Photoinduced Electron Transfer Reactions
of Organic Anions

Dissertation

Zur Erlangung des Doktorgrades der Naturwissenschaften
(Dr. rer. nat.)
an der Fakultdt fiir Chemie und Pharmazie

der Universitit Regensburg

:S:'"" .
= |w
[N
l-
AT

I

—
Y,V ()
YT

> .i_.f

)
B
,io.

vorgelegt von

Matthias Schmalzbauer
aus Maxhttte-Haidhof
2020






The experimental work has been carried out between November 2016 and April 2020 under
the supervision of Prof. Dr. Burkhard Konig at the University of Regensburg, Institute of

Organic Chemistry.

Date of submission: 23.06.2020

Date of colloquium: 05.08.2020

Board of examiners: Prof. Dr. Joachim Wegener (chair)
Prof. Dr. Burkhard Konig (1* referee)
Prof. Dr. Oliver Reiser (2™ referee)

Prof. Dr. Patrick Nirnberger (examiner)






,JFantasie ist wichtiger als Wissen, denn Wissen ist begrenzt. “

Albert Einstein 1879-1955






TABLE OF CONTENTS

1 EXCITED STATE ANIONS IN ORGANIC TRANSFORMATIONS

11 INtroducCtion ......eeeceeeeeeneiieeenniiieeeenieeeeeneeeesaee e saaeees
1.2 Organic Anions as Photocatalysts.......ccccceeernnnnnieeeeiiiinnnnns
1.3  Organic Anions as Photochemical Reagents...........cc.......
1.4 Inorganic ANONS .....eeeeeeieeeeiiiiiiinniiieeeeiiiiieeeeeecsesnnes
1.5 Summary and OutlooK.......ueeeeeiiiiiiiiinnninieecciiiininnineneeeennn.
1.6  References....iiiiiiiiiiiiniiiiiiiiiiiiiiniieeneee e

2 ANTHRAQUINONES AS PHOTOREDOX CATALYSTS FOR THE REDUCTIVE

ACTIVATION OF ARYL HALIDES.....cccceetiiiiinunnnnneeeeeenisinnnnnnns
2.1 INtroducCtion ......cceveveciiiiiiiiiiiiiiiiii e
2.2 Results and DisCUSSION....cccitiireuueiiiiiiiiiiiimniiiiisiiieeeenneses
2.3 CoNCIUSION uuuurertriiiiii s aaaes
2.4 Experimental Part.....ccccoovnmmiiiiiiiiiiiiinnnniieeciinnnnnnnneeee.
YT LSS (S () 1 Lol L R

3 UTILIZING EXCITED STATE ORGANIC ANIONS FOR PHOTOREDOX

CATALYSIS: ACTIVATION OF (HETERO)ARYL CHLORIDES BY VISIBLE

LIGHT-ABSORBING 9-ANTHROLATE ANIONS .....ccoeeveerrnnnnnee
K B 315 (oY 11 o1 5 Lo o N
3.2 Results and DiSCUSSION...cccuueeerrreneecerreneeserrennescerennescoreanessanne
K TR 0705’ Ued 1€ 153 Lo 3 s LS
3.4 Experimental Part.....ccccoovnmmiiiiiiiiiiiiiiinniieeeeiiinninieeeennen.
3.5 ReEfereNCES cuueuiiirnenierienneeerernescerernessssrennsssosernssssssennsssssennssses



4 REDOX-NEUTRAL PHOTOCATALYTIC C—H CARBOXYLATION OF ARENES

AND STYRENES WITH CO2uuueneeeneeeniereieenieenneeenresneessssessssesssessssesssssnens 133

% W0 SN 15 w0 Y 10 Loxs (o) ¢ WU N 135

4.2  Results and DISCUSSION ceuevuiruireieeieeireirenreeerseeseeseesssssssssssessssssssssssssssssssnns 137

4 90C TR O )'s Ul L5153 (o ) s NN N 148

4.4  Experimental Part........ccciiiiiiiiiiiiiiiiiiiiiiiiieeccnnniieeeeecssnssnnee. 149

B TN 2SS (=) = 8 Lo X TN 208

5 SUMMARY .eutttituireeieneeeereeeenesserssessscssessssssssssesssssssssssssssssssssssssssnssssssnnes 217
6 ZUSAMMENTFASSUNG ..vuuteureeneeneeeneeseesssessssssessssssssssssssssssssssssssssssssssssssns 223
AR\ 4 23 5\\) 0 ) 5. G 229
AN BI: N 0 0 = ' 1 15 [0 ¢ 1< F U 229

7.2  NMR Spectra Chapter 2 ......uuuieieeiiiiiiiiinniiiieeeiiiiiiieeeeecnseeeeeeeees 232

7.3  Appendix Chapter 3.......couviieiiiiiiieiiniiieeniieeenere e sareesesaens 244

7.4 NMR Spectra Chapter 4 .......uueiieiiiiiiiiiinniiiiieiiiineeeeecsseeeeeeeens 286

AT 011 s s To101 100 s W V4 1 2 ¥ 3141

8  IDDANKSAGUNG evurerurureeeeerrecncecsssesesessssssssssssssssssssssssssssssssssssssssssssssssses 347









CHAPTER 1

1 Excited State Anions in Organic Transformations
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Abstract

tilizing light is a smart way to fuel chemical transformations as it allows to

selectively focus the energy on certain molecules. Many reactions involving

electronically excited species proceed via open-shell intermediates enabling novel
and unique routes to expand the hitherto used synthetic toolbox in organic chemistry. The
direct conversion of non-prefunctionalized, less activated compounds is a highly desirable goal
to pave the way towards a more sustainable and atom-economic chemistry. Photoexcited
closed-shell anions have been shown to reach extreme potentials in single electron transfer
reactions and reveal unusual excited state reactivity. It is therefore surprising, that their use as
reagent or as photocatalyst is limited to a few examples. In this chapter, we briefly discuss the
characteristics of anionic photochemistry, highlight pioneering work and show recent progress

which has been made by utilizing photoexcited anionic species in organic synthesis.



1.1 Introduction

During the last decade, impressive progress has been made in the field of synthetic photoredox
catalysis and many novel transformations, which were previously inaccessible, have been
developed. Photoexciting a molecule changes the electron distribution in the molecular orbitals
resulting in both, increased oxidizing- and reducing abilities of the excited species compared
to the ground state. These excited state redox properties can be fine-tuned by attaching
electron donating or withdrawing substituents.'™ Up to now, a variety of photocatalysts have
been reported which are often classified regarding their composition into polypyridyl transition
metal complexes,¥ organic dyes” or polyoxometalates' (POMs). In addition, heterogenous
organic semiconductors were successfully employed as photocatalysts.”! Their intrinsic
photophysical properties like excited state redox potential, absorption of light or the excited
state lifetime define the scope and limitations of chemical reactions. Further expansion towards
ever more challenging transformations required new concepts and catalytic approaches to

provide the necessary activation energy.
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Scheme 1-1. Photochemical approaches leading to excited reactive intermediates with

extreme redox potentials (red) allowing to convert non-activated substrates (S).

Apart from commonly used neutral organic dyes, molecules with a charged or an open-shell
ground state or both were found to significantly increase achievable excited state potentials
and allowed to widen the substrate scope for photoinduced electron transfer (PET) reactions

(Scheme 1-1). Several organic dyes form stable and colored radical anions za PET in presence



of a suitable sacrificial donor and hence, a subsequent second excitation of such species is
possible (see Scheme 1-1, A)."'"! The photochemistry of excited radical anions allowed to
convert (hetero)aryl halides in coupling reactions and has been subject of several reviews.!'* "l
In contrast, the formation of super-oxidants has been reported upon photoexcitation of stable
phenothiazine radical cations (see Scheme 1-1, B).'! Furthermore, electron transfer from
photoexcited doublet states of neutral radicals has been studied." ™" Very recently, the acridine
radical was found to act as an extremely potent photo-reductant upon excitation with
blacklight (see Scheme 1-1, C).” Although enabling high redox potentials, the photochemistry
of excited open-shell species suffers from short lifetimes which are usually in the picosecond

range. (22-24]

Photoreactions using catalytic amounts of closed-shell cations were found to be synthetically
very useful (Scheme 1-1, D). The pioneering wotk of Fukuzumi and co-workers™ paved the
way for plenty of publications using the cationic donor-acceptor dyad 9-mesityl-10-
methylacridinium perchlorate and further functionalized derivatives as strongly oxidizing
photocatalysts.””** Moreover, a new benchmark regarding the excited state potential was set
by wusing pyrylium-, quinolinium- or diazapyrenium salts as extremely powerful
photooxidants.”! Surprisingly, in contrast to the wealth of reports dealing with photoexcited
cations, the photochemistry of closed-shell anions received far less attention although it
constitutes the logically equivalent (Scheme 1-1, E). In this chapter, we briefly summarize key
spectroscopic and electrochemical properties of organic anions and provide an overview of
the versatile photochemistry of anionic species with a special focus on recent advances of

organic anions used as photocatalysts or as reagents.

1.1.1 Spectroscopic Properties of Organic Anions

The chemistry of molecules excited by light is initiated by the absorption of a photon and thus,
we will start with discussing the peculiarities of the absorption spectra for closed-shell anions.
Compared to their neutral precursors, organic anions usually experience a significant
bathochromic shift in their absorption spectra and pronounced absorption bands can be
attributed to n,m* transitions. The narrowed gap between HOMO and LUMO causing the red-
shift can be primarily explained by the increased shielding of the core due to an imbalance of
charges. The strength of the electric field is reduced and electrons in the HOMO sense much

weaker attracting forces. As a result, the spatial distribution of electrons becomes more diffuse



as if the conjugation length is extended.””"! The absorption of organic anions is also affected
by size and nature of the countercation, solvent polarity and ion pairing effects in solution. In
non-polar or weakly polar solvents, contact ion pairs are formed and the properties of the
anionic species are strongly influenced by the character of the countercation. In contrast, the
increased solubility of ions in polar solvents induced by aligning molecular dipoles causes
solvent-separated or free ion pairs and the mutual ionic interaction is diminished. In general,
an increase in solvent polarity and/or ionic radius of the countercation results in a
bathochromic shift of the absorption, which can be attributed to a destabilization of the
[30,32]

ground state ion pair. This destabilization effect is less pronounced in the excited state.

(Figure 1-1).
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Figure 1-1. Energetic destabilization of the ground state of a free ion pair in polar solvent
compared to the contact ion pair in non-polar solvent and influence on the absorption

spectrum.

Similarly, the emission of excited organic anions is usually influenced by solvent polarity and
countercation. The fluorescence decay of sodium p-naphtholate was studied in different
solvents.”” For polar protic and polar aprotic solvents, a mono-exponential fluorescence decay
was observed. However, in polar protic MeOH the fluorescence lifetime was remarkably
decreased and the emission spectrum was blue-shifted compared to polar protic DMF or
DMSO, which the authors attribute to a stabilization of the anion ground state caused by
strong solvent hydrogen bonding. In weakly polar THF contact ion pairs and solvent separated
ion pairs of f-naphtholate and Na" coexist and cause a bi-exponential fluorescence decay due
to varying fluorescence lifetimes. Upon addition of crown-ether to the system, a mono-
exponential decay was recorded suggesting that sodium cations are complexed and the ion

pairs formed with naphtholate are rather solvent separated. Owing to the lack of ground state



stabilization in solvent separated or free ion pairs, lifetimes similar to experiments in polar

aprotic solvents were found in presence of crown-ether.
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Scheme 1-2. The rate of photoinduced electron transfer is influenced by the solvent polarity:
fast in CHCl; (tight pair), slow in MeCN (loose pair)

The nature of ion pairing might also affect the efficiency of bimolecular electron transfer
processes. Tamaoki and co-workers studied the quantum yield for the photodissociation of a
benzene diazonium salt 1 with 1,8-dimethoxyanthracene-3-sulfonate (2) being the visible-light
absorbing counteranion (Scheme 1-2).P* The photodecomposition of the benzene diazonium
cation 1 initiated by PET from the excited anion was found to be six-times higher in CHCI;
compared to MeCN. The difference in reactivity of the diazonium salt between the solvents
was explained by the different nature of ion pairs formed. The weakly polar solvent CHCl;
promotes a fast reaction due to the close proximity of 1 and 2 in a tight ion pair. Solvent
separated loose ion pairs in polar MeCN allowed to measure a distinct fluorescence lifetime.
Upon excitation the anionic donor needs to encounter a cationic acceptor in polar media to
trigger the photodecomposition and hence increased lifetimes are recorded. For a more
comprehensive discussion of ion-pairing and solvent effects, we refer to several excellent

reports. [32,33,35-37]

1.1.2 Photoinduced Electron Transfer

Electron transfer reactions from electronically excited states of molecules are among the
earliest photochemical reactions reported.”™ Photoexcited molecules exhibit increased
reduction and oxidation potentials compared to their ground state and the resulting excited

state potentials can be estimated according to the free enthalpy change of a PET by measuring
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Figure 1-2. Diagram of ground and excited state potentials of a photocatalyst (top); representatives of cationic,

neutral and anionic organic photocatalyst (bottom).

the ground state potentials E12 and the transition energy Foo (Figure 1-2)."” For polar organic
solvents, the electrostatic work term contributes only little to the free enthalpy change and is

frequently omitted."

Table 1-1. Ground state and excited state redox potentials of cationic, neutral and anionic photocatalysts
represented in Figure 1-2 and the corresponding transition energy.

Entry  PC"  Eq,;(PCY/PC"™Y) E,.qCPC'/PC*') Eq,;(PC**'/PC") E, (PC*™1/*PC") Egyy [eV]

15 PC1+ —0.500 + 1.84 - - 2.34b
2131 PC2+ —0.59¢ +2.08 - - 2.67
311 PC3 —1.244 +1.43 +1.49d - 1.18 2.67
412 PC4 - - +0.57d —25 3.1

553 PC5.1- - - — 0.34de — 2.65 2.31
6154 PC62- - - +0.87f —1.55 2.42

Potentials are reported »s. SCE. Transition energy Fop was determined from the intersection of normalized
absorption and emission spectra * Potential recorded »s. NHE and converted to SCE by subtracting 0.141 V;
b Determined from the highest energy emission maximum,; © Potential tecorded vs. Ag/AgCl and converted
to SCE by subtracting 0.03 V; 4 Potential recorded »s. Fc*/Fc and converted to SCE by adding 0.38 V;
¢ Potential was measured in dry degassed DMSO with excess of Cs2COs3; f Potential was measured in MeOH
containing NaOH (0.1 mM) against Ag/AgCl and referenced to SCE by conversion.

Literally, the last decade has been a very exciting time in terms of photochemistry and many
novel chemical transformations have been developed which complement the available
synthetic toolbox. Depending on the type of photocatalyst used (ionic or neutral), specific

reactions can be triggered. Among other cationic dyes, the photoexcited pyrylium- or



acridinium salts (eg PC1" and PC2", Figure 1-2) are strong oxidants in their excited states and

P47 Tn contrast, the photochemistry of the non-

found widespread synthetic applications.
charged donor-acceptor dyad PC3 covers a broad electrochemical range. Bearing a versatile
excited-state reduction and oxidation potential, it is often used to replace precious and toxic
Ru- or Ir-polypyridyl complexes.*! However, to convert less activated substrates via
reduction, the frontiers need to be pushed towards more negative potentials. Recently, it was
shown that photoexcited, electron-rich N-arylphenothiazines (e.g. PC4) act as very strong
reductants. However, as these compounds do not absorb in the visible range, UV light is
necessary for excitation. A large Stokes shift was found and results in a high transition energy
(¢f, Table 1-1, Entry 4. PET from a neutral excited donor (D) to a neutral ground state
acceptor (A) causes a charge separation resulting in a pair of radical ions. In contrast, the PET
from an anionic donor to a neutral acceptor can be considered as a charge shift generating
products that are free of electrostatic attraction and expected to diffuse freely (Scheme 1-3).

Hence, the lost channel of a back-electron transfer (BET) which would regenerate the initial

non-excited status quo is less competitive in a charge-shift process.[‘“)l
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Scheme 1-3. Charge separation with neutral donor (left) and charge shift with anionic donor (right).

An anionic molecule is considered as a superior electron donor compared to its neutral parent.
Both repulsion between electrons and the shielding from the nucleus are increased. As a
consequence, the excess negative charge facilitates the removal of an electron. Experimentally,
this becomes apparent when solvated electrons are expelled from organic anions in a
biphotonic process using energy-rich UV light®™ in glassy matrices (77 K) or pulsed high-
energy lasers®? in alkaline aqueous solution. Working with visible-light LEDs and in
common organic solvents however, renders the photo-ejection of an electron unlikely to occur
and hence under these conditions electron transfer reactions are promoted. We recently
demonstrated, that 9-anthrone and its derivatives are easily deprotonated in presence of
carbonate base to form colored anions (eg PC5.17, Figure 1-2) which upon visible-light
excitation turn into remarkably strong reductants.” Cyclic voltammetry measurements in
alkaline DMSO revealed, that the anionic ground state is already a good reductant as the excess
charge is removed easily due to resonance stabilization of the resulting radical. In sharp

contrast, the dianion of fluorescein PC6*~ shows a significantly decreased tendency towards



electrochemical oxidation in alkaline MeOH and hence, the resulting excited state oxidation

[54]

potential is only moderate (¢f, Table 1-1, Entry 5-6)."" Furthermore, it was reported that
fluorescein-type dianions are reduced upon photoexcitation in presence of triethanolamine or
even phenol to form semi-reduced radical dianions.”" Walt and co-workers attached an
amino group on the benzoate scaffold of the fluorescein and found that the fluorescence

quantum yield of PC6.1*~ dropped by almost a factor of 60. They explained this observation

by an intramolecular PET from the nitrogen lone pair to the fluorescein scaffold (Scheme 1-4).

— .@ —
NH, NH,
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Scheme 1-4. Intramolecular PET from the amino group causing self-quenching of the fluorescence.

A similar fluorescence quantum yield with respect to unsubstituted fluorescein (PC6°") was
however recorded, after adjusting the pH of the solution to a value around the pK, of the
aromatic amine. Upon protonation of the amine, the nitrogen lone pair is no longer available
for intramolecular PET resulting in increased fluorescence.” In 1991, Soumillion e¢# a/. showed
that the fluorescence of the excited anion of the xanthene dye resorufin is quenched in
presence of 2-naphtholate and the formation of a radical dianion of resorufin was proposed.*”
The moderate reducing abilities of negatively charged xanthenes (e.g. PC6”) can be explained
by an overwhelming contribution of the electron-deficient conjugated system to the overall
electronic properties. Thus, to obtain strongly reducing excited anions, a facile single electron

oxidation is crucial (¢f, Table 1-1, Entry 5-6 show similar values for Eoo but differ significantly

in their ground state and excited state oxidation potentials).

Excited anionic species are also utilized in key photochemical steps in biology. For instance,
in an ATP-driven process the excited oxyluciferin anion causes the bioluminescence of
fireflies.”” Moreover, phototrophic organisms show locomotory movement upon stimulus of
light. The Photoactive Yellow Protein (PYP) encloses the anionic #ans-para-coumaric acid as
blue-light photoreceptor. Subsequent frans-cis isomerization of the excited chromophore
[60]

induces a conformational change of the protein leading to a biological signal transduction.

The enzyme-mediated repair of photodamaged DNA is another well-known example dealing



with excited anions in living cells. A crucial step is the photoinduced electron transfer from
the excited cofactor flavin adenine dinucleotide (FADH™) which provides an electron for the

61,62]

light-driven repair catalyzed by photolyases.*¥ We are sure that, inspired by nature and the
herein presented examples, the photochemistry of closed-shell anions will be further
developed towards the generation of ever stronger light-activated reductants. The herein
discussed reactions are divided by the role of the excited anion in the reaction mechanism: as
catalyst for a certain conversion on the one side and as light-activated substrate or reagent on

the other. In addition, a short overview is provided dealing with photoexcited anionic metal

complexes and other light-activated inorganic anions.

1.2 Organic Anions as Photocatalysts

1.2.1 Phenolate Catalyzed Oxyarylation of Olefins with Aryl Halides

The low pK, value of phenols, caused by the charge stabilizing effect of the benzene ring,
allows facile deprotonation in presence of base to afford the phenolate, which is able to
undergo photochemical reactions under visible light irradiation. Xia and co-workers examined
several 4-phenylphenol derivatives as potential photocatalysts for the visible-light oxyarylation
of olefins upon photoreduction of aryl halides (Scheme 1-5).1! 4-Phenylphenol PC7.1 bearing
bulky tert-butyl groups adjacent to the phenolic alcohol (see Scheme 1-6) showed the highest
catalytic efficiency and the corresponding oxyarylated product 5.2 formed with iodobenzene,
4-methoxystyrene and TEMPOH could be isolated in good yield. Remarkably, the estimated
excited state oxidation potential of PC7.17" (E;,=-3.16 V 5. SCE) also allowed to convert
more inert and electron rich aryl bromides and chlorides in presence of 4-methoxystyrene.
Following the developed procedure, the authors present a broad scope of tolerated (hetero)aryl
bromides and iodides including polyaromatic hydrocarbons, pyridines, indoles, quinolines,
thiophen, thianaphthene and benzofuran. The reaction scope of tolerated olefins comprises
various styrenes, aliphatic olefins, allylic sulfonamide and alcohol derivatives, enol ethers as
well as 1,1- and 1,2- disubstituted olefins. In addition, the method allowed for intramolecular
cyclization reactions using aryl iodides and for the late-stage modification of pharmaceuticals.
Noteworthy, the use of TEMPOH as H-atom donor and radical trap seems to be crucial due

to the weak nature of the O—H bond and the high stability of the aminoxyl radical formed.



The proposed reaction mechanism involves the deprotonation of the phenol PC7 by base and
a PET from the photoexcited PC7™" to the aryl halide 3.1. Upon cleavage of the halide anion,
the resulting aryl radical is trapped by the olefin 4.1 causing a carbon centered radical 3.1b.

Hydrogen atom transfer between the oxidized species of the catalyst and TEMPOH recovers
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Scheme 1-5. Scope of the oxyarylation reaction of olefins with aryl halides and TEMPOH. * With
3 equiv. of Cs2COs; > With 3 equiv. of olefin.



PC7 and forms the stable radical TEMPO". The oxyarylation product 5.1 is formed upon
radical-radical coupling (Scheme 1-6). The formation of a ground-state electron donor
acceptor complex (EDA) between phenolate anion and aryl halide was excluded by UV-vis
experiments. Fluorescence quenching experiments and isolated TEMPO trapping-adducts of
the aryl radical intermediate support the mechanistic hypothesis. Moreover, a radical clock
experiment suggests the formation of a benzylic radical whereas intramolecular trapping
experiments disprove the involvement of a benzylic carbocation formed upon oxidation of the

radical.
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Scheme 1-6. Proposed mechanism for the phenolate catalyzed oxyarylation of olefins iz the

generation of aryl radicals.

1.2.2 Naphtholate Catalyzed Dehalogenation and Detosylation

The first studies of the photochemical behavior of 2-naphtholate anion PC8~ date back to
1989, when the countercation, temperature and solvent were systematically evaluated regarding
effects on the luminescence lifetime and the absorption and emission maxima.’ In the same
year Soumillion and co-workers demonstrated the application of the naphtholate anion in the

photocatalyzed defunctionalization of 2-chloronaphthalene and 4-chlorobiphenyl (6.2-3) in
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Scheme 1-7. Scope of the dechlorination (left) and the desulfonylation reactions (right).

degassed, alkaline MeOH (Scheme 1-7).) This concept was further extended in a
heterogenous approach where 2-hydroxynaphthoic acid was covalently anchored to a silica
surface 2z amidation reaction. The efficiency in dechlorination reactions however was
significantly decreased.”! The substrate scope was later on broadened to mono- and
dichloronitrobenzenes.” In addition, naphtholate was shown to catalyze the detosylation of
sulfonamides in presence of excess NaBH, as terminal reductant (Scheme 1-7).! Following
this procedure, 2-phenylethylamine (9.2) and N-methylbenzylamine (9.5) were obtained in
quantitative yield starting from the respective sulfonamides. Although a stoichiometric amount

of 2-naphthol (PC8) was utilized, the catalyst is efficiently regenerated.
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Scheme 1-8. Proposed photocatalytic cycle for the naphtholate anion.

The proposed reaction mechanism suggests the deprotonation of PC8 to form the naphtholate
PC8". Upon excitation with blacklight the photoexcited state of PC8 " is oxidatively quenched
by either aryl chloride or sulfonamide which causes the formation of PC8' and an arene radical
anion. After cleavage of the respective anionic leaving group (Cl™ or 4-Me(CsH4)SO,") an aryl-
or nitrogen centered radical is formed respectively. Abstraction of a hydrogen atom from the

solvent affords the defunctionalized arene. The N-centered radical converts to the amine v/



H-atom abstraction from either the solvent or NaBH4. To close the catalytic cycle, PC8" is
transformed to PC8 »iz hydrogen atom abstraction from the solvent or NaBH4 followed by

subsequent deprotonation (Scheme 1-8).

Recently, a zwitterionic visible-light-absorbing benzimidazolium naphtholate PC9.1 was
successfully employed in photocatalytic deiodination and desulfonylation reactions in presence

[6

of a combined electron and hydrogen atom donor 10.”! The cationic benzimidazolium moiety

can be considered as separated from the naphtholate, due to the tilted structure that prevents
T-conjugation. The photocatalytic activity was studied using different solvents with attributed
Lewis-basic or Lewis-acidic character estimated by donor and acceptor numbers. The authors
concluded that Lewis-basic solvents cause tight interaction with the Lewis-acidic
benzimidazolium moiety whereas the electronic properties of Lewis-basic naphtholate anion
are less governed, resulting in an increased electron donating ability. The best results (see
Scheme 1-9) were found using DMF as solvent. Utilizing 10 mol% of catalyst PC9.1 and 1.2
eq. of 10 enabled the formation of cyclized 12 in 82% yield. A lower catalyst loading of only
1 mol% resulted in full conversion of the iodoarene 11 however, the product yield was lowered
(69%). In addition to the cyclization of iodoarene, the photocatalytic reactivity was
demonstrated based on reductive desulfonylation of tertiary sulfonamides 13 and g-
ketosulfones 15. The respective secondary amines and desulfonylated ketones were obtained

in good yields.

PC9.1 (10 mol%)

| ' 2 PC9.1 (10 mol%) R2
7 _ 10(12eq) PR 10 (1.2 eq) RN
. .
DMF (0.1M) ' N DMF (0.1M) Y
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glass filter A>390 nm ' 13 | fi
o/a ' glass filter 2>390 nm 14
T Nz, 6h, t 12, 82% ; Na, 0.5-2h, rt
............................................... R
.
. 1p2-
0 PC9.1 (10 mol%) Q i PG=Ts R'R?*= A
) 10 (1.2 eq) /\)L ! 144R'=cOPh R
Ph R DMSO (0.1M) Ph R R®=Bn, 96%* N
15 SOZR2 Xe lamp (500W) 16 ' 14.2R'=R%=Ph 33%*P H .
glass filter 2>390 nm , 14.3 R=CO,Me, PG=Ts 98%
Ny, 4h, rt 164 R = Ph 81°% : R=CO;Me, PG=Ms 93%?
151 R =Ph . = o ' 14.4R=H, PG=T: %2
152 R = Me 162R=Me91% ! -PG=Ts 89%

Scheme 1-9. Cyclization of iodoatene and scope of desulfonylation. * NMR yields; > DMSO, 6 h.

The proposed photocatalytic cycle is depicted in Scheme 1-10. Upon photoexcitation

(. > 390 nm), the zwitterionic excited state catalyst PC9.1" (Ey,= —2.08 »5. SCE) reduces 11
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Scheme 1-10. Proposed catalytic cycle for the radical cyclization of iodoarene in presence of
photoexcited benzimidazolium naphtholate.

via PET. Subsequent cleavage of iodide followed by fast 5-exo-trig cyclization affords the
primary radical 11b. The oxidized photocatalyst PC9.1" is regenerated in presence of a
sacrificial reductant 10 (E7 ;= +0.34 V 2. SCE) via single electron transfer to give the radical
cation 10™ which acts as hydrogen atom donor to form 12 and in turn is converted to the
cation 10*. In presence of other terminal reductants e.g. Hantzsch ester (E; 2= 1093 V) no
product was formed as the higher ground state oxidation potential renders an electron transfer

towards PC9.1" endergonic.

In a previously published work, photoexcited 1,3-dimethyl-2-hydroxynaphthyl-
benzimidazoline (PC9.17) was found to convert N-sulfonamides and N-sulfonylamines into
the respective desulfonylated products.”! Based on these results, Hasegawa ef a/. further
developed the catalytic system depicted in Scheme 1-10 by utilizing the 7z sitn reduction of

betaine PC9 in presence of readily available boron hydride donors to generate the anionic

species PC9-H.I"l
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Scheme 1-11. Proposed photocatalytic cycle for the desulfonylation reported by Hasegawa ez al.

In addition to the reported electron donor and hydrogen atom donor abilities of the
benzimidazoline scaffold (¢f, Scheme 1-10, 10)," the resulting benzimidazoline aryloxides
PC9-H are equipped with a photo-redox active unit, the aryloxide moiety. Reductant, H-atom
donor and photocatalyst are thus combined in one molecule. Various benzimidazoline
aryloxides PC9.1-H - PC9.5-H (Scheme 1-11) were synthesized and characterized regarding
their spectroscopic and electronic properties.”!! The calculated excited state oxidation potential
for PC9.1-H™ (E;,=—2.71 V us. SCE) was found to be significantly enhanced compared to
the zwitterionic species PC9.1, allowing the conversion of less activated substrates. The
elaborated  protocol ~was used for the reductive desulfonylation of N-

sulfonylindoles, -amides, -amines, and o-sulfonyl ketones, affording the unprotected

secondary amines as well as the a-defunctionalized ketones in good to excellent yield (Scheme

1-12).
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Scheme 1-12. Scope of the desulfonylation. *NMR yield; P DMF; <Xe lamp (500 W), glass filter
>390 nm; 424 h; <2XLED (10.8 W), 48 h; {Cs2CO5 (1 eq.).

For the desulfonylation of a-carbonyls, a less reactive hydride donor PicBH; was used to avoid
the direct reduction of the carbonyl group. Remarkably, utilizing the developed photocatalytic
protocol allowed to convert diphenylsulfonamide (17.5) and dibenzylsulfonamide (17.5) almost
quantitatively in 24 and 48 hours, respectively although both substrates exhibit a challenging
reduction potential (> —2 V u5. SCE). All synthesized catalysts PC9 were successfully tested in
the desulfonylation of 17.3a but the betaine PC9.1 showed superior catalytic activity. Changing
the light-source from a xenon lamp (500 W, A > 390 nm) to a white LED (7.3 W) affords
comparable product yields, but the reaction time increased. No product was formed in the
absence of catalyst PC9.1 and only traces were found in absence of hydride donor or light.
Regarding the mechanism, the authors propose the #n-situ formation of PC9-H™ via
nucleophilic attack of a hydride on the benzimidazolium moiety of PC9. Excitation with either
Xe lamp or white LED renders the catalyst a strong photo-reductant and allows PET onto the
substrate. The open-shell fragment formed upon N-S or C-S bond-rupture abstracts a
hydrogen atom from the photocatalyst PC9" which is turned into a biradical PC9: and upon
intramolecular single electron transfer the benzimidazolium PC9 is regenerated. Eventually, a
hydride transfer activates the catalyst for another catalytic cycle. The acidic hydroxy group on
the aryl oxide is easily deprotonated and allows to employ directly the benzimidazoline PC9-
H instead of the betaine PC9 as catalyst. In that case, the addition of base (sodium carbonate

ot butoxide) increased the reaction efficiency significantly, indicating the facile deprotonation

of PC9-H.



1.2.3 Anthrolate Catalyzed Generation of Hydrated Electrons

Goez and co-workers thoroughly investigated the potential use of anionic 9-anthrolate
(PC5.1") as a sustainable source for hydrated electrons which are ejected upon laser
irradiation.”" Hydrated electrons are among the strongest reductants””* and are capable to

™ or carbon dioxide!™. Approaches to liberate solvated

directly reduce molecular nitrogen
electrons photochemically often rely on high-energetic and harmful UV-C light. Notably,
pulsed 355 nm UV-A laser irradiation of PC5.17 in alkaline aqueous media afforded hydrated
electrons zia a biphotonic photoionization pathway. The first photon generates the excited
anionic species (S state) and the absorption of another photon within the excited state lifetime
of PC5.17" stimulates photo-ejection of a hydrated electron. The catalytic cycle is closed in
presence of the ascorbate dianion, which acts as sacrificial reductant recovering the catalyst
from its oxidized species PC5.1° (Scheme 1-13). The sequence of photoionization and
regeneration could be repeated several times until the system was exhausted. At the same time,
the initial concentration of the catalyst could be regenerated, indicating the robustness of
anthrolate PC5.1" against an attack of the exceptionally reducing solvated electron. Despite its

minute molar absorption coefficient at the wavelength used for exciting the system, the

ascorbate dianion was found to slightly contribute in generating hydrated electrons.

OH : 0® :
; ' hv P50
: ! hv
' : 355 nm
H : 355 nm
Base - o
N il aq
0 5 0 ; 5.1
sosllcov] I
: : Asc?”
PC5.1 N € . ;

Scheme 1-13. The photocatalytic generation of hydrated electrons by Goez and co-workers.

A follow-up work of the Goez group” focused on the direct photoionization of the ascorbate
dianion in absence of catalyst by applying a 355 nm laser pulse. A possible application of
solvated electrons generated in this way was demonstrated based on the efficient

dechlorination of chloroacetate as a generic pollutant in waste water detoxification.



1.2.4 Activation of Aryl Chlorides with 9-Anthrolate

Recently, the photochemical properties and synthetic applications of a series of 9-anthrone
derivatives were studied in our group and the corresponding anions were found to reach
remarkable excited-state oxidation potentials.” In solution, anthrone PC5.1 is in equilibrium
with its enolic form and is easily deprotonated to give the visible light-absorbing anthrolate
PC5.1". The most efficient catalysts examined in that work are depicted in Figure 1-3. These
photocatalysts were proved successful in catalyzing the C—H arylation reaction of several

(hetero)aryl chlorides with electron-rich (hetero)arenes, isocyanides, phosphite and Bopin,

(Scheme 1-14).

oo o

PC5.1 PC5.2 PC5.3 PC5.4

Figure 1-3. 9-Anthrone-based photocatalysts reported by Koénig and co-workers.

In presence of base, anthrone PC5 is deprotonated, which causes a red-shift in the absorption
spectrum with a new distinct absorption band arising in the visible range. Upon excitation with
blue LED light, the strongly reducing excited anion PC5™" is formed (¢f, Table 1-1, Entry 5
for PC5.17). Exceeding the reduction potential of the aryl chloride, oxidative quenching of the
excited catalyst would form an arene radical anion 21.1a and the open-shell anthrone PC5". A
subsequent mesolytic bond cleavage gives rise to a reactive aryl radical, which is trapped by an
electron rich arene 22. In alkaline media, the bicyclic radical intermediate gets deprotonated to
afford the radical anion 21.1c. The catalytic cycle is closed viz electron transfer from 21.1c to
PC5" (Scheme 1-15). Time-resolved luminescence quenching experiments of the excited
photocatalyst PC5.17 with various tolerated aryl chlorides shortened the lifetime whereas
unsuccessful aryl chlorides caused no quenching. TEMPO trapping experiments confirmed
the formation of aryl radical 21.1b and bicyclic radical 21.1c. Remarkably, in contrast to other
photocatalyzed procedures for aryl halide activation®™'**”! no sacrificial electron donor
(eg DIPEA) was necessary and the scope of aryl chlorides as well as tolerated radical trapping
reagents could be broadened. In the model reaction, the catalyst loading was lowered to

5 mol% (92% yield) which indicates a turn-over number greater than 18. In accordance with
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Scheme 1-14. Scope of the C—H arylation of (hetero)arenes using pyrroles, isocyanides, phosphite

and Bopiny as trapping reagents. For some substrates, other catalyst derivatives were used as stated in
parenthesis behind the entry.

recently reported photocatalyzed C—H arylation procedures”™"" it was found that excess of
the trapping agent is crucial for the reaction outcome, as a stoichiometric amount with

reference to the aryl halide resulted in significantly decreased product yield.

21.1a .
O/ PET S 0,
I , W
21.1 ’\R 22
-
PC5 21.1b o
I
_|_ BH
R21.1¢
455nm P°5
I
PC5 R 23

Scheme 1-15. Proposed mechanism of the photocatalyzed C—H arylation in presence of 9-anthrone.



Anthrolates PC5™ are converted in presence of oxygen yielding the corresponding
anthraquinones, thus reactions were run under inert atmosphere. Noteworthy, acridanone

(PC5.4) afforded the desired arylation product 23.2 in good yield (83%) in non-degassed

solvent and in presence of air, indicating a decreased tendency towards reaction with oxygen.

1.2.5 Anthrolate Catalyzed C—H Carboxylation of (Hetero)arenes and Styrenes
with CO;

Very recently, the visible-light absorbing strong photoreductant tetramethoxyanthrolate
PC5.3™ (E;5,=-2.92V 2. SCE) was utilized to achieve the photocatalytic direct reduction of
(hetero)arenes and styrenes to their respective radical anions."™ The associated nucleophilic
character of such electron rich species was exploited in C—H carboxylation reactions with
gaseous CO; affording the aromatic carboxylic- and cinnamic acids in moderate to excellent
yields. Among others, non-prefunctionalized naphthalenes, thiophenes, furans, indoles,
pyrazoles and styrenes are converted to the corresponding carboxylic acids under exceptionally
mild reaction conditions (Scheme 1-16). An examined gram scale carboxylation of 2-
cyanothiophene 26.9 illustrates the ease of scaling the reaction up. Moreover, a late-stage C—H
carboxylation of a Boc-protected thiophene analogue of propranolol 26.31 is demonstrated
following this procedure. Besides CO», ketones were found to convert to the corresponding
tertiary alcohols following the same approach. Noteworthy, similar transformations usually
require stoichiometric amounts of reactive organolithium reagents and are conducted under
low temperature (—78 °C). Thus, a former protection of labile functional groups is often

s.”*!1 The regioselectivity of the carboxylation

required leading to a multi-step synthesi
reaction can be predicted by theoretical means. In contrast to the organometallic-mediated
carboxylation, the reported photocatalyzed, redox-neutral insertion of CO; into non-activated
sp>-hybridized C—H bonds benefits from increased regioselectivity giving tise to only one

regioisomer (26.18 & 26.25).
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Scheme 1-16. Photocatalyzed C—H carboxylation of (hetero)arenes and styrenes and

: ' ¥ v R2
' B 26.7-14 ' H R v
: 5 ! 'R CO,Me, o 261518 1 26.19-23
. R I X: S, 49%,X:0,70% '+ R: CN, 86% ' R RZ:
! 26.2-4 26.5 266 68% 1 CN, e COMe,41% 1o  COMH H 43% 1
RIREH R1SRE OH Ll X:8,92%,X:0,43% | COMe, 88% i g  cou n 07% !
R 5 ) i1 CONHyp 91% o Ph, 71% ! | 2 0
1 R%H,38%  R%H,64% "' bh 99% A 1'S  COH Me  95%:
' ? A : : :
; gme, 2328{)0/ DL .o, 89% . i NBoc CO,Me H 40%
: e, o M CH,CO2Me, 99% ! : NBoc Ph CO,H 'lO/oJI
lemmccc---c-ccccccccccccceee——————— [ Y 2

S Ph NC_ s COH CO,H CO,H

[ COH N s
/ N-N N_)—COaH y N’N
l_)—coH /
/S Me
26.25, 33% 26.26, 53% OH CO,H
= 26.27 99% 26.29+29', 85% 2630, 58%

26.24+24', 87% el B 26.28,60% (2.8:1)

(2.8:1)

: XCOH X COH

' ! =

: 27.9-10 : CO,H

0,

p R 27.2-8 R: OMe, 46% : with ketones:? 26.31, 13/°

' R F, 38% P T

' R H,54% T™S, 53% :

s OH s, OH !
o+ Cob

26.32, 54% 26.33, 30%
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In presence of base, PC5.3 is in equilibrium with the anionic form, which in contrast to the
neutral species shows distinct absorption in the visible range. Excitation with a blue LED
generates the excited state of the anionic catalyst PC5.37" which acts as a remarkably strong
photo-reductant. Upon SET, benzothiophene 24.20 is reduced to the resonance stabilized
radical anion 24.20a. Subsequent nucleophilic attack affords the carboxylate 24.20b. Closure
of the catalytic cycle is proposed by an electron transfer to regenerate the active catalyst and
to form the zwitterionic species 24.20c which upon re-aromatization and acidic work-up
converts to the desired carboxylated product 26.20 (Scheme 1-17). An alternate pathway via
direct H-atom abstraction from 24.20b caused by the open-shell species PC5.3" is also
conceivable. In both cases, the gain in energy through re-aromatization of the compound is
considered as the driving force to close the catalytic cycle. The mechanistic hypothesis was

supported by time-resolved luminescence quenching experiments of the catalyst PC5.37" in



presence of (hetero)arenes and styrenes. Tolerated substrates shortened the excited-state
lifetime of the photocatalyst and linear Stern-Volmer plots could be developed. Although the
direct reduction of CO, (Ey; =—-2.21V w. SCE)™ by the excited catalyst is
thermodynamically feasible, a DMSO solution saturated with carbon dioxide was found to
scarcely affect the excited state lifetime. Examined substrates that showed quenching of the
photoexcited state of the catalyst, however failed to give the respective carboxylic acids are
considered to exhibit insufficient nucleophilicity when present as radical anions and thus do
not react with carbon dioxide. In addition, deuterium labelling experiments of 24.21 in
presence of D,O and BuOD respectively, caused the incorporation of deuterium into the

reactive C-2 position, supporting the assumption of a basic radical anion intermediate.
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Scheme 1-17. Proposed reaction mechanism for the redox-neutral, photocatalyzed carboxylation
of (hetero)arenes and styrenes utilizing PC5.3 as strong photo-reductant.



1.3 Otrganic Anions as Photochemical Reagents

1.3.1 Excited State Phenolate as Photo-reductant

Recently, Xia and co-workers made use of the remarkable excited state potential of the
vinylphenolate 29 (E;,= —2.48 V »s. SCE) in a Heck-type atylation reaction promoted by blue
LED light.® The synthetic utility was demonstrated based on the arylation of methyl 4-
hydroxycinnamates 30.2-14 with various (hetero)aryl halides (Scheme 1-18).
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Scheme 1-18. Substrate scope of the Heck-type atrylation reaction reported by Xia and co-workers;
*E/Z>19:1.



In addition, other derivatives of cinnamic acid (31.2-13, 31.19), and flavonoids (31.16-18, 31.20)
were shown to react smoothly za the generated aryl radical to afford the respective arylation
products in moderate to good yields. Remarkably, as the proposed mechanistic cycle is redox-
neutral, no sacrificial electron donor is necessary. Besides electron deficient aryl iodides, the
scope includes electron rich as well as electron neutral derivatives. In contrast, arylation
products formed with less activated aryl bromides and chlorides are only shown with activated,
electron deficient arenes. The E/Z ratios of the formed atylation products are high for most
of the isolated compounds. The mild reaction conditions allowed to convert complex,
biologically active substrates like chlorogenic acid, esculin and scutellarin. Upon deprotonation
of the phenolic OH group, the absorption spectrum of 29 in DMSO is shifted towards longer
wavelength and enables direct excitation of the phenolate 29 with blue light. From the
photoexcited state 297" (Scheme 1-19), an electron transfer to the aryl halide 28.2 is feasible
and subsequent cleavage of bromide forms the reactive aryl radical 28.2a, which preferentially
couples to electron rich species like the vinylphenolate 297. The resulting radical anion 28.2b
is assumed to either initiate a radical chain mechanism by reducing another equivalent of 28.2
and yielding the desired Heck-type arylation product 30.2 (Path b), or is converted to the former
via direct hydrogen atom transfer or electron transfer to the phenoxy radical 29" followed by

proton shift (Path a).
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Scheme 1-19. Proposed reaction mechanisms for the photochemical Heck-type arylation of

vinylphenols.



Melchiorre and co-workers have recently demonstrated how phenolate can elicit the generation
of perfluoroalkyl radicals »iz single electron transfer.* Photoredox-catalysis was demonstrated
as a suitable approach to generate fluorinated radicals (Rr") under mild, catalytic conditions.
The developed method allows for the direct perfluoroalkylation and trifluoromethylation of
phenols bearing electron withdrawing substituents 34.2-15 (Scheme 1-20). In presence of the
non-nucleophilic base 1,1,3,3-tetramethylguanidine (TMG) the absorption spectrum of
salicylaldehyde (32.2) is red-shifted and no change was observed upon addition of the
perfluoroalkyl iodide 33, excluding the formation of a ground state EDA complex. The base-
induced bathochromic shift allowed for the use of a CFL bulb as light source. Using a 300 W
Xe lamp with cut-off filter (A > 385 nm) still allowed to form the product however in slightly
decreased yield. The proposed mechanism of this transformation (Scheme 1-21) starts with a
SET from the photoexcited phenolate 32.17 to 33.1. Subsequent reductive cleavage of iodine

gives rise to a perfluoroalkyl radical 33.1".
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Scheme 1-20. Scope of the perfluoroalkylation of substituted phenols. Minor positional isomers
estimated by crude "F-NMR are marked with (¥). 6 eq. of alkylating agent 33.1 were used for products
34.7-10.

In the bond-forming step, the radical is trapped by the ground-state phenolate yielding a
cyclohexadienyl radical 33.1a which propagates the reaction by reducing another equivalent of
33.1 via SET. Subsequent proton shift affords the alkylated phenol 34.1. Stern-Volmer
quenching studies of the phenolate in presence of alkyl iodide support the mechanistic
proposal. For o¢-substituted phenols, the perfluoroalkylation proceed with moderate
regioselectivity giving rise to ¢-, p-monoalkylated and op-dialkylated products whereas p-
substituted phenols caused the formation of o,0"-dialkylated products. Monitoring the product

distribution over the reaction time revealed that o- and p-alkylated products are formed as



intermediates and are further converted to bifunctionalized or#ho,para-adducts. Non-substituted
or methoxy-substituted phenols as well as nitrophenols failed to convert. Employing phenol
32.12 bearing electron withdrawing groups in ortho and para position afforded the mono-
alkylated product as sole isomer. The demonstrated scope of perflouroalkyl iodides comprises

Cs, Cs, Cs and C; chains (34.12-15).

331
o°® RF—I
TMG
: In/tlat/on 32.1-
321 3217 *32.17
33.1
~H® RF Propagatlon
:— 4g
oY
R | |©
34.1 33.1b 33 1 33.1a

Scheme 1-21. Light-triggered perfluoroalkylation of phenolates bearing an electron withdrawing
substituent by Melchiorre and co-workers. For simplicity, only the or#ho-alkylation pathway is shown.

1.3.2 Visible-Light promoted Arylation of Azaallyl Anions

Chruma and co-workers demonstrated how irradiation of the colored azaallyl anion 35.17 with
visible light notably increases its excited state oxidation potential.™ In presence of strong bases
(pK. conjugated acid > 32), the formed 2-azaallyl anion acts as super-electron-donor in the
dark® and had been successfully employed in the functionalization of non-activated aryl

iodides and tertiary alkyl halides.

