Iminiumradikal-katalysierte Funktionalisierung

unaktivierter, aliphatischer C—H Bindungen

Iminium-Radical Catalyzed Functionalization of

Unactivated, Aliphatic C—H Bonds

Dissertation zur Erlangung des Doktorgrades
der Naturwissenschaftlichen Fachbereiche
im Fachgebiet Organische Chemie

der Justus-Liebig-Universitit Gieflen

Vorgelegt von
Frederik Ricardo Erb
aus

Hungen

Januar 2023






1. Gutachter: Prof. Dr. Peter R. Schreiner
2. Gutachter: Prof. Dr. Siegfried Schindler

I






Die vorliegende Arbeit wurde in der Arbeitsgruppe von Herrn Prof. Dr. Peter R. Schreiner am
Institut fiir Organische Chemie der Justus-Liebig-Universitit GieBen von Dezember 2017 bis
November 2022 angefertigt.






Selbstindigkeitserklirung

Hiermit versichere ich, die vorgelegte Dissertation selbstindig und ohne unerlaubte fremde Hilfe
und nur mit den Hilfen angefertigt zu haben, die ich in der Dissertation angegeben habe. Alle
Textstellen, die wortlich oder sinngemél aus verdftentlichten Schriften enthommen sind, und alle
Angaben, die auf miindlichen Auskiinften beruhen, sind als solche kenntlich gemacht. Bei den von
mir durchgefiihrten und in der Dissertation erwéhnten Untersuchungen habe ich die Grundsitze
guter wissenschaftlicher Praxis, wie sie in der Satzung der Justus-Liebig-Universitét zur Sicherung

guter wissenschaftlicher Praxis niedergelegt sind, eingehalten.

Datum Frederik Ricardo Erb

vl






., We learn wisdom from failure much more than from success. We discover what will do by

finding out what will not do... And he who never made a mistake never made a discovery”

Samuel Smiles

IX






Publications in Peer Reviewed Journals

Identification and Reactivity of s-cis,s-cis-Dihydroxycarbene, a New [CH,0-] Intermediate
H. Quanz, B. Bernhard, F. R. Erb, M. A. Bartlett, W. D. Allen and P. R. Schreiner, J. Am. Chem.
Soc. 2020, 142, 19457-19461.

In Situ Switching of Site-Selectivity with Light in the Acetylation of Sugars with Azopeptide
Catalysts

D. Niedek, F. R. Erb, C. Topp, A. Seitz, R. C. Wende, A. K. Eckhardt, J. Kind, D. Herold, C. M.
Thiele, P. R. Schreiner, J. Org. Chem. 2020, 85, 1835-1846.

Selective Phthalimido-N-oxyl (PINO)-Catalyzed C—H Cyanation of Adamantane Derivatives
J. P. Berndt, F. R. Erb, L.. Ochmann, J. Beppler, P. R. Schreiner, Synlett 2019, 30, 493-498.

Conformer-specific [1,2]H-tunnelling in captodatively-stabilized cyanohydroxycarbene (NC—-C—

OH)
A. K. Eckhardt, F. R. Erb, P. R. Schreiner, Chem. Sci. 2019, 10, 802-808.

XI



Abstract:

The direct and selective functionalization of aliphatic C(sp*)-H bonds holds great strategic and
economic promise by circumventing prefunctionalized molecules, allowing modifications at sites
unattainable by traditional methods. With respect to hydrogen atom transfer, most of these protocols
employ the hydrogen abstracting species in stoichiometric fashion. Through the advent in
photoredox catalysis, radical cations found application as catalytic hydrogen abstracting species in
non-chain processes, allowing to vary selectivities based on the properties of the in sifu generated
radical cation. The existing protocols rely almost exclusively on the usage of aliphatic, bridgehead
aminium radicals, with quinuclidine being the most prominent example. These systems resist
primary reaction pathways of radical cation, e.g., fragmentation and deprotonation, rendering
hydrogen atom transfer feasible. However, these systems lack structural diversity and the possibility
of tuning important structural and electronical properties making them unsuitable to address more
complex selectivity issues.

The presented work deals with the search for alternative radical cationic hydrogen atom transfer
agents that also resist primary reaction pathways of radical cations and readily participate in
C(sp®)-H abstractions of unactivated, aliphatic hydrocarbons. Thereby, the radical cation is
generated from a 7z~ rather than an n-donor system by single electron oxidation by an excited state
photoredox catalyst. We identified N-pyridylidenesulfonamides as reactive hydrogen atom transfer
agents in combination with acridinium-based photoredox catalysts. The developed systems were
tested mostly, but not exclusively, for the azidation of aliphatic hydrocarbons using cyclohexane as
test system and their radical reactivity and stability was probed experimentally and computationally.
During this research we have identified several side reaction pathways with the protocol being
ultimately limited in its applicability by chlorine background catalysis in chlorinated solvents and
competing rate kinetics for cage escape and back electron transfer between the acridinium
photocatalyst, the in situ generated radical cation, and the azide trapping agent. Still, the presented
results give a first impression of the modularity of the system and the possibilities to tune the system

to address more complex selectivity issues.
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Kurzzusammenfassung:

Eine direkte und selektive Funktionalisierung von aliphatischen C(sp’)-H-Bindungen ist
strategisch und wirtschaftlich vielversprechend, da prifunktionalisierte Molekiille umgangen
werden konnen und Modifikationen an Stellen ermdglicht werden, die mit herkdmmlichen
Methoden nicht erreichbar sind. In Bezug auf Wasserstoffatomtransferreaktionen beruhen die
meisten dieser Protokolle auf der stochiometrischen Verwendung der Wasserstoff abstrahierenden
Spezies. Durch die vermehrte Anwendung von Photoredoxkatalyse fanden radikalische Kationen
Anwendung als katalytische Wasserstoffabstraktionsspezies in nicht-Kettenprozessen. Dadurch
wird es ermdglicht Selektivititen, basierend auf den Eigenschaften des in situ erzeugten
radikalischen Kations, zu variieren. Die bestehenden Protokolle beruhen fast ausschlie3lich auf der
Verwendung von aliphatischen Briickenkopf-Aminiumradikalen, wobei meistens Chinuclidin
verwendet wird. Diese Systeme widerstehen priméren Reaktionswegen von Radikalkationen, wie
z. B. Fragmentierung und Deprotonierung, wodurch Wasserstoffatomtransferreaktionen ermoglicht
werden. Jedoch mangelt es diesen Systemen an struktureller Vielfalt und der Moglichkeit wichtige
strukturelle und elektronische Eigenschaften zu variieren, was sie fiir die Anwendung in Bezug auf
komplexere Selektivititsprobleme ungeeignet macht.

Die vorgestellte Arbeit befasst sich mit der Suche nach alternativen radikalischen kationischen
Wasserstoffatomtransfermitteln, die auch priméren Reaktionswegen radikalischer Kationen
widerstehen konnen und in C(sp®)-H-Abstraktionsprozessen von unaktivierten, aliphatischen
Kohlenwasserstoffen partizipieren. Das Radikalkation wird dabei aus einem 7~ statt einem
n-Donorsystem mittels Einzelelektronenoxidation durch einen angeregten Photoredoxkatalysator
erzeugt. Wir identifizierten N-Pyridylidensulfonamide als Wasserstoffatomtransfermittel in
Kombination mit Acridinium-basierten Photoredoxkatalysatoren. Die entwickelten Systeme
wurden meistens, aber nicht ausschlieflich, in der Azidierung von aliphatischen
Kohlenwasserstoffen, unter Verwendung von Cyclohexan als Testsystem, getestet und ihre
radikalische Reaktivitét und Stabilitit experimentell und computerchemisch untersucht. Es konnten
mehrere Nebenreaktionswege identifiziert werden, wobei das Protokoll letztendlich in seiner
Anwendbarkeit durch Chlorradikalhintergrundkatalyse in chlorierten Losungsmitteln und
konkurrierenden Kinetiken fiir Kéfigaustritt und Riickelektronentransfer zwischen dem
Acridinium-Photokatalysator, dem in situ erzeugten Radikalkation sowie dem Azid
Transferreagenz begrenzt ist. Dennoch geben die vorgestellten Ergebnisse einen ersten Eindruck
von der Modularitét des Systems und den Moglichkeiten durch strukturelle Variation komplexere

Selektivitatsfragen zu untersuchen.
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Introduction Radical C(sp®)-H Activation

1 C(sp®)-H Activation: Challenges and Opportunities

Synthetic methods developed by chemists over the last centuries allow nearly every functional
group in organic molecules to be considered as target for selective functional group
interconversion.!"! However, C(sp®)-H bonds are an exception to this generalization and their
selective functionalization still is considered a “holy grail” in chemistry.*

C(sp®)-H bonds are ubiquitous in organic molecules. For instance, alkanes, as a representative class
only consisting of C(sp*)-C(sp’) and C(sp’)-H bonds, are main constituents of natural gas and
therefore feedstock chemicals for chemical industry.!*% Yet, they typically serve as energy carriers
and are not viewed as valuable precursor molecules.!”*) However, C(sp®)-H functionalization offers
the possibility to transform simple alkanes into highly valuable building blocks (upconversion) for
chemical synthesis.”'! In contrast to traditional methods, C—H functionalization circumvents the
need for preexisting functional groups exhibiting high reactivity. Hence, it offers the opportunity
to modify sites of a molecule unattainable by traditional methods.!'* %2 As early as 1909,

Loffler and Kober demonstrated the value of this strategy with their synthesis of nicotine 2

(Scheme 1).1"")

N hv D

X B~y — AN N
| ' — HBr | \

1 2

Scheme 1 Hofmann-Loffler-Freytag reaction for the synthesis of nicotine 2.

The challenge of activating C(sp*)-H bonds is often attributed to their lack of reactivity. The inert
nature of C(sp®)-H bonds is even reflected in the historical name for alkanes, “paraffins” (parum
affinis = affinity to little).*>*) The chemical inertness of alkanes arises from the same number of
valence electrons and valence orbitals for hydrogen and carbon. Linear combination of these
orbitals leads to an energetically low-lying o-orbital (HOMO) and a high-lying o*-orbital (LUMO)
which results in the absence of accessible unoccupied orbitals or free electron pairs to engage in
reactions. The resulting high bond dissociation energies (BDE ~ 90-110 kcal/mol)™'*** and low
acidities (pK, = 45-60)1*! are often held responsible for the challenging activation of C(sp*)-H
bonds.?***!I Nonetheless, this picture is inadequate as a variety of substrates is able to rapidly
activate C(sp’)-H bonds, for example organometallic species, carbenes, nitrenes, superacids,
radicals, peroxides, and many more.""! Instead, selective functionalization proofs to be difficult as
it must display complete control over regioselectivity within a variety of energetically comparable

C(sp*)-H bonds yielding a single, monofunctionalized product,l*%12-1419-21]
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In the last decades, tremendous effort has been made in the development and application of selective
C(sp*)-H functionalization.!"*!>"142022] Viewing C(sp’)-H bonds as functional groups led to a
revolution of retrosynthesis and the synthesis of complex molecules in general.[!21420-22] Thjg
approach enabled previously unachievable synthetic disconnections, as it allowed for completely
new retrosynthetic analyses and streamlining of syntheses.!"***! These reactions excel in terms of

(27291 Examples for more

atom-, redox-, and step-economy in comparison to traditional methods.
economical syntheses through the advent in C—H functionalization are shown for the total synthesis
of austaminde 3 first reported by Hutchinson and Kishi,*" and later by Baran and Corey"'! as well
as for the synthesis of tetrodotoxin 4 by Isobe and co-workers without C—H activation,** and
Hinman and Du Bois exploiting a C-H activation strategy (Figure 1).1**) Furthermore, it opened the
door for late-stage functionalization of complex molecules leading to more efficient exploration of

22-26

chemical space.*>?®! The possibility of such rapid diversification of a chemical molecule into a

closely associated group of molecules omits the need for de novo synthesis and streamlines the

access and search for lead compounds in pharmaceutical®**%! and material research.*”)

O@
Th
HO (e} ) 2
N7
N
HO H

austaminde 3 tetrodotoxin 4
29 steps [1979, Kishi] (+)-3 67 steps [2003, Isobe]  (-)-4
5 steps [2002, Corey] (+)-3 32 steps [2003, Du Bois] (—-)-4

Figure 1 Comparison of traditional syntheses of austaminde 3 and tetrodotoxin 4 with syntheses through
C—H functionalization.

Still, nature proofs to be far more advanced than chemists in C(sp*)-H functionalization and has
developed highly selective and efficient oxidation enzymes like methane monooxygenases
(MMO)B7 and cytochrome P450.%3% The exceptionally high selectivity is exemplarily shown for
the in vivo oxidation of vitamin D3 § to calcidiol 6 by cytochrome P450 in the presence of oxygen
(Scheme 2).B? Streamlining the synthesis of organic molecules achieving such high selectivity
should be the goal of every synthesis as already pointed out by R. Breslow and J. Hendrickson.[**!]
To this extent, the further improvement of C—H functionalization proofs to be a major task for the

future.

cytochrome P450, O,

Scheme 2 Oxidation of vitamin D3 5 to calcidiol 6 by cytochrome P450.
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2 Radical C(sp®)-H Activation

2.1 Why Radicals? A Comparison

Organic molecules can possess a variety of different C—H bonds, which display different inherent
reactivities based on the nature of the C—H bond (Figure 2a). The nature of the C—H bond depends
on the hybridization and factors related to the substitution of the C—H bond like inductive effects,
conjugation, hyperconjugation, and more (cf. Section 2.2.2). These factors alter the reactivity of the
bonds, leading to different reaction rates for different classes of C—H bonds.*?! Yet, a variety of
systems has been developed to target specific groups of C—H bonds. The majority of selective

C(sp*)-H activation is based on one of three main strategies, namely transition-metal catalyzed

activation, metal catalyzed carbene/nitrene-insertion, and radical C—H abstraction.!>1443]
a) different C—H bonds in organic molecules b) BDEs of common C—H bonds in organic molecules
1°C(spd)-Hbond  3° C(sp?)-Hbond  «heteroatom C(sp®)-H bond, H H
l / activated, weakest bond = H ~o H \(
\ H H
H R 113 kcal mol™! 111 kcal mol™' 101 kcal mol™' 99 kcal mol™
X
H H H
2° C(sp3)—H bond, ™. a-sp?carbon C(sp®-H bond, X H H H
similar reactivity H R activated, weakest bond T I
N
/ w1 97 keal mol™' X = O: 96 kcal mol~! 88 kcal mol~! 90 kcal mol™!
C(sp?)-H bond, Ty X = N: 87 kcal mol~!

strongest bond
Figure 2 a) Different C—H activation sites in organic molecules; b) BDE of different C—H bonds in organic molecules.
The different reactivities of C—H bonds can be understood by their BDEs (Figure 2b). By
comparing the values, the BDE trend suggests that C(sp’)-H bonds are typically easier to
functionalize than C(sp*)-H bonds.**! Activation of the C(sp*)—H bonds through conjugation with
O-, N-, benzyl-, or allyl-substituents further reduces the BDE, rendering them more reactive.l1¢18!
However, this trend only applies to reactions proceeding through homolytic bond cleavage and does
not take the relative stabilities of carbon-metal (C—M) bonds into account, and is therefore not

13431 In this context, transition-metal catalyzed

applicable to transition-metal catalyzed reactions.!
reactions refer only to “inner-sphere” catalyzed reactions in which a metal inserts into a C—H bond,
forming a C-M bond.["***!

In general, metals form stronger C-M bonds with sp?- than with sp*-hybridized carbon atoms,*>4°!
making it in principle easier to functionalize C(sp?)~H bonds.[* Still, a variety of systems has been
developed to selectively activate C(sp’)-H bonds, even in the presence of C(sp?)-bonds.l*'?]
Thereby, activation selectivity follows the stability of C—M bonds with primary (1°) alkyl metal
species being more stable than their secondary (2°) counterparts, which in turn are more stable than

[47-49

tertiary (3°) once. I Therefore, activation in transition metal catalyzed reactions follows a trend,

which is reciprocal to the observed bond strengths (Scheme 3).°°* However, activation may be
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favored for a-aminal®*=* and a-ethereal positions.”” Through catalyst design and choice of the

44,56

metal, regio- and chemoselectivity can be altered*** and the application of chiral ligands can lead

to enantiomeric enriched products.®’>*

Et_ Et . Et_ Et Et, Et
o 1 mol% [I((OMe)(COD)], 5 ¥

H 0 1 mol % Me,Phen o o
1.2 equiv. norbornene +
THF
80°C,6h

94%
7 8:9=41:1 8 9

Scheme 3 Almost exclusive 1° over 2° C—H activation in intramolecular Ir-catayzed silylation.

Palladium is currently the most versatile metal for C-H activation.?"**! In the view of sustainability,
this proofs to be a drawback as most rare metal complexes are toxic™™’ and purification produces a
lot of waste.*“®!l Hence, current research focuses mainly on the use of more sustainable
3d-metals.[?36%

Furthermore, intermolecular transition-metal catalyzed reactions mostly rely on the use of directing
groups.'® Typically, an existing functional group is transformed into a suitable directing group,
which in turn needs to be removed afterwards, to facilitate C—H activation.!®! This negates one of
the main advantages of C—H functionalization as it relies on prefunctionalization of a molecule.
Current research is devoted to traceless!®! and transient'®” directing groups omitting the need for

prefunctionalization and/or removal of directing groups. Undirected C—H activation is typically

limited to allylic or benzylic positions.['**3-366]
o] CHs
th 2 mol% Rh(ll) catalyst COMe CO,Me 07 X0 CHs
MeO CHoCly, 0 °C o=
N2 Rh__ 1.0
Ph Ph (0] Rh
5]
10 1 12 HaC Ox_~0
catalyst ratio 11/12 \Cc
Rh,(OAC), 1:7 3
Rho(TPA)4 32:1 Rh,(OAc), 16
CPhj
2 mol% Rh(ll) catalyst O 0O
Q‘ ’/O 2.3 equiv. MgO O\‘S'p /\‘S’: 07 xXxg CPhs
w 1.1 equiv Phi(OAc), HN "0 + O 'NH | 0=
Rh 0
CH,Cly, 0°C /K/K)\ /\/K/% RAZ_ |2
o< oL R
13 14 15 PhaC Ox_~0
catalyst ratio 14/15 CPh
Rh,(OAG), 1:20 3
Rhy(TPA)4 1:45 Rhy(TPA), 17

Scheme 4 Selected examples for intramolecular, regioselective carbene and nitrene insertion by Rh-catalysis.

Carbenes and nitrenes — electron-deficient, neutral species with six valence electrons — display
comparable reactivities, as both show high capacity to either rearrange or more importantly to insert
into C(sp®)—H bonds.!*”! Both species are highly reactive and usage as free carbenes/nitrenes results
in unselective and uncontrollable reactions. Modulation of their reactivity through binding with a

68,69

metal complex can lead to highly selective transformations.[*! C(sp*)-H activation by metal-
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bound carbenes/nitrenes, so called carbenoids and nitrenoids, follows an “outer-sphere” mechanism
in which the metal does not participate directly in the activation step.!"***! In both cases, C(sp*)-H

insertion proceeds through a concerted, asynchronous pathway building up positive charge at the

68-72

carbon atom.[®*72 Therefore, activation selectivity generally follows the stability of carbocations,

that is, benzylic ~ ethereal > 3° > 2° > 1°.%72 However, selectivity may be altered by catalyst
design (Scheme 4)U"**"® and depends on the applied metal. For instance, carbenoid insertions with
gold favor 1° bonds whereas copper favors 3° bonds.[’” Usage of chiral ligands can also result in

enantiomeric enriched products for carbenoids!®’ and nitrenoids,®™” even in intermolecular

insertions. %%

The reactivity of carbenoids depends on their electronic properties. In general, the reactivity

[83]

decreases from acceptor- to acceptor-donor- to donor-substituted carbenoids.””’ Acceptor-

substituted carbenoids are the most reactive species and are mostly applied in intramolecular
C(sp®)-H functionalization as they readily undergo dimerization in intermolecular reactions.

Acceptor-donor or donor-substitution dramatically lowers their tendency to dimerize, making them

84,85

applicable in intermolecular C-H functionalization.®*%! Acceptor-substituted carbenoids are

86,87

generated from diazo compounds®**”! while donor-substituted carbenoids are generated from

[83,88,89

tosylhydrazones I or N-sulfonyl-1,2,3-triazoles® as donor-substituted diazo compounds are

labile and explosive.”) Most research in this field was devoted to Rh-catalyzed carbene insertions,
while other metals like Au,"* Ag* Cul® and Fel® also found application, displaying the same
reactivity as Rh-carbenoids. In contrast, Co-carbenoids undergo spin crossover forming triplet

Co"-metalloradicals. The activation step proceeds via C—H abstraction and therefore follows the

selectivity expected with radicals.’¢%%!

Nitrenoids are usually generated from azides, carbamates, sulfamates, carbonyl and sulfonyl amides

14,68,99

and sulfonimide amides.! ] Except for azides, the nitrenoid is generated through oxidation with

hypervalent iodine compounds (for instance PhI(OAc),) forming iminoiodanes, which in turn form

67,68,81

nitrenoid complexes upon reaction with a metal. ] Most commonly, Rhy-paddlewheel

complexes are employed for nitrenoid insertions, as other metals like Co, "' Cy,!"% Mnl'*! or
Fel'™ tend to undergo spin crossover forming triplet nitrenoids. Since they also display radical

reactivity like their Co-carbenoid analogues, they follow radical selectivity. This makes them

105]

superior over Rh-catalyzed nitrenoid insertions into allylic C(sp®)-H bonds!'?! as aziridination

competes with C(sp®)-H amination in this case.'%!

C(sp®)-H activation by radicals belongs to one of the oldest classes of chemical reactions dating

back to the development of the Hofmann-Loffler-Freytag reaction at the end of the 19"

15,107-109

century.| ! Historically, radicals have been recognized as highly reactive species that react

oI However, the BDE represents, in

unpredictably, unselectively, and somehow mysteriously.!
a first approximation, a good measurement to predict selectivity. Generally, the activation

selectivity follows the strength of the bonds, that is, 3° > 2° > 1° 4112 This is reflected in the
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relationship between the rates for C—H abstraction and the bond strengths in accordance with the

113,114

Bell-Evans-Polanyi principle.! I However, this relationship only holds as long as the transition-

state is not polarized at all or the polarization does not change within a series of substrates.!''*!!]
Polarization of the transition state results from the reaction of electron-deficient and electron-rich
radicals (cf. Section 2.2.2.1)."*""*) During C(sp*)—H activation, this polarization builds up positive

[116] Thereby, radical C(sp®)-H activations, as well as carbenoid and

charge at the carbon atom.
nitrenoid insertions, follow the relative stability of carbocations, contrary to the trends observed
with metal-catalyzed C—H activations. Selectivity can be altered through catalyst design.[''”}

[102,118-120

Recently, even selective 1° C(sp*)-H functionalizations were realized. ! Furthermore, the

rates for radical C—H activation only slightly depend on the solvent,!'*""'*? they experience lower

7,109

restrictions to functionalize sterically encumbered positions!”'*® and are generally inert towards

(1231 As most carbon-centered radicals adopt a trigonal-planar geometry,

free amines and alcohols.
enantioselective transformations necessitate an asymmetric center in the vicinity of the formed
radical to control the chemical environment.!' This can be achieved using common methods like
chiral amino-, hydrogen bonding-, or Lewis-acid-catalysis.!"*) The variety of functional groups that
can be introduced at C(sp®)-H bonds, typically limited for traditional radical activation, is
significantly broadened through the progress in photoredox catalysis (see Section 4).1**)

Each of the presented strategies feature their own advances and limitations. Generally, transition-
metal catalyzed and metal catalyzed carbene/nitrene insertions excel for intramolecular and
asymmetric transformations. Radical C(sp’)-H activations show advantages for intermolecular
reactions as they do not rely on directing groups like transition-metal catalyzed reactions and are
not limited in the scope of functionalities that can be incorporated like metal catalyzed
carbene/nitrene insertions. As all three strategies are distinct and complementary in terms of
reactivity and selectivity, together they offer a powerful ensemble for C(sp’)-H activation

strategies.

2.2 Hydrogen Atom Transfer (HAT)

2.2.1 Understanding HAT

Radical X—H activation involves the net transfer of two elementary particles, an electron, and a

126

proton from a donor to an acceptor.!'**! Reactions of this type are termed proton-coupled electron

transfer (PCET) reactions. The transfer can occur via a stepwise mechanism, either electron transfer
(ET) followed by proton transfer (PT) or PT followed by ET, or via a concerted mechanism

(concerted proton-electron transfer, CPET) in which both particles are transferred in a single kinetic

127-130

step (Figure 3).. I As the concerted pathway avoids high energy intermediates CPET pathways

exhibit lower reaction barriers than their stepwise analogues.!'**!3!)
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XH? 4 Y- —— e X4 Y-H

CPET
(HAT)

ET

X-H+Y

X~ +"Y-H
PT

Figure 3 Stepwise vs. concerted PCET mechanism.
Hydrogen atom transfer (HAT) also represents a reaction in which the two elementary particles are
transferred.!'*" In its most restrictive definition HAT refers to reactions in which a proton and an
electron are transferred as a hydrogen atom from the same chemical bond.["**"** This stringent
definition implies that both proton and electron originate from the same orbital of a donor and end
in the same orbital of an acceptor. On the contrary, the elementary particles in CPET reactions do
not obey these restrictions as they may migrate to (or from) two separate sites or even molecules
(multi-site CPET). Therefore, HAT is a special subclass of the more general CPET mechanism.!'**!
Figure 4 illustrates the key differences of the three mechanisms. Classical chlorine C(sp’)-H
abstraction is shown as an example for HAT,!''? alkane oxidation by cytochrome P450 follows a
CPET mechanism in which the proton is accepted by the oxygen atom while the electron is
transferred to the porphyrin/thiyl moiety,!'*! and the proton of an amide is transferred to a
phosphate base while the electron is accepted by an Ir-photocatalyst in the case of a multi-site
CPET.!"**] However, these borders are not sharp and rather represent a continuum moving from
HAT to multi-site CPET.!"**"3] For instance, while HAT by chlorine radicals obeys the restrictive
HAT definition, other classical HAT examples like removal of an H-atom from phenol does not. In
the latter, the proton is transferred leaving a lone pair at the oxygen while the electron is transferred
from the aromatic 7z-system.!"**** Moving on, we will follow the expanded definition of HAT by
J. M. Mayer et al.: “HAT includes essentially all reactions involving transfer of H* from a single
donor reagent to a single acceptor reagent, without concern for the electronic molecular orbitals

formally involved in the ET component.“!'**!

a) HAT b) CPET c¢) Multi-site CPET
ET ET ET

X-H= A" — X + A-H X-H=:A — X + A-H OX~ X-H=>:BH —— Ox + X + H-B
PT PT PT

Halogen radical HAT Alkane oxidation by cytochrome P450 Amidyl radical formation

O@ HZDSR R /E;\ 0
<N"H"N . <N”WN> @ ;\1 >H :> S P\o('\DAI\éIe
iy R b
C R 0
” Cys + ,'1\““’ P-OMe

\
Re  HO oue

R3CEDH + Cl' —= RgC+HTOCI

Figure 4 Comparison and examples of HAT, CPET and multi-site CPET.
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Multi-site CPET requires preorganization through a hydrogen-bonded complex before ET. This

allows for quite different selectivity in radical generation as this requirement leads to X—H

homolysis of stronger bonded, polar functional groups, like alcohols, amines, respectively.!'*"'3%

However, this renders C(sp*)-H activation by a HAT mechanism superior to multi-site CPET, since
C(sp®)-H bonds are typically poor hydrogen-bond donors. Hence, they are inert under multi-site

CPET conditions as no preorganization can take place.l'*"! Nevertheless, based on intramolecular

140]

preorganization!"*”) or ion-pairing,!"*"! C(sp®)-H activation through multi-sitt CPET mechanisms

were realized.

Contrary, several reagents are known to activate C(sp®)~H bonds via HAT and to generate a carbon-

146 147]

centered radical, like halogens,!''*'*? alkoxyl,!"*) aminoxyl,!"**'*] amidyl,!"* iodanyl,!"*” and

§[150

acyloxyl,l'"*® charged radicals like aminium radicals!"*”! or sulfate radicals!*” and radical-like

151] 152]

reagents like photocatalysts,! metal complexes,! or dioxiranes!'**"*Y  (Figure 5).'>
Afterwards, the carbon-centered radicals can be trapped by a variety of different trapping agents,
allowing the introduction of several functional groups like, e.g., OH, 1361571 F 11581 ¢, [159] By [160]

N3, 161 N, 162 SCF5, 163 alkyl,““‘l“] aryl/heteroaryl,“67‘17°] or alkenyl.[m]

X i

. . .0 .0 R )

ClandBr R RoN R™ N" R7x R)ko
halogens alkoxyl  aminoxyl amidyl iodanyl acyloxyl

,,ﬁﬁg ()i 0-0

ReN'™ SO, 7Y ©) RXR

aminium sulfate M = Fe, Mn, Ru excited dioxiranes
radical radical ~metal-oxo-species  photocatalyst

Figure 5 Representative HAT radical reagents for C(sp*)-H activation.

2.2.2 Selectivity Principles

The BDE represents a good approximation to predict selectivity in radical C(sp*)-H activations (cf.
Section 2.1). However, electronic, steric, and stereoelectronic properties of C(sp3)—H bonds can
override the inherent thermodynamics allowing for effective alteration of the regioselectivity in
C(sp®)-H bond activation. Yet, knowledge of these factor allows for the prediction or the selective

manipulation of activation sites.['’*"'7"]

2.2.2.1 Electronic Effects

In 1957, Walling emphasized in his seminal monograph that during the reaction of electronically-
neutral radicals the activation energy is influenced by any charge transfer, that occurs on proceeding
from reactants to the transition state.!'’" For any reaction involving a hydrogen radical transfer, the

transition state can be depicted as a hybrid of the valence-bond structures 18a-18d (Figure 6a).'”"



Introduction Radical C(sp®)-H Activation

This does not change the overall enthalpy of the reaction. The transition state barrier is expected to

decrease with increasing contribution of structures 18c or 18d rendering it a purely kinetic

177

factor.!'” If structure 18c¢ is contributing more than 18d A is termed to be nucleophilic while B

would be electrophilic. If 18d is contributing more, A would be electrophilic, and B would be

nucleophilic.!'>>!77)

a) . .

A+HB —— A-H+B

ReC. -H- Xy

(A HB[—[AH B/~ [a v B[~ [a 1 & ? ‘e')
18a 18b 18¢ 18d 19

Figure 6 a) Valence-bond structures for the transition state for HAT from B-H to A*. b) Charge-induction during
C(sp®)-H abstraction.

Therefore, HAT reactions of opposite polarity are favored, while reactions of the same polarity are

113-115,155,177

disfavored.! ] Typical examples for electrophilic radicals are depicted in Figure 5,['>

while alkyl"*>'"* and amine-boryl radicals!'”"-'7*-1%]

are examples exhibiting nucleophilic character.
Since alkyl radicals typically possess nucleophilic character, HAT reactions of C(sp’)-H bonds
with electrophilic radicals (X°1) lead to a positive charge induction at the carbon in the transition
state (Figure 6b). Hence, the obtained selectivity of radical HAT reactions can be explained
(cf. Section 2.1), as hydrogen abstraction with electrophilic radicals will take place at the position
containing the highest electron density.

The electron-density of C(sp’)-H bonds is largely influenced by inductive through-bond
effects.[**1>>1817183) Computational investigations show a major difference in transition state
energies (AAGY) for 2° hydrogen abstraction of alkane chains by chlorine radicals with electron-
donating groups (EDG, MesRB") 20 and electron-withdrawing groups (EWG, MesRNY) 21
(Figure 7a). The inverse trend is observed by exchanging electrophilic chlorine radicals for
nucleophilic amine-boryl radicals.!'® The effect of EWGs on the oxidation site selectivity is further
illustrated for structures 24 and 25 (Figure 7b).1* In 24, the most distal methylene group is oxidized
by methyl(trifluoromethyl)dioxirane (TFDO),!'®! while the benzoyl (Bz) group in 25 directs

oxidation to the most distal tertiary site.['*

) H-_abstractor: CI b) TFDO > 98%
0 109 140 11.0 1.8 0.4 /\/\OJJ\
Me;B MesN
%5 44 133 es 0 24
20 2 oxaziridine > 10:1
H"-abstractor: Ho,N-B(Me), / secondary site
6.5 35 0.8 +0 3.6 6.6 '/
MegB™ >N MegN™ "> BzO
%5 39 0 % 03 5.1
22 23 25

Figure 7 a) Normalized gas-phase free energy barriers (AAG?, kcal mol™) for 2° C—H abstraction of alkyl chains
bearing EDGs or EWGs by chlorine or amine-boryl radicals. b) Influence of EWGs on the oxidation site selectivity.
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Hyperconjugative and conjugative effects can also electronically activate a-C(sp*)-H bonds. For

instance, donation of electron density from the C—C bonding oc-orbital of the cyclopropane

ring!"®""¥¥] or the n-orbital of heteroatoms (O,!"¥! N[/ or from the N-atom in carbamates!'*") into

the antibonding c*-orbital of the C—H bond effectively weakens the C—H bond.[*!3>!181:182] The
a-C(sp’)-H bond weakening effect of heteroatoms is further accompanied by conjugative
stabilization of the induced charge in the TS. This also activates allylic and benzylic positions

towards HAT.!"*'*3) Exemplary, Figure 8 shows activation sites for substrates with a cyclopropane

[196] [191]

ring 26, an ether 27,1 an amine function 28" or an amide function 29.

secondary site
Fe, Zn, O, (3:1)

TFDO (90%)  TFDO (82%) Mn. Hz0z (60%)
s o/ XN )O]\ r/
O | > H \ tBU N AN
N H
26 27 28 29

Figure 8 Effective a-C(sp*)-H activation towards HAT through hyperconjugative bond weakening.

Knowledge of the above-mentioned activation and deactivation strategies allows for manipulation

182,197

of activation sites by “medium effects”.! ! These consist of hydrogen bonding (HB), Brgnsted

or Lewis acid-base interactions and can be used to activate certain positions by donating electron

182,197

density or to deactivate them by withdrawing electron density.! I For instance, HB can be used

effectively to alter activations sites. Since acidic groups act as HB donor, any solvent which can act
as a HB acceptor will therefore increase the electron density at the acidic group. Instead, basic

groups act as HB acceptors and electron density at the basic group will decrease upon interaction

with a HB donating solvent.["?%!%]

a) 1 mol% Mn(®MMpdp)
3.5 equiv. H,0,

Q 13 equiv. ACOH Q OH Q
PPN A ke

N solvent N
H —40°C, 30 min H H
30 31 32
MeCN: 65% MeCN: 1%
HFIP: 0% HFIP: 62%
b
) Boc g Boc
' N
~. N Oe
OH \
33 34
ky =2.51 +0.08 + 106 M1 51 ky=1.1+01 + 107 M5!
c)

5 mol% cis-[Ru(dtbpy),Cl,]
| 2 equiv. HIOg |
6 equiv. F3CSO3H

N N
M ACOH/MH,O (1:1) W

n,4h OH
35 36 (71%)

Figure 9 a) o~ vs. remote-oxidation based on the hydrogen-bonding nature of the applied solvent. b) Activation of
a-carboxyl C—H bond through deprotonation. ¢) Deactivation of a-amino C—H bond through protonation.

10
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Based on the HB nature of the applied solvent (Figure 9a; HFIP = hexafluoroisopropanol)

Dantignana et al. showed the selective a-oxidation or remote oxidation on amide 30, furnishing

200

secondary alcohol 31 and tertiary alcohol 32, respectively.® Furthermore, the MacMillan group

demonstrated the selective activation of a-alkoxyl C(sp’)-H bonds by hydrogen bonding in the

presence of ethers.['*”]

In the same way, deprotonation can be used to increase electron-density at a functional group and

guide activation towards a-C(sp’)-H bonds, as in the case of alcohols?""

or the o-carboxyl
C(sp®)-H activation of prolines 33 and 34, which led to a 4-fold increase in the rate constant over
the a~aminal position for C-H abstraction by cumoyl radicals (CumO*) upon deprotonation
(Figure 9b).2***! Instead, amines can be transformed into EWGs by protonation and activation

[204-208]

selectivity is guided towards remote positions, exemplary shown for the remote oxidation of

pyrrolidine 35 (Figure 9c).*"

2.2.2.2 Steric Effects

Besides electronic effects, it has been observed that steric factors contribute to the selectivity in

42182181 Ugually these factors are associated with steric

radical C(sp®)-H functionalization.|
encumbrance leading to inaccessibility of certain positions or to an increase or release of strain
during the TS."**'¥2!%] The latter factor, for example, is present in cyclohexane derivatives. During
C—H abstraction at a 3° position the carbon atom planarizes thereby forcing the R group toward an
unfavorable eclipse interaction with the adjacent C—H bonds in the a~position, thus leading to an
increase in torsional-strain and deactivation towards HAT from the 3° position (Figure 10a,
TS1).2'%2'Y Similarly, the 2° a-positions are also deactivated towards HAT as the C—H bonds are

210211 1y poth cases

forced into eclipsed interactions with the C-R bond upon planarization (TS2).!
an increase in steric bulk leads to an increased deactivation at the 1- and 2-position. This behavior
has been studied experimentally by comparing product ratios by HAT with CumO* in different

211 Even in methyl substituted derivative

substituted cyclohexane derivatives 37-39 (Figure 10b).!
37 the 3° C—H bond is deactivated towards HAT as almost the same rate constant for HAT from
the 2° 3-position is observed. Substitution with a phenyl ring 38 introduces a benzylic position
(BDE(R3C-H) = 86.8 kcal mol™" in 38 vs. BDE(R;C—H) = 94.5 kcal mol™" in 37).2'"! Therefore,
HAT should be amplified in 38. However, almost identical reaction barriers are observed for HAT
from the 1-position (AG* (R;C—H) = 10.5 kcal mol ™' in 37 and AG* (R;C—H) = 10.3 kcal mol ™" in
38) emphasizing the deactivating effect with increasing steric bulk.*'"! Introduction of a tert-butyl
group 39 results in strong deactivation of the 3° C—H bond. This may be attributed to the neo-pentyl
position, which usually lowers reactions rates by blocking the substrate towards approaching this

142212213

positio I However, compared to the cyclopentyl-derived substrates 40-42 the deactivation

11
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is not purely based on deactivating effect of the neo-pentyl position and must originate from the
increasing torsional strain during the TS. Since cyclopentane rings do not obey the perfect
tetrahedral geometry like cyclohexane rings, torsional effects only play a minor role. Therefore, in
every case the most electron-rich position is activated in 40-42 and the 2-positions remain the most

deactivated position in 37-42.2'!

a) b) 27 1.0 6.2 1.0 39 1.0

TS1 TS2 40 41 42
c) : d) H H H H
H R i
H N H HO H 1 equiv. TFDO HO Ho H
R . >:o CH,Cl, >:o
H. o
\X HN —20 C, 1h HN
H \—CF, \—CF,
TS3 43 44 (82%)

Figure 10 a) TS for HAT from the 1-position (TS1) and the 2-postion (TS2) of monosubstituted cyclohexane rings.
b) Per hydrogen basis product ratios for the reaction of CumO* with cyclohexanes 37-39 and cyclopentanes 40-42. c)
TS (TS3) for the equatorial C—H abstraction in substituted cyclohexanes. d) Selective oxidation of decalin derivative

43 through release of 1,3-diaxial strain during the TS.

On the other hand, strain release during the TS can amplify reaction rates. Eschenmoser observed

in 1955 that axial alcohols react faster than equatorial alcohols in the oxidation of steroidal alcohols

2141 He proposed that 1,3-diaxial strain release lowers the TS and therefore

with chromic acid.!
enhances the rates for oxidation of axial alcohols.*"*! Increased rates have also been observed for
HAT from cyclohexane and decalin derivatives, which displayed 1,3-diaxial interactions, with
CumO°*. During HAT, planarization of the incipient carbon-centered radical forces the axial
R-group to turn away from the axial hydrogens thereby releasing 1,3-diaxial strain and activating
3° equatorial C—H bonds towards HAT (Figure 10c, TS3).2'> Chen et al. showed the impact of this
factor in the oxidation of 4 (Figure 10d). In substrate 43 a single C(sp’)-H bond is selectively

216,217

oxidized in the presence of four additional 3° C—H bonds.! ] Computational investigations also

identified 1,3-diaxial strain to be the key contributor for the obtained selectivity.*'®
Sterically associated effects have also been observed in the functionalization of amines, ethers, and

amides. 81182

Since all three functional groups weaken their a-C(sp’)-H bonds through
hyperconjugation (cf. Section 2.2.2.1) any sterically induced change in geometry that puts the
heteroatom lone-pair out of an eclipse conformation with the C—H bond lowers the rates because

[155,182,219,220] Salamone et al

the strict orbital requirements for hyperconjugation are not given.
exemplarily showed this effect for HAT by CumO® on substituted amides 45-48 (Figure 11).1*!)
C(sp*)—H abstraction from the 1° methyl group in 45 is faster than for the 2° position in 46 or even

the 3° position in 47. This observation has been attributed to the higher rotational barriers in 46 and

12
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47 to reach the optimal orbital alignment for hyperconjugation compared to 45.%*!! However, cyclic

amide 48 shows enhanced rates compared to 45 due to the lower BDE of the 2° position and optimal

alignment of the C—H bonds with the nitrogen lone-pair due to the ring conformation.**!!

o} o o o]
)J\N/ )J\N/\ )J\NJ\ )J\N
| § PS Q
45 46 47 48
ky(CumO') / M1 1 1.2x 108 6.6 x 10° 3.1 x10°% 9.0 x 108

Figure 11 Rate constants for o-C—H abstraction on substituted amides 45-48.
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3 Organic Radical Cations

Radical cations have a long-standing history in organic chemistry.'**?) While Wurster isolated the

first radical cation (radical cation of N,N,N’,N’-tetramethyl-p-phenylenediamine) as the now so-

called Wurster salt in 1879,1***! the true nature of this species was not understood until Weitz >4

and Michaelis®* elucidated that the structure consists of an unpaired electron and a positive charge.
p p g

Typically, these organic radical cations are generated through ET from a parent neutral molecule

226-229

to an acceptor.! V' In this regard, ET refers to “outer-sphere electron transfer” in accordance

230,231]

with Marcus’ theory,! as “inner-sphere electron transfer” is historically defined to take place

between two metal centers bearing a bridging ligand.?* %

The generation of radical cations in solution can be achieved by various methods. 225223352381 The
most employed methods involve chemical oxidation,*” electrochemical oxidation'*****°! and
photoinduced electron transfer (see Section 4 for further details).[*>**¢*% Although all methods
share a common feature — the removal of an electron — they exhibit some major differences. For
instance, chemical oxidation is a homogenous process while electrochemical oxidation is a
heterogeneous process that often involves transfer of multiple electrons. Photoinduced electron
transfer involves excited state species and formed intermediates may be reduced in a second step

(see Section 4.1), while they might be oxidized via chemical or electrochemical oxidation, 22529235~

238]

3.1 Reaction Patterns of Organic Radical Cations

3.1.1 General Considerations

The chemistry of radical cations is determined by reactions taking place after the initial ET.122%241:242]

A simplified molecular orbital (MO) analysis (Figure 12) reveals two features that determine the
fate of radical cations. First, the radical cation consists of a positive charge and an unpaired spin,

243

therefore it should act as an electrophile and as a radical.*** Secondly, through removal of an

electron from the highest occupied molecular orbital (HOMO), the bond is weakened, and
consequently bond cleavage processes are observed.[?*424"]

LUMO — LUMO —

HOMO {-} SOMO jL

RH RH'

Figure 12 Simplified molecular orbital representation for the
one-electron oxidation of a parent neutral molecule RH.
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To discuss the follow up reactivity of radical cations we stick to the conceptional approach
developed by Schmittel and Burghart on the concept of electrophores.'**?) An electrophore is the
active part of a molecule that engages in ET processes, i.e., the part of a molecule which exhibits
the highest HOMO coefficient. This allows to differentiate between o=, 7- and n-donors and enables
to specify at which position in a molecule a reaction will occur.?**** It is noteworthy that the
follow-up reactivity is not based on the nature of the electrophore, but on the atoms or groups in its

periphery. Still, only a limited number of equal reaction modes is present for different donor

typ o, [242.248]

3.1.2 Bond Fragmentation Reactions

3.1.2.1 Bond Cleavage

Removal of an electron from the HOMO of a parent neutral molecule produces a radical cation with

2442471 1t is important to

partially broken bonds which in turn fragments into a radical and a cation.!
note that ET and bond dissociation can be a stepwise or a concerted process.”*! For the latter one,
Marcus theory cannot be applied and an extension to Marcus theory reported by Savéant based on
Morse potential must be taken into account.***23%

The apparent bond weakening can be evaluated based on thermodynamic cycles developed by
Arnold et al.****% and Wayner et al.*> (Figure 13). The resulting Equation I gives information
about the main characteristics of radical cation fragmentations. First, as radicals are easier to oxidize
than closed-shell molecules (Eox(R—X/R—X*") > Eo(X*/X")),12**! the second term of Equation 1 will
always be positive. Hence, the BDE of a radical cation is always lower than the BDE of the
corresponding neutral species. Secondly, the more difficult it is to oxidize a neutral molecule the
more energy will be put into the system making it possible to cleave even strong C—C or C—H bonds.
Third, the bond weakening effect is based on the electrofugacity scale of the leaving cation, i.e., the
more shifted Eox(X*/X") is towards negative potentials the easier the bond will be cleaved. Thus,

the formed cation will always be the fragment with a lower oxidation potential.[2*+23-27]

Eox(X7X*)

R + X’ R +X*
BDE(R-X) BDE(R-X"*)

R-X"*

R-X
Eox(R-X/R=X"*)

BDE(R-X"") = BDE(R=X) — F[(Eg(R—X/R=X"*) = Ege(X'/X")] @)

Figure 13 Evaluation of bond weakening effects through removal of an electron
via thermodynamic cycle.
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According to the differentiation between o-, 7, and n-donors only a small group of molecules can
be classified as pure o-donor systems. In combination with the electrofugacity scale it is evident

that pure o=donor type bonds such as, C—Si,>**1 C—Sn,**" or Si-Si*"***! bonds are readily

242,248

cleaved upon single electron oxidation.! I As most hydrocarbons possess oxidation potentials

that are beyond reach with common synthetically accessible oxidations methods,***’ C—C bond

263-266

cleavage is mostly observed for strained hydrocarbons! ! or diamondoid derivatives**

possessing sufficiently low oxidation potentials.[*¢”]

For 7ztype donors (like arenes and alkenes) and n-type donors (like N, O, or S) cleavage of bonds

d [242,248

directly attached to the donor system are rarely observe I Typically, the bond to be cleaved

is in an orthogonal arrangement with the electrophore SOMO. In case of benzylsilane 49’ the
C-SiMes; bond is weakened due to overlap of the o(C-Si) and the aromatic s-orbitals

(Figure 14).2*¥! Any effect that will put the cleavable bond out of the orthogonal conformation will

slow down fragmentation rates.26*27]

SiM SiMeg
livie.

3 —

49

Figure 14 Orthogonal orbital arrangement exemplarily
shown for the relevant frontier MOs of benzylsilane 49.

For 7~donors dissociation of several bonds in the f-position have been probed and explored

synthetically, like benzylsilanes,””' 273 benzylstannanes,”’* benzylsulfides,*”"" or silyl enol

278,279

ethers. ! I Dissociation of #C—C bonds in z-donor system is mostly not feasible because it

242,248,280

competes with fast a-C—H deprotonation (see Section 3.1.2.2). ! Therefore, an additional

[281]

driving force is often necessary, like strain release through incorporation of cyclopropanes'='' or

spiroalkanes.2%%2%]

Similar to z~donor systems n-donor systems cleave readily /~C—X bonds as in the case of

284 285]

arylthiomethylsilane,**! and a-silyl®™ or a-carboxyl substituted amines.****" £C-C cleavage

also necessitates a driving force to compete with a-C—H deprotonation. However, for n-donor type

systems this can also be achieved by stabilization of the resulting cation or radical through

[288] [289 [290]

conjugation,’**” e.g., in amino ketones,"***) amino alcohols,™ or Fphenyl amines.

3.1.2.2 Deprotonation

On the same basis as for fragmentation reactions, the acidity of radical cations can be evaluated by

233291 Moreover, for deprotonation reactions the acidity of the radical cation

thermodynamic cycles.!
can be determined from two different cycles.!*>>?*!I The first one (Figure 15a) derives from the pKa
value of the neutral molecule and the oxidation potential of R™. However, as both quantities might

not be known, the acidity can also be estimated from the BDE(R-H) and Eox(H*/H") (Figure 15b).
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The latter method is typically applied since BDEs of different bonds are readily available'® and
Eox(H*/H") is known for different solvents.!***?**! For reactions in MeCN Equation 2 can be derived

242:294.293] Firgt, a radical cation is always more acidic than its

and three conclusions can be drawn.!
neutral counterpart. Secondly, the pK,(R—H*") value depends on the BDE(R-H), and the stronger
the bond, the less acidic it is. Third, the radical cation becomes more acidic the more difficult R—H
can be oxidized. In turn, in a comparable series of substrates, substitution with EDG renders radical
cations less acidic than those bearing EWG.[*>*!1 Exemplarily, pK.(PhMe*") = —13 is estimated

for toluene, while pK,(PhMes*") = 2 is estimated for hexamethylbenzene.[**?

a) AG(pK,(R-H"")) b) AG(pK(R-H"))
R-H™" R +H" R-H*————— R'+H"
Eox(R-H) Ex(RT)  Eo(R-H) Eox(H)
R-H "+ H RH ———— R +H
0GR RH) BDERH)

—Eox(R-H BDE(R-H) - 37.5
ox(R-H)  BDE(R-H) )
0.05916 1.36

pKa(R-H™) =

Figure 15 Thermodynamic cycle for the estimation of the acidity of radical cations a) derived
from pKy(R-H) and E(R/R"), b) derived from BDE(R-H) and E(H*/H").

The estimated thermodynamic acidities imply that deprotonation is a fast process. However,
deprotonation might be slower due to substantial internal and external reorganization
energies™*** and depend on several factors such as perpendicular orbital arrangement, base
strength, and entropy.!?*>2682702952971 Gti]|, kinetic acidity parallels thermodynamic acidities within

298,299

a series of comparable substrates.! I C—H deprotonation of o-donors is restricted to systems

with sufficiently low oxidation potentials that do not undergo fast C-C scission, e.g.,

adamantane®®”! or higher diamondoids,[#224%-266]

In 7-donor systems «-C—H deprotonation is mostly accessible for arenesi?’’2%**! or

heteroarenes.®?! Instead, alkenes are more likely to undergo nucleophilic trapping or
y g P pping

cycloadditions.?***° In general, deprotonation of aromatic moieties is not feasible with respect to

242

nucleophilic attack,*** but it can be accomplished with sterically hindered bases.**”! a-X-H

deprotonations are commonly observed for X =0 and allow the synthetic transformations of

306,307] [308]

phenols! and enols. The formed radical is typically oxidized via chemical or

electrochemical oxidation to a cation in a successive step from which the observed reactivity can

308,309

be understood.! I -N-H deprotonations are rarely observed, except for anilines,”'**!!! since
P y P

242

secondary pathways dominate.**! Oxidative deprotonations of X—H bonds in n-donor systems are

frequently observed for amines®'**'*! and sulfides.*”! However, the more important pathway in

[294,295,314] 315,316]

these systems is a-C—H deprotonation. Examples include amines, amino acids,!

sulfidesP'*'® and ethers.’'
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3.1.3 Bond Forming Reactions

Bond forming reactions are based on the electrophilic character of radical cations due to the positive
charge or the radical reactivity based on the unpaired electron (for examples with respect to HAT
see Section 3.1.5).1228242248:231] Therefore, typical bond forming reactions are based on nucleophilic

attack or recombination of radical cations and radicals, radical cations and radical cations, or radical

cations and radical anions,[?28242:248:251]

Nucleophilic attack on radical cations mostly consists of complex mechanistic scenarios. Therefore,

n. [228,242

it is not possible to give a conclusive and general descriptio ] Mechanistic analyses suggest

disproportionation, complexation, or half-regeneration as part of complex mechanistic

scenarios.***=? It was also emphasized for protic nucleophiles that deprotonation of the primary

323,324

adduct plays a key role.! I Based on their valence bond curve crossing model, Shaik and Pross

even suggested that nucleophilic attack at radical cations is formally forbidden.***! However, it has
been shown that nucleophilic attack on radical cations can be a fast process even at the diffusion

controlled limit, especially with anionic nucleophiles.?** Still, for oxygen nucleophiles the

327 [328

situation is more complex since fast,! slow® and reversible®®*”! processes have been

reported.****3% In principle, nucleophilic attack of oxygen nucleophiles is slower compared to

nitrogen nucleophiles in accordance with nucleophilicity scales.[**3*!]

For o-donor systems it is often not conclusive if nucleophilic substitution takes place before or after

C—C bond scission.****32 A clear example is provided for the nucleophilic trapping of the

quadricyclane radical cation by ‘BuOH."**!

Attack of nucleophiles on 7-donor systems is a commonly employed synthetic method for the

construction of C—C, C-O, or C—N bonds. In this regard the term “cation radical accelerated

322,334,335

nucleophilic aromatic substitution” has been introduced in the literature.! JExamples include

alkenes,**¥7! enol ethers,**! silyl enol ethers, 339340 among others.[??24224] O the other hand,

41

nucleophilic attack on n-donor systems is usually only observed for nitrogen,**!! sulfur and

phosphorus radical cations.**?) While N-centered radical cations suffer from C—C bond scission or

343

C-H deprotonation, sulfur?’>*** and phosphorus®***! radical cations mainly engage in nucleophilic

substitutions. 24?2481

344

Radical cations react readily with stable radicals like dioxygen,***! superoxide,”***! NO, or

NO,.B*38 For o-donor systems recombination with dioxygen is observed after C—C bond scission

349,350] [351

for strained systems like cyclopropane! or cyclobutane.®®") The majority of oxygenations

352,353] [354 [344,355

involves z-donor systems since olefins,! arenes,>" and others I readily recombine with

triplet oxygen. In the same manner, oxidations of n-donor systems are observed for sulfides,?’>*%!

357 358]

aziridines,**” or phosphorous compounds.!

Reactions of radical cations with other neutral radicals have not been explored much[??7:333-42248]

with respect to intra-">"! or intermolecular®®®! examples involving radical anions, which upon loss
p p g p
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of X recombine with a radical cation. For instance, radical cation trapping by 2,2,6,6-
tetrametyl(piperidin-1-yl)oxyl (TEMPO) was used in the a-oxyamination of aldehydes.**"

Recombination of radical cations and radical anions is mostly hampered by unproductive back
electron transfer (BET).1**>**8) An exception to this display reactions in which one of the reactants

is in an excited state. Reactions proceed mostly via deprotonation if the radical anions are

362,363

sufficiently basic.! I Direct bond formation is rarely observed but plays an important role in

364,365 366]

Paterno-Biichi reactions.! ] Radical cation dimerization is also observed™*® and employed in

367 242,248]

polymerizations of pyrroles**”) and thiophenes.!

3.1.4 Pericyclic Reactions

The stereochemical outcome of pericyclic reactions can be deduced based on simple symmetry-

based arguments and the principle of orbital symmetry conservation according to the Woodward-

368,369

Hoffmann rules.! I These reactions are orbital controlled and proceed through highly symmetric

transition states.’’" A frontier molecular orbital (FMO) analysis of pericyclic reactions shows that

371

in principle two HOMO-LUMO interactions are possible (Figure 16a)."’") However, the one with

the lower energy difference dominates. Removal of an electron gives rise to more possible
interactions of the SOMO with either HOMO or LUMO (Figure 16b).*7") Hence, new reaction
pathways are possible that are forbidden for closed-shell molecules and a simple symmetry analysis

371-374

analogous to their neutral counterparts often fails.! I Furthermore, pericyclic reactions of

radical cations mostly possess lower activation barriers than their closed-shell analogues leading to
enhanced product formation rates (Figure 16¢).****>*"" It is noteworthy, that radical cationic
pericyclic reactions must not obey the definition of pericyclic reactions proceeding in a concerted

fashion, as concerted and stepwise processes are possible.?*837!]

c)

E RHY
a) b) J\’H: 4
E P E e Eox(RH)
T \{ T EOX(PH)
RH -
T I

r.c.

Figure 16 Frontier molecular orbital analysis of pericyclic reactions with neutral molecules (a) and
radical cations (b). ¢) Energy diagram of radical cationic pericyclic reactions.

From a synthetic point of view, the engagement of radical cations in pericyclic reactions can be
seen as an Umpolung reaction./*”! Considering thermal [2+2] cycloadditions of alkenes, examples
typically involve reaction partners of different electronic character.”?’>*’ Instead, Ledwith

provided an example for a [2+2] cycloaddition of two electron-rich N-vinylcarbazoles 50 catalyzed
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by iron(III) nitrate (Scheme 5).22%371 The Umpolung reactivity is displayed by the regiochemistry

observed for 51. It indicates a reversed polarity as the bond formation takes place between the two

229

carbons bearing the highest partial negative charge.””” Further examples of radical cation mediated

378,379]

pericyclic reactions include Diels-Alder reactions! as well as Cope,’***®!l Claisen,**

383 [226,235,242,371-374]

I vinylcyclobutane!**¥ rearrangements and more.

Fe(NOg)3 O
) W,

vinylcyclopropane,!

LD

51
Scheme 5 Radical cation mediated [2+2] cyclodimerization of N-vinylcarbazole 50.

3.1.5 Hydrogen Atom Transfer Reactions

HAT by radical cations is typically not considered to be of utmost importance as it is typically a
secondary pathway. Since other reactions of radical cations like fragmentations, bond forming
reactions or pericyclic reactions prevail, Hancock and Tanko stated: ”Radical cations, because of

their electron deficient nature, are not likely to participate in HAT, instead, they undergo the

«[385

analogous radical ion fragmentation, proton transfer. I However, an exception to this statement

is represented by aminium radicals (R;N*"), that are known to undergo fast HAT processes.***3%6]
Wawzonek and Thelen firstly reported aminium radicals to be the hydrogen abstracting species in

387

Hoffmann-Loffler-Freytag reactions,**”) while Minisci et al. displayed the first synthetic utilization

in the chlorination of alkyl methyl esters.”®! But it was not until the advent of photocatalysis that

236,389

radical cations found effective use in C—H functionalizations.! ] Commonly employed systems

like quinuclidinium radical 52,1'47201%903%21 DABCO derived substrates 53,09 or 2,2,6,6-

tetramethylpiperindinium radical 547

omit primary reactions of radical cations due to
unfavorable orbital alignment or bad electrofuges, rendering them relatively inert towards bond
scission or deprotonation (Figure 17).**! Beyond aliphatic amine systems, Ohmatsu et al.
introduced an n-donor type carbonyl amidylium radical 55 for the functionalization of activated

C-H positions.*?"!

Ph
R o] N
« 7[ JV e S,
AN ANy N NN
Me
54 55

52 53

Figure 17 Radical cations participating readily in intermolecular HAT reactions.
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4 Photoredox Catalyzed Hydrogen Atom Transfer Reactions

4.1 An Introduction to Photoredox Catalysis

The history of chemical reactions induced by light dates back to the end of the 18™ century when
Joseph Priestley observed a reddish color (formation of NO») by exposing nitric acid to sunlight.**”)
However, the effect of light on chemical reactions was not understood until Ciamician clarified that
certain reactions, like the photorearrangement of santonin 56 to photosantonic acid 60 (Scheme 6),
are based on the influence of light and do not proceed via thermal activation.****! His seminal
studies together with Silber on light induced reactions revealed several principles, which are
nowadays considered as principles of green chemistry, namely, mild reaction conditions,
improvement of atom economy by more direct activation, use of renewable reagents, and
minimizing the use of energy.*"”! As early as 1912 Ciamician stated “When all of the coal will have
been burnt, it may become necessary to resort to exploiting light energy for the progress of

society.”*!

Scheme 6 Photorearrangement of santonin 56 to photosantonic acid 60.

Light induced chemical reactions are initiated by the absorption of a photon by a molecule
producing an electronically excited state. In principle, an electron is promoted from a ground state
singlet state (So) to a higher energy level singlet excited state (S, Figure 18a). Depending on the
radiation energy a variety of vibrational levels (v,) are typically populated, which readily equilibrate
to the lowest energy vibrational state (vo) of Si. The fate of S is determined by radiative and non-
radiative pathways. The molecule can return to its ground state Sy by emitting light (fluorescence,
radiative pathway) or via internal conversion (IC, non-radiative pathway) producing heat.
Moreover, it can undergo the spin-forbidden, non-radiative intersystem crossing (ISC) to form a
triplet excited state (T1). As the transition from T to Sy is also spin-forbidden, T, states are typically
long-lived and decay through a radiative transition (phosphorescence) or via IC.*%402404]

In its excited state (S;-state lifetime = tf, Ti-state lifetime = tp) the molecule can undergo chemical

reactions. As the hypersurface of an excited state molecule is quite different from its ground state,
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excitation of a molecule (A — A*) apparently leads to new reactivities, like unimolecular
decompositions or rearrangements (Figure 18b, Scheme 6). If A* encounters a second molecule it
might engage in a bimolecular reaction as in the case of HAT by excited ketones (Figure 18c).**”!
In general, the promotion in energy of A to a higher energy by absorption of a photon can lead to
exothermic reactions or reactions with lower activation barriers for the excited state molecule, while

in the ground state the same reaction only proceeds endothermically or with high activation barriers

as schematically represented in Figure 18d. 384024041
Vs = ? 9
T s E
e ; A hv A* P
- A
+ hv 3 — hv
— hv C) B P2 P
! hv * U A
! A A P1
SoX=x" '
0 rc.

Figure 18 a) Jablonski diagram of photophysical processes. b) Unimolecular photoinduced reaction. ¢) Bimolecular
photoinduced reaction. d) Schematic reaction energy profile of a reaction from ground state A or excited state A* to P.

The general principle of photocatalysis relies on the separation of the light absorbing step from the

398

product forming step.*”® Thus, the excited photocatalyst does not undergo an irreversible

conversion but engages in ET or energy transfer (eT) processes with a substrate.[233:39:403:406413] The
IUPAC defines a photocatalyst (PC) as “catalyst able to produce, upon absorption of light,
chemical transformations of the reaction partners. The excited state of the photocatalyst repeatedly
interacts with the reaction partners forming reaction intermediates and regenerates itself after each

4161 The general mechanism of a photoinduced electron transfer (PET)

cycle of such interactions.
reaction is based on a three-arrow mechanism, with the arrows referring to excitation, quenching,

and regeneration (Figure 19).*'"

PC is an excited state oxidant PC is an excited state reductant
hv hv
PC PC* PC PC*
_ X 4 X
Y Y
on E*red Ered E*OX
—e +e
PC 4 PC _
Y X Y X

Figure 19 General mechanism of both oxidative and reductive pathways in photocatalysis.

For the excitation component of the mechanism the absorption maximum (Amax) must be known.
Under ideal conditions the excitation wavelength does not interfere with any other substance in the
reaction mixture but only selectively activates the PC. In the quenching step the excited PC
undergoes SET with a given substrate. Based on the electronic properties PC* can either act as an

oxidant by accepting an electron or as a reductant donating an electron. Excited state photocatalysts
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are both stronger oxidants and stronger reductants compared to their corresponding ground
state,[403:406-409415418] The quenching process can be studied by Stern-Volmer kinetics by monitoring
the fluorescence decay depending on the quencher concentration,“%413:417]

The Gibbs free energy of photoinduced electron transfer reactions (AGper) can be calculated based
on the formulation given in Equation 3, where F is the Faraday constant, Eox and E;.q are the ground
state redox potentials for the oxidation and reduction of A and D, respectively, o is the electrostatic
work term, and Eop is the excited state energy referring to the transition between the So and S; or
T, (with v = 0), respectively.[*?34084194201 Conyentionally, the half reaction A — A" (Eea(A/A%))

refers to the single electron reduction of A and is measured experimentally at negative values.[***#*!]

