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Regio- and Stereoselective Thianthrenation of Olefins to Access Versatile Alkenyl

Electrophiles and Fluorination of Aryl Thianthrenium Salts

ABSTRACT

Direct C—H functionalization is one of the most straightforward yet
challenging strategies to quickly build up functionalities from existing organic
compounds. Considering the ubiquitous existence of multiple C—H bonds in one
molecule, such as the coexistence of alkyl (sp®), aryl/alkenyl (sp?) and alkynyl (sp)
C—H bonds or several with the same hybridization (aryl sp? and alkenyl sp?),
functionalization with high positional selectivity is a challenge. Typically, direct C—
H functionalization protocols can differentiate C—H bonds with different
hybridization (sp® vs. sp?), yet there remains challenges for site-selectivity
especially when the target C—H bonds have a similar chemical environment (e.g.
ortho, meta, para C—H bonds in one arene). In 2019, the Ritter group reported a
highly positional-selective C—H thianthrenation of arenes with a broad substrate
scope and high functional group tolerance, and the resulting aryl thianthrenium
salts provide access to versatile functional groups via Pa catalysis or photoredox
chemistry. The work summarized in this thesis describes one site-selective
functionalization of alkenes and one two-step site-selective fluorination of arenes,

both of which benefit from the site-selective C—H thianthrenation reaction.

Part | describes the development of a method for regio- and stereoselective
C-H thianthrenation of alkenes. The reaction can be carried out under ambient
atmosphere without exclusion of air and moisture and can be performed on a gram
scale. For terminal olefins, the reaction provides alkenyl thianthrenium products
with high stereoselectivity; the E isomers are often the only isolable products. For
internal olefins, the double bond geometry maintains unchanged throughout the
thianthrenation reaction. Terminal olefins containing structurally complex and
highly functionalized moieties are functionalized well. We isolated thianthrenium
dicationic bicycloadducts, which afforded the desired alkenyl thianthrenium salts

upon treatment with base; most likely via an E1cBir deprotonation mechanism.



The resulting alkenyl thianthrenium salts are good alkenyl electrophiles in
conventional palladium-catalyzed cross-coupling reactions such as Negishi,

Sonogashira and Heck reactions and ruthenium-catalyzed (pseudo)halogenation.

Part Il describes the development of a photoredox catalyzed fluorination
method for aryl thianthrenium (ArTT) salts, obtained from site-selective C-H
thianthrenation of arenes. The substitution of aryl C—H bonds by thianthrene
creates a precursor, which readily engages in photoredox chemistry. The C-H
thianthrenation reaction tolerates a variety of functional groups and was applied to
the synthesis of natural product derivatives. The photoredox properties of aryl
thianthrenium salts were established by cyclic voltammetry, density functional
theory studies, Hammett analysis, and fluorescence quenching experiments.
Subsequent fluorination of ArTT species with fluoride under copper mediation and
photoredox catalysis (also termed as metallophotoredox catalysis) provides
pharmaceutically relevant aryl fluorides as a single constitutional isomer in a two-

step sequence from the corresponding unfunctionalized arenes.

Keywords: C-H functionalization; alkenes; arenes; site-selectivity;
stereoselectivity;  late-stage  fluorination;  (metallo)photoredox  catalysis;

thianthrenation.
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Regio- und stereoselektive Thianthrenierung von Olefinen zum Zugang zu

vielseitigen Alkenylelektrophilen und Fluorierung von Arylthianthreniumsalzen
ZUSAMMENFASSUNG

Die direkte C—H Funktionalisierung ist eine der einfachsten und dennoch
herausforderndsten Strategien, um aus vorhandenen, organischen Verbindungen
schnell Funktionalitaten aufzubauen. In Anbetracht der allgegenwartigen Existenz
mehrerer C—H Bindungen in einem Molekil, wie der Koexistenz von Alkyl(sp3)-,
Aryl/Alkenyl(sp?)-, und Alkinyl(sp) C—H Bindungen oder mehreren mit derselben
Hybridisierung (Aryl sp? und Alkenyl sp?) ist die Funktionalisierung mit hoher
Positionsselektivitat eine Herausforderung. In der Regel koénnen direkte
Funktionalisierungsprotokolle C—H Bindungen mit unterschiedlicher Hybridisierung
(sp® und sp?) unterscheiden. Die Regioselektivitat bleibt jedoch weiterhin eine
Herausforderung, insbesondere wenn die Ziel C-H Bindungen eine ahnliche
chemische Umgebung aufweisen (z. B. ortho-, meta-, para-C—H Bindungen in
einem Aren). Im Jahre 2019 berichtete die Ritter-Gruppe Uber eine héchst
positionsselektive C—-H Thianthrenierung von Arenen mit einem breiten
Substratspektrum und einer hohen Toleranz gegenuber funktionellen Gruppen.
Die resultierenden Arylthianthreniumsalze erlauben Zugang zu vielseitigen
funktionellen Gruppen mittels Palladium-Katalyse order Fotoredoxchemie. Die in
dieser Arbeit zusammengefasste Methodik beschreibt eine regioselektive
Funktionalisierung von Alkenen und eine zweistufige regioselektive Fluorierung
von Arenen, die beide von der spezifischen C—H Thianthrenierungsreaktion

profitieren.

Teil 1 beschreibt die Entwicklung einer Methode zur regio- und
stereoselektiven C—H Thianthrenierung von Alkenen. Die Reaktion kann unter
Standardbedingungen und im Gramm-Mal3stab durchgefuhrt werden. Fur
terminale Olefine liefert die Reaktion Alkenylthianthreniumsalze mit hoher
Stereoselektivitat; die E-Isomere sind oft die einzigen isolierbaren Produkte. Bei

internen Olefinen blieb die Doppelbindungsgeometrie wahrend der gesamten



Y

Thianthrenierungsreaktion erhalten. Terminale Olefine, die strukturell komplexe
und hoch funktionalisierte Einheiten enthalten, werden erfolgreich thianthreniert.
Wir isolieren dikationische Bicycloaddukte mit Thianthren, die bei Behandlung mit
Base die gewinschten Alkenylthianthreniumsalze liefern; hoéchstwahrscheinlich
Uber  einen ElcBir-Deprotonierungsmechanismus. Die resultierenden
Alkenylthianthreniumsalze &hneln (Pseudo-)halogeniden in herkdmmlichen
Palladium-katalysierten Kreuzkupplungsreaktionen, wie Negishi-, Sonogashira-,

und Heck-Reaktionen und Ruthenium-katalysierten (Pseudo-)Halogenierungen.

Teil 1l beschreibt die Entwicklung einer fotoredox-katalysierten
Fluorierungsmethode fir Arylthianthrenium(ArTT)-Salze, die durch regioselektive
Thianthrenierung von Arenen erhalten wird. Durch die Substitution von Aryl-C—H
Bindungen durch Thianthren entsteht eine Vorstufe, die sich leicht
fotoredoxchemisch umsetzen lasst. Die C—H Thianthrenierungsreaktion toleriert
eine Vielzahl von funktionellen Gruppen und wurde zur Synthese von
Naturstoffderivaten angewendet. Die Fotoredoxeigenschaften von
Arylthianthreniumsalzen  wurden durch  Cyclovoltammetrie, Studien  zur
Dichtefunktionaltheorie, Hammett-Analyse und Fluoreszenzldschungsexperimente
ermittelt. Die anschlielende Fluorierung von ArTT-Spezies mit Fluorid unter
kupfervermittelter Fotoredoxkalalyse (auch als Metallophotoredoxkatalyse
bezeichnet) liefert pharmazeutisch relevante Arylfluoride als einziges Isomer in
einer zweistufigen Sequenz aus den entsprechenden nicht funktionalisierten

Arenen.

Schlusselworter: C—H Funktionalisierung; Alkene; Arene; Regioselektivitat;

Stereoselektivitat; Fluorierung; (Metallo)Fotoredoxkatalyse; Thianthrenierung.



“Keep Ithaka always in your mind.
Arriving there is what you re destined for.

But don’t hurry the journey at all.”

— “Ithaka’ by Constantine P. Cavafy
Translated by Edmund Keeley
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|. REGIO- AND STEREOSELECTIVE THIANTHRENATION OF OLEFINS TO
ACCESS VERSATILE ALKENYL ELECTROPHILES

[.1. Introduction

1.1.1. Alkenes

Alkenes, classified as unsaturated hydrocarbons that contain a carbon—
carbon double bond (C=C), are among one of the most common compound
categories in organic chemistry.! They have diverse applications in industry such
as the production of plastics, lacquers, detergents and fuels. Therefore, some
alkenes, such as, ethene (with a worldwide production over 150 million tons in
2016)?, propene (with a worldwide production around 90 million tons in 2014)3 and
1,3-butadiene (in 2020, approx. 13.7 million tons)?, are often produced in large
guantities, and they are all reported to have a continuous growing demand

worldwide.
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Figure I.1. Molecular orbitals for carbon—carbon double bond and single bond with

relative energy comparison.

Structurally, alkenes contain at least one ™ bond, which manifests high
diversification ability in organic synthesis. In general, alkenes are more reactive
than alkanes because of the 1™ bond character. We can elucidate this by using
molecular orbital theory® based on the relative orbital distribution of C=C and C-C
(Figure 1.1). For carbon atoms on C=C, the higher energy of the highest occupied
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molecular orbital (HOMO, Left: m M.O. vs. Right: o M.O.) makes it a better
nucleophile, meanwhile lower energy of the lowest unoccupied molecular orbital
(LUMO, Left: ™ M.O. vs. Right: ¢* M.O.) enhances its electrophilicity. In this
sense, alkenes are both better electrophiles and nucleophiles as compared to

alkanes.

Generally speaking, alkenes are one of the most versatile functional groups
and can be transformed into other useful synthetic groups (Table 1.1), mostly via
addition reactions: hydrogenation (alkanes), hydration (alcohols),

(hydro)halogenation (alkyl halides), oxidation (ketones/aldehydes/carboxylic acids).

Reaction Product Reaction Product

Sharpless

Hydrogenation® alkanes diols

dihydroxylation’

Halogen addition aldehydes or

1,2-dihalides Ozonolysis®

reaction® ketones
Hydrohalogenation _ . .
y g alkyl halides Diels—Alder reaction'! cyclohexenes
(Markovnikov)1©
Hydrohalogenation L .
: g haloalkanes Epoxidation®® epoxides
(Anti-Markovnikov)*?
Hydroamination!*  amines Cyclopropanation'®>  cyclopropanes
Hydroformylation'® aldehydes Olefin metathesis!’  alkenes
o L Ketones or
Polymerization'8 polymers Wacker oxidation'®
aldehydes

Table I.1. Selected transformations based on alkenes.

For olefins containing a terminal C=C, termed as a-olefins, olefin metathesis
is another favorable approach to functionalization. Such transformations allow for
the exchange of fragments between two different alkenes by double bond scission
and reformation (Figure 1.2). One less developed field for olefins is the direct
oxidative functionalization to generate alkenyl functionalities without losing the

alkene functional group. Although direct oxidative functionalization of sp?
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hybridized carbon hydrogen bonds on arenes has been widely studied, for alkenes,
the most recognizable Wacker oxidation provides ketones or aldehydes, and the

double bond C=C functionality is lost in the end.

R~ R
. Rj/\Y n R\/ —_— N*
+ x * n
Y
X
Addition reaction Polymerization
Rl = R = 1 R!
& NFR2 R~ \%\%FG
+ 3 + + — +
RZ\% % FG IIHII
Olefin metathesis Oxidative functionalization

Figure 1.2. Most frequently used alkene functionalization categories.

[.1.2. C—H functionalization

C-H bonds are ubiquitous in organic compounds, from natural
sources/products to synthetic chemicals. Therefore, the native C—H bonds would
ideally be reactive points to build up molecular complexity, since other
prefunctionalized starting materials such as substrates containing C—X or C-M
bonds usually require tedious multi-step preparative procedures. In addition,
ineluctable waste production will be reduced significantly from direct C-H
functionalization reactions, which is more progressive in terms of sustainable
material development and the goal of environment protection. To achieve selective
C—H functionalization, the top challenge involves overcoming the inertness of the
C-H bond, with a BDE around 100 kcal/mol (varies depending of the nature of
C(sp/sp?/sp®)-H bond). The high-energy barrier not only necessitates a difficult
activation, but also renders chemoselectivity problems when various functional
groups are present in the same molecule. Another challenge is raised from the
abundance of C-H bonds within a molecule, which gives rise to different

regioisomers and stereoisomers.
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Figure 1.3. Part of the mechanistic illustration for P450 catalyzed oxidation of C—H
bond (Left) and core structure for heme groups (Right).?°

Like lab chemical processes, in the human body, cytochromes P450 (CYPs),
with a heme (porphyrin-iron) center (Figure 1.3), catalyze mono-oxygenation of C—
H bonds to maintain the balance of hormones dating back to the very first
existence of mammals on earth hundreds of millions of years ago.?! However, in
the field of chemistry, the advances in homogeneous catalysis for C-H
functionalization by transition metal complexes started from 1894, where Fenton
obtained a compound with a formula of CsH4Oes when tartaric acid (Cs4HsOs)
interacted with certain oxidants like hydrogen peroxide in the presence of a trace
amount of a ferrous salt. 22 The Fenton process (Figure 1.4) produces
dihydroxymaleic acid from tartaric acid via activation of two C—H bonds to form a
C=C bond. Thereafter, no significant effort was devoted to the development of C—

H functionalization for 80 years.

COOH OH O
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> _OH
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COOH COOH COOH

OH

OH Fe?*
HOOHC”

+ COOH
2H,0 H20,

OH

R\

HOY

COOH
HO\\‘\‘\\OH + —OH HO' + _OH
COOH + Ho-. Fe%*

Figure 1.4. lllustration of Fenton process.
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Figure 1.5. Shilov’s catalyst system and its catalytic cycle.

The next development was not until the 1970s, when Shilov’'s platinum
chemistry enabled C—H functionalization using a high valent metal species: when
alkanes were treated with catalytic amount of Pt"Cl2 and stoichiometric H2Pt'"VCle,
alkyl platinum species were formed, and further addition of water to the reaction
mixture lead to alcohol formation.?3 Detailed insight gains into the mechanism in
the 1980s allowed revival studies on metal catalysis and C—H functionalization
(Figure 1.5).?* Since then, the field of C—H functionalization witnessed its real birth

in modern organic chemistry and synthesis.?®

In the past two decades, rapid development in the direct transformation of C—
H bonds was accomplished. The novel and straightforward synthetic avenues
allow for quick construction of complexity or diversity from non-prefunctionalized
molecules, especially offering an opportunity to streamline the synthesis of new
drug candidates by circumventing de novo synthetic method development.26:27
From the perspective of atom-economy, time-saving and synthetic efficiency, C—H
functionalization approaches exhibit significant advantages (Figure 1.6). Many of

them use a transition metal species and constitute mild and selective processes.
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Figure 1.6. Examples for direct C—H functionalization reactions in small complex

molecules. (a,?8 b,?° ¢%°)

In general, all of the methodologies for C-H functionalization fall into two
main categories according to functionalization modes (Figure 1.7): (a) direct C—H
functionalization, reactions often count on the intrinsic electronic or steric
properties of the substrates like what CYPs do in the body. Good electrical and
sterical matches between substrates and the incoming reagents are crucial to
achieve high reactivity and selectivity. (b) Auxiliary directing group facilitated C—H
functionalization, reactions where extra groups are introduced to direct a reaction
to specific sites. In this case, installation of external chelating groups prior to C—H

functionalization and removal afterwards are often unavoidable.
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Figure I.7. Strategies for C—H functionalization.

Based on their relative reactivity, C—H functionalization can be selective over
sp? (alkanes), sp? (arenes and alkenes) and sp (alkynes) hybridized C-H bonds.
Alkynyl protons are mildly acidic, with pKa values of around 25, and can be
deprotonated with a base such as NaNH2. The resulting acetylides react readily
with electrophiles. Thus, no further discussion on alkynyl C—H functionalization is

included in this thesis.

1.1.2.1 C—H functionalization of alkanes

In addition to a high activation barrier encountered by functionalization of
strong alkyl C—H bonds (BDE =~ 100 kcal/mol) and selectivity problems raised from
different C—-H bonds, another challenge is over functionalization: Mono-
functionalized products are prone to be functionalized further due to their
increased reactivity when compared to the alkane starting materials. For example,
alcohols, generated from hydroxylation of alkanes, tend to be further oxidized to

aldehydes or ketones.
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[.8. Reaction pathways for metal-assisted C—H functionalization of

alkanes.3!

For the functionalization of alkanes using a homogenous catalyst, different

activation pathways have been proposed in the literature, for example: oxidative

addition, 3232 electrophilic activation,3*-3°:3¢ g-bond metathesis, 3":38 o-complex-

assisted metathesis, 3?:4° concerted metalation-deprotonation,“!-42 and carbene

insertion*34445 reactions (Figure 1.8). The most widely recognized carbonylation*®

and regioselective borylation*”4849 stand out as the text book examples.>° As their

names state, alkyl C-H bonds are transformed to carbonyl and boryl groups,

respectively, in a mono-functionalized and selective manner (Figure 1.9a and b).
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Figure 1.9. Carbonylation and borylation of alkanes, and the proposed reaction

mechanism for the rhodium catalyzed borylation reaction.

For the rhodium-catalyzed mono-borylation developed by the Hartwig group,
preliminary mechanistic data suggest a boryl rhodium complex being responsible
for exclusive site-selection of terminal C—H bonds due to kinetic factors, in other
terms, from a steric preferred formation of a linear metal-alkyl complex (Figure 1.9

Bottom).>! A conceivable mechanism regarding Cp*Rh(n*-CsMes) as a pre-catalyst
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starts with dissociation of the n*CeMes ligand with simultaneous formation of
Cp*Rh(Bpin)2, which reacts with alkane starting materials. The active catalyst
Cp*RhH(Bpin) can be generated by o bond metathesis with concomitant formation
of alkyl-Bpin. One interesting observation from this reaction is that the number of
moles for alkyl-Bpin produced is greater than the number of moles for Bzpinz,
which indicates the byproduct HBpin can act as Bpin source. Indeed, under similar
reaction conditions, alkyl-Bpin can be obtained when HBpin is used instead of

B2pinz, though with lower yield.
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Figure 1.10. Examples for selective functionalization of alkanes.

The Hoffmann-Loffler-Freytag reaction allows site-selective amination of
alkanes via an intramolecular 1,5-hydrogen atom transfer (1,5-HAT) to a nitrogen
centered radical (Figure 1.10a).52%2 With a similar strategy, a positional selective
alkylation of unactivated C(sp®)—H by 1,5-HAT mechanism for pendent amide was
recently reported by the Rovis group (Figure 1.11). 3 Such a C(sp®)-C(sp?)
coupling was achieved through photoredox catalysis in combination with nickel

catalysis: For the iridium photocatalyst cycle, the photoredox active Ir(lll) complex
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was activated to the excited state by photons under blue LED irradiation. The
excited Ir(lll) complex is quenched by an amine anion in a reductive way to
generate an amine radical and a reduced Ir(ll) species. For the nickel
redoxcatalyst cycle, the Ni(l) catalyst reacts with an alkylBr to form a Ni(lll)—alkyl
species, which is reduced to a Ni(ll) complex with concomitant regeneration of Ir(lll)
complex. The amine radical goes through a 1,5-HAT reaction pathway to afford an
alkyl radical which combines to the Ni(ll) species to form a Ni(lll)—alkyl complex.
Reductive elimination from the putative Ni(lll)-alkyl species gives the C(sp3)-C(sp3)

coupling product and regenerates the Ni(l) catalyst.
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Figure 1.11. Selective C(sp2®)-C(sp®) coupling via 1,5-HAT mechanism.

Bio-inspired manganese porphyrin complexes developed by the Groves
group enable efficient one-step conversion of C—H bond to C—F bond, one of the
most challenging bond formations (Figure 1.10b). %55 Like CYPs, their Mn
porphyrin catalysis involves a reactive Mn(V)—oxo intermediate. The authors
isolated and characterized a novel trans-difluoro Mn(IV) complex, which was
further shown to enable efficient fluorine atom transfer to short lived alkyl carbon
radicals (Figure 1.12Db).
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a. CYP450 catalyzed oxygenation of alkanes

b. Mn-porphyrin catalyzed fluoriantion of alkanes

Phl=0 Phi
> N o

Figure 1.12. Proposed mechanisms for metal porphyrin related catalysts catalyzed

C-H functionalization of alkanes.
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Figure 1.13. Mechanistic studies on palladium catalyzed y-selective C—H activation

reaction.

Recent work by the Yu group revealed a strategy for activation of y-C(sp3)-H

over B-C(sp®)—H by exploiting directing groups (Figure 1.10c).5” The both kinetically

and thermodynamically more favored five-membered counterpart®®-°° is overridden,

and the reaction is proposed to proceed through a less favorable six-membered

palladacycle intermediate. Deuterium incorporation experiments revealed that the

arylation step is sufficiently fast and far over the C—H activation rate (Figure 1.13a).

Kinetic experiments (Figure 1.13b) of intramolecular competition showed that

arylation at the y-C(sp®) is faster (ky/ks = 4.1). Kinetic isotope effect (KIE)
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experiments indicate rate determining C—H cleavage for both y-C(sp3®)-H over B-
C(sp®)-H bonds (Figure 1.13 c: KIEy = 4.4, KIEg = 2.7). Overall, the preliminary
experimental data allow the authors to suggest the selectivity originating from the

C—H cleavage step for this unconventional y-selective C—H activation reaction.
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Figure 1.14. Streamline syntheses of complex molecules by selective C-H
functionalization.

Additional synthesis streamlining methods have been developed by the
White group for selective aliphatic C—H oxidation reactions in complex molecule
synthesis, 0:61.62 eyven for small peptides (Figure 1.14).62:64 The White group
focused on developing catalysts for site-selective aliphatic C—O bonds formation
directly from C—H bonds. In their catalytic systems, the current empirical data

regarding the same catalyst system for different substrates (Figure 1.14a, b and c)
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suggested no need for specific matches between catalysts and substrates to

achieve site-selectivity.
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Figure 1.15. Electrochemical catalyzed allylic C—H oxidation reaction.

Scalable and sustainable C—-H oxidations have also been achieved using
electrochemical catalysis..®:% The allylic C—H oxidation method (Figure 1.15)
developed in the Baran group® has shown an alternative greener strategy
compared to current chemical processes, which often leads to the production of
toxic waste® when adapted to large-scale industrial settings. Initial mechanistic
investigations for this electrochemical allylic oxidation suggest a catalytic N-oxyl
radical generated from ClsNHPI to be responsible for allylic C—H hydrogen atom
abstraction and allyl radical formation. Radical combination with the
electrochemically derived tert-butyl peroxide radical affords an allylic peroxide,

which gives the enone product upon elimination of tert-butyl alcohol.

1.1.2.2 C—H functionalization of arenes
C-H bonds on arenes are often easier to be functionalized compared to their
alkyl counterparts, even though C(sp?)-H bonds are more inert to homolytic
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cleavage than C(sp®-H bonds according to BDE. Because aryl C—H bonds can
capitalize on the unsaturated aromatic part, more specifically the 1™ bonds, as a
“catalytic sector”, which can be restored after C(sp?)—H hydrogen loss. From the
point of systematic discussion on the reaction patterns for aromatics towards
different incoming reaction partners and the format of hydrogen loss, most of the
reactions can be classified into three categories of activation modes involving
proton (electrophilic), 627071 hydride (nucleophilic), ?: 7374 or hydrogen atom
(radical) 7>+ 7677 transfer from the aromatic substances. Other transition metal
mediated or assisted C—H activation of arenes including oxidative insertion into the
C-H o bond with increasing in oxidation state by two on the metal center,’®’° or ¢
bond metathesis between arene C-H o bond and alkyl metal o bond, 2 for

example an alkyl-Li bond (Figure 1.16).81.82.83
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" M
. ( I H
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E+ H E _ H+
Electrophilic: _— ©+ —_—
H - H Nu - Nu
Nu™ - H
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H H R R
Re — He
Radical: — * | ——
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fHD

Figure 1.16. Aromatic C—H functionalization mechanisms.
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Figure 1.17. Examples for C-H functionalization of arenes using recently

developed methodologies.

Traditional direct C—H functionalization reactions often suffer from low
regioselectivity when more than one aryl C-H bond is present in the
substrates.®®"* For instance, the Friedel-Crafts reaction® and the Scholl reaction®*,
involve carbon cation intermediates, which often exist as more than one isomer

depending on the resonance equilibrium constants. In general, those reactions
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suffer from low selectivity, low functional group tolerance, and limited substrate

scope, all of which limit their applicability in late-stage C—H functionalization.

For recent advances, which are not restricted to traditionally highlyreactive
partners like electron-rich arenes and acrylates, diverse functional groups can be
successfully installed. Methods developed vary from directing group assisted site-
specific 88 to direct site-selective C—H functionalization reactions®’:88.89 to
construct C-B,%0:°1.92 C-C,93:94.95 C—N,%6.97.98, gnd C—-0%19 phonds (Figure 1.17).
Challenging C—F bond formation on complex molecules is also available, although
not yet ideal regarding selectivity.®! For example, the iridium-catalyzed C-H
borylation of heteroarenes, developed by the Hartwig group, afforded selective
hetero arylboronates when differentiable stereoelectronic characters were present
on the substrates (Figure 1.17a).°%°192 Aryl C-H amination under photoredox
conditions, discovered by the Nicewicz group, represented an ideal reaction
paradigm, where molecular oxygen was used as the terminal oxidant, and all of
the other reagents were used in catalytic amount except for the coupling amine
(Figure 1.17d).% The direct oxygenation of arenes with methylsulfonylperoxide,
reported by the Ritter group, demonstrated preference at the positions that are

mostly vulnerable in metabolic conditions (Figure 1.17¢).88

The Murai reaction, first reported in 1993,'% was recognized for its high
efficiency and broad substrate scope compared to other C—H activation reactions
known before. Generally, a variety of Ru(0) and Ru(ll) catalysts work for the Murai
reaction, but detailed mechanisms for those reactions have not yet been
elucidated. There are two main mechanisms proposed for different catalysts
(Figure 1.18) based on experimental evidences in combination with density
functional theory (DFT) studies. (a) Ru(0) based catalysts such as
[Ru(H2)(CO)(Phs)s] was suggested to go through a Ru(0)-Ru(Il)—-Ru(0) catalytic
cycle under high temperatures.103194 (bh) Catalyst [Ru(o-CsHaPPh2)(H)(CO)(Phs)s]
which catalyzed the Murai reaction at room temperature, was proposed to involve
a Ru(I)—Ru(IV)-Ru(ll) catalytic cycle.105:106
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Figure 1.18. Ruthenium-catalyzed Murai reaction and plausible mechanisms.

Other than substrate extension, site-selective functionalization research also
focused on even less reactive positions, like meta C—H bonds on an arene, that
are hard to access conventionally, often requiring auxiliary directing groups.
Regardless of the advances made for the usual ortho-directed functionalization
and the generic para-favored electrophilic substitution reactions, the intriguing
meta-selective C—H functionalization is more challenging and hence less
developed. This is because the meta-position is less activated for electrostatic
reasons, while at the same time more difficult to access via directing groups. Such
elegant meta-functionalization becomes feasible with the iridium catalyzed C-H
borylation, developed independently by the Smith1%” and Hartwig groups.1® The
appealing reactivity of borylation is proposed to be an outcome of steric effects on
the aromatic ring, which lead to functionalization of the proton that is less adjacent
to any other substituents. After that, sequential activation-functionalization

facilitated by novel catalysts or in combination with novel directing group allows for
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complementary meta-selective C—H functionalization, especially those based on
copperi®1l palladium! and rutheniumt2.113 catalysts (Figure 1.19)
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1.1.2.3 C—H functionalization of alkenes

Unlike C-H bonds attached to aromatic systems (Figure 1.16), those on
alkenes are more difficult to functionalize while preserving the alkene functionality.
Normally, direct functionalization of alkenes delivers hydrofunctionalized *'# or
vicinal difunctionalized alkanes (vide ante, Table 1.1),15116.117 which possibly can
be explained by the higher vulnerability of carbon—carbon 1 bond compared to the
carbon—hydrogen o bond (vide ante, Figure 1.1). The difference in reactivity is
clear especially when treated with electrophiles, though olefins display C(sp?)-H
bonds like arenes, their reactivity is distinct from arenes: arenes undergo
electrophilic C(sp?)—H substitution (Figure 1.16), while olefins typically undergo

addition reactions like dihalogenation to generate dihaloalkanes.!'®

a. B-N reaction
P205 or PC|3 |
HN (@) ~N
\f toluene, reflux
¢ - fr

@
@
8 i > q;;N
R BZ) R

b. Metal catalyzed alkenyl C—H activation to form dienes

R1\/\H + Rz\%\H —»RWRz
Figure 1.20. Bischler-Napieralski (B-N) reaction and metal catalyzed diene

formation of alkenes.

Under metal-free conditions, alkene 1 bonds can be regenerated after
hydrogen loss when treated with reactive electrophiles such as in the Bischler-
Napieralski (B-N) reaction!!® and it extended versions?%.121.122 tg form imines from
nitrilium ions (Figure 1.20). In the presence of metal catalyst, cross-coupling
reactions to afford dienes from simple alkenes are the most generic
transformations reported to date for metal catalyzed direct C(sp?)-H
functionalization of alkenes. 22 Transition metals, like palladium, which can
undergo B-hydride elimination to form alkenes, are very promising catalysts for C—
H functionalization of alkenes. There are still some issues with these catalysts,

however, as reported examples with palladium catalysts often lead to
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polymerization in the presence of another molecule of alkene through a chain

walking process.1?4125

a. Silylation ~ I:l cat. [Ni] nBLlj nptn  (E
RO 7 i i >
SiMe, . R/\/SlMez cat. [Pd] R
llNu—ll
b. Borylation HBpin,
Cat Rh . uE+|l
R+ or e BN R E
catBCl, cat. [Pd]
cat. [Pd] "Nu™
c. Nitration TEMPO N NO,
R/§ + AgN02 T R/\/ N02 —_—
||E+u R

d. Sulfonylation X @ "Nu—" - @
| | + S=Q —>» —_— o, A Nu
C ph/\/ cat. [Ni] Ph
llE+

e. Directed iodination H PhI(OPiv),, |
/\r\R BuNT /\Jé\R
DG. DG.
N N
H cat. [Pd] H

Figure 1.21. More examples for direct C—H functionalization of alkenes.

Even though direct C(sp?)—-H functionalization of alkenes is challenging,
several alkenyl nucleophiles are available in literature, such as alkenyl
silanes!?612” and boronates (Figure 1.21a and b).12812° Michael acceptors such as
nitroolefins3%131 and alkenyl nitriles'®*? can also be synthesized from alkenes via
C(sp?-H functionalization (Figure 1.21c). Recently, alkenyl electrophiles also
became available from alkenes with limited substrate scopes: the Procter group
disclosed the synthesis of alkenyl sulfoniums via an interrupted Pummerer
approach (Figure 1.21d), and the corresponding alkenyl sulfonium salts can act as
alkenyl electrophiles for nickel catalyzed Negishi cross-coupling reactions.
However, the protocol is limited to styrene-like substrates.’®? In 2019, the Carreira
group reported a directed alkenyl C—H functionalization to make alkenyl iodides
bearing a picoline-directing group (Figure 1.21e).13* The reaction undergoes an
auxiliary group directed concerted metalation deprotonation to form 6-membered
alkenyl-palladacycles. In combination with a turnover-limiting C—H activation, the

authors are able to obtain all of the alkenyl iodides as single stereoisomers but
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directing group installation and removal are necessary. Overall, methods for
synthesis of alkenyl electrophiles directly from alkenes, with broad substrate scope

and high functional group tolerance, are still in high demand.

1.1.3. Alkenyl electrophiles

Since the rapid development of cross-coupling reactions catalyzed by
transition metal complexes from 1970s, organo iodies/bromides play a vital role as
cross-coupling partners. They are good coupling partners due to their high
reactivity towards transition metal complexes. It can also be explained by their
lower bond dissociation energy (BDE), which indicates easier bond cleavage
compared to other carbon heteroatom single bonds (Table [.2). 135136 The
importance of cross-coupling processes using these prefunctionalized substrates
have been recognized with the award of the 2010 Nobel Prize in chemistry to
Richard F. Heck, Ei-ichi Negishi and Akira Suzuki for their great contributions to
the development of palladium catalyzed cross-coupling reactions. From this

reason, the development and application of new organo-electrophiles are further

encouraged.
single bond BDE (kcal/mol) single bond BDE (kcal/mol)
C—H 99 Cc-P 70
c-C 83 C-F 116
cC-O 86 C-ClI 81
C-N 73 C—Br 68
C-S 65 C—l 51

Table I.2. Bond dissociation energies of carbon heteroatom bonds.
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64%

Figure 1.22. Activation of carbon heteroatom bonds in modern synthesis.

Recent research in diversification of organo-electrophiles has enabled
activation of other less reactive bonds such as C—Cl,137.138.139 C_[ 140,141,142 C_
0,135143144 C_p100.145146  gnd C-S190.147 ponds (Figure 1.22).148 One major branch
of those carbon heteroatom electrophiles are heteroatoms bonded to a sp?-
hybridized carbon, more specifically aryl or alkenyl electrophiles. Aryl electrophiles
are more widely available and broadly applied in total synthesis and industrial
platforms compared to their alkenyl counterparts. The main reason for this may be
the comprehensive distribution of aryl groups in organic molecules. Another

possible explanation can be limited accessibility of alkenyl electrophiles.
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Figure 1.23. Examples for modern C—H functionalization of arenes, positional-

selective reactions especially.

Most aryl electrophiles, like aryl halides, can be generated from direct C—H
halogenation of arenes, in a selective or unselective fashion, such as bromination
of arenes, which often delivers regioisomers.8” Para-Selective Ar-TEDA synthesis
(Figure 1.23) enables para-selective amination of arenes when the Ar-TEDA is
treated with a reductant.?® Although Ar-TEDAs are not widely utilized in other
transformations so far, the site-selectivity for C—H functionalization is impressive.
Moreover, its second generation, Ar-TEDA-II, synthesized from Selectfluor 1l in
replacement of Selectfluor, is a good aryl electrophile and can be methylated
efficiently under nickel catalysis.1*® The most recently published site-selective

thianthrenation reaction enables regioselective construction of aryl sulfonium salts,
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which can functionalize as good aryl electrophile precursors, which we will discuss
in detail in Section 1.4. 150 Other directing group facilitated C—H functionalization
often requires installation of certain directing groups prior to and removal after C—
H functionalization, which would be very powerful when the directing groups are
readily available in substrates.'%1152.153 Divergent C—H amination, specifically for
complex molecules,®” delivers (hetero)arylamines which can be used as aryl

electrophiles as well when converted to ammonium?*®* or diazonium salts.*>®

Dehydrohalogenation Takai olefination
X
base X X CrCl NP
R)\/X — R Ry + CHX; ——2» R Y
Hydrohalogenation of alkynes Wittig olefination
t [Cu] Xj b
= cat [Cu X P ase R
R// + HX — R g + ®F’Ph3 _— /j(
Halogenation of alkenyl nucleophile Olefin methathesis (R: steric hindered substitutes)
cat. [Mo]
XML Xt e RN X R+ oY T X Cl

Figure 1.24. Synthetic methods for alkenyl halides synthesis.

Nevertheless, alkenyl electrophiles, most commonly alkenyl halides are hard
to access in a similar direct C—H functionalization manner (Figure 1.24). The
production of vinyl chlorides on a scale of millions of tons per year for the
synthesis of polyvinyl chloride is achieved by dehydrochlorination of 1,2-
dichloroethane.*®® However, for alkenyl halides, where the corresponding vicinal
dihalogenated precursors are not readily available, multistep sequences are
frequently required, such as dibromination of alkenes followed by the elimination of
HBr under harsh conditions.®’ In particular, those sequences often lead to allylic
C—-H elimination side products and regioisomers. Another method is the prior
synthesis of alkenyl nucleophiles, such as alkenyl boronates,!%® alkenyl silanes,*%°
or other metal species, followed by treatment with electrophilic halogen sources.
Most alkenyl halides like alkenyl bromides can be synthesized from aldehydes or
ketones using Takai,'®% Wittig'®! or other®? olefination reactions, but aldehyde and
ketones are often more expensive compared to the corresponding carbon

hydrogen counterparts, because they need to be synthesized by hydroformylation
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of the corresponding alkenes'®® or by oxidation of the corresponding alcohols.164
Methods starting from alkynes can also afford alkenyl halides in one step, though
they are less widely used considering the smaller availability of alkynes when
compared to alkenes.'65166 |n addition, all of those methods listed above often

deliver E/Z mixtures of alkenyl halides.

// . — 5 mol% Mo-I Cl
(‘Pr)sSi benzene, 22 °C, 4 h , //
cI ’ ‘ Pr);Si
/ﬁ (5.0eq.) (Pr)s 97% conv. 66%
Cl (>98:2 Z:E)
OTBS
b. MGM OTBS
Me . Me 5 mol% Mo-Il MeWC'
. Me
x_Cl - Me
CI” X" (20 eq.) benzene, 22°C,2h 93% (93:7 E:2)
F F
F. F F F
FY F FY F
Me N Me Me Me
N N’l:._” o \_Nlh ”
Ma Mo == 'Ph Me Mo = "Ph
4 Me Y Me
Et 0] tBu‘ @) By
Et \J Etl: N
Et
ROoFP™  Lge
Et Et Bu
Mo-I Mo-ll

Figure 1.25. Molybdenum catalyzed E/Z selective olefin metathesis examples and

catalysts structures.

Modern olefin metathesis catalysts have made great advances in the past
two decades, mostly catalyzed by ruthenium carbene complexes developed in the
Grubbs group %67:168 and molybdenum and tungsten imido alkylidene catalysts
developed in the Schrock and Hoveyda groups.16%170.171 For applications in the
syntheses of alkenyl halides, those catalytic systems enable access to the
thermodynamically favorable Z alkenes in general: alkenyl chlorides from Z-1,2-
dichloroethene and Z alkenyl fluorides from alkenyl Z-bromo-fluoroethene.*’? With

sophisticated ligand design and systematic ligand screening, the Hoveyda group
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succeeded in synthesizing the thermodynamically less favored E alkenyl chlorides
from E-1,2-dichloroethene, and E alkenyl fluorides from E-1,2-difluoroethene when

bulky substituents are present in the starting materials (Figure 1.25).173

Besides alkenyl halides, 174 17> sources like alkenyl acetates, 1’® alkenyl
phosphates,’7:178 alkenyl ethers,17°:180.181 glkenyl thioethers,182:183 and alkenyl
sulfates'® can also be used as alkenyl electrophiles for Kumada and Suzuki
cross-coupling reactions, despite their higher activation energy (Figure 1.26 and
Table 1.2). One outstanding example is Itami’s iron catalyzed arylation of alkenyl
sulfides with Grignard reagents (Figure 1.26e). In contrast to usual palladium and
nickel catalyzed reactions where both alkenyl and aryl C—S bonds exist, this iron-
catalyzed cross coupling proceeds efficiently at the alkenyl C-S bond. The

mechanism for such an intriguing selectivity is unknown so far though.

2 mol% FeCl,
a. Me
Ohc Me  2.0eq.NMP
CO,Et N >
0°C,1h CO,Et
97%
MgBr 5 mol% [RhCI(COD)], X
F THF, rt., 24 h F

91%

c. Ph 5 mol% NiCly(PCys),
O\n/NMez 0B 10 mol% PCyj Ph
+ 1 1 >
[ ] o) ph” B0 B ph K,COj3, H,0
dioxane, 110 °C, 16 h 85%
d. (IDI 5 mol% Ni(COD),
o-P(OPh), 10 mol% HBF,Cy;P
+ PhB(OH), > Ph
K3PO,
THF, 75°C, 26 h 97%
e.
)
5 mol% Fe(acac)s
Ph\/\s)\\N + PhMgBr > Py
THF, rt, 2 h

43%

Figure 1.26. Other alkenyl electrophiles and their transformations.

Even though diverse classes of alkenyl electrophiles can be used for cross-
coupling reactions, the syntheses of those precursors are not trivial. For instance:
generation of alkenyl esters from ketones will deliver regioisomers and require

several steps with the intermediacy of moisture sensitive enolates,'®® while alkenyl
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thioethers syntheses are not so obvious (Figure 1.27).186.187 Either more general
methods for the synthesis of known alkenyl electrophiles have to be developed, or

new generation of alkenyl electrophiles need to be disclosed.

a O Osp Cl o
170 |pA P
Me o o - o’d ~o
J ©/© THF, —70°C tort., 15 h @’ i’)
0 56% 0
10 mol% Pd(OAc),
b. o) n
20 mol% P"Buj
SAr 2.2 eq. LiO'Bu
* > Ar A
TsHN THF, 100 °C, 16 h SR ~s
Me 87% Me 7% Me

Figure 1.27. Examples for the synthesis of alkenyl esters and thioethers.

1.1.4. Site-selective C—H thianthrenation of arenes

In 2019, the Ritter group reported a site-selective thianthrenation of arenes
by in situ activation of thianthrene-S-oxide (TT=O0) or tetrafluorothianthrene-S-
oxide (TFT=0) with trifluoroacetic anhydride.’® The substrate scope of the
reaction ranges from electron-rich veratrole to electron-deficient 1,2-
dichlorobenzene (Figure 1.28). Functional groups such as amines, amides,
alcohols, esters, carboxylic acids and heterocycles are all tolerated. The reaction
is easy to operate under ambient atmosphere and achieves full conversion within
several hours. The thianthrenation reaction is highly regioselective, which even
allows for differentiation of different aromatic rings, such as in 2-fluorobiphenyl and
famoxadone (Figure 1.28 highlighted). The mechanism for such high selectivity is
still under investigation, but electronic effects are proposed to override steric

biases.
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Figure 1.28. Example substrates for thianthrenation of arenes.
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Figure 1.29. Possible pathway for site-selective C—H thianthrenation of arenes.
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According to preliminary mechanistic studies, thianthrene based radical
cations are proposed to be generated through comproportionation between
trifluoroacetic anhydride activated TT=0 and thianthrene (TT) or TFT=0 and
tetrafluorothianthrene (TFT) under the reaction conditions. Subsequently, the in
situ obtained reactive radical cations add to the arene substrates in an electrophilic
pathway to form dienyl dications, which are deprotonated to reconstitute the

aromatic ring and result in aryl thianthrenium salts (Figure 1.29).

The aryl thianthrenium salts are good aryl electrophiles and can be utilized in
versatile transition metal catalyzed cross coupling or photoredox catalyzed
reactions, such as palladium catalyzed Suzuki coupling and Heck reactions and
copper/photoredox catalyzed phosphorylation and (pseudo)halogenation
reactions.*® Further explorations show that aryl thianthrenium salts display unique
properties under photoredox conditions, which allows for even challenging C—F,88
C—N, C-0,1% C-S*0 and C—CFs3 1°! bonds formation when combine photoredox

catalysts and copper(l) salts (Figure 1.30).
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Figure 1.30. Scale up examples for C-F, C-O, C-CF3, and C—N bonds formation

from aryl thianthrenium salts.



44 Introduction to C—H Functionalization

1.2. Challenges for direct C—H functionalization of alkenes

In general, alkenyl C—H bonds are less reactive compared to the labile
alkenyl C=C bond, which challenges direct activation of alkenyl C—H bonds by
transition metals. One general strategy applied is taking advantage of the 1T bond
shuttle: breakage and reconstruction of the ™ bond. As mentioned in the previous
Part 1.1.2.3, for alkenes, it is difficult to recover the double bond geometry after
functionalization to form functionalized alkanes, whilst arenes can be easily
restored, possibly benefiting from aromaticity. Besides that, as with every C-H
bond functionalization reaction, selective activation of one single C—H is an issue
for alkenyl C—H functionalization. Apart from the other existing alkyl and aryl C—H
bonds, as shown in Figure 1.31, more than one product can be obtained even
when only one alkenyl C—H is present in the substrates. Regio- and stereoisomers
normally express similar properties when using purification techniques such as
flash column chromatography, thus extra purification efforts are required to gain
one desired isomer product in high purity. Therefore, regio- and stereoselective C—

H functionalization of alkenes remains challenging and promising.

1 2
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R2 R’
H H
R R! R!
\%\H + \%\H + Z
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Figure 1.31. Possible products from C—H functionalization of alkenes.
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1.3. Project design

Alkenes and arenes share similar chemical reactivity in some cases because
their highest occupied molecular orbitals (HOMO) are filled 1T orbitals. For example,
both can act as dative ligands when coordinated to metal species via their HOMO
— metal LUMO interaction (Figure 1.32a). However, when being treated with
electrophiles such as dibromide, alkenes undergo dibromination while arenes

prefer electrophilic C—H bromination (Figure 1.32b).

a b

Br
H, H < > =z + Brp — H
CM <-’j NI O B
H "H

r

.* . Br
LnM + Br2 —_— ©/

Filled = orbital in alkene/arene When alkene/arene is treated with
Empty d orbital on metal dibromide.

Figure 1.32. Examples for similar and distinct reactivity comparison between

alkenes and arenes.

Even so, considering the unique reactivity and selectivity we have observed
in the C-H thianthrenation of arenes and the broad utility of the resulting aryl
thianthrneium salts (vide ante Part 1.1.4), it is worthwhile to further examine the

reactivity and expand the application of the proposed thianthrenium radical cation.
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[.4. Results and discussion

Parts of this chapter are taken, with permission, from our published work in
Angewandte Chemie International Edition.1°2 The alkene thianthrenation reaction
has been developed by the author. Experimental data has been collected by the
author with help from Dr. Jiakun Li. CV and UV/Vis data were collected by Dr.
Matthew B. Plutschack. The author has conducted the mechanistic experiments
with input from Dr. Matthew B. Plutschack.

