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Abstract

This thesis is an investigation on the widespread C-H bond functionalization field,

towards the synthesis of complex molecules catalyzed by transition metal.

In Chapter 1 of this thesis, a brief introduction of molecular complexity is given,
followed by a broad overview of the C-H bond functionalization field. History,

characterizations, mechanisms and applications are presented.

Chapter 2 describes the development of a gold-catalyzed sp C-H functionalization
reaction for the synthesis of oxazoles. The multicomponent coupling reaction between
terminal alkynes, aldehydes and amines occurs very efficiently and produces water as the

only side product.

Chapter 3 explores the discovery of a rhodium catalyzed functionalization of aryl sp?
C-H bond. The development of a multicomponent reaction between internal alkynes,
aldehydes and amines is presented, along with detailed investigations of the mechanism
using DFT calculation. Diverse indene structures can be synthesized by this method with

very high regioselectivity control.

Chapter 4 describes the development of an enantioselective visible light mediated
arylation reaction of sp? C-H bond. Via this chemistry, arylation of N-arylated
tetrahydroisoquinolines is efficiently prepared using iridium photocatalyst, in
combination with copper transition metal catalyst and chiral pybox ligand. This

enantioselective arylation reaction occurs efficiently at 4°C.

Chapters 5 and 6 summarize the contribution to fundamental knowledge for the

whole thesis, and examine future works.



Résumeé

Cette these examine le concept répandu de la fonctionnalisation de la liaison C-H, vers

la synthése de molécules complexes catalysées grace aux métaux de transition.

Dans le chapitre 1 de cette thése, une introduction breve est faite sur la complexité
de molécules, suivi d’'un apercu sur la fonctionnalisation de la liaison C-H. Les

antécédents, les caractéristiques, les mécanismes et les applications seront présentés.

Le chapitre 2 décrit la création d’une réaction de fonctionnalisation Csp-H avec |'or
catalysé pour la synthése d’oxazole. La réaction multicomposants a partir d’alcynes
terminaux, d’aldéhydes et d’amines est efficace et forme uniquement de I'eau comme

produit secondaire.

Le chapitre 3 explique la découverte d’une réaction de fonctionnalisation, de liaison
aryl Csp?-H, catalysée par du rhodium. Le développement d’une réaction
multicomposantes entre alcynes internes, aldéhydes et amines est présenté, ainsi qu’une
étude détaillée du mécanisme en utilisant le calcul DFT. Plusieurs structures d’indénes

peuvent étre synthétisées avec cette méthode en contrélant de prés la régioselectivité.

Le Chapitre 4 décrit le développement d’une réaction énantiosélective d’arylation de
liaison Csp3-H, catalysée par lumiére visible. A travers cette chimie, I'arylation de N-aryle
tetrahydroisoquinolines est préparée efficacement en utilisant la photocatalyse grace a
un complexe d’iridium avec un métal de transition comme le cuivre, ainsi qu’un ligand

chiral pybox. Cette réaction d’arylation énantiosélective se produit efficacement a 4°C.

Chapitre 5 et 6 démontrent la contribution de connaissances fondamentales pour

écrire cette thése, ainsi que les plans futurs.
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Chapter 1 — Introduction

1.1. Molecular complexity

Recently, the concept of molecular complexity has received a lot of attention by the
chemistry community. “Complexity” is an ambiguous word and highly reliant on context.
Just as there is no absolute definition of "intelligence", there is no absolute definition of
"complexity"”; the only consensus among researchers is that molecular complexity refers
to structural and molecular properties of a molecule. In chemistry, almost everything of
interest is complex by any definitions. Steven H. Bertz said in 1980: “Synthetic chemists
have been defining a complex molecule in the way that many people define art: they know
it when they see it”.! However, molecular complexity is becoming a crucial aspect in drug
discovery. This notion has been associated with target selectivity success in progressing

into clinical development and other factors.

In addition to simply observe and analyze, chemistry is a branch of science that tries
to predict and control. Faced with the difficulty of defining any such real molecular
system, chemistry has evolved a series of approaches to characterize complex systems.
Originally, Bertz was pioneering the term of molecular complexity by explicitly describing
a measure of a complexity index C of a molecule.! His formula is derived from information
theory and is based on the sum of bond connectivities on non-hydrogen atoms as well as
on the variety of kinds of these atoms (Equation 1). The first and major term, C,, measures
skeletal complexity as a function of bond connectivities (n) and the second term, Ce, is a

function of the diversity of elements, or kinds of atoms.

C=Cn+Ce
Cn =2nlgn) — E'ni lg(ni)

Ce = Elg(E) — ZjEj 1g(Ej)

Equation 1. Bertz’s measure of complexity C



Following this exciting and new concept, many chemists and theorists have developed
more and more detailed equation-graph relation to calculate and measure information in
molecules.>> Later, Morgan introduced the notion of extended connectivity, which gives
a value to each atoms in a molecule relative to its connection to other atoms.® This notion
has shown limitations producing oscillating values of extended connectivity for selected
atoms. To overcome these limitations, Hendrickson, Huang, and Toczko, amongst others,
developed many more complex or simplified forms of Bertz’s formula and applied them
to computational calculations.” Most of these developed complexity indices are based on
graph theory, in which chemical structures are transformed into skeletal molecular
graphs. However, graph-theory-based indices essentially address skeletal complexity and
have been criticized for having certain limitations.2® The most important one is its failure
to address chirality in graph-theoretical approaches and the missing sensitivity to skeletal

structure, branching, and symmetry.

Despite the fact that Bertz’s complexity index C is still probably the most popular
measure of molecular complexity today, people tried to develop a more precise model to
describe molecular complexity. Inspired by Bertz’s work, Bottcher recently proposed a
novel approach for molecular complexity relying on both mathematical rigor and
chemical logic.'® The complexity is calculated by using the chemical microenvironment of
each individual atom of a molecule (Equation 2). This new model consists of adding an
index, to avoid the biases resulting from graph-theoretical approaches, while considering

symmetry and stereochemistry.

1
Cm = E diXeiXSixlogz(Vixbi)—E E dj X ej X sj x log,(Vj X bj)
i j

Vi defines the number of valence electrons (i.e. Vi=1 (H), 3 (B)...).

bi defines the number total of bonds to any other atom

di defines the number of chemically nonequivalent bonds to atoms

ei defines the number of different non-hydrogen elements in the bonding situation
si defines the number of isomeric possibilities si at the i position

Equation 2. Bottcher’s calculation of molecular complexity Cm



This approach is to date one of the most accurate model that addresses the major
deficiencies of other indices, including stereochemistry, unsaturated bonds, branching,
and symmetry, and can be simply calculated manually. Intuitively, organic chemists
agreed that certain features that bring variety into the molecules (e.g., chiral centers, sp3
carbons, fused rings, bridged rings, and hetero atoms) also increase molecular
complexity, but only if these features are not repetitive. On the other hand, repetition of

identical or very similar molecular features lowers the complexity of a molecule.

In order to simplify this fundamental and unusual metric, an example of molecular
complexity calculation for methane will be described. As mentioned above in Equation 1,
the first term C, is a function of bond connectivities (n) and Ce is a function of the diversity
of elements. The molecular complexity of methane is calculated as following in Equation

3:
Term1:Cn = 2nlg(n) — z'ni lg(ni) n= % X 2(4 —h)(3—h)—D-3T

1
nCH4=§le(4—4)(3—4)—0—0=0 Cney, =2 % 0 x 1g(0) — Z.Oxlg(o)zo

n defines the bond connectivities

hi defines the number of hydrogen atoms connected to this atom
D defines the number double bond

T defines the number triple bond

Term?2: Ce = Elg(E) — Z Ejlg(Ej) Ce =0 x1g(0) — Z 0xIg(0)=0
j J

E defines the total number of non-hydrogen atoms
E; defines the number of type j

Thus, it results from these calculations that:
Cey,=Cn+Ce=0+0=0

Equation 3. Calculation of molecular complexity of methane



Below, in Scheme 1, it represented the calculated complexity of known structures.
Comparing the molecular complexity of benzene and phenol (respectively 15.5 and 46.1)

clearly shows the impact of symmetry on this metric.

ORH
H
H © -
OH H H
o) .
o 0 OH OH o

Examples CHy )K )J\OH D-glucose Strychnine
Molecular 0 155 26.3 31 46.1 151 689

Complexity

Scheme 1. Molecular complexity calculated for common and complex structures

Aldol reaction

0 0
o) = .
™ DCm = 152 - (72.5+26.3)
a) ©)J\H : /U\ ©/\)J\ DCm =53.2
DCm 725 26.3 152
o ' OH O
H o+ )?\ M& : DCm = 184 - (72.5+26.3)
b) DCm =85.2
DCm 725 26.3 184

Scheme 2. Changes in molecular complexity for selected aldol reactions

The molecular complexity of chemical transformations, ACm, is calculated as the
complexity of products minus the complexity of educts. Thus, different chemical reactions
can be directly compared thanks to their corresponding ACm even for reactions with
substrates that differ significantly in molecular complexity. As an example, a
stereoselective aldol reaction with benzaldehyde and acetone results in ACm=85.2
(Scheme 2). The aldol reaction generates stereochemical information, yielding a higher
ACm, in contrast to aldol condensation reactions, where a significant part of the

functionality and complexity is subsequently lost during dehydration.



The index Cm developed by Bottcher represents a valuable tool for medicinal
chemistry to investigate drug candidates. Molecular complexity has been associated with
a number of properties related to drug discovery and development.*> Quantification of
molecular complexity and its use in drug discovery is not a fully solved problem and it is
still under development. Advances in the field are closely related to the study of large
libraries of existing structures, which can be produced from classical chemistry methods.
Developing new reactions allowing to build molecular complexity in an efficient way is
attractive and rewarding. In Bottcher’s equation, atom efficiency is very important. The
second term of his equation describes the stereochemistry, unsaturated bonds, and
symmetry of the generated side product or by products. To maximize the benefits of
building molecular complexity, this study investigates C-H functionalization reactions.
These reactions shorten classical organic synthetic routes to produce direct benefits both

in energy costs and atom-economy, and are presented in the following section.
1.2. C-H bond functionalization

The activation of different chemical bonds is one of the most important and most
rapidly evolving field of modern chemistry. Chemical bond activation is a key step in
organic chemistry and it is used to functionalize simple to complex molecules towards
more diversified useful structures. Organic chemistry has been revolutionized by the
tremendous efforts towards reducing pre-activation of substrates over the last decades,
diminishing the waste production and shortening the synthetic steps. The use of
abundant and very inexpensive potential sources, which are usually unreactive species, is
of huge interest to achieve such an objective. Traditionally, the activation of relatively
inert bonds, such as the C-Cl, C-F, C-O bonds, has found its importance in the modification
of toxins and non-easily degradable materials. Activating less reactive chemical bonds,
such as C-C and C-H bonds, is becoming remarkably attractive economically. The
activation of the carbon-carbon bond is challenging because of its inherent stability. The
synthetic utility of functionalization of C-H bonds has been distinguished in modern
chemistry mainly owing to its ability to provide a platform for a rapid generation of waste-

free, and atom-economic transformations of valuable functionalized organic compounds



(Scheme 3). Bypassing unnecessary traditional steps, such as protection, activation and
de-protection reactions, C-H activation represents a higher-level methodology in the
organic synthesis field. One of the most common examples is the modification of methane
to methanol, for various industrial applications. Advantages of processing for large-scale
production are attractive for applications as an automobile alternative fuel, a cheaper

synthesis of methanol solvent and an easily processed chemical feedstock.

Br\

RaSn

FmocHN\
clI OHC
R,Si ~

~

Scheme 3. Potential efficiency of C-H functionalization strategy16

C-H bond functionalization represents a paradox from our logic and knowledge of

traditional organic chemistry. Given that chemistry essentially occurs at the most reactive



functional group in a molecule, it is counter-intuitive that a reaction proceeds at another

position. This paradox represents the overall logic of the C-H activation field.

1.2.1. History
1.2.1.1. Freeradical transformation

The first pioneering developments in the field of C-H activation were established in
the mid-19t" century. Free-radical halogenation and electrophilic aromatic substitution

are early developments of C-H bond functionalization reactions.

In 1840, Jean-Baptiste Dumas, discovered the chlorination of unreactive alkane.!’ The
chlorination of relatively simple alkanes is one of the oldest organic reactions but is still

currently used industrially for methane conversion (Scheme 4).18

A
CH4 + C|2 —_— CH3C| + CH20|2 + CHC|3 +. CC|4

-HCI

Scheme 4. Industrial oxychlorination of methane

This industrial application, generally occurring under high temperature, has been
modified many times due to the strong exothermic properties of radicals formed during
the reaction. The thermal initiation of the homolytic splitting of chlorine forms chloride
free radicals. The propagation step is driven by the abstraction of one hydrogen atom
from methane leaving a primary methyl radical. The methyl radical can abstract a chlorine
radical from chlorine gas. Different degrees of chlorinated alkanes are produced.
Numerous methodologies and applications used free radicals to activate C-H bonds have
emanated by Dumas’ seminal work. The total synthesis of nicotine was published by
Loffler in 1909. The reaction operates through nitrogen radical intermediate which can
then abstract a hydrogen atom regioselectively via a 6-membered ring transition state

(Scheme 5).%°
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Scheme 5. Loffler's total synthesis of nicotine

Further numerous bioactive molecules and natural products total synthesis were

achieved following the same strategy over the course of the 20t century.!® For instance,

Woodward published the synthesis of cephalosporin C through an unprecedented C-H

amination reaction.?° Later, in 1960, Barton and co-workers reported the total synthesis

of aldosterone acetate (Scheme 6).222 The mechanism involved in this reaction,

analogous to the Loffler’'s mechanism mentioned above, goes through an alkyl radical that

reacts with a persistent nitrosyl radical to finally and quickly tautomerizes to an oxime

species.

Woodward CO,H

HO

cephalosporin C

O X
T:N OA
HoN N\\. S
g H H

1 Barton

aldosterone acetate

Scheme 6. Example natural product's total synthesis (via radical C-H activation

mechanism)



1.2.1.2. Use of transition metal catalyst

Processes like electrophilic aromatic substitution (EAS) reactions or Friedel-Crafts
reactions cleave a C-H bond by initial electrophilic attack on aromatic w-system. The
mechanism described for these types of EAS does not involve a direct activation of the C-
H bond as the corresponding C-H bond is cleaved by a base. “C-H activation” usually refers
to reactions involving the cleavage of an unreactive C-H bond, which could be favored by

the help of transition metal complexes.

The earliest report about C-H activation reaction dates to Fenton’s 1894 paper on the
matter, where a transition metal C-H bond oxidation reaction was described for the first
time.?> The study observed the oxidation of tartaric acid to dihydroxymaleic acid in
presence of iron and external oxidants. Later, the well-known Gif process was developed,
establishing the transformation of aliphatic C-H bonds into C-O bonds (Scheme 7).242> The
Gif process, named after the city Gif-sur-lvette in France, received remarkable attention
because of Fenton’s reaction limitations. The generation of very reactive hydroxyl radicals
makes the oxidation reaction unselective. The role of oxygen in Gif process mechanism

and the role of carbon radicals has been the source of debate.26-28

H\ IH [Fel - ?I
C C
N [C] N

Scheme 7. The Gif process

The first application of C-H bond functionalization mediated by transition metal
catalyst in total synthesis was reported by B. Trost in 1978.%° He achieved the total
synthesis of ibogamine using PdCl>(MeCN), and AgBF4 in presence of NaBH4 (Scheme 8).
Under these conditions, the C-H bond was activated via the palladium to form a C-2
indolyl palladium species. Through a carbo-palladation to the unsaturated double bond
followed by B-hydride elimination and reduction via NaBH4, the ibogamine product was

formed and the catalyst regenerated consequently.



PdCl,(MeCN)

AgBF,
NaBH, N Me
H H

ibogamine
40 - 45%

Scheme 8. C-H functionalization step in total synthesis of ibogamine

The activation of C—H bonds remains the matter of current investigative research. The

C—H bond strength is a factor that does not determine its reactivity on its own.

1.2.2. Goals and challenges of C-H activation
1.2.2.1. Reactivity of sp, sp2 and sp3 C-H bonds

The C-H bond is the most fundamental and ubiquitous linkage in organic chemistry. It
is relatively resistant to chemical transformations because of its intrinsically low
reactivity. C-H bonds do not possess suitable lone pairs to coordinate to a catalyst, which
makes C-H bond activation also kinetically challenging in comparison to other C-X bond
cleaving reactions. For instance, the bond dissociation energy of the sp® C-H bond in
methane and the sp? C-H bond in benzene are respectively 105 kcal.mol! and 110
kcal.mol? (Scheme 9).3° In comparison, the BDEs for Me-Cl and Me-Br, which are easily
functionalized, are 83.7 and 72.1 kcal.mol™, respectively. Thus, to undergo C-H activation
reaction, a large kinetic barrier must be typically overcome by using harsh-condition
reactions. The synthetic use of C-H bond activation reaction is therefore severely

impinged by these negative aspects.

o

H
105 110 133

o
BDE (kcal.mol'")

Scheme 9. BDE of C-H bonds
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Furthermore, due to the high pK, values of sp, sp? and sp® C-H bonds (= 40), their
heterolytical cleavage is difficult. The high cost of cleaving such stable bonds must be
compensated by forming a new stronger organometallic bond to make this process
feasible. C-M bonds with weak bonds have usually been created using different

approaches: intramolecular reaction by pre-metallation or directing group.
1.2.2.2. Selectivity and compatibility of C-H activation

One of the biggest limitations of C-H activation reaction is the regiocontrol control of
the C-H functionalization, despite the ubiquitous nature of C-H bonds in organic
molecules and its potential to become a highly general process. Numerous efforts have
been made to achieve a C-H activation reaction in a chemoselective manner in the last
decades. The predominant strategy developed to control chemoselectivity is the use of a
coordinating neighboring heteroatom to the metal catalyst. The metal-coordinating
functionality helps the interaction and proximity with the proximal C-H bond (Scheme 10),
allowing the addition of a functional group (FG). However, the synthetic practicality of the
directing groups (DGs) strategy is compromised if the synthetic target does not hold such
functionality. A detailed investigation on the development of DGs and their uses in the C-

H activation reaction will be discussed in the directing group strategy section (see 1.2.1.1

DG).
1]--DG DG
,' HFG |
)S( sp3 C-H R )
HH
/DG\ DG

. FG
©/ sp2 C-H

Scheme 10. Directing group strategy
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1.3. Classification of C-H activation reactions

Nature remains the greatest performer and most efficient user of C-H bond
functionalization reactions amongst all the research carried out in the C-H activation
field.31-32 Nature processes enzymatic C-H functionalization reactions without limitations.
Both early and late-stage modifications at any site, a biosynthetic process, can be
accomplished by Nature regardless of other reactive moieties. The biosynthesis of biotin,
which through the cleavage of two C-H bonds forms a cyclic thioether, represents a typical

example (Scheme 11).

biotin

Scheme 11. Biotin synthesis

As shown in Scheme 11, the activation and cleavage of two C-H bonds occurs with
concomitant sulfur insertion between carbons 6 and 9, results in the formation of the

thiophane ring.33-34

The study of C-H activation reactions by organic chemists has a long history. It has
been the subject of considerable interests and has even been considered as a “Holy Grail”
of chemistry due to its numerous advantages: step efficiency, atom economy and high
selectivity.3®> Direct C—H functionalization methods are also reported as greener than
conventional methods.3® This strategy is expected to continue to significantly contribute
to the mission of green chemistry: low transition metal catalytic loading, low-energy,
waste-free, and atom-economic transformations for the synthesis of organic materials
and biologically active molecules, conversion of cheap and abundant alkanes into

valuable functionalized organic compounds.
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1.3.1. Functionalization of activated C-H bonds

The formation of carbon-carbon (C-C) bonds by transition metal catalyst has been
recognized as amongst the most important recent discoveries.3” The development of
efficient synthesis is key and requires flexibility by controlling selectivity and the atom
economy. The ability of transition metal complexes to process a functionalization reaction
constitutes one of the most powerful strategies to control those features. Metal mediated
reactions can be efficiently accomplished through designed combination of transition
metal catalyst with a properly chosen ligand environment. The cross-coupling processes
are probably among the most useful tools to achieve C-C bond formation and they can be

described by four different approaches (Scheme 12).

X=Cl, Br, I, OTf, OAc... R= aryl, vinyl, alkyl
M= B(OH),, ZnX’, MgX'...  R=aryl, vinyl, alkyl

Scheme 12. Different approaches to cross-coupling reactions

Recent Chemistry Nobel Laureates Heck, Negishi and Suzuki have significantly
contributed to the development of palladium catalyzed cross-coupling reactions
(Scheme 12, path a).383° The use of expensive and pre-elaborated molecules is generally
mandatory as part of these studies The pre-functionalization and isolation of two
independent substrates used to perform the reaction, represent stoichiometric amounts
of waste materials added to the reaction’s waste. Due to these reasons, the atom
economy suffers tragically. Thus, the chemistry community aimed to develop similar

reactions with greener and more sustainable processes.

C-H bonds are ubiquitous in most organic molecules. Consequently, the consideration

of C-H bonds as reactive sites in molecules implies that the pre-functionalization of
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substrates becomes irrelevant. Additionally, the waste material from the cross-coupling
reaction will be drastically diminished. To achieve this goal, researchers have developed
different approaches. In Scheme 12, path b), the C-H activation is performed at the
electrophilic coupling partner, avoiding the use of halogenated and R-X derivatives.40-4
On the other way around, changing the nucleophilic partner from an organometallic
reactive coupling substrate to a C-H containing molecule is of great interest.*’>° The
reduction of waste in this example is considerable, since no stoichiometric amount of
metal waste is created from any of the coupling partners. Lastly, by far the most
interesting option theoretically, the Cross-Dehydrogenative Coupling reaction is a
combination of both pathway b) and c). This process enables the formation of C-C bonds
directly from the coupling of two distinct C-H bonds and will be described in depth in
chapter 4.°1>> However, two principal concerns remain unsolved from these two
approaches: a large amount of energy is necessary for the activation of inert C-H bonds

(Scheme 9) and the selectivity control between a large range of C-H bonds is difficult.

The use of transition metal catalysts to lower the activation energy of C-H bonds was
discovered during the last decades to solve these issues. Over the years, two different
features characterizing two distinct forms of C-H functionalization appeared: “innate” and
“guided”.’® Established in 2011 by Baran, those terms correspond respectively to the
presence or absence of an outer directing group influencing the regiocontrol of the

reaction (Scheme 13).

DG DG DG
AN innate AN H guided R AN
B B B
N 'R N~ "H N

DG= Directing Group

Scheme 13. Innate & guided C-H functionalization
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To date, most practical functionalizations of C-H bonds have occurred to add new
groups at naturally unreactive C-H bonds in molecules containing existing functionality or

directing group.
1.3.1.1. Undirected or innate C-H functionalization

Undirected C-H functionalization reactions are underdeveloped compared to the
directed functionalization of C-H bonds. However, a lot of research efforts have been
undertaken. Such reactions would have an enormous impact by proposing new synthetic
capabilities: no directing group, step-economy, and direct conversion of raw material to
synthetically useful compounds. Without assistance from the DG, the control of
regioselectivity remains the biggest challenge. Moreover, the thermodynamic of the
reaction is decreased when the chelation of the substrate to the DG is absent because the
intramolecular C-H bond cleavage is favored due to the higher stability of the
organometallic intermediate formed. The reactivity of comparable C-H bonds should be
similar by this argument. However, C-H bonds react with different rates as a function of
the setting’s inductive effects, conjugation, hyperconjugation, steric hindrance, and strain

release.”® The effect of these is as follows.

First, the inductive effect plays an important role for the rate of C-H bond oxidation in
the presence of electron-withdrawing groups (EWGs) nearby. The selectivity of an
oxidation reaction is dominated by the nature and the distance of the EWGs to the C-H
bond. Numerous examples showing reactivity trends between different C-H bonds>’®? or
radical chlorination of C-H bonds have been reported.?*®2 Conjugation and
hyperconjugation also drive the selectivity of C-H bond functionalization. These effects
represent another type of electronic activation of C-H bonds but are weaker compared to
inductive effects. This activating effect requires orbital overlap between electron pair and
the ¢ C-H anti-bonding orbital, lowering the energy of the C-H bond. Various examples
showing selective C-H activation in cyclopropane have been described.®*®’ Beyond
cyclopropane chemistry, heteroatoms donate electron density to the neighboring C-H
bond through hyperconjugation. For instance, in tetrahydrofuran or tetrahydropyran, the

functionalization of the alpha C-H bond to the heteroatom is exceptionally selective.®®7>
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Third, the steric hindrance of the substrate governs significantly the selectivity of non-
directed C-H bond functionalization. For instance, in the rhodium catalyzed C-H bond
functionalization for the synthesis of PB2amino acids, reported by Davies, the C-H
oxidation occurs selectively at the methyl group instead of the benzylic position.”® He
reported that the selectivity observed is essentially the result of a less hindered
environment at the methyl group. Analogously, the iron-catalyzed selective C-H oxidation

of menthol derivatives is governed by steric (Scheme 14).77-78

OAc [Fe(CF3S03)2((S,S,R)-mcpp)] (1 mol%)
- H202 (1 2 eqUiV)
AcOH (50 mol%)
CH5CN

Y

Scheme 14. Iron catalyzed selective C-H oxidation of menthol derivatives.

To rationalize the selective oxidation at the tertiary position on the cyclohexyl ring,
White and Miquel stipulate that the isopropyl group is more hindered and that the rigidity
of the ring may contribute in this example. Eventually, the strain release comes from the
factors governing selectivity of non-directed C-H bonds functionalization reactions. C-H
bonds with faster reactions the equatorial position than its equivalent oriented axially

have also been observed.”?-8

With a panel of properties associated to the “innate” reactivity, the functionalization
of inaccessible C-H bonds by “innate” reactivity must be performed through a directed
process to achieve a high degree of selectivity.

1.3.1.2. Transition metal catalyst free C-H activation: C-C, C-O, C-N, C-
S bond formation.

The sustainable chemistry movement have further driven scientists to explore novel
coupling strategies separate from tradition metal catalyzed cross-coupling reactions.
Research and industrial interest in radical C-H activation/radical cross-coupling chemistry

has continued to grow over the past few decades. These reactions offer fascinating and
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unconventional approaches toward connecting molecular fragments with high atom- and
step-economy that are often complementary to traditional methods. Particularly, the
oxidative cross-coupling reaction has become the most useful method to construct C-C

and C-X (X=0, N, S) bonds.®

Radical cations, usually generated from a single electron transfer reaction (Scheme
23) can take part in cyclo-addition, nucleophilic addition and radical cascade reactions.%®
Li and co-workers have made the premise that C-C bond formation can be obtain from
the oxidation of two different C-H bonds.”" 8 They reported the first example of 2,3-
Dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) mediated direct cross-dehydrogenative-
coupling (CDC) reaction between isochroman and ketones.88 A radical mechanism was
proposed with a single electron transfer (SET) reaction from the ether to DDQ, generating
a radical cation and DDQ radical anion (Scheme 15). The authors then proposed a
hydrogen abstraction from the benzylic position by DDQ radical anion, forming a benzoxy
cation. Finally, the product was obtained by nucleophilic addition of the enolate form of
the coupling partner. Successively, this seminal work created a large novel area to explore
in the radical oxidative coupling of ethers and their analogues. In 2013, Liu and co-workers
developed a simple and efficient oxidation system promoting identical alkylation of
isochroman.®® The use of MnO2 and excess CH3SOsH was ideal to perform this
transformation in good to moderate yield. To compete against traditional metal-based
oxidative cross-coupling reaction, this methodology had to lower the typical high

temperature needed and the excessive amount of oxidant.
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Scheme 15. DDQ-mediated direct cross-dehydrogenative-coupling between benzyl

ethers and ketones

Visible light photo-redox catalysis has attracted significant interest for the
transformation of C-H bonds under mild and environmentally friendly conditions.?1%3
In 2014, MacMillan and co-workers designed a visible light mediated photo redox
approach for the arylation of ethers using iridium photo redox complex (Scheme 16).%
The author believed that the oxyalkyl radical was generated through a hydrogen atom
transfer (HAT) pathway. The electron deficient heteroarenes coupled with the oxyalkyl

radicals and formed a reaction similar to the Minisci reaction.?® It was remarkable that

the efficient C-H bond functionalization of both coupling partners proceeded at room

temperature.
TFA, N328208 PN AN
, TN CH,CN/H,0, 23 °C T
R1/\O’R + X | P ‘- NG O\H2
>N Ir(I1) (2 mol%) 1
26 W CFL R

Scheme 16. Visible-light photo redox cross coupling reaction

Besides radical cations, the carbon centered radicals are versatile chemical species.
Oxidative carbon center radical intermediates have been the subject of a considerable

number of recent studies. The pioneering work of Zhang and co-workers established a
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transition metal catalyzed radical oxidative addition reaction.®® Later, in 2014, Ji and co-
workers achieved a transition metal-free synthetic route for the direct Csp3>-H bond
functionalization of ethers (Scheme 17).%” Better understanding of the mechanism was
obtained when TEMPO reacted with the alkoxy radical to form TEMPO -1,4-dioxane. The
authors proposed a thermal homolysis of TBPB forming tert-butoxyl radical. This reactive
species undergoes hydrogen abstraction at the alpha position to the ether | which then
adds to the allylic alcohol forming an alkyl radical intermediate Il. Subsequently,
intramolecular radical addition at the ipso-carbon of the benzene ring to generates the
spiro[2,5]octadienyl radical lll. This intermediate is subjected to a migration of the
electron deficient aryl group to release IV. Finally, the product is obtained after further
oxidation and deprotonation (Scheme 18). In 2015, Han and co-workers reported a similar
metal-free oxidative functionalization of Csp3-H bond adjacent to oxygen and radical
addition to olefins.”® Promoted by DTBP, the carbon centered radical underwent addition

reaction to the alkene, under metal-free and without light initiation reaction condition.

“ TBPB (2 equiv.) o
Ar' GH + - 1 O.
Arzﬂ\/ &o 120 °C Ar )
air Az L )

Scheme 17. Metal-free oxidative direct Csp®-H bond functionalization of ethers with

diaryl allylic alcohols

Similar to alkenes, alkyne derivatives can also react with ethers to afford alkenyl or
alkynyl products via intermolecular addition. Widely used as radical acceptor, the alkyne
functionality was evaluated in metal-free radical cross coupling in the seminal work of Liu

and co-workers.??
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Scheme 18. Mechanism of Csp?-H alkylation of ethers with diaryl allylic alcohols

In this example, they disclosed an efficient radical-mediated addition reaction of
alcohols with alkynes. The mechanism is supposed to go through a peroxide initiated C—

H bond activation, giving the allylic alcohol product in moderate to high yields.

R3

R2 OH TBHP (2 equiv.) OH
g +
R1/ RSJ\R4 120 °C R1\)<R4
R2
1:1 (E/2)
R2 OH
V_a . . [}
o * | R1\)\
R2

Scheme 19. Allylic alcohols formation via radical addition of aliphatic alcohols and

electron-rich alkynes

20



This reaction is suitable for a large range of aliphatic alcohols and a radical addition
chain process was proposed as shown in Scheme 19. In parallel, other research group
have described a series of direct a-alkenylation reactions of ethers with alkynes using
TBHP as an external oxidant.?%%-1°1 Arylation and heteroarylation reactions are attractive
methodologies for the construction of C-C bonds. For instance, in 2011, Wang and co-
workers established a new protocol for the oxidative coupling of azoles with ethers
(Scheme 20).1%2 The use of TBHP was found to be essential under metal-free condition for
the arylation of ethers. The authors proposed a free-radical process® initiated by the
homolytic cleavage of TBHP, followed by hydrogen abstraction. They suggested that the
carbon-carbon bond is formed by the cross-termination of two radicals generated from
starting materials. We proposed that the sp® C-H bond is homolytically cleaved, forming
the corresponding alkyl radical which would then be reactive towards the heteroaromatic
benzoxazole or analogues, and prone to addition at electron deficient locations. More
importantly, this procedure is a very simple and powerful green process for alkylation of

heteroarenes.

X OR? TBHP (4 equiv.) S OR?
DREE L~
N H™ Rt metal-free N R

up to 90% yield

X =0, S, NH
R2 = H, alkyl

via OR?

L

Scheme 20. Alkylation of azoles with alcohols and ethers through dehydrogenative

cross-coupling

As previously mentioned, the oxidative cross-coupling reaction became a very useful
method to construct C-X (X = O, N, S) bonds. In fact, the construction of the C—0 bond via

a a-C—H bond functionalization of a heteroatom is one of the hot topics in the area of C-
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H bond activation.13-1% |n 2011, Wan and co-workers reported a radical coupling of
carboxylic acids with ethers using TBHP as oxidant under metal-free conditions.!%’” A series
of a-acyloxy ethers was synthesized with a large functional groups tolerance. The authors

described the reaction mechanism as a SET process as shown in Scheme 21.

BuyNI (20 mol%)

o) ~ L
I * R? OR®  TBHP (2.2 equiv.) FFJJ\O/kOF‘3
EtOAc, 80 °C, 12 h

HO- + R'CO,H —— R'CO, + H,0

+BuO® + R2 “OR® —

R'COy + RESOR? ——— RICO;~ “OR?
+

Scheme 21. BusNI catalyzed C-0 bond formation via CDC reaction

The peroxy radical abstracts a hydrogen atom from the ether substrate to form an
alkoxyl radical, then this alkoxyl radical is converted into an oxonium ion via a SET process.
Finally, the nucleophilic attack of the oxonium ion with the carboxylic anion provided the
desired product. Later, in 2013, Duan and co-workers expanded this protocol to the
synthesis of o-acyloxy ethers under metal-free conditions using TBAI and TBHP as

oxidizing system.108

The formation of C-N bond under metal-free conditions has also spiked interest in the
C-H bond functionalization field since the construction of nitrogen containing organic
compounds remains a top research topic.1®1! Further work by Du and co-workers
developed alternative methods for C-N bond formation by a TBAI/TBHP mediated direct
amination of ethers with a large variety of amines (Scheme 22).112 The authors proposed
the oxidation of ether to the corresponding oxonium ion, by hydrogen abstraction and

single electron transfer pathway. Similarly, the group of Hu developed hypervalent iodine
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mediated mild and versatile amination reaction, in presence of NaH.!!3 This amination
reaction occurs at room temperature without transition metal catalyst and the authors
showed the significance of this strategy in synthesizing anti-cancer pro-drug and

analogues.

H__O.  TBAI(20 mol%) SR
RL RS+ T ; _TBHP (Gequiv) NTO\‘
H ~--7 75 °C K

via +
,//_\\\ /O\
RIR? + ( ?

Scheme 22. Organocatalytic amination of alkyl ethers via TBAI/TBHP catalytic

system

Less common but as attractive as the building of C-N bonds, C-S bond formation is of
interest for the generation of pharmaceutical, biological and natural useful
compounds.''* The C-S bond can be generated with an oxidative system under metal-free
condition through a transition metal catalyzed procedures with Pd, Cu, Rh, Ru and Fe,. In
2011, Li and co-workers developed a TBHP mediated oxidative thiolation of a Csp3-H bond

adjacent to a nitrogen atom under metal-free condition.*®

1.3.2. Functionalization of unreactive C-H bonds

While recent reports of C-H bonds functionalization using late transition metal
catalyst continue to emerge, significant concerns arise from their toxicity and their cost
efficiency. During the development of new catalyst system, it has been found that first-
row transition metals generally undergo single electron transfer processes. Direct C-H
bond functionalization via a radical pathway has emerged as a promising approach

toward molecular construction with high atom- and step-economy.
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As mentioned previously, the transition metal C-H activation occurs under specific
conditions and forms correspondingly C-M bonds. Another type of C-H bond activation
occurs via the loss of one proton. By SET, the corresponding radical is formed (Scheme
23) and can get further oxidized towards the formation of the corresponding cation.
Radicals and radical cations are very reactive intermediates and possess relatively specific

116

range of properties and reactivities. Indeed, they have nucleophilicity and

electrophilicity, and can undergo hydrogen abstraction and self-coupling reactions.