The accessible substrate scope could be extended by employing visible light causing enhanced
reduction potentials and allowed for the conversion of non-activated bromo- and chloro-
(hetero)arenes, which are present in large excess regarding to 35.1. The regioselectivity of the
arylation reaction is moderate and product mixtures of 37.1 and 38.1 are usually obtained

(Scheme 1-22).



n-BuLi (2 eq.)
green LED

dry DMSO (0.1 M)

X=Br

37.11-12, 38.11-12
R?=CN 63%, (2:1)
R%=0Me 57%, (2.2:1)

Ar, 0.5-6 h, rt
(10 eq)
35.1 36.1
Selected eXamples:
: SN '
: = Ph Q- _ H = PhX
: 1 = g
; RY  X=Br 37.720%° !
. 37.2-4,38.2-4 Br [
@ - R'=H 58%, (3:1) %
' R'=Me 53%, (3:1) i @ A
: R'=t-Bu 57%, (4:1) " \ S
; X '1 X=Br
: X=Cl i1 37.9,38.9 38%, (3:1) X=Cl
: 37.5-6, 38.5-6 i 37.13-14,38.13-14
H R'=H 52%, (4:1) Br o X=Cl R2=CN 42%, (2:1)
R'=Me 44%, (4:1) 37.8 31%P : 37.10,38.10 27%, (2:1)  R?=0OMe 39%, (2:1)

Scheme 1-22. Scope of the light mediated azaallyl anion coupling with aryl halides. Ratio (37:38) of
the formed regioisomers is given. 2 Blue light;  The other regioisomer was not isolated.

The authors propose an electron transfer from the excited state azallyl anion 35.17" to the aryl
halide 36.1. After cleavage of the C-X bond, a reactive transient aryl radical is formed which

reacts with the stabilized azaallyl radical 35.1" to form the arylation products (Scheme 1-23).

X X 1
36.1 36.1
PET Ph  Ph
PN
_ @ N Ph
eh B Ph Q
~& o 351" 371
Ph” N7 "Ph NG — 7 +
_ Ph” “N” “Ph
*35.1 Ph
M 36.1° A
Ph”SN” “Ph
Ph Ph 38.1
.9. :
P N”"Ph Ph SN Ph
35.1 - 351"

Scheme 1-23. Arylation of 2-azaallyl anions with non-activated aryl halides.



1.3.3 Synthesis of Pyrazoles via Irradiation of N-centered Hydrazone Anions

Zhu and co-workers reported a series of substituted hydrazones 39.1 which are able to undergo
cyclization in presence of base affording pyrazole detivatives 40.1 mediated by sunlight.*” The
UV-vis spectrum of the anionic hydrazone exhibits a significant red-shift compared to the
neutral parent, enabling the use of visible-light to accomplish the cyclization reaction. Selected

examples of formed pyrazoles are depicted in Scheme 1-24.

K»CO;3 (1.2 eq)

MeCN (0.25 M)
air, sunlight, rt

R'=H 4026 40.7-10 R%=H 40.11-13
R2=H, 98%? R2=p-Br, 84% R'=m-Me, 88%
R2=0-Me, 80% R2=0-Cl, 88% R'=m-Cl, 70%
R?=m-Me, 86% R2=p-Cl, 91% R'=p-Br, 70%
R2=p-Me, 89% R2=p-CN, 78% 40.14 X=0, 65% 40.16, 76%

2 40.15 X=S, 75%
R“=m-Br, 78%

Scheme 1-24. Selected examples of the formed pyrazoles viz irradiation of N-centered hydrazone anions.
2Scaled up to 20 mmol reaction.

The authors propose two possible mechanistic pathways (Scheme 1-25): Deprotonated 39.1
gets photoexcited and undergoes either direct anionic cyclization to 39.1a (Path a) or is oxidized
by O to afford the N-centered radical 39.1" (Path b) which upon intramolecular radical
cyclization followed by cleavage of a tosyl radical yields the pyrazole 40.1. Decreased yield is
obtained when conducting the reaction under N, atmosphere or in presence of the radical trap
TEMPO, indicative for the latter mechanistic proposal. Notably, the reactions were also shown

to operate in water, however resulted in decreased yields.
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Scheme 1-25. Proposed photoinduced reaction mechanism towards pyrazole formation.

1.3.4 Utilizing Phthalimide Anions for H-Atom Abstraction

Already in 1988 the exceptionally high ability of the excited phthalimide anion 41” to abstract
hydrogen atoms from alcoholic solutions was recognized.™ This procedure was further
developed and could be extended to ethers, alkylbenzenes and amines affording the reductive
addition products with phthalimide (Scheme 1-26).*” The use of 4-methylanisole afforded a
product mixture (43.8a-b) as H-atom abstraction is possible from the methoxy group or in
benzylic position. In alkaline solution, phthalimide 41 is in equilibrium with its conjugate base
417. The photoinduced electron transfer from 417 to ground-state phthalimide is a
thermodynamically favorable process. Thus, the authors propose the phthalimidyl radical 41°
as the hydrogen atom abstracting intermediate which evolves from the excited anion 417" upon
PET towards phthalimide 41. Remarkably, the electrophilic radical 41" is able to activate C—H
bonds possessing high bond dissociation energies (e,g. ‘BuOH, Fu = 100 * 2 kcal'mol ™)™
and upon hydrogen abstraction, phthalimide 41 and the alkyl radical 42.9" are formed. Radical-
radical coupling between the phthalimide radical anion 41" and the carbon-centered radical

42.9" affords the addition product 43.9 (Scheme 1-27).



NaOH (1.5 eq)
NH + RH — » NH
mercury lamp (125 W) R
MeCN/H,0 (7:1
4 0 42.1 RS 431 1O

Me .
o. d Y . .
O APh AN SN LO :fe\J<OH :
43.2-3 43.5, 84% Y + E 43.9, 77%° E
R": Ph, 70% (18 eq.) (14 eq.) | (as solvent) |
Bu, 70% (29 eq) 43.6 74% 43.7 76% : ;
(12 eq.) (11 eq.) ' :
S OMe OMe Me |2 oW |
C-H bond strength 63% 16% ! :
Ph \ ) 1 43.10,36%°
4 > > > > : lvent) !
43.4 [ BuOH > MeOH > PhOMe > PhNMe, > Et3N J 438a.b79% (3.8:1) | (as solvent) :

72% (2.4 eq.) (12 eq.) L 1

Scheme 1-26. Light-triggered reductive alkylation of phthalimide. Yields are given on consumed
phthalimide. Equivalents used of the hydrogen atom donor are given in brackets. * Deviation from
reaction conditions: 41 (13.6 mmol), NaOH (16 mL, 1M), BuOH (150 mL), mercury lamp (125 W),
5h; b Deviation from reaction conditions: 41 (13.6 mmol), NaOH (10 mL, 1M), MeOH (160 mL),
mercury lamp (125 W), 1h.
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Scheme 1-27. Light-mediated C—H abstraction and radical addition to phthalimide radical anion
initiated by the phtalimide radical.

1.3.5 Photocycloadditions of Phthalimide and Saccharin Anion

The formation of [2]benzazepine-1,5-dione derivatives 45.1 via [2+2] photocycloaddition using
phthalimide 41 was previously limited to electron poor non-cyclic alkenes due to competing

1921 Suau and co-workers thus mitigated the oxidizing

excited state electron transfer reactions.
strength by employing the anionic sodium phthalimide 417 and obtained -efficient,
regiocontrolled photocycloaddition with a broader range of alkenes being tolerated (Scheme

1-28).



NaOH R
NH o+ ’f
R™ mercury lamp NH
41 O 44.1 MeCN/HO. 1t 451 §
selected eXamples: | e
(0]
(0] o (@] Ph (@]
NH NH NH NH NH
(0] (0] (e] O (0]
45.2 73%? 45.3 84%P° 45.4 89%° 45.5 86%° 45.6 59%"
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Scheme 1-28. [2+2] photocycloaddition of excited phthalimide anion with alkenes. 241 (6.8 mmol),
NaOH (8 mL, 1M, 1.2 eq.), MeCN/H2O (160 mL, 7:1), 0.5 h, 125 W metcury lamp; 41 (6.8 mmol),
NaOH (pH=10), MeCN/H,O (7:1), 0.5 h, 125 W mercury lamp; ¢mixture of cs- and #ans-45 was
obtained; 441 (6.8 mmol), NaOH (10.2 mL, 1M, 1.5 eq), MeCN/H;O (7:1), 2 h, 400 W mercury lamp.

In contrast to the neutral species, 417 shows significant fluorescence emission which was
effectively quenched upon alkene addition indicating that the singlet excited state 417" is the
reactive intermediate. The [2+2] cycloaddition of photoexcited phthalimide anion to double
bonds is a stereospecific process yielding the ring expanded «s-45.1 adduct. Epimerization

caused by the alkaline media affords a mixture of ¢s- and #ans-45.1 (Scheme 1-29).

O
NaOH
NH + >
MeCN/H,0 (3:1) NH
41 0 443 mercury lamp (125 W) O 453
rt, 25 min
\I‘\JHOH . H@
(0] 0O
hv 44.3 Sy
Ne —_— Ne
[2+2] QY
_ 41.3a
41 o *41~ ¢ o

Scheme 1-29. Proposed mechanism for the [2+2] photocycloaddition of phthalimide anion with
cyclohexene.

The photoexcited saccharin anion 46 was recently found to show similar reactivity towards
alkenes which was utilized in regioselective ring expansion reactions giving benzosultams

48.2-6 (Scheme 1-30) starting from the cheap and commercially available sweetener

saccharin.
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Scheme 1-30. Selected examples of isolated benzosultams upon ring expansion with alkenes. Reaction

conditions: Photoflow reactor 0.75 mm internal diameter. * phenylacetylene was used.

Remarkably, common approaches to form benzo-fused seven-membered sultam derivatives
are multistep reactions and rely on the use of toxic organotin hydride™ or expensive Pd
catalyst™. A mechanism was proposed based on expetimental and computational studies,
suggesting the prevailing population of the S; state upon irradiation of the saccharin anion 46™.
The computed data indicate a fast deactivation into the first singlet state. Presumably, the key
step towards benzosultam formation is a nucleophilic attack of the nitrogen of the excited state
saccharin anion to the alkene. Moreover, no evidence for an azetidine intermediate (4., 41.3a
Scheme 1-29) resulting from [2+42] cycloaddition of saccharin and alkene was found neither in
experiment nor in computational analysis. The C-C bond formation between carbonyl group
and alkene is expected to occur in the ground state. Regioselectivity is gained due to the kinetic
preference of the nucleophilic nitrogen atom to attack at the terminal, sterically less hindered

side (Scheme 1-31).
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Scheme 1-31. Proposed reaction mechanism for the light-promoted formation of benzosultams.



1.3.6 Organic Anions involved in Donor-Acceptor Complexes

Organic anions are also reported to form ground state electron donor-acceptor (EDA)
complexes with electron deficient species usually accompanied by the appearance of a new
red-shifted charge-transfer absorption band. During the last years, EDA photochemistry has
become increasingly popular. Among others, we highlight herein three examples to
demonstrate the concept of organic anions participating in EDA complex formation. For a
more detailed study we refer to recent excellent reviews.”*”” The aromatic perfluoroalkylation
of a-cyano arylacetates 49.1 developed by Melchiorre and co-workers™ is mediated by visible
light (CFL 23 W) although neither enolate 49.1" nor perfluoroalkyl iodide 33.1 or TMG show
absorbance in that range of light. Mixing all the reagents together however results in a colored
solution featured by a strong bathochromic shift in the absorption spectrum indicating the
formation of an EDA complex. Irradiation of p-substituted substrates allowed to
perfluoroalkylate a-cyano arylacetates selectively in or7ho position. A mixture of regioisomers
was obtained when /¢-substituted substrates were employed. In accordance with the
proposed homolytic aromatic substitution (HAS) pathway lower yields were obtained with
electron deficient arenes. Following the developed protocol, the substrate scope could be
extended to heteroarenes and ketones (Scheme 1-32). Control experiments revealed that the
formed product inhibits the reaction as the product enolate 50.17 outperforms the absorbance
of the EDA complex. This issue was addressed by utilizing a biphasic system consisting of

tetradecafluorohexane and MeCN, which allowed higher yield and shortened the reaction time.

CN CN
TMG (2.5 eq)
@ COEt + R.—| 23 W CFL CO,Et
334 MeCN:CeFis 51 (042 M)
49.1 (3eq) 5-36h, rt R¢ 50.1

50.5-8, R-=CgF 3

T ! o o
L £ 50'3'4 T s X % R=p-Me 72% (-0)
: @ : ©/ Re-=CF3 76% (-o: 19%, p: 45%, 0p: 11%°) R_:(j/ RopteTzn o
: ' RF=C4Fg 80% (-0: 47%, -p: 25%, -0,p: 8%) p o R=p-TMS 86% (-0)
[ ! Y, Re=CgF13 81% (-0: 47%, -p: 26%, -0,p: 8%) R =p-Cl 36% (-0)
50.9 R=m-OMe 81%
(-p: 47%, -0 + -0,p: 20%, -0" 14%)
50.11 R-=CF3 63% 50.10 R=m-Me 74%
N\ 50.12 RE=CgF 13 89% (-p: 50%, -0 + -0": 13%, -0,p: 6%, -0",p: 5%)

Scheme 1-32. Selected examples of perfluoroalkylation of (hetero)arenes. 2 Yield determined by
YE-NMR.

The radical chain reaction is initiated by the base promoted formation of the EDA complex

49.2-EDA which absorbs visible light and releases a radical pair upon reductive cleavage of



iodine, consisting of benzylic radical 49.2" and perfluoroalkyl radical 33.1°. The electron rich
enolate 49.27 reacts with the alkyl radical »zz HAS to afford the radical anion intermediate
49.2a”". Chain propagation is assumed either by SET affording 49.2b or via atom-transfer
radical addition (ATRA) followed by cleavage of HI (49.2c¢). Reaction work-up yields the
perfluoroalkylated product 50.2. Termination of the radical chain is possible upon direct

radical-radical coupling of 49.2" and 33.1" (Scheme 1-33).

Initiation via EDA complex

: )C\N Re—I - 3;'1 :
' T™MG CN_@oe, F |1 Termination
i Ph™ “COREt ———> 9@/ o ﬁ» Ph E\CN + : inati
P 492 53_1 CO,Et I CO,Et
: 49.2.EDA ' 49.2" : NC._CO,Et
NC CO,Et
Re—I RF
Propagation pathways 50.2
NC.g CO,Et SET NC© COQEt '
492b
NC\erCHOQEt |©
Ph / @ RF_I NC.g COzEt
492"
&‘RF H Re
33.1° 49.2a ATRA&\ 50.2~
(T 49.2¢
R
F H Re

Scheme 1-33. Proposed reaction mechanism for the perfluoroalkylation of a-cyano arylacetates
involving the formation of a visible-light absorbing EDA complex.

The Miyake group made use of the EDA complex formed between an electron rich thiolate
anion 51.17 and aryl halides 52.1 to afford a broad scope of aromatic thioethers.” The protocol
allowed to convert both electron rich and poor thiophenols under visible-light irradiation and
in presence of cesium carbonate (Scheme 1-34). Remarkably, tolerated aryl halides are not
limited to activated, electron-deficient arenes, as thioethers were formed with iodobenzene

and toluene, however a prolonged reaction time was required (20-24 h).
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Scheme 1-34. Selected examples for the thiolation of aryl halides. * 50 mmol scale. > Cs2CO3 (2 eq.).

Very fast reactions (1 h) were obtained when electron deficient aryl halides and electron rich
thiophenols were coupled. In addition, benzylic halides revealed to convert similarly. Following
the developed protocol allowed for the mild and efficient late-stage functionalization of
pharmaceutically active compounds. The formation of an EDA complex 51.2-EDA between
thiophenolate 51.27 and aryl halide 52.2 was confirmed by UV-vis spectroscopy and TD-DFT
calculations. The arising charge-transfer absorption band allows for visible-light excitation
initiating the reaction with an electron transfer from the thiolate anion to the aryl halide
followed by cleavage of the halide anion. The formed thiyl- and aryl radical combine to afford
the C-S cross-coupled product 53.2 (Scheme 1-35).

EDA complex
O

o o>
/©/ Cs,COs 52.2a"

51.2 / Os—C>— .S_@_,

Br 51.2-EDA
Bre
MeOC
52.2 : s :
MeOC 53.2

Scheme 1-35. Proposed reaction mechanism for the C-S cross-coupling reaction of thiophenols

and aryl halides »iz the formation of a visible-light absorbing EDA complex.



Based on the perfluoroalkylation of alkenes and alkynes it was recently shown, that the anionic
counterpart involved in the EDA complex formation can be utilized catalytically."™ In
presence of base, 2-bromophenol (54) was found to promote the visible light-mediated 1,2-
addition of fluoroalkyl iodides to alkenes and alkynes. Noteworthy, although a significant
amount of product was formed in the reaction of allylbenzene 55.2 and ethyl
iododifluoroacetate 33.2 in absence of phenol catalyst, the yield could be doubled using a
catalytic amount of 54. The use of a more polar solvent gave rise to Heck-type coupling
products. Allylphenols, acting themselves as catalyst, could be converted to either the addition
product 57.1 or the coupling product 58.1 without adding catalyst 54. Initiation of the reaction
is proposed to occur zia EDA complex formation between phenolate 54~ and alkylating
reagent 33.1. The photoexcited EDA complex causes the formation of radical 33.1" which
reacts with the olefin 55.1 to yield the radical intermediate 55.1a. Depending on the reaction
media, either abstraction of an iodine atom from 33.1 affords the addition product 57 or SET
with 33.1 gives rise to the cationic intermediate 55.1b which forms the Heck-type product 58.1

upon deprotonation (Scheme 1-30).
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Scheme 1-36. Sclected examples for fluoroalkylation of alkenes and alkynes affording addition
products or Heck-type coupling products (top) * Using KOAc (2 eq) in DCE; » without 54 in dioxane;
¢ Cs2COs3 instead of KOAc; 4KCO; instead of KOAc; ¢ Using K2COj (2 eq.) in DMSO; Proposed
reaction mechanism for the visible light-promoted fluoroalkylation using 2-bromophenol as catalyst
(bottom).

1.3.7 Organic Anions promoting the Radical-Nucleophilic Substitution (Srn1)

Reaction

In the course of Spn1 reactions, radicals and radical anions are formed as intermediates and
chain mechanisms are likely to occur. Proposed for the first time in the 1960s,"""'"" the
reaction affords nucleophilic substitution on aromatic and aliphatic compounds and tolerates

[103]

a wide scope of nucleophiles and substrates. Initiation is commonly achieved by

photoinduced electron transfer from an electron-rich anionic nucleophile and an electron-poor



acceptor leading to the open-shell nucleophile Nu" and a radical anion. EDA complex
formations between nucleophile and substrate are reported and allow to initiated Srxl
reactions by using less-energetic light.”” Upon mesolytic bond-cleavage the resulting radical R’
is trapped by the nucleophile and forms a radical anion. A single electron transfer from the
radical anion [R-Nu]™ to the acceptor R-X affords the desired substitution product along with
another radical anion [R-X]", which allows the propagation of the chain reaction (Scheme 1-

37) provided that this SET is thermodynamically favorable.

Initiation Sgy1
Initiation Photo-BHAS

.
——
(NS = 1]

S :
“""CH, KOBu -~~~

:Nu + IR-®| /@ 2
(LY A R
R-Nu Co'Bu
Nue
.0
(RN HO'BU
R: Alkyl, Aryl R
X:Le H

Scheme 1-37. General reaction mechanism for the radical-nucleophilic substitution (Srx1) reaction
and for the photoinitiated base-promoted homolytic aromatic substitution reaction (photo-BHAS).

Closely related to the concept of the light-induced Sgx1 reaction is the photoinitiated base-
promoted homolytic aromatic substitution reaction (photo-BHAS) affording C—H arylated
products starting from aryl or alkyl halides in presence of a strong base (e.g. KOBu or NaH).
The reactive intermediate R" is proposed to add to the arene forming an aromatic radical which
is converted into the respective radical anion by deprotonation and eventually gives the arylated
product upon SET to propagate the chain reaction. In absence of further additives, it has
recently been shown that the dimsyl anion can be excited by visible light and plays a pivotal
role for initiating the reaction (see Scheme 1-36)."" The initiation of the BHAS reaction was
also reported by other photo-activation modes e.g. through PET from an iridium sensitizer to
R-X or upon light-excitation of an 7#-situ formed photosensitive complex between KOBu and

105,106]

phenanthroline.! Non-nucleophilic bases are commonly employed to avoid the competing



Srn1 reaction pathway. Light-mediated substitutions following the Srn1 reaction with organic

anions as nucleophiles have been studied extensively and were subject of recent reviews!

111

32,103,107

I'and thus will not be further discussed herein.

1.4 Inorganic Anions

1.4.1 Transition Metal Complexes

Transition-metal complexes like the Ru(II) polypyridine or the cyclometalated Ir(III) found

widespread applications in photocatalysis, as they are photostable, show tunable redox

potentials and excited state lifetimes are usually durable.
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Scheme 1-38. Negatively charged iridium complexes (top); Irsppy catalyzed degradation of pollutants

(center); » Conversion was determined by crude NMR; P Reaction conditions: Chloroacetate 61.1
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hydrated electrons (bottom right).



In contrast to neutral complexes like fa-Ir(ppy)s or cationic metal-based sensitizers [e.g.
Ru(bpy)s**, Ir(ppy)2(dtbbpy)*], anionic transition-metal complexes have been less explored,

112] and

which might be attributed to photodecomposition with monodentate anionic ligands!
the shortage of more stable dianionic ancillary ligands available. Godbert and co-workers were
able to synthesize and characterize the anionic iridium complex 59.1 with a dianionic orotate
113]

ligand (Scheme 1-38, top).'"’! Later on, the complex was modified by exchanging the 2-
phenylpyridine ligands with coumarin-derived ligands (59.2), to increase the visible-light
absorption. The authors successfully demonstrated the use of 59.2 in visible-light-driven H,
generation which resembled the first example of a photoinduced electron transfer using an
anionic Ir(Il) sensitizer."'¥ Based on the well-established fac-Ir(ppy)s, Wenger and co-workers
utilized a trisulfonated analogue 60 (Scheme 1-38, top), which renders the sensitizer water-
soluble and negatively charged, to generate hydrated electrons.!'”™ A potential use of hydrated
electrons in waste water treatment was demonstrated by the degradation of chloroacetate and
benzyltrimethylammonium salt. In addition, the defluorination of trifluoromethylbenzoate is
possible in presence of such a strong reductant (Scheme 1-38, 62a.1-2). The catalytic cycle is
depicted in Scheme 1-38 (bottom right). The photocatalyst is excited with a 447 nm collimated
diode laser. Remarkably, the absorption of a second photon stimulates the ejection of the
electron within the lifetime (=1.6 us) of the excited sensitizer. The photocatalyst is then
regenerated by either sodium ascorbate or triethanolamine acting as sacrificial electron donors.
Compared to the neutral fac-Ir(ppy)s, the excited state oxidation potential of the anionic

sensitizer 60 (—1.89 V »s. SCE) was found to be slightly increased.

The trianionic hexachlorocerate(I1l) [Ce"'Cl]>” was proven to be effective in the reductive
dehalogenation of aryl halides 63.1 using UVA light (Scheme 1-39).!"" This species is stable to
air and moisture and can be generated /#-szzu by mixing CeCl; and NEtCl in acetonitrile.
Blacklight irradiation causes a metal centered excited state (Egy = —3 V 5. SCE)!"!8
enabling the PET to the aryl halide along with oxidation to Ce'". Interestingly, the reaction
could also be performed with a catalytic amount of CeCls, owing to the complementary
oxidative photochemistry of [Ce"Clg)*™ (Scheme 1-39, right).I""”) The addition of toluene as the

terminal reductant allowed to close the catalytic cycle.



CeCl3 (0.1 eq)
NEt,Cl (0.1 M) in MeCN

Cl toluene (10 eq) H
black light, N,
quartz vessel, 3 days

63.1 64.1
selected examples:

F MeO NC

64.2, 66% 64.3, 46% 64.4,73%
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ph—/

-V/

Scheme 1-39. Scope of the CeCl; catalyzed defunctionalization of aryl halides by the 7#-situ formation

of [Ce'Clg]>~ and conceivable mechanism of the reaction.

In a follow-up work, the developed catalytic protocol was utilized for the photoinduced
Miyaura borylation of aryl bromides and chlorides. Schelter and co-workers used

bis(pinacolato)diboron which functioned as both borylation reagent and terminal reductant.!"*’

1.4.2 Polyoxometalates

Polyoxometalates are a class of widely studied inorganic compounds which find application in
many fields as photocatalysts. Well-known representatives are the decatungstates.”"! Despite
being negatively charged, these compounds are reported to act as strong oxidants from their
excited state. This rare feature might be explained analogously to what was discussed for
fluorescein (vide supra). Tungsten is present in a high oxidation state (+V) while the negative
charge is centered on the oxygen atoms of the cluster, rendering the metal center highly
electron poor and prone to reduction. Upon photoexcitation, a ligand to metal charge transfer
(O — M) is proposed, generating a relaxed excited state cluster [Wi0Os]*" which is easily
reduced (Ejgq= +2.44 V vs. SCE)'"™. Besides electron transfer reactions, excited decatungstate
is well known for its ability to abstract hydrogen atoms from non-activated C(sp’)—H bonds.
A few examples are known where polyoxometalates equipped with binding sites on the cluster
shell or in presence of co-catalysts participate in photoreductive CO; activation or H,

generation.!



1.4.3 Sulfite Anions used in Photoreactions

A couple of examples are present in literature on the ability of sulfite anion to generate
hydrated electrons upon irradiation. The method was successfully applied for the
photodegradation of hazardous halogenated pollutants as monochloroacetic acid"* and
perfluorooctanesulfonate.* However, the excitation is obtained with harmful high-energetic
UV light and the efficiency suffers in more complex media due to light attenuation by

scattering or competing absorption of other organic compounds including the solvent.

1.5 Summary and Outlook

Organic anions and light are a perfect combination to achieve challenging synthetic
transformations, as either reagent or photocatalysts. Compared to a corresponding neutral
molecule, the absorption spectrum of the negatively charged anion usually exhibits a
bathochromic shift and often fluorescence is exclusively observed for the anionic species. This
allows photochemical conversions with less energetic light, in many cases visible light.
Fluorescence quenching studies enable the verification of interactions between substrates and
the excited chromophore. The seminal work of Soumillion and co-workers in this field and
their excellent review’ demonstrated eatly the potential of organic anions as strong
photoreductants in the dechlorination of arenes and the desulfonylation of sulfonamides using
excited 2-naphtholate. In addition to the use of anions as photocatalysts, excited anions found
applications as strong reductants to activate a reaction partner za PET followed by a
subsequent conversion of both open-shell intermediates. Examples are the arylation of
azaallylanions or the Heck-type arylation of vinylphenols. Photoexcited organic anions allow
cyclization reactions yielding pyrazoles or participate in ring-expanding reactions. Moreover,
organic anions serve as potent electron rich donor molecules for the formation of light-

absorbing EDA complexes.

Opverall, the use of organic anions as cheap and sustainable photocatalysts harbors enormous
potential for applications in synthetic organic chemistry. We observe an increasing research
interest in applying photoexcited anions in synthesis and hope that this review will stimulate
more contributions to this yet underexplored emerging field, which holds promise for many

more exciting applications in organic synthesis.
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CHAPTER 2

2 Anthraquinones as Photoredox Catalysts for the Reductive
Activation of Aryl Halides

This chapter has been published in: J. I. Bardagi, I. Ghosh, M. Schmalzbauer, T. Ghosh, B. Kénig Eur. |. Org.
Chem. 2018, 34-40. — Reproduced with permission from John Wiley and Sons.

The experiments have been carried out in cooperation with Javier I. Bardagi, Indrajit Ghosh and Tamal Ghosh.
M. Schmalzbauer isolated a part of the compounds (3¢, e, g, h, m) presented in Figure 2-2, assisted J.I.B. and
1.G. in mechanistic investigations and revised the manuscript and the Experimental Part.



Abstract

uinones are ubiquitous in nature and are found as structural motif of natural

products or redox mediator in biological electron transfer processes. While their

oxidation properties have already been widely used in chemical and photochemical
reactions, applications of quinones in reductive photoredox catalysis are less explored. In this
chapter we report the visible-light photoreduction of aryl halides (Ar—X; where X = CI, Br, I)
by 1,8-dihydroxyanthraquinone. The resulting aryl radical anions fragment into halide anions
and aryl radicals, which are converted in hydrogen abstraction or C—C bond forming reactions.
The active photocatalyst is generated zn-situ from 1,8-dihydroxyanthraquinone by
photoinduced single electron reduction to form the radical anion or #ia subsequent protonation
and further reduction (or zice versa) to yield the semiquinone anion. Succeeding visible-light
excitation of the anthraquinone radical anion or semiquinone anion converts them into very
potent single electron donors. A plausible mechanism of the reaction is proposed based on

control experiments and spectroscopic observations.



2.1 Introduction

The use of visible light for the generation of reactive intermediates in organic transformations
has many advantages, and the growing interest in catalytic, visible-light-mediated
transformations over the last decade demonstrates the feasibility of the approach.!"” Ru- and
Ir-based coordination complexes have received enormous attention because of their excellent
visible-light-harvesting properties, modest to high oxidation and reduction potentials, relatively
long excited-state lifetimes and reasonably good chemical- and photo-stabilities under
oxidative and reductive conditions.” In addition, considerable efforts have been made to

8,10-14]

develop catalytic and metal-free versions by using organic dyes,! such as eosin Y!'"'! or

13,14]

thodamine derivatives! and organic heterogeneous photocatalysts!'” for synthetic

transformations.

Quinones™*' occur in nature and are known for their excellent electron accepting and
hydrogen-abstracting abilities.'*'* Not surprisingly, different quinone derivatives have been
used for photooxidative transformations under visible light."” Fukuzumi reported the
photoredox catalytic conversion of benzene to phenol with 2,3-dichloro-5,6-dicyano-p-

benzoquinone (DDQ) under visible-light irradiation.”!

Itoh and subsequently Yuan reported
the trifluoromethylations of arenes and heteroarenes with anthraquinone-2-carboxylic acid™!
and DDQ,? respectively. In addition, Itoh reported the synthesis of carboxylic acids from
their respective methyl aromatics with 2-chloroanthraquinone.” Recently, Brasholz disclosed
cascade  dehydrogenation/6n-cyclization/oxidation — reactions of  1-(nitromethyl)-2-
aryltetrahydroisoquinolines in the presence of 1-aminoanthraquinone to obtain tetracyclic 12-

nitroindolo[2,1-a]isoquinoline products.!"”

Similarly, the same group also reported an
intermolecular version with 1,5-diaminoanthraquinone as a photocatalyst for the synthetic
transformations of N-aryl-tetrahydroisoquinolines and nitromethane to prepare the same

product.

Anthraquinone (Aq) and its derivatives (Figure 2-1 A) form colored radical anions upon single-
electron reduction [see Figure 2-1 B for the absorption spectra of the electrochemically
generated radical anion of 1,8-dihydroxyanthraquinone (Aq-OH)]. The radical anions of
anthraquinones possess moderate reduction potentials in their ground state [e.g, E'(Aq/Aq™)
and E'(Aq-OH/Aq-OH") are —0.82'V and —0.55V 5. SCE, respectively]®” and can be

accessed electrochemically, chemically, or through photoinduced electron transfer (PET) pro-
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Figure 2-1. (A) Chemical structures of anthraquinone derivatives investigated herein. (B) Spectroelectrochemistry
of Aq-OH in deaerated DMF. (C) Formation of the 1,8-dihydroxyanthraquinone semiquinone anion
(Aq-OH-H-) in the presence of NayS;041) In the inset, the luminescence specttum (Aex = 427 nm) of
Aq-OH-H" is shown. For the formation of the radical anion and the semiquinone anion of Aq-OH upon
photoirradiation in the presence of Et;N, see Figure 2-3.

cesses in the presence of a suitable electron donor under an inert atmosphere (see Figure 2-
3 A). Eggins® as well as Lund and Eriksen™ showed that the excited states of colored radical
anions of Aq (or in general quinone derivatives, see ref.”) are powerful reductants and can

transfer electrons to organic substrates with extremely negative reduction potentials (e.g., 1,2-

dibromobenzene, an aryl halide substrate with a reduction potential of —1.88 V us. SCE).”

Although the radical anions of quinone derivatives are common intermediates in natural and
synthetic photochemical energy storage,'* they have not yet been applied as photocatalysts

for reductive transformations. As the excited states of radical anions act as powerful

[12-13,28-29,31]

reductants, we envisioned that anthraquinone derivatives could be employed for the

photoredox catalytic reduction of aryl halide substrates, including challenging aryl chlorides,

to obtain aryl radicals for metal-free dehalogenation reactions>*™" or for synthetically

2,32,36-38]

important carbon—carbon!' bond-forming reactions. Such catalytic photoredox

[12-13,32-39]

methods are valuable alternatives to well-established transition-metal-based activation



techniques. Herein, we report the use of 1,8-dihydroxyanthraquinone as a photocatalyst to

forge new C—C bonds starting from bench-stable aryl halides under visible-light irradiation.

2.2 Results and Discussion

We began our investigations with methyl 2-bromobenzoate (1a) as a test substrate and 1,8-
dihydroxyanthraquinone as photoredox catalyst. A mixture of 1a, AqQ-OH (10 mol%) and
Et:N (1.0 equiv., as a sacrificial electron donor and hydrogen atom donor, see below) was

irradiated in  N,N-dimethylformamide (DMF) with a blue light-emitting diode

Table 2-1. Control reactions and optimization of the photoredox catalytic reduction conditions with
methyl 2-bromobenzoate (1a) as a test substrate.?

Yield [%]

Entry Donor (equiv.) Catalyst (mol%) Conditions (conversion, %)
Control reactions

1 Et:N (1.0) Aq-OH (10) 455 nm, 24 h 61 (80)
2 EtN (1.0) Aq-OH (10) 455 nm, 48 h 74 (90)
3 - - 455 nm, 48 h 0 (1)e
4 Et:N (1.0) - 455 nm, 48 h =1 (2
5 - Aq-OH (10) 455 nm, 48 h 13 (24)
6 EtN (1.0) Aq-OH (10) Dark, 48 h 0 (0)c
7 Et:N (1.0) Aq-OH (10) 455 nm, 48 h 9 (11)d
Optimization of the reaction condition

8 Et:N (1.0) Aq-OH (2) 455 nm, 24 h 47 (58)
9 Et:N (1.0) Aq-OH (5) 455 nm, 24 h 44 (54)
10 EtN (0.7) Aq-OH (10) 455 nm, 24 h 47 (64)
Different anthraquinone derivatives ¢

11 EtN (1.0) Aq (10) 455 nm, 24 h 35 (62)
12 EtN (1.0) 2-Et-Aq (10) 455 nm, 24 h 34 (62)
13 Et:N (1.0) 2-NH>-Aq (10) 455 nm, 24 h 48 (76)
14 EtN (1.0) Aq-NH: (10) 455 nm, 24 h 6 (18)
15 Et:N (1.0) Unisol Blue (10) 455 nm, 24 h 3 (16)
16 Et:N (1.0) Frangulin (10) 455 nm, 24 h 58 (74)

aReactions were performed under nitrogen with la in DMF (1.0 mL) with a blue LED
(Aex = 455 £ 15 nm, See Experimental Part for the reaction setup); b Calculated from GC-FID
analysis (error ca. = 5%) by the internal-standard method (see Experimental Part for details). The
substrate conversion is shown in parenthesis; ¢ The yield is below the GC quantification limit; ¢ The

reaction was performed with 4-bromoanisole as substrate; ¢ See Figure 2-1 A for chemical structures.



(LED, Agx =455 £ 15 nm) for 24 h. Methyl benzoate (2a) was obtained in 61% yield (Table 2-
1, Entry 1)." Continuous irradiation of the same reaction mixture for 48 h gave 2a in 74%
yield along with cz. 90% substrate conversion. Control experiments with the omission of each
of the individual catalytic components confirmed, that the photocatalyst, electron donor, and
most importantly light irradiation are necessary for the dehalogenation reactions to occur
(Table 2-1, Entry 1-6). Among the other derivatives of anthraquinone, including Unisol Blue,
which is used for microscopy, Aq-OH was selected for further experiments because of the
better product yield (¢, Entry 1 and 11-15). Naturally occurring Frangulin A/B, which are
derivatives of 1,8-dihydroxyanthraquinone, perform as well as Aq-OH (Entry 16); therefore,

this core structure has superior catalytic performance.

After the optimization of the reaction conditions (see Table 2-1, Entry 1-2 and 8-10), which
required the simple mixing of aryl halides, commercially available inexpensive Aq-OH, Et;N,
and photoirradiation with blue LEDs under nitrogen, the scope of the method was explored
with different aryl halide substrates. Good-to-excellent photoreduction yields (up to 87%) were
obtained with aryl bromide substrates possessing different functional groups, for example,
—CN, -CO:Me (-0, —m, and —p), -CHO, —COMe, and —CONH. (see Figure 2-2) which
highlights the mild reaction conditions employed. Using bromobenzene resulted in poor
product yield indicative for its very challenging reduction potential. The yield increased with
iodobenzene as the substrate (25%); the reduction of 4-iodotoluene proceeded in 27% yield,
and the reduction of 4'-iodoacetophenone proceeded in 60% yield. Aryl chloride substrates
with suitable reduction potentials (e.g., 2-chlorobenzonitrile) could also be activated by this
catalytic method. However, aryl halide substrates with very high reduction potentials (e.g., 4-
bromoanisole) could not be activated effectively for synthetically useful transformations and
demonstrate the limitations of the substrate scope. The photoredox catalytic SET
dehalogenation reactions proceed ziz a radical mechanism, as strongly supported by the

[32,42]

experimental results and recent reports. Additionally, reaction mixtures containing 4'-

bromoacetophenone and 2-bromobenzonitrile were irradiated in the presence of 1,1-

[43-44

diphenylethylene, which is a radical scavenger,**! and the coupling products 3n and 30 + 3p
were obtained in 42% and 58% isolated yields (see Figure 2-2 and the Experimental Part for

further details). These results provide further evidence for the radical nature of the reaction.
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** The reaction was performed with 4-lodotoluene

Figure 2-2. Yields for photoredox catalytic reductions and C—C bond forming reactions with aryl halide
substrates (Ar—X; X =1, Br, CI). For the photoreduction reactions, the substrate conversions after 48 h are shown

in parentheses (also see the Experimental Part).

We explored the photoredox catalytic generation of aryl radicals from their respective halides
for C-C bond-forming reactions with arenes, heteroarenes, and unsaturated double bonds.
The main challenge in this case, is the competing hydrogen atom abstraction by the reactive
aryl radicals either from the radical cation of the amine or from the solvent. This undesired
side-reaction causes the formation of the defunctionalized substrate and was also observed for
other photoredox catalytic C—H arylation reactions of aryl halides.*"****7* However, when
a reaction mixture containing 2-bromobenzonitrile, Aq-OH, N,N-diisopropylethylamine
(DIPEA) and benzene was irradiated with blue LEDs, the desired product 3m was obtained
in 14% yield." Similarly, when furan and thiophene were introduced as the radical trapping

reagents, the desired products 3k and 31 were obtained in useful yields. Note that thiophene



and furan efficiently trap aryl radicals under photoredox conditions in redox-neutral reactions,
in which the excited state of the photocatalyst transfers an electron to the aryl radical precursor
and no sacrificial electron donor is necessary (e.g., the photoredox catalytic generation of aryl

radicals from their respective diazonium salts).!""*”
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Figure 2-3. (A) Changes in the absorption spectra of AqQ-OH upon photoirradiation (Agx = 455 + 15 nm) in the
presence of EtsN under Nz in DMF. The green and blue arrows indicate the absorption maxima of Aq-OH™-
and Aq-OH-H-, respectively. For the photoirradiation experiment in DMSO see Figure S2-2. (B) Changes in the
fluorescence spectra of 1,8-dihydroxyanthraquinone semiquinone anion (Aq-OH-H-) upon the successive
addition of 1a (test substrate). In the inset, the changes to the absorption spectra of Aq-OH-H~ upon the
successive addition of 1a are shown. (C) Alternate luminescence quenching titration plots of Aq-OH-H~ with 4-
bromoanisole (green curves) and 2-bromo-4-(trifluoromethyl)pyridine (blue curves). In the inset, the changes to
the absorption spectra of Aq-OH-H- upon the addition of 2-bromo-4-(trifluoromethyl)pyridine and 4-
bromoanisole are shown. (D) Stern-Volmer quenching plots of Aq-OH-H~ with 1a and 2-bromo-4-(trifluoro-
methyl)pyridine and the fluorescence response (in this case, intensity) of Aq-OH-H~ upon the alternating
addition of 2-bromo-4-(trifluoromethyl)pyridine and 4-bromoanisole (see the mechanism section and the
Experimental Part for more details). (E) The chemical structures of photo- and redox-active species of Aq-OH
are depicted along with their reported absorption maxima.l?’]



However, they consistently fail to trap aryl radicals generated from the respective aryl halides
under other reported photoredox catalytic conditions. For instance, it has recently been
reported that thiophene and furan fail to trap 2-benzothiazole radicals generated through SET
from the respective bromides under photoredox catalytic conditions in the presence of
Jac-1t(ppy)s (ppy = 2-phenylpyridine) and R3N as an electron donor.” The reason for this is
still unclear and needs further detailed investigations. The Aq-OH photoredox catalytic system
enables the C—H arylation of thiophene and furan, albeit in low isolated yields of ¢a. 20%.
When 1,3,5-trimethoxybenzene, a substituted arene, was used as a trapping reagent for the 2-
cyanophenyl radical, the desired product was obtained in 60% isolated yield. For pyrrole
derivatives as trapping reagents, the C—H arylated products were isolated in moderate-to-good
yields. Notably, also unprotected pyrrole reacts smoothly with the aryl radicals. All investigated
heterocycles (i.e., furan, thiophene, and pyrrole derivatives) were selectively arylated at the 2-
position (¢, Figure 2-2). The C-H functionalization reaction of 1,1-diphenylethylene with 2-
bromobenzonitrile gave 3n in 42% yield. 4'-Bromoacetophenone gave a mixture of 30 and 3p
in 58% isolated yield and this result confirmed that both the hydrogen atom abstraction and
the oxidation reaction occur after the aryl radical addition step (see Figure S2-3). The C-H
arylation reactions were also effective for aryl chlorides as the precursors of the aryl radicals.

Utilizing 2-chlorobenzonitrile resulted in the formation of 3e-3g in good isolated yields.

The presence of different photo- and redox-active species (including all intermediates in the
reaction mixture) under the synthetic reaction conditions and the challenges of performing
spectroscopic and electrochemical experiments under non-idealized reaction conditions do not
allow us to report a complete mechanism. However, on the basis of previous reports?*>+
and spectroscopic investigations (see Figures 2-1 and 2-3 and the Experimental Part), a
proposed mechanism is depicted in Figure 2-4. The reaction did not yield any photoreduction
products (see Table 2-1, Entry 6) or C—H arylated products in the dark. No luminescence
quenching of Aq-OH in presence of 1a indicates that the excited state of Aq-OH is not
responsible for the initiation of the SET to the aryl halides (Figure S2-1). Upon visible-light
excitation, the excited state of Aq-OH is quenched by Et;N to generate the radical anion
Aq-OH"™ (and the radical cation of EtN, ze, Et:N™) which forms the semiquinone,

Aq-OH-H", through protonation and successive reduction (or zice versa through consecutive

ot coupled steps). The presence of both Aq-OH™ and Aq-OH-H" species was confirmed by



the irradiation of a mixture of Aq-OH and Et;N under nitrogen in DMF and dimethyl
sulfoxide (DMSO, see Figures 2-3 A and S2-2). Notably, the electron transfer from the
ground-state radical anion of anthraquinone or the semiquinone anion to the aryl halide
substrates is thermodynamically unlikely owing to their intrinsically low ground-state potentials

(o, E'(Aq-OH/Aq-OH"~ = —0.5 V »s. SCE and ref.l'").
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Figure 2-4. Proposed mechanism for the photoredox catalytic cycle for the photoreduction of aryl halides and
C—C bond-forming reactions with suitable trapping reagents.

The semiquinone anion Aq-OH-H" could be generated chemically in the presence of NaxS,O4
under nitrogen atmosphere (see Figure 2-1) and showed luminescence.***"! The absorption
spectrum of Aq-OH-H™ did not change upon addition of 1a, but the Aq-OH-H
luminescence was significantly quenched (Figure 2-3). The luminescence of Aq-OH-H™ was
also quenched in the presence of 2-bromo-4-(trifluoromethyl)pyridine (another investigated
substrate), but no significant change was observed when 4-bromoanisole (a substrate that is
difficult to activate under the photoredox catalytic conditions) was added. A competitive

quenching experiment (see Figure 2-3), in which 2-bromo-4-(trifluoromethyl)pyridine and 4-



bromoanisole were added alternately, gave the expected luminescence responses |[i.e., when 4-
bromoanisole was added the luminescence remained unaltered, but the luminescence was
quenched when 2-bromo-4-(trifluoromethyl)pyridine was added to the same solution|. Thus,
we propose an electron transfer from the photoexcited radical anion Aq-OH™ to the

investigated aryl halide. Previous work®?’l

on the luminescence quenching of the excited state
of Aq" by aryl halides supports this assumption. Initiated by the SET to aryl halides (Ar—X,
X = Cl, Br, and I), the generated radical anion subsequently fragments to yield aryl radicals
that either (1) abstract a hydrogen atom from the radical cation of RsN (e, EcN™ or
DIPEA™) or from the solvent molecules (in this case, DMF or DMSO) to yield the reduction
product or (2) react with (hetero)arenes or unsaturated double bonds to yield the
corresponding C—C coupling products after oxidation and release of a proton (Figure 2-4).
Gas chromatography—mass spectrometry (GC—-MS) analysis of the crude product mixture
confirmed the formation of diethylamine (see Figure S2-3). During the photoreaction, Aq-
OH degrades. Such bleaching is often observed in photoredox catalytic reactions with organic
dyes*™ or transition-metal photocatalysts./*” In addition, the formation of substituted Aq-OH
from a reaction with the aryl radicals was observed.”” These photoproducts can continue to

participate in the photoredox transformations.®”

2.3 Conclusion

Radical anions and semiquinone anions of anthraquinones, a class of quinoid compounds, gain
sufficient redox energy under visible-light irradiation to perform synthetically challenging
reductive transformations. 1,8-Dihydroxyanthraquinone (Aq-OH) forms its colored radical
anion and semiquinone anion upon visible-light irradiation in the presence of R;N under
nitrogen atmosphere. The radical anion and the semiquinone anion are excited by visible light
and transfer a single electron to aryl halides, which react in dehalogenation or C—C bond
forming reactions. We believe that the described results will pave the way to a broader use of
commercially available and inexpensive anthraquinone derivatives in synthetic photoredox

catalysis for reductive transformations.



