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Abstract

In the context of this master thesis, a new method for the photocatalytic hydrocarboxylation of
electron-deficient olefins is presented, which can be performed using formic acid as a

cost-effective and easily accessible C1 source.

To meet the demands of sustainable chemistry, a synthetic procedure was developed that is
characterized by its ease of handling and feasibility under mild reaction conditions. The method
herein presented allows the synthesis of carboxylic acids from electron-deficient olefins without
the requirement for inert atmosphere and can be conducted at room temperature with visible

light as the energy source.

These mild reaction conditions not only offer economic and ecological advantages but also
enable the utilization of a wide range of diverse substrate classes. Therefore, successful
hydrocarboxylations of acrylates, anilides, and sulfonamides were demonstrated using this

method.

Furthermore, a mechanism for the developed reaction system is proposed, which is supported
by conducted mechanistic investigations, including quantum yield determination, isotopic

labeling studies, and control experiments.



Kurzfassung

Im Rahmen dieser Masterarbeit wird eine neue Methode zur photokatalysierten
Hydrocarboxylierung elektronendefizitérer Olefine vorgestellt, welche unter direktem Einsatz
von Ameisensaure als kostengunstige und einfach einsetzbare C1 Quelle durchgefiihrt werden

kann.

Um den heutigen Anspriichen nachhaltiger Chemie gerecht zu werden, wurde dabei eine
Synthese entwickelt, welche sich durch ihre leichte Handhabbarkeit und Durchflihrbarkeit unter
milden Reaktionsbedingungen auszeichnet. So erlaubt die hier vorgestellte Methode eine
Synthese von Carbonséuren ausgehend von Olefinen, welche vollstandig auf den Einsatz von
Schutzgasatmosphare verzichtet und unter Raumtemperatur bei Einsatz von Licht im visuellen

Bereich angewendet werden kann.

Diese schonenden Reaktionsbedingungen besitzen nicht nur 6konomische und 6kologische
Vorteile, sondern ermdglichen ebenfalls den Einsatz einer Vielzahl diverser Substratklassen.
So konnten erfolgreiche Hydrocarboxylierungen von Acrylaten, Aniliden und Sulfonamiden

demonstriert werden.

Zusétzlich konnte ein Mechanismus fir das entwickelte Reaktionssystem vorgeschlagen
werden,  welcher  durch  durchgefuhrte  mechanistische  Untersuchungen  wie

Quantenausbeutenbestimmung, Isotopenmarkierungs- sowie Kontrollstudien gestitzt wird.
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1. Introduction

Carboxylic acids play a crucial role in our daily life and are used in various fields. For instance,
esters of ortho-phthalic acid are used as plasticizers in the polymer industry, while other simple
carboxylic acids have a significant role in the food industry.! They are often used as flavor or
fragrance substances, such as ascorbic acid or citric acid, or they can be important preservatives,

such as propionic acid and its salts.

Additionally, they hold a fundamental role in numerous pharmaceutical formulations, often
serving as anti-inflammatory agents or cholesterol-lowering drugs. Atorvastatin, a
representative of the latter category, is one of the most profitable prescription drugs thus far

reported.t-2

Due to the diverse and extensive use of this compound class, various industrial processes have

been developed to produce it on large scale in order to meet the existing demand.

While there are also important industrial syntheses starting from other precursor molecules,
such as the Monsanto process (and its derived Cativa process) for acetic acid synthesis from
methanol, in many large-scale processes, olefin building blocks are preferred as substrate
sources. This is mainly due to their favorable and abundant availability from the petrol

industry. 4

The most significant industrial process dates back to Otto Roelen’s discovery in 1938, known
as the hydroformylation reaction which remains one of the most widely used methods for the
synthesis of linear carboxylic acid products through oxidation of the corresponding aldehydes
(Scheme 1).

Coy(CO)s
PN / Ha (syngas) [O]
90 - 250 °C H™ "R HO” "R
100 - 400 atm

Scheme 1: Otto Roelen’s general hydroformylation (& oxidation) strategy.

Although this process is well-researched and controllable, it has the disadvantage of requiring
at least two synthetic steps to convert an olefin to a carboxylic acid. An alternative method that
circumvents the multi-step synthetic approach was published by Walter Reppe at BASF
published that reported the direct hydrocarboxylation of olefins to linear carboxylic acids. This
process remains one of the main production methods for various carboxylic acids, such as the

synthesis of propionic acid, alongside the hydroformylation-oxidation method.>-®
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All the processes have the use of carbon monoxide as the carbonylation or carboxylation source
in common. This molecule, generally known for its extremely high toxicity, poses significant
logistical challenges in terms of handling and storage. In an era where sustainable chemistry is
gaining an increasing influence on science and industry, other potential C1 sources, i.e.,
molecules carrying functional groups attached to only one carbon atom, such as CO> or
formates, have attracted growing interest in recent decades.*’

The latter C1 source, besides significantly lower toxicity, also has another decisive advantage
over carbon monoxide: Its availability in both liquid and solid state (in the form of salts) allows
easier laboratory handling and industrial-scale application/processing. Modern methods, such
as microreactor synthesis, combinatorial synthesis, and high-throughput synthesis, are much
better suited for handling liquid/solid systems compared to gaseous ones, making HCOOH and

its derivatives very attractive surrogates for CO.

The first direct transition metal-catalyzed hydrocarboxylation of olefins using formic acid as
the C1 source dates back to Simonato et al. in 2001. Under strong acidic conditions, formic
acid is dehydrated, generating CO in situ, which is then converted by the iridium catalyst at

temperatures above 150 °C (Scheme 2).810

[Irl]l4 (1 mol%)

] ; _r
AcOH, H

190°C, 2.5 h

Scheme 2: First discovered transition metal-catalyzed hydrocarboxylation reaction with HCOOH.®

Similar reactions are also possible with other transition metal complexes, as demonstrated by
the continued work of Simonato et al.*! using rhodium-based and the work of Shi et al.*? using

palladium-based catalysts.

Despite these impressive advancements, these methods also bear significant disadvantages
compared to the direct use of CO gas. Successful transformations, often leading to just moderate
yields, mostly require harsh conditions, such as very high temperatures and the need for a highly
acidic environment, leading not only to high energy consumption and poorer atom economy,
compared to the original processes with carbon monoxide, but also severely limiting the range

of substrates that can withstand these conditions.®

Although recent research, such as the work of Beller and co-workers,*? aims to address and
mitigate these issues, the reaction conditions remain one of the biggest challenges for the

hydrocarboxylation of olefins using formic acid as a C1 source.
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Due to the thermodynamically favored and difficult-to-control side reaction in which formic
acid decomposes to CO> and hydrogen gas instead of CO and water, acidic environment and

elevated temperature are often necessary to favor the latter reaction pathway® (Scheme 3).

HCOOH (1)
undesired but desired bu_t
thermodynamically catalyst therm_odynamlcally
favored disfavored
CO; (9) + Hz2 (9) CO (g) + H20 (I)

Scheme 3: Decomposition products of HCOOH hydrogen source in decarboxylation reaction.®

Combined with the rapidly growing popularity of the research field of photochemistry, in recent
decades, these circumstances have led to an increasing focus on alternative synthesis methods
based on photocatalysis instead of traditional transition metal catalysis, with the aim of

developing reaction setups that can be performed under milder conditions.
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2. Photochemical Transformations

The field of photochemistry is a research branch that dates back to over a century, and it was
originally based on sunlight as the sole light source. At that time, only a few known
light-induced chemical transformations existed, most of which were accidentally discovered.
As a result, photochemistry was long perceived as a niche area in organic synthesis. However,
this perception fundamentally changed in the second half of the last century with the
development of a wide range of affordable light sources, ranging from household lamps to
LEDs. The availability of various light sources, controllable in terms of intensity, wavelength
range, and other parameters, enabled photochemical research to be conducted not only more

effectively but also reproducibly.!

As early as 1912, Ciamician, one of the pioneers of photochemistry, already envisioned that
photochemistry would become the environmentally friendlier alternative to classical
thermochemistry in the future. Although this prediction has not yet been fully realized,
photochemistry is regarded today as a promising "greener™ alternative, particularly in times

when sustainability is increasingly valued.¢-8

i rtal |

RO |

RAAAAARAAL «
y L - f
O 04 1544

TRy YR ) ¢
RPNy SAeLeRE
) m“ﬁ‘fﬂ 25 ‘(‘«‘ 3

Figure 1: Ciamician and Silber conducting photochemical experiments under sunlight at the University of
Bologna (ca. 1912).%
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This is not only because alternative, often milder energy input methods can be used instead of
classical heat-transfer methods, but also because photochemical transformations often exhibit
better atom economy than their thermal counterparts. The reasons for this can vary: Firstly,
substrates can get directly and selectively excited and transformed, thus eliminating the need
for additional aiding reagents and, therefore, minimizing the formation of byproducts.
Secondly, photosensitizers or photocatalysts can often be employed, which are only required in
minimal quantities. Also, often environmentally benign solvents, such as water and some ionic
liquids, can be applied, which are generally preferable, especially for industrial-scale

synthesis.1"18

Another essential reason for the growing interest in photochemistry in recent decades is its
complementarity and orthogonality to classical thermochemistry. Photochemistry allows for
transformations that would be virtually inconceivable in thermochemistry, as it can produce

thermodynamically disfavored products, such as small-ring systems (Scheme 4).17/18

hv (254 nm)
CuOTf

Et,0

OAc 89%

Scheme 4: Example of a [2+2] photocyclization, which would be impossible under standard thermodynamical

conditions without any usage of light.*

Additionally, thermally hard-to-achieve decomposition reactions, isomerization (Scheme 5),
additions, eliminations, hydrogen-atom transfer reactions, and single-electron transfer reactions

can be synthetically exploited.1"8

hv T
Y —— O 0
(trans)-StiIbene (cis)-Stilbene
(thermodynamically favored) (photochemically favored)

Scheme 5: Example of a photoinduced trans-cis isomerization.'®
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2.1 Essential (Photo-)physicochemical Factors

In designing a successful photochemical/catalytic reaction setup, knowledge of several
important photo-physicochemical and electrochemical properties is essential. The reactivity of
photochemical systems can be explained using the Jablonski scheme (Figure 2). Prior to
irradiation (hv) with a light source, the substrate or catalyst is in its ground state so and gets
excited to the singlet excited state s; through photon absorption. From this state, the molecule

has three possible pathways to release its excess energy.

e The first possibility, which occurs in most cases, would be the release of excess energy
through internal conversion, which represents a non-radiative pathway.

e An alternative way to release energy would be in form of light emission, a radiative
transition pathway, commonly known as fluorescence.

e The last possibility is the transition from the singlet state s; to the spin forbidden triplet
excited state t1, known as intersystem crossing (ISC). This is particularly desirable for
photoredox catalysts, as the reverse transition and relaxation to the ground state are also
spin forbidden, allowing for a longer living excited state.

Similarly, to the excited singlet state, in the triplet state, the molecule then can release
energy either radiatively, also referred to as phosphorescence, or non-radiatively through
internal conversion. In the latter possibility, which initiates a photochemical reaction,
excess energy is dissipated through a chemical reaction. Essentially, this process can be

classified in energy transfer (EnT) and electron transfer (ET).?°

Excited triplet state t,

non-radiative

1

:

1
—_— hv !
fluorescence !
1

1

1

1

1

Ground state sg

Figure 2: Simplified Jablonski scheme.?°
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These processes are crucial for the design of the reaction setup, ranging from the choice of the
light source to the selection of substrates, reagents, solvents, and, if considered, the catalyst
design. These choices depend on the specific photophysical and electrochemical properties of

the involved components.?°

2.1.1 The Light Source

For successful excitation of the target molecule or catalyst, there needs to be some degree of
overlap between the absorption band of the molecule of interest and the emission source.
Ideally, the absorption band of the corresponding molecule should be red-shifted to minimize
the energy required for excitation. This helps avoid excitation of other reactants in the system

and minimizes competing photochemical reactivity.?°

Light-emitting diodes (LEDs) have proven to be extremely useful for this purpose, as they
provide high intensity and cover a very narrow emission wavelength range, thereby allowing

for maximum selectivity in excitation (Figure 3).2°

Intensit
Y

Household lamp
LED

> Wavelength (nm)

Figure 3: (Simplified) scheme comparing a LED with a household lamp.?°
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2.1.2 Quantum Yield and Lifetime of the Excited State

For a bimolecular photochemical reaction to occur, the excited molecule must remain in its
excited state long enough to undergo a reaction before competing non-radiative pathways come
into play. For singlet excited states s1, a general rule of thumb is that the fluorescence lifetime
(usually 2-20 ns) corresponds to the excited state lifetime (¢ = ts1), as non-radiative transitions
are typically slower than fluorescence. The fluorescence quantum yield ¢f provides information
about competing relaxation pathways. A higher value of ¢f approaching 1 indicates a lesser

chance of competing non-radiative transitions.?

For triplet excited states t1, the quantum yield of intersystem crossing ¢isc is crucial. Due to the
unallowed spin-crossing, triplet states are long-lived (us to ms), so there is no temporal
competition through relaxation to the ground state in bimolecular reactions. However, @isc must
be as high as possible so that a large proportion of the excited molecules are in the triplet state
rather than the singlet state. This helps to exclude competing relaxation pathways from the
excited singlet state s: to the ground state So. In reaction systems where the excited triplet state
is desired, the oxygen-containing atmosphere must also be considered, as molecular oxygen
also naturally occurs in its triplet ground state. This means that either the reaction must be
carried out under oxygen exclusion, or the reaction design must be adjusted with incorporation

of Oz into the system.?°

2.1.3 Electrochemical considerations

For photochemical electron transfer reactions, it is advantageous to know not only the redox
potentials of the involved reactants in the ground state but also their corresponding potentials
in their excited states. The same principles as for classical redox chemistry apply here. For a
potentially successful reduction, the excited-state reducing agent must have a more negative
potential E(M*/M*) than the substrate in the ground state E(S/S™). Conversely, for a potentially
successful oxidation, the excited-state oxidizing agent must have a more positive potential
E(M*/M~) than the substrate in the ground state E(S/S*).%°
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2.2 Types of Photochemical Reactions

Generally, one can distinguish between several types of photoinduced reactions. In general,
three subgroups can be distinguished: direct photoexcitation, reactions proceeding via an
electron-donor-acceptor (EDA) complex intermediate, and reactions conducted with the
involvement of a photocatalyst. However, there are also hybrid systems, such as dual catalysis,

that incorporate other catalytic methods such as organocatalysis.