-H*

R=H —2—[R=t]" —H g’

Scheme 23. C-H activation via SET pathway

1.3.2.1. Directed C-H bond functionalization

The directed or guided methodology features the coordination of a metal center to a
proximal organic group, guiding the metal towards a specific position. Commonly called
“coordination-directed metalation”, this strategy has to be seen as complementary to the

innate strategy.

The directed strategy was for the first time revealed by two independent discoveries
in 1939 and 1938 by Gilman and Wittig, while they were developing a method to metalate
an organic molecule with an organolithium reagent.!”118 Gilman observed the formation
of carboxylic acid at the C1 and Cs position of 2-methoxydibenzofuran with 60% yield, after
reaction with n-butyl lithium followed by subsequent carbonation (Scheme 24). The
coordination of the lithium cation to the Lewis-basic oxygen heteroatom, enhanced its
basic properties and guided its proximity towards the proton at the C1 and/or Cs positions.
The aryllithium intermediate formed by deprotonation is highly reactive and rapidly
generates the corresponding carboxylic acid derivative by carbonation reaction.*® During
the same period, Wittig demonstrated that anisole derivatives undergo the same ortho-

deprotonation in the presence of n-Buli and react with carbon dioxide to yield the
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corresponding carboxylic acids. Although initial yields were relatively low, the high
regioselectivity attracted interest. These results were evaluated and developed to a

general synthetic strategy: the so-called direct ortho-metalation.

OMe

Scheme 24. First example of proximity effect deprotonation

Since the pioneering development of DoM, many different heteroatom-based
directing groups have been evaluated.'®® Despite their efficiency to selectively
functionalize the ortho-positions of the directing groups, this method relies on the
stoichiometric use of organolithium reagents or their equivalents, such as organozinc

reagents.

During the development of DoM, numerous researchers found out that other
transition-metals had abilities to perform metalation reaction under similar conditions.
Thanks to the weak coordination with the directing groups, transition metals are
positioned in the vicinity of only certain C-H bonds and, therefore, only selected C-H
bonds can be activated. This strategy was then termed “coordination-mediated
metalation”. According to the definitions, the metallic systems generated after C-H
activation and C-M bond formation, are labelled as cyclometalated complex species (see
Scheme 25). Chronologically, the first example of guided C-H functionalization of organic
molecules was established by Kleiman and Dubeck in 1963.12! They discovered the
formation of nickelacycles from a stoichiometric amount of zinc complex and azobenzene.
Later in 1965, Cope and Siekman developed the analogous reaction of azobenzene with
platinum and palladium transition metal complexes.'??> Using nitrogen heteroatom as
coordinating group to transition metals, a few examples of C-H activation reactions were

achieved with different azobenzene derivatives.??3126
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Scheme 25. Cyclometalated complexes

To generalize this strategy, numerous Lewis base ligands can position the transition
metals close to an adjacent C-H bonds. Directed metalation groups are formally
categorized in two classes: carbon and heteroatom based, referring to the atom which

directly connects the DMG to the aromatic ring (Scheme 26).127-134

Carbon-based DMGs Heteoatom-based DMGs

CONEt, Q i SO,NHR NHCOO'Bu
%L)LN,R i

COOH H i SO:NR; P(0)(Bu),
P gYN OCH,OCH; OSO,NR,
; NHCO!Bu OCON(TMS)'Pr

£ . 0

P SN TN”TR SR
H

Scheme 26. Selected carbon and heteroatoms-based DMGs

Over the years, the number of functional groups amenable to be used as directing
groups have seen a tremendous enhancement. These heteroatoms are generally N, O, P,
S (as shown in Scheme 26) but some examples encompassing other heteroatoms are also

known. Even if a wide diversity of DGs are available, limitations appeared since the metals
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used for these stoichiometric transformations were expensive and the applications were
not significant enough, albeit some examples.!3> Over the past thirty years, the
development of directed C-H functionalization reactions has resulted in the general usage
of numerous transition metals such as palladium,*® >0 ruthenium,36-13% rhodium,40-141

copper,196 142 nickel,'# iron,3® cobalt,'** etc.

1.3.2.2. Variety of functional directing groups for C-H
functionalization reactions

After the emergence of the C-H bond activation chemistry in the 1970s, Murai and co-
workers reported in 1993 the first synthetically useful directed catalytic C-H bond
functionalization reaction (Scheme 27).}*> This work involved ruthenium catalyzed
selective ortho-alkylation reaction of aromatic ketone with an olefin. The process displays
the carbonyl group as a potential directing group to succeed selective metal mediated
ortho functionalization of aryl ketone. Analysis of this process shows that the use of olefin
is limited to terminal alkene and vinylsilanes derivatives, which do not possess allylic
hydrogens. Thanks to this discovery, the ketone directing group was used in many

reactions by Murai and others during the following years.46-148

0] (@]
[RuH,(CO)(PPhg)s] (cat)
R+ Yy R
toluene, reflux
H Y
Y= SI(OEt)3, Sl(CH3)3, CGH51 tBU 75-100%

Scheme 27. First example of directed C-H functionalization

Pyridine chelating fragment has also been widely employed to perform selective ortho
C-H functionalization. Specifically, 2-phenylpyridines derivatives were employed as
substrate subject, or as a proof-of-concept for novel C-H bond functionalization reactions.
Classified as a “typical” directing group in modern organic chemistry, the pyridine moiety
was an efficient chelating guiding group for arylation,?#10 galkylation®>*%>3 and

acylation®*1°¢ reactions of sp? C-H bonds (Scheme 28).
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Scheme 28. Examples of pyridine guided C-H functionalization reactions

Despite the excitement of developing more efficient directing group such as pyridines,

157180 it is possible that DGs are no longer

oxazoles, pyrimidines, oxazolines, pyrazoles etc;
needed after the C-H activation reaction. Sometimes, these highly efficient DGs are very
difficult to remove or cannot undergo further modification or functionalization.
Moreover, with the growing field of green chemistry,61-162 the need of greener reactants
and reaction conditions does not match the use of dificult and or non-removable DGs.
The extensive research has led to the development of guiding groups that can perform

multiple tasks such as oxidizing DGs, incorporated DGs, modifiable DGs or even traceless

DGs.

Oxidizing DGs'63-1% represents a viable opportunity to remove any oxidant additives
from a reaction condition. The DG contains a covalent bond which is the responsible for
the oxidation of the transition metal, allowing to reduce waste generated by external
oxidants. Generally, these types of guiding moiety are N-based ligands and possess N-O

bond to play the role of oxidants (Scheme 29).
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Scheme 29. Directing groups with internal oxidant

According to the principles of green chemistry, and particularly its atom-economic
aspect, an optimized DG must remain on the synthesized molecules. With this in mind,
scientists have demonstrated the achievability of this challenge using, for instance,
alcohol as a DG.'®’ This concept, although extremely interesting and useful in total
synthesis, is scarcely developed. In Yu's work, the hydroxyl-directing group strategy was
employed to guide the palladium catalyst. After the insertion of carbon monoxide into
the C-Pd bond, a reductive elimination of the palladium(Il) occurred and consequently,
the substrate formed an ester from the hydroxyl-DG and the carbon monoxide (Scheme
30). Similarly, in 2011 Lautens and co-workers showed the potential activity of ketimine
DG to conduct C-H activation reactions and incorporated the DG to the final product.6®
They combined aryl triflates and aryl ketimines to produce phenanthidinine derivatives

(precursors of Nitidine and NK109), using palladium as a catalyst.

R Pd(OAc), (10 mol%) R
mR (+)-Men-Leu-OH (20 mol%) @R
OH ) 0]
AgOAc (3 equiv.)
Li,CO5 (1 equiv.) 0]
CO (1 atm), DCM, 110°C, 48h 51-94 %

Scheme 30. Hydroxyl-directed C-H carbonylation

Modifiable and traceless DGs belong to a type of DG that, after proper orientation of
the reaction, the guiding group is either transformed or removed by reaction with an
external reagent. Cutting edge advances in terms of traceless DGs were made using silyl-
based DGs,%-172 carboxylic acids!’>174 and imines.}’>1’8 Regarding the multi-tasking

ability of DGs, the carboxylic acid functional group is a paradigm of this aspect. In fact, the
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weak coordination to the metal center allows the regioselective reaction to occur, and its
simple and wide potential transformation or incorporation to the target molecule makes
carboxylic acid important DGs. In addition, the carboxylate functional group can act as

traceless DG, orienting the reaction followed by decarboxylation reaction (Scheme 31).

CO,

Cr e O - OO
catalyst
H FG FG Y FG

FG: functional group

Scheme 31. CO2H as a traceless promoter in C-H bond functionalization

The pioneer work of Daugulis and co-workers from 2007 features the use of carboxylic
acid as DG for the regioselective functionalization of an aryl C-H bond followed by

decarboxylation, through a bi-metallic and two steps process (

Scheme 32).17° The investigators disclose in this work that the carboxylic acid moiety
is removable by using copper oxide in presence of nitrogen donor ligand and
NMP/quinolone solvent mixture. In the original publication from GooRen, he observed

that electron poor benzoic acid were more reactive towards decarboxylation reaction.®

1) Pd(OAc), (5 mol%)
0] AgOACc (3.5 equiv.)

Me ' AcOH, 120°C, 45h Me O H
OH + R
@ 2) Cu,0 (5 mol%)
H G R

phen (10 mol%)
NMP:Quinoline (3:1)
N,, 160 °C, 24 h

Scheme 32. First C-H bond arylation reaction via a COzH traceless DG

Keeping the same philosophy, people aimed to develop more efficient methodologies
using carboxylic acid DGs. The contribution of realizing the same reactions through a one-

pot process was a considerable improvement,’3 181-183 pht the optimal process remains
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the use of a single catalyst for both reactions and decarboxylation in a one-step

process, 184189

The metal mediated C-H functionalization reaction has become an efficient method
for the site-selective derivatization of C-H bonds and is now broadly used in synthesis. The
regioselectivity is controlled by two different strategies based on the electronic properties
of the substrate and/or the help of an external guiding functionality. However, the use of
cheaper and greener methods remains challenging due to the increasing practicality of
the chemistry, the reaction cost and the sustainability of synthesis. Radical chemistry has
led to many new advances in the C-H functionalization field since the last decades and

represents a potentially environmentally-friendlier alternative.
1.3.2.3. Coupling of radicals and metal-carbon bonds

With the advances made on C-H functionalization reactions and the development of
DGs, the combination of radical chemistry with a guiding methodology is of huge interest.
Extremely reactive species, radicals are generally neglected for the design of a
regioselective synthesis. However, with the help of a DG, the regioselectivity can be
controlled. As mentioned above, the pyridine motif has strong abilities to orientate and
position transition metal catalysts towards the vicinal C-H bonds, thus activating it. For
instance, Li and co-workers achieved a palladium catalyzed directed ortho acylation of
arenes with radicals issued from aldehydes (Scheme 33).1%° It is worth mentioning that
this reaction is carried under solvent free conditions and yields the desired aryl ketones.
According to the mechanistic studies undertaken, a Pd(I)/Pd(IV) catalytic cycle governs
the reaction. The oxidation of the palladium(ll) complex by peroxide in presence of

aldehydes generates the formation of a palladium(IV) intermediate (Scheme 34).

31



| X via
N 0 Pd(OAc), (5 mol%) o
|
’ L
H™ R TBHP, 120 °C R
R = aryl, alkyl up to 83%

Scheme 33. Palladium catalyzed directed ortho acylation of arenes

Similar to 2-arylpyridine, a large variety of N-based directing groups were used for

191

ortho Csp>H acylation reactions. Benzoxazole, benzothiazole,®>  3,5-

193

diarylsoloxazoles®® and 2,3 diarylquinoxalines®* belong to the DG diversity, developed

for acylation reactions of arenes with aldehydes, catalyzed by a Pd(OAc),/TBHP system.

Pd(OAc),

R
reductive C-H activation H
elimination cyclopalladation
) o B
N

Scheme 34. Palladium catalyzed acylation of arenes - mechanism

Acylation of arenes were extended to many other substrates. For instance, the

acylation of indoles was achieved by C-H bond functionalization. Using N-based DGs, the
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regioselective introduction of acyl group at the C2 and C3 positions were accomplished

using a Pd(OAc),/TBHP catalytic system (Scheme 35).19>-197

cy N
N /N 2\N
i Q )

Scheme 35. Regioselective C-H acylation of indole with aldehydes catalyzed by
Pd(OAc)2/TBHP system.

A number of different DGs were found to be very efficient for acylation reaction of
arenes. Some of them were developed to undergo C-H functionalization, followed by
annulation reaction. In this aspect, a few examples shown by Zhao and co-workers,
described a Pd-catalyzed C-H activation/annulation reaction with amides as DGs, for the
synthesis of hydroxyl isoindolones.’® Wang and Zhao reported a Pd-catalyzed
intermolecular [4+1] annulation of 1,2-benzoisoxazoles from the coupling of N-
phenoxyacetamides and aldehydes (Scheme 36).1%° It is notable that the method has been
successfully applied to the synthesis of active pharmaceutical intermediates, such as
risperidone. The authors proposed a Pd(ll)/Pd(IV) catalytic cycle on the basis of DFT

calculations.

O. 0 Pd(TFA), (10 mol%) (0}
NHAc TBHP (2.5 equiv.) p N
¥ H)I\ R

t-AmOH, N,, 60 °C R

Risperidone

Scheme 36. Pd-catalyzed intermolecular [4+1] annulation of 1,2-benzoisoxazoles
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As mentioned earlier, the functionalization of sp3 C—H bonds is a unique and powerful
transformation in modern organic synthesis. To convert C-H bonds into other functional
groups towards the synthesis of a wide range of more complicated materials, such as
polymers and bioactive molecules, remains a central challenge in catalysis and represents
an area of invaluable and practical chemistry.?°%-203 One of the most efficient and widely
used strategies, is the use of weak coordinating auxiliary groups, coordinating with the
transition metal catalyst. These methods were developed either by 1) intramolecular
oxidative addition of the catalyst, positioning the metal close to the corresponding C-H
bond or 2) by the traditional coordination of the catalyst to the functional auxiliary

(Scheme 37).175, 204207

1) oxidative addition mediated:

/’~\\\ X\ ’-\\\ X\ /’-\\\

X M M

H~ /, [M] H/ ," NU' Nu //'

C—~ c—" ¢
RR RR RR

2) directing group:

DG~ _-DG-. DG -«

\\l [N\ll \\\ \\l

H. [M] 4 Nu" Nu

G— c—" ¢
R R R R RR

Scheme 37. Strategies for sp3 C-H functionalization

The discovery of novel transformations that improve the step and atom economy of
existing processes is the long-standing goal of synthetic chemists. In this regard, the role
of a DG is arguable because of its limitations. In most cases, additional synthetic steps are
often required to both install the DG into the starting material and to manipulate it after
C—H functionalization.?®® Towards a greener alternative, the direct oxidative sp® C-H
functionalization methodology was developed, allowing the cross-coupling of large

variety of substrate without DG (Scheme 38).
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Scheme 38. Direct oxidative sp? C-H functionalization

The radical strategy is not just efficient for the C-C bond formation but also for C-X
bond formation.194-106 205 Nymerous of research groups have contributed to advances in
C-N and C-O bond formations. Among them, Hartwig and co-workers reported a copper
catalyzed intermolecular amidation and imidation of unactivated alkanes, yielding the
corresponding N-alkyl target products (Scheme 39).22% The authors have observed that
the amidation reaction occurs more favourably at secondary C-H bonds sites than tertiary
sites. With Cul as catalyst and DTBP as external oxidant, the C-H cleavage of cyclohexane
by tert-butoxy radical seems to be the rate determining step, on the basis of KIE and
radical trapping experiments. By using CuBr as catalyst and TBHP as oxidant, Bolm and co-
workers accomplished a dual C-H/N-H functionalization reaction.?!! Under these
conditions, the coupling of sulfoximines and aldehydes provides a diverse series of N-
acylsufoximines. This process was described by the authors as a radical mechanism

pathway with a Cu(l)/Cu(ll) catalytic cycle.

Cul (2.5 mol%)

H o (MeO),Phen (2.5 mol%) R
* J BUOO'Bu (2.0 equiv.) e
H,N" R o

PhH, 100 °C, 24h

up to 84% yield

Scheme 39. Copper catalyzed intermolecular amidation of unactivated alkanes

Copper-catalyzed protocols for C-O bond formation have also attracted much
investigation. Recently, in 2015, Li and co-workers described a new copper catalyzed
oxidative coupling of acids with alkanes for the selective synthesis of allylic ester and
alkylalkenes.?'? This method characterizes a novel strategy for unactivated Csp3-H

oxidative esterification of acids and alkanes. Some experiments were investigated to
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better understanding of the mechanism and the author concluded that the coupling

proceeded through a radical pathway with a Kharasch-Sosnovsky mechanism,213-21>

Alongside the coupling methodology between radical and C-H bonds, a large range of
transition metal catalysts have been used. As shown above, palladium and copper were
the most popular in this type of chemistry, but examples with Ni, Mn or Fe were also
described. For instance, You and co-workers developed a coordinating activation strategy
toillustrate a nickel-catalyzed radical oxidative coupling of a-Csp3-H bonds of amines with
(hetero)arylmethyl free radicals.?'® Groves, in 2013, used manganese porphyrins as
catalyst for C-H benzylic fluorination via easily handled nucleophilic fluoride reagents
(TREAT.HF) without any DGs.?!” Later Han and Pan developed an iron catalyzed cross-
dehydrogenative coupling esterification of inactive Csp-H bonds with carboxylic acids for

the synthesis of a-acyloxy ethers.?4

Most of such strategies that perform C-H bond functionalization reactions have
prerequisites including at least one metal catalyst and, most often, prefunctionalization
of both coupling partners. Transition metal catalysts are associated with high costs as well
as toxicity, whereas prefunctionalization of coupling partners adds extra steps to the

whole synthetic scheme.

1.4. Mechanisms

The focus of this section is to describe the different C-H activation reaction
mechanisms that operates via organometallic routes, i.e., those in which a bond is formed
between the metal centre and the carbon undergoing the reaction. An overview of
classical mechanisms is presented amongst a very large and highly active field.?'8 There
are three accepted mechanisms of C-H bond cleavage — namely, electrophilic activation,
oxidative addition and the o-bond metathesis - which will be detailed in the following

219-221

paragraphs.
1.4.1. Electrophilic activation

In 1972, Shilov published a dramatic advance on his earlier report of C-H activation

with Pt(Il) (Scheme 40). The addition of Pt(IV) to the aqueous reaction lead to the
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production of oxidized species methanol and methyl chloride, but this reaction is
stoichiometric in Pt(IV).2%?

=T . pyr
/Pt\ + RH — /PTVR + Ht

ROH +H*
RC'XRHZO / P

Cl | Pt

v
/Tt‘R

Scheme 40. Proposed mechanism for Shilov’s platinium catalyzed alkane oxidation

The final step of the Shilov cycle, occurs via nucleophilic attack at the carbon center.
The mechanism of the C-H activation step which forms the Pt(ll)-methyl intermediate was
evaluated using computational methods and it was found that an electrophilic
mechanism for C-H activation was favored over other type of C-H activation pathways.??
Others have pursued investigation following from Shilov's original observations and
numerous systems involving oxidation of alkanes by metal cations in acidic solution have
been reported. For instance, Sen reported an interesting bimetallic electrophilic system
for the selective oxidation of methane and alkanes using Pd(l1).22* Reactions classified as
going through an electrophilic activation mechanism can be categorized to reactions
catalyzed by late or post-transition metals [M**?] (Pd?*, Pt?*/Pt**, Hg?*, TI3*), usually in a
strongly polar medium such as water or anhydrous strong acid.??>2?” Reactions
categorized as such, result in functionalized alkanes without any observance of

organometallic species, as illustrated in Scheme 41.

L,M*2X, + R-H

[LM2(R)Y(X)] + X-H

[LaM*2(R)(X)]

[L.M] + R-X

Scheme 41. Representative scheme for electrophilic activation of C-H bond
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While these methods are very efficient, especially for methane oxidation, the yield
and selectivity need improvement. As an opposite direction, observations from other

research groups tend to describe mechanisms going through oxidative addition route.
1.4.2. Oxidative addition

The oxidative addition is a traditional term used to describe a type of reaction in which
transition metal catalyst inserts into a C-H bond. This reaction oxidizes the metal center

from its original oxidation state M* to M**2 (Scheme 42).

H
L MX:2
R

L.M] + RH

Scheme 42. Representative oxidative addition of C-H bond to a metal

Oxidative addition reactions generally occur with electron-rich, low-valent complexes
of the late transition metals such as Re, Fe, Ru, Os, Rh, Ir, Pt, etc. The reactive species L,M*
is usually generated in situ by thermal or photochemical decomposition from a stable

precursor.??®

1.4.3. o-bond metathesis

The existence of stable agostic complexes (Scheme 43, path b) with C-H bonds
coordinated to metal centres suggested that C-H bond activation might involve the initial
formation of a so-called sigma (o-)complex.??® No stable c-complexes have yet been
isolated, but a substantial body of evidence suggests that they do exist. The c-complex
can form a metala-cyclic transition state, activating the C-H bond and functionalizing it.
However, the bond cleavage step may not be straightforward because ligand dissociation
often precedes ligand interconversion.?3® After numerous studies, c-bond metathesis
mechanism is generally described by the reaction of a reactive complex with an empty c-
type molecular orbital and a high energy molecular orbital containing an electron lone
pair which will be transferred into the o* orbital of the C-H bond during the oxidative

addition reaction.?3! As an example, transition metal complexes with d0 configuration (ex:
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Cp2ZrRCl, WMes...) often undergo a concerted process (Scheme 43, path b) as oxidative

addition reaction (Scheme 43, path a) is forbidden.

R’\ /H
-R
oxidative reductive
path a addition elimination
M-R + R—H M—-R’ + RH
path b\ /
R’TH o-bond RH
u—n MEE R
o-complex

Scheme 43. Representative scheme for o-bond metathesis of C-H bond

To conclude this part, the exact pathway of C-H bond activation is generally difficult
to predict and typically depends on the identity of the metal, its oxidation state, and the

ancillary ligands.
1.5. Application of C-H functionalization methodology

Amongst the recent methodological advances, the transition-metal mediated C-H
activation processes has revolutionized the field of organic synthesis in a unique manner.
The advances and the effectiveness of C-H functionalization logic offers great potential
economic value.?? In this regard, the field of total synthesis research field would be a
natural extension and will strengthen the utility of C-H activation processes beyond
academic curiosities.?33 Moreover, many other fields in needs of improvement to achieve
higher levels of recognition in industry and, or currently hot research fields would benefit

from this C-H functionalization area.
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1.5.1. Application in total synthesis

C-H functionalization is revolutionizing the way that organic chemists approach the
synthesis of target molecules. Several reviews have been published discussing the
potential of this new way of thinking for complex target synthesis.?3423 Early in the 20t
century, Loffler and Freytag discovered the first total synthesis of nicotine via a
regioselective C-H abstraction from N-radical, generated under photochemical conditions
(Scheme 5).1° One of the most influential chemists who illuminated this application is Phil.
S. Baran. He contributed to the strategic analysis of C-H bond disconnections and
illustrated it in various reviews and publications.® 68 He achieved the total synthesis of
cortistatin A, an unusual abeo-androstane steroid isolated from a marine sponge that
selectively inhibits proliferation of HUVEC cells, by using C-H bond functionalization
(Scheme 44). Designing the retro-synthesis of cortistatin A from a readily and available

homologous steroid, they opted for the use of prednisone.

prednisone cortistatin A

Scheme 44. From prednisone to cortistatin A using C-H bond functionalization

The strategy was via the dibromination of the C-19 methyl group shown in Scheme
45. In presence of Br and Phl(OAc),, acetyl hypobromite is generated. Subjected to light
and acetyl hypobromite, the C-19 methyl group could be directly brominated. The
reaction was kept under low temperature to favor the dibromination and supressed the
etherification from the axial alcohol group. This C—H activation strategy allowed for the
preparation of cortistatin A in only 13 steps from prednisone, and was extended to a

gram-scale production.?3’
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Scheme 45. Selective dibromination enable synthesis of cortistatin A from

prednisone

Another quite recent and famous example of total synthesis using C-H
functionalization was developed by Ellman and Bergman.?38 In 2005, they achieved the
total synthesis of (+)-lithospermic acid by asymmetric intramolecular alkylation via C-H
bond activation. In Scheme 46, they proposed the rhodium catalyzed annulation reaction

to produce the corresponding dihydrobenzofuran ring.

H__N |

9020 [RhCl(coe),], 5 mol% COZMe OM
FcPCy2 15 mol%

OMe

Me  up to 88% yield
up to 80% ee

Scheme 46. Asymmetric cyclization using chiral imines

It is notable that this system represents a very challenging process for C-H activation
since it is densely functionalized. The overall total synthesis of (+)-lithospermic acid was

achieved in only 10 steps with an overall yield of 5.9% (Scheme 47).
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Scheme 47. Selected C-H activation step from lithospermic acid total synthesis

More recently, the total synthesis of natural (-)-quinine and analogues was described
by Maulide and co-workers.?3® The quinine analogues exhibit enhanced antimalarial
activity compared to the natural (-)-quinine when evaluated in vitro and in infected mice.
To achieve the total synthesis of (-)-quinine, the authors proposed the novel C-8/C-9 and
C-3/C-10 disconnections (Scheme 48). Based on the pioneering work of Daugulis and co-

workers,?49-242 the authors used similar picolinamide directing group for the sp® C-H

activation.
10
= 3
OMe
H 3
N CB/CQ /Zj CYC10 i aj
)
| X9 “OH aIdoI addition CHactlvatlon SZN
)
N~ N _
(-)-quinine

Scheme 48. Overview of novel retrosynthetic approach to (-)-quinine

Starting from 3-aminoquinuclidine, the directing group was easily introduced from the
picolinic acid. Once the directing group installed, the evaluation of conditions concluded
that Pd(OAc)2 with aryl iodide was the best conditions to perform the cross coupling

reaction as shown in Scheme 49.
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Scheme 49. Sp? C-H arylation of quinuclidine

The synthetic examples highlighted above represent only a minor fraction of the total
synthesis processes which were developed using the C-H functionalization strategy. This
approach is considered extremely effective for generating various types of complex
natural products, including steroids, alkaloids and so on. Selective C—H functionalization
remains an immature field and sometimes still requires harsh conditions. However,
organic chemists already believe in the full potential of C-H activation processes and their

applications in multicomponent synthesis.
1.5.2. Application in multicomponent synthesis

The combination of chemical transformations in the manner of multicomponent
reactions with C-H bond functionalization represents a beneficial tool in the synthesis of
small organic molecules. Such reactions provide a platform for the rapid generation of
high molecular diversity and complexity by making use of the advantages of both
multicomponent reaction and the selective C-H functionalization. In recent years, with
the worldwide and overwhelming interest in the concept of sustainability, the chemistry
field progressed very rapidly towards more sustainable synthesis, such as developing
multicomponent reactions among many others. A classical example is the A3 coupling
reactions developed in the laboratory supporting the investigation presented in this work,
involving an alkynyl sp C-H activation.?*3 Since this topic has been described in reviews,?**
this section illustrates only a few MCR examples related to sp, sp? and sp® C-H

functionalization.

In 2013, Rueping and co-workers developed a visible light mediated heterogeneous

C-H functionalization using recyclable TiO, catalyst.?*> The application of TiO; in
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photocatalytic transformation is highly sustainable and is well documented for the
oxidation of alcohols to carbonyl compounds?4¢248 and amines to imines.?*® They

designed a-functionalization of N,N-dimethylaniline in the oxidative Ugi-type reaction

(Scheme 50).
R? TiO, (1equiv.) BQ?\
11 W lam N .R3
N NS & CN-R3 + H,O P R1'—\ N
Riu dioxane, 30°C =

up to 82% yield

Scheme 50. Photoredox multi-component Ugi-type reaction catalyzed by TiO2 metal

oxides

Alarge variety of N,N-dimethylanilines and different isocyanides were tolerated under
these conditions affording the corresponding a-amino amides in moderate to good yield.
The author conducted catalyst recycling evaluation by centrifugal separation and the TiO;
catalyst was reused without loss of activity. They proposed a reaction mechanism as
shown in Scheme 51. The first step is suggested to be the oxidation of the amine center
into iminium ion from light and TiO». The nucleophilic attack of isocyanide follows to form
the nitrilium ion. This species is trapped by water and then tautomerizes to the

corresponding a-amino amides.

i i
|

R1 R1 R1

H _ H
Ar\ ) h'Uy T|02 Ar\+. ) AI'\ +¢ >

Il
|
2
A H A N A "
r< ~ H,O r< < H,O r<
2 Mo o Hp
R' O R' OH R! R2

Scheme 51. Mechanism of photoredox Ugi-type reaction
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Another very beautiful and efficient multicomponent example which involves sp? C-H
functionalization was described by Meshram and co-workers.?”° They developed the
reactions of methyl ketones, o-tosylhydroxylamines and pyridine-2(1H)-one catalyzed by
copper for the synthesis of imidazole fused heterocycles. This reaction shown in Scheme
52, occurs very rapidly and goes through a C-H activation step under microwave

irradiation.

X = N
10 1_Ar/

N~ ~O
Cu(OTf), (20 mol%
or H + H%/_\r + H,N-OTs (OTh: ( ) or

s [omim]BF, S
RIS ]: Y=o " 110°C SEC) N
NI N MW ™ N
SN L
Ar

Scheme 52. Copper catalyzed MCR for the synthesis of imidazo-heterocycles

In recent years, the research on C-H activation reactions was essentially focused on
sp? C-H bonds compared to their corresponding analogues sp and sp?C-H bonds. Thus the
MCRs involving sp? C-H bond functionalization are much more diverse. A good illustration
of this topic was described by Zhu and co-workers in 2007.2°! They reported a three
component process for the synthesis of 3-(diarylmethylene)oxindoles from N-aryl-N-alkyl
propiolamides and two different aryl iodides. In presence of Pd(PPhs)s and Cul, the
mechanism follows a Sonogashira type coupling and a carbopalladation by sp? C-H aryl
bond activation. However, this example is a sequential multicomponent reaction, since
the aryl iodides were added stepwise because of their similarity in reactivity. The
corresponding 3-(diarylmethylene)oxindoles were obtained with a maximum of 82%

yield, as shown in Scheme 53.
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Scheme 53. Three-component synthesis of 3-(diarylmethylene)oxindoles via C-H

bond activation

With the endeavour in developing more efficient and easily available directing group
for C-H activation reactions, Wan and Liu discovered the multicomponent synthesis of o-
arylated benzamides using o-aminophenol as directing group for C-H activation.?>? In
presence of Pd(OAc);, the assemblies of benzoyl chlorides, aryl iodides and o-

aminophenols provided the arylated products with broad substrate tolerance (Scheme

54).
0 | N

X
R! OH Pd(OAc), (5 mol%) R27— | —R?
cl X K,COg, MeCN ZHN N0 N
+ + || —R2
NH, = reflux OH

up to 95% vyield

R1

Scheme 54. Multicomponent o-aminophenol directed Ar-H arylation

The multicomponent coupling of arynes with Csp?>~H substrates and other suitable
components constituted another type of useful method. Greaney and co-workers
reported the palladium-catalyzed reactions of benzyne precursors with alkyl halides and
alkyl acrylates for the synthesis of o-difunctionalized benzenes (Scheme 55).2>2 Compared

with traditional methods using organometallic reagents, Greaney and co-workers
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illustrated the power of developing sustainable reaction alternatives by functionalizing C-

H bonds.

CsF (4.5 equiv.)
PdCl,/dppf or Pd(OAc)./dppe N R
|

7 ot o~ H OR3 (5 mol%) 1
R'T X" R2 * W R L~ ore
DME, 50°C

ZTMS 0
o)

up to 92% vyield

Scheme 55. Three-component coupling of benzynes

The sp C-H bond featured in terminal alkynes has been known to undergo
transformation in a large variety of different organic reactions. Related to MCR, the use
of terminal alkynes witnessed important advances in the past decades in the synthesis of
diverse organic products via the transition metal-catalyzed transformation of this sp C-H
bond. Closely related to the previous example, Cheng and co-workers reported in 2008 a
three-component reaction of benzyne precursors with terminal alkynes and allyl halides
(Scheme 57).2>* The authors suggested that the reaction proceeded through the
formation of a m-allyl palladium intermediate and a copper acetylide, being involved in a

transmetalation step.

Later, in 2011, Ogata and co-workers reported a highly chemoselective nickel
catalyzed three component process between two distinct terminal alkynes and an

internal alkyne (Scheme 56).2%°

'PrySi R!
SiPr; R R®  Ni(cod), (10 mol%) N
I+ |+ || Eefebetas (Bomor) R
toluene, r.t. Rs
H R2 H
up to 89% yield

Scheme 56. Chemoselective nickel catalyzed three-component process between two

distinct terminal alkynes and an internal alkyne
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Scheme 57. Palladium-catalyzed three-component coupling of arynes with allylic

acetates or halides and terminal alkynes

This method allows the rapid construction of conjugated enynes in presence of
Ni(cod),. The authors suggested a mechanism with a series of nickel insertion into sp C-H
bonds and insertion of the internal alkyne into the Ni-H bond. Related to this mechanism
and briefly described above in introduction, the MCR A3 coupling developed in Li’s

laboratory involves a terminal alkyne sp C-H activation (Scheme 58).

0 R3 l
R

Scheme 58. MCR A3 coupling catalyzed by transition metal
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Typically, this reaction requires copper, silver or gold transition metal catalyst and
produces propargyl amine derivatives from the coupling of aldehyde, amine and alkynes.
Asymmetric reactions, heterogeneous catalysts and so on belong to the numerous

variations that have been developed since its discovery.2°6-258

In conclusion, the use of C-H bond functionalization methodology has been extended
to many different chemistry areas. The field is rapidly expanding to embrace the
advantages offered by already known chemistry areas such as MCR and total synthesis
among many others, driving the development of increasingly selective and efficient

transformations.
1.6. Summary & outlook

A paradigm shift in the design of new reactions has been observed alongside growing
environmental concerns. In the past few decades, methods have shifted from accessing
target molecules at all cost to the design of more efficient reactions. The shift has allowed
the use of simpler and readily available starting materials, permitting the exploitation of
highly functionalized and complex structures. With the benefit of decades of
development, C—H bonds functionalization is now seeing diverse applications such as in
total synthesis and multicomponent reactions. Its tunability and ease of incorporation
into tandem- and one-pot reactions make it a powerful transformation. Moreover, the
late-stage functionalization of complex molecules and high-value compounds by C-H
activation methods is strongly beneficial. In the future, the expansion of this portfolio is
highly desirable, to allow more direct modification of wider varieties of compounds and
structures. C—H activation is well positioned to become a useful synthetic technique in
industry as well as in academia, in particular for applications where the classical coupling
reactions is less advantageous technically, financially, and environmentally. Finally, the

use of C-H activation will drastically increase the rate of creating molecular complexity.
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Chapter 2 — Gold Catalyzed Tandem Reactions of Amide-
Aldehyde-Alkyne Coupling and Cyclization - Synthesis of
2,4,5 -Trisubstituted Oxazoles.

2.1 Background

Since its first recorded synthesis in 1840 by Zinin', oxazole heterocyclic compound has
played an increasingly important role in heterocycle chemistry research. Its first synthesis
was observed by obtaining azobenzil, or benzilam product from the reaction of benzil with
alcoholic ammonia. During the World War Il, Cornforth and others carried out penicillin
synthesis, which was thought to contain an oxazole core, and greatly advanced our
knowledge of the chemistry of oxazoles.> The parent oxazole was for the first time
synthesized by Cornforth and Cornforth in 1946 by utilizing a complex series of reactions.?
Although the parent oxazole does not exist naturally, a large number of substituted
oxazole-containing natural products have been isolated, mostly from marine
invertebrates and microorganisms. Because of their structural complexity, many of these
isolated oxazole containing molecules drove a large interest in pursuing their total

synthesis and thus resulted in many of the recent discoveries of novel oxazole chemistry.