2.4 Experimental Part

2.4.1 General Information

Aryl halides, investigated anthraquinone-derivatives and Unisol Blue were commercially
available and used without further purification unless otherwise stated. Spectroscopic grade
DMF and DMSO were dried with 3 A molecular sieves following a reported procedure.®!
Thin-layer chromatography was performed using silica gel plates 60 F254: Visualization was
accomplished with short wavelength UV light (254 nm) and near UV light (366 nm) sources.
Standard flash chromatography was performed on a Biotage® Isolera™ Spektra automated
with high performance flash purification system using silica gel of particle size 40—63 um or a
reverse column (specification: Biotage® SNAP KP-C18-HS). 'H- and "C-NMR spectra wete
recorded on Bruker Avance spectrometers (300 MHz and 75 MHz or 400 MHz and 101 MHz)
in CDCl; or DMSO-d6 solution with internal solvent signal as reference (7.26 and 77.0, 2.50
and 39.4, respectively). Proton NMR data are reported as follows: chemical shift (ppm),
multiplicity (s = singlet, d = doublet, t = triplet, ¢ = quartet, quint = quintet, sext = sextet,
hept = heptet, dd = doublet of doublets, ddd = doublet of doublets of doublets, td = triplet
of doublets, qd = quartet of doublets, m = multiplet, br. s. = broad singlet), coupling constants
(Hz) and numbers of protons. Data for "C-NMR are reported in terms of chemical shift and
no special nomenclature is used for equivalent carbons. High resolution mass spectra (HRMS)
were obtained from the central analytic mass spectrometry facilities of the Faculty of Chemistry
and Pharmacy, Regensburg University and are reported according to the IUPAC
recommendations 2013. Gas chromatography (GC) and gas chromatography coupled to low-
resolution mass spectrometry (GC-MS) analysis were performed using a capillary column
(Iength: 30 m; diam. 0.25 mm; film: 0.25 um) using He gas as carrier. GC was equipped with
an FID detector. GC-MS was performed on 5975 MSD single quadruple detector. Reduction
products were identified by comparing with authentic samples (GC-FID and GC-MS).
Quantification of reduction products was performed by GC-FID by the internal standard
method. UV-Vis and fluorescence measurements were performed with Agilent Cary 100 UV—
Vis spectrophotometer and Horiba FluoroMax-4 spectrofluorometer, respectively.
Electrochemical studies were carried out under argon atmosphere. The measurements were
performed in dimethylformamide (DMF) containing 0.1 M tetra-»-butylammonium
tetrafluoroborate using ferrocene/ferrocenium (Fc/Fc®) as an internal reference. A glassy

carbon electrode (working electrode), platinum wire counter electrode, and Ag quasi-reference



electrode were employed. Spectroelectrochemical studies were carried out in an optically
transparent thin layer electrochemical cell (OTTLE). Photoirradiation experiments were
followed by UV-vis spectroscopy and performed in a fluorescence cuvette with a stirring bar
and a blue LED (1 = 455 nm (£ 15 nm) was used at a right angle with respect to the UV—vis
detector. Photoreduction and C—H arylation reactions were performed with 455 nm LEDs

(OSRAM Oslon SSL 80 royal-blue LEDs (4 = 455 nm (+ 15 nm), 3.5 V, 700 mA).

2.4.2 General Procedures

2.4.2.1 General procedure for the photoreduction of aryl halides (Method A)

In a5 mL snap vial equipped with a magnetic stirring bar, the respective aryl halide (0.1 mmol,
1.0 equiv) and catalyst (0.01 mmol, 0.10 equiv.) were dissolved in dry DMF (total volume of
the solution 1.0 mL) and the resulting mixture was degassed (2X) with a syringe needle.
Triethylamine (0.10 mmol, 1.0 equiv.) was added under N, and the reaction mixture was
irradiated through the plane bottom side of the snap vial at 40 °C with a LED (A = 455 nm).
The reaction progress was monitored by GC-FID analysis. The yields of the reduction

products were determined from GC measurements with appropriate internal standards.

2.4.2.2 General procedure for C—H arylation reactions (Method B)

In a 5 mL snap vial equipped with a magnetic stirring bar, the aryl halide (0.2 mmol, 1.0 equiv.)
and Aq-OH (0.02 mmol, 0.1 equiv) were dissolved in dry DMSO (total volume of the solution
1.0 mL), and the resulting mixture was degassed with a syringe needle. DIPEA (0.20—
0.40 mmol, 1-2 equiv.) and the corresponding trapping reagent (4.0-6.0 mmol, 20-30 equiv.)
were added under Ny and the reaction mixture was irradiated through the plane bottom side
of the snap vial at 25 °C with a blue LED (A = 455 nm) for the time reported. The reaction
progress was monitored by GC analysis until full conversion was obtained or the reaction
slowed down significantly. For work-up, one of the two following procedures was used: (1)
The reaction mixture was transferred into a separating funnel and distilled water (10 mL) and
brine (2 mL) were added. The resulting mixture was extracted with ethyl acetate (3X10 mL).
The combined organic layers were dried over MgSO,, filtered and concentrated 7 vacuo. Silica
gel (ca. 1.0 g) was added to prepare the dry load for column chromatography. (2) The reaction

mixture was transferred into a flask and DMSO was partially evaporated (¢z. 0.5 mL) under



reduced pressure. Ethyl acetate (10 mL) and silica gel (¢cz. 1.0 g) were added to prepare the dry
load for column chromatography. In both methods, purification was achieved by flash column

chromatography with petrol ether/ethyl acetate as the eluent.

2.4.3 Supporting Spectroscopic Investigations

Preparation of 1,8-dihydroxyanthraquinone semiquinone anion (Aq-OH-H") for
spectroscopic investigations: In a 15 mL snap vial, a concentrated solution (¢z. 0.01 M) of
1,8-dihydroxy-9,10-anthraquinone (Aq-OH) was prepared in DMSO or DMF. From this
solution, a dilute solution of . 2.5X10~ M was prepared and degassed by syringe needle. The
dilute solution was poured in a cuvette with a septum screw cap and degassed again by syringe
needle. Formation of semiquinone anion Aq-OH-H™ was performed in the cuvette by
addition (ca. 10 ul) of freshly prepared (used within . 10—20 mins) aqueous solution of
N2:5:0;4 (ca. 0.1 M) according to eq. S1.

®
Na
OH O OH oH & OH
O‘O + NaHSO, + NaHSO; — + NaHSO; + SO, (eq. S1)
o} OH
Aq-OH Aq-OH-H™

Preparation of aqueous solution of Na,S;04: In a 10 mL snap vial, NaxS:0O4 (260 mg) was
weighed in and degassed by syringe needle. Then degassed water (15 mL) was added by syringe

and the solution was used immediately.
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Figure S2-1. Changes in the fluorescence spectra of 1,8-dihydroxyanthraquinone (Aq-OH)
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respectively.



2.4.4 Detailed proposed Mechanism

A detailed proposed mechanism for the photocatalyzed dehalogenation and C—H arylation of

aryl halides in presence of 1,8-dihydroxyanthraquinone as catalyst is depicted in Figure S2-3.
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Figure S2-3. Detailed catalytic cycle proposed for the Aq-OH-catalyzed photoreduction of aryl halides and C—
H arylation reactions using aryl halides.



2.4.5 Characterization of the Products

Methyl 3-(1-methyl-1H-pyrrol-2-yl)benzoate (3a)

/
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0
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The compound was prepared according to the general procedure using methyl 3-
bromobenzoate (44.6 mg, 0.2 mmol, 1 equiv.), 1,8-dihydroxy-9,10-anthraquinone (4.8 mg,
0.02 mmol, 10 mol%), N-methylpyrrole (0.36 mL, 4 mmol, 20 equiv.)) and
diisopropylethylamine (70 pL, 0.4 mmol, 2 equiv.). 90% conversion was obtained after 62 h.
Method B(1) was used for work-up. Colorless oil. 'H-NMR (300 MHz, CDCls): 8.09 (¢, ] =
1.6 Hz, 1H), 7.98 — 7.95 (m, 1H), 7.61 — 7.58 (m, 1H), 7.47 (t, ] = 7.7 Hz, 1H), 6.75 — 6.74 (m,
1H), 6.29 (dd, J = 3.6, 1.5 Hz, 1H), 6.23 — 6.21 (m, 1H), 3.94 (s, 3H), 3.69 (s, 3H). *"C-NMR
(75 MHz, CDCl;) 6 167.0, 133.6, 133.5, 132.9, 130.3, 129.5, 128.5, 127.7, 124.24, 109.3, 108.0,

52.2, 35.2. Data is in accordance with literature.!'”

4-(1-Methyl-1H-pyrrol-2-yl)acetophenone (3b)
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The compound was prepared according to the general procedure using 4-bromoacetophenone
(40.4 mg, 0.2 mmol, 1equiv.), 1,8-dihydroxy-9,10-anthraquinone (4.8 mg, 0.02 mmol,
10 mol%), N-methylpyrrole (0.36 mL, 4 mmol, 20 equiv.) and diisopropylethylamine (70 uL,
0.4 mmol, 2 equiv.). Full conversion was obtained after 96 h. Method B(2) was used for work-
up. Yellow oil. 'H-NMR (300 MHz, CDCls): § 7.99 (d, ] = 8.5 Hz, 2H), 7.50 (d, ] = 8.5 Hz,
2H), 6.78 — 6.77 (m, 1H), 6.35 (dd, ] = 3.6, 1.8 Hz, 1H), 6.23 (dd, | = 3.5, 2.8 Hz, 1H), 3.73 (s,
3H), 2.63 (s, 3H). *C-NMR (75 MHz, CDCls): 8 197.6, 137.9, 134.9, 133.4, 128.6, 128.0, 125.3,
110.2, 108.4, 35.5, 26.6. Data is in accordance with literature.!”



2-(1-Methyl-1H-pyrrol-2-yl)benzaldehyde (3c)
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The compound was prepared according to the general procedure using 2-bromobenzaldehyde
(36.4 mg, 0.2mmol, 1equiv.), 1,8-dihydroxy-9,10-anthraquinone (4.8 mg, 0.02 mmol,
10 mol%), N-methylpyrrole (0.36 mL, 4 mmol, 20 equiv.) and diisopropylethylamine (70 uL,
0.4 mmol, 2 equiv.). Full conversion was obtained after 48 h. Method B(1) was used for work-
up. Yellow oil (compound gets dark brown with exposition to air). 'H-NMR (300 MHz,
CDCls) 6 9.93 (d, ] = 0.6 Hz, 1H), 8.02 (dd, ] = 7.8, 1.0 Hz, 1H), 7.63 (td, ] = 7.5, 1.4 Hz, 1H),
7.51 = 7.41 (m, 2H), 6.81 — 6.80 (m, 1H), 6.27 — 6.25 (m, 1H), 6.20 (dd, ] = 3.6, 1.8 Hz, 1H),
3.52 (s, 3H). 'H-NMR (400 MHz, DMSO-de) 8 9.83 (d, ] = 0.6 Hz, 1H), 7.89 (dd, ] = 7.7, 0.8
Hz, 1H), 7.73 (td, ] = 7.5, 1.5 Hz, 1H), 7.59 — 7.52 (m, 2H), 6.99 — 6.96 (m, 1H), 6.16 (dd, | =
3.5,2.7 Hz, 1H), 6.11 (dd, ] = 3.6, 1.8 Hz, 1H), 3.52 (s, 3H). "C-NMR (101 MHz, DMSO-d;)
8 191.9,136.0, 134.5, 133.5, 131.4, 127.9, 127.8, 127.1, 124.8, 113.0, 107.6, 34.3. HRMS (EI):
calculated for M* C,Hi1NO™ 185.0835; found 185.0836.

2-(1-Methyl-1H-pyrrol-2-yl)benzamide (3d)

The compound was prepared according to the general procedure using 2-bromobenzamide
(42.6 mg, 0.2mmol, 1equiv.), 1,8-dihydroxy-9,10-anthraquinone (4.8 mg, 0.02 mmol,
10 mol%), N-methylpyrrole (0.36 mL, 4 mmol, 20 equiv.) and diisopropylethylamine (70 pL,
0.4 mmol, 2 equiv.). 80% conversion was obtained after 96 h. Method B(2) was used for work-
up. Yellow solid. "H-NMR (300 MHz, CDCl3) 8 8.08 — 8.05 (m, 1H), 7.56 — 7.47 (m, 2H),
7.39 —7.33 (m, 1H), 6.77 (t, ] = 2.1 Hz, 1H), 6.23 — 6.20 (m, 2H), 5.67 (bs, 1H, NH), 5.55 (bs,
1H, NH), 3.37 (s, 3H).



BC-NMR (75 MHz, CDCL) 8 169.9, 134.1, 132.0, 131.4, 131.2, 131.1, 130.1, 128.7, 123.7,
108.9, 108.1, 34.2. HRMS (ESI): calculated for [M+H]" CpH;sN,O® 201.1022; found
201.1026.

2-(1-Methyl-1 H-pyrrol-2-yl)benzonitrile (3e)

-0

\

The compound was prepared according to the general procedure using 2-bromobenzonitrile
(36.4 mg, 0.2 mmol, 1equiv.), 1,8-dihydroxy-9,10-anthraquinone (4.8 mg, 0.02 mmol,
10 mol%), N-methylpyrrole (0.36 mL, 4 mmol, 20 equiv.) and diisopropylethylamine (35 uL,
0.2 mmol, 1 equiv.). Full conversion was obtained after16 h. Method B(2) was used for work-
up. White solid. '"H-NMR (300 MHz, CDCls): 8 7.75-7.73 (m, 1H), 7.64 — 7.59 (m, 1H), 7.45
—7.38 (m, 2H), 6.81 — 6.79 (m, 1H), 6.41 (dd, ] = 3.7, 1.7 Hz, 1H), 6.25 (dd, ] = 3.7, 2.7 Hz,
1H), 3.62 (s, 3H). "C-NMR (75 MHz, CDCly): 8 135.8, 132.5,131.3, 129.8, 128.9, 126.4, 123.8,
117.6, 111.8,110.4, 107.3, 33.8. Data is in accordance with literature.*

2-(1H-Pytrol-2-yl)benzonitrile (3f)
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The compound was prepared according to the general procedure using 2-chlorobenzonitrile
(13.7 mg, 0.1 mmol, 1 equiv.), 1,8-dihydroxy-9,10-anthraquinone (2.4 mg, 0.01 mmol,
10 mol%), pyrrole (0.15 mL, 2 mmol, 20 equiv.) and diisopropylethylamine (35 uL, 0.2 mmol,
2 equiv.). Full conversion was obtained after 24 h. For isolation four identical reaction were
combined. Method B(2) was used for work-up. Brown solid. 'H-NMR (300 MHz, DMSO-dj)
8 11.52 (s, 1H), 7.85 = 7.78 (m, 1H), 7.74 — 7.67 (m, 2H), 7.35 (ddd, ] = 7.9, 6.0, 2.6 Hz, 1H),
7.02 (td, J = 2.7, 1.5 Hz, 1H), 6.85 (ddd, | = 3.7, 2.7, 1.4 Hz, 1H), 6.23 (dt, ] = 3.6, 2.5 Hz,
1H). "C-NMR (75 MHz, DMSO-dy) & 135.6, 134.4, 133.4, 127.3, 126.4, 126.1, 121.3, 119.5,

109.6, 109.5, 106.5. Data is in accordance with literature.



2-(2,4,6-Trimethoxybenzen-1-yl)benzonitrile (3g)
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The compound was prepared according to the general procedure using 2-chlorobenzonitrile
(13.7mg, 0.1 mmol, 1 equiv.), 1,8-dihydroxy-9,10-anthraquinone (2.4 mg, 0.02 mmol,
10 mol%), 1,3,5-trimethoxybenzene (336 mg, 2 mmol, 20 equiv.) and diisopropylethylamine
(35 uL, 0.2 mmol, 2 equiv.). Full conversion was obtained after 24 h. Method B(1) was used
for work-up. Yellow solid. 'H-NMR (300 MHz, CDCl3) & 7.70 (dd, ] = 7.7, 0.8 Hz, 1H), 7.58
(td, ] = 7.8, 1.4 Hz, 1H), 7.41 — 7.34 (m, 2H), 6.23 (s, 2H), 3.87 (s, 3H), 3.75 (s, 6H). *C-NMR
(75 MHz, CDCls) 6 162.0, 158.4, 138.9, 132.7, 132.7, 132.0, 127.1, 119.1, 114.9, 108.7, 91.0,

55.9, 55.5. Data is in accordance with literature."

2-(1-Methyl-1H-pytrol-2-yl)-4-(trifluoromethyl)pyridine (3h)
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W
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The compound was prepared according to the general procedure using 2-bromopyridine
(44.5 mg, 0.2 mmol, 1equiv.), 1,8-dihydroxy-9,10-anthraquinone (4.8 mg, 0.02 mmol,
10 mol%), N-methylpyrrole (0.36 mL, 4 mmol, 20 equiv.) and diisopropylethylamine (70 uL,
0.4 mmol, 2 equiv.). Full conversion was obtained after 48h. Method B(1) was used for work-
up. Yellow oil. 'H-NMR (300 MHz, CDCl3) 8 8.70 (d, ] = 5.1 Hz, 1H), 7.74 (s, 1H), 7.26 (dd,
J=52,1.0 Hz 1H), 6.82 - 6.76 (m, 1H), 6.71 (dd, ] = 3.9, 1.8 Hz, 1H ), 6.22 (dd, ] = 3.9, 2.6
Hz, 1H), 4.03 (s, 3H). "C-NMR (75 MHz, CDCl;) & 153.8, 149.6, 138.6 (q, /" = 33.7 Hz),
131.1,127.8,123.0 (g, /" = 273.1 Hz), 116.6 (q, J" = 3.8 Hz), 115.2 (q, J*" = 3.4 Hz), 112.2,
108.2, 37.4. PF-NMR (282 MHz, CDCl;) & —65.52. HRMS (EI): calculated for M*
Ci1HioFsN2O™ 226.0710; found 226.0704.



1-Methyl-2-(4-tolyl)-1 H-pyrrole (3i)
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The compound was prepared according to the general procedure using 4-iodotoluene
(44.1 mg, 0.2 mmol, 1equiv.), 1,8-dihydroxy-9,10-anthraquinone (4.8 mg, 0.02 mmol,
10 mol%), N-methylpyrrole (0.36 mL, 4 mmol, 20 equiv.) and diisopropylethylamine (70 uL,
0.4 mmol, 2 equiv.). 80% conversion was obtained after 120 h. Method B(1) was used for
work-up. Colotless oil. 'H-NMR (300 MHz, CDCl3) 8 7.62 (dd, ] = 7.5, 1.1 Hz, 1H), 7.52 (td,
J=7.5,1.5Hz, 1H), 7.46 — 7.37 (m, 2H), 6.76 — 6.75 (m, 1H), 6.23 — 6.21 (m, 1H), 6.14 (dd, |
= 3.5, 1.6 Hz, 1H), 3.42 (s, 3H), 1.93 (s, 3H). Data is in accordance with literature.”

4-(1-Methyl-1 H-pytrol-2-yl)acetophenone (3j)
)
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The compound was prepared according to the general procedure using 4-bromoacetophenone
(40.0 mg, 0.2 mmol, 1equiv.), 1,8-dihydroxy-9,10-anthraquinone (4.8 mg, 0.02 mmol,
10 mol%), 1-phenylpyrrole (570 mg, 4 mmol, 20 equiv.) and diisopropylethylamine (70 uL,
0.4 mmol, 2 equiv.). Full conversion was obtained after 96 h. Method B(2) was used for work-
up. Pale yellow solid. 'H-NMR (300 MHz, CDCl;) § 7.81 — 7.78 (m, 2H), 7.34 (t, ] = 5.2 Hz,
3H), 7.21 — 7.17 (m, 4H), 6.99 (dd, ] = 2.7, 1.7 Hz, 1H), 6.57 (dd, ] = 3.6, 1.7 Hz, 1H), 6.40
(dd, ] = 3.5, 3.0 Hz, 1H), 2.55 (s, 3H). Data is in accordance with literature."



2-(Furan-2-yl)benzonitrile (3k)
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The compound was prepared according to the general procedure using 2-bromobenzonitrile
(19.4 mg, 0.1 mmol, 1 equiv.), 1,8-dihydroxy-9,10-anthraquinone (2.4 mg, 0.01 mmol,
10 mol%), furan (220 pL, 3.0 mmol, 30 equiv.) and diisopropylethylamine (35 uL, 0.2 mmol,
2 equiv.). Full conversion was obtained after 24h. Method B(2) was used for work-up. 'H-
NMR (300 MHz, CDCl;) 8 7.90 (d, ] = 8.1 Hz, 1H), 7.70 (d, /] = 7.7 Hz, 1H), 7.65 — 7.59 (m,
1H), 7.56 (d, ] = 1.4 Hz, 1H), 7.36 — 7.31 (m, 2H), 6.57 (dd, ] = 3.5, 1.7 Hz, 1H). Data is in

accordance with literature.

2-(Thiophen-2-yl)benzonitrile (31)
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The compound was prepared according to the general procedure using 2-bromobenzonitrile
(18.7 mg, 0.1 mmol, 1 equiv.), 1,8-dihydroxy-9,10-anthraquinone (2.4 mg, 0.01 mmol,
10 mol%), thiophene (240 uL, 3.0 mmol, 30 equiv.) and diisopropylethylamine (35 uL,
0.2 mmol, 2 equiv.). Full conversion was obtained after 24h. Method B(2) was used for work-
up. 'H-NMR (300 MHz, CDCl3) 8 7.70 (d, ] = 8.2 Hz, 1H), 7.60 — 7.52 (m, 3H), 7.40 (dd, |
=5.1,1.1 Hz, 1H), 7.34 (ddd, | = 7.7, 6.8, 2.0 Hz, 1H), 7.12 (dd, ] = 5.1, 3.7 Hz, 1H). Data is

in accordance with literature.””



[1,1'-Biphenyl]-2-carbonitrile (3m)

NC

The compound was prepared according to the general procedure using 2-bromobenzonitrile
(379 mg, 0.2mmol, 1equiv.), 1,8-dihydroxy-9,10-anthraquinone (4.8 mg, 0.02 mmol,
10 mol%), benzene (540 ul,, 6.1 mmol, 30 equiv.) and diisopropylethylamine (70 uL,
0.4 mmol, 2 equiv.). Full conversion was obtained after 24 h. Method B(1) was used for work-
up. 'H-NMR (300 MHz, CDCly) 8 7.79 — 7.76 (m, 1H), 7.65(td, | = 7.7, 1.4 Hz, 1H), 7.59 —

7.42 (m, 7H). Data is in accordance with literature.”’!

2-(2,2-Diphenylvinyl)benzonitrile (3n)

The compound was prepared according to the general procedure using 2-bromobenzonitrile
(37.9 mg, 0.2 mmol, 1equiv.), 1,8-dihydroxy-9,10-anthraquinone (4.8 mg, 0.02 mmol,
10 mol%), 1,1-diphenylethylene (176 uL, 1.0 mmol, 5 equiv.) and diisopropylethylamine
(35 ul,, 0.2 mmol, 1 equiv.). Full conversion was obtained after 24 h. Method B(2) was used
for work-up. '"H-NMR (300 MHz, CDCl;) & 7.61 (dd, ] = 6.3, 2.9 Hz, 1H), 7.38 — 7.15 (m,
13H), 6.94 — 6.90 (m, 1H). Data is in accordance with literature."



4-(2,2-Diphenylvinyl)acetophenone (30)

The compound was prepared according to the general procedure using 4-bromoacetophenone
(20.8 mg, 0.1 mmol, 1 equiv.), 1,8-dihydroxy-9,10-anthraquinone (2.4 mg, 0.01 mmol,
10 mol%), 1,1-diphenylethylene (176 puL, 1.0 mmol, 10 equiv.) and diisopropylethylamine
(35 pl, 0.2 mmol, 2 equiv.). Full conversion was obtained after 96 h. Method B(2) was used
for work-up. White solid. 'H-NMR (300 MHz, CDCls) 8 7.72 (d, | = 8.4 Hz, 2H), 7.36 — 7.33
(m, 8H), 7.21 — 7.17 (m, 2H), 7.09 (d, ] = 8.3 Hz, 2H), 6.99 (s, 1H), 2.53 (s, 3H). Data is in

accordance with literature.

2.4.6 NMR Spectra

The corresponding NMR spectra of the compounds 3a-o are included in the Appendix (see

section 7.2).
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CHAPTER 3

3 Utilizing Excited State Organic Anions for Photoredox
Catalysis: Activation of (Hetero)aryl Chlorides by visible
light-absorbing 9-Anthrolate Anions
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Abstract

he tricyclic aromatic ketone 9-anthrone and its derivatives are under basic

conditions in equilibrium with their corresponding anionic forms. Unlike the

neutral species, the 9-anthrolate anions can be excited by blue LED light, which
turns them into strong photoreductants and thus, are able to initiate photoinduced electron
transfer (PET) reactions. To demonstrate the synthetic applicability of the catalytic system,
various (hetero)aryl chlorides were converted in C-C and C-Het bond-forming reactions
yielding the corresponding arylation products in moderate to excellent yield. The reactions
proceed under very mild conditions without the need for a sacrifical electron donor. Besides
9-anthrone, other closely related derivatives were synthesized and investigated concerning their
ability to catalyze demanding reductive transformations. Based on spectroscopic findings and

radical trapping experiments a conceivable mechanism is proposed.



3.1 Introduction

Within the past few years, photoredox catalysis evolved into a versatile tool in organic
synthesis. In that course, the photoreduction of aryl halides to generate highly reactive aryl
radicals has emerged as a valuable transition-metal-free alternative to the well-established Pd-

-8 The formation of complex molecules starting

and Rh-catalyzed C—H activation chemistry.
from cheap, readily available and bench-stable starting materials has always been an important
request in synthetic organic chemistry. Among (hetero)aryl halides, in particular chloroarenes
can be considered as such reagents and thus, approaches to activate the C(sp”)—Cl bond are of
great interest. However, converting (hetero)aryl chlorides to forge new bonds upon mesolytic
cleavage is still challenging, as the bond-dissociation energy (e.g. Ar—Cl; BDE = 407 kJ-mol™)
is high and reduction potentials are usually difficult to reach using commonly employed
photocatalysts.>'" To expand the accessible substrate scope in photoredox chemistry towards
less activated molecules, the development of photocatalytic systems with stronger reducing

power is required. In this context, several synthetically useful, mild and transition-metal-free

strategies have recently been reported and among others, two are discussed in here.

(I) Using a photocatalyst with large S1<—S0 band gap: the group of de Alaniz showed
that activated aryl chlorides can be reduced by using 10-phenylphenothiazine (PTH) which
possesses a very large S1—S0 band gap and is therefore able to convert high energy photons

into redox equivalents (hex = 380 nm, hewm = 445 nm; Eg, = —2.1 V 25. SCE).'!

Very recently a modified carbazole scaffold was reported to act as a strong reductant
(Egx = —2.75 V vs. SCE),” which converted both unactivated aryl and alkyl chlorides (using
UVA-LEDs) to their corresponding dechlorinated products in good yields. However, C—C
bond-forming reactions with less activated aryl chlorides and electron rich pyrroles (or
benzene) were achieved only in low yields. Altering the reaction conditions to elevated
temperature (90 °C), high excess of trapping reagent and by using an inorganic base instead of
a typical amine electron donor, DIPEA, led to slightly improved yields of C—H arylated

products.

(II) Consecutive photoinduced electron transfer (conPET) process: recently, our group
demonstrated that the reduction power of a photocatalyst can be easily enhanced by using the
energy of two photons in one catalytic cycle. Perylene diimide (PDI) was used as a

photocatalyst and the excitation of the ground state radical anion (PDI"", generated zn-situ via a



photoinduced electron transfer process, Scheme 3-1) led to the formation of a strongly
reducing doublet excited state (i.e., PDI™") capable of activating acceptor substituted aryl
halides for C-H arylation reactions.'"? In this effort, we also demonstrated that the use of
rhodamine 6G under very similar reaction conditions allows for activating electron rich aryl

1314 However, only a few examples of aryl chlorides

bromides in C—C bond-forming reactions.
are discussed and electron rich pyrrole derivatives or isocyanides were mainly used as trapping

reagents.
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Scheme 3-1. Overview of discussed activation strategies: (I) Using a photocatalyst with large S1—S0 band gap;
(I) Two-photon-process (conPET); (bottom) concept for excitation of visible light-absorbing organic anions and

the structures of the herein examined photocatalysts.

In this work we report a series of visible-light absorbing anionic ground state photocatalysts 1
(Scheme 3-1) that act as strong reducing agents from their photoexcited states. We got inspired
by literature reports in which the excited states of cationic organic dyes, such as 9-mesityl-10-
methylacridinium perchlorate or triphenylpyrylium tetrafluoroborate, have been utilized

5171 \We envisioned that

frequently as powerful single electron accepting photocatalysts.
photoexcited anions of organic molecules accordingly may act as very strong electron donors.

Additionally, intermediates of a PET between excited anionic donor and neutral ground state



acceptor are free of electrostatic attraction resulting in an accelerated separation of the radical
pair and hence, could decrease the rate of back electron transfer (BET) events to render
reactions more efficient.”®™ To the best of our knowledge, organic anions are a barely
explored class of photoredox catalysts® > and thus, we examined 9-anthrolate and some
derivatives as visible light-absorbing anionic photocatalysts which enable the activation of
several aryl and heteroaryl chlorides 2z a photoinduced electron transfer process for C(sp?)—C

and C(sp’)~heteroatom bond-forming reactions.

3.2 Results and Discussion

In solution, 9-anthrone (1a) is present in a tautomeric equilibrium and the keto-enol ratio
strongly depends on the hydrogen bonding ability of the solvent. A value of Kot = 1.6%1 in
DMSO is reported for 1a, e both forms are coexistent in considerable amount.” Hence, a
gain in energy due to aromatic stabilization by forming the enol 9-anthrole is less pronounced
compared to phenol. Furthermore, resonance stabilization of 9-anthrolate 2a is pivotal for the
distinct acidity of 1a.**?% Under basic conditions 9-anthrone is known to get deprotonated'”
(¢, "H-NMR spectra, Figure 3-1) and the resulting anionic species possesses an altered
absorption spectrum with a prominent maximum around 400 nm and a new broad absorption
band in the visible region ranging from 410 to 560 nm (Figure 3-1).”” Thus, working in alkaline
solution allows for the photoexcitation of 9-anthrolate (2a) with blue LED (455 nm) light. To
our delight, the examined enolate 2a turned out to be emissive, which allowed us to record its
emission spectrum and to determine the luminescence lifetime (T = 18.7 ns, see Experimental
Part) of the chromophore in a time-dependent experiment. Additional data regarding
photophysical and electrochemical properties of considered anthrone derivatives, including
compound 1b, which has been used almost exclusively for synthetic reactions, are provided in

the Experimental Part.
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Figure 3-1. (top) Stacked '"H-NMR spectra in presence (blue) and absence (orange) of base. Integration over
signals suggests the formation of the anion in presence of base; (bottom) UV-Vis spectra of 9-anthrone (1a,
50 uM) in absence (orange) and presence (blue) of Cs2COs, Spectra were recorded in a gastight quartz cuvette
(1010 mm) under N3 atmosphere in dry degassed DMSO.

3.2.1 Screening of Catalysts

With these spectroscopic data in hand, we began our synthetic investigations using methyl 4-
chlorobenzoate 3a (0.1 mmol) as model substrate, N-methylpyrrole 4a (1.5 mmol) as trapping
reagent, which has recently been reported to trap aryl radicals efficiently, and catalytic amounts
of 1a-h (10 mol% w.r.t. 3a). To activate the chromophore, caesium carbonate was added as
base and reactions were carried out under nitrogen atmosphere as anthrolate anions 2 are prone
28]

to oxidation in presence of air.” The yield of coupling product 5a was determined by

calibrated GC-FID analysis with biphenyl as internal standard. All anthrone derivatives (1a-1h,



see Scheme 3-1 for the respective chemical structures) investigated herein, were effective in

catalyzing the model reaction and the desired product was obtained in moderate to good yields

(Table 3-1, Entry 1-8).

Table 3-1. Catalyst screening and control reactions.

1 (10 mol%) NN
/@/CI \® Cs,CO;5 (2 eq.) N \\
+ X degassed DMSO
MeO,C (0.1M), N;, 4550 Me0,C
3a 4a 25°C, 18h 5a

Entry PC Conversion? [%0] Yield= %]
1 1a 85 66
2 1b 91 77
3 1c 78 64
4 1d 100 79
5 le 100 81
6 1f 69 54
7 1g 100 84
8 1h 85 65
9b 1b 15 0
10¢ 1b 6 6
114 - 47 22

Reaction conditions: A mixture containing of substrate 3a (0.1 mmol), catalyst 1
(10 mol% w.r.t. 3a) and Cs2CO; (0.2 mmol) was dissolved in dry, degassed DMSO
(1 mL) in a sealed snap vial equipped with stirring bar and under N> atmosphere. 4a
(1.5 mmol) was added viz syringe needle. While stirring the reaction was exposed to
LED light (455 nm) for 18 hours; 2 Yield and conversion were determined by calibrated
GC-FID analysis with internal standard method; P reaction was examined in the dark;
¢ reaction in absence of Cs>CO3; 4 reaction without catalyst.

When 1a was used as photocatalyst, the desired C—H arylated product was obtained in 66%
yield. Other derivatives such as 1c and 1h gave very similar yields, and product formation
dropped slightly when 1f was used as a photocatalyst. It is worth mentioning here, that the
intention behind synthesizing the compounds 1c and 1h was to introduce steric hindrance into
the 10-position of the molecule bearing a bulky phenyl or cyclohexanone residue. Nicewicz ef
al. reported that Mes-Acr-Me" and its reduced radical species are shielded by the sterically
demanding mesityl group against nucleophilic and radical addition and thus diminish the

bleaching of the dye."! However, no enhancement in catalytic activity could be noticed



compared to the unsubstituted 9-anthrone. Efforts to synthesize 10-mesityl-9-anthrone
remained unsuccessful. The use of 10-bromo-9-anthrone (1b) as photocatalyst increased the
product yield to 77% and showed an enhanced selectivity towards the desired coupling product
(¢, Table 3-1, Entry 1-2). Other employed anthrone derivatives for example the dimer of
anthrone 1d or the nitrogen analogue 1e, gave very similar yields with respect to 1b. The highest
yield of 84% was obtained by using the electron rich tetramethoxy anthrone 1g (Entry 7)
however, it is not commercially available and is typically prepared in a three-step synthesis.
Hence, we continued using 1b, which is easily obtained from the commercially available 9-
anthrone zia bromination, for further reaction optimization and synthetic investigations. The
control reactions in the dark (Entry 9) or in the absence of base (Entry 10) gave no or only
traces of the product 5a. Interestingly, a detectable amount of product (22%, Entry 11) was
formed when the reaction mixture was irradiated only in presence of Cs;COs (2.0 equiv.). Very
recently, Rossi ez al. proposed the formation of a dimsyl anion as a key intermediate in the
initiation step of photoinduced base-promoted homolytic aromatic substitution reactions (¢f.,
Section 1.3.7, Chapter 1).””) According to their report, strong bases such as KOBu or NaH
can facilitate electron transfer reactions in DMSO under visible-light irradiation. However, the
authors have also reported that the use of Cs,CO; or KbCO; did not allow for substrate
conversion and hence may not be able to generate dimsyl anions. To get more insights, the
reaction progress was monitored in absence and presence of 1b by GC-FID (Table S3-1,
Experimental Part). The obtained results indicate an induction period with almost no
detectable amount of product formed within the first hours and only little substrate conversion
after 2 hours of irradiation. After 4 hours, a small amount of product was formed, however,
the reaction rate in presence of 1b was significantly faster accompanied by higher selectivity

towards 5a."

3.2.2 Optimization of the Reaction Conditions

The polarity of the solvent seems to play a crucial role as the product formation was observed
in aprotic polar solvents such as DMSO, DMF or MeCN, whereas no substrate conversion
was detected in less polar methylene chloride. Among the aprotic polar solvents, DMSO was
found to be the most suitable one under our reaction conditions. Therefore, the optimization
reactions were carried out in DMSO under nitrogen atmosphere using 1b as a photocatalyst,”"

3a as the model substrate and 4a as trapping reagent and were examined in the presence of a



broad range of inorganic or organic bases and additive. The results are summarized in Table

3-2.

Table 3-2. Optimization of the reaction conditions.
1b (10 mol%) N \
/@/CI \N® base, additive _ ~
+ X degassed DMSO o
MeO,C (0.1M), No, 455nm  Me0,C
25°C

3a 4a 5a

1b Base Additive Time Yield
Entry [mol%] [equiv.] [equiv.] [h] [%0]
1 10 2 (Cs2C03) - 18 77 (91)
2 10 1 (Cs2C0O3) - 18 47 (79)
3 10 1.2 (Cs2C0O3) 0.6 (18c0) 18 95b
4 5 1.2 (Cs2CO3) 0.6 (18¢0) 18 92 (98)
5 20 1.2 (Cs2C0O3) 0.6 (18c0) 18 88 (94)
6 10 2 (Li2CO»3) - 18 0 (0)
7 10 2 (NaCO3) - 18 4 (13)
8 10 2 (K2CO3) - 18 47 (53)
9 10 2 (K5POy) - 18 46 (70)
10 10 2 (NaAsc) - 18 2(2
11 10 1.2 (TMG) - 18 42 (63)
12 10 1.2 (DBU) - 18 35 (65)
13 10 1.2 (DABCO) - 18 0 (0)
14 10 1.2 (Cs2C0O3) 0.6 (18c6) 10 79 (88)
15¢ 10 1.2 (Cs2C0O3) 0.6 (18c0) 18 8 (31)
164 10 1.2 (Cs2C0O3) 0.6 (18c6) 18 30 (51)
17 10 1.2 (Cs2C0O3) 0.6 (18c6) 18 34 (59)
18 ef 10 1.2 (Cs2C0O3) 0.6 (18c0) 18 83 (100)

Reaction conditions: A mixture containing of substrate 3a (0.1 mmol), catalyst 1b, Cs2CO3 and
additive was dissolved in dry, degassed DMSO (1 mL) in a sealed snap vial equipped with stirring bar
and under Nz atmosphere. 4a (1.5 mmol) was added iz syringe needle. While stirring the reaction was
exposed to LED light (455 nm); ? yields were determined by calibrated GC-FID analysis with internal
standard method, numbers in parenthesis refer to the conversion of 3a; Pisolated yield; © 1 equiv. of
4a was used; ¢ green LED (535 nm) was used as irradiation source, however radiant flux is lowered by
a factor of 8 compared to blue LED (see Experimental Part); ¢ reactions were run in air; f catalyst le
was used.

Interestingly, the use of Li>COs did not allow product formation (Table 3-2, Entry 6), however,

detectable amounts of product were obtained when Na,COs or sodium ascorbate (NaAsc)



were used as bases (Entry 7 and 10). The product yield increased in reasonable amount in the
presence of KbCOs or KsPO, (Entry 8-9). Under similar reaction conditions, the use of Cs,CO;
led to 77% product formation. Employing strong non-nucleophilic organic bases, such as
tetramethylguanidine (TMG) or 1,8-diazabicyclo[5.4.0Jundec-7-ene did not increase the yield
of the desired product, although they are completely soluble in DMSO. The weaker amine
base triethylenediamine (DABCO) resulted in no product formation (Entry 11-13).

With respect to the amount of base: it is not only necessary to activate the catalyst, but
furthermore to neutralize the HCI formed in the course of the reaction. Hence, lowering the
amount of Cs;CO; to only one equivalent with reference to 3a, caused a decrease in product
yield to 47% (Entry 2). Carbonates are pootly soluble in DMSO. However, adding crown ether
(18-crown-6, ¢f., Table 3-3) increases both solubility and reactivity of the carbonate base in
DMSO and the product could be isolated in excellent yield (95%). Simultaneously, it allowed
to reduce the amount of base to 1.2 equivalents (Table 3-2, Entry 3). Under these reaction
conditions, a doubling of the catalyst loading to 20 mol% had a detrimental effect on the
reaction outcome but a catalyst loading as low as 5 mol% resulted in only slightly decreased
yield (¢f, Entry 3-5). The product yield and substrate conversion dropped however
significantly, when we tried to employ N-methylpyrrole (4a) in stoichiometric amount (for
further details see Table S3-2 in the Experimental Part).’” From the recorded UV-vis spectrum
of 1b in presence of base (Figure S3-2, Experimental Part) it is evident, that excitation should
also occur with less-energetic and more economical light sources. To provide evidence, we
examined a reaction using a weak green light LED (535 nm, Entry 16) which also resulted in
product formation. Anthrolate anions 2 are known to get oxidized in presence of air. However,
acridanone 1le, the oxidized acridine, is less reactive towards oxygen in alkaline media.
Reactions in air revealed a significant decrease in product yield using catalyst 1b, whereas a

remarkably catalytic activity was found for acridanone (le) even under non-inert atmosphere

(Entry 17-18).

3.2.3 Scope of Chlorinated Substrates for C—H Arylation

Under the optimized reaction conditions (Table 3-2, Entry 3), a range of aryl and biologically
important heteroaryl chlorides could be effectively converted in coupling reactions. The

isolated yields are summarized in Table 3-3.



Table 3-3. Scope of (hetero)aryl chlorides.

1b (10 mol%) Ny
/ Cs,CO4 \

Cl N 18-crown-6
SA) R - rQ
/ degassed DMSO

(0.1 M), Ny, 455 nm

25°C,18h

3 4a 5
N N
NN NN N \
NS N NS
R
CF, CN
0 5e, 52%
R=p-CO,Me, 5a, 95% R=Me, 5¢, 36% 71%2 (1a) 5f, 92%
R=0-CO,Me, 5b, 51% R=H, 5d, 15% 36%2 (1e)

50%2 (1g)

N
NN
| N\ x NC S
I |

59, 84%" R=CN, 5h, 95% 5k, 99% 51, 67%
R=CO,Me, 5i, 78%
R=H, 5§, 35%° (1e)

\ \N i\ N o —~N o
MeONrS N P | h A N
Yy N P 7| J

N S N

/\ CN ,
N
/

—Z P
7 Sz

5m, 65% 5n, 61% 50, 91% 5p, 47%

j N/ \\ DA M

N__CO,Me N : (\o/\| :

C

e NG 5

e ' '

. o} :

5q-0x, 53% 5q-red, 40% 5r, 9%° (1g) : K/ \) '

\ J SR .
~

5q9, 93%

Reaction conditions: A mixture containing of substrate 3 (0.1 mmol), catalyst 1b (10 mol% w.r.t. 3) crown
ether (0.06 mmol) and Cs2CO; (0.12 mmol) in a sealed snap vial equipped with stirring bar and under N2
atmosphere, was dissolved in dry, degassed DMSO (1 mL) and 4a (1.5 mmol) was added vz syringe
needle. While stirring, the reaction was exposed to LED light (455 nm) for 18 hours from the plane
bottom side of the vial; 2 Catalyst 1 given in parenthesis was used instead of 1b.? Only the disubstituted

product was obtained; ©2.0 mmol 4a, 0.2 mmol Cs2COs3, 0.1 mmol crown ether and 20 mol% le were
used. Reaction was irradiated for 24 h. 4 Methyl (Z)-a-chlorocinnamate was used as substrate and products
5q-ox and 5q-red could be isolated separately. ¢ Catalyst 1g (15 mol% w.r.t. 3) and slightly increased

amount of Cs2COs3 (2.0 mmol) were used. The reaction was irradiated for 41 h.



When 4a is used as a trapping reagent, the direct C—H arylated products using methyl
chlorobenzoates (5a and 5b) were obtained in 95% and 51% isolated yield. 2-
Chlorobenzonitrile was readily converted to give the desired biaryl 5f in excellent 92%.
Interestingly, 2,6-dichlorobenzonitrile (3g) gave the twofold arylated product in 84% isolated
yield with excellent selectivity towards the difunctionalized product.” Our developed reaction
conditions allowed for the activation of 2-chlorobenzotrifluoride (3e), which was found to be
challenging (for CV measurements see Experimental Part). Nevertheless, the C—H arylation
product 5e could be isolated in 52% yield. Notably, when employing catalyst 1a the isolated
yield could be increased reasonably to 71% (Table 3-3, 5e). 4-chloroacetophenone (3¢) and 4-
chlorobenzaldehyde (3d) possess very similar reduction potentials with respect to methyl
benzoate 32" however, are less tolerated and give the corresponding coupling products in
reasonable to low 36% and 15% yield." Arylated heteroarenes constitute an important
structural motif in material and pharmaceutical sciences due to their optoelectronic and

P Hence, we were pleased to see that arylated derivatives of 3-

biological properties.
cyanopyridine are formed in excellent 95% and 99% yield (5h, 5k). The presence of an electron
withdrawing group attached to the pyridine ring facilitates the product formation however,
under slightly altered reaction conditions (see Table 3-3, 5j) we were also able to transform
unsubstituted 2-chloropyridine (Erq = —2.40 V 25. SCE, see Experimental Part). Chlorinated
thiophenes, trifluoromethylpyridine and chloroquinoline gave the desired products in 65%-
67%, 61% and 91% isolated yield respectively. Chloroquinoline 30 gave the arylated product
in excellent yield. The chlorinated thienopyrimidine is also useful as a substrate providing 5p
in 47% yield. Notably, the heteroarene-functionalized thienopyrimidines have been shown to
possess a vatiety of interesting biological properties.” Our photocatalytic protocol also allows
cascade bond forming processes providing interesting tricyclic compounds, for example 5q, in
almost quantitative yield. Notably, such cascade reactions were previously reported by Reiser

and co-workers,?**

using vinyl halides as the precursors for vinyl radicals. A poor yield of the
C—H arylated product 5r was obtained in presence of catalyst 1g which can be attributed to
the very low reduction potential of 4-chloroanisole (Ewa = —2.88 V 25. SCE) and thus, defines

the limitation of the method.”



3.2.4 Scope of Tolerated Trapping Reagents

Depending on the aryl halide employed, the arylation reactions with 4a led to product
formation in poor to excellent yields. From previous work it is known that electron deficient

aryl radicals react readily with electron rich counterparts./'>*!

Table 3-4. Scope of suitable trapping agents.

1b (10 mol%)

Cl 032003
+  Trap 18-crown-6 _ @ Trap
degassed DMSO o

0.1 mmol 3-20 eq. (0.1 M), Ny, 455 nm
3 4 25°C, 18 h 6
NC
f \ NC

NCr _ _

= / ~

0 © W

OMe

p-CN, 6a, 49%2 6c, 21% (24h) 6d, 34% (24h) 6e, 33% (24h)
0-CN, 6b, 62%" 16%C (1a)

37%C (1e)
28%° (1g)

S RINC |
® N O\NW@

X=C, 6f, 41% (22h) 6h, 15% (24h) R=CN, 6i, 47%¢ 6k, 38%°
X=N, 6g, 48%9 (22h) R=CO,Me, 6], 37%'

NC J NC
T T,
)O’P\\O B

61, 50% 6m, 31%' 6n, 75% 60, 39%°9

Reaction conditions: A mixtute containing of substrate 3' (0.1 mmol), catalyst 1b (10 mol% w.r.t. 3")
crown ether (0.06 mmol) and Cs2CO; (0.12 mmol) in a sealed snap vial equipped with stirring bar and
under N2 atmosphere, was dissolved in dry, degassed DMSO (1 mL). Trapping agent 4' (1.5 mmol)
was added via syringe needle (liquids) or before sealing the snap vial (solids). While stirring, the reaction
was exposed to LED light (455 nm) for 18 hours (unless otherwise stated) from the plane bottom side
of the vial; * 2.0 mmol of furan was used; > Cs2CO; (0.3 mmol), perylene (0.01 mmol) and DIPEA
(50 mol%) were used; © Catalyst 1 given in parenthesis was used instead of 1b. 44'f (1.0 mmol), Cs2CO3
(0.3 mmol) and DIPEA (25 mol%) were used; ©isocyanide (0.5 mmol) was used; fisocyanide
(0.3 mmol) was used; & compound was not isolated, yield determined by crude NMR with internal
standard method.