2.2.1 Direct Photoexcitation

Direct photoexcitation is the oldest and most straightforward method to initiate a photochemical
reaction (Scheme 6). The substrate gets irradiated with photons and is consequently excited to
the singlet state. From there, it can either react directly or undergo intersystem crossing to
transition to the longer-living excited triplet state. From the excited state, it can undergo either
pericyclic or, more commonly, radical reactions. In the case of radical reactions, the excited
compound can either react directly in a radical fashion, as often observed in photochemical
carbonyl chemistry??, or it can first undergo a decomposition into multiple subcomponents, at
least one of which is a radical, leading to subsequent reactions with a corresponding

reactant.!>%

_ - Ty
A
ISC !

_ ' - S

hv Reagent
D >  Product
homolytic bond l
breakage
reactive radical
species

Scheme 6: General scheme for direct photoexcitation.??
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Even if this method is the oldest and, therefore, most extensively studied approach, it continues
to play a crucial role in the synthesis of otherwise difficult-to-access four-membered ring
systems, such as cyclobutanes and oxetanes (Scheme 7). The latter can be synthesized through
the well-known Paterno-Biichi reaction, where the component containing the carbonyl group
gets irradiated, so the excited state can then react with an olefin. This mechanism can proceed
either through a pericyclic [2+2] cycloaddition or a radical pathway. Depending on whether the
carbonyl group is in the excited singlet or triplet state, different products can be obtained. While
the reaction in the triplet state is regioselective, the reaction in the singlet state is stereospecific.
The photochemical synthesis of these ring systems plays till these days an important role, which
is why the Paterno-Bdichi reaction and other photoinduced [2+2] cycloadditions remain relevant

in research,15:21.23.24

_________________

Sy T4

(0] o (0]
hv R
—_— - —_— +
radical pathway

(regioselective)

concerted pathway \

Oéoé o F

Scheme 7: General mechanistical principle of the Paterno-Buchi reaction.?*
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However, the Paterno-Biichi reaction is not the only important classical representative of this
subgroup. In general, the photochemistry of the carbonyl group is considered one of the longest-
studied disciplines in this subclass, and well-known reactions, such as the Norrish type | & Il

reactions, are still used in the synthesis of complex natural products (Scheme 8).21:%

Norrish-Type Il
H Photochemistry .
9 9 9
O
o OH O X OH OH -
HO' O HO' HO' O OH

Scheme 8: Building block synthesis (total synthesis of Spiroxin C) via Norrish-Type Il photochemistry.?

One major limitation of direct photoexcitation is that many substrates, such as olefins or
carbonyls, are often unable to absorb light in the visible region due to their small chromophore
systems, so light with higher energy is often required. Therefore, UV radiation is usually
required to achieve quantitative excitation levels. In the context of sustainable chemistry, there

is an increasing trend toward designing reactions that can take place in the visible range.*>??

Many modern methods employ a reaction system where the substrate already possesses an
extensive chromophore system, thereby enabling it to absorb light in the visible region. The
excited substrate then undergoes a bond breakage, and the in situ-formed radical can,

subsequently, react directly with a second added reactant to form the desired product.??
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One example is represented in Barton et al.’s work (Scheme 9A), demonstrating an interesting
deprotection-cascade-alkylation reaction approach from carboxylic acid precursors.??
Furthermore, Melchiorre et al.?® (Scheme 9B), and Schréder et al.?” (Scheme 9C) showed that
Hantzsch esters can be excellent and readily accessible starting materials for photochemical
provision of reactive radical species than can be used in hydroalkylations® and
hydroacylations.?” These reactions, along with many other examples, present interesting
possibilities for C-C bond formation?® and offer the advantage of avoiding transition metal
catalysts, which often require/incorporate expensive elements such as palladium or platinum

and are nowadays most frequently used in C-C coupling reactions.

h Iyti
[ \ direct photo- Ol;“oé’ i
i A : S excitation S on
| Bartonetal. X AN breakage
\ | > >
------------- N__— N__—
R R
. homolytic
d|req photo— bond
excitation
breakage
- > _ -
R

e mmmm e . direct photo- homolytic

. c ‘ excitation bond o
1 A 1

LSeredereletl eo — e )

R

Scheme 9: Representatives for the principle of direct photoexcitation followed by homolytic bond breakage,

providing a reactive alkyl- (A & B) or acyl- (C) radical species.?226.27
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Another emerging trend is the combination of direct photoexcitation with organocatalysis. For
example, Melchiorre demonstrated in 2015 that the alkylation of aldehydes and ketones is
photochemically feasible if firstly a conversion to a reactive, excitable enamine intermediate is
done in situ (Scheme 10).%°
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Scheme 10: Proposed mechanism for the organocatalytic a-alkylation of aldehydes via direct photoexcitation.?
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2.2.2 Electron-donor-acceptor Complexes

An alternative to classical direct photoexcitation is the utilization of electron-donor-acceptor
(EDA) complexes. The advantage of this methodology lies in the fact that two molecules, which
individually would not be capable of absorbing light in the visible spectrum, can expand their
chromophore system by forming such a complex. As a result, the in situ-formed colored
complex can absorb light in the visible region. The excited complex then undergoes a single
electron transfer (SET), wherein an electron from the donor molecule is transferred to the
acceptor molecule, leading to the formation of reactive radical-ion species that can engage in

subsequent reactions with other reactants to yield the desired product (Scheme 11).2%%

acceptor
molecule

hv

SET reagent
e
+ - = — product

4 BET

donor
molecule

Scheme 11: General scheme for photochemical EDA-complex strategy.?230

A commonly encountered issue is the back electron transfer (BET) from the charged radical
species leading to the backformation of the complex, which often competes kinetically with the
radical follow-up reaction. In many cases, a leaving group is attached to one of the starting
molecules to circumvent this problem. After the SET has occurred, the leaving group can
undergo irreversible detachment, thereby preventing any reverse reaction or BET.22%

Although Mulliken et al. already investigated the formation of EDA complexes in his quantum
chemical studies in 1961,% there were only very few synthetic applications of EDA complexes.
This is likely due to the fact that photochemistry in the visible range generally had a niche
character before the 1980s due to limited setups and equipment. Furthermore, the
groundbreaking discoveries in the field of photocatalysis seemed to overshadow EDA
complexes as potential alternatives. It was only in 2013, led by the work of Melchiorre et al.,
that this research branch experienced a renaissance and has since garnered increasing interest

within the research community.?%*
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Melchiorre demonstrated a photochemical organocatalyzed a-alkylation of aldehydes and
ketones, which proceeds through the formation of an EDA complex (Scheme 12). This method
offers the advantage, compared to the direct photoexcitation method (demonstrated in Scheme
10), that the used enamines do not need to be capable of absorbing visible light themselves.
Instead, the formation of an EDA complex with an appropriate acceptor molecule takes on this
role. Upon excitation of the colored complex, the formation of the radical ion pair occurs
through a SET. The acceptor radical anion subsequently undergoes detachment of its leaving
group (Scheme 12, marked in red), followed by the addition of the formed radical to the radical
cationic enamine species. Conversion of the enamine to the aldehyde or ketone leads to the final

formation of the product.
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2.2.3 Photoredox Catalysis

Although both direct photoexcitation and the EDA-complex strategy represent groundbreaking
areas in photochemistry and have yielded remarkable results in recent decades, photoredox
catalysis is considered the field of photochemistry that has emerged most rapidly in the last
decades. Presumably, this can be attributed to several advantages that this branch possesses
over the other two sub-types. The two other methods have the major drawback that, in the case
of direct photoexcitation, a substrate or, in the case of EDA complexes, a suitable
donor-acceptor molecular pair, is required, capable of absorbing light in the visible range, which

imposes a strong restriction on the use of corresponding components.

In contrast, the use of photocatalysts allows the conversion of the problem into a catalytically
active molecule that can be employed for this purpose, which is used sub-stoichiometrically,
and, therefore, does not require the other components, which are involved in the reaction to
possess corresponding photophysical and photochemical properties. Additionally, this
approach enables better fine-tuning of the catalytically active species to meet the specific needs
of the reaction setups in terms of their photophysical and electrochemical properties, such as

quantum yield and redox potentials.?*3
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Photoredox catalysis has been an area of research since the 1980s, as evidenced by the

experimental findings of Deronzier et al.** and Okada et al.*. However, it took another two

decades until the work of MacMillan, Yoon, and Stephenson propelled the field of

photocatalysis forward, presumably due to the fact that photoreaction setups were atypical and,

therefore, less common in research laboratories. Additionally, the idea of controllable radical

chemistry was an unconventional thought in the world of classical polarity-based chemistry at

this time.2233
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Scheme 13: General scheme for photo(redox)-catalysis.?236
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In 2008, MacMillan successfully developed a dual catalytic system for the a-functionalization
of aldehydes and ketones (Scheme 14). The in situ-formed enamine reacts with the also
in situ-formed functionalized alkyl radical in an addition reaction. The resulting radical
intermediate then undergoes a single electron transfer (SET) with the excited ruthenium
catalyst, forming a cationic imine intermediate, which can subsequently be cleaved with water,
regenerating the desired product and the organocatalyst. This method shows the advantage in
comparison to the similar already mentioned a-alkylation approaches (Scheme 10 & 12), that
no stoichiometric co-component must be used, and either no specific adjustments of the amine
catalyst or the substrate has to be done in terms of photophysical properties for excitation

purposes.®’
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Scheme 14: Proposed mechanism for the dual photo- and organocatalytic a-functionalization of aldehydes.®
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When a photoredox catalyst is used, it assumes the role of photon absorption. Depending on the
redox system, the excited catalyst is capable of either reducing or oxidizing the substrate via a
SET, with the catalyst itself being reversibly quenched by the substrate in an oxidative or
reductive manner. The radical ionic intermediate is then either restored to its original oxidation
state by a sacrificial agent or by a reactant involved in the system, initiating a new catalytic
cycle?® (Scheme 15).

-— ot
Sub Sub Sub Sub
[PC]*  Oxidative  [PC]™ [PC]*  Reductive  [PC]
Quenching Quenching
-hv Sac -hv Sac
hv hv
[PC] [PC]
Sac™ Sac

Scheme 15: Basic principle of a photoredox-catalytic cycle.?

Due to the rapid development in this research field, several common catalytic systems have
emerged in recent decades (Figure 4), with the most common variations based on ruthenium or
iridium, typically derived from the original Ru(bpy)s catalyst. However, today there are also a
variety of organic photocatalysts, which often serve as cost-effective alternatives. For example,
cyanoarenes are excellent photooxidants, while quinones are similar good photoreductants.
Also, more complex xanthene systems are regularly employed nowadays.?%-?233

CN 0
cl cl
2 »
Cl Cl N X N/ = A
CN ° NC CN N, |G

///,

DCA
reaa (A L) |
O l AN = N
COONa O O A | N
OO i
Ru(bpy); Ir
NaO 0 0 (PPY)s
Br

Br

EY 4CzIPN

Figure 4: Commonly used photocatalysts (organic compounds, left; metalorganic compounds, right).2033
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In addition to classical SET-based photoredox chemistry, another subcategory of photocatalysis
has been gaining increasing attention in recent years, in which hydrogen atom transfer (HAT)
reactions participate in key steps of the catalytic cycle (Scheme 16). These cycles can proceed
exclusively via HAT (direct HAT) or involve SET intermediate reaction steps (indirect HAT).
What makes these types of reactions so interesting is the fact that they enable reliable and
selective C-H activations, which generally pose one of the greatest challenges in classical

organic synthesis, making this reaction type currently a subject of much attention.3
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Scheme 16: Basic principle of a photocatalytic cycle involving HAT. (PC = photocatalyst; Sub = substrate; Sac
= sacrificial agent).¢
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2.3 Photochemical Hydrocarboxylations

As mentioned earlier, the synthesis of carboxylic acids from olefins represents an economically
and ecologically interesting reaction type, which holds significant importance for both
academia and industry, as alkenes are often inexpensive and readily available bulk materials.>#

Already discussed in the preceding sections, toxic carbon monoxide still remains the most
popular C1 source for carboxylation reactions in the industry, despite the challenges associated
with this reagent. In classical thermally driven transition metal catalysis, very harsh conditions

are often required to efficiently incorporate CO into the olefin structure.

