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Preface

The following cumulative thesis describes two strategies for mild transition metal catalyzed
carbon-heteroatom bond formations, including C-S bonds via cross-coupling, and C-I bonds
via epimerization. An introduction and literature overview, as well as a summary of published and
unpublished results, in addition to the published scientific articles with their corresponding

supporting information are included.

This work has been carried out at the Institute of Organic Chemistry at the University of Tubingen,
Germany, from August 2019 to August 2023, under the supervision of Prof. Dr. Ivana Fleischer.
The epimerization project was carried out at the Institute of Chemistry at the University of Toronto,
Canada, in the Group of Prof. Dr. Mark Lautens. Funding has been gratefully received from the
German Academic Exchange Service (DAAD).
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Summary

The following thesis focuses on the development of mild reaction conditions for previously
challenging or unreported transformations with an emphasis on mechanistic insights. Transition
metal catalysis enables a plethora of transformations, generating valuable synthetic products. One
example is the C-S cross-coupling of aryl and alkenyl (pseudo)halides with alkyl thiols, generating
thioethers, a compound class with widespread application in materials, agrochemicals and
pharmaceuticals. An efficient synthesis of these high value compounds, by employing the
air-stable, low-cost pre-catalyst XantphosNi(o-tolyl)Cl Nil and KOAc as base in a mild, fast and
convenient reaction, is the first part and main focus of this thesis. The developed methodology
overcomes previous challenges in the field, including the utilization of tertiary alkyl thiols.

The first project focused on the coupling of aryl chlorides as challenging, but commercially
available substrates, showcasing a scope of 50 examples with excellent yields and functional group
tolerance (Scheme 1). A variety of alternative aryl (pseudo)halides, such as (Arl, ArBr, ArOTY)
could be employed as electrophiles, demonstrating the versatility of the system. Chemoselective
functionalization of di-substituted aryl (pseudo)halides enabled selective mono-coupling as well as
sequential multi-functionalization. Subsequently, in the second project, the methodology was
expanded to aryl and alkenyl triflates, synthesized in a straight-forward, one-step procedure from
abundant phenols and ketones, with a scope of 38 examples, exhibiting superior reactivity and
yields. Additionally, the applicability of the catalytic system for late stage functionalization of

pharmaceutically active or biorelevant compounds was demonstrated.

project 1 project 2 Ni1 (5 mol%)
(o] OTf KOAc (1.5 equiv.) S / S
or I ﬁ/ + HS—@ @ f ﬁ/ R )
UL THF, rt, 0.25-2 h or
commercially  facile 1°,2°, 3° Alkyl 50 examples, 38 examples,
available  synthesis 15-98% yields 53-99% vyields

including pharmaceutical compounds

/Ph - acetate coordination
OH - v mild conditions
H Q / fast reaction
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| (XantphosNi(o-tolyl)Cl)

Scheme 1. Developed C-S cross-coupling of aryl and alkenyl (pseudo)halides with alkyl thiols utilizing the
air-stable one-component pre-catalyst Nil and KOAc as base under mild reaction conditions.
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Extensive mechanistic investigations, including kinetic and NMR-studies, as well as
DFT calculations, supporting a Ni(0)/Ni(II) catalytic cycle, were conducted. Several factors were
identified as important for the reaction, including the hemilabile nature and adaptable coordination
modes of Xantphos. An initial n-coordination of the aryl (pseudo)halide, such as ArCl to the active
Ni(0) catalyst, facilitating the oxidative addition and generation of the corresponding
Ni(IT) complex XantphosNi(Ar)Cl, which acts as resting state of the catalytic cycle, in addition to
an acetate coordination with subsequent acetate facilitated thiolate complex formation via internal
deprotonation were postulated as key steps. The comparison of various LNi(Ar)X pre-catalysts
identified generation of the active catalytic species LNi(0) as an important step for one-component
pre-catalytic systems and showcased that the influence of ligand L has to be analyzed separately
from catalyst activation (influence of Ar and X).

Preliminary experiments enabled mono-selective coupling of a prochiral di-chloro-biaryl model
substrate in excellent yield with Ni(cod)/DPEPhos as catalytic system and showed potential for
the developed system to generate thioether-based atropisomers after identification of suitable chiral
ligands.

The second part of this thesis utilized stereochemical C-I bond editing in a palladium catalyzed
epimerization under blue light irradiation (465 nm LED) from the exo to endo face of norbornene
model compounds with 17 examples and endo selectivity up to > 20:1 (Scheme 2). Mechanistic
studies and DFT calculations support a reversible C-I bond formation through a thermodynamically
driven epimerization. Stochiometric experiments showcased a C-Br bond formation through
reductive elimination under blue light irradiation from an isolated LPd(alkyl)Br complex, acting as
conceptual proof and indicating the applicability of palladium catalysis under blue light irradiation

for future carbobromination reactions.

v radical process

0,
Ar Pg(OAz)€1(21 25?nr2|$ f)) Ar v prochiral intermediate
| Ppp : ° v reversible C-I bond formation
v thermodynamic product

toluene, blue LED, 24 h PR .
| v mechanistic investigations
17 examples, 34-95% yields
with up to > 20:1 selectivity

Scheme 2. Developed mild and base free palladium catalyzed epimerization under blue light irradiation via
reversible C-I bond formation yielding the thermodynamic endo product.



Zusammenfassung

Ubergangsmetallkatalyse ermdglicht eine Vielzahl von Reaktionen durch welche wertvolle
Produkte synthetisiert werden konnen. Ein Beispiel hierfiir ist die C-S Kreuzkupplung von Aryl-
und Alkenyl(pseudo)halogeniden mit Alkylthiolen. Die entstandenen Thioether sind eine
verbreitete Verbindungsklasse in der Material-, Agro- und pharmazeutischen Chemie. Eine
effiziente Synthese dieser Verbindungen unter Verwendung des luftstabilen und kostengiinstigen
Ni(II)-Prékatalysators XantphosNi(o-tolyl)Cl Nil und KOAc als Base, in einer milden Reaktion
ist der erste Teil und Schwerpunkt dieser Arbeit. Die entwickelte Methode iiberwindet vorherige
Limitationen auf dem Gebiet, wie beispielsweise die Verwendung von tertidren Alkylthiolen. Das
erste Projekt konzentrierte sich auf die Kupplung von Arylchloriden als anspruchsvolle, aber
kommerziell erhéltliche Substrate. 50 Thioether mit ausgezeichneter funktioneller
Gruppentoleranz konnten isoliert werden (Schema 1). Weitere Aryl(pseudo)halogenide (Arl, ArBr,
ArOTf) welche erfolgreich als Elektrophile eingesetzt werden konnten demonstrieren die
Vielseitigkeit des Systems. Dariiber hinaus ermoglichte die chemoselektive Funktionalisierung von
disubstituierten  Aryl(pseudo)halogeniden  selektive =~ Monokupplung und sequentielle
Multifunktionalisierung. Im zweiten Projekt wurde die Methode auf Aryl- und Alkenyltriflate
ausgeweitet, welche durch eine einfache Ein-Schritt Synthese aus in der Natur zahlreich
vorhandenen Phenolen und Ketonen synthetisiert werden konnten. 38 Aryl und Alkenyl Thioether
wurden isoliert und wiesen eine iberlegene Reaktivitit und Ausbeute im Vergleich zu
Arylchloriden auf. Zudem konnte das katalytische System fiir die Funktionalisierung von

pharmazeutisch aktiven oder biorelevanten Verbindungen verwendet werden.
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Schema 1. C-S Kreuzkupplung von Aryl- und Alkenyl(pseudo)halogeniden mit Alkylthiolen unter
Verwendung des luftstabilen Prikatalysators Nil und milden Reaktionsbedingungen.
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Umfassende mechanistische Untersuchungen, einschlieBlich kinetischer und NMR-Studien, sowie
DFT-Rechnungen wurden durchgefiihrt und unterstiitzen einen Ni(0)/Ni(Il) Katalysezyklus.
Mehrere Faktoren wurden als wichtig fiir die Reaktion identifiziert. Eine initiale n-Koordination
von Aryl(pseudo)halogeniden (z.B. ArCl) an den aktiven Ni(0) Katalysator erleichtert die
oxidative Addition und die Bildung des entsprechenden Ni(II) Komplexes XantphosNi(Ar)Cl,
welcher als Ruhezustand des Katalysezyklus fungiert. Zudem wird eine Acetat Koordination mit
anschlieender Acetat unterstiitzter Thiolat-Komplexbildung iiber eine interne Deprotonierung
postuliert. Die anpassungsfahigen Koordinationsmodi und hemilabile Natur von Xantphos ist ein
weiterer wichtiger Aspekt. Im Hinblick auf die Verwendung von Ein-Komponenten
Prékatalystoren LNi(Ar)X, wurde beim Vergleich verschiedener Strukturen festgestellt, dass die
Erzeugung des aktiven LNi(0) Katalysators ein wichtiger Schritt ist und der Einfluss des
Liganden L getrennt von der Aktivierung (Einfluss der Liganden Ar und X) betrachtet werden
sollte. Vorlaufige Experimente ermoglichten die monoselektive Kopplung eines prochiralen
Dichlor-Biaryl Substrat in ausgezeichneter Ausbeuten mit Ni(cod)2/DPEPhos als katalytisches
System und zeigten Potenzial fiir die zukiinftige Synthese von Thioether basierten Atropisomeren,
wenn geeignete chirale Liganden identifiziert werden konnen.

Das zweite Thema dieser Arbeit ist die Editierung der C-I Bindung in einer palladiumkatalysierten
Epimerisierung unter Blaulichtbestrahlung (465 nm LED) von der exo zur endo Seite in
Norbornen-Verbindungen mit 17 Beispielen und einer endo Selektivitit von bis zu > 20:1
(Schema 2). Mechanistische Studien und DFT-Rechnungen zeigen eine reversible C-I
Bindungsbildung durch eine thermodynamisch getriebene Epimerisierung. Stochiometrische
Experimente unterstiitzen eine C-Br Bindungsbildung unter Blaulichtbestrahlung durch eine
reduktive Eliminierung von einem isolierten LPd(alkyl)Br Komplex. Dies fungiert als
konzeptioneller Beweis und Indiz fiir die Anwendbarkeit der Palladiumkatalyse unter

Blaulichtbestrahlung in zukiinftigen Carbobromierungsreaktionen.

0,
Ar P‘égﬁ?ag 25‘:’]1'3%?’ ) Ar / radikalische Schritte
| ) v prochirales Intermediat
v reversible C-I Bindungsbildung

Toluol, blaue LED, 24 h
| v thermodynamisches Produkt
17 Beispiele, 34-95% Ausbeute v mechanistische Studien
bis zu > 20:1 Selektivitat

Schema 2. Milde und basenfreie palladiumkatalysierte Epimerisierung unter Blaulichtbestrahlung {iber eine
reversible C-1 Bindungsbildung generiert das thermodynamische endo Produkt.
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Objective

The following thesis will discuss two general themes, detailing mild and efficient transition metal
catalyzed carbon-heteroatom bond formations. The first theme and main focus is the synthesis of
thioethers via nickel catalyzed C-S cross-coupling of alkyl thiols with a variety of aryl and
alkenyl (pseudo)halides, with an emphasis on aryl chlorides for the first, and aryl as well as alkenyl
triflates for the second project. The second theme consist of a palladium catalyzed epimerization
under blue light irradiation as a method for C-I bond editing.

After an initial introduction into catalysis and cross-coupling, a literature overview of transition
metal catalyzed thioether synthesis via C-S cross-coupling is followed by a short introduction into
stereochemistry and stereochemical editing via epimerization. Subsequently, a summary of the
published and unpublished results is presented and the published scientific articles are included

with their corresponding supporting information.
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Chapter 1. Introduction

1. Introduction

1.1. Catalysis

“A catalyst is a substance which increases the rate at which a chemical reaction approaches

equilibrium without becoming itself permanently involved "]

This modern definition of catalysis could be specified through the contributions of countless
scientists over the past centuries. Understanding of the concept started in the 18" century, with
Berzelius coining the term catalysis in 1835 and key contributions by Ostwald.[! Catalysis has
played an intriguing role in the development of humanity since ancient times and remains essential
until today. Millenia ago, many early societies unknowingly utilized enzyme catalysis in the
production of various goods, such as alcoholic beverages (7000 BCE),"*! cheese (5400 BCE)™ or
soap (2200 BCE).I*! Harnessing the potential of catalysis for the chemical industry started in the
18™ century, when the first catalytic processes were employed in industrial applications,'® while
understanding of the concept as a whole took until the 19" century. Since then, catalysis has
developed into an irreplaceable tool in synthetic chemistry, academic research and industrial
applications.!”! The majority of industrial chemicals today are produced via catalysis, from fuels
and bulk chemicals to fine chemicals, such as pharmaceutical compounds.'®! While catalysts do not
influence thermodynamics and therefore the equilibrium of a chemical reaction, they can influence
kinetics and increase the reaction rate through an energetically favorable, but more complex
mechanism which decreases the required activation energy Ea (Figure 1). During the reaction a
catalyst is not consumed and can be regenerated afterwards.!”)

non-catalytic process

Ep without catalyst

J Ea with catalyst

Energy

reactant catalytic process
AG

product

Reaction coordinate

Figure 1. Simplified energy surface for catalytic and non-catalytic transformations.!”!




Chapter 1. Introduction

Catalysis can be categorized into heterogeneous and homogeneous reactions. Heterogeneous
catalysis describes reactions in distinct, differing physical phases (e.g. solid phase catalyst and gas
phase reactant), with the reaction commonly occurring at the interface, on the surface of a solid
catalyst, through the continuous creation of active catalytic sites.’®! While the employed catalyst
and resulting mechanism are typically complex, the phase boundary between reactants/products
and catalyst enables facile separation and recycling, which is important for an efficient process on
large scales. Heterogeneous catalysis is therefore predominantly employed in industrial
applications for the production of materials, chemicals and fuels.”! An important example is the
energy intensive Haber Bosch process, which produces nitrogen-based fertilizer for agriculture.!!!
This thesis will concentrate solely on homogeneous catalysis, in which substrate and catalyst are
in the same, commonly liquid, phase. While separation of homogeneous catalysts from a reaction
mixture is more challenging, the high catalytic activity and selectivity (chemo-, regio-, diastereo-
and enantioselectivity) permit previously unprecedented transformations. This is enabled through
the defined transition metal complexes, in which the metal center is coordinated by ligands.
Through varying the metal and adapting the ligand sphere, characteristics and therefore reactivity

of the catalyst can be modified and controlled.!- "]

1.2. Cross-Coupling

The importance of homogeneous catalysis has been recognized by several Nobel Prizes in the
21 century, including the 2010 Nobel Prize in chemistry, received by Negishi, Suzuki and Heck
for the development of key reactions in the field of palladium catalyzed cross-coupling reactions.!!!]
As an important and rapidly developing discipline with a plethora of reactions and publications,
cross-coupling chemistry has led to essential discoveries in a variety of fields, such as materials,

[12] A specific application example is the synthesis of the blood

agrochemicals and pharmaceuticals.
pressure medication Losartan, which includes a late-stage Suzuki-Miyaura coupling (Scheme 3).[!3]
Cross-coupling is one of the most important and versatile tools in synthetic organic chemistry for
the construction of carbon-carbon (C-C) and carbon-heteroatom (C-Heteroatom) bonds through the

(14 The exclusive and selective formation of the cross-coupling

connection of two organic reagents.
products, with limited homo-coupling, is crucial for an efficient transformation. Due to the
significant C-C and C-Heteroatom bond strength in some reactants, cleavage can be difficult to

achieve in one step, requiring harsh reaction conditions to overcome the high activation barrier.

3



Chapter 1. Introduction

Catalytic reactions, such as cross-coupling, open up an alternative reaction pathway through a
multiple step mechanism with smaller activation barriers via the generation of catalytic
intermediates (in which molecules involved in the reaction coordinate to the metal complex in a
stepwise process, Figure 1),!°! leading to an increase of the reaction rate, even under milder
reaction conditions.

The transition metal catalyzed covalent bond formation between two reagents, such as a reaction
of aryl, alkyl or alkenyl (pseudo)halides as electrophile with varying organometallic, alkene, alkyne
or heteroatom (pseudo)nucleophilic coupling partners are commonly classified depending on the

).[124, 141 Examples for carbon-based nucleophiles include

nature of the nucleophile (Scheme 3
Grignard reagents (Kumada-Corriu),!'®! organoboronic acids (Suzuki-Miyaura),!'”) organozinc
reagents (Negishi),!'®! organotin reagents (Stille),""”! alkenes (Mizoroki-Heck)™?® and alkynes
(Heck-Cassar-Sonogashira).?!! In addition to C-C, a variety of C-Heteroatom,!'**! such as C-N
(Buchwald-Hartwig)?* and C-S (Migita)®*! bonds can be generated.

Examples for M:

catalyst MgX = Kumada-Corriu
R-X + M-R' > R—-R' B(OH), = Suzuki-Miyaura
electrophile nucleophile ZnX = Nefg'Sh'
SnX = Stille

Scheme 3. Examples for cross-coupling reactions classified by the nucleophile.!'

Palladium is the most frequently utilized catalyst, especially in industrial applications.['!"1?] Its
popularity is based on multiple factors, including the intensively studied and well understood
mechanism with predictable reaction pathways, as well as the exceptionally optimized
transformations with low catalyst loading and excellent control over the ligand sphere enabled by
well-studied privileged ligands, allowing for challenging and highly selective transformations.*%
A variety of cross-coupling reactions proceed through a classic Pd(0)/Pd(Il) catalytic cycle
(Scheme 4). After activation of the catalyst, the mechanism commonly involves three elementary
steps, with an initial oxidative addition of the electrophile to the active catalyst L,Pd(0), a
subsequent transmetalation of the nucleophile, followed by a reductive elimination to yield the
corresponding product and regenerate the active catalyst.['* While the classic catalytic cycle does
not represent all cross-coupling reactions, a variety, such as Kumada-Corriu, Suzuki-Miyaura,
Negishi and Stille are generally accepted to follow it, while others, such as Heck, Sonogashira and

Buchwald-Hartwig diverge after the initial oxidative addition.




Chapter 1. Introduction

pre-catalyst

l activation

L,Pd®
R-R' active catalyst RX
reductive oxidative
elimination addition
R .
L,Pd! L,Pd!
~N
R X
%transmetalaﬁon
MX R'-M

Scheme 4. General mechanism for cross-coupling reactions with a Pd(0)/Pd(II) catalytic cycle.!!* 24

Cross-coupling reactions have been an intensely researched field for the last 50 years, but new
developments are continuously pushing the boundaries of possible transformations. The
developments include control over the ligand sphere and utilization of abundant low-cost transition
metal catalysts (e.g. Ni, Cu, Fe), extending the substrate scope to non-activated, challenging
electrophiles and nucleophiles, as well as chemo-, regio-, diastereo- and enantioselective
transformations under mild and convenient reaction conditions. Furthermore, -classic
cross-coupling has inspired new transformations, such as cross-electrophile and cross-nucleophile
coupling, as well as electrochemical and photocatalytic reactions, which open up alternative
reaction pathways via a radical mechanism.**]

New challenges for the chemical industry in the 21% century include a shortage of energy and fossil
fuels, as well as an increasing overall sustainability-consciousness and subsequently stricter
environmental regulations. Therefore, in addition to stability, activity and selectivity, new factors,
such as sustainability, environmental impact (toxicity and biocompatibility e.g. biomass as
alternative feedstock for substrates), as well as energy efficiency (e.g. mild reaction conditions)
have gained importance for the development of new catalytic systems.!>)

In the following chapters, selected features of catalytic coupling reactions, including aryl and
alkenyl (pseudo)halides as electrophiles, catalyst precursors with Ni(0) and Ni(I) examples, as

well as ligands, concentrating on bidentate phosphines, will be discussed.
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1.2.1. Aryl and Alkenyl (Pseudo)halides as Electrophiles

While the nucleophile is essential and often name-defining in cross-coupling reactions (Scheme 3),
the electrophile is of equal importance. Aryl and alkenyl (pseudo)halides, including aryl and
alkenyl halides (Arl, ArBr, ArCl) as well as sulfonates (ArOTf, ArOTs, ArOMs), herein referred
to as pseudohalides, are commonly employed as electrophilic coupling partners.['>! While the
electrophile would therefore be a poor choice for classification, it has an important influence on
the overall reaction.

Aryl halides present valuable building blocks utilized in organic chemistry and are commonly
employed as substrates in a variety of cross-coupling reactions. Inversely proportional to the C-X
bond strength, which is approximated by the bond dissociation energy (BDE, Figure 2), the
reactivity of aryl halides and ease of oxidative addition to an active Pd/Ni(0) catalyst commonly
decreases from Phl > PhBr > PhCL.?®! This reactivity order was experimentally observed by Fitton

and Rick in 1971 for the oxidative addition of the corresponding aryl halides to palladium.”]

| Br Cl
282 336 399

Bond dissociation energies in kJ mol '

reactivity avaiability

Figure 2. Bond dissociation energy (BDE) of aryl iodide, bromide and chloride, including reactivity as well
as commercial availability trends.[?*]

Until the 1990s/?°! aryl and alkenyl iodides as well as bromides were primarily employed as
competent electrophiles and coupling partners due to their weaker bond strength and high
reactivity. Later, the development of novel ligands and reactive catalytic systems enabled the
cross-coupling of comparatively stable aryl chlorides (Figure 3), giving access to a vast range of
low-cost substrates.*”) Although aryl halides are excellent electrophiles, their accessibility is
limited if they are not commercially available. Synthesizing aryl or alkenyl halides may require
multiple steps, forcing reaction conditions with a limited functional group tolerance and highly
toxic chemicals.!*!! In contrast, aryl and alkenyl pseudohalides, such as triflates (ROTY), tosylates
(ROTs) and mesylates (ROMs) are easily accessible in a straightforward one-step procedure from

[32

the corresponding phenols®? and ketones!**! respectively (Scheme 6).
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Phenols and ketones exist ubiquitously in nature and are present in organic compounds with a wide
range of functionalities, rendering the oxygen based electrophiles derived from them versatile

building blocks useful for the synthesis of complex or pharmaceutically active compounds.?%-34!

sJINcINe

Aryl halides

OTs OMs
Aryl sulfonates @ © ©
1970s 1980s 1990s 2000s 2010 and onward

Figure 3. Development timeline for the utilization of certain aryl (pseudo)halides as electrophiles in
cross-coupling reactions.*”!

Triflates are among the most reactive aryl and alkenyl pseudohalides due to the strong
electron-withdrawing ability of the trifluoromethylsulfonyl group. They were first employed in
cross-coupling reactions at a similar time to aryl bromides and often show a comparable reactivity,
undergoing facile oxidative addition.!

While alkenyl halides are sparsely commercially available and challenging to synthesize, alkenyl
triflates are an attractive, comparatively easy to access alternative.**! Their synthetic potential as
substrates and intermediates is showcased through a multitude of high impact publications
reporting the transformation of alkenyl triflates to the corresponding alkenyl halides, which can be

seen as a preferable synthetic route compared to direct access (Scheme 5).5¢!

(@] Cl halides

toxic compounds
l4 or PCI /\ X foxic ; y
I)J\:l CCly orPCls, “ % xforcing reaction conditions
St 100 °C e.. Y xlow functional group tolerance
on triflates
Tf,0 or ) v simple one-step synthesis
LDA, PhNTf, Ni(OAc),, LiCl v mild reaction conditions
°C or-78 °C \‘:, rt v broad substrate scope

Scheme 5. Direct synthesis of alkenyl chlorides?!® 3! from ketones compared to the facile synthesis via

alkenyl triflates™! as attractive intermediates and electrophiles.*®!
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Although triflates, as highly reactive pseudohalides, are attractive substrates, they have certain
disadvantages. They may require long term storage under inert conditions or low temperatures,
especially for alkenyl compounds and while their synthesis is straight-forwards and preferable to
aryl and alkenyl halides, reagents such as triflic anhydride (Tf>0O), lithiumdiisopropylamid (LDA)
or lithium bis(trimethylsilyl)amide (LIHMDS) are air-sensitive (Scheme 6).

Synthesis of aryl triflates OH oTf

Tf,0 (1.2 equiv.)
pyridine (3.0 equiv.)
DCM, 0 °C-rt, 18 h

Synthesis of alkenyl triflates

oTf T£,0 (1.5 equiv.) QDA or LIHMDS (1.1 equiv.)

2\ Na,COj3 (1.6 equiv.) )J\I PhNTf, (1.0 equiv.) 2\.
1" 1 " "

S DCM, 0 °C-rt, 18 h S THF, -78 °C-rt, 18 h bt

S
<

Scheme 6. Synthesis of aryl triflates with TH,0P? and synthesis of alkenyl triflates with TH0,33% 33
or PhNTH; utilizing LDA or LiHMDS.334

In the 2000s, aryl tosylates and later mesylates have emerged as alternative aryl pseudohalides
(Figure 3), which can be synthesized via low-cost and air-stabe tosyl- and mesyl-chloride
generating thermally stable solids.*”) Due to their higher stability, the C-O bond cleavage
(e.g. oxidative additon) can be more challenging and may require harsher reaction conditions,
partially migating the advantage of their synthesis and rendering catalytic systems which can
activate such bonds desirable.””]

The selectivity and therefore preferential reaction of aryl pseudohalides is less consistent and more
fluid than for aryl halides, with a high dependence on the employed catalytic system, including
metal, ligands, substrates and reaction conditions (in particular solvent polarity/coordinating
ability).!*! While further studies are required to analyze and decode the influence, a variety of
(chemo)selective PdP*® and NiP®! catalyzed cross-coupling reactions with various
aryl (pseudo)halides have been reported. For palladium catalyzed reactions via a bis-ligated
complex, [ > Br = OTf > Cl, with the relative order of Br and OTf dependent on the reaction
conditions is a common, but not exclusive pattern.[% 4!

Exemplary for solvent influence is the Pd/P'Bus catalyzed Suzuki coupling, which in coordinating
solvents undergoes a preferential oxidative addition of triflate through a bis-ligated, solvent

coordinated, transition state LPd(solvent), while in non-coordinating solvents the inverse order was

observed with preferential oxidative addition of chloride via a mono-ligated transition state LPd.! "]




Chapter 1. Introduction

So while for bis-ligated palladium catalysts a preferential reaction of ArOTf> ArCl and for
mono-ligated ArCl > ArOTf has been observed,!*’! the selectivity in nickel catalyzed reactions is
more complex.?®! Although the steric and electronic properties of electrophile and ligand influence
the ease of oxidative addition to Ni(0) and therefore the selectivity, more studies are required to
define general rules.*!

Examples for nickel include the selective cross-Ullmann coupling via a two-catalyst system
(Pd and Ni) by Weix and co-workers. The Pd/bidendate phosphine catalyst was observed to react
preferentially with ArOTf> ArCl, while Ni/bidentate bipyridine, such as bpy, reacted
preferentially with ArBr or ArCl > ArOTf.[*!! Nickel catalyzed intermolecular competition
experiments by Neufeldt and co-workers showcased that for monodentate small phosphine ligands,
such as PCys, PPh3, PMes a preferential reaction of ArOTf > ArCl occurs. In regards to toslyates,
the ligands PCys, PPhs (ArCl > ArOTs) and PMes (ArOTs > ArCl) demonstrated a reverse

selectivity order.[*"]
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1.2.2. Catalyst Precursors

While the oxidative addition, transmetalation and reductive elimination are three common
elementary steps in a Pd/Ni(0)/(II) catalytic cycle (Scheme 4) a forth step, which is generally seen
as outside the catalytic cycle, the generation of the active catalytic species, can have a strong
influence on the performance of a catalytic system.[**) Generation of the active catalyst L,Pd/Ni(0)
is dependent on a variety of factors, such as nature and oxidation state of the metal, the coordinated
ligands and reaction conditions. Activation can be induced or facilitated in various ways, including
a metal reductant, substrate, base or (partial) dissociation of an ancillary ligand.

A popular method in catalysis is the in-situ generation of the catalyst via combination of metal
source and ligand in a highly modular system, which is convenient for ligand screening, but
requires coordination of the ligand to the metal source for generation of the active catalytic species.
One option are the stable and comparatively low-cost Ni/Pd(II) salts (e.g. Ni/PdCl,, Ni/Pd(OAc).,
Table 1), which are less reactive and commonly require a reduction to generate the active catalytic
species. Another option are air-sensitive and high-cost Ni/Pd(0) sources (e.g. Ni(cod)>, Pda>(dba)s,
Table 1). They are highly reactive and do not require reducing agents for activation, which is
advantageous for rapid ligand screening, but storage under inert conditions is necessary. Due to the
high price of Ni(cod) utilizing it as catalyst precursor partially negates the advantage of nickel as
low-cost alternative to palladium. Additionally, labile ligands such as cod have been observed to

diminish catalytic activity by coordinating to and therefore stabilizing the active catalyst.*’]

Table 1: Price of catalyst precursors (Sigma-Aldrich, comparable batch sizes, see Chapter 6, Table 6).

NiCl, PdCl, Ni(OAc) Pd(OAc), Ni(cod), Pdx(dba)s

Priceper 1 g 250€ 71.20€ 0.28 € 63.20 € 64.40 € 83.80 €

Well-defined and air-stable one-component Ni/Pd(II) pre-catalysts present an attractive
alternative.*) A variety of them have been developed and successfully employed in
cross-coupling reactions, including commercially available examples (Figure 4).1! A common
structure for such pre-catalysts is LNi(Ar)Cl, with a variety of examples for phosphine-containing
Ni(1I) complexes developed by Jamison and co-workers,**! including XantphosNi(o-tolyl)CI Nil,

which can be conveniently synthesized from low-cost NiCl..

10
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_____________________________________________________________________________________________________

2 ,
O 1 ’\IIHC I .1 PhPh Ph ph '
NHR Cl—Pd—Cl A B _cl i :
Pd—PR, N L ' Ni P :
‘ OMs “ R AT
RZ=H,Me, Ph 1. PhPh N
Nl 3 ph Ph

R' = Me, Ph L =NHC, PR,
1 4" Generation Buchwald Organ Nolan/ Colacot

-------------------- Pd(ll) pre-catalysts ---------------===== -~~~ Jamison Ni(ll) pre-catalysts --------

Figure 4. Selected examples of commercially available, air-stable and mono-ligated Pd(I1)[**! and Ni(IT)!¢
pre-catalysts utilized in cross-coupling reactions (NHC = N-hetereocyclic carbene).

The system presents several advantages. In addition to convenient storage under air, the ligand is
pre-coordinated and the catalyst can therefore be directly activated. This is possible via multiple
pathways, such as a reaction with the cross-coupling nucleophile (see Chapter 2.1) or an external
reductant. Additionally, the fixed 1:1 metal to ligand ratio in defined pre-catalysts of bidentate
phosphines is ideal for the generation of mono-ligated and active LPd/Ni(0) species. The bis-ligated
species for bidentate phosphine ligands L>Pd has been reported to act as catalyst sink,*”! rendering
an excess of ligand leading to a dimeric coordination disadvantageous. The development and
application of such convenient and low-cost one-component pre-catalysts has gained importance

during the last years and enabled reactions under mild reaction conditions (see Chapter 1.3).57)

1.2.3. Ligands including Bidendate Phosphines

Transition metal catalysts commonly consist of a metal center surrounded by a ligand sphere, which
is defined through the electronic and steric properties (motif, denticity and bonding properties) of

24] They have an essential influence on the structure of the catalyst and

the coordinated ligands.!
can therefore enable control over reactivity as well as selectivity (chemo-, regio-, diastereo- and
enantioselectivity). The utilization of novel ligands has led to substantial progress in transition
metal catalyzed cross-coupling reactions during the last decades and expanded the substrate scope
to previously challenging substrates.!'*! Developing ligands which facilitate specific elementary
steps, such as oxidative addition or reductive elimination, can influence the rate determining step,
the slowest step of the catalytic cycle which limits and therefore defines the overall reaction rate,
and increase it. Although the potential of a ligand is dependent on the reaction (metal, substrates,

reaction conditions) and there is no generic solution, specific ligand classes have shown potential

in a variety of transformations.

11
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Phosphines, which are frequently utilized in transition metal catalysis, are such a ligand class. They
have played a significant role in the development of Pd and Ni catalyzed cross-coupling reactions
over the past decades. With highly adaptable electronic and steric properties, they can generate
stable complexes, as well as active Pd/Ni(0) catalytic species, which react in a controlled and
selective manner. As strong c-donor ligands phosphines donate two electrons to the metal center
and as m-acceptor ligands they withdraw electron density from the metal center through a

7 back-bonding via the anti-bonding c* orbital (Figure 5).1!- 242

L,M L,M(PR;) PR; L,M L,M(PR;) PR,
c-bond c-donor /:*\\
empty metal @p{ phosphine lone pair S n* “I\ N
d orbital \Y filled o orbital ! pa. \ 'O
! MO = £ P
! ¥ S o— R,
n-backbond n-acceptor ' % - \\ P AN
| NS
filled metal % — \V empty phosphine ! \ —
d orbital — NO  P-Rc*orbital :
. f—

Figure 5. Phosphines as 6-donor and m-acceptor ligands with a simplified molecular orbital depiction.[!- 24

Since the 1990s, the development of novel electron-rich and sterically demanding phosphine
ligands has progressed and gained importance. Bidentate ligands consisting of two phosphines
connected through a backbone have enabled selective transformations in high yields and are
therefore commonly utilized in cross-coupling reactions.[*¥! As electron donating ligands they
increase the reactivity for an oxidative addition on the metal center, while the steric strain, induced
through the wide bite angle, facilitates the reductive elimination, promoting both steps of the
catalytic cycle. The generated complexes typically have a full coordination sphere and valence
shell. While the dissociation of one phosphine and generation of highly active catalytic
intermediates is possible, facile reassociation (due to the kinetic chelate effect) inhibits catalyst
deactivation or off-cycle reactions (side-product formation), generating stable complexes.*®]

A wide variety of bidentate phosphine ligands have been successfully utilized in catalytic
cross-coupling reactions (Figure 6).I'' Xantphos with a bite angle of 111°*"1 and rigid backbone, as

well as DPEPhos with a bite angle of 102°1* and flexible backbone are examples of such ligands.

12
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Their hemilabile nature enables the POP-type ligands to coordinate in a mono-, bi- and tridentate
fashion through their versatile «1, k2 and K3 coordination modes.>%! This gives rise to the unique
ability to adapt the coordination mode to the requirements in the catalytic cycle, including varying
oxidation states and steric needs. While the classic coordination is bidentate k2, the oxygen of the
ether linkage can coordinate in a k3 pincer like fashion to stabilize intermediates with an
unsaturated metal center. In addition, monodentate k1 coordination, through a partial and reversible

dissociation of one phosphine ligand can generate temporarily unsaturated and highly reactive

L

| | 0
R, /\ R Xantphos ! O o O PPh, PPh; PPh,
N TR ' ooy ()

M [0

catalytic intermediates.[>”

dppb l Ph2P\: PPh, !
1 -/ ' o
dppf | M : BINAP (92°)
BINAP | | = PPhy
; dppe A Ph,P  PPh, Ph,?  PPh
o =bite angle of | Xantphos (111%) as | &G>—PPh, "2 2 T 2

bidentate phosphines " hemilabile ligand |
y  nemiabllefigand. . 4y hF (96°) dppb (98°) dppe (85°)

Figure 6. Depiction of the bite angle for a variety of bidentate phosphine ligands, including the hemilabile
ligands Xantphos and DPEPhos.!

Catalytic systems are often developed through extensive screening and optimization experiments.
While rational ligand design is ideal, it is not always realistically feasible. Predicting a ligands
influence is challenging, due to the manifold of factors which influence the catalytic cycle and
elementary steps. A trial and error method, consisting of predictions derived from literature reports
for the influence of ligands and their electronic as well as steric adaptations, in combination with a
transition metal-, ligand-, followed by reaction condition screening is commonly utilized to identify
the ideal catalytic system and reaction conditions. Newer strategies, which have emerged in recent
years, include machine learning and artificial intelligence as powerful tools that contribute toward
a data-driven analysis,*!! allowing for more accurate yield and selectivity predictions (through the

prediction of kinetic and thermodynamic properties).[>?!
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1.3. Synthesis of Thioethers via C-S Cross-Coupling
1.3.1. Thioethers

Sulfur containing compounds are abundant in nature and functionally important in a vast quantity
of biomolecules. They are relevant in the active sites of proteins, essential for protein folding and
involved in the biosynthesis of biologically active compounds. Examples are cofactors such as the
vitamins biotin and thiamine, the amino acid cysteine, iron-sulfur clusters in proteins and the

essential coenzyme Acetyl-CoA (Figure 7).[53]

*s”“w [rCbeh “Lr o

O
S—Fe Acetyl-CoA
Sz | % HO—pso HS/\)J\OH
HO'
| Fe| )\ o NH,
S—Fe YNH H .
\Cys ‘\\\/\)J\ Cysteine
Thiamine HN ) OH
4Fe-4S Cluster OH H S Biotin

Figure 7. Examples of biologically active sulfur containing compounds.?!

One of sulfurs functional groups are thioethers. The versatile structural class has found widespread
application in material science, agrochemicals, as well as pharmaceutical compounds (Figure 8).[°%
Pharmaceutically active sulfur compounds are abundant, with 25% of the top 200 FDA approved

drugs in the USA (in 2014) containing sulfur, 11% of which were thioethers.!>** 3]
o

O
H
HN N~ ~NH
HN
j;f s N s ~
Enoximone ©
Penicillin O//\OH { vasodilating
antibiotic H Cardizem Axitinib
/@[ >—NH antiarrhythmic antineoplastic
Albendazole  © o o S~ OxNH

anthelmintic, antiprotozoal

AT

[ j Vortioxetin
antidepressant

Nelfinavir H

Montelukast -
antiretroviral

immunomodulator

Figure 8. Examples of sulfur compounds, such as thioethers, with their pharmaceutical application.>%!
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In medicinal chemistry thioethers can be employed as bioisosteres of oxoethers due to their higher

[57

lipophilicity,®”! which can increase membrane and therefore cell permeability and additionally has

an effect on absorption, metabolism and target selectivity.[*®!

A variety of methods are known to synthesize thioethers, such as simple, non-catalytic nucleophilic
substitution or addition reactions, as well as nucleophilic aromatic substitution (limited to electron
poor substrates).® While sulfur compounds commonly act as nucleophiles, the arylation of
electrophilic S-reagents, such as N-chlorosuccinimide has been reported.!®” Additionally, various
radical reactions have been utilized, including the coupling of diazoniumsalts.[®!) One of the most
versatile methods to synthesize thioethers is the transition metal catalyzed C-S coupling of thiols

with electrophiles such as aryl and alkenyl (pseudo)halides or with nucleophiles such as boronic

acid derivatives in a cross-nucleophile coupling (Scheme 7).[6?!

Cross Coupling Decarbonylation
o
X HS /.
o - © OA s
X = (pseudo)halides
X =B(OR),

| oo |

R=H
R = Aryl, Alkyl, Acyl
H HS S
+ == +
@ @ =00 @
C-H Activation Hydro- and Carbothiolation

Scheme 7. Examples of transition metal catalyzed coupling reactions for the synthesis of thioethers.[¢?!

Other methods to access thioethers include the decarbonylation of carboxylic acid derivatives, such
as thioesters,!%! C-H activation,®* hydro- and carbothiolation,!%! as well as reversible arylation via
C-S single-bond metathesis.[®® In addition to classic transition metal catalysis, a variety of

electrochemical!®”) and photocatalytic!®®]

strategies have been developed.

Due to their versatile application and common use in pharmaceutical compounds, efficient methods
for the synthesis of thioethers are essential. The previously detailed non-catalytic routes, such as
Sn2 or SNATr reactions,®®! have a limited functional group tolerance and generally require harsh

reaction conditions, rendering transition metal catalyzed cross-coupling an attractive alternative.
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A multitude of reviews detailing C-S cross-coupling for a variety of transition metals®> 7% or
focusing on Pd,[’'! Cul”! and Fe,[”* including electrochemical®”! and photocatalyticl®®! methods,
have been published. In the following section a literature overview for transition metal catalyzed
coupling reactions of aryl as well as alkenyl (pseudo)halides and thiols, with an emphasis on Pd
and Ni, is presented. While electrochemical and photocatalytic transformations have been utilized,

this chapter will concentrate on classic transition metal catalysis.

1.3.2. Historical Development

By harnessing the potential of transition metal catalysis, the C-S cross-coupling, more specifically
for this work, the coupling of aryl (pseudo)halides and thiols, has developed into a versatile and
powerful method for the synthesis of thioethers.

(23] and further explored

The pioneering work was published by Migita and co-workers in the 1978,
in 1980,1°® coining the term Migita coupling for the transformation. Pd(PPhs)s was utilized as
catalyst and NaO'Bu as base in DMSO or an alcoholic solvent at 100 °C or reflux conditions
respectively to yield a variety of diary as well as a limited scope of aryl alkyl thioethers (Scheme 8).
Aryl iodides and bromides reacted efficiently, whereas less reactive and more challenging
aryl chlorides only provided moderate yields. The typical mechanism for palladium catalyzed C-S
coupling reactions is postulated to consist of a Pd(0)/Pd(Il) catalytic cycle via an initial oxidative
addition to the active Pd(0) species, followed by a transmetalation or halide/thiolate ligand
exchange and subsequent reductive elimination to yield the corresponding thioether as product and
regenerate the active catalyst.

While the Migita coupling can refer to catalysis by various transition metals, the Ullmann type
coupling refers specifically to copper catalyzed coupling of aryl halides and thiols, which was first
reported in 1984 (see Chapter 1.3.5).74 Although the original work from Migita was developed
more than 40 years ago, the reaction conditions, employing precious metal catalysts, reactive and
air-sensitive reagents, as well as high temperatures and long reaction times have remained
common. Newer methods and current optimization focus on low-cost transition metal catalysis and

mild reaction conditions, rendering the transformation economically feasible and more sustainable.
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X Pd(PPhz), (2-8 mol%)
NaO'Bu (2.0 equiv.) S\R
+ R-SH
DMSO, 100 °C or
X =1, Br, Cl R = Aryl, Alkyl ROH, reflux, 18 h Arl: 12 examples, 16-quant. yields
ArBr: 5 examples, 19—quant. yields
ArCl: 2 examples, 38-46% yields

Mechanism: L,Pd°

ArSR active ArX
catalyst
reductive oxidative
elimination addition
_Ar _Ar
L,Pd" L,Pd"
SR Sx

transmetalation or
ligand exchange

HBase® Xe HSR + Base

Scheme 8. Pioneering C-S cross-coupling of aryl halides and thiols by Migita and co-workers®*! and an
overview of a typical postulated Pd(0)/Pd(II) catalytic cycle for the transformation.

1.3.3. Palladium Catalysis

Up to 40% of all cross-coupling reactions in the industrial synthesis of pharmaceutical compounds

12a

are palladium catalyzed.['>?] Despite the low natural abundance and high cost, the precious metal

is still one of the most commonly employed catalysts, due to the predictable nature, which enables
control over selectivity and reactivity patterns.!'!]

A highly efficient palladium catalyzed C-S cross-coupling was published by Hartwig and
co-workers in 2006, employing a catalyst loading of Pd(OAc), as low as 0.001 mol%. The
Josiphos ligand L1 and NaO'Bu as base at 110°C enabled the coupling of a variety of aryl halides
(ArCl, ArBr, Arl) and aryl as well as alkyl thiols (Scheme 9). Aryl pseudohalides (ArOTf, ArOTs)
required a higher catalyst loading, longer reaction time and K>CO3 or Na,COs as base.

P'Bu,

Pd(OAc), (0.001-3 mol%)
L1 (0.001-3 mol%)

* Base (2.0 equiv.) S\p Fe “pcy,
+ R-SH (N
DME or toluene, 110 °C, 2-24 h E

t
X =Cl, Br, |, R = Aryl, Alkyl L1 (CyPF-Bu)

OTf, OTs ArCl, Br, I: NaO'Bu ArCl: 30 examples, 70-98% yields
ArOTf, ArOTs: K,CO3, Na,CO3 ArBr: 2 examples, 91-99% yields
Arl: 2 examples, 82-97% yields
ArOTf: 2 examples, 79-95% vyields
ArOTs: 1 example, 86% vyield

‘v,
4

Scheme 9. Efficient palladium catalyzed C-S coupling of various aryl (pseudo)halides and thiols.!”
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A variety of catalytic systems for the palladium-catalyzed C-S cross-coupling with
aryl (pseudo)halides have been developed since then, extending the functional group tolerance,
increasing the substrate scope and exploring various ligands as well as reaction conditions.
Bidentate phosphines (see Chapter 1.2.3) were identified in earlier reports as excellent ligands for
the thioether synthesis via palladium catalyzed C-S cross-coupling with a strong base under high
temperatures.’®! They were postulated to increase the stability and reactivity of the catalytic system
under forcing reaction conditions, as they are challenging to displace by thiolate, rendering
coordination and therefore poisoning of the catalyst, generation of off-cycle catalytic species, or
B-hydride elimination, less likely. Additionally, reductive elimination and subsequent product
formation is generally favored for such wide bite angle ligands due to the induced steric strain.
Palladium catalyzed C-S cross-coupling with Xantphos as wide bite angle, bidentate phosphine

ligand has been utilized in a variety of multiple step synthesis of pharmaceutical compounds,’”!

77a g, [770]

such as fused thioglycosyls!”’# and 5-lypoxygenase inhibitor
The often utilized harsh reaction conditions (high temperature, reactive and air-sensitive reagents)
limit the functional group tolerance for pharmaceutically relevant compounds, such as protic
heterocycles, and restrict the substrate scope for alkyl thiols, which readily undergo homocoupling.
Alternative strategies, with milder conditions, include the use of one-component pre-catalysts, with

781 as well as

bulky monodentate phosphine ligands on Pd(ID*"! or dimeric Pd(I) complexes,!
N-hetereocyclic carbene (NHC) ligands on Pd(I),l”” enabling a facile catalyst generation and
circumventing the need for in-situ ligand coordination (see Chapter 1.2.2).

One example by Buchwald and co-workers*’! utilized the bulky monodentate phosphine
ligands L2 (‘BuXPhos) and L3 (‘BuBrettPhos) in a one-component pre-catalyst Pdl, in
combination with the soluble base Et;N to enable the C-S coupling at room temperature
(Scheme 10). Heteroaryl bromides could be coupled with aryl and alkyl thiols generating the
corresponding thioether in excellent yields with a high functional group tolerance. Aryl thiols
required a modified catalyst and LIHMDS, while aryl chlorides could not be employed as substrates
in the reaction. The superior activity of sterically challenging monodentate biaryl phosphines, in
comparison to the well-established bidentate phosphine ligands, was further investigated through
mechanistic experiments, including NMR studies. Based on the observations it was postulated that

at room temperature, with only a weak base, displacement of the ligand through thiol coordination

was not a crucial problem and did not limit the efficiency of the catalytic system.
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The low yield observed for bidentate phosphine ligands in this transformation is postulated to be
due to the formation of stable and unreactive off-cycle PdL. species, in case of Xantphos, the

generation of Pd(Xantphos),, which acts as catalyst sink.

B Pd1 (1 mol%)
Et;N (2.0 equiv.) ‘/ O .
+ R-SH
THF, rt, 12-18 h

R = Alkyl, Aryl* 27 examples, : Br—Pd—L
(* different conditions) 80-99% yields ! iPr
! Pd1 L2 L3
. R=0CH,CH,TMS (BuXPhos) (‘BuBrettPhos)

Scheme 10. Coupling of aryl bromides and thiols under mild reaction conditions catalyzed by
one-component pre-catalyst Pd1 with sterically challenging monodentate phosphine ligands L2 and L3.[*”)

In another notable contribution, a dimeric Pd(I) complex Pd2 was developed by Schoenebeck and
co-workers!’®! for the selective thiolation of aryl bromides and iodides with sodium thiolates under
moderate reaction conditions (Scheme 11). The air- and moisture-stable [P'BusPd(p-I)]. Pd2 was
found to be less susceptible to off-cycle deactivation by thiol and could be recovered, as well as
recycled, with no loss in activity or efficiency for up to 5 rounds. Additionally, chemoselective
thiolation of C-Br in the presence of C-OTf and C-Cl bonds was demonstrated. The mechanism

was postulated to follow a Pd(I)/Pd(III) catalytic cycle starting with a ligand exchange.

X
Pd2 (5 mol%) S\R
+ R-SNa
toluene, 40-60 °C, 3-12 h

: M
i BugP—Pd—Pd—P'Bus
|

X=1,Br R =Aryl, Alkyl Arl: 20 examples, 87-99% yields E
ArBr: 9 examples, 85-95% vyields . Pd2
________________________________________________________________________ 1
Br Pd2 (5 mol%)
[ R-SNa [
TfO toluene, 40-80 °C, 6-12 h TfO |
R = Aryl, Alkyl 9 examples, 88-93% yields E

Scheme 11. Coupling of aryl bromides and iodides with sodium thiolates catalyzed by a dimeric Pd(I)
pre-catalyst Pd2, including chemoselective C-Br bond thiolation in presence of C-Cl and C-OTf.[”*)

One-component Pd(IT)-NHC complexes, such as Pd3, reported by Organ and co-workers,!”** have
been successfully employed in a mild mechanochemical C-S cross-coupling via ball-milling
developed by Browne and co-workers (Scheme 12).[7°®! A variety of aryl bromides and iodides
could be coupled with aryl and alkyl thiols under ambient, solvent-free and aerobic conditions. For
alkyl thiols the addition of 2.5 equiv. zinc was essential and was postulated to prevent disulfide

formation.
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R /~—/\ R

Pd3 (0.5 mol%) | a’\' N\b
KO'Bu (2.0 equiv.) s ! R T R
X sand (2.0 mass equiv.) “R : Cl—Pd—Cl
+ RosH (R=Alkyl+2Zn (2.5 equiv.)) 5 i

der air, 30 Hz, 3 h o
X=1,Br R=AmlAkyl " (&r[zgh-mm]z))) Arl: 25 examples, 43-94% yields | cl

ArBr: 15 examples, 43-87% yieIdsE

ArCI: 1 example, 87% yield Pd3

(R ='Pent)
(Pd-PEPPSI-Pent)

Scheme 12. Mechanochemical C-S cross-coupling using a ball-mill under ambient, solvent-free, aerobic
conditions employing a one-component Pd(II)-NHC complex Pd3.17°"

Aryl chlorides, as less reactive and more stable electrophiles (see Chapter 1.2.1) could not be
coupled efficiently in a variety of transformations in the past, but more recent studies focus on the
vastly commercially available substrates. The combination of not activated aryl chlorides and mild
reaction conditions, such as a transformation at room temperature is highly desirable, but has
remained elusive for palladium catalysis so far. A limited scope of activated heteroaryl chlorides,
such as purine, pyrimidine and ribonucleosides were coupled with thiols at 50°C by Kapdi,
Schulzke and co-workers,®" employing Pd(OAc)»/L4 as catalytic system (Scheme 13). The

catalytic system has been used prior successfully for C-N cross-coupling.[®!]

Pd(OAc), (1 mol%)

Cl L4 (2 mol%) S. 5 Fe
. R |
+ R-SH K3POy4 (2.5 equiv.) E LNI\(\\//N\/\/\803®

R = Aryl, Alky DMF, 50°C,2h 56 examples, 69-96% yields | L4 (PTABS)
including Ribonucleiosides

Scheme 13. Palladium catalyzed C-S cross-coupling of activated heteroaryl chlorides and thiols.[®"

18] were

Alternative sulfur containing compounds, including thioacetates®* and 1,3-dithianes,
utilized as substrates in thioether yielding palladium catalyzed C-S cross-coupling reactions with
aryl chlorides and aryl bromides respectively.

In addition to aryl halides, aryl and alkenyl pseudohalides, such as triflates, have shown potential
as electrophiles. They are easily accessible from ketones and phenols, rendering them attractive
substrates for the synthesis of pharmaceutically relevant compounds (see Chapter 1.2.1). Although
they can be competent electrophiles in C-S cross-coupling reactions, with palladium as most
represented catalyst,l’>7¢ #) publications solely on the coupling of aryl pseudohalides have

remained rare, with limited examples in publications which focus primarily on the coupling of aryl

halides.
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In general, bidentate ligands such as Xantphos or BINAP, as well as elevated temperatures are
common requirements. An early report, published by Zheng and co-workers®¥l in 1998, solely
concentrates on the coupling of aryl triflates and n-butanethiol, utilizing Pd(OAc)./L5
(Tol-BINAP) as catalytic system with NaO'Bu as base at 80°C (Scheme 14).

Pd(OAc), (10 mol%) 5
L5 (11 mol%) s '
oTf NaO'Bu (1.4 equiv.) 1By : P(Tol),
+ "BuSH '
. P(Tol),
toluene, 80 °C, 14-108 h : OO
9 examples, 54-95% yields

! L5 ((R)Tol-BINAP)

Scheme 14. Palladium catalyzed C-S cross-coupling of aryl triflates and n-butanethiol.[34]

A vareity of aryl bromides and a limited scope of aryl triflates were coupled with aryl and alkyl
thiols by Itoh and Mase, " employing Pda(dba)s/L6 (Xantphos) as catalytic system under reflux
conditions (Scheme 15). Beslin and co-workers®®®! employed a similar catalytic system, with
Pd»(dba)s/L6 (Xantphos), K2COs as base at 140°C, coupling a variety of aryl bromides and a
limited scope of aryl triflates and chlorides. In addition to aryl and alkyl thiols alternative sulfur
containing compounds, such as triisopropylsilanethiol have been employed to synthesize thioethers

in a C-S coupling of aryl halides and triflates.[34¢]

Pd,(dba)s (2.5 mol%)
L6 (5 mol%)

) S. i
X iPr,NEt (2.0 equiv.) R : O O
+ R-SH - ! o
1,4-dioxane, reflux, 6-15 h !

PPh, PPh,

X = Br, OTf, Cl R = Aryl, Alky ArBr: 16 examples, 70-92% yields
ArOTf: 5 examples, 67-92% yields ' L6 (Xantphos)
ArCl: 2 examples 75-85% yields |

Scheme 15. Palladium catalyzed cross-coupling of aryl bromides, triflates and chlorides with thiols.!®!

Alkenyl (pseudo)halides represent valuable building blocks,!”% but are a less explored substrate
class in C-S cross-coupling compared to aryl (pseudo)halides, despite the synthetic potential of
alkenyl thioethers, which are structural motifs common in pharmaceutical compounds.!®! The
palladium catalyzed literature overview will concentrate on alkenyl pseudohalides, due to the
limited availability and inconvenient synthesis of alkenyl halides (see Chapter 1.2.1). Only few
examples for alkenyl triflates!®! and tosylates,®”! requiring forcing reaction conditions under

reflux, have been published.
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One of the first examples focusing on alkenyl triflates was reported by Martinez and co-workers in
1994,1861 utilizing lithiumthiolates, Pd(PPhs)s as catalyst and LiCl as additive under reflux
conditions (Scheme 16).

o Pd(PPha), (18 mol%) jR
3)4 molo X

BN . . / N

.'/ v R—SLi LiCl (2.6 equiv.) . \

THF, reflux, 2-6 h R
R = Aryl, Alkyl 13 examples, 60%—quant. yields

Scheme 16. Palladium catalyzed C-S cross-coupling of alkenyl triflates and lithiumthiolates. !¢

Decades later, in 2018, Fernandez-Rodriguez and co-workers utilized 0.1 mol% Pdz(dba)s/L7
(dppf) as catalytic system for the coupling of alkenyl bromides with aryl and alkyl thiols in the
presence of LiHMDS at 110 °C (Scheme 17).87] Changing the ligand to L1 (CyPF'Bu) and
increasing the catalyst loading to 5 mol% enabled the coupling of less reactive alkenyl chlorides

and tosylates for the first time.

Pd,(dba); (0.1-5 mol%)

R3 L7 or L1 (0.1-5 mol%) R3 E PBu,
R1J§/X +  R-SH LIHMDS (2.4 equiv.) R1J§/S\R4 | & PPh; @)
toluene, 110 °C, 4-48 h : Fe Fe “pcy,
2 ’ ’ 2 .
R R D,
X =Br, Cl,0Ts R*=Aryl, Alky Br: 28 examples, 55-98% yields :
OTs: 7 examples, 63-95% yields ' for Br: for Cl, OTs:
Cl: 4 examples, 55-80% yields | L7 (dppf) L1 (CyPFBu)

Scheme 17. Palladium catalyzed C-S cross-coupling of alkenyl bromides and first example for the coupling

of alkenyl chlorides and tosylates with thiols.®”!

An alternative strategy, coupling thioesters and N-tosylhydrazones with Pd(OAc), (10 mol%),
P'Bus (20 mol%) and LiO'Bu as base at 60°C was employed by Yamaguchi and co-workers.[®]
Since Migita’s original work various other transition metals, including Ni, Cu and Fe were utilized

as catalysts in C-S cross-coupling reactions and will be discussed in the following chapters.

22



Chapter 1. Introduction

1.3.4. Nickel Catalysis

Nickel is an abundant, low-cost, and versatile transition metal able to catalyze a variety of
transformations. The unique reactivity, which can be hard to control, enables new reaction
pathways.!!>] This contrast of potential and challenges has first been described over a century ago

in 1922 by Paul Sabatier, a Nobel Prize laureate, who wrote:

“it can be compared to a spirited horse, delicate, difficult to control”"'*’/

The intriguing reactivity of nickel can be explained through the wide variety of readily available
oxidation states, ranging from Ni(0) to Ni(IV),[!>37- %1 which enables classic Ni(0)/Ni(II), as well
as Ni(I)/Ni(III) catalytic cycles, in addition to those including SET (single-electron transfer) steps.
The facile radical reactions, due to nickels relatively stable open shell configurations, can be
utilized in photoredox catalysis and electrochemistry. Therefore, nickel catalysis has permitted
access to new products via previously difficult transformations, inaccessible with palladium
catalysis. Defining properties, in comparison to palladium, are the smaller atomic radius,”!! as well
as the lower electronegativity®? and reduction potential,®*! which enable diverse reactivity patterns
and lead to a less facile B-hydride elimination, expanding the scope to alkyl substrates.[%?
Although palladium and copper have been predominantly employed in earlier reported C-S
cross-coupling reactions of aryl iodides and bromides, less reactive substrates, such as aryl
chlorides have been challenging, whereas nickel, which readily undergoes oxidative addition, has
shown great potential. The high reactivity of nickel towards inert substrates can be explained
through a relative weak metal-carbon bond in comparison to other group 10 metals, with
Ni-C < Pd-C < Pt-C for the corresponding BDE.!'> *] Due to the weaker metal-carbon bond the
oxidative addition has a comparatively lower Ea, which enables the facile reaction of an
electron-rich Ni(0) complex with traditionally inert or less reactive electrophiles.*’> 20 90°]

The high activity of nickel has not only tremendous potential, but also challenging drawbacks,
rendering nickel catalysts difficult to control with at times unpredictable reaction pathways, leading
to the generation of side products and off-cycle catalytic species, which has impeded the progress
and application of nickel catalysis in the past. To harness the potential and gain control,
monodentate and especially bidentate phosphines, N-hetereocyclic carbenes, as well as bidentate

nitrogen ligands have been utilized.
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One of the first nickel catalyzed C-S cross-coupling reactions was reported by Cristol and
co-workers in 1981.11 Aryl bromides and in-situ generated sodium thiolates were coupled with

the one-component pre-catalyst (dppbz)NiBrz Ni2 at 200 °C (Scheme 18).

A—Y

Br S. X P\ )
Ni2 (0.3 mol%) R : NiBr;
+ R-SNa - /
o ' LN
- Ph" Ph

gylcol, 200 °C, 24 h |
R = Aryl, "Pr 13 examples, 11-98% yields ! Ni2

i (dppbz)NiBry

Scheme 18. Nickel catalyzed C-S cross-coupling of aryl bromides and sodium thiolates."”

Since then, a variety of publications and reviews have been reported for the nickel-catalyzed C-S
cross-coupling and the corresponding mechanisms were discussed.”®* °®®! The low-cost nickel has
developed into a commonly employed metal in homogeneous catalysis,'> 37 °®! but much less
research was conducted in the field of C-S cross-couplings compared to palladium. Most reactions
in the past showcase the coupling of aryl bromides and iodides, which are still frequently employed
in recent reports.”®! Reaction conditions, such as high temperatures, stochiometric additives or
air-sensitive reagents are often required for a facile transformation. To enable mild reaction
conditions, utilizing one-component pre-catalysts is a common strategy not only in palladium
catalysis but also applicable for nickel. One example reported by Stefan and co-workers,”” utilized
the air- and moisture-stable, well-defined a-diimine Ni(II) Ni3 and Pd(II) Pd4 pre-catalysts for the
coupling of aryl bromides with aryl and alkyl thiols, KOH or NaOH as base at 40-60°C
(Scheme 19). The sterically strained dinuclear complex Ni3 outperformed the best palladium
complex Pd4, showcasing the potential of nickel catalysis.
Br Ni3 (1 mol%), KOH (1.5 equiv.) S
1,4-dioxane, air, 40 °C, 6 h R
+ R-SH
or Pd4, NaOH (1.5 equiv.)
R = Aryl, Alkyl H,0, air, 60 °C, 4 h 41 examples,
92-99% yields with Ni3

SN A @ 7 N
N.—Cl——N "Bu N_ _N "Bu
SNTNerT N2 “pPd

Cl

Ni3 Pd4

Scheme 19. One-component a-diimine Ni(II) Ni3 and Pd(II) Pd4 pre-catalysts enable (relative) mild C-S
cross-coupling of aryl bromides and thiols.”!
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An alternative, more sustainable method for C-S bond formation was developed by Lipshutz and

co-workers,?!

amount of zinc, K3POs, Cs2CO3 or KO'Bu as base in a 2 wt% TPGS-750-M (a-tocopherol-

employing the one-component pre-catalyst (phen):NiBr2, a substochiometric

methoxypoly-ethylenglycol-succinate) aqueous solution (Scheme 20). In this inexpensive micellar
catalysis, pure water was a competitive solvent for a limited amount of water-soluble substrates,

while the surfactant TPGS-750-M proved essential to emulsify insoluble substrates.

(phen),NiBr, (0.7-1.4 mol%) E
X Zn (0.25-0.5 equiv.) S. | 7\ —
K3PO,, Cs,CO5 or KOBu (1.2 equiv.) R | S
+ R-SH - —N N
TPGS-750-M/H,0 (2 wt%, 0.5 M)
45-55°C,20 h

Arl: 22 examples, 26-96% yields E L8 (phen)
ArBr: 9 examples, 54-99% yields !

X=Br, | R = Aryl, Alkyl
Scheme 20. Alternative micellar catalysis utilizing pre-catalyst (phen),NiBr; in a C-S bond formation.®!

In recent years aryl chlorides, as challenging but readily accessible substrates, were intensely
researched. A variety of alternative routes have been explored concentrating on mild reaction
conditions enabled by the high reactivity and facile oxidative addition of nickel catalysts. One
notable example is the coupling of aryl and heteroaryl chlorides in a trifluoromethylthiolation
reported by Schoenebeck and co-workers (Scheme 21).13 Ni(cod)./L7 (dppf) was employed as
catalytic system with (MesN)SCF3 as coupling partner at 45 °C to generate the corresponding
trifluoromethyl sulfides, which represent high-value pharmaceutical compounds. Prior to this
report only aryl iodides and bromides could be trifluoromethylthiolated via nickel catalysis.[**]

Beside the demonstration of synthetic applications in a broad substrate scope, including
pharmaceutically relevant compounds, mechanistic investigations and DFT calculations support a
Ni(0)/Ni(II) catalytic cycle. Additionally, the Ni(I) complex (dppf)NiCl was identified as a readily
formed off-cycle deactivation product via comproportionation and biaryl formation from the in-situ
generated Ni(Il) precursor. Further studies by the same group observed and explained the
unexpected reactivity order of electrophiles ArCl> ArBr > Arl via deactivation of the catalyst
through formation of the off-cycle Ni(I) species, which shows the inverse order for a facile
generation with Arl > ArBr > ArCL.?! The transformation required bidentate ligands with wide
bite angles, which lead to the formation of reactive, mono-ligated LNi(cod) as resting state,
contrary to bidentate ligands with a smaller bite angle (e.g. dppe) or monodentate ligands, which

form bis-ligated L>Ni complexes as more stable and less reactive resting states.
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Additionally, MeCN was identified to increase the catalyst activity and therefore substrate scope,
especially in regards to less reactive electron rich aryl chlorides, by acting as a more labile ligand
compared to cod. The resulting in-situ generated complex LNi(MeCN) undergoes oxidative
addition more readily and the overall energetic span (0Gmax, energy difference of the highest and
lowest point of the reaction path) was reduced (Scheme 21). In contrast to bidentate phosphine
ligands, which favor a Ni(0)/Ni(II) mechanism, bidentate N,N-ligands were postulated to enable
the product formation via a Ni(I)/Ni(IlI) pathway.!**!

Ni(cod), (10 mol%) 5
cl L7 (10 mol%) Seop, | == PPh;
(MeCN (1.0 equiv.)) 3 Fe
+ (Me4N)SCF3 E ©_Pph2

toluene, 45 °C, 12-15h 30 | '
examples, . L7 (dppf
42-96% yields | (dppf)

(dppfNi(cod) TS-04 vs.  (dppf)Ni°(MeCN) TS-04

cod MeCN

5Gmax

ArCl ArCI

Me =—------ -

P 0 P, o C
(P/NI -cod =={------ - (P/N' N

Scheme 21. Nickel catalyzed trifluoromethylthiolation of aryl chlorides and a comparison of the oxidative
addition step with cod and MeCN as labile ligands.[*! (TS-OA = transition state of the oxidative addition).

Later, the substrate scope was extended to a variety of electron rich and electron poor aryl and
heteroaryl chlorides, which were coupled with aryl thiols by Stewart and co-workers, utilizing
Ni[P(Op-tolyl)3]s and L6 (Xantphos) as catalytic system, KO'Bu or Cs,CO3 as base at 110 °C under
reducing conditions with stochiometric amounts of zinc (Scheme 22).'%! The challenging alkyl
thiols were unsuitable coupling partners for aryl chlorides (one example, 20% yield) but showed
moderate yields up to 62% for the coupling of more reactive aryl bromides.

Ni[P(Op-tolyl)ls (5-10 mol%)

L6 (10-20 mol%) :
X KO'Bu or Cs,COj3 (2.0 equiv.) s O O
Zn (1.0 equiv.) R | (0)

toluene, 110 °C, 16 h i PPh;  PPhy
X=Br,Cl R =Aryl, Alkyl . L6 (Xantphos)

ArCl + Aryl thiol: 47 examples, 16-99% yields
ArBr + Alkyl thiol: 5 examples, 22-58% yields

Scheme 22. Nickel catalyzed cross-coupling of aryl bromides and chlorides with thiols.['*"!
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The reactivity of alkyl thiols with aryl chlorides was improved in a contribution by our group
employing the air-stable one-component pre-catalyst XantphosNi(o-tolyl)Cl Nil at room
temperature or 60 °C, however air-sensitive organomagnesium or -zinc reagents were required as
base and activating agent (Scheme 23). ['°!l A broad range of aryl chlorides could be successfully
coupled, with an adaptation of the catalyst to DPEPhosNi(mesityl)Br Ni4 for ortho-substituted
aryl chlorides. While primary and secondary alkyl thiols were coupled efficiently, tertiary
examples reacted only in low yields up to 26%. The coupling of aryl thiols required a modified
procedure with more forcing reaction conditions in comparison to alkyl thiols due to a competing
Kumada coupling.
R?MX (1.2 equiv.)
cl Ni1 or Ni4 (0.5-2 mol%) S\R1
+ RI-SH -
THF (+ NMP), 0.5-4 h , rt-60°C
R' = Aryl, Alkyl 39 examples, 23-94% yields
RZMX = ArMgBr, PhZnCl, "BuZnClI

| tertiary alkyl thiols:

_ : HS

- Y,
PH Ph P Ph :
Ni1 Ni4 5 HS@

(XantphosNi(o-tolyl)CI) (DPEPhosNi(mesityl)Br)
23% (90% purity)

Scheme 23. C-S cross-coupling of aryl chlorides with aryl and alkyl thiols catalyzed with one-component

pre-catalysts Nil and Ni4 under moderate reaction conditions.!!)

Alternative sulfur containing compounds, such as disulfides!'®?! and phenyldithiocarbamates!!'**!

could be employed as substrates in thioether yielding C-S cross-coupling reactions with aryl
iodides, requiring stochiometric amounts of zinc and high temperatures.

While limited examples for the palladium catalyzed coupling of aryl pseudohalides have been
reported (see Chapter 1.3.3), nickel catalyzed methods are even rarer, with only few examples for
the coupling of thiols and aryl mesylates,['* as well as tosylates,"'*! but no examples, with an
extensive substrate scope, for aryl triflates.

One of the first nickel catalyzed publications concentrating solely on the coupling of
aryl mesylates!!® was published in 1995 and utilized sodium thiolates with (dppf)NiCl> (10 mol%)
and L7 (dppf) (20 mol%) as catalytic system, stochiometric amounts of zinc as reducing agent at
80 °C in generally low yields (3 examples, 20—32%), with only diphenyl thioether showcasing high
yields.
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Decades later, Nicasio and co-workers!'® employed the Ni(II) pre-catalysts Ni5/Ni6 and LiO'Bu
as base to couple aryl tosylates and various aryl halides with aryl and alkyl thiols (Scheme 24).

X Ni5 or Ni6 (5 mol%) L:
. LiO'Bu (1.5 equiv.) Ssg ot /I\ ,
R-SH . o . R
DMF, 100 °C, 6 h AN PMe,

* * * 1 CI L R2
X =0Ts, CI*, Br, I' = R =Aryl, Alkyl 15 examples for ArOTs |
(* different conditions) + Arylthiol 57-89% yields !

' Ni5, L9, R%2=H
' Ni6, L10, R?=Me R2

Scheme 24. Nickel catalyzed cross-coupling of aryl (pseudo)halides, including tosylates with thiols.!%]

Nickel catalyzed C-S cross-coupling reactions yielding alkenyl thioethers are even more
underrepresented.!'% For palladium catalysis, solely coupling reactions of alkenyl pseudohalides
were discussed. For nickel catalysis examples with alkenyl halides are included due to the limited
scope of alkenyl pseudohalides.

The utilization of alkyl phosphite ligands has been a successful strategy for the coupling of alkenyl
iodides and bromides. First, the stereospecific synthesis of alkenyl thioethers via a coupling of
(E)-alkenyl iodides and bromides with aryl as well as alkyl thiols utilizing a triethyl phosphite
nickel complex Ni[P(OEt)3]s Ni7 was reported by Tekeda and co-workers (Scheme 25).11%2 While
(E)-alkenyl halides yielded the alkenyl thioether, (Z)-alkenyl halides led to formation of alkynes.

Ni[P(OEt)3]4 (5 mol%)
Et3N or PhNEt, or NaH (1.5 equiv.)

R(\/X + R-SH R1/\/S‘R
R2

R2 DMF, 50 °C, 1-26 h
X=1,Br R = Aryl, Alkyl 24 examples, 44-98% yields
R = Aryl, Alkyl ArBr, Arl: 7 examples, 78-91% yields

R? = H, Alkyl, SiMe3

Scheme 25. Nickel catalyzed C-S cross-coupling of (E)-alkenyl iodides and bromides with thiols.!'%%

Later, alkenyl thioethers were synthesized by Lautens and co-workers!!?®! through the coupling
of alkenyl bromides and aryl thiols utilizing Nil/P(O'Pr); as catalytic system with DIPEA as base
(Scheme 26). This system is stereospecific for each isomer, and while (Z)-alkenyl bromides can be

coupled, the reaction rate is slower, presumably due to steric hinderance.

Nil, (0.5-2.5 mol%)

< 1
R HS P(OPr); (2-10 mol%) R
B 5 equiv. s
Aryl)ﬁ/ ro, DIPEA (2.5 equiv.) _ Anl NN

R? DMF, 120 °C, 18 h R2
R'=H, Me 21 examples, 22-92% yields
R?=H, Br

Scheme 26. Nickel catalyzed C-S cross-coupling of alkenyl bromides and aryl thiols.!]
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A recent and highly relevant nickel catalyzed coupling of alkenyl triflates with thiols, reported by
Pan and co-workers, 1% will be the only electrochemically promoted reaction referenced and
included in this thesis, due to its importance on the topic. Ni(cod)/L11 (bpy) was utilized as
catalytic system with BusNOAc as base under mild reaction conditions (Scheme 27). A broad
substrate scope in respect to aryl thiols, but a limited scope with two examples in moderate yields

for alkyl thiols, was demonstrated.

il

Ni(cod), (15 mol%) : &
OTf L11 (15 mol%) SR PNy
. BuysNOACc (3 equiv. . !
A me 4NOAc (3 equiv) A |
GFE(+)INFE(-), 2 mA N CoNT
DMA, rt, 2 h 5 N
R = Aryl, Alkyl 42 examples, 16-98% yields ! L11 (bpy)

Alkylthiols: 2 examples, 40-47% yields E

Scheme 27. Electrochemically promoted nickel catalyzed cross-coupling of alkenyl triflates and thiols.[!%¢!

The inefficient and low-yield coupling of alkyl thiols, especially sterically challenging tertiary
examples, has been a typical limitation in C-S cross-coupling reactions for the coupling of aryl and

alkenyl (pseudo)halides.

1.3.5. Copper Catalysis

Another alternative low-cost transition metal, which has shown potential in homogeneous catalysis,
is copper. The first copper-catalyzed coupling of thiols with aryl halides to generate thioethers,
referred to as Ullmann type coupling,'”l was published in 1984.74 Thiophenol and aryl bromides
or iodides were coupled with metallic copper as catalyst at 240-300 °C in an autoclave. Later
research led to the development of catalytic variants performed at comparatively lower
temperatures (~100 °C). These methods typically employed Cu(l) salts, either under ligand free

(1981 In contrast to palladium and

conditions, or with N-containing ligands, such as bidentate amines.
nickel, copper catalyzed ligand free coupling reactions can generate excellent yields. Additionally,
only a limited amount of publications for the cross-coupling of aryl (pseudo)halides with thiols,

but a variety of reactions with alternative sulfur sources and thiol surrogates have been reported.
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While aryl iodides and thiols were coupled efficiently by Anilkumar and co-workers with
Cul/DABCO as catalytic system and K>COs as base at 120 °C, aryl bromides had moderate and
chlorides low yields.''®! An alternative, ligand free catalytic system employing Cul as catalyst and

KO'Bu as base for the coupling of aryl iodides with (hetero)aryl thiols was reported by Patil and

co-workers (Scheme 28).[110]

Cul (5 mol%)
' HS KO'Bu (2.0 equiv.) S
+
H,O/DME or EtOH
100 °C, 8-16 h )
(or benzothiazol) 48 examples, 10-99% yields

Scheme 28. Ligand free Cul catalyzed coupling of aryl iodides and (hetero)aryl thiols.!'!%!

Expanding the substrate scope, the coupling of aryl bromides as well as less reactive aryl chlorides
with aryl and alkyl thiols utilizing Cul and the oxalic diamide ligands L12/L.13, in addition to

KO'Bu as base, was investigated by Lee and co-workers (Scheme 29).1!!!

E H
Cul (5 mol%) ! R,N\H)J\N/Cus
X L12 or L13 (10 mol%) S\R : S H
KO'Bu (1.7 equiv. ;
+ R-SH (1.7 equiv.) | L12 (R = 2-Ph(CgHL))

1,4-dioxane or toluene L13 (R = CgHy3)

X=Br, Cl  R=Anl Alkyl 110 °C, 24 h ArBr: 32 examples, 53-99% yields
ArCl: 17 examples, 45-95% yields

Scheme 29. Coupling of aryl halides with aryl and alkyl thiols utilizing Cul and oxalic diamide ligands.!'!!!

Due to the versatile nature of copper a variety of alternative sulfur sources (which only deliver one
sulfur atom into the target structure) and sulfur surrogates (which are coupled with the aryl halide

and fully integrate into the generated thioether) have been employed in copper catalysis. These

[114] 115]

include elemental sulfur (Ss),!''?! xanthate,!'*! sodium thiosulfate, potassium thioacetate,!

sulfoxide,!''" and sodium sulfinate!'!”! (Figure 9).
sulfur sources ! thiol surrogates
O Na*: o 0
S I ' I SO,Na
SRS AR TS G 2
Ss Ks~ “OEt Na'§ . KS ROR
' R = Aryl, Alkyl
Weng 2016 Sekar 2015  Latifi 2016 | Peféfiory 2017  Wang 2017 Ma 2020

Figure 9. Examples of alternative sulfur sources and sulfur surrogates employed in the copper catalyzed
synthesis of thioethers.[!!>117]
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The first two sulfur sources will be discussed in greater detail. Utilizing Cul/L8 (phen) as catalytic
system and NaBHj4 as reducing agent, a reductive trifluoroethylthiolation of aryl iodides and

bromides with elemental sulfur (Ss) was published by Weng and co-workers (Scheme 30).[!!2]

Cul (10 mol%) 5 _
X L8 (20 mol%) s. CF.' ¢ N\
NaBH, (3.0 equiv.) NN \ /)
T RO s : T
DMF, 85-95°C, 12-16 h - L8 (phen)

Arl: 24 examples, 36-99% vyields
ArBr: 11 examples, 60-96% yields

Scheme 30. Reductive coupling for the copper catalyzed synthesis of fluorinated thioethers.!!!?

Xanthate, as odorless sulfur source, was utilized by Sekar and co-workers in a ligand and base free,
Cu(OAc), catalyzed tandem reaction with 2-iodo and 2-bromochalcones to synthesize
thioflavanones (Scheme 31).[''*) The proposed mechanism consists of a C-S coupling, followed by

C-S bond cleavage and ring formation via an intramolecular Michael addition.

i Q : o-[cu
A R i Cu(OAc), (10 mol%) ; ~r
* Ks” COEt . !
X DMSO, 70-100 °C, 3-24 h "R s
X=her Arl: 28 examples, 80-97% yields S)\OEt

ArBr: 5 examples, 74-83% yields | |ntermediate

Scheme 31. Tandem reaction including a copper catalyzed C-S bond formation.!!3]

A limited amount of copper catalyzed methods to synthesize alkenyl thioethers have been reported

1181 The Cu(I) one-component pre-catalyst Cul

for the coupling of alkenyl iodides and bromides.!
and K3POs as base were employed to couple a variety of alkenyl iodides and aryl as well as alkyl
thiols yielding the corresponding thioethers (Scheme 32).1''83] Both (E)- and (Z)-isomers were
tolerated with a retention of stereochemistry. In addition to pre-catalyst Cul, Cul/L8 (phen) could

be employed as catalytic system for the C-S cross-coupling.

Cu1 (5 mol%)

/ 5 L=
R1H\/I . ROSH K3PO, (1.5 equiv.) R1ﬂ\/SR xS 7 N\
R2 toluene, 110 °C, 4-24 h R? ! N N o
E /CU; NOs
R'= Alkyl, Aryl R3 = Aryl, Alkyl 31 examples, 88-99% yields ! PhsP  PPhs
R2=H, Ph 5 Cuf

Scheme 32. Copper catalyzed coupling of alkenyl iodides and thiols with pre-catalyst Cu1.[!%
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The stereospecific reaction was further developed and the substrate scope was extended by Cook
and co-workers!!'®) in a coupling of alkenyl iodides and aryl as well as alkyl thiols with Cul/L14
(cis-1,2-cyclohexanediol) as catalytic system and K3;POg as base under milder reaction conditions

(Scheme 33).

Cul (10 mol%)
L14 (20 mol%)

: OH
SR3 :
. N ,
PP + R2-SH K3PO4 (1.5 equiv.) R“'\/ ! CE

R? OH
DMF, 30-50 °C, 0.5-4 h ,
R'= Alkyl, Aryl R? = Aryl, Alkyl 33 examples, 84-98% yields . L14

Scheme 33. Copper catalyzed coupling of alkenyl iodides and thiols under milder reaction conditions.!*!

Later the substrate scope of alkenyl halides was extended by Kao und Lee!!'®l to enable the
coupling of alkenyl bromides and alkenyl chlorides in addition to the commonly employed alkenyl
iodides. For alkenyl iodides CuzxO (0.5 mol%) as catalyst, under ligand free conditions, with KOH
as base at 110°C was sufficient, whereas the more stable alkenyl bromides and chorides required

Cu20 (5 mol%), ligand L8 (phen) (10 mol%) and longer reaction times to yield the thioeter.

1.3.6. Iron Catalysis

Iron, as abundant low-cost transition metal with comparatively low toxicity, has been utilized as
catalyst in a variety of C-Heteroatom, including C-S cross-coupling reactions.!”*!

The first iron catalyzed Migita type coupling was published by Bolm and co-workers in 2008
(Scheme 34).1""1 Aryl iodides and aryl thiols were coupled with FeCls and L15 (DMEDA) as
bidentate ligand at high temperatures. However, Buchwald and Bolm reported later that copper
contamination in non-high-purity commercial batches of iron precursor salts (< 99.99%) were
likely to be responsible for the cross-coupling activity, as only low yields were observed with the
pure precursor without contaminant.l'?”! This study highlights the importance of high purity

precursors for iron catalysis and the pitfalls of accidental trace metal catalysis.

FeCls (10 mol%)”
L15 (20 mol%)

! H
' HS NaO'Bu (2.0 equiv.) S /N\/\N/
+ | H
toluene, 135 °C, 24 h E L15 (DMEDA)
* traces of Cu . '
18 examples, 32-98% yields .

Scheme 34. Iron catalyzed coupling of aryl iodides and thiols with a copper contaminated precursor.!!!-12%]
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Several reports on iron catalyzed C-S cross-coupling reactions followed, although the presence of
copper cannot always be excluded, partially due to a lack of control experiments. Among more
recent contributions, a FeCls/proline catalytic system was employed for the coupling of thiophenols
and aryl halides.['?!] Additionally, the iron catalyzed C-S bond formation has been utilized as useful
tool in sequential ring closing reactions for the synthesis of heterocycles. A variety of
phenothiazines were synthesized by Hu and Zhang through a tandem C-S/C-N cross-coupling of
1,2-diarylhalides with protected 2-mercaptoanilines via a FeSO4/L8 (phen) catalytic system and
KOBu as base (Scheme 35).1'22!