Furthermore, isocyanides are reported to react with aryl radicals."** In contrast to activation
strategy (II) mentioned in the introductory part, no sacrificial electron donor is necessary under
the reaction conditions discussed in this work. Hence, excluding sacrificial electron donors like
tertiary amines, which are efficient H-atom donors once oxidized to their radical cations, might
throttle the predominant side reaction causing the dehalogenated, reduced substrate. We
envisioned that this enables the use of less reactive agents as coupling partners, ze. furans,
thiophens or even benzenes. C—H arylation reactions of furan and thiophene using aryl
sulfonyl chlorides™ or aryl diazonium salts™ are well known and the desired heterocyclic
products could be obtained in good yields. However, it has been realized that such
heteroarenes are poor trapping reagents under reductive reaction conditions (typically in the
presence of a sacrificial electron donor) using (hetero)aryl bromides or chlorides as substrates.
Consequently, photoredox catalytic protocols to functionalize furan or thiophene using aryl
halides are barely reported.l” Interestingly, that has also been realized when the amine donor
was used in sub-stoichiometric amount. To our delight, the developed catalytic protocol
allows for a variety of heteroarene functionalization: For example, when furan was used as
trapping reagent the C—H arylated products were isolated in 49% and 62% yields respectively
(6a,6b)."! Similarly, thiophene (6d) or alkoxy-substituted heteroatenes (6¢, 6€) gave the
desired products in moderate yield. Compound 6d was also obtained when other derivatives
of catalyst 1 were employed. In case of 1-phenylpyrrole (4'f) the excess amount of trapping
agent was reduced (10 eq. w. 1. to 3). The corresponding coupling products (6f, 6g) nonetheless
could be isolated in reasonable yield. Aromatic hydrocarbons, such as benzene, mesitylene, or
p-xylene gave the corresponding C—H arylated product (example 6h), however a low substrate
conversion was observed. Recently, efficient trapping and cascade cyclization of aryl radicals
with isocyanobiphenyls and 2-isocyanoaryl thioethers were reported.** Hence, isocyanides
4'i and 4'k were synthesized and reactions with several aryl chlorides were examined.” The
corresponding coupling products 6i-6m could be isolated in moderate to good yield.
Furthermore, aryl phosphonate 6n was obtained in good yield when triethyl phosphite was
used as trapping reagent and in addition, the pinacol ester of the aryl boronic acid 60 was

formed in the presence of bis(pinacolato)diboron.



3.2.5 Mechanistic Investigations

Excited state interactions (eg single electron transfer) between the luminescent catalyst
molecule and a quencher cause a decrease in emission intensity and excited-state lifetime.
Therefore, a steady state and time-resolved fluorescence titration was performed to elucidate

the mechanism of the discussed reaction. The spectroscopic investigations were performed

5000000 - —— 1a (25 pM) + Cs,CO,
+3f (0.5 mM)
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4000000 +3f (5 mM)
+ 3f (12.5 mM)
§ 3000000 - + 3f (25 mM)
=
D
S 2000000
kS
1000000 |
0 -

T T T T T T
450 500 550 600 650 700 750
Wavelength [nm]

10000 ~

1000

Intensitiy [counts]

100 3f [mmol/L]

0 50 100 150 200
Time [ns]

Figure 3-2. (top) Steady-state luminescence quenching of 1a in presence of base. Superimposed
emission spectra at different concentrations of 3f; (bottom) time-resolved luminescence quenching of
1a in presence of base. Stacked luminescence decays at different concentrations of 3f; inset: Stern-

Volmer plot of the time-resolved experiment.



using 1a in presence of a base as fluorophore and 2-chlorobenzonitrile (3f, Er.a = —2.01 V .
SCE) as an emission quencher. Notably, the compound 3f was easily activated in the presence
of 1b to afford the desired coupling product with 4a in 92% isolated yield (¢f, Table 3-3, 5f).
Hence, it is also expected to quench the excited state of anion 2a iz an electron transfer
process. The steady-state fluorescence titration experiment revealed a decrease of emission
intensity upon addition of the substrate 3f (Figure 3-2, top). Moreover, in the time-resolved
study a decline in the excited state lifetime was observed. A Stern-Volmer analysis revealed a
linear correlation indicating a dynamic quenching of the excited 2a by the aryl chloride 3f. In
a control experiment, no quenching, neither in the steady-state nor in the time-resolved
experiment, was found when 2-chloroanisole (Figure S3-5 A, Experimental Part) was added.
Chloroanisole exhibits a very negative reduction potential of —2.83 V z5. SCE and remains
inert both, in C—H arylation reactions and in the quenching experiment in presence of catalyst
la. However, a humble conversion of 4-chloroanisole in presence of the strong

photoreductant 1g was found (¢, Table 3-3, 5r).

1a (5 mol%)
Cs,C0O3 (1.2 equiv.)
DIPEA (0.5 equiv.) 0 \

CEC' EO) TEMPO (1.2 equiv.) ~
+ |
CN

degassed DMSO

0.1 mmol 1.5 mmol (0.1 M), N3, 455 nm CN
, 25°C,18h
3f 4'a 6b
0
4 OO0
_N
o 0
CN CN O\Nc'\

7a 7b 7c

detected by LC-MS detected by LC-MS not detected

Scheme 3-2. (top) Reaction conditions for the TEMPO radical trapping experiment;
(bottom) structural proposals for detected and expected adducts.

Next, we identified radical intermediates in the reaction mixture by trapping experiments
(Scheme 3-2). The persistent radical TEMPO is known to trap other radicals efficiently to
form stable adducts, which can be detected by mass analysis. Adding TEMPO (1.2 equiv.) to
the reaction mixture of 2-chlorobenzonitrile (3f), furan (4'a) and catalyst 1a led, besides the
coupling product 6b, to detectable amounts of TEMPO adducts, which could be assigned to
structures 7a and 7b by LCMS analysis. These findings support the hypothesis of an initial



formed aryl radical (¢f, Scheme 3-2, 7a) and the subsequent radical reaction with the present
(hetero)arene (¢f., 7b). In a control experiment examined in the dark, no TEMPO adducts

could be detected, indicating the photochemical nature of this transformation.
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Scheme 3-3. Proposed photocatalytic mechanism based on experimental findings.

Based on the results obtained in spectroscopic measurements and radical trapping experiments
we propose the following mechanism (Scheme 3-3) for the photocatalyzed coupling reaction
of (hetero)aryl chlorides with hetero(arenes). The visible light-absorbing catalyst 2 is in an acid
base equilibrium with the neutral non-absorbing pre-catalyst 1 (1). UV-vis absorption and
luminescence spectroscopy revealed, that 2 is photoexcited by blue light (2). Emission
quenching studies showed that the excited state of 2a interacts with suitable substrates. We
propose a single electron transfer from the photoexcited anion 2a" to the (hetero)aryl chloride
(3) to form a radical anion of the substrate 3. Upon mesolytic cleavage, the reactive aryl radical
intermediate is released, which is trapped by the (hetero)arene (4) to give a bicyclic radical
intermediate. Walton recently showed that radicals adjacent to certain functional groups cause
a remarkable increase in acidity. Moreover, cyclohexadienyl type radicals formed after addition
of a radical to an (hetero)aromatic ring exhibit an enhanced acidity caused by the neighboring
radical."®* Hence, such compounds are easily deprotonated in presence of base (5) to form a
radical anion intermediate. Regeneration of the oxidized catalyst by single electron transfer

(SET) from the radical anion intermediate provides the desired product 6 and closes the



catalytic cycle (6). The formation of the aryl radical as well as the bicyclic radical intermediate

were confirmed by TEMPO trapping experiments (see Scheme 3-2, 7a and 7b).

3.3 Conclusion

A novel photocatalytic concept based on photoexcitation of an organic anionic ground state
catalyst is reported. Instead of using high-energy light sources or accumulating the energy of
two photons (conPET), we could show, that an initial chemical activation (7.e. deprotonation)
of a ground state molecule followed by subsequent photoexcitation generates a strong anionic
reducing agent, featuring a remarkably long excited state lifetime. The reaction methodology
was used to activate a variety of aryl chlorides and the corresponding C—H arylation or
coupling products were obtained in moderate to excellent yield. Furthermore, the reaction
operates under very mild reaction conditions and avoids the use of sacrificial electron donor
molecules, which are typically required in conPET processes. Thus, the reported metal-free
protocol allows efficient C-C or C-Het bond-forming reactions while using bench-stable

(hetero)aryl chlorides and many applications in organic synthesis can be envisaged.



3.4 Experimental Part

3.4.1 General Information

'H-NMR: The following spectra were measured either on a Bruker Avance 300 (300 MHz)
or on a Bruker Avance 400 (400 MHz). The chemical shifts are given in the unit & (ppm)
relative to chloroform (CDCls, 7.26 ppm) or dimethyl sulfoxide (DMSO-d6, 2.50 ppm). The
coupling constant (J) is given in Hertz (Hz). Definition of the signals: s = singlet, bs = broad
singlet, d = doublet, t = triplet, ¢ = quartet, m = multiplet. The integral above a certain signal
displays the relative amount of hydrogen nuclei. *C-NMR: The following spectra were
measured either on a Bruker Avance 300 (75.5 MHz) or on a Bruker Avance 400 (100.6 MHz).
The chemical shifts are given in the unit 6 (ppm) relative to chloroform (CDCls, 77.16 ppm)
or dimethyl sulfoxide (DMSO-d6, 39.52 ppm). "C-NMR resonance assignment was aided
using DEPT 135 techniques (DEPT = distortion less enhancement by polarization transfer)
to distinguish CH» groups from CH and CHj; groups and to assign quaternary carbons (Co).
PF-NMR: Isolated products containing fluorine were analyzed by fluorine NMR and spectra
were measured on a Bruker Avance 300 (282.4 MHz). *P-NMR: Isolated products containing
phosphorus were analyzed by phosphorus NMR and spectra were measured on a Bruker
Avance 400 (162 MHz). "B-NMR: Isolated products containing boron were analyzed by
boron NMR on a Bruker Avance 400 (128 MHz). Gas chromatography (GC) measurements
were performed on an Agilent Intuvo 9000 GC system coupled to a FID unit. The system was
equipped with a capillary column (HP-5ms Ul, length 30 m, diam. 0.25 mm, film 0.25 um) and
worked with H as cartier gas. GC program: The initial temperature of the GC was set to 40 °C
and kept for 1.5 minutes. Subsequently, the oven temperature was increased at a rate of
25 °C/min. until reaching 280 °C, which was maintained for 3 min. Then, temperature was
further increased (42 °C/min) until reaching 300 °C and final temperature was hold for 5
minutes. Injector temperature was set to 280 °C and temperature of the detecting unit to
310 °C. A split ratio of 30:1 (split flow 42 mL/min) was applied and the column flow was set
to 1.4 mL/min. Low resolution mass analysis was performed on an Agilent 7890A connected
to an Agilent 5975 MSD single quadrupole detector at the organic department of the university
of Regensburg. The system was equipped with a capillary column (HP-5ms, length 30 m, diam.
0.25 mm, film 0.25 um) and worked with He as carrier gas. GC program: The initial
temperature of the GC was set to 40 °C and kept for 3 minutes. Subsequently, the oven

temperature was increased at a rate of 15 °C/min. until reaching 280 °C, which was maintained



for 5 min. Then, temperature was further increased (25 °C/min) until reaching 300 °C and
final temperature was hold for 5 minutes. Injector temperature was set to 280 °C and
temperatute of the detecting unit to 310 °C. A split ratio of 40:1 (split flow 40 mL/min) was
applied and the column flow was set to 1 mL/min. Automated column chromatography
for purification of crude product mixtures was carried out on a Biotage® Isolera One flash
purification system using flash silica gel. Mass spectrometry (MS) was performed in the
Central Analytics Department of the University of Regensburg on a Finnigan MAT 95, an
Agilent Q-TOF 6540 UHD, a Finnigan MAT SSQ 710 A and a ThermoQuest Finnigan TSQ
7000 for the determination of HRMS spectra. Solvents and chemicals: Solvents were
employed either as p.a. grade or dried and distilled prior to use, according to literature known

50

procedures.”’” All commercial purchased chemicals (Sigma Aldrich, Alfa Aesar, Acros, Fluka,
Maybridge, Merck, VWR, TCI) were used as received, without further purification. Air- and
moisture-sensitive syntheses were performed under nitrogen atmosphere in flame dried
glassware. Commercial purchased yellowish N-methylpyrrole 4a was distilled prior to use and
stored in the fridge under nitrogen atmosphere. LEDs: Reaction mixtures were irradiated with
blue LEDs(A = 455% 15 nm, 700 mA, average radiant flux 232 £23 mW) and green LEDs
(A = 535 nm, 700 mA, average radiant flux 29 = 5 mW). Cyclic voltammetry measurements
were examined with a three-electrode system consisting a glassy carbon working electrode, a
platinum wire counter electrode and a silver wire as a reference electrode. Data was processed
on a potentiostat PGSTAT302N from Metrohm Autolab. Prior to the measurement the
solvent DMSO (dry) was degassed with argon and TBATEFB (0.1M) was added as supporting
clectrolyte. All  experiments were performed under argon atmosphere. The
ferrocen/ferrocenium couple was used as an internal reference. Measutements were
performed at a scan rate of 0.05 V-s'. Potentials are reported against saturated calomel
clectrode (SCE) as reference. UV-vis measurements were performed on an Agilent
Technologies Cary Series UV-Vis Spectrophotometer. Prior to measurements a solvent blank
was recorded and subtracted. Precision cells (1 cm X 1 cm) made of quartz SUPRASIL® from
Hellma® Analytics were used. Luminescence measurements were performed on a Horiba®
Scientific FluoroMax-4 instrument using the above-mentioned quartz cells. Luminescence
lifetime measurements were performed on a Horiba® Scientific DeltraPro™ fluorescence
lifetime system using a 452 nm laser diode from Horibe Scientific DeltaDiode™ and above-

mentioned quartz cells.



3.4.2 Synthesis of Catalysts and Reagents

3.4.2.1 Synthesis of Anthrone-catalysts 1
10-Bromoanthracen-9(10 H)-one (1b)

0]

90®

Br

Based on a literature known procedurel; crystalline 9-anthrone was grinded in a mortar to
give a fine powder. A 100 mL round bottom flask equipped with stirring bar was charged with
grinded 9-anthrone (5.0 g, 26 mmol, 1 equiv.) and chloroform (35 mL) was added. To the
stirred suspension Br, (1.3 mL, 25 mmol, 1 equiv., dissolved in 7 mI. CHCl;) was added
dropwise in the dark within 15 minutes. The resulting mixture was vigorously stirred for 2
hours. After that time HBr formation ceased which indicated completion of the reaction. The
crude mixture was concentrated 7z vacuo, filtered off and washed with hexanes (100 mL). The
crude material was further purified by stirring in boiling hexanes to give the title compound as

pale-yellow powder (5.2 g, 74%).

'H-NMR (400 MHz, CDCL3) 8 8.28 (dd, ] = 7.8, 1.4 Hz, 2H), 7.74 — 7.69 (m, 2H), 7.65 (td, |
=7.5,1.5 Hz, 2H), 7.53 (td, ] = 7.6, 1.3 Hz, 2H), 6.64 (s, 1H). BC-NMR (101 MHz, CDCl;)
§183.1, 141.1, 133.7, 131.3, 130.2, 129.4, 128.0, 43.9.

10-Phenylanthracen-9(10 H)-one (1c)

)

90®

Ph

According to a literature known procedure™ a 25 mL two-neck flask equipped with stirring
bar and reflux condenser was charged with 1b (1.0 g, 3.7 mmol, 1 equiv.) and benzene (5 mL)
was added. The resulting mixture was heated to reflux and AlCl; (1.3 g, 9.9 mmol, 2.7 equiv.)
was added in small portions. Upon addition, the yellowish solution turned into dark. After the
addition was finished, the reaction mixture was refluxed for 90 minutes. The solution was

cooled down to room temperature and was poured into diluted aq. HCI (100 mL). The



resulting emulsion was extracted with benzene (3%X25 mL) and the combined organic layers
were washed with NaHCOs, water and brine and dried over Na,SO4. The crude material was
first recrystallized from ethanol and a second time from Et;O. However, NMR spectra of the
recrystallized compound indicated a mixture of compounds. To purify the compound, silica
gel flash column chromatography was examined using a mixture of hexanes and DCM. The

title compound was obtained as a reddish solid (173 mg, 18%).

'H-NMR (300 MHz, CDCl3) 8 8.38 (dd, ] = 7.8, 1.6 Hz, 2H), 7.55 — 7.39 (m, 4H), 7.32 — 7.16
(m, 5H), 7.15 — 7.08 (m, 2H), 5.43 (s, 1H). B*C-NMR (75 MHz, CDCLy) & 184.5, 144.5, 144.3,
133.3,131.2, 129.8, 129.2, 129.0, 127.4, 127.3, 127.0, 48.6.

4,5-Dichloroanthracen-9(10 H)-one (1f)

0O

90®

Cl Cl

Based on a literature known procedure™ a 250 ml. three-necked flask equipped with
condenser and dropping funnel was charged with 1,8-dichloroanthraquinone (2.8 g, 10 mmol,
1 equiv.) and glacial acetic acid (140 mL). The resulting solution was refluxed and over a period
of 3 hours a mixture of SnCl»2H>O (20.3 g, 90 mmol, 9 equiv.) in 37% HCI (38 mL) was added
dropwise. The solution was cooled down to ambient temperature and for complete
crystallization, the reaction was stored overnight in the fridge. The resulting crystals were
filtered off and washed with glacial acetic acid. The crude mixture was purified by silica gel
flash column chromatography (EtOAc/hexanes 8:2) to give the title compound as pale-yellow
needles (530 mg, 20%).

'H-NMR (300 MHz, CDCL) 8 8.29 (dd, ] = 7.9, 1.3 Hz, 2H), 7.71 (dd, ] = 7.9, 1.3 Hz, 2H),
7.53 — 7.40 (m, 2H), 4.24 (s, 2H). BC-NMR (75 MHz, CDCls) 5 182.8 (C,), 137.4 (C,), 134.3
(Cy, 133.8 (CH.,,), 132.9 (C,), 128.2 (CH.,), 126.5 (CH.,), 29.6 (CH.).



2,3,6,7-tetramethoxyanthracen-9(10 H)-one (1g)

0O

MeO OMe

MeO O‘O OMe

(a) Synthesis of 9,10-diethyl-2,3,6,7-tetramethoxyanthracene: Based on a literature known
procedure™ a 250 mL round bottom flask equipped with stirtring bar was charged with conc.
H,SO, (50 mL) and cooled down to 0 °C. Over a period of 20 minutes, a solution of veratrole
(26.6 mlL, 0.2 mol, 1 equiv.), propanal (14.4 mI., 0.2 mol, 1 equiv.) and acetonitrile (10.5 mlL,
0.2 mol, 1 equiv.) was added dropwise while stirring vigorously. Afterwards, the solution was
stirred for 45 minutes at room temperature and poured carefully into 0.5 L of ice water. The
reddish, sticky precipitate formed was filtered off, washed with water and was dried in air. For
further purification, the crude material was recrystallized from MeOH to give the title
compound as pale-yellow powder (1.97 g, 6%). (b) Synthesis of 2,3,6,7-tetramethoxy-9,10-
anthraquinone: Based on a literature known procedure” a 250 mL round bottom flask was
charged with 9,10-diethyl-2,3,6,7-tetramethoxyanhtracene (1.95 g, 5.5 mmol, 1 equiv.) and
K>Cr,0O7 (8.1 g, 27.5 mmol, 5 equiv.). The compounds were suspended in acetic acid (65 mL)
and stirred at 90 °C for 1 h. The mixture was cooled down to room temperature and the
resulting yellow precipitate was filtered off, washed with water and Et20. The residue was
dried in air and the title compound was obtained as yellow powder (0.77 g, 42%). (c) Synthesis
of 2,3,6,7-tetramethoxyanthracen-9(10H)-one: Based on a literature known procedure® an
autoclave equipped with stirring bar was charged with 2,3,6,7-Tetramethoxanthracene-9,10-
dione (351 mg, 1.1 mmol, 1 equiv.) and 10% Pd/C (50 mg). The compounds were suspended
in acetic acid (40 mL) and a hydrogen pressure of approx. 5 bar was applied to the autoclave.
In an oil bath, the reaction mixture was heated to 90 °C and stirred for 1.5 h. After cooling
down to room temperature, the hydrogen pressure was released, and the reaction mixture was
extracted with CHCl; (3%X25 mL). The combined organic layers were washed with 10%
aqueous NaHCO; and brine, dried over NaxSO,4 and concentrated 7z vacuo. The crude mixture
was putified by silica flash column chromatography (DCM/Et20 97:3) to give the

tetramethoxyanthrone 1g as yellow solid (101 mg, 30%).

'H-NMR (300 MHz, CDCl5) & 7.80 (s, 2H), 6.84 (s, 2H), 4.18 (s, 2H), 3.99 (d, ] = 4.8 H,
12H). ®C-NMR (75 MHz, CDCL) 8 182.4 (C,), 153.1 (C,), 148.6 (C,), 135.2 (C), 125.4 (Cy),
109.7 (CH.,), 108.5 (CH.y), 56.3 (CH.,), 32.0 (CH.).



10-(3-Oxocyclohexyl)anthracen-9(10 H)-one (1h)

0]

90®
SN

a 25 mL Schlenk flask equipped with stirring bar and

Based on a literature known procedure™

reflux condenser was put under nitrogen atmosphere and charged with 9-anthrone (500 mg,
2.6 mmol, 1 equiv.), 2-cyclohexen-1-one (1.14g 11.9 mmol 4.6 equiv.), sodium methoxide
(18.3 mg, 0.34 mmol, 0.13 equiv.) and methanol (5 mL). The resulting mixture was heated to
reflux and stirred for 3 hours. After concentrating the crude mixture in vacuum, purification
was accomplished by silica flash column chromatography (hexanes/EtOAc 90:10). Separation
via chromatography was not complete, however recrystallization from EtOH using hot

filtration technique afforded the title compound as white crystals (391 mg, 52%).

'H-NMR (400 MHz, CDCL) & 8.25 (ddd, ] = 7.8, 3.9, 1.4 Hz, 2H), 7.59 (qd, ] = 7.4, 1.5 Hz,
2H), 7.52 — 7.40 (m, 3H), 7.37 (d, J = 7.6 Hz, 1H), 4.19 (d, ] = 3.4 Hz, 1H), 2.24 (dddd, ] =
18.9, 12.3, 4.5, 2.6 Hz, 3H), 2.04 — 1.83 (m, 3H), 1.71 — 1.58 (m, 1H), 1.50 — 1.34 (m, 1H), 1.05
(qd, ] = 12.9, 3.7 Hz, 1H). ®*C-NMR (101 MHz, CDCL) 8 210.6 (Cy), 185.2 (Cy), 142.4 (Cy),
141.9 (Cy), 133.6 (Cy), 132.7 (CH.,), 132.6 (CH.y), 128.8 (CH,,), 128.7 (CH.), 127.7 (CH,,), 127.7
(CH,), 127.5 (CH.,), 127.3 (CH.,), 48.8 (CH), 48.5 (CH), 45.4 (CH.), 41.1 (CH,), 27.7 (CH,),
24.9 (CH,).



3.4.2.2 Synthesis of Compounds used in Photoreactions
Methyl (Z)-2-chloro-3-phenylacrylate (3q)

Cl<__CO,Me

According to a literature known procedure” a flame dried 50 mL. Schlenk flask equipped with
stirring bar and septum stopper was charged with benzaldehyde (1.0 mL, 10 mmol, 1 equiv.),
methyl chloroacetate (0.96 mL, 11 mmol, 1.1 equiv.) and dry DCM (15 mL). To the stirred
mixture, a solution containing TiCls (1.3 mL, 12 mmol, 1.2 equiv.) dissolved in DCM (12 mL,
1.0 M) was added dropwise over a period of 10 minutes and the resulting mixture was stirred
for 30 minutes at room temperature. The flask was placed into a water cooling bath to maintain
a temperature below 30 °C and Et:N (2.8 mL, 20 mmol, 2 equiv.) was added dropwise over a
period of 10 minutes. The reaction was stirred overnight and diluted with DCM (20 mL). The
crude mixture was washed with 1.0 N aq. HCI (15 mL), water and brine. After drying over
Na,SOq, the solution was concentrated 7z vacuo. Purification was done by silica gel flash column
chromatography (hexanes/EtOAc 9:1) to obtain the title compound as white solid (0.57 g,
29%). '"H-NMR (400 MHz, CDCl3) 8 7.92 (s, 1H), 7.87 — 7.82 (m, 2H), 7.48 — 7.40 (m, 3H),
3.91 (s, 3H). "C-NMR (101 MHz, CDCl3) 8 164.1 (Cy), 137.4 (CH), 133.0 (C,), 130.8 (CH.,),
130.4(CH.y), 128.7(CH.y), 121.9 (Cy), 53.5 (CHs).

2-Isocyano-1,1'-biphenyl (4'i, 4'j, 4'm)

o>

(a) Synthesis of N-([1,1'-biphenyl]-2-yl)formamide: According to a literature known
procedure™ a 50 mL round bottom flask equipped with stitring bar was charged with 2-
aminobiphenyl (1.1 g, 6.5 mmol, 1 equiv.) and THF (12 mL) and the resulting mixture was
cooled down to 0 C. Acetic formic anhydride (40 mmol, 6 equiv.) was freshly prepared from
acetic anhydride (3.8 mL, 40 mmol) and formic acid (1.7 mL, 45 mmol) by stirring for 3 hours

at 55 C and added dropwise to the cooled reaction mixture. After stirring at room temperature



for 2 hours, the reaction was quenched with aqueous NaHCO; and extracted with EtOAc
(3%10 mL). The combined organic layers were dried over Na,SO, and concentrated under
reduced pressure. The title compound was obtained as pale-yellow oil and was used without
further purification for subsequent dehydration. (b) Synthesis of 2-isocyano-1,1'-biphenyl:
Based on a literature known procedure!” a flame dried Schlenk flask equipped with stirring bar
and septum stopper was charged under nitrogen with dry THF (12 mL), EtN (5.9 mL,
42 mmol, 7 equiv.) and N-([1,1"-biphenyl]-2-yl)formamide (1.18 g, 6.00 mmol, 1 equiv.) and
the resulting mixture was cooled down to 0 °C. POCI; (0.95 mL, 10.2 mmol, 1.7 equiv.) was
added dropwise over a period of 1 hour zia syringe pump. Afterwards, the reaction mixture
was stirred for 2 hours at 0 °C. The reaction was quenched by adding sat. aqueous solution of
Na,COjs and stirred for 1 hour at room temperature. The solution was extracted with CHCl;3
(3%x10 mL) and the combined organic layers were dried over Na,SO,. The compound was
concentrated under reduced pressure and purified via silica gel flash column chromatography

to obtain the title compound as dark green oil.

'H-NMR (400 MHz, CDCLy) & 7.55 — 7.40 (m, 8H), 7.38 (ddd, J = 7.8, 6.8, 2.2 Hz, 1H).
BC-NMR (101 MHz, CDCly) 8 139.0 (Cy), 137.1 (Cy), 130.7 (CH,»), 129.7 (CH,,), 129.1 (CH,),
128.7 (CH.,), 128.5 (CH.y), 128.3 (CH,,), 128.0 (CH.,).

(2-Isocyanophenyl)(methyl)sulfane (4'k, 4'l)

S<

(L.
(a) Synthesis of N-(2-(methylthio)phenyl)formamide: According to a literature known
procedure!® acetic formic anhydride was freshly prepared from acetic anhydride (3.8 mlL.,
40 mmol) and formic acid (1.7 mL, 45 mmol) by stirring at 55 °C for 3 hours. A 50 mL round
bottom flask equipped with stirring bar and septum stopper was charged with thioaniline
(1.5 g, 10.8 mmol, 1 equiv.) and DCM (20 mL) and the resulting mixture was cooled down to
0 °C. The freshly prepared acetic formic anhydride solution was added dropwise to the stirred
reaction and the resulting mixture was stirred for 3 hours at room temperature. The reaction
was quenched upon adding sat. aqueous Na,COs and was extracted with DCM (3%X25 mL).
The combined organic layers were dried over Na,SOy, filtered and concentrated under reduced

pressure to give the formamide as a slightly yellowish oil, which was used without further



purification in a subsequent dehydration reaction. (b) Synthesis of (2-

42 2 flame dried

Isocyanophenyl)(methyl)sulfane: Based on a literature known procedure
Schlenk flask equipped with stirring bar and septum stopper was charged with N-(2-
(methylthio)phenyl)formamide (1.6 g, 9.5 mmol, 1 equiv.), NEt; (9.3 mL, 66.5 mmol, 7 equiv.)
and dry THF (15 mL). The resulting mixture was cooled down to 0 °C and POCI; (1.5 mL,
16.2 mmol, 1.7 equiv.) was added dropwise over a period of 1 hour iz syringe pump.
Afterwards, the reaction was stirred for 2 hours at 0 °C. The mixture was diluted by adding
EtOAc (15 mL) and slowly quenched with sat. aqueous Na,COs while stirring for 30 minutes.
The crude mixture was extracted with EtOAc (3X10 mL) and the combined organic layers
were dried over Na,SO,, filtered and concentrated under reduced pressure. Purification was

done by silica flash column chromatography (hexanes/EtOAc) to obtain the title compound

as yellow oil with unpleasant odour.

'H-NMR (300 MHz, CDCl3) 8 7.36 (dd, ] = 8.2, 6.7 Hz, 2H), 7.28 — 7.21 (m, 1H), 7.15 (ddd,
] =8.0,7.2, 1.4 Hz, 1H), 2.52 (s, 3H). ®*C-NMR (75 MHz, CDCl3) 8 136.7 (C,), 129.7 (CH.),
127.2 (CH,,), 125.8 (CH.,), 125.3 (CH,,), 15.1 (CH.).

3.4.3 General Procedures for the Photocatalyzed Reactions
3.4.3.1 General Procedure A for the Photocatalyzed Arylation of N-methylpyrrole

1b (10 mol%)
Cs,CO3 (0.12 mmol)

N
cl | N
. N 18-crown-6 (0.06 mmol) ~
@ DMSO (0.1M), N, 25 °C
3 455 nm, 18 h 5
0.1 mmol 1.5 mmol 15-99%

A crimp vial (5 mL) equipped with stirring bar was charged with aryl chloride (0.1 mmol,
1 equiv.) and 10-bromo-9-anthrone (1b, 2.7 mg, 0.010 mmol, 10 mol%). Cesium carbonate
(39.1 mg, 0.12 mmol, 1.2 equiv.) was added, the vial was sealed with a septum cap and
deacrated via syringe needle. The reaction mixture was dissolved in a degassed solution of dry
DMSO and crown ether (1.0 mL, 0.06 M). The reaction vessel was deaerated and flushed with
nitrogen (3X) to exclude oxygen. Distilled pyrrole 4a (133 uL, 1.5 mmol, 15 equiv.) was added
via a gastight Hamilton® syringe and the vials were irradiated from the plane bottom side.
Reaction temperature (25 °C) was maintained constant by employing a water cooling circuit

connected to a thermostat. The reaction progress was monitored by GC-FID analysis. For



isolating compounds 5, the reaction mixtures of three vessels run in parallel were combined.
The crude mixture was washed with aqueous ammonium nitrate and extracted with ethyl
acetate (3X20 mL). The combined organic layers were dried over Na,SO,, filtered and
concentrated 7 vacuo. The crude material was purified by silica flash column chromatography

using mixtures of hexanes and ethyl acetate as mobile phase.

3.43.2 General Procedure B for the Photocatalyzed Arylation of (Hetero)arenes,

Phosphite and Boronate esters

1b (10 mol%)
Cs,CO3 (0.12 mmol)

cl 18-crown-6 (0.06 mmol) >|;~
T - @
DMSO (0.1M), N, 25 °C -
3 & 455 nm, 18h - 24h . X=C, Het
0.1 mmol 0.3-2.0 mmol 15-75%

A crimp vial (5 mL) equipped with stirring bar was charged with aryl chloride (0.1 mmol,
1 equiv.) and 10-bromo-9-anthrone (1b, 2.7 mg, 0.010 mmol, 10 mol%). Cesium carbonate
(39.1 mg, 0.12 mmol, 1.2 equiv.) was added, the vial was sealed with a septum cap and
deaerated zza syringe needle. The reaction mixture was dissolved in a degassed solution of dry
DMSO and crown ether (1.0 mL, 0.06 M). The reaction vessel was deaerated and flushed with
nitrogen (3X) to exclude oxygen. Trapping agent 4' (0.3-2.0 mmol, 3-15 equiv.) was added
either via a gastight Hamilton® syringe (liquids) or was added before sealing the vial (solids).
The vials were irradiated from the plane bottom side. Reaction temperature (25 °C) was
maintained constant by employing a water-cooling circuit connected to a thermostat. The
reaction progress was monitored by GC-FID analysis. For isolating compounds 6, the reaction
mixtures of three vessels were combined. The crude mixture was washed with aqueous
ammonium nitrate and extracted with ethyl acetate (3%X20 mL). The combined organic layers
were dried over Na,SO,, filtered and concentrated 7z vacuno. The crude material was purified by
silica flash column chromatography using mixtures of hexanes and ethyl acetate as mobile

phase.



3.4.4 Characterization of the Products

Methyl 4-(1-methyl-1H-pyrrol-2-yl)benzoate (5a)
\N \
x
MeO,C
Compound was synthesized according to general procedure A using methyl 4-chlorobenzoate
(17.1 mg, 0.1 mmol, 1 equiv.) and could be isolated as a white needles (95%). '"H-NMR (400
MHz, CDCl) 6 8.11 — 8.02 (m, 2H), 7.53 — 7.44 (m, 2H), 6.77 (t, ] = 2.2 Hz, 1H), 6.34 (dd, |
= 3.7,1.8 Hz, 1H), 6.23 (dd, | = 3.7, 2.7 Hz, 1H), 3.94 (s, 3H), 3.72 (s, 3H)."C-NMR (101
MHz, CDCls) 6 167.1,137.9, 133.6, 129.9, 128.0, 128.0, 125.2, 110.2, 108.4, 52.2, 35.5. HRMS
(ESI+): calculated 7/ 3 for CisHiuNO, [M+H) "] 216.1019; found 216.1023. Spectral data is in

accordance with literature.”!

Methyl 2-(1-methyl-1H-pyrrol-2-yl)benzoate (5b)

\N N

S
COsMe

Compound was synthesized according to general procedure A using methyl 2-chlorobenzoate
(17.1 mg, 0.1 mmol, 1 equiv.) and could be isolated as a colotless oil (51%)."H-NMR (300
MHz, CDCls) 8 791 (dd, ] = 7.7, 1.5 Hz, 1H), 7.54 (td, ] = 7.5, 1.5 Hz, 1H), 7.48 — 7.36 (m,
2H), 6.81 — 6.64 (m, 1H), 6.20 (dd, J = 3.6, 2.0 Hz, 1H), 6.08 (d, ] = 3.4 Hz, 1H), 3.74 (s, 3H),
3.41 (s, 3H)."C-NMR (75 MHz, CDCls) & 168.2, 134.0, 132.7, 132.5, 132.0, 131.5, 129.9,
127.9,122.4,108.5, 107.6, 52.4, 34.3. HRMS (ESI+): calculated 72/ for CisHisNO; [M+H) "]
216.1019; found 216.1022 Spectral data is in accordance with literature.”



1-(4-(1-Methyl-1 H-pytrol-2-yl)phenyl)ethan-1-one (5¢)

AN
NN
NN

0]
Compound was synthesized according to general procedure A using 4-chloroacetophenone
(15.5 mg, 0.1 mmol, 1 equiv.) and could be isolated as a yellow solid (36%)."H-NMR (400
MHz, DMSO-dg) 8 8.01 —7.93 (m, 2H), 7.62 — 7.57 (m, 2H), 6.93 (t, ] = 2.2 Hz, 1H), 6.35 (dd,
J=3.7,1.8 Hz, 1H), 6.11 (dd, ] = 3.7, 2.7 Hz, 1H), 3.72 (s, 3H), 2.59 (s, 3H).”C-NMR (101
MHz, DMSO-ds) 8 197.2, 137.4, 134.3, 132.3, 128.5, 127.3, 126.1, 110.1, 107.9, 35.3, 26.6.
HRMS (ESI+): calculated 7/z for CisHiuNO [(M+H)"] 200.107; found 200.1075. Spectral

data is in accordance with literature.””

4-(1-Methyl-1 H-pytrol-2-yl)benzaldehyde (5d)

N

NS

0]
Compound was synthesized according to general procedure A using 4-chlorobenzaldehyde
(14.1 mg, 0.1 mmol, 1 equiv.) and could be isolated as brownish solid (15%)."H-NMR (400
MHz, DMSO-ds) 6 10.00 (s, 1H), 7.94 — 7.90 (m, 2H), 7.71 — 7.66 (m, 2H), 6.95 (t, ] = 2.2 Hz,
1H), 6.40 (dd, J = 3.7, 1.8 Hz, 1H), 6.13 (dd, ] = 3.7, 2.6 Hz, 1H), 3.74 (s, 3H).”C-NMR (101
MHz, DMSO-ds) 8 192.4, 138.6, 133.7, 130.9, 129.8, 127.6, 126.5, 110.6, 108.0, 35.4. HRMS
(ESI+): calculated 72/ 3 for CoHNO [(M+H)™] 186.0913; found 186.0912 Spectral data is in

accordance with literature."”
1-Methyl-2-(2-(trifluoromethyl)phenyl)-1 H-pyrrole (5¢)
N
x
CF;
Compound was synthesized according to general procedure A using 2-chlorobenzotrifluoride

(18.1 mg, 0.1 mmol, 1 equiv.). Deviation of general procedure A: Et;O was used to extract the

crude reaction mixture as the compound is volatile. The title compound could be isolated as a



colotless oil (52%)."H-NMR (300 MHz, CDCl;) § 7.80 — 7.73 (m, 1H), 7.62 — 7.45 (m, 2H),
7.39 (ddt, ] = 7.5, 1.5, 0.7 Hz, 1H), 6.74 — 6.71 (m, 1H), 6.22 (dd, ] = 3.6, 2.7 Hz, 1H), 6.16
(ddd, J = 3.7, 1.8, 0.7 Hz, 1H), 3.38 (s, 3H).?C-NMR (75 MHz, CDCl;) & 133.6, 132.6 (q, ] =
2.1 Hz), 131.2,130.9 (q, ] = 29.2 Hz), 129.6, 128.3, 126.3 (q, ] = 5.2 Hz), 124.0 (q, ] = 274 Hz)
122.4,110.3 (q, ] = 1.7 Hz), 107.4, 34.4.”F-NMR (282 MHz, CDCl3) & -59.8. HRMS (EI):
calculated 72/ 3 for C1oHioFsN [M™] 225.07599; found 225.07593. Spectral data is in accordance

with literature.!®”!

2-(1-Methyl-1 H-pyrrol-2-yl)benzonitrile (5f)
N
N
S
CN
Compound was synthesized according to general procedure A using 2-chlorobenzonitrile
(13.8 mg, 0.1 mmol, 1 equiv.) and could be isolated as a colorless oil (92%)."H-NMR (400
MHz, CDCl;) 8 7.78 — 7.70 (m, 1H), 7.61 (td, ] = 7.7, 1.4 Hz, 1H), 7.47 — 7.36 (m, 2H), 6.83 —
6.76 (m, 1H), 6.41 (dd, ] = 3.7, 1.7 Hz, 1H), 6.25 (dd, ] = 3.7, 2.7 Hz, 1H), 3.61 (s, 3H).”C-
NMR (101 MHz, CDCls) 6 137.1, 133.6, 132.5, 131.0, 130.1, 127.5, 124.9, 118.7, 113.0, 111.6,
108.4, 35.0. HRMS (EI): calculated 7/% for Ci2HioNz [M™] 182.08385; found 182.08344.

Spectral data is in accordance with literature.

2,6-Bis(1-methyl-1 H-pyrrol-2-yl)benzonitrile (5g)
AR D
I \
Compound was synthesized according to general procedure A using 2,6-dichlorobenzonitrile
(17.2 mg, 0.1 mmol, 1 equiv.) and could be isolated as a colorless oil (84%)."H-NMR (300
MHz, CDCls) 8 7.61 (dd, ] = 8.2, 7.3 Hz, 1H), 7.43 — 7.34 (m, 2H), 6.81 (dd, ] = 2.7, 1.8 Hz,
2H), 6.42 (dd, ] = 3.7, 1.8 Hz, 2H), 6.26 (dd, ] = 3.7, 2.7 Hz, 2H), 3.65 (s, 6H)."C-NMR (75
MHz, CDCls) 8 138.2, 131.8, 130.2, 129.7, 124.8, 117.9, 113.5, 111.6, 108.4, 35.0. HRMS (EI):
calculated 7/ % for Ci7HisN3 [M™] 261.12605; found 261.12538. Spectral data is in accordance

with literature.!



6-(1-Methyl-1H-pyrrol-2-yl)nicotinonittile (5h)

Compound was synthesized according to general procedure A using 2-chloro-5-cyanopyridine
(13.9 mg, 0.1 mmol, 1 equiv.) and could be isolated as a pale-yellow solid (95%). 'H-NMR
(400 MHz, CDCl;) 6 8.76 (d, | = 1.6 Hz, 1H), 7.81 (dd, ] = 8.5, 2.2 Hz, 1H), 7.60 (d, ] = 8.4
Hz, 1H), 6.81 (t, ] = 2.2 Hz, 1H), 6.77 (dd, ] = 4.0, 1.8 Hz, 1H), 6.21 (dd, ] = 4.0, 2.6 Hz, 1H),
4.04 (s, 3H). "C-NMR (101 MHz, CDCl3) 8 155.3, 151.9, 138.8, 130.4, 129.4, 120.1, 117.7,
114.1, 108.8, 104.9, 38.2. HRMS (EI): calculated /% for Ci1HoN; [M™] 183.07910; found

183.07852. Spectral data is in accordance with literature.

Methyl 6-(1-methyl-1H-pyrrol-2-yl)nicotinate (5i)

Me0,C~ F

Compound was synthesized according to general procedure A using methyl 6-chloropyridine-
3-carboxylate (13.9 mg, 0.1 mmol, 1 equiv.) and could be isolated as white needles (95%). "H-
NMR (400 MHz, CDCl3) 8 9.13 (d, ] = 1.6 Hz, 1H), 8.19 (dd, J = 8.5, 2.2 Hz, 1H), 7.63 — 7.53
(m, 1H), 6.79 (t, ] = 2.2 Hz, 1H), 6.74 (dd, ] = 3.9, 1.8 Hz, 1H), 6.20 (dd, ] = 3.9, 2.6 Hz, 1H),
4.05 (s, 3H), 3.94 (s, 3H). "C-NMR (101 MHz, CDCl3) 8 166.2, 156.0, 150.3, 137.2, 131.3,
128.4, 121.9, 120.1, 113.1, 108.4, 52.3, 37.8. HRMS (ESI+): calculated /3 for Ci2H13NO»
[M+H)"] 217.0972; found 217.0976.

2-(1-methyl-1 H-pyrrol-2-yl)pyridine (5j)

Compound was synthesized following the general procedure A using 2-chloropyridine
(11.4 mg, 0.1 mmol, 1 equiv.). Deviation from the general procedure: 9(10H)-Acridanone 1e
(3.9 mg, 0.02 mmol, 20 mol%) was used instead of catalyst 1b, 4a (178ulL, 2.0 mmol,
20 equiv.), Cs,CO; (65.2 mg, 0.2 mmol, 2 equiv) and 18-crown-6 (26.4 mg, 0.1 mmol, 1 equiv.)



were used. The reaction was irradiated for 24 hours. The product was obtained as colotless oil
(35%). '"H-NMR (300 MHz, CDCls) & 8.57 (d, ] = 4.2 Hz, 1H), 7.65 (td, ] = 7.9, 1.7 Hz, 1H),
7.53 (d, ] = 8.0 Hz, 1H), 7.08 (ddd, ] = 7.3, 4.9, 1.1 Hz, 1H), 6.79 — 6.69 (m, 1H), 6.58 (dd, J
= 3.7, 1.8 Hz, 1H), 6.19 (dd, ] = 3.7, 2.6 Hz, 1H), 4.00 (s, 3H). *C-NMR (75 MHz, CDCl3) &
152.7, 148.6, 136.4, 132.3, 126.5, 121.6, 120.4, 110.9, 107.8, 37.0. Spectral data in accordance

with literature.®

2-(1-Methyl-1E-pytrol-2-yl)nicotinonitrile (5k)

CN
Compound was synthesized according to general procedure A using 2-chloro-3-cyanopyridine
(13.9 mg, 0.1 mmol, 1 equiv.) and could be isolated as a white solid (99%). "H-NMR (400
MHz, CDCl5) 8 8.73 (dd, ] = 4.8, 1.8 Hz, 1H), 7.98 (dd, ] = 7.9, 1.9 Hz, 1H), 7.17 (dd, ] = 7.9,
4.8 Hz, 1H), 7.08 (dd, ] = 4.0, 1.7 Hz, 1H), 6.82 (dd, ] = 2.6, 1.8 Hz, 1H), 6.24 (dd, ] = 4.0, 2.6
Hz, 1H), 3.91 (s, 3H). "C-NMR (101 MHz, CDCls) 8 153.8(C,), 151.8 (CH...), 142.1 (CH...),
128.5 (Cy), 128.2 (CH...), 119.6 (CH...), 118.4 (Cy), 115.3 (CH...), 108.4 (CH...), 106.2 (Cy), 36.9
(CH;). HRMS (EI): calculated 72/% for CiiHoN3 [M™] 183.07910; found 183.07862. Spectral

data in accordance with literature.®!

5-(1-Methyl-1H-pyrrol-2-yl)thiophene-2-carbonitrile (51
NC s \N
| )—\ |

Compound was synthesized according to general procedure A using 2-acetyl-5-chlorothiopen
(16.1 mg, 0.1 mmol, 1 equiv.) and could be isolated as a pale-yellow solid (65%). 'H-NMR
(400 MHz, CDCl5) 6 7.55 (d, | = 3.9 Hz, 1H), 6.99 (d, ] = 3.9 Hz, 1H), 6.76 (t, ] = 2.2 Hz,
1H), 6.46 (dd, ] = 3.8, 1.8 Hz, 1H), 6.18 (dd, ] = 3.8, 2.7 Hz, 1H), 3.77 (s, 3H). "C-NMR (101
MHz, CDCls) 8 142.8, 138.0, 126.3, 125.3, 123.8, 114.5, 112.2, 108.9, 107.1, 35.7. HRMS (EI):
calculated 7/ % for CioHsN.S [M™] 187.03245; found 187.03263.



1-(5-(1-Methyl-1 H-pyttol-2-yl)thiophen-2-yl)ethan-1-one (5m)

MeOC s \N
HO—J
Compound was synthesized according to general procedure A wusing 5-chloro-2-
thiophencarbonitrile (14.4 mg, 0.1 mmol, 1 equiv.) and could be isolated as an orange oil
(67%). 'H-NMR (400 MHz, CDCl3) & 7.62 (d, ] = 4.0 Hz, 1H), 7.05 (d, ] = 4.0 Hz, 1H), 6.75
(t, ] = 2.2 Hz, 1H), 6.50 (dd, ] = 3.8, 1.7 Hz, 1H), 6.18 (dd, ] = 3.8, 2.7 Hz, 1H), 3.80 (s, 3H),
2.55 (s, 3H). "C-NMR (101 MHz, CDCl;) 8 190.6, 144.0, 141.8, 133.3, 126.9, 126.2, 124.4,
111.7, 108.7, 36.0, 26.6. HRMS (ESI+): calculated 7/z for CiiHiNOS [(M+H)"] 206.0634;

found 206.0637. Spectral data is in accordance with literature.”!