However, the development of photochemical (hydro-)carboxylations over the last decade offers
a variety of alternative approaches, with the advantage that milder conditions and alternative

C1 sources, such as formic acid, formates, or CO., can often be employed instead.
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2.3.1 Photochemical Hydrocarboxylation with COz2 as the C1 Source

In the field of photochemical hydrocarboxylations, the utilization of CO; as the C1 source has
particularly attracted attention, thus resulting in the majority of publications in this field in the
recent decade being centered around this molecule. CO, offers the advantage of being a
non-toxic, inexpensive, and readily available greenhouse gas, which is currently in the spotlight
due to climate change concerns. The idea of efficiently incorporating CO: into
industrially relevant reaction setups is a very attractive option for many researchers as
sustainable chemistry and the reduction of CO2 emissions gain increasing prominence both in

media and science.383°

The idea of using CO- as C1 source in carboxylations is not restricted to photochemistry; there
have been several research reports on the development of thermally driven reaction setups for
carboxylations using CO». Nevertheless, these methods often suffer from the disadvantage of
requiring high temperatures, which contradicts the principle of energy efficiency in the context
of sustainability. Additionally, metallic or organometallic reducing agents, such as Mn, Zn, or
AlEts, are frequently used in stoichiometric quantities. In contrast, photochemical approaches

can often be conducted under milder conditions and with greater atom economy .83

In recent years, photochemical visible-light-driven hydrocarboxylations have been developed,
achieving regioselective formation of both Markovnikov and anti-Markovnikov products. For
instance, in 2017, Iwasawa et al.** demonstrated a Marknovnikov hydrocarboxylation of
styrenes through dual catalysis (Rh(l) transition metal catalysis / Rh(bpy)s photocatalysis)
(Scheme 17A), while Jamison et al.*! achieved a p-terphenyl photocatalyzed anti-Markovnikov
hydrocarboxylation of similar compounds (Scheme 17B).
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In addition to classical hydrocarboxylations, other carboxylation variants with similar reaction
principles allow for difunctionalization of the olefin. For example, Yu et al. and Wu et al.

enabled photocatalytic thio-,*? silylo-,* and phosphocarboxylations* (Scheme 18).
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Scheme 18: Photocatalytic carboxylation methods with CO,. (A) Thiocarboxylation (B) Silylocarboxylation (C)
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Mechanistically, there are two distinct approaches. The first variant aims to activate CO>

through SET, converting it into the reactive CO; radical anion, which then undergoes a

Giese-type addition to the olefin, as exemplified in Scheme 17B. The second variant seeks

to

convert the alkene into a carbanion, which is then capable of attacking CO,. For instance,

Martin et al.* demonstrated this through a photocatalyzed carboxylation of styrenes, using

CF3S0O2Na as the second carbon source (Scheme 19). Instead of a CO> radical anion, a styrene

carbanionic intermediate is formed via single electron transfer with the iridium photocatalyst.*°
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Scheme 19: Proposed mechanism for photocatalytic carboxylation.
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While most (hydro-)carboxylations proceed via a classical photoredox cycle, where
predominantly iridium or ruthenium-based photocatalysts, and occasionally organic
photocatalysts, such as 4CzIPN, are employed (Scheme 18B-C), there are indeed other
approaches, though less common, that utilize the other two alternative principles of direct

photoexcitation®® or the formation of EDA / CT complexes.*’

For instance, Yu et al. developed a method for anti-Markovnikov hydrocarboxylation of
styrenes in 2020, which proceeds through a CT complex intermediate formed by n-n
interactions between the styrene ring and the thiophenol ring, enabling a SET (Scheme 20A).4
Also, due to the work of Yu et al. in 2021, a catalyst-free photochemical carboxylation of
alkenes could be developed, proceeding through the excitation of the used Hantzsch esters,

which act as alkyl radical donors (Scheme 20B).*°
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Scheme 20: Photochemical carboxylation reactions with (A) CT-complex formation*” & (B) direct

photoexcitaton.3
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One of the greatest challenges in photochemical hydrocarboxylation with CO. remains the
limitation to specific substrates, often requiring activated olefins, such as (ring-substituted)
styrenes. Just recently, a photocatalytic hydrocarboxylation of inactivated olefins could be
achieved for the first time; however, the exact mechanism behind this process remains to be
elucidated (Scheme 21).48

fac-Ir(ppy);
(1 atm)

Cy,NEt, Cs,CO4 H

/ >
70 DMSO (0.1 M) vkO

rt, 30 W blue LEDs
then HCI (2 M) or TMSCHN,

Scheme 21: Photocatalytic hydrocarboxylation of inactivated olefins with CO,.%®

2.3.2 Photochemical Hydrocarboxylation with HCOOH as a C1 Source

In contrast to CO», significantly less photochemical hydrocarboxylations using formic acid and
its salt derivatives instead are known. The examples mentioned in section 2.4.1 represent
groundbreaking scientific achievements in the field of photocatalysis, by utilizing a favorable,
readily available, and non-toxic gas of such global importance. But even if this offers many
advantages, the use of HCOOH also presents some benefits over CO; as a C1 source.*®

As mentioned in Section 1, many industrial systems are generally designed for the use of solid
and liquid components, thereby rendering CO> gas incompatible with the existing
setups/systems. Another issue is that the generation of reactive CO:> radical anionic species
requires strong reducing conditions due to the thermodynamic stability of CO:>
(E12(CO2/CO2 = - 2.2 V vs SCE). This fact significantly limits the number of catalytic systems

capable of facilitating the necessary SET reaction.*

In contrast, HCOOH / HCOO- has the advantage of already being in the appropriate oxidation
state, eliminating the need for a SET in this regard. Instead, HAT reagents/catalysts can take on
the task of forming the activated radical anion. Furthermore, the presence of a hydrogen atom
provides an internal hydrogen source for the respective hydrocarboxylation, thereby rendering
the introduction of external reagents unnecessary. These factors make HCOOH a highly
undervalued hydrocarboxylation reagent.*
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Nevertheless, the use of HCOOH as a C1 source for photochemical hydrocarboxylations has
also been reported in literature. For instance, Li et al.>® developed, in 2001, a photo-catalyzed
hydrocarboxylation of alkenes (especially styrenes and acrylates) using Eosin B as a
photocatalyst (Scheme 22A). Mita et al.®* achieved a photocatalytic dearomatizing
hydrocarboxylation, in 2023, including substrates such as indoles and benzofurans (Scheme
22B). Additionally, in 2023, Wickens et al.>? successfully developed the first photocatalytic
hydrocarboxylation of inactivated alkenes, involving thiols as HAT promoters, thus providing
an alternative to Yu's photo-catalyzed hydrocarboxylation of inactivated olefins by using CO2*
(Scheme 22C).
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Scheme 22: Photocatalytic carboxylation methods with HCOOCs.0-%2
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3. Aim of the Thesis

The field of photochemistry, especially photocatalysis, has gained significant attention in recent
decades. Reactions that were inconceivable under classical thermal or transition

metal-catalyzed conditions have become achievable thanks to photochemistry.

One of these approaches is the photochemical hydrocarboxylation of olefins, which holds high
relevance both in the industry and in academia, especially as there is a growing desire to move

away from cumbersome and toxic chemicals, such as CO.

Although some methods for this purpose are known in the literature, a large portion of them
focus on CO; as an alternative C1 source, overlooking formic acid and its formate salts along
with its advantages. The limited existing literature that utilizes HCOO" salts usually comes with
significant limitations concerning the reaction conditions. Often, large quantities of expensive
cesium formates (2.0 - 10.0 eq.) must be used (Scheme 22) since the cheaper potassium or
sodium formate salts frequently exhibit solubility issues. Moreover, high temperatures are often

required to ensure the desired conversions.

Another problem is the strong substrate class restriction. Most approaches use only
electron-rich substrates, such as styrenes. Successful hydrocarboxylation of inactivated and

electron-deficient olefins is quite rare.

The aim of the thesis is to address these problems. The pursued goal is the development of a
photocatalytic hydrocarboxylation strategy for electron-deficient olefins, allowing for direct

use of formic acid under mild reaction conditions and temperatures.

Photocatalyst
HAT-Promotor H
/\O H . \)\O O = electron
solvent withdrawing
room temperature group
visible light

Scheme 23: Proposed photocatalytic hydrocarboxylation approach.

39



4. Results & Discussion

4.1 Reaction Design

One aim behind the proposed reaction design was to generate a CO> radical anion directly from
formic acid, which can subsequently undergo a Giese-type addition with the electron-deficient
olefin. Consequently, a hydrogen atom transfer (HAT) promoter had to be selected, fulfilling a

dual role in the system (Scheme 24).

Reductive quenching Homolytical bond
of photocatalyst breakage
via via
Hydrogen Atom Transfer
HAT H
/T\ » _N_ ( ) o @ﬁ
Cat
Deprotonation of
formic acid !
H
O%\OH

Scheme 24: Desired dual role of the used HAT-promoter.

Firstly, the HAT promoter needed to possess the property of generating a formate anionic salt
in situ and, therefore, being non-nucleophilic to not undergo addition reactions itself. Secondly,
it must be able to perform the hydrogen atom transfer, converting the formate into the CO>
radical anion. Since common bases in organic synthesis, such as amine bases, are not capable
of performing a radical HAT themselves without any help, they firstly need to be converted

into a reactive radical species to initiate this reaction step.

To accomplish this, a photocatalyst had to be employed, which activates the amine base by
undergoing a reductive quenching cycle following light irradiation. This activated amine base
should then be able to undergo a HAT with the formate salt generated from formic acid,
resulting in the production of the reactive CO; radical anion, which can subsequently react with

the olefin.
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The initial substrate chosen was benzyl acrylate, primarily because acrylates are one of the few
electron-deficient substrate classes that have been investigated for photocatalytic
hydrocarboxylation,*” making it an excellent “proof-of-concept substrate” (Scheme 25).
Additionally, benzyl acrylate offers practical advantages, such as availability, low volatility,
and good UV detectability for chromatographic analysis due to its attached aromatic ring

system.

Photocatalyst
HAT-promoter
o (amine base) o

\)J\O H _ /\)ko = electron
/\@ — /\© withdrawing
rt, 16 h group

36 W LED (460 nm)

Scheme 25: Initial reaction setup.

Furthermore, an aprotic polar solvent was used, as protic solvents could stabilize both the
substrate salt and the base through hydrogen bonding, which would hinder the generation of the
reactive species and, thus, be undesirable. On the other hand, apolar solvents are unable to
solubilize the substrates used. Hence, acetonitrile was chosen as it is frequently used in

photocatalytic hydrocarboxylation reactions.
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4.2 Parameter Screening

4.2.1 Catalyst Screening

Before embarking on the design of an entirely new photocatalyst for the developed system,
common catalysts that have already been employed in similar systems were used to determine
if any of the selected candidates could perform the desired transformation (Table 1).29% A
suitable catalyst was found in (Ir[dF(CF3)ppy]2(dtbpy))PFs (Table 1, entry 4, referred as Ir-1),
which achieved quantitative conversions (over 99%). Nevertheless, also common organic
photocatalysts were tested, as they are significantly cheaper than iridium-based catalysts.
However, these organic photocatalysts either did not lead to any conversion or achieved

negligible conversion rates (Table 1, entry 1-3).
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Table 1: Catalyst screening.

Photocatalyst (1 mol%)
o] HAT-Promoter o

HCOOH
\)J\O > HOOC/\)J\O
ACN
rt, 16 h

36 W LED (460 nm)

Entrylal Structure Name Conversion!®]
N
NC CN
O O 4CzIPN traces
I COONa
Br X Br
2 O EosinY n.d.
NaO (@] (@]
Br Br
3 |
_ TPT*
Saae
@
Ir-1
4 > 99%

[elperformed with 0.2 mmol (1 eq.) benzyl acrylate, 2.0 pmol (1 mol%) photocatalyst, 1.0 mmol (5.0 eq.) formic
acid and 2.0 mmol (10 eqg.) DABCO as HAT-promoter in 2 ml of ACN for 16 h at room temperature under

continuous irradiation at 460 nm. PIDetermined via *H-NMR analysis of the crude product using TCE as internal

standard.
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4.2.2 HAT-Promoter Screening
Besides thiols,®* amine bases are a frequently used HAT-promoter class. Since a general

acid-base reaction precedes the formation of the formate salt during the HAT, common amine

bases were tested for organic reactions (Table 2).
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Table 2: HAT-promoter screening.

Ir-1
(0] HAT-Promoter O
HCOOH
\)ko > HOOC/\)J\O
ACN
rt, 16 h
36 W LED (460 nm)

Entry(@ Structure Name Conversion®]
1 [NAJ Quinuclidine 95%
2 [@/OAC 3-Acetoxy- 90%

N quinuclidine
3 Aj DABCO > 99%
[N °
N
H
5 C"(j DBU n.d.
SN
X
6 - 2,6-Lutidine n.d.
N
/\N/\
7 K Triethyl amine n.d.
8 '\L Hinig's Base n.d.

[ElPerformed with 0.2 mmol (1 eq.) benzyl acrylate, 2.0 umol (1 mol%) Ir-1 catalyst, 1.0 mmol (5.0 eq.) formic

acid and 2.0 mmol (10 eq.) HAT-promoter in 2 ml of ACN for 16 h at room temperature under continuous

irradiation at 460 nm. PIDetermined via *H-NMR analysis of the crude product using TCE as internal standard.
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Based on available literature data,® the results were not particularly surprising. Firstly, the
choice of amine bases is limited to tertiary amines, as secondary amines (e.g., Table 2, entry 4)
tend to prefer aza-Michael type reactions with the olefin substrate instead of deprotonating
formic acid. Furthermore, commonly used bases, such as triethylamine or Hinig's base (Table
2, entry 7-8), cannot be used in this system as they tend to undergo a-hydrogen abstractions,
leading to undesired side reactions.>

Only quinuclidine-like structures achieved considerable conversions (Table 2, entry 1-3). The
rigid bridge structure prevents a-hydrogen radical formation. Also, the formed quinuclidine
radical cation has the advantage of high electrophilicity, facilitating a HAT with the formate
salt.>> Among the quinuclidine bases used, DABCO vyielded the best results (Table 2, entry 3).

4.2.3 Optimization of reaction conditions

According to the literature,>°-? an excess of formate is used in general (typically 2.0 - 10.0 eq.).
So, for the initial reaction setup, 5 eg. of formic acid were used. The use of an excess of formate
is justified as the in situ generated CO> radical anion is a strong reducing agent, capable of

reducing olefins to alkanes instead of undergoing a Giese-type addition®® (Scheme 26).

Z0
single electron
transfer

Giese-type
addition

H
~0 -
reduced desired
side product product

Scheme 26: Concurrent reaction pathways that the CO; radical anion can undergo with the olefin.5®
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As already mentioned, DABCO has the dual role of deprotonating formic acid and converting
it to the corresponding DABCO-formate salt, as well as performing the HAT transfer. Both
tasks cannot be achieved by a single DABCO molecule at once, which makes an excess of
DABCO necessary. Therefore, twice the equivalent amount (relative to formic acid) was

initially employed which also led to the best results (Table 3, entry 1).

Table 3: Ratio / amount screening.