The oxidation potential (Eox(D*"/D)) refers to the half reaction D*" — D which is also defined as

single electron reduction of D** but is measured experimentally at positive values.[**4*!]
AGpgr = —F[Eox(D"/D) = (Ereg(A/AT)] — @ — Eq o (3)
AGper = ~F[E*64(PC*PC) = (Eox(X 7X)] (4)
E*/ed(PC*/PC'") = E;e4(PC/PC™") + Eg (5
AGper = —F[Ereg(X/X7) = (E*ox(PCT*/PC)] (6)
E*ox(PC™*/PC*) = E(x(PC™*/PC) — Eg o @)

For convenience the electrostatic work term  is neglected as the correction of AGper is typically
< 0.1 eV .B0341949200 Omitting w Equation 3 can be converted to Equation 4 for the excited state
reduction of PC* by taking Equation 5 into account. The same conversion can be applied to the
excited state oxidation of PC* (Equation. 6) by considering Equation. 7. The correlations in
Equation 5 and Equation 7 (Note that Eop is given in eV, Eo and Erq are given in V, and a

403]

conversion factor of 1 eV V! mol™ is assumed)!*”® can be understood from the schematically

depiction in Figure 20. Hence, for PCs, which act as an excited state oxidant E*..q is positive and
for PCs working as an excited state reductant E*, is negative.[**

While AGper gives information about the exergonicity or endergonicity of the ET, it is not a
criterion for successful ET.1*® For short-lived singlet states thermo-neutral or exergonic electron
transfer can be realized, while the longer-living triplet states also undergo endergonic electron

transfer. The limiting criterion for successful ET therefore is tr and tp.[***]

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, S
PC*
,,,,,,,,,,,,,,,,,,,,,,,,,, e s
S T S T
{EOQ Eo; } { Ere‘d Ere‘d }
. v -
Eob | Eob — pc™* PC
Eoxor Eeq0r
E12(PC"7PC) E4,»(PC/PC™)

Figure 20 Schematic correlation between Eg o, Eqx and E*ox or E,.q and E*gcq, respectively,
adapted from Romero et al.[40]
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The third step, namely regeneration of the PC, represents one of the most pivotal steps in
photocatalysis. This step is not light dependent, but it is necessary to regenerate the catalysts upon
oxidation or reduction of the formed intermediate by a given substrate being present in the reaction

mixture to re-enter the catalytic cycle 2337483404151 Apy variation of this scenario results in

417

different processes (Figure 21).*'7) If the regeneration of the catalysts cannot proceed, both,

photons and the photoactive species, must be applied in stoichiometric fashion, and the process is

417

termed photomediated (Figure 21a).*'”" Photoinitiated transformations (Figure 21b) rely on

[417

catalytic usage of photons and the photoactive species.*'”) This specific mechanism belongs to the

general class of radical chain reactions, as a single absorbed photon generates several product

422

molecules.'**? The last variation of a photocatalyzed process (Figure 21c), in which the photoactive

species is applied catalytically while photons are used stoichiometrically, is encountered if the

423

substrate acts as an eT-agent, populating excited states of a substrate.*”*! In photosensitized

processes (Figure 21d) the quenching and regeneration process coincide, and the mechanistic

picture only consists of two arrows.*!74%3]
a) hv b) hv c) hv d)
/\ /_\ hy
PM PM* PI PI* PC PC* PS*
photomediated ‘ photoinitiated photocatalyzed photosensitized
PV’ Ty PC’

Figure 21 Mechanistic differences between photomediated (PM, a), photoinitiated (PI, b), photocatalyzed (PC, c),
and photosensitized (PS, d) processes.

Since the late 2000s the field of photoredox catalysis has experienced a rapid growth.[**”) Due to

the facile access to open-shell intermediates a variety of new synthetic methods have been

(,[235.399.402.403.406-412.414,415.417,418 422.424-426] 411]

reporte In this regard several metal-based! and

%31 PCs have been designed, varying in their electronical properties, and therefore allowing

organic!
a specific usage based on the desired reaction. A selection of PCs is depicted in Figure 22. Ir(ppy)s
61 and Ru(bpy); 62 represent classical examples of metal-based PCs."**#!!415] Metal-based PCs
typically show higher molar absorptivity and undergo efficient ISC resulting in longer excited state
lifetimes.*””) However, as triplet states are mainly populated, metal-based PCs offer a tighter
excited state redox window and are much more expensive compared to their organic
counterparts.*?”!  The latter class is represented by the Fukuzumi dye 63 and
1,4-dicyanobenzene (DCA) 64 as excited state oxidants and 10-phenylphenothiazine (PTH) 65 as

403

an excited state reductant.[***) These organic PCs operate via excited singlet states and therefore

offer a wider redox window at the disadvantage of lower extinction coefficients and shorter excited

state lifetimes.[*?”]
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N N CN
e o O
I;Irl'Q\ AN/'RL”‘\N\ N
S "N~ | »
1S (RS coc CLO
/ Vard Oz CN s
|

61 62 63 64 65
Ir(ppy)s Ru(bpy)s Fukuzumi dye DCB PTH
1,4-dicyanobenzene 10-phenylphenothiazine
E*eg= +0.31 Vvs. SCE +0.77 V vs. SCE +2.18 V vs. SCE +2.55 V vs. SCE
E*x= —1.73Vvs. SCE —0.81 Vvs. SCE —2.10 V vs. SCE

ox —

Figure 22 Selection of commonly applied metal-based and organic photocatalysts.

4.2 Photoredox Catalyzed Hydrogen Atom Transfer

The facile generation of open-shell intermediates by PCs allow for their consideration as starting
point for successive HAT.[**7*2 In this context, two mechanistic scenarios are possible for the

(427432 I the first mechanism, referred to as direct hydrogen

functionalization of C(sp®)-H bonds.
atom transfer (d-HAT, Figure 23a), the excited state PC does not engage in pure ET or eT processes
but undergoes a direct hydrogen abstraction (via HAT, ET/PT, or CPET) to generate a C-centered

(427432 The regeneration of the PC depends on the reaction conditions and can either involve

radical.
a back-HAT or an ET/PT-mechanism to Y, respectively.*””***] The excited state PC* therefore
undergoes a reversible conversion into PC*—H and is afterwards converted back to the ground state
PC in accordance with TUPAC definition for photocatalysts (cf. Section 4.1).[4!]

In the second mechanism, referred to as indirect hydrogen atom transfer (i-HAT, Figure 23b), the
excited state PC* generates a hydrogen abstracting species (X*) via SET which afterwards

participates in a HAT step to generate a C-centered radical. The regeneration of PC is ensured by a

successive SET with Y.[#27-432
a) Direct HAT b) Indirect HAT
hv
hv /\
c/_\ PC
P *
Y-H or PC /'vRS Y oxired
Yred(H?) R R,
HAT or SET
ET/PT HAT
PC-H
Y H Y
Rs
R g,

Figure 23 Mechanistic comparison of photocatalyzed direct hydrogen atom transfer (a) and indirect hydrogen atom
transfer (b).
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4.2.1 Direct Hydrogen Atom Transfer

Photocatalysts that are considered as d-HAT PCs share an oxo group as a common structural motif.

Organic based d-HAT PCs include carbonyl compounds like simple aromatic ketones (Figure 24,

[434 [435]

exemplary shown for benzophenone 66) and aldehydes,**>***! o-diketones,** a-ketoacids,

[436 7 [437.438

anthraquinones,**! and xanthene dyes like Eosin Y 6 I Typically, carbonyl derivatives

undergo an n-7* or a 7-7* transition depending on their structure, followed by fast ISC to yield a

405,431]

triplet state biradical.! The former transition is considered responsible for HAT

439,440 [441]

reactivity.! I The populated triplet states possess a lifetime in the microsecond (10 s) range

405,431,442

and upon HAT form long-lived ketyl radicals.! ] These radical species feature a very weak

O-H bond, e.g. for an acetone derived ketyl radical a BDE of 16 kcal mol™' (CBS-QB3 level of

443

theory) has been calculated.**¥) Yet, a common drawback is the tendency of ketyl radicals to

dimerize to pinacols in solution and therefore decrease the efficiency of the reaction.****+]

o ‘ COOH

O
2+ N\ N
O O Br O \‘ BU WieOal™ 0=U=0 G5y
HO o) o) OH
Br Br
66 67 68 69 70
Benzophenone Eosyn Y Decatungstate anion  Uranyl cation Antimony oxo porphyrin

Figure 24 Selected photocatalysts participating in direct hydrogen atom transfer reactions.

Besides organic d-HAT PCs inorganic PCs are also commonly employed for the functionalization
of C(sp’)-H bonds.[*'847428831] T thig regard, inorganic polyoxometalate derivatives have been

studied,”*****8) with the decatungstate anion ([W10s.]*, 68) being the most prominent

151,168,449-453

example.! JIn comparison to carbonyl derivatives polyoxometalates share some common

features as an oxo moiety, an easily accessible triplet state leading to high excited state lifetimes
(several tens of nanoseconds for 68),** and the formation of a reactive, electrophilic oxyl

radical.*"**% Still, the true nature of the hydrogen abstracting species of 68 is under debate, but is

449

considered to involve a relaxed excited state,[**” probably of triplet multiplicity,*>* which is not

454,456-459

accessible through direct excitation. ! Scheme 7 exemplarily shows the multicomponent

460

synthesis of branched amine 72 catalyzed by 68.1°”! The excited PC* 68 abstracts a hydrogen atom

from cyclohexane 71 generating cyclohexyl radical 73, which upon trapping with iminium ion 74

[460

forms 75. Through HAT and successive proton loss product 72 forms."®! Other metal oxo species

like the uranyl cation 69 or antimony oxo complexes 70 are also used in the functionalization of
C(sp*)-H bonds."***! As in the former cases the oxo moiety is turned into an oxyl radical upon

light absorption.**'*2) However, for the latter complex 70 an Sb"-dihydroxo complex is used which

461

is turned into an oxo complex upon deprotonation.[*") Both highly reactive, electrophilic oxyl

species consist of a long-lived triplet-state responsible for the HAT reactivity.[*' 6]
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However, d-HAT PCs may engage in different processes than HAT, namely, ET (for example
E*.1(69) = 2.44 V vs. SCE)****4 or eT which may lead to site reactions.*3'#*4461465 Fyrthermore,
a careful inspection is necessary to assure that a HAT process is involved in the functionalization
rather than a CPET or ET/PT mechanism.!['*"!

hv

Wy 0032] [W1Osa]*

2 mol% [Wo032](NBuy)4
15 equiv. benzaldeh_yde

1 equiv. p-methyl aniline Ph + 5—
O 0.5 equiv. AcOH H*[W1qOs2]
[ T N

390 nm (10 W) H
MeCN, rt, 24 h
7 72 (68%) H \/ 73
(30 equiv.)
75 'TI
Ph\/@\A

74

Scheme 7 Multicomponent photocatalyzed synthesis of branched, secondary amines.
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4.2.2 Indirect Hydrogen Atom Transfer

The development of indirect strategies over the recent years has seen a tremendous increase due to
the limited availability of PCs undergoing d-HAT.[**"*% The addition of X generates a thermal
hydrogen abstracting species upon interaction with the excited state PC* [**7*2 In this regard, X
can be either used as a stoichiometric agent being consumed over the course of the reaction or
applied catalytically resulting in a dual-catalytic approach.[**>*®! Scheme 8 depicts the two i-HAT
strategies for the functionalization of C(sp*)-H bonds. In the first example ‘BuOOH is used as a
stoichiometric agent for the generation of ‘BuO° (Scheme 8a),*°” while in the second example
quinuclidine 84 (Bs=SO;Ph) is turned into radical cationic HAT agent 85 resulting in a

dual-catalytic strategy (Scheme 8b).***

a) hv

SN

[Ru'| [Ru')*

'BUOOH
o
[RU”I]
OH + BUO’

0 | 76 .O j
“>Ph Q t
@ - BUOH

80

5 mol% Ru'(bpy)sCls

o)
ph 4 equiv. BuOOH
= © blue LED (34W)
Ph MeCN/THF (1:3)
rt, 40 h

76

I,|||] r”l]*

OBs
2 mol% I{(dF(CFa)ppy)s [ N
(d(CF3)bpy)IPFg
20 mol% 84
1 equiv. cyclohexene [
2 equiv. H,0 O
blue LED (2x40 W)
(CHoCl),, 1t, 48 h

82

N
®86

(3 equiv.) 83 (65%) ¥

90
Scheme 8 a) Photocatalytic synthesis of coumarin cores. b) Photoinduced dual-catalytic C—C coupling of adamantanes.

i-HAT strategies offer the advantage of applying a whole variety of developed photocatalysts (cf.
Section 4.1). The thereby generated HAT agent (X°*) follows the activation and selectivity principles
of radicals (cf. Section 2) and offers the possibility of precisely tuning the system allowing selective
functionalizations at the disadvantage of more complex mechanistic scenarios.

In recent years, the i-HAT strategy has been applied in many chemical transformations, like
T [468-472]

intramolecular remote functionalizations proceeding via a kinetically favored 1,5-HAT,

intermolecular C(sp®)-H functionalizations,["*"***47>82 and even triple-catalytic C(sp?)-H
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functionalization

(Scheme 9).[149,201,390,391,482—489]

through

Br
X
R/ COH + |
_X
92 93
Ry OH
95

J base, Lewis acid
— H+

transition-metal

catalyzed arene-radical couplings

0.2 mol% Ir[dF(CF3)ppy)»
(dtbbpy)]PFe

1.5 mol% NiBry(Me4phen)

30 mol% quinuclidine

1.5 equiv. ZnCl, OH

1 equiv. K3POy,

Ry X
blue LED (34 W) |
DMSO, rt, 24 h =X
94
hv

/\ Ar

1 ]
Ry OLA Ir Ir Br Ry OLA
96 catalytic photoredox L,Ni! 106
[ N cycle 104
i
99
2 - Br-
S
R OLA catalytic HAT i B
97 Aj cycle Aj L,Ni® catalytic Nickel | Nilll— Al
101 cycle |
[,N+ [N Ar 103
HoON " o8
100 "
Ar—Br I?r
105 LaNit
| .
Ar RSOOLA
102 97

Scheme 9 o-Arylation of alcohols by triple catalytic, photoinduced arene-radical coupling.
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5 Motivation

The direct and selective functionalization of unactivated C—H bonds holds great strategic and
economic promise by circumventing prefunctionalized molecules and thereby simplifying and

179.12-14.19-29.3436] Traditionally not viewed as functional groups,

streamlining organic synthesis.!
C—H bonds are ubiquitous in organic molecules and their chemoselective modifications allow more
efficient exploration of chemical space.['12714.19-29:34.36]

Besides common C—H functionalization strategies, such as metal-catalyzed C—H activation or
carbene/nitrene transfer, HAT has a long history and received considerable attention over the years
(cf. Section 2).[13:43:151.173.235.399410417.418:427-432] Bor intermolecular HAT reactions the selectivity of
the activation step, for a series of energetically comparable C(sp’)-H bonds, depends on the
structural properties of the substratel>!72174179182183.197) (of Qection 2.2.2) and the HAT agent, as
shown by Carestia and co-workers.'"*”) Yet, protocols generating and applying HAT agents
catalytically are rare. While catalytic, intermolecular hydrogen abstraction can be achieved with
metal-based catalysts,[#396-98101-104156.168.430431449-4511 4 AT strategies,405431433437438:449454)
PCET,!"*'*!) metal-free HAT agents are commonly based on aminium radicals of quinuclidine or
derivatives (cf. Sections 2.1, 3.1.5 and 4.2.2).1149:201390-392]

Due to the electron-deficient character of radical cations, hydrogen abstraction is in principle a
secondary process as other processes like deprotonation, ion-fragmentation, or nucleophilic

226,228,237,238,241-243,248,251,291,371-374,386

trapping are more likely (cf. Section 3).! ) Bridgehead aminium

radicals resist these primary processes due to their rigid cage structure and poor N—C—H orbital

242,248,386

overlap, making HAT reactions feasible.! ! However, often employed quinuclidine or

DABCO type structures lack structural diversity®™®

and the possibility of tuning important
parameters like reactivity, BDE, or redox potentials, making them unsuitable to address more
complex selectivity issues. To the best of my knowledge only one radical cationic catalyst besides
bridgehead aminium radicals has found application as catalytic, intermolecular HAT agent
(cf. Figure 17),°° leaving chemical space of radical-cationic HAT agents largely unexplored.

We propose to generate the radical cation from a 7z-donor system rather than an #-donor system (cf.
Section 3.1), as this may leave the spin-density mostly confined to one atomic center while the
positive charge can be delocalized over the molecule leading to an increased radical cation stability.
To be applicable in C—H functionalizations, the transient radical cation must fulfill some critical
criteria:

(1) the catalyst must contain a stronger [catalyst]-H bond than the C—H-bonds in the substrate,

(2) it has to be stable against deprotonation, fragmentation, radical-recombination, or nucleophilic
trapping,

(3) the catalyst synthesis is simple and adaptable,
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(4) it must possess a sufficiently low oxidation potential to engage in ET reactions with a suitable

photocatalyst by the means of an i-HAT mechanism (cf. Section 4.2.2).

hv
PC PC v
I
o X
Ry
)N,
111 —-H
— . H.
PC Y Y
. X X
R4 ® ®
1
8 11%{113
2 ~N\_M2
R1 R3 R1 R3 R1 R2
3
"7 R~z 115 114
116

Scheme 10 Working hypothesis for C—H functionalization via catalytic intermolecular HAT reaction.

A general working hypothesis is depicted in Scheme 10. Upon excitation of a PC a successive ET
step from 111 generates radical cation 112 which participates in HAT reactions to form cation 113
and a C-centered radical 115. Catalyst 111 is subsequently regenerated through deprotonation of
113. C-centered radical 115 is trapped by 116 while the formed radical 118 regenerates the PC. In
this regard, the trapping agent 116 is chosen based on the applied PC to match the redox properties
of 118 to that of the PC and ensure its regeneration. Overall, the depicted mechanism belongs into
the field of electron-hole catalysis.**"!

The goal of the presented work is to develop a catalytically applicable HAT agent, which is
sufficiently reactive to functionalize unactivated C(sp’)-H bonds. The system shall lay the

foundation for successive investigations to alter selectivities based on its electronic and structural

properties.
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6 Initial System Screening

We started our investigations by considering N,N’-diphenylimidazolones, N-phenylthiazolones,
N-phenyloxazolones, and N-phenylpyridinones as well as the respective thio derivatives as suitable
systems (Figure 25). These were chosen based on the proposed criteria for radical cationic HAT
agents (cf. Section 5). All systems possess sp>-hybridized atoms only, to omit primary reaction
pathways of radical cations, e.g., deprotonation and fragmentation (cf. Section 3). Therefore, the
formed radical cations should only be susceptible to nucleophilic trapping, recombination, and
pericyclic reactions. Based on the chosen reaction conditions, this may leave HAT as primary
reaction pathway. Upon single electron oxidation the systems should form oxylium or thiylium
radicals. The positive charge can be stabilized by the adjacent heteroatoms and the HAT reactivity
should arise from the oxyl and thiyl radical character, respectively. Oxyl radicals can abstract
hydrogen atoms even from unactivated positions (compare Section 4.2),774%%) whereas thiyl

radicals are mostly used as hydrogen radical donor,*"

! but also found application as HAT
agents.[*”*%%] Furthermore, the systems offer functionalization possibilities at different positions,
allowing to vary structural and electronical properties (Figure 25a), with the benefit that most
synthetic methods are established regarding N-heterocyclic carbene (NHC) chemistry.[*+ ]

To probe if our systems can abstract hydrogens exothermically from unactivated C(sp®)-H
positions, we computed the BDE of the substrates based on the equation depicted in Figure 25b.
Based on benchmark studies, we chose the double-hybrid density functional method
B2PLYP/6-311G** for accurate results (for computational details see Section 10).°%! The

computed BDE for cations 122-128 are depicted in Figure 25c.

a) b)
H .
X’ X
X .
Q. L Y88 N Y)@N'R Y/@k'\"R +H
YN O = functionalization U U
\O/ sites 120 121
BDE = (H(121) + H(H")) — H(120)

c) _H _H _H _H
Sé/N/O Sé/N/@ Q\NéN/@ QN\/_%N/@

122 123 124 125
79.7 kcal mol™! 79.9 kcal mol™ 75.6 kcal mol™ 77.6 kcal mol™
i @ @
126 127 128
78.0 kcal mol™ 94.0 kcal mol 83.3 kcal mol™

Figure 25 a) Functionalization possibilities of proposed oxylium and thiylium radicals. b) Equation for BDE
evaluation. ¢) O/S—H BDEs of cations 122-128 calculated at the B2PLYP/6-311G** level of theory.
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Among the systems studied, only 127 features a BDE that is high enough to abstract hydrogens
from C(sp’)-H bonds. However, a BDE(127) = 94.0 kcal mol™' might lead to endothermic C—H
abstraction steps for some hydrocarbons. Still, they can be realized. For instance, phthalimide-N-
oxyl radical (PINO, BDE = 88 kcal mol™")*°" is also able to engage in endothermic C(sp*)-H

162.178:302) Qurprisingly, the computations showed a higher BDE of thio derivatives 123

abstractions.|
and 125 compared to their oxo analogues 122 and 124, respectively. Typically, O—H bonds are by
about 20 kcal mol™ more stable than S—H bonds.''® However, this result was not further
investigated since the BDE values were in general too low to abstract hydrogens from unactivated
C(sp®)-H bonds.

[503] and

N-Phenylpyridin-2(1H)-one 130 was synthesized according to Sughara et al. (Scheme 11)
at first analyzed by means of UV/Vis spectroscopy and cyclovoltammetry to identify the maximum

absorption wavelength as well as the oxidation potential to choose a matching photoredox system

accordingly.
0.1 equiv. Cul
OH 1.0 equiv. K,COg4 0
SN 2.0 equiv. Phl
| 150 °C, 6 h [N
= DMF =
129 130 (59%)

Amax =317 nm
Eox =1.65V vs. SCE

Scheme 11 Synthesis of N-phenylpyridin-2(1H)-one.
The identified absorption wavelength Amax(130) = 317 nm does not interfere with the absorption

wavelength of commonly used photoredox catalysts.!**!]

The measured oxidation potential
Eox(130) = 1.65 V vs. SCE allows to use metal-based and organic PCs with an excited state potential
E*eqa > 1.65 V vs. SCE. However, metal-based systems offer tighter redox windows. Any
functionalization that raises Eox may put the system out of the redox window and therefore limiting
the number of metal-based systems which can be applied. Hence, we decided to use organic based
photoredox systems that offer wider redox windows to account for any successive functionalization.
Figure 26 shows the selected photocatalysts 131-133 with their corresponding redox

potentials.>*+3%

131 132 133
E*eq=+1.65V vs. SCE E*eq=+2.08 V vs. SCE E*eq=+2.32V vs. SCE
Eox =-0.82 V vs. SCE Eox =-0.57 V vs. SCE Eox =-0.93 Vvs. SCE

Figure 26 Selected photocatalysts 131-133 for single electron oxidation of 130.
Acridinium catalyst 131 was purchased from Sigma-Aldrich and used without any further

purification. Acridinium catalyst 132 was synthesized according to White et al.®>® (Scheme 12a)
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and pyrimidopteridine N-oxide catalyst 133 was synthesized according to Hauptmann et al.

(Scheme 12b).5%
a)
(0] 1.5 equiv. K,CO3
1.2 equiv. Mel
OH —_—
over night, r.t.
DMF
134

1.5 equiv. 3-(tert-butyl)phenol
2.0 equiv. Cs,CO3

0.1 equiv. Cul

0.1 equiv. 2,2,6,6-tetramethyl-
3,5-heptanedione

’Bu\©/ Br

over night, r.t.
MF

135 (96%)

2.1 equiv. TMEDA
2.1 equiv. sec-butyllithium
4h,0°C—rt.
n-hexane

Bu \©/O\©/’Bu

then 1.0 equiv. 135
12 h, -78 °C—r.t.

n-hexane

136 137 (86%) then BF,~ wash

3.0 equiv. AcOH
1.5 equiv. EtgN
1.2 equiv. aniline

(L)

X 12 h, rt. @

() RGeS

By o) S By then BF,~ wash BF,

BF,
138 (68%) 132 (75%)
b
| i )i
O .

. _1.0equiv. cyanoacetic acid \N)J\N/ 2.0equiv.NaNO, N~ "N~
N" °N 3h, 60 °C 1h,80°C NH
H H acetic anhydride HNT "0 AcOH/water 1:1 O

NOH
139 140 (69%) 141 (88%)
ON__N__N_O
1.1equvPbOAD, T ] o hd
2 h, r.t. /N N/ N\
AcOH 0 CI) o )

133 (48%)

Scheme 12 a) Synthesis of acridinium catalyst 132. b) Synthesis of pyrimidopteridine N-oxide catalyst 133.

We followed a report by Margrey et al. to choose a suitable trapping agent based on the photoredox

system. The authors were able to introduce azides, fluorines, bromines, chlorines,

trifluoromethylthiolates, and to perform C—C coupling reactions through trapping with electron-

deficient double bonds upon combination of PCs 131 and 132 with the respective trapping

agents. [480]

PC 133 found application in photocatalyzed cis-trans-isomerizations and in the synthesis of
benzocoumarin.”*! However, since Eox(133) < Eox(131) < Eox(132) photocatalyst 133 should also
be able to reduce the in sifu formed radical of the trapping agent 118 and close the photocatalytic
cycle (cf. Scheme 10).

We decided to start our investigations with adamantane as test system and

p-(trifluoromethyl)benzenesulfonyl azide 143 as trapping agent for the direct azidation of
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adamantane. We chose adamantane since it can be functionalized by HAT rather easily compared
to other aliphatic substrates. During the transitions state of the C—H abstraction, the geometry of
adamantane allows for hyperconjugative stabilization of the developing 7orbital by the 3° C-H
sp>-orbitals, ! thereby lowering the activation barrier and accelerating C—H abstraction processes
by means of the “polar effect” (cf. Section 2.2.2.1). This also transfers to the observed product ratio
of functionalized adamantanes by electrophilic radicals. The bond energies for the formation of the
1- and 2-adamantylradical are BDE(l-adamantylradical) = 99 kcal mol"' and
BDE(2-adamantylradical) = 96 kcal mol™, respectively.”"”! Therefore, C-H abstraction in the 2°
position should be favored. However, due to hyperconjugative stabilization of the developing
positive charge during C—H abstraction by electrophilic radicals, 3° C—H functionalization is

observed over 2° C-H functionalization.!'>*%?!

QP P
S\CI 1.5 equiv. NaN S\Ns
over night, r.t.
FsC acetone/water FsC
142 143 (96%)

Scheme 13 Synthesis of p-(trifluoromethyl)benzenesulfonyl azide 143.

Since adamantyl azide 145 was already available in the Schreiner group, a standard synthesis was

081 p-(Trifluoromethyl)benzenesulfonyl azide 143 was synthesized according to

omitted.!
Chuprakov et al. (Scheme 13).%

Initial test reactions were performed in a home build photoreactor (see Niedek et. al.’* for details)
and only analyzed qualitatively by GC-MS to probe product formation. The corresponding product
was identified by MS fragmentation patterns and comparing the retention time of the standard with

the product mixture. 7able I shows the results of the initial reaction screening.

Table 1 Initial reaction screening for the formation of adamantly azide 145.

0.1 equiv. 130
5 mol% photocatalyst

1.0 equiv. Li,CO3
2.0 equiv. 143
solvent N3

18 h, r.t., 448 nm

144 145
Entry® Photocatalyst Solvent® Product formed*
1 131 MeCN No
2 132 MeCN Yes
3 133 MeCN No
4 132 (CHJCl), Yes
5 132 PhCF; Yes
6 132 HFIP Traces

aReaction was performed on a 0.5 mmol scale (0.1 M) under constant irradiation with 448 nm under N>-atmosphere in a

home build photoreactor. ®1 M. ‘Analyzed qualitatively by GC-MS.
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We chose MeCN as solvent and Li;CO; as base for initial screening. Under these reaction
conditions only photocatalyst 132 led to product formation (7able 1, entry 1-3). Therefore, we
applied PC 132 for screening the reaction with respect to different solvents (entry 4-6). From a
qualitive analysis, 1,2-dichloroethane ((CH2Cl),) and a.,,a,a-trifluorotoluene (PhCF3) proved to be
superior to MeCN, while conducting the reaction in HFIP only led to trace amounts of product.
Overall, the yield in each reaction was not satisfactory.

We speculated that the overall reactivity of the in sifu formed oxylium radical might be too low to
thrive the catalytic cycle. In general, radical cations are electron deficient species and should
therefore act as single electron acceptors during the transition-state of the C—H abstraction. In this
regard, they represent electrophilic radicals. To tune the reactivity, substitution with EWG groups
should increase the BDE as well as the electrophilicity. The latter factor should result in an
increased lowering of the transition state barrier due to the “polar effect* (cf. Section 2.2.2.1). Since
the turnover frequency (TOF) in radical chain reactions depends on a multitude of successive steps

featuring low activation energies,'*!

an increase in BDE and electrophilicity should omit slow
C—H abstraction steps within the catalytic cycle that may decrease the overall TOF.

To test our hypothesis, we exchanged the phenyl moiety by a 3,5-bis(trifluoromethyl)phenyl moiety
(Scheme 14a) and introduced a trifluoromethyl group in the a-position of the carbonyl group
according to Krishnamurti et al. (Scheme 14b).°'"! HAT agents 146 and 147 were analyzed by
UV/Vis, cyclovoltammetry, and their BDE was calculated at the B2PLYP/6-311G** level of theory

(cf. Figure 25b).

3 0.1 equiv. Cul CF3
1.0 equiv. K;CO3
OH 2.0 equiv. 3,5-di(trifluoromethyl)- 0
S 1-iodobenzene
| N 150 °C, 6 h | N CFs
¥z DMF ¥z
129 146 (60%)
Amax =318 nm
Eox=1.79 V vs. SCE
BDE = 95.3 kcal mol™
b)

1.5 equiv. PIFA
0.3 equiv. Cu(OAc),

o) @ 1.3 equiv. KF o @
2.2 equiv. TMSCF4

) g

= =

1h,rt.
MeCN

130 147 (51%)
Amax = 320 nm
Eox = 2.06 V vs. SCE
BDE = 96.5 kcal mol™!

Scheme 14 a) Synthesis of 1-(3,5-bis(trifluoromethyl)phenyl)pyridin-2(1/)-one 146 and
b) 1-phenyl-3-(trifluoromethyl)pyridin-2(1H)-one 147 with the corresponding analytical
data. BDE computations performed at the B2PLYP/6-311G** level of theory.
As expected, we computed higher BDEs trough substitution with electron-withdrawing
trifluoromethyl groups (BDE(130) = 94.0 kcal mol !, BDE(146) = 95.3 kcal mol', BDE(147) =

96.5 kcal mol ™). Accordingly, we measured higher oxidation potentials (Eox(130) = 1.65 V vs. SCE,
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Eox(130) =1.79 V vs. SCE, Eox(130) = 2.06 V vs. SCE) with increasing destabilization of the radical
cation. To probe the interaction of N-phenylpyridinones 130, 146, and 147 in dependence of their
oxidation potential with PC 132, we conducted Stern-Volmer kinetic measurements (Stern-Volmer
constant = Kgv) and screened for product formation under the same conditions as in 7able I, entry
5. The results are given in Table 2. We obtained qualitatively lower yields with HAT agents 146
and 147 compared to 130 (7able 2, entry 1-3). The lower yields are a result of the lower interaction
of HAT agents 146 and 147 with PC 132 (entry 1-3) due to higher oxidation potentials which
counteracts the increased reactivity of 146 and 147 compared to 130.

Subsequently, we conducted the experiments with photocatalyst 133 (entry 4-6) to investigate if the
increased E*..q compared to 132 results in increased product formation. However, none of the
conducted experiments furnished any product. Since every attempt to quantify the interaction of
130, 146, and 147 with PC 133 failed due to low fluorescence quantum yields,>* we hypothesize
that 133 does not interact with any N-phenylpyridinone at all. Finally, we conducted initial
mechanistic experiments to verify if our proposed system works in the same way as depicted in the
working hypothesis (cf. Scheme 10). No product formation was observed without
N-phenylpyridinone 130 (entry 7) and without photocatalyst 132 (entry 8), indicating that both
catalytic cycles are necessary for product formation. Furthermore, the mixture still contained high
amounts of unreacted adamantane and sulfonyl azide 143. Additionally, no decomposition products

0f 130, 146, and 147 could be identified.

Table 2 Screening of different N-phenylpyridinones for the azidation of adamantane.

0.1 equiv. N-phenylpyridinone
5 mol% photocatalyst

1.0 equiv. Li,CO3
2.0 equiv. 143
PhCF3 Ng
18 h, r.t., 448 nm
144 145

Entry’  N-phenylpyridinone Photocatalyst  Eox/ V vs. Ksv / mM? Product

SCE formed"®
1 130 132 1.65 0.049 Yes
2 146 132 1.79 0.021 Traces
3 147 132 2.06 0.001 No
4 130 133 1.65 - No
5 146 133 1.79 - No
6 147 133 2.06 - No
7¢ - 132 - - No
8¢ 130 - - - No

aReaction was performed on a 0.5 mmol scale (0.1 M) under constant irradiation with 448 nm under N>-atmosphere in a
home build photoreactor. PAnalyzed qualitatively by GC-MS. °No N-phenylpyridinone was added. “No photocatalyst was
added.
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In summary, the proposed systems seem to work as proposed. However, we observed in none of
the conducted experiments satisfying yields, which may be attributed to low interaction of the
N-phenylpyridinones with the PCs or the poor ability of HAT agents 130, 146, and 147 to engage

in HAT processes.

6.1 Extending the 7~System

From the data we obtained using N-phenylpyridinones 130, 146 and 147 we draw some conclusions
how to render the system more reactive towards SET with PCs and the C—H abstraction process.
With increasing Eox of the substrate the interaction with photocatalyst 132 dropped strongly.
Furthermore, HAT agent 130 proofed to be not sufficiently reactive enough and any attempts to
render the systems more reactive were counteracted by poor interaction with the PC.

We speculated that by extension of the 7-system we might be able to address all the aforementioned
issues. Upon exchange of the oxygen atom for a nitrogen atom the 7-system can be extended, which
might result in an increased interaction with the PC. Furthermore, through extension of the 7-system

d.1242.248]

the stability and the lifetime of radical cations can be increased, accordingly we should obtain

lower oxidation potentials.

1.0 equiv. HMDS

OH . . OTf
O s X
Br then 1.1 equiv. n-butyl lithium T™S

—78 °C, 30 min
THF
148 then 1.1 equiv. triflic anhydride 149 (67%)
—78 °C, 30 min
THF
1.2 equiv. 2-aminopyridine
0] 1.0 equiv. EtgN 0 = 1.5 equiv. 149 O
1 mol% DMAP ~ | 3.0 equiv. CsF
cl over night, r.t. H N over mght rt.
MeCN MeCN
150 151 (55%) 152 (74%)
Amax =362 nm
Eox =1.37 V vs. SCE
BDE = 97.5 kcal mol™’
Ksv(132) = 0.056 mM-"
=z
0 0 ) ) m o0 ~ 1.5 equiv. 149 Q\ //O Q
s’ 1.2equiv. 2-aminopyridine \\S//\ “ | 3.0 equiv. CsF S‘N/ N
©/ cl over night, r.t. H N over night, r.t.
MeCN/Et3N (20:3) MeCN
153 154 (93%) 155 (71%)

Amax = 335 nm
E,x = 1.67 V vs. SCE
BDE = 98.5 kcal mol™!
Ksy(132) = 0.021 mM~"

Scheme 15 Synthesis of N-pyridylidenecarbonylamide 152 and N-pyridylidenesulfonamide 155. BDE
computations performed at the B2PLYP/6-311G** level of theory.
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These pyridylideneamines would generate iminium radicals which have not been reported in the
literature so far. These species should feature aminyl radical character. However, since a variety of

120.146,160.389.511.512] e wanted to substitute the

reports exist on the HAT ability of amidyl radicals,!
nitrogen by a carboxyl or a sulfonyl group, respectively. Therefore, the iminium radical should
feature amidyl radical character. The synthesis was achieved by condensation of aminopyridine
with the respective acid chloride and successive arylation of the pyridine nitrogen by an in situ
formed aryne according to Cheng et al. (Scheme 15).°'31 Aryne precursor 149 was synthesized
beforehand according to Pena et al.’'

The measured Amax, Eox, and the computed BDE proofed our hypothesis to be right. We computed
for both HAT agents 152 and 155 higher BDEs compared to 130, 146, and 147 rendering them
more reactive, while also exhibiting lower oxidation potentials. HAT agent 152 might interfere with
the excitation wavelength of photocatalysts that absorb in the UV-A region. The measured Stern-
Volmer constants are in the same range as for 130 and 146, showing no increase in the interaction
with photocatalyst 132 by extension of the z-system. Still, 152 interacts twice as good as 155 with
132 because of the increased oxidation potential by substitution with the more electron-withdrawing
sulfonyl moiety.

Both HAT agents 152 and 155 were applied in the azidation of adamantane (7Table 3). We were
only able to obtain product 145 with HAT agent 155 (entry 1-2). This result is somehow surprising
as 152 possesses a lower oxidation potential and shows better interaction with photocatalyst 132.
We speculate that this might be a result of the increased electrophilicity of the iminium radical
derived from 155 compared to 152. However, 155 was hardly soluble in PhCF;. Therefore, we
screened MeCN (entry 3) and (CH»Cl), (entry 4) as alternative solvents. The latter solvent showed
the highest amount of 145 formed with respect to all catalysis performed beforehand. Therefore,

we quantified the result by isolation of 145 which furnished 11% yield. We took this result as

starting point for further reaction optimization studies.

Table 3 Screening of HAT agents 152 and 155 for the formation of adamantyl azide 145.
0.1 equiv. HAT agent
5 mol% 132

1.0 equiv. Li,CO4
2.0 equiv. 143
PhCF; N3

18 h, r.t., 448 nm

144 145
Entry® HAT agent Solvent Product formed® Yield (%)
1 152 PhCF3 Traces n.d.
2 155 PhCF3 Yes n.d.
3 155 MeCN Traces n.d.
4 155 (CHJCl); Yes 11%

aReaction was performed on a 0.5 mmol scale (0.1 M) under constant irradiation with 448 nm under N>-atmosphere in a

home build photoreactor. PAnalyzed qualitatively by GC-MS. “Isolated yield of pure product is given.
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7  Pyridylidenesulfonamide Hydrogen Atom Transfer Agents

With the initial system 155 as HAT agent for the azidation of adamantane we started to extend the
HAT agent library. We considered functionalization at the benzenesulfonyl moiety as starting point
to vary electronic properties and the reactivity of the HAT agent by introducing EWG and EDG. In
this regard, we considered trifluoromethyl, chlorine, and methoxy substituents as suitable

substituents. The synthesis was achieved over two steps (Scheme 16).

0 0
R4 1.2 equiv. 2-aminopyridine Q '/
~cl
/©/ over night, r.t.
R MeCN/EtsN (20:3)

156 (R = CF,) 159 (R = CF3, 77%)
157 (R = C) 160 (R = Cl, 94%)
158 (R = OMe) 161 (R = OMe, 81%)

= =
1.5 equiv. 149 0, % Q ) /,O Q 0
3.0 equiv. CsF N N S\N
over night, r.t.
MeCN FsC

162 (66%) 163 (81%) 164 (80%)
Amax = 330 nm Amax = 336 nm Amax = 338 nm
Eox = 1.77 V vs. SCE Eox = 1.74 V vs. SCE E.x = 1.68 V vs. SCE
BDE = 98.1 kcal mol™! BDE = 98.2 kcal mol™ BDE = 98.1 kcal mol™!
Ksy(132) = -0.068 mM™ Ksy(132) = 0.062 mM~! Ksy(132) = 0.091 mM~!

Scheme 16 Synthesis of para-substituted 2-pyridylidenesulfonamides 162-164. BDE
computations performed at the B2PLYP/6-311G** level of theory.

HAT agents 162-164 were analyzed to identify the absorption maximum and the oxidation
potential. The BDE was computed at the B2PLYP/6-311G** level of theory. HAT agents 162-164
absorb light in the same region with Amax shifted to higher wavelengths with increasing electron
density. The oxidation potential shifts towards higher potentials by introduction of EWG. The same
trend does not apply to the BDE. Upon substitution with EWG the BDE is lowered, possibly
because of captodative stabilization®'”) of the radical cation (compare 155 and 162). The measured
Ksv with photocatalyst 132 showed an increased interaction upon para-substitution with Cl 163 and
OMe 164 compared to 155. However, we obtained a negative Ksy upon para-substitution with CF;
162. The origin of the observed fluorescence amplification is unknown. The most plausible
explanation for this phenom might be a result of the conducted static fluorescence measurement or
a change in the fluorescence emission mechanism. To verify the result and to clarify the quenching
mechanism time-resolved fluorescence measurements are advised.'® Due to the uncertainty of the
quenching mechanism we did not test 162 as a potential HAT agent. We compared the reactivity of
163 and 164 to 155 but obtained similar yields with 155 compared to 163 and 164 by qualitative

GC-MS analysis under the same conditions as in Table 3, entry 4.
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Since the initial derivatizations of the pyridylidenesulfonamides proofed to be unsuccessful, we
took a step back and tried to functionalize more difficult aliphatic substrates with 155 to check the
reactivity of 155 with respect to these substrates. We chose cyclohexane, methylcyclohexane, and
cyclooctane as substrates. The reactions were performed under the same conditions as in Table 3,
entry 4. However, only trace amounts of product formed in every case.

Since the computed BDEs showed that the applied systems should be able to abstract hydrogens
from unactivated C(sp’)-H bonds, we speculated that this step might be accompanied by a high
activation barrier that hampers the overall transformation. The initial idea was that by exchange of
the 2-aminopyridine moiety with a 4-aminopyridine moiety the substrate can better approach the
reactive nitrogen center due to less steric hinderance. Furthermore, the substrate would have a more
linear geometry that should result in a lower internal reorganization energy when moving from the
educts to the C—H abstraction transition state on potential hypersurface. Based on these two factors,
we expect the transition state barrier of the C—H abstraction to decrease.

The synthesis of 4-pyridylidenensulfonamide 166 was achieved over two steps (Scheme 17). In
comparison to 155 the absorption wavelength shifted toward lower wavelengths, while both HAT
agents 155 and 166 possess the same oxidation potential. To our surprise, the BDE of 166 was
computed to be even higher than in 155 and additionally, 166 displayed the best interaction with
photocatalyst 132 so far.

=
0 /@\l 1.5 equiv. 149 Q.0 /@
S N/ P

“S”\ 1.2 equiv. 4-aminopyridine g “ | 3.0 equiv. CsF N
Cl - N —_—
over night, r.t. H over night, r.t.
MeCN/EtsN (20:3) MeCN

153 165 (93%) 166 (76%)
Amax =318 nm
Eox =1.68 Vvs. SCE
BDE = 102.3 kcal mol™
Ksy(132) = 0.074 mM™

Scheme 17 Synthesis of N-(N-phenyl-4-pyridylidene)benzenesulfonamide 166. BDE computations
performed at the B2PLYP/6-311G** level of theory.

HAT agent 166 was tested for the azidation of adamantane 144 under the same conditions as in
Table 3, entry 4, yielding qualitatively the same result as 155. Since we tried to exclude any
problems of the C—H abstraction step with respect to increased radical cation stability and reactivity
as well as to account for sterically encumbered transition states by introduction of a
4-aminopyridine moiety, we concluded that there must be an intrinsic problem based on the
activation barrier. Therefore, we tried to perform the reaction at elevated temperatures.
Furthermore, since we did not test the influence of the base so far, we wanted to test the necessity
of applying a base as well. The results were quantified by isolation of 145 and are depicted in 7able
4. At room temperature (entry 1), the reaction yielded 10% 145 in accordance with the qualitative

result by comparing product yields with HAT agents 155 and 166 by GC-MS. Running the reaction
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at 50 °C, 9% 145 were isolated when no base was added (entry 2). However, by conducting the
catalysis at 50 °C with 0.5 equiv. Li,CO3; we were able to isolate 40% of 145. The latter result
emphasizes on the necessity of a base and a rather high activation barrier for the C—H abstraction
step. Furthermore, the result showed that the system works catalytically with respect to PC and the
HAT agent.

Table 4 Screening for temperature and base dependency for the azidation of adamantane with HAT agent 166.

0.1 equiv. 166
5 mol% photocatalyst

base
2.0 equiv. 143
(CH,Cl), N3

18 h, r.t., 448 nm

Entry? Te::;)erature /°C Li,COs / e:lziv. Yield® / %
1 r.t. 0.5 10
2 50 - 9
3 50 0.5 40

aReaction was performed on a 0.5 mmol scale (0.1 M) under constant irradiation with 448 nm under N>-atmosphere in a

home build photoreactor. Isolated yield of pure product is given.

The necessity of a base has two reasons: First, it is necessary to deprotonate the HAT agent after
the C-H abstraction. Secondly, and even more important, upon reaction progress
4-(trifluoromethyl)benzene sulfinate 168 is formed (Scheme 18). Sulfinate 168 should also be
sufficiently basic enough to deprotonate the HAT agent after C—H abstraction. Upon deprotonation

(491 Therefore, the base is

sulfinic acid 169 forms, which by itself is a great hydrogen radical donor.
necessary to deprotonate the in situ formed sulfinic acid 169 to omit unproductive reaction steps by
trapping of the C-centered radical by 169.

0 0 . 0
¥R R-N, PC PC I

(0]
S\ 1
FsC FsC FsC FaC
167

143

n=0

168 169

Scheme 18 In situ formation of sulfinate 168 and sulfinic acid 169.

To further elucidate the impact of the base we performed the reaction with Li»COs, Na,CO3, K,COs3,
Cs2COs3 and 2,6-di(tert-butyl)pyridine. LiCOs; was initially chosen since we made good
experiences by applying Li>COs in radical reactions in previous work.!"") However, since Li»CO;
is hardly soluble in most organic solvents, we thought on testing a variety of carbonate bases with
increasing cation radii to increase solubility. Besides, we tested 2,6-di(fert-butyl)pyridine as a
completely soluble organic base. The use of other organic bases like Et;N was omitted since most
amine derived bases possess activated C—H bonds that might lead to side reactions. To avoid
Minisci type reactions, 2,6-di(tert-butyl)pyridine was used instead of pyridine."'” The reactions
were performed under the same conditions as in 7able 4, entry 3 and analyzed qualitatively via

GC-MS. We observed decreasing yields with increasing cation radii with Cs>CO; being the worst

42



Pyridylidenesulfonamide HAT Agents

and Li,COs being the best base. 2,6-di(tert-butyl)pyridine gave qualitatively the same result as
Na,CO:s.
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7.1 Design of Experiment Reaction Optimization

The experiment in Table 4, entry 3 confirmed our working hypothesis. With this result in hand, we
planned to optimize the reaction and look at dependency of several factors with respect to the

518] ¢4

reaction outcome. In this regard, we performed a Design of Experiment (DoE) optimization!
account for any non-linear correlation effects within the complex reaction mechanism. Since
adamantane can be rather easily functionalized, we switched our attempts and used cyclohexane as
model substrate. We hoped that by having an optimized protocol for the azidation of cyclohexane
we could transfer the protocol more easily to other aliphatic substrates. The results were quantified
by GC-FID with internal calibration. Cyclohexyl azide 171 was synthesized as calibration standard

by a modified procedure of Ito et al. (Scheme 19).5"
1.2 equiv. NaN3

Br 1.2 equiv. TBAF Ng
18h, 70 °C
THF
170 171 (71%)

Scheme 19 Standard synthesis of cyclohexyl azide 171.

With an initial DoE optimization, we wanted to determine the main factors for the reaction.
Therefore, we chose temperature (50-70 °C), concentration (1-2 M), amounts of photocatalyst 132
(2.5-5 mol%), trapping agent 143 (1-3 equiv.), and HAT agent 166 (5-20 mol%) as factors. These
factors were screened with respect to three different solvents ((CH2Cl),, PhCl, and PhCF3) and the
experiments were arranged block wise depending on the applied base. We chose Li,CO; and
2,6-di(tert-butyl)pyridine (2,6-di(‘Bu)Py) as bases. The experiments were generated and evaluated

by JMP® 14 statistical software. The conducted experiments are depicted in Table 5.

Table 5 Design of Experiment main factor determination.

132
166
base Na
18 h, 448 nm
solvent
172 171
Entry> Temp./ Conc. 132/ 143/ 166/ Solvent Base® Yield® /

°C /M mol% equiv. mol% %
1 70 1 10 3 5 (CH,CI), Li,COs 27
2 50 1 10 1 5 (CHACl), Li,COs 19
3 50 2 2 3 5 PhCl Li,CO3 16
4 70 2 10 1 20 PhCF3 LioCO3 3
5 50 2 2 3 5 PhCF;3 Li,CO3 5
6 70 1 2 3 20 PhCI LioCOs 10
7 70 2 2 1 20 (CH2Cl)2 Li,CO3 17

44



Pyridylidenesulfonamide HAT Agents DoE Reaction Optimization

8 50 1 10 1 20 PhCl Li»COs 13
9 50 1 2 3 20 (CH.Cl), 2,6-di(Bu)Py 22
10 70 1 10 3 5 PhCF;  2,6-di(*Bu)Py 5
11 50 2 10 1 5 PhCl  2,6-di('Bu)Py 8
12 50 1 2 1 20 PhCF;  2,6-di(*Bu)Py 5
13 70 1 2 1 5 PhCl  2,6-di('Bu)Py 8
14 70 2 2 1 5 (CH.Cl),  2,6-di(*Bu)Py 9
15 70 2 10 3 20 PhCl  2,6-di(Bu)Py 12
16 50 2 10 3 20 (CH.Cl), 2,6-di(Bu)py 21

aReaction was performed on a 0.5 mmol scale (0.16 M) under constant irradiation with 448 nm under N,-atmosphere in
a home build photoreactor. 0.5 equiv. Li>CO;3 and 1.0 equiv. 2,6-di(tert-butyl)pyridine was used. °Yield determined via

GC-FID with n-nonane as internal standard.

The DoE analysis by the effect summary (“Effektzusammenfassung”, Figure 27) showed a high
dependency on the solvent, with (CH2Cl), being the best. The drop off in yield by using PhCF; is
explained by low solubility of 4-pyridylidenensulfonamide 166. PhCl seemed not to be stable under
the depicted conditions since the conducted reactions furnished a complete black solution after 18
hours. The second most important main factor for the reaction is the amount of 143 applied. The
reaction works better with 3.0 equiv. 143 due to faster trapping of the in situ formed C-centered
radical, which increases the TOF. Li,CO; worked better in every case than
2,6-di(tert-butyl)pyridine. Only the amount of HAT agent plays a minor role. The other factors, like

amount of base, concentration, temperature, and PC loading play a similarly important role.

4 Effektzusammenfassung

Log-

Quelle Wertigkeit P-Wert
LM 3,602 0,00025
TsN3(1,3) 1,721 0,01901
Base 0,852 ] 0,14057
Konz(2,5,5) 0,797 j 0,15945
Temp(50,70) 0,783 j 0,16473
PhCat(2,10) 0,679 ] 0,20944
HAT(5,20) 0,228 [| 0,59091
Entfernen Hinzuflgen Bearbeiten FDR

Figure 27 Effect summary of DoE main factor determination.

The analysis clearly showed that the combination of (CH,Cl); as solvent and LiCOs3 as base works
superior to any other system. However, the impact of the other factors is still uncertain. To clarify
on that, we conducted a second DoE optimization based on a “Response Surface Area”-model to
include two-factor interactions. In this regard, we analyzed the reaction outcome based on
temperature (50-70 °C), amounts of PC (2.5-5 mol%), trapping agent 143 (2-3 equiv.), HAT agent
166 (10-20 mol%), time (16-32 hours), and the amount of Li,COs (0.5-2.0 equiv.). The generated

experiments and the results are depicted in Table 6.
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Table 6 Reaction optimization via Design of Experiment "Response Surface Model".

132

143

166

Li,COs N3

O 448 nm O/
(CH5Cl),
172 171
Entry® 132/ 143/ 166 / Li,COs/ Time/h Temp./ Yield®/
mol% equiv. mol% equiv. °C %

1 2.5 2.0 15 0.5 32 50 26
2 2.5 2.0 20 2.0 16 50 30
3 2.5 2.5 10 2.0 32 50 27
4 2.5 3.0 15 1.25 16 50 28
5 3.75 3.0 20 0.5 32 50 32
6 5.0 2.0 20 2.0 32 50 30
7 2.5 2.5 20 0.5 24 60 25
8 2.5 2.5 20 1.25 24 60 25
9 3.75 2.5 15 1.25 24 60 27
10 3.75 2.5 15 1.25 24 60 30
11 2.5. 3.0 10 2.0 16 70 27
12 2.5 3.0 20 0.5 16 70 25

aReaction was performed on a 0.5 mmol (0.16 M) scale under constant irradiation with 448 nm under N,-atmosphere in

a home build photoreactor. Yield determined via GC-FID with n-nonane as internal standard.

During our optimization studies we noticed that every reaction, within the respective measurement
errors (see entry 9+10), gave qualitatively the same result. Therefore, the DoE optimization study
was cut short and only 12 of 34 experiments were conducted. This assumption indicates that neither
one of the investigated factors has an impact on the reaction outcome and that there must be an
intrinsic problem of the reaction. Most notably, since the reaction furnished low yields at room
temperature it was a surprise to see that an increase from 50 °C to 70 °C did not result in enhanced
product formation.

Nevertheless, we were able to identify two side products because of the overall increased yields
compared to the reactions conducted before. 1-Chlorocyclohexane was identified via GC-MS
fragmentation pattern and comparison with the retention time of the standard, which was purchased
from TCI. The formation of 1-chlorocyclohexane indicates a radical mechanism as the product
forms upon chlorine radical abstraction from the (CH>Cl) by the cyclohexyl radical.l’-!!*->2%]
p-(Trifluoromethyl)benzenesulfonyl amide 174 was identified as second side product via GC-MS
fragmentation pattern and comparison with the retention time of the standard. The standard was
synthesized according to Scheme 20a. From a retrosynthetic analysis the product must form via

extrusion of dinitrogen to yield nitrene 175 by means of an electron or energy transfer
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(Scheme 20b). To distinguish between eT or ET time-resolved fluorescence measurements are

3161 Upon formation of the nitrene 175 two electrons and two protons must be transferred

advised.!
to yield sulfonyl amide 174. The exact mechanism is unknown, and it remains unclear if the amide
174 forms upon double HAT or successive single electron reduction/protonation mechanisms.
Furthermore, since nitrenes can insert into C—H bonds,!®”) an insertion/elimination process cannot
be excluded.

No other side products were identified, and the reaction mixture still contained high amounts of

unreacted cyclohexane 172 and sulfonyl azide 143 after 18 hours.

a)
0 O 0 0O

N2 \ 7/

S\CI - - S, NH,
over night, r.t.
F3C F3C

conc. (NHz)aq

173 174 (91%)
b)
QP QP QP
S. S. S.
gm— =
F3C F3C F3C
174 175 143

Scheme 20 a) Synthesis of p-(trifluoromethyl)benzenesulfonyl amide 174 standard. b)
Retrosynthetic analysis of the formation of p-(trifluoromethyl)benzenesulfonyl amide 174.

7.2 Investigation of Effects Hampering the Overall Reaction Progress

Based on the obtained results we thought in different directions about effects that could hinder the
whole reaction process. The overall transformation is based on the interaction and the electron
transfer capability of the combination of acridinium photocatalysts and pyridylidenesulfonamides.
A criterion for successful electron transfer is the excited state lifetime (t).[**®! We speculated that
by increasing T we can increase the possibility for a successful SET. Therefore, we would be able
to generate higher amounts of radical cations in situ and increase the TOF. According to White et

).5% Both possess a higher excited

al. we synthesized acridinium catalysts 182 and 183 (Scheme 21
state lifetime (t(182) = 23.7 ns, ©(183) = 17.1 ns) compared to catalyst 132 (t(132) = 13.8 ns).5*
Furthermore, the redox potentials are comparable to catalyst 132 and allow the oxidation of the
HAT agent and the regeneration of photocatalyst by reduction of the in situ formed sulfinyl radical
167.

However, when we compared the results by applying photocatalysts 132, 182, and 183 (standard

conditions: 5 mol% photocatalyst, 20 mol% HAT agent 166, 3.0 equiv. sulfonyl azide 143,
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2.0 equiv. Li,COs3, 50 °C, 18 h in (CH2Cl), (0.16 M)) we ended up with the same yield of cyclohexyl
azide 171 (24-25%) in every case. Therefore, the problem is not based on the excited state lifetime.
In addition, to account for the in situ formed water by formation of H>CO3 and successive extrusion
of CO; that may trap the radical cation, we added 4 A molar sieves to the reaction. However, the

addition resulted in poorer yields (6%).

R 1.5 equiv. K,CO3 R
COOH 1.2 equiv. Mel COOMe
over night, r.t.
R DMF R
176 (R = CH,3) 178 (R = CHs, 92%)
177 (R=Cl) 179 (R = Cl, quant.)

2.1 equiv. TMEDA
.1 equiv. sec-butyllithium
4h,0°C—rit. Cl Cl

Bu o Bu n-hexane

then 1.0 equiv. 178 or 179 O ®\ O ®\

12 h,-78 °C—r.t. 2z 2
Bu 0o Bu Bu 0o Bu
BF. BF,

137 n-hexane
then BF,~ wash

180 (70%) 181 (67%)

O 3.0 equiv. AcOH O

1.5 equiv. EtzN

1.2 equiv. benzyl amine O X O
A ®
12 h, rt. Z
O O o Bu Ne ~ Bu
By Bu BF,

@ CH,Cl,
0 o then BF,~ wash
BF,
180 182 (72%)

E*eq=+2.13 Vvs. SCE
E,x =—0.54 V vs. SCE
t=23.7ns

O 3.0 equw AcOH O
Cl Cl

1.5 equiv. Et3N

1.2 equw aniline
~ T 12hrt
CH,Cl,
Bu then BF4 wash @

181 183 (70%)
E*1eq = +2.21 V vs. SCE
Eox =-0.43 Vvs. SCE

t=17.1ns

Scheme 21 Synthesis of acridinium photocatalysts 182 and 183.
Another problem might be associated with the azide trapping agent. Upon reaction progress, lithium
sulfinate forms that should be hardly soluble in (CH,Cl), and precipitate from the reaction mixture.
However, the acridinium PCs are also salts that bear a tetrafluoroborate anion. Hypothetically, it
may be possible to exchange the counteranion of the photocatalyst for sulfinate and precipitate
LiBFs; with ongoing reaction progress. The influence of the nature of the counteranion on
acridinium catalysts is unknown. Yet, Ru-based photocatalysts show a high oxidation potential

dependency based on the coordination ability of the anion.”*!) The oxidation potential decreases
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upon stronger coordinating anions. As a result, by exchanging the BF4~ for sulfinate we might alter
the oxidation potential of the acridinium photocatalyst that then does not fit the oxidation potential
of the HAT agent. Therefore, we tried to increase the amount of BF4™ anions in the reaction mixture
using NaBF, and pyridinium tetrafluoroborate. We also added Schreiner’s thiourea catalyst as an
anion binder since it was shown that this lowers the coordination strength and therefore should

32 However, all approaches resulted in lower yields.

increase the oxidation potential.!
To omit any problem associated with the formation of sulfinic acid 169, we tried other trapping
agents. We ordered hypervalent iodine trapping agent 184 (Figure 28) as an alternative azide
trapping agent. Furthermore, we used 2-cyclohexen-1-one, methyl acrylate, N-chlorosuccinimide
(NCS), N-bromosuccinimide (NBS), Selectfluor®, and N-fluorobenzenesulfonimide (NFSI) as
trapping agents. The hypervalent iodine trapping agent 184 decomposed under the reaction
conditions. The usage of NCS and NBS resulted in product formation but was accompanied by
formation of a variety of unidentified side products. With Selectfluor™ we could not identify any
fluorocyclohexane. The latter product forms with NFSI reagents. However, control experiments
revealed background reactions by the formed imidyl radical that participates as HAT agent.

With 2-cyclohexen-2-one and methyl acrylate we were able to isolate ~5% of products 185 and 186
under various reaction conditions (T = 20 °C, 50 °C; base = Li»CO3, 2,6-di(tert-butyl)pyridine,
amount of cyclohexane 172 = 1 equiv., 3 equiv.). The formation of only 5% product is a result of
the inability of the acridinium photocatalyst 132 to reduce the in situ formed a-carbonyl radical to
the corresponding anion (exemplary shown for 187, Eox < —0.7 V vs. SCE)** and thereby

regenerate the ground-state photocatalyst.

3 g b) 9 )
q (0] (0]
1—Nj3 O/\)J\O/ wo/
184 185 186 187

Figure 28 a) Hypervalent iodine trapping agent 184. b) Products by applying 2-cyclohexen-1-one
185 or methyl acrylate 186 as trapping agents. c) /n situ formed o-carbonyl radical 187.
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7.3 Extending the Catalyst Library

Since the usage of sulfonyl azide trapping agent 143 led to the formation of side products that might
hamper the overall reaction, we wanted to focus our attempts on using electron deficient double
bonds as trapping agents. 2-Cyclohexene-1-one and methyl acrylate should behave more innocent
than sulfonyl azide 143 since no side product is formed upon reaction progress and the applied
a, f-unsaturated compounds are consumed completely. However, the initial attempts did not work
due to mismatching oxidation potentials of the photocatalyst and the in situ formed a-carbonyl
radical 187. To achieve this transformation, we would need to increase Eox(PC) to have a more
potent reductant. The redox potentials (Eox, E*req) of the photocatalyst are directly linked to the
excitation energy (compare Equation 5, 7, and Figure 20). If the excitation wavelength remains
constant, increasing Eox leads to decreasing E*.q (compare 131 and 132, Figure 26). Therefore, the
oxidation potential of the HAT agent needs to be reduced. A second approach would be to use a
different photocatalytic system, that absorbs in the upper UV-A region to increase Eoo and to
increase, in respect to Eop, Eox and E*..q. Since we showed that acridinium photocatalysts can
interact and perform a SET with pyridylidenesulfonamides, we wanted to stick to the first approach
and try to lower the oxidation potential of pyridylidenesulfonamides.

Furthermore, we took this approach to consider a variety of different substitution patterns with EDG
and EWG to get insights into push-push, push-pull, pull-push and pull-pull substitution on the BDE,
absorption maxima and the oxidation potential. By that, we were hoping that we can account for

131 and get a better understanding on how the electronical properties

any captodative stabilization!
change upon substitution. The synthesis is achieved over two steps by condensation of sulfonyl
chlorides 188 with 4-aminopyridines 189 to yield 4-pyridinylsulfonamides 190 and successive
arylation by in situ formed aryne from precursors 191 to give 4-pyridylidenesulfonamides 192

(Scheme 22).

NH,
3

N R oTi

| RS

N” O R2 RN, TS Ré

DN
Q\S/,O 189 Q\S/,O g CsF
R Cl R! \H R? oo (N
R1S‘N/ = R2

188 190 192

Scheme 22 Synthetic approach to establish a 4-pyridylidenesulfonamide HAT agent library.
We considered different para-substituted phenyl rings bearing EWG and EDG, and naphthalene
substituents to increase the aromatic system as suitable substituents for R'. Furthermore, we
considered R' = CFj; to investigate the difference between aromatic and aliphatic substitution at R'.
Moreover, R* = H, CF3, and OMe and R* = R* = H, F, and OMe, as well as R* = CF3, R* = H were

chosen to account for stabilization and destabilization effects on the pyridine moiety. We also
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Extending the Catalyst Library

wanted to exchange the phenyl substituent at the pyridine nitrogen for a methyl group to probe the

influence of aromatic and aliphatic substitution at this position. To test the influence of

combinations of different R', R% and R® substitution patterns, HAT agents bearing different

combinations of substituents were also synthesized. All synthesized 4-pyridinylsulfonamides 190

are depicted in Scheme 23a. All sulfonyl chlorides 188 were commercially available. Only for the

synthesis of 201 the corresponding sulfonyl chloride 206 was synthesized beforehand from

Schiffers acid sodium salt 204 according to Schmidt ez. al. (Scheme 23b).5*%

a) Method 1:
1.0 equiv. 189
over night, r.t. _
0.0 MeCN/EtzN (20:3) 0.0 |N
R1SCI Method 2: RSN R
1.0 equiv. 189 H
188 1.1 equiv. D'/PEA 190
cat. DMAP
over night, r.t.
CH,Cl,
o O = |N O\\//O ~ |N O\/O ~ |N O\/o ~ |N
N S\ . \ /\ A /\
S\N N N S N N S N N
H H H H
FsC Cl MeO
165 (Method 1, 93%) 193 (Method 1, 77%) 194 (Method 1, 94%) 195 (Method 1, 73%)
0.0 Q Q o0 [N o0 N
8. Me S NTS"Nome S\NTS"Nome
H H
Cl MeO
196 (Method 1, 51%) 197 (Method 1, 17%) 198 (Method 1, 28%) 199 (Method 1, 16%)
N\
\\ 9 N 00 N Ry | N
\ 7/ | S\ NS O O
S\N N N CF3 N ~ |
SoN e
MeO ©
200 (Method 1, 74%) 201 (Method 1, 74%) 202 (Method 2, 94%) 203 (Method 1,
triflic anhydride was
used instead of
triflic chloride, 82%)
b)
2.0 equiv. NaOH O 0O

\\ //

1.5 equiv. dimethyl sulfate

N7

50°C,1h
water

1.5 equiv. thionyl chloride

0°C,3h
DMF

205 (36%)

MeO

MeO

206 (81%)

N

Scheme 23 a) Synthesis of different substituted 4-pyridinylsulfonamides. b) Synthesis of sulfonyl chloride 206 from
Schéffers acid sodium salt 204.