Generally known as the classical method to synthesized oxazole compound, the
Fischer synthesis discovered in 1896, is a reaction between a cyanohydrin and an

aldehyde under acidic conditions (Scheme 59).4

R
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Scheme 59. Emil Fischer oxazole synthesis

Many different aromatic aldehydes and cyanohydrins were evaluated and converted
to the corresponding 2,5-diaryloxazoles following this procedure, with yields obtained up

to 80%. Regarding the synthesis of oxazoles, numerous methodologies were developed
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during the last century. This motif can be achieved from many different starting
molecules, such as: o. -amino acids>, benzalaminoacetals,®’ amides and o-halo ketones,?
10 via 1.3-dipolar addition of carbonylcarbenes to nitriles'**? and many others reported
in published reviews.> 1317 Another classical and widely used reaction, is the Robinson-
Gabriel oxazole synthesis (Scheme 60).181° This method, named after S. R. Robinson and
S. Gabriel who discovered the reaction in 1909 and 1910, respectively, describes a
cyclization and dehydration of a a-acylamino ketones when treated with PCls or a strong
dehydrating agent.?? Various modifications of this synthesis were developed following its
discovery, ranging from the use of one-pot strategy?! to the use of readily available o-

amino acid derivatives.??

11
oL
oY £

(0] R

Scheme 60. Robinson-Gabriel oxazole synthesis

Moreover, the Van Leusen synthesis also belongs to the well-known methods to
access oxazoles and imidazoles.?* The reaction consists of the coupling of a carbonyl
compound with toluenesulfonylmethyl isocyanide (TOSMIC) producing the corresponding
heterocycle under basic conditions. Discovered in the 1970’s, the reaction is driven by the
peculiar reactivity of TOSMIC, which possesses acidic protons, sulfinic acid as a leaving
group and an isocyano group that contains an oxidizable carbon atom. After
deprotonation of TOSMIC, the addition to the carbonyl moiety occurs, followed by
cycloaddition and based-promoted elimination reaction leading to the oxazole product
(Scheme 61). This strategy found considerable use in the preparation of Dupont’s
benzamidine, a Factor Xa inhibitor (anticoagulant drugs - Scheme 62).2* Moreover, the
robustness of this methodology found applications in methionine aminopeptidase

inhibitor?® and prostacyclin receptor antagonist programs.2®
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Scheme 62. Dupont’s benzamidine

Besides organic named reactions, the syntheses of oxazole core have been developed
by many research groups, generally using intramolecular cycloaddition strategies.
Cycloaddition reactions are among the synthetic tools that best fit the criteria of methods
and strategies that allow the transformation of readily available precursors into complex
products in an efficient, rapid and economical manner. Regrettably, the realm of classical
cycloaddition reactions is quite small and limited to precursors presenting specific and
suitable electronic properties.?’-?° In this regard, transition metal complexes offer great
opportunities for the discovery of new cycloaddition alternatives, and in many cases they
can be used in a catalytic manner. While transition metal-catalyzed cycloadditions were
discovered in the mid-20t™" century and more recently developed and established as
important strategy to access heterocycles, most of the examples were described with the
use of rhodium, ruthenium, or palladium catalysts.3° Propargyl alcohols and esters react
with amides or nitriles in the presence of certain catalysts and cyclodehydrating agents
to afford alkyl- or aryl-oxazoles. For instance, 2-phenyl-4-methyloxazole was obtained
from the reaction of propargyl alcohol and benzonitrile in concentrated sulfuric acid.31-32
More recently, thanks to the properties of transition metal catalysts, intramolecular

cyclization of propargyl amide has been achieved.?? The first transition-metal-catalyzed
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cycloisomerization of propargyl amides delivering the corresponding oxazole, was
described by Eloy and Deryckere in 1973 by employing Hg(OAc); as catalyst.3* This method
was then adopted in the synthesis of oxazole-containing bioactive molecules by Beer and
co-workers.3> Later, in 1995, Costa and co-workers reported a Pd/C or Pd(ll) catalyzed
oxidative cyclization-alkoxylation of propargylic amides into the corresponding oxazolines
with great yields.3® Cacchi and Broggini demonstrated later that palladium transition
metal catalysts were efficient to catalyze 5-exo-dig cyclization reaction of porpargyl

amides under different conditions (Scheme 63).37-38

[37] Ar
Pd,(dba)s, P(2-furyl)s
NaO'Bu 0
| )R
MeCN N
0 J'
R)J\N N
H
[38] o)
PdCl(MeCN), (5 moi%) o
CuCl,, O, | )R
DMF N

Scheme 63. Palladium catalyzed cyclization of propargyl amides

More recently, gold complexes, due to their excellent ability to coordinate to C-C
multiple bonds, have been widely employed to catalyze the cyclization of propargyl
amides. In 2004, Hashmi and Nishibayashi along with their co-workers independently
described a 5-exo-dig cycloisomerization of propargyl amides into oxazoles, catalyzed by

gold (1) complexes (Scheme 64).3%-40
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Scheme 64. Gold catalyzed cyclization of propargyl amides

As mentioned above, oxazole containing compounds exhibit highly variable and
bioactive properties and their structures are extremely diverse. As such, some efficient
synthetic methods accessing highly functionalized oxazoles have been developed, yet
overall remain challenging. Regarding the aspect of building up molecular complexity,
introduced earlier in Chapter 1, these methods disclose various advantages. However,
limitations in scope diversity and or potential stability of functional groups under these
reaction conditions were exposed. For instance, in Fisher’s oxazole synthesis, the use of
already complex cyanohydrin starting molecule reduces the potential gain of molecular
complexity through the reaction. Moreover, under strongly acidic conditions, many
different functional groups are not tolerated. Similarly, Robinson-Gabriel oxazole
synthesis occurs with a pre-synthesized starting material under very strong and
concentrated acidic conditions, diminishing the potential scope of oxazole compounds;
thus weakening the overall gain of molecular complexity. The Van Leusen oxazole
synthesis proceeds under basic condition with generally elevated temperature. The pre-
synthesis of TOSMIC is prerequisite to the reaction to occur, which consequently renders
this reaction as being non-efficient regarding ACm gain after the reaction. Analogously,
the cycloisomerization of reactive intermediates into oxazoles involves one or more pre-
synthesis steps to generate the corresponding reactive intermediates. We summarize the
molecular complexity gain or loss using these methods, in Scheme 65. Surprisingly, the

complexity calculated resulting from these four different syntheses of oxazoles is
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dramatically low. In fact, only the Fischer oxazole synthesis has an overall molecular
complexity being positive of ACm= 34.6. The organic reactions such as the Robinson-
Gabriel and the Van Leusen oxazole syntheses show negative values of molecular
complexity with ACm= -63 and ACm= -232.4, respectively. Regarding the
cycloisomerization of propargyl reactive intermediate, the molecular complexity
calculated is negative with a value of ACn=-52.

molecular complexity
of the reaction

Ph 5
0 CN o ! .
+ - : ischer
PhAH Ph)\OH AN !
Ph ;
Cm = 55.4 Cm = 141 Cm = 231 | ACm =34.6
O Ph Ph :
Ph)LN )\th iJ\Biph ! Robinson-Gabriel
H o pn” N |
Cm =416 Cm =353 i ACm =-63
0 © !
Q Ph e) Ph |
B o) \
Tos” NG+ Ph)LH I | /> E Van Leusen
Tos NC E
Cm=208 Cm=554 Cm=121 | ACm=-232.4
_________________________________________________________________ L
0 ‘ ‘ [M] o) : Cycloisomerization
. of propargyl amides
Py | )—Ph , g
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H :
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From these observations, the development of a new and efficient method to build up

oxazole heterocycles with a high gain of molecular complexity, is of huge interest.
2.2 Research objectives & plan

Oxazoles are important heterocyclic motifs present in a wide range of bioactive

43-47

49-50

molecules,**? natural products, advanced materials,*® and ligand frameworks

(Scheme 66).
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Scheme 66. Examples of bioactive molecules and natural products containing

oxazole moiety

Functionalization of pre-existing oxazole skeletons is one important strategy used to
access highly functionalized derivatives, but some regioselectivity issues can limit such
methods.>>>’ Moreover, the potential gain of molecular complexity through direct
functionalization of pre-existing oxazole skeletons is diminished since the heterocycle
needs pre-synthesis step. As such, efficient synthetic methods accessing highly

functionalized oxazoles are of great interest, yet remain challenging. From an atom
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economic perspective, the intramolecular cyclization from acyclic precursors represents
an attractive strategy for the preparation of substituted oxazoles.>®7° In the past decades,
various transition metals have been reported to catalyze the cyclization of acetylenic
precursors. Among these different methods, some use strong Bronsted acids or Lewis acid
reagents, which restrict the functional group tolerance.’* Thus, it is desirable to develop
a simple approach with high enhancement of molecular complexity to synthesize a broad

variety of oxazoles derivatives.

By furnishing complex products from simple building blocks in a minimum number of
steps, multicomponent reactions represent efficient and rapid alternatives to traditional
stepwise syntheses.”?78 One such reaction that has proven highly versatile and useful is
the aldehyde-alkyne-amine coupling (A3-coupling) for the formation of
propargylamines.’®®2 Since its discovery,®2®* the multicomponent A3-coupling has been
extensively developed by numerous authors, showing great promise as a tool for the
synthesis of complex molecules. In particular, its amenability to tandem transformations,
especially cyclization, makes it an attractive technique for the synthesis of drug-like
molecules. We envisioned that oxazoles might be accessed through such a tandem A3-
coupling-cyclization, making use of amides instead of amines (Scheme 67). However, to
the best of our knowledge, the formation of propargyl amides via the coupling of amides,
aldehydes and alkynes has never been reported before.®>#” Coinage transition-metal
catalysts, such as gold, have shown excellent activity for the A3-coupling®°° as well as,
have been highly effective for the cyclization of acetylenic compounds.3® 9114 Thus, we
envisioned that a judicious gold catalyst might effectively catalyze both A3-coupling and
the tandem cyclization steps, gaining access to highly functionalized oxazoles in a single
pot.1?>123 We aimed to develop a novel strategy for the multicomponent, one-pot

synthesis of highly substituted oxazoles from simple amides, aldehydes and alkynes.
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Scheme 67. Designed strategy of one-pot gold-catalyzed A3 / cyclization reaction

Our first attempt to achieve the coupling of amides, aldehydes and alkynes was
undertaken with simple substrates to develop an exemplary reaction. Towards this goal,
we selected gold catalyst to conduct both multicomponent coupling and the
corresponding cyclization reaction. Lastly, with numerous different, functionalized and
readily available substrates, we envisioned the rapid construction of molecular

complexity for the construction of oxazole heterocycles.

2.3 Results and discussion
2.3.1 Condition screening

Inspired by our previous work on gold-catalyzed A3 reactions, we began our
investigation using benzamide (1a), and cyclohexanecarboxaldehyde (2a) and phenyl
acetylene (3a) as substrates. While gold(l) chloride and gold(lll) chloride complexes, on
their own, did not yield any desired product, the use of NHC-gold(l) cationic complex
furnished the corresponding product (4a) in 1% yield (entry 6). Triphenylphosphine ligand
was found to be beneficial to the reaction (entry 8) compared with triethylphoshine and

the corresponding N-heterocycle carbene ligand reported (entries 6 and 7). The counter-
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anion of silver salt dramatically influenced the yield of the reaction, with triflate yielding
the best result (entries 8-11). When Ph3PAuCIl/AgOTf was used in toluene at 100 °C, a
significant amount of 3-acylamidoketone (5a) was detected, together with its regioisomer
(5b) in a minor yield (< 10%, Scheme 69). To investigate the influence of water on the
formation of this side-product, 44 molecular sieves were added (entry 12), which resulted
in the complete inhibition of the desired reaction possibly due to gold poisoning from the
molecular sieves.'?* Whereas it has been reported that a suitable acid activator (i.e.
AgOTf) prevents the degradation of the gold catalyst,'?* the addition of 50 mol% AgOTf
was not beneficial to the reaction (entry 13). Tuning the reaction conditions for better
solubility and stability of reactive intermediate, a series of reaction times and solvents
were evaluated (entries 14-21). A reaction time of 6 hours in combination with toluene
as solvent were found to be the best conditions. Although, considering the weak
nucleophilicity of the amide, the increase of reaction temperature was evaluated.
Increasing from 100 °C to 130 °C slightly improved the yield. A drastic acceleration of the
reaction was observed at 150 °C, showing complete conversion and excellent yield of the
desired product (entries 23-24). In the absence of metal catalyst or additive, no desired
product was observed (entry 25-27). The silver chloride formed during the catalyst

preformation likewise showed no activity in the reaction (entry 27).

Table 1. Optimization of reaction conditions

CHO Ph  Catalyst (10 mol%)

o Additive (20 mol%) O o
M + |l e e + oA
Ph NH, solven Ph N )\\
H T(°C), Ar H N
1a 2a 3a 5a 4a
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Solvent/time/T Yield %

Entry Catalyst Additive °C)

5a 4a
1 AuCl(SMe) - PhMe/18h/10 10 0
2 AuBr3 - PhMe/18h/10 15 0
3 PhsPAuCI - PhMe/18h/10 5 0
4 AuCl iPr.Cl PhMe/18h/10 5 0
5 AuCls AgOTf PhMe/18h/10 46 0
6 iMesAuCl AgOTf PhMe/18h/10 38 1
7 EtsPAuCI AgOTf PhMe/18h/10 44 14
8 PhsPAuCI AgOTf PhMe/18h/10 45 30
9 PhsPAuCI AgBF4 PhMe/18h/10 10 6
10 PhsPAuCl AgSbFe PhMe/18h/10 10 7
11 PhsPAuCl AgNTf, PhMe/18h/10 7 5
12 PhsPAuCI AgOTf + 4A MS PhMe/18h/10 0 0
13 PhsPAuCI AgOTf (50 mol%) PhMe/18h/10 30 8
14 PhsPAuCI AgOTf PhMe/3h/100 18 7
15 PhsPAuCI AgOTf PhMe/6h/100 45 30
16 PhsPAuCI AgOTf PhMe/18h/10 43 26
17 PhsPAuCI AgOTf PhMe/64h/10 50 25
18 PhsPAuCI AgOTf DCE/6h/100 44 0
19 PhsPAuCI AgOTf MeCN/6h/100 nd 0
20 PhsPAuCI AgOTf THF/6h/100 8 0
21 PhsPAuCI AgOTf H,0/6h/100 0 0
23 PhsPAuCI AgOTf PhMe/6h/130 5 45
24 PhsPAuCI AgOTf PhMe/6h/150 0 99
25 - - PhMe/6h/150 0 0
26 - AgOTf PhMe/6h/150 10 0
27 - AgCl PhMe/6h/150 0 0

Reaction conditions: benzamide (0.1 mmol), cyclohexylcarboxaldehyde (0.15 mmol),
phenyl acetylene (0.15 mmol), solvent (0.5 mL), under Argon atmosphere. All reported
yields were determined by 'H NMR spectroscopy using dibromomethane as internal
standard. Reported yield in brackets are isolated yield.
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2.3.2 Mechanistic considerations

The efficiency of triphenylphosphine gold(l) cationic complex to catalyze the
multicomponent reaction, led us to the mechanistic hypothesis shown below (Scheme
68). The gold(l) cationic complex | is form by abstraction of chlorine anion from
triphenylphosphine gold chloride complex, catalyzed by silver triflate salt. Under its
cationic form, gold(l) complex | reacts with phenyl acetylene, generating the gold
acetylide species 11.12°°126 |n the meantime, the condensation reaction between amide (1)
and aldehyde (2) results in the formation of the corresponding imide lll, and generates
the only by-product of the reaction: water. The following addition of gold acetylide Il to
the imide Il affords the propargyl-amide IV, identically as the traditional A3 reaction
developed by our group. Thanks to the remarkable coordination ability of cationic gold
species to alkyne,'?”12° the catalyst can facilitate the intramolecular 5-exo-dig cyclization
reaction to generate a cyclic organogold complex V. Succeeding the formation of V, the
oxazoline intermediate VI is obtained via protodeauration, which further tautomerize into

the desired tri-substituted oxazole product (4).
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Scheme 68. Proposed mechanism for the gold catalyzed A3 coupling /

cycloisomerization reaction

2.3.3 Substrate scope for the gold catalyzed A2 coupling / cycloisomerization

reaction

With the optimized conditions in hand and a better understanding of the catalytic
system, our system was applied to a variety of amides, aldehydes and alkynes. Firstly, we

focused our evaluation on the influence of different aldehydes (Table 2).
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Table 2. Scope of aldehydes

R3

R®  PhgPAUCI (10 mol%)
O AgOTf (20 mol%)
I+ RmcHO + || 0\
R' “NH, Toluene JQ R2
H 150 °C, Ar R N
1 2 3 4
Ph Ph Ph
A\ O™\ O™\
=N ©)\\ N =N
4a, 95% 4b, 50% 4c, 80%
Ph O Ph Ph
(0] (0] (e}
N N N
MeO
4d, 65% 4e, 61% af, 47%
Ph Ph Ph
Cl NO,
49, 95% 4h, 55% 4i, 75%

Conditions: Amides (0.2 mmol), Aldehydes (0.3 mmol), Alkynes (0.3 mmol), PhsPAuCl (10
mol%), AgOTf (20 mol%), 0.5 mL of toluene, 6 h, under argon. Isolated yields reported.

Both aliphatic and aromatic aldehydes efficiently delivered the corresponding
oxazoles in moderate to excellent yields. The cyclic cyclohexanecarboxaldehyde and the
acyclic 2-methylpentanal afforded the corresponding oxazole (4a) and (4b) in 95% and
50% vyield, respectively. Aromatic aldehydes with various functional groups were well

tolerated and the corresponding products were isolated in good to excellent yields. The
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reaction of benzaldehyde with other coupling partner afforded the oxazole (4c) in 80%
yield. While aromatic aldehydes with both electron-withdrawing groups (EWG) and -
donating groups (EDG) were well tolerated under the reaction conditions, aldehydes
bearing EWGs such as ortho-Cl, para-NO; and ester substituents generally provided the
desired product (4g, 4h and 4i, respectively) in higher yields compared to the ones bearing

EDGs such as -OMe (4e, 4f).

Secondly, the effect of both amide and alkyne partners were investigated in Table 3.
In general, substituted benzamides possessing different EWGs and EDGs showed
excellent reactivity resulting in good reaction yields (4j, 4k, 4l, 4m, 4n). Interestingly, the
yield decreased slightly (87% to 70%) upon changing the para-MeO EDG to a para-Cl EWG.
This decrease in the product yield can possibly be attributed to the lower nucleophilicity
property of the para-Cl benzamide; the reactive intermediate Ill was arduously formed.

Besides, alkyl amide exposed to our reaction system produced 4r in a moderate yield.
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Table 3. Scope of amides and alkynes

R®  PhgPAUCI (10 mol%) R?
O AgOTf (20 mol%)
I+ RmcHO + || 0\
RZ

R' "NH, Toluene
H 150 °C, Ar J\

1 2 3 4

Ph
O™\
o
MeO
4j, 87%
NC
B\
/@/&N
Cl
4dm, 78% 4n, 72% 40, 50%
NC
(iPr)sSi -
(0]
% &
N ~
() .8 e
Cl N MeO
4p, 62% 4q, 42% 4r, 52%

Conditions: Amides (0.2 mmol), Aldehydes (0.3 mmol), Alkynes (0.3 mmol), PhsPAuCI (10
mol%), AgOTf (20 mol%), 0.5 mL of toluene, 6 h, under argon. Isolated yields reported.
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Next, it is noteworthy that terminal alkynes bearing boronic ester were tolerated
under the reaction conditions, providing the oxazole 40 and a handle for further
functionalization via the Suzuki coupling. To our delight, our method can be further
extended to the substrates bearing heterocycle. The reaction of para-chloronicotinamide
afforded the oxazole product 4p in 62% yield. Fortunately, subjecting the substrate
triisopropylsilyl acetylene to the standard reaction conditions could successfully afford

the corresponding oxazole heterocyclic compound 4q, albeit in a slightly lower yield.

2.3.4 Control experiments

Due to the elevated yield of side products during our investigation for the best
reaction conditions, we envisioned the compound 5a to be a potential reaction
intermediate since it presents a similar structure as the starting material used in Robinson
Gabriel reaction (Scheme 60). Along with the reaction time studies we have found that

two hydrated isomers were generated during the reaction at 100 °C, 5a and 5b (Table 4).

Table 4. Time study

Ph Ph Ph
Ph  PhsPAUCI (10 mol%) o
j\ l l AgOTf (20 mol%) 0 o] 0 /L
+ Cy—-CHO + + + (o)

toluene Ph)I\N Cy Ph)J\N Cy )Q\ Cy

H H N

Ph
4a

Ph” “NH,
H 100°C, Ar
1a 2a 3a 5a 5b
i Yield %
Entry Time
5a 5b 4a
1 3 18 11 7
2 6 45 10 30
3 18 43 12 26
4 64 50 10 25

Reaction conditions: benzamide (0.1 mmol), cyclohexylcarboxaldehyde (0.15 mmol),
phenyl acetylene (0.15 mmol), solvent (0.5 mL), under Argon atmosphere. All reported
yields were determined by 'H NMR spectroscopy using dibromomethane as internal
standard.

It is noteworthy that those hydrated products were produced at lower temperature

exclusively. Control experiments with and without gold catalyst were conducted under
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our optimized reaction conditions. We observed that compounds 55 and 5 did not lead
to the formation of the corresponding oxazoles, and thus they do not represent a reactive

intermediate.

Ph
0] 0] talyst
)]\ ﬁ no ca'alys Starting material recovered
Ph™ "N™ “Cy toluene
H 150 °C, Ar
5a
Ph
0© PhsPAUCI (10 mol%)
)J\ AgOTT (20 mol%) No oxazole formation
Ph N~ Cy toluene
H 150 °C, Ar
5b

Scheme 69. Control experiments related to the side-products observed

Novel synthetic strategies have rarely been flawless with respect to the reaction
scope, and this chemistry is certainly no exception. Apart from the low conversion found
in a few substrates listed in Scheme 70, we observed a few problematic substrates that
either remain unreactive or contain incompatible functional groups under standard
conditions. Substrates bearing proximal chelating heteroatoms, in particular 2-
ethynylpyridine 3s, cyclohex-1-ene-1-carbaldehyde 2v and picolinamide 1y have
respectively very low or no reactivity towards the formation of the corresponding
oxazoles. Linear long chain aldehyde 2u was found to be a limitation of this reaction.
Modification from an unprotected amide to a —Bn and —Me protected amide, or
thiobenzamide resulted in the absence of reaction with recovering of the starting

material.
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Scheme 70. Substrates with low or no activity under our reaction condition

2.4 Conclusions

To summarize chapter 2, we have successfully discovered and developed a highly
efficient one-pot coupling method for the direct synthesis of tri-substituted oxazoles via
an unprecedented amide, aldehyde and alkyne coupling (A3). Using a single cationic
gold(l) catalyst in one-pot, to accomplish both the A3 and the cycloaddition reactions, this
method provides a novel atom economical and practical way and a convenient alternative
to construct important heterocyclic compounds, as water is the only side product.
Concerning the rapid increase of molecular complexity along the reaction, we were
satisfied to calculate a high and positive value of ACn= 164.7, when all substituents are

aromatic groups (Scheme 71).

Ph  PhgPAUCI (10 mol%) ~ ©N ;

0 AgOTf (20 mol%) :

JI_ + phcHo + | 0\ !

Ph NH, toluene )Q Ph !
H 150 °C, Ar o =N | ACy=164.7

Cn,=554 Cp,=474 C, =985 Cr=366 |

Scheme 71. Calculated molecular complexity for our model reaction
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We further envisioned that this tandem reaction could be extended towards the
synthesis of many other synthetically useful motifs, but also for the modification and use
of amino acid and peptide structures. Moreover, a polymerization reaction approach by
this method can be projected to access highly functionalized and complex oxazole based

polymers.
2.5 Contributions

The reaction and conditions for the multicomponent A3-cycloisomerization were
developed by me (Pierre Querard), with supervision by Prof. Dr. Chao-Jun Li. All reactions,
isolations, and characterizations (with the exception of high-resolution mass
spectrometry) were performed by me. High-resolution mass spectrometry was
performed by Dr. Nadim Saadeh at the McGill University Department of Chemistry Mass
Spectrometry Laboratory. The manuscript upon which this chapter is based was prepared

by me, with revision by Dr. Nicholas Uhlig, Dr. Simon Girard and Prof. Dr. Chao-Jun Li.

2.6 Experimental section
2.6.1 General information

Reaction setup: All reactions were carried out in flamed-dried V-shaped microwave
reaction vials, covered by aluminum seals with PTFE-faced silicone septa, under an
atmosphere of argon. All reported reaction temperatures correspond to oil bath

temperatures.

Purifications: All work-up and purification procedures were carried out with reagent-
grade solvents. Analytical thin-layer chromatography (TLC) was performed using E. Merck
silica gel 60 F254 pre-coated plates (0.25 mm). Flash column chromatography was
performed with E. Merck silica gel P60 (40—-63 um particle size, 230—-400 mesh) (Si02).
Visualization was accomplished with UV light and/or iodine (l,) or potassium
permanganate (KMnO4) solution. Retention factor (Rf) values reported were measured
using a 6 x 2 cm TLC plate in a developing chamber containing the solvent system (10 mL)
described. Automated flash column chromatography was performed on Biotage Isolera™

Spektra Systems with ACI™.
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Solvents: Dimethyl sulfoxide (DMSO), tetrahydrofuran (THF) and toluene were taken
directly from the Pure Solvent MD-7 purification system (Innovative Technology).
Solvents for filtration, transfers, chromatography, and recrystallization were
dichloromethane (CH:Cl,) (ACS grade, amylene stabilized), ether (Et,0) (Fisher, BHT
stabilized ACS grade), acetone (ACS grade), ethyl acetate (EtOAc) (Fisher, ACS grade),

hexane (Fisher, ACS grade), pentane (ACS grade), methanol (ACS grade).

NMR spectroscopy: Nuclear magnetic resonance (*H, *3C and 3!P {*H} NMR) spectra
were recorded on a Bruker AV500 equipped with a 60-position SampleXpress sample
changer (*H, 500 MHz; 3C, 125 MHz; 3P, 202 MHz), a Varian MERCURY plus-500
spectrometer (*H, 500 MHz; 13C, 125 MHz) or Bruker AV400 spectrometer (*H, 400 MHz;
13C, 100 MHz). Chemical shifts for both *H NMR and *3C NMR spectra were expressed in
parts per million (ppm) units downfield from TMS, with the solvent residue peak as the
chemical shift standard (CDClz: § 7.28 ppm in *H NMR; & 77.0 ppm in 3C NMR; DMSO-d6:
5 2.50 ppm in 'H NMR; 6 39.5 ppm in 3C NMR). Data were reported as following: chemical
shift, multiplicity (s = singlet, d = doublet, dd = doublet of doublets, t = triplet, td = triplet
of doublets, g = quartet, quin = quintet, sep = septet, m = multiplet, br = broad singlet),

coupling constants J (Hz), and integration.

Mass spectrometry: Mass spectrometry (MS) was performed by the McGill Chemistry
Department Mass Spectrometry Facility. High Resolution Mass spectra were recorded
using electrospray ionization (ESI+) and/or atmospheric pressure chemical ionization APCI
(+/-), performed either on "Exactive Plus Orbitrap" a ThermoScientific high resolution
accurate mass (HR/AM) FT mass spectrometer, or a Bruker Daltonics Maxis Impact

guadrupole-time of flight (QTOF) mass spectrometer.
2.6.2 General procedure

A V-shaped 10 mL Biotage reaction vial was charged with PhsPAuCl (10 mol%), AgOTf
(20 mol%), and the corresponding amide (0.2 mmol), evacuated and refilled with argon
three times. Freshly distilled toluene (0.5 mL) was added followed by subsequent addition

of aldehyde (0.3 mmol) and the terminal alkyne (0.3 mmol). The reaction vessel was
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sealed, placed in an oil bath pre-heated at 150 °C under vigorous stirring (approx. 1400
rpm) and hold for 6 hours. The mixture was cooled to room temperature, diluted with
ethyl acetate, filtered through a pad of silica, and rinsed with additional ethyl acetate. The
combined rinsings were concentrated and purified by column chromatography or
preparative thin layer chromatography to vyield the corresponding oxazoles (4).

Dibromomethane was used as internal standard for *H-NMR analysis.

2.6.3 Characterization of newly synthesized compounds

Ph

0™\

N
5-benzyl-4-cyclohexyl-2-phenyloxazole, (4a)

Use the general procedure described above, compound 4a was obtained from
benzamide (0.2 mmol, 24.2 mg), cyclohexane carboxaldehyde (0.3 mmol, 36.3 ulL) and

phenylacetylene (0.3 mmol, 34 ul) as a white solid (62.7 mg) in 95% vyield.

1H NMR (CDCls, 500 MHz): & = 8.00-7.98 (m, 2H), 7.43-7.39 (m, 3H), 7.33-7.32 (m, 2H),
7.27-7.25 (m, 3H), 4.08 (s, 2H), 2.61-2.55 (tt, J = 11.7, 3.5 Hz, 1H), 1.87-1.80 (m, 4H),
1.74-1.69 (m, 3H), 1.38-1.34 (m, 3H).

13C NMR (CDCl3, 126 MHz): & = 159.7, 143.9, 142.1, 138.0, 129.6, 128.6, 128.5, 128.3,
128.0, 126.6, 126.1, 35.7, 32.4, 31.1, 26.5, 25.8.

HRMS (ESI) m/z: [M + H]+ calculated for C2;H24NO 318.1858, found 318.1858.

Rf (hexane/EtOAc 4:1): 0.5.

Ph

5-benzyl-4-(pentan-2-yl)-2-phenyloxazole, (4b)
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Use the general procedure described above, compound 4b was obtained from
benzamide (0.2 mmol, 24.2 mg), 2-methylpentanal (0.3 mmol, 37 ul) and
phenylacetylene (0.3 mmol, 34 ul) as a white solid (30.5 mg) in 50% yield.

1H NMR (CDCls, 500 MHz): & = 8.01-7.99 (m, 2H), 7.42-7.39 (m, 3H), 7.35-7.32 (m, 2H),
7.27-7.25 (m, 3H), 4.05 (s, 2H), 2.73-2.80 (sext, J = 6.8 Hz, 1H), 1.76-1.70 (m, 1H),
1.61-1.54 (m, 1H), 1.29-1.28 (d, J = 6.9 Hz, 3H), 1.28-1.24 (m, 1H), 0.99-0.92 (m, 1H), 0.87-
0.90 (t, J = 7.4 Hz, 3H).

13C NMR (CDCl3, 126 MHz): = 159.8, 144.4, 141.6, 137.9, 129.6, 128.5, 128.4, 128.36,
128.0, 126.6, 126.1, 38.4, 31.0, 30.6, 20.8, 20.5, 14.7.

HRMS (ESI) m/z: [M + H]+ calculated for C21H24NO 306.1858, found 306.1854.

Rf (hexane/EtOAc 4:1): 0.5.

Ph

5-benzyl-2,4-diphenyloxazole, (4c)

Use the general procedure described above, compound 4c was obtained from
benzamide (0.2 mmol, 24.2 mg), benzaldehyde (0.3 mmol, 32 ul) and phenylacetylene
(0.3 mmol, 34 ul) as a white solid (49.7 mg) in 80% yield.

1H NMR (CDCl3, 500 MHz): & = 8.11-8.10 (m, 2H), 7.78-7.76 (m, 2H), 7.49-7.44 (m, 5H),
7.38-7.32 (m, 5H), 7.30-7.28 (m, 1H), 4.34 (s, 2H).

13C NMR (CDCl3, 126 MHz): 6 = 160.2, 145.6, 137.3, 137.2, 132.0, 130.1, 128.8, 128.7,
128.2,127.7,127.5, 127.0, 126.8, 126.3, 31.9.

HRMS (ESI) m/z: [M + H]+ calculated for C22H1sNO 312.1388, found 312.1387.

Rf (hexane/EtOAc 4:1): 0.4.
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5-benzyl-4-(naphthalen-1-yl)-2-phenyloxazole, (4d)

Use the general procedure described above, compound 4d was obtained from
benzamide (0.2 mmol, 24.2 mg), 1-naphthaldehyde (0.3 mmol, 40.8 ul) and

phenylacetylene (0.3 mmol, 34 uL) as a white solid (46.9 mg) in 65% vyield.

1H NMR (CDCls, 500 MHz): & = 8.16-8.12 (m, 3H), 7.94-7.92 (m, 2H), 7.57-7.51 (m, 5H),
7.50-7.46 (m, 3H), 7.33-7.30 (m, 2H), 7.26-7.24 (m, 3H), 4.11 (s, 2H).

13C NMR (CDCl3, 126 MHz): & = 160.3, 147.5, 137.3, 136.6, 133.9, 132.2, 130.1, 129.1,
129.0,128.6,128.5,128.3,128.1,127.8,127.6, 126.6, 126.4, 126.3, 126.07, 126.03, 125.2,
31.4.

HRMS (ESI) m/z: [M + H]+ calculated for C26H20NO 362.1545, found 362.1543.

Rf (hexane/EtOAc 4:1): 0.6.

Ph

5-benzyl-4-(2-methoxyphenyl)-2-phenyloxazole, (4e)

Use the general procedure described above, compound 4e was obtained from
benzamide (0.2 mmol, 24.2 mg), 2-methoxybenzaldehyde (0.3 mmol, 36.3 ul) and
phenylacetylene (0.3 mmol, 34 ul) as a white solid (41.5 mg) in 61% yield.

1H NMR (CDCls, 500 MHz): & = 8.09-8.07 (m, 2H), 7.63-7.61 (m, 1H), 7.46-7.43 (m, 3H),
7.39-7.36 (m, 1H), 7.33-7.27 (m, 4H), 7.27-7.24 (m, 1H), 4.15 (s, 2H), 3.75 (s, 3H).

13C NMR (CDCl3, 126 MHz): 6 = 160.2, 156.7, 147.3, 137.8, 133.9, 131.3, 129.7, 129.5,
128.6, 128.5, 128.41, 127.6, 126.4, 126.3, 121.0, 120.8, 111.0, 55.3, 32.1.

HRMS (ESI) m/z: [M + H]+ calculated for C23H20NO2 342.1494, found 342.1494.
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Rf (hexane/EtOAc 4:1): 0.6.

07N OMe

5-benzyl-4-(4-methoxyphenyl)-2-phenyloxazole, (4f)

Use the general procedure described above, compound 4f was obtained from
benzamide (0.2 mmol, 24.2 mg), 4-methoxybenzaldehyde (0.3 mmol, 36.6 ulL) and
phenylacetylene (0.3 mmol, 34 ul) as a white solid (32.0 mg) in 47% vyield.

1H NMR (CDCls, 500 MHz): & = 8.10-8.08 (m, 2H), 7.70-7.67 (m, 2H), 7.48-7.43 (m, 3H),
7.37-7.28 (m, 4H), 7.00-6.97 (m, 2H), 4.31 (s, 2H), 3.86 (s, 3H).

13C NMR (CDCl3, 126 MHz): 6 = 160.0, 159.2, 144.7, 137.4, 137.0, 130.0, 128.7, 128.6,
128.3,128.2,127.6, 126.7, 126.2, 124.6, 114.1, 55.3, 31.9.

HRMS (ESI) m/z: [M + H]+ calculated for C23H20NO2 342.1494, found 342.1494.

Rf (hexane/EtOAc 4:1): 0.6.

5-benzyl-4-(2-chlorophenyl)-2-phenyloxazole, (4g)

Use the general procedure described above, compound 4g was obtained from
benzamide (0.2 mmol, 24.2 mg), 2-chlorobenzaldehyde (0.3 mmol, 33.6 ul) and
phenylacetylene (0.3 mmol, 34 ul) as a white solid (65.7 mg) in 95% vyield.