Ir-1
o} HAT-Promoter O
HCOOH
ACN
rt, 16 h
36 W LED (460 nm)

Entrylel DABCO eq. Formic Acid eq. Conversion®!
1 10.0 5.0 > 99%°l
2 8.5 5.0 > 999%!d]
3 6.0 5.0 99%

4 55 5.0 88%
5 4.4 4.0 62%
6 3.3 3.0 53%

[Blperformed with 0.2 mmol (1 eq.) benzyl acrylate and 2.0 pmol (1 mol%) photocatalyst in 2 ml of ACN with the
given ratios of formic acid and DABCO for 16 h at room temperature under continuous irradiation at 460 nm.
PlDetermined via *H-NMR analysis of the crude product using TCE as internal standard. [isolated yield 67%.
[solated yield 53%

Reducing the relative amount of DABCO to formic acid did not decrease conversion. However,
based on the isolated product amounts, it was observed that significantly less of the desired
addition product was formed (Table 3, entry 2), which indicates that more of the reduced alkane
side product was formed instead. Adjusting the absolute amount led to a decreasing conversion
trend (Table 3, entry 5-6), which further confirms the necessity of using excess quantities of at

least 5.0 eq. formic acid.
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4.3 Mechanistic Studies

4.3.1 Control Experiments

With optimized conditions in hand, several control experiments were conducted to gain a better
understanding of the underlying mechanism (Table 4). To verify whether the mechanism indeed
proceeds via a radical intermediate, TEMPO, a typical radical scavenger, was employed. As
evident from the low yield (Table 4, entry 1), a TEMPO-radical complex must have formed,

confirming the suspicion of at least one radical-intermediate formation.>®

Furthermore, a reaction was performed in darkness to investigate whether a light source and,
hence, a photocatalyst are essential for initiating the reaction sequence. As no conversion was
observed, this indeed verifies the occurrence of a photoredox cycle being crucial for the reaction
(Table 4, entry 2).

Table 4: Control experiments.

Ir-1
o) DABCO o
HCOOH
\)ko > HOOC/\)]\O
ACN
rt, 16 h
36 W LED (460 nm)

Entry Conditions Conversionl®
118l TEMPO addition (1.1 eq.) 10%
2l Reaction in dark n.d.
3(al Water addition (10 eq.) > 99%
4lo] Air atmosphere 85%
50l Argon atmosphere 78%

lelperformed with 0.2 mmol (1 eq.) benzyl acrylate, 2.0 pmol (1 mol%) Ir-1 catalyst, 1.0 mmol (5.0 eq.) formic
acid and 2.0 mmol (10 eqg.) DABCO in 2 ml of ACN for 16 h at room temperature under continuous irradiation at
460 nm. I Reaction duration (8 h). [I Determined via *H-NMR analysis of the crude product using TCE as internal

standard.
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As one of the main goals of the project was to develop a reaction setup that can be performed
under simple and mild conditions, sensitivity to moisture and atmospheric oxygen was also
examined. The former was simulated by adding 10 eq. of water to the reaction system (Table
4, entry 3), which did not lead to any reduction in the conversion. This observation suggests
that the reaction system exhibits a certain degree of moisture resistance, thus specific water

exclusion measures are not necessary and do not need to be implemented.

Results regarding atmospheric oxygen were particularly interesting (Table 4, entry 4-5). As
triplet oxygen can be an interfering factor in many photocatalytic reactions® and lead to
byproducts, reactions are often conducted under oxygen exclusion. To investigate if this is also
the case here, two reaction setups were compared, one under argon atmosphere and the other
under standard air atmosphere. A slight increase in NMR conversion could be observed under
the standard atmosphere, indicating that oxygen may even play a supportive role in the reaction
system. For instance, in some catalytic cycles, oxygen (in the form of a superoxide radical
anion) is known to induce a SET which can assist in the regeneration of the photocatalyst.>®
However, to support this claim for this system, further studies would be necessary.
Nevertheless, it can be asserted that the developed system runs, at least independently or maybe
even more optimal, under oxygen-containing air atmosphere instead of under argon
atmosphere. For this reason, all syntheses were subsequently carried out under air atmosphere.
This not only has the advantage to possibly result in better conversions but also eliminates the

need for elaborate inert reaction setups and the use of expensive inert gases, such as argon.
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4.3.2 Alternating Light and Darkness Impact

To gain a more precise understanding of the occurring mechanism, a light on/off experiment
was conducted (Figure 5). This experiment was carried out within 180 min, with alternating
periods of 30 minutes each between light and dark period. After each period, the NMR was
recorded, and the conversion was calculated. No significant increase in conversion occurred
during the dark phases, indicating that the mechanism is catalyst-controlled. If a radical-chain
mechanism would be operative, a substantial increase in conversion during the dark phases
would also be observable. Therefore, it is not expected that long-living radicals contribute in

this system, and, hence self-propagation is unlikely to occur.>®

50
On Off
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Conversion (%)
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0 30 60 90 120 150 180

Time (min.)

Figure 5: Light on/off experiment.
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4.3.3 Quantum Yield Determination

Another, much more reliable method to determine whether the mechanism proceeds through
self-propagation or radical coupling is the determination of the quantum yield (¢). In an ideally
efficient photoreaction, where one photon leads to the formation of one product molecule, the
quantum yield is equal to 1. Results that exceed this value imply a radical-chain mechanism
since more molecules are converted than the number of photons absorbed by the reaction
system. On the other hand, values where ¢ < 1 suggest the likelihood of a radical coupling

mechanism, i.e., a catalyst-controlled reaction.*®

To determine the photon flux, which is needed for the calculation of the quantum vyield o,

ferrioxalate actinometry was conducted in accordance with literature.®°

0
0
%0 =\ 7\
o , e \ 7
~.!. N N=
Fe >
07 | No X0 i
5 36 W blue light (460 nm)
0 buffer (H,SO,/NaOAc)
0

Scheme 27: Photodecomposition of the Fe(l11) complex and re-complexation of the reduced Fe(l1) species with
1,10-phenanthroline.

In this method, ferrioxalate is irradiated with the light source used in the reaction system, which
leads to its decomposition, due to the photolability of the oxalate complex, and re-complexation
with 1,10-phenanthroline. The formed complex can then be quantified/detected via UV/Vis
spectrometry at 510 nm. By measuring the absorption intensity, the amount of formed iron-
phenanthroline complex can be inferred, which in turn correlates with the decomposition rate
of the ferrioxalate complex, thus enabling a quantitative determination of the photon flux of the

irradiation source.

51



Determination of the Photon Flux

1 ml of the ferrioxalate solution was added to three 8 ml screw-cap vials each, which were then
irradiated for 10 seconds. Subsequently, the irradiated solutions were transferred, along with
three additional non-irradiated samples, into separate 10 ml volumetric flasks. To each flask,
0.5 ml of phenanthroline solution and additional 2 ml of buffer solution were added, followed
by dilution with Milli-Q water to the 10-ml mark. Subsequently, the amount of formed iron(I1)
species was determined by UV-Vis spectrometry (Figure 6), and the photon flux was calculated.
The medians of the non-irradiated and irradiated samples were used for the calculations. The
photon flux was calculated according to equation 1. (For preparation of the reaction solutions,

see section 5.4)

mol Fe?t
Dxtxf

Photon flux = = 4.40 * 1078 einstein s~ (equation 1)

where ® = quantum yield of ferrioxalate actinometer solution at 460 nm, t = irradiation time,

f = fraction of light absorbed at 460 nm by the ferrioxalate solution.

y S
. ) —— 0s, #1
— Os, #2
— 0s,#3
— 10s, #1
— 10 s, #2
10 s, #3

N
1

Absorbance (-)

=N
1

T .
500 600
Wavelenght (nm)

Figure 6: UV-vis spectra of irradiated and non-irradiated ferrioxalate solutions.
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Determination of the Quantum Yield

Three photocatalytic hydrocarboxylation reactions were carried out in parallel for 1 h under
continuous irradiation by the 36 W lamp at 460 nm, from which the photon flux was calculated.
(see section 5.4) Then the samples were analyzed by *H NMR spectroscopy and the average
conversion was calculated to be 35%. With this information available, the quantum yield could

be calculated.

mol product )
P = o oton fruxetey = 0-44 (equation 2)

where ® = quantum yield, t = irradiation time, f = amount of incident photons absorbed at

460 nm by the reaction mixture.

As the calculated quantum yield for the applied reaction setup is ¢ = 0.44 (see section 5.4), this
supports the previous conjecture made during the light on/off experiment that the mechanism
proceeds without self-propagation and instead occurs in a catalyst-controlled manner.>®

4.3.4 Deuterium Labeling Experiments

Furthermore, deuterium labeling studies were performed to determine which components of the
system are responsible for the hydrogen transfer, leading to the aliphatic carboxylic acid
product. It was observed that using deuterated acetonitrile alone did not result in significant
deuterium incorporation in the product (Scheme 28A). However, with the additional use of
deuterated formic acid in deuterated acetonitrile, 75% deuterium labeling was found at the
[-carbon of the added carboxyl group (Scheme 28B). This indicates that the in situ-formed
DABCO-formate salt is the main source of the corresponding hydrogen transfer.

A Ir-1
0 DABCO

o)
HCOOH

\)ko - HOOC/\)kO
CD4CN !
it, 16 h

36 W LED (460 nm)

B Ir-1
O DABCO o)

COOH

\)ko > HOOC/QkO
CD,;CN
rt, 16 h

36 W LED (460 nm)

Scheme 28: Deuterium labeling studies.
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4.3.5 Proposed Mechanism

Based on these results, the following mechanism can be proposed (Scheme 29). The Ir-1
catalyst is irradiated with blue light and transitions to its excited state. From there, it undergoes
a reductive quenching mechanism, initiated through a SET to a DABCO molecule, which
converts DABCO into a radical cation species. Formic acid, already converted into the
corresponding DABCO-formate salt (1) by another DABCO molecule, subsequently reacts with
the DABCO radical cation via a hydrogen-atom transfer, leading to the formation of the key
intermediate, the CO; radical anion (I1). This intermediate reacts with the electron-deficient
olefin in a Giese-type addition, yielding the corresponding radical anionic-addition intermediate
(111). This intermediate is then converted into the carbanionic species (IV) through another
SET, thus closing the photocatalytic cycle. The SET can occur either directly through the Ir-1
catalyst (Scheme 29A) or indirectly through oxygen (Scheme 29B), which is transformed into
a reactive superoxide radical-anion species by the catalyst. This could explain the slightly
improved conversion compared to the reaction under argon atmosphere, but further analyses
are required to confirm this assumption. Nevertheless, in both scenarios, the Ir-1 catalyst returns
to its initial oxidation state, and a new catalytic cycle can start again. The carbanionic
intermediate is finally reprotonated by a DABCO formate salt (V). This suggestion is supported
by the deuterium labeling studies. Ultimately, the carboxylate species is acidified, leading to

the desired hydrocarboxylation product at the end (V1).
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Scheme 29: Proposed mechanism for the photochemical hydrocarboxylation with HCOOH as C; source.
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4.3.6 Scope and Limitations
After completion of the mechanistic studies, the potential substrate scope was tested. All
reactions were conducted under optimized conditions (Scheme 30), including room temperature

and atmospheric air. Various groups of electron-deficient olefins were tested.

Ir-1 (1 mol%)

H (5eq.) H
20 DABCO (10eq.) J\O O = electron
1 ACN (0.2 M) withdrawing
ca- rt, 16 h group

36 W LED (460 nm)

Scheme 30: Optimized reaction conditions.

The investigation began with (mostly) commercially available acrylates, which, in most cases,
yielded good to very good conversions (Table 5). It was concluded that substrates with either
bulky or long ester groups resulted in significantly poorer outcomes (Table 5, entry 6-7)

compared to acrylates with more compact and/or flexible residues (Table 5, entry 2-3).
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Table 5: Substrate scope part .

Ir-1 (1 mol%)
H (5eq.) H
20 DABCO (10eq.) J\O O =electron
ACN (0.2 M) withdrawing
1eq. ft, 16 h group
36 W LED (460 nm)
Entryll Substrate Conversion!®! Isolated Yield
(el /\WOQ > 99% 67%
(0]
O~
2 /\é( 74% 60%
(0]
3 Z h 91% 62%
(@]
OMe
4 N 76% 39%
(0]
NO,
5 /\[(O\Q/ 88% 8%
O
6 /\[(O#/ 60% 23%
(0]
o..
7 /\H/ 'Dec n.d n.d
(0]
8lc! /H(OM@ > 99% 53%
O

[elperformed with 0.2 mmol (1 eq.) substrate, 2.0 umol (1 mol%) Ir-1 catalyst, 1.0 mmol (5.0 eq.) formic acid and
2.0 mmol (10 eq.) DABCO in 2 ml of ACN for 16 h at room temperature under continuous irradiation at 460 nm.
PlDetermined via *H-NMR analysis of the crude product using TCE as internal standard. ©lsolation of reduced

by-product with 25% yield. [isolation of oxetane by-product with 25% yield.
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It should be noted that, in all cases, the conversion was significantly higher compared to the
isolated yield. This can be mainly attributed to the side-reduction pathway (Scheme 26), which
competes strongly with the desired addition pathway. This side reaction is often
thermodynamically favored due to the formation of stable CO2 gas. Additionally, as already
mentioned, the CO- radical anion exhibits a very strong reduction potential, leading to a
preference for the reduction pathway, particularly when using highly electron-deficient
substrates, which counteracts Giese-type additions. This effect is particularly evident in
substrates with very strong electron- withdrawing groups (Table 5, entry 5), where a high

conversion corresponds to a low yield of the addition product.

To confirm this assumption, the benchmark substrate, benzyl acrylate, was tested (Table 5,
entry 1), resulting in a conversion of > 99%. Approximately 67% of the addition product (4-
(benzyloxy)-4-oxobutanoic acid) and 25% of the reduced product (benzyl propionate) were
isolated, leaving about only 7% of the remaining conversion not directly identifiable, which
could be attributed to the formation of minor by-products or losses during workup.

A notable result was obtained for the conversion of benzyl methacrylate (Table 5, entry 8). It
produced surprisingly low yields of the linear hydrocarboxylation product compared to benzyl
acrylate (53% vs. 67%). During the workup, an additional by-product, an oxetane, was
unexpectedly isolated with a significant yield of 25% (Scheme 31).

Ir-1 (1 mol%)
9 H (5eq.) o o
MeCN (0.2 M) +
25°C,16 h
36 W LED (460 nm) 53% 25%

Scheme 31: Formation of an oxetane byproduct (right) using benzyl methacrylate as starting material.