2-(Trimethylsilyl)phenyl triflates 191 were synthesized from their respective 2-bromophenols.

Except for 2-bromo-4,5-dimethoxyphenol 211 all 2-bromophenols were commercially available.

2-Bromo-4,5-dimethoxyphenol

211
3,4-dimethoxyphenylboronic acid 207 (Scheme 24a).

was synthesized over

2-(trimethylsilyl)phenyl triflates 149, 215-217 is depicted in Scheme 24b.

The corresponding

4 steps

synthesis

from

of
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a)

MeO BOH):. 4 4 equiv. Oxone
20 min, 0 °C

MeO aceton/water (1:1)

Mer@/OH
MeO

1.0 equiv. imidazole 1.0

1.4 equiv. TBDMSCI ]@/OTBDMS
MeO

over night, r.t.
DMF

207 208 (91%) 209 (85%)
) ) MeO OTBMDS . MeO OH
1.0 equiv. bromine D: 1 M TBAF in THF Ij:
30 min, r.t. ; >
CHCl, MeO Br 20 min, r.t MeO Br
210 (74%) 211 (quant.)
b)
R3 OoH 1.0equiv. Iéll\lfllDSSO oG R3 oT
4:[:: then 1.1 equiv. n-butyl lithium \/E:[
R Br ~78°C, 30 min R* ™S

THF

148 (R® = R* = H) then 1.1 equiv. triflic anhydride 149 (R% = R* = H, 67%)

(
211 (R3 = R* = OMe) —78 °C, 30 min 215 (R® = R* = OMe, 61%)
212 (R%=R* = F) THF 216 (R3 = R* = F, 46%)
214 (R® = CF4 ,R* = H) 217 (R® = CF3 ,R* = H, 33%)

Scheme 24 a) Synthesis of 2-bromo-4,5-dimethoxyphenol 211. b) Synthesis of 2-(trimethylsilyl)phenyl triflates 149,
215-217.

The library of all synthesized 4-pyridylidenesulfonamides is depicted in Scheme 25. The substrates
were analyzed by UV/Vis spectroscopy and cyclovoltammetry. Their BDE was computed at the
B2PLYP/6-311G** level of theory and Ksv was determined from static fluorescence measurements
with photocatalyst 132.

In general, we observe for R' = 4-CF;-CsHy an increase in the oxidation potential of ~0.12 V and a
decrease in Ksy, while the BDE and Amax remains constant compared to R' = Ph (compare 166 and
218, 221 and 222, 229 and 230, 233 and 234).

If R' = 4-CI-CsH4 we observe an increase in Eox and higher Ksv with respect to R; = Ph. The BDE
and Amax remain constant (compare 166 and 219, 221 and 223, 229 and 231, 233 and 235).

If R' = 4-OMe-CgHa, Eox decreases, while Ksy and BDE increase, and Amsx remains constant
compared to R' = Ph (compare 166 and 220, 221 and 224).

Upon exchanging R* = H to R* = OMe we observed a shift of A to lower wavelengths.
Unexpectedly, Eox remains constant. We thought that we would observe a decrease in Eox by
stabilization of the positive charge within the pyridine moiety of the radical cation. The BDE is
about 1 kcal mol™ lower compared to R? = H (compare 116, 218-220 and 229-232, 221-224 and
229-232). The trend in Ksy for R? = OMe changed compared to R? = H. While 229 and 231 followed
the same trend as 166 and 219, Ksv decreases with R' = 4-OMe-CsHs, R?> = OMe 232 and increases
with R' = 4-CF3-CsHs, R* = OMe 230. If R* = OMe and R’ = R* = F the combination with R' = Cl
showed the highest Ksv (compare 233, 234, 235, and 236).

If R? = CF3, we observe an increase in Eoy, while the BDE and Amax remain constant compared to
R? = H. The Ksv drops upon introduction of a CF; group at the pyridine moiety (compare 220 and
238, 224 and 239, 237 and 240).
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Oy v

166 (76%)
Amax =318 nm
Eox = 1.68 V vs. SCE
BDE = 102.3 kcal mol™"
Ksv(132) = 0.074 mM-"

oo (N :
: ’\S/‘N/ =
MeO

220 (75%)
Amax =322 nm
Eox = 1.62 V vs. SCE
BDE = 103.1 kcal mol™
Ksy(132) = 0.146 mM™!

F

223 (51%)

Amax = 322 nm
E,x=1.82 Vvs. SCE
BDE = 102.7 kcal mol™!
Ksy(132) =—-0.014 mM~"!

OMe

/@0’\"6
00 @ N
/©/\\S/:N/ =
FaC

226 (54%)
Amax =324 nm

RS
N 1.5 equiv. 191 R4
3.0 equiv. CsF
R2  over night, r.t. Z N
MeCN Q‘ ’/O .
R N R2

00 (N
\S:N/ =
F4C~ i

218 (57%)
Amax =319 nm
Eox = 1.80 V vs. SCE
BDE = 102.4 kcal mol™"
Ksy(132) = 0.039 mM™

00 ¢ N
\S//N/ P

219 (82%)
Amax =319 nm
Eox = 1.73 V vs. SCE
BDE = 102.5 kcal mol™
Ksv(132) = 0.123 mM~"

E F
F
00 @ N 00 /@
s N NF /©/S\N/ =
: FsC
221 (26%) 222 (43%)
Amax =320 nm Amax =320 nm
Eox = 1.73 V vs. SCE Eox = 1.87 V vs. SCE
BDE = 102.6 kcal mol™" BDE = 103.0 kcal mol™"
Ksy(132) = 0.062 mM™ Ksy(132) =-0.048 mM™
OMe
OMe
Q.0 /@‘ 00 N
g Shns
MeO
224 (41%) 225 (63%)
Amax = 336 nm Amax =323 nm

Eox=1.70 V vs. SCE
BDE = 102.8 kcal mol™
Kgv(132) =0.121 mM™

OMe

00 N
\SI _ /

227 (55%)
Amax =324 nm

o
MeO

Eox =1.42 Vvs. SCE, 1.69 V vs. SCE

BDE = 98.7 kcal mol™
Ksv(132) = 0.064 mM~!

OMe

00 N
\S/ _ /

228 (64%)
Amax =325 nm

Eox=1.42Vvs. SCE, 1.70 Vvs. SCE E,,=1.43Vvs. SCE, 1.68 Vvs. SCE E, =1.39 Vvs. SCE, 1.68 V vs. SCE

BDE = 98.3 kcal mol™!
Ksy(132) = 0.056 mM™

oe

229 (54%)

Amax = 304 nm
Eox=1.69 V vs. SCE
BDE = 100.9 kcal mol™
Ksy(132) = 0.071 mM™!

BDE = 98.6 kcal mol™
Ksy(132) = 0.070 mM™

230 (44%)
Amax =305 nm
Eox = 1.80 V vs. SCE
BDE = 101.3 kcal mol™
Ksy(132) = 0.106 mM™

BDE = 99.4 kcal mol™
Ksy(132) = 0.089 mM™!

e

N/

/©/ “NZ " oMe
cl

231 (48%)

Amax = 306 nm
Eox=1.71 V vs. SCE
BDE = 100.6 kcal mol™
Ksy(132) = 0.099 mM~!
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E F
I : F
N\
¥ A 00 PN Q0 N
Q/ " ove [ jS‘N/ Z>0Me [ j SN owme
~o
F4,C
232 (48%) 233 (21%) 234 (17%)
Amax = 311 nm Amax = 305 nm Amax = 305 nm
Eox =1.62 V vs. SCE Eox=1.72 V vs. SCE Eox =1.84 Vvs. SCE
BDE = 101.9 kcal mol™! BDE = 100.5 kcal mol™! BDE = 101.0 kcal mol™!
Ksy(132) = 0.035 mM™ Kgv(132) = 0.037 mM™ Ksv(132) = 0.035 mM™
F F

F F g
oo N CF.
= = N
o\\ /,O N O\\ /p N S //Q
S S N

"N oMe "N oMe /©/
MeO
cl MeO

3

235 (10%) 236 (22%) 237 (77%)
Amax =305 nm Amax =307 nm Amax =325 nm
Eox=1.79 V vs. SCE Eox = 1.68 V vs. SCE Eox=1.75 V vs. SCE
BDE = 100.5 kcal mol~ BDE = 101.3 kcal mol~! BDE = 102.8 kcal mol™
Ksy(132) = 0.084 mM™ Ksy(132) = 0.027 mM™ Ksy(132) = 0.076 mM™
F
g F gt
Z N N\ CF
O\\ //O 00 -~ "N O\\ //o 8
SN e R SN e
~
MeO MeO
MeO
238 (15%) 239 (15%) 240 (14%)
Amax =320 nm Amax =320 nm Amax =320 nm
Eox = 1.87 Vvs. SCE Eox =1.90 Vvs. SCE Eox =1.90 V vs. SCE
BDE = 102.7 kcal mol™ BDE = 102.2 kcal mol™’ BDE = 102.1 kcal mol™
Ksy(132) = 0.046 mM™ Ksy(132) = 0.038 mM™" Ksy(132) = 0.053 mM™
F

g F Q
Qo N 0L N
o L 09 2L
N

241 (36%) 242 (47%) 243 (36%)

Amax =321 nm Amax =321 nm Amax =323 nm
Eox=1.70 V vs. SCE Eox=1.72V vs. SCE Eox=1.53 Vvs. SCE
BDE = 102.7 kcal mol™ BDE = 106.4 kcal mol~' (M062x/def2TZVP) BDE = 104.4 kcal mol™
Ksy(132) = 0.064 mM™! Ksy(132) = 0.086 mM" Ksy(132) = 0.065 mM™

F

OO S\NINF FiC ONT N MeO
MeO

244 (45%) 245 (68%) 246 (synthesized with Mel
Amax =323 nm Amax =241 nm instead of arine, 62%)
Eox=1.57 Vvs. SCE Eox =2.15V vs. SCE Amax = 306 nm
BDE = 95.7 kcal mol™ BDE = 104.6 kcal mol™' Eox=1.53 V vs. SCE
Ksy(132) = 0.073 mM™! Ksy(132) = n.d. BDE = 102.7 kcal mol™

Kgv(132) = 0.044 mM™

Scheme 25 Library of synthesized 4-pyridylidenesulfonamides. BDE computations performed at the B2PLYP/6-
311G** level of theory if not otherwise noted.
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Introduction of R* = R* = F only leads to an increase in Ex and a decrease in Ksy. The other factors
remain constant (compare 166, 218-220 and 221-224, 229-232 and 233-236, 238 and 239).
Surprisingly, the inverse trend for Ksy is observed if R' = naphthalene (compare 241 and 242, 243
and 244). For substrate 222 and 223 we measured a negative Ksy similar to 162 (cf. Section 7).

If R® = R* = OMe we observe a decrease in the BDE and Ksv, and a shift of Amax to higher
wavelengths (compare 166, 218-220 and 225-228). Most notably, a second oxidation peak is
observed that can be attributed to the hydroquinone to semiquinone oxidation of the 3,4-
dimethoxyarene substituent."*

The use of aryne precursor 217 led to the formation of 3- and 4-(trifluoromethyl)phenyl-substituted
4-pyridylidenesulfonamides. In every case 3-(trifluoromethyl)phenyl-substituted
4-pyridylidenesulfonamides were the major product in accordance with computational
investigations.’! For substrate 237, we were able to separate both isomers, in case of 240 we were
not and 240 was isolated with trace amounts of the minor isomer. The introduction of R* = CF3, R*
= H leads to an increase in Eox and a decrease in Ksv in accordance with the trend observed for
R®=R*=F (compare 220 and 237, 238 and 240).

Exchange of the phenyl moiety for a naphthalene moiety at R' gave qualitatively the same results
for every parameter (compare 166 and 241, 221 and 242). Note, the BDE of 242 was computed at
the M062x/def2TZVP level of theory since it did not converge at the B2PLYP/6-311G** level of
theory. Upon introduction of a methoxy substituent at the naphthalene ring we observed a lower
Eox, and a higher BDE compared to the 4-methoxyphenyl substituent at R' (compare 220 and 243).
However, by combining R' = 6-methoxy-2-naphthalene with R?> = R* = F 244 we observed a strong
decrease in the BDE. Neither of the naphthalene substituted derivatives showed a higher Ksy
compared to their phenyl analogues (compare 166 and 241, 221 and 242, 220 and 243, 224 and
244).

By introduction of a CF3 group on the sulfur atom 245 we measured an oxidation potential of
2.15 V vs. SCE. Therefore, we did not measure Ksy since Eox(245) > E*ca(132). Amax shifts from
320 nm to 241 nm indicating that the arenesulfonyl-substituent act as chromophore within the
system.

Exchange of R? = arene to R> = Me leads to a small shift of Amax to lower wavelengths. The BDE
remains constant, and we obtained smaller values for both Ksv and E,x. The lowering of Eox might
be explained by the better donor ability of the methyl group. A phenyl substituent twists out-of-
plane thereby lowering the orbital overlap of the arene 7-orbitals with the n-orbital of the pyridine
nitrogen.

However, the evaluation of the parameters and substitution patterns proofed not be very insightful
as almost no linear correlations could be identified. Therefore, every synthesized HAT agent needs

to be analyzed and treated individually.
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We approached successive catalysis by considering the substrates with the lowest oxidation
potentials at first. In this regard, we chose 220 and 243 to test their ability as HAT agents in
combination with photocatalyst 131 and 2-cyclohexen-1-one and methyl acrylate as trapping
agents. We tested for product formation via GC-MS, but were unable to identify products 185 and
186, respectively.

20 mol% 220 or 243
2.0 equiv. 2-cyclohexen-1-one or

methyl acrylate 0
5 mol% 131 (o)
1.0 equiv. Li,COg O/\)J\
O OMe
50 °C, 18 h, 448 nm
(CH.CI),
172 185 186

Scheme 26 Functionalization of cyclohexane with electron-deficient double
bonds, HAT agents 220 and 243, and photocatalyst 131.

To verify if this result is based on the inability of HAT agents 220 and 243 to engage in HAT
processes or the poor interaction with PC 131, we conducted the same experiment with azide
trapping agent 143, PC 132 and HAT agent 220 (7able 7, entry 1), yielding 46% cyclohexyl azide
171. Since this experiment proofed that 220 can abstract hydrogens, the inability to form 185 and
186, respectively, is based on poor interaction of 220 and photocatalyst 131. Encouraged by this
result, we decided to reinvestigate the azidation of cyclohexane instead of the functionalization of
cyclohexane with electron-deficient double bonds.

We repeated the azidation experiment at room temperature to test the temperature dependency of
the reaction, yielding 34% (entry 2). The result clearly showed that the reaction still depends on the
temperature, but the effect is less dominant than for HAT agent 166 (compare Table 4, entry 1+3).
To verify our mechanistic hypothesis, we conducted the same experiment without photocatalyst
132 (entry 3), HAT agent 220 (entry 4) and in the dark (entry 5). None of the former experiments
resulted in product formation, verifying our mechanistic hypothesis (cf. Scheme 10).

By comparing the results, we obtained in the azidation of cyclohexane with HAT agent 166
(Table 6) and HAT agent 220 (7able 7, entry 1+2) we concluded that the enhanced product
formation must result from the increased BDE, a lower Eox and stronger interaction with
photocatalyst 132 (Ksv) of 220 compared to 166. To further elucidate on this hypothesis, we chose
4-pyridylidenesulfonamides 224-228 as HAT agents. 4-Pyridylidenesulfonamide 224 possesses a
comparable BDE, a higher E,« and a smaller Ksv compared to 220 and the reaction furnished 37%
at 50 °C (entry 6) in accordance with our hypothesis. However, when we conducted the reaction at
room temperature, we observed an increase in yield to 41% (entry 7). This example is the first
reaction we conducted that led to better yields at room temperature than at 50 °C.
4-Pyridylidenesulfonamides 225-228 do not perform that well and furnish yields between 8-11% at
50 °C (entry 8-11). These HAT agents possess a lower BDE, a lower Ksy and two oxidation
potentials with the lower one referring to hydroquinone oxidations around 1.4 V vs. SCE. Our

computations at the B2PLYP/6-311G** level of theory still showed that the highest spin-density
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resides on the amidyl nitrogen. We therefore hypothesized that upon hydroquinone oxidation the
spin-density relocates from ortho-dimethoxyarene substituent to the amidyl nitrogen to yield the
thermodynamically more stable radical-cation. Since their usage leads to poorer yields, we
concluded that EDG substitution at the R*> and R* position slows down the HAT process, while
EWG substitution accelerates the HAT process.

We also tested naphthalene based 4-pyridylidenesulfonamides 241, 243, and 244 (entry 12-14). The
reactions were only performed at room temperature and furnished lower yields with respect to 200
(entry 2) and 224 (entry 7) in accordance with the measured Ksv. However, it is still unknown why
241 performs more than twice as good as 243 and 244 since all substrates almost possess nearly the
same Ksv. Substrate 246 was also tested as HAT agent, with respect to methyl substitution at the
pyridine nitrogen, and gave 28% yield (entry 15) in accordance with the lower Ksy compared to
220 and 224. We did not test further substrates, since the synthesis and isolation of any substrates
bearing R? # H was very challenging and not suitable for large-scale synthesis.

Table 7 Azidation of cyclohexane 172 by newly synthesized 4-pyridylidenesulfonamides.

5 mol% 132
2.0 equiv. 143
20 mol% HAT agent

1.0 equiv. Li,COg Na
18 h, 448 nm

(CH,CI),
172 171
Entry® HAT agent Temperature / °C Yield® / %
1 220 50 46
2 220 r.t. 34
3¢ 220 50 0
49 _ 50 0
5¢ 220 50 0
6 224 50 37
7 224 r.t. 41
8 225 50 11
9 226 50 8
10 227 50 9
11 228 50 10
12 241 r.t. 19
13 243 r.t. 8
14 244 r.t. 8
15 246 r.t. 28

aReaction was performed on a 0.5 mmol (0.16 M) scale under constant irradiation with 448 nm under N,-atmosphere in
a home build photoreactor. *Yield determined via GC-FID with n-nonane as internal standard. “No photocatalyst 132 was

added. “No HAT agent 220 was added. °Reaction was performed in the dark.
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From the conducted experiments we concluded that the higher Ksv the higher the yield, with R' =
4-methoxyphenyl being the best motif for that purpose.
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7.4 Stability and Reactivity of Radical Cationic HAT Agents

Through variation of catalysts, we were able to raise the yield of cyclohexyl azide 171 to 46% using
HAT agent 220 and to 41% at room temperature using HAT agent 224. However, while the results
were encouraging, they raised new questions. It remained unclear why the reaction with HAT agent
224 leads to higher yields at room temperature than at 50 °C while the reaction with 220 instead
leads to opposite results.

We wanted to perform our reactions at room temperature instead of 50 °C to account for the higher
energy consumption and the easier experimental setup. With a result of 41% for the direct azidation
utilizing a novel and catalytic system, we have already been at the edge of competition with
stoichiometric state-of-the-art protocols furnishing up to 56% cyclohexyl azide at room

[450] However, to close the gap we needed a better understanding of the reaction to

temperature.
explain the different temperature dependencies for reactions with HAT agents 220 and 224.
Therefore, we looked at the time-dependent product formation of cyclohexyl azide 171 at room
temperature. In this regard, we chose 220 over 224 since the preparation, isolation, and yields were
overall better for 220. We were aware that the results might not be perfectly transferrable, with
respect to the observed time-dependencies, but we were hoping to get useful insights in the overall
reaction mechanism.

This and any following reactions were conducted in a newly received TAK-120 liquid cooled
photoreactor (see Section 10 for details). Initial tests showed that the reaction yields comparable
results using a home build device or a TAK-120 photoreactor (1 W 448 nm irradiation per vial).

The reaction progress was monitored via GC-FID with n-nonane as internal standard by analyzing

an aliquot of the reaction mixture every hour. The results are depicted in Figure 29.

40

35 Dt e <
PR
30 .
25
=) -
% 20 2.0 equiv. 143
= 20 mol% 220

1.0 equiv. Li,COs N3
15
5 18 h, 25 °C, 448 nm (1 W)

/ CHJCI
== = (CH,C) =

0 2 4 6 8 10 12

time/h

Figure 29 Time dependent reaction progress.
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From the obtained results, it is evident that the reaction runs asymptotically to 36% yield.
Furthermore, more than half of product forms within the first two hours of the reaction. From this
observation, we may conclude that in the initial state the working hypothesis seems to work as
depicted (Scheme 10). Upon reaction progress the overall product formation is inhibited. However,
we also speculated that our product might not be stable under the reaction conditions and upon
reaching a critical concentration, we run into an equilibrium between product formation and
degradation. This hypothesis may be disproved by the observation that the reaction still contains
cyclohexane 172 and sulfonyl azide 143. Nevertheless, we looked for decomposition products of
cyclohexyl azide 171 by stirring it under irradiation with PC 132, Li,COs, and with and without
HAT agent 220. No side product formation or product degradation were observed in any case.

By considering the results of Table 7 and of the reaction progress, we hypothesized that the HAT
agent itself might not be stable and decomposes over time. Hence, we will have competing rate
kinetics between HAT (k1) and decomposition (k2) (Scheme 27). This hypothesis may also explain
the observed temperature dependencies for 220 and 224. Upon conducting the reactions at room
temperature k; > k> for both HAT agents 220 and 224. At 50 °C the picture may change. While for
220 we can still argue that &k > &, based on the observed yields, for 224 &, > k; with increasing
temperature leading to lower yields at elevated temperature. Again, this hypothesis may be
disproved by the observation that in none of the former experiments we were able to identify any

side product that originates from the 4-pyridylidenesulfonamides.

R® R®
R* R
decomposition # #
00 =~ "N HAT o\/o =~ "N
@ s @
R1S\N = R2 R1 N = R2
. H
247 248

Scheme 27 Competing rate kinetics for 4-pyridylidenesulfonamide derived radical cations.

Radical cations are known to undergo several reactions besides HAT, with fragmentation,
deprotonation, and nucleophilic trapping being the most probable (cf. Section 3). To investigate
any process associated with the former side reactions, knowledge of the orbitals, charge-, and spin-
densities is necessary. Therefore, we performed a natural bonding orbital (NBO) analysis at the
M062x/def2TZVP level of theory. M062x/def2TZVP was chosen over B2PLYP/6-311G** level
of theory since some computations did not converge at the latter theory with increasing structural
complexity. M062x has also been shown to give reliable results.[2*-5%¢]

An electron must be transferred into the scissile bond to introduce fragmentation reactions
(cf. Section 3.2.1.2). This necessitates orbital overlap with the system bearing the unpaired electron.

The best overlap for 7-systems is obtained if the bond to be cleaved is orthogonal to the plane of

the 7-system, as this alignment allows electron transfer from the p-orbitals of the 7system to the

60



Pyridylidenesulfonamide HAT Agents Stability and Reactivity

orbitals of the scissile bond (cf. Figure 14). No orbital overlap is given if the dihedral angle is 0°.
Fragmentations of such extreme cases would correspond to 7-o-fragmentations. This is only
observed in cases of polar bonds where the scissile bond orbitals are energetically not far divided
from the 7-orbitals bearing the unpaired electron as the scissile bond needs to elongate and distort

to allow electron coupling (for example C—halogen-, C— O-, C—S-bonds),[242-244-246.269.286.527]

Figure 30 NBO analysis of a) natural charges, b) natural summed alpha-beta spin-densities and
¢) Plotted summed alpha-beta spin densities (color code: carbon: grey, nitrogen: blue, oxygen:
red, sulfur: yellow, hydrogen: white) at M062x/def2TZVP level of theory.

If we compare our developed HAT agent 220 with the above discussed orbital alignment, it
becomes evident that no 7-o-fragmentation can occur as the system only consists of C(sp®)-H
bonds. Cleavage at the N-benzene moiety is not expected as neither the charge nor the unpaired
electron is delocalized towards this part of the system (Figure 30a and b). Fragmentation might

therefore only take place if the unpaired electron is transferred into the o*(S—N)-orbital, the
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o*(C=S)-orbital, or the o*(C-O)-orbital. Cleavage of the S—N-bond would either result in the
formation of a sulfonyl radical 250 and a nitrene 251, or sulfonyl cation 252 and aminyl radical 253
(Scheme 28). The former cleavage process is computed at the B2PLYP/6-311G** level of theory
to be endothermic by 49.6 kcal mol™' for the formation of a triplet nitrene and by 59.8 kcal mol ™
for the formation of a singlet nitrene. The latter process is computed to be endothermic by
58.1 kcal mol ™. Cleavage of the C—S bond results in the formation of anisole radical 254 and cation
255 and is computed to be endothermic by 52.2 kcal mol ™. Lastly, cleavage of the O—C bond results
in the formation of oxyl radical 256 and biradical cation 257 and is endothermic by

106.6 kcal mol™" and 101.6 kcal mol™" for the singlet biradical and triplet biradical, respectively.

o
N ﬁ /© AH = 59.8 keal mol™ (singlet)
— /Q AH = 49.6 kcal mol™! (triplet)
MeO :N

250 251

% g
AH = 58.1 kcal mol™!

- o [
249 — @ * oo N AH = 52.2 kcal mol™
MeO Y |

WX
254
[
e (jQ tveiocices
256 257
Scheme 28 Possible fragmentation reactions of radical cation 249. AH computed at the B2PLYP/6-311G** level of
theory.

To compare if fragmentation reactions can compete with HAT reactions, we computed the
activation energy and the enthalpy of the reaction. B2PLYP/6-311G** computations of the
transition state were computationally very demanding. Therefore, the energies were computed at
the M062x/def2TZVP level of theory (Figure 31). The activation barrier was computed to be
AH* = 3.2 kcal mol ™" and the HAT step is exothermic by AH = —11.5 kcal mol™'. From this analysis,
we can conclude that fragmentation reaction should not compete with HAT.

Furthermore, we computed the activation energy and enthalpy for the hydrogen abstraction of
cyclohexane by literature known radical cationic HAT agent quinuclidine at the M062x/def2TZVP

[149.201.390392] The hydrogen abstraction of cyclohexane by quinuclidinium radical

level of theory.
features AH*(99)= 0.7 kcal mol™" and AH(99) = —6.2 kcal mol™'. Both values are comparable to
AH*(249) and AH(249). It is expected that both HAT agents should display a similar reactivity

towards HAT.
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MO062x/def2TZVP ¢ (reaction coordinate) / amu'/2 Bohr

Figure 31 Gas phase potential energy surface of the hydrogen atom transfer step of cyclohexane (color
code: carbon: grey, nitrogen: blue, oxygen: red, sulfur: yellow, hydrogen: white) at M062x/def2TZVP
level of theory. Values for AG given in parenthesis.

Deprotonation rates of radical cations are associated with the strength of the base. To test if the in
situ formed radical cation undergoes mesolytic cleavage upon deprotonation, we screened
phosphate bases and compared the results with respect to their pK, value in water with the results
obtained with LiCOs (Table 8). We noticed that the color of the reaction mixture turned darker
with increasing strength of the applied base (H3;POu: pKai = 1.3 (20 °C), pKaz = 6.7 (20 °C), pKaz =
12.3 (25 °C); HyCOs: pKa1 = 6.4 (25 °C), pKaz = 10.3 (25 °C))."") However, this trend is not reflected
in yields since Li,COs3 and Na,HPO, proofed to be superior to Na;PO4 and KH,POs, respectively
(compare entry 1,3 to 2,4 and 5, 7 to 6, 8). From this analysis, it may be concluded that the optimal
base possesses pK. = 7-12. However, the results obtained with Na;PO, must by treated with caution
since K3PO4 found itself application as a HAT agent in conjunction with acridinium PCs in
HFIP."* By conducting the reaction without HAT agent (entry 9) we were able to obtain 11%
yield. This example shows that Na;PO, also works as a HAT agent for cyclohexane in (CH>Cl),.
Furthermore, it indicates that the obtained colors of the reaction mixture might not result from
decomposition of the HAT agent, but from the generation of too many radicals resulting in side

reactions and termination events.!'?*!
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Table 8 pKa dependency screening

5 mol% 132
2.0 equiv. 143
20 mol% HAT agent

base Na
18 h, 25 °C, 448 nm (1 W)

(CH,C),
172 171
Entry® HAT agent Base® Yield*/ %
1 220 Li>COs 34
2 220 Na3PO4 16
3 220 Na;HPO4 26
4 220 KH,PO4 22
5 224 Li>CO3 41
6 224 Na3PO4 13
7 224 Na;HPO4 31
8 224 KH,PO4 28
9 - Na3PO4 11

aReaction was performed on a 0.5 mmol (0.16 M) scale under constant irradiation with 448 nm under N>-atmosphere in
a TAKI120 liquid-cooled photoreactor. ®2 equiv. on per hydrogen basis used. °Yield determined via GC-FID with

n-nonane as internal standard.

Our computations showed that the radical cation 249 consist of a very flat structure. This is also
confirmed by the crystal structure of 220 (Figure 32). Upon SET the pyridylidenesulfonamide 220
opens up further as indicated by the change in C—S—N-C and S—N—C—C dihedral angle (0) from
0(C-S-N-C) = 72.8° and 6(S-N-C-C) = 1.9° in the closed-shell molecule 220 (obtained from
crystallographic data) to O(C—S—N—C) = 133.4° and 0(S—N-C-C) = -9.0° for radical cation 249
(obtained from M062x/def2TZVP computations).

Figure 32 Crystal structure of 4-pyridylidenesulfonamide 220.

This behavior was expected from the increased yields by switching from
2-pyridylidenesulfonamides to 4-pyridylidenesulfonamides (cf. Section 7.0). However, since it
allows hydrocarbons to approach the system unhinderedly, it also allows nucleophiles to attack
unhinderedly. Studying nucleophilic attack on radical cations is not an easy task, since it may
involve slow, fast, and reversible nucleophilic attacks on the radical cation (cf. Section 3.1.3).

Nevertheless, we speculated that the only process involving nucleophilic attack may be reversible
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since no side or trapping products could be identified beforehand. Our system can contain a variety
of nucleophiles. By progress of the reaction 4-(trifluoromethyl)benzene sulfinate 168 forms from
sulfinyl azide 143 and water from Li,CO3 upon proton transfer. Besides we identified sulfonyl
amide 174 as a side product that may also act as a nucleophile. Since the mechanism of the
formation of 174 is unknown, it might also involve intermediates that could also act as nucleophiles.
The attack should proceed at the carbon atoms bearing the highest charge density, namely the ortho-
and para-carbon atoms with respect to the pyridine nitrogen (Figure 30a). To protect and to test
the influence of reversible nucleophilic addition, we followed an approach by Fukuzumi and co-
workers,[*3328339] Acridinium systems are susceptible to nucleophilic 258 or radical addition 259
at the 9-position (Figure 33a). Fukuzumi et al. realized that upon introduction of a mesitylene
moiety at the 9-position both ortho-methyl groups protect the upper and lower periphery of the
acridinium system leading to an increased stability towards nucleophilic 261 or radical addition 262
(Figure 33b).1403:328:529]

a)

o
__PET
N=D
Mé
258

260 262

Figure 33 a) Susceptibility of acridinium systems towards nucleophilic or radical attack at the 9-position.
b) Protection of acridinium 9-position by introduction of xylene moieties, adapted from Romero et al.1*%]

Based on the same idea, we wanted to protect carbon atoms with the highest charge density within
pyridine moiety by introducing xylene moieties. In this regard, we synthesized
2-pyridylidenesulfonamide 266 and 4-pyridylidenesulfonamide 270 (Scheme 29). The natural
charge densities of 249 correspond to the formal Lewis structures. Therefore, it is expected that the
charges reside again in the ortho- and para-positions with respect to the pyridine nitrogen. For 270
the xylene substituents were introduced directly at the positions where the charge density should
reside. On the other hand, for 266 the xylene substituent was introduced at the meta-position with
respect to the pyridine nitrogen to protect both electrophilic positions at once while not sterically
overcrowding the reactive amidyl radical center.

Two different synthetic strategies had to be applied for the synthesis. 2-Pyridylidenesulfonamide
266 was synthesized by preparing aminopyridine 264 via Suzuki coupling before condensation and
successive arylation. For the synthesis of 270 the condensation and arylation were performed before
introduction of the xylene moieties by Suzuki coupling. Due to the shielding of the xylene moieties

the arylation did furnish product if the xylene moieties were introduced before arylation. Both
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substrates were analyzed by UV/Vis spectroscopy, cyclovoltammetry, Stern-Volmer kinetic
measurements (not measured for 270 due to insolubility in MeCN) and the BDE was calculated at
the B2PLYP/6-311G** or M062x/def2TZVP level of theory. 4-Pyridylidenesulfonamide 270
shows quite a different absorption maxima and oxidation potential compared to 266. This is
explained as both xylene moieties force the N-phenyl substituent into an orthogonal arrangement

and therefore no orbital overlap, e.g., mesomeric stabilization is allowed.

1.1 equiv. 2,6-dimethylphenyl-

boronic acid
5 mol% Pd(OAc), N. NH
N. _NH, 15 mol% PPhg X 2 2.0 equiv. 4-methoxybenzene-
| N 3.0 equiv. K3PO4 | _ sulfonyl chloride
= 48 h, 90 °C r.t., over night
Br dioxane:water 5:1 pyridine
263 264 (74%)
1.5 equiv. 149
0 7 | _ 3.0equiv. CsF__ “ &
S‘N \N r.t., over mght
/©/ H MeCN
MeO
265 (72%) 266 (49%)
Amax = 350 nm
E,x =1.67 V vs. SCE
BDE = 96.0 kcal mol™'
Ksy(132) = 0.062 mM~"
Br
Br 2.0 equiv. 4-methoxybenzene- 2 N 1.5 equiv. 149
N sulfonyl chloride Q\ ,9 [ 3.0 equiv. CsF
| r.t., over night S‘N A Br r.t., over night
HoN™ 7y pyridine H MeCN
MeO
267 268 (81%)
2.2 equiv. 2,6-dimethylphenyl-
boronic acid
Br 5 mol% Pd(OAc),
15 mol% XPhos
oo (N 6.0 equiv. K3PO, _
g 72h, 120 °C 0,0 N
/©/ r dioxane:water 5:1 S\N/ ¥
T Q
269 (87%) 270 (60%)

Amax = 241 nm
Eox =1.94 Vvs. SCE
BDE = 103.7 kcal mol~' (M062x/def2TZVP)
Ksy(132) = n.d. due to insolubility in MeCN

Scheme 29 Synthesis of xylene protected pyridylidenesulfonamides 266 and 270. BDE computations
performed at the B2PLYP/6-311G** or M062x/def2TZVP level of theory.
Both pyridylidenesulfonamides 266 and 270 were tested as HAT agents in the azidation of
cyclohexane and the results were compared to those obtained with 220 and 224 (Table 9). Both
reactions furnished lower yields compared to reactions with 220 and 224 (compare entry 1,2 and
3.4). This might be a result of the lower BDEs of 266 compared to 220 and 224 and the significantly
higher oxidation potential of 270 compared to 220 and 224. The better performance of
4-pyridylidenesulfonamide 270 compared to 2-pyridylidenesulfonamide 266 may be traced back to
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the better approachability in  4-pyridylidenesulfonamide systems compared to
2-pyridylidenesulfonamides. Based on the conducted experiments we cannot rule out nucleophilic

attack to play a crucial part in the overall turnover hampering.

Table 9 Screening of xylene protected HAT agents 266 and 270 for the azidation of cyclohexane.
5 mol% 132
2.0 equiv. 143
20 mol% HAT agent

1.0 equiv. Li,CO4 No
18 h, 25 °C, 448 nm (1 W)

(CH,Cl),
172 17
Entry? HAT agent Yield® / %
1 220 34
2 224 41
3 266 15
4 270 24

aReaction was performed on a 0.5 mmol (0.16 M) scale under constant irradiation with 448 nm under N>-atmosphere in

a TAK120 liquid-cooled photoreactor. ®Yield determined via GC-FID with n-nonane as internal standard.

To further investigate if the radical cation decomposes by any former considered degradation
pathway (deprotonation, fragmentation, or nucleophilic trapping) or by not considered pathways,
e.g., cycloadditions and radical cation - radical recombination, we conducted time-dependent
UV/Vis measurements by taking an aliquot of the reaction mixture at t = 0 h and t = 10 h. The
absorption wavelengths were compared to the absorption wavelengths of sulfonyl azide 143 and
HAT agent 220, respectively. The results are depicted in Figure 34. Surprisingly, there is no change
in the absorbance intensity of 220 after 10 h reaction time. This result clearly shows that the radical
cation does not decompose under the reaction conditions and that the asymptotic yield formation is

not a result of radical cation decomposition.

25

’ 5 mol% 132
2.0 equiv. 143
20 mol% HAT agent N
1.0 equiv. Li,CO4 3
15 18 h, 25 °C, 448 nm (1 W)
(CHCI),
172 171

= HAT agent 220
1 ‘ Sulfonyl azide 143
Reaction Mixture0 h

Reaction Mixture 10h

Absorbance / a.u.

0,5

0,5
Wavelength / nm

Figure 34 Time-dependent UV/Vis spectra of the reaction mixture for the azidation of cyclohexane.
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Lastly, we conducted EPR measurements to verify the in situ formation of radical cation 249.
Therefore, a solution of 4-pyridylidenesulfonamide 220 and acridinium catalyst 132 was irradiated
in MeCN for 5 minutes and successively analyzed by EPR. The results were compared to the EPR
signal of the non-irradiated solution (Figure 35). Since the acridinium catalyst forms an acridinyl
radical upon electron transfer, we compared the experimentally obtained G-value (Geyp) to
computed G-values (Geomp) of radical cation 249 and the acridinyl radical 271 at the
MO062x/cc-pVTZ level of theory. The use of purposely-tailored EPR-II or EPR-III basis sets for
computation of magnetic properties was omitted since they do not include sulfur.”**3? G omp of
249 fits the experimentally obtained Geyp-value. Therefore, we take this result as a proof that radical
cation 249 forms in solution. Since to the best of my knowledge no other iminium radicals like 249

have been studied by EPR, any comparison to literature data is omitted.

a)
00 1 LI
N2 @
MeO @
249 271
Gicomp = 2.0041 (M062x/cc-pVTZ) Gicomp = 2.0029 (M062x/cc-pVTZ)
b)
100
Gexp = 2.0048
=1
®
S~
ol * irradiated
w 335 3355 336 336,5 337 3375 338 338.5¢ 289
S * dark
€

100

Magnetic Field / mT

Figure 35 a) Computed G-values for radical cation 249 and acridinyl radical 271. b) EPR spectra of a
solution of 220 and 132 in MeCN after irradiation and in the dark.
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Scheme 30 Mechanistic picture of the radical cation catalyzed azidation of aliphatic hydrocarbons.

To sum up the conducted experiments and obtained data, we can draw a mechanistic picture of the
reaction (Scheme 30). Upon excitation of the PC the excited state PC* forms, which undergoes
successive PET with 220. The latter process was quantified by static Stern-Volmer measurements
and the formed radical cation 249 was identified by EPR measurements. Radical cation 249 proofed
to be stable under the reaction conditions as evident from the conducted time-dependent UV/Vis
measurements and can afterwards engage in HAT processes forming cation 272 and C-centered
radical 115. The HAT step was quantified by computational analysis of the activation barrier
(AH* = 3.2 kcal mol™) and the enthalpy (AH = —11.5 kcal mol™) at the M062x/def2TZVP level of
theory and comparison to known quinuclidinium radical HAT agent 99 showed that both should
display similar reactivity. Furthermore, the yield improved in dependency of the Stern-Volmer
constant and the BDE, indicating that both quantities and the associated rate-constants are important
contributors to the overall TOF. The formed cation 272 needs to be deprotonated to close the
catalytic cycle as evident from the obtained yields with and without base. Still the pK, value of 272
remains unknown, but usage of Li»COs as base led to the best results. C-centered radical 115 is
afterwards trapped by sulfonyl azide 143 to yield alkyl azide 273 and sulfonyl radical 167. Sulfonyl
radical 167 is further reduced to sulfinate 168 upon ET to regenerate PC. The reduction of sulfonyl

4805331 and the redox

radical 167 by acridinium photocatalysts has been reported previously,!
potentials of PC 132 fit to the experimentally obtained redox potential 220 (1.62 V vs. SCE) and
for benzenesulfinate (0.5 V vs. SCE).* Both cycles (photocatalyst cycle, HAT cycle) are

operable and work catalytically as indicated by 41% yield (turnover number = 2, with respect to the
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HAT agent) and control experiments that did not furnish any yield without HAT agent,

photocatalyst, or by conducting the reaction in the dark.

7.5 Formation of Sulfonamides — A Solution to the Reaction Inhibition?

Throughout the preceding chapter, we have clarified that the inhibition of the overall reaction
progress is not a result of radical cation degradation. However, upon careful inspection of the time-
dependent UV/Vis spectra (Figure 34) the absorption signal of PC 132 at 375 nm depletes in
intensity over the reaction course. This can be an indication that 132 may not get regenerated with
ongoing reaction progress and that the reaction itself stops due to consumption of 132. This should
not be a result of the inability of 132 to reduce 167 to 168 (cf. Scheme 30), but may be associated
with the formation of sulfonamide 174 (cf. Scheme 20). The formation mechanism of 174 is
unknown but should proceed through interaction with the excited-state PC and concomitant energy
or electron transfer.

To verify this hypothesis, we irradiated sulfonyl azide 143 at 448 nm with and without PC 132 in
(CH2Cl),. We observed formation of 174 to a small degree even without 132, but 174 forms to a
higher degree in the presence of 132. The formation of 174 upon excitation with 448 nm in the
absence of PC 132 shows that this process is associated with light. However, the UV/Vis spectra of
sulfonyl azide 143 shows no absorption band in the 448 nm region. Therefore, we assume that the
formation of 174 is a result of a forbidden, low-intensity transition resulting in a populated excited
state of sulfonyl azide 143 from which the extrusion of dinitrogen takes place. While this is not a
prove, we speculate that the increased yield of 174 in the presence of PC 132 is a result of an energy
rather than an electron transfer. To clarify the exact mechanism and divide between electron and

5181 Fyrthermore, the

energy transfer time-dependent fluorescence measurements are advised.!
interaction of 132 with 143 has been quantified beforehand by Margrey ef al. and was shown to be
rather low.[**”! However, no absolute values were given by the authors. Nevertheless, we measured
for 4-pyridylidenesulfonamide 220 identical Ksv(220) = 0.146 mM ' as Margrey et al. did for their
stoichiometrically used phosphate-based HAT agents (Ksv = 0.151 mM™)."**) Based on this
analysis, we can assume that within our reaction mixture 220 should preferably interact with
photocatalyst 132. If this assumption is right the formation of 174 in our reaction system is a result
of the ten-times higher concentration of 143 (2.0 equiv.) compared to 220 (0.2 equiv.) that
counteracts the difference in Ksy. To test the concentration dependency of the reaction we
conducted experiments with increasing amounts of 220. Furthermore, since we speculated that the

PC 132 is consumed over time, we performed the reaction by additionally adding 132 via syringe

pump. The results are depicted in Table 10.
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Neither of the conducted experiments showed a concentration dependency (compare entry 1-5).
Surprisingly, the reaction is completely independent of the amount of HAT agent 220. In this
regard, conducting the reaction with 30 mol% 220 furnished the lowest amount of cyclohexyl azide
171 with 28%, which, with respected to the other performed reactions, must be seen as an outlier.
Further addition of PC 132 after 5 hours led to lower yields indicating that an increased amount of

132 hampers the overall reaction. The origin of this result cannot be understood from the conducted

experiments.
Table 10 HAT and photocatalyst concentration dependency of the azidation of cyclohexane.
5 mol% 132
2.0 equiv. 143
220 N
1.0 equiv. Li,CO4 3
18 h, 25 °C, 448 nm (1 W)
(CH.CI),
172 171
Entry? 220 / mol% Yield® / %
1 20 34
2 30 28
3 50 33
4 70 33
5 100 34
6° 20 24

aReaction was performed on a 0.5 mmol (0.16 M) scale under constant irradiation with 448 nm under N>-atmosphere in
a TAK 120 liquid-cooled photoreactor. ®Yield determined via GC-FID with n-nonane as internal standard. °Additional

5 mol% photocatalyst 132 were added after five hours over the course of 5 hours via syringe pump.

Since the conducted experiments did not shed any light on factors associated with the formation of
sulfonyl amide 174, we examined the solvent dependency of the formation of 174. In this regard,
we recorded a calibration curve of 174 to quantify the amount which forms over the reaction course.
Furthermore, we also analyzed the yield of 171 to compare both quantities and look at a dependency
of both quantities with respect to each other (Table 11). To our surprise, any reaction that contained
HAT agent 220 furnished the same amount of sulfonamide 174. Only for benzene we obtained 35%
of 174 (entry 5). By comparing the amount of 174 to the obtained yields of 171 no dependency of
both factors on each other is evident. Furthermore, the formation of 174 shows an almost negligible
solvent dependency. Yet, the obtained yields of 171 showed a strong solvent dependency as
expected from former experiments (cf. Table 3 and Table 5). Conducting the reaction in MeCN
furnishes 13% yield (Table 11, entry 1). Upon using solvent mixtures of MeCN with (CH»Cl), and
PhCF; the yield increases to 16% and 15%, respectively (entry 2+3). DMSO and benzene are
unsuitable solvents for this reaction (entry 4+5). In the case of benzene, we obtained a completely
black solution after 18 hours because of the high formation of 174. Conducting the reaction in HFIP
led to 23% yield (entry 6). However, repeating the reaction without HAT agent 220 led to 19% in

480

accordance with the obtained results by Margrey et al. (entry 7)1**% In the latter case, we have also
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obtained high amounts of 174. This result shows that the formation of 174 is amplified if no HAT
agent 220 is added. Furthermore, it may also explain the results obtained with benzene (entry 5),
since it indicates that HAT agent 220 may not interact with PC 132 in benzene, therefore leading
to higher amounts of 174. We were able to increase the yield of 171 to 38% at room temperature
by using a 1:1 mixture of (CH2Cl), and PhCF; (entry 8). The decrease in yields with increasing
amounts of PhCF3 is a result of poor solubility of 220 in PhCF; (entry 9-13). Nevertheless, since
we have obtained the same amounts of 174 in any (CH>Cl),:PhCF3 mixtures it indicates that the

formation of 174 is not a result of any interaction with HAT agent 220.

Table 11 Solvent dependency of the formation of sulfonyl amide 174 in the azidation of cyclohexane.
5 mol% 132
2.0 equiv. 143
20 mol% 220

1.0 equiv. Li,COg Na
18 h, 25 °C, 448 nm (1 W)

172 solvent 171
Entry? Solvent Yield(171)* / % Yield(174)°* / %
1 MeCN 13 12
2 MeCN:(CH,Cl); (2:1) 16 12
3 MeCN:PhCF; (1:2) 15 12
4 DMSO 6 12
5 benzene 2 35
6 HFIP 23 12
7 HFIP 19 36
8 (CH1Cl)2:PhCF3 (1:1) 38 12
9 (CH1Cl)2:PhCF3 (1:2) 31 12
10¢ (CH,Cl),:PhCFs (1:3) 27 12
11¢ (CH,Cl)2:PhCFs (1:5) 22 11
12¢ (CH,Cl),:PhCFs (1:7) 20 11
13¢ (CHCl),:PhCF3 (1:10) 17 11

aReaction was performed on a 0.5 mmol (0.16 M) scale under constant irradiation with 448 nm under N>-atmosphere in
a TAK 120 liquid-cooled photoreactor. *Yield determined via GC-FID with n-nonane as internal standard. “No HAT agent
220 was added. 93 equiv. 143 were used.
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7.5.1 Extension of Acridinium Catalyst and Azide Trapping Agent Library

From the conducted experiments we can assume that the formation of sulfonyl amide 174 is a result
of the interaction with the photocatalyst, likely through energy transfer and concomitant extrusion
of dinitrogen forming a sulfonyl nitrene. However, it remains unknown through which mechanism
the nitrene gathers two electrons and two protons to form 174. Nevertheless, any process which is
associated with the formation of 174 may inhibit the overall reaction process. Any attempts to
rationalize the inhibition have not been conclusive. However, our developed
4-pyridylidenesulfonamides share structural similarity to the applied azide trapping agents
(Figure 36). From the analysis of all synthesized 4-pyridylidenesulfonamides (cf. Scheme 25), we
know that the interaction of 4-pyridylidenesulfonamides with PC 132 is quite sensitive to the
changes at the para-position. Furthermore, the interaction may also be sensitive to changes in the
acridinium photocatalyst system. Thus, we wanted to synthesize a variety of sulfonyl azide trapping
agents as well as acridinium catalysts to test if different combinations of PC and azide trapping
agents results in an increase in yield based on the better interaction of the PC with 220 and

accordingly worse interaction with the sulfonyl azide trapping agent.

2 N . 0.0 |of
S ] “
= /©/S N N
F3C

220 143

Figure 36 Structural similarity between 4-pyridylidenesulfonamide 220 an azide trapping agent 143.

Sulfonyl azide trapping agents were synthesized according to known procedure by Chuprakov et
al. (Scheme 31).*?! Sulfonyl azide 277 was obtained from Sigma-Aldrich. Only sulfonyl azides
276" and 277**% have been applied in radical reactions before, but there is no indication that 274
and 275 should display different reactivity. Trapping agent 274 was synthesized since the initial
investigation of 4-pyridylidenesulfonamides showed decreased interaction upon CF3-substitution

and 275 was synthesized to increase the interaction and structural similarity to verify the

preliminary hypothesis.
A8 1.5 equiv. NaN3 O\\ ,,O
R’S‘C| 3h,0°C—rt. R Ng
water:acetone
188 273
0 0O
X 0.0 0.0 %P
N3 S, S\ o) S‘N
o e AT
MeO N7 N
CFg H
274 (87%) 275 (92%) 276 (90%) 277

Scheme 31 Synthesis of different sulfonyl azide trapping agents.
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According to White et al. we extended the acridinium catalyst library by synthesizing ester 281
(Scheme 32a) and biaryl ethers 284-286 (Scheme 32b).°° Those were used successively together
with preliminary synthesized ester 178 and biaryl ether 137 to furnish xanthylium salts 289-292
(Scheme 32c). Upon exchange of xanthylium oxygen for aniline derivatives, we were able to
synthesize acridinium salts 294-299 using also preliminary synthesized xanthylium salt 138
(Scheme 33). Together with acridinium catalysts 132, 182 and 183 the catalyst library consists of
nine different catalysts. However, we failed substituting xanthylium salt 138 by electron-deficient

ethyl 4-aminobenzoate, since we were unable to purify the product by literature advised trituration.

a)

. _ 1.2 equiv. EtONa J\
O O 1.05equiv. Cs;CO4 O O o 1.1 equiv. acetamidine A
1.0 equiv. MeOTf _ hydrochloride N- N
“ShocCc—ri = + o~ - |
2h,0°C—rt. over night, reflux =
CO,Et MeCN E CO.Et EtOH
2 COZ t 2 COZEI
278 279 + 280 (61%) 281 (53%)

b)
1.5 equiv. RZ-OH
2.0 equiv. Cs,CO4
0.1 equiv. Cul
0.1 equiv. 2,2,6,6-tetramethyl-
B 3,5-heptanedione _O.
Ri-Br over night, r.t. R’ R2
MF 283
284 (66%) 285 (55%) 286 (70%)
c)

equiv. TMEDA
equiv. sec-butyllithium

2, ”
2.1
1
R © 4h,0°C—rit. R2 R3
n-hexane O X O
R? ¢ Y UR® then 1.0 equiv. R*-COsalkyl g e .
SN 12h,-78 °C—r.t. | i

n-hexane
then BF,~ wash

-~
=
" O
@/ ®/
@/ O @/
Bu

289 (17%) 290 (41%) 291 (41%) 292 (39%)

|:4 kI‘:/,

Scheme 32 a) Synthesis of ester 281. b) Synthesis of biaryl ethers 284-286. c) Synthesis of xanthylium salts
289-292.
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Acridinium and Azide Trapping Agent Library
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Scheme 33 Synthesis of acridinium salts 294-299. Analytic data according to White et al.5%

We started the screening process by applying all newly synthesized and bought sulfonyl azides 274-
277 under the preliminary optimized conditions with PC 132 to compare the results to sulfonyl
azide 143 (Table 12).

Under the applied conditions sulfonyl azide 143 still furnished the best yields (entry 1), which is
expected since the system was optimized beforehand for 143. Nevertheless, 274 worked worse and
displayed qualitatively higher amounts of amide formed (entry 2). This might be an indication that
para-substitution  decreases the interaction with the photocatalyst more than
3,5-bis(trifluoromethyl) substitution. para-Methoxy derived sulfonyl azide 275 furnished the
lowest yield in accordance with the hypothesis that the interaction with the photocatalyst is a result
of the structural similarity (entry 3). 3-Pyridinesulfonyl azide 276 gave the best yield of all newly
applied trapping agents (entry 4), while trapping agent 277 displayed poor solubility in

(CH2Cl)2:PhCF3 leading only to 22% yield (entry 5).
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Table 12 Screening of different sulfonyl azides in the azidation of cyclohexane.

5 mol% 132

2.0 equiv. sulfonyl azide

20 mol% 220 N

1.0 equiv. Li,COg s
18 h, 25 °C, 448 nm (1 W)

(CH,CI)o/PhCF3 (1:1)

172 17
Entry? Sulfonyl azide Yield® / %
1 143 38
2 274 24
3 275 20
4 276 31
5 277 22

aReaction was performed on a 0.5 mmol (0.16 M) scale under constant irradiation with 448 nm under N>-atmosphere in

a TAK120 liquid-cooled photoreactor. ®Yield determined via GC-FID with n-nonane as internal standard.

Based on the obtained results, we decided to screen sulfonyl azides 143 and 276 against all
synthesized acridinium catalysts. The use of sulfonyl azides 274 and 275 was omitted based on the
obtained results as well as 277 due to low solubility. The results of the screening against acridinium
catalysts are depicted in Table 13.

From the obtained results, it is evident that the yield of cyclohexyl azide 171 is strongly associated
with the interplay between the applied acridinium catalyst, the applied sulfonyl azide trapping
agent, and 4-pyridylidenesulfonamide 220 (compare entry 5 and 6, 9 and 10, 11 and 12, 17 and 18).
Furthermore, upon usage of trapping agent 276 in combination with acridinium catalysts 182 and
183, we were able to increase the yield up to 42% (entry 4+6). Since 276 is an intrinsic base, we
speculated that the use of Li2CO3 might not be necessary. However, upon reducing the amount of
Li,COs we obtained lower yields (entry 6-8), possibly due to the equilibrium between sulfinic acid
and sulfinate resulting in unproductive reaction turnovers (cf. Section 7 and Scheme 18).
Furthermore, by using the combination of trapping agent 143 and acridinium catalyst 299, we could

increase the yield up to 40% (entry 19), the same reaction with 276 furnished 41% (entry 20).
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Table 13 Screening of sulfonyl azides 143 and 276 against acridinium catalyst 132, 182, 183, and 294-299 for the
azidation of cyclohexane.
5 mol% acridinium catalyst

2.0 equiv. sulfonyl azide
20 mol% 220

1.0 equiv. Li,COs Na
18 h, 25 °C, 448 nm (1 W)

(CH,Cl),/PhCF4 (1:1)

171
Entry? S1u7lzfonyl azide Acridinium catalyst Yield® / %
1 143 132 38
2 276 132 31
3 143 182 33
4 276 182 42
5 143 183 29
6 276 183 42

7° 276 183 38
8¢ 276 183 36

9 143 294 traces
10 276 294 36
11 143 295 20
12 276 295 39
13 143 296 15
14 276 296 10
15 143 297 10
16 276 297 22
17 143 298 7
18 276 298 28
19 143 299 40
20 276 299 41

aReaction was performed on a 0.5 mmol (0.16 M) scale under constant irradiation with 448 nm under N>-atmosphere in
a TAK120 liquid-cooled photoreactor. *Yield determined via GC-FID with n-nonane as internal standard. 0.5 equiv.
Li>CO;3 were used. No Li,CO;3 was added
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7.6 Design of Experiment Reaction Optimization

I8 However, since we

With the preoptimized conditions in hand we started a DoE optimization.!
had delivery problems with 3-pyridinesulfonyl chloride, we were unable to perform the DoE
applying the better sulfonyl azide trapping agent 276. Therefore, we chose to perform the DoE
using the second-best combination of sulfonyl azide trapping agent 143 in combination with
acridinium catalyst 299 and 4-pyridylidenesulfonamide 220. A lot of the conducted experiments
beforehand were hampered by reproducibility issues and had to be performed repeatedly to give
reliable results. However, the origin of the reproducibility issues remained elusive. Every applied
chemical was purified by column chromatography and if possible, afterwards distilled, or
recrystallized and stored under inert conditions. To account for these reproducibility issues, we
switched the approach to use 3 equiv. of cyclohexane 172 and 1 equiv. of sulfonyl azide trapping
agent 143 instead of using 1 equiv. cyclohexane 172 and 2 equiv. of azide trapping agent 143, while
staying with the preoptimized conditions. We also speculated that by the switch in conditions we
can reduce the amount of in situ formed sulfonyl amide 174 formed due to the lower concentration
of 143. While the initial approach of increasing the amount of applied HAT agent 220 (Table 10)
was unsuccessful, this approach is quite different since the molarity of 143 with respect to 299
changes, while the molarity of 220 does not. Accordingly, the GC-yield was calculated based on
the applied azide trapping agent.

As DoE model we used the statistical approach of a response surface area model to include
two-factor interactions. The DoE model was generated by JMP® 14 statistical software varying
several parameters, including time (6 to 18 h), temperature (20 to 40 °C), volume (1 to 3 mL),
amount of photocatalyst 299 (2 to 5 mol%), amount of 4-pyridylidenesulfonamide 220 (10 to
20 mol%) and amount of Li,CO; (0.5 to 1.0 equiv.). Table 14 depicts the generated design and
conducted experiments.

Table 14 Generated Design of Experiment response surface area model and obtained yield.

1.0 equiv. sulfonyl azide Na
448 nm (1 W)

(CH,CI),/PhCF4 (1:1)

s 171
Entry® 299 / 220/ Temp./ Time/h Volume/ LiCO3/ Yield® /

mol% mol% °C ml equiv. %
1 2 20 40 6 1 1.0 31
2 2 10 40 6 2 0.75 33
3 3.5 15 20 18 3 0.75 24
4 3.5 20 40 6 2 0.5 33
5 3.5 15 30 12 2 0.75 30
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6
7

8

9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37

v N U1 L1 N

3.5

N U1 L N

w W w

w
SANTS

2
2

20
15
20
20
15
15
10
10
20
15
10
20
20
20
15
10
10
10
15
15
15
20
10
15
10
20
10
10
10
10
10
10

40
20
40
40
40
30
30
20
20
30
30
30
20
20
30
20
20
40
20
30
30
20
30
40
20
30
40
40
20
40
40
40

18
18
18
18
6
12
18
6
12
6
12
18
12
6
12
18
12
18
6
12
12
18
6
12
18
6
12
18
6
18
18
18

N N PN N W W W NN

P P, NN N W

w w w

3
3

1.0
0.5
1.0
0.5
1.0
0.75
0.5
0.5
1.0
0.5
1.0
0.5
0.5
0.5
0.5
1.0
0.75
0.75
1.0
0.75
0.75
1.0
1.0
0.5
1.0
0.75
0.5
1.0
0.5
0.75
1.0
1.0

aReaction was performed on a 0.5 mmol scale under constant irradiation with 448 nm under N»-atmosphere in a TAK120

liquid-cooled photoreactor. *Yield determined via GC-FID with n-nonane as internal standard.
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To further reduce the error bars, entries 35-37 have been performed additionally and have been
implemented into the design. Entry 35 was a repetition of entry 23, while entries 36 and 37 were
undertaken with the “optimized” conditions by JMP after conducting the first 34 experiments within
the design. Figure 37 shows the significance of all parameters while the P-value gives the impact
of the parameter and is lower with increasing significance. The parameters with the most impact
are temperature, time, and volume. The HAT agent 220 loading also plays a lower but still important
role as well as the time? product.

4 Effektzusammenfassung

Log-
Quelle Wertigkeit P-Wert
Temp(20,40) 6,109 ‘ | 000000
Time(6,18) 4,007 | i i | 000010
Volume(1,3) 2,845 . i i | 000143
HAT(10,20) 1,073 i i i | 008449
Time*Time 1,010 ] i ; i | 009776
PhCat*Time 0,772 % i i i 016907
HAT*HAT 0748 | i ; i | 017866
PhCat(2,5) 0734 % : i i | 018446 ~
Volume*HAT 0,724/ i i i | 018892
Temp*Li2CO3 0570 [ i i | 026945
HAT*Li2CO3 05430 d | i | 028652
Temp*HAT 0,540 [ i i i |o28810
Volume*Li2CO3 0537 %I i i i | 029056
Time*Volume 0,450 ; i | 035499
Li2CO3*Li2C03 0,387 % : | i | 041049
PhCat*Temp 0337 i i i | 046018
Volume*Volume 03021 P P11 | 049902
PhCat*HAT 0,283 % P i1 | 052060
PhCat*Li2CO3 0,266 | P iob b | 054167
PhCat*Volume 0,236 % I if i | 058020
Temp*Time 0171 P P01 |oe7450
Li2CO3(0,5,1) 0127 % N P | 074602 A
Time*HAT 0119 bbb bbb 1076018
Temp*Temp 0,097 | bbb b | 079907
PhCat*PhCat 0,030 P bbb 093338
Temp*Volume 0012 0,97342
Time*Li2CO3 0,009 : | 0,97885
Entfernen Hinzufugen Bearbeiten FDR (" kennzeichnet Effekte mit iibergeordneten Effekten)

Figure 37 Effect summary showing the significance of all parameters including two factor interactions.
P-value resembles the impact of every parameter and is lower with increasing significance.
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Figure 38 Analysis graphs optimized towards maximum desirability. Black lines show the dependency of every
parameter, blue lines give the corresponding error bars. Red numbers show the optimized conditions and the expected
yield.

Figure 38 shows the graphs of the parameter influence against yield and desirability. The graphs
have been optimized with JMP® 14 to maximum desirability and therefore to maximum yield. From
the graphs shown in Figure 38, we observed that the yield increases linearly with increasing

temperature. The time parameter runs asymptotically to the maximum yield after 18 h. This result
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is in accordance with the availability of sulfonyl azide 143 as it is consumed completely after 18 h
at 40 °C. The reaction yielded more cyclohexyl azide 171 in a more diluted solution, which can be
rationalized by the solubility of the reagents. The photocatalyst loading 299 as well as the amount
of Li,COs play an almost negligible role.

To verify the obtained result and check for the transferability of the protocol to different cyclic
alkanes, we synthesized cycloheptyl azide 301 according to modified procedure of Ito et al.>* and

536]

cyclooctyl azide 303 according to Steinheimer et al.’*%! as calibration standards (Scheme 34).

Br 1.2 equiv. NaN3 N3
1.2 equiv. TBAF
over night, 70 °C
THF
300 301 (47%)
1.0 equiv. MeLi
r.t, 30 min
NH toluene Ns
then 1.0 equiv. 143
rt,3h
302 303 (51%)

Scheme 34 Synthesis of cycloheptyl 301 and cyclooctyl azide 303.

Cyclohexane 172, cycloheptane 304 and cyclooctane 305 were functionalized under the conditions
we have obtained from the DoE optimization (Table 15). The yield of cyclohexyl azide 171 was
exactly the same as predicted by JMP® 14 (entry 1). However, moving to cycloheptane 304 the
reaction furnished only 26% (entry 2) and 27% in the case of cyclooctane 305 (entry 3). Variation
of temperature to 30 °C yielded 21% (entry 4) and to 50 °C yielded 29% 301 (entry 5).