1H NMR (CDCl3, 500 MHz): & = 8.08-8.06 (m, 2H), 7.52-7.49 (m, 2H), 7.46-7.45 (m, 3H),
7.36-7.34 (m, 2H), 7.32-7.29 (m, 2H), 7.25-7.24 (m, 3H), 4.11 (s, 2H).
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13CNMR (CDCls, 126 MHz): & = 160.3, 147.5, 136.9, 135.1, 133.9, 132.0, 131.0, 130.21,
129.9, 129.7, 128.6, 128.5, 128.5, 127.4, 126.8, 126.7, 126.3, 55.3, 31.9.

HRMS (ESI) m/z: [M + H]+ calculated for C2;H17CINO 346.0999, found 346.0996.

Rf (hexane/EtOAc 4:1): 0.6.

NO,
5-benzyl-4-(3-nitrophenyl)-2-phenyloxazole, (4h)

Use the general procedure described above, compound 4h was obtained from
benzamide (0.2 mmol, 24.2 mg), 3-nitrobenzaldehyde (0.3 mmol, 45.3 mg), and
phenylacetylene (0.3 mmol, 34 ul) as a white solid (65.7 mg) in 55% yield.

1H NMR (CDCls, 500 MHz): & = 8.64 (s, 1H), 8.18-8.19 (m, 1H), 8.12-8.08 (m, 3H), 7.62-
7.58 (m, 1H), 7.50-7.49 (m, 3H), 7.39-7.33 (m, 4H), 7.31-7.29 (m, 1H), 4.38 (s, 2H).

13C NMR (CDCl3, 126 MHz): 6 = 160.5, 148.5, 147.1, 136.2, 135.0, 133.8, 132.5, 130.5,
129.6, 128.9, 128.8, 128.6, 128.3, 127.1, 126.4, 122.2, 121,7, 32.1.

HRMS (ESI) m/z: [M + H]+ calculated for C2;H17N203 357.1239, found 357.1234.

Rf (hexane/EtOAc 4:1): 0.6.

@)
N OMe
methyl 4-(5-benzyl-2-phenyloxazol-4-yl)benzoate, (4i)

Use the general procedure described above, compound 4i was obtained from
benzamide (0.2 mmol, 24.2 mg), methyl 4-formylbenzoate (0.3 mmol, 49.2 mg) and
phenylacetylene (0.3 mmol, 34 ul) as a white solid (83.1 mg) in 75% yield.
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1H NMR (CDCls, 500 MHz): & = 8.13-8.09 (m, 4H), 7.86-7.84 (m, 2H), 7.49-7.47 (m, 3H),
7.36-7.35 (m, 2H), 7.32-7.29 (m, 3H), 4.37 (s, 2H), 3.95 (s, 3H).

13C NMR (CDCl3, 126 MHz): & = 166.8, 160.4, 146.9, 136.7, 136.5, 136.3, 130.3, 130.0,
129.1, 128.8, 128.7, 128.2, 127.2, 126.9, 126.7, 126.3, 52.1, 32.1.

HRMS (ESI) m/z: [M + H]+ calculated for C24H20NO3 370.1443, found 370.1446.

Rf (hexane/EtOAc 4:1): 0.5.

Ph

O\
ﬁ“
MeO

Use the general procedure described above, compound 4j was obtained from 4-

5-benzyl-4-cyclohexyl-2-(4-methoxyphenyl)oxazole, (4j)

methoxybenzamide (0.2 mmol, 30.24 mg), cyclohexane carboxaldehyde (0.3 mmol, 36.3

uL) and phenylacetylene (0.3 mmol, 34 uL) as a white solid (90.6 mg) in 87% yield.

1H NMR (CDCls, 500 MHz): & = 7.93-7.91 (m, 2H), 7.35-7.32 (m, 2H), 7.28-7.25 (m, 3H),
6.94-6.92 (m, 2H), 4.06 (s, 2H), 3.85 (s, 3H), 2.59-2.54 (tt, J = 11.7, 3.5 Hz, 1H), 1.86-1.80
(m, 4H), 1.73-1.67 (m, 3H), 1.38-1.28 (m, 3H).

13C NMR (CDCl3, 126 MHz): 6 = 160.8, 159.8, 143.2, 141.8, 138.1, 128.5, 128.3, 127.7,
126.5, 120.9, 113.9, 55.3, 35.7, 32.4, 31.1, 26.5, 25.8.

HRMS (ESI) m/z: [M + H]+ calculated for C23H26NO; 348.1964, found 348.1957.

Rf (hexane/EtOAc 4:1): 0.5.
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FsC

0]

A\
o
MeO

(trifluoromethyl) benzyl)oxazole, (4k)

4-cyclohexyl-2-(4-methoxyphenyl)-5-(4-

Use the general procedure described above, compound 4k was obtained from 4-
methoxybenzamide (0.2 mmol, 30.24 mg), cyclohexane carboxaldehyde (0.3 mmol, 36.3
uL) and 1-ethynyl-4-(trifluoromethyl) benzene (0.3 mmol, 32.6 ulL) as a white solid (59.8
mg) in 72% vyield.

1H NMR (CDCls, 500 MHz): & = 7.92-7.90 (m, 2H), 7.59-7.58 (m, 2H), 7.37-7.35 (m, 2H),
6.94-6.92 (m, 2H), 4.11 (s, 2H), 3.85 (s, 3H), 2.58-2.53 (tt, J = 11.7, 3.5 Hz, 1H), 1.87-1.79
(m, 4H), 1.73-1.66 (m, 3H), 1.38-1.31 (m, 3H).

13C NMR (CDCl3, 126 MHz): & = 160.9, 160.1, 142.3, 142.2, 142.2,142.1, 128.6, 127.7,
125.5 (q, J = 3 Hz), 120.6, 113.9, 55.3, 35.74, 32.4, 30.9, 26.5, 25.8.

HRMS (ESI) m/z: [M + H]+ calculated for C24H25FsNO; 416.1837, found 416.1830.

Rf (hexane/EtOAc 4:1): 0.5.

Ph

O\
jon
Cl

Use the general procedure described above, compound 4l was obtained from 4-

5-benzyl-2-(4-chlorophenyl)-4-cyclohexyloxazole, (4l)

chlorobenzamide (0.2 mmol, 31.10 mg), cyclohexane carboxaldehyde (0.3 mmol, 36.3 ul)

and phenylacetylene (0.3 mmol, 34 ul) as a white solid (49.2 mg) in 70% yield.
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1H NMR (CDCls, 500 MHz): & = 7.93-7.91 (m, 2H), 7.40-7.37 (m, 2H), 7.35-7.30 (m, 2H),
7.28-7.24 (m, 3H), 4.07 (s, 2H), 2.60-2.54 (tt, J = 11.9, 3.6 Hz, 1H), 1.87-1.79 (m, 4H),
1.75-1.66 (m, 3H), 1.41-1.31 (m, 3H).

13C NMR (CDCl3, 126 MHz): 6 = 158.8, 144.3, 142.3, 137.8, 135.6, 128.8, 128.6, 128.3,
127.4, 126.6, 126.4, 35.5, 32.4, 31.1, 26.5, 25.8.

HRMS (ESI) m/z: [M + H]+ calculated for C22H23CINO 352.1468, found 352.1463.

Rf (hexane/EtOAc 4:1): 0.5.

NC
0

\
o
Cl

benzonitrile, (4m)

4-((2-(4-chlorophenyl)-4-cyclohexyloxazol-5-yl)methyl)

Use the general procedure described above, compound 4m was obtained from 4-
chlorobenzamide (0.2 mmol, 31.10 mg), 4-ethynylbenzonitrile (0.3 mmol, 38.2 mg) and
cyclohexane carboxaldehyde (0.3 mmol, 36.3 uL) as a white solid (58.7 mg) in 78% yield.

1H NMR (CDCls, 500 MHz): & = 7.91-7.89 (m, 2H), 7.64-7.62 (m, 2H), 7.40-7.38 (m, 2H),
7.35-7.33 (m, 2H), 4.12 (s, 2H), 2.57-2.52 (tt, J = 11.8, 3.6 Hz, 1H), 1.87-1.74 (m, 4H),
1.71-1.67 (m, 3H), 1.38-1.33 (m, 3H).

13C NMR (CDCl3, 126 MHz): & = 159.2, 143.3, 143.0, 142.5, 135.9, 132.5, 129.0, 128.9,
127.4, 126.1, 118.7, 110.7, 35.6, 32.3, 31.2, 26.4, 25.7.

HRMS (ESI) m/z: [M + H]+ calculated for C23H2,CIN,0 377.1421, found 377.1417.

Rf (hexane/EtOAc 4:1): 0.3.
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2\
oL
Cl

(4n)

2-(2-chlorophenyl)-4-cyclohexyl-5-(4-fluorobenzyl)oxazole,

Use the general procedure described above, compound 4n was obtained from 2-
chlorobenzamide (0.2 mmol, 31.10 mg), cyclohexane carboxaldehyde (0.3 mmol, 36.3 ulL)

and 1-ethynyl-4-fluorobenzene (0.3 mmol, 34.4 uL) as a white solid (53.2 mg) in 72% yield.

1H NMR (CDCls, 500 MHz): § = 7.94-7.91 (m, 1H), 7.47-7.44 (m, 1H), 7.33-7.29 (m, 2H),
7.25-7.21 (m, 2H), 7.04-6.99 (m, 2H), 4.05 (s, 2H), 2.61-2.55 (tt, J = 11.7, 3.5 Hz, 1H),
1.85-1.80 (m, 4H), 1.76-1.66 (m, 3H), 1.42-1.30 (m, 3H).

13CNMR (CDCl3, 126 MHz): 6 = 162.6, 160.7, 157.8, 144.5 141.7, 133.49, 133.46, 132.3,
130.9, 130.5, 129.88, 129.81, 126.9, 126.6, 115.4, 115.3, 35.5, 32.4, 30.4, 26.5, 25.8.

HRMS (ESI) m/z: [M + H]+ calculated for C2;H2>CIFNO 370.1374, found 370.1372.

Rf (hexane/EtOAc 4:1): 0.8.

e’

o D
©/4N
5-(4-(5,5-dimethyl-1,3,2-dioxaborinan-2-yl)benzyl)-2,4-

diphenyloxazole, (40)
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Use the general procedure described above, compound 40 was obtained from
benzamide (0.2 mmol, 24.2 mg), 2-(4-ethynylphenyl)-5,5-dimethyl-1,3,2- dioxaborinane
(0.3 mmol, 32 mg) and benzaldehyde (0.3 mmol, 32 ul) as a white solid (42.3 mg) in 50%

yield.

1H NMR (CDCls, 500 MHz): & = 8.10-8.08 (m, 2H), 7.80-7.78 (m, 2H), 7.76-7.74 (m, 2H),
7.47-7.43 (m, 5H), 7.37-7.36 (m, 1H), 7.32-7.30 (m, 2H), 4.34 (s, 2H), 3.78 (s, 4H), 1.03 (s,
6H).

13C NMR (CDCl3, 126 MHz): 6 = 160.1, 145.5, 143.9, 139.7, 137.7, 134.3, 132.0, 130.1,
128.6, 127.5, 127.0, 126.3, 72.3, 32.1, 31.8, 21.9.

HRMS (ESI) m/z: [M + H]+ calculated for C,7H27BNO3 423.2084, found 423.2074.

Rf (hexane/EtOAc 4:1): 0.5.

NC

()

eO 4-((2-(6-chloropyridin-3-yl)-4-(2-methoxyphenyl)oxazol-

P
MN
CIm N\ M

5-yl)methyl)benzonitrile, (4p)

Use the general procedure described above, compound 4p was obtained from 6-
chloronicotinamide (0.2 mmol, 31.31 mg), 4-ethynylbenzonitrile (0.3 mmol, 38.2 mg) and
2-methoxybenzaldehyde (0.3 mmol, 36.3 uL) as a white solid (49.8 mg) in 62% vyield.

1H NMR (CDCls, 500 MHz): & = 9.04-9.03 (m, 1H), 8.28-8.25 (m, 1H), 7.62-7.59 (m, 3H),
7.43-7.39 (m, 2H), 7.37-7.35 (m, 1H), 7.11-7.08 (m, 1H), 6.99-6.97 (m, 1H), 4.22 (s, 2H),
3.71 (s, 3H).

13C NMR (CDCl3, 126 MHz): 6 = 157.3, 156.4, 152.7, 147.4, 146.7, 142.9, 135.9, 135.2,
132.3,131.1, 130.1, 129.2, 124.3, 122.6, 121.1, 120.0, 118.7, 111.1, 110.6, 55.3, 32.3.

HRMS (ESI) m/z: [M + H]+ calculated for C23H17CIN3O; 402.1009, found 402.1007.
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Rf (hexane/EtOAc 4:1): 0.5.

[ T SN
4-cyclohexyl-2-phenyl-5-((triisopropylsilyl)methyl)oxazole,

(4q)

Use the general procedure described above, compound 4q was obtained from
benzamide (0.2 mmol, 24.2 mg), cyclohexane carboxaldehyde (0.3 mmol, 36.3 ul) and

triisopropylsilyl acetylene (0.3 mmol, 67.3 uL) as a white solid (33.4 mg) in 42% yield.

1H NMR (CDCls, 500 MHz): § = 7.97-7.95 (m, 2H), 7.44-7.41 (m, 2H), 7.39-7.38 (m, 1H),
2.51-2.46 (tt, ) = 11.7, 3.5 Hz, 1H), 2.13 (s, 2H), 1.87-1.85 (m, 2H), 1.78-1.69 (m, 5H),
1.37-1.35 (m, 3H), 1.19-1.16 (m, 3H), 1.10-1.08 (d, J = 5.4 Hz, 18H).

13C NMR (CDCl3, 126 MHz): 6 = 158.2, 144.8, 129.1, 128.6, 128.5, 125.7, 125.7, 35.5,
32.2,26.6, 25.9, 18.5,11.3, 6.7.

HRMS (ESI) m/z: [M + H]+ calculated for C2sH4oNOSi 398.2879, found 398.2875.

Rf (hexane/EtOAc 4:1): 0.8.

Ph
o
N

Use the general procedure described above, compound 4r was obtained from

5-benzyl-4-cyclohexyl-2-methyloxazole, (4r)

acetamide (0.2 mmol, 17.4 mg), cyclohexane carboxaldehyde (0.3 mmol, 36.3 ul) and

phenylacetylene (0.3 mmol, 34 uL) as a yellowish solid (26.5 mg) in 52% yield.
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1H NMR (CDCls, 500 MHz): & = 7.33-7.30 (m, 2H), 7.26-7.23 (m, 1H), 7.20-7.19 (m, 2H),
3.94 (s, 2H), 2.50-2.44 (tt, ) = 11.9, 3.5 Hz, 1H), 2.37 (s, 3H), 1.84-1.82 (m, 2H), 1.75-1.71
(m, 3H), 1.65-1.58 (m, 2H), 1.37-1.27 (m, 3H).

13C NMR (CDCl3, 126 MHz): & = 159.5, 143.3, 140.2, 138.0, 128.5, 128.2, 126.5, 35.2,
30.8, 26.5, 25.8, 14.0.

HRMS (ESI) m/z: [M + H]+ calculated for C17H22NO 255.1623, found 255.1624.

Rf (hexane/EtOAc 4:1): 0.7.
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Chapter 3 — Direct Synthesis of Indenes via a Rhodium-

Catalyzed Multicomponent Csp?-H Annulation Reaction
3.1 Background

Aromatic C—H bond activation has been extensively exploited for its potential use in
various synthetic applications over the past decades.'® Facilitated by transition-metal
catalysts, Csp’—H functionalization has become a prospering field offering highly efficient
access to a wild range of important building blocks. When combined with the use of
directing groups, these C—H activation methods now present a viable alternative to
methods such as the Heck coupling, and have seen considerable use in total syntheses
(see Chapter 1). Directing group (DG) strategy is a traditional method used to control the
regioselectivity of the Csp?-H activation, in which coordination of a neighboring
heteroatom to the transition—metal catalyst creates a cyclometalated reactive
intermediate.*> The utilization of such directing group in the development of sustainable
transformations, albeit highly effective, is considered as a downside since it generally
needs to be installed and removed, which adds extra synthetic steps. Recently, progress
has been made at simplifying those unnecessary steps by developing alternative
strategies, such as the use of traceless removal DG.%® Yu and Ge developed another
strategy named as transient directing group.>1° It allows the in—situ formation and total

recovery of the directing group.

C—H activation/functionalization and multicomponent reactions (MCRs) are obviously
two of the most representative organic reactions which have exerted a huge influence on
the advances in the field of organic synthesis. Individually, C—H functionalization is
extraordinarily efficient in the construction of new C—C and C—heteroatom bonds!*'” by
converting latent C—H bonds, which allows the direct synthesis of numerous organic
products from raw chemicals. On the other hand, MCRs are well recognized for their
unique features in forging structurally diverse and complex products via the reactions of
more than two different organic substrates wherein multiple new chemical bonds are

formed in one-pot. Access to elegant organic structures through one-pot multicomponent
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reactions is of huge economical interest for pharmaceutical and agrochemical

industries.1830

In recent years, the concept of sustainable synthesis has received worldwide
attention.3! Deliberately, both C—H functionalization, which skips the pre-elaboration of
specific functional group or latent chemical bond, and the MCRs, which enable multiple
chemical bond formation by one-step operation, are ideal tools for such sustainable
synthesis.3?3> Rationally, developing MCRs in conjunction with C—H functionalization
transformations, which simultaneously possesses the advantages of synthetic
sustainability and the power in the rapid generation of molecular libraries, has become

highly attractive.

Within the many directed C—H functionalization reactions developed to date,
olefination and hydro-olefination reactions possess unique characteristics. These
reactions are achievable with the use of alkenes, having terminal or internal alkynes as
reactive partner. Specifically, the ability of these reactions to produce single to multiple
cyclic products in a single step, represent a colossal benefit in drug discovery. This
introduction will be concentrated on the use of imine DGs since this functionality can be

easily installed and modified subsequently during the same process (Scheme 72).

o SN
SN > R3
= Rl M R2
ref. 37-40 ref. 56-57
NH, =N
ref. 41-43 Imines DGs SR ref. 48, 49-56
1
R R2
ref. 44. 45 ref. 46-49, 50

Scheme 72. Diverse alkene and heterocyclic products can be synthesized from
simple aryl bearing aldimines DGs (or related compounds) via olefination and

hydro-olefination reactions
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The Heck-type arene olefination is arguably one of the most important reactions in
the field of C-H activations, owing to its excellent compatibility with the conditions for
transition-metal-catalyzed C—H activation.3® Simple olefination reactions were some of
the first examples reported for the directed C-H olefination of aryl compounds. In 2007,
Shi and co-workers developed a palladium catalyzed ortho olefination of N,N-
dimethylbenzylamines under slightly acidic conditions.3” Later, Li and Wu reported the
synthesis of ortho-olefinated benzaldehydes.38 They reported efficient diolefination using
acrylates using rhodium catalyst. A slightly modified imines directing groups were
described by different authors to produce similar olefinated products.3°-4° Using rhodium
as catalyst and 2 equivalents of copper, Huang and co-workers reported the C-H
functionalization of arenes with removable triazene DGs. Alkylations of aryl substrates
using alkenes have also been explored by numerous authors using various transition metal
catalyst such as Co,** Mn*? and Rh** among others. Such processes were extended to a
cyclization/annulation reaction using alkenes, allowing the production of fused ring
compounds. For instance, Bergman and Ellman described in 2005, an intramolecular
annulation reaction with a protected aldimine DG.** They postulated that the mechanism
proceeds through a C-H activation followed by insertion of the olefin, and then reductive
elimination. Ten years later, Ackermann and co-workers proposed a manganese catalyzed C-
H functionalization/annulation reaction to produce cyclic B-amino acid esters.*> Detailed
mechanistic studies showed a kinetic isotope effect (KIE) of ku/kp = 2.4 for the manganese-

catalyzed C-H functionalization, indicating a relevant C-H metalation step.

These olefination and annulation processes were extended to other systems,
activating C=C triple bonds leading to isoquinolines or indenes. Jiao and co-workers
described a Pd(ll) catalyzed iminoannulation reaction using internal alkynes and dioxygen
as oxidant to produce isoquinolines.*® Following these discoveries, a few research groups
described the use of Co,*” Rh,**° or Mn° transition metal catalyst to achieve annulation
reactions. In 2014, Wang reported a manganese catalyzed dehydrogenative annulation
reaction to access isoquinoline derivatives (Scheme 73).%° In this publication, the authors

proposed a mechanism pathways based on KIE experiments and control reactions in
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which they isolated the reactive intermediate A, a five-membered manganacycle (Scheme

74).
NH R? Ph
[MnBr(CO)s] (10 mol%) N
Ph + ||
1,4-dioxane (0.1M) = R2
R2 105 °C, 12h R

Scheme 73. Manganese catalyzed dehydrogenative annulation of N-H imines and

alkynes by C-H/N-H activation
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Scheme 74. Proposed catalytic cycle for manganese catalyzed synthesis of

isoquinoline

In the major path a, the insertion of 2a into the Mn-Cbond generated to the formation
of the intermediate C, a seven membered manganacycle. By C-N reductive elimination,
the formation of the corresponding isoquinoline 3aa occurs, leading to the complex D. In
presence of substrate 1a, the manganese complex D coordinates with the nitrogen atom
from the imine directing group. The path a cycle is closed by C-H activation and
elimination of dihydrogen, producing the intermediate A. In the minor path b, a different
reactivity is shown. The internal alkyne 2a coordinates to the manganese center and
inserts into the hydride manganese bond in complex D, to form intermediate G.
Coordination of G to substrate 1a results in the formation of H, which then undergoes C-
H activation and reductive elimination to produce compound 4a and the reactive species

A, to complete other catalytic cycles.

While manganese was found to be very efficient for the synthesis of isoquinolines,
Satoh and Miura reported that rhodium catalyst (Cp*RhCl;) was very efficient for this
process and for the formation of five membered ring indene compounds.* The formation
of isoquinoline derivatives is govern essentially by C-H activation and C-N reductive
elimination step. Considering that no C-N bond is formed during the synthesis of indenes,
the C-N reductive elimination step involved in isoquinoline formation must be avoided.
Miura showed that the use of two equivalents of oxidant (copper salt) drove the
formation of isoquinoline products. However, in presence of lower amount of oxidant,
the major products formed were 5-membered ring indene derivatives. Later in 2010, Zhao
and co-workers reported similar indenes synthesis from aromatic ketimines, catalyzed by
a different rhodium catalyst [[(COD)Rh(OH)].] and a ruthenium catalyst [(p-
cymene)RuCl,),].#> 31 This very efficient reaction was then extended to many different
transition metals such as Pd,>>>3 Re,>* Ru,> and to enantioselective version (Scheme 75).
Cramer described a highly enantioselective [3+2] additions of aryl ketimines with internal

alkynes using a similar rhodium catalyst system to Zhao's. Unfortunately, the

100



regioselectivity of their process was not extremely efficient and appeared to be a strong

limitation.>®

Ar '

NH Rt [(COE),Rh(OH)], (2.5 mol%) N o O PAY,
ligand (6 mol%) 3 .

R3 Al R R® 1  MeO PAr,

toluene, 100-120 °C : ‘

2 .
R R! ligand: Ar: DTBM

Scheme 75. Enantioselective rhodium(I)-catalyzed annulations of aromatic

ketimines

On the other hand, classic alkenylation reactions were also reported using aldimines
via chelation. A recent example was described by Yoshikai in 2013. He established an
ortho-alkenylation reaction of aromatic aldimines with internal alkynes promoted by a
cobalt catalyst generated from CoBr,, phosphine ligand and a Grignard reagent.”’
Concurrently, a similar C-H alkenylation reaction using terminal alkynes was described by
Wang. He reported a dehydrogenative annulation reaction for the formation of

isoquinolines derivatives, using manganese catalyst.>®
3.2 Research objectives & plan

Inspired by these advantageous features described above, we aimed at developing an
atom->9%1 and step-economical®?%3 route to synthesize indenes. Molecules containing the
indene scaffold are of important interest since they are frequently found in natural
products®*%> and exhibit important biological activities (Scheme 76).55%° To access this
class of compounds, to the best of our knowledge, only a few methodologies employing
transition metal catalyzed multicomponent reaction (MCR), have been developed.®7?
However, these reactions catalyzed by transition metal complexes under high
temperature, require either stoichiometric amount of zinc, complex and specific starting
materials or show good to moderate regioselectivity. Considering non-MCRs and previous
approaches shown in Scheme 72, many different transition metal catalysts were

evaluated towards the synthesis of indenes.
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Scheme 76. Examples of natural products and bioactive molecules containing indene

scaffold

In recent works, Wang>* and Cheng> have developed a metal-catalyzed C—H
activation/annulation reaction system between an imine and internal alkynes. In both
cases, the imine substrate requires pre-synthesis, which is considered as downside since
it adds extra organic synthetic steps. Prior to these C—H functionalization methods, the
functionalization of aryl halides or aryl boronic acids have been reported in the synthesis
of indenes (Scheme 77).5% 71 Regardless of the efficiency of these reactions, the selectivity
towards the desired indene products is mediocre. Cheng reported that high selectivity
was obtained, when electron-withdrawing esters or keto groups were present on the
unsymmetrical alkynes, however with a double bond migration adjacent to the nitrogen
atom of the desired products. In Scheme 77-b, the author described that these arylimine
substrates were susceptible to decomposition and the yields were sharply diminished
with the generation of alcohol by-products which were formed by the reaction of 2-

formylarylbonic acids and the alkynes.
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Scheme 77. Indene formation from a) C-I and b) C-B bond functionalization

reactions

Itis notable that from an atom-economy perspective, the consideration of a C—H bond
functionalization approach represents a sagacious choice. Thus, to overcome any of these
disadvantages, the development of an atom and step-economical multicomponent
alternative, using very simple substrates, is of great interest. Hence, we designed a
rhodium catalyzed redox-neutral three component coupling, via a mild and successive

C—H activation/annulation reactions sequence (Scheme 78).

o) R? R R
[(M] R?
H + R'NH; + || N’
- H,0 H

L o O

Scheme 78. Designed multicomponent reaction for the synthesis of indenes

The multicomponent aldehyde-amine-alkyne (A3) reaction, previously reported by our
group, generates imine as intermediate by condensation reaction.”?’* We envisioned
exploiting this imine source as directing group to activate the aryl Csp’>~H bonds. Imine-
directed C—H activation has been used in numerous tandem catalytic reactions and

cyclization reactions involving alkyne reagents (Scheme 72).”> The combination of imine
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directing group and alkyne represents a highly judicious approach to provide a cyclic

indene library, with potential regioselective control.>4>> 71, 76-82

3.3 Results and discussion

Following our postulation described in Scheme 78, we started to evaluate the reaction
of 4-methoxybenzaldehyde (1f), benzylamine (2) and 1-propynylbenzene (3) as the model
reaction (Scheme 79). We specifically choose 4-methoxybenzaldehyde (1f) as starting
material since the aromatic ring bears an electron donating group, diminishing the
electrophilicity of the aldehyde and making the condensation more difficult. Moreover,
since the designed C-H activation step is thought to go through a concerted metalation
and deprotonation mechanism, the deprotonation of an electron rich C-H bond is more
difficult. Our goal is to investigate the reaction conditions with difficult substrate to

discover a robust catalytic system.

Ph
NH, Ph  transition metal Me

0]
! . . H catalyst ‘ ,~Ph
N
MeO Me MeO O
e

1 2 3 4f

Scheme 79. Evaluation of designed reaction

3.3.1 Condition screening

To explore the C—H functionalization key step, a non-exhaustive list of rhodium
catalysts was examined in the presence of copper(ll) acetate (Table 1). The use of
copper(ll) acetate in the ruthenium(ll) catalyzed synthesis of indenamines was described
by Gandeepan and Cheng as an acetate source assisting the deprotonation mechanism.23
Supported by several reviews, the copper(ll) acetate source is very powerful and, thus we

considered the use of this acetate source at first to evaluate the reaction conditions.84>

The oxidation state of the catalyst involved seemed of vital importance for the

reaction to occur. As shown in Table 1 (entries 1-3), no desired product was obtained
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when Rh(0), Rh(l) or Rh(Il) were used as catalyst. Gratifyingly, the corresponding indene
product (4f) was obtained in presence of a catalytic amount of Rh(lll). We then recognized
that Cp*Rh(lll) complex was an active catalyst under its cationic form; since while the use
of [Cp*RhCly], (Table 1, entry 4) gave no desired product, its cationic analogue
Cp*Rh(SbFs)2(MeCN)s gave the indene (4f) in 25% yield, with toluene as solvent (Table 1,
entry 5). We were extremely surprised to observe that the reaction was highly
regioselective as the regioisomeric ratio detected was 99:1, when Cp*Rh(SbFes)2(MeCN)3
was used as catalyst. Further investigations about solvent effect on our reaction system
were conducted and toluene was found to be the most effective, since solvents such as
DCE, EtOAc or THF weakly impeded the reaction (Table 1, entries 6—8). Subsequent
optimization indicated that the increase of reaction temperature was not beneficial to
our reaction system. A rise in temperature from r.t. to 60°C did not result in any change
in yield (Table 1, entries 9-10). Shortening the reaction time from 18h to 6h and 12h was
not beneficial to our reaction system and resulted in lower yield (Table 1, entries 11-12).
No drastic enhancement of yield was observed by extension of reaction time either (Table
1, entry 13). Stuck at 25% yield, the reaction conditions were not optimal yet. Later, we
undertook the evaluation of a series of additional acetate sourcess hoping to accelerate
the C-H activation step. Acid additives are well-known to play an important role in the
proposed key metalation-deprotonation step. The evaluation of acid additives showed
that soft acids with intermediate pKa (4.5-5) were less advantageous than strong acid
such as TFA (Table 1, entries 14-16). The use of 10 mol% of TFA showed an increase
formation of the indene derivatives (4f), with up to 70% yield. We ascribed this behavior
by the fact that a strong acid has a weak conjugated base, which coordinates weaker to
the rhodium center compared to a strong base. The weak coordination is important to
allow the ligand exchange with the alkyne substrate. Finally, with our optimized
conditions, compound (4f) was isolated in 60% yield with exceptionally high selectivity

ratio, as confirmed by *H NMR.
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Table 5. Optimization of reaction conditions

7
ieatog
MeO

NH, Ph  catalyst (5 mol%)

‘ additives (x mol%)

N
solvent, T (°C), t (h) O H
Me
MeO

Me

Ph

()

/—Ph

1f 3 4f

entry catalyst additives solvents T (°C) t (h) af (%)°
1 Rhe(CO)16 - toluene r.t 18 0

2 Rh(COD),BF4 - toluene r.t 18 0

3 [Rh(OACc),]2 - toluene r.t 18 0

4 [Cp*RhCl3]2 - toluene r.t 18 0

5 Cp*Rh(SbFs)2(MeCN)3 - toluene r.t 18 25

6 Cp*Rh(SbFe)2(MeCN)3 - DCE r.t 18 16

7 Cp*Rh(SbFs)2(MeCN)3 - EtOAc r.t 18 20

8 Cp*Rh(SbFs)2(MeCN)3 - THF r.t 18 17

9 Cp*Rh(SbFs)2(MeCN)3 - toluene 40 18 25

10 Cp*Rh(SbFs)2(MeCN)3 - toluene 60 18 25

11 Cp*Rh(SbFs)2(MeCN)3 - toluene r.t 6 20

12 Cp*Rh(SbFs)2(MeCN)3 - toluene r.t 12 22

13 Cp*Rh(SbFs)2(MeCN)3 - toluene r.t 24 25

14 Cp*Rh(SbFs)2(MeCN)3 PivOH (10 mol%) toluene r.t 18 37

15 Cp*Rh(SbFs)2(MeCN)3 AcOH (10 mol%) toluene r.t 18 62

16 Cp*Rh(SbFs)2(MeCN)3 TFA (10 mol%) toluene r.t 18 70 (60)

aReactions were performed on a 0.1 mmol scale using 5 mol% of catalyst, 5 mol%
Cu(OAc)H20, 1 (0.1 mmol), 2 (1.2 equiv), 3 (1.2 equiv), in 0.25 mL of solvent and open
air. PAverage NMR yields from two runs are reported and isolated yields are reported in
parentheses.

With our optimized conditions in hand, we investigated the influence of a number of

acetate sources as well as the acid on the reaction between benzaldehyde (1a),

benzylamine (2) and 1-propynylbenzene (3). As shown in Table 6, the amount of TFA as

acid source does not influence the yield of the reaction since both 1 equivalent and a

catalytic amount of (10 mol%) led to quantitative yield (entries 1-4). When the acid was

changed to weaker acetic acid or pivalic acid, the reaction produced compound (4a) in
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lower yield (entries 5-7). With a stronger acid such as tosylic acid, the reaction proceeded
more efficiently with a yield of 94% (entry 8). As mentioned above, we believe that the
strength of the coordination of the conjugate base is highly important, allowing a fast
acetate de-coordination after the deprotonation step. Substituting copper(ll)acetate with
another source of acetate such as NaOAc, KOAc or NH4OAc decreased the yield of indene
(4a) by 30%, 10% and 40%, respectively (entries 9, 10, 13). An increase in loading of KOAc
acetate source from 5 mol% to 10 and 20 mol%, significantly decreased the yield from
90% to 68% and 69% vyield (entries 11 & 12). Since all these acetate sources are Bronsted
bases, and their higher catalytic loading is detrimental to the reaction, we concluded that
our system requires an acidic pH to perform efficiently. In absence of acid and in presence
of acetate (5 mol% of KOAc, entry 14), the reaction was still performing but in lower yield.
Besides, while only TFA was used in presence of rhodium catalyst (entry 15), our reaction
system was not as efficient as the best conditions with CuOAc, shown in entry 1. The
yield obtained was 80% in presence of TFA only. To conclude, copper(ll)acetate is a Lewis
acid that does not influence the pH of the reaction media and a potential acetate source.
In our system, it represents the perfect match between adjusting pH of our media and
accelerating the C-H activation step via the concerted metalation and deprotonation

mechanism.
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Table 6. Adjustment of reaction condition/additives.

Ox NH, Ph Me
Cp*Rh(SbFg)(MeCN)3 (5 mol%) ~Ph
+ + ‘ | > N
acetate source (x mol%) R H
Me acid source (x mol%)
toluene, r.t., air

1a 2 3 4a

entry acetate source acid source 4a (%)°
1 Cu(OACc)2.H20 (5 mol%) TFA (10 mol%) >99
2 Cu(OACc)2.H20 (5 mol%) TFA (20 mol%) >99
3 Cu(OACc)2.H20 (5 mol%) TFA (50 mol%) >99
4 Cu(OACc)2.H20 (5 mol%) TFA (100 mol%) >99
5 Cu(OAC)2.H20 (5 mol%) AcOH (10 mol%) 56
6 Cu(OAC)2.H20 (5 mol%) AcOH (50 mol%) 88
7 Cu(OACc)2.H20 (5 mol%) PivOH (50 mol%) 53
8 Cu(OAC)2.H20 (5 mol%) TosOH (50 mol%) 94
9 NaOAc (5 mol%) TFA (10 mol%) 77
10 KOAc (5 mol%) TFA (10 mol%) 90
11 KOAC (10 mol%) TFA (10 mol%) 68
12 KOAC (20 mol%) TFA (10 mol%) 69
13 NH4OAc (5 mol%) TFA (10 mol%) 60
14  KOAc (5 mol%) - 75
15 - TFA (10 mol%) 80

aReactions were performed on a 0.1 mmol scale using 5 mol% of catalyst, 5 mol%
Cu(OAc)2H20, 1 (0.1 mmol), 2 (1.2 equiv), 3 (1.2 equiv), in 0.25 mL of solvent and open
air. PAverage NMR yields from two runs are reported.

