechanism and catalytic cycle and thus reaction conditions as
the REO reactions (Scheme 56), DEO reactions have been conducted with various substrates
for the parallel synthesis of one 1,3- and one 1,4-diol in one reaction. The two regioisomeric
products either both exhibit syn- or anti-configuration depending on the substrate configuration.
This is due to the double asymmetric conversion of a pseudo-racemic substrate mixture; the
concept is depicted in Scheme 11 and the resulting main reaction products are shown in
Scheme 12 for every possible substrate configuration. The regioisomeric ratio of the reaction
resembles the diastereomeric ratio of the employed substrate. Generally, the major of the two
reaction products is obtained in a high d.r., whereas the minor product has a lower d.r., while
still being diastereomerically enriched. This can also be deducted from the theoretical

calculation of the DEO reactions in Scheme 11.

In Table 18 the reaction results of the photochemical DEO reactions are listed, which have
been performed under the same reaction conditions as the REOs presented before. Due to
the substrate’s lower d.r., the products have a lower d.r. compared to the REO products, as
well, as absolutely speaking more of the minor diastereomer is converted to the ‘wrong’
product.

The major advantage of the DEO approach is however that two separable regioisomers are
obtained in one single reaction, making this an interesting strategy for diversity oriented
synthesis (compare chapter 2.2.3).[102108109 Additionally, all four diastereoisomers of the
desired products can be obtained in two DEO reactions. In contrast to that, four REO reactions

would be necessary and require elaborate and multi-step substrate modification.
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The initial DEO reactions tested contained 1.5 eq. of DMPU, as in previous photochemical
studies this has been suggested to improve the yield.?** Comparing the two conditions
described in entry 1, it is clear to see that for the DEO, this is not true. Omitting the DMPU
increased the yield by about one third while keeping the d.r. fixed. Combining the enantiomeric
catalyst and DMPU (entry 2) also led to poor yields for the respective products. Typically, the
combined yields in the DEO reactions reached 70-80%. Sterically demanding substrates D3
and D4 bearing TBS protection groups were successfully converted under the described

reaction conditions (entries 5-7).

Allyl substituted substrate D6 (entry 10) was employed without any conversion, the substrate

could be recovered in pure form from the reaction mixture almost quantitatively.

An unexpected result was obtained when reacting chloro epoxide D5 with either of the catalyst
enantiomers (entries 8 and 9). With the isolated yields of the desired products and the r.r. being
in line with the other DEO results, the diastereomeric ratios were very poor. With ad.r. = 75:25
for D22 being the highest ratio received, for product D20, only a value of 40:60 was obtained.
This is not explainable with the mechanism discussed earlier, as for this the catalyst selectivity
must be exceptionally poor. When compared to DEO conditions employing BusSnH as HAD
performed by Adamietz (Table 19),2% which yield comparable yields and d.r.s for other
substrates (entries 1 and 2), chloro epoxide D5 gave bad d.r.s for the respective products
under these conditions as well, matching the ones found under photochemical conditions. Why
this is the case remains unclear. Possibly the chloro-substitution of the B-hydroxy epoxide
during the synthesis of D5 does not proceed exclusively according to an Sn2-mechanism, so
that the d.r. = 40:60 does not solely resemble the structures shown, but also the respective

enantiomers.
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Table 19: Selected DEO reactions using BusSnH as HAD by Adamietz.

No. Substrate/Cat. 1,3-Product 1,4-Product
OMe
M‘a OH OMe CgHwY\/v\
CgH1sg CoH1g OH
1 D1 D7 D8
d.r.=62:38 48% 40%
D-cat., r.r. = 58:42 d.r.=98:2 d.r. = 85:15
OMe
Me OH OMe 09H19_v\/'\
CoH1g CoHyg -~ SH
2 D1 D9 D10
d.r.=62:38 16% 44%
L-cat., r.r. = 24:76 d.r. = 15:85 d.r.=6:94
Cl g
O = OH ClI CgH17 :
CBH17A/\ CgHq7 ; ﬁoi\/\
8 D5 D19 D20
d.r. = 40:60 46% 28%
D-cat., r.r. = 62:38 d.r.=31:69 d.r. = 35:65
of
/2\/?'\ OH Cl CsH17\/\/\
CgHi7 CeHirn o~ OH
4 D5 D21 D22
d.r. = 40:60 40% 40%
L-cat., r.r. = 50:50 d.r. =59:41 d.r. =73:27
Conditions: 10 mol% L- or b-Kagan, 1.5 eq. Mn, 1.5 eq. Lut*HCI, 2.2 eq. BuzSnH, 0.17 ™M in

THF, rt, 3 d. r.r. denoted as 1,3:1,4 and determined from crude *C-NMR. d.r. denoted as

syn:anti. Isolated yields.[%3l

Summarizing, the photochemical DEO reaction conditions surpass the ‘classic’ conditions with

BusSnH in terms of sustainability and are also an improvement regarding the substrate scope,

as silyl-protected B-hydroxy epoxides can be reliably converted to syn- and anti-1,3- and

1,4-diol-derivatives.
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3.6.2 Enantiomerically Pure Titanocenes as Photoredox Catalysts

The final goal of the development of photochemical reaction conditions employing titanocenes
as photoredox catalysts and electron transfer catalysts simultaneously was the utilization of
enantiomerically pure titanocenes such as Kagan’s complex in REO reactions.

Considering the results achieved in the (REO)-arylations (chapters 3.4.2 and 3.4.3), the first
steps towards this goal have already been made. The best result for the REO-arylations was
obtained for the THQ-synthesis starting from Al in combination with PhsN as reductive
guencher with a yield of 40% (Scheme 58) and for the arylations it was the formation of indoline
A17 in 95% vield at room temperature (Scheme 59).

OH
L-Kagan -

PhsN

0 —_ > N

N AN~ THF
green LED
A1 60°C, 4 h
40% A3

Scheme 58: Best performance of L-Kagan as photoredox catalyst in a REO-arylation from
Table 9. Conditions: 10 mol% L-Kagan, 1.0 eqg. PhsN, 0.05 m in THF.

©\ D-Kagan - ©\)§\OH
N/\’(‘ N
O

0 THF
green LED
rt, 20 h

A12 95% A17

Scheme 59: Best performance of D-Kagan as photoredox catalyst in an arylation reaction from
Table 11. Conditions: 10 mol% D-Kagan, 0.05 M in THF.

To improve the performance of Kagan’s complex as photoredox catalyst, Zhang investigated
an elevated catalyst loading of 15 mol% in combination with employing sulfonamides as
supramolecular chloride-binders (Scheme 60).12%:234 This approach has previously been
studied for the electrochemical activation of titanocenes (compare chapter 2.3).31:1%0 The
results of the testing reactions conducted with Z1 and Z4 compared to a reference reaction
without sulfonamide at different temperatures are presented in Table 20. The reaction
conditions were based on the ones found for the photochemical REOs with external

photoredox catalyst.
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L-Kagan
o OMe Sulfonamide OMe
A/V\ DIPEA, MTG M
CoH CgH17
817 H
THF OH
reen LED
R42 i R43
d.r. =937 d.r. =1:99
R R
0] (@]
Osd_ _ Z1:R=F
S—NH HN-S 74 R=H
FsC CF;
CF; F5C

Scheme 60: Screening reaction for the performance of sulfonamides as chloride-acceptors in

photochemical REO reactions. Conditions: 15 mol% L-Kagan, 15 mol% sulfonamide, 2.0 eq.

DIPEA, 20 mol% MTG, 0.17 M in THF.1*3¢]

Table 20: Results for the performance of sulfonamides in REO of R42 to R43.

No. Sulfonamide T[°C] Yield [%0]
1 - 60 65

2 Z4 60 85

3 Z4 45 <200

4 Z1 45 85
50l Z1 25 43

[a] Conversion.['%! [b] By Krebs.[248!

The reference reaction (entry 1) gave an isolated yield of 65% for the desired 1,4-diol R43 at

an elevated reaction temperature of 60°C. Upon addition of Z4, the yield could be increased

to 85% under the same conditions. At lower temperatures (45°C, entry 3), the conversion of

the reaction decreased drastically. Exchanging the sulfonamide for the less electron rich

derivative Z1, an isolated yield of 85% could be obtained even at 45°C. Performing the reaction

at room temperature with Z1 decreases the yield to 43% (entry 5).[248] Other chloride-acceptors

such as squaramides or ureas and their respective sulfur analogues (Figure 12) led to worse

yields and were thus not studied further.?*¥ Because of this, the following REO reactions

employing sulfonamides were conducted under the optimized reaction conditions with Z1 at

45°C.
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To answer the question on how sulfonamides benefit the performance of the photochemical
REO, Hilche et al. investigated the stabilization of activated Cp,TiCl with Z4 by structural and
energetic DFT calculations.*®® Deducted from their results, the proposed complexation of
[Cp.TiCl : Z1] is shown in Figure 23. Besides their role as chloride-acceptors, sulfonamides
are able to stabilize Ti(lll) centers by coordination with one of the sulfur-bound oxygen atoms.
Thereby, the electron density at the titanium center is increased and the vacant coordination

site is occupied.

F
CF, F
Ar
\ 0
A= =7 &N
\ ."O |_{ Ar
CF3 \:Tl ‘CI" H/ /S »
% /7 \\
[Cp,TiCl : Z1]

Figure 23: Proposed stabilization by supramolecular binding of Z1 to Cp.Ti(lll)CI (left) based
on DFT calculations for comparable [Cp.TiCl : Z4] (right).[*>0

Upon this stabilization, the sulfonamide enables the formation of a resting state of the active
catalyst, comparable to the role of Col*HCI in the original titanocene catalyzed epoxide
openings (Scheme 15). This could be visually observed by the color of the reaction mixture.
While catalyst decomposition led to a color change from titanocene-red to yellow, when

employing sulfonamides in the reaction, this change did not happen.

Hence, the sulfonamide occupying the vacant coordination site at the titanium, no
complexation with THF, as known for other chloride-acceptors, is occurring. Whereas more
electron rich Z4 forms a complex in the same manner as displayed, more electron deficient Z1
turned out to form a stabilized, yet more reactive complex with Cp.TiCl. Thus, the reaction
temperature could be decreased by 15°C. Regarding the stereoselectivity this is an advantage,
as higher reaction temperatures generally decrease the reaction time but on the flip side also
decrease the selectivity, as the reaction can proceed via multiple pathways resulting in the
formation of undesired byproducts.202-305]

The proposed catalytic cycle for the photochemical REO with Z1 is depicted in Scheme 61.12%
Starting at the inactive titanocene, it forms a complex with sulfonamide Z1. This is irradiated
with green light and the excited complex is reductively quenched by DIPEA in an OSET,
forming the DIPEA radical cation and a Ti(lll) species with one of Z1’s N—H groups binding one

chloride-ion.[1%0
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Loss of this ion renders the previously described stabilized complex, from which the active
titanocene can undergo the single-electron reductive epoxide opening with REO
substrate C38. The subsequent reaction steps proceed as for the REO with 3DPAFIPN
(Scheme 56), until hemiaminal C41 and the titanocene precatalyst are liberated, while the

latter is immediately complexed by Z1.113]

pro
: r\lTl = DIPEA

Et

/¥‘ iPr\@J\
N 0

r L [Cp,TICl, 1 ZAF [Cp,TICL: 21O L
H R thW/ c22
o)

\yL c41

[Cp'2T|C|2 H Z1]

N ] H .
et N~ Cp',TiCl + Z1:CIO 5 y
R/A\/LR,
iPr\ﬁl)/J\ Cc38
C'Zt?, H X X
R R~
A, A
O[TiCp',Cl] O[TiCp',Cl]
C40 C39
o) o)
HS s-
\)J\OMe \)J\OMe
MTG c24
Pr.® S Pr & S
: Kl}l Cl TSN Cl
Et Et
c22 c23

m

L-Kagan
= Cp'2T|C|2

Scheme 61: Proposed catalytic cycle of the sulfonamide assisted photochemical REO. 3]
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3.6.3 Application of Sulfonamides in REO Reactions

Employing the optimized reaction conditions developed for the REO reactions with

sulfonamide Z1, many differently functionalized substrates containing methoxy substitution as

well as silyl-protecting groups of different size and stability were reacted to the corresponding

1,3-syn- and 1,4-anti-diol-based structures. Substrates exhibiting an anti-configuration led to

the respective 1,3-anti-product. The REO reaction results are displayed in Table 21. By this

method, enantiomerically and diastereomerically pure products were obtained.

Table 21: REO reactions with sulfonamide Z1 at 45°C.

No. Substrate Product r.r. d.r. Yield®
o OTBS OH OTBS
1 C5H11A)\06H13 CGHm)\)\CGHm 94:6 9911 77
R29 R60
0) OTBS
/L\)\ OH OTBS
2 CeHy7 S G 94:6 991 73
R30M R41
OTBS
O, eSS CsH17\/\)\
3 e AN : 793 1:99 69
g7 OH
R30 R31
Me OH OMe
4 CgH17 CgHq7 90:10 99:1 66
R42 R44
OMe
O, ohile C8H17\/\)\
5 = 7:93 1:99 85
CgH47 OH
R42[¢! R43
(0) OMe
TBDPSO\M/Q\)\CH , OH Owe
6 3 4Hg TBDPSO CaHo 94:6 99:1 70
R45 R47
0) OMe OMe
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o  OTBDPS

OH OTBDPS
8 CusA)\ D  CgHiz 90:10 9911 74
R61 R62
OTBDPS
0 OTBDPS CaHry
O g NN L 8 1090 1:99 72
R61 R63
OH OTBS
O o OTBS MeO ; T3
c CeH
10 Me0” vy CeHiz L Wem 91:9 99:1 74
R57 R58
OTBS
o o OTBS Meo\ﬂ/w\‘/\/k
P CeH
11 MeO” % CeHis D O ® 892 199 68
R57 D16
,/18&\v/iifs OH OTES
12 CgH17 D CoHi A 93:7 982 73
R650! R66
OTES
13 AP L : 7:93 199 70
CgH17 OH
R65 R67
/zi\vfff OH OMe
14 CgHq7 D CgHq7 : 90:10 1:99 72
R68M! R69
0) OTBS
S OH C:)TBS
15 CgHq7 ) CgH47 : 94:6 1:99 76
R70M ent-D18
0 OTBS OH OTBS
16 CsHyq CgHq3 D CgH13 CgH13 95:5 1:99 78
R710 R72

Conditions: 15 mol% L- or b-Kagan, 15 mol% Z1, 3.0 eq. DIPEA, 20 mol% MTG, 0.17 M in
THF, green LED, 45°C, 16 . r.r. denoted as 1,3:1,4 and determined from crude *C-NMR. d.r.

denoted as syn:anti. [a] Isolated yield of the displayed REO product in %. [b] Performed by
Krebs. [c] Performed by Zhang.[%!
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Overall, the performed reactions show a high regioselectivity of the catalyst with a range of
90:10 to 95:5. Due to the double asymmetric mechanism, starting with an enantiomerically
pure and diastereomerically enriched (d.r. >90:<10) substrate, the products are obtained as
single enantiomers and diastereomers. This is especially appealing for mono-silyl-protected
diol R60 obtained in entry 1, as the structure resembles a pseudo-meso compound not
accessible in enantiomerically pure form by desymmetrization of the respective meso-diol, as
the two alcohol functions cannot be distinguished in this achiral molecule by any known
catalyst.

Generally, the REO approach provides a reliable method for the preparation of mono-silyl-
protected, stereodefined and optically pure diols in good yields. Major advantages are the
formation of a hemiaminal in the reaction mixture rather than the free alcohol and the mildly
basic reaction conditions, which prevent any silyl-migration and therefore minimize the
formation of byproducts.%6-2%8 Solely R67 showed unwanted silyl-migration. However, this did
not occur in the reaction itself (proven by crude *C-NMR), but in the acidic CDCl; after
purification — in CD,Cl, this was not observed. Furthermore, it is worth mentioning that silyl-
protecting groups were not tolerated at all under the classic REO conditions employing

BU3sn H _[102,110,299]

Previously it was assumed that sterically demanding substituents at the B-hydroxy position
inhibit the REO due to hinderance of the approach of the catalyst to the epoxide. Among other
reasons this was used to explain why silylated substrates cannot be employed.?*® The
examples given in Table 21 indicate that this is not the case here, as crowded molecules such
as in entries 10 and 11 or large silyl groups as in entries 8 and 9 could be successfully
converted in good results without deviation from sterically less demanding substrates.
Considering the catalytic cycle (Scheme 61) and the complexation of the titanocene with Z1
(Figure 23), the reaction results show that this complex mechanism involving the interaction
of multiple large molecules in close proximity works well despite the steric demand of the
respective participants. However, the chloride-abstraction by Z1 also diminishes the
competition of chloride and epoxide for binding to the titanium center. In this case, the inhibition
by chloride-coordination is prevented and the sterically more demanding epoxide can
approach successfully.

The main drawback of the new REO conditions is the intolerance towards free alcohols in the
substrates. Because of that, the free diols can only be obtained by deprotection from silyl-
protected derivatives, which results in two additional reaction steps (protection and

deprotection) and the resulting generation of waste.

Regarding sustainability, the use of toxic,°® hard to remove BusSnH as well as Lut*HCI and

Mn can be avoided — only DIPEA is employed in over-stoichiometric amounts (Figure 24).1%
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Kagan (15 mol%)
Kagan (7 mol%) Z1 (15 mol%)
Previ MTG (20 mol%) New
revious Photochemical
Conditions o
Lut*HCI (1.5 eq.) Conditions
BusSnH (2.2 eq.) DIPEA (3.0 eq.)
Mn (1.5 eq.)

Figure 24: Comparison of required REO reagents, catalytic (top) and stoichiometric

(bottom).[110.136]

3.6.4 Silyl-protected 1,3-Diols

Complex, biologically active molecules such as Chivosazol A (Figure 25) often bear discrete,
stereodefined polyol patterns which pose a major challenge to synthetic chemists in the
laboratory preparation. For chivosazol A, the synthesis involves multiple aldol reactions in
combination with employing TBS-protection groups, especially in the preparation of the right

hand triol-fragment.[310311

Figure 25: Structure of chivosazol A.[*17]

Generally, 1,3-diol-moieties are often prepared by aldol reactions with subsequent reduction
using either Narasaka-Prasad conditions (nBusB, NaBH,) for the synthesis of 1,3-syn-diols or
Evans-Saksena or Evans-Tishchenko conditions (MesNHB(OAc)s or aldehyde/Smly) for
1,3-anti-diols.?12-32% A disadvantage of this approach is the necessity of the free neighboring
B-alcohol in the reduction for chelate complexation of the hydrogen-directing reagent, so that
afterwards an unprotected 1,3-diol is obtained. Often, a subsequent regioselective protection
is not possible.

Obviously, other routes to obtain enantiomerically enriched silyl-protected secondary 1,3-diols
are known.B15321 Kretschmer et al. describe a reductive regioselective epoxide opening of an
(E)-a,B-epoxy aldehyde mediated by an organoselenium compound (Scheme 62).5%2 |n

contrast to the previously described methods using an enantiomerically pure catalyst (Kagan’s
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complex), this reaction is purely substrate-controlled in stereochemistry, the product is not

enriched further in neither enantiomeric nor diastereomeric ratio.

3.0 eq. NaBH,
1.5 eq. (PhSe),

QTBS 0 4.0 eq. AcOH TBSQ OH

NPa NPa
/\/7<<'A0 0.2 M in EtOH WO
0°Ctort,3hn
R73 95% R74
e.r. =92:8 e.r. =92:8
d.r. = 89:11 d.r. =89:11

Scheme 62: Organoselenium-mediated regioselective epoxide opening.315322]

Because of this, the e.r. obtained in the synthesis of R73 by an asymmetric Mukaiyama aldol
reaction of 92:8 is also present in the product.%3241 The d.r. is set by a Sharpless epoxidation
of the corresponding (E)-allylic alcohol.B?>-32"] The downsides of this approach are the lack of
a double asymmetric reaction increasing the product’s d.r., as well as the over-stoichiometric
use of the employed reagents (NaBH4, (PhSe)2). Product R74 can thus only be referred to as
enantiomerically and diastereomerically enriched.

By the photochemical REO, the synthesis of enantiomerically and diastereomerically pure,
regioselectively silyl-protected diols in syn- and anti-configuration is possible. Gratifyingly, a
REO of substrate R45 (Table 21) allows the distinction between three alcohol functions.
Additionally, the preparation of pseudo-meso or pseudo-C,-symmetrical TBS-protected
secondary 1,3-diols is achievable (Figure 26), making unselective, low yield desymmetrization

reactions superfluent.*2l

pseudo-meso pseudo-C,
OH OTBS OH OTBS
CeH13 CeH13 CeH13 CeH1s
R60 R72
d.r. =99:1 d.r. =1:99
e.r. =99:1 e.r. =99:1
7% 78%

Figure 26: Enantio- and diastereomerically pure pseudo-symmetrical secondary 1,3-diols
obtained by the photochemical REO.1*3¢]
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4 Summary and Outlook

After it was discovered that Cp,TiCl, can act as photoredox catalyst in epoxide opening
reactions with suitable reductive quenchers, hydrogen atom donors and hydrogen atom
transfer catalysts, in addition to its previously known role as electron transfer catalyst
(Scheme 63), the question of applicability to other reaction types, in which titanocenes are
known to act as catalysts, arose.

UV/Vis-investigations of the bright-red compound revealed an absorption maximum in the near
UV region of the spectrum (392 nm), as well as a smaller absorption maximum in the visible

green light region (525 nm), which was successfully used for excitation.

Cp,TiCl,
red. quencher anti-Markovnikov
@) HAD alcohol
Z/A -
R green LED radical 5-exo-
THF cyclization

Scheme 63: Titanocene dichloride as photoredox catalyst in epoxide openings and 5-exo-

cyclizations.

As titanocenes can be employed in pinacol coupling reactions, these were investigated under
the newly discovered conditions with green light irradiation. Unfortunately, the crucial radical
intermediates were not generated under the photochemical conditions and, thus, these

reactions could not be successfully performed.

Regarding epoxide openings, other titanocenes than Cp.TiCl, were tested for their
performance in these well-known reactions. They revealed some promising results, however,

none of them could match or surpass the performance of titanocene dichloride.

Currently, Gansauer et al. are investigating the iodide, isothiocyanate and camphor sulfonate
derivatives and although the reaction mechanism might differ due to the titanocene’s photo-

properties, especially the iodide seems to be a promising candidate for future reactions.

Radical arylations of epoxides are another attractive reaction type employing titanocenes as
photoredox and electron transfer catalyst. The substrates are readily available by efficient,
established procedures and can thus be synthesized with customized substitution patterns.
The same holds true for REO-arylation substrates, which can be obtained in enantiomerically
pure form. Whereas REO-arylations could not be conducted with photoexcited
enantiomerically pure titanocenes (Kagan’s complexes), as catalyst decomposition was faster
than conversion, a new reaction mechanism was found for radical arylations. In an ideal

scenario only the titanocene catalyst, substrate and solvent are used (Scheme 64).
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Py

i
// ~C|
L] S
green LED, THF @
8 titanocene catalysts

with up to 95% yield

Scheme 64: Highly sustainable, atom-economic radical arylation of epoxides with substituted
titanocenes under photoredox conditions. R = H or (cyclo)alkyl, substituent sizes from R = H
to (tBu)CyHex.

This system could be employed for multiple substituted titanocene catalysts with excellent
reaction results but is so far unfortunately limited to a single specific substrate used for catalyst
screening. Nevertheless, these results are remarkable regarding the steric and electronic
properties of the titanocenes, as the conversion of electron-rich substrates generally requires
an electron-deficient catalyst. Due to the hew photochemical reaction mechanism, this demand
is circumvented. Further condition screening including the application of titanocene diiodide as

catalyst or ionic liquids as solvents is currently investigated to extend the substrate scope.

For regio- and diastereodivergent epoxide openings, new substrate structures based on the
established synthesis from (di)aryl amines and enantiomerically pure a-bromo epoxides were
synthesized in collaboration with M. Heinz during his M.Sc. project. Especially for (di)alkyl
amines, reliable and reproduceable reaction conditions could be found.

To improve the ‘classic’ unsustainable reaction conditions for REO reactions of p-substituted
syn-epoxides using toxic BusSnH and other over-stoichiometric additives, a new synthetic
pathway was established. Employing an external organic photoredox catalyst (SDPAFIPN),
REOs with good yields and excellent diastereomeric and enantiomeric purity of the obtained
1,3- and 1,4-diol-derivatives could be performed (Scheme 65). Especially the high functional
group tolerance allows the use of various silyl-protecting groups commonly established in
organic synthesis. This is a huge improvement regarding the substrate scope. Gratifyingly, due
to the reaction mechanism, a silyl-migration in the reaction mixture is impossible, as the alcohol
obtained is initially ‘protected’ as hemiaminal, and only released upon agueous work-up —
another valuable benefit of the photochemical reaction conditions.

In DEO reactions, two regioisomers with opposite configuration could be synthesized in a
single reaction in diastereomerically enriched forms, making this reaction a suitable method
for diversity-oriented synthesis of diol-derived molecules. The reaction products could be

readily separated via flash column chromatography in good overall yields. Once again,
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previous reaction conditions were much less sustainable, employing toxic organotin reagents

and using over-stoichiometric amounts of additives.

Together with T. Krebs, the advantages in photochemical titanocene catalyzed epoxide
openings and the new REO reaction conditions were merged. Kagan’s complex as
enantiomerically pure titanocene was successfully used as the first chiral titanocene serving
as both photoredox and electron transfer catalyst in REO reactions. By the aid of catalytic
amounts of sulfonamides, catalyst photolysis could be prevented and catalyst activation was
facilitated by chloride-abstraction. With the sulfonamides, the required reaction times could be
substantially decreased compared to the previous conditions and the reactions reliably
resulted in good yields and diastereo- and enantiomerically pure 1,3- and 1,4-diol-derivatives
(Scheme 65). Moreover, (sterically demanding) silyl-protecting groups were tolerated under
these reaction conditions for the first time. Thus, the selectively mono-protected diols could be
obtained as products, which are valuable and useful structures in natural product or

pharmaceutical drug synthesis and difficult to prepare otherwise.

0) X OH X X
RNR' D- or L-Kagan R\/'\/'\R' R\;/\/'\R'
3DPAFIPN or Sulfonamide OH
e X DIPEA, MTG OH X X
< R . or R <
RAAR' green LED, THF NR' R
OH
o X >20 products OH X X
S - with up to 85% vyield R. ~ - R .
R R pure e.r. and d.r. TR WR'

Scheme 65: General overview of photochemical REOs. R/R’=alkyl or alcohol/ester-
substituted alkyl. X = F, OMe, OTBS or other silyl-protecting group.

Overall, the photochemical approach to titanocene catalyzed epoxide openings diminishes the
amount of over-stoichiometric, toxic, and waste-generating additives and reagents by replacing
them with catalysts and less hazardous chemicals. Therefore, the new reactions meet the
requirements of Green Chemistry, enabling more sustainable, yet equally or even more
efficient stereoselective syntheses. Moreover, the substrate scope could be substantially
increased. ldeally, future investigations will lead to reaction conditions for photochemical
REO-arylations and the elucidation of hidden mechanistic details of the photocatalytic

reactions.
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5 Experimental Part

5.1 General Information

All reactions containing air or moisture sensitive reagents or products were performed in heat-
dried glassware under argon atmosphere using Schlenk technique. Liquid reagents and dry

solvents were transferred via argon flushed syringes or transfer cannulas through septa.

Commercially available chemicals from Sigma Aldrich, ChemPur, Alfa Aesar, Acros Organics,
abcr, TCI Chemicals, Fluorochem and Merck were used without purification as obtained unless

stated otherwise.

5.1.1 Instruments and Analytics

5.1.1.1 Chromatography
All reactions were monitored by TLC (thin layer chromatography) on Merck silica gel 60 F2s4
plates using UV light as visualizing agent (if applicable) and/or a solution of ammonium
molybdate tetrahydrate (25 g/L) and Ce(SOa)2*4 H2O (10 g/L) in 10% aqueous solution of
H.SO. followed by heating as developing agent. The reaction products were purified by flash
column chromatography on Merck silica gel 60 or Merck aluminum oxide neutral. The solvent

mixtures used as eluent are denoted in the respective reaction information.

5.1.1.2 NMR-Spectroscopy

1H-, 13C-, and ®F-NMR spectra were recorded on a Bruker Avance | 500 MHz (base frequency
499.13 MHz), Bruker Avance Il HD 500 MHz (base frequency 500.13 MHz) or Bruker Avance |
400 MHz (base frequency 400.13 MHz) instrument at room temperature. Chemical shifts ()
are denoted in ppm and were calibrated by using residual undeuterated solvent signals as
internal reference for *H-NMR (CDCls: 7.26 ppm; CsDs: 7.16 ppm and CD.Cl,: 5.32 ppm) and
the central signal of the deuterated solvent as internal standard for *3C-NMR (CDCls: 77.2 ppm;
CeDs: 128.1 ppm and CD,Cl,: 54.0 ppm).B2°1 H,H-coupling constants (J) are reported in Hz.

Unless stated otherwise, the regioisomeric and diastereoisomeric ratio of the products were
determined by *C-NMR spectroscopy.*% The regioisomeric ratio was determined from the
crude reaction mixture after work-up and the diastereoisomeric ratio was determined from the

purified compounds.
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5.1.1.3 IR-Spectroscopy
IR spectra were recorded on a Nicolet ATR-IR 380 spectrometer by Thermo Electron.

Wavenumbers were rounded to 0 or 5 and denoted in cm™.

5.1.1.4 High Resolution Mass Spectrometry
Electron spray ionization (ESI) measurements were performed on a time-of-flight spectrometer
microTOF-Q by Bruker Daltonic with a collision energy of 8.0 eV. Atmospheric-pressure
chemical ionization (APCI) measurements were performed on an Orbitrap XL spectrometer.
Electron ionization (EI) measurements were performed on sector field mass analyzers MAT
90 and MAT 95 XL by Thermo Finnigan.

5.1.1.5 High Performance Liquid Chromatography
Analytical chiral HPLC was measured on a Knauer Azura HPG device using Chiralpak IH-U
1.6 um columns with a flow rate of 0.85mL/min and n-hexanelisopropanol or n-

heptane/isopropanol mixtures as eluent.

5.1.1.6 Polarimetry
[a]p?® (specific optical rotation at 20°C) values of the purified products were measured on a
circular polarimeter MCP150 by Anton Paar with a concentration of 10 g/L. The respective

solvent used is denoted in the substance information.

5.1.1.7 LED Lamps
The LED light sources were Eurolite LED IP FL-10 Outdoor LEDs (10 W).

5.1.1.8 Melting Points
Melting points (mp) were measured on a DigiMelt MPA 160 by SRS.

5.1.1.9 UV/Vis-Spectroscopy
UV/Vis spectra were recorded on a Perkin EImer UV/Vis spectrometer Lambda 18. The

concentration of the UV/Vis-active compound was set to approximately 5 pmol/mL.
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5.1.2 Solvents

The solvents used in air and moisture sensitive reactions were either purchased in bottles

under inert atmosphere or dried according to the following protocols.

Acetonitrile (MeCN)

Dichoromethane (DCM)

Diisopropylamine (DIPEA)

Dimethoxyethane (DME)

N,N’-Dimethylpropyleneurea (DMPU)

Methylthioglycolate (MTG)

Pyridine

Tetrahydrofuran (THF)

102

Purchased from Thermo Fisher Scientific as extra

dry solvent and used without further drying.

Obtained from M. Braun MB SPS 800 solvent

drying system under an argon stream.

Purchased from TCI Chemicals as GC grade
solvent. Pre-dried over CaH. and distilled under
argon atmosphere, stored over 3A molecular

sieves under argon.

Purchased from Thermo Fisher Scientific as extra

dry solvent and used without further drying.

Purchased from Thermo Fisher Scientific as extra

dry solvent and used without further drying.

Purchased from TCI Chemicals as GC grade
solvent. Distilled under argon atmosphere, stored

over 3A molecular sieves under argon.

Obtained from M. Braun MB SPS 800 solvent

drying system under an argon stream.

Either obtained from M. Braun MB SPS 800
solvent drying system under an argon stream, or
pre-dried over potassium hydroxide, refluxed over
sodium/benzophenone and distilled under argon

before use.
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Toluene Obtained from M. Braun MB SPS 800 solvent

drying system under an argon stream.

The solvents used for flash column chromatography were purified prior to their use according

to the following protocols.

Cyclohexane (CH) Separation of high boiling impurities by distillation

at normal pressure.

Ethyl acetate (EA) Separation of high boiling impurities by distillation

at normal pressure.

tert-Butylmethylether (MTBE) Separation of high boiling impurities by distillation
on a rotary evaporator.

Diethyl ether (Et.O) and methanol (MeOH) were purchased as p. a. solvent and used without

further purification.

Aqueous phosphate buffer was prepared from 92 g HsPO4 (85%), 54 g KH2PO4 in 400 mL H20.
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5.2 General Procedures

5.2.1 Opening of Terminal Epoxides (GP1)

The titanocene-catalyst (10 mol%) is placed in a heat-dried Schlenk tube and evacuated for
30 min. Under argon, epoxide (1.0 eq.), DIPEA (3.0 eq.) MTG (20 mol%) and THF (10 mL,
0.05 ™M) are added. The Schlenk tube is placed in a reactor and the reaction is stirred at room
temperature under irradiation with LEDs. After the reaction is finished, the reaction mixture is
diluted with Et,O and quenched using phosphate buffer. The layers are separated, and the
aqueous layer is extracted with Et,O (3x). After drying over MgSQOs, the solvent is removed
under reduced pressure. The crude product is purified by flash column chromatography (SiOz,
CHI/EA).