To determine the structure of the oxetane product definitively, additional NMR experiments
were conducted. In addition to the classical *H NMR spectrum, a *C APT, as well as 2D NMR
spectra (HSQC, COSY, and HMBC) were also recorded.

Even the otherwise less informative COSY spectrum reveals that the chemically distinguishable
hydrogen atoms in the molecule are separated from each other, either by an oxygen or a
quaternary carbon atom. This is evident as, apart from the coupling of the two hydrogen atoms
at 2.73 ppm and 2.57 ppm, no other H-H couplings occur. The large, identical coupling
constants (J = 15.8) and the coupling pattern of both signals to each other, showing mirror

symmetry, lead to the suggestion that the two hydrogen atoms belong to the same carbon atom.
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This assumption is confirmed by the HSQC spectrum, in which both signals couple with the
same carbon atom (C12) at 44.69 ppm. The chemical distinguishability of both hydrogen atoms,
indicated by the large signal shift relative to each other, is also a strong indication of the cyclic
structure of the investigated fragment of the molecule. The HSQC spectrum also allows for the
assignment of the other hydrogen atom signals to the corresponding carbon atom signals in the
APT spectrum.

However, crucial for a successful structure elucidation in this particular case is the HMBC
spectrum (Figure 7). Since the 3C NMR APT spectrum exhibits two signals in the region
typical for carbonyls, an unambiguous assignment of both signals (lactone or ester) is essential.
This was accomplished by examining the hydrogen atom signal at 5.17-5.05 ppm (attached to
C7 at 65.50 ppm), which couples with the quaternary carbon atom of the open ester at 174.44
ppm (Co) via a 3J coupling. However, the same hydrogen atom is too far away to couple with
the other carbonyl carbon at 171.70 ppm, clearly assigning it to the quaternary lactone carbon
(Cq13). This is further confirmed by the hydrogen atoms at 1.35 ppm of the methyl group
(attached to Ci6 at 26.07 ppm), which couple with Cq via a 3J coupling but not with Cas, as this

would require a *J coupling, which normally does not occur for non-aromatic fragments.
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Figure 7: HMBC spectrum of the oxetane byproduct.
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The latter information also confirms the presented regiochemistry: If O14 would be connected
to Ci2 instead of Cio and therefore Ciz with Cyo instead of Ci2 (Figure 8), an additional 3J
coupling signal would occur for the hydrogen atoms of the C1s methyl group with Ci3, resulting
in two coupling signals in the 3C carbonyl region of the HMBC spectrum for these hydrogen

atoms. Since this is not the case, only one regioisomer is formed selectively.

15
O
14
16 16 13
O3 15 0 14
= 10 o 10
97 12 97 12
O O
selectively other regioisomer

formed (not detected)
regioisomer

Figure 8: Selective formation of one regioisomer (left).

The mechanistic basis of this product formation is unclear, and no photocatalytic methods for
oxetane synthesis from olefins have been reported in the literature thus far. Therefore, an
investigation into the synthesis of this product class would be highly desirable. It is suspected
that the methyl group of the olefin may have a crucial role on the product formation, potentially
allowing at least one additional or competitive mechanistic step due to the formation of a more
stable radical intermediate (stabilized by the methyl group), which was not observed in the other
substrates and leads to a side pathway resulting in the formation of the oxetane ring. To verify
this hypothesis, further methacrylates should be tested to observe if oxetane formation also

occurs.
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In addition to acrylates, anilides, sulfoanilides, and a sulfonamide were also successfully tested,

with conversions always exceeding 90% (Table 6). The isolated hydrocarboxylation products

of the anilides were obtained in moderate yields (Table 6, entry 9-11), while the significantly

more electron-deficient corresponding sulfoanilides had noticeably lower product yields (Table

6, entry 12-13). This suggests that the unwanted reduction pathway is more favored for

sulfoanilides compared to the anilide pendants, as evidenced by the similarly high NMR

conversions.

Table 6: Substrate scope part I1.

Ir-1 (1 mol%)
H (5eq.) H
20 DABCO (10 eq.) % O =electron
ACN (0.2 M) withdrawing
1eq. .
rt, 16 h group
36 W LED (460 nm)
Entryl@ Substrate Conversion!®! Isolated Yield
X
9 95% 41%
N @)
Me
X
10 99% 48%
N 0]
Et
X
11 ©\ l 99% 36%
N 0]
Bn
12 @ N o 95% 20%
NEC)
Me
13 @L N 0 98% 16%
N""0
Et
14 \/\S/NBUZ 98% 38%
7\
(0]

[ePerformed with 0.2 mmol (1 eq.) substrate, 2.0 pmol (1 mol%) Ir-1 catalyst, 1.0 mmol (5.0 eq.) formic acid and

2.0 mmol (10 eq.) DABCO in 2 ml of ACN for 16 h at room temperature under continuous irradiation at 460 nm.

PlDetermined via *H-NMR analysis of the crude product using TCE as internal standard.

61



There was also one exception to this trend (Table 6, entry 14), where the starting material, being
a sulfonamide, led to surprisingly high yields. This suggests that flexible systems may exhibit
different product ratios concerning reduction and addition compared to aromatic systems.
However, to confirm this assumption, further investigation with non-aromatic amides and

sulfonamides would be required.

Among the substrate classes tested successfully, there were some that did not lead to any
successful product formation (Figure 9). Phenyl esters and phenyl sulfonesters decomposed into
their corresponding phenol counterparts. It is presumed that the basic conditions were
unsuitable for phenyl (sulfon)esters, which can be highly labile and prone to decomposition
when exposed to strong pH changes.5!

o oy, O WS

Figure 9: Substrates that did not yield any desired product.

Heteroaromatic systems, as used in Mita et al’s work,®® also did not work with this reaction
setup. It appears that the olefinic bonds in aromatic compounds are too stable to undergo the
desired reaction with the conditions used in this method, indicating that high temperatures may

be essential for the conversion of this substrate type.
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4.3.7 Conclusions and Outlook

In the context of this master thesis, a new method for the photocatalytic hydrocarboxylation of
olefins has been developed. This method offers the option to conduct photocatalytic
hydrocarboxylations of olefins under a simple reaction setup due to the possibility to run it
under air atmosphere and, also, enables the usage of mild reaction conditions as it can be

performed at room temperature.

The developed method represents the first successful photocatalytic hydrocarboxylation of
olefins using formic acid directly, as in this method the formate salt is formed in situ with the
amine base, which is an elegant and much cheaper alternative to other formate variants, such

as cesium formate.

Another achievement reported herein is the successful conversion of electron-deficient olefin
substrates, which posed a significant challenge due to the competition with the reduction
pathway. With the developed method, 13 different electron-deficient olefins, including
acrylates and (sulfon)anilides/-amides, were successfully converted into the desired
hydrocarboxylated products.

Mechanistic studies have been carried out to acquire a better understanding of the underlying
mechanism. All data support the hypothesis that this method proceeds through a
photochemically-induced radical mechanism, where no chain-growth takes place. Instead, the

reaction is catalyst controlled, so no long-living radicals are formed during the reaction.

Despite all the mentioned positive aspects, the main challenge remains that the CO> radical
anion still tends to preferentially reduce highly electron-deficient olefins rather than undergoing
a carboxylation-addition with them. Therefore, it remains an exciting prospect for future
research to explore/investigate how to overcome this issue in the field of the photocatalytic

hydrocarboxylation of electron-deficient olefins.
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5. Experimental
5.1 Materials & Methods

All purchased chemicals from commercial suppliers were used without further purification,
unless otherwise specified. Dry solvents were pre-distilled and desiccated on aluminum oxide
columns (PURESOLYV, Innovative Technology). Column chromatography was performed on
standard manual glass columns, using Merck (40-60 um) silica gel, with pre-distilled solvents.
For TLC analysis, pre-coated aluminum-backed plates were purchased from Merck (silica gel
60 F2s4). UV-active compounds were detected at 254 nm. Non-UV-active compounds were

detected using standard bromocresol green, phosphomolybdic acid or permanganate stains.

'H & 3C NMR spectra were recorded on a Bruker Avance UltraShield 200 MHz, 400 MHz or
600 MHz spectrometer and chemical shifts were reported in ppm using TMS as internal
standard. Coupling constants (J) are given in Hz. For NMR purposes, the following
abbreviations are used: s (singlet), d (doublet), t (triplet), g (quartet), p (pentet), hept (heptet),
m (multiplet).

HR-MS analysis was performed using HTC PAL system auto sampler, an Agilent 1100/1200
HPLC and Agilent 6230 AJS ESI-TOF mass spectrometer. Melting points above room
temperature were measured on an automated melting system OPTI MELT of Stanford Research
Systems and were uncorrected, Infrared spectra were recorded on a Perkin-Elmer Spectrum 65
FT IR spectrometer equipped with a specac MK Il Golden Gate Single Reflection ATR unit,
UV/Vis spectra were recorded at 297 K on a Shimadzu UV/Vis 1800 spectrometer using 1 cm
path length quartz cuvettes.
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5.2 Substrate Synthesis for Hydrocarboxylation
5.2.1 Acrylanilide Synthesis

Ol . o~ | @1

N K,COs
THF, 0-25 °C, 15 min

R=Et(1)

R = Me (2)

R =Bn (3)

Compounds 1-3 were prepared according to literature procedures® with slight modifications.
K2COs3 (23.0 mmol, 2.3 eq.) was added to a solution of the corresponding aniline (10.0 mmol,
1.0 eq.) in THF (23 ml) and the mixture was stirred at room temperature. Then it was cooled to
0 °C and acryloylchloride (12.0 mmol, 1.2 eq.) was added dropwise. Subsequently, the reaction
mixture was stirred for another 15 min at room temperature, extracted with EtOAc and washed
with NaHCOj3 followed by H20, 1 M HCI, H20 and brine. The organic layer was separated,

dried over Na,SO4and concentrated in vacuo (20 mbar).

L
|

1

N-ethyl-N-Phenylacrylamide (1)

In accordance to the general procedure of 5.2.1, N-ethylaniline (1259 pl, 10.0 mmol, 1.0 eq.),
K2COs3 (3110 mg, 23.0 mmol, 2.3 eq.) and acryloylchloride (975 pl, 12.0 mmol, 1.2 eq.) were
used. The product was obtained as a clear yellow oil (1426 mg, 8.1 mmol. 81%).

IH NMR (400 MHz, CDCls) & 7.46 — 7.38 (m, 2H), 7.37 — 7.31 (m, 1H), 7.18 — 7.11 (m, 2H),
6.35 (dd, J = 16.8, 2.1 Hz, 1H), 5.98 (dd, J = 16.8, 10.3 Hz, 1H), 5.49 (dd, J = 10.3, 2.0 Hz,
1H), 3.84 (0, J = 7.1 Hz, 2H), 1.15 (t, J = 7.1 Hz, 3H).

13C NMR (151 MHz, CDCls3) 8 165.47 (s), 142.04 (s), 129.85 (s), 129.19 (s), 128.69 (s), 128.08
(s), 127.63 (s), 44.64 (s), 13.27 ().

Analytical data was in agreement with literature.5?
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N-Methyl-N-phenylacrylamide (2)
©\ \l
T O

2

In accordance to the general procedure of 5.2.1, N-methylaniline (1084 ul, 10.0 mmol, 1.0 eq.),
K>CO3 (3110 mg, 23.0 mmol, 2.3 eq.) and acryloylchloride (975 ul, 12.0 mmol, 1.2 eq.) were
used. The product was obtained as light-yellow crystals (1166 mg, 7.2 mmol, 72%).

IH NMR (600 MHz, CDCl3) § 7.45 — 7.37 (m, 2H), 7.36 — 7.31 (m, 1H), 7.21 — 7.14 (m, 2H),
6.36 (dd, J = 16.8, 2.0 Hz, 1H), 6.06 (dd, J = 16.8, 10.3 Hz, 1H), 5.51 (dd, J = 10.3, 1.9 Hz,
1H), 3.36 (s, 3H).

13C NMR (151 MHz, CDCls) 5 166.08 (s), 143.73 (), 129.92 (s), 128.81 (s), 127.93 (s), 127.75
(s), 127.62 (s), 37.75 (s).

Analytical data was in agreement with literature.®

O,
C,

In accordance to the general procedure of 5.2.1, N-benzylaniline (1833 mg, 10.0 mmol, 1.0 eq.),
K2COs3 (3110 mg, 23.0 mmol, 2.3 eq.) and acryloylchloride (975 pl, 12.0 mmol, 1.2 eq.) were
used. The product was obtained as beige crystals (2207 mg, 9.3 mmol, 93%).

N-Benzyl-N-phenylacrylamide (3)

IH NMR (400 MHz, CDCl3) § 7.36 — 7.19 (m, 8H), 7.03 — 6.98 (m, 2H), 6.43 (dd, J = 16.8, 2.0
Hz, 1H), 6.04 (dd, J = 16.8, 10.3 Hz, 1H), 5.54 (dd, J = 10.3, 2.1 Hz, 1H), 4.98 (s, 2H).

Analytical data was in agreement with literature.%*
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5.2.2 Synthesis of Ring-Substituted Benzyl Acrylates
O

OH NEts - 0

DCM, 0-25 °C, 8 h

R = MeO (4)

R =NO, (5)
Compounds 4-5 were prepared according to literature procedures® with slight modifications.
Triethylamine (7.5 mmol, 1.5 eq.) was added into a solution of the corresponding benzy! alcohol
(5.0 mmol, 1.0 eq.) in DCM (10 ml) and the mixture was stirred at room temperature. Then it
was cooled to 0 °C, acryloylchloride (6.0 mmol, 1.2 eq.) was added dropwise and the reaction
mixture was stirred for another 8 h at room temperature. The mixture was quenched with
distilled water (10 ml) and transferred into a separation funnel. After decanting the water phase,
the organic layer was washed 2x with water (10 ml), followed by 2x with NH4ClI solution (10

ml). The organic layer was separated, dried over Na>SO4 and concentrated in vacuo (20 mbar).

4-Methoxybenzyl acrylate (4)

In accordance to the general procedure of 5.2.2, (4-methoxyphenyl)methanol (612 pl, 5.0 mmol,
1.0 eq.), NEtz (1040 ul, 7.5 mmol, 1.5 eq.) and acryloylchloride (975 ul, 6.0 mmol, 1.2 eq.)

were used. The product was obtained as a brown liquid (572 mg, 3.0 mmol, 60%).