3.3.2 Mechanistic considerations

Based on the experiments, a mechanism is proposed for this transformation (Scheme
80). The Cp*Rh(SbFs)2(MeCN)s catalyst first undergoes ligand exchange with TFA to
generate the active rhodium(lll) I catalyst.®® In parallel, the condensation reaction
between amine (1) and aldehyde (2) results in the formation of imide I, releasing water

as the only by-product.
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Scheme 80. Proposed mechanism

Coordinating to the imine DG, the Rh(lll) complex undergoes ortho C—H bond
activation assisted by TFA through the six membered-ring metalacycle. We calculated the
energy of intermediates and transition states using density functional theory to have
more insights concerning the reaction mechanism. We computed the C-H activation

transition state TS1, shown in Scheme 81.
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Scheme 81. Calculated mechanism

This step seems to be rate determining due to its high Gibbs energy of activation (AG,
= 17.6 kcalmol?). Intermediate Ill is formed after this Csp?>~H bond activation.?” The
subsequent coordination of the asymmetric alkyne (3) occurs regioselectively and is
followed by the alkyne addition into the Csp?>~Rh bond, resulting in the seven-membered-
ring organorhodium(Ill) complex Vy. The formation of the indene VI derived from the
intramolecular carbocyclization of V through the transition structure TS3 and the
succeeding protonation of the secondary amine, Int3. The active rhodium catalyst is

regenerated during the protonation step for further catalytic cycles.

The carbometallation occurs regioselectively in favor of the intermediate IV
compared to IV, which presents a slightly lower Gibbs energy of activation (AGw, = 6.4
kcal.mol versus AGa = 7.9 kcal.moll). The activation free energy of TS2, was found to
be 0.1 kcal.mol* higher than that of TS2y. Interestingly, these results were very similar to
those from Hook and Lan.®8 It is known that the alkynyl triple bond insertion is controlled
by electronic, as well as steric factors.80 In their study of regioselectivity in the rhodium-

catalyzed cyclization of N-arylnitrones with asymmetric alkyne, a very small difference
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was calculated from the same corresponding transition states TS2, and TS2,. They
described the regioselectivity by calculating distortion-interaction energy.”! The total
activation energy (AE*) is decomposed into the sum of distortion energy (AEgis) and
interaction energy (AEin:) between distorted reactants (Scheme 82). Distortion energy
(AEgis) is controlled by the rigidity of reacting molecules and the flexibility of molecular
orbitals, and interaction energy (AEint) is determined by the orbital interactions between
reacting molecules, closed shell repulsion, steric repulsion and dispersion interactions.
The calculation revealed that in their example, the interaction energy of both transition
states differ from 2.8 kcal/mol, while the distortion energies are both the same. The
authors concluded that the activation free energy was mainly attributed to its interaction

energy, and thus the regioselectivity was governed by electronic effects.8®

AE¢= AEdis + AEint

Scheme 82. Relationship between activation, distortion and interaction energies

Consequently, having a very similar catalytic system, we proposed that the regioselective

alkyne insertion was essentially controlled by electronic effects.
3.3.3 Substrate scope reaction

We then examined the reaction of various amine derivatives (2a—2e) under our
optimized system. As shown in Table 7, primary benzylic amine (2a), a-branched primary
amine (2b) and primary aniline (2c) afforded the desired products in moderate to good
yields (35—-99% yields) with tremendously good regioselectivity (up to 99:1). Notably, the

nucleophilicity of the amines was of high importance. Indeed, when fewer nucleophilic
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amine substrates such as aniline were used, the yield of the reaction decreased (4a—4c),
without affecting the high regioselectivity of the desire product. Following this trend, we
were pleased to see that long alkyl chain amines were suitable under our reaction system
and led to the corresponding indene (4d) in excellent yield and as a major regioisomer
(99%, rs 99:1). Impressively, our process can be extended to amines bearing heterocycles,
such as a furan ring (4e). The corresponding moderate yield obtained was attributed to

the coordination of the rhodium catalyst to the furan moiety.

Table 7. Scope of amines?

Ox Me CP*Rh(SbFg)s(MeCN); (5 mol%) Me_ Fh
Cu(OAC),.H,0 (5 mol%) R
R—NH > N
* 2 + || TFA (10 mol%) » H
Ph toluene, r.t., air
1 2 3 4

N

()"

4a, 99% 4b, 66% 4c, 35%

rs 99:1 rs 98:2 rs 99:1

O
‘ N % ‘ aay

()" ("
4d, 99% 4e, 55%
rs 99:1 rs 99:1

aAll reactions were performed on a 0.1 mmol scale using 5 mol% Cp*Rh(SbFe)2(MeCN)3, 5
mol% Cu(OAc)>H,0, 1 (0.1 mmol), 2 (1.2 equiv), 3 (1.2 equiv), in 0.25 mL of a stock
solution of toluene/TFA at room temperature and open air. Average isolated yields of two
runs are reported in this table. The regioselectivity (rs) was determined by 500 MHz *H
NMR analysis.
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In Table 8, electron-rich benzaldehyde substrates bearing electron-donating group such
as —OMe, —OH or —Me (2f-2h) yielded the corresponding indene products (4f—4h) in
moderate to good vyields (40—-85% yields) with high regioselectivity (rs up to 97:3).
Diminution of yield was observed when phenols were used as substrate. A potential
coordination of the hydroxy group to the metal center might with compete the
coordination of the acetate group, resulting in the inhibition of the C-H activation step via
a CMD mechanism. In case of electron-deficient benzaldehydes possessing withdrawing
substituents such as —CFs and —Br, the yields and selectivity obtained were generally
superior (4j—4k) (84% yield, rs 99:1). Interestingly, ortho-chloro substituted benzaldehyde
(2i) gave significantly lower yield of the desired product (4i) (56% yield), which can be
rationalized by the removal of one active C-H bond site. We efficiently obtained the X-Ray
structure of this compound (4i), verifying the regioselectivity of our major isomer

(Scheme 83.).

Scheme 83. X-Ray structure of compound (4i)

The efficient alkyne regioselectivity obtained during our designed process was
examined in presence of an asymmetrical internal di-alkyl alkyne, 2-hexyne (3l). As
previously reported by Cramer and Fagnou, the differentiation in regioselectivity between

two different alkyl groups is challenging.’>®* We were extremely pleased to observe the

113



formation of compound (4l) in 70% yield, however with moderate regioselectivity (rs 1:2).

When a symmetrical di-aryl alkyne substrate was used, the corresponding product was

obtained in moderate yield, probably due to the high steric hindrance of (3m). We were

delighted to obtain excellent yields when alkynes bearing long alkyl chains were engaged

in our reaction system. Indeed, simple alkyl chain afforded the desired product (4n) in

82% vyield.
Table 8. Scope of aldehydes?
Ox Me CP*Rh(SbFg)5(MeCN); (5 mol%)
Cu(OAc)5.H50 (5 mol%)
R + Bk + | TFA (10 mol%) i}
Ph toluene, r.t., air
1 2 3

4i, 56% 4j, 84%
rs 92:8 rs 99:1

Me Ph

O‘ NHBn

4h, 85%
rs 97:3

O‘ NHBn

4k, 84%
rs 99:1

aAll reactions were performed on a 0.1 mmol scale using 5 mol% Cp*Rh(SbFs)2(MeCN)s, 5
mol% Cu(OAc)2H20, 1 (0.1 mmol), 2 (1.2 equiv), 3 (1.2 equiv), in 0.25 mL of a stock
solution of toluene/TFA at room temperature and open air. Average isolated yields of two
runs are reported in this table. The regioselectivity (rs) was determined by 500 MHz *H

NMR analysis.
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Many other distinctive substituents such as aliphatic ketones (30), primary alcohol (3q),
ester (3r) and bromide group (3p) were then subjected to the standard reaction
conditions, successfully affording the corresponding desired indene products (40-4r) in

very high yield (60-85% vyields) and with particularly high regioselectivity (rs up to 99:1).

Table 9. Scope of internal alkynes

EN R1 Cp*Rh(SbFg)o(MeCN); (5 mol%) Rz R
Cu(OAC),.H,0 (5 mol%)
> NHB
RS + BNH; + || TFA (10 mol%) no n
R2 toluene, r.t., air

Z
T
o]
=]

P
T
[o9)
=]

41, 70% 4m, 40% 4n, 82%
rs 1:2 rs 99:1

7 O O T
Br HO /(O

3
NHBn NHBn NHBn O‘ NHBn

40, 70% 4p, 60% 4q, 85% 4r, 82%
rs 97 3 rs 99:1 rs 98:2 rs 94:6

*All reactions were performed on a 0.1 mmol scale using 5 mol% Cp*Rh(SbFe)2(MeCN)s, 5
mol% Cu(OAc)2H20, 1 (0.1 mmol), 2 (1.2 equiv), 3 (1.2 equiv), in 0.25 mL of a stock
solution of tquene/TFA at room temperature and open air. Average isolated yields of two
runs are reported in this table. The regioselectivity (rs) was determined by 500 MHz *H
NMR analysis.

3.3.4 Additional experiments

Several control experiments were conducted to obtain more insights about the

reaction mechanism previously shown in section 3.3.2. In absence of rhodium catalyst,
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the reaction was inhibited and no product was observed. When copper(ll) acetate was
removed from the standard conditions, a very low yield was observed. This result
suggested that copper(ll) acetate was important for the turn-over of the reaction. We
evaluated the potential formation of side products that would come from the addition of
the alkyne directly to the starting materials, either aldehyde or amine. In Scheme 84-A)
and Scheme 84-B), both possibilities were tested, which resulted in the total recovery of
the starting materials under our optimized conditions. This suggests that the rhodium
catalyst coordinates preferentially to the imine DG to perform C-H activation. In Scheme
84-C), we suggested ammonium acetate into our reaction system. We thought that this
substrate may release acetate in order to help the CMD mechanism and generate

ammonia in-situ.

Cp*Rh(SbFg)o(MeCN) (5 mol%)
| Cu(OAC),.Ho0 (5 mol%)

0
& ©/U\H . > 100 % starti terial
Me TEA (10 mol%) o Starting material recovery

toluene, r.t., air

NH, PR Cp*Rh(SbFg),(MeCN), (5 mol%)
‘ Cu(OACc)5.H,0 (5 mol%)

B) + ‘ . .
> 100 % starting material recovery
Me TFA (10 mol%)

>
toluene, r.t., air

O M Ph Cp*Rh(SbFg)(MeCN)5 (5 mol%)
| | Cu(OACc)5.H,0 (5 mol%)
C) + +  NH,OAc >  no product formed
TFA (10 mol%)
Me .
toluene, r.t., air
H Ph Cp*Rh(SbFg)s(MeCN)3 (5 mol%)

| Cu(OAc),.H50 (5 mol%)
+ EtNH,(aq)

\/

no product formed

TFA (10 mol%)
toluene, r.t., air

S
C i
+

Me

Scheme 84. Control experiments
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However, no reaction was observed, probably due to the hygroscopic properties of
this compound. In fact, a large amount of water in the reaction seems detrimental. We
conducted an experiment with a primary amine solution in water and no product was
produced. We proposed that the equilibrium of the condensation reaction is clearly
shifted to the amine and aldehyde side, since no indene was observed. The rate of the

hydrolysis of imines is considered faster than the C-H activation step.

3.4 Conclusion and outlook

molecular complexity
of the reaction

Ox ph  Cp*RN(SbFg),(MeCN); (5 mol%) Ph_Ph
+ PhNH, + || CulGAa) M0 Smol®) ‘ N ACm =204
2 TFA (10 mol%) H
Ph toluene, r.t., air :
Cm=474 Cm=46.1 Cm=127 Cm=425 |

Scheme 85. Calculated molecular complexity for our model reaction

In summary, we have developed a direct and highly efficient multicomponent one-pot
tandem C-H activation and annulation protocol towards the generation of indenes. The
developed methodology is catalyzed by rhodium and features a great atom-economy and
high regioselectivity. This process occurs at room-temperature with water being the only
stoichiometric side-product. Moreover, the synthetic viability and efficiency of this
process towards a large range of functional groups has been presented. Moreover, this
method shows a very satisfying gain of molecular complexity with a value of ACn=204.5,

with simple substrates (Scheme 85).

Thanks to the results obtained with the DFT, we envisioned that the reverse
regioselectivity can be controlled by modifying the interaction energy (AEint). Being
determined by different factors such as steric repulsion, AEin: might be tuned using very

large ligand.
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3.5 Contribution

The reaction and conditions for the multicomponent sp? C-H activation annulation
reaction were developed by me (Pierre Querard), with the supervision of Prof. Dr. Chao-
Jun Li. All reactions, isolations, and characterizations (with the exception of high-
resolution mass spectrometry) were performed by me. High-resolution mass
spectrometry was performed by Dr. Nadim Saadeh at the McGill University Department
of Chemistry Mass Spectrometry Laboratory. The manuscript upon which this chapter is

based was prepared by me with revision by Prof. Dr. Chao-Jun Li.

3.6 Experimental section
3.6.1 General information

Reaction setup: All reactions were carried out in flamed-dried V-shaped microwave

reaction vials, in open air conditions and at room temperature.

Purifications: All work-up and purification procedures were carried out with reagent-
grade solvents. Analytical thin-layer chromatography (TLC) was performed using E. Merck
silica gel 60 F254 pre-coated plates (0.25 mm). Flash column chromatography was
performed with E. Merck silica gel P60 (40-63 um particle size, 230-400 mesh) (SiO,).
Visualization was accomplished with UV light and/or iodine (l2) or potassium
permanganate (KMnQs) solution. Retention factor (Rf) values reported were measured
using a 6 x 2 cm TLC plate in a developing chamber containing the solvent system (10 mL)
described. Automated flash column chromatography was performed on Biotage Isolera™

Spektra Systems with ACI™.

Solvents: Tetrahydrofuran (THF), methanol and toluene were taken directly from the
Pure Solvent MD-7 purification system (Innovative Technology). Solvents for reaction,
filtration, transfers, chromatography, and recrystallization were dichloromethane
(CH2Cl,) (ACS grade, amylene stabilized), ether (Et20) (Fisher, BHT stabilized ACS grade),
dichloroethane (ACS grade), acetonitrile (ACS grade), acetone (ACS grade) and ethyl
acetate (EtOAc) (Fisher, ACS grade).
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NMR spectroscopy: Nuclear magnetic resonance (*H and 3C {*H}) spectra were
recorded on a Bruker AV500 equipped with a 60-position SampleXpress sample changer
(*H, 500 MHz; 3C, 125 MHz), a Varian MERCURY plus-500 spectrometer (*H, 500 MHz;
13C, 125 MHz) or Bruker AV400 spectrometer (*H, 400 MHz; 13C, 100 MHz). Chemical shifts
for both *H NMR and 3C NMR spectra were expressed in parts per million (ppm) units
downfield from TMS, with the solvent residue peak as the chemical shift standard (CDCls:
& 7.28 ppm in *H NMR; & 77.0 ppm in 23C NMR; DMSO-d6: & 2.50 ppm in *H NMR; & 39.5
ppm in 13C NMR). Data were reported as following: chemical shift, multiplicity (s = singlet,
d = doublet, dd = doublet of doublets, t = triplet, td = triplet of doublets, g = quartet, quin
= quintet, sep = septet, m = multiplet, br = broad singlet), coupling constants J (Hz), and

integration.

Mass spectrometry: Mass spectrometry (MS) was performed by the McGill Chemistry
Department Mass Spectrometry Facility. High Resolution Mass spectra were recorded
using electrospray ionization (ESI+) and/or atmospheric pressure chemical ionization APCI
(+/-), performed either on "Exactive Plus Orbitrap" a ThermoScientific high resolution
accurate mass (HR/AM) FT mass spectrometer, or a Bruker Daltonics Maxis Impact

guadrupole-time of flight (QTOF) mass spectrometer.
3.6.2 General procedure

A V-shaped 10 mL Biotage reaction vial was charged with Cp*Rh(SbFe)2(MeCN)s (5
mol%, 4.2 mg), Cu(OAc). (5 mol%, 2.0 mg), followed by solid reagents if present. Toluene-
TFA (0.25 mL, 10%) stock solution was added followed by subsequent slow addition of the
corresponding benzaldehyde (0.1 mmol), followed by the amine derivatives (0.12 mmol)
and the internal alkyne (0.12 mmol). The reaction vessel was, placed on vigorous stirring
(approx. 1200 rpm) and hold for 18 hours while open to air. The mixture was diluted with
ethyl acetate (2 mL), washed with saturated solution of NaHCOs3 (2 mL), filtered through
a pad of silica, and rinsed with additional ethyl acetate. The combined rinsings were
concentrated and purified by column chromatography or preparative thin layer

chromatography to yield the corresponding indene compound (4).
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Nitromethane was used as internal standard for *H-NMR analysis.
3.6.2.1 Synthesis of Cp*Rh(SbFs)2(MeCN);

Cp*Rh(SbFs)2(MeCN)s was synthesized following the procedure reported by Shi (Angew.
Chem. Int. Ed. 2011, 50, 2115) and originally described by Maitlis (J. C. S. Dalton, 1977,
1654-1661).

To the suspension of [Cp*RhCl;]2 (2.27 mmol) in dried CH3CN (18 mL), the solution of
AgSbFgs (9.96 mmol) in dried CH3CN (20 mL) was added in 2 min. Then the white solid
precipitated immediately. The reaction was stirred at rt for another 3 h. Then the solid
was removed by filtration on celite and washed with CH3CN (20 mL x 3). The filtrate was
evaporated in vacuo to 20 mL, and Et,0 (30 mL) was added dropwise to generate the pale
yellow solid precipitate. The pale yellow solid was collected by filtration, washed with
EtOAc (20 mL x 3) and Et;0 (20 mL), and dried in vacuo to afford the corresponding
[Cp*Rh(MeCN)s][SbFs]2 (94% yield).

14 NMR (300 MHz, DMSO-ds) § = 2.07 (9H), 1.54 (15H).

3.6.3 Computational Studies
3.6.3.1 Computational details

The theoretical calculations were carried out by using Gaussian 09 program.
Geometry optimizations were performed using the B3LYP functional with a standard 6-
31G(d) basis set (lanl2DZ basis set for Rh) using CPCM solvation model (solvent = toluene).
Throughout the paper, the energies presented are the calculated Gibbs free energies in

toluene as solvent with B3LYP-calculated thermodynamic corrections.
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3.6.3.2 Summary of calculation results
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Scheme 87. List of intermediates and transition states

3.6.3.3 Various energy values for all the relevant intermediates and transition

states
Intl
Zero-point correction= 0.435668 (Hartree/Particle)
Thermal correction to Energy= 0.467175
Thermal correction to Enthalpy= 0.468119
Thermal correction to Gibbs Free Energy= 0.370065
Sum of electronic and zero-point Energies= -1429.250365
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Sum of electronic and thermal Energies= -1429.218858

Sum of electronic and thermal Enthalpies= -1429.217914
Sum of electronic and thermal Free Energies= -1429.315967
TS1

Zero-point correction= 0.430904 (Hartree/Particle)
Thermal correction to Energy= 0.461238

Thermal correction to Enthalpy= 0.462182

Thermal correction to Gibbs Free Energy= 0.369462

Sum of electronic and zero-point Energies= -1429.226534
Sum of electronic and thermal Energies= -1429.196200
Sum of electronic and thermal Enthalpies= -1429.195256
Sum of electronic and thermal Free Energies= -1429.287976
TFA

Zero-point correction= 0.037675 (Hartree/Particle)
Thermal correction to Energy= 0.044018

Thermal correction to Enthalpy= 0.044963

Thermal correction to Gibbs Free Energy= 0.006301

Sum of electronic and zero-point Energies= -526.597762
Sum of electronic and thermal Energies= -526.591419
Sum of electronic and thermal Enthalpies= -526.590475
Sum of electronic and thermal Free Energies= -526.629136
n

Zero-point correction= 0.435116 (Hartree/Particle)
Thermal correction to Energy= 0.465566

Thermal correction to Enthalpy= 0.466510

Thermal correction to Gibbs Free Energy= 0.372004

Sum of electronic and zero-point Energies= -1429.232856
Sum of electronic and thermal Energies= -1429.202406
Sum of electronic and thermal Enthalpies= -1429.201462
Sum of electronic and thermal Free Energies= -1429.295967
Alkyne

Zero-point correction= 0.139600 (Hartree/Particle)
Thermal correction to Energy= 0.147816

Thermal correction to Enthalpy= 0.148760

Thermal correction to Gibbs Free Energy= 0.105145
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Sum of electronic and zero-point Energies= -347.506531

Sum of electronic and thermal Energies= -347.498316
Sum of electronic and thermal Enthalpies= -347.497371
Sum of electronic and thermal Free Energies= -347.540986
v

Zero-point correction= 0.538434 (Hartree/Particle)
Thermal correction to Energy= 0.570848

Thermal correction to Enthalpy= 0.571792

Thermal correction to Gibbs Free Energy= 0.476249

Sum of electronic and zero-point Energies= -1250.132982
Sum of electronic and thermal Energies= -1250.100568
Sum of electronic and thermal Enthalpies= -1250.099624
Sum of electronic and thermal Free Energies= -1250.195167
TS2

Zero-point correction= 0.537599 (Hartree/Particle)
Thermal correction to Energy= 0.569138

Thermal correction to Enthalpy= 0.570082

Thermal correction to Gibbs Free Energy= 0.476347

Sum of electronic and zero-point Energies= -1250.108614
Sum of electronic and thermal Energies= -1250.077076
Sum of electronic and thermal Enthalpies= -1250.076132
Sum of electronic and thermal Free Energies= -1250.169866
Vv

Zero-point correction= 0.539640 (Hartree/Particle)
Thermal correction to Energy= 0.571385

Thermal correction to Enthalpy= 0.572329

Thermal correction to Gibbs Free Energy= 0.476691

Sum of electronic and zero-point Energies= -1250.149867
Sum of electronic and thermal Energies= -1250.118122
Sum of electronic and thermal Enthalpies= -1250.117177
Sum of electronic and thermal Free Energies= -1250.212816
TS3

Zero-point correction= 0.537375 (Hartree/Particle)
Thermal correction to Energy= 0.568696

Thermal correction to Enthalpy= 0.569641
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Thermal correction to Gibbs Free Energy= 0.475319

Sum of electronic and zero-point Energies= -1250.131803
Sum of electronic and thermal Energies= -1250.100482
Sum of electronic and thermal Enthalpies= -1250.099537
Sum of electronic and thermal Free Energies= -1250.193859
Int3

Zero-point correction= 0.541150 (Hartree/Particle)
Thermal correction to Energy= 0.571260

Thermal correction to Enthalpy= 0.572204

Thermal correction to Gibbs Free Energy= 0.481260

Sum of electronic and zero-point Energies= -1250.160252
Sum of electronic and thermal Energies= -1250.130142
Sum of electronic and thermal Enthalpies= -1250.129198
Sum of electronic and thermal Free Energies= -1250.220142

3.6.3.4 Cartesian coordinates for all the relevant intermediates and transition
states

Intl

Symbolic Z-matrix:
Charge =1 Multiplicity = 1
C -4.32514 2.82062 -0.44076
-3.43721 3.11292 0.60345
-2.33626 2.27897 0.84117
-2.12363 1.15253 0.03499
-3.01159 0.86017 -1.00904
-4.11226 1.69428 -1.24702
-5.16561 3.45743 -0.62243
-3.59984 3.97281 1.21914
-2.84917 0.00008 -1.62449
-4.79009 1.47114 -2.04432
-1.35981 2.60009 1.9881
-1.52163 3.46005 2.60383
-0.34383 1.82972 2.20663
0.72634 -0.58011 0.55091
2.00666 -3.19184 0.31246
1.01184 -3.26149 1.64589
-0.42956 -3.40205 1.15045

Z T OITITITITOOOOO

x
>

oNeNe]
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TS1

1.09246 -3.05945 -0.95379
-0.49041 -3.05987 -0.4502
-1.28322 0.51566 0.21659
2.90527 1.79812 -0.06954
2.8035 1.21371-1.17932
3.98523 2.87656 0.1366
5.11704 2.29864 0.59219
3.54952 3.78369 1.03646
4.23596 3.49263 -1.03816
2.09803 1.49106 0.90386
3.38693 -3.87312 0.26539
3.9226 -3.65622 1.16588
3.25939 -4.9314 0.17235
3.93785 -3.50504 -0.5748
1.51724 -3.59512 -2.33369
0.86438 -3.20255 -3.08509
2.52219 -3.29133 -2.54024
1.46028 -4.66358 -2.33452
-1.69053 -3.50198 -1.308
-1.62858 -3.04188 -2.27205
-1.67682 -4.5661 -1.41911
-2.60006 -3.20509 -0.82888
-1.6267 -3.16654 2.0901
-1.95411 -2.15159 2.00305
-2.42672 -3.8238 1.82019
-1.331 -3.36055 3.09998
1.39375 -3.91628 2.98641
2.36853 -3.58646 3.27953
0.68247 -3.63678 3.7353
1.39562 -4.98056 2.87579
0.58967 2.13558 3.30009
0.06568 2.63761 4.08638
1.19416 0.82624 3.84038
0.41067 0.1959 4.20602
1.71821 0.3242 3.05411
1.87361 1.04889 4.63642
1.37313 2.76584 2.93436

Symbolic Z-matrix:
Charge =1 Multiplicity = 1

C
C

-2.41903 4.03271 -0.30654
-1.965 3.48808 0.90443
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o)
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-1.15148 2.35035 0.8799

-0.73458 1.74301 -0.36418
-1.22424 2.32361 -1.55115
-2.05824 3.44965 -1.52816
-3.0429 4.91871 -0.28879
-2.24845 3.94119 1.84879
-0.90156 1.90824 -2.49908
-2.40997 3.88603 -2.45685
-0.66768 1.70776 2.09342
-0.69752 2.22707 3.0556

-0.16964 0.51104 1.99374
0.45469 -0.14675 3.16427
0.10248 -1.1794 3.21006
-0.4159 -0.39635 0.06764
-2.46796 -1.19345 -0.04917
-1.99499 -1.15773 -1.42887
-0.83217 -1.98614 -1.51993
-1.67887 -2.20833 0.65451
-0.64987 -2.66097 -0.22867
0.6409 1.74638 -0.48178
2.39406 0.58078 -0.4674

1.9026 1.74947 -0.58965
3.91008 0.43822 -0.61514
4.46159 1.46239 -1.35617
4.23392 -0.75908 -1.22046
4.4987 0.46119 0.64645

1.74927 -0.48009 -0.16444
-2.69039 -0.47987 -2.5662

-3.20611 0.4374 -2.27384
-2.02098 -0.25846 -3.40008
-3.44998 -1.17549 -2.95143
-3.74017 -0.57302 0.43636
-3.91848 0.40154 -0.02867
-4.60373 -1.21304 0.19145
-3.73151 -0.43895 1.51909
-1.96423 -2.70287 2.03591
-2.33265 -1.90919 2.69246
-2.75643 -3.46621 1.98582
-1.09247 -3.17114 2.50305
0.42493 -3.65941 0.05417
0.35133 -4.06261 1.06479
0.37399 -4.49751 -0.65536
1.42076 -3.20723 -0.07339
-0.00315 -2.25547 -2.73467
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1.05156 -2.38499 -2.47252
-0.34306 -3.1794 -3.22709
-0.07402 -1.4447 -3.46438
1.9884 -0.1293 3.04551

2.4278 -0.50667 3.97667
2.33188 -0.76764 2.22406
2.36658 0.88816 2.87772
0.12184 0.36561 4.07784

T T T T OIITT

TFA

Symbolic Z-matrix:

Charge =0 Multiplicity = 1

H 1.17953 1.6448 -0.8628
C 2.27594 0.06499 -0.43411
o 2.02334 1.28174 -1.14166
C 3.72378 -0.36214 -0.12929
F 3.79628 -1.70956 -0.08826
F 4.10102 0.14534 1.06346
F 4.54325 0.10338 -1.09586
0 1.31513 -0.65672 -0.06054

Symbolic Z-matrix:

Charge =1 Multiplicity = 1

C 0.30694 4.66498 -0.12233
0.06624 3.98107 1.07408
-0.19978 2.60209 1.04533
-0.25098 1.87591 -0.18116
0.02271 2.58014 -1.36631
0.29418 3.96507 -1.33381
0.5121 5.72923 -0.10963

0.09384 4.50969 2.02239
0.00559 2.07564 -2.32692
0.49178 4.48927 -2.2634

-0.39851 1.8067 2.23706

-0.34648 2.25372 3.23049
-0.61741 0.5334 2.09035

-0.77976 -0.34158 3.27043
-1.76369 -0.81587 3.19965
Rh -0.67706 -0.11913 0.05304
-2.79846 -0.56772 -0.30138
C -2.22144 -0.22165 -1.59448

T OZITOIIITITITOOOOODO

@]
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-1.20221 -1.18685
-2.29269 -1.90679
-1.29852 -2.25904
1.89791 1.60653
2.56403 -0.17073
2.73814 1.06964
3.87807 -0.95022

4.69148 -0.45687
4.54968 -0.83887
1.49933 -0.69677
-3.96851 0.11222
-3.97538 1.18503
-4.90843 -0.30721
-3.96969 -0.02184
-2.68774 0.88553
-3.57926 0.55409
-2.96017 1.78222
-1.93469 1.16373
-0.36471 -1.28374
-0.86346 -1.91291
-0.19247 -0.30535
0.60885 -1.73734
-0.44647 -3.48911
-0.59638 -4.0635
0.61915 -3.23551
-0.67682 -4.13972
-2.81049 -2.74363
-2.73579 -3.80786
-2.26556 -2.58944
-3.86412 -2.52202
-0.78101 0.27946
0.32109 -1.40448
0.33525 -2.04013
1.30563 -0.93713
0.14986 -2.03934

I T T OIITITITITIOIIITITIOIIIIOIIITIOIIIIIZTOOMNTT T OOOIOOO

Alkyne

Symbolic Z-matrix:
Charge =0 Multiplicity = 1

C -0.91877 -0.07236
C -0.10189 -0.94958
C 0.94535 -2.07424

-1.8724
0.07388
-0.85312
-0.70287
-0.2119
-0.64866
-0.17277

3.635 -2.28184 0.07298

0.83068

-1.37261

0.15233
0.33939
0.13076
-0.04604
1.42459
-2.48594
-3.03548
-1.92405
-3.22655
-3.11124
-3.86135
-3.56768
-2.9034
-0.85444

-1.77714

-0.79981
-0.008
1.20851
0.96622
2.14544
1.40271
4.17578
3.35713
2.46655
3.4599
4.23252

2.6331
2.55504
2.45495
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v

0.98721 -2.43404 1.44813
1.90475 -1.69447 2.73817
0.67171 -2.87563 3.10901
-1.96604 1.05227 2.73317
-3.32603 0.74098 2.73308
-1.55502 2.38207 2.824

-4.27472 1.75936 2.82313
-3.64977 -0.30745 2.66068
-2.50385 3.40081 2.91507
-0.48317 2.62758 2.82426
-3.86354 3.0897 2.91452
-5.3467 1.51412 2.82244
-2.17947 4.44917 2.98709
-4.61172 3.89248 2.98557

Symbolic Z-matrix:
Charge =1 Multiplicity = 1

C

gﬁIIIIﬁﬁﬁﬁﬁ

OO TIT T T OOOOOOOO

3.08512 -2.11612 -1.89687
3.08052 -0.71819 -1.95789
1.98532 0.01332 -1.47718
0.84764 -0.69564 -0.90867
0.88583 -2.09774 -0.86476
1.99364 -2.8018 -1.35371

3.92709 -2.66285 -2.26739
3.92024 -0.20293 -2.37537
0.0581 -2.63588 -0.45232
2.00499 -3.87083 -1.31136
2.04757 1.56702 -1.58144
-0.84057 0.21013 -0.15435
-3.65155 1.00273 -0.24303
-3.18498 0.62096 -1.81918
-2.9146 -0.91614 -1.86723
-3.77177 -0.32137 0.48025
-3.32129 -1.512 -0.52383

0.7575 1.06453 2.28481

1.55657 0.03137 1.70494
0.72559 2.04972 3.46823
1.20228 2.96447 3.18355
-0.29013 2.24679 3.74122
1.24251 1.62254 4.30203
2.87766 -0.73369 1.90816
3.70159 -0.42959 3.00029
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TS2

3.25618 -1.73351 1.00197
4.90379 -1.12528 3.18646
3.4127 0.33385 3.69213
4.45859 -2.42919 1.18816
2.62729 -1.96579 0.16804
5.28236 -2.12506 2.2804

5.53267 -0.89305 4.02044
4.7477 -3.1926 0.49636

6.20038 -2.65622 2.42259
-3.86273 -0.45899 2.01139
-4.88154 -0.62167 2.2951

-3.26678 -1.28825 2.33088
-3.50296 0.43728 2.47204
-2.93613 -2.92681 -0.05358
-2.66769 -2.89768 0.98183
-3.768 -3.5862 -0.18796

-2.10504 -3.27954 -0.62779
-3.02869 -1.76198 -3.14923
-2.58157 -2.72019 -2.9853
-4.06059 -1.88848 -3.40231
-2.52324 -1.26502 -3.95075
-4.54159 2.18915 0.17124
-5.55259 1.99595 -0.12107
-4.49525 2.31605 1.23264
-4.19521 3.07987 -0.30996
-3.67159 1.40874 -3.04967
-4.69729 1.17241 -3.24176
-3.57634 2.45782 -2.86192
-3.07914 1.14341 -3.90027
1.03652 2.1599 -1.13047
0.84329 3.6169 -1.10398
1.79355 4.10126 -1.01856
2.88334 2.08594 -2.00215
0.23212 3.8805 -0.2662

0.1526 4.06669 -2.40478
-0.79791 3.58261 -2.48964
0.01228 5.12724 -2.38576
0.7634 3.80267 -3.24269

Symbolic Z-matrix:
Charge =1 Multiplicity = 1

C

2.71784 3.82704 0.21872
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2.12958
1.4481
1.42446
1.99109
2.61422
3.23808
2.18537
1.95015
3.01954
0.65004
0.89672
-0.34464
-0.99415
-1.78498

3.29271 1.34843
2.06962 1.27372
1.22925 0.12615
1.8706 -1.0075

3.12791 -0.97041
47626 0.26176
3.81927 2.27879
1.35886 -1.94529
3.54694 -1.86746
1.5917 2.52174
1.97124 3.49008
0.74485 2.39103
0.17738 3.5798

0.82587 3.89483

-1.28883 0.05794 -0.2977

-4.09995
-3.85533
-2.95734
-3.47134
-2.76059
1.18784
2.33868
1.16908
1.94173
0.21971
1.33285
3.81088
4.15685
4.80698

-0.54059 -0.75924
1.08278 -1.17783
1.11671 -2.43356
-1.39512 -1.8649
-0.46278 -2.87023
-1.6055 0.50089
-0.79143 0.52448
-3.10711 0.83968
-3.32175 1.54685
-3.36556 1.25924
-3.67776 -0.05208
-1.17778 0.75966
-2.51522 1.00343
-0.19384 0.71703

5.50207 -2.87089
3.39485 -3.26456
6.15176 -0.55015
454102 0.82924
6.50086 -1.88957
5.76669 -3.89111
6.91245 0.20122
7.52947 -2.16239
-1.67869 -0.93054
-2.12337 -1.09223
-0.92124 -0.17914
-1.23989 -1.84458
-2.94734 2.25224
-2.10488 2.13413

1.17612
1.05656
0.8883
0.55082
1.11028
1.35762
0.84994
1.23041
-3.86618
-4.82537
-3.94594
-3.51983
-3.4725
-4.11887

-3.8478 2.21582 -4.04965
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\"

-2.88398 3.19517 -2.97001
-4.89323 2.17736 -0.87424
-4.44467 3.14026 -0.99903
-5.72094 2.07942 -1.54514
-5.23666 2.07244 0.13379
-5.3206 -1.07347 0.01942
-5.5045 -0.44459 0.8661

-6.18172 -1.07319 -0.61672
-5.12326 -2.07091 0.3514
-3.07712 -2.86793 -1.64294
-2.42335 -2.93878 -0.79947
-3.95735 -3.44809 -1.46182
-2.5772 -3.23991 -2.51381
-1.57766 -1.20869 3.24577
-2.29745 -1.11343 2.46011
-0.79113 -1.86209 2.93124
-2.05091 -1.61315 4.11608
-0.27384 0.08253 4.36447

Symbolic Z-matrix:
Charge =1 Multiplicity = 1

C

T OZITOIIITITITOOOOO

el
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-1.99582 4.44318 0.27381
-1.27592 3.96552 -0.82571
-1.26859 2.59715 -1.13781
-1.98541 1.69126 -0.31371
-2.74548 2.19679 0.75389
-2.74012 3.5594 1.05699