5.2.2 Pinacol Coupling of Benzaldehyde (GP2)

Cp.TiCl> (10 mol%) is placed in a heat-dried Schlenk tube under argon. Benzaldehyde
(1.0 eq.), amine (3.0 eq.), TMSCI (1.5eq.) and THF (10 mL, 0.05 M) are added, and the
reaction mixture is stirred at room temperature under irradiation with green LEDs overnight.

The reaction conversion is monitored by TLC.

5.2.3 Radical Arylation of Epoxides (GP3)

In a heat-dried Schlenk tube titanocene catalyst (10 mol%) is placed and evacuated for 30 min.
Under argon atmosphere, dry THF (0.05 M) and epoxide (1.0 eq.) are added, the reaction
mixture is stirred overnight at the respective temperature under irradiation with green light.
After completion, the reaction mixture is diluted with Et,O. The layers are separated, the
aqueous layer is extracted with Et,O (3x), the combined organic phases are dried over MgSO4
and the solvent is evaporated. The yield is determined by *H-NMR data evaluation of the crude

product with an internal standard (DMT).
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5.2.4 Bromination-Epoxidation of (E)-Allylic Alcohols (GP4)

The synthesis is performed according to the literature.*®! Under ambient conditions a solution
of the (E)-allylic alcohol (1.0 eq.) in DCM (0.5 M) is cooled to -78°C. Over a period of 1 h, Brz
(1.0 eq., dissolved in pre-cooled DCM, about 20% of the solvent) is added via a dropping funnel
while the reaction mixture is stirred at -78°C. The reaction is quenched by addition of sat. aq.
Na;S,03 solution (until the solution is pale-yellow). After warming up to room temperature,
about 75% of the solvent is removed under reduced pressure, the phases are separated, and
the aqueous phase is extracted with DCM (2x). The combined organic layers are dried over
MgSOs, and the solvent is removed under reduced pressure. The crude product is used without
further purification. It is then dissolved in MeOH (0.5 M) and finely ground K,COs (2.0 eq.) is
added. The mixture is stirred for 3 h until the conversion is complete (monitor by TLC). 75% of
the solvent is removed under reduced pressure and the residue is diluted with EA (0.5 m).
K>COs3 is removed via vacuum filtration and the solvent is evaporated. The crude product is
purified by flash column chromatography (SiO,, CH/EA) or distillation.

5.2.5 Nucleophilic Substitution on a-Bromo Epoxides (GP5)

The reaction is performed in a heat-dried Schlenk flask under argon atmosphere. The
respective nucleophile (1.0 eq.) is dissolved in dry THF and the solution is cooled to 0°C,
sodium hydride (60% dispersion in mineral oil, 1.5 eq.) or nBuLi (2.5 M solution in hexane,
1.5 eq.) is added and the solution is stirred for 1 h. After the a-bromo epoxide (1.2 eq.) and the
respective Lewis acid (1.1 eq.) are added, the reaction mixture is stirred at room temperature.
It is diluted with Et,O and washed with water and brine. The combined organic phases are
dried over MgSO4, and the solvent is removed under reduced pressure. The crude product is

purified by flash column chromatography (SiO., CH/EA).
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5.2.6 Silyl Protection of B-Epoxy Alcohols (GP6)

Imidazole (2.5 eq.) is placed in a Schlenk flask and evacuated for 30 min. Under argon, DMF
(1.0 m) is added. Subsequently, the B-epoxy alcohol (1.0 eq.) and corresponding silyl chloride
(1.2 eq.) are added, and the reaction mixture is stirred for 2 h at room temperature. The mixture
is diluted with Et,O (0.5 m) followed by slow addition of saturated aqueous solution of NaHCOs.
The layers are separated, and the organic layer is washed 3x with saturated aqueous solution
of NaHCO3; and 3x with H,O. After drying over MgSO. the solvent is removed under reduced

pressure and the crude product is purified by flash column chromatography.

5.2.7 Addition of Terminal Alkynes to Terminal Epoxides (GP7)

To a solution of terminal alkyne (1.2 eq.) in dry THF (0.6 M), nBuLi (2.5 M in hexane, 1.2 eq.)
is added at -96°C. The solution is stirred for 1 h. BFs*THF (1.0 eq.) and the terminal epoxide
(1.0 eq.) are added dropwise simultaneously. The reaction is stirred for 2h while the reaction
temperature has to be kept between -96°C and -78°C. After addition of saturated aqueous
NaHCOs; solution, the mixture is warmed up to room temperature. The layers are separated,
and the aqueous phase extracted with Et.O. The combined organic phases are dried over
MgSOQ,, and the solvent is removed under reduced pressure. The crude product is purified by

flash column chromatography.

5.2.8 Reduction of Homopropargylic Alcohols to (Z)-Homoallylic Alcohols (GP8)

To a solution of Ni(OAc).*4H,0 (0.25 eq.) in MeOH (0.2 M), NaBH.4 (0.25 eq.) is added at 0°C.
The solution is warmed up to room temperature and ethylene diamine (EDA, 0.5 eq.) and
alkyne (1.0 eq.) are added. The reaction mixture is stirred vigorously overnight (if not stated
otherwise) under hydrogen atmosphere. The solvent is removed under reduced pressure and
the residue is dissolved in Et,O and filtered through a silica plug. The solvent is removed, and
the crude product is used without further purification.

The residue of P-2 nickel is immediately reacted with 3 M ag. HCI until a complete color

change from black to green is observed. P-2 nickel might spontaneously ignite under air.
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5.2.9 Diastereoselective Epoxidation of (Z)-Homoallylic Alcohols (GP9)

To a solution of (Z)-homoallylic alcohol (1.0 eq.) in DCM (0.1 m), VO(acac). (5 mol%) is added.
At 0°C TBHP (5.5 M solution in decane, 1.5 eq.) is added. The reaction is warmed up to room
temperature and stirred overnight. The reaction mixture is treated with saturated aqueous
NaHSO; solution, the layers are separated, and the organic layer is washed with water and
brine. The organic phase is dried over MgSQOa4, and the solvents are removed under reduced
pressure. The crude product is purified by flash column chromatography to yield the

corresponding syn-B-epoxy alcohol.

5.2.10 Methylation of B-Epoxy Alcohols (GP10)

To a solution of a 3-epoxy alcohol (1.0 eq.) in THF (0.3 M), NaH (60% in mineral oil, 1.5 eq.) is
added at 0°C. The suspension is stirred for 30 min until gas evolution ceased and Mel (3.0 eq.)
is added. The reaction mixture is stirred overnight at room temperature. Saturated aqueous
Na»S.03 solution is added, and the mixture is extracted with Et,O, washed with brine and dried
over MgSOa. The solvent is removed under reduced pressure and the crude product is purified
by flash column chromatography.

5.2.11 REO and DEO Reactions with Organic Photocatalysts (GP11)

The reaction is performed in a heat-dried Schlenk tube under argon atmosphere. Kagan’s
complex (10 mol%) and 3DPAFIPN (3 mol%) and epoxide (1.0 eq., if solid) are placed in the
tube and evacuated for 30 min. After flushing with argon, THF (0.1 M) and epoxide (if liquid)
are added, followed by DIPEA (3.0 eq.) and MTG (20 mol%). The reaction is stirred under
irradiation with blue light at room temperature. After the reaction is finished, 5 mL of phosphate
buffer solution and 5 mL of Et,O are added. The reaction is stirred for 10 min, afterwards the
phases are separated, and the aqueous layer is extracted with Et,O (3x). The combined
organic phase is dried over MgSO4, and the solvent is removed under reduced pressure. The
crude product is purified by flash column chromatography (SiO., CH/EA). The regiosiomeric
ratio (r.r. 1,3:1,4) is determined from the crude *C-NMR spectrum, the diastereoisomeric ratio

(d.r. syn:anti) is determined from the **C-NMR spectrum of the purified product.
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5.2.12 REO Reactions with Sulfonamides (GP12)

In a heat-dried Schlenk tube Kagan’s complex (15 mol%)
and sulfonamide Z1 (15 mol%) are added and evacuated for
30 min. Under argon atmosphere, REO substrate (1.0 eq.),
dry THF (0.17 ™M), DIPEA (3.0 eq.) and MTG (20 mol%) are
subsequently added. The Schlenk tube is placed in a reactor
and the reaction is stirred at 45°C under irradiation with
green LEDs. After the reaction is finished, the reaction
mixture is diluted with Et,O and quenched using aqueous
phosphate buffer. The layers are separated, and the
aqueous layer is extracted with Et,O (3x). After drying over
MgSO. the solvent is removed under reduced pressure. For

determination of the regioisomeric ratio (r.r.) a **C-NMR
spectrum of the crude product is recorded. The crude product is purified by flash column
chromatography (CH/EA 95:5, if not denoted otherwise). The diastereoisomeric ratio (d.r.) is

determined from the *C-NMR spectrum of the pure product.[*3¢l

5.2.13 Decarboxylation and Acrylate Addition of Carboxylic Acids (GP13)

In a heat-dried Schlenk tube, titanocene catalyst (10 mol%), carboxylic acid (1.0 eq.) and base
(10 mol%, 0.5 eq. or 1.0 eq.) are placed under argon atmosphere. tert-butyl acrylate (2.0 eq.)
and dry THF (0.05 m) are added, and the reaction mixture is stirred at room temperature under

irradiation with green light for 20 h. The reaction conversion is monitored by TLC.
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5.3 Photoexcited Titanocene Catalyzed Epoxide Openings

5.3.1 Opening of 2-methyl-2-phenethyloxirane

[Ti] OH
O Lewis acid
DIPEA, MTG
THF
E1 LED E2

rt

5.3.1.1
According to GP1 2-methyl-2-phenethyloxirane (E1, 1.0 eq., 0.50 mmol, 81.1 mg), Cp*TiCls
(20 mol%, 0.05 mmol, 14.5 mg), DIPEA (3.0 eq., 1.50 mmol, 0.26 mL) and MTG (20 mol%,
0.10 mmol, 9 L) are reacted in THF (10 mL) at room temperature under irradiation with green

LEDs for 90 h. According to TLC, no conversion is observed.

5.3.1.2
According to GP1 2-methyl-2-phenethyloxirane (E1, 1.0 eq., 0.50 mmol, 81.1 mg), Cp*TiCls
(20 mol%, 0.05 mmol, 14.5 mg), DIPEA (3.0 eq., 1.50 mmol, 0.26 mL) and MTG (20 mol%,
0.10 mmol, 9 pL) are reacted in THF (10 mL) at room temperature under irradiation with blue
LEDs for 90 h. After work-up, the yield of E2 is determined by *H-NMR data evaluation of the
crude product with an internal standard (TMB) to be 23% (0.12 mmol).

OH E2: C11H160; MW = 164.25 g/mol; *H-NMR (400 MHz, CDCl3) & [ppm]
7.32 —7.25(m, 2H), 7.22 — 7.16 (m, 3H), 3.58 — 3.44 (m, 2H), 2.76 — 2.56
(m, 2H), 1.83 — 1.62 (m, 2H), 1.51 — 1.40 (m, 1H), 1.38 (s, 1H), 1.00 (d,
J = 6.7 Hz, 3H).

The analytical data is in agreement with the literature.[125:132.156]

5.3.1.3
According to GP1 2-methyl-2-phenethyloxirane (E1, 1.0 eq., 0.50 mmol, 81.1 mg), CpTiCls
(20 mol%, 0.05 mmol, 11.0 mg), DIPEA (3.0 eq., 1.50 mmol, 0.26 mL) and MTG (20 mol%,
0.10 mmol, 9 pL) are reacted in THF (10 mL) at room temperature under irradiation with green

LEDs for 70 h. According to TLC, no conversion is observed.
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5.3.1.4
According to GP1 2-methyl-2-phenethyloxirane (E1, 1.0 eq., 0.50 mmol, 81.1 mg), CpTiCls
(20 mol%, 0.05 mmol, 11.0 mg), DIPEA (3.0 eq., 1.50 mmol, 0.26 mL) and MTG (20 mol%,
0.10 mmol, 9 pL) are reacted in THF (10 mL) at room temperature under irradiation with blue

LEDs for 70 h. According to TLC, no conversion is observed.

5.3.15
According to GP1 2-methyl-2-phenethyloxirane (E1, 1.0 eq., 0.50 mmol, 81.1 mg), Cp*TiCls
(10 mol%, 0.05 mmol, 14.5 mg), DIPEA (3.0 eq., 1.50 mmol, 0.26 mL), MTG (20 mol%,
0.10 mmol, 9 uL) and ZnCl; (1.0 M solution in THF, 1.0 eqg., 0.50 mmol, 0.5 mL) are reacted in
THF (10 mL) at room temperature under irradiation with blue LEDs for 20 h and subsequently

with green LEDs for 20 h. According to TLC, no conversion is observed.

5.3.1.6
According to GP1 2-methyl-2-phenethyloxirane (E1, 1.0 eq., 0.50 mmol, 81.1 mg),
Cp2Ti(OTs)2 (10 mol%, 0.05 mmol, 26.0 mg), DIPEA (3.0 eg., 1.50 mmol, 0.26 mL) and MTG
(20 mol%, 0.10 mmol, 9 uL) are reacted in THF (10 mL) at room temperature under irradiation
with blue LEDs for 20 h and subsequently with green LEDs for 20 h. According to TLC, low
conversion is observed, the product is not isolated.

5.3.1.7
According to GP1 2-methyl-2-phenethyloxirane (E1, 1.0 eq., 0.50 mmol, 81.1 mg),
Cp2Ti(OMSs)2 (10 mol%, 0.05 mmol, 18.4 mg), DIPEA (3.0 eg., 1.50 mmol, 0.26 mL) and MTG
(20 mol%, 0.10 mmol, 9 uL) are reacted in THF (10 mL) at room temperature under irradiation
with blue LEDs for 20 h and subsequently with green LEDs for 20 h. According to TLC, low

conversion is observed, the product is not isolated.

5.3.1.8
According to GP1 2-methyl-2-phenethyloxirane (E1, 1.0 eq., 0.50 mmol, 81.1 mg),
Cp2Ti(TFA)2 (10 mol%, 0.05 mmol, 20.2 mg), DIPEA (3.0 eq., 1.50 mmol, 0.26 mL) and MTG
(20 mol%, 0.10 mmol, 9 pL) are reacted in THF (10 mL) at room temperature under irradiation
with blue LEDs for 20 h and subsequently with green LEDs for 20 h. According to TLC, low

conversion is observed, the product is not isolated.
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5.3.1.9
According to GP1 2-methyl-2-phenethyloxirane (E1, 1.0 eq., 0.50 mmol, 81.1 mg), Cp.TiF
(20 mol%, 0.05 mmol, 10.8 mg), DIPEA (3.0 eq., 1.50 mmol, 0.26 mL) and MTG (20 mol%,
0.10 mmol, 9 pL) are reacted in THF (10 mL) at room temperature under irradiation with blue

LEDs for 90 h. According to TLC, no conversion is observed.

5.3.1.10
According to GP1 2-methyl-2-phenethyloxirane (E1, 1.0 eq., 0.50 mmol, 81.1 mg), Cp.TiCl»
(5 mol%, 0.025 mmol, 6.2 mg), Cp2Ti(OMs); (5 mol%, 0.025 mmol, 9.2 mg), DIPEA (3.0 eq.,
1.50 mmol, 0.26 mL) and MTG (20 mol%, 0.10 mmol, 9 yL) are reacted in THF (10 mL) at
room temperature under irradiation with green LEDs for 16 h. After purification, E2 (0.29 mmol,

47 mg, 57%) is obtained as a colorless oil.

5.3.1.11
According to GP1 2-methyl-2-phenethyloxirane (E1, 1.0 eqg., 0.50 mmol, 81.1 mg), Cp.TiCl;
(5 mol%, 0.025 mmol, 6.2 mg), Cp.Ti(TFA)2 (5 mol%, 0.025 mmol, 10.1 mg), DIPEA (3.0 eq.,
1.50 mmol, 0.26 mL) and MTG (20 mol%, 0.10 mmol, 9 yL) are reacted in THF (10 mL) at
room temperature under irradiation with green LEDs for 16 h. After purification, E2 (0.32 mmol,

52 mg, 63%) is obtained as a colorless oil.

5.3.1.12
According to GP1 2-methyl-2-phenethyloxirane (E1, 1.0 eqg., 0.50 mmol, 81.1 mg), Cp.TiCl;
(5 mol%, 0.025 mmol, 6.2 mg), DIPEA (3.0 eq., 1.50 mmol, 0.26 mL) and MTG (20 mol%,
0.10 mmol, 9 yL) are reacted in THF (10 mL) at room temperature under irradiation with green

LEDs for 16 h. After purification, E2 (0.19 mmol, 31 mg, 38%) is obtained as a colorless oil.
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5.3.1.13
0 OH
o 4 3DPAFIPN

Tﬁﬁo\ H1
! S g
% 2 /7 \\ >

00 THF

E1 [Ti] blue LED E2
rt, 48 h

In a heat-dried Schlenk tube under argon atmosphere, 2-methyl-2-phenethyloxirane E1
(1.0 eq., 0.50 mmol, 81.1 mg), [Ti] ((+)-CSA, 10 mol%, 0.05 mmol,

40.3 mg), 3DPAFIPN (3 mol%, 12.5 umol, 8.0 mg), H1 (2.0 eq., 1.0 mmol,

Eto)‘:(\/lij\oa 253.3 mg) are dissolved in dry THF (0.05 M, 10 mL) and the reaction
” mixture is stirred under irradiation with blue light at room temperature for

48 h. The solvent is removed under reduced pressure and the crude

product is purified by flash column chromatography (SiO2, CH/EA 4:1). E2 is obtained as a
colorless oil (0.20 mmol, 32.9 mg, 40%).

5.3.1.14
OH

DIPEA, MTG

THF
green LED E2
rt, 24 h

E1

According to GP1 2-methyl-2-phenethyloxirane E1 (1.0 eq., 0.50 mmol, 81.1 mg), racemic
titanocene catalyst (rac-(ebthi)TiCl,, 10 mol%, 0.05 mmol, 19.2 mg), DIPEA (3.0 eq.,
1.50 mmol, 0.26 mL) and MTG (20 mol%, 0.10 mmol, 9 yL) are reacted in THF (10 mL) at
room temperature under irradiation with green LEDs for 24 h. According to TLC, no conversion

is observed.
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5.3.2 Opening of 2-decyloxirane

5.3.2.1
Cp,TiCl,
@) DIPEA, MTG
\/\/\/\/W > \/\/\/\/\/\/OH
THF
E11 green LED E12
rt, 44 h

According to GP1 2-decyloxirane (E11, 1.0 eq., 0.50 mmol, 92.2 mg), Cp.TiCl> (10 mol%,
0.05 mmol, 12.5 mg), DIPEA (3.0 eq., 1.50 mmol, 0.26 mL) and MTG (20 mol%, 0.10 mmol,
9 L) are reacted in THF (5 mL) at room temperature under irradiation with green LEDs for
44 h. After work-up, the yield is determined by *H-NMR data evaluation of the crude product
with an internal standard (TMB). Dodecan-1-ol (E12, 0.21 mmol, 41%) is obtained.

E12: Ci:H260; MW = 186.34 g/mol; *H-NMR (400 MHz,
CDCls) & [ppm] 3.64 (q, J = 6.1 Hz, 2H), 1.63 — 1.51 (m,
2H), 1.38 — 1.16 (m, 18H), 0.88 (t, J = 6.8 Hz, 3H).

NSNS OH

The analytical data is in agreement with the literature.3l

5.3.2.2
According to GP1 2-decyloxirane (E11, 1.0 eg., 0.50 mmol, 92.2 mg), (tBuCp).TiCl, (10 mol%,
0.05 mmol, 18.1 mg), DIPEA (3.0 eq., 1.50 mmol, 0.26 mL) and MTG (20 mol%, 0.10 mmol,
9 uL) are reacted in THF (10 mL) at 50°C under irradiation with green LEDs for 24 h. After
work-up, the vyield is determined by *H-NMR data evaluation of the crude product with an
internal standard (CH2Br,). Dodecan-1-ol (E12, 0.18 mmol, 35%, 1-ol:2-ol = 99:1) is obtained.

5.3.3 Opening of 2-((benzyloxy)methyl)oxirane

Cp,TiCl,
DIPEA, MTG
o/\<(|) ’ 0 >"0H
THF
rt, 44 h

According to GP1 2-((benzyloxy)methyl)oxirane (E13, 1.0 eq., 0.50 mmol, 82.1 mg), Cp.TiCl»
(20 mol%, 0.05 mmol, 12.5 mg), DIPEA (3.0 eq., 1.50 mmol, 0.26 mL) and MTG (20 mol%,
0.10 mmol, 9 pL) are reacted in THF (5 mL) at room temperature under irradiation with green
LEDs for 44 h. After work-up, the yield is determined by *H-NMR data evaluation of the crude
product with an internal standard (TMB). 3-(benzyloxy)propan-1-ol (E14, 0.13 mmol, 27%) is
obtained.
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o [ppm] 7.37 — 7.27 (m, 5H), 4.53 (s, 2H), 3.79 (td, J = 5.6, 5.6 Hz,
2H), 3.67 (t, J = 5.6 Hz, 2H), 2.25 (s, 1H), 1.87 (tt, J = 5.6, 5.6

El4: CiH1402; MW = 166.22 g/mol; *H-NMR (400 MHz, CDCI
e S g i i

Hz, 2H).

The analytical data is in agreement with the literature.[32.333l

5.3.4 Opening of 2-(phenoxymethyl)oxirane

OW DIPEA, MTG - Oo._~_OH
©/ THF
green LED
E15 rt, 44 h E16

According to GP1 2-(phenoxymethyl)oxirane (E15, 1.0 eq., 0.50 mmol, 75.1 mg), Cp.TiCl;
(20 mol%, 0.05 mmol, 12.5 mg), DIPEA (3.0 eq., 1.50 mmol, 0.26 mL) and MTG (20 mol%,
0.10 mmol, 9 pL) are reacted in THF (5 mL) at room temperature under irradiation with green
LEDs for 44 h. After work-up, the yield is determined by *H-NMR data evaluation of the crude
product with an internal standard (TMB). 3-phenoxypropan-1-ol (E16, 0.12 mmol, 24%) is
obtained.

E16: CoH1,02; MW = 152.19 g/mol; *H-NMR (400 MHz, CDCls) & [ppm]
O ~_OH
©/ 7.31—7.22 (m, 2H), 6.97 — 6.84 (m, 3H), 4.08 (t, J = 6.0 Hz, 2H), 3.81
(t, J=6.0 Hz, 2H), 2.00 (dt, J = 6.0 Hz, 2H).

The analytical data is in agreement with the literature.34
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5.4 Pinacol Couplings

5.4.1 Pinacol Coupling of Benzaldehyde

©AO amine, Lewis acid
THF O OH

green LED
P1 rt, 18 h P2

5411
According to GP2 benzaldehyde (P1, 1.0 eqg., 0.50 mmol, 50.5 uL), Cp2TiCl> (10 mol%,
0.05 mmol, 12.5 mg) and triethylamine (3.0 eq., 1.50 mmol, 0.21 mL) are reacted in THF
(10 mL) under irradiation with green light for 18 h. According to TLC, no conversion is

observed.

5.4.1.2
According to GP2 benzaldehyde (P1, 1.0 eqg., 0.50 mmol, 50.5 puL), Cp.TiCl> (10 mol%,
0.05 mmol, 12.5 mg) and DIPEA (3.0 eq., 1.50 mmol, 0.26 mL) are reacted in THF (10 mL)

under irradiation with green light for 18 h. According to TLC, no conversion is observed.

54.1.3
According to GP2 benzaldehyde (P1, 1.0 eqg., 0.50 mmol, 50.5 uL), Cp2TiCl> (10 mol%,
0.05 mmol, 12.5 mg), triethylamine (3.0 eq., 1.50 mmol, 0.21 mL) and TMSCI (1.5 eq.,
0.75 mmol, 0.10 mL) are reacted in THF (10 mL) under irradiation with green light for 18 h.

According to TLC, no conversion is observed.

54.1.4
According to GP2 benzaldehyde (P1, 1.0 eqg., 0.50 mmol, 50.5 uL), Cp.TiCl> (10 mol%,
0.05 mmol, 12.5 mg), DIPEA (3.0 eq., 1.50 mmol, 0.26 mL) and TMSCI (1.5 eq., 0.75 mmol,
0.10 mL) are reacted in THF (10 mL) under irradiation with green light for 18 h. According to

TLC, no conversion is observed.

5.4.1.5
According to GP2 benzaldehyde (P1, 1.0 eq., 0.50 mmol, 50.5 pL), Cp2TiCl, (10 mol%,
0.05 mmol, 12.5 mg), DIPEA (3.0 eq., 1.50 mmol, 0.26 mL) TMSCI (1.5 eq., 0.75 mmol,
0.10 mL) and ZnCl, (1.0 m solution in THF, 1.0 eqg., 0.50 mmol, 0.5 mL) are reacted in THF
(10 mL) under irradiation with green LEDs for 20 h and subsequently with blue LEDs for 20 h.

According to TLC, no conversion is observed.
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5.4.1.6
According to GP2 benzaldehyde (P1, 1.0 eq., 0.50 mmol, 50.5 uL), Cp.TiCl; (10 mol%,
0.05 mmol, 12.5 mg), DIPEA (3.0 eq., 1.50 mmol, 0.26 mL) and ZnCl. (1.0 m solution in THF,
1.0 eq., 0.50 mmol, 0.5 mL) are reacted in THF (10 mL) under irradiation with green LEDs for
20 h and subsequently with blue LEDs for 20 h. According to TLC, no conversion is observed.
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5.5 Radical Arylations and REO-Arylations of Epoxides

5.5.1 Arylations of N-((2-methyloxiran-2-yl)methyl)-N-phenylaniline

D-Kagan OH
Zn
N/\’(‘
O

5.5.11

N

THF
65°C, 20 h

A12 A17

In a heat-dried Schlenk tube, Zn (10 mol%, 0.05 mmol, 3.3 mg) and D-Kagan (10 mol%,
0.05 mmol, 26.3 mg) are placed and evacuated for 30 min. Under argon atmosphere, dry THF
(0.05m, 10 mL) and A12 (1.0 eqg., 0.5 mmol, 119.7 mg) are added, the reaction mixture is
heated to 65°C and stirred overnight. It is quenched by the addition of sat. aq. NH4ClI solution
and diluted with Et,O. The layers are separated, the aqueous layer is extracted with Et,O (3x)
and the combined organic phases are dried over MgSO4 and the solvent is evaporated. The
yield of A17 is determined by H-NMR data evaluation of the crude product with an internal
standard (DMT) to be 94% (0.47 mmol).

OH Al7: CisH17NO; MW = 239.32 g/mol; *H-NMR (500 MHz, C¢Ds) & [ppm]

©\)< 7.23-7.19 (m, 2H), 7.18 — 7.16 (m, 1H), 7.14 — 7.11 (m, 2H), 7.03 (ddd, J =

N 8.0, 7.4, 1.4 Hz, 1H), 6.94 (ddd, J = 7.4, 1.4, 0.6 Hz, 1H), 6.90 (tt, J = 7.3,

@ 1.2 Hz, 1H), 6.76 (td, J = 7.4, 0.9 Hz, 1H), 3.63 (d, J = 9.3 Hz, 1H), 3.30 (dd,

J=09.9, 3.2 Hz, 2H), 3.22 (d, J = 10.6 Hz, 1H), 1.15 (s, 3H), 0.99 (s, 1H);

13C-NMR (126 MHz, C¢Ds) d [ppm] 147.1, 144.4, 136.3, 129.5, 128.3, 123.6, 121.2, 119.4,
118.0, 108.9, 68.9, 61.8, 45.5, 22.1.

The analytical data is in agreement with the literature.[*3%
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5.5.1.2

D-Kagan OH
3DPAFIPN
N/\’(\ . N
o THF
blue LED
65°C, 20 h

A12 A17

In a heat-dried Schlenk tube, 3DPAFIPN (3 mol%, 0.015 mmol, 10.0 mg) and D-Kagan
(10 mol%, 0.05 mmol, 26.3mg) are placed and evacuated for 30 min. Under argon
atmosphere, dry THF (0.05 M, 10 mL) and A12 (1.0 eq., 0.5 mmol, 119.7 mg) are added, the
reaction mixture is heated to 65°C and stirred overnight under irradiation with blue light. After
completion, the reaction mixture is diluted with Et,O. The layers are separated, the aqueous
layer is extracted with Et,O (3x) and the combined organic phases are dried over MgSO, and
the solvent is evaporated. The yield of A17 is determined by *H-NMR data evaluation of the
crude product with an internal standard (DMT) to be 73% (0.37 mmaol).

5.5.1.3

N

THF
green LED
20 h

A12 A17

OH
©\N/\’@O i

According to GP3, D-Kagan (10 mol%, 0.05 mmol, 26.3 mg) and A12 (1.0 eq., 0.5 mmol,
119.7 mq) are reacted in dry THF (0.05 M, 10 mL) at 65°C under irradiation with green light for
20 h. A17 (0.47 mmol, 93%) is obtained (*H-NMR-yield).

55.1.4
According to GP3, D-Kagan (10 mol%, 0.05 mmol, 26.3 mg) and A12 (1.0 eq., 0.5 mmol,
119.7 mg) are reacted in dry THF (0.05 M, 10 mL) at room temperature under irradiation with
green light for 20 h. A17 (0.47 mmol, 93%) is obtained (*H-NMR-yield).

5.5.1.5
According to GP3, Cp.TiCl> (10 mol%, 0.05 mmol, 12.5 mg) and A12 (1.0 eq., 0.5 mmol,
119.7 mg) are reacted in dry THF (0.05 M, 10 mL) at room temperature under irradiation with
green light for 20 h. A17 (0.31 mmol, 62%) is obtained (*H-NMR-yield).
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5.5.1.6
According to GP3, Cp.TiCl; (5 mol%, 0.025 mmol, 6.2 mg) and A12 (1.0 eq., 0.5 mmol,
119.7 mg) are reacted in dry THF (0.05 M, 10 mL) at room temperature under irradiation with

green light for 20 h. According to TLC, the conversion is low (<20%), no work-up is done.

5.5.1.7
According to GP3, L-Kagan (10 mol%, 0.05 mmol, 26.3 mg) and A12 (1.0 eq., 0.5 mmol,
119.7 mg) are reacted in dry THF (0.05 M, 10 mL) at 65°C under irradiation with green light for
20 h. After purification by flash column chromatography (SiO2, CH/EA 6:1) A17 is obtained as
a colorless oil (0.46 mmol, 86.5 mg, 72%).

5.5.1.8
According to GP3, (CyHexCp),TiCl. (10 mol%, 0.05 mmol, 20.7 mg) and A12 (1.0 eq.,
0.5 mmol, 119.7 mg) are reacted in dry THF (0.05 M, 10 mL) at 65°C under irradiation with
green light for 20 h. After purification by flash column chromatography (SiO», CH/EA 6:1) A17
is obtained as a colorless oil (0.31 mmol, 73.9 mg, 62%).

5.5.1.9
According to GP3, D-Kagan (10 mol%, 0.05 mmol, 26.3 mg) and A12 (1.0 eq., 0.5 mmol,
119.7 mg) are reacted in dry THF (0.05 M, 10 mL) at room temperature under irradiation with
green light for 20 h. A17 (0.47 mmol, 95%) is obtained (*H-NMR-yield).

5.5.1.10
According to GP3, (tBuCp)TiCl, (10 mol%, 0.05 mmol, 18.1 mg) and A12 (1.0 eq., 0.5 mmol,
119.7 mg) are reacted in dry THF (0.05 M, 10 mL) at room temperature under irradiation with
green light for 20 h. A17 (0.46 mmol, 91%) is obtained (*H-NMR-yield).

55.1.11
According to GP3, (4-tBuCyHexCp).TiCl> (10 mol%, 0.05 mmol, 26.3 mg) and A12 (1.0 eq.,
0.5 mmol, 119.7 mg) are reacted in dry THF (0.05 M, 10 mL) at room temperature under
irradiation with green light for 20 h. A17 (0.44 mmol, 88%) is obtained (*H-NMR-yield).
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5.5.1.12

According to GP3, (CyHeptCp).TiCl, (10 mol%, 0.05 mmol, 22.1 mg) and Al12 (1.0 eq.,
0.5 mmol, 119.7 mg) are reacted in dry THF (0.05 M, 10 mL) at room temperature under
irradiation with green light for 20 h. A17 (0.31 mmol, 63%) is obtained (*H-NMR-yield).

5.5.1.13
According to GP3, (4-MeCyHexCp).TiCl> (10 mol%, 0.05 mmol, 22.1 mg) and A12 (1.0 eq.,
0.5 mmol, 119.7 mg) are reacted in dry THF (0.05 ™, 10 mL) at room temperature under
irradiation with green light for 20 h. A17 (0.46 mmol, 93%) is obtained (*H-NMR-yield).