IH NMR (600 MHz, CDCls) & 7.34 — 7.30 (m, 2H), 6.92 — 6.87 (m, 2H), 6.43 (dd, J = 17.3, 1.4
Hz, 1H), 6.14 (dd, J = 17.3, 10.4 Hz, 1H), 5.83 (dd, J = 10.4, 1.4 Hz, 1H), 5.14 (s, 2H), 3.81 (s,
3H).

13C NMR (151 MHz, CDCls) § 166.46 (s), 159.97 (s), 131.31 (s), 130.48 (s), 128.73 (s), 128.25
(s), 114.26 (s), 66.50 (s), 55.61 (5).

Analytical data was in agreement with literature.®
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4-Nitrobenzyl acrylate (5)

In accordance to the general procedure of 5.2.2, (4-nitrophenyl)methanol (766 mg, 5.0 mmol,
1.0 eq.), NEt3 (1040 pl, 7.5 mmol, 1.5 eq.) and acryloylchloride (975 pl, 6.0 mmol, 1.2 eq.)
were used. The product was obtained as a brown-yellowish solid (873 mg, 4.2 mmol, 84%).

IH NMR (400 MHz, CDCl3) & 8.27 — 8.20 (m, 2H), 7.57 — 7.51 (m, 2H), 6.50 (dd, J = 17.3, 1.3
Hz, 1H), 6.20 (dd, J = 17.3, 10.4 Hz, 1H), 5.92 (dd, J = 10.4, 1.3 Hz, 1H), 5.30 (s, 2H).

13C NMR (101 MHz, CDCl3) § 165.77 (s), 143.28 (s), 132.13 (), 128.51 (s), 127.87 (s), 123.98
(s), 64.94 (s).

Analytical data was in agreement with literature.5®

5.2.3 Synthesis of Ring-Substituted Phenylacrylates

0
L 2 O
OH NEt; 0”0

THF, 0-25°C, 2 h

R= fBu (6)

R =Pr(7)
Compounds 6-7 were prepared according to literature procedures®” with slight modifications.
NEtz (20.0 mmol, 2.0 eq.) was added into a solution of the corresponding phenol (10.0 mmol,
1.0 eq.) in THF (20 ml) wand the mixture was stirred at room temperature. Then it was cooled
to 0 °C, acryloylchloride (10.0 mmol, 1.0 eg.) was added dropwise over 20 min and the reaction
mixture was stirred for another 2 h at room temperature. The reaction mixture was concentrated
in vacuo (20 mbar) and the remaining residue was dissolved in EtOAc and transferred into a
separation funnel. The organic layer was washed with distilled water, followed by brine. After
drying over Na>SOg4, the crude product was concentrated in vacuo (20 mbar). Purification was

done by column chromatography.
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4-(tert-Butyl)phenyl acrylate (6)
ﬂ\@\ \t\l\
0~ ™0
6

In accordance to the general procedure of 5.2.3, 4-(tert-butyl)phenol (1502 mg, 10.0 mmol, 1.0
eq.), NEt3 (2773 ul, 20.0 mmol, 2.0 eq.) and acryloylchloride (812 pl, 10.0 mmol, 1.0 eq.) were
used. Purification was done by column chromatography (5% Et>O / PE, visualization via UV
detection + KMnO4 stain). The product was obtained as a colorless oil (693 mg, 3.4 mmol,
34%).

IH NMR (600 MHz, CDCl3) & 7.44 — 7.37 (m, 2H), 7.08 — 7.02 (m, 2H), 6.60 (dd, J = 17.3, 1.2
Hz, 1H), 6.33 (dd, J = 17.3, 10.5 Hz, 1H), 6.00 (dd, J = 10.5, 1.2 Hz, 1H), 1.33 (s, 9H).

13C NMR (151 MHz, CDCls3) 8 165.10 (s), 149.00 (s), 148.51 (s), 132.74 (s), 128.38 (s), 126.68
(), 121.13 (s), 34.82 (s), 31.75 (s).

Analytical data was in agreement with literature.5®
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4-1sopropylphenyl acrylate (7)

gt

In accordance to the general procedure of 5.2.3, 4-isopropylphenol (1362 mg, 10.0 mmol, 1.0
eq.), Nets (2773 ul, 20.0 mmol, 2.0 eq.) and acryloylchloride (812 ul, 10.0 mmol, 1.0 eq.) were
used. Purification was done by column chromatography (5% Et.O / PE, visualization via UV
detection + KMnQyg stain). The product was obtained as a colorless oil (1084 mg, 5.7 mmol,
57%).

1H NMR (400 MHz, CDCl3) § 7.26 — 7.23 (m, 2H), 7.07 — 7.02 (m, 2H), 6.60 (dd, J = 17.3, 1.3
Hz, 1H), 6.32 (dd, J = 17.3, 10.5 Hz, 1H), 6.00 (dd, J = 10.5, 1.2 Hz, 1H), 2.92 (hept, J = 6.9
Hz, 1H), 1.25 (d, J = 6.9 Hz, 6H).

13C NMR (151 MHz, CDCl3) 8 164.92 (s), 148.57 (s), 146.53 (s), 132.54 (s), 128.17 (), 127.49
(), 121.29 (s), 33.76 (S), 24.18 (s).

HRMS (ESI) calc. for C12H1502 [M+H]* 191.1067, found 191.1069.
IR (vmax/cm™) 3071 (C-H vin.), 2953 (C-H), 1735 (C=0), 1141 (C-0), 986 (C=C), 848 (C-H

arom.).

5.2.4 Synthesis of Ethenylsulfoanilides

O\\ Z \
N,R

N NEt,
DCM, 0-25 °C, 3 h

R = Et (8)

R = Me (9)
Compounds 8-9 were prepared according to literature procedures® with slight modifications.
NEts (30.0 mmol, 3.0 eq.) was added into a solution of the corresponding aniline (10.0 mmol,
1.0 eq.) in DCM (20 ml) and the mixture was stirred at room temperature. Then it was cooled
to 0 °C, 2-chloroethylsulfonylchloride (11.0 mmol, 1.1 eq.) was added dropwise and the
reaction mixture was stirred for another 3 h at room temperature. Subsequently, it was quenched
with 10 ml distilled water and afterwards transferred into a separation funnel. The organic layer

was washed 3x with brine (60 ml), dried over Na,SO4 and concentrated in vacuo (20 mbar).
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N-Ethyl-N-phenylethenesulfonamide (8)

X
zio

N0
8

In accordance to the general procedure of 5.2.4, N-ethylaniline (1259 ul, 10.0 mmol, 1.0 eq.),
NEts (4159 pl, 30.0 mmol, 3.0 eq.) and 2-chloroethylsulfonylchloride (1149 pl, 11.0 mmol, 1.1

eq.) were used. The product was obtained as a brown viscous oil (1819 mg, 8.6 mmol, 86%).

IH NMR (600 MHz, CDCl3) § 7.40 — 7.27 (m, 5H), 6.53 (dd, J = 16.6, 10.0 Hz, 1H), 6.16 (d,
J=16.6 Hz, 1H), 5.95 (d, J = 9.9 Hz, 1H), 3.64 (q, J = 7.1 Hz, 2H), 1.13 (t, J = 7.1 Hz, 3H).

13C NMR (151 MHz, CDCls) 5 139.00 (s), 134.36 (), 129.60 (s), 129.31 (s), 128.41 (s), 127.64
(s), 46.17 (), 14.64 (s), 13.66 (s), 1.36 ().

Analytical data was in agreement with literature.”

N-Methyl-N-phenylethenesulfonamide (9)

O
v
9

In accordance to the general procedure of 5.2.4, N-methylaniline (542 pl, 5.0 mmol, 1.0 eq.),
NEts (2076 pl, 15.0 mmol, 3.0 eq.) and 2-chloroethylsulfonylchloride (575 pl, 5.5 mmol, 1.1

eq.) were used. The product was obtained as a yellow-whitish solid (470 mg, 2.4 mmol, 48%).

IH NMR (600 MHz, CDCl3) § 7.39 — 7.34 (m, 2H), 7.34 — 7.31 (m, 2H), 7.30 — 7.27 (m, 1H),
6.45 (dd, J = 16.6, 10.0 Hz, 1H), 6.20 (d, J = 16.6 Hz, 1H), 6.02 (d, J = 10.0 Hz, 1H), 3.24 (s,
3H).

13C NMR (151 MHz, CDCls) & 141.51 (s), 132.49 (s), 129.48 (s), 128.82 (s), 127.82 (s), 126.95
(s), 38.40 (5).

Analytical data was in agreement with literature.”
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5.2.5 Synthesis of Ring-Substituted Phenylethenylsulfonesters

\//

S
O e YO
- .0

OH NEt3 0" o

DCM, 0-25 °C, 12 h

R= fBu (10)

R =Pr(11)
Compounds 10-11 were prepared according to literature procedures® with slight modifications.
To a solution of the corresponding phenol (5.0 mmol, 1.0 eq.) in DCM (20 ml) NEt3 (15.0
mmol, 3.0 eq.) was added and the mixture was stirred at room temperature. Then it was cooled
to 0 °C, 2-chloroethylsulfonylchloride (6.0 mmol, 1.2 eq.) was added dropwise and the reaction
mixture was stirred for another 12 h at room temperature. The reaction mixture was quenched
with 10 ml distilled water and afterwards transferred into a separation funnel. The organic layer

was washed 3x with brine (60 ml), dried over Na>SO4and concentrated in vacuo (20 mbar).

4-(tert-Butyl)phenylethenesulfonate (10)

10

In accordance to the general procedure of 5.2.4, 4-(tert-butyl)phenol (751 mg, 5.0 mmol, 1.2
eq.), NEts (2076 ul, 15.0 mmol, 3.0 eq.) and 2-chloroethylsulfonylchloride (627 ul, 6.0 mmol,
1.2 eq.) were used. The product was obtained as a black solid (1118 mg, 4.9 mmol, 98%).

IH NMR (400 MHz, CDCls) § 7.41 — 7.36 (m, 2H), 7.17 — 7.11 (m, 2H), 6.67 (dd, J = 16.6,
10.0 Hz, 1H), 6.38 (dd, J = 16.7, 0.6 Hz, 1H), 6.15 (dd, J = 10.0, 0.6 Hz, 1H), 1.31 (s, 9H).

13C NMR (151 MHz, CDCl3) § 150.54 (s), 147.17 (s), 132.23 (), 131.65 (5), 126.90 (s), 121.75
(s), 34.75 (d, J = 2.8 Hz), 31.45 (d, J = 3.7 Hz).

Analytical data was in agreement with literature.”
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4-1sopropylphenylethenesulfonate (11)

In accordance to the general procedure of 5.2.4, 4-isopropylphenol (681 mg, 5.0 mmol, 1.2 eq.),
NEtz (2076 ul, 15.0 mmol, 3.0 eq.) and 2-chloroethylsulfonylchloride (627 ul, 6.0 mmol, 1.2
eq.) were used. The product was obtained as white pasty solid (883 mg, 3.9 mmol, 78%).

Melting point 76 — 77 °C.

IH NMR (600 MHz, CDCls) § 7.24 — 7.21 (m, 2H), 7.14 (d, J = 8.7 Hz, 2H), 6.67 (dd, J = 16.7,
10.0 Hz, 1H), 6.37 (dd, J = 16.6, 0.7 Hz, 1H), 6.16 (dd, J = 10.0, 0.7 Hz, 1H), 2.91 (hept, J =
6.9 Hz, 1H), 1.23 (d, J = 6.9 Hz, 6H).

13C NMR (151 MHz, CDCl3) § 148.25 (s), 147.42 (s), 132.21 (s), 131.67 (s), 127.89 (s), 122.13
(s), 33.78 (s), 24.08 (s).

HRMS (ESI) calc. for C11H1503S [M+H]* 227.0736, found 227.0738.

IR (vmax/cm™) 3079 (C-H vin.), 2964 (C-H), 1359 (S=0), 1176 (S=0), 987 (C=C), 848 (C-H

arom.).

73



5.2.6 Synthesis of 4-(tert-butyl)phenyl methacrylate (12)

DCM, 025 °C,16 h

Compound 12 was prepared according to literature procedures’? with slight modifications.

To a solution of 4-(tert-butyl)phenol (1362 mg, 10.0 mmol, 1.0 eq.) in DCM (25 ml) NEts
(1663 ul, 12.0 mmol, 1.2 eq.) was added and the mixture was stirred at room temperature. Then
it was cooled to 0 °C, methacryloylchloride (1172 pl, 12.0 mmol, 1.2 eq.) was added dropwise
and the reaction mixture was stirred for another 16 h at room temperature. Afterwards, NaHCOs
(25 ml) was added slowly and the mixture was transferred into a separation funnel. After
separating the aqueous and organic phase, the aqueous phase was extracted 3x with DCM (50
ml). The combined organic layers were then washed 2x with 2 M HCI (25 ml), 2x with water
(25 ml) and 2x with brine (25 ml). After drying over NaSOg, the crude product was concentrated
in vacuo (20 mbar). Purification was done by column chromatography (2% Et.O / PE,
visualization via UV detection + KMnOyg stain). The product was obtained as colorless crystals
(1266 mg, 5.8 mmol, 58%).

Melting point 31 — 33 °C.

IH NMR (600 MHz, CDCl3) § 7.42 — 7.37 (m, 2H), 7.07 — 7.01 (m, 2H), 6.34 (t, J = 1.2 Hz,
1H), 5.74 (p, J = 1.6 Hz, 1H), 2.06 (dd, J = 1.6, 1.0 Hz, 3H), 1.32 (s, 9H).

13C NMR (151 MHz, CDCls) § 166.22 (s), 148.64 (s), 148.61 (s), 136.07 (s), 127.27 (s), 126.46
(s), 121.00 (s), 34.61 (s), 31.55 (s), 18.60 (5).

HRMS (ESI) calc. for C1aH1902 [M+H]* 219.1441, found 219.1384.