FeS0,+7 H,0 (5 mol%)
X! OHS L8 (5 mol%)
t .
X N DMF, 135 °C, 24 h L
X' X2 =1 Br, Cl 22 examples, 19 96% yields ! (phen)

Scheme 35. Iron catalyzed synthesis of phenothiazines via sequential C-S and C-N cross-coupling.['?*!

Another example is the synthesis of benzothiazoles by Xu and co-workers,!'>* in a Fe(OAc)./L16
catalyzed transformation of benzyl mercaptans with 2-iodo and 2-bromoanilines via a sulfur
directed C-H amination followed by a C-S cross-coupling (Scheme 36).

Fe(OAc), (5 mol%)

X L16 (5 mol%)
. Hs Cs,CO5 (2 equiv.) ‘: >—. /
NH,

DMSO, 100 °C, 24 h '
X=1,Br Arl: 9 examples, 72-95% yields | L16
ArBr: 7 examples, 76-88% yields .

Scheme 36. Tandem C-S coupling and C-H amination to access benzothiazoles.!'*!

The coupling of alkenyl iodides, bromides and chlorides with aryl and alkyl thiols was reported by
Lee and co-workers, >l employing FeCl3/L6 (Xantphos) as catalytic system (Scheme 37).

FeCl; (10 mol%)

L6 (10 mol%) :
KOBu (2 equiv.) '
> . (@)

XX + R’-SH X SR?
R 1,4-dioxane or DMF, 135 °C, 24 h R PPh, PPh,
: - i : L6 (Xantphos)
1 R2 = Arvl. Alkvl I: 13 examples, 37-90% yields
)R(’_ IA:;?/ICI Ay Br: 7 examples, 33-74% vyields

Cl: 6 examples, 16-62% yields

Scheme 37. Iron catalyzed coupling of alkenyl halides and thiols.[?*!

Challenges in iron catalysis are the facile off-cycle disulfide formation as well as the reduction or
poisoning of iron through thiol coordination. Until today high temperatures and long reaction times

are required for a facile iron catalyzed C-S cross-coupling
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1.3.7. Other Metals

Other metals, such as Co,['?>) Mn,!1?6] In{!?7] and Zn!!?8] were less frequently employed for the
coupling of aryl and alkenyl (pseudo)halides with thiols. Hayashi and co-workers utilized
disulfides as alternative sulfur containing compounds in a ruthenium catalyzed coupling of alkenyl
triflates with Rul/L17 as catalytic system and stochiometric amounts of zinc as reducing agent

yielding the corresponding alkenyl thioethers (Scheme 38).12]

oTf Ru1 (3 mol%) E
L17 (3 mol%) SR ! lq
,/ Zn (1.5 equiv.) / . RU‘CI / \
. , + RS-SR 7N ;
DMI, 120 °C, 24 h N ;

14 examples, 68-95% yields

Ru1 ([RuCly(p-cymene)],) L17 (Me4-phen)

Scheme 38. Ruthenium catalyzed coupling of alkenyl triflates and disulfides.!!*”!

1.4. Stereochemistry

“Since most molecules are three-dimensional, it pervades all of chemistry. It is not so much a
branch of the subject as a point of view, and whether one chooses to take this point of view in any

given situation depends on the problem one wants to solve and the tools available to solve it. 113"

Stereochemistry describes chemistry in a three dimensional space. This subdiscipline, which
focuses on the relationship between different stereoisomers, is essential for the understanding of
chemistry in general, from organic, inorganic, physical, analytical to biochemistry. Stereoisomers,
also referred to as spatial isomers have the same constitution but a diverging three-dimensional
orientation of their atoms in space. They can be differentiated in enantiomers and diastereomers
(Figure 10).13% Enantiomers, also referred to as optical isomers, are chiral compounds with one
single stereocenter. They exist in two forms as non-superimposable mirror images, one left- and
one right-handed. Diastereomers, stereoisomers with two or more stereocenters, are not mirror
images of each other.!*!! When two diastereomers differ in only one of their stereocenters, they
are called epimers. While enantiomers share the same physical and chemical properties in an achiral
environment, whereas in a chiral environment their properties differ, diastereomers have different

physical and chemical properties independent of the environment.
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H H
H—(I:—(IZ—OH Constitutional Stereoisomers
N H (structural) isomers (spatial isomers)
Ho H
H_CI:_O_C,;_H [Diastereomers] [Enantiomers] CIJOOH E (l:OOH
H H .
C.., Ly C
S NN
\VH O HY S eH
HsG  CH3 H  CHs Conformers
C=C /C=C\ CH,4 CHj
H H HC H H CH; H H
HSH  H S H
H CH,
[130, 132]

Figure 10. Overview of isomers, concentrating on stereoisomers.

The historic origin of stereochemistry can be found in the early 19" century when Malus first
discovered the polarization of light through optically active crystals. 50 years later Louis Pasteur,
considered today as the father of molecular chirality (although he called it dissymmetry)
revolutionized organic stereochemistry, by extending the concept of optical activity from crystals
to single molecules and molecular structures.[**! He succeeded in the historically first artificial
chiral resolution of enantiomers, through separation of the distinct enantiomorphic crystals of the
(+) and (-) sodium-ammonium salt of tartaric acid from a racemic mixture, by hand. While Le Bel
and van’t Hoff independently described the asymmetric tetrahedral structure of carbon atoms,
laying the foundation for (modern) organic stereochemistry, the term chirality was coined by
Lord Kelvin in the late 19" century.[!**]

Chirality is an essential concept not only in stereochemistry and biochemistry but more generalised
in life, as chiral molecules in living organisms predominantly exist as one enantiomer. This can be
seen explementary by life’s molecular building blocks L-amino acids and D-carbohydrates, which
build more complex fundamental biological structures, such as proteins and DNA. The
homochirality of biological molecules is essential for molecular recognition and leads to the chiral
environment of the human body.!'** In such a chiral environment two enantiomers can have
different properties (via distinct interactions with chiral receptors, such as enzymes and proteins)
and can therefore be metabolized differently, which is of relevance for chiral pharmaceutical

compounds. The 1960s Thalidomide scandal has led to awareness of this critically important factor.
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While the (R)-enantiomer of Thalidomide was marketed for treating morning sickness in pregnant
women and indeed acts as a sedative, the (S)-enantiomer is teratogenic and led to severe birth
defects, such as limb deficiencies, in infants.['**] Thalidomide was sold as racemate, but even the
enantiopure (R)-compound is dangerous, as the isomers readily interconvert in vivo.['*¢1 A less
severe example is Ibuprofen, in which the (S)-enantiomer is effective, whereas the (R)-enantiomer

is ineffective, but does not cause side effects and can interconvert in vivo (Figure 11).[1%7]

Thalidomide Ibuprofen
)-enantiomer )-enantiomer . )-enantiomer )-enantiomer
sedat/ve teratogen/c E /neffect/ve ana/ges:c

Figure 11. (R)- and (S)-enantiomers for the pharmaceutical compounds Thalidomide and Ibuprofen with
the corresponding effects in vivo.[1*> 137]

Today, the two enantiomers of chiral pharmaceutical compounds are therefore considered two
separate drugs, unless proven otherwise, as diverging chemical and pharmacological behaviour can
be expected in the human body (e.g. toxicity, bioavailability, potency, metabolism rate, metabolites
and receptor selectivity).l!3¥] As a consequence the isolation of enantiopure compounds is essential
in drug development, as well as of interest for the agriculture, flavour and fragrance industry.

The isolation can be enabled via a variety of methods, including chiral resolution of a racemic
mixture through separation of enantiomers (chiral HPLC, crystallization of diastereomeric adducts
or kinetic resolution), by utilizing a chiral pool precursor (chiral building blocks from natural
products), via stochiometric enantioselective synthesis (chiral reagents or chiral auxiliaries in a
diastereoselective reaction) or through asymmetric catalysis (e.g. prochiral substrates generate an
enantioenriched product mixture utilizing a chiral catalyst).!3"]

The importance of chiral catalysis and asymmetric synthesis was recognized with a Nobel Prize
awarded to Knowles, Sharpless and Noyori in 2001 for their pioneering work on asymmetric
hydrogenation reactions.!!4"]

A variety of stereogenic elements can lead to chirality. The most common is a chiral carbon
stereocenter in an organic compound exhibiting four distinct and different substituents in a
tetrahedral geometry. Further options are axial chirality, generated through a stereogenic axis

(e.g. BINOL), planar chirality (e.g. trans-cyclooctene) as well as inherent chirality, such as helical

chirality, which arises from curvature or twisting of a molecule in space (e.g. DNA).[!32!
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1.4.1. Atropisomers

Atropisomers are stereoisomers, more specifically rotamers, which exhibit axial chirality. The
hindered rotation about a -bond, usually due to steric strain, creates an energy barrier high enough

to allow isolation of different conformers. The half-life 7'/

for atropisomers, which by definition
do not readily interconvert, is > 10’ s at any given temperature, with a minimum free energy barrier
dependent on the temperature.['*!] LePen defined classes of atropisomers based on the half-life of
racemisation at 37 °C. Class 1: (/> < 60 s), class 2: (60 s > /2 < 4.5 years), class 3: (1> 4.5 years).
Class 1 atropisomers have a too low rotational barrier and half-life to be defined as classic
atropisomers, but they are abundant in FDA-approved small-molecule drugs, and although they
interconvert fast, they have been observed to bind targets exclusively in one of their chiral
conformations. Class 3 atropisomers are considered stable enantiomers and can be employed for
chiral drug development.['4%

In the beginning of the 20™ century axial chirality was first described correctly and in 1933 Kuhn
coined the term atropisomerism. Atropisomers are important structural motifs, represented in

[143] with numerous applications in catalyst design, as well as drug discovery.['**] The most

nature,
common form, biaryl compounds bearing ortho substituents, are used as privileged bisphosphine
ligands,'*! such as BINAP,!'*6] and can be found among pharmaceutical compounds.!'*!) In the
past, enantiopure atropisomers were primarily isolated via racemic (optical) resolution. Other
alternative methods, which yield enantiopure or enantioenriched atropisomers include the
(dynamic) kinetic resolution of racemic mixtures, the de novo aryl ring synthesis (construction of
aromatic rings), the construction of a chiral axis, as well as the desymmetrization through
functionalization of an aromatic ring, such as a prochiral biarly (Figure 12).['*”) The latter can be
exemplary achieved via site-selective asymmetric cross-coupling.

4 QL 0]
R\'R R R R R

R R R\©/R R l R

de novo ring synthesis construction of functionalization
construction of aromatic rings chiral axis of biaryls

Figure 12. Examples of methods for the synthesis of atropisomeric biaryls.[!4”]
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The stereoselective synthesis of atropisomers in modern drug discovery and ligand development
has been of interest during the last decade. Sulfur containing atropisomers are an attractive target
structure, because of their potential as pharmaceutical compounds, as well as their use as ligands
(axial chiral biaryl thioethers are a privileged ligand class, Figure 13),l!*¥] but their synthesis is

challenging with multiple-step procedures reported.!'*]

I I SR l I SR I SR I SR
Co ot T o
S

Figure 13. Examples of axial chiral ligands containing thioethers.[!43-14%]

While the synthesis of atropisomers via palladium catalyzed C-C bond formation is comparatively
common, generation of C-Heteroatom bonds has remained rare, with limited examples for
atropselective C-N!!>% and C-P"3! coupling reactions. For the C-S bond construction only highly
specific copper catalyzed ring opening reactions in a desymmetrization of cyclic
diaryliodoniumsalts (five membered bridged biaryl structures), utilizing BOX (bis(oxazoline))
ligands with a limited substrate scope have been reported (Scheme 39).'321 A fast isomerization
between the conformers of the diaryliodoniumsalts, as well as the release of torsion strain enable

the reaction under mild conditions and low temperatures.!'>

'R \(\ o
O ’ O copper catalyst O E N=
R? fast R ® o BOX ligand R’ | E R

® 3
= I + S—R !
R2 | R2 mild conditions R2 Sigs | n= R
O O R\\‘K/O
limited substrate scope BOX ligands

Scheme 39. Atropisomers containing thioethers synthesized via C-S bond construction from cyclic

diaryliodoniumsalts via copper catalysis utilizing chiral BOX ligands under mild reaction conditions.!5?!

Gu and co-workers utilized Cu(CH3CN)4sPFs and L18 (PhBOX) as catalytic system in an
enantioselective ring opening of diaryliodonium salts with potassium thiocarboxylates as
nucleophiles at -20 °C to generate a variety of axial chiral thioesters in high yield and ee
(Scheme 40)."522] The reaction has been previously utilized to couple amines as well as

diarylphosphines.[!3%]
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R'I O e} CU(CH3CN)4PF6 (50 mol%) R1 O I

N=
® L18 (7.5 mol%
I PI-@ + (7.5 mol’%) R? S
R2 6 Ks” "R® hig N=
DCM, -20 °C, 36 h 5
© Ph““K/

27 examples,

73-99% yields, 90-99% ee

R !
! L18 (PhBOX)

Scheme 40. Enantioselective ring-opening reaction of cyclic diaryliodoniumsalts with potassium
thiocarboxylates.!3%?!

The alternative BOX ligand LL19 and Cu(OAc) as copper source with Na,COs as base was utilized
by Zhang and co-workers!**! in a similar desymmetrization, employing heteroaryl thiols, such as
2-mercaptobenzoxazole and 2-mercaptobenzothiazole derivatives as nucleophiles, to generate the

corresponding product in good to excellent yields and ee (Scheme 41).

Cu(OAc), (2.5 mol%)
R L19 (4.5 mol%)

L=
~ ; R’ [ !
® O N— - 7?x, Na,CO5 (3.0 equiv.) )
2 17 OTf + Hs—( I ) s R? S\ _N i N=
R O X< DCM,0°C,12h O \//\/}_1 : o
X=0,8 Xy P
32 examples, v/ L19

56-99% yields, 74-99% ee

Scheme 41. Enantioselective desymmetrization of diaryliodoniumsalts with heteroaryl thiols.!'3*"]

1.4.2. Epimers

Epimers are diastereomers with multiple stereocenters that differ in the configuration of only one
of them. The interconversion of one epimer into the diastereomeric counterpart is called

154

epimerization.'** Common examples of such epimers are carbohydrates. For D-glucose, the

C2 epimer is D-mannose, while the C4 epimer is D-galactose (Figure 14).115!

r C2 epimer _H_ C4 epimer j

CHO CHO CHO
(HO—F-H ) ( H——on] H——OH
HO——H HO——H HO——H
H——OH ( H——OH] (HO——H |
H——OH H——OH H——OH
CH,OH CH,OH CH,OH
D-mannose D-glucose D-galactose

Figure 14. D-glucose, D-mannose (C2 epimer) and D-galactose (C4 epimer).[135-156]
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1.5. Palladium Catalyzed Epimerization of Iodides under Visible Light Irradiation

1.5.1. Stereochemical Editing via Epimerization

The stereochemistry of molecules has a defining influence on their properties, with diverging
chemical as well as biological effects for different isomers (see Chapter 1.4).!3% 157 Controlling
and adapting the stereochemistry of organic compounds, which is possible via a variety of enantio-
and diastereoselective reactions, is therefore of importance to harness their unique
characteristics.!*®]

A well-established method to access organic molecules with defined stereocenters is retrosynthesis,
commonly via strategic bond-formation and stereo-induction steps, in which the precise
stereochemical control is essential. Possible strategies include the utilization of accessible
enantiopure starting materials from the chiral pool as well as selective stereochemical
transformations. As both are limited, the stereoselectivity defining step commonly dictates and
restricts possible reaction pathways, rendering the synthesis of some stereoisomers easier than
others.[> This can be seen explementary for 8a(H)-drimane, which is accessible via a selective
one-step reduction from the chiral pool precursor drimene through a conventional hydrogenation,
while the synthesis of 8f3(H)-drimane from the same starting material initially required four steps
(Scheme 42).115%-1601 Although later an elegant copper-mediated reduction, which accessed the
desired 8B(H)-drimane directly was published, it required the development of a new reaction

(Scheme 43).1161]

) -
N\

one step procedure
accessible isomer

drimene

alternative route:
stereochemical editing
via epimerization

multiple step procedure
or development of new reactions
challenging isomer

Scheme 42. Stereochemical editing via epimerization as alternative route to access isomers, which cannot

be derived in a straight forward manner from chiral pool precursors or known stereoselective reactions.!'>)
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An alternative method to access different stereoisomers, which can be used to extend the scope of
classic retrosynthesis, is stereochemical editing.['®) With this strategy the stereocenter of an
organic molecule can be modified, simplifying the synthesis of challenging isomers and allowing
for late stage functionalization (Scheme 43).116%193] [t enables flexibility in the choice of retrons
(e.g. chiral pool precursors) and reactions (selective high yielding transformations), opening up
new synthetic routes in which the stereoselectivity is decoupled from the bond forming step.[!>"]
Stereochemical editing can be viewed as a complementary method which enables distinct
(retro)synthetic options, simplifying access to stereoisomers which do not yet have a straight
forward way of synthesis, without the need for novel and time intensive reaction development.
One form of stereochemical editing is epimerization. Here the method is leveraged to access
different diastereomers (epimers), through a common, generally prochiral intermediate. The
potential of this transformation can be seen on the previous example for the synthesis of
8B(H)-drimane, which is synthesized in a simple one-step epimerization from the accessible
8a(H)-drimane. A similar strategy can be utilized to access the challenging isomer of the steroid
derived from (+)-cholic acid in a simple esterification and epimerization sequence, while the
synthesis previously required seven steps (Scheme 43).[164

Co(dpm),, PhSiH; TBHP
e

e :

novel reaction development

Hy, PtO, epimerization
% w2, _epriielization

CO,Me
epimerization
e,

HOY

(+)-cholic acid challenging isomer

| O—O—O—O—O—O—O

previously: seven step procedure

Scheme 43. Examples in which stereochemical editing via epimerization enables facile access to
stereoisomers that would otherwise require multiple step synthesis or novel reaction development.!'>
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While the revision of stereocenters via epimerization is a deceptively simple and often employed
strategy, it may require multiple steps and can have a limited substrate scope. A variety of
examples, reported by Wendlandt!'>* 15l and MacMillan,!'%®! independently showcase the potential
of photocatalytic epimerization to edit a carbon center via the in-situ formation of a prochiral

radical intermediate for carbohydrates!!%%4 and cyclic 1,2-diols!'93% 1661 (Scheme 44).

Epimerization via Hydrogen Atom Abstraction and Donation

s\ — b

prochiral radical inte-rmediate

products: Wendlandt MacMillan Wendlandt
OMe H OH H
r~ OH H wa R
R’VQ?OH R%EH R&OH R%E
H - -
acidic C-H __ not acidic _
weak BDE strong BDE

Scheme 44: Recent examples of stereochemical editing through a photocatalytic epimerization via hydrogen
atom transfer and prochiral radical intermediates for acidic!'®>-1%¢! and not acidic C-H bonds.[">"!

In the transformations, initially weak C-H bonds in close proximity to a secondary alcohol could
be broken and reformed selectively in a sequential C-H bond abstraction and donation via radical
mediated reactions.!'?) While Wendlandt and co-workers isolated the trans-diequatorial 1,2-diol
as thermodynamic product, utilizing an iridium photocatalyst and triphenylsilanethiol, which
promotes kinetically efficient reversible H atom transfer,['®**! McMillan and co-workers utilized
dynamic epimerization under transient thermodynamic control, selectively stabilizing an otherwise
thermodynamically disfavored isomer, generating the cis-diol.['®! Methylboronic acid acted as
selectivity defining chelating agent during the reaction. Due to the reversible boronic ester
formation and ring strain on the trans-boronic ester intermediate, the dynamic system generated

cis-boronic ester as stable intermediate, yielding the cis-diole after workup (Scheme 45).

H [BugP14W 10032 OH

w'ﬁ (PhS),, MeB(OH), w
R OH RX OH

MeCN, rt, 390 nm LED

trans-diol cis-diol
inversion of thermodynamics
\* via boronic ester fromation l+ Me
/B,Me O\|/3/
Rmo’ R%O
disfavoured due to ring strain favoured intermediate

Scheme 45. Dynamic epimerization of trans- to cis-diols via boronic ester intermediates.!'%!
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The photocatalytic epimerization was initially limited to reactive and acidic protons at the
corresponding stereocenter of interest, which enabled facile C-H bond abstraction and donation.
Wendlendt and co-workers extended the substrate scope to non-activated tertiary stereocenters,
utilizing a decatungstate photocatalyst and disulfide additive to facilitate the isomerization.!'>) The
reaction enabled access to otherwise challenging structures and late-stage functionalization of
complex molecules, such as the previously presented examples for 8B(H)-drimane and the
challenging steroid isomer (Scheme 43), as well as reduced Diels-Alder cycloaddition products

(Scheme 46), expanding the stereospecific reaction outcome.

) (0] (0]

R R
R \ 4+2 P
+ -X [4+2] epimerization
- — - --X
A then [H] !
H A
R

. R R

> X [4+2] o epimerization o~

U + _— -

- = then [H] P L7
R

R R
Scheme 46. Stereochemical editing of reduced Diels-Alder cycloadducts via epimerization. Inversion of
stereocenters defined by the dienophile or diene.["**! [4+2] cycloaddition, [H] = H,, Pd/C.
While the reported photocatalytic epimerization reactions are often limited to C-H bonds,

employing the strategy of stereochemical editing on a wider variety of functionalized carbons, such

as C-X bonds, and further expanding the substrate scope is of interest.

1.5.2. Palladium Catalysis under Visible Light Irradiation

Palladium, although expensive and relatively rare compared to other transition metals, is still the
most commonly employed catalyst for C-C/C-X bond formations. During the last years visible
light induced transition metal catalysis has developed into a useful tool in organic synthesis, by
enabling reactions under mild conditions, which previously required high temperatures.!'®”]
Palladium has shown tremendous potential in this area, since the first visible light induced
exited state palladium catalyzed reaction via an aryl Pd(I) radical hybrid species was published by

Gevorgyan and co-workers in 2016.168]
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While the common ground state palladium catalysis often proceeds through a Pd(0)/Pd(II) catalytic
cycle (see Chapter 1.2), the new method generates exited state palladium complexes via visible

light irradiation of L,Pd(0) (Scheme 47), which can undergo single electron transfer to generate

Pd(I) radical hybrid species that exhibits radical, as well as classic Pd-type reactivity.!!67 16%]

L,Pd(0)" exited state

transition metal catalyst !
substrate product . g

visible light E L,Pd(0) ground state

Scheme 47. Visible light induced exited state palladium catalysis enables new reaction pathways.!!%]

The in-situ generated palladium radical species enables facile and less explored one-electron
transformations through reaction pathways including H atom-, single electron-, and triplet energy-

transfer!'®! in addition to classic two-electron transformations.!'®”!

1.5.3. Carboiodination

Organic halides, such as aryl, alkyl and alkenyl iodides are important synthetic intermediates and
versatile, reactive substrates employed in a variety of transformations. Installing C-X, such as C-I
bonds in a stereoselective manner can be challenging due to the forcing reaction conditions
typically required (see Chapter 1.2.1). Transition metal catalysis, such as palladium or nickel
catalyzed carboiodination,!'” which represents a method for selective C-I bond formation,
typically via reductive elimination from a Pd(Il) L,Pd(R)I complex, is an attractive alternative.

Lautens and co-workers!!’17! pyblished a multitude of carboiodination reaction during the last
decades. An often utilized strategy is the intramolecular C-I bond transfer across a m-system to
access complex iodo-heterocycles.['”1* 172] One of the earlier works by Newman et al. showcases
such a palladium catalyzed intramolecular carboiodination of alkenes, utilizing Pd(QPhos), as
catalyst at 100 °C, in addition to an intermolecular carboiodination of norbornene with aryl iodides,
utilizing Pd(P‘Bus), as catalyst and yielding the di-substituted exo (syn) iodo-norbornyl product
(Scheme 48).117* For high temperature palladium catalyzed carboiodination reactions, bulky
phosphine ligands, favoring the C-I bond reductive elimination through a release of steric strain,
have shown promise. The reaction was postulated to follow a classic 2-electron mechanism with

an initial oxidative addition of the aryl iodide to Pd(0).[!7%
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Intramolecular carboiodination of alkenes
< R | = PBug
i Fe Ph
R1—! 2 Pd(Q-Phos), (2.5-5.0 mol%) 1t N ) 1 Ph <
Pz R R'G n I Ph
X =X + Ph
toluene, 100 °C, 4-16 h E Ph
X =0, NR® 9 examples, 78-96% yieldsi L20 (Q-Phos)

..................................................................... b e e m e e e m e

Intermolecular carboiodination of norbornene

R_
N Pd(PBug), (5 mol%) ™ |
R—I + / > |
= toluene, 100 °C, 16-40 h

1.0 equiv. 1.3 equiv. 3 examples, 60-67% yields

Scheme 48. Palladium catalyzed intramolecular carboiodination of alkenes and intermolecular

carboiodination of norbornene with aryl iodides at 100 °C.[!7*]

Combining the potential of palladium catalysis under visible light irradiation and carboiodination,
Marchese et al. recently published a palladium catalyzed blue light promoted intramolecular
carboiodination with [Pd(allyl)Cl]o/L21 (DPEPhos) as catalytic system generating primary alkyl

iodides. The mechanism is postulated to include a blue light induced reversible C-I bond formation

via a radical one-electron pathway (Scheme 49).[74]
| [Pd(allyl)Cl)], (3.75 mol%) R3 | E
O L21 (15 mol%) O E o
Rt _ x/Y R3 K,COj3 (1.2 equiv.) _ Ry P X/Y : Lon, Lon,
! toluene, blue LED, rt, 20 h : :
R2 u ! R? ! L21 (DPEPhos)

31 examples, 25-94% yields

Pd'—

reversible C-1 bond formation

Scheme 49. Palladium catalyzed and blue light promoted intramolecular carboiodination via reversible
C-I bond formation. [
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2. Summary of Published Results

2.1. Acetate Facilitated Nickel Catalyzed Coupling of Aryl Chlorides and Alkyl Thiols

Aim of this work was to enable a mild, low-cost and convenient C-S cross-coupling of
aryl chlorides with primary, secondary and tertiary alkyl thiols.!'”*! Previously the reaction was
limited to aryl iodides and bromides with few examples for the less reactive aryl chlorides.
Additionally, relative high temperatures and air-sensitive, reactive reagents were commonly
required to enable the transformation. While aryl thiols could be coupled efficiently, alkyl thiols,
especially sterically challenging tertiary examples remained challenging (see Chapter 1.3).

This gap was closed and a mild transformation was enabled through the combination of nickel as
catalyst, Xantphos as ligand and KOAc as base. The high reactivity and facile oxidative addition
of nickel catalysts renders them an excellent option for the transformation of challenging
electrophiles, such as aryl chlorides (see Chapter 1.3.4). Nickels potential was controlled with the
help of Xantphos, a bidentate phosphine ligand, which has been shown to reduce catalyst
deactivation, stabilize active catalytic species and promote reductive elimination through steric
strain. The hemilabile nature of Xantphos renders it versatile by enabling 1, k2 and 3
coordination with the three possible donors (phosphines and oxygen ether linkage). This
adaptability of the coordination mode to the properties required (such as oxidation state or free
coordination space) gives rise to the opportunity to stabilize intermediates (k3 — coordination) or
generate reactive and unsaturated intermediates through temporary partial ligand dissociation
(x1-coordination) (see Chapter 1.2.3). The advantages of nickel and Xantphos were combined in
the air-stable one-component pre-catalyst XantphosNi(o-tolyl)Cl Nil, first synthesized by Jamison
and co-workers,*%) which has previously shown potential in C-S cross-coupling reactions.!'®!) Due
to the facile activation of the pre-catalyst, in addition to the crucial role of KOAc facilitating the
reaction, a previously unreported, mild and convenient catalytic system for the coupling of aryl
chlorides and challenging tertiary alkyl thiols has been developed.

To realize the goal of mild and low-cost reaction conditions, first via circumventing the need for
air-sensitive and reactive reagents, a base screening was conducted with aryl chloride 1a and
secondary alkyl thiol 2a at 50 °C. Surprisingly, a variety of simple inorganic salt reagents enabled

the coupling in low to good yields (Table 2, entries 1-6).
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Sodium acetate (entry 7) showed the highest yield, which led to a screening of alkali metal acetates
(entries 8-11). For the coupling of tertiary alkyl thiol 2b at room temperature no or low reactivity
was observed with lithium and sodium acetate, whereas potassium and cesium acetate generated
excellent yields after 2 h. Under cost considerations potassium acetate (KOAc) was chosen as base

for further screening experiments.

Table 2. Selected examples for the preliminary base and alkali metal acetate screening for the coupling of
aryl chloride 1a and alkyl thiols 2a and 2b. R = COzEt GC-FID yields calibrated against pentadecane.

Cl SH R
Ni1 (5 mol%) Ni1 (5 mol%)
Base (1.5 equiv.) \©\ /O /@ Base (1.5 equiv.) @
+
THF, 50 °C, 16 h THF, rt, 2 h 3@
R

3aa 3ab
1.0 equiv. 1.0 equiv. 1.0 equw 1.1 equw
Entry Base Yield [%)] Entry Base Yield [%)]
1 NaO'Bu 62 8 LiOAc none
2 Na,COs 56 9 NaOAc 14
3 K>CO;s 52 10 KOAc 95
4 Zn(OAc)> 54 11 CsOAc 93
5 Na;HPO4 62
6 Sodium citrate 42
7 NaOAc 85

Optimization of the reaction conditions, including temperature, catalyst loading as well as substrate
and base equivalent screenings (see Chapter 5) were conducted, which identified 1.0 equiv.
aryl chloride 1, 1.1 equiv. alkyl thiol 2, 5 mol% pre-catalyst XantphosNi(o-tolyl)Cl Nil and

1.5 equiv. KOAc in THF at room temperature for 0.5-2 h as ideal reaction conditions (Scheme 50).

KOAc (1.5 equiv.) SAlkyl ‘, \\
+ Alkyl-SH @
THF, rt, 0.5-2 h
1 2 Ph’ Ph

50 examples 15-98% yields E Ni1
Arl, ArBr, ArOTf: 81-96% yields |  (XantphosNi(o-tolyl)Cl)

Scheme 50. Optimized reaction conditions for the coupling of aryl chlorides 1 and alkyl thiols 2.
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The optimized reaction conditions were applied to a broad substrate scope. For aryl chlorides 1a-z,
a variety of electron-neutral, -rich and -deficient meta- and para-substituents with various
functional groups, such as esters, nitrile 3ab—3kb amide 3mb and hydroxy 3nb, as well as
heterocycles 3qb—3wb and pharmaceutical compounds, such as Fennofibrat 3xb, Loratidin 3yb

and Indometacin ethyl ester 3zb generated the thioether in good to excellent yields (Scheme 51).

ol Ni1 (5 mol%) =
\ i \Y
R +  Alkyl-SH KOAc (1.5 equiv.) X /
~ THF, 1, 2 h s—Alkyl
1a-z 1.0 equiv. 2a-k 1.1 equiv. 3
v/ electrophiles: K/
RY 4b Phl  85% N HN
S 5b PhBr  89%
para: 3ab-gb 6b PhOTf 96% HO S
CO.Et 92% 7b PhOTs < 5% S S
0,
81% 31b 67% 3mb 86% 3nb 85%

Me 86% meta: 3hb-kb

F 94% OMe  80% _ =

CF3  87% OCF3  72% N «

SO,Me 86% CN 85% N N

OMe  66% NMe;  96% S S

3ob 15%
Q %/h Br: 87% 3pb 85% 3gb 37% 3rb 78%
0,
3sb 90% 3tb 89% 3ub 81% 3vb 67% 3wb 84%
Et020\©\ EtO,C EtO,C EtO,C EtO,C

(oo, IO LT L L
S (CH2)6CH3 s
3ac 94% 3ad 89% 3aa 98% 3ae 89% 3af 90%

98% (5 mmol, 3 mol% Ni1)

EtO,C o Et020\©\ 0 EtO,C o Et020\©\
[ j\ S/\/U\O/ SM ( ls S

3ag 71% 3ah 93% 3ai 90% 3aj 78%
-------------------------------------------- Biorelevant Substrates ------=-=-=-===-=-=---------------------o-
7
N~
3zb 75%
% 3xb 88% | from Indometacin

ethyl ester

EtO,C 3yb 70% @
from Loratidin
s 3ak 72%

from Thiocholesterol

\
'
'
'
I
'
I
'
'
'
I
'
'
'
'
I
'
I
'
'
'
I
'
'
'
'
I
I

from Fenofibrat

Scheme 51. Selected examples for the substrate scope with respect to aryl chlorides 1a—z and alkyl thiols
2a—k, as well as aryl iodide 4b, bromide 5b, triflate 6b and tosylate 7b as alternative electrophiles.
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Additionally, primary, secondary and a large scope of sterically challenging tertiary alkyl thiols
could be coupled 3ac—3ak, tolerating functional groups such as ester 3ag and ketone 3ah, 3ai. For
secondary alkyl thiol 2a, an upscale of the reaction (5 mmol), while simultaneously reducing the
catalyst loading (3 mol%) showed the potential of this reaction for larger scale applications. While
for aryl chlorides ortho-substituents presented a challenge 3ob, for alkyl thiols amines, acid groups
and aryl as well as benzyl substituents were not tolerated (see Chapter 5).

Further expanding the substrate scope, a variety of aryl (pseudo)halides, including aryl iodides,
bromides, and triflates (Phl 4b, PhBr Sb, PhOTf 6b) could be coupled in excellent yields under
standard conditions, whereas aryl tosylates (PhOTs 7b) required elevated temperatures and longer
reaction times. Kinetic experiments were conducted regarding aryl (pseudo)halides and alkyl thiols
to gain further insights (Figure 15). The reaction profiles for aryl (pseudo)halides depict an
increasing induction period from PhOTf < Phl < PhBr < PhCl (presumably the time required to
activate the pre-catalyst), while the reaction rate decreased from PhOTf > PhBr > PhCI > Phl.
Aryl triflates could be identified as ideal substrates and were further investigated in the second
publication (see Chapter 2.2). Aryl iodides, as an exception, did not follow the classic ease of
oxidative addition correlating to the BDE for aryl halides (see Chapter 1.2.1). This can be explained
through the facile generation of paramagnetic off-cycle Ni(I) species, which has been previously
observed and described by Schoenebeck®’ (see Chapter 1.3.4) and could be shown for this system
through NMR experiments. Primary 2¢ and secondary 2a alkyl thiols behaved similarly, with a
comparable reaction rate and induction period of ~ 5 minutes, whereas the sterically challenging
tertiary alkyl thiol 2b required ~ 15 minutes induction period and had a slightly lower reaction rate.

This showcases the influence of thiols, especially on the activation of the catalyst.

100
100
80 80
g 60 g 60
ke} °
S 40 o 40
> >
20 20
0 - 0
0 5 10 15 20 25 30 0 5 10 15 20 25 30
time [min] time [min]
~»-PhOTf Phl  -=PhBr -s-PhCl = e +Hs’© +HS£
6b 4b 5b 1b 2¢ 22 2b

Figure 15. Reaction progress for different aryl (pseudo)halides coupled with tertiary alkyl thiol 2b and
reaction progress for different alkyl thiols coupled with aryl chloride 1a under standard conditions.
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To further explore the reactivity of different aryl (pseudo)halides, with the goal to enable
chemoselective functionalization of bis-electrophiles, inter- as well as intramolecular selectivity
experiments were conducted for a variety of C-X bonds (X = CI, Br, I, OTf, OTs), identifying a
reactivity order of PhOTf > Phl > PhBr > PhCl >> PhOTs (Scheme 52). Chemoselective reactions
of substrates with two or more (pseudo)halide functionalities are a versatile and elegant tool to
synthesize high value products. Selective mono-substitution yields products with reactive
functional groups intact, while controlled, sequential reactions enable the synthesis of complex
multi-functionalized molecules. For the mono-substitution between two different halides in
di-substituted aryl (pseudo)halides (C-CI vs. C-Cl, C-Br and C-I 9ab—9¢b) low to moderate
selectivity was observed, while chemoselective mono-substitution of C-OTf in presence of C-Cl

9db, as well as C-Cl 9eb and C-OTf 9fb in presence of C-OTs was possible in excellent yields.

Ni1 (5 mol%) Ni1 (5 mol%)
@ KOACc (1.5 equiv.) Q @ KOACc (1.5 equiv.)
THF, rt, 2 h @ THF, rt, 2 h @

1,4-7b : 8a f f
1.0 equiv. 1.1 equw. 1.0 equiv. 1.1 equlv 9ab-fb

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

Intermolecular competition (1.0 equiv. 1b + 1.0 equiv. 4-7b) /ntramolecu/ar compet/t/on (yields for mono-substiution)

SOSEEEES e 0O 0P O

conv.: 1b 1b b 7b
traces 95% 9% 5% none 92% 98% none ! 9ab 34% 9bb 43% 9cb 53% 9db 70% er 89% 9fb 94%

Scheme 52. Intermolecular competition experiments of two aryl (pseudo)halides (1.0 equiv. each) with the
corresponding conversion depicted (GC-FID yields) and intramolecular competition experiments of various
di-substituted aryl (pseudo)halides with the corresponding isolated yields for the mono-substituted product.

The preferential reactivity order was utilized to enable sequential one-pot C-S cross-coupling of
di-substituted aryl (pseudo)halides for OT{/Cl 8d and ClI/OTs 8f combinations to generate the
bis-functionalized thioether 10 (Scheme 53).

oTf Step 1. Ni1 (5 mol%) S@ step 1. Ni1 (5 mol%) Cl
KOAc (1.5 equiv.) KOAc (1.5 equiv.)
HS THF, rt, 2 h HS THF, rt, 2 h
step 2. KOAc (1.5 equiv.) step 2. KOAc (1.5 equiv.)
cl HS‘% rt, 2 h, 83% S HS% 55°C, 4 h, 49% OTs
8d 10 8f

Scheme 53. Chemoselective one-pot multi-functionalization of bis-electrophiles 8d and 8f.
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A variety of mechanistic studies were conducted, including Hammett analysis, NMR studies,
radical scavenger experiments, as well as DFT calculations, to elucidate the mechanism. The
postulated mechanism (Scheme 54) derived from the conducted mechanistic studies consists of a
Ni(0)/Ni(Il) catalytic cycle, with an initial activation of the one-component pre-catalyst
XantphosNi(o-tolyl)Cl Nil to generate the active Ni(0) complex I, followed by an oxidative
addition of aryl chloride 1, generating XantphosNi(Ar)Cl II, which acts as resting state of the
catalytic cycle. An acetate coordination (ligand exchange via salt metathesis) to III and subsequent
acetate facilitated formation of the thiolate complex V via internal deprotonation, similar to a CMD
mechanism in IV (concerted metalation-deprotonation, known for C-H activation/arylation in
Pd/Xantphos systems!!’®)), followed by a reductive elimination yields the thioether 3 and
regenerates the active catalyst L.

Activation of the one-component pre-catalyst XantphosNi(o-tolyl)CI Nil to XantphosNi(0) I and
on-cycle catalysis (reaction from the oxidative addition complex II to regeneration of the active
catalyst XantphosNi(0) I) share the same mechanistic steps, rendering it an elegant way of catalyst

activation.

o-tolyl koac /o-tolyl _o-tolyl
LNi'_ —e WN"gp ——— NI
Ni1 ClI HSR O/ v -HOAc V-A SR |
' H ) :
I S . detected via GC-MS
' 0 reductive e d NMR X
! IV-A elimination |>i0-tolyl-SR |
ArSR LNi® ArCl
3 I 1
reductive active catalyst oxidative
elimination addition
Ar
A\ LNI”: I I_Nill/Ar
SR N

resting state Cl
HOAC Ar 1. ligand exchange

s 2. thiol coordination
Ll\ﬁ”\ ~gr 3. deprotonation

) 'KCl !
v o LNi
11
R-SH
2

Scheme 54. Postulated mechanism with a Ni(0)/Ni(I) catalytic cycle, including the activation pathway for
one-component pre-catalyst Nil. For simplification the ligand Xantphos is abbreviated as L.
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DFT calculations were conducted by Dr. J. Philipp Wagner (Figure 16, 17). They identified the
role acetate plays, in addition to the versatile coordination modes of Xantphos, as well as the
n-coordination of aryl chloride to the active Ni(0) catalyst I-ArCl prior to the oxidative addition,
as key elements in the mechanism. n' and n? coordination of acetate could be calculated for the
XantphosNi(Ar)OAc intermediate III. In the less stable and therefore more reactive
n? coordination, one phosphor atom of the ligand is less tightly bound (elongation of the bond to a
distance of 2.4 A, in comparison to 2.2 A for both phosphor atoms in the more stable
n' coordination). This partial dissociation of Xantphos allows for the thiol 2 to attack trans on the
metal and a subsequent deprotonation (acetate facilitated formation of the thiolate complex via
internal deprotonation) are postulated to occur, yielding the intermediate XantphosNi(Ar)SR V.
This is followed by a reductive elimination of the thioether, which is initially still bound to the
generated XantphosNi(0) complex I-Thiol, but replaced by a m-coordinated aryl chloride to
generate complex I-ArCl. The initial n-coordination facilitates the subsequent oxidative addition
and generation of the oxidative addition intermediate XantphosNi(Ar)Cl II, which acts as resting
state of the catalytic cycle (supported by NMR experiments, see Chapter 5). The current hypothesis
as to why aromatic thiol compounds do not represent competent substrates for the catalytic system
is that they could poison the active Ni(0) catalyst, similar to the n-coordination of aryl chloride, in
an irreversible fashion. It is important to notice that the DFT calculations were conducted with
methyl thiol as substrate. For larger alkyl thiols, such as tertiary examples, which increase the steric
strain on the thiolate intermediate XantphosNi(Ar)SR V, reductive elimination most likely has a
smaller activation barrier.

During NMR studies and stochiometric experiments, Ni(Xantphos), was observed to act as catalyst
sink. Although crystallization and full characterization are pending, the results are supported by
previous reports on Pd(Xantphos), (see Chapter 1.3).1*7)

Kinetic studies (Hammett analysis) including electronic modifications of the electrophile
(aryl chloride) and ligand (Xantphos), as well as steric modifications of the nucleophile (alkyl thiol)
were conducted, analyzing the initial periods, reaction rates and overall yields (for graphs of the
Hammett analysis see Chapter 5). Steric modification of the alkyl thiol (Figure 15) has an
insignificant influence on the reaction rate, whereas tertiary alkyl thiols have a three times longer
induction period (5 vs 15 minutes). One possible explanation for this observation is the role thiol

plays during activation of the catalyst. A further increase in steric strain to generate
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XantphosNi(o-tolyl)SR V-A from pre-catalyst XantphosNi(o-tolyl)Cl Nil is disfavored due to the
steric strain already induced by the ortho-tolyl group. This theory is supported by the low yields
observed for ortho-substituted aryl chlorides 3ob (for which on-cycle catalysis faces similar steric
constraints as catalyst activation) and the short induction period <2 minutes observed for the
reaction with an in-situ generated catalyst from Ni(cod),/Xantphos, which only requires
coordination of the ligand and no thiol interference for activation. Although the reaction rate is
diminished, which can be explained by the stabilizing effect cod coordination has on the active
catalytic species, rendering it less reactive (see Chapter 1.2.2).1*31 Additionally, modifications of
the aryl chloride, p-substituents with varying electronic properties (-OMe, -Me, -H, -CO,Et, -CF3),
were analyzed. While electron withdrawing substituents were observed to slightly increase the
reaction rate, with a mostly linear correlation to the 6, Hammett constant (p = 0.46, R? = 0.96), the
low p value shows an overall small influence, which is in agreement with the DFT calculation,

indicating that the oxidative addition is unlikely to be the rate determining step.

AG(298 K)
MO6-L(SMD:THF)/def2-QZVPP//B3LYP-D3/def2-SVP

@ @ ¢ ¢ o @

Ni P Cl S o C H

thiol coordination and deprotonation reductive elimination oxidative addition

Figure 16. Free energy surface for the nickel catalyzed coupling of methanethiol as model nucleophile and
PhCI as electrophile at the M06-L(SMD:THF)/def2-QZVPP//B3LYP-D3/def2-SVP level of theory. Only
selected atoms of the Xantphos ligand are displayed and all carbon-bound hydrogens are omitted for clarity.
Transition state is abbreviated as TS.
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MeSPh
I-Thiol 3

1 0.0
n -l — p
‘ ySMe
O—Ni.
~
p Ph_ ph &ll_, Ph
L P\ Ph
O—Ni. = 0—Ni,
N, an
S one o—p Yoac
Ph Ph
AG(298 K)
MO6-L(SMD:THF)/def2-QZVPP//B3LYP-D3/def2-SVP
thiol coordination and deprotonation reductive elimination oxidative addition

L ]
Figure 17. Free energy surface of Figure 16 with graphic depiction of the chemical structures.

In conclusion, a mild, fast and operationally simple catalytic system for the coupling of
aryl chlorides with primary, secondary as well as previously challenging tertiary alkyl thiols in
excellent yields, using the air-stable pre-catalyst XantphosNi(o-tolyl)Cl Nil and KOAc as base at
room temperature, was developed (Scheme 55). An excellent functional group tolerance and
functionalization of complex pharmaceutical compounds, as well as chemoselective mono- and
di-substitution of bis-electrophiles were demonstrated in addition to insights into the mechanism

through mechanistic studies including kinetic, DFT and NMR experiments.

Ni1 (5 mol%)

cl KOAc (1.5 equiv.) S
+ HS‘. @ \.
o e 30 ALyl THF, rt, 0.5-2 h -
T y 3, 50 examples, 0 Ni

E 7/
1 2 15-98% yields | <P
e ! Ph Ph
acetate coordination .

YO v mild conditions

Ni1
@ H >’ v/ fast reaction
) XantphosNi(o-tolyl)CI
P ?) \0 v broad scope (XantphosNi(o-tolyl)Cl)
( NI v mechanistic investigations
P”  TNAr

Scheme 55. Developed mild nickel catalyzed C-S cross-coupling of aryl chlorides 1 and alkyl thiols 2.
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2.2. Nickel Catalyzed Cross Coupling of Aryl and Alkenyl Triflates with Alkyl Thiols

Aim of this work was to utilize the previously developed catalytic system for the C-S
cross-coupling of alkyl thiols and aryl halides, by expanding the substrate scope to aryl and alkenyl
triflates, which have been identified as ideal substrates during previous electrophile screening
experiments (see Chapter 2.1, Figure 15).!77! Aryl and the less investigated alkenyl thioethers are
valuable structural motifs present in materials, agrochemicals and pharmaceutical compounds
(see Chapter 1.3.1).3) Aryl halides, in particular aryl chlorides, are abundant, low-cost substrates,
when commercially available. Otherwise, the synthesis of aryl and alkenyl halides may require
multiple steps and forcing reaction conditions.*!! On the other hand, the synthesis of aryl and
alkenyl triflates is a simple one step procedure under mild reaction conditions with a broad
functional group tolerance, from phenols?! and ketones'**! respectively, rendering them excellent
alternative substrates and versatile building blocks (see Chapter 1.2.1).

The previously developed catalytic system (see Chapter 2.1) consisting of XantphosNi(o-tolyl)Cl
Ni114] as air-stable pre-catalyst and KOAc as low-cost base could be utilized for the coupling of
aryl and alkenyl triflates with alkyl thiols, concentration on challenging tertiary examples, without
further adaptations, showcasing the diverse potential and applicability of the system.

First a variety of aryl triflates were explored together with Ivo H. Lindenmaier, showcasing an
excellent functional group tolerance and overall higher yields than previously observed for
aryl chlorides. Electron-neutral, -rich and -deficient aryl triflates could be coupled, including a
variety of functional groups 11ab—11hb, such as ester 11ab, nitrile 11eb, amide 11kb and
methoxy 11hb, in addition to various heterocycles 111b—11nb. Especially for sterically challenging
electrophiles, such as ortho-methyl 11ib and 1-napthyl based aryl compound 11jb, aryl triflates
were superior, generating excellent yields, whereas for aryl chlorides only low yields were
observed (3ob, Scheme 51). The high reactivity of triflates enabled chemoselective mono-coupling
of bis-electrophiles, through a C-OTf functionalization in presence of C-OTs 11fb and in presence
of C-Cl 11gb in excellent yields. Late stage functionalization of pharmaceutically relevant
compounds was exemplary shown on triflates derived from Ezetimibe 11pb and Estrone 11qb

(Scheme 56).
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Ni1 (5 mol%) =

OTf
\ i \Y

. O/ . AlgSH KOAc (1.5 equiv.) RK / "
= THF, rt, 2 h s—AKY

6a—-q 1.0 equiv. 2a-c, k-0 1.1 equiv. 1"

L QQQQQEG%.Q@

para: 11ab-eb

CO,Et 95% 11fb 94% 11gb 84% 11hb 97% 11ib 94% 11jb 95%
H 98% o)
Me 89% - ( o
CF,  89% N o) o
CN 91% S S S S
11kb 94% 111b 60% 11mb 76% 11nb 89%
©\ o) OH
~(CH3)sCH3
S S S S S
11bc 98% 11ba 99% 110l 98% 110om 89% 110n 55%

98% (5 mmol, 2 mol% Ni1)

F
SArcozwle

' 1100 53% NHBoc g
' from protected Cystein OH
(@) R 1 pb 55% S@
" from Ezetimibe triflate
11qb 59%

: S
11bk 94% from Estrone triflate
from Thiocholesterol

_____________________________________________________________________________________________________________

Scheme 56. Selected examples for the substrate scope with respect to aryl triflates 6a—q and alkyl thiols.

Furthermore, a variety of primary, secondary as well as tertiary alkyl thiols, such as
diadamantanethiol 11018 could be coupled in excellent yields, tolerating functional groups such
as ether 1lom and hydroxy 1lon. The functionalization of protected cysteine 1100 and
thiocholesterol 11bk showcased the facile coupling of biorelevant thiols. An upscale of the reaction
to 5 mmol and simultaneous reducing of the catalyst loading to 2 mol% 11ba shows the
applicability of this system for low-cost, larger scale transformations.

In addition to aryl triflates, a variety of alkenyl triflates could be coupled in excellent yields
(Scheme 57). Cyclic 6-membered alkenyl moieties, including functional groups such as ester 13bb
and heterocycles 13cb, 13db were tolerate. 5- and 7- membered cycloalkenyl triflates 13fb, 13gb
and fused benzene rings 13hb, 13ib, as well as acyclic compound 13jb in addition to the cholestane

3-one derived triflate 13eb were coupled in excellent yields.
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Ni1 (5 mol%) R

oTf ! ,
R/\r @ KOAc (1.5 equiv.) / //Z
' + N
LR HS THF, tt, 2 h R s@
12a-j 1.0 equiv. 2b 1.1 equiv. 13ab-jb
EtO,C Boc_ H
N S 5 S
] @ :
S S S S
\ 13eb 81%
13ab 86% 13bb 86% 13cb 82% 13db74% '
0
all :
s s s S S@
13fb 85% 13gb 97% 13hb 93% 13ib 72% 13jb 98%

Scheme 57. Selected examples for the substrate scope with respect to alkenyl triflates 12a—j.

The mechanism is postulated to conform to the reaction with aryl chlorides, in a Ni(0)/Ni(II)
catalytic cycle (see Chapter 2.1, Scheme 54). Further kinetic studies were conducted to compare
the reaction profile and reactivity of aryl halides to aryl and alkenyl triflates (Figure 18). The
induction period increases from PhOTf < AlkenylOTf = PhBr < PhCl and the reaction rate
decreases from PhOTf > PhBr > PhCl > AlkenylOTf. While the kinetic profiles of the
aryl (pseudo)halides (PhOTf, PhBr, PhCl) are similar, aryl triflates can be identified as most
reactive electrophiles, showcasing the shortest induction period and highest reaction rate. This
observation could indicate a comparatively facile oxidative addition, enabling a fast activation of
the catalyst (short induction period) and on-cycle catalysis (high reaction rate), which is supported

by the facile coupling of challenging ortho-substituted compounds.

100 P s —3

yield [%]

40 60

time [min]

~+-PhOTf -« AlkenylOTf « PhBr -e-PhCl
6b 12a 5b 1b

Figure 18. Reaction progress for the C-S cross-coupling of different aryl and alkenyl (pseudo)halides with
tertiary alkyl thiol 2b under standard reaction conditions.
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While the short induction period of aryl triflates, in comparison to aryl halides has yet to be
researched further, it indicates that the (pseudo)halide has an influence on the catalyst activation,
possibly due to an equilibrium between (pseudo)halide and acetate coordination (see Chapter 2.1,
Scheme 54, equilibrium between II and III) prior to the reaction with alkyl thiol. In palladium
catalysis such an equilibrium has previously been postulated and the weak bonding of the triflate
anion was observed to enable a more facile ligand exchange with acetate in comparison to halides,
rendering the reaction and therefore catalyst activation faster.[!”"]

In comparison to aryl triflate 6b, alkenyl triflate 12a has a longer induction period, as well as a
lower reaction rate and overall yield. The current explanation for the superiority of aryl over alkenyl
triflates is the m-coordination of the aryl (pseudo)halide to the activated Ni(0) catalyst (supported
by DFT calculations for the reaction with aryl chlorides, see Chapter 2.1, Scheme 16, 17, I-ArCl)
facilitating the oxidative addition by decreasing the required activation energy.[!”*]

To further study the influence of the aryl(pseudo)halide and acetate on the catalytic system
XantphosNi(o-tolyl)X (X = OTT, Br, I, OAc) could be synthesized and isolated, to analyze if the
induction period for a reaction with aryl chlorides would be decreased. Alternative aryl moieties to
ortho-tolyl may be required to isolate a stable complex, which could render a direct comparison
challenging. Additionally, various (pseudo)halide salt reagents could be added to the reaction
mixture to test the influence on the catalyst activation (induction period) and overall reaction rate.
In conclusion, a mild, low-cost and convenient C-S cross-coupling of aryl and alkenyl triflates with
alkyl thiols utilizing the one-component pre-catalyst XantphosNi(o-tolyl)Cl Nil and KOAc as base
at room temperature for 0.25-2 h was developed (Scheme 58), showcasing an excellent functional
group tolerance. Late stage functionalization of bioactive or pharmaceutically relevant compounds
enabled the synthesis of complex aryl and previously underdeveloped alkenyl thioethers. The
versatile reactivity with a variety of aryl (pseudo)halides indicates potential of the catalytic system

for future nickel-catalyzed cross-electrophile coupling reactions.

) . Ph
Ni1 (5 mol%) - v-Ph
N OTf KOAc (1.5 equiv.) PN S\Alk oo O P//,,' \\\\CI
R— + Alkyl-SH R— j/ b o Ni
N> THF, rt, 0.25-2 h AN G -4

\
6,12 2 11,13 : Ph Ph
________________________________ 38 examples, 53-99% vyields ! Ni1

U OH  ~_0 | | (XantphosNi(o-toly!)Cl)
from or | i

Scheme 58. Developed mild nickel catalyzed C-S cross-coupling of aryl 6 and alkenyl 12 triflates, derived
from low-cost phenol and ketones, with alkyl thiols 2.
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2.3. Flipping the Switch on Palladium Catalyzed Carboiodination: Accessing Kinetic and

Thermodynamic Products

Aim off this work was to synthesize the endo (anti) carboiodination product of stereogenic iodides.
While direct access proved challenging, an epimerization of the exo (syn) isomer could be utilized
to generate the desired product in excellent yield and selectivity.!!®! Epimerization can be
employed as a powerful tool for stereochemical editing, granting convenient access to different
diastereomers (see Chapter 1.5.1). While previous reports!!*® 165166 focused on C-H bond
epimerization, the substrate scope could be expanded to C-I bonds.

Norbornene was chosen as model compound due to the sterically differentiated exo and endo faces.
While the thermal intermolecular carboiodination of norbornene with aryl iodides has been
reported to yield the exo (syn) product!!”’! 14, an initial screening for a palladium catalyzed
intermolecular carboiodination under blue light irradiation yielded the endo (anti) product 15
(Scheme 59). Although the palladium catalyzed carboiodination under blue light irradiation is not
efficient yet (an excess of 4.0 equiv. norbornene is required, yielding up to 55%) the possibility to
access the endo (anti) product, in combination with the previously postulated reversible C-I bond
formation (see Chapter 1.5.3, Scheme 49),l!7* inspired the alternative pathway: to utilize
stereochemical editing and access the (endo) anti isomer via epimerization of the exo (syn) isomer
in a palladium catalyzed reaction under blue light irradiation (Scheme 59). This project was a

cooperative work with Ramone Arora, Clara Jans, Bijan Mirabi and Dr. Austin D. Marchese.

thermal carboiodination carboiodination under blue light irradiation
yields up to 55%

Pd(OAc); (15 mol%)
Lb dpppe (15 mol%)
Aizb Pd(P'Bus), (10 mol%) / K,COj3 (2.0 equiv.) Abe
| +
15

14 toluene,110 °C, 24-48 h Ar—I toluene, blue LED, 16 h
|
Lautens, 2011: syn Novel: anti
Pd(OAc), (12.5 mol%)
‘ dpppe (12.5 mol%) T

toluene, blue LED, 24 h

epimerization under blue light irradiation
yields up to 95% with selectivity up to > 20:1

173] carboiodination

Scheme 59. Thermal carboiodination of norbornene yielding the exo (syn) isomer 14!
under blue light irradiation yielding the endo (anti) isomer 15 and palladium catalyzed epimerization under

blue light irradiation from the exo (syn) 14 to the endo (anti) isomer 15.
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An initial reaction conditions screening (palladium source, ligand, solvent, catalyst and ligand
loading in addition to temperature and time studies, see Chapter 5) identified 12.5 mol% Pd(OAc):
and dpppe L22 in toluene at room temperature under blue light irradiation (465 nm LED) for 24 h
as ideal, generating the product in high yield and selectivity (83% yield with > 20:1 selectivity,
Table 3, entry 1). Lowering the catalyst loading to 10 mol% did not impact the yield, but decreased
the endo:exo ratio significantly (10:1 selectivity, entry 2). High stereoselectivity was considered
more important than low catalyst loading in this conceptual study. When utilizing Pd(OAc)./dpppe
as catalytic system, the base KoCOj3; had no impact (entry 3), while for Pd(PPh3)4 as catalyst only
low yields (38% with 1:1 selectivity, entry 4) without, while with base 80% yield and 8:1 selectivity
were observed (entry 5). No product was formed under UV light irradiation (entry 6), which is

known to induce C—I bond homolysis,!!** showcasing the necessity of the catalytic system.

Table 3. Selected examples for screening of the catalytic system, base and irradiation for the epimerization
of exo isomer 14a to endo isomer 15a. "H NMR-yields with internal standard 1,3,5-trimethoxybenzene.

Pd source !
Pizb Ligand . Phﬁb L PhyP _~_~_PPh,
| 14a toluene, light, 24 h | 15a L22 (dpppe)
Entry  Catalytic system K>CO; [equiv.] Light Yield [%] endo:exo

1 Pd(OAc),/ dpppe 12.5 mol% - 465 nm 83 >20:1
2 Pd(OAc), /dpppe 10.0 mol% - 465 nm 81 10:1
3 Pd(OAc), /dpppe 12.5 mol% 2.0 465 nm 80 >20:1
4 Pd(PPh3)4 10.0 mol% - 465 nm 38 1:1
5 Pd(PPhs)4 10.0 mol% 2.0 465 nm 80 8:1
6 - - 270 nm none -

After optimization, the substrate scope was analyzed (Scheme 60). A variety of
electron-neutral, -rich and -deficient meta- and para-substituents, including methoxy 15b,
hydroxy 15¢, nitro 15d and cyano 15e, as well as the heterocyclic iodo-indole 151 were tolerated
in good to excellent yield and selectivity. Chemoselective mono-functionalization was observed
for di-halides, coupling preferentially on the iodo-group, generating the corresponding
chloro-, bromo-, iodo- and fluoro-substituted products 15g—15j. While an ortho-methyl substituent
was tolerated 15f, ortho-'Pr led to no product formation, showcasing a limitation to steric strain on

the ortho position, possibly due to a challenging oxidative addition into the alkyl-iodide bond.
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Pd(OAc),; (12.5 mol%)
|
toluene, blue LED, 24 h

15a 83% >20:1 15b 88% >20:1 15¢ 52% >20:1 15d 76% >20:1 15e 95% >20:1 15f 59% 6.5:1

OO Oy, Sy e

159 91% >20:1  15h 52% >20:1 15i 34% >12:1 15]88% >20:1 15k 64% 10:1 151 85% >20:1

Scheme 60. Selected examples of the substrate scope for the epimerization of exo (syn) isomers 14a-1.

Mechanistic studies, including isolation of catalytic intermediates, DFT calculations and radical
scavenger experiments were conducted and the following mechanism was postulated (Scheme 61).
After in-situ generation of LPd(0) I, two pathways for the reaction with the exo isomer 14a could
occur. Either a classic two-electron oxidative addition into the alkyl-iodide bond, generating
intermediate II, followed by a blue light mediated bond homolysis yielding the corresponding
radical pair III, or a blue light mediated excited state LPd(0)* I* undergoes a one-electron
oxidative addition, abstracting the halide and generating the radical pair III. Product formation,
presumably via reversible stereoinvertive reductive elimination through a halide abstraction from

the radical LPd(I)iodide species Il yields the endo (anti) isomer 15a while LPd(0) I is regenerated.

Ph

reversible stereoinvertive
reductive elimination

I—pd' -
L

Scheme 61. Postulated mechanism for the palladium catalyzed epimerization under blue light irradiation.
For simplification the ligand is abbreviated as L.
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The radical LPd(I)iodid species III can presumably recombine reversibly with palladium,
generating the anti oxidative addition complex IV. This equilibrium is postulated, due to the
observation of B-hydride elimination product 17a in the crude product mixture.
To enable a facile isolation and crystallization of catalytic intermediates, Pd(PPhs)4 which has
proven to be a competent catalyst for the reaction, although generating lower yields (Table 3), was
utilized as a simplified model compound. The analogue of intermediate II, complex PPhsPd(alkyl)I
PdS-I was isolated and crystalized, confirming the syn isomer. Under thermal conditions, at 100 °C
insignificant product formation was observed from PPhsPd(alkyl)l PdS-1, while under blue light
irradiation the endo (anti) product 15m was generated via reductive elimination in similar yields
to the epimerization catalyzed with Pd(PPh3)s (Scheme 62 and Table 3, entry 4). Additionally, the
catalytic competence of intermediate II could be confirmed, by employing complex PPh;Pd(alkyl)I
PdS5-I successfully as catalyst for the epimerization (40% yields were generated, see Chapter 5).
Isolation and blue light irradiation of the bromine analogue of intermediate II, complex
PPhsPd(alkyl)Br Pd5-Br yielded the brominated endo (anti) product 16a in 20% (Scheme 62).
Although a low yield, requiring further optimization, it acts as conceptual proof for a C(sp*)-Br
bond formation via reductive elimination from an isolated LPd(alkyl)Br complex, showcasing the
potential of the catalytic system for palladium catalyzed carbobromination reactions under blue
light irradiation. While radical scavenger experiments support a radical mechanism, DFT
calculations by Bijan Mirabi confirmed that the endo (anti) isomer is the thermodynamically
favored product by 1.71 kcal/mol™! (see Chapter 5).

thermal R blue I/ght

tomene X-Pd toluene, \QFb %

/
100 °C, 16 h PPh; pPd5 blue LED,16h

R = Me 17a traces 15m traces — X=1, R =Me —_ =|,R=Me 15m40% 17a 7%
crystal structure

X =Br,R=H 16a20% 17b 20%

Scheme 62. Crystal structure for complex PPhsPd(alkyl)l PdS-I with product formation via reductive
elimination under blue light irradiation and insignificant product formation at 100 °C. '"H NMR-yields with
internal standard 1,3,5-trimethoxybenzene.
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In conclusion, a mild, base free palladium catalyzed epimerization of stereogenic iodides under
blue light irradiation from the exo 14 to the endo 15 phase in norbornene model compounds was
developed (Scheme 63). Mechanistic studies and DFT computations support a thermodynamically
driven reaction generating the endo (anti) product via reversible C-I bond formation. Conceptual
proof for a C(sp®)-Br bond formation via reductive elimination from an isolated P(II) complex
LPd(alkyl)Br PdS-Br indicates the applicability of palladium catalyzed carbobromination under
blue light irradiation for future studies.

Pd(OAC), (12.5 mol%)

Ar dpppe (12.5 mol%) Ar
I 2 7
toluene, blue LED, 24 h 15

14 |
E Ph Pd'—I . v reversible C-I bond formation 17 examples, 34-95% vyields
‘ | _ 'V radical process with up to > 20:1 selectivity
I=Pd" - - O'_Q ' v prochiral intermediate
! L m E v thermodynamic product
1 1

Scheme 63. Developed mild and base free palladium catalyzed epimerization under blue light irradiation
via reversible C-I bond formation yields the thermodynamic product, endo (anti) isomer 15.
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3. Unpublished Results

3.1. Further Investigations into Nickel Catalyzed C-S Cross-Coupling

In the quest to enable a facile C-S cross-coupling with previously challenging tertiary alkyl thiols,
preliminary screening experiments of ligands, additives and reaction conditions, while utilizing the
air-sensitive transmetalation reagent PhZnCl, identified DPEPhos (one-component pre-catalyst
DPEPhosNi(mesityl)Cl Ni4 or in-situ generation of the catalyst via Ni(cod)/DPEPhos L21) as
superior ligand to Xantphos (one-component pre-catalyst XantphosNi(o-tolyl)Cl Nil or in-situ
generation of the catalyst via Ni(cod),/Xantphos 1.6). DPEPhos, a hemilabile ligand similar to
Xantphos, but more flexible and less sterically demanding with a smaller bite angle (see Chapter
1.2.3) could decrease the steric strain on the catalytic system, rendering the coupling of tertiary
alkyl thiols possible. While DPEPhosNi(mesityl)Cl Ni4 enabled the coupling of tertiary alkyl thiol
2e in 76% and 2b in 67% yield, primary 2¢ and secondary 2a alkyl thiols only generated low yields
(Scheme 64, conditions A), presumably due to a lack of steric strain. For XantphosNi(o-tolyl)Cl
Nil the order was reversed with primary 2¢ and secondary 2a alkyl thiols showcasing excellent
and tertiary alkyl thiols 2e, 2b low yields. Therefore, the steric strain on the catalytic system,
induced by the thiol or ligand, is postulated to be a limiting factor in the transformation.

Despite extensive optimization experiments, the yields could not be further improved, which led
to the initial base screening (see Chapter 2.1, Table 2). KOAc was identified as ideal base for this
transformation, enabling the reaction under mild conditions. Optimization experiments, substrate
scope as well as mechanistic studies can be seen in the original publication and supporting
information (see Chapter 5). In this chapter additional experiments which were conducted, but not
included in the publication are summarized.

For the new catalytic system with KOAc as base at room temperature, XantphosNi(o-tolyl)Cl Nil,
outcompetes DPEPhos(mesityl)Br Ni4 for primary 2¢, secondary 2a as well as tertiary alkyl thiols
2e, 2b (Scheme 64, conditions B). This behavior diverges from the old system with PhZnCl, in
which XantphosNi(o-tolyl)Cl Nil was superior for primary 2¢ and secondary 2a, whereas
DPEPhos(mesityl)Br Ni4 was superior for tertiary alkyl thiols 2e, 2b (Scheme 64, conditions A).
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conditions A:
Ni1 or Ni4 (2 mol%)
PhzZnClI (1.2 equiv.)

S«

cl THF/NMP, 60 °C, 4 h Alkyl
+  Alkyl-SH diti B:

Et0,C conditions B: Et0,C

Ni1 or Ni4 or Ni8 (5 mol%)

1a 2 KOAc (1.5 equiv.) 3
THF, rt, 16 h
Ph. ph Ph. ph Ph pn
o Ni. o N = o NI
o A XY, <o
PH Ph PH Ph PH Ph
Ni1 Ni4 Ni8
(XantphosNi(o-tolyl)Cl) (DPEPhosNi(mesityl)Br) (DPEPhosNi(o-tolyl)CI)
conditions: A: B: A: B: B:
HS o~ o )
2 192% 1| 90% 6% traces 45%
C i 1
HS/O 194% | 94% traces  traces 38%
2a R
Hsgek 14% | 94% 576%5 traces 96%
HS@ 7% | 97% ' 67% | traces 87%
! !

Scheme 64. Influence of pre-catalyst XantphosNi(o-tolyl)Cl Nil, DPEPhosNi(mesityl)Cl Ni4 and
DPEPhosNi(o-tolyl)Cl Ni8 on the coupling of aryl chloride 1a and primary 2¢, secondary 2a, as well as
tertiary 2e, 2b alkyl thiols for the catalytic system utilizing PhZnClI (conditions A) or KOAc (conditions B).
GC-FID yields calibrated against pentadecane.

Another difference between the two catalytic systems is that for PhZnCl, the one-component
pre-catalyst Nil/Ni4 and the corresponding in-situ generated catalyst from Ni(cod)> and
Xantphos/DPEPhos generate comparable yields for the reaction with secondary thiol 2a, while for
KOAC as base, the yields with Xantphos are comparable (Table 4, entry 1: 94% vs entry 6: 97%),
whereas the yields for DPEPhos diverge (Table 4, entry 2: traces vs entry 7: 46%). This indicates
that in addition to Xantphos and DPEPhos, the aryl (o-tolyl vs mesityl) and halide (Cl vs Br)
ligands, which are involved in the activation of the pre-catalyst, have an increased influence.
Therefore, the diverging yields with PhZnCl as more reactive and KOAc as milder, less reactive
system, are dependent on two different influences, which have to be viewed separately.
1. One-component pre-catalyst activation (o-tolyl vs mesityl) and (Cl vs Br)

2. Ligand influence (Xantphos vs DPEPhos)
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For activation of the pre-catalyst, not Xantphos and DPEPhos, but the coordinated aryl and halide
species (o-tolyl)Cl and (mesityl)Br are of importance. To generate the active catalytic species, the
one-component pre-catalyst undergoes a ligand exchange, followed by thiol coordination and
reductive elimination of the thioether (o-tolyl)SR and (mesityl)SR respectively, generating
Xantphos/DPEPhosNi(0) (see Chapter 2.1, Scheme 54). To enable a direct comparison of Xantphos
and DPEPhos pre-catalysts, without the influence of different aryl (o-tolyl vs mesityl) and halide
(CI vs Br) ligands, DPEPhosNi(o-tolyl)Cl Ni8 was synthesized. The pre-catalyst could couple
primary 2¢ and secondary 2a alkyl thiols in moderate, whereas tertiary alkyl thiols 2e, 2b were
coupled in excellent yields (Scheme 64, conditions B), correlating with the control experiments for
Ni(cod)2/DPEPhos (Table 4, entry 7). A systematic investigation of the aryl as well as halide
influence on the pre-catalyst DPEPhos or XantphosNi(aryl)X, by varying the aryl as well as halide
(and alternative pseudohalide) substituents, is to be conducted to gain further detailed insight.
Ni(cod)> is commonly employed as nickel source in coupling reactions due to a multitude of
reasons. The highly reactive Ni(0) source is commercially available and can be utilized efficiently
in ligand as well as reaction condition screenings, generating the active catalytic species, without
requiring additional reducing agents (see Chapter 1.2.2). Disadvantageous are the high costs and
the air-sensitive nature, which necessitates storage and reaction set-up under inert conditions.

In addition to the air-stable one-component pre-catalysts, low-cost and air-stable Ni(II) salts are an
alternative nickel source, which commonly require reducing agents and harsher reaction
conditions. A variety of these nickel sources (Ni(OAc), Ni(acac),, NiClo) were screened for the
coupling of secondary alkyl thiol 2a, requiring 1 equiv. of zinc and 50 °C for a facile transformation
(Table 4, entry 8—15).

Interestingly, zinc, which is often employed as reducing agent, facilitates the reaction catalyzed
with DPEPhosNi(mesityl)Br Ni4, providing excellent yields and therefore rendering the influence
of the coordinated aryl halide o-tolylCl or mesitylBr insignificant, presumably by enabling an
alternative activation pathway for the pre-catalyst via a facile reduction from Ni(II) to Ni(0)

(Table 4, entry 4,5, Table 5, entry 4,5).
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Table 4. C-S cross-coupling of aryl chloride 1a and secondary alkyl thiol 2a with various catalytic systems
and reaction conditions, including Ni(Il) sources, such as one-component pre-catalyst Nil, Ni4, Ni8, nickel
salts and the Ni(0) source Ni(cod),, with Xantphos L.6 or DPEPhos L21 as ligand. GC-FID yields calibrated
against pentadecane.

Nickel source (5 mol%

cl SH )
Ligand (5 mol%) EtO,C
KOAc (1.5 equiv.) \©\ /O
. .
THF, 16 h S

CO,Et
1a 1.0 equiv. 2a 1.0 equiv. 3aa
Entry Nickel source Ligand Zn [equiv.] temp. [°C]  Yield [%]
1 Nil XantphosNi(o-tolyl)Cl - rt 94
2 Ni4 DPEPhosNi(mesityl)Br - rt traces
3 Ni8 DPEPhosNi(o-tolyl)CI - rt 38
4 Nil XantphosNi(o-tolyl)Cl 1 rt 94
5 Ni4 DPEPhosNi(mesityl)Br 1 rt 96
6 Ni(cod)> Xantphos - rt 97
7 Ni(cod) DPEPhos - rt 46
8 Ni(OAc) Xantphos 1 rt traces
9 Ni(OAc) Xantphos - 50 traces
10  Ni(OAc): Xantphos 1 50 96
11 Ni(OAc): DPEPhos 1 50 91
12 NiCl, Xantphos 1 50 91
13 NiCl; DPEPhos 1 50 6
14  Ni(acac), Xantphos 1 50 82
15  Ni(acac), DPEPhos 1 50 none

Additionally, an impact of acetate on the influence of the Xantphos/DPEPhos ligand was observed.
For NiCl, and Ni(acac), as Ni(Il) sources, a strong ligand effect is seen for the coupling of
secondary alkyl thiol 2a, with Xantphos generating excellent yields, whereas for DPEPhos only
trace amounts of product can be observed. When Ni(OAc), is employed as nickel source, both
Xantphos and DPEPhos led to excellent yields, showcasing the diminished influence of the ligand

with acetate precoordinated to the nickel source (Table 4, entries 10—15).
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This effect is not observable for the coupling of tertiary alkyl thiol 2e (Table 5, entries 8—12),
presumably due to the increased steric strain, which favors DPEPhos as ligand.

Furthermore, a variety of transition metals were screened and the superiority of nickel and acetate
salts for the reaction was demonstrated. While Cu, Fe and Co sources, such as Cu(OAc)z, CuCla,
CuCl, CoCly, FeCl» yielded no product with DPEPhos as ligand, palladium sources generated low
to moderate yields with 48% for Pd(OAc). (Table 5, entries 13—14).

Table 5. C-S cross-coupling of aryl chloride 1a and tertiary alkyl thiol 2e with various catalytic systems
and reaction conditions, including one-component pre-catalyst Nil, Ni4, Ni8, Ni(cod), and Ni/Pd(II) salts
with Xantphos L6 or DPEPhos L.21 as ligands. GC-FID yields calibrated against pentadecane.

cl Metal source (5 mol%)
Ligand (5 mol%)

KOAc (1.5 equiv) EtO,C
s @ e
THF, 16 h s
3ae

CO,Et
1a 1.0 equiv. 2e 1.0 equiv.

Entry Metal source Ligand Zn [equiv.] temp. [°C] Yield [%]
1 Nil XantphosNi(o-tolyl)Cl - rt 94
2 Ni4 DPEPhosNi(mesityl)Br - rt traces
3 Ni8 DPEPhosNi(o-tolyl)Cl - rt 96
4 Nil XantphosNi(o-tolyl)Cl 1 rt 94
5 Ni4 DPEPhosNi(mesityl)Br 1 rt 96
6 Ni(cod) Xantphos - rt 94
7 Ni(cod) DPEPhos - rt 97
8 Ni(OAc) Xantphos 1 50 54
9 Ni(OAc)2 DPEPhos 1 50 92
10 Ni(OAc) - 1 50 none
11 NiCl; Xantphos 1 50 64
12 NiCl; DPEPhos 1 50 82
13 Pd(OAc) DPEPhos 1 50 48
14  PdCh DPEPhos 1 50 traces
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3.2. Towards Atropselective C-S Cross-Coupling

Atropisomers are rotamers with hindered rotation about a o-bond. Commonly due to steric strain
a rotational barrier is created with a sufficient energy difference to enable isolation of the
conformers. As atropisomers are structural motifs common in ligands and pharmaceutical
compounds, their enantiopure synthesis is of interest. While cross-coupling via palladium catalyzed
C-C bond formation is an often utilized method, C-Heteroatom bond formation has remained rare.
For C-S bond construction only copper catalyzed asymmetric ring opening reactions of cyclic
diaryliodoniumsalts, which are highly limited in their substrate scope, have been reported
(see Chapter 1.4.1).112 Therefore, expanding the substrate scope to aryl (pseudo)halides and thiols
via C-S cross-coupling, more specifically a selective mono-functionalization of prochiral

di-chloro-biaryl substrates 18 in a mild nickel catalyzed reaction was envisioned (Scheme 65).

O O
R nickel catalyst R

+  Alkyl—SH >~

cl O cl 2 mild reaction conditions cl ‘ S\Alkyl

18 19

Scheme 65. Atropisomer synthesis via selective mono-functionalization of prochiral di-chloro-biaryl 18.

Prochiral di-chloro-biaryl 18a was chosen as model substrate and synthesized in excellent yields
(Scheme 66). The aryl zinc chloride reagent 22 was generated in a selective lithiation of 20 and
subsequent reaction with ZnCL '8! followed by a Negishi coupling with the corresponding

aryl iodide 23 yielding the product 18a in 89%.[!8%

Aryl zinc chloride synthesis

Li ZnCl
Cl Cl "BulLi (1.1 equiv.) CI\©/CI ZnCl, (1.2 equiv.) Cl Cl
\©/ THF, -78 °C,1.5h -78 °C-rt, 0.5 h [ j
20 21 22

Cl Cl Pd(PPh3), (3 mol%)
+ OO Cl cl
rt-reflux, 10 h ‘

22 23

18a 89% yield

Scheme 66. Synthesis of the aryl zinc chloride reagent 22,'8" followed by a Negishi coupling!'*?! with

aryl iodide 23 to generate the prochiral biaryl 1-(2,6-dichlorophenyl)naphthalene 18a.
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Subsequently, a variety of phosphine ligands were screened via in-situ generation of the catalyst
with Ni(cod): as nickel source (Scheme 67). The initial experiments identified DPEPhos L21 as
promising ligand for the mono-selective coupling of di-chloro-biaryl 18a. The other achiral and
chiral mono- or bidentate ligands generated insignificant yields for the mono-coupled product or

did not couple selectively on one, but on both coupling sites.

OO Ni(cod), (10 mol%)
Ligand (10 mol%)
KOAc (1
Cl Cl 4 Hsg o 5equw) @
‘ THF, 40 °C, 16 h

18a 1.0 equiv. 2b 1.0 equiv. 193b
Catalyst/Ligand:
P/ \\ ©\ /@
P
Ph ph h PPh2 PPh, @
Ni1 16% L21 58% L23 none
Chiral ligands:
OCHj,4
@(
>< PPh, PPh, F
PPh, oPh. d‘
. o
H,CO
L24 traces L25 traces L26 traces L27 none L28 none

Scheme 67. Screening of pre-catalyst XantphosNi(o-tolyl)Cl Nil, as well as achiral and chiral ligands with
Ni(cod): as nickel source for the synthesis of atropisomer 19ab. Approximated GC-MS yields for 19ab.

The identified catalytic system consisting of Ni(cod),/DPEPhos L21 enabled the coupling of
prochiral di-chloro-biaryl 18a mono-selectively in 78% yield (Scheme 68). Preliminary screening
experiments by Alexander Huber for the commercially available, chiral DPEPhos ligand L.29
showed low yields < 5% and 32% ee for the desired product 19ae.

Chiral HPLC and GC columns to sperate the racemate have been identified, which will simplify
the chiral ligand screening in the future. For HPLC the columns CHIRALPAK 1J
(n-heptane/isopropanol as mobile phase) and CHIRALPAK IB-N (n-heptane/MTBE as mobile
phase) were identified by Daical chiral technologies. And for GC-FID the column CP-Chirasil-Dex
was identified by the Analytics Department of the University of Tuebingen.
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OO Ni(cod), (10 mol%) OO
Ligand (10 mol%)

KOAc (1.5 equiv.)

cl Cl , s ~ Cl s
‘ THF, 40°C, 4 h ‘ j<

18a 1.0 equiv 2e 1.0 equiv 19ae
DPEPhos: successfull mono-substitution commercially avaiable chiral DPEPhos ligand
s¥e
I . Ph
o R PP OMe
Ph
PPh, PPh, OMe @
L21 L29
78% vyield of 19ae (racemate) low yield of 19ae, 32% ee

Scheme 68. Selective mono-coupling of di-chloro-biaryl 18a with tertiary alkyl thiol 2e in excellent yield
for Ni(cod), and DPEPhos L21 as ligand and with low yield and 32% ee for the commercially available
chiral DPEPhos ligand L29.

Further screening is necessary to identify a chiral ligand for the enantioselective coupling in high
yields and ee. While the hemilabile nature of Xantphos and DPEPhos has proven to be an important
factor for the catalytic system, methoxy groups have previously been challenging for the coupling
of aryl chlorides (Scheme 51, 3gb), rendering alternative substituents, such as ortho-methyl, -ethyl,
-'Pr, -Ph or -naphthyl on a chiral DPEPhos, 5-ring or alternative POP-style ligand more promising
(Figure 19). Chiral amino-phosphine ligands, which have shown promise in asymmetric coupling

1451 or the utilization of a chiral base to induce stereoselectivity could be tested, in

reactions,!
addition to the screening of further aryl (pseudo)halide substrates, such as more reactive
aryl bromides or aryl triflates, which did not show the same limitations for methoxy substituents

(Scheme 56, 11hb).

hemilabile POP-type-ligands asymmetric P,N-type-ligands

A (o)
R pPh o
Ph t R Ph,P PPh,

Figure 19. Potential ligands for future enantioselective C-S cross-coupling reactions generating thioether

R H

o)
-/

PP Ppi, N— R,N  PPhy
R

0

PPh,

based atropisomers, including hemilabile POP-type and asymmetric P,N-type ligands.
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ABSTRACT: We report a mild, fast, and convenient catalytic
system for the coupling of aryl chlorides with primary, secondary, as
well as previously challenging tertiary alkyl thiols using an air-stable
nickel(IT) precatayst in combination with the low-cost base
potassium acetate at room temperature. This catalytic system
tolerates a variety of functional groups and enables the generation
of thioethers for a wide range of substrates, including
pharmaceutical compounds in excellent yields. Chemoselective
functionalization of disubstituted substrates was demonstrated.
Kinetic and NMR studies, as well as DFT computations support a
Ni(0)/Ni(II) catalytic cycle and identify the oxidative addition
product as the resting state. Acetate coordination and subsequent
acetate facilitated formation of a thiolate complex via internal
deprotonation play a key role in the catalytic cycle.
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B INTRODUCTION

The metal catalyzed C—S cross-coupling of aryl (pseudo)-
halides and thiols under basic conditions, known as the Migita
reaction, provides efficient access to thioethers." The more
lipophilic bioisosters of ethers are an attractive structural motif
in pharmaceutical compounds, agrochemicals, and materials
design.” Most academic research in the past focused on
palladium-catalyzed reactions,’ and the same was true for
industrial applications,” but low-cost nickel catalysts can
replace the precious metal. This, as well as its intriguing and
versatile reactivity patterns,” are the reason why nickel has
evolved into an intensively researched and popular metal for
homogeneous catalysis.