-1.97733 5.48586 0.51432
-0.72685 4.65155 -1.43538
-3.33281 1.52653 1.34631
-3.3057 3.92515 1.88627

-0.52565 2.16948 -2.4222

-0.46145 2.87062 -3.22688
0.03212 1.02775 -2.57283
0.29433 0.4967 -3.92126

0.2881 -0.57326 -3.89239
0.87904 -0.41886 -0.19984
3.45295 -1.75051 0.48911
3.68183 -0.15706 0.76893
2.81648 0.23582 1.95858
2.36898 -2.27494 1.58908
1.9928 -1.09207 2.47339
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-1.03536 -0.69822 -0.8143
-2.05787 0.15889 -0.52262
-1.36525 -1.98653 -1.59239
-2.37197 -2.28155 -1.37928
-1.25947 -1.80763 -2.64088
-0.69493 -2.7661 -1.29324
-3.4638 -0.45363 -0.3581

-3.65383 -1.84218 -0.40643
-4.56092 0.3951 -0.15976
-4.94285 -2.37703 -0.25548
-2.81836 -2.49307 -0.5572
-5.84783 -0.13887 -0.02049
-4.41555 1.45414 -0.11813
-6.03943 -1.5242 -0.06608
-5.09002 -3.4364 -0.28447
-6.68613 0.51328 0.12017
-7.02331 -1.93254 0.04491
2.36023 -3.71997 2.11894
3.1904 -3.86311 2.77865
1.44813 -3.90084 2.64957
2.43542 -4.39986 1.297

1.58402 -1.3023 3.9445

0.87501 -2.10122 4.00728
2.44957 -1.54721 4.52413
1.14296 -0.40434 4.32566
3.2358 1.36879 2.91191

2.40722 1.63873 3.53087
4.04796 1.03853 3.5243

3.54468 2.21849 2.33827
4.54342 -2.66987 -0.09066
5.29221 -2.8461 0.65269
4.10453 -3.59972 -0.38436
4.,99032 -2.20085 -0.94269
5.01168 0.55429 0.45719
5.74828 0.26051 1.1748

5.34184 0.27988 -0.52412
4.86871 1.61235 0.50216
1.67145 0.99663 -4.39829
2.42689 0.659 -3.72055

1.8705 0.61339 -5.37599
1.67053 2.06706 -4.42746
-0.46379 0.83666 -4.59679
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Symbolic Z-matrix:
Charge =1 Multiplicity = 1

C
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x
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3.03305 1.99811 1.60759
1.66955 1.83438 1.33314
1.20319 0.56911 0.96207
2.10333 -0.50915 0.78923
3.46535 -0.34092 1.08691
3.92148 0.91477 1.49584
3.40303 2.96493 1.9309

0.98028 2.66383 1.44728
4.16265 -1.16432 0.97606
497243 1.05786 1.72183
-0.23336 0.22611 0.76367
-0.73131 -0.23724 1.62698
-0.26632 -0.03889 -1.83206
-1.13833 0.64049 -4.33574
0.02352 1.32966 -3.9768

1.11615 0.34939 -3.92837
-0.78652 -0.76533 -4.59592
0.60617 -0.91304 -4.44235
0.24794 -1.47305 -0.36784
1.43925 -1.70669 0.27032
-0.85765 -2.46084 -0.66494
-1.25529 -2.9203 0.24938
-1.72176 -1.98379 -1.16576
-0.5186 -3.2558 -1.33912

-2.45475 1.05483 0.13487
-2.65097 0.91359 1.1772

-1.00196 0.88438 -0.13604
2.00068 -3.11104 0.5605

1.79983 -3.69881 1.80976
2.71035 -3.79538 -0.42621
2.30914 -4.97036 2.07239
1.23888 -3.16069 2.58758
3.21903 -5.06774 -0.16399
2.86859 -3.33235 -1.41094
3.01868 -5.65523 1.08511
2.15126 -5.4321 3.05787

3.77818 -5.60724 -0.9423

3.42011 -6.65782 1.29239
-2.82402 2.49129 -0.27963
-3.88856 2.59916 -0.28258
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-2.39727 3.18392 0.41539
-2.44279 2.68887 -1.2597

-3.01878 0.35185 -0.44184
0.1417 2.81753 -3.59748
0.13466 2.91561 -2.53201
1.05684 3.21306 -3.98603
-0.68429 3.35768 -4.01085
2.59116 0.67042 -3.6236

2.9703 1.3428 -4.36458

2.66499 1.12537 -2.65795
3.16302 -0.23385 -3.6365

-2.55839 1.22797 -4.43516
-2.83979 1.6427 -3.48979
-2.57552 1.99537 -5.18061
-3.24653 0.45401 -4.70414
-1.77517 -1.85289 -5.0557

-2.54341 -1.97048 -4.32025
-2.2147 -1.5644 -5.98762

-1.25431 -2.77944 -5.17866
1.42866 -2.19821 -4.65078
2.41663 -1.94132 -4.97144
1.48226 -2.74063 -3.73002
0.95855 -2.80564 -5.39572

I T T OI I ITOIIIOIITIOIIIIOZIIIT

Int3

Symbolic Z-matrix:

Charge =1 Multiplicity = 1

C 0.48112 1.50244 3.70341
1.54939 1.35597 2.79287
1.546 0.23652 1.96664
0.49079 -0.64625 1.95132
-0.55388 -0.56123 2.86562
-0.55477 0.53177 3.75755
0.45317 2.34749 4.35912
2.33879 2.07675 2.74515
-1.33328 -1.29402 2.88636
-1.34174 0.63242 4.47549
2.62263 -0.23028 0.96959
3.04129 0.57173 0.39824
2.80428 -3.12291 3.32654
4.15079 -3.62857 5.997
2.68746 -4.24117 5.95746
2.71976 -5.46676 4.9205

ITOITIITITITOOOOO

x
>

e eNe]

135



OTOITOOOOITIITIOIIIIIONOIIIOIIIIOIIIIOIIIIOIIZOIIIZIOO0OOONO

5.02685 -4.29216 4.68431
4.22014 -5.59924 4.32193
1.85284 -1.2559 0.10687
0.68152 -1.63115 0.78783
2.29144 -1.77421 -1.27539
1.89032 -1.13976 -2.03786
3.35988 -1.77166 -1.3348
1.92891 -2.77131 -1.41392
4.38033 0.05625 2.57915
3.7131 -0.90447 1.68884
5.17485 -0.43409 3.10178
1.78991 -4.17751 7.20724
0.79267 -4.46342 6.94513
2.16826 -4.8456 7.95247
1.78515 -3.17928 7.59245
4.45975 -2.23367 6.57204
3.83435-1.506 6.09836
4.27298 -2.23281 7.62559
5.48661 -1.99302 6.39167
6.55831 -4.19585 4.55445
6.86512 -3.18063 4.6962
7.01872 -4.8145 5.29616
6.85514 -4.52552 3.58073
4.51646 -6.43445 3.06236
4.48535 -5.80224 2.1997
5.48795 -6.87492 3.14693
3.78202 -7.20653 2.96542
1.84378 -6.72407 5.07367
1.86352 -7.28562 4.1631
2.22179 -7.32693 5.87275
0.8374 -6.43322 5.29162
3.67287 0.4398 3.28436
4.95397 1.21643 1.74461
5.43997 1.91555 2.39255
5.66113 0.83278 1.03918
4.15936 1.70704 1.22226
-0.25514 -2.79569 0.41666
-0.1268 -4.03196 1.06394
-1.23605 -2.61897 -0.56844
-0.97996 -5.09132 0.72664
0.62251 -4.16701 1.81576
-2.08901 -3.67836 -0.90593
-1.3337-1.67511 -1.06287
-1.96105 -4.91453 -0.25831
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H -0.88226 -6.03515 1.22112
-2.83802 -3.54338 -1.658
H -2.61242 -5.7234 -0.5159

I

3.6.4 Characterization of newly synthesized compounds

()
P
sab

Using the general procedure described above, compound (4a) was obtained from

N-benzyl-3-methyl-2-phenyl-1H-inden-1-amine, (4a)

benzaldehyde (0.1 mmol, 11 uL), benzylamine (0.12 mmol, 13.1 pL) and prop-1-yn-1-
ylbenzene (0.12 mmol, 15 pL) as a light yellow solid (31.0 mg) in 99 % yield.

1H NMR (CDCls, 500 MHz): § = 7.68 (m, 1H), 7.48 (m, 4H), 7.44 — 7.34 (m, 3H), 7.32 (m,
1H), 7.24 — 7.15 (m, 3H), 7.10 — 7.03 (m, 2H), 5.10 — 4.88 (q, J = 1.9 Hz, 1H), 3.37 (d, J =
12.6, Hz, 1H), 3.29 (dd, J = 12.6, Hz, 1H), 2.32 (d, J = 1.9 Hz, 3H).

13C NMR (CDCl3, 126 MHz): 6 = 145.7, 143.9, 143.7, 140.5, 135.7, 135.5, 128.9, 128.6,
128.2,128.1,127.8, 126.9, 126.7, 125.5, 123.3, 119.2, 65.7, 47 .4, 11.7.

HRMS (ESI) m/z: [M + H]* calculated for C3H22N 312.1752, found 312.1743.

Rf (Hexane/Et,0 4:1): 0.4.

8
[
GO

Using the general procedure described above, compound (4b) was obtained from

3-methyl-2-phenyl-N-(1-phenylethyl)-1H-inden-1-amine, (4b)

benzaldehyde (0.1 mmol, 11.0 uL), 1-phenylethan-1-amine (0.12 mmol, 15.5 plL) and
prop-1-yn-1-ylbenzene (0.12 mmol, 15.0 ulL) as a light yellow solid (21.5 mg) in 66 % yield.
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1H NMR (CDCls, 500 MHz): 6 = 7.62 — 7.58 (m, 1H), 7.50 — 7.46 (m, 2H), 7.40 — 7.31 (m,
9H), 7.23 - 7.19 (m, 1H), 4.64 (d, J = 2.0 Hz, 1H), 4.21 (q, J = 6.6 Hz, 1H), 2.26 (d, J = 2.0 Hz,
3H), 1.26 (d, J = 6.6 Hz, 3H).

13C NMR (CDCl3, 126 MHz): 6 = 145.63, 145.60, 145.3, 143.9, 135.5, 134.8, 129.3,
128.33, 128.30, 127.5, 127.2,127.0, 126.9, 125.2, 123.7, 119.3, 63.2, 55.8, 24.9, 11.6.

HRMS (ESI) m/z: [M + H]* calculated for C24H24N 326.1909, found 326.1904.

Rf (Hexane/Et,0 4:1): 0.6.

o
o0

! 3-methyl-N,2-diphenyl-1H-inden-1-amine, (4c)

Using the general procedure described above, compound (4c) was obtained from
benzaldehyde (0.1 mmol, 11.0 pL), aniline (0.12 mmol, 11.0 uL) and prop-1-yn-1-
ylbenzene (0.12 mmol, 15.0 uL) as a yellow solid (10.4 mg) in 35 % yield.

1H NMR (CDCls, 500 MHz): & = 7.55 — 7.51 (m, 1H), 7.46 — 7.35 (m, 6H), 7.32 = 7.27 (m,
1H), 7.22 — 7.09 (m, 3H), 6.74 — 6.70 (m, 1H), 6.68 — 6.66 (m, 2H), 5.54 (q, J = 2.2 Hz, 1H),
2.32(d, J = 2.2 Hz, 3H).

13C NMR (CDCl3, 126 MHz): & = 147.7, 145.1, 144.8, 142.2, 135.7, 135.1, 129.19,
129.10, 128.3,127.9, 126.9, 125.9, 122.9, 119.4, 117.6, 113.7, 62.1, 11.9.

HRMS (ESI) m/z: [M + H]* calculated for C2H20N 298.1596, found 398.1590.

Rf (Hexane/Et,0 4:1): 0.4.

&
[
SO

3-methyl-2-phenyl-N-(4-phenylbutyl)-1H-inden-1-amine, (4d)
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Using the general procedure described above, compound (4d) was obtained from
benzaldehyde (0.1 mmol, 11.0 ulL), 4-phenylbutan-1-amine (0.12 mmol, 18.9 plL) and
prop-1-yn-1-ylbenzene (0.12 mmol, 15 plL) as a light yellow solid (35.2 mg) in 99 % yield.

1H NMR (CDCls, 500 MHz): & = 7.57 -7.55 (m, 1H), 7.48 — 7.40 (m, 4H), 7.38 —7.29 (m,
3H), 7.28 — 7.26 (m, 1H), 7.25 -7.20 (m, 2H), 7.16 — 7.12 (m, 1H), 7.04 — 7.01 (m, 2H), 4.87
(g, J = 1.9 Hz, 1H), 3.50 (d, J = 7.0 Hz, 1H), 3.47 (d, J = 7.0 Hz, 1H), 2.40 (dd, J = 8.7, 6.7 Hz,
2H), 2.27 - 2.22 (m, 3H), 2.11 (ddd, J = 11.2, 7.6, 6.3 Hz, 1H).

13C NMR (CDCl3, 126 MHz): & = 145.6, 144.2, 143.9, 142.4, 135.8, 135.2, 128.8, 128.5,
128.3, 128.1, 127.6, 126.8, 125.5, 125.4, 123.2, 119.1, 65.9, 42.8, 35.4, 29.8, 28.7, 11.6.

HRMS (ESI) m/z: [M + H]* calculated for Ca6H27N 353,2143, found 353.2140.

Rf (Hexane/Et,0 4:1): 0.5.

Paw
H

(4e)

N-(furan-2-ylmethyl)-3-methyl-2-phenyl-1H-inden-1-amine,

Using the general procedure described above, compound (4e) was obtained from
benzaldehyde (0.1 mmol, 11.0 pL), furan-2-ylmethanamine (0.12 mmol, 10.7 uL) and
prop-1-yn-1-ylbenzene (0.12 mmol, 15.0 ulL) as a light yellow solid (16.6 mg) in 55 % yield.

1H NMR (CDCls, 500 MHz): & = 7.66 — 7.63 (m, 1H), 7.51 — 7.47 (m, 2H), 7.46 — 7.41 (m,
2H), 7.40 — 7.38 (m, 1H), 7.37 — 7.34 (m, 2H), 7.32 - 7.26 (m, 2H), 6.23 (dd, J = 3.2, 1.8 Hz,
1H), 5.96 (d, J = 3.2 Hz, 1H), 4.96 (t, J = 2.0 Hz, 1H), 3.45 (d, J = 14.1 Hz, 1H), 3.36 (d, J =
14.1 Hz, 1H), 2.29 (d, J = 2.0 Hz, 3H).

13C NMR (CDCls, 126 MHz): & = 153.8, 145.6, 143.5, 143.1, 141.6, 135.8, 135.5, 128.8,
128.6, 127.9, 127.0, 125.6, 123.4, 119.2, 110.0, 106.7, 65.1, 40.5, 11.6.

HRMS (ESI) m/z: [M + H]* calculated for C21H20NO 302.1545, found 302.1534.
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‘ NHBn
~o ‘

Using the general procedure described above, compound (4f) was obtained from 4-

N-benzyl-5-methoxy-3-methyl-2-phenyl-1H-inden-1-amine, (4f)

methoxybenzaldehyde (0.1 mmol, 12.1 L), benzylamine (0.12 mmol, 13.1 ulL) and prop-
1-yn-1-ylbenzene (0.12 mmol, 15 uL) as a light yellow solid (20.5 mg) in 60 % yield.

1H NMR (CDCls, 500 MHz): & = 7.55 — 7.53 (m, 1H), 7.51 — 7.43 (m, 4H), 7.38 - 7.32 (m,
1H), 7.23 - 7.13 (m, 3H), 7.08 — 7.00 (m, 2H), 6.94 — 6.92 (m, 1H), 6.85 — 6.83 (m, 1H), 4.94
(g, J = 1.8 Hz, 1H), 3.91 (s, 3H), 3.34 (d, J = 12.7 Hz, 1H), 3.28 (d, J = 12.7 Hz, 1H), 2.28 (d, J
= 1.8 Hz, 3H).

13C NMR (CDCl3, 126 MHz): & = 160.1, 147.3, 145.2, 140.7, 136.0, 135.7, 135.1, 128.8,
128.5,128.2,128.1, 126.9, 126.6, 123.8, 110.5, 105.5, 65.1, 55.5, 47.3, 11.6.

HRMS (ESI) m/z: [M + H]* calculated for C24H24NO 342.1858, found 342.1850.

Rf (Hexane/Et,0 4:1): 0.3.

O‘ NHBn
HO

Using the general procedure described above, compound (4g) was obtained from 4-

1-(benzylamino)-3-methyl-2-phenyl-1H-inden-5-ol, (4g)

hydroxybenzaldehyde (0.1 mmol, 12.2 mg), benzylamine (0.12 mmol, 11.8 ulL) and prop-
1-yn-1-ylbenzene (0.12 mmol, 15.0 pL) as a light yellow solid (13.1 mg) in 40 % yield.

1H NMR (CDCls, 500 MHz): & = 7.58 — 7.55 (m, 1H), 7.50 — 7.46 (m, 2H), 7.44 — 7.39 (m,
2H), 7.38 — 7.34 (m, 1H), 7.22 — 7.16 (m, 3H), 7.05 — 6.99 (m, 2H), 6.84 — 7.81 (m, 1H), 6.73
—6.70 (m, 1H), 4.99 (d, J = 2.1 Hz, 1H), 3.38 (d, J = 2.9 Hz, 2H), 2.23 (d, J = 1.8 Hz, 3H).
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13C NMR (CDCl3, 126 MHz): 6 = 156.6, 147.5, 143.8, 139.1, 136.0, 135.1, 134.1, 128.8,
128.7, 128.5, 128.3, 127.2,127.1, 124.4, 112.6, 107.2, 64.4, 47.3, 11.6.

HRMS (ESI) m/z: [M + H]* calculated for C23H21NO 328.1695, found 328.1692.

Rf (Hexane/Et,0 4:1): 0.3.

O‘ NHBn

Using the general procedure described above, compound (4h) was obtained from 4-

N-benzyl-3,5-dimethyl-2-phenyl-1H-inden-1-amine, (4h)

methylbenzaldehyde (0.1 mmol, 11.8 pL), benzylamine (0.12 mmol, 11.8 pL) and prop-1-
yn-1-ylbenzene (0.12 mmol, 15.0 uL) as a light yellow solid (27.7 mg) in 85 % yield.

1H NMR (CDCls, 500 MHz): & = 7.59 — 7.56 (m, 1H), 7.52 — 7.44 (m, 4H), 7.39 — 7.34 (m,
1H), 7.24 — 7.16 (m, 4H), 7.15 — 7.12 (m, 1H), 7.08 — 7.04 (m, 2H), 4.98 (d, J = 2.0 Hz, 1H),
3.35(d, J = 12.6 Hz, 1H), 3.30 (d, J = 12.6 Hz, 1H), 2.49 (s, 3H), 2.30 (d, J = 2.0 Hz, 3H).

13C NMR (CDCl3, 126 MHz): 6 = 145.9, 143.8, 140.9, 140.5, 137.5, 135.7, 135.5, 128.9,
128.6, 128.2,128.1, 126.9, 126.7, 126.2, 123.1, 120.0, 65.4, 47.3, 21.7, 11.7.

HRMS (ESI) m/z: [M + H]* calculated for C24H24N 326.1909, found 326.1903.

Rf (Hexane/Et,0 4:1): 0.5.

O‘ NHBn
Cl

Using the general procedure described above, compound (4i) was obtained from 2-

N-benzyl-7-chloro-3-methyl-2-phenyl-1H-inden-1-amine, (4i)

chlorobenzaldehyde (0.1 mmol, 11.2 uL), benzylamine (0.12 mmol, 11.8 pL) and prop-1-
yn-1-ylbenzene (0.12 mmol, 15.0 ulL) as a light yellow solid (19.4 mg) in 56 % yield.
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1H NMR (CDCls, 500 MHz): & = 7.56 — 7.52 (m, 2H), 7.52 — 7.46 (m, 2H), 7.41 - 7.33 (m,
2H), 7.30 = 7.26 (m, 1H), 7.24 — 7.20 (m, 1H), 7.19 = 7.13 (m, 3H), 7.00 — 6.95 (m, 2H), 5.19
(9, = 2.0 Hz, 1H), 3.20 (m, 2H), 2.29 (d, J = 2.0 Hz, 2H).

13C NMR (CDCl3, 126 MHz): 6 = 173.1, 148.2, 143.7, 139.8, 135.2, 134.9, 130.0, 129.6,
129.2, 128.4,128.3, 128.0, 127.2, 126.7, 126.1, 117.7, 66.2, 46.7, 11.8.

HRMS (ESI) m/z: [M + H]* calculated for C23H21CIN 346.1363, found 346.1357.

Rf (Hexane/Et,0 4:1): 0.4.

O‘ NHBn
FsC

amine, (4j)

N-benzyl-3-methyl-2-phenyl-5-(trifluoromethyl)-1H-inden-1-

Using the general procedure described above, compound (4j) was obtained from 4-
(trifluoromethyl)benzaldehyde (0.1 mmol, 11.5 L), benzylamine (0.12 mmol, 13.1 pulL)
and prop-1-yn-1-ylbenzene (0.12 mmol, 15.0 ulL) as a light yellow solid (31.8 mg) in 84 %
yield.

1H NMR (CDCls, 500 MHz): & = 7.80 — 7.74 (m, 1H), 7.61 — 7.52 (m, 2H), 7.55 — 7.46 (m,
2H), 7.49 — 7.41 (m, 2H), 7.44 — 7.36 (m, 1H), 7.25 — 7.14 (m, 3H), 7.08 — 7.00 (m, 2H), 5.04
(s, 1H), 3.35 (d, J = 12.5 Hz, 1H), 3.23 (d, J = 12.5 Hz, 1H), 2.33 (d, J = 2.0 Hz, 3H).

13C NMR (CDCls, 126 MHz): & = 147.4, 146.3, 145.4, 139.8, 134.9, 134.8, 130.4 (q, Jcr=
31.7 Hz), 128.9, 128.7, 128.2, 127.4, 126.9, 125.6, 123.58, 123.52 (q, Jcr= 274 Hz), 122.6
(9, Jer= 4.0 Hz), 115.96 (q, Jcr= 3.8 Hz), 65.6, 47.4, 11.6.

19F NMR (CDCl3, 471 MHz): 6 = -61.9.
HRMS (ESI) m/z: [M + H]* calculated for C24H21F3sN 380.1621, found 380.1626.

Rf (Hexane/Et,0 4:1): 0.5.
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O‘ NHBn
Br

Using the general procedure described above, compound (4k) was obtained from 4-

N-benzyl-5-bromo-3-methyl-2-phenyl-1H-inden-1-amine, (4k)

bromobenzaldehyde (0.1 mmol, 18.5 mg), benzylamine (0.12 mmol, 13.1 pl) and prop-1-
yn-1-ylbenzene (0.12 mmol, 15.0 ulL) as a light yellow solid (32.8 mg) in 84 % yield.

1H NMR (CDCls, 500 MHz): & = 7.55 — 7.54 (m, 1H), 7.53 — 7.47 (m, 3H), 7.46 — 7.43 (m,
3H), 7.42 — 7.37 (m, 1H), 7.24 — 7.18 (m, 3H), 7.06 — 7.02 (m, 2H), 4.96 (d, J = 2.0 Hz, 1H),
3.33(d, J = 12.7 Hz, 1H), 3.25 (d, J = 12.6 Hz, 1H), 2.28 (d, J = 2.0 Hz, 3H).

13C NMR (CDCl3, 126 MHz): & = 147.8, 145.3, 142.5, 140.1, 135.1, 134.6, 128.9, 128.7,
128.27, 128.24, 128.23, 127.3, 126.9, 124.8, 122.5, 121.9, 65.3, 47.3, 11.6.

HRMS (ESI) m/z: [M + H]* calculated for C23H21NBr 390.0851, found 390.0858.

Rf (Hexane/Et,0 4:1): 0.4.

O‘ NHBn
Br

Using the general procedure described above, compound (4l) was obtained from 4-

N-benzyl-5-bromo-2-methyl-3-propyl-1H-inden-1-amine, (4l)

bromobenzaldehyde (0.1 mmol, 18.5 mg), benzylamine (0.12 mmol, 13.1 pl) and 2-

hexyne (0.12 mmol, 13.5 ul) as a light yellow solid (19.4 mg) in 24 % yield.

'H NMR (CDCls, 500 MHz): 6 = 7.44 — 7.35 (m, 1H), 7.35-7.33 (m, 1H), 7.35-7.26 (m,
5H), 7.25-7.22 (m, 1H), 4.26 (s, 1H), 3.46 — 3.30 (m, 2H), 2.48 (t, ) = 7.4 Hz, 2H), 2.05 (s,
3H), 1.62 (q, J = 7.4 Hz, 2H), 0.99 (t, J = 7.4 Hz, 3H).

13C NMR (CDCls, 126 MHz): 6§ = 147.6, 142.8, 142.1, 138.3, 137.6, 128.9, 128.7, 128.4,

128.36, 128.35, 128.32, 127.0, 126.9, 124.2, 121.7, 121.6, 66.4, 47.3, 27.1, 21.5, 14.1,
11.9.

143



HRMS (ESI) m/z: [M + H]* calculated for Ca0H23NBr 356.1008, found 356.1015.

Rf (Hexane/Et,0 4:1): 0.4.

O‘ NHBn
Br

Using the general procedure described above, compound (4l’) was obtained from 4-

N-benzyl-5-bromo-3-methyl-2-propyl-1H-inden-1-amine, (41’)

bromobenzaldehyde (0.1 mmol, 18.5 mg), benzylamine (0.12 mmol, 13.1 plL) and 2-
hexyne (0.12 mmol, 13.5 pL) as a light yellow solid (19.4 mg) in 44 % yield.

1H NMR (CDCls, 500 MHz): & = 7.41 — 7,39 (m, 1H), 7.38 = 7.31 (m, 2H), 7.32 = 7.30 (m,
4H), 7.26 — 7.22 (m, 1H), 4.38 (s, 1H), 3.50 — 3.34 (m, 2H), 2.50 — 2.38 (m, 2H), 2.03 (d, J =
1.9 Hz, 3H), 1.69 — 1.62 (m, 1H), 1.54 — 1.47 (m, 1H), 0.98 (t, J = 7.3 Hz, 3H).

13C NMR (CDCl3, 126 MHz): & = 148.2, 142.9, 142.5, 140.4, 139.9, 128.4, 128.35,
128.32, 128.2, 127.9, 127.3, 127.15, 127.10, 124.2, 124.1, 121.6, 64.2, 47.6, 27.9, 22.9,
14.1, 10.3.

HRMS (ESI) m/z: [M + H]* calculated for C20H23NBr 356.1008, found 356.1014.

Rf (Hexane/Et,0 4:1): 0.5.

) O

O‘ NHBn

Using the general procedure described above, compound (4m) was obtained from

N-benzyl-2,3-diphenyl-1H-inden-1-amine, (4m)

benzaldehyde (0.1 mmol, 11.0 pL), benzylamine (0.12 mmol, 13.1 pl) and 1,2-

diphenylethyne (0.12 mmol, 17.9 mg) as a light yellow solid (14.9 mg) in 40 % vyield.
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1H NMR (CDCls, 500 MHz): & = 7.78 — 7.74 (m, 1H), 7.45 — 7.37 (m, 5H), 7.37 - 7.33 (m,
2H), 7.33 = 7.24 (m, 6H), 7.24 — 7.16 (m, 3H), 7.09 — 7.04 (m, 2H), 5.15 (s, 1H), 3.42 (m,
2H).

13CNMR (CDCls, 126 MHz): & = 144.8, 144.6, 144.1, 140.3, 140.2, 135.00, 134.9, 129.4,
129.2, 128.6, 128.39, 128.33, 128.2, 127.8, 127.5, 127.1, 126.8, 125.7, 123.8, 120.5, 65.8,
47.5.

HRMS (ESI) m/z: [M + H]* calculated for CasH24N 374.1909, found 374.1900.

Rf (Hexane/Et,0 4:1): 0.4.

O‘ NHBn

Using the general procedure described above, compound (4n) was obtained from

N-benzyl-3-butyl-2-phenyl-1H-inden-1-amine, (4n)

benzaldehyde (0.1 mmol, 11.0 pL), benzylamine (0.12 mmol, 11.8 plL) and hex-1-yn-1-
ylbenzene (0.12 mmol, 21.0 uL) as a light yellow solid (23.0 mg) in 82 % yield.

1H NMR (CDCls, 500 MHz): & = 7.73 — 7.68 (m, 1H), 7.53 — 7.48 (m, 2H), 7.46 — 7.35 (m,
5H), 7.34 — 7.28 (m, 1H), 7.24 — 7.15 (m, 3H), 7.09 — 7.04 (m, 2H), 4.99 (br, 1H), 3.38 (d, J
=12.7 Hz, 1H), 3.30 (d, J = 12.7 Hz, 1H), 2.73 (t, J = 7.8 Hz, 2H), 1.82 - 1.71 (m, 1H), 1.71 -
1.61 (m, 1H), 1.52 — 1.40 (m, 2H), 0.96 (t, J = 7.4 Hz, 3H).

13C NMR (CDCl3, 126 MHz): 6 = 144.9, 144.1, 143.5, 140.4, 140.3, 135.9, 128.8, 128.6,
128.3, 128.3, 128.1, 127.7, 127.0, 126.8, 125.4, 123.6, 119.6, 65.9, 47.29, 31.29, 25.90,
23.08, 13.95.

HRMS (ESI) m/z: [M + H]* calculated for Ca6H2sN 354.2222, found 354.2216.

Rf (Hexane/Et,0 4:1): 0.5
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O‘ NHBn

Using the general procedure described above, compound (40) was obtained from

4-(1-(benzylamino)-2-phenyl-1H-inden-3-yl)butan-2-one, (40)

benzaldehyde (0.1 mmol, 11 ulL), benzylamine (0.12 mmol, 13.1 plL) and 7-phenylhept-6-
yn-3-one (0.12 mmol, 22.3 pL) as a light yellow solid (26.7 mg) in 70 % yield.

1H NMR (CDCls, 500 MHz): & = 7.74 — 7.69 (m, 1H), 7.52 — 7.44 (m, 2H), 7.43 - 7.36 (m,
4H), 7.37-7.33 (m, 1H), 7.34 - 7.30 (m, 1H), 7.26 — 7.14 (m, 3H), 7.08 — 7.02 (m, 2H), 4.98
(s, 1H), 3.37 (d, J = 12.7 Hz, 1H), 3.30 (d, J = 12.7 Hz, 1H), 3.11 — 2.93 (m, 2H), 2.81 - 2.70
(m, 2H), 2.44 (g, J = 7.3 Hz, 2H), 1.08 (t, J = 7.3 Hz, 3H).

13C NMR (CDCl3, 126 MHz): & = 210.4, 144.5, 144.1, 143.9, 140.0, 138.6, 135.3, 128.8,
128.7,128.3,128.2,127.9, 127.3, 126.9, 125.7, 123.8, 119.3, 66.0, 47.3, 41.1, 35.9, 20.1,
7.8.

HRMS (ESI) m/z: [M + Na]* calculated for C27H27NONa 404.1985, found 404.2003.

Rf (Hexane/Et,0 4:1): 0.3.

N

O‘ NHBn

N-benzyl-3-(3-bromopropyl)-2-phenyl-1H-inden-1-aminel,
(4p)

Using the general procedure described above, compound (4p) was obtained from
benzaldehyde (0.1 mmol, 11 ulL), benzylamine (0.12 mmol, 13.1 pL) and (5-bromopent-1-
yn-1-yl)benzene (0.12 mmol, 20.4 L) as a light white solid (25.1 mg) in 60 % yield.

1H NMR (CDCls, 500 MHz): & = 7.75 — 7.71 (m, 1H), 7.51 — 7.47 (m, 2H), 7.45 — 7.35 (m,
6H), 7.34 — 7.30 (m, 1H), 7.26 — 7.14 (m, 3H), 7.09 — 7.01 (m, 2H), 5.00 (s, 1H), 3.52 — 3.40
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(m, 2H), 3.37 (d, J = 12.7 Hz, 1H), 3.31 (d, J = 12.7 Hz, 1H), 2.95 — 2.83 (m, 2H), 2.32 — 2.13
(m, 2H).

13C NMR (CDCl3, 126 MHz): 6 = 144.6, 144.3, 143.7, 139.8, 138.5, 135.3, 128.82,
128.80, 128.3, 128.2, 128.0, 127.4, 126.9, 125.7, 123.8, 119.5, 65.9, 47.3, 33.5, 31.9, 24.7.

HRMS (ESI) m/z: [M + H]* calculated for CasH2sBrN 418.1165, found 418.1163.

Rf (Hexane/Et,0 4:1): 0.3.

o $

O‘ NHBn

3-(1-(benzylamino)-2-phenyl-1H-inden-3-yl)propan-1-ol,
(4q)

Using the general procedure described above, compound (4q) was obtained from
benzaldehyde (0.1 mmol, 11 ulL), benzylamine (0.12 mmol, 13.1 pulL) and 5-phenylpent-4-
yn-1-ol (0.12 mmol, 18.5 pL) as a light yellow solid (30.2 mg) in 85 % yield.

1H NMR (CDCls, 500 MHz): & = 7.74 — 7.69 (m, 1H), 7.51 — 7.46 (m, 2H), 7.46 — 7.40 (m,
3H), 7.40 — 7.35 (m, 2H), 7.32 = 7.29 (m, 1H), 7.24 — 7.15 (m, 3H), 7.08 — 7.02 (m, 2H), 4.99
(s, 1H), 3.75 — 3.63 (m, 2H), 3.37 (d, J = 12.7 Hz, 1H), 3.31 (d, J = 12.7 Hz, 1H), 2.90 — 2.73
(m, 2H), 1.99 — 1.88 (m, 2H).

13C NMR (CDCl3, 126 MHz): & = 144.5, 144.1, 143.8, 140.0, 139.5, 135.6, 128.8, 128.7,
128.3,128.2,127.9, 127.3, 126.9, 125.6, 123.7, 119.6, 65.9, 62.4, 47.3, 31.7, 22.1.

HRMS (ESI) m/z: [M + H]* calculated for C2sH26NO 356.2009, found 356.2007.

Rf (Hexane/Et,0 4:1): 0.1.
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3-(1-(benzylamino)-2-phenyl-1H-inden-3-yl)propyl acetate,
(4r)

Using the general procedure described above, compound (4r) was obtained from
benzaldehyde (0.1 mmol, 11 pL), benzylamine (0.12 mmol, 13.1 uL) and 5-phenylpent-4-
yn-1-yl acetate (0.12 mmol, 23.1 uL) as a light yellow solid (32.6 mg) in 82 % yield.

1H NMR (CDCls, 500 MHz): & = 7.73 - 7.69 (m, 1H), 7.53 — 7.47 (m, 2H), 7.46 — 7.37 (m,
6H), 7.35 - 7.32 (m, 1H), 7.25 — 7.17 (m, 3H), 7.10 — 7.05 (m, 2H), 5.00 (s, 1H), 4.17 — 4.05
(m, 2H), 3.39 (d, J = 12.6 Hz, 1H), 3.31 (d, J = 12.6 Hz, 1H), 2.93 - 2.77 (m, 2H), 2.13 - 2.01
(m, 2H), 2.00 (s, 3H).

13C NMR (CDCl3, 126 MHz): & = 171.1, 144.9, 144.3, 144.2, 140.3, 138.6, 135.6, 128.8,
128.7, 128.29, 128.22, 127.8, 127.2, 126.8, 125.6, 123.7, 119.4, 66.1, 63.9, 47.4, 27.7,
22.3,20.8.

