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General remarks

All catalysts (except proton reduction catalysts prepared according to literature report)
were purchased from commercial sources and used as received.

Light sources used are of commercial household fluorescent bulbs or LED strips
(Blue, Green,) obtained from local market.

All reactions were carried out under innert atmosphere folowing standard procedures
using schlenk techniques.

Deuterated solvents for NMR spectroscopic analyses were used as received. All 'H
NMR and '*C NMR analysis were obtained using a Bruker or JEOL 200 MHz, 400
MHz or 500 MHz spectrometers. Coupling constants were measured in Hertz. All
chemical shifts are quoted in ppm, relative to TMS, using the residual solvent peak as
a reference standard. The following abbreviations are used to explain the
multiplicities: s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br =broad.
HRMS spectra were recorded at UHPLC-MS (Q-exactive-Orbitrap Mass
Spectrometer) using electron spray ionization [(ESI", +/— 5kV), solvent medium:
water, acetonitrile, methanol and ammonium acetate] technique and mass values are
expressed as m/z. GC-HRMS (EI) was recorded in Agilent 7200 Accurate-mass-Q-
TOF.

All reactions are monitored by Thinlayer chromatography (TLC) with 0.25 mm pre-
coated silica gel plates (60 F2s4). Visualization was accomplished with either UV light,
Iodine adsorbed on silica gel or by immersion in ethanolic solution of
phosphomolybdic acid (PMA), p-anisaldehyde or KMnO4 followed by heating with a
heat gun for ~15 sec.

All solvents and reagents were purified and dried by according to procedures given in
Vogel’s Text Book of Practical Organic Chemistry. All reactions were carried out
under nitrogen or argon atmosphere with dry, freshly distilled solvents under
anhydrous conditions unless otherwise specified. Yields refer to chromatographically
and spectroscopically homogeneous materials unless otherwise stated.

Column chromatography was performed on silica gel (100-200 or 230-400 mesh size).
Chemical nomenclature (IUPAC) and structures were generated using ChemDraw

Professional 15.1.




Preface



@ Synopsis of the Thesis to be submitted to the Academy of
, S : R Scientific and Innovative Research for Award of the Degree of
.C Doctor of Philosophy in Chemistry

Name of the Candidate Mr. MANOJ KUMAR SAHOO

Degree Enrolment No. & | Ph. D in Chemical Sciences (10CC13A26007); August
Date 2013

Visible Light Mediated Photoredox Catalytic
Dehydrogenation and C-H Arylation reactions

Title of the Thesis

Research Supervisor Dr. E. Balaraman (CSIR-NCL, Pune)

Introduction: In the recent past, visible-light photoredox catalysis experiencing
renaissance in organic transformations and development of new synthetic strategies. These
catalytic reactions occur under very mild and ambient by employing low energy visible-
light from household bulbs. Again photoredox catalytic cycle can be merged with either
organocatalysis or transition-metal catalysis. This dual catalysis emerges as a powerful
synthetic tool giving unique reactivity and selectivity not observed using either of the
catalysts independently. A photoredox catalyst on light irradiation can act as an oxidant or
reductant depending on the nature of reactant and reaction environment and hence give

unique reactivity.

Statement of the Problem: Nitrogen-containing heterocycles, aryl azobenzenes, and 2-
aryl anilines are important families of organic compounds. The N-heteroaromatics show
profound applications in the synthesis of natural products, bioactive molecules and
pharmaceuticals. Similarly azo compound show wide application in drug delivery,
material science, conducting polymers, and dye-pigment industry. The ortho-aryl aniline
derivatives have shown various application in material sciences, organometallic catalysis
and in the synthesis of many pharmaceuticals. Many research groups have reported the
synthesis of N-heteroaromatics and azobenzenes. But the use of strong oxidants, base,
additive and harsh condition are the major drawbacks for these methods. Again for the
synthesis of 2,6-bisarylanilines only classical cross-coupling methods were known and not

with transition metal catalyzed C-H activation.

Aims and objectives: The main aim and objective of this thesis is in the development of
new methodologies for the synthesis of N-heterocycle, azobenzenes and ortho-aryl aniline
derivatives under photoredox catalysis sometimes merged with transition metal catalysis.
Reactions taking place in dual photoredox and transition metal catalytic condition can be

achieved under very mild, ambient and environmentally friendly.



Methodology used: All photoredox catalytic experiments were carried out using standard
Schlenk techniques. Commercial household bulbs were used as the light source. All
solvents were of AR-grade, obtained from commercial sources and dried following
standard protocol prior to use. All photoredox catalysts and metal salts used for the
catalytic study were obtained from commercial sources. The proton reduction catalysts
used for these study were synthesized according to the literature report and characterized

using standard techniques prior to use.

Sample results: The thesis comprises of five chapters. The first chapter gives a brief
introduction about the photoredox catalysis, its importance in organic transformation and
the recent literature paradigms. From second to fifth, all are working chapters which
narrates specific organic transformation under visible-light photoredox catalysis,

sometimes merged with a transition metal catalysis as given below.

Chapter 11: Organophotoredox Catalyzed Oxidative Dehydrogenation of N-
Heterocycles

Inspired by the vast application and absence of environmental friendly protocol here, we
explored the catalytic oxidative dehydrogenation of diverse N-heterocycles using a visible-
light organophotoredox catalyst. This reaction proceeds efficiently at room temperature
under the base and additive-free conditions, air as oxidant and visible-light from the
household bulb. This environmentally benign method shows a broad substrate scope and
good functional group compatibility. A thorough mechanistic investigation has been

carried out for this oxidative dehydrogenation reaction.

.. 0.1 -1 mol% Ko eme
z Yo o5 Organophotoredox z Sy
| J : »> R— | J.
X ) Visible-light, rt N N Ny
46 examples
(up to 97% yield)

* Simple & Efficient * Unified strategy
* Mild, Neutral conditions * Room temperature
* Additive/Base-free * Low catalyst loading

* Various N-heterocycles & Drug molecules

Scheme 1. Organophotoredox catalyzed oxidative dehydrogenation of N-heterocycles.



Chapter I11: Dual Catalyzed Acceptorless Dehydrogenation of N-Heterocycles to
Heteroaromatics by Merging Photoredox Catalysis with Proton Reduction Catalysis
Acceptorless dehydrogenation (ADH) is one of the most important key reactions in
catalysis, and proceeds without need of any external oxidants produces less or no
waste. These reactions are highly atom economic and environmental benign
compared to the oxidative dehydrogenation methods. Here we have explored an
ADH reaction strategy for access of N-heteroaromatics from their partially saturated
counterparts. This ADH reaction was achieved by merging of [Ru(bpy)s]** and Co-
oxime based proton reduction catalyst in water using blue light from the LED
source. This reaction is additive/base/oxidant-free, proceeds under mild conditions

and shows good functional group compatibility as well as broad substrate scope.

Dual
Catalysis
A

Scheme 2. Visible-light photoredox catalyzed acceptorless dehydrogenation of N-

heterocycles.

Chapter 1V: Room Temperature Visible-light Photocatalyzed Acceptorless
Dehydrogenation of Diaryl hydrazines

Aromatic azo compounds show profound application as food additives, in dye-pigment
industry, as bioactive ligands and therapeutic agents, polymers, photo-responsive soft
materials, switches and chemosensors, crystals, and as radical initiators. Herein we report
an ADH of hydrazobenzene derivatives using dual catalysis by merging [Ru(bpy)s]?* and
Co(dmgH)2PyCl catalysis. This additive/oxidant-free reaction takes place at room

temperature under very mild eco-benign conditions and is sustainable.

(

=y 0
0
H R’ ~ i R’
Ney . N
SO i ¥ 9 + vl

[Co] Proton

reduction catalyst Yield upto 96%

Dual Catalysis

.

: * Dual catalysis * Base/additive/oxidant-free :
1 * Room temperature * Highly atom-economy

Scheme 3. Visible-light photoredox catalyzed acceptorless dehydrogenation of

hydrazobenzene.



Chapter V: Dual Catalyzed C-H Arylation of Anilides under External Oxidant-Free
Conditions by Merging Photoredox Catalysis with Palladium Catalysis

The ortho-arylaniline scaffold show numerous applications in pharmaceuticals, material
sciences, organometallic catalysis and in synthesizing diverse N-heterocyclics. Herein, for
the first time, we report a visible-light mediated metal/metal-free photoredox catalyzed
tandem with palladium catalytic direct C-H bond arylation of anilides using aryldiazonium
salts as arylating agent under mild, ambient and external oxidant/additive/base-free
conditions. Under a controlled and modified reaction conditions, this reaction selectively

produces mono or 2,6-bisarylated product varying from moderate to excellent yields.

ety @@

ArX
NHDG (X = I, B(OH),) NHDG .. NHDG
€1 O e
¢ O v
Photochemical 5 DG =-C(O
Arl*BF, B = -C(O)CHs
Previous reports This work

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

* excess amount of external OX|dant
* high catalyst(s) loading
1 * harsh conditions (>120 °C)
E* harmful organic solvent \
'* generation of copious metal waste } .

/% no external oxidant '
* ambient temperature (~25 °C)
* broad substrate scope

1 * N, gas is the byproduct

* Selective mono/bis arylation

|* mixture of products (incase of Pd) ! e gram-scale synthesis

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

Scheme 4. Dual visible-light photoredox and palladium-catalyzed C-H arylation of

anilides.

Table 1. Selected examples of 2,6-bisarylated product

e -
HR N2"BF4 cat. Ru(bpy)sCla NHR ,
; O , cat. Pd(OAc), R
R + R
DMC, rt, Ar atm @
@ R? visible light, 18 h
3

2 4
R =Piv

QL0 0L OO OO

4a, 85% 4b, 91% 4c, 87% 4d, 89%

4e, 69% 4f, 79% 49, 72% 4h, 90%
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1.1 Historical Background of Photocatalysis

The term “photocatalysis” is derived from the combination of two words originated from
the Greek language. The prefix “photo” is derived from Greek word “phos” means light
and “catalysis” derived from Greek word “katalyo” means to break down or decompose.
In modern chemistry, the term photocatalysis stands for the acceleration of a chemical
reaction by light. Each year our earth is receiving the interminable amount of solar energy
in the form of light and heat. This is safe, inexpensive, and abundantly available at all
places on earth’s surface. Again, directly or indirectly the sun is the ultimate source of all
kind of energy available to earth except geothermal energy and hydrothermal energy. The
solar spectrum of the sunlight constitutes 44% of visible-light of the overall irradiation and
is a ubiquitous form of energy (Figure 1.1)."" The main objective in complementary
science is to efficiently convert the abundantly available solar energy into useful chemical
energy.’ It is greatly believed that if it is possible to harness a fraction solar energy, that is
reaching on to the earth’s surface, it can be possible to sustainably fulfill all the energy
demand of humanity to live without relying on fossil fuels.* In 1912 Giacomo Ciamician
has realized the importance of the use of sunlight, the renewable source of energy in
chemical synthesis and reported the first photochemical process in organic synthesis.’ His
concept of utilizing sunlight for chemical transformation was one of the milestones in
chemical science. He also predicted that the future energy demand of humanity is going to
be fulfilled by harnessing solar energy. In last 100 years, extensive research has been
carried out to fulfill the expeditiously growing energy demand by photocatalytic water
splitting, carbon dioxide reduction and in the development of new solar cell photovoltaic
materials.®® Despite significant progress in these above energy-related fields, until last
decade the potential in the utilization of visible-light for photocatalysis remained rarely
explored in synthetic organic transformations. As most of the organic molecules do not
absorb in the visible-light region, rather they absorb the high-energy ultraviolet (UV) light,
thus most of the early discovered organic transformations were based on the utilization of
high-energy UV light irradiation. However, the solar emission spectrum has only 3% of
UV light in it and most of the UV light has been absorbed by the atmosphere (Figure 1.1).!"
2 Again, many organic substrates may not be stable enough under the high-energy UV light
irradiation, thus can undergo an uncontrolled radical chain process leading to several side

reactions and sometimes decomposition. Also handling of high-energy UV light on
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industrial scale chemical production is unsafe and require special reaction setup. In this
context, utilization of vast visible-light window of the solar spectrum in organic synthesis
is highly desirable and demanding. Since most of the organic molecules do not absorb in
the visible-light region, thus for chemical transformation to take place, the use of a
photocatalyst is necessary. The photocatalyst will absorb visible-light and can induce
redox reactions via photo-induced electron transfer which is highly attractive as an

efficient solar energy harnessing process.
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Figure 1.1. Solar emission spectrum received on earth.’

1.1.1 Radicals in Photocatalysis

A photocatalyst upon visible-light irradiation can undergo single electron transfer (SET)
with a substrate to generate an odd electron open-shell species in a controlled manner
known as radicals. The main advantages of radical intermediates in a chemical reaction is
that the radicals are highly reactive and long-lived species. Radical reactions generally
take place in salt-free conditions, thus the influence of aggregation and solvation is
completely rolled out. Furthermore, the compatibility of the radicals with many functional

groups as well as its ability to undergo easy transformations under mild reaction
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conditions, have made the free radical reactions a complementary tool to ionic reactions.
Traditionally, the reactive radical species were generated by the use of toxic tin reagents,
explosive peroxides or azo compounds.'®!® However, traditional radical reactions have
suffered from a number of limitations which have hampered their routine use in chemical
synthesis. First of all, the scale-up of a radical reaction is challenging because these
reactions are generally run in dilute media. Although, tributyltin hydride is easily
available, extremely versatile and the most effective radical initiator; however, all tin
hydrides as well as their byproducts are highly toxic in nature and tend to stick to the
products during purification, which consequently eliminates any possibility for industrial
use of tin hydrides as radical initiators.'? Since most of the organic molecules do not absorb
in the visible-light region, thus sometimes the high-energy ultraviolet (UV) light is
irradiated to generate the reactive radical species. Indeed, free radicals generated using
these reagents or upon irradiation of UV light is always problematic. Because it creates
several environmental and safety issues as well as the formation of stoichiometric toxic
waste. Again, radical reactions initiated via traditional method always leads to an
uncontrolled radical chain process and hence, give rise to other side reactions as well as
copious byproducts. However, under visible-light mediated photoredox catalysis, the light
is absorbed only by the photocatalyst and not by the substrate. The photocatalyst upon
visible-light irradiation can generate reactive radical species via SET in a controlled and
continuous manner. Thus, it can overcome the limitations that arise due to radicals
generated by the traditional strategies. In the state-of-the-art of catalysis, the photocatalytic
reaction with the involvement of SET, a redox process is known as photoredox catalysis.
The radical reactions accompanying visible-light photoredox catalysis neither need any

toxic radical initiators nor any oxidants/reductants.

1.2. Modern Visible-Light Photoredox Catalysis and Early Work

In general, visible-light photoredox catalysis is the catalytic chemical transformation that
uses low-energy visible-light (from 380 nm to 750 nm) to drive the redox reaction which
is otherwise energetically disfavoured. In nature, plants use virtually inexhaustible sun-
light as the source of energy to make biomass utilizing carbon dioxide and water as key

components and allows carbon recycle provided by CO», thereby transforming solar
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energy into chemical energy. Inspired by such processes, in last decade the scientific
community from all over the world are involved in the development of unique, selective
and efficient chemical transformations involving redox processes under visible-light
irradiation via generation of radical species. Recently, visible-light photoredox catalysis
has been known and established as one of the most versatile methods to conduct chemical
transformations involving reactive radical species under a smooth, continuous and
controlled manner. Nowadays, it is also one of the most productive areas in contemporary
science. Like, chlorophyll which harvests sunlight responsible for the redox processes
involved in photosynthesis, an envisaged chemical transformation also require the
involvement of an appropriate photocatalyst which can absorb visible-light for the redox
reaction. For that purpose, the photoactive [Ru(bpy)s;]** complex was introduced in a
catalytic amount. The complex [Ru(bpy)3]Cl, was discovered by Burstall in 1936, but
until last decade it was well known only among the inorganic scientific community as a
photoredox catalyst for diverse applications such as photocatalytic water splitting, carbon
dioxide reduction to methane, formates etc.® Until recently, however, these complexes
had been only sporadically employed as photocatalysts in the area of organic synthesis.
The limited exploration of this area is perhaps surprising, as single-electron, radical
processes have long been employed in C-C bond construction and often provide access to
reactivity that is complementary to that of closed-shell, two electron pathways. After its
discovery, the [Ru(bpy)s]*" had been sporadically employed as photocatalysts in the area
of organic synthesis by the research groups of Kellog,!> Pac!® and Deronzier,!” until
recently in 2008 when David MacMillan (Princeton University) merged [Ru(bpy)s]**
photoredox catalysis and organocatalysis to develop an asymmetric a-alkylation of
aldehydes.'® Subsequently, researchers from different groups, the Tehshik P. Yoon group
(University of Wisconsin, Madison) reported very interesting photocatalytic [2+2]
cycloadditions of enones,!” while the Corey Stephenson group (Boston University)

reported photoredox catalyzed dehalogenative cyclization reactions.?

The combined efforts of these three research groups: the research groups of MacMillan,
Yoon, and Stephenson independently laid the foundation stone of modern photoredox
catalysis in synthetic organic transformations. Their seminal work has helped to initiate a
renewed interest in this field, to use photoredox catalysis as a conceptually novel approach

in synthetic organic reaction developments. Recently, the field photoredox catalysis has
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undergone a significant renaissance and evolved as one of the most emerging fields in
catalysis with the development of series of new C-C, C-H, C-N, and C-X bond activation
as well as bond formation modes with the development new protocols and synthetic
methodologies.?!">* Nowadays, photoredox catalysis is also the most rapidly expanding
area of chemistry with the involvement of different reactive radicals (Figure 1.2). The
scientific community has shown immense interest towards visible-light mediated
photoredox catalysis. This much-renewed interest among researcher in photoredox
catalysis has come due to the unique mode of substrate activation by the photocatalyst in
very mild and environmentally benign conditions. The photo-excited photoredox catalyst
activates the substrate via SET between the photoredox catalyst and the substrate. Under
the reaction conditions, a photoredox catalyst can be able to play the role of an oxidant as
well as reductant depending on the electron demand which is otherwise difficult or
sometimes impossible by other means of chemical catalysis. The energy of a photon
absorbed by the photocatalyst is converted back to redox chemical energy and a very low-
concentration of reactive radicals is generated via photo-induced electron transfer under a
controlled and continuous manner. The mild and unique mode of reactive radials
generation via photoredox catalysis has been attracting many researchers to quickly

embrace and apply this strategy as a surrogate to classical organic transformations.
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Figure 1.2. Year wise publications on photoredox catalyzed organic transformations

(From Web of Science data as on 30" June 2018).
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Most of the photoredox catalysts are very poor single-electron oxidants and reductants in
their ground state; however, upon visible-light irradiation, these photocatalysts undergo
electronic excitation and act as very potent single-electron-transfer reagents. Importantly,
the activation of these bench stable, benign catalysts need irradiation from a simple
household light bulb to generate redox-active species followed by a chemo-selective
trigger to induce unique and valuable catalytic processes. The visible-light mediated
photoredox catalysis is capable of achieving unique bond constructions which are may not
be possible using established protocols. By employing visible-light photoredox catalysis,
it is possible to transiently generate both oxidants and reductants within the same reaction
vessel to develop reactions requiring both the electron donation and electron acceptance at
different points during the reaction. Thus, photoredox catalysis can be employed to
perform overall redox neutral reactions. This approach of generating oxidant or reductant
is much superior over the methods requiring stoichiometric chemical oxidants and
reductants. Furthermore, during SET process radical ion intermediates are generated
whose reactivity pattern is fundamentally different from those of their ground electronic
or excited states.”®> Access to these reactive intermediates using other means of activation
is often challenging or requires conditions under which their unique reactivity cannot be

productively harnessed.

Most of the photoredox catalyzed organic transformations proceed at room temperature
under extremely mild and benign conditions without the need of any external reactive
radical initiators. Typically a commercial household light bulb is used as the light source
in photoredox catalysis, which has significant advantages over the specialized equipment
required for processes employing high-energy ultraviolet (UV) light. Additionally, there
is a little potential for harmful side reactions that might arise from photoexcitation of the
substrate itself. Finally, transition-metal based photoredox catalysts are highly efficient

and thus, employed at very low-catalyst loadings, with 1 mole % or even less being typical.

1.3. Mechanisms Underlying Photoredox Catalysis

In the process of visible-light mediated photoredox catalysis, the energy of a photon is
harnessed by the photocatalyst and is converted to redox chemical energy. Upon visible-

light irradiation, the ground state singlet photocatalyst undergoes electronic excitation to
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generate highly reactive and short-lived triplet intermediate. This reactive intermediate can
act both as a strong oxidant as well as a strong reductant. A reactive radical intermediate
is formed by photo-triggered SET between the photoexcited catalyst and the substrate. The
SET between the photoredox catalyst and the substrate is beneficial and contributes
towards the development of milder reaction conditions as well as energy-efficient
transformations. Eventually, the concentration of reactive radical intermediate produced
via SET at any interval of time will be very less and hence the formation of side product
is diminished. The continuous generation of radicals by the photo-triggered SET provides
an accelerated reactivity and acts as a driving force for many synthetic organic

transformations.

1.3.1. Photophysical Properties of a Photocatalyst

The ground state as well as excited state photophysical and electrochemical properties of
a photoredox catalyst are crucial for any organic transformations. Upon visible-light
irradiation, the photoredox catalyst undergoes excitation, with the promotion of an electron
from its ground state singlet (So) to a higher singlet excited state. Within nanosecond, an
electron from higher singlet excited state relaxes to the first singlet excited state Si. The
electron at S; state of the photoredox catalyst then may relax to So either by a radiative
fluorescence pathway or by a non-radiative process known as internal conversion (IC).
The electron at S; state can also convert to the first triplet excited state (T1) by a
nonradiative spin-forbidden process known as intersystem crossing (ISC). Similarly, the
transition between T to Sy state is also a spin forbidden process. Hence, T; is the longest-
lived state and can decay to So by a radiative (known as phosphorescence) or by a non-
radiative (IC) pathways. The excited S; and T; states with lifetime starching from
nanoseconds to the milliseconds are responsible for photoinduced electron transfer
between the substrate and the photocatalyst during visible-light mediated chemical

reactions.

A good photocatalyst should have properties like high lifetime values for its S; and T
states. The ideal feature for S; state is high quantum yield of fluorescence (¢r) and high
fluorescence lifetime (tr). Similarly, the ideal feature for T state is high quantum yield of

intersystem crossing (¢isc) and high lifetime for triplet states (tr).
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Scheme 1.1. Photophysical and Electrochemical Processes of Photoredox Catalysts.

1.3.2. Photophysical Properties of [Ru(bpy)s]**

The photocatalyst [Ru(bpy)s;]** is known for many years for its photochemical properties
and its activity in photoredox catalysis. Recently, it has shown surge application in various
photoredox catalyzed organic transformations.?!?* The photophysical properties of
[Ru(bpy)s]*" based on its UV-Visible spectrum shows three different absorption bands,
which corresponds to three different types of electronic transitions: one is ligand centered
(LC) electron transfer, the second is metal centered (MC) electron transfer and third the
most interesting metal-to-ligand charge-transfer (MLCT), which absorbs in the visible-
light region whereas the former transitions occur in the UV region (Figure 1.3). The MLCT
transition has a characteristic absorption band at 452 nm and is responsible for the visible-
light excitation of the complex [Ru(bpy);]Cl2, (Scheme 1.1).* Any tuning to ligand
backbone around the Ru-metal center, promote a shift of the MLCT band and hence
modification of the photophysical and electrochemical properties of the complex is

achievable.
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Figure 1.3. The absorption spectrum of [Ru(bpy)s]Clz in alcoholic solution.?>?

The complex [Ru(bpy)s]*" gets activated to [Ru(bpy);]*** upon irradiation with visible-
light (Amax = 452 nm). After photon absorption the [Ru(bpy)s]** first gets excited to an
excited singlet state '!MLCT which undergoes rapid intersystem crossing (ISC) to a lower
in energy excited triplet state MLCT with a relatively long lifetime of 890 ns in
acetonitrile and 650 ns in water, long enough to engage in a SET with a substrate through
bimolecular reactions.?*?¢ In its triplet excited state [Ru(bpy)s]** acts as an electron donor
(energy available = 2.12 eV) (oxidation potential: [Ru(bpy)s]**/[Ru(bpy);]*** =-0.86 V vs
SCE in MeCN) and as an electron acceptor (reduction potential: [Ru(bpy)s]*>"*/[Ru(bpy)s]"
=+0.84 V vs SCE in MeCN). A number of other electronic processes can also deactivate
the triplet excited complex. For a controlled and enhanced electron transfer, a cofactor
called "quencher" is used along with the photocatalyst. The quencher acts as a rapid
electron donor or an acceptor of the electron and is chosen carefully by comparing redox
potentials of the photocatalyst and the quencher. Electronic transfer kinetics are important
parameters to control and are brought together under the kq constant that represents the
ability of a compound to allow fast electron transfer. To promote an efficient redox
process, a rapid electron transfer is necessary to avoid the photocatalyst deactivation in its

excited state. A direct consequence of preventing catalyst deactivation is the increase in

the catalytic efficiency.?
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Scheme 1.2. Schematic energy diagram for photoexcitation of [Ru(bpy)s]*".

Photoredox catalysts of ruthenium and iridium were extensively used in the photocatalytic
organic transformations. Redox properties of tris-chelated Ru(Il) complexes of 2,2'-
bipyridyl or 1,10-phenanthroline ligands are the most studied complexes because of their
excellent photophysical and electrochemical properties. In polypyridyl ruthenium
octahedral complexes, Ru*" has a d® system. The nitrogen atom of bipyridine ligands
coordinates to the metal center through ¢ donor orbitals localized on the N-atom while the
aromatic ring of the ligand possesses both the © donor and ©* acceptor orbitals delocalized
over the ring. The HOMO of these Ru(Il) complexes is centered on the dr orbital of the
metal while the LUMO is centered on the n* orbital of the ligands. Upon visible-light
irradiation, an electron from dr orbital of Ru(Il) is excited to a low-lying ©* orbital of the
bipyridyl ligand via MLCT (Scheme 1.2). The electron at lowest *MLCT has a long half-
life, which undergoes SET with other molecules in the solution state even at very low

concentration.
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Scheme 1.3. Jablonski diagram for visible-light-promoted excitation of [Ru(bpy)s]>* 2'°

Relative to the ground state Ru(II) species, its excited state species are more reactive which
can undergo easy oxidation or reduction, and hence, can serve as either electron donor, or
electron acceptor (Scheme 1.3). The photoexcited Ru(Il) catalyst takes the advantage of
the electron transfer pathway to undergo quenching by donating an electron to an oxidizing
agent or by accepting an electron from a reducing agent (Scheme 1.4). These two distinct
single electron transfer pathways are term ‘oxidative quenching’ and ‘reductive
quenching’. In reductive quenching pathway the quencher reduces the excited state
photoredox catalyst to the corresponding low oxidation state species while in oxidative
quenching pathway, the quencher oxidizes the excited state photoredox catalyst to the

corresponding high oxidation state species.
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Scheme 1.4. Jablonski diagram of the oxidative and reductive quenching of

[Ru(bpy)s]*"*. EA = electron acceptor, ED = electron donor.
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1.3.3. Photophysical Properties of Eosin Y and Rose Bengal

Like [Ru(bpy)s]**, the photochemistry of organic dyes such as eosin Y and rose bengal are
also well investigated. The photocatalyst eosin Y absorbs in the green light region with the
characteristic absorption peak at 539 nm in the UV-Vis spectrum and has a molar
extinction coefficient € = 60 803 M cm™. Upon visible-light irradiation, eosin Y
undergoes singlet excitation followed by rapid intersystem crossing to its lowest energy
triplet excited state, having a lifetime of 24 us.?” At its excited state, eosin Y is more
reducing and more oxidizing compared to its ground state. The redox potentials for the
excited state of eosin Y can be estimated from its ground state standard redox potentials
determined by cyclic voltammetry and the triplet excited state energy. The measured
ground state and the estimated excited state oxidation and reduction potentials of eosin Y

is given in Scheme 1.5.27% 28
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Scheme 1.5. Different forms of eosin Y and redox potentials in MeCN-H>O (1:1) in the

ground and corresponding excited states.

Rose bengal also shows similar photophysical properties like eosin Y. Upon visible-light,
irradiation rose bengal (RB2) absorbs the visible-light (Amax = 550 nm) to give a
photoexcited singlet state, RB>*(S1), which undergoes rapid intersystem crossing to its
lowest long-lived triplet state RB>*(T;). This photoexcited RB**(T1) acts as a strong
oxidant (E12[RB**(T;)/RB*] = -1.04 V vs SCE) and strong reductant.!¢ Rose bengal is

also known as a very good sensitizer for oxygen and generates singlet oxygen.?
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1.4. Basic Mechanism of Photoredox Catalysis

When visible-light of wavelength Amax is irradiated upon the photocatalyst, the ground state
electron jumps to its excited state to give excited PCat*. At its excited state, the
photocatalyst acts as a strong oxidant as well as a strong reductant. Thus two scenarios can

happen as explained below.

If a sacrificial electron donor (D) with sufficient reduction potential is present in the
reaction medium, (Scheme 1.6, right side cycle) the D can reduce the excited photocatalyst
PCat* to generate PCat". The process of reduction of the excited photocatalyst is called
as reductive quenching and the donor is called as a reductive quencher. Then the reduced
photocatalyst transfers an electron to the reactant R with concomitant regeneration of
ground state photocatalyst PCat in the catalytic cycle called as “reductive quenching
cycle”. The resulting photocatalytic reduced radical anion R- undergoes further
transformations to give the final product. Similarly, if the reaction has sacrificial electron
acceptor (A) within it, then the photoexcited catalyst PCat* gets oxidized with A, to give
PCat+. The substrate A acts as oxidative quencher and process of oxidation of excited
photocatalyst PCat* is known as an oxidative quenching. Further, the PCat+ gets reduced
by the reactant R (oxidative quenching cycle) with concomitant regeneration of the ground
state catalyst PCat along with the radical cation R-+ which further reacts to give the final

product. (Scheme 1.6, left side cycle).

O,

E,p = PCat*/PCat* PO ., = pcat/PCat
+ Oxidative Reductive -
. PCat
PCat Quenching E Quenching
Cycle < Cycle

Eqp = PCat*/PCat ¢ E4;, = PCat/PCat
a

3

Scheme 1.6. Catalytic cycle in presence of a sacrificial quencher A and D.
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The reactant R itself also can act as the quencher. If the R acts as reductive quencher by
giving an electron to PCat*, via reductive quenching to form PCat". The oxidized reactant
R+ then participates in radical transformations to give the product. In order to regenerate
the catalyst, a sacrificial electron acceptor (A) must have to be introduced into the reaction
medium (reductive quenching cycle, Scheme 1.7, right side cycle). In an alternative
pathway, the activated photocatalyst transfers an electron to the reactant (acts as an
oxidative quencher) and generates the oxidized photocatalyst PCat+. The reduced reactant
R:- undergoes radical transformations and the presence of a sacrificial electron donor D
allows the concomitant regeneration of the photocatalyst PCat (oxidative quenching
cycle) (Scheme 1.7, left side cycle). The most common oxidative quenchers are
polyhalomethanes, dinitro- and dicyanobenzenes, and aryldiazonium salts etc. Similarly,

the most common reductive quenchers are tertiary amines.

R R

A

PCat*

E45 = PCat'/PCat* Eqp = PCat*/PCat

+  Oxidative Reductive -
PCat
PCat Quenching E Quenching
Cycle < Cycle

E1/2 = Pcat+/PC8t ¢ E1/2 = PCat/PCat

Scheme 1.7. Catalytic cycle when the reactant itself acts as the quencher.
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Scheme 1.8. Oxidative and reductive quenching cycle of [Ru(bpy)s]*".

To determine whether a reductive or oxidative quenching cycle is operative in a particular
reaction, fluorescence quenching (or Stern-Volmer) studies are commonly employed.*
This technique examines the competition between two deactivation pathways of the
photoexcited state: quenching via an electron transfer and emission (Figure 1.4).2!° In the
absence of a quencher, *[Ru(bpy);]* undergoes emission, emitting radiation at Amax = 615
nm with an inherent intensity.’! Increasing concentrations of a quencher, however,
additionally deactivate *[Ru(bpy);]*" via electron-transfer pathways and decrease the
intensity of the observed emission. This relationship between quencher concentration and

emission intensity is given by the Stern-Volmer equation,
Io/I =1 +kqto[Q],

where Ip and I are the emission intensity in the absence and presence of quencher,
respectively, kq is the quenching rate constant, 1o is the excited-state lifetime in the absence
of quencher, and [Q] is the molar concentration of quencher. Plotting the ratio Io/I against

the quencher concentration thus gives a straight line having a y-intercept equal to 1 and a
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slope, termed the Stern-Volmer constant (Ksv), equal to kqto. The observation of this
relationship between the concentration of a putative quencher and emission intensity
constitutes evidence that the molecule engages in single-electron transfer with the
photocatalyst. In addition to the electron-transfer pathways described here, the
[Ru(bpy)s]*" photoexcited state may also engage in energy transfer with organic substrates.
It should be noted that energy transfer pathways, like electron-transfer pathways, diminish
the emission intensity of the photoexcited species and may be evaluated using the Stern-

Volmer analysis.
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Figure 1.4. Fluorescence quenching Stern-Volmer studies.?!®

1.5. Types of Photoredox Catalysts

From time to time there are several types of photoredox catalysts have been reported. All
the known photoredox catalysts can be broadly classified into three classes based on the
materials they composed off. These are transition-metal complexes, organic dyes, and
semiconductors. Similarly, based on the nature of solubility of the material, photoredox
catalysts are classified into two categories such homogeneous and heterogeneous
photoredox catalysts. Mostly homo- or heteroleptic Ru,? Ir based polypyridyl complexes*?
and few complexes of other transition metals such as copper(I),** gold(I)** and iron(II)*>
polypyridine complexes have been used as photoredox catalysts. Below here some

commonly used photocatalysts and their redox potential are given. In the early 2000s,
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organic photoredox catalysts were dominant but nowadays transition-metal complexes are

more commonly used due to high catalytic efficiency.
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Figure 1.5A. Commonly used transition metal based photoredox catalysts.

O E CO,H

CO,H Br: N Br
LT L0
HO O e}
HO (0] (0] Br Br
Fluoreiscein Eosin Y Rose bengal 4CzIPN
Eqp99d =117V Eqp99ed = -1.08 V Eqp99d =099 V Eqp99red = 121V
Eqp = +1.25V Eqp7® = +1.23V Eqp7® = +1.18 V Eqp™d=+135V

Me

) o ¢ A
@_ X
D N N (oD
e CLO ;
CN S

3-cyano-1- Me
Dicyanoanthracene methylquinolinium 10-phenyl-phenothiazine Fukuzumi catalyst
Eqp99ed =091V Eq99™¢= -0.60 V Ep®/*=-210V Eqp99red =057V
Eqp* = +1.99V Eqp’®=+272V Eqp"®9=+068V Eqp™=+2.08 V

Figure 1.5B. Commonly used organophotoredox catalysts.
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1.6. Basic Requirement for Success of a Photoredox Catalytic Reaction

The selection of appropriate photocatalyst plays a very crucial role in the development and
success of new photoredox catalytic methods. Appropriate catalysts can be chosen by
comparing the redox potentials of the catalyst and the redox potentials needed to oxidize
or reduce the desired substrate. After photocatalyst selection, the wavelength of the visible-
light source is selected according to the ground state absorption maximum of the selected
photocatalyst. If a photocatalyst is new or the absorption data for the photocatalyst is not
available, then UV-Visible spectra of the photocatalyst will give information about the

wavelength of the visible-light that should be used during the reaction.

The list of commonly used photocatalysts and their redox potentials are presented in Figure
1.5. The most commonly used transition-metal photosensitizers are ruthenium and iridium
polypyridyl complexes whereas few other transition-metal complexes were occasionally
used as photosensitizer.® Strong absorbance in visible-light region, long excited state
lifetimes and high ISC yields make the Ru and Ir-based photocatalysts the most employed
catalysts in synthetic photoredox catalysis. Mostly iridium photocatalysts are used for the
production of stronger oxidizing species. This is because iridium is in +III oxidation state
with low-spin d® configuration and in its higher oxidation state, iridium is capable of
accommodating ortho-metallated 2-phenylpyridine derived ligands (LX type) to

compensate its electron-deficiency.?’

The iridium complexes can be heteroleptic without losing their photoactivity. This
property of an iridium photocatalyst allows its HOMO and LUMO to separate efficiently
in space and thus enables the variation of one potential without affecting the other. This is
why by changing the ligand backbone the heteroleptic iridium complexes can be easily
tuned to achieve more challenging oxidation and reduction potentials than the homoleptic
ruthenium-based polypyridine complexes. As a general rule, strong electron-donating
groups on the ligands backbone render the complex to become more strongly reducing,
while electron-withdrawing substituent groups cause the complex to become more

strongly oxidizing in nature.

Metal-free photocatalysts with a high structural diversity are the rising competitors to
commonly used transition metal photocatalysts.>'Y Although most of these organic

photocatalysts possess shorter excited state lifetimes; however, due to their impressive
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wide window of redox potential, they have been used in several reactions. There are a few
organophotoredox catalysts such as 10-phenyl-phenothiazine are strongly reducing in
nature.*® Fluorescein to rose bengal?*4?72% and the recently developed donor-acceptor
scaffolds such as 4CzIPN*° offer a well-balanced and large redox window comparable to
the commonly used iridium catalysts. The strongly oxidizing 9-mesity-10-
methylacridinium also known as Fukuzumi*' catalyst is an example of another class of
donor-acceptor scaffold which is widely used in photoredox catalysis. The strongest
known single-electron-oxidant is probably 3-cyano-1-methylquinolinium*? which can be

used to perform extremely challenging oxidation reactions.

1.7. Recent Trends in Photoredox Catalysis

1.7.1. Dual Catalysis (Merging Photoredox Catalysis with TM or Organocatalysis)

Under the concept of green chemistry topical interest towards utilization of renewable
energy for organic transformations and development of benign and eco-friendly processes
has boosted with a renewed interest in visible-light mediated photoredox catalysis. In a
sustainable progress, the recent trends of merging photoredox catalysis with another
transition-metal catalysis (TM catalysis) or organocatalysis indicates that a cooperative
dual catalysis between photoredox catalysis and catalysis from other domains could
provide unique reactivity and selectivity. The recently discovered dual catalytic concept
by merging two different independent catalyst turns out to be highly promising for
performing very exciting sometimes formidable organic transformations. Unlike thermal
reactions, visible-light photoredox catalytic reactions occur under extremely mild
conditions, and most reactions proceed at room temperature without the need of any
external radical initiators, stoichiometric oxidants or reductants. The visible-light
irradiation source is typically a low energy commercially available household bulb which
does not need any specialized equipment as required for processes employing high-energy
ultraviolet (UV) light. The visible-light mediated photoredox catalytic activation of
organic substrates is a powerful strategy to generate reactive radical species under very
mild conditions. Due to extremely mild reaction conditions, a photoredox catalytic process
can be easily combined with other catalytic cycles to develop a dual catalytic system with

cooperation between each catalytic cycles. A dual catalytic system by combining
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photoredox catalysis with another catalytic cycle such as transition-metal catalysis or
organocatalysis can achieve novel and unique reactivity which is otherwise impossible (or)
rather difficult to achieve by employing any one of the catalytic systems independently.
Recently dual catalysis is a very hot topic in the field of organic chemistry that explores
the enormous opportunity provided by combining one area of catalysis with another area
to achieve previously unattainable reactions or better the existing reactions. Dual
photoredodx catalysis generally refers to the merging of a photoredox catalytic cycle with
another redox active catalytic cycle but without the involvement of visible-light. Under
the dual photoredox catalytic strategy, upon visible-light irradiation, the photoredox
catalyst undergoes SET at a given time and allows multi-electron catalysis with the

assistance of a second redox catalyst.

Catalysis

Figure 1.6. Dual catalysis by merging photoredox catalysis and catalysis from other

domain.

1.7.2. Taxonomy for Dual Catalysis

The dual catalysis is divided into three types. The first type of catalysis is cooperative
photoredox catalysis, wherein both the photoredox catalyst and the other catalyst are
directly involved in the same catalytic cycle, working cooperatively with each other to
form the product (Figure 1.7a). The second type of catalysis is known as synergistic
catalysis wherein both the photoredox catalyst and the other catalyst simultaneously
activate two different substrates A and B in two directly coupled catalytic cycles, leading
to the formation of a product (Figure 1.7b). The third one is the sequential catalysis or

relay catalysis. In sequential, any one of the two catalysts react with on two different
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substrates A and B to give intermediate C. This intermediate again reacts with another

independent catalyst to give the final product (P) (Figure 1.7¢).
a) Co-operative Catalysis b) Synergistic Catalysis

Photoredox
Catalysis

+

Other
Catalysis

P Other
Catalysis

c) Sequential or Relay Catalysis

Other
Catalysis

Intermediate

Figure 1.7. (a) The concept of cooperative catalysis. (b) The concept of synergistic

catalysis. (¢) The concept of sequential or relay catalysis.

1.7.3. Importance and Advantages of Dual Catalytic Approach

While photoredox catalysis and catalysis from other domain individually have their own
reactivity and identity in modern organic catalysis. However, the combination of
photoredox catalysis and catalysis from other domain such as transition-metal catalysis or
organocatalysis is very attractive, as the dual catalysis has many unique advantages such
as: (1) Dual catalysis can give rise to new types of reactivity and previously unattainable
organic transformations by use of either of the catalytic systems alone. (ii) Dual catalysis
can induce or improve the enantioselectivity in the product, where stereochemical control
was previously absent or challenging. The combination of photoredox catalysis and
catalysis from other domain provides additional possibilities to induce enantioselectivity
in a product than the use of a single chiral catalyst. By judicious combinations of a
photoredox catalyst and a chiral transition-metal catalyst or a chiral organocatalyst, facile
ways for chiral organic transformations can be achieved. Sometimes chiral photoredox

catalyst and a chiral catalyst from other domain can be merged where both the chiral
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catalysts may control the stereochemistry. A dual catalysis can improve the reaction
efficiency and broaden the substrate scope of existing transformations through the
cooperative effect of both the catalysts. A dual catalysis by merging photoredox catalysis
with catalytic cycles from other domain is attractive in nature and has the following unique

advantages:

(1) A dual catalysis can give rise to the development of new unique reaction as well as
reactivities, which was previously impossible to attain by independent use of either of the

catalytic systems.