5.5.2 Arylation of N-methyl-N-(2-(2-methyloxiran-2-yl)ethyl)aniline

OH
N THF N
| green LED |
A21 rt, 18 h A22

According to GP3 N-methyl-N-(2-(2-methyloxiran-2-yl)ethyl)aniline (A21, 1.0 eq., 0.50 mmol,
95.6 mg) and p-Kagan (10 mol%, 0.05 mmol, 26.3 mg) are reacted in THF (0.05 M, 10 mL) at
room temperature under irradiation with green LEDs overnight. After work-up, the yield is
determined by *H-NMR data evaluation of the crude product with an internal standard (DMT).
(1,4-dimethyl-1,2,3,4-tetrahydroquinolin-4-yl)methanol A22 (0.11 mmol, 22%) is obtained with
a total conversion of 66% of the substrate.

OH A22: Ci2H17NO; MW = 191.27 g/mol; *H-NMR (500 MHz, C¢Ds) & [ppm] 7.13

(ddd, J = 8.4, 7.3, 1.6 Hz, 1H), 7.08 (dd, J = 7.7,1.6 Hz, 1H), 6.74 (td, J = 7.4,

N 1.2 Hz, 1H), 6.53 (dd, J = 8.3, 1.2 Hz, 1H), 3.52 (d, J =10.8 Hz, 1H), 3.30 (d,

| J =10.8 Hz, 1H), 2.91 (ddd, J = 11.3, 8.6, 4.0 Hz, 1H), 2.77 (ddd, J = 11.4,

7.1, 4.2 Hz, 1H), 2.50 (s, 3H), 1.98 (ddd, J = 13.2, 7.1, 4.0 Hz, 1H), 1.46 (ddd, J = 13.1, 8.5,
4.2 Hz, 1H), 1.12 (s, 3H).

The analytical data is in agreement with the literature. 3
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5.5.3 REO-Arylations of N-phenyl-N-(((2R,3S)-3-propyloxiran-2-yl)methyl)aniline

HO
®) D-Kagan ('H
_—

N AN N
©/ THF

green LED

According to GP3, p-Kagan (10 mol%, 0.05 mmol, 26.3 mg) and Al (1.0 eq., 0.5 mmol,

133.7 mg) are reacted in dry THF (0.2 M, 2.5 mL) at room temperature under irradiation with

5531

green light for 46 h. According to TLC, the conversion is low. According to the crude *H-NMR
data®*®, a mixture of substrate, desired product A2 and its THQ-derivative A3 are obtained.

The product is not isolated.

OH
®) L-Kagan B

NN T
»

5.5.8.2

THF

N
green LED

According to GP3, L-Kagan (10 mol%, 0.05 mmol, 26.3 mg) and Al (1.0 eq., 0.5 mmol,
133.7 mg) are reacted in dry THF (0.2 M, 2.5 mL) at room temperature under irradiation with
green light for 46 h. According to TLC, the conversion is low. According to the crude *H-NMR
datal’9, a mixture of substrate, desired product A3 and its indoline-derivative A2 are obtained.
The product is not isolated.

L-Kagan
; 0 thiole wOH
N —X—
THF N
green LED
A3

5.5.8.3

65°C, 18 h
A1

According to GP3, L-Kagan (10 mol%, 0.025 mmol, 13.1 mg), Al (1.0 eq., 0.25 mmol,
66.8 mg) and MTG (10 mol%, 0.025 mmol, 2 uL) are reacted in dry THF (0.08 M, 3 mL) at 65°C
under irradiation with green light for 18 h. According to the crude *H-NMR data, no desired

product A3 is obtained.
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5.5.34
According to GP3, L-Kagan (10 mol%, 0.025 mmol, 13.1 mg), Al SH

o)
(2.0 eq., 0.25 mmol, 66.8 mg) and thiol S19 (10 mol%, 0.025 mmol, )J\ /;(OMe
4.4 mg) are reacted in dry THF (0.08 M, 3 mL) at 65°C under irradiation ”

@)
with green light for 18 h. According to the crude *H-NMR data, no S19
desired product A3 is obtained.

5.5.35
HO
L-Kagan
O Ph3N (%‘\\OH (ﬁ\/
N\A/\
©/ THF N N
green LED
Al 60°C, 4 h @ @

40% A3 : 22% A2

According to GP3, L-Kagan (10 mol%, 0.05 mmol, 26.3 mg), A1 (1.0 eq., 0.5 mmol, 133.7 mg)
and PhsN (1.0 eq., 0.5 mmol, 122.7 mg) are reacted in dry THF (0.05 M, 10 mL) at 60°C under
irradiation with green light for 4 h. According to the crude *H-NMR data, 62% of the substrate
is converted to 40% of the desired A3 and 22% of A2.

5.5.3.6
According to GP3, L-Kagan (10 mol%, 0.05 mmol, 26.3 mg), A1 (1.0 eq., 0.5 mmol, 133.7 mQ)
and PhsN (1.0 eqg., 0.5 mmol, 122.7 mg) are reacted in dry THF (0.05 M, 10 mL) at room
temperature under irradiation with green light for 4 h. According to the crude *H-NMR data,
19% of the substrate is converted to 13% of the desired A3 and 6% of A2.

5.5.3.7
According to GP3, L-Kagan (10 mol%, 0.05 mmol, 26.3 mg), A1 (1.0 eq., 0.5 mmol, 133.7 mQ)
and PhsN (20 mol%, 0.1 mmol, 24.5 mg) are reacted in dry THF (0.05 M, 10 mL) at room
temperature under irradiation with green light for 4 h. According to the crude *H-NMR data,
18% of the substrate is converted to 12% of the desired A3 and 6% of A2.

5.5.3.8
According to GP3, L-Kagan (10 mol%, 0.05 mmol, 26.3 mg), A1 (1.0 eq., 0.5 mmol, 133.7 mg)
and (p-MeOPh)PhzN (20 mol%, 0.1 mmol, 33.5 mg) are reacted in dry THF (0.05 M, 10 mL) at
room temperature under irradiation with green light for 4 d. According to the crude *H-NMR
data, 37% of the substrate is converted to 26% of the desired A3 and 11% of A2.
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5.5.3.9
According to GP3, L-Kagan (10 mol%, 0.05 mmol, 26.3 mg) and Al (1.0 eq., 0.5 mmol,
133.7 mg) are reacted in dry THF (0.05 M, 10 mL) at room temperature under irradiation with
green light for 4 d. According to the crude *H-NMR data, 35% of the substrate is converted to
24% of the desired A3 and 11% of A2.

5.5.3.10
According to GP3, L-Kagan (10 mol%, 0.025 mmol, 13.1 mg), 3DPAFIPN (3 mol%, 7.5 umol,
5.0 mg) and Al (1.0 eq., 0.25 mmol, 66.8 mg) are reacted in dry THF (0.1 M, 2.5 mL) at room
temperature under irradiation with blue light for 6 d. According to the crude *H-NMR data, 14%
of the desired A3 and 3% of A2 are obtained.

5.5.4 REO-Arylations of 4-chloro-N-methyl-N-(((2R,3S)-3-propyloxiran-2-
yl)methyl)aniline

L-Kagan-(OTs),

2
: NN ——%— C OH
Cl

THF
green LED N

A6 A7 |
554.1
According to GP3, L-Kagan-(OTs)2 (10 mol%, 0.05 mmol, 39.9 mg) and A6 (synthesized by
Heinz,?'1 1.0 eq., 0.5 mmol, 119.9 mg) are reacted in dry THF (0.05 M, 10 mL) at 65°C under
irradiation with green light for 24 h. According to the crude *H-NMR data, no desired product
A7 is obtained.

5.5.4.2
According to GP3, L-Kagan-(OTs). (10 mol%, 0.05 mmol, 39.9 mg) and A6 (1.0 eqg., 0.5 mmol,
119.9 mg) are reacted in dry THF (0.05 M, 10 mL) at 65°C under irradiation with green light for
72 h. According to the crude *H-NMR data, no desired product A7 is obtained.

5.5.4.3
According to GP3, L-Kagan-(OTs)2 (10 mol%, 0.05 mmol, 39.9 mg) and A6 (1.0 eq., 0.5 mmol,
119.9 mg) are reacted in dry THF (0.05 M, 10 mL) at room temperature under irradiation with

green light for 72 h. According to the crude *H-NMR data, no desired product A7 is obtained.
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5.5.4.4
According to GP3, L-Kagan-(OTs)2 (20 mol%, 0.10 mmol, 79.7 mg) and A6 (1.0 eq., 0.5 mmol,
119.9 mg) are reacted in dry THF (0.05 M, 10 mL) at 65°C under irradiation with green light for
72 h. According to the crude *H-NMR data, no desired product A7 is obtained.

5545
L-Kagan
| o PhsN
N\A/\ - _ cl ~OH

THF

green LED N

Cl 60°C, 16 h |

A6 A7

According to GP3, L-Kagan (10 mol%, 0.05 mmol, 26.3 mg), A6 (1.0 eq., 0.5 mmol, 119.9 mg)
and PhsN (1.0 eq., 0.5 mmol, 122.7 mg) are reacted in dry THF (0.05 M, 10 mL) at 60°C under
irradiation with green light overnight. According to the crude *H-NMR data, A7 (0.19 mmol,
37%) is obtained with 63% of the substrate unconverted.

5.5.5 Arylations of N-methyl-N-((2-methyloxiran-2-yl)methyl)aniline

OH
ST
']'/\]do THF N

green LED \
A13 t, 19 h A18

5.5.5.1

According to GP3, D-Kagan (10 mol%, 0.05 mmol, 26.3 mg) and A13 (1.0 eq., 0.5 mmol,
88.6 mg) are reacted in dry THF (0.05 M, 10 mL) at room temperature under irradiation with

green light for 19 h. According to TLC, no conversion is observed.

D-Kagan
©\ (p-MePh)3N Cfg\OH
T/\]éo THF N

green LED \
A13 rt, 19 h A18

5.5.5.2

According to GP3, b-Kagan (10 mol%, 0.05 mmol, 26.3 mg), A13 (1.0 eq., 0.5 mmol, 88.6 mg)
and (p-MePh):N (0.5 eq., 0.25 mmol, 71.6 mg) are reacted in dry THF (0.05 M, 10 mL) at room
temperature under irradiation with green light for 19 h. According to TLC, no conversion is
observed.
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5.5.6 Arylations of 4-bromo-N-(4-bromophenyl)-N-((2-methyloxiran-2-
yl)methyl)aniline

Br Br OH
D-Kagan
N
/\](g

= N
THF
green LED
rt, 19 h

A19 Br A20 Br

According to GP3, pb-Kagan (10 mol%, 0.032 mmol, 16.6 mg) and A19 (1.0 eq., 0.32 mmol,
124.6 mg) are reacted in dry THF (0.05 M, 6.4 mL) at room temperature under irradiation with
green light for 19 h. (5-bromo-1-(4-bromophenyl)-3-methylindolin-3-yl)methanol (A20,
0.17 mmol, 53%) is obtained (*H-NMR-yield).

. oH A20: CiHisBr:NO; MW = 397.11 g/mol; *H-NMR (400 MHz, CeDe)
8 [ppm] 7.27 — 7.21 (m, 2H), 7.15 — 7.08 (m, 2H), 6.64 — 6.55 (M, 3H),
3.35 (d, J = 9.4 Hz, 1H), 3.06 (dd, J = 10.6, 4.7 Hz, 1H), 3.01 — 2.94 (m,
2H), 0.93 (s, 3H); *C-NMR (101 MHz, CDCls) & [ppm] 145.4, 142.7,
139.1, 132.4, 130.9, 127.0, 119.3, 113.6, 111.3, 110.1, 68.4, 61.8, 45.5,
22.0.

Br

The analytical data is in agreement with the literature. 36!
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5.6 REO Substrate Syntheses

5.6.1 Synthesis of Enantiomerically pure a-Bromo Epoxides

5.6.1.1 Synthesis of syn-2-(1-bromohexyl)oxirane

1) Brp, DCM
-78°C, 1 h 0
2) K,CO3 MeOH Br
S$17 rt,2h X4

According to GP4 (E)-oct-2-en-1-ol (S17, 1.0 eq., 250 mmol, 37.7 mL) is reacted with Br;
(2.0 eq., 250 mmol, 12.8 mL) in DCM (0.5 M, 500 mL) for 1 h and subsequently with K-CO3
(2.0 eq., 500 mmol, 69.1 g) in MeOH (0.5 M, 500 mL) for 2 h. After purification by distillation
(100°C, 10 mbar), X4 is obtained as a colorless oil (134.5 mmol, 27.86 g, 54%).

0 X4: CgH1sBrO; MW = 207.11 g/mol; *H-NMR (500 MHz, CDCls) & [ppm]
Q\E';r/\/\/ 3.69 — 3.63 (m, 1H), 3.20 (ddd, J = 7.6, 3.9, 2.5 Hz, 1H), 2.96 (dd, J =

4.8, 3.8 Hz, 1H), 2.73 (dd, J = 4.8, 2.5 Hz, 1H), 1.94 — 1.80 (m, 2H),
1.59 — 1.49 (m, 1H), 1.47 — 1.38 (m, 1H), 1.35 — 1.25 (m, 4H), 0.89 (t, J = 7.0 Hz, 3H); 3C-NMR
(126 MHz, CDCls) & [ppm] 56.2, 55.8, 49.0, 35.1, 31.3, 27.1, 22.5, 14.1.

The analytical data is in agreement with the literature.[49

5.6.1.2 Synthesis of (R)-2-((R)-1-bromohexyl)oxirane

oligomeric
(S,S)-Jacobsen-cat.
?}\l/\/\/ H20 ?}Y\/\/
Br 0°C —rt,40 h Br
X4 X7

The reaction is performed under ambient conditions. In a round bottom flask, oligomeric (S,S)-
Jacobsen-catalyst (0.2 mg/mmol, 14.6 mg) is added to the racemic epoxide X4 (1.0 eq.,
74.9 mmol, 15.52 g) and the mixture is cooled to 0°C. Water (0.55 eq., 41.2 mmol, 0.74 mL) is
added and the reaction is stirred vigorously while warming to room temperature for 40 h. The
crude product is purified by flash column chromatography (SiO., CH/EA 30:1). X7 (28.3 mmol,

5.86 g, 38%) is obtained as a colorless oil.

W X7: CeH1sBrO; MW = 207.11 g/mol.

Br e.r.=99.7:0.3.
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5.6.1.3 Synthesis of syn-2-(1-bromo-2-methylpropyl)oxirane

1) Br, DCM
HO\/\)\ 78°C. 1h Op\l)\
2) K,CO; MeOH Br
S$16 rt, 2 h X5

According to GP4 (E)-4-methylpent-2-en-1-ol (S16, 1.0 eq., 92.7 mmol, 9.28 g) is reacted with
Br2 (1.0 eq., 92.7 mmol, 4.75 mL) in DCM (1 m, 100 mL) for 1 h and subsequently with K,CO3
(2.0 eq., 185.4 mmol, 25.6 g) in MeOH (0.5 M, 180 mL) for 2 h. After purification by distillation
(100°C, 10 mbar), X5 is obtained as a colorless oil (21.7 mmol, 3.88 g, 23%).

o X5: CeH11BrO; MW = 179.06 g/mol; *H-NMR (400 MHz, CDCls) & [ppm] 3.47 (dd,
Q\H\ J=8.6,5.5Hz, 1H), 3.21 (ddd, J = 8.5, 3.8, 2.5 Hz, 1H), 3.02 (dd, J = 4.9, 3.8 Hz,
1H), 2.74 (dd, J = 4.9, 2.5 Hz, 1H), 2.06 (pd, J = 6.7, 5.5 Hz, 1H), 1.10 (dd,

J=9.1, 6.7 Hz, 6H).

Br

The analytical data is in agreement with the literature.[2%?

5.6.1.4 Synthesis of syn- 2-(1-bromobutyl)oxirane

1) Br, DCM
HO A~ -78°C, 1h ?>\|/\/
2) K,CO5, MeOH Br
S18 rt,2h X6

According to GP4 (E)-hex-2-en-1-ol (S18, 1.0 eq., 250 mmol, 29.7 g) is reacted with Br»
(2.0 eq., 250 mmol, 12.8 mL) in DCM (0.5 M, 500 mL) for 1 h and subsequently with K.CO3
(2.0 eq., 500 mmol, 69.1 g) in MeOH (0.5 M, 500 mL) for 2 h. After purification by flash column
chromatography (SiO,, CH/EA 30:1), X6 is obtained as a colorless oil (111.2 mmol, 19.91 g,
44%).

o X6: CeH11BrO; MW = 179.06 g/mol; *H-NMR (400 MHz, CDCls) d [ppm] 3.68

QY\/ (td, J = 7.6, 6.6 Hz, 1H), 3.21 (ddd, J = 7.6, 3.9, 2.5 Hz, 1H), 2.97 (dd, J = 4.8,
B
] 3.9 Hz, 1H), 2.74 (dd, J = 4.8, 2.5 Hz, 1H), 1.90 — 1.82 (m, 2H), 1.65 — 1.43
(M, 2H), 0.94 (t, J = 7.4 Hz, 3H).

The analytical data is in agreement with the literature.[49
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5.6.1.5 Synthesis of (R)-2-((R)-1-bromobutyl)oxirane

oligomeric
(S,S)-Jacobsen-cat.

?>\l/\/ HZO ?}Y\/
Br 0°C —rt, 40 h Br
X6 X9

The reaction is performed under ambient conditions. In a round bottom flask, oligomeric
(S,S)-Jacobsen-catalyst (0.2 mg/mmol, 46.4 mg) is added to the racemic epoxide X6 (1.0 eq.,
232.7 mmol, 41.67 g) and the mixture is cooled to 0°C. Water (0.55 eq., 121.0 mmol, 2.18 mL)
is added and the reaction is stirred vigorously while warming to room temperature for 40 h.
The crude product is purified by flash column chromatography (SiO2, CH/EA 30:1). X9
(99.12 mmol, 17.75 g, 43%) is obtained as a colorless oil.

?}Y\/ X9: CgH11BrO; MW = 179.06 g/mol.
e.r.=99.2:0.8.

Br

5.6.2 REO Substrates for Cyclizations

5.6.2.1 Synthesis of (2R,3S)-2-(((1-ethynylcyclohexyl)oxy)methyl)-3-propyloxirane

// O NaH // X
OH M " o AN~

rt, 16 h
N2 X9 R7

In a heat-dried Schlenk flask 1-ethynylcyclohexan-1-ol (N2, 1.0 eq., 1.0 mmol, 124 mg) is
dissolved in dry THF (1.5 mL) under argon atmosphere. The solution is cooled to 0°C, sodium
hydride (60% dispersion in mineral oil, 1.5 eq., 1.5 mmol, 60 mg) is added and the solution is
stirred for 1 h. After (R)-2-((R)-1-bromobutyl)oxirane (X9, 1.2 eq., 1.2 mmol, 215 mg) is added,
the reaction mixture is stirred at room temperature overnight. According to TLC, no conversion

is observed.
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5.6.2.2 Synthesis of (2R,3R)-3-bromo-1-((1-ethynylcyclohexyl)oxy)hexan-2-ol

IN)

1)

V)

/) 7 on
) NaH, Lewis acid
THF
Br t, 72 h Br
N2 X9 X11

According to GP5 1-ethynylcyclohexan-1-ol (N2, 1.0 eq., 1.0 mmol, 124 mg) is
reacted with (R)-2-((R)-1-bromobutyl)oxirane (X9, 1.2 eq., 1.2 mmol, 215 mg),
sodium hydride (60% dispersion in mineral oil, 1.5 eq., 1.5 mmol, 60 mg) and ZnCl,
(1.1 eq., 1.1 mmol, 150 mg) in dry THF (1.5 mL) for 72 h. According to TLC, no

conversion is observed.

According to GP5 1-ethynylcyclohexan-1-ol (N2, 1.0 eq., 1.0 mmol, 124 mg) is
reacted with (R)-2-((R)-1-bromobutyl)oxirane (X9, 1.2 eq., 1.2 mmol, 215 mg),
sodium hydride (60% dispersion in mineral oil, 1.5 eq., 1.5 mmol, 60 mg) and AICl;
(1.1 eq., 1.1 mmol, 147 mg) in dry THF (1.5 mL) for 72 h. According to TLC, no

conversion is observed.

According to GP5 1-ethynylcyclohexan-1-ol (N2, 1.0 eq., 1.0 mmol, 124 mg) is
reacted with (R)-2-((R)-1-bromobutyl)oxirane (X9, 1.2 eq., 1.2 mmol, 215 mg),
sodium hydride (60% dispersion in mineral oil, 1.5 eq., 1.5 mmol, 60 mg) and
Yb(OTf)s (1.1 eq., 1.1 mmol, 682mg) in dry THF (1.5 mL) for 72 h. According to

TLC, no conversion is observed.

According to GP5 1-ethynylcyclohexan-1-ol (N2, 1.0 eq., 1.0 mmol, 124 mg) is
reacted with (R)-2-((R)-1-bromobutyl)oxirane (X9, 1.2 eq., 1.2 mmol, 215 mg),
sodium hydride (60% dispersion in mineral oil, 1.5 eg., 1.5 mmol, 60 mg) and
BFs;*OEt; (1.1 eqg., 1.1 mmol, 0.14 mL) in dry THF (1.5 mL) for 72 h. According to

TLC, no conversion is observed.
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/(/)H OQY\/ M | Oji(\/

DCM
B
Br rt, 22 h r

N2 X9 X11

V) In a heat-dried Schlenk flask, 1-ethynylcyclohexan-1-ol (N2, 1.0 eq., 8.0 mmol,
993 mg) is dissolved in dry DCM (0.2 M, 40 mL) under argon atmosphere. AlMe;
(2.0 M solution in toluene, 1.0 eq., 8.0 mmol, 4.0 mL) is added and the solution is
stirred for 1 h (caution, gas evolution). X9 (1.2 eq., 9.6 mmol, 1.72 g) is added and
the reaction is stirred at room temperature for 20 h. It is quenched by the addition
of iPrOH, then H,O and the solution is concentrated under reduced pressure.

According to TLC, no conversion is observed.

5.6.2.3 Synthesis of (2R,3S)-2-(((1-ethynylcyclohexyl)oxy)methyl)-3-pentyloxirane
/) /)
4 o nBuLi 7 O,
OH \)\l/\/\/ O\/L\/\/\
Br THF
-78°C —rt, 19 h
N2 X4 R17

In a heat-dried Schlenk flask, 1-ethynylcyclohexan-1-ol (N2, 1.0 eq., 5.0 mmol, 621 mg) is
dissolved in dry THF (0.5 M, 10 mL) under argon atmosphere and cooled to -78°C. nBuLi (2.5 m
solution in hexane, 1.05 eq., 5.25 mmol, 2.1 mL) is added dropwise and the solution is stirred
at -78°C for 30 min. X4 (1.2 eq., 6.0 mmol, 1.24 g) is added, the mixture is warmed up to room
temperature and stirred overnight. It is quenched by the addition of sat. ag. NH4Cl solution

(10 mL). According to TLC, no conversion is observed.
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5.6.2.4 Synthesis of (2R,3S)-2-((prop-2-yn-1-yloxy)methyl)-3-propyloxirane

O NaH 0
Z oINS N o A
& THF
N3 X9 rt,17h R4

In a heat-dried Schlenk flask prop-2-yn-1-ol (N3, 1.0 eq., 1.0 mmol, 58 pL) is dissolved in dry
THF (1.5 mL) under argon atmosphere. The solution is cooled to 0°C, sodium hydride (60%
dispersion in mineral oil, 1.2 eq., 1.2 mmol, 47 mg) is added and the solution is stirred for 1 h.
After (R)-2-((R)-1-bromobutyl)oxirane (X9, 1.2 eq., 1.2 mmol, 215 mg) is added, the reaction
mixture is stirred at room temperature overnight. It is diluted with Et,O, then washed with water
and brine and the layers are separated. The combined organic phases are dried over MgSOy,
and the solvent is removed under reduced pressure. The crude product is purified by flash
column chromatography (SiO,, CH/EA 10:1). R4 is obtained as a colorless oil (0.16 mmol,
26 mg, 16%).

R4: CoH140,, MW = 154.21 g/mol; *H-NMR (500 MHz, CDCls)
\Ovﬁ\/\ 5 [ppm] 4.25 (dd, J = 15.8, 2.4 Hz, 1H), 4.18 (dd, J = 15.8, 2.4 Hz,

1H), 3.77 (dd, J = 10.9, 4.4 Hz, 1H), 3.56 (dd, J = 10.9, 6.5 Hz, 1H),
3.15 (dt, J = 6.5, 4.4 Hz, 1H), 3.02 — 2.95 (m, 1H), 2.45 (t, J = 2.4 Hz, 1H), 1.57 — 1.44 (m, 4H),
0.99 — 0.95 (m, 3H); *C-NMR (126 MHz, CDCls) & [ppm] 79.4, 74.9, 68.1, 58.5, 56.2, 54.9,
30.1, 20.1, 14.1; HRMS (ESI) m/z calcd. for [M+Na]* 177.0886, found 177.0884.

Due to the low amount of product, no IR spectrum is measured.

5.6.2.5 Synthesis of (2R,3R)-3-bromo-1-(prop-2-yn-1-ylamino)hexan-2-ol

o AlMeg H OQH
/NHZ \)\l/\/ \/N\)\l/\/
Br DCM !
;
N6 X6 .20 h X12

In a heat-dried Schlenk flask, prop-2-yn-1-amine (N6, 1.0 eq., 10.0 mmol, 0.64 mL) is
dissolved in dry DCM (0.2 M, 50 mL) under argon atmosphere. AlMez (2.0 M solution in toluene,
1.0 eq., 10.0 mmol, 5.0 mL) is added and the solution is stirred for 1 h (caution, gas evolution).
X6 (1.2 eq., 12.0 mmol, 2.15 g) is added and the reaction is stirred at room temperature for
20 h. It is quenched by the addition of iPrOH, then H,O and the solution is concentrated under
reduced pressure. The layers are separated, and the aqueous layer is extracted with DCM.
The combined organic phases are washed with water and brine and dried over MgSOas. The
solvent is evaporated, and the crude product is purified by flash column chromatography (SiOo,
CH/EA 2:1). X12 (7.27 mmol, 1.70 g, 73%) is obtained as a pale-yellow oil.
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OH X12: CgH16BrNO; MW = 234.14 g/mol; IH-NMR (500 MHz, CgDg)

S
\NJ\(\/ 5 [opm] 3.92 (ddd, J = 9.8, 4.2, 3.4 Hz, 1H), 3.50 (ddd, J = 7.1, 5.2,
Br 3.4 Hz, 1H), 3.10 (d, J = 2.5 Hz, 2H), 2.68 (d, J = 2.4 Hz, 1H), 2.67

(s, 1H), 2.56 (s, 2H), 1.94 (t, J = 2.4 Hz, 1H), 1.83 (dtd, J = 14.5, 9.9, 4.8 Hz, 1H), 1.71 (dddd,
J=14.2,10.0, 6.1, 4.2 Hz, 1H), 1.59 — 1.46 (m, 1H), 1.31 (dddd, J = 13.4, 9.9, 7.4, 6.1 Hz,
1H), 0.78 (t, J = 7.4 Hz, 3H); *C-NMR (126 MHz, CsDs) & [ppm] 81.9, 72.3, 72.2, 61.5, 52.4,
38.2,37.4, 21.4, 13.6; IR [cm™] ¥max 3225, 2955, 2870, 1395, 1115, 815, 705, 525; HRMS (El)
m/z calcd. for [M+H]* 234.0488, found 234.0489.

5.6.2.6 Synthesis of N-(((2R,3S)-3-propyloxiran-2-yl)methyl)prop-2-yn-1-amine

OH O
H K,CO H
\N\)\l/\/ == \N\A/\
B MeOH
X12 r 40°C,1h R5

The bromo-alcohol X12 (1.0 eq., 7.2 mmol, 1.69 g) is dissolved in MeOH (0.5 M, 15 mL) and
freshly ground K>COs3 (2.0 eq., 14.4 mmol, 1.99 g) is added. The reaction mixture is stirred at
40°C for 1 h. Itis then cooled to room temperature and an excess of Et;O is added. The K.CO3;
is removed by filtration over a plug of Celite®, and the solvent is removed under reduced
pressure. The crude product is purified by flash column chromatography (SiO,, CH/EA 3:2).
R5 is obtained as a pale-yellow oil (2.83 mmol, 433 mg, 39%).

@) R5: CgHisNO; MW = 153.23 g/mol; IH-NMR (400 MHz, CDCly)

O [ppm] 3.49 (d, J = 2.4 Hz, 2H), 3.08 (dt, J = 7.3, 4.3 Hz, 1H),
2.99-2.90 (m, 2H), 2.79 (dd, J = 12.7, 7.3 Hz, 1H), 2.23 (t, J = 2.4 Hz, 1H), 1.89 (s, 1H),
1.57 - 1.45 (m, 4H), 1.01 - 0.92 (m, 3H); 3C-NMR (126 MHz, CDCls) & [ppm] 81.8, 71.9, 56.7,
56.0, 46.9, 38.3, 30.1, 20.1, 14.1; IR [cm‘l] Umax 3285, 2960, 2930, 2875, 1460, 1115, 765, 645;
HRMS (ESI) m/z calcd. for [M+H]" 154.1226, found 154.1227.
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5.6.2.7 Synthesis of N-(((2R,3S)-3-hexyloxiran-2-yl)methyl)-N-methylprop-2-yn-1-amine

: R
e
Br 2 K2003 -
N7 X7 MeOH R6

In a heat-dried Schlenk flask, N7 (1.0 eq., 10.0 mmol, 0.85 mL) is dissolved in dry DCM (0.2 M,
50 mL) under argon atmosphere. AlMes (2.0 M solution in toluene, 1.0 eq., 10.0 mmol, 5.0 mL)
is added and the solution is stirred for 1 h (caution, gas evolution). X7 (1.2 eq., 12.0 mmol,
2.49 g) is added and the reaction is stirred at room temperature for 20 h. It is quenched by the
addition of iPrOH, then H>O and the solution is concentrated under reduced pressure. The
layers are separated, and the aqueous layer is extracted with DCM. The combined organic
phases are washed with water and brine and dried over MgSO.. The solvent is evaporated,
and the crude product is used without further purification.

It is dissolved in MeOH (0.5 M, 20 mL) and freshly ground K>COs (2.0 eq., 14.4 mmol, 1.99 g)
is added. The reaction mixture is stirred at 40°C for 1 h. It is then cooled to room temperature
and an excess of Et,0 is added. The K.COj3 is removed by filtration over a plug of Celite®, and
the solvent is removed under reduced pressure. The crude product is purified by flash column
chromatography (SiO2, CH/EA 1:1). R6 is obtained as a colorless oil (5.58 mmol, 1.09 g, 56%).

S R6: Ci2H2:NO; MW = 195.31 g/mol; *H-NMR (500 MHz, CDCls)
\ ° o [ppm] 3.45 (d, J = 2.9 Hz, 2H), 3.09 (dt, J = 7.8, 4.0 Hz, 1H),

2.98 -2.90 (m, 1H), 2.82 (dt, J = 13.4, 4.3 Hz, 1H), 2.48 (ddd,
J=13.3, 7.0, 3.2 Hz, 1H), 2.43 (d, J = 3.4 Hz, 3H), 2.26 (q, J = 2.5 Hz, 1H), 1.62 — 1.26 (m,
8H), 0.94 — 0.85 (m, 3H); *C-NMR (126 MHz, CDCls) & [ppm] 78.4, 73.7, 56.2, 55.4, 54.3,
46.3, 42.2, 31.8, 28.2, 26.5, 22.7, 14.1; IR [cm™] ¥max 3310, 2955, 2925, 2860, 1735, 1455,
1035, 840, 650, 625; HRMS (APCI) m/z calcd. for [M+H]* 196.1696, found 196.1698; [a]o*°
(CHCl3) =-4.7°.

_N
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5.6.3 Other REO Substrates

5.6.3.1 Synthesis of N,4-dimethyl-N-(((2R,3S)-3-pentyloxiran-2-yl)methyl)benzene-

sulfonamide
H o) K,CO4 | O
ST DMF s
/\ Br
OO 80°C, 16 h
N8 X4 R8

The reaction is performed under ambient conditions. N,4-dimethylbenzenesulfonamide (N8,
1.0 eq., 10.0 mmol, 1.85 g) and X4 (1.2 eq., 12.0 mmol, 2.49 g) are dissolved in DMF (1.0 m,
10 mL). Finely ground K>COs3 (1.5 eq., 15.0 mmol, 2.07 g) is added and the reaction is stirred
at 80°C overnight. It is diluted with Et,O (10 mL) and the mixture is washed with water (5x) and
brine. The layers are separated, the combined organic layers are dried over MgSQO,, and the
solvent is removed under reduced pressure. No desired R8 can be detected in the crude
'H-NMR spectrum.