Table 15 Azidation of different cyclic alkenes under DoE optimized conditions.
5 mol% 299

1.0 equiv. 143
20 mol% 220

1.0 equiv. Li,CO4 N3

(CHa)n 18 h, 40 °C, 448 nm C&Z)n

(CH,CI),/PhCF4 (1:1)

3 equiv. 171n=1

172n=1 301n=2

304n=2 303n=3

305n=3

Entry? n T/°C Light intensity Yield® /%
per vial / W

1 1 40 1 44
2 2 40 1 26
3 3 40 1 27
4 2 30 1 20
5 2 50 1 29
6 1 40 5 16

aReaction was performed on a 0.5 mmol scale (0.16 M) under constant irradiation with 448 nm under N,-atmosphere in

a TAK120 liquid-cooled photoreactor. ®Yield determined via GC-FID with n-nonane as internal standard.
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In comparison to the results of Margrey et al. these results are somehow unexpected as they
obtained the same yield for cyclohexane and cycloheptane (58%, 57%), while also obtaining a
higher yield for cyclooctane (72%).1*") Also other recent examples throughout the literature show
the same trend in yields that is Cs > C7 > Cs > Cq.!!*!42479537] This trend can be rationalized trough
strain release during the transition state going from tetrahedral sp*-hybridisation to an trigonal-
planar sp’-hybrid for every cycloalkane except cyclohexane. The latter consists of a perfect
tetrahedral geometry and if one carbon atom becomes sp*-hybridised strain is put into the ring
trough an eclipse arrangement with the adjacent hydrogen atoms (cf. Section 2.2.2.2). This also
implies that the HAT step cannot be the rate-determining step of the reaction.

Therefore, we hypothesized that the problem might be associated with a different issue. Figure 38
shows that the overall yield increases with decreasing amounts of HAT agent 220. This finding
indicates that the overall mechanism cannot be as proposed (Scheme 30). If the mechanism was
operable, we would expect the overall yield to increase to a certain degree with increasing amount
of HAT agent 220. Furthermore, higher amounts of HAT agent 220 would give a higher possibility
of forming the radical cation 249 trough electron transfer to the photocatalyst instead of forming
sulfonyl amide 174. Hence, a different mechanism must be operating, possibly chlorine radical
background catalysis. In this mechanism the HAT agent 220 would act as an initiator instead of a
catalyst, while the overall chain is carried by chlorine radicals. The overall mechanism would then
correspond to class of photoinitiated reactions (cf. Section 4.1). Analysis of the reaction mixture
also showed small amounts of chlorinated product that result either from radical recombination or
chlorine radical abstraction from the solvent.”'"®32% This hypothesis is further supported by
previous findings since an increase of temperature above 40 °C in pure (CH»Cl), would result in a
decrease of the overall yield (cf. Table 6). It also explains why a mixture of (CH>Cl),:PhCF; (1:1)
works better than pure (CH,Cl), due to the lower possibility of generating free chlorine radicals.
Furthermore, upon increasing the light intensity per vial to 5 W we only obtained 16% yield for
cyclohexyl azide 171 (Table 15, entry 6). Any of the former discussed parameters results in a more
uncontrolled formation of chlorine radicals, which would ultimately result in higher concentration
of radicals, side reactions and termination events. This background catalysis may also explain the
mentioned reproducibility issues we experienced throughout our whole research. As a result, we
cannot apply any chlorinated solvent to make sure that no chlorine radical based background

reaction outperforms our system.
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7.7 Two Steps Backward, One Step Forward — The Search for Alternatives

As a result of the identified chlorine background catalysis, we first looked at MeCN as alternative
solvent (Table 16). Based on the results obtained from screening of different azide trapping agents
with different acridinium catalysts, we chose sulfonyl azide 143 in combination with PC 299 and
sulfonyl azide 276 with PC 183 (cf. Table 13). Furthermore, since sulfonyl azide 277 displayed
poor solubility in (CH2Cl),:PhCF3 but still yielded 22% cyclohexyl azide 171, we wanted to take
advantage of the increased solubility in MeCN and screen it against all synthesized acridinium
catalysts. Lastly, since the former reactions in chlorinated solvents showed a high sensitivity on
light intensity because of chlorine radical generation, we considered changes in light intensity as

another parameter to increase the yields in MeCN.

Table 16 Screening of different azide trapping agents and acridinium photocatalysts under different conditions in
MeCN for the azidation of cyclohexane.

20 mol% 220

1.0 equiv. Li,CO3 Na
18 h, 50 °C, 448 nm

MeCN
172 171
Entry® 172 /[ equiv.  Sulfonyl azide Acridinium Light Yield® / %
catalyst intensity per
vial / W
1 3.0 143 (1.0 equiv.) 299 10 26
2 1.0 143 (2.0 equiv.) 299 10 24
3 1.0 143 (2.0 equiv.) 299 5 24
4 1.0 276 (2.0 equiv.) 183 5 19
5 3.0 277 (1.0 equiv.) 143 5 23
6 3.0 277 (1.0 equiv.) 182 5 28
7 3.0 277 (1.0 equiv.) 183 5 31
8 3.0 277 (1.0 equiv.) 294 5 11
9 3.0 277 (1.0 equiv.) 295 5 24
10 3.0 277 (1.0 equiv.) 296 5 12
11 3.0 277 (1.0 equiv.) 297 5 13
12 3.0 277 (1.0 equiv.) 298 5 12
13 3.0 277 (1.0 equiv.) 299 5 24

aReaction was performed on a 0.5 mmol scale (0.16 M) under constant irradiation with 448 nm under N»-atmosphere in

a TAK120 liquid-cooled photoreactor. ®Yield determined via GC-FID with n-nonane as internal standard.

None of the conducted experiments in MeCN gave comparable yields compared to (CH2Cl):PhCF3
solvent system. However, the reactions are not as sensitive to a change in light intensity as expected.

Initial experiments could be conducted at 10 W per vial irradiation still yielding comparable results
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to reactions irradiated with 5 W per vial (compare entry 1 and 2 to 3-13). Furthermore, conducting
the reactions with 3.0 equiv. cyclohexane and 1.0 equiv. sulfonyl azide gave comparable results to
1.0 equiv. cyclohexane 172 and 3.0 equiv. sulfonyl azide (entry 1 and 2). Using sulfonyl azide 277
in combination with acridinium catalysts (143, 182, 183, 294-299) still showed a dependency based
on the applied acridinum catalysts but was ultimately not as pronounced as in (CH2Cl),:PhCFs.
Still, all reactions furnished comparable amounts of sulfonyl amide 174 in MeCN to
(CH2Cl)2:PhCFs.

o o

CN

306
E*eq =1.99 Vvs. SCE
Eox =—0.91 Vvs. SCE

307
E*eq =1.56 V vs. SCE
Eox =—1.16 V vs. SCE

:

5.0 equiv. carbazole
NC]@iCN 7.5 equiv. NaH NC CN
18 h, r.t. O
Cl Cl THF N N O

Cl

O

307 (69%)
Scheme 35 a) Photocatalytic systems DCA and 3CzCIIPN. b) Synthesis of 3CzCIIPN.

Based on these results, we considered that the use of other trapping agents might lead to increased
yields. Therefore, different photocatalytic systems were needed to be applied and we chose
9,10-dicyanoanthracene (DCA) 306 and 2,4,6-tri(9H-carbazol-9-yl)-5-chloroisophthalonitril 307
(3CzCIIPN) as suitable systems (Scheme 35a). 3CzCIIPN was synthesized according to Speckmeier

and co-workers (Scheme 35b).1>

220

Eox = 1.62 V vs. SCE
Ksy(306) = 0.199 mM~!
Ksv(307) = 0.031 mM~!

S0
~0

00 (N :
s. A

243

Eox = 1.53 V vs. SCE
Ksy(306) = 0.238 mM™!
Ksy(307) = 0.020 mM™!

Figure 39 Measured oxidation potential and Stern-Volmer constants for 4-
pyridylidenesulfonamides 220 and 243 with photocatalysts 306 and 307.

DCA 306 is able to reduce iodanyl radicals™®*” and a-EWG-radicals>***¥! and therefore allows the
usage of benziodoxol derivatives and electron-deficient double bonds as trapping agents. 3CzCIIPN

307 is also able to reduce a-EWG-radicals and was used in combination with electron deficient
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double bonds.”*® Since 3CzCIIPN 307 does not possess an E*.q that is high enough for an
exergonic electron transfer with 220, we also considered naphthalene derived
4-pyridylidenensulfonamide 243 and measured for both HAT agents the corresponding Stern-
Volmer constants (Figure 39). Both systems 220 and 243 interact strongly with DCA but show
poor interaction with 3CzCIIPN. Ksv(307) is lower for easier oxidizable HAT agent 243.
Afterwards, we synthesized benziodoxol-based trapping agents 311 and 313 according to Zhadakin

et al® and Frei et al.,™*¥ respectively, to provide electrophilic alkynyl and cyano sources

(Scheme 36).
O _OH o) 1.05 equiv. trimethylsilyl triflate o
0 1.05 equiv. (phenylethynyl)- 0
| 1.05 equiv. NalO,4 \l\OH trimethylsilane K —
41, reflux 30 min, r.t. T—py
acetic acid MeCN
309 310 (90%) 311 (86%)

30 min, reflux
acetic anhydride

o (0]
Q Q
< 2.0 equiv. TMSCN |-
Ohe 90 h, rt. CN
312 (73%) 313 (92%)

Scheme 36 Synthesis of benziodoxol based trapping agents 311 and 313.

Both benziodoxol-based trapping agents 311 and 313 as well as acrylonitrile and methyl acrylate
were applied in the functionalization of cyclohexane 172 together with DCA 306 under the
conditions depicted in Scheme 37a. 3CzCIIPN 307 was used together with acrylonitrile and methyl
acrylate (Scheme 37b). In none of the reactions we were able to identify any product by GC-MS.
While for 3CzCIIPN 307 the result may be traced back to the poor interaction with 220 and 243, it
has been shown that the efficiency of PET from DCA suffers from unproductive BET, which
typically occurs before solvation of the contact ion pair.*”*! We hypothesize that ket > Kescape >>

kuat and therefore the HAT step does not take place.

a) -
20 mol% 220 or 243 X= -$=—Ph

5 mol% 306

1.0 equiv. Li;CO3 _EEN

2.0 equiv. 311, 313, acrylonitrile

X
O or methy),acrylate ~CN
MeCN !

40 °C, 18 h, 448 nm (5 W)
172 314

b) 20 mol% 220 or 243
5 mol% 307
1.0 equiv. Li,CO3
2.0 equiv. acrylonitrile X

or methyl acrylate
MeCN

40 °C, 18 h, 448 nm (5 W)
172 314
Scheme 37 a) Functionalization of cyclohexane applying DCA 306 as photocatalyst and various trapping agents.
b) Functionalization of cyclohexane applying 3CzCIIPN 307 and electron deficient double bonds as trapping agents.
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As acridinium photocatalysts remain the best choice for unactivated C(sp’)-H functionalization in
combination with 4-pyridylidenesulfonamides, we looked at other transfer agents based on a
p-(trifluoromethyl)benzenesulfonyl backbone. We took this approach as we already know from the
azidation experiments that the reduced form of the photocatalyst can be oxidized by the formed
p-(trifluoromethyl)benzenesulfinyl radical 167. The chosen sulfonyl trapping agents with their
corresponding synthesis are depicted in Scheme 38. Tosylcyanide 315 was commercially purchased
from Sigma Aldrich and 1-((tris(1-methylethyl)silyl)ethynyl)-1,2-benziodoxol-3(1H)-one 320 was

already available in the Schreiner group.'

\\ // \\ /’ Q\ /,O N
o O
3C FsC

)@f AT S e

316 317 318
o
Q
=
T—1pps
SH 320 1.2 equiv. O\\s/p
1.2 equiv. tetramethylguanidine
q ylg \ 3.0 equiv. mCPBA' \
F.C rt., 5 min TIPS ~ overnight, rt. TIPS
8 THF CH,Cl, FC

319 321 (91%) 316 (88%)

2.0 equiv. 173
2.0 equiv. pyridine

r.t., over night

©/SH

322 317 (71%)

1.0 equiv. 37% formaldehyde,q

©/\0/ NH, ©/\O’ N%

reflux, over night

benzene
323 324 (94%)
1.7 equiv. NaH S__N.
1.7 equiv. 319 ~>"0 3.0 equiv. MCPBA
rt.,3h F.C over night, r.t.
THF 3 CH,Cl,
326 (95%)

1.2 equiv. NCS

S

325 (77%)

40°C,5h
DMF

QP

0
FsC

318 (56%)

Scheme 38 Sulfonyl based trapping agents and their corresponding synthesis.

Trapping agents 315-318 were afterwards applied for the functionalization of cyclohexane under
the conditions depicted in Scheme 39. Neither of the reactions furnished any product, except for
trapping agent 318 trace amount of product were identified by GC-MS. Tosylcyanide 315 was
insoluble in MeCN. Investigation of the properties of the trapping agents in combination with the

photoredox catalysts 299 revealed 316-318 to photodegrade. The application of 316 led to a

! Synthesized by Artem Tsymbal during his Liebig College stay as a part of the Schreiner Group at the Justus-Liebig
University in 2016.
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completely black solution, speculatively trough polymerization or photoaddition. Thiophenol

transfer agent 317 is reported to homolytically cleave the S—S-bond through Dexter energy transfer

545

with acridinium photocatalysts'***! while 318 formed a variety of photodecomposition products.

20 mol% 220 X= -$=N
5 mol% 299 __
1.0 equiv. LiyCO5 X “=—TIPS
2.0 equiv. 315-318
5S.
MeCN Ph
40°C, 18 h, 448 nm (5 W) N. Bz
“"0
171 314 e

Scheme 39 Functionalization of cyclohexane applying acridinium catalyst 299 as
photocatalyst and various sulfonyl-based trapping agents.

To analyze the decomposition products of 318 and quantify the amounts of product formed we
synthesized standard 330 according to Schaffner et al. (Scheme 40). We conducted the same
reaction in (CH>Cl); to obtain higher yields based on chlorine background catalysis. The yield was
quantified via GC-FID to be 9%. Furthermore, the formed oxime proofed to be susceptible to
hydrolysis and radical cleavage as determined by the formation of cyclohexanecarboxaldehyde,
benzyl alcohol and benzaldehyde via GC-MS. As a result, none of the newly synthesized trapping

agents can be applied under the reaction conditions.

2 0.8 equiv. K,CO;4 Q /_@
_ 3.0 equiv. benzyl bromide _
@EléN OH rt., 24 h @QN © reflux, 1.5 h
DMSO AcOH:conc. HCI (3:1)

o] o)
327 328 (61%)

0.1 equiv. pyrrolidine

® 1.0 equiv. cyclohexane-
©AO,NH3 carboxaldehyde o)
N
o rt.,1.5h
cl THF @

329 (73%) 330 (86%)

Scheme 40 Synthesis of oxime standard 330.
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7.7.1 Unanswered Questions

Besides any attempt to vary trapping agents or photocatalysts, still one question was left to be
answered: “Why does the reaction work so much better in (CH>Cl), than in MeCN?” or in other
words “To which degree does chlorine background catalysis contribute to the overall yield?” To
answer this question, we refined our computations at the revDSD-PBEP86-D4/def2-
QZVPP//PBEh-3c level of theory, also using MeCN and CH,Cl, CPCM models to attribute for
solvent effects (Figure 40). The revised version of DSD-PBEPS86 is one of the most accurate DFT
methods as shown by benchmark studies.’*) We also included the BF, -anion into our
computations. In the ET step to form the radical cation there is no net change in the overall charge
as the positive charge moves from the acridinium photocatalyst 299 towards the
4-pyridylidenensulfonamide, so the anion itself needs to move as well and apparently associates to

the radical cation.

H / kcal mol~?

 —
-15.5
(- 15.3;-15.7)

revDSD-PBEP86-D4/def2-QZVPP//PBEh-3¢ ¢ (reaction coordinate) / amu'/? Bohr

Figure 40 Gas phase potential energy surface of the hydrogen atom transfer step of cyclohexane (color code: carbon:
grey, nitrogen: blue, oxygen: red, sulfur: yellow, hydrogen: white) at the revDSD-PBEP86-D4//def2-QZVPP//PBEh-
3c level of theory. Values for CPCM models MeCN and DCM are given in parenthesis, respectively.
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The reaction barrier in MeCN is almost twice as high as in CH,Cl, (approximately the value should
be the same for (CH2Cl),). If the HAT step is rate-determining in the overall reaction, lowering the
activation barrier in MeCN to AH* < 4.1 kcal mol™' should increase the yield to a comparable
amount in MeCN and CH»Cl; if chlorine background catalysis plays only a minor role.

To vary AH* we analyzed the impact of several counteranions on the activation barrier. Farney et
al. already showed a counteranion dependency in [Ru(btfmb);]X, catalyzed [2+2]-
cycloadditions."*"! They showed that the excited state energy as well as the ground- and excited-
state redox potentials are varied based on the coordinating ability of the counteranion and therefore

the overall yield and turnover of the reaction.**!)

T
©
IS
g — 8.7 (C)
=  —. 7.9 (BF,")
T .
| — 4.6 (PFg)
| — 4.3 (no anion)
- — 3.0 (OTH)
- M 2.4 (ClOy)

-10.2 (CI)

— (
' —13.3 (no anion)
O\ e —15.3 (BF”)
L, e —15.5 (PFg7)
. — _16.6 (OTF)
= —17.4 (CIO4")

revDSD-PBEP86-D4/def2-QZVPP//PBEh-3c & (reaction coordinate) / amu'/2 Bohr
CPCM Model = MeCN

Figure 41 Gas phase potential energy surface of the hydrogen atom transfer step of cyclohexane at the
revDSD-PBEP86-D4//def2-QZVPP//PBEh-3¢c (CPCM: MeCN) level of theory.

We analyzed the same reaction as in Figure 40 with different anions and MeCN as CPCM model.
The results depicted in Figure 41 clearly show that AH* depends on the nature of the anion. Yet, no
trend for the coordinating ability of the anion can be observed. No trends in geometrical properties,
spin densities, or charge densities could be seen either. The only observable trend are higher
imaginary wavenumbers leading to lower AH* values. Hence, the impact of the counteranion
remains unknown. An in-depth look at orbital and bonding compositions, changes in dipole
moment, natural charges and spin densities, and a natural energy decomposition analysis is advised.
To probe the computational results, we synthesized photoredox catalysts 332-334 with OTf", PFs ,

and ClO4 as counteranions (Figure 42) and compared them to the results with BF4~ as anion for the
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azidation of cyclohexane in MeCN (7Table 17). We have not determined ground- and excited state

redox potentials of the newly synthesized acridinium catalysts 332-334.

O 3.0 equiv. AcOH O
1.5 equiv. EtzN
Bu Bu 1.2 equiv. aniline Bu AN Bu
A
O ® O 12h,rt. @
o CH.Cl,
®B

S
then X~ wash X
Fa4
290

331
f
Bu N Bu Bu N Bu Bu N By
(’3/ ('3/ (’3/
©) ©)
i o i PFs cio,
332 (73%) 333 (69%) 334 (87%)

Figure 42 Synthesis of acridinium photocatalysts bearing different counteranions.

From our initial studies on BF4~ anion we knew that there is a temperature dependency of the overall
yield (entry 1-3). We conducted our experiment at 40 °C as this proved to be the optimal
temperature in DCE by DoE analysis. For every of the applied four anions the yield was about 20%
(entry 2 and 4-6). Since, radical cation 249 associated with CIO4~ possesses the lowest activation
barrier the following experiments were conducted with PC 334 to provide the biggest energetic
difference compared to BF4~ bearing PC 299. Increasing the temperature to 50 °C also revealed no
difference (entry 3 and 9) while using 3 equiv. cyclohexane and 1 equiv. 143 at 50 °C yielded 31%
product in each case (entry 7 and 8). Consequently, this leads to two conclusions. The first could
be rationalized if there is no association of the radical cation and the anion in solution and they exist
as free ions. MeCN was used as a solvent and it is known that the ion separation distance increases

7 Gould et al. also speculated that methylacridinium PCs

as a function of the dielectric constant.!
exist as free ions in MeCN as they observed no differences in back electron transfer rates in the
Marcus inverted region for different anions.**®! However, Jayanthi e al. showed that electron
transfer rates in the backward direction are independent of the solvent polarity for charge-shift
systems. Due to the lack of coulombic forces in the formed radical pair the escape yield for free
ions only depends on the viscosity of the solvent and not on the solvent polarity or radical separation

(5493501 The speculation of Gould ef al. might therefore be wrong.

distance.
The second conclusion would be that the HAT step is not rate-determining. Evidence for this also
comes from the computations as the overall computed reaction barrier is only up to AH* = 8 kcal
mol™' for any considered reaction and should be easily overcome under the given reaction
conditions. Yet, we observed a strong temperature dependency of the yield in MeCN (entry 1-3)

and even a linear dependency in (CH,Cl); (c.f. Table 14, Section 7.6) up to 40 °C.
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Table 17 Counteranion dependency on the yield for the azidation of cyclohexane.

5 mol% 299 or 332-334

O 70 6quiv. LsCO, ONz
18h, 4'(}'20% BW)
172 171
Entry® 172 / equiv. 143 / equiv. T/°C Counteranion Yield® / %
1 1.0 2.0 20 BFs~ 13
2 1.0 2.0 40 BF4~ 22
3 1.0 2.0 50 BFs~ 24
4 1.0 2.0 40 PFe~ 20
5 1.0 2.0 40 OTf™ 21
6 1.0 2.0 40 Clo4 21
7 3.0 1.0 50 BFs~ 31
8 3.0 1.0 50 Clo4 31
9 1.0 2.0 50 ClO4~ 21
10¢ 3.0 1.0 20 Clo4 24
11° 3.0 1.0 50 ClO4~ 27
12¢ 1.0 2.0 20 Clo4 16
13¢ 1.0 2.0 50 ClO4~ 21
14¢ 1.0 2.0 20 ClO4 18
15¢ 1.0 2.0 20 ClO4~ 13
16¢ 3.0 1.0 20 ClO4 27
17¢ 3.0 1.0 20 Clos~ 25

aReaction was performed on a 0.5 mmol scale (0.16 M) under constant irradiation with 448 nm under N,-atmosphere in
a TAK120 liquid-cooled photoreactor. *Yield determined via GC-FID with n-nonane as internal standard. ©20 mol%
biphenyl added. 450 mol% biphenyl added. €100 mol% biphenyl added.

A hypothesis which step within the catalytic cycle can be rate-determining comes from the EPR
detection and the radical decay kinetics of the signal (Figure 43). Every depicted line resembles a
three-minute time frame. The signal intensity diminishes rapidly at the beginning but reaches a
steady state after nine minutes. No further decay of the signal was observed even after 30 min. This
leads to the conclusion that the radical cation remains stable in MeCN and that the decay proceeds
through BET regenerating ground-state acridinium photocatalyst 299 and ground-state
4-pyridylidenesulfonamide 220.
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Figure 43 EPR measurements of 132 and 220 after 5 minutes of irradiation with 448 nm in MeCN. The EPR
measurement was taken in the dark with dt = 3 min between each measurement. Microwave Frequency: 9.451 GHz,
Modulation Frequency: 100 kHz, Modulation: 0.80 mT, Microwave Power: 80 mW, Sweep Time: 5 s.

To underscore this finding, biphenyl (Eox = 1.96 V vs. SCE)*!! was added as a mediator to the
reaction. Biphenyl itself is known from reactions with DCA 306, which are typically hampered by
BET,"”! to be a good donor with high escape yields and therefore a mediator to form free ions.>**
3341 If 20 mol% of biphenyl are added to the reaction the temperature dependency diminishes
(Table 17, entry 10-13). While addition of 50 mol% leads to comparable yields (entry 12 and 16)
the yield drops by addition of up 100 mol% (entry 14 and 15, 16 and 17, respectively). These
observations show that indeed the HAT step is not rate-determining, but the competing rate kinetics
for solvent escape and BET are. Hence, the temperature dependency of the reaction can be
explained by lower viscosity of the solvent at higher temperatures leading to higher escape
yields.”*! To rationalize and finally to conclude from these findings, the mechanism of interplay

between solvation, excitation, ET, and BET, as well as their solvent and free energy dependency

needs to be considered.
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7.8 Back Electron Transfer vs. Cage Escape

Weller showed that there are two types of radical ion pairs in polar solution which result from
bimolecular photoinduced electron transfer, the so-called contact radical ion pair (CRIP) and the

solvent separated radical ion pair (SSRIP).!>*%>%7

I These historic descriptions have their origin in
solvolysis studies in which SSRIPs have been distinguished from CRIPs via the “special salt”
effect.*>% Figure 44 shows the interplay between all of these states. SSRIPs are formed via
locally excited acceptor (A* + D) that approaches a donor via “random-walk”-theory*®! and if they
come into vicinity (A*(S)D) and exchange an electron with solvent molecules in between they form
an SSRIP (A*(S)D*"). If they approach even further (A*D) and exchange an electron without
solvent molecules in between they form a CRIP (A* D*"). CRIP and SSRIP can interconvert through
solvation (ksolv / ksotv) or the formation of free ions (A*~ + D*") can take place from the SSRIP (ksep
/ k—sep). BET is possible either from the SSRIP or the CRIP, with both having different dependencies

on reaction parameters. Furthermore, if a ground-state complex (AD) is excited it forms directly an

exciplex (A*D).

A*D k_s A*(S)D -~ A*+D =~

— (Ket)ss

A_D + ksolv A 7(S)D'+ ksep A"y D+ hy

hy
(Keetdep (K_etdss

L— AD A(S)D A+D —

OO O O o O

~35A 6-8 A >8A

Figure 44 Interplay of intermediates in photoinduced electron-transfer reactions, adapted
from Gould et al.5%]

An exciplex can have varying charge-transfer (CT) character due to the mixing of wavefunctions
of complete ionic states and locally excited that lead to a dipole moment."? The CRIP itself is
therefore a special case of an exciplex in which charge transfer is complete (emphasized via the
double-headed arrow in Figure 44).°%%4 CRIPs are believed to have a face-to-face orientation
with around 3.5 A separation distance, while SSRIPs possess a solvent layer between the ions
leading to a separation distance of 6-8 A. Due to the solvent layer SSRIPs have a less defined
structure and lower electronic coupling than CRIPs and therefore do not emit, whereas CRIPs can
be identified by CT emission.’****! However, the yield of exciplex emission drops rapidly with

¢ [565-567

increasing dielectric constant of the solven Indeed, we did not observe a new emission band

in our Stern-Volmer measurements. Typically, in polar solvents only the SSRIP is of importance,
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while in less polar solvents the CRIP may play a more important role as solvation (kslv) to form the
SSRIP becomes endothermic,[33¢:237-361:563]

Back electron transfer rates ((k—t)ss) for singlet and triplet SSRIPs in acetonitrile have been studied
in a variety of systems and led to the observation of Marcus “inverted” behavior, in which the BET-

551,568-572

rates decrease with increasing exothermicity.! I The exothermicity of a BET AG_ is given
by Equation 8 and can be obtained through cyclovoltammetric measurements of the reduction
potential of the acceptor E.d(A) and the oxidation potential of the donor Ee (D).’ If —~AG
exceeds the systems reorganization energy A (Equation 9) Marcus “inverted” behavior is
observed.!! For typical systems the reorganization energy A in MeCN is estimated to be A = 1.5-
2.0 eV, [331:368572]
AG_er = Ereq(A) - Eox(D) ®)
A=A+ 4, 9
Direct excitation of a ground-state complexes (AD) into the CT band leads directly to the formation
of an exciplex/CRIP. However, it is often observed that this type of irradiation results in almost no

573-576
sl

free ion formation as non-radiative decay is extremely efficient in these system Jand typically

higher than in SSRIPs.’’” The formation of ground-state complexes depends, within a series of

molecules forming an AD complex, on the oxidation potential of the donor. The equilibrium

[563

constant decreases as the oxidation potential of the donor increases.®) Ground-state complexes

can be identified by a broad, red-shifted CT band which does not appear in the donor or the acceptor

and have been observed for CT as well as for CSF7¥

complexes.** To verify if a ground-state
complex forms under our conditions we recorded UV/Vis-spectra with PC 299 (A) varying the
concentration of donor 220 (D) (Figure 45). Chloroform was chosen as a solvent to increase

solubility of donor 220.

3
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Figure 45 UV/Vis spectra of acceptor (A, 10* M) 299 with varying donor (D) 220 concentrations in CHCl;.
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The spectrum does not show formation of a ground-state complex as there is no indication of a CT
band, slight broadening of the absorption bands, or diminishing of vibrational structure.!****"*) The
increase in absorbance around 400 nm is attributed purely to the tailing of donor absorption (dotted
line). Hence, no ground-state complex forms in our reaction and BET rates ((k-()ep) cannot be
attributed to direct formation of a CRIP from a ground-state complex displaying fast non-radiative
decay. Furthermore, temperature, concentration, and catalyst loading dependencies obtained from
the DoE conducted in (CH,Cl), (Figure 38) can also not be attributed to ground-state complex
formation, although the obtained trends clearly follow the kinetics for ground-state complex
formation. This must be seen as a further indication that chlorine catalysis plays a crucial role in
chlorinated solvents for our system.

Accordingly, BET for our reaction should mainly proceed from the SSRIP. The rate for the
formation of a CRIP (k) from a collision complex (A*(S)D) decreases with increasing
exothermicity (decreasing oxidation potential of the donor) of the electron transfer reaction. This
means if (ke)ss increases as a function of AGe becoming more exergonic, it follows (ket)ss > ks and

1363 For cyanoanthracene/alkylbenzene systems in MeCN, it

the formation of a CRIP is bypassed.
was found that SSRIPs hardly form for —AGe < 0.4 eV but proceed with efficiency near unity for —
AGe> 0.6 V.0

By analyzing the values of acridinium photocatalyst acceptor 299 and 4-pyridylidenensulfonamide
donor 220 it follows a value of AGeg = — 0.45 eV for the forward electron transfer and
AG_t=-2.17 eV for the backward electron transfer. Analyzing the obtained results and comparing
them to literature values the following picture can be drawn. Our system does not form a ground-
state complex. Direct excitation to the CRIP can therefore be ruled out. The AGe value is
intermediary between the values for the cyanoanthracene/alkylbenzene systems in MeCN and an
intermediate behavior from diffusive quenching can approximately be expected with both CRIP
and SSRIP being formed.’*) The AG_ is higher than the typical values for A (1.5 — 2 eV for the
SSRIP, 3313683721 0 5 _ (0.7 eV for the CRIPP**7)) obtained in literature studies in MeCN and
Marcus “inverted” behavior is expected. However, the aforementioned faster BET in CRIPs is not
generally applicable. Due to the lower reorganization energy A, CRIPs show a steeper rise for k «
than SSRIPs. This means for highly exothermic AG ¢ values (k-et)ep & (k-ct)ss.C*** This behavior
is expected in our case. Due to the missing coulombic forces in CS system electron transfer rates
are independent of polarity. Furthermore, cage escape yields and reorganization energies are as well
and therefore comparable to those obtained in CT systems.**>>>% Jayanthi ef al. even obtained
slightly higher reorganization energies A = 2.03 eV for triphenylpyrilium/halogenated benzene

349330 Considering that our system possess more decrease of freedom than, for instance,

systems.[
bromobenzene, it should lead to higher internal and external reorganization energies. Therefore, we

can argue that we are near the upmost turning point for SSRIPs Marcus plots as the values for the
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reorganization energy A and our obtained AG_ should be virtually the same. Hence (/k_et)ss is nearly
at the maximum value for BET. This finding might also explain the reaction inhibition by the
interplay of PC, HAT agent and azide trapping agent and concomitant formation of sulfonyl amide
174. While the interaction of PC 299 and HAT agent 220 is hampered by unproductive BET the
interaction of PC 299 and sulfonyl azide 143 may not. If the formation of sulfonyl nitrene 175
proceeds via energy transfer no BET can occur and if it proceeds via electron transfer the entropy
driven extrusion of nitrogen should compete with BET and cage escape rate constants.

Consequently, increasing the oxidation potential of the 4-pyridilydenesulfonamide donor must be
the next step. This would lower k_; for the CRIP and the SSRIP and therefore increase free ion
yields. Moreover, this would facilitate CRIP formation with higher exergonicity of AG_, but as
(k-e)ep << ksov=5 x 107 57" in MeCN**" they cannot compete. This phenomenon makes biphenyl

such a good mediator for free ion formation in combination with DCA 306.1°°"]

Table 18 Screening of different 4-pyridylidenensulfonamides with increasing oxidation potential for the azidation of
cyclohexane 172.

5 mol% 334
20 mol% HAT agent
2.0 equiv. 143 N
1.0 equiv. Li,COg 3
O 18 h, 20 °C, 448 nm (5 W) O/
MeCN
172 171
Entry? HAT Agent Eox / V vs. SCE Ksv(132) / mM™ Yield® / %
1 220 1.62 0.146 18
2 166 1.68 0.074 11
3 221 1.73 0.062 16
4 237 1.75 0.076 17
5 218 1.80 0.039 4
6 238 1.87 0.046 17
7 239 1.90 0.038 14
8 240 1.90 0.053 16
9° 218 1.80 0.039 24

aReaction was performed on a 0.5 mmol scale (0.16 M) under constant irradiation with 448 nm under N>-atmosphere in
a TAK120 liquid-cooled photoreactor. *Yield determined via GC-FID with n-nonane as internal standard. ©20 mol%
biphenyl added.

Therefore, we took eight different 4-pyridylidenesulfonamides with increasing oxidation potential
and compared the yield to the results obtained with 4-pyridylidenesulfonamide 220 (Table 18).
Since we have not quantified any interaction of 4-pyridylidenensulfonamides with PC 334 the given
Ksv correspond to the interaction with PC 143 to give an impression about the interaction. Neither
of the performed reactions furnished more yield as with 220. However, this might be a result of the

poorer interaction with PC 334. Nevertheless, conducting the reaction with
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4-pyridylidenesulfonamide 238, which interacts a third as good as 220 with PC 143 gave almost
the same result as with 220 (entry 1+4).

The reaction with 218 (entry 5) gave only 4% yield because of the poor interaction with PC 334.
However, since the initial experiments with addition of biphenyl as mediator showed the
temperature dependency to diminish (7able 17), we added 20 mol% biphenyl and the yield
increased to 24% (entry 9). In the initially conducted experiments 220 possessed a higher Ksy which
counteracts the effect of biphenyl since the PC rather interacts with 220 than with biphenyl. We
quantified the interaction of PC 334 with biphenyl to be Ksv = 0.068 mM . Therefore, it is assumed
that biphenyl interacts better with PC 334 than 218. Based on this assumption the impact of BET

3 possesses

on the overall reaction is further emphasized. Since biphenyl (Eox = 1.96 V vs. SCE)!
the highest oxidation potential of all tested systems, it gives the highest yield even if it is just used

as a mediator.

a)

1.5 equiv. aniline
2.5 mol% Pdy(dba)s
5 mol% dppf

1.5 equiv. NaO'Bu

H

1.2 equiv. 2-iodobromobenzene
2.5 mol% Pd,(dba)s

5 mol% RuPhos

1.5 equiv. NaO'Bu

100°C,1.5h 90°C,2.5h
toluene toluene
335 336 (96%)
b)
1.7 equiv. n-butyllithium O O
Et,O:n-hexane (1:10) MeO
Br 60 °C, 6 h X

MeO. N then 1.0 equiv. 135 O ® O N
rt,12h NG P
then CIO4~ wash ITI o

Clo,

339
E*eq=1.88 Vvs. SCE

f Scio,

337 (74%)

338 (14%) Eox =—0.57 V vs. SCE
c)
Br Br Br
. . ) eSbCIe
3.0 equiv bromine 1.5 equiv. SbClg
r.t., over night Br Br r.t, 30 min Br o
CH,Cl,

jeus!
Br Br Br

341 (75%)

Lol
O
Br Br Br

342 (89%)
Eox=1.74 V vs. SCE

Br Br

340

Scheme 41 a) Synthesis of acridinum catalyst 338. b) Fukuzumi dye. ¢) Synthesis of bromo substituted
triarylaminium radical 342.

To further support our hypothesis, we synthesized acridinium photocatalyst 338 according to

%] The corresponding catalyst with Br~ anion

modified procedure of Fischer et al. (Scheme 41a).!
possesses E*.cq = 1.68 V vs. SCE and Eo = —0.57 V vs. SCE.’* We directly synthesized the
corresponding catalyst with ClO4™ to compare the results to the former reactions without worrying
about the counteranion dependency. The catalyst was chosen to provide a counter example as the

reduction in E*.4 changes the forward direction, with respect to the lower exergonicity of the
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process (AGe = —0.04 eV), but it does not change the backward direction that is still
AG_¢t=—-2.21 eV. Based on the former discussion, CRIPs should form preferably.

Furthermore, we applied Fukuzumi dye 339 as PC since the ET proceeds mainly from a triplet state

(Scheme 41b), therefore, introducing another barrier for BET due to a spin forbidden process™®'~

>%4] and synthesized 342 according to Steckhan et. al. to provide an “innocent”, stoichiometric SET

reagent which does not necessitate an excited state to engage in ET processes.**”!

All three SET systems were applied in the azidation of cyclohexane (7able 19). In accordance with
our hypothesis the reaction with PC 338 furnished only 3% yield (entry 1). However, applying
Fukuzumi dye 339 gave only 12% yield, which might be a result of poor interaction with 220 or
good interaction with trapping agent 143. The use of stoichiometric SET system 342 resulted in a
completely black solution from which no product formation could be identified.

Table 19 Screening of different SET systems for the azidation of cyclohexane.
5 mol% SET system
20 mol% 220
2.0 equiv. 143

1.0 equiv. Li;CO3 Na
18 h, 20 °C, 448 nm (5 W)
MeCN
172 171
Entry? SET system Yield® /%
1 338 3
2 339 12
3¢ 342 0

aReaction was performed on a 0.5 mmol scale (0.16 M) under constant irradiation with 448 nm under N»-atmosphere in
a TAK120 liquid-cooled photoreactor. *Yield determined via GC-FID with n-nonane as internal standard. *Solution was

not irradiated, 1.0 equiv. 342 was used.

Lastly, we wanted to apply the protocol at is current state to different substrates than cyclic alkanes
to look at the selectivities of 4-pyridylidenesulfonamides as HAT agents to provide further insights
on the ability and modularity of the system. In this regard, we chose natural product sclareolide,
methyl hexanoate and methyl 6-methylheptanoate as suitable system. The latter starting material
344 was synthesized according to Dickschat et al. (Scheme 42).°* However, in any of these three
systems the yield was below 10% (NMR yield determined with o-nitrobenzaldehyde as internal
standard) and we were not able to get sophisticated results for the selectivities due to low signal
intensity of the minor isomers. Therefore, these experiments need to be repeated if the protocol can

be optimized to give higher yields.

0.1 equiv. CuBry- MesS
2.0 equiv. DMAP

1.0 equiv. methyl acrylate
)\A 2.0 equiv. TMSCI )\/\/\Wo\
MgBr -78°C,3h
THF o

343 344 (73%)
Scheme 42 Synthesis of methyl 6-methylheptanoate 344.
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8 Summary

The direct and selective functionalization of unactivated C—H bonds holds great strategic and
economic promise by simplifying and streamlining organic synthesis.["*!271419293436] The
application of radical cations for this purpose, however, has not been received considerable

[149,201,390-392
S,

attention and their application is mostly limited to quinuclidine type system I Jacking

structural diversity and tunability.**®!

We considered systems by which the radical cation is generated from a z-donor rather than a
n-donor as suitable, allowing the catalytic applicability as HAT agents and the possibility of tuning
the system. After considering N-phenylpyridinones as HAT agents we were able to identify
pyridylidenesulfonamides (Figure 46), in combination with acridinium photocatalysts, as suitable
HAT agents, allowing the azidation of adamantane and cyclohexane. By switching from
2-pyridylidenensulfonamides to 4-pyridylidenensulfonamides, the overall yield could be increased
and the azidation of adamantane furnished up to 40% yield at 50 °C (cf. Section 7). However, when
we tried to optimize the protocol for the azidation of cyclohexane by a Design of Experiment
approach we were unable to identify a single parameter the reaction depends on (cf. Section 7.1).
Initial studies to investigate this result based on extended excited state lifetimes of the acridinium
photocatalyst, anion exchange, or the application of different trapping agents proofed to be
unsuccessful. Yet, we  were able to identify ~ chlorocyclohexane and
p-(trifluoromethyl)benzenesulfonyl amide 174 as side products of the reaction. However, the
formation and the impact of 174 on the reaction outcome remained unclear from the conducted

experiments (cf. Section 7.2).

o\\//o Q\/,O
N7 i Z N7 i
P \ QP \ SN, S NH,
S‘N/ Z S‘N ®_
o o G
MeO MeO

3

220 249 143 174
4-pyridylidenensulfonamide hydrogen atom abstracting species sulfonyl azide trapping agent identified side product

Figure 46 Collection of the most important structures and motifs of this work.

By extending the 4-pyridylidenesulfonamide library and concomitant analysis of the physical
parameters associated with different substitution patterns, we could raise the yield in the azidation
of cyclohexane to 41% yield even at room temperature. However, time-dependent analysis of the
reaction progress revealed that the reaction runs asymptotically against maximum yield and that
almost all product is formed within the first six of 18 hours reaction time (cf. Section 7.3, Figure
29). To investigate the inhibition of the reaction, we at first assured that the in sifu formed radical
cation 249 remains stable under the reaction conditions and does not participate in fragmentation,

deprotonation, or nucleophilic trapping reactions. Time-dependent UV/Vis analysis of the reaction

99



Pyridylidenesulfonamide HAT Agents Summary

mixture proofed that the radical cation of 4-pyridylidenensulfonamide 220 does not decompose
over time (Figure 34). Furthermore, we were able to proof the formation of radical cation 249 by
EPR measurements (Figure 35). By computational analysis at the M062x/def2TZVP level of theory
of the HAT step of cyclohexane we showed that the reaction is exothermic by
AH = —11.5 kcal mol™" with an activation barrier of AH* = 3.2 kcal mol™' (Figure 31). Through
further mechanistic experiments, like conducting the reaction without photocatalyst, HAT agent, or
in the dark, which all furnished no product, we were able to draw a mechanistic picture of the
reaction. Unfortunately, the origin of the reaction inhibition remained elusive (cf. Section 7.4).
Through further optimization studies, we identified the structural similarity of
pyridylidenesulfonamides and sulfonyl azide trapping agents as a key contributor to the reaction
inhibition. Both reagents can interact with the excited state photocatalyst and while the interaction
of the photocatalyst with pyridylidenesulfonamides is desired the interaction with the sulfonyl azide
trapping agent is not. The latter one forms upon interaction with the photocatalyst, possibly through
energy transfer, a sulfonyl nitrene by extrusion of dinitrogen. To form the aforementioned sulfonyl
amide 174 the nitrene needs to accept two protons and two electrons. However, we were unable to
verify the exact mechanism of the formation. Still, it is believed that the formation of sulfonyl
nitrene by interaction with the photocatalyst and the concomitant formation of sulfonyl amide 174
are responsible for the reaction inhibition.

We focused our attempts on varying acridinium photocatalyst and azide trapping agents to find a
suitable combination that interacts poorly with the sulfonyl azide trapping agent but good enough
with 4-pyridylidenensulfonamide 220 (cf. Section 7.5). After identifying the best combination, we
optimized the reaction again using a Design of Experiment approach. By that we could increase the
yields up to 44% for the azidation of cyclohexane at room temperature. However, by transferring
the protocol to cycloheptane and cyclooctane we only obtained 26% and 27% yield, respectively.
Furthermore, analysis of the Design of Experiment optimization revealed chlorine background
catalysis to play a crucial role in the overall turnover and that the developed
4-pyridylidenesulfonamide HAT agents only participate as initiator of the reaction. Therefore, we
concluded that no chlorinated solvents can be used for this transformation (cf. Section 7.6).
Transferring the protocol to MeCN as solvent led to lower yields (highest obtained yield 31%).
Attempts to exchange the trapping agents and/or photoredox systems to omit the use of sulfonyl
azide trapping agents were also unsuccessful (cf. Section 7.7).

Analysis of the difference between (CH,Cl), and MeCN as solvent by redefinition of the
calculations at the revDSD-PBEP86-D4/def2-QZVPP//PBEh-3¢ level of theory, considering
solvation implicitly by CPCM models, revealed the activation barrier to be doubled in MeCN
compared to CH,Cl, (Figure 40). However, further analysis of the counteranion dependency of the
HAT step showed that by exchange of BF4 with ClO4™ the activation barrier can be lowered to
AH* = 2.4 kcal mol™" in MeCN (Figure 41), but experimentally no difference between BF4~ and
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ClOy4™ counteranions was observed. Hence, the rate determining step of the reaction is not the HAT
step (cf. Section 7.7.1).

By analyzing the radical cation decay, we identified unproductive BET as main contributor to the
reaction inhibition. Analysis of the physical parameters revealed the reaction to be around the
upmost turning point of the bell-shaped Marcus curve for BET, thereby limiting the turnover
numbers and inhibiting the reaction through interaction with sulfonyl azide trapping agent 143. The
hypothesis was experimentally confirmed by addition of biphenyl as mediator and application of
PC 338 to provide a catalyst, which theoretically should lead to higher BET rates and lower yields
(cf. Section 7.8).
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9 Outlook

We showed that the overall protocol for the azidation of cyclohexane is hampered by unproductive
BET between the acridinium photocatalyst 299 and the 4-pyridylidenensulfonamide 220. Our
attempts to omit BET by increasing Eox of 4-pyridylidenesulfonamides and therefore making BET
more exergonic were counteracted by poor interaction with the photoredox system. However, since
we have not undertaken any studies to quantify the interaction between 4-pyridylidenensulfonamide
238-240 with any other photocatalyst than 132, the interaction might be increased by testing
different photocatalysts than 334. Therefore, it is advised to record Ksv for
4-pyridylidenensulfonamide 238-240 with the acridinium catalysts 182, 183, 294-299 to provide a
combination that displays better interaction. By this, the hypothesis of BET hampering might be
further supported if the yield increases with increasing Ksy.

Furthermore, the initial use of biphenyl as mediator showed the capabilities of a mediatory system,
displaying high cage escape yields, as a tool to omit BET. However, the applied combination of
biphenyl with PC 334 might not necessarily be the best. To provide a better example it is also
recommended to record Ksv of biphenyl with different acridinium photocatalysts like 182, 183,

4034253870 it is recommended to stay with the

294-299. Since biphenyl is typically the best option,!
system. Nevertheless, the combination of 1,4-dicyanobenzene and phenanthrene has also been
applied as mediatory system.P®> 881 [f 3 syitable PC/mediator combination can be found, it is
recommended to use a 4-pyridylidenesulfonamide displaying poor interaction with the PC.

BET itself should overall not be problematic with respect to the reaction outcome, but the
interaction with sulfonyl azide 143 and concomitant formation of sulfonyl amide 174 was identified
to inhibit the reaction turnover. This problem arises from the structural similarity between applied
4-pyridylidenensulfonamides and sulfonyl azide trapping agents. We already showed that our
system is very sensitive to this similarity and by applying a pyridine-based sulfonyl azide trapping
agent the best results were obtained. Hence, we recommend using other systems than benzene-
based sulfonyl azides that possess different electronic properties. Initial experiments are
recommended to be performed with pyridine-based sulfonyl azide trapping agent 276 and
afterwards exploit derivatization possibilities of the pyridine core.

Based on the same idea it is reasonable to vary the electronic properties of the
4-pyridylidenesulfonamides as well, without losing the inherent reactivity towards HAT. For

151 and its conversion to

instance, substrate 345 has already been synthesized by Helberg et al.
possible HAT agent 346 should work in the same way as the synthesis of
4-pyridylidenensulfonamides (Scheme 43). This “extended” sulfonamide might display different

electronic properties and therefore show changes in the interaction with the PCs, in BET, and cage
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escape rates. However, the system needs to be characterized at first regarding oxidation potential,
BDE, absorption wavelength and Ksv to verify its applicability.

(:[OTf
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Scheme 43 Possible synthesis of "extended" sulfonamide 346.

Another approach to slow down BET rates is based on increasing steric demand™"***! of the
PCP%5% or the reactant.”” The slowdown in BET rates and higher cage escape yields are
rationalized by an increased separation distance between PC and quencher and lower electronic

3933931 Since no acridinium system with increasing steric demand

coupling matrix element for BET.!
have been developed yet, it might be worth to investigate increasing steric demand at the
4-pyridylidenensulfonamide with respect to BET. Even tert-butyl substituted benzenes showed a
higher separation yield compared to substituted benzenes with lower steric demand.l?>
Therefore, we recommend exploiting 4-pyridylidenensulfonamides 347-349 bearing fert-butyl
groups at the benzenesulfonyl moiety as HAT agents (Figure 47). This part of the molecule was

identified to be the electrophore, as it showed the highest impact on the interaction with acridinium

PCs (cf. Section 7.3).
@ 0.0 /@\l : 00 N :
A= N/ =

% @ Bu(j\s::N fBuI;/S\
'B“Q/ Bu SRS

347 348 349

Figure 47 Proposed 4-pyridylidenensulfonamides with increasing steric demand.
However, it is fair to admit that the applicability of 4-pyridylidenesulfonamides as HAT agents is
mainly limited due to the lack of suitable visible light photoredox catalysts, displaying E*cq > 1.7
V vs. SCE and Eox <—0.5 V vs SCE, and do not engage in d-HAT reactions. Beyond acridinium-
based systems only dicyanoanthracenes, pyrylium salts, and diazapyrenium salts are commonly
employed PCs fitting the former criteria.*”>*?” It might be worth to reinvestigate the system in few
years if new classes of PCs can be developed. Thereby, BET and cage escape rates between the in
situ generated radical cations and the PC may be varied and it might allow to apply other trapping

agents than sulfonyl azides.

If any of the former discussed attempts proofed to be successful to omit BET the modularity of the
system should be exploited with respect to functionalization selectivities of aliphatic systems. In

this regard we recommend using the systems 344, 350-356 depicted in Figure 48. All of them have
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already been functionalized by a variety of different HAT agents and the selectivity of the
developed 4-pyridyliedenesulfonamide HAT agents can be directly compared to recent benchmark
studies.*>*37) Fyrthermore, upon using, for instance, 2-pyridylidenensulfonamides it might be
possible to vary functionalization selectivities within the respective substrates. Based on the
conducted computational studies on the counteranion dependency, it might also be possible to
change selectivities based on the applied counteranion. To the best of my knowledge no similar
report exists in the literature up to date. However, this necessitates association between the in situ
generated radical cation and the counteranion. Hence, it might be necessary to use solvents with

lower dielectric constants than MeCN, like toluene or benzene derivatives.

0]
0]
[~ M\JQ COzMe )J\/\/\
350 351

352 353
PhthN i i M
NN Meo)J\/\/\ Meow ACO
354 355 344 356

Figure 48 Substrates to show the selectivities of 4-pyridylidenesulfonamides in comparison to
literature known HAT agents.

Beyond 4-pyridylidenesulfonamides, we investigated the corresponding
4-pyridylidenenbenzamides (not included in this thesis), since they possess a lower Eo and a
similar BDE compared to 4-pyridylidenensulfonamides (cf. Section 6.1). We tried to apply them in
the functionalization of cyclohexane with electron-deficient double bonds in combination with
acridinium PCs 131 and 132 and 3CzCIIPN 307. However, we have never been able to obtain
reasonable yields to investigate the ability of the protocol using 4-pyridylidenenbenzamides as HAT
agents. Based on the former analysis, we hypothesize that these reactions might suffer from BET
too. Therefore, it is recommended to reinvestigate these types of systems using the same
conclusions on BET as for 4-pyridylidenensulfonamides.  Furthermore, since
Eox(4-pyridylidenebenzamides) = 1.3-1.6 V vs. SCE they allow to test more organic photoredox
504,580,598

lisophthalonitrile,’*** or naphthochromeone core®®! and

exploit metal-based catalysts, like Ir(dF(CF3)ppy)-based,*’ Ru(bpz)s,**"! Cr(phen)s, 1 or

catalysts, based on the acridinium,

Cu(pypza)(BINAP) salts,®® as well. A complete collection of photoredox catalysts until 2021 is

provided by Wu and co-workers.!!
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10 Experimental Part

All chemicals were purchased from Sigma Aldrich, Acros Organics, abcr, BLDPharm, or TCI in
the highest purity grade possible and used without further purification.
All solvents were distilled prior to use. All reactions utilizing Schlenk conditions were carried out

under nitrogen. Dry solvents were ordered from Acros Organics.

TLC: Analytical thin-layer chromatography was performed on plastic-backed silica gel 60 plates
coated with a fluorescence indicator by Macherey Nagel. Visualization was performed by UV light
(254 nm) and/or ceric ammonium molybdate (CAM)-, KMnOs-, Hanessian-, or iodine absorbed on

silica-stains.

HRMS: High resolution masses were obtained on a Bruker Impact II.

NMR: Nuclear Magnetic Resonance Spectra were recorded on a Bruker AV 400, AV 400 HD, or
AV 600 spectrometer at 298 K. The chemical shift in ppm is reported relative to the residual solvent
signal. The multiplicity of a signal is reported as follows: s —singlet, brs — broad singlet, d — doublet,
t — triplet, q — quartet, m — multiplet or combinations thereof. '’F-NMR spectra are given without

reference.

IR: IR spectra were recorded on a Bruker Alpha spectrometer by ATR technique.

UV/Vis: UV/Vis spectra were recorded on a JASCO V-760 spectrophotometer. Uvasol® grade

solvents were ordered from VWR.

Fluorescence: Fluorescence spectra were recorded on a Jasco FP-8300 spectrofluorometer. Uvasol®™
grade solvents were ordered from VWR. Stern-Volmer Kinetics were measured statically from

independently prepared solutions containing increasing amounts of quencher (c(132) =5 x 10~° M).

Column chromatography: Column chromatography was performed using silica gel M60 (grain size:

0.040 mm - 0.063 mm) from Macherey-Nagel.

CV: Cyclovoltammetric measurements were conducted using Metrohm Autolab PGSTAT204 in
combination with a TSC1600 Closed measuring cell by Rhd Instruments. Data was analyzed with
Metrohm Nova 2.1 software. The potential (Ey2) was determined by identifying the maximum

current (C,) and taking the value at half this value (Cy).1%!
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Method 1: Measurements were conducted using a 0.25 mm platinum wire working electrode, a Pt
crucible block as counter electrode and a steel wire as pseudo-reference electrode with a scan rate
of 250 mV s and 10 mM sample, 10 mM ferrocene and 0.1 M (Bu)4PFs in dry and degassed
MeCN. The obtained values were referenced to Fc/Fc™ and converted to SCE by addition of —
0.382 V in MeCN.[6*

Method 2: Measurements were conducted using a 0.25 mm platinum wire working electrode, a Pt
crucible block as counter electrode and micro reference electrode (Ag/AgNOs (0.01 M) + crypt.-
2.2.2(0.01 M) + 0.5 M (Bus)PFs in MeCN) with a scan rate of 100 mV s™' and 10 mM sample and
0.1 M (Bu)sPFs in dry and degassed MeCN. The obtained values were referenced to
Ag/Ag[crypt.-2.2.2] and converted to SCE by addition of —0.042 V.13

Photoreactor: Reactions were performed either in a home build photoreactor (for details see Niedek
et. al )P or in a TAK120 liquid cooled in combination with a Huber Ministat230 cryostat.
Irradiations were conducted with a 448 nm blue light LED. The applied intensity can be arranged
between 1-14 W per vial in the TAK120 liquid cooled photoreactor and is indicated for every

reaction.

Quantummechanical computations: Initial modeling and preoptimizations were performed using
Avogadro (ver. 1.2.0)°! and xTB-program (ver. 6.4.0)’) using GFN2-xTB method.!**®
Transition state preoptimization was performed via conformer analysis utilizing Crest!®”)
GFN2-xTB method."*"

B2PLYP!*'%/6-311G**°'!] and M062x°'?/def2-TZVP!*"3] computations were performed with

using

Gaussian16 Revision B.011°'4

revDSD-PBEPS86!°"°\-D4/def2-QZVPPI®'%! single point computations were performed with Orca 5

(ver. 5.0.1)76%] with the RIJCOS-X approximation,®®%* and Grimmes D4 correction.!!)

using ultrafine grid and very tight conversion criteria.

622

Geometry optimization was performed with PBEh-3c¢.[°*?! Solvation was considered implicitly with

the CPCM model for dichloromethane or acetonitrile.[*?!

NBO computations were performed using NBO7.0.°*
The computed minimum structures on the PES feature no imaginary frequencies and all transition

states possess one imaginary frequency.

GC-MS: GC-MS was carried out on an Agilent 8860 gas chromatograph and an Agilent 5977 mass
selective detector equipped with a J&W Scientific fused HPSMS column.
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GC-FID: GC analysis was performed on a Hewlett-Packard Typ 5890 II with a flame-ionization
detector (FID) detector equipped with a J&W Scientific fused DB-5MS column. Yields were

referenced to n-nonane as internal standard.

Crystallography: Diffraction data for all structures were collected at low temperatures (100K) using
¢- and ®-scans on a BRUKER D8 Venture system equipped with dual IuS microfocus sources, a
PHOTON100 detector and an OXFORD CRYOSYSTEMS 700 low temperature system. Mo-K-a
radiation with wavelength 0.71073 A, Cu-K-o radiation with wavelength 1.54178 A and a
collimating Quazar multilayer mirror were used. Semi-empirical absorption correction from
equivalents was applied using SADABS2016/2.13 The structures were solved by direct methods
using SHELXT2015.14 and refinement was performed against F 2 on all data by full-matrix least
squares using SHELXL.2019/1.15 All non-hydrogen atoms were refined anisotropically, and C-H
hydrogen atoms were positioned at geometrically calculated positions and refined using a riding
model. The isotropic displacement parameters of all hydrogen atoms were fixed to 1.2x or 1.5x

(CH3 hydrogen atoms) the Ueq value of the atoms they are linked to.
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10.1 Preparation of Standards

cyclohexyl azide (171):

O/Ns A solution of 1.23 ml (1.63 g, 10.0 mmol, 1.0 equiv.) 1-bromocyclohexane, 760 mg (11.7
mmol, 1.2 equiv.) NaN3 and 3.00 g (11.5 mmol, 1.2 equiv.) TBAF in 12 ml dry THF

were stirred for 18 hours at 70 °C utilizing Schlenk conditions. The crude product was purified via

column chromatography (n-pentane) to give 0.864 g (7.10 mmol, 71%) 171 as a colorless liquid.

'"H-NMR (400 MHz, CDCls): 6= 3.38-3.28 (m, 1H), 1.95-1.10 (m, 10H) ppm.

BC-NMR (101 MHz, CDCl;): §=59.7, 31.4, 25.1, 24.0 ppm.

Spectral data are in accordance with previous reports.”'”!

4-(trifluoromethyl)benzenesulfonyl amide (174):
Q\SP 2.00 g (8.18 mmol, 1.0 equiv.) 4-(trifluoromethyl)benzenesulfonyl chloride was

/©/ NHe dissolved in 100 ml 25% NH3q) and stirred over night at room temperature. The
e mixture was cooled to 0 °C and neutralized by addition of 2 M HClg. The
aqueous layer was extracted three times with 100 ml EtOAc and dried over Na,SOs. After
purification via column chromatography (n-hexane:EtOAc 2:1) 1.68 g (7.44 mmol, 91%) 174 were
isolated as a colorless solid.
"H-NMR (400 MHz, DMSO-ds): 5= 8.04 (d, J = 8.3 Hz, 1H), 7.98 (d, J = 8.5 Hz, 1H), 7.62 (bs,
2H) ppm.
BC-NMR (101 MHz, DMSO-ds): 5= 147.8, 131.7 (q, J = 32.2 Hz), 126.6, 126.3 (q, J = 3.7 Hz),
123.6 (q, J=272.7 Hz) ppm.

Spectral data are in accordance with previous reports.[*]

cycloheptyl azide (301):

Ns 2,75 ml (3.54 g, 20.0 mmol, 1.0 equiv.) 1-bromocycloheptane, 1.56 g (24.0 mmol, 1.2
@ equiv.) NaNj; and 6.28 g (24.0 mmol, 1.2 equiv.) TBAF were dissolved in 25 ml THF and
stirred over night at 70 °C. The mixture was diluted with 25 ml water, extracted three times with
25 ml Et;O and dried over Na,SOs4. After purification via column chromatography (n-pentane)
1.32 g (9.48 mmol, 47%) 301 were isolated as a colorless oil.

Ry 0.72 (n-hexane:EtOAc 20:1)

"H-NMR (400 MHz, CDCl;): 5= 3.57-3.48 (m, 1H), 1.99-1.88 (m, 2H), 1.74-1.51 (m, 8H), 1.49-
1.37 (m, 2H) ppm.

BC-NMR (101 MHz, CDCly): 5= 62.8, 33.9, 28.0, 23.6 ppm.

Spectral data are in accordance with previous reports.[**!
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cyclooctyl azide (303):

Ns  To a solution of 1.27 g (9.98 mmol, 1.0 equiv.) cyclooctylamine in 15 ml dry toluene was
added 7.13 ml (1.6 M in Et;,0, 9.98 mmol, 1.0 equiv.) methyl lithium utilizing Schlenk
conditions. The mixture was stirred for 30 minutes at room temperature and a solution of

2.50 g (9.98 mmol, 1.0 equiv.) 143 in 15 ml dry toluene was added dropwise over one hour and
stirring was continued for additional two hours. All solids were dissolved by addition of 20 ml
water and the layers were separated. The organic layer was washed twice with 20 ml 10% HClq
and twice with 20 ml water and dried over Na,SO4. After purification via column chromatography
(n-pentane) 778 g (5.08 mmol, 51%) 303 were isolated as a colorless oil.

Ry 0.73 (n-hexane:EtOAc 20:1)

"H-NMR (400 MHz, CDCl;): 5= 3.60-3.50 (m, 1H), 1.92-1.81 (m, 2H), 1.76-1.62 (m, 4H), 1.62-
1.42 (m, 8H) ppm.

BC-NMR (101 MHz, CDCls): §=62.3, 30.9, 27.3, 25.2, 23.3 ppm.

Spectral data are in accordance with previous reports.[**!

N-(benzyloxy)phthalimide (328):
o /_@ 2.45 g (15.0 mmol, 1.0 equiv.) N-hydroxyphthalimide, 3.56 ml (5.13 g, 30.0
@N‘O mmol, 3.0 equiv.) benzyl bromide and 1.66 g (12.0 mmol, 0.8 equiv.) K,CO;
0 were dissolved in 25 ml DMSO. The mixture was stirred for 24 hours at room
temperature and the crude product was precipitated by addition of 60 ml water. The crude product
was filtered off and after recrystallisation from EtOH 2.31 g (9.12 mmol, 61%) 328 were isolated
as colorless crystals.
"H-NMR (400 MHz, CDCl;): 5= 7.83-7.77 (m, 2H), 7.77-7.70 (m, 2H), 7.57-7.50 (m, 2H), 7.41-
7.35 (m, 3H), 5.21 (s, 2H) ppm.
BC-NMR (101 MHz, CDCl;): 6=163.6, 134.6, 133.8, 130.0, 129.5, 129.0, 128.7, 123.6, 80.0 ppm.

Spectral data are in accordance with previous reports.[*?”]

O-benzylhydroxylamine hydrochloride (329):

O’(?\IHS 2.29 g(9.04 mmol, 1.0 equiv.) 328 were dissolved in 3.5 ml conc. HCl(aq) and 9 ml
g ©ci  acetic acid and the mixture was refluxed for 1.5 hours. The solvent was removed,
and the residue was dissolved in 20 ml 10% NaOH.q). The aqueous layer was extracted three times
with 30 ml CH»Cl, and dried over Na,SO4. The volume was reduced to 20 ml, the crude product
was precipitated by addition of 10 ml conc. HClg), filtered, and dried in vacuo to yield 1.05 g
(6.58 mmol, 73%) 329. The product was used directly in the next step without further purification.
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cyclohexanecarboxaldehyde O-benzyloxime (330):

<o 1.05 g (6.58 mmol, 1.0 equiv.) 329, 0.794 ml (738 mg, 6.58 mmol, 1.0 equiv.)
OAN/ freshly distilled cyclohexylcarboxaldehyde and 86.0 ul (47 mg, 0.658 mmol,
0.1 equiv.) pyrrolidine were dissolved in 20 ml THF and the mixture was stirred for 1.5 hours at
room temperature. After purification via column chromatography (n-hexane:EtOAc 20:1) 1.23 g
(5.66 mmol, 86%) 330 were isolated as a colorless oil.
Ry 0.38 (rn-hexane:EtOAc 50:1)
"H-NMR (major isomer, 400 MHz, CDCls): 6 = 7.40-7.26 (m, 6H), 5.05 (s, 2H), 2.28-2.17 (m,
1H), 1.83-1.61 (m, 4H), 1.40-1.10 (m, 6H) ppm.
"H-NMR (minor isomer, 400 MHz, CDCl;): 5= 7.40-7.26 (m, 5H), 6.50 (d, J= 7.3 Hz, 1H), 5.09
(s, 2H), 2.99-2.88 (m, 1H), 1.83-1.61 (m, 4H), 1.40-1.10 (m, 6H) ppm.
BC-NMR (101 MHz, CDCly): 5= 156.5, 155.7, 138.5, 137.8, 128.5, 128.5, 128.4, 127.9, 127.9,
127.8 75.7,75.7, 38.7, 34.7, 30.6, 29.7, 26.1, 26.0, 25.6, 25.4 ppm.