(2) By combining asymmetric catalysis with photoredox catalysis, it is possible to achieve
new challenging enantioselectivity reactions where stereochemical control was previously
absent. By selecting appropriate combinations of catalysts for the dual catalysis facile

reaction optimization, as well as enantioselective catalysis, may be realized.

(3) A dual catalysis can significantly improve the catalytic efficiency and can widen the

substrate scope of existing transformations through the cooperative effect.

1.7.4. Challenges for Merging Photoredox Catalysis with Catalytic Cycles from Other

Domain

Although the combination of photoredox catalysis with a catalytic cycle from another
domain can give rise to completely new reactivity and selectivity; however, it is always
not straightforward to combine these two catalytic cycles. Despite many advantages, there
are several perceived challenges which have to be faced while merging of photoredox
catalysis and catalysis from other domain. The most important factor which cannot be
overlooked during the development of a dual catalytic cycle is the catalyst compatibility.
While combining photoredox catalysis and catalysis from other domain, it should be made
sure that the catalysts are compatible with each other, with reactants, additives,
intermediates, and solvents throughout the whole reaction sequence. Judicious selection
of appropriate catalyst combinations is the key for the development of successful dual
catalytic cycle while overcoming the inherent challenges. In addition, strategies like site
isolation, phase separation, sequential addition of substrates or catalysts should be applied

and adopted during the catalytic transformation. There are many parameters which govern
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whether a photoredox catalytic cycle can be merged with other catalytic cycles or not. Few

of these points are given below,

(1). First of all, both the photoredox catalyst and the other catalyst should not react with

other during the reaction.

(2). Both the photoredox catalyst and the catalyst from other domain should work

efficiently under identical reaction conditions.
(3). Except for photoredox catalyst, the second catalyst should not absorb the visible-light.
(4.) None of the catalysts should undergo early catalyst deactivation during the reaction.

(5). The rate of catalytic activity for both photoredox catalyst and the second catalyst

should be similar.

(6). Both photoredox catalyst and the second catalyst should work in co-operation with

each other.

1.8. Scope and Objectives of the Thesis Work

This thesis describes the design and development of new visible-light mediated
photoredox catalytic methodologies for organic transformations such as dehydrogenation
and ortho-C-H arylation and related reactions with improved catalytic activity and
selectivity. The main objective of the thesis is to develop mild and environmentally benign
protocols for organic transformations under visible-light photoredox catalysis sometimes
merged with catalytic cycles from other domain such as transition-metal catalysis or

organocatalysis.

1.9. Organization of Thesis

The thesis is divided into five chapters. An abstract for each chapter is given below.

Chapter 1: This chapter gives an introduction to visible-light mediated photoredox
catalysis, historical background photoredox catalysis, modern photoredox catalysis and

the importance of photoredox catalysis. Also, this chapter gives a brief description about
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photophysical and photochemical properties of a photocatalyst excitation and mechanism
underlying photoredox catalysis such as oxidative quenching and reductive quenching.
Towards the end of this chapter merging of photoredox catalysis with catalysis from other

domain was described.

Chapter 2: In this chapter, a catalytic oxidative dehydrogenation of N-heterocycles by a
visible-light organophotoredox catalyst with low catalyst loading (0.1 - 1 mol%) was
described. This reaction operates efficiently at room temperature under mild, and in a
base- and additive-free conditions with ambient air as the sole oxidant. This reaction has
a broad substrate scope and shows excellent functional group compatibility. Also, the
utility of this benign approach is demonstrated by the synthesis of various
pharmaceutically relevant N-heteroarenes such as quinoline, quinoxaline, quinazoline,

acridine, and indole.

Chapter 3: Acceptorless dehydrogenation with the extraction of molecular
hydrogen under mild conditions form liquid organic hydrogen carriers is highly
important and demanding. The third chapter is mainly focused on acceptorless
dehydrogenation of partially saturated N-heterocycles under a dual visible-light
photoredox catalysis merged with proton reduction catalysis. This dual catalytic
dehydrogenation reaction operates under mild and benign conditions with the

liberation of molecular hydrogen and uses water as the solvent.

Chapter 4: Aromatic azo compounds are privileged structural motifs, as they show myriad
pharmaceutical and industrial applications. In this chapter, we have explored a catalytic
acceptorless dehydrogenation of diarylhydrazines to access wide verity of aromatic-azo
compounds with the removal of H» gas as the sole byproduct. This distinctive reactivity
has been achieved under dual catalytic conditions by merging [Ru(bpy)s]*" as the visible-
light photoredox catalyst and Co(dmgH)2(py)Cl as the proton-reduction catalyst. The
reaction proceeds smoothly under very mild and benign conditions and operates at room
temperature. This dual catalytic approach is highly compatible with various functional
groups and has a broad substrate scope. Also, a reversible hydrogen storage and release
phenomenon on hydrazobenzene/azobenzene couple has been demonstrated to show the

utility of these compounds as hydrogen storage materials.
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Chapter 5: The fifth chapter is mainly focused on ortho-C-H arylation of anilides under
dual visible-light photoredox catalysis and palladium catalysis. This chapter is further
divided into two parts based on the nature of photoredox catalysts, reaction conditions as

given below:

Chapter 5A: In this sub-chapter, a dual catalytic approach for room temperature C-H
arylation of anilides with aryldiazonium salts have been disclosed. This unified strategy
has been achieved by the synergistic combination of visible-light metal-free photoredox
and palladium catalysis under silver-, base- and/or additive-free conditions. This redox-
neutral method shows a broad substrate scope, good functional group tolerance and

excellent regioselectivity.

Chapter SA: In this sub-chapter, an efficient catalytic protocol for direct mono and bis-
ortho-C-H bond arylation of anilides under base- and external oxidant-free conditions has
disclosed. This reaction proceeds smoothly at room temperature using CO;-derived
dimethyl carbonate (DMC) as a 'green' solvent by merging visible-light active [Ru(bpy)s;]**
catalysis and Pd-catalysis. Later, this strategy has been successfully applied for the gram-

scale synthesis of fungicide Boscalid.
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Figure 1.8. Arrangement of working chapters.
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2.1. Introduction

Nitrogen-containing aromatic motifs have been highlighted as important scaffolds as they
show profound applications in numerous biologically active natural products, synthetic
pharmaceuticals, and in material science (Figure 2.1).! Given their importance, the
development of efficient strategies for the synthesis of N-heteroarenes is a central research
area in contemporary science. The site-selective introduction of a new
substituent/functional group on N-heteroarenes is a grand challenge. It requires multi-step
tedious functionalization, and in many cases, it is difficult to install by applying established
traditional methods. In recent times, oxidative dehydrogenation of (partially) saturated
cyclic compounds have been explored as a complementary route to prepare these
substituted N-heteroarenes.? However, classical approaches use the super-stoichiometric
amount of strong oxidants like DDQ, sulfur, and metal oxides to access N-aromatics, and
thus produce a large excess of hazardous waste equivalent to the oxidants.> An alternative
to these strong and toxic oxidants is to use air or oxygen, a mild, non-toxic oxidant which

produces water as the sole by-product that is superior and highly desirable.
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Figure 2.1. The pharmaceutical importance of N-heteroaromatics.
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Catalytic oxidative dehydrogenation (ODH) is one of the most important strategies in the
manufacturing of commodity chemicals.*’ The ODH reactions based on heterogeneous
catalytic systems such as Pt-NW, Pd;Pb, Ru/TiO,, Ru/C0304, Ru/Al,O3, and AuNPs/C
have been documented.® However, most of these catalytic systems are based on precious
metals, require harsh reaction conditions and showed less functional group tolerance. In
2014, Stahl and co-workers reported room temperature aerobic oxidation of diverse
1,2,3,4- tetrahydroquinolines (THQs) by using a homogeneous 1,10-phenanthroline-5,6-
dione/Znl>* and the Ru/Co catalyst system.?d Recently, the research group of Beller and
Stahl independently reported the oxidative dehydrogenation of THQs and other important
N-heterocycles using a heterogeneous iron oxide (FeOx@NGr-C) and cobalt oxide
(Co304-NGr/C) Dbased catalytic system supported on nitrogen-doped carbon
respectively.2?' A limitation is that the reaction conditions were relatively forcing, e.g.
higher temperature (>100 °C), and the use of base and/or additives. Of late, Kim and co-
workers have reported the Cul/DBAD based dual catalytic system for the dehydrogenation
of THQs under aerobic conditions.? Despite significant advances have been made using
traditional transition-metal catalysis removal of heavy metallic impurities from the final
products hinders their practical applicability. Thus, ODH reaction by transition-metal free
catalysts are highly desirable and not disclosed prior to our report. In the present chapter,
the first report of catalytic oxidative dehydrogenation of diverse N-heterocycles by a
visible-light’ transition-metal free organophotoredox catalyst is reported. The reaction
proceeds efficiently under base-free and additive-free conditions with ambient air as the
source of O> at room temperature (Scheme 2.1).
XN Heterogeneous Classical Approch XN
(b ) Pd, Pt, Au,Ru/support

DDQ/S/Metal oxide x High temperature
(b) FeOx/Co304,@NGr-C x Copious waste
R, R4
N
H
A Homogeneous / IV\ Our Approch B
Rz = > R2 —~ R1
N N

(a ) 1,10-phenanthroline-5,6-dione/Znl , Organophotoredox

(b) Cul/DMAP/DBAD Alr, Visible-light

(c) [Ru(phd)3],PFg/Co(salophen) Room Temperature Simple & Efficient
x (Noble) metal/Cocatalyst * Additive/Base-free
x High catalyst loading * Transition-metal free
x High temperature (method II) * Low catalyst loading
x Use of additive/base * Cost-effective

Scheme 2.1. A general overview of oxidative dehydrogenation of THQs to quinolines.
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2.2. Statement of the Problem

Various groups have made significant contributions for the synthesis of N-
heteroaromatics. However, there is no report for the synthesis of these valuable scaffolds
under visible-light mediated organophotoredox catalytic oxidative dehydrogenation
conditions. The literature precedents have several limitations such as harsh reaction
condition, high catalyst loading, use of stoichiometric harmful oxidants or additives etc.
In this chapter, a photoredox catalytic oxidative dehydrogenation of partially saturated N-
heterocycles to N-heteroaromatics using commercially available rose bengal as
photocatalyst and air as the oxidant is described. This reaction operates under very mild,

benign, oxidant/additive-free conditions with wide functional group tolerance.

2.3. Reaction Optimization

2.3.1. Optimization Reaction Conditions

We began our catalytic oxidative dehydrogenation of N-heterocycles with a screening of
various organophotoredox catalysts, solvents and mol% of the catalyst using 2-methyl
tetrahydroquinoline (2-MeTHQ) 1a as a model substrate. After careful investigation, it
was observed that irradiation of visible-light upon a catalytic amount of rose bengal (1
mol%) with ambient air as oxidant at room temperature enabled the aromatized 2-
methylquinoline 2a in 91% isolated yield (Table 2.1, entry 1). The necessity of each of the
key components (photoredox catalyst, light source, and oxidant) was demonstrated
through a series of control experiments. Performing the reaction under dark conditions, in
the absence of photoredox catalyst and air did not afford the compound 2a (Table 2.1,
entries 2-4). Various organophotoredox catalysts were examined under identical
conditions and among them, rose bengal!®!! was found to be an optimal catalyst for this
transformation (Table 2.1, entries 1, and 7-9). Gratifyingly, the reaction proceeded readily
using 0.1 mol% of the catalyst under identical reaction conditions and gave 2a in 71%
yield (Table 2.1, entry 6). Use of strong oxidants instead of air in the present photocatalytic
oxidative dehydrogenation of 2-MeTHQ gave a very poor yield of 2a (Table 2.1, entries
14-15).
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Table 2.1. Optimization of the reaction conditions.”

cat. rose bengal O
©\/j\ DMA, rt, air > | Z O COH
. N Me visible-light 2 N™ Me O Q 2
. HO 0 o
Entry  Variation from the initial conditions Ylelzio A)c;f 2a Fluorescein
1 None 99 (91)° O COH
2 No light-source Trace Br O \ Br
3 No rose bengal Trace HO o o
4 Under argon atmosphere Trace BrEosin v Br
5 No solvent 18 al
6 0.1 mol % of rose bengal 710
7 Eosin-Y instead of rose bengal 51
8 Fluorescein instead of rose bengal 23
9 Rhodamine B instead of rose bengal 25
10 MeCN instead of DMA 21
11 DMF instead of DMA 61> Rose bengal
12 MeOH instead of DMA Trace O
13 tert-Butanol instead of DMA Trace COzH
14¢ K5,S,04 instead of air 44 N _
15 Ag,COs instead of air 19 O O ¢
16 O, balloon 95b N Rhodamines 2

“Reaction conditions: 0.5 mmol of 1a, 1.0 mol% of photoredox catalyst, and 2 mL of N, N-
dimethylacetamide (DMA), open-air atm. under visible-light irradiation at room

temperature for 24 h, and yields based on GC analysis. *Isolated yield. 2 equiv. of oxidant.

2.3.2. Effect of Catalyst Loading

The effect of rose bengal was determined by varying the catalyst loading form 0.1 mol%
to 2.0 mol% under the standard reaction condition. It was observed that with an increase
in catalyst loading the reaction rate increases and gave maximum conversion for 1.0 mol%
of the catalyst loading. However, a further increase in photocatalyst loading did not

improve the product yield even after 24 h, as shown in Figure 2.2.
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Figure 2.2. Effect of catalyst loading.

2.4. Substrate Scope

2.4.1. Scope of Quinoline Derivatives

With the optimized reaction conditions in hand, the present organophotoredox catalysis
was then deployed in the oxidative dehydrogenation (ODH) of diverse (partially) saturated
cyclic amines. As shown in Table 2.2, the present ODH strategy is compatible with various
substituted THQs containing an electron-rich and electron-deficient group, affording the
expected dehydrogenated products in good to excellent yields. The unsubstituted quinoline
2b was obtained in 95% yield, and substituents at the 2-, 3-, and 4-positions are well
tolerated and smoothly underwent dehydrogenation under regular conditions.
Interestingly, the photosensitive -CN group is well tolerated and gave the 2-quinoline
carbonitrile (2¢) with 61% isolated yield. The introduction of 2-phenyl, a motif present in
pharmaceutically active compounds and 2-(naphtha-2-yl) groups did not influence the
reactivities. Thus, 2-aryl substituted THQs, containing -F, -OMe, -CF3 and 2-naphthyl
proceeded efficiently and gave the corresponding dehydrogenated product in excellent
yields (2d in 72%, 2e in 75%, 2f in 87%, and 2g in 89% yield). The 3-methylquinoline
(2h) exhibited a moderate yield (71%), while 4-methylquinoline (2i) was obtained in 81%
isolated yield under optimized conditions. A number of THQs with substitution at 6-, 7-,
and 8-positions were also investigated. Indeed, derivatization at these positions is usually

accessible via selective electrophilic aromatic substitution reactions of THQs. In
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Table 2.2. Organophotoredox catalyzed oxidative dehydrogenation of THQs.**

cat. rose bengal AN
R4 R2 —— > Ry | R2
N visible-light N/

H DMA, rt, air
1a-w 2a-w
AN X AN
N~ Me N N~ >CN
2a (91%) 2b (95%) 2c (61%) 2d ( 22 (75%) e
AN
9 ©ﬁ o
NG |
~
N
2 (87%) CF3 29 (89%) 2h (71%) 2i (81%) 2j (87%)
AN MeO,C
\ P »
N N N O,N
2k (96%) 21 (82%) 2m (97% 2n (41%) 20 (97%: 83%)°
AN N
X ‘ _ ‘ P /©\/j\
| N N
FaC N Me OH
2p (91%) 2q (78%) 2r (39%) 2s (53% 2t (73%)°
Br Me
B B B
~
N F N~ N” “Me
Me Me Me
2u (81%) 2v (95%) 2w (67%)

“Reaction conditions: 1 (0.5 mmol), rose bengal (1.0 mol%), DMA (2.0 mL), open-air atm.
under visible-light irradiation at room temperature for 24 h. *Isolated yields. 0.1 mol% of

photoredox catalyst for 28 h.

contrast, the reactivity of quinolines in similar reactions is usually unselective, and
yielding multiple inseparable products.'?> Under our optimized conditions, 6-substituted
quinolines were obtained in high yields (up to 97%). The halo substituents are appealing
functional group for late-stage derivatization. Thus, the presence of halogens -F, and -Br
at the 6-position led to good yields of dehydrogenated products 2j-2k. These observations
highlight the advantages of the present organophotoredox catalytic system over Pd/C
catalysts for oxidative dehydrogenations, as the latter can promote undesired reactivity

with aryl halides such as dehalogenation.® Notably, THQ bearing a methoxy substituent
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only afforded poor yields (products 2n in 41%, and 2s in 53% yield) along with unreacted
starting material. Under similar reaction conditions, 7- substituted THQs could also be
successfully dehydrogenated. Gratifyingly, products containing more electron-
withdrawing groups at 7™-positions such as 7-nitroquinoline (20) and 7-
trifluoromethylquinoline (2p) were isolated in 97% and 91% yields respectively. However,
different groups at 8 position of the aromatic ring (1q-1s) do exert a marked influence on
the outcome of the reaction and led to the corresponding dehydrogenated products in 39-
78% yield. Moreover, THQs bearing multi substituents, such as 2-methyl-7-chloro-THQ
(1t), 5-bromo-8-methyl-THQ (1u), 7-fluoro-4-methyl-THQ (1v), and 2,4,8-trimethyl-
THQ (1w) displayed excellent yields.

2.4.2. Scope of Indole Derivatives

Indoles are another important class of N-heteroarenes with interesting bioactivity and are
present in pharmaceuticals and natural products. Given that the preparation of indolines is
well established,'*® 13 their metal-free dehydrogenation would provide a direct synthetic
route to biologically active indoles. As shown in Table 2.3, the present organophotoredox
system displayed excellent activity in the catalytic oxidative dehydrogenation of various
indolines to indoles. The readily accessible substrates, indoline 3a, and 2-methyl indoline
3b exhibited excellent reactivity under the reaction conditions and afforded the
corresponding dehydrogenated products in good yield at room temperature. A variety of
2-substituted indolines were subjected successfully to the present oxidative
dehydrogenation and shows that substituent groups had no significant influence on the
activity of this catalytic system. Importantly, bromo, ester, methoxy, and nitro-groups were
well tolerated under the optimized conditions and yielded the desired products in moderate
to good yields. Gratifyingly, an alcoholic group is well tolerated and led to the desired
dehydrogenated product 4¢ in 85% yield. It is important to note that under classical
dehydrogenation conditions using highly reactive DDQ and other reagents, the alcoholic
functional group undergoes other side reactions. Importantly, a sensitive aldehyde
functional group does not undergo further oxidation, and indole-7-carbaldehyde (4j) was

isolated in 71% yield.
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Table 2.3. Organophotoredox catalyzed oxidative dehydrogenation of indolines.**

R, cat. rose bengal R,
Ri — > R
N visible-light N
H

H DMA, t, air
3aj 4a-
A\
N N
68%)° 4b 87% 4c 8 %) 92% 96%
MeO,C
@3 o -y *Cn @3
N N
N H H
83% g (88%) 4h (57%)° 4i (43%)° 41 71%

“Reaction conditions: 3 (0.5 mmol), rose bengal (1.0 mol%), DMA (2.0 mL), open-air atm.
under visible-light irradiation at room temperature for 18 h. *Isolated yields. 0.1 mol% of

photoredox catalyst for 24 h.

2.4.3. Substrate Scope for Other N-heteroaromatics

Encouraged by these results, we attempted to apply this transition-metal free oxidative
dehydrogenation strategy to other partially saturated N-heterocycles. As shown in Table
2.4, acridine (6a), benzoquinoline (6b), and 3-methylbenzo[f]quinoline (6¢) generated in
65%-87% yield under our optimized reaction conditions. Quinoxaline derivatives
represent a recurring structural motif in antibiotics such as echinomycin.'* The synthesis
of quinoxalines by the present strategy would provide a simple, and robust route to this
class of N-heteroarenes. Under standard reaction conditions, quinoxaline (6d), 2,3-
dimethylquinoxaline (6e), and 2-phenylquinoxaline (6f) were generated in 79%-93%
yields. Similarly, 2-substituted 1,2,3,4-tetrahydroquinazoline also gave the corresponding

quinazolines (6g-6h) in 67%-92% yields.
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Table 2.4. Oxidative dehydrogenation of other N-heterocycles.®”

X“x cat. rose bengal X¢X
Ri TR ———— Ry JRe
- visible-light <

N ) N
H DMA, rt, air
5aj 6a-j
X =NH or CH»
6a (84%) ’\/:% 6¢c 87% 6d 79% 6e 86%

~N
/K@\ )\G Me
f (93%) 76% h (83%) i (92% j (67%)

“Reaction conditions: § (0.5mmol), rose bengal (1.0 mol%), DMA (2.0 mL), open-air atm.
under visible-light irradiation at room temperature for 24 h. *Isolated yields. 0.1 mol% of

photoredox catalyst for 32 h.

2.4.4. Scope for Pharmaceutically Active Intermediates

The unprecedented reactivity of organophotoredox catalyst towards the oxidative
dehydrogenation of tetrahydroquinoline derivatives encouraged us to extend its
application in the synthesis of pharmaceutically important molecules (Figure 2.1; Scheme
2.2). Thus, dehydrogenation of 7 selectively yielded 8, a precursor for nM5- lipoxygenase
inhibitor.!> To our delight, the oxidative dehydrogenation of 9 gave 10 in 81% isolated
yield, in which along with the principal dehydrogenation of tetrahydroquinoline moiety a
benzylic oxidation?® was also observed under our standard reaction conditions. Notably,
this reaction provides concise access to the indeno[2,1-c]quinoline substructure present in
numerous biologically active compounds, including antiprotozoal agent and phase II

topoisomerase inhibitor TAS-103'° (Figure 2.1).
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F F F
O 1.0 mol% rose bengal O ref.15 HQ —~Mme O
(a) S . —_ F3C =
visible-light — > X
DMA, t, air, 24 h N N
P/ . -N Z
7 H R = H; 8 (88%) nMS5- lipoxygenase inhibitor
1.0 mol% rose bengal .
(b) [ ’ - o —— |Br /=0
visible-light _ ~ /N
H DMA, t, air, 24 h N N H \S
9 10 (81%) Antiprotozoal

Scheme 2.2. Synthesis of pharmaceutically relevant molecules.

2.5. Mechanistic Investigation

2.5.1. Cyclic Voltammetry Analysis

The redox potential of a compound is very crucial to determine the probable path of the
reaction mechanism. We carried out cyclic voltammetry measurement to find out the redox
potential of few of partially saturated N-heterocycles. The cyclic voltammetry was
measured at 10 mV s™! scan rate using Ag/AgCl as reference electrode, a platinum wire as
counter electrode and a glassy carbon electrode as working electrode in degassed
anhydrous acetonitrile with 0.1 M tetrabutylammonium perchlorate as supporting
electrolyte. The oxidation potentials of few compounds were measured which suggests

easy oxidation of these compounds by the photocatalyst (For details see Appendix C).
2.5.2. Radical Quenching and Trapping Experiments

To define the possible intermediates and reaction pathway, several control experiments
were carried out as shown in Scheme 2.3 and Scheme 2.4. In general, rose bengal (RB)
often serves as a photosensitizer to generate the singlet oxygen (!02) from Oa. In order to
find out the generation of 'Oz and whether it follows oxidative quenching or reductive
quenching mechanism in the present reaction, a series of experiments were conducted.
Initially, a singlet oxygen quenching experiment was performed under optimized

conditions. The reaction was not quenched in the presence of 1,4-diazabicyclo[2.2.2]-
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octane (DABCO), which is known as a strong physical quencher of '0.!1%7 This result
clearly indicated that 'O, is not produced in our reaction system and doesn’t follow the
oxidative quenching mechanism. Next, the ODH reaction of THQs in the presence of
2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO) free radical, butylated hydroxytoluene
(BHT) and benzoquinone was investigated under the optimized reaction conditions.
Notably, in presence of a radical scavenger, no quinoline was formed, suggesting that the
reaction proceeds with the formation of a radical species, e.g., the superoxide radical anion
(027). It is well-known that BHT suppresses the formation of O>~".>%!® Again, when the
reaction was carried out in presence of 2.0 equivalents CBrCls, the radical ion intermediate
was successfully trapped by CBrCls to give product 13 which was confirmed from GC and
GC-MS analysis. Notably, the superoxide anion (O>7") generation during visible-light
mediated organophotoredox catalysis was confirmed using Nitroblue tetrazolium (NBT)
as a selective O, radical scavenger.!” Thus, the formation of O, radical was analyzed
by decreasing the absorbance of NBT at 259 nm. As depicted in Figure 2.3, the absorbance
of NBT at 259 nm has been significantly decreased with increasing visible-light irradiation
time. This observation clearly reveals that the photogenerated O>™" radicals react with NBT
and thereby decreases the absorbance of NBT. This study strongly supports the effective
formation of Oy radicals during the organophotoredox catalyzed oxidative

dehydrogenation reaction.

std.conditions
(a)
N~ “Me DABCO (2.0 equw

1a H 2a (89%

std. conditions
(b) ,
2.0 equiv.

H TEMPO/BHT/benzoquinone
1b Trace)
cat. rose bengal N
© + CBrCl VISIb|e -light Z
” Me 2.0 equiv. DMA. 1t, air H Br N~ Me
1a 13 (28%) 2a (41%)

Scheme 2.3. Radical trapping experiments.
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Figure 2.3. Determination of superoxide anion (O>™") radical.

2.5.3. Experimental Detection of H202

The formation of H>O» in the reaction mixture was confirmed by a typical iodometric

experiment.

Basic Principle of Iodometric Experiment

H>0: oxidizes iodide ion to iodine in the presence of an acid and molybdate catalyst. The

liberated iodine can be detected using the starch solution as indicator.
H>O2 + 2KI + H2SO4 — I + K2SO4 + 2H,0

Note: This method is less susceptible to interferences by organic compounds, and is more

suitable for measuring mg/L levels of H>O».
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Figure 2.4. Detection of H2O>

(A) Reaction mixture; (B) Reaction mixture + dilute H>SO4; (C) [Reaction mixture + dilute
H>SO4] + KI solution; (D) [Reaction mixture + dilute HoSO4 + KI solution] + Starch

solution.

2.5.4. Control Experiments

©\/j std. conditions
N —————————————

Me/&o

1 —» No reaction

std conditions

2a (95%)

std conditions N
s
N Me

2a (93%)

std conditions B
s
N Me

Scheme 2.4. Control experiments.

Notably, no dehydrogenation product was obtained when using 2,2-dimethyl-1,2,3,4-

tetrahydroquinoline as substrate. This result signifies that the presence of the N—H motif
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in the cycloalkane is critical for the dehydrogenation. Importantly, the dehydrogenation of
1-(3,4-dihydroquinolin-1(2H)-yl)ethan-1-one was also not observed, which suggests that
the direct formation of a C=C linkage is difficult. Interestingly, ODH of 1a' and 1a'" were
performed and observed that both 1a' and 1a'" fully dehydrogenated and gave 2a in
excellent yields. Indeed, no isomerization product 1a'" (in case of ODH reaction of 1a')
was observed under optimized reaction conditions. This result strongly indicates that the

isomerization process (1a' to 1a'") is very fast and directly led to product 2a.

2.5.5. Plausible Mechanism

Based on the above experimental results and known literature,’!! we propose a plausible
mechanism as shown in Scheme 2.5. Initially, rose bengal (RB2) absorbs the visible-light
(Amax = 550 nm) to give a photoexcited singlet state, RB>*(S;), which undergoes rapid
intersystem crossing to its lowest long-lived triplet state RB*>*(T1). This photoexcited RB*
*(T)) is a strong oxidant (E12[RB**(T;)/RB*]=-1.04 V vs SCE) and undergoes reductive
quenching.'® Thus, the photoexcited rose bengal oxidizes the amine (1a; E'2"/12 = +0.80
V) by single electron transfer (SET) and simultaneously reduces Oz to O>~" with the
regeneration of RB2.2° Now, the superoxide radical ion (O2™") oxidizes the amine radical
cation (A) to imine (1a’) via the well-established hydrogen atom transfer (HAT)
mechanism with a concomitant generation of H20,.2%"" Interestingly, the formation of
H>0: in the reaction mixture was detected in a typical iodometric experiment (Figure 2.4).
The generated H>O> may undergo photocatalytic decomposition under our catalytic
condition to lead to water and oxygen (See 2.5.3). Finally, isomerization of 1a’ affords a
C=C bonded intermediate (1a’") under our conditions and these intermediates are almost

1.2! Then, the imine (1a’") follows a similar photoredox catalytic cycle

energetically equa
through a second dehydrogenation step and led to 2a. Indeed, indolines may also follow a
similar reduction quenching mechanism as discussed in case of THQs (Scheme 2.5). The
dehydrogenated imine (3H-indole) undergoes isomerization reaction and affords a more
stable indole (4a) under our photocatalytic conditions. The isomerization of 3H-indole to

4a is mainly due to the formation of the more extended n-conjugated system.
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Scheme 2.5. A plausible mechanism for the ODH of tetrahydroquinoline (1a).

2.6. Conclusion

In summary, in the first working chapter, an expedient strategy for oxidative
dehydrogenation of partially saturated N-heterocycles to N-hetero-aromatics using a
visible-light organophotoredox catalyst is reported. The dehydrogenation reaction occurs
in air, at ambient temperature under very mild, base and/or additive-free conditions. The
simplicity of the procedure is attractive, which offers wide scope in the synthesis of
quinoline, quinoxaline, quinazoline, acridine, and indole derivatives. The mechanistic

studies show that the present reaction follows reductive quenching mechanism.

2.7. Experimental Section

2.7.1. General Procedure for Oxidative Dehydrogenation of N-heterocycles

In an oven-dried 10 mL reaction tube with a magnetic stirring bar was charged with
partially saturated N-heterocycles (0.5 mmol), rose bengal (5.1 mg, 1.0 mol %), and 2 mL
of anhydrous DMA. The reaction mixture was purged with oxygen for five minutes. Then

the reaction tube was placed on a magnetic stirrer with two 32 W household fluorescent
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light bulbs kept about 5 cm away from it and irradiated at room temperature with constant
stirring. To maintain the temperature a household fan was used. After 24 h, the reaction
mixture was diluted with 30 mL of water, and the aqueous layer was extracted with EtOAc
(3 x 30 mL). Finally, the combined organic layer was washed with brine (20 mL), dried
over NaxSO4 and concentrated in vacuo. The residue was purified by column
chromatography on silica gel with a mixture of EtOAc and petroleum ether to afford the

desired N-heteroaromatic product.

2.7.2. Determination of Superoxide Anion (O27") Radical

The oxidative dehydrogenation reaction was performed in 25 ppm aqueous NBT solution
under standard conditions. The NBT can effectively scavenge the photogenerated O,
radicals, and it forms insoluble purple formazan as a precipitate. The O>™ radicals
formation was analyzed by decreasing the absorbance of NBT at 259 nm. As depicted in
Figure 2.3, the absorbance of NBT at 259 nm is considerably decreased with increasing

irradiation time.

2.7.3. Experimental Procedure for Detection of H20:
The following reagents were prepared for the detection of H2O.

Potassium iodide solution (1% w/v): In a 100 mL Erlenmeyer flask, 1.0 gm of KI was

dissolved in 100 mL Milli-Q water, stoppered and stored in a cool place away from light.

Ammonium molybdate solution: In a 100 mL beaker 4.5 gm of ammonium molybdate
was taken. To it 5 mL 6N NH4OH was added followed by 12.0 gm of NH4NO3 and diluted
to 50 mL using Milli-Q water.

Sulfuric acid solution: Carefully 3.5M H>SOs solution was prepared by addition of
98%H2S04 to Milli-Q water.

Starch indicator: To 2.5 mL Milli-Q water 250 mg of corn starch was added, shaken well
and was poured into a beaker containing 25 mL of boiling Milli-Q water. Boiling continued
for further 2 minutes with stirring, cooled down to room temperature, the decanted

supernatant was used as an indicator.
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Procedure for H202 detection: To a 100 mL Erlenmeyer flask 0.05 mL of the reaction
mixture was taken, diluted with 25 mL of Milli-Q water with stirring to give faint pink
coloured solution (Figure 2.4A). To it, 5 mL of 3.5 M H2SO4 solution was added which
decolourises the solution (Figure 2.4B). To the colourless solution 10 mL of 1% KI
solution was added followed by addition of 2 drops of ammonium molybdate solution. The
colour of the solution was changed to yellow due to the formation of molecular iodine
(Figure 2.4C). Finally to the solution 2 mL of freshly prepared starch solution was added
and the colour changes to blue (Figure 2.4D). Excess addition of the starch solution to the
mixture results in a dark blue-black solution which precipitates after standing for 30

minutes.

2.7.4. Preparation of Alkyl Indoline-2-carboxylate

+ R —_—
H OH R™ OH reflux, 24 h N

H O_\R
R = CH, (3d)
CF, (3€)

Scheme 2.6. Synthesis of alkyl indoline-2-carboxylate.

To indoline-2-carboxylic acid (5 mmol, 1.0 equiv., 0.82 gm), and excess alcohol was added
conc. H2SO4 (1.0 equiv.) at ambient temperature and heated to reflux for 24 h. The mixture
was cooled to room temperature. The excess H>SO4 was neutralized by transferring the
reaction mixture to a 100 mL beaker containing 20 mL of saturated Na>CO3 solution and
20 mL EtOAc. The aqueous layer was extracted with EtOAc (2%x20 mL). The combined
organic layer was washed with brine solution, dried over Na>SQO4, and concentrated in
vacuo. The residue was purified by column chromatography on silica gel with a mixture
of EtOAc and petroleum ether to afford the desired indoline-2-carboxylate ester in

quantitative yield.
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2.7.5. Preparation of Precursor for Pharmaceutically Active Intermediates

O
o

0% (2
-

Scheme 2.7. Synthesis of precursor for pharmaceutically active intermediates.

(1) To 400 mL of DMSO was added NaNj3 (1.45g, 22 mmol, 1.1 equiv.), and the suspension
was allowed to stir for 1 h or until completely dissolved. Then benzyl bromide (20 mmol,
1.0 equiv.) was added, and the mixture was allowed to stir at room temperature for
overnight. After completion, 400 mL H>O was added, the mixture was extracted with 3 x
200 mL diethyl ether, and the organic phase was washed with 2 x 100 mL H>O followed
by 1 x 100 mL brine solution. The organic phase was then dried over NaSO4 and
concentrated in vacuo to give the corresponding azides, which was used for next reaction

without further purification.

(i1) Similarly, the solution of benzyl azide in dichloromethane was cooled to 0 °C. To it,
TfOH (1.1 equiv.) was added, and the solution allowed to stir for 10 min at room
temperature. Then 4-fluorostyrene (2.0 equiv.) was added to it at room temperature and
was allowed to stir for 1h (TLC shows completion of the reaction). The reaction was
quenched by addition of saturated aqueous Na,COs, and extracted with EtOAc. The
organic phase was washed with brine solution, dried over Na;SO4, and finally concentrated
in vacuo. The crude product was purified by column chromatography on silica gel with a

mixture of EtOAc and petroleum ether to afford 7.

(ii1) The solution of benzyl azide in dichloromethane was cooled to 0 °C. To it, TfOH (1.1
equiv.) was added, and the solution allowed to stir for 10 min at room temperature. Again

the mixture was cooled to 0 °C. Indene (2.0 equiv.) was added at 0 °C, and the reaction
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stirred for 1 h at this temperature (TLC shows completion of the reaction). The reaction
was quenched by addition of saturated aqueous Na>xCO3, and extracted with EtOAc. The
organic phase was washed with brine solution, dried over Na;SOg4, and finally concentrated
in vacuo. The crude product was purified by column chromatography on silica gel with a

mixture of EtOAc and petroleum ether to afford 9.

2.7.6. Synthesis of Intermediate Compounds for Mechanistic Investigation

2.7.6a. Synthesis of Intermediate 1a’

NH2 a) Boc,O, THF NHB°(‘:’HO
. OH 40°C,12h
(i) >
b) Dess-Martin
DCM, 0 °C, 30 min. ()
rt, 30 min.
NHBoc NHBoc O
CHO c) Toluene
reflux, 2h M
(i + ph3p\)l\ —— ©
d) EtOAc,Pd/C
NHBoc O
HBr in AcOH
(i) Me 5 .
20 °C, 30 min. N~ “Me
HBr
1a'.HBr

Scheme 2.8. Synthesis of intermediates for mechanistic investigation.

Synthesis of zert-butyl (2-formylphenyl)carbamate (I)

NHBoc
OH

i) tert-butyl (2-(hydroxymethyl)phenyl)carbamate
To a solution of (Boc),0 (2.27 g, 10.4 mmol) in THF (20 mL) was added 2-aminobenzyl

alcohol (1.26 g, 10.0 mmol) in one portion at room temperature. Then the reaction mixture
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was stirred at 40 °C for 12 h. The solvent was removed under reduced pressure and the
residue was purified by column chromatography using petroleum ether and 30% EtOAc

to give the carbamate as a colourless oil (2.16 g, 97% yield).

NHBoc
CHO

ii) The above fert-butyl (2-(hydroxymethyl)phenyl)carbamate (558 mg, 2.5 mmol) in
dichloromethane (20 mL) was treated with the Dess-Martin periodinane (2.12 g, 5.0
mmol). The mixture was stirred at 0 °C for 30 min, then at room temperature for 30 min
prior to a series of washes with saturated aqueous Na>S>03;, NaHCO3, and H>O. The
organic layer was extracted with dichloromethane (3 x 25 mL), the combined organic layer
was dried over NaxSOy4, and the solvent was removed under reduced pressure. The residue
was purified by column chromatography using petroleum ether and 20% EtOAc to give
the desired compound I as a pale yellow solid (490mg, 89% yield).

Synthesis of zert-butyl (2-(3-oxobutyl)phenyl)carbamate (II)

NHBoc (@]

X Me

iii) zert-butyl (E)-(2-(3-oxobut-1-en-1-yl)phenyl)carbamate

To a 50 mL round-bottom flask with a magnetic stirring bar and reflux condenser was
charged with compound I (2.0 mmol, 440 mg) and 20 mL toluene. Then the mixture was
placed on a preheated oil bath at 120 °C. When reflux started Wittig reagent (764 mg, 2.4
mmol) was added at once and the mixture was allowed to reflux for 2 h. The mixture was
cooled to room temperature, the solvent was removed under reduced pressure and the
residue was purified by column chromatography using petroleum ether and EtOAc as

eluent.
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NHBoc O
Me

iv) tert-butyl (2-(3-oxobutyl)phenyl)carbamate (II)

To a 25 mL round-bottom flask with a magnetic stirring bar was charged with ) fert-butyl
(E)-(2-(3-oxobut-1-en-1-yl)phenyl)carbamate (1.0 mmol, 261 mg) in 10 mL anhydrous
EtOAc. To it, 30 mg of palladium on carbon (5 wt.%, Aldrich-205680) was added and
connected to a hydrogen balloon and was allowed to stir at room temperature for 3 h. Then
the mixture was passed on a small celite bead (1 cm) and washed with 5 mL of EtOAc.
The solvent was removed under reduced pressure to give quantitative of pure product as a

colourless oil.

L
N~ Me

v) 2-methyl-3,4-dihydroquinolinehydrobromide (1a’: HBr)

To a 50 mL round-bottom flask with a magnetic stirring bar was charged with compound
IT (0.7 mmol, 180 mg) in 1 mL 33% HBr in acetic acid under an inert atmosphere. The
mixture was allowed to stir vigorously at 20 °C for 30 minutes. Then to the reaction
mixture, 20 mL cold anhydrous diethyl ether was added, stirred for another one minute
and was allowed to settle the white precipitate. The white precipitate was collected by
filtration, dried in vacuo and (140 mg, 89%) used without further purification in the

catalytic experiments.
2.7.6b. Synthesis of Intermediate 1a"’
Z 0
N THF, 0 °C N7 CH

H
2b 1a" (72%)

3

To a solution of 3.0 mL MeLi (3.0 M, in diethoxymethane) at 0° C, 2b (12 mmol) in 6.0

mL dry THF was added dropwise in an inert atmosphere with stirring. The reaction mixture
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was kept at 0° C for 30 minutes and then it was allowed to stir at room temperature. After
6 h, the reaction was quenched with 10 mL water, extracted with diethyl ether (3 x 25 mL).
The combined organic layer was dried over Na>SO4 and concentrated in vacuo. The crude
reaction mixture was subjected to NMR analysis which shows 79% 2-Methyl-1,2-

dihydroquinoline 1a"’.
(1) For update data of all newly synthesized compounds, see Appendix A.

(ii) For copy of 'H and '*C NMR (only selected compounds) see Appendix B
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Chapter 3

3.1. Introduction

Dehydrogenation reactions are fundamental reactions in synthetic organic chemistry and
widely used in processes for manufacturing commodity chemicals, and pharmaceuticals.’
The catalytic acceptorless dehydrogenation (ADH) reactions are fascinating over catalytic
oxidative dehydrogenation reactions, as the ADH reaction avoids any use of stoichiometric
oxidants, and thus, making the process greener, and sustainable.? Significantly, the evolved
hydrogen gas; an energy carrier is valuable in itself. Indeed, removal of hydrogen atoms
from adjacent atomic centres of an organic molecule is a thermodynamically uphill
process.> However, recent experimental and computational studies revealed that the
presence of one or more nitrogen atoms in the ring brings down the endothermicity of the

reaction and thus, making the ADH reaction facile under ambient conditions.’