[.4.1. C—H thianthrenation of alkenes

1.4.1.1 General reaction conditions

The overall procedure is straightforward to execute, and no precaution
against moisture or oxygen is needed. Under ambient atmosphere, thianthrene-S-
oxide, alkenes and solvent are added into a reaction vial. Chill the reaction mixture
in an ice-water cooling bath before dropwise addition of trifluoroacetic anhydride
and triflic acid to yield a lilac mixture. The reaction progress can normally be
visualized with fading in color; if not, the reaction was generally stopped after two
hours. After concentration, treatment with base and anion exchange, the desired
alkenyl thianthrenium tetrafluoroborate salts can be isolated as analytical pure

samples using flash column chromatography over silica gel.

1) 1.03 equiv. Thianthrene-S-oxide (1); i

R 3.00 equiv. TFAA; 1.20 equiv. HOTf R S S
MeCN (0.25 M), 0 — 25 °C, 90 min ) S
2 NS H e 2 NS S BF
R > R 4 S

R3 2) DCM, NaHCOg3; (aq), 25 °C R3 1
NaBF,(aq), anion exchange

Figure 1.33. Regio- and stereoselective thianthrenation of unactivated alkenes.

1.4.1.2 Reaction development

During the course of evaluation for reaction parameters, different S-oxides
were examined (Table 1.3), including tetrahydrothiophene-1-oxide (1-6), which
showed reactivity for the synthesis of styrenyl sulfonium salts from styrenes. When
1-octene was used as the model substrate, thiophene based S-oxides (1-2 or 1-6)
only afforded trace amount of the desired products under the screened conditions.
Minor modification on the thianthrene-S-oxide core by changing one sulfur atom to

oxygen (phenoxathiine, 1-3) or nitrogen (phenothiazin, 1-4) was also detrimental to
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this reaction. Only thianthrene based S-oxides TT=0 (1) and TFT=0 (1-5)
afforded the corresponding 1-octenyl thianthrenium salts in 92% and 70% yields,
respectively, with similar E/Z ratio. TT=0 was chosen for further substrate scope
investigation not only because of its better reactivity, but also due to its easier
synthetic accessibility as compared to TFT=0. So far, thianthrene-S-oxide was
the optimal reagent for direct and selective C—H functionalization of unactivated
alkenes (at least for simple aliphatic alkanes).

R‘@
1) 3.0 equiv. TFAA; 1.2 equiv. HOTf ORF S—R
0 MeCN (0.25 M), 0 — 25 °C, 90 min 4 =
AN+ S, >
Me R”""R  2) DCM, NaHCO; (aq), 25 °C
NaBF,4(aq), anion exchange M
e
. . 2 . 0
D OO CUO ool ¢
o) N F S F Q
1-2 1-3 1-4 1-5 1-6
Entry S-oxides yield
1 1 92%?2
2 1-2 <10%"P
3 1-3 <10%P
4 1-4 ob
5 1-5 70%?2
6 1-6 traceP

Table 1.3. S-oxide screening table (a: isolated yields; b: based on LC-MS analysis).

Under the optimal reaction conditions, simple terminal mono-substituted,
internal symmetrical di-substituted and electronically biased di-substituted olefins
were thianthrenated well (Figure 1.34). Slight modification on the loading of
activating reagents or replacement of triflic acid with weaker acids such as
HBF4°Et2O was sometimes beneficial for stereoselectivity. For example, the E/Z
ratio increased from 10/1 to 17/1 for alkene 9 upon doubling the triflic acid loading,
while maintaining the yield of 71%. For alkene 11, a single isomer was obtained
when HBFsEt2O was used instead of triflic acid, which gave 20/1 E/Z isomer

mixture.
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1.4.1.3 Substrate scope
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Figure 1.34. Substrate table for simple alkenes. (a) 0.500 mmol scale, 1.03 equiv.
thianthrene-S-oxide (1), 3.00 equiv. trifluoroacetic anhydride (TFAA), 1.20 equiv.
trifluoromethanesulfonic acid (HOTT). Isolated yields. E/Z ratios were determined
by 'H-NMR. (b) 2.40 equiv. of HOTf was used to obtain higher E/Z ratio. (c) The
alcohol was partially acylated during the reaction. (d) 1.20 equiv. HBF4*Et-O
instead of HOTf was used to obtain higher E/Z ratio. (e) Reaction was performed

on 3.00 mmol scale. (f) Cyclododecene starting material used as a mixture of
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isomers (E/Z = 1/2). (g) E/Z ratio is not applicable. (h) 1.20 equiv. HBF4*Et.0O

instead of HOTf was used to obtain higher yields.

N
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29, 48% (>50:1)? 30, 58% (>50:1)? 31, 80% (>50:1)

F

Me,
Me 7%

32, 76% (25:1) 33, 57% (>50:1)

Figure 1.35. Substrate table continued with more functionalized/complex

molecules. (a) 2.40 equiv. of HOTf was used to obtain higher yields.

For cyclic alkenes such as 14, 18, 20, 21, 22 and 25, HBF4*Et20 was used to
obtain better yields. Regardless of the ring size, good yields were obtained for
cyclic alkenes from the 5-membered cyclopentene (21) to the 12-membered
cyclododecene (14). The geometry of the double bonds remains unchanged
during the functionalization process, as can be seen from trans-(2) and cis-4-
octene (3). For the case of cyclododecene 14, where the starting material consists
a mixture of isomers (E/Z = 1/2), a 1/1 product isomer mixture was obtained,
suggesting the reaction rate might be zero order regarding cyclododecene
substrates concentration under the discussed reaction conditions. However, the
regioselectivity diminishes for other 1,2-di-substituted olefins: thianthrenation of
(E)-but-2-en-1-yl methyl terephthalate (0.500mmol, stirred at 0 °C for 45 min) gave

44% isolated yield (all 4 stereoisomers were observed based on LC-MS analysis,



50 Results and Discussion for Thianthrenation of Alkenes

the ratio was not determined). For substrates containing more than one alkene
functionality (5, 22, 23 and 24), only mono functionalization was observed, which
might be explained by the introduction of a cationic substituent which hinders a
subsequent reaction to form the reactive dication sulfur species (thianthrenium

dication, vide infra) due to electrostatic repulsions.

To further establish the utility of the current C—H functionalization
methodology, several more structurally complex and functionalized molecules
were tested (Figure 1.35). For example, Nicotinic acid (27), Cinchophene (28),
Probenecid (28), Fluazinam (29), Piperidine (30), Bicalutamide (31),
Epiandorosterone (32), and Lithocholic acid (33)-derived terminal alkenes were all
thianthrenated in mediocre to good yields (between 48% and 80%) with high regio-
and stereoselectivity. In the presence of functional groups such as pyridine and

qguinoline, twice the amount of triflic acid was introduced to obtain higher yields.

Overall, for all a-olefins, the E-alkenyl thianthrenium salts were isolated as
major products, often without detectable Z isomer, when analyzed by NMR
spectroscopy. Functionalization of internal alkenes proceeded with retention of the
double bond geometry for both E (2 and 22) and Z (3 and 23) olefins. Steric
hindrance in the allylic position does not interfere with productive functionalization
(6 and 7). Acidic protons such as NH in amides (17 and 31) and OH in alcohols (9)
are well tolerated, though in the alcohol case (9), the OH group was partially
acylated under the acidic reaction conditions. Vulnerable bis-benzylic and allylic
C(sp®)-H bonds (12 and 13) are compatible without double bond isomerization or
allylic functionalization. In short, functional groups such as primary alcohols (9),
imides (11), ethers (15), amides (17), pyridines (26), quinolines (27), sulfonamides
(28), nitros (29), piperidines (30), sulfones (31), nitriles (31), ketones (32), and
esters (32 and 33) are compatible. Selective monofunctionalization is observed for
dienes (5, 23, 24) and a triene (22). The electron neutral and poor arenes remain
intact, while electron rich ones undergo aromatic thianthrenation,*® which leads to
a reactivity guideline for further applications as arene (8°) > a-olefin > arene (3°)

> arene (8%).
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1.4.1.4 Limitations
Apart from those successful substrates, additional alkenes were evaluated
during the substrate scope examination process. Most of the failed examples

(Figure 1.36) fall into three different categories according to their outcomes:

Isomer mixture
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Figure 1.36. Failed substrates that did not work or work well.

1) Product isomers were obtained. Either there was acid sensitive functional
groups such as acylated saccharide derivative yielded a/f isomers due to
anomeric effect and ring closure/opening isomerization (the starting material
was a single a isomer), unsymmetrical internal double bond resulted in E/Z
isomer products, or styrene like compounds gave thianthrenation on both the

aryl and the alkenyl parts.

2) The desired product mass can be detected by LC-MS from the reaction
mixture, but not identifiable on NMR after purification. Decomposition possibly
occurred during column chromatography, which means the desired alkenyl

thianthrneium salts are not stable enough to be isolated by flash column
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chromatography over silica gel. Those compounds either contain basic
functional groups such as amines, a,p-unsaturated moieties like acrylates or
sterically hindered substituents like in the norbornadiene case. Preliminary
trials with other purification methods such as HPLC on C18 packed columns

were unsuccessful.

3) LC-MS or TLC analysis cannot identify any major product from the crude
reaction mixture. Neither 2,2-disubstituted alkenes nor compounds containing
very acidic allylic protons worked in general. All of the thianthrene-S-oxide was
consumed, suggesting functionalization occurred but possibly resulted in

unexpected side reactions such as allylic functionalization.

1.4.2. Studies on alkenyl thianthrenium salts as alkenyl electrophiles

As stated in Part 1.1.4, the aryl thianthrenium salts are good aryl electrophiles
for transition-metal-catalyzed cross-couplings and photoredox catalysis. If alkenyl
thianthrenium salts can also function as alkenyl electrophiles, which are not easily
accessible directly from the non-prefunctionalized olefin (vide ante Part 1.1.3).

1.4.2.1 Transition-metal catalysis

Indeed, like their aromatic counterparts, the alkenyl thianthrenium salts serve
as excellent electrophiles in the follow up transformations (Figure 1.37). Palladium-
catalyzed cross coupling reactions generally proceed with retention of the double
bond geometry (34, 35, 36), and all sp3, sp? and sp hybridized carbon coupling
partners were alkenylated well. The alkenyl thianthrenium salts can also serve as
suitable alkenyl electrophiles for ruthenium-based catalysis, which enables the
synthesis of alkenyl halides (37, 38) and pseudohalides (39), stereoselectively. For
example, chlorination in the presence of [Cp*Ru(MeCN)s]PFe as catalyst was
performed successfully on a gram-scale, and alkenyl trifluoromethyl thioether,
which is difficult to access otherwise, is readily obtained.®® Although Ru(ll)
catalysts are often proposed to have slow oxidative addition to alkenyl halides,*®*
[Cp*Ru(MeCN)s]PFs showed robust catalytic reactivity in the reactions using

alkenyl thianthrenium salts as electrophiles.

Sonogashira couplings (Figure 1.38) with tri-substituted alkenyl thianthrenium
salts (2-TT and 3-TT) with phenylacetylene under palladium catalysis resulted in

E/Z isomer mixtures. The E/Z ratios were as stereoselective as coupling reactions
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with alkenyl bromides, suggesting the limitation of the coupling method and not the

alkenyl electrophile.t9
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Figure 1.37. Synthetic applications of alkenyl thianthrenium salts. (a)
CyclopropylznBr (3.0 equiv.), Pd(PPhs)2Cl2 (20 mol%) in THF (0.1 M). (b)
Phenylacetylene (2.0 equiv.), N-methylmorpholine (2.0 equiv.), Cul (25 mol%),
Pd(PPh3)2Cl2 (10 mol%) in THF (0.1 M). (c) 2-Vinylnaphthalene (2.0 equiv.),
K2COs (2.5 equiv.), Pdz(dba)s (10 mol%) in DMF (0.1 M). (d) LIiCl (1.5 equiv.),
[Cp*Ru(MeCN)3]PFs (1 mol%) in THF (0.1 M). (e) LiBr (1.5 equiv.),
[Cp*Ru(MeCN)3]PFs (5 mol%) in THF (0.1 M). (f) [MesN*]["[SCF3] (1.2 equiv.),
[Cp*Ru(MeCN)3]PFs (5 mol%) in THF (0.1 M).
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H Cul (25 mol%)
Pd(PPh3),Cl, (10 mol%)
| | N-methylmorpholine (2.0 equw)
2-TT +
THF, 25°C, 16 h
(2.0 equiv.) 40-Z (84%) 40-E (7%)
H Cul (25 mol%)
Pd(PPh3),Cl, (10 mol%)
| | N-methylmorpholine (2.0 equw)
3-TT +
THF, 25°C, 16 h
(2.0 equiv.) 40-Z (2%) 40-E (90%)

Figure 1.38. Sonogashira coupling between tri-substituted alkenyl thianthrenium

salts (2-TT and 3-TT) and phenylacetylene.

1.4.2.2 Direct nucleophilic displacement

When alkenyl thianthrenium salt 11-TT reacted with nucleophiles like cyanide
and carboxylate, interesting results were obtained (Figure 1.39). For cyanide, cine
substitution took place, in which case, the alkenyl thianthrenium salt can possibly
viewed as a Michael acceptor—1,4-conjugated addition yields a thianthrenium
based ylide which undergoes deprotonation to give the final product 11-CN. The
examination of similar Michael acceptor reactivity on the corresponding alkenyl
bromide failed, possibly due to lack of a positively charged electron acceptor like
the thianthrenium cation. Unlike the aforementioned ruthenium-catalyzed
(pseudo)halogenation reactions, carboxylation of 11-TT afforded the carboxylated
product 11-OCOPh as a mixture of E/Z isomers regardless of the presence or the
absence of the ruthenium catalyst. In addition, the double bond was shifted one
carbon towards the original allylic position. Mykhailo Kondratiuk, a master student
in our group, also found aziridine formation when 11-TT reacted with benzylamine.
He is now systematically studying the reactivity of alkenyl thianthrenium salts with

different nucleophiles.
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Figure 1.39. Direct nucleophilic displacement of alkenyl thianthrenium salts, and
their reactivity comparisons with alkenyl bromides.

With the current data in hand, Mykhailo Kondratiuk categorized the reactivity
of alkenyl thianthrenium salts with various nucleophiles into three types according
to the nucleophilicity of the incoming nucleophiles (Figure 1.40). Type | represents
strong nucleophiles such as cyanide, where nucleophilic attack happens on the
alkenyl carbon adjacent to TT by forming a neutral sulfur ylide intermediate,
followed by protonation, and TT elimination to give B-carbon substituted products.
Type Il requires doubly nucleophilic atoms such as primary amines to afford cyclic
compounds with a propylene bridge. Type Il shows a completely new reactivity
that affords allylic substitution with double bond shift. Detailed explanation and

mechanistic investigation are still underway by Mykhailo Kondratiuk.



56 Results and Discussion for Thianthrenation of Alkenes

@
R~ AT < R_~_B 1T
Weak
Strong Strong nuc_leophiles,
nucleophiles double-nucleophiles basic ®
o -H
+N U@ +Nu—H

Nu Nu- ? o R~ ~ZTT
R \/\)\?TT R \/\)\e/TT

) .

l*-H@
Nu N ®
® u;) ® R MTT
R \/\)\/TT R TT

o
©
l—TT,—H® l_TT +Nu l
Nu Nu
RM R~ R~~~ Nu
Type | Type Il Type Il

Figure 1.40. Plausible reaction pathways for alkenyl thianthrenium salts with
different nucleophiles (drafted by Mykhailo Kondratiuk and modified by Junting
Chen).

1.4.2.3 Photoredox catalysis

Beyond conventional transition-metal-catalyzed transformations and catalyst-
free direct nucleophilic displacement, alkenyl thianthrenium salts are also reactive
under photoredox catalysis (Table 1.4). However, unlike the transition-metal-
catalyzed reactions, retention of the double bond geometry vanished after
irradiation. Under the iridium-catalyzed photoredox reaction conditions that we
have used for fluorination of aryl thianthrenium salts,®® the best result obtained for
model substrate (11-TT) was trifluoromethylation, which yielded E isomer in 49%
yield. Trials for fluorination and trifluoromethyl thioetherification resulted in E/Z
isomer mixtures, with 5/1 ratio in 79% yield and 8/1 ratio in 53% yield, respectively.
Systematic evaluation of different solvents, photoredox catalysts and reagent
sources is still on going to improve the yields and stereoselectivity. This E/Z
isomerization phenomenon can be explained by the intermediacy of alkenyl
radicals, which can isomerize via a linear 1 type radical transition state after
excitation.% Further exploration on the reactivity of alkenyl thianthrenium salts

under photoredox catalysis requires the identification of a photocatalyst, which can



Results and Discussion for Thianthrenation of Alkenes 57

reduce the alkenyl thianthrenium salt, yet not lead to alkene isomerization; or other
more reactive radical trap reagents such as alkyne, alkenes and other radical

sources should be used to outreach the rate for alkenyl radical isomerization.

1 mol% Ir[dF(CF3)ppylo(dtbpy)PFg

1.5 equiv. Cu(MeCN),BF,
M-TT + Nu > X Nu
acetone, 30 °C, LEDs, 20 h

Nu Reagents yield (E/Z)
© 1.2 equiv. CsF 79% (5/1)
1.5 equiv. CuSCN,
) 1.5 equiv. TMSCF; 49% (E onl
CF3 and 1.5 equiv. CsF o (E only)
in DMF
@sca, 1.2 equiv. Me,;NSCF5 53% (8/1)

Table 1.4. Functionalization of alkenyl thianthrenium salts with different

nucleophiles under photoredox conditions.

All of the results discussed in this section not only show alkenyl
thianthrenium salts better alkenyl electrophiles than alkenyl bromides in transition-
metal-catalyzed cross-coupling and direct nucleophilic displacement, but also
suggest the potential utility of alkenyl thianthrenium salts as alkenyl radical
precursors in photoredox catalysis. While under visible-light irradiation, alkenyl
radicals are difficult to access from the common alkenyl electrophiles mentioned in
Part 1.1.3.

1.4.3. Identification of dicationic alkyl thianthrenium species and their role for
stereo- and regioselectivity

Preliminary mechanistic research on reaction kinetics showed that, upon
addition of triflic acid, an intermediate formed immediately in quantitative yield
based on NMR analysis (Figure 1.41). The intermediate remained unreacted in the
acidic reaction conditions for at least 2 hours. Further characterization showed that
trans-4-octene (2) gave 2-INT exclusively. After treatment with agueous NaHCOs,
the bicyclic intermediate (2-INT) afforded the corresponding alkenyl thianthrenium

salt (2-TT) as a single isomer (Figure 1.42).
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Figure 1.41. Evidence for the dicationic thianthrenium salt 2-INT formation by NMR.

ZPr FuII conversion
Pr H OTf

[2-INT] 2 i

Me
-TT
T T T T T T T T T T T T T T T T T T T T T T T
10.5 10.0 9.5 2.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 -0.5
f1 (ppm)

Figure 1.42. Evidence for the formation of alkenyl thianthrenium salt 2-TT from 2-
INT.
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Figure 1.43. Cyclic voltammogram for the oxidation of thianthrene (5 mM) in
acetonitrile containing sodium triflate (0.1 M), trifluoroacetic anhydride (60 mM),
and a ferrocene internal standard (5 mM); sweep rate = 87 mV-sl. Ferrocene
internal standard (Fc/Fc* = 0.37 V); thianthrene to thianthrene radical cation peak
potential = 1.21 V; thianthrene radical cation to thianthrene dication = 1.74 V.
(Measured by Dr. Matthew Plutschack)

We proposed such a stereoselective process to be controlled by a
stereospecific mechanism, which in this case is consistent with an unusual [4+2]
cycloaddition between the olefin substrates and a dicationic thianthrenium dication
spieces. To substantiate the validity of the unusual thianthrenium dication as a
reaction partner, we tried to observe it by cyclic voltammetry. In the CV analysis
(Figure 1.43), two oxidation peaks were observed, suggesting two sequential one
electron oxidation processes, but the second single electron transfer was
electrochemically quasireversible, which might be a result of reduction by solvent
or something in the solvent. Considering the relative oxidation potentials, we
assigned the first peak (1.21 V) to one electron oxidation of thianthrene to
thianthrene radical cation and the second one (1.74 V) as one electron oxidation of
thianthrene radical cation to thianthrene dication. Nevertheless, quantitative
characterization of their formal potentials requires more sophisticated

measurements and is beyond the scope of the current research.
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Figure 1.44. Constant potential UV/Vis absorption spectra of thianthrene (0.8 mM)
in acetonitrile containing trifluoroacetic anhydride, and tetrafluoroboric acid diethyl
etherate with an applied potential of 0.0 V (top left), 1.4 V (top right), and 1.8 V

(bottom). (Measured by Dr. Matthew Plutschack)

With the relative oxidation potentials in hand, we tried to differentiate the
possible species by recording their UV/Vis spectra in an electrical cell at constant
potentials. As expected, three different absorption peaks were detected when the
corresponding oxidation potentials were applied (Figure 1.44). The absorption peak
shifted from 530 nm to around 355 nm when the oxidation potential changed from
1.4 V to 1.8 V, which suggests two different species in solution. In combination
with the CV data, we proposed the existence of the thianthrene radical dication
species, which can react as a 41 diene. We cannot rule out an addition of the
thianthrene radical cation to the olefin, followed by single electron oxidation and
subsequent cyclization to the bicyclic adducts, but oxidation and cyclization should
occur faster than C-C single bond rotation to ensure the observed selectivity.
Attempts to thermally induce a cycloreversion of the cycloadduct 2-INT was not
successful, possibly due to its two formal positive charges that also prevented

experiments such as flash-vacuum-pyrolysis.
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> + + others
H Pr different solvents Et/\%\/Et @[SID

23 °C, 20 mins

Pr 2 NT 2-TT T
Base Solvent Results
NaHCOs MeOD Full conv., major 2-TT, trace TT
NaHCOs DMSO-ds Full conv., >80% decompositionto TT
Na2CO3 MeOD Full conv., messy, some 2-TT and TT
Na2CO3 DMSO-de Full conv., >60% decompositionto TT
Na2CO3 CD2Cl2/MeOD (1/1) Full conv., major 2-TT, trace TT

Table 1.5. Examination of 2-INT in various solvents and with different bases.

When the base treatment was omitted, dicationic cyclothianthrenium salts
can be isolated from the studied cases. Those dicationic cyclothianthrenium salts
are relatively stable on bench, for example, no detectable decomposition was
observed for 2-INT when stored in a brown borosilicate vial at room temperature
for three months. However, the energetically less favored 3-INT, synthesized from
cis-4-octene (3), is less stable and decomposes slowly in MeCN-ds within an

overnight 13C-NMR time scale.

Preliminary examination revealed that deprotonation of dicationic
cyclothianthrenium species 2-INT is sensitive to reaction conditions (Table 1.5):
relatively basic conditions such as NaHCO3 in combination with DMSO-ds resulted
in over 80% of decomposition while the same base in MeOD promoted the desired
deprotonation reaction. To simplify the deprotonation and purification steps,
CH2Cl2/H20 biphasic system was employed. Treatment of either bicycle (2-INT or
3-INT) with mild base, such as aqueous (bi)carbonate, resulted in clean and high-
yielding conversion to the corresponding alkenyl thianthrenium salt 2-TT or 3-TT,

respectively, with complete selectivity of olefin geometry (Figure 1.45).

Stereoelectronic considerations dictate that the elimination cannot proceed

by an E2 mechanism due to the geometry of the bicycles 2-INT and 3-INT, which
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prevent an antiperiplanar arrangement of leaving group and proton. An E1
mechanism cannot be excluded but is unlikely due to the near complete degree of
fidelity of double bond geometry. Overall, an E1cBir mechanism where rate-
determining deprotonation is followed by a rapid elimination %7:19 would be

consistent with all experimental observations.
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Figure 1.45. Mechanism for regioselective thianthrenation of alkenyl C(sp?)-H

bonds.

l.4.4. Preliminary investigation on dicationic alkyl thianthrenium species

After isolation and characterization of the dicationic alkyl thianthrenium
compounds 2-INT and 3-INT, we examined the [4+2] cycloaddition concept on
other internal alkenes, and further explored the utility of dicationic alkyl

thianthrenium species as intermediates for cis-difunctionalization of alkenes.

By treating alkene substrates with a stoichiometric amount of thianthrenen-S-
oxide and excess of trifluoroacetic anhydride and triflic acid in MeCN at 0 °C, the
desired dicationic alkyl thianthrenium products can be obtained via trituration with
diethyl ether after evaporating the volatiles from the reaction mixture (Figure 1.46).
Super-stoichiometric amount of triflic acid is uitilized to minimize the exchange of

triflate couterion by trifluoroacetate in the final products.
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Figure 1.46. Substrate table for dicationic thianthrenium formation.

Beyond 2-INT and 3-INT, the unsymmetrical internal alkene (E)-hex-3-en-1-yl
4-benzoylbenzoate, which gave regio- and stereocisomer mixtures in C-H
thianthrenation of alkenes, afforded the dicationic alkyl thianthrneium 4-INT as a
single stereoisomer in 87% yield. Internal alkene (1Z,9Z)-cyclohexadeca-1,9-diene
also gave the desired mono dicationic alkyl thianthrenium 5-INT in 85% yield.
Terminal alkenes are also good substrates under the standard reaction conditions

according to Mykhailo Kondratiuk’s reports.

Dr. Pascal Stephan Engl found that thianthrene can be oxidized in situ by
oxidants like Selectfluor, and the resulting reactive species can provide C-H
thianthrenated products for arenes. We wondered if the alkyl dicationic product
could be harnessed under similar conditions. On the other hand, the bicyclic
dicationic species are similar to halonium ions with less ring strain, at least
structurally and stereoelectronically. Considering the high reactivity of halonium
ions with nucleophiles (even react with a weak nucleophile like water), the
electrophilic reactivity of the dicationic alkyl thianthrenium salts seems promising
as well, ideally in a diastereoselective fashion. If both assumptions are viable, we

have a chance to achieve catalytic cis-difunctionalization of alkenes (Figure 1.47).
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Figure 1.47. Proposed catalytic cis-difunctionalization of alkenes via thianthrene

catalysis.

Initial attempts were made for the proposed catalytic transformations by
reacting (E)-hex-3-en-1-yl 4-benzoylbenzoate with Selectfluor and 1,3-
diphenylurea in the presence of catalytic amount of thianthrene. Unfortunately,
only trace amount of alkenyl thianthrenium salts were detected, but it at least
suggested the possible intermediacy of alkyl dicationic species from thianthrene
and Selectfluor (vide ante Part 1.4.3).

The electrophilic reactivity of the dicationic alkyl thianthrenium salts were
examined by reacting with various nucleophiles. When the reactions were
performed in MeCN (Figure 1.48), only trace di-substituted products were obtained
in two cases, undesirable elimination reactions were observed, and the undesired
allylic substituted alkenes, alkynes or conjugated dienes were detected as major
products. So far, direct nucleophilic displacement of the dicationic thianthrene has

not yet been successful.

Considering both the observation of alkenyl thianthrenium salts under
catalytic conditions and the aforementioned ongoing direct nucleophile attack on
alkenyl thianthrenium salts (vide ante Part 1.4.2), a promising direction would be

the stereoselective C—H functionalization of alkenes via thianthrene catalysis.
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Figure 1.48. Reactivity of dicationic thianthrenium salt with nucleophiles.
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|.5. Conclusion and outlook

Here, | described a straightforward C—H thianthrenation of alkenes. Unlike
the addition to generate functionalized alkanes, which is mostly known for alkene
reactions with electrophiles, C—H thianthrenation provides alkenyl thianthrenium
products while maintaining the double bond functionality. The reagent we
introduced is a thianthrene-S-oxide, which can be activated in situ with anhydrides
and acids to afford a reactive thianthrenium dication species, as characterized by
CV and UV/Vis analysis. In the presence of alkenes, the thianthrenium dication
acts as a diene and reacts with the alkene dienophile via a stereospecific [4+2]
cycloaddition mechanism. When treated with base, the resulting cyclo-dicationic
thianthrenium species undergo a proposed rate-determining deprotonation
followed by a rapid elimination (E1cBir mechanism) to afford alkenyl thianthrenium
salts. The C—H thianthrenation reaction of terminal olefins is robust, as can be
seen by its wide functional group tolerance and excellent regio- and
stereoselectivity. The corresponding alkenyl thianthrenium salts are good alkenyl
electrophiles in palladium and ruthenium catalyzed cross-coupling reactions to
forge alkenyl C-C, C-Cl, C—CF3 and C-SCFs bonds. Overall, the discussed
method provides an alternative option for the synthesis of alkenyl electrophiles
through direct and stereoselective C—H functionalization of alkenes. Further
exploration into the phtoredox reactivity of the alkenyl thianthrenium salts hints at

access of alkenyl radicals that are otherwise difficult to obtain.

C—H thianthrenation of alkenes works well for terminal and symmetrical and
electronic biased internal olefins, nevertheless, for unsymmetrical internal olefins,
thianthrenation gives a mixture of regio- and stereoisomers. For future
development of C—H functionalization of alkenes, it would be of interest to target

the remaining challenges.

The finding or proposal of the thianthrenium dication reactive species also
inspired our group members to evaluate the mechanism for C—H thianthrenation of

arenes in a new direction.
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[I. FLUORINATION OF ARYL THIANTHRENIUM SALTS
[1.1. Introduction

The past 20 years witnessed the surge of fluorine chemistry from a subfield
in organic chemistry to a multidisciplinary research topic, most outstandingly in
applications in pharmaceuticals and agrochemicals.1%%2% As mentioned in many
research papers and reports, 2°t over 50% of blockbuster drugs contains fluorine,
which might be because of the unique electronic (Pauling electron negativity, 4.0),
physical (sensitive in nuclear magnetic resonance spectroscopy) and biological
properties (BDEc-r = 116 kcal/mol, resistant to most metabolism systems)
introduced by fluorine. For instance, CFsz can be treated as a bioisostere of an
ethyl substituent with higher inhibition potency on matrix metalloprotease-9 (MMP-
9; gelatinase B),?°2 possibly due to its higher hydrophobicity when accommodated
in a tight and deep hydrophobic pocket.?%® Another representative example is
Ezetimibe (Figure 11.1),294:295 a cholesterol-absorption inhibitor, to which, the
introduction of fluorine dramatically increases the metabolic stability of the lead
compound. For the original SCH48461 candidate, the C—H bond at the para-
position of a phenyl substituent can be easily oxidized to C—OH under metabolic
conditions, while the methyl ether of one anisole moiety dealkylated. Since the
fluorine atom is similar in size to hydrogen, and C—F bond is one of the strongest
organic single C—R bonds, the overall topology of a molecule was not significantly
affected, lengthening the drug candidate’s half-life with blocked metabolism
pathways. Indeed, displacement of those two metabolic vulnerable sites in
SCH48461 with fluorides leads to a roughly 400-fold increase in potency for
monkey treatments. In 2018, there are 17 new fluorine-containing drugs profiled
and introduced to the market with approval from the food and drug administration
(FDA).2% Among those 17 drugs, 30% contain (hetero)aryl fluorides, such as

encorafenib, binimetibib, daconitinib and fostamatinib (Figure 11.2).
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Figure 11.1. Replacement of metabolic sensitive sites with biologically more stable
C-F bonds increases the potency of the leading compound and leads to the
discovery of Ezetimibe.
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Figure 11.2. Examples of aryl fluorides containing drugs approved by FDA in 2018.

One of the fluorine isotopes, 18F, is widely used in positron emission
tomography (PET) tracer designs. Since 8F has very short half-life (109.7 min), it
needs to be installed at a very late-stage.??"2%® The method targeted in this thesis
has not yet been applied to radiochemistry. Therefore, the following discussion will
only be in the context of °F-fluorides.

For most of the aryl fluoride containing drugs, the fluorine atom is often
introduced via a building block either in the middle or at the beginning of a
synthesis (Figure 11.3), which means, de novo synthetic design is required if one
wants to access targets with different substituents other than fluorine. As

mentioned in Part 1.1.2, methods enabling direct functionalization of C—H to install
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a lynchpin would simplify most diversifications and new drug candidate screening
processes. Considering the large population of aryl fluoride and quantity of aryl C—
H bonds presented in drug candidates, it is highly demanded to develop a method,
which can directly introduce fluorine onto arenes at a late-stage, ideally in a site-

selective fashion.

N\\I 98% H,SO,, 65% HNO; N\j SOCl, F N\\I
NH o o NH ° o N
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Cl daconitinib

Figure 11.3. Synthetic routes to daconitinib.

[I.1.1. Late-stage fluorination of arenes

Fluorides on aromatic frameworks are traditionally introduced under harsh
conditions that are not compatible with many functional groups, such as
employment of elemental fluorine,?% fluorination of aryldiazonioum salts with HBF4
(Balz-Schiemann reaction), 2% or nucleophilic aromatic substitution (SnAr) of
electron-deficient aryl nitrates or chlorides (Halex reaction).?! Since Dupont’s
report on a principle catalytic fluorination of arenes by CuF2 using HF as terminal
fluoride source and O2 as oxidant,?*> many methodologies for fluorination of
arenes have been published in the past years. Most of them focused on transition
metal mediated incorporation of fluorine to a prefunctionalized position such as
positions containing borates, stannanes, iodonium salts, and (pseudo)halides
using electrophilic fluorinating reagents like Selectfluor, NFSI or alkali fluoride
sources. Generally speaking, alkali fluoride sources are more appealing not only

for the sake of green production with less waste in industrial synthesis, but also for
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their amenability to valuable '®F-labeled compounds. Because eF-fluoride is
readily available while electrophilic *8F-fluorine sources are often synthesized from

1BE-fluoride with relative low specific activity (S.A.=radio activity/mass).?!3
Y reductive Y
cat. [M] ellmlnatlon
+ LPd°
LMP A
E

reductive oxidative
elimination addition

N\

increasing difficulty
in Pd-catalyzed C-Y
reductive elimination

LMn+2_Y LMn+2_X

ligand exchange

X=Br, CI, |
X~ Y~ Y=P,5,N,O,F reaction coordinate

Y

Figure I1.4. Metal catalyzed cross coupling reactions, especially palladium
catalyzed aryl-hetero bonds formation and their relative energy barriers for

reductive elimination from the corresponding aryl-M(L)—X intermediates.

Transition metal promoted aryl-hetero atom bonds formation has been
extensively studied since the late 1900s (Figure I1.4). Catalytic cross-coupling
reactions forging aryl-N, aryl-S, aryl-O bonds provided evidence for the
mechanistic feasibility of catalytic aryl-F transformations.?'# In 1997, the very early
experiments done by the Grushin group on aryl palladium fluoride (Pd"F)
complexes failed to give aryl fluorides via reductive elimination. 2> The
triphenylphosphine ligated aryl Pd"F complexes [(PhsP)sPd(Ar)F] prepared from
[(PhsP)sPd(Ar)l] and AgF, were found to be stable in air. Initial studies on reductive
elimination only found P—F and P—C products. The first conceptual breakthrough
for catalytic fluorination was achieved by the Sanford group in 2006 by using
electrophilic fluorine sources in combination with palladium(ll) catalysts (Figure

I1.5a).216 The silver catalyzed fluorination of arylstannanes was later developed in
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the Ritter group, and the substrate scope showed great functional group tolerance
(Figure 11.5b). 217 Until then, catalytic fluorination was only achievable with

electrophilic fluorinating reagents proceeding with strong electrophilic fluorine

sources.
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2.5 eq. SelectFluor A]/@_ @BF
7 N - (¢ N InJo
=N MeCN/PhCF3 =N F'® BF4
pwave, 150 °C, 1.5 h F
69% SelectFluor
5.0 mol% Ag,O
b. 2.0 eq. NaHCO4 ol
1.0 eq. NaOTf F A\l/@_ ePF
1.5 eq. F-TEDA-PFg4 [NJ@ 6
> : PF
acetone, 65 °C F ® ®
R R'= Me, Bu R F-TEDA-PFg
z
I ! /ZJ
HN :
B “ N CO,Me
F e I X ‘OH H 2
(0] No
N. = F H Boc
78% 75% 92%

AcO

AcO

72%

Figure I1.5. Palladium and silver catalyzed fluorination reactions using electrophilic

fluorinating reagents.
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Figure 11.6. ‘BuBrettPhos facilitated formation of arylfluoride from aryltriflates via

reductive elimination from [BrettPhosPd'(Ar)F] species.

It was not until 2009 that catalytic fluorination with nucleophilic fluorides

became possible via palladium catalysis in the presence of fine-tuned BrettPhos

ligands developed in the Buchwald group.?!® The reason for such a long time gap

for fluoride to be incorporated in metal catalyzed transformations is that there are

several fundamental challenges:

1) Formation of aryl-F bond by reductive elimination in transition metal catalysis

is difficult, especially for metals at normal oxidation states (with respect to high
oxidation states).?1%220 Careful mechanistic investigations done by the Hartwig
group for palladium catalyzed aryl-hetero bonds formation revealed that the
rate for reductive elimination is associated with the nucleophilicity of coupling
nucleophiles in the following order: C—-P>C-S>C-N>C-O (Figure 11.4 b).??

One plausible reason for this trend is the increasing ionic character of M—X
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bond. On one hand the ionic bond tends to decrease the M-aryl and M-X ©
bonds orbital overlap that is responsible for reductive elimination; on the other
hand, the thermodynamic stability of aryl-M(L)—X complex is increased, thus
the thermodynamic driving force for reductive elimination decreases. Such
effect will be more significant when applied to M-F as fluorine is the most
electronegative element.

2) Fluoride forms strong hydrogen bonds with protic hydrogens such as protons
in water/alcohol/amine, which typically decrease the nucleophilicity of fluoride
and weaken the reactivity for SnAr reactions. While hydrogen bond donors are
excluded, fluoride shows more basic characters which leads to undesired side

reactions such as deprotonation of nitromethane.???

1.2 eq. DBU
THF, rt., 12 h

90%

"Bu

7.5 eq. AgF

DCM,rt., 4 h
88%

Figure I1.7. Preliminary mechanistic data for palladium catalyzed fluorination.

Mechanistic investigation for this discussed palladium catalyzed fluorination
system suggested an in situ catalyst generation via dearomatization of the
palladium catalyst precursor.??® Upon treatment with base, a palladium(0) species
is formed, and reacts with aryl triflates/bromides to give aryl-Pd(L)-X species.
After halide exchange, the resulting aryl-Pd(L)—F species afforded the desired aryl
fluoride species (Figure I11.7). The observation of regioisomers from standard
reaction conditions is not fully understood in the moment (Figure 11.6), but most
likely introduced by intermediacy of palladium aryne intermediates formed under
basic conditions. Further ligand examination enables room temperature

fluorination of aryl triflates and bromides.??*
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Aryl boron reagents can afford arylfluorides via metal mediation or catalysis
in the presence of electrophilic fluorine sources or nucleophilic fluorides in
combination with external oxidants. In most cases, one characteristic feature is the
incorporation of aryl metal species generated from transmetallation of aryl boron
reagents with metal precursors. Metal species like palladium (Figure 11.8a),%%°
silver (Figure 11.8b)?? and copper (Figure 11.8¢)??7:228.229 readily generate aryl metal
species, which are subsequently oxidized to afford high valent aryl metal fluoride
species followed by reductive elimination to deliver the desired arylfluorides. One
exception is the Pd(lll) catalyzed fluorination of aryl boronic acid and derivatives
developed by the Ritter group.?3° Kinetic data suggest a single-electron-transfer
(SET) pathway without formation of aryl metal intermediate (Figure 11.8d) and a
turnover-limiting oxidation of Pd(ll) to Pd(lll) (rate law showed zero-order
dependence on aryl trifluoroborate, first-order on palladium catalyst, saturation
kinetics for terpyridine, and a non-integer kinetic order of 1.4 with respect to
Selectfluor). On the other hand, Pd-ll was isolated and characterized when
precatalyst Pd-l1 was treated with one equivalent of terpyridine followed by one
equivalent of Selectfluor in MeCN. Pd-Il expresses a similar catalytic reactivity with
Pd-I for fluorination of arylborates, yet the fluoride radical transfer is not well
understood. One limitation of the Pd(lIl) catalyzed reaction is the inability to access
fluorinated heterocycles, which might confine its application, considering the wide

variety of heterocycles in drug candidates.
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Figure 11.8. Examples for fluorination of aryl boron reagents using palladium, silver

or copper reagents or catalyst.
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Except for the silver-catalyzed fluorination of arylstannanes (Figure I1.5b),
methods which offer the most diverse substrate scope and functional group
tolerance are those utilizing milder fluorinating reagents in the presence of
organometallic intermediates. The Pd(IV) fluorine reagent (Figure 11.9) developed
by the Ritte group showcases the high applicability of metal mediated
transformations for late-stage fluorination by adapting their syntheses to *8F-
labeling of aromatic complex molecules.?3! As demonstrated above, a reaction has
to be efficient for F-synthesis due to the short half-life time of *®F-fluoride, and
BE-fluoride in water is the ideal reagent. Besides, in 8F-chemistry, the 18F-fluoride
source is on a nanomole scale, which requires a robust reaction to minimize side
products. One striking property of this Pd(IV) fluorine reagent is that it turns a
anhydrous fluoride into an electrophilic fluorine source. A similar reagent based on
Ni(Il) (Figure 11.10) was later developed by the same group.?®? The well-defined
Ni(Il) complex reacts with oxidant and aqueous fluoride at room temperature and
affords aryl fluorides within one minute. This new metal mediated fluorination
method enables straightforward and practical late-stage €F-labeling of complex
small molecules, which is further established by its successful implementation in
producing F-5-fluorouracil with a quality and in quantities suitable for PET

imaging in humans.233

Besides transition metal facilitated C—F bond formation, fluorinating reagents
have also been developed over the past ten years, which mainly focus on the
deoxyfluorination of phenols. Those reactions might benefit from the inertness of
the side products based on oxygen such as 1,3-bis(2,6-diisopropylphenyl)-1,3-
dihydro-2H-imidazol-2-one (urea like) and SOs. PhenoFluor?3423% and its derivative
reagents?36.237 stand out with high functional group tolerance and broad substrate
scope, and no such a method for deoxyfluorination can compete until today
(Figure 11.11). The reaction was proposed to proceed through a concerted
nucleophilic aromatic substitution (CSnAr) mechanism to generate the
corresponding aryl fluoride and urea. 228 The radioactive version for 8F-
deoxyfluorination of phenols based on PhenoFluor structure was successful, albeit
the substrate scope is limited to electron-deficient aromatics. PhenoFluor and

AlkylFluor are good deoxyfluorinating reagents for aliphatic alcohols as well.235237
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Figure II.11. Structure of PhenoFluor and its derivative reagents and their
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applications in deoxyfluorination of phenols and alcohols.
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The biggest limitation of PhenoFluor-related reagents is the production of a
byproduct with high molecular weight, which restricts their broader applications in
large-scale synthesis. Deoxyfluorination of phenols using sulfuryl fluoride (SO2F2)
and tetramethylammonium fluoride (NMesF) works well to afford simple aryl
fluorides.?®® Despite difficulty in handling gaseous SO2F2, this protocol benefits
from the reagent with low cost and easy accessibility. The reaction was also
proposed to go through a CSnAr mechanism based on S(VI)-F to give the

thermodynamically favorable aryl fluoride and SOs.
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Figure 11.12. Deoxyfluorination with PhenoFluor and its derivative reagents.

Above all, fluorine can be introduced to a specific site, albeit most of the
functional groups must be pre-installed, and site-selective introduction of
boronates or others to aryl C—H bonds is scarce. Methods for fluorination of aryl
C—H bonds often suffer from low functional group tolerance or limited substrate
scope, because strong electrophilic fluorinating reagents such as fluorine gas or
directing groups are required. Selective C—H fluorination of pyridines and diazines
has been achieved by the Hartwig group using AgF2 as both oxidant and
fluorinating reagent via Chichibabin mechanism.?4° C—H bonds on the carbon next
to nitrogen of heteroarenes are fluorinated exclusively, though with regioisomers

when two similar C—H bonds are available.
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Figure 11.13. AgF2 mediated C—H fluorination of pyridines and diazines.

Recently, the Ritter group published a palladium catalyzed late-stage C—H
fluorination, which enables access to fluorinated aromatics that are difficult to
access otherwise (Figure 11.14).19% The reaction relies on a fine-tuned ligand
system (a tridentate terpyridne and a bidentate 2-chloro-1,10-phenanthroline) and
electrophilic fluorine reagent, such as Selectfluor or NFSI, to reach a hypothetical
octahedral Pd(IV)—F species, which is proposed to be a highly reactive fluorine
radical source. The palladium-catalyzed fluorination reaction worked well with
highly functionalized arene substrates, which are not obtainable with Selectfluor or
NFSI. However, regioisomers are produced together with the arene starting

material and cause purification/isolation obstacles.

For most of the fluorination reactions, conventional heating or strong oxidants
are often required for the fluorination to proceed efficiently. Fluorination methods,
harnessing green energies, visible light or electricity for example, are eco-friendly

alternatives.
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[1.1.2. Aryl radical precursors in photocatalysis

A renaissance in photocatalysis broke out with the development of
organometallic chemistry marching to maturity.?41242.243 |n combination with fine-
tuned ligands, metal complexes become reactive under various photoredox
conditions, which navigate their application to more diverse bond formation and
cleavage processes other than bleaching dark blue pigment. 244 Organo-
photoredox catalysts have also been extensively applied to organic synthesis in
the past decades,?*® and have similar reactivity to metal-photoredox catalysts. The
follow up discussion will take a metal-photoredox catalyst as an example to

explain their photochemical properties.