While most nickel-catalyzed C—S couplings were developed
for the transformation of more reactive aryl bromides and
iodides,® the reactions of aryl chlorides remained rare until
recently (Scheme 1a).” Aryl chlorides are comparatively more
challenging to couple, but they are readily accessible
compounds with a vast range of commercially available
substrates, which renders them invaluable for organic synthesis.
Apart from a few exceptions such as the trifluorothiomethy-
lation by Schoenebeck and co-workers,”” the scope of nickel-
catalyzed couplings of aryl chlorides is often limited; higher
catalyst loadings and temperatures, stoichiometric additives, or
sensitive organometallic bases are required. The latter was also
the case in our report on the coupling of aryl chlorides with
thiols in the presence of organomagnesium or -zinc reagents as
bases and activating agents.” Primary and secondary alkyl thiols

© 2022 The Authors. Published by
American Chemical Society

W ACS Publications 2233

were coupled efficiently, but tertiary thiols reacted with low
yields.

The coupling of tertiary thiols remains a challenge in nickel
catalysis, regardless of the employed coupling partner.” It is
performed under harsh conditions in most cases, and typically,
only a few substrates are shown, without systematic
investigation. Notable exceptions are reports showing
couplin§s of aryl bromides by the groups of Stefan” and
Stewart’® as well as the work by Morandi and co-workers on
metathesis of thioanisols.””

Nevertheless, to the best of our knowledge, there is no
published efficient coupling of aryl chlorides and tertiary alkyl
thiols with high yields under mild reaction conditions.
Therefore, our goal was to develop a general method for the
nickel-catalyzed coupling of aryl chlorides with primary,
secondary, and especially tertiary aliphatic thiols. We achieved
this by employing the precatalyst (Xantphos)Ni(o-tolyl)Cl
(C1; Xantphos = (9,9-dimethyl-9H-xanthene-4,5-diyl)bis-
(diphenyl-phosphane)), first reported by Jamison et al.' as
an air-stable, easily synthesized Ni(I) precursor,'’ together
with potassium acetate as a low-cost and air-stable base at
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Scheme 1. Current Challenges for the Nickel-Catalyzed C—
S Cross-Coupling and Our Approach to Tackle them
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room temperature (Scheme 1b). We present the results of our
investigation on the substrate scope together with mechanistic
studies, which uncovered the plausible role of acetate in the
catalytic cycle.

Bl RESULTS AND DISCUSSION

We began our investigation with the overall goal to find a
simple and economical catalytic system to render air-sensitive
transmetalation reagents and high temperatures redundant, by
using precatalyst C1 and examining various bases (Table 1 and
Table S1 in the SI). At first, the easier to couple secondary
cyclohexanethiol (2a) and aryl chloride 1a were tested. To our
surprise, a large variety of screened bases were successful in the
cross-coupling at 50 °C, generating thioether 3aa in low to
moderate yields (entries 1—11). Sodium acetate could be

Table 1. Base Screening for the Coupling of the Aryl

Chloride 1a with Secondary Thiol 2a“
swe
S

ofie

C1 (5 mol%)
Base (1 .5 equiv.)

THF 50°C, 16 h

CO,Et
1a 2a 3aa
1 equiv. 1 equiv.

entry base conversion (%)” yield (%)°
1 NaO'Bu 81 62
2 Li,CO, 13 10
3 Na,CO, 60 56
4 K,CO; 56 52
s Cs,CO, 12 9
6 Zng(CO,),(OH), 68 66
7 Zn(OPiv), 34 33
8 Zn(OAc), 60 54
9 Na,P,0, 6 4
10 Na,HPO, 65 62
11 sodium citrate 44 42
12 NaOAc 89 85

“Reaction conditions: ethyl 4-chlorobenzoate (350 ymol, 1.0 equiv),
cyclohexanethiol (350 pmol, 1.0 equlv), base (1.5 equiv), C1 (S mol
%), THF (1 mL), 50 °C, 16 h. “GC-FID yields using pentadecane as
an internal standard.

2234

identified as a suitable base for the C—S cross-coupling
providing a high yield of 3aa (entry 12).

Intrigued by the efficiency of sodium acetate, we continued
screening different counterions in the arylation of the more
challenging adamantanethiol (2b) at room temperature (Table
2). While no or low reactivity was observed after 2 h using

Table 2. Comparison of Acetates in the Coupling of the Aryl
Chloride 1a with Tertiary Thiol 2b“

EtO,C,
C1 (5 mol%)
© HS@ Base (1 .5 equiv.) Q
THF, rt @
CO,Et
1a 2b
1 equiv. 1.1 equiv.
entry base time (h) conversion (%)” yield (%)?
1 LiOAc 2 4 0
2 LiOAc 16 S 2
3 NaOAc 2 20 14
4 NaOAc 16 86 83
S KOAc 2 95 95
6 CsOAc 2 95 93

“Reaction conditions: ethyl 4-chlorobenzoate (350 ymol, 1.0 equiv),
adamantanethiol (385 umol, 11 equiv), acetate (1.5 equiv), C1 (5
mol %), THF (1 mL), rt. "GC-FID yields using pentadecane as
internal standard.

lithium and sodium acetates (entries 1, 3), potassium and
cesium acetates showed excellent performance (entries S, 6). A
prolonged reaction time of 16 h led to increased yield with
sodium acetate, while lithium acetate still performed poorly
(entries 2, 4). Low-cost potassium acetate was chosen as the
optimal base over the cesium salt for further optimization of
the reaction conditions (temperature, catalyst loading, and
substrate equivalents; see SI Tables S2—S4). Upon optimiza-
tion, 1 equiv of aryl halide, 1.1 equiv of thiol, S mol % C1, and
1.5 equiv of KOAc in THF at room temperature were
identified as ideal reaction conditions.

Subsequently, the substrate scope as well as functional group
tolerance were explored with potassium acetate under
optimized conditions. First, adamantanethiol was used as a
benchmark substrate to test a variety of aryl chlorides (Table
3). A wide range of electron-neutral, electron-rich, and
electron-deficient meta- and para-substituted aryl chloride
derivatives could be coupled in good to excellent yields.
Various functional groups like ethers 3eb, ketones 3fb, esters
3ab, amides 3jb, and nitriles 3nb were tolerated. The sulfone
4cb was obtained after oxidation of 3cb with m-CPBA. For
ortho-substituents, only low yields of 3rb could be obtained
(15%) by employing the aryl chloride, whereas the bromide
was converted in excellent yield (87%), showcasing the more
facile oxidative addition. The low reactivity of chloride 1r was
used for a selective functionalization of dichloride 1s to furnish
monothioether 3sb by steric discrimination.

Heterocycles, which are important motifs in pharmaceuticals
and agrochemicals, like pyridine, quinoline, indole, thiazole,
dioxole, phenothiazine, or 4H-chromen-4-one, were tolerated
and afforded the corresponding products 3ub-Bb in good to
excellent yields. Moreover, the successful sulfenylation of
pharmaceutically active compounds or their derivatives like
loratidine (3Cb, allergy medication), indometacine ethyl ester
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Table 3. Substrate Scope with Respect to Aryl Chlorides”

O
R_:(;/ + HS

1 equiv. 1.1 equlv

C1 (5 mol%)
_KOAc (1.5 equiv.)
THF in,2h

{

0]

EtO,C

Qo Qp Qp

e
3 3
Qp Qp Qg

3ab 92% 3bb 81% 3cb 86% 4cb aa%lbl 3db 66% 3eb 90%
O/H
ﬁ e Q @ Q Q
S =0 MO MO e
3fb 95% 3gb 94% 3hb 87% 3ib 86% 3jb 86% 3kb 67%
OCF; NMe,
Q@ Q@ QE @Q hatlia QQ
3lb 72% 3mb 80% 3nb 85% 30b 96% 3pb 85% 3gb 91%
! From Bis-Electrophites !
: Cl : H
Seal QL QL SO
S : S S ; S S S
b 1% . 3sb85% 3th 75%l° ; 3ub 37% 3vb 78% 3wb 84%
[ = < T4

3xb 81% 3yb 67% 3zb 88%
From Biorelevant Arylchlorides \\
—0 fo) 0
7
Nz 3Cb 70%
from Loratidin
Z

“Standard reaction condltlons
unless stated otherwise.
pentadecane as internal standard.

oz

1 (1.0 equiv), 2b (1.1 equiv), KOAc (1.5 equiv), C1 (5 mol %), THF (3 mL), rt, 2 h. Yxelds of isolated products
YIsolated as sulfone after oxidation with m-CPBA (yield over two steps). “With 2.1 equiv of 2b. 4GC-FID yields using

3Ab 90% 3Bb 89%
3Db 75% 3Eb88% |
from Indometacin from Fenofibrat '
ethyl ester O C i

(3Db, anti-inflammatory drug), and fennofibrat (3Eb, a drug
against cardiovascular disease) demonstrates the potential of
this reaction for the derivatization of bioactive molecules and
highlights the scope and applicability of the methodology in a
pharmaceutical context. Notable limitations are aldehyde, acid,
or primary amine functionalities (see SI, section 7).

The substrate scope with regard to the thiol was evaluated
next, with a focus on the previously challenging tertiary thiols
(Table 4). Ethyl-4-chlorobenzoate (1a) was used as a standard
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electrophile. Primary, secondary, and a variety of sterically
challenging tertiary alkyl thiols were coupled providing the
desired thioether in good to excellent yields. Functional groups
such as ketone 3al, 3am, and ester 3an were tolerated.
Thiocholesterol as a large, bioactive model thiol could be
converted to 3ap in 72% yield. Moieties like amines and acid
groups as well as aryl, benzyl, and homobenzyl thiols were not
tolerated so far. The inhibition by thiols containing an aryl
moiety in certain distances from the sulfur atom might be
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Table 4. Substrate Scope with Respect to Alkyl Thiols”

EtO,C
Cl

C1 (5 mol%)
KOAg (1.5 equiv.)

Et020\©\
8" R

3ap 72%; from thiocholesterol

—— HS/\/\/\/ ——

THF, rt,2 h
1a 2 3
1 equiv. 1.1 equiv.
EtO,C EtO,C EtO,C EtO,C Et0,C
\©\S/(CH2)SCH3 \©\S/(CH2)11CH3 \©\3/\<\/\ \©\S/Q \©\S/O
3ac 94% 3ad 96% 3ae 96% 3af 89% 3aa 98%
988%™ (5 mmol,
3 mol% C1)
Et020\©\ Et020\©\ Et020\©\ Et020\©\ Et020\©\
‘ K :
3ab 92% 3ag 89% 3ah 90% 3ai 78% 3aj 87%

EtOoC. . L e
\©\ Etozc\©\ Et020\©\ ! Comparison of 1°, 2° and 3° thiols: :
M 100 i
3ak 15% 3al 90% 3am 93% P80
EtOZC\©\ o Et020\©\ | ¥ 60 ;
-] H
S/\)j\o/ S/\/\/\/S H] 40 H
) 1
3an71% 3a0 83%9 CO,Et ! 20 i
L0 |
3 H 0 5 10 15 20 25 30 !
i time [min] '

EtOZC \©\
S

HS

“Standard reaction condltlons 1a (1.0 equiv), 2 (1.1 equiv), KOAc (1.5 equiv), C1 (5 mol %), THF (3 mL), rt, 2 h. Yields of isolated products

unless stated otherwise.

S mmol, C1 (3 mol %), rt, 30 min. “With 2 equiv of la.

explained by a bidentate coordination of these compounds,
since arenes can act as ligands for Ni(0) species.'” Comparison
of the reaction progress for representatives of primary
(heptane-), secondary (cyclohexane-), and tertiary (adaman-
tane-) thiols showed similar reaction rates but a significantly
longer induction period for the tertiary adamantanethiol (1°,
2° & S min; 3° & 15 min). This period might arise from the
involvement of the thiol in the activation of C1, which will be
discussed later.

Air stability and low cost of the reaction components are
advantageous for the developed system. The reaction is
operationally simple, and solids can be weighed under
benchtop conditions before using inert conditions during the
reaction. The coupling is fast (30 min to 2 h) and takes place
at room temperature. Upscaling of the reaction in the synthesis
of 3aa while lowering the catalyst loading (S mmol, 3 mol %
C1, 30 min), as well as the ability to couple pharmaceutical
compounds in good to excellent yields, render this method
interesting for possible industrial use. Another advantage is the
high selectivity with little to no side reactions. Conversion and
yield correlate for most substrates with a maximum 5%
difference.

The identified reaction conditions are versatile and can be
applied to a variety of electrophiles in addition to aryl
chlorides. Phenyl bromide, iodide, as well as triflate reacted in
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excellent yields (Scheme 2a). Interestingly, tosylates performed
poorly. To assess the reactivity in greater detail, we
subsequently undertook inter- and intramolecular competition
experiments comparing the reactivity of different C—X (X =
Cl, Br, I, OTf, OTs) bonds. Intermolecular competition
experiments between the electrophiles showed that every
electrophile except tosylate reacted preferably to phenyl
chloride, with the order PhOTf > PhBr > Phl > PhCl when
yields were compared after 2 h (Scheme 2b).

The reaction profiles of different electrophiles (Scheme 2c)
showed an increase of the induction period from PhOTf < Phl
< PhBr < PhCl and the reaction rate decreasing as follows:
PhOTf > PhBr > PhCl > Phl, with phenyl iodide as an
unexpected exception. Otherwise, the results roughly correlate
with the expected ease of oxidative addition. The lower
reactivity of PhI could be explained with Schoenebeck’s'
observation that, for nickel-catalyzed reactions with aryl
iodides, more off cycle Ni(I) species are formed and the
catalysis is slower.

Intrigued by the intermolecular selectivity and inspired by
literature reports on chemoselective Pd-'* and Ni-catalyzed'”
couplings, we decided to examine if related transformations are
possible with our system. Introducing substrates with two or
more (pseudo)halide functionalities can enable selective,
sequential reactions to generate complex functionalized target
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Scheme 2. Reactivity of Electrophiles and Intermolecular

Competition Experiments”
X
& - 0 Qg
1 2b

a} Comparison of electrophiles {1 equiv. of 1+ 1.1 equiv. of 2b)

C1 (5 mol%)
_KOACc (1.5 equiv.) _
THF n,2h

GC yield: 94% 99% 91% 99% <5%
Isolated yield:  81% 89% 85% 96%
b) Infermolecular competition (1 equiv. of 1-1 + 1 equiv. of -2
+ 1.1 equiv. of 2b)
Cl Br Cl OoTf Cl
. OO0 Ei[ﬁ OO0 @
conv.. 9% 95% 1% 95% 0% 92% 98% 0%
o) Reaction progress
100
80
= 60
3
g 40
E)
20
0
0 5 10 15 20 25 30
time [min]
-e-PhOTf Phl  -e-PhBr -e-PhCl

“GC-FID yields with pentadecane as internal standard.

compounds or products with an intact and reactive functional
group. Therefore, several 1,4-dielectrophilic substrates were
subjected to intramolecular competition experiments (Scheme
3a).

No significant selectivity for monofunctionalization was
observed between two different halides, C—Cl vs C—Cl, C—Br,
and C—L The difference in reactivity was not sufficient enough
under standard conditions, although the more reactive C—X
bond was functionalized preferentially (only 3-X as mono-
substituted product, no 3-Y can be observed), following the
typical reactivity order of arylhalides toward oxidative addition
with Arl > ArBr > ArCl. Unfortunately, the difunctionalized
product 3-XY was obtained as well, explaining the lower
conversion of electrophile 1.

In contrast, a higher chemodivergent selectivity could be
observed in a C—OTf selective functionalization in the
presence of C—Cl bonds. Under standard reaction conditions,
monofunctionalization at the C—OTTf site yielded thioether
3Fb (70%) in a mixture with the difunctionalized product
(14%) and remaining starting material (16%). Additionally,
chemoselective couplings of C—Cl (89%) and C—OTf (94%)
bonds in the presence of a tosylate substituent, which is
relatively inert under the employed reaction conditions,
generated the corresponding monothioether in excellent
isolated yields. In these cases, the GC-FID analysis of the
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Scheme 3. Intramolecular Competition Experiments of
Biselectrophiles and Application in Sequential
Transformation”

a) Intramolecular competition (1 equiv. of 1 + 1.1 equiv. of 2b)

Y Y SR SR
2b
_— + +
X 1 SR 3-X X 3-Y SR 3-XY

cl cl cl cl OTs OTs

cl Br I oTf cl OTf

conv.1: 67% 68% 63% 84% n.d.f n.d.t

yield 3-X:  34% 43% 53% 70% 89%° 94%°
3Y: 0% 0% 0% 0% 0% 0%
3-XY: 33% 25%9 10%¢ 14%7 0% 0%

b} Sequential chemoselective coupling
2g (1.1 equiv.) >|\

C1 (5 mol%)
KOAc (1 .5 equiv.)

2b (1.1 equiv.) cl
C1 (5 mol%)
KOAc (1 .5 equiv.)

THF i, 2h THF n,2h
OTf
1F 3Fb 70% 5 qua
OTs 2b (1.1 equiv.) 2g (2 equiv.) ﬂ\s
C1 (5 mol%) C1 (5 mol%)
KOAc (1 5 equiv.) KOAc (1 5 equiv.)
THFrt2h THF55°C 16 h
°' ©
16 3Gb 89% 575%

¢) One-pot - sequential chernoselective coupling

>

2b (1.1 equiv.) 2b (1.1 equiv.)

cl C1 (5 mol%) C1 (5 mol%) OTs
KOAc (1.5 equiv.) KOAgc (1.5 equiv.)
THF, it,2h THF, t,2h
then 2g (1.1 equiv.) then 2g (1 equiv.)
oTf KOAc (1.5 equiv.) KOAGg (1.5 equiv.) cl
t, 2 h, 83% 55°C, 4 h, 49%
1F 5 1G

“GC-FID yields Wlth pentadecane as an internal standard, unless
otherwise noted. “Not determmed due to detection difficulties by
GC-FID. “Isolated yields. 9Caluclated yields/GC-MS.

crude mixture was hampered by detectability of the substrates
and monosubstituted products, but no disubstituted com-
pound nor the product of single C—OTs sulfenylation were
observed after isolation or on GC-MS. C—ClI selectivity in the
presence of C—OTs bonds is typical for Ni(0)."
usefulness of the preferential activation of one particular C—
X bond was further demonstrated in two sequential C—S§
couplings of the biselectrophilic substrates 1F and 1G (Scheme
3b). Surprisingly, tosylate could be converted under higher
temperatures with a longer reaction time in 75% yield. The
sequence was also successfully performed in one-pot fashion
for both substrates. No additional catalyst was needed in the
second step (Scheme 3c).
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AG(298 K)

MO6-L(SMD:THF)/def2-QZVPP//B3LYP-D3/def2-SVP
® © 6 ¢ o ¢ <«
Ni P Cl S [e] Cc H

thiol coordination and deprotonation

reductive elimination

oxidative addition

Figure 1. Free energy surface of the Ni-catalyzed cross-coupling reaction with methanethiol as a model nucleophile and chlorobenzene as the
electrophile at the MO06-L(SMD:THF)/def2-QZVPP//B3LYP-D3/def2-SVP level of theory. Only selected atoms of the Xantphos ligand are

displayed, and all carbon-bound hydrogens are omitted for clarity.

Next, we pursued mechanistic investigations of our catalytic
reaction. Several experiments with radical scavengers (2 equiv)
were performed (see SI, Scheme S3). The reaction was
suppressed in the presence of TEMPO (2,2,6,6-tetramethylpi-
peridinyloxyl) and the galvinoxyl radical, which are also known
to react directly with Ni(0) species.'”” On the other hand,
reactions with BHT (butylated hydroxytoluene) and 9,10-
dihydroantracene proceeded smoothly, providing 82% and
85% vyields of thioether product, respectively. These observa-
tions as well as the lack of paramagnetic signals in NMR
experiments (see SI section 6.2) led to the assumption that a
two-electron mechanism with a Ni(0)/Ni(II) catalytic cycle is
more likely. Cycles proceeding via alternative pathways,
including single electron transfer steps cannot be ruled out
completely, but they were not further considered.

In order to better understand the mechanism and the unique
role the acetate plays,18 we performed DFT computations with
the ORCA 4 electronic structure code.'” All structures were
optimized with the B3LYP(VWN-3) hybrid density func-
tional’® in combination with Grimme’s D3-disperision
correction (with zero-damping)21 and a def2-SVP basis set,”
which treats all electrons explicitly (without an effective core
potential). Furthermore, the electronic energies were refined
by computing MO6-L single point energies™ with the
prodigious def2-QZVPP basis set, and solvation effects were
accounted for implicitly using the SMD model”* with THF as a
solvent. Comparable levels of theory have previously been
employed for the computational assessment of other Ni-
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catalyzed reactions.”” The obtained results are displayed in
Figure 1.

We were particularly interested in the role of the acetate
both during the activation of the one-component Ni(II)
precatalyst C1 and during the active catalytic cycle. C1 and the
on-cycle oxidative addition product VI have a similar structural
motive [LNi(II)ArCl]; therefore activation of the catalyst and
on-cycle catalysis share the same steps. Assuming the
involvement of the metal during the deprotonation step and
ligand exchange, Ni(II) complexes with acetate as a ligand
were optimized.””> Two isomeric complexes, 7'-I and 7*I
[LNi(II)ArOAc], were localized, in which the acetate acts as a
mono- and bidentate ligand, respectively. The #'-I complex
roughly assumes a distorted square-pyramidal geometry, in
which both phosphorus atoms occupy equatorial positions
across from each other at almost equal distances (~2.2 A),
while the oxygen atom of Xantphos sits in the apical position.
In contrast, this oxygen atom is unbound in the 3.9 kcal mol™
less stable 77>-1 complex, and one of the phosphorus donors is
less tightly bound at a distance of 2.4 A. This opens the
possibility for the thiol coupling partner to attack the metal
center frans to the loosely bound phosphorus arm of the
ligand. Using methanethiol as a model nucleophile, we were
able to localize the transition state TS-PT at an energy of 16.2
keal mol™'. The reactive mode of the transition state mainly
corresponds to a contraction of the Ni—S distance and an
elongation of one of the Ni—O bonds to the acetate. As
confirmed with the help of intrinsic reaction coordinate (IRC)
computations, the reactive motion is consistent with an

https://doi.org/10.1021/acscatal.1c04895
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insertion of the SH-moiety into an Ni—O bond. However, we
were unable to localize a minimum energy structure, in which
the proton is still bound to the sulfur atom when thiolate and
acetate are both coordinated to the nickel center, suggesting
that the transition state structure TS-PT corresponds to a
metal-mediated proton transfer reaction. The resulting
complex II is approximately square-planar, and the second P
donor is remote from the coordination center (3.2 A).
Rebinding of the latter and dissociation of acetic acid in a
not further elucidated order of events affords thiolate complex
I [LNi(I1)ArSMe] at an energy of 4.2 kcal mol™". Therefore,
the generation of thiolate complex III is modestly uphill but
provides the possibility of product formation. The presumably
interfering production of phenyl acetate by reductive
elimination in I is not competitive since this process is
associated with a prohibitive activation barrier of 44.0 kcal
mol™'. However, the reductive elimination of the thioether
product 3bq from complex III is activated by only 10.9 kcal
mol™" in another uphill reaction step. The thioether is initially
still bound to the resulting Ni(0) complex IV but can be
replaced by chlorobenzene (1b). From there, facile oxidative
addition under formation of complex VI provides a sizable 28.1
kcal mol™" of driving force to the reaction. The generation of
complex I from VI and potassium acetate is difficult to describe
computationally since it might involve the precipitation of
potassium chloride in a salt metathesis reaction.

The corresponding proposed catalytic cycle is depicted in
Scheme 4. After activation of precatalyst C1, generation of the

Scheme 4. Postulated Mechanism via Acetate-Assisted
Catalysis

KOAc KClI
+ +
i HSR HOAc i
o-toly o-toly
[Ni"]< NS [Niu]<
c1 n-A
reductive R detected via GC-MS
elimination lo-tolyl-SR : and NMR
ArSR [Ni0]<.é| ArCI
reductive V.V oxidative
elimination active catalyst addition
Ar
- Ar
m [Nt A
~SR VI [Ni ]\CI
HOAc,\K Ar
/
n o [Nif-- -
e ke |

Q H Ar
>:o" N
‘\—/ | O
HSR

1. thiol coordination
2. deprotonation

active Ni(0) species (shown without the coordinated electro-
phile), and oxidative addition of the aryl halide, the
intermediate VI is formed. It further undergoes a ligand
exchange with potassium acetate generating I and precipitating
KCI via salt metathesis. Subsequent acetate promoted
deprotonation of the metal precoordinated thiol leads to
intermediate IIT [LNi(II)ArSR]. This step (via intermediate
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II) is analogous to the CMD (concerted metalation-
deprotonation) mechanism occurring in C—H activation
processes.”® Finally, III undergoes reductive elimination to
yield the product and to regenerate the active Ni(0) catalyst.

Several kinetic studies were conducted with electronic
modifications of the electrophile (aryl chloride) and ligand,
as well as steric modifications of the nucleophile (thiol) in
order to analyze and compare initial periods, reaction rates,
and overall yields. The reaction profiles of varying thiols are
depicted within Table 4. Similar reaction rates for primary,
secondary (both k,, = 0.95), and tertiary thiols (k. = 1.0, see
S, section 6.1) indicate that the thiol is not relevant during the
rate-determining step or that its steric adaptations do not have
any influence. However, a significantly longer initial period was
observed for the tertiary thiol (1°, 2° = $ min; 3° = 15 min),
which can be explained through the involvement of thiol
during the activation of precatalyst C1. Due to the ortho-
substituent on the aryl coordinated to nickel in C1, an increase
in steric strain could disfavor the formation of III-A
[LNi(IT)ArSR], especially with a tertiary thiol. The low yield
observed for the ortho-methyl substituted aryl chloride 3rb, in
which the on-cycle intermediate III equals the activation
intermediate III-A, supports this theory.

Another hint supporting the hypothesis that the activation of
C1 is responsible for an increase of the initial period is the use
of Ni(cod), and Xanthphos as a catalyst system, for which only
a short induction period (<2 min, Figure 2c in blue) was
observed. The thiol is not involved in the in situ generation of
the active catalyst from a nickel(0) source.

In order to gain further insight into the mechanism and rate
limiting step, Hammett studies were performed analyzing the
influence that varying substituents on the ligand and on
electrophile have on the reaction rate after the induction
period (Figure 2, see SI section 6.1).”” The series of
experiments with modified aryl chlorides (p-OMe, p-Me, p-H
p-CO,Et, p-CF;) showed an impact of electronic properties on
the reaction rate (Figure 2a,b). Excluding the CF;-substituent,
a linear correlation with the o, Hammett constant was
observed (p = 0.46, R* 0.96§ indicating that electron-
withdrawing substituents increase the reaction rate to a specific
point. The low p value is in agreement with the DFT
computation, indicating that the oxidative addition is not the
rate-determining step. The reaction rate decreased for a highly
electron deficient trifluoromethyl-substituted substrate (p =
—3.71), which indicates a change in mechanism, the rate-
determining step, or different overall contributions.

The second Hammett study included adaptations of the
electronic properties of the Xantphos ligand (p-OMe, p-Me, p-
H, p-CF;), which were tested with Ni(cod), as a catalyst
precursor via in situ catalysis (Figure 2c,d). Electron-donating
substituents on the ligand increased the reaction rate (p = 1.68,
R? = 0.83), but the p-CFy-substituted ligand did not yield any
product. Electron-donating ligands are known to stabilize
higher oxidation states and promote the oxidative addition,”®
but the interpretation is complicated due to multiple factors.
The reaction performed with defined catalyst C1 is faster
compared to the Xanthphos/Ni(0) system. The lower reaction
rate for Ni(cod), can be explained by the presence of cod,
which was found to suppress oxidative addition during catalysis
by coordinating and stabilizing the active Ni(0) catalyst,
rendering it less reactive. >’ Therefore, the result of the
Hammett analysis with Ni(cod), as a nickel source might not
be completely adaptable to our catalytic system, as the
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Figure 2. Kinetic and Hammett analysis. For reaction conditions, see SI, section 6.1.

additional cod might change rates of the elemental steps and
disfavor the oxidative addition.

To gain further insight into the mechanism, the standard
reaction of 1a with 2b was followed by *P{H} NMR (Figure
3, SI section 6.2). After S min, signals of the employed
precatalyst C1 (two different geometries, 6.55 and 1.43
ppm),'? free Xantphos (—18.20 ppm), and a new signal at
7.02 ppm were detected, which can be assigned to the
oxidative addition intermediate VI [LNiArCl]. The signal

Ni(cod), + Ni(Xantphos),
Xantphos (2 equiv.) v b
e W -
45 min Le
At
. Xanthphos(O
30 min l l phos( )\I ts
15 min U Xanthphos \l L,

Reaction 1a + 2b ’
S5mn ) e

Nl(COd)g + Xantphos +1a ‘/ N|(Xantphos)ArCI (v f2

c1 l b

L N L T T
ppm,

Figure 3. *'P{H} NMR spectra for the reaction progress of a standard
reaction with 1a and 2b (3—6). With additional comparison spectra
(1,2,7).

could be reproduced from a mixture of Ni(cod),, Xantphos,
and la (Figure 3, spectrum 2). After about 30 min, two broad
doublets appeared at 9.31 and 824 ppm, presumably the
Ni(Xanthphos), complex. The signal was reproduced by the
addition of Ni(cod), and 2 equiv of Xantphos (Figure 3,
spectrum 7). The complex has not yet been characterized in
the literature, but it was previously identified as a catalyst
sink.®® In our case, it might form at a low substrate
concentration, due to a lack of stabilization of Ni(0) species.
Corresponding data for the analogous Pd complex are known
from the literature and show similar signals.”’

The isolation of the catalytic intermediates and Ni-
(Xanthphos), was not successful, yet. However, we were able
to follow and compare the formation of a series of oxidative
addition complexes VI [LNiArCl] in the catalytic trans-
formation of three electron-poor aryl chlorides (Figure 4).
Variation of para-substituents on the aryl chloride for the on-
cycle generation of the oxidative addition product shows a shift
in the *P{H} signals correlating to the Hammett value
(CO,Et 6, = +0.45, 7.02 ppm; CF; 6, = +0.54, 7.47 ppm;

SO,Me 6, = +0.73, 7.69 ppm). Th};se signals could be
reproduced in a reaction of Ni(cod), Xantphos and the
corresponding aryl chloride. The experiments suggest that the
oxidative addition product is the resting state of the catalytic
cycle, which is in line with previous observations and our DFT

computations (for further NMR spectra, see SI section 6.2.).
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Figure 4. *'P{H} NMR spectra of oxidative addition intermediates
detected in the catalytic transformation of various electrophiles with
2b. Signals at 6.55 and 1.43 ppm correspond to Cl1.

B CONCLUSION

An operationally simple and mild nickel-catalyzed coupling of
aryl chlorides with aliphatic thiols at room temperature was
developed. The key feature is the combination of a defined air-
stable Ni(II) precatalyst and potassium acetate as a base,
without the need for further additives. A large variety of
functional groups was tolerated, and complex pharmaceutically
relevant compounds were functionalized. Chemoselective
coupling of tertiary thiols with triflates in the presence of
C—Cl and C—OTs bonds, as well as with chlorides in the
presence of C—OTs bonds, was achieved. The conducted
kinetic and NMR studies as well as DFT computations support
a Ni(0)/Ni(Il) catalytic cycle with the oxidative addition
product as the resting state and acetate playing a key role in the
formation of a thiolate complex via internal deprotonation.
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1. General information

1.1. Chemicals and General Techniques

All cross-coupling reactions were carried out under an argon atmosphere using standard Schlenk
techniques or an argon atmosphere Glovebox (GS MEGA E-Line, Glovebox Systemtechnik) and pre-dried
glassware, unless noted otherwise. Dry THF was distilled over Na/benzophenone, stored over 3 A MS and
degassed. Solvents for reactions were dry and degassed unless otherwise noted.

Solvents for chromatography were distilled prior to use. Column chromatography was carried out either
manually or by a Puriflash system (Interchim XS420) using silica gel (0.04—0.063 mm) from
Machery&Nagel. Thin Layer Chromatography was performed on silica gel coated glass plates (0.25 mm)
with fluorescence indicator UV254 (Macherey-Nagel, TLC plates SIL G-25 UV254). For detection of spots,
irradiation of UV light at 254 nm was used. Chemicals were purchased from abcr, Acros, Alfa Aesar,
BLDChem, Carbolution Chemicals, Carl Roth, Fluorochem, Sigma-Aldrich or TCI. Inorganic, temperature
stable solid bases were dried prior to use at 110 °C under high vacuum. The substrates Indometacine-o-
ethylester and 2-chloro-10-ethylphenothiazine were synthesized following literature procedures.!

1.2. Analytical Techniques

NMR spectra were recorded using Bruker Avance Ill HD 400 or Bruker Avance Ill HDX 600 at room
temperature (400 MHz for 'H experiments; 101 MHz for 13C experiments; 162 MHz for 3!P experiments;
376 MHz for F experiments) in commercially available deuterated solvents. *C-NMR and 3'P-NMR
experiments were performed in proton-decoupled mode. Chemical shifts (6) are reported in ppm relative
to the residual NMR solvent signals? (chloroform: 'H 7.26 ppm and 3C 77.16 ppm; THF 'H 1.73 ppm,
3.56 ppm and 3C 25.2 ppm, 67.4 ppm). The coupling constants (J values) are given in Hz and spin
multiplicity with the usual designations for splitting patterns (s = singlet, d = doublet, t = triplet, q = quartet,
m = multiplet).

HR-MS (ESI, APCI, El) measurements were carried out by the mass spectrometry department of the
Institute of Organic Chemistry, University of Tlibingen. Measurements were carried out using maXis 4G
from Bruker (ESI, APCI) or by a MAT95 from Finnegan (El). The molecular ion [M]+, [M+H]+, [M+K]+ and
[M+Na]+ respectively are given in m/z units.

GC-LR-MS (El) analysis was carried out on an Agilent 7820A system using dry hydrogen as carrier gas and
an Agilent 190915-433UI column (30 m x 250 um x 0.25 pum). Program: heating from 50 °C to 280 °C within
15 minutes. Samples were also measured by the MS-department of the University of Tlbingen with an
8890 GC system and 5977B MSD. For these measurements, temperature program started by holding 3 min
at 40 °C, then heating to 320 °C within 32 min and holding for 10 min at the same temperature.

GC-FID (flame ionization detection) analysis was carried out on an Agilent 7820A system using dry
hydrogen as carrier gas. An Agilent 19091J-431 column (30 m x 320 um x 0.25 um) was used. Program 50-
280M15: heating from 50 °C to 280 °C within 15 minutes. Conversion and yield were determined via
calibration against the internal standard pentadecane.

Melting point determination was achieved by using a Blichi B-540 machine with a visual detection (heating
rate 5 °C/min). FT-IR spectra were recorded using a Cary 630 FTIR by applying the sample neat on a
diamond ATR sampler.
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1.3. Computational Methods

All reported computations were performed with the ORCA 4 program package.? Geometries were fully
optimized at the B3LYP-D3(0)/def2-SVP level of theory employing the RIJCOSX approximation and tight
integration grids (GRID6, FINALGRID7, GRIDX6) and convergence criteria (VeryTightSCF, VeryTightOpt).*®
Analytical frequency computations were undertaken in order to assure the nature of the stationary point
with minima exhibiting zero and transition states exactly one imaginary mode. Free energies were
computed using a rigid-rotor-harmonic-oscillator model in a variation reported by Grimme.” Free energies
were corrected for the one-molar standard state by adding 1.89 kcal mol™ to each structure’s energy. In
addition, M06-L/def2-QZVPP single point energies were computed on top of each structure utilizing the
SMD solvation model with THF as a solvent.®?®
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2. Optimization studies

Table S1: Preliminary base and reaction condition screening for the cross-coupling of cyclohexanethiol.

Cl
SH C1 (5 mol%
Base 51 5 equi)v.) Et020\©\ /O
+ >
THF, 16 h S
CO,Et
1a 2a 3aa
1 equiv. 1 equiv.

Entry Base Additive Temp. [°C] Conv. [%] Yield [%]
1 NaO'Bu 50 81 62
2 Li,COs 50 13 10
3 Na,COs3 50 60 56
4 K2CO3 50 56 52
5 Cs2CO3 50 12 9
6 K2CO3 Zn (1.0 equiv.) 50 100 61
7 Na,CO; Zn (0.2 equiv.) 50 74 70
8 Na,CO; Zn (0.2 equiv.) rt 85 79
9 Na,CO3 rt 31 25
10 Zns(CO3)2(OH)s 50 68 66
11 Zn(OPiv); 50 34 33
12 Zn(OAc); 50 60 54
13 Sodiumdiphosphate 50 6 4
14 Na,HPO, 50 65 62
15 Sodiumcitrate 50 44 42
16 NaOAc 50 89 85
17 KOAc 50 99 95

Conditions: ethyl 4-chlorobenzoate (350 pumol, 1.0 equiv.), cyclohexanethiol (350 umol, 1.0 equiv.), base
(525 pmol, 1.5 equiv.), C1 (5 mol%), THF (1 mL) at rt for 16 h. Conversion and yield determined via GC-FID
calibrated against the internal standard pentadecane. Temperature stable solid bases were dried prior to
use at 110 °C under high vacuum.
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Table S2: Reaction conditions screening for base equivalents and different alkali metal acetates.

Cl
C1 (5 mol%
@ Base((X equi\z.) Et020\©\
+
HS THF, rt,2 h S

CO,Et

1a 2b 3ab

1 equiv. 1.1 equiv.

Entry Base [equiv.] Time [h] Conv. [%] Yield [%]
1 LiOAc 1.5 2 4 0
2 LiOAc 1.5 16 5 2
3 NaOAc 1.5 2 20 14
4 NaOAc 1.5 16 86 83
5 KOAc 1.5 2 95 95
6 CsOAc 1.5 2 95 93
7 KOAc 0.5 2 44 41
8 KOAc 1 2 75 72
9 KOAc 1.5 2 99 98
10 KOAc 2 2 98 97

Conditions: ethyl 4-chlorobenzoate (350 umol, 1.0 equiv.), adamantanethiol (385 umol, 1.1 equiv.), base
(X equiv.), €1 (5 mol%), THF (1 mL) at rt for 2 h. Conversion and yield determined via GC-FID calibrated
against the internal standard pentadecane.

Table S3: Thiol equivalent screening with ‘BuSH 2g.

I
¢ C1 (5 mol%)
/ KOACc (1.5 equiv.) EtO,C
+ HS -
\ THF, rt, 2 h S
CO,Et
1a 29 3ag
1 equiv. X equiv.
Entry 2g [equiv.] Conv. [%] Yield [%]
1 1.0 87 88
2 1.05 94 97
3 1.1 96 98

Conditions: ethyl 4-chlorobenzoate (350 umol, 1.0 equiv.), 2-Methyl-2-propanthiol (X equiv.), KOAc
(1.5 equiv.), €1 (5 mol%), THF (1 mL) at rt for 2 h. Conversion and yield determined via GC-FID calibrated
against the internal standard pentadecane.
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Table S4: Reaction condition screening for catalyst loading with adamantanethiol.

Cl C1 (X mol%
@ KOAC((1 5 equ)iv.) Et%c\@\
+
HS THF, rt, 2 h Sgg
CO,Et
1a 2b 3ab
1 equiv. 1.1 equiv.
Entry C1 Time [h] Conv. [%] Yield [%]
1 0.5 mol% 0.5 6 1
1 6 1
2 6 1
2 1 mol% 0.5 2 2
1 4 4
2 4 8
3 3 mol% 0.5 17 11
1 90 73
2 90 70
4 5 mol% 0.5 93 89
1 94 94
2 94 90

Conditions: ethyl 4-chlorobenzoate (350 umol, 1.0 equiv.), adamantanethiol (385 umol, 1.1 equiv.), KOAc
(1.5 equiv.), C1 (X mol%), THF (1 mL) at rt for 2 h. Conversion and yield determined via GC-FID calibrated

against the internal standard pentadecane.

Table S5: Reaction condition screening for catalyst loading with cyclohexanethiol.

C1 (X mol%)
KOAc (1.5 equiv.)

x:

EtOzC\©\ :
S

THF, rt, 16 h
CO,Et
1a 2a 3aa
1 equiv. 1.1 equiv.
Entry C1 Conv. [%] Yield [%]

1 0.5 4 1

2 1 8 3

3 3 97 95

Conditions: ethyl 4-chlorobenzoate (350 umol, 1.0 equiv.), cyclohexanethiol (385 umol, 1.1 equiv.), KOAc
(1.5 equiv.), C1 (X mol%), THF (1 mL) at rt for 16 h. Conversion and yield determined via GC-FID calibrated

against the internal standard pentadecane.
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3. Additional screening

Ni(OAc), (5 mol%)

Cl SH Xantphos (5 mol%)
Zn (1 equiv.) EtO,C
. KOAc (1.5 equiv.) \©\ Q
CO,Et THF, 50 °C, 16 h S
1a 2a 3aa 96%
1 equiv. 1.1 equiv.

Scheme S1: In-situ generation of the active nickel catalyst from Ni(OAc) ,.

Cl C1 (5 mol%)
KOAc (1.5 equiv.) EtO,C
Additive (1 equiv.) \©\
+ HS g S
THF, rt, 2 h
CO,Et
1a 2b 3ab
1 equiv. 1.1 equiv.
Additives: SH o COOH
Lb NS
@ NH, OH /ﬁ)J\OH
GC conversion of 1a:  14% 15% 83% 100% 88%
GC yield of 3ab: 0% 0-5% 78% 84% 67%

Scheme S2: Test of catalyst poisoning by certain functional groups.
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cl C1 (5 mol%)

KOAc (1.5 equiv.) EtO,C
@ Additive (2 equiv.) \©\ /gg
+ HS >
THF, rt, 2 h S

CO,Et
1a 2b 3ab
1 equiv. 1.1 equiv.
Additive:
. OH
Yo TONCG
o) (o}
Bu Bu
GC conversion of 1a: 5% 83% 9% 86%
GC yield of 3ab: 1% 82% 2% 85%

Scheme S3: Radical trapping experiments.
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4. General Procedures

General Procedure A (GP-A): Xantphos ligand synthesis.

n-BuLi
M L) O
O o O Et,0,0°C-rt, 16 h (@) Et,O/Hexane o)
Li Li 0°C-rt,16 h PAr, PAr,

Ar = Ph (71%)
Ar = p-Me-CgH,  (50%)
Ar = p-OMe-CgH, (66%)
Ar = p-CF3-C6H4 (43%)

The ligands were synthesized following modified literature procedure.l® At room temperature 9,9-
dimethylxanthene was placed in an oven and flame-dried septum-capped 25 mL Schlenk-tube with stirring
bar. After dissolving in dry, degassed Et,O (5 mL) dry, degassed TMEDA (2.5 equiv.) was added. The
reaction mixture was cooled to 0 °C and n-Buli (1.6 M in Hexanes, 2.5 equiv.) was added dropwise under
stirring over 30 min. The reaction mixture was slowly warmed to room temperature and stirred for
another 16 h.

The colored suspension was cooled to 0 °C and a solution of the corresponding chlorodiphenylphosphane
(2.5 equiv.) in dry and degassed n-hexane (4 mL) was added dropwise over 45 min. The reaction mixture
decolorized, and a beige precipitate was formed. After stirring for 16 h the reaction mixture was diluted
with degassed DCM (6 mL) and hydrolyzed with 4 mL of a degassed mixture of brine and 1 M HCI (1:1 v/v).
The workup was done under inert conditions. The water phase was removed and washed with DCM
(3 x5 mL). The combined organic phases were dried over MgSQO,, the solvent removed in vacuo and the
resulting residue was washed with n-Hexane (3 mL) and crystallized.
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General Procedure B (GP-B): Nickel-catalyzed C-S cross-coupling of arylhalides and thiols for product
isolation.

C1 (5 mol%)

XN Cl KOAc (1.5 equiv.) /
Ri— + _ DS
O/ HS-R THF, rt, 2h R s-R

1.1 equiv.

1.0 equiv.

A 25 mLinert, flame-dried and septum-caped Schlenk-tube equipped with a stirring bar was charged with
KOAc (1.5 mmol, 1.5 equiv.) and catalyst C1 (5 mol%). After addition of the respective thiol (1.1 mmaol,
1.1 equiv.), and corresponding aryl chloride (1.0 mmol, 1.0 equiv.) the mixture was dissolved in THF (3 mL)
under stirring. After 2 h at room temperature the reaction mixture was quenched with brine (3 mL) and
diluted with EtOAc (8 mL). After phase separation, the organic phase was washed with brine (5 mL) and
the combined aqueous phases were re-extracted with EtOAc (3 x 5 mL). The combined organic phases
were dried over MgSQ,, followed by solvent removal in vacuo. The product was isolated by flash column
chromatography.

General Procedure C (GP-C): Nickel-catalyzed C-S cross-coupling of electrophiles (arylhalides) and thiols
for GC-FID analysis (screening).

A 10 mL inert, flame-dried and septum-caped Schlenk-tube equipped with a stirring bar was charged with
KOAc (0.53 mmol, 0.53 equiv.) and catalyst C1 (5 mol%). After addition of the respective thiol (0.39 mmaol,
0.39 equiv.), and corresponding aryl chloride (0.35 mmol, 0.35 equiv.) the mixture was dissolved in THF
(1 mL) under stirring. After 2 h at room temperature the internal standard n-pentadecane (50 pL) was
added, the reaction mixture was quenched with brine (1 mL) and diluted with EtOAc (3 mL). A sample of
the organic phase was filtered (celite, Al,Os and Mg;S04) and analyzed via GC-FID. Yields and conversion
were determined through the internal standard method for quantitative analysis.

General Procedure D (GP-D): Reaction Progress of nickel-catalyzed C-S cross-coupling of electrophiles
(arylhalides) and thiols (kinetic studies).

A 10 mL inert, flame-dried and septum-caped Schlenk-tube equipped with a stirring bar was charged with
KOAc (1.5 mmol, 1.5 equiv.) and catalyst C1 (5 mol%). After addition of the internal standard
n-pentadecane (100 pL), the respective thiol (1.1 mmol, 1.1 equiv.), and corresponding aryl chloride
(1.0 mmol, 1.0 equiv.) the mixture was dissolved in THF (3 mL) under stirring. The time was started with
the addition of THF. After defined intervals (e.g. 1, 2, 3, 5 min) 0.1 uL samples of the reaction mixture were
removed from the reaction mixture with inert syringes. The probes were diluted with EtOAc and quenched
with brine. A sample of the organic phase was filtered (celite, Al,O; and Mg,S04) and analyzed via GC-FID.
Yields and conversion were determined through the internal standard method for quantitative analysis.
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5. Analytical Data
5.1. Ligands and C1

Xantphos (L1)

C39H3,0P;, (578.63 g/mol)

Following GP-A, the ligand L1 was synthesized using n-Buli (1.6 M in hexanes, 2.25 mL, 3. 60 mmol,
2.5 equiv.), 9,9-dimethylxanthene (303 mg, 1.40 mmol, 1.00 equiv.), TMEDA (544 ulL, 3.60 mmol,
2.5 equiv.) and chlorodiphenylphosphane (685 pL, 3.60 mmol, 2.5 equiv.). Purification by crystallization
from DCM/EtOH afforded L1 as colorless crystals (596 mg, 1.03 mmol, 71%). Conforms to reported
analytical data.™

H-NMR (400 MHz, CDCls, 8): 7.40 (dd, J = 7.8, 1.5 Hz, 2H), 7.26 — 7.15 (m, 20H), 6.96 (d, J = 15.3 Hz, 1H),
6.55 (dd, J = 7.5, 1.8 Hz, 2H), 1.65 (s, 6H).

3C-NMR (101 MHz, CDCl3 8): 152.7 (m), 137.5, 134.1 (m), 132.2, 130.0, 128.3 (dd, J = 7.0, 3.6 Hz), 126.5,
123.5, 34.6, 32.0.

31p_NMR (162 MHz, CDCl; &): -18.03.
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9,9-dimethylxanthene-4,5-bis(di-p-tolylphosphine) (L2)

L
O T

Me Me
L2

C43H400P2 (634.74 g/mol)

Following GP-A, the ligand L2 was synthesized using n-BulLi (1.6 M in Hexanes, 1.26 mL, 2.00 mmol,
2.5 equiv.), 9,9-dimethylxanthene (169 mg, 0.80 mmol, 1.0 equiv.), TMEDA (303 pL, 2.01 mmol, 2.5 equiv.)
and chlorodi(p-tolyl)phosphane (431 pl, 2.01 mmol, 2.5 equiv.). Purification by crystallization from
DCM/EtOH afforded L2 as colorless crystals (255 mg, 0.40 mmol, 50%). Conforms to reported analytical
data.?

1H-NMR (400 MHz, CDCl3, 8): 7.37 (dd, J = 7.7, 1.5 Hz, 2H), 7.08 — 7.02 (m, 8H), 7.01 (s, 5H), 6.99 (s, 3H),
6.93 (t,J = 7.6 Hz, 2H), 6.55 (dq, J = 7.5, 1.6 Hz, 2H), 2.31 (s, 12H), 1.63 (s, 6H).

3C-NMR (101 MHz, CDCl3 8): 137.9, 134.0 (t, J = 10.4 Hz), 132.1, 130.0, 129.0 (t, J = 3.5 Hz), 126.2, 123.3,
31.9, 21.5.

31p_NMR (162 MHz, CDCls, 8): -19.67.
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9,9-dimethylxanthene-4,5-bis(di(4-methoxyphenyl)phosphine) (L3)

LI
MeO@—P P@—OMe

OMe OMe
L3

C43H4005P2 (698.74 g/mol)

Following GP-A, the ligand L3 was synthesized using n-BulLi (1.6 M in Hexanes, 1.11 mL, 1.78 mmol,
2.5 equiv.), 9,9-dimethylxanthene (150 mg, 0.71 mmol, 1.0 equiv.), TMEDA (269 uL, 1.78 mmol,
2.5 equiv.) and chlorobis(4-methoxyphenyl)phosphane (500 mg, 1.78 mmol, 2.5 equiv.). Purification by
crystallization from DCM/Hexane afforded L3 as colorless crystals (327 mg, 0.47 mmol, 66%). Conforms
to reported analytical data.?

'H-NMR (400 MHz, CDCls, §): 7.38 (dd, J = 7.8, 1.5 Hz, 2H), 7.10 — 7.03 (m, 8H), 6.94 (t, J = 7.6 Hz, 2H), 6.73
(d, J=8.5Hz, 8H), 6.54 —6.49 (m, 2H), 3.77 (s, 12H), 1.63 (s, 6H).

13C-NMR (101 MHz, CDCl5,8): 159.8, 135.3 (t, J = 10.9 Hz), 132.0, 130.0, 128.8 (t), 126.1, 123.4, 113.9 (t,
J=3.8Hz),55.1, 34.6, 31.9.

31p_NMR (162 MHz, CDCls, 8): -20.43.
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9,9-dimethylxanthene-4,5bis(di(4(trifluoromethyl)phenyl)phosphine) (L4)

Ca3H2sFOP; (850.62 g/mol)

Following GP-A, the ligand L4 was synthesized using n-Buli (1.6 M in Hexanes, 876.25 pL, 1.4 mmol, 2.5
equiv.), 9,9-dimethylxanthene (117.92 mg, 0.6 mmol, 1.0 equiv.), TMEDA (211.59 pL, 1.4 mmol, 2.5 equiv.)
and chlorobis[4-(trifluoromethyl)phenyl]phosphine (500 mg, 1.4 mmol, 2.5 equiv.). Purification by
crystallization from EtOH at -4 °C afforded L4 as colorless crystals (204 mg, 0.24 mmol, 43%). Conforms to
reported analytical data.?

1H-NMR (400 MHz, CDCls, 8): 7.53 — 7.46 (m, 10H), 7.31 — 7.20 (m, 6H), 7.03 (t, J = 7.7 Hz, 2H), 6.47 (dq, J
=7.6, 1.8 Hz, 2H), 1.68 (s, 6H).

3C-NMR (101 MHz, CDCl3, 8):1* 152.0 (t, J = 9.5 Hz), 141.5 (t, J = 7.7 Hz), 134.1 (t, ) = 10.5 Hz), 132.0, 130.8
(t,J =30.7 Hz), 127.5 (s), 124.3 (s), 125.5 (q, J = 8.6 Hz), 124.3, 122.8, 120.1, 34.8, 31.9.

31p_.NMR (162 MHz, CDCls, 8): -17.57.

9E.NMR (376 MHz, CDCls,6): -62.80.
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(Xantphos)Ni(o-tolyl)Cl (C1)

O
O O NiCl,* (H20)s O o O (o-tolyl)MgBr
0

|
Ph,P—Ni—PPh,
n-Butanol PhyP. PPh, THF, 0 °C - rt cl
PPh,  PPh, 120°C,2h \N./ 30 min

1
/7 \
L1 Cl Cl C181%
C45H39C|NiOP2 (76391 g/mol)

Stepl: Synthesis of (Xantphos)NiCl,

The catalyst was synthesized following a literature procedure.** NiCl, hydrate (513 mg, 2.16 mmol,
1.0 equiv.) was placed in an inert and flame-dried septum-capped 100 mL round bottom flask equipped
with a stir bar. N-Butanol (20 mL) was added, the bright green solution was sparged with argon for
20 minutes and added to Xantphos (1.25 g, 2.16 mmol, 1.00 equiv.), which was placed in an oven and
flame-dried three necked round bottom flask equipped with a stir bar and reflux condenser. The reaction
mixture was heated to 120 °C for 2 h. The purple-grey suspension was cooled to room temperature and
shortly before filtration to 0 °C. The product was filtered with an inert Schlenk frit and placed under high
vacuum. The grey-purple solid, which was presumed to be (Xantphos)NiCl,(1.38 g, 1.94 mmol, 90%) was
carried on to the next step without further analysis.

Step2: Synthesis of (Xantphos)Ni(o-tolyl)Cl

(Xantphos)NiCl; (1.38 g, 1.94 mmol, 1.0 equiv.) was placed in an inert and flame-dried septum-capped
100 mL round bottom flask equipped with a stir bar, suspended in dry THF (30 mL) and cooled to 0 °C.
While stirring vigorously a freshly titrated o-tolylmagnesium chloride (1.15 M in THF/Toluene from Acros,
1.69 mL) was added dropwise. During the addition the color changed to dark red. Once the addition was
completed the reaction mixture was stirred for 15 minutes at 0 °C and the solvent was removed by
vacuum evaporation using a tepid water bath. The orange-red residue was suspended in MeOH (5 mL,
HPLC grade, 15 min sparged with argon), cooled to 0 °C and filtered with an inert Schlenk frit. The orange
filter cake was washed with cold Et,0 (2 x 15 mL, -20 °C) and dried in high vacuum to yield (Xantphos)Ni(o-
tolyl)Cl (1.19 g, 1.94 mmol, 81%) as a fine orange powder. Conforms to reported analytical data.'*

H-NMR (400 MHz, THF-Dg, 8): 8.32 — 8.24 (m, 4H), 7.64 (dd, J = 7.4, 1.5 Hz, 2H), 7.42 — 7.36 (m, 2H), 7.35
—7.28 (m, 4H), 7.12 = 7.02 (m, 4H), 6.94 (t, J = 7.4 Hz, 2H), 6.72 (t, J = 7.7 Hz, 4H), 6.31 — 6.24 (m, 5H),
6.01—5.95 (m, 1H), 5.20 (d, J = 3.8 Hz, 2H), 3.40 (s, 3H), 1.94 (s, 3H), 1.63 (s, 3H).

31p.NMR (162 MHz, THF-Dg, 8): 6.56 (s, major), 1,41 (s, minor).

31p_.NMR (162 MHz, Tol-Dg 8): 7.18 (s, major), 1.83 (s, minor).
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5.2. Substrates

4-chlorophenyl trifluoromethanesulfonate (1F)

Cl

OTf
1F

C7H4CIF305S (260.61 g/mol)

4-Chlorophenol (1.19 g, 10.0 mmol, 1.0 equiv.) was diluted in DCM (20 mL). Pyridine (1.6 mL, 20 mmol,
2 equiv.) was added and the stirred solution was cooled to 0 °C. Trifluoromethansulfonic anhydride
(2.02 mL, 12.0 mmol, 1.2 equiv.) was added dropwise. The reaction mixture was allowed to warm to room
temperature and stirred for 5 h. After dilution with DCM (20 mL), agueous HCI (1M, 15 mL) was added and
the mixture was washed with H,O (15 mL), saturated aqueous solution of NaHCO; (15 mL) and brine
(15 mL). The organic phase was dried over MgS0., concentrated under reduced pressure and the crude
product was purified via column chromatography (Hex:EtOAc 100:0 to 95:5) to afford 1F as colorless liquid
(1.49 g, 5.72 mmol, 57%). Conforms to reported analytical data.™

Rf: 0.29 (Hexane)
'H-NMR (400 MHz, CDCls, 8): 7.45-7.41 (m, 2H), 7.25-7.21 (m, 2H).
13C-NMR (101 MHz, CDCl; 6): 148.0, 134.4, 130.5, 122.9, 118.8 (q, J = 320.8 Hz).

19E_NMR (376 MHz, CDCl3, 8): -72.7.

S27



v R e N AN~}
hNARRRRARRRRRR]
NNNNNNNNNNNKN

12.0 115 11.0 105 10.0 95 9.0 85 8.0 7.5 7.0 6.5 Of ?.5 )5.0 45 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 00 -0.5 -1.0
1 (ppm

Cl T TT e
OTf
1F

|l

T T T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 1}0( 1)00 90 80 70 60 50 40 30 20 10 0
1 (ppm

528



Cl

OTf
1F

-72.7

-110

-120

-130

-140

-150

-160

T
-170

-180

T
-190

-200

-210

10

-90

-100
f1 (ppm)

529



4-chlorophenyl-4-methybenzenesulfonate (1G)

OTs

Cl
1G

C13H11C|035 (282.74 g/mol)

To a solution of 4-chlorophenol (2.00 g, 15.6 mmol, 1.0 equiv.) in pyridine (20 mL), 4-toluenesulfonyl
chloride (5.06 g, 26.5 mmol, 1.7 equiv.) was added portion wise and the mixture was stirred at 45 °C for
16 h. After cooling to room temperature, water (15 mL) was added and stirred at room temperature for
1 h. The reaction mixture was diluted with toluene (100 mL) and washed with water (10 mL), aqueous HCI
(1M, 2 x 25 mL), saturated aqueous solution of NaHCO3 (25 mL) and brine (25 mL). The combined organic
phases were dried over MgSQ,, followed by solvent removal in vacuo providing a colorless solid.
Recrystallization from EtOAc/Hexane afforded 1G (3.31 mg, 11.7 mmol, 75 %) as colorless crystals.
Conforms to reported analytical data.®

Rs: 0.29 (Hex:EtOAc 95:5)

1H-NMR (400 MHz, CDCl3, 8): 7.75-7.67 (m, 2H), 7.35-7.30 (m, 2H),7.29-7.23(m,2H), 6.96-6.90 (m, 2H),
2.47 (s, 3H).

13C-NMR (101 MHz, CDCl;, 6): 148.2, 145.8, 132.9, 132.1, 130.0, 129.9 128.7, 123.9, 21.9.
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4-chlorophenyl-4-methylbenzenesulfonate (1H)

OTf

OTs

1H
C14H11F306S; (39635 g/mol)

1H was synthesized following modified literature procedure.'®*® Hydrochinone (1,1 g, 10 mmol, 1.0 equiv.)
was dissolved in dry DCM (20 mL). Analytical grade pyridine (1.6 mL, 20 mmol, 2.0 equiv.) was added and
the stirred solution was cooled to 0 °C. Trifluoromethanesulfonic anhydride (1.7 mL, 10 mmol, 1.0 equiv.)
dissolved in dry DCM (10 mL) was added dropwise to the reaction mixture. After the addition was finished
the reaction mixture was slowly warmed up to room temperature and stirred for 5 h. After dilution with
DCM (15 mL) quenching with aqueous HCI (1M, 10 mL) the reaction mixture was washed with H,0 (10 mL),
saturated aqueous solution of NaHCOs (10 mL) and brine (10 mL). The organic phase was dried over MgSQ,,
concentrated under reduced pressure and the crude product was purified via column chromatography
(Hex:EtOAc 9:1) to afford the 4-hydroxyphenyl trifluoromethanesulfonate as colorless liquid (928 mg,
3.83 mmol, 38%)

To a stirred solution of 4-hydroxyphenyl trifluoromethanesulfonate (928 mg, 3.83 mmol, 1.0 equiv.) in
DCM (1.5 mL) and triethylamine (1.5 mL) a solution of 4-toluenesulfonyl chloride (731 mg, 3.83 mmaol,
1.0 equiv.) in DCM (1 mL) was added and the reaction mixture was stirred at room temperature for 16 h.
Water ( 5 mL) was added and the reaction mixture was extracted with DCM (3 x 5 mL). The combined
organic phases were washed with brine (5 mL), dried over MgSO, and concentrated under reduced
pressure. The purification by FC (SiO,, gradient to 8:2 Hex:EtOAc over 20 CV) afforded the 1H (1.15 g,
2.90 mmol, 76%) as colorless solid. Conforms to reported analytical data.™

Rs: 0.25 (Hex:EtOAc 9:1)

1H-NMR (400 MHz, CDCls, 8): 7.70 (d, J = 8.3 Hz, 2H), 7.34 (d, J = 8.0 Hz, 2H), 7.24 — 7.19 (m, 2H), 7.11 —
7.06 (m, 2H), 2.46 (s, 3H).

13C-NMR (101 MHz, CDCl; 6): 149.0, 147.7, 146.1, 131.9, 130.1, 128.7, 124.5, 122.8, 120.4, 117.2, 21.9.

19E_NMR (376 MHz, CDCl3 8): -72.7.
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5.3. Products

Ethyl 4-(((3s,5s,7s)-adamantan-1-yl)thio)benzoate (3ab)

EtO,C

Q.

3ab

C19H240,S (316.46 g/mol)

Following GP-B, 3ab was synthesized using ethyl 4-chlorobenzoate (157 pyL 1.00 mmol, 1.0 equiv.) and 1-
adamantanethiol (185 mg, 1.10 mmol, 1.1 equiv.) Purification by FC (SiO,, 5 CV Hex, gradient to 90:10
Hex:EtOAc over 15 CV) afforded 3ab (290 mg, 915 pumol, 92%) as colorless solid. Conforms to reported
analytical data.!

Rf: 0.64 (Hex:EtOAc 9:1)
m.p.: 68 —70 °C

H-NMR (400 MHz, CDCl3,8): 7.97 (d, J = 8.3 Hz, 2H), 7.56 (d, J = 8.3 Hz, 2H), 4.38 (q, J = 7.1 Hz, 2H), 2.08 —
1.96 (m, 3H), 1.82 (d, J = 2.9 Hz, 6H), 1.62 (q, J = 12.1 Hz, 3H), 1.39 (t, J = 7.1 Hz, 3H).

13C-NMR (101 MHz, CDCl; 6): 166.5, 137.3, 136.9, 131.0, 129.4, 61.3, 49.1, 43.9, 36.2, 30.2, 14.5.

HR-MS (ESI): m/z calc. for [M+Na]* 339.13892, found 339.13934.
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((3s,5s,7s)-adamantan-1-yl)(phenyl)sulfane (3bb)

e

3bb
C16H20S (244.40 g/mol)

Following GP-B, the 3bb was synthesized using chlorobenzene (101 pL, 1.00 mmol, 1.0 equiv.) and
1-adamantanethiol (185 mg, 1.10 mmol, 1.1 equiv.). Purification by FC (SiO,, gradient to 9:1 Hex:EtOAc
over 20 CV) afforded 3bb (189 mg, 811 pumol, 81%) as colorless solid. Conforms to reported analytical
data.?®

Rf: 0.78 (Hex:EtOAc 9:1)
m.p.: (Lit. 73.9 — 74.9)

1H-NMR (400 MHz, CDCls 8): 7.53 — 7.48 (m, 2H), 7.38 — 7.29 (m, 3H), 2.01 (s, 3H), 1.81 (d, J = 2.6 Hz, 6H),
1.62 (q, J = 12.3 Hz, 6H).

13C-NMR (101 MHz, CDCls,6): 137.83, 130.64, 128.70, 128.42, 47.98, 43.74, 36.30, 30.11.
HR-MS (El): m/z calc. for [M]*244.128022, found 244.12727.
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((3s,5s,7s)-adamantan-1-yl)(p-tolyl)sulfane (3cb)

e

3cb

C17H22$ (25842 g/mol)

Following GP-B, the 3cb was synthesized using 4-chlorotoluene (119 pL 1.00 mmol, 1.0 equiv.) and
1-adamantanethiol (185 mg, 1.10 mmol, 1.1 equiv.) Purification by FC (SiO,, gradient to 9:1 Hex:EtOAc
over 20 CV) afforded 3cb (221 mg, 855 umol, 86%) as colorless solid. Conforms to reported analytical
data.?!

Rs: 0.80 (Hex:EtOAc 9:1)

1H-NMR (400 MHz, CDCl3,8): 7.38 (d, J = 8.0 Hz, 2H), 7.12 (d, J = 8.0 Hz, 2H), 2.36 (s, 3H), 2.00 (s, 3H), 1.80
(d,J = 2.9 Hz, 6H), 1.69 — 1.54 (m, 6H).

13C-NMR (101 MHz, CDCl;, 6): 138.7, 137.7, 129.3, 127.1, 47.7, 43.7, 36.3, 30.1, 21.4.

HR-MS (El): m/z calc. for [M]* 258.143672, found 258.14282.
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(3s,5s,7s)-1-tosyladamantane (4cb)

Q8

N\

(o]
4cb

C17H2202S (290.42 g/mol)

Following GP-B, the 4cb was synthesized using 4-chlorotoluene (119 pL 1.00 mmol, 1.0 equiv.) and
1-adamantanethiol (185 mg, 1.10 mmol, 1.1 equiv.). The crude product and 3-chlorobenzoperoxoic acid
(690 mg, 4.00 mmol, 4.0 equiv.) were solved in DCM and stirred at rt for 12 h. Purification by FC (SiO,
gradient to 8:2 Hex:EA over 15 CV) afforded 4cb (241 mg, 831 umol, 83%) as white solid.

Rs: 0.13 (Hex:EA 9:1)
m.p.: 118.5-120.1 °C

1H-NMR (400 MHz, CDCls, 8): 7.70 (d, J = 8.2 Hz, 2H), 7.33 (d, J = 8.0 Hz, 2H), 2.45 (s, 3H), 2.10 (s, 3H), 1.92
(d, J=2.7 Hz, 6H), 1.72 — 1.55 (m, 6H).

13C-NMR (101 MHz, CDCls,8): 144.5, 131.7, 130.6, 129.4, 60.8, 35.9, 35.0, 28.3, 21.8.
HR-MS (ESI): m/z calc. for [M + Na*] 313.12327, found 313.12326.

IR (ATR, ¥, [cm™]): 2909 (m), 2850 (w), 1593 (w), 1483 (w), 1448 (w), 1400 (w), 1347 (w), 1284 (s), 1180
(w), 1138 (s), 1100 (m), 1038 (m), 971 (w), 934 (w), 833 (w), 807 (m), 770 (w), 707 (m).
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((3s,5s,7s)-adamantan-1-yl)(4-methoxyphenyl)sulfane (3db)

MeO

Az

3db

C17H2205S (274.42 g/mol)

Following GP-B, the 3db was synthesized using 4-chloroanisole (122 pL 1.00 mmol, 1.0 equiv.) and 1-
adamantanethiol (185 mg, 1.10 mmol, 1.1 equiv.) Purification by FC (SiO,, gradient to 9:1 Hex:EtOAc over
20 CV) afforded the product 3db (182 mg, 661 umol, 66%) as colorless solid. Conforms to reported
analytical data.?*

Rs: 0.62 (Hex:EtOAc 9:1)
m.p.: 66.8 —68.0 °C

'H-NMR (400 MHz, CDCl3, §): 7.41 (d, J = 8.7 Hz, 2H), 6.85 (d, J = 8.7 Hz, 2H), 3.82 (s, 3H), 2.00 (q, J =
3.0 Hz, 3H), 1.78 (d, J = 2.9 Hz, 6H), 1.67 — 1.55 (m, 6H).

13C-NMR (101 MHz, CDCls, 8): 160.3, 139.1, 121.5, 113.9, 55.4, 47.6, 43.6, 36.3, 30.1.
HR-MS (El): m/z calc. for [M]* 274.138587, found 274.14124.
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Ethyl 2-(4-(((3s,5s,7s)-adamantan-1-yl)thio)phenoxy)-2-methylpropanoate (3eb)

3eb

C22H3003S (374.54 g/mol)

Following GP-B, the 3eb was synthesized using Clofibrat (122 mg, 500 umol, 1.0 equiv.) and
1-adamantanethiol (93 mg, 0.55 mmol, 1.1 equiv.). Purification by FC (SiO,, gradient to 9:1 Hex:EtOAc over
20 CV) afforded the 3eb (168 mg, 448 umol, 90%) as colorless solid.

Rf: 0.62 (Hex:EtOAc 9:1)
m.p.:62.1-63.5°C

1H-NMR (400 MHz, CDCls,6): 7.37 — 7.31 (m, 2H), 6.78 — 6.73 (m, 2H), 4.23 (q, J = 7.1 Hz, 2H), 1.99 (s, 3H),
1.76 (d, J= 2.9 Hz, 6H), 1.61 (s, 12H), 1.22 (t, J = 7.1 Hz, 3H).

13C-NMR (101 MHz, CDCl3, 8): 174.2, 156.3, 138.8, 122.9, 118.4, 79.2, 61.6, 47.7, 43.6, 36.3, 30.1, 25.6,
14.2.

HR-MS (El): m/z calc. for [M] 374.191017, found 374.18967.

IR (ATR, ¥ [cm™]): 2989 (w), 2899 (m), 2849 (w), 1728 (s), 1586 (w), 1483 (m), 1448 (w), 1378 (w), 1353
(w), 1347 (w), 1283 (s), 1232 (m), 1206 (w), 1202 (w), 1172 (s), 1139 (s), 1105 (m), 1029 (m), 967 (m), 919
(w), 837 (m), 811 (w), 770 (w), 718 (w), 675 (w).

545



0Tt
NNAW
ve'T
SS'T
SS'T
85°T
85'T
97
S9'7
9L'T
9T
66T

(44
wy
{744
9T

L9
SL'9
SL'9
9L'9
LLY
LLY
[4 A
€eL
e'L
Se'L
Se'L
9E'L

3eb

I

E L0€

Koz
B 819
- 80€

EF €0

= 66T

* 00T

00 -05

0.5

11.0 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0
f1(ppm)

11.5

ThT—

9'5¢—
T0E—

£9e—

9'Er—

Lly—

9T9—

T6L—

P8IT—
6CCT—

8'8ET—

£95T—

[A7A %

3eb

200 190 180 170 160 150 140 130 120 11f0( 1)00 90 80 70 60 50 40 30 20 10
1(ppm

210

546



1-(4-(((3s,5s,7s)-adamantan-1-yl)thio)phenyl)ethan-1-one (3fb)

S

3fb

ClgszoS (28643 g/mol)

Following GP-B, the 3fb was synthesized using 4-chloroacetophenone (155 mg, 1.00 mmol, 1.0 equiv.) and
1-adamantanethiol (185 mg, 1.10 mmol, 1.1 equiv.). Purification by FC (SiO,, gradient to 9:1 Hex:EtOAc
over 20 CV) afforded the product 3fb (271 mg, 947 pumol, 95%) as colorless solid.

Rf: 0.42 (Hex:EtOAc 9:1)
m.p.: 99.1-101.3°C

H-NMR (400 MHz, CDCl5 8): 7.88 (d, J = 8.3 Hz, 2H), 7.58 (d, J = 8.3 Hz, 2H), 2.61 (s, 3H), 2.02 (s, 3H), 1.83
(d,J=3.0 Hz, 6H), 1.62 (g, J = 12.3 Hz, 6H).

13C-NMR (101 MHz, CDCls,6): 197.8, 137.4,137.4, 136.9, 128.1, 49.2, 43.9, 36.2, 30.1, 26.8.
HR-MS (ESI): m/z calc. for [M + Na]*309.12836, found 309.12852.

IR (ATR, ¥ [cm™]): 2901 (m), 2846 (w), 1675 (s), 1586 (m), 1553 (w), 1519 (w), 1448 (w), 1426 (w), 1389
(m), 1348 (m), 1299 (w), 1254 (s), 1176 (w), 1102 (w), 1034 (m), 1009 (m), 952 (m), 826 (s), 762 (w), 725
(w), 684 (w).
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((3s,5s,7s)-adamantan-1-yl)(3-fluorophenyl)sulfane (3gb)

—

3gb
Ci6H19FS (262.39 g/mol)

Following GP-B, 3gb was synthesized using 1-chloro-4-fluorobenzene (131 mg, 1.0 mmol, 1.0 equiv.) and
1-adamantanethiol (185 mg, 1.10 mmol, 1.1 equiv.). Purification by FC (SiO,, gradient to 9:1 Hex:EtOAc
over 20 CV) afforded 3gb (246 mg, 938 umol, 94%) as colorless solid.

Rf: 0.78 (Hex:EtOAc 9:1)
m.p.: 98.8 -101.0 °C

1H-NMR (400 MHz, CDCls,8): 7.42 — 7.35 (m, 2H), 6.97 — 6.90 (m, 2H), 1.94 (s, 3H), 1.71 (d, J = 2.6 Hz, 6H),
1.55 (q, J = 12.3 Hz, 6H).

13C-NMR (101 MHz, CDCls 8): 163.35 (d, J = 248.5 Hz), 139.45 (d, J = 8.3 Hz), 125.83 (d, J = 3.4 Hz), 115.41
(d,J=21.4 Hz), 47.8, 43.5, 36.2, 30.0.

1F-NMR (376, CDCl3 8): -113.04 (ddd, J = 14.2, 8.8, 5.6 Hz).
HR-MS (El): m/z calc. for [M] 262.118600, found 262.11972.

IR (ATR, ¥ [cm™]): 3054 (w), 2915 (m), 2893 (s), 2846 (m), 1582 (m), 1482 (m), 1448 (m), 1393 (w), 1340
(w), 1292 (w), 1239 (w), 1210 (s), 1158 (m), 1093 (w), 1038 (m), 1016 (w), 967 (w), 841 (s), 811 (s), 755 (w),
713 (w), 684 (w).
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((3s,5s,7s)-adamantan-1-yl)(4-(trifluoromethyl)phenyl)sulfane (3hb)

F3C

Q.0

3hb

Ci17H19F3S (312.39 g/mol)

Following GP-B, the 3hb was synthesized using 4-chlorobenzotrifluoride (134 pL, 1.00 mmol, 1.0 equiv.)
and 1-adamantanethiol (185 mg, 1.10 mmol, 1.1 equiv.) Purification by FC (SiO,, 5 CV Hex, gradient to 8:2
Hex:EtOAc over 15 CV) afforded 3hb (272 mg, 872 umol, 87%) as colorless solid. Conforms to reported
analytical data.??

R¢: 0.82 (Hex:EtOAc 9:1)

1H-NMR (400 MHz, CDCls,8): 7.61 (d, J = 8.2 Hz, 2H), 7.56 (d, J = 8.2 Hz, 2H), 2.03 (s, 3H), 1.82 (d, J = 2.6 Hz,
6H), 1.63 (q, J = 12.3 Hz, 6H).

13C-NMR (101 MHz, CDCls, 8): 137.76, 135.66, 130.68 (g, J = 32.5 Hz), 125.21 (q, J = 3.7 Hz)., 122.88, 48.97,
43.80, 36.19, 30.13.

19F.NMR (376 MHz, CDCl &): - 62.6.

HR-MS (El): m/z calc. for [M]*312.115407, found 312.11863.
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((3s,5s,7s)-adamantan-1-yl)(4-(methylsulfonyl)phenyl)sulfane (3ib)

C17H20,S; (283.43 g/mol)

Following GP-B, 3ib was synthesized using 1-chloro-4-(methylsulfonyl)benzene (191 mg, 1.00 mmol, 1.0
equiv.) and 1-adamantanethiol (185 mg, 1.10 mmol, 1.1 equiv.). Purification by FC (SiO,, gradient to 8:2
Hex:EtOAc over 20 CV) afforded 3ib (276 mg, 857 umol, 86%) as colorless solid. Conforms to reported
analytical data.?

Rf: 0.27 (Hex:EtOAc 9:1)
m.p.: 147.8 -149.2 °C

1H-NMR (400 MHz, CDCl5 8): 7.87 (d, J = 8.4 Hz, 2H), 7.68 (d, J = 8.4 Hz, 2H), 3.08 (s, 3H), 2.04 (s, 3H), 1.83
(d, J=2.5Hz, 6H), 1.63 (q, J = 12.2 Hz, 6H).

13C-NMR (101 MHz, CDCls,86): 140.4, 138.8, 137.9, 127.2, 49.7, 44.6, 43.9, 36.1, 30.1.
HR-MS (ESI): m/z calc. for [M + Na*] 345.09534, found 345.09570.

IR (ATR, ¥ [cm™]): 2902 (m), 2849 (w), 1575 (w), 1448 (w), 1381 (w), 1348 (w), 1304 (s), 1269 (m), 1176
(w), 1146 (s), 1088 (m), 1034 (m), 1012 (w), 952 (s), 830 (m), 770 (s), 740 (m), 710 (w), 684 (w).
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N-(4-(((3s,5s,7s)-adamantan-1-yl)thio)phenyl)acetamide (3jb)
@)

Yo O

3jb
C18H23NOS (30145 g/mol)

Following GP-B, 3jb was synthesized using N-(4-chlorophenyl)acetamide (170 mg, 1.00 mmol, 1.0 equiv.)
and 1-adamantanethiol (185 mg, 1.10 mmol, 1.1 equiv.). Purification by FC (SiO,, gradient to 5:5 Hex:EtOAc
over 20 CV) afforded 3jb (259 mg, 857 umol, 86%) as colorless solid.

Rf: 0.38 (Hex:EtOAc 5:5)
m.p.: 188.0 - 189.8 °C

1H-NMR (400 MHz, CDCl3, 8): 7.54 (br. s, 1H), 7.47 (d, J = 8.6 Hz, 2H), 7.42 (d, J = 8.6 Hz, 2H), 2.18 (s, 3H),
1.99 (s, 3H), 1.78 (d, J = 2.5 Hz, 6H), 1.60 (q, J = 12.2 Hz, 6H).

13C-NMR (101 MHz, CDCl3,6): 168.6, 138.5, 138.5, 125.7, 119.5, 48.0, 43.6, 36.3, 30.1, 24.8.
HR-MS (ESI): m/z calc. for [M + Na*] 324.13926, found 324.13955.

IR (ATR, ¥ [cm}]): 3230 (w), 2901 (w), 2846 (w), 1657 (m), 1582 (m), 1523 (m), 1485 (m), 1448 (w), 1389
(m), 1370 (m), 1349 (w), 1303 (m), 1250 (m), 1176 (w), 1101 (w), 1035 (m), 1008 (w), 967 (w), 888 (w), 822
(m), 750 (m), 688 (w).

S57



ss'1
mm.ﬁk
917
91

R.ﬁ\.
mZ.\.
661

E.N.\.

L
'L
9L

8L .\.
b5,

3jb

Koo
=09
80€
2 00E

00T
Mco.w
€L°0

11.0 105 100 95 90 85 80 75 70 65 6.0 fl(S.S) 50 45 40 35 30 25 20 15 10 05 00 -05
ppm

11.5

8've—
T0E—
£9e—

9'er—
08—

S61T—

LSeT—

S'8ET
mAwmﬁv

9'89T—

200 190 180 170 160 150 140 130 120 llfO( 1)00 90 80 70 60 50 40 30 20 10
1(ppm

210

S58



4-(4-(((3s,5s,7s)-adamantan-1-yl)thio)phenyl)morpholine (3kb)

C20H27NOS (329.50 g/mol)

Following GP-B, 3kb was synthesized using 4-(4-chlorophenyl)morpholine (198 mg, 1.00 mmol, 1.0 equiv.)
and 1-adamantanethiol (185 mg, 1.10 mmol, 1.1 equiv.). Purification by FC (SiO,, gradient to 8:2 Hex:EtOAc
over 20 CV) afforded 3kb (221 mg, 672 umol, 67%) as colorless solid.

Rs: 0.25 (Hex:EtOAc 9:1)
m.p.: 125.9 - 127.4 °C

H-NMR (400 MHz, CDCl3 8): 7.38 (d, J = 8.7 Hz, 2H), 6.83 (d, J = 8.7 Hz, 2H), 3.90 — 3.83 (m, 4H), 3.22 —
3.15 (m, 4H), 2.00 (s, 3H), 1.78 (d, J = 3.0 Hz, 6H), 1.61 (q, J = 12.3 Hz, 6H).

13C-NMR (101 MHz, CDCl;, 6): 151.4, 138.8, 120.2, 115.0, 66.9, 48.8, 47.6, 43.6, 36.3, 30.1.
HR-MS (ESI): m/z calc. for [M+H]*330,18861, found 330,18895.