In recent times, the non-oxidative dehydrogenation of partially saturated N-heterocycles
has been considered to be the promising method to produce N-heterocyclic arenes and
hydrogen gas which remain challenging. Undoubtedly, nitrogen-containing heterocyclic
scaffolds show numerous applications in the synthesis of active pharmaceutical
ingredients,* including to use as liquid organic hydrogen carriers (LOHCs) for fuel cell
applications (Fig. 3.1).° In this context, the ADH of partially saturated N-heterocycles is
important and highly demanding.®

Loaded LOHC
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@(Hj:ij::-
R lm
. =

via
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P .
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Figure 3.1. The importance of N-heterocycles as LOHC.
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Significant contributions have been made by the research groups of Fujita and
Yamaguchi,®>% Xiao,%*% Crabtree® using well-defined molecular catalysts (Scheme
3.1A). Independently, Jones and co-workers have reported the ADH reaction of partially
saturated N-heterocycle to N-heteroaromatics catalyzed by well-defined Fe-, and Co-
complexes.®¥$f Kanai®® and co-workers used borane as a catalyst whereas Kempe® used
heterogeneous PdoRu@SiCN catalyst for the dehydrogenation reaction (Scheme 3.1A).
However, these catalytic systems operate under thermal conditions (at elevated
temperature). The use of non-eco-friendly high boiling solvents such as chlorobenzene or
unconventional trifluoroethanol is other limitations. In our previous chapter, we have
described oxidative dehydrogenation of N-heterocycles to N-heteroaromatics under
visible-light metal-free photoredox catalytic conditions using air as an oxidant. In the
present chapter, we report dehydrogenation of partially saturated N-heterocycles to N-
heterocyclic arenes with the liberation of hydrogen gas using newly synthesized Co-
glyoxime based proton reduction catalyst (Scheme 3.1B). The reaction operates at room
temperature under mild, neutral conditions using water as a solvent. The present AHD
reaction has been achieved by merging of Ru-based photoredox catalysis with Co-based
proton reduction catalysis under visible-light irradiation.”” The 2-methyl-1,2,3,4-
tetrahydroquinoline (2-MeTHQ) (1a) was chosen as the model substrate for our
dehydrogenation reaction. Initially, we have investigated the effect of various photoredox
catalysts, proton reduction catalysts, solvents, light source and mol% of catalyst loading
under various reaction conditions. From the initial screening, it was observed that Ru-
based photoredox catalyst merged with a newly synthesized Co-oxime based proton
reduction catalyst (IV) using water as the solvent is the best optimal catalytic system for

the present external oxidant-free dehydrogenation reaction.
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Scheme 3.1A. Literature report on acceptorless dehydrogenation of N-heterocycles.
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Catalytic oxidative dehydrogenation (ODH) Catalytic acceptorless dehydrogenation (ADH)
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Scheme 3.1B. Various strategies to access N-heteroaromatics (Literature precedents vs

present work).

3.2. Statement of the Problem

Catalytic acceptorless dehydrogenation of N-heterocycles has been well studied by many
research groups (Scheme 3.1B). However, the need for harsh reaction conditions to
overcome thermodynamic parameters, use of precious metal-based catalysts,
bases/additives, harmful organic solvents and high catalyst loading are the major concerns.
Thus, an efficient catalytic method needs to be developed for acceptorless
dehydrogenation, which has overcome all these drawbacks. In this chapter, we report a
visible-light mediated dual catalytic approach for dehydrogenation of N-heterocycles to
N-heteroaromatics with H liberation. This reactivity was achieved by merging
[Ru(bpy)s]*" catalysis with newly synthesized [Co]-based proton reduction catalysis in
water. The current method operates under very mild, benign conditions. Under this
catalytic dehydrogenation, a verity of substrates with different functional groups can be

easily dehydrogenated.
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3.3. Reaction Optimization

3.3.1. Cobalt Complexes Used for the Present Catalytic Study
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Figure 3.2. Cobalt-based proton reduction catalysts used for the present study.

3.3.2. Synthesis of Cobalt complexes

The above Co-dimethylglyoxime proton reduction catalysts were synthesized according to

a two-step procedure as shown in scheme 3.2.

o X X
OH N _|--H _--H

Me /Iil Me o o Ligand (L) 1 equiv. Me NQ \(l)

I CoX,nHy0 Acetone rN\ ’,\1 2.5 equiv. Et;N — \c N

+ D —— ,:CO” N ——————> N Lo 07" N—Me
Me \':l 0.52 equiv. 1, 1h, Opatm. Me \N/ \N’;Z— Methanol, rt, 1 h Me ’;\r \N"‘
1
] ?IH O\H-' -0 Me O~ -0 Me
equiv. X

L =Py, X = Cl, (II)
L =Py, X = Br, (lll)
L = 4-MeCO,Py, X = Br, (IV)

Scheme 3.2. Synthesis of proton reduction catalyst.

3.3.3. UV-Visible Spectra of Cobalt Complexes

The solid-state UV-Visible spectra of various proton reduction catalysts were recorded and
are given in Figure 3.3. From the solid-state UV-visible absorption spectra of proton
reduction catalysts, it is found that the absorption maximum (Amax) for these catalysts are
below 450 nm. Therefore it is believed that [Ru(bpy)s]*" will absorb the visible-light to

initiate the redox reaction and not the proton reduction catalysts.
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Solid state UV-Visible spectra of Co-complexes
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Figure 3.3. Solid-state UV-Visible spectra of Co-complexes (II-IV).

3.3.4. Cyclic Voltammogram of Cobalt Complex IV

Redox potentials of proton reduction catalyst and photocatalyst were judged through cyclic
voltammetric (CV) investigations. Typically three electrode systems comprising glassy
carbon (GC, 3mm dia.) was used as working electrode and Ag/Ag" (0.IM TBAP in
acetonitrile) as reference electrode and a platinum wire was used as counter electrode,
respectively. CVs were recorded in acetonitrile containing 0.1M TBAP as an electrolytic
medium. Solutions were purged with argon for 30 minutes before scans and also jacketed

during the measurements. Potentials were calibrated using the ferrocene as an internal

standard.
1 Complex IV
1.0x10™
5.0x107
<
c
2 0.0 4
£
=
(8}
-5.0x10" -
-1.0x10™ 4
v L) v L)

e rr———
25 20 -15 1.0 05 00 05 10 1.5
Potential (V) vs Fc/Fc"

Figure 3.4. CV of IV (0.001 M) in 0.1 M NBu4PFs in degassed CH3CN with scan rate 100
mV/s.
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Interestingly, the newly synthesized Co-oxime complex IV is highly stable in water. This

result prompted us to perform the ADH reaction using water as a solvent.

3.3.5. Optimization Table

Table 3.1. Optimization of the reaction conditions®

1.0 mol% [Ru(bpy);s]Cl,

0, \
m 2.5 mol% [Co] > | )
(o]
N Me water, 28 °C, Ar atm. N Me

1a H visible-light, 12 h 2a

Entry Variation from initial conditions Yield®?

1 None 99 (96)°

2 No light-source NR

3 No [Ru(bpy)3]Cl, NR

4 No Co-IV NR

5 [Ru(bpy)s][PFgl, instead of [Ru(bpy)s]Cly 99

6 [Ru(1,10-phen)]5Cl, instead of [Ru(bpy)3]Cl, 89°

7 Eosin-Y instead of [Ru(bpy)3]Cl, 23

8 Fluorescein instead of [Ru(bpy)3]Cl, NR

9 | instead of IV NR
10 Il instead of IV 24
1 lll instead of IV 58
12 MeCN instead of water NR
13 DMF instead of water NR
14 2-MeTHF instead of water 56
15 0.5 mol % of [Ru(bpy)3]Cl, 66
16 1.0 mol % of IV 48

“Reaction conditions: 1a (0.25 mmol), photoredox catalyst (1.0 mol%), proton reduction
catalyst (2.5 mol%), water (8 mL), Ar atm., visible-light irradiation from the blue LED at
28 °C for 12 h. ®GC yield using mesitylene as an internal standard. “Isolated yields. NR =

no reaction.
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Upon irradiation of visible-light in presence of catalytic amount of [Ru(bpy)3]Clz (1 mol%)
and a newly synthesized proton reduction catalyst IV (2.5 mol%) in water under argon
atmosphere the substrate 1a gave the corresponding dehydrogenated product 2a in 96%
isolated yield (Table 3.1, entry 1). Gratifyingly, the generation of molecular hydrogen was
qualitatively analyzed by gas chromatography. Performing the reaction in absence of the
light source, photoredox catalyst or proton reduction catalyst, no formation of product 2a
was observed (Table 3.1, entries 2-4). This result confirms that light source, photoredox
catalyst and proton reduction catalyst are essential for the success of the reaction. Among
different photoredox catalysts screened, the Ru-based photoredox catalyst was found to be
optimal for this reaction. The organophotoredox catalysts either gave very poor yield or
no product formation 2a under optimal conditions (Table 3.1, entries 1 and 5-8).
Remarkably, the proton reduction catalyst IV synthesized by our group (Figure 3.2)
worked efficiently and offered the dehydrogenated product (2a) in 96% isolated yield.
Recently, Li and co-workers reported a similar ADH reaction of N-heterocycles using Co-
oxime (II) as the proton reduction catalyst in ethanol.’ It was noteworthy that under our
catalytic conditions using water as a solvent the Co-oxime complex (II) gave only 24%
yield of the desired dehydrogenated product 2a (Table 3.1, entry 10). Indeed, the other
well-established Co(Ill)-oxime complexes (I and III) gave unsatisfactory results under
optimized conditions (Table 3.1, entries 1 and 9 and 10). This result clearly showed the
superiority of our proton reduction catalyst I'V. Notably, water was found to be the optimal
solvent for this transformation (Table 3.1, entries 1 and 12-14). Under standard reaction
conditions, a low catalyst loading (0.5 mol%) of [Ru(bpy)3;]Cl. gave 2a in 66% yield, while
1 mol% of proton reduction catalyst IV gave a moderate yield of the product 2a (Table
3.1, entries 15-16).

Figure 3.5. (A) Reaction setup for ADH of N-heterocycles. (B) Reaction after 12 h.
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3.4. Substrate scope

3.4.1. Scope of Quinoline Derivatives

With the optimized reaction condition in hand, we next investigated the scope of the dual
catalytic approach for the ADH of 1,2,3,4-tetrahydroquinoline (THQ) derivatives (Table
3.2). We found that various important THQs can be dehydrogenated to the corresponding
N-heteroarenes in moderate to good yields with the liberation of Hz gas in water using our
catalytic system. The unsubstituted substrate 1b gave the expected product 2b in 76%
isolated yield. The presence of an electron-donating group at the different position of the
THQs enhanced the reactivity of the substrate and offered very good yields of
dehydrogenated product compared to that of substrates with electron-deficient groups.
Thus, THQs with an electron-donating alkyl or methoxy group reacted efficiently to lead
to the corresponding dehydrogenated product in excellent yields (up to 96%) (Table 3.2,
entries 1, 3, 6 and 8). Under optimal conditions, the electron-deficient groups such as -Br,
-F, -COxMe, and -NO underwent the dehydrogenation reaction and offered the expected
product in moderate yields (37% to 71%). The disubstituted substrate 1j smoothly
dehydrogenated under our dual catalytic condition and gave the product 2j in 73% isolated

yield after 24 h.

Table 3.2. Room temperature ADH of THQs in water.“

cat. [Ru(bpy)s]**

- AN
N Blue light, Ar atm. N

H
1 water, rt, 2
2a (96%) 2b (76% 2c (81% 2d (65% 2e (71%
Me XN MeO,C /©\/j\
Cl
2f (82%) 2g (61%)c 2h (86% 2i (37%)C 2j (73%)°

“Reaction conditions: substrate 1 (0.25 mmol), [Ru(bpy)s]*" (1.0 mol%), [Co]-IV (2.5
mol%), water (8 mL), Ar atm., 36 W blue LED, 28 °C, 12 h. *Isolated yields. “After 24 h.
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3.4.2. Scope of Indoles and other Heterocycles

Our methodology was applied successfully for the synthesis of other important N-
heterocyclic compounds e.g. indoles, acridine and quinoxaline. Many of these N-
heterocycles are present in pharmaceuticals, natural products, and are found to be
biologically active motifs.! When unsubstituted indoline 3a and 2-methyl indoline 3b
subjected to the dehydrogenation reaction under optimized conditions showed excellent
reactivity and gave the products 4a, and 4b in 90%, and 94% isolated yields, respectively.
Interestingly, the substrate 3¢ with a hydroxyl group selectively gave the expected product
4c in 88% isolated yield with retaining the alcoholic functionality. It is noteworthy that the
primary alcohol functionality cannot be preserved in transition-metal catalyzed
dehydrogenation reaction due to higher reactivity of alcohols to lead to several other
products. This is the advantage of our present catalytic system. The substrate 3d with an
electron deficient ester group gave moderate (69%) yield of product 4d after 24 h. An
electron rich indoline 3e gave the desired product 4e in 78% isolated yield after 12 h. The
1,10-dihydroacridine 3f underwent ADH reaction under our dual catalytic conditions and
offered the product 4f in 66% isolated yield after 24 h. The substituted
tetrahydroquinoxalines also smoothly proceded under standard reaction conditions and
gave the desired products 4g, and 4h in 82% and 58% isolated yields, respectively.
Notably, the liberated hydrogen gas was detected by gas chromatography and also
quantified.

Table 3.3. Room temperature ADH of indolines and other heterocycles in water.”

cat. [Ru(bpy)al**

X\\ Xs
R1_©: 3R, _ catlCov R, _@[ 3R,
H' Blue light, Ar atm. i

\
5 water, rt, 6
X =NH or CH,
©\/\> mMe \ mCOZEt
N
N N
4a (90%) 4% 4c (88%) 4d (69%
@3 () @E X @E L@
N
H
(66%)° (82%)° (58%)°

“Reaction conditions: substrate 3 (0.25 mmol), [Ru(bpy)3]2Jr (1.0 mol%), [Co]-IV (2.5
mol%), water (8 mL), Ar atm., 36 W blue LED, 28 °C, 12 h. Psolated yields. “After 24 h.
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3.5. Mechanistic Investigation

3.5.1. Cyclic Voltammetry of Partially Saturated N-heterocycles

In order to get insight into the oxidation potential of the partially saturated N-heterocycles,
we recorded the cyclic voltammetry data for few of the compounds. The cyclic
voltammetry was measured at 10 mV s™! scan rate using Ag/AgCl as reference electrode,
Pt wire as counter electrode and a glassy carbon electrode as working electrode in
anhydrous degassed acetonitrile with 0.1 M tetrabutylammonium perchlorate as

supporting electrolyte. For the oxidation potential for 1a, 3f and 3h see Appendix C.

3.5.2. Analysis for Hydrogen Gas
3.5.2a. Qualitative Analysis of Hydrogen Gas

The liberated hydrogen gas was detected in GC and quantified after completion of the

reaction for the substrate 1a.

Hy)

Figure 3.6. Hydrogen gas detection on GC.

3.5.2b. Quantitative Measurement of Evolved Hydrogen Gas

The evolved hydrogen gas was utilized for hydrogenation of styrene. Simultaneously two
parallel reactions were carried out. In one reaction vial, visible-light mediated
photocatalytic acceptorless dehydrogenation of 1a was carried out under the optimal
reaction condition. Whereas in another reaction vial thermal hydrogenation of styrene 5

was carried out using RhCI(PPhs); as the catalyst. Both the reaction vials are connected to
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each other by a cannula and were allowed to continue for 12 h. After the stipulated time,

the reaction mixtures were analyzed in GC and the results are given below.

©:\/|\ Std. Conditions m
7
N Me ; N Me

H ans
1a l"ZHz": 2a, 93%°
H
H
B 5.0 mol% RhCI(PPhs);
¢
CgHeg, Ar, 50°C, 12 h
5, 0.5 mmol 6, 76%"

Scheme 3.3. Quantification of H gas.

Reaction conditions: Substrate (0.25 mmol), [Ru(bpy)3]Cl2 (1.0 mol %), [Co] (2.5 mol %),
water 8.0 mL, ambient temperature, 12 h, 36 W blue LED, “Isolated yield, °GC yield using

n-decane as internal standard.

3.5.3. Control Experiments

C
N~ Me

1a" .
or std. conditions m
—
s
2a 9
H Me (91%)

2a"

Scheme 3.4. Control experiment study.

To gain insight into the mechanism, several control experiments were performed under
optimized reaction conditions. No product formation was observed when the reaction was
carried out in the absence of the light source, photoredox catalyst or proton reduction
catalyst. These control experiments confirm the necessity of each key reaction
components. The Amax of the proton reduction catalyst was found to be less than 435 nm

from their solid state UV-visible spectroscopy, which confirms that visible-light absorbed
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by the Ru-based photoredox catalyst is responsible for the success of the reaction. From
cyclic voltammetry studies, the oxidation potential of 1a was found to be 0.81 V. The
reduction potentials E™™ and E™"' of tris(2,2'-bipyridine)ruthenium, [Ru(bpy)s]™> were
determined to be +1.29 V vs SCE and +0.77 V vs SCE, respectively.!!!? From cyclic
voltammetry analysis, the reduction potential for E™! of our newly synthesized
Co(dmgH)2(4MeCO,Py)Br complex (IV) was found to be -1.05 V vs SCE. The oxidation
potential for E™!™ of [Ru(bpy)]s*> were reported as -0.81 V vs SCE.'? By comparing the
electrode potential of the compounds, we believe that the excited state of *[Ru(bpy)s]**
could reduce Co™ vig single electron transfer (SET) while the 2-MeTHQ 1a could reduce
the [Ru(bpy);]*" with one electron transfer and thus, the catalytic cycle follows the

oxidative quenching mechanism (Scheme 3.5 and Scheme 3.6).

Co Complex Ru Complex Substrate Co Complex Ru Complex Substrate
A . B

E— ——
-1.78 V vs SCE ( -1.78 V vs SCE

E— E—

-1.09 V vs SCE -1.09 V vs SCE

Co (III) e Co (I11) e
— EEEEE——
/ 0.72V vs SCE l 0.72V vs SCE
i Co (II) ]
1.27 V vs SCE 1.27V vs SCE
Ru (IT) Ru () = Ru (I
Co Complex Ru Complex Substrate Co Complex Ru Complex Substrate
— S
-1.78 V vs SCE e -1.78 V vs SCE
e
EE— —
-1.09 V vs SCE -1.09 Vvs SCE
Co (II) e Co (1)
CE—— —
" 0.72 V vs SCE 0.72 V vs SCE
Co (I) e
—— —
1.27V vs SCE 1.27V vs SCE
Ru (1) Ru (II)

Scheme 3.5. Electron transfer between catalysts and substrate.

(A) Visible-light irradiation on [Ru(bpy);]**. (B) Electron excitation from °S to !T of
[Ru(bpy)s]*". (C) One electron reduction of Co*>" by *[Ru(bpy)s]>". (D) One electron
oxidation of the substrate by [Ru(bpy)s]**.
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3.5.4. Plausible Mechanism

Based on the literature precedents,”®!*!3

and experimental observation, we propose the
following plausible mechanism for the dual ADH reaction of 1a (Scheme 3.6). Upon
visible-light irradiation, the [Ru(bpy);]*" generates highly reactive triplet excited state
*[Ru(bpy)s]*" which can reduce Co™ to Co" via a SET through oxidative quenching
pathway, and to lead to [Ru(bpy)s]*". The [Ru(bpy);]*" acts as a potent oxidant, and
reduced by 1a to regenerate [Ru(bpy)s]>", and with the formation of an amine radical
cationla'. This amine radical cation undergoes further one electron oxidation by Co'! to
provide highly reducing Co' and intermediate 1a" with subsequent releases two protons.
The formed Co'-species immediately reacts with a proton to give Co-H, which can react

I However, at

further with a second proton, and thus releasing a molecule of H> and Co
this stage, the Co™-H may undergo single electron reduction to Co'-H followed by
protonation to release an H, molecule and Co'. The homolytic cleavage involving two
Co""-H to evolve H» could also not be ruled out.!* The intermediate 1a" can isomerize to
give intermediate 2a". Finally, the product 2a is formed from intermediate 2a" with
repetition of the above catalytic cycles via the formation of amine radical cation 2a’, to
give the complete dehydrogenated product 2a. To support our hypothesis, we have

separately synthesized 1a'" and 2a" and subjected to dual catalytic conditions and indeed,

both the substrates offered the dehydrogenated product 2a in excellent yield.

-H*, e
.. 9 H +-
N Me ” Me N Me

1a 1a

A
SET
[Ru(bpy)s]** +

AN
[Ru(bpy)slsﬂ)xidative k‘w , 1 m\ N Me
9 N” Me

Quenching 2o

e
11a" V H2+
*| 2+ }
[Ru(bpy)s] N, ADH N
SET ’ AT g
[Co" [Col] Me NP Me

H, A j e'\‘> 22l »a

[H-Co'q\,([CO']
H+

Scheme 3.6. A plausible mechanism for acceptorless dehydrogenation of 1a.
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3.6. Conclusion

In summary, an expedient strategy for the catalytic non-oxidative dehydrogenation of
partially saturated N-heterocycles with Hz evolution under oxidant-free conditions using
water as solvent is reported. This acceptorless dehydrogenation reaction enabled by
merging a photoredox catalyst with a newly synthesized proton reduction catalyst and
operates at room temperature. The present atom-economic and sustainable catalytic
approach is successfully applied for the synthesis of various N-heterocyclic arenes such as

quinoline, quinoxaline, acridine, and indole derivatives.

3.7. Experimental Section

3.7.1. Synthesis of Proton Reduction Catalysts

The Co-dimethylglyoxime proton reduction catalysts were synthesized according to the

procedure given below.

3.7.1a. Synthesis of dihalo(dimethylglyoxime)(dimethylglyoximato)cobalt(III)

To a 50 mL round-bottomed flask, 25 mL of acetone (AR grade), 10 mmol of
dimethylglyoxime and 5.2 mmol of CoCl,.6H>O (CoBr2.nH>O) was taken and stirred for
1h at room temperature with oxygen purging from a balloon. After 1h, the reaction mixture
was kept at -10 °C for 6 h and the precipitate was filtered, washed with cold acetone (2 x
10 mL) and air-dried to give green solid (quantitative yield). The spectroscopic analysis is

consistent with the reported compound.

OH I
N _|--H
- \
Me /I{l CoXo nH-O Me N'O P
0”2.M2 Acetone =N N
+ ) N\ /CO\ \ Me
Me \I}l 5.2 mmol i, 1h, O,atm. Me Nl \
OH '\ & e
10 mmol H';-("O

Figure 3.7. Synthesis of Co(dmgH)(dmgH2)X>
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3.7.1b. Synthesis of halo-L-bis(dimethylglyoximato)cobalt(I1I)

To a suspension of dihalo(dimethylglyoxime)(dimethylglyoximato)cobalt(III), (2.5 mmol)
in 50 mL of MeOH, 2.5 mmol of triethylamine was added at room temperature. The
mixture was allowed to stir for 30 min till the colour of mixture turned from green to a
clear dark brown solution. Then to the solution, one equivalent of pyridine (4-MeCO:Py)
was added and was allowed to stir for further 1h. After 1h, the reaction mixture was kept
at -10 °C for 6h and the precipitate was filtered, washed with cold methanol (2 x 10 mL)
followed by 10 mL water and the obtained brown solid was air dried. The complexes were

characterized by 'H, *C-NMR and HRMS.

He X «
\__|--H X

e Np \p Me O \(’3

=0 __-N L 2.5 equiv. Et3N ,N\ N
Me=—\ //CO“ NM—Me + R o /Co“ "\ e

N N= 2.5 mmol Methanol l'\l’ | -

ONydk0 Me tt,1h R
L
2.5 mmol L= Py‘ X = C|, (")‘ 91%

L = Py, X = Br, (Ill), 96%
L = 4-MeCO,Py, X = Br, (IV), 93%

Figure 3.8. Synthesis of Co(dmgH),LX.

3.7.2. General Procedure for Catalytic ADH of N-heterocycles

In an oven-dried 20 mL headspace vial with a magnetic stirring bar was charged with 1 or
3 (0.25 mmol), Ru(bpy);Cl2.6H20 (1 mol %), Co(dmgH)2(4-MeCO,Py)CI (IV) (2.5 mol
%), and 8.0 mL of degassed mili-Q water (degassed by bubbling argon for 30 minutes)
under argon atmosphere. The headspace vial was sealed with a Teflon/PTFE cap, and then
the reaction vial was placed on a magnetic stirrer with blue LED light bulbs strips (36 W)
kept about 3 cm away from it and irradiated at room temperature with constant stirring. A
cooling fan was used to maintain the reaction temperature. The residue was purified by
column chromatography on silica gel with a mixture of petroleum ether and EtOAc to

afford the desired product 2 or 4.
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4.1. Introduction

Aromatic compounds with the N=N motifs are privileged structural compounds as they
show myriad applications'® in dyes and pigment industry,' therapeutic agents,> photo-
responsive switches and chemosensors, polymers, soft materials, radical initiators,
bioactive ligands, and food additives.’>® In recent times, several methods have been
reported for the synthesis of aromatic azo derivatives (Scheme 4.1).”!! These methods
include oxidative dehydrogenative couplings of anilines,’ reductive coupling of aromatic
nitro compounds,® the coupling of aromatic compounds with aryl diazonium salts,” and
Mills reaction.!® There are few reports on direct oxidative dehydrogenation (ODH) of
hydrazobenzene derivatives to azobenzenes.!!"'? These synthetic methods suffer from
harsh reaction conditions such as high catalyst loading, need of stoichiometric reagents,

strong oxidants or additives and thus, generate an equivalent amount of waste.

Jiao and co-workers reported a Cu-catalyzed oxidative dehydrogenation of anilines’® to
azobenzenes using air as the oxidant. Notably, due to the competing self-coupling of
anilines, the unsymmetrical azo compounds were obtained in poor yields. Of late, Suib
and his group reported the synthesis of symmetrical azobenzene derivatives by oxidative
dehydrogenation of anilines using meso-Mn,03.”® The reaction operates at elevated
temperature with very high catalyst loading. Very recently, Lin and co-workers reported a
method to prepare azo compounds by oxidative dehydrogenation of anilines using a
stoichiometric amount of NBS and DBU under cryogenic conditions.” Ma and co-workers
described the synthesis of diaryl hydrazines using heterogeneous graphene oxide system
with high catalyst loading (10 weight%) under oxidative conditions.''® Gozin and co-
workers reported oxidative dehydrogenation of hydrazobenzene using the toxic TiClz/HBr
system.!'® Of late, Hashimoto and co-workers reported oxidative dehydrogenation of
hydrazobenzene using strong base (KO'Bu).!'® Although this method has a broad substrate
scope, the use of liquid NH3 as solvent medium and strong base limited the practical

applicability of the reaction.

In recent times, catalytic dehydrogenation of organic molecules with the liberation of
molecular hydrogen is one of the most important key reactions in contemporary science.'?
The catalytic acceptorless dehydrogenation reactions (ADH) obviate the requirement of
external oxidants and produce less toxic waste. The ADH method with the liberation of

hydrogen gas is much superior over the classical oxidative dehydrogenation methods in
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view of atom-economy, and environmental sustainability.'* Removal of hydrogen atoms
from adjacent atomic centers of an organic molecule is a thermodynamically uphill
process; however, recent experimental and computational studies showed that the presence
of nitrogen atom makes the removal of hydrogen atom more easier.!> In our previous
chapter, we have shown ADH of partially saturated N-heterocyclic compounds under dual
catalytic conditions by merging visible-light photo-active [Ru(bpy)s]** catalysis and Co-
based proton reduction catalysis. In this chapter, we have extended our previous work and
report ADH of hydrazobenzene derivatives under dual catalytic conditions. This
unprecedented reaction operates under very mild, benign conditions and room
temperature. A consequence of this finding with only molecular hydrogen as the byproduct
makes this process more eco-benign and sustainable for the effective synthesis of a wide
range of aromatic azo compounds for various applications. Interestingly, we have also
developed a catalytic method for efficient hydrogenation of azobenzenes to
hydrazobenzenes using H> gas to demonstrate the reversible hydrogen storage/release

phenomenon on this system (Figure 4.1).

Oxidative Reductive

H, NO,
R1 Coupling Coupling R1-©/
Limitations: §| ( Limitations:
Stoichiometric reagent Use of precious metals (Au, Pd, Pt)
Strong Oxidant Stoichiometric reagent
Harsh reaction conditions R Strong base
Longer reaction time N: 2 Harsh reaction conditions

Poor selectivity R1 Poor selectivity

D )

e

Our Approach H

-©/ Oxidative Acceptorless R1-©/ H
Dehydrogenation Dehydrogenation
Limitations: = Mild conditions
Use of strong base * Room temperature
Oxidant required * No base/additive/oxidant
Poor selectivity * Ho-Green by-product

Scheme 4.1. Previous reports on catalytic approaches to the synthesis of azobenzene

derivatives.
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[Ru(bpy),]**
Co(dmgH),(Py)CI
N ::_RZ N, ::_RZ
T Y N T XYY" N
Rg J H R

Figure 4.1. Reversible hydrogen storage and release phenomenon on azobenzene/

hydrazobenzene couple.

4.2. Statement of the Problem

Aromatic azo compounds are privileged structural motifs as they show myriad
pharmaceutical as well as industrial applications. Therefore numerous research has been
dedicated to the synthesis of these azo compounds. However, the current literature
precedents lack the sustainability due to harsh reaction conditions such as the use of a
quantitative amount of oxidant, base, additive or need of high catalyst loading. Hence,
development of an efficient catalytic method is essential for the synthesis of varieties of
azobenzenes. In this chapter, we report a dual catalytic approach for the acceptorless
dehydrogenation of hydrazobenzenes to the corresponding azobenzenes. This dual
catalytic activity has been achieved by merging visible-light active [Ru(bpy);]** as
photoredox catalyst with a catalytic amount of Co(dmgH)>(Py)Cl as proton reduction
catalyst. The current method operates under very mild, benign conditions and has a wide

substrate scope as well as broad functional group tolerance.
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4.3. Reaction Optimization

4.3.1. Optimization Table

Table 4.1. Optimization of the reaction conditions.?

H cat. Photoredox catalyst
N cat. [Co] Na
\N » \N +
H Visible-light, 12 h
olvent, Ar, 28 °C

1a S B 2a

Entry [Co] source Photoredox catalyst Solvent Yield (%)?
1 If [Ru(bpy)s]Cl, EtOH 93¢
2 Il [Ru(bpy)s][PFel2 EtOH 95(°l
3 11 EosinY EtOH trace
4 1] Rose bengal EtOH trace
5 ' [Ru(bpy)3ICl2 EtOH 36
6 I [Ru(bpy)s]Cla EtOH 42
7 I [Ru(bpy)s]Cly MeOH 89°
8 11 [Ru(bpy)s]Cl, MeCN 0
9 -— [Ru(bpy);]Cly EtOH 0
10 I - EtOH 0
1 I [Ru(bpy)s]Cl, EtOH o9
12 Il [Ru(bpy)s]Cls EtOH 69°

“General reaction conditions: Substrate 1a (0.25 mmol), photoredox catalyst (1.0 mol%),
proton-reduction (I-III) catalyst (2.0 mol%), solvent 2.5 mL, 28 °C, visible-light, 12 h.
’Based on 'H NMR yield. “Isolated yield. “Dark conditions. 0.5 mol% of photoredox

catalyst.

potTTTTTTT o '
E O~ E
el Br : M}N‘ ,\:? ;
o[+ NN = “Cor™ ;
ve. P o o PMemN TN _\Z’Me:
N I I ' N A 1
N’ A0 \ Me e IR Me ! O\HT‘O Me E

8 ’ 2
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I Br : NS
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Figure 4.2. Co-glyoxime based proton reduction catalysts used for the present study.
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We began optimization of the ADH reaction using diphenyl hydrazine 1a as a model
substrate. We screened a number of photoredox catalysts merged with different proton
reduction catalysts (I-III) in various solvent systems (Table 4.1). We found that 1 mol%
of photoredox catalyst, 2.0 mol % of Co-based proton reduction catalyst, in 0.1 M ethanol
gave the desired dehydrogenated azobenzene 2a in 93% isolated yield (Table 4.1, entry 1).
Among the various photoredox catalysts, [Ru(bpy)s]** catalyst was found to be optimal
for this reaction (Table 4.1, entries 1-4). Similarly, Co(dmgH)2(py)Cl (III) proton
reduction catalyst was found to give superior activity and gave the maximum yield of 2a
(Table 4.1, entries 1, 5-6). The liberated hydrogen gas was qualitatively analyzed by gas
chromatography (GC-TCD) (Section 4.7.2). Among a number of solvents screened, EtOH
was found to be the most suitable solvent for this ADH reaction (Table 4.1, entries 1, 7-
8). A series of control experiments were carried out to show the necessity of each of the
reaction components such as photoredox catalyst, proton reduction catalyst, and the light
source (Table 4.1, entries 9-11). The product 2a formation was not observed in the absence
of either photoredox or proton reduction catalyst (Table 4.1, entries 9-10). Similarly, in
the absence of the light source, no formation of 2a was observed (Table 4.1, entry 11).
Notably, reducing the photoredox catalyst loading to 0.5 mol% gave the desired product
2a in moderate yield (Table 4.1, entry 12). Gratifyingly, this unprecedented catalytic ADH
reaction proceeds very smoothly at ambient temperature under neutral conditions in

presence of visible-light source with no generation of waste except hydrogen gas.

Figure 4.3. (A) Reaction Setup. (B) Reaction mixture before reaction. (C) Reaction

mixture after visible-light irradiation for 12 h.
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4.3.2. Substrate Scope

With the optimal reaction conditions in hand, several hydrazobenzene derivatives 1 were
subjected to the ADH reaction in presence of [Ru(bpy);]Cl2 (1 mol%), proton-reduction
cobalt catalyst (III) (2 mol%) under visible-light irradiation in ethanol at room
temperature. As shown in Table 4.2, the present ADH strategy shows a wide substrate
scope and high functional-group tolerance and gives dehydrogenated azobenzene
derivatives in good to excellent yields (up to 97%). Electron-donating as well as electron-
withdrawing groups at different position in the phenyl ring of the hydrazobenzene
derivatives did not affect the reactivity and yielded the corresponding dehydrogenated
products (Table 4.2).

Among symmetrical hydrazobenzene derivatives, substrates bearing electron-withdrawing
group at the para position of the phenyl ring, such as fluoro, chloro, bromo and
trifluoromethyl proceeded smoothly to give the corresponding azobenzenes in 89%-97%
isolated yields (products 2b-2d, and 2f) under the optimized conditions. Also, substrates
with electron-donating groups such as p-methyl gave 2e in 92% isolated yield. Like
symmetrical hydrazobenzenes, unsymmetrically substituted hydrazobenzenes showed a
similar trend in their reactivity. Thus, substrates with electron-withdrawing groups such as
4-F, 4-Cl, 4-Br, 4-CF3, 3-Br, and 3-CF; were well tolerated and afforded the corresponding
azobenzenes in good to excellent yields of 86% to 94% (Table 4.2, products 2g-2i, 2m-
2n, and 2p). The diaryl hydrazines with electron-donating groups such as 4-Me, 4-MeO,
4-EtO, and 3-Me were well tolerated and offered the corresponding dehydrogenated
products in excellent yields (Table 4.2, products 2j-21, and 20). Similarly, a heterocyclic
azo derivative was obtained with 91% isolated yield under the optimized condition (Table

4.2, product 2q).
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Table 4.2. Substrate scope for room temperature dual catalyzed ADH of

hydrazobenzene.*”
H z Do cat. [Ru(bpy)s]Cl, z i
Noe AU 2 cat. [Co] (lll) < 1) N2
R n N ” —>. - - R—' AN N\N A + H2 +
L Visible-light, 12 h R~ _

EtOH, Ar, 28 °C 2

1
g LT F oy
©/ N \\N N > /©/ N \\N
2a (93%) 2b (97%) cl 2c (95%)

Me CF3

o ©“°~ o
Br 2d (89%) Me 2e (92%) F1sC 2f (90%)
L L, ,

29 (87% 2h (94%) 2i (86%)

OMe OEt
Me
Ns N+
S N N

o 9] 9

2j (93%) 2Kk (96%) 21 (94%)

o Q

©/N\\N Br- N\\N Me\©/N\\N

2m (91%) 2n (89%) 20 (94%)

O

2p (89%)

“Reaction conditions: 1 (0.25 mmol), [Ru(bpy);]ClL (1 mol%), Co-catalyst (III) (2 mol%),
EtOH (2.5 mL), Ar atm., 36 W blue LED, 28 °C, 12 h. *Isolated yields.

Note: In single crystal X-ray structure of 2q, for clarity hydrogen atoms are omitted.
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4.4. Monitoring of Reaction Progress using UV-Visible Spectroscopy

The progress of the present ADH reaction was monitored by UV-Visible absorption
spectroscopy (Figure 4.4). From UV-Visible absorption spectroscopic analysis, it is
observed that the rate of the reaction decreases as the concentration of product (2a)
increases. This is because azo products are typically absorbing in a visible range, and as
more and more azo product is generated in the reaction mixture, it obscures the activity of
the photocatalyst. The reaction kinetics was measured by applying the Beer Lambert’s law.
By UV-Visible absorption spectroscopic analysis, the concentration of azobenzene was
measured at different time intervals of the reaction, and a plot was drawn between
azobenzene yield vs time. This plot clearly shows that the rate of azobenzene formation

decreases with increase in time.

At different time interval, a known volume of reaction mixture was withdrawn into a
sample vial and was diluted with ethanol to adjust the concentration to 10* M. Then, the
UV-Visible absorbance of the sample was measured which is given in plot B. The graph
C represents the UV-Visible absorption spectra of azobenzene at different known
concentrations. The plot D is a straight line and represents the plot between absorbance vs
different known concentrations of azobenzene, and thus obeys the Beer Lambert’s law.
The plot E represents the plot between yields of azobenzene vs time. The yield of

azobenzene was calculated from the equation,
y=mx-+c

wherein, y is the absorbance of the reaction mixture at a different time interval, ‘m’ is the
slope and ‘¢’ is the intercept. The slope ‘m’ and intercept ‘c’ were obtained from plot D.
From plot E, it is observed that the rate of the reaction decreases with time. Again at time
0 hour, the yield from UV-Visible absorbance was 30% which is because of the absorbance
of the photoredox catalyst [Ru(bpy);]Clo. After 12 h, the yield from UV-Visible

absorbance was found to be 89%.
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Figure 4.4. Plot A and B represent the UV-Visible absorption spectroscopy of the reaction

mixture at different time intervals, while C represents absorbance at different known

concentrations of azobenzene. The Plot D is absorbance vs known conc, and plot E

represents the reaction progress with time calculated by measuring the UV-Visible spectra

at different time interval

4.5. Azobenzene and Hydrazobenzene as LOHCs

In recent times, liquid organic hydrogen carriers (LOHCs) as efficient hydrogen storage

have been paid much attention in contemporary science.!**%!16-17 However, the viability of

azobenzene as hydrogen storage system is only possible when both the dehydrogenation
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of hydrazobenzenes and hydrogenation of azobenzenes become feasible under mild
reaction conditions. Gratifyingly, the reversible hydrogen storage/release phenomenon on
hydrazobenzene/azobenzene couple is successfully demonstrated. This is the first time we
are showing that diazohydrazine can be used as LOHC, although it has poor % of hydrogen
storage capacity. In this context, we have developed an efficient method for hydrogenation
of azobenzene to hydrazobenzene under very mild conditions using a commercially
available heterogeneous catalyst. The hydrogenation reaction was carried out using a
catalytic amount of Pd/C (5 weight% of Pd) and a catalytic amount of pyridine as additive

under 1 atmospheric pressure of hydrogen at ambient temperature (Table 4.3).

Figure 4.5. (A) Reaction setup for hydrogenation of azobenzene. (B) Reaction mixture

before hydrogenation. (C) Reaction mixture after hydrogenation.

4.5.1. Substrate Scope

This catalytic hydrogenation of azobenzenes to corresponding hydrazobenzenes is a
general process. This methodology was applied for hydrogenation of few substrates with
different functional groups. Symmetrical azobenzenes with and without substitutent group
underwent hydrogenation smoothly and gave excellent isolated yields up to 95% (Table
4.3, entries 1a-1c¢). Similarly, unsymmetrical substrates with electron withdrawing groups
(-Cl, -Br, -CF3) underwent hydrogenation to give yields up to 89% of corresponding
hydrogenated product (Table 4.3, 1g, 1i, 1m). Notable, heterocyclic azocompound
underwent smooth hydrogenation to give 1q in 93% isolated yield. Also, this
hydrogenation strategy was used for the gram-scale synthesis of 1a and give 83% isolated

yield.
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Table 4.3. Pd/C catalyzed hydrogenation of azobenzenes (substrate scope).®?

/@—R cat. Pd/C H /@—R
Nan cat. Pyridine N<y
'
R R H
H, 1 atm., MeOH
1

2 rt, 15 min.

1a, 90% (83%)° 1b, 88% 1c, 95% 19, 79%

HMQ Q @ ’@\ WMe

F
Br 1i, 89% sC 1m, 86%° 1q, 93%

“Reaction conditions: 2a (0.25 mmol), Pd/C (1.0 mg), pyridine (10 mol%), methanol (5.0
mL), 1 atm. Ha, rt, 15 min. ’Isolated yields. “Gram-scale synthesis. “Reaction continued

for 30 min.