A singlet excited state triplet excited state
E Sh .
A intersystem
internal crossing
conversion m—
Sy T
A internal
absorption conversion
T4
b ti
absorption heat
phosphorescence
Y
A

singlet ground state

Figure 11.15. Jablonski diagram.

As described in quantum mechanics,?#624” a direct transition from the ground
state to a triplet state is symmetry-forbidden according to the parity of the orbital
wave functions during radiative processes (Figure 11.15). Therefore, a modern
photochemical active transition metal sensitizer reaches a singlet excited state via
visible light absorption followed by (internal conversion and) intersystem crossing
(ISC). A triplet excited state is generated and is mainly responsible for redox
chemistry. More specifically, the redox-active excited species are most likely
generated via a metal-to-ligand charge transfer where one electron shifts from a
metal d orbital (HOMO) to a m* orbital (LUMO) of the ligand. As such, the excited

species are both better reductants and oxidants compared to their ground states
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considering the frontier molecular orbitals. Indeed, the excited metal complexes
can be either oxidized or reduced under certain reaction conditions. When
sequenced with another reduction or oxidation process, the ground state

complexes can be regenerated, and the redox cycle completed (Figure 11.16).

ISC [RE]; [OX],

LUMO ¢ N T [RE], [OX],
A A eet
HOMO | | |
[PC” [PC™] 4., reductive oxidative o
PC™1] quenching hv quenching [PC™]
LUMO I +
HOMO H % [OX], (PCh = [RE],
[PC"] [PC™] [OX], [RE],

Figure 11.16. Possible reaction pathways of the excited metal species under

oxidation or reduction conditions.

Both the life-time and redox potential of the excited metal species can be
adjusted by ligand modification,?48249.250 which enables catalysis for a wide range
of bond activation and formation that used to require high intensity UV light
generated from specialized photoreactors. Therefore, the functional group
tolerance of reactions is substantially increased, and substrate scope widened.

0]
. 2.0 mol% Ru(bpy)sCl,
MeO,C NH,  pyridine, MeOH CO,Me
| + | | — > Me0,C”7 N2
N visible light
1

a

MeO,C .
Bn 96%
b. (0] 2.0 mol% Ru(L)3Cl,
MeCN ¢
Ar"OH  + Ph  ——— > L
visible light Ar H
N,*
L:diisopropyl [2,2'-bipyridine]-4,4'-dicarboxylate 28-100%
2.0 mol% Ru(bpy)sCl,
c. 0 MeCN 0
+ >
Ph)j\/Br l}l visible light ph)j\/H
Me 74%

Figure 11.17. Early examples of utilizing Ru(bpy)sCl2 as a photoredox catalyst in

organic synthesis in the 1980s and 1990s.
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Figure 11.18. Reactions, with metallophotoredox catalysts, stimulated the

renaissance of photochemistry in organic synthesis.
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Previously, these organometallics were used for harvesting light energy for
production of chemical fuels. Applications for organic synthesis promoted by
visible light were sparked (Figure 11.17) in the late 20t",251.252.253 mainly used for
hydrogenation and dehydrogenation reactions. It was not until 2008, as a flash of
insight that illuminated this photoredox chemistry area, the Yoon group, the
Stephenson group, and the MacMillan group, all independently had the idea of
using lightbulbs to solve challenging synthetic problems. In the MacMillan group,
by a combination of both Ru(bpy)sCl> photoredox catalyst and an imidazolidinone
organocatalyst (Im-cat), they harvested a C—C bond adjacent to an aldehyde in
asymmetric manner, which was previously elusive (Figure 11.18a).%>* The Yoon
group harnessed solar energy to address a [2+2] cycloaddition of bis(enone) in the
presence of the ruthenium photocatalyst (Figure 11.18b).2%% Using the same
photocatalyst, the Stephenson group was able to develop a tin-free reductive
dehalogenation reaction (Figure 11.18c).%% Later on investigation done by the
Konig group even enabled reduction of aryl halides with visible light irradiation via
a consecutive photoinduced electron transfer on perylene diimides N,N-bis(2,6-
diisopropylphenyl)perylene3,4,9,10-bis(dicarboximide) (PDI, Figure 11.18d).257

S
| ~,
N
"1, A\ '//,
AR ’ g
2NN
S ~ |
fac-Ir(ppy); Ir(dtbbpy)(ppy),PFe Ir[dF(CF)3ppyl,(dtbbpy)PFg Ru(bpy);Cl,
Vet —1.73 v IVl —0.96 v IVt _0.89 v Ru'/Ru'-1.33 v

Figure 11.19. Some photoredox catalysts with different ligands/metal centers and

their corresponding reduction potentials (V vs. SCE).

In addition to diversifying the reaction paradigms beyond hydrogen transfer,
another important characteristic of these photoredox catalysts is that their
oxidation/reduction potentials are often easy to modulate via ligand modification
(Figure 11.19). This means a larger variety of redox potentials are available, which
enables the wuse of mild oxidant/reductant in a catalytic system.

Metallophotocatalysis, the merge of photoredox catalysis and transition metal
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catalysis,?® allows access to high valent transition metal species in the presence
of weak reducing reagents. In addition, fundamental organic steps on conventional
metal intermediates can be facilitated either by modulation of the oxidation state
on the metal or through energy-transfer-mediated excitation of intermediate metal
species. As such, the recently emerged versatile platform permits accomplishment
of challenging bond synthesis via new mechanistic pathways that were previously

elusive.

In combination with versatile photoredox catalysts, conventional transition
metal catalysts evolved catalytic cycles containing co-existent oxidation states,
often high oxidation states that are hard to access or proven not compatible with
other oxidation states in one pot, for instance Cu(lll) and Cu(l) that easily react
with each other to form Cu(ll) species. The energy barrier for reductive elimination
from these high valent metals decreases for most cross-coupling reactions, which
enables challenging bond formations like C-O, C—F and C—CF3 on one hand, and
lowers reaction temperatures to near room temperature for conventional C-C and
C-N cross coupling on the other hand. The first example reported by the Sanford
group regarding C—H arylation of arenes in the presence of auxiliary groups was
proposed to be facilitated by a Pd(Il)-Pd(l1)-Pd(IV)-Pd(ll) cycle in combination with
a Ru(Il)-Ru(1)*-Ru(lN-Ru(ll) cycle (Figure 11.20a).2%° As data show, the C—-C bond
formation can be achieved at room temperature, which is not so easy for normal
Pd(0)-Pd(I1)-Pd(0) cycles at room temperature. A later report by the same group
on copper catalyzed trifluoromethylation of arylboronic acid represents one of the
most mild and practical reaction conditions for aryl-CFs cross coupling to that date
(Figure 11.20b),%¢° as the reaction operates with ICFs at 60 °C in the absence of
strong acids or bases (trifluoroacetic acid or '‘BuOK). Also, the mechanism was
proposed to involve an aryl-CFs reductive elimination from Cu(lll) species in the
presence of Cu(l) species. The most outstanding achievement in this field would
be the merging of photoredox with nickel catalysis done by the Doyle and
MacMillan groups (Figure 11.20c),%%! which enables the possibility to access a
Ni(0)-Ni(11)-Ni(111)-Ni(1)-Ni(0) cycle. No elusive presence of Ni(0)-Ni(lll) species in
one catalytic cycle was observed/proposed before. In combination with iridium
photocatalyst, a decarboxylative C—-C cross coupling was achieved at room

temperature.
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Figure 11.20. Metallophotoredox examples at the early stage.
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Nevertheless, visible light mediated photoredox functionalization, harnessing
aryl radicals, are not so widely applied. Because the most diverse aryl radical
precursors, aryl halides, are still very challenging to engage in diverse
transformations other than hydrodefunctionalization (Figure 11.21a) or reactions
compete with hydrogen atom transfer, such as aryl radical trap by (hetero)arenes
and alkenes (Figure 11.21b).?>” The only aryl radical generation method under
visible-light photoredox catalysis was Macmillan’'s approach, with which aryl
radicals can be generated from aryl bromides via bromide radical abstraction by in

situ formed silyl radicals (Figure 11.21c).2¢?
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Figure 11.21. Visible-light photocatalyzed aryl radical generation from aryl halides.
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Generally, the most frequently utilized aryl radical precursors are aryl
diazonium salts, diaryl iodonium salts, aryl sulfonyl chlorides, and aryl halides.?%3
Under one electron reduction processes, those species can be reduced by one
electron to afford radical ions, which undergo mesolytic cleavage to deliver aryl
radicals and ions (aryl salts precursors result aryl radicals and neutral species). As
shown in the scale chart (Figure 11.22), aryl diazoniums and diaryl iodoniums can
be easily reduced, which permits their applications in photoredox catalysis under
visible light irradiation. However, their relatively low thermo-stability and confined
accessibility impose restrictions on their broad applications. Alternatively, aryl
sulfonyl chlorides were used for visible-light photocatalyzed desulfonylative C-C
cross coupling reactions to generate heterobiaryls with heteroarenes such as
pyrrole, thiophene and furan derivatives.?6425° Stable aryl sulfonyl chlorides also
suffer from similar availability limitations. The most convenient, readily available,
and stable aryl halides, however, require extreme negative reduction potentials
that require ultra-visible (UV) light irradiation or visible-light conditions in

combination with super reducing photocatalysts such as PDI.256
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Figure 11.22. One electron reduction of aryl radical precursors, and the relative

reduction potential of commonly used precursors.
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II.2. Challenges for site-selective late-stage fluorination

As mentioned in Part I.1.1, positionally-selective fluorination reactions often
require prefunctionalized arenes, which, in most cases, are hard to access
selectively via direct C—H functionalization of highly functionalized molecules. One
of the most promising and widely applied sequences, iridium-catalyzed C-H
borylation of arenes followed by copper-catalyzed Chan-Lam type fluorination,
often gives constitutional isomers at the borylation step. Other reported para-
selective radical substitution reaction can provide aryl TEDA species with only one
regioisomer, yet, the most successful follow-up transformation identified so far is

reduction to afford amine.

So far, direct C—H fluorination of arenes in a selective fashion is achievable
in the presence of auxiliary directing groups, which somehow limit its applicability
due to the extra installation and removal steps or restricted accessibility to
molecules with directing groups. That being said, a methodology, which affords
fluorinated aromatics selectively directly by C—H functionalization of arenes, would

be ideal.
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I1.3. Project design

Considering the high reactivity which aryl thianthrenium salts showed in
transition-metal-catalyzed cross coupling and photoredox catalysis (see Part 1.1.4),
we aimed to identify why aryl thianthrenium salts are so special, whereas the
conventional aryl halides are not so broadly applicable. Our interests focused on
their photoredox reactivity because challenging bonds such as C-S, C-O, C-N,
and C-CFs can be formed under photoredox reaction conditions. As for most of
other photoredox catalyzed reactions, a radical intermediate was proposed at the
start. To further evaluate the radical generation process, we introduced cyclic
voltammetry to shed light on redox potentials of aryl thianthrenium salts and the
follow up fragmentation rates to give aryl radicals. To show the high reactivity of
aryl thianthrenium salt in photoredox catalysis, we attempted the challenging C-F

bond formation.

So far, carbon-fluorine reductive elimination has not been reported for any
metallophotoredox systems. For C—F reductive elimination to take place, as
discussed in Part 11.1.1, special ligands are often required especially when fluoride
is used as the fluorine source. We are aware of the possibility for C—F bond
formation from high-valent transition metals such as Cu(lll) at room temperature,
most likely in the presence of simple pyridine ligands. Meanwhile, we have
successfully achieved C-S, C-O, C-N, and C—CFs bond formations from aryl
thianthrenium salts when combining photoredox catalysis with copper reagents.
Therefore, we started our trials for fluorination of aryl thianthrenium salts using

copper reagents under photoredox catalysis.



92 Results and Discussion for Fluorination of Aryl Thianthrenium Salts

[1.4. Results and discussion

Parts of this chapter are taken, with permission, from our published work in
Nature Chemistry.'® The fluorination reaction has been developed by the Dr.
Ruocheng Sang, the author and Dr. Jiakun Li. The substrate scope was explored
by Dr. Jiakun Li, the author and Dr. Ruocheng Sang. X-ray analysis, DFT
calculations and EPR data were collected by Dr. Matthew B. Plutschack.
Fluorescence quench experiments were executed by Dr. Matthew B. Plutschack
and the author. The CV experiments were designed, conducted, and analyzed by
Dr. Wonseok Ham and the author. Dr. Jiakun Li and the author have conducted

the rest bench chemical mechanistic experiments.

[1.4.1. Fluorination of aryl thianthrenium salts under photoredox catalysis

Under anhydrous and inert argon atmosphere, fluorination of aryl
thianthrenium salts takes place in the presence of 1.2 equiv. of CsF, 1.5 equiv. of
Cu(MeCN)4BF4 and 1 mol% of Irf[dF(CF3)ppylz(dtbpy)PFe in acetone under visible
light irradiation at 455 nm.

F S F S 1.0 mol% Ir[dF(CF3)ppyl(dtbpy)PFg E
1.5 equiv. Cu(MeCN),4BF4
F g F g) 1.2 equiv. CsF

©BF, ©sF,

Y

Acetone (c = 0.10 M)
blue LEDs, 30 °C, 20 h

Figure 11.23. General reaction conditions for fluorination of aryl thianthrenium salts

and its reaction set up.

Control experiments (vide infra Part 111.3.3) showed that all the reagents are

essential to obtain the fluorinated products in high yields. In the absence of
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photocatalyst, the C-S bond of aryl thianthreniums fragments with visible light,
albeit very slowly (8% conversion over 20 h, Table Il.1, entry 2). The fact that
fluorination was observed without photocatalyst can be explained by a light
induced homolysis of aryl thianthreniums to yield an aryl radical and thianthrene
radical cation. Product formation in the absence of CsF (Table II.1, entry 4) can be
rationalized by a Balz-Schiemann type reaction where fluoride is abstracted from
the tetrafluoroborate counterion. All the reaction components are essential to

achieve high selectivity for fluorination over hydrodefunctionalization.

1.0 mol% Ir[dF(CF3)ppyl.(dtbpy)PFg
1.5 equiv. Cu(MeCN)4BF,

1.2 equiv. CsF
Ph—Q—TT® eBF4 > Ph—<: :>—F + Ph—<: >—H
Acetone (c = 0.10 M)

M-TT blue LEDs, 30 °C, 20 h M-F M-H
(0.05 mmol, 1.0 equiv.)

_ . _ Ratio of M-F/M-
Entry  change of reaction conditions  Yield of M-F2

Hb
1 none 84% 43:1
2 no Ir[dF(CFs)ppy]2(dtbpy)PFs 8% 2.7:1
3 no Cu(MeCN)4BF4 0% --
4 no Csk 14% 0.9:11
5 no light 0% -

Table Il.1. Control experiments. (a) Yield was determined by °F NMR using 4-
fluorobenzotrifluoride as an internal standard. (b) Ratios were determined by GC-
FID. (in collaboration with Dr. Jiakun Li)

The use of acetone as solvent also had a major effect on the suppression of
the hydrodefunctionalization reaction, yet the effect is not clear in the moment.
Variation in alkali metal as the source of fluoride showed only slight difference in
yields but affected the selectivity for fluorination and hydrodefunctionalization (vide
infra Part 111.3.3.4). Typically, the reaction was performed at 0.1 M concentration
(84%), although higher concentrations (0.5 M) did not result in lower yield (85%) in
the evaluated cases (vide infra Part 111.3.3.8). Both aryl thianthrenium (ArTT*) and

tetrafluorothianthrenium (ArTFT*) salts can successfully participate in fluorination
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(vide infra Part 111.3.3.2, Figure III.6), with the thianthrenium congeners typically
affording higher yield (82% with ArTT* vs. 59% with ArTFT™).

Evaluation on different copper sources revealed that only Cu(l) salts with less
coordinative ligands were effect for the fluorination step. Sources like
Cul/Cu20/Cu(BF4)2 only gave hydrodefunctionalized products (vide infra Part
111.3.3.6). Comparison of different photocatalysts showed that
Ir[dF(CF3)ppyl2(dtbpy)PFs was the optimal (vide infra Part 111.3.3.7), which can be

explained by its good redox potential match with aryl thianthreniums.

F F F F
Me
Cl Me OMe
Cl Br Br OMe

1, (20%)?, 63%" 2, (74%), 72%" 43, (41%), 67% (76%)2, 75%
45, (74%), 71%P 6, (78%), 79% 7, (62%), 42%" , (92%), 71%

Figure 11.24. Selected examples for aryl thianthrenium salts with various electronic
substituents. Yields in brackets: Yield of the thianthrenation. Second yield: Yield of
the fluorination. (a) Yields of volatile fluorides are reported based on °F NMR
integration of reaction mixtures with internal standard. (b) Yield of the
thianthrenation from reference 150. (in collaboration with Dr. Jiakun Li and Dr.

Ruocheng Sang)

Electronic properties on the arene do not affect much for the fluorination step
(Figure 11.24). All electron-deficient (41, 42, 45), -neutral (43, 46, 48), and -rich
arenes (44 and 47) gave the fluorinated products in yields between 42% and 79%.
Hammett plot analysis with aryl tetrafluorothianthrenium salts also gave a slope of
0.662 (p = 0.662, Figure 11.25), which suggests a rate-determining step for the
fluorination reaction being not very sensitive to aryl substituents. In combination
with the later electrochemical data, a mechanism involving a rate-determining
electron transfer followed by a fast fluorination was proposed. The off-trend phenyl
substituent can also be explained by its extended 1T system, which can enhance
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the rate for the single electron transfer step, thus increase its overall fluorination

rate.

0.50 - Ph y = 0.662x - 0.0387
R?=0.9302
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Figure 11.25. Hammett-plot for the fluorination of aryl tetrafluorothianthrenium salts.

Substrates bearing ortho substituents (43, 47, 49, 54) worked well for
fluorination, though ortho di-substituted mesityl thianthrenium salts gave relatively
lower yields. Examination of functional group tolerance was conducted on both
small and complex molecules (Figure 11.26). The reaction is tolerant towards esters
(46 and 58), aldehydes (51), benzyl ethers (53), carbamates (55), amides (52, 54,
56, 58, 59), heterocycles (58, 59, 60, 61), and acid-sensitive glycosidic linkages
(57). Protic groups such as alcohols (50) and phenols (49) and tertiary amines (60),
which are not compatible with previous nucleophilic or electrophilic transition-
metal-catalyzed fluorination reactions, are tolerated in copper-mediated
photoredox fluorination. Aryl chlorides (41, 54, 58, 59), bromides (42 and 43), and
iodides (45 and 60) that are general aryl electrophiles, did not participate here,
possibly due to their high redox potentials which render them inactive aryl radical

precursors under visible-light irradiation as discussed in Part I1.1.2.
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Figure 11.26. Continued substrate table containing small complex molecules and
various functionalities. Yields in brackets: Yield of the thianthrenation. Second
yield: Yield of the fluorination. (a) Yield of the thianthrenation from reference 150.
(in collaboration with Dr. Jiakun Li and Dr. Ruocheng Sang)

To further understand the difference in reactivity between aryl thianthrenium
salts and aryl halides, competition reactions between anisole-derived
thianthrenium salt and various aryl halides were executed under standard
photoredox fluorination reaction conditions. As expected from Part 11.1.2, no aryl
halides were consumed in any examined cases, because aryl halides are not
easily reduced by one electron under photoredox conditions. The results are

consistent with data in literature: Aryl halides are generally either too difficult to
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reduce, or fragmentation to the productive aryl radical is too slow to engage in
Cu(lll) metallophotoredox catalysis. Electron-rich aryl halides are often
prohibitively difficult to reduce, yet the corresponding putative aryl halide anion
radicals would fragment rapidly, while the opposite is true for electron-poor aryl
halides. Efficient Cu(lll) photoredox cross-coupling requires both a suitable
reduction potential of the aryl (pseudo)halide which should be positive enough to
be accessible by a photoredox catalyst, and a sufficient high fragmentation rate of
the aryl halide radical anion to minimize undesired electron transfer processes
between the aryl halide anion radical and high-valent metal catalysts. In other
words, a high reduction potential is required for productive reduction by common
photoredox catalysts in the presence of high valent metals, whereas a high rate
constant is required for productive fragmentation. Yet, 4-fluoroanisole was
observed in some cases, which suggested, at least, anisole radical is accessible
from anisole-derived thianthrenium salts under standard reaction conditions. Thus,
we studied the corresponding reduction potential and fragmentation rate for aryl
thianthrenium salts by using cyclic voltammetry (vide infra Part 111.3.6.4). While
rate determining electron transfer is only confined to the electrochemical
experiments, the fragmentation rate constants are relevant to the catalytic cycle as

well since they are not dependent on the rate of reduction.

I1.4.2. Systematic investigation on the photoredox properties of aryl thianthrenium
salts

Irreversible cyclic voltammograms of aryl thianthrenium salts suggested
irreversible electrochemical processes, which, in most case, involve a rate-
determining electron transfer step followed by a fast chemical reaction (vide infra
Part 111.3.3.4). Therefore, a linear relationship between peak potential (Ep) and log
v (v: potential sweep rate) is expected. For acetophenone-derived thianthrenium
BF4, severe nonlinearity in the plot of peak potential (Ep) versus log v (v: potential
sweep rate) was observed. Such phenomenon was minimized by examining the
cyclic voltammogram without phenol additive. The severe nonlinearity observed in
the absence of phenol can be explained by the limited proton donor in the
electrolyte, which could result in accumulation of aryl radicals around the electrode
and therefore affect the observed electron current. For each arylthianthrenium salt,

multiple cyclic voltammograms with varied potential sweep rates (ranging from 10
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mV/s to 10 V/s) were obtained. To minimized ohmic drop introduced by the
accumulated compounds on electrode surfaces, after each measurement, the
working electrode was taken out of the glovebox, carefully polished and
ultrasonically rinsed in distilled water before the next use. A fresh solution of
arylthianthrenium salt, TBAPFs, and phenol was used for each measurement to

ensure consistency.
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Figure 11.27. Plot of y = Ip/vY2 (A-s¥2V-12) versus x = v'2 (V¥2.5712) for

arylthianthrenium salt compounds. Top left: anisole-derived thianthrenium BFa.
Top right: benzene-derived thianthrenium BF4. Middle left: acetophenone-derived
thianthrenium BF4. Middle right: nitrobenzene-derived thianthrenium BF4. Bottom:
isopropoxylbenzene-derived thianthrenium BFa4. (in collaboration with Dr. Wonseok
Ham)
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Based on the Randles-Sévcik equation and our analytical conditions (vide
infra Part 111.3.3.4), the diffusion coefficient D was approximated as 1.5 x 10
cm?/s, which is a reasonable estimate for the molecular size of simple
arylthianthrenium salts. 267 From known k&' values of related molecules, we
approximate the k& value of arylthianthrenium salt compounds to be 0.5 cm/s,
which is a conservative guess.?8:26% Theoretically (vide infra Part 111.3.6.4), the
Ip/vY2 value is expected to be constant regardless of the sweep rate. In practice,
except for the nitrobenzene-derived thianthrenium salt, the Ip/v¥? value is constant
only for sufficiently high sweep rates, for which a second cathodic wave is not
observable (Figure 11.27 and vide infra Part 111.3.6.4). We assign the first cathodic
wave to correspond to the reductive cleavage of arylthianthrenium salt, while the
second wave corresponds to an unidentified chemical process that inhibits the
arylthianthrenium salt reductive cleavage at low sweep rates. Therefore, only the
peak parameters of the first cathodic wave for the range of sweep rates, for which
the Ip/v2 value is constant, are suited for analysis of the uninhibited
arylthianthrenium salt reductive cleavage. The Ip/v¥? value for the nitrobenzene-
derived thianthrenium salt decreases gradually as the sweep rate increases, which

we attribute to the inefficiency of diffusion processes at high sweep.2’°

We observed an irreversible cathodic wave corresponding to the reductive
fragmentation of 4-methoxyphenyl thianthrenium salt 62 by cyclic voltammetry
between —-1.2 V and —-1.5 V vs. SCE (vide infra Part I11.3.6.4). While the peak width
(Ep2—Ep) remains constant at 110 mV, the peak potential (Ep) decreases linearly
as a function of sweep rate with a slope of —-65 mV, both consistent with the
reductive fragmentation proceeding through a stepwise mechanism with rate-
determining initial electron transfer. From the data of the first cathodic wave for the
appropriate range of sweep rates, plots of peak potentials (Ep) and peak widths
(Epr2—Ep) versus log v were constructed for anisole-derived thianthrenium BF4 (62),
benzene-derived thianthrenium BF4 (70), acetophenone-derived thianthrenium BF4
(71), nitrobenzene-derived thianthrenium BF4 (72) and isopropoxylbenzene-
derived thianthrenium BF4 (73). The apparent transfer coefficient (oapp) for each
sweep rate was calculated by the equation I11-3 (vide infra Part 111.3.6.4),2’* where

T =298 K. The plot of aapp Versus log v was also constructed.
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thianthrenium BF4, nitrobenzene-derived thianthrenium BF4, isopropoxylbenzene-

derived thianthrenium BFa. (in collaboration with Dr. Wonseok Ham)

For anisole-, bezene-, and p-isopropoxylbenzene-derived thianthrenium salts,
the aapp Was approximately constant over the range of sweep rate, indicating that
the reductive cleavage occurs through a stepwise mechanism, and the
electrochemical cleavage process is under kinetic control by the initial electrode
electron transfer. In such a situation, the formal reduction potential (E°) and
fragmentation rate (kc) were derived based on equations I1I-2 and I1l1I-5 (vide infra
Part 111.3.6.4). For the case of acetophenone- and nitrobenzene-derived
thianthrenium salts, while the correlation between the peak potential and log v
appears roughly linear, the peak width increases (and thus aapp decreases) as the
sweep rate increases. Such CV behavior indicates mixed kinetic control between
the initial electron transfer and the subsequent fragmentation reaction. The
decrease of aapp indicates a transition from mixed Kinetic control by electron
transfer and the subsequent chemical fragmentation to mainly kinetic control by
electron transfer. The variation equations 111-6 and Ill-7 (vide infra Part 111.3.6.4)
could be introduced here. After correlation with the corresponding theoretical
curves, E° and ke can be derived accordingly. The standard reduction potential
was thus estimated by taking an average of E° values (Table 11.2) calculated from

the combinations of Ep and v (Eq. 111-2 to 111-7).

R E° (V vs. SCE) ke (s71)

OMe ~1.51 1.0 x 1012
H ~1.55 3.9 x 1012
Ac ~1.25 3.2 x 108
NO2 —0.96 1.6 x 108
OPr -1.57 5.7 x 1012

Table I1.2. Tabulation of E° and kc values of different para-substituted aryl

thianthrenium salts. (in collaboration with Dr. Wonseok Ham)
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Figure 11.30. Comparison between ortho-benzyl bromide and anisole-derived

thianthrenium salt. (Dr. Wonseok Ham collected the data)

When presenting in a linear free-energy relationship for the standard
reduction potentials of aryl halides and the rate constants for fragmentation of the
corresponding aryl halide radical anions (Figure 11.29). For compounds with similar
reduction potentials, anisole-derived thianthrenium salt can exhibit a fragmentation

rate that is 10 orders of magnitude faster than conventional aryl bromide (Figure
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[1.30). We proposed at this moment that due in part to the positive charge,

arylthianthreniums are easier to reduce than aryl halides with identical substituents.

Calculation of the actual electron transfer rate constants relevant to our
catalytic system additionally requires the knowledge of Marcus reorganization
energy values,?’* and is beyond the scope of our work. However, we may combine
the data from the electrochemical analysis (Figure 11.29) and the Hammett analysis
(Figure 11.25) to gain insight into the kinetic situation in the catalytic system. In the
electrochemical analysis, we found that the reductive cleavage processes of the
three electron-rich aryl thianthrenium salts are controlled by the rate-limiting initial
reduction at all scan rates employed, while those of the two electron-poor
compounds are under mixed control depending on the scan rate. At high scan
rates, all compounds except that derived from nitrobenzene (with the o value that
is not covered in our Hammett analysis) are controlled by the initial reduction.
Given that the reduction potential difference between the thianthrenium
compounds (ranging from —-1.57 V to —-1.25 V vs. SCE) and the photocatalyst
(E°(Ir/IrMy = —1.37 V vs. SCE) is small or even negative, the driving force for the
initial reduction will also be small. It is conceivable, therefore, that the initial
reduction is generally the rate-limiting step in the catalytic system. The positive

Hammett p found in our analysis is consistent with such a hypothesis.

1 mol% Ir[dF(CF3)ppylo(dtbpy)PFg
1.5 equiv. Cu(MeCN),BF, F

+ - + _ 1.2 equiv. CsF
N2 BFs or o ~INp, BF, >

Acetone (c = 0.10 M)
68a 68b blue LEDs, 30 °C, 16 h

a:37%
b: 79%
Figure 11.31. Photocatalyzed fluorination of diazonium salt and iodonium salt. (in

collaboration with Dr. Jiakun Li)

Additional experiments under the optimized reaction conditions were
conducted for fluorination of aryldiazonium and diaryl iodonium salts, which have
higher reduction potentials than the corresponding halides. The fluorobenzene
was obtained in 37% and 79% vyield, respectively, upon photolysis in the presence

of iridium catalyst and copper(l) salt (Figure 11.31). So far, we observed that aryl
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radical precursors bearing positive charge on their leaving groups are essential for
fluorination under copper-mediated photoredox catalysis, which we credited to

faster electron transfer between the photocatalyst and the positively charged aryl

salts.
OH OH
Me
@BF4 TEMPO Me
® _N
TT (e}
e
50 63, 24%3 Me
Me
= o) 0
O/\)\Me R
® a
T —_— Me + Me Me
©gF,
COyMe COsMe
CO,Me
64 65 66aR=F 66bR=H

(65+66), 78%
Figure 11.32. Top: Radical trapping experiment. Bottom: Cyclization of prenyl ether
64 under standard reaction conditions. (a) standard reaction conditions (in

collaboration with Dr. Jiakun Li)

Consistent with the formation of aryl radicals during catalysis, the 2,2,6,6-
tetramethylpiperidin-1-oxyl (TEMPO) adduct could be isolated under the reaction
conditions upon addition of TEMPO (Figure 11.32). Likewise, the same adduct (63)
was also observed when copper(l) was excluded from the reaction mixture, which
rules out the possibility of a copper-mediated C—O coupling between [ArTT]* 50
and TEMPO. Furthermore, observation of cyclization products (65 and 66) in 78%
combined yield of the prenyl ether 64 under standard reaction conditions supports

a mechanism proceeding through aryl radicals.

A Stern-Volmer experiment (Figure 11.33) for the fluorescence of iridium
photocatalyst showed a significant quench effect from thianthrene with a rate of
10° M1xst, which is two orders of magnitude faster than the quench rate by [Cu'].
Considering the energy match between oxidation potential of thianthrene [E°
(TT™/TT) = +1.26 V vs. SCE in CH3CN]?"®> and reduction potential of photoexcited
iridium catalyst [E® (*I'"/Ir'") = +1.21 V vs. saturated calomel electrode (SCE) in

CH3CN]?’¢, a reductive quenching cycle for the iridium catalyst was proposed.
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Catalytic copper is achievable: fluorination of phenyl tetrafluorothianthrenium salt
with 20 mol% Cu(MeCN)4BF4 afforded fluorobenzene in 65% vyield (Figure 11.34 a).
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O.E)O 0.2)2 0.2)4 0.2)6 0.2)8

[Quencher] (M)
Figure 11.33. Stern-Volmer plot of photocatalyst luminescence quenching by 62 (m),
Cu(l) (A), and thianthrene (e). lo: luminescence intensity without quencher, |
luminescence intensity with quencher; kq: quenching rate constant. (in

collaboration with Dr. Matthew B. Plutschack)
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.

fluorination via arylthianthrenium salt by metallophotoredox catalysis. (b) Proposed

mechanism for the fluorination of aryl thianthrenium (ArTT*) salts. (c) Fluorination
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of analogous aryl tetrafluorothianthrenium (ArTFT™*) salt. (in collaboration with Dr.
Jiakun Li)

Based on the results from radical trap reactions, fluorescence quench
experiments and catalytic fluorination of phenyl tetrafluorothianthrenium salt, we
proposed a plausible mechanism combining a photo-catalytic cycle and a copper-
catalyzed process to forge the fluorination of aryl thianthrenium salts under visible-
light irradiation (Figure 11.34b). As aforementioned, aryl thianthrenium salts can be
reduced in the absence of photocatalyst to generate free thianthrene and the
hydrodefunctionalized arenes. The free thianthrene yielded from such a
decomposition process is presumed to be the initial source for reductive quench of
the excited Ir(lll) species to generate a thianthrene radical cation and an Ir(ll)
species. The resulting Ir(ll) species undergoes single electron transfer (SET) with
the rest aryl thianthrenium salts to regenerate the Ir(lll) catalyst. On the other hand,
mesolytic cleavage takes place on the resulting aryl thianthrenium radical cations
after SET to afford free thianthrene and aryl radicals. The thianthrene radical
cation species oxidizes Cu(l), while the resulting Cu(ll) species is oxidized to Cu(lll)
by the aryl radicals. After ligand exchange or fluoride coordination, arylCu(lll)F
species can be formed and undergo subsequent reductive elimination to produce
aryl fluorides and Cu(l) species. Although catalytic Cu is conceivable, a
stoichiometric amount of inexpensive Cu(l) salt was utilized to eliminate the
undesired amounts of hydrodefunctionalized side-product of complex small

molecules.

[ArTT]®
(SOMO)

62+ 62+ 62

Figure 11.35. Structural data for anisole-derived thianthrenium salt 62. Left: X-ray

structure of [ArTT]* (62%) with relevant bond lengths. Middle: lowest unoccupied
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molecular orbital of [ArTT]* (62*) calculated by DFT. Right: singly occupied
molecular orbital of [ArTT]° (62¢) by DFT; iso-surface value = 0.06. (Data collected
by Dr. Matthew B. Plutschack)

Structurally, arylthianthrenium salts have three C-S bonds, but synthetic
utility can only be harnessed if chemoselective cleavage of the exocyclic C-S
bond is achieved in preference to the other two endocyclic C—S bonds. X-ray
crystallographic analysis of arylthianthrenium salt 62 (Figure 11.35 left) shows the
aryl substituent in a flagpole position with respect to the dithiine, with a significantly
longer C-S bond than the other two C—S bonds within the thianthrene scaffold. Its
chemoselective mesolytic cleavage can also be rationalized as a consequence of
the antibonding nature of the exocyclic aryl C—S bond in the LUMO of [ArTT]* (62)
and its lengthening upon reduction to the [ArTT]° radical (62¢), as calculated by
DFT (Figure 11.35). The larger rate of arylthianthrene radical fragmentation when
compared to aryl bromide radical anion fragmentation can thus be explained by
the stereoelectronic alignment of the o* orbital of the exocyclic C—S bond with the
m-system of the thianthrene scaffold. Mesolytic cleavage of aryl bromides requires
a bending motion to achieve sufficient population of the C-Br ¢* orbital, which is
orthogonal to the 1 framework; in both cases, the SOMO has the largest
parentage in the 1 framework but only in the arylthianthreniums is it appropriately
aligned to expel the leaving group.?’” The thianthrene-based LUMO of the
arylthianthrenium salts can also explain why their reduction potential is less
sensitive to substituent effects on the arene, which can be extracted from the

length of the respective lines in Figure 11.29.
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[1.5. Conclusion and outlook

In combination with the site-selective thianthrenation of arenes, this general
photoredox-Cu(lll) fluorination platform enables a two-step positionally-predictable
late-stage fluorination of arenes. Copper catalysis is possible for the fluorination.
Yet, purification of aryl fluorides from the corresponding hydro-counterparts is
challenging. Addition of a stoichiometric amount of inexpensive Cu(l) salt
eliminated the undesired amounts of hydrodefunctionalized side-product of
complex small molecules that could be observed for reactions with catalytic copper.
The proposed catalytic cycle shown in Figure 1l.34a represents a prototypical
fluorination reaction with fluoride, which is catalyzed by an iridium(lll) photocatalyst
and a copper(l) cross-coupling catalyst, as supported Stern-Volmer analysis, EPR
measurements, cyclic voltammetry data, DFT calculations, and radical trapping

experiments.

Overall, we have articulated the specific electrochemical, structural, and
stereoelectronic requirements for aryl leaving groups to address the challenge of
copper(lll)-mediated photoredox catalysis as a promising reactivity manifold. In
contrast to mononuclear leaving groups such as bromide, complex leaving groups
can bear a positive charge that can lower the reduction potential while maintaining
the ability to engage in productive redox catalysis if they display appropriate
stereoelectronic properties. The conceptual value of our contribution is therefore
also to provide a suitable hypothesis for the design of new leaving groups that do
not undergo deleterious side reactions and can therefore engage in

metallophotoredox catalysis with copper or other metals.
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I1l. EXPERIMENTAL PART
[11.1. Materials and methods

All air- and moisture-insensitive reactions were carried out under ambient
atmosphere and monitored by thin-layer chromatography (TLC). Concentration
under reduced pressure was performed by rotary evaporation at 25-40 °C at an
appropriate pressure. Purified compounds were further dried under high vacuum
(0.010-0.005 mBar). Yields refer to purified and spectroscopically pure
compounds. All air- and moisture-sensitive manipulations were performed using
oven-dried glassware (130 °C for a minimum of 12 hours) and standard Schlenk
techniques under an atmosphere of argon. A LED Kessil® A160WE was used as
the light source. An Edinburgh Instruments spectrofluorometer FS5 was used for

Stern-Volmer quenching experiments.

[11.1.1. Solvents

Anhydrous acetone was purchased from Fisher Scientific GmbH. Before use,
the anhydrous acetone used for fluorination was degassed by repeating freeze-
pump-thaw cycling for three times. Anhydrous acetonitrile and tetrahydrofuran
were obtained from Phoenix Solvent Drying Systems. All deuterated solvents were

purchased from Euriso-Top.

[11.1.2. Starting materials

All substrates and reagents were used as received from commercial
suppliers or prepared according to published procedures, respectively, unless
otherwise stated. Tiny amount of trifluoroacetate counterion residues in the alkenyl
thianthrenium salts do not interfere the following up transformations. For
convenient operation, CsF was stored in a Nz-filled glovebox after being dried at

200 °C for more than 48 h under high-vacuum.

[11.1.3. Spectroscopy and instruments

NMR spectra were recorded on a Bruker Ascend™ 500 spectrometer
operating at 500 MHz, 471 MHz, and 126 MHz, for *H, °F, and '3C acquisitions,
respectively. Chemical shifts are reported in ppm with the solvent residual peak as
the internal standard. For *H NMR: CDClIs, § 7.26; CD2Cl2, 5 5.32; CD3CN, & 1.94;
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(CD3)2S0, 6 2.50. For 3C NMR: CDCls, & 77.16; CD2Cl2, 5 53.84; CD3CN, 5 1.32,
118.26; (CDz3)2S0O, &§39.52. °F NMR spectra were referenced using a unified
chemical shift scale based on the 'H resonance of tetramethylsilane (1% v/v
solution in the respective solvent). Data is reported as follows: s = singlet, d =
doublet, t = triplet, g = quartet, quin = quintet, sext = sextet, sept = septet, m =
multiplet, bs = broad singlet; coupling constants in Hz; integration. The E/Z ratio
was determined by *H NMR, quantified by peak integrations of the characteristic

E/Z alkenyl protons.

[11.1.4. Chromatography

Thin layer chromatography (TLC) was performed using EMD TLC plates pre-
coated with 250 um thickness silica gel 60 F2s4 plates and visualized by
fluorescence quenching under 254 nm UV light, permanganate stain, cerium
ammonium molybdate stain, or phosphomolybdic acid stain. Flash
chromatography was performed using silica gel (40-63 um particle size)
purchased from Geduran. Preparatory high-performance liquid chromatographic
separation was executed on a Shimadzu Prominence Preparative HPLC system
with an YMC-Triart C18 HPLC column.

[11.1.5. Electrochemical analysis

The potential scale of all displayed voltammograms is referenced to the
potential of a silver-wire quasi-reference electrode with a solution of TBAPFe in
acetonitrile (c = 150 mM), which was calibrated after measurements for each
compound. All potentials are reported after conversion to voltage versus SCE, and
the conversion equation is displayed next to each voltammogram. The raw data
regarding differential pulse voltammetry and cyclic voltammetry are processed with

Qsoas (http://bip.cnrs-mrs.fr/bip06/gsoas/index.html).
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[ll.2. Experimental data for thianthrenation of alkenes

Parts of this chapter are taken, with permission, from our published work in
Angewandte Chemie International Edition.'®2 The alkene thianthrenation reaction
has been developed by the author. Experimental data has been collected by the

author with help from Dr. Jiakun Li and Dr. Matthew B. Plutschack.

[11.2.1. General procedure for thianthrenation of alkenes

(.S? TFAA 3.0 equiv.; @BF4 :\(@) ~S
R/\/H + HOTf 1.2 equiv. > R/\/s
MeCN (0.25 M),
s 0to 25 °C

alkene 1 yield alkenyl thianthrenium salt

Under ambient atmosphere, a 20 mL borosilicate vial equipped with a
magnetic stir bar was charged with alkene (0.500 mmol, 1.00 equiv.), thianthrene-
S-oxide (1) (120 mg, 0.517 mmol, 1.03 equiv.), and MeCN (2.0 mL, ¢ = 0.25 M).
After cooling to 0°C, trifluoroacetic anhydride (0.21 mL, 0.31g, 1.5 mmol,
3.0 equiv.) was added dropwise within 30 seconds, followed by dropwise addition
of HOTf (52 pL, 88 mg, 0.59 mmol, 1.2 equiv.) within 10 seconds. After stirring the
lilac mixture at 0 °C for 60 min followed by stirring at 25 °C for 30 min, the resulting
light pink mixture was concentrated under reduced pressure and subsequently
diluted with CH2Cl2 (10 mL). The CH2Cl2 solution was poured onto a saturated
aqueous NaHCOs solution (ca. 20 mL). The combined mixture was poured into a
separatory funnel, and the layers were separated. The CH2Cl2 layer was collected,
and the aqueous layer was further extracted with CH2Cl2 (2 x ca. 10 mL). The
combined CH2Clz solution was washed with aqueous NaBF4 solution (2 x ca. 20
mL, 5 % w/w). The CH2Clz layer was dried over Na2SO, filtered, and the solvent
was removed under reduced pressure. The residue was purified by
chromatography on silica gel eluting with CH2Cl2/i-PrOH to afford the alkenyl

thianthrenium salt.
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Synthetic examples for thianthrenation of alkenes

[11.2.1.1 trans-4-Octene-derived thianthrenium salt 2-TT

MeCN (0.25 M), BF4
0 °C, 75 min
95% 2-TT

) TFAA 3.0 equiv.; @[SD
Mea NN * @[SD HOTf 1.2 equiv. (;) o
s Me\/\/\/\,\,,e

2 1

Under ambient atmosphere, a 20 mL borosilicate vial equipped with a
magnetic stir bar was charged with trans-4-octene (78.5 L, 56.1 mg, 0.500 mmol,
1.00 equiv.), thianthrene-S-oxide (1) (120 mg, 0.517 mmol, 1.03 equiv.), and
MeCN (2.0 mL, ¢ = 0.25M). After cooling to 0°C, trifluoroacetic anhydride
(0.21 mL, 0.31 g, 1.5 mmol, 3.0 equiv.) was added dropwise within 30 seconds,
followed by dropwise addition of HOTf (52 uL, 88 mg, 0.59 mmol, 1.2 equiv.)
within 10 seconds. After stirring the lilac mixture at 0 °C for 75 min, the resulting
light pink mixture was concentrated under reduced pressure and subsequently
diluted with CH2Cl2 (10 mL). The CH2Cl2 solution was poured onto a saturated
aqueous NaHCOs solution (ca. 20 mL). The combined mixture was poured into a
separatory funnel, and the layers were separated. The CH2Cl2 layer was collected,
and the aqueous layer was further extracted with CH2Cl2 (2 x ca. 10 mL). The
combined CH2Clz solution was washed with aqueous NaBF4 solution (2 x ca. 20
mL, 5 % w/w). The CH2Clz layer was dried over Na2SQOg, filtered, and the solvent
was removed under reduced pressure. The residue was purified by
chromatography on silica gel eluting with CH2Cl2/i-PrOH (100:1, v/v). The product-
containing fractions were collected and concentrated under reduced pressure. The
residue was further dried in vacuo to afford 2-TT (E/Z < 50/1, 197.5 mg, 477 pmol,

95 %) as a colorless solid.
Rt = 0.46 (CH2Cl2/MeOH, 15:1, v/v).
NMR Spectroscopy:

IH NMR (500 MHz, CD2Cl>, 298 K, &): 8.01 (dd, J = 8.0, 1.3 Hz, 2H),
7.84 — 7.76 (m, 4H), 7.69 (ddd, J = 8.1, 7.1, 1.7 Hz, 2H), 6.42 (tt, J = 7.6,
1.4 Hz, 1H), 2.72 — 2.65 (m, 2H), 2.19 (m, 2H), 1.55 (h, J = 7.3 Hz, 2H),
1.35 (h, J = 7.3 Hz, 2H), 1.02 (t, J = 7.3 Hz, 3H), 0.76 (t, J = 7.3 Hz, 3H).