5.6.3.2 Synthesis of N-cyclohexyl-4-methyl-N-(((2R,3S)-3-pentyloxiran-2-yl)methyl)ben-
zenesulfonamide

DMF
80°C, 16 h

X4 R9

\©\ K2CO3 LiCl O
N\A/\/\
// 3 \O \>\|/\/\/ o~

The reaction is performed under ambient conditions. N9 (1.0 eq., 10.0 mmol, 2.53 g) and X4
(1.2 eq., 12.0 mmol, 2.49 g) are dissolved in DMF (1.0 M, 10 mL). Finely ground K>COs3
(1.5 eq., 15.0 mmol, 2.07 g) and LiCl (0.5 eq., 5.0 mmol, 0.21 g) are added and the reaction is
stirred at 80°C overnight. It is diluted with Et,O (10 mL) and the mixture is washed with water
(5x) and brine. The layers are separated, the combined organic layers are dried over MgSOsu,
and the solvent is removed under reduced pressure. No desired R9 can be detected in the
crude *H-NMR spectrum.
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5.6.3.3 Synthesis of N-(((2R,3S)-3-pentyloxiran-2-yl)methyl)cyclohexanamine
H O
NH, O nBuLi N AN~
' -78°C —1t, 19 h
N10 X4 R10

In a heat-dried Schlenk flask, cyclohexanamine (N10, 1.0 eq., 10.0 mmol, 1.15mL) is
dissolved in dry THF (0.5 M, 20 mL) under argon atmosphere and cooled to -78°C. nBuLi (2.5 M
solution in hexane, 1.05 eq., 10.5 mmol, 4.2 mL) is added dropwise and the solution is stirred
at -78°C for 30 min. X4 (1.2 eq., 12.0 mmol, 2.49 g) is added, the mixture is warmed up to
room temperature and stirred overnight. It is quenched by the addition of sat. ag. NH4ClI
solution (20 mL), the layers are separated, and the aq. layer is extracted with Et,O (3x). The
combined organic phases are washed with water and brine, dried over MgSO. and the solvent
is removed under reduced pressure. No desired R10 can be detected in the crude *H-NMR

spectrum.

5.6.3.4 Synthesis of (2R,3S)-2-(isopropoxymethyl)-3-pentyloxirane

(@] nBuLi °
OH \)\I/\/\/ YO\/Q\/\/\
Br THF
-78°C —rt, 21 h
N4 X4 R11

In a heat-dried Schlenk flask, isopropanol (N4, 1.0 eq., 5.0 mmol, 382 L) is dissolved in dry
THF (0.5 M, 10 mL) under argon atmosphere and cooled to -78°C. nBuLi (2.5 M solution in
hexane, 1.05 eq., 5.25 mmol, 2.1 mL) is added dropwise and the solution is stirred at -78°C
for 30 min. X4 (1.2 eq., 6.0 mmol, 1.24 g) is added, the mixture is warmed up to room
temperature and stirred overnight. It is quenched by the addition of sat. ag. NH4Cl solution

(20 mL). According to TLC, no conversion is observed.
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5.6.3.5 Synthesis of (2R,3R)-3-bromo-1-(3-(4-chlorophenyl)-1H-pyrazol-1-yl)octan-2-ol
Cl

Cl

o} MeAl
NH \
— Br rt. 22 h N\)\‘/\/\/

N11 X7 X15 Br

In a heat-dried Schlenk flask, N11 (1.0 eq., 4.0 mmol, 715 mg) is dissolved in dry DCM (0.2 m,
20 mL) under argon atmosphere. AlMes (2.0 M solution in toluene, 1.0 eq., 4.0 mmol, 2.0 mL)
is added and the solution is stirred for 1 h (caution, gas evolution). X7 (1.2 eq., 4.8 mmaol,
994 mg) is added and the reaction is stirred at room temperature for 22 h. It is quenched by

the addition of iPrOH, then H2O. According to TLC, no conversion is observed.

5.6.3.6 Synthesis of (2R,3R)-3-bromo-1-(3-(4-chlorophenyl)-1H-pyrazol-1-yl)hexan-2-ol
Cl

Cl

o sio,
_N, M g =N OH
NH Br 3d \ N\)Y\/

N11 X9 X15 Br

The reaction is performed under ambient conditions. N11 (1.0 eq., 2.0 mmol, 357 mg) and X9
(1.0 eq., 2.0 mmol, 358 mg) are placed in a tightly closable flask and SiO; (20 wt%, 72 mg) is
added. The reaction mixture is stirred at room temperature for 3 d. It is diluted with DCM (5 mL)

and stirred for 30 min before filtering off the solid. According to TLC, no conversion is observed.

5.6.3.7 Synthesis of (2R,3R)-3-bromo-1-((4-chlorophenyl)(methyl)amino)hexan-2-ol

H . | OH
O Py~ — AN
cl Br .3d C,/©/ Br
N12 X9 X16

The reaction is performed under ambient conditions. N12 (1.0 eq., 10.0 mmol, 1.42 g) and X9
(1.0 eq., 10.0 mmol, 1.79 g) are placed in a tightly closed flask and SiO, (20 wt%, 642 mg) is
added. The reaction mixture is stirred at room temperature for 3 d. It is diluted with DCM (5 mL)

and stirred for 30 min before filtering off the solid. According to TLC, no conversion is observed.
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5.6.3.8 Synthesis of 1-(1-(((2R,3S)-3-propyloxiran-2-yl)methyl)-1H-pyrrol-2-yl)ethan-1-

one
H 0O ?}Y\/ nBuLi N\ N\A/\
W THF
Br -78°C — 1t, 22 h o
N13 X9 R12

In a heat-dried Schlenk flask, 1-(1H-pyrrol-2-yl)ethan-1-one (N13, 1.0 eq., 1.68 mmol, 183 mg)
is dissolved in dry THF (0.5 M, 5 mL) under argon atmosphere and cooled to -78°C. nBuLi
(2.5 M solution in hexane, 1.05 eq., 1.76 mmol, 0.71 mL) is added dropwise and the solution
is stirred at -78°C for 30 min. X9 (1.1 eq., 1.85 mmol, 324 mg) is added, the mixture is warmed
up to room temperature and stirred overnight. It is quenched by the addition of sat. ag. NH.Cl
solution (20 mL), the layers are separated, and the aq. layer is extracted with EA (3x). The
combined organic phases are washed with water and brine, dried over MgSO. and the solvent
is removed under reduced pressure. No desired R12 can be detected in the crude *H-NMR

spectrum.

5.6.3.9 Synthesis of 2-(((2R,3S)-3-propyloxiran-2-yl)methyl)-1,2,3,4-
tetrahydroisoquinoline
?}Y\/ o C,
NH THF N AN
Br -78°C — rt, 48 h
N14 X9 R13

In a heat-dried Schlenk flask, 1,2,3,4-tetrahydroisoquinoline (N14, 1.0 eq., 7.0 mmol, 932 mg)
is dissolved in dry THF (0.5 m, 15 mL) under argon atmosphere and cooled to -78°C. nBuLi
(2.5 ™ solution in hexane, 1.2 eq., 8.4 mmol, 3.36 mL) is added dropwise and the solution is
stirred at -78°C for 30 min. X9 (1.2 eq., 8.4 mmol, 1.50 g) is added, the mixture is warmed up
to room temperature and stirred for 48 h. It is quenched by the addition of sat. aq. NH4Cl
solution (20 mL), the layers are separated, and the aq. layer is extracted with EA (3x). The
combined organic phases are washed with water and brine, dried over MgSO. and the solvent
is removed under reduced pressure. The desired product R13 can be detected in the crude
'H-NMR spectrum as well as in the HRMS data (HRMS (ESI) m/z calcd. for [M+H]* 232.1691,
found 232.1692). After purification by flash column chromatography (SiO., CH/EA 10:1), the

product cannot be isolated (decomposition).
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5.6.3.10 Synthesis of (2R,3S)-2-phenethyl-3-propyloxirane

9)

O
©/\MQBF \>Y\/ g ©/\/A\/\
THF
Br

IN)

-78°C —rt, 19 h
N15 X9 R14

The reaction is performed in heat-dried glassware under argon atmosphere. X9
(2.0 eq., 3.0 mmol, 537 mgq) is dissolved in dry THF (0.5 M, 6 mL) and the solution
is cooled to -78°C. N15 (0.52 M solution in THF, 1.0 eq., 3.0 mmol, 5.77 mL) is
added over 30 min. The reaction mixture is stirred overnight while warming to room
temperature. It is diluted with Et.O and quenched by the addition of aq. HCI (2 m).
The layers are separated, the organic phase is washed with water and dried over
MgSO,. The solvent is removed under reduced pressure. According to crude
!H-NMR data no R14 is formed.

The reaction is performed in heat-dried glassware under argon atmosphere. CuCl
(5 mol%, 0.15 mmol, 14.6 mg) is placed in a Schlenk flask and evacuated for
30 min, then flushed with argon. X9 (1.0 eq., 3.0 mmol, 537 mg) is added and
dissolved in dry THF (0.5 M, 6 mL) and the solution is cooled to -78°C. N15 (0.52 m
solution in THF, 1.0 eq., 3.0 mmol, 5.77 mL) is added over 30 min. The reaction
mixture is stirred overnight while warming to room temperature. It is diluted with
Et,O and quenched by the addition of ag. HCI (2 Mm). The layers are separated, the
organic phase is washed with water and dried over MgSO.,. The solvent is removed
under reduced pressure. According to crude H-NMR data no R14 is formed.
1-Phenylheptan-3-one (1.17 mmol, 39%) is isolated after purification by flash
column chromatography.%7]
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5.6.3.11 Synthesis of tert-butyl 3-((2R,3S)-3-propyloxiran-2-yl)propanoate

. O
nBulLi
o) THF >(
Br -78°C — 1t, 20 h ©
N16 X9 R15

The reaction is performed in a heat-dried Schlenk flask under argon atmosphere. tert-butyl
acetate (N16, 1.05 eqg., 10.5 mmol, 1.42 mL) is dissolved in dry THF (0.4 m, 20 mL) and cooled
to -78°C, nBuLi (2.5 m solution in hexane, 1.05 eq., 10.5 mmol, 4.20 mL) is slowly added and
the solution is stirred for 30 min. The epoxide X9 (1.0 eq., 10.0 mmol, 1.79 g) is dissolved in
THF (5 mL) and the solution is slowly added to the reaction mixture. The reaction is stirred
while warming up to room temperature overnight. It is quenched by the addition of sat. aqg.
NH4CI solution and Et,O (20 mL) is added. The phases are separated, the aqueous layer is
extracted with EA. The combined organic layers are dried over MgSO. and the solvent is

removed under reduced pressure. According to crude *H-NMR data no R15 is formed.

5.6.3.12 Synthesis of 2-(((2R,3S)-3-propyloxiran-2-yl)methyl)benzo[d]thiazole

Oy By~ S Ay s

S THF N A NN
78°C — 1t, 19 h

N17 X9 R16

The reaction is performed in a heat-dried Schlenk flask under argon atmosphere.
Benzo[d]thiazole (N17, 1.2 eq., 3.6 mmol, 393 pL) is dissolved in dry THF (0.5 m, 6 mL) and
cooled to -78°C, nBuLi (2.5 M solution in hexane, 1.2 eq., 3.6 mmol, 1.44 mL) is slowly added
and the solution is stirred for 30 min. X9 (1.0 eq., 3.0 mmol, 573 mg) is slowly added to the
reaction mixture. The reaction is stirred while warming up to room temperature overnight. It is
guenched by the addition of sat. ag. NH4Cl solution. According to TLC, no conversion is

observed.
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5.6.3.13 Synthesis of N-phenyl-N-(((2R,3S)-3-propyloxiran-2-yl)methyl)aniline

STl DU
N\A/\
N THF
H Br -78°C — rt, 44 h

N1 X9 A1

The reaction is performed according to the literature.® In a heat-dried Schlenk flask under
argon atmosphere, diphenylamine (N1, 1.0 eq., 6.7 mmol, 1.13 g) is dissolved in dry THF
(0.5m, 13 mL) and cooled to -78°C. nBuLi (2.5 M solution in hexane, 1.2 eq., 8.04 mmol,
3.22 mL) is slowly added and the solution is stirred for 30 min. X9 (1.2 eq., 8.04 mmol, 1.44 g)
is slowly added to the reaction mixture. The reaction is stirred while warming up to room
temperature overnight. It is quenched by the addition of sat. ag. NH4Cl solution. The phases
are separated, and the aqueous layer is extracted with Et,O (3x). The combined organic layers
are washed with water and brine and dried over MgSOs. The solvent is removed under reduced
pressure. The crude product is purified by flash column chromatography (SiO», CH/EA 30:1).
Al is obtained as a colorless oil (5.69 mmol, 1.52 g, 85%).

Al: CysH2:NO; MW = 267.37 g/mol; *H-NMR (500 MHz, CDCls)

© 3 [ppm] 7.31 — 7.27 (m, 4H), 7.09 — 7.05 (m, 4H), 6.98 (tt, J = 7.4,
Nv&\/\ 1.1 Hz, 2H), 3.96 (dd, J = 15.7, 4.5 Hz, 1H), 3.80 (dd, J = 15.7,
©/ 5.3 Hz, 1H), 3.22 (dt, J = 5.4, 4.4 Hz, 1H), 2.96 (ddd, J = 6.8, 5.1,

4.1 Hz, 1H), 1.54 — 1.35 (m, 4H), 0.97 — 0.92 (m, 3H); 3C-NMR
(126 MHz, CDCls) & [ppm] 148.0, 129.5, 121.9, 121.3, 57.1, 55.0, 51.1, 30.2, 20.1, 14.1.

The analytical data is in agreement with the literature.[49
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5.6.4 Silylation of B-Epoxy Alcohols

5.6.4.1 Synthesis of tert-butyl(((S)-1-((2S,3R)-3-(cyclohexylmethyl)oxiran-2-yl)-3-
phenylpropan-2-yl)oxy)dimethylsilane

TBSCI
O\/&\)O\H imidazole . O\A)()\TBS
Bn DMF Bn
rt,2 h
R23 R24

According to GP6 epoxy alcohol R23 (1.0 eq., 3.43 mmol, 942 mg, d.r. = 94:6) is reacted with
imidazole (2.5 eq., 8.58 mmol, 584 mg) and TBSCI (1.2 eq., 4.12 mmol, 621 mg) in DMF
(2.0 M, 3.5 mL) at room temperature for 2 h. After purification, R24 is obtained as a colorless
oil (2.36 mmol, 918 mg, 69%, d.r. = 95:5).

R24: C24H100,Si; MW = 388.67 g/mol; *H-NMR (400 MHz, CDCls)

[::1\/}8L\/§f53 5 [ppm] 7.30 — 7.24 (m, 2H), 7.22 — 7.17 (m, 3H), 4.06 — 3.98 (m,

BN 1H), 3.14 (dt, J = 7.1, 4.7 Hz, 1H), 2.96 (ddd, J = 6.6, 5.7, 4.3 Hz,

1H), 2.89 — 2.78 (m, 2H), 1.80 — 1.59 (m, 7H), 1.50 — 1.38 (m, 1H), 1.32 — 1.09 (m, 5H),

1.02 — 0.88 (m, 2H), 0.86 (s, 9H), -0.03 (s, 3H), -0.18 (s, 3H); *C-NMR (101 MHz, CDCls)

o [ppm] 139.1, 130.0, 128.3, 126.3, 72.4, 55.2, 53.7, 44.1, 36.3, 35.5, 35.1, 33.7, 33.4, 26.6,

26.4,26.4, 26.0, 18.2, -4.7, -4.9; IR [cm™] Tmax 2925, 2855, 1255, 810, 775, 700; HRMS (APCI)
m/z calcd. for [M+H]* 389.2870, found 389.2867; [a]p®° (DCM) = -12.6°.

5.6.4.2 Synthesis of tert-butyl(((S)-1-((2S,3R)-3-(cyclohexylmethyl)oxiran-2-yl)hexan-2-
yl)oxy)dimethylsilane

TBSCI
O\A/('J\H imidazole MBS
R25 ’ R26

According to GP6 epoxy alcohol R25 (1.0 eq., 4.39 mmol, 1.06 g, d.r. = 92:8) is reacted with
imidazole (2.5 eq., 11.0 mmol, 748 mg) and TBSCI (1.2 eq., 5.27 mmol, 795 mg) in DMF
(1.0 m, 4.5 mL) at room temperature for 2 h. After purification, R26 is obtained as a colorless
oil (3.64 mmol, 1.29 g, 83%, d.r. = 94:6).
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5 omes R26: C21H420,Si; MW = 354.65 g/mol; *H-NMR (500 MHz, CDCls)

O\/Q\)\ d [ppm] 3.83 (p, J = 5.8 Hz, 1H), 3.05 (ddd, J = 6.8, 5.1, 4.3 Hz,

CaFo 1H), 2.95 (ddd, J = 6.9, 5.2, 4.3 Hz, 1H), 1.83 — 1.10 (m, 21H),

0.91 — 0.88 (m, 12H), 0.06 (s, 3H), 0.05 (s, 3H); *C-NMR (126 MHz, CDCls) & [ppm] 70.7,

55.3, 53.9, 37.0, 36.3, 35.6, 33.8, 33.5, 27.8, 26.6, 26.4, 26.4, 26.0, 22.9, 18.2, 14.2, -4.3;

IR [cmY] Dmax 2925, 2855, 1255, 1055, 835, 775; HRMS (APCI) m/z calcd. for [M+H]* 355.3027,
found 355.3022; [a]p?° (DCM) = -1.1°.

5.6.4.3 Synthesis of triisopropyl(((S)-1-((2S,3R)-3-octyloxiran-2-yl)propan-2-
yl)oxy)silane

TIPSCI
0 OH imidazole 0 OTIPS
CSHW/Q\)\ DMF C8H17/Q\)\
rt, 24 h
R19 R27

According to GP6 epoxy alcohol R19 (1.0 eq., 10.0 mmol, 2.14 g, d.r. = 93:7) is reacted with
imidazole (2.5 eq., 25.0 mmol, 1.70g) and TIPSCI (1.2 eq.,12.0 mmol, 2.55 mL) in DMF
(2.0 M, 10 mL) at room temperature for 24 h. After purification, R27 is obtained as a colorless
oil (8.30 mmol, 3.08 g, 83%, d.r. = 99:1). Traces of an unidentified compound could not be

separated by flash column chromatography.

oTips R27: Cz2He02Si; MW = 370.69 g/mol; *H-NMR (500 MHz, CDCls)
O [ppm] 4.16 (pd, J = 6.2, 4.7 Hz, 1H), 3.08 (dt, J = 7.2, 4.6 Hz, 1H),
2.90 (td, J = 5.8, 4.2 Hz, 1H), 1.70 (qdd, J = 14.0, 6.9, 4.7 Hz, 2H),
1.53-1.22 (m, 16H), 1.12 - 1.01 (m, 22H), 0.88 (t, J = 6.8 Hz, 3H); 1*C-NMR (126 MHz, CDCls)
o [ppm] 66.9, 56.7, 54.0, 37.9, 32.0, 29.7, 29.7, 29.4, 28.2, 27.1, 26.7, 23.8, 22.8, 18.3, 18.2,
14.2, 12.6; IR [cm™] Pmax 2925, 2865, 1465, 1130, 1090, 1000, 880, 675; HRMS (ESI) m/z
calcd. for [M+H]* 371.3340, found 371.3340; [a]o?° (CHCI;s) = -3.1°.

O
CgH17

142



Dissertation

5.6.4.4 Synthesis of dimethyl(((S)-1-((2S,3R)-3-octyloxiran-2-yl)propan-2-
yl)oxy)(phenyl)silane

DMPSCI
O OH imidazole 0 ODMPS
CBHW/Q\/'\ DMF CgHWA/'\
rt, 24 h

R19 R28

According to GP6 epoxy alcohol R19 (1.0 eq., 10.0 mmol, 2.14 g, d.r. = 93:7) is reacted with
imidazole (2.5 eq., 25.0 mmol, 1.70 g) and DMPSCI (1.2 eq.,12.0 mmol, 2.01 mL) in DMF
(2.0 M, 10 mL) at room temperature for 24 h. After purification, R28 is obtained as a colorless
oil (5.59 mmol, 1.95 g, 56%, d.r. = 99:1).

R28: C21Hz60,Si; MW = 348.60 g/mol; *H-NMR (500 MHz, CDCls)
5 [ppm] 7.62 — 7.57 (m, 2H), 7.40 — 7.34 (m, 3H), 4.01 (ddd, J = 6.1,
6.1, 6.1 Hz, 1H), 2.98 (ddd, J = 6.8, 5.6, 4.2 Hz, 1H), 2.81 (q,
J=5.7Hz, 1H), 1.73 — 1.65 (m, 1H), 1.64 — 1.56 (m, 1H), 1.48 — 1.24 (m, 14H), 1.21 (d,
J=6.2 Hz, 3H), 0.89 (t, J = 6.8 Hz, 3H), 0.40 (s, 6H); 3C-NMR (126 MHz, CDCls) & [ppm]
138.2,133.7, 129.7, 127.9, 67.2, 56.7, 54.2, 37.5, 32.0, 29.7, 29.7, 29.4, 28.1, 26.7, 23.7, 22.8,
14.2, -1.1, -1.1; IR [cm™] Fmax 2925, 1250, 1115, 1090, 785, 700; HRMS (ESI) m/z calcd. for
[M+Na]* 371.2377, found 371.2376; [a]o® (CHCls) = +0.8°.

O  ODMPS

CgH17

5.6.4.5 Synthesis of tert-butyldimethyl(((S)-1-((2S,3R)-3-pentyloxiran-2-yl)octan-2-

yloxy)silane

TBSCI
0 OH imidazole 0 OTBS
CsHyq CeH13 DMF CsHyq CeH13
rt, 2 h
R19 R29

According to GP6 epoxy alcohol R19 (1.0 eq., 2.0 mmol, 484 mg, d.r. = 98:2) is reacted with
imidazole (2.5 eq., 5.0 mmol, 340 mg) and TBSCI (1.2 eq., 2.4 mmol, 361 mg) in DMF (1.0 m,
2 mL) at room temperature for 2 h. After purification, R29 is obtained as a colorless oll
(2.37 mmol, 488 mg, 69%, d.r. = 99:1).
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R29: C21H440,Si; MW = 356.67 g/mol; *H-NMR (500 MHz, CDCls)
o [ppm] 3.83 (p, J = 5.9 Hz, 1H), 3.06 (td, J = 5.9, 4.3 Hz, 1H), 2.89
CsHq CeH1z _ _

(q, J = 5.6 Hz, 1H), 1.66 (td, J = 5.8, 2.6 Hz, 2H), 1.57 (s, 1H),
1.55-1.24 (m, 17H), 0.93 — 0.85 (m, 15H), 0.06 (s, 3H), 0.05 (s, 3H); *3C-NMR (126 MHz,
CDCls) 6 [ppm] 37.4, 35.5, 32.0, 31.9, 29.6, 28.1, 26.5, 26.0, 25.6, 22.8, 22.7, 18.2, 14.2, 14.1,
-4.3, -4.4; IR [cm™] Pmax 2955, 2930, 2860, 1255, 1070, 835, 775; HRMS (EI) m/z calcd. for
[M-C4Hy'T* 299.2401, found 299.2410; [a]o® (DCM) = -2.4°.

The analytical data is in agreement with the literature. 13!

5.6.5 Alkyne Addition to Terminal Epoxides

5.6.5.1 Synthesis of (S)-tridec-4-yn-2-ol

BF;*THF
nBulLi OH
C|)>\ /C7H15 C7H15/\/'\
THF
s2 s3 -96°C, 2 h X13

According to GP7, 1-decyne S3 (1.2 eq., 138.4 mmol, 25.0 mL), (S)-2-methyloxirane S2
(1.0 eq., 115.4 mmol, 8.1 mL, e.r. = 98:2), BFs*THF (1.0 eq., 115.4 mmol, 12.7 mL) and nBulLi
(2.5 M solution in hexane, 1.1 eq., 126.9 mmol, 50.8 mL) are reacted in THF (0.63 M, 220 mL)
at -96°C for 2 h. X13 is obtained as a colorless oil (20.03 g, 102.0 mmol, 88%) without further

purification.

X13: C13H240; MW = 196.33 g/mol; *H-NMR (400 MHz, CDCls) & [ppm]

OH
C7H15/\/y\ 3.90 (ddd, J = 6.3, 6.3, 4.9 Hz, 1H), 2.35 (dt, J = 4.9, 2.4 Hz, 1H), 2.29
(dt, J = 6.7, 2.3 Hz, 1H), 2.17 (tt, J = 7.1, 2.4 Hz, 2H), 1.92 (s, 1H),

1.57 — 1.20 (m, 15H), 0.92 — 0.80 (m, 3H); *C-NMR (101 MHz, CDCls) & [ppm] 83.5, 76.2,
66.7, 32.0, 29.6, 29.3, 29.2, 29.1, 29.0, 22.8, 22.3, 18.9, 14.2.

The analytical data is in agreement with the literature.[10.2%
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5.6.5.2 Synthesis of (S)-pentadec-9-yn-7-ol

BF3*THF
. CsH OH
0 CsH nBuLi Sy
|>\/\/\/ é/ o g \)\
THF Coftia
S24 S25 -96°C X8
2h

According to GP7, 1-heptyne S25 (1.2 eq., 30.0 mmol, 3.94 mL), (S)-2-hexyloxirane S24
(1.0 eqg., 25.0 mmol, 3.21 g, e.r. =99:1), BF:*THF (1.0 eq., 25.0 mmol, 2.75 mL) and nBuLi
(2.5 ™ solution in hexane, 1.1 eq., 27.5 mmol, 11.0 mL) are reacted in THF (0.63 M, 40 mL) at
-96°C for 2 h. X8 is obtained as a colorless oil and used without further purification (see 5.6.6.2

for yield).

o o X8: C15H260; MW = 224.39 g/mol; H-NMR (400 MHz, CDCls) & [ppm]
5111
\/kc .. 368 (t,J=6.4Hz 1H),2.90 (tdd, J = 5.6, 3.9, 2.7 Hz, 1H), 2.74 (dd,
6'113
J=5.1, 4.0 Hz, 1H), 2.48 — 1.21 (m, 19H), 0.93 — 0.84 (m, 6H).

The analytical data is in agreement with the literature. 38

5.6.6 Reduction of B-Hydroxy Alkynes to (Z2)-Alkenes

5.6.6.1 Synthesis of (S,2)-tridec-4-en-2-ol

Ni(OAC),
NaBH, EDA
OH Ha OH
C,H S .
7 15/\/‘\ MeOH C7H15m
0°C —rt, 18 h

X13 X14

According to GP8, (S)-tridec-4-yn-2-ol X13 (1.0 eq., 102.0 mmol, 20.0 g), Ni(OAc). (0.25 eq.,
28.0 mmol, 4.95g), NaBH.; (0.25 eq., 28.0 mmol, 1.06 g) and EDA (0.5 eq., 56.0 mmol,
3.74 mL) are reacted in MeOH (0.5 m, 220 mL) at room temperature for 18 h. X14 is obtained

as a colorless oil (19.35 g, 97.6 mmol, 96%) without further purification.

OH  X14: Ci13H260; MW = 198.35 g/mol; *H-NMR (400 MHz, CDCls) d [ppm]
C7H15v:\/'\ 5.56 (dtt, J = 10.3, 7.3, 1.5 Hz, 1H), 5.39 (dddt, J = 11.1, 8.4, 7.0,
1.6 Hz, 1H), 3.81 (dqd, J=7.3, 6.1, 5.2 Hz, 1H), 2.29 — 2.13 (m, 2H), 2.05 (qd, J = 7.3, 1.5 Hz,
2H), 1.61 (s, 1H), 1.40 —1.23 (m, 12H), 1.20 (d, J = 6.2 Hz, 3H), 0.91 — 0.83 (m, 3H); *C-NMR
(101 MHz, CDCl3) & [ppm] 133.7, 125.1, 67.9, 37.3, 32.0, 29.8, 29.6, 29.5, 29.4, 27.6, 22.9,
22.8,14.2.

The analytical data is in agreement with the literature.[10:2%9
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5.6.6.2 Synthesis of (S,Z)-pentadec-9-en-7-ol

Ni(OAc),
NaBH, EDA
C5H11\/('3\H Hy OH
\ /;)\
CGH13 MeOH C5H11 C6H13
0°C —rt,16 h

X8 X10

According to GP8, (S)-pentadec-9-yn-7-ol X8 (1.0 eq., 25.0 mmol, 5.61 g), Ni(OAc). (0.25 eq.,
6.25 mmol, 1.10 g), NaBH. (0.25 eq., 6.25 mmol, 236 mg) and EDA (0.5 eq., 12.5 mmol,
0.83 mL) are reacted in MeOH (0.5 M, 50 mL) at room temperature for 16 h. X10 is obtained
as a colorless oil (2.78 g, 12.28 mmol, 49% over two steps) without further purification.

X10: CisH300; MW = 226.40 g/mol; *H-NMR (400 MHz, CDCls)
& [ppm] 5.61 — 5.52 (m, 1H), 5.40 (dtt, J = 10.7, 7.4, 1.6 Hz, 1H),
3.62 (qt, J = 5.9, 3.7 Hz, 1H), 2.21 (ddd, J = 7.8, 6.2, 1.5 Hz, 2H),
2.05 (qd, J = 7.2, 1.6 Hz, 2H), 1.65 — 1.20 (m, 17H), 0.93 — 0.85 (m, 6H); *C-NMR (101 MHz,
CDCls) & [ppm] 133.7, 125.2, 71.7, 37.0, 35.5, 32.0, 31.7, 29.5, 27.5, 25.9, 22.8, 22.7, 14.2,
14.2.

CsHy ™ CeH1s3

The analytical data is in agreement with the literature.39

5.6.7 Syn-selective Epoxidation of (Z)-B-Hydroxy Alkenes

5.6.7.1 Synthesis of (S)-1-((2S,3R)-3-octyloxiran-2-yl)propan-2-ol

VO(acac),
CgHi7” DCM CgH17
X14 -10°C —rt, 3d R19

According to GP9, (S,2)-tridec-4-en-2-ol X14 (1.0 eq., 97.5 mmol, 19.35g), VO(acac):
(5 mol%, 4.88 mmol, 1.29 g) and TBHP (5.5 ™ solution in decane, 1.5 eq., 146.3 mmol,
26.6 mL) are reacted in DCM (0.1 M, 1000 mL) at room temperature for 3 d. After purification,
R19 is obtained as a colorless oil (13.32 g, 62.2 mmol, 64%, d.r. = 93:7).

o  on R19: CisHacOo MW = 214.35 g/mol; *H-NMR (400 MHz, CDC3) & [ppm]

CSH”/L\)\ 4.12 (dqd, J = 8.3, 6.2, 3.9 Hz, 1H), 3.13 — 3.07 (m, 1H), 2.95 — 2.88 (m,

1H), 2.30 (s, 1H), 1.78 (dt, J = 14.3, 4.0 Hz, 1H), 1.58 — 1.21 (m, 18H),

0.91 — 0.85 (M, 3H); *C-NMR (126 MHz, CDCls) & [ppm] 67.2, 56.5, 55.5, 36.5, 32.0, 29.6,
29.6, 29.3, 28.1, 26.6, 23.6, 22.8, 14.2.
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The analytical data is in agreement with the literature.[110:2%9

5.6.7.2 Synthesis of (S)-1-((2S,3R)-3-pentyloxiran-2-yl)octan-2-ol

VO(acac),
OH TBHP 0 OH
CsHy ™ CeH13 DCM CsHqy CeH13
X10 0°C —rt,18 h R1

According to GP9, (S,Z2)-pentadec-9-en-7-ol X10 (1.0 eq., 12.28 mmol, 2.78 g), VO(acac):
(5 mol%, 0.614 mmol, 163.8 mg) and TBHP (5.5 m solution in decane, 1.5 eq., 18.42 mmol,
3.35 mL) are reacted in DCM (0.1 M, 120 mL) at room temperature for 18 h. After purification,
R1 is obtained as a colorless oil (2.40 g, 9.89 mmol, 81%, d.r. = 98:2).

R1: CisHs0O2 MW = 242.40 g/mol; *H-NMR (500 MHz, CDCls)
& [ppm] 3.91 (dtd, J = 10.8, 5.3, 2.9 Hz, 1H), 3.12 (dt, J = 8.5, 4.3 Hz,
1H), 2.92 (td, J = 6.1, 4.3 Hz, 1H), 2.26 (d, J = 2.9 Hz, 1H), 1.80 (dt,
J=14.4, 3.8 Hz, 1H), 1.57 — 1.24 (m, 19H), 0.92 — 0.85 (m, 6H); *C-NMR (126 MHz, CDCls)
8 [ppm] 71.1, 56.5, 55.6, 37.6, 34.9, 32.0, 31.8, 29.4, 28.0, 26.3, 25.6, 22.7, 22.7, 14.2, 14.1;
IR [cm™] Dmax 3425, 2955, 2925, 2855, 1465, 1050, 840, 725; HRMS (ESI) m/z calcd. for
[M+Na]* 265.2138, found 265.2142; [a]o® (DCM) = -3.6°.

CsH1q eH13

The analytical data is in agreement with the literature.[*36!

5.6.8 Fluorination of B-Epoxy Alcohols

5.6.8.1 Synthesis of (2S,3R)-2-((R)-2-fluoropropyl)-3-octyloxirane

M > A/E\
CgH17 DCM CgH17
R19 -78°C —rt, 19 h R20

The synthesis is performed according to the literature.?® In a heat-dried Schlenk flask under
argon atmosphere, R19 (1.0 eq., 5.0 mmol, 1.07 g, d.r. = 99:1) is dissolved in DCM (0.1 m,
50 mL) and cooled to -78°C. Dropwise, DAST (1.1 eq., 5.5 mmol, 0.73 mL) is added and the
reaction is stirred while warming to room temperature for 19 h. It is quenched by the addition
of EA (50 mL) and sat. aq. NH4ClI solution (25 mL). The phases are separated, and the
aqueous layer is extracted with EA (3x). The combined organic layers are washed with water
and brine, dried over MgSO. and the solvent is evaporated. The crude product is purified by
flash column chromatography (SiO2, CH/EA 4:1). The product R20 is obtained as a colorless
oil (3.82 mmol, 827 mg, 76%, d.r. = 1:.99).