IR (ATR, ¥ [cmY]): 2898 (m), 2846 (w), 1590 (m), 1492 (m), 1445 (m), 1374 (w), 1332 (m), 1303 (m), 1232
(s), 1176 (w), 1113 (s), 1038 (m), 975 (w), 922 (s), 867 (w), 810 (s), 721 (w), 673 (m).
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((3s,5s,7s)-adamantan-1-yl)(4-(trifluoromethoxy)phenyl)sulfane (3lb)

Qo

3lb

F2CO

C17H19F30S (328.39 g/mol)

Following GP-B, 3lb was synthesized using 1-chloro-4-(trifluoromethoxy)benzene (144 pL 1.00 mmol,
1.0 equiv.) and 1-adamantanethiol (185 mg, 1.10 mmol, 1.1 equiv.). Purification by FC (SiO,, gradient to
9:1 Hex:EtOAc over 20 CV) afforded 3lb (235 mg, 716 umol, 72%) as colorless solid.

Rs: 0.42 (Hex:EtOAc 9:1)
m.p.: ambient temperature

1H-NMR (400 MHz, CDCl; 8): 7.53 — 7.49 (m, 2H), 7.15 (d, J = 7.9 Hz, 2H), 2.02 (s, 3H), 1.80 (d, J = 2.4 Hz,
6H), 1.68 — 1.59 (m, 6H).

13C-NMR (101 MHz, CDCl3,6): 149.8 (q, J = 1.8 Hz), 139.2, 129.3, 120.5 (q, J = 257.7 Hz), 48.3, 47.7, 43.7,
36.2, 30.1.

19F-NMR (376 MHz, CDCl; 8): 57.7.
HR-MS (El): m/z calc. for [M] 328.110322, found 328.11073.

IR (ATR, ¥ [cm™]): 2905 (s), 2850 (m), 1586 (w), 1485 (w), 1448 (w), 1344 (w), 1251 (vs), 1206 (vs), 1158
(vs), 1097 (s), 1038 (s), 1016 (m), 975 (w), 923 (w), 893 (w), 839 (m), 807 (m), 770 (w), 766 (w), 732 (w),
671 (w).
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((3s,5s,7s)-adamantan-1-yl)(3-methoxyphenyl)sulfane (3mb)

Q7

C17H220$ (27442 g/mol)

Following GP-B, 3mb was synthesized using 3-chloroanisole (123 uL, 1.00 mmol, 1.0 equiv.) and 1-
adamantanethiol (185 mg, 1.10 mmol, 1.1 equiv.). Purification by FC (SiO,, gradient to 9:1 Hex:EtOAc over
20 CV) afforded 3mb (218 mg, 795 pmol, 80%) as colorless solid.

Rf: 0.53 (Hex:EtOAc 9:1)
m.p.: 47.9-49.5°C

'H-NMR (400 MHz, CDCl3, 8): 7.25 — 7.20 (m, 1H), 7.09 (dt, J = 7.6, 1.2 Hz, 1H), 7.07 — 7.04 (m, 1H), 6.91
(ddd, J=8.2, 2.6, 1.0 Hz, 1H), 3.81 (s, 3H), 2.01 (s, 3H), 1.83 (d, J = 2.9 Hz, 6H), 1.62 (q, J = 12.4 Hz, 6H).

13C.NMR (101 MHz, CDCl3 8): 159.2, 131.7, 130.1, 129.1, 122.9, 114.6, 55.5, 48.2, 43.8, 36.3, 30.1.
HR-MS (EI): m/z calc. for [M] 274.138587, found 274.13497.

IR (ATR, ¥ [cm™]): 2891 (m), 2846 (w), 1567 (m), 1459 (m), 1418 (m), 1343 (w), 1280 (s), 1224 (s), 1179 (w),
1101 (w), 1075 (w), 1038 (s), 975 (w), 878 (m), 848 (w), 822 (w), 774 (s), 688 (s).
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3-(((3s,5s,7s)-adamantan-1-yl)thio)benzonitrile (3nb)

CN

—

3nb

Ci17H19NS (269.41 g/mol)

Following GP-B, 3nb was synthesized using 3-chlorobenzonitril (121 pL 1.00 mmol, 1.0 equiv.) and 1-
adamantanethiol (185 mg, 1.10 mmol, 1.1 equiv.). Purification by FC (SiO,, gradient to 9:1 Hex:EtOAc over
20 CV) afforded 3nb (229 mg, 848 umol, 85%) as colorless solid.

R¢: 0.53 (Hex:EtOAc 9:1)
m.p.: 80.0 — 81.2 °C

1H-NMR (400 MHz, CDCl 8): 7.78 (t, J = 1.7 Hz, 1H), 7.72 (dt, J = 7.8, 1.7 Hz, 1H), 7.64 (dt, J = 7.8, 1.7 Hz,
1H), 7.43 (t, J = 7.8 Hz, 1H), 2.03 (s, 3H), 1.79 (d, J = 2.9 Hz, 6H), 1.69 — 1.55 (m, 6H).

13C-NMR (101 MHz, CDCls, 8): 142.0, 140.7, 132.9, 132.2, 129.2, 118.5, 112.7, 49.1, 43.7, 36.1, 30.1.
HR-MS (ESI): m/z calc. for [M+Na]*292.11304, found 292.11332.

IR (ATR, ¥ [cm™]): 2913 (m), 2883 (m), 2850 (m), 2223 (w), 1724 (w), 1560 (w), 1455 (m), 1396 (m), 1344
(w), 1295 (m), 1258 (w), 1232 (w), 1188 (w), 1098 (w), 1034 (m), 978 (w), 930 (w), 889 (w), 822 (w), 796
(s), 744 (w), 684 (s).
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3-(((3s,5s,7s)-adamantan-1-yl)thio)-N,N-dimethylaniline (3ob)

Q7

3o0b
CisH2sNS (287.47 g/mol)

Following GP-B, 3ob was synthesized using 3-chloro-N,N-dimethylaniline (139 uL 1.00 mmol, 1.0 equiv.)
and 1-adamantanethiol (185 mg, 1.10 mmol, 1.1 equiv.) Purification by FC (SiO, 5 CV Hex, gradient to 95:5
Hex:EtOAc over 15 CV) afforded 3ob (275 mg, 955 umol, 96%) as off-white solid.

R: 0.56 (Hex:EtOAc 9:1)
m.p.: 94.7 -96.4 °C

'H-NMR (400 MHz, CDCls, §): 7.18 (t, J = 7.8 Hz, 1H), 6.90 — 6.85 (m, 2H), 6.73 (d, J = 7.8 Hz, 1H), 2.96 (s,
6H), 2.01 (s, 3H), 1.84 (d, J = 3.0 Hz, 6H), 1.68 — 1.56 (m, 6H).

13C-NMR (101 MHz, CDCl3, 6): 150.5, 131.0, 128.8, 125.9, 121.9, 112.8, 47.8, 43.9, 40.8, 36.3, 30.2.
HR-MS (ESI): m/z calc. for [M+Na]*288,17805, found 288,17819.

IR (ATR, ¥ [cm]): 2891 (m), 2846 (w), 2801 (w), 1586 (m), 1485 (m), 1440 (m), 1404 (w), 1347 (m), 1292
(m), 1229 (m), 1176 (w), 1098 (w), 1064 (w), 1038 (m), 986 (m), 956 (w), 878 (w), 837 (m), 807 (w), 769
(m), 744 (w), 688 (m).
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1-(3-(((3s,5s,7s)-adamantan-1-yl)thio)phenyl)ethan-1-ol (3pb)

S
OH
3pb
C18H24OS (28845 g/mol)

Following GP-B, 3pb was synthesized using 1-(3-chlorophenyl)ethan-1-ol (134 uL 1.00 mmol, 1.0 equiv.)
and 1-adamantanethiol (185 mg, 1.10 mmol, 1.1 equiv.). Purification by FC (SiO,, gradient to 8:2 Hex:EtOAc
over 20 CV) afforded 3pb (244 mg, 847 umol, 85%) as colorless solid.

Rs: 0.24 (Hex:EtOAc 9:1)
m.p.: 95.0 —96.2 °C

1H-NMR (400 MHz, CDCl3, 8): 7.49 (t, J = 1.5 Hz, 1H), 7.42 — 7.36 (m, 2H), 7.30 (t, J = 7.6 Hz, 1H), 4.90 (q, J =
6.5 Hz, 1H), 2.01 (s, 3H), 1.81 (d, J = 2.6 Hz, 6H), 1.62 (q, J = 12.3 Hz, 6H), 1.50 (d, J = 6.5 Hz, 3H).

13C.NMR (101 MHz, CDCls,8): 146.1, 136.8, 134.8, 130.8, 128.5, 125.8, 70.2, 48.0, 43.8, 36.3, 30.1, 25.4.
HR-MS (ESI): m/z calc. for [M + Na*] 311.14401, found 311.14432.

IR (ATR, ¥ [cm™]): 3299 (w), 2899 (m), 2846 (w), 1581 (w), 1448 (w), 1418 (w), 1370 (w), 1337 (w), 1299
(m), 1258 (w), 1202 (w), 1079 (m), 1034 (m), 971 (w), 907 (m), 825 (w), 792 (m), 770 (w), 702 (s).
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((3s,5s,7s)-adamantan-1-yl)(3,4-dimethylphenyl)sulfane (3qb)

e

3qb
C18H24S (27245 g/mol)

Following GP-B, 3gb was synthesized using 4-chloro-o-xylene (134 pL 1.00 mmol, 1.0 equiv.) and 1-
adamantanethiol (185 mg, 1.10 mmol, 1.1 equiv.) Purification by FC (SiO,, 5 CV Hex, gradient to 8:2
Hex:EtOAc over 15 CV) afforded 3qgb (247 mg, 906 umol, 91%) as colorless solid.

R: 0.80 (Hex:EtOAc 9:1)
m.p.: 78.8 — 80.6 °C

1H-NMR (400 MHz, CDCls, 8): 7.27 (s, 1H), 7.22 (dd, J = 7.8, 1.6 Hz, 1H), 7.07 (d, J = 7.8 Hz, 1H), 2.264 (s,
3H), 2.257 (s, 3H) 2.00 (s, 3H), 1.80 (d, J = 2.6 Hz, 6H), 1.62 (q, J = 7.9 Hz, 6H).

13C-NMR (101 MHz, CDCls 8): 138.9, 137.4, 136.7, 135.2, 129.7, 127.3, 47.6, 43.7, 36.3, 30.1, 19.8, 19.7.
HR-MS (El): m/z calc. for [M]*272.159322, found 272.15695.

IR (ATR, ¥ [cm™]): 2894 (s), 2846 (m), 1590 (w), 1560 (w), 1481 (w), 1445 (m), 1377 (w), 1343 (m), 1295
(m), 1255 (w), 1225 (w), 1180 (w), 1128 (w), 1098 (w), 1034 (m), 986 (w), 965 (w), 885 (m), 822 (s), 758
(w), 710 (w), 684 (w).
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((3s,5s,7s)-adamantan-1-yl)(o-tolyl)sulfane(3rb)

e

3rb

Ci17H2S (258.42 g/mol)

Following GP-B, 3rb was synthesized using 1-chloro-2-methylbenzene (117 pL 1.00 mmol, 1.0 equiv.) and
1-adamantanethiol (185 mg, 1.10 mmol, 1.1 equiv.) Purification by FC (SiO,, 5 CV Hex, gradient to 9:1
Hex:EtOAc over 15 CV) afforded 3rb (39 mg, 150 umol, 15%) as white solid. Conforms to reported
analytical data.?

Rs: 0.64 (Hex:EtOAc 95:5)

1H-NMR (400 MHz, CDCl3, 8): 7.49 (dd, J = 7.5, 1.3 Hz, 1H), 7.29 — 7.22 (m, 2H), 7.17 = 7.10 (m, 1H), 2.52 (s,
3H), 2.00 (s, 3H), 1.85 (d, J = 3.1 Hz, 6H), 1.63 (d, J = 3.6 Hz, 6H).

3C-NMR (101 MHz, CDCl5 8): 144.1, 139.3, 130.3, 130.2, 128.8, 125.5, 49.4, 43.8, 36.2, 30.0, 22.1.
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((3s,5s,7s)-adamantan-1-yl)(3-chloro-4-methylphenyl)sulfane (3sb)

Cl

e

3sb

C17H21CIS (292.87 g/mol)

Following GP-B, 3sb was synthesized using 2,4-dichlorotoluene (161 mg, 1.00 mmol, 1.0 equiv.) and 1-
adamantanethiol (185 mg, 1.10 mmol, 1.1 equiv.). Purification by FC (SiO,, Hex 5 CV, gradient to 9:1
Hex:EtOAc over 20 CV) afforded 3sb (250 mg, 293 umol, 85%) as colorless solid.

Rr: 0.84 (Hex:EtOAc 9:1)
m.p.: 93.7 —95.6 °C

1H-NMR (400 MHz, CDCls, 8): 7.49 (d, J = 1.8 Hz, 1H), 7.26 (dd, J = 1.8 Hz, 7.8 Hz, 1H), 7.17 (d, J = 7.8 Hz,
1H), 2.38 (s, 3H), 2.02 (s, 3H), 1.79 (d, J = 2.7 Hz, 6H), 1.62 (q, J = 12.3 Hz, 6H).

13C-NMR (101 MHz, CDCls3, 6): 137.7, 136.8, 136.0, 134.0, 130.7, 129.3, 48.3, 43.7, 36.3, 36.3, 30.2, 30.1,
20.0.

HR-MS (El): m/z calc. for [M] 292.104700, found 292.10531.

IR (ATR, ¥ [cm}]): 2911 (m), 2900 (m), 2849 (m), 1582 (w), 1545 (w), 1444 (m), 1370 (w), 1340 (w), 1295
(m), 1254 (w), 1180 (w), 1142 (w), 1102 (w), 1038 (m), 978 (w), 956 (w), 930 (w), 885 (w), 822 (s), 755 (w),
699 (m).
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1,3-bis(((3S,5S,7S)-adamantan-1-yl)thio)benzene (3tb)

2B Qe

3tb

C25H3452 (41068g/mo|)

Following GP-B, 3tb was synthesized using 1,3-dichlorbenzene (74 mg, 0.50 mmol, 1.0 equiv.) and 1-
adamantanethiol (185 mg, 1.10 mmol, 1.1 equiv.). Purification by FC (SiO,, 99:1 Hex:EtOAc 20 CV) afforded
3tb (153 mg, 374 umol, 75%) as colorless solid.

Rs: 0.78 (Hex:EtOAc 9:1)
m.p.: 170.1-171.8 °C

1H-NMR (400 MHz, CDCl3 8): 7.68 (t, J = 1.7 Hz, 1H), 7.49 (dd, J = 7.7, 1.7 Hz, 2H), 7.27 (t, J = 7.7 Hz, 1H),
2.00 (s, 6H), 1.81 (d, J = 2.6 Hz, 12H), 1.61 (g, J = 12.1 Hz, 12H).

13C-NMR (101 MHz, CDCls,8): 146.6, 138.0, 130.7, 128.2, 48.4, 43.8, 36.3, 30.1.
HR-MS (El): m/z calc. for [M] 410.209643, found 410.21066.

IR (ATR, ¥ [cmY]): 2895 (m), 2846 (m), 1746 (w), 1720 (w), 1556 (w), 1445 (m), 1381 (w), 1340 (w), 1291
(w), 1254 (w), 1176 (w), 1101 (w), 1068 (w), 1034 (m), 1005 (w), 968 (w), 915 (w), 885 (w), 822 (w), 792
(m), 744 (w), 692 (m).
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3-(((3s,5s,7s)-adamantan-1-yl)thio)pyridine (3ub)

—_—
2
S
3ub
C15H19NS (24538 g/mol)

Following GP-B, 3ub was synthesized using 3-chloropyridine (94 pL 1.0 mmol, 1.0 equiv.) and
1-adamantanethiol (185 mg, 1.10 mmol, 1.1 equiv.). Purification by FC (SiO,, gradient to 8:2 Hex:EtOAc
over 15 CV) afforded 3ub (91 mg, 0.37 mmol, 37%) as colorless solid.

Rf: 0.22 (Hex:EtOAc 9:1)
m.p.: 92.2-93.3°C

H-NMR (400 MHz, CDCls,8): 8.68 (dd, J = 2.1, 0.7 Hz, 1H), 8.58 (dd, J = 4.8, 1.6 Hz, 1H), 7.84 — 7.79 (m, 1H),
7.30 = 7.25 (m, 1H), 2.02 (s, 3H), 1.79 (d, J = 2.6 Hz, 6H), 1.62 (q, J = 12.4 Hz, 6H).

13C.NMR (101 MHz, CDCl3 8): 156.9, 149.4, 145.1, 128.0, 123.5, 48.7, 43.7, 36.1, 30.1.
HR-MS (ESI): m/z calc. for [M+H]* 246.13110, found 246.13112.

IR (ATR, ¥ [cm™]): 2898 (m), 2846 (w), 1560 (w), 1449 (w), 1396 (w), 1343 (w), 1292 (w), 1254 (w), 1184
(w), 1104 (w), 1025 (m), 1016 (w), 969 (w), 956 (w), 930 (w), 889 (w), 807 (m), 770 (w), 732 (w), 703 (m).
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7-(((3s,5s,7s)-adamantan-1-yl)thio)quinoline (3vb)

S
N
S
3vb

C19H21NS (29544 g/mol)

Following GP-B, 3vb was synthesized using 6-chloroquinoline (164 mg, 1.00 mmol, 1.0 equiv.) and 1-
adamantanethiol (185 mg, 1.10 mmol, 1.1 equiv.). Purification by FC (SiO,, gradient to 7:3 Hex:EtOAc over
20 CV) afforded 3vb (230 mg, 778 umol, 78%) as colorless solid.

Rs: 0.15 (Hex:EtOAc 9:1)
m.p.: 115.2 - 116.7 °C

1H-NMR (400 MHz, CDCls,8): 8.94 (d, J = 4.7 Hz, 1H), 8.16 (d, J = 8.3 Hz, 1H), 8.05 (d, J = 8.7 Hz, 1H), 8.01
(d,J=1.9 Hz, 1H), 7.80 (dd, J = 8.7, 1.9 Hz, 1H), 7.44 (dd, J = 8.3, 4.2 Hz, 1H), 2.05 — 1.98 (m, 3H), 1.87 (d, J
=2.9 Hz, 6H), 1.62 (q, J = 12.3 Hz, 6H).

13C-NMR (101 MHz, CDCl3 8): 150.8, 147.8, 138.4, 136.9, 136.1, 129.5, 129.0, 128.1, 121.4, 48.8,43.7, 36.1,
30.0.

HR-MS (ESI): m/z calc. for [M+H]* 296,14675, found 296,14692.

IR (ATR, ¥ [cm™]): 2909 (w), 2891 (w), 2849 (w), 1642 (s), 1597 (m), 1560 (w), 1489 (w), 1448 (m), 1422
(m), 1343 (s), 1288 (m), 1250 (m), 1217 (w), 1180 (w), 1135 (w), 1098 (w), 1071 (w), 1029 (m), 997 (w), 971
(w), 907 (w), 878 (w), 841 (m), 818 (m), 770 (s), 684 (s).
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5-(((3s,5s,7s)-adamantan-1-yl)thio)-1H-indole (3wb)

H
N
&Q
e
3wb

C18H21NS (28343 g/mol)

Following GP-B, 3wb was synthesized using 5-chloro-1H-indole (152 mg, 1.00 mmol, 1.0 equiv.) and 1-
adamantanethiol (185 mg, 1.10 mmol, 1.1 equiv.). Purification by FC (SiO,, gradient to 8:2 Hex:EtOAc over
15 CV) afforded 3wb (238 mg, 840 umol, 84%) as colorless solid.

Rs: 0.27 (Hex:EtOAc 9:1)
m.p.: 170.1-171.3 °C

1H-NMR (400 MHz, CDCl3,8): 8.21 (br. s, 1H), 7.81 (s, 1H), 7.33 (s, 2H), 7.24 — 7.22 (m, 1H), 6.57 — 6.55 (m,
1H), 1.99 (s, 3H), 1.83 (d, J = 2.6 Hz, 6H), 1.61 (q, J = 12.2 Hz, 6H).

13C-NMR (101 MHz, CDCls 6): 136.0, 131.7, 130.6, 128.3, 124.8, 120.6, 110.7, 102.9, 47.4, 43.6, 36.4, 30.1.
HR-MS (ESI): m/z calc. for [M + Na*] 306.12869, found 306.12929.

IR (ATR, ¥ [cm™]): 3389 (w), 2895 (m), 2846 (w), 1746 (w), 1646 (w), 1608 (w), 1448 (m), 1407 (w), 1336
(w), 1299 (m), 1254 (w), 1191 (w), 1135 (w), 1094 (w), 1064 (w), 1034 (m), 975 (w), 893 (w), 807 (m), 770
(m), 736 (m), 688 (w).
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6-(((3s,5s,7s)-adamantan-1-yl)thio)-2-methylbenzo-thiazole (3xb)

\(/N
4,10
3xb

C18H21N52 (31549 g/mol)

Following GP-B, 3xb was synthesized using 5-chloro-2-methylbenzothiazole (184 mg, 1.00 mmol, 1.0
equiv.) and 1-adamantanethiol (185 mg, 1.10 mmol, 1.1 equiv.). Purification by FC (SiO,, gradient to 8:2
Hex:EtOAc over 25 CV) afforded 3xb (256 mg, 811 umol, 81%) as colorless solid.

R¢: 0.38 (Hex:EtOAc 9:1)
m.p.: 196.7 — 198.8 °C

1H-NMR (400 MHz, CDCls,8): 8.11 (d, J = 1.4 Hz, 1H), 7.75 (d, J = 8.2 Hz, 1H), 7.47 (dd, J = 8.2, 1.4 Hz, 1H),
2.85 (s, 3H), 2.00 (s, 3H), 1.83 (d, J = 2.4 Hz, 6H), 1.60 (d, J = 11.6 Hz, 6H).

13C-NMR (101 MHz, CDCls, 8): 167.9, 153.6, 136.4, 134.0, 131.4, 128.3, 120.9, 48.3, 43.7, 36.3, 30.1, 20.4.
HR-MS (ESI): m/z calc. for [M+H]*316.11882, found 316.11899.

IR (ATR, ¥ [cm™]): 2887 (m), 2849 (w), 1780 (w), 1750 (w), 1649 (w), 1523 (w), 1433 (w), 1403 (w), 1370
(w), 1340 (w), 1291 (w), 1254 (w), 1232 (w), 1228 (w), 1162 (m), 1102 (w), 1034 (m), 1001 (w), 966 (w),
904 (w), 878 (m), 819 (m), 766 (w), 736 (w), 680 (w).
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5-(((3s,5s,7s)-adamantan-1-yl)thio)benzo[d][1,3]dioxole (3yb)

%@S iis

3yb
C17Hzoozs (28841 g/mol)

Following GP-B, 3yb was synthesized using 5-chloro-1,3-benzodioxole (157 mg, 117 pL, 1.00 mmol, 1.0
equiv.) and 1-adamantanethiol (185 mg, 1.10 mmol, 1.1 equiv.). Purification by FC (SiO,, gradient to 9:1
Hex:EtOAc over 20 CV) afforded 3yb (193 mg, 669 umol, 67%) as colorless solid.

Re: 0.62 (Hex:EtOAc 9:1)
m.p.: 80.6 —81.7 °C

1H-NMR (400 MHz, CDCls, 8): 6.99 (dd, J = 7.9, 1.7 Hz, 1H), 6.95 (d, J = 1.6 Hz, 1H), 6.76 (d, J = 7.9 Hz, 1H),
5.99 (s, 2H), 2.01 (s, 3H), 1.79 (d, J = 2.6 Hz, 6H), 1.62 (d, J = 10.4 Hz, 6H).

13C.NMR (101 MHz, CDCl3,8): 148.5, 147.4, 131.9, 122.9, 117.6, 108.2, 101.5, 47.9, 43.6, 36.3, 30.1.
HR-MS (EI): m/z calc. for [M] 288.117852, found 288.11442.

IR (ATR, ¥ [cm™]): 2902 (m), 2846 (w), 1504 (w), 1467 (s), 1407 (w), 1332 (w), 1299 (w), 1224 (s), 1158 (w),
1102 (m), 1030 (s), 978 (w), 930 (s), 889 (m), 859 (m), 807 (s), 721 (w), 684 (w).
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2-(((3s,5s,7s)-adamantan-1-yl)thio)-10-ethyl-10H-phenothiazine (3zb)

)
SR

C24H27N52 (39361 g/mol)

Following GP-B, 3zb was synthesized using 2-chloro-10-ethylphenothiazine (131 mg, 500 umol, 1.0 equiv.)
and 1-adamantanethiol (93 mg, 0.55 mmol, 1.1 equiv.). Purification by FC (SiO,, 99:1 Hex:EtOAc 15 CV)
afforded 3zb (174 mg, 441 pmol, 88%) as yellow solid.

Rs: 0.64 (Hex:EtOAc 9:1)
m.p.: 145.9-147.7 °C

H-NMR (400 MHz, CDCl,8): 7.19 — 7.10 (m, 2H), 7.04 (s, 2H), 6.98 (s, 1H), 6.94 —6.86 (m, 2H), 3.91 (q, J =
7.0 Hz, 2H), 2.02 (s, 3H), 1.81 (d, J = 2.6 Hz, 6H), 1.63 (q, J = 8.9 Hz, 6H), 1.42 (t, J = 7.0 Hz, 3H).

13C-NMR (101 MHz, CDCls, §): 144.8, 131.6, 129.4, 127.5, 126.9, 125.7, 124.2, 124.1, 122.7, 115.4, 48.3,
43.8,42.05, 36.3,30.1, 13.1.

HR-MS (ESI): m/z calc. for [M]*394.15794, found 394.15856.

IR (ATR, ¥ [cm™]): 2906 (w), 2876 (w), 2846 (w), 1582 (w), 1550 (w), 1445 (s), 1393 (m), 1344 (w), 1314
(w), 1284 (m), 1238 (m), 1173 (w), 1131 (w), 1105 (m), 1034 (m), 971 (w), 949 (w), 916 (w), 881 (w), 807
(m), 744 (s), 680 (w).
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2-(((3s,5s,7s)-adamantan-1-yl)thio)-10H-phenothiazine (3Ab)

NH

e

3Ab

szHngSz (365.55 g/mol)

Following GP-B, 3Ab was synthesized using 2-chlorophenothiazine (234 mg, 1.00 mmol, 1.0 equiv.) and 1-
adamantanethiol (185 mg, 1.1 mmol, 1.1 equiv.). Purification by FC (SiO,, gradient to 9:1 Hex:EtOAc over
20 CV) afforded 3Ab (330 mg, 903 umol, 90%) off-white solid.

Rs: 0.44 (Hex:EtOAc 9:1)
m.p.: 176.0 - 178.1 °C

1H-NMR (400 MHz, DMSO, 8): 8.63 (s, 1H), 7.02 — 6.96 (m, 2H), 6.93 — 6.85 (m, 2H), 6.82 — 6.72 (m, 3H),
6.67 —6.62 (m, 1H), 1.97 (s, 3H), 1.73 (d, J = 2.9 Hz, 6H), 1.58 (q, J = 12.3 Hz, 6H).

13C-NMR (101 MHz, DMSO, 8): 141.7,141.4,130.1, 128.5, 128.1, 127.5, 126.1, 125.8, 122.1, 121.8, 117.6,
115.6, 114.4, 47.3, 43.0, 35.4, 29.1.

HR-MS (ESI): m/z calc. for [M + Na*], found.

IR (ATR, ¥ [cm™]): 3379 (w), 2897 (w), 2846 (w), 1585 (w), 1552 (w), 1458 (m), 1426 (m), 1349 (w), 1295
(m), 1247 (m), 1180 (w), 1157 (w), 1124 (w), 1098 (w), 1061 (w), 1034 (m), 972 (w), 923 (w), 859 (w), 807
(m), 736 (s), 680 (m).
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7-(((3s,5s,7s)-adamantan-1-yl)thio)-3-phenyl-4H-chromen-4-one (3Bb)

3Bb

C25H240zs (388.53 g/mol)

Following GP-B, 3Bb was synthesized using 6-chloroflavone (257 mg, 1.00 mmol, 1.0 equiv.) and 1-
adamantanethiol (185 mg, 1.10 mmol, 1.1 equiv.). Purification by FC (SiO,, gradient to 8:2 Hex:EtOAc over
5 CV, gradient to 5:5 Hex:EtOAc over 20 CV) afforded 3Bb (345 mg, 888 pumol, 89%) as colorless solid.

Rs: 0.20 (Hex:EtOAc 9:1)
m.p.: 212.3 - 214.0 °C

1H-NMR (400 MHz, CDCl3, 8): 8.36 (d, J = 2.1 Hz, 1H), 7.93 (dd, J = 7.2, 1.5 Hz, 2H), 7.79 (dd, J = 8.6, 2.1 Hz,
1H), 7.57 — 7.50 (m, 4H), 6.85 (s, 1H), 2.02 (s, 3H), 1.83 (d, J = 2.3 Hz, 6H), 1.62 (q, J = 12.3 Hz, 6H).

13C-NMR (101 MHz, CDCls, 8): 178.1, 163.6, 156.5, 142.9, 134.7, 131.9, 131.8, 129.2, 128.3, 126.5, 123.9,
118.2,107.9, 48.6, 43.7, 36.2, 30.1.

HR-MS (ESI): m/z calc. for [M+H]*389.15698 , found 389.15704.

IR (ATR, ¥ [cm™]): 2909 (w), 2891 (w), 2849 (w), 1642 (s), 1597 (m), 1560 (w), 1489 (w), 1448 (m), 1422
(m), 1343 (s), 1288 (m), 1250 (m), 1217 (w), 1180 (w), 1135 (w), 1098 (w), 1071 (w), 1029 (m), 997 (w), 971
(w), 907 (w), 878 (w), 841 (m), 818 (m), 770 (s), 684 (s).
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Ethyl 4-(8-(((3s,5s,7s)-adamantan-1-yl)thio)-5,6-dihydro-11H-benzo[5,6]cyclohepta[1,2-b]pyridin-11-
ylidene)piperidine-1-carboxylate (3Cb)

Negeney
1

\\ 3Cb

Cs2H3sN20,S (51473 g/mol)

Following GP-B, 3Cb was synthesized using Loratadine (191 mg, 0.50 mmol, 1.0 equiv.) and
1-adamantanethiol (93 mg, 0.55 mmol, 1.1 equiv.). Purification by FC (SiO,, gradient to 5:5 Hex:EtOAc over
20 CV) afforded 3Cb (179 mg, 348 umol, 70%) as colorless solid.

R¢: 0.32 (Hex:EtOAc 5:5)
m.p.: 121.4 - 123.8 °C (starts melting at 100°C)

1H-NMR (400 MHz, CDCl; &): 8.43 — 8.40 (m, 1H), 7.49 — 7.44 (m, 1H), 7.31 — 7.26 (m, 2H), 7.16 — 7.08 (m,
2H), 4.19 — 4.08 (m, 2H), 3.81 (s, 2H), 3.46 — 3.31 (m, 2H), 3.21 — 3.08 (m, 2H), 2.91 — 2.76 (m, 2H), 2.55 —
2.44 (m, 1H), 2.42 — 2.24 (m, 3H), 2.00 (s, 3H), 1.80 (d, J = 2.2 Hz, 6H), 1.61 (q, J = 12.3 Hz, 6H), 1.24 (t, J =
7.1 Hz, 3H).

13C-NMR (101 MHz, CDCl3, 6): 155.6, 139.5, 138.3, 137.8, 135.3, 129.4, 122.4, 61.5, 48.1, 45.0, 44.9, 43.7,
36.3, 31.9, 31.8, 30.7, 30.7, 30.1, 14.8.

HR-MS (ESI): m/z calc. for [M+H]*515.27268, found 515.27245.

IR (ATR, ¥ [cm™]): 2976 (w), 2901 (w), 2846 (w), 1694 (m), 1564 (w), 1470 (w), 1426 (m), 1381 (w), 1347
(w), 1325 (w), 1276 (w), 1221 (m), 1172 (w), 1109 (m), 1060 (w), 1034 (w), 993 (w), 926 (w), 889 (w), 833
(w), 769 (w), 718 (w), 684 (w).

S96



€T
VNAW

%1

09°7
N@AW
59T
08'1
cw.ﬁ\
00T
9T
LET
(444
8T

ere
E.MW.
or'e

gee
196~

0Tt
[4% 4
1454
9Tt

l

3Cb

Eeoe
K09
$09
L0

Fsoe
Feo1

Fore
Fue
Frre
Froz

80T

E90
0T
L6

E00'T

60 55 50 45 40 35 30 25 20 15 1.0 05 00 -05
f1(ppm)

6.5

7.0

11.0 105 100 95 90 85 80 75

11.5

8PT—

Toe
EMW
L0g
m.a“\.
61€
£9¢
Ly
PUAS
0'sh
var"

P19—

YT —

veer—
£ser
wNmﬁ/
£9eT
secr/

9'65T—

3Cb

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

210

f1(ppm)

S97



Ethyl 2-(1-(4-(((3s,5s,7s)-adamantan-1-yl)thio)benzoyl)-5-methoxy-2-methyl-1H-indol-3-yl)acetate
(3Db)

O
-0

0
o)\Q
S

3Db

C31H3sNO4S (517.68 g/mol)

Following GP-B, 3Db was synthesized using Indometacine-o-ethylester (186 mg, 500 umol, 1.0 equiv.) and
1-adamantanethiol (93 mg, 0.55 mmol, 1.1 equiv.). Purification by FC (SiO,, 85:15 Hex:EtOAc over 15 CV)
afforded 3Db (194 mg, 374 umol, 75%) as yellow solid.

R: 0.22 (Hex:EtOAc 9:1)
m.p.: could not be measured due to consistency

'H-NMR (400 MHz, CDCl3, 8): 7.65 —7.58 (m, 4H), 6.97 (d, J = 2.5 Hz, 1H), 6.86 (d, J = 9.0 Hz, 1H), 6.64 (dd,
J=9.0, 2.5 Hz, 1H), 4.16 (q, J = 7.1 Hz, 2H), 3.83 (s, 3H), 3.65 (s, 2H), 2.38 (s, 3H), 2.04 (s, 3H), 1.85 (d, J =
2.5 Hz, 6H), 1.64 (q, / = 12.1 Hz, 6H), 1.26 (t, J = 7.1 Hz, 3H).

13C-NMR (101 MHz, CDCl3,8): 171.0, 169.2, 156.1, 137.6, 136.9, 136.0, 135.7, 131.0, 130.8, 129.4, 115.2,
112.8,111.7,101.3, 61.1, 55.8, 49.3, 43.9, 36.2, 30.6, 30.2, 14.4, 13.6.

HR-MS (ESI): m/z calc. for [M + Na]* 540.21790, found 540.21865.

IR (ATR, ¥ [cm™]): 2902 (w), 2846 (w), 1732 (m), 1679 (s), 1593 (w), 1471 (m), 1452 (m), 1392 (w), 1358
(m), 1311 (s), 1254 (s), 1220 (s), 1164 (s), 1142 (s), 1094 (m), 1064 (s), 1031 (s), 919 (m), 833 (s), 800 (m),
755 (m), 695 (m), 669 (w).
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Isopropyl 2-(4-(4-(((3s,5s,7s)-adamantan-1-yl)thio)benzoyl)phenoxy)-2-methylpropanoate (3Eb)

o O 0
;ﬂ

C30H3604S (492.67 g/mol)

Following GP-B, 3Eb was synthesized using Fenofibrat (180 mg, 500 umol, 1.0 equiv.) and
1-adamantanethiol (93 mg, 550 umol, 1.1 equiv.). Purification by FC (SiO,, gradient to 9:1 Hex:EtOAc over
20 CV) afforded 3Eb (216 mg, 438 umol, 88%) as colorless solid.

Rs: 0.36 (Hex:EtOAc 9:1)
m.p.: 93.6 -96.7 °C

'H-NMR (400 MHz, CDCls 8): 7.79 — 7.74 (m, 2H), 7.70 — 7.66 (m, 2H), 7.59 (d, J = 8.2 Hz, 2H), 6.89 — 6.84 (m, 2H),
5.08 (hept, J = 6.3 Hz, 1H), 2.03 (s, 3H), 1.854 (s, 3H), 1.847 (s, 3H), 1.69 — 1.58 (m, 12H), 1.20 (d, J = 6.2 Hz, 6H).

13C-NMR (101 MHz, CDCls, 8): 195.2, 173.3, 159.8, 138.1, 137.2, 135.9, 132.2, 132.1, 131.3, 130.5, 129.6,
128.7,117.4,117.3,79.5, 69.5, 49.1, 43.9, 36.2, 30.2, 25.5, 21.7.

HR-MS (ESI): m/z calc. for [M + Na]* 515.22265, found 515.22318.

IR (ATR, ¥ [cm™]): 2977 (w), 2902 (w), 2850 (w), 1728 (m), 1638 (w), 1593 (s), 1504 (w), 1459 (w), 1382
(w), 1344 (w), 1280 (s), 1250 (s), 1173 (s), 1146 (s), 1098 (s), 1035 (m), 1012 (m), 971 (m), 926 (s), 848 (s),
759 (s), 680 (m).
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Ethyl 4-(heptylthio)benzoate (3ac)

O N\
S

3ac

C15H240zs (28043 g/mol)

Following GP-B, 3ac was synthesized using ethyl 4-chlorobenzoate (157 uL, 1.00 mmol, 1.0 equiv.) and
1-heptanethiol (172 uL, 1.10 mmol, 1.1 equiv.) Purification by FC (SiO,, 5 CV Hex, gradient to 9:1 Hex:EtOAc
over 15 CV) afforded 3ac (265 mg, 943 umol, 94 %) as colorless oil. Conforms to reported analytical data.’

Rs: 0.62 (Hex:EtOAc 9:1).

1H-NMR (400 MHz, CDCl5 8): 7.93 (d, J = 8.5 Hz, 2H), 7.28 (d, J = 8.5 Hz, 2H), 4.36 (g, J = 7.1 Hz, 2H), 3.01 —
2.97 (t,J = 7.4 Hz, 2H), 1.69 (p, J = 7.3 Hz, 2H), 1.49 — 1.24 (m, 11H), 0.87 (t, J = 6.8 Hz, 3H).

13C-NMR (101 MHz, CDCl3,8): 166.5, 144.4, 130.0, 126.4, 61.0, 32.2, 31.8, 29.0, 29.0, 28.9, 22.7, 14.5, 14.2.
HR-MS (ESI): m/z calc. for [M+Na]* 303.13892, found 303.13936.
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Ethyl 4-(dodecylthio)benzoate (3ad)

Et0,C
\©\S/(CH2)11 CH3

3ad

C21H340,S (350.56 g/mol)

Following GP-B, 3ad was synthesized using ethyl 4-chlorobenzoate (157 uL, 1.00 mmol, 1.0 equiv.) and 1-
dodecanethiol (264 uL, 1.10 mmol, 1.1 equiv.). Purification by FC (SiO,, 5 CV Hex, gradient to 8:2 Hex:EtOAc
over 20 CV) afforded 3ad (337 mg, 961 umol, 96%) as off-white solid. Conforms to reported analytical
data.”

R¢: 0.64 (Hex:EtOAc 9:1)

1H-NMR (400 MHz, CDCls 8): 7.93 (d, J = 8.5 Hz, 2H), 7.28 (d, J = 8.5 Hz, 2H), 4.36 (g, J = 7.2 Hz, 2H), 2.97
(t,J=7.2 Hz, 2H), 1.69 (p, J = 7.2 Hz, 2H), 1.49 — 1.22 (m, 21H), 0.87 (t, J = 7.2 Hz, 3H).

13C-NMR (101 MHz, CDCl; 8): 166.5, 144.4, 130.0, 127.0, 126.4, 61.0, 32.2, 32.1, 29.8, 29.8, 29.7, 29.6,
29.5,29.3,29.0, 28.9, 22.8, 14.5, 14.3.

HR-MS (ESI): m/z calc. for [M+Na]*373,21717, found 373,21705.
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Ethyl 4-(2-ethylhexylthio) benzoate (3ae)

S/\K\/\

3ae

C17H260,S (294.45 g/mol)

Following GP-B, 3ae was synthesized using ethyl 4-chlorobenzoate (157 pL, 1.00 mmol, 1.0 equiv.) and 2-
ethylhexanethiol (191 pL, 1.10 mmol, 1.1 equiv.). Purification by FC (SiO,, 5 CV Hex, gradient to 9:1
Hex:EtOAc over 15 CV) afforded 3ae (283 mg, 960 umol, 96%) as colorless oil, which solidified upon
standing.

Rs: 0.64 (Hex:EtOAc 9:1)
m.p.: ambient temperature

1H-NMR (400 MHz, CDCl3,8): 7.92 (d, J = 8.5 Hz, 2H), 7.29 (d, J = 8.5 Hz, 2H), 4.35 (q, J = 7.1 Hz, 2H), 2.95
(d,J = 6.3 Hz, 2H), 1.62 (p, J = 6.2 Hz, 1H), 1.55 — 1.35 (m, 7H), 1.34 — 1.24 (m, 4H), 0.94 — 0.86 (m, 6H).

13C-NMR (101 MHz, CDCl; 6): 166.5, 145.0 129.9, 126.9, 126.5, 61.0, 38.8, 36.6, 32.6, 28.9, 25.8, 23.1,
14.5, 14.2, 10.9.

HR-MS (ESI): m/z calc. for [M+Na]* 317.15457, found 317.15497.

IR (ATR, ¥ [cm™]): 3058 (w), 2957 (m), 2924 (m), 2862 (w), 1713 (s), 1593 (m), 1564 (w), 1459 (w), 1433
(w), 1396 (m), 1369 (w), 1310 (w), 1269 (vs), 1232 (m), 1176 (m), 1101 (s), 1019 (m), 877 (w), 844 (w),
785 (w), 755 (s), 691 (m).
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Ethyl 4-(cyclopentylthio)benzoate (3af)

EtOZC\©\
S

3af

C14H150,S (25036 g/mol)

Following GP-B, 3af was synthesized using ethyl 4-chlorobenzoate (157 pL, 1.00 mmol, 1.0 equiv.) and
cyclopentanethiol (118 uL, 1.10 mmol, 1.1 equiv.). Purification by FC (SiO,, 5 CV Hex, gradient to 9:1
Hex:EtOAc over 15 CV) afforded 3af (224 mg, 893 umol, 89%) as colorless oil.

Rf: 0.57 (Hex:EtOAc 9:1)

1H-NMR (400 MHz, CDCl5 8): 7.92 (d, J = 8.5 Hz, 2H), 7.30 (d, J = 8.5 Hz, 2H), 4.35 (g, J = 7.1 Hz, 2H), 3.75 —
3.66 (m, 1H), 2.19 — 2.07 (m, 2H), 1.85 — 1.74 (m, 2H), 1.71 — 1.59 (m, 4H), 1.38 (t, J = 7.1 Hz, 3H).

13C-NMR (101 MHz, CDCl3, 8): 166.5, 144.9, 129.9, 127.1, 127.0, 61.0, 44.4, 33.6, 25.1, 14.5.
HR-MS (ESI): m/z calc. for [M+Na]* 273.09197, found 273.09239.

IR (ATR, ¥ [cm™]): 2954 (w), 2865 (w), 1709 (s), 1590 (m), 1560 (w), 1480 (w), 1448 (w), 1396 (w), 1366
(w), 1310 (w), 1270 (s), 1176 (m), 1102 (s), 1019 (m), 964 (w), 934 (w), 904 (w), 874 (w), 844 (m), 788 (w),
758 (m), 721 (w), 691 (w).
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Ethyl 4-(cyclohexylthio)benzoate (3aa)

o0
EtO,C

3aa

C15Hzoozs (26438 g/mol)

Following GP-B, 3aa was synthesized using ethyl 4-chlorobenzoate (157 uL, 1.00 mmol, 1.0 equiv.) and
cyclohexanethiol (135 pL, 1.10 mmol, 1.1 equiv.) Purification by FC (SiO;, 5 CV Hex, gradient to 9:1
Hex:EtOAc over 15 CV) afforded 3aa (259 mg, 980 pumol, 98%) as colorless oil. Conforms to reported
analytical data.?

Upscale:

An inert, flame-dried and septum-caped Schlenk-tube equipped with a stirring bar was charged with KOAc
(736 mg, 7.5 mmol, 1.5 equiv.), C1 (3 mol%), ethyl 4-chlorobenzoate (778 uL, 5.00 mmol, 1.0 equiv.),
cyclohexanethiol (673 uL, 5.50 mmol, 1.1 equiv.) and dissolved in THF (15 mL) and stirred at rt for
30 minutes. Work-up was done according to GP-B. Purification by manual column chromatography (SiO5,
Hex, gradient to 8:2 Hex:EtOAc) afforded 3aa (1.30 g, 4.92 mmol, 98%) as colorless oil. Conforms to
reported analytical data. %

Rs: 0.57 (Hex:EtOAc 9:1)

H-NMR (400 MHz, CDCl3,8): 7.93 (d, J = 8.5 Hz, 2H), 7.34 (d, J = 8.5 Hz, 2H), 4.36 (q, J = 7.1 Hz, 2H), 3.34 -
3.21 (m, 1H), 2.07 = 1.99 (m, 2H), 1.76 — 1.83 (m, 2H), 1.69 — 1.60 (m, 1H), 1.44 — 1.25 (m, 8H).

13C-NMR (101 MHz, CDCl;, 6): 166.5, 142.9, 130.0, 128.7, 127.7, 61.0, 45.3, 33.2, 26.1, 25.8, 14.5.

HR-MS (ESI): m/z calc. for [M+Na]* 287.10762, found 287.10808.
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Ethyl 4-(tert-butylthio)benzoate (3ag)

Y
EtO,C
3ag

Ci13H150,S (238.35 g/mol)

Following GP-B, 3ag was synthesized using ethyl 4-chlorobenzoate (157 uL, 1.00 mmol, 1.0 equiv.) and
2-methyl-2-propanethiol (120 pL, 1.10 mmol, 1.1 equiv.) Purification by FC (SiO,, 5 CV Hex, gradient to 9:1
Hex:EtOAc over 15 CV) afforded 3ag (213 mg, 894 umol, 89%) as colorless oil. Conforms to reported
analytical data.!

Re: 0.62 (Hex:EtOAc 9:1)

H-NMR (400 MHz, CDCl5, 8): 7.99 (d, J = 8.3 Hz, 2H), 7.59 (d, J = 8.3 Hz, 2H), 4.38 (q, J = 7.1 Hz, 2H), 1.40 (t,
J=7.1Hz, 3H), 1.31 (s, 9H).

13C-NMR (101 MHz, CDCl;, 8): *C NMR (101 MHz, CDCls) 6 166.4, 138.9, 136.9, 130.6, 129.6, 61.3, 46.9,
31.2,14.5.

HR-MS (ESI): m/z calc. for [M+Na]* 261.09197, found 261.09249.
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Ethyl 4-((2,2,4,6,6-pentamethylheptan-4-yl)thio)benzoate (3ah)

Q

S

EtO,C

3ah

C21H340,S (350.56 g/mol)

Following GP-B, 3ah was synthesized using ethyl 4-chlorobenzoate (157 uL, 1.00 mmol, 1.0 equiv.) and
tert-dodecanethiol (mixture of isomers,26 259 uL, 1.10 mmol, 1.1 equiv.). Purification by FC (SiO,, 5 CV Hex,
gradient to 9:1 Hex:EtOAc over 15 CV) afforded 3ah (314 mg, 895 umol, 90%, mixture of isomers according
to the constitution of the starting material) as colorless oil.

Rs: 0.67 (Hex:EtOAc 9:1)

1H-NMR (400 MHz, CDCls, 6): 8.01 — 7.89 (m, 2H), 7.61 — 7.51 (m, 2H), 4.44 — 4.31 (m, 2H), 1.67 — 0.58 (m,
28H).

13C-NMR (101 MHz, CDCl; 8): 166.4, 137.0, 137.0, 136.9, 130.0, 129.5, 129.4, 129.4, 61.3, 61.2, 14.5.
HR-MS (ESI): m/z calc. for [M+Na]* 373.21717, found 373.21735.

IR (ATR, ¥ [cm™]): 2958 (m), 2928 (m), 2868 (w), 1717 (s), 1593 (w), 1459 (w), 1370 (w), 1269 (s), 1172 (w),
1102 (s), 1019 (m), 852 (w), 807 (w), 792 (w), 762 (m), 725 (w), 695 (w).
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Ethyl 4-(((1S,2S,5R)-2,6,6-trimethylbicyclo[3.1.1]heptan-2-yl)thio)benzoate (3ai)

EtO,C
: “S

3ai

C19stozs (31848 g/mol)

Following GP-B, 3ai was synthesized using ethyl 4-chlorobenzoate (157 pL, 1.00 mmol, 1.0 equiv.) and 2-
,3-,10-mercaptopiane (mixture of isomers,? 191 pL, 1.10 mmol, 1.1 equiv.). Purification by FC (SiOz, 5 CV
Hex, gradient to 9:1 Hex:EtOAc over 15 CV) afforded 3ai (247 mg, 776 umol, 78%, mixture of isomers
according to the constitution of the starting material) as brown oil.

R¢: 0.62 (Hex:EtOAc 9:1)

1H-NMR (400 MHz, CDCl5 8): 7.92 (d, J = 8.5 Hz, 2H), 7.26 (d, J = 8.5 Hz, 2H), 4.35 (g, J = 7.2 Hz, 2H), 3.11 —
2.84 (m, 2H), 2.42 = 2.21 (m, 2H), 2.14 — 1.53 (m, 6H), 1.38 (t, J = 7.2 Hz, 3H), 1.21 (d, J = 4.5 Hz, 3H), 1.05
(s, 2H), 0.89 (d, J = 9.7 Hz, 1H), 0.80 (s, 1H).

13C-NMR (101 MHz, CDCl;, 6): 166.5, 144.6, 123.0, 129.9, 127.0, 126.5, 126.3, 61.0, 45.7, 45.2, 41.3, 40.9,
40.4,39.7,39.4, 38.8, 38.6, 34.6, 33.4, 28.1, 26.8, 26.2, 24.4, 23.5, 23.4, 22.4, 22.2, 20.2, 14.5.

HR-MS (ESI): m/z calc. for [M+Na]* 341.15457, found 341.15500.

IR (ATR, ¥ [cm™]): 2980 (w), 2906 (m), 2869 (w), 1712 (s), 1590 (m), 1564 (w), 1560 (w), 1466 (w), 1396
(w), 1366 (w), 1310 (w), 1270 (s), 1176 (m), 1102 (s), 1019 (m), 956 (w), 911 (w), 874 (w), 844 (w), 785
(w), 755 (m), 691 (w).

5116



~
o
i

o //Hu

oT'e

04
PP
9EY
8€'Y:

SsTL
L

16°L
mm.NV

EtO,C

3ai

alll

10T

97T

E00T

11.0 105 100 95 90 85 80 75 70 65 6.0 f1?'5 )5.0 45 40 35 30 25 20 15 10 05 00 -05
ppm

11.5

Z:2e
VUMN/
[a°r4

R

YEE~_
9PE—
9'8€
8'8€
b'6E:
3
vob
60p
€T
sk
L'Sh
019—

€921
s'9eT
oz1-"
6621
00T

9PrT—

§'99T—

EtO,C

I

3ai

200 190 180 170 160 150 140 130 120 f(110) 100 90 80 70 60 50 40 30 20 10
1(ppm

210

5117



Ethyl 4-((2-methyloctan-2-yl)thio)benzoate (3aj)

EtOZC\©\
S></\/\/

3aj
Ci1sH230,S (308.48 g/mol)

Following GP-B, 3aj was synthesized using ethyl 4-chlorobenzoate (157 puL, 1.00 mmol, 1.0 equiv.) and
2-methyloctane-2-thiol (mixture of isomers,* 206 uL, 1.10 mmol, 1.1 equiv.) Purification by FC (SiO,, 5 CV
Hex, gradient to 9:1 Hex:EtOAc over 15 CV) afforded 3aj (269 mg, 873 umol, 87%, mixture of isomers
according to the constitution of the starting material) as colorless oil. Conforms to reported analytical
data.’

Rs: 0.67 (Hex:EtOAc 9:1)

1H-NMR (400 MHz, CDCls, 8): 8.00 — 7.92 (m, 2H), 7.60 — 7.51 (m, 2H), 4.37 (q, J = 7.1 Hz, 2H), 1.53 — 0.80
(m, 22H).

13C-NMR (101 MHz, CDCls, 6) all isomers: 166.4, 137.3, 137.3, 137.2, 137.2, 137.1, 137.1, 137.0, 136.9,
136.9, 136.8, 136.8, 130.4, 130.3, 130.3, 129.5, 129.5, 129.4, 129.4, 129.4, 61.2, 55.5, 55.2, 54.7, 51.2,
50.2,48.9,46.9, 46.8,43.1, 42.4, 41.7, 40.2, 39.5, 37.3, 35.0, 34.3, 33.8, 33.4, 33.3, 33.1, 32.4, 31.8, 31.8,
31.8, 30.9, 30.9, 30.8, 29.6, 29.6, 29.5, 29.4, 29.1, 29.1, 28.7, 27.2, 27.0, 26.7, 26.5, 26.3, 25.8, 25.3, 25.3,
24.7,23.1,22.9,22.8,22.3,21.7,21.7,20.3, 19.4,17.9, 14.9, 14.5, 145, 14.5, 14.3, 14.3, 11.6, 11.6, 11.5,
9.2,8.9.

HR-MS (ESI): m/z calc. for [M+Na]* 331.17022, found 331.17077.

IR (ATR, ¥ [cm™]): 2958 (m), 2928 (m), 2868 (W), 1717 (s), 1593 (w), 1459 (w), 1388 (w), 1370 (m), 1269 (s),
1172 (w), 1102 (s), 1016 (m), 852 (w), 807 (w), 792 (w), 762 (m), 725 (w), 695 (w).
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Ethyl 4-((2-phenylpropan-2-yl)thio)benzoate (3ak)

EtOzC\©\
S

3ak
C18Hzoozs (30042 g/mol)

Following GP-B, 3ak was synthesized using ethyl 4-chlorobenzoate (157 uL, 1.00 mmol, 1.0 equiv.) and
2-phenylpropane-2-thiol (166 pL, 1.10 mmol, 1.1 equiv.). Purification by FC (SiO,, 5 CV Hex, gradient to 9:1
Hex:EtOAc over 15 CV) afforded 3ak (45 mg, 149 umol, 15%) as colorless solid.

R¢: 0.16 (Hex:EtOAc 99:1)

1H-NMR (400 MHz, CDCl3, 8): 7.82 — 7.78 (m, 2H), 7.45 — 7.40 (m, 2H), 7.31 — 7.24 (m, 2H), 7.23 - 7.18 (m,
1H), 7.14 —7.09 (m, 2H), 4.33 (q, J = 7.1 Hz, 2H), 1.71 (s, 6H), 1.35 (t, ) = 7.1 Hz, 3H).

13C-NMR (101 MHz, CDCl; 6): 166.4, 146.2, 139.4, 135.0, 123.0, 129.3, 128.2, 126.9, 126.6, 61.1, 51.9,
30.1, 14.4.

HR-MS (ESI): m/z calc. for [M+Na]* 323.10762 found 323.10759.
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Ethyl 4-((2-(4-methyl-2-oxocyclohexyl)propan-2-yl)thio)benzoate (3al)

S

3al

C19H2603S (334.47 g/mol)

Following GP-B, 3am was synthesized using ethyl 4-chlorobenzoate (157 pL, 1.00 mmol, 1.0 equiv.) and
2-(2-mercaptopropan-2-yl)-5-methylcyclohexan-1-one (mixture of cis and trans isomers, 205 uL,
1.10 mmol, 1.1 equiv.). Purification by FC (SiO, 5 CV Hex, gradient to 9:1 Hex:EtOAc over 15 CV) afforded
3al (299 mg, 896 umol, 90%, 1:10 mixture of diastereomers according to the constitution of the starting
material) as colorless oil.

R¢: 0.48 (Hex:EtOAc 9:1)

1H-NMR (400 MHz, CDCls, 8): 7.99 (d, J = 8.2 Hz, 2H), 7.55 (d, J = 8.2 Hz, 2H), 4.42 — 4.35 (m, 2H), 2.79 —
2.69 (m, 1H), 2.36 — 2.22 (m, 2H), 2.08 — 1.84 (m, 3H), 1,67 — 1.53 (m, 1H), 1.45 — 1.36 (m, 9H), 1.30 —
1.21 (m, 1H), 1.00 (d, J = 5.8 Hz, 3H).

13C-NMR (101 MHz, CDCl; 6): 210.7, 166.3, 138.0, 137.25, 130.9, 129.6, 61.3, 57.7, 52.5, 52.2, 37.0, 34.7,
30.0, 28.3, 24.3, 22.3, 14.5.

HR-MS (ESI): m/z calc. for [M+Na]* 357.14949, found 357.14978.

IR (ATR, ¥ [cm™]): 2954 (w), 2928 (w), 2869 (w), 1712 (s), 1593 (w), 1560 (w), 1452 (w), 1386 (w), 1366
(m), 1270 (s), 1202 (w), 1169 (w), 1103 (s), 1045 (w), 1016 (m), 990 (w), 930 (w), 852 (w), 792 (w), 762
(m), 729 (w), 695 (w).
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Ethyl 4-((2-methyl-4-oxopentan-2-yl)thio)benzoate (3am)

S></U\

3am

Ci5H2005S (280.38 g/mol)

Following GP-B, 3al was synthesized using ethyl 4-chlorobenzoate (157 pL, 1.00 mmol, 1.0 equiv.) and 4-
mercapto-4-methylpentan-2-one (152 pL, 1.10 mmol, 1.1 equiv.). Purification by FC (SiO;, 5 CV Hex,
gradient to 9:1 Hex:EtOAc over 15 CV) afforded 3am (262 mg, 934 umol, 93%) as colorless oil.

R¢: 0.29 (Hex:EtOAc 9:1)

H-NMR (400 MHz, CDCl, 8): 8.00 (d, J = 8.3 Hz, 2H), 7.59 (d, J = 8.3 Hz, 2H), 4.38 (q, J = 7.1 Hz, 2H), 2.68
(s, 2H), 2.14 (s, 3H), 1.45 — 1.34 (m, 9H).

13C-NMR (101 MHz, CDCl3, 8): 06.4, 166.3, 137.5, 137.3, 131.1, 129.7, 61.4, 54.6, 48.1, 32.3, 28.5, 14.5.
HR-MS (ESI): m/z calc. for [M+Na]* 303.10254, found 303.10287.

IR (ATR, ¥ [cm™]): 2972 (w), 2928 (w), 2872 (w), 1712 (s), 1626 (w), 1593 (w), 1560 (w), 1459 (w), 1392 (w),
1359 (m), 1270 (s), 1198 (w), 1172 (m), 1104 (s), 1016 (m), 941 (w), 855 (w), 792 (w), 762 (m), 725 (w), 695
(w), 673 (w).
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Ethyl 4-((3-methoxy-3-oxopropyl)thio)benzoate (3an)

Ay

3an

C13H1604S (26833 g/mol)

Following GP-B, 3an was synthesized using ethyl 4-chlorobenzoate (157 uL, 1.00 mmol, 1.0 equiv.) and
methyl 3-mercaptopropionate (122 uL, 1.10 mmol, 1.1 equiv.). Purification by FC (SiO,, 5 CV Hex, gradient
to 7:3 Hex:EtOAc over 20 CV) afforded 3an (191 mg, 713 umol, 71%) as colorless liquid. Conforms to
reported analytical data.”’

Re: 0.24 (Hex:EtOAc 9:1)

1H-NMR (400 MHz, CDCl, 8): 7.95 (d, J = 8.5 Hz, 2H), 7.32 (d, J = 8.5 Hz, 2H), 4.36 (g, J = 7.1 Hz, 2H), 3.70
(s, 3H), 3.25 (t, J = 7.4 Hz, 2H), 2.68 (t, J = 7.4 Hz, 2H), 1.38 (t, J = 7.1 Hz, 3H).

13C-NMR (101 MHz, CDCls 8): 172.0, 166.3, 142.5, 130.2, 127.9, 127.3, 61.1, 52.1, 33.9, 27.5, 14.5.
HR-MS (ESI): m/z calc. for [M + Na]* 291.06615, found 291.06666.
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Diethyl 4,4'-(hexane-1,6-diylbis(sulfanediyl))dibenzoate (3a0)

EtO,C
\©\ /\/\/\/S
320 CO,Et
C24H3004S; (446.62 g/mol)

Following GP-B, 3a0 was synthesized using ethyl 4-chlorobenzoate (157 pL, 1.00 mmol, 2.0 equiv.) and 1,6-
hexanedithiol (84 pL, 0.55 mmol, 1.1 equiv.). Purification by FC (SiO,, gradient to 9:1 Hex:EtOAc over 10
CV, to 8:2 Hex:EtOAc over 10 CV) afforded 3ao (185 mg, 415 pmol, 83%) as colorless solid.

Rf: 0.25 (Hex:EtOAc 9:1)
m.p.: 98.3-99.3 °C

1H-NMR (400 MHz, CDCl5 8): 7.92 (d, J = 8.5 Hz, 4H), 7.27 (d, J = 8.7 Hz, 4H), 4.35 (g, J = 7.1 Hz, 4H), 2.97
(t,J = 7.3 Hz, 4H), 1.75 — 1.64 (m, 4H), 1.51 — 1.45 (m, 4H), 1.38 (t, J = 7.1 Hz, 6H).

13C-NMR (101 MHz, CDCl3,6): 166.5, 144.1, 130.0, 127.2, 126.5, 61.0, 32.1, 28.7, 28.5, 14.5.
HR-MS (ESI): m/z calc. for [M + Na*] 469.14777, found 469.14794.

IR (ATR, ¥ [cm!]): 2980 (w), 2928 (w), 2857 (w), 1705 (s), 1590 (s), 1463 (m), 1441 (w), 1396 (w), 1363
(w), 1314 (w), 1272 (vs), 1176 (s), 1101 (vs), 1016 (s), 955 (w), 877 (w), 859 (w), 833 (m), 788 (w), 751 (s),
721 (m), 684 (s).
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Ethyl 4-(((3S,10R,13R)-10,13-dimethyl-17-((R)-6-methylheptan-2-yl)-2,3,4,7,8,9,10,11,12,13,14,15,16,17
-tetradecahydro-1H-cyclopenta[a]phenanthren-3-yl)thio)benzoate (3ap)

EtOzC\©\
S

C35H540zs (550.89 g/mol)

3ap

Following GP-B, 3ap was synthesized using ethyl 4-chlorobenzoate (78 pL, 0.50 mmol, 1.0 equiv.) and
thiocholesterol (222 mg, 1.10 mmol, 1.1 equiv.). Purification by FC (SiO,, gradient to 9:1 Hex:EtOAc over
20 CV) afforded 3ap (197 mg, 358 umol, 72%) as colorless solid.

R¢: 0.60 (Hex:EtOAc 9:1)
m.p.: 96.2 — 98.0 °C

'H-NMR (400 MHz, CDCl5 6): 7.83 (d, J = 8.4 Hz, 2H), 7.23 (d, J = 8.4 Hz, 2H), 5.24 (dd, J = 4.9, 1.9 Hz, 1H),
4.26 (q,J=7.1 Hz, 2H), 3.15-3.02 (m, 1H), 2.25 (dd, J = 9.4, 2.6 Hz, 2H), 1.96 — 1.66 (m, 5H), 1.59 — 0.74
(m, 36H), 0.57 (s, 3H).

13C-NMR (101 MHz, CDCl; 6): 166.6, 142.7, 141.5, 130.1, 128.8, 127.8, 121.8, 61.1, 57.0, 56.4, 50.5, 46.3,
42.5,40.0, 39.8, 39.8, 39.6, 37.1, 36.4, 36.0, 32.1, 32.0, 29.5, 28.5, 28.3, 24.5, 24.1, 23.1, 22.8, 21.1, 19.6,
19.0, 14.6, 12.1.

HR-MS (ESI): m/z calc. for [M+Na]*573,37367, found 573,37428.

IR (ATR, ¥ [cm™]): 2931 (m), 2902 (m), 2858 (w), 1712 (m), 1590 (m), 1460 (w), 1440 (w), 1396 (w), 1369
(w), 1336 (w), 1310 (w), 1269 (s), 1236 (m), 1176 (m), 1102 (s), 1017 (m), 956 (w), 930 (w), 878 (w), 841
(m), 796 (w), 755 (s), 691 (m).
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4-(((3s,5s,7s)-adamantan-1-yl)thio)phenyl 4-methylbenzenesulfonate (3Gb)
TsO

s,

3Gb

Ca3H2603S; (41458 g/mol)

Following GP-B, 3Gb was synthesized using 4-chlorophenyl 4-methylbenzenesulfonate (282 mg, 1 mmol,
1.0 equiv.) and 1-adamantanethiol (185 mg, 1.10 mmol, 1.1 equiv.). Purification by FC (SiO,, gradient to
8:2 Hex:EtOAc over 20 CV) afforded 3Gb (368 mg, 889 umol, 89%) as colorless solid.

Following GP-B, 3Gb was synthesized using 4-(((trifluoromethyl)sulfonyl)oxy)phenyl
4-methylbenzenesulfonate (198 mg, 0.50 mmol, 1.0 equiv.) and 1-adamantanethiol (93 mg, 0.55 mmol,
1.1 equiv.). Purification by FC (SiO,, gradient to 8:2 Hex:EtOAc over 20 CV) afforded 3Hb (194 mg,
468 umol, 94%) as colorless solid.

Rs: 0.4 (Hex:EtOAc 9:1)

1H-NMR (400 MHz, CDCl3 8): 7.69 (d, J = 8.3 Hz, 2H), 7.41 — 7.37 (m, 2H), 7.30 (d, J = 8.0 Hz, 2H), 6.97 —
6.91 (m, 2H), 2.44 (s, 3H), 2.01 (s, 3H), 1.75 (d, J = 2.5 Hz, 6H), 1.68 — 1.54 (m, 6H).

13C-NMR (101 MHz, CDCl;,6): 150.2, 145.6, 138.9, 132.3, 129.9, 129.8, 128.7, 122.3, 48.4,43.7, 36.2,
30.1, 21.9.

HR-MS (ESI): m/z calc. for [M+Na]* 437.12156, found 437.12161.
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(3s,5s,7s)-adamantan-1-yl)(4-chlorophenyl)sulfane (3Fb)

L

3Fb

Cl

C16H15CIS (278.84 g/mol)

Following GP-B, 3Fb was synthesized using 1,4-dichlorobenzene (221 mg, 1.50 mmol, 1.0 equiv.) and 1-
adamantanethiol (278 mg, 1.65 mmol, 1.1 equiv.). Purification by FC (SiO,, gradient to 8:2 Hex:EtOAc over
20 CV) afforded 3Fb (130 mg, 466 pmol, 30%) as colorless solid. Conforms to reported analytical data.?*

Rs: 0.73 (Hex:EtOAc 9:1)

1H-NMR (400 MHz, CDCls, 8): 7.48 — 7.36 (m, 2H), 7.31 — 7.27 (m, 2H), 2.01 (s, 3H), 1.79 (d, J = 2.6 Hz, 6H),
1.62 (m, 6H).

13C-NMR (101 MHz, CDCl;, 6): 139.0, 135.2, 129.2, 128.7, 48.3, 43.7, 36.2, 30.1.
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1,4-bis(((3s,5s,7s)-adamantan-1-yl)thio)benzene (4)
e 0
A

4
C25H3452 (41068 g/mol)

Following GP-B, 4 was synthesized using 1,4-dichlorobenzene (221 mg, 1.50 mmol, 1.0 equiv.) and 1-
adamantanethiol (278 mg, 1.65 mmol, 1.1 equiv.). Purification by FC (SiO,, gradient to 8:2 Hex:EtOAc over
20 CV) afforded 4 (55 mg, 134 umol, 9%) as colorless solid.

H-NMR (400 MHz, CDCls, 8): 7.43 (s, 4H), 2.02 (s, 6H), 1.81 (d, J = 2.6 Hz, 12H), 1.62 (q, J = 12.1 Hz, 12H).
13C.NMR (101 MHz, CDCl3, 8): 137.4, 131.5, 48.5, 43.8, 36.3, 30.1.

HR-MS (ESI): m/z calc. for [M]* 410.209643, found 410.21039.
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((3s,5s,7s)-adamantan-1-yl)(4-(tert-butylthio)phenyl)sulfane (5)
>FS
Qs@
5

Conszz (33256 g/mol)

5 was synthesized using 4-chlorophenyl trifluoromethanesulfonate (261 mg, 1.00 mmol, 1.0 equiv.), 1-
adamantanethiol (185 mg, 1.10 mmol, 1.1 equiv.), 2-methyl-2-propanethiol (116 pL, 1.00 mmol,
1.1 equiv.). Purification by FC (SiO,, gradient to 9:1 Hex:EtOAc over 20 CV) afforded 5 (115 mg, 344 umol,
34%) as colorless solid.

Rs: 0.50 (Hex:EtOAc 98:02)

1H-NMR (400 MHz, CDCl3, 8): 7.49 — 7.41 (m, 4H), 2.02 (s, 3H), 1.81 (d, J = 2.5 Hz, 6H), 1.62 (g, J = 16.8,
14.6 Hz, 6H), 1.29 (s, 9H).

13C-NMR (101 MHz, CDCl;, 6): 137.5, 137.3, 137.2, 137.1, 48.4, 46.3, 43.7, 36.2, 31.0, 30.01.

HR-MS (ESI): m/z calc. for [M]* 332.1693, found 332.16373.
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6. Mechanistic investigations

6.1. Kinetic experiments and Hammett study

X C1 (5 mol%)

@ KOAG (1.5 equiv.) ©\ /gg
+ o
HS THF, rt S

26 3bb

1 equiv. 1.1 equiv.

100
90
80
70
60
50
40
30
20
10

Yield [%]

0 5 10 15 20 25 30
Time [min]
—@— PhOTf Phl —@— PhBr —@— PhClI

Figure S1: Kinetic analysis for the yield of 3bb with a variety of electrophiles (PhCl, PhBr, Phl, PhOTf).

C1 (5 mol%)

Cl X
KOAc (1.5 equiv.) \©\ /g}
+ S THF, rt S
X 2

b

1 equiv. 1.1 equiv.
100
90
80
70
60
50
40
30
20
10

Yield [%]

0 5 10 15 20 25 30 35 40
Time [min]
—0—p-OMe ®—p-CF3 p-CO2Et —@—p-H

Figure S2: Kinetic analysis for the yield of the corresponding thioether with a variety of para substituted
aryl chlorides.
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Cl Ni(cod), (5 mol%) Ligand: Ar:

Ligand (5 mol%) EtO,C
KOAc (1.5 equiv) \©\ O O
+ HS
s (@]

THF, rt
PAr2 PAr2

CO,Et
1a 2b 3ab
1 equiv. 1.1 equiv.

0 5 10 15 20 25 30
Time [min]
—@— Xantphos OMe  —@— Xantphos Me  —@®— Xantphos H

Figure S3: Kinetic analysis for the yield of 3ab with a variety of para substituted Xantphos ligands.

Cl
C1 (5 mol%)

Et0,C R:
KOAc (1.5 equiv.) 2 %@
+ HS-R R

THF, rt s”

CO,Et §—<:>

1a $—(CHp)eCHs
1 equiv. 1.1 equiv.

100
90
80
70
60
50
40
30
20
10

0

Yield [%]

0 5 10 15 20 25 30

Time [min]
—®—CySH —@—HeptSH —@—AdSH

Figure S4: Kinetic analysis for the yield of the corresponding thioether with primary (heptanethiol),
secondary (cyclohexanethiol) and tertiary (adamantanethiol) thiols.

5141



The relative rate, k., for each p-substituted aryl chloride or Xantphos ligand was fitted to the literature o
values?® by using the Hammett expression log(kx/ku)=po. The reaction rates k were determined after the
initial period (catalyst preactivation) when the yield started to increase in a linear fashion till the slope
decreased.

Table S6: Reaction rates k and o values? for different para substituents on the aryl chloride.

Entry Para Cp Krel log(kre)
Substituent X
1 OMe -0.27 0.64 -0.19
2 Me -0.17 0.74 -0.13
3 H 0 1 0
4 CO;Et +0.45 1.40 0.15
5 CF; +0.54 0.65 -0.19

Table S7: Reaction rates k and o values? for different para substituents on the Xantphos ligand.

Entry Para Cp Krel log(kre)
Substituent X
1 OMe -0.27 2.64 0.42
2 Me -0.17 2.80 0.45
3 H 0 1 0
4 CFs +0.54 - -

Table S8: Reaction rates k for different electrophiles.

Entry Ph-X kx (min)
1 cl 12.62
2 Br 17.56
3 | 5.53
4 OTf (C-0) 28.64

Table S9: Reaction rates k for different thiols krei = kx/ Krertiary.

Entry Thiol kx (min?) Krel
1 primary Heptanethiol 16.80 0.95
2 seconday Cyclohexanethiol 16.82 0.95
4 teritary Adamantanethiol 17.69 1
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6.2. NMR Experiments

3P NMR experiments were conducted without internal standard. Small changes in shifts are possible.

a) Monitoring of the catalysis via NMR spectroscopy - 3'P NMR reaction control of the standard
reaction conditions.

cl
C1 (5 mol%)
KOAc (1.5 equiv.) Et020\©\
Y hs THF-dg, rt, )) SE
CO,Et
1a 2b 3ab

In a glovebox, a NMR tube was charged with KOAc (29.4 mg, 300 umol, 1.5 equiv.), 1-adamantanethiol
(37.0 mg, 220 umol, 1.1 equiv.), C1 (7.64 mg, 10.0 umol, 5 mol%), 4-chlorobenzoate (31.2 pL, 200 umol,
1.0 equiv.) and THF- dg (0.6 mL). The reaction mixture was put into an ultrasonic bath and NMR
measurements were recorded after 5, 10, 15, 30, 45 and 60 minutes.

60 min Ni(Xantphos), N\ Xantphos™ -6
A A I L
5
45 mi
" " Ao )
4
30 min l
A L ). |
r3
15 min i . L
2
10 min l ]
Ni(Xantphos)ArCI (VI)\ P C1
ri
5 min l
30 2 20 15 10 5 0 5 10 15 20 25 30

f1 (ppm)
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b) Oxidative addition product VI formation via alternative Ni(cod); route to verify the observed
31p NMR Signals during the reaction control experiments under standard conditions.

2 9089

?
Ni(cod), + O O + — > PhP—Ni—FPh,
o) THF, rt, 16 h Cl Q

PPh, PPh, CO,Et
1 equiv. 1 equiv. 1 equiv. Vi CO,Et

In a glovebox Ni(cod); (68.77 mg, 250.00 umol, 1 equiv.) was dissolved in THF (4 mL), under stirring
Xantphos (144.66 mg, 250.00 umol, 1 equiv.) was added slowly and the reaction mixture was stirred
shortly at room temperature. 4-chlorobenzoate (39.1 pL, 250 umol, 1.0 equiv.) was added and the mixture
was stirred at room temperature for 16 h. The solvent was removed via filtration and the product was
washed with cold (- 40 °C) hexane (3 x 1 mL) and THF (1 x 0.5 mL) and dried under reduced pressure.

31p_NMR (162 MHz, THF-Ds, 6): 7.04.

48e

|
PhP—Ni—PPh,
cl

7.04

7.04

v CO,Et

15 14 13 12 11 10 9 8

7 6
f1(ppm)

T T T
140 120 100 80 60 40 20 0 -20
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c) Oxidative addition product formation during 3!P NMR reaction control experiments /

monitoring under standard conditions.

i 98
2 ?

+ HSE + )J\O,K + PhZPC—I/Ni—PPhZ

! e

98

|
—————>  Ph,P—Ni—PPh,
THF, rt, )) cl’

In a glovebox an NMR tube was charged with KOAc (29.4 mg, 300 umol, 1.5 equiv.), 1-adamantanethiol
(37.0 mg, 220 umol, 1.1 equiv.), C1 (7.64 mg, 10.0 umol, 5 mol%), the respective aryl chloride (200 umol,
1.0 equiv.) and THF- dg (0.6 mL). The reaction mixture was put into an ultrasonic bath and NMR

measurements were recorded.
VI R: CO,Et: 3'P-NMR (162 MHz, THF-Dg, 8): 7.02.
VI-2 R: CF3: 31P-NMR (162 MHz, THF-Ds 6): 7.47.

VI-3 R: SO;Me: 3'P-NMR (162 MHz, THF-Dg, 8): 7.69.

7.02
6.52
~139

v 40
980 0
0 % Ph,P—Ni—PPh,
PhP—Ni—PPh, s 3 Cl
cl T T
c1
VI CO,Et
\ |
I
A
2 1 8 6 4 2 0 2 4
f1(ppm)
I
1“10 I 1;0 I 1(‘)0 I 3‘0 I 6‘0 I 4‘0 I 2‘0 I (I) I -2‘0 I I I : I -8‘0 -1‘00 I -1‘20 I -1‘40 I -1‘60 I -1‘80 I -2‘00 I -2‘20 I -2‘40
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d) Ni(Xantphos), formation via alternative Ni(cod).route.

980

Ni(cod), + O O _ PhZP\Ni/F’th
(o) THF, rt, 16 h Ph2P/ \PPh2

PPh, PPh, 0
1 equiv. 2 equiv. O O

In a glovebox Ni(cod)2(27.51 mg, 100.0 umol, 1 equiv.) was dissolved in THF (2 mL), Xantphos (115.7 mg,
200 umol, 2 equiv.) was added slowly and the reaction mixture was stirred for 16 h at room temperature.
The solvent was removed via filtration, the bright orange complex was washed with cold hexane (3 x 1 mL)
and dried under reduced pressure. Crystallization was not successful yet. NMR data corresponds to similar

complexes.? 30

31p_NMR (162 MHz, THF-Ds, 6): 9.48 (d, J = 58.5 Hz), 8.21 (d, J = 54.4 Hz).

9.60
9.36
8.32
8.09

)
X

—9.60
—9.36

—8.32
—8.09

15 14 13 12 1 9 8
f1(ppm)

140 120 100 80 60 40 20 0 -20 -40 -60
f1(ppm)
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e) Catalyst C1in THF-ds.

31p.NMR (162 MHz, THF-Dg 8): 6.57 (major), 1.42 (minor).