13C NMR {*H} (126 MHz, CD2Cl>, 298 K, &): 149.4, 136.7, 135.1, 133.7,
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131.4, 130.7, 130.5, 117.6, 35.2, 32.9, 22.7, 22.3, 13.9, 13.6.
19F NMR (471 MHz, CD:Clz, 298 K, 8): —=152.29 (bs), —152.34 (bs).

HRMS-ESI (m/z) calc’d. for Ca20H23S2* [M]f, 327.12357; found, 327.12306;
deviation: +1.56 ppm.

[11.2.1.2 cis-4-Octene-derived thianthrenium salt 3-TT

With 1.20 equiv. HOTT:
S
% M Q TFAA 3.0 equiv,; @[ :@ ©
e . S HOTf 1.2 equiv. . BF,4
@[ ]@ MeCN (0.25 M), = Me
S

0-25°C, 90 min

3 1 97% 3-TT
Me

n®

Under ambient atmosphere, a 20 mL borosilicate vial equipped with a
magnetic stir bar was charged with cis-4-octene (77.8 uL, 56.1 mg, 0.500 mmaol,
1.00 equiv.), thianthrene-S-oxide (1) (120 mg, 0.517 mmol, 1.03 equiv.), and
MeCN (2.0 mL, ¢ = 0.25 M). After cooling to 0°C, trifluoroacetic anhydride
(0.21 mL, 0.31 g, 1.5 mmol, 3.0 equiv.) was added dropwise within 30 seconds,
followed by dropwise addition of HOTf (52 pyL, 88 mg, 0.59 mmol, 1.2 equiv.)
within 10 seconds. After stirring the lilac mixture at 0 °C for 60 min followed by
stirring at 25 °C for 30 min, the resulting purple mixture was concentrated under
reduced pressure and subsequently diluted with CH2Cl2 (10 mL). The CH2Cl2
solution was poured onto a saturated agueous NaHCOs solution (ca. 20 mL). The
combined mixture was poured into a separatory funnel, and the layers were
separated. The CH2Cl2 layer was collected, and the aqueous layer was further
extracted with CH2Cl2 (2 x ca. 10 mL). The combined CH2Cl2 solution was washed
with agueous NaBF4 solution (2 x ca. 20 mL, 5 % w/w). The CH2Cl2 layer was
dried over Naz2SO0g, filtered, and the solvent was removed under reduced pressure.
The residue was purified by chromatography on silica gel eluting with CH2Cl2/i-
PrOH (100:1, v/v). The product-containing fractions were collected and
concentrated under reduced pressure. The residue was further dried in vacuo to
afford 3-TT (E/Z = 17/1, 200.6 mg, 484 pmol, 97 %) as a colorless solid. 3-TT was
further purified by chromatography on silica gel eluting with CH2Cl2/i-PrOH (100:1,
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v/v), and fractions containing 3-TT(E) were collected and concentrated under

reduced pressure. The residue was further dried in vacuo.

S
~ Ve Q TFAA 3.0 equiv.; @: j@ o
+ S HOTf 2.4 equiv. . BF,
MeCN (0.25 M), = Me

0-25°C, 90 min

3 1 98% 3-TT
Me

With 2.40 equiv. HOTT:

n®

Under ambient atmosphere, a 20 mL borosilicate vial equipped with a
magnetic stir bar was charged with cis-4-octene (77.8 uL, 56.1 mg, 0.500 mmol,
1.00 equiv.), thianthrene-S-oxide (1) (120 mg, 0.517 mmol, 1.03 equiv.), and
MeCN (2.0 mL, ¢ = 0.25M). After cooling to 0°C, trifluoroacetic anhydride
(0.21 mL, 0.31 g, 1.5 mmol, 3.0 equiv.) was added dropwise within 30 seconds,
followed by dropwise addition of HOTf (104 uL, 1766 mg, 1.18 mmol, 2.40 equiv.)
within 10 seconds. After stirring the lilac mixture at 0 °C for 60 min followed by
stirring at 25 °C for 30 min, the resulting purple mixture was concentrated under
reduced pressure and subsequently diluted with CH2Cl2 (10 mL). The CH2Cl2
solution was poured onto a saturated aqueous NaHCOs3 solution (ca. 20 mL). The
combined mixture was poured into a separatory funnel, and the layers were
separated. The CH2Cl2 layer was collected, and the aqueous layer was further
extracted with CH2Cl2 (2 x ca. 10 mL). The combined CH2Cl2 solution was washed
with agqueous NaBF4 solution (2 x ca. 20 mL, 5 % w/w). The CH2Cl2 layer was
dried over NazSOy, filtered, and the solvent was removed under reduced pressure.
The residue was purified by chromatography on silica gel eluting with CH2Cl2/i-
PrOH (100:1, v/v). The product-containing fractions were collected and
concentrated under reduced pressure. The residue was further dried in vacuo to
afford 3-TT (E/Z > 49/1, 204.5 mg, 0.488 umol, 98 %) as a colorless solid.

Rf = 0.46 (CH2Cl2/MeOH, 15:1, v/v).
NMR Spectroscopy:

IH NMR (500 MHz, CDCls, 298 K, &): 8.46 (d, J = 7.7 Hz, 2H), 7.86 —
7.66 (M, 6H), 5.51 (t, J = 7.6 Hz, 1H), 2.13 (m, 4H), 1.30 (m, 4H), 0.81 (t,
J =7.4 Hz, 6H).
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13C NMR {!H} (126 MHz, CD2Clz, 298 K, 8): 142.7, 137.4, 135.5, 135.3,
130.8, 130.6, 123.6, 117.0, 31.9, 30.2, 22.1, 21.9, 13.8, 13.7.

19F NMR (471 MHz, CD:Cl, 298 K, 8): =151.69 (bs), —151.74 (bs).

HRMS-ESI (m/z) calc’d. for Ca20H23S2* [M]*, 327.12357; found, 327.12346;
deviation: +0.34 ppm.

[11.2.1.3 1-Octene-derived thianthrenium salt 4-TT
With 1.20 equiv. HOTf:

Me S

o TFAA 3.0 equiv.; BF4
. S HOTf 1.2 equiv.
W >
Me @[SD MeCN (0.25 M), N\_d® s

0-25°C, 90 min
4 1 92% 4-TT

Under ambient atmosphere, a 20 mL borosilicate vial equipped with a
magnetic stir bar was charged with 1-octene (78.5 uL, 56.1 mg, 0.500 mmol,
1.00 equiv.), thianthrene-S-oxide (1) (120 mg, 0.517 mmol, 1.03 equiv.), and
MeCN (2.0 mL, ¢ = 0.25 M). After cooling to 0°C, trifluoroacetic anhydride (0.21 -
mL, 0.31 g, 1.5 mmol, 3.0 equiv.) was added dropwise within 30 seconds, followed
by dropwise addition of HOTf (52 yL, 88 mg, 0.59 mmol, 1.2 equiv.) within 10
seconds. After stirring the lilac mixture at 0 °C for 60 min followed by stirring at
25 °C for 30 min, the resulting purple mixture was concentrated under reduced
pressure and subsequently diluted with CH2Cl2 (10 mL). The CH2Cl2 solution was
poured onto a saturated aqueous NaHCOs solution (ca. 20 mL). The combined
mixture was poured into a separatory funnel, and the layers were separated. The
CH2Cl2 layer was collected, and the aqueous layer was further extracted with
CH2Cl2 (2 x ca. 10 mL). The combined CH2Cl2 solution was washed with aqueous
NaBFs solution (2 x ca. 20 mL, 5% w/w). The CH2Cl> layer was dried over
Na2SO0s, filtered, and the solvent was removed under reduced pressure. The
residue was purified by chromatography on silica gel eluting with CH2Cl2/i-PrOH
(100:1, v/v). The product-containing fractions were collected and concentrated
under reduced pressure. The residue was further dried in vacuo to afford 4-TT
(E/Z = 13/1, 191.2 mg, 462 pmol, 92 %) as a colorless sticky oil. 4-TT was further
purified by chromatography on silica gel eluting with CH2Cl2/i-PrOH (100:1, v/v),
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and fractions containing 4-TT(E) were collected and concentrated under reduced

pressure. The residue was further dried in vacuo.
With 2.40 equiv. HOTT:

Me o

o TFAA 3.0 equiv.; BF4
N S HOTf 2.4 equiv.
w0 - 2
. MeCN (0.25 M), N_d® s

0 — 25 °C, 90 min
4 1 93% 4-TT

Under ambient atmosphere, a 20 mL borosilicate vial equipped with a
magnetic stir bar was charged with 1-octene (78.5 uL, 56.1 mg, 0.500 mmol,
1.00 equiv.), thianthrene-S-oxide (1) (120 mg, 0.517 mmol, 1.03 equiv.), and
MeCN (2.0 mL, ¢ = 0.25 M). After cooling to 0°C, trifluoroacetic anhydride (0.21 -
mL, 0.31 g, 1.5 mmol, 3.0 equiv.) was added dropwise within 30 seconds, followed
by dropwise addition of HOTf (104 uL, 1766 mg, 1.18 mmol, 2.40 equiv.) within 10
seconds. After stirring the lilac mixture at 0 °C for 60 min followed by stirring at
25 °C for 30 min, the resulting purple mixture was concentrated under reduced
pressure and subsequently diluted with CH2Cl2 (10 mL). The CH2Cl2 solution was
cooled to 0 °C for 5 min and poured onto a saturated aqueous NaHCOs3 solution
(ca. 20 mL) which was prechilled to 0 °C for 5 min. The combined mixture was
stirred at 0 °C for 5 min and poured into a separatory funnel, and the layers were
separated. The CH2Cl2 layer was collected, and the aqueous layer was further
extracted with CH2Cl2 (2 x ca. 10 mL). The combined CH2Cl2 solution was washed
with aqueous NaBF4 solution (2 x ca. 20 mL, 5 % w/w). The CH2Cl2 layer was
dried over NazSOy, filtered, and the solvent was removed under reduced pressure.
The residue was purified by chromatography on silica gel eluting with CH2Cl2/i-
PrOH (100:1, v/v). The product-containing fractions were collected and
concentrated under reduced pressure. The residue was further dried in vacuo to
afford 4-TT (E/Z = 20/1, 192.3 mg, 464 umol, 93 %) as a colorless sticky oil.

Rf = 0.46 (CH2Cl2/MeOH, 15:1, v/v).
NMR Spectroscopy:

IH NMR (500 MHz, CD2Cl2, 298 K, &): 8.24 (d, J = 7.9 Hz, 2H), 7.89 (d, J
= 8.0 Hz, 2H), 7.78 (t, J = 7.8 Hz, 2H), 7.71 (t, J = 7.7 Hz, 2H), 7.10 (dt, J
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=14.9, 7.5 Hz, 1H), 6.55 (dt, J = 14.8, 1.5 Hz, 1H), 2.27 (m, 2H), 1.43 —
1.35 (m, 2H), 1.31 — 1.12 (m, 6H), 0.87 — 0.76 (m, 3H).

13C NMR {'H} (126 MHz, CD2Clz, 298 K, 8): 157.4, 136.3, 135.1, 133.7,
130.8, 130.7, 120.8, 109.8, 33.8, 31.8, 29.1, 27.7, 22.9, 14.2.
19F NMR (471 MHz, CD:Cl, 298 K, 8): —=151.05 (bs), —151.11 (bs).

HRMS-ESI (m/z) calc’'d. for C20H23S2" [M]*, 327.12357; found, 327.12302;
deviation: +1.68 ppm.

[11.2.1.4 10-Undecen-1-ol-derived thianthrenium salts 9-TT(OTFA) and 9-TT(OH)
With 1.20 equiv. HOTT:

HO

e
BF,

Q TFAA 5.0 equiv.; o-TT(OH) NM—S® 5

HOL N SNSNNF S HOTT 1.2 equiv.
MeCN (0.25 M), N
S
C]
BF, Q
N\

0-25°C, 90 min F,COCO
9-TT(OTFA)

9 1 78%

Under ambient atmosphere, a 20 mL borosilicate vial equipped with a
magnetic stir bar was charged with 10-undecen-1-ol (78.1 mg, 0.500 mmol,
1.00 equiv.), thianthrene-S-oxide (1) (120 mg, 0.517 mmol, 1.03 equiv.), and
MeCN (2.0 mL, ¢ = 0.25 M). After cooling to 0°C, trifluoroacetic anhydride
(0.35 mL, 0.31 g, 1.5 mmol, 5.0 equiv.) was added dropwise within 30 seconds,
followed by dropwise addition of HOTf (52 pyL, 88 mg, 0.59 mmol, 1.2 equiv.)
within 10 seconds. After stirring the lilac mixture at 0 °C for 60 min followed by
stirring at 25 °C for 30 min, the resulting purple mixture was concentrated under
reduced pressure and subsequently diluted with CH2Cl2 (10 mL). The CH2Cl2
solution was poured onto a saturated agueous NaHCOs solution (ca. 20 mL). The
combined mixture was poured into a separatory funnel, and the layers were
separated. The CH2Cl2 layer was collected, and the aqueous layer was further

extracted with CH2Cl2 (2 x ca. 10 mL). The combined CH2Cl2 solution was washed
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with agueous NaBF4 solution (2 x ca. 20 mL, 5 % w/w). The CH2Cl2 layer was
dried over NazSOy, filtered, and the solvent was removed under reduced pressure.
The residue was purified by chromatography on silica gel eluting with CH2Cl2/i-
PrOH (100:1, v/v). The product-containing fractions were collected and
concentrated under reduced pressure. The residue was further dried in vacuo to
afford 9-TT(OTFA) (E/Z = 14/1, 130.0 mg, 229 umol, 46 %) as a colorless sticky
oil and 9-TT(OH) (E/Z = 10/1, 75.4 mg, 160 pmol, 32 %) as a colorless sticky oil.
9-TT(OTFA) was further purified by chromatography on silica gel eluting with
CH2Cl/i-PrOH  (100:1, v/v), and fractions containing 9-TT(OTFA)(E) were
collected and concentrated under reduced pressure. The residue was further dried

in vacuo.

With 2.40 equiv. HOTT:

F,COCO
C)
BF, Q
o N-s® s
N TFAA 5.0 equiv,;
S HOTf 2.4 equiv.
HO A SN+ @ D cau: o 9-TT(OTFA)
MeCN (0.25 M),
s 0-25°C, 90 min O ¥

71% e
9 ‘ | <8
N\

s® S

9-TT(OH)

Under ambient atmosphere, a 20 mL borosilicate vial equipped with a
magnetic stir bar was charged with 10-undecen-1-ol (78.1 mg, 0.500 mmol,
1.00 equiv.), thianthrene-S-oxide (1) (120 mg, 0.517 mmol, 1.03 equiv.), and
MeCN (2.0 mL, ¢ = 0.25M). After cooling to 0°C, trifluoroacetic anhydride
(0.35 mL, 0.31 g, 1.5 mmol, 5.0 equiv.) was added dropwise within 30 seconds,
followed by dropwise addition of HOTf (104 pL, 176 mg, 1.18 mmol, 2.40 equiv.)
within 10 seconds. After stirring the lilac mixture at 0 °C for 60 min followed by
stirring at 25 °C for 30 min, the resulting light purple mixture was concentrated
under reduced pressure and subsequently diluted with CH2Cl2 (10 mL). The
CH2Cl2 solution was cooled to 0°C for 5min and poured onto a saturated

agueous NaHCOs solution (ca. 20 mL) which was prechilled to 0 °C for 5 min. The



Experimental Part 119

combined mixture was stirred at 0 °C for 5 min and poured into a separatory funnel,
and the layers were separated. The CH2Cl2 layer was collected, and the aqueous
layer was further extracted with CH2Cl2 (2 x ca. 10 mL). The combined CH2Cl2
solution was washed with aqueous NaBF4 solution (2 x ca. 20 mL, 5 % w/w).The
CH2Cl2 layer was dried over Na2SOg, filtered, and the solvent was removed under
reduced pressure. The residue was purified by chromatography on silica gel
eluting with CH2Cl2/i-PrOH (100:1 to 50:1, v/v). The product-containing fractions
were collected and concentrated under reduced pressure. The residue was further
dried in vacuo to afford 9-TT(OTFA) (E/Z = 31/1, 150.9 mg, 272 umol, 54 %) as a
light yellow sticky oil and 9-TT(OH) (E/Z = 16/1, 39.2 mg, 86 umol, 17 %) as a
light yellow sticky oil.

Rt = 0.46 (CH2Cl2/MeOH, 15:1, v/v) for 9-TT(OTFA).
Rt = 0.32 (CH2Cl2/MeOH, 15:1, v/v). for 9-TT(OH)
NMR Spectroscopy for 9-TT(OTFA):

1H NMR (500 MHz, CD:Clz, 298 K, &) 8.17 (d, J = 7.9 Hz, 2H), 7.80 (d, J
= 7.9 Hz, 2H), 7.69 (tt, J = 7.8, 1.5 Hz, 2H), 7.65 — 7.60 (m, 2H), 7.08 —
6.99 (M, 1H), 6.47 (dt, J = 14.8, 1.6 Hz, 1H), 4.24 (t, J = 6.7 Hz, 2H), 2.23
—2.13 (m, 2H), 1.69 — 1.56 (m, 2H), 1.33 (p, J = 7.1 Hz, 2H), 1.28 — 1.22
(m, 2H), 1.21 — 1.10 (m, 6H).

13C NMR {'H} (126 MHz, CD:Clz, 298 K, &): 158.6 (2C), 137.7, 136.0,
135.1, 132.3, 132.1, 122.2, 116.5 (g, J = 284.5 Hz), 111.3, 70.4, 35.2,
30.8, 30.7, 30.7, 29.9, 29.1, 27.1.

F NMR (471 MHz, CD2Cl2, 298 K, 3): —73.62 (s), —148.95 (bs), —149.01
(bs).

HRMS-ESI (m/z) 9-TT(OTFA) calc’d. for C2aH26F302S2* [M]*, 467.13208; found,
467.13153; deviation: +1.19 ppm.

NMR Spectroscopy for 9-TT(OH):

IH NMR (500 MHz, CD2Clz, 298 K, &) 10.19 (dd, J = 8.0, 1.4 Hz, 2H),
9.86 (dd, J = 7.9, 1.3 Hz, 2H), 9.75 (td, J = 7.7, 1.4 Hz, 2H), 9.65 (td, J =
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7.7, 1.3 Hz, 2H), 9.06 (dt, J = 14.7, 6.9 Hz, 1H), 8.52 (dt, J = 14.8, 1.5 Hz,
1H), 6.28 (t, J = 6.7 Hz, 2H), 4.27 — 4.09 (m, 2H), 3.66 (dg, J = 8.4, 6.7
Hz, 2H), 3.36 (t, J = 7.5 Hz, 2H), 3.32 — 3.15 (m, 8H).

13C NMR {!H} (126 MHz, CD2Clz, 298 K, &): 157.3, 136.3, 135.1, 133.6,
130.8, 130.7, 120.7, 109.8, 63.1, 33.7, 33.2, 29.6, 29.5, 29.2, 27.7, 26.1.

19F NMR (471 MHz, CD:Cl, 298 K, 8): =150.67 (bs), —150.72 (bs).

HRMS-ESI (m/z) 9-TT(OH) calc’d. for C22H270S2" [M]*, 371.14978; found,
371.14910; deviation: +1.85 ppm.

l11.2.1.5 Pent-4-en-1-yl-phthalimide-derived thianthrenium salt 11-TT

o 9 TFAA 3.0 equiv.; 0 eBF4
NN + S HBF4¢Et,0 1.2 equiv.> N S@ S
U CLO s T
o s 0-25°C,2h o
1 1 72% 11-TT

Under ambient atmosphere, a 20 mL borosilicate vial equipped with a
magnetic stir bar was charged with pent-4-en-1-yl-phthalimide! (645 mg,
3.00 mmol, 1.00 equiv.), thianthrene-S-oxide (1) (696 mg, 3.00 mmol, 1.00 equiv.),
and MeCN (12 mL, ¢ = 0.25 M). After cooling to 0°C, trifluoroacetic anhydride
(2.26 mL, 1.86 g, 9.00 mmol, 3.00 equiv.) was added dropwise within 30 seconds,
followed by dropwise addition of HBF4*OEt2 (522 pL, 3.60 mmol, 1.2 equiv.) within
10 seconds. After stirring the lilac mixture at 0 °C for 60 min followed by stirring at
25 °C for 60 min, the resulting purple mixture was concentrated under reduced
pressure and subsequently diluted with CH2Cl2 (10 mL). The CH2Clz solution was
poured onto a saturated aqueous NaHCOs solution (ca. 20 mL). The combined
mixture was poured into a separatory funnel, and the layers were separated. The
CH2Cl2 layer was collected, and the aqueous layer was further extracted with
CH2Cl2 (2 x ca. 10 mL). The combined CH2Cl2 solution was washed with aqueous
NaBF4 solution (2 x ca. 20 mL, 5% w/w). The CH2Cl2> layer was dried over
NazSO0s, filtered, and the solvent was removed under reduced pressure. The
residue was purified by chromatography on silica gel eluting with CH2Cl2/i-PrOH

(100:1, viv). The product-containing fractions were collected and concentrated
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under reduced pressure. The residue was further dried in vacuo to afford 11-TT
(E/Zz > 50/1, 1.12 g, 2.17 mmol, 72 %) as a colorless solid.

Rf = 0.40 (CH2Cl2/MeOH, 15:1, v/v).
NMR Spectroscopy:

IH NMR (500 MHz, CD2Cl2, 298 K, & 8.24 (dd, J = 7.9, 1.3 Hz, 2H), 7.89
(dd, J = 7.9, 1.3 Hz, 2H), 7.82 — 7.74 (m, 4H), 7.76 — 7.67 (m, 4H), 7.06
(ddd, J = 14.0, 7.3, 6.3 Hz, 1H), 6.61 (dd, J = 14.8, 1.4 Hz, 1H), 3.60 (t, J
= 6.8 Hz, 2H), 2.33 (g, J = 8.1, 7.5 Hz, 2H), 1.80 (p, J = 7.2 Hz, 2H).

13C NMR {H} (126 MHz, CD2Clz, 298 K, &) 168.7, 155.2, 136.5, 135.1,
134.6, 133.9, 132.5, 130.9, 130.8, 123.6, 120.6, 110.9, 37.2, 30.9, 26.8.

19F NMR (471 MHz, CD:Cl, 298 K, 8): —~151.07(bs), =151.12 (bs).

HRMS-ESI (m/z) calc’'d. for C2sH20NO2S2* [M]*, 430.09299 found, 430.09273;
deviation: +0.63 ppm.

[11.2.1.6 Allylbenzol-derived thianthrenium salt 12-TT

Q TFAA 3.0 equiv.;
Z S HOTF 1.2 equiv. s
- ) @

S 0 — 25°C, 90 min
12 1 76% 12-TT

Under ambient atmosphere, a 20 mL borosilicate vial equipped with a
magnetic stir bar was charged with allylbenzol (66.4 yL, 59.1 mg, 0.500 mmaol,
1.00 equiv.), thianthrene-S-oxide (1) (120 mg, 0.517 mmol, 1.03 equiv.), and
MeCN (2.0mL, ¢ = 0.25 M). After cooling to 0°C, trifluoroacetic anhydride
(0.21 mL, 0.31 g, 1.5 mmol, 3.0 equiv.) was added dropwise within 30 seconds,
followed by dropwise addition of HOTf (52 pyL, 88 mg, 0.59 mmol, 1.2 equiv.)
within 10 seconds. After stirring the lilac mixture at 0 °C for 60 min followed by
stirring at 25 °C for 30 min, the resulting purple mixture was concentrated under
reduced pressure and subsequently diluted with CH2Cl2 (10 mL). The CH2Cl2
solution was poured onto a saturated agueous NaHCO3 solution (ca. 20 mL). The
combined mixture was poured into a separatory funnel, and the layers were

separated. The CH2Cl2 layer was collected, and the aqueous layer was further
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extracted with CH2Cl2 (2 x ca. 10 mL). The combined CH2Cl2 solution was washed
with aqueous NaBF4 solution (2 x ca. 20 mL, 5 % w/w). The CH2Cl2 layer was
dried over Na2SOQg, filtered, and the solvent was removed under reduced pressure.
The residue was purified by chromatography on silica gel eluting with CH2Cl2/i-
PrOH (100:1, v/v). The product-containing fractions were collected and
concentrated under reduced pressure. The residue was further dried in vacuo to
afford 12-TT (E/Z > 50/1, 158.9 mg, 378 umol, 76 %) as a colorless solid.

Rf = 0.46 (CH2Cl2/MeOH, 15:1, v/v).
NMR Spectroscopy:

IH NMR (500 MHz, CD2Cl2, 298 K, &) 8.22 (dd, J = 7.9, 1.4 Hz, 2H), 7.88
(dt, J = 8.0, 1.4 Hz, 2H), 7.77 (i, J = 7.8, 1.4 Hz, 2H), 7.69 (td, J = 7.7,
1.3 Hz, 2H), 7.31 — 7.26 (m, 2H), 7.26 — 7.21 (m, 1H), 7.18 (dt, J = 14.8,
6.7 Hz, 1H), 7.11 — 7.08 (m, 2H), 6.50 (dt, J = 14.8, 1.6 Hz, 1H), 3.60 (dd,
J=6.7, 1.6 Hz, 2H).

13C NMR {!H} (126 MHz, CD2Clz, 298 K, 8): 154.8, 136.5, 135.8, 135.1,
133.9, 130.9, 130.8, 129.5, 129.3, 127.8, 120.5, 111.2, 39.6.

19F NMR (471 MHz, CD2Clz, 298 K, 8): —~150.87 (bs), —=150.92 (bs).

HRMS-ESI (m/z) calc’'d. for C21Hi7S2* [M]*, 333.07662; found, 333.07610;
deviation: +1.56 ppm.

[11.2.1.7 1-Allyl-4-(trifluormethyl)-benzol-derived thianthrenium salt 13-TT

TFAA 3.0 equiv,;

(0]
1
Z + S HOTf 1.2 equiv. FaC G)BF4 ; S
> ®
@[ j@ MeCN (0.25 M), S
FsC S
13 1

0 - 25°C, 90 min
77% 13-TT

Under ambient atmosphere, a 20 mL borosilicate vial equipped with a
magnetic stir bar was charged with 1-allyl-4-(trifluormethyl)-benzol (83.9 pL,
93.1 mg, 0.500 mmol, 1.00 equiv.), thianthrene-S-oxide (1) (120 mg, 0.517 mmol,
1.03 equiv.), and MeCN (2.0 mL, ¢ = 0.25 M). After cooling to 0°C, trifluoroacetic
anhydride (0.21 mL, 0.31 g, 1.5 mmol, 3.0 equiv.) was added dropwise within 30
seconds, followed by dropwise addition of HOTf (52 uL, 88 mg, 0.59 mmol,

1.2 equiv.) within 10 seconds. After stirring the lilac mixture at 0 °C for 60 min
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followed by stirring at 25 °C for 30 min, the resulting purple mixture was
concentrated under reduced pressure and subsequently diluted with CH2Cl2
(10 mL). The CH2Cl2 solution was poured onto a saturated aqueous NaHCOs3
solution (ca. 20 mL). The combined mixture was poured into a separatory funnel,
and the layers were separated. The CH2Cl2 layer was collected, and the aqueous
layer was further extracted with CH2Cl2 (2 x ca. 10 mL). The combined CH2Cl2
solution was washed with aqueous NaBF4 solution (2 x ca. 20 mL, 5 % w/w). The
CH:Cl2 layer was dried over Na2SOy4, filtered, and the solvent was removed under
reduced pressure. The residue was purified by chromatography on silica gel
eluting with CH2Cl2/i-PrOH (100:1, v/v). The product-containing fractions were
collected and concentrated under reduced pressure. The residue was further dried
in vacuo to afford 13-TT (E/Z > 50/1, 187.0 mg, 383 umol, 77 %) as a colorless

solid.
Rt = 0.46 (CH2Cl2/MeOH, 15:1, v/v).
NMR Spectroscopy:

H NMR (500 MHz, CD2Cl, 298 K, &) 8.21 (dd, J = 8.0, 1.4 Hz, 2H), 7.88
(dd, J =8.0, 1.3 Hz, 2H), 7.77 (td, J = 7.7, 1.3 Hz, 2H), 7.67 (td, J = 7.7,
1.4 Hz, 2H), 7.52 (d, J = 8.0 Hz, 2H), 7.28 (d, J = 8.0 Hz, 2H), 7.15 (dt, J
= 14.8, 6.9 Hz, 1H), 6.56 (dt, J = 14.8, 1.5 Hz, 1H), 3.67 (dd, J = 6.8, 1.5
Hz, 2H).

13C NMR {*H} (126 MHz, CD2Cl2, 298 K, &): 153.1, 140.3, 136.4, 135.2,
133.7, 130.9, 130.6, 129.8, 129.5, 126.2 (q, J = 3.8 Hz), 124.6 (q, J =
271.8 Hz), 120.1, 112.1, 39.0.

19F NMR (471 MHz, CD2Clz, 298 K, 8): —=62.73, —150.27 (bs), —150.37
(bs).

HRMS-ESI (m/z) calc’d. for Ci2HisF3S2* [M]*, 401.06400; found, 401.06332;
deviation: +1.71 ppm.
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[11.2.1.8 Cyclododecene-derived thianthrenium salt 14-TT

BF,
TFAA 3.0 equiv.;

O
1 ; 2
. S HBF 4eEt,0 1.2 equiv, S® 8
MeCN (0.25 M),
S 0 - 25°C, 60 min
1

68% 14-TT

14

Under ambient atmosphere, a 20 mL borosilicate vial equipped with a
magnetic stir bar was charged with cyclododecene (E/Z = 1/2, 96.7 yL, 83.2 mg,
0.500 mmol, 1.00 equiv.), thianthrene-S-oxide (1) (120mg, 0.517 mmol,
1.03 equiv.), and MeCN (2.0 mL, ¢ = 0.25 M). After cooling to 0°C, trifluoroacetic
anhydride (0.21 mL, 0.31 g, 1.5 mmol, 3.0 equiv.) was added dropwise within 30
seconds, followed by dropwise addition of HBF4-OEtz (87 pL, 0.60 mmol,
1.2 equiv.) within 10 seconds. After stirring the lilac mixture at 0 °C for 60 min, the
resulting pink mixture was concentrated under reduced pressure and subsequently
diluted with CH2Cl2 (10 mL). The CH2Cl2 solution was poured onto a saturated
aqueous NaHCOs solution (ca. 20 mL). The combined mixture was poured into a
separatory funnel, and the layers were separated. The CH2Cl2 layer was collected,
and the aqueous layer was further extracted with CH2Cl2 (2 x ca. 10 mL). The
combined CH2Clz solution was washed with aqueous NaBF4 solution (2 x ca. 20
mL, 5 % w/w). The CH2Clz layer was dried over Na2SOa, filtered, and the solvent
was removed under reduced pressure. The residue was purified by
chromatography on silica gel eluting with CH2Cl2/i-PrOH (100:1, v/v). The product-
containing fractions were collected and concentrated under reduced pressure. The
residue was further dried in vacuo to afford 14-TT (E/Z = 1/1, 159.0 mg, 339 umol,

68 %) as a colorless solid.
Rt = 0.46 (CH2Cl2/MeOH, 15:1, v/v).
NMR Spectroscopy:

IH NMR (500 MHz, CD2Cl2, 298 K, &) 8.22 (dd, J = 7.9, 1.4 Hz, 1H), 8.11
(dd, J = 8.1, 1.4 Hz, 1H), 7.92 (dd, J = 7.9, 1.4 Hz, 1H), 7.84 (td, J = 7.8,
1.4 Hz, 2H), 7.80 (td, J = 7.7, 1.4 Hz, 1H), 7.76 (td, J = 7.6, 1.4 Hz,1H),
7.74 - 7.67 (m, 1H), 6.49 (t, J = 7.7 Hz, 0.4H), 5.39 (t, J = 8.2 Hz, 0.5H),
2.67 — 2.59 (m, 1H), 2.39 — 2.32 (m, 1H), 2.22 (t, J = 7.2 Hz, 1H), 2.20 —
2.16 (m, 1H), 1.77 — 1.70 (m, 1H), 1.58 — 1.49 (m, 2H), 1.43 — 1.27 (m,
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8H), 1.28 — 1.21 (m, 2H), 1.21 — 1.13 (m, 2H), 1.13 — 1.06 (m, 1H).

13C NMR {!H} (126 MHz, CD2Clz, 298 K, 8): 150.4, 142.3, 137.8, 137.6,
1355, 135.5, 135.3, 134.5, 131.2, 131.0, 130.8, 130.7, 130.6, 124.4,
117.9, 117.1, 34.8, 30.4, 27.4, 26.4, 26.1, 26.0, 25.9, 25.69, 25.67, 25.2,
25.1, 24.9, 24.8, 24.7, 24.23, 24.16, 22.9, 22.4.

19F NMR (471 MHz, CD:Cl, 298 K, 8): —=152.16 (bs), —152.21 (bs).

HRMS-ESI (m/z) calc’d. for C24H29S2* [M]*, 381.17052; found, 381.17032;
deviation: +0.53 ppm.

[11.2.1.9 3,4-Dihydro-2H-pyrane-derived thianthrenium salt 16-TT

TFAA 3.0 equiv;; @BF4
HOTf 1.2 equiv.
©: j@ MeCN (0.25 M),
0 °C, 20 min
88% 16-TT

Under ambient atmosphere, a 20 mL borosilicate vial equipped with a
magnetic stir bar was charged with 3,4-dihydro-2H-pyrane (45.7 yL, 42.1 mg,
0.500 mmol, 1.00 equiv.), thianthrene-S-oxide (1) (120mg, 0.517 mmol,
1.03 equiv.), and MeCN (2.0 mL, ¢ = 0.25 M). After cooling to 0°C, trifluoroacetic
anhydride (0.21 mL, 0.31 g, 1.5 mmol, 3.0 equiv.) was added dropwise within 30
seconds, followed by dropwise addition of HOTf (52 uL, 88 mg, 0.59 mmol,
1.2 equiv.) within 10 seconds. After stirring the lilac mixture at 0 °C for 20 min, the
resulting yellow mixture was concentrated under reduced pressure and
subsequently diluted with CH2Cl2 (10 mL). The CH2Cl2 solution was poured onto a
saturated aqueous NaHCOs solution (ca. 20 mL). The combined mixture was
poured into a separatory funnel, and the layers were separated. The CH2Clz layer
was collected, and the aqueous layer was further extracted with CH2Cl2 (2 x ca.
10 mL). The combined CH2Cl2 solution was washed with agueous NaBF4 solution
(2 x ca. 20 mL, 5 % w/w). The CH2Cl2 layer was dried over Na2SOu, filtered, and
the solvent was removed under reduced pressure. The residue was purified by
chromatography on silica gel eluting with CH2Cl2/i-PrOH (100:1, v/v). The product-

containing fractions were collected and concentrated under reduced pressure. The
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residue was further dried in vacuo to afford 16-TT (169.0 mg, 438 pmol, 88 %) as

a colorless solid.
= 0.46 (CH2Cl2/MeOH, 15:1, v/v).
NMR Spectroscopy:

IH NMR (500 MHz, CD2Clz, 298 K, &) 8.07 (dd, J = 7.9, 1.2 Hz, 2H), 7.79
—7.73 (m, 5H), 7.69 (ddd, J = 8.6, 6.6, 2.0 Hz, 2H), 4.18 — 4.14 (t, J = 5.9
Hz, 2H), 2.21 (t, J = 6.3 Hz, 2H), 1.95 (p, J = 6.1 Hz, 2H).

13C NMR {*H} (126 MHz, CD2Cl2, 298 K, &): 159.6, 136.2, 134.6, 133.0,
130.6, 130.0, 118.6, 103.0, 68.3, 21.8, 20.2.

19F NMR (471 MHz, CD:Cl, 298 K, 8): =151.57 (bs), —151.59 (bs).

HRMS-ESI (m/z) calc’d. for C22H250S2* [M]*, 369.13413; found, 369.13432;
deviation: —0.50 ppm.

[11.2.1.10 N-(But-3-en-1-yl)benzamide-derived thianthrenium salt 17-TT

©
o] TFAA 3.0 equiv.; o) BF, ® S
HOTf 2.4 equiv.
MeCN (0.25 M), H
0-25° C 90 min
68% 17-TT

Under ambient atmosphere, a 20 mL borosilicate vial equipped with a
magnetic stir bar was charged with N-(but-3-en-1-yl)benzamide? (109 mg,
0.500 mmol, 1.00 equiv.), thianthrene-S-oxide (1) (120mg, 0.517 mmol,
1.03 equiv.), and MeCN (2.0 mL, ¢ = 0.25 M). After cooling to 0°C, HOTf (52 pL,
88 mg, 0.59 mmol, 1.2 equiv.) within 10 seconds, followed by dropwise addition of
trifluoroacetic anhydride (0.21 mL, 0.31 g, 1.5 mmol, 3.0 equiv.) within 30 seconds,
followed by dropwise addition of HOTf (52 pL, 88 mg, 0.59 mmol, 1.2 equiv.)
within 10 seconds. After stirring the lilac mixture at 0 °C for 60 min followed by
stirring at 25 °C for 30 min, the resulting purple mixture was concentrated under
reduced pressure and subsequently diluted with CH2Cl2 (10 mL). The CH2Cl2
solution was poured onto a saturated aqueous NaHCO3 solution (ca. 20 mL). The

combined mixture was poured into a separatory funnel, and the layers were
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separated. The CH2Cl2 layer was collected, and the aqueous layer was further
extracted with CH2Cl2 (2 x ca. 10 mL). The combined CH2Cl2 solution was washed
with aqueous NaBF4 solution (2 x ca. 20 mL, 5% w/w). The CH2Cl2 layer was
dried over Na2SO0g, filtered, and the solvent was removed under reduced pressure.
The residue was purified by chromatography on silica gel eluting with CH2Cl2/i-
PrOH (70:1 to 30:1, v/v). The product-containing fractions were collected and
concentrated under reduced pressure. The residue was further dried in vacuo to
afford 10-TT (E/Z > 50/1, 163.0 mg, 342 umol, 68 %) as a beige solid.

Rf=0.21 (CH2Cl2/MeOH, 15:1, v/v).
NMR Spectroscopy:

IH NMR (500 MHz, CD2Clz, 298 K, &) 8.09 (dd, J = 8.0, 1.4 Hz, 2H), 7.76
(dd, J = 7.9, 1.4 Hz, 2H), 7.66 (t, J = 7.8 Hz, 4H), 7.56 (td, J = 7.7, 1.4 Hz,
2H), 7.44 (td, J = 7.4, 1.4 Hz, 1H), 7.35 — 7.31 (m, 2H), 7.31 — 7.26 (m,
1H), 7.26 — 7.20 (m, 1H), 6.64 (dd, J = 14.8, 1.4 Hz, 1H), 3.55 (g, J = 6.1
Hz, 2H), 2.61 (q, J = 6.5 Hz, 2H).

13C NMR {H} (126 MHz, CD2Clz, 298 K, &): 167.7, 155.9, 136.0, 134.9,
134.5,133.3, 131.8, 130.7, 130.5, 128.9, 127.5, 120.8, 111.2, 37.9, 34.2.

19F NMR (471 MHz, CDCls, 298 K, 8): —=149.98 (bs), —150.03 (bs).

HRMS-ESI (m/z) calc’d. for C23sH20NOS2* [M]*, 390.09808; found, 390.09744;
deviation: +1.65 ppm.

[11.2.1.11 Cyclooctene-derived thianthrenium salt 18-TT

©)
TFAA 3.0 equiv.;

BF
Q “QS
. S HBF4*Et,01.2 equivy_ s®
MeCN (0.25 M),
s 0 — 25°C, 90 min
18 1

74% 18-TT

Under ambient atmosphere, a 20 mL borosilicate vial equipped with a
magnetic stir bar was charged with cyclooctene (389 pL, 331 mg, 3.00 mmol,
1.00 equiv.), thianthrene-S-oxide (1) (696 mg, 3.00 mmol, 1.00 equiv.), and MeCN
(12 mL, ¢ = 0.25 M). After cooling to 0°C, trifluoroacetic anhydride (1.26 mL,
1.86 g, 9.00 mmol, 3.00 equiv.) was added dropwise within 30 seconds, followed
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by dropwise addition of HBF4*OEt2 (522 pL, 4.20 mmol, 1.20 equiv.) within 10
seconds. After stirring the lilac mixture at 0 °C for 60 min followed by stirring at
25 °C for 30 min, the resulting purple mixture was concentrated under reduced
pressure and subsequently diluted with CH2Cl2 (20 mL). The CH2Cl2 solution was
poured onto a saturated aqueous NaHCOs solution (ca. 20 mL). The combined
mixture was poured into a separatory funnel, and the layers were separated. The
CH2Cl2 layer was collected, and the aqueous layer was further extracted with
CH2Cl2 (2 x ca. 10 mL). The combined CH2Cl2 solution was washed with aqueous
NaBFs solution (2 x ca. 20 mL, 5% w/w). The CH2Cl2 layer was dried over
Na2SOa, filtered, and the solvent was removed under reduced pressure. The
residue was purified by chromatography on silica gel eluting with CH2Cl2/i-PrOH
(100:1, v/v). The product-containing fractions were collected and concentrated
under reduced pressure. The residue was further dried in vacuo to afford 18-TT

(920 mg, 2.23 mmol, 74 %) as a colorless solid.
Rt = 0.46 (CH2Cl2/MeOH, 15:1, v/v).
NMR Spectroscopy:

IH NMR (500 MHz, CD2Cl2, 298 K, &) 8.22 (dd, J = 7.9, 1.5 Hz, 2H), 7.89
(dd, J = 8.1, 1.6 Hz, 2H), 7.84 (td, J = 7.6, 1.5 Hz, 2H), 7.75 (td, J = 7.7,
1.6 Hz, 2H), 5.76 (dd, J = 9.1, 7.8 Hz, 1H), 2.50 (t, J = 6.3 Hz, 2H), 2.29
—2.22 (m, 2H), 1.57 (p, J = 6.1 Hz, 2H), 1.43 — 1.33 (m, 4H), 1.03 (p, J =
5.9 Hz, 2H).

13C NMR {1H} (126 MHz, CD2Cl2, 298 K, &): 143.3, 137.4, 135.6 (d, J =
1.7 Hz), 135.3, 130.72, 130.67, 123.8, 116.8 (d, J = 2.4 Hz), 29.5, 28.6,
28.4, 28.3, 26.3, 25.6.

19F NMR (471 MHz, CD:Cl, 298 K, 8): =152.30 (bs), —152.34 (bs).

HRMS-ESI (m/z) calc’'d. for Cz0H21S2* [M]*, 325.10792; found, 325.10728;
deviation: +1.97 ppm.
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[11.2.1.12 Cycloheptene-derived thianthrenium salt 19-TT

0 TFAA 3.0 equiv;  OBFy @s
. S HOTf 1.2 equiv. +®
©i j@ MeCN (0.25 M), \©
s 0 °C, 30 min
19 1

75% 19-TT

Under ambient atmosphere, a 20 mL borosilicate vial equipped with a
magnetic stir bar was charged with cycloheptene (58.6 uL,486.1 mg, 0.500 mmol,
1.00 equiv.), thianthrene-S-oxide (1) (120 mg, 0.517 mmol, 1.03 equiv.), and
MeCN (2.0 mL, ¢ = 0.25M). After cooling to 0°C, trifluoroacetic anhydride
(0.21 mL, 0.31 g, 1.5 mmol, 3.0 equiv.) was added dropwise within 30 seconds,
followed by dropwise addition of HOTf (52 uL, 88 mg, 0.59 mmol, 1.2 equiv.)
within 10 seconds. After stirring the lilac mixture at 0 °C for 30 min, the resulting
pink mixture was concentrated under reduced pressure and subsequently diluted
with CH2Cl2 (10 mL). The CH2Cl2 solution was poured onto a saturated aqueous
NaHCOs solution (ca. 20 mL). The combined mixture was poured into a separatory
funnel, and the layers were separated. The CH2Cl2 layer was collected, and the
aqueous layer was further extracted with CH2Cl2 (2 x ca. 10 mL). The combined
CH2Cl2 solution was washed with aqueous NaBF4 solution (2 x ca. 20 mL, 5%
w/w). The CH2Cl2 layer was dried over Na2SOas, filtered, and the solvent was
removed under reduced pressure. The residue was purified by chromatography on
silica gel eluting with CH2Cl2/i-PrOH (100:1, v/v). The product-containing fractions
were collected and concentrated under reduced pressure. The residue was further

dried in vacuo to afford 19-TT (149.3 mg, 375 umol, 75 %) as a colorless solid.
Rt = 0.46 (CH2Cl2/MeOH, 15:1, v/v).
NMR Spectroscopy:

1H NMR (500 MHz, CD:Cl, 298 K, &) 8.20 (d, J = 8.0 Hz, 2H), 7.89 (d, J
= 7.9 Hz, 2H), 7.83 (t, J = 7.7 Hz, 2H), 7.74 (t, J = 7.6 Hz, 2H), 5.92 (t, J
= 6.6 Hz, 1H), 2.28 (dq, J = 11.4, 5.9 Hz, 4H), 1.67 (dp, J = 11.6, 5.1, 4.7
Hz, 2H), 1.49 (p, J = 5.8 Hz, 2H), 1.34 (p, J = 5.8 Hz, 2H).