HRMS (ESI) m/z: [M + Na]* calculated for C27H27NO;Na 420.1934, found 420.1942.
Rf (Hexane/Et,0 4:1): 0.4.
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Chapter 4 — Copper—Catalyzed Asymmetric sp® C-H Arylation
of Tetrahydroisoquinoline Mediated by Visible Light
Photoredox Catalyst

4.1 Background

With the development of new C-H bond functionalization strategies, chemists intend
to use these new tools to synthesize, modify and discover new useful compounds. To cite
one example amongst others, the 1,2,3,4-tetrahydroisoquinoline framework (THIQ) is a
commonplace and important structural element found in numerous natural products.
Many of these natural products exhibit valuable biological properties and are used as
antidepressants, antihypertensive agents, antidiuretics and other drugs.'2 The synthesis
of THIQs and their corresponding modification and functionalization is of tremendous
interest because of their flexible biological potential. A great number of chiral natural
alkaloids owe their chirality to the presence of a chiral center at the C-1 carbon of the
tetrahydroisoquinoline moiety (Scheme 88). Thus, there has been many synthetic

attempts to access enantiomerically pure C-1 carbon center.

Scheme 88. 1,2,3,4-tetrahydroisoquinoline framework

For the past 30 years, the THIQ family has been studied for their biological activities.
It started in 1974, Kluepfel and co-workers isolated naphthyridinomycin from a bacteria
named Streptomyces lusitanus AYB-1026 as an unstable ruby red crystalline solid.?® To
date, around 55 natural products containing the THIQ moiety have been isolated. Among
the traditional synthesis of isoquinolines derivatives, the asymmetric synthesis is based

generally on two strategies: 1) modification of classical named reactions (the Bischer-
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Napieralski reaction, the Pictet-Spengler reaction and the Pomeranz-Fritsch reaction)*>

and 2) the formation of new carbon-carbon bond at the C-1 position.

The Bischer-Napieralski reaction allows the access of 3,4-dihydroisoquinolines from
the cyclization of B-ethylamines (Scheme 89).6 During the 80’s, Fodor and Nagubandi
showed that the reaction of B-ethylamines with POCIz lead to the formation of the
corresponding nitrilium salt, a key intermediate of the reaction.” Later, numerous
asymmetric modifications of the BN reaction were investigated. In presence of a chiral
catalyst, the reduction or hydrogenation of 3,4-dihydroisoquinoline was the major
pathway to synthesize chiral isoquinoline alkaloids. For instance, Hajipour and
Hantehzadeh developed a chiral reducing agent, generated from sodium borohydride and
protected amino acids, to perform an asymmetric reduction of prochiral cyclic imines,

such as isoquinolines.?

@v .
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NSO

N
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Scheme 89. The classical Bischer-Napieralski reaction

The well-known Pictet-Spengler reaction, discovered in 1911, is the condensation
reaction of an aldehyde or ketone with an amine that undergoes ring closure ultimately
(Scheme 90).° This named reaction is a particularly popular cyclization method and is still
widely use in the total synthesis of alkaloids and biologically active analogs of
tetrahydroisoquinoline and tetrahydro-B-carboline.’C In the Pictet—-Spengler asymmetric
version, the chirality transfer occurs from the chiral auxiliary introduced to the amine or
the aldehyde. As an example, Comins and co-workers investigated the influence of a chiral

auxiliary appended to the amine nitrogen.?
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Scheme 90. The Pictet-Spengler tetrahydroisoquinoline synthesis

Historically, the last and well-known reaction developed to access isoquinoline ring is
the so-called Pomeranz-Fritsch reaction. The original Pomeranz-Fritsch reaction involves
an acid catalyzed cyclization of benzalamino acetals to yield a full aromatic isoquinoline
compound (Scheme 91).1213 Kaufman developed an asymmetric modification of the
Pomeranz-Fritsch reaction to synthesize (S)-(-)-salsolidine, from chiral benzyl alcohols.'*
15 Under acidic conditions followed by regioselective reduction, the synthesis of (S)-(-)-

salsolidine was achieved in a satisfactory yield, with enantioselectivity up to 95%.

RO OR
~ N.

O H

¢
:

(S)-(-)-salsolidine

Scheme 91. The original Pomeranz-Fritsch isoquinoline synthesis / example of

natural product

More recently, novel catalytic asymmetric strategies were discovered for the
synthesis of C1-chiral 1,2,3,4-tetrahydroisoquinolines. First, the nucleophilic addition to
isoquinoline via the formation of a C1-Ca connection represents a straightforward
approach for the synthesis of C1-chiral THIQs. Jacobsen and co-workers reported in 2005
the intermolecular addition of preformed silyl ketene acetal to in-situ generated N-
acylisoquinolines catalyzed by a chiral thiourea derivative (Scheme 92).1° Inspired by the
activation of iminium ions, numerous chiral nucleophilic additions were described for the

synthesis of THIQs.!’
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Scheme 92. Thiourea catalyzed asymmetric addition of silyl ketene acetal to

isoquinoline

Second, the discovery of facile oxidation of N-aryl THIQ with various oxidants opened
up new routes for the formation of C1-substituted THIQs. Discovered by Li in early 2000’s,
this oxidative asymmetric cross-dehydrogenative coupling (CDC) strategy is highly
efficient.?>3! As mentioned earlier, the functionalization of sp® C—H bonds is a unique and
powerful transformation that converts C-H bonds into other functional groups and
represents an area of invaluable and economical chemistry.3%3> While more difficult to
cleave than other types of C-H bonds, sp3C-H bonds are not completely inert. Towards a
greener purpose without use of DGs, the direct oxidative sp® C-H functionalization
methodology was developed, allowing the cross-coupling of large variety of substrates

without DG (Scheme 93).36

R M Nu R
R-C-H R-C—Nu
R [O] R

Scheme 93. Direct oxidative sp3 C-H functionalization

This methodology was applied to the modification of THIQs, producing chiral and non-
chiral Cl-substituted isoquinolines. After the oxidation of N-aryl THIQs followed by
enantioselective addition of an external nucleophile, a variety of C1-chiral THIQs can be
synthesized with high efficiency. Li and co-workers discovered in 2004 that
copper/pyridine bisoxazolidine complex appeared to be an excellent complex catalyst to

successfully achieve chiral alkynylation of N-aryl THIQs, at C1-position. They observed that
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aryl substituted alkynes delivered good to moderate ee, while heteroaromatic-, sylil- or

alkyl-substituted products were obtained with moderate to low ee (Scheme 94).37

CuOTf T T !
H Ph-PyBox : B !
'‘BUOOH e Z o
Nt | | N | | N \J l
SAr 50 °C, 2 days T Ar N N l
R | P
H l 'Ph Ph!
L (S,S)-Ph-PyBox /:
R = aryl, alkyl, py, silyl R 574%ee

Scheme 94. Asymmetric copper catalyzed alkynylation of N-aryl THIQs.

Later on, Li’s group found that CuOTf/QUINAP combination showed comparable
selectivities regarding similar alkynylation reaction with TBHP as an oxidant.38 In 2008, Li
and co-workers developed a copper catalyzed arylation reaction of THIQs under oxidative
conditions, using boronic acids derivatives. An asymmetric version of this reaction was
preliminarily undertaken using Ph-PyBox chiral ligand and copper(l) triflate, affording the

chiral arylated product in moderate enantiomeric excess (Scheme 95).%°
HO\B/OH CuOTf (20 mol%)
Ph-PyBox (30 mol%)
N‘Ph . TBHP (1.6 equiv) N\Ph
DME, 50 °C, 2 days
H Ph
44% ee

Scheme 95. Asymmetric copper catalyzed arylation of N-aryl THIQs

The requirement of 50 °C or higher temperature possibly impeded the development
of a highly enantioselective process. Therefore, the development of a new process to
functionalize sp® C—H bonds under mild conditions and lower temperature is of interest

in order to achieve high ee efficiently.*°
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Regarding the aspect of building up molecular complexity, introduced earlier in
Chapter 1, these methods disclose various advantages. Nevertheless, the overall

molecular complexity built up after the named reaction is mediocre.

molecular complexity
of the reaction

b Ph |
Cm =227 Cm =198 Cm =220 | ACm =22
PhCHO HCI E
NH, N NH i Pictet-Spengler
'’ 1
Ph Ph E
________ Cm=65 ___Cm=5564 Cm=198 _____ Cm=220 . ACm=22
o) !
MeO OMe X
\S 1) Cl)L Ph, Et,0 A |
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©\/ H* @@ chiral catalyst N_ _Ph:!
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Scheme 96. Comparison of molecular complexity gain from classical THIQ

asymmetric arylation/ alkylation reactions

The asymmetric Bischer-Napieralski reaction possesses a low ACm of 22 mainly
because the starting N-phenethylbenzamide needs to be pre-synthesized and has a high
molecular complexity Cm of 227. In Scheme 96, we reported the molecular complexity of
each compounds necessitated for Bischer-Napieralski, Pictet-Spingler and Pomeranz-
Fritsch reactions with the overall gain of complexity. Respectively, those three reactions

have a mediocre gain of ACm of 22, 22 and 45.
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From these observations, the development of a new asymmetric arylation of THIQs

with efficient gain of molecular complexity is of huge interest.
4.2 Research objectives & plan

During the last decade, numerous examples of sp3> C—H bond arylation procedures
have been developed.**° As mentioned above, in 2008, our group developed the first
direct sp? C—H arylation of THIQ with aryl boronic acids using a copper catalyst (Scheme
95).3% Oxygen gas and tert-butyl hydroperoxide (TBHP) were used as external oxidants
which gave moderate to good isolated yields (up to 75%). In addition, we demonstrated
the enantioselective arylation of THIQ using phenylboronic acid with 44% enantiomeric
excess, but very poor yield of the optically active products. Lowering the reaction
temperature, in order to increase the corresponding ee, resulted in inhibition of the

reaction.

The emerging and expanding field of visible-light-mediated photoredox catalysis
presents unique opportunities for the conception of new synthetic routes.’®>® Upon
exposure to visible light, photoredox catalysts can function as both reductant and oxidant,
thereby providing extremely important tools for potential transition metal-catalyzed
enantioselective reactions of sp> C—H bonds, which could be carried out at low
temperature and under mild reaction conditions.>>® We envisioned that combining
photoredox catalysis with our developed oxidative cross—coupling method will allow us
to design a visible light mediated photoredox asymmetric arylation of

tetrahydroisoquinolines.

Recently, Li and co-workers have merged photoredox catalysis with the traditional
copper catalytic system used in CDC reaction, achieving a highly enantioselective
transformation. This alkynylation of N-aryl THIQs was achieved using copper catalyzed
cross-dehydrogenative-coupling of C-H bonds with the assistance of an iridium
photocatlyst and visible light at low temperature (Scheme 97).>° The mechanism of this
reaction was proposed as shown in Scheme 97, based on the well-established

photocatalytic mechanism 663
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Scheme 97. Merging copper and photoredox catalysis for the asymmetric CDC
alkynylation of N-aryl THIQs

It was proposed that under irradiation of visible light, the iridium photoredox complex is
excited to its excited state Ir(Ill)*. In this state, the iridium complex possesses strong
oxidation potential and oxidizes the nitrogen atom from N-aryl THIQ via a single electron
process, yielding the reduced form of Ir(ll) photoredox catalyst.®* The oxidation of the
nitrogen produces the corresponding nitrogen cationic radical that undergoes loss of H*
and further oxidation to give the iminium intermediate. The copper acetylide chiral
complex undergoes asymmetric nucleophilic addition to the iminium and produces the

corresponding enantio-enriched alkynylated N-aryl THIQ.

More recently, Liu and co-workers have demonstrated the arylation of THIQs with
arylboronic esters using an asymmetric organocatalysis methodology.*> % Chiral tartaric
acid derivatives, 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) and low temperature

(-20 °C) were found to be the optimal conditions to obtain the desired arylated product
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with acceptable yield and good enantioselectivity. However, this methodology has shown
limitations in terms of substrate scope: only phenylboronic esters with electron-donating

substituents yielded the corresponding products (Scheme 98).

B(OE), DDQ, Ln @
NChz + @/ CClyCH,OH i  NCbz

R1 R2 CFSCHQOH, -20 OC
“ 3
R2
O OH up :o ;;ojo yield
; up to 82% ee
N'Bu
Ln = HOJ\‘/'\[( 2

OH O

Scheme 98. Organocatalytic asymmetric C—H arylation of N-acyl THIQs

With the emerging field of photoredox catalysis and the developed catalytic tools on
arylation of N-substituted THIQs, we envision that a cross—coupling arylation of aryl
boronic acids and THIQs mediated by visible light is of huge interest. Moreover, the
reported enantiomeric excess has shown limitations and thus, the asymmetric arylation

transformation is attractive.
4.3 Results and discussion

We established that the oxidation of N-arylated THIQ with a photoredox catalyst
would lead to an iminium intermediate, which would undergo asymmetric arylation

catalyzed by a transition metal catalyst (Scheme 99).

[M] / ligand

E;@ photredox catalyst
N+ Ar—B(OH),
SAr N SAr

Ar’

Scheme 99. Conceptual reaction for the asymmetric arylation of N-arylated THIQs
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However, the proposed reaction remains challenging since a very specific
combination of transition metal catalyst with chiral ligand must be found to carry on the
asymmetric arylation of THIQ. Also, as mentioned earlier, only mediocre enantiomeric

excess were reported for similar arylation reaction.** 3% 65
4.3.1 Development of reaction conditions

During the optimization of our previous oxidative arylation of N-arylated THIQs, we
discovered that the choice of oxidants was crucial for the reaction to occur. At first, we
reasoned that this reaction could occur under our previous and similar reaction
conditions: use copper as a catalyst, a photoredox catalyst with a light transparent solvent
and an external oxidant. To achieve our goal in performing an enantioselective arylation
of THIQ, we reasoned that we could use our previous similar system at low temperature

with the help of a light-mediated photoredox catalyst.

To begin our study, we evaluated the reaction of N-phenyl THIQ (1) and phenyl
boronic acid (2) catalyzed by copper by screening different oxidants such as TBHP in water
or in nonane. We were pleased to discover that the corresponding product (3) was
obtained in 14% and 19% yield, respectively (Table 10, entries 1 & 2). The relatively small
difference in yield might be due to the presence of water, inhibiting the catalytic activity
of copper. Other oxidants, such as TBP, (BzO),, DDQ, dicumyl peroxide and ter-butyl
peracetate were evaluated under this reaction conditions producing no desired product
or only trace amount (entries 3-7). In entry 8, the amount of TBHP was increased from 1.6
equivalents to 2 equivalents, resulting in a slight increase of yield. However, higher
loading of TBHP decreased the yield from 29% to 21% (entry 9). We found that compound
(1) was oxidized to 2-phenyl-3,4-dihydroisoquinolin-1(2H)-one extremely quickly with
higher amount of TBHP to impede the reaction. Different copper salts were evaluated,
showing that copper(l) bromide CuBr was less active (entry 10) than copper(ll) bromide,
which provided the highest yield for the arylation of THIQ (entry 8). Other copper salts
such as Cu(OTf); and Cu(OAc); showed a decrease in the effectiveness of the reaction
(entries 12 and 13). A significant increase of yield was observed when the stoichiometry

of the system was changed to a slight excess of phenyl boronic acid (2). When more than
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1.6 equivalents of (2a) were involved in the reaction, a drastic acceleration of the reaction
was observed, leading up to 85% yield (entries 14 and 15). Polar solvents such as DCE gave
the best yield, compared to fewer polar solvents such as toluene and THF (entries 18 &
19). On the other hand, running the reaction with highly polar solvents such as MeCN and
MeOH, was not beneficial for the formation of the desired product (3) (entries 16 & 17).
To better understand the mechanism of the reaction, a few control experiments were
conducted. In the absence of photoredox catalyst and/or transition metal copper(ll) salt
(entries 20 & 21), very poor yields were observed. Moreover, in the absence of TBHP, no
yield was obtained (entries 22 & 23), showing that the oxidation via TBHP is crucial for the
reaction to occur. Different iridium and ruthenium photoredox catalysts were evaluated
and Ir[(ppy)2(dtbbpy)]PFs (E1/2 ox = 1.21 V) was found to be the most efficient. The
photoredox catalyst with higher oxidation potential such as Ir(dF(CF3)ppy)2(dtbbpy)PFs or
Ru(bpy)s(PFs)2 (respectively E1/2 ox= 1.51 V and E1/2 ox= 1.29 V) have resulted in a lower

conversion to the corresponding product (3).

Table 10. Optimization of reaction conditions

HO\B/OH photoredox catalyst (1 mol%)
N N catalyst (20 mol%)
Ph @ oxidant (2 equiv)

H solvent, r.t., 48 h

1 2 visible light
Entry Catalyst Photoredox catalyst Solvent Oxidant (Zequiv) (3%)b
1° CuBr; Ir(ppy)2(dtbbpy)PFs DCE T-Hydro 1.6 14
2@ CuBr; Ir(ppy)2(dtbbpy)PFs DCE TBHP 1.6 19
3@ CuBr; Ir(ppy)2(dtbbpy)PFs DCE TBP 1.6 0
42 CuBr2 Ir(ppy)2(dtbbpy)PFe DCE (Bz0), 1.6 0
52 CuBr; Ir(ppy)2(dtbbpy)PFs DCE DDQ 1.6 0
6° CuBr; Ir(ppy)2(dtbbpy)PFs DCE Dicumyl peroxide 1.6 0
7° CuBr; Ir(ppy)2(dtbbpy)PFs DCE ‘Bu-peracetate 1.6 trace
8 CuBr; Ir(ppy)2(dtbbpy)PFs DCE TBHP 1.6 29
9b CuBr; Ir(ppy)2(dtbbpy)PFs DCE TBHP 1.6 21
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10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

CuBr Ir(ppy)2(dtbbpy)PFe DCE TBHP 1.6 19
CuBr Ir(ppy)2(dtbbpy)PFe DCE TBHP 1.6 19
Cu(OTf)2  Ir(ppy)2(dtbbpy)PFs DCE TBHP 1.6 2
Cu(OAc)2 Ir(ppy)2(dtbbpy)PFs DCE TBHP 1.6 14
CuBr; Ir(ppy)2(dtbbpy)PFe DCE TBHP 2 72
CuBr; Ir(ppy)2(dtbbpy)PFe DCE TBHP 3 85
CuBr; Ir(ppy)2(dtbbpy)PFe MeOH  TBHP 3 13
CuBr; Ir(ppy)2(dtbbpy)PFe MeCN  TBHP 3 11
CuBr; Ir(ppy)2(dtbbpy)PFe THF TBHP 3 15
CuBr; Ir(ppy)2(dtbbpy)PFs toluene TBHP 3 23
CuBr; - DCE TBHP 3 12
- Ir(ppy)2(dtbbpy)PFe DCE TBHP 3

CuBr; - DCE - 3

CuBr, Ir(ppy)2(dtbbpy)PFs DCE - 3 0
CuBr, Ir(dF(CF3)ppy)2(dtbbpy)PFs  DCE TBHP 3 29
CuBr; Ru(bpy)s(PFe)2 DCE TBHP 3 72

Reaction conditions: ? oxidant (0.16 mmol). ® oxidant (0.20 mmol). All reported yields were
determined by *H NMR spectroscopy using dibromomethane as an internal standard.

4.3.2 Substrate scope

With the optimised reaction conditions in hand, the scope of the reaction was
investigated  (Scheme  100). As mentioned above, the reaction of
N—phenyl—tetrahydroisoquinoline (1) combined with phenylboronic acid (2) produced
the corresponding arylated product (3a), in 85% vyield. N—phenyl substituted THIQs
bearing electron-donating groups (EDG), such a —OMe and —Me, were tolerated in our
reaction system. We surprisingly observed that strong electron-donating substituents
such as —OMe gave lower yields (3b, 3c and 3d). We attributed this effect to the lower
oxidation potentials of the tertiary amine, favouring side reactions such as the formation
of 2-phenyl-3,4-dihydroisoquinolin-1(2H)-one. It was notable that weaker EDG
substituents on the aryl moiety (—Me) produced the corresponding product (3e) in higher
yields (78%). Electron-withdrawing groups (EWG) such as —Br were tolerated and yielded

the desired product in 80% vyield (3f). Aromatic boronic acids bearing both electron-
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withdrawing and electron-donating substituents were evaluated under our reaction
conditions and all resulted in good yields. While aromatic boronic acids substituted with
EWG (—acyl, —F or —CF3) produced compounds (3g), (3h), (3i) and (3j) in mediocre yield,
aromatic boronic acids substituted with EDG resulted in the formation of the
corresponding arylated products with higher yields (3k, 3I, 3m, 3n). It is noteworthy that
an example of a sp® C—H alkylation using non—aromatic cyclohexylboronic acid also

afforded the alkylated product (30), albeit in 35% vyield.

164
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Reaction conditions: N-aryl THIQs (0.10 mmol), arylboronic acid (0.30 mmol), TBHP (0.2
mmol), Ir(ppy)2(dtbbpy)PFs (0.001 mmol), CuBr; (0.02 mmol), DCE (0.5 mL), under argon
atmosphere.

Scheme 100. Substrate scope
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4.3.3 Enantioselective arylation reaction

In our continuing effort to achieve our goal, asymmetric arylation reaction, we
explored the ability of various chiral ligands. Our primary study, based on our previous
work on the asymmetric alkynylation of N-aryl THIQs, was to observe the potential
influence of chiral phosphine-based ligand. Li’'s asymmetric alkynylation was performed
in presence of copper(l) bromide catalyst with QUINAP ligand (Scheme 94). Preceding our
investigation of chiral ligands, we found that lowering the temperature of the reaction
from room temperature to 4°C was beneficial to the enantiomeric excess. It is important
to note that the enantiomeric ratios observed in all following experiments were higher
when copper(l) bromide was used as a catalyst, compared to copper(ll) bromide.
Differences of Lewis acid properties and differences of solubility between Cu(l) and Cu(ll),
are possible reasons why lower enantiomeric ratios were obtained. Thus, we optimized
the reaction conditions to the use of copper(l) bromide in 10 mol% associated with a chiral
ligand (12 mol%). However, the yield of the desired optically active product (3a) dropped
by about half (43% yield), when 10 mol% of CuBr was used.

Investigating the activity of QUINAP ligand (Scheme 101, L’1) under our reaction
conditions, we observed a racemic mixture of enantiomers via LCMS. Modifying the ligand
from a P-N based to a P-P based chiral ligand was generally not beneficial for the reaction
to occur enantioselectively. However, a few P-P based ligands shown in Scheme 101
yielded the corresponding arylated product with a range of enantiomeric ratios between
60:40 for L6, L’10 and 68:32 for L’9. Despite our attempt to solve the enantioselectivity
issue unsuccessfully using P-P based ligands, we also evaluated a chiral N-heterocyclic
carbene (NHC) ligand L'7. However, under our reaction conditions the complex Cu-L"7

catalyzed the reaction towards a racemic mixture of both enantiomers.

166



(i, G2
PPh, O P(3,5-(tBut),4-OCH3-Ph),
PPh, o
O < ‘ P(3,5-(1BUA-OCH-Ph),
0]

L’'1 rac L’2 rac L’3 rac

T

a

=2
¥

P {
il \QO
d PPh, ) (pj//\
L'5 rac
L’6 er60:40

'8 rac L'9 er68:32

zj / (F>—/
TR L oen =
E{P—@ ) Ph,P @

k L11 rac P
L0 er 60:40 0

L’'12 rac

The enantiomeric ratios were determined using a Chiralcel OD-H column and 96:4
hexane/isopropanol as an eluent.

Scheme 101. Screening of carbon- and phosphine-based ligand
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The enantiomeric ratios were determined using a Chiralcel OD-H column and 96:4
hexane/isopropanol as an eluent.

Scheme 102. Screening of nitrogen-based ligand

Based on previously reported literature, the asymmetric arylation of THIQs was
performed using O- and N-based chiral ligands (Scheme 95 & Scheme 98). In order to
enhance our results regarding enantiomeric ratios, we investigated the influence of O-
and N-based ligands (Scheme 102). Ligands possessing N and O linkages, such as (L)-
proline L1, resulted in the formation of the arylated compound in a racemic mixture. Box-
type ligands have demonstrated a good performance in this reaction,® affording
mediocre enantioselectivities. In presence of Box type ligands, we observed the formation
of a major enantiomer for ligands L3 and L4. Unfortunately, the enantiomeric ratios of
54:46 and 56:44 for L3 and L4, respectively, were not satisfying. Moreover, the use of Box
ligand L2 resulted in a racemic mixture. From these results, we observed that the phenyl

group adjacent to the nitrogen atom, absent in L2 and present in L3 and L4, was extremely
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important to induce enantioselectivity. We also modified the bridge linking both
oxazoline moieties to evaluate its influence. Enlarging the angle between the two
nitrogen atoms by removing the methyl groups (L4) present on the carbon bridge in L3,
did not affect the selectivity. However, by increasing the bridge between oxazolines by
adding a pyridine coordinating group (L5) drastically increased the enantiomeric ratio
from 56:44 to 82:18. It is remarkable that the adjacent phenyl group is extremely
important since its removal in ligand L6 or its distancing by two carbon atoms in L7,
drastically decreased the enantiomeric ratio. Modifying the position of this very
important phenyl group and replacing it with a methyl group in L8 did not result in higher
enantiomeric ratio. Adding phenyl groups adjacent to phenyl groups present in L5,

decreased the er obtained (L9).

Continuing our effort to develop a general method for the asymmetric arylation of N-
aryl THIQs, we evaluated the effectiveness of ligand L5 regarding different functional
group. We were pleased to see that our model reaction yielded compound (3a) with good
enantiomeric ratio (Table 11, entry 1). In presence of L5’s, opposite enantiomer (S,S)-
PhPyBox, the reaction afforded good er when 2—methoxy-N—phenyl
tetrahydroisoquinoline was used. The corresponding enantiomer was obtained with
similar enantioselectivity (84:16, entry 2). The arylation of N—aryl substituted THIQs was
obtained with high er when EDG such as -OMe was present (entries 2—5). Substituted by
EWG such as —Br, a good enantiomeric ratio of 19:81 was observed (entry 6). Good to
moderate enantiomeric ratios were obtained respectively, when fluoro—substituted aryl
boronic acids and vinyl-substituted aryl boronic acids were subjected to the reaction

system (entries 7 and 8).
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Table 11. Enantioselective arylation of substituted N-aryl THIQs

Ir(ppy)2(dtbbpy)PFg (1 mol%)

R B(OH), CuBr (10 mol%)
N N PhPyBox L5 (12 mol%)
R2 TBHP , DCE

H
0
1 2 vAirsiCbI,e4I?g?1t
entry product R! R2 Yield (%) er (%)°
1 3a H H 43 19:81
20 3b 2-OMe H 35 84:16
3 3c 3-OMe H 39 10:90
4 3d 4-OMe H 34 15:85
5 3e 4-Me H 42 24:76
6 3f 4-Br H 43 19:81
7 3i H 4-vinyl 27 37:63
8 3m H 2,4-difluoro 31 19:81

Reaction conditions: 2 THIQs (0.10 mmol), arylboronic acid (0.30 mmol), TBHP (0.2 mmol),
Ir(ppy)2(dtbbpy)PFs (0.001 mmol), CuBr (0.01 mmol), (R,R)-2,6-bis(4-phenyl-2-
oxazolinyl)pyridine (0.012 mmol), DCE (0.5 mL), under argon atmosphere. ® (§,5)-2,6-
bis(4-phenyl-2-oxazolinyl)pyridine was used instead All reported yields are isolated. All
reported enantiomeric ratios were determined using a Chiralcel OD—H column and 96:4
hexane/isopropanol as an eluent.

4.3.4 Mechanistic considerations

A tentative reaction mechanism has been proposed in Scheme 103 to rationalize this
arylation reaction. Upon visible light irradiation, [Ir(ppy)2(dtbbpy)]PFs | converts to its
excited state I, Ir(111)*.53 66-69 |n the presence of the N-phenyl THIQ IV, Ir(lll)* undergoes
a single electron transfer (SET) and oxidizes the nitrogen atom in compound IV, to give a
radical cation V which rearranges to the iminium salt form VI. Under these oxidative
reaction conditions, CuBr is oxidized to a Cu(ll) species and form a chiral Cu—PhPyBox
complex.”? Then, this complex coordinates to the iminium cation VI, followed by a

nucleophilic addition of the aryl boronic acid to produce the desired enantioenriched
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arylated product VII. To close the catalytic cycle, Ir(Ill)* is reduced to Ir(ll) Il via a SET step

and regenerates to Ir(lll) by oxidation with TBHP.
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Scheme 103. Proposed mechanism

4.4 Conclusion and outlook

molecular complexity
of the reaction

Ir(ppy)2(dtbbpy)PFg (1 mol%)

oH CuBr (10 mol%) E
: PhPyBox L5 (12 mol%) !
+ B. N. ! ACm = 81
N.p, ©/ OH TBHP , DCE Ph

4°C, 48 h Ph
visible light

Scheme 104. Calculated molecular complexity for our model reaction

In conclusion, we successfully developed a highly efficient light-mediated coupling
method for the direct asymmetric arylation of N-arylated tetrahydroisoquinolines with

arylboronic acids. The use of Ir(ppy)2(dtbbpy)PFe as photoredox catalyst provided a novel

171



and facile approach to build important arylated compounds in very high yields under very
mild conditions. The combination of copper salts and PhPyBox as chiral ligand have
demonstrated its efficiency producing good enantioselectivity and tolerated a fairly
diverse substrate scope. Moreover, this method shows a very satisfying gain of molecular

complexity with a value of ACn= 81, with the simplest substrates (Scheme 104).

We envisioned that this visible light-mediated asymmetric arylation reaction could be
extended to other sp® C—H bonds. The development of new pyBox ligand for the exclusive

selectivity is, as well, a very important aspect of the future of this project.
4.5 Contribution

The reaction and conditions for the arylation of N-aryl THIQs were developed by me
(Pierre Querard) and Dr. Inna Perepichka, with supervision by Prof. Dr. Chao-Jun Li. All
reactions, isolations, and characterizations (with the exception of high-resolution mass
spectrometry) were performed by us. High-resolution mass spectrometry was performed
by Dr. Nadim Saadeh at the McGill University Department of Chemistry Mass
Spectrometry Laboratory. The manuscript upon which this chapter is based was prepared

by me and Dr. Inna Perepichka, with revision by Prof. Dr. Chao-Jun Li.

4.6 Experimental section

4.6.1 General information

Reaction setup: All reactions were carried out in flamed-dried V-shaped microwave
reaction vials, covered by aluminum seals with PTFE-faced silicone septa, under an
atmosphere of argon. The reaction vials were placed at 10 cm of distance from the

compact fluorescent lamp (CFL) HELICAL 26W, 120VAC, 60Hz, 5000K, 1610 lumens.

Purifications: All work-up and purification procedures were carried out with reagent-
grade solvents. Analytical thin-layer chromatography (TLC) was performed using E. Merck
silica gel 60 F254 pre-coated plates (0.25 mm). Flash column chromatography was
performed with E. Merck silica gel P60 (40-63 um particle size, 230—400 mesh) (Si02).
Visualization was accomplished with UV light and/or iodine (l2) or potassium

permanganate (KMnO4) solution. Retention factor (Rf) values reported were measured
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using a 6 x 2 cm TLC plate in a developing chamber containing the solvent system (10 mL)
described. Automated flash column chromatography was performed on Biotage Isolera™

Spektra Systems with ACI™.

Solvents: Tetrahydrofuran (THF), methanol and toluene were taken directly from the
Pure Solvent MD-7 purification system (Innovative Technology). Solvents for reaction,
filtration, transfers, chromatography, and recrystallization were dichloromethane
(CH2Cl) (ACS grade, amylene stabilized), ether (Et,0) (Fisher, BHT stabilized ACS grade),
dichloroethane (ACS grade), acetonitrile (ACS grade), acetone (ACS grade), ethyl acetate
(EtOAC) (Fisher, ACS grade).

NMR spectroscopy: Nuclear magnetic resonance (*H, '3C {*H} and 3'P {*H} NMR)
spectra were recorded on a Bruker AV500 equipped with a 60-position SampleXpress
sample changer (*H, 500 MHz; 13C, 125 MHz; 3!P, 202 MHz), a Varian MERCURY plus-500
spectrometer (*H, 500 MHz; 13C, 125 MHz) or Bruker AV400 spectrometer (*H, 400 MHz;
13C, 100 MHz). Chemical shifts for both *H NMR and *3C NMR spectra were expressed in
parts per million (ppm) units downfield from TMS, with the solvent residue peak as the
chemical shift standard (CDClz: § 7.28 ppm in *H NMR; & 77.0 ppm in 13C NMR; DMSO-d6:
5 2.50 ppm in 'H NMR; 6 39.5 ppm in 3C NMR). Data were reported as following: chemical
shift, multiplicity (s = singlet, d = doublet, dd = doublet of doublets, t = triplet, td = triplet
of doublets, g = quartet, quin = quintet, sep = septet, m = multiplet, br = broad singlet),

coupling constants J (Hz), and integration.

Mass spectrometry: Mass spectrometry (MS) was performed by the McGill Chemistry
Department Mass Spectrometry Facility. High Resolution Mass spectra were recorded
using electrospray ionization (ESI+) and/or atmospheric pressure chemical ionization APCI
(+/-), performed either on "Exactive Plus Orbitrap" a ThermoScientific high resolution
accurate mass (HR/AM) FT mass spectrometer, or a Bruker Daltonics Maxis Impact

guadrupole-time of flight (QTOF) mass spectrometer.
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4.6.2 General procedure

2-Phenyl tetrahydroisoquinolines (1)’*7> and [Ir(ppy)2(dtbbpy)]PFs photoredox
catalyst’®77 were synthesized according to the published procedures and spectroscopic

data were consistent with those previously reported for these compounds.

4.6.2.1 General procedure for the synthesis of 2-phenyl tetrahydroisoquinoline

Cul (5 mol%)
K3POy4 (2 equiv)

@@ @/ HO(CH,),OH (2 equiv) Ej@
N, TR N
“H isopropanol

85-90 °C, 24 h R

Scheme 105. Synthesis of 2-phenyl tetrahydroisoquinoline

Copper(l) iodide (200 mg, 1.0 mmol) and potassium phosphate (4.25 g, 20.0 mmol)
were placed into a 50 mL three-neck flask. The flask was evacuated and back-filled with
argon. 2-Propanol (10.0 mL), ethylene glycol (1.11 mL), 1,2,3,4-tetrahydroisoquinoline
(2.0 mL, 15 mmol) and iodobenzene (1.12 mL, 10.0 mmol) were added successively by
syringe at room temperature. The reaction mixture was heated at 90 °C for 24 h and then
allowed to cool to room temperature. Diethyl ether (20 mL) and water (20 mL) were then
added to the reaction mixture. The organic layer was extracted with diethyl ether (2 x 20
mL). The combined organic phases were washed with brine and dried over sodium sulfate.
The solvent was removed and the residue was purified by column chromatography on

silica gel using hexane/ethyl acetate (20:1) as an eluent.

4.6.2.2 Characterization of starting materials

I

14 NMR (400 MHz, CDCl3): & 7.32-7.26 (m, 2 H), 7.21-7.15 (m, 4 H), 7.00 (d, J = 8.0 Hz, 2

: 2-Phenyl-1,2,3,4-tetrahydroisoquinoline, (1a)

H), 6.84 (t, /=8.0 Hz, 1 H), 4.42 (s, 2 H), 3.58 (t, J= 6 Hz, 2 H), 3.00 (t, J~ 5.6 Hz, 2H).
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1H NMR (300 MHz, CDCl3): 6 7.18-7.11 (m, 4 H), 7.03-7.0 (m, 2 H), 6.94-6.89 (m, 2 H), 4.31

2-(2-Methoxyphenyl)-1,2,3,4-tetrahydroisoquinoline, (1b)

(s, H), 3.89 (s, 3 H), 3.43 (t, J=6.0 Hz, 2 H), 2.99 (t, J= 6.0 Hz, 2H).

I

1H NMR (400 MHz, CDCl3): & 7.25-7.15 (m, 4 H), 6.62—6.59 (m, 1 H), 6.53-6.52 (m, 1H),

\©/OMG
2-(3-Methoxyphenyl)-1,2,3,4-tetrahydroisoquinoline, (1c)

6.41-6.39 (m, 1 H), 4.42 (s, 2 H), 3.81 (s, 3 H), 3.56 (t, J=6.4 Hz, 2 H), 2.99 (t, /= 5.6 Hz,

2H).