Spectral data are in accordance with previous reports.[***]

methyl 6-methylheptanoate (344):

0 To a freshly prepared solution of 1.50 g (9.93 mmol, 1.5 equiv.) 3-methyl-1-
Mo/ bromobutane and 241 mg (9.93 mmol, 1.5 equiv.) Mg in 10 ml dry THF was
added 136 mg (0.0662 mmol, 0.1 equiv.) CuBr:-MesS and 1.62 g (13.2 mmol, 2.0 equiv.) DMAP
utilizing Schlenk conditions. The mixture was cooled to —78 °C and a solution of 0.600 ml
(0.570 mg, 6.62 mmol, 1.0 equiv.) methyl acrylate and 1.68 ml (1.44 g, 13.2 mmol, 2.0 equiv.)
TMSCI in 2 ml dry THF were added over 30 minutes. The mixture was stirred for three hours at
—78 °C and 50 ml Et,O and 50 ml 2M HCl.q were added. The layers were separated, the aqueous
layer was extracted three times with 50 ml Et,O and dried over Na;SOs. After purification via
column chromatography (n-hexane:EtOAc 5:1) 0.763 g (4.82 mmol, 73%) 344 were isolated as a
colorless liquid.

Ry 0.56 (n-hexane:EtOAc 5:1)

"H-NMR (400 MHz, CDCl3): 6= 3.66 (s, 3H), 2.30 (t, J = 7.5 Hz, 1H), 1.65-1.56 (m, 2H), 1.56-
1.47 (m, 1H), 1.35-1.26 (m, 2H), 1.21-1.13 (m, 2H), 0.86 (d, J = 6.6 Hz, 6H) ppm.

BC-NMR (101 MHz, CDCl;): 5= 174.5, 51.6, 28.7, 34.3, 28.0, 27.1, 25.3, 22.7 ppm.

Spectral data are in accordance with previous reports.>*¢

110



Appendix Experimental Part

10.2 Preparation of Photocatalysts

10.2.1 Preparation of Biaryl Ethers

GP-1: Preparation of biaryl ethers according to reported literature.>*¥

A mixture of 1.0 equiv. bromobenzene, 1.5 equiv. phenol, 2.0 equiv. Cs:COs, 0.1 equiv. Cul, 0.1
equiv. 2,2,6,6-tetramethylheptane-3,5-dione in DMF (4.2 M) was stirred at 110 °C for 24 hours in
a sealed flask. The mixture was allowed to cool to room temperature, the solvent was evaporated,
the residue diluted with E,O (0.02 M), and filtered through a pad of Celite®. The cake was washed
with Et,O until washings became colorless. The filtrate was washed twice with water and brine and
dried over Na,SOs. The crude product was purified utilizing column chromatography

(n-hexane:EtOAc).

1,1’-oxybis((3-fert-butyl)benzene) (137):

Bu 0 Bu Prepared according to GP-1 with 10.0 g (46.9 mmol, 1.0 equiv.) 1-bromo-
\©/ \©/ 3-(tert-butyl)benzene, 10.6 g (70.4 mmol, 1.5 equiv.) 3-(tert-butyl)phenol,

30.6 g (93.8 mmol, 2.0 equiv.) Cs,CO3, 894 mg (4.69 mmol, 0.1 equiv.) Cul, 0.979 ml (0.864 g,

4.69 mmol, 0.1 equiv.) 2,2,6,6-tetramethylheptane-3,5,-dione, and 9 ml DMF. After purification

via column chromatography (n-hexane:EtOAc 50:1) 11.4 g (40.4 mmol, 86%) 137 were isolated as

a colorless oil.

Ry 0.88 (n-hexane:EtOAc 20:1)

'"H-NMR (400 MHz, CDCl;): 6= 7.17 (t, J = 7.9 Hz, 1H), 7.07-7.05 (m, 1H), 7.05-7.03 (m, 1H),

7.02 (t,J=2.2 Hz, 1H), 6.71 (ddd, J= 8.0, 2.3, 1.0 Hz, 1H), 1.23 (s, 18H) ppm.

BC-NMR (101 MHz, CDCl;): §=157.2, 153.5,129.3, 120.2, 116.4, 115.6, 35.0, 31.4 ppm

Spectral data are in accordance with previous reports.>*4

1-(3-(tert-butyl)phenoxy)naphthalene (284):
Bu o] Prepared according to GP-1 with 0.856 ml (1.00 g, 5.00 mmol, 1.0 equiv.)
\©/ 1-bromo-3-(tert-butyl)benzene, 1.08 g (7.5 mmol, 1.5 equiv.) 1-naphtol, 3.28 g
(10.0 mmol, 2.0 equiv.) Cs,CO3, 95.2 mg (0.500 mmol, 0.1 equiv.) Cul, 0.104
ml (92.1 mg, 0.500 mmol, 0.1 equiv.) 2,2,6,6-tetramethylheptane-3,5,-dione, and 1 ml DMF. After
purification via column chromatography (n-hexane:EtOAc 100:0 — 20:1) 911 mg (3.30 mmol,

66%) 284 were isolated as a colorless oil.

Ry 0.52 (n-hexane:EtOAc 20:1)
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'H-NMR (400 MHz, CDCl;): 5= 8.28-8.21 (m, 1H), 7.88-7.82 (m, 1H), 7.58 (d, J = 8.2 Hz, 1H),
7.54-7.45 (m, 2H), 7.35 (t, J = 7.9 Hz, 1H), 7.27-7.21 (m, 1H), 7.19-7.17 (m, 1H), 7.17-7.12 (m,
1H), 6.89 (dd, J="7.6, 1.0 Hz, 1H), 6.78 (ddd, J = 8.0, 2.4, 1.0 Hz, 1H), 1.30 (s, 9H) ppm.
BC-NMR (101 MHz, CDCL): 5= 157.5, 153.7, 153.7, 135.0, 129.4, 127.8, 126.9, 126.7, 126.0,
126.0, 123.0, 122.3, 120.6, 116.7, 112.7, 35.0, 31.5 ppm.

Spectral data are in accordance with previous reports.>*!

1-(4-(tert-butyl)phenoxy)naphthalene (285):

0 Prepared according to GP-1 with 0.856 ml (1.00 g, 5.00 mmol, 1.0 equiv.)
’Bu/©/ 1-bromo-4-(tert-butyl)benzene, 1.08 g (7.50 mmol, 1.5 equiv.) 1-naphtol, 3.28

g (10.0 mmol, 2.0 equiv.) Cs>CO3, 95.2 mg (0.500 mmol, 0.1 equiv.) Cul,

0.104 ml (92.1 mg, 0.500 mmol, 0.1 equiv.) 2,2,6,6-tetramethylheptane-3,5,-dione, and 1 ml DMF.
After purification via column chromatography (n-hexane:EtOAc 100:0 — 20:1) 765 mg
(2.77 mmol, 55%) 285 were isolated as a colorless solid.
Ry 0.48 (n-hexane:EtOAc 20:1)
"H-NMR (400 MHz, CDCl;): 5= 8.28-8.23 (m, 1H), 7.90-7.86 (m, 1H), 7.61 (d, J = 8.3 Hz, 1H),
7.56-7.47 (m, 2H), 7.40-7.34 (m, 3H), 7.02-6.98 (m, 2H), 6.94 (dd, J = 7.6, 1.0 Hz, 1H), 1.34 (s,
9H) ppm.
BC-NMR (101 MHz, CDCl3): 5= 155.5, 153.6, 146.3, 135.1, 127.8, 127.0, 126.7, 126.7, 126.0,
125.9,123.1,122.3,118.4, 118.4, 113.0, 34.5, 31.7 ppm.

Spectral data are in accordance with previous reports.>*!

4,4'-oxybis(tert-butylbenzene) (286):

0 Prepared according to GP-1 with 1.68 ml (2.10 g, 10.0 mmol, 1.0 equiv.)
’Bu/©/ \©\’Bu 1-bromo-4-(tert-butyl)benzene, 2.30 g (15.0 mmol, 1.5 equiv.) 4-(fert-
butyl)phenol, 6.50 g (20.0 mmol, 2.0 equiv.) Cs2CO3, 191 mg (1.00 mmol, 0.1 equiv.) Cul, 0.205 ml
(184 mg, 1.00 mmol, 0.1 equiv.) 2,2,6,6-tetramethylheptane-3,5,-dione, and 2 ml DMF. After
purification via column chromatography (n-hexane:EtOAc 100:0 — 20:1) 1.98 g (7.01 mmol, 70%)
286 were isolated as a colorless oil.

Ry 0.88 (n-hexane:EtOAc 10:1)
"H-NMR (400 MHz, CDCl3): 6= 7.36-7.31 (m, 4H), 6.97-6.92 (m, 4H), 1.32 (s, 18H) ppm.
BC-NMR (101 MHz, CDCl;): 5= 155.2, 146.0, 126.6, 118.3, 34.4, 31.7 ppm.

Spectral data are in accordance with previous reports.>*!
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10.2.2 Preparation of Methyl Esters

GP-2: Preparation of methyl esters from benzoic acids according to reported literature.>*!

To a suspension of 1.0 equiv. benzoic acid and 1.5 equiv. K»COs3 in DMF (0.8 M) 1.2 equiv. methyl
iodide were added dropwise. The solution was stirred over night at room temperature, poured into
water (0.13 M), and extracted three times with Et,O. The organic layer was washed three times with
water, twice with brine, and dried over Na,SOs. The crude product was purified by filtration through

a short pad of silica (n-hexane:EtOAc 1:1).

methyl 2,4,6-trimethylbenzoate (135):

0 Prepared according to GP-2 with 6.57 g (40.0 mmol, 1.0 equiv.) 2,4,6-
/@iL g trimethylbenzoic acid, 8.29 g (60.0 mmol, 1.5 equiv.) K,COs, 3.24 ml (7.40 g,

52.1 mmol, 1.2 equiv.) methyl iodide, and 50 ml DMF. After purification via short-

column filtration (n-hexane:EtOAc 1:1) 6.83 g (38.3 mmol, 96%) 135 were isolated as a colorless
oil.
Ry 0.84 (n-hexane:EtOAc 1:1)
"H-NMR (400 MHz, CDCls): 6= 6.86 (s, 2H), 3.90 (s, 3H), 2.29 (s, 6H), 2.28 (s, 3H) ppm.
BC-NMR (101 MHz, CDCl;): 5=170.7, 139.4, 135.3, 131.0 128.5, 51.9, 21.2, 19.9 ppm.

Spectral data are in accordance with previous reports.>*!

methyl 2,6-dimethylbenzoate (178):

0 Prepared according to GP-2 with 6.50 g (43.4 mmol, 1.0 equiv.) 2,6-dimethylbenzoic

dj\o/ acid, 8.36 g (60.5 mmol, 1.5 equiv.) K,COs3, 3.24 ml (7.40 g, 52.1 mmol, 1.2 equiv.)
methyl iodide, and 50 ml DMF. After purification via short-column filtration

(n-hexane:EtOAc 1:1) 6.57 g (40.0 mmol, 92%) 178 were isolated as a colorless oil.
Ry 0.82 (n-hexane:EtOAc 1:1)
"H-NMR (400 MHz, CDCl3): 6= 7.22-7.16 (m, 1H), 7.06-7.00 (m, 2H), 3.91 (s, 3H), 2.31 (s, 6H)
ppm.
BC-NMR (101 MHz, CDCl;): 5=170.6, 135.1, 134.0, 129.5, 127.7, 52.0, 19.8 ppm.

Spectral data are in accordance with previous reports.>*!

methyl 2,6-dichlorobenzoate (179):
c o Prepared according to GP-2 with 8.25 g (43.4 mmol, 1.0 equiv.) 2,6-dichlorobenzoic
o~ acid, 8.36 g (60.5 mmol, 1.5 equiv.) K,COs3, 3.24 ml (7.40 g, 52.1 mmol, 1.2 equiv.)
“ methyl iodide, and 50 ml DMF. After purification via short-column filtration

(n-hexane:EtOAc 1:1) 8.84 g (43.1 mmol, quant.) 179 were isolated as a colorless oil.
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Ry 0.89 (n-hexane:EtOAc 1:1)
"H-NMR (400 MHz, CDCls): 6= 7.35-7.25 (m, 3H), 3.99 (s, 3H) ppm.
BC-NMR (101 MHz, CDCl;): 5= 165.4, 133.7, 132.1, 131.1, 128.0, 53.2 ppm.

Spectral data are in accordance with previous reports.>*!

ethyl 2-acetyl-3-methoxybut-2-enoate (279 + 280):
o o~ o 1.60 ml (1.63 g, 10.0 mmol, 1.0 equiv.) ethyl diacetoacetate and 3.40 g
(;gEt ¥ C;ZE?/ (10.4 mmol, 1.05 equiv.) Cs2CO3 were dissolved in 10.5 ml dry MeCN
utilizing Schlenk conditions. The solution was cooled to 0 °C and 1.1 ml
(1.65 g, 10.0 mmol, 1.0 equiv.) methyl trifluoromethylsulfonate were added dropwise. The mixture
was stirred for two hours at room temperature, filtered, and the remaining solid was washed with
Et,O. The filtrate was diluted with Et,O until no more precipitate formed. The suspension was
filtered again, and the filtrate was washed twice with water, once with brine, and dried over Na,SOa.
After purification via column chromatography (n-hexane:EtOAc 3:1) 1.13 g (6.07 mmol, 61%) 279
+ 280 were isolated as a pale-yellow oil.
Ry 0.46 (n-hexane:EtOAc 1:1)
"H-NMR (major isomer, 400 MHz, CDCls): 6= 4.21-4.13 (m, 2H), 3.76 (s, 3H), 2.35 (s, 3H), 2.32
(s, 3H), 1.24 (t, J=7.1 Hz, 3H) ppm.
"H-NMR (minor isomer, 400 MHz, CDCl;): 5= 4.30-4.23 (m, 2H), 3.78 (s, 3H), 2.42 (s, 3H), 2.17
(s, 3H), 1.32 (t,J="7.1 Hz, 3H) ppm.
BC-NMR (101 MHz, CDCl;): §=200.3, 194.5,171.4, 168.7, 168.4, 166.2, 115.9, 61.2, 60.5, 55.5,
31.7,30.0, 14.6, 14.6, 14.3, 14.2 ppm.

Spectral data are in accordance with previous reports.>*!

ethyl 2,4,6-trimethylpyrimidine-5-carboxylate (281):
J§ To 5 ml dry EtOH were slowly added 148 mg (6.44 mmol, 1.2 equiv.) sodium metal
L utilizing Schlenk conditions. Upon complete consumption of the sodium metal 1.00 g
COEt  (5.37 mmol, 1.0 equiv.) 279 + 280 and 558 mg (5.91 mmol, 1.1 equiv.) acetamidine
hydrochloride were added to the solution The mixture was refluxed over night, the formed
precipitate was filtered, and EtOH was removed under reduced pressure. The residue was dissolved
by addition of 20 ml water and 20 ml CH,Cl,, the layers were separated, the aqueous layer was
extracted three times with 20 ml CH»Cl, and the combined organic layers were dried over Na,SOa.
After purification via column chromatography (n-hexane:EtOAc 3:1) 553 mg (2.85 mmol, 53%)

281 were isolated as a pale-yellow oil.

Ry 0.31 (n-hexane:EtOAc 1:1)
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'"H-NMR (400 MHz, CDCL): & = 4.41 (q, J = 7.2 Hz, 1H), 2.66 (s, 3H), 2.50 (s, 6H), 1.39
(t,J=17.1 Hz, 1H) ppm.
BC-NMR (101 MHz, CDCl;): 5= 167.9, 167.6, 164.4, 123.8, 61.9, 26.1, 22.9, 14.3 ppm.

Spectral data are in accordance with previous reports.>*!

10.2.3 Preparation of Xanthylium Salts

GP-3: Preparation of xanthylium salts according to reported literature.**

To a solution of 1.0 equiv. biaryl ether and 2.1 equiv. TMEDA in dry n-hexane (1 M) were added
2.1 equiv. 1.4 M sec-butyllithium in cyclohexane (1 M) at 0 °C utilizing Schlenk conditions. The
ice bath was removed, and the mixture was stirred for four hours at room temperature. After cooling
to —78 °C a solution of 1.0 equiv. methyl benzoate in n-hexane (1 M) was added slowly via syringe.
The mixture was stirred for 12 hours at room temperature, quenched with water (1.1 M), diluted
with Et;O (0.3 M), and the phases were separated. The organic layer was washed two times with
water and brine. Conc. HCl,q) was added to the organic layer resulting in a yellow precipitate which
slowly turned brown over time. The suspension was stirred for 30 minutes, diluted with water and
the layers were separated. The organic layer was extracted three times with water and 3.0 equiv.
NaBF4 were added to the combined aqueous layers resulting in a yellow precipitate. The resulting
suspension was extracted three times with CH,Cl, and 1.0 equiv. HBF4-Et;O were added to the
combined organic phases. The organic layer was washed once with water, once with 1 M NaBF4(q),
and dried over NaBF;. The crude product was purified by trituration with n-hexane and drying in

vacuo.

3,6-di-tert-butyl-9-(2,4,6-trimethylphenyl)xanthylium tetrafluoroborate (138):
Prepared according to GP-3 with 2.00 g (7.08 mmol, 1.0 equiv.) 137, 2.19
O ml (1.69 g, 14.5 mmol, 2.1 equiv.) TMEDA, 10.5 ml sec-butyllithium
N (1.4 M in cyclohexane, 14.5 mmol, 2.1 equiv.), 1.27 g (7.15 mmol,
By O (8/@ By 1.1equiv.) 135, and 7 ml n-hexane. After purification via trituration
B (n-hexane) 2.40 g (4.82 mmol, 68%) 138 were isolated as a yellow solid.
"H-NMR (400 MHz, CDCls): 6= 8.48 (d, J= 1.8 Hz, 2H), 7.89 (dd, J = 8.9, 1.7 Hz, 2H), 7.73 (d,
J=9.0 Hz, 2H), 7.15 (s, 2H), 2.46 (s, 3H), 1.84 (s, 6H), 1.52 (s, 18H) ppm.
BC-NMR (101 MHz, CDCl3): 5= 174.3, 171.2, 158.7, 141.4, 135.5, 129.3, 129.2, 128.6, 127.6,
122.2,117.0,37.7,30.6, 21.4, 20.3 ppm.

Spectral data are in accordance with previous reports.>*!
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3,6-di-tert-butyl-9-(2,6-dimethylphenyl)xanthylium tetrafluoroborate (180):
O Prepared according to GP-3 with 2.00 g (7.08 mmol, 1.0 equiv.) 137,
2.19 ml (1.69 g, 14.5 mmol, 2.1 equiv.) TMEDA, 10.5 ml sec-butyllithium
O ®j (1.4 M in cyclohexane, 14.5 mmol, 2.1 equiv.), 1.17 g (7.15 mmol, 1.1
B © BF, o equiv.) 178, and 7 ml n-hexane. After purification via trituration (n-hexane)
2.40 g (4.96 mmol, 70%) 180 were isolated as a yellow solid.
"H-NMR (400 MHz, CDCls): 5= 8.47 (d, J = 1.7 Hz, 2H), 7.91 (dd, J = 8.9, 1.8 Hz, 2H), 7.74-
7.69 (m, 2H), 7.52 (t,J=7.7 Hz, 1H), 7.34 (d, /= 7.7 Hz, 2H), 1.88 (s, 6H), 1.52 (s, 18H) ppm.
BC-NMR (101 MHz, CDCl3): 5= 173.7, 171.4, 158.7, 135.6, 131.3, 130.4, 129.2, 128.8, 128.5,
121.9, 116.9, 37.7, 30.5, 20.4 ppm

Spectral data are in accordance with previous reports.>*!

3,6-di-tert-butyl-9-(2,6-dichlorophenyl)xanthylium tetrafluoroborate (181):
O Prepared according to GP-3 with 2.00 g (7.08 mmol, 1.0 equiv.) 137,
cl cl 2.19 ml (1.69 g, 14.5 mmol, 2.1 equiv.) TMEDA, 10.5 ml sec-butyllithium
O @j (1.4 M in cyclohexane, 14.5 mmol, 2.1 equiv.), 1.47 g (7.15 mmol,
B © ©8F, B 1.1 equiv.) 179, and 7 ml n-hexane. After purification via trituration
(n-hexane) 2.49 g (4.74 mmol, 67%) 181 were isolated as a yellow solid.
"H-NMR (400 MHz, CDCls): 5= 8.56 (d, J = 1.7 Hz, 2H), 8.01 (dd, J = 8.9, 1.7 Hz, 2H), 7.81-
7.70 (m, 5H), 1.53 (s, 3H) ppm.
BC-NMR (101 MHz, CDCl3): 5= 172.3, 166.3, 159.1, 134.1, 133.7, 129.4, 129.4, 128.9, 128.8,
121.4,116.9, 37.9, 30.5 ppm.

Spectral data are in accordance with previous reports.>*!

3,6-di-tert-butyl-9-(2,4,6-trimethylpyrimidin-5-yl)xanthylium tetrafluoroborate (289):

NKN Prepared according to GP-3 with 621 mg (2.20 mmol, 1.0 equiv.) 137,

| 0.672ml (0.524 g, 4.51 mmol, 2.1 equiv.) TMEDA, 3.22 ml

O N sec-butyllithium (1.4 M in cyclohexane, 4.51 mmol, 2.1 equiv.), 400 mg

Bu & N gy (2.22 mmol, 1.0 equiv.) 281, and 3 ml n-hexane. After purification via

trituration (n-hexane) 182 mg (0.364 mmol, 17%) 289 were isolated as a
yellow solid.
"H-NMR (400 MHz, CDCls): 8= 8.43 (s, 2H), 7.95 (d, J = 8.9 Hz, 2H), 7.73 (d, J = 8.9 Hz, 2H),
2.89 (s, 3H), 2.16 (s, 3H), 1.51 (s, 18H) ppm.
BC-NMR (101 MHz, CDCl3): 5= 171.8, 169.5, 167.6, 164.3, 158.7, 129.3, 128.2, 121.7, 121.6,
117.0, 37.8, 30.5, 25.7, 23.2 ppm.

Spectral data are in accordance with previous reports.>*!
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2,7-di-tert-butyl-9-(2,6-dimethylphenyl)xanthylium tetrafluoroborate (290):
O Prepared according to GP-3 with 600 mg (2.12 mmol, 1.0 equiv.) 286,
o g o 0.672ml (0.524 g, 4.51 mmol, 2.1 equiv.) TMEDA, 3.22 ml
O @/ sec-butyllithium (1.4 M in cyclohexane, 4.51 mmol, 2.1 equiv.), 400 mg
© SF, (2.22 mmol, 1.0 equiv.) 178, and 3 ml n-hexane. After purification via
trituration (n-hexane) 426 mg (0.879 mmol, 41%) 290 were isolated as a yellow solid.
"H-NMR (400 MHz, CDCL3): § = 8.75-8.40 (m, 4H), 7.68-7.44 (m, 4H), 7.37-7.28 (m, 2H), 1.81
(s, 6H), 1.28 (s, 18H) ppm.
BC-NMR (101 MHz, CDCl3): 5= 174.8, 157.2, 154.0, 144.1, 135.4, 131.5, 130.4, 128.6, 123.7,
121.0, 35.7, 30.8, 20.4 ppm.

Spectral data are in accordance with previous reports.>*!

10-(tert-butyl)-7-(2,6-dimethylphenyl)benzo[c]xanthen-12-ium tetrafluoroborate (291):
O Prepared according to GP-3 with 600 mg (2.17 mmol, 1.0 equiv.) 284, 0.672
ml (0.524 g, 4.51 mmol, 2.1 equiv.) TMEDA, 3.22 ml sec-butyllithium (1.4
O ®\/ M in cyclohexane, 4.51 mmol, 2.1 equiv.), 400 mg (2.22 mmol, 1.0 equiv.)

o}
BF, ‘ 178, and 3 ml n-hexane. After purification via trituration (n-hexane) 425 mg

Bu
(0.888 mmol, 41%) 291 were isolated as an orange solid.

'"H-NMR (400 MHz, CDCls): 6 = 9.50 (d, J = 8.2 Hz, 1H), 8.91 (d, J = 9.2 Hz, 1H), 8.67 (d,
J=9.2 Hz, 1H), 8.20-8.04 (m, 4H), 7.64 (s, 1H), 7.57 (t,J="7.7 Hz, 1H), 7.45 (d, J=9.1 Hz, 1H),
7.39 (d, J=7.7 Hz, 1H), 1.89 (s, 6H), 1.35 (s, 9H) ppm.

BC-NMR (101 MHz, CDCl3): 5= 171.7, 159.9, 155.5, 154.7, 142.3, 139.1, 136.8, 135.4, 131.8,
131.4, 130.6, 129.5, 128.7, 127.7, 123.7, 123.2, 123.1, 122.5, 121.6, 121.2, 35.8, 30.9, 20.4 ppm.

Spectral data are in accordance with previous reports.>*!

9-(tert-butyl)-7-(2,6-dimethylphenyl)benzo|c]xanthen-12-ium tetrafluoroborate (292):
O Prepared according to GP-3 with 600 mg (2.17 mmol, 1.0 equiv.) 285,
o g 0.672 ml (0.524 g, 4.51 mmol, 2.1 equiv.) TMEDA, 3.22 ml sec-butyllithium
O @/ (1.4 M in cyclohexane, 4.51 mmol, 2.1 equiv.), 400 mg (2.22 mmol, 1.0
@B,::j equiv.) 178, and 3 ml n-hexane. After purification via trituration (n-hexane)
406 mg (0.849 mmol, 39%) 292 were isolated as an orange solid.
'"H-NMR (400 MHz, CDCls): 6= 9.52 (dd, J = 8.0, 1.4 Hz, 1H), 8.81 (d, J = 1.7 Hz, 1H), 8.57-
8.43 (m, 4H), 7.99 (dd, /= 8.9, 1.8 Hz, 1H), 7.76 (d, /= 8.9 Hz, 1H), 7.54 (t,J="7.7 Hz, 1H), 7.44
(d,/J=9.2 Hz, 1H), 7.36 (d, J= 7.7 Hz, 2H), 1.89 (s, 6H), 1.56 (s, 9H) ppm.
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BC-NMR (101 MHz, CDCl3): 5= 171.3, 169.9, 159.8, 157.2, 139.1, 136.6, 135.5, 131.5, 131.2,
130.7, 130.6, 129.5, 129.4, 128.6, 128.6, 127.6, 123.1, 122.2, 122.0, 121.5, 117.3, 37.7, 30.7, 20.4
ppm.

Spectral data are in accordance with previous reports.>*!

10.2.4 Preparation of Acridinium Dyes with Tetrafluoroborate Anion

GP-4: Preparation of acridinium dyes according to reported literature.***!

To a solution of 1.0 equiv. xanthylium salt in dry CH>Cl, (0.5 M) were added 3 equiv. acetic acid,
followed by 1.5 equiv. EtsN, and 1.2 equiv. aniline. The flask was protected from light and the
mixture was stirred for 12 hours at room temperature. The resulting solution was washed once with
water, once with sat. NaHCO3(g), and 1.0 equiv. HBF4-Et;O was added to the organic layer. The
organic layer was washed once with water, once with 1 M NaBF4(q), and dried over NaBF4. The

crude product was purified by trituration with n-hexane:Et,O 2:1 and drying in vacuo.

3,6-di-tert-butyl-9-(2,4,6-trimethylphenyl)-10-phenylacridin-10-ium tetrafluoroborate (132):
Prepared according to GP-4 with 2.50 g (5.03 mmol, 1.0 equiv.) 138,

O 0.850 ml (0.893 g, 14.9 mmol, 3.0 equiv.) acetic acid, 1.05 ml (0.767 g,
O \ 7.57 mmol, 1.5 equiv.) EtzN, 0.550 ml (0.561 g, 6.02 mmol, 1.2 equiv.)
By ﬁ/@ gy aniline, and 10 ml CH,Cl,. After purification via trituration (n-hexane:

BF
@ ) Et,0 2:1) 2.17 g (3.78 mmol, 75%) 132 were isolated as a yellow solid.

'H-NMR (400 MHz, CDCl;): 5= 8.00-7.93 (m, 2H), 7.93-7.87 (m, 1H), 7.82-7.75 (m, 4H), 7.74-
7.70 (m, 2H), 7.43-7.39 (m, 2H), 7.16 (s, 2H), 2.48 (s, 3H), 1.85 (s, 6H), 1.29 (s, 18H) ppm.
BC-NMR (101 MHz, CDCL): 5= 163.8, 162.5, 142.2, 140.3, 136.9, 136.2, 132.0, 131.8, 129.4,
129.1, 128.4, 128.1, 127.6, 124.2, 36.8, 30.3, 21.4, 20.3 ppm.

Spectral data are in accordance with previous reports.>*!

10-benzyl-3,6-di-tert-butyl-9-(2,6-dimethylphenyl)acridin-10-ium tetrafluoroborate (182):

O Prepared according to GP-4 with 1.00 g (2.06 mmol, 1.0 equiv.) 180,

0.401 ml (0.421 g, 7.01 mmol, 3.0 equiv.) acetic acid, 0.488 ml (0.356 g,

O ®\/ 3.52 mmol, 1.5 equiv.) EN, 0.306 ml (0.300 g, 2.80 mmol, 1.2 equiv.)

B ) eBF4 Bu aniline and 6 ml CH,Cl,. After purification via trituration (rn-hexane: Et,O

2:1) 0.856 g (1.49 mmol, 72%) 182 were isolated as a yellow solid.
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'H-NMR (400 MHz, CDCls): 5=8.31 (d, J= 1.5 Hz, 2H), 7.79 (dd, J= 9.2, 1.4 Hz, 2H), 7.73 (d,
J = 9.0 Hz, 2H), 7.53-7.46 (m, 1H), 7.43-7.29 (m, 7H), 6.77 (s, 2H), 1.83 (s, 6H), 1.41 (s, 18H)
ppm.

3C-NMR (101 MHz, CDCL): 6= 164.5, 161.1, 141.9, 136.2, 134.2, 132.5, 130.4, 129.7, 128.8,
128.6, 128.3, 127.6, 126.1, 124.1, 114.6, 54.4, 37.2, 30.6, 20.4 ppm.

Spectral data are in accordance with previous reports.>*!

3,6-di-tert-butyl-9-(2,6-dichlorophenyl)-10-phenylacridin-10-ium tetrafluoroborate (183):
O Prepared according to GP-4 with 1.48 g (2.82 mmol, 1.0 equiv.) 181,
Cl cl 0.484 ml (0.508 g, 8.46 mmol, 3.0 equiv.) acetic acid, 0.586 ml (0.428 g,
g O %\/ 4 mrn(?l, 1.5 equiv.) EtN, 0.368 ml $0.369 g .3.36. mmél, 1.2 equiv.)
BF, benzylamine, and 8 ml CH,Cl,. After purification via trituration (n-hexane:
@ Et,0 2:1) 1.19 g (1.98 mmol, 70%) 183 were isolated as a yellow solid.
"H-NMR (400 MHz, CDCl3): 6= 8.04-7.98 (m, 2H), 7.98-7.92 (m, 1H), 7.90 (dd, J= 9.1, 1.6 Hz,
2H), 7.78 (d, J=9.1 Hz, 2H), 7.75-7.71 (m, 3H), 7.69-7.64 (m, 2H), 7.44 (d, /= 1.6 Hz, 2H), 1.30
(s, 18H) ppm.
BC-NMR (101 MHz, CDCl3): 5= 164.6, 155.6, 142.4, 136.6, 134.7, 133.2, 132.5, 132.0, 130.7,
129.2, 128.5, 127.8, 127.7, 123.6, 115.2, 37.0, 30.3 ppm.

Spectral data are in accordance with previous reports.>*!

3,6-di-tert-butyl-9-(2,6-dimethylphenyl)-10-(pyridin-2-yl)acridin-10-ium tetrafluoroborate
(294):
O Prepared according to GP-4 with 1.00 g (2.06 mmol, 1.0 equiv.) 180,
0.350 ml (0.368 g, 6.13 mmol, 3.0 equiv.) acetic acid, 0.430 ml (0.314 g,
g O ﬁ\/ _ 30 .mrnol., | 1.5 cquiv) EGN, 0291 g (3.99 m.rnol, | 12 | equilv.)
p NBF4 2-aminopyridine, and 8 ml CH»Cl,. After purification via trituration
o (n-hexane: Et,O 2:1) 416 mg (0.742 mmol, 36%) 294 were isolated as a
yellow solid.
'"H-NMR (400 MHz, CDCl;): 5= 8.96 (ddd, J = 4.8, 1.9, 0.8 Hz, 1H), 8.59 (td, J = 7.8, 1.9 Hz,
1H), 8.30-8.25 (m, 1H), 7.94 (ddd, /= 7.6, 4.8, 1.0 Hz, 1H), 7.82-7.73 (m, 4H), 7.50 (t,J= 7.6 Hz,
1H), 7.35-7.31 (m, 2H), 7.23-7.20 (m, 2H), 1.94 (s, 3H), 1.83 (s, 3H), 1.29 (s, 18H) ppm.
BC-NMR (101 MHz, CDCls): 5= 164.0, 162.5, 151.2, 150.1, 142.5, 141.6, 137.1, 135.7, 132.3,
130.4, 128.6, 128.3, 128.1, 127.8, 127.4, 125.5, 123.9, 114.6, 36.8, 30.3, 20.5, 20.4 ppm.

Spectral data are in accordance with previous reports.>*4
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3,6-di-tert-butyl-9-(2,6-dimethylphenyl)-10-(4-methoxyphenyl)acridin-10-ium
tetrafluoroborate (295):
O Prepared according to GP-4 with 1.00 g (2.06 mmol, 1.0 equiv.) 180,

0.350 ml (0.368 g, 6.13 mmol, 3.0 equiv.) acetic acid, 0.430 ml (0.314 g,

g O %\/ _ 310 mmol, 15 equiv) EGN, 0381 ¢ (309 mmol 1.2 equiv)
4-methoxyaniline, and 8 ml CH,Cl,. After purification via trituration
(n-hexane: Et,0 2:1) 1.01 g (1.71 mmol, 83%) 295 were isolated as a yellow

OMe solid.

'"H-NMR (400 MHz, CDCls): 6= 7.79 (dd, J = 9.1, 1.6 Hz, 2H), 7.74 (d, J = 9.0 Hz, 2H), 7.62-

7.59 (m, 2H), 7.51-7.48 (m, 3H), 7.46-7.43 (m, 2H), 4.05 (s, 3H), 1.88 (s, 6H), 1.31 (s, 18H) ppm.

BC-NMR (101 MHz, CDCl3): 5= 163.8, 161.8, 161.6, 142.8, 136.3, 132.3, 130.4, 129.3, 129.0,

128.3, 128.2, 127.7, 123.9, 116.7, 115.3, 56.2, 36.8, 30.4, 20.4 ppm.

Spectral data are in accordance with previous reports.>*!

3,6-di-tert-butyl-10-phenyl-9-(2,4,6-trimethylpyrimidin-5-yl)acridin-10-ium
tetrafluoroborate (296):

NKN Prepared according to GP-4 with 150 mg (0.300 mmol, 1.0 equiv.) 289,

| 51.5 uL (54.0 mg, 0.900 mmol, 3.0 equiv.) acetic acid, 63.0 puL (45.5 mg,

XN 0.450 mmol, 1.5 equiv.) Et;N, 33.0 uL (33.5 mg, 0.360 mmol, 1.2 equiv.)

Bu O (3/ Bu aniline and 1 ml CH,Cl,. After purification via trituration (n-hexane: Et,O
4

2:1) 105 mg (0.183 mmol, 61%) 296 were isolated as a yellow solid.

'H-NMR (400 MHz, CDCLy): 5= 7.96-7.87 (m, 3H), 7.84 (dd, J=9.1, 1.7 Hz, 2H), 7.80-7.76 (m,
2H), 7.44 (d, J = 1.7 Hz, 2H), 2.15 (s, 6H), 1.29 (s, 18H) ppm.

BC-NMR (101 MHz, CDCly): 5= 169.3, 165.0, 163.9, 156.5, 142.4, 137.1, 132.0, 131.6, 128.2,
128.2, 127.1,123.8, 123.0, 115.7, 36.8, 30.3, 23.3 ppm.

Spectral data are in accordance with previous reports.>*!

10-(tert-butyl)-7-(2,6-dimethylphenyl)-12-phenylbenzo[c]acridin-12-ium tetrafluoroborate
(297):

O Prepared according to GP-4 with 350 mg (0.732 mmol, 1.0 equiv.) 291,

126 pL (132 mg, 2.20 mmol, 3.0 equiv.) acetic acid, 80.0 pL (111 mg,

o O ﬁ\/ 1.10 mmol, 1.5 equiv.) Et;N, 80.0 uL (82.0 mg, 0.878 mmol, 1.2 equiv.)

eBF4 aniline, and 2 ml CH,Cl,. After purification via trituration (n-hexane: Et,O

@ 2:1) 288 mg (0.520 mmol, 71%) 297 were isolated as a yellow solid.
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'H-NMR (400 MHz, CDCl;): 5= 8.03-7.99 (m, 1H), 7.99-7.94 (m, 3H), 7.91 (d, J= 9.1 Hz, 1H),
7.87(dd,J=9.0, 1.6 Hz, 1H), 7.81-7.73 (m, 4H), 7.63 (d, /= 1.5 Hz, 1H), 7.57-7.49 (m, 2H), 7.46-
7.42 (m, 1H), 7.37 (d, J=7.7 Hz, 2H), 7.34-7.29 (m, 1H), 1.90 (s, 3H), 1.29 (s, 9H) ppm.
3C-NMR (101 MHz, CDCL): 5= 162.4, 160.0, 143.1, 142.1, 141.1, 138.5, 136.3, 133.1, 132.6,
132.4, 132.3, 131.6, 130.4, 130.3, 129.5, 128.6, 128.5, 128.5, 128.0, 127.8, 125.9, 124.7, 123.6,
122.8, 116.1, 36.8, 30.4, 20.4 ppm.

Spectral data are in accordance with previous reports.>*!

9-(tert-butyl)-7-(2,6-dimethylphenyl)-12-phenylbenzo[c]acridin-12-ium tetrafluoroborate
(298):
O Prepared according to GP-4 with 350 mg (0.732 mmol, 1.0 equiv.) 292,
By g 126 uL (132 mg, 2.20 mmol, 3.0 equiv.) acetic acid, 80.0 uL (111 mg,
O @/ 1.10 mmol, 1.5 equiv.) Et;N, 80.0 uL (82.0 mg, 0.878 mmol, 1.2 equiv.)
BF, ] aniline, and 2 ml CH,Cl,. After purification via trituration (n-hexane: Et,O
@ 2:1) 252 mg (0.455 mmol, 62%) 298 were isolated as a yellow solid.
"H-NMR (400 MHz, CDCl3): 6= 8.18 (dd, J= 9.6, 2.3 Hz, 1H), 8.03-7.98 (m, 1H), 7.97-7.93 (m,
3H), 7.91 (d, J=9.1 Hz, 1H), 7.80-7.74 (m, 3H), 7.72 (d, /= 9.6 Hz, 1H), 7.67 (d, /= 2.2 Hz, 1H),
7.58-7.51 (m, 2H), 7.41-7.36 (m, 3H), 7.34-7.28 (m, 1H), 1.89 (s, 6H), 1.29 (s, 9H) ppm.
BC-NMR (101 MHz, CDCl3): 5= 160.1, 153.2, 142.8, 141.0, 140.3, 138.3, 136.8, 136.2, 133.1,
132.6, 132.4, 132.4, 131.8, 130.4, 130.3, 129.5, 128.5, 128.4, 128.0, 126.4, 126.2, 123.5, 122.8,
122.4, 120.8, 35.4, 30.7, 20.4 ppm.

Spectral data are in accordance with previous reports.>*!

2,7-di-tert-butyl-9-(2,6-dimethylphenyl)-10-phenylacridin-10-ium tetrafluoroborate (299):
O Prepared according to GP-4 with 355 mg (0.732 mmol, 1.0 equiv.) 290,
By § . 126 uL (132 mg, 2.20 mmol, 3.0 equiv.) acetic acid, 80.0 uL (111 mg,
O %/9 1.10 mmol, 1.5 equiv.) EtsN, 80.0 uL (82.0 mg, 0.878 mmol, 1.2 equiv.)
BFy4 aniline, and 2 ml CH,Cl,. After purification via trituration (n-hexane: Et,O
@ 2:1) 300 mg (0.536 mmol, 73%) 299 were isolated as a yellow solid.
"H-NMR (400 MHz, CDCl3): 6= 8.18 (dd, J=9.5, 2.2 Hz, 1H), 7.95-7.84 (m, 3H), 7.73-7.66 (m,
4H), 7.57 (d, J=9.3 Hz, 2H), 7.53 (d, J= 8.1 Hz, 1H), 7.39 (d, /= 7.4 Hz, 2H), 1.88 (s, 6H), 1.29
(s, 18H) ppm.
BC-NMR (101 MHz, CDCl3): §=162.2, 152.2, 140.3, 138.1, 136.9, 136.2, 132.3, 132.1, 131.8,
130.5, 128.4, 128.0, 125.8, 122.6, 120.1, 35.4, 30.7, 20.4 ppm.

Spectral data are in accordance with previous reports.>*!
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10.2.5 Preparation of Acridinium Dyes with Triflate Anion

GP-5: Preparation of acridinium dyes with triflate anion modified after White et al.5*!

To a solution of 1.0 equiv. xanthylium salt in dry CH>Cl, (0.5 M) were added 3.0 equiv. acetic acid
followed by 1.5 equiv. EtsN and 1.2 equiv. aniline. The flask was protected from light and the
mixture was stirred for 12 hours at room temperature. The resulting solution was washed once with
water, once with sat. TfONag), and 1.0 equiv. TfOH was added to the organic layer. The organic
layer was washed once with water, once with 1 M TfONa(.q and dried over TfONa. The crude

product was purified by trituration with n-hexane:Et,O 2:1 and drying in vacuo.

2,7-di-tert-butyl-9-(2,6-dimethylphenyl)-10-phenylacridin-10-ium triflate (332):
O Prepared according to GP-5 with 0.667 g (1.38 mmol, 1.0 equiv.) 290,
0.237 mL (249 mg, 4.14 mmol, 3.0 equiv.) acetic acid, 0.286 ml (209 mg,
& O ®\/ B 907 mmol, 1.5 equiv.) E6N, 0.152 ml (155 mg, 1.66 mmol, 1.2 equiv.)
1 ot aniline, and 20 ml CH,Cl,. After purification via trituration (n-hexane: Et,O
@ 2:1) 629 mg (1.01 mmol, 73%) 332 were isolated as a yellow solid.
IR(ATR): v = 3065, 2958, 2872, 1581, 1544, 1490, 1458, 1397, 1367, 1255, 1220, 1141, 1029,
990, 955, 829, 778, 748, 701, 636, 571, 516 cm™".
HR-MS(ESI): m/z =472.3000 [M] (calc. 472.2999), 148.9443 [OTf ] (calc. 148.9526).
"H-NMR (400 MHz, CDCl3): 6= 8.19 (dd, J= 9.5, 2.2 Hz, 2H), 7.96-7.85 (m, 3H), 7.76-7.70 (m,
2H), 7.70-7.67 (m, 2H), 7.59-7.51 (m, 3H), 7.42-7.35 (m, 2H), 1.88 (s, 6H), 1.29 (s, 18H) ppm.
BC-NMR (101 MHz, CDCls): 5= 162.2, 152.3, 140.3, 138.1, 136.9, 136.2, 132.3, 132.1, 131.8,
130.6, 128.4, 128.1, 125.8, 122.6, 120.1, 35.4, 30.7, 20.4 ppm.
YF-NMR (400 MHz, CDCl3): §=-78.27 ppm.

10.2.6 Preparation of Acridinium Dyes with Hexafluorophosphate Anion

GP-6: Preparation of acridinium dyes with hexafluorophosphate anion modified after White et
al B

To a solution of 1.0 equiv. xanthylium salt in dry CH>Cl, (0.5 M) were added 3.0 equiv. acetic acid
followed by 1.5 equiv. EtsN and 1.2 equiv. aniline. The flask was protected from light and the
mixture was stirred for 12 hours at room temperature. The resulting solution was washed once with
water, once with sat. (Bu)sNPFs(q), and 1.0 equiv. (Bu)sNPFs was added to the organic layer. The
organic layer was washed once with water, once with 1 M (Bu)sNPFg,q) and dried over (Bu)sNPFs.

The crude product was purified by trituration with n-hexane:Et,O 2:1 and drying in vacuo.
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2,7-di-tert-butyl-9-(2,6-dimethylphenyl)-10-phenylacridin-10-ium hexafluorophosphate
(333):
O Prepared according to GP-6 with 0.667 g (1.38 mmol, 1.0 equiv.) 290,
B g By 0.237 mL (249 mg, 4.14 mmol, 3.0 equiv.) acetic acid, 0.286 ml (209 mg,
O %/ 2.07 mmol, 1.5 equiv.) EtN, 0.152 ml (155 mg, 1.66 mmol, 1.2 equiv.)
©pF, aniline, and 20 ml CH,Cl,. After purification via trituration (n-hexane: Et,O
@ 2:1) 591 mg (0.957 mmol, 69%) 333 were isolated as a yellow solid.
IR(ATR): ¥ =2963, 1581, 1544, 1492, 1455, 1388, 1368, 1294, 1257, 1203, 1102, 1028, 990, 955,
836, 825, 785, 775, 746, 701, 625, 605, 556 cm ™.
HR-MS(ESI): m/z = 472.2996 [M] (calc. 472.2999), 144.9569 [PF¢ ] (calc. 144.9647).
'"H-NMR (400 MHz, CDCl3): 6= 8.18 (dd, J= 9.5, 2.2 Hz, 2H), 7.94-7.83 (m, 3H), 7.71-7.64 (m,
4 H), 7.58-7.51 (m, 3H), 7.41-7.36 (m, 2H), 1.88 (s, 6H), 1.29 (s, 18H) ppm.
BC-NMR (101 MHz, CDCl3): 5= 162.3, 152.3, 140.2, 138.1, 136.9, 136.2, 132.3, 132.1, 131.7,
130.6, 128.4, 128.0, 125.7, 122.6, 120.1, 35.4, 30.7, 20.3 ppm.
YF-NMR (400 MHz, CDCl;): 5= -72.97, —74.86 ppm.

10.2.7 Preparation of Acridinium Dyes with Perchlorate Anion

GP-7: Preparation of acridinium dyes with perchlorate anion modified after White et al.l**

To a solution of 1.0 equiv. xanthylium salt in dry CH>Cl, (0.5 M) were added 3.0 equiv. acetic acid
followed by 1.5 equiv. EtsN and 1.2 equiv. aniline. The flask was protected from light and the
mixture was stirred for 12 hours at room temperature. The resulting solution was washed once with
water, once with sat. NaHCO3.q), and 1.0 equiv. HC1O4 was added to the organic layer. The organic
layer was washed once with water, once with 1 M NaClOy (aq), and dried over NaClOs. The crude

product was purified by trituration with n-hexane:Et,O 2:1 and drying in vacuo.

2,7-di-tert-butyl-9-(2,6-dimethylphenyl)-10-phenylacridin-10-ium perchlorate (334):
O Prepared according to GP-7 with 0.667 g (1.38 mmol, 1.0 equiv.) 290,
o g By 0.237 mL (249 mg, 4.14 mmol, 3.0 equiv.) acetic acid, 0.286 ml (209 mg,
O % 2.07 mmol, 1.5 equiv.) BN, 0.152 ml (155 mg, 1.66 mmol, 1.2 equiv.)
®cio, aniline, and 20 ml CH,Cl,. After purification via trituration (n-hexane: Et,O
@ 2:1) 686 mg (1.20 mmol, 87%) 334 were isolated as a yellow solid.
IR(ATR): v = 3065, 2956, 2869, 1581, 1544, 1490, 1455, 1366, 1335, 1295, 1256, 1203, 1083,
988, 954, 827, 770, 747,701, 622 cm .
HR-MS(ESI): m/z =472.3003 [M"] (calc. 472.2999), 98.9437 [ClO4 ] (calc. 98.9491).
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"H-NMR (400 MHz, CDCly): 5= 8.18 (dd, J = 9.5, 2.2 Hz, 2H), 7.95-7.84 (m, 3H), 7.76-7.71 (m,
2H), 7.68 (d, J=2.0 Hz, 2H), 7.56 (d, J = 9.5 Hz, 2H), 7.54-7.51 (m, 1H), 7.41-7.36 (m, 2H), 1.90
(s, 6H), 1.29 (s, 18H) ppm.

BC-NMR (101 MHz, CDCly): 5= 162.1, 152.3, 140.3, 138.1, 137.0, 136.3, 132.4, 132.0, 131.7,
130.5, 128.3, 128.1, 125.8, 122.7, 120.1, 35.4, 30.7, 20.5 ppm.

YF-NMR (400 MHz, CDCl3): §=— ppm.

3-methoxy-/N-phenylaniline (336):

e H 0.397 ml (702 mg, 3.00 mmol, 1.0 equiv.) m-iodoanisole, 0.410 ml (420 mg,
\©/ 4.50 mmol, 1.5 equiv.) aniline, 68.7 mg (75.0 umol, 2.5 mol%) Pd(dba)s,

83.2 mg (0.150 mmol, 5 mol%) dppf and 433 mg (4.50 mmol, 1.5 equiv.) sodium fert-butoxide in

4 ml dry toluene were stirred for 1.5 h at 100 °C utilizing Schlenk conditions. The mixture was

allowed to cool to room temperature and quenched by addition of 30 ml water. The phases were

separated, the aqueous layer was extracted three times with 40 ml CH,Cl,, and dried over Na,SOa.

After purification via column chromatography (n-pentane:CH,Cl, 2:1) 573 mg (2.88 mmol, 96%)

336 were isolated as a grey solid.

"H-NMR (400 MHz, CDCls): 6= 7.31-7.24 (m, 2H), 7.20-7.14 (m, 1H), 7.12-7.08 (m, 2H), 6.98-

6.92 (m, 1H), 6.68-6.62 (m, 2H), 6.51-6.47 (m, 1H), 5.71 (bs, 1H), 3.79 (s, 3H) ppm.

BC-NMR (101 MHz, CDCly): 5= 160.9, 144.8, 143.0, 130.2, 129.5, 121.4, 118.5, 110.4, 106.3,

103.5, 55.4 ppm.

Spectral data are in accordance with previous reports.>*

2-bromo-N-(3-methoxyphenyl)-/V-phenylaniline (337):
© 578 mg (2.90 mmol, 1.0 equiv.) 336, 0.447 ml (985 mg, 3.48 mmol, 1.2 equiv.)

conditions. The mixture was allowed to cool to room temperature and quenched by addition of

B 2-iodobromobenzene, 66.7 mg (72.8 umol, 2.5 mol%) Pdx(dba);, 71.2 mg
\© (0.153 mmol, 5 mol%) RuPhos, 421 mg (4.38 mmol, 1.5 equiv.) sodium
tert-butoxide in 6 ml dry toluene were stirred for 2.5 h at 90 °C utilizing Schlenk

30 ml water. The phases were separated, the aqueous layer was extracted four times with 40 ml
CH,Cl,, and dried over Na>SOs. After purification via column chromatography (n-pentane:CH,Cl,
2:1) 760 mg (2.15 mmol, 74%) 337 were isolated as a yellowish oil.

"H-NMR (400 MHz, CDCly): § = 7.45 (dd, J = 8.0, 1.5 Hz, 1H), 7.23 (dd, J = 8.2, 1.6 Hz, 1H),
7.19-7.06 (m, 2H), 6.71-6.62 (m, 3H), 6.51 (ddd, J = 8.3, 2.4, 0.9 Hz, 1H), 6.00 (bs, 1H), 3.72 (s,
3H) ppm.

BC-NMR (101 MHz, CDCLs): 6 = 160.9, 143.2, 141.3, 133.1, 130.3, 128.3, 121.3, 116.6, 112.7,
112.5,108.1, 105.8, 55.4 ppm.
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Spectral data are in accordance with previous reports.>*

9-(2,4,6-trimethylphenyl)-1-methoxy-10-phenylacridinium perchlorate (338):

To a solution of 760 mg (2.15 mmol, 1.6 equiv.) 337 in 2.5 ml dry Et;O and 26 ml
<5 O dry n-hexane were added 0.90 ml (2.5 M in n-hexane, 2.25 mmol, 1.7 equiv.)
O N O n-butyllithium and the mixture was stirred for six hours at 60 °C utilizing Schlenk

NG conditions. The reaction was cooled to —20 °C and a solution of 239 mg (1.34 mmol,

N
©®C|o4 1.0 equiv.) 135 in 8 ml dry THF was added. The mixture was stirred for 12 hours
at room temperature. 13 ml 48% HBrq) followed by 260 ml water were added, the
aqueous phase was extracted four times with 100 ml CHCls:'PrOH (85:15), and the combined
organic layers were dried over Na;SO4. The product was purified via column chromatography
(CH2Cl:MeOH 100:0 — 20:1). The fractions were collected, and the solvent was evaporated. The
residual bromine salt (90.1 mg, 186 umol, 14%) was dissolved in 10 ml CH,Cl, and 32.0 ul
(3.72 mmol) 70% HClO4q) was added. The organic layer was washed once with 10 ml water, once
with 10 ml 1M NaClOsg), and dried over NaClO4 to yield 92 mg (182 umol, 14%) 338 as a red
solid.
Ry 0.11 (n-hexane:EtOAc 10:1)
IR(ATR): v = 2971, 1607, 1589, 1551, 1513, 1491, 1466, 1437, 1360, 1267, 1245, 1189, 1082,
977,811, 772,737,701, 621, 588 cm ™.
HR-MS(ESI): m/z = 404.2008 [M+Na"] (calc. 404.2009), 98.9433 [C1O47] (calc. 98.9491).
"H-NMR (400 MHz, CDCl;): 5= 8.10-8.02 (m, 2H), 7.93-7.83 (m, 3H), 7.80 (dd, J = 8.8, 1.4 Hz,
1H), 7.70-7.63 (m, 3H), 7.46 (d, J=9.0 Hz, 1H), 7.12 (d, J = 8.0 Hz, 1H), 7.09-7.04 (m, 3H), 3.66
(s, 3H), 2.45 (s, 3H), 1.81 (s, 6H) ppm.
BC-NMR (101 MHz, CDCly): 5= 164.2, 159.8, 143.3, 141.5, 141.0, 138.7, 138.6, 137.6, 134.1,
133.9,131.9, 131.8, 129.1, 128.3, 128.1, 128.1, 125.7, 119.8, 119.7, 111.7, 106.7, 57.4, 21.4, 20.4

10.2.8 Preparation of Pyrimidopteridine-NV-Oxide Photocatalysts

6-amino-1,3-dimethyluracil (140):
- j’\ B 1.76 g (20.0 mmol, 1.0 equiv.) 1,3-dimethylurea and 1.70 g (20.0 mmol, 1.0 equiv.)
’ Nu cyanoacetic acid were dissolved in 2.5 ml acetic anhydride and the mixture was
? stirred for three hours at 60 °C. The reaction was allowed to cool to room

temperature, the solvent was evaporated, and 10 ml cold 5% NaOH.q were added to the residue.
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The suspension was stirred for 30 minutes at 0 °C, filtered, and dried in vacuo to yield 2.13 g
(13.7 mmol, 69%) 140 as a colorless solid.

"H-NMR (400 MHz, DMSO-ds): 6= 6.77 (s, 2H), 4.69 (s, 1H), 3.23 (s, 3H), 3.06 (s, 3H) ppm.
BC-NMR (101 MHz, DMSO-ds): 5= 161.4, 154.9, 151.6, 74.9, 29.3, 27.0 ppm.

Spectral data are in accordance with previous reports.>*

6-amino-1,3-dimethyl-5-nitrosouracil (141):

JOJ\ 1.09 g (7.02 mmol, 1.0 equiv.) 140 were dissolved in 35 ml 50% AcOHgqq) and a

N solution of 0.961 g (13.9 mmol, 2.0 equiv.) NaNO, in 1.5 ml water was added
0 NH

NOH dropwise. After completion the mixture was stirred for one hour at 80 °C, cooled in

an ice bath for 30 minutes, filtered, and washed with water to yield 1.14 g (6.19 mmol, 88%) 141
as a black solid.

"H-NMR (400 MHz, DMSO-ds): 6= 12.96 (s, 1H), 9.07 (s, 1H), 3.27 (s, 3H), 3.24 (s, 3H) ppm.
BC-NMR (101 MHz, DMSO-ds): 5= 160.3, 149.4, 146.1, 139.2, 28.7, 27.9 ppm.

Spectral data are in accordance with previous reports.>*

1,3,7,9-tetramethyl-2,4,6,8-tetraoxo-1,2,3,4,6,7,8,9-octahydropyrimido|[5,4-g] pteridine-5-

oxide (133):

o ,L N N o 0920 g (5.00 mmol, 1.0 equiv.) 141 and 2.56 g (5.77 mmol, 1.1 equiv.)
j“/j(\[ﬁj;(\’\i Pb(OAc)s in 20 ml glacial acetic acid were stirred for two hours at room

o o° o temperature. The resulting suspension was filtered, washed with cold EtOAc,

and dried in vacuo to yield 385 mg (1.20 mmol, 48%) 133 as a yellow solid.

"H-NMR (400 MHz, DMSO-ds): 6= 3.27 (s, 6H), 3.24 (s, 6H) ppm.

BC-NMR (101 MHz, DMSO-dj): not determined due to poor solubility

Spectral data are in accordance with previous reports.>*

10.2.9 Preparation of Isophthalonitrile Photocatalysts

2,4,6-tri(9H-carbazol-9-yl)-5-chloroisophthalonitril (307):

1.57 g (9.4 mmol, 5.0 equiv.) carbazole were dissolved in 40 ml dry THF

N utilizing Schlenk conditions. To the solution 564 mg (14.1 mmol,
O NC N O 7.5 equiv.) NaH were slowly added and the mixture was stirred for one
N 5 N hour at room temperature. 500 mg (1.88 mmol, 1.0 equiv.) 2,4,5,6-

O O tetrachloroisophthalonitrile were added, the mixture was stirred for 18

hours at room temperature and quenched by addition 20 ml water. After removal of THF the residue
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was dissolved in CH>Cl,, the organic layer was washed three times with 20 ml water, and dried
over Na;SQO4. After purification via column chromatography (n-hexane/CH,Cl, 10:1 — 1:1) 882
mg (1.30 mmol, 69%) 307 were isolated as a bright yellow solid.

Ry 0.30 (n-hexane:CH>Cl, 1:1)

"H-NMR (400 MHz, DMSO-ds): § = 8.22-8.16 (m, 6H), 7.64-7.55 (m, 6H), 7.48-7.41 (m, 6H),
7.41-7.37 (m, 2H), 7.30-7.26 (m, 4H) ppm.

BC-NMR (101 MHz, DMSO-ds): 6=145.2,144.4,139.9,139.4,137.2, 127.1,127.1, 124.9, 124.8,
122.6,122.3,117.8, 110.8, 109.6, 109.4 ppm.

Spectral data are in accordance with previous reports.>**!

10.3 Preparation of Trapping Agents

10.3.1 Preparation of Azide Trapping Agents

GP-8: Preparation of sulfonyl azides from sulfonyl chlorides according to reported literature.!**’!

To a solution of 1.0 equiv. sulfonyl chloride in acetone (0.5 M) was added dropwise a solution of
1.5 equiv. NaNj3 in water (2.5 M) at 0 °C, and the mixture was stirred for three hours at room
temperature. After removal of acetone the aqueous layer was extracted three times with CH,Cla,
the combined organic layers were washed three times with water, and dried over Na;SO4. The crude

product was purified utilizing column chromatography (n-hexane:EtOAc).

4-(trifluoromethyl)benzenesulfonyl azide (143):
Q\S,,O Prepared according to GP-8 with 6.11 g (25.0 mmol, 1.0 equiv.)

/©/ N 4-(trifluoromethyl)benzenesulfonyl chloride, 2.44 g (37.5 mmol, 1.5 equiv.)
e NaNsz, 50 ml acetone, and 15 ml water. After purification via column
chromatography (n-hexane:EtOAc 20:1) 6.01 g (23.9 mmol, 96%) 143 were isolated as colorless
oil which solidified upon cooling.
Ry 0.28 (n-hexane:EtOAc 20:1)
"H-NMR (400 MHz, CDCls): 6= 8.14-8.08 (m, 2H), 7.92-7.87 (m, 2H) ppm.
BC-NMR (101 MHz, CDCl;): 6= 142.0, 136.5 (q,J=33.3 Hz), 128.2, 127.1 (q, J= 3.7 Hz), 123.0
(d, J=273.1 Hz) ppm.

Spectral data are in accordance with previous reports.[*”]
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3,5-bis(trifluoromethyl)benzenesulfonyl azide (274):

F.c Q\S,?N Prepared according to GP-8 with 1.00 g (3.20 mmol, 1.0 equiv.)
\©/ ®  3,5-bis(trifluoromethyl)benzenesulfonyl chloride, 312 mg (4.80 mmol, 1.5 equiv.)

CF, NaN3, 7 ml acetone, and 2 ml water. After purification via column chromatography

(n-hexane:EtOAc 20:1) 890 mg (2.79 mmol, 87%) 274 were isolated as colorless solid.

Ry 0.34 (n-hexane:EtOAc 20:1)

"H-NMR (400 MHz, CDCls): 6= 8.40 (s, 2H), 8.23-8.21 (m, 1H) ppm.

BC-NMR (101 MHz, CDCly): 5= 141.3, 134.0 (q, J = 35.1 Hz), 128.4 (g, J = 3.5 Hz), 127.9 (q, J

=3.8 Hz), 122.2 (q, J=273.7 Hz) ppm.

Spectral data are in accordance with previous reports.[***]

4-methoxybenzenesulfonyl azide (275):
O\\S/?N Prepared according to GP-8 with 661 mg (3.20 mmol, 1.0 equiv.)

- /©/ °  4-methoxybenzenesulfonyl chloride, 312 mg (4.80 mmol, 1.5 equiv.) NaNs, 7 ml

? acetone, and 2 ml water. After purification via column chromatography
(n-hexane:EtOAc 20:1) 630 mg (2.95 mmol, 92%) 275 were isolated as colorless oil.
Ry 0.14 (n-hexane:EtOAc 10:1)
'"H-NMR (400 MHz, CDCl5): 6= 7.93-7.86 (m, 2H), 7.08-7.01 (m, 2H), 3.91 (s, 3H) ppm.
BC-NMR (101 MHz, CDCl;): 5= 164.8, 130.0, 130.0, 115.0, 56.0 ppm.

Spectral data are in accordance with previous reports.[*!]

3-pyridinesulfonyl azide (276):
Q\S,P Prepared according to GP-8 with 11.3 g (52.6 mmol, 1.0 equiv.) 3-pyridinesulfonyl

Ej/ N chloride hydrochloride, 7.15 g (110.0 mmol, 1.5 equiv.) NaNs, 100 ml acetone, and

" 45 ml water. After purification via column chromatography (n-hexane:EtOAc 1:1)
8.71 g (47.3 mmol, 90%) 276 were isolated as colorless oil.
Ry 0.42 (n-hexane:EtOAc 1:1)
"H-NMR (400 MHz, CDCL3): §=9.17 (d, J = 1.6 Hz, 1H), 8.95 (dd, J = 4.9, 1.6 Hz, 1H), 8.23
(ddd, J=8.1,2.4, 1.6 Hz, 1H), 7.58 (ddd, /= 8.1, 4.8, 0.8 Hz, 1H) ppm.
BC-NMR (101 MHz, CDCl;): 5= 115.3, 148.3, 135.6, 135.2, 124.3 ppm.

Spectral data are in accordance with previous reports.**
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10.3.2 Preparation of Hypervalent lodine Trapping Agents

1-hydroxy-1,2-benziodoxol-3-(1H)-one (310):

\

%o 10.02 g (40.0 mmol, 1.0 equiv.) o-iodobenzoic acid and 9.06 (42.0, 1.05 equiv.) NalO4

ES '=OH  were refluxed for four hours in 60 ml acetic acid. 170 ml water were added to the
mixture and the reaction was stirred for one hour at room temperature. The formed

precipitate was filtered, washed three times with 100 ml water, and three times with 100 ml acetone.

The precipitate was dried under ambient conditions with exclusion of light to yield 9.62 g

(36.4 mmol, 90%) 310 as a colorless solid.

"H-NMR (400 MHz, DMSO-ds): 5=8.01 (dd, J=7.5, 1.5 Hz, 1H), 7.96 (ddd, J= 8.5, 7.2, 1.6 Hz,

1H), 7.84 (dd, /= 8.1, 0.9 Hz, 1H), 7.70 (td, J= 7.4, 1.0 Hz, 1H) ppm.