13C NMR {'H} (126 MHz, CD:Clz, 298 K, &): 145.1, 137.1 (d, J = 2.1 Hz),
135.4 (d, J = 3.7 Hz), 135.3, 130.8 (d, J = 2.0 Hz), 130.6, 124.6, 117.6 (d,
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J=2.2 Hz), 31.0, 30.6, 29.9, 26.1, 25.4.
19F NMR (471 MHz, CD:Cl, 298 K, 8): —=151.78 (bs), —151.83 (bs).

HRMS-ESI (m/z) calc’d. for Ci9H19S2* [M]*, 311.09227; found, 311.09166;
deviation: +1.96 ppm.

[11.2.1.13 Cyclohexene-derived thianthrenium salt 20-TT
TFAA 3.0 equiv.; Ogr, ©\s
O HBF4¢Et,0 1.2 equw S@
@: D MeCN (0.25 M),
0-25° C 60 min

60% 20-TT

Under ambient atmosphere, a 20 mL borosilicate vial equipped with a
magnetic stir bar was charged with cyclohexene (50.6 pL, 41.1 mg, 0.500 mmol,
1.00 equiv.), thianthrene-S-oxide (1) (120 mg, 0.517 mmol, 1.03 equiv.), and
MeCN (2.0 mL, ¢ = 0.25 M). After cooling to 0°C, trifluoroacetic anhydride
(0.21 mL, 0.31 g, 1.5 mmol, 3.0 equiv.) was added dropwise within 30 seconds,
followed by dropwise addition of HBF4+OEt2 (87 pL, 0.59 mmol, 1.2 equiv.) within
10 seconds. After stirring the lilac mixture at 0 °C for 45 min followed by stirring at
25 °C for 15 min, the resulting purple mixture was concentrated under reduced
pressure and subsequently diluted with CH2Cl2 (10 mL). The CH2Cl2 solution was
poured onto a saturated aqueous NaHCOs solution (ca. 20 mL). The combined
mixture was poured into a separatory funnel, and the layers were separated. The
CH2Cl2 layer was collected, and the aqueous layer was further extracted with
CH2Cl2 (2 x ca. 10 mL). The combined CH2Cl2 solution was washed with aqueous
NaBFs solution (2 x ca. 20 mL, 5% w/w). The CH2Cl> layer was dried over
Na2SOa, filtered, and the solvent was removed under reduced pressure. The
residue was purified by chromatography on silica gel eluting with CH2Cl2/i-PrOH
(100:1, viv). The product-containing fractions were collected and concentrated
under reduced pressure. The residue was further dried in vacuo to afford 20-TT

(115.5 mg, 301 pmol, 60 %) as a colorless solid.
Rt = 0.46 (CH2Cl2/MeOH, 15:1, v/v).
NMR Spectroscopy:

1H NMR (500 MHz, CD:Clz, 298 K, &) 8.19 (d, J = 7.9 Hz, 2H), 7.88 (d, J
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= 7.9 Hz, 2H), 7.82 (t, J = 7.7 Hz, 2H), 7.75 — 7.70 (m, 2H), 6.05 (d, J =
4.1 Hz, 1H), 2.23 — 2.17 (m, 2H), 1.99 — 1.93 (m, 2H), 1.73 — 1.66 (m,
2H), 1.59 — 1.52 (m, 2H).

13C NMR {*H} (126 MHz, CD2Cl>, 298 K, &): 142.0, 137.1, 135.4, 135.2,
130.7, 130.5, 123.8, 117.1, 27.7, 25.9, 23.0, 20.8.

19F NMR (471 MHz, CD:Cl, 298 K, 8): —~149.84 (bs), —149.92 (bs).

HRMS-ESI (m/z) calc’d. for CisHi7S2* [M]*, 297.07662; found, 297.07647;
deviation: +0.51 ppm.

[11.2.1.14 Cyclopentene-derived thianthrenium salt 21-TT
(.S? TFAA 3.0equiv;  Ogp, 5
@ N @[ :@ HBF,¢Et,0 1.2 equiv, ®
= S
MeCN (0.25 M),
S 0 °C, 30 min ®/ \©
21 1

74% 21-TT

Under ambient atmosphere, a 20 mL borosilicate vial equipped with a
magnetic stir bar was charged with cyclopentene (45.8 uL, 34.1 mg, 0.500 mmaol,
1.00 equiv.), thianthrene-S-oxide (1) (120 mg, 0.517 mmol, 1.03 equiv.), and
MeCN (2.0 mL, ¢ = 0.25M). After cooling to 0°C, trifluoroacetic anhydride
(0.21 mL, 0.31 g, 1.5 mmol, 3.0 equiv.) was added dropwise within 30 seconds,
followed by dropwise addition of HBF4*OEt2 (87 pL, 0.60 mmol, 1.2 equiv.) within
10 seconds. After stirring the lilac mixture at 0 °C for 30 min, the resulting light
purple mixture was concentrated under reduced pressure and subsequently
diluted with CH2Cl2 (10 mL). The CH2Cl2 solution was poured onto a saturated
aqueous NaHCOs solution (ca. 20 mL). The combined mixture was poured into a
separatory funnel, and the layers were separated. The CH2Cl2 layer was collected,
and the aqueous layer was further extracted with CH2Cl2 (2 x ca. 10 mL). The
combined CH2Cl2 solution was washed with aqueous NaBF4 solution (2 x ca. 20
mL, 5 % w/w). The CH2Cl2 layer was dried over NazSOg, filtered, and the solvent
was removed under reduced pressure. The residue was purified by
chromatography on silica gel eluting with CH2Cl2/i-PrOH (100:1, v/v). The product-
containing fractions were collected and concentrated under reduced pressure. The
residue was further dried in vacuo to afford 21-TT (136.6 mg, 369 umol, 74 %) as

a colorless solid.
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= 0.46 (CH2Cl2/MeOH, 15:1, v/v).
NMR Spectroscopy:

IH NMR (500 MHz, CD2Cl>, 298 K, &): 8.22 (dd, J = 7.9, 1.4 Hz, 2H),
7.87 (dd, J = 8.0, 1.4 Hz, 2H), 7.82 (td, J = 7.6, 1.4 Hz, 2H), 7.72 (td, J =
7.7, 1.4 Hz, 2H), 6.27 (p, J = 2.2 Hz, 1H), 2.55 — 2.50 (m, 2H), 2.38 —
2.33 (m, 2H), 2.03 (p, J = 7.6 Hz, 2H).

13C NMR {!H} (126 MHz, CD2Clz, 298 K, 8): 148.5, 136.9, 135.3, 134.4,
130.6, 130.5, 124.7, 117.7, 34.0, 32.9, 23.8.

19F NMR (471 MHz, CD2Clz, 298 K, 8): —151.52 (bs), —151.59 (bs).

HRMS-ESI (m/z) calc’d. for Ci7HisS2* [M]*, 283.06097; found, 283.06045;
deviation: +1.84 ppm.

111.2.1.15 (E,E,E)-1,5,9-Cyclododecatriene-derived thianthrenium salt 22-TT

©8r,

.. TFAA 3.0 equiv,; so s
HBF 4eEt,0 1.2 equiv,
MeCN (0.25 M), @
°C, 45 min

68% 22-TT

Under ambient atmosphere, a 20 mL borosilicate vial equipped with a
magnetic stir bar was charged with (E,E,E)-1,5,9-cyclododecatriene (91.2 pL,
81.1 mg, 0.500 mmol, 1.00 equiv.), thianthrene-S-oxide (1) (120 mg, 0.517 mmol,
1.03 equiv.), and MeCN (2.0 mL, ¢ = 0.25 M). After cooling to 0°C, trifluoroacetic
anhydride (0.21 mL, 0.31 g, 1.5 mmol, 3.0 equiv.) was added dropwise within 30
seconds, followed by dropwise addition of HBF4-OEt> (87 pL, 0.60 mmol,
1.2 equiv.) within 10 seconds. After stirring the lilac mixture at 0 °C for 45 min, the
resulting purple mixture was concentrated under reduced pressure and
subsequently diluted with CH2Cl2 (10 mL). The CH2Cl2 solution was poured onto a
saturated aqueous NaHCOs solution (ca. 20 mL). The combined mixture was
poured into a separatory funnel, and the layers were separated. The CH2Clz layer
was collected, and the aqueous layer was further extracted with CH2Cl2 (2 % ca.
10 mL). The combined CH2Cl2 solution was washed with agueous NaBF4 solution
(2 x ca. 20 mL, 5 % w/w). The CH2Cl2 layer was dried over Na2SOu, filtered, and

the solvent was removed under reduced pressure. The residue was purified by
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chromatography on silica gel eluting with CH2Cl2/i-PrOH (100:1, v/v). The product-
containing fractions were collected and concentrated under reduced pressure. The
residue was further dried in vacuo to afford 22-TT (157.4 mg, 339 pmol, 68 %) as

a colorless solid.
Rt = 0.46 (CH2Cl2/MeOH, 15:1, v/v).
NMR Spectroscopy:

1H NMR (500 MHz, CD2Clz, 298 K, &): 8.06 — 8.02 (m, 2H), 7.83 — 7.77
(m, 4H), 7.70 (m, J = 8.1, 6.4, 2.4 Hz, 2H), 6.03 (t, J = 7.4 Hz, 1H), 5.31 —
5.25 (m, 1H), 5.21 — 5.10 (m, 1H), 4.94 — 4.84 (m, 1H), 4.71 — 4.59 (m,
1H), 2.84 (td, J = 7.2, 5.4 Hz, 2H), 2.46 — 2.40 (m, 2H), 2.35 (m, J = 6.6
Hz, 2H), 2.11 — 2.04 (m, 2H), 2.01 (m, J = 7.1, 5.9, 3.3 Hz, 2H), 1.68 (m,
J = 6.7 Hz, 2H).

13C NMR {!H} (126 MHz, CD2Clz, 298 K, d): 154.1, 137.0, 135.2, 134.4,
134.2, 134.0, 130.6, 130.4, 130.0, 129.6, 128.6, 117.3, 35.1, 32.6, 32.1,
32.0, 31.9, 30.3.

19F NMR (471 MHz, CD2Clz, 298 K, 8): —152.13 (bs), —152.18 (bs).

HRMS-ESI (m/z) calc’'d. for C24H25S2* [M]*, 377.13922; found, 377.13857;
deviation: +1.72 ppm.

[11.2.1.16 1,9-Cyclohexadecadiene-derived thianthrenium salt 23-TT

©

O . BF,4 S

n TFAA 3.0 equiv.; ®
N S HOTf 1.2 equiv. S
'
©: :@ MeCN (0.25 M),
S 0 —25°C, 90 min
23 1

61% 23-TT

Under ambient atmosphere, a 20 mL borosilicate vial equipped with a
magnetic stir bar was charged with 1,9-cyclohexadecadiene (110 mg, 0.500 mmol,
1.00 equiv.), thianthrene-S-oxide (1) (120 mg, 0.517 mmol, 1.03 equiv.), and
MeCN (2.0 mL, ¢ = 0.25M). After cooling to 0°C, trifluoroacetic anhydride
(0.21 mL, 0.31 g, 1.5 mmol, 3.0 equiv.) was added dropwise within 30 seconds,
followed by dropwise addition of HOTf (52 yL, 88 mg, 0.59 mmol, 1.2 equiv.)
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within 10 seconds. After stirring the lilac mixture at 0 °C for 60 min followed by
stirring at 25 °C for 30 min, the resulting purple mixture was concentrated under
reduced pressure and subsequently diluted with CH2Cl2 (10 mL). The CH2Cl2
solution was poured onto a saturated aqueous NaHCO3 solution (ca. 20 mL). The
combined mixture was poured into a separatory funnel, and the layers were
separated. The CH2Cl2 layer was collected, and the aqueous layer was further
extracted with CH2Cl2 (2 x ca. 10 mL). The combined CH2Cl2 solution was washed
with aqueous NaBF4 solution (2 x ca. 20 mL, 5 % w/w). The CH2Cl2 layer was
dried over NazSOy, filtered, and the solvent was removed under reduced pressure.
The residue was purified by chromatography on silica gel eluting with CH2Cl2/i-
PrOH (100:1, v/v). The product-containing fractions were collected and
concentrated under reduced pressure. The residue was further dried in vacuo to
afford 23-TT (159.0 mg, 304 umol, 61 %) as a colorless solid.

Rt = 0.46 (CH2Cl2/MeOH, 15:1, v/v).
NMR Spectroscopy:

1H NMR (500 MHz, CD:Cl, 298 K, &): 8.22 (d, J = 7.9 Hz, 2H), 7.89 —
7.80 (M, 4H), 7.72 (t, J = 7.6 Hz, 2H), 5.51 (t, J = 8.3 Hz, 1H), 5.31 — 5.24
(m, 2H), 2.25 — 2.15 (m, 2H), 2.08 (g, J = 8.0 Hz, 2H), 1.97 (m, 4H), 1.35
—1.10 (m, 16H).

13C NMR {*H} (126 MHz, CD2Cl2, 298 K, 8): 142.2, 137.3, 135.4, 135.3,
130.7, 130.5, 130.4, 130.1, 123.7, 116.9, 29.3, 29.1, 28.9, 28.5, 28.3,
28.08, 28.03, 28.01, 27.97, 27.7, 27.1, 26.9.

19F NMR (471 MHz, CD2Clz, 298 K, 8): —151.37 (bs), —151.42 (bs).

HRMS-ESI (m/z) calc’d. for Ca2sHssS2* [M]*, 435.21747; found, 435.21674;
deviation: +1.68 ppm.

111.2.1.17 1,5-Cyclooctadiene-derived thianthrenium salt 24-TT
Q TFAA 3.0 equiv.; ©8r, Q\s
. S HOTf 1.2 equiv. s®
©: j@ MeCN (0.25 M),
S 0 °C, 45 min

24 1 54% 24-TT
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Under ambient atmosphere, a 20 mL borosilicate vial equipped with a
magnetic stir bar was charged with 1,5-cyclooctadiene (61.3 yL, 54.1 mg,
0.500 mmol, 1.00 equiv.), thianthrene-S-oxide (1) (120mg, 0.517 mmol,
1.03 equiv.), and MeCN (2.0 mL, ¢ = 0.25 M). After cooling to 0°C, trifluoroacetic
anhydride (0.21 mL, 0.31 g, 1.5 mmol, 3.0 equiv.) was added dropwise within 30
seconds, followed by dropwise addition of HOTf (52 uL, 88 mg, 0.59 mmol,
1.2 equiv.) within 10 seconds. After stirring the lilac mixture at 0 °C for 45 min, the
resulting purple mixture was concentrated under reduced pressure and
subsequently diluted with CH2Cl2 (10 mL). The CH2Cl2 solution was poured onto a
saturated aqueous NaHCOs solution (ca. 20 mL). The combined mixture was
poured into a separatory funnel, and the layers were separated. The CH2Cl2 layer
was collected, and the aqueous layer was further extracted with CH2Cl2 (2 % ca.
10 mL). The combined CH2Cl2 solution was washed with agueous NaBF4 solution
(2 x ca. 20 mL, 5 % w/w). The CH2Cl2 layer was dried over Na2SOa, filtered, and
the solvent was removed under reduced pressure. The residue was purified by
chromatography on silica gel eluting with CH2Cl2/i-PrOH (100:1, v/v). The product-
containing fractions were collected and concentrated under reduced pressure. The
residue was further dried in vacuo to afford 24-TT (110.0 mg, 268 pumol, 54 %) as

a colorless solid.
Rt = 0.46 (CH2Cl2/MeOH, 15:1, v/iv).
NMR Spectroscopy:

1H NMR (500 MHz, CDCl3, 298 K, &): 8.37 — 8.31 (m, 2H), 7.81 — 7.75 (m,
4H), 7.70 (ddd, J = 8.6, 6.8, 2.1 Hz, 2H), 5.84 (t, J = 6.5 Hz, 1H), 5.53 —
5.44 (m, 1H), 5.32 — 5.24 (m, 1H), 2.64 (t, J = 6.9 Hz, 2H), 2.49 (q, J =
6.6 Hz, 2H), 2.33 (g, J = 6.9 Hz, 2H), 2.02 (g, J = 6.8 Hz, 2H).

13C NMR {*H} (126 MHz, CDCls, 298 K, d): 142.2, 136.8, 135.6, 135.1,
130.5, 130.2, 129.0, 127.3, 124.1, 117.5, 29.6, 28.9, 27.1, 26.1.

19F NMR (471 MHz, CDCls, 298 K, 8): =151.67 (bs), —151.72 (bs).

HRMS-ESI (m/z) calc’'d. for C2oH19S2* [M]*, 323.09227; found, 323.09220;
deviation: +0.22 ppm.
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[11.2.1.18 Tricyclo[6.2.1.02,7]undeca-4-ene-derived thianthrenium salt 25-TT

o TFAA 3.0 equiv.: ©gr, ;(D S
d@ . @[SD HBF4+Et0 1.2 equiv, S\©
MeCN (0.25 M),  \ |j S
S 0 — 25°C, 90 min
25 1

53% 25-TT

Under ambient atmosphere, a 20 mL borosilicate vial equipped with a
magnetic stir bar was charged with tricyclo[6.2.1.02,7]Jundeca-4-ene (74.1 mg,
0.500 mmol, 1.00 equiv.), thianthrene-S-oxide (1) (120mg, 0.517 mmol,
1.03 equiv.), and MeCN (2.0 mL, ¢ = 0.25 M). After cooling to 0°C, trifluoroacetic
anhydride (0.21 mL, 0.31 g, 1.5 mmol, 3.0 equiv.) was added dropwise within 30
seconds, followed by dropwise addition of HBF4*OEt2 (87 pL, 0.59 mmol,
1.2 equiv.) within 10 seconds. After stirring the lilac mixture at 0 °C for 60 min
followed by stirring at 25 °C for 30 min, the resulting purple mixture was
concentrated under reduced pressure and subsequently diluted with CH2Cl2
(10 mL). The CH2Cl2 solution was poured onto a saturated aqueous NaHCOs3
solution (ca. 20 mL). The combined mixture was poured into a separatory funnel,
and the layers were separated. The CH2Cl2 layer was collected, and the aqueous
layer was further extracted with CH2Cl2 (2 x ca. 10 mL). The combined CH2Cl2
solution was washed with aqueous NaBF4 solution (2 x ca. 20 mL, 5 % w/w). The
CH2Cl2 layer was dried over Na2SOg, filtered, and the solvent was removed under
reduced pressure. The residue was purified by chromatography on silica gel
eluting with CH2Cl2/i-PrOH (100:1, v/v). The product-containing fractions were
collected and concentrated under reduced pressure. The residue was further dried

in vacuo to afford 25-TT (119.1 mg, 265 umol, 53 %) as a colorless solid.
Rt = 0.46 (CH2Cl2/MeOH, 15:1, v/v).
NMR Spectroscopy:

1H NMR (500 MHz, CD2Clz, 298 K, &): 8.19 (dd, J = 8.0, 1.4 Hz, 2H),
7.87 (ddd, J = 8.0, 3.8, 1.4 Hz, 2H), 7.81 (tdd, J = 7.8, 3.1, 1.4 Hz, 2H),
7.73 (tdd, J = 7.5, 3.0, 1.4 Hz, 2H), 6.01 (dd, J = 7.6, 2.4 Hz, 1H), 2.49 —
2.42 (m, 1H), 2.25 — 2.17 (m, 1H), 1.95 — 1.90 (m, 1H), 1.89 — 1.83 (m,
1H), 1.66 — 1.54 (m, 4H), 1.51 — 1.40 (m, 3H), 1.18 — 1.06 (m, 2H), 1.05
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—0.98 (M, 1H).

13C NMR {*H} (126 MHz, CD2Clz, 298 K, 8): 142.9, 136.9, 135.4, 135.3,
135.2, 134.9, 130.8, 130.7, 130.5, 121.3, 117.5, 117.3, 44.4, 43.6, 43.3,
42.6, 33.6, 31.1, 29.7, 29.6, 29.5.

19F NMR (471 MHz, CD:zClz, 298 K, 8): —=151.72 (bs), —151.78 (bs).

HRMS-ESI (m/z) calc’'d. for Ca23H23S2" [M]*, 363.12357; found, 363.12354;
deviation: +0.08 ppm.

[11.2.1.19 Probenecid-derived thianthrenium salt 28-TT

(0]
TFAA 3.0 equiv.;

; ~s
o] o @

1] Et x-S
Etﬁ v S HOTf 1.2 equiv. ﬁ /@)‘\0/\/\/ \@
. @ :@ MeCN (025 M), EiNsge &
~ o8] S 0 - 25°C, 75 min oo 4
0 o

28 1 69% 28-TT

Under ambient atmosphere, a 20 mL borosilicate vial equipped with a
magnetic stir bar was charged with Probenecid-derived alkene 28 (170 mg,
0.500 mmol, 1.00 equiv.), thianthrene-S-oxide (1) (120 mg, 0.517 mmol,
1.03 equiv.), and MeCN (2.0 mL, ¢ = 0.25 M). After cooling to 0°C, trifluoroacetic
anhydride (0.21 mL, 0.31 g, 1.5 mmol, 3.0 equiv.) was added dropwise within 30
seconds, followed by dropwise addition of HOTf (52 uyL, 88 mg, 0.59 mmol,
1.2 equiv.) within 10 seconds. After stirring the lilac mixture at 0 °C for 45 min
followed by stirring at 25 °C for 30 min, the resulting purple mixture was
concentrated under reduced pressure and subsequently diluted with CH2Cl2
(10 mL). The CH2Cl2 solution was poured onto a saturated aqueous NaHCO3
solution (ca. 20 mL). The combined mixture was poured into a separatory funnel,
and the layers were separated. The CH2Cl2 layer was collected, and the aqueous
layer was further extracted with CH2Cl2 (2 x ca. 10 mL). The combined CH2Cl2
solution was washed with aqueous NaBF4 solution (2 x ca. 20 mL, 5 % w/w). The
CH2Cl2 layer was dried over Na2SO4, filtered, and the solvent was removed under
reduced pressure. The residue was purified by chromatography on silica gel
eluting with CH2Cl2/i-PrOH (90:1 to 60:1, v/v). The product-containing fractions
were collected and concentrated under reduced pressure. The residue was further
dried in vacuo to afford 28-TT (E/Z > 50/1, 220.0 mg, 343 umol, 69 %) as a

colorless solid.
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Rf = 0.46 (CH2Cl2/MeOH, 20:1, v/v).
NMR Spectroscopy:

IH NMR (500 MHz, CDsCl, 298 K, &): 8.36 — 8.31 (m, 2H), 7.99 (d, J =
8.2 Hz, 2H), 7.79 (d, J = 8.1 Hz, 2H), 7.76 — 7.68 (m, 4H), 7.64 (td, J =
7.5, 1.7 Hz, 2H), 7.29 (dt, J = 14.6, 7.2 Hz, 1H), 6.70 (d, J = 14.7 Hz, 1H),
4.44 (t, J = 6.0 Hz, 2H), 3.15 — 3.06 (m, 4H), 2.76 (q, J = 6.3 Hz, 2H),
1.55 (h, J = 7.4 Hz, 4H), 0.87 (t, J = 7.3 Hz, 6H).

13C NMR {H} (126 MHz, CDsCl, 298 K, &): 164.8, 151.6, 144.5, 135.5,
134.5, 134.0, 132.8, 130.4, 130.2, 130.0, 127.1, 119.9, 112.0, 62.0, 50.0,
32.4,22.0, 11.2.

19F NMR (471 MHz, CDsCl, 298 K, 8): —=150.25 (bs), —150.30 (bs).

HRMS-ESI (m/z) calc’d. for C29H32NO4S3* [M]*, 554.14880; found, 554.14880;
deviation: 0.00 ppm.

[11.2.1.20 Fluazinam-derived thianthrenium salt 29-TT

J
0
NO, C

! S TFAA 3.0 equiv; NoL o
of N N 4 S HOTf 2.4 equiv. o Cl 2 N o
N @ D MeCN (0.20 M), j@\/ ﬁ BF,
FiC NO, CFs s 0-25C, 75 min vo, NP er,
2 1 o 20-TT

Under ambient atmosphere, a 20 mL borosilicate vial equipped with a
magnetic stir bar was charged with Fluazinam-derived alkene 29 (109 mg,
0.200 mmol, 1.00 equiv.), thianthrene-S-oxide (1) (48 mg, 0.206 mmol,
1.03 equiv.), and MeCN (1.0 mL, ¢ = 0.20 M). After cooling to 0°C, HOTf (20 pL,
35 mg, 0.24 mmol, 1.2 equiv.) within 10 seconds was added dropwise within 30
seconds, followed by dropwise addition of trifluoroacetic anhydride (84 uL, 64 mg,
0.60 mmol, 3.0 equiv.) and HOTf (20 pL, 35 mg, 0.24 mmol, 1.2 equiv.). After
stirring the lilac mixture at 0 °C for 45 min followed by stirring at 25 °C for 30 min,
the resulting purple mixture was concentrated under reduced pressure and
subsequently diluted with CH2Cl2 (10 mL). The CH2Cl2 solution was poured onto a

saturated aqueous NaHCOs solution (ca. 20 mL). The combined mixture was
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poured into a separatory funnel, and the layers were separated. The CH2Clz layer
was collected, and the aqueous layer was further extracted with CH2Cl2 (2 x ca.
10 mL). The combined CH2Cl2 solution was washed with agueous NaBF4 solution
(2 x ca. 20 mL, 5 % w/w). The CH2Cl2 layer was dried over Na2SOu, filtered, and
the solvent was removed under reduced pressure. The residue was purified by
chromatography on silica gel eluting with CH2Cl2/i-PrOH (100:1, v/v). The product-
containing fractions were collected and concentrated under reduced pressure. The
residue was further dried in vacuo to afford 29-TT (E/Z > 50/1, 81.3 mg, 95.8 umol,

48 %) as a yellow solid.
Rt = 0.46 (CH2Cl2/MeOH, 20:1, v/v).
NMR Spectroscopy:

IH NMR (600 MHz, CDsCl, 298 K, 8): 8.74 (s, 1H), 8.40 (s, 1H), 8.23 (d,
J = 7.9 Hz, 1H), 8.20 (d, J = 7.9 Hz, 1H), 7.98 (s, 1H), 7.84 — 7.78 (m,
2H), 7.74 — 7.70 (m, 2H), 7.69 — 7.63 (m, 2H), 7.14 — 7.06 (m, 1H), 6.55
(d, J = 14.6 Hz, 1H), 2.91 — 2.79 (m, 2H), 2.78 — 2.70 (m, 1H), 2.60 —
2.51 (m, 1H).

13C NMR {!H} (151 MHz, CDsCl, 268 K, &): 170.3, 154.3, 151.0, 150.6,
147.2, 143.6 (d, J = 4.0 Hz), 136.7, 135.7, 135.6, 134.4, 134.3, 134.0,
133.5, 132.5(d, J = 34.6 Hz), 130.5, 130.4, 130.25, 130.23, 129.4, 129.3,
129.1, 127.2, 126.7 (g, J = 34.1 Hz), 122.1 (d, J = 273.2 Hz), 120.6 (d, J
= 274.9 Hz), 120.2, 119.8, 111.0, 32.6, 27.3.

19F NMR (471 MHz, CD3Cl, 298 K, 8): —62.29 (s), —=63.24 (s), —150.63
(bs), =150.69 (bs).

HRMS-ESI (m/z) calc’d. for CsoHi17Cl2FsN4OsS2*  [M]*, 760.99162; found,
760.99226; deviation: —0.48 ppm.



140 Experimental Part

[11.2.1.21 Bicalutamide-derived thianthrenium salt 31-TT

NC

] F3C
S
NH ~ ®
TFAA 3.0 equiv,; (0] 0
O Meu, HOTf 1.2 equiv. o
@E :@ MeCN (0.25 M), Me O BFy
0 —25°C, 75 min S$0

80% O 377
CFs

F

Under ambient atmosphere, a 20 mL borosilicate vial equipped with a magnetic
stir bar was charged with Bicalutamide-derived alkene 31 (128 mg, 0.250 mmol,
1.00 equiv.), thianthrene-S-oxide (1) (60 mg, 0.258 mmol, 1.03 equiv.), and MeCN
(2.0 mL, ¢ = 0.13 M). After cooling to 0°C, trifluoroacetic anhydride (0.11 mL,
0.16 g, 0.75 mmol, 3.0 equiv.) was added dropwise within 30 seconds, followed by
dropwise addition of HOTf (26 yL, 44 mg, 0.30 mmol, 1.2 equiv.) within 10
seconds. After stirring the lilac mixture at 0 °C for 60 min followed by stirring at
25 °C for 15 min, the resulting pink mixture was concentrated under reduced
pressure and subsequently diluted with CH2Cl2 (10 mL). The CH2Cl2 solution was
poured onto a saturated aqueous NaHCOs solution (ca. 20 mL). The combined
mixture was poured into a separatory funnel, and the layers were separated. The
CH2Cl2 layer was collected, and the aqueous layer was further extracted with
CH2Cl2 (2 x ca. 10 mL). The combined CH2Cl2 solution was washed with aqueous
NaBFs solution (2 x ca. 20 mL, 5% w/w). The CH2Cl> layer was dried over
Na2SOa, filtered, and the solvent was removed under reduced pressure. The
residue was purified by chromatography on silica gel eluting with CH2Cl2/i-PrOH
(80:1 to 50:1, v/v). The product-containing fractions were collected and
concentrated under reduced pressure. The residue was further dried in vacuo to
afford 31-TT (E/Z > 50/1, 163.2 mg, 200 umol, 80 %) as a colorless solid.

Rf = 0.46 (CH2Cl2/MeOH, 20:1, v/v).
NMR Spectroscopy:

1H NMR (500 MHz, CDsCl, 298 K, 3): 9.34 (s, 1H), 8.24 (d, J = 2.2 Hz,
1H), 8.16 (d, J = 7.9 Hz, 1H), 8.11 (d, J = 7.9 Hz, 1H), 7.91 (dd, J = 8.6,
2.1 Hz, 1H), 7.88 — 7.79 (m, 4H), 7.77 — 7.68 (m, 2H), 7.67 — 7.56 (m,
3H), 7.28 (dt, J = 14.3, 6.8 Hz, 1H), 7.12 (t, J = 8.5 Hz, 2H), 6.74 (d, J =
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14.7 Hz, 1H), 4.17 (d, J = 14.5 Hz, 1H), 4.01 (d, J = 14.5 Hz, 1H), 3.02 —
2.93 (m, 1H), 2.91 — 2.82 (m, 1H), 2.78 — 2.55 (m, 2H), 1.70 (s, 3H).

13C NMR {IH} (126 MHz, CDsCl, 298 K, &): 171.0, 169.3, 165.8 (d, J =
257.4 Hz), 155.8, 141.9, 135.4, 135.4, 135.3, 135.2, 134.32, 134.25,
133.2, 132.9, 132.7, 132.5, 131.3, 131.2, 130.3, 130.2, 130.1, 130.0,
123.1, 122.2 (g, J = 274.1 Hz), 120.2 (d, J = 8.7 Hz), 118.1, 116.4 (d, J =
22.6 Hz), 115.7, 110.2, 103.9, 79.7, 57.4, 53.4, 31.5, 27.7, 23.9.

19F NMR (471 MHz, CDsCl, 298 K, 8): —=62.00, —102.47 (m), —148.12 (bs),
~148.17 (bs).

HRMS-ESI (m/z) calc’d. for C3sH27N205S2F4* [M]*, 727.10128; found, 727.10209;
deviation: —=1.11 ppm.

[11.2.2. Evaluation of different S-oxides

Me ®)
TFAA 3.0 equiv.; BF,
. o HOTf 1.2 equiv.
ANNNNF S >
Me R"7°R MeCN (0.25 M), N
0 - 25 °C, 90 min s ®

R

Under ambient atmosphere, a 20 mL borosilicate vial equipped with a
magnetic stir bar was charged with 1-octene (78.5 uL, 56.1 mg, 0.500 mmol,
1.00 equiv.), S-oxide (0.517 mmol, 1.03 equiv.), and MeCN (2.0 mL, ¢ = 0.25 M).
After cooling to 0°C, trifluoroacetic anhydride (0.21-mL, 0.31g, 1.5 mmol,
3.0 equiv.) was added dropwise within 30 seconds, followed by dropwise addition
of HOTf (52 pL, 88 mg, 0.59 mmol, 1.2 equiv.) within 10 seconds. After stirring the
lilac mixture at 0 °C for 60 min followed by stirring at 25 °C for 30 min, the resulting
purple mixture was concentrated under reduced pressure and subsequently
diluted with CH2Cl2 (10 mL). The CH2Cl2 solution was poured onto a saturated
aqueous NaHCOs solution (ca. 20 mL). The combined mixture was poured into a
separatory funnel, and the layers were separated. The CH2Cl2 layer was collected,
and the aqueous layer was further extracted with CH2Cl2 (2 x ca. 10 mL). The
combined CH2Cl2 solution was washed with aqueous NaBF4 solution (2 x ca. 20
mL, 5 % w/w). The CH2Cl2 layer was dried over NazSOg, filtered, and the solvent

was removed under reduced pressure. The residue was checked by TLC and
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LCMS or purified by chromatography on silica gel to obtain the yield for alkenyl

sulfonium salts.
[11.2.3. Mechanistic experiments

[11.2.3.1 NMR studies of the reaction kinetics

0 o ®
0 TFAA 3.0 equiv.; s/@ o
S HOTf 2.4 equiv @\3(9 OTf

Me\ANMe + . .
MeCN-d3 (0.25 M), H ~Pr ©
S i H OTf

0 °C, 120 min Pr
2 1 [2-INT]

g o S
NN OTf | NaHCOs (aq) @[@D

S o

H ;—| OTf aqueous work up Me P

[2-INT] Full conversion 27T

Under ambient atmosphere, a 4 mL borosilicate vial equipped with a
magnetic stir bar was charged with trans-4-octene (78.5 L, 56.1 mg, 0.500 mmaol,
1.00 equiv.), thianthrene-S-oxide (1) (60 mg, 0.26 mmol, 0.52 equiv.), and CD3sCN
(2.0 mL, ¢ = 0.50 M). After cooling to 0°C, trifluoroacetic anhydride (0.11 mL,
0.16 g, 0.75 mmol, 3.0 equiv.) was added dropwise within 30 seconds, an aliquot
(0.20 mL) was taken out and diluted in 0.5 mL CDsCN, and 'H-NMR was
measured for this sample. HOTf (52 uL, 88 mg, 0.59 mmol, 2.4 equiv.) was added
dropwise within 10 seconds, during the course of stirring the lilac mixture at 0 °C
for 120 min, an aliquot (0.20 mL) was taken out and diluted in 0.5 mL CD3CN, and
'H-NMR was measured for the samples at the time of 30”, 2’30”, 4'30”, 7, 10’, 15/,
20’, 30, 40’, 60’, 90’, and 120’. The resulting light pink mixture was concentrated
under reduced pressure and *H-NMR was checked for the residue. Subsequently
the residue was diluted with CD3sClI (2 mL). A saturated aqueous NaHCO3 solution
(ca. 5.0 mL) was slowly added into the CDsCl solution, the resulting organic phase
was separated and measure by *H-NMR. Full conversion of thianthrenium dication

2-INT to the alkenyl thianthrenium salt 2-TT was observed.
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Figure Ill.1. NMR spectra for the reaction of thianthrene-S-oxide, trifluoroacetic

anhydride with trans-4-octene before and after addition of triflic acid.
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Figure 11l.2. NMR spectra for the reaction of thianthrene-S-oxide, trifluoroacetic

anhydride with trans-4-octene after addition of triflic acid between 2'30” and 120
(from top to bottom: 2'30”, 4'30”, 7°, 10°, 15’, 20’°, 30, 40’, 60’°, 90’, and 120’).

Synthesis of dicationic thianthrenium salts



144 Experimental Part

[11.2.3.2 trans-4-Octene-derived thianthrenium dication 2-INT

®
TFAA 3.0 equiv.; @\g) -

(0]
1
S HOTf 2.4 equiv.
Me AN d
© = Me + > ~ S
MeCN (0.25 M), H Pr .
S 0 °C, 75 min Pr H
2 1 89% 2-INT

Under ambient atmosphere, a 20 mL borosilicate vial equipped with a
magnetic stir bar was charged with trans-4-octene (78.5 L, 56.1 mg, 0.500 mmaol,
1.00 equiv.), thianthrene-S-oxide (1) (120 mg, 0.517 mmol, 1.03 equiv.), and
MeCN (2.0 mL, ¢ = 0.25M). After cooling to 0°C, trifluoroacetic anhydride
(0.21 mL, 0.31 g, 1.5 mmol, 3.0 equiv.) was added dropwise within 30 seconds,
followed by dropwise addition of HOTf (104 uL, 176 mg, 1.08 mmol, 2.4 equiv.)
within 10 seconds. After stirring the lilac mixture at 0 °C for 75 min, the resulting
light pink mixture was concentrated under reduced pressure and subsequently
diluted with CH2Cl2 (2 mL). The CH2Cl2 solution was poured onto a stirring solution
of Et20 (ca. 20 mL), and colorless precipitates formed immediately. The colorless
solid was collected on a filter frit and rinsed with Et20 (3 % ca. 5 mL). The solid
was collected and further dried in vacuo to afford 2-INT (280.0 mg, 447 pmol,

89 %) as a colorless solid.
NMR Spectroscopy:

IH NMR (500 MHz, CD3CN, 298 K, &): 8.65 — 8.60 (m, 4H), 8.20 — 8.12 (m,
4H), 4.32 — 4.25 (m, 2H), 1.81 — 1.72 (m, 2H), 1.71 — 1.49 (m, 6H), 0.93 (t, J =
7.1 Hz, 6H).

13C NMR {H} (126 MHz, CDsCN, 298 K, 8): 137.6 — 137.4 (m, 4C), 125.9,
125.0 — 120.5 (m), 122.8, 60.9, 35.0, 20.9, 13.6.

19F NMR (471 MHz, CD3CN, 298 K, 8): —=79.27 (s).

HRMS-ESI (m/z) calc’d. for C20H24S2?* [M]?*, 164.06542; found, 164.06541;
deviation: +0.08 ppm.

[11.2.3.3 cis-4-Octene-derived thianthrenium dication 3-INT

O TFAA 3.0 equiv.; @S@ O

z Me S HOTf 2.4 equiv.
@[ D MeCN (025 M), Hﬁzr e
S 0 °C, 60 min H Pr

Me 2 1 92% 3-INT
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Under ambient atmosphere, a 20 mL borosilicate vial equipped with a
magnetic stir bar was charged with cis-4-octene (78.5 yL, 56.1 mg, 0.500 mmol,
1.00 equiv.), thianthrene-S-oxide (1) (120 mg, 0.517 mmol, 1.03 equiv.), and
MeCN (2.0 mL, ¢ = 0.25M). After cooling to 0°C, trifluoroacetic anhydride
(0.21 mL, 0.31 g, 1.5 mmol, 3.0 equiv.) was added dropwise within 30 seconds,
followed by dropwise addition of HOTf (104 uL, 176 mg, 1.08 mmol, 2.4 equiv.)
within 10 seconds. After stirring the lilac mixture at 0 °C for 60 min, the resulting
yellow mixture was concentrated under reduced pressure and subsequently
diluted with CH2Cl2 (2 mL). The CH2Cl2 solution was poured onto a stirring solution
of Et20 (ca. 20 mL), and colorless precipitates formed immediately. The colorless
solid was collected on a filter frit and rinsed with Et20 (3 x ca. 5 mL) The solid was
collected and further dried in vacuo to afford 3-INT (287.2 mg, 459 umol, 92 %) as

a beige solid.
NMR Spectroscopy:

'H NMR (500 MHz, CD3CN, 298 K, 0): 8.66 (dd, J = 5.8, 3.4 Hz, 2H), 8.60 (dd,
J=5.9, 3.4 Hz, 2H), 8.19 (dd, J = 5.8, 3.3 Hz, 2H), 8.12 (dd, J = 5.9, 3.4 Hz,
2H), 4.81 — 4.68 (m, 2H), 1.98 — 1.90 (m, 2H, overlapped with CD3CN), 1.89 —
1.77 (m, 2H), 1.71 — 1.60 (m, 2H), 1.43 — 1.23 (m, 2H), 0.97 (t, J = 7.2 Hz, 6H).

13C NMR {IH} (151 MHz, CDsCN, 298 K, &): 137.4, 137.3, 136.6, 136.5, 125.8,
123.3, 121.5 (g, J = 320.6 Hz), 59.2, 30.1, 21.1, 13.3.
19F NMR (471 MHz, CD3CN, 298 K, 8): —=79.26 (s).

HRMS-ESI (m/z) calc’d. for C20H24S2?* [M]?*, 164.06542; found, 164.06525;
deviation: +1.05 ppm.

[11.2.3.4 Studies on dicationic thianthrenium salts
Synthesis of 2-TT from 2-INT

°> ¢ :
@\'s@ oTf NaHCO3 (aq) @[@D
> S

C]

Hﬁlar ) aqueous work up \/\)\/\
M BF,
br H oTf e Z Me

0,
2-INT 91% 2-TT

Under ambient atmosphere, a 20 mL borosilicate vial was charged with cis-4-

octene-derived thianthrenium dication 2-INT (100 mg, 160 pymol, 1.00 equiv.). The
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beige solid was dissolved with CH2Cl2 (10 mL) and poured onto a saturated
aqueous NaHCOs solution (ca. 10 mL). The combined mixture was poured into a
separatory funnel, and the layers were separated. The CH2Cl2 layer was collected,
and the aqueous layer was further extracted with CH2Cl2 (2 x ca. 10 mL). The
combined CH2Clz solution was washed with aqueous NaBF4 solution (2 x ca. 10
mL, 5 % w/w). The CH2Clz layer was dried over Na2SQOzg, filtered, and the solvent
was removed under reduced pressure. The residue was triturated with Et2O (3 x
5.0 mL), and Et2O was removed by pipette. The solid was collected and further
dried in vacuo to afford 2-TT (E/Z < 50/1, 60.1 mg, 145 umol, 91 %) as a colorless

solid.

H ~Pr
Pr H
2-INT

3 )

0
Me\/\/\/\,\,e ‘

2-TT ‘
|

LTl

| ‘ ‘ |
L M i " LU

\

T T T T T T T T T T T
4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 -0.5

1(‘).5 1(‘).0 9‘.5 9‘40 E;.S i;.O 7‘.5 7‘.0 (;.5 6‘.0 5‘.5 fl(g.;?m)
Figure I11.3. NMR spectra for the reaction for trans-4-octene-derived thianthrenium
salt before and after deprotonation (top: concentrated residue; bottom: after

deprotonation).

Synthesis of 3-TT from 3-INT

K ¢
@\'S@ OTf NaHCOj3 (aq.) 95F4 ®‘©

H ~Pr S) aqueous work up
oTf
H Pr 92%
3-INT Me 3-TT Me
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Under ambient atmosphere, a 20 mL borosilicate vial was charged with cis-4-
octene-derived thianthrenium dication 3-INT (100 mg, 160 ymol, 1.00 equiv.). The
beige solid was dissolved with CH2Cl> (10 mL) and poured onto a saturated
aqueous NaHCOs solution (ca. 10 mL). The combined mixture was poured into a
separatory funnel, and the layers were separated. The CH2Clz layer was collected,
and the aqueous layer was further extracted with CH2Cl2 (2 x ca. 10 mL). The
combined CH2Cl2 solution was washed with aqueous NaBF4 solution (2 x ca. 10
mL, 5 % w/w). The CH2Cl2 layer was dried over Na2SOa, filtered, and the solvent
was removed under reduced pressure. The residue was triturated with Et2O (3 x
5.0 mL), and Et2O was removed by pipette. The solid was collected and further
dried in vacuo to afford 3-TT (E/Z > 50/1, 62.2 mg, 148 umol, 92 %) as a colorless
solid. (When the reaction was executed in D20 with NaHCOs, only 3-TT was

observed, no H/D scrambling was detected.)

M J/ ol

N

L] J\ % M JU)U;

T T T T T T T T T T T T T T T T T T T T T T T
105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -05
f1 (ppm)

Figure Ill.4. NMR spectra for the reaction cis-4-octene-derived thianthrenium salt
before and after deprotonation (top: concentrated residue; bottom: after

deprotonation).
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[11.2.4. Functionalization of alkyl thianthrenium salts

[11.2.4.1 Cyclopropyl-pent-4-en-1-yl-phthalimide (34)

s
O = .Br Pd(PPhs),Cl, (20 mol%) o _
O &~ K g
N BF, A THF, 25 °C, 23 h @E:
90% N
o)
1M-TT (3.0 equiv.) O 34

To a 4-mL borosilicate vial equipped with a stir bar was added Pd(PPhs)2Cl2
(28 mg, 0.040 mmol, 20 mol%), and alkenyl thianthrenium salt 11-TT (104 mg,
0.200 mmol, 1.00 equiv.). The vial was transferred into a N2-filled glovebox. After
addition of cyclopropylzinc bromide solution (1.2 mL, 0.50 M in THF, 0.60 mmol,
3.0 equiv.) and THF (0.80 mL, c = 0.10 M), the vial was capped, transferred out of
the glovebox and placed on a stirring plate. After being stirred at 25 °C for 23 h,
the reaction mixture was diluted with CH2Cl2 (2 mL), and the resulting mixture was
filtered through a short pad of Celite® using CH2Cl2 (5 mL) as eluent. The filtrate
was collected and concentrated by rotary evaporation. The residue was purified by
chromatography on silica gel eluting with hexanes/ethyl acetate (40:1 to 10:1, v/v)
to afford 34 (46.0 mg, 0.180 mmol, 90%) as a colorless solid.