147



Daniel Slak

o R20: C1sH2sFO; MW = 216.34 g/mol; *H-NMR (400 MHz, CDCls) & [ppm]

C8H17A/:\ 4.98 —4.77 (m, 1H), 3.09 (dt, J = 7.7, 4.3 Hz, 1H), 2.96 (td, J = 5.9, 4.3 Hz,

1H), 1.94 (tdd, J = 14.7, 8.7, 4.3 Hz, 1H), 1.70 — 1.54 (m, 1H), 1.54 — 1.18

(m, 17H), 0.92 — 0.82 (m, 3H); **C-NMR (101 MHz, CDCl3) & [ppm] 89.0 (d, J = 165.9 Hz),

57.2, 53.7 (d, J = 5.6 Hz), 35.8 (d, J = 20.7 Hz), 32.0, 29.7, 29.4, 28.1, 26.6, 22.8, 21.6 (d,
J = 22.3 Hz), 14.2; [a]o® (CHCls) = -20.7°.

The analytical data is in agreement with the literature.?%%

5.6.9 Methylation of B-Epoxy Alcohols

5.6.9.1 Synthesis of tert-butyl(3-((2R,3S)-3-((S)-2-methoxyhexyl)oxiran-2-
yl)propoxy)diphenylsilane

Mel
0 OH NaH 0 OMe
tBDPsO._~_A X\ - tBDPSO_~_A A\
CaHg THE CaHg
R21 0°C — I’t, 3d R45

According to GP10, R21 (1.0 eq., 7.22 mmol, 3.18 g) is reacted with Mel (1.94 eq., 14.0 mmol,
0.87 mL) and NaH (60% dispersion in mineral oil, 1.46 eq., 10.5 mmol, 420 mg) in dry THF
(0.3 M, 21 mL) at room temperature for 3 d. After purification, R45 is obtained as a pale-yellow
oil (7.00 mmol, 3.15 g, 97%, d.r. = 96:4).

o OMe R45: C2sH4203Si; MW = 454.73 g/mol; *H-NMR (500 MHz,
TBDPSO\/\A/'\C4H9 CDCl3) & [ppm] 7.67 (dt, J = 6.6, 1.6 Hz, 4H), 7.44 — 7.36
(m, 6H), 3.72 (ddt, J = 10.3, 10.3, 6.1 Hz, 2H), 3.40 — 3.30
(m, 4H), 3.03 (dt, J = 6.8, 4.7 Hz, 1H), 2.92 (ddd, J = 6.8, 5.6, 4.3 Hz, 1H), 1.80 — 1.50 (m, 8H),
1.40 — 1.28 (m, 4H), 1.05 (s, 9H), 0.93 — 0.89 (m, 3H); *C-NMR (126 MHz, CDCls3) d [ppm]
135.7, 135.7, 134.0, 134.0, 129.7, 127.8, 79.5, 63.6, 56.7, 56.5, 54.3, 33.6, 31.8, 29.7, 27.7,
27.0, 24.8, 23.0, 19.4, 14.2; IR [cm™] Tmax 2930, 2860, 1430, 1090, 825, 740, 700, 500; HRMS
(APCI) m/z calcd. for [M+H]* 455.2976, found 455.2976; [a]o*° (DCM) = -5.5°.

The analytical data is in agreement with the literature.[*36!
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5.7 DEO Substrate Syntheses

5.7.1 Synthesis of methyl 8-(3-((R)-2-((tert-butyldimethylsilyl)oxy)octyl)oxiran-2-

yl)octanoate
TBSCI
0 o) OH imidazole o 0 OTBS
MeO)J\MA/\Can DMF MEO)J\MA/\CSHKS
rt,2 h
D28 D3

According to GP6 epoxy alcohol D28 (1.0 eg., 5.0 mmol, 1.64 g, d.r. = 60:40) is reacted with
imidazole (2.5 eq., 12.5 mmol, 851 mg) and TBSCI (1.2 eq., 6.0 eq., 904 mg) in DMF (1.0 m,

5 mL) at room temperature for 2 h. After purification, D3 is obtained as a colorless oll

(4.56 mmol, 2.02 g, 91%, d.r. = 60:40).

D3: CasHs5004Si: MW = 442.76 g/mol; *H-NMR (500 MHz, CDCI
o o OTBS 25M5004931; g/mol; ( Z, 3)

W d [ppm] 3.89 — 3.79 (m, 1H), 3.66 (s, 3H), 3.08 — 3.02 (m, 1H),
MeO 7 C6H13

2.94 — 2.85 (m, 1H), 2.30 (t, J = 7.5 Hz, 2H), 1.69 — 1.24 (m,
24H), 0.91 — 0.85 (m, 12H), 0.08 — 0.03 (M, 6H); *C-NMR (126 MHz, CDCls) & [ppm] 174.4,
70.6, 57.5, 54.8, 51.6, 38.2, 35.4, 34.2, 32.0, 29.6, 29.6, 29.5, 29.3, 28.3, 26.7, 26.0, 25.6,
25.1,22.8,18.2, 14.2, -4.3, -4.4.

The analytical data is in agreement with the literature.4%
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5.8 Diastereodivergent Epoxide Openings

5.8.1 Opening of 2-((S)-2-methoxypropyl)-3-nonyloxirane

58.1.1
L-Kagan
3DPAFIPN
DIPEA, MTG
0 OMe DMPU OH OMe OMe
/L\/'\ C9H19M C9"“9M\)\
CoH1g THF :
blue LED OH
D1 rt, 4 d 15% D9 31% D10

According to GP11, D1 (1.0 eqg., 0.5 mmol, 121.2 mg, d.r. = 62:38) is reacted with L-Kagan
(10 mol%, 0.05 mmol, 26.3 mg), 3DPAFIPN (3 mol%, 0.015 umol, 10.0 mg), DIPEA (3.0 eq.,
1.5 mmol, 0.26 mL), DMPU (1.5 eq., 0.75 mmol, 91 pL) and MTG (20 mol%, 0.1 mmol, 9 pL)
in THF (0.1 M, 5 mL) under irradiation with blue light at room temperature for 4 days. After
purification, D9 (18.0 mg, 0.074 mmol, 15%, d.r. = 18:82) and D10 (38.0 mg, 0.155 mmol,
31%, d.r. = 7:93) are obtained as colorless ails. r.r. (1,3:1,4) = 32:68.

OH OMe D9: CisHs202; MW = 244.42 g/mol; *H-NMR (500 MHz, CDCls) & [ppm]
CeHwJ\)\ 3.87 (dtd, J = 7.8, 4.7, 2.5 Hz, 1H), 3.66 (pd, J = 6.4, 3.7 Hz, 1H), 3.34
(s, 3H), 1.66 — 1.53 (m, 2H), 1.52 — 1.22 (m, 20H), 1.19 (d, J = 6.2 Hz, 2H), 0.87 (t, J = 6.9 Hz,
3H); 3C-NMR (126 MHz, CDCls) d [ppm] 75.1, 68.9, 56.3, 42.5, 37.8, 32.1, 29.9, 29.8, 29.8,
29.8,29.5, 25.9, 22.8, 18.8, 14.3.

The analytical data is in agreement with the literature.[*1%

OMe D10: Ci5H3202; MW = 244.42 g/mol; *H-NMR (500 MHz, CDCls) & [ppm]

CeHwY\)\ 3.56 (ddt, J = 6.3, 4.7, 2.7 Hz, 1H), 3.37 — 3.29 (m, 4H), 2.19 (s, 1H),

OH 1.58 (qdd, J = 9.6, 6.0, 1.9 Hz, 3H), 1.48 — 1.37 (m, 4H), 1.35 - 1.19 (m,

13H), 1.14 (d, J = 6.1 Hz, 3H), 0.87 (t, J = 6.8 Hz, 3H); 3C-NMR (126 MHz, CDCls) & [ppm]
77.1,71.8,56.1, 37.7, 33.4, 32.6, 32.0, 29.9, 29.8, 29.7, 29.5, 25.9, 22.8, 19.0, 14.2.

The analytical data is in agreement with the literature. 0
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5.8.1.2
D-Kagan
3DPAFIPN
DIPEA, MTG
o) OMe DMPU OH OMe OMe
A/'\ 09H19\/'\/'\ CoHyo
CoHyg THF
blue LED OH
D1 r,7d 34% D7 26% D8

According to GP11, D1 (1.0 eq., 0.5 mmol, 121.2 mg, d.r. = 62:38) is reacted with D-Kagan
(10 mol%, 0.05 mmol, 26.3 mg), 3SDPAFIPN (3 mol%, 0.015 umol, 10.0 mg), DIPEA (3.0 eq.,
1.5 mmol, 0.26 mL), DMPU (1.5 eq., 0.75 mmol, 91 yL) and MTG (20 mol%, 0.1 mmol, 9 uL)
in THF (0.1 M, 5 mL) under irradiation with blue light at room temperature for 7 days. After
purification, D7 (42.0 mg, 0.172 mmol, 34%, d.r. = 96:4) and D8 (32.0 mg, 0.131 mmol, 26%,
d.r. = 81:19) are obtained as colorless oils. r.r. (1,3:1,4) = 57:43.

OH OMe D7: CisH3202; MW = 244.42 g/mol; *H-NMR (400 MHz, CDCls) & [ppm]
C9H19M 3.81 — 3.72 (m, 1H), 3.62 — 3.52 (m, 1H), 3.35 (s, 3H), 1.56 — 1.21 (m,
21H), 1.16 (d, J = 6.1 Hz, 3H), 0.90 — 0.84 (m, 3H); 3C-NMR (101 MHz, CDCls) & [ppm] 78.6,
72.1,55.9, 43.8, 37.9, 32.1, 29.9, 29.8, 29.8, 29.8, 29.5, 25.6, 22.8, 19.3, 14.3.

The analytical data is in agreement with the literature.[*1%

OMe D8: Ci5H302; MW = 244.42 g/mol; *H-NMR (400 MHz, CDCls) & [ppm]
09H19Y\)\ 3.61—3.52 (m, 1H), 3.33 (s, 4H), 2.16 (s, 1H), 1.65— 1.21 (m, 20H), 1.15
OH (d, J = 6.1 Hz, 3H), 0.91 — 0.84 (m, 3H).; 3C-NMR (101 MHz, CDCls)

5 [ppm] 77.4, 72.2, 56.1, 37.8, 33.8, 33.2, 32.1, 29.9, 29.8, 29.7, 29.5, 25.9, 22.8, 19.0, 14.3.

The analytical data is in agreement with the literature.[*1%
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5.8.1.3
D-Kagan
3DPAFIPN
o) OMe DIPEA, MTG OH OMe OMe
A/'\ > CgH19\)\/v\ CoH1g
CoH1g THF
blue LED OH
D1 r,7d 46% D7 33% D8

According to GP11, D1 (1.0 eqg., 0.5 mmol, 121.2 mg, d.r. = 62:38) is reacted with b-Kagan
(10 mol%, 0.05 mmol, 26.3 mg), 3SDPAFIPN (3 mol%, 0.015 umol, 10.0 mg), DIPEA (3.0 eq.,
1.5 mmol, 0.26 mL), DMPU (1.5 eq., 0.75 mmol, 91 yL) and MTG (20 mol%, 0.1 mmol, 9 uL)
in THF (0.1 m, 5 mL) under irradiation with blue light at room temperature for 7 days. After
purification, D7 (56.0 mg, 0.230 mmol, 46%, d.r. = 95:5) and D8 (40.0 mg, 0.163 mmol, 33%,
d.r. = 82:18) are obtained as colorless oils. r.r. (1,3:1,4) = 62:38.

5.8.2 Opening of 2-((R)-2-fluoropropyl)-3-octyloxirane

5.8.2.1
L-Kagan
3DPAFIPN
0 F DIPEA, MTG OH F F
A/:\ CgHi7a CgHirn
CgH17 THF H
blue LED OH
D2 rt, 4 d 30% D13 55% D14

According to GP11, D2 (1.0 eqg., 0.5 mmol, 108.2 mg, d.r. = 32:68) is reacted with L-Kagan
(20 mol%, 0.05 mmol, 26.3 mg), 3DPAFIPN (3 mol%, 0.015 umol, 10.0 mg), DIPEA (3.0 eq.,
1.5 mmol, 0.26 mL) and MTG (20 mol%, 0.1 mmol, 9 pL) in THF (0.1 M, 5 mL) under irradiation
with blue light at room temperature for 4 days. After purification, D13 (32.9 mg, 0.151 mmol,
30%, d.r.=89:11) and D14 (60.0 mg, 0.275 mmol, 55%, d.r. = 96:4, containing 4% D11
(1,3-anti)) are obtained as colorless solids. r.r. (1,3:1,4) = 33:67.

QH E D13: CisHxFO; MW = 218.36 g/mol; *H-NMR (500 MHz, CDCls) & [ppm]
CoPII ™ 4,89 (dtdd, J = 49.4, 8.3, 4.4, 2.0 Hz, 1H), 3.84 — 3.78 (m, 1H), 1.88 — 1.23
(m, 22H), 0.88 (t, J = 6.9 Hz, 3H); *C-NMR (126 MHz, CDCl3) & [ppm] 91.2 (d, J = 161.6 Hz),
70.4 (d, J = 4.1 Hz), 44.3 (d, J = 18.7 Hz), 37.7, 32.0, 29.8, 29.8, 29.7, 29.5, 25.6, 22.8, 21.6
(d, J = 22.6 Hz), 14.3; ®°F-NMR (470 MHz, CDCls) & [ppm] -172.4; IR [cm™] ¥max 3385, 2925,
2855, 1460, 1385, 1130, 1050, 925, 825, 720, 520, 460; HRMS (ESI) m/z calcd. for [M+H]*
219.2119, found 219.2118; [a]o® (DCM) = -7.5°.

The analytical data is in agreement with the literature. [

152



Dissertation

F D14: Ci3H7FO; MW = 218.36 g/mol; *H-NMR (500 MHz, CDCls) & [ppm]

Collirna ™~ 4.77 - 4.60 (m, 1H), 3.65 — 3.58 (m, 1H), 1.89 — 1.18 (m, 22H), 0.87 (t,
OH J=6.9 Hz, 3H): BC-NMR (126 MHz, CDClk) & [ppm] 91.0 (d,
J=164.3 Hz), 71.6, 37.7, 33.0 (d, J = 20.8 Hz), 32.7 (d, J = 4.1 Hz), 32.0, 29.8, 29.7, 29.4,
25.8, 22.8, 21.1 (d, J = 22.8 Hz), 14.2; *F-NMR (470 MHz, CDCls) & [ppm] -172.7; IR [cm]
Tmax 3335, 2950, 2920, 2850, 1470, 1385, 1135, 1055, 885, 820, 540, 440; HRMS (ESI) m/z

calcd. for [M+H]* 219.2119, found 219.2120; [a]o?° (DCM) = -10.0°.

The analytical data is in agreement with the literature.[*1%

5.8.2.2

D-Kagan
3DPAFIPN

o) F DIPEA, MTG OH E F

AN A CaH17\/'\/\ CgH17 :

CaH1 THE Y\A
blue LED OH
D2 rt, 4d 49% D11 33% D12

According to GP11, D2 (1.0 eq., 0.5 mmol, 108.2 mg, d.r. = 32:68) is reacted with b-Kagan
(10 mol%, 0.05 mmol, 26.3 mg), 3SDPAFIPN (3 mol%, 0.015 umol, 10.0 mg), DIPEA (3.0 eq.,
1.5 mmol, 0.26 mL) and MTG (20 mol%, 0.1 mmol, 9 pL) in THF (0.1 M, 5 mL) under irradiation
with blue light at room temperature for 4 days. After purification, D11 (53.9 mg, 0.247 mmol,
49%, d.r. =3:97) and D12 (37.2 mg, 0.164 mmol, 33%, d.r. = 16:84, containing 7% D13
(1,3-syn)) are obtained as colorless solids. r.r. (1,3:1,4) = 67:33.

OH F D11: Ci3H7FO; MW = 218.36 g/mol; *H-NMR (500 MHz, CDCls) & [ppm]
C8H17\/'\/:\ 4.96 (ddtd, J = 49.5, 12.8, 6.3, 3.1 Hz, 1H), 3.86 (dddd, J = 9.8, 7.2, 4.7,
2.5 Hz, 1H), 1.82 — 1.20 (m, 22H), 0.88 (t, J = 6.9 Hz, 3H); *C-NMR (126 MHz, CDCl) & [ppm]
88.5 (d, J = 162.7 Hz), 68.2 (d, J = 2.9 Hz), 44.5 (d, J = 19.9 Hz), 38.1, 32.0, 29.8, 29.7, 29.7,
29.5, 25.7, 22.8, 21.6 (d, J = 22.5 Hz), 14.3; °F-NMR (470 MHz, CDCls) & [ppm] -175.5;
IR [cm™] Pmax 3345, 2955, 2920, 2875, 2850, 1470, 1390, 1130, 1130, 1045, 920, 815, 720,
650, 470; HRMS (ESI) m/z calcd. for [M+H]* 219.2119, found 219.2117; [a]p?° (DCM) = -20.7°.

The analytical data is in agreement with the literature. 7
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F D12 CisHxFO; MW = 218.36 g/mol; *H-NMR (500 MHz, CDCI3) & [ppm]

CBHWY\/\ 4.80 —4.57 (m, 1H), 3.61 (dddd, J = 11.5, 8.0, 5.9, 3.0 Hz, 1H), 1.80 — 1.22

OH (m, 22H), 0.90 — 0.86 (m, 3H); 3C-NMR (126 MHz, CDCls) & [ppm] 91.5

(d, J = 164.3 Hz), 72.0, 37.8, 33.4 (d, J = 20.7 Hz), 33.2 (d, J = 3.9 Hz), 32.0, 29.8, 29.7, 29.4,

25.8, 22.8, 21.3 (d, J = 22.8 Hz), 14.3; ®*F-NMR (470 MHz, CDCl3) & [ppm] -172.4; IR [cm]

Fmax 3355, 2920, 2855, 1460, 1380, 1130, 1005, 920, 840, 720, 450; HRMS (ESI) m/z calcd.
for [M+H]* 219.2119, found 219.2120; [a]o® (DCM) = -8.8°.

The analytical data is in agreement with the literature. %!

5.8.3 Opening of 2-((R)-2-chloropropyl)-3-octyloxirane

5.8.3.1
L-Kagan
3DPAFIPN
o] cl DIPEA, MTG OH Cl Cl
A/:\ CgH17\/\/\ CgH17\/\/\
CgH17 THF H
blue LED OH
D5 t,5d 27% D21 36% D22

According to GP11, D5 (1.0 eqg., 0.5 mmol, 116.4 mg, d.r. = 40:60) is reacted with L-Kagan
(20 mol%, 0.05 mmol, 26.3 mg), 3DPAFIPN (3 mol%, 0.015 umol, 10.0 mg), DIPEA (3.0 eq.,
1.5 mmol, 0.26 mL) and MTG (20 mol%, 0.1 mmol, 9 pL) in THF (0.1 M, 5 mL) under irradiation
with blue light at room temperature for 5 days. After purification, D21 (32.0 mg, 0.136 mmol,
27%, d.r. = 62:38) and D22 (41.8 mg, 0.178 mmol, 36%, d.r. = 75:25) are obtained as yellow
oils. r.r. (1,3:1,4) = 43:57.

OH ClI  D21: Ci3H27ClO; MW = 234.81 g/mol; H-NMR (500 MHz, CDCls) & [ppm]
Ceirne "\ 4.24-4.12 (m, 1H), 3.80 — 3.67 (m, 1H), 2.00 — 1.67 (m, 3H), 1.54 (d, J =
6.5 Hz, 3H), 1.49 — 1.18 (m, 16H), 0.87 (t, J = 6.8 Hz, 3H); 3C-NMR (126 MHz, CDCl3) & [ppm]
70.1, 56.3, 47.8, 37.6, 32.0, 29.7, 29.7, 29.7, 29.4, 25.7, 25.5, 22.8, 14.2.

The analytical data is in agreement with the literature. [

cl D22: C13H27CIO; MW = 234.81 g/mol; *H-NMR (500 MHz, CDCls) & [ppm]

C8H17\:/\/\ 4.06 (ddtd, J=14.4,7.9, 6.5, 4.6 Hz, 1H), 3.67 — 3.55 (m, 1H), 1.97 — 1.58

OH (m, 4H), 1.52 (d, J = 6.6 Hz, 3H), 1.49 - 1.22 (m, 15H), 0.88 (t, J = 6.9 Hz,

3H); ¥*C-NMR (126 MHz, CDCls) d [ppm] 71.4, 58.9, 37.8, 36.3, 34.2, 32.0, 29.8, 29.7, 29.4,
25.8, 25.6, 22.8, 14.2.

The analytical data is in agreement with the literature.[*1%
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5.8.3.2
D-Kagan
3DPAFIPN
o G DIPEA, MTG OH Cl cl
A/:\ > CSH17\/'\/\ CgH17 -
CgHi7 THE Y\/\
blue LED OH
D5 rt, 5d 47% D19 29% D20

According to GP11, D5 (1.0 eq., 0.5 mmol, 116.4 mg, d.r. = 40:60) is reacted with D-Kagan
(20 mol%, 0.05 mmol, 26.3 mg), 3SDPAFIPN (3 mol%, 0.015 umol, 10.0 mg), DIPEA (3.0 eq.,
1.5 mmol, 0.26 mL) and MTG (20 mol%, 0.1 mmol, 9 pL) in THF (0.1 M, 5 mL) under irradiation
with blue light at room temperature for 5 days. After purification, D19 (54.8 mg, 0.233 mmol,
47%, d.r. = 28:72) and D20 (34.6 mg, 0.147 mmol, 29%, d.r. = 40:60) are obtained as yellow
oils. r.r. (1,3:1,4) = 62:38.

OH Gl D19: C13HxClO; MW = 234.81 g/mol; *H-NMR (400 MHz, CDCls) & [ppm]
Cobin AN 237 - 4.28 (m, 1H), 3.90 (tdd, J = 8.7, 6.1, 3.8 Hz, 1H), 1.85 — 1.66 (m,
3H), 1.54 (dd, J = 6.5, 0.8 Hz, 3H), 1.50 — 1.21 (m, 16H), 0.90 — 0.83 (m, 3H); *C-NMR
(101 MHz, CDCls) & [ppm] 69.1, 56.1, 47.7, 37.9, 32.0, 29.7, 29.7, 29.7, 29.4, 26.1, 25.7, 22.8,
14.2.

The analytical data is in agreement with the literature.[*1%

Cl  D20: C13H2;ClO; MW = 234.81 g/mol; *H-NMR (400 MHz, CDCls) & [ppm]

CusY\/\ 4.05 (ddqd, J = 11.1, 8.2, 6.5, 4.7 Hz, 1H), 3.60 (dddd, J = 12.0, 8.4, 5.7,

OH 4.7 Hz, 1H), 1.99 — 1.56 (m, 3H), 1.52 (d, J = 6.6 Hz, 3H), 1.49 — 1.21 (m,

16H), 0.90 — 0.83 (m, 3H); 33C-NMR (126 MHz, CDCls) d [ppm] 71.9, 59.4, 37.8, 36.9, 34.7,
32.0, 29.8, 29.7, 29.4, 25.7, 25.6, 22.8, 14.2.

The analytical data is in agreement with the literature.[*%%!
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5.8.4 Opening of 2-((R)-2-(4-phenyl-1H-1,2,3-triazol-1-yl)propyl)-3-octyloxirane

N D-Kagan N N
Y 3DPAFIPN /N /N

o) N DIPEA, MTG

A/:\ CgH17 CgH17
CgH17 THE Y\/\

blue LED OH
D25 rt,5d D26 D27

According to GP11, D25 (1.0 eq., 0.5 mmol, 170.8 mg, d.r. = 32:68) is reacted with D-Kagan
(10 mol%, 0.05 mmol, 26.3 mg), 3DPAFIPN (3 mol%, 0.015 pumol, 10.0 mg), DIPEA (3.0 eq.,
1.5 mmol, 0.26 mL) and MTG (20 mol%, 0.1 mmol, 9 pL) in THF (0.1 M, 5 mL) under irradiation

with blue light at room temperature for 5 days. According to TLC, no conversion is observed.

5.8.5 Opening of tert-butyldimethyl(((S)-1-(3-octyloxiran-2-yl)propan-2-
yl)oxy)silane

5.8.5.1
L-Kagan

3DPAFIPN

o) OTBS DIPEA, MTG OH OTBS OTBS

C8H17\/\/'\ CgH17
CgH47 THF :

blue LED OH

D4 rt,4d 26% D18 49% R31

According to GP11, D4 (1.0 eqg., 0.5 mmol, 108.2 mg, d.r. = 68:32) is reacted with L-Kagan
(20 mol%, 0.05 mmol, 26.3 mg), 3DPAFIPN (3 mol%, 0.015 umol, 10.0 mg), DIPEA (3.0 eq.,
1.5 mmol, 0.26 mL) and MTG (20 mol%, 0.1 mmol, 9 pL) in THF (0.1 M, 5 mL) under irradiation
with blue light at room temperature for 4 days. After purification, D18 (42.3 mg, 0.140 mmol,
26%, d.r. = 14:86) and R31 (80.4 mg, 0.243 mmol, 49%, d.r. = 7:93) are obtained as pale-
yellow oils. r.r. (1,3:1,4) = 32:68.
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OH OTBS D18: C1Hs0;Si; MW = 330.63 g/mol; *H-NMR (500 MHz, CDCls)
CoHine A~ 5 [ppm] 4.21 (qdd, J = 6.3, 4.9, 3.8 Hz, 1H), 3.96 (tdt, J = 7.1, 4.8,
2.1 Hz, 1H), 3.36 (s, 1H), 1.66 — 1.25 (m, 18H), 1.23 (d, J = 6.3 Hz, 3H), 0.91 — 0.86 (m, 12H),
0.09 (s, 3H), 0.08 (s, 3H); *C-NMR (126 MHz, CDCls) & [ppm] 68.3, 67.8, 44.1, 37.9, 31.9,
29.7, 29.7, 29.6, 29.3, 25.8, 25.7, 22.7, 22.7, 17.9, 14.1, -4.5, -5.0; IR [cM"}] Tmax 3455, 2925,
2855, 1255, 1075, 1005, 835, 775; HRMS (ESI) m/z calcd. for [M+H]* 331.3027, found
331.3023; [a]o® (DCM) = +9.9°.

The analytical data is in agreement with the literature. 13!

OTBS R21: CiHs0,Si; MW = 330.63 g/mol; H-NMR (500 MHz, CDCls)

CusY\J\ 5 [ppm] 3.89 — 3.82 (m, 1H), 3.54 (tdd, J = 7.9, 5.8, 3.1 Hz, 1H), 2.20

OH (s, 1H), 1.60 — 1.22 (m, 18H), 1.14 (d, J = 6.1 Hz, 3H), 0.90 — 0.85 (m,

12H), 0.05 (s, 6H); 3C-NMR (126 MHz, CDCls) & [ppm] 72.2, 68.9, 37.7, 36.0, 33.4, 32.0, 29.9,

29.8,29.4, 26.0, 25.9, 23.5, 22.8, 18.3, 14.2, -4.3, -4.6; IR [cM™] Dmax 3430, 2925, 2855, 1255,

1050, 835, 775: HRMS (ESI) m/z caled. for [M+H]* 331.3027, found 331.3027; [a]o?
(DCM) = +6.3°.

The analytical data is in agreement with the literature.[*36!

5.8.5.2
D-Kagan
3DPAFIPN
0 OTBS DIPEA, MTG OH OTBS OTBS
> CeH17\/'\/'\ CgH17
CeH17 THF
blue LED OH
D4 rt, 4 d 57% R41 28% D17

According to GP11, D4 (1.0 eq., 0.5 mmol, 108.2 mg, d.r. = 68:32) is reacted with b-Kagan
(10 mol%, 0.05 mmol, 26.3 mg), 3SDPAFIPN (3 mol%, 0.015 umol, 10.0 mg), DIPEA (3.0 eq.,
1.5 mmol, 0.26 mL) and MTG (20 mol%, 0.1 mmol, 9 pL) in THF (0.1 M, 5 mL) under irradiation
with blue light at room temperature for 4 days. After purification, R41 (91.4 mg, 0.285 mmol,
57%, d.r. =99:1) and D17 (46.7 mg, 0.141 mmol, 28%, d.r. = 90:10) are obtained as colorless
oils. r.r. (1,3:1,4) = 67:33.
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OH OTBS R41: CioHi0.Si; MW = 330.63 g/mol; 'H-NMR (400 MHz, CDCls)
i AL 5 [ppm] 4.11 — 4.02 (m, 1H), 3.74 (tt, J = 6.8, 4.3 Hz, 1H), 3.40 (s, 1H),
1.56 — 1.23 (m, 18H), 1.18 (d, J = 6.1 Hz, 3H), 0.91 — 0.85 (m, 12H), 0.12 (s, 3H), 0.10 (s, 3H):
13C-NMR (101 MHz, CDCls) & [ppm] 71.7, 70.4, 45.9, 37.9, 32.1, 29.9, 29.8, 29.7, 29.5, 26.0,
25.6, 24.8, 22.8, 18.0, 14.3, -3.7, -4.6; IR [cm!] Dmax 3430, 2925, 2855, 1255, 1080, 1005, 835,
775; HRMS (APCI) m/z calcd. for [M+H]* 331.3027, found 331.3023; [a]o?* (DCM) = 21.4°.

The analytical data is in agreement with the literature. 13!

OTBS D17: CyHs20,Si; MW = 330.63 g/mol; *H-NMR (500 MHz, CDCls)

CusY\)\ 5 [ppm] 3.89 — 3.81 (m, 1H), 3.59 (tdt, J = 5.9, 4.1, 1.7 Hz, 1H), 1.77 -

OH 1.68 (m, 1H), 1.60 — 1.21 (m, 18H), 1.14 (d, J = 6.1 Hz, 3H), 0.91 - 0.85

(m, 12H), 0.07 — 0.04 (m, 6H); 3C-NMR (126 MHz, CDCls) & [ppm] 71.9, 68.7, 37.5, 35.2, 33.1,

32.0, 29.9, 29.7, 29.4, 26.1, 25.8, 23.7, 22.8, 18.3, 14.3, -4.2, -4.5; IR [cM"Y] Fmax 3350, 2925,

2855, 1255, 1080, 1005, 835, 775; HRMS (APCI) m/z calcd. for [M+H]* 331.3027, found
331.3023; [a]o2° (DCM) = +7.2°.

5.8.6 Opening of 2-((S)-2-(allyloxy)propyl)-3-octyloxirane

D-Kagan
_ 3DPAFIPN _ P
o o DIPEA, MTG oH o o
— CgH17\/k/'\ CgHq7
CgH17 THF
blue LED OH
D6 r,4d D23 D24

According to GP11, D6 (1.0 eq., 0.5 mmol, 127.2 mg, d.r. = 70:30) is reacted with b-Kagan
(10 mol%, 0.05 mmol, 26.3 mg), 3SDPAFIPN (3 mol%, 0.015 umol, 10.0 mg), DIPEA (3.0 eq.,
1.5 mmol, 0.26 mL) and MTG (20 mol%, 0.1 mmol, 9 pL) in THF (0.1 M, 5 mL) under irradiation
with blue light at room temperature for 4 days. According to TLC, no conversion is observed.
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5.8.7 Opening of methyl 8-(3-((R)-2-((tert-butyldimethylsilyl)oxy)octyl)oxiran-2-

yl)octanoate

D-Kagan
3DPAFIPN

O o OTBS DIPEA, MTG . OH 0TBS . OTBS

W - Meo\”/w\/k/\c H MGOWC H

MeO 7 CeHi3 THF 67138 6713
blue LED o O OH
D3 it 4 d 27% D15 51% D16

According to GP11, D3 (1.0 eqg., 0.5 mmol, 221.4 mg, d.r. = 60:40) is reacted with b-Kagan
(10 mol%, 0.05 mmol, 26.3 mg), 3SDPAFIPN (3 mol%, 0.015 umol, 10.0 mg), DIPEA (3.0 eq.,
1.5 mmol, 0.26 mL) and MTG (20 mol%, 0.1 mmol, 9 pL) in THF (0.1 M, 5 mL) under irradiation
with blue light at room temperature for 4 days. After purification, D15 (61.0 mg, 0.137 mmol,
27%, d.r. = 12:88) and D16 (112.8 mg, 0.254 mmol, 51%, d.r. = 8:92) are obtained as pale-
yellow oils. r.r. (1,3:1,4) = 38:62.

OH oTBs D15 CosHs20sSi; MW = 444.77 g/mol; *H-NMR (500 MHz,
: CeHy, CDCl) 8 [ppm] 4.01 — 3.86 (m, 2H), 3.65 (s, 3H), 2.20 (t, J =
o) 7.5 Hz, 2H), 1.64 — 1.22 (m, 27H), 0.91 — 0.86 (m, 12H), 0.09 (s,
3H), 0.07 (s, 3H); 13C-NMR (126 MHz, CDCls) & [ppm] 174.4, 72.2, 68.4, 51.6, 41.4, 38.2, 36.2,
34.2, 31.9, 29.8, 29.6, 29.5, 29.3, 29.3, 26.0, 25.7, 25.1, 22.7, 18.1, 14.2, -4.4, -4.6; IR [cm]
Pmax 3455, 2930, 2855, 1740, 1255, 1070, 835, 775; HRMS (ESI) m/z calcd. for [M+H]*
445.3708, found 445.3705; [a]52° (DCM) = -8.3°.