480

|
Ph,P—Ni—PPh,
cl

—6.57
—1.42

C1

6.57

1.42

-

140 120 100 80 60 40 20 0 -20
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Cartesian Coordinates (in A) and Energies (in Ep)

n*l

-1.509961000
-0.362340000
-1.364884000
-0.166951000
0.985924000
0.952251000
-2.391397000
2.152912000
2.128269000
-2.143886000
0.034723000
0.136473000
0.000867000
0.401133000
0.093081000
0.492088000
0.332439000
-0.194959000
0.556656000
-0.025951000
0.697995000
0.403931000
-0.461818000
-1.415144000
-0.410964000
0.367174000
-0.432604000
-0.366618000
-1.371402000
0.381089000
-3.381191000
-4.601455000
-3.098493000
-5.516477000
-4.017863000
-5.227768000
-4.845040000
-2.162723000
-6.460795000
-3.778947000
-5.943853000
3.012237000
2.284161000
4.351588000
2.890273000
4.952316000
4.225233000
1.233795000
4.932072000
2.313506000

6.3. Computational Data

3.491902000
4.457401000
2.158599000
1.755584000
2.343315000
3.696816000
1.205906000
1.563148000
-0.219695000
-0.519641000
-0.946535000
-0.974327000
0.033917000
-2.284417000
-0.253298000
-2.576830000
-1.560547000
1.064730000
-3.087665000
0.552203000
-3.601419000
-1.786544000
4.841158000
5.355619000
3.948254000
5.510997000
5.734062000
5.510462000
6.274673000
6.424300000
-1.479183000
-1.904694000
-1.787106000
-2.626918000
-2.506137000
-2.930576000
-1.671903000
-1.464966000
-2.949790000
-2.737723000
-3.495954000
-0.092219000
0.455528000
-0.459239000
0.629274000
-0.288248000
0.255519000
0.716897000
-0.881970000
1.050982000

-0.740925000
-0.424322000
-0.325785000
0.215267000
-0.257419000
-0.631581000
-0.453486000
-0.334498000
0.159594000
0.161321000
0.199307000
-1.698065000
-2.664949000
-2.151684000
-4.034849000
-3.514373000
-4.465787000
-2.364483000
-1.423084000
-4.765937000
-3.837576000
-5.533211000
1.078848000
1.278780000
1.719381000
1.356281000
-1.271652000
-2.347184000
-1.084337000
-1.007383000
-0.814934000
-0.261668000
-2.159271000
-1.034125000
-2.925801000
-2.367246000
0.776163000
-2.613323000
-0.588056000
-3.966707000
-2.969428000
1.770267000
2.842232000
1.965582000
4.087425000
3.217171000
4.279655000
2.703953000
1.143840000
4.914651000
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B3LYP
MO6-L
G-E

n

() I e) o) Iee B e) B o) Ie)]

5.995685000
4.696734000
-2.866565000
-3.452408000
-2.778218000
-3.951603000
-3.287822000
-3.872290000
-3.523960000
-2.297282000
-4.406015000
-3.214204000
-4.262434000
3.237191000
3.635696000
3.507719000
4.341321000
4.204905000
4.632015000
3.346854000
3.146834000
4.646302000
4.399580000
5.174348000
-3.593765000
-4.405055000
-3.753599000
-4.691292000
2.139890000
2.153184000
3.326237000
4.249738000
-2.719956000
3.333472000
-2.868764000
4.263863000
0.026668000
0.753726000
1.371562000
0.849363000
-0.089396000
1.644775000
1.117820000

-0.581565000
0.386873000
-0.466366000
0.679582000
-1.635528000
0.654159000
-1.662735000
-0.515060000
1.598755000
-2.523332000
1.554053000
-2.579171000
-0.533227000
-1.107073000
-2.405560000
-0.649976000
-3.204107000
-1.459687000
-2.733585000
-2.803561000
0.324564000
-4.210204000
-1.094851000
-3.366500000
1.618156000
0.898115000
2.929279000
3.232746000
4.275034000
5.321981000
3.536351000
4.011514000
3.857539000
2.197269000
4.881069000
1.626598000
-1.345651000
-2.382793000
-3.024956000
-2.744782000
-2.514988000
-2.127289000
-3.803116000

-4230.23083631337
-4232.58641239585

0.66842373

1.088118000
-0.062258000
1.123588000
0.093524000
-1.165636000
-1.318507000
2.123439000

3.703941000
4.550537000
2.358496000
1.848198000
2.318250000
3.668887000
1.460843000

3.359033000
5.257144000
1.851560000
2.407483000
2.627966000
3.715043000
3.925468000
4.474830000
1.822913000
2.214371000
4.137652000
4.516562000
5.495686000
-0.993242000
-0.622099000
-2.292766000
-1.524402000
-3.192722000
-2.809186000
0.352955000
-2.622546000
-1.225619000
-4.204295000
-3.516569000
-1.047876000
-1.171063000
-1.497175000
-1.968196000
-1.091457000
-1.395732000
-1.140288000
-1.478810000
-1.341655000
-0.752717000
-1.686827000
-0.787117000
2.092743000
2.349056000
1.491835000
3.821859000
4.346262000
4.271442000
3.940381000

-0.690300000
-0.129669000
-0.309767000
0.452781000
0.153960000
-0.188076000
-0.708885000
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-2.220657000
-1.833400000
1.932660000
-0.169864000
-0.601915000
-0.943997000
-0.578242000
-1.246801000
-0.874412000
-1.215293000
-0.953533000
-0.319870000
-1.506871000
-0.835676000
-1.450977000
0.248483000
1.161623000
-0.586825000
0.407361000
-0.243054000
-0.465515000
-1.061425000
0.664892000
-1.537470000
-1.201876000
-1.606196000
-0.946720000
-1.361453000
-1.028857000
-1.135664000
-1.840040000
-0.678684000
-1.424672000
-0.829427000
3.386480000
4.687966000
3.149214000
5.739801000
4.206223000
5.500864000
4.877660000
2.131351000
6.749771000
4.012603000
6.325174000
2.372810000
3.077436000
1.962195000
3.367603000
2.259410000
2.960092000
3.399552000
1.383540000
3.913976000
1.916966000
3.181017000
-3.457016000
-4.499833000
-3.637490000

1.392505000

-0.385407000
-0.284074000
-1.347477000

-0.559836000
-1.511423000
0.785145000
-1.126729000
1.175610000
0.221200000
-2.573324000
1.564963000
-1.892426000
2.236809000
0.521865000
4.869943000
5.481351000
5.425965000
3.948320000
5.864650000
5.686564000
6.458632000
6.481626000
-0.479049000
0.633880000
-1.745583000
0.484345000
-1.888879000
-0.774418000
1.627195000
-2.623355000
1.360364000
-2.879446000
-0.888158000
-1.122157000
-1.053963000
-1.869688000
-1.712087000
-2.520335000
-2.442756000
-0.487888000
-1.953270000
-1.656569000
-3.098880000
-2.958395000
-0.115294000
0.994558000
-1.118606000
1.096353000
-1.013959000
0.091208000
1.790174000
-1.965980000
1.967019000
-1.794720000
0.174539000
-1.231913000
-1.077120000
-2.077939000

0.157621000

0.460978000
-0.155179000
-0.653263000

-2.331680000
-3.317115000
-2.727463000
-4.628369000
-4.039254000
-4.999658000
-3.065318000
-2.019143000
-5.365958000
-4.303541000
-6.024191000
1.358590000
1.432871000
1.812967000
1.937785000
-0.897394000
-1.960359000
-0.464803000
-0.830700000
2.280906000
3.067585000
2.889314000
4.433396000
4.255366000
5.032525000
2.625440000
2.287014000
5.028975000
4.713402000
6.101213000
-0.906285000
-0.381244000
-2.072677000
-1.023647000
-2.715856000
-2.193444000
0.533863000
-2.461005000
-0.608679000
-3.622601000
-2.693225000
1.635550000
2.136004000
2.529866000
3.499553000
3.891168000
4.381672000
1.461289000
2.160300000
3.872467000
4.573923000
5.449200000
0.281059000
1.211762000
-0.822942000
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-3.492209000 1.866327000
2.112725000 4.157632000
-4.338997000 1.179631000
2.126749000 5.195645000
0.316370000 -3.322730000
0.409706000 -3.651825000
0.129524000 -2.789921000
0.905240000 -5.013663000
1.984065000 -4.937437000
0.761741000 -5.739416000
0.399644000 -5.346099000
B3LYP -4230.22798533799
MO6-L -4232.5797861735
G-E  0.66809197
2
16 -0.047776000 -0.672371000
1 1.295555000 -0.833447000
6 -0.048542000 1.159216000
1 -1.104204000 1.466932000
1 0.433390000 1.568275000
1 0.433386000 1.568278000
B3LYP -438.563257529146
MO6-L -438.738625463962
G-E  0.02138121
TS-PT
6 1.454799000 3.380023000
6 0.582939000 4.385530000
6 1.411405000 2.027081000
8 0.459192000 1.569129000
6 -0.677624000 2.301938000
6 -0.697799000  3.684040000
6 2.322020000 1.070535000

-5.708959000
-4.851277000
-5.887098000
-4.360155000
-2.819013000
-6.515180000
-4.982664000
-6.834067000
-2.601409000
-2.770818000
-3.677590000
-4.672252000

3.137021000

3.928605000

3.125793000

3.916139000

-1.750841000
-2.748129000
-2.585049000
-0.433804000
-2.210014000
-1.627505000
-3.403495000
-3.113065000
4.099443000
5.138723000
3.206723000
3.557897000
1.952146000
1.281780000
3.289235000
3.659000000

1.029373000
-1.005241000
-0.081440000

2.084049000
-1.533002000

1.757377000
-1.869896000
-0.221197000
-0.545363000
-0.829216000
-0.545509000
-0.829783000
-1.541564000
-1.881703000
-1.951473000
-2.608989000
-0.199467000
-1.531727000
-0.231049000
-1.866336000
-1.364774000
-0.157843000

0.741356000

0.255038000

0.470885000
-0.556206000

1.172652000

-0.000004000
0.000005000
-0.000001000
0.000002000
0.900120000
-0.900123000

-0.751669000
0.010512000
-0.391411000
0.487701000
0.689012000
0.472464000
-0.873645000
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-1.813695000
-1.788919000
2.190331000
-1.527258000
-1.547123000
-2.584747000
-0.432980000
-2.507961000
-0.345998000
-1.381440000
-3.468560000
0.378491000
-3.327939000
0.543476000
-1.312887000
1.371358000
2.316852000
0.775053000
1.611521000
0.262557000
-0.291412000
-0.335079000
1.183040000
-0.677070000
-0.064461000
-0.520053000
0.679320000
0.216759000
0.812973000
-0.167196000
-0.970529000
1.166250000
0.329244000
1.398553000
3.517858000
4.882739000
3.116753000
5.825201000
4.065315000
5.419500000
5.212631000
2.055734000
6.882697000
3.739547000
6.158268000
3.044678000
3.410092000
3.312355000
4.028661000
3.950736000
4.307590000
3.226274000
3.020641000
4.304513000
4.155884000
4.799241000
-3.448005000
-3.738082000
-4.451818000

1.581215000

-0.247520000
-0.669198000
-1.040265000

0.628632000
1.575485000
0.868769000
2.733626000
2.029660000
2.970045000
1.416389000
0.139099000
3.457834000
2.202753000
3.879045000
4.826525000
5.313814000
5.532656000
3.957601000
5.618259000
5.328142000
6.350627000
6.138781000
-0.855814000
0.008397000
-2.245633000
-0.508676000
-2.754815000
-1.889315000
1.089016000
-2.918176000
0.173037000
-3.836677000
-2.290019000
-1.490605000
-1.476211000
-2.144460000
-2.101919000
-2.759657000
-2.743246000
-0.970571000
-2.178611000
-2.084242000
-3.261655000
-3.231193000
-0.517013000
0.697319000
-1.712897000
0.713358000
-1.698486000
-0.482967000
1.642216000
-2.669619000
1.669834000
-2.641100000
-0.469148000
-0.743610000
-0.779715000
-1.070841000

1.100144000

0.930966000
-0.238046000
-1.085366000

-1.928657000
-1.933655000
-2.752411000
-2.715121000
-3.530970000
-3.511885000
-1.309840000
-2.789096000
-2.695515000
-4.143197000
-4.116016000
1.274091000
0.987387000
1.873887000
1.906289000
-0.851598000
-1.756781000
-0.290869000
-1.151178000
2.261601000
3.180979000
2.408511000
4.245021000
3.478871000
4.401754000
3.074860000
1.676785000
4.945643000
3.589065000
5.232518000
-1.242959000
-0.903367000
-2.422536000
-1.723873000
-3.246549000
-2.899452000
0.006696000
-2.686581000
-1.445926000
-4.161645000
-3.540879000
1.402238000
2.005287000
2.092257000
3.259923000
3.332826000
3.925690000
1.490988000
1.650019000
3.712442000
3.846934000
4.901815000
1.569671000
2.943932000
0.645706000
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B3LYP

-5.017940000
-5.731871000
-6.016923000
-2.960383000
-4.219396000
-5.235951000
-6.503955000
-7.016015000
-1.894217000
-1.951543000
-3.016956000
-3.932572000
3.251665000
3.964743000
3.269492000
3.989999000
-2.982140000
2.391667000
-3.878648000
2.448940000
-0.098219000
-0.315050000
-1.232235000
0.537229000
-0.017333000
1.404361000
0.916607000
-3.230409000
-2.074524000
-3.331373000
-3.630407000
-4.090099000
-2.373558000

-1.127460000
-1.418758000
-1.446688000
-0.539051000
-1.062542000
-1.153631000
-1.677509000
-1.723638000
4.359609000
5.438349000
3.682065000
4.233860000
1.491717000
0.776184000
2.817063000
3.127881000
2.295900000
3.752643000
1.763781000
4.790599000
-2.349073000
-3.163088000
-2.925742000
-4.395182000
-5.190822000
-4.114120000
-4.742328000
-1.992938000
-2.564032000
-0.727283000
-1.184434000
-0.000048000
-0.200364000

-4668.80388962274

MO6-L 0.71211815
-4671.32148744443

G-E

[e) B e) o) Iie) B Jite) B e) N o))

1.833107000
0.772945000
1.606639000
0.413407000
-0.709896000
-0.597437000
2.540524000
-1.936830000
-1.910863000
2.096924000
-0.983403000
-1.196298000
-2.217343000
-0.410699000
-2.454905000
-0.635698000
-1.664537000

3.247771000
4.350975000
2.085804000
1.930281000
2.498810000
3.667383000
1.040420000
1.863088000
0.368598000
-0.479439000
-1.454759000
-0.962712000
-1.685001000
-0.115115000
-1.551059000
0.023646000
-0.688617000

3.381913000
1.086626000
2.454702000
3.672458000
-0.421353000
4.452804000
0.357747000
2.801271000
0.750403000
0.601684000
1.227600000
1.451983000
-1.834063000
-2.245142000
-2.274203000
-3.034589000
1.390763000
-1.724368000
1.711476000
-2.052767000
-2.297598000
-1.362838000
-0.507431000
-1.192996000
-0.677483000
-0.572279000
-2.163182000
-2.992226000
-3.398833000
-4.308560000
-5.262297000
-3.991769000
-4.404101000

-1.602040000
-1.541394000
-0.845977000
-0.181884000
-0.733825000
-1.497381000
-0.754149000
-0.481483000
0.603653000
0.212036000
-0.087992000
-1.927259000
-2.579132000
-2.722354000
-3.952912000
-4.098175000
-4.720582000
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-2.842155000
0.405152000
-3.259028000
0.000529000
-1.846715000
0.960502000
1.954343000
0.190936000
0.873550000
0.893055000
0.767880000
0.135846000
1.871834000
-1.249842000
-1.722052000
-0.225680000
-1.179997000
0.325885000
-0.151365000
-2.512099000
0.147986000
-1.557328000
1.143224000
0.281024000
3.162648000
4.420266000
2.640034000
5.140652000
3.369459000
4.619770000
4.845293000
1.652692000
6.117339000
2.954081000
5.186248000
2.961752000
3.416714000
3.043808000
3.943470000
3.579996000
4.029901000
3.357397000
2.686034000
4.288211000
3.640574000
4.443241000
-3.683666000
-4.213949000
-4.495476000
-5.542258000
-5.823228000
-6.351004000
-3.588432000
-4.084344000
-5.942503000
-6.444249000
-7.388345000
-1.765328000
-1.721883000

-2.381415000
0.448769000
-2.124255000
0.694828000
-0.577080000
5.120403000
5.594803000
5.901960000
4.441142000
5.338190000
4.834662000
6.131146000
5.839162000
1.125554000
2.377116000
0.496015000
2.978770000
1.103743000
2.344131000
2.886930000
-0.464266000
3.949536000
0.609122000
2.822019000
-1.735876000
-2.165175000
-2.290126000
-3.129994000
-3.240290000
-3.667491000
-1.745174000
-1.983960000
-3.456335000
-3.653807000
-4.417358000
-0.160189000
1.110926000
-1.213275000
1.321499000
-1.005240000
0.266994000
1.947773000
-2.207906000
2.319799000
-1.838873000
0.433295000
0.018167000
0.067975000
-0.437982000
-0.302415000
-0.798994000
-0.730795000
0.384287000
-0.516045000
-0.261462000
-1.145562000
-1.020831000
4.171585000
5.068787000

-2.007512000
-2.273825000
-4.425396000
-4.683382000
-5.792996000
-0.203293000
-0.171598000
-0.101214000
0.658177000
-2.709108000
-3.679663000
-2.628053000
-2.699284000
2.149989000
2.581999000
2.865809000
3.719964000
3.996302000
4.426743000
2.024989000
2.521224000
4.051949000
4.525071000
5.309851000
-0.624381000
-0.169795000
-1.808275000
-0.882972000
-2.526021000
-2.063524000
0.744278000
-2.159247000
-0.515603000
-3.449071000
-2.622154000
1.812478000
2.198895000
2.744146000
3.477405000
4.016139000
4.389836000
1.500247000
2.468808000
3.759481000
4.720772000
5.387736000
0.949873000
2.247589000
-0.105409000
2.479864000
0.130233000
1.424359000
3.083135000
-1.114058000
3.496192000
-0.699697000
1.609887000
-2.083540000
-2.701862000
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6 -2.997371000 3.550921000
1 -3.900722000 3.961690000
6  3.748626000 1.184555000
1 4.493422000 0.387831000
6  3.994367000 2.319746000
1 4.934236000 2.411867000
6 -3.086680000 2.416544000
6  3.041369000  3.340349000
1 -4.060339000 1.960765000
1 3.252392000 4.221820000
8  -0.116603000 -3.111470000
6 -0.583902000 -4.254643000
8  -1.582599000 -4.676330000
6 -0.015595000 -5.241963000
1 1.066468000 -5.077191000
1 -0.472320000 -5.035952000
1 -0.242029000 -6.275254000
16 -1.559201000 -2.507408000
1 -1.804674000 -3.951803000
6 -0.005148000 -3.303983000
1 0.680228000 -3.477486000
1 0.500821000 -2.665004000
1  -0.236820000 -4.267321000
B3LYP -4668.81068103292
MO06-L -4671.32588392537
G-E 0.71476886

HOAc

8  -0.211902000 1.343587000
8  1.246679000 -0.362063000
6 -0.001540000 0.157175000
6 -1.048665000 -0.927157000
1 -0.920097000 -1.568309000
1 -2.047188000 -0.475019000
1 -0.920100000 -1.568310000
1 1.862410000 0.390884000

B3LYP -228.920526463914
MO6-L -229.175940208135
0.03486924

G-E

(o) M) Iie) I e ) B e . Jie) e ) B )]

15

-1.149104000
0.114329000
-1.123773000
0.038934000
1.236656000
1.329341000
-2.243942000
2.318299000
2.138882000

3.800283000
4.485640000
2.404498000
1.726822000
2.334840000
3.732086000
1.656549000
1.525920000
-0.312955000

-1.868207000
-2.324734000
-1.454230000
-1.407343000
-2.226592000
-2.775926000
-1.057408000
-2.301334000
-0.877582000
-2.907860000
-0.791612000
-0.855796000
-0.133660000
-1.834426000
-1.927118000
-2.816785000
-1.543212000
1.917194000
0.576604000
2.491147000
1.647737000
3.230540000
2.970886000

-0.000001000
0.000000000
-0.000002000
0.000000000
0.885742000
0.000001000
-0.885743000
0.000002000

-0.454666000
-0.987876000
-0.328449000
-0.627629000
-0.329226000
-0.432065000
0.071253000
0.061417000

0.210296000
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15
28
16

6
6
6
6
6
6
1
1
1
1
1
6
1
1
1
6
1
1
1
6
6
6
6
6
6
1
1
1
1
1
6
6
6
6
6
6
1
1
1
1
1
6
6
6
6
6
6
1
1
1
1
1
6
6
6
6

-2.114859000
-0.013474000
-0.120119000

-0.159319000
-0.061119000
-0.424175000
-0.220694000
-0.574415000
-0.477545000
0.167854000
-0.515266000
-0.136529000
-0.772084000
-0.601411000
0.151388000
-0.711525000
0.145977000
1.048196000
0.123764000
0.095485000
-0.754403000
1.035998000
-2.955994000
-4.221312000
-2.250302000
-4.763687000
-2.794637000
-4.053099000
-4.797866000
-1.267192000
-5.750698000
-2.232061000
-4.478878000
3.438215000
3.228837000
4.607379000
4.169117000
5.542249000
5.326459000
2.328116000
4.803038000
3.994669000
6.446669000
6.059379000
-3.218065000
-3.546320000
-3.551256000
-4.238819000
-4.247736000
-4.598350000
-3.225417000
-3.244658000
-4.487657000
-4.503365000
-5.138185000
2.821669000
2.955425000
3.123855000
3.413877000

-0.179376000
-0.738870000
0.686232000
-2.348863000
-2.557182000
-3.482394000
-3.826815000
-4.758213000
-4.935628000
-1.717389000
-3.372685000
-3.948486000
-5.615835000
-5.928840000
5.979746000
6.503043000
6.142908000
6.456562000
4.325497000
3.263458000
4.822775000
4.772893000
-0.642181000
-1.233732000
-0.317624000
-1.510227000
-0.588119000
-1.192578000
-1.475524000
0.153904000
-1.974420000
-0.333736000
-1.412050000
-0.734020000
-0.308148000
-1.447041000
-0.598928000
-1.741236000
-1.320910000
0.266920000
-1.772329000
-0.257762000
-2.298519000
-1.550948000
-0.712552000
0.119139000
-2.079752000
-0.399317000
-2.590504000
-1.749667000
1.160448000
-2.753263000
0.257615000
-3.652617000
-2.150035000
-0.925312000
-2.314266000
-0.070740000
-2.832656000

0.235172000
0.558307000
2.469328000
-0.472840000
-1.858471000
0.328566000
-2.425347000
-0.229005000
-1.613728000
-2.517223000
1.415483000
-3.509525000
0.421601000
-2.054179000
-0.640821000
-1.076739000
0.447441000
-1.061515000
-2.534584000
-2.820589000
-2.975890000
-2.960216000
-1.342550000
-1.451215000
-2.515059000
-2.711885000
-3.769495000
-3.871363000
-0.557061000
-2.436023000
-2.783614000
-4.671479000
-4.853845000
1.455026000
2.780621000
1.144453000
3.770341000
2.143206000
3.457764000
3.017294000
0.122162000
4.794141000
1.885313000
4.235535000
1.591619000
2.674937000
1.651329000
3.772865000
2.749296000
3.810657000
2.678573000
0.847260000
4.610126000
2.780601000
4.672642000
-1.384839000
-1.564337000
-2.456712000
-2.775821000
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3.564209000
3.717004000
2.677480000
3.018327000
3.509077000
3.794156000
4.064118000
-3.446413000
-4.346150000
-3.496409000
-4.434141000
2.551573000
2.660791000
3.648197000
4.597485000
-2.352305000
3.534388000

-0.594068000
-1.974058000
-2.996607000
1.009841000
-3.914389000
0.083294000
-2.381364000
2.344518000
1.787231000
3.735030000
4.261668000
4.328189000
5.411906000
3.550987000
4.032428000
4.456654000
2.162885000

-2.411526000 5.542908000
4.393189000 1.563189000
-0.308072000 -0.760502000
-1.164106000 -1.384257000
0.599871000 -1.385922000
-0.487350000 -0.407230000
B3LYP -4439.86173355408
MO6-L -4442.14462288195
G-E 0.65708471
TS-RE
6 2.083615000 3.709448000
6 0.946589000 4.736713000
6 1.737852000 2.356920000
8 0.427654000 2.023666000
6 -0.520790000 2.748417000
6 -0.312932000 4.126304000
6 2.643807000 1.299624000
6 -1.645223000 2.058462000
15 -1.733560000 0.216384000
15  1.919394000 -0.395175000
28 -0.153135000 -0.708290000
6 -0.777233000 -2.547159000
6 0.104858000 -3.496718000
6  -2.152970000 -2.878114000
6  -0.385029000 -4.650827000
6  -2.630365000 -4.049943000
6 -1.757018000 -4.938157000
1 1.180753000 -3.315673000
1 -2.863080000 -2.186948000
1 0.317372000 -5.345348000
1 -3.704599000 -4.255974000
1 -2.136368000 -5.851745000
16  0.061797000 -1.472257000
6 -1.451108000 -1.423890000
1 -1.867895000 -2.435423000
1 -2.215540000 -0.760156000
1 -1.140697000 -1.036786000

-3.677246000
-3.837633000
-0.758599000
-2.341988000
-2.896973000
-4.503828000
-4.790750000
0.286927000
0.555085000
0.182494000
0.374418000
-0.103179000
-0.155796000
0.280679000
0.526472000
-0.170094000
0.352660000
-0.245410000
0.659651000
3.583973000
3.282779000
3.582588000
4.611520000

-0.447388000
-0.576639000
-0.556669000
-0.774892000
-0.108989000
0.064987000
-0.407439000
0.359745000
0.120837000
-0.191885000
-1.125384000
-1.514455000
-0.935239000
-1.564630000
-0.323613000
-0.973027000
-0.333285000
-0.969448000
-2.017103000
0.146490000
-0.994181000
0.130929000
-3.154150000
-4.187388000
-4.309726000
-3.765223000
-5.169413000
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0.655427000
0.386198000
-0.180467000
1.545234000
1.318501000
2.206826000
0.507141000
1.526332000
-1.895409000
-1.734443000
-2.105563000
-1.822964000
-2.215781000
-2.080089000
-1.531111000
-2.181342000
-1.685991000
-2.391226000
-2.155262000
1.884615000
2.352885000
1.303967000
2.259818000
1.233349000
1.709956000
2.795451000
0.891701000
2.624849000
0.776908000
1.637679000
3.353481000
4.261043000
3.509792000
5.306248000
4.559539000
5.459653000
4.147832000
2.795343000
6.003083000
4.666076000
6.275055000
-3.457950000
-4.540067000
-3.641455000
-5.776224000
-4.874720000
-5.947788000
-4.423495000
-2.797201000
-6.609113000
-4.997868000
-6.912575000
3.441967000
3.773870000
4.391880000
-2.642130000
-3.548273000
-2.471261000
3.999077000

4.947824000
3.997932000
5.652729000
5.352581000
6.082111000
6.511366000
6.813407000
5.976188000
-0.444959000
0.319012000
-1.832431000
-0.283367000
-2.425337000
-1.651300000
1.388780000
-2.453855000
0.324996000
-3.501903000
-2.116720000
-0.523843000
0.465480000
-1.688387000
0.284152000
-1.875237000
-0.888361000
1.383755000
-2.445830000
1.066010000
-2.783836000
-1.028854000
-1.469581000
-1.989191000
-1.803276000
-2.821944000
-2.627634000
-3.141092000
-1.748450000
-1.428885000
-3.223834000
-2.880360000
-3.794856000
0.096937000
-0.516999000
0.602832000
-0.633949000
0.495497000
-0.132169000
-0.916936000
1.072566000
-1.123149000
0.892723000
-0.228748000
4.000035000
5.035931000
2.971730000
2.816705000
2.320153000
4.188221000
1.630951000

-2.088145000
-2.573006000
-2.221126000
-2.595792000
0.060335000
-0.425341000
-0.067365000
1.135939000
1.836411000
3.002093000
1.959440000
4.261566000
3.217326000
4.374972000
2.936094000
1.065640000
5.159197000
3.288236000
5.361233000
1.653428000
2.532198000
2.189756000
3.917156000
3.569276000
4.439221000
2.142884000
1.518550000
4.588634000
3.966842000
5.520775000
-0.638228000
0.299617000
-1.995853000
-0.113723000
-2.406386000
-1.466062000
1.358781000
-2.732570000
0.626665000
-3.464510000
-1.786647000
-0.550938000
0.093781000
-1.850968000
-0.554650000
-2.492609000
-1.846539000
1.102379000
-2.364827000
-0.042524000
-3.503559000
-2.351069000
-0.267760000
-0.181611000
-0.207918000
0.995683000
1.351053000
1.190852000
-0.264762000
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6 -1.311411000 4.835197000
1 -1.204097000 5.908130000
1 -3.248268000 4.765247000
1 5.449040000 3.221549000
1 4.741612000 0.836193000
B3LYP -4439.83468867503
MO6-L -4442.12578853791
G-E 0.65561066

v

6  -0.915972000 3.659108000
6  -2.221650000 3.491879000
6 -0.331818000 2.491163000
8 -0.970920000 1.294678000
6  -2.337974000 1.308624000
6  -3.044407000 2.407380000
6 0.857924000 2.480357000
6  -2.943954000 0.238246000
15 -1.850036000 -1.042210000
15  1.421527000 0.887165000
28  0.224892000 -0.777577000
6 2.773856000 -2.611480000
6 3.627873000 -3.039722000
6 3.271989000 -2.428095000
6 4.977202000 -3.282008000
6 4.620001000 -2.667982000
6 5.475517000 -3.092462000
1 3.237415000 -3.164516000
1 2.588674000 -2.063465000
1 5.644634000 -3.607686000
1 5.007420000 -2.506367000
1 6.533770000 -3.267610000
16  1.054371000 -2.192990000

0.349609000
0.900598000
0.397248000
-0.699447000
-1.864384000
-1.302823000
-2.782014000
-1.244259000
-2.993373000
-2.393867000
-3.912720000
-3.267630000
-2.455925000
-3.673552000
-1.625074000
-4.053113000
-2.005064000
-3.222414000
-4.324358000
-0.672777000
-5.002559000
-1.339140000

-3.890345000
-4.548096000
-4.280711000
-3.811866000
2.975823000
2.031842000
2.799717000
3.716074000
4.811004000
5.565203000
4.670670000
5.214814000
-0.958397000
-1.486542000
-0.280048000
-1.319952000
-0.106922000
-0.625407000
-2.045105000
0.104241000
-1.734519000
0.428755000

0.740501000
0.907209000
1.697954000
-0.089270000
-0.161272000

-1.643018000
-2.435484000
-1.125922000
-1.338957000
-1.206214000
-1.723332000
-0.388409000
-0.537862000
0.271219000
0.396437000
-0.199886000
-1.262262000
-2.285842000
0.032866000
-2.010626000
0.304637000
-0.717307000
-3.299145000
0.802981000
-2.812868000
1.313725000
-0.507972000
-1.627951000
-1.559072000
-2.246249000
-0.533994000
-1.870463000
-3.856973000
-3.803749000
-4.440302000
-4.386824000
-2.559809000
-3.090154000
-3.146852000
-1.573391000
2.025331000
2.488986000
2.927572000
3.823418000
4.261761000
4.711528000
1.812139000
2.564573000
4.173311000
4.942400000
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-3.523563000
1.489043000
0.791022000
2.123122000
0.740757000
2.081557000
1.387390000
0.269149000
2.654532000
0.188258000
2.585347000
1.348009000
3.222922000
4.269287000
3.531471000
5.592846000
4.847157000
5.886116000
4.059782000
2.723444000
6.397956000
5.065490000
6.920882000

-2.646649000

-2.515517000

-3.203192000

-2.932870000

-3.614593000

-3.480467000

-2.074607000

-3.308327000

-2.824814000

-4.043873000

-3.802478000

-0.236731000

-0.649026000
0.985650000

-4.344505000

-4.860535000

-5.081106000
1.528681000

-4.434888000

-5.030370000

-6.169698000
1.512247000

-0.497267000
1.325706000
2.405180000
0.413198000
2.574928000
0.587601000
1.671895000
3.115632000

-0.446429000
3.420105000

-0.130463000
1.806782000
0.969752000
1.400144000
0.533459000
1.379249000
0.521489000
0.938821000
1.750689000
0.178411000
1.710969000
0.164333000
0.915514000
-2.608280000
-3.784523000
-2.705899000
-5.016934000
-3.940737000
-5.102254000
-3.735025000
-1.808957000
-5.917984000
-3.994137000
-6.067321000
4.862565000
5.798484000
4.882545000
0.261614000
-0.557493000
1.327036000
3.704396000
2.399608000
3.229053000
1.331682000
5.830004000

2.473781000  3.729340000
B3LYP -4439.83976000344
MO6-L -4442.13785320213
G-E 0.65746051
1
6 0.000000000 0.000000000
6 0.000000000 1.217482000
6 0.000000000 -1.217482000
6 0.000000000  1.209479000

5.754817000
2.194708000
2.760023000
3.061203000
4.148072000
4.444738000
4.995909000
2.116369000
2.643377000
4.567275000
5.097227000
6.079897000
-0.077943000
0.751652000
-1.377263000
0.294656000
-1.838102000
-0.998094000
1.764172000
-2.022206000
0.956157000
-2.847481000
-1.349991000
-0.319951000
0.440913000
-1.607032000
-0.065580000
-2.118035000
-1.350790000
1.440164000
-2.222179000
0.544306000
-3.122172000
-1.750084000
-1.430536000
-1.810454000
-0.744855000
-0.433430000
0.070433000
-0.950985000
-0.231310000
-1.580295000
-1.964450000
-0.855625000
-0.606540000
0.316479000

0.511077000
-0.177154000
-0.177154000
-1.574864000
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17

0.000000000
0.000000000
0.000001000
0.000001000
0.000000000
0.000000000
-0.000001000

-0.000001000

-1.209479000
0.000000000
2.154765000

-2.154765000
2.158963000

-2.158963000
0.000000000

0.000001000

B3LYP -691.558498876461
MO6-L -691.943012485897

G-E 0.0612521

3

6 0.000962000 0.259161000
6 -1.318342000 0.754581000
6 0.204098000 -1.130724000
6  -2.402330000 -0.121723000
6 -0.891961000 -2.001022000
6 -2.197540000 -1.507033000
1 -1.491278000 1.834456000
1 1.210658000 -1.549582000
1  -3.418232000 0.282433000
1 -0.714989000 -3.080075000
1  -3.048629000 -2.192006000
16  1.300211000 1.472932000
6 2.816594000 0.473045000
1 2.890315000 -0.155095000
1 2.890439000 -0.154452000
1 3.647480000 1.192855000
B3LYP -669.457990947405
MO6-L -669.859877281621
G-E 0.09699111

Vv

6 2.068323000 3.519340000
6 1.092118000 4.644664000
6 1.720488000 2.223137000
8 0.526614000 2.021893000
6 -0.535052000 2.749761000
6 -0.324357000 4.081835000
6 2.506838000 1.089818000
6 -1.763951000 2.086206000
15 -1.801059000 0.258900000
15 1.795379000 -0.538988000
28 -0.253532000 -1.162471000
17 -1.473999000 -2.356807000
6 -1.237737000 -2.732375000
6 0.096020000 -3.119055000
6 -2.374974000 -3.291687000
6 0.222681000 -3.957082000

-1.574864000
-2.277054000
0.381750000
0.381750000
-2.116228000
-2.116228000
-3.369672000
2.261925000

0.000100000
-0.000006000
0.000152000
-0.000066000
0.000095000
-0.000015000
-0.000043000
0.000240000
-0.000148000
0.000137000
-0.000058000

0.000150000
-0.000103000
0.900714000
-0.901356000
0.000208000

-0.872835000
-0.500644000
-0.473647000
0.173485000
-0.308756000
-0.689398000
-0.711170000
-0.410842000
-0.074531000
-0.187738000
-0.761128000
-3.354679000
-1.597066000
-1.199652000
-0.918130000
-0.037539000
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-2.194340000
-0.879487000
0.898329000
-3.373503000
1.226946000
-3.065880000
-0.755764000
1.327643000
1.202714000
0.628479000
2.341226000
1.285370000
2.307829000
0.569835000
1.124421000
3.290104000
3.609917000
4.117346000
-2.853574000
-3.835525000
-2.684137000
-1.429997000
3.735477000
-3.540664000
-1.322654000
5.072275000
4.389986000
2.057180000
2.922601000
1.344408000
3.072390000
1.505454000
2.366767000
3.481928000
0.653665000
3.744432000
0.937581000
2.482056000
-1.757601000
-1.437397000
-2.009073000
-1.374482000
-1.969727000
-1.647164000
-1.236472000
-2.232565000
-1.112108000
-2.175839000
-1.599982000
-3.576614000
-4.601339000
-3.902666000
-5.924026000
-5.224975000
-6.239699000
-4.369976000
-3.110886000
-6.711500000
-5.459665000

-4.057399000
-4.382732000
-3.156301000
-3.078760000
-4.272719000
-4.439169000
-5.013994000
5.911373000
5.719184000
6.707290000
6.303792000
4.978409000
5.345978000
5.755294000
4.088252000
3.673604000
4.660369000
2.568565000
2.838301000
2.372633000
4.173343000
4.788702000
1.288052000
4.740502000
5.827946000
2.707671000
0.437583000
-0.494739000
0.410906000
-1.420030000
0.388805000
-1.448034000
-0.542492000
1.139038000
-2.113790000
1.102980000
-2.167732000
-0.557454000
0.146213000
1.215452000
-1.118472000
1.025088000
-1.299391000
-0.227671000
2.204973000
-1.965920000
1.865460000
-2.287069000
-0.371324000
-0.091085000
-0.069118000
-0.369749000
-0.331810000
-0.622427000
-0.608285000
0.150211000
-0.417811000
-0.318283000
-0.844455000

0.209451000
0.667435000
-1.941416000
-1.301687000
0.259754000
0.747583000
1.551081000
-1.331439000
-2.407784000
-1.036116000
-1.163351000
1.004669000
1.186029000
1.317143000
1.630638000
-1.538891000
-1.876674000
-1.770882000
-0.881455000
-0.974419000
-1.257338000
-1.175203000
-1.359727000
-1.629466000
-1.488591000
-2.283259000
-1.556592000
1.638636000
2.272372000
2.417521000
3.661999000
3.804089000
4.430343000
1.680898000
1.933755000
4.145527000
4.397408000
5.517346000
1.770779000
2.617972000
2.334058000
4.002894000
3.716290000
4.556524000
2.205178000
1.681747000
4.650735000
4.137399000
5.639081000
-0.454676000
0.504321000
-1.792402000
0.132759000
-2.164171000
-1.200954000
1.548358000
-2.541946000
0.891125000
-3.208402000
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1 -7.273914000 -0.814675000
6 3.112224000 -1.694946000
6 4.007679000 -2.353053000
6 3.162576000 -1.970726000
6 4.935362000 -3.266919000
6 4.097782000 -2.870387000
6 4.985676000 -3.525489000
1 3.982124000 -2.155381000
1 2.451868000 -1.481119000
1 5.623921000 -3.776869000
1 4.125513000 -3.070543000
1 5.711094000 -4.239514000
B3LYP -4461.95233924168
MO6-L -4464.22406477079
GE  0.62168984

Vi

6 -1.457330000 3.621070000
6 -0.254443000 4.377111000
6 -1.324376000 2.233604000
8 -0.102600000 1.651432000
6 1.027706000 2.373347000
6 1.003546000 3.766898000
6 -2.389887000 1.418520000
6 2.160246000 1.691018000
15 2.139963000 -0.147619000
15 -2.157516000 -0.405911000
28 0.007205000 -0.708702000
17 -0.133082000 0.749466000

DO DO R, P RPRPPOODOOOOTITOODOOR,RRPRPERPRPOOOODOOOOD

0.117531000
0.153878000
0.156401000
0.229015000
0.230215000
0.267447000
0.121833000
0.127509000
0.256409000
0.258318000
0.325110000
-2.815674000
-2.992892000
-3.033349000
-3.381539000
-3.424316000
-3.597451000
-2.824338000
-2.867736000
-3.515446000
-3.576155000
-3.895968000
3.380532000
2.926982000
4.756422000
3.839389000

-2.121071000
-3.433561000
-1.954370000
-4.538521000
-3.050885000
-4.351027000
-3.602546000
-0.945389000
-5.550063000
-2.890056000
-5.211781000
-1.082959000
-0.291218000
-2.469502000
-0.876497000
-3.049252000
-2.254080000

0.786607000
-3.102712000
-0.249196000
-4.129774000
-2.710645000
-0.511533000
-0.730351000
-0.605136000
-1.025697000

-1.488953000
-0.770824000
0.084735000
-2.150176000
-0.429168000
-2.663357000
-1.801243000
1.158250000
-2.823105000
0.249831000
-3.737587000
-2.199564000

-0.435856000
-1.010038000
-0.270793000
-0.541474000
-0.216125000
-0.383036000
0.153778000
0.265791000
0.471304000
0.352049000
0.770964000
2.590598000
-0.490162000
0.014698000
-1.885539000
-0.845045000
-2.747349000
-2.230452000
1.096800000
-2.304850000
-0.427798000
-3.828727000
-2.902321000
-1.224714000
-2.367788000
-1.311645000
-3.578300000
-2.516801000
-3.655803000
-2.319948000
-0.437526000
-4.463463000
-2.571978000
-4.602998000
1.782641000
3.094256000
1.504995000
4.110797000
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5.663318000
5.206573000
1.860423000
5.121370000
3.475737000
6.730266000
5.916718000
2.966851000
3.318278000
3.158734000
3.856871000
3.694801000
4.044662000
3.141292000
2.887466000
4.112612000
3.839072000
4.459117000
-3.412020000
-4.753076000
-3.000321000
-5.668772000
-3.921357000
-5.254428000
-5.082060000
-1.962416000
-6.708447000
-3.591461000
-5.970936000
-0.348859000
-0.382914000
0.511128000
-1.247083000
-0.207094000
-1.116838000
0.669851000
-0.139798000
-2.691983000
-2.826894000
-3.765790000
-4.724094000
2.145778000
2.157735000
3.282702000
4.166926000
3.290449000
-3.616728000
-4.458403000
4.179156000

-0.901444000
-1.111151000
-0.646924000
-0.457914000
-1.192316000
-0.972443000
-1.346167000
-0.748796000
-2.108869000
0.061239000
-2.644430000
-0.480379000
-1.831245000
-2.758613000
1.118488000
-3.705826000
0.160388000
-2.253466000
-0.937036000
-1.177443000
-1.136711000
-1.601026000
-1.560339000
-1.792886000
-1.045400000
-0.937261000
-1.785236000
-1.711027000
-2.127656000
5.888676000
6.127334000
6.408422000
6.304352000
4.114711000
4.506070000
4.610712000
3.037957000
4.203227000
5.280507000
3.419002000
3.887549000
4.491179000
5.576463000
3.840537000
4.419377000
2.452481000
2.038362000
1.435797000
1.954269000

-4464.26866237656

B3LYP -4461.9986057687
MO06-L
G-E 0.62154284

2.525777000
3.831111000
3.312920000
0.486227000
5.128031000
2.298621000
4.628364000
-1.055802000
-1.121431000
-2.183434000
-2.289373000
-3.357679000
-3.413413000
-0.261688000
-2.151818000
-2.329280000
-4.231496000
-4.332499000
1.589066000
1.239152000
2.917307000
2.205502000
3.879261000
3.527721000
0.206111000
3.191502000
1.922611000
4.910346000
4.282472000
-0.769180000
0.304496000
-1.215328000
-1.247901000
-2.541833000
-3.024119000
-2.987288000
-2.756880000
-0.128996000
-0.230240000
0.299471000
0.534901000
-0.025282000
-0.130044000
0.460112000
0.736447000
0.596194000
0.430217000
0.774892000
0.986560000
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7. Unsuccessful substrates/ low yield

Cl
Cl Cl cl Cl Cl o
@ S
o) |
NO, OH NH, 2z
H NH,
GC-MS: 22% 10%

c
A 3 ~Ho 8
SH OH SH
HS HS\/J::j 18 on /ﬂ\N/\\/

NH, H

8. GC-FID calibration

The quantification of GC-yields was achieved by adding a standard compound (n-pentadecane) to reaction
mixtures before quenching (usually 100 pL) and applying the general formula:

A(compound) m(compound)
A(standard) m(standard)

R: Response factor of compound
A: Peak area determined by GC-FID
m: mass of compound

The R values were determined by GC calibrations of respective compounds with pentadecane in ethyl
acetate and measuring different mass ratios.
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A(Sub)/A(St)

16 | EtO,C .
y \©\ O
S y =0,7282x + 0,0304
e

A(Sub)/A(St

1,2 R2=0,9914
3ab
1
0,8 o’
0,6 :
0,4
o
0,2
0
0 0,5 1 1,5 2 2,5
m(Sub)/m(St)
Mass ratio A (Substrate) A (Std) Area ratio
[mg (Substrate) [A(Substrate)
mg (Std) A (Std)
0.43 7096.8 22481.0 0.31568
0.48 7290.0 20706.8 0.35206
0.45 8026.0 24412.7 0.32876
1.0 8924.9 11357.4 0.78582
0.96 8183.3 10477.1 0.78107
1.03 7865.3 93354 0.84252
1.93 16830.2 11642.3 1.44561
1.79 16569.6 13187.5 1.25646
2.03 15773.9 10371.3 1.52092
1,6
Cl ]
1,4
e y=0,7372x + 0,0116
1,2 R2=0,999
1
0,8 '
06
0. .
0,2
0
0 0,5 1 1,5 2 2,5
m(Sub)/m(St)
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A(Sub)/A(St

Mass ratio A (Substrate) A (Std) Area ratio
[mg (Substrate) [A(Substrate)
mg (Std) A (Std)
0.50 9354.0 25297.0 0.36977
0.50 9627.0 25789.0 0.37330
0.50 8615.0 22769.0 0.37837
1.00 5206.0 6985.0 0.74531
1.00 7597.0 9787.0 0.77623
1.00 7922.0 10511.0 0.75369
2.00 15620.0 10557.0 1.47959
2.00 18607.0 12716.0 1.46327
2.00 16848.0 11190.0 1.50563
1,3
Br
1,1 '
0.9 y = 0,5684x + 0,0121
’ R?=0,998
0,7 )
A
0,5
0,3 o
0,1
0,1 0,5 1 1,5 2 2,5
m(Sub)/m(St)
Mass ratio A (Substrate) A (Std) Area ratio
[mg (Substrate) [A(Substrate)
mg (Std) A (Std)
0.50 7455.0 23918.0 0.31169
0.50 7573.0 25464.0 0.29740
0.50 5803.0 20099.0 0.28872
1.00 5984.0 10489.0 0.57050
1.00 6436.0 11113.0 0.57914
1.00 7312.0 12639.0 0.57853
2.00 12738.0 10765.0 1.18328
2.00 13517.0 11797.0 1.14580
2.00 12676.0 11295.0 1.12227
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A(Sub)/A(St

0,9

0,8 e
0,7 " y=0,4018x +0,0191
06 R2=0,996
0,5 .
0,4 .
0,3
0,2 ()
0,1
0
0 0,5 1 1,5 2 2,5
m(Sub)/m(St)
Mass ratio A (Substrate) A (Std) Area ratio
[mg (Substrate) [A(Substrate)
mg (Std) A (Std)
0.50 4304.0 20879.0 0.20614
0.50 4927.0 24228.0 0.20336
0.50 4659.0 22138.0 0.21045
1.00 5472.0 12149.0 0.45041
1.00 5290.0 12250.0 0.43184
1.00 5446.0 12354.0 0.44083
2.00 10096.0 12278.0 0.82228
2.00 9326.0 11360.0 0.82095
2.00 9436.0 13017.0 0.80490
oF oTf
07 8
0,6 y = 0,359x - 0,0028
0,5 R2 = 0,9982
0,4
s -8
0,2 .."
0,1
0
0 0,5 1 1,5 2 2,5
m(Sub)/m(St)
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A(Sub)/A(St)

1,6
1,4

1,2

0,8
0,6
0,4

0,2

2,5

Mass ratio A (Substrate) A (Std) Area ratio
[mg (Substrate) [A(Substrate)
mg (Std) A (Std)
0.50 4164.8 23377.7 0.17815
0.50 4742.3 25319.3 0.18730
0.50 4133.4 22685.3 0.18221
1.00 3901.2 11632.3 0.33538
1.00 3886.2 10895.3 0.35669
1.00 4388.4 12526.5 0.35033
2.00 8062.8 11288.5 0.71425
2.00 8029.2 11019.8 0.72862
2.00 8043.5 11304.6 0.71152
OTs
°
) 9
y = 0,6657x + 0,0087
R?=0,9951
¢
0,5 1 1,5 2
m(Sub)/m(St)
Mass ratio A (Substrate) A (Std) Area ratio
[mg (Substrate) [A(Substrate)
mg (Std) A (Std)
0.5 3807.6 11738.1 0.32438
0.50 3771.8 11481.7 0.32851
0.50 3963.5 11968.7 0.33116
0.50 3875.2 5697.3 0.68018
1.00 3950.6 5780.5 0.68344
1.00 3847.5 5341.8 0.72026
1.00 7000.1 5040.4 1.38880
2.00 7446.5 5701.2 1.30613
2.00 7519.8 5763.0 1.30484
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A(Sub)/A(St)

A(Sub)/A(St)

y=0,6113x-0,0135

1,20
¢l R?=0,9862
1,00 09
@
0,80
CO,Et )
0,60 1a -
-~
0,40
."
0,20
0,00
0 0,2 0,4 0,6 0,8 1 1,2 1,4 1,6 1,8
m(Sub)/m(St)
Mass ratio A (Substrate) A (Std) Area ratio
[mg (Substrate) [A(Substrate)
mg (Std) A (Std)
0.49 6671.9 22176.1 0.30086
0.57 7535.6 20648.8 0.36494
0.56 8389.0 25275.9 0.33190
0.97 13711.5 23496.9 0.58355
1.06 15581.6 24742.7 0.62975
1.03 21462.4 39662.7 0.54112
1.65 12779.9 12591.4 1.01497
1.57 13370.8 14427.0 0.92679
1.61 12948.3 12884.1 1.00498
1,4
O~ *
1,2 /\/\/\ ..‘..-
S R
1 y =0,7368x - 0,0362
R?=0,9872
0,8 -
06 o e
0,4
o %
0,2
0
0 0,5 1 1,5 2
m(Sub)/m(St)
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A(Sub)/A(St)

Mass ratio A (Substrate) A (Std) Area ratio
[mg (Substrate) [A(Substrate)
mg (Std) A (Std)

0.39 7769.0 25616.6 0.30328
0.51 6528.8 19163.8 0.34068
0.52 6469.8 21164.9 0.30569
0.96 7232.8 10093.6 0.71657
1.04 7036.5 10870.5 0.64730
0.93 7032.9 10803.8 0.65097
1.78 13844.4 10726.0 1.29073
1.61 13505.5 12165.2 1.11017
1.78 15610.4 11868.1 1.31532

s Q
: QL0

..o
14 " ®  y-0,7193x +0,0029
1,2 R%?=0,9878
1
0,8 0.
)
06 o
0,4 o
0,2 ¢
0
0 0,5 1 1,5 2 2,5
m(Sub)/m(St)
Mass ratio A (Substrate) A (Std) Area ratio
[mg (Substrate) [A(Substrate)
mg (Std) A (Std)

0.40 5895.2 21634.9 0.27249

0.52 7658.4 20803.9 0.36812

0.51 7915.4 211282 0.37464

0.93 5786.7 8620.6 0.67126

0.98 8248.2 10613.5 0.77714

1.07 6410.7 8791.8 0.72917

1.98 1744.,5 11472.4 1.52021

2.10 13670.0 8993.8 1.51994

2.07 12843.8 9192.9 1.39714
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A(Sub)/A(St)

A(Sub)/A(St)

2
16 S
14 y =0,872x - 0,0026
’ R?=0,999
1,2
1
0,8 ,.--.
0,6
0,4 o
0,2
0
0 0,5 1 1,5 2
m(Sub)/m(St)
Mass ratio A (Substrate) A (Std) Area ratio
[mg (Substrate) [A(Substrate)
mg (Std) A (Std)
0.50 10199.8 23172.0 0.44017
0.50 10364.2 23601.2 0.43913
0.50 9670.5 21866.0 0.44226
1.00 9733.8 11530.3 0.84419
1.00 10144.3 11858.2 0.85546
1.00 10757.7 12273.9 0.87647
2.00 19817.2 11370.5 1.74286
2.00 22510.6 13095.4 1.71897
2.00 21256.9 11988.2 1.77315
L8 'MeO
be \©\ e
1,4 S -
y = 0,7744x + 0,0033
1,2 3db R2 =0,9998
1
08 o
0,6
0,4 o
0,2
0
0 0,5 1 1,5 2
m(Sub)/m(St)

2,5

2,5
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A(Sub)/A(St)

Mass ratio A (Substrate) A (Std) Area ratio
[mg (Substrate) [A(Substrate)
mg (Std) A (Std)
0.50 10846.3 27564.4 0.39349
0.50 10710.2 27784.3 0.38548
0.50 10258.5 26396.0 0.38864
1.00 8823.1 11386.8 0.77485
1.00 8710.2 11280.7 0.77213
1.00 9111.9 11508.3 0.79177
2.00 17731.0 11339.8 1.56361
2.00 18921.4 12236.2 1.54635
2.00 19122.2 12382.9 1.54424
18 y = 0,7586x + 0,001
" |FsC R2=0,9997
1,6
\Q @ .9
1,4 S :
1,2
3hb
1
0,8 ..."'
0,6 )
0,4 .".
0,2
0
0 0,5 1 1,5 2 2,5
m(Sub)/m(St)
Mass ratio A (Substrate) A (Std) Area ratio
[W [w
mg (Std) A (Std)
0.50 10842.4 28751.2 0.37711
0.50 9458.4 24769.3 0.38186
0.50 9032.6 24021.1 0.37603
1.00 9881.3 13147.1 0.75160
1.00 10852.4 14200.9 0.76421
1.00 9749.9 12624.2 0.77232
2.00 19980.1 13159.1 1.51835
2.00 19309.8 12613.3 1.53091
2.00 23426.6 15590.4 1.50263

5174



A(Sub)/A(St)

A(Sub)/A(St)

2
1,8
1,6
1,4

’

1,2

’

1
0,8
0,6
0,4
0,2

0

1,4

1,2

0,8

0,6

0,4

0,2

'."
.

y =0,8321x - 0,0069

3cb R?=0,9972
o
0,5 1 1,5 2 2,5
m(Sub)/m(St)
Mass ratio A (Substrate) A (Std) Area ratio
[mg (Substrate) [A(Substrate)
mg (Std) A (Std)
0.50 5055.8 12380.0 0.40838
0.50 4786.9 11478.7 0.41702
0.50 4915.3 12284.3 0.40013
1.00 4835.2 6038.8 0.80069
1.00 5001.7 5965.5 0.83844
1.00 4865.8 5797.6 0.83928
2.00 9706.1 5657.0 1.71577
2.00 9917.7 6159.1 1.61025
2.00 9495.9 5773.2 1.64482
Cl °
0
S/@ y =0,6521x - 0,0015
R? =0,9981
3Fb
..'.“.
¢
0,5 1 1,5 2 2,5
m(sub)/m(St)
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2,5

Mass ratio A (Substrate) A (Std) Area ratio
[mg (Substrate) [A(Substrate)
mg (Std) A (Std)
0.50 43235 13347.9 0.32391
0.50 4384.1 13232.7 0.33131
0.50 4271.8 13780.1 0.31000
1.00 4333.2 6560.6 0.66049
1.00 4404.0 6775.9 0.64995
1.00 4388.3 6708.4 0.65415
2.00 8735.9 6580.1 1.32762
2.00 8623.3 6556.2 1.31529
2.00 9106.7 7222.7 1.26084
Y
)
.%JA\S;-“- e
! -~ y = 0,8401x - 0,0066
arb R?=0,998
(o
0,5 1 1,5 2
m(Sub)/m(St)
Mass ratio A (Substrate) A (Std) Area ratio
[M [M
mg (Std) A (Std)
0.50 5332.0 12967.0 0.41120
0.50 5179.9 12305.8 0.42093
0.50 4788.8 12094.9 0.39594
1.00 5355.2 6438.1 0.83180
1.00 5292.3 6187.9 0.85527
1.00 5188.8 6237.9 0.83182
2.00 10236.9 5936.0 1.72455
2.00 10067.1 6119.6 1.64506
2.00 10213.0 6207.9 1.64516

5176



A(Sub)/A(St)

A(Sub)/A(St)

14

1,2

0,8

0,6

0,4

0,2

0,9
0,8
0,7
0,6
0,5
0,4
0,3
0,2
0,1

Cl
.8
Cl y = 0,5914x - 0,0082
R?=0,9991
.
o
0,5 1 1,5 2 2,5
m(Sub)/m(St)
Mass ratio A (Substrate) A (Std) Area ratio
[mg (Substrate) [A(Substrate)
mg (Std) A (Std)
0.50 3575.6 12095.8 0.29561
0.50 3607.2 12268.1 0.29403
0.50 3760.6 12661.5 0.29701
1.00 3369.7 5927.6 0.56848
1.00 3572.6 6222.0 0.57419
1.00 3619.8 6340.6 0.57089
2.00 6932.9 5798.0 1.19574
2.00 6790.4 5808.6 1.16903
2.00 6830.1 5831.8 1.17118
Cl .
y = 0,4589x - 0,0073
Br R2 = 0,9985
o
(3
0,5 1 1,5 2 2,5
m(Sub)/m(St)
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A(Sub)/A(St)

0,8
0,7
0,6
0,5
0,4
0,3
0,2

0,1

Mass ratio A (Substrate) A (Std) Area ratio
[mg (Substrate) [A(Substrate)
mg (Std) A (Std)
0.50 2755.5 12119.1 0.22737
0.50 2630.5 11587.1 0.22702
0.50 2775.6 12116.2 0.22908
1.00 2950.2 6652.3 0.44349
1.00 2634.8 5959.6 0.44211
1.00 2555.7 5765.9 0.44324
2.00 5481.0 5874.3 0.93305
2.00 5533.9 6185.1 0.89471
2.00 5762.7 6318.8 0.91199
Cl
A
I y = 0,3614x - 0,0069
R?=0,9984
®
0,5 1 1,5 2 2,5
m(Sub)/m(St)
Mass ratio A (Substrate) A (Std) Area ratio
[mg (Substrate) [A(Substrate)
mg (Std) A (Std)
0.50 2118.3 11840.7 0.17890
0.50 2147.0 12221.6 0.17567
0.50 2217.8 12342.5 0.17969
1.00 2112.4 6098.9 0.34636
1.00 2391.0 6895.2 0.34676
1.00 2016.5 5743.2 0.35111
2.00 4246.1 5765.8 0.73643
2.00 4316.3 6102.2 0.70734
2.00 4246.6 5977.3 0.71045
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A(Sub)/A(St)

A(Sub)/A(St)!

0,7

0,6

0,5

0,4

0,3

0,2

0,1

1,4

1,2

0,8

0,6

0,4

0,2

Cl
.8
y =0,315x - 0,0053
R2=0,9997
OoTf
o
o
0,5 1 1,5 2 2,5
m(Sub)/m(St)
Mass ratio A (Substrate) A (Std) Area ratio
[mg (Substrate) [A(Substrate)
mg (Std) A (Std)
0.50 1963.3 12790.9 0.15349
0.50 1843.9 11890.1 0.15508
0.50 1909.0 12443.8 0.15341
1.00 2165.3 7059.0 0.30674
1.00 1982.9 6451.7 0.30735
1.00 1827.1 5962.3 0.30644
2.00 3641.5 5757.0 0.63253
2.00 3663.2 5894.1 0.62150
2.00 3965.1 6369.4 0.62252
%S
\Q 8
S@ y =0,58x + 0,0515
R2?=0,9946
=
0.
()
0,5 1 1,5 2 2,5
m(Sub)/m(St)
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Mass ratio A (Substrate) A (Std) Area ratio
[mg (Substrate) [A(Substrate)]
mg (Std) A (Std)
0.50 2786.9 8711.2 0.31992
0.50 3334.6 8555.8 0.38975
1.00 3042.1 5049.4 0.60247
1.00 5517.1 8881.9 0.62116
2.00 5952.2 4943.4 1.20407
2.00 6282.7 5090.8 1.23413
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ABSTRACT: We report a nickel catalyzed C—S cross-coupling of aryl oTf Ni ] s.
and alkenyl triflates with alkyl thiols. A variety of the corresponding ﬁ/ + HS-Alkyl %» f ﬁ/ Alkyl
thioethers were synthesized using an air-stable nickel precatalyst under <~ 15 min’— 2h s

mild reaction conditions with short reaction times. A broad substrate
scope, including pharmaceutically relevant compounds, could be

demonstrated.

hioethers are common motifs in agrochemicals,1 materi-

als,” and pharmaceutical compounds.” They can be
conveniently synthesized via a variety of transformations.”
One of the most prominent and versatile methods is the metal-
catalyzed coupling of thiols with aryl and alkenyl (pseudo)-
halides, also referred to as Migita-coupling.S Catalysts for this
transformation are often based on palladium, but nickel as a low-
cost and abundant metal has developed into an attractive
alternative. In this case, aryl bromides and iodides® are typically
employed as electrophiles, but recently the less reactive and
more abundant aryl chlorides could be coupled.” In comparison
to aryl (pseudo)halides, alkenyl electrophiles have been much
less systematically explored, regardless of the employed
catalyst.”

One of the disadvantages of halides is the synthesis of
noncommercially available substrates, which may require
multiple steps’ and forcing reaction conditions'® restricting
the functional group tolerance. In contrast, aryl and alkenyl
triflates, representatives of pseudohalides, can easily be
synthesized in a simple one-step procedure from phenols'’
and ketones,"” rendering them excellent alternative electro-
philes. Phenols and ketones are both abundant, available as well
as low-cost, and thus attractive building blocks, especially for
more complex pharmaceutically active compounds.'” In
particular alkenyl halides, for which even simple compounds
are not widely commercially available, triflates are an excellent
alternative. This point is supported by a variety of publications
reporting the transformation of alkenyl triflates to the
corresponding alkenyl halides,'* showcasing the synthetic
potential and advantages of triflates.

Not only their synthetic accessibility but also the reactivity of
triflates in coupling reactions is appealing. In C—=S couplings,
palladium is the most represented catalyst."> The reported
methods commonly show only a limited scope of triflates (1—6
examples), utilize bidentate ligands such as Xantphos ((9,9-

© 2023 The Authors. Published by
American Chemical Society

- ACS Publications
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38 examples

dimethyl-9H-xanthene-4,5-diyl)bis(diphenylphosphane), and
require elevated temperatures (80—140 °C) to couple aryl
triflates with mainly aryl thiols (Scheme 1a).

Nickel catalyzed methods remain rare for aryl sulfonates in
general, with llmlted examples for the coupling of aryl thiols with
aryl tosylates’® and mesylates,'® but no examples for aryl
triflates. Regarding alkenyl electrophiles, only a few reports were
dedicated to the palladium catalyzed C—S coupling of tosylates
and triflates,* while nickel catalyzed couplings are even more
underrepresented. The most recent example is the electro-
chemically promoted coupling of alkenyl triflates with thiols
employing air-sensitive Ni(cod), (15 mol %) reported by Pan
and co-workers (Scheme 1b).” They demonstrated an extensive
substrate scope for aryl thiols, but only a limited scope for alkyl
thiols (3 examples) providing moderate yields.

The ineflicient coupling of alkyl thiols, especially tertiary ones,
is a typical limitation of many C—S coupling methodologies. Our
group closed this gap in a study on cross-coupling of aryl
chlorides with tertiary alkyl thiols.”* A promising reactivity of
triflates was observed in electrophile competition experiments,
which led us to expand the scope of the methodology to aryl and
alkenyl triflates (Scheme 1c).'” To the best of our knowledge
this is the first nickel catalyzed coupling of aryl as well as alkenyl
triflates with challenging tertiary alkyl thiols showing a wide
scope as well as functional group tolerance under mild
conditions without the need for high temperatures, additives,
reducing agents, reactive organometallic bases, or electro-
chemistry.
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Scheme 1. Literature Examples for the Coupling of
Triflates””'>° and Our Objective

a) Example of a Pd-Catalyzed Coupling of Aryl Triflates with Aryl Thiols

Pd,(dba); (2.5 mol %)
oTf
©/ + HS-R

Xantphos (5.0 mo 1%) S.
iProNEt (2.0 equiv) R
1 alkyl thiol 6 examples (67-92%)

1,4-dioxane, reflux
b) Electrochemical Ni-Catalyzed Coupling of Alkenyl Triflates with Aryl Thiols

il

oTf Ni(cod), (15 mol %) SR
A, bpy (15 mol %) A
0 j BusNOAC (3 equiv) : .
GFE(+)/NFE(-), 2mA
2.0 equiv DMAg, 1t, 2 h 42 examples (16-98%)
3 alkyl thiols with adamantanethiol (47%)

c) This Work: Ni-Catalyzed Coupling of Aryl and Alkenyl Triflates with Alkyl Thiols
Ni (5 mol %)
OTf f - S<
- KOAc (1. X
f ﬁ/ + HS-Aky —RQAc(lbequy) ¢ ﬁ/ Allyt
¢ THF, rt, 0.15-2 h UL

Aryl: 27 examples (55-98%)
Alkenyl: 11 examples (77-98%)

v mild conditions
v fast reaction

/P"\nl'@ v broad scope
Ph” by, C v/ accessible substrates

The mild reaction conditions (room temperature) and the
catalytic system consisting of (Xantphos)Nl(o tolyl)Cl (Ni)'®
as an air-stable precatalyst,’” and KOAc as base from our
previous work could directly be employed for the coupling of

[

triflates. The substrate scope and functional group tolerance
were explored using the sterically challenging adamantanethiol
as the model nucleophile. First, various electron-neutral, -rich,
and -deficient aryl triflates could be coupled in good to excellent
yields (Scheme 2). Thioether 3aa was obtained in excellent yield
from PhOT( and in slightly diminished yields from PhCl, PhBr,
and Phl, whereas less reactive pseudo halides such as tosylates
and mesylates provided only low to moderate yields under
standard conditions. Functional groups like nitrile, ester,
trifluoromethyl, methoxy, and amide were tolerated, and
thioethers 3ca—ga were furnished in excellent yield (89—
97%). Electrophiles containing heterocyclic moieties, often
present in biologically active compounds for pharmaceutical or
agrochemical applications, like pyridine, dioxole, or 4-methyl-
2H-chromen-2-one, yielded the corresponding aryl thioethers
3ia—3ka in good yields. In contrast to using aryl chlorides as
substrates, where sterically hindered electrophiles showed low
reactivity, ortho-methylsubstituted thioether 3la and the
1-naphthyl-based product 3ma were obtained via the coupling
of aryl triflates in excellent yields.

Additionally, high chemoselectivity was observed for bis-
electrophiles with chloro and tosyloxy groups providing the
monocoupled products via a selective C—OTf functionalization
in the presence of a C—Cl bond 3na and in the presence ofa C—
OTs bond 30a in excellent yields. Dithioether 3pa was obtained
from the corresponding ditriflate.

Moreover, the potential of the methodology for late stage
sulfenylation of triflates synthesized from more complex
biorelevant phenols was demonstrated on two examples.

Scheme 2. Substrate Scope with Respect to Aryl Triflates”

OTf Ni (5 mol %)
R N . _KOAc (1.5 equiv) equw)
|
= HS THF, 1t, 2 h
1 2a
1 equiv 1.1 equiv
OMe

Et0,C

o @sﬁ NCQSQ

from Estrone triflate

o
HN

O @L@ @gg Q.5

3ga 59%

3aa PhOTf: 98% 3ba 89% 3ca 91% 3da 95% 3ea 89% 3fa 97% 3ga 94%
PhCI: 85%
PhBr: 89%
. Phl: 81%
@ TAA - H & e :£ S
3ha 91% 3ia 89% 3ja 76% 3ka 60% 3la 94% 3ma 95%
| From b:selectroph:/es .| Frombiorelevant phenols FE 5
| @ Q o i
3 @ o OH 5
! L 3ra 55% E
! 3na 84% 30a 94% ; Z from Ezetimibe triflate |
3 £ 8" ‘ ‘ ‘s/gg b Q ;
L P !

3pa 86%°

“Standard reactlon conditions: 1 (1.0 or 0.5 mmol), 2a (1.1 equiv), KOAc (1.5 equiv), Ni (5 mol %), THF (3 mL), rt, 2 h. Yields of isolated

products. bWith 2 equiv of 2a.
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Scheme 3. Substrate Scope with Respect to Alkyl Thiols” Scheme 4. Coupling of Alkenyl Triflates with 1-

. Adamantanethiol”
D Ni (5 mol %) PR
TIOL v e orerseam (]
~ oTf THF, rt,2h ~ SR

Ni (5 mol %)
OTf
Y R/\( . KOAc (1 5 equiv) /Z
1a/1h 2 3 " HS
.._R THF rt,2h

1 equiv 1.1 equiv 4 2a
1 equiv 1.1 equiv

oo L O %
3ab 98% 3ac 99% 3hd 98% Q @ @ Q @
98%® (5 mmol,

2 mol% Ni) 5aa 86% 5ba 86% 5ca 82%

3heg4i.<©\ Sh 72% Q @ a @ OU @

AL D Q 0

3hg 89% 3hh 65%

NHBoc
S\/j\ 5ga 93% 5ha 97% 5ia 85%
QL H
: S
3hi 53% S ‘ @

3aj 94% from thiocholesterol @
S

“Standard reaction conditions: la/lh (1.0 or 0.5 mmol), 2

(L.1 equiv), KOAc (1.5 equlv), Ni (S mol %), THF (3 mL), rt, 2 5ja 98% 5ka 81%
h. Yields of isolated products. bla (5 mmol), 2c (5.5 mmol), Ni (2 a
mol %). Standard reaction conditions: 4 (1.0 or 0.5 mmol) 2a (1.1 equiv),

KOAc (1.5 equiv), Ni (5 mol %), THF (3 mL), rt, 2 h. Yields of
isolated products.

Electrophiles derived from Estrone 1q and Ezetimibe 1r were Scheme S. Postulated Catalytic Cycle and Precatalyst
successfully coupled and furnished the corresponding thioethers Activation
in 59% and 55% yields. .

Then a variety of primary, secondary, and tertiary thiols were Catalytic cycle: C N
coupled (Scheme 3). Alkyl th1ols, including the sterically ArSR ArOTf
challenging diadamantanethiol 2d,”° as well as thiols with active catalyst
functional groups such as ether, ester, and ketone were coupled reductive oxidative
in good to excellent yields (3ab—3hg, 72—99%). Selective C—S elimination addition
coupling provided 3hh in 65% yield in the presence of a free

hydroxyl group and 3hi in 53% yield in the presence of a ( ,Ni” C i Ar
protected cysteine. Thiocholesterol (2j), as another representa- PO PO

tive of bioactive thiols, could be coupled in 94% yield. In

comparison, the related coupling with aryl chloride furnished 1. ligand exchange
72% vyield, showcasing the superior performance of triflates. g ZZer g;%rgt’gi"o”
Upscaling the reaction to 5 mmol in the case of 3ac, while KOTf+HOAc KOAc+HSR =7
decreasing the catalyst loading to 2 mol % highlights the Precatalyst activation:

applicability of the low-cost catalytic system on a larger scale. g P 7 oo §
Next, the coupling of alkenyl triflates with 1-adamantanethiol (P: iio o KOAc Ply I I — C P: iio o

(2a) as the model substrate was demonstrated (Scheme 4). The P Ni c HSR D ° M -HOAe c SR

reaction products, alkenyl thioethers, are valuable synthetic >: °c

intermediates and often present in biorelevant compounds.”! | oroly- SR /1

Various cyclic six-membered alkenyl moieties, including hetero- detected via GC-MS and NMR A

cycles, were coupled yielding the corresponding thioethers Saa—

Sda in 74—86% yields. The ester and amide functionalities in

Sba and Sca were tolerated. Similar results were obtained for cholestane-3-one derived triflate 4k highlights the possibility to

triflates with a fused benzene ring, such as 3,4-dihydronaph- convert more complex biorelevant structures.

thalenyl triflates Sea, Sfa and 2H-chromene derivative Sga. We showed in our previous work on the sulfenylation of aryl

Moreover, the five- and seven-membered cycloalkenyl thio- chlorides that the reaction most likely proceeds through a

ethers Sha and Sia as well as the acyclic compound Sja could be Ni(0)/Ni(II) mechanism and acetate-assisted deprotonation of

synthesized in excellent yields. The successful coupling of a thiols, which is also plausible for the reaction of triflates (Scheme
1657 https://doi.org/10.1021/acs.orglett.3c00218
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5)."7 The activation of the precatalyst, which is structurally
related to the product of the oxidative addition, occurs via the
same steps as the catalytic reaction (coordination of thiol,
deprotonation, and reductive elimination of the thioether).
Subsequently, the reaction profiles of different electrophiles
were compared (Scheme 6). An increase of the induction period

Scheme 6. Reaction Progress of Different Electrophiles

Ni (5 mol %)
KOAc 1.5 equw)
* HS
THF, rt, 2 h
1/4a 2a 3/5aa
Reaction progress:
100 O )
S
o
o
=
40 60
time [min]
——PhOTf -« AlkenylOTf -« PhBr -e—PhCl

from PhOTf < AlkenylOTf ~ PhBr < PhCl and a decrease of the
reaction rate from PhOTf > PhBr > PhCl > AlkenylOTf could be
observed. The kinetic curves for the aryl electrophiles (PhOTf,
PhBr, PhCl) are similar and identify PhOTf as the most reactive
with the shortest induction period and highest reaction rate.
This indicates a fast catalyst activation as well as catalysis, which
might be explained by a more facile oxidative addition of aryl
triflates. AlkenylOTf has a slightly different reaction profile with
a lower reaction rate and longer induction period compared to
the aryl counterpart. The current theory for the superiority of
aryl triflates is an easier oxidative addition, facilitated by the
initial z-coordination of the electrophile to Ni(0), which is
stronger for the aromatic moiety. This is supported by DFT
computations from our work with aryl chlorides.”

In summary, we developed a mild and convenient, as well as
scalable method for the nickel catalyzed C—S cross-coupling of
aryl and alkenyl triflates with alkyl thiols employing the air stable
and low-cost precatalyst (Xantphos)Ni(o-tolyl)Cl and KOAc as
base at room temperature in THF for 15 min to 2 h. The method
is characterized by good chemoselectivity and functional group
tolerance, which was demonstrated on numerous substrates,
including pharmaceutically relevant examples.
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1. General information

1.1. Chemicals and General Techniques

All cross-coupling reactions were carried out under an argon atmosphere using standard Schlenk
techniques or an argon atmosphere Glovebox (GS MEGA E-Line, Glovebox Systemtechnik) and pre-dried
glassware, unless noted otherwise. Dry THF was distilled over Na/benzophenone, stored over 3 A MS and
degassed. Solvents for reactions were dry and degassed. Solvents for chromatography were distilled prior
to use. Column chromatography was carried out either manually or by a Puriflash system (Interchim X5420)
using silica gel (0.04—0.063 mm) from Machery&Nagel. Thin Layer Chromatography was performed on
silica gel coated glass plates (0.25 mm) with fluorescence indicator UV254 (Macherey-Nagel, TLC plates SIL
G-25 UV254). For detection of spots, irradiation of UV light at 254 nm was used. Chemicals were purchased
from abcr, Acros, Alfa Aesar, BLDChem, Carbolution Chemicals, Carl Roth, Fluorochem, Sigma-Aldrich or
TCl. KOAc was dried prior to use at 110 °C under high vacuum. Adamantanethiol was stored and handled
in a glovebox at room temperature. Other thiols were stored as received at -15 °C and handled under
Argon flow. Substrates 1a, 1b, 1h, 1l, 1m, 1n and 1p were commercially available.

1.2. Analytical Techniques

NMR spectra were recorded using Bruker Avance Il HD 400 or Bruker Avance Ill HDX 600 at room
temperature (400 MHz for 'H experiments; 101 MHz for 3C experiments; 162 MHz; 376 MHz for
19F experiments) in commercially available deuterated solvents. *C-NMR experiments were performed in
proton-decoupled mode. Chemical shifts (&) are reported in ppm relative to the residual NMR solvent
signals ! (chloroform: H 7.26 ppm and *3C 77.16 ppm). The coupling constants (J values) are given in Hz
and spin multiplicity with the usual designations for splitting patterns (s = singlet, d = doublet, t = triplet,
g = quartet, m = multiplet, br s = broad singlet).

HR-MS (ESI, APCI, El) measurements were carried out by the mass spectrometry department of the
Institute of Organic Chemistry, University of Tlibingen. Measurements were carried out using maXis 4G
from Bruker (ESI, APCI) or by a MAT95 from Finnegan (El). The molecular ion [M]*, [M+H]* and [M+Na]*
respectively are given in m/z units.

GC-FID (flame ionization detection) analysis was carried out on an Agilent 7820A system using dry
hydrogen as carrier gas. An Agilent 19091J-431 column (30 m x 320 um x 0.25 um) was used. Program 50-
280M15: heating from 50 °C to 280 °C within 15 minutes. Conversion and yield were determined via
calibration against the internal standard pentadecane.

Melting point determination was achieved by using a Biichi B-540 machine with a visual detection (heating
rate 5 °C/min). FT-IR spectra were recorded using a Cary 630 FTIR by applying the sample neat on a
diamond ATR sampler.
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2. General Procedures

General Procedure A (GP-A): Synthesis of aryl triflates.>3

In a 100 mL Schlenk-flask equipped with a stirring bar, the corresponding phenol (10 mmol, 1 equiv.) was
dissolved in dry DCM (30 mL) and pyridine (3.0 equiv.) was added. After cooling the solution to 0 °C,
trifluoromethanesulfonic anhydride (1.2 equiv.) was added dropwise under vigorous stirring, followed by
removal of the ice-bath. The resulting mixture was stirred for 18 h at rt, diluted with DCM (10 mL),
qguenched with aqueous HCI (1 m, 10 mL), or, in the case of basic substrates, water (10 mL) and extracted
with DCM (3 x 10 mL). The combined organic phases were washed with water (20 mL), saturated aqueous
solution of NaHCOs (20 mL) and brine (20 mL), dried over anhydrous MgSQ04, concentrated in vacuo and
purified by column chromatography (n-hexane/EtOAc).

General Procedure B1 (GP-B1): Synthesis of alkenyl triflates using trifluoromethanesulfonic anhydride.* >

In a 100 mL Schlenk-flask equipped with a stirring bar, dry sodium carbonate (1.6 equiv.) was suspended
in dry DCM (30 mL) and the corresponding ketone (10 mmol, 1.0 equiv.) was added. After cooling to 0 °C,
trifluoromethanesulfonic anhydride (1.5 equiv.) was added dropwise under vigorous stirring. The reaction
mixture was slowly warmed to rt and stirred for 18 h, followed by dilution with DCM (10 mL), quenching
with water (10 mL) and extraction with DCM (3 x 10 mL). The combined organic phases were washed with
saturated aqueous solution of NaHCOs (2 x 10 mL) and brine (2 x 10 mL). The organic phase was dried over
anhydrous MgSQ4, concentrated in vacuo, and purified by column chromatography (n-hexane/EtOAc).

General Procedure B2 (GP-B2): Synthesis of alkenyl triflates using LIHMDS.®

In a 100 mL Schlenk-flask equipped with a stirring bar, the corresponding ketone (10.0 mmol. 1 equiv.) was
dissolved in dry THF (30 mL), cooled to —78 °C and LiHMDS (1.0 M in THF, 1.1 equiv.) was added. After
stirring the mixture for 90 minutes PhNTf, (1.05 equiv.) was added. After stirring for 15 minutes the
mixture was allowed to warm to room temperature followed by stirring for another 18 h. Subsequently,
the reaction was quenched with water (10 mL) and extracted with EtOAc (3 x 10 mL). The combined
organic phases were washed with saturated aqueous solution of NH4Cl (1 x 10 mL), saturated aqueous
solution of NaHCOs (1 x 10 mL) and brine (1 x 10 mL). The organic phase was dried over anhydrous MgSQO,,
concentrated in vacuo and purified by column chromatography (n-hexane/EtOAc).
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General Procedure B3 (GP-B3): Synthesis of alkenyl triflates using LDA.®

In a 100 mL Schlenk-flask equipped with a stirring bar, DIPEA (1.1 equiv.) was dissolved in dry THF (30 mL),
cooled to =78 °C and n-butyllithium (2.5 M in hexane, 1.1 equiv.) was added dropwise. After stirring the
solution for 15 minutes, the corresponding ketone (10.0 mmol. 1.0 equiv.), was added portion- or
dropwise and the reaction was stirred for 90 minutes. Subsequently, PhNTf, (1.05 equiv.) was added, the
mixture was stirred for 15 minutes and afterwards allowed to warm to room temperature followed by
stirring for 18 h. The reaction was quenched with water (10 mL) and extracted with EtOAc (3 x 10 mL). The
combined organic phases were washed with saturated aqueous solution of NH4Cl (1 x 10 mL), saturated
aqueous solution of NaHCOs (1 x 10 mL) and brine (1 x 10 mL). The organic phase was dried over anhydrous
MgS0,, concentrated in vacuo and purified by column chromatography (n-hexane/EtOAc).

General Procedure C (GP-C): Nickel-catalyzed C-S cross-coupling of aryl/alkenyl triflates and thiols for
product isolation.

Ni (5 mol%)

. OTf . . S

- - \ N
:r: ﬁ/ + HS-Alkyl KOAc (1.5 equiv.) f ﬁ/ Alkyl
! - SO

e THF, rt, 2 h e

1 equiv. 1.1 equiv.

A 25 mL inert, flame-dried and septum-caped Schlenk-tube equipped with a stirring bar was charged with
KOAc (1.5 equiv.) and precatalyst XantphosNi(o-tolyl)Cl Ni (5 mol%). After addition of the respective thiol
(1.1 equiv.) and the corresponding aryl/alkenyl triflate (1 mmol, 1.0 equiv.) the mixture was dissolved in
dry THF (3 mL) under stirring. After 2 h at room temperature, the reaction mixture was quenched with
brine (3 mL) and diluted with EtOAc (8 mL). The organic phase was washed with brine (5 mL) and the
combined aqueous phases were re-extracted with EtOAc (3 x 10 mL). The combined organic phases were
dried over MgSQ4, concentrated in vacuo and purified by flash column chromatography (n-hexane/EtOAc).

General Procedure D (GP-D): Nickel-catalyzed C—S cross-coupling of aryl/alkenyl triflates and thiols for GC-
FID analysis (screening).

A 10 mL inert, flame-dried and septum-caped Schlenk-tube equipped with a stirring bar was charged with
KOAc (1.5 equiv.) and precatalyst XantphosNi(o-tolyl)Cl Ni (5 mol%). After addition of the respective thiol
(1.1 equiv.) and the corresponding aryl/alkenyl triflate (0.2 mmol, 1.0 equiv.) the mixture was dissolved in
dry THF (1 mL) under stirring. After 2 h at room temperature the internal standard n-pentadecane (50 L)
was added, the reaction mixture was quenched with brine (1 mL) and diluted with EtOAc (3 mL). A sample
of the organic phase was filtered (glass pipette filled with cotton, celite, Al,03 and Mg,S04) and analyzed
via GC-FID. Yields and conversion were determined through the internal standard method for quantitative
analysis.
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General Procedure E (GP-E): Reaction progress of nickel-catalyzed C-S cross-coupling with different
electrophiles (kinetic studies).

A 10 mLinert, flame-dried and septum-caped Schlenk-tube equipped with a stirring bar was charged with
KOACc (1.5 equiv.) and precatalyst XantphosNi(o-tolyl)CI Ni (5 mol%). After addition of the internal standard
n-pentadecane (100 pL), the respective thiol (1.1 equiv.), and corresponding aryl/alkenyl triflate
(1.00 mmol, 1.0 equiv.) the mixture was dissolved in THF (3 mL) under stirring. The time was started with
the addition of THF. After defined intervals (e.g. 1, 2, 3, 5 min) 0.1 uL samples of the reaction mixture were
removed from the reaction mixture with inert syringes. The probes were diluted with EtOAc and quenched
with brine. A sample of the organic phase was filtered (glass pipette filled with cotton, celite, Al,Os and
Mg,S0,4) and analyzed via GC-FID. Yields and conversion were determined through the internal standard
method for quantitative analysis.
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3. Analytical Data

3.1. Precatalyst
(Xantphos)Ni(o-tolyl)CI (Ni):

L0
O O NiCly* (H20)g O o O (o-tolyl)MgCl
0

|
PhoP —Ni—PPh;
n-Butanol Ph,P PPh, THF, 0 °C - rt cl
120°C, 2 h ~N, 30 min
PPh, Ni

I/ \CI

PPh,

C
Ni 81%

C46H39CINiOPz (763.91 g/mol)

Step1: Synthesis of (Xantphos)NiCl,

The precatalyst was synthesized following a literature procedure.” ® NiCl, hexahydrate (513 mg,
2.16 mmol, 1.0 equiv.) was placed in an inert, flame-dried and septum-capped 100 mL round bottom flask
equipped with a stir bar. N-Butanol (20 mL) was added, the bright green solution was sparged with argon
for 20 minutes and added to Xantphos (1.25 g, 2.16 mmol, 1.00 equiv.), which was placed in an oven and
flame-dried three necked round bottom flask equipped with a stir bar and reflux condenser. The reaction
mixture was heated to 120 °C for 2 h. The purple-grey suspension was cooled to room temperature and
shortly before filtration to 0 °C. The product was filtered with an inert Schlenk frit and placed under high
vacuum. The grey-purple solid, which was presumed to be (Xantphos)NiCl, (1.38 g, 1.94 mmol, 90%) was
carried on to the next step without further analysis.