Rf = 0.30 (hexanes/ethyl acetate, 10:1, v/v).
NMR Spectroscopy:

1H NMR (500 MHz, CDCls, 298 K, &): 7.83 (dd, J = 5.4, 3.1 Hz, 2H), 7.70
(dd, J = 5.5, 3.0 Hz, 2H), 5.47 (dt, J = 15.3, 6.7 Hz, 1H), 4.98 (dd, J =
15.3, 8.6 Hz, 1H), 3.68 (t, J = 7.3 Hz, 2H), 2.10 — 2.00 (m, 2H), 1.74 (p, J
= 7.4 Hz, 2H), 1.35 — 1.24 (m, 1H), 0.65 — 0.56 (m, 2H), 0.33 — 0.23 (m,
2H).

13C NMR {*H} (126 MHz, CDCls, 298 K, 5): 168.4, 134.82, 133.8, 132.2,
126.3, 123.1, 37.7, 29.8, 28.2, 13.5, 6.3.

HRMS-ESI (m/z) calc’d. for Ci6H17NO2Na* [M+Na]*, 278.11514; found, 278.11500;
deviation: +0.53 ppm.



Experimental Part 149

[11.2.4.2 Phenylacetylenyl-pent-4-en-1-yl-phthalimide (35)

Ph
©) H Cul (25 mol%)
T Pd(PPhs),Cl, (10 mol%) Vi
) _/_/_/ | | N-methylmorpholine (2.0 equiv.) o —
o >
N BF, THF, 25 °C, 23 h
95% N
(0]
11-TT (2.0 equiv.) O 35

To a 4-mL borosilicate vial equipped with a stir bar was added Pd(PPhs)2Cl2
(7.0 mg, 0.010 mmol, 10 mol%), Cul (4.8 mg, 0.025 mmol, 25 mol%), and alkenyl
thianthrenium salt 11-TT (51.7 mg, 0.100 mmol, 1.00 equiv.). The vial was
transferred into a Nz-filled glovebox. After addition of THF (1.0 mL, ¢ = 0.10 M),
phenylacetylene (22.0 uL, 20.5 mg, 0.200mmol, 2.00 equiv.), and N-
methylmorpholine (22.0 uL, 20.3 mg, 0.200 mmol, 2.00 equiv.), the vial was
capped, transferred out of the glovebox, and placed on a stirring plate. After being
stirred at 25 °C for 23 h, the reaction mixture was diluted with CH2Cl2 (2 mL), and
the resulting mixture was filtered through a short pad of Celite® using CH2Cl2 (5
mL) as eluent. The filtrate was collected and concentrated by rotary evaporation.
The residue was purified by chromatography on silica gel eluting with
hexanes/ethyl acetate (40:1 to 10:1, v/v) to afford 35 (30.0 mg, 0.095 mmol, 95%,
E/Z = 10/1) as a yellow solid.

Rt = 0.26 (hexanes/ethyl acetate, 10:1, v/v).
NMR Spectroscopy:

IH NMR (500 MHz, CDCls, 298 K, &): 7.70 (dd, J = 5.5, 3.1 Hz, 2H), 7.56
(dd, J = 5.4, 3.0 Hz, 2H), 7.28 — 7.24 (m, 2H), 7.14 (m, 3H), 6.08 (dt, J =
15.7, 7.0 Hz, 1H), 5.60 (dt, J = 15.8, 1.6 Hz, 1H), 3.58 (t, J = 7.1 Hz, 2H),
2.15 —2.05 (m, 2H), 1.69 (p, J = 7.3 Hz, 2H).

13C NMR {'H} (126 MHz, CDCls, 298 K, d): 168.3, 142.9, 133.9, 132.1,
131.4,128.2,127.9, 123.4, 123.2, 110.6, 88.3, 87.9, 37.4, 30.5, 27.

HRMS-ESI (m/z) calc’d. for C21H17NO2Na* [M+Na]*, 338.11514; found, 338.11551;
deviation: —1.07 ppm.
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[11.2.4.3 Vinylnaphthalenyl-pent-4-en-1-yl-phthalimide (36)

®
T K,CO5 (2.5 equiv.)
O J_/_/ Pd,(dba)s (10 mol%)
N BF,4 DMF, 25°C, 23 h
72%
o)
1-TT (2.0 equiv.)

To a 4-mL borosilicate vial equipped with a stir bar was added Pd2z(dba)s (14
mg, 0.010 mmol, 10 mol%), 2-vinylnaphthalene (30.8 mg, 0.200 mmol, 2.00
equiv.), K2COs (34.6 mg, 0.250 mmol, 2.50 equiv.), and alkenyl thianthrenium salt
11-TT (51.7 mg, 0.100 mmol, 1.00 equiv.). The vial was transferred into a Nz-filled
glovebox. After addition of THF (1.0 mL, ¢ = 0.10 M), the vial was capped,
transferred out of the glovebox, and placed on a stirring plate. After being stirred at
25 °C for 23 h, the reaction mixture was diluted with CH2Cl> (2 mL), and the
resulting mixture was filtered through a short pad of Celite® using CH2Cl2 (5 mL)
as eluent. The filtrate was collected and concentrated by rotary evaporation. The
residue was purified by chromatography on silica gel eluting with hexanes/ethyl
acetate (40:1 to 10:1, v/v) to afford 36 (26.4 mg, 0.072 mmol, 72%) as a colorless

solid.
Rt = 0.25 (hexanes/ethyl acetate, 10:1, v/v).
NMR Spectroscopy:

IH NMR (500 MHz, CD2Cl, 298 K, &): 7.84 — 7.81 (m, 2H), 7.78 (t, J =
8.5 Hz, 3H), 7.72 — 7.69 (m, 3H), 7.59 (dd, J = 8.7, 1.7 Hz, 1H), 7.47 —
7.40 (m, 2H), 6.86 (dd, J = 15.7, 10.4 Hz, 1H), 6.60 (d, J = 15.6 Hz, 1H),
6.31 (dd, J = 15.2, 10.4 Hz, 1H), 5.89 (dt, J = 14.6, 7.0 Hz, 1H), 3.71 (t, J
= 7.2 Hz, 2H), 2.24 (q, J = 7.3 Hz, 2H), 1.84 (p, J = 7.3 Hz, 2H).

13C NMR {*H} (126 MHz, CDCls, 298 K, 8): 168.6, 135.2, 134.2, 134.1,
133.9, 133.0, 132.3, 131.6, 130.8, 129.6, 128.3, 128.1, 127.8, 126.4,
126.2, 125.9, 123.6, 123.4, 37.8, 30.4, 28.1.

HRMS-ESI (m/z) calc’d. for C2sH22NO2 [M+H]*, 368.16450; found, 368.16436;
deviation: +0.39 ppm.
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[11.2.4.4 Chloro-pent-4-en-1-yl-phthalimide (37)
@

TT cl
o — [Cp*Ru(MeCN)3]PFg (5.0 mol%) 0O —
© + LiCl >
N BF, THF, =20 °C,2.5h N
90%
O 0
1-TT (1.5 equiv.) 37

To a 4-mL borosilicate vial equipped with a stir bar was added LiCl (12.7 mg,
0.300 mmol, 1.50 equiv.) and alkenyl thianthrenium salt 11-TT (104 mg, 0.200
mmol, 1.00 equiv.). The vial was transferred into a Na-filled glovebox. After
addition of [Cp*Ru(MeCN)3]PFs (5.0 mg, 10 pmol, 5.0 mol%) and THF (2.0 mL, c =
0.10 M, THF was pre-cooled to —20 °C), the vial was capped and placed in a
cooling well (temperature at round —20 °C) which was pre-cooled in a dry ice-
acetonitrile cooling bath. After being stirred at —20 °C for 2.5 h, the vial was
transferred out of the glovebox, and the reaction mixture was concentrated by
rotary evaporation. The residue was purified by chromatography on silica gel
eluting with hexanes/ethyl acetate (40:1 to 10:1, v/v) to afford 37 (45.6 mg, 0.181
mmol, 90%) as a colorless solid.

Gram scale reaction

®

TT cl
o — [Cp*Ru(MeCN)3]PFg (1.0 mol%) 0 —
e} + LiCl >
N BF,4 THF, -20t0 25 °C, 2.5 h N
99%
O 0
1-TT (1.5 equiv.) 37

To a 100-mL round-bottomed flask equipped with a stir bar was added LiCl
(127 mg, 3.00 mmol, 1.50 equiv.) and alkenyl thianthrenium salt 11-TT (1.04 g,
2.00 mmol, 1.00 equiv.). The flask was transferred into a N2z-filled glovebox. After
addition of [Cp*Ru(MeCN)s]PFs (11 mg, 5.0 ymol, 1.0 mol%) and THF (20 mL, ¢ =
0.10 M, THF was pre-cooled to —20 °C), the flask was capped with a rubber
septum and placed in a cooling well (temperature at round —20 °C) which was pre-
cooled in a dry ice-acetonitrile cooling bath. After being stirred at —20 °C for 2 h,

the flask was transferred out of the glovebox, and the reaction mixture was stirred
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at 25 °C for 30 min further and subsequently concentrated by rotary evaporation.
The residue was purified by chromatography on silica gel eluting with
hexanes/ethyl acetate (60:1 to 10:1, v/v) to afford 37 (495 mg, 1.99 mmol, 99%) as

a colorless solid.
Rt = 0.32 (hexanes/ethyl acetate, 10:1, v/v).
NMR Spectroscopy:

IH NMR (500 MHz, CDCls, 298 K, 8): 7.84 (dd, J = 5.4, 3.1 Hz, 2H), 7.71
(dd, J = 5.5, 3.0 Hz, 2H), 6.00 (dt, J = 13.2, 1.4 Hz, 1H), 5.89 (dt, J =
13.5, 7.2 Hz, 1H), 3.69 (t, J = 7.1 Hz, 2H), 2.12 (qd, J = 7.3, 1.4 Hz, 2H),
1.78 (p, J = 7.3 Hz, 2H).

13C NMR {H} (126 MHz, CDCl, 298 K, &): 168.6, 134.2, 132.5, 132.3,
123.8, 118.2, 37.5, 28.5, 27.9.

HRMS-ESI (m/z) calc’d. for Ci3H13NO2CI [M+H]*, 250.06293; found, 250.06264;
deviation: +1.17 ppm.

[11.2.4.5 Bromo-pent-4-en-1-yl-phthalimide (38)

TT@ Br
o 4/_/_/ [Cp*Ru(MeCN)3]PFg (5.0 mol%) 0O J_/=/
e) + LiBr >
Q::N BF, THF, —20 °C, 80 min ©:‘<‘<N
95%
@ o)
11-TT (1.5 equiv.) 38

To a 4-mL borosilicate vial equipped with a stir bar was added LiBr (26.1 mg,
0.300 mmol, 1.50 equiv.) and alkenyl thianthrenium salt 11-TT (104 mg, 0.200
mmol, 1.00 equiv.). The vial was transferred into a Na-filled glovebox. After
addition of [Cp*Ru(MeCN)3]PFs (5.0 mg, 10 pmol, 5.0 mol%) and THF (2.0 mL, c =
0.10 M, THF was pre-cooled to —20 °C), the vial was capped and placed in a
cooling well (temperature at round —20 °C) which was pre-cooled in a dry ice-
acetonitrile cooling bath. After being stirred at —20 °C for 80 min, the vial was
transferred out of the glovebox, and the reaction mixture was concentrated by
rotary evaporation. The residue was purified by chromatography on silica gel
eluting with hexanes/ethyl acetate (40:1 to 10:1, v/v) to afford 38 (55.7 mg, 0.190

mmol, 95%) as a colorless solid.
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Rf = 0.32 (hexanes/ethyl acetate, 10:1, v/v).
NMR Spectroscopy:

IH NMR (500 MHz, CDCls, 298 K, 8): 7.84 (dd, J = 5.4, 3.0 Hz, 2H), 7.71
(dd, J = 5.5, 3.0 Hz, 2H), 6.17 (dt, J = 13.8, 6.9 Hz, 1H), 6.09 (dd, J =
13.5, 1.1 Hz, 1H), 3.70 (t, J = 7.0 Hz, 2H), 2.14 — 2.07 (m, 2H), 1.80 (p, J
= 7.2 Hz, 2H).

13C NMR {'H} (126 MHz, CDCls, 298 K, d): 168.1, 136.2, 133.7, 131.8,
123.0, 105.1, 36.9, 30.0, 27.1.

HRMS-ESI (m/z) calc’d. for Ci1sH1sNO2Br [M+H]*, 294.01242; found, 294.01217;
deviation: +0.88 ppm.

[11.2.4.6 Trifluoromethylsulfuryl-pent-4-en-1-yl-phthalimide (39)
®

TT SCFy

o — ©0 [CPRUMECN);JPFg (5.0 moi%) 0 —
© + MeyN SCFy -
N BF, THF, =20 °C, 4 h N
90%

o o)
M"-TT (1.2 equiv.) 39

To a 4-mL borosilicate vial equipped with a stir bar was added alkenyl
thianthrenium salt 11-TT (51.7 mg, 0.100 mmol, 1.00 equiv.). The vial was
transferred into a No-filled glovebox. After addition of tetramethyl ammonium
trifluoromethylsulfide® (21.0 mg, 0.120 mmol, 1.20 equiv.), [Cp*Ru(MeCN)z]PFs
(2.5 mg, 5.0 pmol, 5.0 mol%), and THF (1.0 mL, ¢ = 0.10 M, THF was pre-cooled
to —20 °C), the vial was capped and placed in a cooling well (temperature at round
—20 °C) which was pre-cooled in a dry ice-acetonitrile cooling bath. After being
stirred at —20 °C for 4 h, the vial was transferred out of the glovebox, and the
reaction mixture was concentrated by rotary evaporation. The residue was purified
by chromatography on silica gel eluting with hexanes/ethyl acetate (40:1 to 10:1,

v/v) to afford 39 (28.3 mg, 89.8 pmol, 90%) as a colorless solid.
Rt = 0.32 (hexanes/ethyl acetate, 10:1, v/v).

NMR Spectroscopy:
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'H NMR (500 MHz, CDCls, 298 K, d): 7.85 (dd, J = 5.4, 3.1 Hz, 2H), 7.72
(dd, J =5.4, 3.1 Hz, 2H), 6.23 (dt, J = 13.9, 6.8 Hz, 1H), 6.13 (d, J = 14.9
Hz, 1H), 3.71 (t, J = 7.1 Hz, 2H), 2.25(q, J = 7.2 Hz, 2H), 1.83 (p, J = 7.3
Hz, 2H).

13C NMR {H} (126 MHz, CDCls, 298 K, &): 168.3, 144.1, 134.0, 132.0,
129.6 (q, J = 307.4 Hz), 123.3, 112.9 (q, J = 2.9 Hz), 37.2, 30.4, 27.3,

19F NMR (471 MHz, CD2Cl2, 298 K, 8): —43.16 (s).

HRMS-ESI (m/z) calc’'d. for CisHi2FsNO2SNa [M+Na]*, 338.04330; found,
338.04296; deviation: +1.02 ppm.

[11.2.4.7 Cyano-pent-4-en-1-yl-phthalimide (11-CN)
With Ru catalyst

TT@ NC
O J_/_/ ®c [CP'RUMECN);IPFs (5.0 mol%) 0
@E“i €) + EyN CN > (D::
N BF, THF, =20 °C to 25 °C, 21 h N
73%
) o]
1"M-TT (1.5 equiv.) 11-CN

To a 4-mL borosilicate vial equipped with a stir bar was added LiBr (46.9 mg,
0.300 mmol, 1.50 equiv.) and alkenyl thianthrenium salt 11-TT (104 mg, 0.200
mmol, 1.00 equiv.). The vial was transferred into a Na-filled glovebox. After
addition of [Cp*Ru(MeCN)3]PFs (5.0 mg, 0.010 mmol, 5.0 mol%) and THF (2.0 mL,
c = 0.10 M), the vial was capped and placed in a cooling well (temperature at
round —20 °C) which was pre-cooled in a dry ice-acetonitrile cooling bath. The
reaction mixture was stirred in a cooling well for 21 h, during which the
temperature was slowly increased to 25 °C. The vial was then transferred out of
the glovebox, and the reaction mixture was concentrated by rotary evaporation.
The residue was purified by chromatography on silica gel eluting with
hexanes/ethyl acetate (40:1 to 10:1, v/v) to afford 11-CN (35.2 mg, 0.147 mmol,
73%) as a colorless solid.
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Without Ru catalyst

TT@ NC
O —~ 0
N BF, THF, =20 °C, 5 h N
90%
(© 0
1M1-TT (1.5 equiv.) 11-CN

To a 4-mL borosilicate vial equipped with a stir bar was added LiBr (46.9 mg,
0.300 mmol, 1.50 equiv.) and alkenyl thianthrenium salt 11-TT (104 mg, 0.200
mmol, 1.00 equiv.). The vial was transferred into a Na-filled glovebox. After
addition of THF (2.0 mL, ¢ = 0.10 M), the vial was capped and placed in a cooling
well (temperature at round —20 °C) which was pre-cooled in a dry ice-acetonitrile
cooling bath. The reaction mixture was stirred in a cooling well for 5 h. The vial
was then transferred out of the glovebox, and the reaction mixture was
concentrated by rotary evaporation. The residue was purified by chromatography
on silica gel eluting with hexanes/ethyl acetate (40:1 to 10:1, v/v) to afford 11-CN
(43.3 mg, 0.180 mmol, 90%) as a colorless solid.

Rr = 0.35 (hexanes/ethylacetate, 10:1, v/v).
NMR Spectroscopy:

1H NMR (500 MHz, CDCls, 298 K, &): 7.85 (ddd, J = 4.9, 3.2, 1.3 Hz, 2H),
7.73 (ddd, J = 5.0, 3.3, 1.5 Hz, 2H), 5.89 (s, 1H), 5.80 (d, J = 1.6 Hz, 1H),
3.73 (td, J = 6.8, 1.3 Hz, 2H), 2.36 — 2.28 (m, 2H), 2.02 — 1.92 (m, 2H).

13C NMR {*H} (126 MHz, CDCls, 298 K, &): 168.3, 134.1, 132.0, 131.1,
123.3, 121.8, 118.3, 36.7, 31.9, 26.5.

GC-El (m/z) calc’d. for C14aH12N202 [M], 240.089327; found, 240.089090; deviation:
+0.99 ppm.
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[11.2.4.8 Phenylacetylenyl-4-octene (40)

For tri-substituted thianthrenium salt 2-TT

H Cul (25 mol%) o Ph
Pd(PPh3),Cly (10mol%) y
@: :@ N-methylmorpholine (2.0 equiv.) // 4
> +
BF4 THF, 25°C, 16 h
Me Me Me
2-TT (2.0 equiv.) 40-Z (84%) 40-E (7%)

To a 4-mL borosilicate vial equipped with a stir bar was added Pd(PPhs)2Cl2
(14 mg, 20 pmol, 10 mol%), Cul (9.6 mg, 50 pmol, 25 mol%), and alkenyl
thianthrenium salt 2-TT (82.8 mg, 0.200 mmol, 1.00 equiv.). The vial was
transferred into a Nz-filled glovebox. After addition of THF (2.0 mL, ¢ = 0.10 M),
phenylacetylene (43.9 uL, 40.9 mg, 0.400mmol, 2.00 equiv.), and N-
methylmorpholine (44.0 uL, 40.5 mg, 0.400 mmol, 2.00 equiv.), the vial was
capped, transferred out of the glovebox, and placed on a stirring plate. After being
stirred at 25 °C for 16 h, the reaction mixture was diluted with CH2Cl2 (2 mL), and
the resulting mixture was filtered through a short pad of Celite® using CH2Cl2 (5
mL) as eluent. The filtrate was collected and concentrated by rotary evaporation.
The residue was purified by chromatography on silica gel eluting with pentane to
afford 40-Z (35.5 mg, 0.167 mmol, 84%) as a colorless oil and 40-E (3.0 mg, 14
pMmol, 7%) as a colorless oil.

For tri-substituted thianthrenium salt 3-TT

Cul (25 mol%) Ph

Pd(PPhs),Cl, (10 mol%) e Ph y
N-methylmorpholine (2.0 equw) // /
BF4

THF, 25 °C, 16 h —
Me Me Me
(2.0 equiv.) 40-Z (2%) 40-E (90%)

Me

To a 4-mL borosilicate vial equipped with a stir bar was added Pd(PPhs)2Cl>
(14 mg, 20 pmol, 10 mol%), Cul (9.6 mg, 50 umol, 25 mol%), and alkenyl
thianthrenium salt 3-TT (82.8 mg, 0.200 mmol, 1.00 equiv.). The vial was
transferred into a Nz-filled glovebox. After addition of THF (2.0 mL, ¢ = 0.10 M),
phenylacetylene (43.9 uL, 40.9 mg, 0.400mmol, 2.00 equiv.), and N-
methylmorpholine (44.0 pL, 40.5 mg, 0.400 mmol, 2.00 equiv.), the vial was
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capped, transferred out of the glovebox, and placed on a stirring plate. After being
stirred at 25 °C for 16 h, the reaction mixture was diluted with CH2Cl2 (2 mL), and
the resulting mixture was filtered through a short pad of Celite® using CH2Cl2 (5
mL) as eluent. The filtrate was collected and concentrated by rotary evaporation.
The residue was purified by chromatography on silica gel eluting with pentane to
afford 40-Z (0.7 mg, 3.3 umol, 2%) as a colorless oil and 40-E (38.0 mg, 0.179

mmol, 90%) as a colorless oil.
40-Z

Rt = 0.76 (hexanes).

NMR Spectroscopy:

1H NMR (500 MHz, CDCl3, 298 K, &): 7.37 — 7.31 (m, 2H), 7.25 — 7.14 (m,
3H), 5.90 (tt, J = 7.5, 1.1 Hz, 1H), 2.12 (t, J = 7.4, 1.0 Hz, 2H), 2.05 (q, J
= 7.4 Hz, 2H), 1.59 — 1.47 (m, 2H), 1.41 — 1.29 (m, 2H), 0.88 (t, J = 7.4
Hz, 3H), 0.86 (t, J = 7.4 Hz, 3H).

13C NMR {IH} (126 MHz, CDCls, 298 K, &): 138.5, 131.4, 128.2, 127.6,
123.9, 123.1, 91.9, 86.5, 32.7, 30.5, 22.6, 21.7, 13.9, 13.8.

GCMS-EI (m/z) calc'd. for CieHz2o [M], 212.15595; found, 212.15579; deviation:
+0.76 ppm.

40-E
Rt = 0.70 (hexanes).
NMR Spectroscopy:

IH NMR (500 MHz, CDCls, 298 K, 8): 7.49 — 7.41 (m, 2H), 7.32 (tdt, J =
7.0, 5.4, 1.7 Hz, 3H), 5.75 (it, J = 7.4, 1.3 Hz, 1H), 2.35 (g, J = 7.3 Hz,
2H), 2.23 — 2.15 (m, 2H), 1.68 — 1.57 (m, 2H), 1.53 — 1.43 (m, 2H), 0.97
(t, J = 7.4 Hz, 3H), 0.95 (t, J = 7.4 Hz,3H).

13C NMR {!H} (126 MHz, CDCls, 298 K, &): 138.0, 131.4, 128.3, 127.8,
124.0, 123.1, 93.2, 88.5, 39.2, 32.7, 22.5, 21.8, 13.9, 13.5.
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GCMS-EI (m/z) calc’d. for CisHz0 [M], 212.15595; found, 212.15577; deviation:
+0.85 ppm.
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[11.3. Experimental data for fluorination of aryl thianthrenium salts

Parts of this chapter are taken, with permission, from our published work in
Nature Chemistry.188 The experimental data for fluorination was collected by the
author with help from Dr. Jiakun Li. Fluorescence quench experiments were
executed by Dr. Matthew B. Plutschack and the author. The CV experiments were

conducted and analyzed by the author with help from Dr. Wonseok Ham.

[11.3.1. General procedure for fluorination of aryl thianthrenium salts

@
: —
1.0 mol% Ir[dF(CF3)ppyl,(dtbpy)PFg E N t-Bu
1.5 equiv. Cu(MeCN)4BF,4 . | N |
g g 1.2 equiv. CsF " F W

- h ©
o > ' F “1rS PFq
BF4 BF4 Acetone (c = 0.10 M) © . |\ z |
or blue LEDs, 30 °C, 20 h : N S
R ! - t-Bu
: F S !

R R . CF3
ArTFT BF, ArTT BF, Ir[dF (CF3)ppyla(dtbpy)PFe

To a 4-mL borosilicate vial, equipped with a stir bar, was added
Ir[dF(CF3)ppyl2(dtbpy)PFs (2.4 mg, 2.1 pupmol, 1.0 mol%) and an aryl
(tetrafluoro)thianthrenium salt (0.200 mmol, 1.00 equiv.). Under N2 atmosphere,
Cu(MeCN)4BF4 (94.4 mg, 0.300 mmol, 1.50 equiv.), anhydrous CsF (36.4 mg,
0.240 mmol, 1.20 equiv), and anhydrous acetone (2.0 mL, ¢ = 0.10 M) was added
into the reaction vial. Subsequently, the vial was capped and placed 5 cm away
from two 34 W blue LEDs. The temperature was kept at approximately 30 °C
through cooling with a fan. After being stirred for 20 h, the reaction mixture was
diluted with CH2Cl2 (2 mL), and the resulting mixture was filtered through a short
pad of Celite® using CH2Cl2 (5 mL) as eluent. The filtrate was collected and
concentrated by rotary evaporation. The residue was purified by chromatography

on silica gel to afford the fluorinated product.

NOTE: For optimal results, the use of anhydrous CsF is important for the
reaction. When CsF was weighed under ambient atmosphere, the yield of the
fluorinated product is lower and the yield of the hydrodefunctionalized product is
higher. Schlenk techniques can be used to avoid moisture. For convenience, we
have stored and weighed the CsF in a Nz-filled glovebox; the reactions can be

performed outside of a glovebox.
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Synthetic examples for fluorination of aryl thianthrenium salts

[11.3.1.1 Fluorosalicin pentaacetate (57)

TT® ePF5 F
1.0 mol% Ir[dF(CF3)ppyl.(dtbpy)PFg
OAc 1.5 equiv. Cu(MeCN),BF4 OAc

1.2 equiv. CsF

) > 0

AcO OAc > AcO OAc
AcO 0 Acetone (c = 0.10 M) AcO 0

OAc blue LEDs, 30 °C, 20 h OAC
77% yield

57-TT 57

To a 4-mL borosilicate vial equipped with a stir bar was added
Ir[dF(CF3)ppy]z(dtbpy)PFs (2.4 mg, 2.1 ymol, 1.0 mol%) and salicin pentaacetate-
derived thianthrenium salt 57-TT (171 mg, 0.200 mmol, 1.00 equiv.). The vial was
transferred into a Nz-filled glovebox. After addition of Cu(MeCN)4BF4 (94.4 mg,
0.300 mmol, 1.50 equiv.), CsF (36.4 mg, 0.240 mmol, 1.20 equiv.) and acetone
(2.0 mL, c = 0.10 M), the vial was capped, transferred out of the glovebox and
placed 5 cm away from two 34 W blue LEDs. The temperature was kept at
approximately 30 °C through cooling with a fan. After being stirred for 20 h, the
reaction mixture was diluted with CH2Cl> (2 mL), and the resulting mixture was
filtered through a short pad of Celite® using CH2Cl2 (5 mL) as eluent. The filtrate
was collected and concentrated by rotary evaporation. The residue was purified by
chromatography on silica gel eluting with hexanes/ethyl acetate (40:1, v/v) to
afford 57 (79.4 mg, 154 umol, 77%) as a colorless solid.

Rr= 0.35 (hexanes/ethyl acetate 3:2, v/v).
NMR Spectroscopy:

TH NMR (500 MHz, CDCls, 298 K, d): 7.02 (td, J = 8.8, 8.4, 3.8 Hz, 2H), 6.90
(td, J = 8.5, 3.2 Hz, 1H), 5.27-5.21 (m, 2H), 5.12 (ddd, J = 9.4, 6.3, 3.1 Hz,
1H), 5.06 (d, J = 13.5 Hz, 1H), 4.96 (d, J = 13.2 Hz, 1H), 4.95 (dd, J=5.4, 2.3
Hz, 1H), 4.23 (dd, J = 12.3, 5.3 Hz, 1H), 4.14 (dd, J = 12.3, 2.5 Hz, 1H), 3.79
(ddd, J = 10.0, 5.3, 2.5 Hz, 1H), 2.08 (s, 3H), 2.07 (s, 3H), 2.03 (s, 3H), 2.00
(s, 3H), 1.99 (s, 3H) ppm.

13C NMR (126 MHz, CDCls, 298 K, d): 170.5, 170.2, 169.4, 169.3, 158.8 (d, J
= 242.4 Hz), 150.3 (d, J = 2.5 Hz), 128.7 (d, J = 7.7 Hz), 118.2 (d, J = 8.3 Hz),
115.6 (d, J = 24.2 Hz), 115.4 (d, J = 23.2 Hz), 100.1, 72.6, 72.1, 71.0, 68.3,
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61.9, 60.5, 20.9, 20.7, 20.6 ppm.
19F NMR (471 MHz, CDCls, 298 K, 8): —118.94 (td, J = 8.4, 4.4 Hz) ppm.

HRMS-ESI (m/z) calculated for Cz3H27F1012Na* [M+Na]*, 537.137878; found,
537.137930, deviation: —=0.10 ppm.

[11.3.1.2 Fluoroboscalid (59)
Tr1® OBF,

F
cl O 1.0 mol% Ir[dF(CF3)ppylo(dtbpy)PFg cl O
1.5 equiv. Cu(MeCN),BF,
NI N ” 1.2 equiv. CsF NI N H
Z Acetone (c = 0.10 M) Z
blue LEDs, 30 °C, 20 h
59-TFT 62% vyield 59
Cl Cl

To a 4-mL borosilicate vial equipped with a stir bar was added
Ir[dF(CF3)ppy]2(dtbpy)PFs (1.2 mg, 1.0 pymol, 1.0 mol%) and boscalid-derived
tetrafluorothianthrenium salt 59-TFT (71.7 mg, 0.100 mmol, 1.00 equiv.). The vial
was transferred into a N2-filled glovebox. After addition of Cu(MeCN)4BF4 (47.4 mg,
0.150 mmol, 1.50 equiv.), CsF (18.2 mg, 0.120 mmol, 1.20 equiv.) and acetone

(2.0 mL, ¢ = 0.10 M), the vial was capped, transferred out of the glovebox and
placed 5 cm away from two 34 W blue LEDs. The temperature was kept at
approximately 30 °C through cooling with a fan. After being stirred for 20 h, the
reaction mixture was diluted with CH2Cl2 (2 mL), and the resulting mixture was
filtered through a short pad of Celite® using CH2Cl2 (5 mL) as eluent. The filtrate
was collected and concentrated by rotary evaporation. The residue was purified by
chromatography on silica gel eluting with isohexane/ethyl acetate (5:1 to 3:1 + 1%
CH2Cl2, v/vlv) to afford the title compound 59 (22.3 mg, 62.0 umol, 62%) as a

colorless solid.
Rt = 0.34 (hexanes/ethyl acetate 3:1, v/v).
NMR Spectroscopy:

"H NMR (500 MHz, CDCls, 298 K, d): 8.44 (dd, J = 4.7, 2.1 Hz, 1H), 8.32 (dd,
J=9.1,53Hz 1H), 8.13 (dd, J = 7.7, 2.0 Hz, 1H), 8.09 (br, 1H), 7.44 (d, J =
8.4 Hz, 2H), 7.38-7.29 (m, 3H), 7.15 (id, J = 8.5, 3.0 Hz, 1H), 7.00 (dd, J =
8.7, 3.0 Hz, 1H) ppm.

13C NMR (126 MHz, CDCls, 298 K, 3): 162.7, 159.8 (d, J = 246.6 Hz), 151.6,
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146.8, 140.4, 135.4, 135.1, 134.7 (d, J = 7.8 Hz), 130.9, 130.7, 130.5 (d, J =
2.9 Hz), 129.6, 124.5 (d, J = 8.3 Hz), 123.1, 117.1 (d, J = 23.0 Hz), 115.6 (d, J
=21.8 Hz) ppm.

19F NMR (471 MHz, CDCls, 298 K, 8): —116.19 (td, J = 8.3, 5.5 Hz) ppm.

HRMS-ESI (m/z) calculated for C1sH11Cl2F1N201Na* [M+Na]*, 383.012466; found,
383.012770, deviation: —0.79 ppm.

[11.3.1.3 Fluoroamiodarone (60)

I 1.0 mol% Ir[dF(CF3)ppyl,(dtbpy)PFg

1.5 equiv. Cu(MeCN),BF,
° O 0 eBF4 3.0 equiv. NaF
Et,N > Et,N
| Acetone (c =0.10 M)
"Bu 7 O blue LEDs, 30 °C, 20 h
60-TT e} T 35% yield

To a 4-mL borosilicate vial equipped with a stir bar was added
Ir[dF(CF3)ppy]z(dtbpy)PFs (1.2 mg, 1.0 ymol, 1.0 mol%) and amiodarone-derived
thianthrenium salt 60-TT (102 mg, 0.100 mmol, 1.00 equiv.). The vial was
transferred into a Nz-filled glovebox. After addition of Cu(MeCN)4BF4 (47.4 mag,
0.150 mmol, 1.50 equiv.), NaF (12.6 mg, 0.300 mmol, 3.00 equiv.) and acetone
(2.0 mL, c = 0.10 M), the vial was capped, transferred out of the glovebox and
placed 5 cm away from two 34 W blue LEDs. The temperature was kept at
approximately 30 °C through cooling with a fan. After being stirred for 20 h, the
reaction mixture was diluted with CH2Cl> (2 mL), and the resulting mixture was
filtered through a short pad of Celite® using CH2Cl2 (5 mL) as eluent. The filtrate
was collected and concentrated by rotary evaporation. The residue was purified by
chromatography on silica gel eluting with CH2Cl2/MeOH (100:1 to 20:1 + 2% EtsN,
v/viv) to afford the title compound 29 with with minor impurities. Further purification
of 60 by HPLC (YMC-Actus Triart C18 (30x150 mm: 5 pym), MeOH/20 mM
NH4HCO3 = 98:2, flow rate = 42.5 mL/min, 25 °C, retention time; 10.6 min)
provided 29 (23.1 mg, 35.0 umol, 35% yield; >99% pure by HPLC).

Rt = 0.29 (CH2Cl2/MeOH 20:1, viv).

NMR Spectroscopy:
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"H NMR (500 MHz, CDCls, 298 K, 8): 8.19 (s, 2H), 7.39 (dd, J = 8.7, 5.3 Hz,
1H), 7.21 (dd, J = 8.6, 2.3 Hz, 1H), 7.02 (ddd, J = 9.4, 8.6, 2.3 Hz, 1H), 4.18 (4,
J=6.5Hz, 2H), 3.16 (t, J = 6.1 Hz, 2H), 2.80 (dd, J = 10.3, 5.2 Hz, 6H), 1.85-
1.67 (m, 2H), 1.35 (h, J=7.4 Hz, 2H), 1.16 (t, J=7.1 Hz, 6H), 0.91 (t, J= 7.3
Hz, 3H) ppm.

13C NMR (126 MHz, CDCls, 298 K, &): 187.6, 166.7 (d, J = 3.6 Hz), 161.6,
161.0 (d, J = 243.9 Hz), 153.8 (d, J = 13.2 Hz), 140.8, 138.3, 122.9 (d, J= 1.8
Hz), 121.7 (d, J = 9.7 Hz), 115.8, 112.3 (d, J = 23.7 Hz), 99.2 (d, J = 26.5 Hz),
91.0, 52.1,47.9, 30.1, 28.4, 22.7, 13.9, 11.8 ppm.

19F NMR (471 MHz, CDCls, 298 K, 8): —=116.32 (m) ppm.

HRMS-ESI (m/z) calculated for CasH29Fi1l2N103™ [M+H]*, 664.021542; found,
664.022040, deviation: —0.75 ppm.

[11.3.1.4 Fluoropyriproxyfen (61)
T7® OBF,
1.0 mol% Ir[dF(CF3)ppylo(dtbpy)PFg
1.5 equiv. Cu(MeCN),BF,
3.0 equiv. KF
Me O—©—O Acetone (c = 0.10 M) - Me) /O_Q_O
blue LEDs, 30 °C, 20 h 788\

7 N—¢ 52% yield _/©
=N 61-TT N 61

To a 4-mL borosilicate vial equipped with a stir bar was added
Ir[dF(CF3)ppy]2(dtbpy)PFs (1.2 mg, 1.0 umol, 1.0 mol%) and pyriproxyfen-derived
thianthrenium salt 61-TT (62.3 mg, 0.100 mmol, 1.00 equiv.). The vial was
transferred into a Na-filled glovebox. After addition of Cu(MeCN)4BF4 (47.2 mag,
0.150 mmol, 1.50 equiv.), KF (18.2 mg, 0.300 mmol, 3.00 equiv.) and acetone (1.0
mL, ¢ = 0.10 M), the vial was capped, transferred out of the glovebox and placed 5
cm away from two 34 W blue LEDs. The temperature was kept at approximately
30 °C through cooling with a fan. After being stirred for 20 h, the reaction mixture
was diluted with CH2Cl2 (2 mL), and the resulting mixture was filtered through a
short pad of Celite® using CH2Cl2 (5 mL) as eluent. The filtrate was collected and
concentrated by rotary evaporation. The residue was purified by chromatography
on silica gel eluting with pentane/ethyl acetate (40:1 to 25:1, v/v) to afford the title

compound with minor impurities. Further purification by chromatography on silica



164 Experimental Part

gel eluting with toluene/CH2Cl2 (3:1, v/v) provided the title compound 61 (17.6 mg,

52.0 ymol, 52%) as a colorless liquid.
Rr= 0.30 (pentane/ethyl acetate 20:1, v/v).
NMR Spectroscopy:

1H NMR (500 MHz, CDCls, 298 K, 5): 8.16-8.14 (m, 1H), 7.63-7.52 (m, 1H),
6.98 (t, J = 8.6 Hz, 2H), 6.94-6.88 (s, 6H), 6.88-6.84 (m, 1H), 6.74 (d, J = 8.3
Hz, 1H), 5.58 (h, J = 6.3, 5.7 Hz, 1H), 4.18 (dd, J = 9.8, 5.3 Hz, 1H), 4.07 (dd,
J=9.8,4.8Hz, 1H), 1.48 (d, J = 6.4 Hz, 3H) ppm.

13C NMR (126 MHz, CDCls, 298 K, &): 163.3, 158.5 (d, J = 240.7 Hz), 155.3,
154.4 (d, J = 2.7 Hz), 150.9, 146.9, 138.8, 120.3, 119.3 (d, J = 8.42 Hz), 116.2
(d, J =23.36 Hz), 116.1, 116.0, 111.8, 71.2, 69.4, 17.2 ppm.

19F NMR (471 MHz, CDCls, 298 K, &): —121.37 (m) ppm.

HRMS-ESI (m/z) calculated for C20H19F1N1Os* [M+H]", 340.134347; found,
340.134380, deviation: —0.10 ppm.

[11.3.2. Representative procedure for thianthrenation of arenes

R! S R?
1 Q . 3.0 equiv. (CF5C0),0 J@ECB:@[ 1
R S R" 3.0 equiv. HBF,OEt, R S o R
+ > BF,
R S R MeCN, 0 °C to 25 °C
R

R'=HorF

R
Under ambient atmosphere, a 20 mL glass-vial was charged with arene

(0.500 mmol, 1.00 equiv.), (tetrafluoro)thianthrene-S-oxide (0.500 mmol,
1.00 equiv.) and dry MeCN (2.0mL, ¢ = 0.25M). After cooling to 0 °C,
trifluoroacetic anhydride (0.21 mL, 0.32 g, 1.5 mmol, 3.0 equiv.) was added in one
portion at 0 °C, resulting in a color change to deep purple. Subsequently,
HBF4-OEt2 (1.2 equiv. + 1.0 equiv. per basic functional group) was added to the
vial while stirring the reaction mixture. Other acids may be used instead of
HBF4 OEt2 like triflic acid (TfOH). For acid sensitive substrates BF3-OEt2 or
trimethylsilyltriflate (TMSOTTf) can be used. The vial was sealed with a screw-cap.
The mixture was stirred at 0 °C for 1 h and then at 25 °C until the intensity of the

purple color decreased. The solution was concentrated, and the resulting residue
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was diluted with 5 mL CH2Cl2 and poured onto a mixture of 30 mL CH2Cl2, 20 mL
saturated aqueous NaHCOs solution. After shaking for 1 min at 25 °C, the mixture
was poured into a separatory funnel, and the layers were separated. The CH2Cl>
layer was collected, and the aqueous layer was further extracted with CH2Cl2 (2 x
ca. 10 mL). The combined CH2Cl2 solution was washed with aqueous NaBF4
solution (2 x ca. 20 mL, 5 % w/w) and with water (2 x ca. 20 mL). The CH2Cl2
layer was dried over Na2SOs4, filtered, and the solvent was removed under reduced
pressure. In order to obtain analytically pure samples of thiantrhenium salts, the
residue was purified by chromatography on silica gel eluting with CH2Cl2/i-PrOH,
subsequently, the product was dissolved in 2 mL CH2Cl2 and precipitated with
20 mL Et20. The solid was dried in vacuo to afford the (tetrafluoro)thianthrenium

salt.
Synthetic example for thianthrenation of arenes

[11.3.2.1 Bromobenzene-derived thianthrenium salt 42-TFT

F s F
| T IICT
o 3.0 equiv. (CF3C0),0 F s F
F S F 1.2 equiv. HBF,-Et,0 ©BF,
+ >
j@[ :@: MeCN, 0 °C - 25 °C, 3 h
L F s F

74% yield

Br
42-TFT

Under ambient atmosphere, a 20 mL borosilicate vial was charged with
bromobenzene (105 pL, 157 mg, 1.00 mmol, 1.00 equiv.), tetrafluorothianthrene-
S-oxide (314 mg, purity w.t. 97%, 1.00 mmol, 1.00 equiv.) and dry MeCN (4.0 mL,
c = 0.25 M). After cooling to 0 °C, trifluoroacetic anhydride (0.42 mL, 0.64 mg,
3.0 mmol, 3.0 equiv.) addition at 0 °C in one portion, followed by HBF4*OEt2 (174
pL, 1.20 mmol, 1.20 equiv.) was added in one portion at 0 C. The vial was sealed
with a screw-cap, and the deep purple mixture was allowed to stand at 0 °C for
1 h, followed by warming the reaction mixture to 25 °C over a period of 1 h. After
stirring at 25 °C for 1 h further, the reaction mixture was concentrated under
reduced pressure, and diluted with 10 mL CH2Cl.. The CH2Cl2 solution was
poured onto a saturated aqueous NaHCOs3 solution (ca. 10 mL). The mixture was
poured into a separatory funnel, and the layers were separated. The CH2Cl2 layer

was collected, and the aqueous layer was further extracted with CH2Cl2 (2 x ca.
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10 mL). The combined CH2Cl2 solution was washed with agueous NaBF4 solution
(2 x ca. 10 mL, 5 % w/w). The organic layer was dried over NazSOzu, filtered, and
the solvent was removed under reduced pressure. The residue was purified by
chromatography on silica gel eluting with CH2Cl2/i-PrOH (50:1, v/v). The product
was dissolved in 2 mL CH2Clz, and precipitated with 10 mL Et2O. The suspension
was decanted, and the solid was dried in vacuo to afford 42-TFT (395 mg, 743

pmol, 74 %) as a colorless solid.
Rt = 0.35 (CH2Cl2/MeOH, 15:1, v/v).
NMR Spectroscopy:

1H NMR (600 MHz, CD2Cly, 298 K, 3): 8.58 (dd, J = 8.4, 7.1 Hz, 2H), 7.77 (dd,
J=9.1,6.7 Hz, 2H), 7.67 (d, J = 9.1 Hz, 2H), 7.08 (d, J = 9.1 Hz, 2H) ppm.

3C NMR (151 MHz, CD2Cl2, 298 K, d): 154.5 (dd, J = 266.1, 13.1 Hz), 151.4
(dd, J = 260.5, 13.4 Hz), 134.5, 134.4 (dd, J = 8.0, 4.2 Hz), 129.7, 129.4,
125.5 (dd, J = 21.8, 2.6 Hz), 122.0, 120.3 (d, J = 21.3 Hz), 114.7 (dd, J = 6.8,
3.6 Hz) ppm.

19F NMR (376 MHz, CD2Cl2, 298 K, 5): —121.66 (d, J = 20.7 Hz), —129.58 (d, J
= 20.8 Hz), —149.34 (bs), —149.40 (bs) ppm.

HRMS-ESI (m/z) calculated for CisHsBriFsS2* [M-BF4]*, 442.918160; found,
442.918460; deviation: —0.68 ppm.