4.6. Derivatization of Azobenzene

>

K5CO3, 1,4-Dioxane
2a 120°C, 18 h 3a, 47%

I Iq
Ns /© 10 mol% Pd(OAc), N
N + >
4 equiv.TBHP, MeCN
O 4a, 65%

2a 80°C, 24 h
SO,CI
221 5 mol% Pd(OAC), /@
Ns 1.1 equiv. K28208 ©:
N +
©/ 12-DCE, 120 N s

2a Me air, 36 h

5 mol% [Ru(p-cymene)Cly], Nas ,@
Ns, @ 30 mol% MesCO,H O °N

5a, 79%
Me

Scheme 4.2. Diversification of azobenzene derivatives.
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Next, we have shown the diversification of azobenzene (acts as a good directing group'®
in the C-H bond activation chemistry) and illustrated in Scheme 4.2. The Ru-catalyzed
ortho C-H bond arylation of azobenzene gave 3a in 47% isolated yield.'** Similarly, Pd-
catalyzed ortho-C-H bond acylation was achieved using toluene as the acyl equivalent and
TBHP as the oxidant gave 4a in 65% isolated yield.!®® The Pd-catalyzed ortho-C-H bond
sulfonylation of azobenzene (2a) proceeded smoothly in the presence of catalytic amount

of Pd(OAc); and K»S,0s as the oxidant yielding 5a in 79% isolated yields.!®

4.7. Cis-trans Isomerization upon UV-light Irradiation

For two of the azo compounds, the UV-Visible spectra were recorded before and after UV
exposure in hexane solvent. The UV-exposure was given for 10 min by Omni Cure 2000
lamp with 100% of its power. Immediately after UV-exposure and after a certain time
interval, the UV-Vis spectra were recorded. During this experiment, we observed a slight
color change of these azo compounds upon UV exposure (for 10 min), but it was not

possible to distinguish the difference in the photograph (snapshot).

Significant changes in the UV-Visible spectra’s of the azo compound was observed
between before UV light irradiation and after irradiation, which is due cis-trans

isomerization around N=N double bond (Figure 4.7).

Power Spectra of OmniCure® S2000 Standard Lamps

Powet (rWmm)

o =V

Martleng (nm)

Omni Cure 2000 lamp Power Spectra

Figure 4.6. Omni Cure 2000 lamp and its power spectra.

Visible-light Photocatalyzed Acceptorless Dehydrogenation of Diaryl Hydrazines
86



Chapter 4

—— without UV exposure 1.0
1.0 After 10 min UV exposure
the UV exposure sample kept for 10min in ambient condition :
the UV exposure sample kept for 30 min in ambient condition without U\{ exposure
0.8 After 10 min UV exposure
0.8+ —
F b
=) N /©/ L s
S 0.6 /@/ N > Ns
© = N
~
[72]
= F S /©/
@ 04 2 044 FsC
< C
(o) —
-
=
0.2 0.2+
004— . T — 0.0 : . : : i T
250 300 350 400 450 500 550 250 300 350 400 450 500 550

Wavelength (nm)

Wavelength (nm)

Figure 4.7. Comparison between UV-Visible spectra of azo compounds before UV light

irradiation and after UV light irradiation.

4.8. Mechanistic Investigation

4.8.1. Cyclic Voltammetry Experiment

In order to get insight into the oxidation potential of the hydrazobenzene derivatives, cyclic
voltammetry was recorded for two of the compounds 1a and 1¢. The cyclic voltammetry
was measured at 10 mV s scan rate using Ag/AgCl as reference electrode, Pt wire as
counter electrode and a glassy carbon electrode as working electrode in anhydrous
acetonitrile with 0.1 M tetrabutylammonium perchlorate as supporting electrolyte. The
oxidation potential for compounds 1a and 1c¢ was found to be 0.58 V vs SCE and 0.66 V
vs SCE respectively.

4.0x10° 1.2x10™ 4
066V
.
Ll 058V 8.0x10° 4
2.0x10" 4 2
- ~ 4
< £ 4.0x10"
g £
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Q
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0.0 4 N. N
N H
H .
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LJ Ll L T L LS T Ll Ll v A
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Figure 4.8. Oxidation potential measured for hydrazobenzenes using CV technique.
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4.8.2. Hydrogen Gas Detection in GC

The hydrogen gas evolved during the photocatalytic aceptorless dehydrogenation

hydrazobenzene was qualitatively detected in GC as shown in Figure 4.9.

)

Figure 4.9. Qualitative hydrogen gas detection in GC.

4.8.3. Control Experiments

To better understand the reaction mechanism, a series of control experiments were carried
out. In the absence of the catalysts or under the dark conditions, no formation of product
was observed. This clearly confirms that all the key reaction components are essential for
the success of the present ADH reaction. When the reaction was carried out in the air upon
visible-light irradiation (in the absence of both photoredox and proton reduction catalyst),
a trace amount of 2a was detected. Similarly, when the reaction was carried out in the air
only in presence of the photoredox catalyst (i.e. in absence of proton reduction Co-
catalyst), upon visible-light irradiation, 66% yield of 2a was formed. Performing the
reaction under standard conditions under air, 78% yield of 2a was obtained. However, in
all the cases there is no formation of hydrogen gas was observed on GC. These results
showed that the product formation is due to purely by oxidative dehydrogenation and not
via acceptorless dehydrogenation.!!"!? Cyclic voltammetry experiment of 1a and 1¢ shows
the oxidation potential of the two compounds are +0.58 V vs SCE, and +0.66 V vs SCE,
respectively (Figure 4.8). The reduction potentials E™" and E"™ of tris(2,2'-
bipyridine)ruthenium, [Ru(bpy)s]? were determined to be +1.29 V vs SCE, and +0.77 V
vs SCE, respectively.!” The reduction potential E™!! (IIT) of Co(dmgH)(py)Cl and the
oxidation potential ™™ of [Ru(bpy)s;]*? were reported as -0.67 V vs SCE,?* and -0.81 V
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vs SCE, respectively.!® Thus, it is expected that the excited state of *[Ru(bpy);]** could

transfer an electron to Co™

while hydrazobenzene 1a could transfer an electron to
[Ru(bpy);]*" and in this way the catalytic cycle will be completed, and thus may follow

the oxidative quenching mechanism.

. Q
(a) ©/N‘N No catalyst N3y
H )
air, hv
1a 2a (6%)
. J
N~N cat. [Ru] N°N
(b) H -
air, hv
1a 2a (66%)
N cat. [Ru]/ cat. [Co] N
© N i
air, hv
1a 2a (78%)
L S
(d) \H cat. [Ru]/ cat. [CO] N ok *
Ar, hv 2
1a Standard conditions 2a (78%)

Scheme 4.3. Control experiments in presence of air and Ar atm.

4.8.4. Plausible Mechanism

Based on the above experimental observation, and recent literature precedents!® on dual
catalysis®® and hydrogen evolving reactions by proton reduction cobalt complexes,?! we

have proposed a plausible mechanism as follows in Scheme 4.4. Under the visible-light

irradiation the photocatalyst, [Ru(bpy)s]*" generates the excited state *[Ru(bpy)s]** which

can reduce Co'' to Co! via the single electron transfer (SET) through oxidative quenching
and lead to [Ru(bpy)s;]*". Then, the formed [Ru(bpy)s]*" is reduced by 1a to regenerate
[Ru(bpy)s;]*" and an amine radical cation 1a’. This radical cation 1a’ can undergo

hydrogen-atom transfer with Co" to produce the intermediate 2a’ and a highly reducing

I

Co' or can directly produce Co"!-H intermediate. Subsequently, the highly reducing Co'

I

species immediately reacts with an H' ion (released from 1a’) to give Co''-H intermediate.

This Co™-H intermediate may react with the second proton (released from 2a’) releasing
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I

a molecule of H> and Co™ or may undergo reduction to Co"-H followed by protonation to

release Ha molecule and Co". However, the homolytic cleavage that involving the two

Co'-H intermediate to evolve hydrogen gas could also not be ruled out.?!*?

H H
N. H /@
N . N
@ H O _H+’ _e_ ©+ N
—

SET
[Ru(bpy)s]?* l‘“

ﬁhv

Quenching — ©/N¢N/©
2a

*[Ru(bpy)s]**

H2 e’

Scheme 4.4. Plausible mechanism for ADH of hydrazobenzene (1a).

4.9. Conclusion

In conclusion, we have developed a dual transition-metal catalyzed acceptorless
dehydrogenation of hydrazobenzene derivatives to the corresponding azobenzenes with
the liberation of hydrogen gas. This unprecedented ADH strategy was achieved under
environmentally benign conditions by merging the visible-light photoredox catalysis with
Co-based proton reduction catalysis at room temperature under base-, and oxidant-free
conditions. Interestingly, reversible hydrogen storage/release phenomenon on

hydrazobenzene/ azobenzene couple is also demonstrated.
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4.10. Experimental Section

4.10.1. General Procedure for Acceptorless Dehydrogenation of Hydrazobenzenes

In an oven-dried 20 mL headspace vial with a magnetic stirring bar was charged with 1
(0.25 mmol), [Ru(bpy)3]Cl2.6H20 (1 mol %), Co(dmgH)(py)Cl (III) (2 mol %), and 2.5
mL of anhydrous ethanol under argon atmosphere. The headspace vial was sealed with a
Teflon/PTFE cap, and then the reaction vial was placed on a magnetic stirrer with blue
LED light bulbs strip (36 W) kept about 3 cm away from it and irradiated at room
temperature with constant stirring. A cooling fan was used to maintain the reaction
temperature. After 12 h, the solvent of the reaction mixture was removed under reduced
pressure, diluted with 30 mL diethyl ether and 30 mL water and the aqueous layer was
extracted with diethyl ether (1 x 30 mL). Finally, the combined organic layer was washed
with brine solution (20 mL), dried over Na;SO4 and concentrated in vacuo. The residue
was crystallized or purified by column chromatography on silica gel with a mixture of

petroleum ether and EtOAc (1% EtOAc in petroleum ether) to afford desired product 2.

4.10.2. General Procedure for Hydrogenation of Azobenzenes

To a 25 mL round-bottomed flask 0.25 mmol of azobenzene 1 and 1.0 mg of Pd/C (5
weight % Pd loading) was taken. To it, 5 mL of anhydrous methanol was added followed
by 10 mol% of pyridine under an inert atmosphere. The round-bottomed flask was
connected to a hydrogen balloon, flushed twice and was allowed to stir at room
temperature. The reaction was monitored using TLC, and when the solution becomes
colourless (nearly after 15 minutes), the hydrogen balloon was removed. The reaction
mixture was quickly filtered through a small pad of celite and the solvent was removed in
vacuo. Then the solid was washed with small amount of n-hexane (twice) followed by
removal of traces of solvent in vacuo to get the desired hydrazobenzene in quantitative

yield.
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Chapter 5

C-H Arylation of Anilides by Merging
Photoredox Catalysis with Palladium

Catalysis

This chapter is divided into two parts. Part A describes direct arylation of anilides using dual
catalysis by merging visible-light organophotoredox catalysis with Pd-catalysis. Part B
describes arylation of anilides using Ru-photoredox catalysis merged with Pd-catalysis using
CO2 derived dimethyl carbonate as a ‘green solvent’. This work has extended in the synthesis

of unsymmetrical bis-ortho arylation of anilides.

Chapter 5A Chapter 5B
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Dual Catalyzed C-H Arylation of Anilides
under External Oxidant-Free Conditions by
Merging Organophotoredox Catalysis with

Palladium Catalysis
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S5A.1. Introduction

Development of new chemical approaches for the synthesis of industrially relevant
compounds and pharmaceutical drugs is of great demand and fuels the efforts of the
present scientific community. In this context, the biaryl motif is an important structural
component of numerous natural products, pharmaceutical agents, organic materials and
many of them of industrial importance.! Classical transition-metal catalyzed cross-
coupling reactions are the powerful methods for the construction of the biaryl skeleton.?”
In contrast to the well-established cross-coupling reactions, ubiquitous C-H bond direct
arylation has recently emerged as more promising and practical approach to access biaryl
motifs with great step- and atom-economy.® Indeed, it circumvents the necessity of
prefunctionalization of an organic molecule and has more advantages when the
regioselective introduction of (pseudo)halides in an organic molecule involves multistep
synthetic strategy and required harsh reaction conditions or sometimes problematic. In
particular, owing to the prevalence of 2-arylaniline scaffolds in pharmaceuticals,
agrochemicals, and material science much attention has been paid to the transition-metal
catalyzed direct C-H arylation of (electron-rich) arenes (Figure 5A.1).* Despite a few
notable progress in this field over the last decade, the majority of the approaches still suffer
from harsh conditions such as operates at elevated temperature, and the need for excess
amounts (super-stoichiometric) of oxidants, bases and/or additives and results in copious
waste and functional-group incompatibilities.” Hence, it would be desirable to develop a
mild, and environmentally benign C-H arylation under oxidant-, base/ additive-free

conditions.

In recent times, aryldiazonium salts emerge as a convenient arylating reagent;®” however,
their exploitation in transition-metal catalyzed expedient C-H arylation is rare. This is due
to its high electrophilic character, reactivity towards many classes of nucleophilic coupling
partners, and sensitivity towards ligand-additives and bases employed in the majority of
C-H bond activation and cross-coupling reactions.® Recently, Sanford and co-workers
reported the Ru/Pd-catalyzed C-H arylation of 2-phenylpyridine, which is a good substrate
because of its chelating ability, and cyclic fert-amides by using aryldiazonium
tetrafluoroborates as aryl group donor.”® However, this reaction still requires a large excess
of aryldiazonium salts and notably, the role of silver salt (Ag2COs3, a mild oxidant) used as

an additive is not always straightforward. Chang and co-workers reported Cp*Ir(III)-

C-H Arylation of Anilides by Merging Organophotoredox Catalysis with Pd-Catalysis
97



Chapter SA

catalyzed (10 mol% w.r.t to Ir atom) oxidant-free C-H arylation of electron-deficient
amides using aryldiazonium salts as an unconventional arylating agent, also working as an
internal oxidant;”® nevertheless, often required a catalytic amount of silver salt and a base
(Scheme 5A.1a). Gaunt and co-workers developed a direct approach to C-H arylation of
anilides at 50—70 °C using diaryliodonium salts as the aryl coupling partner under oxidant-
free copper catalysis,'” but unfortunately, only meta-arylation of anilides was
accomplished (Scheme 5A.1b). Thus, a general and efficient strategy for direct C-H
arylation of anilides under oxidant-, additive- and/or base-free conditions is still elusive.'!
In the present chapter, we describe a dual catalytic approach!'? by merging of a visible-
light metal-free photoredox catalysis with a palladium catalysis to expedient C-H arylation
of anilides using aryldiazonium salts as a convenient aryl group donor, also working as an
internal oxidant via C-N; bond cleavage under silver-, and base-free conditions. A
consequence of this finding could be a safer and cleaner process for the effective synthesis

of a wide range of important N-heterocyclic commodities.

F2HC F,HC ON O
oY P P o2

Boscalid (BASF) Bixafen (Bayer CropSclence) Fluxapyroxad (BASF) Potassium channel inhibitor

Me
O Ngo,  HQ F HQ  ome
N
St o
0 N
F H Me
LY-411575 (y-secretase inhibitor) Carbazomycin B (Alkaloid) Rebeccamycin (Natural product)

fd oo s
g HOOY R+

Photoconducting polymer Green host material in Brookhart-type (olefin)
phosphorescent OLEDs polymerization catalyst

Figure SA.1. Importance of 2-aryl anilines.
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(a) Direct C-H arylation of electron-deficient arenes using aryldiazonium salts
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Photochemical DG Thermal DG
-~ —_—
Ar AI'_N2+ H AF_N2+

Y 1l e e Ar
Ag'salt, Additive .. 'Ag'salt, Additive
Ref. 9a Ref. 9b

(b) Direct C-H arylation of electron-rich arenes under external-oxidant free conditions

cat. eosin-Y
Cu(OTf), DG cat. [Pd]
° bG < Thermal o Photochemical o DG
Ph,IBF4 H No 'Ag' salt "
Ref. 10 H No additive/base : r
AT DG = Anilide this work  (UP 10 97%)
meta-selective ortho-selective
* Silver-free * Base/Additive-free
* No external oxidant * Room temperature

* Low-energy irradiation * Kinetic study
* Broad substrate scope * Gram-scale synthesis

Scheme 5A.1. Direct C-H bond arylation of arenes under oxidant-free conditions.

5A.2. Statement of the Problem

Ortho-aryl anilines and related structural motifs have shown significant and innumerable
pharmaceutical as well as industrial applications. However, the present literature precedent
has very few reports towards the synthesis of these compounds. Often, these reactions were
carried out under harsh reaction conditions such as the need of high temperature, harmful
solvents, stoichiometric oxidant, base, or additive. Hence, development of a catalytic C-H
bond activation method is essential for the efficient synthesis of varieties of ortho-aryl
anilines. In this chapter, we describe a dual catalytic approach for the efficient, selective
and controlled synthesis of ortho-aryl anilines via C-H bond activation. This dual catalytic
C-H bond activation process has been achieved by merging both a metal-free and
transition-metal based visible-light photoredox catalysis with palladium catalysis. These
reactions operate under very mild, benign conditions, has a broad substrate scope,

excellent functional group tolerance and has been achieved in gram scale synthesis.
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5A.3. Reaction Optimization

We began our external oxidant-free site-selective C-H arylation of anilides with an
evaluation of a range of solvents, mol% of the photoredox catalyst, and palladium salts in
the presence of 1a as arene partner and 4-chlorobenzenediazonium salt 2a as aryl group
donor (Table 5A.1). We found that the use of light (from 3 W green LED) in the presence
of catalytic amounts of eosin-Y, and Pd(OAc), enabled the desired ortho C-H arylated
anilide 3a in 93% isolated yield (Table 5A.1, entry 1). The necessity of each of the key
reaction components (photoredox catalyst, Pd-catalyst, and light source) was demonstrated
through a series of control experiments (Table 5A.1, entries 2-4). Reactions in the dark
and at increased temperature (80 °C) gave the desired product 3a in very poor yield (17%),
which excludes homolytic bond cleavage of the starting material to an aryl radical under
these conditions (Table 5A.1, entry 2). While trace amounts (only 8%) of the product were
formed in the absence of photoredox catalyst; no reaction was observed upon exclusion of
light. No formation of 3a was observed in the absence of PA(OAc), (Table 5A.1, entry 4),
and reducing the catalytic amount of Pd(OAc), gave moderate yields (Table 5A.1, entries
14-15). We also examined other [Pd] sources (Table 5A.1, entries 16-20) and also
replacing the palladium catalyst with those derived from gold, nickel or copper salts;
however, only excellent yield was obtained when Pd(OAc), was used, and no product was
detected with other metal catalysts. A series of solvents were examined and among them,
methanol was found to be an optimal solvent for this transformation (Table 5A.1, entries
1, and 8-13). Gratifyingly, these optimal conditions employ a low-energy 3 W green LED
light source and proceed readily at room temperature under silver-, base-, and external

oxidant-free conditions with no generation of copious metal waste.
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Table 5A.1. Optimization of the reaction conditions.*”

N,*BF

cat. eosin-Y
cat. [Pd]

Ar atm., MeOH, rt
3 Wgreen LED

R =Piv

1a Cl 2a Silver-, and base-free
Entry Variation from the initial conditions?® Yiel(cj/c))Z 3a
(o]

1 none 93

2 no light trace (17)°

39 no eosin-Y 8

4 no [Pd] source trace

5 Rose bengal instead of eosin-Y 81

69 Fluorescein instead of eosin-Y 23

79 Ru(bpy)sCl, instead of eosin-Y 46

8 CHsCN instead of MeOH trace

99 DMF instead of MeOH 20

10 CF3CH,0H instead of MeOH 57

1 DCE instead of MeOH 59

12¢ 1,4-Dioxane instead of MeOH 26

13 Toluene instead of MeOH trace

12 5.0 mol% Pd(OAc), 61 (82)°

160 2.5 mol% Pd(OAc), 43
Pd(Il)-pivalate as [Pd] source 49

1791 PdCl, as [Pd] source 30

18 (PPh3),PdCl, as [Pd] source trace

194f Pd(acac), as [Pd] source 10

20" (dppe)PdCl, as [Pd] source trace

“Reaction conditions: 1a (0.2 mmol), 2a (0.3 mmol), eosin-Y (1.0 mol%), Pd(OAc). (10
mol%), MeOH (1 mL), Ar atm., 3 W green LED for 12 h (R = Piv). “Isolated yields. ‘At

80 °C. ?Yield determined by '"H NMR. ¢24 h. /5 mol%.

5A.4. Substrate Scope

5A.4.1. Scope of Aryldiazonium Salts

Having identified the optimal condition for the room temperature external oxidant-, base-

, silver-free strategy, next sought to define the scope of both anilides 1 and aryldiazonium

salts 2. The scope of aryldiazonium salts 2 was initially explored using N-(m-
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tolyl)pivalamide 1a as a benchmark substrate at room temperature. As shown in Table
5A.2, the present direct C-H arylation strategy displayed a high functional-group tolerance
and proved to be a general method for the preparation of mono-selective ortho C-H
arylated anilides in good to excellent yields (up to 94%) under very mild conditions.
Aryldiazonium salts bearing electron-donating groups at the meta and para position of the
phenyl ring, such as methyl and methoxy, proceeded smoothly and gave the corresponding
ortho-arylated anilides in 89%-94% isolated yields (products 3e, and 3j-3k). Indeed,
electron-withdrawing group substituted (-CF3, -NO2, -CN, and -F) aryldiazonium salts,
such as 3f-3h, 31, and 3n-30 were also well tolerated and afforded the corresponding C-H
arylated products in good yields (66%-89%) (Table 5A.2). These results indicate that the
electronic nature of the aryldiazonium salts has little influence on the present C-H arylation
reaction. However, a substituent at the ortho position of the phenyl ring gave the desired
product with a slightly decreasing yield (products 3¢ in 78% yield and 3d in 70% yield)

which could be explained by steric reasons.

Table 5A.2. Scope of aryldiazonium salts.*”

o -
N2"BF4 cat. eosin-Y
Me\©/NHR i SN cat. [Pd] Me NHR
R'—=— T >
O~ Ar atm., MeOH, rt O
1a ) 3 W green LED 3 | /—R1
Silver-, and base-free R = Piv
Me O NHR Me O NHR Me O NHR Me O NHR Me O NHR
O L0 O
Me CF3
3b, 79% 3¢, 78% 3d, 70% 3e, 89% 3f 73%
Me O NHR Me O NHR Me O NHR Me O NHR Me O NHR
o, 0L
NO CN OPh
39,66% ° 3h, 75% 3i, 89% 3j, 90% 3K, 94%
Me O NHR Me O NHR Me O NHR Me O NHR
sUhasWhasTRa sl
31, 89% 3m, 84% 3n, 78% 30, 82%

“Reaction conditions: 1a (0.2 mmol), 2 (0.3 mmol), eosin-Y (1 mol%), Pd(OAc). (10
mol%), MeOH (1 mL), Ar atm., 3 W green LED for 12 h (R = Piv). Isolated yields.
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5A.4.2. Scope of Anilides

We next focused our attention on the scope of the anilide coupling partner. As exemplified
in Table 5A.3, electron-donating, as well as electron-withdrawing groups on the N-phenyl
ring, gave the desired mono-selective arylated products in excellent yields (up to 97%).
Thus, N-phenylpivalamide 1 with electron-donating substituents such as o-"Pr, 0-OMe, m-
OMe, p-Et, and p-OMe afforded the corresponding site-selective ortho-arylated products
in very good yields (Table 5A.3, products 4b in 84%, 4c¢ in 87%, 4f in 97%, 4k in 85%,
and 41 in 93% isolated yields). Under optimized conditions, 1 with electron-withdrawing
substituents (p-F and m-NO-) on the phenyl group successfully reacted with 2a and yielded
the corresponding C-H arylated products in 91% and 49% respectively. Halide substituents
are also well tolerated and gave the expected C-H arylated products in good yields (up to
94%). It is noteworthy that a benzene ring substituted with both O-pivaloyl and N-pivaloyl
moieties undergo C-H arylation only on ortho-position to N-pivaloyl group. Thus, the
reaction of 1m with 2a under optimized conditions selectively gave 4m in 79% isolated
yield. Next, the scope of our C-H arylation strategy extended to cyclic systems. Thus,
under optimized conditions, indoline derivatives (products 4q in 81% and 4r in 89%
isolated yields) and tetrahydroquinolines (products 4s in 84% and 4t in 92% isolated
yields) gave the corresponding C-H bond arylated products in excellent yields. We have
also successfully shown the scalability and practical viability of this catalytic protocol
under standard conditions (products 4a in 82%, and 4n in 87% isolated yields). Notably,
the present catalytic system can be reusable. Thus, after the first catalytic run between 1a
and 2a in the presence of catalytic amounts of eosin-Y and [Pd] source under standard
conditions, the yield of the ortho-arylated product 3a observed was 95% (GC yield). In the
same reaction vessel were placed a fresh 1a and 2a, and the reaction was continued further
without the addition of catalysts. After 18 h, the yield of 3a determined for the second

cycle was 91%.
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Table 5A.3. Scope of anilides.*”

Np"BF4 cat. eosin-Y

NHR cat. [Pd] o NHR
R'—— » R
Ar atm., MeOH, rt “

3 W green LED

Cl 2a - ) 4
Silver-, and base-free R = Piv Cl
Pr Cl
Cl Cl Cl Cl Cl
4a, 89% (82%)° 4b, 84% 4c, 87% 4d, 77% 4e, 75%
Cl Cl Cl
4f, 97% 49, 94% 4h, 79% 4i, 68% 4j, 49%
NHR NHR NHR NHR NHR
/‘/\‘\ MeO/‘/\‘\ PIVO/‘/\‘\ /‘/\‘\ /‘/\‘\
Cl Cl Cl Cl Cl
4k, 85% 41, 93% 4m, 79% 4n, 91% (87%)° 40, 83%
NHR
C -
N N
Br O R R ﬁ ﬁ Me
o« O O 4
4p, 81%
Cl Cl Cl Cl
4q, 81% 4r, 89% 4s, 84% 4t, 92%

“Reaction conditions: 1 (0.2 mmol), 2a (0.3 mmol), eosin-Y (1 mol%), Pd(OAc). (10
mol%), MeOH (1 mL), Ar atm., 3 W green LED, 12 h (R = Piv). “Isolated yields. “Gram-

scale synthesis.

S5A.S. Derivatization of ortho-Arylanilines
5A.5.1. Cyclization of Anilides

A consequence of the present direct C-H arylation strategy could be a safer and cleaner
process for the effective synthesis of a wide range of important N-heterocyclic
commodities such as phenanthridine, carbazole, and dibenzo[b,d]azepine. The removal of

the directing group (pivaloyl group) was easily accomplished under mild reaction

C-H Arylation of Anilides by Merging Organophotoredox Catalysis with Pd-Catalysis
104



Chapter SA

conditions to access ortho-aryl anilines in excellent yields (products 5a in 93%, and Sb in
94% yields; Scheme 5A.2). The intramolecular cyclization of ortho-aryl anilides
proceeded smoothly in the presence of POCIs, yielding phenanthridine derivatives 6a and
6b in 94%, and 89% yields, respectively. In addition, ortho-aryl anilines were converted
into carbazole derivatives 7a-¢ in good yields in the presence of catalytic amounts of
[Cp*IrCl2]2 (2 mol %) and Cu(OAc). (20 mol %) as well as PivOH (1 mmol) under air.*®
A palladium(Il)-catalyzed [5+2] oxidative annulations of o-arylanilines with alkynes to
access to an imine-containing dibenzo[b,d]azepines (8; 72% isolated yield) with great

stereoselectivity was demonstrated.*!

tBu

NH, \
RI Intramolecular R'

Q\\,o. cyclization
R' = CI, 5a (93%) \l/ ____________________ QN

= CHs, 5b (94%) . & R' = OMe, 6a (94%)

= Cl, 6b (89%)

R =H, 7a (75%)
= Me, 7b (67%) 8 (72%)
=Cl, 7c (73%)

Scheme 5A.2. Diversification of ortho-arylaniline derivatives.

5A.5.2. Synthesis of Industrially Valuable Products

To our delight, a potential synthetic application of the ortho C-H bond arylated anilides
was successfully shown in Scheme 5A.3. Treatment of 5a with 9 in the presence of a
catalytic amount of N,N-dimethylaminopyridine (DMAP) led to Boscalid (10) in 81%,
which is used as a potent fungicide.** A copper powder mediated N-arylation of carbazole
(7a) with 4,4’-diiodobiphenyl (11) to access 12, a green host material in phosphorescent

OLEDs was also shown.*®
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@ i
NH, N Cl 10 mol% DMAP
(a) o
N Et3N DCM
0°tort 12h
9
Cl B5a

10 (81%) CI
Boscalid (BASF)

|
Y = H
b) +
N anhy K2C03
H O o-dichlorobenzene
7a
|

reflux, 24 h 12 (71%)

Green host materlal in
phosphorescent OLEDs

Scheme 5A.3. Synthetic applications of ortho C-H arylated anilines.

5A.6. Kinetics of the Reaction

Time-dependent experiments on external oxidant-free direct C-H arylation of anilides
were also conducted to study the reaction kinetics (Figure. 5A.2). Thus, continuous
sampling was undertaken with the different time intervals, and the conversion of anilide
(1a) and the yield of ortho-aryl anilide (3a) were determined. The formation of 3a followed
a linear line, indicating a constant reaction rate. To find the order of reaction in each
component (1a, 2a, and catalyst) of the current dual catalytic approach to direct arylation
of anilides with aryldiazonium salts was determined individually by using the initial rate
approximation. The progress of the reaction studied with the kinetic analyses and revealed
that the arylation reaction is fractional order in anilide, aryldiazonium salt, and the catalyst

concentration.

5A.6.1. Representative Procedure: Time-dependent Formation of 3a

Representative procedure (Sec 5A.6.2a.) was followed, employing N-(m-tolyl)pivalamide
(76.5 mg, 0.4 mmol), 4-chlorobenzenediazonium tetrafluoroborate (136 mg, 0.6 mmol),
Pd(OAc)2 (9.0 mg, 0.04 mmol), mesitylene as internal standard (0.056 mL, 0.4 mmol) and
eosin-Y (2.6 mg, 0.004 mmol), in 2.0 mL of dry methanol. At various time interval, from

the reaction vessel, an aliquot of sample was withdrawn to the GC vial. The sample was
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diluted with methanol and subjected to GC analysis. The final data was obtained by

averaging the results of two independent runs for each experiment.

Table 5A.4. GC yield of 3a and conversion of 1a at different time intervals.

Experiment no. Time (h) Yield of 3a (%) | Conversion of 1a (%)
1 0 0 100
2 1 30 70
3 2 45 55
4 3 60 40
5 4 69 31
6 6 84 26
7 8 95 5
8 12 98 2
100+ e=Be= Yield of (3a) L 100
==@== Conversion of (1a) .
80 = 80 o
=
— L
& 60- Lo O
t c
‘© i)
B 40 oo £
> z
204 - 20 8
0- ® -0
) ) ] L)

0'2-4'6'8'10-12
Time (h)

Figure SA.2. Reaction profile for the formation of 3a and conversion of 1a.
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5A.6.2. Rate Order Determination

The order for the ortho C-H arylation reaction of anilides with various reaction
components was determined by the initial rate method. The data of the concentration of
the product vs time (h) plot was fitted linearly with Origin Pro 8. The slope of the linear
fitting is the reaction rate. The order of the reaction was then determined by plotting the

log (rate) vs log (conc.) for a particular component.

5A.6.2a. Representative Procedure: Rate Order Determination for N-(m-

tolyl)pivalamide

To determine the order for N-(m-tolyl)pivalamide in the ortho C-H arylation of anilides,
the initial rates at different initial concentrations of N-(m-tolyl)pivalamide were recorded.
The final data was obtained by averaging the results of two independent runs for each

experiment.

In an oven-dried 15 mL Schlenk tube with a magnetic stirring bar was charged with 4-
chlorobenzenediazonium tetrafluoroborate (136 mg, 0.6 mmol), Pd(OAc): (9.0 mg, 0.04
mmol), eosin-Y (2.6 mg, 0.004 mmol) and specific amount of N-(m-tolyl)pivalamide (as
shown in Table 5A.5). To it 2.0 mL of dry methanol was added, followed by addition of
mesitylene as internal standard (0.056 mL, 0.4 mmol) under argon atmosphere. Then the
reaction tube was freezed in liquid N2, degassed by the freeze-pump-thaw procedure (3%),
refilled with argon gas. The temperature of Schlenk tube was brought to room temperature,
then the Schlenk tube was placed on a magnetic stirrer with two 3 W green LED light
bulbs kept about 5 cm away from it and irradiated at room temperature with constant
stirring. At regular intervals, from the reaction vessel, an aliquot of sample was withdrawn
to the GC vial. The sample was diluted with methanol and subjected to GC analysis. The
concentration of the product 3a obtained in each sample was determined with respect to

the internal standard mesitylene.
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Table 5A.5 Rate of ortho C-H arylation reaction at different initial concentration of N-(m-

tolyl)pivalamide
Experiment | Amount of N-(m- Initial conc. of N-(m- | Initial Rate [Mh-']
no. tolyl)pivalamide tolyl)pivalamide [M] x 102
(mg)
1 77 0.2 1.6
2 115 0.3 2.1
3 153 0.4 2.4
4 191 0.5 2.8
0.22
0204 (A) [ m o2m ¥ 1554 (B) y=0.56(x)-1.3
0.184 ® 03M v 2
£ 0.16 = o vV A . -1.60 RE=028
8 0.144 : vVYaAhLoe
H 0.124 v ae’ . n | 71851
3 0.10 viates.r" 5
£ 0,084 T o -1.70-
%5 0.06 e t S
o 0.044 B |} -1.754
G002 X
0.004 = -1.804
-0.02 T T T T T T T T T T T T T
0 1 2 3 4 <) 6 7 -0.7 -0.6 -0.5 -0.4 -0.3
Time (h) Log (conc. of 1a)

Figure 5A.3. (A) Time-dependent formation of 3a at different initial concentration of N-

(m-tolyl)pivalamide 1a. (B) Plot of log(rate) vs log(conc. of 1a).

5A.6.2b Representative Procedure: Rate Order Determination for 4-

chlorobenzenediazonium tetrafluoroborate

To determine the order for 4-chlorobenzenediazonium tetrafluoroborate in the ortho C-H
arylation of anilides, the initial rates at different initial concentrations of 4-
chlorobenzenediazonium tetrafluoroborate were recorded. The final data was obtained by

averaging the results of two independent runs for each experiment.

Representative procedure (Sec 5A.6.2a.) was followed, employing N-(m-tolyl)pivalamide
(76.5 mg, 0.4 mmol), Pd(OAc)> (9.0 mg, 0.04 mmol), eosin-Y (2.6 mg, 0.004 mmol),

mesitylene as internal standard (0.056 mL, 0.4 mmol) and specific amount of 4-
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chlorobenzenediazonium tetrafluoroborate (as shown in Table 5A.6) in 2.0 mL of dry

methanol.

Table 5A.6. Rate of ortho C-H arylation reaction at different initial concentration of 4-

chlorobenzenediazonium tetrafluoroborate.

Experim 4- Initial conc. of 4- Initial Rate
ent no. | chlorobenzenediazonium | chlorobenzenediazonium | [Mh] x 10
tetrafluoroborate (mg) tetrafluoroborate [M]
1 91 0.2 1.8
2 136 0.3 2.0
3 181 0.4 2.1
4 226 0.5 2.2
0.184
o] © = ggm v 1664 (D) y=0.19(x)-1.5
= 0141 A 04M 5 - . R2 = 0.99
] v 05M ‘ ‘ n = -1.684
© 0.124 - _
3 0.10 g’ 2
g ] o
o 0.084 ‘ ‘ — -1.704
a - I g
‘G 0.06- (] a
S 0.044 | t e
2 ft
O 0.024 ¢ A
0.004 ® '
o 1 2 3 4 5 6 7 0.7 06 05 -0.4 03
Time(h) Log (conc. of 2a)

Figure 5A.4. (C) Time-dependent formation of 3a at different initial concentration of 4-

chlorobenzenediazonium tetrafluoroborate. 2a. (D) Plot of log(rate) vs log(conc. of 2a).

5A.6.2¢c Representative Procedure: Rate Order Determination for Eosin-Y

To determine the order for eosin-Y in the ortho C-H arylation of anilides, the initial rates
at different initial concentrations of eosin-Y were recorded. The final data was obtained

by averaging the results of two independent runs for each experiment.

Representative procedure (Sec 5A.6.2a.) was followed, employing N-(m-tolyl)pivalamide

(76.5 mg, 0.4 mmol), 4-chlorobenzenediazonium tetrafluoroborate (136 mg, 0.6 mmol),
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Pd(OAc)2 (9.0 mg, 0.04 mmol), mesitylene as internal standard (0.056 mL, 0.4 mmol) and

specific amount of eosin-Y (as shown in Table 5A.7) in 2.0 mL of dry methanol.

Table SA.7. Rate of ortho C-H arylation reaction at different initial concentration of Eosin-
Y.

Experiment Eosin-Y (mg) Initial conc. of Eosin- | Initial Rate [Mh]
no. Y [M] x 1072
1 2.6 0.002 2.79
2 13 0.01 3.45
3 259 0.02 4.40
4 38.9 0.03 4.82
-1.30
0.144 (E) m 0002M Y (F) y=0.19(x)-1.0 P
g 0.124 2 coxm ¥ 1851 R? =0.92
© v 003M A i
g 0.104 Y ° __-1.404
3 0.08- = "2
° v =
. 0.06 s o 1491
5 . L
S 0.04 u 5o
S 0.024 ¢
Q §
0.004 & e I
00 05 10 15 20 25 30 28 26 24 22 20 A48 16 -4
Time (h) Log (conc. Eosin-Y)

Figure 5A.5. (A) Time-dependent formation of 3a at different initial concentration of

Eosin-Y. (B) Plot of log(rate) vs log(conc. of Eosin-Y).

5A.6.2d Representative Procedure: Yield Determination for Pd(OAc):2

To determine the effect of mol% of Pd(OAc): in the ortho C-H arylation of anilides 3a,

the yields at different initial concentrations of Pd(OAc), were recorded.

Representative procedure (Sec 5A.6.2a.) was followed, employing N-(m-tolyl)pivalamide
(38 mg, 0.2 mmol), 4-chlorobenzenediazonium tetrafluoroborate (38 mg, 0.3 mmol),
eosin-Y (1.3 mg, 0.002 mmol) and specific amount of Pd(OAc): (as shown in Table 5A.8)
in 1.0 mL of dry methanol.
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Table 5A.8. Yield of ortho C-H arylation reaction at different initial concentration of

Pd(OAc)..
Experiment Amount of Initial conc. of Yield (%)
no. Pd(OAc)2 (mg) Pd(OAc): [M]
1 0.5 0.002 4 (by GC)
2 1.1 0.005 43 (isolated yield)
3 2.2 0.01 61 (isolated yield)
4 4.5 0.02 93 (isolated yield)

100

80 4

60 4

Yield %

40 4

20 4

0 - T T T T T
0 1 2 3 4 5 6 7 8 9

Pd(OAc), mol%

10 11

Figure 5A.6.Yield formation of 3a at different initial concentration of Pd(OAc):

5A.7. Mechanistic Investigation

5A.7.1. Control Experiment

Performing the reaction in the presence of the radical scavenger 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO), the reaction was completely inhibited (Scheme
5A.4a). Indeed, the O-arylated-TEMPO product was detected on GC-MS, indicating that
the radical reaction pathway could be involved in the catalytic cycle. Furthermore, the
yield of 3a was completely dropped when no photocatalyst was present in the reaction
and/or under dark conditions (Table 5A.1, entry 3). A “light/dark” experiment indicates
that a radical chain process in the present dual catalytic system may be operative.!?
Notably, the C-H arylation of the isotopically labeled substrate [D]-1d was not

accompanied by H/D exchange reactions, which is indicative of a kinetically relevant C-
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H palladation step (Scheme 5A.4b). In a preliminary experiment, the formation of
palladacycle intermediate 14 was identified by the stoichiometric reaction of 1a with

Pd(OAc).1*

(a) Radical trapping experiment

N2 BF¢ Me Me

M NHPi
e\©/ “_:_ std. conditions 3a . Me” N7 Me
TEMPO (0% S
Cl
1a 2a (detected) Cl

(b) H/D exchange experiments Cl Cl

std. conditions O NHPiv @ENHPN
_SC. condiions o .
2a,8h
Cl D\
i 86% D
NHPiv -
S 4d (59%) [D]-1d (31%)

D

~86% D cl
[D]-1d std. conditions NHPiv
without 2, 4 h b
X 86% D
[D]-1d

Scheme 5A.4. Mechanistic studies.

5A.7.2. Light-Dark Experiment

MeO NHPiv N,*BF 4 » MeO NHPiv
std. conditions
+ _—
3 ®
1f 2a af Cl

Following representative procedure (Sec 5A.6.2a.), two parallel experiments {A (Light)
and B (Dark)} were carried out employing N-(3-methoxyphenyl)pivalamide 1f (83 mg,
0.4 mmol), 4-chlorobenzenediazonium tetrafluoroborate 2a (136 mg, 0.6 mmol),
Pd(OAc)2 (9.0 mg, 0.04 mmol), eosin-Y (2.6 mg, 0.004 mmol) and mesitylene (0.056 mL,
0.4 mmol) as internal standard in 2.0 mL of dry methanol. Initially, the reaction (B) was
irradiated with a light source under the standard condition for the first 60 minutes and then
carried out in the dark condition. However, reaction (A) was irradiated with continues
irradiation. Continuous sampling was undertaken with the different time intervals, and

yield of ortho-arylated product (4f) was determined by gas chromatography.
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48 4

46 4
44-.
42 4
40 4

Yield (%)

38 4
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34 4
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Time (h)

Figure SA.7. Kinetic profile 4f at different time intervals for two separate (dark and

light) experiments.

5A.7.3. Light-Dark Experiment (ON/OFF Experiment)

Following representative procedure (Sec 5A.6.2a.), the reaction was carried out employing
N-(3-methoxyphenyl)pivalamide 1f (83 mg, 0.4 mmol), 4-chlorobenzenediazonium
tetrafluoroborate 2a (136 mg, 0.6 mmol), Pd(OAc): (9.0 mg, 0.04 mmol), eosin-Y (2.6
mg, 0.004 mmol) and mesitylene (0.056 mL, 0.4 mmol) as internal standard in 2.0 mL of
dry methanol. The reaction is conducted using alternating intervals of light and dark. In
each interval, continuous sampling was undertaken with the different time intervals, and

yield of ortho-arylated product (4f) was determined by gas chromatography.