Step2: Synthesis of (Xantphos)Ni(o-tolyl)Cl

(Xantphos)NiCl; (1.38 g, 1.94 mmol, 1.0 equiv.) was placed in an inert, flame-dried and septum-capped
100 mL round bottom flask equipped with a stir bar, suspended in dry THF (30 mL) and cooled to 0 °C.
While stirring vigorously a freshly titrated o-tolylmagnesium chloride (1.15 M in THF/Toluene from Acros,
1.69 mL) was added dropwise. During the addition the color changed to dark red. Once the addition was
completed the reaction mixture was stirred for 15 minutes at 0 °C and the solvent was removed by
vacuum evaporation using a tepid water bath. The orange-red residue was suspended in MeOH (5 mL,
HPLC grade, 15 min sparged with argon), cooled to 0 °C and filtered with an inert Schlenk frit. The orange
filter cake was washed with cold Et;O (2 x 15 mL, -20 °C) and dried in high vacuum to vyield
(Xantphos)Ni(o-tolyl)Cl (1.19 g, 1.94 mmol, 81%) as a fine orange powder. Analytical data corresponds to
literature.”®

1H-NMR (400 MHz, THF-Dg,5): 8.32 — 8.24 (m, 4H), 7.64 (dd, J = 7.4, 1.5 Hz, 2H), 7.42 — 7.36 (m, 2H), 7.35
—7.28(m, 4H), 7.12 — 7.02 (m, 4H), 6.94 (t, J = 7.4 Hz, 2H), 6.72 (t, J = 7.7 Hz, 4H), 6.31 — 6.24 (m, 5H),
6.01—5.95 (m, 1H), 5.20 (d, J = 3.8 Hz, 2H), 3.40 (s, 3H), 1.94 (s, 3H), 1.63 (s, 3H).

31p-NMR (162 MHz, THF-Dg, 8): 6.6 (s, major), 1.4 (s, minor).
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'H-NMR (400 MHz, THF-Dg) of precatalyst Ni:
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3.2. Substrates
3.2.1. Aryltriflates

4-Cyanophenyl trifluoromethanesulfonate (1c):

OTf

CN

1c
C8H4F3NO3S (251.18 g/mol)

Following GP-A, 1c was synthesized using 4-hydroxybenzonitrile (1.19 g, 10.0 mmol, 1.0 equiv.).
Purification by column chromatography (SiO,, n-hexane/EtOAc 9:1) afforded 1c (2.36 g, 9.40 mmol, 94%)
as colorless oil. Conforms to reported analytical data.’

Rs: 0.37 (n-hexane/EtOAc 9:1).
1H-NMR (400 MHz, CDCl3 8): 7.84 — 7.75 (m, 2H), 7.47 — 7.38 (m, 2H).
13C-NMR (101 MHz, CDCls &): 152.1, 134.6, 122.8, 118.8 (g, J = 320.8 Hz), 117.2, 113.1.

19F-NMR (376 MHz, CDCl; 8): -72.6.
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F-NMR (376 MHz, CDCl5) of compound 1c:
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Ethyl 4-(((trifluoromethyl)sulfonyl)oxy)benzoate (1d):

OTf

CO,Et
1d

C10H9F305$ (29823 g/mol)

Following GP-A, 1d was synthesized using ethyl 4-hydroxybenzoate (1.62 g, 10.0 mmol, 1.0 equiv.).
Purification by column chromatography (SiO», n-hexane/EtOAc 95:5) afforded 1d (2.30 g, 7.71 mmol, 77%)
as a colorless liquid. Conforms to reported analytical data.?

1H-NMR (400 MHz, CDCl5, 5): 8.13 (dd, J = 9.3, 2.4 Hz, 2H), 7.39 = 7.29 (m, 2H), 4.38 (q, J = 7.1 Hz, 2H), 1.38
(t,J = 7.1 Hz, 3H).

13C-NMR (101 MHz, CDCl;, 6): 165.0, 152.5, 131.9, 130.8, 121.5, 118.9 (q, / = 320.8 Hz), 61.7, 14.3.

19F_NMR (376 MHz, CDCl3, 8): -72.9.
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'H-NMR (400 MHz, CDCl;) of compound 1d:
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F-NMR (376 MHz, CDCl3) of compound 1d:
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4-(Trifluoromethyl)phenyl trifluoromethanesulfonate (1e):

OTf

CF3

1e
CsH4F03S (294.17 g/mol)

Following GP-A, 1le was synthesized using 4-(trifluoromethyl)phenol (1.62 g, 10.0 mmol, 1.0 equiv.).
Purification by column chromatography (SiO,, n-hexane) afforded 1e (1.74 g, 5.91 mmol, 59%) as colorless
oil. Conforms to reported analytical data.®

R¢: 0.24 (n-hexane).
H-NMR (400 MHz, CDCls, 8): 7.75 (d, J = 8.7 Hz, 2H), 7.42 (d, J = 8.7 Hz, 2H).

3C.NMR (101 MHz, CDCls, 8): 151.7, 131.0 (q, J = 33.5 Hz), 127.9 (g, J = 3.7 Hz), 123.4 (g, J = 272.7 Hz),
122.2,118.9 (g, J = 320.6 Hz).

19F.NMR (376 MHz, CDCl; 8): -62.7, -72.7.
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F-NMR (376 MHz, CDCl3) of compound 1e:
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3-Methoxyphenyl trifluoromethanesulfonate (1f):

OTf

OMe
1f

CsH7F304S (256.20 g/mol)

Following GP-A, 1f was synthesized using 3-methoxyphenol (2.56 g, 10.0 mmol, 1.0 equiv.). Purification by
column chromatography (SiO2, n-hexane/EtOAc 95:5) afforded 1f (2.12 g, 8.27 mmol, 83%) as a colorless
liquid. Conforms to reported analytical data.*

Rs: 0.39 (n-hexane/EtOAc 98:2).

1H-NMR (400 MHz, CDCls, 8): 7.34 (t, J = 8.3 Hz, 1H), 6.93 (dd, J = 8.3, 2.4 Hz, 1H), 6.87 (dd, J = 8.3, 2.4 Hz,
1H), 6.81 (t, J = 2.4 Hz, 1H).

13C-NMR (101 MHz, CDCls, 6): 161.0, 150.4, 130.7, 118.9 (q, J = 319.8 Hz), 114.3, 113.4, 107.6, 55.8.

19E-NMR (376 MHz, CDCls, 5): -72.9.
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'H-NMR (400 MHz, CDCls) of compound 1f:
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F-NMR (376 MHz, CDCls) of compound 1f:
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4-Acetamidophenyl trifluoromethanesulfonate (1g):

OTf

HN. _O
19
CsHsFsNO4S (283.22 g/mol)

Following GP-A, 1g was synthesized using N-(4-hydroxyphenyl)acetamide (1.51 g, 10.0 mmol, 1.0 equiv.).
Purification by column chromatography (SiO,, n-hexane/EtOAc 50:50) afforded 1g (1.4 g, 4.9 mmol, 48%)
as a colorless liquid. Conforms to reported analytical data.?

R¢: 0.34 (n-hexane/EtOAc 50:50).
1H-NMR (400 MHz, CDCls, 8): 7.60 (d, J = 8.9 Hz, 2H), 7.45 (br s, 1H), 7.22 (d, J = 8.9 Hz, 2H), 2.19 (s, 3H).
13C-NMR (101 MHz, CDCl3, 8): 168.6, 145.4, 138.0, 122.1, 121.2, 118.8 (q, J = 321.5 Hz), 24.7.

19F-NMR (376 MHz, CDCls, §): -72.7.
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F-NMR (376 MHz, CDCls) of compound 1g:
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4-Methyl-2-ox0-2H-chromen-7-yl trifluoromethanesulfonate (1i):

(ONGe OTf

1i
C11H7F305$ (30823 g/mol)

Following GP-A, 1i was synthesized using 4-methylumbelliferone (1.76 g, 10.0 mmol, 1.0 equiv.).
Purification by column chromatography (SiO,, n-hexane/EtOAc 8:2) afforded 1i (1.57 g, 5.09 mmol, 51%)
as an off-white solid. Conforms to reported analytical data.’

Rs: 0.34 (n-hexane/EtOAc 8:2).

1H-NMR (400 MHz, CDCls, 8): 7.70 (d, J = 8.7 Hz, 1H), 7.28 (d, J = 2.4 Hz, 1H), 7.26 — 7.23 (m, 1H), 6.36 (d,
J=1.3 Hz, 1H), 2.46 (d, J = 1.3 Hz, 3H).

13C-NMR (101 MHz, CDCls, 6): 159.6, 154.3, 151.3, 150.9, 126.5, 120.2, 118.8 (q, J = 320.9 Hz), 117.6, 116.1,
110.7,18.9.

19F-NMR (376 MHz, CDCls, §): -72.5.
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'H-NMR (400 MHz, CDCls) of compound 1i:
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F-NMR (376 MHz, CDCl3) of compound 1i:
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Benzo[d][1,3]dioxol-5-yl trifluoromethanesulfonate (1j):
0 OTf
T
1j
C8H5F3055 (27018 g/mol)

Following GP-A, 1j was synthesized using benzo[d][1,3]dioxol-5-0l (1.38 g, 10.0 mmol, 1.0 equiv.).
Purification by column chromatography (SiO2, n-hexane/EtOAc 9:1) afforded 1j (2.43 g, 8.99 mmol, 90%)
as a colorless oil. Conforms to reported analytical data.

Rs: 0.45 (n-hexane/EtOAc 9:1).
H-NMR (400 MHz, CDCl; &): 6.84 — 6.71 (m, 3H), 6.05 (s, 2H).
13C-NMR (101 MHz, CDCl; 8): 148.7, 147.6, 143.6, 118.9 (q, J = 320.6 Hz), 114.5, 108.4, 103.5, 102.6.

19F-NMR (376 MHz, CDCl; 8): -72.7.
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'H-NMR (400 MHz, CDCls) of compound 1j:
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F-NMR (376 MHz, CDCls) of compound 1j:
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Pyridin-3-yl trifluoromethanesulfonate (1k):

OTf

7
N

1k

CeHaF3NOsS (227.16 g/mol)

Following GP-A, 1k was synthesized using pyridine-3-ol (951 mg, 10.0 mmol, 1.0 equiv.). Purification by
column chromatography (SiO,, n-hexane/EtOAc 8:2) afforded 1k (1.73 g, 7.62 mmol, 76%) as pale-yellow
oil. Conforms to reported analytical data.®

Rs: 0.25 (n-hexane/EtOAc 8:2).

1H-NMR (400 MHz, CDCl5 8): 8.70 — 8.63 (m, 1H), 8.61 (d, J = 2.8 Hz, 1H), 7.65 (ddd, J = 8.5, 2.8, 1.2 Hz, 1H),
7.43 (dd, J = 8.5, 4.7 Hz, 1H).

13C-NMR (101 MHz, CDCl; 6): 149.6, 146.9, 143.0, 129.2, 118.8 (q, / = 321.0 Hz).

19E.NMR (376 MHz, CDCl3, 8): -72.6.
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'H-NMR (400 MHz, CDCls) of compound 1k:
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F-NMR (376 MHz, CDCls) of compound 1k:
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4-(((Trifluoromethyl)sulfonyl)oxy)phenyl 4-methylbenzenesulfonate (10):

OTf

OTs

1o
C14H11F306S; (39635 g/mol)

1o was synthesized following literature procedure.” Hydrochinone (1,1 g, 10 mmol, 1.0 equiv.) was
dissolved in dry DCM (20 mL). Analytical grade pyridine (1.6 mL, 20 mmol, 2.0 equiv.) was added and the
stirred solution was cooled to 0 °C. Trifluoromethanesulfonic anhydride (1.7 mL, 10 mmol, 1.0 equiv.)
dissolved in dry DCM (10 mL) was added dropwise to the reaction mixture. After the addition was finished
the reaction mixture was slowly warmed up to room temperature and stirred for 5 h. After dilution with
DCM (15 mL) quenching with aqueous HCI (1M, 10 mL) the reaction mixture was washed with H,0 (10 mL),
saturated aqueous solution of NaHCOs (10 mL) and brine (10 mL). The organic phase was dried over MgSQ,,
concentrated under reduced pressure and the crude product was purified by column chromatography
(Si0z, n-hexane/EtOAc 9:1) to afford 4-hydroxyphenyl trifluoromethanesulfonate as colorless liquid
(928 mg, 3.83 mmol, 38%).

To a stirred solution of 4-hydroxyphenyl trifluoromethanesulfonate (928 mg, 3.83 mmol, 1.0 equiv.) in
DCM (1.5 mL) and triethylamine (1.5 mL) a solution of 4-toluenesulfonyl chloride (731 mg, 3.83 mmol,
1.0 equiv.) in DCM (1 mL) was added and the reaction mixture was stirred at room temperature for 16 h.
Water ( 5 mL) was added and the reaction mixture was extracted with DCM (3 x 5 mL). The combined
organic phases were washed with brine (5 mL), dried over MgSO. and concentrated under reduced
pressure. Purification by FC (SiO,, gradient to 8:2 n-hexane/EtOAc over 20 CV) afforded 1o (1.15 g,
2.90 mmol, 76%) as colorless solid. Conforms to reported analytical data.” *°

Rf: 0.25 (n-hexane/EtOAc 9:1).

1H-NMR (400 MHz, CDCls &): 7.70 (d, J = 8.3 Hz, 2H), 7.34 (d, J = 8.0 Hz, 2H), 7.24 — 7.19 (m, 2H), 7.11 —
7.06 (m, 2H), 2.46 (s, 3H).

13C-NMR (101 MHz, CDCl3, 5): 149.0, 147.7, 146.1, 131.9, 130.1, 128.7, 124.5, 122.8, 118.6 (g, / = 320.7 Hz),
21.9.

19F-NMR (376 MHz, CDCl; 8): -72.7.

S33



'H-NMR (400 MHz, CDCl;) of compound 1o:

NP m et O e CEaRs °
OTf IR e
V| gttt el ——
OTs
10
]
| -
AL \
£ 383 S
12.0 115 11.0 10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 2.5 2.0 1.5 1.0 0.5 -1.0
f1(ppm)
13C-NMR (101 MHz, CDCl3) of compound 10:
. o
g5 EECERER 2
OTf N Y4 N2V
OTs
10
|
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 10

f1(ppm)

S34



F-NMR (376 MHz, CDCl3) of compound 1o:
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(8R,9S5,13S,14S)-13-Methyl-17-0x0-7,8,9,11,12,13,14,15,16,17-decahydro-6H-cyclopenta[a]
phenanthrene-3-yl trifluoromethanesulfonate (1q):

OTf

C19H21F304S (40243 g/mol)

Following GP-A, 1q was synthesized using Estrone (500 mg, 1.85 mmol, 1.0 equiv.). Purification by column
chromatography (SiO,, n-hexane/EtOAc 8:2) afforded 1q (643 mg, 1.60 mmol, 86%) as a colorless solid.
Conforms to reported analytical data.®

Rs: 0.72 (n-hexane/EtOAc 8:2).

1H-NMR (400 MHz, CDCls 68): 7.34 (d, J = 8.6 Hz, 1H), 7.04 (dd, J = 8.6, 2.7 Hz, 1H), 6.99 (d, J = 2.7 Hz, 1H),
2.98 —2.90 (m, 2H), 2.58 — 2.46 (m, 1H), 2.45 — 2.24 (m, 2H), 2.21 — 1.92 (m, 4H), 1.63 — 1.47 (m, 6H), 0.92
(s, 3H).

13C-NMR (101 MHz, CDCls, 8): 220.5, 147.7, 140.4, 139.4, 127.3, 121.4, 118.9 (g, J = 320.9 Hz), 118.4, 50.5,
48.0, 44.2,37.9, 35.9, 31.6, 29.5, 26.2, 25.8, 21.7, 13.9.

19E.NMR (376 MHz, CDCls 8): -72.9.
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'H-NMR (400 MHz, CDCls) of compound 1q:
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F-NMR (376 MHz, CDCls) of compound 1q:
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4-((2S,3R)-1-(4-Fluorophenyl)-3-((S)-3-(4-fluorophenyl)-3-hydroxypropyl)-4-oxoazetidin-2-yl)phenyl
trifluoromethanesulfonate (1r):

OTf

HO, i N@—F

O
E 1r

Ca5H20FsNOsS (541.49 g/mol)

Following GP-A, 1r was synthesized using Ezetimibe (700 mg, 1.71 mmol, 1.0 equiv.). Purification by
column chromatography (SiO,, n-hexane/EtOAc 8:2) afforded 1r (284 mg, 524 umol, 31%) as a pale-yellow
solid. Conforms to reported analytical data.'’

Rs: 0.10 (n-hexane/EtOAc 8:2).

1H-NMR (400 MHz, CDCls 8): 7.44 —7.38 (m, 2H), 7.31 = 7.27 (m, 4H), 7.23 — 7.16 (m, 2H), 7.07 - 6.91 (m,
4H), 4.73 (t,J = 6.1 Hz, 1H), 4.67 (d, J = 2.3 Hz, 1H), 3.02 —3.11 (m, 1H), 2.06 — 1.85 (m, 4H).

13C-NMR (101 MHz, CDCls,6): 167.1, 162.2 (d, J = 245.5), 159.2 (d, J = 244.1 Hz), 149.4, 140.0 (d, J = 3.1 Hz),
138.2, 133.4 (d, J = 2.6 Hz), 127.8, 127.4 (d, J = 8.1 Hz), 122.4, 118.7 (q, J = 320.8 Hz), 118.4 (d, J = 8.0 Hz),
116.1 (d, J = 22.7 Hz), 115.4 (d, J = 21.3 Hz), 73.0, 60.4, 60.3, 36.5, 25.0.

19F-NMR (376 MHz, CDCl5 §): -72.8, -114.6, -117.4.
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'H-NMR (400 MHz, CDCls) of compound 1r:
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F-NMR (376 MHz, CDCls) of compound 1r:
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3.2.2. Alkenyltriflates

Cyclohex-1-en-1-yl trifluoromethanesulfonate (4a):

OoTf

>

4a
C7HsF303S (230.20 g/mol)

Following GP-B1, 4a was synthesized using cyclohexanone (981 mg, 10.0 mmol, 1.0 equiv.). Purification by
column chromatography (SiO,, n-hexane) afforded 4a (955 mg, 4.15 mmol, 42%) as a pale-green oil.
Conforms to reported analytical data.®

R¢: 0.65 (n-hexane).

1H-NMR (400 MHz, CDCls, 8): 5.76 (m, 1H), 2.31 (m, 2H), 2.21 — 2.15 (m, 2H), 1.82 — 1.75 (m, 2H), 1.64 —
1.57 (m, 2H).

13C-NMR (101 MHz, CDCl3, §): 149.4, 118.6 (q, J = 319.9 Hz), 118.5, 27.6, 23.9, 22.7, 21.0.

19F-NMR (376 MHz, CDCl; §): -74.1.
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'H-NMR (400 MHz, CDCl;) of compound 4a:
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F-NMR (376 MHz, CDCls) of compound 4a:
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Ethyl 4-(((trifluoromethyl)sulfonyl)oxy)cyclohex-3-ene-1-carboxylate (4b):

OoTf

CO,Et
4b

Ci0H13F305S (30226 g/mol)

Following GP-B2, 4b was synthesized using ethyl 4-oxocyclohexanecarboxylate (5.11 g, 30.0 mmol,
1.0 equiv.). Purification by column chromatography (SiO,, n-hexane /EtOAc 95:5) afforded 4b (4.53 g,
15.0 mmol, 50%) as a colorless oil. Conforms to reported analytical data.®

Rf: 0.31 (n-hexane/EtOAc 95:5).

1H-NMR (400 MHz, CDCl5 8): 5.81 — 5.73 (m, 1H), 4.16 (q, J = 7.1 Hz, 2H), 2.65 — 2.54 (m, 1H), 2.48 — 2.37
(m, 4H), 2.19 —2.07 (m, 1H), 1.98 — 1.85 (m, 1H), 1.26 (t, J = 7.1 Hz, 3H).

13C-NMR (101 MHz, CDCl3,8): 174.1, 148.6, 118.6 (q, / = 320.1 Hz), 117.0, 61.0, 37.9, 26.7, 26.2, 25.2, 14.3.

19E-NMR (376 MHz, CDCl3, 8): -73.9.
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'H-NMR (400 MHz, CDCl;) of compound 4b:
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F-NMR (376 MHz, CDCl3) of compound 4b:
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tert-Butyl 4-(((trifluoromethyl)sulfonyl)oxy)-3,6-dihydropyridine-1(2H)-carboxylate (4c):

OTf
X

N )<
™o
4c
C11H16F3NOsS (33131 g/mol)

Following GP-B2, 4c was synthesized using tert-butyl 4-oxopiperidine-1-carboxylate (996 mg, 5.00 mmol,
1.0 equiv.). Purification by column chromatography (SiO,, n-hexane/EtOAc 9:1) afforded 4c (514 mg,
1.55 mmol, 31%) as a colorless oil. Conforms to reported analytical data.?°

Rf: 0.22 (n-hexane/EtOAc 9:1).

1H-NMR (400 MHz, CDCl3 8): 5.71 — 5.74 (m, 1H), 4.03 — 4.00 (m, 2H), 3.62 — 3.58 (m, 2H), 2.43 —2.39 (m,
2H), 1.44 (s, 9H).

13C-NMR (101 MHz, CDCl;, 6): 154.4, 134.8, 129.5, 127.0, 123.4, 118.6 (q, J = 320.3 Hz), 80.7, 28.4.

19E.NMR (376 MHz, CDCl3,8): -73.8.
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'H-NMR (400 MHz, CDCl;) of compound 4c:
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F-NMR (376 MHz, CDCl5) of compound 4c:
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3,6-Dihydro-2H-thiopyran-4-yl trifluoromethanesulfonate (4d):

oTf
AN

S
4d
C5H7F30352 (24823 g/mol)

Following GP-B2, 4d was synthesized using tetrahydro-4H-thiopyran-4-one (1.16 g, 10.0 mmol, 1.0 equiv.).
Purification by column chromatography (SiO», n-hexane/EtOAc 98:2) afforded 4d (1.41 g, 5.68 mmol, 57%)
as a colorless oil. Conforms to reported analytical data.?

Rs: 0.32 (n-hexane/EtOAc 98:2).

1H-NMR (400 MHz, CDCl3 6): 6.03 — 5.95 (m, 1H), 3.33 —3.25 (m, 2H), 2.85 (t, J = 5.8 Hz, 2H), 2.66 — 2.56
(m, 2H).

13C-NMR (101 MHz, CDCl3 8): 150.2, 118.6 (q, J = 320.2 Hz), 117.1, 29.4, 25.3, 25.0.

19E-NMR (376 MHz, CDCl3, 8): -73.9.
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'H-NMR (400 MHz, CDCl;) of compound 4d:
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F-NMR (376 MHz, CDCl3) of compound 4d:
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3,4-Dihydronaphthalen-1-yl trifluoromethanesulfonate (4e):

OTf

4e
C11HoF305S (278.25 g/mol)

Following GP-B1, 4e was synthesized using 1-tetralone (1.46 g, 10.0 mmol, 1.0 equiv.). Purification by
column chromatography (SiO,, n-hexane) afforded 4e (2.08 g, 7.48 mmol, 75%) as a colorless oil. Conforms
to reported analytical data.!®

R¢: 0.35 (n-hexane).

1H-NMR (400 MHz, CDCl3, 8): 7.40 — 7.32 (m, 1H), 7.32 = 7.22 (m, 2H), 7.21 — 7.15 (m, 1H), 6.02 (t, J = 4.8
Hz, 1H), 2.88 (t, J = 8.2 Hz, 2H), 2.52 (td, J = 8.2, 4.8 Hz, 2H).

13C-NMR (101 MHz, CDCl; §): 146.5, 136.4, 129.3, 128.8, 127.9, 127.1, 121.4, 118.8 (q, J = 320.3 Hz), 117.9,
27.0, 22.5.

F-NMR (376 MHz, CDCl;,6): -73.7.
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'H-NMR (400 MHz, CDCl;) of compound 4e:
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F-NMR (376 MHz, CDCl3) of compound 4e:
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7-Methoxy-3,4-dihydronaphthalen-1-yl trifluoromethanesulfonate (4f):
OoTf
"0
af
C12H11F304S (30827 g/mol)

Following GP-B3, 4f was synthesized using 7-methoxy-1-tetralone (1.76 g, 10.0 mmol, 1.0 equiv.).
Purification by column chromatography (SiO», n-hexane/EtOAc 98:2) afforded 4f (2.28 g, 7.40 mmol, 74%)
as a colorless oil. Conforms to reported analytical data.'®

Rs: 0.25 (n-hexane/EtOAc 98:2).

1H-NMR (400 MHz, CDCls 6): 7.09 (d, J = 8.3 Hz, 1H), 6.91 (d, J = 2.6 Hz, 1H), 6.80 (dd, J = 8.3, 2.6 Hz, 1H),
6.03 (t, J = 4.8 Hz, 1H), 3.81 (s, 3H), 2.84 — 2.75 (m, 2H), 2.49 (m, 2H).

13C-NMR (101 MHz, CDCl; 8): 158.8, 146.4, 129.7, 128.8, 128.3, 118.8 (q, / = 320.3 Hz), 118.5, 114.6, 107.3,
55.5, 26.1, 22.9.

19F-NMR (376 MHz, CDCl; 8): -73.7.
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'H-NMR (400 MHz, CDCls) of compound 4f:
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F-NMR (376 MHz, CDCls) of compound 4f:
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2H-Chromen-4-yl trifluoromethanesulfonate (4g):
oTf
CO
(0]
4g
C10H7F304S (28022 g/mol)

Following GP-B3, 4g was synthesized using chromanone (1.48 g, 10.0 mmol, 1.0 equiv.). Purification by
column chromatography (SiO,, n-hexane/EtOAc 98:2) afforded 4g (1.36 g, 4.85 mmol, 49%) as a yellow oil.
Conforms to reported analytical data.®

R¢: 0.19 (n-hexane/EtOAc 98:2).

1H-NMR (400 MHz, CDCl; 8): 7.26 — 7.22 (m, 2H), 6.97 (m, 1H), 6.85 (m, 1H), 5.76 (t, J = 3.9 Hz, 1H), 4.99
(d, J = 3.9 Hz, 2H).

13C-NMR (101 MHz, CDCl;, 8): 155.1, 143.3,131.7,122.0, 121.8, 118.7 (g, J = 319.8 Hz), 117.5, 116.4, 110.2,
65.2.

19F-NMR (376 MHz, CDCl; 8): -73.5.
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'H-NMR (400 MHz, CDCls) of compound 4g:
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F-NMR (376 MHz, CDCls) of compound 4g:
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1H-Inden-3-yl trifluoromethanesulfonate (4h):

oTf

4h

C10H7F303S (26422 g/mol)

Following GP-B1, 4h was synthesized using 1-indanone (1.32 g, 10.0 mmol, 1.0 equiv.). Purification by
column chromatography (SiO,, n-hexane) afforded 4h (1.33 g, 5.03 mmol, 50%) as a colorless oil. Conforms
to reported analytical data.®

R¢: 0.40 (n-hexane).
H-NMR (400 MHz, CDCls, 8): 7.52 — 7.30 (m, 4H), 6.39 (t, J = 2.4 Hz, 1H), 3.49 (d, J = 2.4 Hz, 2H).

13C-NMR (101 MHz, CDCl;, 6): 148.1, 141.3,136.7,127.1, 127.0, 124.6,118.9 (g, J = 320.7 Hz), 118.4, 118.2,
35.0.

F-NMR (376 MHz, CDCl;,6): -73.1.
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'H-NMR (400 MHz, CDCls) of compound 4h:
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F-NMR (376 MHz, CDCl3) of compound 4h:
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Cyclohept-1-en-1-yl trifluoromethanesulfonate (4i):

OTf

O

4i
CsH11F305S (244.23 g/mol)

Following GP-B1, 4i was synthesized using cycloheptanone (1.12 g, 10.0 mmol, 1.0 equiv.). Purification by
column chromatography (SiO;, n-hexane) afforded 4i (1.26 g, 5.16 mmol, 52%) as a pale-yellow oil.
Conforms to reported analytical data.??

R¢: 0.69 (n-hexane).

1H-NMR (400 MHz, CDCl; &): 5.88 (t, J = 6.4 Hz, 1H), 2.56 — 2.48 (m, 2H), 2.16 (m, 2H), 1.70 (m, 4H), 1.63
(m, 2H).

13C-NMR (101 MHz, CDCl3, 8): 153.2, 123.2, 118.7 (q, J = 320.4 Hz), 33.3, 30.0, 26.5, 24.92, 24.87.

9F-NMR (376 MHz, CDCl;,6): -73.9.
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'H-NMR (400 MHz, CDCls) of compound 4i:

@ 0o M GV NSO RN YN M NG
SRR Ml —A-R_RRRRNRIBEB803B03
R Pa IR TR P gl A i s s

OTf

p /

ke

4.07
2.16

115 11.0 105 100 95 9.0 85 80 75 7.0 &5 45 40 35 3.0

13C-NMR (101 MHz, CDCls) of compound 4i:

1.00-1
™~ o207
2.10-T

60 55 50
1 (ppm)

o Har Mmounaa
i 883 EEEEE S
F1 NS
OTf
4i
, . Lo orctina, ‘
o " v .. i v
. - : : T T . - T - r T . . : : : T T . ‘ T
210 200 190 180 170 160 150 140 130 120 11{(1:( 1?0 %0 80 70 60 50 40 30 20 10 0
ppm

S67



F-NMR (376 MHz, CDCl3) of compound 4i:
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1-Phenylvinyl trifluoromethanesulfonate (4j):

OTf

4
C9H7F303S (25221 g/mol)

Following GP-B1, 4j was synthesized using acetophenone (1.20 g, 10.0 mmol, 1.0 equiv.). Purification by
column chromatography (SiO,, n-hexane/EtOAc 95:5) afforded 4j (1.07 g, 4.24 mmol, 42%) as a yellow oil.
Conforms to reported analytical data.?

Rs: 0.67 (n-hexane/EtOAc 95:5).

1H-NMR (400 MHz, CDCls, 8): 7.58 — 7.52 (m, 2H), 7.46 — 7.39 (m, 3H), 5.61 (d, J = 4.0 Hz, 1H), 5.38 (d, J =
4.0 Hz, 1H).

13C-NMR (101 MHz, CDCl; 6): 153.6, 132.3, 132.2, 130.4, 129.0, 128.5, 125.5, 118.7 (g, J = 320.0 Hz), 104.4.

9F-NMR (376 MHz, CDCl;,6): -73.8.
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'H-NMR (400 MHz, CDCls) of compound 4j:
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F-NMR (376 MHz, CDCls) of compound 4j:

-73.8

OTf

4

T T T T T T T T T T T T T T T T T T T T T T T
-100 -110 -120 -130 -140 -150 -160 -170 -180 -190 -200 -210
1 (ppm)

S71



(55,10S,13R,17R)-10,13-Dimethyl-17-((R)-6-methylheptan-2-yl)-4,5,6,7,8,9,10,11,12,13,14,15,16,17-
tetradecahydro-1H-cyclopenta[a]phenanthren-3-yl trifluoromethanesulfonate (4k):

C28H45F3035 (51872 g/mol)

Following GP-B2, 4k was synthesized using 5a-cholestan-3-one (1.00 g, 2.59 mmol, 1.0 equiv.). Purification
by column chromatography (SiO,, n-hexane) afforded 4k (1.11 g, 2.14 mmol, 83%, dr = 85:15 (determined
by ®F-NMR)) as a colorless solid. Conforms to reported analytical data.?*

Rf: 0.30 (n-hexane).

1H-NMR (400 MHz, CDCl3, 8): 5.66 — 5.37 (m, 1H), 2.14 — 1.97 (m, 3H), 1.90 — 1.65 (m, 3H), 1.58 — 1.19 (m,
14H), 1.17 — 0.94 (m, 8H), 0.92 — 0.84 (m, 10H), 0.80 (d, J = 11.0 Hz, 3H), 0.66 (s, 3H).

13C-NMR (101 MHz, CDCls, 6): 148.1, 147.8,122.3,118.7 (q, / = 320.1 Hz), 117.3, 56.4, 53.5, 52.8, 45.5, 42.9,
42.6,42.3,40.1,40.0,39.7, 38.6, 36.3, 35.9, 35.6, 35.2, 34.6, 32.2, 32.0, 31.6, 28.40, 28.35, 28.2, 27.2, 25.8,
24.4,24.3,24.0,23.0,22.7,21.6,21.4, 18.8, 12.3, 12.14, 12.06, 11.8.

19F-NMR (376 MHz, CDCl5 8): -74.0.
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'H-NMR (400 MHz, CDCls) of compound 4k (both isomers):
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F-NMR (376 MHz, CDCls) of compound 4k (both isomers):
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3.3. Products
3.3.1. Arylthioether

((1s,3s)-Adamantan-1-yl)(phenyl)sulfane (3aa):

S

3aa
C16H20S (244.40 g/mol)

Following GP-C, 3aa was synthesized using phenyl trifluoromethanesulfonate (226 mg, 1.00 mmol,
1.0 equiv.) and 1-adamantanethiol (185 mg, 1.10 mmol, 1.1 equiv.). Purification by FC (SiO,, gradient to
95:5 n-hexane/EtOAc over 15 CV) afforded 3aa (240 mg, 982 umol, 98%) as colorless solid. Conforms to
reported analytical data.?®

Rs: 0.78 (n-hexane/EtOAc 9:1).

1H-NMR (400 MHz, CDCl3, 8): 7.53 — 7.48 (m, 2H), 7.38 — 7.29 (m, 3H), 2.01 (s, 3H), 1.81 (d, J = 2.6 Hz, 6H),
1.62 (q, J = 12.3 Hz, 6H).

13C-NMR (101 MHz, CDCl;, 6): 137.8, 130.6, 128.7, 128.4, 48.0, 43.7, 36.3, 30.1.
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'H-NMR (400 MHz, CDCl;) of compound 3aa:
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((1s,3s)-Adamantan-1-yl)(p-tolyl)sulfane (3ba):

Q _n

3ba
Ci17H2S (258.42 g/mol)

Following GP-C, 3ba was synthesized using p-tolyl trifluoromethanesulfonate (240 mg, 1.00 mmol,
1.0 equiv.) and 1-adamantanethiol (185 mg, 1.10 mmol, 1.1 equiv.). Purification by FC (SiO,, gradient to
85:15 n-hexane /EtOAc over 20 CV) afforded 3ba (231 mg, 894 umol, 89%) as colorless solid. Conforms to
reported analytical data.?®

Rf: 0.27 (n-hexane).

1H-NMR (400 MHz, CDCl3,8): 7.38 (d, J = 7.8 Hz, 2H), 7.12 (d, J = 7.8 Hz, 2H), 2.36 (s, 3H), 2.04 — 1.96 (m,
3H), 1.83 — 1.77 (m, 6H), 1.66 — 1.54 (m, 6H).

13C-NMR (101 MHz, CDCls 8): 138.7, 137.7, 129.2, 127.1, 47.7, 43.7, 36.3,30.1, 21.4.
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'H-NMR (400 MHz, CDCl;) of compound 3ba:
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4-(((1s,3s)-Adamantan-1-yl)thio)benzonitrile (3ca):

NC

Q.0

3ca
Ci17H19NS (269.41 g/mol)

Following GP-C, 3ca was synthesized using 4-cyanophenyl trifluoromethanesulfonate (251 mg, 1.00 mmol,
1.0 equiv.) and 1-adamantanethiol (185 mg, 1.10 mmol, 1.1 equiv.). Purification by FC (SiO,, gradient to
6:4 n-hexane/EtOAc over 20 CV) afforded 3ca (246 mg, 913 umol, 91%) as colorless solid. Conforms to
reported analytical data.?®

Rf: 0.77 (n-hexane/EtOAc 95:5).
'H-NMR (400 MHz, CDCl3 8): 7.59 (m, 4H), 2.07 — 2.01 (m, 3H), 1.85 — 1.81 (m, 6H), 1.68 — 1.59 (m, 6H).

13C-NMR (101 MHz, CDCl; 6): 137.9, 137.7, 131.8, 118.7, 112.3, 49.8, 43.9, 36.1, 30.2.
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'H-NMR (400 MHz, CDCl;) of compound 3ca:
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((1s,3s)-Adamantan-1-yl)(o-tolyl)sulfane (3da):

Q.0

3da

EtO,C

C19H2405S (316.46 g/mol)

Following GP-C, 3da was synthesized using ethyl 4-(((trifluoromethyl)sulfonyl)oxy)benzoate (298 mg,
1.00 mmol, 1.0 equiv.) and 1-adamantanethiol (185 mg, 1.10 mmol, 1.1 equiv.). Purification by FC (SiO,,
gradient to 7:3 n-hexane/EtOAc over 20 CV) afforded 3da (301 mg, 951 umol, 95%) as colorless solid.
Conforms to reported analytical data.?

Rf: 0.65 (n-hexane/EtOAc 9:1).

1H-NMR (400 MHz, CDCl; 8): 7.97 (d, J = 8.2 Hz, 2H), 7.56 (d, J = 8.2 Hz, 2H), 4.38 (q, J = 7.1 Hz, 2H), 2.02
(m, 3H), 1.82 (m, 6H), 1.62 (m, 6H), 1.39 (t, J = 7.1 Hz, 3H).

13C-NMR (101 MHz, CDCl; 6): 166.5, 137.3, 136.9, 130.6, 129.4, 61.3, 49.1, 43.9, 36.2, 30.2, 14.5.
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'H-NMR (400 MHz, CDCl;) of compound 3da:
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((1s,3s)-Adamantan-1-yl)(4-(trifluoromethyl)phenyl)sulfane (3ea):

Q.5

3ea

FsC

Ci7H19F3S (312.39 g/mol)

Following GP-C, 3ea was synthesized using 4-(trifluoromethyl)phenyl trifluoromethanesulfonate (294 mg,
1.00 mmol, 1.0 equiv.) and 1-adamantanethiol (185 mg, 1.10 mmol, 1.1 equiv.). Purification by FC (SiO,
gradient to 95:5 n-hexane/EtOAc over 12 CV, then to 8:2 over 5 CV) afforded 3ea (277 mg, 888 umol, 89%)
as colorless solid. Conforms to reported analytical data.®

Rs: 0.77 (n-hexane/EtOAc 95:5).

1H-NMR (400 MHz, CDCls, 8): 7.64 — 7.59 (m, 2H), 7.59 — 7.54 (m, 2H), 2.06 — 2.00 (m, 3H), 1.84 — 1.80 (m,
6H), 1.68 — 1.58 (m, 6H).

BC.NMR (101 MHz, CDCls, 8): 137.8, 135.7, 130.7 (q, J = 32.6 Hz), 125.2 (q, J=3.7 Hz), 124.2 (q,
J=1272.2 Hz), 49.0, 43.8, 36.2, 30.1.

19F-NMR (376 MHz, CDCls, 8): -62.6.
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'H-NMR (400 MHz, CDCl;) of compound 3ea:
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'H-NMR (400 MHz, CDCl;) of compound 3ea:
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((3s,5s,7s)-Adamantan-1-yl)(3-methoxyphenyl)sulfane (3fa):

OMe

)

3fa
C17H2,0S (274.42 g/mol)

Following GP-C, 3fa was synthesized using 3-methoxyphenyl trifluoromethanesulfonate (256 mg,
1.0 umol, 1.0 equiv.) and 1-adamantanethiol (185 mg, 1.1 umol, 1.1 equiv.). Purification by FC (SiO,, 99:1
n-hexane/EtOAc for 20 CV) afforded 3fa (267 mg, 973 umol, 97%) as colorless solid. Conforms to reported
analytical data.”

Rf: 0.53 (n-hexane/EtOAc 9:1).

1H-NMR (400 MHz, CDCls, §): 7.25—7.20 (m, 1H), 7.12 — 7.04 (m, 2H), 6.94 — 6.87 (m, 1H), 3.81 (s, 3H),
2.04-1.99 (m, 3H), 1.84 — 1.81 (m, 6H), 1.67 — 1.57 (m, 6H).

13C-NMR (101 MHz, CDCl3 §): 159.3, 131.8, 130.1, 129.1, 122.9, 114.6, 100.1, 55.5, 48.2, 43.8, 36.3, 30.1.
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'H-NMR (400 MHz, CDCls) of compound 3fa:
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N-(4-(((1s,3s)-Adamantan-1-yl)thio)phenyl)acetamide (3ga):

o
HN

SV

3ga
ClgHngOS (30145 g/mol)

Following GP-C, 3ga was synthesized using 4-acetamidophenyl trifluoromethanesulfonate (283 mg,
1.00 mmol, 1.0 equiv.) and 1-adamantanethiol (185 mg, 1.10 mmol, 1.1 equiv.). Purification by FC (SiO,,
gradient to 50:50 n-hexane/EtOAc over 10 CV, then gradient to EtOAc over 5 CV) afforded 3ga (283 mg,
939 umol, 94%) as colorless solid. Conforms to reported analytical data.®

Rr: 0.38 (n-hexane/EtOAc 5:5).

1H-NMR (400 MHz, CDCl3, 8): 7.50 — 7.40 (m, 4H), 7.28 (br s, 1H), 2.19 (s, 3H), 2.00 (m, 3H), 1.78 (m, 6H),
1.63 (m, 6H).

13C-NMR (101 MHz, CDCl; 8): 168.5, 138.5, 125.8, 119.5, 48.1, 43.7, 36.3, 30.1, 24.9.
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'H-NMR (400 MHz, CDCl;) of compound 3ga:
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((1s,3s)-Adamantan-1-yl)(naphthalen-2-yl)sulfane (3ha):

Sels

3ha
Ca0H2,S (294.46 g/mol)

Following GP-C, 3ha was synthesized using naphthalen-2-yl trifluoromethanesulfonate (276 mg,
1.00 mmol, 1.0 equiv.) and 1-adamantanethiol (185 mg, 1.10 mmol, 1.1 equiv.). Purification by FC (SiO,,
gradient to 60:40 n-hexane/EtOAc over 20 CV) afforded 3ha (267 mg, 907 umol, 91%) as colorless solid.
Conforms to reported analytical data.?’

R¢: 0.30 (n-hexane).

1H-NMR (400 MHz, CDCls, 8): 8.04 (s, 1H), 7.90 — 7.79 (m, 2H), 7.77 (d, J = 8.4 Hz, 1H), 7.57 (dd, J = 8.4, 1.7
Hz, 1H), 7.54 — 7.47 (m, 2H), 2.05 — 1.97 (m, 3H), 1.90 — 1.85 (m, 6H), 1.68 — 1.56 (m, 6H).

13C-NMR (101 MHz, CDCl3, 8): 137.4, 134.8, 133.4, 133.2, 128.2, 128.0, 127.7, 127.7, 126.7, 126.4, 48.5,
43.9, 36.3, 30.2.
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'H-NMR (400 MHz, CDCl;) of compound 3ha:
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7-(((1s,3s)-Adamantan-1-yl)thio)-4-methyl-2H-chromen-2-one (3ia):

ConzzOzS (32645 g/mol)

Following GP-C, 3ia was synthesized using 4-methyl-2-oxo-2H-chromen-7-yl trifluoromethanesulfonate
(308 mg, 1.00 mmol, 1.0 equiv.) and 1-adamantanethiol (185 mg, 1.10 mmol, 1.1 equiv.). Purification by
FC (SiO,, gradient to 75:15 n-hexane/EtOAc over 15 CV, then gradient to EtOAc over 5 CV) afforded 3ia
(289 mg, 885 umol, 89%) as colorless solid.

Rs: 0.27 (n-hexane/EtOAc).
m.p.: 144.4 - 146.0 °C.

1H-NMR (400 MHz, CDCls,8): 7.52 (d, J = 8.1 Hz, 1H), 7.49 (d, J = 1.6 Hz, 1H), 7.40 (dd, J = 8.1, 1.6 Hz, 1H),
6.31(q, J = 1.3 Hz, 1H), 2.44 (d, J = 1.3 Hz, 3H), 2.07 — 1.99 (m, 3H), 1.89 — 1.81 (m, 6H), 1.68 — 1.57 (m, 6H).

13C-NMR (101 MHz, CDCls, 8): 160.6, 152.9, 152.1, 136.1, 133.0, 125.2, 124.0, 120.1, 115.6, 49.7,43.9, 36.2,
30.2, 18.8.

HR-MS (APCl): m/z calc. for [M+H]* 327.1413, found 327.1412.

IR (ATR, ¥ [cm™]): 2900 (w), 2846 (w), 1717 (s), 1623 (w), 1593 (m), 1541 (w), 1482 (w), 1445 (w), 1385
(m), 1353 (w), 1349 (w), 1295 (w), 1262 (w), 1236 (w), 1217 (w), 1162 (m), 1105 (w), 1060 (w), 1034 (w),
1008 (w), 978 (w), 945 (m), 855 (s), 822 (m), 764 (m), 706 (m), 680 (w).
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'H-NMR (400 MHz, CDCl;) of compound 3ia:
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5-(((1s,3s)-Adamantan-1-yl)thio)benzo[d][1,3]dioxole (3ja):
0]
g
0]
e
3ja

C17H20025 (28841 g/mol)

Following GP-C, 3ja was synthesized using benzo[d][1,3]dioxol-5-yl trifluoromethanesulfonate (270 mg,
1.00 mmol, 1.0 equiv.) and 1-adamantanethiol (185 mg, 1.10 mmol, 1.1 equiv.). Purification by FC (SiO,,
gradient to 9:1 n-hexane/EtOAc over 15 CV) afforded 3ja (218 mg, 756 umol, 76%) as colorless solid.
Conforms to reported analytical data.?®

Rs: 0.70 (n-hexane/EtOAc 95:5).

1H-NMR (400 MHz, CDCls,8): 6.99 (dd, J = 7.9, 1.7 Hz, 1H), 6.95 (d, J = 1.7 Hz, 1H), 6.76 (d, J = 7.9 Hz, 1H),
5.99 (s, 2H), 2.05 — 1.98 (m, 3H), 1.81 — 1.76 (m, 6H), 1.67 — 1.57 (m, 6H).

13C-NMR (101 MHz, CDCl; §): 148.5, 147.4,131.9, 122.9, 117.6, 108.2, 101.5, 47.9, 43.6, 36.3, 30.1.
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'H-NMR (400 MHz, CDCl;) of compound 3ja:
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3-(((1s,3s)-Adamantan-1-yl)thio)pyridine (3ka):

—
]
S
3ka
C15H19NS (24538 g/mol)

Following GP-C, 3ka was synthesized using pyridin-3-yl trifluoromethanesulfonate (227 mg, 1.00 mmol,
1.0 equiv.) and 1-adamantanethiol (185 mg, 1.10 mmol, 1.1 equiv.). Purification by FC (SiO,, gradient to
65:35 n-hexane/EtOAc over 15 CV) afforded 3ka (146 mg, 595 pumol, 60%) as colorless solid. Conforms to
reported analytical data.?

Rs: 0.31 (n-hexane/EtOAc 9:1).

1H-NMR (400 MHz, CDCls, 6): 8.71 — 8.66 (m, 1H), 8.61 — 8.55 (m, 1H), 7.86 — 7.78 (m, 1H), 7.32 — 7.26 (m,
1H), 2.06 — 1.99 (m, 3H), 1.81 — 1.78 (m, 6H), 1.68 — 1.56 (m, 6H).

13C-NMR (101 MHz, CDCl;, 6): 156.9, 149.3, 145.1, 128.1, 123.5, 48.7, 43.7, 36.2, 30.1.
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'H-NMR (400 MHz, CDCl;) of compound 3ka:
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((1s,3s)-Adamantan-1-yl)(o-tolyl)sulfane (3la):

S

Ci17H2S (258.42 g/mol)

Following GP-C, 3la was synthesized using o-tolyl trifluoromethanesulfonate (240 mg, 1.00 mmol,
1.0 equiv.) and 1-adamantanethiol (185 mg, 1.10 mmol, 1.1 equiv.). Purification by FC (SiO,, gradient to
95:5 n-hexane/EtOAc over 10 CV, then 8:2 n-hexane/EtOAc over 10 CV) afforded 3la (243 mg, 940 umol,
94%) as colorless solid. Conforms to reported analytical data.?®

Rs: 0.64 (n-hexane/EtOAc 95:5).

1H-NMR (400 MHz, CDCl3 8): 7.53 — 7.46 (m, 1H), 7.29 — 7.26 (m, 1H), 7.26 — 7.22 (m, 1H), 7.18 — 7.09 (m,
1H), 2.52 (s, 3H), 2.03 — 1.98 (m, 3H), 1.87 — 1.83 (m, 6H), 1.67 — 1.57 (m, 6H).

13C-NMR (101 MHz, CDCl; §): 144.2, 139.4, 130.4, 130.3, 128.9, 125.7, 49.5, 43.9, 36.3, 30.2, 22.2.
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'H-NMR (400 MHz, CDCl5) of compound 3la:
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((1s,3s)-Adamantan-1-yl)(naphthalen-1-yl)sulfane (3ma):

G

ConzzS (29446 g/mol)

Following GP-C, 3ma was synthesized using naphthalen-1-yl trifluoromethanesulfonate (276 mg, 1.00
mmol, 1.0 equiv.) and 1-adamantanethiol (185 mg, 1.10 mmol, 1.1 equiv.). Purification by FC (SiO,, Hex for
5 CV, then gradient to 9:1 n-hexane/EtOAc over 15 CV) afforded 3ma (279 mg, 947 umol, 95%) as colorless
solid.

Rs: 0.32 (n-hexane/EtOAc 98:2).

m.p.: 96.2-101.1 °C.

1H-NMR (400 MHz, CDCls, 5): 8.78 (d, J = 8.2 Hz, 1H), 7.92 — 7.82 (m, 2H), 7.82 = 7.75 (m, 1H), 7.60 — 7.40
(m, 3H), 2.00 — 1.95 (m, 3H), 1.88 — 1.86 (m, 6H), 1.64 — 1.55 (m, 6H).

13C-NMR (101 MHz, CDCl3, 8): 137.7, 137.3, 134.2, 129.9, 128.8, 128.3, 127.7, 126.4, 126.1, 125.2, 49.7,
44.1, 43.9, 36.34, 36.28, 30.21, 30.17.

HR-MS (APCl): m/z calc. for [M+H]* 295.1515, found 295.1514.

IR (ATR, ¥ [cm™]): 2898 (m), 2846 (m), 1586 (w), 1560 (w), 1497 (w), 1448 (w), 1373 (w), 1340 (w), 1299
(w), 1250 (w), 1206 (w), 1180 (w), 1135 (w), 1101 (w), 1034 (w), 967 (w), 863 (w), 822 (w), 796 (m), 766
(s), 684 (w), 678 (w).
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'H-NMR (400 MHz, CDCl;) of compound 3ma:
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((1s,3s)-Adamantan-1-yl)(3-chlorophenyl)sulfane (3na):

e

3na

Cl

C16H1sCIS (278.84 g/mol)

Following GP-C, 3na was synthesized using 3-chlorophenyl trifluoromethanesulfonate (261 mg,
1.00 mmol, 1.0 equiv.) and 1-adamantanethiol (185 mg, 1.10 mmol, 1.1 equiv.). Purification by FC (SiO,,
Hex for 10 CV, then gradient to 5:5 n-hexane/EtOAc over 10 CV) afforded 3na (235 mg, 843 umol, 84%) as
colorless solid.

Rf: 0.37 (n-hexane).

1H-NMR (400 MHz, CDCls, 8): 7.52 — 7.48 (m, 1H), 7.39 — 7.32 (m, 2H), 7.26 — 7.22 (m, 1H), 2.05 — 2.00 (m,
3H), 1.82 — 1.80 (m, 6H), 1.68 — 1.58 (m, 6H).

13C.NMR (101 MHz, CDCls &): 137.3, 135.9, 133.9, 132.7, 129.4, 128.9, 48.6, 43.8, 36.2, 30.1.
m.p.: 36.6 —38.9 °C.
HR-MS (APCI): m/z calc. for [M+H]* 278.0891, found 278.0891.

IR (ATR, ¥ [cm™]): 2895 (s), 2846 (m), 1690 (w), 1564 (m), 1452 (m), 1396 (w), 1370 (w), 1340 (m), 1291
(m), 1251 (w), 1213 (w), 1168 (w), 1142 (w), 1111 (w), 1075 (w), 1034 (m), 1004 (w), 969 (w), 911 (w), 877
(m), 818 (w), 777 (s), 677 (s).
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'H-NMR (400 MHz, CDCl;) of compound 3
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4-(((1s,3s)-Adamantan-1-yl)thio)phenyl 4-methylbenzenesulfonate (30a):

TsO

Q.5

3o0a
Ca3H32603S; (41458 g/mol)

Following GP-C, 3o0a was synthesized using 4-(((trifluoromethyl)sulfonyl)oxy)phenyl  4-
methylbenzenesulfonate (198 mg, 500 umol, 1.0 equiv.) and 1-adamantanethiol (92.6 mg, 550 umol,
1.1 equiv.). Purification by FC (SiO,, gradient to 8:2 n-hexane/EtOAc over 20 CV) afforded 30a (194 mg,
468 umol, 94%) as colorless solid. Conforms to reported analytical data.?

R¢: 0.38 (n-hexane/EtOAc 9:1).

1H-NMR (400 MHz, CDCl5,6): 7.69 (d, J = 8.3 Hz, 2H), 7.43 — 7.35 (m, 2H), 7.30 (d, J = 8.1 Hz, 2H), 6.98 — 6.89
(m, 2H), 2.44 (s, 3H), 2.04 — 1.97 (m, 3H), 1.77 — 1.73 (m, 6H), 1.67 — 1.56 (m, 6H).

13C-NMR (101 MHz, CDCl3,6): 150.2, 145.6, 138.9, 132.3,129.9, 129.8, 128.7, 122.3, 48.4, 43.7, 36.2, 30.1,
21.9.
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'H-NMR (400 MHz, CDCl;) of compound 3oa:
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2,7-Bis(((1s,3s)-adamantan-1-yl)thio)naphthalene (3pa):

QLI

3pa
CsoH36S2 (46074 g/mol)

Following GP-C, 3pa was synthesized naphthalene-2,7-diyl bis(trifluoromethanesulfonate) (212 mg,
500 pumol, 1.0 equiv.) and 1-adamantanethiol (185 mg, 1.10 mmol, 2.2 equiv.). Purification by FC (SiO,,
gradient to 95:5 n-hexane/EtOAc over 15 CV) afforded 3pa (197 mg, 428 umol, 86%) as colorless solid.

Rf: 0.12 (n-hexane).
m.p.: 190.1-196.9 °C.

1H-NMR (400 MHz, CDCl3, 8): 8.01 (s, 2H), 7.77 (d, J = 8.4 Hz, 2H), 7.58 (d, J = 8.4 Hz, 2H), 2.04 — 1.99 (m,
6H), 1.90 — 1.85 (m, 12H), 1.67 — 1.58 (m, 12H).

13C.-NMR (101 MHz, CDCls &): 137.2, 135.5, 133.4, 132.7, 128.9, 127.4, 48.7, 43.9, 36.3, 30.2.
HR-MS (APCl): m/z calc. for [M+H]* 461.2331, found 461.2335.

IR (ATR, ¥ [cmY]): 2898 (m), 2846 (m), 1616 (w), 1579 (w), 1485 (w), 1444 (w), 1340 (w), 1295 (w), 1254
(w), 1213 (w), 1183 (w), 1139 (w), 1102 (w), 1034 (m), 970 (w), 945 (w), 904 (w), 844 (m), 818 (w), 766 (w),
736 (w), 684 (w).
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'H-NMR (400 MHz, CDCl;) of compound 3pa:
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(8R,9S5,135,145)-3-(((1s,3R)-Adamantan-1-yl)thio)-13-methyl-6,7,8,9,11,12,13,14,15,16-decahydro-17H-
cyclopenta[a]phenanthren-17-one (3qa):

C28H3605 (42066 g/mol)

Following GP-C, 3ga was synthesized using Estrone trifluoromethanesulfonate (201 mg, 500 umol,
1.0 equiv.) and 1-adamantanethiol (92.6 mg, 550 umol, 1.1 equiv.). Purification by FC (SiO,, gradient to
9:1 n-hexane/EtOAc over 15 CV) afforded 3qa (124 mg, 295 umol, 59%) as colorless solid.

Rs: 0.44 (n-hexane/EtOAc 8:2).
m.p.: 172.2-174.8 °C.

1H-NMR (400 MHz, CDCls, 8): 7.26 — 7.20 (m, 3H), 2.95 — 2.87 (m, 2H), 2.55 — 2.46 (m, 1H), 2.45 — 2.38 (m,
1H), 2.17 = 1.95 (m, 7H), 1.83 — 1.78 (m, 6H), 1.67 — 1.44 (m, 12H), 0.92 (s, 3H).

13C-NMR (101 MHgz, CDCl3, 8): 220.9, 140.4, 138.2, 136.7, 135.1, 127.6, 125.4, 50.7, 48.1, 47.7, 44.5, 43.8,
38.1, 36.3, 36.0, 31.7, 30.1, 29.4, 26.6, 25.7, 21.8, 14.0.

HR-MS (APCl): m/z calc. for [M+H]* 421.2560, found 421.2560.

IR (ATR, ¥ [cm™]): 2909 (w), 2850 (w), 1735 (m), 1474 (w), 1451 (w), 1399 (w), 1370 (w), 1340 (w), 1295
(w), 1254 (w), 1213 (w), 1180 (w), 1083 (w), 1038 (w), 1005 (w), 975 (w), 893 (w), 818 (w), 777 (w), 710
(w), 684 (w).
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'H-NMR (400 MHz, CDCl;) of compound 3qa:
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(3R,45)-4-(4-(((1s,3R)-Adamantan-1-yl)thio)phenyl)-1-(4-fluorophenyl)-3-((S)-3-(4-fluorophenyl)-3-
hydroxypropyl)azetidin-2-one (3ra):

F

OH

3ra S@

C34H35F2N025 (559.72 g/mol)

Following GP-C, 3ra was synthesized using Ezetimibe trifluoromethanesulfonate (220 mg, 406 umoaol,
1.0 equiv.) and 1-adamantanethiol (75.2 mg, 447 umol, 1.1 equiv.). Purification by FC (SiO,, gradient to
50:50 n-hexane/EtOAc over 15 CV, then gradient to EtOAc over 5 CV) afforded 3ra (125 mg, 223 pumol,
55%) as colorless solid.

Rs: 0.26 (n-hexane/EtOAc 8:2).
m.p.: 143.2 - 146.5 °C.

1H-NMR (400 MHz, CDCl3 8): 7.51 (d, J = 7.7 Hz, 2H), 7.36 — 7.27 (m, 4H), 7.25 — 7.20 (m, 2H), 7.06 — 6.92
(m, 4H), 4.73 (t, J = 5.9 Hz, 1H), 4.64 (d, J = 2.4 Hz, 1H), 3.18 — 3.09 (m, 1H), 2.06 — 1.90 (m, 8H), 1.84 — 1.79
(m, 6H), 1.69 — 1.58 (m, 6H).

13C-NMR (101 MHz, CDCl;, 8): 167.5, 163.6, 140.2, 140.1, 138.5, 138.1, 133.9, 131.5, 127.6, 127.5, 125.9,
118.5,118.4, 116.1, 115.9, 115.6, 115.4, 73.3, 61.2, 60.4, 48.5, 43.8, 36.7, 36.2, 30.1, 25.3.

19E-NMR (376 MHz, CDCl3, 8): -114.7, -117.8.
HR-MS (ESI): m/z calc. for [M+Na]* 582.2249, found 582.2253.

IR (ATR, ¥ [em™]): 3476 (w), 2905 (w), 2850 (w), 1731 (w), 1601 (w), 1504 (w), 1448 (w), 1388 (w), 1340
(w), 1296 (w), 1218 (w), 1153 (w), 1128 (w), 1101 (w), 1072 (w), 1038 (w), 1012 (w), 978 (w), 937 (w), 904
(w), 848 (w), 819 (w), 729 (w), 688 (w).
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'H-NMR (400 MHz, CDCl;) of compound 3ra:
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F-NMR (376 MHz, CDCl3) of compound 3ra:
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Heptyl(phenyl)sulfane (3ab):

@\S/(CHz)ecHs

3ab
Ci13H20S (208.36 g/mol)

Following GP-C, 3ab was synthesized using phenyl trifluoromethanesulfonate (226 mg, 1.00 mmol,
1.0 equiv.) and 1-heptanethiol (145 mg, 1.10 mmol, 1.1 equiv.). Purification by FC (SiO,, n-hexane for
15 CV) afforded 3ab (205 mg, 983 umol, 98%) as brown oil. Conforms to reported analytical data.?®

Rs: 0.66 (n-hexane/EtOAc 99:1).

1H-NMR (400 MHz, CDCls, 8): 7.30 — 7.19 (m, 4H), 7.15 — 7.06 (m, 1H), 2.91 — 2.80 (m, 2H), 1.66 — 1.53 (m,
2H), 1.43 — 1.20 (m, 8H), 0.87 —0.79 (m, 3H).

13C-NMR (101 MHz, CDCl; §): 137.2, 129.0, 128.9, 125.7, 33.7, 31.9, 29.3, 28.98, 28.95, 22.7, 14.2.
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'H-NMR (400 MHz, CDCl;) of compound 3ab:
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Cyclohexyl(phenyl)sulfane (3ac):

AL

3ac
C12H16S (192.32 g/mol)

Following GP-C, 3ac was synthesized using phenyl trifluoromethanesulfonate (226 mg, 1.00 mmol,
1.0 equiv.) and cyclohexanethiol (128 mg, 1.10 mmol, 1.1 equiv.). Purification by FC (SiO,, gradient to 9:1
n-hexane/EtOAc over 10 CV) afforded 3ac (190 mg, 988 umol, 99%) as colorless oil. Conforms to reported
analytical data.”

Upscale:

An inert, flame-dried and septum-caped Schlenk-tube equipped with a stirring bar was charged with KOAc
(736 mg, 7.5 mmol, 1.5 equiv.), XantphosNi(o-tolyl)Cl (2 mol%), phenyl trifluoromethanesulfonate (1.13 g,
5.00 mmol, 1.0 equiv.) and cyclohexanethiol (639 mg, 5.50 mmol, 1.1 equiv.). The reagents were dissolved
in THF (15 mL) and stirred at room temperature for 2 h. Work-up was done according to GP-C. Purification
by FC (SiO,, gradient to 9:1 n-hexane/EtOAc over 10 CV) afforded 3ac (941 mg, 4.89 mmol, 98%) as
colorless oil.

Rs: 0.82 (n-hexane/EtOAc 9:1).

1H-NMR (400 MHz, CDCl5 8): 7.43 —7.39 (m, 2H), 7.32 = 7.19 (m, 3H), 3.18 — 3.06 (m, 1H), 2.05 — 1.92 (m,
2H), 1.86 — 1.70 (m, 2H), 1.68 — 1.60 (m, 1H), 1.45 — 1.22 (m, 5H).

13C-NMR (101 MHz, CDCl; 6): 135.2, 131.9, 128.8, 126.7, 46.6, 33.4, 26.2, 25.9.
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'H-NMR (400 MHz, CDCl;) of compound 3ac:
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Naphthalen-2-yl((4r,4ar,8r,8ar,10r,11r)-octahydro-2,8,4,6-(epibutane[1,2,3,4]tetrayl)naphthalen-
2(1H)-yl)sulfane (3hd):

oo

3hd
CaaH26S (346.53 g/mol)

Following GP-C, 3hd was synthesized using naphthalen-2-yl trifluoromethanesulfonate (138 mg, 500 umol,
1.0 equiv.) and (4r,4ar,8r,8ar,10r,11r)-octahydro-2,8,4,6-(epibutane[1,2,3,4]tetrayl) naphthalene-2(1H)-
thiol?® (121 mg, 550 umol, 1.1 equiv.). Purification by FC (SiO,, gradient to 8:2 n-hexane/EtOAc over 20 CV)
afforded 3hd (170 mg, 491 umol, 98%) as colorless solid.

Rf: 0.26 (n-hexane).
m.p.: 145.1-150.3 °C.

1H-NMR (400 MHz, CDCls, 8): 8.04 (s, 1H), 7.88 — 7.73 (m, 3H), 7.61 — 7.46 (m, 3H), 1.85—1.81 (m, 9H), 1.77
—1.73 (m, 1H), 1.69 — 1.63 (m, 9H).

13C.NMR (101 MHz, CDCl3,8): 137.4, 134.8, 133.4, 133.2, 128.4, 128.0, 127.73, 127.67, 126.7, 126.3, 47.1,
44.5,39.3,37.5, 36.4, 25.6.

HR-MS (APCl): m/z calc. for [M+H]* 347.1828, found 347.1823.

IR (ATR, & [cm™]):2903 (w), 2868 (m), 1795 (w), 1735 (w), 1679 (w), 1624 (w), 1582 (w), 1493 (w), 1456
(w), 1433 (w), 1403 (w), 1373 (w), 1318 (w), 1243 (w), 1195 (w), 1127 (w), 1109 (w), 1071 (w), 1042 (w),
979 (w), 941 (w), 889 (w), 848 (m), 822 (m), 736 (m), 707 (w).
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'H-NMR (400 MHz, CDCl;) of compound 3hd:
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5-Methyl-2-(2-(naphthalen-2-ylthio)propan-2-yl)cyclohexan-1-one (3he):

3he
Ca0H240S (312.47 g/mol)

Following GP-C, 3he was synthesized using naphthalen-2-yl trifluoromethanesulfonate (276 mg, 1.00
mmol, 1.0 equiv.) and 8-mercaptomenthone (mixture of diastereomers ca. 8:2) (205 mg, 1.10 mmol,
1.1 equiv.). Purification by FC (SiO,, gradient to 8:2 n-hexane/EtOAc over 15 CV) afforded 3he (294 mg,
941 umol, 94%, diastereomeric mixture according to starting material) as colorless solid.

Rr: 0.33 (n-hexane/EtOAc 95:5).
m.p.: 112.6 - 115.1 °C.

1H-NMR (400 MHz, CDCl5, &): 8.04 —8.02 (m, 1H), 7.87 — 7.79 (m, 3H), 7.56 — 7.51 (m, 3H), 2.92 — 2.81 (m,
1H), 2.41 — 2.35 (m, 1H), 2.28 — 2.23 (m, 1H), 2.09 — 1.86 (m, 4H), 1.67 — 1.61 (m, 1H), 1.47 (s, 3H), 1.42 (s,
3H), 1.00 (d, J = 5.8 Hz, 3H).

13C-NMR (101 MHz, CDCl5,8): 211.1, 137.5, 134.3, 133.4, 133.2, 129.2, 128.1, 128.0, 127.7, 127.0, 126.5,
57.5,525,51.7,37.1,34.7,30.1, 28.2, 24.0, 22.4.

HR-MS (ESI): m/z calc. for [M+Na]* 335.1440, found 335.1443.

IR (ATR, ¥ [cm™]): 3051 (w), 2950 (w), 2924 (w), 2865 (w), 1698 (s), 1582 (w), 1493 (w), 1452 (w), 1358 (m),
1320 (w), 1266 (w), 1228 (w), 1202 (w), 1161 (w), 1120 (m), 1091 (m), 1045 (m), 1016 (w), 986 (w), 945
(w), 893 (w), 852 (m), 815 (m), 740 (s), 699 (w).
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'H-NMR (400 MHz, CDCl;) of compound 3he:
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Methyl 3-(naphthalen-2-ylthio)propanoate (3hf):

3hf
C14H14OZS (24632 g/mol)

Following GP-C, 3hf was synthesized using naphthalen-2-yl trifluoromethanesulfonate (276 mg,
1.00 mmol, 1.0 equiv.) and methyl 3-mercaptopropanoate (132 mg, 1.10 mmol, 1.1 equiv.). Purification by
FC (SiO,, gradient to 9:1 n-hexane/EtOAc over 15 CV, then gradient to 6:4 over 5 CV) afforded 3hf (178 mg,
723 umol, 72%) as colorless oil. Conforms to reported analytical data.*°

Rs: 0.18 (n-hexane/EtOAC).

1H-NMR (400 MHz, CDCls, 8): 7.84 — 7.71 (m, 4H), 7.53 — 7.40 (m, 3H), 3.68 (s, 3H), 3.27 (t, J = 7.4 Hz, 2H),
2.68 (t,J = 7.4 Hz, 2H).

13C-NMR (101 MHz, CDCl5, 8): 172.2, 133.8, 132.7, 132.0, 128.6, 128.1, 127.9, 127.7, 127.2, 126.7, 126.0,
51.9,34.2, 28.9.
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'H-NMR (400 MHz, CDCl;) of compound 3hf:
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2-Methyl-3-(naphthalen-2-ylthio)tetrahydrofuran (3hg):

SeNs

3hg
C15H1605 (24435 g/mol)

Following GP-C, 3hg was synthesized using naphthalen-2-yl trifluoromethanesulfonate (276 mg,
1.00 mmol, 1.0 equiv.) and 2-methyltetrahydrofuran-3-thiol (mixture of diastereomers ca. 6:4) (130 mg,
1.10 mmol, 1.1 equiv.). Purification by FC (SiO,, gradient to 8:2 n-hexane/EtOAc over 15 CV, then gradient
to 60:40 over 5 CV) afforded 3hg (217 mg, 888 umol, 89%, diastereomeric mixture according to starting
material) as colorless oil.

Rf: 0.25 (n-hexane/EtOAc 95:5).
Signals of both diastereomers:

1H-NMR (400 MHz, CDCl5 8): 7.89 — 7.72 (m, 4H), 7.55 — 7.40 (m, 3H), 4.44 —3.27 (m, 4H), 2.53 - 2.36 (m,
1H), 2.14 - 1.94 (m, 1H), 1.35 - 1.29 (d, J = 6.4/6.1 Hz, 3H).

13C-NMR (101 MHz, CDCls, 8): 133.8, 133.7, 133.6, 132.6, 132.2, 131.9, 129.6, 128.9, 128.63, 128.61,
127.99, 127.99, 127.8, 127.4, 127.2, 126.8, 126.7, 126.2, 125.9, 80.6, 66.8, 66.1, 51.3, 49.6, 34.2, 33.5,
20.0, 17.1.

HR-MS (ESI): m/z calc. for [M+Na]* 267.0814, found 267.0811.

IR (ATR, ¥ [cm™]): 3051 (w), 2969 (w), 2928 (w), 2861 (w), 1620 (w), 1583 (w), 1496 (w), 1445 (w), 1377
(w), 1347 (w), 1318 (w), 1265 (w), 1232 (w), 1191 (w), 1105 (m), 1064 (m), 1016 (m), 941 (w), 889 (w), 848
(s), 810 (s), 740 (s).
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'H-NMR (400 MHz, CDCls) of compound 3hg:
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3-(Naphthalen-2-ylthio)hexan-1-ol (3hh):

3hh
ClstoOS (26039 g/mol)

Following GP-C, 3hh was synthesized using naphthalen-2-yl trifluoromethanesulfonate (276 mg,
1.00 mmol, 1.0 equiv.) and 3-mercaptohexan-1-ol (148 mg, 1.10 mmol, 1.1 equiv.). Purification by FC (SiO,,
gradient to 6:4 n-hexane/EtOAc over 20 CV) afforded 3hh (168 mg, 645 umol, 65% (85% purity) as colorless
oil.

Rs: 0.19 (n-hexane/EtOAc 9:1).

1H-NMR (400 MHz, CDCls, §): 7.91 — 7.87 (m, 1H), 7.82 = 7.72 (m, 3H), 7.51 — 7.42 (m, 3H), 3.99 — 3.74 (m,
3H), 3.44 —3.35 (m, 1H), 1.66 — 1.62 (m, 4H), 0.94 — 0.88 (m, 4H).

13C-NMR (101 MHz, CDCls, §): 133.8, 132.8, 132.3, 130.5, 129.7, 128.5, 127.8, 127.4, 126.6, 126.1, 60.9,
46.1,37.54,37.47,20.2, 14.1.

HR-MS (ESI): m/z calc. for [M+Na]* 283.1127, found 283.1128.

IR (ATR, & [cm]): 3250 (br), 2951 (w), 2927 (w), 2868 (w), 1623 (w), 1583 (w), 1496 (w), 1456 (m), 1374
(w), 1344 (w), 1300 (w), 1265 (w), 1232 (w), 1201 (w), 1131 (w), 1041 (s), 945 (w), 889 (w), 851 (m), 811
(s), 740 (s).
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'H-NMR (400 MHz, CDCl;) of compound 3hh:
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Methyl N-(tert-butoxycarbonyl)-S-(naphthalen-2-yl)-L-cysteinate (3hi):
NHBoc

y
o

3hi
C19H23NO4S (3616 g/mol)

Following GP-X, 3hi was synthesized using naphthalen-2-yl trifluoromethanesulfonate (138 mg, 500 umol,
1.0 equiv.) and methyl (tert-butoxycarbonyl)-L-cysteinate (129 mg, 550 umol, 1.1 equiv.). Purification by
FC (SiO, 85:15 n-hexane/EtOAc for 5 CV, then gradient to 3:7 over 10 CV) afforded 3hi (95 mg, 263 umol,
53%) as colorless solid.

R: 0.21 (Hex:EtOAc 90:10).
m.p.: 64.0 — 69.5 °C.

'H-NMR (400 MHz, CDCl; 6): 7.90 — 7.84 (m, 1H), 7.82 = 7.72 (m, 3H), 7.52 — 7.40 (m, 3H), 5.45 - 5.29 (m,
1H), 4.67 —4.57 (m, 1H), 3.48 (s, 3H), 1.47 — 1.44 (m, 2H), 1.36 (s, 9H).

13C-NMR (101 MHz, CDCl; 6): 171.1, 133.8, 132.32, 132.26, 129.7, 128.8, 128.6, 127.8, 127.4, 126.8, 126.3,
53.5,525, 37.3, 28.4, 28.3.

HR-MS (ESI): m/z calc. for [M+Na]* 384.1240, found 384.1242.

IR (ATR, ¥ [cm1]):3429.151 (w), 3060.144 (w), 3007.962 (w), 2970.688 (w), 2929.688 (w), 2870.05 (w),
2817.867 (w), 1736.939 (m), 1699.666 (s), 1625.119 (w), 1494.662 (m), 1438.752 (w), 1412.661 (w),
1390.297 (w), 1345.569 (s), 1315.75 (w), 1248.658 (w), 1211.385 (s), 1159.202 (s), 1062.291 (s), 1036.2
(w), 1006.381 (s), 965.38 (w), 950.471 (w), 920.652 (w), 902.016 (w), 861.015 (m), 820.014 (s), 797.65 (w),
779.014 (m), 741.74 (s), 670.921 (w).

S127



'H-NMR (400 MHz, CDCl;) of compound 3hi:
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((3S,10R,13R)-10,13-Dimethyl-17-((R)-6-methylheptan-2-yl)-2,3,4,7,8,9,10,11,12,13,14,15,16,17-
tetradecahydro-1H-cyclopenta[a]phenanthren-3-yl)(phenyl)sulfane (3aj):

9N

Ca3HsoS (478.82 g/mol)

3aj

Following GP-C, 3aj was synthesized using phenyl trifluoromethanesulfonate (113 mg, 500 pmol,
1.0 equiv.) and thiocholesterol (222 mg, 550 umol, 1.1 equiv.). Purification by FC (SiO,, gradient to
9:1 n-hexane/EtOAc over 15 CV, then gradient to 5:5 over 5 CV) afforded 3aj (226 mg, 472 umol, 94%) as
colorless solid. Conforms to reported analytical data.>!

R¢: 0.52 (n-hexane).

1H-NMR (400 MHz, CDCl3 8): 7.45 — 7.35 (m, 2H), 7.32 = 7.26 (m, 2H), 7.24 —7.19 (m, 1H), 5.34 = 5.27 (m,
1H), 3.09 — 2.96 (m, 1H), 2.35 —2.28 (m, 2H), 2.02 - 1.79 (m, 5H), 1.66 — 1.01 (m, 20H), 0.99 (s, 3H), 0.91
(d, J = 6.5 Hz, 3H), 0.86 (dd, J = 6.7, 1.9 Hz, 6H), 0.67 (s, 3H).

13C-NMR (101 MHz, CDCl5, 6): 141.8, 134.9, 131.8, 128.9, 126.7, 121.3, 56.8, 56.2, 50.4, 47.4, 42.4, 39.8,
39.7,39.6,37.0, 36.3, 35.9, 32.0, 31.9, 29.6, 28.4, 28.2, 24.4, 23.9, 23.0, 22.7, 21.0, 19.5, 18.8, 12.0.
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'H-NMR (400 MHz, CDCl;) of compound 3aj:
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3.3.2. Alkenylthioether

((3s,5s,7s)-Adamantan-1-yl)(cyclohex-1-en-1-yl)sulfane (5aa):

Q7

5aa
C16H24S (24843 g/mol)

Following GP-C, 5aa was synthesized using cyclohex-1-en-1-yl trifluoromethanesulfonate (230 mg,
1.00 mmol, 1.0 equiv.) and 1-adamantanethiol (185 mg, 1.10 mmol, 1.1 equiv.). Purification by FC (SiO,,
gradient to 9:1 n-hexane/EtOAc over 20 CV) afforded 5aa (231 mg, 857 umol, 86%) as colorless solid.

Rr: 0.90 (n-hexane/EtOAc 9:1).
m.p.: 28.5-30.5 °C.

1H-NMR (400 MHz, CDCl5 8): 6.13 —6.08 (m, 1H), 2.28 — 2.22 (m, 2H), 2.18 —2.11 (m, 2H), 2.05 — 2.01 (m,
3H), 1.87 — 1.84 (m, 6H), 1.68 — 1.65 (m, 6H), 1.60 — 1.54 (m, 2H).

13C-NMR (101 MHz, CDCl; 8): 139.2, 129.1, 47.7, 44.3, 36.5, 35.8, 30.2, 27.3, 24.0, 21.6.
HR-MS (APCI): m/z calc. for [M+H]* 249.1672, found 249.1667.

IR (ATR, ¥ [cm™]): 2892 (s), 2846 (s), 1437 (m), 1340 (m), 1292 (m), 1254 (w), 1135 (w), 1101 (w), 1075 (w),
1064 (w), 1038 (m), 1016 (m), 975 (w), 914 (m), 833 (m), 800 (m), 770 (w), 725 (w), 684 (m).
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'H-NMR (400 MHz, CDCl;) of compound 5aa:
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Ethyl 4-(((3s,5s,7s)-adamantan-1-yl)thio)cyclohex-3-ene-1-carboxylate (5ba):

QO

5ba

EtO,C

C19H2802$ (32049 g/mol)

Following GP-C, 5ba was synthesized using ethyl 4-(((trifluoromethyl)sulfonyl)oxy)cyclohex-3-ene-1-
carboxylate (302 mg, 1.00 mmol, 1.0 equiv.) and 1-adamantanethiol (185 mg, 1.10 mmol, 1.1 equiv.).
Purification by FC (SiO,, gradient to 95:5 n-hexane/EtOAc over 15 CV) afforded 5ba (276 mg, 861 umol,
86%) as colorless oil.

Rs: 0.62 (n-hexane/EtOAc 95:5).

1H-NMR (400 MHz, CDCl3 6): 6.13—6.07 (m, 1H), 4.14 (q,J= 7.2, 1.3 Hz, 2H), 2.58 —2.49 (m, 1H),
2.47 = 2.29 (m, 4H), 2.04 —2.01 (m, 3H), 1.87 — 1.83 (m, 6H), 1.82 — 1.74 (m, 2H), 1.69 — 1.63 (m, 6H), 1.26
(t,J = 7.1 Hz, 3H).

13C-NMR (101 MHz, CDCl;, §): 175.6, 137.0, 128.9, 60.6, 48.0, 44.24, 44.20, 38.5, 36.4, 34.8, 30.3, 30.2,
29.5, 26.5, 14.4.

HR-MS (ESI): m/z calc. for [M+Na]* 343.1702, found 343.1703.

IR (ATR, & [cm™]): 2972 (w), 2902 (s), 2846 (m), 1728 (s), 1444 (m), 1396 (w), 1373 (w), 1340 (w), 1299 (m),
1247 (m), 1217 (m), 1165 (s), 1101 (m), 1060 (m), 1031 (s), 971 (w), 922 (w), 859 (w), 807 (w), 744 (m), 692
(w).

5133



'H-NMR (400 MHz, CDCl;) of compound 5ba:
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tert-Butyl 4-(((3s,5s,7s)-adamantan-1-yl)thio)-3,6-dihydropyridine-1(2H)-carboxylate (5ca):

C20H31N025 (34953 g/mol)

Following GP-C, 5ca was synthesized using tert-butyl 4-(((trifluoromethyl)sulfonyl)oxy)-3,6-
dihydropyridine-1(2H)-carboxylate (331 mg, 1.00 mmol, 1.0 equiv.) and 1-adamantanethiol (185 mg,
1.10 mmol, 1.1 equiv.). Purification by FC (SiO,, gradient to 8:2 n-hexane/EtOAc over 20 CV) afforded 5ca
(287 mg, 821 umol, 82%) as colorless solid.

Rs: 0.23 (n-hexane/EtOAc 95:5).
m.p.: 78.3-80.7 °C.

1H-NMR (400 MHz, CDCl3, 8): 6.07 — 6.00 (m, 1H), 4.01 —3.94 (m, 2H), 3.49 (t, J = 5.6 Hz, 2H), 2.41 - 2.31
(m, 2H), 2.06 —2.01 (m, 3H), 1.87 — 1.84 (m, 6H), 1.70 — 1.63 (m, 6H), 1.48 — 1.46 (m, 9H).

13C-NMR (101 MHz, CDCl3, 8): 155.0, 100.1, 79.9, 48.4, 44.3, 36.3, 35.5, 30.1, 28.6.
HR-MS (ESI): m/z calc. for [M+H]* 372.1968, found 372.1972.

IR (ATR, ¥ [cm™]): 2973 (w), 2906 (m), 2850 (w), 1684 (s), 1449 (w), 1404 (s), 1362 (m), 1336 (m), 1269 (m),
1235 (m), 1172 (s), 1105 (m), 1044 (m), 978 (m), 945 (w), 859 (w), 829 (w), 766 (m), 684 (w).
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'H-NMR (400 MHz, CDCl;) of compound 5ca:
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4-(((3s,5s,7s)-Adamantan-1-yl)thio)-3,6-dihydro-2H-thiopyran (5da):

S
J
S
C15H2252 (26646 g/mol)

Following GP-C, 5da was synthesized using 3,6-dihydro-2H-thiopyran-4-yl trifluoromethanesulfonate
(248 mg, 1.00 mmol, 1.0 equiv.) and 1-adamantanethiol (185 mg, 1.10 mmol, 1.1 equiv.). Purification by
FC (SiO,, gradient to 97:3 n-hexane/EtOAc over 15 CV) afforded 5da (198 mg, 743 umol, 74%) as colorless
solid.

Rs: 0.76 (n-hexane/EtOAc 95:5).
m.p.: 73.2-75.2 °C.