111.3.2.2 3,3-Diphenylpropan-1-ol-derived thianthrenium salt 50

OH
OH

OBF,

9 3.0 equiv. (CF3CO),0

S 1.2 equiv. HBF, Et,0 O O
SAPRICSY - %

S MeCN, 0 °C - 25 °C, 3 h

28% yield S
50

Under ambient atmosphere, a 50 mL round-bottom flask was charged with
3,3-diphenylpropan-1-ol (1.15 g, 5.40 mmol, 1.00 equiv.), thianthrene-S-oxide
(1.26 g, 5.40 mmol, 1.00 equiv.) and dry MeCN (22 mL, c = 0.25 M). After cooling
to 0 °C, trifluoroacetic anhydride (2.24 mL, 3.44 g, 16.2 mmol, 3.00 equiv.) was
added in one portion at 0°C, followed by HBFs*OEt: (886 uL, 6.48 mmol,
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1.20 equiv.) addition at 0 °C in one portion. The flask was sealed with a septum,
which was equipped with a balloon. The mixture was allowed to stir at 0 °C for 1 h,
followed by warming the reaction mixture to 25 °C over a period of 1 h. After
stirring at 25 °C for 1 h further, the reaction mixture was concentrated under
reduced pressure, and diluted with 20 mL CH2Cl.. The CH2Cl2 solution was
poured onto a saturated aqueous NaHCOz3 solution (ca. 20 mL). After stirring at
25 °C for 2 h, the mixture was poured into a separatory funnel, and the layers were
separated. The CH2Cl2 layer was collected, and the aqueous layer was further
extracted with CH2Cl2 (2 x ca. 10 mL). The combined CH2Cl2 solution was washed
with aqueous NaBF4 solution (2 x ca. 20 mL, 5 % w/w). The CH2Cl2 layer was
dried over Na2SOg, filtered, and the solvent was removed under reduced pressure.
The residue was purified by chromatography on silica gel eluting with CH2Cl2/i-
PrOH (50:1 to 30:1, v/v). The product was collected and dried in vacuo to afford 50

(790 mg, 1.54 mmol, 28 %) as a colorless foam.
Rt = 0.28 (CH2Cl2/MeOH, 15:1, v/v).
NMR Spectroscopy:

I1H NMR (500 MHz, CD3sCN, 298 K, 5): 8.32 (d, J = 7.9 Hz, 2H), 7.94 (d, J =
7.9 Hz, 2H), 7.87 (t, J = 7.7 Hz, 2H), 7.80 (t, J = 7.3 Hz, 2H), 7.41 (d, J = 8.7
Hz, 2H), 7.31-7.25 (m, 2H), 7.22 (d, J = 6.9 Hz, 2H), 7.18 (t, J = 7.1 Hz, 1H),
7.05 (d, J = 8.8 Hz, 2H), 4.18 (t, J = 7.8 Hz, 1H), 3.33 (t, J = 5.8 Hz, 2H), 2.24—-
2.15 (m, 3H) ppm.

13C NMR (126 MHz, CDsCN, 298 K, d): 152.2, 144.4, 137.5, 136.1, 135.9,
131.7, 131.0, 130.9, 129.7, 129.2, 128.7, 127.7, 122.1, 119.52, 119.50, 60.1,
47.6, 38.3 ppm.

19F NMR (471 MHz, CDsCN, 298 K, &): —151.73 (bs), —151.79 (bs) ppm.

HRMS-ESI (m/z) calculated for C27H2301S2* [M-BF4]*, 427.118485; found,
427.118620; deviation: —0.32 ppm.
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111.3.2.3 2,2,2-Trifluoro-N-phenylacetamide-derived thianthrenium salt 52-TT

Q 3.0 equiv. (CF3C0O),0 o OBF,
S 1.2 equiv. HBF,-Et,0 Fsc—q
w0 - L0 - )
S MeCN, 0 °C - 25 °C, 3 h
73% yield
52.TT

Under ambient atmosphere, a 50 mL round-bottom flask was charged with
aniline (493 pL, 503 mg, 5.40 mmol, 1.00 equiv.), thianthrene-S-oxide (1.26 g,
5.40 mmol, 1.00 equiv.) and dry MeCN (22 mL, ¢ = 0.25 M). After cooling to 0 °C,
trifluoroacetic anhydride (2.24 mL, 3.44 g, 16.2 mmol, 3.00 equiv.) was added in
one portion at 0 °C, followed by HBF4*OEt. (886 pL, 6.48 mmol, 1.20 equiv.)
addition at 0 °C in one portion. The flask was sealed by a septum which was
equipped with a balloon, and the mixture was allowed to stand at 0 °C for 1 h,
followed by warming the reaction mixture to 25 °C over a period of 1 h. After
stirring at 25 °C for 1 h further, the reaction mixture was concentrated under
reduced pressure, and diluted with 20 mL CH2Cl2. The CH2Cl> phase was poured
onto a saturated aqueous NaHCOs solution (ca. 20 mL). The mixture was poured
into a separatory funnel, and the layers were separated. The CH2Cl. layer was
collected, and the aqueous layer was further extracted with CH2Cl2 (2 x ca. 10 mL).
The combined CH2Cl2 solution was washed with agueous NaBF4 solution (2 x ca.
10 mL, 5% w/w). The CH2Cl2 layer was dried over Na2SOa, filtered, and the
solvent was removed under reduced pressure. The residue was purified by
chromatography on silica gel eluting with CH2Cl2/i-PrOH (50:1, v/v). The product
was dissolved in 5 mL CH2Clz, and precipitated with 20 mL Et2O. The suspension
was decanted, and the solid was dried in vacuo to afford 52-TT (1.94 g, 3.95 mmol,

73 %) as a colorless solid.
Rt = 0.35 (CH2Cl2/MeOH, 15:1, v/v).
NMR Spectroscopy:

'H NMR (500 MHz, DMSO-ds, 298 K, 8): 11.64 (br, 1H), 8.56 (dd, J = 8.0, 1.4
Hz, 2H), 8.07 (dd, J = 7.9, 1.3 Hz, 2H), 7.93 (td, J = 7.7, 1.4 Hz, 2H), 7.86 (td,
J=7.7,1.3Hz 2H), 7.81 (d, J=9.2 Hz, 2H), 7.28 (d, J = 9.2 Hz, 2H) ppm.

13C NMR (126 MHz, DMSO-ds, 298 K, 8): 155.0 (q, J = 37.4 Hz), 140.8, 135.5,
135.3, 134.8, 130.3, 129.6, 129.3, 122.4, 119.9, 119.5, 115.5 (q, J = 288.7 H2)
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ppm.

19F NMR (471 MHz, DMSO-ds, 298 K, d): —=73.95 (s), —148.21 (bs), —148.26
(bs) ppm.

HRMS-ESI (m/z) calculated for C20H13F3N101S2* [M-BF4]*, 404.038520; found,
404.038810; deviation: —0.72 ppm.

[11.3.2.4 Salicin pentaacetate-derived thianthrenium salt 57-TT
Qo
o)
S
OAc q ‘.S? 3.0 equiv. (CFC0),0 OAc @Fe
o 1.2 equiv. HBF4-Et,0
A‘ﬁmo Ohe, @: T . ACOM OAc

s MeCN,0°C-25°C,3h  AcO 0
93% yield OAc

57-TT
Under ambient atmosphere, a 20 mL borosilicate vial was charged with

salicin pentaacetat' (248 mg, 0.500 mmol, 1.00 equiv.), thianthrene-S-oxide
(116 mg, 0.500 mmol, 1.00 equiv.) and dry MeCN (2.0 mL, ¢ = 0.25 M). After
cooling to 0 °C, trifluoroacetic anhydride (0.21 mL, 0.32 g, 1.5 mmol, 3.0 equiv.)
addition at 0°C in one portion, followed by HBF4OEt> (87 uL, 0.60 mmol,
1.2 equiv.) was added in one portion at 0 °C. The vial was sealed with a screw-cap,
and the mixture was stirred at 0 °C for 1 h, followed by warming the reaction
mixture to 25 °C over a period of 1 h. After stirring at 25 °C for 1 h further, the
reaction mixture was concentrated under reduced pressure, and diluted with
10 mL CH2Cl2. The CH2Cl2 phase was poured onto a saturated aqueous NaHCOs
solution (ca. 10 mL). The mixture was poured into a separatory funnel, and the
layers were separated. The CH2Cl2 layer was collected, and the aqueous layer
was further extracted with CH2Cl2 (2 x ca. 10 mL). The combined CH2Cl2 solution
was washed with aqueous NaPFs solution (2 x ca. 10 mL, 5 % w/w). The organic
layer was dried over Na2SO0a, filtered, and the solvent was removed under reduced
pressure. The residue was purified by chromatography on silica gel eluting with
CH2Cl2/i-PrOH (50:1, v/v). The product was collected and dried in vacuo to afford
57-TT (400 mg, 467 umol, 93 %) as a colorless solid.

Rt = 0.35 (CH2Cl2/MeOH, 15:1, v/v).

NMR Spectroscopy:



170 Experimental Part

IH NMR (500 MHz, CD2Cl», 298 K, &): 8.34 (dt, J = 7.8, 1.5 Hz, 2H), 7.97 (dt, J
=7.9, 1.8 Hz, 2H), 7.91 (tt, J = 7.9, 1.4 Hz, 2H), 7.84 (td, J = 7.7, 1.5 Hz, 2H),
7.25 (d, J = 1.3 Hz, 2H), 7.13 (s, 1H), 5.37-5.28 (m, 2H), 5.24 (d, J = 7.2 Hz,
1H), 5.17 (t, J = 9.4 Hz, 1H), 4.96 (d, J = 2.1 Hz, 2H), 4.28 (dd, J = 12.5, 4.9
Hz, 1H), 4.15 (dd, J = 12.5, 2.4 Hz, 1H), 3.98 (ddd, J = 10.1, 4.9, 2.5 Hz, 1H),
2.06 (s, 3H), 2.05 (s, 3H), 2.03 (s, 3H), 2.02 (s, 3H), 2.01 (s, 3H) ppm.

13C NMR (126 MHz, CD2Clz, 298 K, &): 170.6, 170.4, 170.1, 169.7, 169.6,
158.0, 137.0 (d, J = 2.5 Hz), 135.6, 134.6 (d, J = 4.5 Hz), 131.0 (d, J = 3.9 Hz),
130.7, 130.3, 129.7, 128.7, 118.8, 117.1, 116.3, 98.4, 72.6, 72.4, 70.9, 68.2,
61.9, 20.8, 20.74, 20.72 ppm.

19F NMR (471 MHz, CD2Cla, 298 K, 8): —=72.30 (d, J = 711.2 Hz) ppm.

HRMS-ESI (m/z) calculated for CssHss012S2* [M-PFe]*, 711.156450; found,
711.157400; deviation: —1.34 ppm.

[11.3.2.5 Radical-clock SM thianthrenium salt 64

S
0 3.0 equiv. (CF3C0),0 @@D
MeO,C 8 1.2 equiv. HBF-Et,0 S

- ©BF,
\©\ * @[@ MeCN, 0 °C - 25 °C, 3 h HO
OH S

91% yield
COZMe

64-1
Under ambient atmosphere, a 20 mL borosilicate vial was charged with

methyl 4-hydroxybenzoate (152 mg, 1.00 mmol, 1.00 equiv.), thianthrene-S-oxide
(232 mg, 1.00 mmol, 1.00 equiv.) and dry MeCN (4.0 mL, ¢ = 0.25 M). After
cooling to 0 °C, HBF4+OEt2 (174 uL, 1.20 mmol, 1.20 equiv.) was added in one
portion at 0 °C, followed by trifluoroacetic anhydride (0.42 mL, 0.64 g, 3.0 mmol,
3.0 equiv.) addition at 0 °C in one portion. The vial was sealed with a screw-cap,
and the resulting orange mixture was allowed to stand at 0 °C for 1 h, followed by
warming the reaction mixture to 25 °C over a period of 1 h. After stirring at 25 °C
for 1 h further, the resulting beige reaction mixture was concentrated under
reduced pressure, and diluted with 10 mL CH2Cl2. The CH2Cl2 solution was poured
onto a saturated aqueous NaHCOs3 solution (ca. 10 mL). The mixture was poured
into a separatory funnel, and the layers were separated. The CH2Cl. layer was
collected, and the aqueous layer was further extracted with CH2Cl2 (2 x ca.
10 mL). The combined CH2Cl2 solution was washed with aqueous NaBF4 solution
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(2 x ca. 10 mL, 5 % w/w). The CH2Cl2 layer was dried over Naz2SO4, filtered, and
the solvent was removed under reduced pressure. The residue was rinsed with
2 mL CH2Cl2, and the resulting colorless solid was filtered off, collected and dried
in vacuo to afford 64-1 (415 mg, 914 pmol, 91 %) as a colorless solid. The solid

was used for the next step without further purification.

S S
I e 908
4.0 equiv. EtzN
HO OBF, N ZMe > Me _ 0 ©BF,
Acetone, 25 °C, 16 h N
Br
64-1

63% yield M
CO,Me % yie © CO,Me
64

Under ambient atmosphere, a 20 mL borosilicate vial was charged with 64-1
(136 mg, 0.300 mmol, 1.00 equiv.) and acetone (3.0 mL, ¢ = 0.30 M). After addition
of triethylamine (167 pL, 121 mg, 1.20 mmol, 4.00 equiv.) at 25 °C, the reaction
mixture turned into a clear solution. Prenylbromide (139 uL, 179 mg, 1.20 mmol,
4.00 equiv.) was subsequently added into the clear solution at 25 °C. After stirring
at 25 °C for 30 min, colorless precipitates formed in the reaction mixture. After the
resulting mixture was stirred at 25 °C for 15 h further, the reaction mixture was
concentrated under reduced pressure, and the residue was dissolved in 10 mL
CH2Cl2. The resulting mixture was poured into a separatory funnel, which was pre-
charged with 10 mL of water. The CH2Cl2 layer was collected, and the aqueous
layer was further extracted with CH2Cl2 (2 x ca. 10 mL). The combined CH2Cl2
solution was washed with aqueous NaBF4 solution (2 x ca. 10 mL, 5 % w/w). The
organic layer was dried over Na2SOy4, filtered, and the solvent was removed under
reduced pressure. The residue was purified by chromatography on silica gel
eluting with CH2Cl2/i-PrOH (50:1 to 30:1). The product was collected and dried in
vacuo to afford 64 (98.0 mg, 188 pumol, 63 %) as a colorless solid.

Rt = 0.35 (CH2Cl2/MeOH, 15:1, v/v).
NMR Spectroscopy:

IH NMR (500 MHz, CD:Cla, 298 K, 8): 8.29 (d, J = 7.9 Hz, 2H), 8.22 (dd, J =
8.7, 1.6 Hz, 1H), 7.94 (d, J = 7.8 Hz, 2H), 7.86 (t, J = 7.6 Hz, 2H), 7.76 (t, J =
7.6 Hz, 2H), 7.23 (d, J = 1.6 Hz, 1H), 7.18 (d, J = 8.7 Hz, 1H), 5.48 (t, J = 7.0
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Hz, 1H), 4.76 (d, J = 7.2 Hz, 2H), 3.78 (s, 3H), 1.90 (s, 3H), 1.77 (s, 3H) ppm.

13C NMR (126 MHz, CD2Clz, 298 K, &): 164.8, 161.0, 142.8, 138.1, 137.4,
135.6, 135.4, 131.0, 130.8, 130.3, 124.1, 117.1, 116.9, 114.7, 68.1, 52.9, 26.0,
18.5 ppm.

19F NMR (471 MHz, CD2Cl, 298 K, 8): —=152.31 (bs), —152.37 (bs) ppm.

HRMS-ESI (m/z) calculated for Ca2sH2303S2* [M-BF4]*, 435.108315; found,
435.108800; deviation: —1.11 ppm.

111.3.2.6 Biphenyl-derived thianthrenium salt 69-TT

Q 3.0 equiv. (CF3CO),0 ©BF,
S 2.0 equiv. HBF,-Et,0

sHeee - OO
S MeCN, 0°C-25°C, 3 h @

81% yield
69-TT

Under ambient atmosphere, a 50 mL round-bottom flask was charged with
biphenyl (832 mg, 5.40 mmol, 1.00 equiv), thianthrene-S-oxide (1.26 g, 5.40 mmol,
1.00 equiv.) and dry MeCN (22mL, ¢ = 0.25 M). After cooling to O °C,
trifluoroacetic anhydride (2.24 mL, 3.44 g, 16.2 mmol, 3.00 equiv.) was added in
one portion at 0 °C, followed by HBF4*OEt> (886 uL, 6.48 mmol, 1.20 equiv.)
addition at 0 °C in one portion. The flask was sealed with a rubber septum, which
was equipped with a balloon. The mixture was allowed to stir at 0 °C for 1 h,
followed by warming the reaction mixture to 25 °C over a period of 1 h. After
stirring at 25 °C for 1 h further, the reaction mixture was concentrated under
reduced pressure, and diluted with 20 mL CH2Cl.. The CH2Cl2 solution was
poured onto a saturated aqueous NaHCOs3 solution (ca. 20 mL). The mixture was
poured into a separatory funnel, and the layers were separated. The mixture was
poured into a separatory funnel, and the layers were separated. The CH2Clz layer
was collected, and the aqueous layer was further extracted with CH2Cl2 (2 x ca.
10 mL). The combined CH2Cl2 solution was washed with agueous NaBF4 solution
(2 x ca. 20 mL, 5 % w/w). The CH2Cl2 layer was dried over Na2SOs, filtered, and
the solvent was removed under reduced pressure. The residue was purified by
chromatography on silica gel eluting with CH2Cl2/i-PrOH (50:1, v/v). The product
was dissolved in 5 mL CH2Cl2, and precipitated with 20 mL Et20. The suspension
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was decanted, and the solid was dried in vacuo to afford 69-TT (2.01 g, 4.40 mmol,

81 %) as a colorless solid.

Alternatively, crystalline 69-TT was obtained by the following procedure.
Under an ambient atmosphere, a 20 ml glass-vial was charged with biphenyl
(617 mg, 4.00 mmol, 1.00 equiv), thianthrene-S-oxide (929 mg, 4.00 mmol,
1.00 equiv), and MeCN (4.0 ml, ¢ = 1.0 M). After cooling to 0 °C, HBF4OEt2
(2.09 mL, 1.30 g, 8.00 mmol, 2.00 equiv.) was added, followed by trifluoroacetic
anhydride (1.67 mL, 2.51 g, 12.0 mmol, 3.00 equiv.). The vial was sealed with a
screw-cap, and the mixture was stirred at 0 °C for 1 h, followed by stirring at 25 °C
for 2 h. The reaction mixture was concentrated under reduced pressure, and
subsequently, diluted with water (5 mL) and methanol (15 mL). The solution was
removed from the resulting crystals, and then the crystals were washed with water.
The suspended crystals were centrifuged at 3000 rpm for 5 min and the water was
removed. The colorless crystals were dried under high vacuum providing the
biphenyl-derived thianthrenium salt 69-TT (0.637 g, 1.40 mmol, 35 %).

Rt = 0.35 (CH2Cl2/MeOH, 15:1, v/v).
NMR Spectroscopy:

TH NMR (500 MHz, CD3CN, 298 K, &): 8.40 (dd, J = 7.9, 1.3 Hz, 2H), 7.97 (dd,
J=7.9,13Hz, 2H), 7.90 (td, J = 7.7, 1.4 Hz, 2H), 7.84 (id, J = 7.7, 1.4 Hz,
2H), 7.74-7.69 (m, 2H), 7.61-7.56 (m, 2H), 7.48-7.40 (m, 3H), 7.22-7.16 (m,
2H) ppm.

13C NMR (126 MHz, CDCls, 298 K, d): 144.7, 137.1, 135.8, 134.3, 134.2,
129.9,129.1, 128.3, 128.1, 128.0, 127.7, 126.4, 121.5, 117.7 ppm.

19F NMR (471 MHz, CDaCN, 298 K, 8): —=152.4 (bs), =152.5 (bs) ppm.

HRMS-ESI (m/z) calculated for C24H17S2* [M-BF4]*, 369.076620; found,
369.076740; deviation: —0.32 ppm.
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[11.3.2.7 Acetophenone-derived thianthrenium salt 71-TT

B(OH),
3.0 equiv. (CF3C0),0

O

s 1.2 equiv. HBF4-Et,0 Me Q
Jeoe - Ok
MeCN, 0°C-25°C,3h (o)

S vl

5 58% yield BF,
7-TT

Under ambient atmosphere, a 20 mL borosilicate vial was charged with 4-

Me

acetylphenylboronic acid (164 mg, 1.00 mmol, 1.00 equiv.), thianthrene-S-oxide
(232 mg, 1.00 mmol, 1.00 equiv.) and dry MeCN (4.0 mL, ¢ = 0.25 M). After
cooling to 0 °C, trifluoroacetic anhydride (0.42 mL, 0.64 g, 3.0 mmol, 3.0 equiv.)
addition at 0 °C in one portion, followed by HBF4OEt> (174 pL, 1.20 mmol,
1.20 equiv.) was added in one portion at 0 C. The vial was sealed with a screw-
cap, and the deep purple mixture was allowed to stand at 0 °C for 1 h, followed by
warming the reaction mixture to 25 °C over a period of 1 h. After stirring at 25 °C
for 1 h further, the reaction mixture was concentrated under reduced pressure, and
diluted with 10 mL CH2Cl2. The CH2Cl2 solution was poured onto a saturated
aqueous NaHCOs solution (ca. 10 mL). The mixture was poured into a separatory
funnel, and the layers were separated. The CH2Clz layer was collected, and the
aqueous layer was further extracted with CH2Cl2 (2 x ca. 10 mL). The combined
CH2Cl2 solution was washed with aqueous NaBF4 solution (2 x ca. 10 mL, 5%
w/w). The organic layer was dried over Na2SOs, filtered, and the solvent was
removed under reduced pressure. The residue was purified by chromatography on
silica gel eluting with CH2Cl2/i-PrOH (50:1, v/v). The product was collected and
dried in vacuo to afford 71-TT (244 mg, 0.578 mmol, 58 %) as beige solid.

Rt = 0.35 (CH2Cl2/MeOH, 15:1, v/v).
NMR Spectroscopy:

"H NMR (500 MHz, CD2Cl2, 298 K, 3): 6 8.52 (dd, J = 7.9, 1.4 Hz, 2H), 7.96 (d,
J=8.8Hz 2H), 7.94 - 7.87 (m, 4H), 7.84 (td, J=7.6, 1.7 Hz, 2H), 7.21 (d, J =
8.8 Hz, 2H), 2.54 (s, 3H) ppm.

13C NMR (126 MHz, CD2Cl2, 298 K, d): 196.8, 140.8, 137.6, 136.0, 135.8,
131.3, 130.9, 130.4, 128.7, 128.6, 118.6, 27.2 ppm.

19F NMR (471 MHz, CD2Cl2, 298 K, &8): —150.26 (bs), —150.32 (bs) ppm.
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HRMS-ESI (m/z) calculated for C20H150S2* [M-BF4]*, 335.055885; found,
335.055820; deviation: +0.19 ppm.

[11.3.2.8 Nitrobenzene-derived thianthrenium salt 72-TT

B(OH),
3.0 equiv. (CF3CO0O),0

0
g 1.2 equiv. HBF4-Et,0 Q
s MeCN, 0 °C - 25 °C, 3 h
NO, 38% yield B,
72-TT
Under ambient atmosphere, a 20 mL borosilicate vial was charged with 4-

nitrophenylboronic acid (167 mg, 1.00 mmol, 1.00 equiv.), thianthrene-S-oxide
(232 mg, 1.00 mmol, 1.00 equiv.) and dry MeCN (4.0 mL, c = 0.25 M). After
cooling to 0 °C, trifluoroacetic anhydride (0.42 mL, 0.64 g, 3.0 mmol, 3.0 equiv.)
addition at 0 °C in one portion, followed by HBF4+OEt> (174 pL, 1.20 mmol,
1.20 equiv.) was added in one portion at 0 C. The vial was sealed with a screw-
cap, and the deep purple mixture was allowed to stand at 0 °C for 1 h, followed by
warming the reaction mixture to 25 °C over a period of 1 h. After stirring at 25 °C
for 1 h further, the reaction mixture was concentrated under reduced pressure, and
the residue was diluted with 10 mL CH2Clz. The CH2Clz solution was poured onto
a saturated agueous NaHCOz3 solution (ca. 10 mL). The mixture was poured into a
separatory funnel, and the layers were separated. The CH2Cl2 layer was collected,
and the aqueous layer was further extracted with CH2Cl2 (2 x ca. 10 mL). The
combined CH2Clz solution was washed with aqueous NaBF4 solution (2 x ca. 10
mL, 5 % w/w). The organic layer was dried over Na2SO4, filtered, and the solvent
was removed under reduced pressure. The residue was purified by
chromatography on silica gel eluting with CH2Cl2/i-PrOH (50:1, v/v). The product
was collected and dried in vacuo to afford 72-TT (160 mg 0.376 mmol, 38 %) as

beige solid.
Rt = 0.35 (CH2Cl2/MeOH, 15:1, v/v).
NMR Spectroscopy:

TH NMR (500 MHz, CD2Cl2, 298 K, d): 8.56 (dd, J = 7.8, 1.4 Hz, 2H), 8.20 (d, J
= 9.1 Hz, 2H), 7.95-7.87 (m, 4H), 7.87-7.81 (m, 2H), 7.30 (d, J = 9.2 Hz,
2H).ppm.
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13C NMR (126 MHz, CD2Cl2, 298 K, d): 150.7, 137.7, 136.2, 136.1, 131.5,
131.4,131.1,129.8, 125.6, 118.4.ppm.

19F NMR (471 MHz, CD2Clz, 298 K, 8): —=150.26 (bs), —150.32 (bs) ppm.

HRMS-ESI (m/z) calculated for CisH12NO2S2* [M-BF4]*, 338.030399; found,
338.030270; deviation: —0.38 ppm.

[11.3.2.9 Isopropoxylbenzene-derived thianthrenium salt 73-TT

3.0 equiv. (CF3CO),0

(0] Me
1
S 1.2 equiv. HBF,-Et,0 Me—
o _Me @ :@ g o_©_s® >
N PR
Y S MeCN, 0 °C - 25 °C, 3 h )
Me 4

73% yield
73-TT
Under ambient atmosphere, a 20 mL borosilicate vial was charged with

isopropoxylbenzene (136 mg, 1.00 mmol, 1.00 equiv.), thianthrene-S-oxide
(232 mg, 1.00 mmol, 1.00 equiv.) and dry MeCN (4.0 mL, c = 0.25 M). After
cooling to 0 °C, trifluoroacetic anhydride (0.42 mL, 0.64 g, 3.0 mmol, 3.0 equiv.)
addition at 0 °C in one portion, followed by HBF4+OEt> (174 pL, 1.20 mmol,
1.20 equiv.) was added in one portion at 0 C. The vial was sealed with a screw-
cap, and the deep purple mixture was allowed to stand at 0 °C for 1 h, followed by
warming the reaction mixture to 25 °C over a period of 1 h. After stirring at 25 °C
for 1 h further, the reaction mixture was concentrated under reduced pressure, and
diluted with 10 mL CH2Cl2. The CH2Cl2 solution was poured onto a saturated
agqueous NaHCOs solution (ca. 10 mL). The mixture was poured into a separatory
funnel, and the layers were separated. The CH2Clz layer was collected, and the
aqueous layer was further extracted with CH2Cl2 (2 x ca. 10 mL). The combined
CH2Cl2 solution was washed with aqueous NaBF4 solution (2 x ca. 10 mL, 5%
w/w). The organic layer was dried over Na2SOa, filtered, and the solvent was
removed under reduced pressure. The residue was purified by chromatography on
silica gel eluting with CH2Cl2/i-PrOH (50:1, v/v). The product was collected and
dried in vacuo to afford 72-TT (320 mg, 0.730 mmol, 73 %) as beige solid.

Rt = 0.35 (CH2Cl2/MeOH, 15:1, v/v).
NMR Spectroscopy:

"H NMR (500 MHz, CD2Cl2, 298 K, d): 6 8.28 (dd, J = 8.0, 1.4 Hz, 2H), 7.93 —
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7.88 (m, 2H), 7.83 (tt, J= 7.8, 1.1 Hz, 2H), 7.76 (id, J = 7.7, 1.4 Hz, 2H), 7.24
- 7.18 (m, 2H), 6.96 (d, J = 9.1 Hz, 2H), 4.58 (pd, J = 6.1, 1.1 Hz, 1H), 1.30
(dd, J=6.0, 1.1 Hz, 6H) ppm.

13C NMR (126 MHz, CD2Cl2, 298 K, d): 163.1, 136.8, 135.3, 134.4, 131.2,
131.0, 130.7, 120.0, 118.3, 112.4, 71.8, 21.9 ppm.

19F NMR (471 MHz, CD2Clz, 298 K, 8): —~151.69 (bs), —151.76 (bs) ppm.

HRMS-ESI (m/z) calculated for C2H190S2* [M-BF4]", 351.087185; found,
351.086900; deviation: +0.81 ppm.

I11.3.3. Reaction optimization for fluorination

[11.3.3.1 Control reactions

1.0 mol% Ir[dF(CF3)ppylo(dtbpy)PFg
1.5 equiv. Cu(MeCN),BF,

1.2 equiv. CsF
ph_®_TT® eBF4 Ph—Q_F + Ph4©7H
Acetone (c = 0.10 M)

69-TT blue LEDs, 30 °C, 20 h 69 69-H
(0.05 mmol, 1.0 equiv.)

change of reaction conditions Yield of 692 Ratio of 69/69-HP
none 84% 43:1

no Ir[dF(CF3)ppy]z(dtbpy)PFe 8% 2.7:1

no Cu(MeCN)4BF4 0% -

no CsF 14% 0.9:11

no light 0% -

Table l1Il.1. Control experiments. 2Yield was determined by °F NMR using 4-
fluorobenzotrifluoride as an internal standard. "Ratios was determined by GC-FID.

In the absence of photocatalyst, the C-S bond of aryl thianthreniums
fragments with visible light, albeit very slowly (11% conversion over 20 h). The fact
that fluorination was observed without photocatalyst can be rationalized by a light
induced homolysis of aryl thianthreniums to yield an aryl radical and thianthrene
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radical cation (Figure 111.5). These two intermediates can participate in the copper
cycle proposed in the manuscript.

Product formation in the absence of CsF can be rationalized by a Balz-

Schiemann type reaction where fluoride is abstracted from the tetrafluoroborate
counterion.

TT®

D—C — :
CO0 N

[ArCu"'F]
Copper-Mediated
Process

L0 @

Figure 111.5. Proposed mechanism for product formation in the absence of
photocatalyst.

[11.3.3.2 Comparison of the fluorination of TT and TFT salts

o)
Fac—<
HN_@_TT(D @BF4 1.0 mol% Ir[dF(CF 3)ppyl,(dtbpy)PFg

1.5 equiv. Cu(MeCN),BF,

o)
0 or 52-TT 1.2 equiv. CsF _ F3C—<
- HN F
Fe— ®O _ Acetone (c=0.10 M) < >
HN TFT™ "BFs  blue LEDs, 30 °C, 20 h TT: 829%
52-TFT 52 TFT: 59%

(0.05 mmol, 1.0 equiv.)

TTOS,. TFT®Q, 1.0 mol% IdF(CF3)ppylx(dtbpy)PFg .
4 4 1.5 equiv. Cu(MeCN),BF,
or 1.2 equiv. CsF
COzMe CO,Me  Acetone (c =0.10 M) CO,Me
OMe OMe blue LEDs, 30 °C, 20 h OMe ET .Gﬁy
46-TT 46-TFT 46 - 46%

(0.05 mmol, 1.0 equiv.)

Figure 111.6. Experiments for different aryl TT and TFT salts under standard
reaction conditions.
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[11.3.3.3 Cu(MeCN)4BF4/CsF ratio optimization

1.0 mol% Ir[dF(CF3)ppylo(dtbpy)PFg
xx equiv. Cu(MeCN)4BF4

xx equiv. CsF
Ph@TT® @BF4 > Ph—Q_F + Ph—@—H
MeCN/cyclohexane (1/1, ¢ = 0.10 M)

69-TT blue LEDs, 30 °C, 20 h 69 69-H
(0.05 mmol, 1.0 equiv.)

Cu(MeCN)sBF4 (equiv.) CsF (equiv.) Yield of 692  Ratio of 69/69-H"

1.0 10.0 18% 0.5:1
1.0 15 66% 3.7:1
1.0 1.0 46% 1.5:1
2.0 15 72% 4.0:1
3.0 15 76% 6.3:1
3.0 15 84% 15.0:1¢
15 1.2 81% 14.0:1°¢

Table 111.2. Optimization of copper and fluoride ratio for fluorination of 69-TT.
aYield was determined by °F NMR using 4-fluorobenzotrifluoride as an internal

standard. PRatios was determined by GC-FID. °MeCN as the solvent.

[11.3.3.4 Solvent optimization

1.0 mol% Ir[dF(CF3)ppyl,(dtbpy)PFg

o 1.5 equiv. Cu(MeCN)4BF4
Ph_@_TTCB BF, 1.2equiv. CsF Ph@—F . Ph—@—H

Solvent (c = 0.10 M)

(0.05 mrfffv_o equiv.) blue LEDs, 30 °C, 20 h * oK
Solvent Yield of 692 Ratio of 69/69-HP
MeCN 81% 14.0:1

DMF 0% --

DMSO 0% --
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MeNO: 4%

Dioxane 1%

CH2Cl2 0%

DME 5%

(0]

K 18%
(@]

.
(0]

P 84%

MeCN/acetone(1/1) 51%

1:2.8

1:24

1:11

1:2.1

1:30

43:1

1.3:1

Table 111.3. Solvent effects on fluorination of 69-TT. 2Yield was determined by °F

NMR using 4-fluorobenzotrifluoride as an
determined by GC-FID.

[11.3.3.5 Fluoride nucleophile comparison

Ph—@—TT® ©gF,

69-TT
(0.05 mmol, 1.0 equiv.)

1.0 mol% Ir[dF(CF3)ppy].(dtbpy)PFg
1.5 equiv. Cu(MeCN),4BF,
X equiv. [F7]

internal

|

Acetone (c = 0.10 M)
blue LEDs, 30 °C, 20 h

standard. PRatios was

69-H

[F] Yield of 692 Ratio of 69/69-HP
CsF (1.2 equiv) 84% 43:1
KF (1.2 equiv) 70% 21:1
NaF (3.0 equiv) 87% 24:1
TBAT (1.2 equiv) 26% 1.8:1
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TMAF (1.2 equiv) 0% --

Table Ill.4. Fluoride effects on fluorination of 69-TT. 2Yield was determined by °F
NMR using 4-fluorobenzotrifluoride as an internal standard. PRatios was
determined by GC-FID.

[11.3.3.6 Cu source optimization

1.0 mol% Ir[dF(CF3)ppyls(dtbpy)PFg
1.5 equiv. [Cu]

Ph—@—TTeeBH 1.2 equiv. CsF _ Ph—@—F + ph—Q—H

Acetone (c = 0.10 M)

69-TT blue LEDs, 30 °C, 20 h 69 69-H
(0.05 mmol, 1.0 equiv.)

[Cu] Yield of 692 Ratio of 69/69-HP
CuCl 0% --
Cul 0% -
Cu20 0% --
IPrCucCl 0% -
Cu(MeCN)sPFs 67% 28:1
Cu(MeCN)4OTf 54% 29:1
Cu(‘BUCN)20Tf 66% 39:1
Cu('BUCN)2BF4 87% 32:1
Cu(MeCN)4BF4 84% 43:1
Cu(BFa)2 0% -

Table 111.5. Copper salt effects on fluorination of 69-TT. 2Yield was determined by
°F NMR using 4-fluorobenzotrifluoride as an internal standard. PRatios was
determined by GC-FID.
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[11.3.3.7 Comparison of various photocatalysts

[photocatalyst]
1.5 equiv. Cu(MeCN)4BF,

Ph—@—TT®eBF4 1.2 equiv. CsF _ Ph—@—F + Ph—@—H

Acetone (c = 0.10 M)
69-TT blue LEDs, 30 °C, 20 h 69 69-H
(0.05 mmol, 1.0 equiv.)

photocatalyst Yield of 692 Ratio of 69/69-HP
[Ir(dtbbpy)(ppy)2][PFs] 25% 1.6:1
Ir[dFFppy]2-(4,4'-dCFsbpy)PFe 1% 1:1.3

Ir[dFMeppy]2-(4,4'-dCFsbpy)PFs 0% -

C1 0% --
C2 76% 24:1
Ir[dF(CF3)ppy]lz(dtbpy)PFs 84% 43:1
Ru(bpm)sCl2 0% -

Table 11.6. Photocatalysts effecs on fluorination of 69-TT. aYield was determined

by 1F NMR using 4-fluorobenzotrifluoride as an internal standard. "Ratios was
determined by GC-FID.

)
N O
B > B
Q N N, | é\NJ Cl
"Ru?*
LD R 1A
S NN NN
N
v /Nn)\\N
N

[Ir(dtbbpy)(ppy),l[PFgl Ir[dFFppy],-(4,4'-dCF 3bpy)PF¢ Ir[dFMeppy],-(4,4'-dCF ;bpy)PFg c1 Cc2 Ru(bpm),Cl,
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[11.3.3.8 Effects of concentration on the yield and the ratio of 69/69-H

1.0 mol% Ir[dF(CF3)ppylo(dtbpy)PFg

®0 1.5 equiv. Cu(MeCN),BF,
Ph—@—TT BF, 1.2equiv. CsF Ph@—F + Ph_Q_H

(0.05 mn?c?l-,TIo equiv.) ﬁ'iit?-r']fe':’s, 30°C,20h 69 69-H
[c] Yield of 692 Ratio of 69/69-HP
0.05M 81% 19:1
01M 84% 43:1
0.2 M 89% 35:1
0.3 M 86% 31:1
0.4 M 87% 23:1
0.5M 85% 21:1

Table Ill.7. Concentration studies for fluorination of 69-TT. 2Yield was determined
by F NMR using 4-fluorobenzotrifluoride as an internal standard. "Ratios was
determined by GC-FID.

[11.3.4. Catalytic fluorination of aryl tetrafluorothianthrenium salts

1 mol% Ir[dF(CF3)ppy],(dtbpy)PFg

TFT® 20 mol% Cu(MeCN),BF, F
@BF4 1.2 equiv. CsF
Acetone (c = 0.10 M)
67 blue LEDs, 30 °C, 16 h
65% yield

To a 4-mL borosilicate vial equipped with a stir bar was added
Ir[dF(CF3)ppy]l2(dtbpy)PFs (0.6 mg, 0.5 pmol, 1 mol%) and benzene-derived
tetrafluorothianthrenium salt 67 (22.6 mg, 50.0 pymol, 1.00 equiv.). The vial was
transferred into a Nz-filled glovebox. After addition of Cu(MeCN)4BF4 (3.2 mg, 10
pumol, 20 mol%), CsF (9.1 mg, 60 pmol, 1.2 equiv.) and acetone (0.50 mL, ¢ =0.10
M), the vial was capped, transferred out of the glovebox and placed 5 cm away
from two 34 W blue LEDs. The temperature was kept at approximately 30 °C

through cooling with a fan. After being stirred for 16 h, 4-fluorobenzotrifluoride (8.2
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mg, 6.3 pL, 50 uymol, 1.0 equiv.) was added as an internal standard. The reaction
mixture was diluted with CDCIs, and the yield was determined by 'F NMR
integration relative to the internal standard (65% vyield, standard: & —108.40 ppm,
and fluorobenzene: & —-114.10 (m) ppm). The '®F NMR spectral data for

fluorobenzene matched that of an authentic sample (TCI®,—114.10 (m) ppm).

1 mol% Ir[dF(CF3)ppylo(dtbpy)PFg

TFT® 1.5 equiv. Cu(MeCN),BF, F
@BF4 1.2 equiv. CsF
Acetone (c = 0.10 M)
67 blue LEDs, 30 °C, 16 h
88% yield

To a 4-mL borosilicate vial equipped with a stir bar was added
Ir[dF(CF3)ppyl2(dtbpy)PFs (0.6 mg, 0.5 pmol, 1 mol%) and benzene-derived
tetrafluorothianthrenium salt 67 (22.6 mg, 50.0 pymol, 1.00 equiv.). The vial was
transferred into a Na-filled glovebox. After addition of Cu(MeCN)4BF4 (23.6 mg,
75.0 ymol, 1.50 equiv.), CsF (9.2 mg, 60 umol, 1.2 equiv.) and acetone (0.50 mL,
c = 0.10 M), the vial was capped, transferred out of the glovebox and placed 5 cm
away from two 34 W blue LEDs. The temperature was kept at approximately 30 °C
through cooling with a fan. After being stirred for more 10 h, 4-
fluorobenzotrifluoride (8.2 mg, 6.3 pL, 50 umol, 1.0 equiv.) was added as an
internal standard. The reaction mixture was diluted with CDCIs, and the yield was
determined by 'F NMR integration relative to the internal standard (88% yield,

standard: & —108.40 ppm, and fluorobenzene: & —114.10 (m) ppm).

[11.3.5. Photocatalyzed fluorination of diazonium slat and iodonium salt

1 mol% Ir[dF(CF3)ppyl.(dtbpy)PFg
1.5 equiv. Cu(MeCN),BF, F

+ - + B 1.2 equiv. CsF
N, BF4 or P ~pp, BF4

Acetone (c = 0.10 M)
68a 68b blue LEDs, 30 °C, 16 h

Y

a: 37%
b: 79%

To a 4-mL borosilicate vial equipped with a stir bar was added
Ir[dF(CF3)ppy]l2(dtbpy)PFs (1.2 mg, 1.0 ymol, 1.0 mol%) and benzenediazonium
tetrafluoroborate 68a (19.2 mg, 0.100 mmol, 1.00 equiv.) or iodonium 68b (36.8
mg, 0.100 mmol, 1.00 equiv.). The vial was transferred into a N2-filled glovebox.
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After addition of Cu(MeCN)4BF4 (47.2 mg, 0.150 mmol, 1.50 equiv.), CsF (18.4 mg,
0.120 mmol, 1.20 equiv.) and acetone (1.0 mL, ¢ = 0.10 M), the vial was capped,
transferred out of the glovebox and placed 5 cm away from two 34 W blue LEDs.
The temperature was kept at approximately 30 °C through cooling with a fan. After
being stirred for more 10 h, 4-fluorobenzotrifluoride (8.2 mg, 6.3 pL, 50 pumol, 1.0
equiv.) was added as an internal standard. The reaction mixture was diluted with
CDCls, and the yield was determined by °F NMR integration relative to the
internal standard (37% vyield for a and 79% yield for b; standard: & —108.4 ppm,
and fluorobenzene: & —114.1 (m) ppm).

[11.3.6. Mechanistic experiments

[11.3.6.1 Radical clock experiments

O
MeOZC

Me
®0 1 mol% Ir[dF(CF3)ppyl.(dtbpy)PFg
TT™ ~BFy 1.5 equiv. Cu(MeCN),BF, 65, 29%
O\/\rMe 1.2 equiv. CsF "
- (0] o)
Me Acetone (c = 0.10 M)
MeO,C °
2 64 blue LEDs, 30 °C, 20 h MeO,C MeO,C
Me Me
Me E Me H
66a, 33% 66b, 15%

To a 4-mL borosilicate vial equipped with a stir bar was added
Ir[dF(CF3)ppy]z(dtbpy)PFs (0.4 mg, 0.4 pmol, 1 mol%) and methyl gemfibrozil-
derived thianthrenium salt 65 (16.5 mg, 31.6 pmol, 1.00 equiv.). The vial was
transferred into a Nz-filled glovebox. After addition of Cu(MeCN)4BF4 (14.9 mag,
47.4 umol, 1.50 equiv.), CsF (5.8 mg, 38 umol, 1.2 equiv.) and acetone (0.30 mL,
¢ = 0.10 M), the vial was capped, transferred out of the glovebox and placed 5 cm
away from two 34 W blue LEDs. The temperature was kept at approximately 30 °C
through cooling with a fan. After being stirred for 20 h, the reaction mixture was
diluted with CH2Cl2 (2 mL), and the resulting mixture was filtered through a short
pad of Celite® using CH2Cl2 (5 mL) as eluent. The filtrate was collected and
concentrated by rotary evaporation. The residue was purified by chromatography
on silica gel eluting with hexanes/ethyl acetate (50:1 to 30:1, v/v) to afford 66a (2.5
mg, 11 umol, 33%) as a colorless liquid, and mixture of 66b and 65 (3.0 mg,
66b/65 = 1:2, 66b: 15%, and 65: 30%).
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Methyl 3-(2-fluoropropan-2-yl)-2,3-dihydro-1-benzofuran-5-carboxylate (66a):
Rr = 0.30 (hexanes/ethyl acetate 5:1, v/v).
NMR Spectroscopy:

TH NMR (400 MHz, CDCls, 298 K, d): 7.96 (p, J = 1.0 Hz, 1H), 7.93 (ddd, J =
8.4,1.9, 0.6 Hz, 1H), 6.84 — 6.79 (m, 1H), 4.63 (d, J = 1.3 Hz, 1H), 4.62 (s,
1H), 3.88 (s, 3H), 3.74 — 3.66 (m, 1H), 1.45 — 1.35 (m, 4H), 1.28 (d, J =214
Hz, 4H) ppm.

13C NMR (101 MHz, CDCls, 298 K, &): 167.0, 164.9, 132.2, 127.9 (d, J = 1.6
Hz), 127.0 (d, J = 6.6 Hz), 123.0, 109.7, 96.4 (d, J = 170.2 Hz), 74.0 (d, J = 7.3
Hz), 52.1, 51.3 (d, J = 24.8 Hz), 24.5 (d, J = 24.0 Hz), 23.6 (d, J = 24.1 Hz)

19F NMR (471 MHz, CDCls, 298 K, 8): —138.15 (pd, J = 21.7, 9.5 Hz) ppm.

HRMS-GC-ElI (m/z) calculated for C13H1503F1* [M]*, 238.099973; found,
238.100210, deviation: —0.99 ppm.