2-(1-Methyl-1H-pytrol-2-yl)-4-(trifluoromethyl)pyridine (5n)

N N\\

B

l 4

CF4
Compound was synthesized according to general procedure A wusing 2-chloro-4-
(trifluormethyl)pyridine (18.2 mg, 0.1 mmol, 1 equiv.). Deviation of general procedure A: Et,O
was used to extract the crude reaction mixture as the compound is volatile. The title compound
could be isolated as colotless oil (61%). 'H-NMR (300 MHz, CDCl;) & 8.70 (d, ] = 5.1 Hz,
1H), 7.75 = 7.70 (m, 1H), 7.26 — 7.22 (m, 1H), 6.78 (t, ] = 2.2 Hz, 1H), 6.69 (dd, ] = 3.9, 1.8
Hz, 1H), 6.21 (dd, | = 3.8, 2.6 Hz, 1H), 4.02 (s, 3H). "C-NMR (75 MHz, CDCl;) § 153.8,
149.6, 138.7 (q, ] = 33.7 Hz), 131.1, 128.5, 123.1 (q, / = 273.1 Hz), 116.7 (q, ] = 3.8 Hz), 115.3
(q, ] = 3.4 Hz), 112.2, 108.2, 37.5. "F-NMR (282 MHz, CDCl;) & -65.5. HRMS (EI):
calculated 72/ 3 for C1iHoF3N, [M"] 225.06341; found 225.06386. Spectral data is in accordance

with literature.



4-(1-Methyl-1H-pyrrol-2-yl)quinoline (50)

QN

\
=z
N

Compound was synthesized according to general procedure A using 4-chloroquinoline
(16.4 mg, 0.1 mmol, 1 equiv.) and could be isolated as a pale orange oil (91%). 'H-NMR (400
MHz, CDCls) 8 8.94 (d, ] = 4.4 Hz, 1H), 8.16 (d, ] = 8.4 Hz, 1H), 7.90 (d, ] = 8.0 Hz, 1H),
7.73 (ddd, ] = 8.4, 6.8, 1.5 Hz, 1H), 7.53 (ddd, J = 8.3, 6.8, 1.3 Hz, 1H), 7.33 (d, | = 4.4 Hz,
1H), 6.90 — 6.83 (m, 1H), 6.37 (dd, ] = 3.6, 1.7 Hz, 1H), 6.35 — 6.30 (m, 1H), 3.50 (s, 3H). *C-
NMR (101 MHz, CDCls) 8 149.9, 148.9, 139.8, 129.9, 129.6, 129.6, 128.0, 126.9, 126.5, 124.5,
122.5, 111.9, 108.4, 35.0. HRMS (EI): calculated 7/% for CiuHpNo [M™7] 208.09927; found

208.09950. Spectral data is in accordance with literature.

4-(1-Methyl-1H-pyrrol-2-yl)thieno[2,3-d]|pyrimidine (5p)

N
SN
/4 | /)
ST N

Compound was synthesized according to general procedure A using 4-chlorothieno[2,3-
dlpytimidine (17.1 mg, 0.1 mmol, 1 equiv.) and could be isolated as white needles (47%).
'H-NMR (400 MHz, CDCl3) 8 9.01 (s, 1H), 7.66 (d, ] = 6.1 Hz, 1H), 7.49 (d, ] = 6.1 Hz, 1H),
6.93 — 6.84 (m, 2H), 6.29 (dd, | = 3.9, 2.6 Hz, 1H), 4.05 (s, 3H). "C-NMR (101 MHz, CDCl;)
3 169.2 (Cy), 153.7 (Cy), 152.7 (CH..), 128.9 (C,), 128.8 (CH.,), 127.1 (C), 126.1 (CH.y), 121.9
(CH.), 116.3 (CH.,), 108.8 (CH..), 37.0 (CHs). HRMS (EI): calculated 7/ 3 for C1iHoNsS [M™];
215.05117 found 215.04981.



Methyl 3-methyl-3 H-benzo[e]indole-4-carboxylate (5q-o0x)

Compound was synthesized according to general procedure A using the vinyl chloride methyl
(£)-2-chloro-3-phenylacrylate (19.7 mg, 0.1 mmol, 1 equiv.) and could be isolated as a reddish
solid (53%). '"H-NMR (400 MHz, CDCl;) 8 8.23 (d, ] = 8.3 Hz, 1H), 8.09 (s, 1H), 7.93 (d, ] =
8.1 Hz, 1H), 7.61 (ddd, ] = 8.3, 6.9, 1.3 Hz, 1H), 7.44 (ddd, ] = 8.2, 6.9, 1.2 Hz, 1H), 7.14 (d,
J = 3.1 Hz, 1H), 7.07 (d, ] = 3.1 Hz, 1H), 4.03 (s, 3H), 3.97 (s, 3H). "C-NMR (101 MHz,
CDCl) 8 168.2 (C,,C=0), 130.1 (CH.,), 130.0 (Cy), 129.4 (CH.,), 129.3 (C,), 127.8 (CH.,), 127.5
(Cy), 126.6 (CH.y), 126.2 (Cy), 124.0 (CH.,), 122.9 (CH.y), 118.1 (Cy), 100.6 (CH.y), 52.5 (CH3),
37.6 (CHs). HRMS (ESI+): calculated 7/ 3 for CisHiuNO, [M+H)]; 240.1019 found 240.102.

Methyl 3-methyl-4,5-dihydro-3 H-benzo[ e]indole-4-carboxylate (5q-red)

Compound was synthesized according to general procedure A using 4-chloroacetophenone
(15.5 mg, 0.1 mmol, 1 equiv.) and could be isolated as a colotless oil (44%). 'H-NMR (300
MHz, CDCls) 8 7.40 — 7.33 (m, 1H), 7.22 — 7.15 (m, 2H), 7.08 — 6.99 (m, 1H), 6.62 (d, ] = 2.8
Hz, 1H), 6.42 (d, ] = 2.9 Hz, 1H), 3.84 (dd, | = 7.5, 2.3 Hz, 1H), 3.65 (s, 3H), 3.59 (s, 3H), 3.43
(dd, ] = 15.7,2.2 Hz, 1H), 3.27 (dd, ] = 15.7, 7.5 Hz, 1H). *"C-NMR (75 MHz, CDCl3) 5 172.4
(Cy), 132.6 (Cy), 130.7 (Cy), 128.1 (CH.y), 127.0 (CH.y), 125.9 (Cy), 124.9 (CH.,), 123.2 (CH.,),
121.7 (CH.y), 119.9 (Cy), 102.6 (CH.,), 52.4 (CH), 37.2 (CH3), 33.8 (CHs), 32.7 (CH,). HRMS
(EI): calculated /3 for CisHisNO [M™]; 241.10973 found 241.10957.



2-(4-methoxyphenyl)-1-methyl-1 H-pyrrole (5r)
\N N
X
MeO
Compound was synthesized according to general procedure A using 4-chloroanisole (15.5 mg,
0.1 mmol, 1 equiv.) and catalyst 1g (0.015 mmol, 15 mol%) in presence of Cs,CO; (0.2 mmol,
2 equiv.) and could be isolated as a pale-yellow oil (9%). 'H-NMR (400 MHz, CDCls) & 7.35
—7.30 (m, 2H), 6.97 — 6.90 (m, 2H), 6.69 (dd, | = 2.7, 1.9 Hz, 1H), 6.19 (dd, | = 3.6, 2.7 Hz,
1H), 6.15 (dd, ] = 3.5, 1.9 Hz, 1H), 3.84 (s, 3H), 3.63 (s, 3H). "C-NMR (101 MHz, CDCls) &
158.8 (Cy), 134.5 (C,), 130.2, 126.1 (Cy), 123.1, 113.9, 108.1, 107.7, 55.5, 35.0. Spectral data in

accordance with literature.?

4-(Furan-2-yl)benzonitrile (6a)

'

S

NC

Compound was synthesized according to general procedure B using 4-chlorobenzonitrile
(13.8 mg, 0.1 mmol, 1 equiv.) and furan (156 uL, 2.0 mmol, 20 equiv.). The title compound
was obtained as white needles (49%). '"H-NMR (400 MHz, CDCls) § 7.80 — 7.71 (m, 2H), 7.69
—7.61 (m, 2H), 7.54 (d, ] = 1.7 Hz, 1H), 6.81 (d, | = 3.4 Hz, 1H), 6.53 (dd, ] = 3.5, 1.8 Hz,
1H). "C-NMR (101 MHz, CDCly) 8 152.1 (Cy), 143.8 (CH.,), 134.8 (CH.,), 132.7 (Cy), 124.1
(CH.y), 119.1 (Cy), 112.4 (CH.), 110.4 (CH.,), 108.3 (C;). HRMS (EI): calculated /3 for
CiH-NO [M*] 169.05222; found 169.05270. Spectral data in accordance with literature.l”



2-(Furan-2-yl)benzonitrile (6b)

CNO\
NN

Compound was synthesized according to general procedure B using 2-chlorobenzonitrile
(13.8 mg, 0.1 mmol, 1 equiv.) and furan (109 uL, 1.5 mmol, 15 equiv.). Deviation from the
general procedure: Perylene (2.5 mg, 0.01 mmol, 10 mol%) and DIPEA (8.7 uL, 0.05 mmol,
0.5 equiv.) was added and 3 equiv. of Cs:COs were used. The title compound was obtained as
slightly yellow solid (62%). 'H-NMR (400 MHz, CDCls) & 7.89 (dt, ] = 8.1, 0.8 Hz, 1H), 7.70
(dd, J = 7.8, 1.0 Hz, 1H), 7.65 — 7.58 (m, 1H), 7.56 (dd, J = 1.8, 0.7 Hz, 1H), 7.37 — 7.27 (m,
2H), 6.56 (dd, J = 3.5, 1.8 Hz, 1H). ®"C-NMR (101 MHz, CDCl;) § 149.9 (C,), 143.5 (CH.,),
134.3 (CH.,), 133.4 (CH.,), 133.1 (CH.,), 127.2 (CH.y), 126.1 (CH.), 119.1 (Cy), 112.4 (CH.,),
110.6 (CH.y), 107.0 (C,). HRMS (EI): calculated /7 for CiH-NO [M™] 169.05222; found

169.05266. Spectral data in accordance with literature.””

4-(5-Methoxyfuran-2-yl)benzonitrile (6¢)
OMe

O™\
NS

NC

Compound was synthesized according to general procedure B using 4-chlorobenzonitrile
(13.8 mg, 0.1 mmol, 1 equiv.) and 2-methoxyfuran (138 ul., 1.5 mmol, 15 equiv.). The title
compound was obtained as colorless needles (21%). "H-NMR (300 MHz, CDCls) & 7.58 (s,
4H), 6.72 (d, ] = 3.5 Hz, 1H), 5.32 (d, ] = 3.4 Hz, 1H), 3.93 (s, 3H). "C-NMR (75 MHz,
CDCl) 6 162.8 (Cy), 142.3 (Cy), 134.7 (C,), 132.7 (CH.,), 122.5 (CH.y), 119.4 (Cy), 110.4 (CH.,),
108.9 (C,), 82.8 (CH.,), 58.0 (CH3). LRMS (EI): calculated 72/ for C12HoNO, [M™]; 199.0633
found 199.0625



4-(Thiophen-2-yl)benzonitrile (6d)

N

x

NC

Compound was synthesized according to general procedure B using 4-chlorobenzonitrile
(13.8 mg, 0.1 mmol, 1 equiv.) and thiophene (120 uL, 1.5 mmol, 15 equiv.). The title
compound was obtained as white solid (34%). '"H-NMR (300 MHz, CDCl;) 8 7.72 — 7.63 (m,
4H), 7.44 —7.39 (m, 2H), 7.13 (dd, ] = 5.1, 3.7 Hz, 1H). ®"C-NMR (75 MHz, CDCl;) § 142.2
(Cy), 138.8 (Cy), 132.9 (CH.y), 128.7 (CH.y), 127.2 (CH.y), 126.2 (CH.y), 125.2 (CH.y), 119.0 (Cy),
110.7 (Cy). HRMS (EI): calculated 7/z for Ci{H-NS [M™] 185.02937; found 185.02911.

Spectral data in accordance with literature. ¥

4-(2,3-Dihydrothieno|[3,4-b][1,4] dioxin-5-yl)benzonitrile (6e)

S
\\O

b

Compound was synthesized according to general procedure B using 4-chlorobenzonitrile

NC

(13.8 mg, 0.1 mmol, 1 equiv.) and 3,4-ethylenedioxythiophene (161 uL, 1.5 mmol, 15 equiv.).
The title compound was obtained as white needles (33%). 'H-NMR (300 MHz, CDCl;) 8 7.84
—7.76 (m, 2H), 7.64 — 7.56 (m, 2H), 6.42 (s, 1H), 4.37 — 4.33 (m, 2H), 4.30 — 4.23 (m, 2H). *C-
NMR (75 MHz, CDCls) 8 142.5, 140.2, 137.8, 132.5, 126.0, 119.3, 115.6, 109.3, 100.3, 65.1,
64.4. HRMS (EI): calculated 72/ for CisHoNO:S [M™] 243.03485; found 243.03444. Spectral

data is in accordance with literature./

Methyl 4-(1-phenyl-1 H-pyrrol-2-yl)benzoate (6f)

MeO,C
Compound was synthesized according to general procedure B using methyl 4-chlorobenzoate
(17.1 mg, 0.1 mmol, 1 equiv.) and 1-phenylpyrrole (143 mg, 1.0 mmol, 10 equiv.). Deviation
from general procedure: 3 equiv. of Cs,COs were used, DIPEA (4.4 uL, 0.05 mmol, 25 mol%o)

was added and the reaction was irradiated for 22 h. The title compound was obtained as pale-



yellow solid (41%). '"H-NMR (400 MHz, CDCls) § 7.89 — 7.84 (m, 2H), 7.38 — 7.27 (m, 3H),
7.20 —7.15 (m, 4H), 6.98 (dd, ] = 2.8, 1.8 Hz, 1H), 6.56 (dd, | = 3.6, 1.7 Hz, 1H), 6.39 (dd, |
= 3.6, 2.8 Hz, 1H), 3.88 (s, 3H). *C-NMR (101 MHz, CDCl3) 8 167.1, 140.4, 137.5, 132.8,
129.6, 129.3, 127.8, 127.6, 127.1, 125.9, 112.2, 109.8, 52.1. Spectral data in accordance with

literature.*!

Methyl 6-(1-phenyl-1 H-pyrrol-2-yl)nicotinate (6g)

Ph
NN
N N
I\
P

MeO,C

Compound was synthesized according to general procedure B using methyl 6-chloropyridine-
3-carboxylate (17.2mg, 0.1 mmol, 1equiv.) and 1-phenylpyrrole (143 mg, 1.0 mmol,
10 equiv.). Deviation from general procedure: 3 equiv. of Cs:CO; were used, DIPEA (4.4 uL,
0.05 mmol, 25 mol%) was added and the reaction was irradiated for 22 h. The title compound
was obtained as pale yellow solid (48%). '"H-NMR (400 MHz, CDCls) 8 9.02 (d, ] = 1.6 Hz,
1H), 8.03 (dd, ] = 8.4, 2.2 Hz, 1H), 7.41 — 7.32 (m, 3H), 7.24 — 7.19 (m, 2H), 7.05 — 6.93 (m,
3H), 6.41 (dd, ] = 3.7, 2.8 Hz, 1H), 3.90 (s, 3H). "C-NMR (101 MHz, CDCl3) 8 166.0 (Cy),
154.8 (Cy), 150.7 (CH.y), 140.9 (Cy), 136.9 (CH.y), 129.3 (CH.,), 128.0 (CH.,), 127.3 (CH.,), 125.9
(CH.), 122.4 (Cy), 122.1 (C,), 120.8 (CH.y), 115.2 (CH.y), 110.2 (CH.y), 52.3 (CH3). HRMS (EI):
calculated 7/ 3 for Ci7H1aNO, [M ] 278.10498; found 278.10402.



2',5'-Dimethyl-[1,1'-biphenyl]-4-carbonitrile (6h)

o~

Compound was synthesized according to general procedure B using 4-chlorobenzonitrile
(13.8 mg, 0.1 mmol, 1 equiv.) and p-xylene (185 pL, 1.5 mmol, 15 equiv.). The title compound
was obtained as colotless oil (15%). "H-NMR (300 MHz, CDCl3) § 7.74 — 7.66 (m, 2H), 7.47
—7.39 (m, 2H), 7.19 (d, ] = 7.8 Hz, 1H), 7.12 (dd, ] = 7.7, 1.8 Hz, 1H), 7.03 — 6.98 (m, 1H),
2.36 (s, 3H), 2.21 (s, 3H). "C-NMR (75 MHz, CDCL) 8 147.1 (Cy), 140.0 (Cy), 135.7 (Cy),
132.1 (CH.y), 132.0 (Cy), 130.7 (CH.y), 130.2 (CH.), 130.1 (CH.), 129.1 (CH.), 119.2 (Cy), 110.7
(Cy), 21.0 (CHs), 20.0 (CHs). HRMS (EI): calculated 72/ for CisHisN [M™] 207.10425; found

207.10412. Spectral data is in accordance with literature.l®”)

4-(phenanthridin-6-yl)benzonitrile (6i)

CN

e

O N
Compound was synthesized according to general procedure B using 4-chlorobenzonitrile
(13.8 mg, 0.1 mmol, 1 equiv.) and 2-isocyano-1,1'-biphenyl (89.6 mg, 0.5 mmol, 5 equiv.). The
title compound was obtained as brown solid (47%) "H-NMR (300 MHz, CDCl;) & 8.74 (d, ]
= 8.4 Hz, 1H), 8.68 — 8.60 (m, 1H), 8.27 — 8.19 (m, 1H), 8.02 — 7.95 (m, 1H), 7.95 — 7.83 (m,
5H), 7.83 — 7.70 (m, 2H), 7.65 (ddd, ] = 8.2, 7.0, 1.2 Hz, 1H). ®"C-NMR (75 MHz, CDCls) &
159.2 (Cy), 144.4 (Cy), 143.7 (Cy), 133.7 (C), 132.4 (CH.,), 131.1 (CH..), 130.7 (CH.,), 130.5
(CH.y), 129.3 (CH.y), 128.1 (CH.y), 127.7 (CH.y), 127.6 (CH.), 124.7 (Cy), 124.0 (Cy), 122.7
(CH.y), 122.2 (CH.), 118.8 (Cy), 112.7 (Cy). HRMS (ESI+): calculated /g for CxHisNa
[(M+H)"] 281.1073; found 281.1074. Spectral data in accordance with literature.*”



Methyl 4-(phenanthridin-6-yl)benzoate (6j)

CO,Me

s

O N
Compound was synthesized according to general procedure B using methyl 4-chlorobenzoate
(17.1 mg, 0.1 mmol, 1 equiv.) and 2-isocyano-1,1"-biphenyl (89.6 mg, 0.5 mmol, 5 equiv.). The
title compound was obtained as pale yellow solid (37%) "H-NMR (400 MHz, CDCl3) & 8.71
(d, ] = 8.3 Hz, 1H), 8.62 (dd, | = 8.2, 1.2 Hz, 1H), 8.30 — 8.21 (m, 3H), 8.06 — 8.00 (m, 1H),
7.87 (ddd, J = 8.3, 7.0, 1.3 Hz, 1H), 7.85 — 7.81 (m, 2H), 7.78 (ddd, ] = 8.3, 7.0, 1.5 Hz, 1H),
7.71 (ddd, J = 8.3,7.0, 1.4 Hz, 1H), 7.62 (ddd, ] = 8.2, 7.0, 1.2 Hz, 1H), 3.99 (s, 3H). "C-NMR
(101 MHz, CDCls) 8 167.0, 160.2, 144.2, 143.7, 133.6, 130.9, 130.5, 130.4, 130.0, 129.8, 129.1,
128.6,127.5,127.4,125.0, 124.0, 122.5,122.1, 52.4. HRMS (EI): calculated 72/ 3 for C;1HisNO»
[M*] 313.10973; found 313.10799. Spectral data in accordance with literature./*”)

4-(benzo[d|thiazol-2-yl)benzonitrile (6k)

<

Compound was synthesized according to general procedure B using 4-chlorobenzonitrile
(13.8 mg, 0.1 mmol, 1 equiv.) and 2-isocyanophenyl(methyl)sulfane (74.6 mg, 0.5 mmol,
5 equiv.). The title compound was obtained as white needles (38%). 'H-NMR (400 MHz,
CDCl;) 6 8.23 — 8.16 (m, 2H), 8.11 (d, ] = 8.1 Hz, 1H), 7.94 (d, ] = 8.0 Hz, 1H), 7.82 — 7.74
(m, 2H), 7.54 (ddd, | = 8.3, 7.2, 1.3 Hz, 1H), 7.45 (ddd, ] = 8.3, 7.2, 1.2 Hz, 1H). "C-NMR
(101 MHz, CDCl;) & 165.5, 154.1, 137.6, 135.4, 132.9, 128.1, 127.0, 126.2, 123.9, 121.9, 118.4,
114.3. HRMS (EI): calculated 72/ for CisHsN,S [M "] 236.04027; found 236.04036. Spectral

data in accordance with literature.”



2-(Benzo[d]thiazol-2-yl)nicotinonitrile (61)
NC

Compound was synthesized according to general procedure B using 2-chloro-3-cyanopyridine
(13.9 mg, 0.1 mmol, 1 equiv.) and 2-isocyanophenyl(methyl)sulfane (44.8 mg, 0.3 mmol,
3 equiv.). The title compound was obtained as pale-yellow needles (50%). '"H-NMR (400
MHz, CDCl) 6 8.86 (dd, | = 4.8, 1.7 Hz, 1H), 8.24 (d, ] = 8.2 Hz, 1H), 8.18 (dd, ] = 7.9, 1.7
Hz, 1H), 7.98 (d, ] = 7.8 Hz, 1H), 7.55 (ddd, ] = 8.3, 7.2, 1.3 Hz, 1H), 7.53 — 7.46 (m, 2H).
PC-NMR (101 MHz, CDCls) § 165.6 (Cy), 154.3 (Cy), 152.4 (CH.,), 152.0 (Cy), 143.0 (CH.,),
136.6 (Cy), 126.8 (CH.), 126.8 (CH.y), 125.1 (CH.y), 124.2 (CH.,), 121.9 (CH.,), 116.6 (Cy), 106.7
(Cy). HRMS (EI): calculated 7/ for Ci3H7N3S [M™7] 237.03552; found 237.03548.

2-(Phenanthridin-6-yl)nicotinonitrile (6m)

NC

Compound was synthesized according to general procedure B using 2-chloro-3-cyanopyridine
(13.9 mg, 0.1 mmol, 1 equiv.) and 2-isocyano-1,1'-biphenyl (53.8 mg, 0.3 mmol, 3 equiv.). The
title compound was obtained as brown solid (31%). 'H-NMR (400 MHz, CDCl;) 8 8.97 (d, ]
=49 Hz, 1H), 8.74 (d, ] = 8.3 Hz, 1H), 8.66 (d, ] = 8.0 Hz, 1H), 8.28 (dd, /] = 20.3, 7.9 Hz,
2H), 8.16 (d, ] = 8.3 Hz, 1H), 7.90 (t, ] = 7.7 Hz, 1H), 7.78 (dt, ] = 16.2, 7.2 Hz, 2H), 7.67 (t,
J = 7.6 Hz, 1H), 7.57 (dd, ] = 8.0, 4.9 Hz, 1H). "C-NMR (101 MHz, CDCL) & 160.5 (C,),
155.2 (Cy), 151.6 (CH.y), 143.3 (C,), 142.0 (CH.,), 133.9 (Cy), 131.2 (CH.), 130.8 (CH.,), 129.3
(CH.y), 128.3 (CH.y), 127.9 (CH.), 127.7 (CH.), 124.6 (Cy), 124.4 (Cy), 123.1 (CH.,), 122.6
(CH.,), 122.2 (CH.), 116.5 (Cy), 111.2 (C,). HRMS (ESI+): calculated 7/% for CioHi2N3
[(M+H)"] 282.1026; found 282.1027.



Diethyl (4-cyanophenyl)phosphonate (6n)
) CN
LT
\
“N\
o O—\

Compound was synthesized according to general procedure B using 4-chlorobenzonitrile
(13.8 mg, 0.1 mmol, 1 equiv.) and triethyl phosphite (257uL, 1.5 mmol, 15 equiv.). The title
compound was obtained as colotless oil (75%). 'H-NMR (400 MHz, CDCls) 8 7.95 — 7.87 (m,
2H), 7.77 = 7.71 (m, 2H), 4.25 — 4.02 (m, 4H), 1.32 (t, ] = 7.0 Hz, 6H). "C-NMR (101 MHz,
CDCl) 8 134.1 (d, ] = 187.8 Hz), 132.4 (d, ] = 9.8 Hz), 132.1 (d, ] = 15.0 Hz), 117.9 (d, ] =
1.4 Hz), 116.4 (d, ] = 3.6 Hz), 62.8 (d, ] = 5.7 Hz), 16.4 (d, ] = 6.3 Hz). *'P-NMR (162 MHz,
CDCl;) 8 16.0. HRMS (ESI+): calculated 7/% for CniHisNOsP [(M+H)"] 240.0784; found

240.0790. Spectral data is in accordance with literature.

4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzonitrile (60)

o
O\‘B
(@)

Compound was synthesized according to general procedure B using 4-chlorobenzonitrile
(13.8 mg, 0.1 mmol, 1equiv.) and bis(pinacolato)diboron (127 mg, 0.5 mmol, 5 equiv.).
Deviation from the general procedure B: The yield of 60 was determined by crude proton
NMR after reaction work up with internal standard method, as aryl boronic ester cannot be
purified by silica gel chromatography. Mesitylene (1.7 mg, 14.14 umol) was added as internal
standard to the crude 60 (46.2 mg). A ratio of 1:1.22 in favor of 60 was obtained after
evaluating proton signal integration. Total mass of crude material (307.9 mg). Total amount of
employed starting material (297.7 umol). Hence, a NMR yield of 39% was obtained. 'H-NMR
(400 MHz, CDCls) 8 7.91 — 7.85 (m, 2H), 7.65 — 7.60 (m, 2H), 1.35 (s, 12H). *C-NMR (101
MHz, CDCl;) & 135.2, 131.2, 118.9, 114.6, 84.6, 25.0. Aromatic carbon atom adjacent to
boronate ester could not be detected. "B-NMR (128 MHz, CDCl3) 8 30.4. Spectral data is in

accordance with literature.?



3.4.5 NMR Spectra

The corresponding NMR spectra of the compounds 5a-q and 6a-o are included in the

Appendix (see section 7.3.1).

3.4.6 Reaction Monitoring and Optimization

3.4.6.1 Monitoring the progress of the catalyzed and the background reaction

Reactions were stopped after a certain time and results were analyzed by GC-FID to compare
the progress of the anthrolate catalyzed reaction and the reaction in absence of catalyst 1b

(Table S3-1). For a graphical representation of the reaction progress see Figure S3-1.

Table S3-1. Reaction progress was monitored in presence and absence of catalyst 1b.

1b (10 mol%) N
. N Cs,CO;3 NN
/@/ NQ 18-crown-6 S
MeO,C TN ((;j.?gl\?lis EZ,ZI\SASS nom MeO,C
3a 4a 25 °C 5a
Entry  1b [mol%] Time [h] Conversion* [%] Yield® %]
1 - 0.5 2 0
2 - 1 ’ ’
3 - 2 ! ’
) 0 5 48 18
s ) 4 32 2
6 10 4 74 38
. ) ‘ 48 10
. 0 ‘ 80 44
. ) o 50 16
o " o 85 58
11 - 10 3 >
O " 10 88 79
13b - 10 ’ °

2 Results were determined by calibrated GC-FID analysis with internal standard method. » KoCOj3

(1.2 equiv.) was used.
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Figure S3-1. Monitored reaction progress represented graphically. The grey curve indicates
product formation in absence of catalyst 1b, the blue curve in presence of 1b. Remaining
starting material 3a in absence of catalyst is given as red curve. Data taken from Table S3-1.

3.4.6.2 Optimizing the Reaction Conditions: Changing the amount of added 4a

The ratio and amount of substrate 3a and trapping reagent 4a was changed, and obtained

results are summarized in Table S3-2.

Table S3-2. Varying amount and ratio of substrate and trapping agent.

1b (10 mol%) N

/©/CI \N A Cs,CO3 (2 eq.) N\\
S R -

3a 4a 25°C 5a
Entry 3a [mmol] 4a [mmol] Time [h] Conversion® [%]  Yield" [70]
1 o1 01 18 36 115
5 0.1 0.05 18 32 10 (6)
3 0.1 0.033 18 29 76
A 01 i 18 32 0 (6
5 0.1 0.5 4.5 55 25#
6 01 1.0 4.5 78 38 (3)
; 0.2 1.0 4.5 42 18 (1)
3 0.2 3.0 4.5 59 35(1)
0 0.2 0.1 4.5 28 6 (2)
0 04 0.2 4.5 18 31

2 Results were determined by calibrated GC-FID analysis with internal standard method. Numbers in
parenthesis correspond to dechlorinated starting material 3a.



Efforts to obtain double functionalized pyrroles by employing the substrate in excess were
unsuccessful. Furthermore, reducing the excess amount of 4a led to significantly reduced
product yield and conversion. We therefore conclude, that a fast an efficient conversion of the
aryl radical intermediate is necessary to turn over the reaction and to avoid adverse side

reactions of the reactive aryl radical.

3.4.6.3 Optimizing C—H arylation of furan: Comparison with other Catalysts

Table S3-3. Optimizing arylation of furan with 3f catalyzed by anthrone derivatives and frequently used
reducing photocatalysts.

catalyst
. DIPEA CN
Cl o) 032003
+ E/) > =
solvent, N, 455 nm /)
) 25°C, 22 h 0
3f 4'a 6b
0.1 mmol 15 eq.
Cs,COs3 DIPEA Yield®
Ent Catalyst 1% Solvent
Ty atalyst (mol%) otve [mmol] [mmol] [%o]
1 1a (10) DMSO 0.3 0.05 49
2 1b (10) DMSO 0.3 0.05 61
3 1d (10) DMSO 0.3 0.05 62
4 1g (10) DMSO 0.3 0.05 53
5 1a (10) + Perylene (10) DMSO 0.2 0.05 44
6 1b (10) + Perylene (10) DMSO 0.3 0.05 88
7 1d (10) + Perylene (10) DMSO 0.3 0.05 61
8 1g (10) + Perylene (10) DMSO 0.3 0.05 75
9 Perylene (20) DMSO 0.2 0.05 10
10 4CzIPN'! (10) DMF - 0.25 trace
11 Phenoxazine®’ (10) DMF - 0.25 12
12 Jac-Tr(ppy)s (1) MeCN - 0.25 6
13 [Ir{dF(CF3)2(ppy)2} (dtbbpy)]PFs (1) MeCN - 0.25 5
14 Rhodamine 6G® (10) DMSO - 0.25 3
= : : 409 :
‘/‘/( O:‘\‘\‘
4CzIPN Phenoxazine catalyst Rhodamine 6G

2Results wete determined by calibrated GC-FID analysis with internal standard method; P Structures for

organic photocatalysts used are given above.



To optimize the reaction of 2-chlorobenzonitrile (3f) and furan (4'a), several conditions were
screened and the most meaningful are summarized in Table S3-3. Employing solely catalyst 1
(Table S3-3, Entry 1-4) led to a very similar reaction outcome. However, adding catalytic
amount of the polyaromatic hydrocarbon perylene (0.01 mmol, 10 mol%) caused a significant
increase in product yield when either anthrone catalyst 1b or 1g were present (Entry 6 and 8).
No change in yield was observed when perylene was combined with anthrone 1a or bianthronyl
1d and a control reaction with solely perylene resulted in poor product yield (Entry 5,7 and 9).
In preliminary experiments, we found that adding DIPEA in sub-stoichiometric amount
supports the product formation as it might prevent the catalyst from bleaching. However,
these results could not be confirmed during the preparation of the substrate scope and hence,
DIPEA was omitted in most of the reactions. With other frequently used photoredox catalysts
such as 4CzIPN, 3,7-di(4-biphenyl) 1-naphthalene-10-phenoxazine, rhodamine 6G or iridium-
based polypyridyl complexes, the arylation product of furan (6b) was obtained only in poor

yield.

3.4.7 Supporting Spectroscopic Investigations

3.4.7.1 UV-vis Absorption Spectra

Absorption spectra of derivatives 1 in the absence and the presence of base 1,1,3,3-
tetramethylguanidine (TMG) were measured. Dry degassed DMSO was used as solvent. UV-
vis spectra were recorded in a gas-tight quartz cuvette under nitrogen atmosphere. The
concentration of 1 (0.42 mM) was similar for all anthrone derivatives. Tetramethylguanidine
(20 equiv.) was added #a syringe. A red-shift of the absorption was found for all the
investigated anthrone derivatives 1 upon addition of the base. The corresponding UV-vis

spectra (Figure S3-2) can be found in the Appendix (see section 7.3.2).

3.4.7.2 Emission Spectra

Samples of catalyst derivatives 1 in presence of TMG to record the emission spectra were
prepared as reported in 3.3.6.1 with a lowered concentration (25 puM). The excitation
wavelength was set to 420 or 430 nm. The corresponding combined absorption and emission

spectra (Figure S3-3) can be found in the Appendix (see section 7.3.3).



CHAPTER 3

3.4.7.3 Luminescence Lifetime and Quenching Studies
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Figure S3-4. Luminescence decay of 9-anthrolate 2a generated from 1a in presence of Cs2COs.
The lifetime was determined by a mono-exponential fit function.
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Figure S3-5. A: Luminescence lifetime of 2a is not affected upon addition of aryl chloride 3q. The
luminescence decays of catalysts 2b (B), 2d (C)and 2h (D) are of higher order. Addition of 2-
chlorobenzonitrile (3f) affects the measured decays and suggest a luminescence quenching.

The time-resolved luminescence quenching experiments of catalysts 2c, e, f, g with 3f (2-
chlorobenzonitrile) as quencher and the derived Stern-Volmer plot (Figure S3-6) can be found

in the Appendix (section 7.3.4).



3.4.7.4 Cyclic Voltammetry of Aryl Chlorides

Reduction potentials of employed aryl chlorides 3 were determined by cyclic voltammetry or
are reported in literature.' Irreversible peaks are obtained as the corresponding radical anion
fragments into the aryl radical and the halide anion. Ferrocene was added as internal reference.
Obtained potentials 2. Fc'/Fc were converted to yield approximated potentials against
saturated calomel electrode (Table S3-4a)."” The recorded cyclic voltammogtrams are depicted

in Table S3-4b in the Appendix (Section 7.3.5).

Table S3-4a. Obtained reduction potentials for aryl chlorides.

OMe
cl Cl
. e
s
N cl MeOQC
-2.40 V vs. SCE 283V vs. SCE -2.81 V vs. SCE -1.95V vs. SCE
COzMe cl Cl CF3
O o,
-1.96 V vs. SCE -1.72V vs. SCE -1.82 V vs. SCE -2.27 V vs. SCE
CF3 Cl cl
X \ _ NCOX
| l Nk L2 | N el
Z P
N N NS 1.75V vs. SCE
-1.82 V vs. SCE -1.80 V vs. SCE -1.77 V vs. SCE -1 vs.
CN
| X NC— S\ _-Cl
. r
N~ I
-1.65V vs. SCE -1.65V vs. SCE

3.47.5 Cyclic Voltammetry of Catalysts

The electrochemical ground-state potentials of catalysts 1 in absence and presence of base

(Cs2COs5 or TMG) were determined by cyclic voltammetry. Potentials were recorded against

73]

b

the ferrocene/ferrocenium redox-couple and converted, as reported in literature', to
approximated potentials »s. saturated calomel electrode (SCE). The obtained data is
summarized in Table S3-5. The recorded cyclic voltammograms (Figure S3-7) can be found in

the Appendix (Section 7.3.6).



3.47.6 Spectroelectrochemistry of Catalyst 2a

A 5 mL crimp vial was charged with 9-anthrone (10.2 mg, 50 pmol) and Cs,CO; (407 mg,
1.25 mmol). The vessel was sealed, deaerated and flushed with nitrogen (3X). Dry, degassed
DMSO (5 mL) was added #ia syringe and nitrogen was passed through the solution for 15
minutes. A nitrogen flushed OTTLE cell was charged with the prepared solution, placed into
the light beam of a UV-vis spectrophotometer and connected to a potentiostat. A linearly
ramped potential was applied starting from -1.7 V (potential against pseudo reference Ag wire)
with a scan rate of 0.002 V-s™. The turning point was set to +0.7 V. UV-vis spectra were
recorded every 10 seconds. The changes in analyte absorption at various potentials are depicted

in Figure S3-8 B-D. The cyclic voltammogram shown in Figure S3-8 A, was recorded

independently.
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Figure S3-8. (A) Cyclic voltammogram of 2a starting off at —1.7 V. Superimposed UV-vis absorption
spectra recorded at various applied potentials. Sweeping towards positive potentials (B) caused a constant
decrease in absorption intensity (¢f, cathodic peak current at +0.49 V, A) indicative for the oxidation of
2a. After reaching the turning point at +0.7 V, the applied potential was decreased towards —0.3 V (C)
and the absorption intensity increased slightly. A significant increase in absorption intensity was obtained
when the potential was driven towards —0.7 V (¢f, anodic peak current at —0.59 V, A) suggesting the
reduction to regenerate the oxidized 2a.



3.47.7 Summarized Properties of examined Catalysts

Table S3-5. Measured photophysical and electrochemical properties of catalysts 1 and 2.

Eipz E,,’ < [oe] Eoy Ky! X0
[V vs. SCE] [V vs. SCE] [kJ-mol] [M-1] [M1s]
Catalyst 1a-h 2a-h
Eox Ered Eox E"o
a 0.27 —1.64 —0.34 —2.54 18.74 212 90.3 4.82
b 0.77 -1.39 —-0.83 —3.00 - 209 - -
c 0.52 —1.64 —0.24 —2.40 4.39 208 16.6 3.78
d - -1.41 —0.47 —2.53 - 199 - -
e 1.21 -1.93 0.27 —2.40 18.47 242 59.6 3.23
f 0.43 —1.43 —-0.16 —2.35 18.36 211 385 2.10
g 0.17 —-1.58 —0.51 —2.78 22.08 219 90.4 4.28
h - -1.73 —-0.33 —2.41 - 201 - -

* Ground-state redox potentials were obtained by measuring cyclic voltammetry in DMSO with ferrocene as
internal standard. Obtained potentals vs. Fc/Fct were converted to yield approximated potentials against
saturated calomel electrodel’!]; ® Excited-state oxidation potentials are estimated based on the obtained data for
ground state potentials and excited state energy Fool!"l; © Excited state energy refers to wavelength of the maxima
of the emission spectra; 4 Stern-Volmer constant Ksy and bimolecular quenching constant &4 was obtained by
measuring time-resolved luminescence quenching studies with 2-chlorobenzonitrile as quencher; ¢ Data could not
be obtained as luminescence decay varied from first order kinetics (see Figure S3-5 B-D).
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CHAPTER 4

4 Redox-neutral Photocatalytic C—H Carboxylation of Arenes and
Styrenes with CO;
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Abstract

arbon dioxide (COy) is an attractive one-carbon (C1) building block in terms of

sustainability and abundance. However, its low reactivity limits applications in organic

synthesis as typically high-energy reagents are required to drive transformations. Here,
we present a redox-neutral C—H carboxylation of arenes and styrenes using a photocatalytic
approach. Upon blue-light excitation, the anthrolate anion photocatalyst is able to reduce many
aromatic compounds to their corresponding radical anions, which react with CO; to afford
carboxylic acids. High-throughput screening and computational analysis suggest that a correct
balance between electron affinity and nucleophilicity of substrates is essential. This novel
methodology enables the carboxylation of numerous aromatic compounds, including many
that are not tolerated in classical carboxylation chemistry. Over 50 examples of C—H
functionalizations using CO, or ketones illustrate a broad applicability. The method opens new

opportunities for late-stage C—H carboxylation and valorization of common arenes.



4.1 Introduction

Photosynthesis, the most important photobiological process on our planet, allows
photoautotrophs to store energy in form of chemical bonds by absorbing sunlight. Driven by
that energy, CO: is captured from the atmosphere and serves as carbon feedstock for the

organisms to build up sugars and biomass in the Calvin cycle.

Electrochemical and catalytic dihydrogen reductions of carbon dioxide have been developed
in the field of renewable energy storage.”™ However, the use of CO; as a C1 building block in
organic synthesis has received far less attention despite resembling the principle of the
biological carbon fixation process the most.”! The high thermodynamic stability and kinetic
inertness of CO, require the use of stoichiometric amounts of reactive reaction partners such
as Grignard reagents or organolithium compounds for chemical conversion.l” Aiming for a
better efficiency and an increased atom economy, a variety of catalytic carboxylation methods
have been developed. These processes make use of readily available aryl bromides which
undergo carboxylation with CO; in the presence of catalytic Pd(OAc),, as reported by Martin
and Correa.” Daugulis showed that Cu(l) catalyzes the carboxylation of aryl iodides." Tsuji
and co-workers applied NiCl(PPh;), to carboxylate more inert aryl and vinyl chlorides under
1 atm COz at room temperature.” The reaction scope was extended to sulfonates,'” ester
derivatives,'>" allylic alcohols,™ benzylic ammonium salts,"" arylsulfonium salts'" and
unsaturated hydrocarbons.""?" However, all these systems require stoichiomettic reducing
reagents based on Et;Zn, AlMes;, Mn and Zn powder or prefunctionalized starting materials.”!
Electrical current may also be used to drive reductive carboxylation chemistry. Buckley and
co-workers reported the regioselective hydrocarboxylation of styrenes using a non-sacrificial
electrode system.” Ackermann e# a/ showed that allyl chlorides derived from cinnamyl
chloride are carboxylated in presence of a cobalt catalyst.”” Concomitantly,
difunctionalizations of alkenes uzz radical addition and subsequent reduction were reported

affording thio-, carbo-"" phosphono-* or silylcarboxylation” products.

Non-catalytic C(sp®)—H carboxylations typically require stoichiomettic amounts of either
strong bases, such as NaH™ or LIOBu,P™" or Lewis acids, like AIX; (X = Br, CI),?*™>
MexAICIPY and EtAICLP to activate CO,. Transition metal-catalyzed directed C(sp”)—H
carboxylation reactions have been reported with Au,P”! Cu®*! and Rh"" complexes.*!
Moreover, direct carboxylation of non-activated C(sp’)—H was reported in molten alkali

carbonate salts under elevated temperatures (>200 °C) and high CO; pressure./*>*!



More recently, photoredox catalysis has been applied in the field of carboxylation chemistry.
Photocatalytic carboxylation of aryl-*>*l and alkyl-halides™* were the first transformations to
be reported, followed by direct C—H carboxylation of alkynes!"”! and styrenes.***! These
methods utilize a dual catalytic approach consisting of a photocatalyst and an 7 situ generated
low-valent transition metal complex enabled by an excess amount of a sacrificial electron
donor. Visible-light mediated benzylic C—H carboxylation was recently reported by our group
using 4CzIPN and an organo-silanethiol HAT reagent, which allowed to generate

carbanions.”’

This work
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Scheme 4-1. Overview of representative literature procedures for the direct C—H carboxylation with CO> or
hydroxyalkylation with acetone considering the herein discussed substrate classes. References are given in
parenthesis.

Direct UV-light excitation of polyaromatic hydrocarbons in presence of sacrificial amines and
CO; was reported to yield the corresponding carboxylic acids.”'”? Jamison employed p-
terphenyl, which forms a radical anion upon UV-light excitation in the presence of amines.
The p-terphenyl radical anion is capable of the kinetically slow one-electron reduction of CO»
to its radical anion, which is used in the hydrocarboxylation of styrenes (see Scheme 4-1).
Murakami and co-workers employed UV-excited xanthone as hydrogen-atom-transter (HAT)
reagent in combination with a Cu complex or a Ni catalyst to carboxylate allylic® and
benzylic®™ C(sp’)—H, respectively. Remarkably, the latter report also demonstrates the
carboxylation of aliphatic C—H bonds albeit in low yield, using a combination of

benzophenone sensitizer and nickel catalyst.



However, despite the great progress achieved in thermal and photochemical carboxylation
methods, the efficient redox-neutral carboxylation of C(sp”)—H in arenes, heteroarenes and
alkenes remains challenging. Here, we report a mechanistically different catalytic approach in
which aromatic compounds are converted into their radical anions by photoinduced single-
electron transfer (SET) from a visible-light excited anthrolate anion. The generated
nucleophilic arene radical anions react with CO, to provide (hetero)aromatic carboxylic- and

cinnamic acids.

4.2 Results and Discussion

Recently, we showed that commercially available 9-anthrone and derivatives are deprotonated
in presence of base (Scheme 4-2 and Figure S6, Experimental Part) and readily generate strong
reductants upon photoexcitation, capable of activating aryl chlorides (¢, Chapter 3).” While
comparing reported reduction potentials of various aromatic compounds, we noticed that
many arenes lay within the range of the approximated excited state oxidation potential of the
strongest photo-reductant 2,3,6,7-tetramethoxyanthracen-9(10H)-one (TMAH) shown in that
series [Egy (TMA'/TMA™) = =292V 25. SCE]. We thus envisioned a direct activation of
arenes v/a radical anion formation, which may subsequently react with CO; to form aromatic
carboxylic acids. Strong carbon nucleophiles (e.g. organolithium and -magnesium reagents)®” !
or carbanions are well known to react with CO,. By contrast, aromatic radical anions formed
in the presence of alkali metal have always been considered as poor nucleophiles, yet still
showed reactivity towards CO..** With a strongly reducing photoredox catalyst in hand and
inspired by early literature reports, we questioned if a similar reactivity of aromatic radical

anions towards carbon dioxide can be obtained under much milder photocatalytic conditions.

4.2.1 Initial Experiments and Optimization

We chose acenaphthene (1a, Scheme 4-2) as a model substrate and applied the established
combination of TMAH as the photocatalyst and cesium carbonate as the base. To our delight,
after 18 hours of irradiation with blue LED light and acidic work-up, the desired carboxylic
acid 2a could be isolated in 37% yield as a single regioisomer. Encouraged by this first result

we run an intensive screening of the reaction conditions to improve the yield (Table 4-1).
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Scheme 4-2. (top) Photocatalytic C—H carboxylation of acenaphthene 1a; (bottom) Base-

promoted formation of TMA™ and the influence on the absorption spectrum.