55

77 Light
50 I Dark
45 4
X 404
k)
2 354
=
304
25
204

0-0.5 0.5-1 1-1.5 1.5-2 2-2.5 2.5-3 3-3.5 3.5-4 4-4.5 4.55
Time (h)

Figure 5A.8. GC yield of 4f with deferent time intervals (Light-Dark experiment).
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5A.7.4. Identification of Intermediate Pd-complex

To an oven-dried 5 mL screw-capped vial, 1f (70 mg, 0.33 mmol), Pd(OAc), (75mg, 1
equiv.), N-Formylglycine (35mg, 1 equiv.) and hexafluoroisopropanol (2 mL) were added
under argon atmosphere. The mixture was stirred for 3 hr at 100 °C followed by cooling
to room temperature. The solution was filtered through a celite pad and submitted to
HRMS analysis. HRMS (EI): m/z Calcd for [M-H] Ci5sH19N2OsPd: 413.0323; Found:
413.0317.

VND-12_161018161710 #110 RT: 0.49 AV: 1 NL: 7.03E5
T: FTMS + p ESI Full ms [100.00-1500.00)
413.0317
R=39400
C1sH19 Os N2 Pd = 413.0323
-1.4355 ppm

Relative Abundance

4125 413.0 4135 4140

Figure 5A.9a. HRMS of intermediate Pd-complex

tBu MeO tBu
H
\CEP (or) Pd O/& (or) \C[Pd OJ\

o] @) o)

Figure SA.9b. Possible intermediate complexes.
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5A.7.5. Effect of Other Directing Group

The effect of substituent on the acyl group of anilides was further studied by changing the
N-pivaloyl (i.e. -Butyl) group to the N-acetyl (i.e. ethyl) group and gave the C-H arylated
product in 31% yield only (mono/bis = 2:1). To further extend the scope of the reaction,
we investigated different amides such as -NHCONMe; and -NHTs as the directing groups
and found to be not suitable for the present arylation reaction. Due to the favourable

conformation of the pivaloyl group good selectivity of the site-selective product was

observed.
H
—
LT —=
H H
1 1
favourable un-favourable

Figure 5A.10. A possible conformation of anilide 1.

5A.7.6. Plausible Mechanism

t1213-15 3 plausible

Based on the above experimental findings and literature preceden
mechanism for external-oxidant free C-H arylation of 1 is shown in Scheme 5A.5. Initially,
eosin Y (EY) absorbs visible-light in the green light region (Amax = 539 nm) to give a
photoexcited singlet state, 'EY*, which undergoes rapid intersystem crossing to its lowest
long-lived triplet state *EY* with a lifetime of 24ps.'* This photoexcited EY * is a strong
reductant (E12CEY*/EY ") = -1.15 V vs SCE)"*%* and undergoes oxidative quenching
followed by reducing the ArN>BFs. (the standard reduction potential of different ArN2BF4
are very close to SCE varying from a small positive to negative values; E1, ™ =—-0.1V vs
SCE for phenyldiazonium tetrafluoroborate)'3’ to the corresponding electrophilic aryl
radical with the concomitant generation of dinitrogen. Then the electrophilic aryl radical
(Ar’) reacts with palladacycle 14 (generated by the carboxylate assisted C-H bond
activation of 1) to afford the intermediate 15.'® Single electron oxidation of 15 by EY™*
(strongly oxidizing, E12(EY "/EY) = +0.78 V vs SCE)"® to regenerate the photocatalyst
(EY) and forms intermediate 16. Indeed, the mechanistic studies show that a significant

contribution of a radical chain process in the present catalytic system is operative,!3*!3f
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Therefore, a second SET process between palladacycle 14 with another equivalent of the
aryldiazonium salt contributes to the formation of 15 may also feasible. Finally, the
reductive elimination of 17 leads to an ortho-arylated anilide 3 or 4 via the C-C bond

formation and followed by an acetate ion coordination regenerates the palladium catalyst.

3or4 . K

.. ‘Qﬁ‘P i AcOH
7N
1 AcO OAc
13 C-H activation

KN ”/o > / .ﬂ \ [HDJ)/'BLJ

OAC EY™ d

)

o{_>o
17 photoredox (reductant) ~
I A1V
cycle Me 14
ArN,
i) Reductive elimination . N ) N
i) Acetate coordination Y| EY N2 Radical addition
(oxidant) .
+0.78 V et
+ 5 Ar "Teees
H ¢ . o
N Bu * H
. f
Oy | e g
|0 » : | Ar\||/
/Pdl 3 A U e
O 0 \ Pd i
Y . / O\
\_.'_/ o0
Me Single Electron \|/
Oxidation Me
16
R 15
ArN,* Ar

Scheme 5A.5. A plausible catalytic cycle for a synergistic catalysis for C-H arylation of

1 under external oxidant-free condition.

5.8. Conclusion

In conclusion, a dual catalytic approach by successfully merging visible-light photoredox
catalysis with palladium catalysis to room temperature external oxidant-free direct C-H
arylation of anilides by using aryldiazonium tetrafluoroborates as a convenient aryl group
donor, also working as an internal oxidant via C-Nz bond cleavage has been reported. The
unified approach operates under extremely mild conditions; silver-, additive-free, and
redox-neutral conditions, and no generation of copious metal waste, and can thereby be

scaled up in gram-scale synthesis. A consequence of this finding could be a safer and
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cleaner process for the effective synthesis of a wide range of important N-heterocyclic
commodities such as dibenzo[b,d]azepine, carbazole, and phenanthridine. In addition, a
potential synthetic application of ortho C-H bond arylated anilides in agrochemical and
material science has been successfully demonstrated. The broad substrate scope, functional
group tolerance, and excellent selectivity of this process make it attractive for the facile

construction of C-H arylated compounds of high utility in various research areas.

5.9. Experimental Section

5A.9.1a. General Procedure for Room Temperature Oxidant- and Base-free Eosin-

Y/Pd Catalyzed C-H Arylation of Anilides

In an oven-dried 15 mL, Schlenk tube with a magnetic stirring bar was charged with
pivalamide 1 (0.2 mmol), aryldiazonium salt 2 (0.3 mmol), eosin-Y (1 mol %), Pd(OAc)>
(10 mol %), and 1 mL of methanol under argon atmosphere. Then the reaction tube was
freezed in liquid N2, degassed by the freeze-pump-thaw procedure (3 %), refilled with argon
gas. Then the Schlenk tube was placed on a magnetic stirrer with two 3 W green LED light
bulbs kept about 5 cm away from it and irradiated at room temperature with constant
stirring. After 18 h, the reaction mixture was quenched with saturated 15 mL NaHCO3
solution, and was extracted with EtOAc (3 x 15 mL). Finally, the combined organic layer
was washed with brine solution (15 mL), dried over Na>SO4 and concentrated in vacuo.
The residue was purified by column chromatography on silica gel using mixture of EtOAc

and petroleum ether to afford desired ortho-arylated product 3 or 4.

5A.9.1b. General Procedure for Gram-scale Synthesis

In an oven-dried 100 mL Schlenk round-bottomed flask with a magnetic stirring bar was
charged with pivalamide 1 (10 mmol), aryldiazonium salt 2 (15 mmol), Pd(OAc): (10 mol
%), eosin-Y (1.0 mol %), and 50 mL of anhydrous methanol under argon atmosphere.
Then the reaction tube was freezed in liquid N», degassed by the freeze-pump-thaw
procedure (3x), refilled with argon gas. Then the round-bottomed flask was placed on a
magnetic stirrer with two 3 W green LED light bulbs kept about 5 cm away from it and

irradiated at room temperature with constant stirring. After 24 h, the reaction mixture was
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quenched with saturated 100 mL NaHCO3 solution, and the aqueous layer was extracted
with EtOAc (2 x 100 mL). Finally, the combined organic layer was washed with brine
solution (100 mL), dried over NaxSO4 and concentrated in vacuo. The residue was purified
by column chromatography on silica gel with a mixture of EtOAc and petroleum ether to

afford the desired ortho-arylated product in gram-scale.

N,*BF

. cat. eosin-Y .
1_©/NHPN ) cat. Pd(OAG), 1 O NHPiv
R EE——— R
+R Ar atm., MeOH, rt
3 W Green LED @ R2
1 2 Silver- and additive-free 3
(10 mmol) (15 mmol)

R' R? Yield (%)

H p-Cl  (4a) 82%
F p-Cl  (4n) 87%

Scheme 5A.6. Gram-scale synthesis of C-H arylated anilides.

5A.9.2. Reusability of the Homogeneous System

The reusability of the present catalytic system was checked by following representative
procedure (5A.9.1a.). After the first catalytic run between 1a and 2a in the presence of
catalytic amounts of eosin-Y (1 mol%) and Pd(OAc), (10 mol%) in methanol under
standard conditions, the yield of the ortho-arylated product 3a observed was 95% (GC
yield). In the same reaction vessel were placed fresh 1a and 2a, and the reaction was
continued further without the addition of catalysts. After 18 h, the yield determined for the
second cycle was 91% (GC yield).

5A.9.3. Radical Trapping Experiment

Me NHPiv N,*BF 4 o
\©/ /©/ Me  std. conditions Me
+ + e
Me
Cl | I
1a 2a

Me Me
TEMPO adduct

In an oven-dried 15 mL Schlenk tube with a magnetic stirring bar was charged with
pivalamide 1a (0.2 mmol), aryldiazonium salt 2a (0.3 mmol), eosin-Y (1 mol %),

Pd(OAc); (10 mol %), TEMPO (2.0 equivalent) and 1 mL of methanol under argon
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atmosphere. Then the reaction tube was freezed in liquid N, degassed by the freeze-pump-
thaw procedure (3x), refilled with argon gas. Then the Schlenk tube was placed on a
magnetic stirrer with two 3 W green LED light bulbs kept about 5 cm away from it and
irradiated at room temperature with constant stirring. After 18 h, the reaction mixture was

analyzed on GC-MS and the formation of O-arylated-TEMPO product was observed.

5A.9.4. H/D Exchange Experiments

Cl Cl
standard condition NHPiv ©:NHPN
- 2a.6h O * 5
NHPiv O S 86% D
— 4d (59%) ©'  [D}-1b (19%)
P~ g6% D cl
[PI-1b standard condition NHPiv
without 2 D
4h X 86% D
[D]-1b

Deuterium-labeled compound [D]-1b was prepared according to the reported literature
procedure with 86% deuterium incorporation. Two independent experiments (i) with 2a
and (i1) without 2a were performed under standard conditions using freshly distilled dry
MeOH. In both the experiments the recovered starting material 1d showed 86%. Thus, the
C-H arylation of the isotopically labeled substrate [D]-1d was not accompanied by H/D

exchange reactions, which is indicative of a kinetically relevant C-H palladation step.

5A.9.5. Diversification of ortho-Arylaniline Derivatives

5A.9.5a. Removal of Directing Group

NHR NH, .
R’ R
48 % aq. HBr
>
O 10 % Aliquat-336 O

3ord n-Octane, 130°C, 12 h ,
R grPiv R =Cl, 5a (93%)
= Me, 5b (94%)
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To a 10 mL screw-capped tube, ortho-aryl pivalamide (0.5 mmol), 10 weight percentage
of Aliquat-336, 0.5 mL of 48 % aqueous HBr and 1.0 mL of n-octane were added under
argon atmosphere. Then the tube was kept in a preheated oil bath at 130 °C for 12 h. After
cooling to room temperature, the reaction mixture was neutralized with saturated Na>COs.
The compound was extracted with 25 mL of EtOAc three times. Then the organic layer
was washed with 25 mL of brine solution, dried over NaxSO4 and concentrated in vacuo.
The residue was purified by column chromatography on silica gel with a mixture of EtOAc

and petroleum ether to afford desired ortho-arylated anilines (5).

5A.9.5b. Synthesis of Phenanthridine

tBu
NHPiv N=
POCI
GO YT R
Toluene, 110 °C, 12 h
3ord R = OMe, 6a (94%)

R = Cl, 6b (89%)

To an oven dried 10 mL sealed tube with the magnetic stirring bar was charged ortho-
arylated pivalamide 3 or 4 (0.2 mmol), POCI; (0.6 mmol, 0.056 mL). To it 0.5 mL dry
Toluene was added under an argon atmosphere. The Teflon screw cap was closed and the
tube was kept in a preheated oil bath at 110 °C, the reaction was continued for 12 h. After
completion, the reaction mixture was quenched by addition of aqueous NaHCOs3. The
mixture was extracted with dichloromethane (3 x 10 mL). The combined extracts were
washed with brine solution, dried over Na>xSOj4 and the solvent was removed in vacuo. The
crude product was purified by column chromatography on silica gel using a mixture of

hexanes and EtOAc as eluent to afford the corresponding phenanthridine derivatives.

5A.9.5¢. Carbazole Synthesis

[Cp*IrCl,], (0.01 mmol) H
NH, Cu(OAc);, (0.1 mmol) N
" PivOH 1 mmol
W e W
NMP, 120 °C
air, 3h R =H, 7a (75%)

= Me, 7b (67%)
= Cl, 7¢ (73%)
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To a 20 mL two-necked flask with a reflux condenser and a rubber cup were added 2-aryl
aniline (0.5 mmol), [Cp*IrCl2]> (0.01 mmol), Cu(OAc), (0.1 mmol), PivOH (1.0 mmol)
in NMP (3 mL). The resulting mixture was stirred under air at 120 °C for 3h. After cooling,
the reaction mixture was extracted with EtOAc (100 mL), washed with aqueous NaHCO3
(100 mL, three times), and dried over Na>SOs. Purification by column chromatography on

silica gel using hexane-EtOAc (10:1, v/v) as eluent gave carbazole.

5A.9.5d. Cyclization with Diphenylacetylene

Ph
Ph
NH, Pd(OAC), (5 mol%) )
O Cu(OAc), (2 equiv) N
P cl
O DMSO, 120 °C, 5 h O
o Ph—=—Ph
5a 8 (72%)

In a oven-dried, 5.0 mL vial equipped with a stirring bar was charged with Pd(OAc) (3.4
mg, 0.015 mmol), Cu(OAc) (1144 mg, 0.63 mmol), Sa (0.30 mmol) and
diphenylacetylene (0.45 mmol), followed by sequential addition of DMSO (3.0 mL). The
vial was sealed with a Teflon screw cap and then the reaction mixture was heated at 120
°C for 5 h. After the reaction vessel was cooled to room temperature, the mixture was
extracted with EtOAc, dried over MgSOQys, filtered, and concentrated in vacuo. The residue

was then purified on silica gel to yield 8 in 72%.

5A.9.5e. Synthesis of Boscalid

NH. N Cl 10 mol% DMAP N N
o — || | H
0°tort, 12 h
9
Cl 5a 10 (81%) Cl

Boscalid (BASF)

To a stirred solution of 2-chloronicotinoyl chloride 9 (88 mg, 0.5 mmol), DMAP (6 mg,
0.05 mmol) in 4 mL dichloromethane, 4’-chloro-[1,1’-biphenyl]-2-amine Sa (102 mg, 0.5
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mmol), EtsN (0.14 mL, 1.0 mmol) in dichloromethane (1.0 mL) was added dropwise at 0
°C. The reaction was allowed to stir at 0 °C for 1 h, and another 12 h at room temperature
followed by addition of dichloromethane (20 mL) and water (20 mL). The combined
organic extracts were dried over Na;SO4 and the organic solvent was removed in vacuo.
The crude residue was purified by column chromatography on silica gel (230-400 mesh)
using a mixture of petroleum ether/EtOAc (Rf= 0.5, petroleum ether/EtOAc = 2:1), to
afford 2-Chloro-N-(4’-chloro-[1,1°-biphenyl]-2-yl)nicotinamide (10, 104 mg, 81%) as a

white solid.

5A.9.51. Synthesis of a Green Host Material (12)

|
O Cu powder _._._
+
N anhy K2CO3
H O o-dichlorobenzene
7a
I

reflux, 24 h 12 (71%)
Green host material in

phosphoroscent OLEDs

To a 50 mL round-bottomed flask carbazole 7a (2.4 mmol, 334 mg), 4,4’-diiodobiphenyl
11 (1.0 mmol, 406 mg), KoCO3 (8.0 mmol, 1.11 g), copper powder (2.8 mmol, 178 mg)
and 18-crown-6 (0.2 mmol, 53 mg) were taken under argon atmosphere. To it, 20 mL of
o-dichlorobenzene was added and the mixture was allowed to reflux for 24 h. The reaction
mixture was filtered through a small pad of celite and the residue was washed with
chloroform. The combined solvent was removed in vacuo and the resulted residue was
recrystallized from methanol at -20 °C to give the product 12 as a white solid (344 mg,
71%).
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bimetallic Pd species, see: (a) Powers, D. C.; Ritter, T. Nat. Chem. 2009, 1, 302-309. (b)
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Chapter 5B

5B.1. Introduction

Development of new catalytic approaches based on direct utilization of ubiquitous inert
C-H bonds for chemical production is an important field of research. In this context, ortho-
arylaniline scaffold constitutes one of the important families of organic compound and
find applications in pharmaceuticals, material sciences, and organometallic catalysis.!
They have also been found to be key synthetic intermediates for various organic
transformations and for synthesizing diverse N-heterocyclics.? Owing to their structural
diversity, and remarkable synthetic utilities, development of an efficient and a practical
methodology for the selective and straightforward synthesis of ortho-aryl anilides has long
been of immense importance in the contemporary science. Despite the classical cross-
coupling reactions, direct C-H arylation has emerged as more powerful and promising
method to enable diverse ortho-arylated aniline derivatives.>> Research groups of Shi,
Lipshutz, Daugulis, Ackermann, Cheng, Jeganmohan and others have extensively studied

2a-c,4 and

the catalytic C-H arylation of anilides with various aromatic electrophiles,
aromatic organometallic reagents (Scheme 5B.1a and Scheme 5B.1b).!%24¢5 However, the
use of excess amounts of external oxidant, base/additives, the formation of mono- and di-
arylated anilides (in case of symmetrical anilides), and performing the reactions at a higher

temperature (80-120 °C)'®>43:53¢ are potential concerns.

In recent times, aryldiazonium salts have been highlighted as convenient arylating reagents
because, a) the aryl diazonium salt can be easily synthesized from inexpensive, abundantly
available anilines and can be used for large-scale preparation, and b) their reactivity is
higher than that of the corresponding halides.® However, examples of utilization of
aryldiazonium salts in the transition metal-catalyzed direct arylation of C-H bonds have
rarely been achieved.” Recently, direct C-H arylation of 2-phenylpyridine, which is a good
substrate because of its chelating ability and electron-deficient cyclic tert-amides is
reported under dual catalysis.”* Sanford and co-workers reported a photoredox Ir/Pd-
catalyzed (10 mol% of PA(NO3)2 and 5 mol% of [Ir(ppy)2(dtbbpy)]PF¢) arylation of ortho-
substituted anilide (only one example) with aryldiazonium salt in methanol, albeit with a
poor yield.> Gaunt and co-workers reported meta-selective C-H arylation of anilides using
diaryliodonium salts as aryl coupling partner under copper catalysis.® In this chapter, we
report direct ortho C-H arylation of anilides by merging Ru-based photoredox catalysis

with palladium catalysis using aryldiazonium salt as an expedient aryl group donor, under
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CO»-derived dimethyl carbonate (DMC) as a ‘green’ solvent, is described. Totally,
unprecedented synthesis of unsymmetrical bis-C-H arylated anilines was also described.
Thie bis-arylated anilines are good precursors for the synthesis of Brookhart-type

polymerization catalyst.

Daugulis and Co-workers

Pd(OAc), (5 mol%) Ar
NHCOR AgOAc (2 equiv.) NHCOR
R1 + Arl r R1
excess TFA, 130 °C, 3 days

Ar

Ackermann and Co-workers Ru(ll) (5 mol%)

AgSbFg (20 mol%)

NHAc Cu(OTH)5 (20 mol%) NHAc
+ ArB(OH), > R
Ag->0 (1 equiv.) Ar

1.5equiv. pyur 410 9c 20 h

R1

Q

Cheng and Co-workers
(0]
NHCOR [Rh] (2 mol%)

AgSbFg (25 mol%) NHCOR
1
R Al 2
3 equiv. CF3CO,Ag (1 equiv.) "

DCE, 120°C, 20 h

Q

Jeganmohan and Co-workers [Ru] (3-10 mol%)

AgSbFg (12 mol%)

NHAC Cu(OTf), (20 mol%) NHAc
R + ArBH(OH), o0 (oo )» R!
, 97 equiv.
Ar
1.5 equiv. THF or DMF
110 °C, 20 h

Sanford and Co-workers
[Ir(ppy)2(dtbbpy)]PFg (5 mol%)

NHR Pd(NOs), (10 mol%) NHR
+ Anl'BF, > R
Visible-ligh, rt "

2 equiv. MeOH, 15 h

R1

Q

Gaunt and Co-workers

NHCOR Cu(OTf), (10 mol%) NHCOR
+ PholOTf » R
2 equiv. DCE, 70 °C Ar

24hto48h

R1

Q

Scheme 5B.1a. Strategies for ortho-C-H arylation of anilides.
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Shi and Co-workers

ArSi(OR); (2 equiv.)
NHAc
L
Ar

Pd(Il) (5 mol%)
Lipshutz and Co-workers

Cu(OTf), (2 equiv.)
ArB(OH); (3 equiv.)
NHCOR
L
Ar

Dioxane
110 °C, 48 h

AgF (2 equiv.)
Pd(ll) (10 mol%)

BQ (2 to 5 equiv.) 1-©/NHCOR
- R LforReteeany
EtOAc, rt, 20 h 2o HBF. (5 oquin)

ArB(OH); (3 equiv.)
Pd(ll) (5 mol%) Ar Oy CHs

ek
N Cu(OTf), (1 equiv.)

Ag,0 (1 equiv.)

‘@N\

3
—>» R' !
Toluene \/J

110 °C, 24 h

Arl (2 equiv.)
Pd(ll) (10 mol%)
AgOAC (2 equiv.)

NHCOR
X
Ar

surfactant/H,0O
rt, 20 h

Scheme 5B.1b. Strategies for ortho-C-H arylation of anilides.

S
woor

O 09 (o
Ar ArN,*

<P
Ar'
NHCOR NHCOR

—>» R
ArN2+ Ar

Previous Chapter

* Metal-free photocatalyst

* MeOH as solvent

* Only mono ortho-C-H arylation
* Green LED as light source

This Chapter

* Ru-metal based photocatalyst

* DMC as solvent

* Bis ortho-C-H arylation

* Fluoroscent bulb as light source

Scheme 5B.2. Comparisons between eosin-Y (Chapter 5A) and Ru-based (Chapter 5B)

photoredox catalysis.

5B.2. Statement of the Problem

The 2,6- diaryl substituted anilines have been used in the synthesis of Brookhart type
polymerization catalyst. These bis-arylated anilines were usually synthesized by coupling
boronic acids with pre-functionalized 2,6-dihaloaniline derivatives. Again, synthesis of
unsymmetrical 2,6-arylated aniline derivative is always problematic. In chapter 5A, we
have disclosed the ortho-C-H arylation of anilines under dual palladium and eosin-Y
photoredox catalytic condition. The above dual catalytic method is limited only to the

synthesis of mono ortho-C-H arylated anilines. In the current chapter, we describe a similar

C-H Arylation of Anilides by Merging Ru-Photoredox Catalysis with Pd-Catalysis
131



Chapter 5B

kind of dual catalytic approach for the efficient synthesis of both symmetrical as well as
unsymmetrical 2,6-bis-ortho-C-H arylated anilines via C-H bond activation. This dual
catalytic approach was achieved by merging [Ru(bpy)s]*" catalysis with palladium
catalysis in COz-derived dimethyl carbonate, a green solvent. These reactions operate
under very mild, benign conditions, have broad substrate scope, and was applied in gram

scale synthesis.

5B.3. Reaction Optimization

Table 5B.1. Optimization of the reaction conditions.”

N,*BF, ¢ ohotored Me
o © =
+ ’
H solvent, Ar atm.
1a Cl 2a @ !
Entry  Photoredox caalyst [Pd] source Solvent Yielzio/o)fb3aa

()

1 [Ru(bpy)s]Cl, Pd(OAc), DMC 97 (62)°

2 Rose bengal Pd(OAc), DMC 20

3 EosinY Pd(OAc), DMC 61

4 [Ru(bpy)s](PFe)2 Pd(OAc), DMC 91

5 Pd(OAc), DMC 134

6 [Ru(bpy)s]Cl, - DMC trace

7 [Ru(bpy);]Cl5 Pd(OAc), DMC trace®

8 [Ru(bpy)3]Cl, Pd(OAc), DMC 32¢f

9 [Ru(bpy)3]Cl, PdCl, DMC 59

10 [Ru(bpy)3]Cl, Pd(acac), DMC 179

11 [Ru(bpy)s]Cl, Pd(PPhs)4 DMC 0

12 [Ru(bpy)s]Cl, Pd(OAc), MeOH 46

13 [Ru(bpy)5]ICl, Pd(OAc), DMF trace

14 [Ru(bpy)sICl, Pd(OAC), THF 79

15 [Ru(bpy)s]Cl, Pd(OAc), CF3CH,OH 51

16 [Ru(bpy)sICl, Pd(OAc), 1,2-DCE 207

17 [Ru(bpy)3]Cl, Pd(OAc), DMSO 8¢

18 [Ru(bpy)3]Cl, Pd(OAc), PhCF; 279

“Reactions conditions: photocatalyst (2.5 mol%), [Pd] source (5 mol%), 1a (0.1 mmol), 2a
(0.11 mmol), and DMC (0.5 mL) at rt for 14 h under visible-light irradiation. *Isolated
yields. “After 8 h. ?Yield determined by GC. “In the absence of light. /At 80 °C.
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Initially, we have optimized for mono-C-H arylation of anilides. Thus, we began our
external oxidant-free C-H arylation of anilides with an evaluation of a range of solvents,
mol% of the photoredox catalyst, and palladium salts in presence of anilide 1a and p-
chlorobenzenediazonium salt 2a as representative coupling partners (Table 5B.1). We
found that the use of light with catalytic amounts of photoredox catalyst [Ru(bpy)3]Cl,
and Pd(OAc), enabled the desired mono-selective ortho C-H arylated anilide 3aa in 97%
isolated yield (Table 5B.1, entry 1). The necessity of each of the key reaction components
was demonstrated through a series of control experiments (Table 5B.1, entries 5-8). While
a minor amount of 3aa formed in the absence of photoredox catalyst, no reaction was
observed upon exclusion of light source. Also, no desired product (3aa) was observed in
the absence of Pd(OAc), (Table 5B.1, entry 6). Performing the reaction at elevated
temperature (80 °C) gave 3aa only 32% yield (Table 5B.1, entry 8). Notably, biarylated
product (self-coupled) of p-chlorobenzenediazonium salt 2a was not observed, which may
exclude the homolytic bond cleavage of 2a to an aryl radical. Other palladium salts such
as PdCl,, Pd(acac),, and Pd(PPhs)s are ineffective under optimal conditions (Table 5B.1,
entries 9-11). Next, to exploit the better solubility of diazonium salts in the reaction
medium, we have screened several polar solvents, and finally, the use of dimethyl
carbonate as the reaction medium was found to provide excellent yields. DMC is
inexpensive, low-toxic, biodegradable, and considered as an environmentally benign’
solvent.” Other solvents commonly employed in photoredox catalysis, such as MeOH,
DMF, and THF afforded the product 3aa in 46%, 0%, and 7% yields, respectively (Table
5B.1, entries 12-14).

5B.4. Substrate Scope

5B.4.1. Scope for Mono ortho-C-H Arylation

Having identified ‘green’ conditions for direct C-H arylation using aryl diazonium salts,
we sought to define the scope of the reaction. As shown in Table 5B.2, the present C-H
arylation strategy displayed high functional-group tolerance and expedient method for the
preparation of mono-selective ortho C-H arylated anilides in good to excellent yields (up
to 97%) under very mild conditions. Thus, N-phenylpivalamide 1 with electron-donating

substituents such as o-'Pr, 0-OMe, m-OMe, p-Et, and p-OMe afforded the corresponding
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ortho-aryl anilides in excellent yields (Table 5B.2; products 3ea in 91%, 3fa in 84%, 3ia
in 97%, 3ka in 83%, and 3o0a in 91% yields, respectively). Halide and electron-
withdrawing substituents (p-F and m-NO.) on the phenyl group of anilide are also tolerated
and selectively gave the corresponding mono C-H arylated products in excellent yields (up
to 95%). Notably, benzene ring substituted with O-pivaloyl group failed to give the
corresponding ortho C-H arylated product. Thus, the reaction of 1p with 2a under
optimized conditions selectively gave 3pa in 90% isolated yield, highlighting the unique
feature of the N-pivaloyl motif. The effect of substituent on the acyl group of anilides was
further studied by changing N-pivaloyl (i.e. #-Butyl) to N-acetyl (i.e. methyl) and gave a
mixture of mono- and bis-arylated products in 31% yields. To further extend the scope of
the reaction, we also investigated different amide such as -NHTs as the directing group

and found to be not suitable for the present C-H arylation strategy.

Table 5B.2. Substrate scope of anilides.*’

cat. [Ru(bpy);]Cly

NHR N2BF4 cat. Pd(OAc),
DMC, tt, Ar atm.
visible-light, 14 h
R= Plv

Cl Br
Cl Cl Cl

O%

T
z
I

O m

Cl
3ba, 89% 3ca, 77% (88%)° 3da, 71% 3ea, 91%
OMe
l NHR F. O NHR Br- O NHR MeO O NHR
I Cl I Cl I Cl I Cl
3fa, 84% 3ga, 95% (92%)° 3ha, 79% 3ia, 97%
O5N O NHR O NHR O NHR O NHR
o, Mo, Mo, Mo
Cl Cl Cl Cl
3ja, 79% 3ka, 83% 3la, 93% 3ma, 85%
O NHR O NHR O NHR Cl O NHR
Cl Cl Cl Cl

3na, 77% 30a, 91% 3pa, 90% 3qa, 68%

“Reaction conditions: 1 (0.1 mmol), 2a (0.11 mmol), [Ru(bpy);]Cl2 (2.5 mol%), Pd(OAc).
(5 mol%), DMC (0.5 mL) at rt for 14 h under visible-light irradiation. “Isolated yields.
“Using 10 mol% of Pd(OAc): for 8 h.
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The scope of aryldiazonium salts 2 was explored using N-(m-tolyl)pivalamide 1a as a
benchmark substrate under optimal conditions (Table 5B.3). Various electronically diverse
substituents, both electron-donating (-CHs and -OMe) and electron-withdrawing (-F, -CF3,
-NO> and -CN) groups, proceeded smoothly to afford the corresponding mono-selective
ortho C-H arylated anilides in good to excellent yields (74% - 97%). It was observed that
the electronic nature of the aryldiazonium salts has a minor influence on the room-
temperature C-H arylation reaction. It should be noted that the use of an acid substituent
on the aryl diazonium salt resulted in diminished reactivity under standard conditions and

gave 3ap in 67% isolated yield along with the decarboxylated product 3ab in 8% yield.

Table 5B.3. Substrate scope of aryldiazonium salts.*”
N;"BFy cat. [Ru(bpy)sICly

Me NHR X cat. Pd(OAc),
+ I _R2 r
H = DMC, rt, Ar atm.
1a 2

visible-light, 14 h

Me\‘/\";\ Me O NHR
cl e

=
®
A,
o
Z
I
Py
=
®

3aa, 97% (94%)° 3ab, 92% 3ac, 77% (85%)° 3ad, 74%
L Ur. O
3ae, 91% 3af, 85% 3ag, 79% 3ah, 89%
e NHR

O O NHR Me O NHR Me O NHR

L L oW

3ai, 82% 3aj, 92% (97%)° 3ak, 89% 3al, 94% (91%)°

\‘/\‘\‘ O NHR l NHR O NHR
l OMe I NO; l CN I CO,H

3am, 97% (96%)° 3an, 92% 3ao, 85% 3ap, 67%7

“Reaction conditions: 1a (0.1 mmol), 2 (0.11 mmol), [Ru(bpy);]Cl2 (2.5 mol%), Pd(OAc).
(5 mol%), DMC (0.5 mL) at room temperature for 14 h under visible-light irradiation.
PIsolated yields. “Using 10 mol% of Pd(OAc): for 8 h. %0.2 mmol of 2 was used.
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5B.4.2. Scope for 2,6-bis ortho-C-H Arylation

Table 5B.4. Synthesis of unsymmetrical 2,6-diarylated anilines.”

NHR No"BF4 cat. Ru(bpy)sCl, R NHR i
1 cat. Pd(OAc),
R + R® > 1
, DMC, rt, Ar atm. R
3 R ) visible-light, 18 h

4d, 89% de, 69% 4f, 79%
NO,
Cl
49, 72% 4h, 90% 4i, 88%

“Reaction conditions: 3 (0.1 mmol), 2 (0.11 mmol), [Ru(bpy)3]Cl2.6H20 (2.5 mol%),
Pd(OAc): (8 mol%), DMC (0.5 mL) at room temperature for 18 h under visible-light

irradiation. *Isolated yields.

N,*BF,

NHR N,*BF

" NHR cl : i NHR ¢
std.conditions R'
—_— —_—
¥ rt, Ar atm. O
visible-light, 18 h

'no additional cat.' R = Piv
49 (72%); 4h (85%); 4i (82%)

Cl
1 2a 3

Scheme 5B.3. A one-pot sequential unsymmetrical bis-arylation.

Next, we have examined an efficient process for the sustainable synthesis of
unsymmetrical 2,6-diarylated aniline derivatives (Table 5B.4). To our delight, treatment

of mono-arylated anilides (3) and 2 with catalytic amounts of [Ru(bpy)3;]Cl> and Pd(OAc)»
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in DMC at room temperature for 18 h gave the expected product 4 in good yields (up to
91%). The reaction is general and possesses various functional group tolerance. A one-
pot, sequential unsymmetrical bis-arylation of anilides is also demonstrated without the
addition of any extra catalyst in the second stage (Scheme 5B.3). Thus, the developed
silver- and oxidant-free dual catalytic approach showed high activity and can be used as a
reusable homogeneous system for sustainable synthesis of 2,6-diarylated aniline
derivatives. We have successfully shown the practical viability of this catalytic protocol
under standard conditions. In this regard, the present strategy was tested for the gram-scale
synthesis of both mono- and unsymmetrical bis-arylation of anilides, and it worked
remarkably with the expected arylated product in very good yield under operationally

simple conditions (Scheme 5B.4).

5B.4.3. Gram-scale ortho-C-H Arylation

N2"BF4™ [Ru(bpy)sICl, (2.5 mol%)

NHPiv Pd(OAC), (10 mol%) NHPiv
(@ R! + R? » R O
DMC, rt, Ar atm. )
1 2 visible-light, 18 h 3 @ R

(10 mmol) (11 mmol)

R’ R2 Yield (%)
m-Me  p-Cl (3aa) 90%
m-CF3 p-Cl (3aq) 73%

H p-Cl  (3ba) 81%
H p-OMe (3bm) 86%

N2"BF4[Ru(bpy)s]Cl, (2.5 mol%)Cl l

NHPiv Pd(OAc), (10 mol% NHPiv
(b)
DMC, rt, Ar atm. O
visible-light, 24 h
Cl

R = Me: 4h (85%)
R = CI: 4j (91%)

Scheme 5B.4. Gram-scale synthesis of anilides.
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5B.4.4. Directing Group Removal

The removal of the directing group was accomplished under mild reaction conditions to
access ortho-aryl anilines in excellent yields with chromatography-free method (Scheme

5B.5).

S S PYC L S SPYCE
S 48 % aq. HBr RPN
>
O 10 % Aliquat-336 O

5a, 93% 79% 5¢, 94%
C' Ly
5d, 95% 5e, 71%

Scheme 5B.5. Removal of the directing group.

5B.4.5. Bis-arylation of Free Amine (5a)

An efficient Pd(OAc),-catalyzed free-amine directed ortho-C-H arylation of 5a with

iodobenzene to the diarylated product (7) was done with exclusive regioselectivity.

Cl
‘\/‘/ @ d(OAC),, AgOAC
NH2 Trlfluoroethanol

100°C, 12 h

Scheme 5B.6. Bis-arylation of 5a.
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5B.4.6. Gram-scale Synthesis of Boscalid

Gratifyingly, a potential synthetic application of the present benign strategy in a concise
and gram-scale synthesis of the BASF’s agricultural fungicide, Boscalid (>1000
tons/year)'" has been demonstrated (Scheme 5B.7). Thus, treatment of 5a with 2-
chloronicotinoyl chloride (6) in the presence of a catalytic amount of DMAP led to
Boscalid (7) in 81% isolated yield.

0 0
NH,
O | XY el 10 mol% DMAP | X N
+ —_— H
s
N el EtsN, DCM NZ >cl
0°tort, 12 h
5a cl 6 (~5gm)
7(81%) Cl

Boscalid (BASF)

Scheme 5B.7. Application in the gram-scale synthesis of Boscalid.

5B.5. Mechanistic Investigation

5B.5.1. Control Experiments

When we performed the reaction in the presence of the radical scavenger 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO; 1.5 equiv.), the reaction was completely inhibited.
Indeed, an O-arylated-TEMPO product was detected on GC-MS, indicating that the radical
reaction pathway could be involved in the catalytic cycle. Reactions under dark conditions
and at increased temperature (80 °C) gave the desired product in very poor yield (32%),
which excludes the homolytic bond cleavage of aryldiazonium salt to an aryl radical under
these conditions. In order to find the possibility of other reaction pathways such as chain
reaction, a “light/dark” experiment!'® was carried out. Thus, for the initial 60 minutes, the
reaction was carried out under visible-light irradiation and then continued under dark
condition. Interestingly, the formation of the product 3a still occurs. This experimental
result indicates that a radical chain process in the present dual catalytic system may be
operative. This was further confirmed by performing the reaction using alternating
intervals of light and dark; we have observed that the product formation occurs during the

periods of irradiation as well as in the dark conditions.

C-H Arylation of Anilides by Merging Ru-Photoredox Catalysis with Pd-Catalysis
139



Chapter 5B

5B.5.2. Plausible Mechanism

t 11-13

Based on preliminary results and known literature precedent, "=~ a plausible catalytic cycle

may involve the following key steps, (i) photoexcitation of [Ru(bpy)s]**

generate a triplet state [Ru(bpy)s]*"" (Er" = -0.81V/SCE), (ii) the standard reduction

catalyst to

potential of different ArN2BF; are very close to SCE varying from a small positive to
negative values,!* and can be easily reduced by the triplet [Ru(bpy);]*"" to aryl radical
(Ar’) with the concomitant oxidation of Ru-centre to [Ru(bpy)s]**, (iii) reaction of aryl
radical (Ar’) with palladacycle, (iv) one-electron oxidation of palladacycle by [Ru(bpy)s]**
(Er” = +1.29V/SCE) to regenerate the photocatalyst, and finally, (v) C-C bond formation
via reductive elimination to release 3 and regeneration of Pd catalyst. Notably, an

alternative mechanism involving binuclear palladium species that may result in completely

different catalytic cycle can’t be rolled out.'*

AerBF4
[Ru(bpy)]***
*
0]
. o
[ArNoBF 4] Id
Oxidative Quenching
N2, BF4
[Ru(bpy)]** [Ru(bpy)3]**
Al SET
(iv)
. + e ccceeamaa .
N—_Bu 2 HtBu:'HHMe:
Ar| Arl ' ¥ Me
|.O ].O : Me :
TEMPO Pdll seemesesees > Pdv o) '
ESL b EL ; H :
L V4 L : :
TEMPO-Ar 10 A 1 : Y '
(Idendified)
1
H 0

L= acetate (n" orn? @[ "\cl)/ RSN :
= solvent (DMC) pd 3 + AcOH

Scheme 5B.8. Plausible catalytic cycle of ortho-C-H arylation reaction.
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5B.6. Conclusion

In conclusion, we have developed an efficient strategy for ortho-C-H arylation of anilides
under external oxidant-free conditions. In the present catalytic approach, aryldiazonium
salt was used as an expedient aryl group donor, also working as an internal oxidant via C-
N2 bond cleavage. This reaction proceeds readily at room temperature and uses CO»-
derived dimethyl carbonate as a 'green' solvent under visible-light photoredox conditions.
The potential application of the present strategy for the gram-scale synthesis of Boscalid
(BASF’s agricultural fungicide) is also demonstrated. The broad substrate scope and
excellent selectivity of this process make it attractive for facile construction of diverse N-
heterocycles (e.g. dibenzo[b,d]azepine, phenanthridine and carbazole). Also,

unsymmetrical bis-arylation of anilides has been described under redox neutral conditions.