IR (vma/cmt) 2964 (C-H), 1726 (C=0), 1297 (C-O), 1173 (C=0), 875 (C=C), 809 (C-H

arom.).
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5.2.7 Synthesis of N-ethyl-N-phenylmethacrylamide (13)

Q. v OX
) P

NEt,
DCM, 0-25 °C, 16 h

13

Compound 13 was prepared according to literature procedures’? with slight modifications.

To a solution of N-ethylaniline (1259 pl, 10.0 mmol, 1.0 eq.) in DCM (25 ml) NEt3 (1663 pl,
12.0 mmol, 1.2 eq.) was added and the mixture was stirred at room temperature. Then it was
cooled to 0 °C, methacryloylchloride (1172 pl, 12.0 mmol, 1.2 eq.) was added dropwise and
the reaction mixture was stirred for another 16 h at room temperature. Afterwards, NaHCO3
(25 ml) was added slowly and the mixture was transferred into a separation funnel. After
separating the aqueous and organic phase, the aqueous phase was extracted 3x with DCM (50
ml). The combined organic layers were then washed 2x with 2 M HCI (25 ml), 2x with water
(25 ml) and 2x with brine (25 ml). After drying over NaSOg, the crude product was concentrated
in vacuo (20 mbar). Purification was done by column chromatography (wet loaded, 1:4 EtOACc
/ PE, visualization via UV detection + KMnOg4 stain). The product was obtained as a
light-yellow liquid (1090 mg, 5.8 mmol, 58%).

IH NMR (600 MHz, CDCls) § 7.37 — 7.32 (m, 2H), 7.29 — 7.25 (m, 1H), 7.13 — 7.09 (m, 2H),
5.01 — 4.98 (m, 1H), 4.96 (d, J = 1.6 Hz, 1H), 3.83 (q, J = 7.1 Hz, 2H), 1.74 (s, 3H), 1.14 (t, J
= 7.1 Hz, 3H).

13C NMR (151 MHz, CDCls) 5 171.87 (s), 143.22 (s), 141.35 (s), 129.49 (s), 127.95 (s), 127.40
(s), 119.41 (s), 44.90 (s), 20.72 (s), 13.26 (s).

Analytical data was in agreement with literature.”
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5.3 Photocatalytic Hydrocarboxylation of Electron-Deficient Olefins

5.3.1 General Reaction Setup

All photo reactions were carried out in 8 ml screw-cap vials and mixing was performed
with/using a magnetic stirrer. As irradiation source, a 36 W Kessil PR160L LED lamp (460
nm) was used at a distance of 6 cm from the reaction vials employing maximum intensity
(100%). To make sure that every reaction vessel receives the same light intensity with identical
penetration depth, a maximum of three reaction vials were simultaneously positioned parallel

to each other, at a distance of 6 cm from the light source.

Figure 10: Reaction setup
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5.3.2 General Reaction Procedure

Ir-1 (1 mol%)

H (5eq.) H
Z0) DABCO (10eq.) _ VLO O = electron
ACN (0.2 M) withdrawing
1eg. t, 16 h group

36 W LED (460 nm)

All reactions were performed under atmospheric conditions. The iridium catalyst (Ir-1) (2.0
umol, 1 mol%) was weighted into an 8 ml screw-cap vial, followed by DABCO (2.0 mmol,
10.0 eq.) and the substrate (0.2 mmol, 1 eq.), if it was solid. Liquid substrates were added after
addition of solvent and formic acid. The mixture was dissolved in ACN (0.2 M, 2 ml) and
formic acid was added (1.0 mmol, 5.0 eq.). The reaction mixture was stirred for 16 h under
continuous irradiation at 460 nm. After reaction completion, the solvent was removed in vacuo.
The crude matrix was dissolved in CDClz and TCE (0.2 mmol, 1 eq.) was added as an internal
standard to control conversion via *H NMR. If the reaction was successful, the solvent and TCE
were evaporated and workup was performed. Depending on the substrate, different workup

methods were used.
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Workup method A (preferred method)

The crude solid was suspended in EtOAc (5 ml) and 2 M HCI was added until the pH of the
solution reached 1-2. Afterwards, the clear solution was extracted 3x with EtOAc (5 ml). The
organic layers were combined, dried over Na>SO4 and concentrated in vacuo. Purification was
done with column chromatography. Lastly, the obtained product was dried under high vacuum
(0.1 mbar) overnight.

Workup method B (for pH-stable substrates, advantage of no column)

The crude solid was suspended in EtOAc (5 ml) and a minimum amount of 2 M NaOH was
added till the pH was 11-12. Afterwards, it was washed 2x with EtOAc (5ml) and then, the
aqueous phase was reacidified by adding a minimum amount of 2 M HCI until the pH got to
1-2. The product was back extracted from the aqueous phase by using 3x EtOAc (5 ml). The
combined organic layers were dried over Na,SO4 and concentrated in vacuo (20 mbar). No
further purification had to be performed with this workup method. Lastly, the obtained product

was dried under high vacuum (0.1 mbar) overnight.

Workup method C (for volatile substrates)

The same procedure as in workup method A was performed with the exception of the final
purification step. Instead of purifying the product with column chromatography, the compound
was redissolved in a minimum amount of Et,O and filtered through a Pasteur column, filled

with silica. The obtained product was concentrated in vacuo (20 mbar).
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5.2.3 Analytical Data of Hydrocarboxylated Products
4-(Benzyloxy)-4-oxobutanoic acid (14)

) COOH
Qx
0]
14

In accordance to the general procedure of 5.3.2, benzyl acrylate (30.6 ul, 0.2 mmol, 1.0 eq.),
DABCO (224.4 mg, 2.0 mmol, 10.0 eq.), HCOOH (37.7 ul, 1.0 mmol, 5.0 eq.) and Ir-1 (2.24
mg, 2.0 pmol, 1 mol%) were used. Workup method A & B were used.

'H NMR conversion (using TCE as internal standard): > 99%

Workup method A: Purification was done by column chromatography (1:6 - 1:1 EtOAc /
PE, visualization via UV detection + phosphomolybdic acid stain). The product was isolated as
colorless crystals (27.90 mg, 0.134 mmol, 67%).

Workup method B: The product was isolated as a yellowish solid (10.41 mg, 0.050 mmol,
25%).

IH NMR (400 MHz, CDCl3) § 7.38 — 7.33 (m, 5H), 5.15 (s, 2H), 2.75 — 2.65 (m, 4H).

13C NMR (101 MHz, CDCl3) § 178.39 (s), 172.12 (s), 135.79 (), 128.69 (5), 128.42 (s), 128.33
(s), 66.78 (s), 29.06 (s), 29.00 (s).

Analytical data was in agreement with literature.”
Isolation of benzyl propionate (reduced side product) (15)
o\\‘/\
©\/O
15

Workup method A: Purification was done by column chromatography (1:6 EtOAc / PE
isocratic, visualization via UV detection + phosphomolybdic acid stain). The product was
isolated as a colorless liquid (8.21 mg, 0.050 mmol, 25%).

IH NMR (600 MHz, CDCls) § 7.40 — 7.34 (m, 5H), 5.12 (s, 2H), 2.39 (q, J = 7.6 Hz, 2H), 1.17
(t, J = 7.6 Hz, 3H).

Analytical data was in agreement with literature.”

79



4-(Benzyloxy)-3-methyl-4-oxobutanoic acid (16)

©\o/§)vCOOH

0]
16

In accordance to the general procedure of 5.3.2, benzyl methacrylate (33.9 ul, 0.2 mmol, 1.0
eq.), DABCO (224.4 mg, 2.0 mmol, 10.0 eq.), HCOOH (37.7 ul, 1.0 mmol, 5.0 eq.) and Ir-1
(2.24 mg, 2.0 umol, 1 mol%) were used. Workup method A was used.

'H NMR conversion (using TCE as internal standard): > 99%

Workup method A: Purification was done by column chromatography (3:7 - 1.1 EtOAc /
PE, visualization via UV detection + bromocresol green). The product was isolated as colorless
crystals (22.56 mg, 0.106 mmol, 53%).

IH NMR (600 MHz, DMSO) 5 7.39 — 7.30 (m, 5H), 5.09 (d, J = 1.5 Hz, 2H), 2.86 — 2.77 (m,
1H), 2.56 (dd, J = 16.9, 8.5 Hz, 1H), 2.41 (dd, J = 16.8, 5.5 Hz, 1H), 1.13 (d, J = 7.2 Hz, 3H).

13C NMR (151 MHz, DMSO) 8 174.79 (s), 172.93 (s), 136.32 (s), 128.46 (S), 127.95 (s), 127.65
(s), 65.50 (s), 37.15 (s), 35.34 (s), 16.76 (S).

Analytical data was in agreement with literature.’®

Isolation of benzyl 2-methyl-4-oxooxetane-2-carboxylate (side product) (17)

17

Workup method A: Purification was done by column chromatography (3:7 - 1:1 EtOAc /
PE, visualization via UV detection + bromocresol green). The product was isolated as colorless
oil. (11.01 mg, 0.050 mmol, 25%).

IH NMR (400 MHz, DMSO) & 7.40 — 7.28 (m, 5H), 5.17 — 5.05 (m, 2H), 2.73 (d, J = 15.8 Hz,
1H), 2.57 (d, J = 15.8 Hz, 1H), 1.35 (s, 3H).

13C NMR (101 MHz, DMSO) & 174.44 (s), 171.70 (s), 136.27 (s), 128.42 (s), 127.94 (s), 127.62
(s), 72.08 (s), 65.81 (s), 44.69 (s), 26.07 (S).

HRMS (ESI) calc. for C12H140sNa [M+HO+Na]* 261.0739, found 261.0800.

IR (vmax/cm™t) 2982 (C-H), 1726 (C=0), 1188 (C-O), 1111 (C-O), 740 (C-H arom.).
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4-((4-Methoxybenzyl)oxy)-4-oxobutanoic acid (18)

MeO OY\/COOH
T3

18

In accordance to the general procedure of 5.3.2, 4-methoxybenzyl acrylate (38.44 mg, 0.2
mmol, 1.0 eq.), DABCO (224.4 mg, 2.0 mmol, 10.0 eq.), HCOOH (37.7 ul, 1.0 mmol, 5.0 eq.)
and Ir-1 (2.24 mg, 2.0 umol, 1 mol%) were used. Workup method A was used.

'H NMR conversion (using TCE as internal standard): 76%

Workup method A: Purification was done by column chromatography (1:2 EtOAc / PE,
visualization via UV detection + phosphomolybdic acid stain). The product was isolated as a
white-yellowish solid (18.58 mg, 0.078 mmol, 39%).

IH NMR (600 MHz, MeOD) § 7.30 — 7.24 (m, 2H), 6.90 — 6.83 (m, 2H), 5.04 (s, 2H), 3.7 (s,
3H), 2.62 — 2.55 (m, 4H).

13C NMR (151 MHz, MeOD) § 176.00 (s), 174.10 (s), 161.11 (s), 131.07 (s), 129.48 (s), 114.82
(s), 67.24 (s), 55.66 (s), 30.08 (s), 29.71 ().

Analytical data was in agreement with literature.”
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4-((4-Nitrobenzyl)oxy)-4-oxobutanoic acid (19)

O,N OWCOOH
T

19

In accordance to the general procedure of 5.3.2, 4-nitrobenzyl acrylate (41.43 mg, 0.2 mmol,
1.0 eq.), DABCO (224.4 mg, 2.0 mmol, 10.0 eq.), HCOOH (37.7 ul, 1.0 mmol, 5.0 eq.) and
Ir-1(2.24 mg, 2.0 umol, 1 mol%) were used. Workup method A was used.

'H NMR conversion (using TCE as internal standard): 88%

Workup method A: Purification was done by column chromatography (1:4 - 100% EtOAc /
PE, visualization via UV detection + phosphomolybdic acid stain + bromocresol green stain).

The product was isolated as a white solid (4.05 mg, 0.016 mmol, 8%).

'H NMR (600 MHz, MeOD) & 7.37 — 7.33 (m, 4H), 5.12 (s, 2H), 2.63 (ddd, J = 7.4,5.8, 1.3
Hz, 2H), 2.58 (ddd, J = 7.0, 5.8, 1.3 Hz, 2H).

13C NMR (151 MHz, MeOD) 8 176.99 (s), 174.23 (s), 168.88 (s), 137.62 (s), 129.51 (s), 129.09
(d, J=7.0 Hz), 67.30 (s), 45.51 (s), 30.45 (d, J = 9.7 Hz).

Analytical data was in agreement with literature.”

4-Methoxy-4-oxobutanoic acid (20)

0) COOH
Y

_O
20

In accordance to the general procedure of 5.3.2, methyl acrylate (18.13 pl, 0.2 mmol, 1.0 eq.),
DABCO (224.4 mg, 2.0 mmol, 10.0 eq.), HCOOH (37.7 ul, 1.0 mmol, 5.0 eq.) and Ir-1 (2.24
mg, 2.0 pmol, 1 mol%) were used. Workup method C was used.

H NMR conversion (using TCE as internal standard): 91%

Workup method C: The product was isolated as a light yellow solid (16.35 mg, 0.124 mmol,
62%).

!H NMR (400 MHz, CDCls)  3.70 (s, 3H), 2.69 (ddd, J = 6.8, 5.6, 1.7 Hz, 2H), 2.65 — 2.60
(m, 2H).

13C NMR (151 MHz, DMSO) & 172.77 (s), 171.98 (s), 50.75 (s), 27.98 (s), 27.83 (S).

Analytical data was in agreement with literature.”
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4-Butoxy-4-oxobutanoic acid (21)

0 COCH
Y

~o~O
21

In accordance to the general procedure of 5.3.2, butyl acrylate (28.49 ul, 0.2 mmol, 1.0 eq.),
DABCO (224.4 mg, 2.0 mmol, 10.0 eq.), HCOOH (37.7 ul, 1.0 mmol, 5.0 eq.) and Ir-1 (2.24

mg, 2.0 umol, 1 mol%) were used. Workup method C was used.
'H NMR conversion (using TCE as internal standard): 74%

Workup method C: The product was isolated as a white-yellowish solid (20.90 mg, 0.120
mmol, 60%).