During the optimization studies, we observed that the reaction outcome was dependent on the
amount of Cs;COs. The use of less than 3 equivalents of base led to significantly lower product
yield (Entry 2) while more equivalents of Cs;COs reduced the yield (Entry 3). A lower catalyst
loading reduced the overall amount of base required, while the carboxylated product 2a was
still obtained in good yield (Entry 4-5). We assume that an incomplete deprotonation of the
added catalyst has a detrimental effect on the reaction. KoCOs, although being scarcely soluble
in DMSO, was also able to promote the carboxylation reaction and useful product yields were
obtained in combination with crown-ether (Entry 6). Monitoring the reaction progress over
time (Figure S$4-8, Experimental Part) showed that the reaction was not complete after 6 hours
(Entry 7). An overpressure of CO; was found to be beneficial for the reaction outcome (Entry
8 and 9). The solubility of CO; is reported to be higher in DMF compared to DMSO, yet
better yield was obtained in the latter (Entry 10).1! Using green light (535 nm) resulted in lower
product yield (Entry 11), which can be explained by both weaker catalyst absorption and LED
radiant flux. Control experiments revealed that all reagents and light are crucial, as no product
was detected in the absence of either photocatalyst, cesium carbonate, carbon dioxide or light

(Entry 12-15).



Table 4-1. Optimized reaction conditions and effects upon deviation.
0. _OH

TMAH (20 mol%)
Cs,CO3 (3.0 equiv.)
. CO, (22 cm?) .
DMSO (0.1 M)

01 ol *didc workup 2
Entry Deviations from optimized conditions Yield 2a [%]*
1 none 68P
2 Cs2CO;3 (2 equiv.) 370
3 Cs2COs3 (4 equiv.) 59
4 TMAH (5 mol%), Cs2COs3 (2 equiv.) 54
5 TMAH (10 mol%), Cs2COs3 (2 equiv.) 60
6¢ TMAH (10 mol%), K>COj3 instead of Cs2CO3, 18-crown-6 47
7 6 hours instead of 18 houts 44
8 no CO; pressure (1 atm) 37
9 11 cm?® CO; instead of 22 cm?® 48
10 DMF instead of DMSO 35
114 535 nm instead of 455 nm 29
12 no TMAH n.d.
13 no Cs2COs3 n.d.
14 N (1 atm) instead of CO, n.d.
15¢ no light nd.

Optimized reaction conditions: 1a (0.1 mmol), TMAH (20 mol%) and Cs>2COj3 (0.3 mmol) were added
to a5 mL crimp top vial equipped with a stirring bar. The vial was sealed, evacuated and backfilled with
COz (5X). Degassed, anhydrous DMSO (1 mL) was added #ia syringe. The septum was further sealed
with Parafilm® and gaseous CO; (22 cm®) was added to the headspace viz syringe. While stirring, the
reaction was irradiated from the bottom side (blue LED, 455 £ 15 nm) and constant temperature was
maintained by an aluminum cooling block and a water-cooling circuit. For complete optimization table,
please see Table S4-1, Experimental Part. n.d. = not detected. * Product yield was determined after acidic
wotk-up by crude 'H-NMR with an internal standard.®Combined isolated yield of four
reactions. ¢ Crown ether 18-crown-6 (1 equiv.) was added to the reaction. 4 Radiant flux is lowered by a

factor of 8 compared to 455 nm LED (see Experimental Part). ¢Reaction mixture was stitred in the

dark.

4.2.2 Substrate Scope of the Carboxylation Reaction

With the optimized reaction conditions in hand (¢, Table 4-1), we explored the scope of this
novel transformation. Naphthalene derivatives were investigated, as their reported potentials

are in a feasible range (=2.49 up to —2.65 V us. SCE)® for reduction by the photocatalyst



(Scheme 4-3). We were pleased to see that unsubstituted as well as substituted naphthalene
derivatives were converted to the corresponding aromatic carboxylic acids (2b-g) and could
be isolated in useful yields. The regioselectivity of the reaction was found to be affected by
strong electron-donating groups (—OMe 2¢, ~NMe; 2d) in the C1-position giving selectively
5-naphtoic acids as single regioisomers. In contrast, the directing effect of electronically neutral
substituents (—Me, 2e) was minor and led to a mixture of 4- and 5-naphtoic acid. Remarkably,
carboxylation in the C8-position was not observed. Notably, unprotected hydroxyl groups (2f,
2g) were tolerated. Utilizing 1-naphthol (1f) led to the formation of two regioisomers of the
corresponding acid in 2- and 4-position. 2,7-Dihydroxynaphthalene (1g) reacted smoothly
under our reaction conditions to yield the corresponding 1-naphtoic acid (2g) as a single
regioisomer. Quinoline (1h), isoquinoline or quinazoline, although quenching the photoexcited

state of the catalyst, failed to yield any product.

TMAH (20 mol%)
Cs,CO3 (3.0 equiv.)
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455nm, 25 °C, 18 h
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O~ _OH Os~_OH Oi iOH O~ _OH
OMe NMe,
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* HO%OOOH X
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O O ¢
* )
\N) 5
OH
2e + 2e', 33% 2f + 2f', 56% 29, 64% 2h, n.d.

(1.3:1) (1:1)

Scheme 4-3. Substrate scope for the carboxylation of naphthalene derivatives.

Pleasingly, many other heteroaromatic compounds were suitable substrates for our
carboxylation method (Scheme 4-4). Thiophenes, bearing electron-deficient (3a-d, 3f, 3i-k)
and -neutral (3e, 3g-h, 3l-n) substituents smoothly converted into the corresponding
thiophenecarboxylic acids 4a-n in good to excellent yield. Remarkably, a broad range of
functional groups including ketones, esters, amides, —CH>CO;Me, —CH.CN, phenyl-,

trimethylsilyl-, nitrile were tolerated. However, unfunctionalized thiophene could not be



activated by the photocatalyst (see Figure S4-11b, Experimental Part). Due to the mild nature
of this reaction, we were pleased to see that regioselectivity was maintained even with
substrates containing acidic C—H (4c, 4j) or active methylene groups (4g-h). This is in contrast
to reported base promoted methods that are usually selective for the most acidic position of

the substrates and that fail in the presence of sensitive functionalities
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Scheme 4-4. Substrate scope for the carboxylation of 5-membered (hetero)arenes.



Our procedure allowed for the conversion of methyl thiophene-2-carboxylate to 5-
(methoxycarbonyl)thiophene-2-carboxylic acid (4a) in one step, providing a much shorter

I Moreover, it allowed the

route than by using other reported methods [Scheme 4-5, A®1)].
formation of 5-carboxy-2-acetylthiophene (4c), an important building block for the synthesis
of the alpha/beta blocker arotinolol,” in one step from 1-(thiophen-2-yl)ethan-1-one (3c).
This is significantly shorter than well-established synthetic routes [Scheme 4-5, A(ii)].*"!
Remarkably, we also found that 3-substituted thiophenes were exclusively carboxylated in the
2-position (4i-1) which highlights the excellent regioselectivity of this reaction. In comparison,
a previous literature report on the lithiation of 3-phenylthiophene (31) and subsequent
carboxylation led to a mixture of 41 and 41' (Scheme 4-5, B).I”) Perfect regioselectivity was also
observed for the photocatalyzed carboxylation of 1-phenylpyrazole where only 4w was
obtained. In this case, due to the chelating effect of nitrogen, the use of organometallic reagents

resulted in product mixtures (#-Buli)’ or an inverse regioselectivity (EtMgBr)”" (Scheme

4-5,0),
H o} (6] o} 0] o} O
NN N G S s I . s o ()
b\ \ / © HO” "\ meo” "\ .’

a) n-BuLi * a) EtMgBr a) n-BuLi OH
\ / oo, HOT N\ _/ “Byco, “byco,
b) CO, HO b) CO, b)CO,  *
Ph Ph

3 ‘(‘1‘ '3+. ?)I aw' 3w 4w + 4w'
3: 3.9:1)

Scheme 4-5. Commonly applied synthetic routes to obtain products 4a and 4c (A).
Regioselectivity of organometallic carboxylation (B+C). (A) Reported four-step synthesis for
compound 4a (1)% and 4c (ii)%%; conditions: (a) ethane-1,2-diol, ALOs, CCly, A, 48 h; (b) #-Buli,
THF, =78 °C, then CO: followed by H2SO4 (10%); (c) Mel, Na,CO3, DMF, 20 °C, 48 h; (d) Jones
reagent; (¢) MeONH2-HCI, Na,CO3 HO, MeOH, AcOH (pH 5), A, 3 h; (f) ZnCl,, CHCl3, Acz0,
100 °C, 12 h, r.t., aq. HCI (20%) (g) MeOH, aq. NaOCl (5.5%), 70 °C, 4 h, r.t., HCI conc.; (h) aq.
HCI, 65 °C, 12 h. (B) #-BuLi promoted carboxylation of 31 leads to a mixture of regioisomers.
(C) Organometallic methods for carboxylation of 1-phenylpyrazole. Due to the chelating effect of
nitrogen, the use of organometallic reagents causes a mixture of regioisomers (#-Buli) or leads to
an inversion of regioselectivity (EtMgBr) yielding benzoic acid 4w' as single product.



This photocatalyzed carboxylation method could also be extended to benzothiophenes (4p-
q), furans (4r-s), benzofuran 4t, Boc-protected indoles (4u-v) and thiocarbazole 4x. Non-
protected 1H-indoles however, were found to get carboxylated at the nitrogen atom, as
reported in literature.” Noteworthy, modifying the conditions during the reaction work-up of
4r allows the formation of either 2,5-furandicarboxylic acid (FDCA) or dimethyl 2,5-
furandicarboxylate (DMFDC, see Scheme S4-4, Experimental Part). Both are important
monomers for the manufacture of polyesters derived from biomass, including polyethylene
furandicarboxylate (PEF), a potential large-scale substitute for fossil-based polyethylene
terephthalate (PET)."*" Lignocellulose is converted into furfural on an industrial scale!™ and
catalytic follow-up procedures have been reported to yield methyl furoate quantitatively./™

Starting from methyl furan-2-carboxylate 3r, our procedure offers a new one-step synthetic

route to form lignocellulose-derived monomers.
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Gram-scale reaction

TMAH (5 mol%)
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: |/ | /
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6e, 18% 8.0 mmol 80% (0.969)

Propranolol analogue

Scheme 4-6. (A) Substrate scope for the carboxylation of (hetero)arenes on the six-membered
ring and example of late-stage functionalization. (B) Reaction conditions for the gram-scale
carboxylation of 3b.

Remarkably, all examined heterocycles were carboxylated at the five-membered ring in -
position (except 4v, where the a-position is blocked) to the heteroatom. Contrarily,
hydroxybenzothiophene 6a or condensed heterocycles such as indazoles (6b-c) and

pyrazolo[1,5-4]pyridine (6d) showed exclusive selectivity for the six-membered ring



(Scheme 4-6 A). With mild carboxylation conditions in hand, we postulated that this
methodology could be applied for the late-stage functionalization of biologically active
molecules. To this end, a Boc-protected thiophene analogue of propranolol, a well-established
beta blocker bearing a free hydroxyl group in the side chain, was subjected to our reaction
conditions. Pleasantly, regioselective carboxylation was successfully achieved to provide 6e,
albeit in modest yield. To demonstrate the scalability of our reaction, we repeated the synthesis
of 4b on a gram-scale. 2-Cyanothiophene 3b was reacted in a custom-built glass reactor (see
Figure S4-2, Experimental Part) with a reduced amount of both TMAH (5 mol%) and cesium
carbonate (1.5 equiv.) in DMSO (Scheme 4-6 B). Remarkably, as working with CO;
overpressure was not possible with this reaction vessel, a gentle stream of CO,was sufficient

to obtain the product after 8 hours of reaction time in good yield.

TMAH (20 mol%) o
Cs,CO3 (3.0 equiv.) A
N O, (22 cm?) OH
DMSO (0.1 M)
7a-o 455nm, 25 °C, 18 h 8a-o

acidic work-up

©/§,COZH X COoH mCOZH /©NCOQH
h/©/\/ MeO

8a, 54% 8b, 56% 8¢, 53% 8d, 40%
X COoH /@/\/COZH /@/\/COZMG /@/\/COZH
[; N ~
/SI| ’i‘ MeS
OMe
8e, 46% 8f, 53% 89, 14% 8h, 38%
/@/\/COQH /@/\/COQH X COoH ~C02H
F CF; @A/ O‘
F
8i, 46% 8j, 13% 8k, 38% 81, 58%
CO,H X, COH X~ C02H - COsH
i /@/\/ /@/\/
F F NC MeO,C
8m 52% 8m 8n, n.d. 80, n.d.
(4.8:1)

Scheme 4-7. Substrate scope for the carboxylation of styrene derivatives.

We then questioned whether our photocatalytic system could be further utilized for the direct

catboxylation of other stabilized sp>hybridized carbon atoms. To this end, we examined



styrene derivatives (Scheme 4-7) and we were delighted to see that under the presented redox-
neutral conditions only the corresponding #ans-cinnamic acids were obtained. Our protocol
thus provides a complementary method to previous net-reductive approaches where excess of
sacrificial reductant or electrical current yielded hydrocarboxylated products (¢, Scheme 4-
1).22*% Despite the limitation posed by competing polymerization reactions, a variety of vinyl
benzenes could be converted into #rans-cinnamic acid derivatives 8b-1 (Scheme 4-7), which find
applications in the food industry, material science!””! and cosmetics.” While styrene derivatives
bearing electron-donating substituents (7d-f, 7h) reacted smoothly, the reaction with the
electron-poor 4-(trifluoromethyl)styrene resulted in low product yield. 4-Cyanostyrene (7n) or
methyl-4-vinylbenzoate (70) were not suitable substrates under these conditions. As the
electron transfer from the excited photocatalyst to an electron-poor styrene is
thermodynamically favored, we postulated that electron-withdrawing groups stabilize the
negative charge and reduce the nucleophilicity of the corresponding radical anion. When using
a-methylstyrene, we observed the formation of 3-aryl-3-butenoic acid 8m in favor of the

thermodynamically more stable o,3-unsaturated acid 8m".""

4.2.3 Mechanistic Insights

We propose a photoinduced single-electron transfer (SET) from the excited TMA™ to the
substrate as the first step. The excited photocatalyst TMA™ is strongly emissive and its
luminescence decay follows first-order kinetics (see Figure S4-4 a-b and Figure S4-5,
Experimental Part). In presence of chosen (hetero)arenes (¢, Scheme 4-4) as well as styrenes
(¢f, Scheme 4-7) we observed a decrease in the luminescence lifetime of TMA™. Based on the
obtained data, a Stern-Volmer plot was derived (see Figure S4-11 a-b, Experimental Part). The
luminescence lifetime of TMA™ in a COg-saturated solution of DMSO remains almost
unchanged, indicating that CO, is not reduced by the photocatalyst. Reduction of CO, by SET
to achieve carbon-bond formation has been reported, but it requires reagents such as
p-terphenyl radical anion™ ™. Although a direct reduction of CO, (=2.21 V 5. SCE in DMF)®
by TMA™ is thermodynamically feasible, we assume a kinetic bartier preventing the formation
of the bent CO; radical anion within the excited state lifetime of TMA™. Thus, we ascertained
that the productive pathway is dominated by the formation of an aromatic radical anion, which
subsequently reacts with CO» za nucleophilic addition. In order to get further insight into the

reaction mechanism, we tested other electrophiles than CO,. We decided to use ketones for



this study, as single-electron reduction from the excited photocatalyst to the ketone would give
a ketyl radical anion. In sharp contrast to the radical anion of CO,, ketyl radical anions are
considered as electron-rich species acting as single-electron reductants rather than forming
C-C bonds via radical reactions.”" When benzo[/]thiophene (3p, Scheme 4-8) was reacted with
acetone (9a), the corresponding tertiary alcohol adduct 9pa was formed in good yield. The
luminescence lifetime of TMA™ remains unchanged upon titration with acetone (—2.84 V us.
SCE in DMF)® and thus, the formation of a ketyl radical anion is unlikely (Figure S4-11d,
Experimental Part). Remarkably, similar transformations require very harsh reaction
conditions (=78 °C, excess of #-Bul.i) and are not viable in a one-pot procedure.™ Moderate
yield of the resulting tertiary alcohol were also obtained using cyclic ketone 9b and non-

conjugated enone 9Yc as electrophiles.
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Scheme 4-8. Mechanistic investigations: Probing the possibility of other electrophiles as viable

candidates for reactivity with aromatic radical anions.

In addition, we performed deuterium-labeling experiments using D.O and BuOD
respectively. Upon formation of the nucleophilic arene radical anion, we envisioned a fast acid-
base reaction followed by reoxidation and deprotonation to yield a mixture of H and D in the
substrate (see Scheme S4-3, Experimental Part). However, as water in the reaction mixture
was found to be detrimental and protic solvents were shown to inhibit the reaction (¢f,, Table
S4-1, Experimental Part), only small amounts of incorporated deuterium were detected using
benzothiophene 3q (Table S4-3, Experimental Part). Based on the aforementioned results we
propose the following reaction mechanism for the photocatalytic C—H carboxylation of
(hetero)arenes (Scheme 4-9). In the presence of a base, the pre-catalyst TMAH is chemically
activated by deprotonation to form an anionic species TMAT, indicated by the solution colour
change. Upon irradiation with visible light (455 nm) a strongly-reducing excited anion TMA™

is formed. The excited state is then quenched by the arene I »iz SET to afford the radical of



the photocatalyst TMA' and the electron rich radical anion of the arene (II). The Mulliken
spin population for each aromatic sp>hybridized carbon atom, indicative of reactivity towards
COy, is shown for the benzothiophene radical anion (IT). In the bond-forming step CO, is
attacked by II to generate a radical carboxylate III as an intermediate. The catalytic cycle is
closed via SET to recapture the active catalyst TMA™ followed by re-aromatization of the
cationic arene IV upon deprotonation. Despite the weakly oxidizing nature of the
photocatalyst, the electron transfer from ITI to TMA™ may be driven by the stabilization energy
gained upon re-aromatization of I'V. It remains to be shown if this re-aromatization occurs via
electron transfer and subsequent deprotonation as proposed, or wa a direct H-atom

abstraction by the oxidized photocatalyst
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Scheme 9. Proposed mechanism for the C—H carboxylation of (hetero)arenes exemplified by
the carbxoxylation of benzothiophene.

During the exploration of the substrate scope, we found that several aromatic compounds that
quench the excited state of the photocatalyst did not undergo carboxylation (see Figure S4-
11c, Experimental Part). While some functional groups are understandably not tolerated under
our reaction conditions, such as aromatic halides (these may undergo fast mesolytic bond-
cleavage to form aryl radicals) or highly electrophilic moieties, we were surprised that only
certain radical anions showed reactivity towards CO,. In order to determine the required
electronic characteristics for reactivity and to improve our insight regarding functional group
tolerance, high-throughput screening (HTS) of various arenes containing a large array of
functionalities and differing in complexity was carried out (see Figure S4-9, Experimental Part).

The analysis of the HTS outcome indicates that aldehydes, halides (with the exception of



fluorine), aliphatic amines, 6-membered N-heterocycles and nitro groups are not compatible
with the reaction conditions. Beyond functional group interference, the applicability of our
methodology is related to the arene electron affinity and the nucleophilicity of the resulting
radical anion. Arenes may be able to accept an electron with ease, but the radical anion formed
may not be nucleophilic enough to add to CO.. Conversely, some aromatic radical anions may
be highly nucleophilic, but their formation may be beyond the reductive capabilities of the
photocatalyst or a functional group present may be reduced instead. The estimated electron
affinities of the arenes, and the Mulliken spin population and charges for the arene radical
anions were derived from DFT calculations. The importance of a correct balance of electron
affinity of the arene and the nucleophilicity of the aromatic radical anion for a successful
reaction is illustrated in Schemes S4-12a-d (Experimental Part). The regioselectivity is generally
well predicted by comparing the Mulliken spin population for the aromatic carbons in each

substrate.

4.3 Conclusion

We have developed a mild, direct, redox-neutral and transition-metal-free insertion of CO;
into non-prefunctionalized C(sp®)—H bonds, leading to an efficient method for producing
valuable aromatic carboxylic acids and #ans-cinnamic acids in a single operation. A reaction
performed on gram-scale demonstrated the scalability of this carboxylation method, while
ketones could be used as alternative electrophiles to CO; yielding tertiary alcohols. The scope
of the reaction can be predicted by DFT-estimated reduction potential of the substrates and
nucleophilicity of the intermediate arene radical anions. These findings may open new
opportunities for atom-economic and energy efficient use of COas a C1 building block in
the chemical processing of aromatic hydrocarbons, as well as for developing new

photocatalytic late-stage functionalizations of drug-like compounds.



4.4 Experimental Part

4.4.1 General Information

All required fine chemicals were purchased from commercial suppliers (aber, Acros, Alfa
Aesar, Fluka, Fluorochem, Merck, Sigma Aldrich, TCI) and were used directly without
purification unless stated otherwise. All air and moisture sensitive reactions were carried out
under nitrogen atmosphere using standard Schlenk manifold technique. Anhydrous DMSO
was used directly from the bottle or dried using activated 4A molecular sieves. "H and "*C
Nuclear Magnetic Resonance (NMR) spectra were acquired at room temperature with field
strengths as indicated and were referenced to CDCls (7.26 and 77.16 ppm for 'H and “C
respectively), DMSO-d6 (2.50 and 39.52 for 'H and "C respectively) or CD;OD (3.31 and 49.0
ppm for 'H and "C respectively). "H-NMR coupling constants are reported in Hertz and refer
to apparent multiplicities and not true coupling constants. Data are reported as follows:
chemical shift, multiplicity (s = singlet, bs = broad singlet, d = doublet, t = triplet, q = quartet,
qi = quintet, sx = sextet, sp = septet, m = multiplet, dd = doublet of doublets, etc.), coupling
constants, integration, proton assignment (determined by 2D NMR experiments: COSY,
HSQC and HMBC) where possible. "C-NMR assignment was aided using DEPT 135
techniques (DEPT = distortion less enhancement by polarization transfer) to distinguish CH:
groups from CH and CH; groups and to assign quaternary carbon atoms (C,). "F-NMR spectra

were recorded for compounds containing fluorine atoms.

Analytical TLC was performed on silica gel coated aluminium sheets (Merck, TLC Silica gel 60
Fas4) Compounds were visualized by exposure to UV-light (254 or 366 nm) or by dipping the
plates in staining solutions (permanganate stain, bromocresol green stain, ceric ammonium
molybdate stain) followed by heating. Flash column chromatography was performed using
Merck Silica Gel 60 (40—63 um) & Medium pressure liquid chromatography (MPLC) was
performed on a Grace Reveleris® X2 from Biichi with built-in UV-detector and fraction
collector using Biotage® sfir silica HC D 20 um column cartridges or on a Biotage® Isolera
One flash purification system using flash silica gel. All mixed solvent eluents are reported as
v/v solutions. High resolution mass spectrometry (HRMS) wetre performed at the Central
Analytical Laboratory of the University of Regensburg. Mass spectra were recorded on a
Finnigan MAT 95, ThermoQuest Finnigan TSQ 7000, Finnigan MAT SSQ 710 A or Agilent
Q-TOF 6540 UHD instrument and a Waters Acquity UPLC system equipped with Waters



PDA, sample manager, sample organizer, column oven and Waters Xevo QTOF mass
spectrometer. Photoreactions in regular scale were irradiated with blue LEDs (OSRAM Oslon
SSL 80 royal-blue, A = 455 nm (+ 15), average radiant flux 232 + 23 mW, 2.9 V, 350 mA) or
green LEDs (A = 535 nm, average radiant flux, 29 £ 5 mW) and were exposed to light from
the flat bottom side of the vial. The temperature of the reaction mixtures was controlled by a
water-cooling circuit consisting of an aluminium cooling block connected to a thermostat
(Figure S4-1). An exemplary reaction in larger scale was carried out in a custom-built glass
reactor which upon vigorous stirring generates a thin film of the reaction mixture between the
reaction vessel and an attached cold finger. A hose which was dipped in the solution provided
CO; gas from the cylinder. The reaction vessel was surrounded by blue LED arrays (OSRAM
Oslon SSL 80 LT-2010, A = 451 nm, 700 mA) generating a total radiant flux of 12 W (Figure
S4-2). For the high-throughput screening experiments, Kessil PR160L 456 nm LEDs were
used. Cyclic voltammetry measurements were performed with a three-electrode system
consisting of a glassy carbon working electrode, a platinum wire counter electrode and a silver
wire as a reference electrode. Data was processed on a potentiostat PGSTAT302N from
Metrohm Autolab. Prior to the measurement the solvent DMSO (dry) was degassed with argon
and TBATEFB (0.1M) was added as supporting electrolyte. All experiments were performed
under argon atmosphere. Ferrocene was used as an internal reference. Measurements were
petformed at a scan rate of 0.05 Vs'. Potentials are reported against saturated calomel

electrode (SCE) as reference.

Figure S4-1. Schematic picture of the setup for photoreactions (left); crimp
vials charged with stirring bar and reaction mixture and sealed with aluminium
crimp seal with septum and Parafilm® (right).
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Figure S4-2. Custom-built glass reactor for upscaling of the photocatalytic
carboxylation reaction.

UV-vis measurements were performed on an Agilent Cary 4000 UV-Vis Spectrophotometer.
Prior to measurements a solvent blank was recorded and subtracted. Precision cells (1X1 cm)
made of quartz SUPRASIL® from Hellma® Analytics were used. Luminescence
measurements were performed on a Horiba® Scientific FluoroMax-4 instrument using the
above-mentioned quartz cells. Luminescence lifetime measurements were performed on a
Hotiba® Scientific DeltraPro™ fluorescence lifetime system using a 452 nm laser diode from
Horiba® Scientific DeltaDiode™ as excitation source and above-mentioned quartz cells. The
instrument response function (IRF) was determined prior to measurements by using colloidal

silica (LUDOX®) in water.



4.4.2 Catalyst Synthesis and Physicochemical Properties

4.4.2.1 Synthesis of the Photocatalyst

2,3,6,7-tetramethoxyanthracen-9(10H)-one TMAH was synthesized in three steps with an
overall yield of 33%. The catalyst in its neutral form is a bench stable compound and can be

stored easily.

0
o)
Meoj© 2 MeO OMe K,Cr,0- MeO O ‘ O OMe
MeO H,S04/H,0 (70% Viv)  MeO OMe AcOH MeO OMe
-10 °C, 2h 90 °C, 3h o
46% 76%
0
MeO OMe Zn
MeO ‘ ' E OMe EtOH, H,0,
TMAH NH,4OH (25%)

N, reflux, 5h
95%

Scheme S4-1. Overview of the synthetic steps in the synthesis of the used photocatalyst TMAH; overall yield
33% (3 steps).

MeO l E E OMe

MeO OMe

Synthesis of 9,10-diethyl-2,3,6,7-tetramethoxyanthracene: Referring to literature known
procedures,®® a 250 mL round bottom flask equipped with stirring bar was charged with
H,SO4 (70 mL, 70% v/v in H,O) and veratrole (12.8 mL, 0.1 mol, 1 equiv.) and the resulting
mixture was cooled to -10 °C. Under vigorous stirring, propanal (14.3 mL, 0.2 mol, 2 equiv.)
was added dropwise zia a syringe pump within 2 hrs. Care was taken, that the reaction
temperature during addition of aldehyde was kept below 0 °C. The reaction mixture was
poured into ice water (ca. 500 mL) and the resulting precipitate was filtered off and washed

with water. The filter cake was dried over night by lyophilization and was washed in boiling



EtOH. The precipitate was filtered off, washed with EtOH and dried under vacuo to give the
title compound (8.06 g, 23 mmol, 46%) as pale-yellow powder. 'H-NMR (400 MHz,
Chloroform-d) 8 7.41 (s, 4H), 4.07 (s, 12H), 3.47 (q, ] = 7.6 Hz, 4H), 1.44 (t, ] = 7.6 Hz, GH).
PC-NMR (101 MHz, CDCl3) 8 149.0 (C,), 130.7 (C,), 125.1 (C,), 102.4, 55.8, 22.0 (CH,), 14.6.

(0]
MeO l l l OMe
MeO OMe
O

Synthesis of 2,3,6,7- tetramethoxy-9,10-anthraquinone: According to a literature known
procedure®® a 500 ml. round bottom flask was charged with 9,10-diethyl-2,3,6,7-
tetramethoxyanthracene (8.0 g, 22.6 mmol, 1 equiv.) and K,Cr,O7 (33.2 g, 113 mmol, 5 equiv.)
and the solids were suspended in glacial acetic acid (270 mL). The resulting mixture was heated
to 90 °C for 3 hrs. After the mixture was cooled to ambient temperature the yellow precipitate
was filtered off and washed several times with water to remove excess of KoCr,O-. The filter
cake was freeze-dried and finally washed with Et;O and dried in vacuo to afford the title
compound as yellow powder (5.67 g, 17.3 mmol, 76%), which was used without further
purification for the next step. "H-NMR (300 MHz, Chloroform-d) & 7.68 (s, 4H), 4.07 (s,
12H). ®*C-NMR (101 MHz, CDCls) 8 182.1(C,), 153.6 (C,), 128.6 (C,), 108.5, 56.7.

0]

MeO OMe

MeO O‘O OMe

Synthesis of 2,3,6,7-tetramethoxyanthracen-9(10 H)-one (TMAH): Referring to a
literature known procedure®® a 500 mI. Schlenk flask equipped with stirring bar and condenser
was charged with 2,3,0,7-tetramethoxy-9,10-anthraquinone (5.60 g, 17.1 mmol, 1 equiv) and
zinc dust (3.40 g, 52.0 mmol, 3.1 equiv.). The flask was set under N, atmosphere and equipped
with a bubble counter and a mixture of aq. ammonia solution (135 mL, 25%), EtOH (135 mL)
and water (135 mL) was added. The resulting mixture was refluxed for 5 hrs under N,
atmosphere and vigorous stirring. The mixture was allowed to cool to ambient temperature

and was poured in ice water (ca. 1 L). Conc. HCI (150 mL) was added to dissolve excess zinc



and the mixture was stirred overnight. The turbid solution was filtered and the residue was
washed several times with water and was freeze-dried to yield TMAH as pale-yellow powder
(5.10 g, 16.2 mmol, 95%). '"H-NMR (400 MHz, Chloroform-d) § 7.79 (s, 2H), 6.82 (s, 2H),
4.15 (s, 2H), 3.98 (d, ] = 7.3 Hz, 12H). *C-NMR (101 MHz, CDCl3) § 182.4 (C,), 153.1 (C)),
148.6 (C,), 135.1 (C,), 125.4 (C,), 109.7, 108.5, 56.2, 32.0 (CH). Data in accordance with the

literature.®

4.4.2.2 Spectroscopic and Photochemical Characteristics

The properties of the used photocatalyst (PC) were investigated in various spectroscopic

experiments.

UV-vis Absorption

The absorption of the photocatalyst was recorded in dry, degassed DMSO (50 uM) by using a
quartz cuvette (1X1 cm) with septum screw cap. The cuvette was degassed 7z vacuo and
backfilled with N (5X) before the solvent and the catalyst solution were added zza syringe. In
presence of cesium carbonate, a distinct absorption band arises in the visible range of the
spectrum (Figure S4-3). This process can also be followed by naked eye, as the solution turns

from colotless to yellow.
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Figure S4-3. UV-vis spectra of (PC) in DMSO and in presence (orange) and absence (gray)

of cesium carbonate.



Emission Spectra

The emission spectrum of the photocatalyst was recorded in dry, degassed DMSO (25 uM) in
presence of cesium carbonate by using a quartz cuvette (1X1 cm) with septum screw cap. The
cuvette was degassed 7z vacuo and backfilled with N, (5X) before the solvent and the catalyst
solution were added »iz syringe. The excitation wavelength was set to 420 nm (entrance-/exit
slit 1 nm) and the emission was measured starting from 450 nm to 800 nm (Increment 1 nm,
entrance-/exit slit 2 nm). Relative intensities are plotted for absorption and emission (Figure

S4-4a).
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Figure S4-4a. Superimposed absorption and emission spectra of the photocatalyst in DMSO.
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Figure S4-4b. Superimposed normalized absorption- and emission spectra of the
g P P P P
photocatalyst in DMSO and in presence of cesium carbonate with an intersection at
Misee = 514 nm.



To determine the intersection between normalized symmetrical absorption- and emission
spectra, relative intensities for the lowest energy absorption band (A > 400 nm) were calculated

and plotted (Figure S4-4b).

Excited State Lifetime

The luminescence lifetime of the PC was recorded in dry, degassed DMSO (40 uM) in presence

of cesium carbonate by using a quartz cuvette (1X1 cm) with septum screw cap (Figure S4-5).
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Figure S4-5. Luminescence decay of the excited photocatalyst with fit function in a linear
plot (top) and logarithmic plot (bottom).

The cuvette was degassed 77 vacuo and backfilled with N, (5X) before the solvent and the

catalyst solution were added vz syringe. For excitation of the sample, a 452 nm laser diode was



used and an optical longpass filter (cut-on wavelength 500 nm) was installed before the
detection unit. The time range for the measurement was set to 400 ns. The experimental data
were fitted and according to the parameters of the single-exponential fit function, a

luminescence lifetime of 22.08 ns (CHISQ = 1.416859) was found.

'"H-NMR Spectroscopy of TMAH

Proton NMR spectra of TMAH were recorded in absence and presence of Cs,CO; (Figure
S4-6a and S4-6b) in dried, degassed DMSO-d6. For the measurement in presence of base, a
NMR tube with septum and screw-cap was used and the spectra was recorded under N»
atmosphere. Integration over the NMR signals in presence of Cs;COs confirms the

quantitative formation of the anionic species TMA”™.
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Figure S4-6a. 'H-NMR of TMAH in DMSO-d6. The keto-enol tautomerism causes two sets of signals; The
peak at 3.32 ppm is caused by residual water in the sample.



7.79

697
694
—3.82
— 367

2.50

®cs
o
j f MeO. l l l OMe
MeO OMe
(o]
MeO l l l OMe
MeO OMe
®Cs
o TMA™ _

200] o
. e
L
C
-

T T T T T T
100 95 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 15 1.0 0.5 0.0
ppm

Figure S4-6b. 'H-NMR of TMA™ in presence of Cs2COs3 (6 equiv.) in DMSO-d6.

Ground-State and Excited-State Potentials

The ground state potential of the photocatalyst was investigated by cyclic voltammetry. In
presence of 1,1,3,3-tetramethylguanidine the anionic photocatalyst was oxidized (Figure S4-7)
upon sweeping to positive potentials. Obtained potentials »s. Fc'/Fc were converted to
potentials against SCE.”* The estimated excited state oxidation potential (E'ox = —=2.92 V ss.
SCE) of the photocatalyst was determined according to the free enthalpy change of PET
(neglecting the solvent-dependent electrostatic work term) as described in literature™” by
taking the excited state energy (Eop = 2.41 eV, Aiee = 514 nm) and the converted ground state

potential (E, .« = —0.51 V 5. SCE) into account.
Egyx = Ep,ox - EO,O +w

The obtained value for Ej,is based on following approximations: (a) As reported in

literature, P

the single electron oxidation of an organic anion usually causes an irreversible
peak in the cyclic voltammogram and an accurate value for the ground state oxidation potential

is not accessible. Thus, for the anionic photocatalyst the peak potential Ej .« obtained for this



irreversible process (Figure S4-7) was used to determine the excited-state potential. (b) The
excited-state energy Eoo can be estimated in a number of ways. When using the wavelength at
the luminescence maximum Aemsma (546 nm) an underestimation of Foo is likely.”
Furthermore, it is possible to use the midpoint between the absorption maximum of the most
red shifted absorption band and the emission maximum (506 nm). The most common way to
determine FEoy is by taking the intersection between symmetric normalized absorption- and
emission spectra (Figure S4-4b, Ai.. = 514 nm) which was used for the calculation herein. (c)
The solvent-dependent electrostatic work term w contributes little to the free enthalpy change

of PET when working in polar solvents like DMSO and hence was omitted in the calculation.
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Figure 84-7. Cyclic voltammetry of the photocatalyst was recorded in anhydrous, degassed
DMSO, in presence of 1,1,3,3-tetramethylguandine as base and ferrocene (peaks 1, 2) as
internal reference.



4.4.3 Substrate Synthesis
Methyl 2-(thiophen-2-yl)acetate (3h)

S CO,Me

L)~

To a solution of 2-thiopheneacetic acid (123 mg, 0.2 mmol) in methanol (2 mL) was added
conc. H,SO, (2 drops) and the reaction was heated at reflux for 4 h. The solution was cooled,
diluted with water (20 ml) and extracted with diethyl ether (3X20 mlL). The combined
organics were washed with brine (2X50 mL), dried via a phase separator and concentrated 7
vacuo. Purification by column chromatography on silica gel eluting with heptane : EtOAc (9:1)
gave the title compound as a colotless oil (125 mg, 92%). 'H-NMR (400 MHz, CDCls) § 7.22
(dd, ] = 4.9, 1.4 Hz, 1H), 6.98-6.95 (m, 2H), 3.85 (s, 2H), 3.73 (s, 3H); *C-NMR (100 MHz,
CDCls) 8 171.2,135.3,127.2,127.1, 125.4, 52.6, 35.5. Data in accordance with the literature.”

tert-Butyl (3-(benzo[b]thiophen-4-yloxy)-2-hydroxypropyl)(isopropyl)carbamate (5e)
)\ N /Y\ 0

1
Boc OH
N
S

1-(Benzo|/|thiophen-4-yloxy)-3-(isopropylamino)propan-2-ol (239 mg, 0.9 mmol),
triethylamine (0.377 ml, 2.70 mmol), and di-Zer#butyl dicarbonate (0.236 g, 1.08 mmol) were
added to a 50 mL round bottom flask. DCM (25 mL) was added and the mixture stirred at
room temperature for 2 h. Water (25 mL) was subsequently added and the layers were
separated. The organic layer was washed brine (2 x 25 mL) with then dried 2@ a phase separator
and concentrated 7 vacuo. Purification by column chromatography on silica gel eluting with
heptane : EtOAc (9:1) gave the title compound as a yellow/orange oil (151 mg, 45%). R¢ 0.56
[petrol : EtOAc (9:1)]; '"H-NMR (400 MHz, DMSO) 8 7.66 (d, ] = 5.4 Hz, 1H), 7.53 (dd, ] =
10.5, 2.3 Hz, 2H), 7.30 (t, ] = 8.0 Hz, 1H), 6.84 (d, ] = 7.9 Hz, 1H), 5.76 (s, 1H), 5.17 (d, ] =
5.2 Hz, 1H), 4.23 — 3.89 (m, 4H), 3.54 — 3.22 (m, 1H), 1.38 (s, 9H), 1.24 — 1.01 (m, 6H). “C-
NMR (125 MHz, DMSO) 8 156.4, 155.2, 141.5, 131.1, 130.0, 128.9, 123.2, 121.1, 109.1, 80.3,
71.5,68.2, 49.0, 45.5, 28.3, 19.5.



tert-Butyl 2-phenyl-1H-indole-1-carboxylate (3v)

The compound was synthesized according to a literature known procedure.” In a flame dried
100 mI. Schlenk flask under N, atmosphere equipped with stirring bar, (Boc).O (1.20 g,
5.50 mmol, 1.1 equiv.) was added to a solution of 2-phenylindole (0.966 g, 5.0 mmol, 1 equiv.)
and 4-(IN,N-dimethylamino)pyridine in dry MeCN (30 mL). The resulting mixture was stirred
at room temperature for 24 h and was then concentrated iz vacuo. After the addition of water,
the mixture was extracted with EtOAc (3X). The combined organic layers were washed with
brine, dried over Na,SO,, filtered and concentrated under reduced pressure. The crude material
was purified by flash silica gel column chromatography using a mixture of hexanes/EtOAc to
provide the title compound as white solid (1.40 g, 4.8 mmol, 96%). 'H-NMR (400 MHz,
Chloroform-d) 8 8.27 — 8.20 (m, 1H), 7.59 — 7.54 (m, 1H), 7.46 — 7.31 (m, 6H), 7.27 (td, ] =
7.6, 0.9 Hz, 1H), 6.57 (s, 1H), 1.32 (s, 9H). "C-NMR (101 MHz, CDCl;) & 150.3 (C,), 140.6
(Cy, 137.6 (Cy), 135.1 (Cy), 129.3 (C,), 128.9, 127.9, 127.7, 124.4, 123.0, 120.6, 115.3, 110.0,
83.5 (C,), 27.7.

Thieno[2,3-d|pyrimidine (3y)

Based on a literature reported procedure for dehalogenation of aromatic compounds™, a 5 mL.
crimp vial equipped with stirring bar was charged with 4-chlorothieno|2,3-d|pyrimidine
(17.1 mg, 0.1 mmol, 1 equiv.) and 10-phenylphenothiazine (2.8 mg, 0.01 mmol, 10 mol%) and
sealed with an aluminium crimp seal with septum. The vial was degassed and flushed with N,
and tributylamine (119 pL, 0.5 mmol, 5 equiv.), formic acid (18.9 uL, 0.5 mmol, 5 equiv.) and
dry MeCN (1 mL) were added. The reaction mixture was degassed by freeze-pump-thaw cycles
(3X) and backfilled with N». The crimp vial was irradiated from the bottom side with 365 nm
LED light for 22 hrs and a constant reaction temperature (25°C) was maintained by employing
a water-cooling circuit connected to a thermostat. For isolation of the compound, 10 reactions

were combined. The reactions were quenched by adding water and brine and the resulting



mixture was extracted with EtOAc (3X). The combined organic layers were dried over Na,SOs,
filtered and concentrated iz wvacuo. Purification was accomplished by flash silica gel
chromatography using a mixture of hexanes/EtOAc as ecluents and subsequent
recrystallization from hexanes to afford the title compound as pale-yellow needles (31.8 mg,
0.23 mmol, 23%). 'H-NMR (400 MHz, Chloroform-d) 8 9.16 (s, 1H), 9.10 (s, 1H), 7.57 (d, |
= 6.0 Hz, 1H), 7.36 (d, ] = 6.0 Hz, 1H). Data in accordance with the literature.”

2-(Thiophen-3-yl)pyridine (3z)

N/I
N
S

S

Following a literature known procedure” a 10 mL crimp vial was charged with 3-
thienylboronic acid (130 mg, 1.01 mmol, 1.2 equiv.), KoCOs (326 mg, 2.36 mmol, 2.8 equiv.),
[Pd(PPhs;).Cly] (29.6 mg, 0.042 mmol, 0.05 equiv.), DME (2.5 mL) and water (1.17 mL). The
vial was sealed with an aluminium crimp seal with septum and argon was bubbled through the
solution for 10 minutes. Bromopyridine (81 pl., 0.842 mmol, 1 equiv.) was added zia syringe
and the reaction was stirred in a pre-heated heating block for 18 hrs at 80 °C. The reaction was
allowed to cool to ambient temperature, was quenched by adding water and was extracted with
EtOAc (3X). The combined organic layers were washed with brine, dried over Na,SOs, filtered
and concentrated iz vacno. The crude product was purified by flash silica gel column
chromatography using a mixture of hexanes/EtOAc and was obtained as colotless oil (127 mg,
0.79 mmol, 94%). "H-NMR (400 MHz, Chloroform-d) & 8.62 (ddd, | = 4.9, 1.8, 0.9 Hz, 1H),
7.90 (dd, J = 3.0, 1.3 Hz, 1H), 7.70 (td, ] = 7.7, 1.8 Hz, 1H), 7.66 (dd, ] = 5.0, 1.3 Hz, 1H),
7.62 (dt, ] = 8.0, 1.1 Hz, 1H), 7.40 (dd, ] = 5.0, 3.0 Hz, 1H), 7.17 (ddd, ] = 7.4, 4.9, 1.2 Hz,
1H). "C-NMR (101 MHz, CDCls) & 153.7 (C,), 149.8, 142.3 (C,), 136.8, 126.4, 126.3, 123.6,
121.9, 120.4.



N, N-Dimethyl-4-vinylaniline (7g)

o
SN

According to a literature known procedure™ a flame-dried 250 mL. Schlenk flask was charged
under N, atmosphere with methyltriphenylphosphonium bromide (14.4 g, 40.3 mmol,
1 equiv.) and dry THF (60 mL). The suspension was cooled to 0 °C and #-BuLi (1.6M in
hexane, 25.2 mlL, 40.3 mmol, 1 equiv.) was slowly added »zz syringe and the resulting mixture
was stirred for 1 h. A solution of 4-(IN,N-dimethylamino)benzaldehyde (6.02 g, 40.3 mmol,
1 equiv.) in dry THF (20 mL) was added dropwise and the reaction was further stirred at 0 °C
for 1 h and at ambient temperature for 18 hrs. The reaction was quenched by adding sat. aq.
NH,Cl (30 mL) and the resulting mixture was extracted with DCM (3%X20 mL) and the
combined organic layers were dried over NaxSO,, filtered and concentrated 7z vacno.
Purification by vacuum distillation (0.8 mbar, 75 °C) afforded the title compound as yellowish
oil (4.70 g, 31.9 mmol, 79%). 'H-NMR (300 MHz, Chloroform-d) § 7.37 — 7.27 (m, 2H), 6.75
— 06.58 (m, 3H), 5.55 (dd, ] = 17.6, 1.1 Hz, 1H), 5.03 (dd, ] = 10.9, 1.1 Hz, 1H), 2.97 (s, 6H).
BC-NMR (75 MHz, CDCl3) 8 150.4 (C,), 136.7, 127.3,126.3 (C,), 112.5, 109.5 (CHy), 40.7.

Methyl(4-vinylphenyl)sulfane (7h)

I
s

According to a literature known procedure™ a flame-dried 250 mL. Schlenk flask was charged
under N, atmosphere with methyltriphenylphosphonium bromide (14.1 g, 39.5 mmol,
1 equiv.) and dry THF (60 mL). The suspension was cooled to 0 °C and #-BuLi (1.6M in
hexane, 30 mL, 48 mmol, 1.2 equiv.) was slowly added #zz syringe and the resulting mixture
was stirred for 1 h. 4-(Methylthio)benzaldehyde (5.24 mL, 38.4 mmol, 1 equiv.) was added
dropwise zia syringe and the reaction mixture was stirred for further 2.5 h at 0 °C. After
dilution with THF (20 mL) the reaction was stirred at ambient temperature overnight and was
quenched by adding sat. aq. NH4Cl (20 mL). The crude mixture was extracted with DCM
(3%20 mL) and the combined organic layers were dried over Na,SO.y, filtered and concentrated

in vacno. Purification by flash silica gel chromatography (hexanes/MTBE) afforded the title



compound as colorless liquid (4.04 g, 26.9 mmol, 68%). "H-NMR (400 MHz, Chloroform-d)
8 7.37—7.32 (m, 2H), 7.25 — 7.20 (m, 2H), 6.69 (dd, ] = 17.6, 10.9 Hz, 1H), 5.73 (dt, ] = 17.6,
0.9 Hz, 1H), 5.23 (dt, ] = 10.8, 0.9 Hz, 1H), 2.50 (s, 3H). "C-NMR (101 MHz, CDCl;) 8 138.1
(C), 136.3,134.6 (C,), 126.7, 126.7, 113.3 (CH>), 15.9.