1H-NMR (400 MHz, CDCl3, 8): 6.34 —6.26 (m, 1H), 3.28 (dt, J = 5.7, 2.7 Hz, 2H), 2.74 (t, J = 5.7 Hz, 2H), 2.56
(tt, J = 5.7, 2.7 Hz, 2H), 2.06 — 2.02 (m, 3H), 1.87 — 1.84 (m, 6H), 1.71 — 1.64 (m, 6H).

13C-NMR (101 MHz, CDCl; 8): 135.1, 130.6, 48.5, 44.3, 36.44, 36.36, 30.2, 27.4, 26.2.

HR-MS (APCl): m/z calc. for [M+H]* 267.1236, found 267.1238.

IR (ATR, & [cm™]): 2891 (m), 2846 (m), 2812 (w), 1620 (w), 1448 (w), 1414 (w), 1343 (w), 1295 (w), 1250
(w), 1191 (w), 1139 (w), 1101 (w), 1035 (m), 993 (w), 963 (m), 915 (w), 878 (w), 822 (w), 799 (m), 758 (w),
688 (w), 666 (w).
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'H-NMR (400 MHz, CDCl;) of compound 5da:
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((3s,5s,7s)-Adamantan-1-yl)(3,4-dihydronaphthalen-1-yl)sulfane (5ea):

D

C20H24S (29647 g/mol)

Following GP-C, 5ea was synthesized using 3,4-dihydronaphthalen-1-yl trifluoromethanesulfonate
(278 mg, 1.00 mmol, 1.0 equiv.) and 1-adamantanethiol (185 mg, 1.10 mmol, 1.1 equiv.). Purification by
FC (SiO,, 99:1 n-hexane/EtOAc for 10 CV, then gradient to 95:5 over 10 CV) afforded 5ea (274 mg,
924 umol, 92%) as colorless solid.

Rs: 0.33 (n-hexane/EtOAc 98:2).
m.p.: 69.2 - 84.6 °C.

1H-NMR (400 MHz, CDCl3,8): 7.92 (d, J = 7.5 Hz, 1H), 7.22 = 7.10 (m, 3H), 6.53 (t, J = 4.7 Hz, 1H), 2.81 (t, J =
8.0 Hz, 2H), 2.40 (td, J = 8.0, 4.7 Hz, 2H), 2.02 — 1.95 (m, 3H), 1.83 — 1.78 (m, 6H), 1.67 — 1.58 (m, 6H).

13C-NMR (101 MHz, CDCls, 8): 142.0, 136.7, 135.9, 128.6, 127.3, 127.2, 126.5, 126.4, 48.0, 44.2, 36.4, 30.2,
28.2,25.1.

HR-MS (APCI): m/z calc. for [M+H]* 297.1672, found 297.1674.

IR (ATR, & [cm]): 2897 (m), 2846 (m), 1680 (w), 1657 (w), 1653 (w), 1597 (w), 1474 (w), 1445 (m), 1412
(m), 1343 (w), 1292 (m), 1250 (w), 1210 (m), 1142 (m), 1105 (w), 1034 (m), 1009 (m), 967 (m), 900 (m),
878 (w), 825 (m), 758 (s), 733 (s), 688 (m).
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'H-NMR (400 MHz, CDCl;) of compound 5ea:
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((3s,5s,7s)-Adamantan-1-yl)(7-methoxy-3,4-dihydronaphthalen-1-yl)sulfane (5fa):

A0

C21H2605 (32650 g/mol)

Following GP-C, 5fa was synthesized using 7-methoxy-3,4-dihydronaphthalen-1-yl trifluoro-
methanesulfonate (308 mg, 1.00 mmol, 1.0 equiv.) and 1l-adamantanethiol (185 mg, 1.10 mmol,
1.1 equiv.). Purification by FC (SiO,, gradient to 98:2 n-hexane/EtOAc over 15 CV) afforded 5fa (235 mg,
720 umol, 72%) as colorless solid.

Rf: 0.17 (n-hexane/EtOAc 99:1).
m.p.: 77.2-80.6 °C.

1H-NMR (400 MHz, CDCl3, 8): 7.55 (d, J = 2.7 Hz, 1H), 7.02 (d, J = 8.1 Hz, 1H), 6.70 (dd, J = 8.1, 2.7 Hz, 1H),
6.55 (t, J = 4.6 Hz, 1H), 3.82 (s, 3H), 2.74 (t, J = 8.0 Hz, 2H), 2.38 (td, J = 8.0, 4.7 Hz, 2H), 2.02 — 1.94 (m, 3H),
1.83 - 1.79 (m, 6H), 1.66 — 1.58 (m, 6H).

13C-NMR (101 MHz, CDCl; 8): 158.4, 142.7, 137.9, 128.6, 128.1, 128.0, 112.6, 112.4, 55.6, 48.0, 44.2,
36.4,30.2,27.3,25.4

HR-MS (ESI): m/z calc. for [M+Na]* 349.1597, found 349.1596.

IR (ATR, ¥ [em™]): 2901 (s), 2846 (w), 1601 (m), 1567 (w), 1485 (m), 1445 (m), 1412 (m), 1344 (w), 1314
(w), 1292 (w), 1269 (w), 1243 (s), 1209 (s), 1142 (s), 1105 (m), 1038 (s), 1012 (m), 975 (w), 896 (m), 874
(m), 837 (m), 807 (s), 736 (m), 684 (m).
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'H-NMR (400 MHz, CDCl5) of compound 5fa:
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4-(((3s,5s,7s)-Adamantan-1-yl)thio)-2H-chromene (5ga):

e

Ci19H2,0S (298.44 g/mol)

)

Following GP-C, 5ga was synthesized using 2H-chromen-4-yl trifluoromethanesulfonate (280 mg,
1.00 mmol, 1.0 equiv.) and 1-adamantanethiol (185 mg, 1.10 mmol, 1.1 equiv.). Purification by FC (SiO,,
99:1 n-hexane/EtOAc for 20 CV) afforded 5ga (277 mg, 928 umol, 93%) as colorless solid.

Rf: 0.21 (n-hexane/EtOAc 99:1).
m.p.: 54.8 -58.1 °C.

'H-NMR (400 MHz, CDCl3,6): 7.75 (d, J = 7.6 Hz, 1H), 7.13 (dd, J = 7.6 Hz, 1H), 6.92 (dd, J = 7.6 Hz, 1H), 6.79
(d, J=8.0 Hz, 1H), 6.20 (t, J = 3.9 Hz, 1H), 4.82 (d, J = 3.9 Hz, 2H), 2.03 - 1.98 (m, 3H), 1.87 — 1.82 (m, 6H),
1.66 - 1.60 (m, 6H).

13C-NMR (101 MHz, CDCl5, §): 154.1, 133.7, 129.6, 127.1, 126.5, 125.5, 121.3, 115.8, 66.0, 48.8, 44.1,
36.24, 36.19, 30.2.

HR-MS (ESI): m/z calc. for [M+Na]* 321.1284, found 321.1286.

IR (ATR, ¥ [cm'!]): 2898 (m), 2846 (m), 2820 (w), 1601 (w), 1568 (w), 1474 (m), 1448 (m), 1400 (w), 1374
(w), 1343 (w), 1295 (w), 1247 (w), 1217 (s), 1176 (m), 1150 (w), 1112 (m), 1061 (m), 1034 (m), 1012 (m),
971 (m), 934 (w), 908 (w), 804 (m), 747 (s), 688 (m).
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'H-NMR (400 MHz, CDCl;) of compound 5ga:
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((3s,5s,7s)-Adamantan-1-yl)(1H-inden-3-yl)sulfane (5ha):

GG

5ha
C1oH2,S (282.45 g/mol)

Following GP-C, 5ha was synthesized using 1H-inden-3-yl trifluoromethanesulfonate (264 mg, 1.00 mmol,
1.0 equiv.) and 1-adamantanethiol (185 mg, 1.10 mmol, 1.1 equiv.). Purification by FC (SiO,, gradient to
95:5 n-hexane/EtOAc over 15 CV, then to 8:2 over 10 CV) afforded 5ha (274 mg, 970 umol, 97%) as
colorless solid.

Rs: 0.55 (n-hexane/EtOAc 98:2).
m.p.: 79.6 —80.5 °C.

1H-NMR (400 MHz, CDCl3 8): 7.62 (d, J = 7.5 Hz, 1H), 7.46 (d, J = 7.3 Hz, 1H), 7.38 — 7.30 (m, 1H), 7.24 — 7.20
(m, 1H), 6.75 (t, J = 2.2 Hz, 1H), 3.50 (d, J = 2.2 Hz, 2H), 2.02 — 1.98 (m, 3H), 1.93 — 1.89 (m, 6H), 1.67 — 1.60
(m, 6H).

13C-NMR (101 MHz, CDCl3, 6): 146.9, 143.4, 143.0, 133.2, 126.5, 125.1, 123.7, 121.0, 48.6, 44.2, 38.8, 36.3,
30.2.

HR-MS (APCl): m/z calc. for [M+H]* 283.1515, found 283.1516.

IR (ATR, ¥ [cm]): 2898 (m), 2846 (w), 1720 (w), 1657 (w), 1653 (w), 1582 (w), 1538 (w), 1448 (w), 1394
(w), 1318 (w), 1291 (w), 1265 (w), 1232 (w), 1198 (w), 1150 (w), 1098 (w), 1034 (w), 1012 (w), 975 (w), 949
(w), 911 (w), 885 (w), 821 (w), 755 (m), 710 (m), 688 (m).
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'H-NMR (400 MHz, CDCl;) of compound 5ha:

RS 25 EEEEE
="
oha T
]
1
bt
1
m W,
Fa i) iy 7 HE
8582 & 8 2=
11,5 11.0 105 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 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
1 (ppm)
13C-NMR (101 MHz, CDCl3) of compound 5ha:
€89 5§ 884§ 3 E38 8
VN P T T 77
S
5ha
| [
LA |
| b . | )
60 50 40 30 20 10

210 200 190 180 170 160 150 140 130 120 110 100 90 80 70
1 (ppm)

5146



((3s,5s,7s)-Adamantan-1-yl)(cyclohex-1-en-1-yl)sulfane (5ia):

S@
5ia
Ci17H26S (262.46 g/mol)

Following GP-C, 5ia was synthesized using cyclohept-1-en-1-yl trifluoromethanesulfonate (244 mg,
1.00 mmol, 1.0 equiv.) and 1-adamantanethiol (185 mg, 1.10 mmol, 1.1 equiv.). Purification by FC (SiO,,
99:1 n-hexane/EtOAc for 20 CV, then gradient to 95:5 over 10 CV) afforded 5ia (224 mg, 853 umol, 85%)
as colorless oil.

Rr: 0.82 (n-hexane/EtOAc 98:2).

1H-NMR (400 MHz, CDCls, 8): 6.32 (t, J = 6.6 Hz, 1H), 2.55—2.51 (m, 2H), 2.21 - 2.13 (m, 2H), 2.04 — 2.00
(m, 3H), 1.86 — 1.84 (m, 6H), 1.76 — 1.64 (m, 8H), 1.60 — 1.50 (m, 4H).

13C-NMR (101 MHz, CDCl; &): 144.4, 135.1, 47.9, 44.2, 40.5, 36.5, 32.3, 30.2, 29.9, 26.7, 26.6.
HR-MS (APCl): m/z calc. for [M+H]* 263.1828, found 263.1826.

IR (ATR, ¥ [cm™!]): 2902 (vs), 2846 (s), 1444 (s), 1343 (w), 1295 (m), 1258 (w), 1210 (w), 1101 (w), 1071 (w),
1038 (m), 969 (m), 930 (w), 889 (w), 852 (m), 811 (w), 754 (w), 687 (w).

5147



L9 )
101-8 —_— - it

R — = Y]

gy's [ - =019
iy 1 P—— Ny
9T A6
i I _ )
£re

Sia

'H-NMR (400 MHz, CDCl;) of compound 5ia:

o
Lo
=
F o~
Fm™m
o
o
L oE
8
L~

F 5

©

c

=}

Lo 3

%

€

= o)

[S)

Y

[S)

- =

a

\u C

-

T

IB M

i

=

Z

o

e >

=

@)

= a

99
e,
m.m&n
T0E l\v
£78

=S
[4 2
6ir—

TSET—

T —

Sia

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
1 (ppm)

210

5148



((3s,5s,7s)-Adamantan-1-yl)(1-phenylvinyl)sulfane (5ja):

e

5ja
Clgszs (27043 g/mol)

Following GP-C, 5ja was synthesized using 1-phenylvinyl trifluoromethanesulfonate (252 mg, 1.00 mmol,
1.0 equiv.) and 1-adamantanethiol (185 mg, 1.10 mmol, 1.1 equiv.). Purification by FC (SiO,, n-hexane for
15 CV, then 99:1 n-hexane/EtOAc for 5 CV) afforded 5ja (265 mg, 982 umol, 98%) as colorless solid.

R¢: 0.41 (n-hexane).
m.p.: 52.3-54.6 °C.

1H-NMR (400 MHz, CDCl5 8): 7.74 — 7.60 (m, 2H), 7.37 — 7.26 (m, 3H), 5.89 (s, 1H), 5.73 (s, 1H), 1.98 — 1.92
(m, 3H), 1.79 — 1.75 (m, 6H), 1.64 — 1.55 (m, 6H).

13C-NMR (101 MHz, CDCl3,8): 142.7, 141.1, 128.1, 128.0, 127.5, 125.4, 48.5, 44.1, 36.3, 30.2, 30.1.
HR-MS (APCl): m/z calc. for [M+H]* 271.1515, found 271.1515.
IR (ATR, ¥ [cm™]): 2898 (s), 2846 (m), 1866 (w), 1799 (w), 1747 (w), 1683 (w), 1570 (w), 1482 (w), 1441

(m), 1374 (w), 1340 (w), 1295 (m), 1254 (w), 1217 (w), 1184 (w), 1101 (w), 1035 (m), 968 (w), 930 (m), 822
(w), 769 (s), 706 (s), 684 (s).
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'H-NMR (400 MHz, CDCl;) of compound 5ja:
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((1s,3R)-Adamantan-1-yl)((55,8R,9S5,10S,13R,14S5,17R)-10,13-dimethyl-17-((R)-6-methylheptan-2-yl)-
4,5,6,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-3-yl)sulfane (5ka):

C37He0S (536.95 g/mol)

Following GP-C, 5ka was synthesized using 2-cholesten-3-yl trifluoromethanesulfonate (259 mg,
0.5 mmol, 1.0 equiv., mixture of regioisomers ca. 85:15) and 1-adamantanethiol (93 mg, 0.55 mmol,
1.1 equiv.). Purification by FC (SiO,, n-hexane for 20 CV, then gradient to 8:2 n-hexane/EtOAc over 10 CV)
afforded 5ka (217 mg, 404 umol, 81%, mixture of regioisomers according to starting material) as colorless
solid.

Rs: 0.54 (n-hexane/EtOAc 99:1).
m.p.: 125.8 -127.9 °C.

1H-NMR (400 MHz, CDCls, §): 6.05 — 5.69 (m, 1H), 2.32 — 1.90 (m, 8H), 1.87 — 1.75 (m, 8H), 1.68 — 1.63 (m,
6H), 1.60 — 0.93 (m, 22H), 0.90 (d, J = 6.4 Hz, 3H), 0.87 — 0.84 (m, 6H), 0.76 (s, 3H), 0.66 (s, 3H).

13C-NMR (101 MHz, CDCl;, §): 143.7, 138.3, 127.5, 56.6, 56.4, 53.9, 53.2, 48.2, 47.8, 44.4, 42.92, 42.88,
42.6,42.0,40.6, 40.1, 39.7, 36.5, 36.3, 35.9, 35.7, 34.4, 33.8, 32.2, 31.9, 30.2, 28.6, 28.4, 28.2, 27.5, 24.4,
24.0,23.0,22.7,21.4,21.2,18.8,12.6,12.31, 12.25, 12.1.

HR-MS (ESI): m/z calc. for [M+Na]* 559.4308, found 559.4310.

IR (ATR, ¥ [cm™]): 2902 (s), 2849 (m), 1448 (m), 1374 (w), 1340 (w), 1295 (w), 1250 (w), 1206 (w), 1172
(w), 1150 (w), 1101 (w), 1038 (w), 1001 (w), 969 (w), 956 (w), 930 (w), 889 (w), 806 (w), 770 (w), 732 (w),
684 (w).

5151



'H-NMR (400 MHz, CDCl;) of compound 5ka:
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4. Kinetic experiments and GC-FID calibration

X Ni (5 mol%)
KOAc (1.5 equiv.) O
+ HS
THF, rt, 2 h

1a/4a 2a 3/ 5aa
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Figure S1: Kinetic analysis for the yield of 3aa/ 5aa with a variety of electrophiles (PhOTf 1a, AlkenylOTf
4a, PhBr, PhCl).

The quantification of GC-yields was achieved by adding a standard compound (n-pentadecane) to reaction
mixtures before quenching (usually 100 pL) and applying the general formula:

A(compound) m(compound)
A(standard) m(standard)

R: Response factor of compound
A: Peak area determined by GC-FID
m: mass of compound

The R values were determined by GC calibrations of respective compounds with pentadecane in ethyl
acetate and measuring different mass ratios.
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A(Sub)/A(St)

N

2,5

1,8 Q s
1,6
» S@ y =0,872x - 0,0026
' 3aa R?=0,999
1,2
1
0,8 .
0,6
0,4 o
0,2
0
0 0,5 1 1,5 2
m(Sub)/m(St)
Mass ratio A A (Std) Area ratio
[%] (Substrate) A(Substrate)
[ A (Std)
0.50 10199.8 23172.0 0.44017
0.50 10364.2 23601.2 0.43913
0.50 9670.5 21866.0 0.44226
1.00 9733.8 11530.3 0.84419
1.00 10144.3 11858.2 0.85546
1.00 10757.7 12273.9 0.87647
2.00 19817.2 11370.5 1.74286
2.00 22510.6 130954 1.71897
2.00 21256.9 11988.2 1.77315
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5. Unsuccessful Substrates/ low yields
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ABSTRACT: A palladium-catalyzed epimerization reaction of

stereogenic alkyl iodides is reported. This transformation involves N Q . Ar
use of an air-stable precatalyst that efficiently epimerizes the C—I @r\ﬂb =2 |—Pd!

bond from the exo to the endo face of [2.2.1] bicyclic compounds.

Mechanistic experiments support the stereoinversion of the C—I

bond via reversible bond formation to generate the antiproduct Formal Stereoinversion via Reversible C—I Bond
bearing an endo iodide. Density functional theory studies were P el st T
conducted to support a thermodynamically driven epimerization.

Stoichiometric experiments suggested that irradiation of isolable

alkyl-Pd(II) complexes promoted the C—I reductive elimination, which could even be applied to C—Br bond formation.

KEYWORDS: palladium, blue lights, photoredowx, epimerization, stereochemical editing

Accessing all possible stereoisomers through common To capitalize on this mechanistic discovery, we hypothesized
intermediates is an attractive approach in synthesis, as that this catalyst system may be sufficient to epimerize chiral
the physical and biological properties of each epimer may C—I bonds and serve as a method for stereochemical editing of
differ.'~ Typically, stereocenters are installed with the desired stereogenic C—X bonds (Scheme 1C).
relative and absolute configuration at an early stage in a In 2011, we reported an intermolecular carboiodination
synthesis.”> Consequently, accessing other stereoisomers may reaction that generated 1,2-disubstituted aryl-iodo-norbor-
require restarting the synthetic sequence and modifying nanes.”® This reaction required the use of high temperatures
reagents or catalysts. Recently, the idea of accessing different and expensive, air-sensitive ligands. We focused on the
diastereomers via stereochemical editing of a single stereo- norbornyl scaffold as it provides a simple model system to
center has been considered an attractive alternative.®” Late- study stereochemical editing, arising from sterically differ-
stage modification of select stereocenters has many advantages entiated exo and endo faces. The classical thermal Pd-catalyzed
if high selectivity can be achieved."”"" The presence of reactive carboiodination reaction yields the syn addition product in a
hydrogen atoms at the stereocenter of interest aids in the stereospecific manner, wherein the migratory insertion occurs
process, but also limits the scope of this strategy. on the sterically more accessible exo face of norbornene
MacMillan and Wendlandt showcased the epimerization of a (Scheme 1D). After forging the C—C bond, we speculated that
single carbon center through the in situ generation of a the exo face would become more sterically crowded in the
prochiral carbon-centered radical (Scheme 1A)."*7"° Most product. A catalytic system promoting reversible one-electron

commonly, the thermodynamically favored product is formed.
To date these methodologies typically involve C—H
abstraction/recombination sequences, and thus exploiting
this idea on a wider array of functionalized carbons was our
objective. Our interest in the carbohalogenation reaction led us
to focus on the epimerization of a class of rigid systems bearing
carbon—halogen bonds."

Molecules with C—X bonds are widely used electrophiles in
organic synthesis, though their installation in a stereoselective
manner remains nontrivial. Over the past decade, we devised '
numerous catalytic conditions for the carboiodination reaction, Rec_e“'ed’ Mar_Ch 8,2023
which represents a unique method to install C—I bonds."”~** Revised:  April 24, 2023
Recently, we disclosed a Pd/blue-light-catalyzed carboiodina-
tion reaction to form 1° alkyl iodide bonds (Scheme 1B).**

Notably, under photoirradiation, we found the C—I bond
formation step to be reversible through a one-electron process.

C—1I bond abstraction/formation would enable the successful
“editing” of the C—I stereocenter. The goal was to form the
endo isomer via a thermodynamically driven stereoinvertive
reductive elimination.

Literature examples of the addition of perfluoroalkyl iodides
with a radical initiator yield the anti carboiodination product,
lending support for our proposal.”® Reversible C—I bond
formation using a Pd/blue light approach would allow for the

© XXXX American Chemical Society https://doi.org/10.1021/acscatal.3c01055

v ACS Publications 6562 ACS Catal. 2023, 13, 6562—6567


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ramon+Arora"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Regina+M.+Oechsner"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Clara+Jans"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bijan+Mirabi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Austin+D.+Marchese"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mark+Lautens"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acscatal.3c01055&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c01055?ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c01055?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c01055?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c01055?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c01055?fig=tgr1&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acscatal.3c01055?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/acscatalysis?ref=pdf
https://pubs.acs.org/acscatalysis?ref=pdf

ACS Catalysis

pubs.acs.org/acscatalysis

Scheme 1. Precedented Work on Carbon Epimerization and
Proposed Work

A) Recent Examples of Stereochemical Editing:

via Hydrogen Atom Abstraction
oy
OH

MacMillan - JACS 2022

Me
o

Wendlandt - Science 2022

G\
RO pai-I
@gf
X

OH
H

OH
Wendlandt - JACS 2022

B) Lautens, 2022:

[
R I
] o pat €
ISR Y -
X

T

C) Proposed Work:

via Reversible C-I Binding

Ab
Pd(P'BU3), (10 mol%)
-

D) This work:

@iﬂb

Lautens, 2011: syn

Intermalecular

+ - - - SIS ecularce
Toluene, 110 °C Anti-Carboiodination
24-48 hours ArD

This work: anti

Epimerization via stereoinvertive reductive elimination

selective stereochemical epimerization of the syn iodides
generated from the thermal Pd-carboiodination reaction to
the anti-products. We explored the potential intermediacy of a
Pd(I)/radical pair. Our results shed light on this radical pair by
harnessing the blue light facilitated bond homolysis to
epimerize C—I bonds via a formal stereoinvertive reductive
elimination. This study showcases the effectiveness of this
method with a prototypical scaffold for highly stereoselective
epimerization with mild conditions and the use of cheap and
air-stable palladium precatalyst.

We began by exploring a Pd/blue light-facilitated epimeriza-
tion reaction utilizing syn carboiodinated products obtained
from a thermal Pd-carboiodination reaction to the correspond-
ing anti product under conditions with Pd/blue light.
Following optimization, we discovered that 12.5 mol % of
Pd(OAc), and 1,5-bis(diphenylphosphino)pentane
(DPPPent) in toluene with blue light irradiation for 24 h
was optimal to epimerize the exo iodide to the endo iodide to
yield product 3a in 83% yield with >20:1 stereoselectivity
(Table 1). The conditions we previously employed for Pd/blue
light carboiodination worked, however in lower yield.”* When
the reaction was run with no light at 100 °C, we observed
slight epimerization, in line with the thermal Pd- catalyzed
carboiodination reactions reported by Tong in 2011.
Moreover, when subjecting the syn carboiodination product
bearing an iodide on the exo face to UV light, which is well-
established to induce C—I bond homolysis, we observed
complete decomposition.”® With the optimized conditions in
hand, we explored the generality of this transformation
(Scheme 2).

The reaction occurred with an iodo-indole scaffold,
generating the epimerized product 3b in excellent yield and
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Table 1. Optimization of Conditions
Pd(OAC), (12.5 mol%)

DPPPent (12.5 mol%) Ar.
Ar: -
@\% Toluene (0.1 M)
blue LED, 24h
% endo/
Entry Deviation from Standard Conditions Yield” exo
1 10 mol % Pd(OAc), and DPPPent 81 10:1
2 Adding 2.0 equiv of K,CO;, 80 >20:1
3 10 mol % Pd(PPh,), 38 1:1
4 10 mol % Pd(PPh;), w/2.0 equiv of K,CO, 80 8:1
S 3.75 mol % [Pd(allyl)Cl], w/15% DPEPhos 25 1:2
6  10% Pd(P'Buy), 10 1:6
7 No light, 100 °C 18 1:3
8 270 nm light, no catalyst + ligand 0 -

“Yields are of the major diastereomer. Yields were determined by 'H
NMR analysis of the crude reaction mixture with 1,3,5-trimethox-
ybenzene as an internal standard. All reactions were run on 0.1 mmol
scale.

>20:1 selectivity. The reaction tolerated various substituents
on the aromatic ring, ranging from p-Me, p-OMe, m-F, m-CN,
to give high yields and selectivity for the endo iodide (3c—3f).
We tested the reaction with traditionally difficult functionalities
in palladium catalysis and found equally good results.
Substrates bearing aryl groups containing p-nitro-, p-OTBS,
and lewis basic groups, such as free phenols, all underwent
epimerization in excellent yields and high selectivity (3g—3i).
This outcome suggested that stereoelectronic effects on the
aryl system did not interfere with coordination of the arene to
the norbornyl—Pd(II) species that was observed in a previous
report in 2011.”” The reaction was also amenable to substrates
containing other halogens, generating good to excellent yields
for the corresponding iodo-, bromo-, and chloro- groups (3j—
31). The reaction displays some steric constraints with
substrates substituted at the ortho position. For example, an
0-Me (3m) gave diminished yield and selectivity, while an o-'Pr
gave no epimerized product. This inhibition of product
formation suggests that the increased steric hindrance inhibited
an oxidative addition step into the crowded alkyl—iodide bond.
This inhibition was also observed in the presence of naphthyl
rings, which yielded the desired epimerized product in 64%
yield and 10:1 stereoselectivity (3n).

To further probe steric effects, we prepared substrates
stemming from an alkynyl iodination, developed by Tong in
2011”7 The reduced size of the alkyne, when compared to
substituted arenes, was predicted to reduce the endo/exo ratio
based on lessened steric effects. Indeed, when subjected to our
reaction conditions, products 30—3q were synthesized in good
yields and moderate stereoselectivities.

To study the efficacy of a one-pot procedure to access anti
carboiodinated products, we subjected iodobenzene (0.1
mmol) and norbornene (4.0 equiv) under similar conditions,
and obtained product 3a in 40% yield. Analogously,
compounds 3¢ and 3f were also synthesized in moderated
yields. Although this reaction demonstrates its applicability in a
one pot-transformation, limitations arise with highly sub-
stituted aryl rings, where virtually no product can be observed.
This outcome is complementary to our previous thermal
carboiodination reaction,” as it serves a broader class of aryl
rings, where visible light mediation can then facilitate the
epimerization.

https://doi.org/10.1021/acscatal.3c01055
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Scheme 2. Substrate Scope of Epimerization”
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“All reactions were run on 0.1 mmol scale unless indicated otherwise in SI. All yields are isolated and are of the major diastereomer.

The next objective was to explore the reversibility of the C—
I bond formation. The epimerization could follow two possible
pathways (Scheme 3A). The first is through a traditional two-
electron oxidative addition into the alkyl—iodide bond (Path
A). The resulting complex could undergo a blue-light-mediated
bond homolysis to generate the corresponding radical pair,
ablating the stereochemical information (int-B). An identical
intermediate can also be generated through a nonclassical
mechanism that involves the excitation of the palladium
catalyst with blue light (Path B). A subsequent one-electron
oxidative addition would abstract the halide from the substrate
to generate the same radical pair (int-B). At this point, int-B
can either form the desired product via a direct halide
abstraction from the Pd'—I species to regenerate Pd° (Path C),
or it could recombine with the palladium catalyst to form the
endo oxidative addition complex (Path D). Although a two-
electron reductive elimination from int-C would provide the
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desired product, it seems unlikely, since neither PPh; nor
DPPPent has been shown to enable the two-electron reductive
elimination of the C—I bond.>® Furthermore, we believe that
int-C could lead to 4c, which was observed in the crude
reaction mixture, arising from p-hydride elimination. As a
result, int-C is proposed to be in equilibrium with int-B, where
product formation would still follow Path C.

Palladium complexes I and II bearing PPh; were synthesized
according to a modified literature procedure (Scheme 3B,C).”
These were isolated as the syn isomer, the diastereomer which
arises from the thermal Pd-catalyzed reactions, which proceed
via an oxidative addition followed by migratory insertion across
the exo face of norbornene. Upon heating I at 100 °C in the
absence of blue light, complete decomposition of the complex
was observed, with no product being observed. Conversely,
irradiation under blue light for 1 h provided the desired
product in 39% yield. No change was observed after 16 h

https://doi.org/10.1021/acscatal.3c01055
ACS Catal. 2023, 13, 6562—-6567
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Scheme 3. Mechanistic Studies
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compared to 1 h. The efficiency of the stoichiometric reactions
are identical to the catalytic reaction using Pd(PPh;),, which
gave the endo product in 38% yield (Table 1, entry 3). Other
modifications to the reaction conditions were attempted, but
no change in yield was observed (See Supporting Information
for details). Complex II proved to be catalytically active in this
reaction, which supports a reductive elimination with C—I
bond formation and regeneration of a Pd (0) species (Scheme
3 C). Upon addition of 12.5 mol % of the complex to the
starting material, the desired product was formed in 40% yield
after 24 h.

To date, photoinduced C(sp’)—X reductive elimination
from alkyl—Pd(II) complexes has been limited to C(sp*)—I
bonds. To build on our previous work™* as well as related
studies from the Arndtsen group,””*" we explored the potential
for a photoinduced reductive elimination of other C—X bonds,
namely, C(sp®)—Br. Complex III was prepared by a modified
procedure and subjected to the reaction conditions (See
Supporting Information for details). The corresponding
brominated product was formed in 20% yield (Scheme 3D).
Further studies are required to optimize the more challenging
C(sp®)—Br reductive elimination,”* " but this result suggests
a visible-light-mediated palladium carbobromination reaction
may be possible.
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On/off experiments were conducted to determine if the
reaction occurred through a chain propagation mechanism
(Scheme 4A). This reaction was studied over the course of 6 h
where photoirradiation occurred at 1 h intervals. It was evident
that the reaction did not proceed in the absence of light, which
indicates a chain propagation mechanism is unlikely. Blue light
is required for bond homolysis/excitation of the palladium
complex which enables the C—I bond cleavage. A reaction was
conducted with 1.1 equiv of 2,2,6,6-tetramethyl-1-piperidiny-
loxy (TEMPO), which led to complete inhibition of the
reaction, further supporting a radical mechanism (Scheme 4b).

To further probe the thermodynamic preference of the endo
isomer, exo-iodide 2a was subjected to traditional halogen atom
transfer (XAT) conditions in the presence of acrylonitrile.*®
Addition occurred exclusively on the endo face, as might be
anticipated based on steric effects. The origins for the
selectivity were further confirmed by density functional theory
(DFT) calculations at the SMD(toluene)/MO6L/aug-cc-pvqz/
sdd//wB97xd/6-311++g**/LANL2DZ level (Scheme 4C).
The results indicated that the endo isomer of the products was
thermodynamically favored, revealing that the endo-iodo
isomer is favored by 1.7 kcal mol™'. This effect is less
pronounced when the norbornene is substituted with the
smaller alkyne substituent, which showed a 1.5 kcal mol™

https://doi.org/10.1021/acscatal.3c01055
ACS Catal. 2023, 13, 6562—-6567
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Scheme 4. Experimental and Computational Studies
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preference for the endo isomer.”” These results are consistent
with the experimental results, where the endo product was
formed preferentially. The exo-iodonorbornane is more stable
than the endo isomer in the absence of the aryl group. The
steric hindrance of an aryl/alkynyl group on the exo face results
in a thermodynamic preference to have the halogen on the
endo face. Compound 3a was resubjected to the catalytic
conditions, but no epimerization was observed. Approximately
80% of 3a was recovered. An Sy2-type pathway leading from
exo to endo was also ruled out when the reaction was heated
with exogenous iodide sources. The exo product was not
observed under a variety of conditions, suggesting that this
reaction occurs via a palladium blue light catalysis through a
stereoinvertive reductive elimination.

In conclusion, we have identified a stereoselective
epimerization in secondary aliphatic iodides via palladium/
blue light catalysis. This transformation utilized an air-stable
precatalyst that effectively epimerizes the C—I bond from the
exo to the endo face of [2.2.1] bicyclic compounds. A variety of
functionalized aryl moieties were tolerated. Mechanistic and
computational studies suggested the epimerization favored the
endo iodide, leading to a formal stereoinversion of the C—I
bond via reversible bond formation. Studies involving the use
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of stoichiometric alkyl—Pd(Il) complexes indicated the efficacy
for this transformation and applicability to C—Br bond
formation.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acscatal.3c0105S.

Mechanistic Experiments and Characterization of all
compounds (PDF)

Crystallographic data for Complex-I (CCDC 2235960)
(CIF)

B AUTHOR INFORMATION

Corresponding Author
Mark Lautens — Davenport Research Laboratories,
Department of Chemistry, University of Toronto, Toronto
MSS 3H6 Ontario, Canada; © orcid.org/0000-0002-0179-
2914; Email: mark.lautens@utoronto.ca

Authors

Ramon Arora — Davenport Research Laboratories,
Department of Chemistry, University of Toronto, Toronto
MSS 3H6 Ontario, Canada; © orcid.org/0000-0003-
4585-4328

Regina M. Oechsner — Davenport Research Laboratories,
Department of Chemistry, University of Toronto, Toronto
MSS 3H6 Ontario, Canada

Clara Jans — Davenport Research Laboratories, Department of
Chemistry, University of Toronto, Toronto MSS 3H6
Ontario, Canada

Bijan Mirabi — Davenport Research Laboratories, Department
of Chemistry, University of Toronto, Toronto MSS 3H6
Ontario, Canada; ® orcid.org/0000-0002-4852-3439

Austin D. Marchese — Davenport Research Laboratories,
Department of Chemistry, University of Toronto, Toronto
MSS 3H6 Ontario, Canada; ® orcid.org/0000-0002-
3090-2748

Complete contact information is available at:
https://pubs.acs.org/10.1021/acscatal.3c01055

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We thank the University of Toronto, the Natural Science and
Engineering Research Council (NSERC), and Kennarshore
Inc. for financial support. RA. thanks OGS for a scholarship,
A.D.M. thanks NSERC for an NSERC Vanier fellowship. B.M.
thanks NSERC for a CGS-D scholarship. We thank Professor
Fleischer for supporting a scientific exchange, and RM.O.
thanks the DAAD for a scholarship. C.J.,, A.G.D, and A.T. are
thanked for insightful discussions. We thank Dr. Darcy Burns
and Dr. Jack Sheng, University of Toronto, for their assistance
with NMR experiments. We thank Dr. Ivan Franzoni and
Bahman Mirabi for providing useful scripts that aided in the
computational work. Computational support was provided in
part by Compute Ontario (Www.computeontario.ca) and
Compute Canada (www.computecanada.ca). We thank Dr.
Matt Forbes for the HRMS data. We thank Dr. Alan Lough for
the X-ray data.

https://doi.org/10.1021/acscatal.3c01055
ACS Catal. 2023, 13, 6562—-6567


https://pubs.acs.org/doi/10.1021/acscatal.3c01055?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c01055/suppl_file/cs3c01055_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.3c01055/suppl_file/cs3c01055_si_002.cif
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mark+Lautens"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0179-2914
https://orcid.org/0000-0002-0179-2914
mailto:mark.lautens@utoronto.ca
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ramon+Arora"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4585-4328
https://orcid.org/0000-0003-4585-4328
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Regina+M.+Oechsner"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Clara+Jans"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bijan+Mirabi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4852-3439
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Austin+D.+Marchese"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3090-2748
https://orcid.org/0000-0002-3090-2748
https://pubs.acs.org/doi/10.1021/acscatal.3c01055?ref=pdf
http://www.computeontario.ca
http://www.computecanada.ca
https://pubs.acs.org/doi/10.1021/acscatal.3c01055?fig=sch4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c01055?fig=sch4&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.3c01055?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis

pubs.acs.org/acscatalysis

B REFERENCES

(1) Eliel, E. L.; Wilen, S. H. Stereochemistry of Organic Compounds;
Wiley, 1994.

(2) Gladysz, J.; Michl. J. Enantioselective Synthesis: Introduction.
Chem. Rev. 1992, 92 (5), 739—739.

(3) Xiang, S.-H.; Tan, B. Advances in Asymmetric Organocatalysis
over the Last 10 Years. Nat. Commun. 2020, 11, 3786.

(4) Corey, E. J.; Cheng, X.-M. The logic of chemical synthesis; Wiley,
1989.

(5) Corey, E. J.; Kiirti, L. Enantioselective chemical synthesis: methods,
logic and practice; Direct Book Publishing, 2010.

(6) Wang, P.-Z.; Xiao, W.-J.; Chen, J.-R. Light Empowers Contra-
thermodynamic Stereochemical Editing. ChemRxiv 2022,
DOI: 10.26434/chemrxiv-2022-g7sql.

(7) Tan, G.; Glorius, F. Stereochemical Editing. Angew. Chem., Int.
Ed. 2023, 62

(8) Barton, L. M.; Edwards, J. T.; Johnson, E. C.; Bukowski, E. J.;
Sausa, R. C; Byrd, E. F. C,; Orlicki, J. A.; Sabatini, J. J.; Baran, P. S.
Impact of Stereo- and Regiochemistry on Energetic Materials. ]. Am.
Chem. Soc. 2019, 141, 12531—12535.

(9) Macdougall, L. J.; Pérez-Madrigal, M. M.; Shaw, J. E.; Worch, J.
C.; Sammon, C.; Richardson, S. M.; Dove, A. P. Using Stereo-
chemistry to Control Mechanical Properties in Thiol-yne Click-
hydrogels. Angew. Chem., Int. Ed. 2021, 60 (49), 25856—25864.

(10) Worch, J. C.; Prydderch, H.; Jimaja, S.; Bexis, P.; Becker, M. L.;
Dove, A. P. Stereochemical Enhancement of Polymer Properties. Nat.
Rev. Chem. 2019, 3 (9), 514—535.

(11) Walker, M. A. Improvement in aqueous solubility achieved via
small molecular changes. Bioorg. Med. Chem. Lett. 2017, 27 (23),
5100—-5108.

(12) Zhang, Y.-A; Palani, V.; Seim, A. E.; Wang, Y.; Wang, K. J;
Wendlandt, A. E. Stereochemical editing logic powered by the
epimerization of unactivated tertiary stereocenters. Science. 2022, 378
(6618), 383—390.

(13) Carder, H. M.; Wang, Y.; Wendlandt, A. E. Selective Axial-to-
Equatorial Epimerization of Carbohydrates. J. Am. Chem. Soc. 2022,
144 (26), 11870—11877.

(14) Zhang, Y.-A;; Gu, X,; Wendlandt, A. E. A Change from Kinetic
to Thermodynamic Control Enables Trans-selective Stereochemical
Editing of Vicinal Diols. J. Am. Chem. Soc. 2022, 144 (1), $99—60S.

(15) Oswood, C.J.; MacMillan, D. W. C. Selective Isomerization via
Transient Thermodynamic Control: Dynamic Epimerization of trans
to cis Diols. J. Am. Chem. Soc. 2022, 144 (1), 93—98.

(16) Petrone, D. A.; Ye, J.; Lautens, M. Modern Transition-Metal-
Catalyzed Carbon-Halogen Bond Formation. Chem. Rev. 2016, 116
(14), 8003—8104.

(17) Marchese, A. D.; Adrianov, T.; Kollen, M. F.; Mirabi, B.;
Lautens, M. Synthesis of Carbocyclic Compounds via a Nickel-
Catalyzed Carboiodination Reaction. ACS Catal. 2021, 11 (2), 925—
931.

(18) Yoon, H.; Marchese, A. D.; Lautens, M. Carboiodination
Catalyzed by Nickel. J. Am. Chem. Soc. 2018, 140 (35), 10950—10954.

(19) Petrone, D. A.; Lischka, M.; Lautens, M. Harnessing Reversible
Oxidative Addition: Application of Diiodinated Aromatic Compounds
in the Carboiodination Process. Angew. Chem., Int. Ed. 2013, 52 (40),
10635—10638.

(20) Marchese, A. D.; Kersting, L.; Lautens, M. Diastereoselective
Nickel-Catalyzed Carboiodination Generating Six-Membered Nitro-
gen-Based Heterocycles. Org. Lett. 2019, 21 (17), 7163-7168.

(21) Marchese, A. D.; Lind, F.; Mahon, A. E.; Yoon, H.; Lautens, M.
Forming Benzylic Iodides via a Nickel Catalyzed Diastereoselective
Dearomative Carboiodination Reaction of Indoles. Angew. Chem., Int.
Ed. 2019, 58 (15), 5095—5099.

(22) Petrone, D. A;; Yoon, H.; Weinstabl, H.; Lautens, M. Additive
Effects in the Palladium-Catalyzed Carboiodination of Chiral N-Allyl
Carboxamides. Angew. Chem., Int. Ed. 2014, 126 (30), 8042—8046.

(23) Petrone, D. A,; Malik, H. A,; Clemenceau, A.; Lautens, M.
Functionalized Chromans and Isochromans via a Diastereoselective

6567

Pd(0)-Catalyzed Carboiodination. Org. Lett. 2012, 14 (18), 4806—
4809.

(24) Marchese, A. D.; Durant, A. G.; Reid, C. M,; Jans, C.; Arora, R;;
Lautens, M. Pd(0)/Blue Light Promoted Carboiodination Reaction -
Evidence for Reversible C-I Bond Formation via a Radical Pathway. J.
Am. Chem. Soc. 2022, 144 (45), 20554—20560.

(25) Newman, S. G.; Lautens, M. Palladium-Catalyzed Carboiodi-
nation of Alkenes: Carbon-Carbon Bond Formation with Retention of
Reactive Functionality. J. Am. Chem. Soc. 2011, 133 (6), 1778—1780.

(26) (a) Kirmse, W.; Wonner, A.,; Allen, A. D.; Tidwell, T. T.
Destabilized Carbocations: C2FS Substituent Effects on Ground and
Transition States in 2-Bicyclo[2.2.1]Thepty 1 Brosylates. J. Am. Chem.
Soc. 1992, 114 (23), 8828. (b) Arceo, E.; Montroni, E.; Melchiorre, P.
Photo-Organocatalysis of Atom-Transfer Radical Additions to
Alkenes. Angew. Chem, Int. Ed. 2014, $3 (45), 12064—12068.
(c) Wallentin, C.-J.; Nguyen, J. D.; Finkbeiner, P.; Stephenson, C. R.
J. Visible Light-Mediated Atom Transfer Radical Addition via
Oxidative and Reductive Quenching of Photocatalysts. J. Am. Chem.
Soc. 2012, 134 (21), 8875—8884.

(27) Liu, H; Chen, C; Wang, L; Tong, X. Pd(0)-Catalyzed
Todoalkynation of Norbornene Scaffolds: The Remarkable Solvent
Effect on Reaction Pathway. Org. Lett. 2011, 13 (19), 5072—507S5.

(28) Clayden, J.; Warren, S. G.; Greeves, N. Organic Chemistry, 2nd
ed.; Oxford University Press, 2012.

(29) Chai, D. L; Thansandote, P.; Lautens, M. Mechanistic Studies
of Pd-Catalyzed Regioselective Aryl C-H Bond Functionalization with
Strained Alkenes: Origin of Regioselectivity. Chem.-Eur. J. 2011, 17
(29), 8175—8188.

(30) Liu, Y; Zhou, C; Jiang, M. Arndtsen, B. A. Versatile
Palladium-Catalyzed Approach to Acyl Fluorides and Carbonylations
by Combining Visible Light- and Ligand-Driven Operations. J. Am.
Chem. Soc. 2022, 144 (21), 9413—9420.

(31) Torres, G. M,; Liu, Y.; Arndtsen, B. A. A dual light-driven
palladium catalyst: Breaking the barriers in carbonylation reactions.
Science. 2020, 368 (6488), 318—323.

(32) Roy, A. H; Hartwig, J. F. Directly Observed Reductive
Elimination of Aryl Halides from Monomeric Arylpalladium(II)
Halide Complexes. J. Am. Chem. Soc. 2003, 125 (46), 13944—13945.

(33) Roy, A. H.; Hartwig, J. F. Reductive Elimination of Aryl Halides
from Palladium(II). J. Am. Chem. Soc. 2001, 123 (6), 1232—1233.

(34) Chen, X; Zhao, J.; Dong, M.; Yang, N.; Wang, J.; Zhang, Y.;
Liu, K;; Tong, X. Pd(0)-Catalyzed Asymmetric Carbohalogenation:
H-Bonding-Driven C(sp3)-Halogen Reductive Elimination under
Mild Conditions. J. Am. Chem. Soc. 2021, 143 (4), 1924.

(35) Lan, Y.; Liu, P.; Newman, S. G.; Lautens, M.; Houk, K. N.
Theoretical study of Pd(0)-catalyzed carbohalogenation of alkenes:
mechanism and origins of reactivities and selectivities in alkyl halide
reductive elimination from Pd(II) species. Chem. Sci. 2012, 3 (6),
1987—1998S.

(36) Ballestri, M.; Chatgilialoglu, C.; Clark, K. B.; Griller, D.; Giese,
B.; Kopping, B. Tris(trimethylsilyl)silane as a radical-based reducing
agent in synthesis. J. Org. Chem. 1991, 56 (2), 678.

(37) We note that an energy difference of 1.51 kcal mol™' would
suggest a product ratio of approximately 13:1 instead of the observed
3.5:1 (AG = —0.74 at T = 298.15 K). Given that small errors in
Hartree can lead to large discrepancies in units of kcal mol™", we are
using the computations to qualitatively describe the more favored
isomer rather than quantitatively predict isomeric ratios.

https://doi.org/10.1021/acscatal.3c01055
ACS Catal. 2023, 13, 6562—-6567


https://doi.org/10.1021/cr00013a600?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-020-17580-z
https://doi.org/10.1038/s41467-020-17580-z
https://doi.org/10.26434/chemrxiv-2022-g7sql
https://doi.org/10.26434/chemrxiv-2022-g7sql
https://doi.org/10.26434/chemrxiv-2022-g7sql?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202217840
https://doi.org/10.1021/jacs.9b06961?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202107161
https://doi.org/10.1002/anie.202107161
https://doi.org/10.1002/anie.202107161
https://doi.org/10.1038/s41570-019-0117-z
https://doi.org/10.1016/j.bmcl.2017.09.041
https://doi.org/10.1016/j.bmcl.2017.09.041
https://doi.org/10.1126/science.add6852
https://doi.org/10.1126/science.add6852
https://doi.org/10.1021/jacs.2c04743?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c04743?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c11902?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c11902?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c11902?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c11552?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c11552?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c11552?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.6b00089?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.6b00089?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c04956?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c04956?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b06966?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b06966?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201304923
https://doi.org/10.1002/anie.201304923
https://doi.org/10.1002/anie.201304923
https://doi.org/10.1021/acs.orglett.9b02797?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.9b02797?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.9b02797?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201900659
https://doi.org/10.1002/anie.201900659
https://doi.org/10.1002/ange.201404007
https://doi.org/10.1002/ange.201404007
https://doi.org/10.1002/ange.201404007
https://doi.org/10.1021/ol302111y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol302111y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c09716?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c09716?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja110377q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja110377q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja110377q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00049a013?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00049a013?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201406450
https://doi.org/10.1002/anie.201406450
https://doi.org/10.1021/ja300798k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja300798k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol2022388?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol2022388?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol2022388?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.201100210
https://doi.org/10.1002/chem.201100210
https://doi.org/10.1002/chem.201100210
https://doi.org/10.1021/jacs.2c01951?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c01951?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c01951?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.aba5901
https://doi.org/10.1126/science.aba5901
https://doi.org/10.1021/ja037959h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja037959h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja037959h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0034592?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0034592?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c10797?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c10797?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c10797?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c2sc20103h
https://doi.org/10.1039/c2sc20103h
https://doi.org/10.1039/c2sc20103h
https://doi.org/10.1021/jo00002a035?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00002a035?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.3c01055?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Supporting Information

Flipping the Switch on Palladium-Catalyzed Carboiodination:
Accessing Kinetic and Thermodynamic Products

Ramon Arora, Regina M. Oechsner, Clara Jans, Bijan Mirabi, Austin Marchese, and Mark Lautens*.

Corresponding Authors:
*Prof. Mark Lautens. Email: mark.lautens@utoronto.ca Address: Davenport Research Laboratories,
Department of Chemistry, University of Toronto, 80 St. George Street, Toronto, Ontario, Canada
M5S 3H6

Author Affiliations:
Davenport Research Laboratories, Department of Chemistry, University of Toronto, 80 St. George
Street, Toronto, Ontario, Canada M5S 3H6



Table of Contents

(=TT e 8o T X [ L= ' 1 1 Lo T U 3
GNEIAI PrOCEAUIES .......uuueeeeeeeeviriieiiiiiiiiiiiiitssseeetesssisieisisissssssssssssssssssssssssesssssssssssssssssssens 4
(0] 01141771 7.0o 11 [0 o IOt 6
Known Starting Materils: ................eeeieeeeeuniiiiinieeneniiisiissssnsiissnmsssmsisssssmsssssssssssssssssssssssns 8
Novel Starting MaeriQls: ...........cceeuueeirriveenueiiiiinnennesiiiisiimsmmssissssmssssmsissssmmsssssssssssssssssssssssns 9
o Lo [V ol N 15
Stoichiometric Pd-Complex EXPeriments...........ccceuuceveeeirieeeniisenesisisnesiossnnssssssasssssnnsssssnnnes 25
ON/OSf EXPEIIMENTL: .......ueneeeressreeeeeeeerereerssssssesssssssssssssssssssssssssssssssssssssssnssssssssssssesssssssssssns 34
Radical Scavenger EXPErimeENnt..............eeeueeeeeeerereeueseeeenssereennsessenssesesnssessssssosssnsssssssssosssnsns 35
(00T 1o IR 17 o =N 37
Computationl DELQIlS...........cccuueeeueiiiiieeeuueiiiiiininneniiiissiissssssisssssssmsssesssssssssssssssssssssssssssnns 38
Energies and Cartesian COOrdinQtes .............ccoevvvvveurcsirrieenensissssssssnusssssssssssmssssssssssssssssssnns 39
X-Ray Crystallographic Data — COMPIEX | ..............eeeeeeneereeeiireenerreiisiesrenisreesscesseesssssnsnsens 49
Y <= o 1« RN 66
RESEIENCES ...eeeeeeeieeeeeeiiiiiiiiiiiiiciisssetnnniisssssennsssssssssssssssssssssssssssssssssssnsssssssssssnnssssssssssnns 99



General Considerations

All reactions were performed in a dry environment under an inert atmosphere of argon unless
otherwise stated. Reactions were monitored by thin layer chromatography (TLC) and visualized under
UV light or by iodine staining. Flash column chromatography was performed with Silicycle 46- 60 um
silica gel. Catalytic reactions were performed in 2-dram vials equipped with a Teflon cap. THF was
distilled over sodium/benzophenone. Toluene and DCM were distilled over CaH..

All reagents and organic building blocks were purchased from commercial suppliers (Sigma-Aldrich,
Alfa Aesar, TCl, Combi-Blocks, Oakwood Chemical, AK Scientific) and used as received. NMR
characterization data was collected at 296 K on a Varian Mercury 400 or an Agilent DD2 500 equipped
with a 5mm Xses Cold Probe. Spectra were internally referenced to the residual solvent signal (1H
NMR: CDCl; = 7.26 ppm, 3C NMR: CDCl; = 77.0 ppm). Data for *H NMR is reported as follows: chemical
shift (6 ppm), multiplicity (s = singlet, d = doublet, t = triplet, g = quartet, m = multiplet, br = broad),
coupling constant (Hz), integration. Coupling constants were rounded to the nearest 0.5 Hz. Infrared
(IR) spectra were recorded on a PerkinElmer Spectrum 100 instrument equipped with a single-bounce
diamond / ZnSe ATR accessory. Melting point ranges were determined on a Fisher-Johns Melting Point
Apparatus and are reported uncorrected. High resolution mass spectra (HRMS) were obtained on a
Micromass 70S-250 spectrometer (EI) or an ABI/Sciex QStar Mass Spectrometer (ESI) or a JEOL
AccuTOF model JMS-T1000LC mass spectrometer equipped with and IONICS® Direct Analysis in Real
Time (DART) ion source at Advanced Instrumentation for Molecular Structure (AIMS) in the
Department of Chemistry at the University of Toronto.

For details of the blue LED’s: Sapphire Blue LED Tape -12vdc, Waterproof, Blue, Double Density 5050
- creativelightings.com.

Apparatus set-up: A pyrex dish was wrapped with 4-5 loops of the blue LEDs and placed on a magnetic
stir plate. The apparatus was fitted with a fan which was placed ~3-5 cm above the vials. Multiple
temperature readings of the internal temperature of the apparatus were taken, giving a temperature
of 25-35°C within a 1 cm distance from the lights. Reactions are generally placed ~2-3 cm away from
the lights (the walls of the dish), by placing them in a grid from a test tube rack.



General Procedures

Synthesis of Starting Materials

ﬁb (1.3 eq.)

|
R N Pd(PtBu3)2 (5 mol%)
L Toluene, 110 °C
24-48 hr

GP1A: General Procedure 1A: Synthesis according to Lautens.!t! To a flame-dried, argon backfilled
flask equipped with a stir bar, aryl iodide (1.0 eq., if solid) and palladium tri-tert-butylphosphine (0.05
eq.) were added, followed by norbornene (1.3 eq.), and toluene (0.1 M). The vial was sealed and
stirred at 110 °C for 24-48 hours. The reaction mixture was diluted with ethyl acetate, washed through
a silica plug (3 cm) and concentrated in vacuo. The residue was dissolved in DCM (0.5 M), dry loaded
with silica and purified using column chromatography.

Ab (1.3eq.) R

Pd(OAc) (10 mol%) A
Toluene, 50 °C |
12 hr

**Note: Liquid substrates were weighed in a separate oven-dried and argon-purged 2-dram vial before
being transferred to the reaction flask with 2 aliquots of solvent.

R————I

GP1B: General Procedure 1B: Synthesis according to Tong.l! To a flame-dried, argon backfilled flask,
equipped with a stir bar, norbornene (1.3 eq.), Pd(OAc), (0.1 eq.) and toluene (0.1 M) were added.
The iodoalkyne (1 eq.) was then added and the reaction was sealed and stirred at 50 °C for 24-48
hours. The reaction mixture was diluted with ethyl acetate, washed through a silica plug (3 cm) and
concentrated in vacuo. The residue was dissolved in DCM (0.5 M), dry loaded with silica and purified

using column chromatography.
R
ib (1.3eq) %

Pd(OAc) (10 mol%)
MeCN, 50 °C I
12 hr

GP1C: General Procedure 1C: Synthesis according to Tong.l2 Norbornene (1.3 eq.), Pd(OAc), (0.1 eq.)
and acetonitrile (0.1 M) were added to a flame-dried, argon backfilled flask, equipped with a stir bar.
The iodoalkyne (1 eq.) was then added and the reaction was sealed and stirred at 50 °C for 24-48
hours. The reaction mixture was diluted with ethyl acetate, washed through a silica plug (3 cm) and
concentrated in vacuo. The residue was dissolved in DCM (0.5 M), dry loaded with silica and purified
using column chromatography.



Catalytic Procedure

Pd(OAC), (12.5 mol%) Ar

Ar DPPPent (12.5 mol%)
| Toluene (0.1 M)
Blue LED, 24h I

GP2A: General Procedure 2A: Pd(OAc), (12.5 mol%), DPPPent (12.5 mol%) and substrate (1.0 eq., if
solid) were added to an oven-dried, argon backfilled 2-dram vial, equipped with a stir bar. The reaction
mixture was purged with argon for 5 minutes and toluene (0.1 M) was added. After sealing the vial
with a teflon screw cap it was irradiated (465 nm) and stirred under a cooling fan for 24 hours. The
reaction mixture was diluted with ethyl acetate, washed through a silica plug (3 cm) and concentrated
in vacuo. Conversion was determined via *H NMR of the crude reaction mixture with 1,3,5-
Trimethoxybenzene as internal standard. Afterwards the product was dissolved in DCM, dry loaded
with silica and purified using column chromatography.

**Note: Liquid substrates were weighed in a separate oven-dried and argon-purged 2-dram vial before
being transferred to the reaction flask with 2 aliquots of solvent.



Optimization

Pd cat. (x mol%)

Ligand (x mol%) Ar
Toluene (0.1 M)

Blue LED, 24h

Table S1: Optimization of Palladium Epimerization

Entry | Pd source Ligand Base Conditions | Yield, dr
1 10% Pd(OAc), 10% DPPPent Blue LED 83 %, 10:1
2 10% Pd(OAc), 12.5% DPPPent Blue LED 70?5Yzeld,
2 3.75% 15% DPEPhos K»CO3(2.0 eq.) Blue LED 25%,. 1:2
Pd(allyl)CI],
3* 12.5% Pd(OAc), 12.5% DPPPent Blue LED 83 % >20:1
4 12.5% Pd(OAc), 12.5% DPPPent 100°C 18%, 1:3
5 12.5% Pd(OAc), 12.5% DPPPent K,CO3(2.0 eq.) Blue LED 80%, >20:1
6 12.5% Pd(OAc), | 12.5% ‘BuDavePhos Blue LED 8%, 1:10
7 12.5% Pd(OAc), 12.5% DPPM Blue LED 25%, 1:3
8 12.5% Pd(OAc), 12.5% DPPProp Blue LED 49%, 1:1
9 12.5% Pd(OAc), 12.5% DPPF Blue LED 23%. 4:1
10 Pd(PPhs3) (10 mol%) Blue LED 38% 1:1
11 Pd(PPhs3) (10 mol%) K,CO3(2.0 eq.) Blue LED 80% 8:1
12 Pd(P'Bus) (10 mol%) Blue LED 10% 1:6
13 - 270 nm LED n.r.
14 12.5% Pd(OAc), 12.5% 100 °C 18, 1:3
DPPPent No LED

*Entry 3 yielded optimized conditions, and was used to test the breadth of the reaction.
Decreasing reaction times below 24 hours resulted in lower dr.

The remaining balance for all the reactions was observed as phenylnorbornane.




The active catalyst in this reaction presumably Pd(DPPPentO),, where one of the phosphines
on the bidentate ligand have been oxidized to reduce Pd(OAc),.5!

Ligands Screened
Ph,P” >">""pph, Ph,P” >""PPh, Ph,P” > PPh,

DPPPent DPPProp DPPM

@\ /@ O ?\PPhZ

N N O thF’/Qb>

DPEPhos 'BuDavePhos DPPF



Known Starting Materials:

R N

Compound 2e Compound 2g Compound 20 Compound 2p

2e,g were synthesized according to a literature procedure by Lautens.!! 20,p were
synthesized according to a literature procedure by Tong.!Z



Novel Starting Materials:

Compound 2a
(1S,2R,3R,4R)-2-iodo-3-phenylbicyclo[2.2.1]heptane (2a)

Prepared according to GP1A using iodobenzene on 2 mmol scale. The product was isolated as a clear
oil via column chromatography eluting with pentane (397 mg, 1.32 mmol, 66% yield).

H NMR (500 MHz, CDCl3) 6 7.36 — 7.29 (m, 2H), 7.25 — 7.19 (m, 1H), 7.17 — 7.09 (m, 2H), 4.62 (ddd, J
=7.9,2.2,0.7 Hz, 1H), 2.91 - 2.76 (m, 2H), 2.62 (dq, J = 3.2, 1.3 Hz, 1H), 2.29 (dp, J = 10.3, 1.9 Hz, 1H),
1.76 — 1.58 (m, 2H), 1.60 — 1.21 (m, 3H).

13C NMR (126 MHz, CDCls) 6 147.7, 128.4,127.9, 126.5, 52.9, 49.4, 45.4 (d, J = 0.9 Hz), 42.4, 36.3, 31.2,
28.5.

IR (thin film, cm™) 2970, 2948, 1488, 1449, 1296, 1171, 1145, 1075, 958, 800.

HRMS (DART) [M+NH,] calculated 298.02184 m/z (found 316.05521m/z for C;3H;sl).

HN

Compound 2b
5-((1R,2R,3R,4S)-3-iodobicyclo[2.2.1]heptan-2-yl)-1H-indole (2b)

Prepared according to GP1A using 5-iodobenzene on a 0.5 mmol scale. The product was isolated as a
brown solid via column chromatography, eluting with 95:5 pentane:EtOAc. (80 mg, 0.12 mmol, 24%
yield).

1H NMR (500 MHz, CDCls) (500 MHz, CDCl5) & 8.06 (s, 1H), 7.43 — 7.38 (m, 1H), 7.35 — 7.30 (m, 1H),
7.18 (dd, J = 3.2, 2.4 Hz, 1H), 6.95 (dd, J = 8.4, 1.8 Hz, 1H), 6.54 (ddd, J = 3.2, 2.1, 1.0 Hz, 1H), 4.69 (dd,
J=7.9,2.1 Hz, 1H), 2.89 (dd, J = 20.1, 6.0 Hz, 2H), 2.69 (dt, J = 3.2, 1.6 Hz, 1H), 2.39 (dp, / = 10.2, 2.0
Hz, 1H), 1.74 — 1.62 (m, 2H), 1.59 — 1.48 (m, 1H), 1.48 — 1.35 (m, 2H).

13C NMR (126 MHz, CDCl3) 6 139.7, 134.5, 127.5, 124.4, 123.4, 119.6, 110.2, 102.8, 53.1, 49.5, 47.4,
42.8,36.3,31.4, 28.5.

IR (thin film, cm™) 3396, 2962, 2921, 2870, 1474, 1452, 1417, 1315, 1169, 1088.
HRMS (DART) [M+H] calculated m/z 337.03274 (found 338.04066 m/z for C;sHqgIN).

MP 160-162 °C.



Me

Compound 2¢
(1S,2R,3R,4R)-2-iodo-3-(p-tolyl)bicyclo[2.2.1]heptane (2c)

Prepared according to GP1A using 4-iodotoluene on a 0.5 mmol scale. The product was isolated as a
clear oil via column chromatography, eluting with 100% pentane. (90 mg, 0.14 mmol, 28% yield).

1H NMR (500 MHz, CDCl3) § 7.17 — 7.07 (m, 2H), 7.05 — 6.96 (m, 2H), 4.60 (ddd, J = 7.9, 2.2, 0.6 Hz, 1H),
2.86—2.81(m, 1H), 2.77 (d, J = 7.9 Hz, 1H), 2.58 (dq, J = 3.3, 1.4 Hz, 1H), 2.34 (s, 3H), 2.27 (dp, J = 10.2,
1.9 Hz, 1H), 1.72 — 1.57 (m, 2H), 1.49 (ddt, / = 10.3, 3.8, 1.6 Hz, 1H), 1.44 - 1.39 (m, 1H), 1.39 - 1.30
(m, 1H).

13C NMR (126 MHz, CDCl;) 6 144.8, 135.9, 128.6, 128.2, 52.6, 49.4, 45.9, 42.5, 36.2, 31.2, 28.5, 21.1.
IR (thin film, cm™) 2965, 2918, 2873, 1491, 1453, 1167, 1296, 1144, 1000, 763.

HRMS (DART) [M+NH,] calculated 312.03749 m/z (found 330.07160 m/z for Cy4Hy,1).

MeO

Compound 2d
(1S,2R,3R,4R)-2-iodo-3-(4-methoxyphenyl)bicyclo[2.2.1]heptane (2d)

Prepared according to GP1A using 4-iodoanisole on a 0.5 mmol scale. The product was isolated as a
clear oil via column chromatography, eluting with 99:1 pentane:EtOAc. (95 mg, 0.130 mmol, 29%
yield).

1H NMR (500 MHz, CDCl) & 7.06 — 6.99 (m, 2H), 6.84 (d, J = 8.7 Hz, 2H), 4.61 (ddd, J = 7.9, 2.2, 0.7 Hz,
1H), 3.80 (s, 3H), 2.86 — 2.82 (m, 1H), 2.75 (d, J = 7.8 Hz, 1H), 2.55 (dt, J = 3.2, 1.5 Hz, 1H), 2.28 — 2.23
(m, 1H), 1.68 — 1.61 (m, 2H), 1.48 (ddt, J = 10.3, 3.7, 1.6 Hz, 1H), 1.41 — 1.28 (m, 2H).

13C NMR (126 MHz, CDCl;) 6 158.0, 140.3, 129.3, 113.1, 55.2, 52.2, 48.9, 46.6, 43.0, 36.1, 31.2, 28.5.
IR (thin film, cm™) 2948, 2867, 1670, 1580, 1511, 1452, 1267, 1178, 1037, 817.

HRMS (DART) [M+H] calculated 328.03241 m/z (found 329.03944 m/z for C,4H;710).



NC

Compound 2f
3-((1R,2R,3R,4S)-3-iodobicyclo[2.2.1]heptan-2-yl)benzonitrile (2f)

Prepared according to according to GP1A using 3-iodobenzonitrile on a 0.5 mmol scale. The product
was isolated as an orange oil via column chromatography, eluting with 95:5 pentane:EtOAc (108 mg,
0.17 mmol, 33% yield).

H NMR (500 MHz, CDCls) & 7.49 (dt, J = 7.7, 1.4 Hz, 1H), 7.44 — 7.35 (m, 2H), 7.32 (dt, J = 7.9, 1.5 Hz,
1H), 4.55 (dd, J = 8.2, 2.2 Hz, 1H), 2.87 — 2.82 (m, 2H), 2.56 (dt, J = 3.1, 1.6 Hz, 1H), 2.25—2.17 (m, 1H),
1.75-1.62 (m, 2H), 1.57 — 1.50 (m, 1H), 1.48 — 1.31 (m, 2H).

13C NMR (126 MHz, CDCl;) 6 148.8, 133.1, 131.8, 130.2, 128.7, 119.2, 111.9, 52.4, 49.3, 43.3, 42.3,
36.2,31.0, 28.4.

IR (thin film, cm™) 2954, 2921, 2876, 2226, 1448, 1302, 1172, 1144, 1118, 917.

HRMS (DART) [M+H] calculated 323.17747 m/z (found 324.02450 m/z for Cy4H14IN).

TBSO

Compound 2h
tert-butyl(4-((1R,2R,3R,4S)-3-iodobicyclo[2.2.1]heptan-2-yl)phenoxy)dimethylsilane (2h)

Prepared according to according to GP1A on a 1 mmol scale. The product was isolated as a grey oil via
column chromatography, eluting with 92.5:7.5 pentane:DCM (143 mg, 0.34 mmol, 34% yield).

1H NMR (500 MHz, CDCl;) 6 6.98 —6.91 (m, 2H), 6.81 — 6.72 (m, 2H), 4.59 (ddd, J = 7.8, 2.2, 0.7 Hz, 1H),
2.85—2.80 (m, 1H), 2.73 (d, J = 7.8 Hz, 1H), 2.55 (dt, J = 3.2, 1.6 Hz, 1H), 2.28 — 2.20 (m, 1H), 1.70 —
1.58 (m, 2H), 1.49 — 1.43 (m, 1H), 1.43 — 1.37 (m, 1H), 1.37 = 1.29 (m, 1H), 0.98 (s, 9H), 0.19 (s, 6H).

13C NMR (126 MHz, CDCl) & 154.1, 140.9, 129.2, 119.5, 52.3, 49.3, 46.5, 42.5, 36.1, 31.2, 28.5, 25.7,
18.2, -4.4 (d, J = 0.9 Hz).

IR (thin film, cm™) 2965, 2955, 2873, 1606, 1507, 1459, 1264, 1252, 1170, 938.

HRMS (DART) [M+H] calculated 428.10324 m/z (found 429.11147 m/z for C,9H,5l0Si).



HO

Compound 2i
4-((1R,2R,3R,4S)-3-iodobicyclo[2.2.1]heptan-2-yl)phenol (2i)

Prepared from compound 2h via deprotection of the TBDMS group. Compound 2h (0.126 mmol) was
dissolved in dry THF and cooled to 0 °C. 1.1 eq. of TBAF (1M) was added dropwise and the reaction
was stirred until completion. The reaction was then flushed through a pad of silica and solvent was
removed in vacuo. The product was isolated as a yellow solid via column chromatography, eluting with
a gradient from 95:5 pentane:EtOAc to 90:10 pentane:EtOAc. (98 mg, 0.31 mmol, 46% yield).

H NMR (500 MHz, CDCl;) § 7.03 — 6.94 (m, 2H), 6.82 — 6.68 (m, 2H), 4.70 — 4.51 (m, 2H), 2.85 — 2.80
(m, 1H), 2.73 (d, J = 7.8 Hz, 1H), 2.54 (dq, J = 3.3, 1.5 Hz, 1H), 2.24 (dp, J = 10.2, 1.9 Hz, 1H), 1.68 — 1.59
(m, 2H), 1.49 — 1.43 (m, 1H), 1.43 (s, 1H), 1.37 = 1.29 (m, 1H).

13C NMR (126 MHz, CDCl5) & 153.9, 140.5, 129.5, 114.7, 52.2, 49.3, 46.5, 42.6, 36.1, 31.2, 28.5.
IR(thin film, cm™) 3209 (br), 2959, 2919, 2870, 1741, 1510, 1448, 1231, 1170, 1183.
HRMS (DART) [M+NH4] calculated 314.16647 m/z (found 332.05166 m/z for C;5H4510).

MP 160-162 °C.

Cl

Compound 2j
(1R,2R,3R,4S5)-2-(4-chlorophenyl)-3-iodobicyclo[2.2.1]heptane (2j)

Prepared according to according to GP1A using 4-cloroiodobenzene on a 1 mmol scale. The product
was isolated as a yellow solid via column chromatography, eluting with 100% pentane (237 mg, 0.71
mmol, 71% yield).

H NMR (500 MHz, CDCl3) § 7.33 —7.23 (m, 2H), 7.09 — 6.99 (m, 2H), 4.57 (ddd, J = 8.0, 2.2, 0.6 Hz, 1H),
2.89—2.82 (m, 1H), 2.78 (d, J = 7.9 Hz, 1H), 2.55 (dt, J = 3.2, 1.5 Hz, 1H), 2.24 (dp, J = 10.3, 1.9 Hz, 1H),
1.74 - 1.60 (m, 2H), 1.54 — 1.46 (m, 1H), 1.46 — 1.31 (m, 2H).

13CNMR (126 MHz, CDCl;) 6 146.1,132.1,129.7,128.0, 52.3,49.4, 44.7 (d, /= 0.9 Hz), 42.5, 36.2, 31.2,
28.5.

IR (thin film, cm™) 2966, 2917, 2933, 1491, 1456, 1297, 1167, 1144, 1088, 1011 .
HRMS (DART) [M+NH4] calculated 331.98287 m/z (found 350.01665 m/z for C;5H14ICl).

MP 55-59 °C.



Br

Compound 2k
(1R,2R,3R,4S)-2-(4-bromophenyl)-3-iodobicyclo[2.2.1]heptane (1w)

Prepared according to according to GP1A using 4-bromoiodobenzene on a 1 mmol scale. The product
was isolated as a grey oil via column chromatography, eluting with 100% pentane (121 mg, 0.32 mmol,
32% yield).

1H NMR (500 MHz, CDCls) 6 7.49 — 7.32 (m, 2H), 7.03 = 6.93 (m, 2H), 4.56 (ddd, J = 7.9, 2.3, 0.6 Hz, 1H),
2.83 (ddq, J = 3.9, 1.5, 0.8 Hz, 1H), 2.76 (d, J = 7.9 Hz, 1H), 2.54 (dt, J = 3.3, 1.6 Hz, 1H), 2.22 (dt, J =
10.3, 2.1 Hz, 1H), 1.70 - 1.62 (m, 2H), 1.52 — 1.46 (m, 1H), 1.44 — 1.39 (m, 1H), 1.39 — 1.29 (m, 1H).

13C NMR (126 MHz, CDCl) 6 146.5, 131.0, 130.1, 120.2, 52.4, 49.3, 44.3, 42.4, 36.2, 31.1, 28.4.
IR (thin film, cm) 2954, 2918, 1487, 1260, 1169, 1069, 1008, 903, 845, 745.

HRMS (DART) [M+NH4] calculated 377.06347 m/z (found 393.96686 m/z for C;3H14IBr).

Compound 2I
(1S,2R,3R,4R)-2-iodo-3-(4-iodophenyl)bicyclo[2.2.1]heptane (2I)

Prepared according to according to GP1A using 1,4-diiodobenzene on a 1 mmol scale. The product
was isolated as a clear oil via column chromatography, eluting with 100% pentane (89 mg, 0.21 mmol,
21% vyield).

1H NMR (500 MHz, CDCl5) (500 MHz, CDCl3) & 7.62 (d, J = 8.5 Hz, 2H), 7.00 — 6.73 (m, 2H), 4.55 (ddd, J
=7.9,2.2,0.6 Hz, 1H), 2.86 — 2.80 (m, 1H), 2.74 (d, J = 7.9 Hz, 1H), 2.53 (dt, J = 3.3, 1.6 Hz, 1H), 2.21
(dt, J=10.3, 2.1 Hz, 1H), 1.69 — 1.61 (m, 2H), 1.49 (ddt, J = 10.3, 3.8, 1.6 Hz, 1H), 1.44 — 1.37 (m, 1H),
1.37 (s, 1H).

13C NMR (126 MHz, CDCl;) 6 147.2, 136.9, 130.4, 91.7, 52.5, 49.3, 44.2, 42.4, 36.2, 31.1, 28.4.
IR (thin film, cm™) 2950, 2245, 1601, 1459, 1254, 1205, 1152, 1067, 836, 700.

HRMS (DART) [M+NH4] calculated 423.91849 m/z (found 441.95230 m/z for C;3H.l,).



Me

Compound 2m
(1S,2R,3R,4R)-2-iodo-3-(o-tolyl)bicyclo[2.2.1]heptane (2m)

Prepared according to according to GP1A using 2-iodotoluene on a 1 mmol scale. The product was
isolated as a clear oil via column chromatography, eluting with 100% pentane (75 mg, 0.24 mmol, 24%
yield).

1H NMR (500 MHz, CDCl;) § 7.26 — 7.06 (m, 4H), 4.68 (dd, J = 8.0, 2.1 Hz, 1H), 2.86 (dt, J = 5.3, 1.6 Hz,
2H), 2.65 (dt, J = 3.1, 1.6 Hz, 1H), 2.33 = 2.25 (m, 1H), 2.23 (s, 3H), 1.72 — 1.64 (m, 2H), 1.57 — 1.40 (m,
2H), 1.40 — 1.28 (m, 1H).

13CNMR (126 MHz, CDCl;) 6 146.2, 136.3,130.1, 126.4, 125.9, 125.6, 49.6, 44.0, 42.0, 36.1, 31.3, 28.6,
20.5.

IR (thin film, cm™) 2965, 2956, 2870, 1454, 1265, 1204, 1172, 1140, 1135, 833.

HRMS (DART) [M+NH4] calculated 312.03749 m/z (found 330.07130 m/z for Cy4H45l).

5,

Compound 2n
1-((1R,2R,3R,4S)-3-iodobicyclo[2.2.1]heptan-2-yl)naphthalene (2n)

Prepared according to according to GP1A using 1-iodonapthalene on a 1 mmol scale. The product was
isolated as a clear oil via column chromatography, eluting with 95:5 pentane:DCM (109 mg, 0.31
mmol, 31% yield).

H NMR (500 MHz, CDCl5) 6 7.91 (ddq, J = 8.3, 1.2, 0.7 Hz, 1H), 7.87 — 7.81 (m, 1H), 7.75 (dt, J= 7.7, 1.2
Hz, 1H), 7.55 — 7.38 (m, 4H), 4.85 (ddd, J = 7.8, 2.2, 0.7 Hz, 1H), 3.51 (d, J = 7.8 Hz, 1H), 2.92 (s, 1H),
2.83 (d, J = 3.7 Hz, 1H), 2.50 — 2.36 (m, 1H), 1.82 — 1.73 (m, 2H), 1.62 — 1.56 (m, 2H), 1.50 — 1.42 (m,
1H).

13C NMR (126 MHz, CDCls) 6 143.7,133.6, 132.2, 128.9, 127.0, 125.9, 125.4, 125.1, 123.7, 123.2, 49.9,
48.8,44.1,42.2,36.1, 31.4, 28.6.

IR(thin film, cm™) 2955, 2919, 2851, 1465, 1259, 1205, 1173, 1090, 1018, 859, 773.

HRMS (DART) [M+H] calculated 348.03749 m/z (found 349.04467 m/z for C;7H45l).



TIPS

Compound 2q
(((1S,2S,4S,7R)-2-iodobicyclo[2.2.1]heptan-7-yl)ethynyl)triisopropylsilane (2q)

Prepared according to according to GP1C on a 1 mmol scale. The product was isolated as a clear oil
via column chromatography, eluting with 100% pentane (187 mg, 0.47 mmol, 47% yield).

1H NMR (500 MHz, CDCl5) & 3.84 (ddd, J = 8.1, 5.4, 1.3 Hz, 1H), 2.73 - 2.69 (m, 1H), 2.65 (dddd, J = 13.7,
5.5,4.2, 2.7 Hz, 1H), 2.60 (p, J = 1.5 Hz, 1H), 2.35 — 2.29 (m, 1H), 2.13 (ddd, J = 13.7, 8.1, 1.5 Hz, 1H),
1.60 (ddddd, J = 12.0, 7.6, 6.1, 4.5, 3.2 Hz, 1H), 1.55— 1.45 (m, 1H), 1.31 - 1.24 (m, 1H), 1.20 - 1.12 (m,
1H), 1.12 — 1.05 (m, 21H).

13C NMR (126 MHz, CDCl;) 6 107.0, 86.0, 50.7, 44.6, 43.9, 40.7, 31.2, 26.6, 21.7, 18.8, 18.8, 11.3.
IR (thin film, cm™) 2940, 2896, 2172, 1462, 1365, 1343, 1223, 1073, 995, 882.

HRMS (DART) [M+H] calculated 402.12397 m/z (found 403.13148 m/z for C;5H3;1Si).

Products:

|
(15,2S5,3R,4R)-2-iodo-3-phenylbicyclo[2.2.1]heptane (3a)

Prepared according to GP2A on a 0.1 mmol scale. The product was isolated as a white solid via column
chromatography, eluting with 100% pentane (average yield over 3 runs: 24.7 mg, 0.083 mmol, 83%
yield).

1H NMR (500 MHz, CDCl5) § 7.34 — 7.28 (m, 4H), 7.25—7.21 (m, 1H), 4.17 (ddd, J = 5.9, 3.7, 2.3 Hz, 1H),
2.95 (dd, J = 6.0, 2.1 Hz, 1H), 2.63 — 2.49 (m, 1H), 2.39 — 2.29 (m, 1H), 2.00 — 1.90 (m, 1H), 1.82 (dddd,
J=10.4, 4.0, 2.4, 1.5 Hz, 1H), 1.75 — 1.61 (m, 2H), 1.45 (dddd, J = 12.3, 9.6, 4.0, 2.9 Hz, 1H), 1.39 (dq, J
=10.4, 1.8 Hz, 1H).

13C NMR (126 MHz, CDCl) 6 143.9, 128.6, 126.4, 126.4, 59.4, 45.6, 42.4, 41.4, 35.0, 30.7, 27.4.
IR (thin film, cm™) 2957, 2917, 1741, 1601, 1497, 1471, 1452, 1296, 1206, 1165, 1024.
HRMS (DART) [M+NH4] calculated 298.02184 m/z (found 316.05562 m/z for C;3H;sl).

MP 30-33 °C.



HN

I
5-((1R,2S,3R,4S5)-3-iodobicyclo[2.2.1]heptan-2-yl)-1H-indole (3b)

Prepared according to GP2A on a 0.1 mmol scale. The product was isolated as a brown solid via column
chromatography, eluting with 100% pentane: 95:5 pentane:EtOAc (28.8mg, 0.085 mmol, 85% yield).

1H NMR (500 MHz, CDCl;) & 8.07 (s, 1H), 7.58 (dq, / = 1.6, 0.8 Hz, 1H), 7.33 (dt, J = 8.4, 0.9 Hz, 1H), 7.25
—7.16 (m, 2H), 6.54 (ddd, J = 3.1, 2.0, 1.0 Hz, 1H), 4.27 (ddd, J = 5.9, 3.6, 2.3 Hz, 1H), 3.07 (dd, /= 6.1,
2.1 Hz, 1H), 2.56 (dp, J = 4.3, 1.4 Hz, 1H), 2.46 — 2.34 (m, 1H), 2.03 — 1.91 (m, 2H), 1.80 — 1.59 (m, 2H),
1.59 — 1.45 (m, 1H), 1.42 (dq, J = 10.3, 1.8 Hz, 1H).

13C NMR (126 MHz, CDCl5) § 135.5, 134.6, 128.0, 124.6, 121.4, 117.7, 111.2, 102.6, 59.7, 45.7, 43.2,
42.8,35.1, 30.8, 27.5.

IR (thin film, cm™) 3416, 2955, 2919, 2848, 1467, 1299, 1169, 1191, 1063, 969 .
HRMS (DART) [M+H] calculated 337.03274 m/z (found 338.04028 m/z for CysH6IN).

MP 115-118 °C.