BC-NMR (101 MHz, DMSO-dy): 5= 167.7, 134.4, 131.5, 131.1, 130.3, 126.3, 120.4 ppm.

Spectral data are in accordance with previous reports.>*4

1-(2-phenylethynyl)-1,2-benziodoxol-3(1H)-one (311):
0 9 To a suspension of 1.50 g (5.68 mmol, 1.0 equiv.) 310 in 30 mL dry MeCN
&'W were added 1.07 ml (1.32 g, 5.96 mmol, 1.05 equiv.) trimethylsilyl triflate.
The mixture was stirred for 15 min and 1.17 ml (1.04 g, 5.96 mmol, 1.05 equiv.)
(phenylethynyl)trimethylsilane was added via syringe. The mixture was stirred for additional
20 minutes, 0.504 ml (494 mg, 6.25 mmol, 1.1 equiv.) pyridine were added, and the solvent was
removed under reduced pressure. The residue was washed with water to afford a colorless solid.
After drying in vacuo 1.70 g (4.88 mmol, 86%) 311 were obtained as a colorless solid.
"H-NMR (400 MHz, DMSO-ds): 5= 8.32 (dd, J=8.2, 0.9 Hz, 1H), 8.13 (dd, J= 7.4, 1.7 Hz, 1H),
7.94-7.88 (m, 1H), 7.80 (td, /= 7.3, 0.9 Hz, 1H), 7.74-7.69 (m, 2H), 7.58-7.48 (m, 3H) ppm.
BC-NMR (101 MHz, DMSO-ds): 5=166.2,135.1, 132.5,132.1, 131.3, 131.3, 130.6, 129.0, 127.5,
120.5, 116.3, 104.3, 52.1 ppm.

Spectral data are in accordance with previous reports.>*

1-acetoxy-1,2-benziodoxol-3-(1H)-one (312):

\

%o 6.32 g (23.9 mmol, 1.0 equiv.) 310 were suspended in 21 ml acetic anhydride and the

& I=0nc suspension was refluxed for 30 minutes. The mixture was cooled to 0 °C for
30 minutes and the colorless suspension was filtered. The filtrate was again cooled to

0 °C for 30 minutes and filtered again. The combined solids were washed twice with 20 ml n-hexane

and dried in vacuo to yield 5.35 g (17.5 mmol, 73%) 312 as a colorless solid.

"H-NMR (400 MHz, CDCl;): 6= 8.25 (dd, J = 7.6, 1.6 Hz, 1H), 8.00 (dd, J = 8.3, 1.0 Hz, 1H),

7.92 (ddd, J= 8.4, 7.1, 1.6 Hz, 1H), 7.71 (td, J = 7.4, 1.0 Hz, 1H), 2.25 (s, 3H) ppm.
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BC-NMR (101 MHz, CDCly): 6=176.5, 168.3, 136.3,133.3, 131.5, 129.5, 129.1, 118.5, 20.5 ppm.

Spectral data are in accordance with previous reports.>*4

1-cyano-1,2-benziodoxol-3-(1H)-one (313):

% o 3.02 g (9.8 mmol, 1.0 equiv.) 312 were dissolved in 25 ml CH,Cl, utilizing Schlenk
I~cN  conditions. Within five minutes 2.45 ml (1.94 g, 19.6 mmol, 2.0 equiv.) TMSCN were

é( added dropwise, and the mixture was stirred for 90 hours at room temperature. The

colorless suspension was filtered, washed three times with 7 ml n-hexane, and dried in vacuo to

yield 2.47 g (9.05 mmol, 92%) 313 as a colorless solid.

"H-NMR (400 MHz, DMSO-ds): 5= 8.30 (d, /= 8.3, 1H), 8.14 (dd, J=7.5, 1.7 Hz, 1H), 8.05-7.99

(m, 1H), 7.89 (td, /= 7.3, 0.9 Hz, 1H) ppm.

BC-NMR (101 MHz, DMSO-dy): 6= 166.6, 136.4, 131.9, 131.8, 130.3, 127.8, 117.5, 87.8 ppm.

Spectral data are in accordance with previous reports.>*4

10.3.3 Preparation of Alkyne Trapping Agents

1-(trifluoromethyl)-4-((2-(tris(1-methylethyl)silyl)ethynyl)thio)benzene (321):

/©/S\ 0.548 ml (712 mg, 4.00 mmol, 1.0 equiv.) 4-(trifluoromethyl)thiophenol and
FsC TPS 0,602 ml (553 mg, 4.80 mmol, 1.2 equiv.) tetramethylguanidine were
dissolved in 50 ml dry THF utilizing Schlenk conditions. The mixture was stirred for five minutes,
2.06 g (4.8 mmol, 1.2 equiv.) 1-((tris(1-methylethyl)silyl)ethynyl)-1,2-benziodoxol-3(1H)-one
were added, and the mixture was stirred for additional five minutes. The reaction was quenched by
addition of 30 ml water, the aqueous layer was extracted three times with 50 mL Et;,O, and the
combined organic phases were dried over Na;SOs. After purification via column chromatography
(n-hexane) 1.30 g (3.63 mmol, 91%) 321 were isolated as a colorless solid.

Ry 0.63 (n-hexane)

IR(ATR): v = 2945, 2892, 2867, 2096, 1607, 1497, 1463, 1405, 1323, 1166, 1127, 1108, 1086,
1064, 1014, 996, 882, 857, 827, 700, 677, 591, 491 cm .

HR-MS(APCI): m/z =359.1472 [M+H"] (calc. 359.1471).

"H-NMR (400 MHz, CDCL3): & = 7.61-7.56 (m, 2H), 7.56-7.51 (m, 2H), 1.17-1.10 (m, 21H) ppm.
BC-NMR (101 MHz, CDCly): § = 138.4, 138.4, 128.7 (q, /= 32.8 Hz), 126.1 (q, J= 3.8 Hz), 125.5
(q,J=272.7 Hz), 105.5, 89.3, 18.8, 11.5 ppm.

YF-NMR (400 MHz, CDCl;): § =—62.48 ppm.
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1-(trifluoromethyl)-4-((2-(tris(1-methylethyl)silyl)ethynyl)sulfonyl)benzene (316):
O\\SP 1.14 g (3.18 mmol, 1.0 equiv.) 321 and 1.65 g (9.56 mmol, 3.0 equiv.)

/©/ \TIPS m-chloroperbenzoic acid were dissolved in 20 ml CH>Cl,. The mixture was
e stirred over night at room temperature, the solvent was removed under
reduced pressure, and the residue was suspended in TBME. The suspension was filtered, the filtrate
was washed three times with 30 ml sat. NaHCO3(.q), and the organic phase was dried over Na;SOs.
After purification via column chromatography (n-hexane:EtOAc 100:1 — 20:1) 1.10 g (2.81 mmol,
88%) 316 were isolated as a colorless solid.
Ry 0.49 (n-hexane:EtOAc 20:1)
IR(ATR): v = 2947, 2893, 2868, 2121, 1463, 1406, 1338, 1320, 1163, 1136, 1109, 1088, 1062,
1016, 998, 971, 882, 853, 794, 773, 713, 682, 667, 618, 596, 547, 508, 472, 461 cm .
HR-MS(ESI): m/z =429.0931 [M+K"] (calc. 429.0934).
"H-NMR (400 MHz, DMSO-ds): 5= 8.26 (d, J= 8.2 Hz, 1H), 8.12 (d, J = 8.4 Hz, 1H), 1.16-1.06
(m, 3H), 1.00-0.94 (m, 18H) ppm.
BC-NMR (101 MHz, DMSO-ds): 5= 144.7, 134.3 (q, J = 32.7 Hz), 128.0, 127.29 (q, J = 3.8 Hz),
123.1 (q, J=273.2 Hz), 102.5, 100.0, 18.0, 10.2 ppm.
F-NMR (400 MHz, DMSO-ds): 6=—61.94 ppm.

10.3.4 Preparation of Sulfide Trapping Agents

S-phenyl 4-(trifluoromethyl)benzenesulfonthioate (317):
0.0 4.29 g (20.0 mmol, 2.0 equiv.) 4-(trifluoromethyl)benzenesulfonyl chloride,

/©/S\S 1.10 g (10.0 mmol, 1.0 equiv.) thiophenol, 1.61 ml (1.58 g, 20.0 mmol,
FoC 2.0 equiv.) pyridine were dissolved in 200 ml CH>Cl,. The mixture was
stirred over night at room temperature, the organic layer was washed twice with water, once with
brine, and dried over Na,SO4. After purification via column chromatography (n-hexane:EtOAc
20:1) and 4.51 g (14.2 mmol, 71%) 317 were isolated as a yellowish solid.
"H-NMR (400 MHz, CDCls): 6= 7.63-7.53 (m, 1H), 7.53-7.46 (m, 3H), 7.35-7.20 (m, SH) ppm.
BC-NMR (101 MHz, CDCLy): §= 142.1, 137.2, 136.2, 129.4, 129.2, 127.7, 127.3, 126.7, 126.1
ppm.

Spectral data are in accordance with previous reports.[*
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10.3.5 Preparation of Oxime Trapping Agents

(benzyloxy)methanimine (324):

©AO/N§ 1.74 ml (1.85 g, 15.0 mmol, 1.0 equiv.) O-benzylhydroxylamine, 1.22 ml (450 mg,
15.0 mmol, 1.0 equiv.) 37% formaldehydeq) and 200 ml benzene were heated in a

Dean-Stark apparatus until no further formation of water was observed. The solvent was removed

under reduced pressure to obtain 1.91 g (14.1 mmol, 94%) 324 which was used directly in the next

step without further purification.

"H-NMR (400 MHz, CDCl;): 5= 7.42-7.28 (m, 5H), 7.09 (d, J = 8.2 Hz, 1H), 6.48 (d, /= 8.2 Hz,

1H), 5.14 (s, 2H) ppm.

BC-NMR (101 MHz, CDCls): §=137.8, 137.6, 128.6, 128.4, 128.1, 76.1 ppm.

Spectral data are in accordance with previous reports.[**]

N-(phenylmethoxy)methanimidoyl chloride (325):

o NsC 1.78 g (13.8 mmol, 1.0 equiv.) 324 and 2.11 g (15.8 mmol, 1.2 equiv.)
g N-chlorosuccinimide were dissolved in 35 ml DMF and the solution was stirred
for five hours at 40 °C. The reaction was diluted by addition of 150 ml Et,O, the organic layer was
washed twice with 75 ml 10% HCl,q), and once with 75 ml brine and dried over Na;SOas. After
purification via column chromatography (n-hexane:EtOAc 50:1) 1.79 g (10.6 mmol, 77%) 325
were isolated as a colorless oil.

"H-NMR (400 MHz, CDCls): 6= 7.41-7.30 (m, 5H), 6.97 (s, 1H), 5.22 (s, 2H) ppm.
BC-NMR (101 MHz, CDCl;): 5= 136.8, 128.7, 128.4, 124.9 ppm.

Spectral data are in accordance with previous reports.[**4

4-(trifluoromethyl)phenyl N-(phenylmethoxy)methanimidothioate (326):

o N~-S To a solution of 183 g (103 mmol, 1.7 equiv.)
©ﬂ \©\CF3 4-(trifluoromethyl)thiophenol in 3 ml dry THF was added dropwise a
solution of 274 mg (10.3 mmol, 1.7 equiv.) NaH in 30 ml dry THF. The mixture was stirred for one
hour at room temperature. 1.00 g (5.9 mmol, 1.0 equiv.) 325 were added and the mixture was stirred
for three hours at room temperature. The solution was diluted by addition of 60 ml Et,O, washed
twice with 30 ml sat. NaHCO3.q), once with 30 ml brine, and dried over Na,SO4. After purification
via column chromatography (n-hexane:EtOAc 50:1 — 20:1) 1.75 g (5.61 mmol, 95%) 326 were
isolated as a colorless oil.

IR(ATR): v = 3035, 2930, 1609, 1567, 1497, 1455, 1403, 1366, 1321, 1166, 1124, 1106, 1097,
1062, 1014, 904, 870, 835, 780, 734, 696, 631, 593, 510, 495 cm .

HR-MS(ESI): m/z = 334.0482 [M+Na'] (calc. 334.0484).
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"H-NMR (400 MHz, CDCls): 6= 7.62 (q, J = 8.5 Hz, 4H), 7.45-7.50 (m, 6H), 5.25 (s, 2H) ppm.
BC-NMR (101 MHz, CDCls): 5= 144.1, 137.4, 136.8, 136.8, 132.1, 130.9 (q, J = 33.0 Hz), 128.6,
128.2,128.2,126.51 (q, J=3.7 Hz), 123.86 (q, J = 272.3 Hz) ppm.

YF-NMR (400 MHz, CDCl;): 5§=—62.81 ppm.

1-((4-(trifluoromethyl)phenyl)sulfonyl)formaldehyde O-(phenylmethyl)oxime (318):

N \O\\é,o 1.15 g (3.70 mmol, 1 equiv.) 326 and 2.28 g (9.25 mmol, 2.5 equiv.)
©AO/ - \©\ m-chloroperbenzoic acid (70%) were dissolved in 20 ml CH>Cl,. The

o mixture was stirred over night at room temperature, the solvent was

removed under reduced pressure, and the residue was suspended in TBME. The suspension was
filtered, the filtrate was washed three times with 30 ml sat. NaHCO3(.q), and the organic phase was
dried over Na,SOs4. After purification via column chromatography (n-hexane:EtOAc 10:1) and
recrystallisation from z#-hexane 710 mg (2.07 mmol, 56%) 318 were isolated as colorless needles.
Ry 0.11 (n-hexane:EtOAc 10:1)
IR(ATR): ¥ =3194, 3023, 1682, 1574, 1497, 1455, 1404, 1320, 1151, 1121, 1060, 1012, 993, 916,
884, 838, 741, 711, 695, 627, 608, 551, 522 cm ™.
HR-MS(ESI): m/z = 366.0384 [M+Na'] (calc. 366.0382).
"H-NMR (400 MHz, CDCl;): 5= 7.95-7.90 (m, 2H), 7.60-7.54 (m, 2H), 7.29-7.17 (m, 3H), 6.96-
6.90 (m, 2H), 5.03 (s, 2H) ppm.
BC-NMR (101 MHz, CDCls): 6= 143.3, 143.0, 135.90 (q, /= 33.1 Hz), 134.9, 129.9, 129.0, 128.7,
128.6, 126.0 (q, J=3.7 Hz), 123.2 (q, J = 273.2 Hz), 79.5 ppm.
YF-NMR (400 MHz, CDCl;): §=—-62.22 ppm.

10.4 Preparation of Pyridine-2(1H)-ones

GP-9: Arylation of pyridin-2(1H)-ones according to reported literature.”*'%)

To a suspension of 1.0 equiv. pyridin-2(1H)-one, 10 mol% anhydr. Cul, 1.0 equiv. K»COj3 in dry
DMF (0.84 M) were added 2.0 equiv. iodoarene via syringe utilizing Schlenk conditions. The
mixture was stirred for six hours at 150 °C, cooled to room temperature, and the solvent was
evaporated. The crude product was purified utilizing column chromatography and, if indicated,

afterwards recrystallized.

1-phenylpyridin-2(1H)-one (130):
o] Prepared according to GP-9 with 1.27 g (13.4 mmol, 1.0 equiv.) pyridin-2(1H)-one,
;N 0.255 g (1.34 mmol, 0.1 equiv.) anhydr. Cul, 1.85 g (13.4 mmol, 1.0 equiv.) K,COs,
3.00ml (5.47 g, 26.8 mmol, 2.0 equiv.) iodobenzene, and 16 ml dry DMF. After
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purification via column chromatography (n-hexane:EtOAc 1:1) and recrystallisation from
cyclohexane 1.35 g (7.89 mmol, 59%) 130 were isolated as a colorless solid.

Ry 0.13 (n-hexane:EtOAc 1:1)

Jmax(MeCN): 317 nm

Eox: 1.65 V vs. SCE

Ksvstatio: 0.049 mM™' (Photocatalyst: 132)

"H-NMR (400 MHz, CDCl3): §=7.52-7.46 (m, 2H), 7.45-7.36 (m, 4H), 7.34 (ddd, J= 6.8, 2.2, 0.7
Hz, 1H), 6.70-6.65 (m, 1H), 6.24 (td, /= 6.7, 1.3 Hz, 1H) ppm.

BC-NMR (101 MHz, CDCl;): §= 162.5, 141.1, 140.0, 138.1, 129.5, 128.6, 126.7, 122.0, 106.1
ppm.

Spectral data are in accordance with previous reports.'"

1-(3,5-bis(trifluoromethyl)phenyl)pyridin-2(1H)-one (146):
CFs Prepared according to GP-9 with 0.127 g (1.34 mmol, 1.0 equiv.) pyridin-2(1H)-
CF
1.0 equiv.) K,CO;, 0.496ml (0.952g, 2.68 mmol, 2.0 equiv.) 3,5-
bis(trifluoromethyl)iodobenzene, and 1.6 ml dry DMF. After purification via column
chromatography (n-hexane:EtOAc 1:1) 0.244 g (0.080 mmol, 60%) 146 were isolated as a

i: one, 0.026 g (0.134 mmol, 0.1 equiv.) anhydr. Cul, 0.185 g (1.34 mmol,
N

|

=

yellowish oil which crystallized upon cooling.

Ry 0.42 (n-hexane:EtOAc 1:1)

Jmax(MeCN): 318 nm

Eox: 1.79 V vs. SCE

Ksvstatio: 0.021 mM™' (Photocatalyst: 132)

IR(ATR): ¥ =3029, 1664, 1583, 1532, 1469, 1375, 1278, 1247, 1192, 1168, 1120, 1040, 971, 905,
874, 847,770, 709, 682, 651, 614, 567, 527, 517, 483, 428, 410 cm .

HR-MS(ESI): m/z =330.0323 [M+Na'] (calc. 330.0324)

"H-NMR (400 MHz, CDCL): 5= 7.94 (s, 1H), 7.91 (s, 2H), 7.46 (ddd, J = 9.3, 6.7, 2.1 Hz, 1H),
7.33 (ddd, J = 6.8, 2.0, 0.7 Hz, 1H), 6.69 (dt, J = 9.3, 1.2 Hz, 1H), 6.34 (td, J = 6.8, 1.2 Hz, 1H)
ppm.

BC-NMR (101 MHz, CDCls): 6= 161.9, 142.1, 140.7, 136.8, 133.1 (q, J=34.1 Hz), 127.5 (d, J =
3.9 Hz), 122.9 (q, J=273.0 Hz), 122.6 (p, /= 7.7 Hz), 122.5, 107.2 ppm.

YF-NMR (400 MHz, CDCl3) §=-62.9 ppm.
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1-phenyl-3-(trifluoromethyl)pyridin-2(1H)-one (147):
o] To a solution of 85.6 mg (0.500 mmol, 1.0 equiv.) 130, 323 mg (0.750 mmol,
| /N 1.5 equiv.) PIFA, 27.2 mg (0.150 mmol, 0.3 equiv.) anhydr. Cu(OAc),, 43.6 mg
(0.640 mmol, 1.3 equiv.) KF in 5 ml dry MeCN 0.150 ml (0.156 g, 1.10 mmol,

F3C

2.2 equiv.) TMSCF; were added via syringe utilizing Schlenk conditions. The mixture was stirred
for one hour at room temperature, diluted with 10 ml 0.1 M NH3(gq)-solution, extracted three times
with 7 ml EtOAc, and the combined organic layers were dried over Na;SOs. After purification via
column chromatography (n-hexane:EtOAc 5:1) 61.5 mg (0.169 mmol, 51%) 147 were isolated as
a colorless solid.

Ry 0.50 (n-hexane:EtOAc 1:1)

Jmax(MeCN): 320 nm

Eox: 2.06 V vs. SCE

Ksvstatio: 0.001 mM™" (Photocatalyst: 132)

"H-NMR (400 MHz, CDCls): 5= 7.86-7.79 (m, 1H), 7.60-7.54 (m, 1H), 7.53-7.42 (m, 4H), 7.42-
7.36 (m, 2H) 6.32 (t,J = 6.9 Hz, 1H) ppm.

BC-NMR (101 MHz, CDCl3): 6= 158.3, 142.0, 139.9, 139.4 (q, J = 5.1 Hz), 129.6, 129.2, 126.6,
124.1 (q,J=271.9 Hz), 121.7 (d, J=30.8 Hz), 104.1 ppm.

Spectral data are in accordance with previous reports.”'"

10.5 Preparation of Aryne Precursors

GP-10: Preparation of 2-(trimethylsilyl)phenyl triflates according to reported literature.l*'¥

1.0 equiv. o-bromophenol was stirred with 1.0 equiv. HMDS for two hours at 80 °C utilizing
Schlenk conditions. Excess NH3 and HMDS were evaporated under high vacuum and dry THF
(0.15 M) was added. The solution was cooled to —78 °C and 1.1 equiv. 2.5 M n-butyllithium in
n-hexane were added dropwise. The mixture was stirred for one hour at —78 °C, 1.2 equiv. triflic
anhydride were added dropwise, and mixture was allowed to slowly warm up to room temperature.
Cold sat. NaHCOsq) was added, the layers were separated, and the aqueous layer was extracted
three times with Et,O. The combined organic layers were dried over Na,SOs4. The crude product

was purified utilizing column chromatography (n-hexane).

2-(trimethylsilyl)phenyl triflate (149):

™S Prepared according to GP-10 with 6.00 g (34.7 mmol, 1.0 equiv.) 2-bromophenol,
@Eoﬁ 7.26 ml (5.61 g, 34.7 mmol, 1.0 equiv.) HMDS, 15.0 ml (2.5 M in n-hexane, 37.5
mmol, 1.1 equiv.) #-butyllithium, 7.02 ml (11.8 g, 41.7 mmol, 1.2 equiv.) triflic anhydride, and
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250 ml dry THF. After purification via column chromatography (n-hexane) 6.97 g (23.4 mmol,
67%) 149 were isolated as a colorless oil.

Ry 0.31 (n-hexane)

'"H-NMR (400 MHz, CDCL3): § = 7.58-7.52 (m, 1H), 7.47-7.42 (m, 1H), 7.39-7.31 (m, 2H), 0.37
(s, 9H) ppm.

BC-NMR (101 MHz, CDCls, missing signals due to low intensity): 6= 155.3, 136.4, 132.7, 131 .4,
127.6, 119.7,-0.7 ppm.

YF-NMR (400 MHz, CDCl3): §=—74.0 ppm.

Spectral data are in accordance with previous reports.>'¥

3,4-dimethoxyphenol (208):
MeO OH  To a solution of 12.7 g (6.98 mmol, 1.0 equiv.) 3,4-dimethoxyphenylboronic acid
MeOD/ in 225 ml acetone a solution of 23.7 g (7.70 mmol, 1.1 equiv.) Oxone® in 250 ml
water was added at 0 °C within 10 minutes. Afterwards, the mixture was stirred for 10 minutes at
room temperature and quenched by addition of 250 ml sat. NaHSO3q). The aqueous layer was
extracted three times with 400 ml CH»Cl», and the combined organic layers were dried over Na,SOa.
After purification via column chromatography (n-hexane: Et,O 4:1) 9.80 g (6.36 mmol, 91%) 208
were isolated as a colorless oil.

'"H-NMR (400 MHz, CDCls): 5= 6.73 (d, J = 8.6 Hz, 1H), 6.47 (d, J = 2.8 Hz, 1H), 6.34 (dd,
J=28.6,2.8 Hz, 1H), 3.83 (s, 3H), 3.81 (s, 3H) ppm.

BC-NMR (101 MHz, CDCl;): 5= 150.3, 150.0, 143.3, 112.6, 106.0, 100.8, 56.7, 55.9 ppm.

Spectral data are in accordance with previous reports.[**]

4-(((tert-butyl)dimethylsilyl)oxy)-1,2-dimethoxybenzene (209):

Meoj@/OTBDMS 8.77 g (5.69 mmol, 1.0 equiv.) 208, 3.87 g (5.69 mmol, 1.0 equiv.) imidazole,
MeO and 12.1 g (8.00 mmol, 1.4 equiv.) TBDMSCI were dissolved in 100 ml DMF
and stirred over night at room temperature. The mixture was diluted with 300 ml Et,O, the organic
phase was washed three times with 100 ml 2M HCl,q), and dried over Na,SO4. After purification
via column chromatography (n-hexane: Et;O 20:1) 12.9 g (4.82 mmol, 85%) 209 were isolated as
a colorless solid.

'"H-NMR (400 MHz, CDCls): 5= 6.71 (d, J = 8.6 Hz, 1H), 6.42 (d, J = 2.7 Hz, 1H), 6.36 (dd,
J=28.6,2.7Hz, 1H), 3.83 (s, 3H), 3.83 (s, 3H), 0.98 (s, 9H), 0.18 (s, 6H) ppm.

BC-NMR (101 MHz, CDCl;): 5= 149.9, 149.7, 143.9, 111.9, 110.7, 105.1, 56.5, 55.9, 25.9, 18.3,
—4.31 ppm.

Spectral data are in accordance with previous reports.[*¢637]
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1-bromo-2-(((zert-butyl)dimethylsilyl)oxy)-4,5-dimethoxybenzene (210):
MeO OTBDMS  To a solution of 12.8 g (4.80 mmol, 1.0 equiv.) 209 in 175 ml CHCI; 2.45 ml
Meojc[ Br (7.67 g,4.80 mmol, 1.0 equiv.) bromine were dropwise added, and the mixture
stirred for 30 minutes at room temperature. The reaction was quenched with by addition of 200 ml
sat. Na»S>03(.q), the phases were separated, and the organic phase as dried over Na>SOs. After
purification via column chromatography (n-hexane: Et,O 50:1) 12.28 g (3.54 mmol, 74%) 210 were
isolated as a colorless solid.

"H-NMR (400 MHz, CDCl3): 5= 6.97 (s, 3H), 6.46 (s, 3H), 3.82 (s, 3H), 3.82 (s, 3H), 1.04 (s, 9H),
0.23 (s, 6H) ppm.

BC-NMR (101 MHz, CDCly): 5= 148.9, 146.6, 144.3, 115.9, 105.3, 104.3, 56.6, 56.2, 25.9, 18.5,
—4.03 ppm.

Spectral data are in accordance with previous reports.[*”]

4,5-dimethoxy-2-(trimethylsilyl)phenyl triflate (215):
/OIITMS A solution of 6.04 g (17.4 mmol, 1.0 equiv.) 210 in 35 ml IM TBAF in THF was

~o

ot stirred for 20 minutes at room temperature. The mixture was quenched by addition
of water (0.5 M), extracted three times with Et,O, and dried over Na,SOs. After evaporation of the
solvent, product 211 was used without further purification in the next step. Prepared according to
GP-10 with 3.57 g (15.0 mmol, 1.0 equiv.) 211, 3.30 ml (5.61 g, 34.7 mmol, 1.0 equiv.) HMDS,
6.81 ml (2.5 M in n-hexane, 37.5 mmol, 1.1 equiv.) #-butyllithium, 3.20 ml (11.8 g, 41.7 mmol,
1.2 equiv.) triflic anhydride, and 100 ml dry THF. After purification via column chromatography
(n-hexane:EtOAc 100:0 — 20:1) 3.27 g (9.12 mmol, 61%) 215 were isolated as a colorless oil.

Ry 0.14 (n-hexane)

"H-NMR (400 MHz, CDCl5): 5= 6.90 (s, 1H), 6.85 (s, 1H), 3.90 (s, 3H), 3.80 (s, 3H), 0.35 (s, 9H)
ppm.

BC-NMR (101 MHz, CDCl3): 5= 150.8, 148.4, 148.1 123.3, 116.8, 104.4, 104.4, 56.3, 56.2, —0.53

ppm.

Spectral data are in accordance with previous reports.[***]
4,5-diflouro-2-(trimethylsilyl)phenyl triflate (216):

F TS Prepared according to GP-10 with 7.26 g (34.7 mmol, 1.0 equiv.) 2-bromo-4,5-
Fj©:0ﬂ difluorophenol, 7.26 ml (5.61 g, 34.7 mmol, 1.0 equiv.) HMDS, 15.0 ml (2.5 M in
n-hexane, 37.5 mmol, 1.1 equiv.) n-butyllithium, 7.02 ml (11.8 g, 41.7 mmol, 1.2 equiv.) triflic
anhydride, and 250 ml dry THF. After purification via column chromatography (n-hexane) 5.34 g

(16.0 mmol, 46%) 216 were isolated as a colorless oil.

Ry 0.31 (n-hexane)
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'H-NMR (400 MHz, CDCl;): 6= 7.33-7.27 (m, 1H), 7.23 (dd, J = 10.3, 6.0 Hz, 1H), 0.36 (s, 9H)
ppm.

BC-NMR (101 MHz, CDCly): 6 = 152.0 (d, J = 14.6 Hz), 150.7 (d, J = 11.5 Hz), 149.5 (d,
J=14.3Hz), 149.2 (dd, J= 7.9, 3.0 Hz), 148.2 (d, J = 11.7 Hz), 130.2 (d, J = 4.1 Hz), 123.6 (dd,
J=17.2, 1.3 Hz), 118.6 (q, J= 320.1 Hz), 110.5 (d, J=21.5 Hz), 100.1, —0.86 ppm.

Spectral data are in accordance with previous reports.>'¥

5-(trifluoromethyl)-2-(trimethylsilyl)phenyl triflate (217):

FsC OTt  Prepared according to GP-10 with 2.00 g (8.30 mmol, 1.0 equiv.) 2-bromo-4-
\©:TMS (trifluoromethyl)phenol, 1.73 ml (1.34 g, 8.30 mmol, 1.0 equiv.) HMDS, 3.60 ml

(2.5 M in n-hexane, 9.13 mmol, 1.1 equiv.) n-butyllithium, 1.68 ml (2.82 g, 10.0 mmol, 1.2 equiv.)

triflic anhydride, and 50 ml dry THF. After purification via column chromatography (n-hexane)

1.05 g (2.75 mmol, 33%) 217 were isolated as a colorless oil.

Ry 0.33 (n-hexane)

"H-NMR (400 MHz, CDCl;): 6= 7.77 (d, J = 2.4 Hz, 1H), 7.71 (ddd, J = 8.7, 2.5, 0.7 Hz, 1H),

7.48 (d, J=8.7 Hz, 1H), 0.36 (s, 9H) ppm.

BC-NMR (101 MHz, CDCls): 6= 157.0 (d, J = 1.6 Hz), 134.4, 133.4 (q, J = 3.7 Hz), 129.9 (q,

J =327 Hz), 128.7 (q, J = 3.6 Hz), 123.7 (q, J = 272.6 Hz), 1199 (d, J = 1.9 Hz), 118.6 (q,

J=320.0 Hz) ppm.

Spectral data are in accordance with previous reports.[*]

10.6 Preparation of Pyridinylbenzamides

GP-11: Condensation of benzoyl chlorides with aminopyridines.
A solution of 1.0 equiv. benzoyl chloride, 1.2 equiv. aminopyridine, 1.0 equiv. EtzN, 1 mol%
DMAP in MeCN (0.5 M) were stirred over night at room temperature. The solvent was evaporated,

and the crude product was purified utilizing column chromatography (n-hexane:EtOAc).

N-(2-pyridinyl)benzamide (151):
o | Prepared according to GP-11 with 1.55 g (11.0 mmol, 1.0 equiv.) benzoyl
©)J\ﬁ N chloride, 1.24 g (13.0 mmol, 1.2 equiv.) 2-aminopyridine, 1.53 ml (1.11 g, 11.0
mmol, 1.0 equiv.) EtsN, 13.4 mg (0.110 mmol, 1 mol%) DMAP and 20 ml
MeCN. After purification via column chromatography (n-hexane:EtOAc 1:1) 1.21 g (6.10 mmol,
55% (19% diacylated product isolated) 151 were isolated as a colorless solid.
Ry 0.20 (n-hexane: EtOAc 1:1)
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"H-NMR (400 MHz, CDCL3): 6= 9.08 (bs, 1H), 8.49-8.43 (m, 1H), 8.30-8.25 (m, 1H), 8.00-7.95
(m, 2H), 7.84-7.76 (m, 1H), 7.61-7.55 (m, 1H), 7.55-7.48 (m, 2H), 7.13-7.07 (m, 1H) ppm.
BC-NMR (101 MHz, CDCl3): 5= 166.0, 151.6, 147.2, 139.3, 134.2, 132.5, 129.0, 127.5, 120.0,
114.7 ppm.

Spectral data are in accordance with previous reports.[**]

10.7 Preparation of Pyridylidenebenzamides

513]

GP-12: N-arylation of N-pyridinylbenzamides modified after Cheng et al.!
To a solution of 1.0 equiv. N-pyridinylbenzamide and 1.5 equiv. 2-(trimethylsilyl)phenyl triflate in
MeCN (0.2 M) was added 3.0 equiv. CsF. The mixture was stirred over night at room temperature.
The crude product was purified utilizing column chromatography (EtOAc:MeOH).

N-(N-(phenyl)-2-pyridylidene)benzamide (152):

o] /@ Prepared according to GP-12 with 0.177 g (0.893 mmol, 1.0 equiv.) 151, 0.400 g
©)LN/ N" (1.34 mmol, 1.5 equiv.) 149, 0.404 g (2.66 mmol, 3.0 equiv.) CsF and 5 ml

@ MeCN. After purification via column chromatography (EtOAc:MeOH 5:1 —
1:1) 131 mg (0.661 mmol, 74%) 152 were isolated as a colorless solid.

Ry 0.13 (EtOAc:MeOH 5:1)
Amax(MeCN): 362 nm
Eo: 1.37 V vs. SCE
Ksvstatio: 0.056 mM ™" (Photocatalyst: 132)
"H-NMR (400 MHz, DMSO-ds): 6 = 8.38-8.31 (m, 1H), 8.07-8.02 (m, 1H), 7.88-7.81 (m, 1H),
7.78-7.72 (m, 2H), 7.64-7.49 (m, SH), 7.39-7.33 (m, 1H), 7.29-7.23 (m, 2H), 6.80 (td, J = 6.7,
1.4 Hz, 1H) ppm.
BC-NMR (101 MHz, DMSO-ds): = 172.1,158.9, 142.4, 141.1, 140.3, 139.0, 130.6, 129.0, 128.7,
127.6, 126.9, 119.8, 111.1 ppm.

Spectral data are in accordance with previous reports.”'*!

10.8 Preparation of Pyridinylsulfonamides

GP-13: Condensation of sulfonyl chlorides with aminopyridines.
A solution of 1.0 equiv. sulfonyl chloride and 1.0 equiv. aminopyridine was stirred over night at
room temperature in a 20:3 mixture MeCN:Et:N (0.45 M). The solvent was evaporated, and the

residue was purified by recrystallization from water/EtOH.
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GP-14: Condensation of sulfonyl chlorides with electron-rich aminopyridines

To a solution of 1.0 equiv. aminopyridine, 1.1 equiv. D'PEA, and catalytic amounts DMAP in 20 ml
dry CH>Cl; (0.5 M) 1.0 equiv. sulfonyl chloride was added dropwise at 0 °C. The mixture was
stirred at room temperature over night, diluted with Et,O (0.5 M), washed with water, sat. NH4Cl(aq),
brine, and dried over Na,SO4. The crude product was purified utilizing column chromatography

(n-hexane:EtOAc).

10.8.1 Preparation of 2-Pyridinylsulfonamides

N-(2-pyridinyl)benzenesulfonamide(154):

0 7 | Prepared according to GP-13 with 1.29 ml (1.76 g, 10.0 mmol, 1.0 equiv.)
©/ ‘N” 'N” benzenesulfonyl chloride, 0.941 g (10.0 mmol, 1.0 equiv.) 2-aminopyridine, 3 ml

EtsN and 20 ml MeCN. After recrystallisation from water:EtOH 9:1 2.18 g

(9.31 mmol, 93%) 154 were isolated as colorless, small needles.
IR(ATR): v = 2805, 2748, 1627, 1605, 1533, 1479, 1381, 1357, 1268, 1237, 1135, 1105, 1081,
1035, 1002, 959, 775, 712, 683, 648, 613, 605, 583, 561, 521 cm™".
HR-MS(ESI): m/z =257.0355 [M+Na'] (calc. 257.0354).
"H-NMR (400 MHz, DMSO-ds): 5= 12.08 (bs, 1H), 8.01-7.96 (m, 1H), 7.90-7.85 (m, 2H), 7.75-
7.68 (m, 1H), 7.60-7.50 (m, 3H), 7.17 (d, J = 8.7 Hz, 1H), 6.88-6.83 (m, 1H) ppm.
BC-NMR (101 MHz, DMSO-ds): 5§=153.2, 143.0, 142.0, 132.1, 128.9, 126.5, 115.4, 113.9 ppm.

N-(2-pyridinyl)-4-(trifluoromethyl)benzenesulfonamide(159):
\\ J O Prepared according to GP-13 with 2.45 g (10.0 mmol, 1.0 equiv.)

/©/ N° N° 4-(trifluoromethyl)benzenesulfonyl chloride, 0.941 g (10.0 mmol, 1.0 equiv.)
FeC 2-aminopyridine, 3 ml Et;N, and 20 ml MeCN. After recrystallisation from
water:EtOH 7:1 2.03 g (6.72 mmol, 67%) 159 were isolated as a colorless solid.
"H-NMR (400 MHz, DMSO-ds): 5= 12.76 (bs, 1H), 8.09-8.03 (m, 2H), 7.97-7.92 (m, 1H), 7.92-
7.88 (m, 2H), 7.82-7.76 (m, 1H), 7.24 (d, J = 8.8 Hz, 1H), 6.89-6.82 (m, 1H) ppm.
BC-NMR (101 MHz, DMSO-ds): 6 = 154.0, 146.8, 142.0, 140.7, 131.6 (q, J = 32.1 Hz), 127.2,
126.14 (q, J=3.8 Hz), 123.6 (q, J = 272.7 Hz), 114.9, 114.3 ppm.

Spectral data are in accordance with previous reports.[**!]
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N-(2-pyridinyl)-4-chlorobenzenesulfonamide(160):
\\ J O Prepared according to GP-13 with 2.11 g (10.0 mmol, 1.0 equiv.)

/©/ N™  4-chlorobenzenesulfonyl chloride, 0.941 g (10.0 mmol, 1.0 equiv.)
c 2-aminopyridine, 3 ml Et;N, and 20 ml MeCN. After recrystallisation from
water:EtOH 7:1 1.98 g (7.37 mmol, 74%) 160 were isolated as a colorless solid.
IR(ATR): ¥=2814, 2759, 1630,1608, 1536, 1462, 1388, 1355, 1270, 1248, 1139, 1084, 1012, 997,
958, 937, 819, 776, 731, 704, 647, 611, 563, 514, 478 cm .
HR-MS(ESI): m/z =290.9969 [M+Na'] (calc. 290.9965).
"H-NMR (400 MHz, DMSO-ds): 5= 12.43 (bs, 1H), 8.00-7.94 (m, 1H), 7.89-7.84 (m, 2H), 7.78-
7.72 (m, 1H), 7.62-7.57 (m, 2H), 7.18 (d, J= 8.7 Hz, 1H), 6.88-6.83 (m, 1H) ppm.
BC-NMR (101 MHz, DMSO-ds): §=153.5,141.9, 141.3, 141.3, 136.7, 129.0, 128.4, 114.9, 114.4
ppm.

N-(2-pyridinyl)-4-methoxybenzenesulfonamide(161):
\\ f O Prepared according to GP-13 with 2.07 g (10.0 mmol, 1.0 equiv.)

/©/ N° N° 4-methoxybenzenesulfonyl chloride, 0.941 g (10.0 mmol, 1.0 equiv.)
o 2-aminopyridine, 3 ml Et;N, and 20 ml MeCN. After recrystallisation from
water:EtOH 7:1 2.14 g (8.10 mmol, 81%) 161 were isolated as small, colorless needles.
IR(ATR): v = 2813, 2752, 1629, 1599, 1533, 1499, 1461, 1389, 1356, 1284, 1264, 1158, 1106,
1029, 997, 951, 805, 785, 764, 666, 645, 612, 569, 555, 510, 484 cm ™.
HR-MS(ESI): m/z =287.0461 [M+Na'] (calc. 287.0461).
"H-NMR (400 MHz, DMSO-ds): 5= 11.65 (bs, 1H), 8.06-7.99 (m, 1H), 7.85-7.79 (m, 2H), 7.72-
7.66 (m, 1H), 7.12 (d, J = 8.6 Hz, 1H), 7.08-7.02 (m, 2H), 6.90-6.85 (m, 1H), 3.79 (s, 3H) ppm.
BC-NMR (101 MHz, DMSO-ds): §=162.1, 152.7, 144.4,139.8,133.2,128.8,116.2, 114.1, 113.2,
55.6 ppm.

5-(2,6-dimethylphenyl)pyridine-2-amine (264):
| NNz 1.00 g (5.80 mmol, 1.0 equiv.) 2-amino-5-bromopyridine, 1.10 g (6.60 mmol,
&/ 1.1 equiv.) 2,6-dimethylphenylboronic acid, 71.1 mg (0.310 mmol, 5 mol%)
Pd(OAc),, 236 mg (0.900 mmol, 15 mol%) triphenylphosphine, and 3.70 g
(17.4 mmol, 3 equiv.) K3PO4 were dissolved in 12 ml dioxane:water 5:1. The solution was degassed
by three freeze-pump-thaw cycles and stirred for 48 hours at 90 °C under nitrogen. The solution
was diluted with 50 ml CH,Cl,, washed three times with 50 ml water, one time with 100 ml brine,
and dried over Na,SOs. After purification via column chromatography (n-hexane:EtOAc 5:1 —

1:1) 850 mg (4.29 mmol, 74%) 264 were isolated as a colorless solid.
Ry 0.06 (n-hexane:EtOAc 3:1)

141



Appendix Experimental Part

"H-NMR (400 MHz, DMSO-dy): 5= 7.66 (d, J= 2.4 Hz, 1H), 7.16 (dd, J = 8.4, 2.4 Hz, 1H), 7.14-
7.06 (m, 3H), 6.52 (d, J= 8.4 Hz, 1H), 5.91 (s, 2H), 2.00 (s, 6H) ppm.

BC-NMR (101 MHz, DMSO-ds): 5= 158.5, 147.2,138.7,137.8, 136.3, 127.3, 126.9, 123.6, 107.6,
20.7 ppm.

Spectral data are in accordance with previous reports.[*?

N-(4-(2,6-dimethylphenyl)-2-pyridinyl)-4-methoxybenzenesulfonamide (265):

3.16 g (15.3 mmol, 2.0 equiv.) 4-methoxybenzenesulfonyl chloride
Q\S:Q | and 1.50 g (7.56 mmol, 1.0 equiv.) 264 were dissolved in 10 ml
/©/ H N pyridine and stirred over night at room temperature. The mixture was
~N
o]

diluted with 20 ml water, the aqueous layer was extracted three times
with 20 ml EtOAc, and dried over Na,SO4. The residue was refluxed in 4 ml 3M KOH,q) and 15 ml
dioxane for two hours and diluted with 20 ml water. The aqueous layer was neutralized with 1 M
HClq), extracted three times with 20 ml EtOAc, and dried over Na,SOs. After recrystallisation
from EtOH 2.01 g (5.46 mmol, 72%) 265 were isolated as colorless needles.
IR(ATR): v = 3036, 2978, 2837, 2711, 1642, 1602, 1496, 1459, 1375, 1338, 1311, 1264, 1180,
1153, 1091, 1028, 1004, 944, 829, 771, 628, 577, 546, 486 cm™".
HR-MS(ESI): m/z =391.1088 [M+Na'] (calc. 391.1987).
"H-NMR (400 MHz, DMSO-ds): 5= 11.44 (bs, 1H), 7.90 (m, 1H), 7.86 (d, J = 8.8 Hz, 1H), 7.53
(dd, J=8.6,2.3 Hz, 1H), 7.21-7.13 (m, 2H), 7.13-7.06 (m, 4H), 3.81 (s, 3H), 1.95 (s, 6H) ppm.
BC-NMR (101 MHz, DMSO-ds): §=162.3,151.0, 140.1, 136.9, 136.0, 132.9, 129.0, 127.6, 127.4,
114.2, 112.6, 55.6, 20.5 ppm.

10.8.2 Preparation of 4-Pyridinylsulfonamides

N-(4-pyridinyl)benzenesulfonamide (165):

O\\s”o /@\l Prepared according to GP-13 with 1.29 ml (1.76 g, 10.0 mmol, 1.0 equiv.)
©/ N h benzenesulfonyl chloride, 0.941 g (10.0 mmol, 1.0 equiv.) 4-aminopyridine, 3 ml

Et;N, and 20 ml MeCN. After recrystallisation from water:EtOH 9:1 1.73 g

(7.39 mmol, 74%) 165 were isolated as a colorless solid.
"H-NMR (400 MHz, DMSO-ds): 5= 12.47 (bs, 1H), 8.02-7.96 (m, 2H), 7.83-7.77 (m, 2H), 7.56-
7.46 (m, 3H), 6.96-6.90 (m, 2H) ppm.
3C-NMR (101 MHz, DMSO-ds, one missing signal due to low intensity): 6= 131.5, 128.8, 126.1,
114.3 ppm

Spectral data are in accordance with previous reports.[**
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N-(4-pyridinyl)-4-(trifluoromethyl)benzenesulfonamide (193):
00 O Prepared according to GP-13 with 2.45 g (10.0 mmol, 1.0 equiv.)

/©/\ S” - 4-(trifluoromethyl)benzenesulfonyl chloride, 0.941 g (10.0 mmol,
FsC 1.0 equiv.) 4-aminopyridine, 3 ml Et;N, and 20 ml MeCN. After
recrystallisation from water:EtOH 2:1 2.32 g (7.67 mmol, 77%) 193 were isolated as a colorless
solid.
IR(ATR): v = 3237, 3050, 2844, 2777, 2661, 1635, 1615, 1476, 1402, 1320, 1249, 1194, 1131,
1085, 1061, 1015, 948, 833, 787, 764, 735, 704, 637, 601, 556, 520, 441 cm™".
HR-MS(ESI): m/z = 325.0232 [M+Na'] (calc. 325.0229).
"H-NMR (400 MHz, DMSO-ds): 6= 12.81 (bs, 1H), 8.06-7.96 (m, 4H), 7.86 (d, J = 8.2 Hz, 2H),
6.94 (d, J=17.3 Hz, 2H) ppm.
3C-NMR (101 MHz, DMSO-dj, missing signals due to low intensity): 6 = 138.8, 131.2, 130.8,
126.9, 125.92 (q, J=3.8 Hz), 123.68 (q, /= 272.7 Hz), 114.9 ppm.
YF-NMR (400 MHz, DMSO-ds): 6=-61.99 ppm.

N-(4-pyridinyl)-4-chlorobenzenesulfonamide (194):

0.0 /@xj Prepared according to GP-13 with 2.11 g (10.0 mmol, 1.0 equiv.)
/©/ S\ﬁ N 4-chlorobenzenesulfonyl chloride, 0.941 g (10.0 mmol, 1.0 equiv.)
c 4-aminopyridine, 3 ml Et:N, and 20 ml MeCN. After recrystallisation from
water:EtOH 2:1 2.52 g (9.38 mmol, 94%) 194 were isolated as a colorless solid.
IR(ATR): v = 3259, 3054, 2846, 2514, 1637, 1620, 1583, 1473, 1392, 1330, 1296, 1249, 1194,
1136, 1080, 1011, 944, 820, 783, 743, 704, 638, 611, 553, 524, 475,433 cm .
HR-MS(ESI): m/z =290.9968 [M+Na'] (calc. 290.9965).
"H-NMR (400 MHz, DMSO-ds): 5= 12.71 (bs, 1H), 8.06-7.94 (m, 2H), 7.83-7.76 (m, 2H), 7.59-
7.51 (m, 2H), 6.91 (d, J= 7.3 Hz, 1H) ppm.
3C-NMR (101 MHz, DMSO-dj, missing signals due to low intensity): 6 = 139.2, 136.0, 128.8,
128.0, 114.7 ppm.

N-(4-pyridinyl)-4-methoxybenzenesulfonamide (195):
O“S”o /@1 Prepared according to GP-13 with 2.07 g (10.0 mmol, 1.0 equiv.)
R ©/ N N 4-methoxybenzenesulfonyl chloride, 0.941 g (10.0 mmol, 1.0 equiv.)
© 4-aminopyridine, 3 ml Et:N, and 20 ml MeCN. After recrystallisation from
water:EtOH 4:1 1.93 g (7.30 mmol, 73%) 195 were isolated as a colorless solid.
"H-NMR (400 MHz, DMSO-ds): 5= 12.33 (bs, 1H), 8.03 (s, 2H), 7.78-7.69 (m, 2H), 7.06-6.99 (m,
2H), 6.96-6.88 (m, 2H), 3.79 (s, 3H) ppm.

BC-NMR (101 MHz, DMSO-ds): 5= 161.7, 142.1, 134.2, 128.4, 114.1, 113.8, 55.5 ppm.
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Spectral data are in accordance with previous reports.**"

N-(3-methoxy-4-pyridinyl)benzenesulfonamide (196):

O“s"o Q Prepared according to GP-14 with 1.29 ml (1.77 g, 10.0 mmol, 1.0 equiv.)
©/ N N C|> benzenesulfonyl chloride, 1.29 g (10.0 mmol, 1.0 equiv.) 4-amino-2-

methoxypyridine, 1.92 ml (1.42 g, 11.0 mmol, 1.1 equiv.) D'PEA, 13.4 mg

(0.11 mmol, 1 mol%) DMAP and 20 ml CH>Cl,. After purification via column chromatography
(n-hexane:EtOAc 3:1 — 1:1) 1.34 g (5.07 mmol, 51%) 196 were isolated as a colorless solid.
Ry 0.41 (n-hexane:EtOAc 1:1).
IR(ATR): ¥ = 3236, 3059, 3011, 2953, 2918, 2849, 1610, 1597, 1480, 1448, 1431, 1388, 1328,
1307, 1263, 1152, 1091, 1044, 966, 858, 840, 800, 788, 758, ,717, 688, 655, 615, 574, 555 cm ™.
HR-MS(ESI): m/z =265.0639 [M+H] (calc. 265.0642).
"H-NMR (400 MHz, DMSO-ds): §= 11.06 (s, 1H), 7.92 (d, J = 5.8 Hz, 1H), 7.89-7.84 (m, 2H),
7.71-7.56 (m, 3H), 6.70 (dd, J=5.8, 1.9 Hz, 1H), 6.42 (d, /= 1.8 Hz, 1H), 3.74 (s, 3H) ppm.
BC-NMR (101 MHz, DMSO-ds): 6= 164.4, 147.8, 147.4, 139.1, 133.5, 129.6, 126.7, 107.1, 97.1,
53.1 ppm.

N-(3-methoxy-4-pyridinyl)-4-(trifluoromethyl)benzenesulfonamide (197):
00 Q Prepared according to GP-14 with 2.44 g (10.0 mmol, 1.0 equiv.)
0

N

/©/ N N | 4-(trifluoromethyl)benzenesulfonyl chloride, 1.29 g (10.0 mmol,
FoC 1.0 equiv.) 4-amino-2-methoxypyridine, 1.92 ml (1.42 g, 11.0 mmol,
1.1 equiv.) D'PEA, 13.4 mg (0.11 mmol, 1 mol%) DMAP, and 20 ml CH>Cl,. After purification via
column chromatography (n-hexane:EtOAc 3:1 — 1:1) 0.550 g (1.66 mmol, 17%) 197 were isolated
as a colorless solid.

Ry 0.46 (n-hexane:EtOAc 1:1)

IR(ATR): ¥ = 3070, 2652, 1639, 1620, 1482, 1456, 1403, 1368, 1266, 1227, 1168, 1130, 1080,
1060, 1033, 1010, 833, 760, 708, 647, 598, 551, 455 cm ™.

HR-MS(ESI): m/z =333.0517 [M+H] (calc. 333.0515).

"H-NMR (400 MHz, DMSO-dy): 6= 11.32 (s, 1H), 8.07 (d, J = 8.3 Hz, 2H), 8.00 (d, J = 8.4 Hz,
2H), 7.95 (d,J= 5.8 Hz, 1H), 6.72 (dd, J = 5.8, 1.9 Hz, 1H), 6.44 (d, /= 1.9 Hz, 1H), 3.75 (s, 3H)
ppm.

BC-NMR (101 MHz, DMSO-ds): 6= 164.4, 147.9, 147.4, 133.0 (q, J = 32.5 Hz), 127.7, 126.90
(q,J=3.8 Hz), 123.3 (q, J=273.1 Hz), 107.2, 97.4, 53.3 ppm.

YF-NMR (400 MHz, DMSO-ds): 6=—60.15 ppm.
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N-(3-methoxy-4-pyridinyl)-4-chlorobenzenesulfonamide (198):
0 7 N Prepared according to GP-14 with 2.11 g (10.0 mmol, 1.0 equiv.)

/©/ ﬁ N ? 4-chlorobenzenesulfonyl chloride, 1.29 g (10.0 mmol, 1.0 equiv.) 4-amino-

c 2-methoxypyridine, 1.92 ml (1.42 g, 11.0 mmol, 1.1 equiv.) D'PEA,

13.4mg (0.11 mmol, 1 mol%) DMAP, and 20 ml CH.Cl,. After purification via column

chromatography (n-hexane:EtOAc 3:1—>1:1) 0.840 g (2.81 mmol, 28%) 198 were isolated as a

colorless, sticky oil.

Ry 0.39 (n-hexane:EtOAc 1:1)

IR(ATR): ¥ = 3090, 2946, 2726, 1642, 1601, 1476, 1395, 1343, 1307, 1263, 1156, 1082, 1046,

1013, 997, 965, 825, 751, 705, 615, 550, 480 cm .

HR-MS(ESI): m/z =321.0074 [M+Na'] (calc. 321.0071).

"H-NMR (400 MHz, DMSO-ds): 6= 11.15 (s, 1H), 7.94 (d, J = 5.8 Hz, 1H), 7.90-7.83 (m, 2H),

7.71-7.65 (m, 2H), 6.70 (dd, J=5.8, 1.9 Hz, 1H), 6.42 (d, /= 1.9 Hz, 1H), 3.75 (s, 3H) ppm.

BC-NMR (101 MHz, DMSO-ds): 5= 164.4, 147.8, 147.2, 138.4, 137.9, 129.7, 128.6, 107.1, 97.2,

53.2 ppm.

N-(3-methoxy-4-pyridinyl)-4-methoxybenzenesulfonamide (199):
0.0 /@xj\ Prepared according to GP-13 with 2.11 g (10.0 mmol, 1.0 equiv.)

R /©/ N N (Ij 4-methoxybenzenesulfonyl chloride, 1.29 g (10.0 mmol, 1.0 equiv.)

° 4-amino-2-methoxypyridine, 1.92 ml (1.42 g, 11.0 mmol, 1.1 equiv.)
D'PEA, 13.4 mg (0.11 mmol, 1 mol%) DMAP, and 20 ml CH,Cl,. After purification via column
chromatography (n-hexane:EtOAc 3:1—>1:1) 0.479 g (1.63 mmol, 16%) 199 were isolated as a
colorless oil.
Ry 0.26 (n-hexane:EtOAc 1:1)
IR(ATR): ¥ =3098, 2945, 2843, 1644, 1600, 1483, 1395, 1336, 1260, 1154, 1090, 1046, 990, 958,
830, 751, 665, 615, 550, 480, 463 cm ™.
HR-MS(ESI): m/z =295.0749 [M+H"] (calc. 295.0747).
"H-NMR (400 MHz, DMSO-ds): 6=10.90 (s, 1H), 7.91 (d, J = 5.7 Hz, 1H), 7.82-7.76 (m, 2H),
7.14-7.08 (m, 2H), 6.68 (dd, J = 5.8, 1.9 Hz, 1H), 6.40 (d, J = 1.9 Hz, 1H), 3.81 (s, 3H), 3.74 (s,
3H) ppm.
BC-NMR (101 MHz, DMSO-ds): 5= 164.4,162.8, 147.7, 147.6, 130.5, 129.0, 114.7, 107.0, 96.9,
55.6, 53.1 ppm.
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N-(4-pyridinyl)-2-naphtalenesulfonamide (200):
oo © N Prepared according to GP-13 with 2.27 g (10.0 mmol, 1.0 equiv.)

N7

S.
N naphthalenesulfonyl chloride, 0.941 g (10.0 mmol, 1.0 equiv.)

4-aminopyridine, 3 ml EtN, and 20 ml MeCN. After trituration in
n-hexane:EtOAc 1:1 2.10 g (7.39 mmol, 74%) 200 were isolated as a colorless solid.
IR(ATR): v = 3052, 2510, 1927, 1635, 1620, 1495, 1475, 1334, 1295, 1244, 1194, 1137, 1119,
1098, 1072, 954, 935, 839, 814, 777, 649, 617, 565, 547, 494, 474 cm™".
HR-MS(ESI): m/z = 285.0693 [M+H] (calc. 285.0692).
"H-NMR (400 MHz, DMSO-ds): 5= 12.55 (bs, 1H), 8.47 (s, 1H), 8.16-8.09 (m, 1H), 8.05-7.94 (m,
4H), 7.80 (dd, J=8.7, 1.9 Hz, 1H), 7.68-7.59 (m, 2H), 6.97 (d, J = 7.3 Hz, 2H) ppm.
BC-NMR (101 MHz, DMSO-ds): = 133.8,131.7,129.0, 128.8, 128.1, 127.7, 127.2, 126.3, 122.7,
114.4 ppm.

6-methoxy-2-naphthalenesulfonic acid (205):

O\\SI?OH To a solution of 11.0 g (44.7 mmol, 1.0 equiv.) sodium 6-hydroxy-2-
\o naphthalenesulfonate in 200 ml water were added 3.60 g (90.0 mmol,

2.0 equiv.) NaOH. Within one hour 4.70 ml (4.00 g, 0.644 mmol, 1.5 equiv.)

dimethylsulfate were added at 50 °C and afterwards the crude product was precipitated by addition
of 18.3 g(0.313 mol, 7.0 equiv.) NaCl. After the product was filtered, washed with brine and PhMe,
and dried over CaCl, 3.82 g (16.0 mmol, 36%) 205 were isolated as a colorless solid.
"H-NMR (400 MHz, DMSO-ds): 5= 8.07 (s, 1H), 7.87 (d, J = 8.9 Hz, 1H), 7.76 (d, J = 8.5 Hz,
1H), 7.67 (dd, J=8.5, 1.7 Hz, 1H), 7.31 (d, /= 2.6 Hz, 1H), 7.17 (dd, J = 8.9, 2.6 Hz, 1H), 3.87 (s,
3H) ppm.
BC-NMR (101 MHz, DMSO-ds): 5=157.7,143.4,134.1,129.9, 127.4, 126.1, 124.4, 124.0, 118.8,
105.8, 55.2 ppm.

Spectral data are in accordance with previous reports.**

6-methoxy-2-naphthalenesulfonyl chloride (206):
Q\é,o To a suspension of 3.00 g (12.6 mmol, 1.0 equiv.) 205 in 10 ml dry DMF were

- o added 1.37 ml (2.25 g, 18.9 mmol, 1.5 equiv.) thionyl chloride utilizing

° Schlenk conditions. The mixture was stirred for three hours at 0 °C and poured
into 100 ml ice-cold water to precipitate the crude product. After the product was filtered, washed
with ice-cold water, and dried over P4O102.61 g (10.2 mmol, 81%) 206 were obtained as a colorless
solid.
"H-NMR (400 MHz, CDCl;): 6= 8.50 (s, 1H), 7.98-7.87 (m, 3H), 7.32 (dd, J = 9.0, 2.5 Hz, 1H),
7.24-7.18 (m, 1H), 3.98 (s, 3H) ppm.
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BC-NMR (101 MHz, CDCls): 5= 161.3, 138.9, 138.0, 131.6, 128.9, 128.7, 127.1, 122.3, 121.6,
106.2, 55.8 ppm.

Spectral data are in accordance with previous reports.**

N-(4-pyridinyl)-6-methoxy-2-naphtalenesulfonamide (201):
00 /@xj Prepared according to GP-13 with 2.58 g (10.0 mmol, 1.0 equiv.) 206,

N2

s’
N h 0.941 g (10.0 mmol, 1.0 equiv.) 4-aminopyridine, 3 ml Et;N, and 20 ml
~o

MeCN. After recrystallisation from EtOH/H,O 1:1 2.10 g (2.61 mmol,
74%) 201 were isolated as greenish crystals.
IR(ATR): v = 2076, 2684, 1642, 1622, 1597, 1493, 1350, 1261, 1219, 1205, 1167, 1137, 1116,
1071, 1029, 962, 860, 810, 778, 670, 656, 581, 508, 468 cm .
HR-MS(ESI): m/z =337.0613 [M+Na'] (calc. 337.0617).
"H-NMR (400 MHz, DMSO-ds): 5= 12.45 (bs, 1H), 8.39 (s, 1H), 8.07-7.97 (m, 3H), 7.90 (d, J =
8.7 Hz, 1H), 7.75 (dd, J= 8.6, 1.9 Hz, 1H), 7.38 (d, /= 2.5 Hz, 1H), 7.26 (dd, J=9.0, 2.6 Hz, 1H),
6.96 (d, J=7.3 Hz, 2H), 3.89 (s, 3H) ppm.
BC-NMR (101 MHz, DMSO-ds): 6= 159.0, 135.6, 130.6, 127.6, 127.0, 126.4, 123.2, 119.8, 114.2,
106.1, 55.4 ppm.

N-(4-(2-(trifluoromethyl)pyridinyl))-4-methoxybenzenesulfonamide(202):
00 Q To a solution of 250 mg (1.54 mmol, 1.0 equiv.) 4-amino-2-
S
CF

o
H
~o

stirred over night at room temperature and quenched by addition of 10 ml water. The aqueous layer

3 (trifluoromethyl)pyridine in 5 ml pyridine were added 620 mg (3.00

mmol, 2 equiv.) 4-methoxybenzenesulfonyl chloride. The mixture was

was extracted three times with 10 ml EtOAc, dried over Na;SQOy, and the solvent was evaporated.
The residue was refluxed in 2 ml 3M KOHq) and 7 ml dioxane for two hours and diluted with
10 ml water. The aqueous layer was neutralized with 1 M HCl,g), extracted three times with 20 ml
CH,Cl,, and dried over Na;SOs. After recrystallisation from EtOH:water 1:5 477 mg (1.44 mmol,
94%) 202 were obtained as colorless needles.

IR(ATR): ¥ = 3195, 3108, 3045, 2949, 2846, 2780, 2717, 1660, 1611, 1596, 1508, 1497, 1346,
1329, 1264, 1241, 1180, 1152, 1131, 1095, 1029, 1003, 959, 885, 840, 813, 667, 629, 565 cm .
HR-MS(ESI): m/z = 333.0514 [M+H"] (calc. 333.0515).

"H-NMR (400 MHz, DMSO-ds): 5= 11.46 (s, 1H), 8.51 (d, J = 5.5 Hz, 1H), 7.88-7.82 (m, 2H),
7.44-7.42 (m, 1H), 7.33 (dd, J= 5.6, 2.2 Hz, 1H), 7.16-7.10 (m, 2H), 3.81 (s, 3H) ppm.

BC-NMR (101 MHz, DMSO-ds): = 163.2, 151.4, 147.5 (q, J = 33.5 Hz), 146.9, 130.0, 129.1,
121.28 (q, J=274.3 Hz), 114.9, 114.1, 108.5 (q, J = 3.1 Hz), 55.8 ppm.

YF-NMR (400 MHz, DMSO-ds): 6=—67.16 ppm.
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1,1,1-Trifluoro-N-4-pyridinylmethanesulfonamide (203):

0.0 /@\1 1.24 g (13.0 mmol, 1.2 equiv.) 4-aminopyridine and 1.53 ml (1.11g, 11.0 mmol,
FsC™ N ~ 10 equiv.) EtsN were dissolved in 20 ml MeCN. The solution was cooled to 0 °C
and 1.85 ml (3.10 g, 11.0 mmol, 1.0 equiv.) triflic anhydride were added slowly via syringe. The
mixture was stirred over night at room temperature. After removal of the solvent the residue was
purified by recrystallisation for EtOH:water 1:1 to yield 1.03 g (4.55 mmol, 82%) 203 as pale-
yellow crystals.

"H-NMR (400 MHz, DMSO-ds): 5= 13.59 (bs, 1H), 8.30-8.26 (m, 2H), 7.30-7.26 (m, 2H) ppm.
BC-NMR (101 MHz, DMSO-ds): 5= 163.7, 140.1, 120.7 (q, J = 325.6 Hz), 116.9 ppm.
YF-NMR (400 MHz, DMSO-dy): 6=-77.69 ppm.