4.4.4 Carboxylation Reactions

4441 Reaction Optimization

General Procedure for the Reaction Optimization — GP1

lo) OH

catalyst
base
J = )
solvent, LED light

1a acidic work up 2a

To a dry flat-bottomed crimp vial (5 mL) equipped with stirring bar, was added acenaphthene
(1a, 0.1-0.2 mmol, 1 equiv.) and photocatalyst (5-20 mol%, Scheme S2). Base (if solid) was
quickly added and the vial was sealed with a Supelco aluminium crimp seal with septum
(PTFE/butyl). The vial was then evacuated and refilled with CO; (5X) via syringe needle. The
reaction mixture was dissolved in the solvent (dry and degassed by bubbling with N») and base
(if liquid) was added vza syringe. The vial was sealed with two layers of Parafilm® and then had
gaseous CO; added vz a Luer Lock Monoject™ (20 ccm) syringe, into the head space. The
vial was then stirred and irradiated from the bottom side and a constant reaction temperature
(0 °C or 25 °C) was maintained by employing a cooling circuit connected to a thermostat. After
18 hrs the reaction was transferred with aq. NaOH (0.1M) into a centrifuge tube and was
washed with EO (2X) to remove left over starting material or non-polar side products. The
aqueous layer was acidified by adding aq. HCI (2M) and was extracted with EtOAc (3X). The
combined organic layers were dried over Na,SO,, filtered and concentrated 7z vacuo. As internal
standard a stock solution of 1,3,5-trimethoxybenzene in DMSO-d6 (0.7 mL, 42.9 mM) was
added and the mixture was analyzed by "H-NMR spectroscopy. The 'H-NMR yield was

determined by integration over product signals and internal standard signals.



Table S4-1. Optimization of the photocatalyzed aromatic C—H carboxylation.

V(CO:) added  NMR yield

entry PC (mol%) base (eq.) solvent A [nm] [cem] %]
1 Ant (20) Cs2C05(2) DMSO 455 22 n.d.
2 DMA (20) Cs2CO5(2) DMSO 455 22 n.d.
3 TMA (20) Cs2CO5(2) DMSO 455 22 37
4 BA (20) Cs2CO5(2) DMSO 455 22 trace
5 BHA (20) Cs2C05(2) DMSO 455 22 n.d.
6 TMAH (20) Cs2COs (1) DMSO 455 22 1
7 TMAH (20) Cs2C05 (3) DMSO 455 22 68"
8 TMAH (20) Cs2COs (4) DMSO 455 22 59
9 TMAH (5) Cs2CO5(2) DMSO 455 22 54
10 TMAH (10) Cs:005 (2) DMSO 455 22 60
1 TMAH (10) Cs2C0s5 (3) DMSO 455 22 56
12¢ TMAH (20) Cs2C05 (3) DMSO 455 22 52
13 TMAH (20) Na.COs (2) DMSO 455 22 1
14 TMAH (20) KoCOs(2) DMSO 455 22 17
15 TMAH (10) KoCOs(3) DMSO 455 22 25
16 TMAH (10) KCOs(3) DMSO 455 22 47
17¢ TMAH (20) KoCOs (3) DMSO 455 22 38
18 TMAH (20) (NH4)2COs (3) DMSO 455 22 2
19 TMAH (20) Cs pivalate (3) DMSO 455 22 6
20 TMAH (20) K5PO4 (3) DMSO 455 22 trace
21 TMAH (20) (NBuy)H2PO4 (3) DMSO 455 22 7
22 TMAH (20) DBU (3) DMSO 455 22 28
23 TMAH (20) TMG (3) DMSO 455 22 22
24 TMAH (20) BTMG (3) DMSO 455 22 25
25 TMAH (20) Cs2C05 (3) DMF 455 22 35
26 TMAH (20) Cs:C0; (3) DMA 455 22 12
27 TMAH (20) Cs2COs (3) NMP 455 22 14
28 TMAH (20) Cs2COs(3) PrOH 455 22 n.d.
29 TMAH (20) Cs2C0s5 (3) DCM 455 22 n.d.
30 TMAH (20) Cs2COs5(3) acetone 455 22 trace
31 TMAH (20) Cs:COs (3) DMSO 400 22 14
32 TMAH (20) Cs2COs (3) DMSO 535 22 29
33 TMAH (20) Cs2COs (3) DMSO white? 22 27
34 TMAH (20) Cs2COs (3) DMSO 455¢ 22 23
35 TMAH (20) Cs:COs (3) DMSO 455/ 22 56
36¢ TMAH (20) Cs:COs (3) DMSO/DMEF (1:1) 455 22 17
37 TMAH (20) Cs2C0s5 (3) DMSO 455 -4 37
38 TMAH (20) Cs2COs (3) DMSO 455 11 48
39/ TMAH (20) Cs2COs (3) DMSO 455 22 39
40/ TMAH (20) Cs2COs (3) DMSO 455 22 51
414 TMAH (20) Cs:COs (3) DMSO 455 22 13
42! TMAH (20) Cs:COs (3) DMSO 455 22 34
430 TMAH (20) Cs:COs (3) DMSO 455 22 49
447 TMAH (20) Cs2COs (3) DMSO 455 22 57
45 TMAH (20) Cs2COs(3) DMSO 455 22 52

All reactions, if not otherwise stated, were run following GP1. Chemical Structures of catalysts and additives are given in
Scheme S4-2: 4 product was not detected; ? isolated yield following GP2a; < reaction was run with 18-crown-6 (1 equiv.); 4cold
white LED; ¢ fan-cooled high-power LED setup (7 W) was used. Due to inefficient cooling, the reaction temperature was
significantly elevated; / water-cooled high-power LED setup (1.4 W) was used. DMSO was saturated with CO; by bubbling
gas through the solvent; ¢ reaction was run at 0 °C,” reaction was run without pressure (1 atm) of COy; ‘ reaction was run with
0.2 mmol of substrate; / concentration was changed to 0.05M (0.1 mmol substrate in 2 mI. DMSO); # reaction with
chloro(pyridine)bis(dimethylglyoximato)cobalt(III) (5 mol%); ’reaction with p-terphenyl (5 mol%); » reaction with p-
quaterphenyl (5 mol%); ” reaction with (Pr)3SiSH (10 mol%); ¢ reaction with 1,4-cyclohexadiene (20 mol%).
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Scheme S4-2. Tested 9-anthrone based derivatives and additives used for the optimization of the carboxylation
reaction; 9-anthrone (Ant), 2,6-dimethoxyanthracen-9(10H)-one (DMA), 2,3,6,7-tetramethoxyanthracen-
9(10H)-one (TMAH), bianthronyl (BA), 10-benzhydryl-anthrone (BHA).

Kinetic Profile of the Aromatic Carboxylation Reaction

Under the optimized conditions the kinetic profile of the reaction was monitored within the

first six hours of the reaction (Figure S4-8). Reactions were run following GP1 and the product

yield was determined by crude 'H-NMR with internal standard method.
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Figure S4-8. The progress of the carboxylation reaction was monitored within the first six
hours.



Control Reactions

Conducted control experiments revealed that all compounds and light are crucial for product
formation (Table S4-2). To exclude a base promoted carboxylation reaction, substrates 3¢ &
3j possessing acidic C-H bonds were tested in absence of catalyst and light and upon work-up,
the respective products 4c & 4j could not be detected. Substrates 3b and 3p gave excellent

yields of the respective carboxylation products following GP2a. No product was formed in

absence of light and catalyst, demonstrating the photocatalytic nature of this reaction.

Table S4-2. Control reactions of the TMAH catalyzed C-H carboxylation.

entry  PC (mol%) Substrate base (eq.) [niwn] a d(\i]e(c(l:([izc)m] Product yigglfléo]
1 - la Cs2COs5 (3) 455 22 2a n.d.e
2 TMAH (20) la - 455 22 2a n.d.
3 TMAH (20) la Cs2CO;5 (3) 455 no CO? 2a n.d.
4 TMAH (20) la Cs2COs5 (3) darke 22 2a n.d.
5 - 3bd Cs2COs5 (3) dark 22 4b n.d.
6 - 3¢ Cs,COs3 (3) dark 22 4c n.d.
7 - 3jf Cs2CO;5 (3) dark 22 4j n.d.
8 - 3p¢ Cs2CO;5 (3) dark 22 4p n.d.

All reactions, if not otherwise stated, were run following GP1: “product was not detected; ’ reaction was
run under N, atmosphere; ‘reaction was stirred in the dark; “reaction was run following GP1 using 3b
(0.1 mmol) as substrate; ‘reaction was run following GP1 using 3¢ (0.1 mmol) as substrate; /reaction
was run following GP1 using 3j (0.1 mmol) as substrate; 4reaction was run following GP1 using 3p

(0.1 mmol) as substrate.



4.4.42 Substrate Scope

General Procedure for Carboxylation of Hetero(arenes) and Styrenes — GP2a

_________________________________________

.................................. o
N : : 0 )‘OH
R—:K\ R—:(Ij : : Rm N :
F ; TMA (20 mol%) : S on L ;
i 3af io,rsw 1a-e ' CO, (22 cm?®) ' 4afio rs w 2a-e :
' : : o o '
! R—/ | A\ rIL N ; Cs,CO;3 (3.0 equiv.) ; o )\_O .
: X ( : DMSO (0.1 M), 25°C : Z \/U\ XK OH
' i+ R— I ) “OH R_I
Blue LEDs H . v
3p-q,t, v 7a-m ' Z
---------------------------------- 4p-q,t, v 8a-m

To a dry flat-bottomed crimp vial (5 mL) equipped with stirring bar, was added the arene (if
solid) (0.1 mmol) and 2,3,6,7-tetramethoxyanthracen-9(10H)-one (6.3 mg, 0.02 mmol,
20 mol%). Cs2COs (98 mg, 3 equiv.) was quickly added and the vial was sealed with a Supelco
aluminium crimp seal with septum (PTFE/butyl). The vial was then evacuated and refilled
with COz (5X) via syringe needle. The reaction mixture was dissolved in DMSO (1 mL, dry
and degassed by bubbling with N») and the arene (0.1 mmol) (if liquid) was added #za syringe.
The vial was sealed with two layers of Parafilm® and then had gaseous CO; added #7a a Luer
Lock Monoject™ (20 ccm) syringe, into the head space. The vial was then irradiated from the
bottom side with blue LED light and a constant reaction temperature (25°C) was maintained
by employing a water-cooling circuit connected to a thermostat. After 18 hrs of reaction time
the pressure was released. For product isolation, the reaction mixtures of 4 reactions run in
parallel were combined and transferred with water and Et;O into a separating funnel. The
ether layer was extracted with water (3X) and the combined aqueous layers were acidified with
aq. HCI (2M) to adjust to an acidic pH. The aqueous layer was extracted with EtOAc (3%) and
the combined EtOAc layers were dried over Na,SO,, filtered and concentrated 7 vacuo. The
crude material was purified by silica flash column chromatography using mixtures of hexanes

and ethyl acetate with 0.5% HOAc (v/v) as eluents.



General Procedure for Carboxylation of Arenes — GP2b (no glovebox)

TMA (20 mol%)

(o]
RT:\\ CO, (22 cm®) . RT:\\
Cs,CO0; (3.0 equiv.) OH
3g-h DMSO (0.1 M), 25°C 4g-h
Blue LEDs

To a dry flat-bottomed crimp vial (5 mL) equipped with stirring bar, was added the arene (if
solid) (0.1 mmol) and 2,3,6,7-tetramethoxyanthracen-9(10H)-one (6.3 mg, 0.02 mmol,
20 mol%). Cs2COs (98 mg, 3 equiv.) was quickly added and the vial was sealed with a Supelco
aluminium crimp seal with septum (PTFE/butyl). The vial was then evacuated and refilled
with N2 (3X) vza syringe needle. The reaction mixture was dissolved in DMSO (1 mlL, dry and
degassed by bubbling with N») and the arene (0.1 mmol) (if liquid) was added vz syringe. The
reaction mixture then had gaseous CO: (22 cm’) added vz a gastight Hamilton® syringe, into
the head space of the vial. The vial was then irradiated from the bottom side with blue light
and a constant reaction temperature (25°C) was maintained by employing a water-cooling
circuit connected to a thermostat. After the designated time the reactions were extracted vzz an
acid base wash. The combined organic layers were dried over Na,SO,, filtered and

concentrated 2 vacuo.

General Procedure for Carboxylation of Arenes — GP2c (glovebox)

H o
T\ N : : )\\ 5
RE R—: _ : H “/MO TN AR OH '
: TMA (20 mol%) v R R P :
1x 1f-g ; CO, (22 cm?) : - OH g :
! ' 9 :
R—/ | A\ E Cs,CO3 (3.0 equiv.) ! o '
N : DMSO (0.1 M), 25°C 5 Z | 3o
s : Blue LEDs : R 7
a-e !
! 6a-e

...............................

To a dry microwave vial (5 mL) equipped with stirring bar, was added the arene (if solid)
(0.1 mmol) and 2,3,6,7-tetramethoxyanthracen-9(10H)-one (6.3 mg, 0.02 mmol, 20 mol%).
The vials were sealed and transferred to a glovebox after the vial had evacuated and refilled
with Nz (X3) within the antechamber via syringe. Cs2CO; (98 mg, 3 equiv.) and DMSO (1 mL)
was added and the vial was sealed with a Supelco aluminium crimp seal with septum
(PTFE/butyl). The vials were removed from the glovebox and the arene (0.1 mmol) (if liquid)
was added via syringe. The reaction mixture then had gaseous CO2 (22 cm’) added via a gastight

Hamilton® syringe, into the head space of the vial. The vial was then irradiated from two sides



by two kessil lamps (vials approximately 6 cm away from the light source) with fans placed in
front of the vials for cooling (temperatures measured via IR ranged between 25-30 °C). After
18 hrs. the irradiation was stopped and the vials were decapped quenched with aq. HCI (1 mL,
0.3M) and monitored by LCMS and 'H NMR. Reactions were filtered of any solids and purified
directly via prep-HPLC.

General Procedure for the Hydroxyalkylation of benzo[ b]thiophene with ketones — GP3

TMA (20 mol%) OH
@j\> RCOR' (10 eq.) N @:MR'
Cs,CO3 (3.0 equiv.) R
3p DMSO (0.1 M), 25°C
Blue LEDs

9pa-pc

To a dry flat-bottomed crimp vial (5 mL) equipped with stirring bar, was added the
benzo|/|thiophene (13.4 mg, 0.1 mmol, 1 equiv.) and 2,3,6,7-tetramethoxyanthracen-9(10H)-
one (6.3 mg, 0.02 mmol, 20 mol%). Cs;COs (98 mg, 0.3 mmol, 3 equiv.) was quickly added
and the vial was sealed with a Supelco aluminium ctimp seal with septum (PTFE/butyl). The
vial was then evacuated and refilled with N, (5X) zia syringe needle. The reaction mixture was
dissolved in DMSO (1ml., dry and degassed by bubbling with N») and the ketone (1.0 mmol,
10 equiv.) was added #ia syringe. The vial was then irradiated from the bottom side with blue
LED light and a constant reaction temperature (25°C) was maintained by employing a water-
cooling circuit connected to a thermostat. After 18 hrs the reaction was quenched by adding
water. For product isolation, the reaction mixtures of 4 reactions run in parallel were combined
and transferred with water and EtOAc into a separating funnel. The reaction mixture was
extracted with EtOAc (3X) and the combined organic layers were dried over Na,SO,, filtered
and concentrated iz vacwo. The crude material was purified by silica flash column

chromatography using mixtures of hexanes and ethyl acetate as eluents.



1,2-Dihydroacenaphthylene-5-carboxylic acid (2a)

oo

CO,H
Following GP2a, acenaphthene (0.4 mmol) gave 2a (68%) as a pale orange solid; 'H-NMR
(400 MHz, Chloroform-d) & 8.74 (d, ] = 8.5 Hz, 1H), 8.45 (d, ] = 7.3 Hz, 1H), 7.63 (dd, | =
8.6, 6.9 Hz, 1H), 7.37 (dd, ] = 12.2, 7.1 Hz, 2H), 3.45 (s, 4H). '"H-NMR (400 MHz, DMSO-
ds) & 12.85 (bs, 1H), 8.60 (d, | = 8.5 Hz, 1H), 8.22 (d, ] = 7.3 Hz, 1H), 7.57 (dd, ] = 8.6, 6.9
Hz, 1H), 7.36 (t, ] = 6.6 Hz, 2H), 3.35 (s, 4H). "C-NMR (101 MHz, DMSO) & 168.3 (C,),
152.5 (Cy), 146.2 (C)), 139.1 (C,), 132.9, 129.8 (C,), 129.6, 122.3 (C,), 121.6, 119.9, 118.6, 29.9.
HRMS (EI+): calculated 7/3 for CisHigO, [M™] 198.06753; found 198.06722. Data in

accordance with the literature.”

1-Naphthoic acid (2b)

CO,H

Following GP2a, naphthalene (0.3 mmol) gave 2b (38%) as a white solid; "H-NMR (400 MHz,
DMSO-ds) 8 13.13 (bs, 1H), 8.86 (d, ] = 8.5 Hz, 1H), 8.20 — 8.10 (m, 2H), 8.02 (d, ] = 7.7 Hz,
1H), 7.70 — 7.52 (m, 3H). *C-NMR (101 MHz, DMSO) 8 168.6 (C,), 133.5 (C,), 132.9, 130.7
(Cp), 129.8, 128.6, 127.7 (C,), 127.5, 126.2, 125.5, 124.9. HRMS (EI+): calculated /% for
C11HzO, [M™] 172.05188; found 172.05143. Data in accordance with the literature.!""



5-Methoxy-1-naphthoic acid (2c)

o

(I

CO,H

Following GP2a, 1-methoxynaphthalene (0.4 mmol) gave 2c (22%) as a pale-yellow solid; 'H-
NMR (400 MHz, DMSO-ds) 8 12.95 (bs, 1H), 8.45 — 8.35 (m, 2H), 8.13 (dd, ] = 7.2, 1.3 Hz,
1H), 7.60 — 7.51 (m, 2H), 7.05 (d, ] = 7.8 Hz, 1H), 3.99 (s, 3H). *C-NMR (101 MHz, DMSO)
3 168.8 (C,), 154.9 (C), 131.6 (C,), 130.0, 127.8, 127.7 (C,), 126.1, 125.3 (C,), 124.2, 117.5,
104.7, 55.7. HRMS (EI+): calculated /% for Ci2Hi0Os [M™7] 202.06245; found 202.06283.

Data in accordance with the literature.'’"

5-(Dimethylamino)-1-naphthoic acid (2d)

\N/

(2

CO,H

Following GP2a, 1-dimethylaminonaphthalen (0.4 mmol) gave 2d (38%) as a yellow solid; 'H-
NMR (400 MHz, DMSO-d;) 8 13.04 (bs, 1H), 8.43 (dd, J = 15.9, 8.6 Hz, 2H), 8.08 (dd, | =
7.1, 1.0 Hz, 1H), 7.54 (ddd, ] = 18.0, 8.6, 7.3 Hz, 2H), 7.19 (d, ] = 7.3 Hz, 1H), 2.82 (s, 6H).
PC-NMR (101 MHz, DMSO) 8 168.9 (C,), 151.0 (C,), 132.0 (C,), 129.3,128.6 (C,), 128.5 (C,),
128.4, 127.4, 124.0, 120.0, 114.4, 45.0. HRMS (ESI+): calculated 7/3 for CisHuuNO;
[(M+H)"] 216.1019; found 216.1022.



4-Methyl-1-naphtoic acid (2e) & 5-Methyl-1-naphtoic acid (2e")

L

*

HO™ ~O

Following GP2a, 1-methylnaphthalene (0.1 mmol) gave 2e (19%) and 2e' (14%) as a beige
solid. 2e:2e' = 1.3:1. The ratio of products was determined by 'H-NMR analysis. HRMS
(EI+): calculated 7/ z for C12H100O2 [M™] 186.06753; found 186.06731.

Data for 2e: 'H-NMR (300 MHz, Chloroform-d)  9.22 — 9.13 (m, 1H), 8.34 (d, ] = 7.5 Hz,
1H), 8.13 — 8.05 (m, 1H), 7.73 — 7.50 (m, 2H), 7.41 (d, ] = 7.5 Hz, 1H), 2.78 (s, 3H). '"H-NMR
(400 MHz, DMSO-dq) 8 13.06 (bs, 1H), 9.00 — 8.88 (m, 1H), 8.1 (m, 1H), 8.06 (d, ] = 7.4 Hz,
1H), 7.68 — 7.58 (m, 2H), 7.44 (d, ] = 7.0 Hz, 1H), 2.70 (s, 3H). *C-NMR (101 MHz, DMSO)
5 168.7, 139.7, 132.4, 130.9, 129.8, 127.2, 126.1, 126.0, 125.9, 125.7, 124.7, 19.6. Data in

accordance with literature. ">

Data for 2e": 'H-NMR (300 MHz, CD;OD) 8 8.95 (d, ] = 8.8 Hz, 1H), 8.40 (dd, ] = 7.3, 1.3
Hz, 1H), 8.30 (dt, ] = 8.5, 1.1 Hz, 1H), 7.71 — 7.51 (m, 2H), 7.41 (d, ] = 7.5 Hz, 1H), 2.75 (s,
3H)."H-NMR (400 MHz, DMSO-4,) 8 13.06 (bs, 1H), 8.67 (d, ] = 8.6 Hz, 1H), 8.25 (d, ] =
8.5 Hz, 1H), 8.14 — 8.08 (m, 1H), 7.68 — 7.58 (m, 1H), 7.54 — 7.48 (m, 1H), 7.39 — 7.47 (m,
1H), 2.68 (s, 3H). P"C-NMR (101 MHz, DMSO) 8§ 169.0, 134.5, 132.5, 130.8, 129.1, 128.7,
128.6, 127.1,126.9, 124.8, 123.7, 19.5. Data in accordance with the literature.""



1-Hydroxy-4-naphthoic acid (2f) & 1-hydroxy-2-naphthoic acid (2f")

Osa_OH

0

OH

Following GP2c, 1-naphthol (0.1 mmol) gave 2f & 2f' (56%) as an inseparable mixture (1:1),
as a waxy solid. 'H-NMR (500 MHz, DMSO) & 12.58 (s, 2H), 11.02 (s, 2H), 9.03 (d, ] = 8.7
Hz, 1H), 8.23 (d, ] = 7.7 Hz, 1H), 8.13 (d, ] = 8.1 Hz, 1H), 7.87 (dd, ] = 8.3, 1.0 Hz, 1H), 7.61
(ddd, J = 8.5, 6.8, 1.4 Hz, 1H), 7.50 (ddd, ] = 8.2, 6.8, 1.2 Hz, 1H), 7.48 — 7.42 (m, 1H), 7.41 —
7.32 (m, 3H), 6.91 (d, ] = 8.2 Hz, 1H), 6.87 (dd, ] = 7.2, 1.3 Hz, 1H). "C-NMR (126 MHz,
DMSO) & 171.88, 168.30, 157.80, 134.78, 133.04, 132.85, 128.74, 127.86, 126.98, 125.54,
125.08, 124.75, 124.56, 123.59, 122.43, 118.63, 116.69, 109.60, 106.95, 104.40. Data in

accordance with the literature.!""'%!

2,7-dihydroxy-1-naphthoic acid (2g)

CO,H

Following GP2c¢, naphthalene-2,7-diol (0.1 mmol) gave 2g (64%) as a yellow solid. 'H-NMR
(500 MHz, DMSO-d6) 6 12.43 (bs, 1H), 9.82 (s, 2H), 7.95 (s, 1H), 7.84 (d, ] = 8.8 Hz, 1H),
7.68 (d, ] = 8.8 Hz, 1H), 6.95-6.77 (m, 2H); "C-NMR (126 MHz, DMSO-d6) § 173.0, 161.8,
157.5,135.1, 133.6, 130.5, 122.5, 115.1, 115.1 107.5, 105.8; HRMS (ESI+): calculated 72/ for
C11HoO4 [M+H)"] 205.0495; found 205.0497.



5-(methoxycarbonyl)thiophene-2-carboxylic acid (4a)

s
UCOZMe

Following GP2a, methyl thiophene-2-carboxylate (0.4 mmol) gave 4a (49%) as a white solid;
'H-NMR (400 MHz, DMSO-d6) 8 13.65 (bs, 1H), 7.78 (d, ] = 3.9 Hz, 1H), 7.72 (d, ] = 3.9
Hz, 1H), 3.85 (s, 3H). *C-NMR (101 MHz, DMSO) & 162.3 (C,), 161.4 (C,), 140.4 (C,), 137.5
(Cp, 133.7, 133.2, 52.7. HRMS (EI+): calculated /% for C;HeO.S [M™] 185.99813; found

HO,C

185.99833. Data in accordance with the literature.'*l

5-Cyanothiophene-2-carboxylic acid (4b)

S
Vas

Following GP2a, thiophene-2-carbonitrile (0.4 mmol) gave 4b (92%) as a pale-yellow solid;
'H-NMR (400 MHz, DMSO-d) 8 13.98 (bs, 1H), 8.00 (d, ] = 4.0 Hz, 1H), 7.79 (d, ] = 4.0
Hz, 1H). "C-NMR (101 MHz, DMSO) & 161.5 (C)), 141.7 (C)), 139.5 (C,), 132.9 (C,), 113.6,
113.3. HRMS (EI+): calculated 7/z for CGHsNOLS [M™] 152.98790; found 152.98804. Data

HO,C

in accordance with the literature.""”

5-Acetylthiophene-2-carboxylic acid (4c)

S
D—COMe

Following GP2a, 2-acetylthiophene (0.4 mmol) gave 4¢ (39%) as a pale-yellow solid; 'H-NMR
(300 MHz, DMSO-ds) 8 13.55 (bs, 1H), 7.92 (d, ] = 4.0 Hz, 1H), 7.76 (d, ] = 3.9 Hz, 1H), 2.58
(s, 3H). "C-NMR (75 MHz, DMSO) & 191.5 (C,), 162.5 (C,), 148.2 (C,), 141.0 (C,), 133.7,
133.6, 26.8. HRMS (EI+): calculated 7/3 for C:HcOsS [M™] 170.00322; found 170.00333.

HO,C

Data in accordance with literature.!""”



5-Carbamoylthiophene-2-carboxylic acid (4d)

S
D—CONHZ

The title compound was prepared according to GP2a. Isolation of the compound was

HO,C

accomplished by employing C18 reversed-phase silica gel column chromatography using a
mixture of water and acetonitrile as eluents. Thiophene-2-carboxamide (0.4 mmol) gave 4d
(91%) as a white solid; "H-NMR (400 MHz, DMSO-ds) 8 13.40 (bs, 1H), 8.17 (bs, 1H), 7.73
(d, ] = 3.9 Hz, 1H), 7.69 (d, ] = 3.9 Hz, 1H), 7.64 (bs, 1H). *"C-NMR (101 MHz, DMSO) &
162.7 (C,), 162.2 (C), 145.7 (C,), 137.9 (C,), 133.3, 128.9. HRMS (ESI+): calculated /% for
CeHeOsS [M+H) "] 172.0063; found 172.0065.

5-Phenylthiophene-2-carboxylic acid (4e)

S

Following GP2a, 3-phenylthiophene (0.4 mmol) gave 4e (99%) as a white solid; 'H-NMR
(300 MHz, DMSO-d6) 6 13.18 (bs, 1H), 7.77 — 7.68 (m, 3H), 7.55 (d, ] = 4.0 Hz, 1H), 7.49 —
7.33 (m, 3H). "C-NMR (75 MHz, DMSO) § 162.9 (C,), 149.8 (C,), 134.4, 133.4 (C,), 132.9
(Cp, 129.3, 1289, 125.9, 124.6. HRMS (ESI+): calculated 7/3 for CiiHoO.S [M+H)"]
205.0318; found 205.0321. Data in accordance with the literature.'™

HO,C

5-(Trimethylsilyl)thiophene-2-carboxylic acid (4f)

Following GP2a, trimethyl(thiophen-2-yl)silane (0.4 mmol) gave 4f (28%) as a white solid; "H-
NMR (400 MHz, DMSO-y) & 13.02 (bs, 1H), 7.75 (d, ] = 3.5 Hz, 1H), 7.34 (d, | = 3.5 Hz,
1H), 0.31 (s, 9H). ®C-NMR (101 MHz, DMSO) 8 162.6 (C,), 148.1 (C,), 139.5 (C,), 135.0,
133.9, —0.4. HRMS (EI+): calculated /3 for CsHpO,SiS [M*] 200.03218; found 200.03162.



5-(cyanomethyl)thiophene-2-carboxylic acid (4g)

NC S O

|
OH

Following GP2b, 2-(thiophen-2-yl)acetonitrile (0.1 mmol) gave 4g (89%) as a white soild. "H-
NMR (500 MHz, CDCls) 8 7.78 (d, ] = 3.8 Hz, 1H), 7.13 (d, ] =3.8 Hz, 1H), 3.96 (s, 2H); “C-
NMR (126 MHz, CDCl;) 8 165.6 (C,), 139.8 (C,), 135.3, 133.2 (C,), 128.3, 115.9 (C,), 19.3
(CH,); HRMS (ESI): calculated /3 for C;HANO,S [(M-H)™] 165.9968; found 165.9967.

5-(2-methoxy-2-oxoethyl)thiophene-2-carboxylic acid (4h)

cO,Me
S O
| 4

OH

Following GP2b, methyl 2-(thiophen-2-yl)acetate (0.1 mmol) gave 4h (99%) as a waxy solid.
'H-NMR (500 MHz, CDCl3) § 7.76 (d, ] = 3.8 Hz, 1H), 6.99 (d, ] = 3.8 Hz, 1H), 3.8 (s, 2H),
3.76 (s, 3H); "C-NMR (126 MHz, CDCl3) 8 170.0, 167.4, 144.5, 135.2, 132.2,128.2, 52.7, 35.9;
HRMS (ESI): calculated 7/ 3 for CsH-O.S [(M-H)*] 199.0065; found 199.0065.

3-Cyanothiophene-2-carboxylic acid (4i)

HO,C_ s
X

Following GP2a, thiophene-3-carbonittile (0.4 mmol) gave 4i (86%) as a pale-yellow solid; "H-
NMR (300 MHz, DMSO-ds) 8 14.12 (bs, 1H), 8.06 (d, ] = 5.2 Hz, 1H), 7.62 (d, ] = 5.1 Hz,
1H). ®"C-NMR (75 MHz, DMSO) & 160.7 (C,), 141.9 (C,), 133.9, 131.6, 114.1 (C,), 113.0 (C,).

HRMS (ESI+): calculated 72/ % for CCHiINO,S [(M+H)"] 153.9957; found 153.9957. Data in

accordance with the literature.!'””



3-Acetylthiophene-2-carboxylic acid (4j)

HO,C\_ s
)V,

Following GP2a, 3-acetylthiophene (0.4 mmol) gave 4j (41%) as a pale-yellow solid; '"H-NMR
(300 MHz, Acetonitrile-d5) & 7.78 (d, ] = 5.4 Hz, 1H), 7.71 (d, ] = 5.4 Hz, 1H), 2.73 (s, 3H).
"H-NMR (400 MHz, DMSO-d) 8 13.59 (bs, 1H), 7.85 (d, ] = 5.0 Hz, 1H), 7.24 (d, ] = 5.0
Hz, 1H), 2.50 (s, 3H). *C-NMR (101 MHz, DMSO) 8 199.3 (C,), 162.3 (C,), 146.9 (C,), 132.2

(Cp, 132.1, 128.1, 30.9. HRMS (EI+): calculated /3 for C:HsO5S [M™] 170.00322; found
170.00304.

MeOC

3-(Methoxycarbonyl)thiophene-2-carboxylic acid (4k)

HO,.C s

|y

MGOQC

Following GP2a, methyl thiophene-2-carboxylate (0.4 mmol) gave 4k (88%) as a white solid;
'H-NMR (400 MHz, DMSO-ds) & 13.53 (bs, 1H), 7.86 (d, ] = 5.1 Hz, 1H), 7.31 (d, ] = 5.1
Hz, 1H), 3.80 (s, 3H). "C-NMR (101 MHz, DMSO) & 164.8 (C,), 161.9 (C,), 136.8 (C,), 134.5
(Cp, 131.8, 128.3, 52.5. HRMS (ESI+): calculated /73 for C:H-O,S [(M+H)™] 187.0060;
found 187.0059.

3-Phenylthiophene-2-carboxylic acid (41)

HO,C_ g

),

Following GP2a, 3-phenylthiophene (0.4 mmol) gave 41 (71%) as a pale-yellow solid; "H-
NMR (400 MHz, DMSO-d) 6 12.86 (bs, 1H), 7.85 (d, ] = 5.0 Hz, 1H), 7.49 — 7.42 (m, 2H),
7.42 —-7.32 (m, 3H), 7.17 (d, ] = 5.1 Hz, 1H). *C-NMR (101 MHz, DMSO) & 162.8 (C,), 147.1
(C,), 1355 (C)), 131.7, 131.0, 129.3, 128.1 (C,), 127.7, 127.6. HRMS (ESI+): calculated 7/
for C11HoO,S [(M+H)] 205.0318; found 205.0319. Data in accordance with the literature."!

Ph



[2,2'-Bithiophene]-5-carboxylic acid (4m)

ST Nco,H

Following GP2a, 2,2'-bithiophene (0.4 mmol) gave 4m (53%) as a pale-yellow solid; 'H-NMR
(400 MHz, DMSO-dg) 8 13.15 (bs, 1H), 7.66 (d, ] = 3.9 Hz, 1H), 7.62 (dd, ] = 5.1, 1.1 Hz, 1H),
7.48 (dd, | = 3.7, 1.1 Hz, 1H), 7.34 (d, ] = 3.9 Hz, 1H), 7.13 (dd, ] = 5.1, 3.6 Hz, 1H). “C-
NMR (101 MHz, DMSO) 8 162.6 (C,), 142.9 (C,), 135.4 (C,), 134.2,132.5 (C,), 128.6, 127.2,
125.9, 124.5. HRMS (ESI+): calculated 7/3 for CoH-O2S, [M+H)"] 210.9882; found

210.9884. Data in accordance with the literature.'"!

[2,3'-Bithiophene]-2'-carboxylic acid (4n) & [2,3'-bithiophene]-5-carboxylic acid (4n')

S
| )—COH

/S
/*

Following GP2a, 2,3"-bithiophene (0.4 mmol) gave 4n (64%) as a white solid and 4n' (23%) as
a pale-yellow solid. 4n:4n' = 2.8:1.

Data for 4n: 'H-NMR (400 MHz, Chloroform-d) 8 7.60 (dd, | = 3.7, 1.2 Hz, 1H), 7.56 (d, |
= 52 Hz, 1H), 7.40 (dd, | = 5.1, 1.2 Hz, 1H), 7.27 (d, ] = 5.2 Hz, 1H), 7.10 (dd, ] = 5.1, 3.7
Hz, 1H). '"H-NMR (400 MHz, DMSO-d) & 13.07 (bs, 1H), 7.84 (d, ] = 5.2 Hz, 1H), 7.65 —
7.59 (m, 2H), 7.36 (d, ] = 5.2 Hz, 1H), 7.11 (dd, J = 5.1, 3.7 Hz, 1H). ®"C-NMR (101 MHz,
DMSO) & 162.8 (Cy), 138.7 (Cp), 135.9 (C,), 131.3, 131.2, 129.0, 127.3, 127.2, 126.7 (C,).
HRMS (ESI+): calculated 7/z for CoH,O.S, [(M+H) "] 210.9882; found 210.9883. Data in

accordance with the literature.!''?

Data for 4n": '"H-NMR (400 MHz, DMSO-4y) 8 7.93 (dd, ] = 2.9, 1.4 Hz, 1H), 7.69 — 7.64 (m,
2H), 7.49 (dd, J = 5.0, 1.4 Hz, 1H), 7.44 (d, ] = 3.8 Hz, 1H). *C-NMR (101 MHz, DMSO) &
162.9 (C,)), 144.7 (C,), 1343 (C,), 134.0, 132.6 (C,), 128.0, 126.0, 124.5, 122.4. Data in

accordance with the literature.!'"’!



Thieno[3,2-b]thiophene-2-carboxylic acid (40)

CO,H

~

NS
~
Following GP2a, thieno[3,2-4|thiophene (0.4 mmol) gave 40 (48%) as a pale green solid; 'H-
NMR (400 MHz, DMSO-4) 6 13.20 (bs, 1H), 8.11 (s, 1H), 7.92 (d, ] = 5.3 Hz, 1H), 7.51 (d,
J=5.3 Hz, 1H). "C-NMR (101 MHz, DMSO) & 163.4 (C,), 143.2 (C,), 138.6 (C,), 135.7 (C,),
133.0, 126.1, 120.3. HRMS (ESI+): calculated 7/ for C-HsO,S; [(M+H)"] 184.9725; found

184.9728. Data in accordance with the literature.'"

Benzo|[b]thiophene-2-carboxylic acid (4p)

S

Following GP2a, benzo[4]thiophene (0.4 mmol) gave 4p (97%) as a white solid; '"H-NMR
(400 MHz, DMSO-ds) & 13.45 (bs, 1H), 8.11 (s, 1H), 8.06 — 7.96 (m, 2H), 7.54 —7.41 (m, 2H).
BC-NMR (101 MHz, DMSO) & 163.5 (C,), 141.3 (C,), 138.7 (C,), 134.8 (C,), 130.2, 127.0,
125.7, 125.1, 123.0. HRMS (ESI+): calculated 7/ for CoH,O,S [M+H) '] 179.0161; found

179.0163. Data in accordance with the literature '

3-Methylbenzo[ b]thiophene-2-carboxylic acid (4q)

N—co,H

S
Following GP2a, 3-methylbenzo[#]thiophene (0.4 mmol) gave 4q (95%) as a white solid; 'H-
NMR (300 MHz, DMSO-4) 6 13.37 (bs, 1H), 8.01 — 7.88 (m, 2H), 7.55 — 7.41 (m, 2H), 2.70
(s, 3H). P"C-NMR (75 MHz, DMSO) & 164.4 (C,), 140.0 (C,), 139.8 (C,), 139.4 (C,), 127.9 (C,),
127.3, 124.7, 123.9, 122.8, 12.8. HRMS (ESI+): calculated /3 for CioHoO.S [(M+H)"]
193.0318; found 193.0319. Data in accordance with the literature.!''?



5-(Methoxycarbonyl)furan-2-carboxylic acid (4r)

0
D—COZMe

Following GP2a, methyl furan-2-carboxylate (0.4 mmol) gave 4r (70%) as a pale-yellow solid.
'"H-NMR (400 MHz, DMSO-d6) & 13.72 (bs, 1H), 7.39 (d, | = 3.6 Hz, 1H), 7.32 (d, | = 3.6
Hz, 1H), 3.85 (s, 3H). "C-NMR (101 MHz, DMSO) & 158.8 (C,), 157.9 (C,), 147.4 (C,), 145.6
(C), 119.0, 118.4, 52.3. HRMS (ESI+): calculated 7/ 7 for C;H,Os [(M+H)™] 171.0288; found

HO,C

171.0289. Data in accordance with the literature.!'"”

5-Cyanofuran-2-carboxylic acid (4s)

HO,C__o
D—CN

Following GP2a, furan-2-carbonitrile (0.4 mmol) gave 4s (43%) as a pale-yellow solid; '"H-
NMR (400 MHz, DMSO-ds) 8 13.98 (bs, 1H), 7.72 (d, ] = 3.8 Hz, 1H), 7.40 (d, ] = 3.8 Hz,
1H). *C-NMR (101 MHz, DMSO) 8 158.0 (C,), 149.0 (C,), 126.9 (C,), 124.6,117.8, 111.0 (C,).
HRMS (EI+): calculated 7/ 7 for CHsNO; [M™] 137.01074; found 137.01037.

Benzofuran-2-carboxylic acid (4t)

©\/\>—002H
o

Following GP2a, benzofuran (0.4 mmol) gave 4t (47%) as a pale-yellow solid; 'H-NMR (400
MHz, DMSO-ds) 6 13.55 (bs, 1H), 7.78 (d, ] = 7.8 Hz, 1H), 7.69 (d, ] = 8.4 Hz, 1H), 7.67 —
7.63 (m, 1H), 7.49 (ddd, | = 8.4, 7.1, 1.3 Hz, 1H), 7.38 — 7.32 (m, 1H). *C-NMR (101 MHz,
DMSO) & 160.1 (Cp), 155.0 (C,), 146.3 (C,), 127.5, 126.9 (C,), 123.8, 123.1, 113.4, 112.1.
HRMS (EI+): calculated /3 for CoHeOs [M™] 162.03115; found 162.03138. Data in

accordance with the literature.!'"!



1-(tert-butyl) 2-methyl 1 H-indole-1,2-dicarboxylate (4u)

N O
©:H0Me
A dry microwave vial (5 mL) equipped with stirring bar, was charged with zer~butyl 1H-indole-
1-carboxylate (0.1 mmol) and 2,3,6,7-tetramethoxyanthracen-9(10H)-one (20 mol%). The vial
was sealed and transferred to a glovebox after the vial had evacuated and refilled with N, (3)
within the antechamber 2z syringe. Cs:COs (3.0 equiv.) and dry DMSO (1 mL) was added and
the vial was sealed with a Supelco aluminium crimp seal with septum (PTFE/butyl). The vial
was removed from the glovebox. The reaction mixture then had gaseous CO; (22 cm’) added
via a gastight Hamilton® syringe, into the head space of the vial. The vial was then irradiated
from two sides by two kessil lamps (vials approximately 6 cm away from the light source) with
fans placed in front of the vials for cooling (temperatures measured vzz IR ranged between 25-
30 °C). After 18 hrs the irradiation was stopped, the pressure was vented zia syringe and Mel
(31 uL, 0.5 mmol) was added. The reaction mixture was left to stir for 4 hrs. The vial was
decapped and quenched with aq. HCl (1 mL, 0.3M). The reaction was diluted with brine
(10 mL) extracted with EtOAc (3X5 mL). The organic layers were combined and washed with
brine (3X10 mL) and then dried »zz phase separator and concentrated 7z vacuo. Purification by
column chromatography on silica gel eluting with heptane : EtOAc (9:1) gave the title
compound 4u (40%) as a white waxy solid. R¢ 0.51 [Heptane—EtOAc (9:1)]; 8.10 (dq, ] = 8.5,
0.9 Hz, 1H), 7.60 (ddd, /= 7.8, 1.2, 0.8 Hz, 1H), 7.42 (ddd, ] = 8.5, 7.2, 1.3 Hz, 1H), 7.27 (ddd,
J=18.1,7.2,1.0 Hz, 1H), 7.11 (d, ] = 0.8 Hz, 1H), 3.93 (s, 3H), 1.63 (s, 9H). *C-NMR (101
MHz, CDCLy) 8 162.5, 149.4, 137.9, 130.5, 127.6, 126.9, 123.4, 122.3, 115.0, 115.0, 84.7, 52.5, 27.9. Data in

accordance with the literature.!®!



1-(ter-Butoxycarbonyl)-2-phenyl-1H-indole-3-carboxylic acid (4v)

COzH
N—ph
N
\
Boc
Following GP2a, fert-butyl 2-phenyl-1H-indole-1-carboxylate (0.4 mmol) gave 4v (10%) as a
white solid; "'H-NMR (400 MHz, DMSO-d;) § 12.40 (bs, 1H), 8.17 — 8.12 (m, 1H), 8.12 — 8.07
(m, 1H), 7.48 — 7.32 (m, 7H), 1.16 (s, 9H). "C-NMR (101 MHz, DMSO) & 164.9 (C,), 148.9
(C,), 143.8 (C), 135.3 (Cp, 133.1 (C,), 129.7,128.1, 127.4,126.9 (C,), 124.9, 123.7,121.6, 114.2,
111.4 (C)), 84.3 (C,), 26.8. HRMS (ESI+): calculated 7/ 3 for CooH20NO4 [(M+H) "] 338.1387;
found 338.1391.

1-Phenyl-1 H-pyrazole-5-carboxylic acid (4w)
]\
Hozc’<:'\'\l

O

Following GP2a, 1-phenylpyrazole (0.4 mmol) gave 4w (33%) as a white solid; '"H-NMR (300
MHz, Methanol-d;) 8 7.72 (d, ] = 2.0 Hz, 1H), 7.52 — 7.39 (m, 5H), 7.05 (d, | = 2.0 Hz, 1H).
'H-NMR (400 MHz, DMSO-d) & 13.29 (bs, 1H), 7.77 (d, ] = 1.9 Hz, 1H), 7.52 — 7.41 (m,
5H), 7.03 (d, ] = 1.9 Hz, 1H). "C-NMR (101 MHz, DMSO) 8 160.0 (C,), 140.2 (C,), 139.7,
134.1 (C,), 128.5,128.2,125.7, 112.5. HRMS (ESI+): calculated 7/ 3 for C1oHoNO» [(M+H) "]
189.0659; found 189.0661. Data in accordance with the literature."



2-cyano-4-methylthiazole-5-carboxylic acid (4x)

Following GP2c, 4-methylthiazole-2-carbonitrile (0.1 mmol) gave 4x (53%) as a white solid.
"H-NMR (500 MHz, CDCls) § 2.83 (3H, s); *C-NMR (126 MHz, CDCls) § 165.4 (Cg), 163.3
(Cg), 139.3 (Cg), 126.6 (Cg), 112.1 (Cg), 17.7; HRMS (EI): calculated 7/ 7 for CsHsN2O,S [M™]
167.9992; found 168.0003.

4-hydroxybenzo[b]thiophene-7-carboxylic acid (6a)

OH

HO O

Following GP2c, 4-hydroxybenzo[#]thiophene (0.1 mmol) gave 6a (99%) as a white solid. "H-
NMR (500 MHz, DMSO-d,): 8 7.91 (d, ] = 8.2 Hz, 1H), 7.66 (d, ] = 5.6 Hz, 1H), 7.51 (d, ] =
5.6 Hz, 1H), 6.85 (d, J = 8.2 Hz, 1H); *C-NMR (126 MHz, DMSO-ds) 8 166.9 (C,), 157.0
(C,), 141.8 (C,), 129.8 (C,), 129.3, 127.7,119.8, 115.6 (C,), 108.9; HRMS (ESI): calculated 7/
for CoH505S [(M-H)'] 192.9965; found 192.9965.



1-(Tetrahydro-2 H-pyran-2-yl)-1H-indazole-4-carboxylic acid (6b)

Following GP2c, 1-(tetrahydro-2H-pyran-2-yl)-1H-indazole (0.1 mmol) gave 6b (60%) as a
white solid. 'H-NMR (500 MHz, DMSO-d6): & 12.88 (bs, 1H), 8.42 (s, 1H), 8.03 (d, ] = 8.4
Hz, 1H), 7.83 (d, ] = 7.1 Hz, 1H), 7.63-7.43 (m, 1H), 5.92 (dd, ] = 9.6, 2.1 Hz, 1H), 3.88 (d, |
= 11.2 Hz, 1H), 3.80-3.71 (m, 1H), 2.42 (qd, /] = 3.7, 13.0 Hz, 1H), 2.15-1.94 (m, 2H), 1.88-
1.67 (m, 1H), 1.65-1.52 (m, 2H); "C-NMR (126 MHz, DMSO-d6): § 167.0, 139.8, 133.6,
125.9,124.4,123.3,122.5, 115.3, 84.0, 66.5, 28.9, 24.7, 22.1; HRMS (ESI): calculated /% for
Ci3HisN2O5 [M+H) "] 247.1077; found 247.1066.

1-Methyl-1H-indazole-4-carboxylic acid (6¢)

0~ OH

Following GP2¢, 1-methyl-1H-indazole (0.1 mmol) gave 6¢ (58%) as a white solid. 'H-NMR
(500 MHz, CDCls): & 8.58 (s, 1H), 8.05 (d, /] = 6.9 Hz, 1H) 7.69 (d, ] = 8.8 Hz, 1H), 7.44-7.56
(m, 1H), 4.16 (s, 3H); *C-NMR (126 MHz, CDCls): 171.3, 140.5, 133.9, 125.7, 125.3, 122.8,
122.3, 114.9, 35.9; HRMS (ESI): calculated /% for CoHoN.Oz [M+H)"] 177.0664; found
177.0669.