Me

|
(15,2S,3R,4R)-2-iodo-3-(p-tolyl)bicyclo[2.2.1]heptane (3c)

Prepared according to GP2A on a 0.1 mmol scale. The product was isolated as a yellow solid via column
chromatography, eluting with 100% pentane (23.1, 0.074 mmol, 74% yield).

1H NMR (500 MHz, CDCls) 6 7.25 —7.19 (m, 2H), 7.16 — 7.09 (m, 2H), 4.17 (ddd, J = 5.9, 3.6, 2.3 Hz, 1H),
2.92 (dd, J = 6.1, 2.0 Hz, 1H), 2.53 (ddt, J = 5.7, 2.7, 1.4 Hz, 1H), 2.38 — 2.29 (m, 3H), 1.96 (dddd, J =
12.2, 8.6, 4.5, 2.3 Hz, 1H), 1.82 (dtt, J = 10.3, 2.5, 1.6 Hz, 1H), 1.77 = 1.59 (m, 2H), 1.51 — 1.31 (m, 3H).

13CNMR (126 MHz, CDCl;) 6 140.9, 136.0, 129.3, 126.3, 59.2, 45.6, 42.5 (d, J = 2.3 Hz), 41.8, 35.0, 30.7,
27.4,21.0.

IR (thin film, cm™) 2957, 2809, 1514, 1456, 1346, 1380, 1189, 1145, 1167, 852.
HRMS (DART) [M+H] calculated 312.03749 m/z (found 313.04559 m/z for Cy4H451).

MP 62-66 °C.



MeO

I
(15,2S,3R,4R)-2-iodo-3-(4-methoxyphenyl)bicyclo[2.2.1]heptane (3d)

Prepared according to GP2A on a 0.1 mmol scale. The product was isolated as a yellow oil via column
chromatography, eluting with a gradient of 100% pentane to 95:5 pentane:EtOAc (28.8 mg, 0.088
mmol, 88% vyield).

H NMR (500 MHz, CDCl5) § 7.29 — 7.18 (m, 2H), 6.90 — 6.80 (m, 2H), 4.13 (ddd, J = 5.9, 3.6, 2.2 Hz, 1H),
3.79 (s, 3H), 2.89 (dd, J = 6.1, 2.1 Hz, 1H), 2.56 — 2.48 (m, 1H), 2.35—2.26 (m, 1H), 1.93 (dddd, J = 12.2,
8.6, 4.5, 2.3 Hz, 1H), 1.80 (dddd, J = 10.3, 4.0, 2.4, 1.5 Hz, 1H), 1.76 — 1.55 (m, 2H), 1.49 — 1.40 (m, 1H),
1.39 - 1.27 (m, 1H).

13C NMR (126 MHz, CDCl;) 6 158.2, 136.1, 127.4, 114.0, 58.8, 55.3, 45.6, 42.5, 42.1, 34.9, 30.7, 27.3.
IR (thin film, cm™) 2960, 2917, 2875, 2851, 1742, 1488, 1457, 1249, 1196, 1082.

HRMS (DART) [M+H] calculated 328.03241 m/z (found 329.04041 m/z for Cy4H;,0l).

|
(1R,2R,35,4S)-2-(3-fluorophenyl)-3-iodobicyclo[2.2.1]heptane (3e)

Prepared according to GP2A on a 0.1 mmol scale. The product was isolated as a yellow oil via column
chromatography eluting with 100% pentane (27.7 mg, 0.088 mmol, 88% vyield).

1H NMR (500 MHz, CDCl5) § 7.31—7.23 (m, 1H), 7.11 (ddt, J = 7.7, 1.7, 0.8 Hz, 1H), 7.06 — 6.97 (m, 1H),
6.92 (tdd, J = 8.4, 2.6, 1.0 Hz, 1H), 4.12 (ddd, J = 5.9, 3.6, 2.2 Hz, 1H), 2.93 (dd, J = 6.0, 2.1 Hz, 1H), 2.60
—2.50 (m, 1H), 2.39—2.30 (m, 1H), 1.95 (dddd, J = 11.9, 8.4, 4.4, 2.3 Hz, 1H), 1.84 — 1.58 (m, 3H), 1.53
—1.37 (m, 2H).

13C NMR (126 MHz, CDCl5) 6 164.0, 162.0, 146.4, 130.1 (d, J = 8.5 Hz), 122.2 (d, J = 2.8 Hz), 113.3 (dd,
J=21.2,2.5Hz),59.2 (d, ) = 1.7 Hz), 45.6, 42.3, 40.6, 35.0, 30.6, 27.3.

19F NMR (377 MHz, CDCl3-insert) 6 -112.83.
IR (thin film, cm™) 2952, 2866, 1601, 1508, 1454, 1246, 1169, 905, 822, 960.

HRMS (DART) [M+NH,] calculated 316.01242 m/z (found 334.04670 m/z for Cy3H14FI).



NC

|
3-((1R,2R,35,4S5)-3-iodobicyclo[2.2.1]heptan-2-yl)benzonitrile (3f)

Prepared according to GP2A on a 0.1 mmol scale. The product was isolated as a yellow oil via column
chromatography eluting with a gradient of 100% pentane to 95:5 pentane:EtOAc (31.3 mg,
0.095 mmol, 95% yield).

1H NMR (500 MHz, CDCls) & 7.63 — 7.55 (m, 2H), 7.53 (dt, J = 7.7, 1.4 Hz, 1H), 7.41 (td, J = 7.7, 0.7 Hz,
1H), 4.05 (ddd, J = 5.9, 3.6, 2.2 Hz, 1H), 2.94 (dd, J = 6.1, 2.0 Hz, 1H), 2.55 (tq, J = 4.6, 1.3 Hz, 1H), 2.34
(dt, J = 3.3, 1.6 Hz, 1H), 1.94 (dddd, J = 11.8, 8.2, 4.3, 2.3 Hz, 1H), 1.82 — 1.60 (m, 3H), 1.53 — 1.37 (m,
2H).

13C NMR (126 MHz, CDCl;) 6 145.2, 131.2, 130.2, 129.8, 129.5, 118.9, 112.7, 59.0, 45.6, 42.1, 39.8,
35.1, 30.6, 27.1.

IR (thin film, cm) 2960, 2875, 2226, 1481, 1297, 1189, 1165, 1144, 932, 914, 781.

HRMS (DART) [M+NH4] calculated 323.01709 m/z (found 341.05124 m/z for Cy4H14IN).

O,N

I
(15,2S,3R,4R)-2-iodo-3-(4-nitrophenyl)bicyclo[2.2.1]heptane (3g)

Prepared according to GP2A on a 0.1 mmol scale. The product was isolated as a yellow oil via column
chromatography, eluting with a gradient of 100% pentane to 95:5 pentane:EtOAc (32.6 mg, 0.076
mmol, 76% yield).

1H NMR (500 MHz, CDCl;) & 8.42 — 7.92 (m, 2H), 7.48 (dd, J = 8.9, 0.7 Hz, 2H), 4.08 (ddd, J = 5.9, 3.6,
2.2 Hz, 1H), 3.01 (dd, J = 6.3, 2.0 Hz, 1H), 2.63 — 2.53 (m, 1H), 2.38 (dt, J = 3.2, 1.6 Hz, 1H), 1.95 (dddd,
J=11.7,8.1,4.3,2.3 Hz, 1H), 1.82 — 1.63 (m, 3H), 1.53 — 1.41 (m, 2H).

13C NMR (126 MHz, CDCl5) § 151.3, 127.2, 123.9, 123.2, 59.4, 45.6, 42.2, 39.4, 35.2, 30.6, 27.1.
IR (thin film, cm™) 2961, 2923, 2869, 1592, 1515, 1344, 1315, 1301, 1166, 1111, 955.

HRMS (DART) [M+H] calculated 343.00692 m/z (found 344.01494 m/z for C;3H14INO,).



TBSO

I
tert-butyl(4-((1R,2R,3S,4S)-3-iodobicyclo[2.2.1]heptan-2-yl)phenoxy)dimethylisilane (3h)

Prepared according to GP2A on a 0.05 mmol scale. The product was isolated as an orange solid via
column chromatography, eluting with a gradient of 100% pentane to 95:5 pentane:EtOAc (13.1 mg,
0.031 mmol, 61% yield, 11:1 ratio).

1H NMR (500 MHz, CDCl5) § 7.20 = 7.11 (m, 2H), 6.81 — 6.72 (m, 2H), 4.13 (ddd, /= 5.9, 3.5, 2.3 Hz, 1H),
2.88 (dd, J = 6.0, 2.1 Hz, 1H), 2.54 — 2.48 (m, 1H), 2.31—2.27 (m, 1H), 1.93 (dddd, J = 12.1, 8.6, 4.5, 2.3
Hz, 1H), 1.79 (dddd, J = 10.4, 4.0, 2.4, 1.6 Hz, 1H), 1.75— 1.57 (m, 2H), 1.46 — 1.33 (m, 2H), 0.98 (s, 9H),
0.19 (s, 6H).

13C NMR (126 MHz, CDCls) & 154.1, 136.6, 127.3, 120.0, 58.8, 45.6, 42.4, 42.3, 34.9, 30.6, 27.4, 25.7,
18.2, -4.4.

IR (thin film, cm™) 2955, 2857, 1504, 1245, 1169, 1094, 1013, 903, 840, 797.
HRMS (DART) [M+H] calculated 428.10324m/z (found 429.11027 m/z for C;9H,5l0Si).

MP 48-51 °C.

HO

I
4-((1R,2R,35,4S)-3-iodobicyclo[2.2.1]heptan-2-yl)phenol (3i)

Prepared according to GP2A on a 0.05 mmol scale. The product was isolated as a yellow solid via
column chromatography, eluting with a gradient of 100% pentane to 80:20 pentane:EtOAc (8.1 mg,
0.026 mmol, 52% yield).

1H NMR (500 MHz, CDCls) 6 7.23 —7.13 (m, 2H), 6.82 — 6.71 (m, 2H), 4.11 (ddd, J = 5.9, 3.6, 2.3 Hz, 1H),
2.87 (dd, J = 6.0, 2.1 Hz, 1H), 2.56 — 2.45 (m, 1H), 2.31 - 2.26 (m, 1H), 1.93 (dddd, J = 12.1, 8.6, 4.5, 2.3
Hz, 1H), 1.79 (dddd, J = 10.3, 4.0, 2.4, 1.5 Hz, 1H), 1.74 — 1.59 (m, 2H), 1.47 — 1.33 (m, 2H).

13C NMR (126 MHz, CDCl;) 6 154.0, 136.3, 127.6, 115.4, 58.8, 45.6, 42.4, 42.1, 35.0, 30.7, 27.3.
IR (thin film, cm™) 3210 (br), 2954, 2921, 2869, 1601, 1509, 1452, 1233, 1175, 1164, 1104.
HRMS (DART) [M+NH4] calculated 314.01476 m/z (found 315.02600 m/z for C;3H;510).

MP 101-103 °C.



Cl

I
(1R,2R,35,4S)-2-(4-chlorophenyl)-3-iodobicyclo[2.2.1]heptane (3])

Prepared according to GP2A on a 0.1 mmol scale. The product was isolated as a yellow oil via column
chromatography, eluting with 100% pentane (30.1 mg, 0.091 mmol, 91% yield).

'H NMR (500 MHz, CDCl;3) 6 7.32 — 7.20 (m, 4H), 4.08 (ddd, J = 5.9, 3.6, 2.2 Hz, 1H), 2.90 (dd, J = 6.0,
2.1 Hz, 1H), 2.52 (tt, /= 3.3, 1.3 Hz, 1H), 2.36 — 2.28 (m, 1H), 1.94 (dddd, J = 12.1, 8.5, 4.4, 2.3 Hz, 1H),
1.81-1.58 (m, 3H), 1.50 - 1.36 (m, 2H).

13C NMR (126 MHz, CDCl5) 6 142.3, 132.2, 128.7, 127.8, 58.9, 45.6, 42.3, 40.9, 35.0, 30.6, 27.2.
IR (thin film, cm) 2963, 2875, 1497, 1185, 1155, 1082, 1094, 1010, 816, 729.

HRMS (DART) [M+NH4] calculated 331.98287 m/z (found 350.01647 m/z for C;5H14ICl).

Br

|
(1R,2R,35,4S)-2-(4-bromophenyl)-3-iodobicyclo[2.2.1]heptane (3k)

Prepared according to GP2A on a 0.1 mmol scale. The product was isolated as a yellow oil via column
chromatography, eluting with 100% pentane (21.1 mg, 0.052 mmol, 52% yield).

1H NMR (500 MHz, CDCls) 6 7.47 — 7.39 (m, 2H), 7.24 — 7.14 (m, 2H), 4.08 (ddd, J = 5.9, 3.6, 2.2 Hz, 1H),
2.88 (dd, J = 6.1, 2.0 Hz, 1H), 2.55 — 2.49 (m, 1H), 2.32 = 2.27 (m, 1H), 1.93 (dddd, J = 12.1, 8.5, 4.5, 2.3
Hz, 1H), 1.81 — 1.57 (m, 3H), 1.44 — 1.36 (m, 2H).

13C NMR (126 MHz, CDCl) § 142.8, 131.7, 128.1, 120.3, 59.0, 45.6, 42.2, 40.8, 35.0, 30.6, 27.2.
IR (thin film, cm) 2954, 2872, 1488, 1452, 1297, 1184, 1164, 1073, 1008, 910, 759.

HRMS (DART) [M+NH4] calculated 375.93236 m/z (found 393.96557 m/z for C,3H14IBr).



I
(15,2S,3R,4R)-2-iodo-3-(4-iodophenyl)bicyclo[2.2.1]heptane (3I)

Prepared according to GP2A on a 0.05 mmol scale. The product was isolated as a clear oil via column
chromatography, eluting with 100% pentane (7.1 mg, 0.017 mmol, 34% yield).

H NMR (500 MHz, CDCl3) 6 7.65 — 7.55 (m, 2H), 7.12 — 7.03 (m, 2H), 4.11 — 4.05 (m, 1H), 2.86 (dd, J =
6.0, 2.0 Hz, 1H), 2.55 — 2.49 (m, 1H), 2.36 — 2.20 (m, 1H), 1.93 (dddd, J = 12.0, 8.4, 4.4, 2.3 Hz, 1H), 1.82
—1.58 (m, 3H), 1.54 — 1.30 (m, 2H).

13C NMR (126 MHz, CDCl5) & 143.5, 137.7, 128.5, 91.7, 59.0, 45.6, 42.2, 40.7, 35.0, 30.6, 27.2.
IR (thin film, cm™) 2953, 2920, 2850, 1484, 1452, 1164, 1064, 1004, 807, 738.
HRMS (DART) [M+NH4] calculated 423.91849 m/z (found 441.95158 m/z for Cy5H14l,).

MP 55-59 °C.

Me

|
(15,2S,3R,4R)-2-iodo-3-(o-tolyl)bicyclo[2.2.1]heptane (3m)

Prepared according to GP2A on a 0.1 mmol scale. The product was isolated as a yellow oil via column
chromatography, eluting with 100% pentane (18.4 mg, 0.059 mmol, 59% yield, 6.5:1 ratio).

1H NMR (500 MHz, CDCl3) & 7.24 — 6.98 (m, 4H), 4.53 (ddd, J = 6.1, 3.6, 2.3 Hz, 1H), 3.09 (dd, / = 6.3,
2.0 Hz, 1H), 2.58 (ddt, J = 4.7, 3.0, 1.5 Hz, 1H), 2.40 (d, J = 0.7 Hz, 3H), 2.03 - 1.93 (m, 2H), 1.85 (dddd,
J=10.5,4.0, 2.4, 1.6 Hz, 1H), 1.74 (dddt, J = 16.9, 10.8, 4.3, 2.3 Hz, 1H), 1.62 (tddd, J = 12.1, 5.0, 4.0,
0.7 Hz, 1H), 1.52 (dddt, J = 11.9, 9.2, 4.0, 2.4 Hz, 1H), 1.34 — 1.23 (m, 1H).

13C NMR (126 MHz, CDCl5) & 141.6, 136.4, 130.5, 126.3, 126.1, 124.3, 55.9, 45.4, 44.7, 38.3,34.4,31.2,
27.4, 20.6.

IR (thin film, cm™) 2951, 2868, 1602, 1507, 1470, 1243, 1169, 1098, 886, 719.

HRMS (DART) [M+NH4] calculated 312.03749 m/z (found 330.07051 m/z for Cy4H451).



<08

1-((1R,2R,3S,4S)-3-iodobicyclo[2.2.1]heptan-2-yl)naphthalene

Prepared according to GP2A on a 0.05 mmol scale. The product was isolated as a clear oil via column
chromatography, eluting with 100% pentane (11.1 mg, 0.032 mmol, 64% yield, 10:1 ratio).

H NMR (500 MHz, CDCl5) 6 8.09 (ddq, J = 8.5, 1.4, 0.7 Hz, 1H), 7.89 — 7.83 (m, 1H), 7.75 (dt, J= 8.2, 1.1
Hz, 1H), 7.71 — 7.40 (m, 3H), 7.36 (dt, J = 7.2, 1.0 Hz, 1H), 4.74 (ddd, J = 6.0, 3.7, 2.2 Hz, 1H), 3.65 (dd,
J=6.2, 1.9 Hz, 1H), 2.65 (td, J = 4.0, 1.3 Hz, 1H), 2.20 (dq, J = 3.2, 1.5 Hz, 1H), 2.14 — 2.05 (m, 1H), 1.87
—1.65 (m, 4H), 1.32 (dq, J = 10.4, 1.8 Hz, 1H).

13C NMR (126 MHz, CDCl;) 6 138.7,134.1, 132.0, 128.8, 127.2, 126.0, 125.6, 125.2,124.2, 121.4, 55.5,
45.6, 45.0, 36.8, 34.4, 30.8, 27.7.

IR (thin film, cm™) 2951, 2871, 1508, 1470, 1243, 1169, 822, 885, 860, 774.

HRMS (DART) [M+H] calculated 348.03749 m/z (found 349.04578 m/z for C;7H451).

==

|
(15,2S5,3R,4R)-2-iodo-3-(phenylethynyl)bicyclo[2.2.1]heptane (30)

Prepared according to GP2A on a 0.1 mmol scale. The product was isolated as a clear oil via column
chromatography, eluting with 100% pentane (18.3 mg, 0.057 mmol, 57% yield, 3.5:1 ratio).

1H NMR (500 MHz, CDCls) 6 7.43 — 7.34 (m, 2H), 7.34 — 7.23 (m, 3H), 4.23 (ddd, J = 5.0, 3.8, 2.1 Hz, 1H),
2.68 (dd, J = 5.1, 2.3 Hz, 1H), 2.48 (ddt, J = 4.0, 2.9, 1.2 Hz, 1H), 2.34 — 2.29 (m, 1H), 1.91 — 1.82 (m,
2H), 1.71 - 1.52 (m, 2H), 1.42 — 1.33 (m, 2H).

13C NMR (126 MHz, CDCl3) 6 131.5, 128.2, 127.8, 123.5, 91.1, 82.8, 47.5, 44.9, 44.4, 37.6, 34.8, 28.7,
27.7.

IR (thin film, cm™) 2965, 2923, 2874, 1595, 1451, 1439, 1333, 1277, 1227, 920.

HRMS (DART) [M+NH4] calculated 322.02184 m/z (found 323.02939 m/z for Ci5Hsl).



S

|
(1S,2R,4S,7R)-2-iodo-7-(phenylethynyl)bicyclo[2.2.1]heptane (3p)

Prepared according to GP2A on a 0.1 mmol scale. The product was isolated as a clear oil via column
chromatography eluting with 100% pentane (15.1 mg, 0.047 mmol, 47% yield, 2:1 ratio).

1H NMR (500 MHz, CDCl3) & 7.42 — 7.34 (m, 2H), 7.33 — 7.23 (m, 3H), 4.82 — 4.74 (m, 1H), 2.73 (dddd,
J=13.8,11.0,4.5, 3.1 Hz, 1H), 2.65 (q, J = 1.8 Hz, 1H), 2.55 — 2.50 (m, 1H), 2.24 (td, J = 4.4, 1.6 Hz, 1H),
2.06 — 1.95 (m, 1H), 1.80 — 1.60 (m, 3H), 1.38 (ddd, J = 12.1, 9.4, 4.3 Hz, 1H).

13C NMR (126 MHz, CDCl5) 6 131.5, 128.3, 127.9, 123.4, 88.7, 83.2, 49.8, 42.9, 41.6, 39.1, 30.0, 29.2,
28.6.

IR (thin film, cm™) 2962, 2871, 1597, 1488, 1442, 1344, 1215, 1158, 906, 774.

HRMS (DART) [M+NH4] calculated 322.02184 m/z (found 323.02907 m/z for Ci5Hjsl).

TIPS

I
(((1S,2R,4S,7R)-2-iodobicyclo[2.2.1]heptan-7-yl)ethynyl)triisopropylsilane (3q)

Prepared according to GP2A on a 0.1 mmol scale. The product was isolated as a clear oil via column
chromatography eluting with 100% pentane (20.7 mg, 0.051 mmol, 51% yield, 1.5:1 ratio).

1H NMR (500 MHz, CDCl5) § 4.70 (dddd, J = 10.9, 4.6, 3.9, 2.3 Hz, 1H), 2.67 (dddd, J = 13.7, 10.9, 4.5,
3.1 Hz, 1H), 2.50 (q, J = 1.8 Hz, 1H), 2.46 — 2.41 (m, 1H), 2.15 (ddd, J = 4.5, 3.1, 1.4 Hz, 1H), 1.95 (ddd,
J=12.8,9.4,4.0 Hz, 1H), 1.74 — 1.51 (m, 3H), 1.33 (ddd, J = 12.2, 9.4, 4.3 Hz, 1H), 1.13 — 0.96 (m, 21H).

13C NMR (126 MHz, CDCl;) 6 107.37, 83.52, 49.75, 43.02, 41.72, 39.52, 29.89, 29.03, 28.70, 18.62,
11.22.

IR (thin film, cm) 2940, 2863, 2169, 1462, 1339, 1216, 1158, 1069, 994, 882.

HRMS (DART) [M+NH4] calculated 402.12397 m/z (found 403.13106 m/z for C;gH3;1Si).



Br
(15,2S5,3R,4R)-2-bromo-3-phenylbicyclo[2.2.1]heptane (5a)

Prepared according to GP2A on a 0.1 mmol scale. The product was isolated as a clear oil via column
chromatography eluting with 100% pentane (5.1 mg, 0.020 mmol, 20% vyield).

1H NMR (500 MHz, CDCl5) (500 MHz, CDCl3) 6 7.31 (d, J = 5.2 Hz, 4H), 7.24 — 7.21 (m, 1H), 4.20 (ddd, J
=5.6,3.8, 2.0 Hz, 1H), 2.84 (dd, J = 5.6, 2.4 Hz, 1H), 2.57 — 2.51 (m, 1H), 2.45 (d, J = 4.0 Hz, 1H), 2.13 —
1.91 (m, 1H), 1.78 (dddd, J = 10.4, 3.9, 2.4, 1.5 Hz, 1H), 1.75 — 1.56 (m, 2H), 1.50 — 1.41 (m, 2H).

13C NMR (126 MHz, CDCl;) 6 143.8, 128.6, 126.5, 126.4, 62.1,57.9, 44.6, 42.6, 36.1, 30.6, 23.7.
IR (thin film, cm™) 2992, 2854, 1495, 1452, 1374, 1299, 1256, 1234, 1152, 1069.

HRMS (DART) [M+NH4] calculated 250.03571 m/z (found 268.07041 m/z for Cy3H1sBr).

Ph

\\N
3-((15,25,35,4R)-3-phenylbicyclo[2.2.1]heptan-2-yl)propanenitrile (6a)!

Prepared according to GP2A on a 0.1 mmol scale. The product was isolated as a clear oil via column
chromatography eluting with a gradient of 100% pentane to 90:10 pentane:EtOAc (6.3 mg,
0.028 mmol, 28% yield).

1H NMR 'H NMR (500 MHz, CDCl3) § 7.30 — 7.23 (m, 2H), 7.22 — 7.12 (m, 3H), 2.96 — 2.90 (m, 1H), 2.47
(dd, J = 4.0, 1.6 Hz, 1H), 2.21 — 2.03 (m, 3H), 2.00 (dddd, J = 10.6, 9.0, 4.9, 1.6 Hz, 1H), 1.77 (dp, J =
10.2, 2.0 Hz, 1H), 1.75 — 1.66 (m, 1H), 1.61 (ddt, J = 12.1, 7.7, 4.1 Hz, 1H), 1.42 — 1.29 (m, 3H), 1.11
(dtd, J = 14.1, 7.8, 4.9 Hz, 1H), 0.98 (dddd, J = 14.0, 10.6, 7.3, 6.2 Hz, 1H).

13C NMR (126 MHz, CDCl5) 6 142.3, 128.5 (d, J = 7.4 Hz), 128.2, 125.9, 119.9, 51.5, 47.7, 42.4, 39.8,
35.3,30.9, 29.0, 27.4, 16.4.

IR (thin film, cm™) 2953, 2871, 2244, 1741, 1600, 1492, 1453, 1259, 1075, 1031.

HRMS (DART) [M+NH4] calculated 225.15175 m/z (found 226.15828 m/z for C;gHgN).



Stoichiometric Pd-Complex Experiments

| Ph3P\ |
Pd(PPhg), (1.0 eq.) Pd” Ab (6.0 eq.)
Benzene, 3 h, R /©/ PPh, I—Pd
/

THF, 50 °C, 3h PPh,

O.A complex Complex-I

Procedure to Synthesize Complex-1*°l: Pd(PPhs), (1.0 eq.) was added to an oven-dried, argon
backfilled 2-dram amber vial, equipped with a stir bar, followed by anhydrous, degassed benzene (0.01
M). 1-iodo-4-methylbenzene (1.0 eq.) was added, a septum screw cap was used to seal the vial and
the reaction was stirred for 3 h at room temperature. The resulting mixtured was filtered through a
vacuum frit and washed with hexane (3x). The resulting white powder was dried and subjected to the
next step.

The O.A complex, norbornene (6.0 eq.) and anhydrous degassed THF (0.01M) were added to an oven-
dried, argon backfilled 2-dram amber vial, equipped with a stir bar. A septum screw cap was used to
seal the vial and the reaction was stirred for 3 h at 50 "C. During the reaction a colour change to
orange was observed. The solvent was removed in vacuo and the residue was sonicated and washed
3 times with diethyl ether and 3 times with hexane to yield the desired Complex-I as yellow powder.
The complex was crystalized in a 2 chamber diffusion of DCM:MeOH.

I—P/d
PPh;
Complex-I
1H NMR (500 MHz, CDCl3) 6 7.87 (d, J = 7.7 Hz, 1H), 7.78 — 7.56 (m, 7H), 7.54 — 7.29 (m, 11H), 3.26 (d,

J=7.7 Hz, 1H), 2.70 (dt, J = 10.0, 1.9 Hz, 1H), 2.50 (d, J = 8.6 Hz, 3H), 1.75 — 1.69 (m, 1H), 1.49 — 1.38
(m, 2H), 1.34 — 1.23 (m, 3H), 0.97 (th, J = 9.1, 4.5 Hz, 2H).s

13C NMR (126 MHz, CDCl5) § 143.2, 135.0 (d, J = 11.6 Hz), 132.0, 131.9, 131.6, 130.5 (d, J = 2.5 Hz),
128.1 (d, J = 10.9 Hz), 99.3,99.2, 54.0 (d, J = 2.8 Hz), 43.6 (d, J = 3.9 Hz), 42.3 (d, J = 15.7 Hz), 40.7, 37.8,
31.6,30.0 (d, J = 10.9 Hz), 27.9, 25.3, 22.6, 21.7, 14.1.

31p NMR (121 MHz, CDCl) & 38.3.

HRMS (ESI+) [M - 1]+ calculated 942.12325 m/z (found 549.1277 m/z for C3,H3,IPPd).
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250 150 100 50 0
1 (ppm)
Target Ion Species
Jon Spacies myir JTonic,
(M) + 549, 1277 €32 W32 P pd
MFG Calculator Results
Target m/z Tonic Formuls Cale myz +/- (mDa)  +/-(ppm) MFG Score
549.1277 CI2 W32 P oPd 545,1292 1.5 1.7 99,24
549.1277 €22 W31 WA 06 Pd 549.1294 -1.7 -3.1 96.41
549.1277 €21 W35 010 Pd 549.1281 -0.4 0.7 83.71
549.1277 €23 HET W8 02 Pd 549.1308 3.1 5.6 93.01
549.1277 €25 W37 03 P2 Pd 549.1269 0.8 1.5 o0. 82
549.1277 €20 H3G N2 07 P Pd 549.1311 -3.4 -6.2 &7.02
549.1277 CET W32 N2 02 P Pd 549.1252 2.5 4.6 T4 65
549.1277 €Z1 W32 W6 03 P pd 549.1324 -4.7 8.6 79.50
549.1277 CZ1 W33 W6 0 P2 Pd 549.1242 3.5 6. 67.04
10 5 |C32 M3 P Pz +ESI Scon (0.2-1.0 min, 10 Scans) Frag=178.0V 22 1108_2354.d Subbract
@ ] 4
3 - o
25 2 S
2
o o 5
e B L
. B B i 1 B,
o8 E_ 8 g 5_B
5 = ™ & 2
. i B L B £
848 Sae 550 851 Loy 542 554 s55 S50 a57 A58 S50 560 &6 a6z 563
Counts va. Mass-bo-Cherge (miz)
Predicted Isotope Match Tablhe
Isotope i Cale myz Diff (mDa) Abund (%) Cale Abund (%) +-
1 5491277 549,1292 1.5 2.4 2.8 0.4
z 550.1309 550.1326 1.7 0.9 1.0 0.1
3 551.1267 551.1277 1.0 29.9 3L.3 1.4
4 552.1285 552.1290 -0.5 .9 3.3 0.4
5 553.1284 553.1283 0.1 100.0 100.0 0.0
3 554.1302 554.1311 0.8 28.9 3.6 1.7
T 555.1276 555.1279 -0.3 T6.4 .9 2.5
& 556.1300 556.1310 -1.0 5.2 6.4 1.2
9 557.1287 557.1294 0.7 35.0 7.2 2.2
10 558.1312 558.1324 1.2 10.9 1.9 1.0
1 558.1346 559.1356 1.0 1.7 2.0 0.3




PhsP
Br \ Br
Pd(PPh3), (1.0 eq.) Pd % (6.0 eq.)
Toluene, 16 h, 80 °C /@ PPh, Br—pd
/
R

THF, 50 "C, 3h PPhs
O.A complex Complex-lll

Procedure to Synthesize Complex-llI®l: Pd(PPhs), (1.0 eq.) was added to an oven-dried, argon
backfilled 2-dram amber vial, equipped with a stir bar, followed by anhydrous degassed toluene (0.01
M). Bromobenzene (1.0 eq.) was added, a septum screw cap was used to seal the vial and the reaction
was stirred at 80 °C for 16 h. Afterwards the solvent was removed in vacuo and the crude product
washed with hexanes 3 times. The resulting white powder was dried and subjected to the next step.

To an oven-dried, argon backfilled 2-dram amber vial, equipped with a stir bar, was added the
respective O.A complex, norbornene (6.0 eq.) and anhydrous degassed THF (0.01M). A septum screw
cap was used to seal the vial and the reaction was stirred for 3 h at 50 °C. During the reaction a colour
change to orange was observed. The solvent was removed in vacuo and the residue was sonicated
and washed 3 times with diethyl ether and 3 times with hexane to yield the desired Complex-Ill as
yellow powder.

Br— P/d
PPhy
Complex-Ill

1H NMR (300 MHz, CDCl3) 6 7.99 — 7.75 (m, 5H), 7.75 — 7.61 (m, 10H), 7.47 — 7.33 (m, 5H), 3.82 — 3.71
(m, 1H), 3.31 (d, J = 7.6 Hz, 1H), 2.72 (d, J = 10.3 Hz, 1H), 2.54 (d, J = 4.3 Hz, 1H), 1.91 — 1.80 (m, 1H),
1.65 (s, 2H), 1.31 (t, J = 9.8 Hz, 3H), 0.99 (d, J = 8.7 Hz, 1H).

13C NMR (126 MHz, CDCl5) (126 MHz, CDCls) 6 135.7, 134.9, 134.8, 134.6, 134.5, 132.0, 131.5, 131.1,
130.9, 130.8, 130.5, 130.5, 128.3, 128.2, 58.4, 54.4, 43.3, 40.6, 38.2, 29.8, 29.7, 28.0, 25.2.

31p NMR (162 MHz, CDCl;) & 37.04, 23.04. (23.04 is unreacted starting material).

HRMS (ESI+) [M +H]+ calculated 633.05381 m/z (found 630.063209 m/z for C3;H;,BrPPd).
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C32H33B8rPPd (630.063209)

Normalized Abund ance %
=
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Product Formation via Complex-I:

B)

) § %
% + Toluene \%b Toluene + i

| 100°C, 16 h PPhg B 16LhED |
4c: > 5% yield 3c: > 5% yield No LEDs Complex-I ue S 3c: 40% yield
1.1 eq. PPh3: 3c: 38% vyield
1.1 eq. DPPPent: 3c: 18% yield
2.0 eq. K,CO3: 3c: 37% yield
1 h instead of 16 h: 3c: 29% yield

4c: 7% yield

4c: 25% yield
4c: > 5% yield
4c: 22% yield

4c: 8% yield

Procedure: Complex-I (1 eq., 0.01 mmol), the respective ligand (0 or 1.1 eq.) and K,CO; (0 or 2 eq.)
were added to an oven-dried, argon backfilled 2-dram vial, equipped with a stir bar. The reaction vial
was purged with argon for 5 minutes. Anhydrous and degassed toluene (1 mL) was added, a teflon
tape and screw cap were used to seal the vial. The reaction mixture was either irradiated with Blue
LEDs (465 nm) and stirred under a cooling fan for 1 or 16 h (right), or heated at 100 °C for 16 h (left).
The crude reaction mixture was diluted with ethyl acetate, washed through a silica plug (3 cm) and
concentrated in vacuo. Yields were determined using 'H NMR with 1,3,5-trimethoxybenzene as

internal standard in a 3mm NMR tube (0.2 mL CDCls).



Catalytic Competence of Complex-I|

I—Pd
PPh,

Complex-Il |
K2CO3 (20 eq)
Toluene I
Blue LED, 24h

2a (0.1 mmol) 2a: 30% yield 3a: 40% yield

Procedure: Complex-11 (12.5 mol%), and K,CO; (2.0 eq.) were added to an oven-dried, argon backfilled
2-dram vial, equipped with a stir bar. The reaction vial was purged for 5 minutes. Anhydrous and
degassed toluene was used to dissolve substrate 2a (1.0 eq., 0.1 mmol) and were added (1 mL). Teflon
tape and a screw cap were used to seal the vial and the reaction was irradiated with Blue LEDs
(465 nm) and stirred under a cooling fan for 24 h. The crude reaction mixture was diluted with ethyl
acetate, washed through a silica plug (3 cm) and concentrated in vacuo. Yields were determined using
H NMR with 1,3,5-trimethoxybenzene as internal standard in a 3mm NMR tube (0.2 mL CDCls).

Product formation via Complex-lll:

% Toluene (0.1 M) %
Br—P/d Blue LED, 16 h . Br . /
Br

PPh,
Complex-lll
5b (0.01 mmol) 5a: 20% yield  5b: >5% yield 4c: 20% yield

Procedure: Complex-Ill (1.0 eq., 0.01 mmol) was added to an oven-dried, argon backfilled 2-dram vial,
equipped with a stir bar,. The reaction vial was purged with argon for 5 minutes, anhydrous and
degassed toluene (1 mL) was added and a teflon screw cap was used to seal the vial. The reaction
mixture was irradiated with Blue LEDs (465 nm) and stirred under a cooling fan for 16 h. The crude
reaction mixture was diluted with ethyl acetate, washed through a silica plug (3 cm) and concentrated
in vacuo. Yields were determined using 'H NMR with 1,3,5-trimethoxybenzene as internal standard in
a 3mm NMR tube (0.2 mL CDCls;).

The anti-relationship of the bromide and the phenyl group was determined via 1D-NOE experiments.

>

Hp
Br
Compound 5a
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On/Off Experiment:

100
90
80
70
60
50 —
40
30
20
10

0

% Yield (1H-NMR)

0 1 2 3 4 5 6
Time (hours)

—ll— Starting Material Consumption Product Formation

Procedure: Substrate 2a (1.0 eq., 0.1 mmol), Pd(OAc), (12.5 mol%) and DPPent (12.5 mol%) were
added to an oven-dried, argon backfilled J-young tube. The reaction vial was purged for 5 minutes and
d®-Toluene (1 mL) was added. A J-young tube screw cap was used to seal the vial and the reaction was
irradiated in intervals ( 1 h on, 1 h off) with Blue LEDs (465 nm). The reaction progress was monitored
for 6 h using *H NMR with 1,3,5-trimethoxybenzene as internal standard.



Radical Scavenger Experiment:

Tempo (1.1 eq.)

Pd(OAC)2 12.5 mol% Ph
Pizb DPPPent 12.5 mol%
| Toluene |

2a (0.1 mmol)  Blue LED, 24h 65% recovered

Procedure using TEMPO: Substrate 2a (1.0 eq., 0.1 mmol), Pd(OAc), (12.5 mol%), DPPent (12.5 mol%)
and TEMPO (1.1 eq.) were added to an oven-dried, argon backfilled 2-dram vial, equipped with a stir
bar. The reaction vial was purged with argon for 5 minutes, anhydrous and degassed toluene (1 mL)
was added and a teflon screw cap was used to seal the vial. The reaction mixture was irradiated with
Blue LEDs (465 nm) and stirred under a cooling fan for 24 h. The crude reaction mixture was diluted
with ethyl acetate, washed through a silica plug (3 cm) and concentrated in vacuo. Yields were
determined using *H NMR with 1,3,5-trimethoxybenzene as internal standard in a 3mm NMR tube (0.2
mL CDCly).

Ph ZCN (1.1 eq.)
TTMSS (1.0 eq.)
' AIBN (10 mol%)

2a (0.1 mmol) Toluene, 80 °C, 16 h

\\N
6a: 28% vyield, >20:1

Procedure using ArylonitrileB!: Substrate 2a (1.0 eq., 0.1 mmol), TTMSS (1.0 eq.), AIBN (10 mol%) and
acrylonitrile (1.1 eq.) were added to an oven-dried, argon backfilled 2-dram vial, equipped with a stir
bar. The reaction vial was purged for 5 minutes and teflon tape was placed around it. Anhydrous and
degassed toluene (1 mL) was added, a teflon screw cap was used to seal the vial and the reaction
stirred at 80 °C for 24 h. The crude reaction mixture was diluted with ethyl acetate, washed through a
silica plug (3 cm) and concentrated in vacuo. The product 6a was isolated via column chromatography.

The product anti-relationship between the phenyl group and the acrylonitrile was determined via
1D-NOE.

X
~N

Compound 6a
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Control Studies

Ph TBAI (1.2 eq.) Ar
|

Solvent, Temp
24 h
(0.05 mmol) |

Procedure: Substrate 2a (1.0 eq., 0.05 mmol), and TBAI (1.2 eq.) were added to an oven-dried, argon
backfilled 2-dram vial, equipped with a stir bar. The reaction vial was purged for 5 minutes and teflon
tape was placed around it. Anhydrous solvent (1 mL) was added, a teflon screw cap was used to seal
the vial and the reaction stirred at reflux for 24 h. The crude reaction mixture was diluted with ethyl
acetate, washed through a silica plug (3 cm) and concentrated in vacuo. The product 6a was isolated
via column chromatography.

The reaction was run separately with acetonitrile at 80°C , DMF at 100 °C and acetone at 55 °C. In

each case, there was no conversion to the anti-iodide product, ruling out the potential SN, pathway.

Ph Kl (1.2 eq.) Ar
I

Solvent, Temp
24 h
(0.05 mmol) |



Procedure: Substrate 2a (1.0 eq., 0.05 mmol), and Kl (1.2 eq.) were added to an oven-dried, argon
backfilled 2-dram vial, equipped with a stir bar. The reaction vial was purged for 5 minutes and teflon
tape was placed around it. Anhydrous solvent (1 mL) was added, a teflon screw cap was used to seal
the vial and the reaction stirred at reflux for 24 h. The crude reaction mixture was diluted with ethyl
acetate, washed through a silica plug (3 cm) and concentrated in vacuo. The product 6a was isolated
via column chromatography.

The reaction was run separately with toluene at 80°C , and DMF at 80 °C. In each case, there was no
conversion to the anti-iodide product, ruling out the potential SN, pathway.

Computational Details

Density functional theory (DFT) calculations were performed using the Gaussian16 package.”? All
geometry optimizations were performed at the wB97XD level of theory without any constraints at 298
K and 1 atm, using an ultrafine integration grid. The wB97XD functional contains a version of Grimme's
D2 dispersion model. The Berny algorithm was used for geometry optimizations.[®! The use of the
standard double-T basis set (LANL2DZ) and its effective core potentials (ECPs) were used for I.°] The 6-
311+g(d,p) Pople basis set was used for all other atoms (C, H).[19 All frequency calculations were
performed at the same level of theory for all intermediates to confirm minima (no imaginary
frequencies). Following geometry optimization, electronic energies of the optimized structures were
recalculated at the MO6L level of theory with the addition of Grimme’s D3 dispersion with the original
damping function.'"12 Dunning’s augmented correlation consistent quadruple-{ basis set aug-cc-
pVQZ was used for C and H atoms.[*3! The Stuttgart and Dresden basis set and its corresponding ECPs
were used for 1.1 Solvent effects were assessed using the SMD model developed by Truhlar using the
default parameters for toluene.!3 Solution-phase corrected zero-point energies, enthalpies, and
Gibbs free energies were obtained by adding the respective gas phase thermodynamic contributions
to the single-point energies. The solution phase Gibbs free energies were calculated using the

following equations.

Gsol = Ggas + Gsolv (1)
Ggas = Hgas - ngas (2)

Hgas = ESCF +ZPE (3)



Where G, represents the Gibbs free energy with solvation correction, G, from the gas phase Gibbs
free energy, Gg.s. Hq,s refers to the enthalpy of the species in the gas phase, T is temperature, and Sg,
is the entropy of the molecule in the gas phase. Es¢; refers to the self-consistent field electronic energy
and ZPE refers to the zero-point energy. Gibbs free energies are reported kcal mol. The Gibbs free
energies were converted to standard state by applying a correction of 1.89 kcal mol* to all species
according to (RT In (c/c,) at 298.15 K).[] Grimme’s quasi-harmonic approximation was used with a
frequency cutoff of 50 cm™ as recommended by Baik,!*”! to correct for the effect of small frequency
vibrational modes.[!8] The images of the computed structures were created with CYLview

(unimportant hydrogens omitted for clarity).l*°!

Energies and Cartesian Coordinates

exo-iodonorbornene

Escr (MO6L/aug-cc-pVQZ) = -284.867166

Zero-point correction = 0.168026 (Hartree/particle)

Thermal correction to entropy = 0.03808

Thermal correction to entropy after Grimme’s quasi-harmonic approximation = 0.038054
Gibbs free energy = -284.737194

1 2.329193000 -1.550769000 -1.507630000

6 2.501029000 -1.224626000 -0.478874000
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2.228604000

0.325872000

1.018374000

1.179255000

3.231181000

1.309329000

0.679572000

3.462050000

3.072212000

2.662083000

0.247705000

0.368107000

4.172626000

1.633722000

2.379610000

0.807636000

-1.777327000

1.016597000

-0.076742000

1.305196000

-0.976290000

0.146343000

1.674567000

-1.887299000

0.565423000

-2.011581000

1.917541000

-0.455922000

2.053594000

0.056694000

0.002294000

-0.430955000

0.401820000

-0.028108000

endo-iodonorbornene

0.385630000

-0.620554000

-0.524209000

0.282805000

-0.391557000

-1.510918000

0.606974000

-1.374023000

0.019352000

0.820411000

-1.636318000

-0.070509000

0.155863000

1.376064000

2.047088000

1.968849000

0.005755000



Escr (MO6L/aug-cc-pVQZ) = -284.866471
Zero-point correction = 0.168167 (Hartree/particle)

Thermal correction to entropy = 0.038005



Thermal correction to entropy after Grimme’s quasi-harmonic approximation = 0.037961

Gibbs free energy = -284.736265

1

6

53

-0.592539000

-1.516287000

-2.473396000

-0.301461000

-1.093220000

-1.253531000

-2.357970000

-0.640550000

-0.960448000

-1.880339000

-2.081476000

-3.282233000

-1.153539000

-3.346401000

-2.570227000

-3.440070000

-2.557902000

-0.061101000

1.686663000

1.935786000

1.504650000

-0.648435000

-0.672434000

-1.323341000

0.393238000

0.791155000

-1.146532000

0.754907000

0.825325000

2.313070000

-1.225266000

-2.404656000

1.247064000

-0.407911000

0.187971000

-1.327987000

-1.397693000

0.045594000

-0.350950000
0.036777000
-0.527377000
0.510723000
-0.652049000
1.067011000
-1.059687000
-1.628272000
2.052402000
-2.041648000
0.506335000
-0.976354000
-0.505468000
-1.158299000
0.989572000
1.277964000
1.580456000
1.284922000

-0.042093000

2a



Escr (MO6L/aug-cc-pVQZ) = -515.980337

Zero-point correction = 0.249699 (Hartree/particle)

Thermal correction to entropy = 0.048980

Thermal correction to entropy after Grimme’s quasi-harmonic approximation = 0.048306

Gibbs free energy = -515.778944

1

6

-0.556911000

-1.110162000

-1.141979000

-3.207523000

-2.372518000

-2.352271000

-0.271054000

-4.175674000

-2.974436000

-2.107151000

-0.307137000

-1.451126000

-3.393054000

-2.890184000

-1.750601000

-2.921718000

-2.097040000

0.119177000

-1.313697000

-0.261987000

-2.584156000

-1.176832000

-1.468146000

0.581789000

-3.007270000

-1.645123000

0.306240000

-1.034272000

-3.348472000

-1.110824000

0.804066000

0.348649000

-0.650776000

-0.540314000

0.215545000

-0.424855000

-0.592881000

-0.049927000

0.561456000

-1.404012000

-1.588489000

-1.686859000

-1.581511000

0.147963000

1.325809000
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-1.031766000

-2.499248000

1.206307000

3.973856000

2.086243000

1.746208000

3.118847000

3.457873000

1.704299000

1.113691000

3.519596000

4.120136000

5.040482000

-0.271903000

-0.570767000

-1.578311000

-1.055800000

-0.799979000

-0.695149000

-1.287025000

-1.159347000

-0.566765000

-0.503529000

-1.563039000

-1.338102000

-0.283212000

-0.698895000

1.943573000

1.945226000

1.976477000

-0.278861000

0.185482000

-1.315340000

0.994471000

1.223696000

-1.085416000

-2.316424000

1.832756000

2.218874000

-1.898415000

0.368035000

0.079991000

3a




Escr (MO6L/aug-cc-pVQZ) = -515.983147

Zero-point correction = 0.249921 (Hartree/particle)

Thermal correction to entropy = 0.049386

Thermal correction to entropy after Grimme’s quasi-harmonic approximation = 0.048442

Gibbs free energy = -515.781668

1

6

1.147770000

0.288032000

-0.552184000

-2.101614000

-1.300112000

-1.012184000

0.444964000

-2.701077000

-1.878643000

-1.091021000

0.140350000

-2.785191000

-1.085048000

-0.120364000

0.636392000

-0.424734000

1.846009000

4.398593000

2.133289000

2.869341000

4.134541000

3.396978000

1.370254000

2.708481000

4.915421000

3.597329000

2.772979000

2.218045000

0.241111000

2.111624000

1.558800000

2.568351000

0.666378000

2.975320000

1.520647000

2.070532000

0.299414000

1.391015000

3.649635000

2.535107000

2.278650000

3.578018000

0.125986000

-0.994641000

-1.194839000

0.871859000

0.315451000

-1.750503000

-1.807356000

1.897581000

0.909290000

-2.774169000

0.894061000

0.512647000

-0.592978000

0.284146000

-0.912778000

1.261974000

0.521288000

-0.027828000

-1.838802000

2.233076000

1.510996000

0.738769000

1.429930000

-0.931263000

-1.677694000

-1.074372000

0.277937000

-0.145618000

0.664390000

-0.324636000

-0.534762000

0.453861000

1.139910000

-0.642793000

-1.002490000

0.761713000



1

1

53

5.382679000

0.000196000

-1.820470000

-1.425034000

-0.056446000

-1.375782000

-0.309797000

-1.494543000

-0.072554000

20

Escr (MO6L/aug-cc-pVQZ) = -592.164792

Zero-point correction = 0.259637 (Hartree/particle)

Thermal correction to entropy = 0.056646

Thermal correction to entropy after Grimme’s quasi-harmonic approximation = 0.053834

Gibbs free energy = -591.958989

1

6

4.414746000

3.955910000

1.678817000

2.057173000

1.107313000

2.995751000

3.045953000

1.250119000

3.502354000

3.007319000

4.765555000

1.165392000

1.511359000

2.265155000

0.014612000

1.252005000

0.463135000

2.755849000

1.628843000

-0.360375000

3.092955000

1.719167000

-0.941870000

-0.012411000

0.290436000

-0.541297000

-0.745440000

0.589235000

-0.211217000

-1.763579000

1.088392000

-1.250024000

0.691080000
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0.969710000

2.593443000

3.391237000

2.071733000

2.603444000

1.226431000

-0.316043000

-1.495745000

-2.887107000

-5.596592000

-3.310796000

-3.835731000

-5.181719000

-4.658048000

-2.572761000

-3.508251000

-5.909735000

-4.976938000

-6.648658000

1.096354000

3.058978000

-0.226469000

3.598531000

1.337690000

1.857935000

0.791931000

1.030191000

0.877310000

0.629314000

0.119352000

-0.641631000

1.640986000

1.384190000

-0.891052000

-1.423085000

2.625082000

2.174662000

-1.878817000

-0.078590000

-1.891263000

0.520501000
-1.455549000
0.392051000
1.448202000
2.248473000
1.872849000
-0.548500000
-0.371689000
-0.148978000
0.292191000
0.255870000
-0.330585000
-0.110277000
0.474035000
0.394139000
-0.644942000
-0.253754000
0.787163000
0.463379000

-0.077844000

30



Escr (MO6L/aug-cc-pVQZ) = -592.166970

Zero-point correction = 0.259736 (Hartree/particle)

Thermal correction to entropy = 0.057044

Thermal correction to entropy after Grimme’s quasi-harmonic approximation = 0.054162

Gibbs free energy = -591.961396

1

6

3.809193000

3.179867000

0.859197000

1.347882000

0.511814000

2.167036000

2.280898000

0.843865000

2.593360000

2.412820000

3.839543000

0.103177000

2.493692000

1.085427000

1.888245000

2.327004000

0.206784000

0.816906000

1.385666000

2.531874000

0.431032000

1.188189000

2.067376000

2.629292000

2.968983000

3.597721000

-0.343297000

0.042701000

-0.501337000

0.548821000

-0.623473000

1.084444000

-1.050672000

-1.590037000

2.067638000

-2.030693000

0.499628000

-0.951402000

-1.161745000
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X-Ray Crystallographic Data — Complex |

Table S2. Crystal data and structure refinement for d22147_a.

1.081476000

1.461800000

0.191858000

-0.909845000

-2.082259000

-3.474023000

-6.187867000

-3.929507000

-4.394796000

-5.742308000

-5.278295000

-3.216997000

-4.043667000

-6.447508000

-5.620617000

-7.241087000

0.688696000

2.482194000

Identification code

Empirical formula

Formula weight

Temperature

2.479408000
3.465399000
2.257557000
0.536319000
0.306684000
0.019701000
-0.546318000
-1.303307000
1.055444000
0.770895000
-1.580823000
-2.105930000
2.080605000
1.580864000
-2.609333000
-0.766011000
-0.177598000

-1.567179000

—

4

1.011571000

1.289981000

1.606151000

-0.468881000

-0.322202000

-0.148170000

0.194569000

-0.167376000

0.044597000

0.214430000

0.003355000

-0.317024000

0.059051000

0.362749000

-0.013202000

0.327519000

1.323056000

-0.005710000

iﬁ-;_,.j
s

"

d22147_a
C32H321IPPd

680.84

150(2) K



Wavelength 0.71073 A

Crystal system Monoclinic

Space group P2y/n

Unit cell dimensions a=12.0212) A a=90°.
b =18.049(3) A b=94.218(5)".
c=12.263(2) A g=90".

Volume 2653.4(8) A3

Z 4

Density (calculated) 1.704 Mg/m?

Absorption coefficient 1.943 mm-!

F(000) 1352

Crystal size 0.100 x 0.050 x 0.020 mm?

Theta range for data collection 2.012 to 27.461°.

Index ranges -15<=h<=15, -23<=k<=23, -15<=I<=15

Reflections collected 58965

Independent reflections 6055 [R(int) = 0.1371]

Completeness to theta = 25.242° 100.0 %

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.7456 and 0.6876

Refinement method Full-matrix least-squares on F?

Data / restraints / parameters 6055/0/317

Goodness-of-fit on F? 1.014

Final R indices [[>2sigma(I)] R1=0.0398, wR2 = 0.0637

R indices (all data) R1=0.0807, wR2 =0.0718

Extinction coefficient n/a

Largest diff. peak and hole 0.556 and -0.675 e.A-3



Table S3. Atomic coordinates ( x 10%) and equivalent isotropic displacement parameters (A2x 10°)

for d22147_a. U(eq) is defined as one third of the trace of the orthogonalized Ul tensor.

x y 2 Uleq)
I(1) 5512(1) 2130(1) 6776(1) 25(1)
Pd(1) 4112(1) 3225(1) 5976(1) 16(1)
P(1) 4602(1) 4041(1) 7328(1) 15(1)
C(15) 3826(3) 4919(2) 7318(3) 17(1)
C(9) 4184(3) 2861(2) 3944(3) 20(1)
C(1) 2782(3) 3860(2) 5378(3) 15(1)
Cc) 2309(3) 3343(2) 4456(3) 17(1)
C(25) 4839(4) 3548(2) 10634(4) 24(1)
c(11) 4683(4) 1561(2) 4006(3) 22(1)
C(20) 3071(3) 5093(2) 8101(3) 18(1)
C(16) 3939(4) 5408(2) 6447(3) 20(1)
(¢6)) 1153(3) 3126(2) 4827(3) 17(1)
C(10) 4924(3) 2292(2) 3763(3) 21(1)
C(6) 1854(3) 3896(2) 6155(3) 20(1)
C(7) 1363(3) 3107(2) 6075(3) 18(1)
C(32) 6830(4) 4018(2) 6751(3) 24(1)
C(13) 2902(4) 1962(2) 4590(3) 20(1)
c@27) 6040(3) 4372(2) 7350(3) 18(1)
C(30) 8203(4) 4925(2) 7321(4) 28(1)
C(8) 3139(3) 2702(2) 4357(3) 18(1)
C(12) 3654(4) 1410(2) 4412(3) 23(1)
C(22) 3481(3) 3200(2) 8780(3) 19(1)
C(26) 5080(4) 3836(2) 9615(3) 21(1)
C(28) 6365(4) 5010(2) 7929(4) 24(1)
C21) 4389(3) 3663(2) 8685(3) 17(1)
C(5) 894(3) 4346(2) 5578(3) 19(1)
C(19) 2409(3) 5720(2) 7968(4) 24(1)
C(31) 7895(4) 4297(3) 6739(4) 31(1)
C(4) 392(3) 3812(2) 4690(3) 22(1)
C(29) 7440(4) 5282(2) 7925(4) 27(1)
C(18) 2511(4) 6193(2) 7087(4) 26(1)
C(24) 3923(4) 3101(2) 10718(4) 25(1)

C(23) 3229(4) 2922(2) 9795(4) 24(1)



C(14) 5525(4) 952(3) 3887(4) 33(1)
Ccamn 3276(4) 6043(2) 6339(4) 23(1)




Table S4. Bond lengths [A] and angles [°] for d22147_a.

1(1)-Pd(1)
Pd(1)-C(1)
Pd(1)-P(1)
Pd(1)-C(8)
Pd(1)-C(9)
P(1)-C(27)
P(1)-C(21)
P(1)-C(15)
C(15)-C(16)
C(15)-C(20)
C(9)-C(10)
C(9)-C(8)
C(9)-H(9A)
C(1)-C(6)
C(1)-C(2)
C(1)-H(1A)
C(2)-C(8)
C(2)-C(3)
C(2)-HQ2A)
C(25)-C(24)
C(25)-C(26)
C(25)-H(25A)
C(11)-C(10)
C(11)-C(12)
C(11)-C(14)
C(20)-C(19)
C(20)-H(20A)
C(16)-C(17)
C(16)-H(16A)
C(3)-C(7)
C(3)-C4)
C(3)-H(3A)
C(10)-H(10A)
C(6)-C(5)
C(6)-C(7)
C(6)-H(6A)

2.7313(5)
2.058(4)
2.2625(11)
2.421(4)
2.584(4)
1.827(4)
1.834(4)
1.839(4)
1.399(6)
1.404(6)
1.388(6)
1.418(6)
1.0000
1.520(5)
1.543(5)
1.0000
1.539(5)
1.544(5)
1.0000
1.375(6)
1.403(6)
0.9500
1.387(6)
1.394(6)
1.509(6)
1.386(6)
0.9500
1.397(6)
0.9500
1.533(6)
1.541(5)
1.0000
0.9500
1.539(6)
1.543(5)
1.0000



C(7)-H(7A)
C(7)-H(7B)
C(32)-C(31)
C(32)-C(27)
C(32)-H(32A)
C(13)-C(12)
C(13)-C(8)
C(13)-H(13A)
C(27)-C(28)
C(30)-C(31)
C(30)-C(29)
C(30)-H(30A)
C(12)-H(12A)
C(22)-C(21)
C(22)-C(23)
C(22)-H(22A)
C(26)-C(21)
C(26)-H(26A)
C(28)-C(29)
C(28)-H(28A)
C(5)-C4)
C(5)-H(5A)
C(5)-H(5B)
C(19)-C(18)
C(19)-H(19A)
C(31)-H(31A)
C(4)-H(4A)
C(4)-H(4B)
C(29)-H(29A)
C(18)-C(17)
C(18)-H(18A)
C(24)-C(23)
C(24)-H(24A)
C(23)-H(23A)
C(14)-H(14A)
C(14)-H(14B)
C(14)-H(14C)
C(17)-H(17A)

0.9900
0.9900
1.376(6)
1.397(6)
0.9500
1.373(6)
1.399(5)
0.9500
1.394(6)
1.376(6)
1.380(6)
0.9500
0.9500
1.386(6)
1.395(6)
0.9500
1.396(6)
0.9500
1.382(6)
0.9500
1.544(5)
0.9900
0.9900
1.388(6)
0.9500
0.9500
0.9900
0.9900
0.9500
1.373(6)
0.9500
1.395(6)
0.9500
0.9500
0.9800
0.9800
0.9800
0.9500



C(1)-Pd(1)-P(1)
C(1)-Pd(1)-C(8)
P(1)-Pd(1)-C(8)
C(1)-Pd(1)-C(9)
P(1)-Pd(1)-C(9)
C(8)-Pd(1)-C(9)
C(1)-Pd(1)-I(1)
P(1)-Pd(1)-I(1)
C(8)-Pd(1)-I(1)
C(9)-Pd(1)-I(1)
C(27)-P(1)-C(21)
C(27)-P(1)-C(15)
C(21)-P(1)-C(15)
C(27)-P(1)-Pd(1)
C(21)-P(1)-Pd(1)
C(15)-P(1)-Pd(1)
C(16)-C(15)-C(20)
C(16)-C(15)-P(1)
C(20)-C(15)-P(1)
C(10)-C(9)-C(8)
C(10)-C(9)-Pd(1)
C(8)-C(9)-Pd(1)
C(10)-C(9)-H(9A)
C(8)-C(9)-H(9A)
Pd(1)-C(9)-H(9A)
C(6)-C(1)-C(2)
C(6)-C(1)-Pd(1)
C(2)-C(1)-Pd(1)
C(6)-C(1)-H(1A)
C(2)-C(1)-H(1A)
Pd(1)-C(1)-H(1A)
C(8)-C(2)-C(1)
C(8)-C(2)-C(3)
C(1)-C(2)-C(3)
C(8)-C(2)-H(2A)
C(1)-C(2)-H(2A)
C(3)-C(2)-H(2A)

92.99(11)
67.00(14)
159.86(10)
83.03(14)
147.82(10)
32.71(13)
166.68(11)
95.02(3)
105.07(9)
95.66(10)
107.65(19)
101.37(18)
102.82(18)
114.76(14)
112.10(13)
116.85(14)
119.0(4)
118.0(3)
122.8(3)
120.2(4)
114.2(3)
67.3(2)
115.5
115.5
115.5
103.7(3)
112.8(3)
99.1(2)
113.3
113.3
113.3
107.93)
115.8(3)
103.2(3)
109.9
109.9
109.9



C(24)-C(25)-C(26)
C(24)-C(25)-H(25A)
C(26)-C(25)-H(25A)
C(10)-C(11)-C(12)
C(10)-C(11)-C(14)
C(12)-C(11)-C(14)
C(19)-C(20)-C(15)
C(19)-C(20)-H(20A)
C(15)-C(20)-H(20A)
C(17)-C(16)-C(15)
C(17)-C(16)-H(16A)
C(15)-C(16)-H(16A)
C(7)-C(3)-C4)
C(7)-C(3)-C(2)
C4)-C(3)-C(2)
C(7)-C(3)-H(3A)
C(4)-C(3)-H(3A)
C(2)-C(3)-H(3A)
C(11)-C(10)-C(9)
C(11)-C(10)-H(10A)
C(9)-C(10)-H(10A)
C(1)-C(6)-C(5)
C(1)-C(6)-C(7)
C(5)-C(6)-C(7)
C(1)-C(6)-H(6A)
C(5)-C(6)-H(6A)
C(7)-C(6)-H(6A)
C(3)-C(7)-C(6)
C(3)-C(7)-H(7A)
C(6)-C(7)-H(7A)
C(3)-C(7)-H(7B)
C(6)-C(7)-H(7B)
H(7A)-C(7)-H(7B)
C(31)-C(32)-C(27)
C(31)-C(32)-H(32A)
C(27)-C(32)-H(32A)
C(12)-C(13)-C(8)
C(12)-C(13)-H(13A)

120.2(4)
119.9
119.9
117.8(4)
121.4(4)
120.7(4)
119.8(4)
120.1
120.1
120.2(4)
119.9
119.9
100.4(3)
102.4(3)
107.7(3)
114.9
114.9
114.9
121.6(4)
119.2
119.2
107.1(3)
102.4(3)
100.8(3)
114.9
114.9
114.9
94.4(3)
112.9
112.9
112.9
112.9
110.3
120.5(4)
119.8
119.8
120.9(4)
119.5



C(8)-C(13)-H(13A)
C(28)-C(27)-C(32)
C(28)-C(27)-P(1)
C(32)-C(27)-P(1)
C(31)-C(30)-C(29)
C(31)-C(30)-H(30A)
C(29)-C(30)-H(30A)
C(13)-C(8)-C(9)
C(13)-C(8)-C(2)
C(9)-C(8)-C(2)
C(13)-C(8)-Pd(1)
C(9)-C(8)-Pd(1)
C(2)-C(8)-Pd(1)
C(13)-C(12)-C(11)
C(13)-C(12)-H(12A)
C(11)-C(12)-H(12A)
C(21)-C(22)-C(23)
C(21)-C(22)-H(22A)
C(23)-C(22)-H(22A)
C(21)-C(26)-C(25)
C(21)-C(26)-H(26A)
C(25)-C(26)-H(26A)
C(29)-C(28)-C(27)
C(29)-C(28)-H(28A)
C(27)-C(28)-H(28A)
C(22)-C(21)-C(26)
C(22)-C(21)-P(1)
C(26)-C(21)-P(1)
C(6)-C(5)-C(4)
C(6)-C(5)-H(5A)
C(4)-C(5)-H(5A)
C(6)-C(5)-H(5B)
C(4)-C(5)-H(5B)
H(5A)-C(5)-H(5B)
C(20)-C(19)-C(18)
C(20)-C(19)-H(19A)
C(18)-C(19)-H(19A)
C(30)-C(31)-C(32)

119.5
118.0(4)
120.5(3)
121.4(3)
119.9(4)
120.0
120.0
117.7(4)
124.0(4)
118.2(3)
107.4(3)
80.0(2)
85.3(2)
121.8(4)
119.1
119.1
121.1(4)
119.4
119.4
119.7(4)
120.2
120.2
121.2(4)
119.4
119.4
119.4(4)
117.7(3)
122.9(3)
103.6(3)
111.0
111.0
111.0
111.0
109.0
120.7(4)
119.6
119.6
120.7(4)



C(30)-C(31)-H(31A) 119.6

C(32)-C(31)-H(31A) 119.6
C(3)-C(4)-C(5) 103.1(3)
C(3)-C(4)-H(4A) 111.1
C(5)-C(4)-H(4A) 111.1
C(3)-C(4)-H(4B) 111.1
C(5)-C(4)-H(4B) 111.1
H(4A)-C(4)-H(4B) 109.1
C(30)-C(29)-C(28) 119.6(4)
C(30)-C(29)-H(29A) 120.2
C(28)-C(29)-H(29A) 120.2
C(17)-C(18)-C(19) 120.0(4)
C(17)-C(18)-H(18A) 120.0
C(19)-C(18)-H(18A) 120.0
C(25)-C(24)-C(23) 120.6(4)
C(25)-C(24)-H(24A) 119.7
C(23)-C(24)-H(24A) 119.7
C(24)-C(23)-C(22) 118.9(4)
C(24)-C(23)-H(23A) 120.5
C(22)-C(23)-H(23A) 120.5
C(11)-C(14)-H(14A) 109.5
C(11)-C(14)-H(14B) 109.5
H(14A)-C(14)-H(14B) 109.5
C(11)-C(14)-H(14C) 109.5
H(14A)-C(14)-H(14C) 109.5
H(14B)-C(14)-H(14C) 109.5
C(18)-C(17)-C(16) 120.3(4)
C(18)-C(17)-H(17A) 119.9
C(16)-C(17)-H(17A) 119.9

Symmetry transformations used to generate equivalent atoms:



Table S5. Anisotropic displacement parameters (A2x 10%) for d22147_a. The anisotropic

displacement factor exponent takes the form: -2p?[ h? a*2U'! + ... + 2 hk a* b* U!?]

i U2 U33 U2 uB U2
1(1) 29(1) 24(1) 21(1) -1(1) 21 10(1)
Pd(1) 15(1) 16(1) 16(1) -2(1D) 0(1) 2(1)
P(1) 14(1) 16(1) 16(1) 2(1) 1(1) (1)
C(15) 12(2) 21(2) 19(2) -6(2) -1(2) -2(2)
C9) 24(2) 29(2) 7(2) 1(2) 4(2) -3(2)
c(1) 15(2) 132) 16(2) 202) 32) 202)
C(2) 18(2) 17(2) 16(2) 1(2) 1(2) 2(2)
C(25) 27(3) 22(2) 21(3) -6(2) -3(2) 8(2)
cal) 222 28(3) 18(2) -9(2) 22) 3(2)
C(20) 14(2) 18(2) 22(2) -4(2) 0(2) -4(2)
C(16) 20(2) 18(2) 23(2) -2(2) 5(2) -5(2)
C@3) 15(2) 20(2) 17(2) 202) 0(2) 0(2)
C(10) 16(2) 31(3) 17(2) -4(2) 7(2) -1(2)
C(6) 16(2) 19(2) 24(2) -3(2) 1(2) 2(2)
C(7) 13(2) 21(2) 20(2) 12) 4(2) 0(2)
C(32) 24(3) 29(3) 20(2) -4(2) 2(2) -2(2)
C(13) 23(2) 19(2) 18(2) -4(2) 2(2) -3(2)
CQ27) 16(2) 21(2) 19(2) 12) 2(2) 3(2)
C(30) 17(2) 35(3) 32(3) 15(2) 4(2) -5(2)
C(8) 19(2) 22(2) 12(2) -3(2) -1(2) -2(2)
c12)  3003) 15(2) 25(3) 2(2) 2(2) 1)
C(22) 19(2) 19(2) 18(2) -2(2) -1(2) -3(2)
C(26) 17(2) 20(2) 26(3) -10(2) 02) 0(2)
C(28) 18(2) 21(2) 34(3) -5(2) 2(2) 12)
C(21) 18(2) 16(2) 17(2) -4(2) 1(2) 6(2)
C(5) 13(2) 18(2) 26(3) -4(2) 2(2) 2(2)
c(19)  1502) 25(2) 31(3) -9(2) 6(2) 0(2)
C@31) 19(3) 47(3) 30(3) 7(2) 12(2) 1(2)
C4) 14(2) 27(2) 24(2) 2(2) 1(2) -2(2)
C29)  23(3) 24(2) 34(3) 4(2) -4(2) -4(2)
C(18) 25(3) 14(2) 38(3) -5(2) -7(2) 2(2)
C(24) 27(3) 29(3) 19(2) -1(2) 4(2) 2(2)
C23)  26(3) 24(2) 24(2) 1) 3(2) 2(2)



C(14) 29(3) 34(3) 37(3) -7(2) 6(2) 4(2)
C(17) 31(3) 13(2) 25(3) 4(2) -3(2) 0(2)




Table S6. Hydrogen coordinates ( x 10%) and isotropic displacement parameters (A2x 10 3)

for d22147 a.

x y z Uleq)
H(%A) 4187 3284 3418 24
H(1A) 3006 4358 5110 18
HQ2A) 2219 3622 3750 20
H(25A) 5309 3662 11268 29
H(20A) 3013 4782 8719 22
H(16A) 4467 5307 5928 24
H@B3A) 831 2661 4492 21
H(10A) 5611 2405 3465 25
H(6A) 2093 4064 6913 24
H(7A) 1907 2721 6330 22
H(7B) 668 3056 6454 22
H(@32A) 6631 3582 6349 29
H(13A) 2212 1840 4875 24
H(30A) 8940 5113 7307 33
H(12A) 3468 912 4570 28
H(22A) 3023 3071 8145 23
H(26A) 5710 4148 9559 26
H(28A) 5838 5263 8334 29
H(5A) 1177 4803 5247 23
H(5B) 334 4483 6096 23
H(19A) 1881 5828 8485 28
H@31A) 8423 4053 6325 38
H4A) -390 3685 4816 26
H(4B) 416 4030 3952 26
H(29A) 7652 5712 8335 33
H(18A) 2050 6620 7002 31
H(24A) 3761 2912 11412 30
H(23A) 2594 2615 9855 29
H(14A) 5157 469 3932 50
H(14B) 6120 992 4475 50
H(14C) 5845 998 3178 50

H(17A) 3355 6372 5746 28






Table S7. Torsion angles [°] for d22147_a.

C(27)-P(1)-C(15)-C(16) 60.0(4)
C(21)-P(1)-C(15)-C(16) 171.3(3)
Pd(1)-P(1)-C(15)-C(16) -65.5(3)
C(27)-P(1)-C(15)-C(20) -124.6(3)
C(21)-P(1)-C(15)-C(20) -13.4(4)
Pd(1)-P(1)-C(15)-C(20) 109.8(3)
C(6)-C(1)-C(2)-C(8) -124.1(3)
Pd(1)-C(1)-C(2)-C(8) -7.8(3)
C(6)-C(1)-C(2)-C(3) -1.1(4)
Pd(1)-C(1)-C(2)-C(3) 115.3(3)
C(16)-C(15)-C(20)-C(19) 3.5(6)
P(1)-C(15)-C(20)-C(19) -171.8(3)
C(20)-C(15)-C(16)-C(17) -2.5(6)
P(1)-C(15)-C(16)-C(17) 173.03)
C(8)-C(2)-C(3)-C(7) 84.0(4)
C(1)-C(2)-C(3)-C(7) -33.6(4)
C(3)-C(2)-C(3)-C4) -170.7(3)
C(1)-C(2)-C(3)-C(4) 71.7(4)
C(12)-C(11)-C(10)-C(9) 1.8(6)
C(14)-C(11)-C(10)-C(9) -175.4(4)
C(8)-C(9)-C(10)-C(11) -1.9(6)
Pd(1)-C(9)-C(10)-C(11) 74.9(5)
C(2)-C(1)-C(6)-C(5) -70.4(4)
Pd(1)-C(1)-C(6)-C(5) -176.7(2)
C(2)-C(1)-C(6)-C(7) 35.2(4)
Pd(1)-C(1)-C(6)-C(7) -71.1(3)
C(4)-C(3)-C(7)-C(6) -57.5(3)
C(2)-C(3)-C(7)-C(6) 53.5(3)
C(1)-C(6)-C(7)-C(3) -54.4(4)
C(5)-C(6)-C(7)-C(3) 56.0(3)
C(31)-C(32)-C(27)-C(28) 0.0(6)
C(31)-C(32)-C(27)-P(1) 177.03)
C(21)-P(1)-C(27)-C(28) -71.8(4)
C(15)-P(1)-C(27)-C(28) 35.7(4)
Pd(1)-P(1)-C(27)-C(28) 162.6(3)

C(21)-P(1)-C(27)-C(32) 111.2(4)



C(15)-P(1)-C(27)-C(32)
Pd(1)-P(1)-C(27)-C(32)
C(12)-C(13)-C(8)-C(9)
C(12)-C(13)-C(8)-C(2)
C(12)-C(13)-C(8)-Pd(1)
C(10)-C(9)-C(8)-C(13)
Pd(1)-C(9)-C(8)-C(13)
C(10)-C(9)-C(8)-C(2)
Pd(1)-C(9)-C(8)-C(2)
C(10)-C(9)-C(8)-Pd(1)
C(1)-C(2)-C(8)-C(13)
C(3)-C(2)-C(8)-C(13)
C(1)-C(2)-C(8)-C(9)
C(3)-C(2)-C(8)-C(9)
C(1)-C(2)-C(8)-Pd(1)
C(3)-C(2)-C(8)-Pd(1)
C(8)-C(13)-C(12)-C(11)
C(10)-C(11)-C(12)-C(13)
C(14)-C(11)-C(12)-C(13)
C(24)-C(25)-C(26)-C(21)
C(32)-C(27)-C(28)-C(29)
P(1)-C(27)-C(28)-C(29)
C(23)-C(22)-C(21)-C(26)
C(23)-C(22)-C(21)-P(1)
C(25)-C(26)-C(21)-C(22)
C(25)-C(26)-C(21)-P(1)
C(27)-P(1)-C(21)-C(22)
C(15)-P(1)-C(21)-C(22)
Pd(1)-P(1)-C(21)-C(22)
C(27)-P(1)-C(21)-C(26)
C(15)-P(1)-C(21)-C(26)
Pd(1)-P(1)-C(21)-C(26)
C(1)-C(6)-C(5)-C(4)
C(7)-C(6)-C(5)-C(4)
C(15)-C(20)-C(19)-C(18)
C(29)-C(30)-C(31)-C(32)
C(27)-C(32)-C(31)-C(30)
C(7)-C(3)-C(4)-C(5)

-141.3(3)
-14.4(4)
-0.7(6)
175.5(4)
-88.3(4)
1.3(6)
-104.4(4)
-175.1(4)
79.2(3)
105.8(4)
114.4(4)
-0.6(6)
-69.5(4)
175.6(3)
6.6(3)
-108.4(3)
0.7(7)
-1.2(6)
176.0(4)
-0.4(6)
-0.8(6)
-177.8(3)
1.8(6)
-176.6(3)
-0.8(6)
177.5(3)
-162.5(3)
91.03)
-35.4(3)
19.2(4)
-87.4(4)
146.3(3)
73.0(4)
-33.7(4)
2.1(6)
0.1(7)
0.4(7)
37.7(4)



C(2)-C(3)-C(4)-C(5) -69.0(4)

C(6)-C(5)-C(4)-C(3) 2.3(4)
C(31)-C(30)-C(29)-C(28) -0.8(7)
C(27)-C(28)-C(29)-C(30) 1.2(7)
C(20)-C(19)-C(18)-C(17) -0.3(7)
C(26)-C(25)-C(24)-C(23) 0.6(6)
C(25)-C(24)-C(23)-C(22) 0.4(6)
C(21)-C(22)-C(23)-C(24) -1.6(6)
C(19)-C(18)-C(17)-C(16) 1.4(7)
C(15)-C(16)-C(17)-C(18) 0.1(6)

Symmetry transformations used to generate equivalent atoms:
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Through the Migita reaction, a metal catalyzed C-S cross-coupling of aryl halides and thiols under basic conditions, thioethers can be efficiently generated.!'l The
bioisoster of ethers is an attractive structural motif in pharmaceutical compounds. So far mainly palladium catalyzed reactions are of industrial use, but low-cost nickel-
catalyzed methods could replace them in the future. Previously reported nickel-catalyzed methods for the coupling of challenging aryl chlorides commonly employ
expensive, air sensitive transmetalation reagents (e.g. PhZnCl)® or high temperatures. Herein, we report a mild and convenient catalytic system for the coupling of aryl
chlorides and primary, secondary as well as previously challenging tertiary alkyl thiols using an air-stable Ni(ll) precatalyst in combination with the low-cost base KOAc at
room temperature.! It enables the generation of thioethers from a wide range of substrates in good to excellent yields, tolerating a variety of functional groups and
pharmaceutical compounds. Chemoselective functionalization of disubstituted substrates was demonstrated. Kinetic and NMR studies, as well as DFT computations
support a Ni(0)/Ni(ll) catalytic cycle with the oxidative addition product as resting state and acetate playing a key role in the formation of a thiolate complex via internal

deprotonation.
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6. Appendix

List of Abbreviations

A

acac
Acety-CoA
Ar

ArX

BCE

BDE
BINAP
BINOL
BOX

Bpy (L11)
CMD

cod

conv.
AG
DABCO
dba

DCM

DFT

DMA
DMAP
DME
DMEDA (L15)
DMF

DMI
DMSO
DNA
DPEPhos
dppb

dppbz

dppe

dppf (L7)
dpppe (L.22)
e.g.

Ea

equiv.

et al.

Angstrom
Acetylacetonate
Acetyl-Coenzyme A
Aryl

Aryl halide

Before common era
Bond dissociation energy

2,2'-Bis(diphenylphosphino)-1,1'-binapthyl

1,1'-Bi-2-naphthol

Bis(oxazoline)

2,2'-Bipyridine

Concerted metalation-deprotonation
1,5-Cyclooctadiene

Conversion

Gibbs free energy
1,4-Diazabicyclo[2.2.2]octane
Dibenzylideneacetone
Dichloromethane

Density functional theory
N,N-Dimethylacetamide
4-N,N-Dimethylaminopyridine
1,2-Dimethoxyethane
N,N-Dimethylethylenediamine
N,N-Dimethylformamide
1,3-Dimethyl-2-imidazolidinone
Dimethyl sulfoxide
Deoxyribonucleic acid
Bis((2-dipenylphosphino)phenyl)ether
1,4-Bis(diphenylphosphino)butane
1,2-Bis(diphenylphosphino)benzene
1,2-Bis(diphenylphosphino)ethane
1,1'-Bis(diphenylphosphino)ferrocene
1,5-Bis(diphenylphosphino)pentane
Exempli gratia

Activation energy

Equivalents

et alii



EtOH Ethanol

FID Flame ionization detector

GC Gas chromatography

h Hours

n Hapticity

HPLC High-performance liquid chromatography
Hz Hertz

Pent Isopentyl

Pr Isopropyl

K Denticity

LDA Lithium diisopropylamide

LED Light-emitting diode

LiHMDS Lithium bis(trimethylsilyl)amide

mA Milliampere

Me Methyl

MeCN Acetonitrile

min Minutes

none No yield

NHC N-Heterocyclic carbene

NMP N-Methyl-2-pyrrolidone

NMR Nuclear magnetic resonance

OAc Acetate

OMs Mesylate (methanesulfonate)

OTf Triflate (trifluoromethanesulfonate)
OTs Tosylate (4-methylbenzenesulfonate)
P(O'Pr); Triisopropylphosphine

PCy3 Tricyclohexylphosphine

Pd(0)* Exited state palladium complex
PEPPSI Pyridine-enhanced pre-catalyst preparation stabilization and initiation
Ph Phenyl

phen (L8) Phenanthroline

PMes Trimethylphosphine

PPhs Triphenylphosphine

PTABS (L4) 1,3,5-Triaza-7-phosphaadamantane
P'Bu; Tri-tert-butylphosphine

Q-Phos (L20) Pentaphenyl(di-tert-butylphosphino)ferrocene
quant. Quantitative conversion (> 99% yield)
ROH Alcohol

rt Room temperature

P Hammett reaction rate constant

SET Single-electron-transfer



Gp

{12

TBHP

traces
'‘BuBrettPhos (L3)

‘BuXPhos (L2)
TH0

THF

uv

wt%

X

Xantphos (L6)

1°, 2°, 3°

(@)
(R)-Tol-BINAP (L5)
;

¢

Hammett substituent constant (para)

Half-life

tert-Butyl hydroperoxide

< 5% yield
Bis(2-methyl-2-propanyl)(2',4',6'-triisopropyl-3,6-dimethoxy-2-
biphenylyl)phosphine
Bis(2-methyl-2-propanyl)(2',4',6'-triisopropyl-2-biphenylyl)phosphine
Trifluoromethanesulfonic anhydride

Tetrahydrofuran

Ultraviolet

Percentage by weight

Halide

4,5-Bis-(diphenylphosphino)-9,9-dimethylxanthen

Primary, secondary, tertiary

Ultrasonic
(R)-(+)-2,2'-Bis(di-p-tolylphosphino)-1,1’-binaphthyl
Co-author

Irradiation of the reaction mixture with blue light (465 nm LED)

Table 6. Cost for catalyst precursors (Sigma-Aldrich price, 14.06.2023).

p(;:zzlry;tr CAS iii:::h Purity [%] Weight [g] Price [€] pf:‘gci a
NiCl, * 6H,0 7791202 223387 > 99 25 62.40 2.50
PdCl, 7647-10-1 921033 > 99 25 1780.00  71.20
Ni(OAchs 4H:0  6018-89-9 244066 98 100 27.90 0.28
(Pd(OAC))); 3375313 205869 98 100 6320.00  63.20
Ni(cod), 1295-35-8 244988 - 2 12880  64.40
Pdy(dba)s 51364-51-3 328774 97 | 83.80 83.80
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