5B.7. Experimental Procedures

5B.7.1. General Procedure for ortho C-H Bond Arylation of Anilides

In an oven-dried 15 mL Schlenk tube with a magnetic stirring bar was charged with
pivalamide 1 (0.1 mmol), aryldiazonium salt 2 (0.11 mmol), Pd(OAc). (5 mol %),
[Ru(bpy)3]Cl2.6H20 (2.5 mol %), and 0.5 mL of anhydrous DMC under argon atm. Then
the reaction tube was freezed in liquid N>, degassed by the freeze-pump-thaw procedure
(3%), refilled with argon gas. Then the Schlenk tube was placed on a magnetic stirrer with
two 32 W compact fluorescent light bulbs kept about 5 cm away from it and irradiated at
room temperature with constant stirring. After 14 h, the reaction mixture was quenched
with saturated 15 mL NaHCOs solution, and the aqueous layer was extracted with EtOAc
(3 x 15 mL). Finally, the combined organic layer was washed with brine solution (15 mL),
dried over Na:SO4 and concentrated in vacuo. The residue was purified by column
chromatography on silica gel with a mixture of EtOAc and petroleum ether to afford the

desired ortho-arylated product.
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5B.7.2. General Procedure for Gram-scale Synthesis

In an oven-dried 100 mL Schlenk tube with a magnetic stirring bar was charged with
pivalamide 1 (10 mmol), aryldiazonium salt 2 (11 mmol), Pd(OAc). (10 mol %),
[Ru(bpy)s3]Cl2.6H20 (2.5 mol %), and 50 mL of anhydrous DMC under argon atm. Then
the reaction tube was freezed in liquid Ny, degassed by the freeze-pump-thaw procedure
(3x%), refilled with argon gas. Then the Schlenk tube was placed on a magnetic stirrer with
two 32 W compact fluorescent light bulbs kept about 5 cm away from it and irradiated at
room temperature with constant stirring. After 18 h, the reaction mixture was quenched
with saturated 100 mL NaHCOjs solution, and the aqueous layer was extracted with EtOAc
(3% 100 mL). Finally, the combined organic layer was washed with brine solution (100
mL), dried over NaxSO4 and concentrated in vacuo. The residue was purified by column
chromatography on silica gel with a mixture of EtOAc and petroleum ether to afford the

desired ortho-arylated product in gram-scale.

5B.7.3. General Procedure for 2,6-bis C-H Bond Arylation
5B.7.3a. Symmetrical 2,6-bis C-H Bond Arylation

In an oven-dried 15 mL Schlenk tube with a magnetic stirring bar was charged with
pivalamide 1 (0.1 mmol), aryldiazonium salt 2 (0.25 mmol), Pd(OAc). (8 mol %),
[Ru(bpy)3]Cl2.6H20 (2.5 mol %), and 0.5 mL of anhydrous DMC under argon atm. Then
the reaction tube was freezed in liquid Ny, degassed by the freeze-pump-thaw procedure
(3%), refilled with argon gas. Then the Schlenk tube was placed on a magnetic stirrer with
two 32 W compact fluorescent light bulbs kept about 5 cm away from it and irradiated at
room temperature with constant stirring. After 18 h, the reaction mixture was quenched
with saturated 15 mL NaHCOj solution, and the aqueous layer was extracted with EtOAc
(3 x 15 mL). Finally, the combined organic layer was washed with brine solution (15 mL),
dried over Na;SO4 and concentrated in vacuo. The residue was purified by column
chromatography on silica gel with a mixture of EtOAc and petroleum ether to afford pure

symmetrical bis ortho-arylated product.
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5B.7.3b. Unsymmetrical 2,6-bis C-H Bond Arylation

In an oven-dried 15 mL Schlenk tube with a magnetic stirring bar was charged with ortho-
aryl pivalamide 3 (0.1 mmol), aryldiazonium salt 2 (0.11 mmol), Pd(OAc). (8 mol %),
[Ru(bpy)s3]Cl2.6H20 (2.5 mol %), and 0.5 mL of anhydrous DMC under argon atm. Then
the reaction tube was freezed in liquid Ny, degassed by the freeze-pump-thaw procedure
(3x), refilled with argon gas. Then the Schlenk tube was placed on a magnetic stirrer with
two 32 W compact fluorescent light bulbs kept about 5 cm away from it and irradiated at
room temperature with constant stirring. After 18 h, the reaction mixture was quenched
with saturated 15 mL NaHCOj solution, and the aqueous layer was extracted with EtOAc
(3 x 15 mL). Finally, the combined organic layer was washed with brine solution (15 mL),
dried over Na;SO4 and concentrated in vacuo. The residue was purified by column
chromatography on silica gel with a mixture of EtOAc and petroleum ether to afford

desired unsymmetrical bis ortho C-H arylated product.

5B.7.3c. One-pot Sequential Approach to Unsymmetrical 2,6-bis C-H Bond Arylation

In an oven-dried 15 mL Schlenk tube with a magnetic stirring bar was charged with
pivalamide 1 (0.1 mmol), aryldiazonium salt 2 (0.11 mmol), Pd(OAc). (8 mol %),
[Ru(bpy)3]Cl2.6H20 (2.5 mol %), and 0.8 mL of anhydrous DMC under argon atm. Then
the reaction tube was freezed in liquid Ny, degassed by the freeze-pump-thaw procedure
(3%), refilled with argon gas. Then the Schlenk tube was placed on a magnetic stirrer with
two 32 W compact fluorescent light bulbs kept about 5 cm away from it and irradiated at
room temperature with constant stirring. After 14 h, 0.11 mmol of the second
aryldiazonium salt was added under inert gas and was allowed the irradiation at room
temperature with constant stirring for an additional 14 h. Then, the reaction mixture was
quenched with saturated 15 mL NaHCOs; solution, and the aqueous layer was extracted
with EtOAc (3 x 15 mL). Finally, the combined organic layer was washed with brine
solution (15 mL), dried over Na>xSO4 and concentrated in vacuo. The residue was purified
by column chromatography on silica gel with a mixture of EtOAc and petroleum ether to

afford desired unsymmetrical bis ortho C-H arylated product.
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5B.7.3d. Gram-scale Synthesis of Unsymmetrical 2,6-bis C-H Bond Arylated

Products

In an oven-dried 50 mL Schlenk tube with a magnetic stirring bar was charged with ortho-
aryl pivalamide 3 (3 mmol), aryldiazonium salt 2 (3.3 mmol), Pd(OAc), (10 mol %),
[Ru(bpy)3]Cl2.6H20 (2.5 mol %), and 15 mL of anhydrous DMC under argon atm. Then
the reaction tube was freezed in liquid Ny, degassed by the freeze-pump-thaw procedure
(3%), refilled with argon gas. Then the Schlenk tube was placed on a magnetic stirrer with
two 32 W compact fluorescent light bulbs kept about 5 cm away from it and irradiated at
room temperature with constant stirring. After 24 h, the reaction mixture was quenched
with saturated 50 mL NaHCOs solution, and the aqueous layer was extracted with EtOAc
(3 x50 mL). Finally, the combined organic layer was washed with brine solution (40 mL),
dried over Na;SO4 and concentrated in vacuo. The residue was purified by column
chromatography on silica gel with a mixture of EtOAc and petroleum ether to afford pure

unsymmetrical bis ortho-arylated product in gram-scale.

5B.7.4a. Radical Trapping Experiment

In an oven-dried 15 mL Schlenk tube with a magnetic stirring bar was charged with 1a
(0.1 mmol), 2a (0.11 mmol), TEMPO (0.15 mmol),Pd(OAc), (5 mol %),
[Ru(bpy)3]Cl2.6H20 (2.5 mol %), and 0.5 mL of anhydrous DMC under argon atm. Then
the reaction tube was freezed in liquid N>, degassed by the freeze-pump-thaw procedure
(3 %), refilled with argon gas. Then the Schlenk tube was placed on a magnetic stirrer with
two 32 W compact fluorescent light bulbs kept about 5 cm away from it and irradiated at
room temperature. After 14 h, the reaction mixture was analyzed on GC-MS and the

formation of O-arylated-TEMPO product was observed.

5B.7.4b. Light-Dark Experiment

Two parallel experiments [A (Light) and B (Dark)] were carried out employing N-(3-
methylphenyl)pivalamide 1a (77 mg, 0.4 mmol), 4-chlorobenzenediazonium
tetrafluoroborate 2a (136 mg, 0.6 mmol), Pd(OAc)> (5 mol%), [Ru(bpy);]CL.6H20 (2.5
mol%) and mesitylene (0.056 mL, 0.4 mmol) as internal standard in 2.0 mL of dimethyl
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carbonate. Reaction (A) was irradiated with continues irradiation. However, the reaction
(B) was irradiated with a light source under the standard condition for the first 60 minutes
and then carried out in the dark condition. Continuous sampling was undertaken with the

different time intervals, and yield of ortho-arylated product (3aa) was determined by gas

chromatography.
50
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Figure SB.1. Light-dark experiment.

5B.7.4c. Light-Dark Experiment (ON/OFF experiment)

The reaction was carried out employing N-(3-methylphenyl)pivalamide 1a (77 mg, 0.4
mmol), 4-chlorobenzenediazonium tetrafluoroborate 2a (136 mg, 0.6 mmol), Pd(OAc): (5
mol%), [Ru(bpy)3]Cl2.6H20 (2.5 mol%) and mesitylene (0.056 mL, 0.4 mmol) as internal
standard in 2.0 mL of dimethyl carbonate. The reaction is conducted using alternating
intervals of light and dark. In each interval, continuous sampling was undertaken with the

different time intervals, and yield of ortho-arylated product (3aa) was determined by gas

chromatography.

I Light

Conversion %

0-0.5 0.5-1 1-1.5 1.5-2 2-2.5 2.5-3 3-3.5 3.5-4 4-4.5 4.5-5
Time (h)

Figure 5B.2. Alternative Light on-off experiment.
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5B.7.5a. Removal of Directing Group

To a 10 mL screw-capped tube, ortho-aryl pivalamide (0.5 mmol), 10 weight percentage
of Aliquat-336, 0.5 mL of 48 % aqueous HBr and 1.0 mL of n-octane were added under
argon atm. Then the tube was kept in a preheated oil bath at 130 °C for 12 h. After cooling
to room temperature, the reaction mixture was neutralized with saturated Na,CO3 solution.
The compound was extracted with 25 mL of EtOAc three times. Then the organic layer
was washed with 25 mL of brine solution, dried over Na>SO4 and concentrated in vacuo.
The residue was purified by column chromatography on silica gel with a mixture of EtOAc

in petroleum ether to afford desired ortho-arylated anilines.

5B.7.5b. Removal of Directing Group in Gram-scale

To a 30 mL screw-capped tube, ortho-aryl pivalamide (4 mmol), Aliquat-336 (10
weight%), 4.0 mL of 48 % aqueous HBr and 8.0 mL of n-octane were added under argon
atm. Then the sealed tube was kept in a preheated oil bath at 130 °C for 12 h. After cooling
to room temperature, the reaction mixture was neutralized with saturated Na>CO3 solution.
The compound was extracted with 100 mL of EtOAc three times. Then the organic layer
was washed with 100 mL of brine solution, dried over NaSO4 and concentrated in vacuo.
The residue was purified by column chromatography on silica gel with a mixture of EtOAc

and petroleum ether to afford desired ortho-arylated aniline in gram-scale.

5B.7.5c. Arylation of 6a with Phenyl Iodide by Palladium Catalysis

A 10 mL round-bottom flask with a magnetic stir bar and reflux condenser was charged
with Pd(OAc)> (0.025 mmol, 6 mg, 5 mol%), AgOAc (1.5 mmol, 251 mg, 3.0 equiv.), 6a
(0.5 mmol, 1.0 equiv.), phenyl iodide (5.0 mmol, 1.02 g, 10 equiv.), TFA (1.0 mL) and
trifluoroethanol (1.0 mL). The mixture was stirred for 10 minutes at room temperature,
then heated to 100 °C and stirred for 12 h. After cooling to room temperature, the mixture
was filtered through a plug of celite, the residue was washed with EtOAc (2 x 10 mL).
Then saturated Na>COs3 solution (20 mL) was added, and the organic layer was collected.
The aqueous phase was extracted with EtOAc (2 x 10 mL). The combined organic phases

were washed with brine (20 mL), dried over Na>SOs, filtered and concentrated in vacuo.
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The residue was purified by flash column chromatography with EtOAc and petroleum
ether as eluent to afford 8 in 63% isolated yield.

5B.7.5d. Synthesis of Boscalid

To a stirred solution of 2-chloronicotinoyl chloride 10 (4.4 g, 25 mmol), DMAP (300 mg,
2.5 mmol) in 100 mL dichloromethane, 4’-chloro-[1,1’-biphenyl]-2-amine Sa (5.1 g, 25
mmol), EN (7 mL, 50 mmol) in dichloromethane (50 mL) was added dropwise at 0 °C.
The reaction was allowed to stir at 0 °C for 2 h, and another 12 h at room temperature
followed by addition of dichloromethane (20 mL) and water (50 mL). The combined
organic extracts were dried over Na;SO4 and the organic solvent was removed in vacuo.
The crude residue was purified by column chromatography on silica gel (230-400 mesh)
using a mixture of petroleum ether/EtOAc (Rf= 0.5, petroleum ether/EtOAc = 2:1), to
afford 2-Chloro-N-(4’-chloro-[1,1’-biphenyl]-2-yl)nicotinamide (11, 5.2 g, 81%) as a

white solid.

C-H Arylation of Anilides by Merging Ru-Photoredox Catalysis with Pd-Catalysis
147



Chapter 5B

5B.8. Reference

1. (a) Daugulis, O.; MacArthur, A. H. R.; Rix, F. C.; Templeton, J. L. ACS Catal. 2016, 6,
1518-1532. (b) Hubrich, J.; Himmler, T.; Rodefeld, L.; Ackermann, L. ACS Catal. 2015,
5, 4089-4093. (c) Hubrich, J.; Himmler, T.; Rodefeld, L.; Ackermann, L. Adv. Synth.
Catal. 2015, 357, 474-480. (d) Suzuki, C.; Hirano, K.; Satoh, T.; Miura, M. Org. Lett.
2015, 17, 1597-1600. (e) Choi, S.; Chatterjee, T.; Choi, W. J.; You, Y.; Cho, E. J. ACS
Catal. 2015, 5, 4796-4802. (f) Zuo, Z.; Liu, J.; Nan, J.; Fan, L.; Sun, W.; Wang, Y.; Luan,
X. Angew.Chem., Int. Ed. 2015, 54, 15385-15389. (g) Feng, M.; Tang, B.; Xu, H.-X_;
Jiang, X. Org. Lett. 2016, 18, 4352-4355. (h) Choi, J.; Fu, G. C. Science 2017, 356, DOI:
10.1126/science.aaf7230.

2. (a) Shabashov, D.; Daugulis, O. J. Org. Chem. 2007, 72, 7720-7725. (b) L1, B.-J.; Tian,
S.-L.; Fang, Z.; Shi, Z.-J. Angew. Chem., Int. Ed. 2008, 47, 1115-1118. (c) Wencel-Delord,
J.; Nimphius, C.; Wang, H.; Glorius, F. Angew. Chem., Int. Ed. 2012, 51, 13001-13005.
(d) Chinnagolla, R. A.; Jeganmohan, M. Chem. Commun. 2014, 50, 2442-2444. (e)
Haridharan, R.; Muralirajan, K.; Cheng, C.-H. Adv. Synth. Catal. 2015, 357, 366-370.

3. For representative reviews of C-H arylation of arenes, see: (a) Alberico, D.; Scott, M.
E.; Lautens, M. Chem. Rev. 2007, 107, 174-238. (b) Ackermann, L. Top. Organomet.
Chem. 2007, 24, 35-60. (c) Kakiuchi, F.; Kochi, T. Synthesis 2008, 3013-3039. (d) Li, B.-
J.; Yang, S.-D.; Shi, Z. J. Synlett 2008, 949-957. (¢) McGlacken, G. P.; Bateman, L. Chem.
Soc. Rev. 2009, 38, 2447-2464. (f) Ackermann, L.; Vicente, R.; Kapdi, A. R. Angew.
Chem., Int. Ed. 2009, 48, 9792-9826. (g) Daugulis, O.; Do, H. Q.; Shabashov, D. Acc.
Chem. Res. 2009, 42, 1074-1086. (h) Chen, X.; Engle, K. M.; Wang, D.-H.; Yu, J.-Q.
Angew. Chem., Int. Ed. 2009, 48, 5094-5115. (i) Ackermann, L. Modern Arylation
Method, Wiley-VCH: Weinheim, 2009. (j) Lyons, T. W.; Sanford, M. S. Chem. Rev. 2010,
110, 1147-1169. (k) Daugulis, O. Top. Curr. Chem. 2010, 292, 57-84.

4. (a) Daugulis, O.; Zaitsev, V. G. Angew. Chem., Int. Ed. 2005, 44, 4046-4048. (b)
Brasche, G.; Garcia-Fortanet, J.; Buchwald, S. L. Org. Lett. 2008, 10, 2207-2210. (c)
Nishikata, T.; Abela, A. R.; Lipshutz, B. H. Angew. Chem., Int. Ed. 2010, 49, 781-784.

5. (a) Shi, Z.; Li, B.; Wan, X.; Cheng, J.; Fang, Z.; Cao, B.; Qin, C.; Wang, Y. Angew.
Chem., Int. Ed. 2007, 46, 5554-5558. (b) Yang, S.; Li, B.; Wan, X.; Shi, Z. J. Am. Chem.
Soc. 2007, 129, 6066-6067. (c) Yeung, C. S.; Zhao, X.; Borduas, N.; Dong, V. M. Chem.
Sci. 2010, 7, 331-336. (d) Nishikata, T.; Abela, A. R.; Huang, S.; Lipshutz, B. H. J. Am.
Chem. Soc. 2010, 132,4978-4979. (e) Truong, T.; Daugulis, O. Org. Lett. 2012, 14, 5964-

C-H Arylation of Anilides by Merging Ru-Photoredox Catalysis with Pd-Catalysis
148



Chapter 5B

5967. (f) Neufeldt, S. R.; Sanford, M. S. Adv. Synth. Catal. 2012, 354, 3517-3522. (g) Li,
D.; Xu, N.; Zhang, Y.; Wang, L. Chem. Commun. 2014, 50, 14862-14865. (h) Gao, P.;
Guo, W.; Xue, J.; Zhao, Y.; Yuan, Y.; Xia, Y.; Shi, Z. J. Am. Chem. Soc. 2015, 137, 12231-
12240. (i) Gao, P.; Liu, L.; Shi, Z.; Yuan, Y. Org. Biomol. Chem. 2016, 14, 7109-7113.
6. Recent reviews on the utilization of aryldiazonium salts as an arylating agent, see: (a)
Roglans, A.; Pla-Quintana, A.; Moreno-Manas, M. Chem. Rev. 2006, 106, 4622-4643. (b)
Felpin, F.-X.; Nassar-Hardy, L.; Callonnec, F. L.; Fouquet, E. Tetrahedron 2011, 67,
2815-2831. (c) Taylor, J. G.; Moro, A. V.; Correia, C. R. D. Eur. J. Org. Chem. 2011,
1403-1428. (d) Mo, F.; Dong, G.; Zhang, Y.; Wang, J. Org. Biomol. Chem. 2013, 11, 1582-
1593. (e) Hari, D. P.; Konig, B. Angew. Chem., Int. Ed. 2013, 52, 4734-4743. (f) Hari, D.
P.; Hering, T.; Konig, B. Chimica Oggi-Chemistry Today, 2013, 31, 59.

7. (a) Kalyani, D.; McMurtrey, K. B.; Neufeldt, S. R.; Sanford, M. S. J. Am. Chem. Soc.
2011, 733, 18566-18569. (b) Shin, K.; Park, S.-W.; Chang, S. J. Am. Chem. Soc. 2015,
137, 8584-8592. (c) Sahoo, M. K.; Midya, S. P.; Landge, V. G.; Balaraman, E. Green
Chem. 2017, 19, 2111-2117. (d) Jiang, J.; Zhang, W.-M.; Dai, J.-J.; Xu, J.; Xu, H.-J. J.
Org. Chem. 2017, 82, 3622-3630.

8. Phipps, R. J.; Gaunt, M. J. Science 2009, 323, 1593-1597.

9. Tundo, P.; Selva, M. Dimethyl Carbonate as a Green Reagent, in Methods and Reagents
for Green Chemistry: An Introduction (eds P. Tundo, A. Perosa, F. Zecchini), John Wiley
& Sons, Inc.: Hoboken, NJ, 2007.

10. (a) Cismesia, M. A.; Yoon, T. P. Chem. Sci. 2015, 6, 5426-5434. (b) Studer, A.; Curran,
D. P. Angew. Chem., Int. Ed. 2016, 55, 58-102. (¢) Xu, P.; Wang, G.; Zhu, Y.; Li, W_;
Cheng, Y.; Li, S.; Zhu, C. Angew. Chem., Int. Ed. 2016, 55, 2939-2943.

11. (a) Campagna, S.; Puntoriero, F.; Nastasi, F.; Bergamini, G.; Balzani, V. Top. Curr.
Chem. 2007, 280, 117-214. (b) Sehnal, P.; Taylor, R. J. K.; Fairlamb, 1. J. S. Chem. Rev.
2010, 710, 824-889. (c) Narayanam, J. M. R.; Stephenson, C. R. J. Chem. Soc. Rev. 2011,
40, 102-113. (d) Koike, T.; Akita, M. Inorg. Chem. Front. 2014, 1, 562-576. (¢) Levin, M.
D.; Kim, S. Toste, F. D. ACS Cent. Sci. 2016, 2, 293-301. (f) Ghosh, I.; Marzo, L.; Das,
A.; Shaikh, R.; K6nig, B. Acc. Chem. Res. 2016, 49, 1566-1577.

12. (a) Prier, C. K.; Rankic, D. A.; MacMillan, D. W. C. Chem. Rev. 2013, 113, 5322-
5363. (b) Hopkinson, M. N.; Sahoo, B.; Li, J.-L.; Glorius, F. Chem. Eur. J. 2014, 20, 3874-
3886. (c) Skubi, K. L.; Blum, T. R.; Yoon, T. P. Chem. Rev. 2016, 116, 10035-10074.

13. Maestri, G.; Malacria, M.; Derat, E. Chem. Commun. 2013, 49, 10424-10426.

C-H Arylation of Anilides by Merging Ru-Photoredox Catalysis with Pd-Catalysis
149



Chapter 5B

14. (a) Powers, D. C.; Ritter, T. Nat. Chem. 2009, 1, 302-309. (b) Powers, D. C.; Geibel,
M. A. L.; Klein, J. E. M. N_; Ritter, T. J. Am. Chem. Soc. 2009, 131, 17050-17051. (¢)
Xiong, T.; Li, Y.; Lv, Y.; Zhang, Q. Chem.Commun. 2010, 46, 6831-6833.

C-H Arylation of Anilides by Merging Ru-Photoredox Catalysis with Pd-Catalysis
150



Appendix



Appendix A

Appendix A

NMR and HRMS Data of Compounds

Chapter 2 and Chapter 3

mCOZEt
N

H

Ethyl indoline-2-carboxylate

White solid; '"H NMR (500 MHz, CDCls): 6 =7.10 (d, J= 7.2 Hz, 1H), 7.07 (t,J= 7.6 Hz,
1H), 6.77 (d, J= 7.2 Hz, 1H), 6.74 (d, J= 7.9 Hz, 1H), 4.47 (brs, 1H), 4.39 (dd, J = 10.7,
5.4 Hz, 1H), 4.22 (q, J= 7.4 Hz, 1H), 3.42 (dd, J = 16.0, 10.3 Hz, 1H), 3.33 (dd, J = 16.0,
5.4 Hz, 1H), 1.30 (t, J = 7.2 Hz, 3H); '3C NMR (126 MHz, CDCl3): § = 174.17, 150.06,
127.61, 126.66, 124.41, 119.44, 110.08, 61.41, 59.80, 33.68, 14.15; HRMS (ESI) m/z
calculated for C11H1saNO2[M+H]"192.1019; found 192.1019.

mCOZCHZCF3
N

H

2,2,2-Trifluoroethyl indoline -2-carboxylate

Colourless oil; "H NMR (500 MHz, CDCls): § = 7.09 (d, J = 7.6 Hz, 1H), 7.06 (t, J= 7.6
Hz, 1H), 6.76 (t,J= 7.3 Hz, 1H), 6.71 (d, J = 8.0 Hz, 1H), 4.55-4.43 (m, 4H), 3.44 (dd, J
=16.0, 10.7 Hz, 1H), 3.29 (dd, J = 16.0, 4.9 Hz, 1H); *C NMR (126 MHz, CDCl3): § =
172.78,149.58, 127.76, 125.98, 124.42, 122.65 (q, Jc-r = 276.7 Hz), 119.35, 109.97, 60.72
(g, Je-r = 35.3 Hz), 59.40, 33.53; HRMS (ESI) m/z calculated for C11H;iF3NO> [M+H]"
246.0736; found 246.0736.

NHBoc 0]

X Me

tert-butyl (E)-(2-(3-oxobut-1-en-1-yl)phenyl)carbamate

White solid; '"H NMR (500 MHz, CDCl3): § = 7.73-7.70 (m, 2H), 7.57 (d, J = 7.6 Hz, 1H),
7.40 (t, J=8.1 Hz, 1H), 7.17 (t, J= 7.8 Hz, 1H), 6.72 (d, J = 16.1 Hz, 1H), 6.55 (s, 1H),
2.41 (s, 3H), 1.55 (s, 9H); *C NMR (126 MHz, CDCl): § = 198.03, 153.09, 137.97,
136.80, 130.98, 128.48, 127.16, 124.81, 123.50, 81.11, 28.25; HRMS (ESI) m/z calculated
for C1sH19NO3[M+Na]" 284.1257; found 284.1253.

151



Appendix A

NHBoc (@]
Me

tert-butyl (2-(3-oxobutyl)phenyl)carbamate

Colourless oil; '"H NMR (500 MHz, CDCl3): & = 7.70 (d, J = 8.2 Hz, 1H), 7.55 (s, 1H);
7.19 (t, J= 7.8 Hz, 1H), 7.10 (d, J = 7.7 Hz, 1H), 7.03 (t, J = 7.2 Hz, 1H), 2.87-2.80 (m,
2H), 2.14 (s, 3H), 1.54 (s, 9H); *C NMR (126 MHz, CDCls): § = 209.09, 153.80, 135.99,
129.37, 126.91, 124.16, 123.24, 80.01, 44.54, 29.91, 28.37, 24.04; HRMS (ESI) m/z
calculated for CisH21NO3[M+Na]" 286.1414; found 286.1408.

m
N~ Me
H

2-methyl-1,2-dihydroquinoline

'H NMR (500 MHz, CDCls): 6 = 6.97 (t, J = 8.1 Hz, 1H), 6.87 (d, J = 7.3 Hz, 1H), 6.60
(t, J=17.8 Hz, 1H), 6.40 (d, J= 7.6 Hz, 1H), 6.31 (d, J = 9.8 Hz, 1H), 5.55 (dd, J = 10.0,
3.8 Hz, 1H), 4.42 (m, 1H), 3.70 (brs, 1H), 1.31 (d, J = 6.6 Hz, 3H).

D§!
—
N M

2-Methylquinoline

e

Colourless liquid; 'H NMR (500 MHz, CDCls): & = 8.04 (t, J = 8.3 Hz, 2H), 7.77 (d, J =
8.3 Hz, 1H), 7.68 (t, J = 7.6 Hz, 1H), 7.48 (t, J= 7.6 Hz, 1H), 7.29 (d, J = 8.6 Hz, 1H),
2.75 (s, 3H); '3C NMR (126 MHz, CDCL): § = 158.95, 147.74, 136.20, 129.42, 128.50,
127.44, 126.44, 125.66, 121.98, 25.28; HRMS (ESI) m/z calculated for CioHioN
[M+H]"144.0808; found 144.0809.

~
N

Quinoline
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Colourless liquid; "H NMR (500 MHz, CDCl3):  =8.92 (dd, J=4.2, 1.5 Hz, 1H), 8.13 (4,
J=9.5Hz, 2H), 7.81 (d,J=8.4 Hz, 1H), 7.71 (t,J= 8.4 Hz, 1H), 7.54 (t, J="7.3 Hz, 1H),
7.39 (dd, J = 8.4, 4.2 Hz, 1H); 1*C NMR (126 MHz, CDCl;): & = 150.25, 148.14, 135.87,
129.30, 129.29, 128.13, 127.63, 126.37, 120.91.

L
yZ
N~ CN

Quinoline-2-carbonitrile

White solid; 'H NMR (500 MHz, CDCL:): & = 8.34 (d, J = 8.4 Hz, 1H), 8.19 (d, J = 8.8
Hz, 1H), 7.93 (d, J = 8.0 Hz, 1H), 7.87 (t, J = 8.4 Hz, 1H), 7.75-7.72 (m, 2H); '*C NMR
(126 MHz, CDCls): & = 148.13, 137.44, 133.54, 131.19, 129.89, 129.40, 128.61, 127.74,
123.24, 117.50; HRMS (ESI) m/z calculated for Ci1oH/No[M+H]" 155.0604; found
155.0604.

e
—
T
F

2-(4-Fluorophenyl)quinoline

White solid; '"H NMR (400 MHz, CDCls): § = 8.22-8.16 (m, 4H), 7.83 (d, J = 8.6 Hz, 2H),
7.75 (t,J = 7.4 Hz, 1H), 7.55 (t, J = 7.4 Hz, 1H), 7.23 (t, J= 9.2 Hz, 2H); '3C NMR (126
MHz, CDCl3): & = 163.76 (d, Jc.r = 249.9 Hz), 156.17, 148.19, 136.85, 135.78, 129.74,
129.61, 129.36 (d, Jcr = 8.7 Hz), 127.43, 127.04, 126.30, 118.56, 115.72 (d, Jcr = 21.9
Hz); HRMS (ESI) m/z calculated for CisHiFN [M+H]" 224.0870; found 224.0869.

X
N/ O OMe

2-(3-Methoxyphenyl)quinoline

Colourless oil; '"H NMR (400 MHz, CDCl;): 6 =8.21 (dd, J= 8.5, 3.7 Hz, 2H), 7.86 (d, J
= 8.6 Hz, 1H), 7.84-7.80 (m, 2H), 7.76-7.72 (m, 2H), 7.54 (t,J= 8.0 Hz, 1H), 7.45 (t,J =
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8.0 Hz, 1H), 7.05 (dd, J = 8.5, 1.9 Hz, 1H), 3.94 (s, 3H); '°C NMR (126 MHz, CDCL): &
=160.08, 157.04, 148.15, 141.09, 136.68, 129.74, 129.68, 129.58, 127.39, 127.20, 126.25,
119.95, 119.02, 115.30, 112.66, 55.34; HRMS (ESI) m/z calculated for C16H4NO [M+H]*
236.1070; found 236.1068.

L,
~
¢
CF3

2-(4-(Trifluoromethyl)phenyl)quinoline

White solid; 'H NMR (500 MHz, CDCl:): & = 8.29 (d, J = 8.5 Hz, 2H), 8.26 (d, J = 8.4
Hz, 1H), 8.20 (d, J= 8.4 Hz, 1H), 7.88 (d, J = 8.8 Hz, 1H), 7.86 (d, J = 8.0 Hz, 1H), 7.80-
7.75 (m, 3H), 7.58 (dt, J = 8.1, 1.2 Hz, 1H); 3C NMR (126 MHz, CDCls): & = 155.66,
148.29, 142.95, 137.12, 131.09 (q, Jor = 32.3 Hz), 129.99, 129.87, 127.84, 127.54, 127.45,
126.86, 125.75 (q, Jer = 3.8 Hz), 124.24 (q, Jer = 271.6 Hz), 123.15, 118.77, 77.04;
HRMS (ESI) m/z calculated for C1H 1 FsN [M+H]"274.0838; found 274.0838.

—
e

2-(Naphthalen-2-yl)quinoline

White solid; '"H NMR (500 MHz, CDCls): § = 8.64 (s, 1H), 8.40 (d, J = 8.7 Hz, 1H), 8.26
(d, J = 8.6 Hz, 2H), 8.05-8.00 (m, 3H), 7.93-7.91 (m, 1H), 7.86 (d, /= 8.2 Hz, 1H), 7.77
(t,J = 8.2 Hz, 1H), 7.57-7.54 (m, 3H); 3C NMR (126 MHz, CDCls): & = 157.12, 148.35,
136.94, 136.76, 133.84, 133.48, 129.72, 129.68, 128.79, 128.54, 127.70, 127.46, 127.19,
127.11, 126.67, 126.30, 125.03, 119.11; HRMS (ESI) m/z calculated for C1oH 4N [M+H]*
256.1121; found 256.1120.

OOy
~
N

3-Methylquinoline
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Colourless liquid; '"H NMR (200 MHz, CDCl3): § = 8.69 (s, 1H), 8.03 (d, J = 8.4 Hz, 1H),
7.75 (s, 1H), 7.64-7.52 (m, 2H), 7.41 (t, J= 7.7 Hz, 1H), 2.37 (s, 3H); 3C NMR (50 MHz,
CDCl3): 6 = 152.03, 146.22, 134.30, 130.10, 128.82, 128.10, 127.79, 126.83, 126.20,
18.36; HRMS (ESI) m/z calculated for CioH1oN [M+H]" 144.0808; found 144.0808.

:\)\/\
/
N

4-Methylquinoline

Colourless liquid; '"H NMR (500 MHz, CDCls): § = 8.76 (s, 1H), 8.10 (d, J= 8.3 Hz, 1H),
7.95 (d,J=28.3 Hz, 1H), 7.68 (t,J= 7.7 Hz, 1H), 7.52 (t, J= 7.6 Hz, 1H), 7.18 (d, J=3.5
Hz, 1H), 2.65 (s, 3H); *C NMR (126 MHz, CDCls): § = 150.01, 147.88, 144.10, 129.90,
128.95, 128.17, 126.13, 123.68, 121.74, 18.48; HRMS (ESI) m/z calculated for CioHioN
[M+H]" 144.0808; found 144.0808.

F\©\/j
e
N

6-Fluoroquinoline

Colourless liquid; '"H NMR (500 MHz, CDCl3): § = 8.87 (dd, J = 4.1, 1.1 Hz, 1H), 8.11-
8.07 (m, 2H), 7.47 (dt, J = 9.1, 2.7 Hz, 1H), 7.42-7.38 (m, 2H); '*C NMR (126 MHz,
CDCl3): 6 =160.32 (d, Jc.r = 248.2 Hz), 149.62 (d, Jcr = 2.8 Hz), 145.33, 135.33 (d, Jc-r
= 5.6 Hz), 131.92 (d, Jcr = 9.5 Hz), 128.81 (d, Jcr = 9.5 Hz), 121.70, 119.68 (d, Jc-r =
25.8 Hz), 110.62 (d, Jcr = 21.9 Hz); HRMS (ESI) m/z calculated for CoH;FN[M+H]"
148.0557; found 148.0559.

Brm
/
N

6-Bromoquinoline

White solid; 'H NMR (500 MHz, CDCL:): & = 8.92 (dd, J = 4.2, 1.5 Hz, 1H), 8.06 (d, J =
8.1 Hz, 1H), 7.99-7.97 (m, 2H), 7.78 (dd, J = 9.0, 2.3 Hz, 1H), 7.42 (dd, J = 8.3, 4.1 Hz,
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1H); *C NMR (126 MHz, CDCl3): § = 150.69, 146.79, 135.01, 132.91, 131.18, 129.76,
129.31, 121.85, 120.42; HRMS (ESI) m/z calculated for CoH7BrN[M+H]" 207.9756;
found 207.9759.

O
—
N

6-Methylquinoline

Colourless liquid; '"H NMR (500 MHz, CDCls): § = 8.84 (s, 1H), 8.05 (d, J= 8.6 Hz, 1H),
8.00 (d, J = 9.1 Hz, 1H), 7.56-7.53 (m, 2H), 7.36-7.33 (m, 1H), 2.53 (s, 3H); *C NMR
(126 MHz, CDCl3): 6 = 149.47, 146.83, 136.34, 135.33, 131.70, 129.03, 128.26, 126.53,
121.01, 21.52; HRMS (ESI) m/z calculated for CioHioN [M+H]" 144.0808; found
144.0808.

MeOzC AN
|0®
N

Methyl quinoline-6-carboxylate

Yellow solid; '"H NMR (500 MHz, CDCls): 6 =9.01 (d, J= 3.9 Hz, 1H), 8.59 (s, 1H), 8.30
(d, J= 8.7 Hz, 1H), 8.26 (d, J = 8.3 Hz, 1H), 8.14 (d, /= 8.8 Hz, 1H), 7.47 (dd, J = 8.3,
4.2 Hz, 1H), 3.99 (s, 3H); 3C NMR (126 MHz, CDCL): § = 166.55, 152.47, 150.04,
137.28, 130.96, 129.78, 128.91, 128.09, 127.38, 121.80, 52.39; HRMS (ESI) m/z
calculated for C11H1oNO2[M+H]" 188.0706; found 188.0704.

s
N

6-Methoxyquinoline

Colourless liquid; "H NMR (500 MHz, CDCls): & = 8.76 (dd, J = 4.2, 1.8 Hz, 1H), 8.03
(d, J= 8.5 Hz, 1H), 8.00 (d, J= 9.2 Hz, 1H), 7.37 (dd, J=9.2, 2.7 Hz, 1H), 7.33 (dd, J =
8.2,4.2 Hz, 1H), 7.06 (d, J = 2.7 Hz, 1H), 3.92 (s, 3H); '*C NMR (126 MHz, CDCls): § =
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157.70, 147.87, 144.41, 134.69, 130.81, 129.26, 122.19, 121.29, 105.10, 55.46; HRMS
(ESI) m/z calculated for Ci1oH;o0NO[M+H]* 160.0757; found 160.0754.

m
/
O,N N

7-Nitroquinoline

Yellow solid; "H NMR (500 MHz, CDCl3): 8 = 9.10 (d, J = 2.8 Hz, 1H), 9.01 (d, J=2.4
Hz, 1H), 8.33 (dd, J = 8.9, 2.1 Hz, 1H), 8.29 (d, J = 8.5 Hz, 1H), 8.00 (d, J=9.2 Hz, 1H),
7.62 (dd, J= 8.2, 4.0 Hz, 1H); '*C NMR (126 MHz, CDCL): & = 152.66, 148.03, 147.10,
135.89, 131.34, 129.45, 125.80, 123.91, 120.05; HRMS (ESI) m/z calculated for
CoHN,02[M+H]" 175.0502; found175.0503.

m
/
FsC N

7-(Trifluoromethyl)quinoline

Colourless liquid; '"H NMR (500 MHz, CDCl3): § =9.01 (dd, J=4.3, 1.5 Hz, 1H), 8.41 (s,
1H), 8.21 (d, /= 8.3 Hz, 1H), 7.93 (d, /= 8.5 Hz, 1H), 7.71 (dd, J = 8.5, 1.5 Hz, 1H), 7.52
(dd,J=8.2,4.3 Hz, 1H); 3*C NMR (126 MHz, CDCl3): § = 151.73, 147.16, 135.89, 131.18
(q, Jcr=32.3 Hz), 129.64, 129.01, 127.30 (q, Jcr = 4.7 Hz), 123.88 (q, Jcr = 272.6 Hz),
122.87, 122.19 (q, Je-r = 2.9 Hz); HRMS (ESI) m/z calculated for CioH7FsN[M+H]"
198.0525; found 198.0526.

Me

8-Methylquinoline

Colourless liquid; '"H NMR (500 MHz, CDCl3): § = 8.96 (dd, J = 4.2, 1.6 Hz, 1H), 8.14
(dd, J=8.0, 1.2 Hz, 1H), 7.67 (d, J= 8.0 Hz, 1H), 7.58 (d, J= 6.9 Hz, 1H), 7.44 (t, J="1.7
Hz, 1H), 7.40 (dd, J = 8.0, 4.2 Hz, 1H), 2.84 (s, 3H); >*C NMR (126 MHz, CDCl;): § =

157



Appendix A

149.19, 147.31, 137.02, 136.23, 129.55, 128.20, 126.22, 125.81, 120.76, 18.09; HRMS
(ESI) m/z calculated for CioHoN [M+H]" 144.0808; found 144.0808.

OH

8-Quinolinol

White solid; "H NMR (500 MHz, CDCls): § = 8.80 (dd, J=4.2, 1.5 Hz, 1H), 8.45 (br, 1H),
8.16 (d, J= 8.4 Hz, 1H), 7.47 (t, J= 8.0 Hz, 1H), 7.44 (dd, J= 8.0, 4.2 Hz, 1H), 7.34 (d, J
=8.4Hz, 1H), 7.22 (d, J=7.7 Hz, 1H); '3C NMR (126 MHz, CDCl;): 6 = 152.26, 147.87,
138.29, 136.10, 128.51, 127.70, 121.75, 117.85, 110.11; HRMS (ESI) m/z calculated for
CoHsNO[M-+H]" 146.0600; found 146.0599.

X

=

N
OMe

8-Methoxyquinoline

Red solid; "H NMR (500 MHz, CDCl3): § = 8.89 (dd, J = 4.2, 1.9 Hz, 1H), 8.07 (dd, J =
8.0, 1.9 Hz, 1H), 7.41 (t,J = 8.4 Hz, 1H), 7.37 (dd, J = 8.4, 4.2 Hz, 1H), 7.34 (d, /= 8.4
Hz, 1H), 7.01 (d, J= 7.7 Hz, 1H), 4.05 (s, 3H); 3C NMR (126 MHz, CDCl;): § = 155.25,
149.08, 140.06, 135.71, 129.20, 126.55, 121.52, 119.39, 107.38, 55.80; HRMS (ESI) m/z
calculated for C1oH1oNO[M+H]" 160.0757; found 160.0756.

JO BN
pZ
Cl N M

7-Chloro-2-methylquinoline

e

White solid; '"H NMR (500 MHz, CDCls): § = 8.00-7.99 (m, 2H), 7.68 (d, J = 8.8 Hz, 1H),
7.42 (d, J = 8.8 Hz, 1H), 7.26 (d, J = 8.8 Hz, 1H), 2.72 (s, 3H); '°C NMR (126 MHz,
CDCl3): 6 = 160.15, 148.17, 135.85, 135.13, 128.62, 127.69, 126.63, 124.78, 122.14,
25.30; HRMS (ESI) m/z calculated for C1oHoCIN[M+H]" 178.0418; found 178.0419.
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Br

\

Me

5-Bromo-8-methylquinoline

White solid; "H NMR (500 MHz, CDCl3): 6 = 8.92 (dd, J = 4.1, 1.6 Hz, 1H), 8.47 (dd, J
=8.3, 1.9 Hz, 1H), 7.66 (d, J= 7.6 Hz, 1H), 7.45 (dd, J= 8.4, 42 Hz, 1H), 7.37 (d, J= 7.6
Hz, 1H), 2.75 (s, 3H); *C NMR (126 MHz, CDCl3): & = 149.64, 147.86, 137.22, 135.54,
129.86, 129.67, 127.33, 121.81, 119.14, 17.99; HRMS (ESI) m/z calculated for
C1oHoBrN[M+H]" 221.9913; found 221.9915.