Pyrazolo[1,5-a] pyridine-7-carboxylic acid (6d) & pyrazolo[1,5-a]pyridine-4-carboxylic
acid (6d’)

OsOH

-N
Z N N\
QA

*

Following GP2c, pyrazolo[1,5-a]pyridine (0.1 mmol) gave 6d (63%) as a white solid & 6d'
(22%) as a white solid. 6d:6d' = 2.8:1.

Data for 6d: "TH-NMR (500 MHz, DMSO-dq) 8 8.20 (d, ] = 2.3 Hz, 1H), 8.14-7.88 (m, 1H),
7.73-7.58 (m, 1H), 7.38 (dd, J = 7.1, 8.8 Hz, 1H), 6.87 (d, ] = 2.3 Hz, 1H); *C-NMR (126
MHz, DMSO-dy) 8 161.8, 140.8, 140.6, 129.3, 123.6, 122.3, 116.9, 98.5. Data in accordance

with the literature.?)

Data for 6d": 'H-NMR (500 MHz, DMSO-d) & 13.34 (bs, 1H), 8.94 (d, ] = 6.8 Hz, 1H), 8.12
(d, ] = 2.1 Hz, 1H), 7.95 (d, ] = 6.4 Hz, 1H), 7.03-6.98 (m, 2H); *C-NMR (126 MHz, DMSO-
do) & 165.5, 142.9, 137.9, 133.0, 128.6, 120.7, 110.9, 98.6. Data in accordance with the

literature.'*!

4-(3-((tert-butoxycarbonyl)(isopropyl)amino)-2-hydroxypropoxy)benzo [ b] thiophene-
2-carboxylic acid (6e)

Following GP2c, fert-butyl (3-(benzo|/|thiophen-4-yloxy)-2-hydroxypropyl)(isopropyl)-
carbamate (0.1 mmol) gave 6e (18%) as a yellow oil. 'H-NMR (500 MHz, CDCl5): & 8.26 (s,
1H), 7.32-7.49 (m, 2H), 6.77 (d, ] = 7.5 Hz, 1H), 4.28-4.11 (m, 3H), 4.10-3.99 (m, 1H), 3.47
(s, 2H), 2.05 (s, 1H), 1.50 (s, 9H), 1.18 (dd, ] = 6.5, 31.4 Hz, 6H); "C-NMR (126 MHz, CDCls)
8 "C NMR (126 MHz, CDCl3) 8 165.6, 154.3, 143.4, 131.0, 129.1, 127.7, 127.3, 114.4, 104.2,
80.0, 71.0, 69.1, 48.0, 46.1, 27.6, 19.7 HRMS (ESI): calculated 7/ 3 for C20H2sNOGS [(M+H)"]
410.1637; found 410.1655.



Cinnamic acid (8a)

©/\,COZH

Following GP2a, styrene (0.4 mmol) gave 8a (54%) as a white solid; '"H-NMR (400 MHz,
DMSO-ds) 6 12.40 (bs, 1H), 7.72 — 7.64 (m, 2H), 7.59 (d, ] = 16.0 Hz, 1H), 7.45 — 7.37 (m,
3H), 6.53 (d, ] = 16.0 Hz, 1H). *C-NMR (101 MHz, DMSO) 8 167.6 (C,), 143.9, 134.2 (C,),
130.2, 128.9, 128.2, 119.3. HRMS (EI+): calculated 7/ for CoHsO, [M™] 148.05188; found

148.05161. Data in accordance with the literature.!'!l

(E)-3-(4-(tert-Butyl)phenyl)acrylic acid (8b)

. CO,H

Following GP2a, 1-(fer+-butyl)-4-vinylbenzene (0.4 mmol) gave 8b (56%) as a white solid; "H-
NMR (400 MHz, DMSO-d) 6 12.33 (bs, 1H), 7.62 — 7.53 (m, 3H), 7.46 — 7.38 (m, 2H), 6.47
(d, ] =16.0 Hz, 1H), 1.27 (s, 9H). ®"C-NMR (101 MHz, DMSO) 8 167.7 (C,), 153.1 (C,), 143.8,
131.5 (C,), 128.0,125.7,118.3, 34.6 (C,), 30.9. HRMS (EI+): calculated 72/ for Ci3HsO2 [M™]
204.11448; found 204.11415.

(E)-3-(p-Tolyl)acrylic acid (8c)

/@/\/COZH

Following GP2a, 4-methylstyrene (0.4 mmol) gave 8¢ (53%) as a white solid; "H-NMR (400
MHz, DMSO-ds) 8 12.31 (bs, 1H), 7.60 — 7.51 (m, 3H), 7.22 (d, ] = 7.9 Hz, 2H), 6.46 (d, | =
16.0 Hz, 1H), 2.32 (s, 3H). ®"C-NMR (101 MHz, DMSO) & 167.7 (C,), 143.9, 140.1 (C,), 131.5
(C), 129.5, 128.2, 118.1, 21.0. HRMS (EI+): calculated /% for CioH1002 [M™] 162.06753;
found 162.06783.



(E)-3-(4-Methoxyphenyl)acrylic acid (8d)

/@/\/COZH
MeO

Following GP2a, 4-methoxystyrene (0.4 mmol) gave 8d (40%) as a pale-yellow solid; 'H-
NMR (400 MHz, DMSO-4) 6 12.21 (bs, 1H), 7.66 — 7.60 (m, 2H), 7.54 (d, ] = 16.0 Hz, 1H),
7.00 — 6.93 (m, 2H), 6.37 (d, ] = 15.9 Hz, 1H), 3.79 (s, 3H). "C-NMR (101 MHz, DMSO) &
167.8 (C,), 160.9 (C,), 143.7,129.9,126.8 (C,), 116.5,114.3, 55.3. HRMS (EI+): calculated 7/
for CioH1005 [M"] 178.06245; found 178.06194.

(E)-3-(3-Methoxyphenyl)acrylic acid (8e)

@/%/COZH

OMe

Following GP2a, 3-methoxystyrene (0.4 mmol) gave 8e (46%) as a white solid; 'H-NMR (400
MHz, DMSO-ds) & 12.40 (bs, 1H), 7.56 (d, | = 16.0 Hz, 1H), 7.36 — 7.20 (m, 3H), 7.03 — 6.92
(m, 1H), 6.55 (d, ] = 16.0 Hz, 1H), 3.79 (s, 3H). "C-NMR (101 MHz, DMSO) 8 167.6 (C,),
159.6 (C,), 143.9, 135.7 (C,), 129.9, 120.8, 119.6, 116.2, 112.9, 55.2. HRMS (EI+): calculated
m/ 2 for C1oH10O3 [M™] 178.06245; found 178.06210.

(E)-3-(4-(Trimethylsilyl)phenyl)acrylic acid (8f)

O/\/CozH
N
/Sl'

Following GP2a, trimethyl(4-vinylphenyl)silane (0.4 mmol) gave 8f (53%) as a pale-yellow
solid; '"H-NMR (400 MHz, DMSO-dy) 8 12.38 (bs, 1H), 7.67 — 7.62 (m, 2H), 7.61 — 7.52 (m,
3H), 6.54 (d, ] = 16.0 Hz, 1H), 0.24 (s, 9H). "C-NMR (101 MHz, DMSO) 8 167.5 (C,), 143.9,
142.6 (C,), 134.6 (C,), 133.7, 127.3,119.4, —1.3. HRMS (EI+): calculated 7/ z for Ci2Hi60O5Si
[M™] 220.09141; found 220.09148.



Methyl (E)-3-(4-(dimethylamino)phenyl)acrylate (8g)

/@NCOzMe
SN

The title compound was prepared according to GP2a with N,N-dimethyl-4-vinylaniline
(0.4 mmol). After irradiating the mixture for 18 hrs the reaction vial was vented and Mel (18.7
ul, 0.3 mmol, 3 equiv.) was added za syringe. The resulting mixture was stirred for 2 hrs at
35 °C and was quenched by adding water. The crude mixture was extracted with DCM (3X)
and the combined organic layers were dried over Na,SOs, filtered and concentrated 7 vacuo.
Flash silica gel column chromatography with a mixtutre of hexanes+NEt; (1% v/v) and EtOAc
provided the title compound 8g (14%) as a pale brown solid; 'H-NMR (400 MHz,
Chloroform-d) 8 7.63 (d, ] = 15.9 Hz, 1H), 7.45 — 7.38 (m, 2H), 6.70 — 6.62 (m, 2H), 6.22 (d, |
= 15.8 Hz, 1H), 3.78 (s, 3H), 3.01 (s, 6H). "C-NMR (101 MHz, CDCl3) 8 168.5 (C,), 151.9
(Cp, 145.5, 129.9, 122.3 (C), 112.2, 112.0, 51.5, 40.3. HRMS (EI+): calculated »/z for
Ci:HisNO, [M™] 205.10973; found 205.10937.

(E)-3-(4-(Methylthio)phenyl)acrylic acid (8h)

MeS

Following GP2a, methyl(4-vinylphenyl)sulfane (0.4 mmol) gave 8h (38%) as a white solid; 'H-
NMR (400 MHz, DMSO-ds) 6 12.32 (bs, 1H), 7.65 — 7.60 (m, 2H), 7.55 (d, ] = 16.0 Hz, 1H),
7.31 — 7.24 (m, 2H), 6.48 (d, ] = 16.0 Hz, 1H), 2.51 (s, 3H). "C-NMR (101 MHz, DMSO) &
167.7 (C,), 143.4,141.3 (C,), 130.6 (C,), 128.7, 125.6, 118.0, 14.2. HRMS (EI+): calculated 7/ 3
for C10H1002S [M"] 194.03960; found 194.03936.



(E)-3-(4-Fluorophenyl)acrylic acid (8i)

/@NCOZH
F

Following GP2a, 4-fluorostyrene (0.4 mmol) gave 8i (46%) as a white solid; 'H-NMR (400
MHz, DMSO-ds) 6 12.39 (bs, 1H), 7.80 — 7.71 (m, 2H), 7.59 (d, ] = 16.0 Hz, 1H), 7.29 — 7.19
(m, 2H), 6.49 (d, ] = 16.0 Hz, 1H). "C-NMR (101 MHz, DMSO-d) & 167.5 (C,), 163.1 (d, |
= 248.3 Hz, C,), 142.7,130.9 (d, | = 3.2 Hz, C,), 130.5 (d, ] = 8.6 Hz), 119.1 (d, ] = 2.2 Hz),
115.9 (d, ] = 21.7 Hz). "F-NMR (376 MHz, DMSO) & -110.0. HRMS (EI+): calculated 7/
for CoH-FO, [M™] 166.04246; found 166.04203.

(E)-3-(4-(Trifluoromethyl)phenyl)acrylic acid (8j)

/@/\/CozH
CF3

Following GP2a, 1-(trifluoromethyl)-4-vinylbenzene (0.4 mmol) gave 8j (13%) as a white solid;
'H-NMR (400 MHz, DMSO-ds) 8 12.58 (bs, 1H), 7.92 (d, ] = 8.1 Hz, 2H), 7.76 (d, ] = 8.1
Hz, 2H), 7.66 (d, ] = 16.1 Hz, 1H), 6.68 (d, ] = 16.1 Hz, 1H). "C-NMR (101 MHz, DMSO)
8 167.2 (Cy), 142.0,138.3 (d, ] = 1.3 Hz, C,), 129.8 (q, ] = 31.8 Hz, C,), 128.8, 125.7 (q, ] = 3.7
Hz), 124.0 (g, ] = 272.1 Hz, C,), 122.3. PF-NMR (376 MHz, DMSO) & -60.8. HRMS (ESI+):
calculated 7/% for CioHsF3O, [(M+H)"] 217.0471; found 217.0472. Data in accordance with

the literature.'?!l



(E)-3-(3-Fluorophenyl)acrylic acid (8k)

@/\/COZH

F

Following GP2a, 3-fluorostyrene (0.4 mmol) gave 8k (38%) as a white solid; "H-NMR (400
MHz, DMSO-ds) 6 12.49 (bs, 1H), 7.64 — 7.49 (m, 3H), 7.49 — 7.41 (m, 1H), 7.29 — 7.19 (m,
1H), 6.61 (d, J = 16.0 Hz, 1H). *C-NMR (101 MHz, DMSO-4) 8 167.4 (C)), 162.42 (d, ] =
243.7 Hz, C,), 142.51 (d, /] = 2.6 Hz), 136.82 (d, ] = 8.1 Hz, C,), 130.81 (d, ] = 8.4 Hz), 124.63
(d, ] = 2.6 Hz), 120.9, 116.86 (d, ] = 21.3 Hz), 114.38 (d, | = 22.0 Hz). "F-NMR (377 MHz,
DMSO) 8 -112.4. HRMS (ESI+): calculated /3 for CoHsFO, [(M+H)"] 167.0503; found
167.0502.

3,4-Dihydronaphthalene-2-carboxylic acid (81)

Following GP2a, 1,2-dihydronaphthalene (0.4 mmol) gave 81 (58%) as a white solid; '"H-NMR
(400 MHz, DMSO-ds) 6 12.43 (bs, 1H), 7.47 (s, 1H), 7.34 — 7.18 (m, 4H), 2.81 (t, ] = 8.3 Hz,
2H), 2.49 — 2.43 (m, 2H). BC-NMR (101 MHz, DMSO) 8 168.1 (C,), 136.5 (C,), 135.3, 132.3
(C,), 130.0 (C,)), 129.3, 128.3, 127.5, 126.7, 26.9 (CH.), 21.9 (CH,). HRMS (EI+): calculated
m/ 2 for CiiHiO2 [M*] 174.06753; found 174.06707. Data in accordance with the literature.!'*



3-(4-Fluorophenyl)but-3-enoic acid (8m) & (kE)-3-(4-fluorophenyl)but-2-enoic acid
(8m’)

CO,H X CO,H
F F

Following GP2a, 4-fluoro-a-methylstyrene (0.4 mmol) gave 8m (43%) as a white solid and
8m' (9%) as a pale yellow solid. 8m:8m' = 4.8:1. HRMS (EI+): calculated 7/z for C1oHyFO,
[M™] 180.05811; found 180.05831.

Data for 8m: "H-NMR (400 MHz, Chloroform-d) & 9.83 (bs, 1H), 7.45 — 7.35 (m, 2H), 7.06
—6.97 (m, 2H), 5.52 (s, 1H), 5.24 (s, 1H), 3.52 (s, 2H). *C-NMR (101 MHz, Chloroform-d) &
177.5 (C,), 162.7 (d, ] = 247.3 Hz, C,), 139.3 (C,), 135.7 (d, ] = 3.3 Hz, C,), 127.61 (d, ] = 8.1
Hz), 116.98 (d, ] = 1.3 Hz, CH.), 115.49 (d, ] = 21.5 Hz), 41.1 (CH,). YF-NMR (376 MHz,
CDCly) 8 —114.8.

Data for 8m": "H-NMR (400 MHz, Chloroform-d) & 7.51 — 7.45 (m, 2F), 7.11 — 7.04 (m, 2H),
6.13 (s, 1H), 2.58 (d, J = 0.7 Hz, 3H). "F-NMR (376 MHz, CDCly) 8 —112.4. Data in

accordance with the literature.!'”’

2-(Benzo[b]thiophen-2-yl)propan-2-ol (9pa)

S OH

-
According to GP3 benzo[/]thiophene and acetone gave 9pa (54%) as a white solid; "H-NMR
(400 MHz, Chloroform-d) 8 7.80 (d, ] = 7.8 Hz, 1H), 7.71 (d, ] = 7.7 Hz, 1H), 7.31 (dt, | =
15.1, 7.4 Hz, 2H), 7.16 (s, 1H), 2.26 (s, 1H), 1.73 (s, 6H). *"C-NMR (101 MHz, CDCls) 8 155.1

(C,), 139.9 (C,), 139.3 (C,), 124.3, 124.1, 123.5, 122.4, 118.5, 71.8 (C,), 32.1. HRMS (ESI+):
calculated 7/ 7 for Ci1Hi:02S [M+H) "] 175.0576; found 175.0577.



1-(Benzo[b]thiophen-2-yl)cyclobutan-1-ol (9pb)

S
GO
OH
According to GP3 benzo|4]thiophene and cyclobutanone gave 9pb (30%) as a pale-yellow oil;
'H-NMR (300 MHz, Methanol-d,) & 7.84 — 7.73 (m, 1H), 7.76 — 7.70 (m, 1H), 7.35 — 7.22 (m,
3H), 2.65 — 2.52 (m, 2H), 2.52 — 2.38 (m, 2H), 2.06 — 1.77 (m, 2H). "C-NMR (75 MHz,
MeOD) 8 154.1 (C), 141.3 (C)), 141.0 (C)), 125.1, 125.0, 124.4, 123.2, 119.8, 75.7 (C,), 39.0

(CHy), 13.7 (CHz). HRMS (ESI+): calculated 7/z for Ci2Hi:0S [(M+H)] 187.0576; found
187.0577.

2-(Benzo[ b]thiophen-2-yl)hex-5-en-2-ol (9pc)

S OH
//

/

According to GP3 benzol/|thiophene and hex-5-en-2-one gave 9pc (19%) as a colotless oil;
"H-NMR (400 MHz, Chloroform-d) 8 7.83 — 7.77 (m, 1H), 7.74 — 7.68 (m, 1H), 7.37 — 7.26
(m, 2H), 7.14 (s, 1H), 5.84 (ddt, ] = 16.8, 10.2, 6.4 Hz, 1H), 5.02 (dq, ] = 17.1, 1.7 Hz, 1H),
4.96 (dq, ] = 9.9, 1.3 Hz, 1H), 2.24 — 2.07 (m, 3H), 2.06 — 1.99 (m, 2H), 1.70 (s, 3H). "C-NMR
(101 MHz, CDCls) 8 153.9 (C,), 140.0 (C,)), 139.4 (C,), 138.4, 124.4,124.1, 123.4, 122.4, 119.1,
115.1 (CHy), 74.4 (C,), 43.5 (CH), 30.7, 28.8 (CH;). HRMS (EI+): calculated /3 for
C14Hi60OS [M™] 232.09164; found 232.09159.

4.4.5 NMR Spectra

The corresponding NMR spectra of the compounds 2a-g, 4a-x, 6a-e and 9pa-9pc are included

in the Appendix (see section 7.4).
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4.4.6 Mechanistic Studies

4.4.6.1 General Procedure for High-throughput Screening of Arenes

To a paradox 96-well plate fitted with 0.5 mL glass vials containing magnetic stirrer bars was
added the arene (0.03 mmol) and 2,3,6,7-tetramethoxyanthracen-9(10H)-one (2.0 mg,
20 mol%). The vials were partially-sealed and transferred to a glovebox antechamber after the
vial had evacuated and refilled with N, (3X) within the antechamber. DMSO (0.3 mL) was
dispensed to each of the vials followed by 1,1,3,3-tetramethylguanidine (11 pL, 0.09 mmol)
and the plate was sealed with the plate lid, two rubber mats and a Teflon TFA film. The plate
was then removed and transferred to a glove-bag filled with an over-pressure of CO.. The
plate was then unsealed and placed on a stirrer plate with 3X456 nm Kessil lamps clamped
overhead. The vial was then irradiated from above by two Kessil lamps (vials approximately
10 cm away from the light source). After 18 hrs the irradiation was stopped and the plate was
removed from the glove bag and quenched with aq. HCI (0.2 mL, 0.5M) and samples were
taken and filtered before being placed on a plastic 96 well plate for HPLC analysis.

Figure $4-9. HTS 96 well plate reactions running in the CO; glove-bag set up.
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4.4.6.2 Deuterium Labeling Experiments

Upon formation of an arene radical anion 3q-I we envisioned a H/D exchange reaction giving
rise to 3q-II in presence of a deuterium source. After reoxidation and deprotonation 3q-D

would be formed (Scheme S4-3).

To a dry flat-bottomed crimp vial (5 mL) equipped with stirring bar, was added 3q (0.1 mmol)
and 2,3,6,7-tetramethoxyanthracen-9(10H)-one (6.3 mg, 0.02 mmol, 20 mol%, only for Entry
1-3, Table S4-3). Cs2CO; (98 mg, 3 equiv.) was quickly added and the vial was sealed with a
Supelco aluminium crimp seal with septum (PTFE/butyl). The vial was then evacuated and
refilled with N, (5X) via syringe needle. The reaction mixture was dissolved in DMSO-d6
(1 mL, dry and degassed by bubbling with N») and the deuterium source was added #za syringe.
The vial was then irradiated from the bottom side with blue LED light and a constant reaction
temperature (25 °C) was maintained by employing a water-cooling circuit connected to a
thermostat. After 18 hrs of reaction time the reaction was quenched by the addition of water
and the crude mixture was extracted with Et;O (3X). The combined organic layers were dried
over Na,SOq, concentrated and purified z7a flash silica column chromatography using a mixture
of hexanes and DCM (95:5) as eluent. The obtained product was dried in vacuo and analyzed

by '"H-NMR (Table S4-3 and Figures S4-10a-b) and GC-MS (Figure S4-10c).

3q

=
@f&

S. p e s
—H, D
& H /
L B-H 3q-111
L_ D@ 3q-D

Be

TMA

3q

Scheme $4-3. Proposed mechanism for the deuterium labeling experiments using 3q as
substrate.



Table S4-3. Deuterium labeling experiments.

s TMAH (20 mol%) s s
ROD (3-15 eq.) D
/ - /A /
Cs,CO3 (3.0 equiv.)

Me  DMSO-d6 (0.1 M), 25°C 3q Me 3q-0 Me

3q
455 nm, Ny, 18h

Entry Catalyst A [nm] D-source D-incorporation
(eq) [7e]*

1 TMAH 455 D20 (3) 10

2 TMAH 455 D20 (15) 14

3 TMAH 455 ‘BuOD (10) 15

4b - dark D,O (15) <1

* Determined by 'H-NMR integration upon isolation and purification of the reaction

mixture;® Reaction was stirred in the dark.
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Figure S4-10a. '"H-NMR recorded after reaction work-up and column chromatography according to Entry 3,
Table S4-3. The signal at 7.1 ppm corresponds to the proton in position 2 of 3q. Peak integration revealed a
slightly reduced value of 0.85. The signal at 7.75 ppm served as reference and was set to integral 1.00.
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Figure S4-10b. 'H-NMR recorded after reaction work up and column chromatography according to Entry 4,
Table S4-3. The signal at 7.1 ppm corresponds to the proton in position 2 of 3q. Peak integration revealed a value
of 0.99. The signal at 7.75 ppm served as reference and was set to integral 1.00.

Figure S4-10a shows the "H-NMR spectrum from the isolated product of the deuterium
labeling expetiment in presence of BuOD (Entry 3, Table S4-3). Integration over the signal at
7.1 ppm, which corresponds to the proton in position 2 of benzothiophene 3q, revealed a
slightly decreased value (0.85 instead of 1.00). This deviance can be explained by the partial

exchange of hydrogen by deuterium.

Figure S10b shows the 'H-NMR spectrum from the isolated product of the control reaction
(Entry 4, Table S4-3). Integration over the signal at 7.1 ppm gave a value close to unity and

suggests no or only traces of incorporated deuterium.

In addition to '"H-NMR analysis, the incorporation of deuterium was verified by GC mass.
Compared to the set of peaks caused by the purchased starting material 3q (Figure S4-10c,
grey), the different ratios in the isotope pattern suggest the partial incorporation of deuterium

into the product isolated upon deuterium labeling reaction (Entry 3, Table S4-3).
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Figure $4-10c. GC-MS analysis after reaction work up and column chromatography
according to Entry 3 from Table S4-3 (green) and purchased 3q (grey). Mass spectra
was recorded upon electron impact ionization (70 eV). The ionized 3q is prone to lose

a hydrogen atom causing the most intense peak at /3 147.

4.4.6.3 Time-resolved Luminescence Quenching Studies

A first prediction regarding possibly working substrates was made by time-resolved
luminescence quenching of the photoexcited catalyst. If there is an interaction between the
excited PC and the substrate (electron transfer is proposed), the luminescence lifetime is
shortened. Such processes can be easily followed by luminescence lifetime analysis and from
the data obtained a Stern-Volmer plot of the time-resolved experiment was developed (Figures
S4-11a-d and S4-13). A linear correlation between concentration of quencher [Q] and toXt'
indicates a dynamic luminescence quenching. The luminescence lifetime was recorded in dry,
degassed DMSO in presence of cesium carbonate by using a quartz cuvette (1X1 cm) with
septum screw cap. The cuvette was degassed 7 vacuo and backfilled with Nz (5X) before the
stock solution of quencher and the catalyst solution were added wz syringe. A TMAH
concentration of c((TMAH) = 40 uM in the cuvette was used for all experiments. For excitation

of the sample, a 452 nm laser diode was used and an optical longpass filter (cut-on wavelength



500 nm) was installed before the detection unit. The time range for the measurement was set
to 400 ns. The experimental data were fitted with a mono-exponential function. The quenching
experiment using CO; as quencher was recorded as described above using a CO,-saturated
DMSO solution. The approximated concentration of dissolved CO; was calculated from

literature data.!"*"

351 Naphthalene 1b
® Styrene 7a
3.0 1 v 4-Fluorostyrene 7i
Acenaphthene 1a
2.5 1 A 4-Methoxystyrene 7d
Benzo[b]thiophene 3p
2.0- ¢ 1-Boc-indole 3u
g = CO,
£
S 1.5 1
1.0 1
0.5
0.0
T T T 7A 1
0.00 0.02 0.04 0.12 0.14
[Q] [mol/L]

Figure S4-1a. Stern-Volmer plot developed with data obtained from time-resolved
quenching experiments of TMAH in presence of CsxCOs with tolerated substrates and a
CO»-saturated solution of DMSO.

Thiophene derivatives 3c, e, j are excellent quenchers and are tolerated in the carboxylation
reaction whereas benzo[/|thiophene (3p) was found to quench the excited state of TMAT,
however less efficiently. No quenching was observed in presence of thiophene and no
carboxylation occurred when thiophene was used as substrate under the optimized reaction
conditions (Figure S4-11b). The tested N-heteroarenes containing at least one nitrogen are
quenching the excited photocatalyst. However, carboxylation products were only obtained
using 3u (Figure S4-11a) or 3w (Figure S4-11c). Using acetone 9a as electrophile instead of
CO: gave rise to the respective tertiary alcohol 9pa. Quenching studies revealed that adding
acetone (up to 2000 eq. regarding to catalyst concentration) does not quench the photoexcited
TMA"™ (Figure S4-11d), supporting the hypothesis of a nucleophilic arene radical anion which

attacks the electrophile.
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Figure S4-2b. Stern-Volmer plot developed with data obtained from time-resolved
quenching experiments of TMAH in presence of Cs2CO;with thiophene derivatives. In case
of thiophene, no quenching was observed. No carboxylation occurred using thiophene as

substrate under the optimized reaction conditions.
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/ A 1-Phenylpyrazole 3w
y v 1-Boc-pyrazole
‘ ¢ Quinoline 1h
/ ® 2-Cyano-1-methylpyrrole

(Toft)-1

[Q] [mol/L]

Figure S4-3c. Stern-Volmer plot developed with data obtained from time-resolved
quenching experiments of TMAH in presence of CsxCOj; with N-heteroarenes and
benzo[b|thiophene as reference.
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Figure S4-4d. Stern-Volmer plot developed with data obtained from time-resolved
quenching experiments of TMAH in presence of CsyCO; with acetone and

benzo[b]thiophene as reference.

4.4.6.4 Computational Analysis

Screening density functional theory (DFT) calculations were performed on substrates and
radical anions to derive molecular and atomic properties that could rationalize the reaction

outcomes. Geometries were optimized using the B3LYP-D3!'*!

a posteriori-corrected hybrid
functional™ with the LACVP**+ basis set, and final energies and atomic properties were
calculated using B3LYP-D3/LACV3P**+ together with the PBF solvation model™" for
DMSO. The calculations were performed within the Schrodinger Small-Molecule Drug
Discovery Suite 2019-2 using Jaguar version 10.4.* To facilitate convergence to a minimum,
any apparent symmetry in the starting geometry was ignored in the optimizations (isymm=0).
To facilitate SCF convergence for some radical anions the use of the pseudospectral method
was turned off during all calculations (nops=1; J and K operators constructed from analytic
two-electron integrals; no grid used). For each substrate and radical anion, Atomic Fukui
indices, Mulliken charges and the spin population were calculated. The electron affinity for

each substrate was roughly estimated by the direct DFT energy difference between the radical

anion and the substrate and are given in kcal-mol™.



As seen in Figures S4-10-13, there is a strong correlation with reactivity and a positive outcome
and calculated atomic descriptors and estimated electron affinities. However, there are also
substrates that seem to fall within the acceptable range of estimated electron affinity, atomic
charge, spin distribution and nucleophilicity that does not yield the desired products. This
could be due to subsequent spontaneous decarboxylation as for 3u (requiring trapping the
carboxyl acid as an ester) or the presence of non-tolerated functional groups. According to the

calculations, the regioselectivity is most strongly correlated to the Mulliken spin population.
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Figure S4-12a. A plot of the DFT estimated electron affinities (kcal mol!) 5. Mulliken charges of the radical
anions for the carbons reacting with CO; and for all CH carbons in the aromatic rings of non-reacting substrates,
highlighting that most of the reactive substrates are located within a triangle. Three reacting furans colored in
green are outliers.
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Figure S4-12d. A zoom in plot of the DFT Mulliken charges of the radical anions »s. Fukui f-NN-index of the
radical anions for the carbons reacting with COz and all CH carbons in the aromatic rings of non-reacting
substrates including only compounds with DFT estimated electron affinities within the values among the
substrates that react. Highlighted are substrates with required electron affinities and nucleophilicity but not
reacting due to non-compatible functional groups.



4.4.7 Miscellaneous

4.4.7.1 Synthetic route towards FDCA and DMFDC

Modifying the conditions during reaction work-up allows for the direct transformation of the
crude reaction mixture of 4r to either 2,5-furandicarboxylic acid (FDCA) or dimethyl 2,5-
furandicarboxylate (DMFDC). Both are important monomers for the manufacture of
polyesters derived from biomass (Scheme S4). The reaction work-up with conc. HCl would
cause the hydrolysis of the ester giving rise to the dicarboxylic acid FDCA. In contrast, the
addition of Mel after releasing the CO; overpressure allows for the formation of dimethyl

dicarboxylate DMFDC.

0 0O O
O, O,
Q 0 OMe Esterification 0 I OH Hydrolysis - I OH
9 Eetertcaton Q RLLLILN Q
MeO MeO HO
DMFDC 4r FDCA

Scheme S4-4. Synthetic route towards FDCA and DMFDC starting from crude reaction
mixture of 4r.

4.4.7.2 Carboxylation of Biphenyl

Biphenyl acts as a good quencher (see Figure S4-13) but the resulting carboxylation product
[1,1'-biphenyl]-4-carboxylic acid was only obtained in low yield (6%). Nevertheless, this result
shows that also benzene derivatives can be activated towards a C—H carboxylation with our
method. The thermodynamic driving force for this transformation with CO, however seems

to be low.

o
TMAH (20 mol%)
/@ Cs,C05 (3 eq.) OH
Ph €O, (22 cm?), DMSO (0.1M) Ph
455 nm, 25 °C, 18h 6%

Scheme 84-5. TMAH-catalyzed carboxylation reaction of biphenyl.

'H-NMR (400 MHz, DMSO-d;) 8 12.93 (s, 1H), 8.02 (d, ] = 8.4 Hz, 2H), 7.80 (d, ] = 8.4 Hz,
2H), 7.76 — 7.70 (m, 2H), 7.54 — 7.47 (m, 2H), 7.45 — 7.40 (m, 1H). HRMS (ESI+): calculated
m/ % for CisHnO, [M+H) "] 199.0754; found 199.0751.
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Figure S4-13. Stern-Volmer plot developed with data obtained from time-resolved
quenching experiments of TMAH in presence of CsxCO; with biphenyl and
benzo[b|thiophene 3p as reference.

4.47.3 Unsuccessful Substrates

The following substrates (excerpt of examined scope) were found to be not successful under
the reported reaction conditions (Figure S4-14a-c). Structures marked in red do not quench
the excited photocatalyst, structures marked in blue were found to quench the excited

photocatalyst and structures in black were not tested regarding luminescence quenching.

o) S O S ﬁ R:H S \H
P aln O O e G
o . —H (o] : : Ph

: 9
e
O

: : S\ /
|, : o : N : | )—s
COzMe q : $ N K hing! O S
o N el E \ g/ ;e M/>—< >—CI
Q ST W o i P g N
: : PN :
B(OH), | 4$< : §—<Ph B G .

Figure S4-14a. Non-tolerated examined furans, thiophenes, pyrroles and thiazoles.
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Figure S4-14b. Non-tolerated examined benzofurans, benzothiophenes, indoles, carbazoles and related
heterocycles.
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Figure S4-14c. Non-tolerated quinolines, pyridines, benzenes, benzopyrans, styrenes and related com-

pounds.
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5 Summary

Current efforts to slow down the ongoing climate change and the looming end of fossil fuels
inevitably confronts our society with major challenges and requires to rethink the way of
dealing with our limited resources towards a more responsible and sustainable usage. In this
regard, it is highly desirable from a chemical point of view to develop new methods which
allow to increase the reaction efficiency and atom economy while lowering the activation
energy for a chemical transformation. Engineering a versatile catalytic system allows to address
all aspects at once. Thus, the ever-growing field of organic photoredox catalysis harbors great

potential to meet the demands for a more sustainable and resource-saving chemical processing.

This thesis presents various novel catalytic approaches to functionalize sp*-carbon
centers via photoinduced single electron transfer events under mild and transition-metal-free
conditions. Readily available organic anthracene derivatives were developed as a new class of
cheap, sustainable and versatile photocatalysts and non-toxic DMSO was used as reaction
media. Upon irradiation with visible-light, the zz-sitn formed open- or closed-shell excited
anions of the examined catalysts reach remarkably negative electrochemical potentials which
enabled the conversion of challenging substrates. Spectroscopic and electrochemical studies
were examined to fully characterize the features of the herein discussed anthraquinone and

anthrone derivatives and to get insights into the underlying reaction mechanisms.

Chapter 1 summarizes the main spectroscopic and electrochemical properties of anionic
compounds and their influence on photoinduced electron transfer reactions. Further, it
provides an overview of selected organic transformations utilizing the versatile chemistry of
excited state anions. Based on the corresponding literature reports, the proposed mechanisms
are discussed. The use of organic anions as cheap and sustainable photocatalysts holds
enormous potential for applications in synthetic organic chemistry and an increasing interest

applying photoexcited anions in synthesis can be pursued.

The photochemistry of natural occurring anthraquinone derivatives is presented in
Chapter 2. Visible-light excitation of 1,8-dihydroxyanthraquinone in presence of a sacrificial
amine generates the colored radical anion and semiquinone anion za photoinduced electron
transfer processes. A subsequent excitation of such species accumulates sufficient redox-
energy to activate the carbon-halogen bond of (hetero)aryl halides. The concept was

demonstrated in various aromatic dehalogenation and C—C bond-forming reactions with



(hetero)arenes as coupling partners. Based on spectroscopic investigations a conceivable

mechanism is proposed.

Chapter 3 deals with the photochemistry of 9-anthrone and closely related derivatives
in alkaline media. Upon deprotonation in presence of carbonates, the formed anionic tricyclic
aromatic ketones exhibit a significant bathochromic shift in their absorption spectra enabling
photoexcitation with visible light. Exceptionally strong reducing abilities from the excited
states of these species were found, which allowed for their application in demanding reductive
transformations of (hetero)aryl chlorides 2 photoinduced electron transfer. The
corresponding C—H arylation or coupling products were obtained in moderate to excellent
yield while the reaction operates under very mild conditions and without the addition of any
sacrificial electron donor. A rational design of the catalyst scaffold allowed to fine-tune the

redox-properties.

A mild, ditect and transition-metal-free insertion of carbon dioxide into non-
prefunctionalized C—H bonds under redox-neutral, catalytic conditions is a highly desirable
process and is discussed in Chapter 4. The high thermodynamic stability and kinetic inertness
of CO; hamper its use as C1 building block in organic synthesis and previously reported
methods often rely on the use of stoichiometric reducing agents or highly activated reaction
partners. Bearing four methoxy groups, an electron rich 9-anthrolate derived photocatalyst was
used to generate radical anions of (hetero)arenes and styrenes upon visible-light excitation.
The formed nucleophilic radical anions react in presence of CO; to provide (hetero)aromatic
carboxylic- and cinnamic acids. A reaction performed on gram-scale demonstrated the
scalability of this carboxylation method, while ketones are tolerated as alternative electrophiles
to CO» yielding tertiary alcohols. Using a new mechanistic manifold, the methodology presents
a straightforward, sustainable and atom-efficient alternative to current approaches and paves

the way do develop novel applications of CO; in chemical synthesis.
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6 Zusammenfassung

Die aktuellen Bestrebungen den voranschreitenden globalen Klimawandel zu verlangsamen
sowie die zur Neige gehenden Vorrite an fossilen Brennstoffen stellen unsere Gesellschaft
zwangsldufig vor grofle Herausforderungen und ein Umdenken im Umgang mit unseren
beschrinkten Ressourcen zugunsten eines verantwortungsbewussteren und nachhaltigeren
Gebrauchs ist erforderlich. In diesem Zusammenhang ist die Entwicklung neuer, noch
effizienterer Methoden, mit verbesserter Atomoékonomie bei gleichzeitiger Verringerung der
Aktivierungsenergie fiir Reaktionen, aus chemischer Sicht duflerst wiinschenswert. All die
genannten Aspekte kénnen durch die Entwicklung eines ausgekligelten, katalytischen Systems
simultan adressiert werden. Auf dem Weg hin zu nachhaltigeren und ressourcenschonenderen
chemischen Prozessen wird dem stindig wachsenden Gebiet der Photo-Redox-Katalyse dabei

ein grof3es Potential zugesprochen.

Im Zuge dieser Arbeit werden verschiedene neue, katalytische Herangehensweisen
vorgestellt, die eine Funktionalisierung von sp>Kohlenstoff Zentren durch photoinduzierte
Elektronentransferreaktionen unter milden wund metallfreien Reaktionsbedingungen
ermoéglichen. Dabei wurde eine neue Klasse von organischen Photokatalysatoren basierend
auf den Derivaten des Anthracens entwickelt, die sich aufgrund geringer Kosten und ihrer
Vielseitigkeit auszeichnen. Als Reaktionsmedium wurde das vergleichsweise unbedenkliche
DMSO verwendet. Nach Anregung mit sichtbarem Licht weisen die -situ gebildeten
Radikalanionen und Anionen der untersuchten Katalysatoren ein bemerkenswert starkes
negatives elektrochemisches Potential auf, das die Umsetzung von schwierigen Substraten
ermoglichte. Spektroskopische sowie elektrochemische Untersuchungen wurden durchgefiihrt
um die Eigenschaften der in dieser Arbeit diskutierten Anthrachinon- und Anthron-Derivate
zu bestimmen und somit Einblicke in die zugrundeliegenden Reaktionsmechanismen zu

erhalten.

In Kapitel 1 sind die grundlegenden spektroskopischen und elektrochemischen
Eigenschaften von anionischen Verbindungen und deren FEinflisse auf photoinduzierte
Elektronentransferreaktionen zusammengefasst. Dartiber hinaus werden ausgewihlte
organische Umsetzungen, basierend auf der facettenreichen Chemie von angeregten Anionen,
tberblicksweise dargestellt. Die Diskussion der aufgefiihrten Reaktionsmechanismen wurde

an Hand der angegebenen Literatur gefiihrt. Der Einsatz von organischen Anionen als



gunstige und nachhaltige Photokatalysatoren birgt gro3es Potential fiir Anwendungen in der

organischen Synthese und st63t auf zunehmendes Interesse.

Kapitel 2 prisentiert die Photochemie von nattrlich vorkommenden Anthrachinon-
Derivaten. Die Anregung von 1,8-Dihydroxyanthrachinon mit sichtbarem Licht in Gegenwart
von Aminen als Elektronendonatoren fiihrt zur photochemischen Umsetzung in das farbige
Radikalanion und Semichinon-Anion. Eine erneute Anregung dieser Spezies reichert gentigend
Redox-Energie an um aromatische Kohlenstoff-Halogen Bindungen zu aktivieren. Dieses
Konzept wurde an Hand von aromatischen Dehalogenierungsreaktionen und in Gegenwart
von (Hetero)aromaten unter Ausbildung einer neuen Kohlenstoff-Kohlenstoff Bindung
demonstriert. Basierend auf den durchgeftihrten spektroskopischen Untersuchungen wurde

ein denkbarer Reaktionsmechanismus vorgeschlagen.

Kapitel 3 befasst sich mit der Photochemie von 9-Anthron und verwandten Derivaten
im alkalischen Medium. Die Deprotonierung der dreigliedrigen Ketone in Gegenwart von
Carbonaten verursacht eine bathochrome Verschiebung der Absorptionsspektren die eine
Anregung mit sichtbarem Licht ermdglicht. Ausgehend von ihren angeregten Zustinden
weisen diese Spezies eine aullergewohnlich starke Reduktionskraft auf, welche die schwierige
Umsetzung von chlorierten (Hetero)aromaten durch photoinduzierten Elektronentransfer
erlaubt. Die resultierenden C—H Arylierungs- sowie Kupplungsprodukte konnten in
angemessen bis hin zu ausgezeichneten Ausbeuten isoliert werden. Dartiber hinaus verlduft
die Reaktion unter besonders milden Bedingungen wobei der sonst iibliche Zusatz eines
Elektronendonators nicht nétig war. Zudem war eine Feinabstimmung der Redox-

Eigenschaften durch Modifikationen am Gertist des Katalysators moglich.

Die schonende, direkte Insertion von Kohlendioxid in eine, zu diesem Zweck nicht vorab
funktionalisierte, C—H Bindung unter redox-neutralen, katalytischen Bedingungen und ohne
den Einsatz von Ubergangsmetallen, beschreibt einen #uBerst attraktiven Prozess der in
Kapitel 4 diskutiert wird. CO; besitzt eine hohe thermodynamische Stabilitit und reagiert
daher sehr trige, was den Einsatz als C1 Baustein in der organischen Synthese erschwert.
Daher nutzen viele Methoden stéchiometrische Mengen an Reduktionsmittel oder
hochreaktiven Verbindungen als Reaktionspartner. Das mit vier Methoxygruppen
ausgestattete, elektronenreiche Derivat des 9-Anthrolats wurde als Photokatalysator, zur
Bildung der Radikalanionen von (Hetero)aromaten und Styrol Derivate unter Einsatz von

sichtbarem Licht, genutzt. In Gegenwart von CO, reagieren die gebildeten nukleophilen



Radikalanionen und die entsprechenden (Hetero)aromatischen Carbonsiuren und Zimtsdure
Derivate konnten isoliert werden. Die erfolgreiche Durchfithrung eines Gramm-Ansatzes
weist auf eine unkomplizierte Vergro3erung des Reaktionsmal3stabs hin. Des Weiteren konnte
gezeigt werden, dass neben CO, auch Ketone als Elektrophile toleriert werden und die
entsprechenden tertidren Alkohole liefern. Basierend auf einem neuen mechanistischen
Ansatz, stellt die prasentierte Methode eine unkomplizierte, nachhaltige und
atomoOkonomische Alternative zu aktuellen Herangehensweisen dar und ebnet den Weg fur

zukiinftige Anwendungen von CO; in der chemischen Synthese.
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7 Appendix

7.1 Abbreviations

ccm or cm?
A

cm

(Y

DO

DCM
DFT
DIPEA
DMA
DMF
DMSO
dtbpy/dtbbpy
e.g.

eq. or equiv.
EI

ESI

et al.
EtOAc
EtOH

eV

Fc

FID

degrees Celsius

Angstrém (107" m)
wavelength

arene

bond dissociation energy
tert-butyloxycarbonyl
2,2’-bipyridine

cubic centimeters
compare (lat. confer)
centimeter

cyclic voltammetry
deuterated water
dichloromethane

density functional theory
N,N-diisopropylethylamine
dimethylacetamide
dimethylformamide
dimethyl sulfoxide
di-fert-butyl-2,2>-bipyridine

for example (Jat. exempli gratia)

equivalent

electron ionization
electrospray ionization
and others (/at. et alii)
ethyl acetate

ethanol

electron volt

ferrocene

flame ionization detector

gram



GC

h or hrs
HAT
HRMS
hv

ze.

Pr

K

L
LED
LCMS
LRMS

Me
MeCN
MeOH

mg

min
mL
mM

mmol

nm
NMR
OAc
p-a.
PC
PE
PET
Ph

gas chromatography

hour(s)

hydrogen atom transer

high resolution mass spectrometry
incident photon energy

that is (/at. id est)

isopropyl

Kelvin

liter

light emitting diode

liquid chromatography mass spectrometry
low resolution mass spectrometry
molar (mol/L)

methyl

acetonitrile

methanol

milligram

methanesulfonyl group

minute

milliliter

millimolar (mmol/L)

millimole

mass spectrometry

n-butyl

nanometer

nuclear magnetic resonance
acetoxy group

per analysis

photocatalyst

petroleum ether

photoinduced electron transfer
phenyl group

acid dissociation constant at logarithmic scale



PPy
PTFE

r.t.

SCE
SET

Bu
"BuOD
TBATFB
TEMPO
THF
TLC
TMS

Ts

uv

Vis

vs.

w. r. t.

2-phenylpyridinato
polytetrafluoroethylene

alkyl-, aryl- or functional groups
room temperature

second

saturated calomel electrode

single electron transfer

tert-butyl

deuterated zer-butanol
tetrabutylammonium tetrafluoroborate
(2,2,6,6-tetramethylpiperidin-1-yl)oxyl
tetrahydrofuran

thin layer chromatography
trimethylsilyl group

toluene sulfonyl group

ultra violet

visible light

against (/at. versus)

with reference to
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NMR Spectra
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7.3.2 UV-vis Absorption Spectra
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Figure S3-2. UV-vis absorption spectra of discussed compounds 1 in presence (red) and absence (black) of
base 1,1,3,3-tetramethylguanidine (TMG).



7.3.3 Emission Spectra
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Figure S3-3. Normalized absorption (black) and emission (red) spectra of catalyst 1a-h in presence of base
1,1,3,3-tetramethylguanidine (TMG).



LUMINESCENCE QUENCHING CHAPTER 3

7.3.4 Time-Resolved Luminescence Quenching
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Figure S$3-6. Time-resolved luminescence quenching experiments of catalysts 2 with 3f (2-
chlorobenzonitrile) as quencher. A Stern-Volmer plot was developed from the obtained data.
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7.3.5 Cyclic Voltammetry of Aryl Chlorides

Table S3-4b. Overview of measured reduction potentials of the employed aryl chlorides. Potentials
against saturated calomel electrode SCE.
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7.3.6 Cyclic Voltammetry of Catalysts
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Figure S$3-7. Cyclic voltammetry was recorded for catalysts 1a-h in absence and presence of base (affording 2a-h
with either Cs2COj3; or TMG). Peaks marked in bold were used to calculate electrochemical potentials against the
internal reference fetrocene. TPeak of the redox couple Fc*/Fc ovetlaps with a signal peak of the analyte; an

estimated half-wave potential of 0.11 V between Fc*/Fc was assumed for calculation.



7.4 NMR Spectra Chapter 4
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