7

MeO

oTBS D16: Ca2sHs204Si; MW = 444.77 g/mol; H-NMR (500 MHz,
MBOW%HH CDCl3) & [ppm] 3.69 (td, J = 5.8, 4.1 Hz, 1H), 3.65 (s, 3H), 3.52

O OH (tdd, J=7.6,5.7, 3.1 Hz, 1H), 2.29 (t, J = 7.5 Hz, 2H), 1.66 — 1.19
(m, 27H), 0.91 — 0.85 (m, 12H), 0.05 (s, 3H), 0.05 (s, 3H); 3C-NMR (126 MHz, CDCls) & [ppm]
174.4, 72.6, 72.2, 51.6, 37.7, 36.7, 34.2, 33.4, 33.0, 32.0, 29.6, 29.6, 29.4, 29.2, 26.0, 25.8,
25.6, 25.1, 22.8, 18.3, 14.2, -4.3; IR [cm™] imax 3430, 2930, 2855, 1740, 1255, 1045, 835, 775;
HRMS (ESI) m/z calcd. for [M+H]" 445.3708, found 445.3708; [a]o?° (DCM) = -1.2°.

The analytical data is in agreement with the literature.[*36!
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5.9 Regiodivergent Epoxide Openings with Organic Photocatalysts

5.9.1 Opening of N-(((2R,3S)-3-propyloxiran-2-yl)methyl)prop-2-yn-1-amine

D-Kagan
o 4CZIPN DMPU
H
\/N\/Q\/\ )jil\/\
THF
R5 blue LED
rt, 3d

The reaction is performed in a heat-dried Schlenk tube under argon atmosphere. D-Kagan
(10 mol%, 0.025 mmol, 13.1 mg) and 4CzIPN (2.5 mol%, 6.25 umol, 4.9 mg) are placed in the
tube and evacuated for 30 min. After flushing with argon, THF (0.1 M, 2.5 mL) and epoxide R5
(1.0 eq., 0.25 mmol, 38.3 mg) are added, followed by Hantzsch ester (H1, 2.0 eq., 0.5 mmol,
126.7 mg) and DMPU (1.5 eq., 0.75 mmol, 45 pL). The reaction is stirred under irradiation with
blue light at room temperature for 3 d. After the reaction is finished, 2 mL of phosphate buffer
solution and 2 mL of Et,O are added. The reaction is stirred for 10 min, afterwards the phases
are separated, and the aqueous layer is extracted with Et,O (3x). The combined organic phase
is dried over MgSOy, filtered, and the solvent is removed under reduced pressure. No product
can be isolated and the *H-NMR data show decomposition of the substrate and product. Only
Hantzsch ester (H1) can be isolated.

5.9.2 Opening of tert-butyldimethyl(((S)-1-((2S,3R)-3-octyloxiran-2-yl)propan-2-

yhoxy)silane

L-Kagan
3DPAFIPN
0 OTBS DIPEA, MTG OTBS
- CgH
CeHi- THE gH17 -
blue LED OH
R30 rt, 4 d R31

According to GP11 L-Kagan (10 mol%, 0.05 mmol, 26.3 mg), R30 (1.0 eq., 0.5 mmol,
164.3 mg), 3DPAFIPN (3 mol%, 0.015 pmol, 10.0 mg), DIPEA (3.0 eq., 1.5 mmol, 0.26 mL)
and MTG (20 mol%, 0.1 mmol, 9 pL) are reacted in THF (0.1 M, 5 mL) under irradiation with
blue light at room temperature for 4 days. After purification, R31 (117.5 mg, 0.355 mmol, 71%,
d.r. = 1:99) is obtained as a colorless oil. r.r. (1,3:1,4) = 9:91.
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5.9.3 Opening of tert-butyl(((S)-1-((2S,3R)-3-(cyclohexylmethyl)oxiran-2-yl)-3-
phenylpropan-2-yl)oxy)dimethylsilane

5931

L-Kagan
3DPAFIPN OTBS

(0) OTBS DIPEA, MTG
> Y Bn
Bn A

THF OH

blue LED
R24 i, 4 d R33

According to GP11 L-Kagan (10 mol%, 0.05 mmol, 26.3 mg), R24 (1.0 eq., 0.5 mmol,
194.3 mg), 3DPAFIPN (3 mol%, 0.015 pmol, 10.0 mg), DIPEA (3.0 eq., 1.5 mmol, 0.26 mL)
and MTG (20 mol%, 0.1 mmol, 9 pL) are reacted in THF (0.1 M, 5 mL) under irradiation with
blue light at room temperature for 4 days. After purification, R33 (57.7 mg, 0.148 mmol, 30%,
d.r. = 1:99) is obtained as a pale-yellow oil. r.r. (1,3:1,4) = 20:80.

OTBS R33: CasH0,Si; MW = 390.68 g/mol; *H-NMR (400 MHz, CDCls)

; 5n O [ppm] 7.28 (ddt, J = 7.0, 5.9, 1.0 Hz, 2H), 7.23 — 7.16 (M, 3H), 3.93

OH (tt, J = 6.5, 4.6 Hz, 1H), 3.71 — 3.63 (m, 1H), 2.86 — 2.71 (m, 2H),

2.13 (s, 1H), 1.84 — 1.10 (m, 14H), 0.88 (s, 12H), -0.00 (s, 3H), -0.16 (s, 3H); *C-NMR

(101 MHz, CDCls) & [ppm] 139.3, 129.8, 128.3, 126.2, 74.0, 69.5, 45.6, 43.5, 34.3, 33.6, 33.4,

33.1,26.8, 26.5, 26.4, 26.0, 18.2, -4.6, -4.8; IR [cM™] Fimax 3360, 2925, 2855, 1255, 1085, 1045,

835, 775, 695; HRMS (ESI) m/z calcd. for [M+H]* 391.3027, found 391.3027; [a]o?°
(DCM) = -1.8°.

5.9.3.2

D-Kagan

3DPAFIPN OH OTBS
(@) OTBS DIPEA, MTG

Bn
Bn THF

blue LED

R24 i, 4 d R34

According to GP11 p-Kagan (10 mol%, 0.05 mmol, 26.3 mg), R24 (1.0 eq., 0.5 mmol,
194.3 mg), 3DPAFIPN (3 mol%, 0.015 pmol, 10.0 mg), DIPEA (3.0 eq., 1.5 mmol, 0.26 mL)
and MTG (20 mol%, 0.1 mmol, 9 pL) are reacted in THF (0.1 M, 5 mL) under irradiation with
blue light at room temperature for 4 days. After purification, R34 (74.9 mg, 0.192 mmol, 39%,
d.r. = 99:1) is obtained as a pale-yellow oil. r.r. (1,3:1,4) = 92:8.
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OH OTBS R34: CauH40,Si; MW = 390.68 g/mol; *H-NMR (500 MHz, CDCls)

Bn O [ppm] 7.31 — 7.24 (m, 2H), 7.24 — 7.17 (m, 1H), 7.19 — 7.13 (m,

2H), 4.14 — 4.05 (m, 1H), 3.67 (dddd, J = 11.9, 7.7, 4.8, 2.7 Hz, 1H),

2.92 (s, 1H), 2.89 (dd, J = 13.3, 5.2 Hz, 1H), 2.71 (dd, J = 13.3, 7.9 Hz, 1H), 1.71 — 1.05 (m,

15H), 0.91 (s, 9H), 0.86 (dddd, J = 13.0, 11.4, 7.6, 3.6 Hz, 2H), 0.12 (s, 3H), 0.04 (s, 3H);

13C-NMR (126 MHz, CDCls) & [ppm] 138.5, 129.7, 128.5, 126.4, 74.5, 71.4, 45.2, 43.1, 38.0,

35.3, 33.6, 33.4, 33.2, 26.8, 26.5, 26.5, 26.0, 18.1, -4.1, -4.5; IR [cm!] Fmax 3455, 2925, 2850,

1255, 1080, 835, 775, 700; HRMS (ESI) m/z calcd. for [M+H]* 391.3027, found 391.3020;
[0]o2° (DCM) = +6.3°,

5.9.4 Opening of tert-butyl(((S)-1-((2S,3R)-3-(cyclohexylmethyl)oxiran-2-
yl)hexan-2-yl)oxy)dimethylsilane

5941
L-Kagan

3DPAFIPN OTBS

e} OTBS DIPEA, MTG
: C4Hg
C4Hg THF OH

blue LED

R26 rt, 4 d R35

According to GP11 L-Kagan (10 mol%, 0.05 mmol, 26.3 mg), R26 (1.0 eq., 0.5 mmol,
177.3 mg), 3DPAFIPN (3 mol%, 0.015 pmol, 10.0 mg), DIPEA (3.0 eq., 1.5 mmol, 0.26 mL)
and MTG (20 mol%, 0.1 mmol, 9 pL) are reacted in THF (0.1 M, 5 mL) under irradiation with
blue light at room temperature for 4 days. After purification, R35 (104.1 mg, 0.292 mmol, 59%,
d.r. = 1:99) is obtained as a pale-yellow olil. r.r. (1,3:1,4) = 15:85.

0TBS  R35: Cz1H440,Si; MW = 356.67 g/mol; H-NMR (500 MHz, CDCls)

. C,H, O [ppm] 3.74 — 3.61 (M, 2H), 2.36 — 2.30 (m, 1H), 2.17 (s, 1H),

OH 1.91 — 1.83 (m, 1H), 1.83 — 1.74 (m, 1H), 1.73 — 1.44 (m, 9H),

1.41 —1.10 (m, 7H), 0.99 — 0.80 (m, 16H), 0.06 (d, J = 2.6 Hz, 6H); 3C-NMR (126 MHz, CDCls)

O [ppm] 72.6, 69.6, 45.7, 42.1, 36.4, 34.3, 33.6, 33.4, 33.2, 27.8, 27.2, 27.1, 26.8, 26.5, 26.4,

25.2,23.0,18.3, 14.3, -4.3, -4.3; IR [cm™] Tmax 3345, 2925, 2855, 1255, 1045, 835, 770; HRMS
(ESI) m/z calcd. for [M+H]* 357.3183, found 357.3189; [a]p2° (DCM) = +5.3°.
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5.9.4.2
D-Kagan
3DPAFIPN OH OTBS
O\A/(')\TBS DIPEA, MTG
C4Hg
C4Hg THF
R26 blue LED R36
rt, 4 d

According to GP11 D-Kagan (10 mol%, 0.05 mmol, 26.3 mg), R26 (1.0 eq., 0.5 mmol,
177.3 mg), 3DPAFIPN (3 mol%, 0.015 umol, 10.0 mg), DIPEA (3.0 eq., 1.5 mmol, 0.26 mL)
and MTG (20 mol%, 0.1 mmol, 9 pL) are reacted in THF (0.1 M, 5 mL) under irradiation with
blue light at room temperature for 4 days. After purification, R36 (139.6 mg, 0.391 mmol, 78%,
d.r. = 99:1) is obtained as a pale-yellow oil. r.r. (1,3:1,4) = 94:6.

OH OTBS  R36: C2H0,Si; MW = 356.67 g/mol; H-NMR (500 MHz, CDCls)

CiH, O [ppm] 3.91 (dtd, J = 9.4, 5.7, 4.0 Hz, 1H), 3.69 (tdt, J = 7.2, 5.3,

2.2 Hz, 1H), 1.73 — 1.13 (m, 24H), 0.91 — 0.88 (m, 12H), 0.11 (s,

3H), 0.10 (s, 3H); *C-NMR (126 MHz, CDCls) & [ppm] 73.8, 71.9, 42.9, 38.1, 35.3, 33.6, 33.5,

33.3, 27.0, 26.9, 26.6, 26.0, 23.1, 18.1, 14.2, -3.8, -4.5; IR [cM™] Dmax 3440, 2925, 2855, 1255,

1050, 835, 775: HRMS (ESI) m/z calcd. for [M+H]* 357.3183, found 357.3187; [a]o?
(DCM) = +16.7°.

5.9.5 Opening of N-(((2R,3S)-3-hexyloxiran-2-yl)methyl)-N-methylprop-2-yn-1-

amine
5.9.5.1
D-Kagan
| o 3DPAFIPN OH
DIPEA, MTG L~
\N\A/\/\ g )jﬂ
THF N
R6 rt,4d / R38

According to GP11 b-Kagan (10 mol%, 0.05 mmol, 26.3 mg), R6 (1.0 eq., 0.5 mmol, 97.7 mg),
3DPAFIPN (3 mol%, 0.015 pmol, 10.0 mg), DIPEA (3.0 eqg., 1.5 mmol, 0.26 mL) and MTG
(20 mol%, 0.1 mmol, 9 L) are reacted in THF (0.1 m, 5 mL) under irradiation with blue light at

room temperature for 4 days. According to TLC, no conversion is observed.
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5.9.5.2
L-Kagan
| o 3DPAFIPN
DIPEA, MTG
\\\/N\A/\/\ >
THF
R6 rt, 4d

According to GP11 L-Kagan (10 mol%, 0.05 mmol, 26.3 mg), R6 (1.0 eq., 0.5 mmol, 97.7 mg),
3DPAFIPN (3 mol%, 0.015 pmol, 10.0 mg), DIPEA (3.0 eqg., 1.5 mmol, 0.26 mL) and MTG
(20 mol%, 0.1 mmol, 9 L) are reacted in THF (0.1 m, 5 mL) under irradiation with blue light at
room temperature for 4 days. According to TLC, no conversion is observed.
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5.10 Regiodivergent Epoxide Openings with Sulfonamides

CF;
Z1
o
N\
0=5 CF,
Fj :/\ :NH
F NH
0=$ CF,4
o
CF3

5.10.1 Opening of (2S,3R)-2-((S)-2-methoxypropyl)-3-octyloxirane

D-Kagan
Z1
0O OMe DIPEA, MTG OH OMe
CusA/'\ THE CsHﬂJ\)\
green LED
R42 45°C, 18 h R44

According to GP12, p-Kagan (15 mol%, 37.5 pumol, 19.7 mg), R42 (1.0 eq., 0.25 mmol,
57.1 mg, d.r. = 93:7), Z1 (15 mol%, 37.5 umol, 26.1 mg), DIPEA (3.0 eq., 0.75 mmol, 0.13 mL)
and MTG (20 mol%, 0.05 mmol, 4 uL) are reacted in THF (1.5 mL) under irradiation with green
light at 45°C for 18 h. After purification, R44 is obtained as a colorless oil (38.4 mg,
0.167 mmol, 66%, d.r. = 99:1). r.r. (1,3:1,4) = 90:10.

OH OMe RA44: Ci4sH3002; MW = 230.39 g/mol; H-NMR (500 MHz, CDCls) & [ppm]
C8H17M 3.80 — 3.73 (m, 1H), 3.62 — 3.52 (m, 1H), 3.40 (s, 1H), 3.34 (s, 3H),
1.59 —1.19 (m, 18H), 1.16 (d, J = 6.1 Hz, 3H), 0.87 (t, J = 6.9 Hz, 3H); *C-NMR (126 MHz,
CDCls) 6 [ppm] 78.6, 72.1, 55.9, 43.8, 37.8, 32.0, 29.9, 29.8, 29.7, 29.5, 25.6, 22.8, 19.3, 14.2;
IR [cm™] Tmax 3435, 2825, 1465, 1375, 1125, 1080; HRMS (ESI) m/z calcd. for [M+H]*
231.2319, found 231.2318; [a]p?®° (DCM) = +25.4°,

The analytical data is in agreement with the literature.[*36!
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5.10.2 Opening of tert-butyldimethyl(((S)-1-((2S,3R)-3-octyloxiran-2-yl)propan-2-
yhoxy)silane
5.10.2.1
L-Kagan

Z1
o) OTBS DIPEA, MTG OTBS

CgH
CgH17 THF e
green LED OH
R30 45°C, 18 h R31

According to GP12, L-Kagan (15 mol%, 37.5 pmol, 19.7 mg), R30 (1.0 eq., 0.25 mmol,
82.2 mg, d.r. =99:1), Z1 (15 mol%, 37.5 umol, 26.1 mg), DIPEA (3.0 eq., 0.75 mmol, 0.13 mL)
and MTG (20 mol%, 0.05 mmol, 4 pL) are reacted in THF (1.5 mL) under irradiation with green
light at 45°C for 18 h. After purification, R31 is obtained as a colorless oil (57.4 mg,
0.174 mmol, 69%, d.r. = 1:99). r.r. (1,3:1,4) = 7:93.

5.10.2.2

D-Kagan
Z1
o) OTBS DIPEA, MTG OH OTBS

CqH
CgH17 THF g

green LED

R30 45°C, 18 h R41

According to GP12, p-Kagan (15 mol%, 37.5 umol, 19.7 mg), R30 (1.0 eq., 0.25 mmol,
82.2 mg, d.r. =99:1), Z1 (15 mol%, 37.5 umol, 26.1 mg), DIPEA (3.0 eq., 0.75 mmol, 0.13 mL)
and MTG (20 mol%, 0.05 mmol, 4 uL) are reacted in THF (1.5 mL) under irradiation with green
light at 45°C for 18 h. After purification, R41 is obtained as a colorless oil (59.7 mg,
0.181 mmol, 73%, d.r. =99:1). r.r. (1,3:1,4) = 94:6.
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5.10.3 Opening of methyl 8-((2S,3R)-3-((R)-2-((tert-butyldimethylsilyl)oxy)-

octyl)oxiran-2-yl)octanoate

5.10.3.1

L-Kagan

Z1 OH OTBS

(@) o) OTBS DIPEA, MTG 7= =
)W > MeO\H/(A)\/\/\C H
MeO 7 C6H13 THF o 67113
green LED
R57 45°C, 18 h R58

According to GP12, L-Kagan (15 mol%, 37.5 pumol, 19.7 mg), R57 (1.0 eqg., 0.25 mmol,
110.7 mg, d.r.=99:1), Z1 (15 mol%, 37.5 pmol, 26.1 mg), DIPEA (3.0 eq., 0.75 mmol,
0.13 mL) and MTG (20 mol%, 0.05 mmol, 4 uL) are reacted in THF (1.5 mL) under irradiation
with green light at 45°C for 18 h. After purification, R58 is obtained as a colorless oil (82.4 mg,
0.186 mmol, 74%, d.r. =99:1). r.r. (1,3:1,4) = 91:9.

. OH OTBS  R58: CasHs204Si; MW =444.77 g/mol; 'H-NMR (500 MHz,
MGOWCGHH CDCls) & [ppm] 3.90 (dtd, J = 9.5, 5.7, 4.1 Hz, 1H), 3.71 (ddd,
o) J=11.4, 5.6, 3.3 Hz, 1H), 3.65 (s, 3H), 2.28 (t, J = 7.5 Hz, 2H),
1.64 —1.21 (m, 27H), 0.89 — 0.85 (m, 12H), 0.10 (s, 3H), 0.08 (s, 3H); *C-NMR (126 MHz,
CDCls) & [ppm] 174.4, 73.8, 71.4, 51.5, 42.9, 38.3, 37.9, 34.2, 32.0, 29.8, 29.6, 29.5, 29.3,
29.3,26.0, 25.5, 25.1, 24.7, 22.7, 18.1, 14.2, -3.8, -4.5; IR [cM"}] Fmax 3455, 2930, 2855, 1740,
1255, 1070, 835, 775; HRMS (ESI) m/z calcd. for [M+H]* 445.3708, found 445.3705; [o]p®
(DCM) = -14.8°.

The analytical data is in agreement with the literature. 236!

5.10.3.2

D-Kagan

21 OTBS

0] e} OTBS DIPEA, MTG 7 z
W MeO\[((/\)\(\/\C H
MeO 7 CGH13 THF o OH 67113
green LED
R57 45°C, 21 h D16

According to GP12, L-Kagan (15 mol%, 37.5umol, 19.7 mg), R57 (1.0 eq., 0.25 mmol,
110.7 mg, d.r.=99:1), Z1 (15 mol%, 37.5 umol, 26.1 mg), DIPEA (3.0 eq., 0.75 mmol,
0.13 mL) and MTG (20 mol%, 0.05 mmol, 4 uL) are reacted in THF (1.5 mL) under irradiation
with green light at 45°C for 18 h. After purification, D16 is obtained as a colorless oil (75.1 mg,
0.169 mmol, 68%, d.r. =1:99). r.r. (1,3:1,4) = 8:92.
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5.10.4 Opening of tert-butyl(((S)-1-((2S,3R)-3-octyloxiran-2-yl)propan-2-
yl)oxy)diphenylsilane
5.104.1

L-Kagan
21
0) OTBDPS DIPEA, MTG OTBDPS

CgH17 THF
green LED OH
R61 45°C, 18 h R63

According to GP12, L-Kagan (15 mol%, 75 pmol, 39.4 mg), R61 (1.0 eq., 0.5 mmol, 226.4 mg,
d.r. =99:1), Z1 (15 mol%, 75 pmol, 52.2 mg), DIPEA (3.0 eq., 1.5 mmol, 0.26 mL) and MTG
(20 mol%, 0.1 mmol, 9 yL) are reacted in THF (3 mL) under irradiation with green light at 45°C
for 18 h. After purification, R63 is obtained as a colorless oil (163.7 mg, 0.360 mmol, 72%,
d.r. =1:99). r.r. (1,3:1,4) = 10:90.

OTBDPS R63: CaoHas0:Si; MW = 454.77 g/mol; *H-NMR (500 MHz, CDCls)
Cany\)\ 5 [ppm] 7.69 (ddd, J = 8.1, 6.6, 1.5 Hz, 4H), 7.45 — 7.40 (m, 2H),
OH 7.40 — 7.35 (m, 4H), 3.89 (ddd, J = 5.9, 5.9, 5.9 Hz, 1H), 3.51 — 3.45
(m, 1H), 1.64 (s, 2H), 1.60 — 1.21 (m, 17H), 1.10 — 1.05 (m, 12H), 0.89 (t, J = 6.9 Hz, 3H);
13C-NMR (126 MHz, CDCls) & [ppm] 136.0, 136.0, 134.8, 134.5, 129.7, 129.6, 127.7, 127.6,
72.2,69.8, 37.6, 35.6, 33.1, 32.0, 29.9, 29.7, 29.4, 27.2, 25.8, 23.1, 22.8, 19.4, 14.3; IR [cm™]
Dmax 3345, 2925, 2855, 1105, 700, 610, 505, 485; HRMS (ESI) m/z calcd. for [M+H]* 455.3340,
found 455.3337; [a]o?° (CHCls) = -12.9°.

The analytical data is in agreement with the literature. 236!

5.10.4.2

D-Kagan
Z1
e) OTBDPS DIPEA, MTG OH OTBDPS

T CgHyy

CgH47 THF
R61 green LED

45°C. 18 h R62

According to GP12, b-Kagan (15 mol%, 75 pmol, 39.4 mg), R61 (1.0 eq., 0.5 mmol, 226.4 mg,
d.r. =99:1), Z1 (15 mol%, 75 pmol, 52.2 mg), DIPEA (3.0 eq., 1.5 mmol, 0.26 mL) and MTG
(20 mol%, 0.1 mmol, 9 pL) are reacted in THF (3 mL) under irradiation with green light at 45°C
for 18 h. After purification, R62 is obtained as a colorless oil (168.5 mg, 0.371 mmol, 74%,
d.r. =99:1). r.r. (1,3:1,4) = 90:10.
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R62: CaoHis0:2Si; MW = 454.77 g/mol; *H-NMR (500 MHz, CDCls)
D A [ppm] 7.77 — 7.71 (m, 4H), 7.47 — 7.36 (m, 6H), 4.13 (ddd, J = 8.2,

6.1, 4.7 Hz, 1H), 3.80 (tdt, J = 7.0, 5.1, 2.8 Hz, 1H), 2.84 (s, 1H), 1.67
(ddd, J = 14.3, 9.1, 8.2 Hz, 1H), 1.55 (ddd, J = 14.3, 4.7, 2.8 Hz, 1H), 1.46 — 1.35 (m, 3H), 1.28
(s, 13H), 1.06 (s, 9H), 1.01 (d, J = 6.1 Hz, 3H), 0.92 — 0.87 (m, 3H); *C-NMR (126 MHz, CDCl)
S [ppm] 136.0, 136.0, 134.6, 133.7, 129.9, 129.7, 127.8, 127.6, 71.0, 70.7, 46.5, 37.9, 32.1,
29.9,29.8,29.7, 29.5, 27.1, 25.6, 24.3, 22.8, 19.3, 14.3; IR [cM™] #imax 3450, 2925, 2855, 1110,
700, 505, 485; HRMS (ESI) m/z calcd. for [M+H]* 455.3340, found 455.3350; [o]p®

(CHCI) = +4.2°.

CgH17

The analytical data is in agreement with the literature. 13!

5.10.5 Opening of triethyl(((S)-1-((2S,3R)-3-octyloxiran-2-yl)propan-2-

yl)oxy)silane

5.10.5.1

L-Kagan
Z1
0O OTES DIPEA, MTG OTES

CgH17

CgH17 THF Y
green LED OH

R65 45°C, 18 h R67
According to GP12, L-Kagan (15 mol%, 75 umol, 39.4 mg), R65 (1.0 eqg., 0.5 mmol, 164.3 mg,
d.r. =99:1), Z1 (15 mol%, 75 pmol, 52.2 mg), DIPEA (3.0 eq., 1.5 mmol, 0.26 mL) and MTG
(20 mol%, 0.1 mmol, 9 yL) are reacted in THF (3 mL) under irradiation with green light at 45°C
for 18 h. After purification, R67 is obtained as a colorless oil (115.4 mg, 0.350 mmol, 70%,
d.r. =1:99). r.r. (1,3:1,4) = 7:93.

OTES R67: CioH420:Si; MW = 330.63 g/mol; *H-NMR (500 MHz, CD:Cl,)

CSHWY\)\ 5 [ppm] 3.90 — 3.83 (m, 1H), 3.55 — 3.49 (m, 1H), 2.00 (s, 1H),

OH 1.59 — 1.24 (m, 19H), 1.14 (d, J = 6.2 Hz, 3H), 0.96 (t, J = 7.9 Hz, 9H),

0.88 (ddd, J = 555.2, 13.9, 7.1 Hz, 3H), 0.60 (dt, J = 24.3, 7.7 Hz, 6H); *C-NMR (126 MHz,

CD:Cl,) & [ppm] 72.3, 69.0, 38.1, 36.3, 33.8, 32.3, 30.2, 30.0, 29.7, 26.1, 23.7, 23.1, 14.3, 7.0,

5.3; IR [cm™] #max 3310, 3215, 2915, 1065, 1055, 1020, 720; HRMS (APCI) m/z calcd. for
[M+H]* 331.3027, found 331.3026; [a]p?® (CHCI3) = +4.7°.

The analytical data is in agreement with the literature. 3¢
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5.10.5.2

D-Kagan
Z1
e} OTES DIPEA, MTG OH OTES

- CgH17

CgHi7 THF

green LED
R65 45°C, 18 h R66

According to GP12, b-Kagan (15 mol%, 75 umol, 39.4 mg), R65 (1.0 eq., 0.5 mmol, 164.3 mg,
d.r. =99:1), Z1 (15 mol%, 75 umol, 52.2 mg), DIPEA (3.0 eq., 1.5 mmol, 0.26 mL) and MTG
(20 mol%, 0.1 mmol, 9 L) are reacted in THF (3 mL) under irradiation with green light at 45°C
for 18 h. After purification, R66 is obtained as a colorless oil (124.4 mg, 0.376 mmol, 75%,
d.r.=98:2).r.r. (1,3:1,4) = 93:7.

OH OTES R66: CioHi0:Si; MW = 330.63 g/mol; H-NMR (500 MHz, CDCls)
i AL 5 [ppm] 4.13 — 4.04 (m, 1H), 3.75 (tt, J = 6.7, 4.2 Hz, 1H), 3.61 (s, 1H),
1.55—1.23 (m, 18H), 1.19 (d, J = 6.1 Hz, 3H), 0.97 (t, J = 7.9 Hz, 9H), 0.87 (t, J = 6.9 Hz, 3H),
0.64 (q, J = 7.9 Hz, 6H); 3C-NMR (126 MHz, CDCls) & [ppm] 71.9, 70.4, 45.9, 37.9, 32.1, 29.9,
29.8, 29.7, 29.5, 25.6, 24.8, 22.8, 14.3, 6.9, 5.3 IR [cm}] Dmax 3345, 2925, 2855, 1070, 1005,
730, 685; HRMS (APCI) m/z caled. for [M+H]* 331.3027, found 331.3027; [a]p®
(CHCl3) = +3.3°.

The analytical data is in agreement with the literature.[*36!

5.10.6 Opening of tert-butyl(3-((2R,3S)-3-((S)-2-methoxyhexyl)oxiran-2-
yl)propoxy)diphenylsilane

5.10.6.1
L-Kagan
Z1
0 OMe DIPEA, MTG OMe
TBDPSO\/\A)\ ~ /\/\/\/'\
C4Hg THF TBDPSO B C4H9
green LED OH
R45 45°C, 48 h R46

According to GP12, L-Kagan (15 mol%, 75 pmol, 39.4 mg), R45 (1.0 eq., 0.5 mmol, 227.4 mg,
d.r. =96:4), Z1 (15 mol%, 75 pmol, 52.2 mg), DIPEA (3.0 eqg., 1.5 mmol, 0.26 mL) and MTG
(20 mol%, 0.1 mmol, 9 L) are reacted in THF (3 mL) under irradiation with green light at 45°C
for 48 h. After purification, R46 is obtained as a colorless oil (177.3 mg, 0.388 mmol, 78%,
d.r. =1:99). r.r. (1,3:1,4) = 6:94.
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OMe R46: C2sH4403Si; MW = 456.74 g/mol; *H-NMR (500 MHz,
TBDPSO/\/\;/\)\CA,HQ CDCl3) & [ppm] 7.68 (ddd, J = 6.6, 1.4, 1.4 Hz, 4H),
OH 7.45 —7.36 (M, 6H), 3.69 (tt, J = 5.8, 3.1 Hz, 2H), 3.60 (tt,
J=7.7,3.9Hz, 1H), 3.33 (s, 3H), 3.18 (ddd, J = 6.0, 6.0, 4.1 Hz, 1H), 1.72 — 1.42 (m, 10H),
1.36 — 1.27 (m, 4H), 1.06 (s, 9H), 0.93 — 0.89 (m, 3H); *C-NMR (126 MHz, CDCls) d [ppm]
135.7, 135.7, 133.9, 129.7, 127.8, 81.3, 71.7, 64.3, 56.5, 34.4, 33.2, 33.0, 29.7, 29.0, 27.6,
27.0, 23.0,19.3, 14.2; IR [cm™] Tmax 3425, 2930, 2860, 1425, 1360, 1280, 1090, 700, 615, 500;
HRMS (ESI) m/z calcd. for [M+H]" 457.3132, found 457.3132; [a]p?° (DCM) = +0.3°.

The analytical data is in agreement with the literature. 13!

5.10.6.2

D-Kagan
Z1
0 OMe DIPEA, MTG OH OMe
tBDPSO._~ AN g e~ AN
C4H9 THF TBDPSO C4H9
green LED
45°C, 48 h R4

R45

According to GP12, b-Kagan (15 mol%, 75 umol, 39.4 mg), R45 (1.0 eq., 0.5 mmol, 227.4 mg,
d.r. = 96:4), Z1 (15 mol%, 75 umol, 52.2 mg), DIPEA (3.0 eq., 1.5 mmol, 0.26 mL) and MTG
(20 mol%, 0.1 mmol, 9 L) are reacted in THF (3 mL) under irradiation with green light at 45°C
for 48 h. After purification, R47 is obtained as a colorless oil (159.4 mg, 0.349 mmol, 70%,
d.r. =99:1). r.r. (1,3:1,4) = 94:6.

OH OMe RA47: CsHa403Si; MW = 456.74 g/mol; *H-NMR (500 MHz,
TBDPSOWC4H9 CDCls) & [ppm] 7.67 (dt, J = 6.7, 1.6 Hz, 4H), 7.44 — 7.35
(m, 6H), 3.75 (tdd, J = 8.0, 5.4, 3.3 Hz, 1H), 3.67 (t,
J = 6.5 Hz, 2H), 3.43 (ddt, J = 8.5, 6.9, 4.2 Hz, 1H), 3.36 (s, 3H), 2.81 (s, 1H), 1.63 — 1.21 (m,
14H), 1.05 (s, 9H), 0.92 (t, J = 7.1 Hz, 3H); 3C-NMR (126 MHz, CDCls) & [ppm] 135.7, 134.3,
134.3, 129.6, 127.7, 82.6, 72.1, 64.0, 56.1, 40.8, 37.6, 32.8, 32.7, 27.0, 26.9, 23.1, 21.8, 19.4,
14.2; IR [cm™Y] Tmax 3455, 2930, 2855, 1460, 1420, 1065, 820 700, 610, 500; HRMS (ESI) m/z
calcd. for [M+H]* 457.3132, found 457.3133; [a]p?° (DCM) = +22.1°.

The analytical data is in agreement with the literature. 3¢
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5.10.7 Opening of (2S,3R)-2-((R)-2-methoxypropyl)-3-octyloxirane

D-Kagan
Z1
0 OMe DIPEA, MTG OH OMe
CusA/\ THF Cair AN A
R68 green LED R69
45°C, 48 h

According to GP12, b-Kagan (15 mol%, 75 umol, 39.4 mg), R68 (1.0 eq., 0.5 mmol, 114.2 mg,
d.r. =99:1), Z1 (15 mol%, 75 umol, 52.2 mg), DIPEA (3.0 eq., 1.5 mmol, 0.26 mL) and MTG
(20 mol%, 0.1 mmol, 9 L) are reacted in THF (3 mL) under irradiation with green light at 45°C
for 48 h. After purification, R69 is obtained as a colorless oil (82.7 mg, 0.359 mmol, 72%,
d.r. =1:99). r.r. (1,3:1,4) = 90:10.