The following data were obtained for the mixture:
Methyl 3-isopropyl-2,3-dihydro-1-benzofuran-5-carboxylate (66b):
NMR Spectroscopy:

1H NMR (500 MHz, CDCls, 298 K, &): 7.90 (d, J = 8.6 Hz, 1H), 7.84 (d, J =
36.0 Hz, 2H), 4.92 (s, 1H), 4.90-4.85 (m, 1H), 4.74 (t, J = 9.4 Hz, 1H), 4.46—
4.38 (m, 1H), 4.22—4.14 (m, 1H), 3.87 (s, 3H), 1.64 (s, 3H) ppm.

HRMS-GC-ElI (m/z) calculated for Ci3H16O3* [M]", 220.109395; found,
220.109620, deviation: —1.02 ppm.

Methyl 3-(propen-2-yl)-2,3-dihydro-1-benzofuran-5-carboxylate (65):
NMR Spectroscopy:

H NMR (500 MHz, CDCls, 298 K, 5): 6.81 (d, J = 8.3 Hz, 2H), 6.77 (d, J = 8.2
Hz, 1H), 4.60 (t, J = 9.2 Hz, 1H), 4.48-4.45 (m, 1H), 3.88 (s, 3H), 3.37 (dt, J =
9.8, 5.1 Hz, 1H), 2.00 (dq, J = 12.9, 6.7 Hz, 1H), 0.96 (d, J = 6.9 Hz, 3H), 0.87
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(d, J=6.8 Hz, 3H) ppm.

HRMS-GC-ElI (m/z) calculated for Ci3H14O3™ [M]*, 218.093745; found,
218.094030, deviation: —1.31 ppm.

[11.3.6.2 TEMPO trapping experiments

OH
Me
Me
OH 1.0 mol% Ir[dF(CF3)ppyl,(dtopy)PFg N
1.5 equiv. Cu(MeCN),BF, o~
1.2 equiv. CsF 63,24% Me Me
O O 2.0 equiv. TEMPO OH
TT® @BF4 Acetone (c = 0.10 M) o

50 blue LEDs, 30 °C, 19 h
O O 50, <5%
H
50-H, 12%

To a 4-mL borosilicate vial equipped with a stir bar was added
Ir[dF(CF3)ppyl2(dtbpy)PFs (1.2 mg, 1.0 pmol, 1.0 mol%) 3,3-diphenylpropan-1-ol-
derived thianthrenium salt 50 (51.4 mg, 0.100 mmol, 1.00 equiv.) and
TEMPO(31.2 mg, 0.200 mmol, 2.00 equiv.). The vial was transferred into a Nz-
filled glovebox. After addition of Cu(MeCN)sBF4 (47.2 mg, 0.150 mmol, 1.50
equiv.), CsF (18.2 mg, 0.120 mmol, 1.20 equiv.) and acetone (1.0 mL, ¢ = 0.10 M),
the vial was capped, transferred out of the glovebox and placed 5 cm away from
two 34 W blue LEDs. The temperature was kept at approximately 30 °C through
cooling with a fan. After being stirred for 19 h, the reaction mixture was diluted with
CH2Cl2 (2 mL), and the resulting mixture was filtered through a short pad of Celite®
using CH2Cl2 (5 mL) as eluent. The filtrate was collected and concentrated by
rotary evaporation. The residue was purified by chromatography on silica gel
eluting with pentane/ethyl acetate (10:1 to 6:1, v/v) to afford 63 (8.8 mg, 24 umol,
24%) as a yellow liquid, and 50-H (2.5 mg, 12 pmol, 12%) as a yellow liquid.
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OH

Me

O/

1 mol% Ir[dF(CF3)ppyl,(dtbpy)PFg 63 18% Me \e
1.2 equiv. CsF ’
O O 4.0 equiv. TEMPO OH
- +
TT® @BF4 Acetone (c = 0.10 M)
50 blue LEDs, 30 °C, 20 h

O O 50, 26%
H

50-H, <5%

To a 4-mL borosilicate vial equipped with a stir bar was added
Ir[dF(CF3)ppyl2(dtbpy)PFes (0.6 mg, 0.5 umol, 1 mol%) 3,3-diphenylpropan-1-ol-
derived thianthrenium salt 50 (25.7 mg, 50.0 umol, 1.00 equiv.) and TEMPO(31.2
mg, 0.200 mmol, 4.00 equiv.). The vial was transferred into a Nz-filled glovebox.
After addition of CsF (9.2 mg, 60 ymol, 1.2 equiv.) and acetone (0.50 mL, ¢ = 0.10
M), the vial was capped, transferred out of the glovebox and placed 5 cm away
from two 34 W blue LEDs. The temperature was kept at approximately 30 °C
through cooling with a fan. After being stirred for 19 h, the reaction mixture was
diluted with CH2Cl2 (2 mL), and the resulting mixture was filtered through a short
pad of Celite® using CH2Cl2 (5 mL) as eluent. The filtrate was collected and
concentrated by rotary evaporation. The residue was purified by chromatography
on silica gel eluting with pentane/ethyl acetate (10:1 to 6:1, v/v) to afford 6 (3.4 mg,
9.2 umol, 18%) as a yellow liquid, and eluting with CH2Cl2/MeOH (20:1 to 10:1, v/v)
to afford 65 (6.8 mg, 13 pmol, 26%) as a colorless solid.

ArTEMPO product (63):
Rr= 0.47 (pentane/ethyl acetate 4:1, v/v).
NMR Spectroscopy:

TH NMR (500 MHz, CDCls, 298 K, &): 7.23-7.15 (m, 4H), 7.13-7.07 (m, 1H),
6.99 (br, 4H), 3.96 (t, J = 7.9 Hz, 1H), 3.53 (t, J = 6.3 Hz, 2H), 2.20 (ddt, J =
9.9, 6.5, 3.5 Hz, 2H), 1.54-1.43 (m, 6H), 1.35-1.30 (m, 1H), 1.13 (s, 6H), 0.91
(s, 3H), 0.90 (s, 3H) ppm.

13C NMR (126 MHz, CD2Cl2, 298 K, d): 162.4, 145.7, 136.3, 128.7, 128.1,
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128.0, 126.3, 114.1, 61.3, 60.6, 47.0, 40.0, 38.9, 32.7, 20.4, 17.3 ppm.

HRMS-ESI (m/z) calculated for C24H34N1O3* [M+H]", 368.258404; found,
368.258440, deviation: —0.10 ppm.

[11.3.6.3 Stern-Volmer luminescence quench studies

Visible light luminescence intensities were recorded using an Edinburgh
Instruments FSS5 spectrofluorometer. All luminescence measurements were
recorded using a screw-top quartz cuvette (Hellma fluorescence quartz cuvette, 10
x 10 mm, 3.5 mL). All solutions of [Ir{dF(CF3)ppy}2(dtbbpy)]PFs, anisole-derived
thianthrenium tetrafluoroborate 62, tetrakis(acetonitrile)copper tetrafluoroborate,
and thianthrene were prepared in acetone in a nitrogen-filled glovebox. The
solutions were transferred to the screw-top cuvette inside the glovebox, the
cuvette was sealed, and then brought out of the glovebox for visible light

luminescence measurements.

In a typical procedure, anisole-derived thianthrenium tetrafluoroborate 62
(0.329 g, 0.802 mmol) was dissolved and diluted to a final volume of 10 mL (c =
0.080 M arylthianthrenium salt) with a stock  solution of
[I{dF(CF3)ppy}2(dtbbpy)]PFs in acetone (c = 18 puM). Serial dilution of this 0.08 M
arylthianthrenium salt solution was carried out by dilution of 7 mL of the 0.080 M
arylthianthrenium salt solution to 10 mL (0.056 M) with the 18 uM stock solution of
[I{dF(CF3)ppy}2(dtbbpy)]PFs. All subsequent solutions were prepared by dilution
of 7 mL of the preceding solution to a final volume of 10 mL. The final solution with
a concentration of 0.011 M was prepared by dilution of 2 mL of the 0.027 M
arylthianthrenium salt solution to a final volume of 5 mL. All solutions were excited

at 450 nm and the emission was measured from 455 to 600 nm.

Quenching was analyzed by plotting lo/l according to the Stern-Volmer

relationship:
lo/l = kqTo[Q]+1

where lo represents the integral of the luminescence over the range of 455 to
600 nm in the absence of a quencher, | is the integral of luminescence over the

range of 455 to 600 nm in the presence of a quencher, kq represents the
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quenching rate constant, [Q] is the concentration of a given quencher, and 1o is the
excited state lifetime of the emissive photocatalyst in the absence of quencher.
The excited state lifetime of Ir[dF(CF3)ppy]2(dtbpy)PFsin MeCN is 2300 ns.27®
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Figure IIl.7. Emission spectra for Ir(dF(CF3)ppy)z(dtbbpy)PFes luminescence
quenching by anisole-derived thianthrenium BF4 4 (left) and Stern-Volmer plot
(right). (Dr. Dr. Matthew B. Plutschack and the author collected the data; Dr. Dr.
Matthew B. Plutschack drafted the figures)
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Figure 1I1.8. Emission spectra for Ir(dF(CF3)ppy)z(dtbbpy)PFes luminescence
guenching by tetrakis(acetonitrile)copper BFa4 (left) and Stern-Volmer plot (right).
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(Dr. Dr. Matthew B. Plutschack and the author collected the data; Dr. Dr. Matthew
B. Plutschack drafted the figures)
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Figure 1I1.9. Emission spectra for Ir(dF(CF3)ppy)z(dtbbpy)PFes luminescence
qguenching by thianthrene (left) and Stern-Volmer plot (right). (Dr. Dr. Matthew B.
Plutschack and the author collected the data; Dr. Dr. Matthew B. Plutschack
drafted the figures)

UV/Vis absorbance spectra were recorded using a Shimadzu UV/Visible
Spectrophotometer UV-2600 with temperature controller. All  spectral
measurements were recorded using a quartz SUPRASIL cuvette (Hellma
absorption quartz cuvette, 10 mm optical path length, 3.5 mL total volume). All
solutions of tetrakis(acetonitrile)copper tetrafluoroborate were prepared in acetone
in a nitrogen-filled glovebox. The solutions were transferred to quartz cuvette
inside the glovebox, the cuvette was closed with a PTFE stopper, and then

brought out of the glovebox for UV/Vis absorbance measurements at 25 °C.

UV/Vis absorbance was measured for tetrakis(acetonitrile)copper BFa4 in
acetone at various concentrations to account for an inner filter effect (Figure 111.10).
Even at the highest concentration (80 mM) the absorbance is less than 0.02 at 450
nm (the excitation wavelength). This excludes an inner filter effect as a possible
cause of non-linearity in the Stern-Volmer analysis of tetrakis(acetonitrile)copper
BF4 and Ir(dF(CF3)ppy)2(dtbbpy)PFe.
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Figure 111.10. UV/Vis absorbance of 16 mM (green), 27 mM (blue), 39 mM
(magenta), 56 mM (navy), and 80 mM (red) solutions of tetrakis(acetonitrile)copper
BF4 in acetone. (Dr. Dr. Matthew B. Plutschack and the author collected the data;
Dr. Dr. Matthew B. Plutschack drafted the figures)

Excitation inner filter effect correction factors, n, were calculated using the

equation:?7®

| Agp(1 = 1074x)
N (1 = 10740)

Where Axo is the fluorophore absorbance (0.06 a.u.) at the excitation
wavelength (450 nm), and Axi is the quencher absorbance at a given
concentration. The corrected lo/l values do not change significantly. An ion-pairing
effect?’? is a more likely explanation. Knowles and co-workers?8® have observed
this non-linearity in Stern-Volmer analysis for a photocatalyst with a PFe~
counterion and quenching experiments with phosphates. Our iridium photocatalyst

has a PFs"counterion and our copper(l) catalyst a BF4~ counterion.
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(Culmm) Uncorrected  Abs. Cu' Correction Corrected
lo/1 at 450 nm Factor, n lo/I

0 1 0 1 1

16 1.3 0.005 0.99 1.3

27 15 0.006 0.99 15

39 1.6 0.008 0.99 1.6

56 1.7 0.009 0.99 1.7

80 1.9 0.013 0.99 1.9

Table 111.8. Calculated correction factors and corrected lo/l values for
tetrakis(acetonitrile)copper BFa4. (Dr. Dr. Matthew B. Plutschack and the author
collected the data; Dr. Dr. Matthew B. Plutschack drafted the table)

In order to estimate an upper limit for the photocatalyst quenching rate by
tetrakis(acetonitrile)copper BFs4, luminescence quenching measurements were
performed twice more (Figure 1ll.11, left), and a linear regression fit was performed
for lo and lo/l for the three lowest concentrations of tetrakis(acetonitrile)copper BF4
(Figure 111.11, right).

2.5 -
2.5 -
c 2 -
Q
§ 2 * %
- x
2 . ** $
Q w 1.5
E 15 - s z » £ y=16.199x+ 1.0228
£ e = R? = 0.8862
s 4 14
+ 1@ =
£ £
=
: 2
=05 - =05 -
0 T T T T 1 0 T T T T 1
0 002 004 006 008 0.1 0 002 004 006 008 01
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Figure 1l1.11. Stern-Volmer plot for Ir(dF(CF3)ppy)z(dtbbpy)PFs luminescence
guenching by tetrakis(acetonitrile)copper BF4 measured in triplicate (left). Linear

regression fit for the three lowest concentrations to estimate an upper limit for the
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guenching rate constant kq. (Dr. Dr. Matthew B. Plutschack and the author
collected the data; Dr. Dr. Matthew B. Plutschack drafted the figures)

Quencher kq/(M1s™1)
4 3.1*10°
Cu(MeCN)aBFa 7.0*108
thianthrene 5.00*108

Table 111.9. Quencher rate coefficients. (Dr. Dr. Matthew B. Plutschack and the
author collected the data; Dr. Dr. Matthew B. Plutschack drafted the table)

111.3.6.4 Cyclic voltammetry

Cyclic voltammetry (CV) is one of the most frequently used techniques for
analyzing electrochemical reactions. It provides convenient access to redox
potentials, thermodynamic and Kkinetic information about electron-transfer
processes. Typical features of such measurements consist of a cell fitted with
three electrodes (working, reference and counter electrodes), intended
compounds, solvents with electrolyte, and cyclic wave currents supplied by a
potentiostat. The resulting cyclic voltammograms depict peak positions/potentials
(Ep), peak currents (Ip), and can be reversible, quasi-reversible or irreversible
depending on electrochemical processes. Characteristic data based on scan rate
and the peak current implies whether a reaction is electrochemically reversible or
electrochemically irreversible. A reversible cyclic voltammogram represents a
reversible reaction, for which peak potentials remain constant, while the peak
currents change proportionally with the applied scan rate. Totally irreversible cyclic
voltammograms imply electrochemical reactions with a rate-determining electron
transfer step followed by other fast chemical reactions. The quasi-irreversible case
is more complicated regarding to chemical reactions, which can be either
reversible or irreversible depending on scan rate. Higher scan rates will render

greater reaction irreversibility.

In the case of an electrochemically reversible reaction, where the electron
transfer is fast, and the formal potential (Ef) can be easily calculated based on the

voltammogram comprising both reduction (E;°) and oxidation (EJ*) peaks:
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Ef = (E5*—E}°)/2 (11-1)
For a completely irreversible system, quantitative characterization of formal
potential can be generated from scan rates and peak potentials:

_ po_ RT k' ]
E, = Bf — £ [0.78 +in ( m)] (11-2)

where R is the universal gas constant (8.314 J+sKlemol?), T is the temperature

(often 298 K), F is Faraday constant (96,485.33 C*mol?), a is the cathodic transfer

RT din|ig|
n'F dE

coefficient (a = — , I.is the cathodic current), k& is the forward

heterogeneous electron transfer constant, v is scan rate, n’ is the number of
electrons transferred per mole before the hypothetical rate-determining step.
Practically, the transfer coefficient « may be derived from the slope of the Ep vs.

loguv diagram or from the peak width. For the case we are going to discuss late on,

1.86 RT

approximation results a = — (I1-3), where (E,,, — E,) is peak width).2"*

(Ep/z - Ep)

In such case, the Randles-Sévcik equation is:
I, = 0.496(an’)**nFAc(FDv/RT)> (111-4)

where n is the total number of electrons transferred, A is the geometric area of the
electrode (cm?), ¢ is substrate concentration, D is diffusion constant (cm?es). The
competition parameter (yc) between electron transfer and a follow-up first-order
homogeneous chemical reaction can be derived with the dimensionless

variables:271

(1-a)/2
=) (111-5)

-a/2 —
Yec = kgl kca/ D~/ (Fv

where k¢ is the rate for the follow-up reaction. When yc is small, it suggests a rate
determining electron transfer (together with diffusion), while the opposite is true
when yc is large. When reactions are under mixed kinetic control, a characteristic
linear variation of the transfer coefficient a versus scan rate can be diagnosed. By
treatment of the newly derived dimensionless expression of current-potential

curves with approximation (variation on o) for experimental data, two parameters
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C: and C2 can be defined.?8! When o equals 0.5, proposed theoretical curves

often fit well with experimental data. The corresponding derived formulations are:

Fk:D?
¢, = log (ZRTk;d) (111-6)
¢, = Ep + (2 in10) log (;‘;D) (111-7)
s,el

Conceptual Idea Constructed by Dr. Wonseok Ham

The peak potential linearly shifts to more negative values as the sweep rate
increases, with a slope of 65 mV. The coefficient aapp is approximately constant
over the range of sweep rates, with the average value of 0.43 (lower than 0.5, but
not significantly), indicating that the reductive cleavage occurs through a stepwise
mechanism, and the electrochemical cleavage process is under kinetic control by
the initial electrode electron transfer.26? In such a situation, aapp is a true transfer
coefficient o (0.43), and the following relationship?67:26° between the standard

reduction potential (E°) and the peak potential (Ep) holds:

. RT RT ket
E,=E°-078 —+ —In|——

—=1n
P aF * aF ~\ [aFuD /RT
where k& is the forward heterogeneous electron transfer rate constant.

The diffusion coefficient D was approximated as 1.5 x 10~ cm?s, which is a

reasonable estimate for the molecular size?%” of simple arylthianthrenium salts.

The value of k& may be approximated from known k¢ values of related

molecules.268.282

/©/CN /©
PhsC.. Me.. Me @D
Csg s s

1
Me

ke = 0.18 cm-s™" 1.0 cm-s™ 3.0cm-s™"
(reduction) (oxidation) (reduction)
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The k&' value primarily depends on the extent of charge delocalization upon
electron transfer. The LUMO of arylthianthrenium salts is computationally
predicted to be spread over the thianthrene moiety.188 Therefore, the k& values of
arylthianthrenium salt are expected to be between those of triphenylmethyl p-
cyanophenyl sulfide (in which the charge acceptor would be the cyanophenyl
moiety) and anthracen-9-yldimethylsulfonium (in which the charge acceptor would
be anthracenyl moiety). We approximate the k& value of arylthianthrenium salt

compounds to be 0.5 cm/s, which is a conservative guess.

An equation for the competition parameter yc, which determines the Kkinetic
competition between the electrode electron transfer and the follow-up chemical

process, is given as following:27°

RT>(1_a)/2

— kel k‘“/z D—1/2 (
Yc s K¢ Fu

When yc is small, the reductive cleavage is kinetically controlled by the electron
transfer, and the opposite is true when yc is large. We estimate the lower limit of
the cleavage rate constant (kc) by setting the high limit of yc as 0.1, using the
smallest sweep rate for which the kinetic control by the electron transfer is

observed.

General Procedure Designed by Dr. Wonseok Ham

In a glovebox, a 100 mL round-bottom flask was charged with
arylthianthrenium salt (0.100 mmol, 1.00 equiv), TBAPFs (2.91 g, 7.50 mmol, 75.0
equiv), and phenol (18.8 mg, 0.200 mmol, 2.00 equiv). Dry acetonitrile (50.0 mL, ¢
= 2.00 mM) was added via syringe, and the flask was swirled to ensure
homogeneity. The resulting solution (1.5 mL) was added via syringe to a quartz
cuvette equipped with a magnetic stirring bar. A glassy-carbon working electrode
(2 mm diameter), a platinum-mesh counter electrode, and a silver-wire quasi-
reference electrode were immersed in the solution while not touching the stirring
bar. The solution was stirred for 10 sec, then a cyclic voltammogram was obtained
at 298 K with an Autolab PGSTAT204 potentiostat.
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For acetophenone-derived thianthrenium BF4 71, severe nonlinearity in the
plot of Ep (peak potential) versus log v (potential sweep rate) was observed. Such
phenomenon was minimized by examining the cyclic voltammetry without phenol

additive.

For each arylthianthrenium salt compound, multiple cyclic voltammograms
with varied potential sweep rates (ranging from 10 mV/s to 10 V/s) were obtained.
After each measurement, the working electrode was taken out of the glovebox,
and then carefully polished and ultrasonically rinsed in distilled water before use. A
fresh solution of arylthianthrenium salt, TBAPFs, and phenol was used for each

measurement.

The quasi-reference electrode potential was calibrated by obtaining a cyclic
voltammogram of a solution of ferrocene (2.00 mM) and TBAPFes (150 mM) in
acetonitrile with 1 V/s potential sweep rate. The standard redox potential of Fc/Fc*

couple was taken as 310 mV vs. SCE.?83

Cyclic Voltammograms

1(uA) 20

-30

E (V vs. Ag quasi-reference) E (V vs. Ag quasi-reference)

Figure 1ll.12. CV of acetophenone-derived thianthrenium BF4 71 (without phenol

additive). Potential sweep rates are as following. (Left) blue: 398 mV/s, red: 1000
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mV/s, yellow: 1585 mV/s, green: 1890 mV/s. (Right) yellow: 3981 mV/s, green:
6309 mV/s, blue: 10000 mV/s, red: 15000 mV/s, purple: 25000 mV/s.

50

-10 -50
1(uA)

-150
-30

-1.5 -1 -0.5
E (V vs. Ag quasi-reference] )

Figure 111.13. CV of nitrobenzene-derived thianthrenium BF4 72. Potential sweep
rates are as following. (Left) 10 mV/s, 16 mV/s, 25 mV/s, 40 mV/s, 63 mV/s, 158
mV/s, 251 mV/s, from red to green. (Right) 398 mV/s, 631 mV/s, 1000 mV/s, 1585
mV/s, 2512 mV/s, 3981 mV/s, 6309 mV/s, 10000 mV/s, from yellow to red.

(uA) (HA)

e - i § & 15 1 s [ 15

E (V vs. Ag quasi-reference) Esce=Eag-quasi-0.091 E (V vs. Ag quasi-reference) Esce=Eng-quasi-0.091

Figure 111.14. CV of isopropoxylbenzene-derived thianthrenium BF4 73. Potential
sweep rates are as following. (Left) 10 mV/s, 16 mV/s, 25 mV/s, 40 mV/s, 63 mV/s,
158 mV/s, 251 mV/s, from yellow to blue. (Right) 398 mV/s. 631 mV/s, 1000 mV/s,
1585 mV/s, 2512 mV/s, 3981 mV/s, 6309 mV/s, 10000 mV/s, from red to yellow.
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Figure 1I1.15. Plot of y = Ip/v¥? (A.sV2.V-12) versus x = v¥? (V¥2.s512) for

arylthianthrenium salt compounds. Top left: acetophenone-derived thianthrenium

BFs. Top right:  nitrobenzene-derived  thianthrenium  BF4.  Bottom:
isopropoxylbenzene-derived thainthrenium BFa.
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Figure 111.16. Plots of peak potentials, peak widths, and apparent transfer

coefficients versus log v (v between 1585 mV/s and 25 V/s) for 71.

While the correlation between the peak potential and log v appears roughly linear,
the peak width increases (and thus the apparent transfer coefficient decreases) as
the sweep rate increases. The obtained apparent transfer coefficients are between
0.5 and 0.6. Such CV behavior indicates mixed kinetic control between the initial
electron transfer and the subsequent fragmentation reaction.?8.282 The decrease
of aapp indicates a transition from mixed kinetic control by eletron transfer and the
subsequent chemical fragmentation to mainly kinetic control by electron transfer.
In such a situation of mixed-kinetic control, the variations of Ep — C2 and Ep2 — Ep

with log v + C1 (o = 0.5), where

¢, = log <—chD42 >,C2 — E° 4 (Eln 10)log <k§—D>

2RTkg F ks o1

(F is the Faraday constant, k& = forward heterogeneous electron transfer constant,

ke = cleavage rate constant, D is the diffusion coefficient of arylthianthrenium salt,

R is gas constant, and T is temperature), should follow a universal trend

regardless of the specific electrochemical reaction. Such a universal trend has

been derived by numerical solution of differential equations based on electron

transfer theory.?8* The corresponding theoretical curves are shown below (We

thank Prof. Cyrille Costentin (Université Paris VII) for providing the theoretical
curves):

E,—C, 02 Ep/o — Ep 120

T )

80
60
-----

40

20

-8 -6 -4 -2 0 2 4 6 8 -8 -6 -4 -2 0 2 4 6 8

log u + C, (log (V/s)) log u + C, (log (V/s))
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Figure 1l1.17. Mixed kinetic control between electron transfer and subsequent
chemical step (fragmentation). Theoretical variations of Ep — C2 and Epz — Ep with
logv + C1 (a0 =0.5).

We fitted our data onto the theoretical plots and adjusted Ci and C:z so that the
experimental data points adhere to the working curves.

E,—C, 02 . Epa— Ep 120

v)

0.1

0

0.1

-0.2 L A
03
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-8 -6 -4 -2 0 2 4 6 8 -8 -6 -4 -2 0 2 4 6 8

log u + C, (log (V/s)) log u +C, (log (V/s))

Figure 111.18. Test of consistency between the peak potential/width data (orange)
and the theoretical working curve (blue). (resulting: C1 = 1.6, C2 = —-0.99).

The standard reduction potential E® and the fragmentation rate constant kc were
determined by solving the following equations, where D = 2 x 10~ cm?/s (approx.)

and k&' = 0.5 cm/s (approx.):

Fk.D?
C, = log W =1.6

s,el

o RT k.D
C, =E°+ (Tln 10) log )= —-0.99

s,el
E® = —1.25V vs.SCE
k.= 32 x 108571

Analysis of E° and k¢ for 72
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Figure 111.19. Plots of peak potentials, peak widths, and apparent transfer

coefficients versus log v (v between 10 mV/s and 10 V/s) for 72.

The mechanistic assignment and the methods for analysis are analogous to those

for acetophone-derived thianthrenium compound 71, except that the decrease of

the apparent transfer coefficient (ranging from 1 to 0.75), which represents the

transition from the kinetic control by the follow-up cleavage step to the mixed

control by electron transfer and subsequent chemical fragmentation.

The consistency between the peak potential/width data and the theoretical working

curves was checked by adjusting C1 and C2 values, so that the experimental data

points adhere to the theoretical variations of Ep — C2 and Ep2 — Ep with log v + C1
(o0 =0.5).

E,—C, 02
Vol
0

-0.1

-0.2

-0.3

-0.4

-0.5

8 -6 -4 2 0 2 4

log u + C, (log (V/s))

Ep/Z
(mV)

— 120
Ep

80

60

40

20

-2 0 2

log u + C, (log (V/s))

4

6

8



204 Experimental Part

Figure 111.20. Test of consistency between the peak potential/width data (orange)

and theoretical working curve (blue). (resulting: C1 =-1.9, C2 = -0.87).

The k¢! value of 71 should be approximated in an alternative manner, due to the
tendency of charge localization within the nitro moiety in reduced nitroaromatic
compounds. Reported k¢ values of 4-nitrobenzyl chloride and nitrobenzene are
1.0 and 2.2 cm/s, respectively.?’> 284 Given that nitrobenzene-derived
thianthrenium BFa4 contains the electron-withdrawing thianthrenium group in
addition to the nitro group, approximation of its k&! value as 1.0 cm/s would be a

conservative guess.

The standard reduction potential E® and the fragmentation rate constant kc were
determined by solving the following equations, where D = 2 x 10~ cm?/s (approx.)

and k&' = 1.0 cm/s (approx.):

Fk_D?
=-1.9

2RTk*

s,el

C, = log<

C,=E°+ (ﬂln 10) log <k§D> = —-0.87
F ks,el

E°= —0.96V vs.SCE
k.= 1.6 x 10°s7!

Analysis of E° and k¢ for 73
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Figure 111.21. Plots of peak potentials, peak widths, and apparent transfer

coefficients versus log v (v between 398 mV/s and 6.309 V/s) for 73.

The mechanistic assignment and the methods for analysis are analogous to those

for anisole-derived thianthrenium compound 62. aapp iS approximately constant

over the range of sweep rates, with the average value of 0.42 (lower than 0.5, but

not significantly), indicating that the reductive cleavage occurs through a stepwise

mechanism, and the electrochemical cleavage process is under kinetic control by

the initial electrode electron transfer. In such a situation, aapp is a true transfer

coefficient o (0.42).

RT k&t
E,=E°-0.78 — 4+ —In (é) (forv = 0.398V/s)
P F ~ aF "\ [aFuD JRT
5 RT\(1~®)/2
Ve = k& k;“/* p=1/2 (F_v) < 0.1 (forv =0.398V/s)

From the above equations, where D = 2 x 105 cm?s (approx.) and k&' = 0.5 cm/s

(approx.), the standard reduction potential and the lower limit of the fragmentation

rate constant are obtained as follows:

E® =

—1.57V vs.SCE
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k. > 57 x 102571

v (mV/s)  Ep (Vvs. SCE) E® (V vs. SCE)

398 —1.503 -1.594
631 —1.483 -1.574
1000 —1.484 -1.575
1585 —1.483 -1.575
2512 —1.469 —1.560
3981 —1.487 -1.578
6309 —1.447 —1.538

average -1.571

Table I11.10. Estimation of E° of 73.

We approximate the kc as the low-limit value.

111.3.6.5 Differential Pulse Voltammetry

General Procedure Designed by Dr. Wonseok Ham

In a glovebox, a 20 mL vial was charged with arylthanthrenium salt (20.0
pmol, 1.00 equiv) and TBAPFs (581 mg, 1.50 mmol, 75.0 equiv). Dry acetonitrile
(20.0 mL, ¢ = 2.00 mM) was added via syringe, and the vial was swirled to ensure
homogeneity. The resulting solution (1.5 mL) was added via syringe to a quartz
cuvette equipped with a magnetic stirring bar. A glassy-carbon working electrode
(2 mm diameter), a platinum-mesh counter electrode, and a silver-wire quasi-
reference electrode were immersed in the solution while not touching the stirring
bar. The solution was stirred for 10 sec, then a differential pulse voltammogram
was obtained at 298 K with an Autolab PGSTAT204 potentiostat using the
following parameters: Step = 0.001 V, Modulation amplitude = 0.005 V, Modulation

time = 0.05 sec, Interval time = 0.5 sec. Onset reduction potentials are estimated
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based on the intersection of the baseline and tangent at the inflection point.285286

The quasi-reference electrode potential was calibrated by obtaining a cyclic
voltammogram of a solution of ferrocene (2.00 mM) and TBAPFes (150 mM) in
acetonitrile with 1 V/s potential sweep rate. The standard redox potential of Fc/Fc*

couple was taken as 310 mV vs. SCE.?®3

Estimation of Onset Reduction Potentials

onset reduction, Ey.., =—0.83 Vvs. SCE
|

-50

S
1 (uA) @g@

-1.2 -1 -08 -0.6
E (Vvs. Ag quasi-reference) Egce = Eagquasi —0.232V

Figure ll11.22. DPV of 71. Onset is observed at —-0.83 V vs. SCE.

onset reduction, E s, =—0.69 Vvs. SCE

-50
-100
-150 s
. 6
. S
-250 NO,

-300

-0.7 -0.6 -0.5 -0.4 -0.3
E(V vs. Ag quasi-reference) Esce = Eagquas—0.231V

Figure 111.23. DPV of 72. Onset is observed at —-0.69 V vs. SCE.



208 Experimental Part

Onset reduction, E q..e=—0.92V vs. SCE

16 =Lq -L2 -1 03

E (V vs. Ag guasi-reference) Esce = Eagquasi + 0.091V

Figure 111.24. DPV of 73. Onset is observed at —0.92 V vs. SCE.

[11.3.6.6 Hammett Plot

®0 ®0
BF BF, 1 mol% Ir[dF(CF3)ppyl,(dtbpy)PFg

TRT Fha TFT =14 5 equiv. Cu(MeCN),BF, F F

1.2 equiv. CsF
+ Y +
Acetone (c = 0.10 M)
blue LEDs, 30 °C, 28 min
R H R
To a 4-mL borosilicate vial equipped with a stir bar was added

Ir[dF(CF3)ppy]z(dtbpy)PFs (0.6 mg, 0.5 pmol, 1 mol%), benzene-derived
tetrafluorothianthrenium salt (11.3 mg, 25.0 pmol, 0.500 equiv.) and para

substituted benzene-derived tetrafluorothianthrenium salt (25.0 pmol, 0.500
equiv.). The vial was transferred into a Na-filled glovebox. After addition of
Cu(MeCN)4BF4 (23.6 mg, 75.0 umol, 1.50 equiv.), CsF (9.2 mg, 60 pumol, 1.2
equiv.) and acetone (0.50 mL, c = 0.10 M), the vial was capped, transferred out of
the glovebox and placed 5 cm away from two 34 W blue LEDs. The temperature
was kept at approximately 30 °C through cooling with a fan. After being stirred for
28 min, 4-fluorobenzotrifluoride (8.2 mg, 6.3 pL, 50 pumol, 1.0 equiv.) was added
as an internal standard. The reaction mixture was diluted with ethyl acetate, and

the yield was determined by *°F NMR integration relative to the internal standard.

Based on Hammett equation (log kﬁ = op, ko is the reference reaction rate of
0

the unsubstituted reactant, and k that of a para-substituted reactant), two reactions
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with two aromatic reactants which only differs in the type of substituents, will have

different reaction rates.

yield ratio for X/H (%/%)

para-

substituent (X) entry 1 entry 2 entry 3 entry 4

CFs 5.00/2.85 5.00/2.40

I 12.00/9.00  12.00/8.00 10.25/7.07
Cl 8.72/7.80 13.00/11.00

F 9.54/11.07 8.88/11.53 8.41/11.11
H 1

Ph 28.87/8.96 30.00/11.00
Me 10.68/13.88 9.01/14.31 13.72/18.11 16.00/23.00
PhO 2.01/3.12 5.00/6.00 3.00/5.00
PrO 4.07/10.31 5.77/11.85

Table Il.11. °F-NMR vyields for competition reactions. (X: yield for para-

substituted aryl thianthrenium salts; H: yield for benzene-derived thianthrenium

salt).
para- k/ko
_ ara- k/ko
substituent log(k/ko)
(X) effect entryl entry2 entry3 entry4 average
CFs 0.540 1.75 2.08 1.92 0.3
I 0.276 1.33 150 1.45 1.43 0.2
Cl 0.227 1.12 1.18 1.15 0.1
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Ph

Me

PhO

IPro

0.062 0.86 0.77 0.76 0.80 -0.1
0.000 1.00 1.00 0.0
-0.010 3.22 2.73 2.98 0.5
-0.170 0.77 0.63 0.76 0.70 0.72 -0.1
-0.320 0.64 0.83 0.60 0.69 -0.2
-0.450 0.39 0.49 0.44 -0.4

Table 111.12. Reaction rate ratio for competition reactions (k: reaction rate for para-

substitute aryl tetrafluorothianthrenium salts; ko: reaction rate for benzene-derived

tetrafluorothianthrenium salt).

0.50 =

0.30

0.10

-0.10

-0.30

-0.50

Ph @ y =0.662x - 0.0387
R?=0.9302

®oirr

-0.50 -0.30 -0.10 0.10 0.30 0.50 0.70 °

Figure 111.25. Hammett-plot for the fluorination of aryltetrafluorothenthrenium salts.

[11.3.6.7 Quantum Yield Measurement

Determination of the light intensity of the blue LED

The radiant flux of blue LED was determined by standard ferrioxalate

actinometry.287.288.289 A 0,15 M solution of ferrioxalate was prepared by dissolving
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potassium ferrioxalate hydrate (328 mg, 0.750 mmol) in 5.0 mL of 0.20 M aqueous
sulfuric acid. A 0.15 M buffered solution of 1,10-phenanthroline was prepared by
dissolving 1,10-phenanthroline (541 mg, 3.00 mmol) and sodium acetate (1.23 g,

15.0 mmol) in 20 mL of 0.20 M aqueous sulfuric acid.

To a 4-mL borosilicate vial equipped with a stir bar was added 0.50 mL of the
ferrioxalate solution. The vial was sealed and placed 5 cm away from two 34 W
blue LEDs. After irradiation for 7 seconds, 1.5 mL of the aqueous sulfuric acid and
2.0 mL of the buffered solution was added to the vial. The solution was then
allowed to rest for 1 hour to allow the resultant ferrous ions to react completely
with 1,10-phenanthroline. 50 pL of the resulting solution was taken as an aliquot
and diluted with 3.0 mL of 0.20 M aqueous sulfuric acid. The absorbance of the
resulting solution in a cuvette (I = 1.0 cm) at 510 nm was measured by UV-Vis
spectrometer. A non-irradiated sample and other samples with different irradiation

time were also prepared and the absorbance at 510 nm was measured.

The amount of ferrous ion formed was calculated as follows:

V x AA
IXe

nFeZ+ =

where V is the total volume (0.24 L) of the solution that was analyzed, AA is the
difference in absorbance at 510 nm between the irradiated and non-irradiated
samples, | is the path length (1.00 cm), and € is the molar absorptivity at 510 nm,
which is 11,100 L/(molecm).2%°

The radiant flux & was calculated as follows:

TlFez+
6 = —
dxtxf

where @ is the quantum yield for the ferrioxalate actinometer (approximated as
0.845, which was reported for a 0.15 M solution at A = 457.9 nm),?®° t is the
irradiation time, and f is the fraction of light absorbed at 450 nm (0.9896).

The fraction of light absorbed was determined by the following equation:

f=1-10%=0.9896
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where A is the measured absorbance (1.985) of the 0.15 M solution of potassium

ferrioxalate at 450 nm.

irradiation time radiant flux
absorbance AA mol Fe?* (mol) _ _
(s) (Einstein/s)

non-irradiation  0.015 — - _

7 0.141 0.126 2.72432E-06  4.65E-07
10 0.189 0.174 3.76216E-06  4.50E-07
15 0.293 0.278 6.01081E-06  4.79E-07
30 0.360 0.345 7.45946E-06 2.97E-07
45 0.466 0.451 9.75135E-06  2.59E-07

Table I11.13. Calculation of radiant flux.

The radiant flux is 3.9 x 1077 Einstein/s.

Determination of quantum yield

@0

TT BF, 1 mol% Ir[dF(CF3)ppyl.(dtbpy)PFg F
1.5 equiv. Cu(MeCN)4BF,
1.2 equiv. CsF

CO,Me Acetone (c = 0.10 M) - CO,Me
OMe blue LEDs, 30 °C, 1 h OMe
®=0.6%
46-TT 46

To a 4-mL borosilicate vial equipped with a stir bar was added
Ir[dF(CF3)ppy]z(dtbpy)PFs (0.6 mg, 0.5 pmol, 1 mol%) and methyl-2-
methoxybenzoate-derived thianthrenium salt 46-TT (23.4 mg, 50.0 umol, 1.00
equiv.). The vial was transferred into a Nz-filed glovebox. After addition of
Cu(MeCN)4BF4 (23.6 mg, 75.0 ymol, 1.50 equiv.), CsF (9.2 mg, 60 pmol, 1.2
equiv.) and acetone (0.50 mL, ¢ = 0.10 M), the vial was capped, transferred out of
the glovebox and placed 5 cm away from two 34 W blue LEDs. The temperature
was kept at approximately 30 °C through cooling with a fan. After being stirred for
1 h, 4-fluorobenzotrifluoride (6.3 pL, 8.2 mg, 50 ymol, 1.0 equiv.) was added as an
internal standard. The reaction mixture was diluted with CDCls, and comparison of



Experimental Part 213

the integration of the Csp?—F of the internal standard (-108.42 ppm, m) with that of
the formed product (-124.84 ppm, m) revealed 8% vyield of 46 (4 x 10~ mol).

The quantum yield was calculated as follows:

_ nproduct
oXtxf

where flux is the photon flux determined by ferrioxalate actinometry (3.9 x 10~/

Einstein/s), t is the time (3600 s), and f is the fraction of light absorbed by
Ir[dF(CFs3)ppy]z(dtbpy)PFs at 450 nm.

A 1.0 x 1072 M solution of Ir[dF(CFs3)ppy]2(dtbpy)PFs in acetone was prepared, and
the absorbance of the solution at 450 nm was 0.252. The fraction of light absorbed
at 450 nm was calculated: f =1 — 10 = 1— 1070252 = 0.4402.

4 % 107° mol

D = = 0.006
3.9 X 10~ 7Einstein/s X 3600s x 0.440

The quantum yield is 0.6%.
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IV. ABBREVIATIONS
°C
18-cr-6
Ac
acac
Ac-Ala-OH
aq
BDE
bipy
Bn
Boc
Bpin
bpy
BQ
ca.
cat.
catBCl
CCDC
CFL
CMD
COD
COE
conv.
CPCM
CVv

Cy

degree Celsius
1,4,7,10,13,16-hexaoxacyclooctadecane
acetyl

acetylacetonate
N-Acetyl-L-alanine
aqueous

bond dissociation energy
2,2-bi-pyridine

benzyl
tert-butyloxycarbonyl
bis-pinacolate
2,2'-bipyridine
1,4-benzoquinone

circa, approximately
catalytic

B-chloro-catecholborane

the Cambridge Crystallographic Data Centre

compact fluorescent lamp
concerted metalation-deprotonation
1,5-cyclooctadiene

cyclooctene

conversion

conductor-like polarizable continuum model

cyclic voltammetry

cyclohexyl
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Abbreviations

CYPs
d.r.
DCE
DCM
dFppy
DFT
DG
DMA
DMAP
DMF
DMSO
DPV
Dr.
dtbbpy/dtbpy
E

EDso
EDG
EDTA
ee

El

Ep
Epro—Ep
EPR
equiv/eq
ESI

Et

Fc

cytochrome P450 enzyme
diastereomeric ratio
1,2-dichloroethane
dichloromethane
2-(2,4-difluorophenyl)pyridyl
density functional theory
directing group
N,N-dimethylacetamide
4-dimethylaminopyridine
N,N-dimethylformamide
dimethylsulfoxide

differential pulse voltammetry
doctor
4,4’-di-tert-butyl-2,2'-bipyridine
electrophile

half maximal effective dose
electron donating group
ethylenediaminetetraacetic acid
enatiomeric excess

electron impact ionization
peak potential

half peak width

electron paramagnetic resonance spectroscopy
equivalent(s)

electrospray ionization

ethyl

ferrocene
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FDA
FG
FID
GC

HAT
HFIP
HMDS
HOMO
HOTf
LC
HRMS

hv

'Pr
IPr
ISC
KIE
LDA
LED

LUMO

M.O.
Me
MeCN

Mes

food and drug administration
functional group

flame-ionization detection

gas chromatography

hour(s)

hydrogen atom transfer
1,1,1,3,3,3-hexafluoro-2-propanol
hexamethyldisilazide

highest occupied molecular orbital
trifluoromethylsulfonic acid

liquid chromatography

high resolution mass spectrometry
photon energy

peak current

iso-propyl

bis(2,6-diisopropylphenyl)-imidazolium

intersystem crossing

Kinetic isotope effect

lithium diisopropylamide
light-emitting diode

lowest unoccupied molecular orbital
molar concentration

molecular orbital

methyl

acetonitrile

mesityl
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Mes-Acr* 9-mesityl-10-methylacridinium

min minute(s)

MOM methoxymethyl ethers

Ms methanesulfonyl

n/o not observed

NBO natural bond orbital

NBS N-bromosuccinimide

NCS N-chlorosuccinimide

nep neopentyl

NHS succinimide

NMP N-Methyl-2-pyrrolidone

NMR nuclear magnetic resonance spectroscopy

Ns 2-nitrobenzenesulfonyl

Nu nucleophile

OX oxidant

PC photocatalyst

PDI N,N-bis(2,6-diisopropylphenyl)perylene3,4,9,10-
bis(dicarboximide

PET positron emission tomography

Ph phenyl

PhIO iodosobenzene

Piv pivolate

pKa acid dissociation constant

PMP p-methoxylphenyl

ppm part per million

Py pyridine

r.s.m. recovery of starting material
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RCC
RCY
RE

r.t.
S.A.
SCE
SET
SNAr
SNAr
solv.
SOMO
TBAF
‘Bu
TEDA
TEMPO
terpy
Tf
TFA
TFAA
TFT
THF
TLC
TMP
T™MS
TT

UV/Vis

radio chemical conversion

radio chemical yield

reductant

room temperature

specific activity

saturated calomel electrode

single electron transfer

nucleophilic aromatic substitution
concerted nucleophilic aromatic substitution
solvent

singly occupied molecular orbital
tetra-n-butyl ammonium fluoride
tert-butyl

triethylenediamine
(2,2,6,6-tetramethylpiperidin-1-yl)oxyl
2,2",6',2"-terpyridine

trifluoromethyl sulfonyl
trifluoroacetyl

trifluoroacetic anhydride
2,3,6,7-tetrafluorothianthrene
tetrahydrofurane

thin-layer chromatography
5,10,15,20-tetrakismesityl porphyrin
tetramethylsilyl

thianthrene

ultraviolet-visible spectroscopy
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viv volume/volume ratio
VS. versus

Mwave microwave
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