Spectral data are in accordance with previous reports.**"

N-(2,6-dibromo-4-pyridinyl)-4-methoxybenzenesulfonamide (268):
Br 5.00 g (24.2 mmol, 2.0 equiv.) 4-methoxybenzenesulfonyl chloride and
R PN | . 3.05g (12.1 mmol, 1.0 equiv.) 4-amino-2,6-dibromopyridine were
o /©/ H dissolved in 40 ml pyridine and stirred over night at room temperature.
The mixture was diluted with 80 ml water, the aqueous layer was extracted
three times with 80 ml EtOAc, and dried over Na,SO4. The residue was refluxed in 25 ml 3M
KOH(q) and 80 ml dioxane for two hours and diluted with 80 ml water. The aqueous layer was
acidified (pH =4) with 1 M HCl.q), extracted three times with 80 ml EtOAc, and dried over Na,;SOs.
After recrystallisation from EtOH:water 1:1 4.14 g (9.81 mmol, 81%) 268 were obtained as
colorless needles.
IR(ATR): v = 3098, 2995, 2887, 1593, 1574, 1551, 1494, 1450, 1416, 1384, 1337, 1306, 1274,
1166, 1080, 1006, 950, 870, 847, 827, 798, 755, 707, 665, 643, 543 cm™".
HR-MS(ESI): m/z = 442.8674 [M+Na'] (calc. 442.8671).
"H-NMR (400 MHz, DMSO-ds): 5= 7.87-7.80 (m, 2H), 7.22 (s, 2H), 7.18-7.14 (m, 2H), 3.84 (s,
3H) ppm.
BC-NMR (101 MHz, DMSO-ds): 5= 163.3, 149.0, 140.5, 129.8, 129.1, 115.0, 114.3, 55.8 ppm.

10.9 Preparation of Pyridylidenesulfonamides

513]

GP-15: N-arylation of N-pyridinylsulfonamides modified after Cheng et al.!
To a solution of 1.0 equiv. N-pyridinylsulfonamides and 1.5 equiv. 2-(trimethylsilyl)phenyl triflate
in MeCN (0.2 M) were added 3.0 equiv. CsF. The mixture was stirred over night at room
temperature. The crude product was purified utilizing column chromatography

(CH2Cly:Et,O:acetone) and, if indicated, afterwards recrystallized.

148



Appendix Experimental Part

10.9.1 Preparation of 2-Pyridylidenesulfonamides

N-(N-(phenyl)-2-pyridylidene)benzenesulfonamide (155):
O‘\s"o O Prepared according to GP-15 with 0.209 g (0.893 mmol, 1.0 equiv.) 154, 0.400 g

©/ NTNT - (1.34 mmol, 1.5 equiv.) 149, 0.404 g (2.66 mmol, 3.0 equiv.) CsF, and 5 ml
MeCN. After purification via column chromatography (CH»Cl::Et;O:acetone
10:10:1) and recrystallisation from toluene 197 mg (0.635 mmol, 71%) 155 were

isolated as small colorless needles.

Ry 0.25 (CH,Cly:Et;O:acetone 10:10:1)

Amax(MeCN): 335 nm

Eox: 1.67 vs. SCE

Ksvstatioy: 0.021 mM™' (Photocatalyst: 132)

'"H-NMR (400 MHz, DMSO-ds): 6 = 8.03-7.99 (m, 1H), 7.88-7.82 (m, 1H), 7.70-7.65 (m, 2H),

7.60-7.40 (m, 9H), 6.82 (td, /= 6.8, 1.3 Hz, 1H) ppm.

BC-NMR (101 MHz, DMSO-ds): §=155.9, 143.6, 142.2, 141.5, 141.2, 131.3,129.3, 129.1, 128.7,

126.7, 125.6, 117.0, 111.2 ppm.

Spectral data are in accordance with previous reports.[**4

N-(N-(phenyl)-2- pyridylidene)-4-trifluoromethylbenzenesulfonamide (162):
Y m Prepared according to GP-15 with 0.270 g (0.893 mmol, 1.0 equiv.) 159,

Q NTUNT0.400 g (1.34 mmol, 1.5 equiv.) 149, 0.404 g (2.66 mmol, 3.0 equiv.) CsF,
FeC and 5 ml MeCN. After purification vie column chromatography
(CH:Cly:Et;O:acetone 10:10:1) and recrystallisation from toluene 223 mg
(0.589 mmol, 66%) 162 were isolated as a colorless solid.
Ry 0.29 (CH,Cly:Et;O:acetone 10:10:1)
Jmax(MeCN): 330 nm
Eo: 1.77 V vs. SCE
Ksvstatic: —0.068 mM™' (Photocatalyst: 132)
IR(ATR): v =3313, 3052, 1634, 1488, 1446, 1373, 1323, 1261, 1134, 1086, 1062, 961, 841, 771,
762,716, 693, 653, 600, 573, 537,470 cm™",
HR-MS(ESI): m/z =401.0542 [M+Na'] (calc. 401.0542).
"H-NMR (400 MHz, DMSO-ds): §=8.07 (d, J = 6.5 Hz, 1H), 7.93-7.86 (m, 3H), 7.86-7.82 (m,
2H), 7.60-7.56 (m, 2H), 7.56-7.50 (m, 2H), 7.46-7.42 (m, 2H), 6.89 (t, J= 6.8 Hz, 1H) ppm.
BC-NMR (101 MHz, DMSO-ds): 6 = 155.8, 147.5, 142.8, 141.5, 141.4, 131.2 (q, J = 32.1 Hz),
129.3, 129.2, 126.7, 126.7, 126.0 (q, J = 3.8 Hz), 123.6 (q, J = 272.7 Hz), 117.0, 111.9 ppm.
YF-NMR (400 MHz, CDCl;) §=—61.4 ppm.
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N-(N-(phenyl)-2-pyridylidene)-4-chlorobenzenesulfonamide (163):
_ Prepared according to GP-15 with 0.240 g (0.893 mmol, 1.0 equiv.) 160,
\\S"\NQ 0.400 g (1.34 mmol, 1.5 equiv.) 149, 0.404 g (2.66 mmol, 3.0 equiv.) CsF, and
CI/©/ 5 ml MeCN. After purification via column chromatography
(CH2Cly:Et;O:acetone 10:10:1) and recrystallisation from toluene 249 mg
(0.722 mmol, 81%) 163 were isolated as a colorless solid.
Ry 0.27 (CH,Cly:Et;O:acetone 10:10:1)
Amax(MeCN): 336 nm
Eo: 1.74 V vs. SCE
Ksvstatiy: 0.062 mM™' (Photocatalyst: 132)
"H-NMR (400 MHz, DMSO-ds): 6 = 8.07-8.00 (m, 1H), 7.92-7.84 (m, 1H), 7.71-7.65 (m, 2H),
7.61-7.46 (m, 6H), 7.45-7.39 (m, 2H), 6.86 (td, /= 6.8, 1.3 Hz, 1H) ppm.
BC-NMR (101 MHz, DMSO-ds): & = 155.8, 142.5, 141.4, 141.4, 1336.0, 129.4, 129.2, 128.8,
127.7,126.7,117.0, 111.6 ppm.

Spectral data are in accordance with previous reports.[**4

N-(N-(phenyl)-2-pyridylidene)-4-methoxybenzenesulfonamide (164):
o“s'p @ Prepared according to GP-15 with 0.236 g (0.893 mmol, 1.0 equiv.) 161,
O NTINT 0,400 g (1.34 mmol, 1.5 equiv.) 149, 0.404 g (2.66 mmol, 3.0 equiv.) CsF,
o and 5 ml MeCN. After purification via column chromatography
(CH2Cly:Et;O:acetone 10:10:1) and recrystallisation from toluene 242 mg
(0.711 mmol, 80%) 164 were isolated as a colorless solid.
Ry 0.18 (CH,Cly:Et;O:acetone 10:10:1)
Jmax(MeCN): 338 nm
Eo: 1.68 V vs. SCE
Ksvstatio: 0.091 mM™" (Photocatalyst: 132)
"H-NMR (400 MHz, DMSO-ds): 6 = 8.01-7.95 (m, 1H), 7.86-7.79 (m, 1H), 7.64-7.50 (m, 5H),
7.50-7.45 (m, 1H), 7.44-7.38 (m, 2H), 7.01-6.94 (m, 2H), 6.79 (td, J = 6.8, 1.3 Hz, 1H), 3.79 (s,
3H) ppm.
BC-NMR (101 MHz, DMSO-ds): 6= 161.3,155.9, 142.0, 141.5, 141.2, 135.6, 129.4, 129.0, 127.7,
126.7,116.9, 113.8, 111.0, 55.5 ppm.

Spectral data are in accordance with previous reports.[***
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N-(N-phenyl-4-(2,6-dimethylphenyl)-2-pyridylidene)-4-methoxybenzenesulfonamide (266):

Prepared according to GP-15 with 0.328 g (0.893 mmol, 1.0 equiv.)

Q\S,,O fE:Q 265, 0.400 g (1.34 mmol, 1.5 equiv.) 149, 0.404 g (2.66 mmol,

- /©/ NN 3.0 equiv.) CsF, and 5 ml MeCN. After purification via column
© @ chromatography (n-hexane:acetone 3:1) and recrystallisation from

toluene 195 mg (0.440 mmol, 49%) 266 were isolated as a colorless solid.

Ry 0.18 (n-hexane:acetone 3:1)

Jmax(MeCN): 350 nm

Eo: 1.67 V vs. SCE

Ksvstatiy: 0.062 mM™' (Photocatalyst: 132)

IR(ATR): ¥ = 3066, 1639, 1595, 1514, 1498, 1466, 1402, 1293, 1275, 1259, 1138, 1090, 1029,
957, 806, 779, 695, 672, 605, 561 cm™'.

HR-MS(ESI): m/z = 467.1402 [M+Na'] (calc. 467.1400).

"H-NMR (400 MHz, DMSO-dy): 5=7.89 (d, J=2.2 Hz, 1H), 7.73 (dd, J= 9.4, 2.2 Hz, 1H), 7.67-
7.62 (m, 2H), 7.62-7.46 (m, 6H), 7.21-7.15 (m, 1H), 7.15-7.09 (m, 2H), 7.03-6.97 (m, 2H), 3.80 (s,
3H), 2.10 (s, 6H) ppm.

BC-NMR (101 MHz, DMSO-ds): 6= 161.3, 154.8,143.8, 141.3, 139.6, 136.4, 135.9, 134.9, 129.3,
129.0, 128.1, 127.7, 127.6, 126.9, 122.7, 117.0, 113.9, 55.5, 20.6 ppm.

10.9.2 Preparation of 4-Pyridylidenesulfonamides

N-(N-phenyl-4-pyridylidene)benzenesulfonamide (166):
/@ Prepared according to GP-15 with 0.209 g (0.893 mmol, 1.0 equiv.) 165,
O\\s’? //N 0.400 g (1.34 mmol, 1.5 equiv.) 149, 0.404 g (2.66 mmol, 3.0 equiv.) CsF,
©/ NT and 5 ml MeCN. After purification via column chromatography
(CH2Cly:Et;O:acetone 10:10:1) and recrystallisation from toluene 0.211 g
(0.679 mmol, 76%) 166 were isolated as colorless crystals.
Ry 0.19 (CH,Cly:Et;O:acetone 10:10:1)
Jmax(MeCN): 318 nm
Eox: 1.68 V vs. SCE
Ksvstatio: 0.074 mM™" (Photocatalyst: 132)
'"H-NMR (400 MHz, DMSO-ds): & = 8.32-8.25 (m, 2H), 7.86-7.81 (m, 2H), 7.66-7.49 (m, 8H),
7.07-7.01 (m, 2H) ppm.
BC-NMR (101 MHz, DMSO-ds): §=161.9, 143.7, 142.3, 140.7, 131.4, 130.0, 129.0, 128.8, 126.0,
123.3, 115.3 ppm.

Spectral data are in accordance with previous reports.[**4
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N-(N-(phenyl)-4-pyridylidene)-4-(trifluoromethyl)benzenesulfonamide (218):
O Prepared according to GP-15 with 0.270 g (0.893 mmol, 1.0 equiv.)
O“s”? O 193, 0.400 g (1.34 mmol, 1.5 equiv.) 149, 0.404 g (2.66 mmol,
/©/ N 3.0 equiv.) CsF, and 5 ml MeCN. After purification via column
e chromatography (CH>Cl:Et;O:acetone 10:10:1) and recrystallisation
from EtOAc 0.194 g (0.513 mmol, 57%) 218 were isolated as colorless crystals.
Ry 0.24 (CH,Cly:Et;O:acetone 10:10:1)
Jmax(MeCN): 319 nm
Eox: 1.80 V vs. SCE
Ksvstatio: 0.039 mM™' (Photocatalyst: 132)
IR(ATR): v = 3068, 1651, 1596, 1517, 1490, 1456, 1378, 1322, 1244, 1210, 1156, 1104, 1076,
1061, 919, 837, 763, 693, 630, 537, 510, 474 cm™".
HR-MS(ESI): m/z = 401.0549 [M+Na'] (calc. 401.0542).
'"H-NMR (400 MHz, DMSO-ds): & = 8.37-8.31 (m, 2H), 8.05 (d, J = 8.1 Hz, 2H), 7.91 (d,
J=28.2Hz, 2H), 7.67-7.57 (m, 4H), 7.57-7.51 (m, 1H), 7.10-7.05 (m, 2H) ppm.
3C-NMR (101 MHz, DMSO-dj, missing signals due to low intensity): 6 = 162.0, 147.7, 142.2,
141.1, 131.2 (d, J = 32.3 Hz), 130.0, 129.1, 126.9, 126.0 (q, J = 3.7 Hz), 123.7 (d, J = 272.8 Hz),
123.4, 115.5 ppm.

YF-NMR (400 MHz, DMSO-ds): 6=—62.31 ppm.

N-(N-(phenyl)-4-pyridylidene)-4-chlorobenzenesulfonamide (219):
/@ Prepared according to GP-15 with 0.240 g (0.893 mmol, 1.0 equiv.)
Q\S,? //@“ 194, 0.400 g (1.34 mmol, 1.5 equiv.) 149, 0.404 g (2.66 mmol,
/©/ N 3.0 equiv.) CsF, and 5 ml MeCN. After purification via column
¢ chromatography (CH>CL:Et;O:acetone 10:10:1) and recrystallisation
from EtOAc 0.252 g (0.731 mmol, 82%) 219 were isolated as colorless crystals.
Ry 0.22 (CH,Cly:Et;O:acetone 10:10:1)
Jmax(MeCN): 319 nm
Eo: 1.73 V vs. SCE
Ksvstatio: 0.123 mM™' (Photocatalyst: 132)
"H-NMR (400 MHz, DMSO-ds): 6 = 8.35-8.28 (m, 2H), 7.87-7.81 (m, 2H), 7.66-7.56 (m, 6H),
7.56-7.51 (m, 1H), 7.07-7.00 (m, 2H) ppm.
BC-NMR (101 MHz, DMSO-ds): = 161.9, 142.7, 142.2, 140.9, 136.0, 130.0, 129.0, 128.9, 128.0,
123.3, 115.4 ppm.

Spectral data are in accordance with previous reports.[**4
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N-(N-(phenyl)-4-pyridylidene)-4-methoxybenzenesulfonamide (220):

/@ Prepared according to GP-15 with 1.88 g (7.11 mmol, 1.0 equiv.) 195,
O\\S,? /K;N 3.19 g (10.7 mmol, 1.5 equiv.) 149, 3.22 g (21.3 mmol, 3.0 equiv.)
- /©/ N CsF, and 45 ml MeCN. After purification via column chromatography

© (CH2Cly:Et;O:acetone 10:10:1) and recrystallisation from toluene
1.82 g (0.533 mmol, 75%) 220 were isolated as colorless crystals.

Ry 0.13 (CH,Cly:Et;O:acetone 10:10:1)

Amax(MeCN): 322 nm

Eox: 1.62 V vs. SCE

Ksvstatio: 0.146 mM ™' (Photocatalyst: 132)

"H-NMR (400 MHz, DMSO-ds): § = 8.28-8.24 (m, 2H), 7.78-7.73 (m, 2H), 7.64-7.56 (m, 4H),
7.55-7.49 (m, 1H), 7.06-6.97 (m, 4H), 3.80, (s, 3H) ppm.

BC-NMR (101 MHz, DMSO-ds): =161.7,161.3,142.3, 140.5, 135.7, 130.0, 128.9, 128.0, 123.2,
115.2,113.9, 55.5 ppm.

Spectral data are in accordance with previous reports.[**4

N-(N-(3,4-difluorophenyl)-4-pyridylidene)benzenesulfonamide (221):
E - Prepared according to GP-15 with 0.209 g (0.893 mmol, 1.0 equiv.) 165,
/©/ 0.448 g (1.34 mmol, 1.5 equiv.) 216, 0.404 g (2.66 mmol, 3.0 equiv.)
O“S’?NO CsF, and 5 ml MeCN. After purification via column chromatography
©/ (CH2Cl:Et,O:acetone 10:10:1) and recrystallisation from EtOAc
81.1 mg (0.234 mmol, 26%) 221 were isolated as colorless crystals.
Ry 0.21 (CH,Cly:Et;O:acetone 10:10:1)
Jmax(MeCN): 320 nm
Eo: 1.73 V vs. SCE
Ksvstatio: 0.062 mM™' (Photocatalyst: 132)
IR(ATR): ¥ =3067, 3008, 1635, 1588, 1498, 1445, 1316, 1251, 1204, 1186, 1071, 1020, 932, 843,
810, 770, 735, 708, 688, 655, 625, 563, 529, 494 cm .
HR-MS(ESI): m/z = 369.0481 [M+Na'] (calc. 369.0480).
"H-NMR (400 MHz, DMSO-ds): 6= 8.25 (d, J = 7.4 Hz, 2H), 7.99-7.91 (m, 1H), 7.86-7.80 (m,
1H), 7.76-7.65 (m, 1H) 7.59-7.49 (m, 4H), 7.02 (d, J = 7.4 Hz, 2H) ppm.
BC-NMR (101 MHz, DMSO-ds): § = 162.0, 150.6 (dd, J = 20.7, 12.9 Hz), 148.2 (dd, J = 20.4,
13.0 Hz), 143.6, 140.7, 138.7 (dd, J = 8.2, 3.2 Hz), 131.4, 128.8, 126.0, 120.8 (dd, /= 7.0, 3.6 Hz),
118.6 (d, /= 18.7 Hz), 115.1, 114.0 (d, J=21.0 Hz) ppm.
YF-NMR (400 MHz, DMSO-ds): 5=-135.18 (d, J = 22.7 Hz), -137.63 (d, J = 22.5 Hz) ppm.
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N-(N-(3,4-difluorophenyl-4-pyridylidene)-4-(trifluoromethyl)benzenesulfonamide (222):

F Prepared according to GP-15 with 0.297 g (0.893 mmol, 1.0 equiv.)

/©/F 193, 0.448 g (1.34 mmol, 1.5 equiv.) 216, 0.404 g (2.66 mmol,

Q‘S’? //©\l 3.0 equiv.) CsF, and 5 ml MeCN. After purification via column
F30/©/ " chromatography (CH:Cl,:Et,O:acetone 10:10:1) and

recrystallisation from EtOAc 158 mg (0.381 mmol, 43%) 222 were
isolated as a colorless solid.
Ry 0.25 (CH,Cly:Et;O:acetone 10:10:1)
Amax(MeCN): 320 nm
Eo: 1.87 Vvs. SCE
Ksv(static): —0.048 mM™! (Photocatalyst: 132)
IR(ATR): v = 3064, 1651, 1617, 1511, 1434, 1387, 1345, 1267, 1232, 1221, 1170, 1082, 1063,
947,904, 867, 833, 822, 787, 766, 736, 600, 549, 509, 470, 457 cm .
HR-MS(ESI): m/z =437.0351 [M+Na'] (calc. 437.0353).
"H-NMR (400 MHz, DMSO-ds): § = 8.33-8.28 (m, 2H), 8.05 (d, J = 8.1 Hz, 1H), 8.00-7.93 (m,
1H), 7.91 (d, J= 8.3 Hz, 1H), 7.75-7.67 (m, 1H), 7.59-7.52 (m, 1H), 7.08-7.02 (m, 2H) ppm.
BC-NMR (101 MHz, DMSO-ds): § = 162.1, 150.7 (dd, J = 32.1, 13.0 Hz), 148.2 (dd, J = 31.7,
12.9 Hz), 147.5, 141.2, 138.7 (dd, J= 8.4, 3.2 Hz), 131.3 (q, /= 32.1 Hz), 127.0, 126.1 (q, /= 3.8
Hz), 122.3 (q,J=271.6 Hz), 120.9 (dd, /= 7.3, 3.6 Hz), 118.6 (d, /= 18.5 Hz), 115.3, 114.1 (d, J
=21.2 Hz) ppm.
YF-NMR (400 MHz, DMSO-ds): §=—61.43, -135.15 (d, J = 22.5 Hz), -137.41 (d, J = 22.5 Hz)
ppm.

N-(N-(3,4-difluorophenyl-4-pyridylidene)-4-chlorobenzenesulfonamide (223):
F . Prepared according to GP-15 with 0.267 g (0.893 mmol, 1.0 equiv.)
/©/ 194, 0.448 g (1.34 mmol, 1.5 equiv.) 216, 0.404 g (2.66 mmol,
O\\SI?NO 3.0 equiv.) CsF, and 5 ml MeCN. After purification via column
C|/©/ chromatography (CH2Cl,:Et;O:acetone 10:10:1) and
recrystallisation from EtOAc 173 mg (0.454 mmol, 51%) 223 were isolated as a colorless solid.
Ry 0.22 (CH,Cly:Et;O:acetone 10:10:1)
Jmax(MeCN): 320 nm
Eox: 1.82 V vs. SCE
Ksvstatio: —0.014 mM™' (Photocatalyst: 132)
IR(ATR): v = 3061, 1650, 1616, 1583, 15006, 1434, 1383, 1344, 1263, 1230, 1211, 1129, 1079,
1024, 903, 870, 832, 819, 770, 757, 690, 649, 627, 587, 561, 531, 511, 487, 468 cm ™.
HR-MS(ESI): m/z = 403.0086 [M+Na'] (calc. 403.0090).
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'H-NMR (400 MHz, DMSO-ds): 5= 8.27 (d, J= 7.7 Hz, 1H), 7.99-7.91 (m, 1H), 7.86-7.81 (m,
2H), 7.76-7.65 (m, 1H), 7.62-7.52 (m, 3H), 7.02 (d, J= 7.6 Hz, 1H) ppm.

BC-NMR (101 MHz, DMSO-dy): 6= 162.0, 150.7 (dd, J = 27.0, 13.0 Hz), 148.2 (dd, J = 27.0,
12.9 Hz), 142.5, 141.0, 138.7 (dd, J= 8.7, 3.3 Hz), 136.1, 128.9, 128.0, 120.8 (dd, J= 7.0, 3.6 Hz),
118.6 (d, J= 18.6 Hz), 115.2, 114.0 (d, J = 21.1 Hz) ppm.

YE-NMR (400 MHz, DMSO-ds): 6=—-136.01 (d, J=22.6 Hz), ~136.76 (d, J = 22.5 Hz) ppm.

N-(N-(3,4-difluorophenyl)-4-pyridylidene)-4-methoxybenzenesulfonamide (224):
F . Prepared according to GP-15 with 0.236 g (0.893 mmol, 1.0 equiv.)
/©/ 195, 0.448 g (1.34 mmol, 1.5 equiv.) 216, 0.404 g (2.66 mmol,
O“S”? N//©\l 3.0 equiv.) CsF, and 5 ml MeCN. After purification via column
\O/©/ chromatography (CH>Cl:Et;O:acetone 5:5:1) and recrystallisation
from toluene 139 mg (0.369 mmol, 41%) 224 were isolated as colorless crystals.
Ry 0.12 (CH,Cly:Et;O:acetone 10:10:1)
Amax(MeCN): 336 nm
Eo: 1.70 V vs. SCE
Ksvstatio: 0.121 mM™" (Photocatalyst: 132)
IR(ATR): v = 3061, 2953, 2847, 1633, 1617, 1593, 1493, 1444, 1365, 1256, 1206, 1136, 1112,
1083, 1043, 1017, 957, 899, 847, 812, 802, 663, 627, 555 cm .
HR-MS(ESI): m/z =399.0590 [M+Na'] (calc. 399.0585).
"H-NMR (400 MHz, DMSO-ds): 6= 8.22 (d, J= 7.5 Hz, 2H), 7.98-7.91 (m, 1H), 7.78-7.65 (m, 3
H), 7.56-7.51 (m, 1H), 7.06-7.01 (m, 2H), 6.98 (d, /= 7.5 Hz, 2H), 3.80 (s, 3H) ppm.
BC-NMR (101 MHz, DMSO-ds): 6=161.6 (d, J = 39.7 Hz), 150.6 (dd, J = 15.3, 13.1 Hz), 148.2
(dd, J=14.9, 13.1 Hz), 140.5, 138.8 (dd, /= 8.3, 3.2 Hz), 135.6, 128.1, 120.7 (dd, /= 7.1, 3.6 Hz),
118.6 (d, J=18.7 Hz), 115.0, 113.9 (d, /= 21.2 Hz), 113.9, 55.5 ppm.
YF-NMR (400 MHz, DMSO-ds): 5=-135.26 (d,J =22.6 Hz), -137.71 (d, J = 22.5 Hz) ppm.

N-(N-(3,4-methoxyphenyl)-4-pyridylidene)benzenesulfonamide (225):

o~ Prepared according to GP-15 with 0.263 g (0.893 mmol, 1.0 equiv.)

O~ 165, 0.480 g (1.34 mmol, 1.5 equiv.) 215, 0.404 g (2.66 mmol,

O\\SI?NO 3.0 equiv.) CsF, and 5 ml MeCN. After purification via column
©/ chromatography (CH,Cl,:Et,O:acetone 2:2:1) 207 mg (0.559 mmol,

63%) 225 were isolated as a yellowish solid.
Ry 0.14 (CH,Cly:Et,O:acetone 2:2:1)
Jmax(MeCN): 323 nm

Eox: 1.42 vs. SCE, 1.69 V vs. SCE
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Ksvstatio: 0.064 mM™" (Photocatalyst: 132)

IR(ATR): v = 3064, 2939, 2838, 1635, 1602, 1498, 1443, 1367, 1245, 1198, 1135, 1081, 1055,
1017, 938, 767, 691, 658, 624, 587, 564 cm™".

HR-MS(ESI): m/z =393.0879 [M+Na'] (calc. 393.0879).

'"H-NMR (400 MHz, DMSO-ds): 6 = 8.27-8.21 (m, 2H), 7.86-7.80 (m, 2H), 7.57-7.48 (m, 3H),
7.25 (d, J=2.3 Hz, 1H), 7.16-7.08 (m, 2H), 7.03-6.98 (m, 2H), 3.81 (s, 3H), 3.80 (s, 3H) ppm.
BC-NMR (101 MHz, DMSO-ds): = 161.8, 149.3, 149.1, 143.8, 140.9, 135.3, 131.3, 128.7, 126.0,
115.1,111.9, 107.7, 55.9, 55.9 ppm.

N-(N-(3,4-methoxyphenyl)-4-pyridylidene)-4-(trifluoromethyl)benzenesulfonamide (226):
o~ Prepared according to GP-15 with 0.297 g (0.893 mmol,
O~ 1.0 equiv.) 193, 0.480 g (1.34 mmol, 1.5 equiv.) 215, 0.404 g
Q\S,?N O (2.66 mmol, 3.0 equiv.) CsF, and 5 ml MeCN. After purification
Fo /©/ via column chromatography (CH,Cl::Et,O:acetone 2:2:1) 213 mg
(0.486 mmol, 54%) 226 were isolated as a yellowish solid.
Ry 0.31 (CH,Cly:Et,O:acetone 2:2:1)
Amax(MeCN): 324 nm
Eox: 1.42 vs. SCE, 1.70 V vs. SCE
Ksvstatio: 0.056 mM ™" (Photocatalyst: 132)
IR(ATR): ¥ = 3067, 2939, 1635, 1603, 1496, 1366, 1320, 1298, 1245, 1199, 1169, 1131, 1083,
1059, 1017, 942, 837, 787, 762, 682, 660, 638, 606, 558 cm .
HR-MS(ESI): m/z =461.0753 [M+Na'] (calc. 461.0753).
"H-NMR (400 MHz, DMSO-ds): 5= 8.33-8.26 (m, 2H), 8.04 (d, J = 8.1 Hz, 2H), 7.90 (d, J = 8.2
Hz, 2H), 7.27 (d, J = 2.4 Hz, 1H), 7.17-7.09 (m, 2H), 7.08-7.03 (m, 2H), 3.81 (s, 3H), 3.81 (s, 3H)
ppm.
BC-NMR (101 MHz, DMSO-ds): = 161.8, 149.3, 149.2, 147.7, 135.5, 131.2 (q, J = 32.2 Hz),
126.9, 126.0 (q, J = 3.8 Hz), 125.0 (q, J=272.1 Hz), 115.3, 115.2, 111.9, 107.7 ppm.
YF-NMR (400 MHz, DMSO-ds): 5= —61.40 ppm.

N-(N-(3,4-methoxyphenyl)-4-pyridylidene)-4-chlorobenzenesulfonamide (227):

o~ Prepared according to GP-15 with 0.266 g (0.893 mmol, 1.0 equiv.)

/©/O\ 194, 0.480 g (1.34 mmol, 1.5 equiv.) 215, 0.404 g (2.66 mmol,

O\\S/?NO 3.0 equiv.) CsF, and 5 ml MeCN. After purification via column

N ©/ chromatography  (CH:Cly:Et;O:acetone  2:2:1) 198 mg

(0.489 mmol, 55%) 227 were isolated as a yellowish solid.
Ry 0.28 (CH,Cly:Et,O:acetone 2:2:1)
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Amax(MeCN): 324 nm

Eox: 1.43 vs. SCE, 1.69 V vs. SCE

Ksvstatioy: 0.070 mM ™' (Photocatalyst: 132)

IR(ATR): v = 3082, 3046, 2941, 2838, 1634, 1602, 1500, 1376, 1288, 1240, 1202, 1135, 1081,
1015, 946, 834, 807, 778, 760, 746, 642, 618, 562, 499 cm .

HR-MS(ESI): m/z = 427.0488 [M+Na'] (calc. 427.0490).

"H-NMR (400 MHz, DMSO-ds): § = 8.30-8.25 (m, 2H), 7.86-7.81 (m, 2H), 7.62-7.56 (m, 2H),
7.27 (d,J=2.4 Hz, 1H), 7.17-7.09 (m, 2H), 7.04-7.00 (m, 2H), 3.82 (s, 3H), 3.81 (s, 3H) ppm.
BC-NMR (101 MHz, DMSO-ds): 6= 161.7,149.3,149.2, 142.7, 141.1, 136.0, 135.5, 128.9, 128.0,
115.2,115.2,111.9, 55.9, 55.9 ppm.

N-(N-(3,4-methoxyphenyl)-4-pyridylidene)-4-methoxybenzenesulfonamide (228):

g Prepared according to GP-15 with 0.264 g (0.893 mmol,

O~ 1.0 equiv.) 195, 0.480 g (1.34 mmol, 1.5 equiv.) 215, 0.404 g

O\\S/?NO (2.66 mmol, 3.0 equiv.) CsF, and 5 ml MeCN. After purification

o /©/ via column chromatography (CH>Cly:Et;O:acetone 2:2:1) 228 mg

(0.569 mmol, 64%) 228 were isolated as a yellowish solid.
Ry 0.12 (CH,Cly:Et,O:acetone 2:2:1)
Amax(MeCN): 325 nm
Eox: 1.39 vs. SCE, 1.68 V vs. SCE
Ksvstatioy: 0.089 mM™' (Photocatalyst: 132)
IR(ATR): v = 3062, 2929, 2839, 1636, 1591, 1494, 1438, 1362, 1300, 1236, 1202, 1176, 1146,
1129, 1074, 1052, 1012, 928, 839, 803, 719, 706, 672, 594, 559, 523 cm™".
HR-MS(ESI): m/z = 423.0984 [M+Na'] (calc. 423.0985).
"H-NMR (400 MHz, DMSO-ds): 5= 8.24-8.18 (m, 2H), 7.78-7.72 (m, 2H), 7.24 (d, J = 2.1 Hz,
1H), 7.14-7.07 (m, 2H), 7.05-7.00 (m, 2H), 7.00-6.95 (m, 2H), 3.83-3.78 (m, 9H) ppm.
BC-NMR (101 MHz, DMSO-ds): 6= 161.6, 161.3,149.3, 149.1, 140.7, 135.8, 135.5, 128.0, 115.1,
115.0, 113.8, 112.0, 107.6, 55.9, 55.9, 55.5 ppm.

N-(N-phenyl-2-methoxy-4-pyridylidene)benzenesulfonamide (229):
/@ Prepared according to GP-15 with 0.236 g (0.893 mmol, 1.0 equiv.) 196,
0.0 ﬂ 0.400 g (1.34 mmol, 1.5 equiv.) 149, 0.404 g (2.66 mmol, 3.0 equiv.) CsF,
©/ N (|3 and 5 ml MeCN. After purification via column chromatography
(CH2Cl,:Et;O:acetone 10:10:1) and recrystallisation from MTBE:n-hexane
1:5 163 mg (0.479 mmol, 54%) 229 were isolated as a colorless solid.
Ry 0.31 (CH,Cly:Et;O:acetone 10:10:1)
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Jmax(MeCN): 304 nm

Eox: 1.69 V vs. SCE

Ksvstatio: 0.071 mM™' (Photocatalyst: 132)

IR(ATR): v = 3065, 2928, 1637, 1591, 1529, 1483, 1382, 1300, 1268, 1248, 1131, 1116, 1080,
1027, 980, 869, 825, 769, 745, 695, 628, 591, 562 cm™".

HR-MS(ESI): m/z =363.0770 [M+Na'] (calc. 363.0774).

"H-NMR (400 MHz, DMSO-ds): 6 = 7.89-7.81 (m, 2H), 7.77 (d, J = 7.5 Hz, 1H), 7.58-7.44 (m,
8H), 6.76 (dd, J=17.5, 2.3 Hz, 1H), 6.51 (d, J=2.3 Hz, 1H), 3.83 (s, 3H) ppm.

BC-NMR (101 MHz, DMSO-ds): 5= 164.6, 158.2, 144.0, 140.2, 138.4, 131.2,129.4, 129.4, 128.7,
126.8, 126.1, 110.2, 94.1, 57.5 ppm.

N-(N-phenyl-2-methoxy-4-pyridylidene)-4-(trifluoromethyl)benzenesulfonamide (230):
/@ Prepared according to GP-15 with 0.297 g (0.893 mmol, 1.0 equiv.)
O‘\s"? B //N 197, 0.400 g (1.34 mmol, 1.5 equiv.) 149, 0.404 g (2.66 mmol,
/©/ N ? 3.0 equiv.) CsF, and 5 ml MeCN. After purification via column
e chromatography (CH»Cl:Et,O:acetone 10:10:1) and recrystallisation
from MTBE:n-hexane 1:5 160 mg (0.392 mmol, 44%) 230 were isolated as a colorless solid.
Ry 0.23 (CH,Cly:Et;O:acetone 10:10:1)
Jmax(MeCN): 305 nm
Eox: 1.80 V vs. SCE
Ksvstatioy: 0.106 mM™' (Photocatalyst: 132)
IR(ATR): v = 3065, 2943, 1638, 1594, 1528, 1485, 1384, 1321, 1262, 1235, 1124, 1084, 1060,
1013, 981, 871, 837, 769, 745, 715, 695, 631, 607, 569, 552, 461 cm™".
HR-MS(ESI): m/z = 431.0645 [M+Na'] (calc. 431.0647).
"H-NMR (400 MHz, DMSO-ds): § = 8.29-8.23 (m, 2H), 8.14-8.08 (m, 2H), 8.02 (d, J = 7.5 Hz,
1H), 7.78-7.67 (m, 5H), 7.01 (dd, J=17.5, 2.3 Hz, 1H), 6.77 (d, J = 2.2 Hz, 1H), 3.96 (s, 3H) ppm.
BC-NMR (101 MHz, DMSO-ds): 5= 165.1, 159.0, 148.4, 141.1, 138.8, 131.6 (q, J = 32.0 Hz),
130.0, 129.9, 126.5 (q, /= 3.8 Hz), 124.3 (q, J = 272.5 Hz), 110.7, 95.1, 58.1, 27.3 ppm.
YF-NMR (400 MHz, DMSO-ds): 6=—61.37 ppm.

N-(N-phenyl-2-methoxy-4-pyridylidene)-4-chlorobenzenesulfonamide (231):
/@ Prepared according to GP-15 with 0.267 g (0.893 mmol, 1.0 equiv.)
O‘\s'? Q 198, 0.400 g (1.34 mmol, 1.5 equiv.) 149, 0.404 g (2.66 mmol,
/©/ N C|) 3.0 equiv.) CsF, and 5 ml MeCN. After purification via column
“ chromatography (CH>ClL:Et;O:acetone 10:10:1) and recrystallisation
from MTBE:n-hexane 1:5 161 mg (0.430 mmol, 48%) 231 were isolated as a colorless solid.
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Ry 0.14 (CH,Cly:Et;O:acetone 10:10:1)

Jmax(MeCN): 306 nm

Eo: 1.71 V vs. SCE

Ksvstatio: 0.099 mM™' (Photocatalyst: 132)

IR(ATR): ¥ = 3089, 3058, 2931, 1638, 1591, 1526, 1479, 1454, 1433, 1385, 1269, 1249, 1136,
1121, 1080, 1028, 982, 873, 830, 771, 755, 721, 708, 666, 619, 561, 479, 457 cm™".
HR-MS(ESI): m/z =397.0384 [M+Na'] (calc. 397.0384).

"H-NMR (400 MHz, DMSO-ds): § = 7.88-7.82 (m, 2H), 7.79 (d, J = 7.5 Hz, 1H), 7.61-7.56 (m,
2H), 7.57-7.46 (m, 5H), 6.76 (dd, J=17.5, 2.3 Hz, 1H), 6.52 (d, /= 2.3 Hz, 1H), 3.85 (s, 3H) ppm.
BC-NMR (101 MHz, DMSO-ds): 5= 164.6, 158.4,142.9, 140.4, 138.3, 135.9, 129.4, 128.8, 128.1,
126.8, 110.2, 94.3, 57.5 ppm.

N-(N-phenyl-2-methoxy-4-pyridylidene)-4-methoxybenzenesulfonamide (232):

/@ Prepared according to GP-15 with 0.263 g (0.893 mmol, 1.0 equiv.)
%8 //@ 199, 0.400 g (1.34 mmol, 1.5 equiv.) 149, 0.404 g (2.66 mmol,
\o/©/ N C|) 3.0 equiv.) CsF, and 5 ml MeCN. After purification via column

chromatography (CH»Cl::Et;O:acetone 5:5:1) and recrystallisation

from toluene 165 mg (0.427 mmol, 48%) 232 were isolated as a colorless solid.
Ry 0.14 (CH,Cly:Et;O:acetone 10:10:1)
Amax(MeCN): 311 nm
Eox: 1.62 V vs. SCE
Ksvstatio: 0.035 mM™' (Photocatalyst: 132)
IR(ATR): Vv = 3066, 2929, 2839, 1636, 1592, 1526, 1485, 1384, 1305 1233, 1175, 1127, 1078,
1022, 977, 829, 769, 743, 689, 660, 626, 557 cm™".
HR-MS(ESI): m/z = 371.1064 [M+H"] (calc. 371.1060).
'"H-NMR (400 MHz, DMSO-ds): & = 7.80-7.72 (m, 3H), 7.56-7.50 (m, 3H), 7.50-7.44 (m, 2H),
7.06-7.00 (m, 2H), 6.72 (dd, J = 7.5, 2.2 Hz, 1H), 6.48 (d, J = 2.3 Hz, 1H), 3.83 (s, 3H), 3.80 (s,
3H) ppm.
BC-NMR (101 MHz, DMSO-ds): 6=164.4,161.2,158.1,140.1, 138.4, 136.0, 129.4, 129.4, 128.1,
126.8, 113.8, 110.2, 93.8, 57.4, 55.5 ppm.
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N-(N-(3,4-difluorophenyl)-2-methoxy-4-pyridylidene)benzenesulfonamide (233):
F - Prepared according to GP-15 with 0.237 g (0.893 mmol, 1.0 equiv.) 196,
/©/ 0.448 g (1.34 mmol, 1.5 equiv.) 216, 0.404 g (2.66 mmol, 3.0 equiv.)
Q\S/?N/ g /N o CsF, and 5 ml MeCN. After purification via column chromatography
©/ (CH2Cly:Et,O:acetone 5:5:1) 71.1 mg (0.189 mmol, 21%) 233 were
isolated as a colorless solid.
Ry 0.15 (CH,Cly:Et;O:acetone 10:10:1)
Amax(MeCN): 305 nm
Eox: 1.72 V vs. SCE
Ksvstatioy: 0.037 mM™' (Photocatalyst: 132)
IR(ATR): v =3059, 2929, 1637, 1493, 1432, 1384, 1259, 1235, 1217, 1125, 1080, 980, 905, 863,
825, 729, 689, 644, 624, 608, 584, 557 cm .
HR-MS(ESI): m/z = 399.0585 [M+Na'] (calc. 399.0585).
"H-NMR (400 MHz, DMSO-ds): 5= 7.89-7.81 (m, 3H), 7.77 (d, J = 7.5 Hz, 1H), 7.69-7.60 (m,
1H), 7.57-7.49 (m, 3H), 7.48-7.42 (m, 1H), 6.75 (dd, J= 7.5, 2.3 Hz, 1H), 6.51 (d, /= 2.2 Hz, 1H),
3.85 (s, 3H) ppm.
3C-NMR (101 MHz, DMSO-dj, missing signals due to low intensity): 6 = 164.7, 158.2, 143.9,
140.0, 134.6 (d, J= 3.4 Hz), 131.2, 128.7, 126.1, 124.5 (dd, /= 7.0, 3.6 Hz), 117.7 (dd, J = 73.7,
19.3 Hz), 110.2, 93.9, 57.6 ppm.
YF-NMR (400 MHz, DMSO-ds): 5=-135.84 (d,J =22.7 Hz), -136.59 (d, J = 22.6 Hz) ppm.

N-(N-(3,4-difluorophenyl)-2-methoxy-4-pyridylidene)-4-

(trifluoromethyl)benzenesulfonamide (234):

F - Prepared according to GP-15 with 0.287 g (0.893 mmol, 1.0 equiv.)

/@ 197, 0.448 g (1.34 mmol, 1.5 equiv.) 216, 0.404 g (2.66 mmol,

O“s'? P g /N o 3.0 equiv.) CsF and 5 ml MeCN. After purification via column

. C/©/ " chromatography (CH,ClL:Et;O:acetone 5:5:1) 66.2 mg (0.149 mmol,

3
17%) 234 were isolated as a colorless solid.

Ry 0.19 (CH,Cly:Et;O:acetone 10:10:1)

Jmax(MeCN): 305 nm

Eox: 1.46 vs. SCE (educt), 1.84 V vs. SCE

Ksvstatiy: 0.035 mM™' (Photocatalyst: 132)

IR(ATR): ¥ =3066, 1640, 1495, 1435, 1322, 1261, 1238, 1167, 1125, 1084, 1060, 1024, 984, 906,
868, 776, 735, 692, 605, 524, 456 cm ™.

HR-MS(ESI): m/z = 467.0460 [M+Na'] (calc. 467.0459).
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"H-NMR (400 MHz, DMSO-dj, contains educt): 5= 8.05 (d, J = 8.1 Hz, 1H), 7.90 (d, J = 8.2 Hz,
1H), 7.87-7.78 (m, 2H), 7.69-7.60 (m, 1H), 7.48-7.41 (m, 1H), 6.78 (dd, J = 7.6, 2.2 Hz, 1H), 6.55
(d, J=2.2 Hz, 1H), 3.86 (s, 3H) ppm.

BC-NMR (101 MHz, DMSO-ds, missing signals due to low intensity, contains educt): 5= 164.7,
158.5, 147.8, 140.9, 140.4, 131.3, 130.9, 128.7, 127.0, 126.0 (d, J = 3.7 Hz), 125.0, 124.5, 117.7
(dd, J=78.7,19.3 Hz), 110.2, 94.3, 57.7 ppm.

YF-NMR (400 MHz, DMSO-ds): 5§=-61.38, -135.98 (d, J = 22.6 Hz), —136.59 (d, J = 22.7 Hz)
ppm.

N-(N-(3,4-difluorophenyl)-2-methoxy-4-pyridylidene)-4-chlorobenzenesulfonamide (235):
F . Prepared according to GP-15 with 0.268 g (0.893 mmol, 1.0 equiv.)

Jij( 198, 0.448 g (1.34 mmol, 1.5 equiv.) 216, 0.404 g (2.66 mmol,
Z N

O“s’? o 3.0 equiv.) CsF, and 5 ml MeCN. After purification via column

A
C|/©/ " chromatography (CH,Cl,:Et,O:acetone 5:5:1) 38 mg (0.0925 mmol,
10%) 235 were isolated as a colorless solid.

Ry 0.12 (CH,Cly:Et;O:acetone 10:10:1)

Amax(MeCN): 305 nm

Eo: 1.79 V vs. SCE

Ksvstatio: 0.084 mM™' (Photocatalyst: 132)

IR(ATR): ¥ =3066, 1637, 1492, 1432, 1384, 1259, 1236, 1187, 1139, 1079, 1023, 982, 906, 866,
824, 776, 755, 724, 707, 647, 586, 480 cm .

HR-MS(ESI): m/z =433.0198 [M+Na'] (calc. 433.0195).

"H-NMR (400 MHz, DMSO-ds): 6 = 7.88-7.77 (m, 4H), 7.69-7.56 (m, 3H), 7.47-7.41 (m, 1H),
6.74 (dd, J=17.5, 2.3 Hz, 1H), 6.51 (d, J=2.3 Hz, 1H), 3.85 (s, 3H) ppm.

BC-NMR (101 MHz, DMSO-ds): 5= 164.7, 158.3, 150.6 (dd, J = 97.6, 12.2 Hz), 148.17 (dd, J =
96.1, 12.2 Hz), 142.8, 140.2, 136.0, 134.5 (dd, J = 8.7, 3.5 Hz), 128.8, 128.1, 124.6 (dd, J = 6.9,
3.9 Hz), 117.7 (dd, J=77.1, 19.3 Hz), 110.3, 94.0, 57.7 ppm.

YF-NMR (400 MHz, DMSO-ds): 5=-135.98 (d, J=22.7 Hz), -136.73 (d, J = 22.5 Hz) ppm.

N-(N-(3,4-difluorophenyl)-2-methoxy-4-pyridylidene)-4-methoxybenzenesulfonamide (236):
F . Prepared according to GP-15 with 0.263 g (0.893 mmol, 1.0 equiv.)
©/ 199, 0.448 g (1.34 mmol, 1.5 equiv.) 216, 0.404 g (2.66 mmol,
'g” 7 g /N o 3.0 equiv.) CsF, and 5 ml MeCN. After purification via column
\o/©/ chromatography (CH>CL:Et;O:acetone 5:5:1) 78.0 mg (0.192 mmol,
22%) 236 were isolated as a colorless solid.

Ry 0.10 (CH2Cly:Et;O:acetone 10:10:1)

161



Appendix Experimental Part

Amax(MeCN): 307 nm

Eo: 1.68 V vs. SCE

Ksvstatioy: 0.027 mM™' (Photocatalyst: 132)

IR(ATR): v = 3066, 2924, 2852, 1639, 1594, 1494, 1433, 1386, 1306, 1234, 1184, 1127, 1078,
1020, 980, 905, 863, 826, 775, 727, 673, 643, 556 cm .

HR-MS(ESI): m/z =429.0695 [M+Na'] (calc. 429.0691).

"H-NMR (400 MHz, DMSO-ds): 6 = 7.88-7.80 (m, 1H), 7.80-7.71 (m, 3H), 7.69-7.59 (m, 1H),
7.46-7.40 (m, 1H), 7.07-7.01 (m, 2H), 6.70 (dd, /= 7.6, 2.2 Hz, 1H), 6.47 (d, J=2.3 Hz, 1H), 3.84
(s, 3H), 3.80 (s, 3H) ppm.

3C-NMR (101 MHz, DMSO-dj, missing signals due to low intensity): 6 = 164.5, 161.3, 158.1,
139.9, 135.9, 134.6 (dd, J = 8.8, 3.5 Hz), 128.2, 124.8 (dd, J = 8.8, 3.5 Hz), 117.7 (dd, J = 72.6,
19.3 Hz), 113.8, 110.2, 93.6, 57.5, 55.5 ppm.

YF-NMR (400 MHz, DMSO-ds): 5=-136.04 (d, J=22.7 Hz), -136.79 (d, J = 22.6 Hz) ppm.

N-(N-(3-(trifluoromethyl)phenyl)-4-pyridylidene)-4-methoxy-2-benzenesulfonamide (237):

@\ Prepared according to GP-15 with 0.297 g (0.893 mmol,

% CFs 1.0 equiv.) 195, 0.491 g (1.34 mmol, 1.5 equiv.) 217, 0.404 g

- /©/ (2.66 mmol, 3.0 equiv.) CsF, and 5 ml MeCN. After purification
© via column chromatography (CH.CL:Et;O:acetone 5:5:1) and

recrystallisation from toluene 280 mg (0.686 mmol, 77%) 237 were isolated as a colorless solid.

Ry 0.20 (CH,Cly:Et,O:acetone 5:5:1)

Jmax(MeCN): 325 nm

Eo: 1.75 V vs. SCE

Ksvstatio: 0.076 mM™" (Photocatalyst: 132)

IR(ATR): v = 3076, 1641, 1612, 1597, 1498, 1379, 1324, 1256, 1204, 1173, 1122, 1071, 1020,

937, 835, 804, 760, 693, 575, 567 cm™".

HR-MS(ESI): m/z =431.0651 [M+Na'] (calc. 431.0647).

'"H-NMR (400 MHz, DMSO-ds): 5= 8.31 (d, J= 7.5 Hz, 2H), 7.98 (d, J = 8.6 Hz, 2H), 7.87 (d, J

= 8.4 Hz, 2H), 7.79-7.73 (m, 2H), 7.07-6.99 (m, 4H), 3.80 (s, 3H) ppm.

BC-NMR (101 MHz, DMSO-ds, missing signals due to low intensity): 5= 161.9, 161.4, 145.1,

140.2, 135.5, 128.8 (m), 128.1, 127.1 (q, J = 3.6 Hz), 124.2, 123.7 (d, J = 272.5 Hz), 115.2, 113.9,

55.5 ppm.

YF-NMR (101 MHz, DMSO-ds): 5= —61.02 ppm.
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N-(N-phenyl-3-(trifluoromethyl)-4-pyridylidene)-4-methoxybenzenesulfonamide (238):
/@ Prepared according to GP-15 with 0.260 g (0.783 mmol, 1.0 equiv.)
0.0 Q 202, 0.349 g (1.17 mmol, 1.5 equiv.) 149, 0.357 g (2.35 mmol,
TN,

SN
~o

48 mg (0.118 mmol, 15%) 238 were isolated as colorless needles.

Ry: 0.28 (CH2CL:Et,O 1:1)

Jmax(MeCN): 320 nm

Eo: 1.87 V vs. SCE

Ksvstatiy: 0.046 mM™' (Photocatalyst: 132)

IR(ATR): ¥ = 3057, 2847, 1699, 1637, 1509, 1491, 1473, 1390, 1307, 1275, 1247, 1148, 1128,
1083, 1064, 1027, 954, 882, 811, 793, 777, 698, 642, 610, 559, 547,532 cm™".

HR-MS(ESI): m/z = 431.0645 [M+Na'] (calc. 431.0647).

"H-NMR (400 MHz, DMSO-ds): 6= 8.06 (d, J = 7.5 Hz, 1H), 7.82-7.77 (m, 2H), 7.67-7.62 (m,
2H), 7.62-7.54 (m, 3H), 7.38 (s, 1H), 7.19-7.11 (m, 1H), 7.10-7.04 (m, 2H), 3.82 (s, 3H) ppm.
BC-NMR (101 MHz, DMSO-ds): = 162.7, 161.5, 145.8, 139.9, 137.2 (q, J = 33.5 Hz), 134.8,
130.7, 129.4, 128.2, 127.5, 119.3 (q, J=275.1 Hz), 116.0-115.0 (m), 114.1, 55.6 ppm.

YF-NMR (400 MHz, DMSO-ds): 5= —60.44 ppm.

3.0 equiv.) CsF, and 5 ml MeCN. After purification via column
chromatography (CH2Cl2:Et,O 1:1) and recrystallisation from toluene

N-(N-(3-(trifluoromethyl)phenyl)-3-(trifluoromethyl)-4-pyridylidene)-4-
methoxybenzenesulfonamide (239):
F Prepared according to GP-15 with 0.260 g (0.783 mmol, 1.0 equiv.)

= N/©[F 202, 0.391 g (1.17 mmol, 1.5 equiv.) 216, 0.357 g (2.35 mmol,

/©/S\N/ 7 CFy 3.0 equiv.) CsF, and 5 ml MeCN. After purification via column
o chromatography (CH>Cly:Et;O 1:1) and recrystallisation from
toluene 51 mg (0.115 mmol, 15%) 239 were isolated as a colorless solid.
Ry 0.31 (CH2CL:Et,O 1:1)
Jmax(MeCN): 320 nm
Eox: 1.90 V vs. SCE
Ksvstatio: 0.038 mM™' (Photocatalyst: 132)
IR(ATR): v = 3055, 2844, 1638, 1614, 1593, 1577, 1507, 1435, 1398, 1288, 1252, 1221, 1177,
1137, 1077, 1062, 1024, 953, 903, 863, 821, 776, 745, 717, 706, 682, 665, 641, 628, 596, 564, 538,
488 cm™'.
HR-MS(ESI): m/z = 467.0463 [M+Na'] (calc. 467.0459).
"H-NMR (400 MHz, DMSO-ds): &= 8.12-8.00 (m, 2H), 7.84-7.77 (m, 2H), 7.76-7.61 (m, 2H);
7.39 (s, 1H), 7.19-7.11 (m, 1H), 7.10-7.05 (m, 2H), 3.82 (s, 3H) ppm.
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3C-NMR (101 MHz, DMSO-ds): 5= 161.8, 161.5, 150.9 (dd, J = 195.9, 12.6 Hz), 148.4 (dd, J =
194.8, 12.6 Hz), 145.7, 137.1 (q, J = 33.8, 33.4 Hz), 136.0 (dd, J= 8.6, 3.2 Hz), 128.3, 125.8-125.6
(m), 119.2 (q, J=275.2 Hz), 118.2 (dd, J= 19.4, 6.3 Hz), 116.0, 114.7, 114.1, 55.6 ppm.
YF-NMR (400 MHz, DMSO-ds): §=—60.57, —134.71 (d, J = 22.6 Hz), ~135.61 (d, J = 22.6 Hz)
ppm.

N-(N-(3,4-difluorophenyl)-3-(trifluoromethyl)-4-pyridylidene)-4-
methoxybenzenesulfonamide (240):
Q\ Prepared according to GP-15 with 0.260 g (0.783 mmol,
¥y Q CFs 1.0 equiv.) 202, 0.429 g (1.17 mmol, 1.5 equiv.) 217, 0.357 g
. J@( NT e, (2.35 mmol, 3.0 equiv.) CsF, and 5 ml MeCN. After purification
o)

recrystallisation from toluene 52 mg (0.109 mmol, 14%) 240 were isolated as a colorless solid.
Ry 0.32 (CH2CL:Et,O 1:1)

Amax(MeCN): 320 nm

Eox: 1.90 V vs. SCE

Ksvstatiy: 0.053mM ™" (Photocatalyst: 132)

IR(ATR): v = 3012, 1946, 2902, 2843, 1640, 1615, 1594, 1577, 1511, 1496, 1398, 1326, 1287,
1253, 1172, 1150, 1124, 1109, 1069, 1024, 1007, 950, 864, 855, 825, 743, 725, 695, 669, 627, 608,
571,534 cm™.

HR-MS(ESI): m/z = 499.0525 [M+Na'] (calc. 499.0521).

"H-NMR (400 MHz, DMSO-ds, contains 4-(trifluoromethyl) minor isomer): 5=8.11 (d,J=7.5 Hz,
1H), 8.02-7.98 (m, 2H), 7.94 (d, J = 8.3 Hz, 2H), 7.82-7.78 (m, 2H), 7.41 (s, 1H), 7.16 (s, 1H),
7.09-7.06 (m, 2H), 3.82 (s, 3H) ppm.

BC-NMR (600 MHz, DMSO-ds, contains 4-(trifluoromethyl) minor isomer): & = 161.8, 161.5,
145.4, 143.1, 136.9 (q, J = 33.7 Hz), 134.7, 130.9 (q, J = 32.4 Hz), 129.0, 128.3, 126.7 (q, J =
3.7 Hz), 123.6 (q, J=272.8 Hz), 119.2 (q, J=275.2 Hz), 114.1, 55.6 ppm.

YF-NMR (400 MHz, DMSO-dj, contains 4-(trifluoromethyl) minor isomer): &= —60.35, —61.31

via column chromatography (CHCl:Et;O 1:1) and

N-(N-phenyl-4-pyridylidene)-2-naphthalenesulfonamide (241):
/@ Prepared according to GP-15 with 0.254 g (0.893 mmol, 1.0 equiv.)
00 /@“ 200, 0.400 g (1.34 mmol, 1.5 equiv.) 149, 0.404 g (2.66 mmol,
NP
N

s.
3.0 equiv.) CsF, and 5 ml MeCN. After purification via column

chromatography (CH,Cl,:Et;O:acetone 2:2:1) 116 mg (0.322 mmol,

36%) 241 were isolated as a colorless solid.
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Ry 0.16 (CH,Cly:Et;O:acetone 10:10:1)

Amax(MeCN): 321 nm

Eo: 1.70 V vs. SCE

Ksvistatiy: 0.064 mM™' (Photocatalyst: 132)

IR(ATR): ¥ =3069, 2919, 1634, 1591, 1506, 1485, 1361, 1342, 1270, 1202, 1140, 1112, 969, 952,
868, 776, 765, 695, 651, 615, 552, 519, 479 cm .

HR-MS(ESI): m/z = 383.0828 [M+Na'] (calc. 383.0824).

"H-NMR (400 MHz, DMSO-ds): § = 8.52-8.48 (m, 1H), 8.30-8.25 (m, 2H), 8.17-8.12 (m, 1H),
8.04 (d,/=8.7Hz, 1H), 8.01-7.97 (m, 1H), 7.85 (dd, J= 8.6, 1.8 Hz, 1H), 7.68-7.48 (m, 7H), 7.10-
7.05 (m, 2H) ppm.

BC-NMR (101 MHz, DMSO-ds): = 161.9, 142.2, 140.8, 140.7, 133.8, 131.8, 130.0, 129.0, 129.0,
128.8, 128.1, 127.7, 127.2, 126.0, 123.3, 122.8, 115.5 ppm.

N-(N-(3,4-difluorophenyl)-4-pyridylidene)-2-naphthalenesulfonamide (242):
F Prepared according to GP-15 with 0.254 g (0.893 mmol, 1.0 equiv.)
200, 0.448 g (1.34 mmol, 1.5 equiv.) 216, 0.404 g (2.66 mmol,
O\\S/?N//©\l 3.0 equiv.) CsF, and 5 ml MeCN. After purification via column
chromatography  (CH:Cly:Et;O:acetone  2:2:1) 168 mg
(0.424 mmol, 47%) 242 were isolated as a colorless solid.
Ry 0.34 (CH,Cly:Et,O:acetone 2:2:1)
Amax(MeCN): 321 nm
Eo: 1.72 V vs. SCE
Ksvstatiy: 0.086 mM ™' (Photocatalyst: 132)
IR(ATR): ¥ =3068, 1646, 1612, 1516, 1500, 1367, 1269, 1209, 1183, 1111, 1039, 1019, 951, 927,
846, 771, 708, 695, 668, 657, 624, 584, 557,488, 477 cm™".
HR-MS(ESI): m/z =413.0630 [M+Na'] (calc. 413.0636).
"H-NMR (400 MHz, DMSO-ds): 5= 8.51 (s, 1H), 8.23 (d, J = 7.6 Hz, 2H), 8.14 (d, J = 7.6 Hz,
1H), 8.04 (d, /= 8.6 Hz, 1H), 8.01-7.98 (m, 1H), 7.94-7.90 (m, 1H), 7.85 (dd, /= 8.6, 1.9 Hz, 1H),
7.70-7.61 (m, 3H), 7.54-7.51 (m, 1H), 7.07 (d, /= 7.7 Hz, 2H) ppm.
BC-NMR (101 MHz, DMSO-ds): 6= 162.0, 150.1 (dd, J = 38.3, 12.7 Hz), 148.6 (dd, J = 38.1,
13.2 Hz), 140.7, 140.6, 138.7 (dd, /= 8.3, 3.2 Hz), 133.8, 131.8, 129.0, 128.8, 128.1, 127.7, 127.2,
126.0, 122.8,120.7 (dd, J=17.2, 3.5 Hz), 118.5 (d, /= 18.8 Hz), 115.1, 113.9 (d, /= 21.0 Hz) ppm.
YF-NMR (101 MHz, DMSO-ds): §=-135.22 (d,J = 22.6 Hz), —137.63 (d, J = 22.6 Hz) ppm.
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N-(N-phenyl-4-pyridylidene)-6-methoxy-2-naphthalenesulfonamide (243):
/@ Prepared according to GP-15 with 0.281g (0.893 mmol,

0.0 /@l 1.0 equiv.) 201, 0.400 g (1.34 mmol, 1.5 equiv.) 149, 0.404 g

SN (2.66 mmol, 3.0 equiv.) CsF, and 5 ml MeCN. After purification
o via column chromatography (CH>Cly:Et;O:acetone 2:2:1) 116 mg
(0.322 mmol, 36%) 243 were isolated as a colorless solid.
Ry 0.26 (CH,Cly:Et,O:acetone 2:2:1)
Jmax(MeCN): 323 nm
Eox: 1.53 Vvs. SCE
Ksvstatio: 0.065 mM ' (Photocatalyst: 132)
IR(ATR): v = 3066, 2953, 1635, 1591, 1509, 1488, 1370, 1274, 1259, 1166, 1136, 1113, 1070,
1043, 1024, 940, 848, 809, 766, 715, 699, 621, 608, 519, 474 cm™".
HR-MS(ESI): m/z =313.0926 [M+Na'] (calc. 313.0930).
'"H-NMR (400 MHz, DMSO-ds): 6 = 8.44-8.39 (m, 1H), 8.26 (d, J = 7.5 Hz, 1H), 8.04 (d, J =
9.0 Hz, 2H), 7.91 (d, J= 8.7 Hz, 1H), 7.79 (dd, J = 8.6, 1.9 Hz, 1H), 7.64-7.54 (m, 4H), 7.54-7.48
(m, 1H), 7.40 (d, J=2.6 Hz, 1H), 7.26 (dd, J = 9.0, 2.6 Hz, 1H), 7.06 (d, J= 7.7 Hz, 1H), 3.90 (s,
3H) ppm.
BC-NMR (101 MHz, DMSO-ds): 6=161.8, 158.9, 142.2, 140.6, 138.4, 135.5, 130.6, 130.0, 129.0,
127.5, 127.0, 126.0, 123.4, 123.3, 119.8, 106.0, 55.4 ppm.

N-(N-(3,4-difluorophenyl)-4-pyridylidene)-6-methoxy-2-naphthalenesulfonamide (244):
F - Prepared according to GP-15 with 0.281 g (0.893 mmol,

/©/ 1.0 equiv.) 201, 0.448 g (1.34 mmol, 1.5 equiv.) 216, 0.404 g
A N
%P /JQ (2.66 mmol, 3.0 equiv.) CsF, and 5 ml MeCN. After purification

S,
\o " via column chromatography (CH>CL:Et;O:acetone 2:2:1) 173 mg
(0.406 mmol, 45%) 244 were isolated as a colorless solid.
Ry 0.30 (CH2Cly:Et,O:acetone 2:2:1)
Jmax(MeCN): 323 nm
Eox: 1.57 V vs. SCE
Ksvstatio: 0.073 mM™' (Photocatalyst: 132)
IR(ATR): ¥ =3053, 2935, 1641, 1506, 1377, 1346, 1227, 1187, 1163, 1120, 1107, 1018, 971, 961,
876, 845, 814, 766, 740, 663, 626, 583, 496 cm ™.
HR-MS(ESI): m/z = 449.0745 [M+Na'] (calc. 449.7048).
"H-NMR (400 MHz, DMSO-ds): 6 = 8.42-8.40 (m, 1H), 8.22 (d, J = 7.8 Hz, 2H), 8.04 (d, J =
9.0 Hz, 1H), 7.94-7.90 (m, 2H), 7.79 (dd, J = 8.6, 1.9 Hz, 1H), 7.70-7.65 (m, 1H), 7.54-7.50 (m,
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1H), 7.40 (d, /= 2.5 Hz, 1H), 7.27 (dd, /= 9.0, 2.5 Hz, 1H), 7.04 (d, J = 7.3 Hz, 2H), 3.90 (s, 3H)
ppm.