OH OMe R69: Ci4H3002; MW = 230.39 g/mol; *H-NMR (500 MHz, CDCls) & [ppm]
Cusv'\/'\ 3.86 (tdd, J = 7.5, 4.7, 2.9 Hz, 1H), 3.69 — 3.62 (m, 1H), 3.33 (s, 3H),
1.66 — 1.55 (m, 2H), 1.51 — 1.21 (m, 17H), 1.19 (d, J = 6.2 Hz, 3H), 0.87 (t, J = 6.9 Hz, 3H);
13C-NMR (126 MHz, CDCls) & [ppm] 75.1, 68.8, 56.3, 42.5, 37.8, 32.0, 29.9, 29.8, 29.7, 29.5,
25.9, 22.8, 18.8, 14.3; IR [cmY] Tmax 3425, 2925, 2855, 1465, 1375, 1150, 1125, 1085; HRMS
(El) m/z calcd. for [M-H,O]** 212.2135, found 212.2137; [a]p® (DCM) = -18.7°.

The analytical data is in agreement with the literature. 236!

5.10.8 Opening of tert-butyldimethyl(((S)-1-((2S,3R)-3-pentyloxiran-2-yl)octan-2-
yl)oxy)silane
D-Kagan

Z1

CsHq4 CeH1s CeH13 CeH1s3

THF

R71 green LED R72
45°C, 48 h

According to GP12, b-Kagan (15 mol%, 75 pmol, 39.4 mg), R71 (1.0 eq., 0.5 mmol, 178.3 mg,
d.r. =99:1), Z1 (15 mol%, 75 pmol, 52.2 mg), DIPEA (3.0 eqg., 1.5 mmol, 0.26 mL) and MTG
(20 mol%, 0.1 mmol, 9 L) are reacted in THF (3 mL) under irradiation with green light at 45°C
for 48 h. After purification, R72 is obtained as a colorless oil (138.5 mg, 0.386 mmol, 77%,
d.r. =99:1). r.r. (1,3:1,4) = 94:6.
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R72: CxH4602Si; MW = 358.68 g/mol; H-NMR (500 MHz, CDClIs)
& [ppm] 3.91 (dtd, J = 9.4, 5.7, 4.0 Hz, 1H), 3.72 (dtd, J = 9.5, 4.6,
CeH13 CeH1z

2.1 Hz, 1H), 3.20 (s, 1H), 1.60 (ddd, J = 14.3, 4.0, 2.3 Hz, 1H),
1.53 —1.22 (m, 20H), 0.92 — 0.85 (m, 16H), 0.11 (s, 3H), 0.09 (s, 3H); 3C-NMR (126 MHz,
CDCIs) 6 [ppm] 73.8, 71.5, 43.0, 38.4, 38.0, 32.0, 32.0, 29.7, 29.6, 26.0, 25.5, 24.8, 22.8, 22.7,
18.1, 14.2, 14.2, -3.8, -4.5; IR [cm™] Tmax 3440, 2955, 2930, 2855, 1255, 1070, 1005, 835, 810,
775; HRMS (ESI) m/z calcd. for [M+Na]* 381.3159, found 381.3156; [a]o?° (DCM) = +21.8°.

OH OTBS

The analytical data is in agreement with the literature. 13!
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5.11 Regiodivergent Epoxide Openings under other Conditions

5.11.1 Opening of methyl 8-((2S,3R)-3-((S)-2-fluorooctyl)oxiran-2-yl)octanoate

5.11.1.1
L-Kagan
o o F DIPEA, MTG 7 ?H e
PN | - o A A
MeO 7 CGH13 THF o 67113
green LED
R75 19 h R76

The reaction is performed in a heat-dried Schlenk tube under argon atmosphere. L-Kagan
(10 mol%, 0.05 mmol, 26.3 mg) is placed in the tube and evacuated for 30 min. After flushing
with argon, THF (0.17 M, 3 mL) and epoxide R75 (1.0 eq., 0.5 mmol, 165.2 mg) are added,
followed by DIPEA (3.0 eq., 1.5 mmol, 0.26 mL) and MTG (20 mol%, 0.1 mmol, 9 pL). The
reaction is stirred under irradiation with green light at room temperature for 19 h. After the
reaction is finished, 5 mL of phosphate buffer solution and 5 mL of Et,O are added. The

reaction is stirred for 10 min. According to TLC, no conversion is observed.

5.11.1.2
L-Kagan
(0] (e) F DIPEA, MTG 7 (?)H "
MeO 7 C6H13 THF 67113
R75 green LED 0 R76
60°C, 19 h

The reaction is performed in a heat-dried Schlenk tube under argon atmosphere. L-Kagan
(10 mol%, 0.05 mmol, 26.3 mg) is placed in the tube and evacuated for 30 min. After flushing
with argon, THF (0.17 M, 3 mL) and epoxide R75 (1.0 eq., 0.5 mmol, 165.2 mg) are added,
followed by DIPEA (3.0 eq., 1.5 mmol, 0.26 mL) and MTG (20 mol%, 0.1 mmol, 9 pL). The
reaction is stirred under irradiation with green light at 60°C for 19 h. After the reaction is
finished, 5 mL of phosphate buffer solution and 5 mL of Et,O are added. The reaction is stirred

for 10 min. According to TLC, no conversion is observed.
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5.11.2 Opening of N-(((2R,3S)-3-isobutyloxiran-2-yl)methyl)-N-methylprop-2-yn-

1-amine
D-Kagan
Mn, Coll*HCl OH
| o 1,4-CHD )jﬁ

NN
N N\/Q\)\
N THF N

R3 rt, 24 h / R77

The reaction is performed according to the literature.?®® In a heat-dried Schlenk tube, Coll*HCI
(1.5 eq., 0.9 mmol, 142 mg) is heated slightly under vacuum until sublimation. After cooling to
room temperature and flushing with argon, p-Kagan (10 mol%, 0.06 mmol, 31.5 mg), Mn
(2.0 eq., 1.2 mmol, 65.9 mg) and THF (0.3 M, 3 mL) are added and the mixture is stirred for
30 min until a color change from red to green occurs. R3 (1.0 eq., 0.6 mmol, 110 mg) and 1,4-
CHD (4.35 eq., 2.61 mmol, 0.25 mL) are added and the reaction is stirred at room temperature
for 24 h. It is quenched by the addition of aqueous phosphate buffer (4 mL). According to TLC,
no conversion is observed.
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5.12 Other Syntheses

5.12.1 Dehalogenations
5.12.1.1 Debromination of (bromomethyl)benzene
Cp*TiCly
©/\Br DIPEA O
THF O

S27 blue LED S28

rt, 18 h

Cp*TiCls (10 mol%, 0.05 mmol, 14.5 mg) and DIPEA (3.0 eq., 1.50 mmol, 0.26 mL) are placed
in a heat-dried Schlenk tube under argon and dry THF (5 mL) is added. S27 (1.0 eq.,
0.50 mmol, 0.06 mL) and THF (0.5 M, 5 mL) are added, and the reaction mixture is stirred at
room temperature under irradiation with blue LEDs for 18 h. According to TLC, no conversion

is observed.

5.12.1.2 Synthesis of tert-butyl 3-(2-((tert-butoxycarbonyl)amino)ethyl)-1H-indole-1-

carboxylate
Boc,0
NH, DMAP NHBoc
b \
N DCM N
H rt, 22 h \
Boc
S29 S30

2-(1H-indol-3-yl)ethan-1-amine (S29, 1.0 eq., 62.4 mmol, 10.0 g) is placed in a heat-dried
Schlenk flask under argon and dissolved in dry DCM (0.4 M, 150 mL). The solution is cooled
to 0°C, Boc2O (2.1 eq., 131.1 mmol, 30.1 mL) and DMAP (5 mol%, 3.12 mmol, 381 mg) are
added and the reaction is stirred at room temperature for 22 h. After major conversion is
observed by TLC, the solvent is removed under reduced pressure and the mixture is diluted
with EA and washed with sat. aq. NaHCO3 solution and brine. The layers are separated and
the organic layer is dried over MgSOs, and the solvent is removed. The crude product (yellow
viscous oil) is purified by flash column chromatography (SiO,, CH/EA 7:1). S30 is obtained as
a colorless solid (11.5 mmol, 4.15 g, 18%).

S30: C20H28N204; MW = 360.45 g/mol; IH-NMR (400 MHz, CDC|3)

NHBoc
AN O [ppm] 8.13 (s, 1H), 7.54 (dt, J = 7.7, 1.0 Hz, 1H), 7.41 (s, 1H), 7.32
N\ (ddd, J =8.4, 7.2, 1.4 Hz, 1H), 7.27 — 7.20 (m, 1H), 4.62 (s, 1H), 3.45
Boc

(d, J = 7.3 Hz, 2H), 2.93 — 2.83 (m, 2H), 1.67 (s, 9H), 1.44 (s, 9H).

The analytical data is in agreement with the literature.4!
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5.12.1.3 Synthesis of di-tert-butyl (3aR,8aR)-3a-bromo-2,3,3a,8a-tetrahydropyrrolo[2,3-
blindole-1,8-dicarboxylate

NHBoc NBS Br
PPTS
N N
“Boc
N DCM N H
Boc rt, 4 h v

Boc
S30 S31

S30 (1.0eq., 11.5mmol, 4.15g) is dissolved in DCM (0.1 ™M, 120 mL). PPTS (1.0 eq.,
11.5 mmol, 2.89 g) and NBS (2.0 eq., 23.0 mmol, 4.10 g) are added and the reaction mixture
is stirred at room temperature for 4 h. It is diluted with DCM, washed with brine and H,O and
the layers are separated. The organic phase is dried over MgSO., and the solvent is removed
under reduced pressure. The crude product is purified by flash column chromatography (SiO»,
CH/EA 20:1) and S31 is obtained as a colorless solid (1.64 mmol, 811 mg, 14%).

Br S31: CaoH27BrN20s MW = 439.35 g/mol; *H-NMR (400 MHz, CDCls)

©\)<K\'L\B 5 [ppm] 7.58 (s, 1H), 7.38 — 7.33 (m, 1H), 7.31 — 7.25 (m, 1H), 7.09 (td,
oC

N H J=7.5, 1.0 Hz, 1H), 6.44 (s, 1H), 3.78 — 3.66 (m, 1H), 2.85 — 2.68 (m,

Boc
3H), 1.58 (s, 9H), 1.49 (s, 9H).

The analytical data is in agreement with the literature.4

5.12.2 Decarboxylations

5.12.2.1 Synthesis of tert-butyl 3-cyclohexylpropanoate

o Cp,TiX, O J<
0 base
@] THF
green LED
S4 X1 it. 20 h S5

)} According to  GP13, Cp2TiClz (10 mol%, 0.05 mmol, 12.5 mg),
cyclohexanecarboxylic acid (S4, 1.0 eq., 0.5 mmol, 64.1 mg), DABCO (10 mol%,
0.05 mmol, 5.6 mg) and X1 (2.0 eqg., 1.0 mmol, 0.15 mL) are reacted in dry THF
(0.05 m, 10 mL) at room temperature under irradiation with green light for 20 h. The
reaction mixture showed a colorless precipitate. According to TLC, no conversion

is observed.

177



Daniel Slak

178

IN)

1)

V)

V)

Vi)

According to  GP13, Cp2TiBr: (20 mol%, 0.05 mmol, 16.9 mg),
cyclohexanecarboxylic acid (S4, 1.0 eq., 0.5 mmol, 64.1 mg), DABCO (10 mol%,
0.05 mmol, 5.6 mg) and X1 (2.0 eq., 1.0 mmol, 0.15 mL) are reacted in dry THF
(0.05 M, 10 mL) at room temperature under irradiation with green light for 20 h. The
reaction mixture showed a colorless precipitate. According to TLC, no conversion

is observed.

According to GP13, Cp:Ti(TFA): (10mol%, 0.05mmol, 20.2 mg),
cyclohexanecarboxylic acid (S4, 1.0 eq., 0.5 mmol, 64.1 mg), DABCO (10 mol%,
0.05 mmol, 5.6 mg) and X1 (2.0 eq., 1.0 mmol, 0.15 mL) are reacted in dry THF
(0.05 M, 10 mL) at room temperature under irradiation with green light for 20 h.

According to TLC, no conversion is observed.

According to GP13, Cp:Ti(OMs); (10 mol%, 0.05 mmol, 18.4 mg),
cyclohexanecarboxylic acid (S4, 1.0 eq., 0.5 mmol, 64.1 mg), DABCO (10 mol%,
0.05 mmol, 5.6 mg) and X1 (2.0 eq., 1.0 mmol, 0.15 mL) are reacted in dry THF
(0.05 M, 10 mL) at room temperature under irradiation with green light for 20 h. The
reaction mixture showed a colorless precipitate. According to TLC, no conversion

is observed.

According to  GP13, Cp:TiCl, (10 mol%, 0.05 mmol, 12.5 mg),
cyclohexanecarboxylic acid (S4, 1.0 eq., 0.5 mmol, 64.1 mg), DABCO (1.0 eq.,
0.5 mmol, 56.1 mg) and X1 (2.0 eq., 1.0 mmol, 0.15 mL) are reacted in dry THF
(0.05 M, 10 mL) at room temperature under irradiation with green light for 20 h. The
reaction mixture showed a colorless precipitate. According to TLC, no conversion

is observed.

According to GP13, Cp.Ti(TFA): (10mol%, 0.05mmol, 20.2 mg),
cyclohexanecarboxylic acid (S4, 1.0 eqg., 0.5 mmol, 64.1 mg), DABCO (1.0 eq.,
0.5 mmol, 56.1 mg) and X1 (2.0 eqg., 1.0 mmol, 0.15 mL) are reacted in dry THF
(0.05 M, 10 mL) at room temperature under irradiation with green light for 20 h.

According to TLC, no conversion is observed.
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Vi)

i)

According  to GP13, Cp2TiCl> (20 mol%, 0.05 mmol, 12.5 mg),
cyclohexanecarboxylic acid (S4, 1.0 eq., 0.5 mmol, 64.1 mg), NEt; (0.5eq.,
0.25 mmol, 35 yL) and X1 (2.0 eq., 1.0 mmol, 0.15 mL) are reacted in dry THF
(0.05 M, 10 mL) at room temperature under irradiation with green light for 20 h.

According to TLC, no conversion is observed.

According to  GP13, Cp:TiCl; (20 mol%, 0.05 mmol, 12.5 mg),
cyclohexanecarboxylic acid (S4, 1.0 eq., 0.5 mmol, 64.1 mg), collidine (0.5 eq.,
0.25 mmol, 33 yL) and X1 (2.0 eq., 1.0 mmol, 0.15 mL) are reacted in dry THF
(0.05 M, 10 mL) at room temperature under irradiation with green light for 20 h.

According to TLC, no conversion is observed.

5.12.2.2 Synthesis of tert-butyl 2-(3-(tert-butoxy)-3-oxopropyl)pyrrolidine-1-carboxylate

IN)

1)

O Cp,TiCl, O J<
0] base
C/)LOH /Y j< . C//\)J\O
N o} solvent N

‘Boc green LED Boc

S6 X1 rt, 20 h S7
According to GP13, Cp.TiCl> (10 mol%, 0.05mmol, 12.5mg), (tert-
butoxycarbonyl)-L-proline (S6, 1.0 eq., 0.5mmol, 107.6 mg), NEt; (0.5eq.,
0.25 mmol, 35 L) and X1 (2.0 eq., 1.0 mmol, 0.15 mL) are reacted in dry THF
(0.05 M, 10 mL) at room temperature under irradiation with green light for 20 h.
According to TLC, no conversion is observed.

According to GP13, Cp.TiCl, (10 mol%, 0.05mmol, 12.5mg), (tert-
butoxycarbonyl)-L-proline (S6, 1.0 eqg., 0.5 mmol, 107.6 mg), collidine (0.5 eq.,
0.25 mmol, 33 pL) and X1 (2.0 eq., 1.0 mmol, 0.15 mL) are reacted in dry THF
(0.05m, 10 mL) at room temperature under irradiation with green light for 20 h.

According to TLC, no conversion is observed.

According to GP13, CpTiClz (10 mol%, 0.05mmol, 12.5mg), (tert-
butoxycarbonyl)-L-proline (S6, 1.0 eq., 0.5mmol, 107.6 mg), NEt; (0.5eq.,
0.25 mmol, 35 pL) and X1 (2.0 eq., 1.0 mmol, 0.15 mL) are reacted in dry DMF
(0.05 M, 10 mL) at room temperature under irradiation with green light for 20 h.

According to TLC, no conversion is observed.
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V) According to GP13, Cp.TiCl, (10 mol%, 0.05mmol, 12.5mg), (tert-
butoxycarbonyl)-L-proline (S6, 1.0 eq., 0.5mmol, 107.6 mg), NEt; (0.5eq.,
0.25 mmol, 35 yL) and X1 (2.0 eq., 1.0 mmol, 0.15 mL) are reacted in dry DMPU
(0.05 M, 10 mL) at room temperature under irradiation with green light for 20 h.

According to TLC, no conversion is observed.

V) According to GP13, Cp.TiClz (10 mol%, 0.05mmol, 12.5mg), (tert-
butoxycarbonyl)-L-proline (S6, 1.0 eq., 0.5mmol, 107.6 mg), NEt; (0.5eq.,
0.25 mmol, 35 uL) and X1 (2.0 eqg., 1.0 mmol, 0.15 mL) are reacted in dry MeCN
(0.05 M, 10 mL) at room temperature under irradiation with green light for 20 h.

According to TLC, no conversion is observed.

Vi) According to GP13, Cp.TiCl> (10 mol%, 0.05mmol, 12.5mg), (tert-
butoxycarbonyl)-L-proline (S6, 1.0 eq., 0.5mmol, 107.6 mg), NEt; (0.5eq.,
0.25 mmol, 35 pL) and X1 (2.0 eq., 1.0 mmol, 0.15 mL) are reacted in dry DME
(0.05 M, 10 mL) at room temperature under irradiation with green light for 20 h.

According to TLC, no conversion is observed.

5.12.3 Synthesis of 2-(bromomethyl)-2-methyloxirane

mCPBA )
Br\)J\ > BF\X

DCM
rt, 16 h

S8 X2

3-Bromo-2-methylprop-1-ene (S8, 1.0 eq., 14.8 mmol, 1.49 mL) is dissolved in DCM (0.5 M,
30 mL) and cooled to 0°C, mCPBA (77% in water, 1.6 eq., 23.3 mmol, 4.02 g) is slowly added
and the reaction is stirred for 16 h at room temperature. The reaction mixture is washed with
10% ag. KOH solution, the phases are separated, and the organic phase is washed with water
and 2x with sat. ag. NaHCOs3 solution. The organic layer is dried over MgSQ., and the solvent
is removed under reduced pressure. X2 is obtained as a colorless oil (13.6 mmol, 2.06 g, 92%)

without further purification.

J@ X2: C4H/BrO; MW = 151.00 g/mol; *H-NMR (500 MHz, CDCls) & [ppm] 3.40 (dd,
Br J=10.5, 0.8 Hz, 1H), 3.33 (d, J = 10.5 Hz, 1H), 2.83 — 2.79 (m, 2H), 1.50 (s, 3H).

The analytical data is in agreement with the literature.*
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5.12.4 Synthesis of 3-((1-phenylethylidene)amino)propanenitrile

o molecular _N
_N sieves X /V/
= -

H2NM N
toluene
reflux, 22 h
S32 S33 S34

5.12.4.1

The synthesis is performed according to the literature.*¥ In a flame-dried Schlenk flask with
a reflux condensor acetophenone (S32, 1.0 eq., 20.0 mmol, 2.33 mL) is dissolved in toluene
(1.0 M, 20 mL) under argon atmosphere. 5 A molecular sieves and S33 (1.2 eq., 24.0 mmol,
1.75 mL) are added subsequently and the reaction mixture is heated to 110°C and stirred for
22 h. After cooling to room temperature, it is diluted with toluene, the molecular sieves are
removed, and they are rinsed with DCM. The solvent is evaporated, and remaining S33 is
removed under reduced pressure (< 6 mbar) at 60°C. The crude product is obtained as a pale-
yellow oil. As the product is hygroscopic, the reaction conversion is determined by *H-NMR
analysis to be 60% (S34:S32 = 3:2).

S34: CuHNz MW = 172.23 g/mol; *H-NMR (400 MHz, CDCls)

\N/V//N 5 [ppm] 7.99 — 7.94 (m, 1H), 7.81 (dt, J = 6.0, 2.4 Hz, 2H), 7.60 — 7.54
(m, 1H), 7.50 — 7.44 (m, 1H), 3.71 (t, J = 6.9 Hz, 2H), 2.83 (i,
J=6.9 Hz, 2H), 2.32 — 2.26 (M, 3H).

The analytical data is in agreement with the literature.4!

5.12.4.2

The synthesis is performed according to the literature.*¥ In a flame-dried Schlenk flask with
a reflux condensor acetophenone (S32, 1.0 eq., 20.0 mmol, 2.33 mL) is dissolved in toluene
(1.0 M, 20 mL) under argon atmosphere. 4 A molecular sieves and S33 (1.2 eq., 24.0 mmol,
1.75 mL) are added subsequently and the reaction mixture is heated to 110°C and stirred for
22 h. After cooling to room temperature, it is diluted with toluene, the molecular sieves are
removed, and they are rinsed with DCM. The solvent is evaporated, and remaining S33 is
removed under reduced pressure (< 6 mbar) at 60°C. The crude product is obtained as a pale-
yellow oil. As the product is hygroscopic, the reaction conversion is determined by *H-NMR
analysis to be 60% (S34:S32 = 3:2).
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5.12.5 Synthesis of (E)-1-(pent-1-en-1-yl)pyrrolidine

0 KoCO3
E:NH | " . NN\
toluene
S35 $36 ,19h 37

The synthesis is performed according to the literature.®* In a heat-dried Schlenk flask
potassium carbonate (2.05 eq., 28.7 mmol, 3.97 g) is suspended in dry toluene (0.7 M, 10 mL)
under argon atmosphere. Pyrrolidine (S35, 1.0 eq., 14.0 mmol, 1.15 mL) is added and the
solution is cooled to 0°C. Pentanal (S36, 2.0 eq., 28.0 mmol, 2.98 mL) is added and the
reaction is stirred at room temperature for 19 h. The suspension is filtered and from the
combined filtrate the remaining aldehyde as well as the solvent are removed under reduced
pressure. The crude product is purified by distillation (1 mbar, 45°C). The product (E)-1-(pent-
1-en-1-yl)pyrrolidine (S37, 7.47 mmol, 1.04 g, 53%) is obtained as hygroscopic colorless oll
and stored under argon atmosphere at -18°C.

S37: CoHisN; MW = 139.24 g/mol; *H-NMR (500 MHz, CsDs) & [ppm] 6.17
CN—\\_/— (dt, J = 13.6, 1.1 Hz, 1H), 4.25 (dt, J = 13.9, 7.1 Hz, 1H), 2.84 — 2.76 (m,

4H), 2.13 (qd, J = 7.1, 1.1 Hz, 2H), 1.53 — 1.46 (m, 6H), 1.00 (t, J = 7.4 Hz,
3H); 3C-NMR (126 MHz, CsDs) & [ppm] 136.4, 98.4, 49.2, 33.5, 25.5, 25.1, 13.9; IR [cMY] Fmax
2955, 2925, 2870, 2830, 1655, 1360, 930; HRMS (ESI) m/z calcd. for [M+H]* 140.1434, found
140.1436.

5.12.6 Synthesis of N-cyclohexyl-4-methylbenzenesulfonamide

TsCl
NH NHTs
O/ 2 NEt3 O/
—_—
DCM
s38 rt, 30 min S39

The synthesis is performed according to the literature.®*”! Cyclohexanamine (S38, 1.0 eq.,
20.0 mmol, 2.29 mL) is dissolved in DCM (0.3 M, 65 mL) and TsCI (1.1 eq., 22.0 mmol, 4.19 g)
and NEts (2.5 eqg., 50.0 mmol, 6.97 mL) are successively added. The reaction mixture is stirred
at room temperature for 30 min. It is then diluted with aq. HCI (10 wt%, 10 mL) and the phases
are separated. The aqueous layer is extracted with DCM (3x) and with EA. The combined
organic layers are washed with brine, dried over MgSO. and the solvent is removed under
reduced pressure. The crude product is purified by flash column chromatography (SiO., CH/EA
4:1). S39 is obtained as a colorless solid (19.8 mmol, 5.02 g, 99%).
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NHTs 539 C13H1sNO>S; MW = 253.36 g/mol; *H-NMR (500 MHz, CDCls) & [oppm] 7.76

O/ (d, J = 8.2 Hz, 2H), 7.28 (dd, J = 8.1, 0.9 Hz, 2H), 4.72 (s, 1H), 3.11 (ddd,

J=10.7, 8.3, 5.3 Hz, 1H), 2.41 (s, 3H), 1.73 (dtd, J = 11.9, 4.5, 2.5 Hz, 2H),

1.61 (dt, J = 13.4, 3.9 Hz, 2H), 1.54 — 1.44 (m, 1H), 1.28 — 1.05 (m, 5H); *C-NMR (126 MHz,
CDCls) & [ppm] 143.2, 138.6, 129.7, 127.0, 52.7, 46.0, 34.0, 25.3, 24.8, 21.6, 8.8.

The analytical data is in agreement with the literature.48

5.12.7 Synthesis of ethyl (E)-5-methylhex-2-enoate

O O
OV\( EtO—/IFI’ QJ\OEt NaH EtOM
EtO THF 0
$10 s12 0°C,1h s13

In a heat-dried Schlenk flask, S12 (1.15 eq., 115.0 mmol, 22.8 mL) is dissolved in dry THF
(0.4 m, 250 mL) under argon atmosphere and the solution is cooled to 0°C. NaH (60%
dispersion in mineral oil, 1.15 eq., 115.0 mmol, 4.60 g) is added portion wise, then the
aldehyde S10 (1.00 eq., 100.0 mmol, 10.8 mL) is added and the mixture is stirred at 0°C for
1 h. The reaction is quenched by the addition of sat. ag. NH4Cl solution and the layers are
separated. The aqueous layer is extracted with Et,O (3x) and the combined organic phases
are washed with water and brine. The solvent is removed under reduced pressure (>50 mbar)
and the crude product is purified by flash column chromatography (SiO2, CH/EA 5:1). S13
(97.4 mmol, 15.22 g, 97%) is obtained as a colorless oil.

S13: CoH1602; MW = 156.23 g/mol; *H-NMR (400 MHz, CDCl3) & [ppm]

EtO NS
M 6.94 (dt, J = 15.3, 7.5 Hz, 1H), 5.80 (dt, J = 15.7, 1.4 Hz, 1H), 4.18 (q,
(e}
J=7.2 Hz, 2H), 2.11 - 2.05 (m, 2H), 1.75 (dg, J = 13.4, 6.7 Hz, 1H), 1.28

(t, J=7.1 Hz, 3H), 0.92 (d, J = 6.6 Hz, 6H).

The analytical data is in agreement with the literature.
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5.12.8 Synthesis of ethyl (E)-4-methylpent-2-enoate

_ § @ NaH Etom/\)\
EtO—P —
oY P "okt

EtO THF O

0°C,1h
S11 S12 S14

In a heat-dried Schlenk flask, S12 (1.15 eq., 115.0 mmol, 22.8 mL) is dissolved in dry THF
(0.4 m, 250 mL) under argon atmosphere and the solution is cooled to 0°C. NaH (60%
dispersion in mineral oil, 1.15 eq., 115.0 mmol, 4.60 g) is added portion wise, then the
aldehyde S11 (1.00 eq., 100.0 mmol, 9.13 mL) is added and the mixture is stirred at 0°C for
1 h. The reaction is quenched by the addition of sat. ag. NH4Cl solution and the layers are
separated. The aqueous layer is extracted with Et,O (3x) and the combined organic phases
are washed with water and brine. The solvent is removed under reduced pressure (>50 mbar)
and the crude product is purified by flash column chromatography (SiO,, CH/EA 5:1). S14

(93.6 mmol, 13.31 g, 94%) is obtained as a colorless oil.

o S14: CgHuOz; MW = 142.20 g/mol; *H-NMR (500 MHz, CDCls) & [ppm]
t N
7.01-6.93 (m, 1H), 5.79 (dt, J = 15.7, 1.2 Hz, 1H), 4.21 (qd, J = 7.2, 1.0 Hz,

° 2H), 2.53 — 2.44 (m, 1H), 1.34 — 1.28 (m, 3H), 1.09 (dd, J = 6.8, 1.0 Hz, 6H).

The analytical data is in agreement with the literature.[%?

5.12.9 Synthesis of (E)-4-methylpent-2-en-1-ol

EtON A HOM

0 THF

s14 -78°C —rt, 23 h S16

In a heat-dried Schlenk flask, S14 (1.0 eq., 93.6 mmol, 13.31 g) is dissolved in dry THF (0.5 m,
180 mL) under argon atmosphere and the solution is cooled to -78°C. DIBAL-H (1.1 m solution
in CH, 2.35 eq., 220.0 mmol, 200 mL) is added over a period of 30 min and the solution is
stirred while warming to room temperature for 23 h. The reaction is quenched by the addition
of agq. HCI (210 mL H,O + 40 mL 37% HCI). The phases are separated, and the aqueous layer
is extracted with Et.O (3x). The combined organic layers are washed with water and brine and
the solvent is removed under reduced pressure (>100 mbar). S16 (92.7 mmol, 9.28 g, 99%) is

obtained as a colorless oil without further purification.
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S16: CeH1,0; MW = 100.16 g/mol; *H-NMR (400 MHz, CDCls) & [ppm]
5.70 — 5.53 (m, 2H), 4.10 — 4.05 (m, 2H), 2.30 (pdd, J = 6.8, 5.9, 1.0 Hz, 1H),

HOV\)\

2.03 (s, 1H), 0.99 (d, J = 6.8 Hz, 6H).

The analytical data is in agreement with the literature. %2

5.12.10 Synthesis of tris-N,N’,N-(3,5-di(trifluoromethyl)phenyl)thiophosphoric

_ =

CF, CF,

i
PN
NEt3 FsC ‘ N CF
N

N
N 3

H
H

110°C, 4 h
e
FsC CF

3

The reaction is performed in heat-dried glassware under argon atmosphere. The aniline S40
(3.3 eq., 33.0 mmol, 5.11 mL) is dissolved in NEts (30.0 eq., 300.0 mmol, 41.8 mL) and the
solution is cooled to 0°C. SPCI; (1.0 eqg., 10.0 mmol, 1.02 mL) is added dropwise and the
reaction mixture is heated to 110°C and stirred for 4 h. It is cooled to room temperature and

guenched by the addition of sat. ag. NH4Cl solution. The layers are separated, and the aqueous

layer is extracted with DCM (3x). The combined organic layers are washed with brine and dried

over MgSQa, the solvent is removed under reduced pressure. The crude product is purified by

flash column chromatography (SiO,, CH/EA 9:1) and subsequent recrystallization from

heptane. Z5 is obtained as a colorless solid (1.89 mmol, 1.41 g, 19%).

: H

F3C/©\CF

Z5: Ca4Hi12F1sN3PS; MW = 747.39 g/mol; H-NMR
(500 MHz, DMSO-ds) 8 [ppm] 9.46 (d, J = 8.9 Hz, 3H),
7.76 (d, J = 1.7 Hz, 6H), 7.58 (s, 3H); 3C-NMR
(176 MHz, DMSO-de¢) & [ppm] 142.7, 130.9 (q,
J=32.7Hz),123.2(q, J = 272.7 Hz), 118.5 (q, J = 7.7
Hz), 114.2; F-NMR (470 MHz, DMSO-de)
5 [ppm] -61.85; 3P-NMR (202 MHz, DMSO-ds) & [ppm]
39.44.

The analytical data is in agreement with the literature.0
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5.12.11 Synthesis of (Z)-4-methoxybut-2-en-1-ol

NaH
Mel
HO__ —~_OH _— HO__——=~_-OMe
THF
S42 rt, 18 h S43

The reaction is performed in heat-dried glassware under argon atmosphere. The diol S42
(1.0 eq., 100.0 mmol, 8.22 mL) is dissolved in THF (0.5 M, 200 mL) and the solution is cooled
to 0°C. NaH (60% dispersion in mineral oil, 1.0 eq., 100.0 mmol, 4.00 g) is added and the
mixture is warmed up to room temperature. Mel (1.0 eq., 100.0 mmol, 6.23 mL) is added and
the reaction is stirred overnight at room temperature. It is quenched by the addition of sat. ag.
Na,S,0s solution, the layers are separated, and the aqueous layer is extracted with Et,O. The
combined organic phases are dried over MgSO., and the solvent is evaporated. The crude
product is purified by flash column chromatography (SiO,, CH/EA 1:1). S43 is obtained as a
colorless oil (56.4 mmol, 5.76 g, 56%).