\

Me

7-Fluoro-8-methylquinoline

Colourless liquid; "H NMR (500 MHz, CDCls3): 6 = 8.95 (d, J= 4.4 Hz, 1H), 8.10 (d, J =
8.4 Hz, 1H), 7.62 (t, J = 8.6 Hz, 1H), 7.35 (dd, J = 7.8, 4.2 Hz, 1H), 7.30 (t, J = 8.6 Hz,
1H), 2.71 (d, J = 2.1 Hz, 3H); *C NMR (126 MHz, CDCl3): & = 160.64 (d, Jc.r = 246.3
Hz), 150.04, 148.16 (d, Jcr = 9.1 Hz), 136.18, 126.58 (d, Jcr = 10.0 Hz), 125.18, 120.98
(d, Jo-r = 14.7 Hz), 119.90 (d, Jc-r = 1.9 Hz), 116.72 (d, Jc-r = 27.5 Hz), 8.99 (d, Jcr = 4.6
Hz); HRMS (ESI) m/z calculated for CioHoFN[M+H]" 162.0714; found 162.0713.

Me
X

7

N~ Me

Me

2,4,8-Trimethylquinoline

White solid; 'H NMR (400 MHz, CDCLy): § = 7.81 (d, J = 8.1 Hz, 1H), 7.54 (d, J= 6.7
Hz, 1H), 7.39 (t, J= 7.8 Hz, 1H), 7.12 (s, 1H), 2.86 (s, 3H), 2.74 (s, 3H), 2.65 (s, 3H); 1*C
NMR (101 MHz, CDCL): & = 157.30, 146.76, 143.91, 136.86, 129.17, 126.32, 124.80,
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122.34, 121.41, 25.44, 18.76, 18.34; HRMS (ESI) m/z calculated for CioHisN[M+H]"
172.1121; found 172.1120.

CD
N
H

1H-indole

White solid; 'H NMR (500 MHz, CDCls): § = 8.03 (brs, 1H), 7.75 (d, J = 8.4 Hz, 1H),
742 (d, J= 8.2 Hz, 1H), 7.29 (t, J = 7.7 Hz, 1H), 7.24-7.19 (m, 2H), 6.64 (s, 1H); 13C
NMR (126 MHz, CDCL): & = 135.69, 127.76, 124.13, 121.89, 120.66, 119.74, 111.00,
102.45.

Ir=z /E
=
D

2-Methyl-1H-indole

White solid; '"H NMR (500 MHz, CDCl3): & = 7.64-7.62 (m, 2H), 7.29 (d, J= 8.2 Hz, 1H),
7.24-7.17 (m, 2H), 6.31 (t, J= 1.0 Hz, 1H), 2.44 (s, 3H); 3C NMR (126 MHz, CDCl3): §
= 135.94, 135.07, 128.94, 120.80, 119.53, 110.23, 100.19, 13.50; HRMS (ESI) m/z
calculated for CoHioN[M+H]" 132.0808; found 132.0809.

o
” OH

(1H-indole)methanol

White solid; '"H NMR (500 MHz, CDCLy): & = 8.40 (brs, 1H), 7.60 (d, J = 7.9 Hz, 1H),
7.32(d, J = 8.0 Hz, 1H), 7.20 (dt, J = 8.0, 1.1 Hz, 1H), 7.13 (dt, J= 8.1, 1.1 Hz, 1H), 6.41
(s, 1H), 4.77 (s, 2H), 2.26 (brs, 1H); '3C NMR (126 MHz, CDClz): & = 137.49, 136.33,
128.00, 122.15, 120.58, 119.90, 110.97, 100.52, 58.60; HRMS (ESI) m/z calculated for
CoH1oNO[M+H]" 148.0757; found 148.0756.
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mCOQEt
N

H

Ethyl 1H-indole-2-carboxylate

White solid; '"H NMR (400 MHz, CDCl3): § = 9.32 (brs, 1H), 7.72 (d, J = 7.7 Hz, 1H),
7.46 (d, J = 8.0 Hz, 1H), 7.35 (t, J= 7.7 Hz, 1H), 7.27 (s, 1H), 7.18 (t, /= 8.0 Hz, 1H),
4.46 (q,J=6.8 Hz, 2H), 1.45 (t,J=7.3 Hz, 3H); 3*C NMR (101 MHz, CDCl3): § = 162.22,
136.91, 127.43, 125.26, 122.54, 120.70, 111.90, 108.60, 61.04, 14.35; HRMS (ESI) m/z
calculated for C;1H1NNaO,[M+Na]" 212.0682; found 212.0682.

mCOQCHQC&
N

H

2,2,2-Trifluoroethyl 1H-indole-2-carboxylate

White solid; 'H NMR (400 MHz, CDCls): § = 9.03 (brs, 1H), 7.73 (d, J = 7.7 Hz, 1H),
7.45 (d,J=8.1 Hz, 1H), 7.39 (t, J = 8.5 Hz, 2H), 7.20 (t, J= 7.7 Hz, 1H), 4.75 (q, J = 8.3
Hz, 2H); 3C NMR (101 MHz, CDCL): 5= 160.16, 137.36, 127.27, 126.22, 125.08, 122.96
(q, Jer = 277.4 Hz), 122.88, 121.20, 111.97, 110.78, 60.52(q, Jer = 40.0 Hz); HRMS
(EST) m/z calculated for CiHoFsNOo[M+H]" 244.0580; found 244.0583.

Br
m
N

H

5-Bromo 1H-indole

White solid; "H NMR (500 MHz, CDCl3): § = 8.11 (brs, 1H), 7.76 (d, J = 2.1 Hz, 1H),
7.26 (dd, J=8.5, 1.8 Hz, 1H), 7.22 (d, J=8.6 Hz, 1H), 7.17 (t,J = 2.8 Hz, 1H), 6.48 (t, J
=3.0 Hz, 1H); *C NMR (126 MHz, CDCls): § = 134.35, 129.58, 125.34, 124.79, 123.16,
112.98, 112.41, 102.25; HRMS (ESI) m/z calculated for CsH7BrN[M+H]" 195.9756;
found 195.9757.
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MeO,C
m
N

H

Mthyl 1H-indole-5-carboxylate

White solid; 'H NMR (500 MHz, CDCls): & = 8.45 (s, 1H), 8.42 (brs, 1H), 7.94 (dd, J =
8.4, 1.5 Hz, 1H), 7.44 (d, J= 8.4 Hz, 1H), 7.30 (t, J = 3.1 Hz, 1H), 6.68 (s, 1H), 3.96 (s,
3H); 3C NMR (126 MHz, CDCls): § = 168.24, 138.37, 127.45, 125.47, 123.77, 123.38,
121.94, 110.70, 104.03, 51.85; HRMS (ESI) m/z calculated for CioH;oNO2[M+H]"
176.0706; found 176.0706.

MeO
m
N

H

5-Methoxy 1H-indole

White solid; "H NMR (500 MHz, CDCl3): § = 8.07 (brs, 1H), 7.29 (d, J = 8.7 Hz, 1H),
7.18 (t,J=2.6 Hz, 1H), 7.16 (s, 1H), 6.92 (d, /= 8.7 Hz, 1H), 6.52 (s, 1H), 3.90 (s, 3H);
BCNMR (126 MHz, CDCl3): 6 = 154.12, 130.92, 128.23, 124.87, 112.29, 111.69, 102.29,
55.81; HRMS (ESI) m/z calculated for CoH1oNO[M+H]" 148.0757; found 148.0758.

N

H

5-Nitro 1H-indole

Orange solid; '"H NMR (500 MHz, CDCl;): & = 9.68 (brs, 1H), 8.59 (d, J = 1.5 Hz, 1H),
8.08 (dd, /= 8.8, 1.9 Hz, 1H), 7.44 (d, /= 9.2 Hz, 1H), 7.36 (t, J = 2.6 Hz, 1H), 6.69 (s,
1H); 3C NMR (126 MHz, CDCl5): 6 = 141.66, 138.98, 127.59, 127.16, 117.84, 117.31,
111.10, 104.58; HRMS (ESI) m/z calculated for CsH7N2O>[M+H]" 163.0502; found
163.0500.
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A\

N

H
CHO

1H-indole-7-carbaldehyde

Pale yellow solid; "H NMR (400 MHz, CDCL): § = 10.15 (brs, 1H), 10.11 (s, 1H), 7.93
(d, J=7.8 Hz, 1H), 7.64 (d, J= 7.3 Hz, 1H), 7.33 (t, J= 3.0 Hz, 1H), 7.26 (t, J= 7.8 Hz,
1H), 6.63-6.62 (m, 2H); '3C NMR (101 MHz, CDCls): § = 193.50, 133.51, 129.05, 128.76,
128.10, 125.90, 120.40, 119.36, 102.56; HRMS (ESI) m/z calculated for CoHsNO[M+H]*
146.0600; found 146.0601.

X
7
N

Acridine

White solid; 'H NMR (500 MHz, CDCl3): § = 8.70 (d, J = 9.8 Hz, 1H), 8.25 (d, J = 8.9
Hz, 2H), 7.95 (t, J = 8.3 Hz, 2H), 7.78-7.74 (m, 2H), 7.52-7.48 (m, 2H); '*C NMR (126
MHz, CDCI3): 8 = 149.01, 135.92, 130.18, 129.35, 128.11, 126.50, 125.57; HRMS (ESI)
m/z calculated for C13HoN [M+H]" 180.0808; found 180.0807.

Benzo[/h]quinoline

White solid; '"H NMR (500 MHz, CDCls): § = 9.35 (d, J = 8.1 Hz, 1H), 9.02 (dd, J = 4.2,
2.0 Hz, 1H), 8.15 (dd, /=7.9, 1.9 Hz, 1H), 7.92 (d, J = 8.3 Hz, 1H), 7.80 (d, J = 8.8 Hz,
1H), 7.77 (dt,J=17.0, 1.3 Hz, 1H), 7.71 (dt,J= 7.1, 1.5 Hz, 1H), 7.66 (d, J = 8.8 Hz, 1H),
7.50 (dd, J = 8.0, 4.2 Hz, 1H); '*C NMR (126 MHz, CDCls): & = 148.73, 146.52, 135.69,
133.55, 131.46, 128.11, 127.73, 127.66, 126.99, 126.32, 125.25, 124.33, 121.68; HRMS
(ESI) m/z calculated for Ci3HoN [M+H]" 180.0808; found 180.0806.
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\
~
N~ Me

3-Methylbenzo[f]quinoline

White solid; 'H NMR (500 MHz, CDCL): & = 8.80 (d, J = 8.4 Hz, 1H), 8.56 (d, J = 8.1
Hz, 1H), 7.95-7.90 (m, 3H), 7.68-7.60 (m, 2H), 7.41 (d, J = 8.4 Hz, 1H), 2.79 (s, 3H); 13C
NMR (126 MHz, CDCL3): & = 158.35, 147.65, 131.30, 130.89, 130.69, 129.61, 128.57,
127.74, 126.91, 126.75, 123.15, 122.30, 121.78, 24.91; HRMS (ESI) m/z calculated for
CisH 2N [M+H]' 194.0964; found 194.0964.

L)

Quinoxaline

White solid; "H NMR (500 MHz, CDCl3): § = 8.54-8.51 (m, 2H), 7.81-7.77 (m, 2H), 7.42-
7.41 (m, 2H); '*C NMR (126 MHz, CDCls): & = 144.34, 142.27, 129.31, 128.83; HRMS
(ESI) m/z calculated for CsH7N>2[M+H]" 131.0604; found 131.0605.

: :N Me
N
/I
N Me

2,3-Dimethylquinoxaline

White solid; 'H NMR (500 MHz, CDCl3): § = 7.95-7.93 (m, 2H), 7.63-7.61 (m, 2H), 2.68
(s, 6H); 3C NMR (126 MHz, CDCls): § = 153.34, 140.97, 128.71, 128.20, 23.07; HRMS
(ESI) m/z calculated for CioH;iN2[M+H]" 159.0917; found 159.0916.

A

2-Phenylquinoxaline
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White solid; 'H NMR (500 MHz, CDCls): § = 9.33 (s, 1H), 8.20 (d, J = 8.3 Hz, 2H), 8.16
(d, J= 8.0 Hz, 1H), 8.13 (d, J = 8.0 Hz, 1H), 7.80-7.73 (m, 2H), 7.59-7.51 (m, 3H); 3C
NMR (126 MHz, CDCL): § = 151.78, 143.31, 142.25, 141.53, 136.73, 130.22, 130.13,
129.58, 129.48, 129.10, 129.08, 127.50; HRMS (ESI) m/z calculated for C14H No[M+H]"
207.0917; found 207.0917.

2-Phenylquinazoline

White solid; 'H NMR (500 MHz, CDCls): 6 =9.49 (s, 1H), 8.63 (d, J = 8.4 Hz, 2H), 8.11
(d, J = 8.4 Hz, 1H), 7.95-7.91 (m, 2H), 7.63 (t, J = 7.6 Hz, 1H), 7.57-7.51 (m, 3H); 13C
NMR (126 MHz, CDCl3): & = 161.08, 160.50, 150.79, 138.04, 134.11, 130.60, 128.64,
128.57, 127.26, 127.12, 123.61; HRMS (ESI) m/z calculated for CisH;No[M+H]"
207.0917; found 207.0917.

2-(4-Chlorophenyl)quinazoline

White solid; 'H NMR (500 MHz, CDCls): § = 9.41 (s, 1H), 8.57 (d, J = 8.4 Hz, 2H), 8.06
(d, J= 8.8 Hz, 1H), 7.91-7.88 (m, 2H), 7.60 (t, J= 7.7 Hz, 1H), 7.50 (d, J = 8.4 Hz, 2H);
13C NMR (126 MHz, CDCLs): § = 160.39, 159.87, 150.55, 136.72, 136.42, 134.13, 129.82,
128.70, 128.49, 127.34, 127.04, 123.49; HRMS (ESI) m/z calculated for
C14H1CINo[M+H]" 241.0527; found 241.0528.

2-(Pyridin-4-yl)quinazoline
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White solid; "H NMR (500 MHz, CDCL): & = 9.41 (s, 1H), 8.77(d, J = 5.0 Hz, 2H), 8.40
(d, J= 5.5 Hz, 2H), 8.05 (d, /= 9.1 Hz, 1H), 7.90-7.88 (m, 2H), 7.62(t, J = 7.6 Hz, 1H);
13C NMR (126 MHz, CDCls): § = 160.57, 158.73, 150.38, 150.32, 145.14, 134.36, 128.72,
128.16, 127.04, 123.99, 122.20;HRMS (ESI) m/z calculated for CisHoNs[M+H]"
208.0869; found 208.0869.

)
Am
N)\é/)e

5

2-Hexylquinazoline

Colourless oil; "H NMR (500 MHz, CDCls): & =9.28 (s, 1H), 7.92 (d, J = 7.7 Hz, 1H),
7.80 (t, J=17.2 Hz, 2H), 7.51 (t,J= 7.8 Hz, 1H), 3.07 (t, J = 8.1 Hz, 2H), 1.87 (quin, J =
7.3 Hz, 2H), 1.40-1.24 (m, 6H) 0.82 (t, J = 7.8 Hz, 3H); *C NMR (126 MHz, CDCl3): §
=167.76, 160.21, 150.20, 133.82, 127.73, 126.91, 126.73, 122.89, 39.87, 31.57, 29.10,
28.85, 22.42, 13.93; HRMS (ESI) m/z calculated for Ci4HioN2[M+H]" 215.1543; found
215.1541.

4-(4-Fluorophenyl)quinoline

White solid; '"H NMR (500 MHz, CDCl3): § = 8.95 (d, J = 4.4 Hz, 1H), 8.19 (d, J= 8.9
Hz, 1H), 7.88 (d, /= 8.5 Hz, 1H), 7.74 (t, J= 8.2 Hz, 1H), 7.54-7.47 (m, 3H), 7.32 (d, J =
4.2 Hz, 1H), 7.23 (t, J = 8.5 Hz, 2H); 1*C NMR (126 MHz, CDCl3): 6 = 162.89 (d, Jc.r =
247.7 Hz), 149.91, 148.63, 147.39, 133.90 (d, Jc-r = 3.8 Hz), 131.21 (d, Jcr = 8.5 Hz),
129.89, 129.41, 126.76, 126.69, 125.56, 121.36, 115.64 (d, Jcr = 21.1 Hz); "°F NMR (376
MHz, D;0): & = -113.26; HRMS (ESI) m/z calculated for C;sH; FN [M+H]" 224.0870;
found 224.0871.
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0]

(2

N

7H-indeno[2,1-c]quinolin-7-one

Yellow solid; "H NMR (500 MHz, CDCls): 6 =9.09 (s, 1H), 8.40 (d, /= 8.4 Hz, 1H), 8.13
(d, /=8.8 Hz, 1H), 8.04 (d, /= 7.6 Hz, 1H), 7.81 (t, /= 8.0 Hz, 1H), 7.72 (d, /= 7.2 Hz,
1H), 7.65 (t, J = 8.0 Hz, 1H), 7.58 (t, J = 7.7 Hz, 1H), 7.45 (t, J= 7.6 Hz, 1H); 3C NMR
(126 MHz, CDCl3): 6 = 192.90, 152.50, 151.02, 144.74, 142.40, 134.64, 133.90, 132.09,
131.06, 131.03, 128.18, 124.92, 124.81, 124.75, 124.44, 123.53; HRMS (ESI) m/z
calculated for C16H1oNO[M+H]" 232.0757; found 232.0755.

Chapter 4

H/:
°N
H

J

1,2-diphenylhydrazene

White solid; 'H NMR (500 MHz, CDCls): 8 = 7.19 (t, J= 7.6 Hz, 4H), 6.83-6.80 (m, 6H),
5.51 (s, 2H); 13C NMR (126 MHz, CDCls): § = 148.80, 129.29, 119.81, 112.26.

F
H
N.

N
H

AT

1,2-bis(4-fluorophenyl)hydrazine
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White solid; 'TH NMR (200 MHz, CDCl3): § = 7.14-7.23 (m, 3H), 6.78-6.86 (m, 5H), 5.61
(s, 1H); *C NMR (50 MHz, CDCl5): & = 148.40, 147.43, 129.39, 129.21, 124.39, 120.16,
113.48, 112.31.

cl
H
N. /©/

N
H

S

1,2-bis(4-chlorophenyl)hydrazine

White solid; 'H NMR (500 MHz, CDClz): & = 7.18 (d, J = 8.8 Hz, 4H), 6.77 (d, J = 8.8
Hz, 4H), 5.63 (s, 2H); 13C NMR (126 MHz, CDCl3): § = 146.97, 129.25, 124.64, 113.45.

o

N
H
1-(4-fluorophenyl)-2-phenylhydrazine

Pale yellow solid; 'H NMR (200 MHz, CDCls): § = 7.23 (t, 2H, J=7.63 Hz), 6.79-6.95 (m,
7H) 5.61 (s, 1H), 5.53 (s, 1H); '*C NMR (50 MHz, CDCl3): & = 158.27, 155.92, 148.67,
144.97,129.35, 119.98, 115.90, 115.67, 113.36, 113.29, 112.29.

o

N
H
1-(4-bromophenyl)-2-phenylhydrazine

'H NMR (200 MHz, CDCls): § = 7.30 — 7.36 (m, 4H), 6.78 — 6.89 (m, 5H), 5.68 (s, 2H);
13C NMR (50 MHz, CDCls): § = 112.32, 113.95, 120.20, 122.93, 124.34, 129.40, 132.10,
147.93 148.35.

H
/©/N\ /©
FsC

N
H

168



Appendix A

1-phenyl-2-(4-(trifluoromethyl)phenyl)hydrazine

'H NMR (200 MHz, CDCls): & = 7.50 (d, 2H, J = 8.0 Hz ), 7.24 — 7.32 (m, 2H), 6.84 —
6.97 (m, SH), 5.91 (s, 1H), 5.74 (s, 1H); 3C NMR (50 MHz, CDCLs): § = 112.32, 113.95,
120.20, 122.93, 124.34, 129.40, 132.10, 147.93 148.35.

O-N
| H
MeMH’NWMe

N-o

1,2-bis(5-methylisoxazol-3-yl)hydrazine

White solid; "H NMR (200 MHz, CDCL): & = 6.30 (s, 2H), 5.74 (s, 2H), 2.32 (s, 6H); 1*C
NMR (50 MHz, CDCls): § = 169.87, 166.69, 92.83, 12.58.

Ns
o

1,2-diphenyldiazene

Orange solid; '"H NMR (500 MHz, CDCl3): § = 7.96 (d, J= 7.1 Hz, 4H), 7.55 (t, J= 7.8
Hz, 4H), 7.50 (t,J=7.1 Hz, 2H); 3C NMR (126 MHz, CDCl5): § = 152.63, 130.96, 129.07,
122.83; HRMS (ESI) m/z calculated for C12H11N2> [M+H]" 183.0917; found 183.0913.

1,2-bis(4-fluorophenyl)diazene

Orange solid; 'H NMR (500 MHz, CDCls): 6 = 7.94 (dd, J= 8.9, 4.9 Hz, 4H), 7.21 (t,J =
8.6 Hz, 4H); >*C NMR (126 MHz, CDCl3): § = 164.34 (d, J = 252.8 Hz), 148.96 (d, J =
2.0 Hz), 124.80 (d, J = 8.5 Hz), 116.03 (d, J = 22.8 Hz); HRMS (ESI) m/z calculated for
C12HoF2N, [M+H]" 219.0728; found 219.0727.
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Cl
N+ /©/
N

S

1,2-bis(4-chlorophenyl)diazene

Yellow solid; 'H NMR (500 MHz, CDCls): § = 7.88 (d, J = 7.2 Hz, 4H), 7.50 (d, J = 7.5
Hz, 4H); *C NMR (126 MHz, CDCl:): 6 = 150.77, 137.22, 129.39, 124.18; HRMS (ESI)
m/z calculated for C12HoCLLN, [M+H]" 251.0137; found 251.0133.

Br
N+ /©/
N

S

1,2-bis(4-bromophenyl)diazene

Orange solid; '"H NMR (400 MHz, CDCl;): = 7.80 (d, J = 8.6 Hz, 4H), 7.66 (d, J = 8.6
Hz, 4H); >*C NMR (101 MHz, CDCl3): 6 = 151.14, 132.40, 125.76, 124.41; HRMS (ESI)
m/z calculated for C12HoBroN, [M+H]" 340.9107; found 340.9104.

Me
NS /©/
o
Me

1,2-di-p-tolyldiazene

Orange solid; '"H NMR (500 MHz, CDCl3): 6 =7.84 (d, J= 7.3 Hz, 4H), 7.33 (d, J=17.3
Hz, 4H), 2.54 (s, 6H); *C NMR (126 MHz, CDCl3): § = 150.82, 141.17, 129.68, 122.71,
21.45; HRMS (ESI) m/z calculated for C14HisN2 [M+H]" 211.1230; found 211.1229.

o
FsC

1,2-bis(4-(trifluoromethyl)phenyl)diazene

170



Appendix A

Red solid; 'H NMR (500 MHz, CDCls): § = 8.05 (d, J = 8.6 Hz, 4H), 7.82 (d, /= 8.3 Hz,
4H); '3C NMR (126 MHz, CDCls): § = 154.09, 132.99 (q, J = 32.4 Hz), 126.43 (q, J=3.7
Hz), 123.79 (q,J=271.8 Hz), 123.33; HRMS (ESI) m/z calculated for C14HoFsN, [M+H]*
319.0664; found 319.0657.

QN\\NO

1-(4-fluorophenyl)-2-phenyldiazene

Yellow solid; '"H NMR (500 MHz, CDCL): & = 8.00-7.95 (m, 4H), 7.55 (t, J = 7.3 Hz,
2H), 7.51 (t, J = 7.2 Hz, 1H), 7.23 (t, J = 8.4 Hz, 2H); '3*C NMR (126 MHz, CDCl;): § =
164.32 (d, J=251.7 Hz), 152.43, 149.12 (d, J = 2.9 Hz), 130.97, 129.05, 124.83 (d, J =
8.6 Hz), 122.79, 115.96 (d, J = 22.9 Hz); HRMS (ESI) m/z calculated for Ci2HioFN>
[M+H]" 201.0823; found 201.0819.

QN\\NQ

1-(4-chlorophenyl)-2-phenyldiazene

Orange solid; '"H NMR (500 MHz, CDCl3): § = 7.96 (d, J = 7.7 Hz, 2H), 7.91 (d, J = 8.8
Hz, 2H), 7.57-7.50 (m, 5H); *C NMR (126 MHz, CDCl3): § = 152.37, 150.89, 136.83,
131.21, 129.26, 129.08, 124.08, 122.89; HRMS (ESI) m/z calculated for C12H1oCIN»
[M+H]" 217.0527; found 217.0526.

Br
o

1-(4-bromophenyl)-2-phenyldiazene

Orange solid; 'H NMR (500 MHz, CDCls): 6 = 7.95 (d, J= 7.4 Hz, 2H), 7.83 (d, J = 8.4
Hz, 2H), 7.67 (d, J = 8.4 Hz, 2H), 7.56-7.49 (m, 3H); 3C NMR (126 MHz, CDCl3): § =
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152.41, 151.28, 132.28, 131.28, 129.11, 125.34, 124.32, 122.92; HRMS (ESI) m/z
calculated for C12H1oBrN2 [M+H]" 261.0022; found 261.0020.

Me
o

1-phenyl-2-(p-tolyl)diazene

Orange solid; 'H NMR (500 MHz, CDCl3): = 7.97 (d, J = 7.6 Hz, 2H), 7.90 (d, J = 8.1
Hz, 2H), 7.56 (t, J= 7.6 Hz, 2H); 7.50 (t,J= 7.3 Hz, 1H) 7.36 (d, J= 7.9 Hz, 2H), 2.47 (s,
3H); 3C NMR (126 MHz, CDCl3): § = 152.69, 150.73, 141.48, 130.64, 129.69, 129.00,
122.83, 122.69, 21.44; HRMS (ESI) m/z calculated for C;3H3N2 [M+H]" 197.1073; found
197.1073.

o

1-(4-methoxyphenyl)-2-phenyldiazene

Red solid; '"H NMR (500 MHz, CDCl3): § = 8.03-7.99 (m, 4H), 7.57 (t, J = 7.3 Hz, 2H),
7.53-7.48 (m, 1H), 7.06 (d, J = 8.8 Hz, 2H), 3.87 (s, 3H); *C NMR (126 MHz, CDCl5): &
=161.93, 152.63, 146.87, 130.23, 128.90, 124.65, 122.48, 114.08, 55.34; HRMS (ESI)
m/z calculated for Ci13H13N20 [M+H]" 213.1022; found 213.1020.

Oy

1-(4-ethoxyphenyl)-2-phenyldiazene

Yellow solid; '"H NMR (500 MHz, CDCls): § = 7.95 (d, J = 8.9 Hz, 2H), 7.92 (d, J=17.9
Hz, 2H), 7.53 (t, J = 8.1 Hz, 2H), 7.46 (t, J = 7.3 Hz, 1H), 7.02 (d, J = 8.9 Hz, 2H), 4.13
(q,J=17.3, 6.8 Hz, 2H), 1.47 (t,J=7.3 Hz, 3H); '*C NMR (126 MHz, CDCl3): = 161.45,
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152.74, 146.83, 130.26, 128.97, 124.71, 122.50, 114.61, 63.75, 14.71; HRMS (ESI) m/z
calculated for C14H;sN2O [M+H]" 227.1179; found 227.1175.

CF;
O

1-phenyl-2-(4-(trifluoromethyl)phenyl)diazene

Orange solid; '"H NMR (500 MHz, CDCl3): § = 8.04 (d, J = 8.1 Hz, 2H), 7.99 (d, J = 8.4
Hz, 2H), 7.82 (d, J = 8.4 Hz, 2H), 7.60-7.54 (m, 3H); '*C NMR (126 MHz, CDCl3): § =
154.42,152.42, 132.20 (q, J=32.6 Hz), 131.80, 129.19, 126.28 (q, /= 3.8 Hz), 123.92 (q,
J = 2725 Hz), 123.16, 123.00; HRMS (ESI) m/z calculated for Ci3H;oFsN> [M+H]*
251.0791; found 251.0784.

B N\\/©
r\©/ N

1-(3-bromophenyl)-2-phenyldiazene

Orange solid; "H NMR (500 MHz, CDCLs): & = 8.09 (s, 1H), 7.96 (d,J="7.1 Hz, 2H), 7.91
(d,J=8.2 Hz, 1H), 7.62 (d, J = 7.7 Hz, 1H), 7.56-7.52 (m, 3H), 7.41 (t, J = 8.0 Hz, 1H);
13C NMR (126 MHz, CDCL): § = 153.45, 152.27, 133.53, 131.48, 130.37, 129.11, 124.58,
123.08, 123.02, 122.93; HRMS (ESI) m/z calculated for C12H 0BrNa [M+H]" 261.0022;
found 261.0023.

1-phenyl-2-(m-tolyl)diazene

Red oil; 'H NMR (500 MHz, CDCls): § = 7.95 (d, J = 8.0 Hz, 2H), 7.76 (s, 2H), 7.54 (t, J
=7.6 Hz, 2H), 7.49 (t, J = 7.6 Hz, 1H), 7.43 (t, J = 7.8 Hz, 1H), 7.32 (d, J = 7.2 Hz, 1H),
2.49 (s, 3H); 3C NMR (126 MHz, CDCL): § = 152.76, 152.71, 138.95, 131.75, 130.85,
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129.05, 128.87, 122.92, 122.77, 120.47, 21.33; HRMS (ESI) m/z calculated for C13H3N>
[M+H]" 197.1073; found 197.1073.

F N+ /@

1-phenyl-2-3-(trifluoromethyl)phenyl)diazene

Red solid; "H NMR (400 MHz, CDCls): & = 8.22 (s, 1H), 8.13 (d, J = 8.0 Hz, 1H), 7.99-
7.97 (m, 2H), 7.75 (d, J = 8.0 Hz, 1H), 7.66 (t, J = 8.0 Hz, 1H), 7.58-7.53 (m, 3H); 1*C
NMR (101 MHz, CDCl): 6 = 152.55, 152.32, 131.69 (q, J = 32.4 Hz), 131.68, 129.66,
129.18, 127.17 (q, J = 3.9 Hz), 126.23, 123.86 (q, J = 272.9 Hz), 123.10, 119.55 (q, J =
3.9 Hz); HRMS (ESI) m/z calculated for m/z calculated for Ci3HoF3N2 [M+H]" 251.0791;
found 251.0788.

Me

Nﬁ

SN N

/‘C)\>7N/ N/O
—

Me

1,2-bis(5-methylisoxazol-3-yl)diazene

Yellow solid; 'H NMR (500 MHz, CDCls): & = 6.43 (s, 2H), 2.53 (s, 6H); *C NMR (126
MHz, CDCl): o = 173.83, 172.01, 91.94, 12.79; HRMS (ESI) m/z calculated for
CsHoN4O2 [M+H]" 193.0720; found 193.0723.

Chapter 5

Me O NHPiv
I Cl

N-(4’-chloro-4-methyl-[1,1’-biphenyl]-2-yl)pivalamide
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White solid; 'TH NMR (200 MHz, CDCls): § = 8.08 (s, 1H), 7.38 (d, J = 8.6 Hz, 2H), 7.25-
7.19 (m, 3H), 7.02 (d, J="7.8 Hz, 1H), 6.91 (d, /= 7.8 Hz, 1H), 2.32 (s, 3H), 1.05 (s, 9H);
3C NMR (50 MHz, CDCls): 6 = 176.38, 138.91, 136.62, 134.64, 133.90, 130.76, 129.57,
129.14, 128.40, 125.01, 122.05, 39.77, 27.40, 21.45; HRMS (ESI) m/z calculated for
C1gH20CINO [M+H]" 302.1312; found 302.1306.

Me O NHPiv

N-(4-methyl-[1,1’-biphenyl]-2-yl)pivalamide

White solid; 'H NMR (500 MHz, CDCL): & = 8.25 (s, 1H), 7.49 (t, J = 7.6 Hz, 2H), 7.46
(brs, 1H), 7.41 (t, J= 7.6 Hz, 1H), 7.36 (d, J= 7.3 Hz, 2H), 7.15 (d, J= 7.6 Hz, 1H), 6.99
(d, J= 8.3 Hz, 1H), 2.41 (s, 3H), 1.11 (s, 9H); 1*C NMR (126 MHz, CDCls): § = 176.30,
138.46, 138.08, 134.83, 129.48, 129.39, 128.95, 127.82, 124.63, 121.37, 39.74, 27.31,
21.45; HRMS (ESI) m/z calculated for C1sH2NO [M+H]" 268.1701, found .268.1696.

Me O NHPiv
MeO I

N-(2’-methoxy-4-methyl-[1,1’-biphenyl]-2-yl)pivalamide

White solid; 'H NMR (500 MHz, CDCL): & = 8.00 (s, 1H), 7.75 (brs, 1H), 7.41 (t, J= 8.4
Hz, 1H), 7.23 (d, J= 8.4 Hz, 1H), 7.13 (d, J= 8.0 Hz, 1H), 7.08 (t, J = 7.6 Hz, 1H), 7.04-
7.00 (m, 2H), 3.84 (s, 3), 2.41 (s, 3H), 1.09 (s, 9H); '3C NMR (126 MHz, CDCls): & =
176.35, 155.84, 138.22, 135.45, 132.21, 130.27, 129.46, 127.32, 127.27, 125.07, 122.67,
121.54, 110.88, 55.74, 39.42, 27.27, 21.38; HRMS (ESI) m/z calculated for CioH23NO;
[M+H]" 298.1807, found 298.1802.

Me O NHPiv
Br O
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N-(2’-bromo-4-methyl-[1,1’-biphenyl]-2-yl)pivalamide

Colourless oil; "H NMR (500 MHz, CDCl3): & = 8.14 (s, 1H), 7.72 (d, J = 8.0 Hz, 1H),
7.42 (t, J=17.6 Hz, 1H), 7.31-7.27 (m, 2H), 7.10 (brs, 1H), 7.06 (d, J = 7.6 Hz, 1H), 7.01
(d, J=17.6 Hz, 1H), 2.42 (s, 3H), 1.05 (s, 9H); *C NMR (126 MHz, CDCl3): § = 176.22,
139.09, 138.82, 134.92, 132.87, 131.94, 129.74, 129.06, 128.95, 127.94, 124.71, 124.12,
121.76, 39.54, 27.15, 21.53; HRMS (ESI) m/z calculated for CisH20BrNO [M+H]"
346.0807, found 346.0801.

Me O NHPiv

Me

N-(3’,4-dimethyl-[1,1’-biphenyl]-2-yl)pivalamide

White solid; "TH NMR (200 MHz, CDCls): & = 8.25 (s, 1H), 7.52 (brs, 1H), 7.38 (t, J=7.6
Hz, 1H), 7.24-7.12 (m, 4H), 6.98 (d, J = 7.7 Hz, 1H), 2.41 (m, 6H), 1.12 (s, 9H); *C NMR
(50 MHz, CDCls): & = 176.28, 138.65, 138.35, 137.95, 134.82, 130.12, 129.44, 129.35,
128.89, 128.51, 126.39, 124.58, 121.25, 39.77, 27.33, 21.47, 21.38; HRMS (ESI) m/z
calculated for C19H23NO [M+H]" 282.1858, found 282.1852.

Me O NHPiv

CF4

N-(4-methyl-3’-(trifluoromethyl)-[1,1’-biphenyl]-2-yl)pivalamide

Colourless oil; '"H NMR (500 MHz, CDCls): 6 = 8.11 (s, 1H), 7.67 (d, J = 7.6 Hz, 1H),
7.64 (s, 1H), 7.61 (t,J=7.6 Hz, 1H), 7.56 (d, J= 7.7 Hz, 1H), 7.26 (brs, 1H), 7.14 (d, J =
7.9 Hz, 1H), 7.02 (d, J = 7.9 Hz, 1H), 2.40 (s, 3H), 1.11 (s, 9H); 3C NMR (126 MHz,
CDCl): 6 = 176.48, 139.28, 139.14, 134.52, 132.88, 131.26 (q, Jc-r = 32.2 Hz), 129.63,
129.54, 128.50, 126.12 (q, Jc-r = 3.8 Hz), 125.36, 124.51 (q, Jc-r = 4.0 Hz), 123.86 (q, Jc-
F=272.8 Hz), 122.68, 39.68, 27.27, 21.41; HRMS (ESI) m/z calculated for Ci19H20F3NO
[M+H]" 336.1575; found 336.1570.
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Me O NHPiv

NO,

N-(4-methyl-3’-nitro-[1,1’-biphenyl]-2-yl)pivalamide

White solid; '"H NMR (400 MHz, CDCl): § = 8.25-8.22 (m, 2H), 7.96 (s, 1H), 7.72 (d, J
=7.8 Hz, 1H), 7.65 (t, J = 7.8 Hz, 1H), 7.25 (brs, 1H), 7.17 (d, /= 7.8 Hz, 1H), 7.06 (d, J
=7.8 Hz, 1H), 2.41 (s, 3H), 1.13 (s, 9H); *C NMR (50 MHz, CDCl3): 6 = 176.47, 148.35,
140.23, 139.67, 135.48, 134.30, 129.82, 129.70, 128.42, 125.95, 124.09, 123.82, 122.47,
39.60,27.31,21.34; HRMS (ESI) m/z calculated for C1sH20N2O3 [M+H]" 313.1552; found
313.154e.

Me O NHPiv

CN

N-(3’-cyano-4-methyl-[1,1’-biphenyl]-2-yl)pivalamide

Colourless oil; "H NMR (500 MHz, CDCl3): & = 7.98 (s, 1H), 7.69 (d, J = 7.1 Hz, 1H),
7.66 (s, 1H), 7.62 (d, J= 7.6 Hz, 1H), 7.58 (t, /= 7.1 Hz, 1H), 7.17 (brs, 1H), 7.13 (d, J =
7.6 Hz, 1H), 7.05 (d, J = 7.8 Hz, 1H), 2.40 (s, 3H), 1.14 (s, 9H); 3*C NMR (126 MHz,
CDCl): 6 = 176.43, 139.84, 139.59, 134.34, 133.80, 132.81, 131.20, 129.65, 129.55,
128.41, 125.81, 123.55, 118.24, 113.08, 39.63, 27.34, 21.37; HRMS (ESI) m/z calculated
for C19H20N>0 [M+H]" 293.1654; found 293.1648.

Me O NHPiv

OPh

N-(4-methyl-3’-phenoxy-[1,1’-biphenyl]-2-yl)pivalamide
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Colourless oil; 'TH NMR (500 MHz, CDCl3): & = 8.22 (s, 1H), 7.50 (s, 1H), 7.44 (t,J= 8.1
Hz, 1H), 7.37 (t, J = 8.1 Hz, 2H), 7.16-7.12 (m, 2H), 7.08 (d, J = 7.6 Hz, 1H), 7.06-7.04
(m, 3H), 6.99 (s, 1H), 6.97 (d, J = 7.6 Hz, 1H), 2.39 (s, 3H), 1.14 (s, 9H); '3C NMR (126
MHz, CDCl3): & = 176.30, 158.12, 156.46, 139.92, 138.74, 134.73, 130.27, 129.89,
129.43, 128.69, 124.68, 123.90, 123.84, 121.45, 119.36, 119.24, 117.78, 39.80, 27.39,
21.46; HRMS (ESI) m/z calculated for C24H2sNO, [M+H]" 360.1964; found 360.1958.

Me O NHPiv
I Me

N-(4,4’-dimethyl-[1,1’-biphenyl]-2-yl)pivalamide

White solid; "H NMR (200 MHz, CDCLs): & = 8.24 (s, 1H), 7.50 (brs, 1H), 7.31-7.20 (m,
4H), 7.11 (d, J= 7.7 Hz, 1H), 6.96 (d, J= 7.8 Hz, 1H), 2.41 (s, 3H), 2.39 (s, 3H), 1.11 (s,
9H); 3C NMR (50 MHz, CDCL): § = 176.28, 138.20, 137.57, 134.98, 134.88, 129.62,
129.58, 129.22, 124.56, 121.20, 39.74, 27.35, 21.43, 21.17; HRMS (ESI) m/z calculated
for C1oH23NO [M+H]" 282.1858, found 282.1852.

Me O NHPiv
I OMe

N-(4-methoxy-4-methyl-[1,1’-biphenyl]-2-yl)pivalamide

White solid; 'H NMR (500 MHz, CDCls): § = 8.23 (s, 1H), 7.48 (brs, 1H), 7.27 (d, J=8.7
Hz, 2H), 7.10 (d, J = 7.9 Hz, 1H), 7.01 (d, J= 8.9 Hz, 2H), 6.95 (d, J= 7.7 Hz, 1H), 3.86
(s, 3),2.39 (s, 3H), 1.12 (s, 9H); '*C NMR (126 MHz, CDCl3): § = 176.34, 159.26, 138.22,
135.08, 130.62, 130.23, 129.74, 128.99, 124.62, 121.29, 114.40, 77.05, 55.37, 39.81,
27.44, 21.49; HRMS (ESI) m/z calculated for CioH;NO, [M+H]® 298.1807, found
298.1802.
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Me O NHPiv
.

N-(4-fluoro-4-methyl-[1,1’-biphenyl]-2-yl)pivalamide

White solid; 'TH NMR (400 MHz, CDCl3): § = 8.18 (s, 1H), 7.35-7.30 (m, 3H), 7.17 (t, J =
8.7 Hz, 2H), 7.11 (d, J= 7.8 Hz, 1H), 6.98 (d, J = 8.8 Hz, 1H), 2.40 (s, 3H), 1.12 (s, 9H);
3C NMR (50 MHz, CDCls): § = 176.31, 162.32 (d, Jc.r = 248.0 Hz), 138.67, 134.79,
134.03 (d, Jc.r=3.7Hz), 131.11 (d, Jcr= 8.0 Hz), 129.61, 128.50, 124.83, 121.77, 115.91
(d, Jcr = 21.3 Hz), 39.71, 27.34, 21.42; HRMS (ESI) m/z calculated for CisH20FNO
[M+H]" 286.1654; found 286.1643.