Ay

14 NMR (500MHz, CDCl3): § 7.18-7.11 (m, 4 H), 7.00 (d, /=5 Hz, 2 H), 6.93 (d, J= 5 Hz, 2

Me 2-(4-Methylphenyl)-1,2,3,4-tetrahydroisoquinoline, (1e)

H), 4.37 (s, 2 H), 3.52 (t, /=5 Hz, 2 H), 2.99 (t, J= 5.5 Hz, 2 H), 2.29 (s, 1H).

iy

Br 2-(4-Bromophenyl)-1,2,3,4-tetrahydroisoquinoline, (1f)
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1H NMR (300 MHz,CDCl3): & 7.37-7.34 (d, J = 9.0 Hz, 2 H), 7.20-7.15 (m, 4 H), 6.84 (d, J =

9.0 Hz, 2 H), 4.38 (s, 2 H), 3.54 (t, J= 6.9 Hz, 2 H), 3.00 (t, /= 6.0 Hz, 2H).

N
MeO

(1n)

: 6,7-Dimethoxy-2-phenyl-1,2,3,4-tetrahydroisoquinoline,

1H NMR (300 MHz, CDCl3): & 7.33-7.25 (m, 2 H), 7.02-6.95 (m, 2 H), 6.87-6.78 (m, 1 H),
6.66, 6.65 (s, 2H), 4.34 (s, 2H), 3.88 (s, 3 H), 3.87 (s, 3H), 3.55 (t, J=5.8 Hz, 2 H), 2.90 (t, J

= 5.8 Hz, 2H).

4.6.2.3 General procedure for the arylation of 2-phenyl tetrahydroisoquinoline

o BOH),  MPPY:(dBbRY)PFs (L moe) O |
N .\ CuBr, (20 mol%) @Rl
H R? TBHP , DCE , O
R
1 2 rt, 24 h ;

visible light

Scheme 106. Arylation of THIQs

A V-shaped 10 mL Biotage reaction vial was charged with [Ir(ppy)2(dtbbpy)]PFs (1 mol
%), CuBr2 (20 mol %), N-aryl-tetrahydroisoquinoline (0.1 mmol), and the corresponding
phenylboronic acid (0.3 mmol), evacuated and refilled with argon three times. DCE (0.5
mL) was added, followed by subsequent slow addition of TBHP (0.2 mmol). The reaction
vessel was sealed, placed under white light bulbs irradiation with vigorous stirring
(approx. 1000 rpm) and hold for 24 h. The mixture was diluted with ethyl acetate (2 mL),

washed with water (2 mL), filtered through a pad of silica, and rinsed with additional ethyl
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acetate. The combined organic phase was concentrated and purified by column
chromatography or preparative thin-layer chromatography on silica gel to yield the
corresponding arylated compound 3. Dibromomethane was used as internal standard for
'H NMR analysis.

4.6.2.4 General procedure for the asymmetric arylation of 2-phenyl

tetrahydroisoquinoline
Ir(ppy)2(dtbbpy)PFg (1 mol%)

R B(OH), CuBr (10 mol%)
N . PhPyBox L5 (12 mol%)
R? TBHP , DCE

: 4°C, 48 h
1 2 visible light

Scheme 107. Asymmetric arylation of THIQs

A V-shaped 10 mL Biotage reaction vial was charged with CuBr (10 mol %) and
PhPybox (12 mol %), evacuated and refilled with argon three times, and then 0.1 mL of
DCE was added. The reaction was stirred for 30 min. N-phenyltetrahydroisoquinoline (0.1
mmol), [Ir(ppy)2(dtbbpy)]PFs (1 mol %) and the corresponding phenylboronic acid (0.3
mmol) were added, and the atmosphere was evacuated and refilled with argon three
times. DCE (0.4 mL) was added followed by subsequent slow addition of TBHP (0.2 mmol).
The reaction vessel was sealed, placed under white light bulbs irradiation with vigorous
stirring (approx. 1000 rpm) and held for 48 hin a cold room (4 °C). The mixture was diluted
with ethyl acetate (2 mL), washed with water (2 mL), filtered through a pad of silica, and
rinsed with additional ethyl acetate. The combined organic phase was concentrated and
purified by column chromatography or preparative thin-layer chromatography on silica
gel to yield the corresponding arylated compound 3. Dibromomethane was used as

internal standard for 'H NMR analysis.
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4.6.2.5 Synthesis of [Ir(ppy)2(dtbbpy)]PFs

/

N~ ethoxyethanol

IrCl3.xH,O  +
A,24h

Scheme 108. Synthesis of [Ir(ppy)2Cl]2

Iridium trichloride hydrate (0.389 g, 1.31 mmol ) was combined with 2- phenylpyridine
(0.76 g, 4.9 mmol), dissolved in a mixture of 2-ethoxyethanol (30 mL) and water (10 mL),
and refluxed for 24 h. The solution was cooled to room temperature, and the yellow
precipitate was collected on a glass filter frit. The precipitate was washed with ethanol
(60 mL) and acetone (60 mL) and then dissolved in dichloromethane (75 mL) and filtered.
Toluene (25 mL) and hexanes (10 mL) were added to the filtrate, which was then reduced
in volume by evaporation to 50 mL, and cooled to give crystals of [Ir(ppy)2Cl]2in 75% yield

(0.44 g).

1,2-ethanediol

150°C, 15 h

Scheme 109. Synthesis of [Ir(ppy)z(dtbbpy)]PFs

A stirred suspension of 4,4 -di-tert-butyl-2,2-dipyridyl (0.44 g, 0.88 mmol) and
tetrakis(2-phenylpyridine-C,N)(u-dichloro)-diiridium, A (0.428g, 0.400 mmol) in 20 mL of
1,2-ethanediol under nitrogen was heated to 150 °C for 15 h. All the solids dissolved to

yield a clear, yellow solution. After cooling the mixture to room temperature, 200 mL of
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water was added. The excess of bipyridine ligand was removed through three extractions
with diethyl ether (3x50 mL), and the aqueous layer was subsequently heated to 70 °C.
NH4PFs (2 g) in 20 mL of water was added, and the PF¢ salt of the iridium complex
immediately precipitated. After cooling the suspension to 5 °C, the yellow solid was
separated through filtration, dried, and recrystallized through acetonitrile/ether. Yield:

0.50 g (66%).
4.6.2.6 Characterisation of [Ir(ppy)2(dtbbpy)]PFs

'H NMR (acetone-ds, 400 MHz): & 8.88 (d, J =2.0 Hz, dtb-bpy-H3, 2H), 8.24 (ppy-HS6,
pyridine, 2H, d, J = 8), 7.99-7.93 ( m, dtb-bpy-H6, 2H, ppy-H5, pyridine, 2H), 7.90 (ppy-H3,
phenyl, 2H, dd, J = 7.2, 0.8 Hz), 7.79 (ppy-H6, phenyl, 2H, d, J = 6 Hz), 7.71 (dtb-bpy-H5,
2H, dd,/=6.0, 2.0 Hz), 7.14 (ppy-H4, pyridine, 2H, dt, /= 7.2, 1.6 Hz), 7.04 (ppy-H4, phenyl,
2H, dt, J= 7.6, 0.8 Hz), 6.91 (ppy-H5, phenyl, 2H, dt, J= 6.8, 1.2 Hz), 6.34 (ppy-H3, pyridine,
2H, d, J = 8), 1.42 (18H, s).

HRMS (ESI) m/z calculated for C4oHaoN4lr* ([M - PFg]*) 769.2876, found 769.2866.

4.6.3 Characterization of newly synthesized compounds

GNO
1,2-Diphenyl-1,2,3,4-tetrahydroisoquinoline (3a)

Using the general procedure described in the manuscript, compound (3a) was
obtained from 2-phenyl-1,2,3,4-tetrahydroisoquinoline (0.1 mmol, 21.0 mg) and

phenylboronic acid (0.3 mmol, 36.5 mg) as a white solid (21.4 mg) in 85 % yield.
Rf (hexane/EtOAc 3:0.5): 0.8.

1H NMR (CDCls, 500 MHz): 6 = 7.38 — 7.10 (m, 11H), 6.85 (m, 2H), 6.75 (m, 1H), 5.83
(s, 1H), 3.73 (dt, J = 11.1, 5.2 Hz, 1H), 3.52 (ddd, J = 11.1, 8.6, 5.2 Hz, 1H), 3.21 — 2.42 (m,
2H).
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13C NMR (CDCl3, 126 MHz): & = 149.5, 143.0, 137.8, 135.7, 129.1, 128.2, 128.0, 127.7,
127.2,127.0, 126.7, 126.1, 117.4, 113.8, 62.7, 43.8, 28.0.

HRMS (ESI) m/z: [M + H]* calculated for C21H20N 286.15903, found 286.15840.

OCHs

O 2(2-Methoxyphenyl)-1-phenyl-1,2,3,4-tetrahydroisoquinoline
(3b)

Using the general procedure described in the manuscript, compound (3b) was
obtained from 2-(2-methoxyphenyl)-1,2,3,4-tetrahydroisoquinoline (0.1 mmol, 23.9 mg)
and phenylboronic acid (0.3 mmol, 36.5 mg) as a white solid (17.6 mg) in 56 % yield.

Rf (hexane/EtOAc 3:0.5): 0.7.

1H NMR (CDCls, 500 MHz): § = 7.20 (m, 2H), 7.16 — 7.08 (m, 4H), 6.96 (m, 2H), 6.87 (m,
3H), 6.73 (m, 1H), 6.58 (m, 1H), 5.91 (s, 1H), 3.91 (s, 3H), 3.41 (ddd, J = 12.2, 10.3, 4.5 Hz,
1H), 3.31 (ddd, J = 12.2, 6.2, 3.0 Hz, 1H), 3.14 (ddd, ) = 16.4, 10.3, 6.2 Hz, 1H), 2.96 (dt, J =
16.4, 3.0 Hz, 1H).

13C NMR (CDCl3, 126 MHz): 6 = 153.0, 142.0, 140.0, 137.2, 135.0, 129.3, 128.8, 128.7,
127.3, 126.7,126.2, 125.5, 122.9, 121.9, 120.8, 111.5, 62.7, 55.6, 43.0, 28.7.

HRMS (ESI) m/z: [M + H]* calculated for C22H22NO 316.16959, found 316.16980.

O N\©/OCH3

‘ 2-(3-Methoxyphenyl)-1-phenyl-1,2,3,4-

tetrahydroisoquinoline (3c)
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Using the general procedure in the manuscript, compound (3c) was obtained from 2-
(3-methoxyphenyl)-1,2,3,4-tetrahydroisoquinoline (0.1 mmol, 239 mg) and
phenylboronic acid (0.3 mmol, 36.5 mg) as a white solid (19.2 mg) in 61 % yield.

Rf (hexane/EtOAc 3:0.5): 0.7.

1H NMR (CDCls, 500 MHz): & = 7.37 — 6.99 (m, 10H), 6.60 — 6.14 (m, 3H), 5.83 (s, 1H),
3.76 (s, 3H), 3.75 — 3.67 (m, 1H), 3.51 (m, 1H), 2.93 (m, 2H).

13C NMR (CDCl3, 126 MHz): & = 160.6, 150.8, 143.0, 137.8, 135.7, 129.8, 128.2, 128.0,
127.7,127.1,127.0, 126.7, 126.1, 106.7, 102.0, 100.2, 62.7, 55.1, 43.9, 28.0.

HRMS (ESI) m/z: [M + H]* calculated for C22H22NO 316.16959, found 316.16950.

I L
OCHgs

g 2-(4-Methoxyphenyl)-1-phenyl-1,2,3,4-

tetrahydroisoquinoline (3d)

Using the general procedure described above, compound (3d) was obtained from 2-
(4-methoxyphenyl)-1,2,3,4-tetrahydroisoquinoline (0.1 mmol, 23.9 mg) and
phenylboronic acid (0.3 mmol, 36.5 mg) as a white solid (16.7 mg) in 53 % yield.

Rf (hexane/EtOAc 3:0.5): 0.7

1H NMR (CDCls, 500 MHz): & = 7.28 — 7.15 (m, 9H), 6.89 — 6.79 (m, 4H), 5.69 (s, 1H),
3.77 (s, 3H), 3.61 (ddd, J = 12.0, 6.7, 5.2 Hz, 1H), 3.44 (ddd, J = 12.0, 7.2, 5.2 Hz, 1H), 3.04
—2.92 (m, 2H).

13C NMR (CDCls, 126 MHz): = 152.8, 144.4,143.2, 137.6, 135.5, 128.3, 128.1, 128.09,
128.02, 126.8, 126.7, 125.9, 117.7, 114.4, 64.3, 55.6, 44.5, 28.1.

HRMS (ESI) m/z: [M + H]* calculated for C22H22NO 316.16959, found 316.16847.
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.,

Cﬂ 3
1-Phenyl-2-(p-tolyl)-1,2,3,4-tetrahydroisoquinoline (3e)

Using the general procedure described in the manuscript, compound (3e) was
obtained from 2-(p-tolyl)-1,2,3,4-tetrahydroisoquinoline (0.1 mmol, 22.3 mg) and
phenylboronic acid (0.3 mmol, 36.5 mg) as a white solid (23.3 mg) in 78 % yield.

Rf (hexane/EtOAc 3:0.5): 0.75.

1H NMR (CDCls, 500 MHz): & = 7.31 — 7.12 (m, 9H), 7.04 (m, 2H), 6.79 (m, 2H), 5.79 (s,
1H), 3.68 (dt, J = 11.4, 5.6 Hz, 1H), 3.49 (ddd, J = 11.4, 8.2, 5.6 Hz, 1H), 3.19 — 2.68 (m, 2H),
2.26 (s, 3H).

13C NMR (CDCl3, 126 MHz): & = 147.5, 143.3, 137.8, 135.7, 129.6, 128.7, 128.17,
128.13,127.9, 127.5, 126.9, 126.7, 126.0, 114.5, 63.1, 43.9, 27.9, 20.3.

HRMS (ESI) m/z: [M + H]* calculated for C2H24NO 300.17468, found 300.17507.

L,

! 2-(4-Bromophenyl)-1-phenyl-1,2,3,4-tetrahydroisoquinoline
(3f)

Using the general procedure described above, compound (3f) was obtained from 2-
(4-bromophenyl)-1,2,3,4-tetrahydroisoquinoline (0.1 mmol, 28.8 mg) and phenylboronic
acid (0.3 mmol, 36.5 mg) as a white solid (29.1 mg) in 80 % yield.

Rf (hexane/EtOAc 3:0.5): 0.85.

1H NMR (CDCls, 500 MHz): & = 7.35 — 7.09 (m, 11H), 6.71 (m, 2H), 5.76 (s, 1H), 3.71
(dt,J = 11.2, 5.3 Hz, 1H), 3.47 (dt, J = 11.2, 7.2 Hz, 1H), 2.94 (m, 2H).
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13C NMR (CDCl3, 126 MHz): & = 148.3, 142.4, 137.5, 135.4, 131.8, 128.3, 128.0, 127.7,
127.2,127.1, 126.9, 126.3, 115.4, 109.4, 62.8, 44.1, 27.9.

HRMS (ESI) m/z: [M + H]* calculated for C21H1sNBr 364.06954, found 364.06927.

L
O

o 1-(4-(2-Phenyl-1,2,3,4-tetrahydroisoquinolin-1-
yl)phenyl)ethanone (3g)

Using the general procedure described above, compound (3g) was obtained from 2-
phenyl-1,2,3,4-tetrahydroisoquinoline (0.1 mmol, 21.0 mg) and (4-acetylphenyl)boronic
acid (0.3 mmol, 49.2 mg) as a white solid (18.6 mg) in 57 % yield.

Rf (hexane/EtOAc 3:0.5): 0.45

1H NMR (CDCls, 500 MHz): 6 = 7.91 — 7.83 (m, 2H), 7.43 = 7.37 (m, 2H), 7.35 - 7.17 (m,
6H), 6.95 — 6.76 (m, 3H), 5.87 (s, 1H), 3.78 (dt, J = 10.9, 5.2 Hz, 1H), 3.61 — 3.50 (m, 1H),
3.01(q,J=7.5, 5.2 Hz, 1H), 2.57 (s, 2H).

13C NMR (CDCl3, 126 MHz): & = 197.7, 148.5, 137.0, 135.9, 135.6, 129.2, 128.4, 128.2,
127.7,127.5,127.4, 126.4,124.4, 118.0, 114.0, 63.0, 44.2, 28.1, 26.6.

HRMS (ESI) m/z: [M + H]* calculated for C23H22NO 328.1701, found 328.1697.

N
@

F 1-(4-Fluorophenyl)-2-phenyl-1,2,3,4-tetrahydroisoquinoline (3h)
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Using the general procedure described above, compound (3h) was obtained from 2-
phenyl-1,2,3,4-tetrahydroisoquinoline (0.1 mmol, 21.0 mg) and (4-fluorophenyl)boronic
acid (0.3 mmol, 42.0 mg) as a white solid (17.0 mg) in 56 % yield.

Rf (hexane/EtOAc 3:0.5): 0.55.

1H NMR (CDCls, 500 MHz): & = 7.27 — 7.15 (m, 8H), 6.95 — 6.89 (m, 2H), 6.87 — 6.83 (m,
2H), 6.79 — 6.70 (m, 1H), 5.80 (s, 1H), 3.68 (dt, J = 11.4, 5.2 Hz, 1H), 3.50 (ddd, J = 11.4,
8.7, 5.2 Hz, 1H), 2.97 (dt, J = 15.6, 5.2 Hz, 1H), 2.88 (ddd, J = 15.6, 8.7, 5.3 Hz, H).

13C NMR (CDCl3, 126 MHz): 6 = 162.7, 160.7, 149.4, 138.75, 138.73, 137.5, 135.6,
129.1, 128.9, 128.8, 128.2, 127.7, 127.1, 126.1, 117.8, 115.0, 114.8, 114.2, 104.9, 62.2,
43.6, 27.9.

1F NMR (CDCl3, 470 MHz): 6 = -104.5.

HRMS (ESI) m/z: [M + H]* calculated for C21H1sNF 304.1496, found 304.1496.

1-(2,4-Difluorophenyl)-2-phenyl-1,2,3,4-tetrahydroisoquinoline
(3i)

Using the general procedure described above, compound (3i) was obtained from 2-
phenyl-1,2,3,4-tetrahydroisoquinoline (0.1 mmol, 21.0 mg) and (2,4-
difluorophenyl)boronic acid (0.3 mmol, 47.3 mg) as a white solid (17.3 mg) in 54 % yield.

Rf (hexane/EtOAc 3:0.5): 0.5.

1H NMR (CDCls, 500 MHz): & = 7.29 — 7.17 (m, 6H), 7.17 — 7.12 (m, 1H), 6.94 — 6.88 (m,
2H), 6.84 — 6.77 (m, 2H), 6.77 — 6.71 (m, 1H), 6.11 (s, 1H), 3.78 (dt, J = 11.7, 6.0 Hz, 1H),
3.59 (dt, J = 11.7, 6.0 Hz, 1H), 3.07 (t, J = 6.0 Hz, 2H).
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13C NMR (CDCl3, 126 MHz): & = 163.0, 162.9, 161.4, 161.3, 161.0, 160.9, 149.1, 136.4,
135.4, 130.2, 130.19, 130.16, 130.11, 129.1, 128.2, 127.96, 127.93, 127.29, 127.26,
127.18, 127.15, 127.0, 126.4, 118.5, 115.1, 111.04, 111.01, 110.87, 110.84, 104.1, 103.9,
103.7, 57.0, 44.0, 28.0.

1F NMR (CDCl3, 470 MHz): 6 =-111.5, -111.9.

HRMS (ESI) m/z: [M + H]* calculated for C21H1sNF; 322.1402, found 322.1394.

CFs 1-(3,5-Bis(trifluoromethyl)phenyl)-2-phenyl-1,2,3,4-

tetrahydroisoquinoline (3j)

Using the general procedure described above, compound (3j) was obtained from 2-
phenyl-1,2,3,4-tetrahydroisoquinoline (0.1 mmol, 21.0 mg) and (3,5-
bis(trifluoromethyl)phenyl)boronic acid (0.3 mmol, 77.3 mg) as a white solid (13.9 mg) in
33 % yield.

Rf (hexane/EtOAc 3:0.5): 0.35.

1H NMR (CDCls, 500 MHz): & = 7.72 (s, 1H), 7.69 (s, 2H), 7.29 — 7.20 (m, 6H), 7.02 —
6.72 (m, 3H), 5.85 (s, 1H), 3.65 (ddd, J = 11.5, 6.2, 5.0 Hz, 1H), 3.51 (ddd, J = 11.5, 8.5, 4.8
Hz, 1H), 3.01 (ddd, J = 15.8, 6.2, 4.8 Hz, 1H), 2.86 (ddd, J = 15.7, 8.5, 5.0 Hz, 1H).

13C NMR (CDCl3, 126 MHz): 6 = 149.1, 146.3, 135.7, 135.6, 131.8, 131.6, 131.3, 131.0,
129.3, 128.6,127.79, 127.70, 127.4, 126.6, 124.3, 122.1, 121.1, 119.0, 114.9, 104.9, 63.0,
44.0, 27.8.

19F NMR (CDCls, 470 MHz): § = -62.7.

HRMS (ESI) m/z: [M + H]* calculated for C23H1sNFs 422.1338, found 422.1332.
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N

O

1-(4-(tert-Butyl)phenyl)-2-phenyl-1,2,3,4-tetrahydroisoquinoline
(3k)

Using the general procedure described above, compound (3k) was obtained from 2-
phenyl-1,2,3,4-tetrahydroisoquinoline (0.1 mmol, 21.0 mg) and (4-(tert-
butyl)phenyl)boronic acid (0.3 mmol, 53.4 mg) as a white solid (20.1 mg) in 59 % yield.

Rf (hexane/EtOAc 3:0.5): 0.9.

1H NMR (CDCls, 500 MHz): & = 7.37 — 7.06 (m, 10H), 6.87 (m, 2H), 6.79 — 6.66 (m, 1H),
5.83 (s, 1H), 3.74 — 3.71 (m, 1H), 3.59 — 3.45 (m, 1H), 3.01 — 2.81 (m, 2H), 1.27 (s, 9H).

13C NMR (CDCl3, 126 MHz): & = 149.5, 139.9, 138.0, 135.7, 131.7, 129.1, 128.0, 127.8,
126.9, 126.8, 126.6, 126.0, 125.2, 125.1, 117.1, 115.0, 113.5, 62.3, 43.6, 34.3, 31.3, 27.8.

HRMS (ESI) m/z: [M + H]* calculated for CasHasN 342.2216, found 342.2211.

CNQ
O/

1-(3-Methoxyphenyl)-2-phenyl-1,2,3,4-tetrahydroisoquinoline
(31)

Using the general procedure described above, compound (3l) was obtained from 2-
phenyl-1,2,3,4-tetrahydroisoquinoline (0.1 mmol, 21.0 mg) and (3-
methoxyphenyl)boronic acid (0.3 mmol, 45.6 mg) as a white solid (23.3 mg) in 74 % yield.

Rf (hexane/EtOAc 3:0.5): 0.55.
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1H NMR (CDCls, 500 MHz): & = 7.36 — 7.31 (m, 1H), 7.30 — 7.18 (m, 6H), 6.94 — 6.85 (m,
4H), 6.83 — 6.74 (m, 2H), 5.84 (s, 1H), 3.91 — 3.75 (m, 4H), 3.59 — 3.51 (m, 1H), 2.99 (m,
2H).

13C NMR (CDCl3, 126 MHz): & = 159.5, 149.5, 145.0, 137.7, 135.7,129.2, 129.1, 128.1,
127.8,127.1,126.2, 119.7, 117.5, 113.9, 113.5, 111.6, 62.9, 55.1, 43.8, 28.0.

HRMS (ESI) m/z: [M + H]* calculated for C22H22NO 316.1701, found 316.1696.

2-Phenyl-1-(4-vinylphenyl)-1,2,3,4-tetrahydroisoquinoline (3m)

Using the general procedure described above, compound (3m) was obtained from 2-
phenyl-1,2,3,4-tetrahydroisoquinoline (0.1 mmol, 21.0 mg) and (4-vinylphenyl) boronic
acid (0.3 mmol, 44.4 mg) as a white solid (18.7 mg) in 60 % yield.

Rf (hexane/EtOAc 3:0.5): 0.9.

1H NMR (CDCls, 500 MHz): & = 7.34 — 7.30 (m, 3H), 7.29 — 7.27 (m, 1H), 7.27 - 7.23 (m,
5H), 7.22 — 7.18 (m, 1H), 6.91 — 6.86 (m, 1H), 6.82 — 6.76 (m, 1H), 6.69 (dd, J = 17.6, 10.9
Hz, 1H), 5.85 (s, 1H), 5.71 (dd, J = 17.6, 0.9 Hz, 1H), 5.22 (dd, J = 10.9, 0.9 Hz, 1H), 3.76 (dt,
J=11.0, 5.1 Hz, OH), 3.54 (ddd, J = 11.0, 8.7, 5.1 Hz, 1H), 3.03 — 2.92 (m, 1H).

13C NMR (CDCl3, 126 MHz): & = 149.5, 142.8, 137.7, 136.4, 136.2, 135.7,129.1, 128.1,
127.7,127.4,127.0, 126.2, 126.1, 117.5, 113.9, 113.6, 62.6, 43.8, 28.1.

HRMS (ESI) m/z: [M + H]* calculated for C3H22N 312.1752, found 312.1752.
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N 6,7-Dimethoxy-1-(3-methoxyphenyl)-2-phenyl-1,2,3,4-

tetrahydroisoquinoline (3n)

Using the general procedure described above, compound (3n) was obtained from 6,7-
dimethoxy-2-phenyl-1,2,3,4- tetrahydroisoquinoline (0.1 mmol, 26.9 mg) and (4-
methoxyphenyl)boronic acid (0.3 mmol, 45.6 mg) as a white solid (27.4 mg) in 73 % yield.

Rf (hexane/EtOAc 3:0.5): 0.2.

1H NMR (CDCls, 500 MHz): & = 7.29 — 7.22 (m, 2H), 7.17 — 7.08 (m, 2H), 6.95 — 6.92 (m,
2H), 6.86 — 6.77 (m, 3H), 6.74—6.71 (m, 1H), 6.70 — 6.68 (m, 1H), 5.76 (s, 1H), 3.89 (s, 3H),
3.86 (s, 3H), 3.78 (s, 3H), 3.65 — 3.48 (m, 2H), 3.01 — 2.88 (m, 1H), 2.80 — 2.77 (m, 1H).

13C NMR (CDCl3, 126 MHz): 6 = 158.5, 149.8, 147.8, 147.2, 135.4, 129.1, 128.8, 127.6,
117.9, 115.0, 114.7, 113.4, 111.2, 111.0, 61.9, 56.0, 55.9, 55.2, 42.91, 27.0.

HRMS (ESI) m/z: [M + H]* calculated for C24H2sNO3 376.1907, found 376.1914.

4.6.4 HPLC chromatogram for the racemic- and chiral synthesized compounds

N©

g 1,2-Diphenyl-1,2,3,4-tetrahydroisoquinoline (3a)
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o

2(2-Methoxyphenyl)-1-phenyl-1,2,3,4-tetrahydroisoquinoline (3b)

o | I 3
| | | \ ['e]
2 /| [ | II @
i /| / \ J | ~
/A — LI\
A - ™ |
T T T ‘ T T T | T T 12 14
12 14
Peak Retention time (min) Area (%)
Major isomer 11.675 60.1237
Minor isomer 13.594 11.9011
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g 2-(3-Methoxyphenyl)-1-phenyl-1,2,3,4-tetrahydroisoquinoline
(3¢)
I~ o
2 8
N 3
| I
[ [
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[ | l‘|
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| [ @ M
I I 2 i
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- o] ]
[ | = SN
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30 3%
Peak Retention time (min) Area (%)
Major isomer 29.509 1.8996
Minor isomer 35.330 16.4503
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I”@
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g 2-(4-Methoxyphenyl)-1-phenyl-1,2,3,4-tetrahydroisoquinoline
(3d)
3
)
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Peak Retention time (min) Area (%)
Major isomer 15.972 3.1868
Minor isomer 17.385 18.4472
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1-Phenyl-2-(p-tolyl)-1,2,3,4-tetrahydroisoquinoline (3e)

=1
1;385 R — )
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- | e L !
10 12 . |
T 12 5
Peak Retention time (min) Area (%)
Major isomer 11.386 20.9969
Minor isomer 11.624 68.4203
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2-(4-Bromophenyl)-1-phenyl-1,2,3,4-tetrahydroisoquinoline (3f)

§ o
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] T \ \ 14 16
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Peak Retention time (min) Area (%)
Major isomer 13.679 6.0486
Minor isomer 14.410 1.4782
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44.108

1-(2,4-Difluorophenyl)-2-phenyl-1,2,3,4-tetrahydroisoquinoline (3i)
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Peak Retention time (min) Area (%)
Major isomer 11.740 1.88420
Minor isomer 14.174 3.0673
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2-Phenyl-1-(4-vinylphenyl)-1,2,3,4-tetrahydroisoquinoline (3m)

1447
14,14

W | - L _ _ '}
i 1 _\ T | ['_ 1 T T T T T T T T T T T T T
T T T T T T T T T T 12 14 16
14 16
Peak Retention time (min) Area (%)
Major isomer 13.496 10.2151
Minor isomer 14.144 43.9473
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Chapter 5 — Conclusions and Contributions to Knowledge

Over the years, the Li group has explored innovative chemical reactivity to develop
sustainable molecular transformations. Typical examples include Grignard type reactions
in water, alkyne-aldehyde-amine coupling (A3-coupling) and cross-dehydrogenative-
coupling (CDC) reactions. Aligned with this major theme, the development of mild and
selective methods for the functionalization of simple C—H bonds is an important challenge
in organic chemistry (Chapter 1). In this dissertation we have explored Au-, Rh- and Ir/Cu-
catalyzed C—H functionalization as a means to achieve this goal. Specifically, we have
designed syntheses that promote C—H activation, site-selective functionalization and

molecular complexity formation.

The first step towards the functionalization of C-H bonds, was the successful
development of a highly efficient gold(l)-catalyzed one-pot coupling of amides, aldehydes
and alkynes for the synthesis of oxazoles. This transformation made use of a single
catalyst to accomplish the A3 coupling via sp C-H activation and the cyclization reaction,
to produce oxazole derivatives. The multicomponent strategy proved to be atom
economical and a convenient alternative to construct important heterocyclic compounds,
since water was the only side product. The new method found to rapidly construct tri-
substituted oxazoles possesses conceivable implications for polymer synthesis, chemical

biology, and natural product synthesis.

With the above-mentioned methodology, one-pot sp?> C-H functionalization and
coupling of amides, aldehydes and terminal alkynes was developed. Indene-amines were
successfully produced by a rhodium-catalyzed sp? C-H functionalization reaction. Under
very mild reaction conditions, the in-situ formed imines were found to be an effective and
traceless directing group for the rhodium-catalyzed annulation reaction. The reaction
showed excellent regioselectivity and featured a great atom-economy. This process
occurred at room-temperature, and water was the only stoichiometric side-product.
Furthermore, the synthetic viability and efficiency of this process towards a large range

of functional groups was presented, opening up new possibilities for late-stage
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functionalization of value-added compounds. Thanks to computational investigations, the
mechanism of the rhodium-catalyzed C-H activation was elucidated. Additionally, DFT
calculations revealed that the regioselectivity was essentially governed by electronic

effects.

Lastly, we successfully developed a highly efficient light-mediated coupling method
for the direct asymmetric functionalization of sp> C-H bonds. The use of
Ir(ppy)2(dtbbpy)PFs as photoredox catalyst and copper catalyst, provided a novel and
facile approach for the arylation of N-arylated tetrahydroisoquinolines with arylboronic
acids. The combination of copper salts and PhPyBox as chiral ligand have demonstrated
its efficiency producing good enantioselectivity and tolerated a fairly diverse substrate
scope. We envisioned that this visible light-mediated asymmetric arylation reaction could

be extended to other types of C-H bonds.

The reactions described in this thesis characterize our efforts to develop C-H bond
functionalization reactions for the chemistry community. Our goal was to make chemistry
easier, more applicable and greener by using simple molecules with ubiquitous C-H
bonds, exploiting the different reactivity of their hybridization (sp, sp? and sp?), and
developing syntheses involving C-H bond activation that produce complexity and high-
valued targets. We believe that our work has brought us closer to that goal. In today’s
evolution of modern chemistry, the synthesis of new and interesting products is
extremely important. As for our work, the majority of synthesized products described in
this thesis have never been previously reported. Therefore, the panel of molecules that
we synthesized may find applications in biological chemistry, medicinal chemistry, and
materials design. We strongly believe that we contributed positively to help the evolution

of modern chemistry.
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Chapter 6 — Future Work

With the enormous endeavour of developing C-H bond functionalization reactions,

this C-H bond functionalization field has become a key concept that cannot be ignored in

the design of synthetic molecules. Our effort to make annulation reactions as described

in Chapter 2 and 3, oriented our curiosity to this area.

As presented in Chapter 2, Indene-amines were successfully produced by a rhodium-

catalyzed sp? C-H functionalization reaction. By using imines as a directing group, the

annulation reaction was found to be extremely effective. Also, the alkynes were efficiently

added into the Rh-C bond under mild conditions to produce indenes derivatives.

However, under these reaction conditions, the addition of alkenes into the Rh-C bond

were not achieved efficiently and thus, would need further improvements.> The

multicomponent reaction with alkenes would generate indane derivatives. Based on the

proposed mechanism, i.e. C-H bond activation, addition of alkyne followed by annulation

reaction, a modification of reaction conditions can be envisioned to favor alkene addition

(Scheme 110).

Developped reaction (chapter 2)

Cp*Rh(SbFg),(MeCN); (5 mol%) R? R*
Cu(OAc),.H,0 (5 mol%) R?

0\ R3
2.
R! + RZNH; + | |
R* toluene, r.t., air

TFA (10 mol%)

Cp*Rh(SbFg)»(MeCN)3

Me PN TFA
R2
N
R H 'Cp*RhOCOCFsl
Me Ph CF3 Cp R
= . HO A Rh—N~
rC > l
1
R /N\RZ R1
/Ph
h’Cp
R1
/N‘RZ

Future work
metal

=2

NH,

X .NH,
mg"

O H H N. ligand
NzHg.H20 i :Hz base, solvent, additive
—_—
RLE/) -H,0 RL R2 O R'
\/\Ri
R3
R? 0
.NHZ
N .
1 H metal-ligand
R complex
R3
R2 o
Ln-[M]—
(1~ ;
R' N R
Z " *NH,

° o
e
|
. L Jl)k
~N~NH, R2

Scheme 110. Developed reaction in chapter 2 and future work
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The modification of the directing group from an imine to the corresponding hydrazone
is also of interest.® Recently, our laboratory discovered a catalytic, ruthenium-based, and
efficient methodology for additions of aldehydes to carbonyl compounds (Scheme 111,
a).”8 After the development of alkene addition into sp? C-H bond, the hydrazone directing
group can be used in a subsequent addition reaction. With this concept, we expected that
many aryl aldehydes can be transformed into 1,2,3,4-tetrahydronaphthalene derivatives

(Scheme 111, b).

a) Our reported work
[Ru(p-cymene)Cl,] »
(o) H H N dmpe

“NH R3 OH
NaH,.H,0 - H 2 K5PO,, CsF
- > 2
R -H,0 R_ R2 _O R'- R

R3
b) Future work
metal HO R3
o H_. _N. ligand H
NoH4.H,0 i :HZ base, solvent, additive ‘
—_—
i 2
R_ H,0 R™- 2) RWO R‘— R
R3
via
HO R3
H
R4

\N,NHZ
) metal-ligand R?
O R \/ complex
R2
.NH
150 Pl
R1

N
H
(o]
Jl)kRa
R3 o R2
re_J
|
m]-Ln

N- R ‘
NH, ™~—~Vy ~N=NH,

Scheme 111. Future work: C-H activation and umpolung of carbonyl group
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Spectra for compounds in Chapter 3
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