S43: CsH1002; MW = 102.13 g/mol; *H-NMR (400 MHz, CDCls) & [ppm]
5.85 —5.77 (m, 1H), 5.68 (dtt, J = 11.3, 6.3, 1.3 Hz, 1H), 4.22 — 4.17 (m,
2H), 4.00 (ddd, J = 6.4, 1.5, 0.8 Hz, 2H), 3.34 (d, J = 0.9 Hz, 3H), 2.17 (s, 1H).

HO._—~_ OMe

The analytical data is in agreement with the literature.4

5.12.12 Synthesis of (Z2)-4-methoxybut-2-en-1-yl 4-methylbenzenesulfonate

TsClI
NEt;
HO\/:\/OMG - . TsO ﬁOMe
DCM
S$43 rt, 2 h S44

The alcohol S43 (1.0 eq., 56.4 mmol, 5.76 g) is dissolved in DCM (0.3 M, 180 mL). NEts
(2.5 eq., 141.0 mmol, 19.6 mL) and TsCIl (1.1 eq., 62.0 mmol, 11.83 g) are subsequently
added and the reaction mixture is stirred for 2 h at room temperature. It is diluted with ag. HCI
solution (10 wt%, 30 mL). The phases are separated, and the aqueous phase is extracted with
DCM (3x). The combined organic layers are washed with brine and dried over MgSO.,. The
solvent is evaporated, and the crude product is purified by flash column chromatography (SiOo,
CH/EA 1:1). S44 is obtained as a colorless solid (18.08 mmol, 4.64 g, 32%).
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S44: C12H1604S; MW = 256.32 g/mol; *H-NMR (500 MHz, CsD¢) 3 [ppm]
7.96 — 7.88 (m, 2H), 7.45 — 7.38 (m, 2H), 5.86 — 5.69 (m, 2H), 4.15 —
4.09 (m, 2H), 4.08 — 4.00 (m, 2H), 3.35 (s, 3H), 2.49 (s, 3H); 3C-NMR (126 MHz, CsDs) d [ppm]
146.9, 141.9, 130.9, 130.4, 128.5, 127.2, 67.8, 58.4, 39.3, 22.0; IR [cm™] ¥max 1595, 1375,
1170, 1080, 810, 650, 565, 525; HRMS (ESI) m/z calcd. for [M+H]* 257.0842, found 257.0840.

TSO\V/CZT\V/OMe

5.12.13 Synthesis of (1S,2R,4R)-1-isopropyl-2-(((Z2)-4-methoxybut-2-en-1-yl)oxy)-
4-methylcyclohexane

NaOtBu
TsO_—_0OMe HO" THF - MeO”~ >—""0"
rt, 16 h
S44 X17 S45

L-menthol (X17, 1.2 eq., 18.0 mmol, 2.81 g) is dissolved in THF (0.5 M, 30 mL). NaOtBu
(1.2 eq., 18.0 mmol, 1.73 g) is added and the mixture is stirred for 30 min and cooled to 0°C.
S44 (1.0 eq., 15.0 mmol, 3.84 g) is slowly added (caution, heat evolution) and the reaction is
stirred at room temperature for 16 h. It is quenched by the addition of sat. ag. NH4Cl solution,
the layers are separated, and the aqueous layer is extracted with EA. The combined organic
phases are washed with brine, dried over MgSQO,, and the solvent is evaporated. According to
the crude 'H-NMR data, no desired S45 is obtained.

5.12.14 Synthesis of 3-tosyl-6-oxa-3-azabicyclo[3.1.0]hexane

i mCPBA i
4O OO
0] DCM o)
rt, 17 h
S46 E23

The reaction is performed under ambient conditions. To a solution of mMCPBA (70% in water,
1.5 eq., 135.0 mmol, 33.3 g) in DCM (0.3 M, 250 mL) S46 (1.0 eq., 90.0 mmol, 20.1 g) is added
portionwise. The reaction is stirred at room temperature for 17 h. The majority of the solvent is
evaporated and the precipitate is filtered off. The solution is washed with sat. ag. NaHCO3
solution (3x) and the layers are separated. The organic layer is dried over MgSO. and the
solvent is removed under reduced pressure. The crude product is recrystallized from EA. E23

(40.7 mmol, 9.74 g, 45%) is obtained as a colorless solid.
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o) E23: C11H13NO3S; MW = 239.29 g/mol; *H-NMR (500 MHz, CDCls)
OCN—%@ O [ppm] 7.69 — 7.64 (m, 2H), 7.33 - 7.28 (m, 2H), 3.70 (d, J = 12.3 Hz,
© 2H), 3.58 (s, 2H), 3.36 (d, J = 12.3 Hz, 2H), 2.42 (s, 3H); *C-NMR
(126 MHz, CDCls) & [ppm] 143.7, 134.0, 129.8, 127.6, 55.3, 48.9, 21.7.

The analytical data is in agreement with the literature.®2

5.12.15 Synthesis of 1-tosyl-2,5-dihydro-1H-pyrrole

TsNH
Cl NaH o
| - s—< >7
cl DMF o
rt, 1 h
S46
The reaction is performed in a heat-dried Schlenk flask under argon atmosphere. The alkene
S47 (1.1 eq., 101.2 mmol, 10.6 mL) and TsNH: (1.0 eq., 92.0 mmol, 15.75 g) are dissolved in
DMF (0.5 M, 200 mL). At room temperature, NaH (60% dispersion in mineral oil, 2.0 eq.,
184.0 mmol, 7.36 g) is added portionwise and the reaction mixture is stirred at room
temperature for 1 h. It is poured into water (400 mL) and the mixture is stirred for 30 min. The
precipitated solid is collected and washed with water and pentane and dried in vacuo. The

product is obtained without further purification as light brown solid (90.4 mmol, 20.18 g, 98%).

o S46: C1H1sNO,S; MW = 223.29 g/mol; *H-NMR (400 MHz, CDCls)
uS < > & [ppm] 7.76 — 7.70 (m, 2H), 7.35 — 7.29 (m, 2H), 5.65 (s, 2H), 4.12 (s,
4H), 2.42 (s, 3H).

The analytical data is in agreement with the literature.[52.353

188



Dissertation

5.12.16 Synthesis of N-((2-methyloxiran-2-yl)methyl)-N-phenylaniline

Ph,NH ©
LDA
o)
W O
THF
-20°C, 3 d
X2 A12

The synthesis is performed according to the literature®*! in heat-dried glassware under argon
atmosphere. Diisopropyl amine (1.6 eq., 32.0 mmol, 4.52 mL) is dissolved in dry THF (0.4 m,
50 mL) and the solution is cooled to 0°C, then nBuLi (2.5 ™ solution in hexane, 1.6 eq.,
32.0 mmol, 12.80 mL) is slowly added. The mixture is stirred for 1 h, cooled to -20°C and
PhoNH (1.0 eq., 20.0 mmol, 3.38 g) is added. The mixture is stirred for 30 min, epoxide X2
(1.2 eq., 24.0 mmol, 3.62 g) is added and the reaction is stirred for 3 d while warming to room
temperature. It is quenched by the addition of sat. aq. NH4Cl solution, the layers are separated,
and the aqueous layer is extracted with EA (3x). The combined organic phases are washed
with brine and dried over MgSOs. The solvent is removed under reduced pressure. The crude
product is purified by flash column chromatography (SiO,, CH/EA 30:1). A12 is obtained as a
colorless solid (13.06 mmol, 3.13 g, 65%).

7.27 —7.22 (m, 4H), 7.03 — 6.99 (m, 4H), 6.94 (tt, J = 7.4, 1.1 Hz, 2H), 3.90

NJQO (d, J = 1.2 Hz, 2H), 2.68 (dd, J = 4.7, 0.9 Hz, 1H), 2.56 (d, J = 4.8 Hz, 1H),

©/ 1.38 (d, J = 0.7 Hz, 3H); *C-NMR (126 MHz, CDCls) & [ppm] 148.6, 129.4,
121.7,121.1, 56.9, 56.7, 52.6, 19.9.

© A12: C16H17NO; MW = 239.32 g/mol; *H-NMR (500 MHz, CDCls) & [ppm]

The analytical data is in agreement with the literature.[*3%

189



Daniel Slak

5.12.17 Synthesis of N-methyl-N-((2-methyloxiran-2-yl)methyl)aniline

MePhNH | JQO
JQO LDA N
Br —
THF ©/
X2 '20°C, 5 d A13

The synthesis is performed according to the literature®*! in heat-dried glassware under argon
atmosphere. Diisopropyl amine (1.6 eq., 16.57 mmol, 2.34 mL) is dissolved in dry THF (0.4 m,
25 mL) and the solution is cooled to 0°C, then nBuLi (2.5 M solution in hexane, 1.6 eq.,
16.57 mmol, 6.63 mL) is slowly added. The mixture is stirred for 1 h, cooled to -20°C and
MePhNH (1.0 eq., 10.36 mmol, 1.12 mL) is added. The mixture is stirred for 30 min, epoxide
X2 (1.2 eq., 12.43 mmol, 1.88 g) is added and the reaction is stirred for 5 d while warming to
room temperature. It is quenched by the addition of sat. aq. NH4ClI solution, the layers are
separated, and the aqueous layer is extracted with EA (3x). The combined organic phases are
washed with brine and dried over MgSQ., the solvent is removed under reduced pressure. The
crude product is purified by flash column chromatography (SiO», CH/EA 30:1). A13 is obtained
as a pale-yellow oil (4.96 mmol, 878 mg, 48%).

| JQO A13: C11H1sNO; MW = 177.25 g/mol; *H-NMR (500 MHz, CDCls) & [ppm]

©/N 7.28 - 7.22 (m, 2H), 6.75 — 6.71 (m, 3H), 3.55 (d, J = 15.7 Hz, 1H), 3.41 (d,

J =15.7 Hz, 1H), 2.98 (s, 3H), 2.67 (d, J = 4.9 Hz, 1H), 2.62 (d, J = 4.8 Hz,

1H), 1.37 (d, J = 0.7 Hz, 3H); 13C-NMR (126 MHz, CDCls) & [ppm] 149.9, 129.3, 116.8, 112.3,
57.2, 56.8, 51.9, 39.2, 19.5.

The analytical data is in agreement with the literature.4
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5.12.18 Synthesis of 4-methyl-N-(prop-2-yn-1-yl)benzenesulfonamide

TsCl
al _ 8
DCM 4 N o

N6 rt, 3h

S48

Prop-2-yn-1-amine (N6, 1.0 eq., 20.0 mmol, 1.30 mL) is dissolved in DCM (0.3 M, 60 mL) and
TsCl (1.1 eq., 22.0 mmol, 4.19 g) and NEt; (1.5 eqg., 30.0 mmol, 4.18 mL) are successively
added. The reaction mixture is stirred at room temperature for 3 h. It is then diluted with water
(60 mL) and the phases are separated. The agueous layer is extracted with DCM (3x) and with
EA. The combined organic layers are washed with brine, dried over MgSO4 and the solvent is
removed under reduced pressure. The crude product is purified by flash column
chromatography (SiO2, CH/EA 3:1). S48 is obtained as a colorless solid (19.9 mmol, 4.16 g,
99%).

/@/ S48: C1oH11NO2S; MW = 209.26 g/mol; *H-NMR (400 MHz, CDCls)
3 5 [ppm] 7.80 — 7.75 (m, 2H), 7.34 — 7.29 (m, 2H), 4.70 (s, 1H),
//\N/ \ _

Z N © 3.85 — 3.80 (m, 2H), 2.43 (s, 3H), 2.10 (t, J = 2.5 Hz, 1H).

\

The analytical data is in agreement with the literature. %

5.12.19 Synthesis of 2-(chloromethyl)-2-methyloxirane

mCPBA 0
CI\)J\ S o
s9

DCM

rt, 24 h
X3

3-Chloro-2-methylprop-1-ene (S9, 1.0 eqg., 20.0 mmol, 1.95 mL) is dissolved in DCM (0.5 M,
40 mL) and cooled to 0°C, mCPBA (70% in water, 1.1 eq., 22.0 mmol, 5.42 g) is slowly added
and the reaction is stirred for 24 h at room temperature. The reaction mixture is washed with
10% ag. KOH solution, the phases are separated, and the organic phase is washed with water
and 2x with sat. ag. NaHCOs solution. The organic layer is dried over MgSO4 and the solvent
is removed under reduced pressure. X3 is obtained as a colorless oil (14.5 mmol, 2.39 g, 73%)

without further purification.

\jﬁ X3: C4H-CIO; MW = 106.55 g/mol; *H-NMR (400 MHz, CDCls) d [ppm] 3.57 — 3.46
cl (M, 2H), 2.83 — 2.72 (m, 2H), 1.47 (s, 3H).

The analytical data is in agreement with the literature. 56!
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5.12.20 Synthesis of 2,4,6-tris(diphenylamino)-5-fluoroisophthalonitrile
(3DPAFIPN)

N _N PhyNH N N
AN = NaH AN 7
F F THF : "N N’ :
F 50°C —rt, 24 h F
S49

The synthesis is performed according to the literature.?® In a heat-dried Schlenk flask under
argon atmosphere, PhoNH (5.0 eg., 10.0 mmol, 1.69 g) is dissolved in dry THF (0.1 m, 20 mL).
NaH (60% dispersion in mineral oil, 7.5 eq., 15.0 mmol, 600 mg) is slowly added at room

temperature, then the mixture is heated to 50°C (gas evolution). After stirring for 30 min, it is
cooled to room temperature and S49 (1.0 eq., 2.0 mmol, 400 mg) is added. The reaction is
stirred at room temperature for 24 h. It is quenched by the addition of water, the yellow
precipitate is filtered off and washed with water and EtOH. The crude product is dried in vacuo,
then recrystallized from hexane/DCM. 3DPAFIPN is obtained as bright yellow solid
(2.85 mmol, 1.20 g, 93%).

3DPAFIPN: CasH30FNs; MW = 647.76 g/mol; *H-NMR (400 MHz,
@NO CDCls) & [ppm] 7.29 — 7.22 (m, 12H), 7.09 — 7.03 (m, 6H),
NS N 7.02 - 6.96 (M, 12H); 3C-NMR (101 MHz, CDCls) & [ppm] 145.7,
©\ /© 145.4, 143.2 (d, J = 11.1 Hz), 129.6, 129.5, 124.7, 124.2, 122.9,
N L \ 122.9, 112.8 (d, J = 3.4 Hz), 109.1 (d, J = 3.3 H2).
@ @ The analytical data is in agreement with the literature. 298357
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5.12.21 Synthesis of 5-chloro-2,4,6-trifluoroisophthalonitrile

N ¢l N N F N
S Z <F S Z
Cl Cl 1 0°8M1|i) . F F

cl 50°C, 10 min cl
S50 S51

The synthesis is performed according to the literature.®%® In a heat-dried Schlenk flask under
argon atmosphere, S50 (1.0 eq., 25.0 mmol, 6.65 g) and KF (4.0 eq., 100.0 mmol, 5.81 g) are
dissolved in dry DMF (0.3 M, 75 mL). The reaction mixture is heated to 150°C and stirred for
10 min. After cooling to room temperature, the reaction is quenched by the addition of water
(300 mL). The grey precipitate is collected and washed with water (3x), then dried in vacuo.

S51 is obtained as a colorless crystalline solid (15.4 mmol, 3.33 g, 62%).

S51: CgCIFsNz; MW = 216.55 g/mol; °F-NMR (470 MHz, CDCls)

F
N N 5 [ppm] -91.0 (d, J = 1.8 Hz), -95.8 (t, J = 1.8 Hz); C-NMR (126 MHz,
CDCls) & [ppm] 162.5 (dt, J = 272.8, 6.2 Hz), 162.4 (dt, J = 274.8, 6.3 Hz),
F ) P 1102 (d, 3= 5.3 Hz), 105.9 (d, J = 1.6 Hz), 92.5 — 92.2 (m): HRMS (EI)

m/z calcd. for [M]" 215.9697, found 215.9700.
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5.12.22 Synthesis of the L-Kagan Complex (Bis(n°-L-menthyl-cyclopentadienyl)-
titan(1V) dichloride)

1. MsCl, pyridine
2. NaCp
3. nBuLi, TiCly

- ""OH
PN
S$52 L-Kagan

The reaction is performed according to the literature.842171 A solution of b-neomenthol (S52,
1.0 eq., 28.8 mmol, 5.0 mL) in dry pyridine (5 mL) is added to a solution of MsClI (1.4 eq.,
40.3 mmol, 3.12 mL) in dry pyridine (22 mL) at -10°C under argon atmosphere. The reaction
mixture is stirred at -10°C for 30 min and at 0°C for 5 h. The reaction is quenched by the
addition of a mixture of ag. HCI (7 M, 12 mL) and ice (50 mL). The phases are separated, and
the aqueous layer is extracted with Et,O. The combined organic layers are dried over MgSOa,
and the solvent is removed under reduced pressure. The crude product is used without further

purification.

NaH (60% dispersion in mineral oil, 2.3 eq., 66.2 mmol, 2.65 g) is dissolved in dry THF (45 mL)
and freshly cracked cyclopentadiene (CpH, 1.8 eq., 51.8 mmol, 4.35 mL) is added dropwise to
the solution at 0°C. The reaction mixture is stirred at 0°C for 1 h and then a solution of the
mesylated neomenthol in dry THF (12 mL) is added at 0°C. The reaction is stirred at room
temperature for 23 h and quenched by the addition of water. The phases are separated, and
the aqueous layer is extracted with pentane. The combined organic layers are washed with
brine, dried over MgSO,4 and the solvent is evaporated. The crude product is used without

further purification.

It is dissolved in dry THF (25 mL) and nBuLi (2.5 m solution in hexane, 1.05 eq., 30.2 mmol,
12.1 mL) is added dropwise at 0°C. This solution is added to a solution of TiCls (0.5 eq.,
14.4 mmol, 1.58 mL) in dry Et;O (62 mL) at 0°C. The reaction mixture is stirred at room
temperature for 20 h. The solvent is removed under reduced pressure and the residue is
diluted with MTBE. After filtration over a plug of Celite®, the residue is washed with MTBE until
the filtrate becomes colorless. The residue is dissolved in DCM, the solvent is evaporated. The
crude product is recrystallized from CHCls, dissolved in DCM, then washed with ag. HCI (1 M).
After drying over MgSOys, the L-Kagan complex is obtained as orange solid (6.01 mmol, 3.16 g,
42%).
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- L-Kagan: CsoHsClTi; MW = 525.47 g/mol; *H-NMR (500 MHz,
CDCls) 6 [ppm] 6.74 (td, J = 3.2, 2.0 Hz, 2H), 6.40 (q, J = 2.3 Hz,
2H), 6.28 (dt, J = 3.2, 2.2 Hz, 2H), 6.19 (q, J = 2.8 Hz, 2H), 2.74 (td,
J =11.3, 3.0 Hz, 2H), 1.77 (dq, J = 12.8, 3.2 Hz, 2H), 1.69 (dq,

J=13.0, 3.2 Hz, 2H), 1.60 (dq, J = 11.9, 2.9 Hz, 2H), 1.53 — 1.36 (m, 4H), 1.16 — 0.92 (m, 8H),

0.89 (d, J = 6.5 Hz, 6H), 0.85 (d, J = 6.8 Hz, 6H), 0.79 (d, J = 6.9 Hz, 6H); *C-NMR (126 MHz,

CDCls) 6 [ppm] 145.6, 126.9, 121.2, 115.1, 109.6, 51.0, 42.2, 40.9, 35.3, 32.5, 27.5, 24.8, 22.9,

21.8, 15.7.

The analytical data is in agreement with the literature. 2735

5.12.23 Synthesis of N-(2-((3,5-bis(trifluoromethyl)phenyl)sulfonamido)-4,5-

difluorophenyl)-3,5-bis(trifluoromethyl)benzenesulfonamide

CFs
0=8 CF
CF4 o 3
F NH, F NH
F: i :NHZ L :L pyridine F: i :NH
FsC SO,CI )
3 2 r,2d 0=8 CF;
S53 S54 /
Z1 CF3

The synthesis is performed according to the literature.*>! 4,5-Difluorobenzene-1,2-diamine
(S53, 1.0 eqg., 6.76 mmol, 0.975 g) is refluxed with decolorizing charcoal in dry DCM under
argon atmosphere prior to the reaction. It is then recrystallized from petrol ether/DCM (2:1). In
heat-dried glassware, it is dissolved in dry pyridine (0.6 M, 12 mL) and cooled to 0°C. S54
(2.0 eq., 13.53 mmol, 4.23 g) is added and after stirring for 30 min at 0°C, the mixture is
warmed up to room temperature. It is stirred for 2 d. Water (200 mL) is added and the mixture
is heated to 45°C for 1 h. The solvent is removed under reduced pressure and the crude
product is recrystallized from EtOH/H.O (4:1, 2x). Z1 is dried in vacuo and obtained as a
colorless solid (3.81 mmol, 2.65 g, 56%).
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Z1: CpHi1oF14N204S;; MW = 696.43 g/mol; *H-NMR (500 MHz,

4 THF-dg) & [ppm] 9.13 (s, 2H), 8.36 (s, 2H), 8.24 (s, 4H), 7.01 (t,

o‘% cr, J=95Hz, 2H); C-NMR (126 MHz, THF-ds) & [ppm] 149.0 (dd,

F NH J=251.9, 15.3 Hz), 142.9, 133.3 (q, J = 34.3 Hz), 128.8 (dd, J = 5.7,
FJCENH 5.7 Hz), 128.6 (d, J = 4.0 Hz), 127.8 — 127.6 (m), 123.5 (q, J =
0=s CF; 273.0 Hz), 115.4 (dd, J = 14.3, 7.6 Hz); *F-NMR (470 MHz, THF-ds)

5 [ppm] -63.8, -138.1; IR [cm] Pmax 3345, 3270, 3090, 1530, 1355,

CFs 1280, 1170, 1135, 1115, 930, 905, 700, 680, 580; HRMS (El) m/z

calcd. for [M]* 695.9853, found 695.9855; mp: 198-200°C (decomposition).

The analytical data is in agreement with the literature. 13!

5.12.24 Synthesis of (S)-2-hexyloxirane

oligomeric
(S,S)-Jacobsen-cat.

0°C—rt,4d
$23 S24

The reaction is performed under ambient conditions based on a literature known procedure.2¢%
In a round bottom flask, oligomeric (S,S)-Jacobsen-catalyst (0.1 mg/mmol, 6.0 mg), AcOH
(3 mol%, 1.77 mmol, 0.1 mL) and THF (0.2 eq., 11.8 mmol, 1.0 mL) are added to the racemic
epoxide S23 (1.0 eq., 58.9 mmol, 9.0 mL) and the mixture is cooled to 0°C. Water (0.55 eq.,
32.4 mmol, 0.58 mL) is added and the reaction is stirred vigorously while warming to room
temperature for 4 d. The crude product is purified by flash column chromatography (SiOo,
DCM). S24 (25.1 mmol, 3.22 g, 43%) is obtained as a colorless oil.

S24: CgH160; MW = 128.22 g/mol.
e.r. =99.9:0.1.

?)\/\/\/
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5.12.25 Synthesis of b-Kagan-(NCS):2 (Bis(n°-p-menthyl-cyclopentadienyl)-
titan(IV) diisothiocyanate)

Loy
oy

KSCN

acetone
reflux, 8 h

D-Kagan-Cl, D-Kagan-(NCS),

The reaction is performed under ambient conditions based on a literature known procedure. 364
D-Kagan-Cl. (1.0 eq., 5.0 mmol, 2.63 g) and KSCN (7.2 eq., 36.0 mmol, 3.50 g) are dissolved
in acetone (0.2 M, 25 mL). The solution is heated to 60°C and stirred for 8 h. After cooling to
room temperature, water (25 mL) is added and a dark-red precipitate is obtained. It is filtered
off and washed with water. The product is obtained without further purification as dark-red
crystalline solid (1.94 mmol, 1.11 g, 39%).

D-Kagan-(NCS)2: Cs2HasN2S,Ti; MW = 570.72 g/mol; *H-NMR
(400 MHz, C¢Ds) & [ppm] 6.00 (g, J = 2.3 Hz, 2H), 5.75 (td,
J=3.1, 2.0 Hz, 2H), 5.58 (dt, J = 3.0, 2.2 Hz, 2H), 5.28 (q,
J=2.8 Hz, 2H), 2.80 (td, J =11.4, 3.0 Hz, 2H), 2.05 (dq, J = 12.4,
2.8 Hz, 2H), 1.76 (dddt, J = 14.8, 12.5, 5.9, 3.1 Hz, 4H),
1.63 —1.55(m, 2H), 1.30 (pd, J=6.9, 2.6 Hz, 2H), 1.19 (q, J = 12.2 Hz, 2H), 1.13 (d, J = 6.4 Hz,
6H), 1.11 — 1.03 (m, 2H), 0.91 (ddt, J = 13.4, 9.0, 3.0 Hz, 4H), 0.78 (d, J = 6.8 Hz, 6H), 0.71
(d, J = 6.8 Hz, 6H); 3C-NMR (101 MHz, CeDs) & [ppm] 159.1, 145.1, 119.6, 118.7, 117.3,
108.9, 50.9, 41.9, 41.6, 35.4, 33.2, 27.9, 25.1, 23.1, 21.7, 15.8; IR [cm™] ¥max 2950, 2900,
2890, 2840, 2045, 2010, 1440, 1370, 900, 855, 845,835, 670, 490, 425; HRMS (ESI) m/z
calcd. for [M-NCS]* 512.2828, found 512.2824; mp: 225°C; [a]p® (CH.Cl,) = -766.7°.
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7 Abbreviations

1,4-CHD 1,4-cyclohexadiene
3DPAFIPN  2,4,6-tris(diphenylamino)-5-fluoroisophthalonitrile

4CzIPN 2,4,5,6-tetrakis(9H-carbazol-9-yl)isophthalonitrile
7-DHC 7-dehydrocholesterol

Ac acetyl

acac acetylacetonate

[a]p® specific rotation at 20°C

ansa Latin: handle

aqg. aqueous

BINOL 1,1’-bi-2-naphthol

Boc tert-butyloxycarbonyl

bpm 2,2’-bipyrimidine

bpy 2,2’-bipyridine

Bu butyl

c/Cy cyclo

calcd. calculated

cat. catalyst

CH cyclohexane

CHD see 1,4-CHD

COoD 1,5-cyclooctadiene

Coll collidine; 2,4,6-trimethylpyridine
conv. conversion

Cp cyclopentadienyl

Cp* pentamethylcyclopentadienyl
CSA camphor sulfonic acid

Cy cyclohexyl

d doublet

DABCO 1,4-diazabicyclo[2.2.2]octane
DAST diethylaminosulfur trifluoride
DCM dichloromethane

DEO diastereodivergent epoxide opening
DFT density functional theory

DIBAL-H diisobutyl aluminum hydride
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DIPAMP di(phenylanisylmethylphosphine)

DIPEA N,N-diisopropylethylamine

DMAP dimethylaminopyridine

DME dimethoxyethane

DMF N,N-dimethylformamide

DMPU dimethylpropyleneurea

DMPS dimethylphenyilsilyl

DMT dimethyl terephthalate

DOS diversity-oriented synthesis

EA ethyl acetate

ebthi 1,2-ethylene-1,1’-bis(tetrahydroindenyl)
EDA ethylenediamine

ent enantiomer

Et ethyl

Er triplet state energy

etal. and co-workers/and others

fac facial isomer

HAD hydrogen atom donor

HAT hydrogen atom transfer

Hept heptyl

Hex hexyl

HOMO highest occupied molecular orbital
HRMS high resolution mass spectrometry
[ iso

IR infrared spectroscopy

ISC inter system crossing

J coupling constant [Hz]

K Kelvin

kw kilowatt

LDA lithium diisopropylamide

LUMO lowest unoccupied molecular orbital
Lut 2,6-lutidine

m meta

M molar [mol/L]
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mCPBA
Me
menbpy
MLCT
mp

Ms
MTG
MW

NBS
NMR
No.
OSET
oTG

PCET
Piv

Ph
ppm
PPTS
PRy

Pr
PRC
PRCat
rac. or rac
REO

rt

S

SCE
Sh

sat.

SET

meta-chloroperoxybenzoic acid
methyl
4,4'-dimenthoxycarbonyl-2,2'-bipyridine
metal-to-ligand charge-transfer
melting point

methanesulfonyl
methylthioglycolate

molecular weight

normal

N-bromosuccinimide

nuclear magnetic resonance spectroscopy
number

outer-sphere electron transfer
n-octyl thioglycolate

para

proton-coupled electron transfer
pivaloyl

phenyl

parts per million
pyridinium-para-toluenesulfonate
2-phenylpyridine

propyl

photoredox catalysis
photoredox catalyst

racemic

regiodivergent epoxide opening
room temperature

singlet

saturated calomel electrode
singlet-state (So = ground state)
saturated

single-electron transfer

triplet

tert
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Th triplet-state

TBDPS tert-butyldiphenylsilyl
TBHP tert-butyl hydroperoxide
Temp. reaction temperature
TES triethylsilyl

Tf trifluoromethanesulfonyl
TFA trifluoroacetate

THF tetrahydrofuran

THQ tetrahydroquinoline

[Ti] titanocene catalyst

TIPS triisopropylsilyl

TMB 1,3,5-trimethoxybenzene
T™MS trimethylsilyl

TOS target-oriented synthesis
Ts para-toluenesulfonyl

T™W terawatt

uv ultraviolet

Vis visible

wit% percentage by weight (mass fraction)
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10 Zusammenfassung

DIE ENTWICKLUNG CHIRALER TITANOCENE ALS PHOTOREDOXKATALYSATOREN

Schlagworte: Titanocene, Katalyse, Photochemie, Stereoselektivitat, Nachhaltigkeit

Die vorliegende Dissertation beschreibt die aktuellen Fortschritte in der Entwicklung von
photochemisch aktivierten (chiralen) Titanocenen sowohl als Elektronen-Transfer-Katalysator
als auch als Photoredoxkatalysator in Epoxidéffnungsreaktionen. Basierend auf der
Entdeckung der photoredox-aktiven Eigenschaften von Titanocendichlorid und den daraus
resultierenden erfolgreichen Anwendungen als Photoredoxkatalysator, sollte die
Einsetzbarkeit als solcher in weiteren bekannten titanocenkatalysierten Reaktionen getestet
werden. Zudem wurde die Nutzung anderer Titanocene mit verschiedenen photochemischen
und elektronischen Eigenschaften untersucht. Durch die Entwicklung neuer
Reaktionsbedingungen konnte auflerdem der Verzicht auf vorher notwendige, nicht
nachhaltige und giftige Reagenzien realisiert werden, indem diese durch Alternativen in

katalytischen Mengen ersetzt werden konnten.

Radikalische Arylierungen sowie regio- und diastereodivergente Epoxiddffnungsreaktionen
wurden durch Einsatz des als Kagan Komplexes bekannten chiralen und enantiomerenreinen
Titanocens erfolgreich unter Herstellung verschiedener neuer Molekile durchgefihrt,
einerseits in Kombination mit einem externen, organischen Photoredoxkatalysator,

andererseits indem das Titanocen selbst diese Funktion Gbernimmt.

Erfreulicherweise werden bisher stérende aber in der Synthese beliebte Silylschutzgruppen
unter den neuen Reaktionsbedingungen toleriert, was die Darstellung selektiv einfach
geschutzter, enantio- und diastereomerenreiner 1,3- und 1,4-Diole ermgglicht. Hierbei werden
aullerdem die erzielten Ausbeuten der ursprunglichen Reaktionsbedingungen fur bereits

etablierte REO-Reaktionsprodukte erreicht.

Durch Anwendung der photochemischen Methode kann nicht nur eine wesentliche
Verbesserung im Hinblick auf die Nachhaltigkeit erreicht werden, sondern auch eine
Erweiterung der umsetzbaren Substratpalette, wodurch diese neuen Bedingungen auch fir
die Synthese von natirlich vorkommenden und oft biologisch aktiven Diolstrukturen in der

Naturstoffsynthese oder der Herstellung von Pharmazeutika genutzt werden kdnnen.
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11 Abstract

THE DEVELOPMENT OF CHIRAL TITANOCENES AS PHOTOREDOX CATALYSTS

Keywords: Titanocenes, Catalysis, Photochemistry, Stereoselectivity, Sustainability

This dissertation describes the advances in photochemically activated (chiral) titanocenes as
both electron transfer and photoredox catalysts in epoxide opening reactions. Based on the
discovery of the photoredox-active properties of titanocene dichloride and the resulting
successful employment as photoredox catalyst, the applicability of these properties in other
types of titanocene catalyzed reactions was investigated. The performance of various other
titanocenes with different photochemical and electronic properties was also examined.
Moreover, newly developed reaction conditions enabled the renunciation of previously required
unsustainable and toxic reagents by replacing them with catalytic alternatives.

For radical arylations, as well as regio- and diastereodivergent epoxide openings, the chiral
and enantiomerically pure titanocene known as Kagan’s complex has been successfully used
either in combination with an external, organic photoredox catalyst or as photoredox catalyst

itself in the synthesis of various new compounds.

Gratifyingly, novel reaction conditions tolerating the presence of commonly used and
previously obstructive silyl-protecting groups have been found, giving access to selectively
monoprotected, enantio- and diastereomerically pure 1,3- and 1,4-diol-structures. Moreover,
the yields of the originally used conditions for already established REO reaction products could
be matched.

By this photochemical approach, not only an improvement regarding sustainability has been
achieved, but also the substrate scope has been extended. This renders the method a
potentially useful and reliable tool for the synthesis of naturally occurring and often biologically

active diol-moieties in natural product or pharmaceutical drug synthesis.
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