Me ! NHPiv
O Br

N-(4-bromo-4-methyl-[1,1’-biphenyl]-2-yl)pivalamide

White solid; 'H NMR (200 MHz, CDCls): § = 8.15 (s, 1H), 7.60 (d, J = 8.6 Hz, 2H), 7.33
(brs, 1H), 7.23 (d, J= 8.4 Hz, 2H), 7.09 (d, J= 7.8 Hz, 1H), 6.98 (d, J= 7.8 Hz, 1H), 2.39
(s, 3H), 1.13 (s, 9H); '*C NMR (50 MHz, CDCL): & = 176.31, 138.87, 137.09, 134.55,
132.04, 131.03, 129.48, 128.42, 125.02, 122.13, 121.98, 39.72, 27.37, 21.41; HRMS (ESI)
m/z calculated for C1sHaoBrNO [M+H]" 346.0807, found 346.0801.

Me O NHPiv
‘ NO,

N-(4-methyl-4’-nitro-[1,1’-biphenyl]-2-yl)pivalamide

White solid; 'H NMR (200 MHz, CDCls): & = 8.32 (d, J = 9.0 Hz, 2H), 7.99 (s, 1H), 7.55
(d, J=8.8 Hz, 2H), 7.23 (brs, 1H), 7.16 (d, J=7.8 Hz, 1H), 7.06 (d, J= 7.8 Hz, 1H), 2.41
(s, 3H), 1.14 (s, 9H); '*C NMR (50 MHz, CDCl3): & = 176.45, 147.14, 145.45, 139.91,
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134.26,130.22, 129.54, 128.53, 125.83, 123.96, 123.66, 39.64, 27.35,21.37; HRMS (ESI)
m/z calculated for C1sH20N203 [M+H]" 313.1552; found 313.1546.

Me O NHPiv
I CN

N-(4-cyano-4-methyl-[1,1’-biphenyl]-2-yl)pivalamide

Colourless oil; 'H NMR (500 MHz, CDCLs): § = 8.02 (s, 1H), 7.76 (d, J = 7.9 Hz, 2H),
7.49 (d, J = 8.4 Hz, 2H), 7.20 (brs, 1H), 7.12 (d, J= 7.6 Hz, 1H), 7.04 (d, J= 7.7 Hz, 1H),
2.40 (s, 3H), 1.13 (s, 9H); '3C NMR (126 MHz, CDCL): § = 176.40, 143.40, 139.71,
134.27, 132.54, 130.13, 129.45, 128.70, 125.69, 123.33, 118.49, 111.53, 39.66, 27.34,
21.39; HRMS (ESI) m/z calculated for C1oHa0N,0 [M+H]" 293.1654; found 293.1648.

Me O NHPiv
I COyH

4’-methyl-2’-pivalamido-[1,1’-biphenyl]-4-carboxylic acid

White solid; '"H NMR (500 MHz, CDCls): & = 1.01 (s, 9H), 2.29 (s, 3H), 6.91 (d, J = 7.2
Hz, 1H), 7.05 (d, J = 7.7 Hz, 1H), 7.35-7.32 (m, 3H), 7.9 (s, 1H), 8.05 (d, J = 8.0 Hz,
2H); *C NMR (126 MHz, CDCl;): § = 21.16, 27.09, 39.42, 122.28, 124.93, 129.01,
129.25, 130.06, 134.31, 138.65, 142.44, 167.86, 176.22; HRMS (ESI) m/z calculated for
CioH21NOs3 [M+H]" 312.1594; found 312.1593.

O NHPiv
I OMe

N-(4-methoxy-[1,1’-biphenyl]-2-yl)pivalamide

White solid; 'H NMR (200 MHz, CDCls): 8 = 1.12 (s, 9H), 3.87 (s, 3H), 7.01 (d, J = 8.8
Hz, 2H), 7.23-7.09 (m, 2H), 7.29 (d, J = 8.7 Hz, 2H), 7.51 (brs, 1H), 8.35 (d, J = 8.2 Hz,

180



Appendix A

1H); 3C NMR (50 MHz, CDCl3): § = 27.40, 39.76, 55.33, 114.40, 120.75, 123.81, 128.15,

129.91, 130.15, 130.49, 131.76, 135.28, 159.34, 176.25; HRMS (ESI) m/z calculated for
CisH21NO> [M+H]" 284.1645; found 284.1643.

O NHPiv
I Cl

N-(4’-chloro-[1,1’-biphenyl]-2-yl)pivalamide

Yellow solid; 'H NMR (400 MHz, CDCL): & = 8.29 (d, J = 8.2 Hz, 1H), 7.49-7.46 (m,
2H), 7.40-7.34 (m, 2H), 7.33-7.30 (m, 2H), 7.21 (dd, J = 7.8, 1.8 Hz, 1H), 7.19-7.15 (m,
1H),1.13 (s, 1H); 3C NMR (101 MHz, CDCL): & = 176.30, 136.56, 134.90, 134.10,

131.21, 130.66, 129.75, 129.16, 128.76, 124.22, 121.57, 39.73, 27.38; HRMS (ESI) m/z
calculated for C17H;sCINO [M+H]" 288.1155; found 288.1150.

Me Me

O NHPiv
I Cl

N-(4’-chloro-3-isopropyl-[1,1’-biphenyl]-2-yl)pivalamide

White solid; 'THNMR (500 MHz, CDCLy): § = 7.38-7.33 (m, 4H), 7.24 (d, J = 8.4 Hz, 2H),
7.13 (d,J="7.3 Hz, 1H), 6.75 (s, 1H), 3.05 (sep, J = 6.9 Hz, 1H), 1.25 (d, J = 6.9 Hz, 6H),
1.11 (s, 9H); '3C NMR (126 MHz, CDCL): & = 177.27, 146.93, 139.53, 138.61, 133.17,

131.42, 130.32, 128.13, 127.81, 127.60, 125.62, 38.96, 28.54, 27.42, 23.42; HRMS (ESI)
m/z calculated for C20H24CINO [M+H]" 330.1625; found 330.1619.

N-(4-chloro-3-methoxy-[1,1’-biphenyl]-2-yl)pivalamide
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White solid; "H NMR (500 MHz, CDCL): & = 7.30 (s, 4H), 7.26 (t, J = 8.0 Hz, 1H), 6.94
(brs, 1H), 6.91 (d,J=8.1 Hz, 2H), 3.84 (s, 3H), 1.14 (s, 9H); '*C NMR (126 MHz, CDCL;):
5 = 176.71, 154.42, 139.50, 138.32, 132.90, 129.79, 128.10, 127.43, 123.21, 122.11,

110.35, 55.94, 39.08, 27.37; HRMS (ESI) m/z calculated for CisHaeCINO, [M+H]"
318.1261; found 318.1255.

Cl

O NHPiv
I Cl

N-(3,4’-dichloro-[1,1’-biphenyl]-2-yl)pivalamide

White solid; 'H NMR (500 MHz, CDCL): & = 7.43 (d, J= 7.9 Hz, 1H), 7.34 (d, J= 8.5
Hz, 2H), 7.28-7.25 (m, 3H), 7.21 (d, J= 7.6 Hz, 1H), 7.05 (s, 1H), 1.14 (s, 9H); 3C NMR
(126 MHz, CDCls): & = 176.53, 141.04, 137.51, 133.56, 132.75, 131.77, 129.89, 129.04,
128.75, 128.27, 128.03, 39.14, 27.31; HRMS (ESI) m/z calculated for C17H;7C1.NO
[M+H]" 322.0765; found 322.0760.

Br

O NHPiv
I Cl

N-(3-bromo-4’-chloro-[1,1’-biphenyl]-2-yl)pivalamide

White solid; '"H NMR (500 MHz, CDCl3): § = 7.61 (d, J = 8.0 Hz, 1H), 7.43 (d, J= 8.4
Hz, 2H), 7.27-7.24 (m, 3H), 7.20 (t,J = 8.2 Hz, 1H), 7.05 (brs, 1H), 1.13 (s, 9H); 1*C NMR
(126 MHz, CDCl3): 6 = 176.27, 141.27, 137.77, 133.56, 133.15, 132.24, 129.89, 129.55,

128.45, 128.26, 123.44, 39.17, 27.31; HRMS (ESI) m/z calculated for Ci7H;7BrCINO
[M+H]" 366.0260; found 366.0255.

MeO O NHPiv
I Cl
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N-(4-chloro-4-methoxy-[1,1’-biphenyl]-2-yl)pivalamide

White solid; 'H NMR (500 MHz, CDCls): & = 8.08 (d, J = 2.6 Hz, 1H), 7.46 (d, J = 8.4
Hz, 2H), 7.43 (brs, 1H), 7.29 (d, J = 8.4 Hz, 2H), 7.11 (d, J = 8.4 Hz, 1H), 6.73 (dd, J =
8.4, 2.7 Hz, 1H), 3.86 (s, 3H), 1.14 (s, 9H); *C NMR (126 MHz, CDCl3): § = 176.46,
159.93, 136.42, 136.01, 133.83, 130.91, 130.43, 129.22, 123.09, 110.91, 105.63, 55.46,
39.92, 27.40; HRMS (ESI) m/z calculated for CisH20CINO, [M+H]" 318.1261; found
318.1255.

F O NHPiv
I Cl

N-(4’-chloro-4-fluoro-[1,1’-biphenyl]-2-yl)pivalamide

White solid; "H NMR (500 MHz, CDCls): 6 =8.21 (d, /= 11.1 Hz, 1H), 7.48 (d, /= 8.4
Hz, 2H), 7.44 (s, 1H), 7.28 (d, J = 7.9 Hz, 2H), 7.15 (t, J = 7.8 Hz, 1H), 6.84 (t, J= 7.8
Hz, 1H), 1.12 (s, 9H); '*C NMR (126 MHz, CDCL): & = 176.31, 162.52 (d, Jor = 245.2
Hz), 136.34 (d, Jor = 11.6 Hz), 135.61, 134.33, 130.74, 130.66 (d, Jor = 10.3 Hz), 129.34,
126.36 (d, Jor = 3.1 Hz), 110.62 (d, Jcr = 21.8 Hz), 108.23 (d, Jor = 27.6 Hz), 39.83,
27.25; HRMS (ESI) m/z calculated for C17H;7CIFNO [M+H]* 306.1061; found 306.1055.

Br O NHPiv
I Cl

N-(4-bromo-4’-chloro-[1,1’-biphenyl]-2-yl)pivalamide

White solid; "H NMR (200 MHz, CDCL): & = 8.61 (d, J = 2.0 Hz, 1H), 7.48 (d, J= 8.6
Hz, 2H), 7.36 (brs, 1H), 7.32-7.26 (m, 3H), 7.06 (d, J = 8.2 Hz, 1H), 1.12 (s, 9H); 13C
NMR (50 MHz, CDCls): 8 = 176.35, 136.05, 135.45, 134.54, 130.84, 130.50, 129.56,
129.41, 127.05, 123.97, 122.53, 39.84, 27.30; HRMS (ESI) m/z calculated for
C17H17BrCINO [M+H]" 366.0260; found 366.0255.
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Cl O NHPiv
G
Cl

N-(4,4’,5-trichloro-[1,1’-biphenyl]-2-yl)pivalamide

White solid; 'H NMR (500 MHz, CDCls): § = 8.57 (s, 1H), 7.50 (d, J = 8.6 Hz, 2H), 7.34
(s, 1H), 7.29-7.27 (m, 3H), 1.12 (s, 9H); *C NMR (126 MHz, CDCl3): § = 176.34, 135.03,
134.35, 134.22, 132.52, 130.76, 130.56, 130.42, 129.56, 127.18, 122.71, 39.85, 27.25;
HRMS (ESI) m/z calculated for C17Hi6CIsNO [M+H]" 356.0376; found 356.0370.

O,N O NHPiv
‘ Cl

N-(4’-chloro-4-nitro-[1,1’-biphenyl]-2-yl)pivalamide

White solid; 'TH NMR (500 MHz, CDCl3): § = 9.24 (s, 1H), 7.99 (d, J= 6.9 Hz, 1H), 7.55-
7.53 (m, 3H), 7.37-7.32 (m, 3H), 1.15 (s, 9H); *C NMR (126 MHz, CDCls): = 176.61,
147.98, 136.76, 136.14, 135.53, 134.48, 130.45, 130.25, 129.77, 118.71, 116.26, 77.07,
39.98, 27.29; HRMS (ESI) m/z calculated for Ci7Hi7CIN2O3 [M+H]" 333.1006; found
333.1000.

O NHPiv
¢
Cl

N-(4’-chloro-5-ethyl-[1,1’-biphenyl]-2-yl)pivalamide

White solid; 'H NMR (200 MHz, CDCL): & = 8.15 (d, J = 8.4 Hz, 1H), 7.47 (d, J = 8.6
Hz, 2H), 7.35-7.26 (m, 3H), 7.22 (dd, J = 8.4, 2.2 Hz, 1H), 7.05 (d, J = 2.2 Hz, 1H), 2.65
(q,J= 7.6 Hz, 2H), 1.24 (t, J = 7.6 Hz, 3H), 1.13 (s, 9H); 3C NMR (50 MHz, CDCL): &
=176.23, 140.38, 136.89, 133.94, 132.48, 131.43, 130.67, 129.14, 129.07, 128.13, 121.91,
39.65, 28.26, 27.42, 15.62; HRMS (ESI) m/z calculated for CioH»CINO [M+H]"
316.1468; found 316.1462.
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O NHPiv
MeO O
Cl

N-(4’-chloro-5-methoxy-[1,1’-biphenyl]-2-yl)pivalamide

White solid; 'H NMR (500 MHz, CDCL): & = 8.02 (d, J = 8.9 Hz, 1H), 7.45 (d, J = 8.3
Hz, 2H), 7.30 (d, J= 8.5 Hz, 2H), 7.15 (brs, 1H), 6.92 (dd, J=9.1, 3.1 Hz, 1H), 6.77 (d, J
=3.2 Hz, 1H),3.81 (s, 3H), 1.13 (s, 9H); 13C NMR (126 MHz, CDCl3): 5 = 176.30, 156.34,
136.65, 134.05, 133.63, 130.49, 128.99, 127.90, 124.19, 115.27, 113.56, 55.49, 39.45,
27.40; HRMS (ESI) m/z calculated for C1sHa0CINO, [M+H]" 318.1261; found 318.1255.

O NHPiv
PivO O
cl

4’-chloro-6-pivalamido-[1,1’-biphenyl]-3-yl pivalate

White solid; 'H NMR (500 MHz, CDCly): & = 8.31 (d, J = 8.9 Hz, 1H), 7.47 (d, J = 8.5
Hz, 2H), 7.33 (d, J = 8.6 Hz, 2H), 7.30 (brs, 1H), 7.08 (dd, J= 8.9, 2.7 Hz, 1H), 6.95 (d, J
=2.7Hz, 1H), 1.35 (s, 9H), 1.13 (s, 9H); 13C NMR (126 MHz, CDCL3): 5 = 177.12, 176.27,
147.09, 135.75, 134.47, 132.46, 132.23, 130.64, 129.26, 122.71, 122.58, 121.60, 39.74,
39.06, 27.40, 27.12; HRMS (ESI) m/z calculated for Ca;HasCINOs [M+H]" 388.1679;
found 388.1674.

O NHPiv
T
Cl

N-(4’-chloro-5-fluoro-[1,1’-biphenyl]-2-yl)pivalamide

White solid; "H NMR (500 MHz, CDCL): & = 8.14 (dd, J=9.1, 3.7 Hz, 1H), 7.46 (d, J =
8.4 Hz, 2H), 7.29 (d, J = 8.4 Hz, 2H), 7.25 (brs, 1H), 7.05 (dt, J = 8.4, 3.5 Hz, 1H), 6.93
(dd, J= 8.8, 3.0 Hz, 1H), 1.12 (s, 9H); '3C NMR (126 MHz, CDCls): § = 176.33, 159.10
(d, Jor = 245.2 Hz), 135.55, 134.52, 133.60 (d, Jex = 7.6 Hz), 130.90, 130.39, 129.21,
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124.04 (d, Jer = 8.6 Hz), 116.43 (d, Jer = 23.0 Hz), 115.13 (d, Jer = 20.9 Hz), 39.55,
27.31; HRMS (ESI) m/z calculated for C17H;7CIFNO [M+H]" 306.1061; found 306.1055.

O NHPiv
S
Cl

N-(4,5-dichloro-[1,1’-biphenyl]-2-yl)pivalamide

White solid; 'H NMR (500 MHz, CDCly): & = 8.27 (d, J = 8.9 Hz, 1H), 7.49 (d, J = 8.4
Hz, 2H), 7.34 (dd, J = 8.7, 2.7 Hz, 1H), 7.32-7.28 (m, 3H), 7.20 (d, J = 2.7 Hz, 1H), 1.12
(s, 9H); '*C NMR (126 MHz, CDCls): § = 176.30, 135.23, 134.69, 133.60, 132.62, 130.48,
129.46, 129.38, 129.14, 128.61, 122.77, 39.77, 27.33; HRMS (ESI) m/z calculated for
C17H17CLNO [M+H]' 322.0765; found 322.0760.

O NHPiv
Br O
Cl

N-(5-bromo-4’-chloro-[1,1’-biphenyl]-2-yl)pivalamide

White solid; '"H NMR (200 MHz, CDCls): 6 = 8.23 (d, J = 8.8 Hz, 1H), 7.52-7.45 (m, 3H),
7.35 (d, J= 2.4 Hz, 1H), 7.32-7.26 (m, 3H), 1.11 (s, 9H); 3*C NMR (50 MHz, CDCl3): §
=176.31, 135.09, 134.73, 134.13, 132.85, 132.33, 131.59, 130.50, 129.41, 122.93, 116.75,
39.81, 27.34; HRMS (ESI) m/z calculated for C;7H;7BrCINO [M+H]" 366.0260; found
366.0255.

1-(7-(4-chlorophenyl)indolin-1-yl)-2,2-dimethylpropan-1-one
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White solid; 'H NMR (500 MHz, CDCL): § = 7.33 (s, 4H),7.23 (d, J = 7.2 Hz, 1H), 7.18-
7.14 (m, 2H), 4.20 (t, J = 7.6 Hz, 2H), 3.12 (t, J = 7.6 Hz, 2H), 1.19 (s, 9H); 3C NMR
(126 MHz, CDCls): § = 177.28, 141.79, 140.03, 134.76, 132.35, 131.87, 128.48, 128.43,
127.88, 125.11, 123.52, 50.63, 39.73, 31.09, 28.01; HRMS (ESI) m/z calculated for
C19H21CINO [M+H]" 314.1312; found 314.1306.

1-(7-(4-chlorophenyl)-2-methylindolin-1-yl)-2,2-dimethylpropan-1-one

Brown solid; '"H NMR (500 MHz, CDCls): § = 7.38 (d, J = 8.3 Hz, 2H), 7.33 (d, J= 8.3
Hz, 2H), 7.25 (d, J = 6.6 Hz, 1H), 7.21-7.17 (m, 2H), 4.78 (quin, J = 6.6 Hz, 1H), 3.33
(dd,/=14.9,6.7 Hz, 1H), 2.62 (d,J=14.9 Hz, 1H), 1.43 (d,J= 6.2 Hz, 3H), 1.20 (s, 9H);
3C NMR (126 MHz, CDCl3): 6 = 177.15, 140.74, 139.76, 134.47, 133.56, 132.36, 128.42,
127.90, 127.85, 125.58, 124.18, 57.03, 40.04, 38.28, 28.52, 20.59; HRMS (ESI) m/z
calculated for C20H23CINO [M+H]" 328.1468; found328.1463.

\
O Piv

Cl

1-(8-(4-chlorophenyl)-3,4-dihydroquinolin-1(2H)-yl)-2,2-dimethylpropan-1-one

Colourless oily liquid; 'H NMR (500 MHz, CDCl5): § = 7.35-7.31 (m, 7H), 4.40 (s, 1H),
3.40 (s, 1H), 2.85-2.76 (m, 2H), 2.16 (s, 1H), 2.04 (s, 1H), 1.10 (s, 9H); *C NMR (126
MHz, CDCl3): 6 =176.60, 139.17, 138.80, 137.83, 133.77,132.31, 129.77, 127.89, 127.82,
127.60, 125.75, 45.15, 39.02, 28.10, 25.73, 24.74; HRMS (ESI) m/z calculated for
C20H23CINO [M+H]328.1468; found328.1462.
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1-(8-(4-chlorophenyl)-2-methyl-3,4-dihydroquinolin-1(2H)-yl)-2,2-dimethylpropan-

1-one

White solid; 'H NMR (500 MHz, CDCl3): § = 7.32 (d, J = 8.3 Hz, 2H), 7.24 (d, J = 8.3
Hz, 2H), 7.19-7.13 (m, 2H), 7.05 (d, J = 6.9 Hz, 1H), 4.64-4.61 (m, 1H), 2.90-2.79 (m,
2H), 2.18-2.11 (m, 1H), 1.80-1.77 (m, 1H), 1.30 (d, J = 6.5 Hz, 3H), 1.05 (s, 9H); 1*C
NMR (126 MHz, CDCl3): & = 178.10, 139.66, 139.13, 135.67, 132.34, 131.86, 130.30,
128.09, 127.95, 127.76, 125.46, 77.07, 48.64, 39.73, 29.82, 28.26, 23.56, 18.14; HRMS
(ESI) m/z calculated for C21HosCINO [M+H]" 342.1625; found342.1619.

O NHPiv OMe

N-(4-methoxy-[1,1°,3’,1”-terphenyl]-2’-yl)pivalamide

White solid; "TH NMR (500 MHz, CDCls): § = 0.86 (s, 9H), 3.83 (s, 3H), 6.81 (brs, 1H),
6.91 (d, J = 8.8 Hz, 2H), 7.33-7.28 (m, 5H), 7.39-7.35 (m, 5H),; '*C NMR (126 MHz,
CDCl): 6 =27.06, 38.67, 55.22, 113.39, 127.05, 127.15, 127.91, 128.82, 129.27, 129.68,
129.95, 131.74, 132.06, 139.81, 140.39, 140.88, 158.79, 176.43; HRMS (ESI) m/z
calculated for C24H2sNO, [M+H]" 360.1958; found 360.1958.

Me O NHPiv OMe

N-(4-methoxy-4”-methyl-[1,1°,3’,1”-terphenyl]-2’-yl)pivalamide
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White solid; "H NMR (500 MHz, CDCL): & = 0.86 (s, 9H), 2.37 (s, 3H), 3.82 (s, 3H), 6.75
(brs, 1H), 6.91 (d, J = 8.2 Hz, 2H), 7.18 (d, J = 8.0 Hz, 2H), 7.25 (d, J = 8.0 Hz, 2H), 7.34-
7.28 (m, 4H), 7.36 (t, J = 7.8 Hz, 1H); '*C NMR (126 MHz, CDCls): & = 21.15, 27.15,
38.76, 55.27, 113.44, 127.16, 128.69, 128.73, 129.43, 129.59, 129.99, 131.77, 132.28,
136.80, 136.87, 140.39, 140.67, 158.80, 176.40; HRMS (ESI) m/z calculated for
CasHa/NO, [M+H]* 374.2115; found 374.2114.

F O NHPiv OMe

N-(4-fluoro-4”-methoxy-[1,1°,3’,1”-terphenyl]-2’-yl)pivalamide

White solid; 'H NMR (200 MHz, CDCls): § = 0.88 (s, 9H), 3.83 (s, 3H), 6.72 (brs, 1H),
6.92 (d, J= 8.8 Hz, 2H), 7.06 (t, J = 8.8 Hz, 2H), 7.38-7.26 (m, 7H); 13C NMR (126 MHz,
CDCls): § = 27.15, 38.77, 55.30, 113.53, 114.80 (d, Jor = 21.9 Hz), 127.27, 129.45,
129.86, 130.02, 130.46 (d, Je.r = 8.6 Hz), 131.81, 131.83, 135.94 (d, Je-r = 3.8 Hz), 140.06,
140.38, 158.95, 162.10 (d, Jor = 245.9 Hz), 176.56; HRMS (ESI) m/z calculated for
Ca4H24FNO, [M+H]" 378.1864; found 378.1863.

Cl O NHPiv OMe

N-(4-chloro-4”-methoxy-[1,1°,3,1”-terphenyl]-2’-yl)pivalamide

White solid; 'H NMR (500 MHz, CDCl3): § = 0.88 (s, 9H), 3.83 (s, 3H), 6.76 (brs, 1H),
6.92 (d, J=8.7 Hz, 2H), 7.34-7.25 (m, 8H), 7.37 (t,J = 7.5 Hz, 1H); *C NMR (126 MHz,
CDCls): 6 =27.14, 38.78, 55.29, 113.55, 127.33, 128.09, 129.34, 130.02, 130.18, 131.68,
133.09, 138.46, 139.81, 140.37, 158.98, 176.60; HRMS (ESI) m/z calculated for
C24H24CINO> [M+H]" 394.1568; found 394.1568.

O:N O NHPiy OMe
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N-(4-methoxy-4"-nitro-[1,1°,3’,1”-terphenyl]-2’-yl)pivalamide

White solid; 'H NMR (200 MHz, CDCls): § = 0.87 (s, 9H), 3.85 (s, 3H), 6.83 (brs, 1H),
6.95 (d, J = 8.8 Hz, 2H), 7.30-7.24 (m, 7H), 7.43-7.36 (m, 2H), 7.56 (d, J = 8.8 Hz, 2H),
8.24 (d, J = 8.8 Hz, 2H); 3C NMR (126 MHz, CDCls): § = 27.09, 38.86, 55.36, 113.83,
123.21, 127.36, 129.23, 129.63, 130.10, 130.78, 130.98, 131.54, 138.62, 139.87, 146.81,

147.31, 159.28, 176.43; HRMS (ESI) m/z calculated for C2sHasN2O4 [M+H]" 405.1809;
found 405.1806.

N-(4"-chloro-3-(trifluoromethyl)-[1,1°,3’,1”-terphenyl]-2’-yl)pivalamide

White solid; "H NMR (500 MHz, CDCls): & = 0.84 (s, 9H), 6.75 (brs, 1H), 7.29-7.26 (m,
2H), 7.37-7.34 (m, 4H), 7.43 (t, J = 7.8 Hz, 1H), 7.52 (t, J = 7.6 Hz, 1H), 7.60-7.57 (m,
3H); 3C NMR (126 MHz, CDCls): § = 26.96, 38.73, 124.02 (q, Jcr = 3.9 Hz), 124.07 (q,
Jor=272.8 Hz), 125.45(q, Jo-r = 4.7 Hz), 127.64, 128.32, 128.76, 129.95, 130.15, 130.24,
130.20 (q, Jor = 32.4 Hz), 131.55, 132.47, 133.55, 137.71, 139.79, 139.81, 140.39,

176.72; HRMS (ESI) m/z calculated for CsHziCIF3NO [M+H]" 432.1337; found
432.1335.

N-(4"-chloro-3-nitro-[1,1°,3’,1”-terphenyl]-2’-yl)pivalamide

White solid; "H NMR (500 MHz, CDCls): & = 0.86 (s, 9H), 6.84 (s, 1H), 7.29 (d, J = 8.3
Hz, 2H), 7.39 (t, J = 8.2 Hz, 4H), 7.48-7.45 (m, 1H), 7.58 (t, J= 7.8 Hz, 1H), 7.77 (d, J =
8.0 Hz, 1H), 8.20 (d, J= 8.0 Hz, 1H), 8.24 (s, 1H); 13C NMR (126 MHz, CDCls): § =27.00,
38.80, 122.08, 123.53, 127.74, 128.48, 129.21, 129.92, 130.27, 130.48, 131.51, 133.81,
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135.25, 137.32, 138.73, 139.53, 141.46, 147.75, 176.60; HRMS (ESI) m/z calculated for
C23H21CIN203 [M+H]" 409.1313; found 409.1312.

M |
© O NHPiv c

N-(4-chloro-4”-methyl-[1,1°,3°,1”-terphenyl]-2’-yl)pivalamide

White solid; "H NMR (400 MHz, CDCL): § = 0.86 (s, 9H), 2.37 (s, 3H), 6.75 (s, 1H), 7.23-
7.18 (m, 4H), 7.34-7.27 (m, 6H), 7.39-7.36 (m, 1H); 13C NMR (101 MHz, CDCL): & =
21.17, 27.10, 38.78, 127.31, 128.10, 128.75, 128.83, 129.45, 129.95, 130.18, 131.59,
133.08, 136.35, 137.12, 138.48, 139.75, 140.60, 176.53; HRMS (ESI) m/z calculated for
C24Ha4CINO [M+H]* 378.1619; found 378.1617.

F O NHPi cl

N-(4-chloro-4”-fluoro-[1,1°,3’,1”-terphenyl]-2’-yl)pivalamide

White solid; 'H NMR (400 MHz, CDCls): § = 0.87 (s, 9H), 6.71 (brs, 1H), 7.07 (t, J= 8.7
Hz, 2H), 7.36-7.26 (m, 8H), 7.40 (t, J = 7.8 Hz, 1H); '*C NMR (101 MHz, CDCl5): § =
27.11, 38.78, 114.96 (d, Jcr = 21.1 Hz), 127.50, 128.20, 129.74, 129.99, 130.22, 130.53
(d,Jcr=7.7Hz), 131.66, 133.35, 135.45 (d, Jcr = 3.8 Hz), 138.07, 139.91, 140.14, 162.22
(d, Jer = 246.3 Hz), 176.74; HRMS (ESI) m/z calculated for Co3HzCIFNO [M+H]"
382.1368; found 382.1373.

cl ‘ NHPiv cl

N-(4,4”-dichloro-[1,1°,3°,1”-terphenyl]-2’-yl)pivalamide

White solid; "TH NMR (500 MHz, CDCls): § = 0.89 (s, 9H), 6.73 (brs, 1H), 7.29 (d, J= 8.6
Hz, 4H), 7.33 (d, J = 7.6 Hz, 2H), 7.36 (d, J = 8.6 Hz, 4H), 7.41 (t, J = 7.5 Hz, 1H); 1°C
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NMR (126 MHz, CDCl3): 6 = 27.12, 38.79, 127.57, 128.23, 129.89, 130.22, 131.49,
133.39, 137.95, 139.87, 176.72; HRMS (ESI) m/z calculated for C23H2iCI2NO [M+H]"
398.1073; found 398.1072.

|
NH2C

4’-chloro-[1,1’-biphenyl]-2-amine

Pale brown oil; '"H NMR (500 MHz, CDCls): § = 3.74 (brs, 2H), 6.78 (dd, J=7.9, 1.0 Hz,
1H), 6.85 (dt,J=17.6, 1.2 Hz, 1H), 7.12 (dd, J=7.7, 1.5 Hz, 1H), 7.19 (dt, J= 7.7, 1.5 Hz,
1H), 7.45-7.41(m, 4H); '3*C NMR (126 MHz, CDCl3): § = 115.68, 118.72, 126.24, 128.78,
128.94, 130.29, 130.41, 133.03, 137.85, 143.36; HRMS (ESI) m/z calculated for
C12H10CIN [M+H]" 204.0575; found 204.0576.

M
NH2 ©

4’-methyl-[1,1’-biphenyl]-2-amine

Pale brown oil; '"H NMR (500 MHz, CDCl3): § = 7.43 (d, J=8.1 Hz, 2H), 7.33 (d, J=8.1
Hz, 2H), 7.24-7.19 (m, 2H), 6.90 (dt, J = 7.2, 0.8 Hz, 1H), 6.82 (d, J= 8.1 Hz, 1H), 3.74
(s, 2H), 2.48 (s, 3H); '3C NMR (126 MHz, CDCls): & = 143.50, 136.73, 136.45, 130.37,
129.42, 128.86, 128.22, 127.52, 118.53, 115.46, 21.11; HRMS (ESI) m/z calculated for
Ci3HisN [M+H]" 184.1126; found 184.1121

H
NH2O

2’-amino-[1,1’-biphenyl]-4-ol

Brown solid; '"H NMR (500 MHz, CDCl3): = 6.78 (d, J = 7.9, Hz, 1H), 6.82 (t,J=7.6
Hz, 1H), 6.91 (dd, J = 8.6, 2.2 Hz, 2H), 7.11 (dd, J= 7.3, 1.2 Hz, 1H), 7.15 (dt, J = 7.6,
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1.5 Hz, 1H), 7.33 (dd, J = 8.6, 2.2 Hz, 2H); '*C NMR (126 MHz, CDCl3): & = 115.56,
115.63,118.71,127.37, 128.20, 130.38, 130.46, 131.81, 143.51, 154.78; HRMS (ESI) m/z
calculated for C12H11NO [M+H]" 186.0913; found 186.0912.

M Cl

4-chloro-4”-methyl-[1,1°,3’,1”-terphenyl]-2’-amine

Brown solid; "H NMR (500 MHz, CDCLy): & = 2.43 (s, 3H), 3.82 (s, 2H), 6.89 (t, /= 7.6
Hz, 1H), 7.10 (d, J= 7.7 Hz, 1H), 7.15 (d, J= 7.7 Hz, 1H), 7.30 (d, J = 8.1 Hz, 2H), 7.42
(d, J = 8.1 Hz, 2H), 7.45 (d, J = 8.7 Hz, 2H), 7.48 (d, J = 8.4 Hz, 2H); 3C NMR (126
MHz, CDCls): §=21.18, 118.19, 126.52, 128.08, 128.98, 129.11, 129.42, 129.55, 130.04,
130.68, 133.13, 136.48, 137.03, 138.21, 140.78; HRMS (ESI) m/z calculated for
C1oH16CIN [M+H]* 294.1044; found 294.1048.

ReUJSE

4, 4”’-dichloro-[1,1°,3°,1”-terphenyl]-2’-amine

Brown solid; 'H NMR (500 MHz, CDCl;): § = 3.78 (brs, 2H), 6.89 (t, J = 7.6 Hz, 1H),
7.11 (d, J = 7.6 Hz, 2H), 7.45 (s, 8H); '3*C NMR (126 MHz, CDCl;): § = 118.35, 126.77,
129.06, 129.92, 130.65, 133.30, 137.87, 140.62; HRMS (ESI) m/z calculated for
Ci1sHi3CILN [M+H]" 314.0498; found 314.0499.

2’-amino-4"-chloro-[1,1°,3’,1”-terphenyl]-4-ol amine

Brown solid; "H NMR (400 MHz, CDCls): § = 3.82 (br, 2H), 5.31 (br, 1H), 6.92-6.87 (m,
3H), 7.08 (d, J= 7.5, Hz, 1H), 7.12 (d, J= 7.9, Hz, 1H), 7.37 (d, J = 8.1 Hz, 2H), 7.44 (t,
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J=8.8 Hz, 4H); >*C NMR (101 MHz, CDCl3): §=115.74, 118.42, 126.74, 127.95, 129.00,
129.36,130.07, 130.57, 130.66, 131.71, 133.18, 138.09, 140.67, 154.93; HRMS (ESI) m/z
calculated for C1sH14CINO [M+H]" 296.0837; found 296.0837.

6-(tert-butyl)-8-methoxyphenanthridine

White solid; 'H NMR (200 MHz, CDCL): & = 8.61 (d, J= 9.2 Hz, 1H), 8.45 (dd, J = 7.6,
2.2 Hz, 1H), 8.11 (dd, J = 7.4, 2.3 Hz, 1H), 8.01 (d, J = 2.6 Hz, 1H), 7.69-7.55 (m, 2H),
7.45 (dd, J=9.1, 2.7 Hz, 1H), 4.01 (s, 3H), 1.75 (s, 9H); '*C NMR (50 MHz, CDCL): & =
165.68, 157.23, 142.14, 130.20, 128.20, 127.37, 126.49, 125.46, 124.42, 123.46, 121.09,
119.09, 109.66, 55.45, 40.04, 30.95; HRMS (ESI) m/z calculated for CisHioNO [M+H]*
226.1545; found 226.1539.

6-(tert-butyl)-8-chlorophenanthridine

Colourless liquid; 'H NMR (500 MHz, CDCl3): 6 = 8.61 (d, J = 8.8 Hz, 1H), 8.59 (d, J =
2.2 Hz, 1H), 8.47 (d, /= 7.9 Hz, 1H), 8.13 (d, J = 8.2 Hz, 1H), 7.75-7.70 (m, 2H), 7.63
(dt,J= 8.2, 1.2 Hz, 1H), 1.73 (s, 9H); 3C NMR (126 MHz, CDCl5): § = 165.57, 142.81,
132.37, 131.81, 130.36, 129.76, 128.68, 127.54, 126.85, 125.12, 124.62, 122.75, 121.45,
40.16, 31.11; HRMS (ESI) m/z calculated for Ci7H;sCIN [M+H]" 270.1050; found
270.1044.

o0,

3-methyl-9H-carbazole
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White solid; 'H NMR (500 MHz, CDCL): & = 8.05 (d, J = 7.6 Hz, 1H), 7.97 (d, J = 8.0
Hz, 1H),7.93 (s, 1H), 7.41-7.38 (m, 2H), 7.25-7.22 (m, 2H), 7.08 (d, J = 8.0 Hz, 1H), 2.54
(s, 3H) ); 3C NMR (126 MHz, CDCls): & = 139.95, 139.45, 135.99, 125.25, 123.43,
121.03, 120.96, 119.98, 119.31, 110.71, 110.45, 22.03.

9-chloro-6,7-diphenyl-7H-dibenzo[b,d]azepine

White solid; 'H NMR (500 MHz, CDCL): & = 8.09 (dd, J = 7.6, 2.2 Hz, 2H), 7.69 (d, J =
8.2 Hz, 1H), 7.54-7.51 (m, 3H), 7.48-7.45 (m, 2H), 7.41 (d, J = 8.6 Hz, 1H), 7.25 (d, J =
8.3 Hz, 1H), 7.17 (t, J = 8.6 Hz, 1H), 6.99 (t, J = 8.6 Hz, 1H), 6.95-6.92 (m, 3H), 6.78-
6.76 (m, 2H), 6.00 (s, 1H); '3C NMR (126 MHz, CDCL): & = 165.70, 146.08, 140.10,
139.96, 136.54, 135.32, 134.26, 130.97, 130.61, 129.65, 129.32, 128.76, 128.36, 128.00,
127.87, 127.78, 127.63, 126.55, 126.41, 126.28, 124.29, 53.32.

2-Chloro-N-(4’-chloro-[1,1’-biphenyl]-2-yl)nicotinamide

White solid; 'H NMR (500 MHz, CDCly): & = 8.42 (d, J = 4.6 Hz, 1H), 8.39 (d, J = 8.4
Hz, 1H),8.17 (s, 1H), 8.11(d, J = 7.6 Hz, 1H),7.47-7.44 (m, 1H), 7.43(d, J = 8.4 Hz, 2H),
7.35-7.32 (m, 3H), 7.27 (d, J = 3.8 Hz, 2H); '3C NMR (126 MHz, CDCls): & = 162.48,
151.23, 146.65, 140.03, 136.23, 134.37, 134.26, 132.28, 131.05, 130.74, 130.19, 129.23,

128.83, 125.31, 122.84, 122.16; HRMS (ESI) m/z calculated for C2;HasCINO [M+H]"
343.0405; found 343.0399.
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NN .

4,4'-di(9H-carbazol-9-yl)-1,1'-biphenyl

White solid;; 'H NMR (500 MHz, CDCls): § = 8.24 (d, J = 7.6 Hz, 4H), 7.95 (d, J = 8.4
Hz, 4H), 7.75 (d, J = 8.4 Hz, 4H), 7.58 (d, J = 8.0 Hz, 4H), 7.51 (t, J = 7.6 Hz, 4H),7.38
(t, J = 7.3 Hz, 4H); '*C NMR (126 MHz, CDClz): § = 140.81, 139.24, 137.24, 128.48,
127.46, 126.01, 123.49, 120.37, 120.07, 109.81.

Cl
NHPiv

D
(86% D)

N-(2-chlorophenyl-6-d)pivalamide

White solid; 'H NMR (500 MHz, CDCls): § = 8.44 (d, J = 7.7 Hz, 0.14H), 8.04 (s, 1H),
7.38 (d,J= 8.0 Hz, 1H), 7.31-7.28 (m, 1H), 7.05 (t, /= 8.0 Hz, 1H), 1.37 (s, 9H).
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Appendix C
Cyclic Voltammetry Data
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Scheme C.1. Oxidation potential of key starting materials (+0.52 V - +1.07 V vs

Ag/Agh).
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Figure C.1. CV spectra 1a (0.01 M) in 0.1 M NBu4ClO4 in degassed CH3CN with scan
rate 10 mV/s.
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Figure C.2. CV spectra 5a (0.01 M) in 0.1 M NBu4ClOs in degassed CH3CN with scan
rate 10 mV/s.
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Figure C.3. CV spectra Sb (0.01 M) in 0.1 M NBu4CIO4 in degassed CH3CN with scan
rate 10 mV/s.
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Figure 2D. CV spectra Sc (0.01 M) in 0.1 M NBu4CIO4 in degassed CH3CN with scan

rate 10 mV/s.
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Figure 2E. CV spectra 5d (0.01 M) in 0.1 M NBu4ClO4 in degassed CH3CN with scan

rate 10 mV/s
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Figure 2F. CV spectra 5f (0.01 M) in 0.1 M NBu4ClO4 in degassed CH3CN with scan
rate 10 mV/s.
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Figure 2G. CV spectra Sh (0.01 M) in 0.1 M NBu4ClO4 in degassed CH3CN with scan
rate 10 mV/s.
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Figure 2H. CV spectra 5i (0.01 M) in 0.1 M NBu4ClO4 in degassed CH3CN with scan
rate 10 mV/s.
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