BC-NMR (101 MHz, DMSO-ds): 6 = 161.9, 158.9, 150.0 (dd, J = 32.4, 12.8 Hz), 148.6 (dd,
J=32.1, 13.0 Hz), 140.6, 138.7 (dd, J = 8.2, 3.2 Hz), 138.3, 135.5, 130.6, 127.4, 127.0, 126.0,
123.3, 120.7 (dd, J = 7.3, 3.5 Hz), 119.7, 118.5 (d, J = 18.8 Hz), 115.0, 113.9 (d, J = 21.0 Hz),
106.0, 55.4 ppm.

YF-NMR (101 MHz, DMSO-ds): §=-135.23 (d,J =22.6 Hz), —137.70 (d, J = 22.6 Hz) ppm.

1,1,1-trifluoro-N-(N-phenyl-4-pyridylidene)methanesulfonamide (245):
/@ Prepared according to GP-15 with 500 mg (2.21 mmol, 1.0 equiv.) 203,
N

QP Q 992 mg (3.32 mmol, 1.5 equiv.) 149, 1.00 g (6.64 mmol, 3.0 equiv.) CsF, and
~O- =
FsC " N

(CHxClj:acetone 30:1 — 10:1) and recrystallisation from toluene 457 mg (1.51 mmol, 68%) 245

30 ml MeCN. After purification vie column chromatography

were isolated as colorless crystals.

Ry 0.19 (CH,Cl,:aetone 30:1)

Amax(MeCN): 241 nm

Eo: 2.15 V vs. SCE

IR(ATR): ¥ =3062, 1638, 1593, 1506, 1486, 1354, 1317, 1266, 1188, 1166, 1127, 969, 926, 849,
790, 767, 713, 698, 660, 606, 575, 520 cm™",

HR-MS(ESI): m/z = 325.0228 [M+Na'] (calc. 325.0229).

"H-NMR (400 MHz, DMSO-ds): § = 8.66-8.60 (m, 2H), 7.76-7.71 (m, 2H), 7.68-7.58 (m, 3H),
7.43-7.37 (m, 2H) ppm.

BC-NMR (101 MHz, DMSO-ds): §=163.3, 142.6, 142.2, 130.1, 129.8, 125.3, 120.5 (q, J = 324.9
Hz), 117.2 ppm.

YF-NMR (400 MHz, DMSO-dy): 6=-77.75 ppm.

N-(N-methyl-4-pyridylidene)-4-methoxybenzenesulfonamide (246):
0.0 /@\1/ A solution of 236 mg (0.893 mmol, 1.0 equiv.) 195 and 83.4 puL (190 mg,
/©/S\N/ ~ 1.34 mmol, 1.5 equiv.) methyl iodide in 10 ml MeCN was heated over night
o at 80 °C in a pressure tube. The solvent was evaporated, the residue was
dissolved in CH»Cl, 10 ml 2 M NaOHq) were added, and the mixture was stirred for 30 minutes
at room temperature. The layers were separated, the aqueous layer was extracted three times with
10 ml CH2Cl,, and the combined organic layers were dried over Na,SO4. After purification via
column chromatography (CH>Cl::MeOH 10:1) 153 mg (0.550 mmol, 62%) 246 were isolated as a

colorless solid.

Ry 0.29 (CH,Cly:Et;O:acetone 10:10:1)
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Jmax(MeCN): 306 nm

Eox: 1.53 Vvs. SCE

Ksvstatio: 0.044 mM™' (Photocatalyst: 132)

IR(ATR): ¥ = 3070, 2948, 1633, 1595, 1578, 1507, 1490, 1369, 1253, 1198, 1132, 1080, 1024,
941, 837, 807, 740, 667, 602, 564, 545, 496 cm™".

HR-MS(ESI): m/z =301.0622 [M+Na'] (calc. 301.0617).

'"H-NMR (400 MHz, DMSO-ds): 6 = 7.93-7.87 (m, 2H), 7.73-7.68 (m, 2H), 7.02-6.97 (m, 2H),
6.88-6.84 (m, 2H), 3.79 (s, 3H), 3.76 (s, 3H) ppm.

BC-NMR (101 MHz, DMSO-ds): 5= 161.2, 161.1, 142.1, 136.0, 128.0, 115.0, 113.7, 55.4, 43.8
ppm.

N-(N-phenyl-2,6-dibromo-4-pyridylidene)-4-methoxybenzenesulfonamide (269):
Br Prepared according to GP-15 with 1.00 g (2.37 mmol, 1.0 equiv.) 268,
Q\S,,O ) //N 1.06 g (3.56 mmol, 1.5 equiv.) 149, 1.08 g (7.12 mmol, 3.0 equiv.) CsF
- /©/ N Br and 30 ml MeCN. After purification via column chromatography
© (n-hexane:EtOAc 3:1) and recrystallisation from toluene 1.03 g
(2.07 mmol, 87%) 269 were isolated as a colorless solid.
Ry 0.42 (n-hexane:EtOAc 3:1)
IR(ATR): v = 3122, 3099, 3064, 3012, 2941, 2902, 2837, 1591, 1566, 1518, 1495, 1410, 1378,
1348, 1259, 1201, 1158, 1083, 1023, 986, 974, 935, 902, 837, 803, 761, 690, 668, 572, 547 cm™".
HR-MS(ESI): m/z = 518.8985 [M+Na'] (calc. 518.8984).
'"H-NMR (400 MHz, DMSO-ds): & = 7.82-7.76 (m, 2H), 7.56-7.51 (m, 2H), 7.35-7.29 (m, 2H),
7.22-7.16 (m, 4H), 3.87 (s, 3H) ppm.
BC-NMR (101 MHz, DMSO-ds): 6=163.8, 151.8, 140.4, 137.2, 130.3, 130.2, 130.1, 130.0, 128.8,
118.0, 115.1, 56.0 ppm.

N-(N-(3,4-difluorophenyl)-4-(2,6-dimethylphenyl)--2-pyridylidene)-4-

methoxybenzenesulfonamide (270):

O 1.00 g (2.00 mmol, 1.0 equiv.) 269, 660 mg (4.40 mmol), 2.2 equiv.)
2,6-dimethylphenylboronic acid, 22.5 mg (0.10 mmol, 5 mol%)
Q\S/,O //N Pd(OAc),, 143 mg (0.300 mmol, 15 mol%) XPhos, and 2.55 g (12.0

\OO/ N s mmol, 6.0 equiv.) KsPO4 were dissolved in 12 ml dioxane:water 5:1.

The solution was degassed by three freeze-pump-thaw cycles and
stirred for 72 hours at 120 °C under nitrogen. The solution was diluted with 100 ml EtOAc, washed

three times with 50 ml water, one time with 100 ml brine, and dried over Na,SOs. After purification
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via column chromatography (toluene:EtOAc 20:1) and recrystallisation from n-hexane:EtOAc 1:1
660 mg (1.20 mmol, 60%) 270 were isolated as a colorless solid.

Ry 0.07 (toluene)

Amax(MeCN): 241 nm

Eox: 1.94 V vs. SCE

IR(ATR): ¥ =2925, 1594, 1572, 1543, 1496, 1457, 1363, 1265, 1159, 1113, 1028, 990, 971, 935,
902, 863, 831, 771, 719, 707, 694, 596, 571, 551 cm™".

HR-MS(ESI): m/z = 549.2207 [M+Na'] (calc. 549.2207).

'"H-NMR (400 MHz, DMSO-ds): 6 = 7.78-7.72 (m, 2H), 7.53-7.42 (m, 3H), 7.41-7.37 (m 2H),
7.19-7.12 (m, 4H), 7.09-7.04 (m, 4H), 6.90 (s, 2H), 3.84 (s, 3H), 1.89 (s, 12H) ppm.

BC-NMR (101 MHz, DMSO-ds): 5= 163.4, 160.0, 149.4, 140.0, 138.8, 134.9, 130.0, 129.9, 129.6,
129.1, 127.8, 127.3, 115.6, 114.9, 55.9, 19.6 ppm.

10.10 Miscellaneous

Tris(2,4-dibromophenyl)amine (341):
Br Br Br 4.82 g (10.0 mmol, 1.0 equiv.) tris(4-bromophenyl)amine were dissolved in
\Q\N@/ 30 ml CH,Cl,. To the solution 1.54 ml (4.8 g, 30.0 mmol, 3.0 equiv.) bromine
o ©/Br were added and the reaction was stirred over night at room temperature. The
B reaction was allowed to cool to room temperature and the upon addition of
60 ml EtOH the product was crystallized to yield 5.4 g (7.51 mmol, 75%) 341 as colorless crystals.
"H-NMR (400 MHz, CDCLs): § = 7.74 (d, J = 2.2 Hz, 3H), 7.34 (dd, J = 8.5, 2.2 Hz, 3H), 6.68 (d,
J=28.5Hz, 3H) ppm.
BC-NMR (101 MHz, CDCly): § = 144.2, 137.3, 131.5, 128.0, 122.2, 118.6 ppm.

Spectral data are in accordance with previous reports.**

Tris(2,4-dibromophenyl)aminiumyl hexachloroantimonate (342):
Br Ber/B’ To a solution of 2.16 g (3.00 mol, 1.0 equiv.) 341 in 9 ml dry CH>Cl, were
\©\+' added 1.35 g (4.5 mmol, 1.5 equiv.) SbCls in 6 ml dry CH>Cl, utilizing

Br Br

©/ Schlenk conditions. The mixture was stirred for 30 minutes at room
o
SbClg

N

Br temperature and 50 ml n-hexane were added to the dark green solution. The
precipitate was filtered off and dried in vacuo to yield 2.81 g (2.67 mmol, 89%) 342 as a green

solid.’%!
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11 Abbreviations

° = primary
° = secondary

2,6-di('Bu)Py = 2,6-di-tert-butylpyridine
° = tertiary

A = Angstrom

Ac = acetyl

a.u. = atomic units

BDE = bond dissociation energy

BET = back electron transfer

BINAP =([1,1'-binaphthalene]-2,2'-diyl)bis(diphenylphosphane)

Boc = tert-butyloxycarbonyl

bpy = 2,2-bipyridine

bpz = bipyrazine

Bs = benzenesulfonyl

Bz = benzyl/benzoyl

conc. = concentration

cf. = confere

comp. = computed

CPCM = conductor-like polarizable continuum model
CPET = concerted proton-electron transfer
CRIP = contact radical ion pair

crypt. = cryptant

CS = charge shift

CT = charge transfer

Cum = cumoyl

Cys = cysteine

Cz = carbazole

CV = cyclovoltammetry

DABCO = 1,4-Diazabicyclo[2.2.2]octane
DCA = 9,10-dicyanoanthracene

DFT = density functional theory

d-HAT = direct hydrogen atom transfer
D'PEA = diisopropylethylamine

DMAP = N,N-dimethyl-4-aminopyridine
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DMF = dimethylformamide

DMSO = dimethylsulfoxide

DoE = Design of Experiment

EDG = electron donating group

EPR = electron paramagnetic resonance
equiv. = equivalents

ET = electron transfer

eT = energy transfer

Et = ethyl

et al. = and others

EWG electron withdrawing group

exp = experimental

FID = flame ionization detector

FMO = frontier molecular orbital

GC = gas chromatography

HAT = hydrogen atom transfer

HB = hydrogen bonding

HFIP = hexafluoroisopropanol

HMDS = hexamethyldisilazane

HRMS = high resolution mass spectrometry
HOMO = highest occupied molecular orbital
IC = internal conversion

i-HAT = indirect hydrogen atom transfer
IPN = isophthalonitrile

IR = infrared

ISC = intersystem crossing

IUPAC = International Union of Pure and Applied Chemistry
kcal = kilocalories

LUMO = lowest unoccupied molecular orbital
mCPBA = meta-chloroperbenzoic acid

Me = methyl

MMO = methane monooxygenases

MO = molecular orbital

MS = mass spectrometry

NBS = N-bromosuccinimide

NBO = natural bonding orbital

NCS = N-chlorosuccinimide
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NFSI = N-fluorosulfonimide

NHC = N-heterocyclic carbene

NMR = nuclear magnetic resonance

Ox = oxidation

PC = photocatalyst

PCET = proton coupled electron transfer
PET = photoinduced electron transfer

Ph = phenyl

PIFA = (Bis(trifluoroacetoxy)iodo)benzene
phen = phenanthroline

PINO = phthalimide-N-oxyl

ppy = 2-phenylpyridine

PT = proton transfer

PTH = 10-phenylphenothiazine

pypza = 3-(Pyridin-2-yl)-1 H-pyrazol-5-amine
r.c. = reaction coordinate

r.t. = room temperature

Red = reduction

SCE = saturated calomel electrode

SET = single electron transfer

SOMO = single occupied molecular orbital
SSRIP = solvent separated ion pair

SV = Stern-Volmer

'‘Bu = fert-butyl

TBAF = tetrabutylammonium fluoride
TBDMS = fert-butyldimethylsilyl

TCI = Tokyo Chemical Industry

TEMPO = 2,2,6,6-Tetramethylpiperidin-1-yl)oxyl
Tf = triflate

TFDO = methyl(trifluoromethyl)dioxirane
THF = tetrahydrofurane

TIPS = triisopropylsilyl

TMEDA = tetramethylethylenediamine
TMS = trimethylsilyl

TOF = turnover frequency

TPA = triphenylacetic acid

TS = transition state
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UV = ultraviolet

Vis = visible
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Appendix

Spectra and Analytical Data

13 Spectra and Analytical Data

13.1 Standards

Cyclohexyl azide (171):
"H-NMR (400 MHz, CDCl5)

O/Ns

6
1 (ppm)

BC-NMR (101 MHz, CDCl5):

O/Ns

AT 00T SO0 A o

A NNV
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240 230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80
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40 30 20 10 0 -10 -20 -30 -40
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Appendix Spectra and Analytical Data

4-(trifluoromethyl)benzenesulfonamide (174):
"H-NMR (400 MHz, DMSO-dj):
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Appendix Spectra and Analytical Data

cycloheptyl azide (301):
"H-NMR (400 MHz, CDCl;):
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Appendix Spectra and Analytical Data

cyclooctyl azide (303):
"H-NMR (400 MHz, CDCl;):
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Spectra and Analytical Data

N-(benzyloxy)phthalimide (328):
"H-NMR (400 MHz, CDCl5):
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Appendix Spectra and Analytical Data

cyclohexanecarboxaldehyde O-benzyloxime (330):
"H-NMR (400 MHz, CDCl;):
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Spectra and Analytical Data

Methyl 6-methylheptanoate (344):

"H-NMR (400 MHz, CDCl5):
O
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e S-S
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13 )
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Spectra and Analytical Data

13.2 Biaryl Ethers

1,1’-oxybis((3-fert-butyl)benzene) (137):

'"H-NMR (400 MHz, CDCl5):

Bu \©/O\©/t8u
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BC-NMR (101 MHz, CDCl;):
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Appendix Spectra and Analytical Data

1-(3-(tert-butyl)phenoxy)naphthalene (284):
"H-NMR (400 MHz, CDCl5):
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Appendix Spectra and Analytical Data

1-(4-(tert-butyl)phenoxy)naphthalene (285):
"H-NMR (400 MHz, CDCl5):
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Appendix

Spectra and Analytical Data

4,4'-oxybis(tert-butylbenzene) (286):
"H-NMR (400 MHz, CDCl;):
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Appendix Spectra and Analytical Data

13.3 Methyl Esters

methyl 2,4,6-trimethylbenzoate (135):
"H-NMR (400 MHz, CDCl):
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Appendix Spectra and Analytical Data

methyl 2,6-dimethylbenzoate (178):

"H-NMR (400 MHz, CDCl5):
O
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Appendix Spectra and Analytical Data

methyl 2,6-dichlorobenzoate (179):
"H-NMR (400 MHz, CDCl;):
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Appendix Spectra and Analytical Data

ethyl 2-acetyl-3-methoxybut-2-enoate (279 + 280):
"H-NMR (400 MHz, CDCl5):
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Appendix Spectra and Analytical Data

ethyl 2,4,6-trimethylpyrimidine-5-carboxylate (281):
"H-NMR (400 MHz, CDCl5):
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Spectra and Analytical Data

13.4 Xanthylium Salts

3,6-di-tert-butyl-9-(2,4,6-trimethylphenyl)-xanthylium tetrafluoroborate (138):

"H-NMR (400 MHz, CDCl5):
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Spectra and Analytical Data

Appendix

3,6-di-tert-butyl-9-(2,6-dimethylphenyl)xanthylium tetrafluoroborate (180):
"H-NMR (400 MHz, CDCl5):
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Appendix Spectra and Analytical Data

3,6-di-tert-butyl-9-(2,6-dichlorophenyl)xanthylium tetrafluoroborate (181):
"H-NMR (400 MHz, CDCl5):
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Spectra and Analytical Data

3,6-di-tert-butyl-9-(2,4,6-trimethylpyrimidin-5-yl)xanthylium tetrafluoroborate (289):

"H-NMR (400 MHz, CDCl5):
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Spectra and Analytical Data

2,7-di-tert-butyl-9-(2,6-dimethylphenyl)xanthylium tetrafluoroborate (290):

"H-NMR (400 MHz, CDCl5):
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Appendix Spectra and Analytical Data

10-(tert-butyl)-7-(2,6-dimethylphenyl)benzo[c]xanthen-12-ium tetrafluoroborate (291):
"H-NMR (400 MHz, CDCl;):

X
(g/
eB':a O

7.26 CDCI3

Bu

—7.26cDC13

- s - / P

95 90 s 80 75
f1 (ppm)
|
I o1l T an LA
T T T T T T T T T T T T T T T T T T T T
16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0 -1 2 3
f1 (ppm)
13 .
C-NMR (101 MHz, CDCl):
l I (Y Il
X
@
Bu o (o]
BF,4
|
|
| 1|! I
Fo
i ) l“ i A\ A\
T T T T T T T T T T T T T T T T T T T T T T T T T
220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -0 -20
f1 (ppm)

218



Appendix Spectra and Analytical Data

9-(tert-butyl)-7-(2,6-dimethylphenyl)benzo|c]xanthen-12-ium tetrafluoroborate (292):
"H-NMR (400 MHz, CDCl;):
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Appendix Spectra and Analytical Data

13.5 Acridinium Dyes with Tetrafluoroborate Anion

3,6-di-tert-butyl-9-(2,4,6-trimethylphenyl)-10-phenylacridin-10-ium tetrafluoroborate (132):
"H-NMR (400 MHz, CDCl):
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Appendix Spectra and Analytical Data

3,6-di-tert-butyl-9-(2,6-dimethylphenyl)-10-benzylacridin-10-ium tetrafluoroborate (182):
"H-NMR (400 MHz, CDCl5):
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Appendix Spectra and Analytical Data

3,6-di-tert-butyl-9-(2,6-dichlorophenyl)-10-phenylacridin-10-ium tetrafluoroborate (183):
"H-NMR (400 MHz, CDCl5):
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Spectra and Analytical Data

3,6-di-tert-butyl-9-(2,6-dimethylphenyl)-10-(pyridin-2-yl)acridin-10-ium tetrafluoroborate

(294):
"H-NMR (400 MHz, CDCL):

X
®@_
Bu N Bu
BF,
~ "N

| ////j//l
S

)

e ~ s
U s
78 7.6 74 72

6 CDCI3

= G =T
90 88 86 84 82 80

1 (ppm)
I\J_A,A\_/\Jl‘ll “;J\J«.A
I LN el
‘6 1‘5 1‘4 1‘3 1‘2 1‘1 1‘0 é 8 e ) é Jt % é
PPM)
BC-NMR (101 MHz, CDCl;):
O i 5 v
X
®_
Bu N Bu
BF,
Z>N
~ |
i |
| k
ZZ‘O 2‘10 260 1&0 1‘80 1‘70 1‘60 15‘0 11‘;0 13‘0 12‘0 1‘10 9‘0 B‘O 7‘0 6‘0 5‘0 4‘0 3‘0 Z‘O 1‘0 ‘10 }0

100
f1 (ppm)

223



Appendix Spectra and Analytical Data

3,6-di-tert-butyl-9-(2,6-dimethylphenyl)-10-(4-methoxyphenyl)acridin-10-ium
tetrafluoroborate (295):
"H-NMR (400 MHz, CDCl;):
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Appendix Spectra and Analytical Data

3,6-di-tert-butyl-10-phenyl-9-(2,4,6-trimethylpyrimidin-5-yl)acridin-10-ium
tetrafluoroborate (296):
'"H-NMR (400 MHz, CDCl5):

— _— _/

~ — — ‘ —
T ST = T U T
80 79 78 77 75 74 73

7.6
f1 (ppm) X

T T T T T T T T T
16 15 14 13 12 11 10 9 8

BC-NMR (101 MHz, CDCl5):

T T T T T T T T T T T T T T T T T T T T T T T T
220 210 200 190 180 170 160 150 140 130 120 110 90 80 70 60 50 40 30 20 10 0 -10 -20

100
1 (ppm)

225



Appendix Spectra and Analytical Data

10-(tert-butyl)-7-(2,6-dimethylphenyl)-12-phenylbenzo[c]acridin-12-ium tetrafluoroborate
(297):
"H-NMR (400 MHz, CDCl;):
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Appendix Spectra and Analytical Data

9-(tert-butyl)-7-(2,6-dimethylphenyl)-12-phenylbenzo|c]acridin-12-ium tetrafluoroborate
(298):
"H-NMR (400 MHz, CDCl):
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Appendix Spectra and Analytical Data

2,7-di-tert-butyl-9-(2,6-dimethylphenyl)-10-phenylacridin-10-ium tetrafluoroborate (299):
"H-NMR (400 MHz, CDCl5):
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Appendix Spectra and Analytical Data

13.6 Acridinium Dyes with Triflate Anion

2,7-di-tert-butyl-9-(2,6-dimethylphenyl)-10-phenylacridin-10-ium triflate (332):
"H-NMR (400 MHz, CDCl;):
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Appendix Spectra and Analytical Data

YF-NMR (400 MHz, CDCl):
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Appendix Spectra and Analytical Data

13.7 Acridinium Dyes with Hexafluorophosphate Anion

2,7-di-tert-butyl-9-(2,6-dimethylphenyl)-10-phenylacridin-10-ium hexafluorophosphate
(333):
'"H-NMR (400 MHz, CDCl5):
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Appendix Spectra and Analytical Data

YF-NMR (400 MHz, CDCls):
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Appendix Spectra and Analytical Data

13.8 Acridinium Dyes with Perchlorate Anion

2,7-di-tert-butyl-9-(2,6-dimethylphenyl)-10-phenylacridin-10-ium perchlorate (334):
"H-NMR (400 MHz, CDCl5):

Bu N Bu
(LI
N
®cio,
i

— — — —

Loadbl

USRI T " R R T TRTST T
82 81 80 79 78 77 76 75 74 73
f1 (ppm)

1ulud ,
F IR o
1‘6 1‘5 1‘4 1‘3 l‘Z l‘l 1‘\) é é ; 6 5 4 3 2 i 0 1 2 3
f1 (ppm)
3C.NMR (101 MHz, CDCl;):
‘ T T
Bu N Bu
®_
N S}
clo,
| I
I
2%0 2‘10 260 19‘0 IE"IO 1}0 léO 1‘50 1;0 1‘30 12‘0 110 100 9‘0 8‘0 7‘0 6‘0 5‘0 4‘0 3‘0 Z‘O 1‘0 6 7‘10 720
f1 (ppm)

233



Appendix Spectra and Analytical Data

YF-NMR (400 MHz, CDCls):
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Appendix

Spectra and Analytical Data

3-methoxy-/N-phenylaniline (336):
"H-NMR (400 MHz, CDCl5):
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Appendix Spectra and Analytical Data

2-bromo-N-(3-methoxyphenyl)-/N-phenylaniline (337):
"H-NMR (400 MHz, CDCl5):
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Appendix Spectra and Analytical Data

9-(2,4,6-trimethylphenyl)-1-methoxy-10-phenylacridinium perchlorate (338):
"H-NMR (400 MHz, CDCl5):
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Appendix

Spectra and Analytical Data

13.9 Pyrimidopteridine-NV-Oxide Photocatalysts

6-amino-1,3-dimethyluracil (140):

"H-NMR (400 MHz, DMSO-dy):
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Spectra and Analytical Data

6-amino-1,3-dimethyl-5-nitrosouracil (141):

'H-NMR (400 MHz, DMSO-dj):
0]
0) NH
NOH

|

2.50 DMSO-d6.

0.98—x l>
1.00-T

T
7.0

13‘.5 13‘.0 12‘.5 12‘.0 11‘.5 11‘ 0 10‘ 5 10‘.0 9.‘5 9.0 8.5 8.0 7.5 6.5 6.0 4.5 4.0 25 2.0 15
f1 (ppm)
13 .
C-NMR (101 MHz, DMSO-dy):
Q
)L g
~ _ 2 PR 3 83
N N g $E 8 g BN
[ \
(6] NH
NOH
i
T T T T T T ; T T T T T ; ; ; T : ; : : : T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 10 -2
f1 (ppm)

239



Appendix Spectra and Analytical Data

1,3,7,9-tetramethyl-2,4,6,8-tetraoxo-1,2,3,4,6,7,8,9-octahydropyrimido|[5,4-g] pteridine-5-
oxide (133):
"H-NMR (400 MHz, DMSO-dj):
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Appendix Spectra and Analytical Data

13.10 Isophthalonitrile Photocatalysts

2,4,6-Tri(9H-carbazol-9-yl)-5-chloroisophthalonitrile (307):
"H-NMR (400 MHz, CDCl;):

G

83 82 81 80 79 78 77 76 75 74 73 72
f1 (ppm)

] A D

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 1
.0 135 13.0 125 120 115 110 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 ~-05 -1

BC-NMR (101 MHz, CDCl;):

N NV SN e /\V

NC CN

Pneye
o

T T T T T T T T T T T T T T T T T T T T T T T T T
220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10 -20
f1 (ppm)

241



Appendix Spectra and Analytical Data

13.11 Azide Trapping Agents

4-(trifluoromethyl)benzenesulfonyl azide (143):
"H-NMR (400 MHz, CDCl):
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Appendix Spectra and Analytical Data

3,5-bis(trifluoromethyl)benzenesulfonyl azide (274):

"H-NMR (400 MHz, CDCl5):
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Appendix Spectra and Analytical Data

4-methoxybenzenesulfonyl azide (275):
"H-NMR (400 MHz, CDCl;):
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Spectra and Analytical Data

3-pyridinesulfonyl azide (276):
"H-NMR (400 MHz, CDCl5):
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Appendix Spectra and Analytical Data

13.12 Hypervalent Iodine Trapping Agents

1-hydroxy-1,2-benziodoxol-3-(1H)-one (310):
"H-NMR (400 MHz, DMSO-dj):
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Appendix

Spectra and Analytical Data

1-(2-phenylethynyl)-1,2-benziodoxol-3(1H)-one (311):

"H-NMR (400 MHz, DMSO-dy):
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Appendix

Spectra and Analytical Data

1-acetoxy-1,2-benziodoxol-3-(1H)-one (312):

"H-NMR (400 MHz, CDCl5):

(0]
Q
I-0Ac
s A o
8.‘3 s.‘z B.‘l Bf‘.{)(wm) 7‘.9 7‘.8 7‘7 " ‘
1Al
16 15 14 13 1‘2 11 10 9 ‘B
BC-NMR (101 MHz, CDCl5):
(0)
l~0Ac 1 | fi\%

A

T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110

248



Appendix Spectra and Analytical Data

1-cyano-1,2-benziodoxol-3-(1H)-one (313):

"H-NMR (400 MHz, DMSO-dy):
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Appendix Spectra and Analytical Data

13.13 Alkyne Trapping Agents

1-(trifluoromethyl)-4-((2-(tris(1-methylethyl)silyl)ethynyl)thio)benzene (321):
"H-NMR (400 MHz, CDCl):
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Appendix Spectra and Analytical Data

YF-NMR (400 MHz, CDCl):
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Appendix Spectra and Analytical Data

1-(trifluoromethyl)-4-((2-(tris(1-methylethyl)silyl)ethynyl)sulfonyl)benzene (316):
"H-NMR (400 MHz, DMSO-dj):
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Appendix Spectra and Analytical Data

YF-NMR (400 MHz, DMSO-dj):

-61.94

T T T T T
10 0 -10 -20 -30 -40 -50 -60 -70 -80 -9  -100 -110 -120 -130 -140  -150 -160 -170  -180  -190  -200  -210
f1 (ppm)

253



Appendix Spectra and Analytical Data

13.14 Sulfide Trapping Agents

S-phenyl 4-(trifluoromethyl)benzenesulfonthioate (317):
"H-NMR (400 MHz, CDCl):
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Appendix Spectra and Analytical Data

13.15 Oxime Trapping Agents

(benzyloxy)methanimine (324):
"H-NMR (400 MHz, CDCl;):
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Appendix Spectra and Analytical Data

N-(phenylmethoxy)methanimidoyl chloride (325):
"H-NMR (400 MHz, CDCl5):

©AO/N§/C|

JR

T T T T T T T
7.6 7.5 7.4 7.3 7.2 7.1 7.0 6.9
f1 (ppm)

T T T T T T T T T
6 5 4 3 2 1 0 -1 -2 -3
f1 (ppm)

BC-NMR (101 MHz, CDCl;):

TV

T T T T T T T T T T T T T T T T T T T T T T T T
220 210 200 190 180 170 160 150 140 130 120 110 90 80 70 60 50 40 30 20 10 0 -10 -20

100
1 (ppm)

256



Appendix Spectra and Analytical Data

4-(trifluoromethyl)phenyl N-(phenylmethoxy)methanimidothioate (326):
"H-NMR (400 MHz, CDCl5):
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Appendix Spectra and Analytical Data

YF-NMR (400 MHz, CDCls):
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Appendix Spectra and Analytical Data

1-((4-(trifluoromethyl)phenyl)sulfonyl)formaldehyde O-(phenylmethyl)oxime (318):
"H-NMR (400 MHz, CDCl5):
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Appendix Spectra and Analytical Data

YF-NMR (400 MHz, CDCls):
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Appendix Spectra and Analytical Data

13.16 Pyridin-2(1H)-ones

1-phenylpyridin-2(1H)-one (130):
'"H-NMR (400 MHz, CDCl5):

é@

T T T
6.8 6.6 6.4 6.2

T U T
7.6 7.4 7.2

7.0
f1 (ppm)

e Ll

r T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
.0 135 130 125 120 115 110 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 L5 10 05 00 -05 -l
f1 (ppm)

BC-NMR (101 MHz, CDCl;):

(0] /@ 2 532 238 3
N i T
| =

T T T T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10
f1 (ppm)

261



Appendix

Spectra and Analytical Data

Cyclic voltammogram (Method 2, v =100 mV/s): Eox: 1.69 V vs. Ag/Ag[crypt.-2.2.2]
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Appendix

Spectra and Analytical Data

1-(3,5-bis(trifluoromethyl)phenyl)pyridin-2(1H)-one (146):

"H-NMR (400 MHz, CDCl5):
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Appendix Spectra and Analytical Data

YF-NMR (400 MHz, CDCls):
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Cyclic voltammogram (Method 2, v =100 mV/s): Eox: 1.83 V vs. Ag/Ag[crypt.-2.2.2]
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Appendix

Spectra and Analytical Data

UV/Vis spectra: Amnax(MeCN): 318 nm
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o
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A /nm

Stern-Volmer Kinetics:
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y =0,0206x + 1

R?=0,9103 -
°
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o
0,5 1 15 2 25

c(Q) / mm
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Appendix Spectra and Analytical Data

1-phenyl-3-(trifluoromethyl)pyridin-2(1H)-one (147):
"H-NMR (400 MHz, CDCl5):
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Appendix

Spectra and Analytical Data

Cyclic voltammogram (Method 2, v =100 mV/s): Eox: 2.10 V vs. Ag/Ag[crypt.-2.2.2]
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UV/Vis spectra: Amax(MeCN): 320 nm
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Appendix Spectra and Analytical Data

13.17 Aryne Precursors

2-(trimethylsilyl)phenyl triflate (149):
'"H-NMR (400 MHz, CDCl5):
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Appendix

Spectra and Analytical Data

3,4-dimethoxyphenol (208):
"H-NMR (400 MHz, CDCl5):
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Appendix Spectra and Analytical Data

4-(((tert-butyl)dimethylsilyl)oxy)-1,2-dimethoxybenzene (209):
"H-NMR (400 MHz, CDCl;):
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Appendix

Spectra and Analytical Data

1-Bromo-2-(((tert-butyl)dimethylsilyl)oxy)-4,5-dimethoxybenzene (210):

"H-NMR (400 MHz, CDCl5):
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Appendix Spectra and Analytical Data

4,5-dimethoxy-2-(trimethylsilyl)phenyl triflate (215):
"H-NMR (400 MHz, CDCl5):
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Appendix Spectra and Analytical Data

4,5-diflouro-2-(trimethylsilyl)phenyl triflate (216):
"H-NMR (400 MHz, CDCl5):
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Appendix Spectra and Analytical Data

5-(trifluoromethyl)-2-(trimethylsilyl)phenyl triflate (217):
"H-NMR (400 MHz, CDCl;):
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Appendix

Spectra and Analytical Data

13.18 Pyridinylbenzamides

N-(2-pyridinyl)benzamide (151):
"H-NMR (400 MHz, CDCl5):
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Appendix Spectra and Analytical Data

13.19 Pyridylidenebenzamides

N-(N-(phenyl)-2- pyridylidene)benzamide (152):
"H-NMR (400 MHz, DMSO-dj):
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Appendix

Spectra and Analytical Data

Cyclic voltammogram (Method 1, v =250 mV/s): Eox: 0.99 V vs. Fc/Fc*
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5,0E-7 -
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UV/Vis spectra: Amax(MeCN): 362 nm
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Appendix Spectra and Analytical Data

13.20 2-Pyridinylsulfonamides

N-(2-pyridinyl)benzenesulfonamide (154):
"H-NMR (400 MHz, DMSO-dy):

2.50 DMSO-d6.
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Appendix Spectra and Analytical Data

N-(2-pyridinyl)-4-trifluoromethylbenzenesulfonamide (159):
"H-NMR (400 MHz, DMSO-dy):
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Appendix Spectra and Analytical Data

N-(2-pyridinyl)-4-chlorobenzenesulfonamide (160):
"H-NMR (400 MHz, DMSO-dy):

2.50 DMSO-d6.
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Appendix Spectra and Analytical Data

N-(2-pyridinyl)-4-methoxybenzenesulfonamide (161):
"H-NMR (400 MHz, DMSO-dy):
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Appendix Spectra and Analytical Data

5-(2,6-dimethylphenyl)pyridine-2-amine (264):
"H-NMR (400 MHz, DMSO-dy):
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Appendix Spectra and Analytical Data

N-(4-(2,6-dimethylphenyl)-2-pyridinyl)-4-methoxybenzenesulfonamide (265):
"H-NMR (400 MHz, DMSO-dy):
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Appendix Spectra and Analytical Data

13.21 4-Pyridinylsulfonamides

N-(4-pyridinyl)benzenesulfonamide (165):
"H-NMR (400 MHz, DMSO-dy):
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Appendix

Spectra and Analytical Data

N-(4-pyridinyl)-4-trifluoromethylbenzenesulfonamide (193):

"H-NMR (400 MHz, DMSO-dj):
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Appendix Spectra and Analytical Data

YF-NMR (400 MHz, DMSO-dj):
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Appendix

Spectra and Analytical Data

N-(4-pyridinyl)-4-chlorobenzenesulfonamide (194):

"H-NMR (400 MHz, DMSO-dy):
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Appendix Spectra and Analytical Data

N-(4-pyridinyl)-4-methoxybenzenesulfonamide (195):
"H-NMR (400 MHz, DMSO-dy):
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Appendix Spectra and Analytical Data

N-(3-methoxy-4-pyridinyl)benzenesulfonamide (196):
"H-NMR (400 MHz, DMSO-dy):
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Appendix Spectra and Analytical Data

N-(3-methoxy-4-pyridinyl)-4-(trifluoromethyl)benzenesulfonamide (197):
"H-NMR (400 MHz, DMSO-dj):
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Appendix Spectra and Analytical Data

YF-NMR (101 MHz, DMSO-dj):
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Appendix Spectra and Analytical Data

N-(3-methoxy-4-pyridinyl)-4-chlorobenzenesulfonamide (198):
"H-NMR (400 MHz, DMSO-dy):
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Appendix Spectra and Analytical Data

N-(3-methoxy-4-pyridinyl)-4-methoxybenzenesulfonamide (199):
"H-NMR (400 MHz, DMSO-dy):
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Appendix

Spectra and Analytical Data

N-(4-pyridinyl)-2-naphtalenesulfonamide (200):
"H-NMR (400 MHz, DMSO-dy):
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Appendix Spectra and Analytical Data

6-methoxy-2-naphthalenesulfonic acid (205):

"H-NMR (400 MHz, DMSO-dy):
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Appendix

Spectra and Analytical Data

6-methoxy-2-naphthalenesulfonyl chloride (206):

"H-NMR (400 MHz, CDCl5):
0 0O

OO St HE
~o

E‘vs 0 7.‘5
f1 (ppm
toron !
16 15 14 13 1‘2 11 10 9 8 7 e 6 ) 5 A Z‘ 1 0 Jl 2 3
ppm
13
C-NMR (101 MHz, CDCl):
0.0
\\S//
“Cl
(YRS
~N
o
Z‘lﬁ 260 1&0 1{‘30 1‘70 1%0 15‘0 14‘30 1;0 12‘0 1‘10 9‘0 B‘O 7‘0 5‘0 5‘0 40 30 Z‘O 10 0 10

100
f1 (ppm)

296



Appendix

Spectra and Analytical Data

N-(4-pyridinyl)-6-methoxy-2-naphtalenesulfonamide (201):
"H-NMR (400 MHz, DMSO-dy):
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Appendix Spectra and Analytical Data

N-(4-2-(trifluoromethyl)pyridinyl))-4-methoxybenzenesulfonamide (202):
"H-NMR (400 MHz, DMSO-dy):
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Appendix Spectra and Analytical Data

YF-NMR (400 MHz, DMSO-dj):
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Appendix Spectra and Analytical Data

1,1,1-Trifluoro-N-4-pyridinylmethanesulfonamide (203):
"H-NMR (400 MHz, DMSO-dj):
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Appendix Spectra and Analytical Data

YF-NMR (400 MHz, DMSO-dj):
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Appendix Spectra and Analytical Data

N-(2,6-dibromo-4-pyridinyl)-4-methoxybenzenesulfonamide (268):

"H-NMR (400 MHz, DMSO-dj):
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Appendix Spectra and Analytical Data

13.22 2-Pyridylidenesulfonamides

N-(N-(phenyl)-2-pyridylidene)benzenesulfonamide (155):
"H-NMR (400 MHz, DMSO-dy):
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Appendix Spectra and Analytical Data

Cyclic voltammogram (Method 1, v =250 mV/s): Eox: 1.29 V vs. Fc/Fc”
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UV/Vis spectra: Amax(MeCN): 335 nm
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o
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c(Q) / mM

304



Appendix Spectra and Analytical Data

N-(N-(phenyl)-2-pyridylidene)-4-(trifluoromethyl)benzenesulfonamide (162):
"H-NMR (400 MHz, DMSO-dj):
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Appendix Spectra and Analytical Data

YF-NMR (400 MHz, DMSO-dj):
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Appendix

Spectra and Analytical Data

UV/Vis spectra: Amnax(MeCN): 330 nm
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Stern-Volmer Kinetics:
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Appendix Spectra and Analytical Data

N-(N-(phenyl)-2-pyridylidene)-4-chlorobenzenesulfonamide (163):
"H-NMR (400 MHz, DMSO-dy):
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Appendix

Spectra and Analytical Data

Cyclic voltammogram (Method 2, v =100 mV/s): Eox: 1.78 V vs. Ag/Ag[crypt.-2.2.2]
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Appendix Spectra and Analytical Data

N-(N-(phenyl)-2-pyridylidene)-4-methoxybenzenesulfonamide (164):
"H-NMR (400 MHz, DMSO-dy):
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Appendix

Spectra and Analytical Data

Cyclic voltammogram (Method 1, v = 1250 mV/s): Eox: 1.30 V vs. Fc/Fc*
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Appendix Spectra and Analytical Data

N-(N-phenyl-4-(2,6-dimethylphenyl)-2-pyridylidene)-4-methoxybenzenesulfonamide (266):
"H-NMR (400 MHz, DMSO-dy):
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Appendix

Spectra and Analytical Data

Cyclic voltammogram (Method 1, v =250 mV/s): Eox: 1.29 V vs. Fc/Fc”
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Appendix Spectra and Analytical Data

13.23 4-Pyridylidenesulfonamides

N-(N-(phenyl)-4-pyridylidene)benzenesulfonamide (166):
"H-NMR (400 MHz, DMSO-dy):
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Appendix Spectra and Analytical Data

Cyclic voltammogram (Method 1, v =250 mV/s): Eox: 1.30 V vs. Fc/Fc”
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Appendix Spectra and Analytical Data

N-(N-(phenyl)-4-pyridylidene)-4-(trifluoromethyl)benzenesulfonamide (218):
"H-NMR (400 MHz, DMSO-dy):
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Appendix

Spectra and Analytical Data

YF-NMR (400 MHz, DMSO-dj):

0 0O

N

o
F3C

6231

A

T T T T T T T T T T T T T T T
-100  -110  -120  -130  -140  -150 -160  -170  -180  -190
f1 (ppm)

Cyclic voltammogram (Method 1, v =250 mV/s): Eox: 1.42 V vs. Fc/Fc*

WE(1).Current (A)

1
= v v ooov i v y T L

0,0 0,5 1,0 1,5 2,0 2,5
Potential applied (V)

317



Appendix

Spectra and Analytical Data

UV/Vis spectra: Amnax(MeCN): 319 nm
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Appendix Spectra and Analytical Data

N-(N-(phenyl)-4-pyridylidene)-4-chlorobenzenesulfonamide (219):
"H-NMR (400 MHz, DMSO-dy):
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Appendix

Spectra and Analytical Data

Cyclic voltammogram (Method 1, v =250 mV/s): Eox: 1.35 V vs. Fc/Fc”
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Appendix Spectra and Analytical Data

N-(N-(phenyl)-4-pyridylidene)-4-methoxybenzenesulfonamide (220):
"H-NMR (400 MHz, DMSO-dy):

| MLUU

T T T T T T T T T T T T T T T T T T T T 1
0 135 130 125 120 115 110 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -05 -1

BC-NMR (101 MHz, DMSO-d):

]

v T

J

oo (N
\S'\ AN

T T T T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10
f1 (ppm)

321



Appendix Spectra and Analytical Data

Cyclic voltammogram (Method 1, v =250 mV/s): Eox: 1.24 V vs. Fc/Fc”
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Appendix

Spectra and Analytical Data

Crystallographic data:

Empirical formula

Formula weight

Temperature

Wavelength

Crystal system

Space group

Unit cell dimensions
b=9.2018(4) A
c=12.5852(6) A

Volume

Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection

Index ranges

Reflections collected

Independent reflections

Completeness to theta =

Absorption correction

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [[>2sigma(])]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

CI8 HI6 N2 O3 S

340.39

1002) K

0.71073 A

Triclinic

P-1

a=6.7787(3) Aa= 82.007(3)°.
b =86.880(3)°.
g=287.919(3)°.

775.91(6) A3

2

1.457 Mg/m?

0.228 mm'!

356

0.218 x 0.125 x 0.030 mm3
2.236 to 32.032°.
-10<=h<=10, -13<=k<=13, -18<=I<=18
58515

5393 [R(int) = 0.0574]
25.242° 100.0 %
Semi-empirical from equivalents
Full-matrix least-squares on F?
5393/0/218

1.047

R1=10.0432, wR2 = 0.0995
R1=10.0610, wR2 = 0.1092
n/a

0.407 and -0.545 e.A3
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Appendix Spectra and Analytical Data

Atomic coordinates ( x 10%) and equivalent isotropic displacement parameters (A2x 10%)

for D21324. U(eq) is defined as one third of the trace of the orthogonalized U# tensor.

X y z U(eq)
S(1) 2774(1) 5554(1) 7184(1) 13(1)
O(1) 682(1) 5461(1) 7474(1) 18(1)
0(2) 3837(2) 4197(1) 7042(1) 18(1)
0(3) 6259(2) 8305(1) 10582(1) 20(1)
N(1) 2933(2) 6785(1) 6148(1) 14(1)
N(2) 8012(2) 8073(1) 4315(1) 12(1)
C(1) 3864(2) 6286(1) 8230(1) 13(1)
C(2) 5768(2) 5866(1) 8528(1) 15(1)
C(@3) 6630(2) 6507(1) 9325(1) 15(1)
C4) 5561(2) 7569(1) 9823(1) 15(1)
C(5) 3627(2) 7965(2) 9539(1) 17(1)
C(6) 2783(2) 7334(2) 8745(1) 16(1)
C(7) 8296(2) 8077(2) 10818(1) 22(1)
C(8) 4655(2) 7092(1) 5592(1) 12(1)
C©9) 4566(2) 8259(1) 4727(1) 14(1)
C(10) 6199(2) 8709(1) 4117(1) 14(1)
C(11) 8176(2) 6938(1) 5128(1) 14(1)
C(12) 6580(2) 6426(1) 5754(1) 15(1)
C(13) 9685(2) 8595(1) 3630(1) 12(1)
C(14) 9987(2) 10100(1) 3436(1) 15(1)
C(15) 11535(2) 10618(1) 2727(1) 17(1)
C(16) 12758(2) 9639(2) 2230(1) 16(1)
C(17) 12453(2) 8137(2) 2447(1) 15(1)
C(18) 10905(2) 7605(1) 3148(1) 14(1)
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Appendix

Spectra and Analytical Data

Table 3. Bond lengths [A] and angles [°] for D21324.

S(1)-0(2)
S(1)-0(1)
S(1)-N(1)
S(1)-C(1)
0(3)-C(4)
0(3)-C(7)
N(1)-C(8)
N(2)-C(10)
N(2)-C(11)
N(2)-C(13)
C(1)-C(2)
C(1)-C(6)
C(2)-C(3)
C(2)-H(2)
C(3)-C4)
C(3)-H(3)
C(4)-C(5)
C(5)-C(6)
C(5)-H(5)
C(6)-H(6)
C(7)-H(7A)
C(7)-H(7B)
C(7)-H(7C)
C(8)-C(9)
C(8)-C(12)
C(9)-C(10)
C(9)-H©9)
C(10)-H(10)
C(11)-C(12)
C(11)-H(11)
C(12)-H(12)
C(13)-C(18)
C(13)-C(14)
C(14)-C(15)
C(14)-H(14)

1.4473(10)
1.4474(10)
1.6045(12)
1.7670(13)
1.3594(16)
1.4303(17)
1.3467(17)
1.3625(16)
1.3627(16)
1.4414(16)
1.3897(18)
1.3995(18)
1.3962(19)
0.9500
1.3933(18)
0.9500
1.3994(19)
1.3822(19)
0.9500
0.9500
0.9800
0.9800
0.9800
1.4209(18)
1.4338(18)
1.3559(18)
0.9500
0.9500
1.3610(18)
0.9500
0.9500
1.3885(17)
1.3931(18)
1.3932(19)
0.9500
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Spectra and Analytical Data

C(15)-C(16)  1.3910(19)
C(15)-H(15)  0.9500
C(16)-C(17)  1.3924(19)
C(16)-H(16)  0.9500
C(17)-C(18)  1.3905(18)
C(17)-H(17)  0.9500
C(18)-H(18)  0.9500

0(2)-S(1)-0(1) 116.99(6)
0(2)-S(1)-N(1) 113.71(6)
O(1)-S(1)-N(1) 105.20(6)
0(2)-S(1)-C(1) 107.28(6)
0(1)-S(1)-C(1) 106.59(6)
N(1)-S(1)-C(1) 106.40(6)
C(4)-0(3)-C(7) 117.76(11)
C(8)-N(1)-S(1) 122.43(9)

C(10)-N(2)-C(11) 119.15(11)
C(10)-N(2)-C(13) 118.58(11)
C(11)-N(2)-C(13) 122.24(11)

C(2)-C(1)-C(6) 120.04(12)
C(2)-C(1)-S(1) 121.44(10)
C(6)-C(1)-S(1) 118.50(10)
C(1)-C(2)-C(3) 120.40(12)
C(1)-C(2)-H(2) 119.8
C(3)-C(2)-H(2) 119.8
C(4)-C(3)-C(2) 119.34(12)
C(4)-C(3)-H(3) 120.3
C(2)-C(3)-H(3) 120.3
0(3)-C(4)-C(3) 124.87(12)
0(3)-C(4)-C(5) 114.95(12)
C(3)-C(4)-C(5) 120.17(12)
C(6)-C(5)-C(4) 120.29(12)
C(6)-C(5)-H(5) 119.9
C(4)-C(5)-H(5) 119.9
C(5)-C(6)-C(1) 119.73(12)
C(5)-C(6)-H(6) 120.1
C(1)-C(6)-H(6) 120.1
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Spectra and Analytical Data

0(3)-C(7)-H(7A)
0(3)-C(7)-H(7B)
H(7A)-C(7)-H(7B)
0(3)-C(7)-H(7C)
H(7A)-C(7)-H(7C)
H(7B)-C(7)-H(7C)

109.5
109.5
109.5
109.5
109.5
109.5

N(1)-C(8)-C(9) 115.57(11)

N(1)-C(8)-C(12)
C(9)-C(8)-C(12)
C(10)-C(9)-C(8)
C(10)-C(9)-H(9)

C(8)-C(9)-H(9) 119.1

C(9)-C(10)-N(2)
C(9)-C(10)-H(10)
N(2)-C(10)-H(10)
C(12)-C(11)-N(2)
C(12)-C(11)-H(11)
N(2)-C(11)-H(11)
C(11)-C(12)-C(8)
C(11)-C(12)-H(12)
C(8)-C(12)-H(12)
C(18)-C(13)-C(14)
C(18)-C(13)-N(2)
C(14)-C(13)-N(2)
C(13)-C(14)-C(15)
C(13)-C(14)-H(14)
C(15)-C(14)-H(14)
C(16)-C(15)-C(14)
C(16)-C(15)-H(15)
C(14)-C(15)-H(15)
C(15)-C(16)-C(17)
C(15)-C(16)-H(16)
C(17)-C(16)-H(16)
C(18)-C(17)-C(16)
C(18)-C(17)-H(17)
C(16)-C(17)-H(17)
C(13)-C(18)-C(17)

129.43(12)
114.99(11)
121.83(12)
119.1

121.37(12)
119.3
119.3
121.90(12)
119.1
119.1
120.73(12)
119.6
119.6
121.61(12)
119.71(11)
118.63(11)
118.83(12)
120.6
120.6
120.18(12)
119.9
119.9
120.14(12)
119.9
119.9
120.33(12)
119.8
119.8
118.89(12)
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Appendix Spectra and Analytical Data

C(13)-C(18)-H(18)  120.6
C(17)-C(18)-H(18)  120.6
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Spectra and Analytical Data

N-(N-(3,4-difluorophenyl)-4-pyridylidene)benzenesulfonamide (221):

"H-NMR (400 MHz, DMSO-dy):
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Appendix

Spectra and Analytical Data

YF-NMR (400 MHz, DMSO-ds)

F
F
\\S// _ _
o
v 1%
-1‘32 1‘33 1‘34 -1‘35 -1‘36 »1‘37 -1‘38 »1‘39
1 (ppm)
1‘0 é -10 -2‘0 -3‘0 -JlD -%D -él) ;0 -él) -él) -1‘00 1‘10 -1‘20 -1‘30 -1‘40 -1‘50 -1‘60 1‘70 -1‘80 -1‘90 2‘00 2‘10
f1 (ppm)
Cyclic voltammogram (Method 1, v =250 mV/s): Eox: 1.35 V vs. Fc/Fc*
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Appendix

Spectra and Analytical Data

UV/Vis spectra: Amax(MeCN): 320 nm
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Stern-Volmer Kinetics:
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Appendix Spectra and Analytical Data

N-(N-(3,4-difluorophenyl-4-pyridylidene)-4-(trifluoromethyl)benzenesulfonamide (222):

"H-NMR (400 MHz, DMSO-dy):
F
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Spectra and Analytical Data

YF-NMR (400 MHz, DMSO-dj):
F

—-61.43
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Cyclic voltammogram (Method 1, v =250 mV/s): Eox: 1.49 V vs. Fc/Fc*
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Spectra and Analytical Data

UV/Vis spectra: Amnax(MeCN): 320 nm

Stern-Volmer Kinetics:
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Appendix Spectra and Analytical Data

N-(N-(3,4-difluorophenyl-4-pyridylidene)-4-chlorobenzenesulfonamide (223):
"H-NMR (400 MHz, DMSO-dy):

mmmmmmmmmmmm
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Appendix Spectra and Analytical Data

YF-NMR (400 MHz, DMSO-dj):
F
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Cyclic voltammogram (Method 1, v =250 mV/s): Eox: 1.44 V vs. Fc/Fc*
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Spectra and Analytical Data

UV/Vis spectra: Amax(MeCN): 320 nm
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Stern-Volmer Kinetics:
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Appendix Spectra and Analytical Data

N-(N-(3,4-(difluorophenyl)-4-pyridylidene)-4-methoxybenzenesulfonamide (224):
"H-NMR (400 MHz, DMSO-dj):
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Appendix Spectra and Analytical Data

YF-NMR (400 MHz, DMSO-dj):
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Cyclic voltammogram (Method 1, v =250 mV/s): Eox: 1.32 V vs. Fc/Fc*
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Appendix Spectra and Analytical Data

UV/Vis spectra: Amnax(MeCN): 336 nm
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Appendix Spectra and Analytical Data

N-(N-(3,4-methoxyphenyl)-4-pyridylidene)benzenesulfonamide (225):
"H-NMR (400 MHz, DMSO-dy):
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Spectra and Analytical Data

Cyclic voltammogram (Method 1, v=250 m

1,5E-6 1
1,0E-6

5,0E-7

WE(1).Current (A)

V/s): Eox: 1.04 vs. Fc/Fc', 1.31 V vs. Fe/Fc'

UV/Vis spectra: Amax(MeCN): 323 nm

2,5

Absorbance / a.u.

’ T
1,0 15
Potential applied (V)

0,5

Stern-Volmer Kinetics:

1,1

Fo/F

1,02

0,2 0,6 0,8

342

A /nm

y=0,0644x + 1
R2=0,9717

1,2

c(Q) / mm



Appendix Spectra and Analytical Data

N-(N-(3,4-methoxyphenyl)-4-pyridylidene)-4-(trifluoromethyl)benzenesulfonamide (226):
"H-NMR (400 MHz, DMSO-dy):
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Appendix Spectra and Analytical Data

YF-NMR (400 MHz, DMSO-dj):
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Spectra and Analytical Data

UV/Vis spectra: Amax(MeCN): 324 nm
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Stern-Volmer Kinetics:
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Appendix Spectra and Analytical Data

N-(N-(3,4-methoxyphenyl)-4-pyridylidene)-4-chlorobenzenesulfonamide (227):
"H-NMR (400 MHz, DMSO-dy):
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Spectra and Analytical Data

Cyclic voltammogram (Method 1, v =250 mV/s): Eox: 1.07 vs. Fc/Fc”, 1.31 V vs. Fe/F¢*
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Appendix Spectra and Analytical Data

N-(N-(3,4-methoxyphenyl)-4-pyridylidene)-4-methoxybenzenesulfonamide (228):
"H-NMR (400 MHz, DMSO-dy):
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Spectra and Analytical Data

Cyclic voltammogram (Method 1, v =250 mV/s): Eox: 1.01 vs. Fc/Fc™, 1.30 V vs. Fc/F¢*

WE(1).Current (A)
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Appendix Spectra and Analytical Data

N-(N-phenyl-2-methoxy-4-pyridylidene)-4-methoxybenzenesulfonamide (229):
"H-NMR (400 MHz, DMSO-dy):
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Appendix Spectra and Analytical Data

Cyclic voltammogram (Method 1, v =250 mV/s): Eox: 1.31 V vs. Fc/Fc”
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Appendix Spectra and Analytical Data

N-(N-phenyl-2-methoxy-4-pyridylidene)-4-(trifluoromethyl)benzenesulfonamide (230):
"H-NMR (400 MHz, DMSO-dy):
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Spectra and Analytical Data

YF-NMR (400 MHz, DMSO-dj):
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Spectra and Analytical Data

UV/Vis spectra: Anax(MeCN): 305 nm
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Appendix Spectra and Analytical Data

N-(N-phenyl-2-methoxy-4-pyridylidene)-4-chlorobenzenesulfonamide (231):
"H-NMR (400 MHz, DMSO-dy):
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Appendix Spectra and Analytical Data

Cyclic voltammogram (Method 1, v =250 mV/s): Eox: 1.33 V vs. Fc/Fc”
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Appendix Spectra and Analytical Data

N-(N-phenyl-2-methoxy-4-pyridylidene)-4-methoxybenzenesulfonamide (232):
"H-NMR (400 MHz, DMSO-dy):
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Appendix Spectra and Analytical Data

Cyclic voltammogram (Method 1, v =250 mV/s): Eox: 1.24 V vs. Fc/Fc”
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Appendix

Spectra and Analytical Data

N-(N-(3,4-difluorophenyl)-2-methoxy-4-pyridylidene)benzenesulfonamide (233):

"H-NMR (400 MHz, DMSO-dy):
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Appendix Spectra and Analytical Data

YF-NMR (400 MHz, DMSO-dj):
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Cyclic voltammogram (Method 1, v =250 mV/s): Eox: 1.34 V vs. Fc/Fc*
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Appendix

Spectra and Analytical Data

UV/Vis spectra: Amnax(MeCN): 305 nm

Absorbance / a.u.

Stern-Volmer Kinetics:
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Appendix Spectra and Analytical Data

N-(N-(3,4-difluorophenyl)-2-methoxy-4-pyridylidene)-4-
(trifluoromethyl)benzenesulfonamide (234):
"H-NMR (400 MHz, DMSO-dj):
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Appendix

Spectra and Analytical Data

YF-NMR (400 MHz, DMSO-dj):
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Appendix

Spectra and Analytical Data

UV/Vis spectra: Anax(MeCN): 305 nm

Absorbance / a.u.

0,2

Stern-Volmer Kinetics:
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Appendix Spectra and Analytical Data

N-(N-(3,4-difluorophenyl)-2-methoxy-4-pyridylidene)-4-chlorobenzenesulfonamide (235):
"H-NMR (400 MHz, DMSO-dy):
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Appendix Spectra and Analytical Data

YF-NMR (400 MHz, DMSO-dj):
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Appendix

Spectra and Analytical Data

UV/Vis spectra: Amnax(MeCN): 305 nm

Absorbance / a.u.

Stern-Volmer Kinetics:
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Appendix Spectra and Analytical Data

N-(N-(3,4-difluorophenyl)-2-methoxy-4-pyridylidene)-4-methoxybenzenesulfonamide (236):
"H-NMR (400 MHz, DMSO-dy):
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Appendix Spectra and Analytical Data

YF-NMR (400 MHz, DMSO-dj):
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Appendix Spectra and Analytical Data

UV/Vis spectra: Anax(MeCN): 307 nm
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Appendix

Spectra and Analytical Data

N-(N-(3-trifluoromethylphenyl)-4-pyridylidene)-4-methoxy-2-benzenesulfonamide (237):

"H-NMR (400 MHz, DMSO-dy):
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Appendix

Spectra and Analytical Data

YF-NMR (400 MHz, DMSO-dj):

T
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Cyclic voltammogram (Method 1, v =250 mV/s): Eox: 1.37 V vs. Fc/Fc*
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Appendix

Spectra and Analytical Data

UV/Vis spectra: Amax(MeCN): 323 nm
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Appendix Spectra and Analytical Data

N-(N-phenyl-3-(trifluoromethyl)-4-pyridylidene)-4-methoxybenzenesulfonamide (238):
"H-NMR (600 MHz, DMSO-dy):
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Appendix

Spectra and Analytical Data

YF-NMR (400 MHz, DMSO-dj):
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Appendix Spectra and Analytical Data

UV/Vis spectra: Amnax(MeCN): 320 nm
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Appendix Spectra and Analytical Data

N-(N-(3,4-difluorophenyl)-3-(trifluoromethyl)-4-pyridylidene)-4-
methoxybenzenesulfonamide (239):
"H-NMR (400 MHz, DMSO-dj):
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Appendix Spectra and Analytical Data

YF-NMR (400 MHz, DMSO-dj):
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Appendix

Spectra and Analytical Data

UV/Vis spectra: Amax(MeCN): 320 nm
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Appendix Spectra and Analytical Data

N-(N-(4-(trifluoromethyl)phenyl)-3-(trifluoromethyl)-4-pyridylidene)-4-
methoxybenzenesulfonamide (240):
"H-NMR (400 MHz, DMSO-dj):
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Appendix

Spectra and Analytical Data

YF-NMR (400 MHz, DMSO-dj):
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Appendix Spectra and Analytical Data

UV/Vis spectra: Amnax(MeCN): 320 nm
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Appendix Spectra and Analytical Data

N-(N-phenyl-4-pyridylidene)-2-naphthalenesulfonamide (241):
"H-NMR (400 MHz, DMSO-dy):
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Appendix Spectra and Analytical Data

Cyclic voltammogram (Method 1, v =250 mV/s): Eox: 1.32 V vs. Fc/Fc”
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Appendix

Spectra and Analytical Data

N-(N-(3,4-difluorophenyl)-4-pyridylidene)-2-naphthalenesulfonamide (242):

"H-NMR (400 MHz, DMSO-dy):
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Appendix Spectra and Analytical Data

YF-NMR (400 MHz, DMSO-dj):
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Appendix Spectra and Analytical Data

UV/Vis spectra: Amax(MeCN): 321 nm

3.5

Absorbance / a.u.

0,5

A /nm
Stern-Volmer Kinetics:
1,1
1 y =0,0863x +1
R2 = 0,862
1,08
1,07 . L4
1,06 L]
1,05 L]
<
[N
1,04
L ]
1,03
1,02
1,01
1@
0,99
0 0,1 0,2 03 0,4 0,5 0,6 0,7 08 0,9 1
c(Q)/ mMm

387



Appendix Spectra and Analytical Data

N-(N-phenyl-4-pyridylidene)-2-naphthalenesulfonamide (243):
"H-NMR (400 MHz, DMSO-dy):
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Appendix Spectra and Analytical Data

Cyclic voltammogram (Method 1, v =250 mV/s): Eox: 1.15 V vs. Fc/Fc”
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Appendix Spectra and Analytical Data

N-(N-(3,4-difluorophenyl)-4-pyridylidene)-4-methoxy-2-naphthalenesulfonamide (244):
"H-NMR (400 MHz, DMSO-dy):
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Appendix Spectra and Analytical Data

YF-NMR (400 MHz, DMSO-dj):
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Appendix Spectra and Analytical Data

UV/Vis spectra: Amax(MeCN): 323 nm
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Appendix Spectra and Analytical Data

1,1,1-trifluoro-N-(/N-phenyl-4-pyridylidene)methanesulfonamide (245):
"H-NMR (400 MHz, DMSO-dy):
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Appendix Spectra and Analytical Data

YF-NMR (400 MHz, DMSO-dj):
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Cyclic voltammogram (Method 1, v =250 mV/s): Eox: 2.19 V vs. Fc/Fc*
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Appendix Spectra and Analytical Data

UV/Vis spectra: Amax(MeCN): 323 nm
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Appendix Spectra and Analytical Data

N-(N-methyl-4-pyridylidene)-2-benzenesulfonamide (246):
"H-NMR (400 MHz, DMSO-dy):
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Appendix

Spectra and Analytical Data

Cyclic voltammogram (Method 1, v =250 mV/s): Eox: 1.17 V vs. Fc/Fc”
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Appendix Spectra and Analytical Data

N-(N-phenyl-2,6-dibromo-4-pyridylidene)-4-methoxybenzenesulfonamide (269):
"H-NMR (400 MHz, DMSO-dy):
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Appendix Spectra and Analytical Data

N-(N-phenyl-2,6-dibromo-4-pyridylidene)-4-methoxybenzenesulfonamide (270):
"H-NMR (400 MHz, DMSO-dy):
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Appendix Spectra and Analytical Data

Cyclic voltammogram (Method 2, v =100 mV/s): Eox: 1.98 V vs. Ag/Ag[crypt.-2.2.2]
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Appendix Spectra and Analytical Data

13.24 Miscellaneous

Tris(2,4-dibromophenyl)amine (341):
"H-NMR (400 MHz, CDCl;):
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