'H NMR (400 MHz, CDCl3) 6 4.09 (t, J = 6.7 Hz, 2H), 2.67 (ddd, J = 6.9, 5.6, 1.7 Hz, 2H),
2.64 — 2.58 (m, 2H), 1.60 (ddt, J = 8.9, 7.9, 6.5 Hz, 2H), 1.41 - 1.31 (m, 2H), 091 (t,J=7.4
Hz, 3H).

13C NMR (101 MHz, CDCls) 5 178.32 (s), 172.36 (s), 64.87 (s), 30.69 (s), 29.11 (s), 29.03 (s),
19.19 (s), 13.77 (s).

Analytical data was in agreement with literature.”

4-(tert-Butoxy)-4-oxobutanoic acid (22)

OY\/COOH
o)
>( 22
In accordance to the general procedure of 5.3.2, tert-butyl acrylate (29.14 pl, 0.2 mmol, 1.0

eq.), DABCO (224.4 mg, 2.0 mmol, 10.0 eq.), HCOOH (37.7 ul, 1.0 mmol, 5.0 eq.) and Ir-1
(2.24 mg, 2.0 umol, 1 mol%) were used. Workup method C was used.

'H NMR conversion (using TCE as internal standard): 60%

Workup method C: The product was isolated as a white-yellowish solid (8.01 mg, 0.046
mmol, 23%).

IH NMR (600 MHz, DMSO) & 2.42 — 2.37 (m, 4H), 1.38 (s, 9H).

13C NMR (151 MHz, DMSO) § 173.53 (d, J = 9.6 Hz), 171.40 (d, J = 5.2 Hz), 79.73 (s), 29.84
(d, J = 7.8 Hz), 28.82 (d, J = 5.8 Hz), 27.74 (d, J = 2.4 Hz).

Analytical data was in agreement with literature. 4
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4-(Methyl(phenyl)amino)-4-oxobutanoic acid (23)
COOH

O,

In accordance to the general procedure of 5.3.2, N-methyl-N-phenylacrylamide (32.24 mg, 0.2
mmol, 1.0 eq.), DABCO (224.4 mg, 2.0 mmol, 10.0 eq.), HCOOH (37.7 ul, 1.0 mmol, 5.0 eq.)
and Ir-1 (2.24 mg, 2.0 umol, 1 mol%) were used. Workup method A & B were used.

'H NMR conversion (using TCE as internal standard): 95%

Workup method A: Purification was done by column chromatography (1:4 - 100% EtOAc /
PE, visualization via UV detection + phosphomolybdic acid stain). The product was isolated as
a yellow-brownish oil (16.58 mg, 0.080 mmol, 40%).

Workup method B: The product was isolated as a dark green oil (17.41 mg, 0.084 mmol,
42%).

IH NMR (400 MHz, MeOD) 5 7.48 (t, J = 7.6 Hz, 2H), 7.43 — 7.36 (m, 1H), 7.36 — 7.29 (m,
2H), 3.24 (s, 3H), 2.53 (t, J = 6.5 Hz, 2H), 2.33 (t, J = 6.6 Hz, 2H).

13C NMR (101 MHz, MeOD) § 176.35 (s), 173.88 (s), 145.04 (s), 131.02 (s), 129.27 (s), 128.52
(s), 37.76 (s), 30.12 (d, J = 5.2 Hz), 20.73 ().

Analytical data was in agreement with literature.”
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4-(Ethyl(phenyl)amino)-4-oxobutanoic acid (24)

COOH

QL
.

24

In accordance to the general procedure of 5.3.2, N-ethyl-N-phenylacrylamide (35.05 mg, 0.2
mmol, 1.0 eq.), DABCO (224.4 mg, 2.0 mmol, 10.0 eq.), HCOOH (37.7 pl, 1.0 mmol, 5.0 eq.)
and Ir-1(2.24 mg, 2.0 umol, 1 mol%) were used. Workup method B was used.

'H NMR conversion (using TCE as internal standard): 99%
Workup method B: The product was isolated as a yellow oil (21.24 mg, 0.096 mmol, 48%).

IH NMR (400 MHz, MeOD) § 7.49 (dd, J = 8.3, 6.7 Hz, 2H), 7.44 — 7.38 (m, 1H), 7.32 — 7.27
(m, 2H), 3.73 (q, J = 7.2 Hz, 2H), 2.51 (dd, J = 7.4, 5.8 Hz, 2H), 2.28 (dd, J = 7.4, 5.8 Hz, 2H),
1.10 (t, = 7.2 Hz, 3H).

13C NMR (101 MHz, MeOD) & 176.33 (s), 173.27 (s), 143.26 (s), 130.94 (s), 129.60 (s), 129.39
(s), 45.31 (s), 30.47 (s), 30.08 (s), 13.19 (s).

HRMS (ESI) calc. for C11H16NOs [M+H]* 222.1125, found 222.1130.

IR (Vmax/cmt) 2973 (O-H), 2957 (C-H), 1696 (C=0), 1333 (C-N), 771 (C-H arom.).
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4-(Benzyl(phenyl)amino)-4-oxobutanoic acid (25)

COOH

L
O

25

In accordance to the general procedure of 5.3.2, N-ethyl-N-phenylacrylamide (47.46 mg, 0.2
mmol, 1.0 eq.), DABCO (224.4 mg, 2.0 mmol, 10.0 eq.), HCOOH (37.7 ul, 1.0 mmol, 5.0 eq.)
and Ir-1 (2.24 mg, 2.0 umol, 1 mol%) were used. Workup method B was used.

H NMR conversion (using TCE as internal standard): 99%
Workup method B: The product was isolated as a yellow oil (20.40 mg, 0.072 mmol, 36%).

IH NMR (400 MHz, MeOD) & 7.40 — 7.30 (m, 4H), 7.29 — 7.21 (m, 4H), 7.20 — 7.16 (m, 2H),
7.14 - 7.09 (M, 2H), 4.90 (s, 2H), 2.57 (dd, J = 7.4, 5.6 Hz, 2H), 2.35 (dd, J = 7.4, 5.6 Hz, 2H).

13C NMR (101 MHz, MeOD) § 176.33 (), 173.84 (s), 143.23 (s), 138.59 (s), 130.70 (s), 129.65
(s), 129.60 (s), 129.40 (s), 129.35 (s), 128.41 (s), 54.00 (s), 30.40 (s), 30.13 (S).

Analytical data was in agreement with literature.®°
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3-(N-Methyl-N-phenylsulfamoyl)propanoic acid (26)
COOH
N,
O3

|
26

In accordance to the general procedure of 5.3.2, N-methyl-N-phenylethenesulfonamide (39.45
mg, 0.2 mmol, 1.0 eq.), DABCO (224.4 mg, 2.0 mmol, 10.0 eq.), HCOOH (37.7 pl, 1.0 mmol,
5.0 eg.) and Ir-1 (2.24 mg, 2.0 pmol, 1 mol%) were used. Workup method B was used.

'H NMR conversion (using TCE as internal standard): 95%

Workup method B: The product was isolated as a yellow-brownish powder (9.73 mg, 0.040
mmol, 20%).

IH NMR (400 MHz, MeOD) § 7.46 — 7.35 (m, 5H), 3.41 — 3.37 (m, 2H), 3.33 (s, 3H), 2.72 (dd,
J=7.8,7.1 Hz, 2H).

13C NMR (101 MHz, MeOD) 8 173.76 (s), 142.88 (s), 130.32 (s), 128.49 (s), 127.83 (s), 45.96
(s), 38.90 (s), 29.04 (s).

Analytical data was in agreement with literature.!
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3-(N-Ethyl-N-phenylsulfamoyl)propanoic acid (27)

27

In accordance to the general procedure of 5.3.2, N-ethyl-N-phenylethenesulfonamide (42.26
mg, 0.2 mmol, 1.0 eq.), DABCO (224.4 mg, 2.0 mmol, 10.0 eq.), HCOOH (37.7 ul, 1.0 mmol,
5.0 eq.) and Ir-1 (2.24 mg, 2.0 pmol, 1 mol%) were used. Workup method B was used.

'H NMR conversion (using TCE as internal standard): 99%

Workup method B: The product was isolated as a dark orange oil (8.23 mg, 0.032 mmol,
16%).

1H NMR (400 MHz, MeOD) § 7.42 dd, J = 7.5 Hz, 1.7 Hz, 5H), 3.76 (q, J = 7.1 Hz, 2H), 3.38
(dd, J=7.8, 7.1 Hz, 2H), 2.75 (dd, J = 7.8, 7.1 Hz, 2H), 1.09 (t, J = 7.1 Hz, 3H).

13C NMR (101 MHz, MeOD) 5 173.88 (s), 140.18 (s), 130.43 (s), 130.33 (s), 129.17 (s), 47.27
(d, J = 1.9 Hz), 45.58 (s), 29.25 (s), 14.83 (s).

HRMS (ESI) calc. for C11H1sNO4SNa [M+Na]* 280.0614, found 280.0615.

IR (Vmadcm™) 2973 (O-H), 2935 (C-H), 1721 (C=0), 1379 (C-N), 1171 (S=0), 702 (C-H

arom.).
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3-(N,N-Dibutylsulfamoyl)propanoic acid (28)

28

In accordance to the general procedure of 5.3.2, N,N-dibutylethenesulfonamide (43.89 mg, 0.2
mmol, 1.0 eq.), DABCO (224.4 mg, 2.0 mmol, 10.0 eq.), HCOOH (37.7 ul, 1.0 mmol, 5.0 eq.)
and Ir-1 (2.24 mg, 2.0 umol, 1 mol%) were used. Workup method B was used.

'H NMR conversion (using TCE as internal standard): 98%

Workup method B: No further purification done. The product was isolated as a colorless oil
(20.17 mg, 0.076 mmol, 38%).

IH NMR (400 MHz, MeOD) § 3.35 — 3.26 (m,2H), 3.26 — 3.17 (m, 4H), 2.74 (t, J = 7.4 Hz,
2H), 1.60 (tdd, J = 9.1, 6.9, 5.3 Hz, 4H), 1.42 — 1.31 (m, 4H), 0.97 (t, J = 7.4 Hz, 6H).

13C NMR (101 MHz, MeOD) 5 174.01 (s), 48.88 (s), 47.60 (s), 32.37 (s), 29.25 (s), 20.90 (s),
14.06 (S).

HRMS (ESI) calc. for C11H24NO4S [M+H]* 266.1421, found 266.1417.

IR (Vmax/cm™) 2970 (O-H), 1712 (C=0), 1332 (C-N), 1166 (S=0).
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5.4 Quantum Yield Determination

Solution Preparation for Photon Flux Determination (Made and stored in Dark):

1) Ferrioxalate solution (0.012 M): 147.4 mg of potassium ferrioxalate trihydrate (freshly
prepared) and 69.5 pL of sulfuric acid (96%) was weighted into a 25 mL volumetric flask and
filled with Milli-Q water.

2) Phenanthroline solution (0.2 wt%): 100 mg 1,10-phenanthroline was weighted into a 50 mL
volumetric flask and filled with Milli-Q water.

3.) Buffer solution: 4.94 g NaOAc and 1.0 mL sulfuric acid (96%) were weighted into a 100
mL volumetric flask which was filled with Milli-Q water.

Practical Procedure for Quantum Yield Determination

Three reactions were carried out in parallel. The iridium catalyst (2.24 mg, 2.0 pmol, 1 mol%)
was weighed into an 8 ml screw-cap vial, followed by DABCO (224.4 mg, 2.0 mmol, 10.0 eq.)
and benzyl acrylate (30.6 pl, 0.2 mmol, 1 eq.). The mixture was dissolved in CD3CN (0.2 M,
2 ml) and formic acid was added (37.7 ul, 1.0 mmol, 5.0 eq.). Subsequently, the mixture was
stirred for 1 h under continuous irradiation by a 36 W lamp at 460 nm, from which the photon
flux was calculated. Then the samples were analyzed by *H NMR spectroscopy and the average

conversion was calculated. (See section 4.3.3)
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6. NMR Spectra

6.1 Structure elucidation of the oxetane byproduct (17)
Benzyl 2-methyl-4-oxooxetane-2-carboxylate (17), 'H NMR spectrum (600 MHz, DMSO)

mmmmmmmmmmmmmmmmmm
e -k RRRRS @D
NNNNNN

1.35

123,56

]
12
|
_J w1 | WY

1 (ppm)

91



Benzyl 2-methyl-4-oxooxetane-2-carboxylate (17), 13C NMR APT spectrum (151 MHz,
DMSO)
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Benzyl 2-methyl-4-oxooxetane-2-carboxylate (17), HSQC spectrum
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Benzyl 2-methyl-4-oxooxetane-2-carboxylate (17), HMBC spectrum
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6.2 Other NMR spectra

4-1sopropylphenyl acrylate (7), *H NMR spectrum (600 MHz, CDCls)
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4-1sopropylphenyl acrylate (7), 3C NMR spectrum (151 MHz, CDCls)
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4-1sopropylphenylethenesulfonate (11), *H NMR spectrum (600 MHz, CDCla)
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4-1sopropylphenylethenesulfonate (11), **C NMR spectrum (151 MHz, CDClz)
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4-(tert-butyl)phenyl methacrylate (12), *H NMR spectrum (600 MHz, CDCls)
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4-(tert-butyl)phenyl methacrylate (12), 3C NMR spectrum (151 MHz, CDCls)
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4-(Ethyl(phenyl)amino)-4-oxobutanoic acid (24), *H NMR spectrum (400 MHz, MeOD)
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4-(Ethyl(phenyl)amino)-4-oxobutanoic acid (24), 13C NMR spectrum (101 MHz, MeOD)
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3-(N-Ethyl-N-phenylsulfamoyl)propanoic acid (27), 'H NMR spectrum (400 MHz,

MeOD)
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3-(N-Ethyl-N-phenylsulfamoyl)propanoic acid (27), *C NMR spectrum (101 MHz,
MeOD)
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3-(N,N-Dibutylsulfamoyl)propanoic acid (28), *H NMR spectrum (400 MHz, MeOD)
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3-(N,N-Dibutylsulfamoyl)propanoic acid (28), **C NMR spectrum (101 MHz, MeOD)
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